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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ. ʉ ʥʘʩʪʫʧʣʝʥʠʝʤ ʧʨʦʤʳʰʣʝʥʥʦʡ ʨʝʚʦʣʶʮʠʠ 

ʘʥʪʨʦʧʦʛʝʥʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ ʦʪ ʛʦʜʘ ʚ ʛʦʜ ʚʦʟʨʘʩʪʘʝʪ. ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʦʙʣʝʤʘ ʵʢʦʣʦʛʠʯʝʩʢʦʛʦ ʟʘʛʨʷʟʥʝʥʠʷ ʜʦʚʦʣʴʥʦ ʦʩʪʨʦ ʩʪʦʠʪ 

ʧʝʨʝʜ ʯʝʣʦʚʝʯʝʩʪʚʦʤ. ɺʦ ʚʩʸʤ ʤʠʨʝ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʵʢʦʣʦʛʠʠ: 

ʩʦʟʜʘʶʪʩʷ ʠ ʨʘʟʚʠʚʘʶʪʩʷ ʥʦʚʳʝ ʩʪʨʘʪʝʛʠʠ, ʤʝʪʦʜʳ ʠ ʪʝʭʥʦʣʦʛʠʠ, ʧʦʟʚʦʣʷʶʱʠʝ 

ʩʥʠʟʠʪʴ ʩʪʝʧʝʥʴ ʥʝʛʘʪʠʚʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ.  ɺ ʈʦʩʩʠʠ 2017 ʛʦʜ 

ʦʙʲʷʚʣʝʥ ɻʦʜʦʤ ʵʢʦʣʦʛʠʠ [1], ʚ ʪʝʯʝʥʠʝ ʢʦʪʦʨʦʛʦ ʙʫʜʫʪ ʧʨʦʚʝʜʝʥʳ ʤʝʨʦʧʨʠʷʪʠʷ, 

ʧʨʠʟʚʘʥʥʳʝ ʫʣʫʯʰʠʪʴ ʵʢʦʣʦʛʠʯʝʩʢʫʶ ʦʙʩʪʘʥʦʚʢʫ ʚ ʩʪʨʘʥʝ, ʯʪʦ ʜʦʣʞʥʦ ʦʪʨʘʟʠʪʴʩʷ 

ʥʝ ʪʦʣʴʢʦ ʥʘ ʦʙʱʝʤ ʩʦʩʪʦʷʥʠʠ ʧʨʠʨʦʜʥʳʭ ʨʝʩʫʨʩʦʚ, ʥʦ ʠ ʥʘ ʦʪʥʦʰʝʥʠʠ ʛʨʘʞʜʘʥ ʢ 

ʵʢʦʣʦʛʠʯʝʩʢʠʤ ʧʨʦʙʣʝʤʘʤ. ʆʩʥʦʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʟʚʠʪʠʷ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʚ 

çʆʩʥʦʚʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʦʣʠʪʠʢʠ ʚ ʦʙʣʘʩʪʠ ʵʢʦʣʦʛʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ 

ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʥʘ ʧʝʨʠʦʜ ʜʦ 2030 ʛʦʜʘè [2]. ʂʣʶʯʝʚʳʤʠ ʪʝʤʘʤʠ ɻʦʜʘ 

ʵʢʦʣʦʛʠʠ ʷʚʣʷʶʪʩʷ ʚʥʝʜʨʝʥʠʝ ʥʦʚʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʦʪʭʦʜʘʤʠ ʠ ʚʥʝʜʨʝʥʠʝ 

ʥʘʠʣʫʯʰʠʭ ʜʦʩʪʫʧʥʳʭ ʪʝʭʥʦʣʦʛʠʡ.  

ʉʪʘʪʠʩʪʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʛʦʚʦʨʷʪ ʦ ʪʦʤ, ʯʪʦ ʟʘ ʧʦʩʣʝʜʥʠʝ 20 ʣʝʪ ʜʠʥʘʤʠʢʘ 

ʧʦʪʨʝʙʣʝʥʠʷ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʪʦʣʴʢʦ ʨʘʩʪʸʪ [3].  ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʈʦʩʩʠʷ ʚʭʦʜʠʪ 

ʚ ʧʷʪʸʨʢʫ ʩʪʨʘʥ ʧʦ ʧʨʦʠʟʚʦʜʩʪʚʫ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ, ʥʘ ʝ yʪʝʨʨʠʪʦʨʠʠ ʨʘʙʦʪʘʶʪ 

ʪʝʧʣʦʚʳʝ (ʊʕʉ) ʠ ʘʪʦʤʥʳʝ (ɸʕʉ) ʵʣʝʢʪʨʦʩʪʘʥʮʠʠ, ʘ ʪʘʢʞʝ ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ 

ʠʩʪʦʯʥʠʢʠ ʧʦʣʫʯʝʥʠʷ ʵʥʝʨʛʠʠ.  

ɽʞʝʛʦʜʥʦ ʪʝʧʣʦʚʳʝ ʵʣʝʢʪʨʦʩʪʘʥʮʠʠ ʚʳʙʨʘʩʳʚʘʶʪ ʤʠʣʣʠʦʥʳ ʪʦʥʥ 

ʛʘʟʦʦʙʨʘʟʥʳʭ ʠ ʪʚʸʨʜʳʭ ʦʪʭʦʜʦʚ, ʧʦʜʚʝʨʛʘʷ ʟʘʛʨʷʟʥʝʥʠʶ ʪʷʞʸʣʳʤʠ ʤʝʪʘʣʣʘʤʠ 

ʙʣʠʟʣʝʞʘʱʠʝ ʚʦʜʦʸʤʳ ʠ ʧʦʯʚʫ. ʇʦʧʘʜʘʷ ʚ ʧʦʯʚʫ, ʤʝʪʘʣʣʳ ʪʝʭʥʦʛʝʥʥʦʛʦ 

ʧʨʦʠʩʭʦʞʜʝʥʠʷ ʥʘʢʘʧʣʠʚʘʶʪʩʷ ʚ ʧʦʯʚʝʥʥʳʭ ʢʦʤʧʦʥʝʥʪʘʭ ʠ ʨʘʩʪʝʥʠʷʭ ʠ ʧʨʠ 

ʧʨʝʚʳʰʝʥʠʠ ʧʨʝʜʝʣʴʥʦ ʜʦʧʫʩʪʠʤʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʦʛʫʪ ʩʪʘʪʴ ʫʛʨʦʟʦʡ ʜʣʷ 

ʟʜʦʨʦʚʴʷ ʯʝʣʦʚʝʢʘ, ʪʘʢ ʢʘʢ ʚʳʟʳʚʘʶʪ ʠʥʪʦʢʩʠʢʘʮʠʶ ʦʨʛʘʥʠʟʤʘ ʠ ʷʚʣʷʶʪʩʷ 

ʧʨʠʯʠʥʦʡ ʨʘʟʣʠʯʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ. ʆʧʨʝʜʝʣʝʥʠʝ ʣʦʢʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʡ, 

ʢʦʪʦʨʳʝ çʪʷʞʸʣʳʝ ʤʝʪʘʣʣʳè ʦʙʨʘʟʫʶʪ ʚ ʧʦʯʚʝ ʧʨʠ ʝʸ ʟʘʛʨʷʟʥʝʥʠʠ ʷʚʣʷʝʪʩʷ 

ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʜʣʷ ʬʠʟʠʢʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, 

ʛʣʘʚʥʦʡ ʟʘʜʘʯʝʡ ʢʦʪʦʨʦʡ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʩʪʨʦʝʥʠʷ ʠ ʝʛʦ ʚʣʠʷʥʠʷ ʥʘ 
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ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚʝʱʝʩʪʚ ʧʦʜ ʨʘʟʣʠʯʥʳʤʠ ʚʥʝʰʥʠʤʠ ʚʦʟʜʝʡʩʪʚʠʷʤʠ.  ɿʥʘʥʠʝ 

ʩʪʨʦʝʥʠʷ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʚ ʧʦʯʚʝ ʠʣʠ ʚ ʧʨʦʤʳʰʣʝʥʥʳʭ ʦʪʭʦʜʘʭ ʧʦʟʚʦʣʷʝʪ 

ʦʧʨʝʜʝʣʠʪʴ ʤʝʭʘʥʠʟʤʳ ʠʭ ʥʘʢʦʧʣʝʥʠʷ, ʦʮʝʥʠʪʴ ʪʠʧ ʠ ʩʪʝʧʝʥʴ ʠʭ ʥʝʛʘʪʠʚʥʦʛʦ 

ʚʣʠʷʥʠʷ ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ, ʯʪʦ ʠ ʧʦʟʚʦʣʠʪ ʚ ʜʘʣʴʥʝʡʰʝʤ ʨʘʟʨʘʙʦʪʘʪʴ ʩʧʦʩʦʙʳ 

ʠʭ ʥʝʡʪʨʘʣʠʟʘʮʠʠ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʟʘʛʨʷʟʥʸʥʥʳʭ ʠʤʠ ʣʘʥʜʰʘʬʪʦʚ. ɺ ʬʠʟʠʢʝ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʨʘʟʚʠʪʳ ʠ ʧʨʦʜʦʣʞʘʶʪ ʨʘʟʚʠʚʘʪʴʩʷ ʜʣʷ ʪʦʥʢʦʛʦ 

ʦʧʨʝʜʝʣʝʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʣʦʞʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʬʠʟʠʯʝʩʢʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʨʘʟʣʠʯʥʳʝ ʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʳʝ ʤʝʪʦʜʳ. 

ɺ ʥʘʰʝʡ ʩʪʨʘʥʝ ʨʘʙʦʪʘʝʪ 10 ʘʪʦʤʥʳʭ ʵʣʝʢʪʨʦʩʪʘʥʮʠʡ, ʦʜʥʘ ʠʟ ʢʦʪʦʨʳʭ 

ʥʘʭʦʜʠʪʩʷ ʥʘ ʪʝʨʨʠʪʦʨʠʠ ʈʦʩʪʦʚʩʢʦʡ ʦʙʣʘʩʪʠ ï ɺʦʣʛʦʜʦʥʩʢʘʷ ɸʕʉ.  ɸʪʦʤʥʳʝ 

ʵʣʝʢʪʨʦʩʪʘʥʮʠʠ ʥʝ ʟʘʛʨʷʟʥʷʶʪ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ ʚʨʝʜʥʳʤʠ ʧʨʦʜʫʢʪʘʤʠ ʩʛʦʨʘʥʠʷ 

ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʪʦʧʣʠʚʘ, ʥʦ ʦʧʘʩʥʦʩʪʴ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʨʘʜʠʦʘʢʪʠʚʥʦʝ ʪʦʧʣʠʚʦ 

ʠ ʨʘʜʠʦʘʢʪʠʚʥʳʝ ʦʪʭʦʜʳ, ʧʦʵʪʦʤʫ ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʩʥʠʞʝʥʠʷ 

ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʨʠʩʢʦʚ ʠ ʨʘʟʨʘʙʦʪʢʠ ʩʧʦʩʦʙʦʚ ʜʦʣʛʦʩʨʦʯʥʦʛʦ ʭʨʘʥʝʥʠʷ 

ʨʘʜʠʦʘʢʪʠʚʥʳʭ ʦʪʭʦʜʦʚ. ʇʦʣʠʤʦʨʬʥʳʝ ʬʘʟʳ UO3 ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤ 

ʢʦʤʧʦʥʝʥʪʦʤ ʷʜʝʨʥʦʛʦ ʪʦʧʣʠʚʘ ʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ ʜʣʷ ʠʟʫʯʝʥʠʷ ʩ ʧʦʤʦʱʴʶ 

ʩʦʚʨʝʤʝʥʥʳʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʦʚ.  

 ɼʨʫʛʠʝ ʦʙʲʝʢʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʮʝʦʣʠʪʳ - ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʦʡ ʧʣʦʱʘʜʴʶ 

ʘʢʪʠʚʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʦʙʲʸʤʦʤ ʧʦʨ ʠ ʧʦʵʪʦʤʫ ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʴʩʷ ʜʣʷ ʩʦʨʙʮʠʠ ʠ 

ʭʨʘʥʝʥʠʷ ʚʝʱʝʩʪʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʨʘʜʠʦʘʢʪʠʚʥʳʭ.  ʅʘʧʨʠʤʝʨ, ZIF-8 (zeolitic 

imidazolate framework-8) ʤʦʞʝʪ ʧʨʠʤʝʥʷʪʴ ʜʣʷ ʩʦʨʙʮʠʠ ʨʘʜʠʦʘʢʪʠʚʥʦʛʦ ʡʦʜʘ, 

ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʧʦʙʦʯʥʳʤ ʧʨʦʜʫʢʪʦʤ ʷʜʝʨʥʦʛʦ ʮʠʢʣʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʝʤʘ ʜʠʩʩʝʨʪʘʮʠʠ, ʧʦʩʚʷʱʸʥʥʘʷ ʦʧʨʝʜʝʣʝʥʠʶ ʧʘʨʘʤʝʪʨʦʚ 

ʣʦʢʘʣʴʥʦʡ ʘʪʦʤʥʦʡ ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʡ ʪʝʭʥʦʛʝʥʥʳʭ 

ʟʘʛʨʷʟʥʠʪʝʣʝʡ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ: ʦʢʩʠʜʦʚ ʠ ʥʠʪʨʘʪʦʚ ʉu, Zn ʠ Pb ʚ ʧʦʯʚʝ, ʘ ʪʘʢʞʝ 

ʧʦʣʠʤʦʨʬʥʳʭ ʬʘʟ UO3 ʠ ʡʦʜʘ ʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʮʝʦʣʠʪʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ, 

ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ.  
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ʆʙʲʝʢʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ: 

Å ʦʙʨʘʟʮʳ ʧʦʯʚʳ ʠ ʧʦʯʚʝʥʥʳʝ ʬʘʟʳ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʥʘʩʳʱʝʥʥʳ ʦʢʩʠʜʘʤʠ ʠ 

ʥʠʪʨʘʪʘʤʠ Cu, Zn, Pb; 

Å ʧʦʣʠʤʦʨʬʥʳʝ ʬʘʟʳ Ŭ-UO3, ŭ-UO3, ɔ-UO3; 

Å ʮʝʦʣʠʪʳ ʥʘ ʦʩʥʦʚʝ Co ʠ Zn ʜʦ ʠ ʧʦʩʣʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʧʘʨʘʤʠ ʡʦʜʘ. 

ʎʝʣʴ ʨʘʙʦʪʳ ʦʧʨʝʜʝʣʠʪʴ ʣʦʢʘʣʴʥʫʶ ʘʪʦʤʥʫʶ ʠ ʵʣʝʢʪʨʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ 

ʦʢʩʠʜʦʚ ʠ ʥʠʪʨʘʪʦʚ Cu, Zn ʠ Pb ʚ ʧʦʯʚʝ ʠ ʧʦʯʚʝʥʥʳʭ ʬʘʟʘʭ; ʧʦʣʠʤʦʨʬʥʳʭ ʬʘʟ UO3 

ʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʮʝʦʣʠʪʦʚ ʪʠʧʘ ZIF-8 ʥʘ ʦʩʥʦʚʝ Co ʠ Zn. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʮʝʣʠ ʨʝʰʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ 

¶  ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʦʛʣʦʱʝʥʠʷ 

XANES ʠ ʵʢʩʪʨʘʢʮʠʦʥʥʦʛʦ ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʷ ʚʳʷʚʠʪʴ ʤʝʭʘʥʠʟʤ ʘʜʩʦʨʙʮʠʠ ʤʝʜʠ, 

ʮʠʥʢʘ ʠ ʩʚʠʥʮʘ ʯʝʨʥʦʟʸʤʦʤ ʠ ʝʛʦ ʦʪʜʝʣʴʥʳʤʠ ʬʘʟʘʤʠ: ʦʨʛʘʥʠʯʝʩʢʦʡ ʠ ʛʣʠʥʷʥʦʡ. 

¶  ʋʩʪʘʥʦʚʠʪʴ ʚʣʠʷʥʠʝ ʜʣʠʥʳ ʘʢʩʠʘʣʴʥʳʭ ʠ ʵʢʚʘʪʦʨʠʘʣʴʥʳʭ ʩʚʷʟʝʡ U-O ʥʘ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʚ ʩʧʝʢʪʨʘʭ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʚʳʩʦʢʦʛʦ 

ʨʘʟʨʝʰʝʥʠʷ HR-XANES M4-ʢʨʘʷ ʫʨʘʥʘ ʚ ʧʦʣʠʤʦʨʬʥʳʭ ʬʘʟʘʭ Ŭ-UO3, ŭ-UO3 ʠ  

ɔ-UO3 ʥʘ ʦʩʥʦʚʝ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʤʝʪʦʜʦʤ 

ʧʦʣʥʦʛʦ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠ ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ. 

¶  ʇʦʣʫʯʠʪʴ ʩ ʧʦʤʦʱʴʶ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʩʠʥʪʝʟʘ ʮʝʦʣʠʪʳ ʪʠʧʘ ZIF-8 ʥʘ ʦʩʥʦʚʝ 

Co/Zn c ʚʘʨʴʠʨʫʝʤʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʤʝʪʘʣʣʦʚ: Co5%/ Zn95%, Co25%/ Zn75% ʠ 

Co50%/ Zn50%. 

¶  ʇʨʦʚʝʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʩʦʚʦʢʫʧʥʦʩʪʠ ʤʝʪʦʜʦʚ XANES, XRD, TEM, ʀʂ ʠ UV-vis 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʦʧʠʩʘʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʣʦʢʘʣʴʥʦʡ ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʮʝʦʣʠʪʦʚ ʥʘ ʦʩʥʦʚʝ Co/Zn ʜʦ ʠ ʧʦʩʣʝ ʧʦʛʣʦʱʝʥʠʷ ʠʤʠ ʧʘʨʦʚ ʡʦʜʘ. 

 ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ. ɺ ʭʦʜʝ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪʳ ʚʧʝʨʚʳʝ: 

¶  ʠʟʤʝʨʝʥʳ ʩʧʝʢʪʨʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʟʘ K-ʢʨʘʝʤ Cu ʠ Zn ʠ  

L3-ʢʨʘʝʤ Pb ʚ ʥʘʩʳʱʝʥʥʳʭ ʪʷʞʸʣʳʤʠ ʤʝʪʘʣʣʘʤʠ ʩ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ 2000 ʤʢʛ/ʢʛ ʠ 

10000 ʤʢʛ/ʢʛ ʦʙʨʘʟʮʘʭ ʯʝʨʥʦʟʸʤʘ ʠ ʧʦʯʚʝʥʥʳʭ ʬʘʟ: ʙʝʥʪʦʥʠʪʘ, ʤʦʥʪʤʦʨʠʣʣʦʥʠʪʘ ʠ 
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ʢʘʦʣʠʥʠʪʘ, ʠ ʩʦʧʦʩʪʘʚʣʝʥʳ ʩ ʜʘʥʥʳʤʠ ʵʢʩʪʨʘʢʮʠʦʥʥʦʛʦ ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʷ;  

¶  ʠʟʤʝʨʝʥʳ ʩʧʝʢʪʨʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʚʳʩʦʢʦʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ 

ʨʘʟʨʝʰʝʥʠʷ HR-XANES M4-ʢʨʘʷ U ʚ ʧʦʣʠʤʦʨʬʥʳʭ ʬʘʟʘʭ Ŭ-UO3, ŭ-UO3 ʠ  

ɔ-UO3 ʥʘ ʩʠʥʭʨʦʪʨʦʥʝ; 

¶  ʧʨʦʚʝʜʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʩʧʝʢʪʨʦʚ HR-XANES M4-ʢʨʘʷ U ʚ  

Ŭ-UO3, ŭ-UO3 ʠ ɔ-UO3 ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠ ʤʝʪʦʜʘ 

ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ; 

¶  ʩ ʧʦʤʦʱʴʶ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʦʣʫʯʝʥʳ ʦʙʨʘʟʮʳ ʮʝʦʣʠʪʦʚ ʪʠʧʘ ZIF-

8 ʥʘ ʦʩʥʦʚʝ Co/Zn ʩ ʚʘʨʴʠʨʫʝʤʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʤʝʪʘʣʣʦʚ: Co5%/Zn95%, 

Co25%/Zn75% ʠ Co50%/ Zn50%; 

¶  ʠʟʤʝʨʝʥʳ ʩʧʝʢʪʨʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ XANES K-ʢʨʘʷ Co ʠ Zn ʚ 

ʮʝʦʣʠʪʘʭ ʪʠʧʘ ZIF-8 ʥʘ ʦʩʥʦʚʝ Co/Zn ʠ ʧʨʦʚʝʜʝʥʘ ʣʘʙʦʨʘʪʦʨʥʘʷ ʜʠʘʛʥʦʩʪʠʢʘ ʥʘ 

ʦʩʥʦʚʝ ʤʝʪʦʜʦʚ XRD, TEM, ʀʂ ʠ UV-vis. 

ʆʩʥʦʚʥʳʝ ʥʘʫʯʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ: 

1. ʃʦʢʘʣʴʥʘʷ ʘʪʦʤʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩʦʝʜʠʥʝʥʠʡ ʪʷʞʸʣʳʭ ʤʝʪʘʣʣʦʚ Cu, Zn, Pb 

ʚ ʧʦʯʚʝ ʩʦ ʚʨʝʤʝʥʝʤ ʪʨʘʥʩʬʦʨʤʠʨʫʝʪʩʷ ʠʟ-ʟʘ ʧʨʝʦʙʣʘʜʘʶʱʠʭ ʧʨʦʮʝʩʩʦʚ ʩʦʨʙʮʠʠ 

ʤʝʪʘʣʣʦʚ ʧʨʠʨʦʜʥʳʤʠ ʘʣʶʤʦʩʠʣʠʢʘʪʘʤʠ: ʢʘʦʣʠʥʠʪʦʤ, ʙʝʥʪʦʥʠʪʦʤ ʠʣʠ 

ʤʦʥʪʤʦʨʠʣʣʦʥʠʪʦʤ, ʧʨʠʯʸʤ ʘʪʦʤʳ Cu, Zn, Pb ʟʘʤʝʱʘʶʪ ʘʪʦʤʳ Al ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ 

ʧʦʟʠʮʠʷʭ ʚ ʠʭ ʩʪʨʫʢʪʫʨʘʭ. 

2. ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʩʧʝʢʪʨʦʚ ʚʩrʦʢʦʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ XANES ʟʘ UM4-ʢʨʘʝʤ ʤʦʞʥʦ 

ʦʧʨʝʜʝʣʷʪʴ ʧʘʨʘʤʝʪʨʳ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʡ ʫʨʘʥʘ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʩʪʝʧʝʥʴ ʢʦʚʘʣʝʥʪʥʦʩʪʠ ʩʚʷʟʠ ʫʨʘʥʘ ʩ ʩʦʩʝʜʥʠʤʠ ʘʪʦʤʘʤʠ. ɺ ʧʦʣʠʤʦʨʬʥʳʭ ʬʘʟʘʭ 

UO3 ʜʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʦʢʘʟʳʚʘʝʪ ʫʚʝʣʠʯʝʥʠʝ ʢʦʚʘʣʝʥʪʥʦʩʪʠ ʩʚʷʟʠ U-O ʚ ʨʷʜʫ                 

aïUO3 ï b-UO3 ï ɔ-UO3.  

3. ʃʦʢʘʣʴʥʘʷ ʘʪʦʤʥʘʷ ʩʪʨʫʢʪʫʨʘ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʮʝʦʣʠʪʦʚ CoxZn1-x-ZIF 

ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ x = 5; 25 ʠ 50%, ʧʦʣʫʯʝʥʥʳʭ ʤʠʢʨʦʚʦʣʥʦʚʳʤ ʩʠʥʪʝʟʦʤ, ʙʣʠʟʢʘ ʢ 

ʩʪʨʫʢʪʫʨʝ Co-ZIF ʠ Zn-ZIF: ʘʪʦʤʳ Co ʠ Zn ʠʤʝʶʪ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʝ ʦʢʨʫʞʝʥʠʝ, 

ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʨʘʩʧʨʝʜʝʣʝʥʳ ʚ ʩʦʚʝʪʫʶʱʠʭ ʧʦʟʠʮʠʷʭ ʠ ʩʦʭʨʘʥʷʶʪ ʪʦ ʞʝ ʟʘʨʷʜʦʚʦʝ 
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ʩʦʩʪʦʷʥʠʝ, ʯʪʦ ʠ ʚ ʠʩʭʦʜʥʳʭ ʮʝʦʣʠʪʘʭ, ʠ ʧʦʵʪʦʤʫ ʦʥʠ ʩʧʦʩʦʙʥʳ ʩʦʨʙʠʨʦʚʘʪʴ 

ʩʧʦʩʦʙʥʳ ʩʦʨʙʠʨʦʚʘʪʴ ʤʦʣʝʢʫʣʳ I2 ʠʟ ʛʘʟʦʦʙʨʘʟʥʦʡ ʬʘʟʳ. 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʦʩʥʦʚʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʚʳʚʦʜʦʚ ʦ 

ʣʦʢʘʣʴʥʦʡ ʘʪʦʤʥʦʡ ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʘʭ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʲʝʢʪʦʚ ʩʦʩʪʦʠʪ ʚ 

ʪʦʤ, ʯʪʦ ʦʥʠ ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʳ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʦʜʦʚ ʜʠʘʛʥʦʩʪʠʢʠ ʠ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ, ʫʯʘʩʪʢʦʚ ʧʦʯʚʳ, ʟʘʛʨʷʟʥʸʥʥʳʭ ʪʷʞʸʣʳʤʠ ʤʝʪʘʣʣʘʤʠ, ʪʦ ʝʩʪʴ ʪʘʢ 

ʥʘʟʳʚʘʝʤʳʭ çʣʫʥʥʳʭ ʣʘʥʜʰʘʬʪʦʚè ʥʘ ɿʝʤʣʝ, ʘ ʪʘʢʞʝ ʤʦʛʫʪ ʧʦʩʣʫʞʠʪʴ ʦʩʥʦʚʦʡ ʜʣʷ 

ʨʘʟʨʘʙʦʪʢʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʤʝʨ ʙʝʟʦʧʘʩʥʦʩʪʠ ʧʨʠ ʨʘʙʦʪʝ ʩ ʷʜʝʨʥʳʤ ʪʦʧʣʠʚʦʤ ʠ 

ʜʦʣʛʦʩʨʦʯʥʳʭ ʤʝʪʦʜʦʚ ʫʪʠʣʠʟʘʮʠʠ ʨʘʜʠʦʘʢʪʠʚʥʳʭ ʦʪʭʦʜʦʚ ʘʪʦʤʥʳʭ 

ʵʣʝʢʪʨʦʩʪʘʥʮʠʡ. 

ʅʘʜʸʞʥʦʩʪʴ ʠ ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʦʙʝʩʧʝʯʝʥʳ 

ʧʨʦʬʝʩʩʠʦʥʘʣʴʥʳʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʚʨʝʤʝʥʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʥʘ ʢʦʪʦʨʦʤ 

ʧʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ: ʠʩʪʦʯʥʠʢʠ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ: ESRF (ɻʨʝʥʦʙʣʴ, 

ʌʨʘʥʮʠʷ), ANKA (ʂʘʨʣʩʨʫʵ, ɻʝʨʤʘʥʠʷ), ʂʫʨʯʘʪʦʚʩʢʦʛʦ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʮʝʥʪʨʘ 

(ʄʦʩʢʚʘ, ʈʦʩʩʠʷ), ʘ ʪʘʢʞʝ ʮʝʥʪʨʳ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ ʖʞʥʦʛʦ 

ʬʝʜʝʨʘʣʴʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʧʦʣʫʯʠʪʴ ʜʘʥʥʳʝ ʩ ʚʳʩʦʢʠʤ 

ʩʦʦʪʥʦʰʝʥʠʝʤ ʩʠʛʥʘʣ/ʰʫʤ. ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʢʘʯʝʩʪʚʝʥʥʳʤ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʤ ʩʦʛʣʘʩʠʝʤ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʸʪʦʚ, ʧʨʦʚʝʜʸʥʥʳʭ ʩ 

ʧʦʤʦʱʴʶ ʠʟʚʝʩʪʥʳʭ ʠ ʤʥʦʛʦʢʨʘʪʥʦ ʘʧʨʦʙʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʚ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ 

ʠ ʧʦʣʥʦʛʦ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʠ ʦʙʩʫʞʜʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ 

ʧʨʦʚʦʜʠʣʠ ʚ ʩʦʪʨʫʜʥʠʯʝʩʪʚʝ ʩ ʚʝʜʫʱʠʤʠ ʤʝʞʜʫʥʘʨʦʜʥʳʤʠ ʛʨʫʧʧʘʤʠ ʠʟ ʀʥʩʪʠʪʫʪʘ 

ʧʦ ʠʟʫʯʝʥʠʶ ʷʜʝʨʥʳʭ ʦʪʭʦʜʦʚ (Institute for Nuclear Waste Disposal) ʠ ʫʯʸʥʳʤʠ ʠʟ 

ʋʧʧʩʘʣʴʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʠ ɽʚʨʦʧʝʡʩʢʦʛʦ ʮʝʥʪʨʘ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ.  

ɸʧʨʦʙʘʮʠʷ ʦʩʥʦʚʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʜʠʩʩʝʨʪʘʮʠʠ ʧʨʦʠʩʭʦʜʠʣʘ ʥʘ 

ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ ʠ ʰʢʦʣʘʭ: 23 ɺʩʝʨʦʩʩʠʡʩʢʘʷ 

ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ ʬʠʟʠʢʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ ɺʅʂʉʌ-23 

(ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʷ, 2017); XXII ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʈʝʥʪʛʝʥʦʚʩʢʠʝ ʠ 
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ʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ ʠ ʭʠʤʠʯʝʩʢʘʷ ʩʚʷʟʴè ʈʕʉʍʉ (ɺʣʘʜʠʚʦʩʪʦʢ, ʈʦʩʩʠʷ, 2016); 

ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʩʦʚʤʝʩʪʥʘʷ ʰʢʦʣʘ "Smart Nanomaterials and X-ray Optics 2016: 

Modeling, Synthesis and Diagnostics" (ʂʘʣʠʥʠʥʛʨʘʜ, ʈʦʩʩʠʷ, 2016); 22 ɺʩʝʨʦʩʩʠʡʩʢʘʷ 

ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ ʬʠʟʠʢʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ ɺʅʂʉʌ-23 (ʈʦʩʪʦʚ-

ʥʘ-ɼʦʥʫ, ʈʦʩʩʠʷ, 2017); ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʩʦʚʤʝʩʪʥʘʷ ʰʢʦʣʘ çSmart Nanomaterials 

and X-ray Optics 2015è (ʈʦʩʪʦʚ-ʥʘ-ɼʦʥʫ, ʈʦʩʩʠʷ, 2015); 16 ʄʝʞʜʫʥʘʨʦʜʥʘʷ 

ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ XAFS16 (ʂʘʨʣʩʨʫʵ, 

ɻʝʨʤʘʥʠʷ, 2015); ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʩʦʚʤʝʩʪʥʘʷ ʰʢʦʣʘ çSmart Nanomaterials and X-

ray Optics 2014è (ʂʘʣʠʥʠʥʛʨʘʜ, ʈʦʩʩʠʷ, 2014); 12 ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʤ ʤʘʪʝʨʠʘʣʘʤ NANO2014 (ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 2014); 

ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ Actinide XAS 2014 (ʌʠʣʠʛʝʥ, ʐʚʝʡʮʘʨʠʷ, 

2014). 

ʇʫʙʣʠʢʘʮʠʠ. ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʘʚʪʦʨ ʦʧʫʙʣʠʢʦʚʘʣ 17 ʨʘʙʦʪ, ʠʟ ʢʦʪʦʨʳʭ 

5 ʩʪʘʪʝʡ ʚ ʚʝʜʫʱʠʭ ʟʘʨʫʙʝʞʥʳʭ ʞʫʨʥʘʣʘʭ, ʠʥʜʝʢʩʠʨʫʝʤʳʭ ʚ ʙʘʟʘʭ ʜʘʥʥʳʭ Web of 

Science ʠ Scopus ʠ ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʭ ɺɸʂ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ ʠ 11 ʪʝʟʠʩʦʚ ʜʦʢʣʘʜʦʚ 

ʚ ʤʘʪʝʨʠʘʣʘʭ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʡ ʠ ʰʢʦʣ, ʧʨʦʚʦʜʠʚʰʠʭʩʷ ʢʘʢ ʚ ʈʦʩʩʠʠ, 

ʪʘʢ ʠ ʟʘ ʨʫʙʝʞʦʤ. 
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1 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠʟʫʯʝʥʠʷ ʣʦʢʘʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʚʝʱʝʩʪʚʘ 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʣʦʢʘʣʴʥʦʡ ʘʪʦʤʥʦʡ ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʠʟʫʯʘʝʤʳʭ ʦʙʲʝʢʪʦʚ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʩʥʦʚʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʤʝʪʦʜʦʤ ʙʳʣʘ 

ʚʳʙʨʘʥʘ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʧʦʛʣʦʱʝʥʠʷ (XAS). ʀʟʥʘʯʘʣʴʥʦ XAS 

ʷʚʣʷʣʘʩʴ ʚʘʞʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʩʙʦʨʘ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦ 

ʩʪʨʫʢʪʫʨʝ ʘʪʦʤʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ. ʊʘʢʞʝ ʵʪʘ ʤʝʪʦʜʠʢʘ ʩʳʛʨʘʣʘ ʚʘʞʥʫʶ 

ʨʦʣʴ ʚ ʦʪʢʨʳʪʠʠ ʠ ʩʠʩʪʝʤʘʪʠʟʘʮʠʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ [4]. ʆʪʢʨʳʪʠʝ ʚ 1952 

ʛʦʜʫ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʘ ʟʘʪʝʤ ʠ ʩʦʟʜʘʥʠʝ ʠʩʪʦʯʥʠʢʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʩʠʥʭʨʦʪʨʦʥʥʳʭ ʮʝʥʪʨʦʚ ʚʦʟʨʦʜʠʣʠ ʵʪʫ ʤʝʪʦʜʠʢʫ ʚ 1970-ʭ 

ʛʦʜʘʭ. ʉʦʚʨʝʤʝʥʥʳʝ ʩʠʥʭʨʦʪʨʦʥʥʳʝ ʮʝʥʪʨʳ, ʚ ʢʦʪʦʨʳʭ ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʷ 

ʚʦʟʥʠʢʘʝʪ ʟʘ ʩʯʸʪ ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʵʣʝʢʪʨʦʥʦʚ ʠ ʧʦʟʠʪʨʦʥʦʚ ʚ ʥʘʢʦʧʠʪʝʣʴʥʦʤ 

ʢʦʣʴʮʝ, ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʘʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʫʯʢʘ ʚʦ ʤʥʦʛʦ ʨʘʟ ʚʳʰʝ ʯʝʤ ʚ 

ʦʙʳʯʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʪʨʫʙʢʘʭ. ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʧʨʦʚʝʨʠʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʪʦʥʢʠʭ 

ʩʪʨʫʢʪʫʨ ʚ ʩʧʝʢʪʨʘʭ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ. ʂʘʢ ʪʦʣʴʢʦ ʢʦʨʨʝʢʪʥʘʷ 

ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʧʦʛʣʦʱʝʥʠʷ ʟʘ ʢʨʘʝʤ ʧʦʛʣʦʱʝʥʠʷ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ [5, 6], ʨʝʥʪʛʝʥʦʚʩʢʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʧʦʛʣʦʱʝʥʠʷ ʠʟ ʯʠʩʪʦ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ 

ʧʨʝʚʨʘʪʠʣʘʩʴ ʚ ʤʝʪʦʜʠʢʫ, ʧʦʟʚʦʣʷʶʱʫʶ ʠʟʫʯʘʪʴ ʩʪʨʫʢʪʫʨʫ ʚʝʱʝʩʪʚʘ. ɺ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʵʪʘ ʤʝʪʦʜʠʢʘ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʥʘ ʩʠʥʭʨʦʪʨʦʥʘʭ, ʘ ʪʘʢʞʝ ʩ ʧʦʤʦʱʴʶ 

ʣʘʙʦʨʘʪʦʨʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʩʧʝʢʪʨʦʤʝʪʨʦʚ, ʜʣʷ ʠʟʫʯʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʦʙʲʝʢʪʦʚ ʚ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ [7-9]. 

 ʊʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ (XAFS - X-ray Absorption Fine 

Structure, ʪʝʨʤʠʥ, ʢʦʪʦʨʳʡ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʩʧʝʢʪʨʦʚ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ), ʥʘʙʣʶʜʘʝʤʘʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʠʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʣʦʢʘʣʴʥʦʡ ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʝ ʚʝʱʝʩʪʚʘ ʠ ʥʝʟʘʥʷʪʳʭ 

ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʷʭ. ʋʥʠʢʘʣʴʥʦʩʪʴ XAFS ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʦʥ ʧʦʟʚʦʣʷʝʪ 

ʠʩʩʣʝʜʦʚʘʪʴ ʣʦʢʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ ʢʘʞʜʦʛʦ ʘʪʦʤʘ, ʢʘʢ ʜʣʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ, ʪʘʢ ʠ 

ʜʣʷ ʩʧʣʘʚʦʚ ʘʤʦʨʬʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʄʝʪʦʜʦʤ XAFS ʤʦʞʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʚʝʱʝʩʪʚʘ 

ʚ ʣʶʙʳʭ ʘʛʨʝʛʘʪʥʳʭ ʩʦʩʪʦʷʥʠʷʭ, ʧʦʵʪʦʤʫ ʦʥ ʧʨʠʤʝʥʠʤ ʜʣʷ ʨʝʰʝʥʠʷ ʰʠʨʦʢʦʛʦ 
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ʢʨʫʛʘ ʩʪʨʫʢʪʫʨʥʦ-ʭʠʤʠʯʝʩʢʠʭ ʟʘʜʘʯ, ʚ ʢʦʪʦʨʳʭ ʚʘʞʥʘ ʠʥʬʦʨʤʘʮʠʷ ʦʙ 

ʵʣʝʢʪʨʦʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʦ ʣʦʢʘʣʴʥʦʤ ʦʢʨʫʞʝʥʠʠ ʘʪʦʤʦʚ ʦʧʨʝʜʝʣʸʥʥʦʛʦ 

ʪʠʧʘ. XAFS ʩʧʝʢʪʨ ʨʘʟʜʝʣʷʝʪʩʷ ʥʘ ʜʚʘ ʜʠʘʧʘʟʦʥʘ (ʨʠʩ. 1.1) ï XANES (50-100 ʵɺ 

ʚʳʰʝ ʢʨʘʷ ʧʦʛʣʦʱʝʥʠʷ) ʠ EXAFS (ʦʪ 100 ʵɺ ʜʦ 1000 ʵɺ, ʥʦ ʧʨʠ ʦʯʝʥʴ ʚʳʩʦʢʠʭ 

ʟʥʘʯʝʥʠʷʭ ʵʥʝʨʛʠʠ ʥʘʯʠʥʘʶʪ ʧʨʦʷʚʣʷʪʴʩʷ ʧʨʦʮʝʩʩʳ ʤʥʦʛʦʢʨʘʪʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ). 

 

ʈʠʩʫʥʦʢ 1.1 ï ʇʨʠʤʝʨ ʩʧʝʢʪʨʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ XAFS 

(XAFS=XANES+EXAFS) 

 

ʈʠʩʫʥʦʢ 1.2  - ʇʨʦʮʝʩʩ ʨʘʩʩʝʷʥʠʷ ʬʦʪʦʵʣʝʢʪʨʦʥʘ: ʦʜʠʥʦʯʥʦʝ ʨʘʩʩʝʷʥʠʝ 

ʬʦʪʦʵʣʝʢʪʨʦʥʘ ʦʪ ʦʜʥʦʛʦ ʩʦʩʝʜʥʝʛʦ ʘʪʦʤʘ ʚ EXAFS ʜʠʘʧʘʟʦʥʝ(ʩʣʝʚʘ); 

ʧʨʦʩʪʳʝ ʧʫʪʠ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʦʪ ʩʦʩʝʜʥʠʭ ʘʪʦʤʦʚ ʥʘ ʨʘʟʥʳʭ 

ʨʘʩʩʪʦʷʥʠʷʭ ʠ ʧʨʠ ʨʘʟʥʳʭ ʫʛʣʘʭ ʚ XANES ʜʠʘʧʘʟʦʥʝ 
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XANES ʩʧʝʢʪʨʦʩʢʦʧʠʷ (X-ray Absorption Near Edge Structure - ʦʢʦʣʦ ʧʦʨʦʛʦʚʘʷ 

ʪʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ) ʥʘ ʦʩʥʦʚʝ ʧʨʠʤʝʥʝʥʠʷ 

ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʦ ʟʘʨʝʢʦʤʝʥʜʦʚʘʚʰʠʤ ʩʝʙʷ ʤʝʪʦʜʦʤ ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ 

ʤʘʪʝʨʠʘʣʦʚ. XANES ʧʨʦʮʝʩʩ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ, ʧʨʠ ʧʦʛʣʦʱʝʥʠʠ ʬʦʪʦʥʘ 

ʚʝʱʝʩʪʚʦʤ ʧʨʦʠʩʭʦʜʠʪ ʚʦʟʙʫʞʜʝʥʠʝ ʵʣʝʢʪʨʦʥʘ, ʠʥʠʮʠʠʨʫʷ ʧʨʠ ʵʪʦʤ ʵʣʝʢʪʨʦʥʥʳʡ 

ʧʝʨʝʭʦʜ ʠʟ ʦʩʪʦʚʥʦʛʦ ʫʨʦʚʥʷ ʚ ʥʝʟʘʥʷʪʦʝ ʩʦʩʪʦʷʥʠʝ. ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʚʦʟʙʫʜʠʪʴ 

ʵʣʝʢʪʨʦʥ ʥʘ ʟʘʜʘʥʥʦʤ ʫʨʦʚʥʝ ʷʜʨʘ ʥʝʦʙʭʦʜʠʤʦ ʯʪʦʙʳ ʵʥʝʨʛʠʷ ʬʦʪʦʥʘ ʙʳʣʘ ʨʘʚʥʘ 

ʠʣʠ ʙʦʣʴʰʝ, ʯʝʤ ʵʥʝʨʛʠʷ ʩʚʷʟʠ ʦʩʪʦʚʥʦʛʦ ʫʨʦʚʥʷ. ʕʥʝʨʛʠʷ ʧʦʛʣʦʱʝʥʠʷ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʥʝʨʛʠʠ ʦʩʪʦʚʥʦʛʦ ʫʨʦʚʥʷ, ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ 

ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʢʘʞʜʦʛʦ ʵʣʝʤʝʥʪʘ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʜʝʣʘʝʪ XANES 

ʩʧʝʢʪʨʦʩʢʦʧʠʶ ʵʣʝʤʝʥʪʥʦ-ʩʝʣʝʢʪʠʚʥʦʡ ʤʝʪʦʜʠʢʦʡ. ʕʪʦ ʟʥʘʯʠʪ, ʯʪʦ ʩʠʛʥʘʣ 

ʧʦʩʪʫʧʘʝʪ ʦʪ ʚʩʝʭ ʘʪʦʤʦʚ ʜʘʥʥʦʛʦ ʵʣʝʤʝʥʪʘ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʦʙʨʘʟʮʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ 

ʢ ʫʩʨʝʜʥʝʥʠʶ ʧʦ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʤ ʧʦʟʠʮʠʷʤ.  

ʇʦʤʠʤʦ XANES ʩʧʝʢʪʨʦʚ ʤʦʞʥʦ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʪʘʢʞʝ ʧʨʦʪʷʞʸʥʥʫʶ ʪʦʥʢʫʶ 

ʩʪʨʫʢʪʫʨʫ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ (EXAFS ï Extended X-ray 

Absorption Fine Structure).  ɺ ʦʙʣʘʩʪʠ EXAFS ʜʦʤʠʥʠʨʫʶʪ ʧʨʦʮʝʩʩʳ ʦʜʠʥʦʯʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ (ʨʠʩ. 1.2) ʵʣʝʢʪʨʦʥʘ ʥʘ ʩʦʩʝʜʥʠʭ ʘʪʦʤʘʭ, ʦʙʝʩʧʝʯʠʚʘʷ ʠʥʬʦʨʤʘʮʠʶ ʦ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʤ ʦʢʨʫʞʝʥʠʠ ʚʦʢʨʫʛ ʧʦʛʣʦʱʘʶʱʝʛʦ ʘʪʦʤʘ (ʜʣʠʥʳ ʩʚʷʟʝʡ, 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʯʠʩʣʘ). ʌʦʨʤʘ ʞʝ ʩʧʝʢʪʨʘ ʚ ʙʣʠʞʥʝʡ XANES ʦʙʣʘʩʪʠ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʵʬʬʝʢʪʘʤʠ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʠ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʚ 

ʦʩʥʦʚʥʦʤ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʵʣʝʢʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚʘʭ ʠ ʣʦʢʘʣʴʥʦʡ ʛʝʦʤʝʪʨʠʠ ʚʦʢʨʫʛ 

ʧʦʛʣʦʱʘʶʱʝʛʦ ʘʪʦʤʘ (ʩʪʝʧʝʥʴ ʦʢʠʩʣʝʥʠʷ ʧʦʛʣʦʱʘʶʱʝʛʦ ʘʪʦʤʘ, ʫʛʣʳ ʩʚʷʟʠ).  

ʂʦʛʜʘ ʨʝʯʴ ʦ ʧʦʛʣʦʱʝʥʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʠʤʝʶʪ ʚʚʠʜʫ 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ m, ʢʦʪʦʨʳʡ ʦʟʥʘʯʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʛʣʦʱʝʥʠʷ ʨʝʥʪʛʝʥʘ 

ʩʦʛʣʘʩʥʦ ʟʘʢʦʥʘ ɹʝʨʘ: 

Ὅ ὍὩ   ʠʣʠ    ‘Ὁ ᶿÌÎ
 

 ,                                                                     (1.1) 

ʛʜʝ I0 ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʘʜʘʶʱʝʛʦ ʥʘ ʦʙʨʘʟʝʮ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ; t- ʪʦʣʱʠʥʘ 

ʦʙʨʘʟʮʘ; I - ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ ʯʝʨʝʟ ʦʙʨʘʟʝʮ; E ï ʵʥʝʨʛʠʷ ʬʦʪʦʥʘ. 
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ɼʣʷ ʨʝʥʪʛʝʥʘ, ʪʘʢ ʞʝ, ʢʘʢ ʠ ʜʣʷ ʩʚʝʪʘ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʯʠʩʣʫ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʬʦʪʦʥʦʚ. ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʧʘʜʘʶʱʘʷ ʵʥʝʨʛʠʷ 

ʨʘʚʥʘ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʦʩʪʦʚʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʠʩʭʦʜʠʪ ʨʝʟʢʠʡ ʩʢʘʯʦʢ ʧʦʛʣʦʱʝʥʠʷ: 

ʢʨʘʡ ʧʦʛʣʦʱʝʥʠʷ ʩʦʦʪʚʝʪʚʝʪʩʪʚʫʝʪ ʧʝʨʝʭʦʜʫ ʩ ʦʩʪʦʚʥʦʛʦ ʫʨʦʚʥʷ ʚ ʢʦʥʪʠʥʫʫʤ. ɺ 

ʩʣʫʯʘʝ XAFS ʢʦʵʬʬʠʮʠʝʥʪ m ʷʚʣʷʝʪʩʷ ʬʫʥʢʮʠʝʡ ʵʥʝʨʛʠʠ ʚʙʣʠʟʠ ʠ ʟʘ ʢʨʘʝʤ 

ʧʦʛʣʦʱʝʥʠʷ. ʀʥʳʤʠ ʩʣʦʚʘʤʠ, XAFS ʩʧʝʢʪʨ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥ ʧʫʪʸʤ 

ʨʝʛʠʩʪʨʘʮʠʠ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ m ʥʘ ʫʨʦʚʥʝ 

ʠ ʚʳʰʝ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʜʣʷ ʦʧʨʝʜʝʣʸʥʥʦʛʦ ʦʩʪʦʚʥʦʛʦ ʫʨʦʚʥʷ ʢʦʥʢʨʝʪʥʦʛʦ 

ʘʪʦʤʘ. ʂʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʦʩʮʠʣʣʠʨʫʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʬʦʥʘ ʠ ʪʘʢʠʝ 

ʦʩʮʠʣʣʷʮʠʠ ʤʦʛʫʪ ʥʘʙʣʶʜʘʪʴʩʷ ʚʧʣʦʪʴ ʜʦ ʵʥʝʨʛʠʠ 1500 ʵɺ ʟʘ ʢʨʘʝʤ ʧʦʛʣʦʱʝʥʠʷ. 

ʍʘʨʘʢʪʝʨ ʪʘʢʠʭ ʢʦʣʝʙʘʥʠʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʣʦʪʥʦʩʪʴʶ ʩʚʦʙʦʜʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚʙʣʠʟʠ 

ʧʦʛʣʦʱʘʶʱʝʛʦ ʘʪʦʤʘ ʠ ʨʘʩʩʝʷʥʠʝʤ ʠʟʣʫʯʘʝʤʦʛʦ ʬʦʪʦʵʣʝʢʪʨʦʥʘ ʥʘ ʘʪʦʤʘʭ, 

ʙʣʠʞʘʡʰʠʭ ʢ ʧʦʛʣʦʱʘʶʱʝʤʫ. 

 ʇʦʩʢʦʣʴʢʫ ʢʘʞʜʳʡ ʘʪʦʤ ʠʤʝʝʪ ʵʣʝʢʪʨʦʥʳ ʥʘ ʦʩʪʦʚʥʦʤ ʫʨʦʚʥʝ ʩ ʠʟʚʝʩʪʥʦʡ 

ʵʥʝʨʛʠʝʡ ʩʚʷʟʠ, ʚʳʙʨʘʪʴ ʢʦʥʢʨʝʪʥʳʡ ʵʣʝʤʝʥʪ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʦʟʤʦʞʥʦ ʯʝʨʝʟ 

ʥʘʩʪʨʦʡʢʫ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʢʨʘʡ ʧʦʛʣʦʱʝʥʠʷ. 

ʕʥʝʨʛʠʠ ʵʪʠʭ ʢʨʘʸʚ ʧʦʛʣʦʱʝʥʠʷ ʠʟʚʝʩʪʥʳ ʠ ʷʚʣʷʶʪʩʷ ʪʘʙʣʠʯʥʳʤʠ ʚʝʣʠʯʠʥʘʤʠ. 

ʕʥʝʨʛʠʷ ʢʨʘʷ ʧʦʛʣʦʱʝʥʠʷ ʠʟʤʝʥʷʝʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʘʪʦʤʥʳʤʠ ʥʦʤʝʨʘʤʠ 

ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʢʘʢ Z2, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ K ʠ L ʫʨʦʚʥʠ ʤʦʛʫʪ ʜʝʪʝʢʪʠʨʦʚʘʪʴʩʷ 

ʧʨʠ ʠʟʤʝʨʝʥʠʷʭ ʚ ʨʝʞʠʤʝ ʞʸʩʪʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʘ M-ʢʨʘʷ ʤʦʛʫʪ ʙʳʪʴ 

ʜʝʪʝʢʪʠʨʦʚʘʥʳ ʜʣʷ ʪʷʞʸʣʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʨʝʞʠʤʝ ʤʷʛʢʦʛʦ ʨʝʥʪʛʝʥʘ (ʫʩʣʦʚʥʘʷ 

ʛʨʘʥʠʮʘ ʤʝʞʜʫ ʤʷʛʢʠʤ ʠ ʞʸʩʪʢʠʤ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʜʠʘʧʘʟʦʥʦʤ ʥʘ ʰʢʘʣʝ ʜʣʠʥ ʚʦʣʥ 

ʥʘʭʦʜʠʪʩʷ ʦʢʦʣʦ 2 ¡), ʧʦʵʪʦʤʫ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ XAFS ʩʧʝʢʪʨʦʚ 

ʚʦʟʤʦʞʥʘ ʚ ʜʠʘʧʘʟʦʥʝ 5-35 ʢʵɺ.  ʄʝʪʦʜ XAFS ʷʚʣʷʝʪʩʷ ʵʣʝʤʝʥʪʥʦʩʝʣʝʢʪʠʚʥʳʤ ʪʘʢ 

ʢʘʢ ʠʥʪʝʨʝʩʫʶʱʠʡ ʵʣʝʤʝʥʪ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʈʝʛʠʩʪʨʘʮʠʷ 

ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʚ ʜʚʫʭ ʨʝʞʠʤʘʭ: ʥʘ 

ʧʨʦʭʦʞʜʝʥʠʝ ʠ ʚ ʨʝʞʠʤʝ ʨʝʛʠʩʪʨʘʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ. 

ʊʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʷʚʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʥʦʡ ʯʝʨʪʦʡ 

ʤʘʪʝʨʠʘʣʘ ʠ ʟʘʚʠʩʠʪ ʦʪ ʝʛʦ ʘʪʦʤʥʦʛʦ ʩʪʨʦʝʥʠʷ, ʘ ʪʘʢʞʝ ʦʪ ʝʛʦ ʵʣʝʢʪʨʦʥʥʳʭ ʠ 

ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʚʦʡʩʪʚ. ʆʜʥʘʢʦ, ʠʟʚʣʝʯʝʥʠʝ ʠʥʬʦʨʤʘʮʠʠ ʠʟ ʜʘʥʥʳʭ XANES 
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ʪʨʝʙʫʝʪ ʩʣʦʞʥʳʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ, ʚʢʣʶʯʘʷ ʚʳʯʠʩʣʝʥʠʷ ʚ ʤʦʜʝʣʠ 

ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʬʦʪʦʵʣʝʢʪʨʦʥʘ, ʚʦʟʙʫʞʜʸʥʥʦʛʦ ʚ ʧʨʦʮʝʩʩʝ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ. ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʩʫʱʝʩʪʚʫʶʪ ʩʣʦʞʥʦʩʪʠ, ʢʘʢ ʚ ʩʘʤʠʭ 

ʘʣʛʦʨʠʪʤʘʭ, ʪʘʢ ʠ ʚ ʜʦʩʪʘʪʦʯʥʦ ʙʳʩʪʨʦʡ ʨʝʘʣʠʟʘʮʠʠ ʠʭ ʜʣʷ ʕɺʄ, ʜʦ ʥʘʩʪʦʷʱʝʛʦ 

ʚʨʝʤʝʥʠ ʩʫʱʝʩʪʚʫʶʪ ʣʠʰʴ ʥʝʩʢʦʣʴʢʦ ʧʨʦʛʨʘʤʤʥʳʭ ʧʘʢʝʪʦʚ ʩʧʦʩʦʙʥʳʭ ʠʟ ʧʝʨʚʳʭ 

ʧʨʠʥʮʠʧʦʚ ʚʳʯʠʩʣʷʪʴ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʚ ʤʦʜʝʣʠ ʤʥʦʛʦʢʨʘʪʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʚ ʥʝʧʨʝʨʳʚʥʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ. ʇʨʦʮʝʩʩ ʧʦʛʣʦʱʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʢʚʘʥʪʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʝʨʝʭʦʜ ʵʣʝʢʪʨʦʥʘ ʩ ʚʥʫʪʨʝʥʥʝʛʦ ʫʨʦʚʥʷ ʧʦʛʣʦʱʘʶʱʝʛʦ 

ʘʪʦʤʘ ʚ ʩʚʦʙʦʜʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠ ʦʧʠʩʳʚʘʝʪʩʷ çʟʦʣʦʪʳʤ ʧʨʘʚʠʣʦʤ ʌʝʨʤʠè: 

ʈw ᶿВȿἂὭȿὨȿὪἃȿᴐw Ὁ Ὁ                                                            (1.2); 

ʛʜʝ ᴐw ὉḳὉ ï ʵʥʝʨʛʠʷ ʬʦʪʦʵʣʝʢʪʨʦʥʘ, Ὠ - ʨʘʩʱʝʧʣʝʥʠʝ ʟʘ ʩʯʸʪ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, Ὁ - ɻ ʥʝʨʛʠʷ ʦʩʪʦʚʥʦʛʦ ʫʨʦʚʥʷ ʠ Ὁ- ɻ ʥʝʨʛʠʷ ʥʝʟʘʥʷʪʳʭ 

ʢʦʥʝʯʥʳʭ ʩʦʩʪʦʷʥʠʡ. 

1.1  ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʳ ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʧʦʛʣʦʱʝʥʠʷ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ 

ʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʣʘʙʦʨʘʪʦʨʥʳʝ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʩʧʝʢʪʨʦʤʝʪʨʳ, ʚ ʢʦʪʦʨʳʭ 

ʠʩʪʦʯʥʠʢʦʤ ʠʟʣʫʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʪʨʫʙʢʘ,  ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʫʩʪʘʥʦʚʢʠ ʥʘ ʠʩʪʦʯʥʠʢʘʭ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ.  

1.1.1 ʃʘʙʦʨʘʪʦʨʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʧʝʢʪʨr ʧʦʛʣʦʱʝʥʠʷ XANES ʜʣʷ ʦʙʲʝʢʪʦʚ 

ʠʩʩʣʝʜʦʚʘʥʠʷ, ʦʧʠʩʘʥʥʳʭ ʜʘʣʝʝ, ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʥʘ ʣʘʙʦʨʘʪʦʨʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ R-XAS Rigaku ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʪʨʫʙʢʠ. ʃʘʙʦʨʘʪʦʨʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ R-XAS Rigaku, 

ʫʩʪʘʥʦʚʣʝʥʥʳʡ ʚ ʎʂʇ çʅʘʥʦʨʘʟʤʝʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʚʝʱʝʩʪʚʘè, ʖʞʥʳʡ 

ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʈʦʩʪʦʚ-ʥʘ-ɼʦʥʫ, ʈʦʩʩʠʷ, ʨʘʟʨʘʙʦʪʘʥ ʜʣʷ ʠʟʤʝʨʝʥʠʡ 

XAFS ʩʧʝʢʪʨʦʚ.  ʉʧʝʢʪʨʦʤʝʪʨ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʩʝʢʮʠʡ (ʨʠʩ. 1.3): ʩʝʢʮʠʠ 

ʩʧʝʢʪʨʦʤʝʪʨʘ, ʛʜʝ ʧʨʦʠʩʭʦʜʠʪ ʤʦʥʦʭʨʦʤʘʪʠʟʘʮʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ, ʠʩʭʦʜʷʱʠʭ 

ʦʪ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʨʫʙʢʠ ʠ ʩʝʢʮʠʷ ʦʙʨʘʟʮʦʚ, ʛʜʝ ʠʟʤʝʨʷʝʪʩʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 
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ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ. ʈʝʛʠʩʪʨʘʮʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ʚʦʟʤʦʞʥʘ ʧʨʠ 

ʧʨʦʭʦʞʜʝʥʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʯʝʨʝʟ ʦʙʨʘʟʝʮ (ʨʝʞʠʤ ʥʘ ʧʨʦʭʦʞʜʝʥʠʝ) ʠʣʠ ʚ 

ʨʝʞʠʤʝ ʨʝʛʠʩʪʨʘʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʘʜʘʶʱʠʭ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʩʯʸʪʯʠʢʘʤʠ. ɼʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʬʦʪʦʥʦʚ ʚ 

ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʧʨʠʤʝʥʷʝʪʩʷ ʩʮʠʥʪʠʣʣʷʮʠʦʥʥʳʡ ʜʝʪʝʢʪʦʨ, ʘ ʚʦ ʚʪʦʨʦʤ ï 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʢʨʝʤʥʠʝʚʳʡ ʜʝʪʝʢʪʦʨ. 

 

ʈʠʩʫʥʦʢ 1.3 ī ɺʠʜ ʩʝʢʮʠʠ ʩʧʝʢʪʨʦʤʝʪʨʘ ʠ ʩʝʢʮʠʠ ʦʙʨʘʟʮʦʚ ʠ ʜʝʪʝʢʪʦʨʦʚ  

ʚ ʣʘʙʦʨʘʪʦʨʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ Rigaku  

   ʈʠʩʫʥʦʢ 1.4 ī ʇʨʠʥʮʠʧʳ ʬʦʢʫʩʠʨʦʚʢʠ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʩʧʝʢʪʨʦʤʝʪʨʘ  

Rigaku R-XAS Looper  
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ʉʝʢʮʠʷ ʩʧʝʢʪʨʦʤʝʪʨʘ ʩʦʩʪʦʠʪ ʠʟ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʨʫʙʢʠ, ʛʦʥʠʦʤʝʪʨʘ, 

ʢʨʠʩʪʘʣʣʘ-ʤʦʥʦʭʨʦʤʘʪʦʨʘ, ʚʭʦʜʥʦʡ (DS) ʠ ʚʳʭʦʜʥʦʡ (RS) ʩʧʝʢʪʨʘʣʴʥʳʭ ʱʝʣʝʡ. 

ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʪʨʫʙʢʘ ʩʦʩʪʦʠʪ ʠʟ ʚʘʥʘʜʠʝʚʦʛʦ ʢʘʪʦʜʘ ʠ ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ 

ʚʘʥʘʜʠʝʚʦʛʦ ʘʥʦʜʘ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʤʦʱʥʦʩʪʴʶ 3,0 ʢɺʪ (Uʤʘʢʩ = 30ʢɺ, Iʤʘʢʩ = 100 

ʤɸ). ʋʧʨʘʚʣʝʥʠʝ ʨʘʩʩʪʦʷʥʠʝʤ ʦʪ ʠʩʪʦʯʥʠʢʘ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʜʦ ʢʨʠʩʪʘʣʣʘ-

ʤʦʥʦʭʨʦʤʘʪʦʨʘ ʠ ʨʘʩʩʪʦʷʥʠʝʤ ʦʪ ʢʨʠʩʪʘʣʣʘ-ʤʦʥʦʭʨʦʤʘʪʦʨʘ ʜʦ ʚʳʭʦʜʥʦʡ 

ʩʧʝʢʪʨʘʣʴʥʦʡ ʱʝʣʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʰʘʛʦʚʳʤ ʜʚʠʛʘʪʝʣʝʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ 

çʃʠʥʝʡʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨè. ʄʘʢʩʠʤʘʣʴʥʘʷ ʚʝʣʠʯʠʥʘ ʰʠʨʠʥʳ ʚʭʦʜʥʦʡ ʠ ʚʳʭʦʜʥʦʡ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʱʝʣʝʡ ʩʦʩʪʘʚʣʷʝʪ 8 ʤʤ. ʄʦʥʦʭʨʦʤʘʪʦʨ ʠʩʧʦʣʴʟʫʝʪ ʁʦʛʘʥʥ-ʪʠʧ ʠʣʠ 

ʁʦʭʘʥʩʩʦʥ-ʪʠʧ ʠʟʦʛʥʫʪʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʚʨʘʱʘʪʴʩʷ ʥʘ 3-ʭ ʚʟʘʠʤʥʦ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʦʩʷʭ ʠ ʧʝʨʝʤʝʱʘʝʪʩʷ ʧʦ ʢʨʫʛʫ ʈʦʣʘʥʜʘ ʩ ʨʘʜʠʫʩʦʤ 320 ʤʤ, 

ʢʦʪʦʨʳʡ ʫʧʨʘʚʣʷʝʪʩʷ ʩ ʢʦʤʧʴʶʪʝʨʘ. 

ʇʨʠʥʮʠʧʳ ʬʦʢʫʩʠʨʦʚʢʠ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʩʧʝʢʪʨʦʤʝʪʨʘ (ʨʠʩ. 1.4): S ï 

ʠʩʪʦʯʥʠʢ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ, A ï ʮʝʥʪʨ ʢʨʠʩʪʘʣʣʘ-ʤʦʥʦʭʨʦʤʘʪʦʨʘ, F ï ʚʳʭʦʜʥʘʷ 

ʱʝʣʴ. ʊʨʠ ʵʪʠ ʪʦʯʢʠ, ʨʘʩʩʪʘʚʣʝʥʥʳʝ ʥʘ ʢʨʫʛʝ ʈʦʣʘʥʜʘ ʩ ʨʘʜʠʫʩʦʤ R, ʪʘʢ, ʯʪʦʙʳ      

SA = AF. 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʟʤʝʨʝʥʠʡ ʧʨʠʤʝʥʷʶʪʩʷ ʢʨʠʩʪʘʣʣʳ-

ʤʦʥʦʭʨʦʤʘʪʦʨʳ Ge (220), Ge (311) ʠ Si (620), ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʠʥʪʝʨʚʘʣʳ ʵʥʝʨʛʠʡ 

ʬʦʪʦʥʦʚ 4,5-25,6 ʢʵɺ, 5-14 ʢʵɺ ʠ 10-25,6 ʢʵɺ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ 

ʨʘʟʨʝʰʝʥʠʝʤ (æE <10 ʵɺ). ʅʘʧʨʠʤʝʨ, ʧʨʠ ʠʟʤʝʨʝʥʠʠ K-ʢʨʘʷ ʤʝʜʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʢʨʠʩʪʘʣʣʘ Ge (220) (ʥʘ ʚʪʦʨʦʡ ʧʣʦʩʢʦʩʪʠ ʦʪʨʘʞʝʥʠʷ) ʵʥʝʨʛʝʪʠʯʝʩʢʦʝ ʨʘʟʨʝʰʝʥʠʝ 

ʩʦʩʪʘʚʣʷʝʪ æE = 0,7 ʵɺ, ʘ ʧʨʠ ʠʟʤʝʨʝʥʠʠ K-ʢʨʘʷ ZnïæE = 1,4 ʵɺ (ʢʨʠʩʪʘʣʣ Ge (311)). 

ʉʧʝʢʪʨʦʤʝʪʨ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ K ʢʨʘʸʚ ʵʣʝʤʝʥʪʦʚ ʦʪ ʪʠʪʘʥʘ ʜʦ 

ʩʝʨʝʙʨʘ ʠ L ʢʨʘʸʚ ʵʣʝʤʝʥʪʦʚ, ʧʦʧʘʜʘʶʱʠʝ ʚ ʠʥʪʝʨʚʘʣ ʵʥʝʨʛʠʡ ʜʣʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʨʠʩʪʘʣʣʦʚ. ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʯʘʩʪʴ ʩʧʝʢʪʨʦʤʝʪʨʘ ʩʥʘʙʞʝʥʘ 

ʩʠʩʪʝʤʦʡ ʟʘʱʠʪʳ ʦʪ ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʟʘʨʘʞʝʥʠʷ. ɺ ʜʦʧʦʣʥʝʥʠʠ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʵʣʝʢʪʨʦʥʥʘʷ ʙʣʦʢʠʨʫʶʱʘʷ ʩʠʩʪʝʤʘ, ʧʨʝʜʦʪʚʨʘʱʘʶʱʘʷ ʦʪʢʨʳʚʘʥʠʝ ʩʝʢʮʠʠ 

ʩʧʝʢʪʨʦʤʝʪʨʘ, ʢʦʛʜʘ ʚʢʣʶʯʸʥ ʨʝʥʪʛʝʥ. ɼʝʪʝʢʪʦʨ I0, ʨʝʛʠʩʪʨʠʨʫʶʱʠʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʘʜʘʶʱʠʭ ʥʘ ʦʙʨʘʟʝʮ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʩʦʩʪʦʠʪ ʠʟ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʛʦ ʩʯʸʪʯʠʢʘ Ar-300 ʩ ʙʝʨʠʣʣʠʝʚʳʤ ʦʢʥʦʤ ʩ ʜʚʫʭ ʩʪʦʨʦʥ. ɺ 
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ʢʘʯʝʩʪʚʝ ʜʝʪʝʢʪʦʨʘ I, ʨʝʛʠʩʪʨʠʨʫʶʱʝʛʦ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʣʫʯʠ ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ 

ʯʝʨʝʟ ʦʙʨʘʟʝʮ ʠʣʠ ʠʟʣʫʯʸʥʥʳʝ ʩ ʦʙʨʘʟʮʘ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʚʳʩʦʢʦ ʩʢʦʨʦʩʪʥʦʡ 

ʩʮʠʥʪʠʣʣʷʮʠʦʥʥʳʡ ʜʝʪʝʢʪʦʨ SC-70 ʠʣʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʜʝʪʝʢʪʦʨ SSD ʩ 

ʫʩʠʣʠʪʝʣʝʤ, ʩʧʦʩʦʙʥʳʡ ʜʝʪʝʢʪʠʨʦʚʘʪʴ ʣʫʯʠ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʜʣʷ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʵʥʝʨʛʠʡ. 

1.1.2 ʀʟʤʝʨʝʥʠʝ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʩ ʧʦʤʦʱʴʶ 

ʠʩʪʦʯʥʠʢʦʚ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʂʫʨʯʘʪʦʚʩʢʠʡ ʩʠʥʭʨʦʪʨʦʥʥʳʡ ʮʝʥʪʨ. ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ 

K-ʢʨʘʸʚ Cu ʠ Zn ʠ L3-ʢʨʘʷ Pb ʙʳʣʠ ʪʘʢʞʝ ʧʦʣʫʯʝʥʳ ʚ ʂʫʨʯʘʪʦʚʩʢʦʤ ʮʝʥʪʨʝ 

ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ (ʂʎʉʀʠʅʊ) ʨʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ 

ʮʝʥʪʨʘ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè.  

ʂʫʨʯʘʪʦʚʩʢʠʡ ʠʩʪʦʯʥʠʢ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʂʀʉʀ) ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʩʣʦʞʥʳʡ ʠʥʞʝʥʝʨʥʳʡ ʢʦʤʧʣʝʢʩ, ʚ ʩʦʩʪʘʚ ʢʦʪʦʨʦʛʦ ʚʭʦʜʠʪ ʬʦʪʦʠʥʞʝʢʪʦʨ ï 

ʣʠʥʝʡʥʳʡ ʫʩʢʦʨʠʪʝʣʴ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʵʥʝʨʛʠʶ 80-100 ʄʵɺ, ʤʘʣʦʝ ʥʘʢʦʧʠʪʝʣʴʥʦʝ 

ʢʦʣʴʮʦ çʉʠʙʠʨʴ-1è ʥʘ ʵʥʝʨʛʠʶ 450 ʄʵɺ (ʠʩʪʦʯʥʠʢʘ ʉʀ ʚ ʦʙʣʘʩʪʠ ʚʘʢʫʫʤʥʦʛʦ 

ʫʣʴʪʨʘʬʠʦʣʝʪʘ) ʠ ʙʦʣʴʰʦʝ ʥʘʢʦʧʠʪʝʣʴʥʦʝ ʢʦʣʴʮʦ çʉʠʙʠʨʴ-2è ʥʘ ʵʥʝʨʛʠʶ 2,5 ɻʵɺ, 

ʛʜʝ ʥʘ ʩʪʘʥʮʠʠ çʉʪʨʫʢʪʫʨʥʦʝ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝè (ʨʠʩ. 1.5) ʙʳʣ ʧʨʦʚʝʜʸʥ 

ʵʢʩʧʝʨʠʤʝʥʪ. ʆʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʥʘʢʦʧʠʪʝʣʷ çʉʠʙʠʨʴ-2è ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʪʘʙʣʠʮʝ 1.1. 

ʊʘʙʣʠʮʘ 1.1- ʆʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʥʘʢʦʧʠʪʝʣʷ çʉʠʙʠʨʴ-2è 

ʇʘʨʘʤʝʪʨʳ ʥʘʢʦʧʠʪʝʣʷ çʉʠʙʠʨʴ-2è 

ʕʥʝʨʛʠʷ, ɻʵɺ 2,5 

ʊʦʢ, ʤɸ 100 

ʊʦʢ, ʤɸ 300 

ɼʣʠʥʘ ʦʨʙʠʪʳ, ʤ 124,1 

ʂʨʠʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʉʀ, ʢʵɺ 7,1 

ʕʤʤʠʪʘʥʩ, ʥʤ/ʨʘʜ 76 

ʏʠʩʣʦ ʧʫʯʢʦʚ ʟʘ ʧʦʚʦʨʦʪ 

ʤʘʛʥʠʪʦʚ 

24 

ɺʨʝʤʷ ʞʠʟʥʠ, ʯʘʩ 10 

ɼʣʠʥʘ ʩʛʫʩʪʢʘ, ʩʤ 4,4 
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ʈʠʩʫʥʦʢ 1.5 - ʆʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʪʘʥʮʠʠ ʉʊʄ. ʅʘ ʨʠʩʫʥʢʝ: 

1,3,9- ʤʦʪʦʨʠʟʦʚʘʥʥʳʝ ʢʦʣʣʠʤʘʪʦʨʳ; 2-ʤʦʥʦʭʨʦʤʘʪʦʨ; 4,5,8,13- ʠʦʥʠʟʘʮʠʦʥʥʳʝ 

ʢʘʤʝʨʳ; 6- ʢʘʤʝʨʘ in-situ ʠʩʩʣʝʜʦʚʘʥʠʡ; 7-1D ʠʟʦʛʥʫʪʳʡ ʜʝʪʝʢʪʦʨ ʜʦʷ in-situ 

ʜʠʬʨʘʢʮʠʠ; 10- ʬʣʫʦʨʝʩʮʝʥʪʥʳʡ ʜʝʪʝʢʪʦʨ; 11-ʢʘʤʝʨʘ ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʘʩʩʝʷʥʠʷ; 12-

ʜʚʫʤʝʨʥʳʡ ʜʝʪʝʢʪʦʨ Imaging Plate; 14-1D ʣʠʥʝʡʥʳʡ ʛʘʟʦʚʳʡ ʜʝʪʝʢʪʦʨ; 15-

ʤʦʥʠʪʦʨ ʢʦʥʪʨʦʣʷ ʧʦʣʦʞʝʥʠʷ ʦʙʨʘʟʮʘ 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ HR-XANES. 

ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʧʦʛʣʦʱʝʥʠʷ (XAS) ʚ ʞʸʩʪʢʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʜʠʘʧʘʟʦʥʝ ï XANES 

ʠ EXAFS - ʥʝʩʦʤʥʝʥʥʦ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʜʣʷ ʠʟʫʯʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ ʠ ʩʪʨʫʢʪʫʨʳ ʚʝʱʝʩʪʚʘ, ʥʘʧʨʠʤʝʨ, ʚ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʨʝʘʢʮʠʷʭ [10, 11]. 

ʕʪʠ ʤʝʪʦʜʳ ʜʘʚʥʦ ʟʘʨʝʢʦʤʝʥʜʦʚʘʣʠ ʩʝʙʷ ʠ ʷʚʣʷʶʪʩʷ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ 

ʧʦʛʣʦʱʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ. ʊʨʘʜʠʮʠʦʥʥʳʡ ʤʝʪʦʜ XANES ʧʨʝʜʦʩʪʘʚʣʷʝʪ 

ʢʦʣʠʯʝʩʪʚʝʥʥʫʶ ʠ ʢʘʯʝʩʪʚʝʥʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʟʘʨʷʜʦʚʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʷʚʣʷʝʪʩʷ 

ʤʝʪʦʜʦʤ çʦʪʧʝʯʘʪʢʘ ʧʘʣʴʮʘè, ʪʨʘʜʠʮʠʦʥʥʳʡ ʤʝʪʦʜ EXAFS ʜʘʸʪ ʠʥʬʦʨʤʘʮʠʶ ʦ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʤ ʦʢʨʫʞʝʥʠʠ ʚʦʢʨʫʛ ʧʦʛʣʦʱʘʶʱʝʛʦ ʘʪʦʤʘ. ʆʧʠʩʘʥʥʳʝ ʤʝʪʦʜʳ 

ʷʚʣʷʶʪʩʷ ʦʯʝʥʴ ʧʦʣʝʟʥʳʤʠ ʚ ʠʟʫʯʝʥʠʠ ʣʦʢʘʣʴʥʦʡ ʘʪʦʤʥʦʡ ʠ ʵʣʝʢʪʨʦʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʚʝʱʝʩʪʚʘ, ʦʜʥʘʢʦ ʦʥʠ ʜʦʧʫʩʢʘʶʪ ʨʷʜ ʩʫʱʝʩʪʚʝʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ. ɺ 

XANES ʜʠʘʧʘʟʦʥʝ ʤʥʦʛʦ ʠʥʬʦʨʤʘʮʠʠ ʦ ʩʪʨʫʢʪʫʨʥʦʤ ʠ ʵʣʝʢʪʨʦʥʥʦʤ ʩʪʨʦʝʥʠʠ 

ʩʦʜʝʨʞʠʪʩʷ ʚ ʧʨʝʜʢʨʘʝʚʦʤ ʩʠʛʥʘʣʝ (ʦʩʦʙʝʥʥʦ ʜʣʷ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ) 

ʇʦʩʢʦʣʴʢʫ ʧʨʝʜʢʨʘʝʚʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʚʳʟʚʘʥʳ 1s3d ʵʣʝʢʪʨʦʥʥʳʤʠ ʧʝʨʝʭʦʜʘʤʠ 
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ʠʥʬʦʨʤʘʮʠʠ, ʦʥʠ ʚ ʦʩʥʦʚʥʦʤ ʩʦʜʝʨʞʘʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʥʠʞʥʝʡ ʥʝʟʘʧʦʣʥʝʥʥʦʡ 

ʤʦʣʝʢʫʣʷʨʥʦʡ (LUMO- lowest unoccupied molecular orbital) ʦʨʙʠʪʘʣʠ [12]. LUMO 

ʩʦʩʪʦʷʥʠʷ ʦʜʥʦʟʥʘʯʥʦ ʦʪʨʘʞʘʶʪʩʷ ʥʘ ʛʝʦʤʝʪʨʠʠ (ʢʦʦʨʜʠʥʘʮʠʦʥʥʘʷ ʩʠʤʤʝʪʨʠʷ) ʠ 

ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʝ (ʟʘʨʷʜʦʚʦʝ ʩʦʩʪʦʷʥʠʝ). ʆʜʥʘʢʦ ʠʟʚʣʝʯʝʥʠʝ ʠʥʬʦʨʤʘʮʠʠ ʦ 

LUMO ʦʨʙʠʪʘʣʷʭ ʠʟ ʪʨʘʜʠʮʠʦʥʥʳʭ ʩʧʝʢʪʨʦʚ XANES K-ʢʨʘʷ ʧʦʛʣʦʱʝʥʠʷ 

ʫʩʣʦʞʥʷʝʪʩʷ ʫʰʠʨʝʥʠʝʤ ʧʦ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʷʜʨʘ-ʜʳʨʢʠ ʥʘ 1s ʫʨʦʚʥʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ 

ʢ ʨʘʟʤʘʟʳʚʘʥʠʶ ʩʧʝʢʪʨʘʣʴʥʳʭ ʧʨʝʜʢʨʘʝʚʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ [13]. ʋʞʝ ʚ ʩʝʨʝʜʠʥʝ 80-

ʭ ʛʦʜʦʚ ʕʡʟʝʥʙʝʨʛʝʨ [14] ʚ ʩʚʦʝʡ ʨʘʙʦʪʝ ʧʦʢʘʟʘʣ, ʯʪʦ ʫʰʠʨʝʥʠʝ ʟʘ ʩʯʸʪ ʚʨʝʤʝʥʠ 

ʞʠʟʥʠ ʚ XANES ʜʠʘʧʘʟʦʥʝ ʤʦʞʥʦ ʩʥʠʟʠʪʴ ʧʫʪʸʤ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʩʧʝʢʪʨʦʚ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ, ʠʩʧʦʣʴʟʫʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʘʝʤʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʚ ʫʟʢʦʡ ʧʦʣʦʩʝ ʧʨʦʧʫʩʢʘʥʠʷ ʵʥʝʨʛʠʠ. ʕʪʘ ʤʝʪʦʜʠʢʘ ʙʳʣʘ ʥʘʟʚʘʥʘ 

HERFD-XANES (H igh Energy Resolution Fluorescence Detected XANES)[15, 16]. 

ʇʝʨʚʘʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʨʘʙʦʪʘ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ 

ʍʘʤʘʣʘʡʥʝʥʦʤ [17] ʚ 1991 ʛʦʜʫ. 

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʩ ʧʦʤʦʱʴʶ HERFD-XANES, LUMO ʩʪʨʫʢʪʫʨʘ ʮʝʥʪʨʘʣʴʥʦʛʦ 

ʧʦʛʣʦʱʘʶʱʝʛʦ ʘʪʦʤʘ ʤʦʞʝʪ ʙʳʪʴ ʠʩʩʣʝʜʦʚʘʥʘ, ʜʘʚʘʷ ʪʦʯʥʫʶ ʦʮʝʥʢʫ ʨʘʩʧʦʣʦʞʝʥʠʷ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʦʨʙʠʪʘʣʝʡ, ʢʦʪʦʨʘʷ ʟʘʚʠʩʠʪ ʦʪ ʩʠʤʤʝʪʨʠʠ, ʠ ʠʭ ʟʘʩʝʣʸʥʥʦʩʪ,ɹ ʠʥʳʤʠ 

ʩʣʦʚʘʤʠ ʤʳ ʧʦʣʫʯʘʝʤ ʠʥʬʦʨʤʘʮʠʶ ʦ ʟʘʨʷʜʦʚʦʤ ʩʦʩʪʦʷʥʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʪʦ 

ʨʘʩʰʠʨʷʝʪ ʧʦʜʭʦʜ çʦʪʧʝʯʘʪʢʦʚ ʧʘʣʴʮʝʚè ʧʨʠʩʫʱʝʡ ʪʨʘʜʠʮʠʦʥʥʦʤʫ ʤʝʪʦʜʫ XANES 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʝʜʦʩʪʘʚʣʷʝʤʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ ʠ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʛʝʦʤʝʪʨʠʠ. ʕʪʦʪ ʧʦʜʭʦʜ ʦʩʥʦʚʘʥ ʥʘ ʩʨʘʚʥʝʥʠʠ ʩʧʝʢʪʨʘ XANES 

ʥʝʠʟʚʝʩʪʥʦʛʦ ʦʙʨʘʟʮʘ ʩ ʥʘʙʦʨʦʤ ʩʧʝʢʪʨʦʚ, ʠʟʤʝʨʝʥʥʳʭ ʜʣʷ ʠʟʚʝʩʪʥʳʭ ʨʝʬʝʨʝʥʪʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ. ʇʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʣʦʢʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʝ ʧʨʦʠʩʭʦʜʠʪ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʧʨʝʜʢʨʘʝʚʦʡ ʦʩʦʙʝʥʥʦʩʪʠ, ʘ ʵʥʝʨʛʠʷ ʧʦʣʦʞʝʥʠʷ ʧʨʝʜ ʢʨʘʷ ʠ ʢʨʘʷ ʧʦʛʣʦʱʝʥʠʷ 

ʷʚʣʷʶʪʩʷ ʠʥʜʠʢʘʪʦʨʘʤʠ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ. ʍʦʪʷ ʵʪʦʪ ʧʦʜʭʦʜ ʚʩʝ ʝʱʸ ʠʤʝʝʪ 

ʥʝʩʦʤʥʝʥʥʫʶ ʮʝʥʥʦʩʪʴ, ʦʩʦʙʝʥʥʦ ʚ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʦʙʨʘʙʦʪʢʘ 

ʠʥʬʦʨʤʘʮʠʠ ʦ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʫʪʦʤʠʪʝʣʴʥʳʤ [18] ʠʣʠ ʠʤʝʪʴ ʨʠʩʢ 

ʥʝʧʨʘʚʠʣʴʥʦʛʦ ʪʦʣʢʦʚʘʥʠʷ, ʝʩʣʠ, ʥʘʧʨʠʤʝʨ, ʭʠʤʠʯʝʩʢʘʷ ʧʨʠʨʦʜʘ ʘʪʦʤʦʚ, 

ʢʦʦʨʜʠʥʠʨʫʶʱʠʭ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʮʝʥʪʨʦʤ, ʥʝ ʠʜʝʥʪʠʯʥʘ ʥʝʠʟʚʝʩʪʥʦʤʫ ʦʙʨʘʟʮʫ 

[19]. ɹʦʣʝʝ ʪʦʛʦ, ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʚ ʧʦʣʥʦʡ ʤʝʨʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʥʬʦʨʤʘʮʠʶ, 
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ʧʦʣʫʯʝʥʥʫʶ ʩ ʧʦʤʦʱʴʶ ʞʸʩʪʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʚ ʭʠʤʠʠ, ʙʳʣʦ ʙʳ 

ʞʝʣʘʪʝʣʴʥʦ ʠʟʚʣʝʯʴ ʙʦʣʝʝ ʪʦʯʥʳʝ ʤʝʨʳ ʜʣʷ ʦʮʝʥʢʠ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ [13]. 

HERFD-XANES ʷʚʣʷʝʪʩʷ ʵʣʝʤʝʥʪʥʦʩʝʣʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ, ʢʦʪʦʨʳʡ ʟʘ ʩʯʸʪ 

ʧʨʠʤʝʥʝʥʠʷ ʞʸʩʪʢʦʛʦ ʨʝʥʪʛʝʥʘ ʜʝʣʘʝʪ ʚʦʟʤʦʞʥʳʤ ʠʟʤʝʨʝʥʠʷ ʧʨʠ ʚʳʩʦʢʦʤ 

ʜʘʚʣʝʥʠʠ ʠ ʚ ʨʘʩʪʚʦʨʝ ʣʝʛʢʦ ʦʩʫʱʝʩʪʚʠʤʳʤʠ, ʘ ʪʘʢʞʝ ʥʝ ʥʘʢʣʘʜʳʚʘʝʪ ʦʩʦʙʳʭ 

ʫʩʣʦʚʠʡ ʜʣʷ ʦʢʨʫʞʘʶʱʝʡ ʦʙʨʘʟʮʘ ʩʨʝʜʳ. 

ʅʘ ʧʨʦʪʷʞʝʥʠʠ ʤʥʦʛʠʭ ʣʝʪ ʘʢʪʠʥʠʜʳ ʷʚʣʷʣʠʩʴ ʥʝʦʙʳʯʘʡʥʦ ʠʥʪʝʨʝʩʥʦʡ 

ʦʙʣʘʩʪʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʥʦ ʧʨʠ ʵʪʦʤ ʠʤʝʣʠ ʣʠʰʴ ʥʝʙʦʣʴʰʦʡ ʧʨʘʢʪʠʯʝʩʢʠʡ 

ʠʥʪʝʨʝʩ. ʕʪʘ ʩʠʪʫʘʮʠʷ ʢʘʨʜʠʥʘʣʴʥʦ ʠʟʤʝʥʠʣʘʩʴ ʚ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʘʪʦʤʥʘʷ 

ʵʥʝʨʛʝʪʠʢʘ ʩʪʘʣʘ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ ʘʣʴʪʝʨʥʘʪʠʚʘ ʫʛʣʝʨʦʜʥʦʤʫ ʪʦʧʣʠʚʫ. 

ɸʪʦʤʥʳʝ ʵʣʝʢʪʨʦʩʪʘʥʮʠʠ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ ʚʳʨʘʙʘʪʳʚʘʶʪ ʙʦʣʴʰʝ 

ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ, ʥʦ ʧʨʠ ʵʪʦʤ ʧʨʦʠʟʚʦʜʷʪ ʨʘʜʠʦʘʢʪʠʚʥʳʝ ʦʪʭʦʜʳ, ʢʦʪʦʨʳʝ ʜʦʣʞʥʳ 

ʙʝʟʦʧʘʩʥʦ ʫʪʠʣʠʟʠʨʦʚʘʪʴʩʷ. ʕʪʦ ʷʚʣʷʝʪʩʷ ʤʦʪʠʚʘʮʠʝʡ ʜʣʷ ʫʯʸʥʳʭ ʠʟ ʨʘʟʣʠʯʥʳʭ 

ʦʙʣʘʩʪʝʡ ʥʘʫʢʠ ʟʘʥʠʤʘʪʴʩʷ ʠʟʫʯʝʥʠʝʤ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠ ʧʨʠʢʣʘʜʥʳʭ ʩʚʦʡʩʪʚ 

ʘʢʪʠʥʠʜʦʚ, ʘ ʪʘʢʞʝ ʚʝʩʪʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʠʟʫʯʝʥʠʠ ʩʠʥʪʝʟʘ [20], 

ʦʢʠʩʣʝʥʠʷ [21], ʢʦʨʨʦʟʠʠ [22], ʧʝʨʝʨʘʙʦʪʢʠ [23], ʤʠʛʨʘʮʠʠ [24], ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʨʠ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ [25], ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ [26] ʠ ʨʘʟʨʘʙʦʪʢʠ 

ʩʧʦʩʦʙʦʚ ʫʪʠʣʠʟʘʮʠʠ ʷʜʝʨʥʳʭ ʦʪʭʦʜʦʚ [27]. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʠ 

ʚʳʛʦʜʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʧʦ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʦʙʝʜʥʸʥʥʦʛʦ ʫʨʘʥʘ ʤʦʞʝʪ ʨʘʩʰʠʨʠʪʴ 

ʦʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʟʘ ʧʨʝʜʝʣʳ ʷʜʝʨʥʦʡ ʵʥʝʨʛʝʪʠʢʠ [23, 24, 28]. ʀʟʫʯʝʥʠʝ ʫʨʘʥʘ ʚ 

ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʦʡ ʫʩʣʦʚʠʝʤ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ 

ʧʨʠʤʝʥʝʥʠʷ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ. 

ʈʘʟʥʦʦʙʨʘʟʥʳʝ ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ ʫʨʘʥʘ ʧʨʦʠʩʭʦʜʷʪ ʧʨʝʞʜʝ ʚʩʝʛʦ ʠʟ 

ʩʣʦʞʥʦʩʪʠ ʠʭ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʚ ʯʘʩʪʥʦʩʪʠ ʚ ʥʝʟʘʧʦʣʥʝʥʥʦʡ 6d ʠ 5f 

ʚʘʣʝʥʪʥʳʭ ʦʨʙʠʪʘʣʝʡ ʫʨʘʥʘ [29].  ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠ 

ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʝ ʠʟʤʝʥʝʥʠʡ ʚ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ ʚ ʩʠʣʫ 

ʩʣʦʞʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʢʦʥʢʫʨʝʥʮʠʠ ʤʝʞʜʫ ʨʘʟʥʳʤʠ ʪʠʧʘʤʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ: ʢʫʣʦʥʦʚʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʠ ʦʙʤʝʥ, ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʧʦʣʝ, 

ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ʠ ʛʠʙʨʠʜʠʟʘʮʠʷ ʦʨʙʠʪʘʣʝʡ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ 

ʥʘʙʣʶʜʝʥʠʝ ʩʚʦʡʩʪʚ ʩʦʝʜʠʥʝʥʠʡ ʫʨʘʥʘ ʪʘʢʞʝ ʧʨʝʜʧʦʣʘʛʘʝʪ ʥʝʢʠʝ ʟʘʪʨʫʜʥʝʥʠʷ ʚ 



21 

 

 

ʩʠʣʫ ʪʦʢʩʠʯʥʦʩʪʠ, ʨʘʜʠʦʘʢʪʠʚʥʦʩʪʠ ʠ ʧʨʦʯʠʭ ʘʩʧʝʢʪʦʚ ʙʝʟʦʧʘʩʥʦʩʪʠ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ ʣʶʙʦʡ ʤʝʪʦʜ, ʢʦʪʦʨʳʡ ʩʧʦʩʦʙʝʥ ʧʦʢʘʟʘʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ 

ʙʦʣʴʰʝʡ ʠʥʬʦʨʤʘʮʠʠ ʦʙ ʠʟʤʝʥʝʥʠʷʭ ʚ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʩʦʝʜʠʥʝʥʠʡ ʫʨʘʥʘ 

ʷʚʣʷʝʪʩʷ ʦʯʝʥʴ ʚʦʩʪʨʝʙʦʚʘʥʥʳʤ.  

ʕʣʝʤʝʥʪʥʦ-ʩʝʣʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʜʣʷ ʠʟʫʯʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʷʚʣʷʝʪʩʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʚʥʫʪʨʝʥʥʝʛʦ ʫʨʦʚʥʷ. ɺ ʦʩʦʙʝʥʥʦʩʪʠ 

ʠʜʝʘʣʴʥʳʤ ʤʝʪʦʜʦʤ ʜʣʷ ʠʟʫʯʝʥʠʷ ʘʢʪʠʥʠʜʥʳʭ ʩʠʩʪʝʤ ʤʦʞʥʦ ʥʘʟʚʘʪʴ 

ʩʧʝʢʪʨʦʩʢʦʧʠʶ ʧʦʛʣʦʱʝʥʠʷ ʚ ʞʸʩʪʢʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʜʠʘʧʘʟʦʥʝ, ʧʦʩʢʦʣʴʢʫ ʥʝ 

ʪʨʝʙʫʝʪʩʷ ʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ, ʢʘʢ ʥʘʧʨʠʤʝʨ ʵʪʦ 

ʥʝʦʙʭʦʜʠʤʦ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ ʤʷʛʢʦʤ ʜʠʘʧʘʟʦʥʝ. ɼʦ ʧʦʩʣʝʜʥʝʛʦ 

ʚʨʝʤʝʥʠ ʚ ʣʠʪʝʨʘʪʫʨʝ ʚ ʦʩʥʦʚʥʦʤ ʧʨʠʚʦʜʠʣʠʩʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩ ʧʦʤʦʱʴʶ XANES 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ L3-ʢʨʘʷ ʧʦʛʣʦʱʝʥʠʷ U (~17166 ʵɺ) [30-35]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʙʦʣʴʰʦʝ 

ʫʰʠʨʝʥʠʝ ʟʘ ʩʯʸʪ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʜʳʨʢʠ ʥʘ 2p3/2 ʫʨʦʚʥʝ (ʧʦ ʧʨʠʙʣʠʟʠʪʝʣʴʥʳʤ 

ʦʮʝʥʢʘʤ ʩʦʩʪʘʚʣʷʝʪ 8,4 [36] ʵɺ ʠ 7,4 ʵɺ [37]) ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʪʦʤ, ʯʪʦ ʤʝʪʦʜʠʢʘ 

ʤʝʥʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ ʪʦʯʥʦʤʫ ʦʧʨʝʜʝʣʝʥʠʶ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʝʟʘʧʦʣʥʝʥʥʳʭ 

ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. ʆʩʦʙʝʥʥʦʩʪʠ ʩʧʝʢʪʨʦʚ XANES L3-ʢʨʘʷ ʧʦʛʣʦʱʝʥʠʷ U 

ʤʦʛʫʪ ʙʳʪʴ ʠʟʫʯʝʥʳ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦ ʩ ʧʦʤʦʱʴʶ ʥʦʚʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʠʢ 

ʥʘ ʦʩʥʦʚʝ ʧʨʠʤʝʥʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʵʤʠʩʩʠʦʥʥʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ [29, 38]. ʊʝʤ ʥʝ 

ʤʝʥʝʝ, ʙʦʣʴʰʠʥʩʪʚʦ ʫʥʠʢʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʩʦʝʜʠʥʝʥʠʡ ʫʨʘʥʘ ʧʨʦʠʩʭʦʜʷʪ ʦʪ 

ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ 5f ʩʦʩʪʦʷʥʠʡ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʠʟʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ 

ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ M4,5-ʢʨʘʷ U [39].  
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ʈʠʩʫʥʦʢ 1.6 ï ʉʭʝʤʘʪʠʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʨʦʮʝʩʩʘ HERFD  

ʜʣʷ ʘʢʪʠʥʠʜʦʚ ʧʨʠ ʧʝʨʝʭʦʜʝ 3d4f 

ʇʨʝʠʤʫʱʝʩʪʚʦʤ M4,5-ʢʨʘʷ ʫʨʘʥʘ ʷʚʣʷʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʝ ʫʰʠʨʝʥʠʝ 

ʟʘ ʩʯʸʪ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʜʳʨʢʠ, ʢʦʪʦʨʘʷ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʤʦʞʝʪ ʙʳʪʴ ʝʱʸ ʫʣʫʯʰʝʥʦ 

ʧʫʪʸʤ ʨʝʛʠʩʪʨʘʮʠʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʥʘ ʵʤʠʩʩʠʦʥʥʳʭ ʣʠʥʠʷʭ Mb (4f5/23d3/2)(M4) ʠ 

Ma1 (4f7/23d5/2)(M5). ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠʟʤʝʨʝʥʠʝ M4-ʢʨʘʷ 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʝʝ ʧʦʩʢʦʣʴʢʫ ʵʥʝʨʛʠʷ ʧʦʛʣʦʱʝʥʠʷ ʯʫʪʴ ʚʳʰʝ (~200 ʵɺ), ʪʘʢ ʢʘʢ 

ʧʦʪʝʨʷ ʩʠʛʥʘʣʘ ʚ ʩʠʣʫ ʧʦʛʣʦʱʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʫʱʝʩʪʚʝʥʥʘ ʧʨʠ 

ʵʪʠʭ ʵʥʝʨʛʠʷʭ, ʘ ʪʘʢʞʝ ʠʟ-ʟʘ ʣʫʯʰʝʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ 

ʩʧʝʢʪʨʦʤʝʪʨʘ ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ Mb ʵʤʠʩʩʠʦʥʥʦʡ ʣʠʥʠʠ [29]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʰʠʨʠʥʘ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʙʦʣʴʰʝ ʥʝ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʚʨʝʤʝʥʝʤ ʞʠʟʥʠ ʜʳʨʢʠ ʥʘ 

3d3/2 (~3,5 ʵɺ), ʘ ʪʦʣʴʢʦ ʫʯʠʪʳʚʘʝʪ ʫʰʠʨʝʥʠʝ ʥʘ 4f5/2 (~0,37 ʵɺ) [40]. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ HR-XANES ʩʧʝʢʪʨʳ M4-ʢʨʘʷ ʫʨʘʥʘ (3d3/25f5/2 

ʵʣʝʢʪʨʦʥʥʳʡ ʧʝʨʝʭʦʜ) ʜʣʷ ʧʦʣʠʤʦʨʬʥʳʭ ʬʘʟ UO3 ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʥʘ 

ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʵʤʠʩʩʠʦʥʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ, ʧʫʪʸʤ ʨʝʛʠʩʪʨʘʮʠʠ ʠʩʧʫʩʢʘʝʤʳʭ 

ʬʦʪʦʥʦʚ ʩ ʵʥʝʨʛʠʝʡ ʥʘ ʤʘʢʩʠʤʫʤʝ ʵʤʠʩʩʠʦʥʥʦʡ ʣʠʥʠʠ Mb (~ 3377 ʵɺ, 4f5/23d3/2) ʩ 
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ʧʦʤʦʱʴʶ Si ʜʝʪʝʢʪʦʨʘ. ʅʘʧʨʘʚʣʝʥʠʝ ʧʘʜʘʶʱʠʭ ʠ ʠʩʧʫʩʢʘʝʤʳʭ ʬʦʪʦʥʦʚ ʩʦʩʪʘʚʠʣʦ 

45̄  ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. ʇʦʣʥʦʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʨʘʟʨʝʰʝʥʠʝ 

ʧʦ ʵʥʝʨʛʠʠ ʩʦʩʪʘʚʠʣʦ 0,4 ʵɺ ʠ ʦʧʨʝʜʝʣʷʣʦʩʴ ʠʟʤʝʨʝʥʠʝʤ ʰʠʨʠʥʳ ʥʘ ʧʦʣʫʚʳʩʦʪʝ 

ʵʣʘʩʪʠʯʥʦʛʦ ʧʠʢʘ, ʢʦʪʦʨʳʡ ʧʦʣʫʯʘʝʪʩʷ ʟʘ ʩʯʸʪ ʬʠʢʩʘʮʠʠ ʵʤʠʩʩʠʦʥʥʦʛʦ 

ʩʧʝʢʪʨʦʤʝʪʨʘ ʥʘ ʦʧʨʝʜʝʣʸʥʥʦʤ ʟʥʘʯʝʥʠʠ ʵʥʝʨʛʠʠ ʠ ʩʢʘʥʠʨʫʷ ʤʦʥʦʭʨʦʤʘʪʦʨ ʧʦ 

ʵʥʝʨʛʠʠ ʚ ʜʠʘʧʘʟʦʥʝ ʵʪʦʛʦ ʟʥʘʯʝʥʠʷ. 

ʇʨʠ ʠʟʤʝʨʝʥʠʠ ʩʧʝʢʪʨʦʚ HR-XANES ʤʳ ʫʣʫʯʰʘʝʤ ʨʘʟʨʝʰʝʥʠʝ ʧʦ ʵʥʝʨʛʠʠ 

ʟʘ ʩʯʸʪ ʫʤʝʥʴʰʝʥʠʷ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʜʳʨʢʠ. ʅʘʧʨʠʤʝʨ, ʚ ʩʣʫʯʘʝ M4-ʢʨʘʷ ʫʨʘʥʘ ʤʳ 

ʟʘʤʝʥʷʝʤ ʜʳʨʢʫ ʥʘ 3d ʫʨʦʚʥʝ ʜʳʨʢʦʡ ʥʘ 4f ʫʨʦʚʥʝ ʚ ʢʦʥʝʯʥʦʤ ʩʦʩʪʦʷʥʠʠ 

ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ. ʕʪʦ ʜʘʸʪ ʥʘʤ ʫʣʫʯʰʝʥʥʦʝ ʚ 4 ʨʘʟʘ ʨʘʟʨʝʰʝʥʠʝ, 

ʧʦʩʢʦʣʴʢʫ ʚʨʝʤʷ ʞʠʟʥʠ ʜʳʨʢʠ ʥʘ 4f ʫʨʦʚʥʝ ʩʦʩʪʘʚʣʷʝʪ ~0,8 ʵɺ, ʘ ʥʘ 3d  ~3,2 ʵɺ. 

ʉʭʝʤʘʪʠʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʨʦʮʝʩʩʘ HERFD ʚʢʣʶʯʘʶʱʠʡ ʚ ʩʝʙʷ 

ʚʦʟʙʫʞʜʝʥʠʝ 3d5f ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʚʪʦʨʠʯʥʳʤ ʚʦʟʙʫʞʜʝʥʠʝʤ 4f3d ʘʪʦʤʘ 

ʘʢʪʠʥʠʜʘ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 1.6. ʅʝʩʢʦʣʴʢʦ ʧʨʦʠʟʚʦʣʴʥʳʭ ʧʝʨʝʭʦʜʦʚ ʤʝʞʜʫ 

ʦʩʥʦʚʥʳʤ ʩʦʩʪʦʷʥʠʝʤ ʩʠʩʪʝʤʳ, ʦʧʠʩʳʚʘʝʤʳʤ 3d105fn ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ 

ʠ ʚʦʟʙʫʞʜʸʥʥʳʤ ʩʦʩʪʦʷʥʠʝʤ 3d5fn+1 ʧʨʠ ʚʘʨʴʠʨʫʝʤʦʡ ʧʘʜʘʶʱʝʡ ʵʥʝʨʛʠʠ ʬʦʪʦʥʦʚ 

w ʠʟʦʙʨʘʞʝʥʳ. ɺʦʟʙʫʞʜʸʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʝʨʝʭʦʜʠʪ ʚ ʢʦʥʝʯʥʦʝ ʩʦʩʪʦʷʥʠʝ 4f135fn+1 ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʠʩʧʫʩʢʘʥʠʝʤ ʬʦʪʦʥʘ, ʧʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʨʝʛʠʩʪʨʘʮʠʷ ʬʦʪʦʥʦʚ 

ʪʦʣʴʢʦ ʩ ʵʥʝʨʛʠʝʡ ʨʘʚʥʦʡ w¡. 

ʈʝʥʪʛʝʥʦʚʩʢʠʡ ʵʤʠʩʩʠʦʥʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ 

ʚʳʩʦʢʦʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ HR-XANES. ʋʩʪʘʥʦʚʢʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ 

HERFD-XAS (ʠʣʠ HR-XANES) ʩʭʦʞʘ ʩ ʦʙʳʯʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ ʧʦ ʨʝʛʠʩʪʨʘʮʠʠ 

ʚʳʭʦʜʘ ʬʣʫʦʨʝʩʮʝʥʮʠʠ, ʪʦʣʴʢʦ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʜʝʪʝʢʪʠʨʫʝʪʩʷ ʬʣʫʦʨʝʩʮʝʥʮʠʷ 

ʬʦʪʦʥʦʚ ʦʧʨʝʜʝʣʸʥʥʦʡ ʵʥʝʨʛʠʠ, ʥʘʧʨʠʤʝʨ, ʥʘ ʤʘʢʩʠʤʫʤʝ ʵʤʠʩʩʠʦʥʥʦʡ ʣʠʥʠʠ. ʕʪʦ 

ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ ʩ ʧʦʤʦʱʴʶ ʢʨʠʩʪʘʣʣʘ-ʘʥʘʣʠʟʘʪʦʨʘ, ʢʦʪʦʨʳʡ ʚʳʨʝʟʘʝʪ 

ʦʧʨʝʜʝʣʸʥʥʳʡ ʢʘʥʘʣ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʜʣʷ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ. ʀʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʩ ʚʳʩʦʢʠʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʨʘʟʨʝʰʝʥʠʝʤ HR-XANES 

M4-ʢʨʘʷ ʫʨʘʥʘ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʪʘʥʮʠʷʭ ID-26 (ESRF, 
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ʌʨʘʥʮʠʷ) ʠ INE-Beamline (ANKA, ɻʝʨʤʘʥʠʷ). ʆʙʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʪʘʥʮʠʠ 

ʦʙʦʨʫʜʦʚʘʥʳ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʵʤʠʩʩʠʦʥʥʳʤ ʩʧʝʢʪʨʦʤʝʪʨʦʤ ʪʠʧʘ ʀʦʛʘʥʥʘ. 

ʀʟʤʝʨʝʥʠʝ ʩʧʝʢʪʨʦʚ HERFD-XANES ʥʘ ʩʪʘʥʮʠʠ ID-26 ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ 

ʮʝʥʪʨʘ ESRF. ʈʝʥʪʛʝʥʦʚʩʢʠʡ ʧʫʯʦʢ ʚʳʩʦʢʦʡ ʷʨʢʦʩʪʠ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʜʣʷ ʩʠʣʴʥʦ ʨʘʟʙʘʚʣʝʥʥʳʭ 

ʦʙʨʘʟʮʦʚ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚʳʩʦʢʦʡ ʷʨʢʦʩʪʠ ʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʣʷ ʩʪʘʥʮʠʠ ID26 ɽʚʨʦʧʝʡʩʢʦʛʦ ʎʝʥʪʨʘ ʉʠʥʭʨʦʪʨʦʥʥʦʛʦ 

ʀʟʣʫʯʝʥʠʷ (ʛ. ɻʨʝʥʦʙʣʴ, ʌʨʘʥʮʠʷ), ʥʘ ʢʦʪʦʨʦʡ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʯʘʩʪʴ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʠʟʤʝʨʝʥʠʶ ʩʧʝʢʪʨʦʚ HR-XANES M4-ʢʨʘʷ U, 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʨʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʦʥʜʫʣʷʪʦʨʘ. ʇʝʨʚʳʤ 

ʦʧʪʠʯʝʩʢʠʤ ʵʣʝʤʝʥʪʦʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʪʘʥʮʠʠ ID26 ʷʚʣʷʝʪʩʷ ʢʨʠʩʪʘʣʣ-

ʤʦʥʦʭʨʦʤʘʪʦʨ. ɺʘʨʴʠʨʦʚʘʥʠʝ ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʝʥʠʷ ʚʦʟʤʦʞʥʦ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 2,4 ʜʦ 

27 ʢʵɺ. ɼʘʣʝʝ ʧʨʦʠʩʭʦʜʠʪ ʬʦʢʫʩʠʨʦʚʢʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʧʦʤʦʱʴʶ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʟʝʨʢʘʣ ʧʦ ʩʭʝʤʝ ʂʠʨʢʧʘʪʨʠʢ-ɹʘʝʟʘ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʠ ʚʝʨʪʠʢʘʣʴʥʦʡ 

ʧʣʦʩʢʦʩʪʠ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʟʝʨʢʘʣ ʧʦʟʚʦʣʷʝʪ ʫʩʪʨʘʥʠʪʴ ʚʳʩʰʠʝ ʛʘʨʤʦʥʠʠ ʦʪ 

ʤʦʥʦʭʨʦʤʘʪʦʨʘ. ʕʪʠ ʟʝʨʢʘʣʘ ʨʘʙʦʪʘʶʪ ʚ ʨʝʞʠʤʝ ʧʦʣʥʦʛʦ ʦʪʨʘʞʝʥʠʷ (ʜʚʘ ʠʟʦʛʥʫʪʳʭ 

ʧʦʢʨʳʪʳʭ ʭʨʦʤʦʤ ʠ ʦʜʥʦ ʧʣʦʩʢʦʝ ʧʦʢʨʳʪʦʝ ʧʘʣʣʘʜʠʝʤ). ɼʘʣʝʝ ʫʩʪʘʥʦʚʣʝʥʘ 

ʠʦʥʠʟʘʮʠʦʥʥʘʷ ʢʘʤʝʨʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ, 

ʦʙʨʘʟʝʮ ʠ ʜʝʪʝʢʪʦʨ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʧʨʦʰʝʜʰʝʛʦ ʠʟʣʫʯʝʥʠʷ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ HERFD-XAS (ʠʣʠ HR-

XANES) ʠʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.7. ʈʝʥʪʛʝʥʦʚʩʢʠʡ ʵʤʠʩʩʠʦʥʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ 

ʚʳʧʦʣʥʝʥ ʧʦ ʩʭʝʤʝ ʀʦʛʘʥʥʘ. ʆʙʨʘʟʝʮ, ʢʨʠʩʪʘʣʣʳ-ʘʥʘʣʠʟʘʪʦʨʳ ʠ ʣʘʚʠʥʥʳʡ 

ʬʦʪʦʜʠʦʜ (APD) ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚ ʚʝʨʪʠʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ, ʥʘ ʢʨʫʛʝ ʈʦʣʘʥʜʘ 

ʨʘʜʠʫʩʦʤ 1 ʤʝʪʨ ʠ ʥʘ ʫʛʣʘʭ ʨʘʩʩʝʷʥʠʷ 90ÜÑ3Ü. ʊʘʢʘʷ ʛʝʦʤʝʪʨʠʷ ʧʦʟʚʦʣʷʝʪ 

ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʫʧʨʫʛʦʝ ʨʘʩʩʝʷʥʠʝ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ 

ʚʦʟʤʦʞʝʥ ʚʳʙʦʨ ʨʘʟʣʠʯʥʳʭ, ʢʨʠʩʪʘʣʣʦʚ-ʘʥʘʣʠʟʘʪʦʨʦʚ. ʕʤʠʩʩʠʦʥʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ 

ʤʦʞʝʪ ʧʦʚʦʨʘʯʠʚʘʪʴʩʷ ʜʣʷ ʚʘʨʴʠʨʦʚʘʥʠʷ ʫʛʣʘ ʨʘʩʩʝʷʥʠʷ ʦʪ 0Ü ʜʦ 180Ü. 
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ʈʠʩʫʥʦʢ 1.7ï ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʩʪʘʥʮʠʷʭ ID26 (ESRF, ʛ. ɻʨʝʥʦʙʣʴ, ʌʨʘʥʮʠʷ) ʠ INE-Beamline (ANKA, ʛ. ʂʘʨʣʩʨʫʵ, 

ɻʝʨʤʘʥʠʷ) ʜʣʷ ʠʟʤʝʨʝʥʠʷ HERFD-XAS ï 5-ʢʨʠʩʪʘʣʴʥʳʡ ʵʤʠʩʩʠʦʥʥʳʡ 

ʩʧʝʢʪʨʦʤʝʪʨ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦʟʤʦʞʥʦʩʪʴ ʚʘʨʴʠʨʦʚʘʥʠʷ ʜʚʫʭ ʵʥʝʨʛʠʡ ʥʘ ʜʘʥʥʦʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʘʥʮʠʠ ʧʦʟʚʦʣʷʝʪ ʫʯʝʩʪʴ ʨʝʟʦʥʘʥʩʥʳʝ ʧʨʦʮʝʩʩʳ ʵʣʝʢʪʨʦʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ. ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ ʚʦʟʜʫʭʦʤ ʠʟ ʘʪʤʦʩʬʝʨʳ, ʤʝʞʜʫ 

ʢʨʠʩʪʘʣʣʘʤʠ-ʘʥʘʣʠʟʘʪʦʨʘʤʠ, ʦʙʨʘʟʮʦʤ ʠ ʜʝʪʝʢʪʦʨʦʤ ʫʩʪʘʥʦʚʣʝʥ ʰʘʨ ʠʟ 

ʧʨʦʟʨʘʯʥʦʛʦ ʪʦʥʢʦʛʦ ʧʦʣʠʵʪʠʣʝʥʘ, ʥʘʢʘʯʠʚʘʝʤʳʡ ʛʝʣʠʝʤ. ɺʩʝ ʧʨʝʜʳʜʫʱʠʝ 

ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʪʘʥʮʠʠ ʥʘʭʦʜʷʪʩʷ ʚ ʚʘʢʫʫʤʝ. 

ʀʟʤʝʨʝʥʠʝ ʩʧʝʢʪʨʦʚ HERFD-XAS ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʪʘʥʮʠʠ INE-

Beamline ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʮʝʥʪʨʘ ANKA.  ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʩʪʘʥʮʠʷ INE- 

beamline (Institut f¿r Nukleare Entsorgung) ʦʨʠʝʥʪʠʨʦʚʘʥʘ ʥʘ ʠʟʫʯʝʥʠʝ ʠ 

ʭʘʨʘʢʪʝʨʠʟʘʮʠʶ ʦʪʭʦʜʦʚ ʷʜʝʨʥʦʛʦ ʪʦʧʣʠʚʘ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ. 
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ʇʨʠʙʦʨʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ INE-beamline ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʡ ʣʘʙʦʨʘʪʦʨʥʳʡ ʢʦʤʧʣʝʢʩ ʚ ʮʝʣʦʤ ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʦʜʠʪʴ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩ ʦʙʨʘʟʮʘʤʠ, ʯʴʷ ʘʢʪʠʚʥʦʩʪʴ ʤʦʞʝʪ ʙʳʪʴ ʚʳʰʝ 

ʧʨʠʥʷʪʳʭ ʚ ɽʚʨʦʧʝ ʦʛʨʘʥʠʯʝʥʠʡ, ʯʪʦ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʜʝʣʘʝʪ ʫʥʠʢʘʣʴʥʳʤ ʤʝʩʪʦʤ 

ʜʣʷ ʠʟʣʫʯʝʥʠʷ ʘʢʪʠʥʠʜʥʳʭ ʩʠʩʪʝʤ.  ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʪʘʥʮʠʷ ʦʙʦʨʫʜʦʚʘʥʘ 

ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʵʤʠʩʩʠʦʥʥʳʤ ʩʧʝʢʪʨʦʤʝʪʨʦʤ (ʨʠʩ. 1.8) ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ ʩ 

ʚʳʩʦʢʠʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʨʘʟʨʝʰʝʥʠʝʤ, ʢʦʥʩʪʨʫʢʮʠʷ ʢʦʪʦʨʦʛʦ ʠʜʝʥʪʠʯʥʘ 

ʫʩʪʘʥʦʚʢʝ ʥʘ ʩʪʘʥʮʠʠ ID-26 ʚ ESRF, ʦʧʠʩʘʥʠʝ ʢʦʪʦʨʦʡ ʧʨʠʚʦʜʠʣʦʩʴ ʨʘʥʝʝ.  

 

ʈʠʩʫʥʦʢ 1.8-  ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ï 

 ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʵʤʠʩʩʠʦʥʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ HERFD-XAS,  

INE-Beamline (ʩʠʥʭʨʦʪʨʦʥ ANKA) 

ʕʣʝʢʪʨʦʥʥʳʡ ʧʫʯʦʢ ʧʦʧʘʜʘʝʪ ʥʘ ʩʪʘʥʮʠʶ ʟʘ ʩʯʸʪ ʧʦʚʦʨʦʪʥʳʭ ʤʘʛʥʠʪʦʚ. 

ʇʘʨʘʤʝʪʨʳ ʧʫʯʢʘ ʩʦʩʪʘʚʣʷʶʪ ~ 2  1010 ʬʦʪʦʥʦʚ ʧʨʠ ʟʥʘʯʝʥʠʠ ʵʥʝʨʛʠʠ 18 ʢʵɺ ʠ 

ʪʦʢʝ 130 ʤɸ, Ge (422) ɿʘʪʝʤ ʨʘʩʧʦʣʦʞʝʥʘ ʩʪʘʥʜʘʨʪʥʘʷ ʩʭʝʤʘ ʦʧʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ 

(ʨʠʩ. 1.9): ʢʨʝʤʥʠʝʚʦʝ ʮʠʣʠʥʜʨʠʯʝʩʢʦʝ ʟʝʨʢʘʣʦ, ʧʦʢʨʳʪʦʝ Rh- ʚʝʨʭʥʠʡ ʢʦʣʣʠʤʘʪʦʨ; 

ʜʚʦʡʥʦʡ ʢʨʠʩʪʘʣʣ-ʤʦʥʦʭʨʦʤʘʪʦʨ ʪʠʧʘ ʃʝʤʦʥʥʠʝʨʘ ʠ ʢʨʝʤʥʠʝʚʦʝ ʪʦʨʦʠʜʘʣʴʥʦʝ 
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ʟʝʨʢʘʣʦ, ʧʦʢʨʳʪʦʝ Rh, ʢʦʪʦʨʦʝ ʧʨʝʜʥʘʟʥʘʯʝʥʦ ʜʣʷ ʚʝʨʪʠʢʘʣʴʥʦʡ ʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ 

ʬʦʢʫʩʠʨʦʚʢʠ ʧʫʯʢʘ. ɼʘʥʥʘʷ ʩʭʝʤʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʬʦʢʫʩʠʨʦʚʢʫ ʧʫʯʢʘ ~ 

0,5 0,5 ʤʤ2. ɼʣʷ ʠʟʤʝʨʝʥʠʡ ʧʨʠʤʝʥʷʶʪʩʷ 4 ʢʨʠʩʪʘʣʣʘ Si (111), Si (311), InSb (111) 

ʠ Ge (422). ɺʦʟʤʦʞʥʦ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʜʣʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʜʠʘʧʘʟʦʥʘ ʦʪ 2,1 

ʜʦ 25 ʢʵɺ (K-ʢʨʘʷ P-Pd, L-ʢʨʘʷ ʣʘʥʪʘʥʦʠʜʦʚ ʠ M-, L3-, L2- ʠ L1 ʢʨʘʷ ʘʢʪʠʥʠʜʦʚ ʦʪ Th 

ʜʦ Cm). ʕʥʝʨʛʝʪʠʯʝʩʢʦʝ ʨʘʟʨʝʰʝʥʠʝ ʩʦʩʪʘʚʣʷʝʪ ὉȾɝὉ ρ ρπ. 

 

  

ʈʠʩʫʥʦʢ 1.9 ï ʉʭʝʤʘ ʦʧʪʠʯʝʩʢʦʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʯʘʩʪʠ ʩʪʘʥʮʠʠ   

INE ï beamline. ɺʳʜʝʣʝʥʥʘʷ ʞʸʣʪʘʷ ʯʘʩʪʴ ʷʚʣʷʝʪʩʷ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʡ 

 ʢʦʥʪʨʦʣʴʥʦʡ ʟʦʥʦʡ ʜʣʷ ʨʘʙʦʪʳ ʩ ʨʘʜʠʦʘʢʪʠʚʥʳʤ ʚʝʱʝʩʪʚʦʤ 

 

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʢʦʥʪʨʦʣʷ ʠ ʙʝʟʦʧʘʩʥʦʩʪʠ ʧʨʠ ʨʘʙʦʪʝ ʩ ʨʘʜʠʦʘʢʪʠʚʥʳʤʠ 

ʦʙʨʘʟʮʘʤʠ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʜʦʧʫʩʪʠʤʳʝ ʧʨʝʜʝʣʳ ʘʢʪʠʚʥʦʩʪʠ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʜʦʧʫʩʪʠʤʦ ʨʘʙʦʪʘʪʴ ʩ a-ʠʟʣʫʯʘʶʱʠʤʠ ʘʢʪʠʥʠʜʘʤʠ ʚ ʧʨʝʜʝʣʘʭ 1   10+3 ɹʢ ʠ 1   

10+9 ɹʢ ʜʣʷ  b-ʠʟʣʫʯʘʶʱʠʭ. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʘʢʪʠʥʠʜʦʚ 243-Am ʠ 242-Pu 

ʜʦʧʫʩʪʠʤʳʤʠ ʤʘʩʩʘʤʠ ʷʚʣʷʶʪʩʷ 140 ʤʛ ʠ 66 ʛ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʠʟʤʝʨʝʥʠʠ 

ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʦʙʨʘʟʮʳ ʜʦʣʞʥʳ ʠʤʝʪʴ ʜʚʘ ʥʝʟʘʚʠʩʠʤʳʭ 

ʟʘʱʠʪʥʳʭ ʩʣʦʷ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʜʣʷ ʠʟʤʝʨʝʥʠʷ M4-ʢʨʘʷ ʫʨʘʥʘ ʤʳ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʧʘʣʝʪʢʫ ʩ ʦʪʚʝʨʩʪʠʷʤʠ ʚ ʢʦʪʦʨʳʭ ʥʘʭʦʜʠʣʠʩʴ ʦʙʨʘʟʮʳ, ʤʝʞʜʫ ʧʘʣʝʪʢʦʡ ʠ 

ʦʙʨʘʟʮʘʤʠ ʥʘʭʦʜʠʣʘʩʴ ʩʧʝʮʠʘʣʴʥʘʷ ʟʘʱʠʪʥʘʷ ʧʣʸʥʢʘ.  
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1.2  ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʧʦʛʣʦʱʝʥʠʷ XANES 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʜʣʷ 

ʨʘʩʯʸʪʘ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ XAFS: FEFF, QuantumEspresso, ADF, 

ORCA, FDMNES. ʅʘʙʦʨ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ ʪʝʭʥʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʟʘʚʠʩʠʪ ʦʪ ʪʦʛʦ 

ʢʘʢʦʡ ʤʝʪʦʜ ʨʘʩʯʸʪʘ ʚʳʙʨʘʥ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʩʧʝʢʪʨʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ 

ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʳʭ ʤʝʪʦʜʦʚ FEFF   ʠ FDMnes.  

1.2.1 ʄʝʪʦʜ ʧʦʣʥʦʛʦ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ 

ʇʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ FEFF ʚʝʨʩʠʠ 9.6 (ʜʘʣʝʝ ʜʣʷ ʢʨʘʪʢʦʩʪʠ ʙʫʜʝʤ 

ʦʙʦʟʥʘʯʘʪʴ FEFF9.6) ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʛʦ ʨʘʩʯʸʪʘ ʧʣʦʪʥʦʩʪʠ 

ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʠ ʩʧʝʢʪʨʦʚ ʚʦʟʙʫʞʜʝʥʠʷ. ɼʣʷ ʵʪʦʛʦ ʧʨʠʤʝʥʷʝʪʩʷ ʰʠʨʦʢʦ 

ʠʟʚʝʩʪʥʳʡ ʤʝʪʦʜ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʬʦʨʤʘʣʠʟʤʝ ʬʫʥʢʮʠʡ 

ɻʨʠʥʘ ʚ ʧʨʷʤʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʚʢʣʶʯʘʝʪ ʵʢʨʘʥʠʨʦʚʘʥʠʝ ʦʩʪʦʚʥʳʭ 

ʚʘʢʘʥʩʠʡ, ʥʝʫʧʨʫʛʠʝ ʧʦʪʝʨʠ ʠ ʩʜʚʠʛʠ ʩʦʙʩʪʚʝʥʥʦʡ ʵʥʝʨʛʠʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʥʘʭʦʜʠʪʴ 

ʣʦʢʘʣʴʥʳʝ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ lDOS (local ensity of states) ʠ ʧʦʣʫʯʘʪʴ ʩʧʝʢʪʨʳ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ XANES.  ʇʨʦʛʨʘʤʤʘ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʚ 

ɺʘʰʠʥʛʪʦʥʩʢʦʤ ʫʥʠʚʝʨʩʠʪʝʪʝ (ʉʐɸ) ʛʨʫʧʧʦʡ ʘʚʪʦʨʦʚ ï ɼʞʦʥʦʤ ʈʝʨʦʤ, ɸʣʝʢʩʝʝʤ 

ɸʥʢʫʜʠʥʦʚʳʤ ʠ ɹʨʶʩʦʤ ʈʝʡʚʝʣʦʤ [41, 42]. 

ʉʧʝʢʪʨʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥʳ ʚ ʧʨʦʛʨʘʤʤʥʦʤ 

ʢʦʤʧʣʝʢʩʝ FEFF9.6 ʚ ʨʘʤʢʘʭ ʤʝʪʦʜʘ ʧʦʣʥʦʛʦ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʚ ʧʨʷʤʦʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝ ʜʣʷ ʘʪʦʤʥʦʛʦ ʢʣʘʩʪʝʨʘ, ʧʨʠ ʵʪʦʤ ʫʯʠʪʳʚʘʷ ʧʦʣʷʨʠʟʘʮʠʦʥʥʫʶ 

ʟʘʚʠʩʠʤʦʩʪʴ, ʵʬʬʝʢʪʳ ʦʩʪʦʚʥʦʡ ʚʘʢʘʥʩʠʠ ʠ ʧʦʧʨʘʚʢʠ ʣʦʢʘʣʴʥʦʛʦ ʧʦʣʷ. ʆʩʥʦʚʦʡ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʷʚʣʷʝʪʩʷ ʬʦʨʤʘʣʠʟʤ ʬʫʥʢʮʠʡ ɻʨʠʥʘ ʚ 

ʧʨʷʤʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʜʣʷ ʚʩʝʭ ʵʣʝʢʪʨʦʥʦʚ, ʥʝ ʥʘʢʣʘʜʳʚʘʷ ʥʠʢʘʢʠʭ ʦʛʨʘʥʠʯʝʥʠʡ ʧʦ 

ʵʥʝʨʛʠʠ. 

ɺ ʢʘʯʝʩʪʚʝ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʘʪʦʤʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ 

ʥʝʦʙʭʦʜʠʤʦ ʟʘʜʘʪʴ ʥʦʤʝʨʘ ʵʣʝʤʝʥʪʦʚ ʩʦʛʣʘʩʥʦ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ɼ.ʀ. 

ʄʝʥʜʝʣʝʝʚʘ.  ɼʣʷ ʧʦʛʣʦʱʘʶʱʝʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʘʪʦʤʘ ʪʘʢʞʝ ʥʘʜʦ 

ʫʢʘʟʘʪʴ ʠ ʩʧʦʩʦʙ ʫʯʸʪʘ ʦʩʪʦʚʥʦʡ ʚʘʢʘʥʩʠʠ. ʉʪʨʫʢʪʫʨʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʤʦʞʥʦ 
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ʟʘʜʘʚʘʪʴ ʚ ʷʚʥʦʤ ʚʠʜʝ, ʪʦ ʝʩʪʴ ʧʫʪʸʤ ʧʝʨʝʯʠʩʣʝʥʠʷ ʢʦʦʨʜʠʥʘʪ ʚʩʝʭ ʘʪʦʤʦʚ, 

ʚʭʦʜʷʱʠʭ ʚ ʘʪʦʤʥʳʡ ʢʣʘʩʪʝʨ, ʠʣʠ ʩ ʧʦʤʦʱʴʶ ʟʘʜʘʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ ʩ ʦʧʠʩʘʥʠʝʤ ʧʘʨʘʤʝʪʨʦʚ ʷʯʝʡʢʠ, ʛʨʫʧʧʳ ʩʠʤʤʝʪʨʠʠ ʠ ʢʦʦʨʜʠʥʘʪ ʘʪʦʤʦʚ 

ʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ. ɺʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʜʣʷ ʩʦʟʜʘʥʠʷ ʚʭʦʜʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ 

ʬʘʡʣʦʚ ʤʦʞʥʦ ʧʨʠʤʝʥʷʪʴ ʩʪʦʨʦʥʥʠʝ ʧʨʦʛʨʘʤʤʳ, ʥʘʧʨʠʤʝʨ, Atoms ʚʭʦʜʷʱʠʡ ʚ 

ʩʦʩʪʘʚ ʧʘʢʝʪʘ Demetrʘ. ɺ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʯʘʱʝ ʧʨʠʤʝʥʷʣʩʷ ʚʪʦʨʦʡ 

ʩʧʦʩʦʙ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʥʝʦʙʭʦʜʠʤʦ ʫʢʘʟʘʪʴ ʯʠʩʣʦ ʫʥʠʢʘʣʴʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ, ʜʣʷ 

ʢʦʪʦʨʳʭ ʙʫʜʝʪ ʚʳʯʠʩʣʝʥ ʬʘʟʦʚʳʡ ʩʜʚʠʛ. ɼʣʷ ʢʘʞʜʦʛʦ ʫʥʠʢʘʣʴʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ 

ʧʨʦʛʨʘʤʤʘ ʦʜʠʥ ʨʘʟ ʚʳʯʠʩʣʷʝʪ ʧʝʨʝʢʨʳʚʘʶʱʠʝʩʷ ʘʪʦʤʥʳʝ ʧʦʪʝʥʮʠʘʣʳ, ʧʨʠ ʵʪʦʤ 

ʠʩʧʦʣʴʟʫʝʪ ʚ ʢʘʯʝʩʪʚʝ ʙʘʟʳ ʛʝʦʤʝʪʨʠʶ ʘʪʦʤʘ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʫʥʠʢʘʣʴʥʳʤ 

ʧʦʪʝʥʮʠʘʣʦʤ, ʢʦʪʦʨʳʡ ʙʣʠʞʝ ʚʩʝʛʦ ʥʘʭʦʜʠʪʩʷ ʢ ʧʦʛʣʦʪʠʪʝʣʶ. ʊʘʢʘʷ ʧʨʦʮʝʜʫʨʘ 

ʥʝʦʙʭʦʜʠʤʘ ʜʣʷ ʵʢʦʥʦʤʠʠ ʚʨʝʤʝʥʠ ʨʘʩʯʸʪʘ. ʆʯʝʥʴ ʚʘʞʥʦ, ʯʪʦʙʳ ʣʦʢʘʣʴʥʦʝ 

ʦʢʨʫʞʝʥʠʝ ʚʦʢʨʫʛ ʧʦʛʣʦʱʘʶʱʝʛʦ ʘʪʦʤʘ ʙʳʣʦ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʦ, ʠʥʘʯʝ ʥʝʪʦʯʥʳʝ 

ʧʦʪʝʥʮʠʘʣʳ ʠ ʬʘʟʦʚʳʝ ʩʜʚʠʛʠ ʧʨʠʚʦʜʷʪ ʢ ʥʝʢʦʨʨʝʢʪʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ. 

ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ ʬʘʟʦʚʳʭ ʩʜʚʠʛʦʚ ʨʘʩʩʝʷʥʠʷ ʜʣʷ ʫʥʠʢʘʣʴʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ 

ʫʯʠʪʳʚʘʶʪʩʷ ʣʠʙʦ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʳʝ, ʣʠʙʦ ʧʝʨʝʢʨʳʚʘʶʱʠʝʩʷ ʘʪʦʤʥʳʝ 

ʧʦʪʝʥʮʠʘʣʳ. ʉʘʤʦʩʦʛʣʘʩʦʚʘʥʥʳʝ ʧʦʪʝʥʮʠʘʣʳ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʨʘʩʯʸʪʘ ʦʙʣʘʩʪʠ 

XANES. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʮʠʢʣʘ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʠʷ ʥʫʞʥʦ ʫʢʘʟʘʪʴ ʨʘʜʠʫʩ ʢʣʘʩʪʝʨʘ 

ʧʦʣʥʦʛʦ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ. ʕʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʦʙʱʝʝ ʚʨʝʤʷ ʨʘʩʯʸʪʘ. ʊʘʢʞʝ 

ʤʦʞʥʦ ʟʘʜʘʚʘʪʴ ʤʘʢʩʠʤʘʣʴʥʦʝ ʯʠʩʣʦ ʠʪʝʨʘʮʠʡ ʧʝʨʝʩʯʸʪʘ ʧʦʪʝʥʮʠʘʣʘ, ʧʘʨʘʤʝʪʨʳ 

ʩʦʛʣʘʩʦʚʘʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʬʘʢʪʦʨ ʫʩʢʦʨʝʥʠʷ ʩʭʦʜʠʤʦʩʪʠ ca. ɿʥʘʯʝʥʠʝ ʵʪʦʛʦ 

ʬʘʢʪʦʨʘ ʧʦ ʫʤʦʣʯʘʥʠʶ ʨʘʚʥʦ 0,2, ʥʦ ʧʨʠ ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʦʙʣʝʤʘʭ ʩʦ ʩʭʦʜʠʤʦʩʪʴʶ 

ʝʛʦ ʨʝʢʦʤʝʥʜʦʚʘʥʦ ʫʤʝʥʴʰʘʪʴ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʜʣʷ ʨʘʩʯʸʪʘ ʩʧʝʢʪʨʦʚ M4-ʢʨʘʷ ʫʨʘʥʘ  

ʤʳ ʟʘʜʘʚʘʣʠ ʟʥʘʯʝʥʠʝ ʵʪʦʛʦ ʧʘʨʘʤʝʪʨʘ ca=0,05. 

ʇʦʪʝʥʮʠʘʣʳ ʩʚʦʙʦʜʥʳʭ ʘʪʦʤʦʚ ʚʳʯʠʩʣʷʶʪʩʷ ʧʦ ʨʝʣʷʪʠʚʠʩʪʩʢʦʤʫ ʘʣʛʦʨʠʪʤʫ 

ɼʠʨʘʢʘ-ʌʦʢʘ, ʚ ʨʘʤʢʘʭ ʢʦʪʦʨʦʛʦ ʘʪʦʤʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʪʘʢ, ʢʘʢ ʝʩʣʠ ʙʳ ʦʥʠ ʙʳʣʠ 

ʠʟʦʣʠʨʦʚʘʥʳ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ʇʦʪʝʥʮʠʘʣʳ ʞʝ ʨʘʩʩʝʷʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʧʫʪʸʤ 

ʧʝʨʝʢʨʳʪʠʷ ʩʚʦʙʦʜʥʳʭ ʘʪʦʤʥʳʭ ʧʣʦʪʥʦʩʪʝʡ ʚ ʤʘʬʬʠʥ-ʪʠʥ ʧʨʠʙʣʠʞʝʥʠʠ 

(ʧʦʪʝʥʮʠʘʣ ʩʯʠʪʘʝʪʩʷ ʩʬʝʨʠʯʝʩʢʠ ʩʠʤʤʝʪʨʠʯʥʳʤ ʚʦʢʨʫʛ ʘʪʦʤʦʚ ʠ ʧʦʩʪʦʷʥʥʳʤ 
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ʤʝʞʜʫ ʤʘʬʬʠʥ-ʪʠʥ ʩʬʝʨʘʤʠ) ʩ ʫʯʸʪʦʤ ʩʦʙʩʪʚʝʥʥʦʡ ʵʥʝʨʛʠʠ ʍʝʜʠʥʘ-

ʃʘʥʜʢʚʠʩʪʘ/ʂʫʠʥʘ ʜʣʷ ʚʦʟʙʫʞʜʸʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. 

ʅʝʧʝʨʝʢʨʳʚʘʶʱʠʝʩʷ ʤʘʬʬʠʥ-ʪʠʥ ʨʘʜʠʫʩʳ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚʨʫʯʥʫʶ ʠʣʠ 

ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʥʘ ʦʩʥʦʚʘʥʠʠ ʨʘʜʠʫʩʦʚ ʅʦʨʤʘʥʘ. ɸʚʪʦʤʘʪʠʯʝʩʢʦʝ ʧʝʨʝʢʨʳʪʠʝ 

ʤʘʬʬʠʥ-ʪʠʥ ʩʬʝʨ ʦʙʳʯʥʦ ʜʘʸʪ ʦʙʳʯʥʦ ʣʫʯʰʠʝ ʨʝʟʫʣʴʪʘʪʳ, ʯʝʤ ʚ ʩʣʫʯʘʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʝʟ ʫʯʸʪʘ ʧʝʨʝʢʨʳʪʠʷ. 

ɽʱʸ ʦʜʥʠʤ ʚʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʨʘʩʯʸʪʘ ʷʚʣʷʝʪʩʷ ʩʧʦʩʦʙ ʫʯʸʪʘ ʦʩʪʦʚʥʦʡ 

ʚʘʢʘʥʩʠʠ. ɺ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ FFFF9.6 ʵʪʦ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʪʨʝʤʷ ʩʧʦʩʦʙʘʤʠ: 

ʚʳʯʠʩʣʷʪʴ ʧʦʪʝʥʮʠʘʣʳ ʠ ʬʘʟʦʚʳʝ ʩʜʚʠʛʠ ʙʝʟ ʜʳʨʢʠ, ʩ ʫʯʸʪʦʤ ʯʘʩʪʠʯʥʦ 

ʵʢʨʘʥʠʨʦʚʘʥʥʦʡ ʜʳʨʢʠ (RPA) ʠʣʠ ʢʘʢ ʟʘʜʘʥʦ ʧʦ ʫʤʦʣʯʘʥʠʶ ʧʦ ʧʨʘʚʠʣʫ ʢʦʥʝʯʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ.  

ɼʨʫʛʦʡ ʧʘʨʘʤʝʪʨ, ʢʦʪʦʨʳʡ ʚʣʠʷʝʪ ʥʘ ʬʦʨʤʫ ʧʦʣʫʯʘʝʤʳʭ ʩʧʝʢʪʨʦʚ, ʵʪʦ ʪʠʧ 

ʦʙʤʝʥʥʦ-ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩʧʝʢʪʨʦʚ 

ʠ ʘʪʦʤʥʦʛʦ ʬʦʥʘ. ʇʦ ʫʤʦʣʯʘʥʠʶ ʧʨʠʤʝʥʷʝʪʩʷ ʧʦʪʝʥʮʠʘʣ ʍʝʜʠʥʘ-ʃʘʥʜʢʚʠʩʪʘ, 

ʢʦʪʦʨʳʡ ʭʦʨʦʰʦ ʟʘʨʝʢʦʤʝʥʜʦʚʘʣ ʩʝʙʷ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʧʨʠʣʦʞʝʥʠʡ. ɼʦʩʪʫʧʝʥ ʨʷʜ 

ʜʨʫʛʠʭ ʧʦʪʝʥʮʠʘʣʦʚ, ʢʦʪʦʨʳʝ ʚ ʦʩʥʦʚʥʦʤ ʠʤʝʶʪ ʦʪʣʠʯʠʷ ʚ ʤʥʠʤʦʡ ʯʘʩʪʠ. 

ʅʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʨʘʩʯʸʪʦʚ ʩʧʝʢʪʨʦʚ XANES ʠ lDOS ʩʣʝʜʫʶʱʠʡ ʵʪʘʧ - ʵʪʦ 

ʧʨʦʮʝʜʫʨʘ ʧʦʣʥʦʛʦ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʚ ʧʨʷʤʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʜʣʷ 

ʩʬʝʨʠʯʝʩʢʦʛʦ ʘʪʦʤʥʦʛʦ ʢʣʘʩʪʝʨʘ ʩ ʮʝʥʪʨʦʤ ʥʘ ʧʦʛʣʦʱʘʶʱʝʤ ʘʪʦʤʝ. ʅʘ ʜʘʥʥʦʤ 

ʵʪʘʧʝ ʧʨʦʠʩʭʦʜʠʪ ʩʫʤʤʠʨʦʚʘʥʠʝ ʚʩʝ ʧʫʪʠ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʚʥʫʪʨʠ 

ʩʠʩʪʝʤʳ. ʈʘʟʤʝʨ ʢʣʘʩʪʝʨʘ ʧʦʜʙʠʨʘʝʪʩʷ ʪʘʢ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʩʭʦʜʠʤʦʩʪʴ ʠ 

ʦʙʝʩʧʝʯʠʪʴ ʪʨʝʙʫʝʤʫʶ ʪʦʯʥʦʩʪʴ ʨʘʩʯʸʪʘ. ʕʪʘ ʯʘʩʪʴ ʨʘʩʯʸʪʘ ʷʚʣʷʝʪʩʷ ʩʘʤʦʡ 

ʚʨʝʤʷʟʘʪʨʘʪʥʦʡ, ʧʦʩʢʦʣʴʢʫ ʚʨʝʤʷ ʨʘʩʯʸʪʘ ʨʘʩʪʸʪ ʢʘʢ ʪʨʝʪʴʷ ʩʪʝʧʝʥʴ ʦʪ ʯʠʩʣʘ 

ʘʪʦʤʦʚ ʚ ʚʳʙʨʘʥʥʦʤ ʢʣʘʩʪʝʨʝ. ʅʦ ʨʘʟʨʘʙʦʪʯʠʢʘʤʠ ʧʨʦʛʨʘʤʤʳ ʧʨʝʜʣʦʞʝʥʳ ʜʚʘ 

ʚʘʨʠʘʥʪʘ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʚʨʝʤʷ ʨʘʩʯʸʪʘ ʜʣʷ ʘʪʦʤʥʳʭ ʢʣʘʩʪʝʨʦʚ, 

ʚʢʣʶʯʘʶʱʠʭ ʙʦʣʝʝ 100 ʘʪʦʤʦʚ, ï ʨʝʢʫʨʩʠʚʥʳʡ ʤʝʪʦʜ ʃʘʥʢʟʦʩʘ ʠ ʘʣʛʦʨʠʪʤ 

ɹʨʦʡʜʝʥʘ. ʂ ʧʣʶʩʘʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʚ 

ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʫʶ ʩʢʦʨʦʩʪʴ ʨʘʙʦʪʳ. 
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1.2.2 ʄʝʪʦʜ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ 

ɼʨʫʛʦʡ ʩʧʦʩʦʙ ʨʘʩʯʸʪʘ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ XANES 

ʦʩʥʦʚʘʥ ʥʘ ʨʝʰʝʥʠʠ ʫʨʘʚʥʝʥʠʷ ʐʨʸʜʠʥʛʝʨʘ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ. ɼʘʥʥʳʡ 

ʤʝʪʦʜ ʨʝʘʣʠʟʦʚʘʥ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ FDMnes [43]. ʇʨʦʛʨʘʤʤʘ ʨʘʟʨʘʙʦʪʘʥʘ 

ʀʚʦʤ ɾʦʣʠ ʠ ʆʘʥʦʡ ɹʦʥʶ ʚ ʫʥʠʚʝʨʩʠʪʝʪʝ ʅʠʣʷ, ʌʨʘʥʮʠʷ. ʂ ʦʩʥʦʚʥʳʤ 

ʧʨʝʠʤʫʱʝʩʪʚʘʤ ʧʨʦʛʨʘʤʤʳ FDMnes ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ FEFF ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʪʦ, ʯʪʦ 

ʦʥʘ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʟʘ ʨʘʤʢʘʤʠ ʤʘʬʬʠʥ-ʪʠʥ ʧʨʠʙʣʠʞʝʥʠʷ. 

ʉʝʯʝʥʠʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʦʧʠʩʳʚʘʝʪʩʷ çʟʦʣʦʪʳʤ ʧʨʘʚʠʣʦʤ 

ʌʝʨʤʠè ʠ ʜʠʧʦʣʴʥʳʡ ʤʘʪʨʠʯʥʳʡ ʵʣʝʤʝʥʪ ʜʣʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʝʨʝʭʦʜʘ ʤʦʞʝʪ ʙʳʪʴ 

ʟʘʧʠʩʘʥ ʢʘʢ: 

s Ὁ~ộȿϽἺȿ Ớ ϽὉ Ὁ Ὁ                                                                       (1.3) 

ʛʜʝ   ʵʪʦ ʚʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ ʦʩʪʦʚʥʦʛʦ ʵʣʝʢʪʨʦʥʘ,   ï ʚʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ 

ʥʝʟʘʥʷʪʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʘ   - ʧʦʣʷʨʠʟʘʮʠʷ ʬʦʪʦʥʘ. ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʝʯʝʥʠʷ 

ʧʦʛʣʦʱʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʯʠʪʘʪʴ ʩʦʩʪʦʷʥʠʷ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʚʦʟʙʫʞʜʘʪʴʩʷ 

ʬʦʪʦʵʣʝʢʪʨʦʥʦʤ. ɼʣʷ ʵʪʦʛʦ ʪʨʝʙʫʝʪʩʷ ʨʝʰʠʪʴ ʫʨʘʚʥʝʥʠʝ ʐʨʸʜʠʥʛʝʨʘ, ʫʨʘʚʥʝʥʠʝ 

ʐʨʜyʠʥʛʝʨʘ ʩ ʫʯʸʪʦʤ ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʵʬʬʝʢʪʦʚ ʠʣʠ ʫʨʘʚʥʝʥʠʝ ɼʠʨʘʢʘ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ ʧʦʛʣʦʱʘʶʱʝʛʦ ʘʪʦʤʘ. ʕʪʠ ʟʘʜʘʯʠ ʨʝʰʝʥʳ ʚ ʧʨʦʛʨʘʤʤʥʦʤ 

ʢʦʤʧʣʝʢʩʝ FDMNES ʧʫʪʸʤ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʘ ʧʦʣʥʦʛʦ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ 

ʠʣʠ ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ. 

ʄʝʪʦʜ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ (FDM ï Finite Difference Method) - ʭʦʨʦʰʦ 

ʠʟʚʝʩʪʥʳʡ ʧʦʜʭʦʜ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ, ʚ 

ʢʦʪʦʨʦʤ ʨʝʰʝʥʠʝ ʠʱʝʪʩʷ ʥʘ ʩʝʪʢʝ ʪʦʯʝʢ. ɺ ʩʣʫʯʘʝ XANES ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ 

ʫʨʘʚʥʝʥʠʝ ʐʨʸʜʠʥʛʝʨʘ ʜʣʷ ʩʬʝʨʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ ʚʦʢʨʫʛ ʧʦʛʣʦʱʘʶʱʝʛʦ ʘʪʦʤʘ ʜʣʷ 

ʢʣʘʩʪʝʨʘ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʜʝʩʷʪʢʘ ʠ ʠʥʦʛʜʘ ʩʦʪʥʠ ʘʪʦʤʦʚ. ɺ ʤʝʪʦʜʝ FDM 

ʧʨʦʩʪʨʘʥʩʪʚʦ ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʪʨʠ ʨʝʛʠʦʥʘ (ʨʠʩ. 1.10): 1ï ʚʥʝʰʥʷʷ ʩʬʝʨʘ ʟʘ 

ʧʨʝʜʝʣʘʤʠ ʘʪʦʤʥʦʛʦ ʢʣʘʩʪʝʨʘ, 2 ï  ʧʨʦʩʪʨʘʥʩʪʚʦ ʘʪʦʤʦʚ, ʩʦʩʪʦʷʱʝʝ ʠʟ ʦʯʝʥʴ ʤʘʣʳʭ 

ʩʬʝʨ ʚʦʢʨʫʛ ʘʪʦʤʥʳʭ ʷʜʝʨ (ʨʘʜʠʫʩ ʢʦʪʦʨʳʭ ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʙʦʣʝʝ 0,65 , ʥʘʤʥʦʛʦ 

ʤʝʥʴʰʝ ʯʝʤ ʦʙʳʯʥʳʡ ʨʘʟʤʝʨ  ʤʘʬʬʠʥ-ʪʠʥ  ʩʬʝʨʳ), ʠ 3 ï ʤʝʞʘʪʦʤʥʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʦ, ʥʘ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ ʐʨʸʜʠʥʛʝʨʘ  
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ʈʠʩʫʥʦʢ 1.10 ï ʉʭʝʤʘ ʨʘʟʜʝʣʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʘ ʥʘ ʦʙʣʘʩʪʠ ʧʨʠ ʨʘʩʯʸʪʘʭ ʩʧʝʢʪʨʦʚ 

ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ 

ʇʨʠ ʨʘʩʯʸʪʝ ʩʧʝʢʪʨʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʛʣʘʚʥʦʡ ʩʣʦʞʥʦʩʪʴ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʢʦʥʝʯʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʥʘʯʘʣʴʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʷʚʣʷʝʪʩʷ ʦʩʪʦʚʥʳʤ, ʠ ʧʦʵʪʦʤʫ ʝʛʦ ʣʝʛʯʝ ʚʳʯʠʩʣʠʪʴ, ʧʨʝʜʩʪʘʚʠʚ ʚ ʚʠʜʝ 

ʘʪʦʤʥʦʡ ʦʨʙʠʪʘʣʠ. ʆʧʝʨʘʪʦʨ ʧʝʨʝʭʦʜʘ ʤʝʞʜʫ ʥʘʯʘʣʴʥʳʤ ʠ ʢʦʥʝʯʥʳʤ ʩʦʩʪʦʷʥʠʷʤʠ 

ʪʘʢʞʝ ʣʝʛʢʦ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ.  ʄʝʪʦʜ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ ʚ ʧʨʦʛʨʘʤʤʥʦʤ 

ʢʦʤʧʣʝʢʩʝ FDMnes ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ ʢʦʥʝʯʥʳʭ 

ʩʦʩʪʦʷʥʠʡ, ʪʘʢ ʢʘʢ ʚʳʯʠʩʣʝʥʠʝ ʤʘʪʨʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠ ʩʫʤʤʠʨʦʚʘʥʠʝ ʧʦ ʢʦʥʝʯʥʳʤ 

ʩʦʩʪʦʷʥʠʷʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʩʝʯʝʥʠʷ ʬʦʪʦʧʦʛʣʦʱʝʥʠʷ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʦʩʦʙʳʭ 

ʩʣʦʞʥʦʩʪʝʡ. 

ɿʘʣʦʞʝʥʥʳʡ ʚ ʦʩʥʦʚʫ ʧʨʦʛʨʘʤʤʳ ʘʣʛʦʨʠʪʤ ʯʠʩʣʝʥʥʦ ʨʝʰʘʝʪ ʫʨʘʚʥʝʥʠʝ 

ʐʨʸʜʠʥʛʝʨʘ ʚʥʫʪʨʠ ʩʬʝʨʳ ʩ ʮʝʥʪʨʦʤ ʥʘ ʧʦʛʣʦʱʘʶʱʝʤ ʘʪʦʤʝ, ʯʪʦʙʳ ʥʘʡʪʠ 

ʥʝʠʟʚʝʩʪʥʳʝ ʚʦʣʥʦʚʳʝ ʬʫʥʢʮʠʠ ʚ ʪʦʯʢʘʭ ʪʨʸʭʤʝʨʥʦʡ ʩʝʪʢʠ. ɼʝʡʩʪʚʠʝ ʦʧʝʨʘʪʦʨʘ 

ʃʘʧʣʘʩʘ ʚ ʵʪʠʭ ʪʦʯʢʘʭ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ ʧʦʣʠʥʦʤʘʤʠ ʯʝʪʚʸʨʪʦʛʦ ʧʦʨʷʜʢʘ. ɺʪʦʨʳʝ 

ʧʨʦʠʟʚʦʜʥʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʚ ʨʷʜ ʊʝʡʣʦʨʘ, ʩʯʠʪʘʷ ʧʨʠ ʵʪʦʤ ʯʪʦ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʪʦʯʢʘʤʠ ʤʘʣʦ.  ɼʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʴʰʦʡ ʩʠʩʪʝʤʝ ʨʘʟʥʦʩʪʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʐʨʸʜʠʥʛʝʨʘ ʜʣʷ ʪʦʯʝʢ, ʢʦʪʦʨʳʝ ʣʝʞʘʪ ʚʥʫʪʨʠ ʩʬʝʨʳ.  

ɺʦʣʥʦʚʳʝ ʬʫʥʢʮʠʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʥʘ ʥʝʢʦʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʧʦʛʣʦʱʘʶʱʝʛʦ 
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ʘʪʦʤʘ, ʯʪʦʙʳ ʥʝ ʫʯʠʪʳʚʘʪʴ ʚʢʣʘʜʘ ʦʙʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ. ɺʦ ʚʥʝʰʥʝʡ ʢ ʩʬʝʨʝ 

ʦʙʣʘʩʪʠ ʚʳʧʦʣʥʷʝʪʩʷ ʧʨʦʮʝʜʫʨʘ ʨʘʟʣʦʞʝʥʠʷ ʧʦ ʩʬʝʨʠʯʝʩʢʠʤ ʚʦʣʥʘʤ, ʪʘʢ ʢʘʢ 

ʧʦʪʝʥʮʠʘʣ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʧʨʠʥʷʪʦ ʩʯʠʪʘʪʴ ʧʦʩʪʦʷʥʥʳʤ ʠʣʠ ʩʬʝʨʠʯʝʩʢʠ-

ʩʠʤʤʝʪʨʠʯʥʳʤ. ɺ ʩʠʣʫ ʪʦʛʦ, ʯʪʦ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʘ ʚʦʟʣʝ ʠʦʥʥʦʛʦ 

ʦʩʪʦʚʘ ʛʦʨʘʟʜʦ ʚʳʰʝ, ʯʝʤ ʤʝʞʜʫ ʜʚʫʤʷ ʠʦʥʘʤʠ, ʪʦ ʨʘʩʯʸʪ ʜʣʷ ʩʝʪʢʠ ʪʦʯʝʢ ʥʫʞʥʦ 

ʚʳʧʦʣʥʷʪʴ ʩ ʥʝʦʜʥʦʨʦʜʥʳʤ ʰʘʛʦʤ.  

ɺ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ FDMnes ʧʨʠʤʝʥʷʶʪʩʷ ʤʝʥʝʝ ʨʝʩʫʨʩʦʸʤʢʠʡ 

ʩʧʦʩʦʙ. ɺʥʫʪʨʠ ʩʬʝʨʳ ʛʜʝ ʧʨʠʤʝʥʷʝʪʩʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ 

ʧʦʪʝʥʮʠʘʣ ʪʦʞʝ ʥʝʦʜʥʦʨʦʜʥʳʡ: ʚ ʥʝʙʦʣʴʰʦʡ ʩʬʝʨʝ, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʚʙʣʠʟʠ 

ʘʪʦʤʥʳʭ ʦʩʪʦʚʦʚ ʦʥ ʧʨʘʢʪʠʯʝʩʢʠ ʩʬʝʨʠʯʝʩʢʠ-ʩʠʤʤʝʪʨʠʯʥʳʡ. ʇʨʦʛʨʘʤʤʘ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʝʛʦ ʚ ʪʘʢʦʤ ʫʧʨʦʱʸʥʥʦʤ ʚʠʜʝ. ʈʘʜʠʫʩ ʤʘʣʳʭ ʩʬʝʨ ʩʦʩʪʘʚʣʷʝʪ ~0,5 ¡, 

ʯʪʦ ʛʦʨʘʟʜʦ ʤʝʥʴʰʝ ʤʘʬʬʠʥ-ʪʠʥ ʩʬʝʨ. ɼʣʷ ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ ʪʦʯʝʢ ʥʘ ʛʨʘʥʠʮʝ 

ʠʦʥʥʳʭ ʠ ʚʥʝʰʥʠʭ ʩʬʝʨ ʧʨʠʤʝʥʷʶʪʩʷ ʨʘʟʥʳʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ ʠ 

ʨʘʟʣʦʞʝʥʠʷ ʧʦ ʩʬʝʨʠʯʝʩʢʠʤ ʛʘʨʤʦʥʠʢʘʤ. 

ʅʘ ʦʩʥʦʚʝ ʧʨʠʙʣʠʞʝʥʠʷ ʣʦʢʘʣʴʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʤʦʞʥʦ 

ʦʧʨʝʜʝʣʠʪʴ ʧʦʪʝʥʮʠʘʣ. ɺʥʘʯʘʣʝ ʩʦʟʜʘʸʪʩʷ ʩʫʧʝʨʧʦʟʠʮʠʷ ʘʪʦʤʥʳʭ ʧʣʦʪʥʦʩʪʝʡ ʩ 

ʟʘʜʘʥʥʦʡ ʟʘʩʝʣʸʥʥʦʩʪʴʶ ʜʦʷ ʦʨʙʠʪʘʣʝʡ ʚʩʝʭ ʘʪʦʤʦʚ. ɿʘʪʝʤ ʨʘʩʯʸʪ ʫʪʦʯʥʷʝʪʩʷ ʟʘ 

ʧʫʪʸʤ ʚʢʣʶʯʝʥʠʷ ʩʚʷʟʝʡ ʠʣʠ ʦʧʨʝʜʝʣʸʥʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ. ʆʙʳʯʥʦ 

ʜʣʷ ʩʧʝʢʪʨʦʚ XANES ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʦʥʬʠʛʫʨʘʮʠʠ ʵʣʝʢʪʨʦʥʥʳʭ ʦʙʦʣʦʯʝʢ 

ʥʝʡʪʨʘʣʴʥʳʭ ʘʪʦʤʦʚ.  ɼʘʣʝʝ ʯʨʝʟ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ ʇʫʘʩʩʦʥʘ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʢʫʣʦʥʦʚʩʢʠʡ ʧʦʪʝʥʮʠʘʣ, ʘ ʦʙʤʝʥʥʦ-ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʧʦʣʫʯʘʝʪʩʷ ʚ ʧʦʜʭʦʜʝ ʍʝʜʠʥʘ 

ï ʃʘʥʜʢʚʠʩʪʘ. 

ʇʨʦʛʨʘʤʤʘ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʸʪʳ ʩ ʫʯʸʪʦʤ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʯʪʦ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʧʝʢʪʨʦʚ f-ʵʣʝʤʝʥʪʦʚ.  ʂʨʦʤʝ 

ʪʦʛʦ, ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ FDMnes ʤʦʞʥʦ ʧʨʠʤʝʥʷʪʴ ʧʨʦʮʝʜʫʨʫ 

ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʠʷ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʫʨʦʚʥʷ ʌʝʨʤʠ (Ef). 

ʇʦʣʦʞʝʥʠʝ ʫʨʦʚʥʷ ʌʝʨʤʠ ʧʨʠʤʝʥʷʝʪʩʷ ʧʨʠ çʨʘʟʤʳʪʠʠè (convolution) 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ. ɼʘʥʥʘʷ ʧʨʦʮʝʜʫʨʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʠʟ ʜʠʩʢʨʝʪʥʦʛʦ 

ʥʘʙʦʨʘ ʪʦʯʝʢ ʧʦʣʫʯʘʝʪʩʷ ʛʣʘʜʢʘʷ ʢʨʠʚʘʷ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʩʨʘʚʥʠʚʘʪʴ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʩʧʝʢʪʨʦʤ. ʀʥʪʝʥʩʠʚʥʦʩʪʠ ʚʩʝʭ ʵʣʝʢʪʨʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ ʥʠʞʝ 
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ʫʨʦʚʥʷ ʌʝʨʤʠ ʦʙʥʫʣʷʶʪʩʷ, ʧʨʠ ʵʪʦʤ ʚʳʯʠʩʣʷʝʪʩʷ ʵʥʝʨʛʦʟʘʚʠʩʠʤʦʝ ʫʰʠʨʝʥʠʝ ʧʦ 

ʬʦʨʤʫʣʝ ʘʨʢʪʘʥʛʝʥʩʘ ʧʨʠ ʟʘʜʘʥʥʦʡ Ef ʠ ʚʝʣʠʯʠʥʝ ʰʠʨʠʥʳ ʦʩʪʦʚʥʦʡ ʚʘʢʘʥʩʠʠ ʧʨʠ 

ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʠ.  

ː  ː ː   ÁÒÃÔÁÎ
 ː

Ὡ ,                                                 (1.4) 

ʛʜʝ ː   - ʤʘʢʩʠʤʘʣʴʥʘʷ ʰʠʨʠʥʘ ʚ ʢʦʥʝʯʥʦʤ ʩʦʩʪʦʷʥʠʠ,  Ὁ  ï  ʮʝʥʪʨ ʬʫʥʢʮʠʠ 

ʘʨʢʪʘʥʛʝʥʩʘ,  Ὁ  ï ʰʠʨʠʥʘ ʬʫʥʢʮʠʠ ʘʨʢʪʘʥʛʝʥʩʘ,  
 ː

  - ʛʣʫʙʠʥʘ ʚ ʮʝʥʪʨʝ 

ʘʨʢʪʘʥʛʝʥʩʘ ʠ Ὡ . 

ɼʣʷ ʫʯʸʪʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʫʰʠʨʝʥʠʷ ʩʧʝʢʪʨʘ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʤʝʥʷʪʴ 

ʢʣʶʯʝʚʦʝ ʩʣʦʚʦ   Gaussian, ʪʦʛʜʘ h ʠʨʠʥʘ ʨʘʟʤʘʟʢʠ ʙʫʜʝʪ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʵʥʝʨʛʠʠ.  

ʈʘʥʝʝ ʨʘʩʯʸʪʳ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ FDMnes ʙʳʣʠ ʚʝʩʴʤʘ 

ʚʨʝʤʷʟʘʪʨʘʪʥʳʤʠ.  ʕʪʦʪ ʥʝʜʦʩʪʘʪʦʢ ʫʜʘʣʦʩʴ ʫʩʪʨʘʥʠʪʴ ʩ ʧʦʤʦʱʴʶ ʚʥʝʜʨʝʥʠʷ 

ʨʝʰʘʪʝʣʷ MUMPS (MU ltifrontal Massively Parallel Solver).  ɼʘʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ 

ʧʘʢʝʪ ʧʦʟʚʦʣʷʝʪ ʨʝʰʘʪʴ ʩʠʩʪʝʤʳ ʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ ʧʦʩʨʝʜʩʪʚʦʤ ʧʨʷʤʦʛʦ 

ʤʝʪʦʜʘ. ʈʝʰʘʪʝʣʴ MUMPS ʵʬʬʝʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʝʪ ʨʝʩʫʨʩʳ ʤʥʦʛʦʷʜʝʨʥʦʛʦ 

ʧʨʦʮʝʩʩʘ ʠ ʠʤʝʝʪ ʥʝʚʳʩʦʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʢʦʣʠʯʝʩʪʚʫ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ. ʊʝʧʝʨʴ, 

ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ ɻʫʜʳ ʉ.ɸ. ʠ ʩʦʘʚʪʦʨʦʚ [44] ʚʨʝʤʷ ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ 

ʨʘʩʯʸʪʘ ʩʧʝʢʪʨʘ XANES ʥʘ ʦʜʥʦʤ ʷʜʨʝ ʫʤʝʥʴʰʘʝʪʩʷ ʦʪ 16 ʜʦ 36 ʨʘʟ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʨʘʟʤʝʨʘ ʤʘʪʨʠʮʳ, ʥʝ ʪʨʝʙʫʷ ʧʨʠ ʵʪʦʤ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʦʙʲʸʤʘ ʦʧʝʨʘʪʠʚʥʦʡ 

ʧʘʤʷʪʠ. 
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2  ʃʦʢʘʣʴʥʘʷ ʘʪʦʤʥʘʷ ʠ ʵʣʝʢʪʨʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ  

ʦʢʩʠʜʦʚ ʠ ʥʠʪʨʘʪʦʚ Cu, Zn ʠ Pb ʚ ʧʦʯʚʝ 

ʈʘʟʚʠʪʠʝ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʪʨʘʥʩʧʦʨʪʘ, ʵʥʝʨʛʝʪʠʢʠ, ʠʥʜʫʩʪʨʠʘʣʠʟʘʮʠʷ 

ʩʝʣʴʩʢʦʛʦ ʭʦʟʷʡʩʪʚʘ ʧʨʠʚʦʜʷʪ ʢ ʪʦʤʫ, ʯʪʦ ʘʥʪʨʦʧʦʛʝʥʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ 

ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ ʨʝʟʢʦ ʚʦʟʨʦʩʣʦ ʠ ʧʨʝʚʳʰʘʝʪ ʝʸ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʡ ʧʦʪʝʥʮʠʘʣ, 

ʯʪʦ ʚʣʝʯʸʪ ʟʘ ʩʦʙʦʡ ʥʝʦʙʨʘʪʠʤʳʝ ʠʟʤʝʥʝʥʠʷ ʧʨʠʨʦʜʥʦʡ ʩʨʝʜʳ. ɺ ʯʘʩʪʥʦʩʪʠ, ʦʩʦʙʦ 

ʚʘʞʥʳʤ ʚʦʧʨʦʩʦʤ ʩ ʵʢʦʣʦʛʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʷʚʣʷʝʪʩʷ ʟʘʛʨʷʟʥʝʥʠʝ ʧʦʯʚʳ 

ʪʷʞʸʣʳʤʠ ʤʝʪʘʣʣʘʤʠ [45].  ʇʦ ʢʨʘʡʥʝʡ ʤʝʨʝ ʥʘ ʵʪʦ ʝʩʪʴ ʜʚʝ ʜʦʩʪʘʪʦʯʥʦ ʚʝʩʦʤʳʝ 

ʧʨʠʯʠʥʳ: ʚʦ-ʧʝʨʚʳʭ, ʵʪʦ ʪʦ, ʯʪʦ ʣʶʜʠ ʫʧʦʪʨʝʙʣʷʶʪ ʚ ʧʠʱʫ ʧʨʦʜʫʢʪʳ, ʚʳʨʘʱʝʥʥʳʝ 

ʥʘ ʪʘʢʦʡ ʟʝʤʣʝ, ʘ ʚʦ-ʚʪʦʨʳʭ ï ʟʘʛʨʷʟʥʸʥʥʳʝ ʪʝʨʨʠʪʦʨʠʠ ʜʝʣʘʶʪ ʧʦʯʚʫ ʥʝ ʧʨʠʛʦʜʥʦʡ 

ʜʣʷ ʩʝʣʴʩʢʦʭʦʟʷʡʩʪʚʝʥʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʚ ʫʩʣʦʚʠʷʭ 

ʜʝʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʠʨʦʩʪʘ ʥʘʩʝʣʝʥʠʷ ʥʝʛʘʪʠʚʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʵʢʦʥʦʤʠʢʝ ʠ 

ʫʨʦʚʥʝ ʞʠʟʥʠ ʣʶʜʝʡ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʟʚʝʩʪʥʦ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ ʦʧʨʝʜʝʣʝʥʠʡ ʪʝʨʤʠʥʘ 

ʪʷʞʸʣʳʝ ʤʝʪʘʣʣʳ, ʥʦ ʥʠ ʦʜʥʦ ʠʟ ʥʠʭ ʥʝ ʷʚʣʷʝʪʩʷ ʦʙʱʝʧʨʠʥʷʪʳʤ, ʧʦʵʪʦʤʫ ʩʦʛʣʘʩʥʦ 

ʨʘʟʥʳʤ ʦʧʨʝʜʝʣʝʥʠʷʤ ʩʧʠʩʦʢ ʪʷʞʸʣʳʭ ʤʝʪʘʣʣʦʚ ʙʫʜʝʪ ʚʢʣʶʯʘʪʴ ʨʘʟʥʳʝ ʵʣʝʤʝʥʪʳ.  

ʊʨʘʜʠʮʠʦʥʥʦ ʧʦʜ ʪʝʨʤʠʥʦʤ ʪʷʞʸʣʳʝ ʤʝʪʘʣʣʳ ʧʦʥʠʤʘʝʪʩʷ ʛʨʫʧʧʘ ʭʠʤʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ ʩʦ ʩʚʦʡʩʪʚʘʤʠ ʤʝʪʘʣʣʦʚ, ʠʤʝʶʱʠʝ ʟʥʘʯʠʪʝʣʴʥʳʡ ʘʪʦʤʥʳʡ ʚʝʩ ʠ 

ʧʣʦʪʥʦʩʪʴ.  ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ ʠ ʙʠʦʣʦʛʠʯʝʩʢʠʝ 

ʦʙʲʝʢʪʳ, ʧʦʜ ʪʷʞʸʣʳʤʠ ʤʝʪʘʣʣʘʤʠ ʧʦʜʨʘʟʫʤʝʚʘʶʪ ʵʣʝʤʝʥʪʳ, ʢʦʪʦʨʳʝ ʦʙʣʘʜʘʶʪ 

ʪʦʢʩʠʯʝʩʢʠʤ ʚʦʟʜʝʡʩʪʚʠʝʤ (ʢʦʙʘʣʴʪ, ʤʝʜʴ, ʭʨʦʤ, ʞʝʣʝʟʦ, ʤʘʛʥʠʡ, ʤʘʨʛʘʥʝʮ, ʥʠʢʝʣʴ, 

ʮʠʥʢ) [46]. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ, ʢ ʪʷʞʸʣʳʤ ʤʝʪʘʣʣʘʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʝʱʸ ʠ ʤʝʪʘʣʣʦʠʜʳ, 

ʥʘʧʨʠʤʝʨ, ʤʳʰʴʷʢ, ʢʦʪʦʨʳʡ ʧʨʦʷʚʣʷʝʪ ʪʦʢʩʠʯʥʦʩʪʴ ʜʘʞʝ ʚ ʥʝʙʦʣʴʰʠʭ 

ʢʦʥʮʝʥʪʨʘʮʠʷʭ. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʚʩʝ ʙʦʣʴʰʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʶʪ ʵʢʦʣʦʛʠʯʝʩʢʠʤ ʠ 

ʛʣʦʙʘʣʴʥʳʤ ʧʨʦʙʣʝʤʘʤ ʦʙʱʝʩʪʚʝʥʥʦʛʦ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ, ʩʚʷʟʘʥʥʳʤ ʩ 

ʟʘʛʨʷʟʥʝʥʠʝʤ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʤʝʪʘʣʣʘʤʠ, ʪʘʢ ʢʘʢ ʨʝʟʢʦ ʚʦʟʨʦʩʣʠ ʦʙʲʸʤʳ [47] 

ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʦʤʳʰʣʝʥʥʳʭ, ʩʝʣʴʩʢʦʭʦʟʷʡʩʪʚʝʥʥʳʭ, ʙʳʪʦʚʳʭ ʠ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʷʭ (ʨʠʩ. 2.1). 
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ʈʠʩʫʥʦʢ 2.1 ï ɽʞʝʛʦʜʥʘʷ (1850-1990ʛʛ.) ʜʦʙʳʯʘ ʠ ʵʤʠʩʩʠʷ ʥʝʢʦʪʦʨʳʭ ʪʷʞʸʣʳʭ 

ʤʝʪʘʣʣʦʚ (Cu, Zn, Pb) 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʪʷʞʸʣʳʝ ʤʝʪʘʣʣʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʠʨʦʜʥʳʝ 

ʵʣʝʤʝʥʪʳ, ʢʦʪʦʨʳʝ ʚʩʪʨʝʯʘʶʪʩʷ ʧʦ ʚʩʝʡ ʟʝʤʥʦʡ ʢʦʨʝ, ʜʦʤʠʥʠʨʫʶʱʝʝ ʟʘʛʨʷʟʥʝʥʠʝ 

ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʠ ʩʦʧʫʪʩʪʚʫʶʱʝʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʯʝʣʦʚʝʢʘ ʷʚʣʷʶʪʩʷ 

ʨʝʟʫʣʴʪʘʪʦʤ ʘʥʪʨʦʧʦʛʝʥʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ: ʜʦʙʳʯʘ ʠ ʧʣʘʚʢʘ, ʧʨʦʤʳʰʣʝʥʥʦʝ 

ʧʨʦʠʟʚʦʜʩʪʚʦ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ, ʘ ʪʘʢʞʝ ʚʥʫʪʨʝʥʥʝʝ ʠ ʩʝʣʴʩʢʦʭʦʟʷʡʩʪʚʝʥʥʦʝ 

ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʘʣʣʦʚ ʠ ʤʝʪʘʣʣʦʩʦʜʝʨʞʘʱʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʢʘʢ ʚ ʢʘʯʝʩʪʚʝ ʫʜʦʙʨʝʥʠʡ 

ʪʘʢ ʠ ʚ ʢʘʯʝʩʪʚʝ ʧʝʩʪʠʮʠʜʦʚ [48, 49].  

ɺ ʥʝʙʦʣʴʰʠʭ ʢʦʣʠʯʝʩʪʚʘʭ ʪʘʢʠʝ ʤʝʪʘʣʣʳ, ʢʘʢ ʢʦʙʘʣʴʪ (Co), ʤʝʜʴ (Cu), ʭʨʦʤ 

(Cr), ʞʝʣʝʟʦ (Fe), ʤʘʛʥʠʡ (Mg), ʤʘʨʛʘʥʝʮ (Mn), ʤʦʣʠʙʜʝʥ (Mo), ʥʠʢʝʣʴ (Ni), ʩʝʣʝʥ 

(Se) ʠ ʮʠʥʢ (Zn) ʩʦʜʝʨʞʘʪʩʷ ʚ ʦʨʛʘʥʠʟʤʝ ʯʝʣʦʚʝʢʘ ʠ ʷʚʣʷʶʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤʠ 

ʤʠʢʨʦʵʣʝʤʝʥʪʘʤʠ, ʢʦʪʦʨʳʝ ʚʘʞʥʳ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʙʠʦʭʠʤʠʯʝʩʢʠʭ ʠ 

ʬʠʟʠʦʣʦʛʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ 

ʟʜʦʨʦʚʴʝ ʯʝʣʦʚʝʢʘ ʦʢʘʟʳʚʘʝʪ ʢʘʢ ʥʝʭʚʘʪʢʘ, ʪʘʢ ʠ ʧʝʨʝʠʟʙʳʪʦʢ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ, 

ʚʳʟʳʚʘʷ ʨʘʟʣʠʯʥʳʝ ʟʘʙʦʣʝʚʘʥʠʷ ʠʣʠ ʩʠʥʜʨʦʤ ʜʝʬʠʮʠʪʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [50]. ɼʣʷ 

ʢʘʞʜʦʛʦ ʤʠʢʨʦʵʣʝʤʝʥʪʘ ʝʩʪʴ ʧʨʝʜʝʣʴʥʦ-ʜʦʧʫʩʪʠʤʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ, ʦʪʢʣʦʥʝʥʠʝ ʦʪ 
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ʢʦʪʦʨʦʡ ʚ ʪʫ ʠʣʠ ʠʥʫʶ ʩʪʦʨʦʥʫ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʘ ʟʜʦʨʦʚʴʝ ʯʝʣʦʚʝʢʘ. ʇʦʩʢʦʣʴʢʫ 

ʟʜʝʩʴ ʚ ʨʘʙʦʪʝ ʤʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʩʦʝʜʠʥʝʥʠʷ Cu, Zn ʠ Pb, ʪʦ ʧʨʠʚʝʜʸʤ ʧʨʝʜʝʣʴʥʦ 

ʜʦʧʫʩʪʠʤʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʪʦʣʴʢʦ ʜʣʷ ʥʠʭ. ʇʦ ʜʘʥʥʳʤ ɺʩʝʤʠʨʥʦʡ ʦʨʛʘʥʠʟʘʮʠʠ 

ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ (World Health Organization), ʙʝʟʦʧʘʩʥʳʤʠ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ 

ʧʦʪʨʝʙʣʝʥʠʷ ʤʝʪʘʣʣʦʚ ʚ ʥʝʜʝʣʶ ʚ ʨʘʩʯʸʪʝ ʥʘ ʢʠʣʦʛʨʘʤʤ ʚʝʩʘ ʷʚʣʷʶʪʩʷ: Cu ï 3500 

ʤʢʛ/ʢʛ, Zn ï 7000 ʤʢʛ/ʢʛ, Pb ï 25 ʤʢʛ/ʢʛ. ʇʦʩʢʦʣʴʢʫ ʜʘʥʥʳʝ ʤʠʢʨʦʵʣʝʤʝʥʪʳ 

ʧʦʩʪʫʧʘʶʪ ʚ ʦʨʛʘʥʠʟʤ ʯʝʣʦʚʝʢʘ ʚʤʝʩʪʝ ʩ ʧʨʦʜʫʢʪʘʤʠ ʧʠʪʘʥʠʷ, ʥʝʤʘʣʦʚʘʞʥʳʤ 

ʷʚʣʷʝʪʩʷ, ʯʪʦʙʳ ʦʥʠ ʧʨʦʠʟʨʘʩʪʘʣʠ ʥʘ ʥʝʟʘʛʨʷʟʥʸʥʥʳʭ ʪʝʨʨʠʪʦʨʠʷʭ. 

ʊʝʭʥʦʛʝʥʥʘʷ ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʧʦʩʦʙʩʪʚʫʝʪ ʟʘʛʨʷʟʥʝʥʠʶ ʠ 

ʫʥʠʯʪʦʞʝʥʠʶ ʧʣʦʜʦʨʦʜʥʦʛʦ ʩʣʦʷ ʧʦʯʚʳ (ʛʫʤʫʩʘ). ʇʦʯʚʳ ʚʦʢʨʫʛ ʙʦʣʴʰʠʭ ʛʦʨʦʜʦʚ 

ʠ ʢʨʫʧʥʳʭ ʧʨʝʜʧʨʠʷʪʠʡ ʮʚʝʪʥʦʡ ʠ ʧʨʦʤʳʰʣʝʥʥʦʡ ʤʝʪʘʣʣʫʨʛʠʠ, ʭʠʤʠʯʝʩʢʦʡ ʠ 

ʥʝʬʪʝʭʠʤʠʯʝʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʤʘʰʠʥʦʩʪʨʦʝʥʠʷ, ʊʕʉ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʚ 

ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ ʢʠʣʦʤʝʪʨʦʚ ʟʘʛʨʷʟʥʝʥʳ ʪʷʞʸʣʳʤʠ ʤʝʪʘʣʣʘʤʠ, 

ʥʝʬʪʝʧʨʦʜʫʢʪʘʤʠ, ʩʦʝʜʠʥʝʥʠʷʤʠ ʩʚʠʥʮʘ, ʩʝʨʳ ʠ ʜʨʫʛʠʤʠ ʪʦʢʩʠʯʝʩʢʠʤʠ 

ʚʝʱʝʩʪʚʘʤʠ [45].    

ʉʠʣʴʥʦʝ ʟʘʛʨʷʟʥʝʥʠʝ ʧʦʯʚʳ ʪʷʞʸʣʳʤʠ ʤʝʪʘʣʣʘʤʠ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ 

ʩʦʩʪʘʚʘ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ ʠ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʪʝʭʥʦʛʝʥʥʳʭ ʧʫʩʪʳʥʴ. ʀʟʤʝʥʝʥʠʝ 

ʩʦʜʝʨʞʘʥʠʷ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ ʚ ʧʦʯʚʝ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʟʜʦʨʦʚʴʝ ʪʨʘʚʦʷʜʥʳʭ 

ʞʠʚʦʪʥʳʭ ʠ ʯʝʣʦʚʝʢʘ, ʧʨʠʚʦʜʠʪ ʢ ʥʘʨʫʰʝʥʠʶ ʦʙʤʝʥʘ ʚʝʱʝʩʪʚ, ʚʳʟʳʚʘʝʪ 

ʨʘʟʣʠʯʥʳʝ ʵʥʜʝʤʠʯʝʩʢʠʝ ʟʘʙʦʣʝʚʘʥʠʷ ʤʝʩʪʥʦʛʦ ʭʘʨʘʢʪʝʨʘ. ʆʯʠʩʪʢʘ ʧʦʯʚʳ ʦʪ 

ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʥʝʚʦʟʤʦʞʥʘ ï ʩʘʤʦʦʯʠʱʝʥʠʝ ʝʩʪʝʩʪʚʝʥʥʳʤ ʧʫʪʸʤ ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʪʳʩʷʯ ʣʝʪ [51, 52]. 

ʋʯʠʪʳʚʘʷ ʚʩʝ ʵʪʠ ʬʘʢʪʳ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʦʨʙʮʠʦʥʥʳʭ 

ʩʚʦʡʩʪʚ ʧʦʯʚʳ ʧʨʠʜʘʣʠ ʦʩʦʙʝʥʥʦʝ ʟʥʘʯʝʥʠʝ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʦʧʨʝʜʝʣʷʶʪ ʧʦʚʝʜʝʥʠʝ 

ʚ ʣʘʥʜʰʘʬʪʝ ʚʩʝʭ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ, ʚʢʣʶʯʘʷ ʪʷʞʸʣʳʝ ʤʝʪʘʣʣʳ, 

ʨʘʜʠʦʥʫʢʣʠʜʳ, ʦʨʛʘʥʠʯʝʩʢʠʝ ʚʝʱʝʩʪʚʘ, ʧʦʚʳʰʝʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʢʦʪʦʨʳʭ 

ʦʢʘʟʳʚʘʶʪ ʪʦʢʩʠʯʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʙʠʦʪʫ [53]. ʆʪ ʩʦʨʙʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʧʦʯʚ ʟʘʚʠʩʠʪ 

ʢʦʣʠʯʝʩʪʚʦ ʧʦʣʣʶʪʘʥʪʦʚ, ʢʦʪʦʨʦʝ ʧʦʩʪʫʧʘʝʪ ʚ ʛʨʫʥʪʦʚʳʝ ʠ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʚʦʜʳ, ʚ 

ʧʠʱʝʚʳʝ ʮʝʧʠ [54]. 
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ʆʮʝʥʢʘ ʵʢʦʣʦʛʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʟʘʛʨʷʟʥʸʥʥʳʭ ʧʦʯʚ ʩʚʦʜʠʪʩʷ ʢ ʚʳʷʚʣʝʥʠʶ 

ʥʝ ʩʪʦʣʴʢʦ ʫʚʝʣʠʯʝʥʠʷ ʚ ʥʠʭ ʦʙʱʝʛʦ ʩʦʜʝʨʞʘʥʠʷ ʤʝʪʘʣʣʦʚ, ʩʢʦʣʴʢʦ ʢ 

ʫʩʪʘʥʦʚʣʝʥʠʶ ʠʭ ʧʦʜʚʠʞʥʦʩʪʠ [55, 56]. ʄʝʪʘʣʣʳ ʪʝʭʥʦʛʝʥʥʦʛʦ ʧʨʦʠʩʭʦʞʜʝʥʠʷ, 

ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝ ʦʙʨʘʟʫʶʪ ʩʦʙʩʪʚʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʟʘʛʨʷʟʥʸʥʥʳʭ ʧʦʯʚʘʭ, ʘ 

ʚʩʪʫʧʘʶʪ ʚʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʢʦʤʧʦʥʝʥʪʘʤʠ ʛʝʪʝʨʦʛʝʥʥʦʡ ʧʦʯʚʝʥʥʦʡ ʩʠʩʪʝʤʳ, 

ʫʯʘʩʪʚʫʷ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʨʦʪʝʢʘʶʱʠʭ ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ. ʆʥʠ 

ʚʭʦʜʷʪ ʚ ʩʦʩʪʘʚ ʦʙʤʝʥʥʳʭ ʢʘʪʠʦʥʦʚ, ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, 

ʠʟʦʤʦʨʬʥʳʭ ʧʨʠʤʝʩʝʡ ʚ ʩʪʨʫʢʪʫʨʘʭ ʛʣʠʥʠʩʪʳʭ ʤʠʥʝʨʘʣʦʚ ʠ ʪ.ʜ. ʕʪʠ ʧʨʦʮʝʩʩʳ 

ʦʙʝʩʧʝʯʠʚʘʶʪ ʧʨʦʯʥʦʩʪʴ ʫʜʝʨʞʠʚʘʥʠʷ ʤʝʪʘʣʣʦʚ ʧʦʯʚʝʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ, ʠʭ 

ʤʠʛʨʘʮʠʶ ʠ ʘʢʢʫʤʫʣʷʮʠʶ ʚ ʣʘʥʜʰʘʬʪʘʭ [57]. 

ʆʧʨʝʜʝʣʝʥʠʝ ʩʦʩʪʘʚʘ ʩʦʝʜʠʥʝʥʠʡ ʤʝʪʘʣʣʦʚ, ʫʜʝʨʞʠʚʘʝʤʳʭ ʧʦʯʚʝʥʥʳʤʠ 

ʢʦʤʧʦʥʝʥʪʘʤʠ ʩ ʨʘʟʥʦʡ ʧʨʦʯʥʦʩʪʴʶ, ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʚʘʞʥʝʡʰʠʭ ʟʘʜʘʯ ʠ ʚ 

ʛʝʦʭʠʤʠʯʝʩʢʠʭ, ʠ ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʮʝʣʷʭ. ʇʨʦʯʥʦ ʩʚʷʟʘʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ 

ʦʙʝʩʧʝʯʠʚʘʶʪ ʘʢʢʫʤʫʣʷʮʠʶ ʪʷʞʸʣʳʭ ʤʝʪʘʣʣʦʚ ʧʦʯʚʘʤʠ [58]. ʅʝʧʨʦʯʥʦ 

ʫʜʝʨʞʠʚʘʝʤʳʝ ʩʦʝʜʠʥʝʥʠʷ ʦʙʫʩʣʦʚʣʠʚʘʶʪ ʩʧʦʩʦʙʥʦʩʪʴ ʤʝʪʘʣʣʦʚ ʢ ʤʠʛʨʘʮʠʠ [58]. 

ʆʪ ʧʦʩʣʝʜʥʠʭ ʟʘʚʠʩʠʪ ʚʦʜʥʘʷ ʠ ʙʠʦʛʝʥʥʘʷ ʤʠʛʨʘʮʠʷ ʤʝʪʘʣʣʦʚ ʚ ʧʦʯʚʘʭ. ʇʦʵʪʦʤʫ 

ʵʪʠ ʩʦʝʜʠʥʝʥʠʷ ʥʘʟʳʚʘʶʪ ʧʦʜʚʠʞʥʳʤʠ ʠʣʠ ʧʦʪʝʥʮʠʘʣʴʥʦ ʧʦʜʚʠʞʥʳʤʠ. 

ʇʨʠʩʫʪʩʪʚʠʝ ʠʭ ʚ ʧʦʯʚʝ ʚ ʢʦʣʠʯʝʩʪʚʘʭ, ʦʪʣʠʯʥʳʭ ʦʪ ʦʧʪʠʤʘʣʴʥʳʭ ʚʳʟʳʚʘʝʪ 

ʫʭʫʜʰʝʥʠʝ ʢʘʯʝʩʪʚʘ ʧʨʠʨʦʜʥʳʭ ʚʦʜ ʠ ʨʘʩʪʝʥʠʡ. 

ʊʨʘʜʠʮʠʦʥʥʦ ʬʦʨʤʳ ʪʷʞʸʣʳʭ ʤʝʪʘʣʣʦʚ ʚ ʧʦʯʚʘʭ ʘʥʘʣʠʟʠʨʫʶʪʩʷ ʢʦʩʚʝʥʥʦ, 

ʧʫʪʸʤ ʭʠʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʧʨʠʚʣʝʯʝʥʠʷ ʤʝʪʦʜʦʚ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʩʯʸʪʘ. ʉ 60-ʭ ʛʦʜʦʚ ʧʨʦʰʣʦʛʦ ʚʝʢʘ ʧʦʯʚʝʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ 

ʪʷʞʸʣʳʭ ʤʝʪʘʣʣʦʚ ʟʘʯʘʩʪʫʶ ʦʧʨʝʜʝʣʷʶʪ ʵʢʩʪʨʘʢʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ. ɺ ʦʩʥʦʚʝ 

ʵʪʠʭ ʤʝʪʦʜʦʚ ï ʧʨʠʤʝʥʝʥʠʝ ʵʢʩʪʨʘʛʝʥʪʦʚ, ʢʦʪʦʨʳʝ ʧʝʨʝʚʦʜʷʪ ʚ ʨʘʩʪʚʦʨ ʩʦʝʜʠʥʝʥʠʷ 

ʤʝʪʘʣʣʦʚ, ʫʜʝʨʞʠʚʘʝʤʳʭ ʪʚʝʨʜʦʬʘʟʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ  ʧʦʯʚ ʟʘ ʩʯʸʪ ʨʘʟʥʳʭ 

ʤʝʭʘʥʠʟʤʦʚ ʠ ʩ ʨʘʟʥʦʡ ʧʨʦʯʥʦʩʪʴʶ [59]. ʇʨʠ ɻʪʦʤ ʜʝʡʩʪʚʠʝ ʵʢʩʪʨʘʛʝʥʪʦʚ ʥʝ 

ʷʚʣʷʝʪʩʷ ʩʪʨʦʛʦ ʩʝʣʝʢʪʠʚʥʳʤ. ʅʦ ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʶʪʩʷ ʧʨʷʤʳʝ 

ʤʝʪʦʜʳ ʦʧʨʝʜʝʣʝʥʠʷ ʬʦʨʤ ʪʷʞʸʣʳʭ ʤʝʪʘʣʣʦʚ ʠ ʤʝʪʘʣʣʦʠʜʦʚ ʚ ʧʦʯʚʘʭ. ʉʨʝʜʠ ʥʠʭ 

ʚʝʜʫʱʝʝ ʤʝʩʪʦ ʟʘʥʠʤʘʶʪ ʤʝʪʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʧʨʠʤʝʥʝʥʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ: ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʳʡ ʘʥʘʣʠʟ (XFS) [60, 61], ʨʝʥʪʛʝʥʦʚʩʢʘʷ 
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ʜʠʬʨʘʢʮʠʷ (XRD) [62], ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʬʦʪʦʵʤʠʩʩʠʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ (XPS)[63]. 

ʊʘʢʞʝ ʜʣʷ ʠʟʫʯʝʥʠʷ ʬʘʟ ʪʷʞʸʣʳʭ ʤʝʪʘʣʣʦʚ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʠʤʝʥʷʶʪʩʷ 

ʨʘʤʘʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʤʸʩʩʙʘʫʵʨʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʠ 

ʩʢʘʥʠʨʫʶʱʘʷ ʤʠʢʨʦʩʢʦʧʠʷ [64]. ʆʩʦʙʦ ʩʨʝʜʠ ʧʨʦʯʠʭ ʜʨʫʛʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʤʝʪʦʜʦʚ ʩʪʦʠʪ ʚʳʜʝʣʠʪʴ ʨʝʥʪʛʝʥʦʚʩʢʫʶ ʩʧʝʢʪʨʦʩʢʦʧʠʶ ʧʦʛʣʦʱʝʥʠʷ XANES ʠ 

EXAFS, ʠʤʝʥʥʦ ʩ ʝʸ ʧʦʤʦʱʴʶ ʧʦʣʫʯʝʥʘ ʚʘʞʥʝʡʰʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʬʦʨʤʘʭ 

ʪʷʞʸʣʳʭ ʤʝʪʘʣʣʦʚ ʚ ʧʦʯʚʘʭ. ʕʪʠ ʤʝʪʦʜʳ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʣʦʢʘʣʴʥʦʡ ʢʦʦʨʜʠʥʘʮʠʠ 

ʘʪʦʤʦʚ ʤʝʪʘʣʣʦʚ ʠ ʠʭ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ. ʀʟʥʘʯʘʣʴʥʦ, ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʧʫʙʣʠʢʘʮʠʡ ʧʦ ʧʨʠʤʝʥʝʥʠʶ XAFS ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʙʳʣʦ ʩʨʝʜʠ 

ʟʘʨʫʙʝʞʥʳʭ ʘʚʪʦʨʦʚ. ɺ ʮʝʣʦʡ ʩʝʨʠʠ ʨʘʙʦʪ ɸ. ʄʦʥʩʦ [65-69] ʠ ʕ. ʕʣʟʠʥʛʠ [70-74] 

ʙʳʣʠ ʦʧʠʩʘʥʳ ʤʝʭʘʥʠʟʤʳ ʩʦʨʙʮʠʠ ʪʷʞʸʣʳʭ ʤʝʪʘʣʣʦʚ ʛʣʠʥʠʩʪʳʤʠ ʤʠʥʝʨʘʣʘʤʠ ʧʦ 

ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʦʛʣʦʱʝʥʠʷ. ɺ ʦʪʝʯʝʩʪʚʝʥʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʜʦ 

ʵʪʦʛʦ ʚʨʝʤʝʥʠ ʠʥʬʦʨʤʘʮʠʷ ʦʛʨʘʥʠʯʠʚʘʣʘʩʴ ʣʠʰʴ ʦʙʟʦʨʘʤʠ ʟʘʨʫʙʝʞʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ (ʥʘʧʨʠʤʝʨ, ʦʙʟʦʨ rʖ.ʅ. ɺʦʜʷʥʠʮʢʦʛʦ  [75-77]).  

2.1 ʉʧʝʢʪʨ rʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ K-ʢʨʘʷ Cu, Zn  

ʠ L3-ʢʨʘʷ Pb ʚ ʧʦʯʚʝ ʠ ʝʸ ʬʘʟʘʭ 

ʉ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʦʛʣʦʱʝʥʠʷ ʠ 

ʭʠʤʠʯʝʩʢʦʛʦ ʵʢʩʪʨʘʢʮʠʦʥʥʦʛʦ ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʷ ʥʘʤʠ ʙʳʣ ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʩʪʨʫʢʪʫʨʥʦʡ ʦʨʛʘʥʠʟʘʮʠʠ ʠʦʥʦʚ Cu2+, Zn2+ ʠ Pb2+ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʧʦʯʚʦʡ ʠ ʝʸ ʤʠʥʝʨʘʣʴʥʦʡ ʬʘʟʦʡ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʛʣʠʥʠʩʪʳʤʠ 

ʤʠʥʝʨʘʣʘʤʠ: ʢʘʦʣʠʥʠʪʦʤ, ʙʝʥʪʦʥʠʪʦʤ ʠ ʤʦʥʪʤʦʨʠʣʣʦʥʠʪʦʤ. 

ʅʘʤʠ ʙʳʣʠ ʠʟʫʯʝʥʳ ʦʙʨʘʟʮʳ ʧʦʯʚʳ (ʯʝʨʥʦʟʸʤ ʦʙʳʢʥʦʚʝʥʥʳʡ ʈʦʩʪʦʚʩʢʦʡ 

ʦʙʣʘʩʪʠ), ʦʪʦʙʨʘʥʥʳʝ ʚ ʦʢʨʝʩʪʥʦʩʪʷʭ ʅʦʚʦʯʝʨʢʘʩʩʢʦʡ ɻʈɽʉ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʟʘʪʝʤ 

ʠʩʢʫʩʩʪʚʝʥʥʦ ʥʘʩʳʱʝʥʳ ʠʦʥʘʤʠ ʪʷʞʸʣʳʭ ʤʝʪʘʣʣʦʚ Cu2+, Zn2+ ʠ Pb2+. ɼʣʷ ʵʪʦʛʦ 

ʠʩʩʣʝʜʫʝʤʳʝ ʦʙʨʘʟʮʳ ʧʦʤʝʱʘʣʠ ʚ ʥʘʩʳʱʝʥʥʳʡ ʨʘʩʪʚʦʨ ʦʢʩʠʜʦʚ ʠ ʥʠʪʨʘʪʦʚ ʤʝʜʠ, 

ʮʠʥʢʘ ʠ ʩʚʠʥʮʘ. ʈʘʩʪʚʦʨ ʤʝʥʷʣʠ ʜʚʘ ʨʘʟʘ ʚ ʩʫʪʢʠ ʚ ʪʝʯʝʥʠʝ ʥʝʜʝʣʠ. ʇʨʠ ʵʪʦʤ 

ʧʦʜʜʝʨʞʠʚʘʣʠ ʧʦʩʪʦʷʥʥʳʡ ʫʨʦʚʝʥʴ ʨʅ ʨʘʩʪʚʦʨʘ. ʇʦ ʠʩʪʝʯʝʥʠʠ ʥʝʜʝʣʠ ʧʨʝʧʘʨʘʪ 

ʠʟʚʣʝʢʘʣʠ ʠʟ ʨʘʩʪʚʦʨʘ ʠ ʚʳʩʫʰʠʚʘʣʠ. ʄʘʢʩʠʤʘʣʴʥʳʡ ʩʨʦʢ ʠʥʢʫʙʘʮʠʠ ʤʝʪʘʣʣʦʚ ʚ 

ʧʦʯʚʘʭ ʩʦʩʪʘʚʠʣ ʜʚʘ ʛʦʜʘ. ʀʩʢʫʩʩʪʚʝʥʥʦʝ ʥʘʩʳʱʝʥʠʝ ʦʙʨʘʟʮʦʚ ʤʝʪʘʣʣʘʤʠ ʩʪʘʣʦ 
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ʥʝʦʙʭʦʜʠʤʦʡ ʤʝʨʦʡ, ʪʘʢ ʢʘʢ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ XANES ʩʧʝʢʪʨʦʚ 

ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʠʩʩʣʝʜʫʝʤʦʛʦ ʵʣʝʤʝʥʪʘ. ʂ ʩʦʞʘʣʝʥʠʶ, ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʜʘʞʝ ʥʘ ʠʩʪʦʯʥʠʢʘʭ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʝ ʚʩʝʛʜʘ ʚʦʟʤʦʞʥʦ 

ʜʝʪʝʢʪʠʨʦʚʘʪʴ ʩʧʝʢʪʨʳ ʭʦʨʦʰʝʛʦ ʢʘʯʝʩʪʚʘ ʧʦ ʩʦʦʪʥʦʰʝʥʠʶ ʩʠʛʥʘʣ-ʰʫʤ ʜʣʷ 

ʦʙʨʘʟʮʦʚ ʩ ʦʯʝʥʴ ʥʠʟʢʦʡ ʠʣʠ ʧʨʠʨʦʜʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʧʦʛʣʦʱʘʶʱʝʛʦ ʵʣʝʤʝʥʪʘ 

(ʤʢʛ/ʢʛ). ʇʦʵʪʦʤʫ ʚ ʩʠʣʫ ʧʨʠʙʦʨʥʦʛʦ ʦʛʨʘʥʠʯʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʦʙʦʨʫʜʦʚʘʥʠʷ ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ XANES ʜʣʷ ʬʦʥʦʚʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʫʢʘʟʘʥʥʳʭ 

ʤʝʪʘʣʣʦʚ ʚ ʦʙʨʘʟʮʘʭ ʧʦʯʚʳ ʥʝ ʧʨʝʜʩʪʘʚʣʷʣʦʩʴ ʚʦʟʤʦʞʥʳʤ. ʊʘʢ ʢʘʢ ʧʦʯʚʘ ʷʚʣʷʝʪʩʷ 

ʩʣʦʞʥʦʡ ʛʝʪʝʨʦʬʘʟʥʦʡ ʩʠʩʪʝʤʦʡ, ʢʦʪʦʨʘʷ ʩʦʩʪʦʠʪ ʠʟ ʚʦʜʳ, ʚʦʟʜʫʭʘ, ʛʫʤʫʩʘ, 

ʤʠʥʝʨʘʣʴʥʦʡ ʠ ʦʨʛʘʥʠʯʝʩʢʦʡ ʬʘʟʳ, ʠ ʝʸ ʩʦʩʪʘʚ ʤʦʞʝʪ ʦʪʣʠʯʘʪʴʩʷ ʪʦ, ʯʪʦʙʳ ʧʦʥʷʪʴ 

ʢʘʢʠʝ ʤʝʭʘʥʠʟʤʳ ʩʦʨʙʮʠʠ ʧʨʝʦʙʣʘʜʘʶʪ ʚ ʯʝʨʥʦʟʸʤʝ ʦʙʳʢʥʦʚʝʥʥʦʤ ʈʦʩʪʦʚʩʢʦʡ 

ʦʙʣʘʩʪʠ, ʙʳʣʠ ʚʳʜʝʣʝʥʳ ʦʪʜʝʣʴʥʳʝ ʧʦʯʚʝʥʥʳʝ ʬʘʟʳ (ʤʠʥʝʨʘʣʴʥʘʷ ʠ ʦʨʛʘʥʠʯʝʩʢʘʷ) 

ʠ ʥʘʩʳʱʝʥʳ ʤʝʪʘʣʣʘʤʠ ʧʦ ʚʳʰʝʦʧʠʩʘʥʥʦʤʫ ʘʣʛʦʨʠʪʤʫ.  ʆʙʱʝʝ ʩʦʜʝʨʞʘʥʠʝ 

ʪʷʞʸʣʳʭ ʤʝʪʘʣʣʦʚ ʚ ʦʙʨʘʟʮʘʭ ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʩ ʧʦʤʦʱʴʶ 

ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ. ʂʦʥʮʝʥʪʨʘʮʠʠ Cu, Zn ʠ Pb ʩʦʩʪʘʚʣʷʣʠ 2000 

ʤʢʛ/ʢʛ ʠ 10000 ʤʢʛ/ʢʛ. ʇʦʜʛʦʪʦʚʢʘ ʦʙʨʘʟʮʦʚ ʠ ʥʘʩʳʱʝʥʠʝ ʤʝʪʘʣʣʘʤʠ ʙʳʣʘ 

ʧʨʦʚʝʜʝʥʘ ʩʦʘʚʪʦʨʘʤʠ ʚ ʣʠʮʝ ʩʦʪʨʫʜʥʠʢʦʚ ɸʢʘʜʝʤʠʠ ʙʠʦʣʦʛʠʠ ʠ ʙʠʦʪʝʭʥʦʣʦʛʠʠ 

ʖʌʋ ʄʠʥʢʠʥʦʡ ʊ.ʄ. ʠ ʅʝʚʠʜʦʤʩʢʦʡ ɼ.ɻ. 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʝ ʩʦʝʜʠʥʝʥʠʡ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ ʧʦʯʚʳ ʧʦ 

ʩʭʝʤʝ ʊʝʩʩʠʝʨʘ [78] ʧʦʟʚʦʣʠʣʦ ʦʧʨʝʜʝʣʠʪʴ 5 ʬʨʘʢʮʠʡ ʤʝʪʘʣʣʦʚ: ʦʙʤʝʥʥʫʶ, 

ʩʚʷʟʘʥʥʫʶ ʩ ʢʘʨʙʦʥʘʪʘʤʠ (ʩʧʝʮʠʬʠʯʝʩʢʠ ʩʦʨʙʠʨʦʚʘʥʥʫʶ), ʬʘʟʫ ʩʚʷʟʘʥʥʫʶ ʩ 

ʦʢʩʠʜʘʤʠ Fe ʠ Mn, ʬʘʟʫ ʩʚʷʟʘʥʥʫʶ ʩ ʦʨʛʘʥʠʯʝʩʢʠʤʠ ʚʝʱʝʩʪʚʘʤʠ ʠ ʬʘʟʫ 

ʧʨʝʜʩʪʘʚʣʝʥʥʫʶ ʧʨʠʨʦʜʥʳʤʠ ʘʣʶʤʦʩʠʣʠʢʘʪʘʤʠ . ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ ʚ 

ʥʝʟʘʛʨʷʟʥʸʥʥʦʤ ʯʝʨʥʦʟʸʤʝ ʠʤʝʝʪ ʤʝʩʪʦ ʧʨʝʦʙʣʘʜʘʥʠʝ Cu, Zn ʠ Pb ʚ ʩʦʩʪʘʚʝ 

ʬʨʘʢʮʠʠ, ʩʚʷʟʘʥʥʦʡ ʩ ʩʠʣʠʢʘʪʘʤʠ (60, 67 ʠ 55% ʦʪ ʩʫʤʤʘʨʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʚʩʝʭ 

ʬʨʘʢʮʠʡ). ʊʘʢʠʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʞʥʦ ʩʚʷʟʘʪʴ ʩ ʨʝʛʠʦʥʘʣʴʥʳʤʠ ʙʠʦʛʝʦʭʠʤʠʯʝʩʢʠʤʠ 

ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʤʠʢʨʦʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʧʦʯʚ ʈʦʩʪʦʚʩʢʦʡ ʦʙʣʘʩʪʠ ʠ 

ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʦʯʚʦʦʙʨʘʟʫʶʱʠʭ ʧʦʨʦʜ. 

ɺ ʥʘʰʠʭ ʨʘʙʦʪʘʭ [A2, A3] ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʜʚʠʞʥʦʩʪʴ Cu, Zn ʠ Pb ʚ 

ʠʩʭʦʜʥʦʡ ʧʦʯʚʝ ʥʠʟʢʘʷ. ʆʪʥʦʩʠʪʝʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʤʝʪʘʣʣʦʚ ʚ ʧʝʨʚʳʭ ʜʚʫʭ 



41 

 

 

ʬʨʘʢʮʠʷʭ ʥʝ ʧʨʝʚʳʰʘʝʪ 3-4%, ʠʟ ʥʠʭ ʪʦʣʴʢʦ 1% ʧʨʠʭʦʜʠʪʩʷ ʥʘ ʥʘʠʙʦʣʝʝ 

ʧʦʜʚʠʞʥʳʝ ʦʙʤʝʥʥʳʝ ʬʦʨʤʳ. ʈʘʟʣʠʯʠʷ ʚʦ ʬʨʘʢʮʠʦʥʥʦʤ ʩʦʩʪʘʚʝ ʩʦʝʜʠʥʝʥʠʡ 

ʤʝʪʘʣʣʦʚ ʧʨʠ ʠʩʢʫʩʩʪʚʝʥʥʦʤ ʥʘʩʳʱʝʥʠʠ ʟʘʢʣʶʯʘʶʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʙʦʣʴʰʠʤ 

ʩʦʜʝʨʞʘʥʠʝʤ Cu ʠ Pb ʦʪʣʠʯʘʝʪʩʷ ʬʨʘʢʮʠʷ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʚʝʱʝʩʪʚʘ, ʘ ʚ ʩʣʫʯʘʝ Zn ï 

ʬʨʘʢʮʠʷ, ʩʚʷʟʘʥʥʦʡ ʩ Fe-Mn ʦʢʩʠʜʘʤʠ. ʇʨʠ ʟʘʛʨʷʟʥʝʥʠʠ ʧʦʯʚ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʘʙʩʦʣʶʪʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʚʩʝʭ ʩʦʝʜʠʥʝʥʠʡ ʤʝʪʘʣʣʦʚ ʚ ʧʦʯʚʝ. ʉ ʚʦʟʨʘʩʪʘʥʠʝʤ ʜʦʟʳ 

ʚʥʝʩʝʥʠʷ ʩʦʝʜʠʥʝʥʠʡ Cu, Zn ʠ Pb ʩ 2000 ʜʦ 10000 ʤʛ/ʢʛ ʚʳʷʚʣʝʥʦ ʫʚʝʣʠʯʝʥʠʝ 

ʢʦʣʠʯʝʩʪʚʘ ʤʝʪʘʣʣʦʚ ʚʦ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʬʦʨʤʘʭ ʩʦʝʜʠʥʝʥʠʡ.  

ɹʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʚʣʠʷʥʠʝ ʬʦʨʤʳ ʚʥʝʩʝʥʠʷ ʤʝʪʘʣʣʦʚ ʚ ʧʦʯʚʫ ʥʘ 

ʬʨʘʢʮʠʦʥʥʳʡ ʩʦʩʪʘʚ ʠʭ ʩʦʝʜʠʥʝʥʠʡ. ʇʨʠ ʚʥʝʩʝʥʠʠ ʚ ʧʦʯʚʫ ʤʝʜʠ (2000 ʤʛ/ʢʛ) ʚ 

ʬʦʨʤʝ ʥʠʪʨʘʪʘ ʜʦʣʷ ʧʦʜʚʠʞʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʤʝʪʘʣʣʘ (ʩʫʤʤʘʨʥʦ ʧʝʨʚʳʝ 2 ʚʳʪʷʞʢʠ) 

ʩʦʩʪʘʚʠʣʘ 6%, ʧʨʠ ʚʥʝʩʝʥʠʠ ʚ ʬʦʨʤʝ ʦʢʩʠʜʘ- 4%. ɺ ʦʪʥʦʰʝʥʠʠ Zn ʵʪʠ ʨʘʟʣʠʯʠʷ 

ʚʳʨʘʞʝʥʳ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ: ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʤʝʪʘʣʣʘ ʧʨʠ ʚʥʝʩʝʥʠʠ 

ʝʛʦ ʚ ʬʦʨʤʝ ʥʠʪʨʘʪʘ ʩʦʩʪʘʚʠʣʦ 22%, ʧʨʠ ʚʥʝʩʝʥʠʠ Zn ʚ ʬʦʨʤʝ ʦʢʩʠʜʘ ï 11%. ʕʪʦ 

ʦʙʫʩʣʦʚʣʝʥʦ ʥʠʟʢʦʡ ʨʘʩʪʚʦʨʠʤʦʩʪʴʶ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʠ ʦʙʲʷʩʥʷʝʪ ʦʪʩʫʪʩʪʚʠʝ 

ʧʨʷʤʦʡ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʫʚʝʣʠʯʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʧʦʜʚʠʞʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ Cu ʠ Zn ʩ ʨʦʩʪʦʤ ʟʘʛʨʷʟʥʝʥʠʷ ʧʦʯʚ ʦʢʩʠʜʘʤʠ, ʢʦʪʦʨʘʷ ʥʘʙʣʶʜʘʣʘʩʴ 

ʨʘʥʝʝ ʧʨʠ ʟʘʛʨʷʟʥʝʥʠʠ ʧʦʯʚ ʤʝʪʘʣʣʘʤʠ ʚ ʬʦʨʤʝ ʣʝʛʢʦʨʘʩʪʚʦʨʠʤʳʭ ʩʦʣʝʡ.  ɺ ʩʣʫʯʘʝ 

Pb ʬʦʨʤʘ ʚʥʝʩʝʥʠʷ ʤʝʪʘʣʣʘ ʥʝ ʦʢʘʟʳʚʘʝʪ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʜʦʣʶ 

ʧʦʜʚʠʞʥʳʭ ʩʦʝʜʠʥʝʥʠʡ.  

ʏʪʦʙʳ ʧʨʦʚʝʩʪʠ ʘʥʘʣʠʟ ʣʦʢʘʣʴʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʘʪʦʤʦʚ Cu, Zn ʠ Pb ʚ ʧʦʯʚʝ 

ʥʘʤʠ ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʧʝʢʪʨʳ XANES K-ʢʨʘʷ Cu (8979 ʵɺ) ʠ Zn (9659 ʵɺ) ʙʳʣʠ 

ʠʟʤʝʨʝʥʳ ʥʘ ʣʘʙʦʨʘʪʦʨʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ Rigaku R-XAS Looper, ʘ ʩʧʝʢʪʨʳ L3-ʢʨʘʷ 

Pb ʥʘ ʩʪʘʥʮʠʠ ʉʊʄ ʚ ʂʫʨʯʘʪʦʚʩʢʦʤ ʮʝʥʪʨʝ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʏʪʦʙʳ 

ʧʨʦʚʝʩʪʠ ʙʦʣʝʝ ʧʦʜʨʦʙʥʫʶ ʠʥʪʝʨʧʨʝʪʘʮʠʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʠ ʷʚʥʦ 

ʫʚʠʜʝʪʴ ʨʘʟʣʠʯʠʷ ʚ ʥʠʭ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʧʝʨʚʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ʩʧʝʢʪʨʦʚ XANES.  

 

  



42 

 

 

ʊʘʙʣʠʮʘ 2.1 ï  ʌʨʘʢʮʠʦʥʥʳʡ ʩʦʩʪʘʚ ʩʦʝʜʠʥʝʥʠʡ Cu, Zn ʠ ʚ ʯʝʨʥʦʟʸʤʝ 

ʦʙʳʢʥʦʚʝʥʥʦʤ [A3] 

ɼʦʟʘ 

ʚʥʝʩʝʥʠʷ 

ʤʝʪʘʣʣʘ, 

ʤʛ/ʢʛ 

ʆʙʤʝʥʥʘʷ 

ʬʨʘʢʮʠʷ 

ʌʨʘʢʮʠʷ, 

ʩʚʷʟʘʥʥʘʷ 

ʩ 

ʢʘʨʙʦʥʘʪʘ

ʤʠ 

ʌʨʘʢʮʠʷ, 

ʩʚʷʟʘʥʥʘʷ 

ʩ Fe-Mn 

ʦʢʩʠʜʘʤʠ 

ʌʨʘʢʮʠʷ, 

ʩʚʷʟʘʥʥʘʷ 

ʩ 

ʦʨʛʘʥʠʯʝʩ

ʢʠʤ 

ʚʝʱʝʩʪʚʦʤ 

ʌʨʘʢʮʠʷ, 

ʩʚʷʟʘʥʥʘʷ 

ʩ 

ʩʠʣʠʢʘʪʘ

ʤʠ 

ʉʫʤʤʘ 

ʬʨʘʢʮʠʡ

, ʤʛ/ʢʛ 

ʤʛ/ʢʛ 

ɹʝʟ 

ʚʥʝʩʝʥʠʷ 

0,4 1,2 5,0 11,1 27,3 45,0 

2000 

Cu(NO3)2 

52,0 72,7 561,0 819,0 562,9 2067,6 

2000 CuO 27,4 62,7 563,1 752,3 627,5 2033,0 

10000 ZnO 67,4 78,0 4102,6 3419,4 2373,6 10041,0 

% ʦʪ ʩʫʤʤʳ ʬʨʘʢʮʠʡ 

ɹʝʟ 

ʚʥʝʩʝʥʠʷ 

1 3 11 25 60 100 

2000 

Cu(NO3)2 

2 4 27 40 27 100 

2000 CuO 1 3 28 37 31 100 

10000 CuO 1 1 41 34 23 100 

ʤʛ/ʢʛ 

ɹʝʟ 

ʚʥʝʩʝʥʠʷ 

0,6 1,8 14,2 11,5 56,9 85 

2000 

Zn(NO3)2 

173,6 289,4 826,1 348,7 421,2 2059 

2000 ZnO 49,1 56,9 777,2 346,1 844,7 2074 

10000 ZnO 245 296 3796 1624 4111 10072 

% ʦʪ ʩʫʤʤʳ ʬʨʘʢʮʠʡ 

ɹʝʟ 

ʚʥʝʩʝʥʠʷ 

1 2 17 14 67 100 

2000 

Zn(NO3)2 

8 14 40 17 20 100 

2000 ZnO 2 3 37 17 41 100 

10000 ZnO 2 3 38 16 41 100 
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ʊʘʙʣʠʮʘ 2.2 ʌʨʘʢʮʠʦʥʥʳʡ ʩʦʩʪʘʚ ʩʦʝʜʠʥʝʥʠʡ Pb ʚ ʯʝʨʥʦʟʸʤʝ ʦʙʳʢʥʦʚʝʥʥʦʤ [A2]  

ɼʦʟʘ 

ʚʥʝʩʝʥʠʷ 

ʤʝʪʘʣʣʘ, 

ʤʛ/ʢʛ 

ʆʙʤʝ

ʥʥʘʷ 

ʬʨʘʢʮ

ʠ ̫

ʌʨʘʢʮʠʷ, 

ʩʚʷʟʘʥʥʘʷ ʩ 

ʢʘʨʙʦʥʘʪʘʤ

ʠ 

ʌʨʘʢʮʠʷ, 

ʩʚʷʟʘʥʥʘʷ 

ʩ Fe-Mn 

ʦʢʩʠʜʘʤʠ 

ʌʨʘʢʮʠʷ, 

ʩʚʷʟʘʥʥʘʷ 

ʩ 

ʦʨʛʘʥʠʯʝʩ

ʢʠʤ 

ʚʝʱʝʩʪʚʦʤ 

ʌʨʘʢʮʠʷ, 

ʩʚʷʟʘʥʥʘʷ 

ʩ 

ʩʠʣʠʢʘʪʘʤ

ʠ 

ʉʫʤʤʘ 

ʬʨʘʢʮʠʡ, 

ʤʛ/ʢʛ 

ʤʛ/ʢʛ 

ɹʝʟ 

ʚʥʝʩʝʥʠʷ 

0,4 1,6 2,8 6,9 14,7 26 

2000 

Pb(NO3)2 

15,6 19,7 408,5 705,6 890,6 2040 

10000 

Pb(NO3)2 

1443,

0 

1476,0 1615,0 4498,0 1250,0 10282 

2000 PbO 14,3 18,7 424,0 587,0 991,0 2035 

10000 PbO 1284,

0 

1345,0 1362,0 4613,0 1520,0 10124 

% ʦʪ ʩʫʤʤʳ ʬʨʘʢʮʠʡ 

ɹʝʟ 

ʚʥʝʩʝʥʠʷ 

2,0 6,0 11,0 26,0 55 100 

2000 

Pb(NO3)2 

0,8 1,0 20,0 34,6 43 100 

10000 

Pb(NO3)2 

14,0 14,0 16,0 44,0 12 100 

2000 PbO 0,7 1,0 20,8 28,8 48 100 

10000 PbO 12,6 13,3 45,6 45,6 15 100 

 

ʈʘʩʩʤʦʪʨʠʤ ʧʦʜʨʦʙʥʝʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ XANES ʩʧʝʢʪʨʳ K-ʢʨʘʷ Cu (ʨʠʩ. 

2.2 ʘ). ʉʧʝʢʪʨʳ ʦʙʨʘʟʮʦʚ ʯʝʨʥʦʟʸʤʘ, ʥʘʩʳʱʝʥʥʳʭ CuO (2000 ʤʛ/ʢʛ ʠ 10000 ʤʛ/ʢʛ) ʠ 

Cu(NO3)2 (2000 ʤʛ/ʢʛ) ʩʦʧʦʩʪʘʚʣʝʥʳ ʩʦ ʩʧʝʢʪʨʘʤʠ ʨʝʬʝʨʝʥʪʥʳʭ ʩʦʝʜʠʥʝʥʠʡ - CuO 

ʠ Cu(NO3)2, ʚ ʢʦʪʦʨʳʭ ʘʪʦʤʳ ʤʝʜʠ ʠʤʝʶʪ ʦʢʪʘʵʜʨʠʯʝʩʢʦʝ ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʝ 

ʦʢʨʫʞʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʣʷ ʚʩʝʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʤʦʞʥʦ 

ʥʘʙʣʶʜʘʪʴ ʩʣʘʙʫʶ ʧʨʝʜʢʨʘʝʚʫʶ ʦʩʦʙʝʥʥʦʩʪʴ A' ʚ ʦʙʣʘʩʪʠ 8976-8978 ʵɺ, ʢʦʪʦʨʘʷ 

ʷʚʣʷʝʪʩʷ ʠʥʜʠʢʘʪʦʨʦʤ ʠʦʥʘ ʉu2+ ʚ ʥʠʟʢʦ ʩʠʤʤʝʪʨʠʯʥʦʤ ʪʝʪʨʘʛʦʥʘʣʴʥʦʤ 

ʦʢʨʫʞʝʥʠʠ. ʉʧʝʢʪʨʘʣʴʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ A'  ʩʚʷʟʘʥʘ ʩ ʢʚʘʜʨʫʧʦʣʴʥʳʤ ʵʣʝʢʪʨʦʥʥʳʤ 

1sŸ3d ʧʝʨʝʭʦʜʦʤ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʜʠʧʦʣʴʥʦʛʦ ʧʨʘʚʠʣʘ ʦʪʙʦʨʘ ʜʘʥʥʳʡ 

ʵʣʝʢʪʨʦʥʥʳʡ ʧʝʨʝʭʦʜ ʟʘʧʨʝʱʸʥ, ʥʦ ʦʥ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʩʚʷʟʠ ʩ 3d+4p ʦʨʙʠʪʘʣʴʥʳʤ 
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ʩʤʝʰʠʚʘʥʠʝʤ ʠ ʢʚʘʜʨʫʧʦʣʴʥʳʤ ʨʘʩʱʝʧʣʝʥʠʝʤ ʫʨʦʚʥʝʡ. ɼʘʥʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ 

ʦʪʩʫʪʩʪʚʫʝʪ ʚ ʩʧʝʢʪʨʘʭ ʧʦʛʣʦʱʝʥʠʷ ʜʣʷ ʉu1+ ʪʘʢ ʢʘʢ ʵʣʝʢʪʨʦʥʥʳʡ ʧʝʨʝʭʦʜ 1sŸ3d 

ʥʝʚʦʟʤʦʞʝʥ ʚ ʩʠʣʫ ʟʘʧʦʣʥʝʥʥʦʡ ʦʙʦʣʦʯʢʠ d10. ʉʧʝʢʪʨʘʣʴʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ A ʚ 

ʜʠʘʧʘʟʦʥʝ ʚ ʦʙʣʘʩʪʠ ʦʢʦʣʦ 8985 ʵɺ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʠʧʦʣʴʥʦʤʫ ʵʣʝʢʪʨʦʥʥʦʤʫ 

ʧʝʨʝʭʦʜʫ 1s Ÿ 4ʨ ʜʣʷ ʉu2+. 

ʇʦʩʢʦʣʴʢʫ ʦʪʩʫʪʩʪʚʫʝʪ ʩʜʚʠʛ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʦʣʦʞʝʥʠʷ ʦʩʥʦʚʥʦʛʦ ʢʨʘʷ 

ʧʦʛʣʦʱʝʥʠʷ ɹ ʚ ʩʧʝʢʪʨʘʭ ʧʦʯʚʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʧʝʢʪʨʦʚ ʦʢʩʠʜʘ ʠ 

ʥʠʪʨʘʪʘ ʤʝʜʠ, ʵʪʦ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʟʘʨʷʜʦʚʦʝ ʩʦʩʪʦʷʥʠʝ ʠʦʥʘ 

Cu2+ ʚ ʧʦʯʚʝ ʥʝ ʟʘʚʠʩʠʪ ʥʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ (ʚ ʧʨʝʜʝʣʘʭ ʦʪ 2000 ʜʦ 10 000 ʤʢʛ/ʢʛ) 

ʥʠ ʦʪ ʬʦʨʤʳ ʚʥʝʩʝʥʠʷ ʤʝʪʘʣʣʘ (ʦʢʩʠʜ ʠʣʠ ʥʠʪʨʘʪ) [A4, A5]. 

ʉʪʫʧʝʥʯʘʪʘʷ ʩʪʨʫʢʪʫʨʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ Ŭ ʠ ɓ ʧʠʢʘʤʠ ʚ ʢʨʘʝʚʦʡ ʦʙʣʘʩʪʠ ~ 

8985-8990 ʥʘ ʧʝʨʚʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ (ʨʠʩ. 2.2 ʙ), 

ʚʳʟʚʘʥʘ ʵʬʬʝʢʪʦʤ ʗʥʘ-ʊʝʣʣʝʨʘ [79, 80], ʢʦʪʦʨʳʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʦʤ 

ʠʩʢʘʞʝʥʠʠ ʮʝʥʪʨʦʚ ʩʚʷʟʳʚʘʥʠʷ Cu ʚ ʦʢʪʘʵʜʨʘʭ. ʆʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʤʘʢʩʠʤʫʤʘʤʠ Ŭ ʠ ɓ ʧʠʢʦʚ ʩʦʩʪʘʚʣʷʝʪ ~10 ʵɺ. ʈʘʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʵʪʦʪ 

ʧʘʨʘʤʝʪʨ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʢʘʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ [81] ʵʢʚʘʪʦʨʠʘʣʴʥʳʭ ʠ 

ʘʢʩʠʘʣʴʥʳʭ Cu-ʆ ʨʘʩʩʪʦʷʥʠʡ ʚ ʤʝʜʴʩʦʜʝʨʞʘʱʠʭ ʦʢʪʘʵʜʨʘʭ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ɓ ʧʠʢʘ 

XANES ʩʧʝʢʪʨʦʚ [82] ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʛʣʘʚʥʳʡ 1s Ÿ 4ʨz/ʨy ʧʝʨʝʭʦʜ. 

ʇʨʠ ʩʨʘʚʥʝʥʠʠ XANES ʩʧʝʢʪʨʦʚ K-ʢʨʘʷ Cu ʚʠʜʥʦ, ʯʪʦ ʬʦʨʤʘ ʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʧʝʢʪʨʘʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʚ ʦʙʣʘʩʪʠ ʢʨʘʷ ʧʦʛʣʦʱʝʥʠʷ ʠ ʦʢʦʣʦ 

ʥʝʛʦ ʠʤʝʶʪ ʯʸʪʢʠʝ ʨʘʟʣʠʯʠʷ, ʯʪʦ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʦʧʨʝʜʝʣʷʝʪʩʷ ʣʦʢʘʣʴʥʦʡ 

ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʚʦʢʨʫʛ ʘʪʦʤʘ Cu.  ʅʘʙʣʶʜʘʝʤʳʝ ʨʘʟʣʠʯʠʷ ʧʦʟʚʦʣʷʶʪ 

ʧʨʝʜʧʦʣʦʞʠʪʴ ʟʘʚʠʩʠʤʦʩʪʴ ʣʦʢʘʣʴʥʦʡ ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠʦʥʘ ʤʝʪʘʣʣʘ ʦʪ ʪʦʛʦ ʚ 

ʢʘʢʦʡ ʬʦʨʤʝ (ʦʢʩʠʜʘ ʠʣʠ ʥʠʪʨʘʪʘ) ʦʥ ʙʳʣ ʚʥʝʩʸʥ ʚ ʧʦʯʚʫ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʩʧʝʢʪʨʳ ʦʙʨʘʟʮʦʚ ʧʦʯʚʳ, ʥʘʩʳʱʝʥʥʳʭ ʤʝʜʴʶ ʚ ʬʦʨʤʝ ʦʢʩʠʜʘ, ʦʙʥʘʨʫʞʠʚʘʶʪ 

ʙʦʣʴʰʦʝ ʩʭʦʜʩʪʚʦ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʩʧʝʢʪʨʘʤʠ ʦʢʩʠʜʘ ʤʝʜʠ.  
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ʈʠʩʫʥʦʢ 2.2 ïʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ XANES ʩʧʝʢʪʨʳ K-ʢʨʘʷ Cu 

ʚ ʧʦʯʚʝʥʥʳʭ ʦʙʨʘʟʮʘʭ, CuO ʠ Cu(NO3)2 (ʘ) ʠ  

ʧʝʨʚʘʷ ʧʨʦʠʟʚʦʜʥʘʷ ʩʧʝʢʪʨʦʚ XANES K-ʢʨʘʷ Cu (ʙ) 

 

 
























































































































































