
ʌɽɼɽʈɸʃʔʅʆɽ ɻʆʉʋɼɸʈʉʊɺɽʅʅʆɽ ɹʖɼɾɽʊʅʆɽ ʋʏʈɽɾɼɽʅʀɽ ʅɸʋʂʀ 

ʀʅʉʊʀʊʋʊ ʅɽʆʈɻɸʅʀʏɽʉʂʆʁ ʍʀʄʀʀ ʀʄɽʅʀ ɸ.ɺ. ʅʀʂʆʃɸɽɺɸ 

ʉʀɹʀʈʉʂʆɻʆ ʆʊɼɽʃɽʅʀʗ ʈʆʉʉʀʁʉʂʆʁ ɸʂɸɼɽʄʀʀ ʅɸʋʂ 

ʄʀʅʆɹʈʅɸʋʂʀ ʈʆʉʉʀʀ 

 

 

ʅʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʠ 

 

ɺʆʈʌʆʃʆʄɽɽɺɸ ɸʥʥʘ ɸʥʜʨʝʝʚʥʘ 

 

ʄɸʊɽʈʀɸʃʓ ʀɿ ʆɼʅʆʉʃʆʁʅʓʍ ʋɻʃɽʈʆɼʅʓʍ ʅɸʅʆʊʈʋɹʆʂ ʉ 

ʌʆʉʌʆʈʆʄ ɼʃʗ ɸʅʆɼʆɺ ʃʀʊʀʁ-ʀʆʅʅʓʍ ɸʂʂʋʄʋʃʗʊʆʈʆɺ 

 

1.4.4. ʌʠʟʠʯʝʩʢʘʷ ʭʠʤʠʷ 

 

ɼʠʩʩʝʨʪʘʮʠʷ ʥʘ ʩʦʠʩʢʘʥʠʝ ʫʯʝʥʦʡ ʩʪʝʧʝʥʠ 

ʢʘʥʜʠʜʘʪʘ ʭʠʤʠʯʝʩʢʠʭ ʥʘʫʢ 

 

 

 

ʅʘʫʯʥʳʡ ʨʫʢʦʚʦʜʠʪʝʣʴ: 

ʜʦʢʪʦʨ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ 

ʆʢʦʪʨʫʙ ɸʣʝʢʩʘʥʜʨ ɺʣʘʜʠʤʠʨʦʚʠʯ 

 

 

 

 

 

ʅʦʚʦʩʠʙʠʨʩʢ ï 2025  
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4 

 

ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʉ ʨʘʟʚʠʪʠʝʤ ʪʝʭʥʦʣʦʛʠʡ ʧʦʪʨʝʙʥʦʩʪʴ ʚ 

ʵʬʬʝʢʪʠʚʥʳʭ ʠ ʤʦʱʥʳʭ ʥʘʢʦʧʠʪʝʣʷʭ ʵʥʝʨʛʠʠ ʩʪʘʥʦʚʠʪʩʷ ʚʩʝ ʙʦʣʝʝ ʘʢʪʫʘʣʴʥʦʡ. ʃʠʪʠʡ-

ʠʦʥʥʳʝ ʘʢʢʫʤʫʣʷʪʦʨʳ (ʃʀɸ) ʥʘʭʦʜʷʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ï ʦʪ 

ʵʣʝʢʪʨʦʥʠʢʠ ʜʦ ʠʩʪʦʯʥʠʢʦʚ ʙʝʩʧʝʨʝʙʦʡʥʦʛʦ ʧʠʪʘʥʠʷ ʠ ʵʣʝʢʪʨʦʪʨʘʥʩʧʦʨʪʘ. ʈʘʩʰʠʨʝʥʠʝ 

ʦʙʣʘʩʪʝʡ ʧʨʠʤʝʥʝʥʠʷ ʃʀɸ ʪʨʝʙʫʝʪ ʜʘʣʴʥʝʡʰʝʛʦ ʫʚʝʣʠʯʝʥʠʷ ʠʭ ʝʤʢʦʩʪʥʳʭ ʠ 

ʤʦʱʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʯʪʦ ʩʪʠʤʫʣʠʨʫʝʪ ʧʦʠʩʢ ʠ ʨʘʟʨʘʙʦʪʢʫ ʤʝʪʦʜʠʢ ʩʠʥʪʝʟʘ ʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʭ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ.  

ʌʦʩʬʦʨ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʘʥʦʜʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʙʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʤʫ 

ʟʥʘʯʝʥʠ ʁʪʝʦʨʝʪʠʯʝʩʢʦʡ ʝʤʢʦʩʪʠ ï 2596 ʤɸʯ/ʛ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʚʳʩʦʢʦʤʫ ʨʘʙʦʯʝʤʫ 

ʧʦʪʝʥʮʠʘʣʫ (~0,8 ɺ ʦʪʥ. Li/Li+). ʉʨʝʜʠ ʚʩʝʭ ʘʣʣʦʪʨʦʧʦʚ, ʢʨʘʩʥʳʡ ʬʦʩʬʦʨ ʷʚʣʷʝʪʩʷ 

ʢʦʤʤʝʨʯʝʩʢʠ ʜʦʩʪʫʧʥʳʤ ʠ ʜʦʩʪʘʪʦʯʥʦ ʙʝʟʦʧʘʩʥʳʤ, ʘ ʪʘʢʞʝ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ 

ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ. ʆʜʥʘʢʦ ʥʠʟʢʘʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ     

(~10ï14 ʉʤ/ʩʤ), ʘ ʪʘʢʞʝ ʩʠʣʴʥʦʝ ʦʙʲʝʤʥʦʝ ʨʘʩʰʠʨʝʥʠʝ (> 300%) ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ 

ʣʠʪʠʝʤ ʧʨʠʚʦʜʷʪ ʢ ʨʘʟʨʫʰʝʥʠ ʁʵʣʝʢʪʨʦʜʘ, ʙʳʩʪʨʦʡ ʧʦʪʝʨʠ ʝʤʢʦʩʪʠ ʠ ʥʝʩʪʘʙʠʣʴʥʦʡ 

ʨʘʙʦʪʝ ʃʀɸ. ɺʥʝʜʨʝʥʠʝ ʬʦʩʬʦʨʘ ʚʦ ʚʥʫʪʨʝʥʥʝʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʦʜʥʦʩʣʦʡʥʳʭ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʪʨʫʙʦʢ (ʆʋʅʊ) ï ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʭ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠ 

ʩʪʘʙʠʣʴʥʳʭ ʦʙʦʣʦʯʝʢ, ʧʦʟʚʦʣʷʝʪ ʟʘʱʠʪʠʪʴ ʝʛʦ ʦʪ ʦʢʠʩʣʷʶʱʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʦʢʨʫʞʘʶʱʝʡ 

ʩʨʝʜʳ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʚʳʰʝʥʠʝ ʤʦʱʥʦʩʪʠ ʠ ʩʪʘʙʠʣʴʥʦʩʪʠ ʨʘʙʦʪʳ ʃʀɸ ʚʦ ʚʨʝʤʷ 

ʧʨʦʮʝʩʩʦʚ ʟʘʨʷʜʘ-ʨʘʟʨʷʜʘ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʪʩʫʪʩʪʚʫʶʪ ʪʝʭʥʦʣʦʛʠʠ ʠ ʭʠʤʠʯʝʩʢʠʝ 

ʤʝʪʦʜʠʢʠ ʜʣʷ ʢʦʥʪʨʦʣʠʨʫʝʤʦʛʦ ʧʦʣʫʯʝʥʠʷ ʆʋʅʊ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʟʘʧʦʣʥʝʥʠʷ 

ʬʦʩʬʦʨʦʤ ʠ ʨʝʟʫʣʴʪʘʪʳ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʤʘʪʝʨʠʘʣʦʚ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʦʚ 

ʃʀɸ. 

ʆʋʅʊ ʤʘʨʢʠ TuballTM ʢʦʤʧʘʥʠʠ OCSiAl ʷʚʣʷʶʪʩʷ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʜʦʨʦʛʠʤ 

ʢʦʤʤʝʨʯʝʩʢʠʤ ʧʨʦʜʫʢʪʦʤ, ʧʨʦʠʟʚʦʜʠʤʳʤ ʚ ʢʦʣʠʯʝʩʪʚʝ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ ʪʦʥʥ, ʠ 

ʠʤʝʶʪ ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ. ʇʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʆʋʅʊ, ʜʘʥʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʠʤʝʶʪ ʙʦʣʴʰʦʡ ʜʠʘʤʝʪʨ (ʦʪ 1,6 ʜʦ 2,9 

ʥʤ), ʯʪʦ ʤʦʞʝʪ ʦʙʝʩʧʝʯʠʪʴ ʧʦʣʫʯʝʥʠʝ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʳʩʦʢʠʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʈ:ʉ 

ʙʣʘʛʦʜʘʨʷ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʦʙʲʝʤʫ ʚʥʫʪʨʝʥʥʝʡ ʧʦʣʦʩʪʠ. ʅʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʦʝ ʢʘʯʝʩʪʚʦ 

(ʯʠʩʪʦʪʘ, ʦʪʩʫʪʩʪʚʠʝ ʜʝʬʝʢʪʦʚ ʠ ʫʛʣʝʨʦʜʥʳʭ ʧʨʠʤʝʩʝʡ) ʥʘʥʦʪʨʫʙʦʢ Tuball, ʦʥʠ ʠʤʝʶʪ 

ʩʢʣʦʥʥʦʩʪʴ ʢ ʘʛʣʦʤʝʨʘʮʠʠ, ʦʙʨʘʟʦʚʘʥʠʶ ʙʦʣʴʰʠʭ ʧʫʯʢʦʚ ʠ ʧʨʦʪʷʞʝʥʥʫʶ ʜʣʠʥʫ, ʯʪʦ 

ʦʛʨʘʥʠʯʠʚʘʝʪ ʧʦʣʥʦʪʫ ʟʘʧʦʣʥʝʥʠʷ ʬʦʩʬʦʨʦʤ, ʘ ʚʧʦʩʣʝʜʩʪʚʠʠ, ʟʘʪʨʫʜʥʷʝʪ ʜʠʬʬʫʟʠʶ 
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ʣʠʪʠʷ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʠʭ ʧʨʦʙʣʝʤ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʶʪʩʷ ʤʝʪʦʜʠʢʠ ʧʦ 

ʤʦʜʠʬʠʢʘʮʠʠ ʩʪʨʫʢʪʫʨʳ ʆʋʅʊ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ 

ʆʋʅʊ ʩ ʬʦʩʬʦʨʦʤ ʠ ʫʚʝʣʠʯʝʥʠʶ ʝʤʢʦʩʪʠ ʃʀɸ. 

ʉʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʤʝʝʪʩʷ ʣʠʰʴ 

ʥʝʩʢʦʣʴʢʦ ʨʘʙʦʪ ʧʦ ʟʘʧʦʣʥʝʥʠʶ ʋʅʊ ʬʦʩʬʦʨʦʤ, ʢʦʪʦʨʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ, ʯʪʦ ʩʪʨʫʢʪʫʨʘ 

ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʦʛʦ ʬʦʩʬʦʨʘ ʟʘʚʠʩʠʪ ʦʪ ʜʠʘʤʝʪʨʘ ʋʅʊ ʠ ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ ʪʝʪʨʘʵʜʨʦʚ 

ʤʦʣʝʢʫʣ ʈ4 ʚʥʫʪʨʠ ʫʟʢʠʭ ʆʋʅʊ ʜʦ ʢʘʨʢʘʩʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʚʥʫʪʨʠ ʤʥʦʛʦʩʣʦʡʥʳʭ ʋʅʊ 

(ʄʋʅʊ) ʙʦʣʴʰʝʛʦ ʜʠʘʤʝʪʨʘ. ʉʦʜʝʨʞʘʥʠʝ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʦʛʦ ʬʦʩʬʦʨʘ ʜʣʷ ʆʋʅʊ ʚ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʨʘʙʦʪʘʭ ʩʦʩʪʘʚʣʷʝʪ ʦʪ ~3 ʜʦ 6 ʘʪ%. ʀʩʩʣʝʜʦʚʘʥʠʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʤʧʦʟʠʪʦʚ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʩ ʋʅʊ ʧʨʝʜʩʪʘʚʣʝʥʦ ʣʠʰʴ ʝʜʠʥʠʯʥʳʤʠ 

ʨʘʙʦʪʘʤʠ. ɿʘʧʦʣʥʝʥʠʝ ʋʅʊ ʬʦʩʬʦʨʦʤ ʧʨʦʚʦʜʷʪ ʚ ʦʩʥʦʚʥʦʤ ʤʝʪʦʜʦʤ ʠʩʧʘʨʝʥʠʷ-

ʢʦʥʜʝʥʩʘʮʠʠ, ʯʪʦ ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ ʦʩʘʞʜʝʥʠʶ ʬʦʩʬʦʨʘ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʋʅʊ. 

ʆʢʩʠʜʳ ʬʦʩʬʦʨʘ, ʦʙʨʘʟʫʶʱʠʝʩʷ ʧʨʠ ʢʦʥʪʘʢʪʝ ʦʩʘʜʢʘ ʩ ʣʘʙʦʨʘʪʦʨʥʳʤ ʚʦʟʜʫʭʦʤ, ʣʝʛʢʦ 

ʩʤʳʚʘʶʪʩʷ ʵʪʘʥʦʣʦʤ ʠʣʠ CS2, ʦʜʥʘʢʦ ʷʜʨʦ ʥʘʥʦʯʘʩʪʠʮ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʜʦʩʪʘʪʦʯʥʦ 

ʩʪʘʙʠʣʴʥʦ. ɺʦ ʚʨʝʤʷ ʨʘʙʦʪʳ ʃʀɸ ʵʪʦʪ ʚʥʝʰʥʠʡ ʬʦʩʬʦʨ ʥʝ ʩʧʦʩʦʙʝʥ ʤʥʦʛʦʢʨʘʪʥʦ 

ʦʙʨʘʪʠʤʦ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ ʩ ʣʠʪʠʝʤ, ʘ ʪʘʢʞʝ ʟʘʪʨʫʜʥʷʝʪ ʜʠʬʬʫʟʠʶ ʣʠʪʠʷ ʚʥʫʪʨʴ 

ʆʋʅʊ. ʇʦʵʪʦʤʫ ʚʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʘʢʢʫʤʫʣʷʪʦʨʘ 

ʷʚʣʷʝʪʩʷ ʩʠʥʪʝʟ ʧʦʚʝʨʭʥʦʩʪʥʦ ʯʠʩʪʳʭ ʦʙʨʘʟʮʦʚ. ʊʘʢʞʝ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʆʋʅʊ ʦʙʳʯʥʦ 

ʜʦʩʪʘʪʦʯʥʦ ʜʣʠʥʥʳʝ ʠ ʩʠʣʴʥʦ ʘʛʣʦʤʝʨʠʨʦʚʘʥʳ. ʕʪʦʪ ʬʘʢʪʦʨ ʥʝ ʪʦʣʴʢʦ ʧʨʝʧʷʪʩʪʚʫʝʪ 

ʨʘʚʥʦʤʝʨʥʦʤʫ ʟʘʧʦʣʥʝʥʠʶ ʆʋʅʊ ʬʦʩʬʦʨʦʤ, ʥʦ ʠ ʦʛʨʘʥʠʯʠʚʘʝʪ ʩʢʦʨʦʩʪʴ ʜʠʬʬʫʟʠʠ 

ʣʠʪʠʷ ʚ ʵʣʝʢʪʨʦʜʥʦʤ ʤʘʪʝʨʠʘʣʝ. ʕʪʠ ʧʨʦʙʣʝʤʳ ʤʦʞʥʦ ʧʨʝʦʜʦʣʝʪʴ, ʫʢʦʨʦʪʠʚ ʥʘʥʦʪʨʫʙʢʠ, 

ʫʤʝʥʴʰʠʚ ʨʘʟʤʝʨ ʧʫʯʢʘ ʠ ʩʦʟʜʘʚ ʘʪʦʤʥʳʝ ʚʘʢʘʥʩʠʠ ʚ ʙʦʢʦʚʳʭ ʩʪʝʥʢʘʭ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ 

ʥʝ ʙʳʣ ʨʘʥʝʝ ʨʝʘʣʠʟʦʚʘʥ ʜʣʷ ʛʠʙʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʬʦʩʬʦʨ/ʆʋʅʊ.  

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʠʢ ʩʠʥʪʝʟʘ ʛʠʙʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʬʦʩʬʦʨ-ʟʘʧʦʣʥʝʥʥʳʭ ʦʜʥʦʩʣʦʡʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʠ ʫʩʪʘʥʦʚʣʝʥʠʝ ʚʟʘʠʤʦʩʚʷʟʝʡ 

ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ ʩʠʥʪʝʟʘ, ʩʦʩʪʘʚʦʤ, ʩʪʨʦʝʥʠʝʤ ʤʘʪʝʨʠʘʣʘ ʠ ʝʛʦ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʚ ʣʠʪʠʡ-ʠʦʥʥʦʤ ʘʢʢʫʤʫʣʷʪʦʨʝ.  

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʨʝʰʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

Å ʦʧʪʠʤʠʟʘʮʠʷ ʧʘʨʘʤʝʪʨʦʚ ʟʘʧʦʣʥʝʥʠʷ ʆʋʅʊ ʬʦʩʬʦʨʦʤ ʤʝʪʦʜʦʤ ʠʩʧʘʨʝʥʠʷ-

ʢʦʥʜʝʥʩʘʮʠʠ, ʧʦʜʙʦʨ ʫʩʣʦʚʠʡ ʦʯʠʩʪʢʠ ʜʣʷ ʫʜʘʣʝʥʠʷ ʬʦʩʬʦʨʘ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʆʋʅʊ; 
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Å ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʤʦʜʠʬʠʢʘʮʠʠ ʩʪʨʫʢʪʫʨʳ ʆʋʅʊ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʠʣʠ ʛʦʨʷʯʠʭ ʤʠʥʝʨʘʣʴʥʳʭ ʢʠʩʣʦʪ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʪʞʠʛʦʤ ʥʘ 

ʩʦʩʪʘʚ ʤʘʪʝʨʠʘʣʘ ʠ ʩʪʨʫʢʪʫʨʫ ʬʦʩʬʦʨʘ; 

Å ʜʠʘʛʥʦʩʪʠʢʘ ʩʪʨʫʢʪʫʨʳ ʬʦʩʬʦʨ-ʟʘʧʦʣʥʝʥʥʳʭ ʆʋʅʊ ʤʝʪʦʜʘʤʠ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ, ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʚʳʷʚʣʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʘʤʠ 

ʤʘʪʝʨʠʘʣʘ; 

Å ʠʩʩʣʝʜʦʚʘʥʠʝ ʬʦʩʬʦʨ-ʟʘʧʦʣʥʝʥʥʳʭ ʆʋʅʊ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʦʚ ʃʀɸ ʠ 

ʫʩʪʘʥʦʚʣʝʥʠʝ ʚʟʘʠʤʦʩʚʷʟʝʡ ʤʝʞʜʫ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʩʪʨʫʢʪʫʨʳ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʤʘʪʝʨʠʘʣʘ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ. ɺʧʝʨʚʳʝ ʧʨʦʚʝʜʝʥʦ ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʚʣʠʷʥʠʷ ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ (ʘʣʣʦʪʨʦʧʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʬʦʩʬʦʨʘ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʚʨʝʤʝʥʠ ʩʠʥʪʝʟʘ, ʬʦʨʤʳ ʨʝʘʢʪʦʨʘ) ʥʘ ʟʘʧʦʣʥʝʥʠʝ ʬʦʩʬʦʨʦʤ ʆʋʅʊ ʤʘʨʢʠ TuballTM 

ʢʦʤʧʘʥʠʠ OCSiAl. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʜʝʣʝʥʠʝ ʨʝʘʛʝʥʪʦʚ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʳʩʦʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʠʥʪʝʟʘ 800 Áʉ, ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ ʩʠʥʪʝʟʘ ʚ ʪʝʯʝʥʠʝ 48 ʯʘʩʦʚ ʠ ʠʟʙʳʪʦʢ 

ʬʦʩʬʦʨʘ ʧʨʠʚʦʜʷʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʩʪʝʧʝʥʠ ʟʘʧʦʣʥʝʥʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ 

ʛʠʜʨʦʢʩʠʜʘ ʥʘʪʨʠʷ (2,5 ʄ) ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʨʘʩʪʚʦʨʠʪʝʣʝʤ ʦʩʪʘʪʦʯʥʦʛʦ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʬʦʩʬʦʨʘ. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ (ʇʕʄ ɺʈ) ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʩʧʝʢʪʨʦʚ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ (ʂʈʉ) ʫʩʪʘʥʦʚʣʝʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʮʝʧʦʯʝʯʥʳʭ ʩʪʨʫʢʪʫʨ 

ʚʦʣʦʢʥʠʩʪʦʛʦ ʬʦʩʬʦʨʘ ʚʥʫʪʨʠ ʆʋʅʊ. ɺʧʝʨʚʳʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥ ʧʝʨʝʥʦʩ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʩ ʥʘʥʦʪʨʫʙʦʢ ʥʘ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʝ ʮʝʧʦʯʢʠ ʬʦʩʬʦʨʘ. ɺr ʩʦʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ 

>90% ʬʦʩʬʦʨ-ʟʘʧʦʣʥʝʥʥʳʭ ʆʋʅʊ ʚ ʧʨʦʮʝʩʩʝ ʟʘʨʷʜʘ-ʨʘʟʨʷʜʘ ʃʀɸ ʚ ʪʝʯʝʥʠʝ ʙʦʣʝʝ 1000 

ʮʠʢʣʦʚ ʧʨʠ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 5 ɸ/ʛ ʩʚʷʟʘʥʘ ʩ ʩʠʥʝʨʛʝʪʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ 

ʚʳʩʦʢʦʝʤʢʦʩʪʥʦʛʦ ʬʦʩʬʦʨʘ ʠ ʧʨʦʚʦʜʷʱʠʭ ʆʋʅʊ, ʦʪʩʫʪʩʪʚʠʝʤ ʥʝʘʢʪʠʚʥʦʛʦ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʦʢʠʩʣʝʥʥʦʛʦ ʬʦʩʬʦʨʘ ʠ ʥʘʣʠʯʠʝʤ ʥʝʩʢʦʣʴʢʠʭ ʢʘʥʘʣʦʚ ʜʠʬʬʫʟʠʠ ʠʦʥʦʚ 

ʣʠʪʠʷ ʢ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʦʤʫ ʬʦʩʬʦʨʫ. ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʠʢʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʆʋʅʊ ʧʦʩʨʝʜʩʪʚʦʤ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, ʧʦʟʚʦʣʷʶʱʘʷ ʵʬʬʝʢʪʠʚʥʦ 

ʫʤʝʥʴʰʘʪʴ ʨʘʟʤʝʨ ʧʫʯʢʦʚ ʆʋʅʊ ʠ ʫʢʦʨʘʯʠʚʘʪʴ ʠʭ ʜʣʠʥʫ. ʆʙʨʘʙʦʪʢʘ ʧʦʟʚʦʣʠʣʘ 

ʫʚʝʣʠʯʠʪʴ ʩʦʜʝʨʞʘʥʠʝ ʬʦʩʬʦʨʘ ʚ ʛʠʙʨʠʜʥʦʤ ʤʘʪʝʨʠʘʣʝ ʚ 2 ʨʘʟʘ ʜʦ 18 ʘʪ% ʠ ʫʚʝʣʠʯʠʪʴ 

ʝʤʢʦʩʪʴ ʛʠʙʨʠʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʃʀɸ ʚ 1,5 ʨʘʟʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʚʫʭʩʪʫʧʝʥʯʘʪʘʷ 

ʦʙʨʘʙʦʪʢʘ ʛʦʨʷʯʠʤʠ ʤʠʥʝʨʘʣʴʥʳʤʠ ʢʠʩʣʦʪʘʤʠ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʪʞʠʛʦʤ ʚ ʘʪʤʦʩʬʝʨʝ 
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ʘʨʛʦʥʘ ʧʨʠʚʦʜʠʪ ʢ ʨʘʩʱʝʧʣʝʥʠʶ ʧʫʯʢʦʚ ʥʘʥʦʪʨʫʙʦʢ ʠ ʦʙʨʘʟʦʚʘʥʠʶ ʚʘʢʘʥʩʠʡ ʚ ʙʦʢʦʚʳʭ 

ʩʪʝʥʢʘʭ ʆʋʅʊ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʚʣʠʷʥʠʝ ʜʝʬʝʢʪʦʚ ʆʋʅʊ ʥʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ 

ʬʦʩʬʦʨʘ ʚʦ ʚʥʫʪʨʝʥʥʠʭ ʧʦʣʦʩʪʷʭ ʥʘʥʦʪʨʫʙʦʢ. ʄʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʈʌʕʉ) ʧʦʢʘʟʘʥʦ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʣʠʪʠʷ ʩ ʜʝʬʝʢʪʥʳʤʠ 

ʬʦʩʬʦʨ-ʟʘʧʦʣʥʝʥʥʳʤʠ ʆʋʅʊ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ LixP. ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʚ 

ʃʀɸ ʧʦʜʪʚʝʨʜʠʣʠ, ʯʪʦ ʜʝʬʝʢʪʥʳʝ ʆʋʅʊ, ʟʘʧʦʣʥʝʥʥʳʝ ʩʣʘʙʦ ʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʤ 

ʬʦʩʬʦʨʦʤ, ʤʦʛʫʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʜʠʬʬʫʟʠʠ ʠ ʥʘʢʘʧʣʠʚʘʪʴ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʣʠʪʠʷ, 

ʧʨʠʚʦʜʷ ʢ ʫʚʝʣʠʯʝʥʠʶ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʠ ʚ 2 ʨʘʟʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʦʙʨʘʙʦʪʘʥʥʳʤʠ 

ʬʦʩʬʦʨ-ʟʘʧʦʣʥʝʥʥʳʤʠ ʆʋʅʊ.  

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ. ʈʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ 

ʩʠʥʪʝʟʘ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʯʠʩʪʳʭ ʬʦʩʬʦʨ-ʟʘʧʦʣʥʝʥʥʳʭ ʆʋʅʊ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ 

ʟʘʧʦʣʥʝʥʠʷ (>10 ʘʪ%), ʯʪʦ ʧʨʘʢʪʠʯʝʩʢʠ ʚ 2 ʨʘʟʘ ʧʨʝʚʳʰʘʝʪ ʠʤʝʶʱʠʝʩʷ ʚ ʣʠʪʝʨʘʪʫʨʝ 

ʟʥʘʯʝʥʠʷ. ʇʦʣʫʯʝʥʥʳʡ ʛʠʙʨʠʜʥʳʡ ʤʘʪʝʨʠʘʣ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʝʤʢʦʩʪ ɹʚ ʃʀɸ 1545 ʠ 

1006 ʤɸʯ/ʛ (ʚ ʧʝʨʝʩʯʝʪʝ ʥʘ ʤʘʩʩʫ ʬʦʩʬʦʨʘ) ʧʨʠ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ 0,1 ʠ 5 ɸ/ʛ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʣʫʯʰʠʭ ʧʦʢʘʟʘʪʝʣʝʡ ʩʨʝʜʠ ʧʦʜʦʙʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʦʧʠʩʘʥʥʳʭ ʚ ʣʠʪʝʨʘʪʫʨʝ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʷʚʣʷʝʪʩʷ ʩʦʭʨʘʥʝʥʠʝ ʝʤʢʦʩʪʠ 

ʚ ʪʝʯʝʥʠʝ ʙʦʣʝʝ 1000 ʮʠʢʣʦʚ ʧʨʠ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 5 ɸ/ʛ. ɺʧʝʨʚʳʝ ʧʦʢʘʟʘʥʦ 

ʚʣʠʷʥʠʝ ʜʝʬʝʢʪʦʚ ʚ ʩʪʝʥʢʘʭ ʆʋʅʊ ʥʘ ʬʦʨʤʠʨʫʶʱʫʶʩʷ ʚʥʫʪʨʠ ʥʘʥʦʪʨʫʙʢʠ ʩʪʨʫʢʪʫʨʫ 

ʬʦʩʬʦʨʘ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʵʬʬʝʢʪ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʆʋʅʊ ʥʘ ʟʘʧʦʣʥʝʥʠʝ ʬʦʩʬʦʨʦʤ ʠ ʧʦʩʣʝʜʫʶʱʝʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʛʠʙʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʣʠʪʠʝʤ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʤʤʝʨʯʝʩʢʠʭ ʆʋʅʊ 

ʤʘʨʢʠ Tuball ʧʦʟʚʦʣʠʣʦ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʥʦʚʳʝ ʥʝʦʧʠʩʘʥʥʳʝ ʨʘʥʝʝ ʚ ʣʠʪʝʨʘʪʫʨʝ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʥʦ ʠ ʫʩʪʘʥʦʚʠʪʴ ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʩʪʨʦʝʥʠʝʤ ʠ ʩʦʩʪʘʚʦʤ 

ʛʠʙʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʬʦʩʬʦʨ/ʆʋʅʊ, ʧʘʨʘʤʝʪʨʘʤʠ ʩʠʥʪʝʟʘ ʠ ʧʨʝʜʦʙʨʘʙʦʪʢʠ ʆʋʅʊ. 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʧʦʜʭʦʜʳ, ʠʟʣʦʞʝʥʥʳʝ ʚ ʨʘʙʦʪʝ ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʦ ʧʨʦʠʟʚʦʜʠʤʳʭ ʆʋʅʊ, 

ʤʦʛʫʪ ʙʳʪʴ ʤʘʩʰʪʘʙʠʨʦʚʘʥ  rʠ ʠʩʧʦʣʴʟʦʚʘʥ  rʜʣʷ ʜʠʟʘʡʥʘ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʝ ʪʦʣʴʢʦ ʚ 

ʢʘʯʝʩʪʚʝ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʵʣʝʢʪʨʦʜʦʚ ʃʀɸ, ʥʦ ʠ ʜʣʷ ʜʨʫʛʠʭ ʧʨʠʣʦʞʝʥʠʡ.  

ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʄʝʪʦʜʦʣʦʛʠʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʢʣʶʯʘʝʪ ʦʧʪʠʤʠʟʘʮʠʶ ʤʝʪʦʜʠʢʠ ʟʘʧʦʣʥʝʥʠʷ ʆʋʅʊ ʬʦʩʬʦʨʦʤ 

ʠʩʧʘʨʝʥʠʝʤ-ʢʦʥʜʝʥʩʘʮʠʝʡ ʚ ʟʘʧʘʷʥʥʳʭ ʘʤʧʫʣʘʭ ʠ ʦʯʠʩʪʢʠ ʦʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʬʦʩʬʦʨʘ. 

ʉʣʝʜʫʶʱʠʤ ʵʪʘʧʦʤ ʩʪʘʣʦ ʪʱʘʪʝʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʛʠʙʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʮʝʣʴʶ 

ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʪʨʦʝʥʠʷ, ʘ ʪʘʢʞʝ ʪʝʩʪʠʨʦʚʘʥʠʝ ʤʘʪʝʨʠʘʣʦʚ ʚ 
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ʤʘʢʝʪʘʭ ʃʀɸ. ɺʘʞʥʳʤ ʵʪʘʧʦʤ ʩʪʘʣ ʧʦʜʙʦʨ ʦʧʪʠʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʜʣʷ ʤʦʜʠʬʠʢʘʮʠʠ 

ʆʋʅʊ ʩ ʮʝʣʴʶ ʫʢʦʨʦʯʝʥʠʷ ʥʘʥʦʪʨʫʙʦʢ ʠ ʩʦʟʜʘʥʠʷ ʚʘʢʘʥʩʠʦʥʥʳʭ ʜʝʬʝʢʪʦʚ ʜʣʷ 

ʫʣʫʯʰʝʥʠʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʵʣʝʢʪʨʦʜʘ ʧʫʪʝʤ ʦʙʣʝʛʯʝʥʠʷ ʜʠʬʬʫʟʠʠ ʣʠʪʠʷ ʚ 

ʤʘʪʝʨʠʘʣ. ɼʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ ʥʘʙʦʨ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ: ʨʘʩʪʨʦʚʫʶ ʵʣʝʢʪʨʦʥʥʫʶ ʤʠʢʨʦʩʢʦʧʠʶ (ʈʕʄ), ʇʕʄ ɺʈ, 

ʩʢʘʥʠʨʫʶʱʫʶ ʧʨʦʩʚʝʯʠʚʘʶʱʫʶ ʵʣʝʢʪʨʦʥʥʫʶ ʤʠʢʨʦʩʢʦʧʠʶ ʚ ʪʝʤʥʦʤ ʧʦʣʝ ʥʘ ʙʦʣʴʰʠʭ 

ʫʛʣʘʭ (HAADF STEM), ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ (ʊɻɸ), ʠʥʬʨʘʢʨʘʩʥʫʶ (ʀʂ) 

ʩʧʝʢʪʨʦʩʢʦʧʠʶ, ʩʧʝʢʪʨʦʩʢʦʧʠʶ ʂʈʉ, ʤʝʪʦʜʳ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʚʢʣʶʯʘʷ 

ʈʌʕʉ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʙʣʠʞʥʝʡ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ (NEXAFS). 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʜʣʷ ʧʦʣʫʷʯʝʝʢ ʩ 

ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʣʠʪʠʝʤ ʚ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʧʨʠ ʨʘʟʥʳʭ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ, 

ʤʝʪʦʜʘʤʠ ʮʠʢʣʠʯʝʩʢʦʡ ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʠ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ 

ʠʤʧʝʜʘʥʩʘ.  

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ: 

1. ɿʘʧʦʣʥʝʥʠʝ ʬʦʩʬʦʨʦʤ ʆʋʅʊ (TuballTM) ʤʝʪʦʜʦʤ ʠʩʧʘʨʝʥʠʷ-ʢʦʥʜʝʥʩʘʮʠʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 800 Áʉ ʠ ʧʦʩʣʝʜʫʶʱʘʷ ʦʯʠʩʪʢʘ ʚ NaOH ʧʨʠʚʦʜʷʪ ʢ ʚʥʝʜʨʝʥʠʶ 9 ʘʪ% 

ʬʦʩʬʦʨʘ ʠ ʜʦʩʪʠʞʝʥʠʶ ʚ ʃʀɸ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʠ 609 ʤɸʯ/ʛ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 0,1 ɸ/ʛ. 

2. ɺʦ ʚʥʫʪʨʝʥʥʠʭ ʧʦʣʦʩʪʷʭ ʆʋʅʊ ʩ ʜʠʘʤʝʪʨʘʤʠ 1,6 2,9 ʥʤ ʬʦʨʤʠʨʫʝʪʩʷ 

ʚʦʣʦʢʥʠʩʪʳʡ ʬʦʩʬʦʨ.  

3. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʆʋʅʊ ʩ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʤ ʬʦʩʬʦʨʦʤ ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʝʥʦʩʫ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʩ ʫʛʣʝʨʦʜʥʦʡ ʥʘʥʦʪʨʫʙʢʠ ʥʘ ʚʥʫʪʨʝʥʥʠʡ ʮʝʧʦʯʝʯʥʳʡ ʬʦʩʬʦʨ. 

4. ʋʤʝʥʴʰʝʥʠʝ ʜʣʠʥʳ ʆʋʅʊ ʩ ʧʦʤʦʱʴʶ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʧʨʠʚʦʜʠʪ ʢ 

ʫʚʝʣʠʯʝʥʠʶ ʩʪʝʧʝʥʠ ʟʘʧʦʣʥʝʥʠʷ ʆʋʅʊ ʬʦʩʬʦʨʦʤ ʜʦ 18 ʘʪ%. 

5. ʅʘʣʠʯʠʝ ʜʝʬʝʢʪʦʚ ʚ ʙʦʢʦʚʳʭ ʩʪʝʥʢʘʭ ʆʋʅʊ ʫʚʝʣʠʯʠʚʘʝʪ ʜʠʩʧʝʨʩʥʦʩʪʴ 

ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʦʛʦ ʬʦʩʬʦʨʘ ʠ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʨʦʥʠʢʥʦʚʝʥʠʶ ʣʠʪʠʷ ʚʦ ʚʥʫʪʨʝʥʥʶʶ 

ʧʦʣʦʩʪʴ ʥʘʥʦʪʨʫʙʦʢ, ʦʙʝʩʧʝʯʠʚʘʷ ʫʜʝʣʴʥʫʶ ʝʤʢʦʩʪʴ 950 ʤɸʯ/ʛ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 0,1 ɸ/ʛ 

ʠ ʚʳʩʦʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʃʀɸ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ. ʉʠʥʪʝʟʳ ʚʩʝʭ ʦʧʠʩʘʥʥʳʭ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʠ ʧʦʜʙʦʨʦʤ ʦʧʪʠʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ, ʦʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ 

ʈʌʕʉ, NEXAFS, ʂʈʉ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʩʙʦʨʢʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʝʢ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʳʧʦʣʥʝʥʳ ʜʠʩʩʝʨʪʘʥʪʦʤ. ɸʚʪʦʨ ʜʠʩʩʝʨʪʘʮʠʠ ʧʨʠʥʠʤʘʣ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʫʯʘʩʪʠʝ ʚ ʘʥʘʣʠʟʝ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʜʘʥʥʳʭ ʧʦʣʫʯʝʥʥʳʭ ʨʘʟʣʠʯʥʳʤʠ 
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ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʇʣʘʥʠʨʦʚʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʧʦʩʪʘʥʦʚʢʘ 

ʟʘʜʘʯ, ʨʝʰʘʝʤʳʭ ʚ ʜʠʩʩʝʨʪʘʮʠʠ, ʦʙʦʙʱʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʦʩʫʱʝʩʪʚʣʷʣʠʩʴ 

ʩʦʚʤʝʩʪʥʦ ʩ ʥʘʫʯʥʳʤʠ ʨʫʢʦʚʦʜʠʪʝʣʷʤʠ ʘʩʧʠʨʘʥʪʫʨʳ. ʇʦʜʛʦʪʦʚʢʘ ʥʘʫʯʥʳʭ ʩʪʘʪʝʡ ʢ 

ʧʝʯʘʪʠ ʧʨʦʚʦʜʠʣʠʩʴ ʩʦʚʤʝʩʪʥʦ ʩ ʩʦʘʚʪʦʨʘʤʠ. 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʜʦʣʦʞʝʥʳ ʠ ʦʙʩʫʞʜʝʥʳ ʥʘ ʨʦʩʩʠʡʩʢʠʭ ʠ 

ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: çFirst virtual Bilateral Conference on Functional Materials 

(BiC-FM)è (Online Conference); çXXVII ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ, 

ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çʃʦʤʦʥʦʩʦʚ-2020è (ʆʥʣʘʡʥ); ç15th International Conference 

Advanced Carbon Nanostructures ACNSô2021è (Online Conference); çʇʝʨʚʘʷ ʰʢʦʣʘ 

ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ: ʧʨʦʮʝʩʩʳ, ʤʘʪʝʨʠʘʣʳ, ʪʝʭʥʦʣʦʛʠʠè, 

(ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ, ɼʠʧʣʦʤ ʟʘ 2ʝ ʤʝʩʪʦ); çIV ɹʘʡʢʘʣʴʩʢʠʡ ʤʘʪʝʨʠʘʣʦʚʝʜʯʝʩʢʠʡ 

ʬʦʨʫʤè, (ʋʣʘʥ-ʋʜʵ ʠ ʧʦʙʝʨʝʞʴʝ ʦʟ. ɹʘʡʢʘʣ, ʈʦʩʩʠʷ, ɼʠʧʣʦʤ I ʩʪʝʧʝʥʠ); çVI ʐʢʦʣʘ-

ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çʅʝʦʨʛʘʥʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ 

ʤʘʪʝʨʠʘʣʳè, (ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ); çXVII ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çɸʢʪʫʘʣʴʥʳʝ 

ʧʨʦʙʣʝʤʳ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ ʚ ʣʠʪʠʝʚʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭè, (ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ); çɺʪʦʨʘʷ ʰʢʦʣʘ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ: ʧʨʦʮʝʩʩʳ, 

ʤʘʪʝʨʠʘʣʳ, ʪʝʭʥʦʣʦʛʠʠè, (ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ); çX International Scientific Conference 

çActual problems of solid state physicsè, (ʄʠʥʩʢ, ɹʝʣʘʨʫʩʴ); çXV ʉʠʤʧʦʟʠʫʤ ʩ 

ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ "ʊʝʨʤʦʜʠʥʘʤʠʢʘ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ", (ʅʦʚʦʩʠʙʠʨʩʢ, 

ʈʦʩʩʠʷ); çʏʝʪʚʝʨʪʘʷ ʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çɻʨʘʬʝʥ: ʤʦʣʝʢʫʣʘ ʠ 2D-ʢʨʠʩʪʘʣʣè, 

(ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ, ɼʠʧʣʦʤ I ʩʪʝʧʝʥʠ); çII ʐʢʦʣʘ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ ʧʦ ʩʠʥʭʨʦʪʨʦʥʥʳʤ 

ʤʝʪʦʜʘʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠè, (ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ), ʄʝʞʜʫʥʘʨʦʜʥʘʷ 

ʢʦʥʬʝʨʝʥʮʠʷ "ʅʘʥʦʫʛʣʝʨʦʜ ʠ ɸʣʤʘʟ" (ʅʠɸô2024); ʐʢʦʣʘ-ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ 

"ʅʘʥʦʫʛʣʝʨʦʜ ʠ ɸʣʤʘʟ. ʇʦʣʫʯʝʥʠʝ, ʩʚʦʡʩʪʚʘ, ʧʨʠʤʝʥʝʥʠʷ ʠ ʤʝʪʦʜʳ ʜʠʘʛʥʦʩʪʠʢʠ" (ʉʘʥʢʪ-

ʇʝʪʝʨʙʫʨʛ, ʈʦʩʩʠʷ, ɼʠʧʣʦʤ II ʩʪʝʧʝʥʠ); ʐʝʩʪʥʘʜʮʘʪʘʷ ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ 

çʋʛʣʝʨʦʜ: ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʥʘʫʢʠ, ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ, ʪʝʭʥʦʣʦʛʠʷè (ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ). 

ʇʫʙʣʠʢʘʮʠʠ. ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 5 ʩʪʘʪʝʡ ʚ ʟʘʨʫʙʝʞʥʳʭ 

ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʞʫʨʥʘʣʘʭ ʠ 15 ʪʝʟʠʩʦʚ ʜʦʢʣʘʜʦʚ ʥʘ ʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ 

ʢʦʥʬʝʨʝʥʮʠʷʭ. ɺʩʝ ʞʫʨʥʘʣʳ ʚʭʦʜʷʪ ʚ ʩʧʠʩʢʠ, ʠʥʜʝʢʩʠʨʫʝʤʳʝ ʙʘʟʘʤʠ ʜʘʥʥʳʭ Web of 

Science, Scopus ʠ ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʝ ɺɸʂ. 
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ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ. ɼʦʩʪʦʚʝʨʥʦʩʪʴ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʚʳʚʦʜʦʚ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴʶ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʨʘʟʥʳʤʠ ʤʝʪʦʜʘʤʠ. ʇʫʙʣʠʢʘʮʠʠ ʧʦ ʪʝʤʝ ʨʘʙʦʪʳ 

ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʞʫʨʥʘʣʘʭ ʠ ʘʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʙʦʪʳ ʥʘ ʨʦʩʩʠʡʩʢʠʭ ʠ 

ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ ʧʦʜʪʚʝʨʞʜʘʶʪ ʟʥʘʯʠʤʦʩʪʴ ʠ ʠʥʬʦʨʤʘʪʠʚʥʦʩʪʴ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. 

ʉʦʦʪʚʝʪʩʪʚʠʝ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 1.4.4. ʌʠʟʠʯʝʩʢʘʷ ʭʠʤʠʷ. ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧ. 9. çʉʚʷʟʴ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʨʝʘʛʝʥʪʦʚ ʩ ʠʭ ʩʪʨʦʝʥʠʝʤ ʠ 

ʫʩʣʦʚʠʷʤʠ ʧʨʦʪʝʢʘʥʠʷ ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠè, 12. çʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ʧʨʦʮʝʩʩʦʚ 

ʭʠʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʠ ʩʠʥʪʝʟʘ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚè ʧʘʩʧʦʨʪʘ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 1.4.4. 

ʌʠʟʠʯʝʩʢʘʷ ʭʠʤʠʷ. 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʨʘʙʦʪʳ. ʈʘʙʦʪʘ ʠʟʣʦʞʝʥʘ ʥʘ 157 ʩʪʨʘʥʠʮʘʭ, ʩʦʜʝʨʞʠʪ 66 

ʨʠʩʫʥʢʦʚ ʠ 8 ʪʘʙʣʠʮ, ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʣʠʪʝʨʘʪʫʨʥʦʛʦ ʦʙʟʦʨʘ (ɻʣʘʚʘ 1), 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʯʘʩʪʠ (ɻʣʘʚʘ 2), ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʷ (ɻʣʘʚʘ 3), ʟʘʢʣʶʯʝʥʠʷ, 

ʦʩʥʦʚʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʚʳʚʦʜʦʚ, ʩʧʠʩʢʘ ʮʠʪʠʨʫʝʤʦʡ ʣʠʪʝʨʘʪʫʨʳ (209 ʠʩʪʦʯʥʠʢʦʚ). 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ˉ 22-13-

00219). ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʦʪʤʝʯʝʥʳ ʩʪʠʧʝʥʜʠʝʡ ʠʤʝʥʠ ʘʢʘʜʝʤʠʢʘ ɸ.ɺ. 

ʅʠʢʦʣʘʝʚʘ ʟʘ ʫʩʧʝʭʠ ʚ ʥʘʫʯʥʦʡ ʨʘʙʦʪʝ (2022 ʛ.), ʩʪʠʧʝʥʜʠʝʡ ʇʨʘʚʠʪʝʣʴʩʪʚʘ 

ʅʦʚʦʩʠʙʠʨʩʢʦʡ ʦʙʣʘʩʪʠ (2022ï2023 ʫʯ. ʛ.) ʠ ʇʨʝʤʠʝʡ ʤʵʨʠʠ ʛʦʨʦʜʘ ʅʦʚʦʩʠʙʠʨʩʢʘ ʚ ʩʬʝʨʝ 

ʥʘʫʢʠ ʠ ʠʥʥʦʚʘʮʠʡ 2024 ʛʦʜʘ.  



11 

 

ɻʣʘʚʘ 1. ʃʀʊɽʈɸʊʋʈʅʓʁ ʆɹɿʆʈ 

1.1. ʉʪʨʦʝʥʠʝ ʠ ʩʚʦʡʩʪʚʘ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ  

ʋʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ (ʋʅʊ) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʦʣrʝ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ 

ʩʪʨʫʢʪʫʨ,r ʩʦʩʪʦʷʱʠʝ ʠʟ ʦʜʥʦʡ ʠʣʠ ʥʝʩʢʦʣʴʢʠʭ ʩʚʝʨʥʫʪʳʭ ʚ ʪʨʫʙʢʫ ʛʨʘʬʝʥʦʚʳʭ 

ʧʣʦʩʢʦʩʪʝʡ. ɼʠʘʤʝʪʨ ʪʨʫʙʦʢ ʩʦʩʪʘʚʣʷʝʪ ʦʪ ʜʝʩʷʪʳʭ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ ʥʘʥʦʤʝʪʨʦʚ; 

ʜʣʠʥʘ ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ ʦʜʥʦʛʦ ʤʠʢʨʦʤʝʪʨʘ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʩʘʥʪʠʤʝʪʨʦʚ. ʊʦʨʮr ʋʅʊ ʤʦʛʫʪ 

ʙʳʪʴ ʦʪʢʨʳʪʳʤʠ ʠʣʠ ʟʘʢʨʳʪʳ ʧʦʣʫʩʬʝʨʠʯʝʩʢʠʤʠ ʢʨʳʰʝʯʢʘʤʠ, ʩʦʩʪʘʚʣʝʥʥʳʤʠ ʠʟ 

ʛʝʢʩʘʛʦʥʦʚ ʠ ʧʝʥʪʘʛʦʥʦʚ, ʥʘʧʦʤʠʥʘʶʱʠʭ ʩʪʨʫʢʪʫʨʫ ʧʦʣʦʚʠʥʳ ʤʦʣʝʢʫʣʳ ʬʫʣʣʝʨʝʥʘ [1].  

ʇʦ ʢʦʣʠʯʝʩʪʚʫ ʩʣʦʝʚ ʋʅʊ ʢʣʘʩʩʠʬʠʮʠʨʫʶʪ ʥʘ ʦʜʥʦʩʣʦʡʥʳʝ (ʠʣʠ ʦʜʥʦʩʪʝʥʥʳʝ, 

ʆʋʅʊ) ʠ ʤʥʦʛʦʩʣʦʡʥʳʝ (ʠʣʠ ʤʥʦʛʦʩʪʝʥʥʳʝ, ʄʋʅʊ). ʃʶʙʫʶ ʆʋʅʊ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ 

ʚ ʚʠʜʝ ʚʳʢʨʦʡʢʠ ʠʟ ʣʠʩʪʘ ʛʨʘʬʝʥʘ (ʧʨʝʜʩʪʘʚʣʷʶʱʝʛʦ ʩʦʙʦʡ ʩʝʪʢʫ ʠʟ ʧʨʘʚʠʣʴʥʳʭ 

ʰʝʩʪʠʫʛʦʣʴʥʠʢʦʚ, ʚ ʚʝʨʰʠʥʘʭ ʢʦʪʦʨʳʭ ʨʘʩʧʦʣʦʞʝʥʳ ʘʪʦʤʳ ʫʛʣʝʨʦʜʘ), ʢʦʪʦʨʘʷ ʟʘʜʘʝʪʩʷ 

ʧʘʨʦʡ ʯʠʩʝʣ (n, m), ʥʘʟʳʚʘʶʱʠʭʩʷ ʠʥʜʝʢʩʘʤʠ ʭʠʨʘʣʴʥʦʩʪʠ. ɺ ʟʘʜʘʥʥʦʡ ʥʘ ʛʨʘʬʝʥʦʚʦʡ 

ʧʣʦʩʢʦʩʪʠ ʢʦʩʦʫʛʦʣʴʥʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʠʥʜʝʢʩʳ ʭʠʨʘʣʴʥʦʩʪʠ (n, m) ʷʚʣʷʶʪʩʷ 

ʢʦʦʨʜʠʥʘʪʘʤʠ ʨʘʜʠʫʩ-ʚʝʢʪʦʨʘ R, ʦʧʨʝʜʝʣʷʶʱʝʛʦ ʦʨʠʝʥʪʘʮʠʶ ʦʩʠ ʪʨʫʙʢʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʛʨʘʬʝʥʦʚʦʡ ʧʣʦʩʢʦʩʪʠ ʠ ʝʝ ʜʠʘʤʝʪʨ. ʅʘ ʦʩʥʦʚʝ ʠʥʜʝʢʩʦʚ ʭʠʨʘʣʴʥʦʩʪʠ ʆʋʅʊ ʨʘʟʜʝʣʷʶʪ 

ʥʘ 3 ʪʠʧʘ: n = m ð çʢʨʝʩʣʦè, m = 0 ð çʟʠʛʟʘʛʦʦʙʨʘʟʥʳʝè ʠ n Í m ð ʭʠʨʘʣʴʥʳʝ. ʆʋʅʊ 

ʦʙʣʘʜʘʶʪ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʨʠ ʢʨʘʪʥʦʩʪʠ (nīm) ʪʨʝʤ ʠ ʧʨʠ n = 

m ʠ ̫ʚʣʷʶʪʩʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʤʠ ʚ ʦʩʪʘʣʴʥʳʭ ʩʣʫʯʘʷʭ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʪʘʪʠʩʪʠʯʝʩʢʠ 1/3 

ʆʋʅʊ ʷʚʣʷʶʪʩʷ ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ, ʘ 2/3 ï ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ. ʆʋʅʊ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʚʳʩʦʢʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ (>102 ʉʤ/ʩʤ) [2], ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʨʦʯʥʦʩʪʴʶ (ʤʦʜʫʣʴ 

ʖʥʛʘ < 1 ʊʇʘ) [3ï5], ʧʨʦʯʥʦʩʪʴʶ ʥʘ ʨʘʟʨʳʚ < 70 ɻʇʘ [5,6]) ʠ ʛʠʙʢʦʩʪʴʶ [7,8]. 

ʇʨʦʯʥʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʋʅʊ ʧʨʝʜʩʪʘʚʣʷʶʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ 

ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʦʙʲʝʢʪʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʚʳʩʦʢʠʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ [9,10].  

ʅʘʣʠʯʠʝ ʧʦʣʦʩʪʠ ʚ ʋʅʊ ʧʦʟʚʦʣʷʝʪ ʟʘʧʦʣʥʷʪʴ ʝʝ ʨʘʟʣʠʯʥʳʤʠ ʚʝʱʝʩʪʚʘʤʠ ʟʘ ʩʯʝʪ 

ʢʘʧʠʣʣʷʨʥʳʭ ʵʬʬʝʢʪʦʚ [11,12], ʧʨʠ ʵʪʦʤ ʥʘʥʦʪʨʫʙʢʫ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ 

ʩʚʦʝʦʙʨʘʟʥʳʡ ʥʘʥʦʨʝʘʢʪʦʨ. ʆʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʟʘʜʘʯ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʤʝʥʥʦ 

ʟʘʧʦʣʥʝʥʠʝ, ʧʦʵʪʦʤʫ ʨʘʙʦʪʳ, ʧʦʩʚʷʱʝʥʥʳʝ ʵʪʦʡ ʪʝʤʘʪʠʢʝ, ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʙʦʣʝʝ 

ʧʦʜʨʦʙʥʦ ʚ ʧʦʩʣʝʜʫʶʱʠʭ ʨʘʟʜʝʣʘʭ. ɺ ʣʠʪʝʨʘʪʫʨʝ ʜʣʷ ʛʠʙʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʟʘʧʦʣʥʝʥʥʳʭ ʋʅʊ ʨʘʟʣʠʯʥʳʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ, ʚʚʦʜʠʪʩʷ ʦʙʦʟʥʘʯʝʥʠʝ ʍ@ʋʅʊ, ʛʜʝ ʍ ï 

ʚʥʝʜʨʷʝʤʦʝ ʚʝʱʝʩʪʚʦ [2]. 
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ʋʅʊ ʧʨʝʜʩʪʘʚʣʷʶʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʨʠʣʦʞʝʥʠʡ, ʚ ʢʘʯʝʩʪʚʝ 

ʵʣʝʤʝʥʪʦʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ, ʠʩʪʦʯʥʠʢʦʚ ʘʚʪʦʵʣʝʢʪʨʦʥʥʦʡ ʵʤʠʩʩʠʠ, ʘ ʪʘʢʞʝ ʚ ʢʘʯʝʩʪʚʝ 

ʘʥʦʜʦʚ ʤʝʪʘʣʣ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ. ɼʣʷ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʧʨʠʣʦʞʝʥʠʡ ʚʘʞʥʦ ʨʘʙʦʪʘʪʴ 

ʩ ʢʦʤʤʝʨʯʝʩʢʠ ʜʦʩʪʫʧʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ, ʧʨʦʠʟʚʦʜʠʤʳʤʠ ʚ ʧʨʦʤʳʰʣʝʥʥʳʭ ʤʘʩʰʪʘʙʘʭ. 

ɺ ʥʘʰʝʡ ʨʘʙʦʪʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʆʋʅʊ ʢʦʤʧʘʥʠʠ OCSiAl (TuballTM).  

 

ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʆʋʅʊ ʤʘʨʢʠ Tuball  

ʉʠʥʪʝʟ ʥʘʥʦʪʨʫʙʦʢ TuballTM ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʤʝʪʦʜʦʤ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠ ̫

ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ (ʉatalytic Chemical Vapor Deposition, CCVD), ʚʦ ʚʨʝʤʷ ʢʦʪʦʨʦʛʦ 

ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʣʦʞʝʥʠʝ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʢʦʪʦʨʳʡ ʩʦʟʜʘʸʪ 

ʮʝʥʪʨʳ ʦʙʨʘʟʦʚʘʥʠʷ ʥʘʥʦʪʨʫʙʦʢ [13]. ʄʦʞʥʦ ʚʳʜʝʣʠʪʴ ʪʨʠ ʢʣʶʯʝʚʳʭ ʧʨʝʠʤʫʱʝʩʪʚʘ 

ʥʘʥʦʪʨʫʙʦʢ Tuball: ʚʳʩʦʢʦʝ ʢʘʯʝʩʪʚʦ ʤʘʪʝʨʠʘʣʘ; ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʧʨʦʠʟʚʦʜʩʪʚʘ; ʥʠʟʢʘʷ 

ʩʪʦʠʤʦʩʪʴ. ʅʘʥʦʪʨʫʙʢʠ ʧʨʦʠʟʚʦʜʩʪʚʘ OCSiAl ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 

ʜʝʬʝʢʪʦʚ ʠ ʥʠʟʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʫʛʣʝʨʦʜʥʳʭ ʧʨʠʤʝʩʝʡ. ʆʜʥʘʢʦ ʧʨʦʜʫʢʪ, ʧʦʣʫʯʝʥʥʳʡ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʠʟ ʨʝʘʢʪʦʨʘ, ʩʦʜʝʨʞʠʪ ʜʦ 15 ʤʘʩʩ% ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʨʠʤʝʩʝʡ, ʛʣʘʚʥʳʤ 

ʦʙʨʘʟʦʤ ʞʝʣʝʟʘ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʚʣʠʷʪʴ ʥʘ ʜʘʣʴʥʝʡʰʝʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʘʪʝʨʠʘʣʘ ʚ 

ʨʘʟʣʠʯʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ. ʅʘʥʦʪʨʫʙʢʠ Tuball ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʤʝʩʴ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʥʘʥʦʪʨʫʙʦʢ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 1:2. ʇʦ ʜʘʥʥʳʤ ʧʨʦʠʟʚʦʜʠʪʝʣʷ ʜʠʘʤʝʪʨ 

ʩʦʩʪʘʚʣʷʝʪ 1,6Ñ0,4 ʥʤ, ʘ ʜʣʠʥʘ ʙʦʣʝʝ 5 ʤʢʤ ʠ ʦʙʳʯʥʦ ʜʘʞʝ ʧʨʝʚʳʰʘʝʪ 10 ʤʢʤ. 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʜʠʘʤʝʪʨʫ ʤʦʞʝʪ ʚʘʨʴʠʨʦʚʘʪʴʩʷ ʦʪ ʧʘʨʪʠʠ ʢ ʧʘʨʪʠʠ ʠ ʠʟ-ʟʘ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʘʟʨʘʙʦʪʦʢ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʧʦʚʳʰʝʥʠʝ ʚʳʭʦʜʘ ʠ ʯʠʩʪʦʪʳ ʧʨʦʜʫʢʪʘ. 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ, ʆʋʅʊ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ ʠʤʝʶʪ ʜʠʘʤʝʪʨ, ʙʣʠʟʢʠʡ ʢ 

ʜʠʘʤʝʪʨʫ Tuball, 1,2ï1,7 ʥʤ, ʆʋʅʊ HiPCO ʦʙʳʯʥʦ ʠʤʝʶʪ ʤʝʥʴʰʠʡ ʜʠʘʤʝʪʨ 0,8ï1,1 ʥʤ, ʘ 

ʆʋʅʊ CoMoCATs ʝʱʝ ʤʝʥʴʰʝ, 0,7ï0,9 ʥʤ ʚ ʜʠʘʤʝʪʨʝ. ɼʣʷ ʥʘʥʦʪʨʫʙʦʢ OCSiAl  

ʭʘʨʘʢʪʝʨʥʘ ʘʛʣʦʤʝʨʘʮʠʷ ʚ ʞʛʫʪʳ ʟʘ ʩʯʝʪ ʩʠʣʴʥʦʛʦ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʦʚʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʤʝʞʜʫ ʥʠʤʠ. ɺʦ ʤʥʦʛʠʭ ʧʨʠʣʦʞʝʥʠʷʭ ʥʘ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʚʣʠʷʶʪ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʘʢʠʭ ʩʚʷʟʦʢ, ʘ ʥʝ ʪʦʣʴʢʦ ʩʘʤʠ ʥʘʥʦʪʨʫʙʢʠ. ʕʪʠ ʧʫʯʢʠ ʚʝʪʚʷʪʩʷ, 

ʩʣʠʧʘʶʪʩʷ ʠ ʦʙʨʘʟʫʶʪ ʘʛʣʦʤʝʨʘʪʳ ʩʣʦʞʥʦʡ ʤʦʨʬʦʣʦʛʠʠ. ʏʪʦʙʳ ʚ ʧʦʣʥʦʡ ʤʝʨʝ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʝʠʤʫʱʝʩʪʚʘ Tuball ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʩʚʦʡʩʪʚ ʥʦʚʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʥʝʦʙʭʦʜʠʤʦ ʨʘʟʜʝʣʪ̫ʴ ʥʘʥʦʪʨʫʙʢʠ ʥʘ ʦʪʜʝʣʴʥʳʝ ʧʫʯʢʠ ʠʣʠ ʧʫʯʢʠ ʤʝʥʴʰʝʛʦ 

ʨʘʟʤʝʨʘ. ɼʠʩʧʝʨʛʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʧʫʪʝʤ ʭʠʤʠʯʝʩʢʦʡ ʠʣʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ 

ʨʘʟʣʠʯʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. 
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1.2. ɸʣʣʦʪʨʦʧʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ʬʦʩʬʦʨʘ 

ʌʦʩʬʦʨ, ʷʚʣʷʷʩʴ ʦʜʥʠʤ ʠʟ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʟʝʤʥʦʡ ʢʦʨʳ, ʠʤʝʝʪ 

ʥʝʩʢʦʣʴʢʦ ʘʣʣʦʪʨʦʧʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ (ʈʠʩʫʥʦʢ 1, [14]), ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʝ ʠʟ 

ʢʦʪʦʨʳʭ ï ʙʝʣʘʷ, ʢʨʘʩʥʘʷ ʠ ʯʝʨʥʘʷ ʤʦʜʠʬʠʢʘʮʠʠ. ɹʝʣʳʡ ʬʦʩʬʦʨ ʠʤʝʝʪ ʥʠʟʢʫʶ 

ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʠʷ, ʣʝʪʫʯ ʠ ʨʘʩʪʚʦʨʠʤ ʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʨʘʩʪʚʦʨʠʪʝʣʷʭ. ʉʪʨʫʢʪʫʨʘ 

ʙʝʣʦʛʦ ʬʦʩʬʦʨʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʦʣʝʢʫʣʷʨʥʫʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʨʝʝhʪʢʫ, ʚ ʫʟʣʘʭ 

ʢʦʪʦʨʦʡ ʥʘʭʦʜʷʪʩʷ ʪʝʪʨʘʵʜʨʳ P4. ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʯʝʨʥʳʡ ʬʦʩʬʦʨ ʠʤʝʝʪ ʚʳʩʦʢʫʶ 

ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʠʷ, ʥʝ ʨʘʩʪʚʦʨʷʝʪʩʷ ʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʨʘʩʪʚʦʨʠʪʝʣʷʭ ʠ ʷʚʣʷʝʪʩʷ 

ʭʦʨʦʰʠʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ. ʏʝʨʥʳʡ ʬʦʩʬʦʨ ʠʤʝʝʪ ʩʣʦʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ, ʛʜʝ ʚ ʩʣʦʝ 

ʢʘʞʜʳʡ ʘʪʦʤ ʬʦʩʬʦʨʘ ʢʦʚʘʣʝʥʪʥʦ ʩʚʷʟʘʥ ʩ ʪʨʝʤʷ ʙʣʠʞʘʡʰʠʤʠ ʩʦʩʝʜʷʤʠ. ʂʨʘʩʥʳʡ 

ʬʦʩʬʦʨ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʦʡ ʤʦʜʠʬʠʢʘʮʠʝʡ, ʧʨʦʠʟʚʦʜʠʤʦʡ ʠ ʧʦʪʨʝʙʣʷʝʤʦʡ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʴʶ. ʆʥ ʥʝ ʩʚʝʪʠʪʩʷ ʚ ʪʝʤʥʦʪʝ, ʥʝ ʠʤʝʝʪ ʟʘʧʘʭʘ, ʭʠʤʠʯʝʩʢʠ ʩʪʘʙʠʣʝʥ ʠ ʥʝ 

ʷʜʦʚʠʪ. ʂʨʘʩʥʳʡ ʬʦʩʬʦʨ ʷʚʣʷʝʪʩʷ ʧʦʣʠʤʝʨʦʤ ʩʦ ʩʣʦʞʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʩʦʩʪʘʚʣʝʥʥʳʤ ʠʟ 

ʨʘʟʣʠʯʥʳʭ ʩʪʨʦʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ [15]. ʇʦʣʠʤʝʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠʤʝʝʪ ʙʣʠʞʥʠʡ ʧʦʨʷʜʦʢ 

ʠ ʝʝ ʥʘʛʨʝʚʘʥʠʝ ʠʣʠ ʦʙʣʫʯʝʥʠʝ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʦʙʨʘʟʦʚʘʥʠʶ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʘʣʣʦʪʨʦʧʦʚ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ [16]. ʄʘʪʝʨʠʘʣ ʦʧʠʩʳʚʘʝʪʩʷ ʧʦ-ʨʘʟʥʦʤʫ, 

ʢʘʢ ʢʨʘʩʥʳʡ, ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʠʣʠ ʬʠʦʣʝʪʦʚʳʡ, ʘ ʝʛʦ ʩʪʨʫʢʪʫʨʘ ʤʝʥʷʝʪʩʷ ʦʪ ʘʤʦʨʬʥʦʡ ʜʦ 

ʤʠʢʨʦ- ʠ ʤʘʢʨʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ, ʧʦʵʪʦʤʫ ʚ ʣʠʪʝʨʘʪʫʨʝ ʯʘʩʪʦ ʦʧʠʩʳʚʘʝʪʩʷ ʧʦʣʠʤʦʨʬʠʟʤ 

ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ [16].  

 

 
ʈʠʩʫʥʦʢ 1. ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʘʣʣʦʪʨʦʧʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʬʦʩʬʦʨʘ. ʉʣʝʚʘ 

ʥʘʧʨʘʚʦ: ʯʝʨʥʳʡ, ɔ- ʠ ɓ-ʙʝʣʳʡ, ʚʦʣʦʢʥʠʩʪʳʡ ʬʦʩʬʦʨ ʠ ʬʦʩʬʦʨ ɻʠʪʪʦʨʬʘ. ʀʟʦʙʨʘʞʝʥʠʝ ʚʟʷʪʦ 

ʠʟ ʩʪʘʪʴʠ [14]. 



14 

 

ɽɦ ʝ ʦʜʥʘ ʠʟ ʧʦʣʠʤʦʨʬʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʬʦʩʬʦʨʘ ï ʬʠʦʣʝʪʦʚʳʡ ʬʦʩʬʦʨ ʠʣʠ, ʢʘʢ 

ʚʧʦʩʣʝʜʩʪʚʠʠ ʝʛʦ ʩʪʘʣʠ ʥʘʟʳʚʘʪʴ, ʬʦʩʬʦʨ ɻʠʪʪʦʨʬʘ [17]. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʦʷʚʣʷʝʪʩʷ 

ʚʩʝ ʙʦʣʴʰʝ ʥʦʚʳʭ ʩʪʨʫʢʪʫʨ ʠ ʨʘʟʥʦʚʠʜʥʦʩʪʝʡ ʬʦʩʬʦʨʘ. ɺ 2005 ʛʦʜʫ ʙʳʣ ʦʪʢʨʳʪ 

ʚʦʣʦʢʥʠʩʪʳʡ ʬʦʩʬʦʨ [18], ʢʦʪʦʨʳʡ ʭʦʪʴ ʠ ʧʦʭʦʞ ʥʘ ʬʦʩʬʦʨ ɻʠʪʪʦʨʬʘ, ʥʦ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʥʦʚʫʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʤʦʜʠʬʠʢʘʮʠʶ. ʄʝʭʘʥʠʟʤ ʨʦʩʪʘ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʳ ʦʩʪʘʝʪʩʷ 

ʜʦ ʩʠʭ ʧʦʨ ʥʝʠʟʚʝʩʪʝʥ. ʆʩʥʦʚʥʦʡ ʩʪʨʫʢʪʫʨʥʦʡ ʝʜʠʥʠʮʝʡ ʚʦʣʦʢʥʠʩʪʦʛʦ ʬʦʩʬʦʨ ʠ ʬʦʩʬʦʨʘ 

ɻʠʪʪʦʨʬʘ ʷʚʣʷʶʪʩʷ ʪʨʫʙʯʘʪʳʝ ʥʠʪʠ [P8]P2[P9]P2[ ʢʦʚʘʣʝʥʪʥʦ ʩʚʷʟʘʥʥʳʝ ʯʝʨʝʟ [P9] 

(ʆʙʦʟʥʘʯʝʥʠʝ [P8]P2[P9]P2[ ʷʚʣʷʝʪʩʷ ʦʙʱʝʧʨʠʥʷʪʳʤ ʧʨʠ ʦʧʠʩʘʥʠʠ ʩʪʨʫʢʪʫʨʥʳʭ 

ʬʨʘʛʤʝʥʪʦʚ ʬʦʩʬʦʨʘ ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʦʩʪʠʢʠ [P2], ʩʚʷʟʳʚʘʶʱʠʝ ʤʝʞʜʫ ʩʦʙʦʡ 

ʢʣʝʪʢʠ [P8] ʠ [P9], ʠʤʝʶʱʠʝ ʧʝʥʪʘʛʦʥʘʣʴʥʦʝ ʩʝʯʝʥʠʝ ʠ ʩʦʩʪʦʷʱʠʝ ʠʟ 8 ʠʣʠ 9 ʘʪʦʤʦʚ 

ʬʦʩʬʦʨʘ). ʆʩʥʦʚʥʦʝ ʦʪʣʠʯʠʝ ʤʝʞʫ ʚʦʣʦʢʥʠʩʪʳʤ ʬʦʩʬʦʨʦʤ ʠ ʬʦʩʬʦʨʦʤ ɻʠʪʪʦʨʬʘ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʥʠʪʠ [P8]P2[P9]P2[ ʨʘʩʧʦʣʦʞʝʥʳ ʧʘʨʘʣʣʝʣʴʥʦ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʰʠʚʘʶʱʝʡ ʩʚʷʟʠ ʈ2, ʘ ʚʦ ʚʪʦʨʦʤ ï ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ. 

ɺ 2016 ʛʦʜʫ çʩʠʥʠʡè ʘʣʣʦʪʨʦʧ ʬʦʩʬʦʨʘ ʙʳʣ ʚʳʨʘʱʝʥ ʥʘ ʟʦʣʦʪʳʭ ʧʦʜʣʦʞʢʘʭ, ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ [19]. ʉʪʨʫʢʪʫʨʘ ʵʪʦʛʦ ʘʣʣʦʪʨʦʧʘ 

ʷʚʣʷʝʪʩʷ ʩʣʦʠʩʪʦʡ, ʢʘʢ ʠ ʜʣʷ ʯʝʨʥʦʛʦ ʬʦʩʬʦʨʘ (ʠʟ ʢʦʪʦʨʦʛʦ ʩʠʥʠʡ ʬʦʩʬʦʨ ʠ 

ʩʠʥʪʝʟʠʨʫʝʪʩʷ), ʦʜʥʘʢʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʣʦʩʢʠʝ çʟʠʛʟʘʛʦʦʙʨʘʟʥʳʝè 

ʛʨʝʙʥʠ, ʚ ʦʪʣʠʯʠʠ ʦʪ ʙʦʣʝʝ ʛʣʫʙʦʢʠʭ çʢʨʝʩʝʣè ʯʝʨʥʦʛʦ ʬʦʩʬʦʨʘ. ʊʘʢʞʝ ʪʝʦʨʝʪʠʯʝʩʢʠ ʙʳʣ 

ʧʨʝʜʩʢʘʟʘʥ çʟʝʣʝʥʳʡè ʘʣʣʦʪʨʦʧ ʬʦʩʬʦʨʘ [20] ʩ ʥʘʩʪʨʘʠʚʘʝʤʦʡ ʧʨʷʤʦʡ ʟʘʧʨʝʱʝʥʥʦʡ 

ʟʦʥʦʡ ʠ ʚʳʩʦʢʦʡ ʧʦʜʚʠʞʥʦʩʪʴʶ ʵʣʝʢʪʨʦʥʦʚ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʵʪʦʪ ʘʣʣʦʪʨʦʧ ʙʫʜʝʪ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʙʦʣʝʝ ʫʩʪʦʡʯʠʚ, ʯʝʤ ʩʠʥʠʡ ʬʦʩʬʦʨ, ʠ ʤʦʞʝʪ ʙʳʪʴ ʩʠʥʪʝʟʠʨʦʚʘʥ ʥʘ 

ʛʦʬʨʠʨʦʚʘʥʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʠʟ-ʟʘ ʝʛʦ ʠʟʦʛʥʫʪʦʡ ʩʪʨʫʢʪʫʨʳ. ʉʪʨʫʢʪʫʨʘ 

ʟʝʣʝʥʦʛʦ ʬʦʩʬʦʨʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʦʤʙʠʥʘʮʠʶ ʩʠʥʝʛʦ ʠ ʯʝʨʥʦʛʦ ʬʦʩʬʦʨʘ, ʘ ʝʛʦ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʬʦʥʦʥʥʳʤʠ ʩʧʝʢʪʨʘʤʠ. ʉʦʚʩʝʤ ʥʝʜʘʚʥʦ, ʚ ʢʦʥʮʝ 2024 ʛʦʜʘ 

ʙʳʣʘ ʦʧʫʙʣʠʢʦʚʘʥʘ ʨʘʙʦʪʘ, ʩʦʦʙʱʘʶʱʘʷ ʦ ʩʠʥʪʝʟʝ çʦʨʘʥʞʝʚʦʛʦ ʬʦʩʬʦʨʘè. ɸʣʣʦʪʨʦʧ ʙʳʣ 

ʧʦʣʫʯʝʥ ʩ ʧʦʤʦʱʴʶ ʬʦʪʦʫʩʢʦʨʝʥʥʦʛʦ ʩʠʥʪʝʟʘ ʠʟ ʘʤʦʨʬʥʦʡ ʧʣʝʥʢʠ ʨʘʩʪʚʦʨʠʤʦʛʦ 

ʧʨʝʢʫʨʩʦʨʘ Na2P16. ʆʙʣʫʯʝʥʠʝ ʟʝʣʝʥʳʤ ʣʘʟʝʨʦʤ ʠʥʠʮʠʠʨʦʚʘʣʦ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ 

ʧʨʝʢʫʨʩʦʨʘ, ʚʳʟʳʚʘʷ ʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ ʪʦʧʦʭʠʤʠʯʝʩʢʦʡ ʧʦʣʠʤʝʨʠʟʘʮʠʠ ʠ 

ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʠ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʦʙʨʘʟʦʚʘʣʘʩʴ 1D-ʮʝʧʦʯʢʘ ʦʨʘʥʞʝʚʦʛʦ ʬʦʩʬʦʨʘ. 3D-

ʵʣʝʢʪʨʦʥʥʘʷ ʜʠʬʨʘʢʮʠʦʥʥʘʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʧʦʢʘʟʘʣʘ, ʯʪʦ ʤʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ 

ʦʨʘʥʞʝʚʦʛʦ ʬʦʩʬʦʨʘ ʩʦʩʪʦʠʪ ʠʟ ʦʜʥʦʤʝʨʥʳʭ ʧʦʣʷʨʥʳʭ ʧʝʥʪʘʛʦʥʘʣʴʥʳʭ ʪʨʫʙʦʢ, 

ʩʦʩʪʦʷʱʠʭ ʠʟ ʧʦʚʪʦʨʷʶʱʠʭʩʷ ʝʜʠʥʠʮ [P8]P2[. 
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ʉ ʨʘʟʚʠʪʠʝʤ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʨʘʩʰʠʬʨʦʚʘʥʳ ʩʪʨʫʢʪʫʨʳ 

ʨʘʟʣʠʯʥʳʭ ʘʣʣʦʪʨʦʧʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʬʦʩʬʦʨʘ. ʊʘʢ, ʚ ʩʪʘʪʴʝ [21] ʚʧʝʨʚʳʝ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʩʪʨʫʢʪʫʨʘ ʬʦʩʬʦʨʘ ɻʠʪʪʦʨʬʘ. ɼʝʪʘʣʴʥʦʝ ʪʝʦʨʝʪʠʯʝʩʢʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨ ʬʦʩʬʦʨʘ ʚ ʩʪʘʪʴʝ [22] ʤʝʪʦʜʘʤʠ ab initio ʧʦʢʘʟʘʣʦ ʩʪʘʙʠʣʴʥʦʩʪʴ 

ʬʦʩʬʦʨʘ ɻʠʪʪʦʨʬʘ ʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ P4, a ʪʘʢʞʝ ʧʨʝʜʩʢʘʟʘʣʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʧʦ ʢʨʘʡʥʝʡ 

ʤʝʨʝ ʝʱʝ ʦʜʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʣʣʦʪʨʦʧʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʬʦʩʬʦʨʘ. ɺ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʧʨʦʜʦʣʞʘʝʪʩʷ ʧʦʠʩʢ ʥʦʚʳʭ ʩʪʨʫʢʪʫʨ ʬʦʩʬʦʨʘ. ʇʦʩʣʝʜʥʠʝ ʨʘʙʦʪʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

ʦʙʨʘʟʦʚʘʥʠʝ ʥʦʚʳʭ, ʨʘʥʝʝ ʥʝʠʟʚʝʩʪʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʫʩʣʦʚʠʷʭ çʥʘʥʦʨʝʘʢʪʦʨʘè. 

 

1.3. ɿʘʧʦʣʥʝʥʠʝ ʦʜʥʦʩʣʦʡʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ 

ɿʘʧʦʣʥʝʥʠʝ ʋʅʊ ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʢʘʢ ʩ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʜʣʷ ʠʟʫʯʝʥʠʷ ʚʣʠʷʥʠʷ ʚʢʣʶʯʝʥʠʡ ʥʘ ʢʚʘʟʠʦʜʥʦʤʝʨʥʳʝ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʨʦʚʦʜʥʠʢʠ, 

ʪʘʢ ʠ ʜʣʷ ʧʨʠʣʦʞʝʥʠʡ ʚ ʢʘʯʝʩʪʚʝ ʧʦʣʝʚʳʭ ʢʘʪʦʜʦʚ, ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʩʦʟʜʘʥʠʷ ʢʦʤʧʦʟʠʪʦʚ, ʛʠʙʨʠʜʦʚ ʠ ʥʘʥʦʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ.  

ʆʩʥʦʚʦʧʦʣʘʛʘʶʱʝʡ ʨʘʙʦʪʦʡ ʧʦ ʟʘʧʦʣʥʝʥʠʶ ʋʅʊ ʷʚʣʷʝʪʩʷ ʩʪʘʪʴʷ ʧʨʦʬ. ʉ. 

ʀʠʜʟʠʤʳ 1993 ʛʦʜʘ [23], ʢʦʪʦʨʘʷ ʧʦʜʪʚʝʨʜʠʣʘ ʩʜʝʣʘʥʥʳʝ ʥʘ ʦʩʥʦʚʘʥʠʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ 

ʨʘʩʯʝʪʦʚ ʚʳʚʦʜʳ ʦ ʥʘʣʠʯʠʠ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ ʢʘʧʠʣʣʷʨʥʳʭ ʩʠʣ ʚ ʋʅʊ, 

ʧʦʟʚʦʣʷʶʱʠʭ ʞʠʜʢʦʩʪʷʤ ʠ ʛʘʟʘʤ ʫʜʝʨʞʠʚʘʪʴʩʷ ʚʦ ʚʥʫʪʨʝʥʥʠʭ ʢʘʥʘʣʘʭ [3]. ʇʦʟʜʥʝʝ 

ʤʥʦʛʠʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʤʝʪʦʜʠʢʠ ʢʦʥʪʨʦʣʠʨʫʝʤʦʛʦ ʟʘʧʦʣʥʝʥʠʷ 

ʋʅʊ ʨʘʟʣʠʯʥʳʤʠ ʤʦʣʝʢʫʣʷʨʥʳʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ, ʥʘʥʦʢʣʘʩʪʝʨʘʤʠ ʠʣʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ 

ʤʝʪʘʣʣʦʚ, ʦʢʩʠʜʦʚ ʠ ʛʘʣʦʛʝʥʠʜʦʚ ʤʝʪʘʣʣʦʚ [2,4ï8,24,25]. 

ʍʠʤʠʯʝʩʢʠʡ ʜʠʟʘʡʥ ʆʋʅʊ ʧʫʪʝʤ ʠʭ ʟʘʧʦʣʥʝʥʠʷ ʧʦʜʭʦʜʷʱʠʤʠ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʤʠ, ʦʧʪʠʯʝʩʢʠʤʠ ʠʣʠ ʤʘʛʥʠʪʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʪʴ 

ʥʦʚʳʡ ʢʣʘʩʩ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʥʘʥʦʪʨʫʙʦʢ ʩʦ ʩʚʦʡʩʪʚʘʤʠ, ʥʝ ʭʘʨʘʢʪʝʨʥʳʤʠ ʜʣʷ 

ʥʝʟʘʧʦʣʥʝʥʥʳʭ ʆʋʅʊ. ʊʘʢ, ʚʥʝʜʨʝʥʠʝ ʚ ʢʘʥʘʣʳ ʆʋʅʊ ʬʫʣʣʝʨʠʜʦʚ ʠʣʠ ʤʘʛʥʠʪʥʳʭ 

ʥʘʥʦʯʘʩʪʠʮ (Fe, Co) ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʥʘʥʦʢʦʤʧʦʟʠʪʳ, ʦʙʣʘʜʘʶʱʠʝ 

ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴʶ ʠʣʠ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤʦʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [2,26ï28]. ʄʘʣʳʡ ʜʠʘʤʝʪʨ 

ʚʥʫʪʨʝʥʥʠʭ ʢʘʥʘʣʦʚ ʥʘʥʦʪʨʫʙʦʢ ʜʝʣʘʝʪ ʠʭ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤʠ ʚ ʢʘʯʝʩʪʚʝ 

ʪʝʤʧʣʘʪʘ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʦʜʥʦʤʝʨʥʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʚʦ ʚʥʫʪʨʝʥʥʠʭ ʢʘʥʘʣʘʭ 

ʥʘʥʦʪʨʫʙʦʢ ï çʦʜʥʦʤʝʨʥʳʡ (1D) ʢʨʠʩʪʘʣʣè@ʆʋʅʊ [4].  

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʤʝʪʦʜʦʚ ʟʘʧʦʣʥʝʥʠʷ ʋʅʊ, ʢʦʪʦʨʳʝ 

ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʝ ʙʦʣʴʰʠʝ ʛʨʫʧʧʳ [2]. ʇʝʨʚʘʷ ï ʟʘʧʦʣʥʝʥʠʝ ʥʘʥʦʪʨʫʙʦʢ ʚ ʧʨʦʮʝʩʩʝ 
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ʠʭ ʨʦʩʪʘ (in situ). ʄʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʪʦʤ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ ʧʨʦʠʩʭʦʜʠʪ ʟʘʧʦʣʥʝʥʠʝ 

ʠʣʠ ʯʘʩʪʠʮʘʤʠ ʢʘʪʘʣʠʟʘʪʦʨʘ ʚ ʧʨʦʮʝʩʩʝ CCVD ʠʣʠ ʤʝʪʘʣʣʘʤʠ ʠ ʧʨʦʜʫʢʪʘʤʠ ʠʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʛʨʘʬʠʪʦʤ ʧʨʠ ʩʠʥʪʝʟʝ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʫʛʝ [28]. ʇʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ 

CCVD ʦʛʨʘʥʠʯʝʥʦ ʚʚʠʜʫ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʩʦʙʣʶʜʝʥʠʷ ʩʪʨʦʛʦʛʦ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʝʞʠʤʘ 

ʧʨʦʮʝʩʩʘ. ɺʥʝʜʨʝʥʠʝ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʪʦʣʴʢʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʙʣʠʟʢʠʭ ʢ 

ʪʝʤʧʝʨʘʪʫʨʘʤ ʧʣʘʚʣʝʥʠʷ ʚʥʝʜʨʷʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʧʨʠ ʵʪʦʤ ʪʝʤʧʝʨʘʪʫʨʘ ʩʫʙʣʠʤʘʮʠʠ 

(ʨʘʟʣʦʞʝʥʠʷ) ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ ʜʦʣʞʥʘ ʙʳʪʴ ʙʣʠʟʢʘ ʢ ʪʝʤʧʝʨʘʪʫʨʘʤ, ʧʨʠ ʢʦʪʦʨʳʭ 

ʧʨʦʠʩʭʦʜʠʪ ʨʦʩʪ ʆʋʅʊ. ʕʪʦ ʥʘʢʣʘʜʳʚʘʝʪ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʠʩʧʦʣʴʟʫʝʤʳʝ ʠʩʪʦʯʥʠʢʠ 

ʫʛʣʝʨʦʜʘ ʠ ʚʥʝʜʨʷʝʤʳʝ ʩʦʝʜʠʥʝʥʠ.̫ ʂʨʦʤʝ ʪʦʛʦ, ʤʝʪʦʜ ʦʛʨʘʥʠʯʝʥ ʠ ʥʘʙʦʨʦʤ ʩʦʝʜʠʥʝʥʠʡ 

ï ʤʝʪʘʣʣʦʚ, ʢʘʪʘʣʠʟʠʨʫʝʤʳʭ ʨʦʩʪ ʥʘʥʦʪʨʫʙʦʢ. 

ɺ ʧʨʦʮʝʩʩʝ ʵʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʩʠʥʪʝʟʘ ʋʅʊ, ʚʥʝʜʨʝʥʠʝ ʚʝʱʝʩʪʚ ʚ ʥʘʥʦʪʨʫʙʢʫ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʚʠʜʝ ʢʘʨʙʠʜʘ ʤʝʪʘʣʣʘ (ʥʘʧʨʠʤʝʨ, Cr2C3, Fe3C, Ni3C ʠ ʜʨ.), ʦʜʥʘʢʦ ʚ 

ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʠʣʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʦʝʜʠʥʝʥʠʡ, ʥʝ ʩʢʣʦʥʥʳʭ ʢ ʦʙʨʘʟʦʚʘʥʠʶ 

ʢʘʨʙʠʜʦʚ, ʚʦʟʤʦʞʥʦ ʚʥʝʜʨʝʥʠʝ ʠ ʧʨʦʩʪʳʭ ʚʝʱʝʩʪʚ (Se, Sb, Co, Cu, Au ʠ ʜʨ.) [29,30]. 

ʅʝʜʦʩʪʘʪʢʦʤ ʞʝ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʷʪʴ ʧʨʦʮʝʩʩʦʤ 

ʟʘʧʦʣʥʝʥʠʷ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʢʘʥʘʣʳ ʋʅʊ ʦʙʳʯʥʦ ʟʘʧʦʣʥʷʶʪʩʷ ʥʝʨʘʚʥʦʤʝʨʥʦ [31]. ʂʨʦʤʝ 

ʪʦʛʦ, ʵʣʝʢʪʨʦʜʫʛʦʚʦʡ ʤʝʪʦʜ ʥʝ ʧʦʟʚʦʣʷʝʪ ʟʘʧʦʣʥʷʪʴ ʋʅʊ ʧʝʨʝʭʦʜʥʳʤʠ ʤʝʪʘʣʣʘʤʠ, ʯʪʦ 

ʩʚʷʟʘʥʦ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʤʝʪʘʣʣ-ʫʛʣʝʨʦʜ ʠ ʢʘʨʙʠʜʦʚ ʨʘʟʣʠʯʥʦʛʦ 

ʩʦʩʪʘʚʘ [2].  

ɺ ʮʝʣʦʤ, ʢ ʥʝʜʦʩʪʘʪʢʘʤ in situ ʧʦʜʭʦʜʘ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʥʝʚʦʟʤʦʞʥʦʩʪʴ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʚ ʢʘʥʘʣʘʭ ʋʅʊ ʥʝʩʪʘʙʠʣʴʥʳʭ ʯʘʩʪʠʮ ʠ ʩʣʦʞʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ 

(ʦʢʩʠʜʦʚ, ʩʦʣʝʡ ʤʝʪʘʣʣʦʚ) ʠʟ-ʟʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʠ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ 

ʘʪʤʦʩʬʝʨʳ, ʧʦʜʜʝʨʞʠʚʘʝʤʳʭ ʚ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ. ʊʘʢʞʝ ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʦʢʘʟʳʚʘʝʪʩʷ 

ʤʘʣʦʵʬʬʝʢʪʠʚʥʳʤ ï ʜʦʣʷ ʟʘʧʦʣʥʝʥʥʳʭ ʆʋʅʊ ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʙʦʣʝʝ ʥʝʩʢʦʣʴʢʠʭ ʧʨʦʮʝʥʪʦʚ.  

ɺʪʦʨʳʤ ʧʦʜʭʦʜʦʤ ʷʚʣʷʝʪʩʷ ʚʥʝʜʨʝʥʠʝ ʩʦʝʜʠʥʝʥʠʡ ʚ ʧʦʣʦʩʪʴ ʟʘʨʘʥʝʝ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʋʅʊ (ex situ) [32], ʢ ʯʠʩʣʫ ʢʦʪʦʨʳʭ ʦʪʥʦʩʷʪʩʷ ʤʝʪʦʜʳ ʟʘʧʦʣʥʝʥʠʷ ʠʟ 

ʛʘʟʦʚʦʡ ʠʣʠ ʞʠʜʢʦʡ (ʩʫʩʧʝʥʟʠʷ, ʨʘʩʪʚʦʨ, ʨʘʩʧʣʘʚ) ʬʘʟ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʚʦʟʤʦʞʥʦ 

ʟʘʧʦʣʥʝʥʠʝ ʧʨʘʢʪʠʯʝʩʢʠ ʣʶʙʳʤʠ ʭʠʤʠʯʝʩʢʠʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ ʠʟ ʛʘʟʦʚʦʡ ʠʣʠ ʞʠʜʢʦʡ 

ʬʘʟʳ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʚ ʢʘʢʦʤ ʘʛʨʝʛʘʪʥʦʤ ʩʦʩʪʦʷʥʠʠ ʥʘʭʦʜʠʪʩʷ ʚʥʝʜʨʷʝʤʦʝ 

ʩʦʝʜʠʥʝʥʠʝ ʚ ʤʦʤʝʥʪ ʢʦʥʪʘʢʪʘ ʩ ʋʅʊ [2]. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʥʝʩʢʦʣʴʢʦ 

ʵʪʘʧʦʚ. ʆʜʥʠʤ ʠʟ ʛʣʘʚʥʳʭ ʵʪʘʧʦʚ ʷʚʣʷʝʪʩʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʝ ʦʪʢʨʳʪʠʝ ʢʦʥʮʦʚ ʋʅʊ, 

ʢʦʪʦʨʳʝ ʢʘʢ ʧʨʘʚʠʣʦ ʠʩʭʦʜʥʦ ʟʘʢʨʳʪʳ ʧʦʩʣʝ ʩʠʥʪʝʟʘ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʚʘʞʥʳʤʠ 
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ʧʘʨʘʤʝʪʨʘʤʠ ex situ ʤʝʪʦʜʦʚ ʷʚʣʷʶʪʩʷ ʨʘʩʪʚʦʨʠʤʦʩʪʴ, ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ, ʢʠʧʝʥʠʷ ʠ 

ʨʘʟʣʦʞʝʥʠʷ ʚʥʝʜʨʷʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʘ ʪʘʢʞʝ ʜʠʘʤʝʪʨ ʠ ʜʣʠʥʘ ʆʋʅʊ. ʌʦʨʤʠʨʦʚʘʥʠʝ 

ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʚʦ ʚʥʫʪʨʝʥʥʠʭ ʢʘʥʘʣʘʭ ʥʘʥʦʪʨʫʙʦʢ ʧʨʦʠʩʭʦʜʠʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʝʜʣʝʥʥʦʡ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚʝʱʝʩʪʚʘ, ʚʪʷʥʫʪʦʛʦ ʚʥʫʪʨʴ ʥʘʥʦʪʨʫʙʢʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʢʘʧʠʣʣʷʨʥʳʭ ʩʠʣ 

ʠʟ ʛʘʟʦʚʦʡ ʠʣʠ ʞʠʜʢʦʡ ʬʘʟʳ [33]. ʇʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩʦʝʜʠʥʝʥʠʡ ʚʦ ʚʥʫʪʨʝʥʥʝʤ ʢʘʥʘʣʝ 

ʥʘʥʦʪʨʫʙʦʢ ʨʝʘʢʮʠʦʥʥʘʷ ʟʦʥʘ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʩʪʝʥʢʘʤʠ ʥʘʥʦʪʨʫʙʢʠ, ʯʪʦ ʩʦʟʜʘʝʪ ʫʩʣʦʚʠʷ, 

ʩʭʦʜʥʳʝ ʩ ʫʩʣʦʚʠʷʤʠ ʩʠʥʪʝʟʘ ʚ ʦʜʥʦʤʝʨʥʦʤ ʥʘʥʦʨʝʘʢʪʦʨʝ [2]. 

 

1.3.1. ɿʘʧʦʣʥʝʥʠʝ ʥʘʥʦʪʨʫʙʦʢ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ 

ʀʟʚʝʩʪʥʦ ʤʥʦʛʦ ʧʨʠʤʝʨʦʚ ʟʘʧʦʣʥʝʥʠʷ ʄʋʅʊ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ, ʦʜʥʘʢʦ ʜʘʥʥʳʭ ʧʦ 

ʟʘʧʦʣʥʝʥʠʶ ʆʋʅʊ ʩʨʘʚʥʠʪʝʣʴʥʦ ʤʘʣʦ [2,33]. ɿʘʧʦʣʥʝʥʠʝ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʦʩʫʱʝʩʪʚʣʷʶʪ, 

ʢʘʢ ʧʨʘʚʠʣʦ, ʚ ʚʘʢʫʫʤʝ, ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ɺʘʢʫʫʤʠʨʦʚʘʥʥʫʶ ʟʘʧʘʷʥʥʫʶ ʘʤʧʫʣʫ 

ʥʘʛʨʝʚʘʶʪ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʠʩʧʘʨʝʥʠʷ (ʠʣʠ ʩʫʙʣʠʤʘʮʠʠ) ʚʚʦʜʠʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʣʠ 

ʥʝʤʥʦʛʦ ʚʳʰʝ. ɼʣʷ ʩʥʠʞʝʥʠʷ ʦʙʨʘʪʥʦʛʦ ʧʨʦʮʝʩʩʘ ʚʳʭʦʜʘ ʚʝʱʝʩʪʚʘ ʠʟ ʧʦʣʦʩʪʠ ʪʨʫʙʢʠ, 

ʩʠʥʪʝʟ ʩʣʝʜʫʝʪ ʧʨʦʚʦʜʠʪʴ ʧʨʠ ʥʘʠʙʦʣʝʝ ʥʠʟʢʠʭ ʠʟ ʚʦʟʤʦʞʥʳʭ ʪʝʤʧʝʨʘʪʫʨ. ɺ ʧʨʦʮʝʩʩʝ 

ʩʠʥʪʝʟʘ ʧʨʦʠʩʭʦʜʠʪ ʚʪʷʛʠʚʘʥʠʝ (ʢʘʧʠʣʣʷʨʥʘʷ ʢʦʥʜʝʥʩʘʮʠʷ) ʧʘʨʦʚ ʚʥʝʜʨʷʝʤʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ ʚ ʢʘʥʘʣʳ ʋʅʊ, ʘ ʧʨʠ ʧʦʩʣʝʜʫʶʱʝʤ ʦʭʣʘʞʜʝʥʠʠ ʩʠʩʪʝʤʳ ï ʝʛʦ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ. ɼʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʟʘʧʦʣʥʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʩʦʟʜʘʪʴ ʚ ʩʠʩʪʝʤʝ ʜʦʩʪʘʪʦʯʥʦ 

ʚʳʩʦʢʦʝ ʜʘʚʣʝʥʠʝ ʥʘʩʳʱʝʥʥʳʭ ʧʘʨʦʚ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʤʝʥʥʦ ʨʝʘʢʮʠʠ ʟʘʧʦʣʥʝʥʠʷ, ʘ ʥʝ 

ʦʩʘʞʜʝʥʠʷ ʚʝʱʝʩʪʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʆʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʦʧʠʩʘʥʥʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʦʛʨʘʥʠʯʝʥʥʦʩʪʴ ʚʳʙʦʨʘ 

ʚʥʝʜʨʷʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ. ɺʦ-ʧʝʨʚʳʭ, ʪʝʤʧʝʨʘʪʫʨʘ ʠʩʧʘʨʝʥʠʷ ʚʥʝʜʨʷʝʤʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʥʝ 

ʜʦʣʞʥʘ ʧʨʝʚʳʰʘʪʴ 1000 Áʉ, ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʫʛʣʝʨʦʜʦʤ ʠ ʟʘʤʳʢʘʥʠʷ 

ʢʦʥʮʦʚ ʋʅʊ [2]. ɺʦ-ʚʪʦʨʳʭ, ʚʥʝʜʨʷʝʤʦʝ ʩʦʝʜʠʥʝʥʠʝ ʜʦʣʞʥʦ ʩʫʙʣʠʤʠʨʦʚʘʪʴʩʷ ʙʝʟ 

ʨʘʟʣʦʞʝʥʠʷ. ɼʨʫʛʠʤ ʥʝʜʦʩʪʘʪʢʦʤ ʵʪʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʢʣʘʩʪʝʨʥʳʭ ʯʘʩʪʠʮ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʋʅʊ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʦʤʧʦʟʠʪʦʚ 

ʪʨʝʙʫʝʪʩʷ ʥʝʧʨʝʨʳʚʥʦʝ ʟʘʧʦʣʥʝʥʠʝ ʚʥʫʪʨʝʥʥʠʭ ʢʘʥʘʣʦʚ ʋʅʊ.  

 

1.3.2. ɿʘʧʦʣʥʝʥʠʝ ʥʘʥʦʪʨʫʙʦʢ ʠʟ ʞʠʜʢʦʡ ʬʘʟʳ (ʩʫʩʧʝʥʟʠʡ ʠ ʨʘʩʪʚʦʨʦʚ) 

ɿʘʧʦʣʥʝʥʠʝ ʥʘʥʦʪʨʫʙʦʢ ʠʟ ʞʠʜʢʦʡ ʬʘʟʳ ʧʨʦʚʦʜʷʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʘʧʠʣʣʷʨʥʦʛʦ 

ʤʝʪʦʜʘ, ʚʢʣʶʯʘʶʱʝʛʦ ʚ ʩʝʙʷ ʧʨʦʧʠʪʢʫ ʦʪʢʨʳʪʳʭ ʋʅʊ ʨʘʩʪʚʦʨʘʤʠ ʚʳʙʨʘʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ [25,33]. ɼʣʷ ʫʜʘʣʝʥʠʷ ʠʟʙʳʪʢʘ ʚʥʝʜʨʷʝʤʦʛʦ ʩʦʝʜʠʥʝʥʠʷ, ʦʩʪʘʚʰʝʛʦʩʷ ʥʘ 
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ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʆʋʅʊ, ʠʩʧʦʣʴʟʫʶʪ ʦʪʤʳʚʢʫ ʦʙʨʘʟʮʘ ʠʣʠ ʥʘʛʨʝʚʘʥʠʝ ʚ ʚʘʢʫʫʤʝ. 

ɼʣʷ ʚʪʷʛʠʚʘʥʠʷ ʞʠʜʢʦʩʪʠ ʚ ʢʘʥʘʣʳ ʆʋʅʊ ʪʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʢʦʥʮʳ ʋʅʊ ʙʳʣʠ 

ʦʪʢʨʳʪʳ. ʇʨʠ ʟʘʧʦʣʥʝʥʠʠ ʆʋʅʊ ʠʟ ʞʠʜʢʦʡ ʬʘʟʳ ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ ʠʤʝʝʪ ʚʷʟʢʦʩʪʴ 

ʞʠʜʢʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʩʤʘʯʠʚʘʝʤʦʩʪʴ ʆʋʅʊ ʞʠʜʢʦʡ ʬʘʟʦʡ ʠ ʜʠʘʤʝʪʨ ʆʋʅʊ. ɼʘʥʥʳʝ 

ʧʘʨʘʤʝʪʨʳ ʚʣʠʷʶʪ ʥʘ ʢʠʥʝʪʠʢʫ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʟʘʧʦʣʥʝʥʠʷ ʆʋʅʊ. ʊʝʤʧʝʨʘʪʫʨʫ ʩʠʥʪʝʟʘ 

ʧʦʜʙʠʨʘʶʪ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʚʥʝʜʨʷʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʠʭ 

ʦʢʠʩʣʷʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ, ʢʘʯʝʩʪʚʘ ʆʋʅʊ ʠ ʜʨ.  

ʄʝʪʦʜ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʵʬʬʝʢʪʠʚʥʳʤ ʠ ʧʨʦʩʪʳʤ, ʥʦ ʠʤʝʝʪ ʥʝʢʦʪʦʨʳʝ 

ʦʛʨʘʥʠʯʝʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʨʘʟʤʝʨʘʤʠ ʠ ʤʦʨʬʦʣʦʛʠʝʡ ʠʩʭʦʜʥʳʭ ʥʘʥʦʯʘʩʪʠʮ: ʜʠʘʤʝʪʨ 

ʚʥʝʜʨʷʝʤʳʭ ʯʘʩʪʠʮ ʥʝ ʜʦʣʞʝʥ ʧʨʝʚʳʰʘʪʴ ʚʥʫʪʨʝʥʥʠʡ ʜʠʘʤʝʪʨ ʥʘʥʦʪʨʫʙʢʠ, ʯʘʩʪʠʮʳ 

ʜʦʣʞʥʳ ʦʙʣʘʜʘʪʴ ʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʦʡ, ʘ ʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʨʘʟʤʝʨʘʤ ʜʦʣʞʥʦ ʙʳʪʴ 

ʜʦʩʪʘʪʦʯʥʦ ʫʟʢʠʤ ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʦ ʨʘʚʥʦʤʝʨʥʦʛʦ ʟʘʧʦʣʥʝʥʠʷ ʢʘʥʘʣʦʚ. ʀʟ-ʟʘ ʨʷʜʘ 

ʪʨʝʙʦʚʘʥʠʡ, ʟʘʧʦʣʥʝʥʠʝ ʠʟ ʩʫʩʧʝʥʟʠʡ ʠʩʧʦʣʴʟʫʶʪ ʚ ʦʩʥʦʚʥʦʤ ʪʦʣʴʢʦ ʜʣʷ ʄʋʅʊ ʩ 

ʙʦʣʴʰʠʤ ʜʠʘʤʝʪʨʦʤ ʚʥʫʪʨʝʥʥʝʛʦ ʢʘʥʘʣʘ [34]. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʟʘʧʦʣʥʝʥʠʷ ʆʋʅʊ 

ʠʟ ʞʠʜʢʦʡ ʬʘʟʳ ʯʘʱʝ ʚʩʝʛʦ ʠʩʧʦʣʴʟʫʶʪ ʚʦʜʥʳʝ ʨʘʩʪʚʦʨʳ ʭʣʦʨʠʜʦʚ ʠʣʠ ʥʠʪʨʘʪʦʚ 

ʤʝʪʘʣʣʦʚ, ʥʘʧʨʠʤʝʨ, RuCl3, AgNO3 [24,33,34].  

ʂ ʥʝʜʦʩʪʘʪʢʘʤ ʤʝʪʦʜʘ ʩʣʝʜʫʝʪ ʦʪʥʝʩʪʠ ʟʘʛʨʷʟʥʝʥʠʝ ʢʘʥʘʣʦʚ ʆʋʅʊ ʨʘʩʪʚʦʨʠʪʝʣʝʤ 

ʠʣʠ ʧʨʦʜʫʢʪʘʤʠ ʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʦ ʩʪʝʥʢʘʤʠ ʋʅʊ, ʣʠʙʦ ʚʥʝʜʨʷʝʤʳʤ ʚʝʱʝʩʪʚʦʤ, 

ʜʦʣʛʦʝ ʚʨʝʤʷ ʦʙʨʘʙʦʪʢʠ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʩʫʪʦʢ, ʘ ʪʘʢʞʝ ʥʝʦʜʥʦʨʦʜʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʚʝʱʝʩʪʚʘ ʚ ʢʘʥʘʣʝ ʋʅʊ ʠ ʥʠʟʢʠʡ ʧʨʦʮʝʥʪ ʟʘʧʦʣʥʝʥʠʷ. 

 

1.3.3. ɺʥʝʜʨʝʥʠʝ ʠʟ ʨʘʩʧʣʘʚʦʚ 

ʇʨʦʙʣʝʤʫ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʟʘʧʦʣʥʝʥʠʷ ʆʋʅʊ ʫʜʘʣʦʩʴ ʨʝʰʠʪʴ ʩ ʧʦʤʦʱʴʶ 

ʟʘʧʦʣʥʝʥʠʷ ʠʟ ʨʘʩʧʣʘʚʘ. ʕʪʦʪ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʚ 2ï3 ʨʘʟʘ ʫʚʝʣʠʯʠʪʴ ʩʪʝʧʝʥʴ ʟʘʧʦʣʥʝʥʠʷ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʦʜʘʤʠ ʟʘʧʦʣʥʝʥʠʷ ʠʟ ʩʫʩʧʝʥʟʠʡ ʠ ʨʘʩʪʚʦʨʦʚ [2,4,8]. ʊʘʢʞʝ ʧʨʠʤʝʥʝʥʠʝ 

ʨʘʩʧʣʘʚʦʚ ʧʦʟʚʦʣʷʝʪ ʠʟʙʝʞʘʪʴ ʟʘʛʨʷʟʥʝʥʠʷ ʨʘʩʪʚʦʨʠʪʝʣʝʤ ʠ ʠʩʢʣʶʯʠʪʴ ʩʪʘʜʠʶ 

ʬʠʣʴʪʨʘʮʠʠ, ʧʨʠʚʦʜʷʱʫʶ ʢ ʫʧʣʦʪʥʝʥʠʶ ʦʙʨʘʟʫʶʱʝʛʦʩʷ ʤʘʪʝʨʠʘʣʘ. 

ɺ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʣʝʞʠʪ ʢʘʧʠʣʣʷʨʥʦʝ ʚʥʝʜʨʝʥʠʝ ʨʘʩʧʣʘʚʦʚ ʚ ʢʘʥʘʣʳ ʆʋʅʊ. ʇʨʦʮʝʩʩ 

ʟʘʧʦʣʥʝʥʠʷ ʦʙʳʯʥʦ ʧʨʦʚʦʜʷʪ ʚ ʚʘʢʫʫʤʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʥʘ 10100 Áʉ ʧʨʝʚʳʰʘʶʱʠʭ 

ʪʦʯʢʫ ʧʣʘʚʣʝʥʠʷ ʚʚʦʜʠʤʦʛʦ ʚʝʱʝʩʪʚʘ, ʧʦʩʣʝ ʯʝʛʦ ʤʝʜʣʝʥʥʦ ʦʭʣʘʞʜʘʶʪ ʜʣʷ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚʥʝʜʨʝʥʥʳʭ ʚʝʱʝʩʪʚ [33]. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʦʙʳʯʥʦ 

ʠʩʧʦʣʴʟʫʶʪ ʛʘʣʦʛʝʥʠʜʳ ʠ ʦʢʩʠʜʳ ʤʝʪʘʣʣʦʚ, ʘ ʪʘʢʞʝ ʣʝʛʢʦʧʣʘʚʢʠʝ ʚʝʱʝʩʪʚʘ, ʧʦʩʢʦʣʴʢʫ 



19 

 

ʦʥʠ ʦʙʣʘʜʘʶʪ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʠʟʢʠʤ ʧʦʚʝʨʭʥʦʩʪʥʳʤ ʥʘʪʷʞʝʥʠʝʤ ʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ 

ʧʣʘʚʣʝʥʠʷ ʥʠʞʝ 1100 Áʉ. 

ʆʩʥʦʚʥʳʤʠ ʜʦʩʪʦʠʥʩʪʚʘʤʠ ʟʘʧʦʣʥʝʥʠʷ ʆʋʅʊ ʠʟ ʨʘʩʧʣʘʚʘ, ʢʨʦʤʝ ʚʦʟʤʦʞʥʦʩʪʠ 

ʟʘʧʦʣʥʝʥʠʷ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʤʘʪʝʨʠʘʣʦʚ, ʷʚʣʷʶʪʩʷ ʧʨʦʩʪʦʪʘ ʤʝʪʦʜʘ, ʦʜʥʦʨʦʜʥʦʩʪʴ 

ʧʦʣʫʯʘʝʤʳʭ ʦʙʨʘʟʮʦʚ, ʚʳʩʦʢʘʷ ʩʪʝʧʝʥʴ ʟʘʧʦʣʥʝʥʠʷ ʢʘʥʘʣʦʚ ʥʘʥʦʪʨʫʙʦʢ ʠ ʚʳʩʦʢʘʷ 

ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʴ ʧʦʣʫʯʘʝʤʳʭ ʥʘʥʦʯʘʩʪʠʮ. ɹʦʣʴʰʠʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ 

ʥʝʟʘʛʨʷʟʥʝʥʥʦʩʪʴ ʩʠʩʪʝʤ ʨʘʩʪʚʦʨʠʪʝʣʷʤʠ ʠ ʧʦʙʦʯʥʳʤʠ ʧʨʦʜʫʢʪʘʤʠ ʩʠʥʪʝʟʘ (ʦʢʩʠʜʘʤʠ, 

ʢʘʨʙʠʜʘʤʠ). ʆʜʥʘʢʦ ʤʝʪʦʜ ʟʘʧʦʣʥʝʥʠʷ ʠʟ ʨʘʩʧʣʘʚʘ ʥʝʧʨʠʤʝʥʠʤ ʜʣʷ ʚʚʝʜʝʥʠʷ ʩʦʝʜʠʥʝʥʠʡ 

ʩ ʙʦʣʴʰʠʤʠ ʚʝʣʠʯʠʥʘʤʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʧʣʘʚʣʝʥʠʷ ʚʳʰʝ 

1100 Áʉ. ʕʪʠ ʪʨʝʙʦʚʘʥʠʷ ʩʪʘʥʦʚʷʪʩʷ ʩʝʨʴʝʟʥʳʤ ʧʨʝʧʷʪʩʪʚʠʝʤ ʜʣʷ ʧʨʷʤʦʛʦ ʚʚʝʜʝʥʠʷ ʚ 

ʢʘʥʘʣʳ ʆʋʅʊ ʤʥʦʛʠʭ ʤʝʪʘʣʣʦʚ ʠ ʢʦʚʘʣʝʥʪʥʦ-ʩʚʷʟʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. 

 

1.4. ʄʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʬʦʩʬʦʨʘ ʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ 

ʇʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʩʦʯʝʪʘʥʠʝʤ ʫʛʣʝʨʦʜʘ ʠ ʬʦʩʬʦʨʘ ʷʚʣʷʝʪʩʷ ʠʥʢʘʧʩʫʣʷʮʠʷ 

ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʚʦ ʚʥʫʪʨʝʥʥʝʡ ʧʦʣʦʩʪʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ (ʋʅʊ). ʆʙʘ ʵʪʠʭ 

ʘʣʣʦʪʨʦʧʘ ʠʤʝʶʪ ʧʦʣʠʤʝʨʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʧʨʠ ʵʪʦʤ ʋʅʊ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʤʘʪʨʠʮʝʡ ʜʣʷ 

ʩʠʥʪʝʟʘ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ. ɾʝʩʪʢʠʝ ʩʪʝʥʢʠ ʋʅʊ ʪʘʢʞʝ ʧʨʝʜʦʪʚʨʘʱʘʶʪ ʢʦʥʪʘʢʪ ʬʦʩʬʦʨʘ 

ʩ ʤʦʣʝʢʫʣʘʤʠ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʘ ʚʢʣʶʯʝʥʠʝ ʬʦʩʬʦʨʘ ʚʦ ʚʥʫʪʨʝʥʥʶʶ ʧʦʣʦʩʪʴ ʤʦʞʝʪ 

ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʠʟʤʝʥʷʪʴ ʵʣʝʢʪʨʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʋʅʊ.  

ʆʜʥʘ ʠʟ ʧʝʨʚʳʭ ʨʘʙʦʪ [35] 2009 ʛʦʜʘ ʧʦʢʘʟʘʣʘ ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʮʝʧʦʯʝʯʥʳʭ ʩʪʨʫʢʪʫʨ ʚʦ ʚʥʫʪʨʝʥʥʝʡ ʧʦʣʦʩʪʠ ʋʅʊ. ɺ ʨʘʙʦʪʝ ʦʙʨʘʟʮʳ ʆʋʅʊ (ʩʨʝʜʥʠʡ 

ʜʠʘʤʝʪʨ ~1,2ï1,7 ʥʤ) ʧʦʣʫʯʘʣʠ ʵʣʝʢʪʨʦʜʫʛʦʚʳʤ ʤʝʪʦʜʦʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ Ni/Y 

ʢʘʪʘʣʠʟʘʪʦʨʘ. ɼʣʷ ʟʘʧʦʣʥʝʥʠʷ ʬʦʩʬʦʨʦʤ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʦʜ ʜʠʬʬʫʟʠʠ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ. 

ɼʣʷ ʵʪʦʛʦ ʩʤʝʩʴ ʆʋʅʊ ʠ ʧʦʨʦʰʢʘ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʥʘʛʨʝʚʘʣʠ ʚ ʚʘʢʫʫʤʠʨʦʚʘʥʥʦʡ 

ʢʚʘʨʮʝʚʦʡ ʪʨʫʙʢʝ ʧʨʠ 440 Áʉ ʚ ʪʝʯʝʥʠʠ 24 ʯʘʩʦʚ. ʇʦʩʣʝ ʵʪʦʛʦ ʘʤʧʫʣʫ ʚʩʢʨʳʚʘʣʠ ʠ ʠʟʙʳʪʦʢ 

ʬʦʩʬʦʨʘ, ʦʩʪʘʚʰʠʡʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʫʜʘʣʷʣʠ ʧʨʦʤʳʚʘʥʠʝʤ ʚ ʩʝʨʦʫʛʣʝʨʦʜʝ (CS2) 

ʥʝʩʢʦʣʴʢʦ ʨʘʟ. ɺʳʚʦʜ ʦʙ ʫʩʧʝʰʥʦʡ ʠʥʢʘʧʩʫʣʷʮʠʠ ʬʦʩʬʦʨʘ ʜʝʣʘʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ (ʇʕʄ ɺʈ). ʇʦʩʣʝ 

ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʚʥʫʪʨʝʥʥʠʝ ʧʦʣʦʩʪʠ ʥʝʢʦʪʦʨʳʭ ʆʋʅʊ ʙʳʣʠ ʟʘʧʦʣʥʝʥʳ 

ʜʣʠʥʥʳʤʠ ʮʝʧʦʯʢʘʤʠ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʤʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʥʜʝʥʩʘʮʠʠ ʧʘʨʦʚ ʬʦʩʬʦʨʘ. 

ɼʝʪʘʣʴʥʳʡ ʘʥʘʣʠʟ ʜʘʥʥʳʭ ʧʦʢʘʟʘʣ, ʯʪʦ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʡ ʬʦʩʬʦʨ ʠʤʝʣ ʘʤʦʨʬʥʫʶ 

ʩʪʨʫʢʪʫʨʫ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ ʜʦ ʠ ʧʦʩʣʝ ʟʘʧʦʣʥʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʂʈʉ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ 
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ʚʳʷʚʠʣʦ ʩʜʚʠʛ ʚ ʩʠʥʶʶ ʦʙʣʘʩʪʴ ʯʘʩʪʦʪ ʨʘʜʠʘʣʴʥʳʭ ʜʳʭʘʪʝʣʴʥʳʭ ʤʦʜ (ʈɼʄ), ʯʪʦ 

ʧʦʟʚʦʣʠʣʦ ʧʨʝʜʧʦʣʦʞʠʪʴ ʥʝʙʦʣʴʰʦʡ ʧʝʨʝʥʦʩ ʵʣʝʢʪʨʦʥʦʚ ʤʝʞʜʫ ʩʠʩʪʝʤʦʡ-ʭʦʟʷʠʥʦʤ 

(ʆʋʅʊ) ʠ ʛʦʩʪʝʚʦʡ ʤʦʣʝʢʫʣʦʡ ʬʦʩʬʦʨʘ. ʊʘʢʞʝ ʥʘʙʣʶʜʘʣʦʩʴ ʨʝʟʢʦʝ ʩʥʠʞʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʈɼʄ ʧʦʩʣʝ ʟʘʧʦʣʥʝʥʠʷ ʬʦʩʬʦʨʦʤ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʧʨʷʤʳʤ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʦʤ ʠʥʢʘʧʩʫʣʷʮʠʠ ʤʦʣʝʢʫʣ. ʊʘʢʞʝ ʫʧʦʤʠʥʘʝʪʩʷ ʦ ʢʣʶʯʝʚʦʤ ʚʣʠʷʥʠʠ 

ʜʠʘʤʝʪʨʘ ʆʋʅʊ ʥʘ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʤ ʬʦʩʬʦʨʦʤ, ʦʜʥʘʢʦ 

ʤʝʭʘʥʠʟʤ ʦʩʪʘʣʩʷ ʥʝʠʟʫʯʝʥʥʳʤ.  

ɿʘʪʝʤ Jinying Zhang ʠ ʩʦʘʚʪʦʨʳ [36] ʩʠʥʪʝʟʠʨʦʚʘʣʠ ʚʦ ʚʥʫʪʨʝʥʥʝʡ ʧʦʣʦʩʪʠ ʄʋʅʊ 

ʨʘʥʝʝ ʥʝ ʥʘʙʣʶʜʘʝʤʳʡ ʩʧʠʨʘʣʴʥʳʡ ʘʣʣʦʪʨʦʧ ʬʦʩʬʦʨʘ ʠʟ ʯʝʨʝʜʫʶʱʠʭʩʷ ʝʜʠʥʠʮ P8 ʠ P2. 

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʄʋʅʊ ʩ ʜʠʘʤʝʪʨʘʤʠ 5ï8 ʥʤ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʤʝʪʦʜʦʤ 

ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʘʪʘʣʠʟʘʪʦʨʘ (ʉCVD). 

ɿʘʧʦʣʥʝʥʠʝ ʧʨʦʚʦʜʠʣʠ ʛʘʟʦʚʳʤ ʪʨʘʥʩʧʦʨʪʦʤ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʧʨʠ 500 Áʉ. ʇʨʠ ʵʪʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʠʩʭʦʜʠʪ ʩʫʙʣʠʤʘʮʠʷ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʠ ʝʛʦ ʨʘʟʣʦʞʝʥʠʝ ʥʘ ʨʘʟʣʠʯʥʳʝ 

ʢʣʘʩʪʝʨʳ, ʢʦʪʦʨʳʝ ʚʧʦʩʣʝʜʩʪʚʠʠ ʜʠʬʬʫʥʜʠʨʫʶʪ ʚʦ ʚʥʫʪʨʝʥʥʝʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʄʋʅʊ, ʛʜʝ 

ʧʨʦʠʩʭʦʜʠʪ ʩʘʤʦʩʙʦʨʢʘ ʩʧʠʨʘʣʴʥʦʛʦ ʬʦʩʬʦʨʘ. ɼʣʷ ʫʜʘʣʝʥʠʷ ʚʥʝʰʥʝʛʦ ʬʦʩʬʦʨʘ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʛʨʘʜʠʝʥʪʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ, ʧʦʟʚʦʣʠʚʰʠʡ ʫʜʘʣʠʪʴ ʦʩʥʦʚʥʫʶ ʯʘʩʪʴ 

ʬʦʩʬʦʨʘ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʄʋʅʊ. ɿʘʧʦʣʥʝʥʠʝ ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʩ ʧʦʤʦʱʴʶ ʇʕʄ ʠ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʂʈʉ. ʉʠʥʠʡ ʩʜʚʠʛ G-ʤʦʜʳ ʥʘʥʦʪʨʫʙʦʢ ʥʘʙʣʶʜʘʣʩʷ ʜʣʷ ʥʝʦʯʠʱʝʥʥʦʛʦ 

ʦʙʨʘʟʮʘ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʦʯʠʱʝʥʥʦʛʦ ʥʘʙʣʶʜʘʣʦʩʴ ʥʝʙʦʣʴʰʦʝ ʩʤʝʱʝʥʠʝ ʚ ʢʨʘʩʥʫʶ ʦʙʣʘʩʪʴ. 

ɹʳʣʘ ʧʦʢʘʟʘʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʬʦʩʬʦʨʘ ʥʘ ʚʦʟʜʫʭʝ, 

ʧʦʩʢʦʣʴʢʫ ʩʪʝʥʢʠ ʄʋʅʊ ʦʛʨʘʥʠʯʠʚʘʶʪ ʜʦʩʪʫʧ ʢ ʥʠʤ ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʭ ʤʦʣʝʢʫʣ 

ʚʦʟʜʫʰʥʦʡ ʩʨʝʜʳ.  

ʇʦʟʜʥʝʝ, ʫʩʧʝʰʥʦʝ ʟʘʧʦʣʥʝʥʠʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʜʣʷ ʄʋʅʊ ʤʝʥʴʰʝʛʦ ʜʠʘʤʝʪʨʘ (~4 

ʥʤ), ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʤ ʉCVD, ʠ ʆʋʅʊ ʩ ʜʠʘʤʝʪʨʦʤ ʦʢʦʣʦ 1 ʥʤ, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʤ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ [37]. ɿʘʧʦʣʥʝʥʠʝ ʧʨʦʚʦʜʠʣʠ ʚ ʅ-ʦʙʨʘʟʥʳʭ 

ʙʦʨʦʩʠʣʠʢʘʪʥʳʭ ʘʤʧʫʣʘʭ ʤʝʪʦʜʦʤ ʛʘʟʦʚʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 500 Áʉ ʚ ʪʝʯʝʥʠʠ 

48 ʯʘʩʦʚ, ʠʩʧʦʣʴʟʫʷ ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʘ ʘʤʦʨʬʥʳʡ ʢʨʘʩʥʳʡ ʬʦʩʬʦʨ. ɿʘʧʦʣʥʝʥʠʝ ʙʳʣʦ 

ʧʦʜʪʚʝʨʞʜʝʥʦ ʥʘʙʦʨʦʤ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ, ʘ ʩʪʨʫʢʪʫʨʘ ʩʤʦʜʝʣʠʨʦʚʘʥʘ ʩ 

ʧʦʤʦʱʴʶ ʨʘʩʯʝʪʦʚ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ (ʊʌʇ). ʂʦʤʙʠʥʘʮʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʦʚ ʜʘʣʘ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʱʠʝʩʷ ʨʝʟʫʣʴʪʘʪʳ 

ʠ ʧʦʟʚʦʣʠʣʘ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʟʘʢʦʥʦʤʝʨʥʦʩʪʷʭ ʤʝʞʜʫ ʜʠʘʤʝʪʨʘʤʠ ʋʅʊ ʠ ʬʦʨʤʠʨʫʝʤʳʤʠ 

ʩʪʨʫʢʪʫʨʘʤʠ. ʊʘʢ, ʚ ʥʘʥʦʪʨʫʙʢʘʭ ʩ ʚʥʫʪʨʝʥʥʠʤ ʜʠʘʤʝʪʨʦʤ ʦʢʦʣʦ 4 ʥʤ ʚʳʷʚʣʝʥʦ 
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ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʝ ʦʙʨʘʟʦʚʘʥʠʝ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʥʘʥʦʣʝʥʪ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʙʦʣʝʝ ʫʟʢʠʭ 

ʋʅʊ (~1 ʥʤ) ʦʙʥʘʨʫʞʝʥʘ ʨʘʥʝʝ ʥʝʠʟʚʝʩʪʥʘʷ ʢʚʘʜʨʘʪʥʘʷ ʩʪʦʣʙʯʘʪʘʷ ʩʪʨʫʢʪʫʨʘ ʬʦʩʬʦʨʘ. 

ʇʦʣʫʯʝʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʦʪʣʠʯʘʣʠʩʴ ʦʪ ʧʦʣʫʯʝʥʥʳʭ ʨʘʥʝʝ ʢʦʣʴʮʝʚʳʭ ʩʪʨʫʢʪʫʨ ʚʥʫʪʨʠ 

ʄʋʅʊ ʩ ʜʠʘʤʝʪʨʘʤʠ 58 ʥʤ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʥʘʩʪʨʦʡʢʘ ʜʠʘʤʝʪʨʘ 

ʥʘʥʦʨʝʘʢʪʦʨʘ ʠʟ ʋʅʊ ʧʨʠʚʦʜʠʪ ʢ ʩʝʣʝʢʪʠʚʥʦʤʫ ʩʠʥʪʝʟʫ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʘʣʣʦʪʨʦʧʘ 

ʬʦʩʬʦʨʘ. 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʧʦʜʭʦʜʘ çʠʩʧʘʨʝʥʠʝ-ʢʦʥʜʝʥʩʘʮʠʷè ʘʚʪʦʨʳ 

ʩʪʘʪʴʠ [38] ʩʦʦʙʱʠʣʠ ʦ ʟʘʧʦʣʥʝʥʠʠ ʄʋʅʊ ʠʟ ʨʘʩʪʚʦʨʘ. ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʢʦʤʤʝʨʯʝʩʢʠʝ ʄʋʅʊ ʩ ʚʥʫʪʨʝʥʥʠʤ ʜʠʘʤʝʪʨʦʤ ~5 ʥʤ. ɼʣʷ ʟʘʧʦʣʥʝʥʠʷ ʚ ʨʘʩʪʚʦʨ ʵʪʦʢʩʠʜʘ 

ʥʘʪʨʠʷ ʚ ʜʠʤʝʪʠʣʩʫʣʴʬʦʢʩʠʜʝ (ɼʄʉʆ) ʧʦʤʝʱʘʣʠ ʩʤʝʩʴ ʄʋʅʊ ʩ ʢʦʤʤʝʨʯʝʩʢʠʤ ʢʨʘʩʥʳʤ 

ʬʦʩʬʦʨʦʤ. ʉʤʝʩʴ ʥʘʛʨʝʚʘʣʠ ʜʦ 189 Áʉ ʠ ʢʠʧʷʪʠʣʠ ʩ ʦʙʨʘʪʥʳʤ ʭʦʣʦʜʠʣʴʥʠʢʦʤ ʚ ʪʝʯʝʥʠʠ 

8 ʯʘʩʦʚ, ʧʦʩʣʝ ʯʝʛʦ ʦʭʣʘʞʜʘʣʠ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʤʥʦʛʦʢʨʘʪʥʦ ʧʨʦʤʳʚʘʣʠ ʚʦʜʦʡ ʠ ʵʪʘʥʦʣʦʤ, ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʣʠ ʠ ʚʳʩʫʰʠʚʘʣʠ ʚ ʚʘʢʫʫʤʝ. 

ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʂʈʉ ʦʙʥʘʨʫʞʠʣʘ ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʬʦʩʬʦʨʘ ʢʦʣʝʙʘʥʠʷ, ʘ ʩʧʝʢʪʨʳ ʈʌʕʉ 

ʧʦʜʪʚʝʨʜʠʣʠ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʫʶ ʠʥʢʘʧʩʫʣʷʮʠʶ ʬʦʩʬʦʨʘ ʚʦ ʚʥʫʪʨʝʥʥʶʶ ʧʦʣʦʩʪʴ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʘʟʦʪʨʘʥʩʧʦʨʪʥʦʡ ʨʝʘʢʮʠʠ. ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʜʠʬʨʘʢʮʠʷ 

ʧʦʢʘʟʘʣʘ ʧʦʣʥʫʶ ʢʦʥʚʝʨʩʠʶ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʚ ʧʦʣʠʬʦʩʬʠʜʥʳʝ ʩʪʨʫʢʪʫʨʳ NaP5. 

ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʠʥʪʝʨʢʘʣʷʮʠʷ ʟʘ ʩʯʝʪ ʚʚʝʜʝʥʠʷ ʢʘʪʠʦʥʦʚ ʥʘʪʨʠʷ 

ʙʫʜʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʫʣʫʯʰʝʥʥʳʤ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʚ ʥʘʪʨʠʡ-

ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʘʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ ʠ ʚʳʩʦʢʦʡ ʝʤʢʦʩʪʠ. 

ɼʣʷ ʫʟʢʠʭ ʆʋʅʊ ʩ ʜʠʘʤʝʪʨʘʤʠ ~8,1 ¡, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʤ ʉCVD 

(ʢʘʪʘʣʠʟʘʪʦʨ CoMoCat), M. Hart ʠ ʩʦʘʚʪʦʨʳ ʧʦʣʫʯʠʣʠ ʫʩʧʝʰʥʦʝ ʟʘʧʦʣʥʝʥʠʝ ʧʫʪʝʤ 

ʧʨʦʩʪʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʚ ʞʠʜʢʦʤ ʙʝʣʦʤ ʬʦʩʬʦʨʝ ʧʨʠ 50 Áʉ ʚ ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʝ [39]. 

ʀʟʙʳʪʦʢ ʬʦʩʬʦʨʘ ʫʜʘʣʷʣʠ ʚʘʢʫʫʤʥʦʡ ʩʫʙʣʠʤʘʮʠʝʡ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʇʕʄ ɺʈ 

ʧʦʢʘʟʘʣʘ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʝ ʤʦʣʝʢʫʣʳ P4, ʦʨʛʘʥʠʟʦʚʘʥʥʳʝ ʚ ʜʣʠʥʥʳʝ ʥʠʪʠ. ʆʜʥʘʢʦ 

ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʳʷʚʠʣʦ, ʯʪʦ ʵʣʝʤʝʥʪʥʳʡ ʬʦʩʬʦʨ ʥʝ ʚʩʝʛʜʘ ʧʨʠʩʫʪʩʪʚʫʝʪ 

ʚ ʚʠʜʝ ʤʦʣʝʢʫʣ P4, ʘ ʩʧʦʩʦʙʝʥ ʧʦʜʚʝʨʛʘʪʴʩʷ ʨʝʘʢʮʠʷʤ ʧʦʣʠʤʝʨʠʟʘʮʠʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʮʝʧʦʯʝʯʥʳʭ ʩʪʨʫʢʪʫʨ. ʇʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, ʵʪʦʤʫ ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʜʣʠʪʝʣʴʥʦʝ 

ʚʦʟʜʝʡʩʪʚʠʝ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʠʣʠ ʧʨʝʜʰʝʩʪʚʫʶʱʘʷ ʪʝʨʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ, ʧʦʩʢʦʣʴʢʫ 

ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʙʝʣʦʛʦ ʬʦʩʬʦʨʘ ʚ ʢʨʘʩʥʳʡ ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʦ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʩʚʝʪʘ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʇʕʄ ɺʈ ʠʟʦʙʨʘʞʝʥʠʝ ʭʦʨʦʰʦ ʩʦʚʧʘʜʘʣʦ ʩ 

ʠʟʦʙʨʘʞʝʥʠʝʤ, ʩʤʦʜʝʣʠʨʦʚʘʥʥʳʤ ʜʣʷ ʦʜʥʦʤʝʨʥʦʡ ʟʠʛʟʘʛʦʦʙʨʘʟʥʦʡ ʮʝʧʦʯʢʠ ʘʪʦʤʦʚ 
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ʬʦʩʬʦʨʘ. ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʂʈʉ ʥʝ ʧʦʢʘʟʘʣʘ ʚʠʜʠʤʳʭ ʠʟʤʝʥʝʥʠʡ ʜʣʷ ʟʘʧʦʣʥʝʥʥʳʭ 

ʬʦʩʬʦʨʦʤ ʆʋʅʊ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤʠ ʥʘʥʦʪʨʫʙʢʘʤʠ. ʇʦʣʫʯʝʥʥʳʡ ʦʙʨʘʟʝʮ ʙʳʣ 

ʩʪʘʙʠʣʝʥ ʚ ʫʩʣʦʚʠʷʭ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʦʜʥʘʢʦ ʥʘʛʨʝʚʘʥʠʝ 

ʚʳʰʝ 50 Áʉ ʧʨʠʚʝʣʦ ʢ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʩ ʢʠʩʣʦʨʦʜʦʤ. ɼʦʩʪʠʛʥʫʪʘʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʠʤʝʨʠʟʘʮʠʷ ʤʦʣʝʢʫʣ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʧʝʨʚʳʤʠ ʰʘʛʘʤʠ ʜʣʷ 

ʧʦʥʠʤʘʥʠʷ ʧʨʦʮʝʩʩʘ ʧʨʝʚʨʘʱʝʥʠʷ ʙʝʣʦʛʦ ʬʦʩʬʦʨʘ ʚ ʢʨʘʩʥʳʡ, ʯʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʠʟʫʯʠʪʴ ʚʳʩʦʢʦ ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʳʝ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʚ ʬʘʟʦʚʦʤ ʧʦʚʝʜʝʥʠʠ 

ʬʦʩʬʦʨʘ. 

ʅʝʜʘʚʥʦ ʙʳʣʦ ʦʧʫʙʣʠʢʦʚʘʥʦ ʪʱʘʪʝʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʪʠʧʦʚ ʆʋʅʊ M. 

Hart ʠ ʩʦʘʚʪʦʨʦʚ [40]. ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʢʦʤʤʝʨʯʝʩʢʠʝ ʆʋʅʊ ʩ ʜʠʘʤʝʪʨʘʤʠ 

>1,5 ʥʤ, ʧʨʦʠʟʚʝʜʝʥʥʳʝ ʢʦʤʧʘʥʠʝʡ OCSiAl, HiPCO ʆʋʅʊ ʩ ʜʠʘʤʝʪʨʘʤʠ 0,8ï1,3 ʥʤ 

ʢʦʤʧʘʥʠʠ Nanointegris Inc ʠ CoMoCat ʆʋʅʊ ʩ ʜʠʘʤʝʪʨʘʤʠ <1,0 ʥʤ ʦʪ Sigma-Aldrich ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʚʣʠʷʥʠʷ ʚʥʫʪʨʝʥʥʝʛʦ ʜʠʘʤʝʪʨʘ ʥʘʥʦʪʨʫʙʢʠ ʥʘ ʩʪʝʧʝʥʴ ʟʘʧʦʣʥʝʥʠʷ ʠ ʩʪʨʫʢʪʫʨʫ 

ʬʦʩʬʦʨʘ. ʀʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʚʘ ʧʦʜʭʦʜʘ: ʟʘʧʦʣʥʝʥʠʝ ʙʝʣʳʤ ʬʦʩʬʦʨʦʤ ʠʟ ʨʘʩʧʣʘʚʘ ʠ 

ʟʘʧʦʣʥʝʥʠʝ ʢʨʘʩʥʳʤ ʬʦʩʬʦʨʦʤ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ. ʇʝʨʚʳʡ ʧʦʜʭʦʜ, ʢʘʢ ʠ ʚʩʝ ʵʢʩʧʝʨʠʤʝʥʪʳ 

ʩ ʙʝʣʳʤ ʬʦʩʬʦʨʦʤ, ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʦʧʘʩʥʳʤ, ʧʦʵʪʦʤʫ ʧʦʣʥʦʩʪʴʶ ʧʨʦʚʦʜʠʣʩʷ ʚ 

ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʝ ʧʝʨʯʘʪʦʯʥʦʛʦ ʙʦʢʩʘ. ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʩʦʩʪʦʷʣʘ ʚ ʧʨʦʩʪʦʤ 

ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʆʋʅʊ ʚ ʨʘʩʧʣʘʚʝ ʙʝʣʦʛʦ ʬʦʩʬʦʨʘ ʧʨʠ 50 Áʉ ʚ ʪʝʯʝʥʠʠ 1 ʯʘʩʘ. ɼʣʷ 

ʫʜʘʣʝʥʠʷ ʠʟʙʳʪʢʘ ʙʝʣʦʛʦ ʬʦʩʬʦʨʘ, ʦʙʨʘʟʝʮ ʧʨʦʤʳʚʘʣʠ ʘʮʝʪʦʥʦʤ, ʘ ʟʘʪʝʤ ʞʠʜʢʠʤ ʘʟʦʪʦʤ. 

ʆʩʪʘʪʦʢ ʬʦʩʬʦʨʘ ʙʳʣ ʧʝʨʝʚʝʜʝʥ ʚ ʦʢʠʩʣʝʥʥʫʶ ʬʦʨʤʫ ʙʘʨʙʦʪʠʨʦʚʘʥʠʝʤ ʩʞʘʪʦʛʦ ʚʦʟʜʫʭʘ 

ʚ ʪʝʯʝʥʠʠ ʜʚʫʭ ʜʥʝʡ. ʀʩʢʣʶʯʝʥʠʝ ʪʱʘʪʝʣʴʥʦʛʦ ʵʪʘʧʘ ʦʯʠʩʪʢʠ ʦʙʨʘʟʮʘ ʦʪ ʬʦʩʬʦʨʘ, 

ʦʩʘʞʜʝʥʥʦʛʦ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʆʋʅʊ, ʧʨʠʚʦʜʠʣʦ ʢ ʝʛʦ ʚʦʩʧʣʘʤʝʥʝʥʠʶ ʥʘ 

ʚʦʟʜʫʭʝ. ɺʪʦʨʦʡ ʞʝ ʧʦʜʭʦʜ ʩʦʩʪʦʷʣ ʚ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʩʤʝʩʠ ʆʋʅʊ ʠ ʬʦʩʬʦʨʘ ʧʫʪʝʤ 

ʧʨʦʩʪʦʛʦ ʨʘʩʪʠʨʘʥʠʷ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ ʠ ʧʦʩʣʝʜʫʶʱʝʤ ʥʘʛʨʝʚʘʥʠʠ ʩʤʝʩʠ ʚ ʦʪʢʘʯʘʥʥʦʡ 

ʟʘʧʘʷʥʥʦʡ ʢʚʘʨʮʝʚʦʡ ʘʤʧʫʣʝ ʩ ʟʘʜʘʥʥʳʤ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʧʨʦʬʠʣʝʤ. ɸʤʧʫʣʫ ʥʘʛʨʝʚʘʣʠ ʚ 

ʪʨʫʙʯʘʪʦʡ ʧʝʯʠ ʜʦ 500 Áʉ, ʚʳʜʝʨʞʠʚʘʣʠ ʧʨʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʪʝʯʝʥʠʠ 12 ʯʘʩʦʚ, ʟʘʪʝʤ 

ʦʭʣʘʞʜʘʣʠ ʝʩʪʝʩʪʚʝʥʥʳʤ ʧʫʪʝʤ, ʧʦʚʦʨʘʯʠʚʘʣʠ ʘʤʧʫʣʫ ʥʘ 180Á ʠ ʧʦʚʪʦʨʥʦ ʥʘʛʨʝʚʘʣʠ ʜʣʷ 

ʣʫʯʰʝʡ ʚʦʟʛʦʥʢʠ ʙʝʣʦʛʦ ʬʦʩʬʦʨʘ ʧʦ ʚʩʝʡ ʜʣʠʥʝ ʘʤʧʫʣʳ. ʇʨʦʮʝʜʫʨʫ ʧʦʚʪʦʨʷʣʠ ʪʨʠʞʜʳ, 

ʧʦʩʣʝ ʯʝʛʦ ʠʟʚʣʝʢʘʣʠ ʦʙʨʘʟʝʮ, ʜʠʩʧʝʨʛʠʨʦʚʘʣʠ ʝʛʦ ʚ ʚʦʜʝ ʠ ʧʨʦʧʫʩʢʘʣʠ ʯʝʨʝʟ ʩʫʩʧʝʥʟʠʶ 

ʚʦʟʜʫʭ ʜʣʷ ʫʜʘʣʝʥʠʷ ʠ ʦʢʠʩʣʝʥʠʷ ʙʝʣʦʛʦ ʬʦʩʬʦʨʘ. ʉʪʝʧʝʥʴ ʟʘʧʦʣʥʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʜʠʘʤʝʪʨʘ ʆʋʅʊ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʩ ʧʦʤʦʱʴʶ ʈʌʕʉ. ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʥʘʙʣʶʜʘʣʠʩʴ 

ʢʦʤʧʦʥʝʥʪʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʵʣʝʤʝʥʪʥʳʤ ʬʦʩʬʦʨʦʤ ʠ ʩ ʦʢʠʩʣʝʥʥʳʤʠ ʬʦʨʤʘʤʠ ʬʦʩʬʦʨʘ. 
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ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʵʣʝʤʝʥʪʥʳʡ ʬʦʩʬʦʨ ʟʘʱʠʱʝʥ ʚʦ ʚʥʫʪʨʝʥʥʝʡ ʧʦʣʦʩʪʠ ʆʋʅʊ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʦʢʠʩʣʝʥʥʳʡ ʢʦʤʧʦʥʝʥʪ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʩʪʘʪʦʯʥʳʤ ʢʦʣʠʯʝʩʪʚʘʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʠ/ʠʣʠ ʢʦʥʮʘʭ ʥʘʥʦʪʨʫʙʦʢ, ʧʨʦʨʝʘʛʠʨʦʚʘʚʰʠʤʠ ʩ ʘʪʤʦʩʬʝʨʥʳʤ ʢʠʩʣʦʨʦʜʦʤ ʠʣʠ 

ʨʘʩʪʚʦʨʠʪʝʣʝʤ. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʟʘʧʦʣʥʝʥʠʝ ʙʝʣʳʤ ʬʦʩʬʦʨʦʤ ʠʟ ʨʘʩʧʣʘʚʘ ʥʝ 

ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʩʪʝʧʝʥʴ ʟʘʧʦʣʥʝʥʠʷ. ɺ ʩʣʫʯʘʝ ʟʘʧʦʣʥʝʥʠʷ ʢʨʘʩʥʳʤ 

ʬʦʩʬʦʨʦʤ, ʥʘʠʣʫʯʰʠʝ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʣʷ HiPCO ʆʋʅʊ, ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ 

ʦʙʣʘʜʘʶʱʠʤʠ ʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʤʠ ʜʠʘʤʝʪʨʘʤʠ ʜʣʷ ʢʦʥʜʝʥʩʘʮʠʠ ʤʦʣʝʢʫʣ ʬʦʩʬʦʨʘ. ʉ 

ʧʦʤʦʱʴʶ ʇʕʄ ɺʈ ʙʳʣʦ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʦ ʪʨʠ ʨʘʟʣʠʯʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʬʦʩʬʦʨʘ 

ʚʥʫʪʨʠ ʆʋʅʊ: ʮʝʧʦʯʢʠ ʠʟ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ P4, ʜʚʦʡʥʳʝ ʠ ʦʜʠʥʘʨʥʳʝ ʮʝʧʦʯʢʠ ʠʟ 

ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʣʝʩʪʥʠʯʥʳʭ ʩʪʨʫʢʪʫʨ. ɼʣʷ ʥʘʥʦʪʨʫʙʦʢ Tuball ʙʦʣʴʰʝʛʦ ʜʠʘʤʝʪʨʘ ʥʝ 

ʫʜʘʣʦʩʴ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʩʪʨʫʢʪʫʨʳ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʦʛʦ ʬʦʩʬʦʨʘ, ʢʦʪʦʨʳʝ ʩʦʩʪʦʷʣʠ 

ʠʟ ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʨʘʟʣʠʯʥʦʡ ʬʦʨʤʳ. ɺ ʮʝʣʦʤ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʧʦʩʦʙ 

ʟʘʧʦʣʥʝʥʠʷ ʠ ʧʨʝʢʫʨʩʦʨ ʥʝ ʦʢʘʟʳʚʘʶʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʢʦʥʝʯʥʫʶ ʩʪʨʫʢʪʫʨʫ 

ʬʦʩʬʦʨʘ, ʚ ʦʪʣʠʯʠʠ ʦʪ ʜʠʘʤʝʪʨʘ ʥʘʥʦʪʨʫʙʦʢ, ʦʜʥʘʢʦ ʷʚʣʷʝʪʩʷ ʩʧʦʩʦʙʦʤ ʧʦʚʳʩʠʪʴ 

ʙʝʟʦʧʘʩʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

ɺ ʦʜʥʦʡ ʠʟ ʧʦʩʣʝʜʥʠʭ ʨʘʙʦʪ [41] ʧʦ ʟʘʧʦʣʥʝʥʠʶ ʋʅʊ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʥʘʥʦʪʨʫʙʢʠ ʢʦʤʧʘʥʠʠ OCSiAl ʠ ʤʝʪʦʜʠʢʘ ʠʩʧʘʨʝʥʠʷ-ʢʦʥʜʝʥʩʘʮʠʠ. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ 

ʦʛʨʘʥʠʯʠʚʘʶʱʝʝ ʧʨʦʩʪʨʘʥʩʪʚʦ Oʋʅʊ ʚʳʟʳʚʘʝʪ ʵʬʬʝʢʪ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʡ ʵʚʦʣʶʮʠʠ 

ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʭ ʦʜʥʦʤʝʨʥʳʭ ʮʝʧʦʯʝʢ ʬʦʩʬʦʨʘ. ʇʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʜʠʘʤʝʪʨʘ 

ʥʘʥʦʪʨʫʙʢʠ ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʝʭʦʜ ʦʪ ʣʠʥʝʡʥʦʡ 1D-ʮʝʧʦʯʢʠ ʢ (P8P2)n (n = ʮʝʣʦʝ ʯʠʩʣʦ, n Ó 

1) ʮʝʧʷʤ, ʦʨʛʘʥʠʟʦʚʘʥʥʳʤ ʚ ʜʚʦʡʥʳʝ, ʪʨʦʡʥʳʝ ʠʣʠ ʤʥʦʛʦʮʝʧʦʯʝʯʥʳʝ ʩʪʨʫʢʪʫʨʳ. ɹʦʣʝʝ 

ʪʦʛʦ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʠʘʤʝʪʨʘ ʥʘʙʣʶʜʘʣʘʩʴ ʪʝʥʜʝʥʮʠʷ ʢ ʧʦʣʫʯʝʥʠʶ ʢʦʣʴʮʝʚʳʭ ʠʣʠ 

ʩʧʠʨʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʤʦʛʣʦ ʧʨʠʚʝʩʪʠ ʢ ʟʥʘʯʠʪʝʣʴʥʦʡ ʨʘʜʠʘʣʴʥʦʡ 

ʜʝʬʦʨʤʘʮʠʠ Oʋʅʊ. ɺ ʮʝʣʦʤ, ʪʘʢʠʝ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʝ ʮʝʧʦʯʢʠ ʬʦʩʬʦʨʘ ʧʦʢʘʟʘʣʠ 

ʭʦʨʦʰʫʶ ʩʪʨʫʢʪʫʨʥʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʥʘ ʚʦʟʜʫʭʝ ʚ ʪʝʯʝʥʠʠ ʥʝʩʢʦʣʴʢʠʭ ʤʝʩʷʮʝʚ ʠ ʧʨʠ 

ʦʙʣʫʯʝʥʠʠ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʙʣʘʛʦʧʨʠʷʪʥʦʤ ʟʘʱʠʱʘʶʱʝʤ ʬʘʢʪʦʨʝ 

ʋʅʊ. 

 

1.5. ʃʠʪʠʡ-ʠʦʥʥʳʝ ʘʢʢʫʤʫʣʷʪʦʨʳ: ʫʩʪʨʦʡʩʪʚʦ, ʧʨʦʮʝʩʩʳ ʠ ʦʩʥʦʚʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʃʠʪʠʡ-ʠʦʥʥʳʝ ʘʢʢʫʤʫʣʷʪʦʨʳ ʚ ʧʦʩʣʝʜʥʠʝ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʠʣʝʪʠʡ ʧʨʠʚʣʝʢʘʶʪ 

ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ [42]. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʥʠ ʷʚʣʷʶʪʩʷ ʜʦʤʠʥʠʨʫʶʱʠʤʠ ʤʦʙʠʣʴʥʳʤʠ 
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ʠʩʪʦʯʥʠʢʘʤʠ ʧʠʪʘʥʠʷ ʜʣʷ ʧʦʨʪʘʪʠʚʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ. ʃʠʪʠʡ-ʠʦʥʥʳʝ 

ʘʢʢʫʤʫʣʷʪʦʨʳ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʦʩʭʦʜʷʪ ʜʨʫʛʠʝ ʢʦʤʤʝʨʯʝʩʢʠʝ ʘʢʢʫʤʫʣʷʪʦʨʥʳʝ ʙʘʪʘʨʝʠ ʩ 

ʪʦʯʢʠ ʟʨʝʥʠʷ ʛʨʘʚʠʤʝʪʨʠʯʝʩʢʦʡ ʠ ʦʙʲʝʤʥʦʡ ʵʥʝʨʛʠʠ [43]. ʂʨʦʤʝ ʪʦʛʦ, ʃʀɸ ʠʤʝʶʪ 

ʛʠʙʢʫʶ ʢʦʥʩʪʨʫʢʮʠʶ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʠʜʘʚʘʪ ɹ ʠʤ ʩʘʤʳʝ ʨʘʟʥʦʦʙʨʘʟʥʳʝ ʬʦʨʤʳ ʠ 

ʨʘʟʤʝʨʳ. ɼʣʷ ʃʀɸ ʥʝ ʭʘʨʘʢʪʝʨʥʳ ʧʨʦʙʣʝʤʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʵʬʬʝʢʪʦʤ ʧʘʤʷʪʠ, ʘ ʪʘʢʞʝ ʦʥʠ 

ʠʤʝʶʪ ʥʘʧʨʷʞʝʥʠʝ ʧʦʯʪʠ ʚ ʪʨʠ ʨʘʟʘ ʚʳʰʝ, ʯʝʤ ʫ ʪʠʧʠʯʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ Ni. 

ɺʳʩʦʢʦʝ ʥʘʧʨʷʞʝʥʠʝ ʦʜʥʦʡ ʷʯʝʡʢʠ ʫʤʝʥʴʰʘʝʪ ʢʦʣʠʯʝʩʪʚʦ ʷʯʝʝʢ, ʥʝʦʙʭʦʜʠʤʳʭ ʚ 

ʘʢʢʫʤʫʣʷʪʦʨʥʦʤ ʤʦʜʫʣʝ ʠʣʠ ʙʣʦʢʝ ʩ ʟʘʜʘʥʥʳʤ ʚʳʭʦʜʥʳʤ ʥʘʧʨʷʞʝʥʠʝʤ, ʠ ʫʤʝʥʴʰʘʝʪ 

ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʘʧʧʘʨʘʪʥʦʤ ʦʙʝʩʧʝʯʝʥʠʠ, ʯʪʦ ʧʦʚʳʰʘʝʪ ʥʘʜʝʞʥʦʩʪʴ ʠ 

ʩʥʠʞʘʝʪ ʚʝʩ ʙʘʪʘʨʝʠ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʜʝʪʘʣʝʡ. ɹʦʣʝʝ ʪʦʛʦ, ʃʀɸ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʦʯʝʥʴ ʥʠʟʢʦʡ ʩʢʦʨʦʩʪʴ ʁʩʘʤʦʨʘʟʨʷʜʘ (<5% ʚ ʤʝʩʷʮ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 20ï

30% ʫ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ Ni). 

ʊʠʧʠʯʥʳʡ ʣʠʪʠʡ-ʠʦʥʥʳʡ ʵʣʝʤʝʥʪ ʩʦʩʪʦʠʪ ʠʟ ʢʘʪʦʜʘ (ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦʜʘ) ʠ 

ʘʥʦʜʘ (ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦʜʘ), ʢʦʪʦʨʳʝ ʢʦʥʪʘʢʪʠʨʫʶʪ ʩ ʵʣʝʢʪʨʦʣʠʪʦʤ, ʩʦʜʝʨʞʘʱʠʤ 

ʠʦʥʳ ʣʠʪʠʷ. ʕʣʝʢʪʨʦʜʳ ʠʟʦʣʠʨʦʚʘʥʳ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʩʝʧʘʨʘʪʦʨʦʤ, ʦʙʳʯʥʦ ʤʠʢʨʦʧʦʨʠʩʪʦʡ 

ʧʦʣʠʤʝʨʥʦʡ ʤʝʤʙʨʘʥʦʡ, ʢʦʪʦʨʘʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʙʤʝʥ ʠʦʥʘʤʠ ʣʠʪʠʷ ʤʝʞʜʫ ʜʚʫʤʷ 

ʵʣʝʢʪʨʦʜʘʤʠ. ʇʦʤʠʤʦ ʞʠʜʢʦʛʦ ʵʣʝʢʪʨʦʣʠʪʘ, ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʃʀɸ ʪʘʢʞʝ ʠʟʫʯʘʣʠʩʴ 

ʧʦʣʠʤʝʨʥʳʝ, ʛʝʣʝʦʙʨʘʟʥʳʝ ʠ ʢʝʨʘʤʠʯʝʩʢʠʝ ʵʣʝʢʪʨʦʣʠʪʳ.  

ʈʠʩʫʥʦʢ 2 ʠʣʣʶʩʪʨʠʨʫʝʪ ʦʩʥʦʚʥʦʡ ʧʨʠʥʮʠʧ ʨʘʙʦʪʳ ʣʠʪʠʡ-ʠʦʥʥʦʛʦ ʘʢʢʫʤʫʣʷʪʦʨʘ. 

ʂʦʤʤʝʨʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ ʦʙʳʯʥʦ ʩʦʙʠʨʘʶʪʩʷ ʚ ʨʘʟʨʷʞʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʊʠʧʠʯʥʳʤʠ 

ʢʘʪʦʜʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʷʚʣʷʶʪʩʷ LiCoO2, LiFePO4, ʘ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʛʨʘʬʠʪ. Yohsino ʚʥʝʩ ʟʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚ ʢʦʤʤʝʨʯʝʩʢʦʝ 

ʧʨʦʠʟʚʦʜʩʪʚʦ ʃʀɸ, ʚʧʝʨʚʳʝ ʠʩʧʦʣʴʟʫʷ ʤʘʪʝʨʠʘʣʳ ʨʘʟʨʷʞʝʥʥʳʭ ʵʣʝʢʪʨʦʜʦʚ ʚ ʧʦʣʥʳʭ 

ʵʣʝʤʝʥʪʘʭ [44]. ɺʦ ʚʨʝʤʷ ʧʨʦʮʝʩʩʘ ʟʘʨʷʜʢʠ ʜʚʘ ʵʣʝʢʪʨʦʜʘ ʧʦʜʢʣʶʯʘʶʪʩʷ ʩʥʘʨʫʞʠ ʢ 

ʚʥʝʰʥʝʤʫ ʠʩʪʦʯʥʠʢʫ ʵʣʝʢʪʨʦʧʠʪʘʥʠʷ. ʕʣʝʢʪʨʦʥʳ ʚʳʥʫʞʜʝʥʳ ʚʳʩʚʦʙʦʞʜʘʪʴʩʷ ʥʘ ʢʘʪʦʜʝ 

ʠ ʜʚʠʛʘʪʴʩʷ ʥʘʨʫʞʫ ʢ ʘʥʦʜʫ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʠʦʥʳ ʣʠʪʠʷ ʜʚʠʞʫʪʩʷ ʚ ʪʦʤ ʞʝ ʥʘʧʨʘʚʣʝʥʠʠ, 

ʥʦ ʚʥʫʪʨʠ, ʦʪ ʢʘʪʦʜʘ ʢ ʘʥʦʜʫ ʯʝʨʝʟ ʵʣʝʢʪʨʦʣʠʪ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʥʝʰʥʷʷ ʵʥʝʨʛʠʷ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠ ʩʦʭʨʘʥʷʝʪʩʷ ʚ ʙʘʪʘʨʝʝ ʚ ʚʠʜʝ ʭʠʤʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʚ ʤʘʪʝʨʠʘʣʘʭ ʘʥʦʜʘ 

ʠ ʢʘʪʦʜʘ ʩ ʨʘʟʥʳʤʠ ʭʠʤʠʯʝʩʢʠʤʠ ʧʦʪʝʥʮʠʘʣʘʤʠ. ɺ ʧʨʦʮʝʩʩʝ ʨʘʟʨʷʜʘ ʧʨʦʠʩʭʦʜʠʪ 

ʦʙʨʘʪʥʦʝ: ʵʣʝʢʪʨʦʥʳ ʜʚʠʞʫʪʩʷ ʦʪ ʘʥʦʜʘ ʢ ʢʘʪʦʜʫ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʝʡ ʥʘʛʨʫʟʢʠ, 

ʩʦʚʝʨʰʘʷ ʨʘʙʦʪʫ, ʘ ʠʦʥʳ ʣʠʪʠʷ ʜʚʠʞʫʪʩʷ ʦʪ ʘʥʦʜʘ ʢ ʢʘʪʦʜʫ ʚ ʵʣʝʢʪʨʦʣʠʪʝ. ʕʪʦʪ ʧʨʦʮʝʩʩ 
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ʪʘʢʞʝ ʠʟʚʝʩʪʝʥ ʢʘʢ ʤʝʭʘʥʠʟʤ çshuttle chairè, ʧʨʠ ʢʦʪʦʨʦʤ ʠʦʥʳ ʣʠʪʠʷ ʧʝʨʝʤʝʱʘʶʪʩʷ 

ʤʝʞʜʫ ʘʥʦʜʦʤ ʠ ʢʘʪʦʜʦʤ ʚʦ ʚʨʝʤʷ ʮʠʢʣʦʚ ʟʘʨʷʜʘ ʠ ʨʘʟʨʷʜʘ. 

 

ʇʨʠ ʧʨʦʪʝʢʘʥʠʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʥʘ ʜʚʫʭ ʵʣʝʢʪʨʦʜʘʭ ʧʨʦʠʩʭʦʜʠʪ 

ʚʳʩʚʦʙʦʞʜʝʥʠʝ ʟʘʧʘʩʝʥʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ [45]. ʇʦʣʥʦʝ ʠʟʤʝʥʝʥʠʝ ʩʚʦʙʦʜʥʦʡ 

ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʥʘ ʜʚʫʭ ʵʣʝʢʪʨʦʜʘʭ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʙʨʘʥʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʵʣʝʢʪʨʦʜʦʚ. ʋʯʠʪʳʚʘʷ ʦʙʱʫʶ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʫʶ ʨʝʘʢʮʠʶ ʠ ʧʝʨʝʜʘʥʥʳʝ ʟʘʨʷʜʳ, ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʪʝʦʨʝʪʠʯʝʩʢʦʝ 

ʥʘʧʨʷʞʝʥʠʝ ʷʯʝʡʢʠ (æE = īæG/nF). ʅʘʧʨʷʞʝʥʠʝ ʷʯʝʡʢʠ (ʧʦʪʝʥʮʠʘʣ) ʟʘʜʘʝʪʩʷ ʨʘʟʥʦʩʪʴʶ 

ʧʦʪʝʥʮʠʘʣʦʚ ʜʚʫʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʵʣʝʢʪʨʦʜʦʚ. ʆʙʨʘʪʠʤʳʤ ʥʘʧʨʷʞʝʥʠʝʤ ʷʯʝʡʢʠ, ʠʣʠ 

ʥʘʧʨʷʞʝʥʠʝʤ ʨʘʟʦʤʢʥʫʪʦʡ ʮʝʧʠ, ʷʚʣʷʝʪʩʷ: Eʷʯ=EʢʘʪʦʜʘEʘʥʦʜʘ. ɽʩʣʠ ʵʣʝʢʪʨʦʜʥʳʝ 

ʧʦʪʝʥʮʠʘʣʳ ʚ ʫʨʘʚʥʝʥʠʠ ʷʚʣʷʶʪʩʷ ʩʪʘʥʜʘʨʪʥʳʤʠ, ʪʦ ʧʦʪʝʥʮʠʘʣ ʷʯʝʡʢʠ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ 

ʩʪʘʥʜʘʨʪʥʳʤ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʨʘʩʩʯʠʪʳʚʘʪʴ ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʷʯʝʡʢʠ ʩ 

ʟʘʜʘʥʥʳʤʠ ʵʣʝʢʪʨʦʜʘʤʠ. ʇʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʃʀɸ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʧʦ ʨʷʜʫ ʧʘʨʘʤʝʪʨʦʚ, 

ʪʘʢʠʭ ʢʘʢ ʫʜʝʣʴʥʘʷ ʵʥʝʨʛʠʷ, ʦʙʲʝʤʥʘʷ ʵʥʝʨʛʠʷ, ʫʜʝʣʴʥʘʷ ʝʤʢʦʩʪʴ, ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʨʠ 

ʮʠʢʣʠʨʦʚʘʥʠʠ, ʙʝʟʦʧʘʩʥʦʩʪʴ ʠ ʩʢʦʨʦʩʪʴ ʨʘʟʨʷʜʘ/ʨʘʟʨʷʜʘ.  

ʋʜʝʣʴʥʘʷ ʵʥʝʨʛʠʷ (ɺʪʯ/ʢʛ) ʠʟʤʝʨʷʝʪ ʢʦʣʠʯʝʩʪʚʦ ʵʥʝʨʛʠʠ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ 

ʩʦʭʨʘʥʝʥʦ ʠ ʚʳʩʚʦʙʦʞʜʝʥʦ ʥʘ ʝʜʠʥʠʮʫ ʤʘʩʩʳ ʙʘʪʘʨʝʠ. ɽʝ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ, ʫʤʥʦʞʠʚ 

ʫʜʝʣʴʥʫʶ ʝʤʢʦʩʪʴ (ɸʯ/ʢʛ) ʥʘ ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ ʘʢʢʫʤʫʣʷʪʦʨʘ (ɺ). ʋʜʝʣʴʥʘʷ ʝʤʢʦʩʪʴ 

ʠʟʤʝʨʷʝʪ ʢʦʣʠʯʝʩʪʚʦ ʟʘʨʷʜʘ, ʢʦʪʦʨʦʝ ʤʦʞʥʦ ʦʙʨʘʪʠʤʦ ʩʦʭʨʘʥʠʪʴ ʥʘ ʝʜʠʥʠʮʫ ʤʘʩʩʳ. ʆʥʘ 

ʪʝʩʥʦ ʩʚʷʟʘʥʘ ʩ ʢʦʣʠʯʝʩʪʚʦʤ ʵʣʝʢʪʨʦʥʦʚ, ʚʳʩʚʦʙʦʞʜʘʝʤʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ 

 
ʈʠʩʫʥʦʢ 2. ʉʭʝʤʘ ʃʀɸ. 
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ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, ʠ ʘʪʦʤʥʦʡ ʤʘʩʩʦʡ ʤʘʪʝʨʠʘʣʘ. ʎʠʢʣʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ 

ʧʦʢʘʟʳʚʘʝʪ ʦʙʨʘʪʠʤʦʩʪʴ ʧʨʦʮʝʩʩʦʚ ʚʥʝʜʨʝʥʠʷ ʠ ʠʟʚʣʝʯʝʥʠʷ ʣʠʪʠʡ-ʠʦʥʦʚ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʢʦʣʠʯʝʩʪʚʘ ʮʠʢʣʦʚ ʟʘʨʷʜʘ ʠ ʨʘʟʨʷʜʘ, ʧʨʝʞʜʝ ʯʝʤ ʙʘʪʘʨʝʷ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʪʝʨʷʝʪ ʵʥʝʨʛʠʶ 

ʠʣʠ ʙʦʣʴʰʝ ʥʝ ʩʤʦʞʝʪ ʦʙʝʩʧʝʯʠʚʘʪʴ ʨʘʙʦʪʫ ʫʩʪʨʦʡʩʪʚʘ. ʉʢʦʨʦʩʪʴ ʩʘʤʦʨʘʟʨʷʜʘ ï ʵʪʦ 

ʧʨʦʮʝʥʪ ʝʤʢʦʩʪʠ, ʢʦʪʦʨʳʡ ʙʘʪʘʨʝʷ ʪʝʨʷʝʪ ʚ ʫʩʣʦʚʠʷʭ ʨʘʟʦʤʢʥʫʪʦʡ ʮʝʧʠ, ʪ.ʝ. ʧʨʠ 

ʙʝʟʜʝʡʩʪʚʠʠ ʘʢʢʫʤʫʣʷʪʦʨʘ. ʅʠʟʢʠʡ ʩʘʤʦʨʘʟʨʷʜ ʠ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʮʠʢʣʦʚ 

ʟʘʨʷʜʘ/ʨʘʟʨʷʜʘ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʧʨʝʠʤʫʱʝʩʪʚ ʃʀɸ [46]. 

ʂʫʣʦʥʦʚʩʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ (CE, %) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ 

ʨʘʟʨʷʜʥʦʡ ʝʤʢʦʩʪʴʶ ʠ ʟʘʨʷʜʥʦʡ ʝʤʢʦʩʪʴʶ ʜʣʷ ʢʘʞʜʦʛʦ ʮʠʢʣʘ [47]: 

ὅὉ Ϸ
˞̑ ̠́̈̑̅

˞̈ ̠́̑̅

ρππϷ 

ʆʥʘ ʷʚʣʷʝʪʩʷ ʧʘʨʘʤʝʪʨʦʤ ʜʣʷ ʦʮʝʥʢʠ ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʠ ʨʘʙʦʪʳ ʙʘʪʘʨʝʠ ʠ ʚ ʠʜʝʘʣʝ 

ʜʦʣʞʥʘ ʙʳʪʴ ʧʨʠʙʣʠʞʝʥʘ ʢ 100%. 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʝʤʢʦʩʪʴ ʘʢʪʠʚʥʳʭ ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʤʦʞʝʪ ʙʳʪʴ ʦʮʝʥʝʥʘ ʥʘ 

ʦʩʥʦʚʝ ʧʨʦʠʩʭʦʜʷʱʠʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ. ʅʘʧʨʠʤʝʨ, ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʘʷ 

ʨʝʘʢʮʠʷ ʥʘ ʘʥʦʜʝ ʠʟ ʛʨʘʬʠʪʘ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʦʙʨʘʪʠʤʦ ʠʥʪʝʨʢʘʣʠʨʦʚʘʪʴ ʣʠʪʠʡ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ LiC6: Li+ + e  + 6C źLiC6. 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʫʜʝʣʴʥʘʷ ʝʤʢʦʩʪʴ (ʤɸʯ/ʛ) ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥʘ ʠʟ ʵʢʚʠʚʘʣʝʥʪʥʦʛʦ 

ʚʝʩʘ ʢʘʞʜʦʛʦ ʤʘʪʝʨʠʘʣʘ ʵʣʝʢʪʨʦʜʘ. ʕʢʚʠʚʘʣʝʥʪʥʳʡ ʚʝʩ ʤʘʪʝʨʠʘʣʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

ʦʪʥʦʰʝʥʠʝ ʝʛʦ ʘʪʦʤʥʦʛʦ ʠʣʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʝʩʘ (M) ʢ ʯʠʩʣʫ ʵʣʝʢʪʨʦʥʦʚ, ʫʯʘʩʪʚʫʶʱʠʭ 

ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ (z). ʕʢʚʠʚʘʣʝʥʪʥʳʡ ʚʝʩ ʧʨʦʠʟʚʦʜʠʪ ʚʦ ʚʨʝʤʷ ʨʝʘʢʮʠʠ 1 

ʬʘʨʘʜʝʡ (1 ʌ) ʵʣʝʢʪʨʠʯʝʩʪʚʘ, ʪʦ ʝʩʪʴ 96485 ʂʣ ʠʣʠ 26,8 ɸʯ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʜʝʣʴʥʘʷ 

ʝʤʢʦʩʪʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ, ʫʯʘʩʪʚʫʶʱʝʡ ʚ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʥʘ ʝʜʠʥʠʮʫ ʤʘʩʩʳ ʘʢʪʠʚʥʦʛʦ ʤʘʪʝʨʠʘʣʘ: 

ὅ
Ͻ ȟϽ

, ɸʯ/ʛ 

ʅʘ ʧʨʘʢʪʠʢʝ, ʯʪʦʙʳ ʦʮʝʥʠʪʴ ʫʜʝʣʴʥʫʶ ʝʤʢʦʩʪʴ ʃʀɸ ʵʣʝʤʝʥʪʘ, ʥʝʦʙʭʦʜʠʤʦ 

ʫʯʠʪʳʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʩʦʯʝʪʘʥʠʝ ʢʘʪʦʜʥʳʭ ʠ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʥʦ ʠ ʜʨʫʛʠʝ ʚʘʞʥʳʝ 

ʢʦʤʧʦʥʝʥʪʳ, ʪʘʢʠʝ ʢʘʢ ʩʚʷʟʫʶʱʠʝ, ʧʨʦʚʦʜʷʱʠʝ ʜʦʙʘʚʢʠ, ʩʝʧʘʨʘʪʦʨʳ, ʵʣʝʢʪʨʦʣʠʪ, 

ʪʦʢʦʩʲʝʤʥʠʢʠ, ʤʘʪʝʨʠʘʣ ʷʯʝʡʢʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʘʢʪʠʯʝʩʢʘʷ ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ ʚʩʝʛʜʘ 

ʤʝʥʴʰʝ, ʯʝʤ ʨʘʩʩʯʠʪʘʥʥʘʷ ʥʘ ʦʩʥʦʚʝ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʙʘʪʘʨʝʠ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʃʀɸ ʚʝʜʝʪʩʷ ʧʦʠʩʢ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʇʨʝʜʧʨʠʥʠʤʘʶʪʩʷ ʧʦʧʳʪʢʠ ʠʩʧʦʣʴʟʦʚʘʪʴ 
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ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʤʘʪʝʨʠʘʣʳ. ʆʙʳʯʥʦ ʩʯʠʪʘʝʪʩʷ, ʯʪʦ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ, 

ʥʘʩʪʨʘʠʚʘʝʤʳʝ ʥʘ ʥʘʥʦʫʨʦʚʥʝ ʧʦ ʨʘʟʤʝʨʫ ʠ ʬʦʨʤʝ, ʤʦʛʫʪ ʦʙʝʩʧʝʯʠʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʧʘʨʘʤʝʪʨʳ ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ ʦʧʪʠʤʠʟʘʮʠʠ ʠʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ [48ï50], 

ʦʪʢʨʳʚʘ ̫ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʣʠʪʠʡ-ʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʣʝʜʫʶʱʝʛʦ 

ʧʦʢʦʣʝʥʠʷ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʵʣʝʢʪʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ 

ʩʯʠʪʘʶʪʩʷ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤʠ ʜʣʷ ʃʀɸ ʩʣʝʜʫʶʱʝʛʦ ʧʦʢʦʣʝʥʠʷ [51ï56]. 

 

1.5.1. ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ 

ʋʅʊ, ʢʘʢ ʦʜʥʘ ʠʟ ʤʦʜʠʬʠʢʘʮʠʡ ʫʛʣʝʨʦʜʘ, ʧʨʠʟʥʘʥʳ ʤʥʦʛʦʦʙʝʱʘʶʱʠʤ ʘʥʦʜʥʳʤ 

ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʃʀɸ [57ï59] ʙʣʘʛʦʜʘʨʷ ʠʭ ʫʥʠʢʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʝ ʠ ʩʚʦʡʩʪʚʘʤ. ʆʋʅʊ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʦʙʨʘʪʠʤʫʶ ʝʤʢʦʩʪʴ ʦʪ 300 ʜʦ 600 ʤɸʯ/ʛ [60ï63], ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ, 

ʯʝʤ ʝʤʢʦʩʪʴ ʛʨʘʬʠʪʘ (372 ʤɸʯ/ʛ) [64], ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʵʣʝʢʪʨʦʜʦʚ 

ʘʢʢʫʤʫʣʷʪʦʨʦʚ. ɹʦʣʝʝ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʝʤʢʦʩʪʠ ʆʋʅʊ ʦʙʫʩʣʦʚʣʝʥʳ ʥʘʣʠʯʠʝʤ ʢʘʢ 

ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʪʨʫʙʦʢ, ʪʘʢ ʠ ʚʥʫʪʨʝʥʥʝʡ ʧʦʣʦʩʪʠ, ʩʧʦʩʦʙʥʦʡ ʘʜʩʦʨʙʠʨʦʚʘʪʴ ʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ ʩ ʠʦʥʘʤʠ ʣʠʪʠʷ. ʄʝʭʘʥʠʯʝʩʢʘʷ ʠ ʭʠʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʆʋʅʊ ʤʦʞʝʪ 

ʫʚʝʣʠʯʠʪʴ ʦʙʨʘʪʠʤʫʶ ʝʤʢʦʩʪʴ ʜʦ 1000 ʤɸʯ/ʛ [60,65ï67]. 

ʏʪʦʙʳ ʧʦʚʳʩʠʪʴ ʟʘʨʷʜʥʫʶ ʝʤʢʦʩʪʴ ʠ ʫʤʝʥʴʰʠʪʴ ʥʝʦʙʨʘʪʠʤʫʶ ʝʤʢʦʩʪʴ, ʚ 

ʣʠʪʝʨʘʪʫʨʝ ʧʨʝʜʣʦʞʝʥ rʧʦʜʭʦʜʳ ʧʦ ʩʠʥʪʝʟʫ ʛʠʙʨʠʜʥʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʋʅʊ ʚ ʢʘʯʝʩʪʚʝ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ. ʋʅʊ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ  r ʚ 

ʢʘʯʝʩʪʚʝ ʥʝʩʫʱʝʡ ʤʘʪʨʠʮʳ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʤʝʪʘʣʣʘʤʠ ʠʣʠ 

ʥʝʤʝʪʘʣʣʘʤʠ, ʦʙʣʘʜʘʶʱʠʤʠ ʚʳʩʦʢʦʡ ʝʤʢʦʩʪʴʶ [68ï77]. 

ʗʚʣʷ̫ʩʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʜʘʚʥʠʤ ʦʪʢʨʳʪʠʝʤ [23], ʤʝʪʦʜʳ ʩʠʥʪʝʟʘ ʋʅʊ ʝʱʝ 

ʥʝʜʦʩʪʘʪʦʯʥʦ ʩʦʚʝʨʰʝʥʥʳ ʜʣʷ ʠʭ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩ ʞʝʣʘʝʤʳʤʠ ʩʪʨʫʢʪʫʨʥʳʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ ʜʠʘʤʝʪʨ, ʢʦʣʠʯʝʩʪʚʦ ʩʣʦʝʚ, ʜʣʠʥʘ, ʩʪʝʧʝʥʴ ʜʝʬʝʢʪʥʦʩʪʠ ʠ 

ʵʣʝʢʪʨʦʥʥʳʝ ʩʚʦʡʩʪʚʘ, ʷʚʣʷʶʱʠʤʠʩʷ ʚʘʞʥʳʤʠ ʬʘʢʪʦʨʘʤʠ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ 

ʫʯʠʪʳʚʘʪʴ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʘʥʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʋʅʊ. ɽɦ ʝ ʦʜʥʦʡ ʧʨʦʙʣʝʤʦʡ, ʩʚʷʟʘʥʥʦʡ ʩ 

ʋʅʊ, ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʘʷ ʥʝʦʙʨʘʪʠʤʘʷ ʝʤʢʦʩʪʴ. ʕʪʦ ʢʦʛʜʘ ʧʨʠ ʧʝʨʚʦʤ ʟʘʨʷʜʝ ʚʥʝʜʨʷʝʪʩʷ 

ʙʦʣʴʰʝ ʠʦʥʦʚ ʣʠʪʠʷ, ʯʝʤ, ʢʦʛʜʘ ʚʳʭʦʜʠʪ. ʌʘʢʪʠʯʝʩʢʠ, ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʠʦʥʦʚ ʣʠʪʠʷ 

ʨʘʩʭʦʜʫʝʪʩʷ ʥʘ ʧʝʨʚʦʤ ʮʠʢʣʝ. ʍʦʪʷ ʵʪʦ ʧʨʦʠʩʭʦʜʠʪ ʠ ʩ ʛʨʘʬʠʪʦʚʳʤ ʫʛʣʝʨʦʜʦʤ, ʧʨʦʙʣʝʤʘ 

ʙʦʣʝʝ ʷʨʢʦ ʚʳʨʘʞʝʥʘ ʚ ʋʅʊ. 

ɺ ʥʝʦʙʨʘʙʦʪʘʥʥʳʭ ʋʅʊ ʦʩʥʦʚʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʥʘʢʦʧʣʝʥʠʷ ʣʠʪʠʷ, ʢʘʢ ʠ ʚ ʛʨʘʬʠʪʝ, 

ʷʚʣʷʝʪʩʷ ʠʥʪʝʨʢʘʣʷʮʠʷ. ɺ ʛʨʘʬʠʪʝ ʘʥʦʜ ʨʝʘʛʠʨʫʝʪ ʧʦ ʩʣʝʜʫʶʱʝʡ ʧʦʣʫʨʝʘʢʮʠʠ:  
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xLi++xeī+6C ź Li xC6. 

ʀʤʝʶʪʩʷ ʨʘʟʥʳʝ ʩʦʦʙʱʝʥʠʷ ʦ ʪʦʤ, ʩʢʦʣʴʢʦ ʠʦʥʦʚ ʣʠʪʠ ̫ʩʧʦʩʦʙʥʳ ʥʘʢʘʧʣʠʚʘʪʴ 

ʋʅʊ. Shimoda ʠ ʜʨ. ʧʦʜʩʯʠʪʘʥʦ, ʯʪʦ ʚʦʟʤʦʞʥʦ ʜʦʩʪʠʞʝʥʠʝ ʩʦʩʪʘʚʘ ʜʦ LiC3 [78], ʪʦʛʜʘ ʢʘʢ 

ʝʩʪʴ ʥʝʢʦʪʦʨʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʢʦʪʦʨʳʝ ʩʦʦʙʱʘʶʪ ʦ ʝʤʢʦʩʪʠ ʜʘʞʝ ʥʠʞʝ, ʯʝʤ ʫ ʛʨʘʬʠʪʘ 

LiC6 [79,80]. ʊʘʢʦʝ ʨʘʟʣʠʯʠʝ ʩʚʷʟʘʥʦ ʩ ʨʘʟʣʠʯʥʦʡ ʤʦʨʬʦʣʦʛʠʝʡ ʋʅʊ, ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʚ 

ʢʘʞʜʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ. ʆʩʦʙʝʥʥʦ ʚʘʞʥʳʤ ʢʨʠʪʝʨʠʝʤ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʙʦʣʝʝ ʚʳʩʦʢʠʭ 

ʟʥʘʯʝʥʠʡ ʝʤʢʦʩʪʠ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʜʝʬʝʢʪʦʚ. ɼʝʬʝʢʪʳ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʜʳʨʳ ʚ 

ʠʜʝʘʣʴʥʦʤ ʮʠʣʠʥʜʨʝ ʠʟ ʛʨʘʬʠʪʦʚʦʛʦ ʣʠʩʪʘ. ʅʘʣʠʯʠʝ ʦʪʚʝʨʩʪʠʡ ʧʦʟʚʦʣʷʝʪ ʣʠʪʠʶ ʣʫʯʰʝ 

ʜʠʬʬʫʥʜʠʨʦʚʘʪʴ ʠ ʠʥʪʝʨʢʘʣʠʨʦʚʘʪʴʩʷ ʚʦ ʚʥʫʪʨʝʥʥʝʡ ʧʦʣʦʩʪʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, 

ʪʝʤ ʩʘʤʳʤ ʫʚʝʣʠʯʠʚʘʷ ʝʛʦ ʝʤʢʦʩʪʴ [63,81]. ʄʦʜʠʬʠʮʠʨʫʷ ʋʅʊ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ 

ʵʬʬʝʢʪʠʚʥʦ ʫʤʝʥʴʰʠʪʴ ʜʣʠʥʫ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʫʪʠ ʠ ʧʦʟʚʦʣʠʪʴ ʙʦʣʴʰʝʤʫ ʢʦʣʠʯʝʩʪʚʫ 

ʠʦʥʦʚ ʣʠʪʠʷ ʥʘʭʦʜʠʪʴʩʷ ʚʥʫʪʨʠ ʥʘʥʦʪʨʫʙʢʠ [78]. ɼʣʷ ʚʚʝʜʝʥʠʷ ʜʝʬʝʢʪʦʚ ʚ ʋʅʊ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʠʩʣʦʪʥʘʷ ʦʙʨʘʙʦʪʢʘ, ʥʘʧʨʠʤʝʨ, ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʦʡ [63,81] ʠʣʠ ʠʟʤʝʣʴʯʝʥʠʝ 

ʚ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ [66].  

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʣʠʪʠʡ ʤʦʞʝʪ ʧʨʦʥʠʢʘʪʴ ʚ ʋʅʊ ʠ ʚ ʜʨʫʛʠʭ ʤʝʩʪʘʭ. Meunier ʠ 

ʜʨ. ʩ ʧʦʤʦʱʴʶ ab initio ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʧʨʝʜʝʣʠʣʠ, ʯʪʦ ʣʠʪʠʡ ʪʘʢʞʝ ʤʦʞʝʪ ʧʨʦʥʠʢʘʪʴ 

ʯʝʨʝʟ ʦʪʢʨʳʪʳʝ ʢʦʥʮʳ ʥʘʥʦʪʨʫʙʦʢ [82]. ɹr ʣʦ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʜʣʷ ʥʘʠʙʦʣʴʰʝʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ, ʋʅʊ ʩ ʦʪʢʨʳʪʳʤʠ ʢʦʥʮʘʤʠ ʜʦʣʞʥʳ ʙʳʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʦʨʦʪʢʠʤʠ, 

ʯʪʦʙʳ ʠʦʥʳ ʤʦʛʣʠ ʩʚʦʙʦʜʥʦ ʚʭʦʜʠʪʴ ʠ ʚʳʭʦʜʠʪʴ. 

ʅʝʦʙʨʘʙʦʪʘʥʥʳʝ ʋʅʊ ʦʙʝʩʧʝʯʠʚʘʶʪ ʣʠʰʴ ʥʝʙʦʣʴʰʦʝ ʫʣʫʯʰʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʝʤʢʦʩʪʠ ʛʨʘʬʠʪʘ ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʫʣʫʯʰʝʥʠʝ ʝʛʦ ʮʠʢʣʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ. ʇʦʤʠʤʦ 

ʵʪʦʛʦ, ʜʣʷ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʭʘʨʘʢʪʝʨʥʘ ʚʳʩʦʢʘʷ ʥʝʦʙʨʘʪʠʤʘʷ ʝʤʢʦʩʪʴ, ʘ ʪʘʢʞʝ 

ʦʩʦʙʝʥʥʦʩʪʠ ʚʦ ʚʨʝʤʷ ʩʠʥʪʝʟʘ, ʩʚʷʟʘʥʥʳʝ ʩ ʧʦʩʪʦʷʥʥʳʤ ʢʦʥʪʨʦʣʝʤ ʠʭ ʩʪʨʫʢʪʫʨʳ ʠ 

ʤʦʨʬʦʣʦʛʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʪʨʫʜʥʦ ʦʧʨʘʚʜʘʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʯʠʩʪʳʭ 

ʋʅʊ ʚ ʢʘʯʝʩʪʚʝ ʟʘʤʝʥʳ ʛʨʘʬʠʪʘ ʚ ʘʥʦʜʘʭ ʃʀɸ. ɹʦʣʝʝ ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʡ ʘʣʴʪʝʨʥʘʪʠʚʦʡ 

ʷʚʣʷʶʪʩʷ ʥʘʥʦʤʘʪʝʨʠʘʣʳ, ʚ ʢʦʪʦʨʳʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʘ ʋʅʊ ʠ ʚʳʩʦʢʘʷ 

ʝʤʢʦʩʪʴ ʜʨʫʛʠʭ ʤʘʪʝʨʠʘʣʦʚ. ʊʘʢʠʝ ʛʠʙʨʠʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʘʠʙʦʣʴʰʠʡ 

ʧʦʪʝʥʮʠʘʣ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʃʀɸ. 

 

1.5.2. ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ʬʦʩʬʦʨʘ 

ʋʯʠʪʳʚʘʷ ʧʨʦʙʣʝʤʳ ʙʝʟʦʧʘʩʥʦʩʪʠ ʘʢʢʫʤʫʣʷʪʦʨʦʚ, ʙʝʣʳʡ ʬʦʩʬʦʨ ʥʝʚʦʟʤʦʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʠʟ-ʟʘ ʝʛʦ ʭʠʤʠʯʝʩʢʦʡ 
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ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ. ɹʦʣʴʰʘʷ ʚʦʣʥʘ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʩʚʷʱʝʥʘ ʢʨʘʩʥʦʤʫ ʠ ʯʝʨʥʦʤʫ ʬʦʩʬʦʨʫ, 

ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʭʠʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʳ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʥʘ ʚʦʟʜʫʭʝ. ʂʨʘʩʥʳʡ 

ʬʦʩʬʦʨ ʣʝʛʢʦ ʜʦʩʪʫʧʝʥ ʚ ʧʨʦʜʘʞʝ, ʥʦ ʝʛʦ ʥʠʟʢʘʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ (~10ï14 ʉʤ/ʩʤ) 

ʧʨʠʚʦʜʠʪ ʢ ʧʣʦʭʦʡ ʦʙʨʘʪʠʤʦʩʪʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ. ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʯʝʨʥʳʡ 

ʬʦʩʬʦʨ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʣʫʯʰʫʶ ʦʙʨʘʪʠʤʦʩʪʴ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʨʘʩʥʳʤ ʬʦʩʬʦʨʦʤ [83]. ʆʜʥʘʢʦ, ʩʠʥʪʝʟ ʯʝʨʥʦʛʦ ʬʦʩʬʦʨʘ ʦʯʝʥʴ ʩʣʦʞʝʥ 

ʠ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʪʨʝʙʫʝʪ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʠ/ʠʣʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʇʦʵʪʦʤʫ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ, ʧʨʝʜʧʦʯʪʝʥʠʝ ʦʪʜʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʠ 

ʩʧʦʩʦʙʘʤ ʝʛʦ ʤʦʜʠʬʠʢʘʮʠʠ ʩ ʮʝʣʴʶ ʫʩʪʨʘʥʝʥʠʷ ʠʤʝʶʱʠʭʩʷ ʥʝʜʦʩʪʘʪʢʦʚ.  

ʕʣʝʤʝʥʪʥrʡ ʬʦʩʬʦʨ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʘʥʦʜʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʙʣʘʛʦʜʘʨʷ 

ʥʠʟʢʦʤʫ ʜʠʬʬʫʟʠʦʥʥʦʤʫ ʵʥʝʨʛʝʪʠʯʝʩʢʦʤʫ ʙʘʨʴʝʨʫ 0,08 ʵɺ ʜʣʷ Li+ [84] ʠ ʚʳʩʦʢʦʡ 

ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʠ, ʢʦʪʦʨʘʷ ʩʦʩʪʘʚʣʷʝʪ 2596 ʤɸʯ/ʛ ʠ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ 

ʨʝʢʦʨʜʥʳʭ, ʫʩʪʫʧʘʷ ʣʠʰʴ ʢʨʝʤʥʠʶ (ʈʠʩʫʥʦʢ 3) [85]. ʂʨʦʤʝ ʪʦʛʦ, ʬʦʩʬʦʨ ʦʙʣʘʜʘʝʪ 

ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʥʠʟʢʦʡ ʩʪʦʠʤʦʩʪʠ, ʚʳʩʦʢʦʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʠ (å 0,1% ʚ ʟʝʤʥʦʡ ʢʦʨʝ) 

ʠ ʣʝʛʢʦʡ ʜʦʩʪʫʧʥʦʩʪʠ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʴʰʦʡ ʧʦʪʝʥʮʠʘʣ ʜʣʷ ʝʛʦ ʧʨʘʢʪʠʯʝʩʢʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ ʚ ʃʀɸ. ʄʝʭʘʥʠʟʤ ʥʘʢʦʧʣʝʥʠʷ ʣʠʪʠʷ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ: 

P + xLi+ + xeï ź Li xP 

Li xP +(3/x)Li+ + (3/x)eï ź Li 3P 

ɺʦ ʚʨʝʤʷ ʧʨʦʮʝʩʩʘ ʣʠʪʠʨʦʚʘʥʠʷ ʬʦʩʬʦʨ ʨʝʘʛʠʨʫʝʪ ʩ ʣʠʪʠʝʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʩʦʝʜʠʥʝʥʠʡ LixP ʩ ʢʦʥʝʯʥʳʤ ʧʨʦʜʫʢʪʦʤ Li3P. ʇʨʦʮʝʩʩ ʜʝʣʠʪʠʨʦʚʘʥʠʷ ʚʢʣʶʯʘʝʪ 

ʩʪʫʧʝʥʯʘʪʫʶ ʵʢʩʪʨʘʢʮʠ ʁ ʠʟ ʧʦʣʥʦʩʪʴʶ ʣʠʪʠʨʦʚʘʥʥʦʛʦ Li3P, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʥʝʩʢʦʣʴʢʠʤ ʧʣʘʪʦ ʚ ʧʨʦʬʠʣʝ ʥʘʧʨʷʞʝʥʠʷ, ʘ ʪʘʢʞʝ ʥʝʩʢʦʣʴʢʠʤ ʢʘʪʦʜʥʳʤ ʧʠʢʘʤ ʥʘ 

ʮʠʢʣʠʯʝʩʢʠʭ ʚʦʣʴʪʘʤʧʝʨʦʛʨʘʤʤʘʭ. 
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ʆʜʥʘʢʦ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʙʲʝʤʥʦʛʦ ʬʦʩʬʦʨʘ ʙʝʟ ʢʘʢʦʡ-ʣʠʙʦ ʤʦʜʠʬʠʢʘʮʠʠ ʧʨʠʚʦʜʠʪ 

ʢ ʩʥʠʞʝʥʠ ʁ ʝʤʢʦʩʪʠ ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʮʠʢʣʦʚ ʠʟ-ʟʘ ʩʠʣʴʥʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ 

ʨʘʟʨʫʰʝʥʠʷ ʠ ʧʦʪʝʨʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ, ʚʦʟʥʠʢʘʶʱʝʛʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʙʦʣʴʰʦʛʦ 

ʦʙʲʝʤʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʬʦʩʬʦʨʘ ʧʨʠ ʣʠʪʠʨʦʚʘʥʠʠ (å300%). ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʠʭ ʧʨʦʙʣʝʤ 

ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʦʙʰʠʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʦʩʚʷʱʝʥʥʳʝ ʨʘʟʨʘʙʦʪʢʝ ʩʪʨʫʢʪʫʨʳ ʠ ʩʦʩʪʘʚʘ 

ʵʣʝʢʪʨʦʜʦʚ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʩʤʷʛʯʝʥʠʷ ʩʠʣʴʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʦʙʲʝʤʘ. 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʠʟʫʯʝʥʦ ʥʝʩʢʦʣʴʢʦ ʚʘʞʥʳʭ ʩʪʨʘʪʝʛʠʡ ʜʣʷ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʛʦ 

ʜʠʟʘʡʥʘ ʵʣʝʢʪʨʦʜʦʚ. ʅʘʧʨʠʤʝʨ, ʨʘʟʣʠʯʥʳʝ ʧʨʦʚʦʜʷʱʠʝ ʘʛʝʥʪʳ (ʦʩʦʙʝʥʥʦ 

ʫʛʣʝʨʦʜʩʦʜʝʨʞʘʱʠʝ ʤʘʪʝʨʠʘʣʳ) ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʙʫʬʝʨʠʟʘʮʠʠ ʦʙʲʝʤʥʦʛʦ 

ʨʘʩʰʠʨʝʥʠʷ ʬʦʩʬʦʨʘ ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ ʠ ʧʦʚʳʰʝʥʠʷ ʦʙʱʝʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʵʣʝʢʪʨʦʜʦʚ. 

ʉʨʝʜʠ ʥʠʭ ʢʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ ʘʤʦʨʬʥʦʛʦ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʩ ʘʢʪʠʚʠʨʦʚʘʥʥʳʤ 

ʫʛʣʝʨʦʜʦʤ [86,87], ʧʦʨʠʩʪʳʤ ʫʛʣʝʨʦʜʥʳʤ ʤʘʪʝʨʠʘʣʦʤ [88,89], ʥʘʥʦʣʠʩʪʳ ʢʨʘʩʥʦʛʦ 

ʬʦʩʬʦʨʘ ʩ ʛʨʘʬʝʥʦʤ [90], ʢʦʤʧʦʟʠʪʳ ʩ ʋʅʊ [91]. ʇʨʝʜʣʦʞʝʥʥʳʝ ʩʪʨʘʪʝʛʠʠ ʚʳʟʚʘʣʠ 

ʚʩʧʣʝʩʢ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʦʩʢʦʣʴʢʫ ʧʨʝʜʣʦʞʝʥʥʳʝ ʤʝʪʦʜʳ ʩʠʥʪʝʟʘ ʥʝ ʪʦʣʴʢʦ ʧʨʦʩʪ rʠ 

ʜʦʩʪʘʪʦʯʥʦ ʜʝʰʝʚʳ, ʥʦ ʠ ʧʦʟʚʦʣʷʶʪ ʵʬʬʝʢʪʠʚʥʦ ʫʣʫʯʰʠʪʴ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ 

ʵʣʝʢʪʨʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʬʦʩʬʦʨʘ. 

 

 
ʈʠʩʫʥʦʢ 3. ɿʥʘʯʝʥʠʷ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʠ ʨʘʟʣʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ (M) ʜʣʷ 

ʨʝʘʢʮʠʠ xLi+ + M + xeïŸ Li xM, ʧʨʦʪʝʢʘʶʱʝʡ ʚ ʃʀɸ. 
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1.5.3. ʄʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʬʦʩʬʦʨʘ ʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʦʚ 

ʃʀɸ 

ʉʦʟʜʘʥʠʝ ʛʠʙʨʠʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʥʘ ʦʩʥʦʚʝ ʋʅʊ ʩ ʬʦʩʬʦʨʦʤ, ʧʨʝʞʜʝ ʚʩʝʛʦ, 

ʧʦʟʚʦʣʷʝʪ ʘʥʦʜʫ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʝʠʤʫʱʝʩʪʚʦ ʚʳʩʦʢʦʡ ʝʤʢʦʩʪʠ ʬʦʩʬʦʨʘ ʧʦ ʣʠʪʠʶ, 

ʥʠʚʝʣʠʨʫʷ ʧʨʦʙʣʝʤʫ ʦʙʲʝʤʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʋʅʊ ʩ ʚʳʩʦʢʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʜʝʡʩʪʚʫʶʪ ʢʘʢ ʩʚʦʝʦʙʨʘʟʥʘʷ ʤʘʪʨʠʮʘ ʜʣʷ ʟʘʱʠʪʳ ʠ ʫʜʝʨʞʘʥʠʷ 

ʬʦʩʬʦʨʥʳʭ ʥʘʥʦʯʘʩʪʠʮ. ʂʦʛʜʘ ʯʘʩʪʠʮʳ ʬʦʩʬʦʨʘ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʣʠʪʠʝʤ ʠ 

ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʚ ʨʘʟʤʝʨʘʭ, ʘʥʦʜ ʤʦʞʝʪ ʦʩʪʘʚʘʪʴʩʷ ʩʪʨʫʢʪʫʨʥʦ ʥʝʧʦʚʨʝʞʜʝʥʥʳʤ, 

ʧʦʩʢʦʣʴʢʫ ʋʅʊ ʜʝʡʩʪʚʫʶʪ ʢʘʢ ʛʠʙʢʘʷ ʧʨʦʚʦʜʷʱʘʷ ʩʝʪʢʘ, ʧʦʟʚʦʣʷʷ ʯʘʩʪʠʮʘʤ ʬʦʩʬʦʨʘ 

ʦʩʪʘʚʘʪʴʩʷ ʧʨʠʢʨʝʧʣʝʥʥʳʤʠ ʢ ʤʘʪʨʠʮʝ. ʂ ʪʦʤʫ ʞʝ, ʩʘʤʠ ʋʅʊ ʩʧʦʩʦʙʥʳ ʭʨʘʥʠʪʴ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʣʠʪʠ.̫ 

ʇʝʨʚʳʝ ʨʘʙʦʪʳ ʧʦ ʠʟʫʯʝʥʠʶ ʢʦʤʧʦʟʠʪʦʚ ʬʦʩʬʦʨ-ʋʅʊ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʃʀɸ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ Wei-Jie Li ʠ ʝʛʦ ʢʦʣʣʝʛʘʤʠ, ʢʦʪʦʨʳʝ ʚʨʫʯʥʫʶ 

ʠʟʤʝʣʴʯʘʣʠ ʢʦʤʤʝʨʯʝʩʢʠʡ ʢʨʘʩʥʳʡ ʬʦʩʬʦʨ ʠ ʄʋʅʊ. ʇʦʣʫʯʝʥʥʳʡ ʤʘʪʝʨʠʘʣ ʦʙʝʩʧʝʯʠʣ 

ʫʜʠʚʠʪʝʣʴʥʦ ʚʳʩʦʢʫʶ ʥʘʯʘʣʴʥʫʶ ʟʘʨʷʜʥʫʶ ʝʤʢʦʩʪʴ 1530 ʤɸʯ/ʛ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 143 

ʤɸ/ʛ [92]. ʆʜʥʘʢʦ ʝʛʦ ʝʤʢʦʩʪʴ ʩʥʠʟʠʣʘʩʴ ʜʦ 750 ʤɸʯ/ʛ ʟʘ 20 ʮʠʢʣʦʚ. 

ʅʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʚʦʟʤʦʞʥʦ, ʩʚʷʟʘʥʳ ʩ 

ʤʝʥʴʰʠʤ ʢʦʥʪʘʢʪʦʤ ʠ ʩʣʘʙʳʤ ʬʠʟʠʯʝʩʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʬʦʩʬʦʨʘ 

ʠ ʫʛʣʝʨʦʜʥʦʡ ʤʘʪʨʠʮʝʡ. ʏʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʣʫʯʰʝʝ ʬʠʟʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʢʨʘʩʥʳʡ 

ʬʦʩʬʦʨ ʠ ʆʋʅʊ ʥʘʛʨʝʚʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 600 ÁC ʚ ʚʘʢʫʫʤʠʨʦʚʘʥʥʦʡ ʛʝʨʤʝʪʠʯʥʦʡ 

ʩʪʝʢʣʷʥʥʦʡ ʪʨʫʙʢʝ, ʛʜʝ ʬʦʩʬʦʨ ʠʩʧʘʨʷʣʩʷ ʠ ʜʠʬʬʫʥʜʠʨʦʚʘʣ ʚ ʧʫʩʪʦʪʳ ʤʝʞʜʫ ʪʨʫʙʢʘʤʠ, 

ʩʦʙʨʘʥʥʳʤʠ ʚ ʧʫʯʢʠ. ʇʨʠ ʪʘʢʦʤ ʧʦʜʭʦʜʝ ʬʦʩʬʦʨ ʚ ʦʩʥʦʚʥʦʤ ʘʜʩʦʨʙʠʨʦʚʘʣʩʷ ʥʘ ʚʥʝʰʥʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʋʅʊ, ʦʙʝʩʧʝʯʠʚʘʷ ʙʦʣʴʰʠʡ ʬʠʟʠʯʝʩʢʠʡ ʢʦʥʪʘʢʪ ʤʝʞʜʫ ʜʚʫʤʷ ʤʘʪʝʨʠʘʣʘʤʠ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʘʥʦʜʳ ʠʟ ʬʦʩʬʦʨ-ʆʋʅʊ ʦʙʝʩʧʝʯʠʣʠ ʨʘʟʨʷʜʥʫʶ ʝʤʢʦʩʪʴ ~300 ʤɸʯ/ʛ ʃʀɸ ʩ 

ʩʦʭʨʘʥʝʥʠʝʤ 80% ʝʤʢʦʩʪʠ ʧʦʩʣʝ 2000 ʮʠʢʣʦʚ ʧʨʠ 2000 ʤɸ/ʛ [93]. ʋʯʠʪʳʚʘʷ ʵʪʠ 

ʤʥʦʛʦʦʙʝʱʘʶʱʠʝ ʨʘʙʦʪʳ, ʜʘʣʴʥʝʡʰʝʝ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʛʠʙʨʠʜʘ ʬʦʩʬʦʨ-ʋʅʊ ʙʳʣʦ 

ʧʨʦʚʝʜʝʥʦ ʟʘ ʩʯʝʪ ʭʠʤʠʯʝʩʢʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʬʦʩʬʦʨʦʤ, ʫʛʣʝʨʦʜʥʳʤʠ ʥʘʥʦʪʨʫʙʢʘʤʠ ʠ 

ʧʦʣʠʤʝʨʥʳʤ ʩʚʷʟʫʶʱʠʤ, ʧʫʪʝʤ ʠʟʤʝʣʴʯʝʥʠʷ ʚ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ. ɽʤʢʦʩʪʴ ʧʦʣʫʯʝʥʥʦʛʦ 

ʢʦʤʧʦʟʠʪʘ ʩʦʩʪʘʚʠʣʘ 1586,2 ʤɸ ʯ/ʛ ʧʨʠ 520 ʤɸ/ʛ ʧʦʩʣʝ 100 ʮʠʢʣʦʚ ʟʘʨʷʜ-ʨʘʟʨʷʜʘ [94]. 

ɺ ʊʘʙʣʠʮʝ 1 ʧʨʠʚʝʜʝʥʳ ʩʨʘʚʥʠʪʝʣʴʥʳʝ ʜʘʥʥʳʝ ʠʤʝʶʱʠʭʩʷ ʚ ʣʠʪʝʨʘʪʫʨʝ 

ʨʝʟʫʣʴʪʘʪʦʚ ʧʦ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʤʘʪʝʨʠʘʣʦʚ ʬʦʩʬʦʨʘ ʩ ʋʅʊ ʚ ʃʀɸ. 

ɺʳʩʦʢʘʷ ʫʜʝʣʴʥʘʷ ʝʤʢʦʩʪʴ ʢʦʤʧʦʟʠʪʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʧʨʠ 
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ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʄʋʅʊ [95ï98], ʢʦʪʦʨʳʝ ʚʥʦʩʷʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚ ʝʤʢʦʩʪʴ ʟʘ ʩʯʝʪ 

ʠʥʪʝʨʢʘʣʷʮʠʠ ʠʦʥʦʚ ʣʠʪʠʷ ʤʝʞʜʫ ʩʣʦʷʤʠ ʥʘʥʦʪʨʫʙʦʢ. ʅʘʧʨʠʤʝʨ, ʠʩʭʦʜʥʳʝ ʄʋʅʊ, 

ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʦʤʧʦʟʠʪʘ ʚ ʨʘʙʦʪʝ [99], ʠʤʝʣʠ ʫʜʝʣʴʥʫʶ ʝʤʢʦʩʪʴ ~500 

ʤɸʯ/ʛ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 0,1 ɸ/ʛ. ʉʫʱʝʩʪʚʫʝʪ ʪʦʣʴʢʦ ʜʚʝ ʨʘʙʦʪʳ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ 

ʤʘʪʝʨʠʘʣʦʚ ʩ ʆʋʅʊ ʚ ʃʀɸ [100,101]. ʆʙʝ ʦʥʠ ʧʦʢʘʟʘʣʠ ʥʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʝʤʢʦʩʪʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʦʜʝʨʞʘʥʠʷ ʬʦʩʬʦʨʘ ʚ ʥʠʭ. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʥʝʢʦʪʦʨʳʭ ʨʘʙʦʪʘʭ ʫʜʝʣʴʥʫʶ 

ʝʤʢʦʩʪʴ ʦʧʨʝʜʝʣʷʶʪ ʧʦ ʤʘʩʩʝ ʬʦʩʬʦʨʥʦʡ ʢʦʤʧʦʥʝʥʪ rʚ ʤʘʪʝʨʠʘʣʝ ʧʦ ʬʦʨʤʫʣʝ: C(P) = 

(C(ʤʘʪʝʨʠʘʣ)  C(ʋʅʊ ʚ ʤʘʪʝʨʠʘʣʝ)/(ʤʘʩʩ% P), ʛʜʝ C(ʋʅʊ ʚ ʤʘʪʝʨʠʘʣʝ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ: 

C(ʋʅʊ) Ĭ ʤʘʩʩ% ʋʅʊ [96,102]. ʄʘʢʩʠʤʘʣʴʥʳʝ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʟʥʘʯʝʥʠʷ, 

ʧʦʩʯʠʪʘʥʥʳʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʦʩʪʘʚʣʷʶʪ 1081 ʤɸʯ/ʛ ʧʨʠ 3,9 ɸ/ʛ ʜʣʷ ʢʦʤʧʦʟʠʪʘ Pʋʅʊ, 

ʧʦʣʫʯʝʥʥʦʛʦ ʠʟʤʝʣʴʯʝʥʠʝʤ ʚ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ [102], ʠ 1264 ʤɸʯ/ʛ ʧʨʠ 0,2 ɸ/ʛ ʜʣʷ 

ʢʦʤʧʦʟʠʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʠʟ ʨʘʩʪʚʦʨʘ [96].  

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʪʨʫʢʪʫʨʘ ʬʦʩʬʦʨʘ ʚʣʠʷʝʪ ʥʘ ʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʠʦʥʘʤʠ 

ʣʠʪʠʷ, ʭʦʪʷ ʯʝʪʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʥʝʪ. ʈʘʩʧʦʣʦʞʝʥʠʝ ʘʪʦʤʦʚ ʬʦʩʬʦʨʘ 

ʚʥʫʪʨʠ ʥʘʥʦʪʨʫʙʢʠ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʘ ʚʥʫʪʨʝʥʥʝʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ [39,40,99,103] ʠ ʫʩʣʦʚʠʡ 

ʩʠʥʪʝʟʘ. ɿʘʧʦʣʥʝʥʠʝ ʋʅʊ ʬʦʩʬʦʨʦʤ ʦʙʳʯʥʦ ʧʨʠʚʦʜʠʪ ʢ ʦʩʘʞʜʝʥʠʶ ʬʦʩʬʦʨʘ ʥʘ ʚʥʝʰʥʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʋʅʊ [35,36,104]. ʆʢʩʠʜʳ ʬʦʩʬʦʨʘ, ʦʙʨʘʟʫʶʱʠʝʩʷ ʧʨʠ ʢʦʥʪʘʢʪʝ ʤʘʪʝʨʠʘʣʘ ʩ 

ʚʦʟʜʫʭʦʤ, ʣʝʛʢʦ ʩʤʳʚʘʶʪʩʷ ʵʪʘʥʦʣʦʤ [40] ʠʣʠ CS2 [36,93], ʥʦ ʷʜʨʦ ʥʘʥʦʯʘʩʪʠʮ ʢʨʘʩʥʦʛʦ 

ʬʦʩʬʦʨʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʩʪʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʩʪʘʙʠʣʴʥʳʤ. ɺʦ ʚʨʝʤʷ ʨʘʙʦʪʳ ʃʀɸ ʵʪʦʪ 

ʚʥʝʰʥʠʡ ʬʦʩʬʦʨ ʪʝʨʷʝʪ ʢʦʥʪʘʢʪ ʩ ʫʛʣʝʨʦʜʥʦʡ ʤʘʪʨʠʮʝʡ ʠ ʤʦʞʝʪ ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʦ 

ʨʘʩʰʠʨʷʪʴʩʷ ʠ ʫʚʝʣʠʯʠʚʘʪʴʩʷ ʚ ʦʙʲʝʤʝ [99]. ʅʠʚʝʣʠʨʦʚʘʥʠʝ ʵʪʠʭ ʥʝʛʘʪʠʚʥʳʭ ʵʬʬʝʢʪʦʚ 

ʷʚʣʷʝʪʩʷ ʢʣʶʯʦʤ ʢ ʫʣʫʯʰʝʥʠʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʙʘʪʘʨʝʠ [38]. 
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ʊʘʙʣʠʮʘ 1. ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʦʟʠʪʦʚ Pʋʅʊ ʚ ʃʀɸ. 

ʆʙʨʘʟʝʮ 
ʄʝʪʦʜ 

ʩʠʥʪʝʟʘ 

P, 

ʤʘʩʩ% 

Q 

min/max, 

A/ʛ 

ʉʫʛʣʝʨʦʜʥʦʡ 

ʤʘʪʨʠʮʳ, 

ʤɸʯ/ʛ 

ʉʢʦʤʧʦʟʠʪʘ, 

ʤɸʯ/ʛ) 

ʉʢʦʤʧʦʟʠʪʘ 

ʥʘ ʤʘʩʩʫ 

ʬʦʩʬʦʨʘ, 

ʤɸʯ/ʛ 

ʇʨʦʠʟʚʦʜʠʪʝ

ʣʴʥʦʩʪʴ 

ʉʩʳ

ʣʢʘ 

P-SCNT 

ʠʩʧ.-ʢʦʥʜ. 

(vac, 700 ÁC, 

4 ʯ) 

36 

0,1 ~400 1398 - 
1400 ʤɸʯ/ʛ 

ʧʨʠ 100 ʤɸ/ʛ 

ʧʦʩʣʝ 200 

ʮʠʢʣʦʚ 

[95] 

2  782 - 

P-CNT 
ʰʘʨ. ʤʝʣ. (Ar, 

500 rpm, 40 ʯ) 
N/A 

0,78 ~70 - 1771 
1844 ʤɸʯ/ʛ 

ʧʨʠ 780 ʤɸ/ʛ 

ʧʦʩʣʝ 300 

ʮʠʢʣʦʚ 

[102] 

3,90  - 1081 

ARPC-48 
ʰʘʨ. ʤʝʣ. (Ar, 

450 rpm, 48 ʯ) 
N/A 

~0,016 - 1994 
999 ʤɸʯ/ʛ 

ʧʨʠ 0,05 C 

(~0,08 A/ʛ) 

ʧʦʩʣʝ 50 

ʮʠʢʣʦʚ 

[105] 

~0,8 A/ʛ - 817 

P@CNT 
ʨʘʩʪʚʦʨʥʳʡ 

ʤʝʪʦʜ (25 Áʉ) 
72 

0,2 235-178 1082 1997-1264 
736 ʤɸʯ/ʛ 

ʧʨʠ 1000 

ʤɸ/ʛ ʧʦʩʣʝ 

450 ʮʠʢʣʦʚ 

[96] 

10 - 784 - 

P@DMW

CNTs 

ʠʩʧ.-ʢʦʥʜ. 

(vac, 550 ÁC, 

10 ʯ) 

58 0,025 ~350 ~500 834 

834 ʤɸʯ/ʛ 

ʧʨʠ 25 ʤɸ/ʛ 

ʧʦʩʣʝ 50 

ʮʠʢʣʦʚ 

[106] 

PP@MW

CNTs 

ʨʘʩʪʚʦʨʥʳʡ 

ʤʝʪʦʜ 

(Ar, 189 ÁC, 

8 ʯ) 

32 

0,1 - - 886 
886 ʤɸʯ/ʛ 

ʧʨʠ 100 ʤɸ/ʛ 

ʧʦʩʣʝ 500 

ʮʠʢʣʦʚ 

[38] 

3 - - ~400 

r-

P@MWC

NTs 

ʠʩʧ.-ʢʦʥʜ. 

(vac., 500 ÁC, 

48 ʯ, 

ʛʨʘʜʠʝʥʪʥʦʝ 

ʦʭʣʘʞʜʝʥʠʝ) 

16 

0,1 ~500 446 - 444 ʤɸʯ/ʛ 

ʧʨʠ 500 ʤɸ/ʛ 

ʧʦʩʣʝ 500 

ʮʠʢʣʦʚ 
[99] 

3 ~300 246 - 

RP-on-r-

P@MWC

NTs 

ʠʩʧ.-ʢʦʥʜ. 

(vac, 500 ÁC, 

48 ʯ) 

72 
0,1 ~500 780 - 

<444 ʤɸʯ/ʛ 

ʧʨʠ 500 ʤɸ/ʛ 

ʧʦʩʣʝ 500 

ʮʠʢʣʦʚs 
3 ~300 ~700 - 

P-

MWCNTs 

ʰʘʨ. ʤʝʣ. (Ar, 

650 rpm, 7 ʯ) 
N/A 

0,05 143 1615 - 
1397 ʤɸʯ/ʛ 

ʧʨʠ 50 ʤɸ/ʛ 

ʧʦʩʣʝ 50 

ʮʠʢʣʦʚ 

[97] 

1 - 934 - 

RP 

NPs/MW

NT 

ʨʘʩʪʚʦʨʥʳʡ 

ʤʝʪʦʜ 

(100 ÁC, 2 ʯ) 

56 

0,2 - 1612 - 
1577 ʤɸʯ/ʛ 

ʧʨʠ 200 ʤɸ/ʛ 

ʧʦʩʣʝ 100 

ʮʠʢʣʦʚ 

[98] 

3 - ~1200 - 

Pï

SWCNT 

ʧʝʨʝʪʠʨʘʥʠʝ 

ʚʨʫʯʥʫʶ; 

ʠʩʧ.-ʢʦʥʜ. 

(600 ÁC, 2 ʯ­ 

300 ÁC, 48 ʯ) 

60 

0,05 
~130 ʧʨʠ 

150 ʤɸ/ʛ 
434 - 398 ʤɸʯ/ʛ 

ʧʨʠ 150 ʤɸ/ʛ 

ʧʦʩʣʝ 100 

ʮʠʢʣʦʚ 

[100] 

1 - 160 - 

SWCNT/P 

ʧʝʨʝʪʠʨʘʥʠʝ 

ʚʨʫʯʥʫʶ; 

ʠʩʧ.-ʢʦʥʜ. 

(600 ÁC, 2 ʯ) 

70 0,05 - 800 - 

~350 ʤɸʯ/ʛ 

ʧʨʠ 50 ʤɸ/ʛ 

ʥʘ 80ʦʤ ʮʠʢʣʝ 

[101] 

(ʩʦʢʨʘʱʝʥʠʷ ʠʩʧ.-ʢʦʥʜ. ʠ ʰʘʨ. ʤʝʣ. ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʦʙʦʟʥʘʯʝʥʠʷ ʤʝʪʦʜʦʚ ʠʩʧʘʨʝʥʠʷ-ʢʦʥʜʝʥʩʘʮʠʠ ʠ 

ʠʟʤʝʣʴʯʝʥʠʷ ʚ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; vac ï ʚʘʢʫʫʤ; ʩʠʤʚʦʣʘʤʠ Q ʠ ʉ ʚ ʪʘʙʣʠʮʝ ʦʙʦʟʥʘʯʝʥʳ 

ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʠ ʫʜʝʣʴʥʘʷ ʝʤʢʦʩʪʴ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) 
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1.6. ɿʘʢʣʶʯʝʥʠʝ ʢ ɻʣʘʚʝ 1 ʠ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʉʦʚʨʝʤʝʥʥʳʝ ʪʝʥʜʝʥʮʠʠ ʠ ʨʘʟʚʠʪʠʝ ʪʝʭʥʦʣʦʛʠʡ ʪʨʝʙʫʶʪ ʧʦʣʫʯʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʫʣʫʯʰʝʥʥʳʤʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ, 

ʧʨʦʠʩʭʦʜʷʱʠʭ ʩ ʤʘʪʝʨʠʘʣʦʤ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʣʠʪʠʝʤ, ʚʘʞʥʳ ʜʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ 

ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʩʪʨʦʝʥʠʝʤ ʠ ʝʤʢʦʩʪʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʤʘʪʝʨʠʘʣʦʚ, ʯʪʦ 

ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʩʚʦʡʩʪʚʘʤʠ ʩʠʥʪʝʟʠʨʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʌʦʩʬʦʨ ʦʙʣʘʜʘʝʪ 

ʦʜʥʠʤ ʠʟ ʨʝʢʦʨʜʥʳʭ ʟʥʘʯʝʥʠʡ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʝʤʢʦʩʪʠ ï 2596 ʤɸʯ/ʛ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ 

ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʃʀɸ. ʀʟ ʩʦʦʙʨʘʞʝʥʠʡ ʙʝʟʦʧʘʩʥʦʩʪʠ, 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʠ ʠ ʜʝʰʝʚʠʟʥʳ, ʥʘʠʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ. ʆʜʥʘʢʦ, ʝʛʦ ʥʠʟʢʘʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ, ʘ ʪʘʢʞʝ ʩʠʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ 

ʚ ʦʙʲʝʤʝ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʣʠʪʠʝʤ, ʧʨʠʚʦʜʷʪ ʢ ʙʳʩʪʨʦʡ ʜʝʛʨʘʜʘʮʠʠ ʵʣʝʢʪʨʦʜʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʠ ʥʝʩʪʘʙʠʣʴʥʦʡ ʨʘʙʦʪʝ ʫʩʪʨʦʡʩʪʚʘ. ɼʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʞʝ ʧʨʠʤʝʥʝʥʠʷ ʚ ʃʀɸ 

ʥʝʦʙʭʦʜʠʤʳ ʤʘʪʝʨʠʘʣʳ ʥʝ ʪʦʣʴʢʦ ʩ ʙʦʣʴʰʝʡ ʝʤʢʦʩʪʴʶ, ʥʦ ʠ ʭʦʨʦʰʝʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ 

ʨʘʙʦʪʳ. ʕʪʦʛʦ ʤʦʞʥʦ ʜʦʩʪʠʯʴ, ʢʦʤʙʠʥʠʨʫʷ ʬʦʩʬʦʨ ʩ ʫʛʣʝʨʦʜʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʜʣʷ 

ʦʙʝʩʧʝʯʝʥʠʷ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ʯʘʩʪʠʮ ʬʦʩʬʦʨʘ ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʚ 

ʢʘʯʝʩʪʚʝ ʫʛʣʝʨʦʜʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚʳʙʨʘʥʳ ʆʋʅʊ, ʧʦʩʢʦʣʴʢʫ ʩʨʘʚʥʝʥʠʝ ʣʠʪʝʨʘʪʫʨʥʳʭ 

ʜʘʥʥʳʭ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʦʥʠ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʭʠʤʠʯʝʩʢʦʡ ʠ 

ʤʝʭʘʥʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ, ʛʠʙʢʦʩʪʴʶ, ʘ ʪʘʢʞʝ ʦʪʣʠʯʥʳʤʠ ʪʨʘʥʩʧʦʨʪʥʳʤʠ 

ʩʚʦʡʩʪʚʘʤʠ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʤʤʝʨʯʝʩʢʠ ʜʦʩʪʫʧʥʳʭ ʆʋʅʊ ʤʦʞʝʪ ʧʦʟʚʦʣʠʪʴ ʚ 

ʜʘʣʴʥʝʡʰʝʤ ʤʘʩʰʪʘʙʠʨʦʚʘʪʴ ʩʠʥʪʝʟ ʛʠʙʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʬʦʩʬʦʨʦʤ ʠ ʠʤʝʝʪ 

ʧʦʪʝʥʮʠʘʣ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʨʠʣʦʞʝʥʠʡ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʆʋʅʊ ʧʦʟʚʦʣʷʝʪ 

ʠʥʢʘʧʩʫʣʠʨʦʚʘʪʴ ʬʦʩʬʦʨ ʚʦ ʚʥʫʪʨʝʥʥʝʡ ʧʦʣʦʩʪʠ ʥʘʥʦʪʨʫʙʢʠ ʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʟʘʱʠʪʠʪʴ 

ʝʛʦ ʢʘʢ ʦʪ ʚʥʝʰʥʝʛʦ ʦʢʠʩʣʷʶʱʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, ʪʘʢ ʠ ʦʪ ʦʙʲʝʤʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʣʠʪʠʝʤ. ʅʘʣʠʯʠʝ ʣʠʰʴ ʦʜʥʦʡ ʦʙʦʣʦʯʢʠ ʠʟ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʤʦʞʝʪ 

ʧʦʟʚʦʣʠʪʴ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʤʘʪʝʨʠʘʣʳ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʬʦʩʬʦʨʘ ʢ ʫʛʣʝʨʦʜʫ, ʠ ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ, ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʴʶ. ʂʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʤ ʚ ʵʪʦʤ 

ʩʣʫʯʘʝ ʩʪʘʥʦʚʠʪʩʷ ʧʦʣʫʯʝʥʠʝ ʤʘʪʝʨʠʘʣʦʚ ʩ ʯʠʩʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʯʝʤʫ ʚ ʣʠʪʝʨʘʪʫʨʝ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʫʜʝʣʝʥʦ ʚʥʠʤʘʥʠʝ. ʀʟʤʝʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʆʋʅʊ, ʧʫʪʝʤ ʩʦʟʜʘʥʠʷ ʚ ʥʠʭ 

ʜʝʬʝʢʪʦʚ ʠʣʠ ʫʢʦʨʦʯʝʥʠʷ ʜʣʠʥʳ, ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʧʫʪʝʤ ʢ ʫʣʫʯʰʝʥʠʶ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʙʣʘʛʦʜʘʨʷ ʩʦʟʜʘʥʠʶ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʫʪʝʡ ʜʣʷ ʜʠʬʬʫʟʠʠ ʣʠʪʠʷ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʮʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ 

ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʠʢ ʩʠʥʪʝʟʘ ʛʠʙʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʬʦʩʬʦʨ-ʟʘʧʦʣʥʝʥʥʳʭ 
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ʦʜʥʦʩʣʦʡʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʠ ʫʩʪʘʥʦʚʣʝʥʠʝ ʚʟʘʠʤʦʩʚʷʟʝʡ ʤʝʞʜʫ 

ʧʘʨʘʤʝʪʨʘʤʠ ʩʠʥʪʝʟʘ, ʩʦʩʪʘʚʦʤ, ʩʪʨʦʝʥʠʝʤ ʤʘʪʝʨʠʘʣʘ ʠ ʝʛʦ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʚ ʣʠʪʠʡ-ʠʦʥʥʦʤ ʘʢʢʫʤʫʣʷʪʦʨʝ. 
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ɻʣʘʚʘ 2. ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

2.1. ʈʝʘʢʪʠʚʳ, ʤʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʠʢʠ ʩʠʥʪʝʟʘ 

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʢʦʤʤʝʨʯʝʩʢʠ ʧʦʩʪʘʚʣʷʝʤʳʝ ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ ʢʠʩʣʦʪʳ 

(ʩʝʨʥʘʷ, ʩʦʣʷʥʘʷ, ʘʟʦʪʥʘʷ), ʛʠʜʨʦʢʩʠʜ ʥʘʪʨʠʷ, ʜʦʜʝʮʠʣʩʫʣʴʬʘʪ ʥʘʪʨʠʷ, ʙʝʣʳʡ ʬʦʩʬʦʨ, 

ʘʤʦʨʬʥʳʡ ʢʨʘʩʥʳʡ ʬʦʩʬʦʨ (Prime Chemical Group, >98%), ʦʢʩʠʜ ʬʦʩʬʦʨʘ P2O5 (ʯ), ʘ 

ʪʘʢʞʝ ʦʨʛʘʥʠʯʝʩʢʠʝ ʨʘʩʪʚʦʨʠʪʝʣʠ (ʧʨʦʧʘʥʦʣ-2, ʵʪʘʥʦʣ). ɺ ʢʘʯʝʩʪʚʝ ʫʛʣʝʨʦʜʥʦʡ ʤʘʪʨʠʮʳ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʢʦʤʤʝʨʯʝʩʢʠʝ ʆʋʅʊ TuballTM, ʧʨʦʠʟʚʝʜʝʥʥʳʝ ʢʦʤʧʘʥʠʝʡ OCSiAl 

(ʅʦʚʦʩʠʙʠʨʩʢ). ʉʨʝʜʥʠʡ ʜʠʘʤʝʪʨ ʥʘʥʦʪʨʫʙʦʢ ʩʦʩʪʘʚʣʷʝʪ 1,6ï2,9 ʥʤ. ʀʩʭʦʜʥʳʡ ʦʙʨʘʟʝʮ 

ʩʦʜʝʨʞʠʪ ʩʧʫʪʘʥʥʳʝ ʧʫʯʢʠ ʥʘʥʦʪʨʫʙʦʢ ʩʦ ʩʨʝʜʥʠʤ ʜʠʘʤʝʪʨʦʤ ʦʢʦʣʦ 100200 ʥʤ ʠ ʜʣʠʥʦʡ 

>5 ʤʢʤ [13].  

ɼʣʷ ʦʪʞʠʛʘ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʘʨʛʦʥ ʤʘʨʢʠ çʚʯè. ɼʣʷ ʥʘʥʝʩʝʥʠʷ ʵʣʝʢʪʨʦʜʥʦʡ 

ʤʘʩʩʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʘʪʦʚʫ  ʁ ʤʝʜʥʫʁ  ʬʦʣʴʛʫ ʬʠʨʤʳ GELON. ʇʦʣʠʚʠʥʠʣʜʠʬʪʦʨʠʜ 

(PVDF-2, ʬʪʦʨʦʧʣʘʩʪ-2ʄ) ʠʤʝʣ ʤʘʨʢʫ ɼ, ʊʋ 6-05-1781-84. ɺ ʢʘʯʝʩʪʚʝ ʨʘʩʪʚʦʨʠʪʝʣʷ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ 1-ʤʝʪʠʣ-2-ʧʠʨʨʦʣʠʜʦʥ ʤʘʨʢʠ ʠʤʧ. (ʧʦʩʪʘʚʱʠʢ ɿɸʆ çʉʦʶʟʭʠʤʧʨʦʤè). 

ʇʨʦʤʳʰʣʝʥʥʳʡ ʵʣʝʢʪʨʦʣʠʪ 1ʄ ʨʘʩʪʚʦʨ LiPF6 ʚ ʩʤʝʩʠ ʵʪʠʣʝʥʢʘʨʙʦʥʘʪʘ ʠ 

ʜʠʤʝʪʠʣʢʘʨʙʦʥʘʪʘ (1:1 ʧʦ ʦʙʲʝʤʫ) ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʣʠʪʠʡ ʧʦʩʪʘʚʣʷʣʩʷ ʬʠʨʤʦʡ GELON. 

 

2.1.1. ʆʯʠʩʪʢʘ ʆʋʅʊ 

ʀʩʭʦʜʥʳʡ ʦʙʨʘʟʝʮ ʢʦʤʤʝʨʯʝʩʢʠʭ ʆʋʅʊ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʧʫʪʘʥʥʳʝ ʧʫʯʢʠ 

ʥʘʥʦʪʨʫʙʦʢ, ʩʦʜʝʨʞʘʱʠʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ ʞʝʣʝʟʘ (<15 ʤʘʩʩ%). 

ɼʣʷ ʫʜʘʣʝʥʠʷ ʦʩʪʘʪʢʦʚ ʢʘʪʘʣʠʟʘʪʦʨʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʚʫʭʩʪʘʜʠʡʥʳʡ ʤʝʪʦʜ ʦʯʠʩʪʢʠ, 

ʚʢʣʶʯʘʶʱʠʡ ʦʙʨʘʙʦʪʢʫ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʦʡ ʠ ʤʘʛʥʠʪʥʫʶ ʩʝʧʘʨʘʮʠʶ [107]. ʂʦʤʙʠʥʘʮʠʷ 

ʵʪʠʭ ʧʦʜʭʦʜʦʚ ʧʦʟʚʦʣʷʝʪ ʢʘʢ ʩʦʢʨʘʪʠʪʴ ʢʦʣʠʯʝʩʪʚʦ/ʫʤʝʥʴʰʠʪʴ ʨʘʟʤʝʨ ʧʫʯʢʦʚ ʟʘ ʩʯʝʪ 

ʠʥʪʝʨʢʘʣʷʮʠʠ ʤʦʣʝʢʫʣ ʢʠʩʣʦʪʳ ʤʝʞʜʫ ʥʘʥʦʪʨʫʙʢʘʤʠ, ʪʘʢ ʠ ʧʦʣʫʯʠʪʴ ʚʳʩʦʢʦʯʠʩʪʳʝ 

ʆʋʅʊ ʙʝʟ ʧʦʚʨʝʞʜʝʥʠʷ ʠʭ ʧʦʚʝʨʭʥʦʩʪʠ (ʩʦʜʝʨʞʘʥʠʝ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ <0,2 ʤʘʩʩ%). 

ʆʯʠʩʪʢʘ ʆʋʅʊ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩʦʪʨʫʜʥʠʢʦʤ ʣʘʙʦʨʘʪʦʨʠʠ ʬʠʟʠʢʦʭʠʤʠʠ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ 

ʀʅʍ ʉʆ ʈɸʅ ɻʫʨʦʚʦʡ ʆ. ɸ. 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʠʩʭʦʜʥʳʝ ʆʋʅʊ ʦʪʞʠʛʘʣʠ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ 500 Áʉ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ 

ʜʣʷ ʦʪʢʨʳʪʠʷ ʢʦʥʮʦʚ. ɼʣʷ ʫʜʘʣʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʞʝʣʝʟʘ ʧʦʨʮʠʶ ʆʋʅʊ (10 ʤʛ) 

ʧʝʨʝʤʝʰʠʚʘʣʠ ʚ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʝ (100 ʤʣ) ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʘʥʥʝ ʚ 

ʪʝʯʝʥʠʝ 5 ʯʘʩʦʚ, ʧʦʩʣʝ ʯʝʛʦ ʬʠʣʴʪʨʦʚʘʣʠ ʠ ʤʥʦʛʦʢʨʘʪʥʦ ʧʨʦʤʳʚʘʣʠ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ 

ʚʦʜʦʡ ʜʦ ʥʝʡʪʨʘʣʴʥʦʛʦ pH, ʠ ʩʫʰʠʣʠ ʧʨʠ 100 Áʉ ʚ ʪʝʯʝʥʠʝ 2 ʯʘʩʦʚ. ɼʣʷ ʫʜʘʣʝʥʠʷ 
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ʪʨʫʜʥʦʜʦʩʪʫʧʥʳʭ ʠ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʭ ʯʘʩʪʠʮ ʞʝʣʝʟʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʘʛʥʠʪʥʫʶ 

ʩʝʧʘʨʘʮʠʶ. ɼʣʷ ʵʪʦʛʦ ʛʦʪʦʚʠʣʠ ʩʫʩʧʝʥʟʠʶ ʆʋʅʊ (15 ʤʛ) ʚ 500 ʤʣ ʚʦʜʳ ʩ ʧʦʚʝʨʭʥʦʩʪʥʦ-

ʘʢʪʠʚʥʳʤ ʚʝʱʝʩʪʚʦʤ (ʇɸɺ) ʜʦʜʝʮʠʣʩʫʣʴʬʘʪʦʤ ʥʘʪʨʠʷ (2,5 ʛ) ʧʫʪʝʤ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʥʘ 

ʤʘʛʥʠʪʥʦʡ ʤʝʰʘʣʢʝ ʩ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʦʡ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤ ʱʫʧʦʤ. ʇʦʩʣʝ ʯʝʛʦ 

ʩʫʩʧʝʥʟʠʷ ʧʨʦʭʦʜʠʣʘ ʯʝʨʝʟ ʩʠʣʠʢʦʥʦʚʳʡ ʰʣʘʥʛ, ʧʦʤʝʱʝʥʥʳʡ ʤʝʞʜʫ ʧʦʩʪʦʷʥʥʳʤʠ 

ʤʘʛʥʠʪʘʤʠ, ʥʘ ʢʦʪʦʨʳʭ ʟʘʜʝʨʞʠʚʘʣʠʩʴ ʩʦʜʝʨʞʘʱʠʝ ʞʝʣʝʟʦ ʥʘʥʦʪʨʫʙʢʠ. ʇʦʣʫʯʝʥʥʳʝ ʥʘ 

ʚʳʭʦʜʝ ʦʯʠʱʝʥʥʳʝ ʦʪ ʞʝʣʝʟʘ ʆʋʅʊ ʤʥʦʛʦʢʨʘʪʥʦ ʧʨʦʤʳʚʘʣʠ ʚʦʜʦʡ ʜʣʷ ʫʜʘʣʝʥʠʷ ʇɸɺ ʠ 

ʩʫʰʠʣʠ ʧʨʠ 100 Áʉ ʚ ʪʝʯʝʥʠʝ 2 ʯʘʩʦʚ.  

ɼʣʷ ʩʠʥʪʝʟʘ ʛʠʙʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʬʦʩʬʦʨʦʤ, ʦʩʘʞʜʝʥʥʳʤ ʪʦʣʴʢʦ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʆʋʅʊ, ʠʩʭʦʜʥʳʝ ʆʋʅʊ ʙʳʣʠ ʧʨʦʤʳʪʳ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʦʡ ʜʣʷ ʫʜʘʣʝʥʠʷ 

ʦʩʥʦʚʥʦʡ ʯʘʩʪʠ ʞʝʣʝʟʘ, ʤʠʥʫʷ ʩʪʘʜʠʶ ʦʪʢʨʳʪʠʷ ʢʦʥʮʦʚ. ʆʯʠʱʝʥʥʳʝ ʦʪ ʞʝʣʝʟʘ ʆʋʅʊ ʩ 

ʟʘʢʨʳʪʳʤʠ ʢʦʥʮʘʤʠ ʦʙʦʟʥʘʯʝʥʳ ʜʘʣʝʝ, ʢʘʢ close-ʆʋʅʊ. ɺʩʝ ʦʩʪʘʣʴʥʳʝ ʩʠʥʪʝʟʳ 

ʧʨʦʚʦʜʠʣʠ ʩ ʦʙʨʘʟʮʘʤʠ ʆʋʅʊ ʧʦʩʣʝ ʜʚʫʭʩʪʘʜʠʡʥʦʡ ʦʯʠʩʪʢʠ. 

 

2.1.2. ʄʦʜʠʬʠʢʘʮʠʷ ʩʪʨʫʢʪʫʨʳ ʆʋʅʊ 

2.1.2.1. ʋʣʴʪʨʘʟʚʫʢʦʚʘʷ ʦʙʨʘʙʦʪʢʘ 

ʄʦʜʠʬʠʢʘʮʠʶ ʆʋʅʊ ʬʠʟʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʚʦʟʜʝʡʩʪʚʠʷ ʦʩʫʱʝʩʪʚʣʷʣʠ 

ʧʦʩʨʝʜʩʪʚʦʤ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʨʘʟʣʠʯʥʦʡ ʤʦʱʥʦʩʪʠ. ɼʣʷ ʵʪʦʛʦ ʆʋʅʊ (100 ʤʛ) 

ʧʦʤʝʱʘʣʠ ʚ ʩʪʘʢʘʥ ʩ ʚʦʜʦʡ (150 ʤʣ) ʠ ʦʙʨʘʙʘʪʳʚʘʣʠ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʘʥʥʝ çɻʨʘʜ 28-35è 

ʧʨʠ ʤʦʱʥʦʩʪʠ 110 ɺʪ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ. ɿʘʪʝʤ ʜʣʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʷ 

ʧʫʯʢʦʚ ʠ ʫʢʦʨʦʯʝʥʠʷ ʜʣʠʥʳ, ʆʋʅʊ ʧʦʜʚʝʨʛʘʣʠʩʴ ʥʘʧʨʘʚʣʝʥʥʦʤʫ ʚʦʟʜʝʡʩʪʚʠʶ ʩ 

ʧʦʤʦʱʴʶ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʱʫʧʘ ʤʦʱʥʦʩʪʴʶ 50 ɺʪ ʠʤʧʫʣʴʩʘʤʠ ʧʦ 30 ʩʝʢʫʥʜ 3 ʨʘʟʘ. ʇʦʩʣʝ 

ʵʪʦʛʦ ʦʙʨʘʟʝʮ ʬʠʣʴʪʨʦʚʘʣʠ ʠ ʚʳʩʫʰʠʚʘʣʠ ʧʨʠ 100 Áʉ ʚ ʪʝʯʝʥʠʝ 3 ʯʘʩʦʚ. ʆʙʨʘʟʝʮ ʧʦʩʣʝ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʦʙʦʟʥʘʯʝʥ ʜʘʣʝʝ sʆʋʅʊ (sonicated ʆʋʅʊ). 

 

2.1.2.2. ʆʙʨʘʙʦʪʢʘ ʛʦʨʷʯʠʤʠ ʤʠʥʝʨʘʣʴʥʳʤʠ ʢʠʩʣʦʪʘʤʠ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʪʞʠʛʦʤ 

ɼʣʷ ʤʦʜʠʬʠʢʘʮʠʠ ʆʋʅʊ ʥʘʚʝʩʢʫ ʧʦʨʦʰʢʘ (200 ʤʛ) ʢʠʧʷʪʠʣʠ ʩ ʦʙʨʘʪʥʳʤ 

ʭʦʣʦʜʠʣʴʥʠʢʦʤ ʚ 200 ʤʣ 3ʄ HNO3 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 130 Áʉ ʚ ʪʝʯʝʥʠʝ 24 ʯʘʩʦʚ ʧʨʠ 

ʠʥʪʝʥʩʠʚʥʦʤ ʧʝʨʝʤʝʰʠʚʘʥʠʠ. ʇʦʣʫʯʝʥʥʫʶ ʩʫʩʧʝʥʟʠʶ ʬʠʣʴʪʨʦʚʘʣʠ, ʠ ʟʘʪʝʤ ʧʦʣʫʯʝʥʥʳʡ 

ʦʩʘʜʦʢ ʧʦʤʝʱʘʣʠ ʚ ʩʤʝʩʴ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʭ ʢʠʩʣʦʪ HNO3:H2SO4 (100 ʤʣ, 1:3 ʧʦ 

ʦʙʲʝʤʫ). ʉʤʝʩʴ ʦʙʨʘʙʘʪʳʚʘʣʠ ʫʣʴʪʨʘʟʚʫʢʦʤ ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥ, ʘ ʟʘʪʝʤ ʥʘʛʨʝʚʘʣʠ ʧʨʠ 70 

ÁC ʚ ʪʝʯʝʥʠʝ 5 ʯʘʩʦʚ ʧʨʠ ʠʥʪʝʥʩʠʚʥʦʤ ʧʝʨʝʤʝʰʠʚʘʥʠʠ. ʇʦʩʣʝ ʵʪʦʛʦ ʧʦʣʫʯʝʥʥʫʶ 
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ʩʫʩʧʝʥʟʠʶ ʨʘʟʙʘʚʣʷʣʠ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ (400 ʤʣ) ʜʦ ʧʨʝʢʨʘʱʝʥʠʷ ʚʳʜʝʣʝʥʠʷ NO2. 

ɾʠʜʢʦʩʪʴ ʫʜʘʣʷʣʠ ʚʘʢʫʫʤʥʦʡ ʬʠʣʴʪʨʘʮʠʝʡ. ʇʦʣʫʯʝʥʥʳʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʠʩʣʦʪʥʦʛʦ 

ʪʨʘʚʣʝʥʠʷ ʧʨʦʜʫʢʪ ʧʦʤʝʱʘʣʠ ʚ 4 ʄ ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ NaOH (200 ʤʣ), ʦʙʨʘʙʘʪʳʚʘʣʠ 

ʫʣʴʪʨʘʟʚʫʢʦʤ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ, ʘ ʟʘʪʝʤ ʥʝʧʨʝʨʳʚʥʦ ʧʝʨʝʤʝʰʠʚʘʣʠ ʚ ʱʝʣʦʯʠ ʚ ʪʝʯʝʥʠʝ 

ʥʦʯʠ ʜʣʷ ʥʝʡʪʨʘʣʠʟʘʮʠʠ ʠ ʫʜʘʣʝʥʠʷ ʦʩʪʘʪʢʦʚ ʢʠʩʣʦʪ. ʇʦʩʣʝ ʵʪʦʛʦ ʦʙʨʘʟʝʮ ʬʠʣʴʪʨʦʚʘʣʠ, 

ʧʨʦʤʳʚʘʣʠ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ ʜʦ ʥʝʡʪʨʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ pH ʠ ʚʳʩʫʰʠʚʘʣʠ ʧʨʠ 100 

Áʉ ʚ ʪʝʯʝʥʠʝ 3 ʯʘʩʦʚ. ɼʣʷ ʦʪʞʠʛʘ ʧʨʦʜʫʢʪ ʭʠʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʧʦʤʝʱʘʣʠ ʚ 

ʢʝʨʘʤʠʯʝʩʢʫʶ ʣʦʜʦʯʢʫ, ʢʦʪʦʨʫʶ ʩ ʧʦʤʦʱʴʶ ʜʝʨʞʘʪʝʣʷ ʨʘʩʧʦʣʘʛʘʣʠ ʚ ʭʦʣʦʜʥʦʡ ʟʦʥʝ 

ʪʨʫʙʯʘʪʦʛʦ ʢʚʘʨʮʝʚʦʛʦ ʨʝʘʢʪʦʨʘ. ʈʝʘʢʪʦʨ ʥʘʛʨʝʚʘʣʩʷ ʜʦ 800 Áʉ. ʇʦʩʣʝ ʩʪʘʙʠʣʠʟʘʮʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʚ ʨʝʢʪʦʨ ʧʦʜʘʚʘʣʩʷ ʧʦʪʦʢ ʘʨʛʦʥʘ 40 ʤʣ/ʤʠʥ ʠ ʣʦʜʦʯʢʫ ʧʦʤʝʱʘʣʠ ʚ ʛʦʨʷʯʫʶ 

ʟʦʥʫ ʨʝʘʢʪʦʨʘ ʥʘ 1 ʯʘʩ. ʇʦʩʣʝ ʵʪʦʛʦ ʣʦʜʦʯʢʘ ʩʥʦʚʘ ʧʝʨʝʤʝʱʘʣʘʩʴ ʚ ʭʦʣʦʜʥʫʶ ʟʦʥʫ, ʛʜʝ 

ʦʥʘ ʦʭʣʘʞʜʘʣʘʩʴ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʆʋʅʊ ʧʦʩʣʝ ʜʚʫʭʩʪʘʜʠʡʥʦʡ ʢʠʩʣʦʪʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʠ ʦʪʞʠʛʘ ʦʙʦʟʥʘʯʘʣʠʩʴ ʢʘʢ hʆʋʅʊ (ʜʨrʷʚʳʝ (holey) ʆʋʅʊ). 

 

2.1.3. ʉʠʥʪʝʟ ʛʠʙʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʬʦʩʬʦʨʘ ʠ ʆʋʅʊ 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʘ ʜʣʷ ʟʘʧʦʣʥʝʥʠʷ ʦʯʠʱʝʥʥʳʭ ʠ ʦʪʢʨʳʪʳʭ ʆʋʅʊ ʤʝʪʦʜʦʤ 

ʠʩʧʘʨʝʥʠʷ-ʢʦʥʜʝʥʩʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʢʦʤʤʝʨʯʝʩʢʠʡ ʙʝʣʳʡ (Pwhite) ʠʣʠ ʢʨʘʩʥʳʡ ʬʦʩʬʦʨ 

(Pred). 

ɺʩʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʙʝʣʳʤ ʬʦʩʬʦʨʦʤ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʨʛʦʥʦʚʦʛʦ ʧʝʨʯʘʪʦʯʥʦʛʦ ʙʦʢʩʘ ʠ ʦʩʫʱʝʩʪʚʣʷʣʠʩʴ ʢʘʥʜ. ʭʠʤ. ʥʘʫʢ 

ʇʫʰʢʘʨʝʚʩʢʠʤ ʅ. ɸ. ʚ ʀʅʍ ʉʆ ʈɸʅ. ɹʝʣʳʡ ʬʦʩʬʦʨ ʙʳʣ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʯʠʝɦʥ 

ʩʫʙʣʠʤʘʮʠʝʡ ʚ ʚʘʢʫʫʤʝ. ʆʋʅʊ (~15ï18 ʤʛ) ʧʦʤʝʱʘʣʠ ʚ ʧʨʷʤʫʶ ʢʚʘʨʮʝʚʫʶ ʘʤʧʫʣʫ, ʚ 

ʢʦʪʦʨʫʶ ʜʦʙʘʚʣʷʣʠ ʥʘʚʝʩʢʫ ʬʦʩʬʦʨʘ (~30ï35 ʤʛ). ɸʤʧʫʣʳ ʦʭʣʘʞʜʘʣʠ ʚ ʞʠʜʢʦʤ ʘʟʦʪʝ ʚʦ 

ʠʟʙʝʞʘʥʠʝ ʩʫʙʣʠʤʘʮʠʠ ʬʦʩʬʦʨʘ, ʚʘʢʫʫʤʠʨʦʚʘʣʠ ʜʦ ~5Ĭ10ï3 ʊʦʨʨ, ʟʘʧʘʠʚʘʣʠ ʠ ʥʘʛʨʝʚʘʣʠ 

ʚ ʤʫʬʝʣʴʥʦʡ ʧʝʯʠ ʩʦ ʩʢʦʨʦʩʪʴʶ ~20 Áʉ/ʤʠʥ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 200, 600 ʠʣʠ 800 ÁC. ʆʙʨʘʟʮʳ 

ʚʳʜʝʨʞʠʚʘʣʠ ʧʨʠ ʚʳʙʨʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʪʝʯʝʥʠʝ 30 ʯʘʩʦʚ, ʘ ʟʘʪʝʤ ʝʩʪʝʩʪʚʝʥʥʳʤ 

ʦʙʨʘʟʦʤ ʦʭʣʘʞʜʘʣʠ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʦʩʣʝ ʩʠʥʪʝʟʘ ʢʦʥʝʮ ʧʨʷʤʦʡ ʘʤʧʫʣʳ ʩ 

ʦʙʨʘʟʮʦʤ ʥʘʛʨʝʚʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʝ ʚʳʰʝ 100 Áʉ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ. ʊʘʢʠʤ ʩʧʦʩʦʙʦʤ 

ʤʦʞʥʦ ʫʜʘʣʠʪʴ ʠʟʙʳʪʦʢ ʚʥʝʰʥʝʛʦ ʬʦʩʬʦʨʘ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ, ʢʦʥʜʝʥʩʠʨʦʚʘʚ ʝʛʦ 

ʥʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʤ ʢʦʥʮʝ ʘʤʧʫʣʳ ʚ ʚʠʜʝ ʤʝʣʢʠʭ ʙʝʩʮʚʝʪʥʳʭ ʢʘʧʝʣʴ/ʢʨʠʩʪʘʣʣʦʚ ʟʘ ʩʯʝʪ 

ʛʨʘʜʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨ. ʇʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʧʦʣʫʯʠʣʠ ʦʙʦʟʥʘʯʝʥʠʷ P@ʆʋʅʊ_200, 

P@ʆʋʅʊ_600 ʠ P@ʆʋʅʊ_800. 
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ɿʘʧʦʣʥʝʥʠʝ ʢʨʘʩʥʳʤ ʬʦʩʬʦʨʦʤ ʧʨʦʚʦʜʠʣʠ ʧʨʠ 800 Áʉ. ʇʨʷʤʫʶ ʢʚʘʨʮʝʚʫʶ ʘʤʧʫʣʫ 

ʟʘʧʦʣʥʷʣʠ ʆʋʅʊ (100 ʤʛ) ʠ ʢʨʘʩʥʳʤ ʬʦʩʬʦʨʦʤ (60 ʤʛ), ʚʘʢʫʫʤʠʨʦʚʘʣʠ ʠ ʟʘʧʘʠʚʘʣʠ. 

ɿʘʪʝʤ ʘʤʧʫʣʫ ʥʘʛʨʝʚʘʣʠ ʜʦ 800 Áʉ ʚ ʤʫʬʝʣʴʥʦʡ ʧʝʯʠ ʩʦ ʩʢʦʨʦʩʪʴʶ ~7 Áʉ/ʤʠʥ ʠ 

ʚʳʜʝʨʞʠʚʘʣʠ ʧʨʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 20 ʯʘʩʦʚ. ʇʦʣʫʯʝʥʥʳʡ ʦʙʨʘʟʝʮ ʧʦʣʫʯʠʣ ʥʘʟʚʘʥʠʝ 

P@ʆʋʅʊ-1. ɼʣʷ ʫʜʘʣʝʥʠʷ ʬʦʩʬʦʨʘ, ʦʩʘʞʜʝʥʥʦʛʦ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʆʋʅʊ, ʙʳʣʠ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʪʘʢʠʝ ʨʘʩʪʚʦʨʠʪʝʣʠ ʢʘʢ ʵʪʘʥʦʣ, ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʘʷ HNO3 (70%) ʠ ʚʦʜʥʳʡ 

ʨʘʩʪʚʦʨ NaOH (2,5 ʄ). ʆʯʠʩʪʢʫ ʚ ʵʪʘʥʦʣʝ ʧʨʦʚʦʜʠʣʠ ʚ ʢʦʥʠʯʝʩʢʦʡ ʧʨʦʙʠʨʢʝ, ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʘʥʥʝ ʤʦʱʥʦʩʪʴʶ 100 ɺʪ ʚ 

ʪʝʯʝʥʠʝ 1 ʤʠʥ. ɿʘʪʝʤ ʜʠʩʧʝʨʩʠʶ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʣʠ ʧʨʠ 10000 ʦʙ/ʤʠʥ ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥ ʠ 

ʩʫʰʠʣʠ ʚ ʚʘʢʫʫʤʝ ʧʨʠ 50 Áʉ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ. ʇʦʣʫʯʝʥʥʳʡ ʦʙʨʘʟʝʮ ʦʙʦʟʥʘʯʝʥ ʢʘʢ 

P@ʆʋʅʊ-1_ʵʪʘʥʦʣ. ʆʙʨʘʙʦʪʢʫ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʡ HNO3 ʧʨʦʚʦʜʠʣʠ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ 

ʚʘʥʥʝ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ, ʘ ʟʘʪʝʤ ʦʩʪʘʚʣʷʣʠ ʧʝʨʝʤʝʰʠʚʘʪʴʩʷ ʥʘ ʥʦʯʴ ʥʘ ʤʘʛʥʠʪʥʦʡ 

ʤʝʰʘʣʢʝ. ʇʦʩʣʝ ʯʝʛʦ ʦʙʨʘʟʝʮ ʬʠʣʴʪʨʦʚʘʣʠ, ʧʨʦʤʳʚʘʣʠ ʜʦ ʥʝʡʪʨʘʣʴʥʦʛʦ pH ʠ 

ʚʳʩʫʰʠʚʘʣʠ. ʇʦʣʫʯʝʥʥʳʡ ʦʙʨʘʟʝʮ ʧʦʣʫʯʠʣ ʦʙʦʟʥʘʯʝʥʠʝ P@ʆʋʅʊ-1_HNO3. ʆʯʠʩʪʢʫ ʚ 

2,5 ʄ ʨʘʩʪʚʦʨʝ NaOH ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʠʥʪʝʥʩʠʚʥʦʤ ʧʝʨʝʤʝʰʠʚʘʥʠʠ (300 ʦʙ/ʤʠʥ) ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 60 Áʉ ʚ ʪʝʯʝʥʠʝ 5 ʯʘʩʦʚ. ʇʦʩʣʝ ʯʝʛʦ ʦʙʨʘʟʝʮ ʬʠʣʴʪʨʦʚʘʣʠ, ʧʨʦʤʳʚʘʣʠ ʜʦ 

ʥʝʡʪʨʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ pH ʠ ʩʫʰʠʣʠ ʚ ʩʫʰʠʣʴʥʦʤ ʰʢʘʬʫ ʧʨʠ 100 Áʉ ʚ ʪʝʯʝʥʠʝ 3 ʯʘʩʦʚ. 

ʇʦʣʫʯʝʥʥʳʡ ʦʙʨʘʟʝʮ ʧʦʣʫʯʠʣ ʦʙʦʟʥʘʯʝʥʠʝ P@ʆʋʅʊ-1_NaOH. ɺ ʜʘʣʴʥʝʡʰʝʤ ʙʫʜʝʪ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʦʯʠʩʪʢʘ ʚ ʨʘʩʪʚʦʨʝ ʛʠʜʨʦʢʩʠʜʘ ʥʘʪʨʠʷ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʦʡ, ʧʦʵʪʦʤʫ ʜʘʣʴʥʝʡʰʠʡ ʩʠʥʪʝʟ ʩ ʦʯʠʩʪʢʦʡ ʛʠʙʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʦʚʦʜʠʣʩʷ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʠʜʨʦʢʩʠʜʘ ʥʘʪʨʠʷ. 

ʏʪʦʙʳ ʫʚʝʣʠʯʠʪʴ ʩʪʝʧʝʥʴ ʟʘʧʦʣʥʝʥʠʷ ʆʋʅʊ, ʤʳ ʧʝʨʝʰʣʠ ʢ ʠʩʧʦʣʴʟʦʚʘʥʠʶ H-

ʦʙʨʘʟʥʦʡ ʘʤʧʫʣʳ (ʈʠʩʫʥʦʢ 4) ʠ ʟʘʢʣʘʜʳʚʘʣʠ ʜʚʫʢʨʘʪʥʳʡ ʠʟʙʳʪʦʢ ʬʦʩʬʦʨʘ ʧʦ ʦʪʥʦʰʝʥʠʶ 

ʢ ʆʋʅʊ ʜʣʷ ʩʦʟʜʘʥʠʷ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʥʘʩʳʱʝʥʥʳʭ ʧʘʨʦʚ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʢʚʘʨʮʝʚʳʭ ʘʤʧʫʣ H-ʦʙʨʘʟʥʦʡ ʬʦʨʤʳ ʆʋʅʊ (30 ʤʛ) ʠ ʢʨʘʩʥʳʡ ʬʦʩʬʦʨ (60 ʤʛ) 

ʨʘʩʧʦʣʘʛʘʣʠʩʴ ʚ ʨʘʟʥʳʭ ʯʘʩʪʷʭ, ʘ ʩʠʥʪʝʟ ʧʨʦʜʦʣʞʘʣʩʷ ʧʨʠ 800 ÁC ʚ ʪʝʯʝʥʠʝ 48 ʯʘʩʦʚ. ɺ 

ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʠʟʙʳʪʦʢ ʬʦʩʬʦʨʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʣʷ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʟʘʧʦʣʥʝʥʠʷ 

ʥʘʥʦʪʨʫʙʦʢ ʟʘ ʩʯʝʪ ʧʦʚʳʰʝʥʠ ̫ʜʘʚʣʝʥʠʷ ʥʘʩʳʱʝʥʥʳʭ ʧʘʨʦʚ ʬʦʩʬʦʨʘ. ʇʦʩʣʝ ʩʠʥʪʝʟʘ 

ʘʤʧʫʣʳ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʦʭʣʘʞʜʘʣʠ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʦʩʪʦʨʦʞʥʦ 

ʚʩʢʨʳʚʘʣʠ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ. ʇʨʦʜʫʢʪ, ʧʦʣʫʯʝʥʥʳʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʠʥʪʝʟʘ, 

ʦʙʦʟʥʘʯʘʝʪʩʷ ʢʘʢ P@ʆʋʅʊ/P. ɼʣʷ ʫʜʘʣʝʥʠʷ ʬʦʩʬʦʨʘ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʠ 
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ʦʙʨʘʙʦʪʢʫ ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ NaOH (2,5 ʄ) ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʥʫʶ ʚʳʰʝ. ʆʙʨʘʟʝʮ ʬʦʩʬʦʨ-

ʟʘʧʦʣʥʝʥʥʳʭ ʆʋʅʊ ʧʦʩʣʝ ʦʯʠʩʪʢʠ ʧʦʣʫʯʠʣ ʦʙʦʟʥʘʯʝʥʠʝ P@ʆʋʅʊ.  

 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʦʙʨʘʟʮʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʪʦʣʴʢʦ ʚʥʝʰʥʠʡ ʬʦʩʬʦʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʚ 

ʢʘʯʝʩʪʚʝ ʪʝʤʧʣʘʪʘ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʆʋʅʊ ʩ ʟʘʢʨʳʪʳʤʠ ʢʦʥʮʘʤʠ close-ʆʋʅʊ. ʆʙʨʘʟʝʮ 

ʙʳʣ ʩʠʥʪʝʟʠʨʦʚʘʥ ʚ ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ ʫʩʣʦʚʠʷʭ ʚ ʅ-ʦʙʨʘʟʥʦʡ ʘʤʧʫʣʝ ʠ ʘʢʢʫʨʘʪʥʦ 

ʠʟʚʣʝʢʘʣʩʷ ʥʘ ʚʦʟʜʫʭ ʙʝʟ ʧʦʩʣʝʜʫʶʱʝʡ ʦʯʠʩʪʢʠ ʚ ʨʘʩʪʚʦʨʝ NaOH. ʇʦʣʫʯʝʥʥʳʡ ʦʙʨʘʟʝʮ 

ʦʙʦʟʥʘʯʝʥ ʢʘʢ close-ʆʋʅʊ/P. 

ɿʘʧʦʣʥʝʥʠʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ hʆʋʅʊ ʠʣʠ sʆʋʅʊ ʧʨʦʚʦʜʠʣʠ ʚ ʘʥʘʣʦʛʠʯʥʳʭ 

ʫʩʣʦʚʠʷʭ ʚ ʅ-ʦʙʨʘʟʥʦʡ ʢʚʘʨʮʝʚʦʡ ʘʤʧʫʣʝ, ʘ ʦʯʠʩʪʢʫ ʧʨʦʚʦʜʠʣʠ ʘʥʘʣʦʛʠʯʥʦ ʚ ʨʘʩʪʚʦʨʝ 

NaOH. ʇʦʣʫʯʝʥʥʳʝ ʛʠʙʨʠʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʙʳʣʠ ʦʙʦʟʥʘʯʝʥʳ ʢʘʢ P@hʆʋʅʊ ʠ P@sʆʋʅʊ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 

2.1.4. ʉʠʥʪʝʟ ʦʙʨʘʟʮʦʚ ʩʨʘʚʥʝʥʠʷ 

ʂʦʥʪʨʦʣʴʥʳʡ ʦʙʨʘʟʝʮ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʙʳʣ ʩʠʥʪʝʟʠʨʦʚʘʥ ʧʫʪʝʤ 

ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 800 Áʉ ʚ ʪʝʯʝʥʠʝ 

48 ʯʘʩʦʚ, ʪ.ʝ. ʚ ʫʩʣʦʚʠʷʭ, ʘʥʘʣʦʛʠʯʥʳʭ ʩʠʥʪʝʟʫ ʛʠʙʨʠʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ. ʇʨʦʜʫʢʪ 

ʦʙʦʟʥʘʯʝʥ ʢʘʢ Precryst (ʈʠʩʫʥʦʢ 5). ɸʥʘʣʦʛʠʯʥʦʡ ʦʙʨʘʙʦʪʢʝ ʙʳʣʠ ʧʦʜʚʝʨʛʥʫʪʳ ʆʋʅʊ ï 

ʧʨʦʛʨʝʪʳ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 800 Áʉ ʚ ʪʝʯʝʥʠʝ 48 ʯ ʠ ʦʙʦʟʥʘʯʝʥʳ ʢʘʢ tʆʋʅʊ. 

 

 
ʈʠʩʫʥʦʢ 4. ɿʘʧʘʷʥʥʳʝ H-ʦʙʨʘʟʥʳʝ ʘʤʧʫʣʳ ʩ ʆʋʅʊ ʠ ʬʦʩʬʦʨʦʤ (a) ʜʦ ʠ (ʙ) ʧʦʩʣʝ 

ʩʠʥʪʝʟʘ. 

ɼʦ ʩʠʥʪʝʟʘʇʦʩʣʝ ʩʠʥʪʝʟʘ

ʈred ʆʋʅʊ P@ʆʋʅʊ/ʈʈwhite

(a) (ʙ) 

 
ʈʠʩʫʥʦʢ 5. ɿʘʧʘʷʥʥʘʷ ʘʤʧʫʣʘ ʧʦʩʣʝ ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ. 

Pred
Precryst Pwhite
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2.2. ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ 

ʈʘʩʪʨʦʚʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʦʨʬʦʣʦʛʠʠ ʦʙʨʘʟʮʦʚ 

ʧʨʦʚʦʜʠʣʦʩʴ ʤʝʪʦʜʦʤ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʈʕʄ) ʥʘ ʤʠʢʨʦʩʢʦʧʝ JEOL 

JSM 6700F (ʀʅʍ ʉʆ ʈɸʅ) ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 15 ʢɺ. ʈʘʟʨʝʰʘʶʱʘʷ 

ʩʧʦʩʦʙʥʦʩʪʴ ʧʨʠʙʦʨʘ ʩʦʩʪʘʚʣʷʝʪ 1 ʥʤ. ʕʣʝʤʝʥʪʥʳʡ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʦʤ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʕɼʉ) ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ Bruker XFlash 6. 

ʀʟʦʙʨʘʞʝʥʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʘʥʜ. ʭʠʤ. ʥʘʫʢ ʄʘʢʩʠʤʦʚʩʢʠʤ ɽ. ɸ. ʚ ʀʅʍ ʉʆ ʈɸʅ. 

ʀʥʬʨʘʢʨʘʩʥʘʷ (ʀʂ) ʩʧʝʢʪʨʦʩʢʦʧʠʷ. ʅʘʣʠʯʠʝ/ʦʪʩʫʪʩʪʚʠʝ ʪʝʭ ʠʣʠ ʠʥʳʭ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ ʫʩʪʘʥʘʚʣʠʚʘʣʘʩʴ ʧʦ ʧʨʠʩʫʪʩʪʚʫʶʱʠʤ ʚ ʀʂ ʩʧʝʢʪʨʘʭ ʧʦʣʦʩʘʤ, 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʤ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ Scimitar FTS 2000 (Digilab, Holliston, MA). 

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ ʦʙʨʘʟʮʘʭ, ʟʘʧʨʝʩʩʦʚʘʥʥʳʭ ʚ 

ʪʘʙʣʝʪʢʠ KBr ʧʦ ʩʪʘʥʜʘʨʪʥʦʡ ʤʝʪʦʜʠʢʝ ʚ ʜʠʘʧʘʟʦʥʝ 5002000 ʩʤï1 ʩʦ ʩʧʝʢʪʨʘʣʴʥʳʤ 

ʨʘʟʨʝʰʝʥʠʝʤ 1 ʩʤ1. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʐʘʧʦʚʘʣʦʚʦʡ ɸ. ɸ. ʚ ʀʅʍ ʉʆ ʈɸʅ. 

ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ 

ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʤʝʪʦʜʦʤ ʇʕʄ ʥʘ ʧʨʠʙʦʨʝ Titan 60 300 (FEI, The Netherlands) 

ʦʩʥʘʱʝʥʥʦʤ ʤʦʥʦʭʨʦʤʘʪʦʨʦʤ x-FEG ʩ Cs-ʢʦʨʨʝʢʪʦʨʦʤ (ʨʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ 0,8 ) 

ʚ ʀʩʧʘʥʠʠ ʚ ʮʝʥʪʨʝ Nanogune ʧʨʦʬʝʩʩʦʨʦʤ ʏʫʚʠʣʠʥʳʤ ɸ. ʃ. ʀʟʦʙʨʘʞʝʥʠʷ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 80 ʢɺ. ɺʣʠʷʥʠʝ ʦʯʠʩʪʢʠ ʙʳʣʦ ʪʘʢʞʝ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʤʝʪʦʜʦʤ ʇʕʄ ʥʘ ʤʠʢʨʦʩʢʦʧʝ JEOL 2010 ʧʨʠ 200 ʢɺ ʩ ʨʘʟʨʝʰʝʥʠʝʤ 

0,25 ʥʤ. ɺʳʩʦʢʦʫʛʣʦʚʳʝ ʪʝʤʥʦʧʦʣʴʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ (HAADF-STEM) ʠ ʕɼʉ ʘʥʘʣʠʟ ʙʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʥʘ ʤʠʢʨʦʩʢʦʧʝ Themis Z microscope (Thermo Fisher Scientific, The Netherlands) 

ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 80 ʢɺ. ʈʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ 0,6 . HAADF-STEM 

ʠʟʦʙʨʘʞʝʥʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʘʥʜ. ʭʠʤ. ʥʘʫʢ ɻʝʨʘʩʠʤʦʚʳʤ ɽ. ʖ. ʚ ʀʥʩʪʠʪʫʪʝ ʢʘʪʘʣʠʟʘ 

ʠʤ. ɻ.ʂ. ɹʦʨʝʩʢʦʚʘ ʉʆ ʈɸʅ (ʀʂ ʉʆ ʈɸʅ). 

ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ 

ʤʝʪʦʜʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʂʈʉ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ LabRAM HR Evolution 

HORIBA ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚ=514 ʥʤ ʦʪ Ar+-ʣʘʟʝʨʘ ʠʣʠ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚ=633 ʥʤ ʦʪ He-

Ne-ʣʘʟʝʨʘ ʧʨʠ ʤʦʱʥʦʩʪʠ 1 ʤɺʪ. ʃʘʟʝʨʥʳʡ ʣʫʯ ʬʦʢʫʩʠʨʦʚʘʣʠ ʜʦ ʜʠʘʤʝʪʨʘ 1 ʤʢʤ ʩ 

ʧʦʤʦʱʴʶ ʦʙʲʝʢʪʠʚʘ LMPlan FL 50Ĭ/0,50 Olympus. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʜʠʘʧʘʟʦʥʝ 

ʦʪ 20 ʜʦ 3000 ʩʤï1. ʉʧʝʢʪʨʘʣʴʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʩʦʩʪʘʚʣʷʣʦ 0,3 ʩʤï1. ʀʟʤʝʨʝʥʥʳʝ ʩʧʝʢʪʨʳ 

ʧʦʜʚʝʨʛʘʣʠʩʴ ʧʝʨʚʠʯʥʦʡ ʦʙʨʘʙʦʪʢʝ, ʟʘʢʣʶʯʘʶʱʝʡʩʷ ʚ ʥʦʨʤʠʨʦʚʢʝ ʩʧʝʢʪʨʦʚ. ʉʧʝʢʪʨʳ 
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ʂʈʉ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʘʥʜ. ʭʠʤ. ʥʘʫʢ ʐʣʷʭʦʚʦʡ ɽ. ɺ. ʠ ʜ-ʨ. ʭʠʤ. ʥʘʫʢ ʂʦʣʝʩʦʚʳʤ ɹ. ɸ. ʚ 

ʀʅʍ ʉʆ ʈɸʅ. 

ʏʘʩʪʴ ʩʧʝʢʪʨʦʚ ʂʈʉ ʙʳʣʘ ʠʟʤʝʨʝʥʘ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ TriVista ʚ ʪʨʝʭʨʝʰʝʪʦʯʥʦʤ 

ʨʝʞʠʤʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʚʝʨʜʦʪʝʣʴʥʦʛʦ ʣʘʟʝʨʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 532 ʥʤ ʠ ʤʦʱʥʦʩʪʴʶ 70 

ʤɺʪ. ʈʘʟʤʝʨ ʣʘʟʝʨʥʦʛʦ ʧʷʪʥʘ ʩʦʩʪʘʚʣʷʣ 1 ʤʢʤ. ɺʭʦʜʥʘʷ ʱʝʣʴ ʩʦʩʪʘʚʣʷʣʘ 200 ʤʢʤ, 

ʩʧʝʢʪʨʘʣʴʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ï 4 ʩʤ1). ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʜ-ʨ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ 

ʉʫʨʦʚʮʝʚʳʤ ʅ.ɺ. ʚ ʀʥʩʪʠʪʫʪʝ ʘʚʪʦʤʘʪʠʢʠ ʠ ʵʣʝʢʪʨʦʤʝʪʨʠʠ ʉʆ ʈɸʅ (ʀɸʠʕ ʉʆ ʈɸʅ). 

ʄʝʪʦʜ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʂʈʉ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ 

ʤʦʣʝʢʫʣ, ʘ ʪʘʢʞʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʨʘʱʘʪʝʣʴʥʳʭ ʠ ʜʨʫʛʠʭ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʤʦʜ ʩʠʩʪʝʤ. 

ʆʥ ʧʦʟʚʦʣʷʝʪ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʤʦʣʝʢʫʣʳ ʠ ʧʨʠʩʫʪʩʪʚʠʝ ʦʧʨʝʜʝʣʝʥʥʳʭ ʭʠʤʠʯʝʩʢʠʭ 

ʩʚʷʟʝʡ ʚ ʚʝʱʝʩʪʚʝ. ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʂʈʉ ʦʩʥʦʚʘʥʘ ʥʘ ʥʝʫʧʨʫʛʦʤ ʨʘʩʩʝʷʥʠʠ ʬʦʪʦʥʦʚ, 

ʠʟʚʝʩʪʥʦʤ ʢʘʢ ʢʦʤʙʠʥʘʮʠʦʥʥʦʝ ʨʘʩʩʝʷʥʠʝ. ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʩʧʝʢʪʨʦʤʝʪʨʘʭ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʠʡ ʠʩʪʦʯʥʠʢ ʩʚʝʪʘ, ʦʙʳʯʥʦ ʣʘʟʝʨ ʚʠʜʠʤʦʛʦ, ʙʣʠʞʥʝʛʦ ʠʥʬʨʘʢʨʘʩʥʦʛʦ 

ʠʣʠ ʙʣʠʞʥʝʛʦ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ. ʉʚʝʪ ʣʘʟʝʨʘ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʢʦʣʝʙʘʥʠʷʤʠ 

ʘʪʦʤʦʚ ʚ ʤʦʣʝʢʫʣʝ, ʬʦʥʦʥʘʤʠ ʠʣʠ ʜʨʫʛʠʤʠ ʚʦʟʙʫʞʜʝʥʠʷʤʠ ʚ ʩʠʩʪʝʤʝ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ 

ʵʥʝʨʛʠʷ ʣʘʟʝʨʥʳʭ ʬʦʪʦʥʦʚ ʩʤʝʱʘʝʪʩʷ ʚ ʦʙʣʘʩʪʴ ʚʳʩʦʢʠʭ ʠʣʠ ʥʠʟʢʠʭ ʟʥʘʯʝʥʠʡ. ʉʜʚʠʛ 

ʵʥʝʨʛʠʠ ʜʘʝʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜʘʭ ʚ ʩʠʩʪʝʤʝ. 

ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʘ ʦʙʨʘʟʝʮ ʦʩʚʝʱʘʝʪʩʷ ʣʘʟʝʨʥʳʤ ʣʫʯʦʤ. ʕʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ 

ʠʟʣʫʯʝʥʠʝ ʦʪ ʪʦʯʢʠ ʦʩʚʝʱʝʥʠʷ ʩʦʙʠʨʘʝʪʩʷ ʣʠʥʟʦʡ ʠ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʤʦʥʦʭʨʦʤʘʪʦʨ. 

ʋʧʨʫʛʦʝ ʨʘʩʩʝʷʥʥʦʝ ʠʟʣʫʯʝʥʠʝ (ʨʵʣʝʝʚʩʢʦʝ ʨʘʩʩʝʷʥʠʝ), ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʜʣʠʥʝ ʚʦʣʥʳ 

ʣʘʟʝʨʥʦʡ ʣʠʥʠʠ, ʦʪʜʝʣʷʝʪʩʷ ʬʠʣʴʪʨʦʤ, ʘ ʦʩʪʘʣʴʥʘʷ ʯʘʩʪʴ ʩʦʙʨʘʥʥʦʛʦ ʩʚʝʪʘ ʧʦʩʪʫʧʘʝʪ ʚ 

ʜʝʪʝʢʪʦʨ. ʉʧʦʥʪʘʥʥʦʝ ʢʦʤʙʠʥʘʮʠʦʥʥʦʝ ʨʘʩʩʝʷʥʠʝ ʩʚʝʪʘ ʦʙʳʯʥʦ ʦʯʝʥʴ ʩʣʘʙʦʝ, ʧʦʵʪʦʤʫ 

ʦʙʳʯʥʦ ʨʘʤʘʥʦʚʩʢʠʝ ʣʫʯʠ ʫʩʠʣʠʚʘʶʪʩʷ, ʧʦʩʣʝ ʯʝʛʦ ʥʘʧʨʘʚʣʷʶʪʩʷ ʚ ʜʝʪʝʢʪʦʨ, ʛʜʝ 

ʧʨʦʠʩʭʦʜʠʪ ʬʠʢʩʘʮʠʷ ʯʘʩʪʦʪʳ. 

ʂʈʉ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʷʚʣʷʝʪʩʷ ʦʯʝʥʴ ʠʥʬʦʨʤʘʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʚ ʩʣʫʯʘʝ ʆʋʅʊ. 

ʆʋʅʊ ʤʦʛʫʪ ʧʨʦʷʚʣʷʪʴ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʠʣʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʩʚʦʡʩʪʚʘ. ʉʨʝʜʠ 

ʙʝʟʜʝʬʝʢʪʥʳʭ ʆʋʅʊ 1/3 ʷʚʣʷʶʪʩʷ ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ, ʘ 2/3 ï ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ. ʃʘʟʝʨʳ 

ʩ ʨʘʟʣʠʯʥʤrʠ ʜʣʠʥʘʤʠ ʚʦʣʥ ʚʦʟʙʫʞʜʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʧʪʠʯʝʩʢʠʤ ʧʝʨʝʭʦʜʘʤ ʆʋʅʊ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʜʠʘʤʝʪʨʘʤʠ ʠ ʭʠʨʘʣʴʥʦʩʪʷʤʠ, ʘ ʪʘʢʞʝ ʪʠʧʘʤʠ ʧʨʦʚʦʜʠʤʦʩʪʠ [108]. ɻʨʘʬʠʢ 

ʂʘʪʘʫʨʳ [109] ʧʨʝʜʩʪʘʚʣʷʝʪ ʦʙʱʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʦʧʪʠʯʝʩʢʠʭ ʧʝʨʝʭʦʜʦʚ ʦʪ ʜʠʘʤʝʪʨʦʚ  

ʆʋʅʊ ʠ ʠʭ ʨʘʟʜʝʣʝʥʠʝ ʥʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʚʝʪʚʠ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʥʠʤ ʥʘʥʦʪʨʫʙʢʠ ʠʤʝʶʪ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ɺʘʥ ʍʦʚʘ, ʘ ʧʝʨʝʭʦʜʳ ʤʝʞʜʫ ʥʠʤʠ, 
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ʠʤʝʶʪ ʭʦʨʦʰʦ ʦʧʨʝʜʝʣʝʥʥʫʶ ʢʦʨʨʝʣʷʮʠʶ ʩ ʜʠʘʤʝʪʨʘʤʠ ʥʘʥʦʪʨʫʙʦʢ. ʇʨʠ ʚʦʟʙʫʞʜʝʥʠʠ 

ʟʝʣʝʥʳʤ ʣʘʟʝʨʦʤ (514 ʥʤ, 2,41 ʵɺ) ʜʣʷ ʥʘʥʦʪʨʫʙʦʢ ʩ ʜʠʘʤʝʪʨʘʤʠ ʦʪ 1,1 ʥʤ ʜʦ 2,9 ʥʤ 

ʥʘʙʣʶʜʘʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʠ ʚ ʪʨʝʪʴʝʤ ʠ ʯʝʪʚʝʨʪʦʤ ʦʧʪʠʯʝʩʢʠʭ ʧʝʨʝʭʦʜʘʭ ʚ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʆʋʅʊ [110]. ɺʦʟʙʫʞʜʝʥʠʝ ʢʨʘʩʥʦʛʦ ʣʘʟʝʨʘ (633 ʥʤ, 1,96 ʵɺ) 

ʥʘʭʦʜʠʪʩʷ ʚ ʨʝʟʦʥʘʥʩʝ ʩ ʧʝʨʚʳʤ ʦʧʪʠʯʝʩʢʠʤ ʧʝʨʝʭʦʜʦʤ ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʆʋʅʊ. 

ʉʧʝʢʪʨʳ ʂʈʉ ʜʣʷ ʆʋʅʊ ʠʤʝʶʪ ʥʘʙʦʨ ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʳʭ ʤʦʜ. ɺ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ 

ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʜʦ ~200 ʩʤï1 ʥʘʭʦʜʷʪʩʷ ʢʦʣʝʙʘʥʠʷ ʭʘʨʘʢʪʝʨʥʳʝ ʠʤʝʥʥʦ ʜʣʷ ʦʜʥʦʩʣʦʡʥʳʭ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ. ʕʪʠ ʢʦʣʝʙʘʥʠʷ (ɤʈɼʄ) ʚʦʟʥʠʢʘʶʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʰʠʨʝʥʠʷ ʠʣʠ 

ʩʞʘʪʠʷ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʦʜʦʙʥʦ ʜʳʭʘʥʠʶ ʪʨʫʙʢʠ ʠ ʥʘʟʳʚʘʶʪʩʷ ʨʘʜʠʘʣʴʥʦʡ 

ʜʳʭʘʪʝʣʴʥʦʡ ʤʦʜʦʡ (ʈɼʄ) (ʈʠʩʫʥʦʢ 6ʘ). ʇʦʣʦʞʝʥʠʷ ʧʠʢʦʚ ʚ ʈɼʄ-ʤʦʜʝ ʨʘʩʩʯʠʪʳʚʘʪʴ 

ʜʠʘʤʝʪʨʳ (d) ʥʘʥʦʪʨʫʙʦʢ ʚ ʦʙʨʘʟʮʝ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʨʘʚʥʝʥʠʝʤ: ̋‫ ˑ˙  ρπ [13]. 

 

ʅʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦʡ ʚ ʩʧʝʢʪʨʘʭ ʂʈʉ ̫ ʚʣʷʝʪʩʷ ʪʘʥʛʝʥʮʠʘʣʴʥʘʷ G-ʤʦʜʘ ʩ ʯʘʩʪʦʪʦʡ 

~1500 1605 ʩʤī1 (ʈʠʩʫʥʦʢ 6ʙ). ʕʪʘ ʦʩʦʙʝʥʥʦʩʪʴ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʩʚʷʟʘʥʘ ʩ 

ʢʦʣʝʙʘʥʠʷʤʠ ʩʚʷʟʠ ʉʉ ʚ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʛʨʘʬʝʥʦʚʦʡ sp2-ʨʝʰʝʪʢʝ. ɼʣʷ ʥʝʝ ʚʦʟʤʦʞʥʦ 

ʨʘʩʱʝʧʣʝʥʠʝ ʥʘ ʜʚʝ ʢʦʤʧʦʥʝʥʪʳ: G+-ʤʦʜʘ ʚʳʟʚʘʥʘ ʩʤʝʱʝʥʠʝʤ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʚʜʦʣʴ ʦʩʠ 

ʥʘʥʦʪʨʫʙʢʠ, ʘ Gī-ʤʦʜʘ ʩʚʷʟʘʥʘ ʩ ʢʦʣʝʙʘʥʠʷʤʠ ʚ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʦʩʠ ʋʅʊ ʥʘʧʨʘʚʣʝʥʠʠ 

ʠ ʦʙʳʯʥʦ ʠʤʝʝʪ ʙʦʣʝʝ ʩʣʘʙʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ [111]. ʇʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 514 

ʥʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʆʋʅʊ ʥʘʭʦʜʷʪʩʷ ʚ ʨʝʟʦʥʘʥʩʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʨʘʩʱʝʧʣʝʥʠʶ G-

ʤʦʜʳ ʥʘ ʧʠʢʠ GLO
+ ʧʨʠ ~1594 ʩʤ1 ʠ GTO

+ ʧʨʠ ~1576 ʩʤī1 ʦʪ ʧʨʦʜʦʣʴʥʦʛʦ ʠ ʧʦʧʝʨʝʯʥʦʛʦ 

ʦʧʪʠʯʝʩʢʦʛʦ ʬʦʥʦʥʘ. ʉʣʘʙʳʡ ʢʦʤʧʦʥʝʥʪ GLO  ʧʨʠ ~1550 ʩʤī1 ʦʪ ʧʨʦʜʦʣʴʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ 

 
ʈʠʩʫʥʦʢ 6. ʂʦʣʝʙʘʥʠʷ ʚ ʆʋʅʊ ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʧʦʷʚʣʝʥʠʝ (ʘ) ʈɼʄ-ʤʦʜʳ ʠ (ʙ) G-

ʤʦʜʳ ʚ ʩʧʝʢʪʨʘʭ ʂʈʉ. 

(a) (ʙ) 

ʜʝʬʝʢʪ
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ʬʦʥʦʥʘ ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʪʨʫʙʢʘʭ ʧʨʦʷʚʣʷʝʪʩʷ ʧʨʠ ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʝʥʠʷ ʣʘʟʝʨʘ 633 

ʥʤ. 

ʅʘʨʫʰʝʥʠʝ ʠʜʝʘʣʴʥʦʡ ʛʨʘʬʝʥʦʚʦʡ ʨʝʰʝʪʢʠ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ 

ʜʝʬʝʢʪʦʚ, ʢʦʪʦʨʳʝ ʠʟʤʝʥʷʶʪ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ. ʅʘʣʠʯʠʝ ʜʝʬʝʢʪʦʚ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʛʨʫʧʧ ʚ ʛʨʘʬʝʥʦʚʦʡ ʩʪʨʫʢʪʫʨʝ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʥʦʚʭr ʤʦʜ ʚ ʩʧʝʢʪʨʘʭ ʂʈʉ. 

ʅʘʠʙʦʣʝʝ ʟʘʤʝʪʥʳʤ ʧʠʢʦʤ, ʚʳʟʚʘʥʥʳʤ ʜʝʬʝʢʪʘʤʠ, ʷʚʣʷʝʪʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ D-ʤʦʜʘ ʚ 

ʦʙʣʘʩʪʠ ~12501450 ʩʤī1 [111].  

ʌʦʩʬʦʨ ʠʤʝʝʪ ʢʦʣʝʙʘʥʠʷ ʚ ʦʙʣʘʩʪʠ 250600 ʩʤī1. ʇʨʠ ʵʪʦʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʬʦʨʤʳ 

ʩʧʝʢʪʨʘ ʤʦʞʥʦ ʫʪʚʝʨʞʜʘʪʴ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ ʪʦʡ ʠʣʠ ʠʥʦʡ ʘʣʣʦʪʨʦʧʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ. 

ʇʦʵʪʦʤʫ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʂʈʉ ʷʚʣʷʝʪʩʷ ʫʜʦʙʥʳʤ ʠ ʥʘʜʝʞʥʳʤ ʤʝʪʦʜʦʤ ʠʜʝʥʪʠʬʠʢʘʮʠʠ 

ʧʨʠʩʫʪʩʪʚʠʷ ʪʝʭ ʠʣʠ ʠʥʳʭ ʚʝʱʝʩʪʚ ʚ ʩʦʩʪʘʚʝ ʤʘʪʝʨʠʘʣʘ, ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʚʣʠʷʥʠʝ 

ʤʦʜʠʬʠʢʘʮʠʠ ʆʋʅʊ ʥʘ ʧʣʦʪʥʦʩʪʴ ʜʝʬʝʢʪʦʚ ʠ ʣʝʛʠʨʦʚʘʥʠʝ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʠʪʴ ʩʪʨʫʢʪʫʨʫ 

ʬʦʩʬʦʨʘ. 

ʊʝʨʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʠ 

ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʙʳʣ ʧʨʦʚʝʜʝʥ ʊɻɸ ʠ ʘʥʘʣʠʟ ʚʳʜʝʣʷʶʱʠʭʩʷ ʛʘʟʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʠ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʧʨʠʙʦʨʝ NETZSCH STA 449F1 Jupiter 

(Selb/Bayern, Germany). ʆʙʨʘʟʝʮ ʧʦʤʝʱʘʣʩʷ ʚ ʦʪʢʨʳʪʳʡ ʪʠʛʝʣʴ ʠʟ Al2O3 ʠ ʥʘʛʨʝʚʘʣʩʷ ʚ 

ʪʦʢʝ ʘʨʛʦʥʘ (40 ʤʣ/ʤʠʥ) ʠʣʠ ʛʝʣʠʷ (20 ʤʣ/ʤʠʥ) ʦʪ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 1000 Áʉ ʩʦ 

ʩʢʦʨʦʩʪʴʶ 10 Áʉ/ʤʠʥ. ʀʦʥʠʟʘʪʦʨ ʵʣʝʢʪʨʦʥʥʦʛʦ ʫʜʘʨʘ ʨʘʙʦʪʘʣ ʧʨʠ ʵʥʝʨʛʠʠ 70 ʵɺ. ʀʦʥʥʳʝ 

ʪʦʢʠ ʚʳʙʨʘʥʥʳʭ ʤʘʩʩʦʚʳʭ/ʟʘʨʷʜʦʚʳʭ ʯʠʩʝʣ (m/z) ʢʦʥʪʨʦʣʠʨʦʚʘʣʠʩʴ ʚ ʨʝʞʠʤʝ 

ʤʥʦʛʦʠʦʥʥʦʛʦ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʩʦ ʚʨʝʤʝʥʝʤ ʩʙʦʨʘ 0,1 ʩ ʜʣʷ ʢʘʞʜʦʛʦ ʢʘʥʘʣʘ. ʇʦʛʨʝʰʥʦʩʪʴ 

ʦʧʨʝʜʝʣʝʥʠʷ ʤʘʩʩʳ Ñ0,1 ʤʢʛ. ɼʘʥʥʳʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʘʥʜ. ʭʠʤ. ʥʘʫʢ ʇʣʶʩʥʠʥʳʤ ʇ. ɽ. ʚ 

ʀʅʍ ʉʆ ʈɸʅ. 

ʅʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʘʜʩʦʨʙʮʠʷ ʘʟʦʪʘ. ʇʦʨʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ ʙʳʣʘ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ ʤʝʪʦʜʦʤ ʘʜʩʦʨʙʮʠʠ ʘʟʦʪʘ ʥʘ ʛʘʟʦʚʦʤ ʩʦʨʙʮʠʦʥʥʦʤ ʘʥʘʣʠʟʘʪʦʨʝ 

Quantachromeôs Autosorb iQ ʧʨʠ 77 ʂ. ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʩʦʝʜʠʥʝʥʠʝ ʘʢʪʠʚʠʨʦʚʘʣʠ ʚ 

ʜʠʥʘʤʠʯʝʩʢʦʤ ʚʘʢʫʫʤʝ ʧʨʠ 150 ÁC ʚ ʪʝʯʝʥʠʝ 8 ʯ. ʀʟʦʪʝʨʤʳ ʘʜʩʦʨʙʮʠʠ-ʜʝʩʦʨʙʮʠʠ ʘʟʦʪʘ 

ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʜʘʚʣʝʥʠʡ ʦʪ 105 ʜʦ 0,995. ʋʜʝʣʴʥʘʷ ʧʣʦʱʘʜʴ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʦʙʲʝʤʘ ʧʦʨ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʤʝʪʦʜʘ ɹʨʫʥʘʫʵʨʘ-ʕʤʤʝʪʘ-ʊʝʣʣʝʨʘ (ɹʕʊ) ʠ ʧʦʜʭʦʜʘ 

ʊʌʇ. ʀʟʤʝʨʝʥʠʷ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʢʘʥʜ. ʭʠʤ. ʥʘʫʢ ʂʦʚʘʣʝʥʢʦ ʂ. ɸ. ʚ ʀʅʍ ʉʆ ʈɸʅ. 
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ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʬʦʪʦʵʣʝʢʪʨʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ. ʆʧʨʝʜʝʣʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʘʪʦʤʦʚ ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʦʚʦʜʠʣʠ 

ʤʝʪʦʜʘʤʠ ʈʌʕʉ ʠ NEXAFS. ʕʪʠ ʤʝʪʦʜʳ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʠʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦʙ 

ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʭʠʤʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʢʘʢ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ, ʪʘʢ ʠ ʚ ʦʙʲʝʤʥʳʭ ʦʙʣʘʩʪʷʭ 

ʚʝʱʝʩʪʚʘ [112,113].  

ʀʟʤʝʨʝʥʠʝ ʈʌʕʉ ʉ 1s-ʩʧʝʢʪʨʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʠʥʪʝʨʚʘʣʝ 280ï310 ʵɺ, ʘ ʩʧʝʢʪʨ r

P 2p ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʠʥʪʝʨʚʘʣʝ ʵʥʝʨʛʠʡ 128 138 ʵɺ. ʕʥʝʨʛʝʪʠʯʝʩʢʦʝ ʧʦʣʦʞʝʥʠʝ 

ʩʧʝʢʪʨʦʚ ʧʨʠʚʷʟʳʚʘʣʦʩʴ ʧʦ ʧʦʣʦʞʝʥʠʶ ʣʠʥʠʠ ʟʦʣʦʪʘ Au 4f7/2 ʧʨʠ 84,0 ʵɺ. ʕʥʝʨʛʝʪʠʯʝʩʢʘʷ 

ʧʨʠʚʷʟʢʘ ʠ ʥʦʨʤʠʨʦʚʢʘ ʩʧʝʢʪʨʦʚ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ Origin 9. 

ɺʳʯʠʪʘʥʠʝ ʬʦʥʘ ʠ ʨʘʟʣʦʞʝʥʠʝ ʩʧʝʢʪʨʦʚ ʥʘ ʢʦʤʧʦʥʝʥʪʳ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʚ ʨʘʤʢʘʭ 

ʧʨʦʛʨʘʤʤʳ CasaXPS. ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʨʠʚʳʭ ʚʳʯʠʪʘʣʩʷ ʬʦʥ ʧʦ 

ʤʝʪʦʜʫ ʐʠʨʣʠ [114]. ɸʧʧʨʦʢʩʠʤʘʮʠʷ ʩʧʝʢʪʨʦʚ ʭʠʤʠʯʝʩʢʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ 

ʫʛʣʝʨʦʜʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʫʯʝʪʦʤ ʭʠʤʠʯʝʩʢʠ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʘʪʦʤʦʚ 

ʫʛʣʝʨʦʜʘ, ʢʦʣʠʯʝʩʪʚʦ ʢʦʤʧʦʥʝʥʪ ʦʧʨʝʜʝʣʷʣʦʩʴ ʠʩʭʦʜʷ ʠʟ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ 

ʘʥʘʣʠʟʘ. ʂʦʤʧʦʥʝʥʪʳ ʩʧʝʢʪʨʘ ʧʨʝʜʩʪʘʚʣʷʣʠ ʩʦʙʦʡ ʩʤʝʩʴ ɻʘʫʩʩʦʚʦʡ ʠ ʃʦʨʝʥʮʝʚʦʡ 

ʬʫʥʢʮʠʡ, ʘ ʜʣʷ ʉ 1s ʩʧʝʢʪʨʦʚ ʦʙʨʘʟʮʦʚ ʩ ʤʘʣʦʡ ʩʪʝʧʝʥʴʶ ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʠ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʣʠ ʘʩʠʤʤʝʪʨʠʯʥʫʶ ʬʫʥʢʮʠʶ ɼʦʥʠʘʢʘ-ʉʘʥʜʞʠʢʘ [115]. 

ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʦʧʨʝʜʝʣʷʣʩʷ ʧʦ ʦʙʟʦʨʥʦʤʫ ʈʌʕʉ ʩʧʝʢʪʨʫ, ʧʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ 

ʩʦʩʪʘʚʣʷʝʪ 5%.  

ʀʟʤʝʨʝʥʠʷ ʈʌʕʉ ʩʧʝʢʪʨʦʚ ʥʘ ʣʘʙʦʨʘʪʦʨʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ ʧʨʦʚʦʜʠʣʠʩʴ ʩ 

ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʠʤ ʚʦʟʙʫʞʜʝʥʠʝʤ Al KŬ-ʠʟʣʫʯʝʥʠʝʤ ʧʨʠ ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʘʶʱʠʭ 

ʬʦʪʦʥʦʚ 1486,7 ɻ ɺ. ʉʧʝʢʪʨʳ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ FlexPS (SPECS Surface Nano 

Analysis GmbH, Berlin, Germany), ʦʩʥʘʱʝʥʥʦʤ ʘʥʘʣʠʟʘʪʦʨʦʤ Phoibos 150. ʆʩʪʘʪʦʯʥʦʝ 

ʜʘʚʣʝʥʠʝ ʛʘʟʦʚ ʚ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʢʘʤʝʨʝ ʩʧʝʢʪʨʦʤʝʪʨʘ ʩʦʩʪʘʚʣʷʣʦ 10ī9 ʤʙʘʨ. ʀʟʤʝʨʝʥʠʷ 

ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ ʌʝʜʦʨʝʥʢʦ ɸ. ɼ. ʠ ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ ɸʩʘʥʦʚʳʤ 

ʀ. ʇ. ʚ ʀʅʍ ʉʆ ʈɸʅ. 

ʉʧʝʢʪʨʳ ʈʌʕʉ ʧʨʠ ʵʥʝʨʛʠʷʭ 500 ʠ 830 ʵɺ ʙʳʣʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʪʘʥʮʠʠ ʥʘ ʈʦʩʩʠʡʩʢʦ-ɻʝʨʤʘʥʩʢʦʤ ʢʘʥʘʣʝ Berliner 

Elektronenspeicherring f¿r Synchrotronstrahlung (BESSY). ʈʌʕʉ-ʩʧʝʢʪʨʳ ʟʘʧʠʩʳʚʘʣʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʣʝʢʪʨʦʥʥʦ-ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ PHOIBOS 150 (SPECS GmbH, 

ɹʝʨʣʠʥ, ɻʝʨʤʘʥʠʷ). ʆʩʪʘʪʦʯʥʦʝ ʜʘʚʣʝʥʠʝ ʛʘʟʦʚ ʚ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʢʘʤʝʨʝ ʩʧʝʢʪʨʦʤʝʪʨʘ 
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ʩʦʩʪʘʚʣʷʣʦ 10ī10 ʤʙʘʨ. ʈʌʕʉ ʩʧʝʢʪʨʳ ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ ʠʟʤʝʨʷʣʠʩʴ ʧʨʠ ʵʥʝʨʛʠʠ 

ʚʦʟʙʫʞʜʝʥʠʷ 100 ʵɺ. 

ʄʝʪʦʜ ʈʌʕʉ ʧʦʢʘʟʘʣ ʚʳʩʦʢʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʠʟʤʝʥʝʥʠʷʤ ʚ ʵʣʝʢʪʨʦʥʥʦʤ 

ʩʦʩʪʦʷʥʠʠ ʫʛʣʝʨʦʜʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʣʠʪʠʝʤ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ in situ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʪʝʨʤʠʯʝʩʢʠ ʣʠʪʠʨʦʚʘʥʥʳʭ ʚ ʚʘʢʫʫʤʝ, ʙʳʣʘ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʥʘ ʧʨʠʤʝʨʝ ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ 

(HOPG) [116], ʛʨʘʬʝʥʘ [117], ʧʦʨʠʩʪʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ [118] ʠ ʆʋʅʊ [113]. ʊʘʢʠʝ 

ʤʦʜʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʠʤʝʶʪ ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʝʨʝʜ ʠʟʤʝʨʝʥʠʷʤʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠ 

ʣʠʪʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʩʚʷʟʫʶʱʝʝ ʚʝʱʝʩʪʚʦ ʠ ʧʨʦʜʫʢʪʳ ʨʘʟʣʦʞʝʥʠʷ 

ʵʣʝʢʪʨʦʣʠʪʘ ʠ ʦʢʠʩʣʝʥʠʷ ʣʠʪʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʣʠʪʠʡ ʤʦʞʝʪ ʦʩʘʞʜʘʪʴʩʷ ʥʘ ʥʝʩʢʦʣʴʢʠʭ 

ʦʙʨʘʟʮʘʭ ʦʜʥʦʚʨʝʤʝʥʥʦ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʥʘʧʨʷʤʫʶ ʩʨʘʚʥʠʚʘʪʴ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ 

ʤʘʪʝʨʠʘʣʦʤ. ʇʦ ʦʢʦʥʯʘʥʠʠ ʠʟʤʝʨʝʥʠʡ ʈʌʕʉ ʩʧʝʢʪʨʦʚ, ʦʙʨʘʟʮʳ ʧʦʜʚʝʨʛʘʣʠʩʴ 

ʚʦʟʜʝʡʩʪʚʠʶ ʧʘʨʦʚ Li ʚ ʩʚʝʨʭʚʳʩʦʢʦʤ ʚʘʢʫʫʤʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʭʦʨʦʰʦ 

ʜʝʛʘʟʠʨʦʚʘʥʥʦʛʦ ʣʠʪʠʝʚʦʛʦ ʠʩʪʦʯʥʠʢʘ (SAES Getters), ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 15 

ʩʤ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʠ ʨʘʙʦʪʘʚʰʝʛʦ ʧʨʠ ʪʦʢʝ 7,7 ɸ. ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥ. ʉʧʝʢʪʨʳ 

ʈʌʕʉ ʣʠʪʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʟʘʧʠʩʳʚʘʣʠ ʩʨʘʟʫ ʧʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʣʠʪʠʷ ʙʝʟ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʙʨʘʟʮʦʚ ʩ ʚʦʟʜʫʭʦʤ.  

ʀʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ ʥʘ ʈʫʩʩʢʦ-ɻʝʨʤʘʥʩʢʦʤ ʢʘʥʘʣʝ BESSY II  ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ 

ʩʦʪʨʫʜʥʠʢʘʤʠ ʣʘʙʦʨʘʪʦʨʠʠ ʬʠʟʠʢʦʭʠʤʠʠ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʀʅʍ ʉʆ ʈɸʅ. 

ɹʣʠʞʥʷʷ ʪʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ. ʀʟʤʝʨʝʥʠʝ ʩʧʝʢʪʨʦʚ 

ʧʦʛʣʦʱʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʪʘʥʮʠʠ ʥʘ ʈʦʩʩʠʡʩʢʦ-

ɻʝʨʤʘʥʩʢʦʤ ʢʘʥʘʣʝ Berliner Elektronenspeicherring f¿r Synchrotronstrahlung (BESSY). 

NEXAFS ʩʧʝʢʪʨʳ ʂ-ʢʨʘʷ ʧʦʛʣʦʱʝʥʠʷ ʫʛʣʝʨʦʜʘ ʠʟʤʝʨʷʣʠʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ 280 310 

ʵɺ, P L-ʩʧʝʢʪʨʳ ï ʚ ʜʠʘʧʘʟʦʥʝ 126144 ʵɺ. ʕʥʝʨʛʝʪʠʯʝʩʢʦʝ ʨʘʟʨʝʰʝʥʠʝ ʤʦʥʦʭʨʦʤʘʪʦʨʘ 

ʩʦʩʪʘʚʣʷʣʦ ʦʢʦʣʦ 80 ʤʵɺ. NEXAFS-ʩʧʝʢʪʨʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʫʪʝʤ ʨʝʛʠʩʪʨʘʮʠʠ ʧʦʣʥʦʛʦ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʚʳʭʦʜʘ ʚʥʝʰʥʝʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʬʦʪʦʵʬʬʝʢʪʘ ʚ ʨʝʞʠʤʝ ʠʟʤʝʨʝʥʠʷ ʪʦʢʘ 

ʫʪʝʯʢʠ ʩ ʦʙʨʘʟʮʘ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʵʥʝʨʛʠʠ ʧʘʜʘʶʱʠʭ ʥʘ ʥʝʛʦ ʬʦʪʦʥʦʚ. ɺʩʝ ʠʟʤʝʨʝʥʠʷ 

ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʚ ʩʚʝʨʭʚʳʩʦʢʦʤ ʚʘʢʫʫʤʝ ʧʨʠ ʜʘʚʣʝʥʠʠ ʚ ʠʟʤʝʨʠʪʝʣʴʥʦʡ 

ʢʘʤʝʨʝ ʥʝ ʭʫʞʝ 2Ĭ10ī8 ʇʘ. ʕʥʝʨʛʝʪʠʯʝʩʢʦʝ ʨʘʟʨʝʰʝʥʠʝ ʤʦʥʦʭʨʦʤʘʪʦʨʘ ʚ ʦʙʣʘʩʪʠ ʉ K-

ʢʨʘʷ ʧʦʛʣʦʱʝʥʠʷ ʫʛʣʝʨʦʜʘ (Ḑ 285 ʵɺ) ʩʦʩʪʘʚʣʷʣʦ Ḑ 0,1 ʵɺ. ʇʦ ʦʢʦʥʯʘʥʠʠ ʠʟʤʝʨʝʥʠʡ 

NEXAFS ʩʧʝʢʪʨʦʚ, ʦʙʨʘʟʮʳ ʧʦʜʚʝʨʛʘʣʠʩʴ ʚʦʟʜʝʡʩʪʚʠʶ ʧʘʨʦʚ Li ʚ ʩʚʝʨʭʚʳʩʦʢʦʤ ʚʘʢʫʫʤʝ, 
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ʟʘʪʝʤ ʩʨʘʟʫ ʞʝ ʟʘʧʠʩʳʚʘʣʠ ʩʧʝʢʪʨʳ ʣʠʪʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʙʝʟ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʙʨʘʟʮʦʚ 

ʩ ʚʦʟʜʫʭʦʤ.  

ʀʟʤʝʨʝʥʠʷ NEXAFS ʩʧʝʢʪʨʦʚ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʩʦʪʨʫʜʥʠʢʘʤʠ ʣʘʙʦʨʘʪʦʨʠʠ 

ʬʠʟʠʢʦʭʠʤʠʠ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʀʅʍ ʉʆ ʈɸʅ. 

ʂʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ. ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʚ 

ʨʘʤʢʘʭ ʊʌʇ. ʈʘʩʯʝʪʳ ʵʥʝʨʛʠʡ ʬʦʩʬʦʨʥʳʭ ʩʪʨʫʢʪʫʨ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʧʝʢʪʨʦʚ ʂʈʉ ʠ 

ʠʟʦʙʨʘʞʝʥʠʡ ʇʕʄ ɺʈ ʚʳʧʦʣʥʷʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʢʝʪʘ AIMPRO ʚ ʨʘʤʢʘʭ 

ʦʙʦʙʱʝʥʥʦʛʦ ʛʨʘʜʠʝʥʪʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ (GGA), ʧʘʨʘʤʝʪʨʠʟʦʚʘʥʥʦʛʦ ʬʫʥʢʮʠʦʥʘʣʦʤ 

Perdew-Burke-Ernzerhof (PBE). ɸʪʦʤʥʳʝ ʦʨʙʠʪʘʣʠ ʬʦʩʬʦʨʘ ʦʧʠʩʳʚʘʣʠʩʴ ʥʘʙʦʨʦʤ ʠʟ 40 

ʬʫʥʢʮʠʡ s-, p- ʠ d-ʪʠʧʘ. ɺ ʨʘʩʯʝʪʘʭ, ʫʯʠʪʳʚʘʶʱʠʭ ʥʘʣʠʯʠʝ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʦʢʨʘʱʝʥʥʳʡ ʫʛʣʝʨʦʜʥʳʡ ʙʘʟʠʩ C44G* ʩ 13 ʬʫʥʢʮʠʷʤʠ ʥʘ ʘʪʦʤ ʫʛʣʝʨʦʜʘ. 

ɺ ʨʘʩʯʝʪʘʭ ʩʪʨʫʢʪʫʨ ʮʝʧʦʯʝʢ ʬʦʩʬʦʨʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚʘʢʫʫʤʥʳʡ ʩʣʦʡ ʪʦʣʱʠʥʦʡ 20 , 

ʯʪʦʙʳ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʮʝʧʦʯʢʘʤʠ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ. ɼʣʷ 

ʫʯʝʪʘ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʦʚʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʧʨʠ ʨʘʩʯʝʪʝ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʬʦʩʬʦʨʘ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʦʜʭʦʜ Grimme DFT-D3. ʇʦʣʦʞʝʥʠʷ ʘʪʦʤʦʚ ʠ ʚʝʣʠʯʠʥʳ ʚʝʢʪʦʨʦʚ 

ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʥʝʟʘʚʠʩʠʤʦ ʚʘʨʴʠʨʦʚʘʣʠʩʴ ʙʝʟ ʦʛʨʘʥʠʯʝʥʠʡ ʧʦ ʩʠʤʤʝʪʨʠʠ ʜʦ 

ʟʥʘʯʝʥʠʡ 106 ʘ0 (ʘ0 ï ʨʘʜʠʫʩ ɹʦʨʘ) ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʘʪʦʤʦʚ ʠ 107 Ha (Hʘ ï 

ʍʘʨʪʨʠ) ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ. ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ʜʚʫʭʮʝʧʦʯʝʯʥʳʭ 

ʩʪʨʫʢʪʫʨ ʚ ʢʘʯʝʩʪʚʝ crl-[P8]P2[P9]P2[ ʙʳʣʘ ʚʟʷʪʘ ʠʩʭʦʜʥʘʷ ʩʪʨʫʢʪʫʨʘ ʚʦʣʦʢʥʠʩʪʦʛʦ 

ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʩ ʢʦʚʘʣʝʥʪʥʦʡ ʩʰʠʚʘʶʱʝʡ ʩʚʷʟʴʶ ʤʝʞʜʫ ʜʚʫʤʷ ʮʝʧʷʤʠ. ɼʣʷ 

ʦʩʪʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʛʣʦʙʘʣʴʥʘ ̫ ʦʧʪʠʤʠʟʘʮʠ,̫ ʫʯʠʪʳʚʘʷ ʚʦʟʤʦʞʥʳʝ 

ʧʝʨʝʤʝʱʝʥʠʷ ʠ ʧʦʚʦʨʦʪʳ ʦʜʥʦʡ ʮʝʧʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʦʡ. ʇʨʠ ʨʘʩʯʝʪʝ ʵʥʝʨʛʠʠ ʮʝʧʦʯʝʢ 

ʬʦʩʬʦʨʘ ʚʥʫʪʨʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʧʘʨʘʤʝʪʨ ʨʝʰʝʪʢʠ ʋʅʊ ʙʳʣ ʤʘʩʰʪʘʙʠʨʦʚʘʥ ʪʘʢ, 

ʯʪʦʙʳ ʦʥ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣ ʚʝʢʪʦʨʫ ʨʝʰʝʪʢʠ ʬʦʩʬʦʨʘ.  

ʉʦʙʩʪʚʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʬʦʥʦʥʦʚ ʠ ʩʦʙʩʪʚʝʥʥʳʝ ʚʝʢʪʦʨʳ ʚ ʪʦʯʢʝ ɻ ʟʦʥʳ ɹʨʠʣʣʶʵʥʘ 

ʚʳʯʠʩʣʷʣʠ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʢʘʞʜʳʡ ʘʪʦʤ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʧʦʦʯʝʨʝʜʥʦ ʩʤʝʱʘʣʩʷ ʚ ʥʘʧʨʘʚʣʝʥʠʷʭ x, y ʠ z ʥʘ 0,106 ¡, ʘ ʩʠʣʳ, ʜʝʡʩʪʚʫʶʱʠʝ 

ʥʘ ʚʩʝ ʘʪʦʤʳ, ʦʮʝʥʠʚʘʣʠʩʴ ʘʥʘʣʠʪʠʯʝʩʢʠ. ɺʪʦʨʘʷ ʧʨʦʠʟʚʦʜʥʘʷ ʵʥʝʨʛʠʠ ʧʦ ʢʦʥʝʯʥʳʤ 

ʩʤʝʱʝʥʠʷʤ ʘʪʦʤʦʚ ʦʧʨʝʜʝʣʷʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʦʡ ʩʭʝʤʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʩʯʠʪʘʥʥʳʭ ʩʠʣ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʪʨʠʮʳ. 

ʀʥʪʝʥʩʠʚʥʦʩʪʠ ʂʈʉ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʇʣʘʯʝʢʘ ʠ ʫʰʠʨʝʥʳ ʬʫʥʢʮʠʷʤʠ 

ʃʦʨʝʥʮʘ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʘ. ʆʢʦʥʯʘʪʝʣʴʥʳʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ 
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ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʩ ʣʦʨʝʥʮʝʚʳʤ ʫʰʠʨʝʥʠʝʤ. ʈʘʩʯʝʪʳ ʜʣʷ 

ʦʙʲʝʤʥʳʭ ʘʣʣʦʪʨʦʧʦʚ ʬʦʩʬʦʨʘ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʣʫʯʰʝʝ ʩʦʛʣʘʩʠʝ ʯʘʩʪʦʪ ʢʦʣʝʙʘʥʠʡ 

ʜʦʩʪʠʛʘʝʪʩʷ ʚ ʧʨʠʙʣʠʞʝʥʠʠ PBE-D2. ʈʘʩʯʝʪʥʳʝ ʧʦʣʦʞʝʥʠʷ ʧʠʢʦʚ ʥʝʤʥʦʛʦ ʩʜʚʠʥʫʪʳ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʥʝʪʦʯʥʦʩʪʠ 

ʬʫʥʢʮʠʡ ʦʙʤʝʥʘ ʠ ʢʦʨʨʝʣʷʮʠʠ.  

ɿʦʥʥʳʝ ʨʘʩʯʝʪʳ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʚ ʉʢʦʣʢʦʚʩʢʦʤ ʠʥʩʪʠʪʫʪʝ ʥʘʫʢʠ ʠ ʪʝʭʥʦʣʦʛʠʡ 

ʢʘʥʜ. ʭʠʤ. ʥʘʫʢ ʈʳʙʢʦʚʩʢʠʤ ɼ. ɺ. ʠ ʚ ʀʥʩʪʠʪʫʪʝ ʤʘʪʝʨʠʘʣʦʚ ʠʤ. ɾ. ʈʫʢʩʝʣʷ ʚʦ ʌʨʘʥʮʠʠ 

PhD Impellizzeri A. ʠ Dr. Ewels C. P.  

ʀʟʦʙʨʘʞʝʥʠʷ ʇʕʄ ɺʈ ʙʳʣʠ ʩʤʦʜʝʣʠʨʦʚʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʜʘ MUSLI37 ʠ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ Gatan Microcracy Suite ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʪʦʤʠʩʪʠʯʝʩʢʠʭ 

ʢʦʦʨʜʠʥʘʪ ʠʟ ʨʘʩʯʝʪʦʚ ʊʌʇ. ʍʠʨʘʣʴʥʦʩʪʴ ʆʋʅʊ ʦʧʨʝʜʝʣʷʣʘʩʴ ʥʘ ʦʩʥʦʚʝ ʭʠʨʘʣʴʥʦʛʦ 

ʫʛʣʘ, ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʧʦ ʠʟʦʙʨʘʞʝʥʠʶ ʆʋʅʊ ʧʦʣʫʯʝʥʥʦʛʦ ʩ ʧʦʤʦʱʴʶ ʙʳʩʪʨʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ, ʠ ʜʠʘʤʝʪʨʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʨʘʬʠʢʘ (ɗ,d).  

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʠʟʦʙʨʘʞʝʥʠʡ ʇʕʄ ɺʈ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʚ ʀʩʧʘʥʠʠ ʚ ʮʝʥʪʨʝ 

Nanogune ʢʘʥʜ. ʭʠʤ. ʥʘʫʢ ʂʦʨʦʪʝʝʚʳʤ ɺ. ʆ. ʠ ʧʨʦʬʝʩʩʦʨʦʤ ʏʫʚʠʣʠʥʳʤ ɸ. ʃ. 

ɼʣʷ ʬʨʘʛʤʝʥʪʦʚ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʆʋʅʊ ʠ ʚʦʣʦʢʥʠʩʪʦʛʦ ʬʦʩʬʦʨʘ, ʘ ʪʘʢʞʝ 

P@ʆʋʅʊ ʙʳʣʠ ʪʘʢʞʝ ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʧʣʦʪʥʦʩʪʠ ʟʘʥʷʪʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʩ 

ʧʦʤʦʱʴʶ ʧʘʢʝʪʘ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʛʨʘʤʤ Jaguar [119] (version 10.3, Schrºdinger, 

LLC, New York, NY, 2019). ʆʙʦʨʚʘʥʥʳʝ ʩʚʷʟʠ ʧʦ ʢʨʘʷʤ ʬʨʘʛʤʝʥʪʦʚ ʙʳʣʠ ʥʘʩʳʱʝʥʳ 

ʘʪʦʤʘʤʠ ʚʦʜʦʨʦʜʘ. ʌʨʘʛʤʝʥʪ ʆʋʅʊ (12,12) ʠʤʝʣ ʩʦʩʪʘʚ C576H48. ʇʦʣʦʞʝʥʠʷ ʘʪʦʤʦʚ 

ʫʛʣʝʨʦʜʘ ʚ ʵʪʦʤ ʬʨʘʛʤʝʥʪʝ ʙʳʣʠ ʦʧʪʠʤʠʟʠʨʦʚʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʪʨʝʭʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʛʠʙʨʠʜʥʦʛʦ ʬʫʥʢʮʠʦʥʘʣʘ Becke [120] ʠ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ 

ʬʫʥʢʮʠʦʥʘʣʘ Lee-Yang-Parrôs [121] (ʤʝʪʦʜ b3lyp) ʠ ʙʘʟʠʩʥʦʛʦ ʥʘʙʦʨʘ ʘʪʦʤʥʳʭ ʦʨʙʠʪʘʣʝʡ 

6-31g*. ʌʨʘʛʤʝʥʪ ʚʦʣʦʢʥʠʩʪʦʡ ʜʚʦʡʥʦʡ ʮʝʧʦʯʢʠ ʬʦʩʬʦʨʘ ʠʤʝʣ ʩʦʩʪʘʚ P58H8. ɼʣʷ ʨʘʩʯʝʪʘ 

ʬʦʩʬʦʨʘ ʙʳʣ ʚʳʙʨʘʥ ʛʠʙʨʠʜʥʳʡ ʬʫʥʢʮʠʦʥʘʣ m05-2x [122], ʧʘʨʘʤʝʪʨʠʟʦʚʘʥʥʳʡ ʜʣʷ 

ʥʝʤʝʪʘʣʣʦʚ, ʩ ʫʯʝʪʦʤ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʧʦʧʨʘʚʢʠ D3, ʨʘʟʨʘʙʦʪʘʥʥʦʡ ɻʨʠʤʤʝ [123]. 

ʆʧʪʠʤʠʟʘʮʠʷ ʛʝʦʤʝʪʨʠʠ P58H8 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ m05-2x-D3/6-31g* ʜʘʣʘ ʩʨʝʜʥʝʝ 

ʨʘʩʩʪʦʷʥʠʝ ʩʚʷʟʠ PïP 0,223 ʥʤ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ 0,222 ʥʤ 

[18]. ʄʦʜʝʣʴ P@ʆʋʅʊ ʙʳʣʘ ʩʦʟʜʘʥʘ ʧʫʪʝʤ ʨʘʟʤʝʱʝʥʠʷ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʛʦ ʬʨʘʛʤʝʥʪʘ 

P58H8 ʚ ʮʝʥʪʨʝ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʛʦ ʪʨʫʙʯʘʪʦʛʦ ʢʣʘʩʪʝʨʘ C576H48. ʕʪʘ ʤʦʜʝʣʴ ʩʣʠʰʢʦʤ 

ʚʝʣʠʢʘ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ, ʧʦʵʪʦʤʫ ʙʳʣ ʧʨʦʚʝʜʝʥ ʪʦʣʴʢʦ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʳʡ ʨʘʩʯʝʪ ʥʘ 

ʫʨʦʚʥʝ m05-2x-D3/6-31g*. ʈʌʕC-ʩʧʝʢʪʨʳ ʚʘʣʝʥʪʥʦʡ ʧʦʣʦʩʳ ʩʪʨʦʠʣʠʩʴ ʜʣʷ ʮʝʥʪʨʘʣʴʥʳʭ 
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ʯʘʩʪʝʡ ʬʨʘʛʤʝʥʪʦʚ ʚʦ ʠʟʙʝʞʘʥʠʝ ʚʣʠʷʥʠʷ ʢʨʘʝʚʳʭ ʩʦʩʪʦʷʥʠʡ. ʃʠʥʠʠ ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʟʘʥʷʪʳʭ ʦʨʙʠʪʘʣʝʡ, ʙʳʣʠ ʫʰʠʨʝʥʳ ʣʦʨʝʥʮʝʚʳʤʠ 

ʬʫʥʢʮʠʷʤʠ ʩʦ ʟʥʘʯʝʥʠʝʤ ʧʦʣʫʚʳʩʦʪʳ 0,8 ʵɺ. 

ɼʣʷ ʨʘʩʯʝʪʦʚ ʜʠʬʬʫʟʠʦʥʥʳʭ ʙʘʨʴʝʨʦʚ ʠ ʵʥʝʨʛʠʡ ʘʜʩʦʨʙʮʠʠ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ 

ʣʠʪʠʝʤ ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʠ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʙʳʣʘ ʚʳʙʨʘʥʘ ʷʯʝʡʢʘ P8, ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ 

ʦʩʥʦʚʥʦʡ ʩʪʨʫʢʪʫʨʥʦʡ ʝʜʠʥʠʮʝʡ ʚʦʣʦʢʥʠʩʪʦʛʦ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ. ʋʩʪʦʡʯʠʚʦʩʪʴ ʜʘʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʦʙʫʩʣʦʚʣʝʥʘ ʢʦʦʨʜʠʥʘʮʠʝʡ ʢʘʞʜʦʛʦ ʘʪʦʤʘ ʬʦʩʬʦʨʘ ʩ ʪʨʝʤʷ ʩʦʩʝʜʷʤʠ. ʈʘʟʤʝʨ 

ʷʯʝʡʢʠ P8 ʧʦ ʜʠʘʛʦʥʘʣʠ ʩʦʩʪʘʚʣʷʝʪ ~0,35 ʥʤ, ʧʦʵʪʦʤʫ ʧʦʜʭʦʜʷʱʝʡ ʤʦʜʝʣʴʶ ʜʣʷ ʝʝ 

ʨʘʟʤʝʱʝʥʠʷ ʷʚʣʷʝʪʩʷ ʢʨʝʩʣʦʦʙʨʘʟʥʘʷ ʋʅʊ ʢʦʥʬʠʛʫʨʘʮʠʠ (8,8) c ʜʠʘʤʝʪʨʦʤ ~1,11 ʥʤ. 

ɼʘʥʥʫʶ ʋʅʊ ʤʦʜʝʣʠʨʦʚʘʣʠ ʢʣʘʩʪʝʨʦʤ, ʩʦʩʪʦʷʱʠʤ ʠʟ 5ï6 ʛʝʢʩʘʛʦʥʦʚ ʚ ʜʣʠʥʫ; ʛʨʘʥʠʮʳ 

ʢʣʘʩʪʝʨʘ ʥʘʩʳʱʘʣʠ ʘʪʦʤʘʤʠ ʚʦʜʦʨʦʜʘ. ʉʦʩʪʘʚ ʢʣʘʩʪʝʨʘ ʉ208ʅ32. ʇʨʦʥʠʢʥʦʚʝʥʠʝ ʣʠʪʠʷ ʚʦ 

ʚʥʫʪʨʝʥʥʶʶ ʧʦʣʦʩʪʴ ʋʅʊ ʚʦʟʤʦʞʥʦ ʧʨʠ ʥʘʣʠʯʠʠ ʚʘʢʘʥʩʠʦʥʥʳʭ ʜʝʬʝʢʪʦʚ ʚ ʩʪʝʥʢʘʭ. ɼʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʘ ʚʘʢʘʥʩʠʠ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʣʠʪʠʶ ʧʨʦʥʠʢʘʪʴ ʚʥʫʪʨʴ ʥʘʥʦʪʨʫʙʢʠ, 

ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʤʦʜʝʣʠ ʩ ʜʚʫʭ-, ʪʨʝʭ-, ʠ ʯʝʪʳʨʝʭʘʪʦʤʥʦʡ ʚʘʢʘʥʩʠʷʤʠ. ʉʦʩʪʘʚ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʦʜʝʣʝʡ ʉ206ʅ32, ʉ205ʅ32 ʠ ʉ204ʅ32. ɹʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʤʦʜʝʣʠ ʩ ʘʪʦʤʦʤ 

ʣʠʪʠʷ, ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʤ ʥʘ ʜʝʬʝʢʪʝ ʩ ʚʥʝʰʥʝʡ ʠ ʩ ʚʥʫʪʨʝʥʥʝʡ ʩʪʦʨʦʥʳ ʥʘʥʦʪʨʫʙʢʠ, ʜʣʷ 

ʤʦʜʝʣʝʡ ʩ ʜʚʫʭʘʪʦʤʥʦʡ ʠ ʯʝʪʳʨʝʭʘʪʦʤʥʦʡ ʚʘʢʘʥʩʠʷʤʠ ʦʧʨʝʜʝʣʝʥ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʙʘʨʴʝʨ 

ʜʣʷ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʣʠʪʠʷ ʚʥʫʪʨʴ ʋʅʊ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʦʛʦ ʬʦʩʬʦʨʘ ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʋʅʊ 

ʩ ʣʠʪʠʝʤ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʤʦʜʝʣʝʡ ʉ208ʅ32 ʠ P8@ʉ208ʅ32, ʉ204ʅ32 ʠ 

P8@ʉ204ʅ32 c ʘʪʦʤʦʤ ʣʠʪʠʷ, ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʤ ʥʘ ʚʥʝʰʥʝʡ ʠʣʠ ʚʥʫʪʨʝʥʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʥʘʥʦʪʨʫʙʢʠ, ʧʦ ʬʦʨʤʫʣʝ Ebind = Etot(model+Li)ïEtot(model)ïEtot(Li), ʛʜʝ ʯʣʝʥʳ ʚ ʧʨʘʚʦʡ 

ʯʘʩʪʠ ʬʦʨʤʫʣʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʤʦʜʝʣʠ ʩ ʣʠʪʠʝʤ, ʤʦʜʝʣʠ ʙʝʟ ʣʠʪʠʷ ʠ 

ʘʪʦʤʫ ʣʠʪʠʷ. ʕʥʝʨʛʠʠ ʤʦʜʝʣʝʡ ʧʦʣʫʯʝʥʳ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʧʪʠʤʠʟʘʮʠʠ ʧʦʣʦʞʝʥʠʡ ʚʩʝʭ 

ʘʪʦʤʦʚ ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʛʨʘʥʠʯʥʳʭ ʘʪʦʤʦʚ ʚʦʜʦʨʦʜʘ. ɿʘʨʷʜ ʥʘ ʘʪʦʤʘʭ ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʦ 

ʄʘʣʣʠʢʝʥʫ. 

ʂʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʙʳʣʠ ʧʨʦʚʝʜʝʥr ʛʣʘʚʥʳʤ ʥʘʫʯʥʳʤ ʩʦʪʨʫʜʥʠʢʦʤ 

ʣʘʙʦʨʘʪʦʨʠʠ ʬʠʟʠʢʦʭʠʤʠʠ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʀʅʍ ʉʆ ʈɸʅ ʜ-ʨ. ʭʠʤ. ʥʘʫʢ ɹʫʣʫʰʝʚʦʡ ʃ. ɻ. 
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2.3. ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ 

2.3.1. ʄʝʪʦʜʠʢʘ ʠʟʛʦʪʦʚʣʝʥʠʷ ʵʣʝʢʪʨʦʜʦʚ  

ʅʘʚʝʩʢʫ ʜʨʫʛʦʛʦ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ (~30 ʤʛ) ʩʤʝʰʠʚʘʣʠ ʩ 10 ʤʘʩʩ% 

ʧʦʣʠʚʠʥʠʣʜʠʬʪʦʨʠʜʘ (PVDF-2), ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʩʚʷʟʳʚʘʥʠʷ ʯʘʩʪʠʮ ʚ ʤʘʪʝʨʠʘʣʝ ʠ 

ʤʘʪʝʨʠʘʣʘ ʩ ʤʝʜʥʦʡ ʬʦʣʴʛʦʡ, 10 ʤʘʩʩ% ʧʨʦʚʦʜʷʱʝʡ ʫʛʣʝʨʦʜʥʦʡ ʜʦʙʘʚʢʠ Super P (ʩʘʞʘ, 

ʧʦʣʫʯʝʥʥʘʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʘʩʪʠʯʥʦʛʦ ʦʢʠʩʣʝʥʠʷ ʥʝʬʪʝʭʠʤʠʯʝʩʢʠʭ ʧʨʦʜʫʢʪʦʚ, 

ʥʝʦʙʭʦʜʠʤʘʷ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʧʨʦʚʦʜʠʤʦʩʪʠ) ʠ 2ï3 ʤʣ N-ʤʝʪʠʣʧʠʨʨʦʣʠʜʦʥʘ, 

ʠʩʧʦʣʴʟʫʶʱʝʛʦʩʷ ʚ ʢʘʯʝʩʪʚʝ ʨʘʩʪʚʦʨʠʪʝʣʷ ʜʣʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʜʠʩʧʝʨʛʘʮʠʠ ʯʘʩʪʠʮ. 

ʉʤʝʩʴ ʧʦʜʚʝʨʛʘʣʠ ʠʥʪʝʥʩʠʚʥʦʤʫ ʧʝʨʝʤʝʰʠʚʘʥʠʶ ʩʪʘʣʴʥʳʤʠ ʰʘʨʠʢʘʤʠ ʥʘ ʚʠʙʨʘʮʠʦʥʥʦʡ 

ʤʝʰʘʣʢʝ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ. ʇʦʣʫʯʝʥʥʫʶ ʚʷʟʢʫʶ ʤʘʩʩʫ ʥʘʥʦʩʠʣʠ ʤʝʪʦʜʦʤ ʧʨʦʢʘʪʳʚʘʥʠʷ ʥʘ 

ʤʘʪʦʚʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʤʝʜʥʦʡ ʬʦʣʴʛʠ ʠ ʩʫʰʠʣʠ ʦʪ ʨʘʩʪʚʦʨʠʪʝʣʷ 12 ʯʘʩʦʚ ʧʨʠ 80 Üʉ ʚ 

ʜʠʥʘʤʠʯʝʩʢʦʤ ʚʘʢʫʫʤʝ. ʕʣʝʢʪʨʦʜʳ ʜʠʘʤʝʪʨʦʤ 10 ʤʤ ʚʳʨʝʟʘʣʠ ʩ ʧʦʤʦʱʴʶ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʨʝʟʘʢʘ. ʇʦ ʨʘʟʥʠʮʝ ʚ ʤʘʩʩʝ ʤʝʞʜʫ ʯʠʩʪʳʤʠ ʤʝʜʥʳʤʠ ʧʦʜʣʦʞʢʘʤʠ ʠ 

ʧʦʜʣʦʞʢʘʤʠ ʩ ʥʘʥʝʩʝʥʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʦʧʨʝʜʝʣʷʣʘʩʴ ʤʘʩʩʘ ʘʢʪʠʚʥʦʛʦ ʵʣʝʢʪʨʦʜʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ, ʢʦʪʦʨʘʷ ʩʦʩʪʘʚʣʷʣʘ 0,3 0,5 ʤʛ.  

 

2.3.2. ʉʙʦʨʢʘ ʠ ʮʠʢʣʠʨʦʚʘʥʠʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʝʢ 

ʗʯʝʡʢʠ ʩʦʙʠʨʘʣʠʩʴ ʚ ʧʝʨʯʘʪʦʯʥʦʤ ʙʦʢʩʝ, ʟʘʧʦʣʥʝʥʥʦʤ ʘʨʛʦʥʦʤ (ʈʠʩʫʥʦʢ 7ʘ). 

ʉʦʜʝʨʞʘʥʠʝ ʚʦʜʳ ʠ ʢʠʩʣʦʨʦʜʘ ʩʦʩʪʘʚʣʷʣʦ <1 ppm. 

ʉʙʦʨʢʘ ʷʯʝʝʢ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʠʟ ʛʦʪʦʚʳʭ ʧʨʦʤʳʰʣʝʥʥʳʭ ʜʝʪʘʣʝʡ ʜʣʷ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʧʣʦʩʢʦʡ ʷʯʝʡʢʠ ʪʠʧʘ CR2032 (ʈʠʩʫʥʦʢ 7ʙ). ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʘʷ 

ʷʯʝʡʢʘ ʩʦʩʪʦʠʪ ʠʟ ʢʨʳʰʢʠ, ʧʨʫʞʠʥʢʠ, ʧʨʦʩʪʘʚʢʠ, ʨʘʙʦʯʝʛʦ ʚʝʱʝʩʪʚʘ (ʛʠʙʨʠʜʥʳʡ 

ʥʘʥʦʤʘʪʝʨʠʘʣ), ʩʝʧʘʨʘʪʦʨʘ, ʣʠʪʠʷ ʠ ʥʠʞʥʝʡ ʯʘʩʪʠ. ɼʝʪʘʣʠ ʙʳʣʠ ʩʦʙʨʘʥʳ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʘʯʠʥʘʷ ʩ ʥʠʞʥʝʡ ʯʘʩʪʠ ʠ ʟʘʢʘʥʯʠʚʘʷ ʢʨʳʰʢʦʡ (ʈʠʩʫʥʦʢ 7ʛ).  

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʪʦʣʴʢʦ ʩ ʘʥʦʜʥʳʤ ʤʘʪʝʨʠʘʣʦʤ, ʚ 

ʢʘʯʝʩʪʚʝ ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʣʠʪʠʡ. ɺ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʣʠʪʘ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ 1 ʄ ʨʘʩʪʚʦʨ LiPF6 ʚ ʩʤʝʩʠ ʵʪʠʣʝʥʢʘʨʙʦʥʘʪʘ ʠ ʜʠʤʝʪʠʣʢʘʨʙʦʥʘʪʘ (1:1 ʧʦ 

ʦʙʲʝʤʫ), ʘ ʚ ʢʘʯʝʩʪʚʝ ʩʝʧʘʨʘʪʦʨʘ ï ʧʦʣʠʧʨʦʧʠʣʝʥʦʚʘʷ ʤʝʤʙʨʘʥʘ. ɻʦʪʦʚʳʝ ʷʯʝʡʢʠ 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʚ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʦʪ 0,01 ʜʦ 2,5 ɺ ʦʪʥʦʩʠʪʝʣʴʥʦ Li/Li+ ʧʨʠ 

ʨʘʟʥʳʭ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ (0,1 5 ʤɸʯ/ʛ) ʧʦ 10 ʮʠʢʣʦʚ ʧʨʠ ʢʘʞʜʦʡ ʧʨʠʣʦʞʝʥʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʪʦʢʘ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʟʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʭ ʩʪʘʥʮʠʷʭ NEWARE ʉʊ-3008 

(ʈʠʩʫʥʦʢ 7ʚ). ɼʣʷ ʠʟʫʯʝʥʠʷ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʝ, 
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ʩʪʨʦʠʣʠʩʴ ʛʨʘʬʠʢʠ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʠ (ʉ) ʦʪ ʥʘʧʨʷʞʝʥʠʷ (E). ʇʦʣʦʞʝʥʠʷ 

ʧʣʘʪʦ ʥʘ ʨʘʟʨʷʜʥʦ-ʟʘʨʷʜʥʳʭ ʢʨʠʚʳʭ ʩʦʦʪʥʦʩʠʣʠ ʩ ʨʝʘʢʮʠʷʤʠ, ʧʨʦʠʩʭʦʜʷʱʠʤʠ ʚ 

ʠʩʩʣʝʜʫʝʤʦʤ ʤʘʪʝʨʠʘʣʝ. 

 

 

2.3.3. ʎʠʢʣʠʯʝʩʢʘʷ ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʷ 

ʎʠʢʣʠʯʝʩʢʠʝ ʚʦʣʴʪʘʤʧʝʨʦʛʨʘʤʤʳ (ʎɺɸ) ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ 

ʧʦʪʝʥʮʠʦʩʪʘʪʝ/ʛʘʣʴʚʘʥʦʩʪʘʪʝ BioLogic SP-300 ʥʘ ʛʦʪʦʚʳʭ ʧʦʣʫʷʯʝʡʢʘʭ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʃʀɸ ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ 

ʩʢʦʨʦʩʪʠ ʨʘʟʚʝʨʪʢʠ ʧʦʪʝʥʮʠʘʣʘ 0,1 ʤɺ/ʩ ʚ ʜʠʘʧʘʟʦʥʝ ʥʘʧʨʷʞʝʥʠʡ ʦʪ 10 ʤɺ ʜʦ 2,5 ɺ. ɼʣʷ 

ʤʘʪʝʨʠʘʣʦʚ, ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʚʰʠʭ ʫʣʫʯʰʝʥʥʳʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, 

ʙʳʣ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʢʠʥʝʪʠʢʠ ʥʘʢʦʧʣʝʥʠʷ ʟʘʨʷʜʘ. ɹʳʣʠ ʠʟʤʝʨʝʥʳ ʎɺɸ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʩʢʦʨʦʩʪʷʭ ʩʢʘʥʠʨʦʚʘʥʠʷ ʦʪ 0,1 ʜʦ 1 ʤɺ/ʩ. ʇʠʢʦʚʳʡ ʪʦʢ (i) ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʪʝʧʝʥʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʢʦʨʦʩʪʠ ʩʢʘʥʠʨʦʚʘʥʠʷ (ɜ):  

i = aɜb      (1) 

ʠʣʠ log(i) = log(a) + blog(ɜ),   (2) 

ʛʜʝ a ʠ b ð ʨʝʛʫʣʠʨʫʝʤʳʝ ʧʘʨʘʤʝʪʨʳ [124]. ɿʘʚʠʩʠʤʦʩʪʠ log(i) ʦʪ log(ɜ) 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʷʤʳʝ ʣʠʥʠʠ, ʘ ʥʘʢʣʦʥ ʵʪʠʭ ʣʠʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ x ʜʘʝʪ 

 
ʈʠʩʫʥʦʢ 7. (ʘ) ʀʟʦʙʨʘʞʝʥʠʷ ʘʨʛʦʥʦʚʦʛʦ ʙʦʢʩʘ, (ʙ) ʛʦʪʦʚʳʭ ʷʯʝʝʢ CR2032, (ʚ) ʩʪʘʥʮʠʡ 

ʜʣʷ ʮʠʢʣʠʨʦʚʘʥʠʷ ʃʀɸ, (ʛ) ʵʣʝʤʝʥʪʦʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʝʢ CR2032 ʠ ʠʭ ʥʘʟʚʘʥʠʷ. 

(ʘ)

(ʙ)

(ʚ)

(ʛ)
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ʟʥʘʯʝʥʠʝ b ʧʦ ʬʦʨʤʫʣʝ log(i) = log(a) + blog (ɜ). ɿʥʘʯʝʥʠʝ b, ʙʣʠʟʢʦʝ ʢ 0,5, ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʪʦ, ʯʪʦ ʚ ʵʣʝʢʪʨʦʜʝ ʧʨʝʦʙʣʘʜʘʝʪ ʜʠʬʬʫʟʠʦʥʥʦʝ ʧʦʚʝʜʝʥʠʝ (ʧʦʣʫʙʝʩʢʦʥʝʯʥʘʷ ʣʠʥʝʡʥʘʷ 

ʜʠʬʬʫʟʠʷ); ʘ ʟʥʘʯʝʥʠʝ, ʙʣʠʟʢʦʝ ʢ 1, ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʚ ʵʣʝʢʪʨʦʜʝ ʧʨʦʮʝʩʩʳ 

ʢʦʥʪʨʦʣʠʨʫʶʪʩʷ ʧʦʚʝʨʭʥʦʩʪʴʶ (ʝʤʢʦʩʪʥʦʡ ʧʨʦʮʝʩʩ) [125ï129]. ɿʥʘʯʝʥʠʝ b ʩʠʣʴʥʦ 

ʟʘʚʠʩʠʪ ʦʪ ʨʷʜʘ ʬʘʢʪʦʨʦʚ, ʪʘʢʠʭ ʢʘʢ ʧʦʪʝʥʮʠʘʣ, ʩʢʦʨʦʩʪʴ ʨʘʟʚʝʨʪʢʠ ʠ ʤʝʭʘʥʠʟʤʳ 

ʥʘʢʦʧʣʝʥʠʷ ʟʘʨʷʜʘ [130]. ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʦʢʦʚʳʝ ʚʢʣʘʜʳ ʦʪ ʧʨʦʮʝʩʩʘ ʠʥʪʝʨʢʘʣʷʮʠʠ ʠ 

ʝʤʢʦʩʪʥʦʛʦ ʚʢʣʘʜʘ ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʩ ʧʦʤʦʱʴʶ ʩʣʝʜʫʶʱʝʛʦ ʫʨʘʚʥʝʥʠʷ:  

i = k1ɜ + k2ɜ1/2    (3) 

ʠʣʠ i/ɜ1/2 = k1ɜ1/2 + k2,   (4) 

ʛʜʝ k2ɜ1/2 ʧʨʝʜʩʪʘʚʣʷʝʪ ʚʢʣʘʜ ʧʨʦʮʝʩʩʘ ʠʦʥʥʦʡ ʠʥʪʝʨʢʘʣʷʮʠʠ, ʘ k1ɜ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʝʤʢʦʩʪʥʦʡ ʚʢʣʘʜ [131,132]. 

ɿʥʘʯʝʥʠʷ ʧʠʢʦʚʦʛʦ ʘʥʦʜʥʦʛʦ/ʢʘʪʦʜʥʦʛʦ ʪʦʢʘ ʩʚʷʟʘʥʳ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʜʠʬʬʫʟʠʠ 

ʜʣʷ ʣʶʙʦʡ ʦʪʜʝʣʴʥʦʡ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʨʝʘʢʮʠʠ ʫʨʘʚʥʝʥʠʝʤ ʈʵʥʜʣʩʘ-

ʐʝʚʯʠʢʘ: 

i=2,69Ŀ105n3/2AD1/2Cv1/2,    (5) 

ʛʜʝ A ð ʧʣʦʱʘʜʴ ʵʣʝʢʪʨʦʜʘ ʚ ʩʤ2, D ð ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ ʚ ʩʤ2/ʩ, C ð 

ʢʦʥʮʝʥʪʨʘʮʠʷ Li ʚ ʤʦʣʴ/ʩʤ3, v ð ʩʢʦʨʦʩʪʴ ʩʢʘʥʠʨʦʚʘʥʠʷ ʚ ɺ/ʩ, i ð ʧʠʢʦʚʳʡ ʪʦʢ ʚ ɸ, ʘ n 

ð ʯʠʩʣʦ ʵʣʝʢʪʨʦʥʦʚ, ʦʙʨʘʪʠʤʦ ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʨʝʘʢʮʠʠ 

[133]. 

 

2.3.4. ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʠʤʧʝʜʘʥʩʘ 

ʀʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʠʤʧʝʜʘʥʩʘ (ʕʀʉ) ʧʨʦʚʦʜʠʣʠʩʴ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʙʦʨʘ BCS-805 (Biologic, Seyssinet-Pariset, ʌʨʘʥʮʠʷ). ʉʧʝʢʪʨʳ ʕʀʉ 

ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʧʨʠ ʧʦʪʝʥʮʠʘʣʝ ʦʪʢʨʳʪʦʡ ʷʯʝʡʢʠ 2,5 ɺ ʧʨʠ ʧʝʨʝʤʝʥʥʦʤ ʥʘʧʨʷʞʝʥʠʠ ʩ 

ʘʤʧʣʠʪʫʜʦʡ 5 ʤɺ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 0,05 ɻʮ ï 10 ʢɻʮ. ɼʘʥʥʳʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʚʠʜʝ 

ʩʧʝʢʪʨʘ ʠʤʧʝʜʘʥʩʘ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʅʘʡʢʚʠʩʪʘ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʩʧʝʢʪʨʦʚ ʠʤʧʝʜʘʥʩʘ 

ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʚ ʧʨʦʛʨʘʤʤʝ EC-Lab software. 

ʂʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ D ʠʦʥʦʚ ʣʠʪʠʷ ʨʘʩʩʯʠʪʳʚʘʣʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʫʨʘʚʥʝʥʠʝʤ:  

Ὀ ,   (6) 
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ʛʜʝ R ï ʫʥʠʚʝʨʩʘʣʴʥʘʷ ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ, T ï ʘʙʩʦʣʶʪʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, A ï 

ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʘ, n ï ʯʠʩʣʦ ʧʝʨʝʥʝʩʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ, F ï ʧʦʩʪʦʷʥʥʘʷ 

ʌʘʨʘʜʝʷ, C ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʣʠʪʠʷ, ů ï ʬʘʢʪʦʨ ɺʘʨʙʫʨʛʘ (W) [134]. 

 

2.4. ɿʘʢʣʶʯʝʥʠʝ ʢ ɻʣʘʚʝ 2 

ɺʦ ʚʪʦʨʦʡ ʛʣʘʚʝ ʦʧʠʩʘʥʳ ʤʝʪʦʜʳ ʦʯʠʩʪʢʠ ʠ ʤʝʪʦʜʠʢʠ ʠʟʤʝʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʆʋʅʊ, 

ʩʠʥʪʝʟʘ ʛʠʙʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʆʋʅʊ ʠ ʬʦʩʬʦʨʘ, ʦʯʠʩʪʢʠ ʧʦʣʫʯʝʥʥʳʭ 

ʛʠʙʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʦʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʬʦʩʬʦʨʘ. ʆʧʠʩʘʥʳ ʧʨʦʮʝʜʫʨʳ ʧʦʜʛʦʪʦʚʢʠ 

ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʩʙʦʨʢʠ ʠ ʮʠʢʣʠʨʦʚʘʥʠʷ ʤʦʜʝʣʴʥʳʭ ʣʠʪʠʝʚʳʭ ʧʦʣʫʷʯʝʝʢ. 

ʇʨʠʚʝʜʝʥʳ ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ, ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠ 

ʤʦʨʬʦʣʦʛʠʠ ʧʦʣʫʯʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʪʘʢʠʝ ʢʘʢ ʈʕʄ, ʇʕʄ, ʂʈʉ-, ʀʂ-, ʈʌʕʉ- ʠ 

NEXAFS-ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʤʝʪʦʜʠʢʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʠ ʨʘʩʯʝʪʦʚ ʢʠʥʝʪʠʢʠ 

ʥʘʢʦʧʣʝʥʠʷ ʟʘʨʷʜʘ. ʆʧʠʩʘʥʳ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ, ʧʨʦʚʦʜʠʤʳʝ ʜʣʷ 

ʨʘʩʰʠʬʨʦʚʢʠ ʩʪʨʫʢʪʫʨʳ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʦʛʦ ʬʦʩʬʦʨʘ, ʘ ʪʘʢʞʝ ʜʣʷ ʚʳʷʚʣʝʥʠʷ 

ʵʣʝʢʪʨʦʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʘʤʠ ʛʠʙʨʠʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 
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ɻʣʘʚʘ 3. ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

3.1. ʀʩʩʣʝʜʦʚʘʥʠʝ ʆʋʅʊ ʩ ʦʪʢʨʳʪʳʤʠ ʢʦʥʮʘʤʠ 

ʇʝʨʚʳʤ ʵʪʘʧʦʤ ʧʨʠ ʨʝʘʣʠʟʘʮʠʠ ʧʦʩʪʘʚʣʝʥʥʳʭ ʮʝʣʝʡ ʠ ʟʘʜʘʯ ʩʪʘʣʘ ʧʦʜʛʦʪʦʚʢʘ 

ʤʘʪʝʨʠʘʣʘ ʯʠʩʪʳʭ ʆʋʅʊ ʩ ʦʪʢʨʳʪʳʤʠ ʢʦʥʮʘʤʠ. ʆʪʢʨʳʪʠʝ ʢʦʥʮʦʚ ʆʋʅʊ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ 

ʦʙʝʩʧʝʯʝʥʠʷ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʬʦʩʬʦʨʘ ʚʦ ʚʥʫʪʨʝʥʥʶʶ ʧʦʣʦʩʪʴ ʥʘʥʦʪʨʫʙʢʠ ʠ ʜʣʷ 

ʜʘʣʴʥʝʡʰʝʡ ʜʠʬʬʫʟʠʠ ʣʠʪʠʷ ʧʨʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʤ ʮʠʢʣʠʨʦʚʘʥʠʠ. 

ɸʥʘʣʠʟ ʠʤʝʶʱʠʭʩʷ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʘʣ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ 

ʟʘʧʦʣʥʝʥʠʶ ʋʅʊ ʬʦʩʬʦʨʦʤ ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʩ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʙʝʣʦʛʦ ʬʦʩʬʦʨʘ ʣʠʙʦ ʠʟ ʨʘʩʧʣʘʚʘ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (50 Áʉ), ʣʠʙʦ ʤʝʪʦʜʦʤ 

ʠʩʧʘʨʝʥʠʷ-ʢʦʥʜʝʥʩʘʮʠʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʥʝ ʧʨʝʚʳʰʘʶʱʠʭ 500 Áʉ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʞʝ 

ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʩʠʥʪʝʟʘ ʠ ʠʟʙʳʪʢʘ ʬʦʩʬʦʨʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʆʋʅʊ ʙʫʜʝʪ 

ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʩʦʟʜʘʥʠʶ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʥʘʩʳʱʝʥʥʳʭ ʧʘʨʦʚ ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ 

ʧʦʟʚʦʣʠʪ ʧʦʣʫʯʠʪʴ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʩʪʝʧʝʥʴ ʟʘʧʦʣʥʝʥʠʷ ʋʅʊ. ʂʨʦʤʝ ʪʦʛʦ, ʤʳ ʧʦʣʘʛʘʝʤ, 

ʯʪʦ ʚʘʞʥʳʤ ʫʩʣʦʚʠʝʤ ʷʚʣʷʝʪʩʷ ʤʝʜʣʝʥʥʦʝ ʦʭʣʘʞʜʝʥʠʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, 

ʢʦʪʦʨʦʝ ʙʫʜʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʣʫʯʰʝʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʬʦʩʬʦʨʘ ʚʦ ʚʥʫʪʨʝʥʥʝʡ ʧʦʣʦʩʪʠ 

ʥʘʥʦʪʨʫʙʢʠ. 

ɺ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ ʯʘʩʪʴ ʬʦʩʬʦʨʘ ʢʦʥʜʝʥʩʠʨʫʝʪʩʷ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʋʅʊ. 

ʕʪʦʪ ʥʝʟʘʱʠʱʝʥʥʳʡ ʩʪʝʥʢʘʤʠ ʋʅʊ ʤʦʞʝʪ ʦʢʠʩʣʷʪʴʩʷ ʥʘ ʚʦʟʜʫʭʝ ʠ ʫʭʫʜʰʘʪʴ ʩʚʦʡʩʪʚʘ 

ʤʘʪʝʨʠʘʣʘ. ʇʨʝʜʣʘʛʘʝʤʳʝ ʚ ʣʠʪʝʨʘʪʫʨʝ ʤʝʪʦʜʳ ʦʯʠʩʪʢʠ ʥʝ ʧʨʠʚʦʜʪ̫ ʢ ʵʬʬʝʢʪʠʚʥʦʤʫ 

ʫʜʘʣʝʥʠʶ ʬʦʩʬʦʨʘ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʋʅʊ. ʇʦʵʪʦʤʫ ʧʦʠʩʢ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʦʜʭʦʜʘ ʢ ʦʯʠʩʪʢʝ 

ʦʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʬʦʩʬʦʨʘ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ. ɸ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ 

ʦʢʠʩʣʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʬʦʩʬʦʨʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʣʠʪʝʨʘʪʫʨʝ ʥʝ ʧʨʝʜʩʪʘʚʣʝʥʦ. 

 

3.1.1. ɺʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʠʥʪʝʟʘ ʥʘ ʟʘʧʦʣʥʝʥʠʝ ʆʋʅʊ ʬʦʩʬʦʨʦʤ 

ʇʨʝʞʜʝ ʯʝʤ ʧʝʨʝʡʪʠ ʢ ʦʙʩʫʞʜʝʥʠʶ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʩʠʥʪʝʟʘ ʥʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʆʋʅʊ ʠ ʬʦʩʬʦʨʘ, ʨʘʩʩʤʦʪʨʠʤ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʩʧʝʢʪʨʳ ʂʈʉ 

ʠʩʩʣʝʜʫʝʤʳʭ ʆʋʅʊ. ʉʧʝʢʪʨʳ ʂʈʉ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʪʠʧʠʯʥʳʝ ʜʣʷ ʆʋʅʊ ʦʩʦʙʝʥʥʦʩʪʠ, ʘ 

ʠʤʝʥʥʦ: ʨʘʜʠʘʣʴʥʳʝ ʜʳʭʘʪʝʣʴʥʳʝ ʤʦʜʳ, D-ʧʦʣʦʩʫ, ʚʳʟʚʘʥʥʫʶ ʙʝʩʧʦʨʷʜʢʦʤ, 

ʪʘʥʛʝʥʮʠʘʣʴʥʫʶ G-ʧʦʣʦʩʫ ʠ ʜʚʫʭʬʦʥʦʥʥʫʶ 2D-ʧʦʣʦʩʫ (ʈʠʩʫʥʦʢ 8ʘ) [135]. ʇʠʢʠ ʈɼʄ 

ʦʢʦʣʦ 130 ʠ 150 ʩʤī1 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʆʋʅʊ ʩ ʜʠʘʤʝʪʨʘʤʠ Ḑ1,93 ʠ Ḑ1,67 ʥʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

[13]. ʇʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 514 ʥʤ ʚ ʨʝʟʦʥʘʥʩʝ ʥʘʭʦʜʷʪʩʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ 

ʆʋʅʊ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʨʘʩʱʝʧʣʝʥʠʶ G-ʤʦʜʳ ʥʘ ʧʠʢʠ GLO
+ ʧʨʠ ~1594 ʩʤ1 ʠ GTO

+ ʧʨʠ 
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~1576 ʩʤī1 ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʦʣʝʙʘʥʠʷʤ ʫʛʣʝʨʦʜʥʦʡ ʨʝʰʝʪʢʠ ʚ ʧʨʦʜʦʣʴʥʦʤ ʠ 

ʧʦʧʝʨʝʯʥʦʤ ʥʘʧʨʘʚʣʝʥʠʷʭ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ D-ʧʦʣʦʩʳ ʦʪʥʦʩʠʪʝʣʴʥʦ G-ʧʦʣʦʩʳ 

ʥʝʟʥʘʯʠʪʝʣʴʥʘ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʳʩʦʢʦʤ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʦʯʠʱʝʥʥʳʭ ʆʋʅʊ ʠ 

ʦʪʩʫʪʩʪʚʠʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʜʝʬʝʢʪʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʚʦʟʥʠʢʥʫʪʴ ʚʦ ʚʨʝʤʷ ʧʨʦʮʝʜʫʨʳ 

ʦʯʠʩʪʢʠ.  

 

ɺʦ ʚʨʝʤʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʨʦʮʝʩʩʘ ʩʠʥʪʝʟʘ ʆʋʅʊ ʪʘʢʞʝ ʤʦʛʫʪ 

ʧʨʝʪʝʨʧʝʚʘʪʴ ʠʟʤʝʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ, ʪʘʢʠʝ ʢʘʢ ʦʙʨʘʟʦʚʘʥʠʝ ʥʦʚʳʭ ʚʥʫʪʨʝʥʥʠʭ ʪʨʫʙʦʢ 

ʚʥʫʪʨʠ ʆʋʅʊ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʧʦʷʚʣʝʥʠʶ ʥʦʚʳʭ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʧʠʢʦʚ ʚ ʩʧʝʢʪʨʘʭ 

ʂʈʉ. ʏʪʦʙʳ ʧʨʦʚʝʨʠʪʴ ʵʪʦ, ʤʳ ʧʦʜʛʦʪʦʚʠʣʠ ʦʙʨʘʟʝʮ ʥʘʥʦʪʨʫʙʦʢ ʚ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ, 

ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʟʘʧʦʣʥʝʥʠʷ ʬʦʩʬʦʨʦʤ, ʥʦ ʙʝʟ ʝʛʦ ʧʨʠʩʫʪʩʪʚʠʷ ʚ ʘʤʧʫʣʝ. 

ʇʦʣʫʯʝʥʥʳʝ ʩʧʝʢʪʨʳ ʂʈʉ ʪʝʨʤʠʯʝʩʢʠ ʦʙʨʘʙʦʪʘʥʥʳʭ tʆʋʅʊ ʥʝ ʧʦʢʘʟʳʚʘʶʪ ʠʟʤʝʥʝʥʠʷ 

ʦʩʥʦʚʥʳʭ ʧʦʣʦʩ ʆʋʅʊ. ʂʨʦʤʝ ʪʦʛʦ, ʥʘʙʣʶʜʘʝʪʩʷ ʩʦʭʨʘʥʝʥʠʝ ʈɼʄ-ʤʦʜʳ (ʈʠʩʫʥʦʢ 8ʙ), 

ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʩʦʭʨʘʥʝʥʠʠ ʮʝʣʦʩʪʥʦʩʪʠ ʪʫʙʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʆʋʅʊ. ʇʦʷʚʣʝʥʠʷ ʥʦʚʳʭ 

ʧʠʢʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʣʠ ʙʳ ʙʳʪʴ ʩʚʷʟʘʥʳ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʜʚʫʭʩʣʦʡʥʳʭ ʆʋʅʊ, ʪʘʢʞʝ ʥʝ 

ʥʘʙʣʶʜʘʝʪʩʷ.  

ʂʦʣʝʙʘʥʠʷ ʬʦʩʬʦʨʘ ʥʘʭʦʜʷʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 200ī600 ʩʤī1 ʠ ʥʝ ʧʝʨʝʩʝʢʘʶʪʩʷ 

ʩ ʢʦʣʝʙʘʥʠʷʤʠ ʆʋʅʊ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʪʥʦʩʠʪʴ ʧʦʷʚʣʝʥʠʝ ʥʦʚʳʭ ʧʠʢʦʚ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʢ 

ʧʨʠʩʫʪʩʪʚʠʶ ʬʦʩʬʦʨʘ ʚ ʦʙʨʘʟʮʘʭ. 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʚ ʣʠʪʝʨʘʪʫʨʝ ʠʤʝʶʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʟʘʧʦʣʥʝʥʠʶ ʆʋʅʊ 

ʙʝʣʳʤ ʬʦʩʬʦʨʦʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 50 Áʉ [39,40]. ʇʦ ʜʘʥʥʳʤ ʈʌʕʉ, ʩʦʜʝʨʞʘʥʠʝ 

ʵʣʝʤʝʥʪʥʦʛʦ ʬʦʩʬʦʨʘ, ʪ.ʝ. ʬʦʩʬʦʨʘ, ʟʘʱʠʱʝʥʥʦʛʦ ʦʢʨʫʞʘʶʱʝʡ ʦʙʦʣʦʯʢʦʡ ʥʘʥʦʪʨʫʙʢʠ, 

ʜʦʩʪʠʛʘʣʦ 5 ʘʪ% ʠ ʥʝ ʟʘʚʠʩʝʣʦ ʦʪ ʨʘʟʤʝʨʘ ʧʦʣʦʩʪʠ ʥʘʥʦʪʨʫʙʢʠ. ʄʳ ʠʩʩʣʝʜʦʚʘʣʠ ʚʣʠʷʥʠʝ 

 
ʈʠʩʫʥʦʢ 8. ʉʧʝʢʪʨʳ ʂʈʉ ʜʣʷ ʠʩʭʦʜʥʳʭ ʆʋʅʊ ʠ ʧʦʩʣʝ ʪʝʨʤʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ 

tʆʋʅʊ. 
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ʪʝʤʧʝʨʘʪʫʨʳ (200, 600 ʠ 800 Áʉ) ʠʩʧʘʨʝʥʠʷ ʙʝʣʦʛʦ ʬʦʩʬʦʨʘ ʥʘ ʟʘʧʦʣʥʝʥʠʝ ʠ 

ʬʦʨʤʠʨʫʝʤʫʶ ʚʥʫʪʨʠ ʆʋʅʊ ʩʪʨʫʢʪʫʨʫ. ɹʦʣʝʝ ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʠʥʪʝʟʘ ʙʳʣʘ 

ʚʳʙʨʘʥʘ ʩ ʮʝʣʴʶ ʫʚʝʣʠʯʝʥʠʷ ʜʘʚʣʝʥʠʷ ʧʘʨʦʚ ʬʦʩʬʦʨʘ ʚ ʘʤʧʫʣʝ, ʩʧʦʩʦʙʩʪʚʫʶʱʝʛʦ ʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʦʤʫ ʟʘʧʦʣʥʝʥʠʶ ʆʋʅʊ. 

ʅʘ ʈʠʩʫʥʢʝ 9 ʧʦʢʘʟʘʥʳ ʩʧʝʢʪʨʳ ʂʈʉ ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ ʠ ʠʭ ʩʨʘʚʥʝʥʠʝ ʩʦ 

ʩʧʝʢʪʨʘʤʠ ʵʪʘʣʦʥʥʳʭ ʦʙʨʘʟʮʦʚ ʙʝʣʦʛʦ ʠ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʠ ʆʋʅʊ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 200 ʜʦ 

625 ʩʤï1. ʉʧʝʢʪʨ ʙʝʣʦʛʦ ʬʦʩʬʦʨʘ ʠʤʝʝʪ ʪʨʠ ʧʠʢʘ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʧʨʠ 360, 457 ʠ 597 ʩʤï1. 

ʉʦʛʣʘʩʥʦ ʨʘʩʯʝʪʘʤ ʊʌʇ, ʧʝʨʚʳʡ ʧʠʢ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ʤʦʜʝ ɽ, ʘ ʙʦʣʝʝ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʧʠʢʠ ʩʚʷʟʘʥʳ ʩ ʩʠʤʤʝʪʨʠʯʥʳʤʠ ʤʦʜʘʤʠ ʨʘʩʪʷʞʝʥʠʷ ʚ ʪʝʪʨʘʵʜʨʝ P4 ï F2 

ʠ A1 [14]. ʉʧʝʢʪʨ ʂʈʉ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʠʤʝʝʪ ʬʦʨʤʫ, ʭʘʨʘʢʪʝʨʥʫʶ ʜʣʷ ʘʤʦʨʬʥʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ [136,137]. ʅʘʙʦʨ ʤʘʣʦʠʥʪʝʥʩʠʚʥʳʭ ʧʠʢʦʚ ʚ ʦʙʣʘʩʪʠ ʦʪ 200 ʜʦ ~320 ʩʤï1 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʦʣʝʙʘʥʠʷʤ ʚʦʩʴʤʠʯʣʝʥʥʦʛʦ ʢʘʨʢʘʩʘ P8, ʘ ʰʠʨʦʢʘʷ ʧʦʣʦʩʘ ʤʝʞʜʫ 320 ʠ 490 

ʩʤï1 ʦʙʫʩʣʦʚʣʝʥʘ ʚʘʣʝʥʪʥʳʤʠ ʤʦʜʘʤʠ PïP ʚ ʮʝʧʦʯʝʯʥʳʭ ʩʪʨʫʢʪʫʨʘʭ, ʩʦʜʝʨʞʘʱʠʭ ʢʣʝʪʢʠ 

P8 ʠ P9 [103]. ʕʪʠ ʢʣʝʪʢʠ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʦʩʥʦʚʥʳʝ ʩʪʨʦʠʪʝʣʴʥʳʝ ʝʜʠʥʠʮʳ 

ʘʤʦʨʬʥʦʛʦ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ [22]. ʉʧʝʢʪʨ ʆʋʅʊ (ʥʠʞʥʷʷ ʢʨʠʚʘʷ ʥʘ ʈʠʩʫʥʢʝ 9) ʥʝ ʠʤʝʝʪ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʚ ʠʥʪʝʨʝʩʫʶʱʝʡ ʦʙʣʘʩʪʠ; ʧʦʵʪʦʤʫ ʚʩʝ ʧʠʢʠ, ʧʦʷʚʠʚʰʠʝʩʷ ʚ ʩʧʝʢʪʨʘʭ 

ʆʋʅʊ, ʟʘʧʦʣʥʝʥʥʳʭ ʬʦʩʬʦʨʦʤ, ʷʚʣʷʶʪʩʷ ʧʨʠʟʥʘʢʘʤʠ ʬʦʩʬʦʨʥʳʭ ʩʪʨʫʢʪʫʨ. 

 

 
ʈʠʩʫʥʦʢ 9. ʉʧʝʢʪʨʳ ʂʈʉ, ʠʟʤʝʨʝʥʥʳʝ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 200 ʜʦ 625 ʩʤī1 ʜʣʷ ʢʦʥʪʨʦʣʴʥʳʭ 

ʦʙʨʘʟʮʦʚ ʙʝʣʦʛʦ ʠ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ, ʦʙʨʘʟʮʦʚ P@ʆʋʅʊ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ 200, 600 ʠ 

800 ÁC, ʠ ʠʩʭʦʜʥʳʭ ʆʋʅʊ. 
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ʂʈʉ-ʩʧʝʢʪʨ ʦʙʨʘʟʮʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʨʠ 200 ÁC (P@ʆʋʅʊ_200), ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʜʚʘ ʫʟʢʠʭ ʧʠʢʘ ʧʨʠ 457 ʠ 597 ʩʤï1 (ʈʠʩʫʥʦʢ 9), ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʚʘʣʝʥʪʥʳʤ ʢʦʣʝʙʘʥʠʷʤ 

ʤʦʣʝʢʫʣ P4. ʅʠʟʢʦʯʘʩʪʦʪʥʳʡ ʧʠʢ ʥʘʙʣʶʜʘʝʪʩ ̫ ʚ ʨʝʛʠʦʥʝ ʤʝʞʜʫ 320 ʠ 490 ʩʤï1 ʠ 

ʧʝʨʝʢʨʳʚʘʝʪʩʷ ʩ ʢʦʣʝʙʘʥʠʷʤʠ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ. ʇʦʩʢʦʣʴʢʫ ʵʪʠ ʢʦʣʝʙʘʥʠʷ ʤʝʥʝʝ 

ʠʥʪʝʥʩʠʚʥʳ, ʯʝʤ ʢʦʣʝʙʘʥʠʷ P4, ʤʳ ʧʨʝʜʧʦʣʘʛʘʝʤ, ʯʪʦ ʦʙʨʘʟʝʮ P@ʆʋʅʊ_200 ʩʦʜʝʨʞʠʪ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʙʝʣʳʡ ʬʦʩʬʦʨ. ʆʪʩʫʪʩʪʚʠʝ ʦʪʯʝʪʣʠʚʳʭ ʧʠʢʦʚ ʢʦʣʝʙʘʥʠʡ ʢʨʘʩʥʦʛʦ 

ʬʦʩʬʦʨʘ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʵʪʦʪ ʘʣʣʦʪʨʦʧ ʪʦʣʴʢʦ ʥʘʯʠʥʘʝʪ ʬʦʨʤʠʨʦʚʘʪʴʩʷ ʧʨʠ 200 Áʉ 

ʠ ʝʛʦ ʟʚʝʥʴʷ ʝʱʝ ʥʝ ʩʚʷʟʘʥʳ ʚ ʜʣʠʥʥʳʝ ʧʦʣʠʤʝʨʥʳʝ ʮʝʧʦʯʢʠ. ʉʧʝʢʪʨʳ ʂʈʉ ʦʙʨʘʟʮʦʚ 

P@ʆʅʋʊ_600 ʠ P@ʆʋʅʊ_800 ʠʤʝʶʪ ʬʦʨʤʫ, ʘʥʘʣʦʛʠʯʥʫʶ ʩʧʝʢʪʨʫ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ, 

ʥʦ ʙʦʣʝʝ ʯʝʪʢʠʝ ʤʘʢʩʠʤʫʤʳ ʚ ʜʠʘʧʘʟʦʥʝ 320ï490 ʩʤï1. ɺ ʩʧʝʢʪʨʝ ʂʈʉ ʚʦʣʦʢʥʠʩʪʦʛʦ 

ʬʦʩʬʦʨʘ (ʪʠʧ IV) ʥʘʙʣʶʜʘʣʠʩʴ ʠʥʪʝʥʩʠʚʥʳʝ ʧʦʣʦʩʳ ʧʨʠ 352, 372 ʠ 468 ʩʤï1 ʩ ʪʝʤʠ ʞʝ 

ʦʪʥʦʩʠʪʝʣʴʥʳʤʠ ʠʥʪʝʥʩʠʚʥʦʩʪʷʤʠ [138], ʯʪʦ ʠ ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ. ɺʦʣʦʢʥʠʩʪʳʡ ʢʨʘʩʥʳʡ 

ʬʦʩʬʦʨ ʩʦʩʪʦʠʪ ʠʟ ʧʘʨʘʣʣʝʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʜʚʫʭ ʮʝʧʦʯʝʢ, ʩʰʠʪʳʭ ʤʦʩʪʠʢʦʤ ʠʟ ʜʚʫʭ 

ʘʪʦʤʦʚ ʬʦʩʬʦʨʘ, ʧʨʠʢʨʝʧʣʝʥʥʳʭ ʢ ʢʣʝʪʢʘʤ P9 [18]. ʆʙʨʘʟʮʳ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ (ʈʠʩʫʥʦʢ 

5, Precryst) ʠ P@ʆʋʅʊ_800 ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʚ ʩʭʦʞʠʭ ʫʩʣʦʚʠʷʭ, ʠ ʨʘʟʣʠʯʠʷ ʚ ʠʭ 

ʩʧʝʢʪʨʘʭ ʂʈʉ ʧʦʟʚʦʣʷʶʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʆʋʅʊ ʚʣʠʷʶʪ ʥʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʬʦʩʬʦʨʘ. 

ʉʧʝʢʪʨʳ P@ʆʋʅʊ_600 ʠ P@ʆʋʅʊ_800 ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʠ 

ʠʩʧʘʨʝʥʠʠ-ʢʦʥʜʝʥʩʘʮʠʠ ʙʝʣʦʛʦ ʬʦʩʬʦʨʘ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 600 ʜʦ 800 Áʉ 

ʬʦʨʤʠʨʫʶʪʩʷ ʦʜʥʠ ʠ ʪʝ ʞʝ ʬʦʨʤʳ ʬʦʩʬʦʨʘ, ʦʜʥʘʢʦ ʚʳʭʦʜ ʵʪʠʭ ʬʦʨʤ ʤʦʞʝʪ ʨʘʟʣʠʯʘʪʴʩʷ. 

ʀʟ ʦʙʟʦʨʥʳʭ ʩʧʝʢʪʨʦʚ ʈʌʕʉ (ʈʠʩʫʥʦʢ 10) ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʩʦʦʪʥʦʰʝʥʠʝ P/C, ʢʦʪʦʨʦʝ 

ʩʦʩʪʘʚʠʣʦ 0,39 ʜʣʷ P@ʆʋʅʊ_600 ʠ 0,77 ʜʣʷ P@ʆʋʅʊ_800. ʇʦʩʢʦʣʴʢʫ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʜʥʠ ʠ ʪʝ ʞʝ ʥʘʚʝʩʢʠ ʆʋʅʊ ʠ ʙʝʣʦʛʦ ʬʦʩʬʦʨʘ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ 

ʦʙʨʘʟʝʮ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 800 Áʉ, ʩʦʜʝʨʞʠʪ ʙʦʣʴʰʝ 

ʢʦʣʠʯʝʩʪʚʦ ʬʦʩʬʦʨʘ. 
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ʅʘ ʈʠʩʫʥʢʝ 11 ʧʨʝʜʩʪʘʚʣʝʥʳ ʠʟʦʙʨʘʞʝʥʠʷ ʇʕʄ ɺʈ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʆʋʅʊ ʠʣʠ 

ʩʦʙʨʘʥʥʳʭ ʚ ʧʫʯʢʠ ʥʝʙʦʣʴʰʦʛʦ ʨʘʟʤʝʨʘ. ʆʙʨʘʟʝʮ P@ʆʋʅʊ_200 ʩʦʜʝʨʞʠʪ ʢʘʢ ʧʫʩʪʳʝ 

(ʈʠʩʫʥʦʢ 11ʘ), ʪʘʢ ʠ ʟʘʧʦʣʥʝʥʥʳʝ (ʈʠʩʫʥʦʢ 11ʙ) ʥʘʥʦʪʨʫʙʢʠ. ʇʝʨʝʢʨʳʪʠʝ ʜʚʫʭ ʩʪʝʥʦʢ 

ʆʋʅʊ ʩʦʟʜʘʝʪ ʫʟʦʨʳ ʠʟ ʩʦʧʨʷʞʝʥʥʳʭ ʰʝʩʪʠʫʛʦʣʴʥʠʢʦʚ (ʈʠʩʫʥʦʢ 11a) ʠʣʠ ʥʘʢʣʦʥʥʳʭ 

ʧʦʣʦʩ (ʧʦʢʘʟʘʥʦ ʦʚʘʣʦʤ ʥʘ ʈʠʩʫʥʢʝ 11ʚ). ʀʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʡ ʬʦʩʬʦʨ ʦʙʨʘʟʫʝʪ ʜʣʠʥʥʳʝ 

ʮʝʧʠ, ʚʳʨʦʚʥʝʥʥʳʝ ʚʜʦʣʴ ʦʩʠ ʥʘʥʦʪʨʫʙʢʠ (ʈʠʩʫʥʢʠ 11ʙ, ʜ) ʠʣʠ ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʝ 

ʩʪʨʫʢʪʫʨʳ ʘʛʣʦʤʝʨʠʨʦʚʘʥʥʳʭ ʘʪʦʤʦʚ (ʈʠʩʫʥʦʢ 11ʛ). ʂʦʣʠʯʝʩʪʚʦ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʭ 

ʮʝʧʦʯʝʢ ʬʦʩʬʦʨʘ, ʚʝʨʦʷʪʥʦ, ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʩʠʥʪʝʟʘ, ʧʦʩʢʦʣʴʢʫ ʪʨʦʡʥʳʝ 

ʮʝʧʦʯʢʠ ʥʘʙʣʶʜʘʣʠʩʴ ʥʘ ʠʟʦʙʨʘʞʝʥʠʷʭ ʦʙʨʘʟʮʦʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ 200 ÁC (ʈʠʩʫʥʦʢ 

11ʙ), 600 ÁC (ʈʠʩʫʥʦʢ 11ʚ) ʠ 800 ÁC (ʈʠʩʫʥʦʢ 11ʜ). ʇʦʷʚʣʝʥʠʝ ʦʜʠʥʘʨʥʳʭ, ʜʚʦʡʥʳʭ ʠ 

ʪʨʦʡʥʳʭ ʮʝʧʦʯʝʢ ʚ ʦʙʨʘʟʮʝ P@ʆʋʅʊ_800 ʩʚʷʟʘʥʦ ʩ ʨʘʟʣʠʯʥʳʤ ʜʠʘʤʝʪʨʦʤ ʥʘʥʦʪʨʫʙʦʢ-

ʭʦʟʷʝʚ (ʈʠʩʫʥʦʢ 11ʜ). ʀʟʤʝʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʬʦʩʬʦʨʘ ʚʜʦʣʴ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʆʋʅʊ 

(ʧʦʢʘʟʘʥʦ ʫʛʣʦʚʦʡ ʩʪʨʝʣʢʦʡ ʥʘ ʈʠʩʫʥʢʝ 11ʚ) ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʥʝʩʦʚʝʨʰʝʥʩʪʚʦʤ 

ʩʪʨʫʢʪʫʨʳ ʮʝʧʦʯʝʢ ʠʣʠ ʠʭ ʚʨʘʱʝʥʠʝʤ ʚʥʫʪʨʠ ʆʋʅʊ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ 

[103]. 

 
ʈʠʩʫʥʦʢ 10. ʆʙʟʦʨʥʳʝ ʈʌʕʉ-ʩʧʝʢʪʨʳ ʜʣʷ ʦʙʨʘʟʮʦʚ P@ʆʋʅʊ_600 ʠ P@ʆʋʅʊ_800 

ʠʟʤʝʨʝʥʥʳʝ ʧʨʠ ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʝʥʠʷ 1486,7 ʵɺ. 
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ ʤʝʪʦʜʦʤ ʇʕʄ ɺʈ ʧʦʢʘʟʘʣʦ ʦʙʨʘʟʦʚʘʥʠʝ ʭʦʨʦʰʦ 

ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʮʝʧʦʯʝʢ ʬʦʩʬʦʨʘ ʚʥʫʪʨʠ ʆʋʅʊ ʧʨʠ ʚʩʝʭ ʠʩʧʦʣʴʟʫʝʤʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ 

ʜʘʞʝ ʧʨʠ 200 Áʉ. ʕʪʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʠʩʧʘʨʝʥʠʷ ʤʦʣʝʢʫʣ P4 ʠ ʩʦʟʜʘʥʠʷ 

ʜʦʩʪʘʪʦʯʥʦʛʦ ʜʘʚʣʝʥʠʷ ʧʘʨʦʚ ʬʦʩʬʦʨʘ ʜʣʷ ʟʘʧʦʣʥʝʥʠʷ ʧʦʣʦʩʪʠ ʆʋʅʊ. ʆʜʥʘʢʦ ʥʝʢʦʪʦʨʳʝ 

ʠʟ ʥʘʥʦʪʨʫʙʦʢ ʦʩʪʘʣʠʩʴ ʧʫʩʪʳʤʠ (ʧʦʢʘʟʘʥʦ ʦʚʘʣʦʤ ʥʘ ʈʠʩʫʥʢʝ 11ʘ). ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʙʦʣʝʝ 

ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʤʫ ʟʘʧʦʣʥʝʥʠʶ ʠʟ-ʟʘ ʩʦʟʜʘʚʘʝʤʦʛʦ ʚ 

ʘʤʧʫʣʝ ʧʦʚʳʰʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ.  

ʇʦʣʫʯʝʥʥʳʝ ʠʟʦʙʨʘʞʝʥʠ ̫ʇʕʄ ɺʈ ʜʣʷ ʬʦʩʬʦʨ-ʟʘʧʦʣʥʝʥʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʙʳʣʠ 

ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʦʮʝʥʢʠ ʜʠʘʤʝʪʨʦʚ ʆʋʅʊ (ʈʠʩʫʥʦʢ 12). ɺ ʚʳʙʦʨʢʝ ʠʟ 16 

ʟʘʧʦʣʥʝʥʥʳʭ ʥʘʥʦʪʨʫʙʦʢ (ʊʘʙʣʠʮʘ 2) ʥʘʙʣʶʜʘʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʪ ʦʜʠʥʦʯʥʳʭ ʜʦ 

ʯʝʪʚʝʨʥʳʭ ʮʝʧʦʯʝʢ, ʧʨʠ ʵʪʦʤ ʦʜʥʘ ʦʜʠʥʦʯʥʘʷ ʮʝʧʴ ʥʘʭʦʜʠʪʩʷ ʚ ʥʝʙʦʣʴʰʦʡ ʧʦʣʦʩʪʠ 

ʜʠʘʤʝʪʨʦʤ 1,37 ʥʤ. ʅʘʠʙʦʣʴʰʘʷ ʯʘʩʪʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʚʦʡʥʳʝ ʮʝʧʦʯʢʠ ʚ ʧʦʣʦʩʪʷʭ 

ʦʪ 1,60 ʜʦ 1,88 ʥʤ ʠ ʪʨʦʡʥʳʝ ʮʝʧʦʯʢʠ ʦʪ 2,12 ʜʦ 2,38 ʥʤ. ʆʙʥʘʨʫʞʝʥ ʪʘʢʞʝ ʧʨʠʤʝʨ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʯʝʪʨrʝʭʮʝʧʦʯʝʯʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʧʦʣʦʩʪʠ ʙʦʣʴʰʝʛʦ ʜʠʘʤʝʪʨʘ 2,86 ʥʤ. 

 
ʈʠʩʫʥʦʢ 11. ʀʟʦʙʨʘʞʝʥʠʷ ʇʕʄ ɺʈ ʬʦʩʬʦʨʩʦʜʝʨʞʘʱʠʭ ʆʋʅʊ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ (ʘ, ʙ) 

200 ÁC, (ʚ, ʛ) 600 ÁC ʠ (ʜ) 800 ÁC. ʉʪʨʝʣʢʠ ʩ ʮʠʬʨʘʤʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʢʦʣʠʯʝʩʪʚʦ 

ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʭ ʮʝʧʦʯʝʢ. ʆʚʘʣʦʤ ʧʦʢʘʟʘʥʘ ʧʫʩʪʘʷ ʯʘʩʪʴ ʆʋʅʊ. ʋʛʣʦʚʘʷ ʩʪʨʝʣʢʘ 

ʦʙʦʟʥʘʯʘʝʪ ʨʘʟʣʠʯʥʳʝ ʬʦʨʤʳ ʬʦʩʬʦʨʘ ʚʥʫʪʨʠ ʦʜʥʦʡ ʆʋʅʊ. 
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ʊʘʙʣʠʮʘ 2. ʅʘʙʣʶʜʘʝʤʳʝ ʥʘ ʈʠʩʫʥʢʝ 12 ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʩ ʨʘʟʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ 

ʚʠʜʠʤʳʭ ʬʦʩʬʦʨʥʳʭ ʮʝʧʦʯʝʢ ʚʥʫʪʨʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʠʘʤʝʪʨʘ ʆʋʅʊ.  

ʂʦʣʠʯʝʩʪʚʦ 

ʮʝʧʦʯʝʢ ʈ 
D
ʆʋʅʊ
, ʥʤ ʈʠʩʫʥʦʢ 12 

1 1,37 ʤ 

2 1,60 ʘ 

2 1,65 ʙ 

2 1,68 ʚ 

2 1,74 ʛ 

2 1,77 ʜ 

2 1,81 ʜ 

2 1,84 ʝ 

2 1,88 ʞ 

3 2,12 ʟ 

3 2,21 ʠ 

3 2,23 ʢ 

3 2,35 ʣ 

3 2,37 ʤ 

3 2,38 ʚ 

4 2,86 ʢ 

 
ʈʠʩʫʥʦʢ 12. ʀʟʦʙʨʘʞʝʥʠʷ ʇʕʄ ɺʈ ʧʦʢʘʟʳʚʘʶʱʠʝ ʬʦʩʬʦʨ-ʟʘʧʦʣʥʝʥʥʳʝ ʆʋʅʊ ʨʘʟʥʦʛʦ 

ʜʠʘʤʝʪʨʘ ʩ ʨʘʟʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʚʠʜʠʤʳʭ ʚʢʣʶʯʝʥʥʳʭ ʮʝʧʦʯʝʢ ʬʦʩʬʦʨʘ. 

1 ʥʤ

(ʘ)

1 ʥʤ 1 ʥʤ 1 ʥʤ

1 ʥʤ 1 ʥʤ 1 ʥʤ 1 ʥʤ

1 ʥʤ 1 ʥʤ 1 ʥʤ 2ʥʤ

(ʙ) (ʚ) (ʛ)

(ʜ) (ʝ) (ʞ) (ʟ)

(ʠ) (ʢ) (ʣ) (ʤ)



61 

 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʩʧʝʢʪʨʦʚ ʂʈʉ ʠ ʠʟʦʙʨʘʞʝʥʠʡ ʇʕʄ ɺʈ 

ʆʧʨʝʜʝʣʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʭ ʮʝʧʦʯʝʢ ʠʩʧʦʣʴʟʦʚʘʥʳ ʨʘʩʯʝʪʳ ʊʌʇ. 

ʀʩʧʦʣʴʟʦʚʘʣʠ ʩʣʝʜʫʶʱʠʝ ʢʨʠʪʝʨʠʠ: ʥʘʠʤʝʥʴʰʘʷ ʵʥʝʨʛʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ 

ʬʦʩʬʦʨʘ, ʩʦʦʪʚʝʪʩʪʚʠʝ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʘ ʂʈʉ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʥʦʤʫ, 

ʩʦʦʪʚʝʪʩʪʚʠʝ ʩʤʦʜʝʣʠʨʦʚʘʥʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʇʕʄ ɺʈ ʧʦʣʫʯʝʥʥʦʤʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ.  

ɺ ʢʘʯʝʩʪʚʝ 1D-ʮʝʧʦʯʝʢ ʬʦʩʬʦʨʘ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʩʪʨʫʢʪʫʨʳ [P8]P2[P9]P2[ 

(ʩʪʨʦʠʪʝʣʴʥʳʡ ʙʣʦʢ ʚʦʣʦʢʥʠʩʪʦʛʦ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ, red-P), ʘ ʪʘʢʞʝ [P8]P4(4)[, [P10]P2[, 

[P12(4)]P2 ʠ ʙʦʣʝʝ ʧʨʦʩʪʘʷ ʩʪʨʫʢʪʫʨʘ P8]P2. ʈʘʩʯʝʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʢʦʥʬʠʛʫʨʘʮʠʝʡ ʩ 

ʩʘʤʦʡ ʥʠʟʢʦʡ ʵʥʝʨʛʠʝʡ ʷʚʣʷʝʪʩʷ ʩʪʨʫʢʪʫʨʘ ʩ ʢʦʚʘʣʝʥʪʥʦ-ʩʚʷʟʘʥʥʳʤʠ ʜʚʫʤʷ ʮʝʧʦʯʢʘʤʠ 

crl-[P8]P2[P9]P2[  ʩʪʨʫʢʪʫʨʘ ʚʦʣʦʢʥʠʩʪʦʛʦ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ. ɹʣʠʟʢʦʡ ʧʦ ʵʥʝʨʛʠʠ 

ʷʚʣʷʝʪʩʷ ʩʠʩʪʝʤʘ ʠʟ ʜʚʫʭ ʮʝʧʦʯʝʢ P8]P2. ʉʪʨʫʢʪʫʨʥʦʝ ʩʭʦʜʩʪʚʦ ʠ ʙʣʠʟʢʘʷ ʵʥʝʨʛʝʪʠʢʘ 

ʤʝʞʜʫ ʵʪʠʤʠ ʜʚʫʤʷ ʩʪʨʫʢʪʫʨʘʤʠ ʧʨʝʜʧʦʣʘʛʘʶʪ, ʯʪʦ ʜʚʫʭʮʝʧʦʯʝʯʥʳʝ ʬʦʩʬʦʨʥʳʝ ʩʠʩʪʝʤʳ 

ʥʘ ʧʨʘʢʪʠʢʝ ʤʦʛʫʪ ʧʨʝʜʩʪʘʚʣʷʪʴ ʩʦʙʦʡ ʩʤʝʩʴ ʜʚʫʭ ʩʪʨʫʢʪʫʨ ʩ ʨʘʟʣʠʯʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ 

ʤʝʞʮʝʧʦʯʝʯʥʳʭ ʩʚʷʟʝʡ.  

ɸʥʘʣʠʟ ʠʟʦʙʨʘʞʝʥʠʡ ʇʕʄ ɺʈ ʧʦʢʘʟʘʣ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʪʨʝʭ 

ʮʝʧʦʯʝʢ ʬʦʩʬʦʨʘ ʚʥʫʪʨʠ ʥʘʥʦʪʨʫʙʦʢ. ʀʟ ʩʦʦʙʨʘʞʝʥʠʡ ʟʘʧʦʣʥʝʥʠʷ ʜʦʩʪʫʧʥʦʛʦ 

ʧʨʦʩʪʨʘʥʩʪʚʘ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚʥʫʪʨʝʥʥʠʡ ʢʘʥʘʣ ʥʘʥʦʪʨʫʙʦʢ ʜʠʘʤʝʪʨʦʤ 2,03ï

2,45 ʥʤ ʤʦʞʝʪ ʚʤʝʩʪʠʪʴ ʩʝʤʴ ʮʝʧʦʯʝʢ ʬʦʩʬʦʨʘ, ʢʦʪʦʨʳʝ ʚ ʧʨʦʝʢʮʠʠ ʥʘ ʠʟʦʙʨʘʞʝʥʠʷʭ 

ʇʕʄ ɺʈ ʤʦʛʫʪ ʚʳʛʣʷʜʝʪʴ ʢʘʢ ʪʨʠ ʮʝʧʦʯʢʠ. ʇʦʩʢʦʣʴʢʫ ʚʥʫʪʨʠ ʵʪʠʭ ʥʘʥʦʪʨʫʙʦʢ 

ʥʝʜʦʩʪʘʪʦʯʥʦ ʤʝʩʪʘ ʜʣʷ ʯʝʪʳʨʝʭ ʜʚʦʡʥʳʭ ʮʝʧʝʡ crl-[P8]P2[P9]P2[, ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʪʨʠ 

ʜʚʦʡʥʳʝ ʮʝʧʠ crl-[P8]P2[P9]P2[ ʩ ʦʜʥʦʡ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʦʜʠʥʘʨʥʦʡ ʮʝʧʦʯʢʦʡ P8]P2 

(ʦʙʱʘʷ ʩʪʨʫʢʪʫʨʘ ʜʘʣʝʝ ʦʙʦʟʥʘʯʘʝʪʩʷ ʢʘʢ crl-[P8]P2[P9]P2[*). 

ʅʘ ʈʠʩʫʥʢʝ 13 ʧʦʢʘʟʘʥʦ ʩʨʘʚʥʝʥʠʝ ʩʤʦʜʝʣʠʨʦʚʘʥʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ 

ʧʨʦʛʥʦʟʠʨʫʝʤʳʭ 7-ʮʝʧʦʯʝʯʥʳʭ ʩʪʨʫʢʪʫʨ P8]P2 (ʈʠʩʫʥʢʠ 13a, ʙ) ʠ crl-[P8]P2[P9]P2[* 

(ʈʠʩʫʥʦʢ 13ʛ, ʜ) ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʤ ʠʟʦʙʨʘʞʝʥʠʝʤ (ʈʠʩʫʥʦʢ 13ʚ). 

ʇʨʝʢʨʘʩʥʦʝ ʩʦʚʧʘʜʝʥʠʝ ʩ ʪʦʯʥʦʩʪʴʶ ʙʦʣʝʝ 0,1 ¡ ʤʦʞʥʦ ʫʚʠʜʝʪʴ ʩʦ ʩʪʨʫʢʪʫʨʦʡ P8]P2. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʥʘʥʦʪʨʫʙʢʘ ʥʘ ʈʠʩʫʥʢʝ 13ʚ ʠʤʝʝʪ ʜʠʘʤʝʪʨ 2,05 ʥʤ, ʧʦʵʪʦʤʫ ʩʪʨʫʢʪʫʨʘ 

P8]P2 ʙʫʜʝʪ ʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʡ. ʆʜʥʘʢʦ ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ crl-

[P8]P2[P9]P2[* ʥʝʣʴʟʷ ʠʩʢʣʶʯʘʪʴ, ʧʦʩʢʦʣʴʢʫ ʵʪʠ ʮʝʧʦʯʢʠ ʤʦʛʫʪ ʙʳʩʪʨʦ 

ʪʨʘʥʩʬʦʨʤʠʨʦʚʘʪʴʩʷ ʚ P8]P2 ʚʦ ʚʨʝʤʷ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʪʘʢ ʢʘʢ ʩʰʠʚʘʶʱʠʝ ʛʨʫʧʧʳ P2 

ʜʦʩʪʘʪʦʯʥʦ ʥʝʩʪʘʙʠʣʴʥʳ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ. 
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ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʮʝʧʦʯʝʯʥʳʭ ʩʪʨʫʢʪʫʨ ʬʦʩʬʦʨʘ 

ʚʥʫʪʨʠ ʆʋʅʊ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʂʈʉ-ʩʧʝʢʪʨʦʚ. ʆʪʜʝʣʴʥʦʝ 

ʨʘʩʩʤʦʪʨʝʥʠʝ ʩʪʨʫʢʪʫʨ P8]P2 (ʈʠʩʫʥʦʢ 14ʘ) ʠʣʠ crl-[P8]P2[P9]P2[ (ʈʠʩʫʥʦʢ 14ʙ) ʥʝ 

ʦʧʠʩʳʚʘʝʪ ʚʩʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʚ ʩʧʝʢʪʨʘʭ ʂʈʉ. ʃʫʯʰʝʝ 

ʩʦʛʣʘʩʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʧʦʢʘʟʘʣʘ ʢʦʤʙʠʥʘʮʠʷ ʵʪʠʭ ʜʚʫʭ ʩʪʨʫʢʪʫʨ (ʈʠʩʫʥʦʢ 14ʚ). 

ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʤʦʜʘ ʧʨʠ 251 ʩʤï1, ʭʘʨʘʢʪʝʨʥʘʷ ʜʣʷ ʜʚʦʡʥʳʭ ʮʝʧʦʯʝʢ crl-

[P8]P2[P9]P2[. ʆʥʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ PP ʨʘʩʪʷʞʝʥʠʶ ʩʰʠʚʘʶʱʝʡ ʩʚʷʟʠ ʤʝʞʜʫ ʮʝʧʦʯʢʘʤʠ 

(ʩʤ. ʚʩʪʘʚʢʫ ʥʘ ʈʠʩʫʥʢʝ 14ʙ) ʠ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʢʘʯʝʩʪʚʝ ʦʪʣʠʯʠʪʝʣʴʥʦʛʦ ʧʨʠʟʥʘʢʘ 

ʪʘʢʦʛʦ ʩʰʠʚʘʥʠʷ. 

 
ʈʠʩʫʥʦʢ 13. ʄʦʜʝʣʴʥʳʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʇʕʄ ɺʈ ʜʣʷ P@ʆʋʅʊ: (ʘ) ɺʠʜ 

P8]P2@(28,0)ʆʋʅʊ ʚʜʦʣʴ ʦʩʠ ʥʘʥʦʪʨʫʙʢʠ; (ʙ) ʄʦʜʝʣʴʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʇʕʄ ɺʈ 

P8]P2@(28,0)ʆʋʅʊ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʥʘʥʦʪʨʫʙʢʠ; (ʚ) ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ 

ʇʕʄ ɺʈ ʦʙʨʘʟʮʘ P@ʆʋʅʊ (ʜʠʘʤʝʪʨ 2,05 ʥʤ) ʧʦʣʫʯʝʥʥʦʝ ʩ ʵʢʩʧʦʟʠʮʠʝʡ 1 ʩ; (ʛ) ʄʦʜʝʣʴʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ ʇʕʄ ɺʈ crl-[P8]P2[P9]P2[*@(29,0)ʆʋʅʊ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʥʘʥʦʪʨʫʙʢʠ; 

(ʜ) ɺʠʜ crl-[P8]P2[P9]P2[*@(29,0)ʆʋʅʊ ʚʜʦʣʴ ʦʩʠ ʥʘʥʦʪʨʫʙʢʠ. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʧʦʣʦʩʪʷʭ ʥʘʥʦʪʨʫʙʦʢ ʩʨʝʜʥʝʛʦ ʜʠʘʤʝʪʨʘ (1,6ï

2,9 ʥʤ) ʬʦʩʬʦʨ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʦʙʨʘʟʫʝʪ ʩʤʝʩʴ 1D-ʮʝʧʦʯʝʢ P8]P2 ʠ crl-[P8]P2[P9]P2[  

ʩʪʨʫʢʪʫʨʥʦʡ ʝʜʠʥʠʮʳ ʚʦʣʦʢʥʠʩʪʦʛʦ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨ ʦʧʫʙʣʠʢʦʚʘʥʦ ʚ ʚʠʜʝ 

ʜʚʫʭ ʨʘʙʦʪ: çSimulated Raman spectra of bulk and low-dimensional allotropesè // Physical 

Chemistry Chemical Physics. Volume 23, Issue 111, 16611-16622, 2021 

(doi:10.1039/d1cp02636d) ʠ çñMissingò one-dimensional red-phosphorus chains encapsulated 

within single-walled carbon nanotubesè // ACS Nano, Volume 16, Issue 4, 6002-6012, 2022 

(doi:10.1021/acsnano.1c11349). 

 

 
ʈʠʩʫʥʦʢ 14. ʊʝʦʨʝʪʠʯʝʩʢʠʝ (ʢʨʘʩʥʳʝ ʣʠʥʠʠ) ʩʧʝʢʪʨʳ ʂʈʉ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʨʠʙʣʠʞʝʥʠʷ ʇʣʘʯʝʢʘ ʜʣʷ (a) P8]P2, (ʙ) ʜʚʦʡʥʳʭ ʮʝʧʦʯʝʢ crl-[P8]P2[P9]P2[ ʠ (ʚ) 

ʩʫʧʝʨʧʦʟʠʮʠʠ P8]P2 ʠ crl-[P8]P2[P9]P2[, ʥʘʣʦʞʝʥʥʳʝ ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ (ʯʝʨʥʳʝ 

ʣʠʥʠʠ). ʉʧʝʢʪʨʳ ʥʦʨʤʠʨʦʚʘʥʳ ʧʦ ʥʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦʤʫ ʧʠʢʫ ʚ ʜʠʘʧʘʟʦʥʝ 300ï400 ʩʤï1. 

ʅʘ ʚʩʪʘʚʢʝ ʈʠʩʫʥʢʘ (ʙ) ʧʦʢʘʟʘʥʘ ʤʦʜʘ ʧʨʠ 251 ʩʤï1, ʣʦʢʘʣʠʟʦʚʘʥʥʘʷ ʥʘ ʩʰʠʚʘʶʱʝʡ ʛʨʫʧʧʝ 

P2 ʚ ʩʪʨʫʢʪʫʨʝ crl-[P8]P2[P9]P2[. 
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3.1.2. ʆʯʠʩʪʢʘ ʛʠʙʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʦʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʬʦʩʬʦʨʘ 

ɸʥʘʣʠʟ ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʡ ʦʙʨʘʟʮʦʚ ʬʦʩʬʦʨ-ʟʘʧʦʣʥʝʥʥʳʭ ʆʋʅʊ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʝʣʦʛʦ ʬʦʩʬʦʨʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʚʳʷʚʠʣ 

ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʟʘʧʦʣʥʝʥʥʳʭ ʆʋʅʊ ʧʨʠ 800 ÁC. ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʂʈʉ ʧʦʢʘʟʘʣʘ 

ʦʙʨʘʟʦʚʘʥʠʝ ʚʦʣʦʢʥʠʩʪʦʛʦ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʧʨʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʈʠʩʫʥʦʢ 9). 

ʇʦʩʢʦʣʴʢʫ ʧʨʠ ʪʘʢʦʡ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩʠʥʪʝʟʘ ʥʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʦʧʘʩʥʳʡ ʙʝʣʳʡ ʬʦʩʬʦʨ ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʘ, ʪʦ ʚʩʝ ʜʘʣʴʥʝʡʰʠʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʙʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʩ ʘʤʦʨʬʥʳʤ ʢʨʘʩʥʳʤ ʬʦʩʬʦʨʦʤ. 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʬʦʩʬʦʨʘ ʩ ʋʅʊ ʧʨʠʚʦʜʠʪ ʥʝ ʪʦʣʴʢʦ ʢ ʠʭ ʟʘʧʦʣʥʝʥʠʶ, ʥʦ ʠ ʢ 

ʦʩʘʞʜʝʥʠʶ ʬʦʩʬʦʨʘ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʪʨʫʙʢʠ. ʇʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ 

ʙʝʣʳʡ ʬʦʩʬʦʨ ʠʤʝʝʪ ʥʘʠʣʫʯʰʫʶ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʚ CS2 (100 ʛ ʙʝʣʦʛʦ ʬʦʩʬʦʨʘ ʨʘʩʪʚʦʨʷʝʪʩʷ 

ʚ 100 ʛ CS2 [139]), ʧʦʵʪʦʤʫ ʦʙʳʯʥʦ ʝʛʦ ʠʩʧʦʣʴʟʫʶʪ ʜʣʷ ʦʯʠʩʪʢʠ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʋʅʊ [35,99]. ʆʜʥʘʢʦ ʩʝʨʦʫʛʣʝʨʦʜ ʯʨʝʟʚʳʯʘʡʥʦ ʦʛʥʝʦʧʘʩʝʥ ʠ ʪʦʢʩʠʯʝʥ. Hart ʠ ʜʨ. ʫʜʘʣʷʣʠ 

ʚʥʝʰʥʠʝ ʦʢʠʩʣʝʥʥʳʝ ʬʦʨʤʳ ʬʦʩʬʦʨʘ ʧʫʪʝʤ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʦʙʨʘʟʮʘ ʚ ʚʦʜʝ [39,40], ʯʪʦ 

ʧʨʠʚʦʜʠʣʦ ʣʠʰʴ ʢ ʦʢʠʩʣʝʥʠʶ ʙʝʣʦʛʦ ʬʦʩʬʦʨʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ.  

ɺ ʧʨʦʮʝʩʩʝ ʠʩʧʘʨʝʥʠʷ-ʢʦʥʜʝʥʩʘʮʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʪʨʫʙʢʠ ʦʙʨʘʟʫʝʪʩʷ ʥʝ 

ʪʦʣʴʢʦ ʥʘʣʝʪ ʠʟ ʙʝʣʦʛʦ ʬʦʩʬʦʨʘ, ʢʦʪʦʨʳʡ ʤʛʥʦʚʝʥʥʦ ʦʢʠʩʣʷʝʪʩʷ ʥʘ ʚʦʟʜʫʭʝ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʦʢʩʠʜʦʚ ʬʦʩʬʦʨʘ, ʥʦ ʠ ʚʦʟʤʦʞʥʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʩʪʨʫʢʪʫʨ ʢʨʘʩʥʦʛʦ 

ʬʦʩʬʦʨʘ ʙʣʘʛʦʜʘʨʷ ʪʝʤʧʣʘʪʥʦʤʫ ʵʬʬʝʢʪʫ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʪʨʫʙʢʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʚʘʞʥʦ ʙʳʣʦ ʧʦʜʦʙʨʘʪʴ ʫʥʠʚʝʨʩʘʣʴʥʳʝ ʠ ʵʬʬʝʢʪʠʚʥʳʝ ʫʩʣʦʚʠʷ ʦʯʠʩʪʢʠ, ʧʦʟʚʦʣʷʶʱʠʝ 

ʫʜʘʣʷʪʴ ʨʘʟʣʠʯʥʳʝ ʬʦʨʤʳ ʬʦʩʬʦʨʘ ʩ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʝ ʧʨʠʚʦʜʷ ʢ ʚʳʤʳʚʘʥʠʶ ʬʦʩʬʦʨʘ ʠʟ 

ʚʥʫʪʨʝʥʥʝʡ ʧʦʣʦʩʪʠ. ʄʳ ʠʩʩʣʝʜʦʚʘʣʠ ʪʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʨʘʩʪʚʦʨʠʪʝʣʷ: ʵʪʘʥʦʣ, 

ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʫʶ HNO3 ʠ ʨʘʟʙʘʚʣʝʥʥʳʡ ʨʘʩʪʚʦʨ NaOH. ɺ ʣʠʪʝʨʘʪʫʨʝ ʩʦʦʙʱʘʝʪʩʷ ʦʙ 

ʵʬʬʝʢʪʠʚʥʦʤ ʨʘʩʪʚʦʨʝʥʠʠ ʦʢʩʠʜʦʚ ʬʦʩʬʦʨʘ ʵʪʘʥʦʣʦʤ, ʘ ʩ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʦʡ ʠ ʨʘʩʪʚʦʨʦʤ 

ʱʝʣʦʯʠ ʬʦʩʬʦʨ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʧʦ ʩʣʝʜʫʶʱʠʤ ʨʝʘʢʮʠʷʤ: 

P + 5HNO3(ʢ) Ÿ H3PO4 + 5NO2 + H2O 

4P + 3NaOH + 3H2O Ÿ 3NaH2PO2 + PH3ŷ 

ʇʦʣʫʯʝʥʥʳʝ ʧʨʦʜʫʢʪʳ ʨʝʘʢʮʠʠ ʧʝʨʝʭʦʜʷʪ ʚ ʨʘʩʪʚʦʨ ʠ ʩʤʳʚʘʶʪʩʷ ʤʥʦʛʦʢʨʘʪʥʳʤ 

ʧʨʦʤʳʚʘʥʠʝʤ ʚʦʜʦʡ. 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʦʯʠʩʪʢʠ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠ ʤʝʪʦʜʦʤ ʈʌʕʉ (ʈʠʩʫʥʦʢ 15). ʆʩʥʦʚʥʳʝ 

ʩʠʛʥʘʣʳ ʥʘʙʣʶʜʘʶʪʩʷ ʦʪ ʫʛʣʝʨʦʜʘ, ʢʠʩʣʦʨʦʜʘ ʠ ʬʦʩʬʦʨʘ. ʉʦʜʝʨʞʘʥʠʝ ʬʦʩʬʦʨʘ ʚ 

ʠʩʭʦʜʥʦʤ ʦʙʨʘʟʮʝ ʩʦʩʪʘʚʣʷʝʪ ~9 ʘʪ% (~20 ʤʘʩʩ%) ʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ 
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ʦʙʨʘʟʮʘ ʵʪʘʥʦʣʦʤ. ʆʙʨʘʙʦʪʢʘ ʨʘʟʙʘʚʣʝʥʥʳʤ NaOH ʩʥʠʞʘʝʪ ʩʦʜʝʨʞʘʥʠʝ ʬʦʩʬʦʨʘ ʯʫʪʴ 

ʙʦʣʝʝ ʯʝʤ ʚʜʚʦʝ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʝʪ ʩʦʜʝʨʞʘʥʠʝ ʢʠʩʣʦʨʦʜʘ. ʆʙʨʘʙʦʪʢʘ ʚ 

ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʝ ʧʨʠʚʦʜʠʪ ʢ ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʦʤʫ ʩʥʠʞʝʥʠʶ 

ʩʦʜʝʨʞʘʥʠ ̫ʬʦʩʬʦʨʘ ʚ ʦʙʨʘʟʮʝ ʜʦ 2 ʘʪ%. 

 

ʅʘ ʈʠʩʫʥʢʝ 15ʙ ʧʨʝʜʩʪʘʚʣʝʥʳ ʈʌʕʉ P 2p-ʩʧʝʢʪʨʳ ʦʙʨʘʟʮʦʚ ʜʦ ʠ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ 

ʚ ʨʘʟʣʠʯʥʳʭ ʨʘʩʪʚʦʨʠʪʝʣʷʭ. ɺ ʩʧʝʢʪʨʝ P 2p ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ (P@ʆʋʅʊ-1) ʥʘʙʣʶʜʘʝʪʩʷ 

ʜʫʙʣʝʪ ʩ ʤʘʢʩʠʤʫʤʦʤ P 2p3/2 ʧʨʠ 130,2 ɻ ɺ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ɻ ʣʝʤʝʥʪʥʦʤʫ ʬʦʩʬʦʨʫ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʩʚʷʟʷʤ ʈʈ [36,140]. ʐʠʨʦʢʠʡ ʧʠʢ ʧʨʠ 134,2 ɻ ɺ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʢʠʩʣʝʥʥʳʤ ʬʦʨʤʘʤ 

ʬʦʩʬʦʨʘ. ʕʪʦʪ ʧʠʢ ʦʧʠʩʳʚʘʝʪʩʷ ʜʚʫʤʷ ʜʫʙʣʝʪʘʤʠ ʧʨʠ 134,0/134,8 ʵɺ ʠ 133,3/134,2 ʵɺ. 

ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, ʧʦʣʦʞʝʥʠʝ ʧʠʢʘ ʩʤʝʱʘʝʪʩʷ ʚ ʩʪʦʨʦʥʫ ʙʦʣʝʝ ʚʳʩʦʢʠʭ 

ʵʥʝʨʛʠʡ ʩʚʷʟʠ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ ʬʦʩʬʦʨʘ [141,142]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʙʦʣʝʝ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʜʫʙʣʝʪ ʙʳʣ ʦʪʥʝʩʝʥ ʢ ʩʦʩʪʦʷʥʠʷʤ ʬʦʩʬʦʨʘ ʚ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ P+5, ʪʘʢʠʤ ʢʘʢ ʬʦʩʬʦʨʥʘʷ ʢʠʩʣʦʪʘ, ʤʝʪʘʬʦʩʬʦʨʥʘʷ ʢʠʩʣʦʪʘ, ʦʩʪʘʪʢʠ 

ʢʦʪʦʨʳʭ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥ r ʩ ʫʛʣʝʨʦʜʥʦʡ ʥʘʥʦʪʨʫʙʢʦʡ. ɼʫʙʣʝʪ ʩ ʙʦʣʝʝ ʥʠʟʢʠʤʠ 

ʵʥʝʨʛʠʷʤʠ ʩʚʷʟʠ ʢʦʤʧʦʥʝʥʪʦʚ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ ʤʝʥʝʝ ʦʢʠʩʣʝʥʥʳʤ ʬʦʨʤʘʤ ʬʦʩʬʦʨʘ P+3, 

ʪʘʢʠʤ ʢʘʢ H3PO3. ʈʘʩʯʝʪʥʘʷ ʜʦʣʷ ʦʢʠʩʣʝʥʥʳʭ ʬʦʨʤ ʬʦʩʬʦʨʘ ʚ P@ʆʋʅʊ-1 ʩʦʩʪʘʚʣʷʝʪ 

ʦʢʦʣʦ 66% ʦʪ ʦʙʱʝʛʦ ʢʦʣʠʯʝʩʪʚʘ. ʆʢʠʩʣʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʬʦʩʬʦʨʘ, 

 
ʈʠʩʫʥʦʢ 15. (ʘ) ʆʙʟʦʨʥʳʝ ʈʌʕʉ-ʩʧʝʢʪʨʳ ʠ (ʙ) ʈʌʕʉ P 2p ʩʧʝʢʪʨʳ ʦʙʨʘʟʮʦʚ P@ʆʋʅʊ ʜʦ ʠ 

ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʨʘʟʣʠʯʥʳʤʠ ʨʘʩʪʚʦʨʠʪʝʣʷʤʠ (ʩʣʝʚʘ ʧʦʢʘʟʘʥʦ ʩʦʜʝʨʞʘʥʠʝ ʬʦʩʬʦʨʘ ʚ 

ʦʙʨʘʟʮʘʭ). ʉʧʝʢʪʨʳ ʠʟʤʝʨʝʥʳ ʧʨʠ ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʝʥʠʷ 830 ʵɺ. 

(a) (ʙ) 
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ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʆʋʅʊ, ʩ ʤʦʣʝʢʫʣʘʤʠ O2 ʠ H2O, 

ʧʨʠʩʫʪʩʪʚʫʶʱʠʤʠ ʚ ʣʘʙʦʨʘʪʦʨʥʦʤ ʚʦʟʜʫʭʝ ʧʨʠ ʦʪʢʨʳʪʠʠ ʘʤʧʫʣ ʠ ʠʟʚʣʝʯʝʥʠʠ ʦʙʨʘʟʮʦʚ 

[143]. ʀʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʠʢʘ ʦʢʠʩʣʝʥʥʦʛʦ ʬʦʩʬʦʨʘ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʝʪʩʷ 

ʚ ʩʧʝʢʪʨʝ P 2p ʜʣʷ ʦʙʨʘʟʮʘ P@ʆʋʅʊ-1_ʵʪʘʥʦʣ ʠ ʩʦʩʪʘʚʣʷʝʪ 61%, ʦʜʥʘʢʦ ʜʦʣʷ ʤʝʥʝʝ 

ʦʢʠʩʣʝʥʥʳʭ ʯʘʩʪʠʮ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʂʦʤʧʦʥʝʥʪ ʦʪ ʦʢʠʩʣʝʥʥʳʭ ʬʦʨʤ ʬʦʩʬʦʨʘ ʩʦʩʪʘʚʣʷʝʪ 

ʦʢʦʣʦ 86% ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʩʧʝʢʪʨʝ P@ʆʋʅʊ-1_HNO3. ʈʘʥʝʝ ʩʦʦʙʱʘʣʦʩʴ, 

ʯʪʦ ʦʙʨʘʙʦʪʢʘ ʋʅʊ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʦʡ ʧʨʠʚʦʜʠʪ ʢ ʨʘʩʢʨʳʪʠʶ 

ʢʦʥʯʠʢʦʚ ʥʘʥʦʪʨʫʙʦʢ, ʦʙʨʘʟʦʚʘʥʠʶ ʦʪʚʝʨʩʪʠʡ ʚ ʠʭ ʙʦʢʦʚʳʭ ʩʪʝʥʢʘʭ ʠ ʚʥʝʜʨʝʥʠʶ 

ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ [144,145]. ʇʦʩʢʦʣʴʢʫ ʩʦʜʝʨʞʘʥʠʝ ʬʦʩʬʦʨʘ 

ʚ P@ʆʋʅʊ-1_HNO3 ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʞʝ, ʤʳ ʧʨʝʜʧʦʣʘʛʘʝʤ, ʯʪʦ ʪʘʢʘʷ ʦʙʨʘʙʦʪʢʘ ʧʨʠʚʦʜʠʪ 

ʢ ʚʳʤʳʚʘʥʠʶ ʬʦʩʬʦʨʘ ʠʟ ʚʥʫʪʨʝʥʥʝʡ ʧʦʣʦʩʪʠ ʆʋʅʊ ʯʝʨʝʟ ʚʥʦʚʴ ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ 

ʜʝʬʝʢʪʳ ʚ ʠʭ ʩʪʝʥʢʘʭ. ʆʢʠʩʣʝʥʠʝ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʭ ʮʝʧʦʯʝʢ ʬʦʩʬʦʨʘ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʚʳʩʦʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʜʫʙʣʝʪʘ ʧʨʠ 132,24/133,08 ʵɺ ʚ ʩʧʝʢʪʨʝ P@ʆʋʅʊ-1_HNO3. ʕʪʘ 

ʵʥʝʨʛʠʷ ʩʚʷʟʠ ʦʪʥʦʩʠʪʩʷ ʢ ʬʦʩʬʦʨʥʳʤ ʧʦʣʠʤʝʨʘʤ, ʠʤʝʶɦʠʤ ʥʘ ʢʨʘʷʭ 

ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʝ ʛʨʫʧʧ r [146]. ʕʪʠ ʩʦʩʪʦʷʥʠʷ ʬʦʩʬʦʨʘ ʪʘʢʞʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ 

ʥʝʙʦʣʴʰʠʭ ʢʦʣʠʯʝʩʪʚʘʭ ʚ ʦʙʨʘʟʮʘʭ P@ʆʋʅʊ-1_ʵʪʘʥʦʣ ʠ P@ʆʋʅʊ-1_NaOH ʠʟ-ʟʘ 

ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʤʦʣʝʢʫʣ ʨʘʩʪʚʦʨʠʪʝʣʷ ʚ ʧʦʣʦʩʪʴ ʆʋʅʊ ʯʝʨʝʟ ʦʪʢʨʳʪʳʝ ʢʦʥʮʳ. ʉʦʛʣʘʩʥʦ 

ʜʘʥʥʳʤ ʈʌʕʉ, ʦʙʨʘʟʝʮ P@ʆʋʅʊ-1_NaOH ʩʦʜʝʨʞʠʪ ʥʘʠʤʝʥʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ 

ʦʢʠʩʣʝʥʥʦʛʦ ʬʦʩʬʦʨʘ. ʈʘʩʯʝʪʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʵʣʝʤʝʥʪʥʦʛʦ ʬʦʩʬʦʨʘ ʩʦʩʪʘʚʣʷʝʪ Ḑ2,6 ʘʪ%, 

ʯʪʦ ʥʝʩʢʦʣʴʢʦ ʥʠʞʝ, ʯʝʤ Ḑ3,0 ʘʪ% ʜʣʷ ʥʝʦʯʠʱʝʥʥʦʛʦ P@ʆʋʅʊ-1. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ 

ʧʦʤʦʱʴʶ ʈʌʕʉ ʙʳʣ ʧʦʜʦʙʨʘʥ ʣʫʯʰʠʡ ʨʘʩʪʚʦʨʠʪʝʣʴ ʜʣʷ ʦʯʠʩʪʢʠ P@ʆʋʅʊ-1, 

ʧʦʟʚʦʣʷʶʱʠʡ ʩʝʣʝʢʪʠʚʥʦ ʫʜʘʣʷʪʴ ʬʦʩʬʦʨ ʩ ʧʦʚʝʨʭʥʦʩʪʠ.  

ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʫʜʘʣʝʥʠʷ ʦʢʠʩʣʝʥʥʦʛʦ ʬʦʩʬʦʨʘ ʦʙʨʘʙʦʪʢʦʡ ʚ 2,5 ʄ ʨʘʩʪʚʦʨʝ 

NaOH ʙʳʣʠ ʪʘʢʞʝ ʠʟʤʝʨʝʥʳ ʀʂ-ʩʧʝʢʪʨʳ. ɺ ʜʠʘʧʘʟʦʥʝ 5001500 ʩʤī1 ʚ ʩʧʝʢʪʨʝ ʦʙʨʘʟʮʘ 

P@ʆʋʅʊ-1 ʙʝʟ ʧʨʦʮʝʜʫʨʳ ʦʯʠʩʪʢʠ ʥʘʙʣʶʜʘʶʪʩʷ ʠʥʪʝʥʩʠʚʥʳʝ ʧʦʣʦʩʳ ʦʢʦʣʦ 1000 ʠ 1155 

ʩʤī1 (ʈʠʩʫʥʦʢ 16). ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, ʧʝʨʚʘʷ ʧʦʣʦʩʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʢʦʣʝʙʘʥʠʷʤ ʬʦʩʬʦʨʘ, ʦʜʥʦʢʨʘʪʥʦ ʩʚʷʟʘʥʥʦʛʦ ʩ ʢʠʩʣʦʨʦʜʦʤ ʚ ʨʘʟʣʠʯʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʛʨʫʧʧʘʭ (ɜ P-O, ŭ P-O-C, ŭ P-O-P, ŭ H-P-O), ʘ ʚʪʦʨʘʷ ï ʢʦʣʝʙʘʥʠʷʤ ʩʚʷʟʠ P=O [147]. 

ʊʘʢʠʝ ʞʝ ʢʦʣʝʙʘʥʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʀʂ-ʩʧʝʢʪʨʝ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ (Pred), 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʜʣʷ ʟʘʧʦʣʥʝʥʠʷ (ʈʠʩʫʥʦʢ 16). ɺ ʩʧʝʢʪʨʝ ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʦʛʦ ʬʦʩʬʦʨʘ 

(Precryst) ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʦʣʦʩʳ, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʢʦʣʝʙʘʥʠʷʤʠ ʩʚʷʟʠ P-O, ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʤʝʥʴʰʘʝʪʩʷ. ʄʳ ʧʨʝʜʧʦʣʘʛʘʝʤ, ʯʪʦ ʬʦʩʬʦʨ, ʦʩʘʞʜʝʥʥʳʡ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 
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ʆʋʅʊ ʚ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ, ʠʤʝʝʪ ʘʤʦʨʬʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʙʳʩʪʨʦ ʦʢʠʩʣʷʝʪʩʷ ʥʘ ʚʦʟʜʫʭʝ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʦʢʩʠʜʦʚ ʬʦʩʬʦʨʘ [36]. ʉʧʝʢʪʨ ʦʙʨʘʟʮʘ P@ʆʋʅʊ-1_NaOH ʠʤʝʝʪ 

ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ ʢʦʣʝʙʘʥʠʷ ʩʚʷʟʝʡ P-O ʠ P=O (ʈʠʩʫʥʦʢ 16). ʆʪʥʦʩʠʪʝʣʴʥʘʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʣʝʙʘʥʠʡ ʩʚʷʟʠ C=C ʧʨʠ 1642 ʩʤī1 ʚ ʵʪʦʤ ʩʧʝʢʪʨʝ ʘʥʘʣʦʛʠʯʥʘ ʩʧʝʢʪʨʫ 

ʠʩʭʦʜʥʳʭ ʆʋʅʊ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʨʠʮʳ ʜʣʷ ʚʥʝʜʨʝʥʠʷ ʬʦʩʬʦʨʘ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʝʪʦʜʦʤ ʇʕʄ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʦʯʠʩʪʢʠ ʚ NaOH 

(ʈʠʩʫʥʦʢ 17). ʆʙʨʘʟʝʮ ʈ@ʆʋʅʊ-1 ʩʦʜʝʨʞʠʪ ʤʥʦʞʝʩʪʚʦ ʪʝʤʥʳʭ ʥʘʥʦʯʘʩʪʠʮ, ʢʦʪʦʨʳʝ, 

ʩʢʦʨʝʝ ʚʩʝʛʦ, ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʬʦʩʬʦʨʫ (ʈʠʩʫʥʦʢ 17ʘ). ʆʙʨʘʙʦʪʢʘ ʚ ʱʝʣʦʯʠ ʧʦʟʚʦʣʷʝʪ 

ʫʜʘʣʠʪʴ ʙʦʣʴʰʫʶ ʜʦʣʶ ʥʘʥʦʯʘʩʪʠʮ ʩ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʝʪʦʜʠʢʠ (ʈʠʩʫʥʦʢ 17ʙ).  

 
ʈʠʩʫʥʦʢ 16. ʀʂ-ʩʧʝʢʪʨʳ ʠʩʭʦʜʥʳʭ ʆʋʅʊ, P@ʆʋʅʊ-1 ʜʦ ʠ ʧʦʩʣʝ ʦʯʠʩʪʢʠ ʚ NaOH, 

ʢʦʤʤʝʨʯʝʩʢʦʛʦ (Pred) ʠ ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʦʛʦ (Precryst) ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ. 
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ʀʟʦʙʨʘʞʝʥʠʷ ʈʕʄ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʦʙʨʘʟʝʮ P@ʆʋʅʊ-1 ʠʤʝʝʪ ʚʦʣʦʢʥʠʩʪʫʶ 

ʩʪʨʫʢʪʫʨʫ, ʦʜʥʘʢʦ ʦʪʜʝʣʴʥʳʝ ʧʫʯʢʠ ʥʘʥʦʪʨʫʙʦʢ ʩʣʦʞʥʦ ʨʘʟʣʠʯʠʪʴ (ʈʠʩʫʥʦʢ 18ʘ). ʕʪʦ 

ʩʚʷʟʘʥʦ ʩ ʧʦʢʨʳʪʠʝʤ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʪʨʫʙʦʢ ʬʦʩʬʦʨʦʤ. ʇʦʩʣʝ ʦʯʠʩʪʢʠ ʧʫʯʢʠ 

ʥʘʥʦʪʨʫʙʦʢ ʩʪʘʥʦʚʷʪʩʷ ʭʦʨʦʰʦ ʚʠʜʥʳ ʜʣʷ ʦʙʨʘʟʮʘ P@ʆʋʅʊ_NaOH (ʈʠʩʫʥʦʢ 18ʙ), ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʥʦʡ ʧʨʦʮʝʜʫʨʳ ʦʯʠʩʪʢʠ. ʕɼʉ-ʢʘʨʪʠʨʦʚʘʥʠʝ 

ʧʦʢʘʟʳʚʘʝʪ ʨʘʟʣʠʯʠʷ ʤʝʞʜʫ ʦʙʨʘʟʮʘʤʠ ʜʦ (ʈʠʩʫʥʦʢ 18ʚ) ʠ ʧʦʩʣʝ (ʈʠʩʫʥʦʢ 18ʛ) ʦʯʠʩʪʢʠ ʚ 

ʱʝʣʦʯʠ. ɺʠʜʥʦ, ʯʪʦ ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʦʙʣʘʩʪʠ ʘʛʣʦʤʝʨʘʮʠʠ ʬʦʩʬʦʨʘ, 

ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʧʦʚʝʨʭʥʦʩʪʥʳʤ ʥʘʥʦʯʘʩʪʠʮʘʤ ʬʦʩʬʦʨʘ. ʇʦʩʣʝ ʦʯʠʩʪʢʠ 

ʬʦʩʬʦʨ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥ ʧʦ ʚʩʝʤʫ ʦʙʨʘʟʮʫ. 

 

 
ʈʠʩʫʥʦʢ 17. ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʬʦʩʬʦʨʩʦʜʝʨʞʘʱʠʭ ʆʋʅʊ (a) ʜʦ ʠ (ʙ) ʧʦʩʣʝ ʦʯʠʩʪʢʠ ʚ 

ʨʘʩʪʚʦʨʝ ʛʠʜʨʦʢʩʠʜʘ ʥʘʪʨʠʷ. 

500 ʥʤ 500 ʥʤ

(a) (ʙ)

 
ʈʠʩʫʥʦʢ 18. (ʘ, ʙ) ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʠ (ʚ, ʛ) ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʵʣʝʤʝʥʪʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʫʛʣʝʨʦʜʘ (ʢʨʘʩʥʳʡ) ʠ ʬʦʩʬʦʨʘ (ʟʝʣʝʥʳʡ) ʜʣʷ (a, ʚ) P@ʆʋʅʊ-1 ʠ (ʙ, ʛ) P@ʆʋʅʊ_NaOH. 

5 ʤʢʤ

5 ʤʢʤ

(a)

(ʚ)

5 ʤʢʤ

(ʙ)

5 ʤʢʤ

(ʛ)C P C P
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ʋʯʠʪʳʚʘʷ ʚʩʝ ʚʳʰʝʠʟʣʦʞʝʥʥʳʝ ʜʘʥʥʳʝ, ʤʳ ʧʨʠʰʣʠ ʢ ʚʳʚʦʜʫ, ʯʪʦ ʨʘʩʪʚʦʨ 

ʛʠʜʨʦʢʩʠʜʘ ʥʘʪʨʠʷ ʷʚʣʷʝʪʩʷ ʧʦʜʭʦʜʷʱʠʤ ʨʘʩʪʚʦʨʠʪʝʣʝʤ ʜʣʷ ʦʯʠʩʪʢʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʥʘʥʦʪʨʫʙʦʢ ʦʪ ʬʦʩʬʦʨʘ.  

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʝ çDoping of carbon nanotubes with 

encapsulated phosphorus chainsè // Inorganic Chemistry, Volume 61, Issue 25, 9605ï9614, 

2022 (doi:10.1021/acs.inorgchem.2c00979). 

 

3.1.3. ʋʚʝʣʠʯʝʥʠʝ ʩʪʝʧʝʥʠ ʟʘʧʦʣʥʝʥʠʷ ʆʋʅʊ ʬʦʩʬʦʨʦʤ 

ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʩʪʝʧʝʥʠ ʟʘʧʦʣʥʝʥʠʷ ʆʋʅʊ ʤʳ ʧʝʨʝʰʣʠ ʢ ʠʩʧʦʣʴʟʦʚʘʥʠ ʁ H-

ʦʙʨʘʟʥʳʭ ʘʤʧʫʣ (ʈʠʩʫʥʦʢ 4). ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʆʋʅʊ ʠ ʬʦʩʬʦʨ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʨʘʟʜʝʣʝʥʳ. 

ʇʨʠ ʥʘʛʨʝʚʘʥʠʠ ʬʦʩʬʦʨ ʧʝʨʝʭʦʜʠʪ ʚ ʛʘʟʦʚʫʶ ʬʘʟʫ ʠ ʩʚʦʙʦʜʥʝʝ ʧʝʨʝʤʝʱʘʝʪʩʷ ʚ ʦʙʣʘʩʪʴ ʩ 

ʙʦʣʝʝ ʥʠʟʢʠʤ ʜʘʚʣʝʥʠʝʤ ʧʘʨʦʚ ï ʢ ʆʋʅʊ. ɺʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʠʥʪʝʟʘ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʨʘʟʨʫʰʝʥʠʝ ʧʦʣʠʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʦʣʝʢʫʣʷʨʥʦʡ 

ʬʦʨʤʳ, ʢʦʪʦʨʘʷ ʣʝʛʢʦ ʚʪʷʛʠʚʘʝʪʩʷ ʚʦ ʚʥʫʪʨʝʥʥʶʶ ʯʘʩʪʴ ʥʘʥʦʪʨʫʙʦʢ ʟʘ ʩʯʝʪ ʢʘʧʠʣʣʷʨʥʦʛʦ 

ʵʬʬʝʢʪʘ. ʇʨʠ ʦʭʣʘʞʜʝʥʠʠ ʬʦʩʬʦʨ ʢʦʥʜʝʥʩʠʨʫʝʪʩʷ ʚʥʫʪʨʠ ʆʋʅʊ, ʘ ʠʟʙʳʪʦʯʥʳʡ ʬʦʩʬʦʨ 

ʦʩʘʞʜʘʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʥʘ ʩʪʝʥʢʘʭ ʘʤʧʫʣʳ, ʯʪʦ ʚʠʜʥʦ ʥʘ ʠʟʦʙʨʘʞʝʥʠʷʭ ʘʤʧʫʣ ʧʦʩʣʝ 

ʩʠʥʪʝʟʘ ʚ ʚʠʜʝ ʙʝʣʦʛʦ ʥʘʣʝʪʘ (ʈʠʩʫʥʦʢ 4ʙ). ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ ʯʪʦ ʧʦʩʣʝ ʩʠʥʪʝʟʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʦʙʨʘʟʮʘ ʚʳʛʣʷʜʝʣʘ ʟʘʤʝʪʥʦ ʯʠʱʝ, ʥʝʢʦʪʦʨʦʝ ʢʦʣʠʯʝʩʪʚʦ ʬʦʩʬʦʨʘ ʚʩʝ ʞʝ ʦʩʪʘʝʪʩʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʋʜʘʣʝʥʠʝ ʵʪʦʛʦ ʦʩʪʘʪʦʯʥʦʛʦ ʬʦʩʬʦʨʘ ʧʨʦʚʦʜʠʣʠ ʧʨʝʜʣʦʞʝʥʥʦʡ ʚʳʰʝ 

ʦʙʨʘʙʦʪʢʦʡ ʚ NaOH. ʇʦʣʫʯʝʥʥʳʡ ʦʙʨʘʟʝʮ ʦʙʦʟʥʘʯʝʥ ʢʘʢ P@ʆʋʅʊ. 

ʊɻɸ ʠʩʭʦʜʥʳʭ ʆʋʅʊ ʠ ʬʦʩʬʦʨ ʟʘʧʦʣʥʝʥʥʳʭ P@ʆʋʅʊ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʨʘʟʥʦʝ 

ʪʝʨʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ. ʇʨʦʠʟʚʦʜʥʘʷ ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʦʡ ʢʨʠʚʦʡ (ɼʊɻ) ʠʩʭʦʜʥʳʭ 

ʆʋʅʊ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʠʢ ʧʨʠ ~80 ÁC (ʈʠʩʫʥʦʢ 19ʘ, ʢʨʠʚʘʷ 1), ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʜʝʩʦʨʙʮʠʝʡ 

ʤʦʣʝʢʫʣ ʚʦʜʳ. ʅʝʟʘʧʦʣʥʝʥʥʳʝ ʆʋʅʊ ʪʝʨʷʶʪ ~5% ʤʘʩʩʳ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 40 ʜʦ 1000 ÁC 

(ʈʠʩʫʥʦʢ 19ʘ, ʢʨʠʚʘʷ 1), ʧʨʠ ʵʪʦʤ ʦʩʥʦʚʥʘʷ ʧʦʪʝʨʷ ʤʘʩʩʳ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 40

200 ÁC ʠ ʩʚʷʟʘʥʘ ʩ ʫʜʘʣʝʥʠʝʤ ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʭ ʛʨʫʧʧ. 

ʊʝʨʤʠʯʝʩʢʦʝ ʨʘʟʣʦʞʝʥʠʝ P@ʆʋʅʊ (ʈʠʩʫʥʦʢ 19ʘ, ʢʨʠʚʘʷ 2) ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʥʝʩʢʦʣʴʢʦ ʩʪʘʜʠʡ. ʇʝʨʚʘʷ ʩʪʘʜʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 40210 ÁC ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʜʘʣʝʥʠʶ ʤʦʣʝʢʫʣ 

ʚʦʜʳ ʠ ʧʦʪʝʨʝ ~3,1 ʤʘʩʩ%. ɺʪʦʨʘʷ ʩʪʘʜʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 210325 ÁC ʧʨʠʚʦʜʠʪ ʢ ʧʦʪʝʨʝ 

ʤʘʩʩʳ ʥʘ 3,6 ʤʘʩʩ%. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʦʩʥʦʚʥʳʤ ʛʘʟʦʦʙʨʘʟʥʳʤ ʧʨʦʜʫʢʪʦʤ ʷʚʣʷʝʪʩʷ PH3, ʦ 

ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʥʘʣʠʯʠʝ ʠʦʥʥʳʭ ʪʦʢʦʚ m/z=34 (PH3), m/z=33 (PH2) ʠ m/z=31 (P) ʚ 

ʤʘʩʩ-ʩʧʝʢʪʨʝ (ʈʠʩʫʥʦʢ 19ʙ). ʊʨʝʪʴʷ ʩʪʘʜʠʷ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 325 ʜʦ 600 ÁC 
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ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʦʪʝʨʝʡ ʤʘʩʩʳ ʥʘ 19,2 ʤʘʩʩ%. ʇʨʠʩʫʪʩʪʚʠʝ ʠʦʥʥʭr ʪʦʢʦʚ ʩ m/z=31 (P) ʠ 

m/z=62 (P2) ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʠʩʧʘʨʝʥʠʠ ʬʦʩʬʦʨʘ. ʉʦʜʝʨʞʘʥʠʝ ʬʦʩʬʦʨʘ, ʨʘʩʩʯʠʪʘʥʥʦʝ 

ʠʟ ʜʘʥʥʳʭ ʊɻɸ ʚ P@ʆʋʅʊ, ʩʦʩʪʘʚʣʷʝʪ ~23 ʤʘʩʩ% (10 ʘʪ%). ɼʘʣʴʥʝʡʰʘʷ ʧʦʪʝʨʷ ʤʘʩʩʳ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 550 ÁC ʩʚʷʟʘʥʘ ʩ ʫʜʘʣʝʥʠʝʤ ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʭ ʛʨʫʧʧ ʩ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. 

 

ʆʙʟʦʨʥʳʡ ʈʌʕʉ ʩʧʝʢʪʨ ʦʙʨʘʟʮʘ P@ʆʋʅʊ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʠʢʠ ʦʪ ʫʛʣʝʨʦʜʘ, 

ʬʦʩʬʦʨʘ, ʢʨʝʤʥʠʷ ʠ ʢʠʩʣʦʨʦʜʘ (ʈʠʩʫʥʦʢ 20). ʇʨʠʩʫʪʩʪʚʠʝ ʢʨʝʤʥʠʷ ʚ ʦʙʨʘʟʮʝ (<2 ʘʪ%) 

ʩʚʷʟʘʥʦ ʩ ʧʦʧʘʜʘʥʠʝʤ ʦʩʢʦʣʢʘ ʦʪ ʢʚʘʨʮʝʚʦʡ ʘʤʧʫʣʳ ʚ ʧʨʦʮʝʩʩʝ ʠʟʚʣʝʯʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʥʘ 

ʚʦʟʜʫʭ ʧʦʩʣʝ ʩʠʥʪʝʟʘ. ʉʦʜʝʨʞʘʥʠʝ ʬʦʩʬʦʨʘ ʚ ʦʙʨʘʟʮʝ ʩʦʩʪʘʚʣʷʝʪ ~9 ʘʪ%. ʕʪʦ ʟʥʘʯʝʥʠʝ 

ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ ʊɻɸ, ʫʢʘʟʳʚʘʷ ʥʘ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʬʦʩʬʦʨʘ ʚ 

ʦʙʨʘʟʮʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ H-ʦʙʨʘʟʥʦʡ ʘʤʧʫʣʳ ʧʦʟʚʦʣʠʣʦ ʫʚʝʣʠʯʠʪʴ 

ʩʦʦʪʥʦʰʝʥʠʝ P:C ʚ ʩʠʥʪʝʪʠʯʝʩʢʦʡ ʩʤʝʩʠ, ʯʪʦ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʫʚʝʣʠʯʝʥʥʳʤ ʚʨʝʤʝʥʝʤ 

ʩʠʥʪʝʟʘ ʧʨʠʚʝʣʦ ʢ ʧʦʚʳʰʝʥʠʶ ʩʪʝʧʝʥʠ ʟʘʧʦʣʥʝʥʠ ̫ʆʋʅʊ ʬʦʩʬʦʨʦʤ ʚ ʜʚʘ ʨʘʟʘ, ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʚ ʧʨʷʤʦʡ ʘʤʧʫʣʝ. 

 
ʈʠʩʫʥʦʢ 19. (a) ʂʨʠʚʳʝ ʊɻɸ ʠ ɼʊɻ ʜʣʷ ʠʩʭʦʜʥʳʭ ʆʋʅʊ (ʢʨʠʚʳʝ 1 ʠ 1') ʠ P@ʆʋʅʊ (ʢʨʠʚʳʝ 

2 ʠ 2'); (ʙ) ʢʨʠʚʳʝ ʠʦʥʥʦʛʦ ʪʦʢʘ ʚʳʜʝʣʷʶʱʠʭʩʷ ʛʘʟʦʚ ʧʨʠ ʨʘʟʣʦʞʝʥʠʠ P@ʆʋʅʊ. 
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3.1.4. ʇʦʜʪʚʝʨʞʜʝʥʠʝ ʟʘʧʦʣʥʝʥʠʷ ʆʋʅʊ ʬʦʩʬʦʨʦʤ 

ʇʦʜʪʚʝʨʞʜʝʥʠʝ ʟʘʧʦʣʥʝʥʠʷ ʆʋʅʊ ʠ ʠʟʫʯʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʬʦʩʬʦʨʘ ʧʨʦʚʦʜʠʣʠ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ HAADF-STEM ʠ ʕɼʉ-ʢʘʨʪʠʨʦʚʘʥʠʷ (ʈʠʩʫʥʦʢ 21). ʅʘ ʈʠʩʫʥʢʝ 21ʘ 

ʧʨʝʜʩʪʘʚʣʝʥʦ HAADF-ʠʟʦʙʨʘʞʝʥʠʝ ʧʫʯʢʘ ʥʘʥʦʪʨʫʙʦʢ. ʗʨʢʠʝ ʧʦʣʦʩʳ ʚʜʦʣʴ ʦʩʠ ʧʫʯʢʘ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʬʦʩʬʦʨʫ, ʧʦʩʢʦʣʴʢʫ ʵʪʦʪ ʵʣʝʤʝʥʪ ʪʷʞʝʣʝʝ ʫʛʣʝʨʦʜʘ. ʅʘʣʦʞʝʥʠʝ ʢʘʨʪ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʬʦʩʬʦʨʘ ʠ ʫʛʣʝʨʦʜʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʠʛʥʘʣ ʦʪ ʬʦʩʬʦʨʘ (ʟʝʣʝʥʳʡ), ʢʦʪʦʨʳʡ 

ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥ ʧʦ ʜʣʠʥʝ ʧʫʯʢʘ, ʠ ʯʝʨʝʜʫʝʪʩʷ ʩ ʩʠʛʥʘʣʦʤ ʫʛʣʝʨʦʜʘ (ʢʨʘʩʥʳʡ) ʚ 

ʧʦʧʝʨʝʯʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ (ʈʠʩʫʥʦʢ 21ʙ). ʊʘʢʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʬʦʩʬʦʨʘ ʫʢʘʟʳʚʘʝʪ ʥʘ ʝʛʦ 

ʨʘʩʧʦʣʦʞʝʥʠʝ ʚʦ ʚʥʫʪʨʝʥʥʠʭ ʧʦʣʦʩʪʷʭ ʥʘʥʦʪʨʫʙʦʢ ʠʣʠ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʥʘʥʦʪʨʫʙʢʘʤʠ.  

 
ʈʠʩʫʥʦʢ 20. ʆʙʟʦʨʥʳʡ ʈʌʕʉ-ʩʧʝʢʪʨ ʦʙʨʘʟʮʘ P@ʆʋʅʊ (ʦʯʠʱʝʥʥʦʛʦ ʩ ʧʦʤʦʱʴʶ NaOH), 

ʠʟʤʝʨʝʥʥʳʡ ʧʨʠ 830 ʵɺ. ɺ ʪʘʙʣʠʮʝ ʧʨʠʚʝʜʝʥʳ ʘʪʦʤʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʫʛʣʝʨʦʜʘ, ʢʠʩʣʦʨʦʜʘ ʠ 

ʬʦʩʬʦʨʘ. 
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ʕɼʉ-ʘʥʘʣʠʟ, ʧʨʦʚʝʜʝʥʥʳʡ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʧʫʯʢʘ (ʚʩʪʘʚʢʘ ʥʘ ʈʠʩʫʥʢʝ 21ʚ), 

ʦʙʥʘʨʫʞʠʣ ʙʦʣʝʝ ʥʠʟʢʫʶ ʜʦʣʶ ʬʦʩʬʦʨʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʫʛʣʝʨʦʜʦʤ (ʈʠʩʫʥʦʢ 21ʚ). 

ʉʦʜʝʨʞʘʥʠʝ ʬʦʩʬʦʨʘ, ʦʧʨʝʜʝʣʝʥʥʦʝ ʧʦ ʜʘʥʥʳʤ ʕɼʉ (ʈʠʩʫʥʦʢ 21ʛ), ʩʦʩʪʘʚʣʷʝʪ ~6 ʘʪ% 

(15 ʤʘʩc%). ʊʦʪ ʬʘʢʪ, ʯʪʦ ʧʨʦʬʠʣʴ ʫʛʣʝʨʦʜʘ ʰʠʨʝ (ʈʠʩʫʥʦʢ 21ʚ), ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʦʪʩʫʪʩʪʚʠʝ ʬʦʩʬʦʨʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʫʯʢʘ ʆʋʅʊ. ʇʨʦʬʠʣʴ ʬʦʩʬʦʨʘ ʷʚʣʷʝʪʩʷ 

ʧʝʨʠʦʜʠʯʝʩʢʠʤ ʠʟ-ʟʘ ʦʛʨʘʥʠʯʠʚʘʶʱʝʛʦ ʵʬʬʝʢʪʘ ʫʛʣʝʨʦʜʥʳʭ ʩʪʝʥʦʢ, ʘ ʩʥʠʞʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʠʛʥʘʣʘ ʬʦʩʬʦʨʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʠʢʦʤ ʦʪ ʫʛʣʝʨʦʜʘ. ʂʨʦʤʝ ʪʦʛʦ, ʬʦʩʬʦʨ 

ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʚʜʦʣʴ ʧʫʯʢʦʚ ʥʘʥʦʪʨʫʙʦʢ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʠʭ ʫʩʧʝʰʥʦʝ ʟʘʧʦʣʥʝʥʠʝ. 

 

3.1.5. ɺʳʷʚʣʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʬʦʩʬʦʨʦʤ ʠ ʆʋʅʊ 

ʈʌʕʉ C 1s ʩʧʝʢʪʨ ʠʩʭʦʜʥʳʭ ʆʋʅʊ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʘʩʠʤʤʝʪʨʠʯʥʳʡ ʧʠʢ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʧʨʠ ~284,5 ʵɺ (ʈʠʩʫʥʦʢ 22ʘ), ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ sp2-ʛʠʙʨʠʜʠʟʦʚʘʥʥʦʤʫ 

 
ʈʠʩʫʥʦʢ 21. (a) HAADF-STEM ʠʟʦʙʨʘʞʝʥʠʝ P@ʆʋʅʊ, (ʙ) ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʕɼʉ-

ʵʣʝʤʝʥʪʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʫʛʣʝʨʦʜʘ ʠ ʬʦʩʬʦʨʘ ʠ (ʚ) ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʫʯʢʫ ʥʘʥʦʪʨʫʙʦʢ (ʚʜʦʣʴ ʣʠʥʠʠ, ʧʦʢʘʟʘʥʥʦʡ ʥʘ ʚʩʪʘʚʢʝ). (ʛ) ʕɼʉ-ʘʥʘʣʠʟ 

ʦʙʨʘʟʮʘ P@ʆʋʅʊ: ʩʧʝʢʪʨ ʠ ʩʦʜʝʨʞʘʥʠʝ ʦʩʥʦʚʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʪʘʙʣʠʮʘ). 

C P

10ʥʤ

(ʙ)

HAADF(a)
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ʫʛʣʝʨʦʜʫ. ɿʘʧʦʣʥʝʥʠʝ ʬʦʩʬʦʨʦʤ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʥʦʚʳʭ ʢʦʤʧʦʥʝʥʪ, ʦʜʥʘʢʦ 

ʧʦʣʦʞʝʥʠʝ ʣʠʥʠʠ C 1s ʩʤʝʱʘʝʪʩʷ ʥʘ ~0,3 ʵɺ ʚ ʩʪʦʨʦʥʫ ʙʦʣʝʝ ʥʠʟʢʠʭ ʵʥʝʨʛʠʡ ʩʚʷʟʠ. ʕʪʦʪ 

ʩʜʚʠʛ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʦʥʠʞʝʥʠʝ ʫʨʦʚʥʷ ʌʝʨʤʠ ʜʣʷ ʆʋʅʊ ʚʩʣʝʜʩʪʚʠʝ ʜʦʧʠʨʦʚʘʥʠʷ p-ʪʠʧʘ 

[148,149]. ʇʦʜʦʙʥʳʡ ʩʜʚʠʛ ʨʘʥʝʝ ʥʘʙʣʶʜʘʣʩʷ ʧʦʩʣʝ ʧʦʢʨʳʪʠʷ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ 

MoS2 (ʥʘ 0,15 ʵɺ) [148], ʦʙʨʘʟʦʚʘʥʠʷ ʚʥʫʪʨʠ ʥʘʥʦʪʨʫʙʦʢ ʢʨʠʩʪʘʣʣʦʚ ʭʣʦʨʠʜʘ ʨʪʫʪʠ (I) (ʥʘ 

0,2 ʵɺ) [150] ʠʣʠ ʭʣʦʨʠʜʘ ʩʝʨʝʙʨʘ (ʥʘ 0,36 ʵɺ) [149]. ʕʪʦʪ ʵʬʬʝʢʪ ʨʘʥʝʝ ʥʝ ʥʘʙʣʶʜʘʣʩʷ 

ʧʨʠ ʠʥʢʘʧʩʫʣʷʮʠʠ ʬʦʩʬʦʨʘ [151], ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʣʦ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʣʝʛʠʨʦʚʘʥʠʷ. ɺ 

ʜʘʥʥʦʤ ʩʣʫʯʘʝ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʥʘʙʣʶʜʘʝʤʳʤ ʩʜʚʠʛʦʤ, ʥʘʥʦʪʨʫʙʢʠ ʦʪʜʘʶʪ ʵʣʝʢʪʨʦʥʥʫʶ 

ʧʣʦʪʥʦʩʪʴ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʦʤʫ ʬʦʩʬʦʨʫ. 

 

ʉʧʝʢʪʨ ʂʈʉ (ʈʠʩʫʥʦʢ 22ʙ) ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʪʠʧʠʯʥʳʝ ʜʣʷ ʆʋʅʊ 

ʦʩʦʙʝʥʥʦʩʪʠ, ʪʘʢʠʝ ʢʘʢ ʈɼʄ-ʤʦʜr, ʪʘʥʛʝʥʮʠʘʣʴʥʘʷ G-ʤʦʜʘ ʠ ʜʚʫʭʬʦʥʦʥʥʘʷ 2D-ʤʦʜʘ. 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ D-ʤʦʜr ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ G-ʤʦʜʦʡ ʚ ʩʧʝʢʪʨʘʭ ʦʙʨʘʟʮʦʚ 

ʆʋʅʊ ʠ P@ʆʋʅʊ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʠʩʭʦʜʥʳʝ ʆʋʅʊ ʩʦʜʝʨʞʘʪ ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʜʝʬʝʢʪʦʚ, ʘ ʜʘʣʴʥʝʡʰʠʝ ʧʨʦʮʝʜʫʨʳ ʟʘʧʦʣʥʝʥʠʷ ʬʦʩʬʦʨʦʤ ʠ ʫʜʘʣʝʥʠʷ ʚʥʝʰʥʝʛʦ ʬʦʩʬʦʨʘ 

ʧʨʦʤʳʚʘʥʠʝʤ ʚ NaOH ʥʝ ʚʥʦʩʷʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʜʝʬʝʢʪʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʩʪʝʥʢʠ 

ʥʘʥʦʪʨʫʙʦʢ. G-ʤʦʜʘ ʨʘʩʱʝʧʣʷʝʪʩʷ ʥʘ G ʧʠʢ ʧʨʠ 1574 ʩʤī1 ʠ G+ ʧʠʢ ʧʨʠ 1590 ʩʤī1 ʠʟ-ʟʘ 

ʧʦʧʝʨʝʯʥʳʭ ʠ ʧʨʦʜʦʣʴʥʳʭ ʢʦʣʝʙʘʥʠʡ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʚ ʆʋʅʊ [152]. ʏʘʩʪʦʪʘ G+-ʤʦʜʳ 

ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ ʣʝʛʠʨʦʚʘʥʠ ʁʆʋʅʊ [153,154]. ʉʜʚʠʛ G+-ʤʦʜʳ ʥʘ ~7 ʩʤī1 ʜʣʷ ʦʙʨʘʟʮʦʚ 

ʬʦʩʬʦʨ-ʟʘʧʦʣʥʝʥʥʳʭ ʆʋʅʊ (ʈʠʩʫʥʦʢ 22ʙ) ʫʢʘʟʳʚʘʝʪ ʥʘ p-ʜʦʧʠʨʦʚʘʥʠʝ [155], ʯʪʦ 

 
ʈʠʩʫʥʦʢ 22. (a) ʈʌʕʉ C 1s ʩʧʝʢʪʨʳ ʠʩʭʦʜʥʳʭ ʆʋʅʊ ʠ P@ʆʋʅʊ, ʠʟʤʝʨʝʥʥʳʝ ʧʨʠ ʵʥʝʨʛʠʠ 

ʚʦʟʙʫʞʜʝʥʠʷ 830 ʵɺ. (ʙ) ʉʧʝʢʪʨʳ ʂʈʉ ʠʩʭʦʜʥʳʭ ʆʋʅʊ ʠ ʟʘʧʦʣʥʝʥʥʳʭ ʬʦʩʬʦʨʦʤ ʆʋʅʊ ʜʦ 

ʠ ʧʦʩʣʝ ʦʯʠʩʪʢʠ (ʦʙʦʟʥʘʯʝʥʳ ʢʘʢ P@ʆʋʅʊ/ʈ ʠ P@ʆʋʅʊ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʆʙʣʘʩʪʠ 

ʬʦʩʬʦʨʘ ʠ 2D-ʤʦʜʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʚ 10 ʠ 5 ʨʘʟ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
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ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʈʌʕʉ-ʘʥʘʣʠʟʘ. 2D-ʤʦʜʘ ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ ʧʝʨʝʥʦʩʫ ʟʘʨʷʜʘ 

[155], ʘ ʪʘʢʞʝ ʢ ʩʪʨʫʢʪʫʨʥʳʤ ʦʛʨʘʥʠʯʝʥʠʷʤ, ʩʚʷʟʘʥʥʳʤ ʩ ʠʥʢʘʧʩʫʣʷʮʠʝʡ ʚʝʱʝʩʪʚ. ʉʜʚʠʛ 

2D-ʧʦʣʦʩʳ ʥʘ ~17 ʩʤī1 ʚ ʩʠʥʶʶ ʦʙʣʘʩʪʴ ʩʧʝʢʪʨʘ ʜʣʷ ʦʙʨʘʟʮʦʚ P@ʆʋʅʊ ʠ P@ʆʋʅʊ/ʈ 

ʤʦʞʝʪ ʫʢʘʟʳʚʘʪʴ ʥʘ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʵʣʝʢʪʨʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʩʠʣʴʥʦʝ ʣʝʛʠʨʦʚʘʥʠʝ 

ʤʘʪʝʨʠʘʣʘ. ʆʙʣʘʩʪʴ ʈɼʄ ʧʦʩʣʝ ʟʘʧʦʣʥʝʥʠʷ ʪʘʢʞʝ ʤʝʥʷʝʪʩʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤʠ 

ʆʋʅʊ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʪʘʢʞʝ ʩʚʷʟʘʥʦ ʩ ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ ʚ ʟʘʧʦʣʥʝʥʥʳʭ ʥʘʥʦʪʨʫʙʢʘʭ 

[156]. 

ʈʘʤʘʥʦʚʩʢʦʝ ʨʘʩʩʝʷʥʠʝ ʚ ʦʙʣʘʩʪʠ ʬʦʩʬʦʨʥʳʭ ʩʪʨʫʢʪʫʨ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʦʩʥʦʚʥʳʝ 

ʩʠʛʥʘʣ rʧʨʠ 360, 377 ʠ 474 ʩʤī1. ʇʠʢʠ ʩ ʧʦʭʦʞʠʤʠ ʨʘʤʘʥʦʚʩʢʠʤʠ ʩʜʚʠʛʘʤʠ, ʥʦ ʨʘʟʥʳʤʠ 

ʦʪʥʦʩʠʪʝʣʴʥʳʤʠ ʠʥʪʝʥʩʠʚʥʦʩʪʷʤʠ, ʥʘʙʣʶʜʘʣʠʩʴ ʨʘʥʝʝ ʚ ʩʧʝʢʪʨʘʭ ʬʠʦʣʝʪʦʚʦʛʦ ʬʦʩʬʦʨʘ 

[157] ʠ ʚʦʣʦʢʥʠʩʪʦʛʦ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ [14]. ʉʧʝʢʪʨʳ ʦʙʨʘʟʮʦʚ P@ʆʋʅʊ ʠ P@ʆʋʅʊ/ʈ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʦʜʠʥʘʢʦʚʳʝ ʯʘʩʪʦʪʳ, ʥʦ ʨʘʟʥʳʝ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʯʪʦ 

ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʯʘʩʪʠʮ ʬʦʩʬʦʨʘ, ʫʩʠʣʠʚʘʶʱʠʭ 

ʢʦʣʝʙʘʥʠʷ. 

ʀʟʤʝʥʝʥʠʷ ʚ ʚʘʣʝʥʪʥʦʡ ʧʦʣʦʩʝ ʆʋʅʊ ʧʦʩʣʝ ʟʘʧʦʣʥʝʥʠʷ ʬʦʩʬʦʨʦʤ ʙʳʣʠ 

ʦʧʨʝʜʝʣʝʥʳ ʩ ʧʦʤʦʱʴʶ ʈʌʕʉ. ʉʧʝʢʪʨ ʠʩʭʦʜʥʳʭ ʆʋʅʊ (ʈʠʩʫʥʦʢ 23ʘ) ʠʤʝʝʪ ʬʦʨʤʫ, 

ʭʘʨʘʢʪʝʨʥʫʶ ʜʣʷ sp2-ʫʛʣʝʨʦʜʘ [113,158]. ʇʠʢʠ ʧʨʠ ~3,2 ʠ 7,9 ʵɺ ʩʦʦʪʚʝʪʩʪʚʫʶʪ -́ ʠ ů-

ʦʨʙʠʪʘʣʷʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʙʘ ʵʪʠʭ ʪʠʧʘ ʦʨʙʠʪʘʣʝʡ ʧʝʨʝʢʨʳʚʘʶʪʩʷ ʠ ʚʥʦʩʷʪ ʚʢʣʘʜ ʚ 

ʧʣʝʯʦ ʦʢʦʣʦ 5,9 ʵɺ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠ ʚʚʝʜʝʥʠʠ 

ʬʦʩʬʦʨʘ ʚ ʦʙʨʘʟʮʝ P@ʆʋʅʊ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʚʢʣʘʜʦʤ ʩʦʩʪʦʷʥʠʡ P 3s ʠ P 3p 

[15]. 

ʏʪʦʙʳ ʚʳʷʚʠʪʴ ʚʢʣʘʜ ʬʦʩʬʦʨʘ ʠ ʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʫʛʣʝʨʦʜʦʤ, ʤʳ ʚʳʯʣʠ ʩʧʝʢʪʨ 

ʠʩʭʦʜʥʳʭ ʆʋʅʊ ʠʟ ʩʧʝʢʪʨʘ P@ʆʋʅʊ ʪʘʢ, ʯʪʦʙʳ ʧʦʣʫʯʝʥʥʳʡ ʧʨʦʬʠʣʴ ʥʝ ʠʤʝʣ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʠʞʝ ʬʦʥʘ (ʈʠʩʫʥʦʢ 23a). ʕʪʦʪ ʧʨʦʬʠʣʴ ʠ ʈʌʕʉ-ʩʧʝʢʪʨ ʚʘʣʝʥʪʥʦʡ 

ʧʦʣʦʩʳ ʆʋʅʊ ʩʨʘʚʥʠʚʘʣʠ ʩ ʨʘʩʩʯʠʪʘʥʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʟʘʥʷʪʳʭ ʩʦʩʪʦʷʥʠʡ ʜʣʷ ʤʦʜʝʣʝʡ 

ʚʦʣʦʢʥʠʩʪʦʛʦ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʠ ʆʋʅʊ. ɼʠʘʤʝʪʨ ʤʦʜʝʣʠ ʆʋʅʊ ʙʳʣ ʚʳʙʨʘʥ ʥʘ ʦʩʥʦʚʝ 

ʜʘʥʥʳʭ ʇʕʄ ɺʈ ʜʣʷ P@ʆʋʅʊ (ʈʠʩʫʥʦʢ 23ʛ). ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʪʝʥʢʦʡ ʥʘʥʦʪʨʫʙʢʠ ʠ 

ʮʝʧʦʯʢʦʡ ʬʦʩʬʦʨʘ ʩʦʩʪʘʚʣʷʝʪ ~0,32 ʥʤ. ʕʪʦ ʟʥʘʯʝʥʠʝ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʧʦʠʩʢʘ 

ʦʧʪʠʤʘʣʴʥʦʛʦ ʜʠʘʤʝʪʨʘ ʆʋʅʊ ʜʣʷ ʨʘʟʤʝʱʝʥʠʷ ʚ ʥʝʡ ʜʚʫʭʮʝʧʦʯʝʯʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʬʦʩʬʦʨʘ. ʆʧʪʠʤʠʟʘʮʠʷ ʬʨʘʛʤʝʥʪʘ ʚʦʣʦʢʥʠʩʪʦʛʦ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ P58H8 (ʈʠʩʫʥʦʢ 23ʝ) 

ʜʘʝʪ ʨʘʟʤʝʨ ʩʝʯʝʥʠʷ ʜʚʦʡʥʦʡ ʮʝʧʦʯʢʠ 0,95 ʥʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʜʭʦʜʷʱʝʡ 

ʢʦʥʬʠʛʫʨʘʮʠʝʡ ʥʘʥʦʪʨʫʙʢʠ, ʧʦʟʚʦʣʷʶʱʝʡ ʦʙʝʩʧʝʯʠʪʴ ʥʝʦʙʭʦʜʠʤʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʜʣʷ 
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ʜʚʫʭʮʝʧʦʯʝʯʥʦʡ ʤʦʣʝʢʫʣʳ ʬʦʩʬʦʨʘ ʠ ʟʘʜʘʥʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʉʈ ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʴ (12,12) ʩ 

ʜʠʘʤʝʪʨʦʤ 1,64 ʥʤ (ʈʠʩʫʥʦʢ 23ʜ). ɼʚʫʭʮʝʧʦʯʝʯʥʡr ʬʨʘʛʤʝʥʪ ʬʦʩʬʦʨʘ, ʧʦʤʝʱʝʥʥʳʡ ʚʦ 

ʬʨʘʛʤʝʥʪ (12,12) ʆʋʅʊ, ʧʦʢʘʟʘʥ ʥʘ ʈʠʩʫʥʢʝ 23ʞ.  

 

ʉʤʦʜʝʣʠʨʦʚʘʥʥʳʡ ʈʌʕʉ ʩʧʝʢʪʨ ʚʘʣʝʥʪʥʦʡ ʧʦʣʦʩʳ ʜʣʷ ʤʦʜʝʣʠ ʧʫʩʪʦʡ (12,12) 

ʆʋʅʊ ʭʦʨʦʰʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʩʧʝʢʪʨʫ ʧʦ ʧʦʣʦʞʝʥʠʶ ʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʩʥʦʚʥʳʭ ʧʠʢʦʚ (ʈʠʩʫʥʦʢ 23ʙ). ʇʣʦʪʥʦʩʪʴ ʟʘʥʷʪʳʭ ʩʦʩʪʦʷʥʠʡ ʬʦʩʬʦʨʘ 

ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʜʣʷ ʩʪʨʫʢʪʫʨʥʦ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʘʪʦʤʦʚ ʚ ʢʨʠʩʪʘʣʣʝ ʚʦʣʦʢʥʠʩʪʦʛʦ 

ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ (ʈʠʩʫʥʦʢ 23ʝ) [18]. ʉʧʝʢʪʨʳ ʠʟʦʣʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʬʦʩʬʦʨʘ 

(ʈʠʩʫʥʦʢ 23ʝ) ʠ ʬʦʩʬʦʨʘ, ʧʦʤʝʱʝʥʥʦʛʦ ʚ ʫʛʣʝʨʦʜʥʫʶ ʥʘʥʦʪʨʫʙʢʫ (ʈʠʩʫʥʦʢ 23ʞ), ʠʤʝʶʪ 

ʩʭʦʞʫʶ ʬʦʨʤʫ (ʈʠʩʫʥʦʢ 23ʚ). ʆʥʠ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʜʚʘ ʠʥʪʝʥʩʠʚʥʳʭ ʧʠʢʘ, 

 
ʈʠʩʫʥʦʢ 23. (a) ʈʌʕʉ ʩʧʝʢʪʨʳ ʚʘʣʝʥʪʥʦʡ ʧʦʣʦʩʳ ʠʩʭʦʜʥʳʭ ʆʋʅʊ ʠ P@ʆʋʅʊ, ʘ ʪʘʢʞʝ 

ʨʘʟʥʦʩʪʥʳʡ ʧʨʦʬʠʣʴ, ʧʦʣʫʯʝʥʥʳʡ ʚʳʯʠʪʘʥʠʝʤ ʩʧʝʢʪʨʘ ʆʋʅʊ ʠʟ ʩʧʝʢʪʨʘ P@ʆʋʅʊ. (ʙ) 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʈʌʕʉ-ʩʧʝʢʪʨ ʚʘʣʝʥʪʥʦʡ ʧʦʣʦʩʳ ʠʩʭʦʜʥʳʭ ʆʋʅʊ (ʢʨʠʚʘʷ 1) ʚ 

ʩʨʘʚʥʝʥʠʠ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʩʧʝʢʪʨʦʤ (ʢʨʠʚʘʷ 2), ʧʦʩʪʨʦʝʥʥʳʤ ʜʣʷ ʤʦʜʝʣʠ ʫʛʣʝʨʦʜʥʦʡ 

ʥʘʥʦʪʨʫʙʢʠ ʢʦʥʬʠʛʫʨʘʮʠʠ (12,12). ʊʝʦʨʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʩʦʛʣʘʩʦʚʘʥ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ 

ʧʦ ʧʦʣʦʞʝʥʠʶ ů-ʧʠʢʘ. (ʚ) ʉʧʝʢʪʨʳ ʈʌʕʉ ʚʘʣʝʥʪʥʦʡ ʧʦʣʦʩʳ, ʩʤʦʜʝʣʠʨʦʚʘʥʥʳʝ ʜʣʷ 

ʩʚʦʙʦʜʥʦʡ ʜʚʫʭʮʝʧʦʯʝʯʥʦʡ ʩʪʨʫʢʪʫʨʳ ʬʦʩʬʦʨʘ (ʢʨʠʚʘʷ 1) ʠ ʜʣʷ ʵʪʦʡ ʩʪʨʫʢʪʫʨʳ ʚʥʫʪʨʠ 

(12,12)-ʫʛʣʝʨʦʜʥʦʡ ʥʘʥʦʪʨʫʙʢʠ (ʢʨʠʚʘʷ 2). (ʛ) ʀʟʦʙʨʘʞʝʥʠʝ ʇʕʄ ɺʈ ʟʘʧʦʣʥʝʥʥʳʭ ʬʦʩʬʦʨʦʤ 

ʆʋʅʊ, ʥʘ ʢʦʪʦʨʦʤ ʚʠʜʥʳ ʪʨʠ ʮʝʧʦʯʢʠ ʚʥʫʪʨʠ ʥʘʥʦʪʨʫʙʢʠ. ʄʦʜʝʣʠ (ʜ) (12,12)-ʫʛʣʝʨʦʜʥʦʡ 

ʥʘʥʦʪʨʫʙʢʠ ʠ (ʝ) ʬʦʩʬʦʨʥʦʡ ʜʚʦʡʥʦʡ ʮʝʧʦʯʢʠ. ʂʨʘʩʥʳʤ ʧʦʢʘʟʘʥʳ ʘʪʦʤʳ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ 

ʜʣʷ ʨʘʩʯʝʪʘ ʧʣʦʪʥʦʩʪʠ ʟʘʥʷʪʳʭ ʩʦʩʪʦʷʥʠʡ. (ʞ) ʄʦʜʝʣʴ ʬʦʩʬʦʨʥʦʡ ʮʝʧʦʯʢʠ ʚʥʫʪʨʠ (12,12)-

ʫʛʣʝʨʦʜʥʦʡ ʥʘʥʦʪʨʫʙʢʠ. 

(ʘ)

(ʛ) (ʜ)

1 nm

(ʝ)

(ʙ) (ʚ)

(ʞ)
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ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ~1 ʵɺ ʜʨʫʛ ʦʪ ʜʨʫʛʘ, ʠ ʧʠʢ ʤʝʥʴʰʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʠ 

ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʷʭ ʵʥʝʨʛʠʷʭ ʩʚʷʟʠ. ʆʩʥʦʚʥʦʝ ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ ʩʧʝʢʪʨʘʤʠ, 

ʩʤʦʜʝʣʠʨʦʚʘʥʥʳʤʠ ʜʣʷ ʠʟʦʣʠʨʦʚʘʥʥʦʛʦ ʠ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʦʛʦ ʬʦʩʬʦʨʘ, ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʧʦʷʚʣʝʥʠʠ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʠʢʘ ʚ ʩʧʝʢʪʨʝ ʧʦʩʣʝʜʥʝʛʦ (ʢʨʠʚʘʷ 2 ʥʘ ʈʠʩʫʥʢʝ 23ʚ). 

ʇʦʷʚʣʝʥʠʝ ʵʪʦʛʦ ʧʠʢʘ ʦʙʫʩʣʦʚʣʝʥʦ ʧʝʨʝʥʦʩʦʤ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʩ ʫʛʣʝʨʦʜʥʦʡ 

ʦʙʦʣʦʯʢʠ ʥʘ ʚʥʫʪʨʝʥʥʠʡ ʬʦʩʬʦʨ, ʯʪʦ ʠ ʦʙʲʷʩʥʷʝʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʫʚʝʣʠʯʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʵʥʝʨʛʠʡ ʚ ʨʘʟʥʦʩʪʥʦʤ ʩʧʝʢʪʨʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʜʘʥʥʳʭ (ʈʠʩʫʥʦʢ 23a). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʧʦʤʦʱʴʶ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʂʈʉ ʠ ʈʌʕʉ-ʩʧʝʢʪʨʦʚ ʙʳʣ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥ ʵʬʬʝʢʪ ʨ-ʜʦʧʠʨʦʚʘʥʠʷ ʆʋʅʊ ʬʦʩʬʦʨʦʤ, ʢʦʪʦʨʳʡ ʨʘʥʝʝ ʥʝ 

ʥʘʙʣʶʜʘʣʩʷ ʚ ʣʠʪʝʨʘʪʫʨʝ. ʀʟʤʝʨʝʥʠʷ ʈʌʕʉ-ʩʧʝʢʪʨʦʚ ʚʘʣʝʥʪʥʦʡ ʚʦʣʦʩʳ ʚ ʩʦʯʝʪʘʥʠʠ ʩ 

ʨʘʩʯʝʪʘʤʠ ʊʌʇ ʧʦʜʪʚʝʨʜʠʣʠ ʟʘʩʝʣʝʥʠʝ ʠʟʥʘʯʘʣʴʥʦ ʥʝʟʘʥʷʪʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ 

ʬʦʩʬʦʨʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʥʢʘʧʩʫʣʷʮʠʠ ʬʦʩʬʦʨʘ ʚ ʆʋʅʊ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʧʫʙʣʠʢʦʚʘʥ rʚ ʨʘʙʦʪʝ çDoping of carbon nanotubes with 

encapsulated phosphorus chainsè // Inorganic Chemistry, Volume 61, Issue 25, 9605ï9614, 

2022 (doi:10.1021/acs.inorgchem.2c00979). 

 

3.1.6. ɺʣʠʷʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʠ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʦʛʦ ʬʦʩʬʦʨʘ ʥʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʚ ʃʀɸ 

ʉʠʥʪʝʟ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥ ʚ ɻʣʘʚʝ 2. ʈʠʩʫʥʦʢ 24 ʧʦʢʘʟʳʚʘʝʪ 

ʦʩʥʦʚʥʳʝ ʩʠʥʪʝʪʠʯʝʩʢʠʝ ʧʨʦʮʝʜʫʨʳ ʧʦʣʫʯʝʥʠʷ ʦʙʨʘʟʮʦʚ. ʇʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʬʦʩʬʦʨ ʠʩʧʘʨʷʝʪʩʷ ʠ ʧʨʦʥʠʢʘʝʪ ʚ ʧʦʣʦʩʪʴ ʥʘʥʦʪʨʫʙʦʢ, ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʠʭ ʢʦʥʮʳ ʦʪʢʨʳʪʳ. 

ʇʨʠ ʦʭʣʘʞʜʝʥʠʠ ʬʦʩʬʦʨ ʢʦʥʜʝʥʩʠʨʫʝʪʩʷ ʥʘ ʚʥʫʪʨʝʥʥʝʡ ʠ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʷʭ 

ʥʘʥʦʪʨʫʙʦʢ, ʘ ʪʘʢʞʝ ʥʘ ʩʪʝʥʢʘʭ ʘʤʧʫʣʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʨʘʟʝʮ P@ʆʋʅʊ/P ʩʦʜʝʨʞʠʪ 

ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʡ ʬʦʩʬʦʨ ʠ ʬʦʩʬʦʨ, ʧʦʢʨʳʚʘʶʱʠʡ ʧʦʚʝʨʭʥʦʩʪʴ ʥʘʥʦʪʨʫʙʦʢ. 

ʆʙʨʘʙʦʪʢʘ ʵʪʦʛʦ ʦʙʨʘʟʮʘ NaOH ʫʜʘʣʷʝʪ ʚʥʝʰʥʠʡ ʬʦʩʬʦʨ [104], ʠ ʧʦʣʫʯʘʶʱʠʝʩʷ 

P@ʆʋʅʊ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʥʘʥʦʪʨʫʙʢʠ, ʟʘʧʦʣʥʝʥʥʳʝ ʬʦʩʬʦʨʦʤ. ɺ ʦʙʨʘʟʮʝ close-

ʆʋʅʊ/P ʬʦʩʬʦʨ ʜʦʣʞʝʥ ʧʨʠʩʫʪʩʪʚʦʚʘʪʴ ʪʦʣʴʢʦ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʪʨʫʙʦʢ, 

ʧʦʩʢʦʣʴʢʫ ʠʭ ʢʦʥʮʳ ʟʘʢʨʳʪʳ. 
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ʉʦʜʝʨʞʘʥʠʝ ʬʦʩʬʦʨʘ, ʦʧʨʝʜʝʣʝʥʥʦʝ ʠʟ ʘʥʘʣʠʟʘ ʦʙʟʦʨʥʳʭ ʈʌʕʉ ʩʧʝʢʪʨʦʚ, 

ʩʦʩʪʘʚʣʷʝʪ 16 ʘʪ% (32 ʤʘʩʩ%) ʚ P@ʆʋʅʊ/P, 11 ʘʪ% (23 ʤʘʩʩ%) ʚ close-ʆʋʅʊ/P ʠ 8 ʘʪ% 

(18 ʤʘʩʩ%) ʚ P@ʆʋʅʊ (ʈʠʩʫʥʦʢ 25a). ɺʦ ʚʩʝʭ ʩʠʥʪʝʟʘʭ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʦʜʠʥʘʢʦʚʦʝ 

ʩʦʦʪʥʦʰʝʥʠʝ ʨʝʘʛʝʥʪʦʚ (ʆʋʅʊ:ʈ=1:2), ʠ ʤʝʥʴʰʝʝ ʩʦʜʝʨʞʘʥʠʝ ʬʦʩʬʦʨʘ ʚ close-ʆʋʅʊ/P, 

ʛʜʝ ʢʦʥʮʳ ʥʘʥʦʪʨʫʙʦʢ ʟʘʢʨʳʪʳ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ P@ʆʋʅʊ/P, ʛʜʝ ʥʘʥʦʪʨʫʙʢʠ ʦʪʢʨʳʪʳ, 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʜʣʷ ʢʦʥʜʝʥʩʘʮʠʠ ʬʦʩʬʦʨʘ ʥʝʦʙʭʦʜʠʤʘ ʧʦʚʝʨʭʥʦʩʪʴ. ʇʨʠ ʩʠʥʪʝʟʝ 

close-ʆʋʅʊ/P ʜʦʩʪʫʧʥʘ ʪʦʣʴʢʦ ʚʥʝʰʥʷʷ ʧʦʚʝʨʭʥʦʩʪʴ ʥʘʥʦʪʨʫʙʦʢ, ʘ ʠʟʙʳʪʦʯʥʳʡ ʬʦʩʬʦʨ 

ʦʩʘʞʜʘʝʪʩʷ ʥʘ ʩʪʝʥʢʘʭ ʘʤʧʫʣʳ. 

 

 
ʈʠʩʫʥʦʢ 24. ʉʭʝʤʘ ʩʠʥʪʝʟʘ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʠʟ ʆʋʅʊ ʠ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ, ʩʦʜʝʨʞʘʱʠʭ 

ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʡ ʬʦʩʬʦʨ (@) ʠ ʬʦʩʬʦʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ (/). 

 
ʈʠʩʫʥʦʢ 25. (a) ʆʙʟʦʨʥʳʝ ʈʌʕʉ-ʩʧʝʢʪʨʳ ʠ (ʙ) ʈʌʕʉ P 2p ʩʧʝʢʪʨʳ ʦʙʨʘʟʮʦʚ P@ʆʋʅʊ 

(ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʡ ʬʦʩʬʦʨ), close-ʆʋʅʊ/P (ʚʥʝʰʥʠʡ ʬʦʩʬʦʨ) ʠ P@ʆʋʅʊ/P 

(ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʡ ʠ ʚʥʝʰʥʠʡ ʬʦʩʬʦʨ). ɺ ʪʘʙʣʠʮʝ ʥʘ ʈʠʩʫʥʢʝ (ʘ) ʧʦʢʘʟʘʥʳ ʘʪʦʤʥʳʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʫʛʣʝʨʦʜʘ, ʢʠʩʣʦʨʦʜʘ ʠ ʬʦʩʬʦʨʘ ʚ ʦʙʨʘʟʮʘʭ. ʉʧʝʢʪʨʳ ʠʟʤʝʨʝʥʳ ʧʨʠ ʵʥʝʨʛʠʠ 

ʚʦʟʙʫʞʜʝʥʠʷ 1486,7 ʵɺ. 

(ʙ)(a)
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ʈʌʕʉ P 2p-ʩʧʝʢʪʨʳ ʛʠʙʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʦʧʠʩʳʚʘʶʪʩʷ ʪʨʝʤʷ ʜʫʙʣʝʪʘʤʠ 

(ʈʠʩʫʥʦʢ 25ʙ). ʅʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʜʫʙʣʝʪ ʩ ʵʥʝʨʛʠʝʡ ʩʚʷʟʠ P 2p3/2 ʧʨʠ 130,1 ʵɺ 

ʦʪʥʦʩʠʪʩʷ ʢ ʵʣʝʤʝʥʪʥʦʤʫ ʬʦʩʬʦʨʫ, ʪ.ʝ. ʢ ʩʚʷʟʠ PP. ʕʪʦʪ ʢʦʤʧʦʥʝʥʪ ʧʨʝʦʙʣʘʜʘʝʪ ʚ 

ʩʧʝʢʪʨʝ ʦʙʨʘʟʮʘ P@ʆʋʅʊ ʠ ʠʤʝʝʪ ʥʘʠʤʝʥʴʰʫʶ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚ ʩʧʝʢʪʨʝ 

close-ʆʋʅʊ/P. ʂʦʤʧʦʥʝʥʪ P 2p3/2 ʩ ʤʘʢʩʠʤʫʤʦʤ ʧʨʠ 133,8 ʵɺ ʩʚʷʟʘʥ ʩ ʩʦʩʪʦʷʥʠʝʤ P+3 ʚ 

ʦʢʠʩʣʝʥʥʳʭ ʬʦʨʤʘʭ [141]. ɼʣʷ ʭʦʨʦʰʝʛʦ ʦʧʠʩʘʥʠʷ ʩʧʝʢʪʨʘ ʦʙʨʘʟʮʘ P@ʆʋʅʊ ʤʝʞʜʫ 

ʢʦʤʧʦʥʝʥʪʘʤʠ PP ʠ P+3 ʙʳʣ ʜʦʙʘʚʣʝʥ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʩʣʘʙʦʠʥʪʝʥʩʠʚʥʳʡ ʜʫʙʣʝʪ ʩ 

ʵʥʝʨʛʠʝʡ ʩʚʷʟʠ P 2p3/2 132,0 ʵɺ. ʕʪʦʪ ʢʦʤʧʦʥʝʥʪ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʤ 

ʛʨʫʧʧʘʤ ʥʘ ʢʦʥʮʘʭ ʬʦʩʬʦʨʥʳʭ ʧʦʣʠʤʝʨʦʚ [146] ʠ ʩʚʷʟʘʥ ʩ ʧʨʠʩʦʝʜʠʥʝʥʠʝʤ ʢʠʩʣʦʨʦʜʘ 

ʧʨʠ ʢʦʥʪʘʢʪʝ ʦʙʨʘʟʮʘ ʩ ʣʘʙʦʨʘʪʦʨʥʳʤ ʚʦʟʜʫʭʦʤ ʢ ʢʦʥʮʘʤ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʭ ʮʝʧʦʯʝʢ 

ʬʦʩʬʦʨʘ. P 2p-ʩʧʝʢʪʨʳ ʦʙʨʘʟʮʦʚ P@ʆʋʅʊ/P ʠ close-ʆʋʅʊ/P ʩʦʜʝʨʞʘʪ ʠʥʪʝʥʩʠʚʥʳʡ 

ʜʫʙʣʝʪ ʩ ʵʥʝʨʛʠʝʡ ʩʚʷʟʠ P 2p3/2 134,4 ʵɺ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʩʦʩʪʦʷʥʠʷʤ P+5 ʚ ʦʢʠʩʣʝʥʥʳʭ 

ʬʦʨʤʘʭ ʬʦʩʬʦʨʘ [141,142]. ɼʫʙʣʝʪʳ ʦʢʠʩʣʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ P+3 ʠ P+5 ʦʙʨʘʟʫʶʪ ʧʠʢ ʩ 

ʤʘʢʩʠʤʫʤʦʤ ʧʨʠ 134,5 ʵɺ, ʠ ʵʪʦʪ ʧʠʢ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ ʚ ʩʧʝʢʪʨʝ close-ʆʋʅʊ/P, ʯʝʤ ʚ 

ʦʩʪʘʣʴʥʳʭ ʦʙʨʘʟʮʘʭ. ʆʪʥʦʰʝʥʠʝ ʧʣʦʱʘʜʠ ʵʪʦʛʦ ʧʠʢʘ ʢ ʧʣʦʱʘʜʠ ʜʫʙʣʝʪʘ PP ʩʦʩʪʘʚʣʷʝʪ 

8,8 ʜʣʷ close-ʆʋʅʊ/P ʠ 3,5 ʜʣʷ P@ʆʋʅʊ/P. ɺʥʝʰʥʷʷ ʧʦʚʝʨʭʥʦʩʪʴ ʆʋʅʊ ʤʦʞʝʪ ʙʳʪʴ 

ʧʦʢʨʳʪʘ ʙʝʣʳʤ ʬʦʩʬʦʨʦʤ (ʵʪʘ ʬʦʨʤʘ ʭʦʨʦʰʦ ʚʠʜʥʘ ʚ ʘʤʧʫʣʝ ʧʦʩʣʝ ʩʠʥʪʝʟʘ, ʈʠʩʫʥʦʢ 4ʙ) 

ʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ. ɹʝʣʳʡ ʬʦʩʬʦʨ ʠ ʥʘʥʦʯʘʩʪʠʮʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʢʠʩʣʷʶʪʩʷ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʢʠʩʣʦʨʦʜʦʤ ʠ ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʳ ʠʟ ʚʦʟʜʫʭʘ, ʚ ʪʦ ʚʨʝʤʷ 

ʢʘʢ ʩʪʝʥʢʠ ʥʘʥʦʪʨʫʙʦʢ ʟʘʱʠʱʘʶʪ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʡ ʬʦʩʬʦʨ ʦʪ ʚʥʝʰʥʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 

ʆʪʩʫʪʩʪʚʠʝ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʜʫʙʣʝʪʘ ʚ ʩʧʝʢʪʨʝ P 2p ʦʙʨʘʟʮʘ P@ʆʋʅʊ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʦʯʠʩʪʢʫ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʪʨʫʙʦʢ ʚ ʵʪʦʤ ʦʙʨʘʟʮʝ.  

ʈʘʟʣʦʞʝʥʠʝ ʬʦʩʬʦʨʩʦʜʝʨʞʘʱʠʭ ʦʙʨʘʟʮʦʚ ʠʟʫʯʘʣʠ ʚ ʛʝʣʠʠ ʤʝʪʦʜʦʤ ʊɻɸ (ʈʠʩʫʥʦʢ 

26). ʐʠʨʦʢʠʡ ʧʠʢ, ʥʘʙʣʶʜʘʝʤʳʡ ʥʘ ɼʊɻ-ʢʨʠʚʳʭ ʚ ʠʥʪʝʨʚʘʣʝ 40200 ÁC, ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʫʜʘʣʝʥʠʶ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ ʚʦʜʳ. ʉʣʝʜʫʶʱʠʡ ʧʠʢ ʧʨʠ ~250 ÁC ʧʨʠʚʦʜʠʪ ʢ 

ʧʦʪʝʨʝ ~6 ʤʘʩʩ% ʜʣʷ P@ʆʋʅʊ/P ʠ ~5 ʤʘʩʩ% ʜʣʷ P@ʆʋʅʊ. ʆʩʥʦʚʥʘʷ ʧʦʪʝʨʷ ʤʘʩʩʳ 

ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ~480 ÁC ʠʟ-ʟʘ ʚʳʜʝʣʝʥʠʷ ʯʘʩʪʠʮ P ʠ P2, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ 

ʨʘʥʝʝ ʥʘ ʈʠʩʫʥʢʝ 19ʙ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ ʦʙʨʘʟʮʳ P@ʆʋʅʊ/P ʠ P@ʆʋʅʊ 

ʪʝʨʷʶʪ ~51 ʤʘʩʩ% ʠ ~28 ʤʘʩʩ%, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʙʨʘʟʝʮ close-ʆʋʅʊ/P ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʩʭʦʞʝʝ ʪʝʨʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ʠ ʠʤʝʝʪ ʧʦʪʝʨʶ ʤʘʩʩʳ ʦʢʦʣʦ 27 ʤʘʩʩ% ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 380 

ʜʦ 600 ÁC. ʇʦʪʝʨʷ ʤʘʩʩʳ ʦʙʨʘʟʮʦʚ ʧʨʝʢʨʘʱʘʝʪʩʷ ʧʦʩʣʝ ~850 ÁC, ʘ ʤʘʩʩʘ ʦʩʪʘʪʢʘ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʘʩʩʝ ʆʋʅʊ ʚ ʛʠʙʨʠʜʥʦʤ ʤʘʪʝʨʠʘʣʝ. ʇʦʯʪʠ ʜʚʫʢʨʘʪʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʤʘʩʩʳ 
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ʆʋʅʊ ʚ ʦʙʨʘʟʮʝ P@ʆʋʅʊ/P ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʨʘʟʮʦʤ P@ʆʋʅʊ ʩʚʷʟʘʥʦ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ 

ʚʥʝʰʥʝʛʦ ʬʦʩʬʦʨʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʆʋʅʊ. 

 

ʅʘ ʈʠʩʫʥʢʘʭ 27ʘïʜ ʧʨʠʚʝʜʝʥʳ ʟʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʝ ʢʨʠʚʳʝ (ɿʈʂ), ʠʟʤʝʨʝʥʥʳʝ ʚ 

ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 0,1 A/ʛ ʜʣʷ ʧʝʨʚʳʭ ʪʨʝʭ ʮʠʢʣʦʚ ʜʣʷ 

ʘʤʦʨʬʥʦʛʦ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ, ʆʋʅʊ ʠ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʥʫʪʨʝʥʥʠʤ ʠ/ʠʣʠ ʚʥʝʰʥʠʤ 

ʬʦʩʬʦʨʦʤ. ɼʣʷ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ (Pred) ʥʘ ʧʝʨʚʦʤ ʮʠʢʣʝ ʝʤʢʦʩʪʠ ʥʘ ʨʘʟʨʷʜʝ ʠ ʟʘʨʷʜʝ 

ʩʦʩʪʘʚʣʷʶʪ 2607 ʠ 861 ʤɸʯ/ʛ (ʈʠʩʫʥʦʢ 27a) ʠ ʧʦʢʘʟʳʚʘʶʪ ʦʯʝʥʴ ʥʠʟʢʫʶ ʥʘʯʘʣʴʥʫʶ 

ʢʫʣʦʥʦʚʩʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ (ICE) ~33%. ʇʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʦʝ 

ʧʘʜʝʥʠʝ ʝʤʢʦʩʪʠ ʚ ʧʦʩʣʝʜʫʶʱʠʭ ʚʪʦʨʦʤ ʠ ʪʨʝʪʴʝʤ ʮʠʢʣʘʭ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʥʠʟʢʦʡ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ ʘʤʦʨʬʥʦʛʦ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʠ ʙʦʣʴʰʠʤ ʠʟʤʝʥʝʥʠʝʤ ʝʛʦ ʦʙʲʝʤʘ 

ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʣʠʪʠʝʤ. ʆʙʨʘʟʝʮ ʠʩʭʦʜʥʳʭ ʦʪʢʨʳʪʳʭ ʆʋʅʊ ʪʘʢʞʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʥʠʟʢʠʡ ʧʦʢʘʟʘʪʝʣʴ ICE ~24% (ʈʠʩʫʥʦʢ 27ʙ). ʆʜʥʘʢʦ ʚʪʦʨʘʷ ʠ ʪʨʝʪʴʷ ɿʈʂ ʧʨʘʢʪʠʯʝʩʢʠ 

ʩʦʚʧʘʜʘʶʪ. ɹʦʣʴʰʘʷ ʧʦʪʝʨʷ ʝʤʢʦʩʪʠ ʜʣʷ ʆʋʅʊ ʥʘ ʧʝʨʚʦʤ ʮʠʢʣʝ ʚ ʦʩʥʦʚʥʦʤ ʦʙʲʷʩʥʷʝʪʩʷ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ SEI ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʝʘʢʮʠʠ ʤʝʞʜʫ ʤʘʪʝʨʠʘʣʦʤ 

ʵʣʝʢʪʨʦʜʘ ʠ ʵʣʝʢʪʨʦʣʠʪʦʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʘ. ʕʪʦʪ ʧʨʦʮʝʩʩ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʚʠʜʝ 

ʜʣʠʥʥʦʛʦ ʧʣʘʪʦ ʧʨʠ ~0,9 ʵɺ ʚʦ ʚʨʝʤʷ ʧʝʨʚʦʛʦ ʨʘʟʨʷʜʘ, ʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʥʝʦʙʨʘʪʠʤʳʤ 

ʚʩʪʨʘʠʚʘʥʠʝʤ ʣʠʪʠʷ ʚ ʫʛʣʝʨʦʜʥʫʶ ʤʘʪʨʠʮʫ [126,127]. 

 
ʈʠʩʫʥʦʢ 26. ʂʨʠʚʳʝ ʊɻɸ ʠ ɼʊɻ, ʠʟʤʝʨʝʥʥʳʝ ʜʣʷ close-ʆʋʅʊ/P (ʬʦʩʬʦʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʆʋʅʊ), P@ʆʋʅʊ (ʬʦʩʬʦʨ, ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʡ ʚʥʫʪʨʠ ʆʋʅʊ) ʠ P@ʆʋʅʊ/ʈ (ʬʦʩʬʦʨ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʆʋʅʊ ʠ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʡ ʚʥʫʪʨʠ ʆʋʅʊ) ʚ ʘʪʤʦʩʬʝʨʝ ʛʝʣʠʷ. 
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ɽʤʢʦʩʪʠ ʥʘ ʧʝʨʚʦʤ ʮʠʢʣʝ ʨʘʟʨʷʜʘ ʠ ʟʘʨʷʜʘ ʩʦʩʪʘʚʣʷʶʪ 1062 ʠ 291 ʤɸʯ/ʛ ʜʣʷ close-

ʆʋʅʊ/P (ʈʠʩʫʥʦʢ 27ʚ), 1299 ʠ 597 ʤɸʯ/ʛ ʜʣʷ P@ʆʋʅʊ/P (ʈʠʩʫʥʦʢ 27ʛ) ʠ 1787 ʠ 779 

ʤɸʯ/ʛ ʜʣʷ P@ʆʋʅʊ (ʈʠʩʫʥʦʢ 27ʜ). ʅʘʠʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʥʘʯʘʣʴʥʦʡ ʝʤʢʦʩʪʠ ʜʣʷ ʦʙʨʘʟʮʘ 

P@ʆʋʅʊ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʜʚʫʤʷ ʬʘʢʪʦʨʘʤʠ. ɺʦ-ʧʝʨʚʳʭ, ʥʘʥʦʪʨʫʙʢʠ ʚ ʵʪʦʤ 

ʛʠʙʨʠʜʥʦʤ ʤʘʪʝʨʠʘʣʝ ʥʝ ʠʤʝʶʪ ʬʦʩʬʦʨʘ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʣʠʪʠʡ 

ʤʦʞʝʪ ʥʘʢʘʧʣʠʚʘʪʴʩʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʤʝʞʜʫ ʥʠʤʠ. ɺʦ-ʚʪʦʨʳʭ, ʚʥʝʰʥʠʡ ʬʦʩʬʦʨ ʚ close-

ʆʋʅʊ/P ʠ P@ʆʋʅʊ/P ʥʘʭʦʜʠʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʦʢʠʩʣʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʦ ʯʝʤ 

 
ʈʠʩʫʥʦʢ 27. ɻʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʠʝ ɿʈʂ ʜʣʷ ʧʝʨʚʳʭ ʪʨʝʭ ʮʠʢʣʦʚ, ʠʟʤʝʨʝʥʥʳʝ ʜʣʷ (a) ʢʨʘʩʥʦʛʦ 

ʬʦʩʬʦʨʘ (Pred), (ʙ) ʆʋʅʊ, (ʚ) close-ʆʋʅʊ/P (ʬʦʩʬʦʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʆʋʅʊ), (ʛ) P@ʆʋʅʊ/P 

(ʬʦʩʬʦʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʆʋʅʊ ʠ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʡ ʚʥʫʪʨʠ ʆʋʅʊ) ʠ (ʜ) P@ʆʋʅʊ 

(ʬʦʩʬʦʨ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʡ ʚʥʫʪʨʠ ʆʋʅʊ). (ʝ) ɿʘʚʠʩʠʤʦʩʪʴ ʝʤʢʦʩʪʠ ʦʪ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 

ʆʋʅʊ ʠ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ (Pred). 

(ʘ)

(ʚ)

(ʜ) (ʝ)

(ʛ)

(ʙ)
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ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʩʧʝʢʪʨʳ ʈʌʕʉ P 2p (ʈʠʩʫʥʦʢ 25ʙ). ʕʪʦʪ ʦʢʠʩʣʝʥʥʳʡ ʬʦʩʬʦʨ ʥʝ 

ʫʯʘʩʪʚʫʝʪ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʷʭ ʠ, ʢʨʦʤʝ ʪʦʛʦ, ʤʦʞʝʪ ʧʨʝʧʷʪʩʪʚʦʚʘʪʴ 

ʧʨʦʥʠʢʥʦʚʝʥʠʶ ʠ ʜʠʬʬʫʟʠʠ ʠʦʥʦʚ ʣʠʪʠʷ ʢ ʵʣʝʤʝʥʪʥʦʤʫ ʬʦʩʬʦʨʫ. 

ICE ʩʦʩʪʘʚʣʷʝʪ 27% ʜʣʷ close-ʆʋʅʊ/P, 46% ʜʣʷ P@ʆʋʅʪ/P ʠ 44% ʜʣʷ P@ʆʋʅʊ. 

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ɿʈʂ, ʠʟʤʝʨʝʥʥʳʭ ʜʣʷ ʦʙʨʘʟʮʦʚ ʩʨʘʚʥʝʥʠʷ (ʈʠʩʫʥʦʢ 27ʘ, ʙ), ʦʙʘ ʢʦʤʧʦʥʝʥʪʘ 

ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʦʡ ʥʝʦʙʨʘʪʠʤʦʡ ʝʤʢʦʩʪʴʶ ʥʘ ʧʝʨʚʦʤ ʮʠʢʣʝ. ɼʣʷ 

ʧʦʜʜʝʨʞʘʥʠʷ ʠ ʩʦʭʨʘʥʝʥʠʷ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʦʯʝʥʴ ʚʘʞʥʦ ʦʙʝʩʧʝʯʠʪʴ ʭʦʨʦʰʠʡ 

ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʢʦʥʪʘʢʪ ʤʝʞʜʫ ʬʦʩʬʦʨʦʤ ʠ ʫʛʣʝʨʦʜʥʦʡ ʤʘʪʨʠʮʝʡ [159]. ʆʩʘʞʜʝʥʠʝ 

ʬʦʩʬʦʨʘ ʪʦʣʴʢʦ ʥʘ ʚʥʝʰʥʶʶ ʧʦʚʝʨʭʥʦʩʪʴ ʆʋʅʊ (ʦʙʨʘʟʝʮ close-ʆʋʅʊ/P) ʥʝ ʨʝʰʘʝʪ 

ʧʨʦʙʣʝʤʫ ʚʳʩʦʢʦʡ ʥʝʦʙʨʘʪʠʤʦʡ ʝʤʢʦʩʪʠ. ʆʜʥʘʢʦ ʠʥʢʘʧʩʫʣʷʮʠʷ ʬʦʩʬʦʨʘ ʚʦ ʚʥʫʪʨʝʥʥʠʝ 

ʢʘʥʘʣʳ ʥʘʥʦʪʨʫʙʦʢ ʫʚʝʣʠʯʠʚʘʝʪ ʟʥʘʯʝʥʠʝ ICE ʠ ʧʨʠʚʦʜʠʪ ʢ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤʫ ʠʟʤʝʥʝʥʠʶ 

ɿʈʂ ʥʘ ʧʦʩʣʝʜʫʶʱʠʭ ʮʠʢʣʘʭ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʥʮʠʘʣʦʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ 

ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʘʭ, ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʎɺɸ (ʈʠʩʫʥʢʠ 28ʘïʜ). ʇʝʨʚʳʝ ʢʘʪʦʜʥʳʝ 

ʢʨʠʚʳʝ ʜʣʷ ʚʩʝʭ ʵʣʝʢʪʨʦʜʦʚ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʘʙʦʨ ʧʠʢʦʚ ʚ ʜʠʘʧʘʟʦʥʝ ʧʦʪʝʥʮʠʘʣʦʚ 0,17

1,7 ɺ. ʐʠʨʦʢʠʡ ʧʠʢ ʧʨʠ ~1,5 ɺ ʠ ʜʚʘ ʧʠʢʘ ʤʝʞʜʫ 0,5 ʠ 0,17 ɺ, ʥʘʙʣʶʜʘʝʤʳʝ ʜʣʷ ʢʨʘʩʥʦʛʦ 

ʬʦʩʬʦʨʘ (ʈʠʩʫʥʦʢ 28ʘ), ʫʢʘʟʳʚʘʶʪ ʥʘ ʧʨʦʮʝʩʩ ʘʢʪʠʚʘʮʠʠ ʚʩʪʨʘʠʚʘʥʠʷ ʠʦʥʦʚ ʣʠʪʠʷ ʚ 

ʬʦʩʬʦʨ [105]. ʅʘ ʧʝʨʚʦʡ ʢʘʪʦʜʥʦʡ ʢʨʠʚʦʡ ʜʣʷ ʆʋʅʊ (ʈʠʩʫʥʦʢ 28ʙ) ʥʘʙʣʶʜʘʝʪʩʷ ʧʠʢ ʧʨʠ 

ʧʦʪʝʥʮʠʘʣʝ ~0,6 ɺ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʣʦʷ SEI [128]. ʕʪʦʪ ʧʠʢ ʪʘʢʞʝ 

ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʚʩʝʭ ʛʠʙʨʠʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ, ʥʦ ʩ ʤʝʥʴʰʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ, ʯʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʆʋʅʊ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʠʥʪʝʟʘ ʛʠʙʨʠʜʥʳʭ 

ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ. ʅʝʦʙʨʘʪʠʤʳʝ ʠ ʫʰʠʨʝʥʥʳʝ ʢʘʪʦʜʥʳʝ ʧʠʢʠ ʧʨʠ 1,4 1,7 ɺ (ʈʠʩʫʥʢʠ 28ʚ-

ʜ) ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʢʘʢ ʩ ʘʢʪʠʚʘʮʠʝʡ ʬʦʩʬʦʨʥʦʡ ʢʦʤʧʦʥʝʥʪʳ, ʪʘʢ ʠ ʩ ʥʝʦʙʨʘʪʠʤʦʡ 

ʧʦʪʝʨʝʡ ʬʦʩʬʦʨʘ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʣʦʷ SEI. ʇʨʠʤʝʯʘʪʝʣʴʥʦ, ʯʪʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʵʪʦʛʦ 

ʧʠʢʘ ʫʤʝʥʴʰʘʝʪʩʷ ʧʦ ʤʝʨʝ ʫʤʝʥʴʰʝʥʠʷ ʚʥʝʰʥʝʛʦ ʦʢʠʩʣʝʥʥʦʛʦ ʬʦʩʬʦʨʘ ʦʪ close-ʆʋʅʊ/P 

ʢ P@ʆʋʅʊ/P ʠ ʟʘʪʝʤ ʢ ʦʙʨʘʟʮʫ P@ʆʋʅʊ.  

ʎɺɸ ʥʘ ʚʪʦʨʦʤ ʠ ʪʨʝʪʴʝʤ ʮʠʢʣʝ ʜʣʷ ʛʠʙʨʠʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ (ʈʠʩʫʥʢʠ 28ʚïʜ) 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʜʚʘ ʦʙʨʘʪʠʤʳʭ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʧʠʢʘ. ʂʘʪʦʜʥʳʡ ʧʠʢ 

ʧʨʠ ~0,62 0,69 ɺ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʝʤʫ ʘʥʦʜʥʳʡ ʧʠʢ ʧʨʠ ~1,08 1,13 ɺ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʦʙʨʘʪʠʤʦʡ ʨʝʘʢʮʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʬʦʩʬʦʨʘ ʩ ʣʠʪʠʝʤ: P + xLi+ + xeī ź LixP [87] ʩ 

ʧʦʵʪʘʧʥʳʤ ʦʙʨʘʟʦʚʘʥʠʝʤ LiP, Li2P ʠ Li3P [87,88]. ʅʘ ɿʈʂ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʚʪʦʨʦʤʫ ʠ 

ʪʨʝʪʴʝʤʫ ʮʠʢʣʘʤ ʵʪʠ ʧʨʦʮʝʩʩʳ ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ ʚʠʜʝ ʧʣʘʪʦ ʧʨʠ 0,90,5 ɺ. ʆʢʠʩʣʠʪʝʣʴʥʦ-
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ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʘʷ ʧʘʨʘ ʧʨʠ 0,01/0,15 ɺ ʦʪʥ. Li/Li+ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʥʝʜʨʝʥʠʶ/ʠʟʚʣʝʯʝʥʠʶ 

ʠʦʥʦʚ ʣʠʪʠʷ ʚ/ʠʟ ʤʘʪʨʠʮʳ ʆʋʅʊ [160]. 

 

ʅʘ ʈʠʩʫʥʢʝ 28ʝ ʩʨʘʚʥʠʚʘʶʪʩʷ ʝʤʢʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʜʣʷ 

ʜʝʩʷʪʠ ʮʠʢʣʦʚ ʧʨʠ ʢʘʞʜʦʡ ʧʨʠʣʦʞʝʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ. ʋʜʝʣʴʥʘʷ ʝʤʢʦʩʪʴ 

ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʤʘʩʩʳ ʵʣʝʢʪʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʆʙʨʘʟʝʮ close-ʆʋʅʊ/P ʧʦʢʘʟʘʣ 

ʩʘʤʳʝ ʥʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʝʤʢʦʩʪʠ, ʘ ʠʤʝʥʥʦ, 256, 200, 164, 130, 89 ʠ 47 ʤɸʯ/ʛ ʧʨʠ 

ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ 0,1, 0,25, 0,5, 1, 2 ʠ 5 ɸ/ʛ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʚʦʟʚʨʘʱʝʥʠʠ ʧʦʩʣʝ 60 

 
ʈʠʩʫʥʦʢ 28. ʎɺɸ ʜʣʷ ʧʝʨʚʳʭ ʪʨʝʭ ʮʠʢʣʦʚ, ʠʟʤʝʨʝʥʥʳʝ ʜʣʷ (a) ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ (Pred), 

(ʙ) ʆʋʅʊ, (ʚ) close-ʆʋʅʊ/P (ʬʦʩʬʦʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʆʋʅʊ), (ʛ) P@ʆʋʅʊ/P (ʬʦʩʬʦʨ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʆʋʅʊ ʠ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʡ ʚʥʫʪʨʠ ʆʋʅʊ) ʠ (ʜ) P@ʆʋʅʊ (ʬʦʩʬʦʨ, 

ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʡ ʚʥʫʪʨʠ ʆʋʅʊ). (ʝ) ɿʘʚʠʩʠʤʦʩʪʴ ʝʤʢʦʩʪʠ ʦʪ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʜʣʷ 

ʛʠʙʨʠʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ. 

(ʙ)

(ʛ)

(ʝ)

(ʘ)

(ʚ)

(ʜ)
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ʮʠʢʣʦʚ ʢ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 0,1 ɸ/ʛ, ʵʣʝʢʪʨʦʜ close-ʆʋʅʊ/P ʧʨʦʜʦʣʞʘʣ ʦʙʝʩʧʝʯʠʚʘʪʴ 

ʨʘʟʨʷʜʥʫʶ ʝʤʢʦʩʪʴ 245 ʤɸʯ/ʛ. ʇʨʠʤʝʯʘʪʝʣʴʥʦ, ʯʪʦ ʵʪʠ ʟʥʘʯʝʥʠʷ ʧʨʝʚʳʰʘʶʪ ʟʥʘʯʝʥʠʷ 

ʝʤʢʦʩʪʠ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ ʥʘ 2055% (ʈʠʩʫʥʦʢ 27ʝ) ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʚʳʰʝ 0,5 ɸ/ʛ. 

ʇʨʠ ʚʳʩʦʢʠʭ ʩʢʦʨʦʩʪʷʭ ʮʠʢʣʠʨʦʚʘʥʠʷ ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ ʠʤʝʝʪ ʩʢʦʨʦʩʪʴ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ. 

ʄʳ ʧʨʝʜʧʦʣʘʛʘʝʤ, ʯʪʦ ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ ʵʪʦʪ ʵʬʬʝʢʪ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʝʪ ʧʨʦʚʦʜʷʱʝʛʦ 

ʩʚʦʡʩʪʚʘ ʆʋʅʊ. ʆʙʨʘʟʝʮ P@ʆʋʅʊ ʧʦʢʘʟʘʣ ʥʘʠʣʫʯʰʠʝ ʟʥʘʯʝʥʠʷ ʝʤʢʦʩʪʠ: 734, 605, 520, 

452, 398 ʠ 328 ʤɸʯ/ʛ ʧʨʠ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ 0,1, 0,25, 0,5, 1, 2 ʠ 5 ɸ/ʛ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

(ʈʠʩʫʥʦʢ 28ʝ). ʆʪʩʫʪʩʪʚʠʝ ʨʘʟʥʠʮʳ ʤʝʞʜʫ ʟʥʘʯʝʥʠʷʤʠ ʝʤʢʦʩʪʠ ʥʘ ʟʘʨʷʜʝ ʠ ʨʘʟʨʷʜʝ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʩʪʘʙʠʣʴʥʦʡ ʨʘʙʦʪʝ ʵʣʝʢʪʨʦʜʘ. ʇʦʩʣʝ ʰʝʩʪʠʜʝʩʷʪʠ ʮʠʢʣʦʚ ʵʣʝʢʪʨʦʜ 

ʦʙʝʩʧʝʯʠʚʘʣ ʫʜʝʣʴʥʫʶ ʝʤʢʦʩʪʴ 609 ʤɸʯ/ʛ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 0,1 ɸ/ʛ. ʆʙʨʘʟʝʮ 

P@ʆʋʅʊ/P ʧʦʢʘʟʘʣ ʟʥʘʯʝʥʠʷ ʝʤʢʦʩʪʠ ʥʠʞʝ ʥʘ 4090 ʤɸʯ/ʛ, ʯʝʤ P@ʆʋʅʊ ʧʨʠ 

ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ 0,1, 0,25 ʠ 5 ɸ/ʛ, ʠ ʩʦʧʦʩʪʘʚʠʤʳʝ ʟʥʘʯʝʥʠʷ ʝʤʢʦʩʪʠ ʧʨʠ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ 

ʦʪ 0,5 ʜʦ 2 ɸ/ʛ. ɽʤʢʦʩʪʴ P@ʆʋʅʊ/P ʩʦʩʪʘʚʠʣʘ 579 ʤɸʯ/ʛ ʧʨʠ ʚʦʟʚʨʘʱʝʥʠʠ ʧʦʩʣʝ 60 

ʮʠʢʣʦʚ ʢ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 0,1 ɸ/ʛ. ʇʨʠ ʚʩʝʭ ʧʨʠʣʦʞʝʥʥʳʭ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ ʫʜʝʣʴʥʘʷ 

ʝʤʢʦʩʪʴ P@ʆʋʅʊ ʠ P@ʆʋʅʊ/P ʧʨʝʚʳʰʘʝʪ ʩʫʤʤʫ ʝʤʢʦʩʪʝʡ ʦʪʜʝʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ 

(ʈʠʩʫʥʦʢ 27ʝ). 

ʅʝʩʤʦʪʨʷ ʥʘ ʦʯʝʥʴ ʙʣʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʠ ʦʙʨʘʟʮʦʚ P@ʆʋʅʊ/P ʠ 

P@ʆʋʅʊ (ʈʠʩʫʥʦʢ 28ʝ), ʩʦʜʝʨʞʘʥʠʝ ʬʦʩʬʦʨʘ ʚ ʥʠʭ ʦʪʣʠʯʘʝʪʩʷ ʧʦʯʪʠ ʚ ʜʚʘ ʨʘʟʘ ʧʦ 

ʜʘʥʥʳʤ ʈʌʕʉ ʠ ʊɻɸ. ʄʳ ʧʝʨʝʩʯʠʪʘʣʠ ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʝʤʢʦʩʪʠ (C) ʥʘ ʤʘʩʩʫ 

ʬʦʩʬʦʨʘ, ʦʧʨʝʜʝʣʝʥʥʫʶ ʤʝʪʦʜʦʤ ʊɻɸ. ɼʣʷ ʨʘʩʯʝʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʣʝʜʫʶʱʫʶ ʬʦʨʤʫʣʫ: 

C(P) = (C(ʤʘʪʝʨʠʘʣ)  C(ʆʋʅʊ ʚ ʤʘʪʝʨʠʘʣʝ)/(ʤʘʩʩ% P), ʛʜʝ C(ʆʋʅʊ ʚ ʤʘʪʝʨʠʘʣʝ) 

ʦʧʨʝʜʝʣʷʣʠ ʢʘʢ: C(ʆʋʅʊ) Ĭ ʤʘʩʩ% ʆʋʅʊ [161,162]. ɿʥʘʯʝʥʠʷ C(P) ʧʨʠ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ 

0,1 ʠ 5 ɸ/ʛ ʩʦʩʪʘʚʣʷʶʪ 900 ʠ 486 ʤɸʯ/ʛ ʜʣʷ P@ʆʋʅʊ/P ʠ 1545 ʠ 1006 ʤɸʯ/ʛ ʜʣʷ P@ʆʋʅʊ. 

ɹʦʣʝʝ ʥʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʝʤʢʦʩʪʠ ʜʣʷ P@ʆʋʅʊ/P ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʦʢʠʩʣʝʥʥʳʡ ʚʥʝʰʥʠʡ 

ʬʦʩʬʦʨ, ʢʦʪʦʨʳʡ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 80% ʦʪ ʦʙʱʝʛʦ ʩʦʜʝʨʞʘʥʠʷ ʬʦʩʬʦʨʘ, ʥʝ ʚʥʦʩʠʪ ʚʢʣʘʜ 

ʚ ʝʤʢʦʩʪʴ. 

ɼʦʣʛʦʚʨʝʤʝʥʥʦʝ ʮʠʢʣʠʨʦʚʘʥʠʝ ʛʠʙʨʠʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʧʨʠ 

ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 5 ɸ/ʛ. ʋʜʝʣʴʥʘʷ ʝʤʢʦʩʪʴ close-ʆʋʅʊ/P ʥʝʧʨʝʨʳʚʥʦ ʩʥʠʞʘʣʘʩʴ 

(ʈʠʩʫʥʦʢ 29ʘ); ʧʦʪʝʨʷ ʝʤʢʦʩʪʠ ʩʦʩʪʘʚʠʣʘ ~12% ʧʦʩʣʝ ʪʳʩʷʯʠ ʮʠʢʣʦʚ. ʕʣʝʢʪʨʦʜ 

P@ʆʋʅʊ/P ʩʦʭʨʘʥʷʣ ʝʤʢʦʩʪʴ ~296 ʤɸʯ/ʛ ʚ ʪʝʯʝʥʠʝ ~250 ʮʠʢʣʦʚ, ʧʦʩʣʝ ʯʝʛʦ ʝʤʢʦʩʪʴ 

ʧʦʩʪʝʧʝʥʥʦ ʩʥʠʞʘʣʘʩʴ ʜʦ 248 ʤɸʯ/ʛ ʥʘ 1000ʦʤ ʮʠʢʣʝ. ʇʦʪʝʨʷ ʝʤʢʦʩʪʠ ʜʣʷ ʵʪʦʛʦ ʵʣʝʢʪʨʦʜʘ 
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ʩʦʩʪʘʚʠʣʘ ~16%. ʕʣʝʢʪʨʦʜ P@ʆʋʅʊ ʧʦʢʘʟʘʣ ʥʘʠʤʝʥʴʰʝʝ ʩʥʠʞʝʥʠʝ ʝʤʢʦʩʪʠ ʩ 340 ʜʦ 317 

ʤɸʯ/ʛ ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʪʝʨʝ ʝʤʢʦʩʪʠ ~7%. 

 

ʇʨʦʮʝʩʩʳ, ʚʣʠʷʶʱʠʝ ʥʘ ʝʤʢʦʩʪʴ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ, ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʦ ɿʈʂ, 

ʠʟʤʝʨʝʥʥʳʤ ʧʦʩʣʝ ʜʣʠʪʝʣʴʥʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ (ʈʠʩʫʥʦʢ 29ʙ). ʂʨʠʚʳʝ ʦʙʨʘʟʮʦʚ 

P@ʆʋʅʊ/P ʠ P@ʆʋʅʊ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʧʨʦʪʷʞʝʥʥʳʝ ʧʣʘʪʦ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʦʙʨʘʪʠʤʳʤ ʨʝʘʢʮʠʷʤ ʤʝʞʜʫ ʬʦʩʬʦʨʦʤ ʠ ʠʦʥʘʤʠ ʣʠʪʠʷ. ʇʨʠ ʵʪʦʤ ʚʢʣʘʜ ʚ ʝʤʢʦʩʪʴ ʦʪ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʩ ʆʋʅʊ (ʧʨʠ ʧʦʪʝʥʮʠʘʣʘʭ <0,2 ɺ) ʙʦʣʴʰʝ ʜʣʷ ʤʘʪʝʨʠʘʣʘ 

P@ʆʋʅʊ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʚʥʝʰʥʷʷ ʧʦʚʝʨʭʥʦʩʪʴ ʆʋʅʊ ʥʝ ʟʘʛʨʷʟʥʝʥʘ 

ʬʦʩʬʦʨʦʤ, ʠ ʠʦʥʳ ʣʠʪʠʷ ʤʦʛʫʪ ʠʥʪʝʨʢʘʣʠʨʦʚʘʪʴʩʷ ʤʝʞʜʫ ʥʘʥʦʪʨʫʙʢʘʤʠ. ɼʦʩʪʘʪʦʯʥʦ 

ʩʪʘʙʠʣʴʥʘʷ ʨʘʙʦʪʘ ʚʩʝʭ ʛʠʙʨʠʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʡʢʘʭ ʩʚʷʟʘʥʘ 

ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʧʨʦʚʦʜʷʱʝʡ ʩʝʪʠ ʠʟ ʧʝʨʝʧʣʝʪʝʥʥʳʭ ʥʘʥʦʪʨʫʙʦʢ. 

ɼʣʷ ʣʫʯʰʝʛʦ ʧʦʥʠʤʘʥʠʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠ ʦʙʲʷʩʥʝʥʠʷ ʙʦʣʝʝ 

ʚʳʩʦʢʠʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʨʘʟʮʘ P@ʆʋʅʊ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

P@ʆʋʅʊ/P (ʈʠʩʫʥʦʢ 29ʘ), ʙʳʣ ʧʨʦʚʝʜʝʥ ʢʠʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ. ʅʘ ʈʠʩʫʥʢʝ 30 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʩʢʦʨʦʩʪʷʭ 

ʩʢʘʥʠʨʦʚʘʥʠʷ 0,1, 0,3, 0,5, 0,7 ʠ 1,0 ʤɺ/ʩ. ʂʨʠʚʳʝ ʎɺɸ ʧʦʢʘʟʳʚʘʶʪ ʜʚʘ ʧʠʢʘ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠ ʜʚʘ ʧʠʢʘ ʦʢʠʩʣʝʥʠʷ ʜʣʷ ʵʣʝʢʪʨʦʜʘ P@ʆʋʅʊ/P (ʈʠʩʫʥʦʢ 30a), ʚ ʪʦ ʚʨʝʤʷ 

ʢʘʢ ʜʣʷ ʵʣʝʢʪʨʦʜʘ P@ʆʋʅʊ ʦʙʥʘʨʫʞʝʥʦ ʯʝʪʳʨʝ ʧʠʢʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠ ʪʨʠ ʧʠʢʘ 

ʦʢʠʩʣʝʥʠʷ (ʈʠʩʫʥʦʢ 30ʛ). ʇʠʢ R1 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʥʝʜʨʝʥʠʶ ʠʦʥʦʚ ʣʠʪʠʷ ʚ ʤʘʪʨʠʮʫ ʆʋʅʊ 

ʠ ʙʦʣʝʝ ʟʘʤʝʪʝʥ ʚ ʩʣʫʯʘʝ ʦʙʨʘʟʮʘ P@ʆʋʅʊ, ʦʯʠʱʝʥʥʦʛʦ ʦʪ ʚʥʝʰʥʝʛʦ ʬʦʩʬʦʨʘ. 

ʆʩʪʘʣʴʥʳʝ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʝ ʧʠʢʠ ʩʚʷʟʘʥʳ ʩ 

ʣʠʪʠʨʦʚʘʥʠʝʤ/ʜʝʣʠʪʠʨʦʚʘʥʠʝʤ ʬʦʩʬʦʨʘ, ʘ ʨʘʟʥʠʮʘ ʚ ʢʦʣʠʯʝʩʪʚʝ ʵʪʠʭ ʧʠʢʦʚ ʜʣʷ 

P@ʆʋʅʊ/P ʠ P@ʆʋʅʊ ʦʙʲʷʩʥʷʝʪʩʷ ʨʘʟʣʠʯʠʝʤ ʚ ʩʪʨʫʢʪʫʨʝ ʥʘʥʦʯʘʩʪʠʮ ʬʦʩʬʦʨʘ ʚ ʵʪʠʭ 

 
ʈʠʩʫʥʦʢ 29. (ʘ) ɼʦʣʛʦʚʨʝʤʝʥʥʦʝ ʮʠʢʣʠʨʦʚʘʥʠʝ ʧʨʠ 5 A/ʛ ʠ (ʙ) ɿʈʂ, ʠʟʤʝʨʝʥʥʳʝ ʥʘ 65ʦʤ 

ʮʠʢʣʝ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 0.1 ɸ/ʛ ʜʣʷ ʛʠʙʨʠʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ. 

(ʘ) (ʙ)
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ʦʙʨʘʟʮʘʭ [163]. ʀʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʡ ʬʦʩʬʦʨ ʠʤʝʝʪ ʮʝʧʦʯʝʯʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ, ʩʢʦʨʝʝ 

ʚʩʝʛʦ, ʦʙʨʘʟʫʝʪ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʣʠʪʠʨʦʚʘʥʥʳʝ ʩʧʣʘʚʳ. ɺʥʝʰʥʠʝ ʥʘʥʦʯʘʩʪʠʮʳ ʬʦʩʬʦʨʘ 

ʤʦʛʫʪ ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʪʴʩʷ ʧʦ ʨʘʟʤʝʨʫ ʠ ʬʦʨʤʝ, ʠ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʝ 

ʧʠʢʠ ʠʭ ʨʝʘʢʮʠʡ ʩ ʠʦʥʘʤʠ ʣʠʪʠʷ ʧʝʨʝʢʨʳʚʘʶʪʩʷ, ʜʘʚʘʷ ʰʠʨʦʢʠʝ ʩʠʛʥʘʣʳ ʥʘ ʢʨʠʚʳʭ ʎɺɸ 

(ʈʠʩʫʥʦʢ 30a). 

 

ɿʘʚʠʩʠʤʦʩʪʠ log(i) ʦʪ log(ɜ) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʷʤʳʝ ʣʠʥʠʠ (ʈʠʩʫʥʢʠ 30ʙ, ʜ), ʘ 

ʥʘʢʣʦʥ ʵʪʠʭ ʣʠʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʭ ʜʘʝʪ ʟʥʘʯʝʥʠʝ b ʧʦ ʬʦʨʤʫʣʝ log(i) = log(a) + blog(ɜ). 

ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʚʳʙʨʘʥʥʳʭ ʧʠʢʦʚ ʚʩʪʘʚʣʝʥʳ ʚ ʚʠʜʝ ʪʘʙʣʠʮ ʥʘ ʈʠʩʫʥʢʘʭ 30ʙ, ʜ. 

ɼʣ̫ ʚʩʝʭ ʧʠʢʦʚ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ b ʙʦʣʴʰʝ 0,5. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ 

ʧʨʦʮʝʩʩʳ, ʧʨʦʪʝʢʘʶʱʠʝ ʚ ʵʣʝʢʪʨʦʜʘʭ P@ʆʋʅʊ/P ʠ P@ʆʋʅʊ, ʚ ʦʩʥʦʚʥʦʤ 

ʢʦʥʪʨʦʣʠʨʫʶʪʩʷ ʧʦʚʝʨʭʥʦʩʪʴʶ. ɿʥʘʯʝʥʠʷ b ʜʣʷ ʧʠʢʦʚ, ʦʪʚʝʯʘʶʱʠʭ ʟʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʠʦʥʦʚ ʣʠʪʠʷ ʩ ʬʦʩʬʦʨʦʤ, ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ ʜʣʷ ʦʙʨʘʟʮʘ P@ʆʋʅʊ (ʧʠʢʠ R2, R3, R4 ʠ O1, 

O2, O3) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ P@ʆʋʅʊ/P (ʧʠʢʠ R2 ʠ O1, O2). ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʨʝʘʢʮʠʠ 

ʚ ʵʣʝʢʪʨʦʜʝ ʠʟ P@ʆʋʅʊ ʧʨʦʪʝʢʘʶʪ ʙʳʩʪʨʝʝ [164]. 

 
ʈʠʩʫʥʦʢ 30. ʎɺɸ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʢʦʨʦʩʪʷʭ ʩʢʘʥʠʨʦʚʘʥʠʷ ʜʣʷ (a) P@ʆʋʅʊ/P (ʬʦʩʬʦʨ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʆʋʅʊ ʠ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʡ ʚʥʫʪʨʠ ʆʋʅʊ) ʠ (ʛ) P@ʆʋʅʊ (ʬʦʩʬʦʨ 

ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʳʡ ʚʥʫʪʨʠ ʆʋʅʊ). ɻʨʘʬʠʢʠ ʟʘʚʠʩʠʤʦʩʪʠ log(i) ʦʪ log(v) ʜʣʷ ʦʪʜʝʣʴʥʳʭ 

ʧʠʢʦʚ ʚ ʦʙʨʘʟʮʘʭ (ʙ) P@ʆʋʅʊ/P ʠ (ʜ) P@ʆʋʅʊ. ʅʦʨʤʠʨʦʚʘʥʥʦʝ ʦʪʥʦʰʝʥʠʝ ʝʤʢʦʩʪʥʦʛʦ ʠ 

ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʚʢʣʘʜʦʚ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʢʦʨʦʩʪʷʭ ʩʢʘʥʠʨʦʚʘʥʠʷ ʜʣʷ (ʚ) P@ʆʋʅʊ/P ʠ (ʝ) 

P@ʆʋʅʊ. 
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ɺʢʣʘʜʳ ʜʠʬʬʫʟʠʦʥʥʳʭ ʠ ʝʤʢʦʩʪʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʧʠʢʦʚʳʡ ʪʦʢ ʨʘʟʜʝʣʷʶʪʩʷ 

ʫʨʘʚʥʝʥʠʝʤ: i = k1ɜ + k2ɜ1/2, ʛʜʝ ʧʝʨʚʳʡ ʯʣʝʥ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʝʘʢʮʠʷʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʘ 

ʚʪʦʨʦʡ ï ʠʥʪʝʨʢʘʣʷʮʠʠ ʠʦʥʦʚ [165,166]. ʇʨʦʧʦʨʮʠʠ ʵʪʠʭ ʜʚʫʭ ʚʢʣʘʜʦʚ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʩʢʦʨʦʩʪʷʭ ʩʢʘʥʠʨʦʚʘʥʠʷ ʧʦʢʘʟʘʥʳ ʥʘ ʈʠʩʫʥʢʝ 30ʚ ʜʣʷ ʵʣʝʢʪʨʦʜʘ P@ʆʋʅʊ/P ʠ ʥʘ ʈʠʩʫʥʢʝ 

30ʝ ʜʣʷ ʵʣʝʢʪʨʦʜʘ P@ʆʋʅʊ. ɺʠʜʥʦ, ʯʪʦ ʝʤʢʦʩʪʥʦʡ ʚʢʣʘʜ ʙʦʣʴʰʝ ʚ ʩʣʫʯʘʝ P@ʆʋʅʊ ʧʨʠ 

ʚʩʝʭ ʩʢʦʨʦʩʪʷʭ ʩʢʘʥʠʨʦʚʘʥʠʷ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʙʦʣʝʝ ʚʳʩʦʢʘʷ ʝʤʢʦʩʪʴ ʠ ʙʦʣʴʰʝʝ ʩʦʭʨʘʥʝʥʠʝ ʝʤʢʦʩʪʠ ʚ ʦʙʨʘʟʮʝ 

P@ʆʋʅʊ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ P@ʆʋʅʊ/P ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʜʚʫʤʷ ʬʘʢʪʦʨʘʤʠ. ɺʦ-

ʧʝʨʚʳʭ, ʩʣʦʡ ʦʢʠʩʣʝʥʥʳʭ ʯʘʩʪʠʮ ʬʦʩʬʦʨʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʟʘʤʝʜʣʷʝʪ ʜʠʬʬʫʟʠʶ ʠʦʥʦʚ 

ʣʠʪʠʷ ʚ ʵʣʝʢʪʨʦʜʝ P@ʆʋʅʊ/P. ɺʦ-ʚʪʦʨʳʭ, ʠʦʥʳ ʣʠʪʠʷ ʤʦʛʫʪ ʜʦʩʪʠʛʘʪʴ 

ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʦʛʦ ʬʦʩʬʦʨʘ ʚ P@ʆʋʅʊ ʯʝʨʝʟ ʜʝʬʝʢʪʳ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʝ ʚ ʩʪʝʥʢʘʭ 

ʥʘʥʦʪʨʫʙʦʢ. ʅʘ ʎɺɸ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʚʪʦʨʦʤʫ ʠ ʪʨʝʪʴʝʤʫ ʮʠʢʣʘʤ ʚ ʦʙʨʘʟʮʝ ʆʋʅʊ, 

ʥʘʙʣʶʜʘʝʪʩʷ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʡ ʧʠʢ ʧʨʠ ~0,8/1,2 ɺ (ʈʠʩʫʥʦʢ 28ʙ). 

ʇʦʜʦʙʥʳʝ ʧʠʢʠ ʨʘʥʝʝ ʥʘʙʣʶʜʘʣʠʩʴ ʜʣʷ ʛʨʘʬʝʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʘʢʘʥʩʠʷʤʠ ʨʘʟʤʝʨʦʤ 

2 5 ʥʤ [167,168]. ɺʝʨʦʷʪʥʦ, ʵʪʠ ʚʘʢʘʥʩʠʠ ʦʙʨʘʟʫʶʪʩʷ ʥʘ ʩʪʘʜʠʠ ʦʪʢʨʳʪʠʷ ʢʦʥʮʦʚ ʠ 

ʦʯʠʩʪʢʠ ʆʋʅʊ ʠ ʙʣʦʢʠʨʫʶʪʩʷ ʚʥʝʰʥʠʤʠ ʯʘʩʪʠʮʘʤʠ ʬʦʩʬʦʨʘ ʚ P@ʆʋʅʊ/P. ʃʫʯʰʝʝ 

ʥʘʢʦʧʣʝʥʠʝ ʣʠʪʠʷ ʚ P@ʆʋʅʊ ʧʨʠ ʚʳʩʦʢʠʭ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ (ʈʠʩʫʥʦʢ 28ʝ) ʤʦʞʥʦ 

ʦʙʲʷʩʥʠʪʴ ʪʦʣʴʢʦ ʥʘʣʠʯʠʝʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʢʘʥʘʣʦʚ ʢ ʦʪʢʨʳʪʳʤ ʢʦʥʮʘʤ ʥʘʥʦʪʨʫʙʦʢ.  

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʝ çSingle-walled carbon nanotubes 

with red phosphorus in lithium-ion batteries: effect of surface and encapsulated phosphorusè // 

Nanomaterials, Volume 13, Issue 1, 153, 2023 (doi: 10.3390/nano13010153). 

 

3.1.7. ɿʘʢʣʶʯʝʥʠʝ ʢ ɻʣʘʚʝ 3.1 

ɺ ɻʣʘʚʝ 3.1 ʦʧʠʩʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʟʘʧʦʣʥʝʥʠʶ ʆʋʅʊ ʬʦʩʬʦʨʦʤ ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ 

ʚʘʨʴʠʨʦʚʘʥʠʠ ʧʘʨʘʤʝʪʨʦʚ ʩʠʥʪʝʟʘ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʟʘʧʦʣʥʝʥʠʷ 

ʥʘʥʦʪʨʫʙʦʢ. ʋʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʠʥʪʝʟʘ ʜʦ 800 Áʉ ʧʦʟʚʦʣʠʣʦ ʧʝʨʝʡʪʠ ʦʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʧʘʩʥʦʛʦ ʙʝʣʦʛʦ ʬʦʩʬʦʨʘ ʢ ʢʨʘʩʥʦʤʫ ʠ ʧʨʠʚʝʣʦ ʢ ʵʬʬʝʢʪʠʚʥʦʤʫ 

ʟʘʧʦʣʥʝʥʠʶ ʚʥʫʪʨʝʥʥʠʭ ʧʦʣʦʩʪʝʡ ʆʋʅʊ ʦʜʥʦʤʝʨʥʳʤʠ ʫʧʦʨʷʜʦʯʝʥʥʳʤʠ ʮʝʧʦʯʢʘʤʠ 

ʚʦʣʦʢʥʠʩʪʦʛʦ ʢʨʘʩʥʦʛʦ ʬʦʩʬʦʨʘ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʩʪʚʦʨʘ ʛʠʜʨʦʢʩʠʜʘ ʥʘʪʨʠʷ ʧʦʟʚʦʣʠʣʦ 

ʵʬʬʝʢʪʠʚʥʦ ʦʯʠʩʪʠʪʴ ʦʢʠʩʣʝʥʥʳʝ ʩʦʩʪʦʷʥʠʷ ʬʦʩʬʦʨʘ ʩ ʧʦʚʝʨʭʥʦʩʪʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ 

ʙʦʣʝʝ 80% ʬʦʩʬʦʨʘ ʚ ʤʘʪʝʨʠʘʣʝ ʥʘʭʦʜʠʪʩʷ ʚ ʵʣʝʤʝʥʪʥʦʡ ʬʦʨʤʝ. ʇʝʨʝʭʦʜ ʢ ʅ-ʦʙʨʘʟʥʦʡ 
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ʘʤʧʫʣʝ ʧʦʟʚʦʣʠʣ ʫʚʝʣʠʯʠʪʴ ʟʘʛʨʫʟʢʠ ʚʝʱʝʩʪʚ ʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʚʫʢʨʘʪʥʳʡ ʠʟʙʳʪʦʢ 

ʬʦʩʬʦʨʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʆʋʅʊ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʩʪʝʧʝʥʠ ʟʘʧʦʣʥʝʥʠʷ.  

ʅʘʙʦʨʦʤ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ 

ʨʘʩʯʝʪʦʚ ʫʩʪʘʥʦʚʣʝʥʘ ʬʦʨʤʠʨʫʝʤʘʷ ʩʪʨʫʢʪʫʨʘ ʬʦʩʬʦʨʘ ʚʥʫʪʨʠ ʆʋʅʊ ʩ ʜʠʘʤʝʪʨʘʤʠ 1,6

2,9 ʥʤ, ʘ ʪʘʢʞʝ ʧʦʢʘʟʘʥ ʧʝʨʝʥʦʩ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʩ ʫʛʣʝʨʦʜʥʦʡ ʥʘʥʦʪʨʫʙʢʠ ʥʘ 

ʚʥʫʪʨʝʥʥʠʡ ʮʝʧʦʯʝʯʥʳʡ ʬʦʩʬʦʨ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʥʝʜʨʝʥʠʝ 9 ʘʪ% ʬʦʩʬʦʨʘ ʚʦ ʚʥʫʪʨʝʥʥʶʶ 

ʧʦʣʦʩʪʴ ʆʋʅʊ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʟʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʠ ʜʣʷ ʛʠʙʨʠʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ʧʨʝʚʦʩʭʦʜʷʱʠʝ ʩʫʤʤʫ ʚʢʣʘʜʦʚ ʦʪʜʝʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ. ʇʦʣʫʯʝʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʩʚʷʟʘʥ ʩ 

ʩʠʥʝʨʛʝʪʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ ʚʳʩʦʢʦʝʤʢʦʩʪʥʦʛʦ ʬʦʩʬʦʨʘ, ʧʨʦʚʦʜʷʱʠʭ ʆʋʅʊ ʠ 

ʦʪʩʫʪʩʪʚʠʝʤ ʥʝʘʢʪʠʚʥʦʛʦ ʦʢʠʩʣʝʥʥʦʛʦ ʬʦʩʬʦʨʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. 
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3.2. ʄʦʜʠʬʠʢʘʮʠʷ ʩʪʨʫʢʪʫʨʳ ʆʋʅʊ 

ʆʩʥʦʚʥʳʤʠ ʟʘʜʘʯʘʤʠ ʧʨʠ ʩʠʥʪʝʟʝ ʤʘʪʝʨʠʘʣʦʚ ʬʦʩʬʦʨ/ʆʋʅʊ ʷʚʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ 

ʜʦʩʪʠʞʝʥʠʝ ʚʳʩʦʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʟʘʧʦʣʥʝʥʠʷ ʬʦʩʬʦʨʦʤ ʠ ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʦʢʠʩʣʝʥʥʳʭ ʬʦʨʤ, ʥʦ ʠ ʦʙʝʩʧʝʯʝʥʠʝ ʙʳʩʪʨʦʡ ʜʠʬʬʫʟʠʠ ʣʠʪʠʷ ʚ ʵʣʝʢʪʨʦʜʥʦʤ ʤʘʪʝʨʠʘʣʝ. 

ʂʘʢ ʧʨʘʚʠʣʦ, ʆʋʅʊ ʨʘʩʪʫʪ ʚ ʚʠʜʝ ʧʫʯʢʦʚ ʠ ʠʤʝʶʪ ʜʣʠʥʫ ʥʝʩʢʦʣʴʢʦ ʤʠʢʨʦʤʝʪʨʦʚ. ʕʪʦ 

ʧʨʝʧʷʪʩʪʚʫʝʪ ʨʘʚʥʦʤʝʨʥʦʤʫ ʟʘʧʦʣʥʝʥʠʶ ʆʋʅʊ ʬʦʩʬʦʨʦʤ ʠ ʦʛʨʘʥʠʯʠʚʘʝʪ 

ʧʨʦʥʠʢʥʦʚʝʥʠʝ ʣʠʪʠʷ ʧʦ ʚʩʝʤʫ ʦʙʲʝʤʫ ʤʘʪʝʨʠʘʣʘ. ʕʪʠ ʧʨʦʙʣʝʤʳ ʤʦʞʥʦ ʨʝʰʠʪʴ ʧʫʪʝʤ 

ʫʢʦʨʦʯʝʥʠʷ ʥʘʥʦʪʨʫʙʦʢ, ʫʤʝʥʴʰʝʥʠʷ ʨʘʟʤʝʨʘ ʧʫʯʢʘ ʠ ʩʦʟʜʘʥʠʷ ʘʪʦʤʥʳʭ ʚʘʢʘʥʩʠʡ ʚ 

ʙʦʢʦʚʳʭ ʩʪʝʥʢʘʭ ʥʘʥʦʪʨʫʙʦʢ.  

ʌʠʟʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʤʦʜʠʬʠʢʘʮʠʠ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʩʪʳ ʠ ʩʚʦʜʷʪ ʢ ʤʠʥʠʤʫʤʫ 

ʚʚʝʜʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʰʘʨʦʚʳʭ ʤʝʣʴʥʠʮ 

ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʤʝʪʦʜʦʤ ʫʢʦʨʘʯʠʚʘʥʠʷ ʥʘʥʦʪʨʫʙʦʢ ʠ ʧʦʢʘʟʘʣʦ 

ʩʚʦʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚ ʩʣʫʯʘʝ ʄʋʅʊ [169]. ʇʨʠʤʝʥʝʥʠʝ ʵʪʦʡ ʪʝʭʥʦʣʦʛʠʠ ʜʣʷ ʆʋʅʊ 

ʪʨʝʙʫʝʪ ʙʦʣʝʝ ʤʷʛʢʠʭ ʫʩʣʦʚʠʡ ʠ ʯʘʩʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʣʥʦʤʫ ʨʘʟʨʫʰʝʥʠʶ ʪʫʙʫʣʷʨʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʫʛʣʝʨʦʜʥʦʡ ʥʘʥʦʪʨʫʙʢʠ. ʋʣʴʪʨʘʟʚʫʢʦʚʘʷ ʦʙʨʘʙʦʪʢʘ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʤʷʛʢʠʤ ʠ 

ʢʦʥʪʨʦʣʠʨʫʝʤʳʤ ʤʝʪʦʜʦʤ ʚʦʟʜʝʡʩʪʚʠʷ. ɺ ʧʨʦʮʝʩʩʝ ʦʙʨʘʙʦʪʢʠ ʫʣʴʪʨʘʟʚʫʢʦʤ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʫʣʴʪʨʘʟʚʫʢʦʚʳʝ ʚʦʣʥʳ, ʢʦʪʦʨʳʝ ʧʝʨʝʜʘʶʪʩʷ ʚ ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ, ʦʙʨʘʟʫʷ 

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʧʫʟʳʨʴʢʠ (ʧʦʣʦʩʪʠ). ʇʨʠ ʵʪʦʤ ʚʦʟʥʠʢʘʶʪ ʣʦʢʘʣʴʥʳʝ ʦʙʣʘʩʪʠ ʩ 

ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ ʠ ʧʦʚʳʰʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ, ʢʦʪʦʨʳʝ ʧʦʤʦʛʘʶʪ ʧʨʝʦʜʦʣʝʪʴ ɺʘʥ-

ʜʝʨ-ɺʘʘʣʴʩʦʚʳ ʩʠʣʳ, ʩʚʷʟʳʚʘʶʱʠʝ ʥʘʥʦʪʨʫʙʢʠ ʠ ʩʣʦʠ ʤʘʪʝʨʠʘʣʘ. ʊʘʢʦʝ ʥʘʧʨʘʚʣʝʥʥʦʝ 

ʨʘʟʨʫʰʠʪʝʣʴʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʨʘʟʜʝʣʝʥʠʷ ʥʘʥʦʪʨʫʙʦʢ ʠ ʦʪʰʝʣʫʰʠʚʘʥʠʷ 

ʛʨʦʤʦʟʜʢʠʭ ʩʣʦʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʥʘʥʦʣʠʩʪʳ [170,171]. ʂʨʦʤʝ ʪʦʛʦ, ʫʣʴʪʨʘʟʚʫʢʦʚʳʝ 

ʚʦʣʥʳ ʚʳʩʦʢʦʡ ʤʦʱʥʦʩʪʠ ʤʦʛʫʪ ʩʦʟʜʘʚʘʪʴ ʜʝʬʝʢʪʳ ʠ ʥʝʨʦʚʥʦʩʪʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʥʘʥʦʦʙʲʝʢʪʦʚ, ʘ ʪʘʢʞʝ ʫʤʝʥʴʰʘʪʴ ʠʭ ʨʘʟʤʝʨ [172]. 

ɼʨʫʛʠʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʧʦʜʭʦʜʦʤ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʨʘʟʤʝʨʦʚ ʧʫʯʢʦʚ ʆʋʅʊ, 

ʫʢʦʨʘʯʠʚʘʥʠʷ ʠʭ ʜʣʠʥʳ ʠ ʩʦʟʜʘʥʠʷ ʜʝʬʝʢʪʦʚ ʙʦʢʦʚʳʭ ʩʪʝʥʦʢ ʷʚʣʷʝʪʩʷ ʭʠʤʠʯʝʩʢʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ. ʅʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʠʩʣʦʪʥʦʝ ʦʢʠʩʣʝʥʠʝ ʫʛʣʝʨʦʜʥʦʡ ʨʝʰʝʪʢʠ 

ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʭ ʛʨʫʧʧ, ʢʦʪʦʨʳʝ ʫʜʘʣʷʶʪʩʷ ʧʦʩʣʝ ʦʪʞʠʛʘ, ʦʙʨʘʟʫʷ 

ʫʛʣʝʨʦʜʥʫʶ ʚʘʢʘʥʩʠʶ. ʆʙʨʘʙʦʪʢʘ ʤʠʥʝʨʘʣʴʥʳʤʠ ʢʠʩʣʦʪʘʤʠ ʧʨʠʚʦʜʠʪ ʢ 

ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʋʅʊ ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʤʠ ʛʨʫʧʧʘʤʠ, ʧʦʷʚʣʝʥʠʶ 

ʥʦʚʳʭ ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ ʠ ʠʟʤʝʥʝʥʠʶ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʤʘʪʝʨʠʘʣʘ [179ï181]. 

ʇʨʝʜʳʜʫʱʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʳ ʠʣʠ ʩʤʝʩʠ 
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ʘʟʦʪʥʦʡ ʠ ʩʝʨʥʦʡ ʢʠʩʣʦʪ ʧʨʠʚʦʜʠʪ ʢ ʫʢʦʨʦʯʝʥʠʶ ʋʅʊ ʠ ʫʤʝʥʴʰʝʥʠʶ ʨʘʟʤʝʨʦʚ ʧʫʯʢʦʚ 

[168,177,178]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʠʧʷʯʝʥʠʝ ʦʢʠʩʣʝʥʥʳʭ ʜʚʫʭʩʣʦʡʥʳʭ ʋʅʊ [142] ʠʣʠ 

ʦʢʩʠʜʘ ʛʨʘʬʠʪʘ [182] ʚ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʭ ʤʠʥʝʨʘʣʴʥʳʭ ʢʠʩʣʦʪʘʭ ʧʨʠʚʦʜʠʪ ʢ ʫʜʘʣʝʥʠʶ 

ʥʝʢʦʪʦʨʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ ʚʤʝʩʪʝ ʩ ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ, ʪʝʤ ʩʘʤʳʤ ʦʙʨʘʟʫʷ 

ʜʝʬʝʢʪʳ ʚ ʩʦʪʦʚʦʡ ʨʝʰʝʪʢʝ ʫʛʣʝʨʦʜʘ. ʊʘʢʠʝ ʜʝʬʝʢʪʥʳʝ ʛʨʘʬʝʥʳ ʧʦʢʘʟʘʣʠ ʫʣʫʯʰʝʥʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʷʭ ʟʘ ʩʯʝʪ ʧʦʷʚʣʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʢʘʥʘʣʦʚ ʜʣʷ ʜʠʬʬʫʟʠʠ ʠʦʥʦʚ ʣʠʪʠʷ, ʦʙʣʝʛʯʘʶʱʠʭ ʠʭ ʠʥʪʝʨʢʘʣʷʮʠʶ ʠ ʜʝʠʥʪʝʨʢʘʣʷʮʠʶ. 

 

3.2.1. ɺʣʠʷʥʠʝ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʆʋʅʊ ʥʘ ʠʭ ʤʦʨʬʦʣʦʛʠʶ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ 

ʬʦʩʬʦʨʦʤ 

ʇʝʨʚʳʤ ʧʦʜʭʦʜʦʤ ʜʣʷ ʤʦʜʠʬʠʢʘʮʠʠ ʩʪʨʫʢʪʫʨʳ ʆʋʅʊ ʩʪʘʣʘ ʫʣʴʪʨʘʟʚʫʢʦʚʘ ̫

ʦʙʨʘʙʦʪʢʘ ʨʘʟʣʠʯʥʦʡ ʤʦʱʥʦʩʪʠ (ʈʠʩʫʥʦʢ 31). ʆʙʨʘʙʦʪʢʘ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʘʥʥʝ ʷʚʣʷʝʪʩʷ 

ʦʙʲʝʤʥʳʤ ʤʝʪʦʜʦʤ ʚʦʟʜʝʡʩʪʚʠʷ ʠ ʧʦʟʚʦʣʷʝʪ ʜʠʩʧʝʨʛʠʨʦʚʘʪʴ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʧʫʯʢʠ 

ʥʘʥʦʪʨʫʙʦʢ. ɺʦʟʜʝʡʩʪʚʠʝ ʞʝ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʱʫʧʘ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʥʘʧʨʘʚʣʝʥʥʳʤ ʠ 

ʣʦʢʘʣʴʥʳʤ ʠ ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʢʦʨʦʯʝʥʠʶ ʜʣʠʥʳ ʆʋʅʊ.  

 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʠʟʦʙʨʘʞʝʥʠʡ ʈʕʄ, ʆʋʅʊ ʧʦʩʣʝ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ (sʆʋʅʊ, 

ʈʠʩʫʥʦʢ 32ʙ) ʠʤʝʶʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʙʦʨʚʘʥʥʳʭ ʢʨʘʝʚ (ʦʙʚʝʜʝʥʳ ʢʨʫʛʘʤʠ) ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤʠ ʆʋʅʊ (ʈʠʩʫʥʦʢ 32ʘ), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʫʩʧʝʰʥʦʤ 

ʫʢʦʨʦʯʝʥʠʠ ʜʣʠʥʳ ʥʘʥʦʪʨʫʙʦʢ ʠ ʩʦʟʜʘʥʠʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʫʪʝʡ ʜʣʷ ʜʠʬʬʫʟʠʠ ʬʦʩʬʦʨʘ 

ʠ ʣʠʪʠʷ. ɿʘʧʦʣʥʝʥʠʝ ʬʦʩʬʦʨʦʤ ʠ ʧʦʩʣʝʜʫʶʱʘʷ ʦʯʠʩʪʢʘ ʚ ʨʘʩʪʚʦʨʝ ʛʠʜʨʦʢʩʠʜʘ ʥʘʪʨʠʷ 

(ʈʠʩʫʥʦʢ 32ʚ) ʥʝ ʧʨʠʚʦʜʷʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʤʦʨʬʦʣʦʛʠʠ. ʂʨʦʤʝ ʪʦʛʦ, ʥʝ 

ʚʳʷʚʣʝʥʦ ʥʘʣʠʯʠʝ ʢʨʫʧʥʳʭ ʬʦʩʬʦʨʩʦʜʝʨʞʘʱʠʭ ʯʘʩʪʠʮ ʚ ʦʙʨʘʟʮʝ P@sʆʋʅʊ, ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʦʮʝʜʫʨʳ ʦʯʠʩʪʢʠ ʩ ʧʦʤʦʱʴʶ NaOH. 

 
ʈʠʩʫʥʦʢ 31. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʨʦʮʝʩʩʘ ʤʦʜʠʬʠʢʘʮʠʠ ʆʋʅʊ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ 

ʦʙʨʘʙʦʪʢʦʡ ʠ ʟʘʧʦʣʥʝʥʠʷ ʬʦʩʬʦʨʦʤ. 
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʝʪʦʜʦʤ ʇʕʄ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʠʩʭʦʜʥʳʝ ʆʋʅʊ (ʈʠʩʫʥʦʢ 33ʘ) 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʢʨʫʧʥʳʝ ʧʫʯʢʠ, ʢʦʪʦʨʳʝ ʧʝʨʝʧʣʝʪʘʶʪʩʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʧʣʦʪʥʦʡ 

ʩʝʪʢʠ. ʋʣʴʪʨʘʟʚʫʢʦʚʘʷ ʦʙʨʘʙʦʪʢʘ ʜʝʣʘʝʪ ʧʫʯʢʠ ʥʘʥʦʪʨʫʙʦʢ ʪʦʥʴʰʝ ʠ ʢʦʨʦʯʝ (ʈʠʩʫʥʦʢ 

33ʙ), ʧʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʜʦʣʠ ʦʪʜʝʣʴʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, ʫʤʝʥʴʰʝʥʠʝ ʠʭ 

ʜʣʠʥʳ ʠ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʢʦʥʮʦʚ (ʈʠʩʫʥʦʢ 33ʚ).  

 

ʋʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʤʘʪʝʨʠʘʣʦʚ, ʦʧʨʝʜʝʣʝʥʥʘʷ ʤʝʪʦʜʦʤ ɹʕʊ, ʩʦʩʪʘʚʠʣʘ 1223 

ʤ2/ʛ ʜʣʷ ʆʋʅʊ ʠ ʫʚʝʣʠʯʠʣʘʩʴ ʜʦ 1339 ʤ2/ʛ ʜʣʷ sʆʋʅʊ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʫʚʝʣʠʯʝʥʠʝ 

ʜʦʩʪʫʧʥʦʡ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ ʜʣʷ ʘʜʩʦʨʙʮʠʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʱʝʧʣʝʥʠʷ ʧʫʯʢʦʚ ʧʨʠ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʦʙʨʘʙʦʪʢʝ. 

ʅʘ HAADF-STEM-ʠʟʦʙʨʘʞʝʥʠʠ P@sʆʋʅʊ ʚʠʜʥʳ ʷʨʢʠʝ ʧʫʯʢʠ ʥʘʥʦʪʨʫʙʦʢ 

(ʈʠʩʫʥʦʢ 34ʘ), ʯʪʦ ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʥʘʣʠʯʠʠ ʬʦʩʬʦʨʘ ʚʦ ʚʥʫʪʨʝʥʥʝʡ ʧʦʣʦʩʪʠ. 

ʕʣʝʤʝʥʪʥʦʝ ʢʘʨʪʠʨʦʚʘʥʠʝ, ʚʳʧʦʣʥʝʥʥʦʝ ʩ ʧʦʤʦʱʴʶ ʕɼʉ, ʧʦʢʘʟʳʚʘʝʪ ʧʝʨʝʢʨʳʚʘʶʱʠʝʩʷ 

ʩʠʛʥʘʣʳ ʦʪ ʫʛʣʝʨʦʜʘ (ʈʠʩʫʥʦʢ 34ʙ) ʠ ʬʦʩʬʦʨʘ (ʈʠʩʫʥʦʢ 34ʚ), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, 

ʯʪʦ ʵʪʠ ʵʣʝʤʝʥʪʳ ʥʘʭʦʜʷʪʩʷ ʚ ʦʜʥʠʭ ʠ ʪʝʭ ʞʝ ʦʙʣʘʩʪʷʭ ʦʙʨʘʟʮʘ. ʆʪʩʫʪʩʪʚʠʝ ʦʙʣʘʩʪʝʡ 

ʘʛʣʦʤʝʨʘʮʠʠ ʬʦʩʬʦʨʘ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʦʯʠʩʪʢʠ ʠ ʫʜʘʣʝʥʠʝ 

 
ʈʠʩʫʥʦʢ 32. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ (a) ʆʋʅʊ, (ʙ) sʆʋʅʊ, (ʚ) P@sʆʋʅʊ. ʆʚʘʣʳ ʥʘ (ʙ) 

ʧʦʢʘʟʳʚʘʶʪ ʦʙʦʨʚʘʥʥʳʝ ʢʦʥʮʳ ʚ ʆʋʅʊ ʧʦʩʣʝ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ. 

100 nm 100 nm 100 nm

(a) (ʚ)(ʙ)

 
ʈʠʩʫʥʦʢ 33. ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ (ʘ) ʠʩʭʦʜʥʳʭ ʆʋʅʊ ʠ (ʙ, ʚ) ʦʙʨʘʙʦʪʘʥʥʳʭ ʫʣʴʪʨʘʟʚʫʢʦʤ 

sʆʋʅʊ. 

500 ʥʤ 2 ɛʤ

(a) (ʙ)

500 ʥʤ

(ʚ)
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ʙʦʣʴʰʝʡ ʯʘʩʪʠ ʬʦʩʬʦʨʘ ʩ ʧʦʚʝʨʭʥʦʩʪʠ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʕɼʉ ʘʥʘʣʠʟʦʤ ʩʦʜʝʨʞʘʥʠʝ 

ʬʦʩʬʦʨʘ ʚ ʦʙʨʘʟʮʝ P@sʆʋʅʊ ʩʦʩʪʘʚʣʷʝʪ 12 ʘʪ% (25 ʤʘʩʩ%). 

 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʩʪʨʫʢʪʫʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦʙ ʠʟʤʝʥʝʥʠʷʭ ʚ ʫʛʣʝʨʦʜʥʦʡ ʤʘʪʨʠʮʝ ʠ 

ʬʦʨʤʠʨʫʝʤʦʡ ʩʪʨʫʢʪʫʨʝ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʦʛʦ ʬʦʩʬʦʨʘ, ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʩʧʝʢʪʨʳ ʂʈʉ 

(ʈʠʩʫʥʦʢ 35). ʆʩʥʦʚʥʳʝ ʦʙʣʘʩʪʠ ʢʦʣʝʙʘʥʠʡ, ʥʘʙʣʶʜʘʝʤʳʝ ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʘʭ, ʙʳʣʠ 

ʧʦʜʨʦʙʥʦ ʦʙʩʫʞʜʝʥʳ ʚ ʨʘʟʜʝʣʝ 3.5 ʠ ʩʦʜʝʨʞʘʪ ʜʠʘʧʘʟʦʥʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʈɼʄ-ʤʦʜʘʤ 

(100 200 ʩʤī1) ʥʘʥʦʪʨʫʙʦʢ ʠ ʬʦʩʬʦʨʥʳʤ ʢʦʣʝʙʘʥʠʷʤ (225600 ʩʤī1), ʪʘʥʛʝʥʮʠʘʣʴʥʦʡ G-

ʤʦʜʝ ʧʨʠ 1590 ʩʤī1 ʠ ʚʳʟʚʘʥʥʦʡ ʙʝʩʧʦʨʷʜʢʦʤ D-ʤʦʜʝ ʧʨʠ 1357 ʩʤī1, ʘ ʪʘʢʞʝ 

ʜʚʫʭʬʦʥʦʥʥʦʡ 2D-ʤʦʜʝ ʧʨʠ 2679 ʩʤī1 sp2-ʛʠʙʨʠʜʠʟʠʨʦʚʘʥʥʦʛʦ ʫʛʣʝʨʦʜʘ [173].  

ʇʨʦʮʝʜʫʨʘ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʈɼʄ-ʤʦʜ ʦʙʨʘʟʮʘ 

sʆʋʅʊ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʩʦʭʨʘʥʝʥʠʠ ʪʫʙʫʣʷʨʥʦʡ ʤʦʨʬʦʣʦʛʠʠ ʫʛʣʝʨʦʜʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ. ɿʘʧʦʣʥʝʥʠʝ sʆʋʅʊ ʬʦʩʬʦʨʦʤ ʧʨʠʚʦʜʠʪ ʢ ʧʦʜʘʚʣʝʥʠʶ ʩʠʛʥʘʣʦʚ ʈɼʄ ʠ ʠʭ 

ʩʤʝʱʝʥʠʶ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʦ ʩʪʨʫʢʪʫʨʥʳʤʠ ʦʛʨʘʥʠʯʝʥʠʷʤʠ, ʚʳʟʚʘʥʥʳʤʠ 

ʠʥʢʘʧʩʫʣʷʮʠʝʡ ʬʦʩʬʦʨʘ ʠ ʠʟʤʝʥʝʥʠʝʤ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʇʨʝʜʣʦʞʝʥʥʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ ʥʝ ʧʨʠʚʝʣʘ ʢ ʠʟʤʝʥʝʥʠʷʤ ʢʦʣʝʙʘʥʠʡ ʬʦʩʬʦʨʘ. ɺ ʩʣʫʯʘʝ P@sʆʋʅʊ 

ʥʘʙʣʶʜʘʶʪʩʷ ʢʦʣʝʙʘʥʠʷ, ʘʥʘʣʦʛʠʯʥʳʝ ʧʦʣʫʯʝʥʥʳʤ ʨʘʥʝʝ ʜʣʷ P@ʆʋʅʊ, ʢʦʪʦʨʳʝ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʦʣʦʢʥʠʩʪʦʤʫ ʬʦʩʬʦʨʫ [18]. ʍʘʨʘʢʪʝʨʠʩʪʠʯʥʦʝ ʢʦʣʝʙʘʥʠʝ ʧʨʠ ~251 ʩʤī1 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʥʘʣʠʯʠʝ ʩʰʠʚʘʶʱʝʡ ʤʦʩʪʠʢʦʚʦʡ ʩʚʷʟʠ PP ʤʝʞʜʫ ʮʝʧʦʯʢʘʤʠ ʠ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ ʜʚʦʡʥʳʭ ʬʦʩʬʦʨʥʳʭ ʮʝʧʦʯʝʢ ʚ P@sʆʋʅʊ. ʆʜʥʦʤʝʨʥʘʷ 

ʩʪʨʫʢʪʫʨʘ ʥʘʥʦʪʨʫʙʦʢ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʜʚʦʡʥʳʭ ʮʝʧʦʯʝʢ, ʢʘʢ ʚ ʚʦʣʦʢʥʠʩʪʦʤ 

ʬʦʩʬʦʨʝ, ʠ ʧʨʠʤʝʥʝʥʥʘʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʫʣʴʪʨʘʟʚʫʢʦʚʘʷ ʦʙʨʘʙʦʪʢʘ ʆʋʅʊ ʥʝ ʦʢʘʟʳʚʘʝʪ 

ʟʘʤʝʪʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʧʨʦʮʝʩʩ ʢʦʥʜʝʥʩʘʮʠʠ ʬʦʩʬʦʨʘ ʚʥʫʪʨʠ ʥʘʥʦʪʨʫʙʦʢ. 

 
ʈʠʩʫʥʦʢ 34. (ʘ) HAADF-STEM ʠʟʦʙʨʘʞʝʥʠʝ ʠ ʵʣʝʤʝʥʪʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ (ʙ) ʫʛʣʝʨʦʜʘ ʠ (ʚ) 

ʬʦʩʬʦʨʘ ʩ ʧʦʤʦʱʴʶ ʕɼʉ-ʢʘʨʪʠʨʦʚʘʥʠʷ ʜʣʷ P@sʆʋʅʊ. 


