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ʉʧʠʩʦʢ ʩʦʢʨʘʱʝʥʠʡ ʠ ʫʩʣʦʚʥʳʭ ʦʙʦʟʥʘʯʝʥʠʡ   

<d> ï ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ; 

ʊʌʇ ï ʪʝʦʨʠʷ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ; 

DRIFTS CO ï ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ 

ʉO; 

ɽʢʠʥ ï ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ; 

Eʩʚ ï ʵʥʝʨʛʠʷ ʩʚʷʟʠ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ; 

FTIR ï ʠʥʬʨʘʢʨʘʩʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʩ ʌʫʨʴʝ-ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ; 

ɺʆʇɻ ï ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ʧʠʨʦʣʠʪʠʯʝʩʢʠʡ ʛʨʘʬʠʪ; 

ɼʄʕ ï ʜʠʬʨʘʢʮʠʷ ʤʝʜʣʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ; 

ʀʄʉ ï ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʦʝ ʩʦʝʜʠʥʝʥʠʝ; 

ʈʌʕʉ ï ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʬʦʪʦʵʣʝʢʪʨʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ; 

ʈʌʕʉ in situ ï ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʬʦʪʦʵʣʝʢʪʨʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʚ ʨʝʞʠʤʝ in 

situ; 

ʉʀ ï ʩʠʥʭʨʦʪʨʦʥʥʦʝ ʠʟʣʫʯʝʥʠʝ; 

ʈʌʕʉ ʉʀ ï ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʬʦʪʦʵʣʝʢʪʨʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ; 

ʉɺɺ ï ʩʚʝʨʭʚʳʩʦʢʠʡ ʚʘʢʫʫʤ; 

ʉʊʄ ï ʩʢʘʥʠʨʫʶʱʘʷ ʪʫʥʥʝʣʴʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ; 

ʊʇɺ ï ʪʝʤʧʝʨʘʪʫʨʥʦ-ʧʨʦʛʨʘʤʤʠʨʫʝʤʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ; 

ʊʇɼ ï ʪʝʤʧʝʨʘʪʫʨʥʦ-ʧʨʦʛʨʘʤʤʠʨʫʝʤʘʷ ʜʝʩʦʨʙʮʠʷ; 

ʊʇʈ ï ʪʝʤʧʝʨʘʪʫʨʥʦ-ʧʨʦʛʨʘʤʤʠʨʫʝʤʘʷ ʨʝʘʢʮʠʷ; 

ʊɺʅ ï ʪʝʨʤʠʯʝʩʢʦʝ ʚʘʢʫʫʤʥʦʝ ʥʘʧʳʣʝʥʠʝ; 

ɼʌɸ ï ʜʠʬʝʥʠʣʘʮʝʪʠʣʝʥ; 

ʇʕʄ ï ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ; 

ɻʎʂ ï ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʘʷ ʢʫʙʠʯʝʩʢʘʷ ʨʝʰʝʪʢʘ; 

ʈʉ ï ʨʝʘʢʮʠʦʥʥʘʷ ʩʨʝʜʘ; 

TOP-ʤʝʪʦʜ ï ʤʝʪʦʜ ʨʘʩʯʸʪʘ ʵʥʝʨʛʠʠ ʛʦʤʦʪʦʧʦʚ. 
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ɺʚʝʜʝʥʠʝ 

ɹʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʥʘʥʦʩʠʩʪʝʤʳ ʧʨʠʚʣʝʢʘʶʪ ʰʠʨʦʢʦʝ ʚʥʠʤʘʥʠʝ 

ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʚ ʦʙʣʘʩʪʠ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʢʘʪʘʣʠʟʘ [1-6]. 

ʕʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʪʘʢʠʝ ʩʠʩʪʝʤʳ ʚʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ ʧʨʦʷʚʣʷʶʪ ʙʦʣʝʝ 

ʚʳʩʦʢʫʶ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ, ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʠ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʘʥʘʣʦʛʘʤʠ ʚ ʮʝʣʦʤ ʨʷʜʝ ʚʘʞʥʳʭ 

ʧʨʦʤʳʰʣʝʥʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʪʘʢʠʭ, ʥʘʧʨʠʤʝʨ, ʢʘʢ ʩʠʥʪʝʟ 

ʚʠʥʠʣʘʮʝʪʘʪʘ [7], ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʝ ʦʢʠʩʣʝʥʠʝ CO [8, 9], ʢʘʪʘʣʠʪʠʯʝʩʢʦʝ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ NO [10], ʧʨʷʤʦʡ ʩʠʥʪʝʟ ʧʝʨʦʢʩʠʜʘ ʚʦʜʦʨʦʜʘ [7], ʩʝʣʝʢʪʠʚʥʦʝ 

ʛʠʜʨʠʨʦʚʘʥʠʝ ʘʮʝʪʠʣʝʥʘ (ʬʝʥʠʣʘʮʝʪʠʣʝʥʘ) ʚ ʵʪʠʣʝʥ (ʩʪʠʨʦʣ) [11, 12] ʠ 

ʜʨʫʛʠʭ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʚʝʜʝʥʠʝ ʚ ʩʦʩʪʘʚ ʢʘʪʘʣʠʟʘʪʦʨʘ ʚʪʦʨʦʛʦ 

ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤʧʦʥʝʥʪʘ, ʥʘʨʘʚʥʝ ʩ ʨʘʟʤʝʨʥʳʤ ʵʬʬʝʢʪʦʤ 

(ʧʦʜʨʘʟʫʤʝʚʘʶʱʠʤ ʚʘʨʴʠʨʦʚʘʥʠʝ ʨʘʟʤʝʨʘ ʥʘʥʝʩʸʥʥʳʭ ʯʘʩʪʠʮ ʤʝʪʘʣʣʘ ʚ 

ʠʥʪʝʨʚʘʣʝ 1-50 ʥʤ) ʠ ʵʬʬʝʢʪʘʤʠ, ʩʚʷʟʘʥʥʳʤʠ ʩ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʘʢʪʠʚʥʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ ʩ ʥʦʩʠʪʝʣʝʤ, ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʠ ʥʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʫʧʨʘʚʣʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʪʘʢʠʭ 

ʥʘʥʝʩʸʥʥʳʭ ʩʠʩʪʝʤ. ʅʝʩʤʦʪʨʷ ʥʘ ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʦʩʚʷʱʝʥʥʳʭ 

ʠʟʫʯʝʥʠʶ ʩʠʥʝʨʛʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʭʘʨʘʢʪʝʨ ʚʟʘʠʤʥʦʛʦ ʚʣʠʷʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ, 

ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʪʴʩʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʠ, ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ, ʩ ʪʨʫʜʦʤ ʧʦʜʜʘʸʪʩʷ ʦʙʦʙʱʝʥʠʶ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʙʦʣʴʰʠʥʩʪʚʦ 

ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʩʭʦʜʠʪʩʷ ʚʦ ʤʥʝʥʠʠ, ʯʪʦ ʠʤʝʥʥʦ ʠʟʫʯʝʥʠʝ ʩʦʩʪʘʚʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʷʚʣʷʝʪʩʷ ʢʣʶʯʦʤ ʢ ʧʦʥʠʤʘʥʠʶ ʨʦʣʠ ʚʪʦʨʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ ʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʘʭ, ʪʘʢ ʢʘʢ ʩʦʦʪʥʦʰʝʥʠʝ 

ʢʦʤʧʦʥʝʥʪʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʧʣʘʚʘ ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʪʴʩʷ ʦʪ 

ʦʙʲʝʤʥʦʛʦ ʩʦʩʪʘʚʘ ʥʘʥʦʯʘʩʪʠʮ [1-14]. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʭʠʤʠʯʝʩʢʠʡ 

ʩʦʩʪʘʚ ʠ ʩʪʨʫʢʪʫʨʘ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʥʝ ʪʦʣʴʢʦ ʩʦʦʪʥʦʰʝʥʠʝʤ ʤʝʪʘʣʣʦʚ, ʟʘʜʘʚʘʝʤʳʤ ʥʘ ʩʪʘʜʠʠ ʩʠʥʪʝʟʘ 

ʢʘʪʘʣʠʟʘʪʦʨʘ. ʉʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʷʪʴʩʷ ʢʘʢ 
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ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ, ʪ.ʝ. ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʭʦʜʝ 

ʧʨʦʪʝʢʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ [3, 4, 15], ʪʘʢ ʠ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ 

ʦʧʨʝʜʝʣʝʥʥʳʭ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʦʙʨʘʙʦʪʦʢ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʨʘʟʣʠʯʥʳʭ 

ʛʘʟʦʚʳʭ ʩʨʝʜʘʭ [16-18]. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʝʛʨʝʛʘʮʠʦʥʥʳʝ ʵʬʬʝʢʪʳ, 

ʩʚʷʟʘʥʥʳʝ ʩ ʦʙʦʛʘʱʝʥʠʝʤ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʯʘʩʪʠʮ ʦʜʥʠʤ ʠʟ ʢʦʤʧʦʥʝʥʪʦʚ 

ʧʨʠ ʘʜʩʦʨʙʮʠʠ ʤʘʣʳʭ ʤʦʣʝʢʫʣ ʠʟ ʛʘʟʦʚʦʡ ʩʨʝʜʳ ʠʣʠ ʚ ʫʩʣʦʚʠʷʭ ʧʨʦʚʝʜʝʥʠʷ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ, ʧʨʠʚʣʝʢʘʶʪ ʚʩʝ ʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ 

ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ 

ʅʦʨʩʢʦʚʘ (Norskov) ʠ ʩʦʘʚʪʦʨʦʚ [19] ʠ ʦʙʟʦʨʝ ɿʘʬʝʠʨʘʪʦʩʘ (Zafeiratos) ʠ 

ʩʦʘʚʪʦʨʦʚ [20] ʜʝʪʘʣʴʥʦ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʬʘʢʪʦʨʳ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʩʦʩʪʘʚ 

ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʧʨʦʮʝʩʩʝ ʘʜʩʦʨʙʮʠʠ 

ʨʘʟʣʠʯʥʳʭ ʛʘʟʦʚ. ɹʳʣʦ ʪʘʢʞʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ [21], ʯʪʦ ʘʜʩʦʨʙʮʠʦʥʥʦ-

ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ ʩʝʛʨʝʛʘʮʠʷ ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʠʟʤʝʥʷʪʴ ʩʦʩʪʘʚ 

ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʯʘʩʪʠʮ, ʦʙʣʘʜʘʶʱʠʭ ʩʪʨʫʢʪʫʨʦʡ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʚ ʣʠʪʝʨʘʪʫʨʝ ʠʤʝʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ, 

ʧʦʩʚʷʱʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʝʛʨʝʛʘʮʠʦʥʥʳʭ ʵʬʬʝʢʪʦʚ, ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʤʫ 

ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʜʣʷ çʪʦʥʢʦʡè ʥʘʩʪʨʦʡʢʠ ʩʦʩʪʘʚʘ ʠ ʤʦʨʬʦʣʦʛʠʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʬʦʨʤʠʨʦʚʘʥʠʶ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʘʢʪʠʚʥʳʭ 

ʮʝʥʪʨʦʚ ʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʘʭ ʫʜʝʣʷʝʪʩʷ ʥʝʜʦʩʪʘʪʦʯʥʦ ʚʥʠʤʘʥʠʷ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʠʤʝʝʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʧʦʪʝʥʮʠʘʣ ʧʨʘʢʪʠʯʝʩʢʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ. ɺ ʯʘʩʪʥʦʩʪʠ, ʷʚʣʝʥʠʝ ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ 

ʩʝʛʨʝʛʘʮʠʠ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʩʦʩʪʘʚʦʤ ʚʥʝʰʥʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʥʘ ʦʩʥʦʚʝ Pd ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʩʝʣʝʢʪʠʚʥʦʛʦ ʛʠʜʨʠʨʦʚʘʥʠʷ. ʊʘʢʘʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʙʳʣʘ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ, ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʘʭ [22, 23], ʛʜʝ 

ʘʚʪʦʨʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʠʣʠ, ʯʪʦ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʠ ʘʢʪʠʚʥʦʩʪʴ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʩʝʣʝʢʪʠʚʥʦʛʦ ʛʠʜʨʠʨʦʚʘʥʠʷ ʪʨʦʡʥʦʡ ʉſʉ ʩʚʷʟʠ ʚ ʜʚʦʡʥʫʶ 

ʤʦʞʝʪ çʥʘʩʪʨʘʠʚʘʪʴʩʷè ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʜʩʦʨʙʮʠʠ CO.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʚʳʷʩʥʝʥʠʷ ʧʨʠʯʠʥ ʧʨʦʷʚʣʝʥʠʷ ʩʠʥʝʨʛʠʯʝʩʢʠʭ 

ʵʬʬʝʢʪʦʚ ʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʘʭ ʦʯʝʚʠʜʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 
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ʧʨʦʚʝʜʝʥʠʷ ʜʝʪʘʣʴʥʦʛʦ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ (ʘʢʪʠʚʥʦʩʪʴ ʠ/ʠʣʠ ʩʝʣʝʢʪʠʚʥʦʩʪʴ) ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ ʚʪʦʨʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ ʚ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʝ ʢʘʪʘʣʠʟʘʪʦʨʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʨʫʢʪʫʨʳ 

ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʦʚʝʨʭʥʦʩʪʠ. ʂʨʦʤʝ ʪʦʛʦ, ʪʨʝʙʫʝʪʩʷ ʜʝʪʘʣʴʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʬʬʝʢʪʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʩʝʛʨʝʛʘʮʠʝʡ ʦʜʥʦʛʦ ʠʟ ʢʦʤʧʦʥʝʥʪʦʚ 

ʩʧʣʘʚʘ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʛʘʟʦʚʳʭ ʠʣʠ ʨʝʘʢʮʠʦʥʥʳʭ ʩʨʝʜ, ʩʦʚʨʝʤʝʥʥʳʤʠ 

ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ, ʯʪʦ ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʧʦʟʚʦʣʠʪ ʨʘʟʨʘʙʦʪʘʪʴ 

ʠ ʨʘʟʚʠʪʴ ʤʝʪʦʜʦʣʦʛʠʶ ʫʧʨʘʚʣʝʥʠʷ ʩʪʨʫʢʪʫʨʦʡ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ ʥʘ ʘʪʦʤʘʨʥʦʤ ʫʨʦʚʥʝ. ɼʣʷ ʵʪʦʛʦ ʥʝʦʙʭʦʜʠʤʦ 

ʧʦʣʫʯʠʪʴ ʩʧʝʢʪʨʘʣʴʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʦʩʪʘʚʝ ʘʜʩʦʨʙʮʠʦʥʥʦʛʦ ʩʣʦʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʝʛʦ ʵʣʝʢʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚʘʭ, ʩʪʨʫʢʪʫʨʥʫʶ 

ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʠʟʤʝʥʝʥʠʠ ʤʦʨʬʦʣʦʛʠʠ ʥʘʥʦʯʘʩʪʠʮ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ 

ʪʝʩʪʠʨʦʚʘʥʠʝʤ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠʟʫʯʘʝʤʦʛʦ ʦʙʨʘʟʮʘ, ʦʩʫʱʝʩʪʚʠʪʴ 

ʫʧʨʘʚʣʝʥʠʝ ʧʘʨʘʤʝʪʨʘʤʠ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ (ʪʝʤʧʝʨʘʪʫʨʘ, ʧʘʨʮʠʘʣʴʥʦʝ 

ʜʘʚʣʝʥʠʝ, ʩʦʦʪʥʦʰʝʥʠʝ ʨʝʘʛʝʥʪʦʚ). 

ʆʜʥʘʢʦ, ʚ ʩʣʫʯʘʝ çʨʝʘʣʴʥʳʭè ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʠʭ ʠʩʩʣʝʜʦʚʘʥʠʝ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʟʘʪʨʫʜʥʝʥʦ ʠʟ-ʟʘ ʥʠʟʢʦʛʦ 

ʩʦʜʝʨʞʘʥʠʷ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ, ʩʣʦʞʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʤʦʨʬʦʣʦʛʠʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʥʦʩʠʪʝʣʷ. ʆʜʥʠʤ ʠʟ ʧʫʪʝʡ ʧʦʚʳʰʝʥʠʷ ʠʥʬʦʨʤʘʪʠʚʥʦʩʪʠ 

ʠ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʜʘʥʥʳʭ ʦ ʩʪʨʫʢʪʫʨʝ ʠ ʭʠʤʠʯʝʩʢʦʤ ʩʦʩʪʘʚʝ ʧʦʚʝʨʭʥʦʩʪʠ 

ʘʢʪʠʚʥʳʭ ʤʝʪʘʣʣʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʬʠʟʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʜʝʣʴʥʳʭ ʩʠʩʪʝʤ, ʚ ʢʦʪʦʨʳʭ ʘʢʪʠʚʥʳʡ ʢʦʤʧʦʥʝʥʪ 

ʥʘʥʝʩʸʥ ʥʘ ʧʣʘʥʘʨʥʳʝ ʘʪʦʤʘʨʥʦ-ʛʣʘʜʢʠʝ ʥʦʩʠʪʝʣʠ [24-28]. ʀʟʫʯʝʥʠʝ ʪʘʢʠʭ 

ʤʦʜʝʣʴʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʩ ʧʦʤʦʱʴʶ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʨʝʞʠʤʘʭ in situ ʠ operando (ʈʌʕʉ, ʀʂ ʠ ʪ.ʜ.) ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʠʪʴ ʠʥʬʦʨʤʘʮʠʶ ʢʘʢ ʦ ʩʪʨʫʢʪʫʨʝ ʧʦʚʝʨʭʥʦʩʪʠ, ʪʘʢ ʠ ʦ ʭʠʤʠʯʝʩʢʦʤ 

ʩʦʩʪʦʷʥʠʠ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ 

ʦʙʨʘʙʦʪʦʢ ʚ ʨʘʟʣʠʯʥʳʭ ʛʘʟʦʚʳʭ ʩʨʝʜʘʭ, ʘ ʪʘʢʞʝ ʫʩʣʦʚʠʡ ʧʨʦʚʝʜʝʥʠʷ ʨʝʘʢʮʠʡ 

[15, 24, 25, 27]. ɼʣʷ ʫʩʧʝʰʥʦʛʦ ʧʨʦʚʝʜʝʥʠʷ ʪʘʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʢʨʘʡʥʝ ʚʘʞʥʦ 

ʨʘʟʨʘʙʦʪʘʪʴ ʚʦʩʧʨʦʠʟʚʦʜʠʤʫʶ ʤʝʪʦʜʠʢʫ ʩʠʥʪʝʟʘ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 
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ʤʦʜʝʣʴʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʧʦʟʚʦʣʷʶʱʫʶ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ 

ʯʘʩʪʠʮ ʠ ʩʦʦʪʥʦʰʝʥʠʝ ʚʚʦʜʠʤʳʭ ʤʝʪʘʣʣʦʚ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʝʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʧʨʦʮʝʩʩʦʚ, 

ʧʨʦʠʩʭʦʜʷʱʠʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʠʭ ʘʢʪʠʚʘʮʠʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʛʘʟʦʚʦʡ ʠʣʠ 

ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ, ʧʦʟʚʦʣʠʪ ʨʘʟʨʘʙʦʪʘʪʴ ʤʝʪʦʜʳ ʠ ʧʦʜʭʦʜʳ ʢ çʪʦʥʢʦʡè 

ʥʘʩʪʨʦʡʢʝ ʧʦʚʝʨʭʥʦʩʪʠ çʨʝʘʣʴʥʳʭè ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʯʪʦ 

ʧʦʟʚʦʣʠʪ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦ ʬʦʨʤʠʨʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʚ 

ʢʘʪʘʣʠʟʘʪʦʨʘʭ, ʦʧʪʠʤʘʣʴʥʳʝ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ.  

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʩʧʦʩʦʙʦʚ ʠ ʤʝʭʘʥʠʟʤʦʚ 

çʪʦʥʢʦʡè ʥʘʩʪʨʦʡʢʠ ʩʚʦʡʩʪʚ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʜʝʣʴʥʳʭ (PdMe/ɺʆʇɻ) ʠ 

ʨʝʘʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʝʩʝʥʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ (PdMe/Al2O3) ʟʘ ʩʯʝʪ 

ʫʧʨʘʚʣʝʥʠʷ ʩʝʛʨʝʛʘʮʠʦʥʥʳʤʠ ʵʬʬʝʢʪʘʤʠ, ʯʪʦ ʦʙʝʩʧʝʯʠʪ ʜʦʩʪʠʞʝʥʠʝ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʠ ʩʪʘʙʠʣʴʥʦʩʪʠ ʚ ʨʝʘʢʮʠʷʭ ʩʝʣʝʢʪʠʚʥʦʛʦ 

ʛʠʜʨʠʨʦʚʘʥʠʷ ʪʨʦʡʥʦʡ ʫʛʣʝʨʦʜ-ʫʛʣʝʨʦʜʥʦʡ ʩʚʷʟʠ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʳʭ ʮʝʣʝʡ ʨʝʰʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ 

ʟʘʜʘʯʠ:  

1. ʆʪʨʘʙʦʪʢʘ ʤʝʪʦʜʠʢʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʩ ʟʘʜʘʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʚ ʢʦʪʦʨʳʭ ʩʧʣʘʚʥʳʝ ʠʣʠ 

ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʝ ʥʘʥʦʯʘʩʪʠʮʳ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʥʘʥʝʩʝʥʳ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ (ɺʆʇɻ), 

ʚʳʷʚʣʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʚ ʪʘʢʠʭ 

ʩʠʩʪʝʤʘʭ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʠʭ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ. 

2. ʊʝʩʪʠʨʦʚʘʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠ ʚʳʷʚʣʝʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʵʚʦʣʶʮʠʠ ʩʦʩʪʘʚʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ 

PdAu/ɺʆʇɻ ʠ PdAg/ɺʆʇɻ ʚ ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ CO ʤʝʪʦʜʦʤ ʈʌʕʉ in situ ʚ 

ʩʦʯʝʪʘʥʠʠ ʩ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʝʡ. 

3. ɺr ʷʚʣʝʥʠʝ ʵʬʬʝʢʪʦʚ ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʝʛʨʝʛʘʮʠʠ ʤʝʪʘʣʣʦʚ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAg/Al2O3 ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ 
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ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʟʘʤʝʱʝʥʠʷ ʤʝʪʦʜʘʤʠ in situ ʈʌʕʉ ʠ ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ CO ʚ ʨʝʞʠʤʝ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ. 

4. ʊʝʩʪʠʨʦʚʘʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʘʥʝʩʝʥʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

PdAg/Al2O3 ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʨʝʘʢʮʠʠ ʩʝʣʝʢʪʠʚʥʦʛʦ ʛʠʜʨʠʨʦʚʘʥʠʷ ʘʮʝʪʠʣʝʥʘ ʠ 

ʚʳʷʚʣʝʥʠʝ ʠʭ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʨʫʢʪʫʨʳ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ 

ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʝʛʨʝʛʘʮʠʠ. 

5. ɺʳʷʚʣʝʥʠʝ ʵʬʬʝʢʪʦʚ ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʝʛʨʝʛʘʮʠʠ ʤʝʪʘʣʣʦʚ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdIn/ɺʆʇɻ ʠ PdIn/Al2O3 ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʘ 

ʦʩʥʦʚʝ ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ ʤʝʪʦʜʘʤʠ in situ ʈʌʕʉ ʠ ʀʂ-

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ CO ʚ ʨʝʞʠʤʝ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ. 

6. ʊʝʩʪʠʨʦʚʘʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʘʥʝʩʝʥʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

PdIn/Al2O3 ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʨʝʘʢʮʠʠ ʩʝʣʝʢʪʠʚʥʦʛʦ ʛʠʜʨʠʨʦʚʘʥʠʷ 

ʜʠʬʝʥʠʣʘʮʝʪʠʣʝʥʘ ʠ ʚʳʷʚʣʝʥʠʝ ʠʭ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʨʫʢʪʫʨʳ ʘʢʪʠʚʥʳʭ 

ʮʝʥʪʨʦʚ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʥʘʥʦʯʘʩʪʠʮ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʝʛʨʝʛʘʮʠʠ. 

ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

1. ʅʦʚʳʝ ʤʝʪʦʜʠʢʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ (PdAu, PdAg, PdIn, PdCu, AgAu, AgCu, AuCu), ʚ ʢʦʪʦʨʳʭ 

ʥʘʥʦʯʘʩʪʠʮʳ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʥʘʥʝʩʝʥʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ, ʩ 

ʟʘʜʘʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ï ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʪʘʣʣʦʚ, ʩʪʨʫʢʪʫʨʘ ʠ ʨʘʟʤʝʨ 

ʯʘʩʪʠʮ. 

2. ʂʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʤʦʜʝʣʴʥʳʭ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu/ɺʆʇɻ ʠ PdAg/ɺʆʇɻ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʨʝʘʢʮʠʠ 

ʦʢʠʩʣʝʥʠʷ CO ʠ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʦʷʥʠʝʤ/ʩʪʨʫʢʪʫʨʦʡ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ.  

3. ɿʘʢʦʥʦʤʝʨʥʦʩʪʠ ʧʨʦʪʝʢʘʥʠʷ ʧʨʦʮʝʩʩʘ ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ 

ʩʝʛʨʝʛʘʮʠʠ ʘʪʦʤʦʚ ʧʘʣʣʘʜʠʷ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʘʪʤʦʩʬʝʨʳ CO ʚ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu/ɺʆʇɻ ʠ PdAg/ɺʆʇɻ ʢʘʪʘʣʠʟʘʪʦʨʘʭ. 
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4. ʄʝʪʦʜʦʣʦʛʠʷ ʠʩʧʦʣʴʟʦʚʘʥʠ ̫ʵʬʬʝʢʪʦʚ ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ 

ʩʝʛʨʝʛʘʮʠʠ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ PdAg/Al2O3 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʨʝʘʢʮʠʠ ʩʝʣʝʢʪʠʚʥʦʛʦ ʛʠʜʨʠʨʦʚʘʥʠʷ ʘʮʝʪʠʣʝʥʘ. 

5.  ɿʘʢʦʥʦʤʝʨʥʦʩʪʠ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʧʨʦʮʝʩʩ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ PdIn ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʭʦʜʝ O2-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ 

ʩʝʛʨʝʛʘʮʠʠ ʠʥʜʠʷ ʚ ʭʦʜʝ çʤʷʛʢʦʡè ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ. 

6. ʅʦʚʳʡ ʧʦʜʭʦʜ ʢ ʫʧʨʘʚʣʝʥʠ ʁʢʘʪʘʣʠʪʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ PdIn/Al2O3 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʨʝʘʢʮʠʠ ʞʠʜʢʦʬʘʟʥʦʛʦ ʛʠʜʨʠʨʦʚʘʥʠʷ ʜʠʬʝʥʠʣʘʮʝʪʠʣʝʥʘ 

ʧʫʪʝʤ çʪʦʥʢʦʡè ʥʘʩʪʨʦʡʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʩʨʝʜʩʪʚʦʤ O2-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ 

ʩʝʛʨʝʛʘʮʠʠ. 

7. ʈʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʤʦʜʠʬʠʢʘʮʠʠ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʠ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʤʫ ʩʦʟʜʘʥʠʶ 

ʧʘʣʣʘʜʠʝʚʳʭ ʮʝʥʪʨʦʚ ʥʫʞʥʦʡ ʛʝʦʤʝʪʨʠʠ ʠ ʩʦʩʪʘʚʘ ʟʘ ʩʯʝʪ ʵʬʬʝʢʪʦʚ 

ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʝʛʨʝʛʘʮʠʠ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ 

ɺʩʝ ʧʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʚʳʧʦʣʥʝʥʠʷ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʨʝʟʫʣʴʪʘʪʳ 

ʷʚʣʷʶʪʩʷ ʥʦʚʳʤʠ, ʫʥʠʢʘʣʴʥʳʤʠ ʠ ʚʦʩʪʨʝʙʦʚʘʥʥʳʤʠ ʤʠʨʦʚʳʤ ʥʘʫʯʥʳʤ 

ʩʦʦʙʱʝʩʪʚʦʤ, ʢʘʢ ʚ ʦʙʣʘʩʪʠ ʨʘʟʚʠʪʠʷ ʤʝʪʦʜʦʚ ʠ ʧʦʜʭʦʜʦʚ ʥʘʫʢʠ ʦ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʪʘʢ ʠ ʚ ʦʙʣʘʩʪʠ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʢʘʪʘʣʠʟʘ.  

ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʳ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʯʘʩʪʠʮ ʪʚʸʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʟʘʤʝʱʝʥʠʷ ʠ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʥʘʥʦʯʘʩʪʠʮ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ, ʥʘʥʝʩʸʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʤʦʜʝʣʴʥʦʛʦ 

ʧʣʘʥʘʨʥʦʛʦ ʥʦʩʠʪʝʣʷ ï ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥʳ ʤʝʪʦʜʠʢʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʩ 

ʢʦʥʪʨʦʣʠʨʫʝʤʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ (ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʪʘʣʣʦʚ, ʨʘʟʤʝʨ ʯʘʩʪʠʮ 

ʠ ʠʭ ʩʪʨʫʢʪʫʨʘ). 

ʇʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠ ʵʚʦʣʶʮʠʠ ʩʦʩʪʘʚʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu/ɺʆʇɻ ʠ PdAg/ɺʆʇɻ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ CO ʢʦʤʙʠʥʘʮʠʝʡ ʤʝʪʦʜʦʚ ʈʌʕʉ ʚ 

ʨʝʞʠʤʝ in situ ʠ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʠ. 



12 
 

ɺʧʝʨʚʳʝ ʢʦʤʙʠʥʘʮʠʝʡ ʤʝʪʦʜʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ ʨʝʞʠʤʝ in situ (ʈʌʕʉ in situ) ʠ ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ CO ʚ ʨʝʞʠʤʝ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʠʟʫʯʝʥʳ 

ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʝʛʨʝʛʘʮʠʠ ʜʣʷ 

ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ Pd-M ʥʘʥʦʯʘʩʪʠʮ ʜʚʫʭ 

ʪʠʧʦʚ ï ʩ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʳʤ ʩʚʝʨʭʩʪʨʫʢʪʫʨʥʳʤ ʫʧʦʨʷʜʦʯʝʥʠʝʤ (Pd-In) ʠ 

ʦʙʣʘʜʘʶʱʠʭ ʩʪʨʫʢʪʫʨʦʡ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʟʘʤʝʱʝʥʠʷ (Pd-

Ag). 

ʇʦʣʫʯʝʥʘ ʫʥʠʢʘʣʴʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʚʣʠʷʥʠʠ ʩʪʨʫʢʪʫʨʳ ʘʢʪʠʚʥʳʭ 

ʮʝʥʪʨʦʚ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʥʘʥʦʯʘʩʪʠʮ ʟʘ ʩʯʸʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʬʬʝʢʪʦʚ ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ 

ʩʝʛʨʝʛʘʮʠʠ, ʥʘ ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ çʨʝʘʣʴʥʳʭè ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʨʘʟʥʦʛʦ ʪʠʧʘ ʚ ʨʝʘʢʮʠʷʭ ʩʝʣʝʢʪʠʚʥʦʛʦ ʛʠʜʨʠʨʦʚʘʥʠʷ 

ʫʛʣʝʚʦʜʦʨʦʜʦʚ.  

ʅʦʚʠʟʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʫʧʦʤʷʥʫʪʳʭ ʚʳʰʝ ʵʬʬʝʢʪʦʚ ʜʣʷ çʪʦʥʢʦʡè 

ʥʘʩʪʨʦʡʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, 

ʯʪʦ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʨʝʘʣʠʟʫʝʪʩʷ ʥʝ ʥʘ 

ʵʪʘʧʝ ʩʠʥʪʝʟʘ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʘ ʥʘ ʧʦʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʘʢʪʠʚʘʮʠʦʥʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʨʝʘʢʮʠʦʥʥʳʤ ʛʘʟʦʤ (CO ʠʣʠ O2). ʉʣʝʜʫʝʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ ʩʝʛʨʝʛʘʮʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʥʘʥʦʯʘʩʪʠʮ ï ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʦʝ ʠ ʦʧʠʩʘʥʥʦʝ ʷʚʣʝʥʠʝ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʠʜʝʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʪʦʛʦ ʷʚʣʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʠʥʩʪʨʫʤʝʥʪʘ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʷʚʣʷʝʪʩʷ ʦʨʠʛʠʥʘʣʴʥʦʡ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʧʦʣʥʦʩʪʴʶ ʨʝʘʣʠʟʦʚʘʥ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʡ ʧʦʜʭʦʜ ʢ ʨʘʟʨʘʙʦʪʢʝ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʟʘʢʣʶʯʘʶʱʠʡʩʷ ʚ ʪʦʤ, ʯʪʦ ʜʝʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ 

ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ, 

ʩʣʫʞʠʪ ʦʩʥʦʚʦʡ ʨʘʟʨʘʙʦʪʢʠ ʤʝʪʦʜʦʚ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʜʠʟʘʡʥʘ ʥʦʚʳʭ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʨʘʟʨʘʙʦʪʘʥ 

ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʠ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʫʣʫʯʰʝʥʠʶ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ 
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ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ʘʢʪʠʚʥʦʩʪʴ/ʩʝʣʝʢʪʠʚʥʦʩʪʴ) ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ 

ʥʘ ʥʦʩʠʪʝʣʷʭ ʟʘ ʩʯʸʪ çʪʦʥʢʦʡè ʥʘʩʪʨʦʡʢʠ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʠ 

ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʛʦ ʩʦʟʜʘʥʠʷ ʮʝʥʪʨʦʚ ʥʫʞʥʦʛʦ ʪʠʧʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʵʬʬʝʢʪʦʚ ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʝʛʨʝʛʘʮʠʠ. ʕʪʦʪ ʤʝʪʦʜ ʫʧʨʘʚʣʝʥʠʷ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʷʚʣʷʝʪʩʷ ʘʙʩʦʣʶʪʥʦ ʙʝʟʦʪʭʦʜʥʳʤ ʠ ʚ 

ʩʣʫʯʘʝ ʧʨʦʤʳʰʣʝʥʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʧʦʟʚʦʣʠʪ ʦʩʫʱʝʩʪʚʣʷʪʴ 

ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʫʶ ʤʦʜʠʬʠʢʘʮʠʶ ʩʚʦʡʩʪʚ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʫʞʝ ʟʘʛʨʫʞʝʥʥʳʭ ʚ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʡ ʨʝʘʢʪʦʨ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʮʝʣʦʛʦ ʨʷʜʘ ʧʨʦʤʳʰʣʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ 

ʚʳʩʦʢʦʤ ʤʝʪʦʜʠʯʝʩʢʦʤ ʫʨʦʚʥʝ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʢʦʤʧʣʝʢʩʥʦʤ 

ʧʦʜʭʦʜʝ ʢ ʠʩʩʣʝʜʦʚʘʥʠ ʁ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʛʨʘʤʦʪʥʦʤ 

ʢʦʤʙʠʥʠʨʦʚʘʥʠʠ ʦʧʪʠʤʘʣʴʥʳʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʧʦʟʚʦʣʷʶʱʠʭ ʧʦʣʫʯʠʪʴ ʥʝʦʙʭʦʜʠʤʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʦʩʪʘʚʝ/ʩʪʨʫʢʪʫʨʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʫʯʘʝʤʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʘ ʪʘʢʞʝ ʧʦʜʙʦʨʝ ʠ ʘʥʘʣʠʟʝ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʠ ʠʭ ʩʦʧʦʩʪʘʚʣʝʥʠʠ ʩ ʧʦʣʫʯʝʥʥʳʤʠ 

ʨʝʟʫʣʴʪʘʪʘʤʠ. ʈʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʧʨʦʙʠʨʦʚʘʥʳ ʥʘ ʈʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ, 

ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʧʨʦʬʠʣʴʥʳʭ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʳʙʦʨʝ ʪʝʤʳ ʠ ʤʝʪʦʜʦʚ, 

ʧʦʩʪʘʥʦʚʢʝ ʮʝʣʝʡ ʠ ʟʘʜʘʯ, ʧʣʘʥʠʨʦʚʘʥʠʠ ʠ ʧʨʦʚʝʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʨʘʙʦʪʳ, ʦʙʨʘʙʦʪʢʝ ʜʘʥʥʳʭ, ʘʥʘʣʠʟʝ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʳ ʠ ʨʝʟʫʣʴʪʘʪʦʚ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʬʦʨʤʣʝʥʠʝʤ ʠʭ ʚ ʚʠʜʝ ʧʫʙʣʠʢʘʮʠʡ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʘʚʪʦʨ ʫʯʘʩʪʚʦʚʘʣ ʚ ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʦʜʠʢʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ 

ʤʦʜʝʣʴʥʳʭ ʤʦʥʦ- ʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʚ ʢʦʪʦʨʳʭ ʥʘʥʦʯʘʩʪʠʮʳ 

ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʥʘʥʝʩʝʥʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʘʥʘʨʥʦʛʦ ʥʦʩʠʪʝʣʷ 

(ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ʧʠʨʦʣʠʪʠʯʝʩʢʠʡ ʛʨʘʬʠʪ) ʩ ʟʘʜʘʥʥʳʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ï ʩʦʦʪʥʦʰʝʥʠʝʤ ʤʝʪʘʣʣʦʚ, ʩʪʨʫʢʪʫʨʦʡ ʠ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ. 

ɺʩʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʠʟʫʯʝʥʠʶ ʤʦʜʝʣʴʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʝʪʦʜʘ ʈʌʕʉ ʥʘ ʙʘʟʝ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʨʝʞʠʤʝ in 
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situ, ʧʨʦʚʦʜʠʣʠʩʴ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʠʣʠ ʩ ʫʯʘʩʪʠʝʤ ʘʚʪʦʨʘ. ʂʨʦʤʝ ʪʦʛʦ, ʘʚʪʦʨ 

ʫʯʘʩʪʚʦʚʘʣ ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʦʜʠʢʠ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʢʦʤʙʠʥʘʮʠʠ ʤʝʪʦʜʦʚ in situ ʈʌʕʉ ʠ ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ 

CO ʚ ʨʝʞʠʤʝ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ, ʧʦʟʚʦʣʷʶʱʝʡ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ 

ʨʝʢʦʤʝʥʜʘʮʠʠ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

(ʘʢʪʠʚʥʦʩʪʴ/ʩʝʣʝʢʪʠʚʥʦʩʪʴ/ʩʪʘʙʠʣʴʥʦʩʪʴ) ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʟʘ 

ʩʯʸʪ çʪʦʥʢʦʡè ʥʘʩʪʨʦʡʢʠ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʛʦ 

ʩʦʟʜʘʥʠʷ ʮʝʥʪʨʦʚ ʥʫʞʥʦʛʦ ʪʠʧʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʬʬʝʢʪʦʚ ʘʜʩʦʨʙʮʠʦʥʥʦ 

ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʝʛʨʝʛʘʮʠʠ. ɺ ʪʝʢʩʪʝ ʜʠʩʩʝʨʪʘʮʠʠ ʯʘʩʪʠʯʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʨʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʢʘʥʜʠʜʘʪʩʢʦʡ ʜʠʩʩʝʨʪʘʮʠʠ ʇʘʥʘʬʠʜʠʥʘ ʄ.ɸ., 

ʚʳʧʦʣʥʝʥʥʦʡ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʜʠʩʩʝʨʪʘʥʪʘ. 

ʇʫʙʣʠʢʘʮʠʠ ʠ ʘʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʪʝʤʝ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʠʟʣʦʞʝʥʳ ʚ 21 ʩʪʘʪʴʝ, ʦʧʫʙʣʠʢʦʚʘʥʥʦʡ ʚ 

ʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʞʫʨʥʘʣʘʭ, ʠʥʜʝʢʩʠʨʫʝʤʳʭ ʚ ʙʘʟʝ ʜʘʥʥʳʭ Web 

of Science.  

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʥʘ ʈʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ 

ʢʦʥʬʝʨʝʥʮʠʷʭ: X International Conference "Mechanisms of Catalytic Reactions" 

(MCR-X), October 2-6, 2016, Svetlogorsk, Kaliningrad Region, Russia; III 

ʈʦʩʩʠʡʩʢʠʡ ʢʦʥʛʨʝʩʩ ʧʦ ʢʘʪʘʣʠʟʫ çʈʆʉʂɸʊɸʃʀɿè, 22Ȥ26 ʤʘʷ 2017, ʅʠʞʥʠʡ 

ʅʦʚʛʦʨʦʜ, ʈʦʩʩʠʷ; 6th International Congress on Operando Spectroscopy 

(Operando - VI), April 15-19, 2018 , Malaga, Spain; Catalyst Design: From 

Molecular to Industrial Level. 5th International School-Conference on Catalysis 

for Young Scientists, May 20-23, 2018, Moscow, Russia; 5th Annual APXPS 

Workshop 2018, 11-14 Dec 2018, Berlin, Germany; Bridging the Gap between 

Model and Real Catalysis. Synchrotron Radiation in Catalysis. 5th Russian-

German Seminar, June 23-26, 2019, Novosibirsk, Russia; XI International 

Conference "Mechanisms of Catalytic Reactions" (MCR-XI), October 7-11, 2018, 

Sochi, Russia; VI ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʦ ʤʦʣʦʜʝʞʥʘʷ ʰʢʦʣʘ-ʢʦʥʬʝʨʝʥʮʠʷ 

"ʍʠʤʠʷ ʧʦʜ ʟʥʘʢʦʤ ʉʀɻʄɸ: ʠʩʩʣʝʜʦʚʘʥʠʷ, ʠʥʥʦʚʘʮʠʠ, ʪʝʭʥʦʣʦʛʠʠ", 18-20 

ʤʘʷ, 2020, ʆʤʩʢ, ʈʦʩʩʠʷ; ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʩʪʘʚʘ ʠ ʩʪʨʫʢʪʫʨʳ 
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ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ: 3-  ̫ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ , 01-

04 ʩʝʥʪʷʙʨʷ, 2020, ʀʂ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ; International Student 

Conference ñScience and Progress-2020ò, November 10-12, 2020, St. Petersburg ï 

Peterhof, Russia; First Russian-German Virtual Conference on Interdisciplinary 

Natural Sciences, December 10-11, 2020, Berlin, Germany; 6th International 

School-Conference on Catalysis for Young Scientists çCatalyst Design: From 

Molecular to Industrial Levelè, May 16-19, 2021, Novosibirsk, Russia; IV 

ʈʦʩʩʠʡʩʢʠʡ ʢʦʥʛʨʝʩʩ ʧʦ ʢʘʪʘʣʠʟʫ çʈʆʉʂɸʊɸʃʀɿè, 20-25 ʩʝʥʪʷʙʨʷ, 2021, 

ʂʘʟʘʥʴ, ʈʦʩʩʠʷ; VII International School-Conference for Young Scientists 

"Catalysis: from Science to Industry", October 11-15, 2022 , Tomsk, Russia; 

International Conference çSynchrotron Radiation Techniques for Catalysts and 

Functional Materialsè , 31 October - 3 November, 2022, Novosibirsk, Russia; VII 

ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʦ ʤʦʣʦʜʝʞʥʘʷ ʰʢʦʣʘ-ʢʦʥʬʝʨʝʥʮʠʷ "ʍʠʤʠʷ ʧʦʜ ʟʥʘʢʦʤ 

ʉʀɻʄɸ: ʠʩʩʣʝʜʦʚʘʥʠʷ, ʠʥʥʦʚʘʮʠʠ, ʪʝʭʥʦʣʦʛʠʠ", 16-18 ʤʘʷ, 2023, ʆʤʩʢ, 

ʈʦʩʩʠʷ; VII ʐʢʦʣʘ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ çʅʦʚʳʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ 

ʛʣʫʙʦʢʦʡ ʧʝʨʝʨʘʙʦʪʢʠ ʫʛʣʝʚʦʜʦʨʦʜʥʦʛʦ ʩʳʨʴʷ ʠ ʙʠʦʤʘʩʩʳè, 2-6 ʦʢʪʷʙʨʷ 

2023, ʂʨʘʩʥʦʷʨʩʢ, ʈʦʩʩʠʷ; ʐʢʦʣʘ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çʅʦʚʳʝ ʢʘʪʘʣʠʟʘʪʦʨʳ ʠ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʵʢʦʣʦʛʠʯʝʩʢʠ ʯʠʩʪʦʡ ʠ 

ʨʝʩʫʨʩʦʩʙʝʨʝʛʘʶʱʝʡ ʵʥʝʨʛʝʪʠʢʠè, 09-10 ʦʢʪʷʙʨʷ 2023, ʊʦʤʩʢ, ʈʦʩʩʠʷ. 

ʆʙʲʸʤ ʠ ʩʪʨʫʢʪʫʨʘ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ 

ʈʘʙʦʪʘ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʩʧʠʩʢʘ ʩʦʢʨʘʱʝʥʠʡ ʠ ʫʩʣʦʚʥʳʭ 

ʦʙʦʟʥʘʯʝʥʠʡ, ʧʷʪʠ ʛʣʘʚ, ʚʳʚʦʜʦʚ, ʠ ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʳ. ʈʘʙʦʪʘ ʠʟʣʦʞʝʥʘ ʥʘ 

332 ʩʪʨʘʥʠʮʘʭ, ʩʦʜʝʨʞʠʪ 16 ʪʘʙʣʠʮ, 89 ʨʠʩʫʥʢʦʚ. ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ ʩʦʩʪʦʠʪ 

ʠʟ 275 ʥʘʠʤʝʥʦʚʘʥʠʡ. 



16 
 

ɻʣʘʚʘ 1. ʄʝʪʦʜʠʯʝʩʢʘʷ ʯʘʩʪʴ 

1.1. ʇʦʜʭʦʜʳ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʠʩʩʣʝʜʦʚʘʥʠʡ  

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ï ʰʠʨʦʢʦ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʧʦʜʭʦʜ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʢʦʤʙʠʥʘʮʠʝʡ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ʘʢʪʠʚʥʦʩʪʴ, ʩʝʣʝʢʪʠʚʥʦʩʪʴ, ʩʪʘʙʠʣʴʥʦʩʪʴ) 

ʦʙʨʘʟʮʘ. ʅʝʩʤʦʪʨʷ ʥʘ ʠʤʝʶʱʠʡʩʷ ʙʦʣʴʰʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʤʘʪʝʨʠʘʣ ʠ 

ʥʘʣʠʯʠʝ ʵʤʧʠʨʠʯʝʩʢʠʭ ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʦ ʧʨʠʛʦʪʦʚʣʝʥʠʶ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʦʙʱʠʝ ʤʝʭʘʥʠʟʤʳ ʩʠʥʝʨʛʠʯʝʩʢʦʛʦ ʜʝʡʩʪʚʠʷ ʦʩʪʘʶʪʩʷ ʥʝ ʜʦ 

ʢʦʥʮʘ ʚʳʷʩʥʝʥʥʳʤʠ. 

 ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʮʝʣʝʡ, ʧʦʩʪʘʚʣʝʥʥʳʭ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ, 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʪʨʠ ʦʩʥʦʚʥʳʭ ʧʦʜʭʦʜʘ: 

ʇʝʨʚʳʡ ʧʦʜʭʦʜ ʟʘʢʣʶʯʘʣʩʷ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʦʤʧʣʝʢʩʘ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ, ʦʙʳʯʥʦ ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʥʘʫʢʝ ʦ ʧʦʚʝʨʭʥʦʩʪʠ (Surface 

Science), ʜʣʷ ʠʟʫʯʝʥʠʷ ʤʦʜʝʣʴʥʳʭ ʩʠʩʪʝʤ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʜʝʪʘʣʴʥʦʡ 

ʠʥʬʦʨʤʘʮʠʠ ʦ ʟʘʢʦʥʦʤʝʨʥʦʩʪʷʭ ʬʦʨʤʠʨʦʚʘʥʠʷ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ (ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʝʪʘʣʣʦʚ 

ʠ/ʠʣʠ ʠʟʤʝʥʝʥʠʝ ʠʭ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ 

ʤʝʪʘʣʣʦʚ ʠ ʫʩʣʦʚʠʡ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʘʢʪʠʚʘʮʠʠ (ʦʙʨʘʙʦʪʢʠ ʚ ʨʘʟʣʠʯʥʳʭ 

ʛʘʟʦʚʳʭ ʩʨʝʜʘʭ ʧʨʠ ʚʘʨʴʠʨʫʝʤʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ). ɺ 

ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʤʦʜʝʣʴʥʳʝ 

ʢʘʪʘʣʠʟʘʪʦʨʳ, ʚ ʢʦʪʦʨʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ ʥʘʥʝʩʝʥʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʫʛʣʝʨʦʜʥʦʛʦ ʧʣʘʥʘʨʥʦʛʦ ʥʦʩʠʪʝʣʷ ï ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ 

ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ (ɺʆʇɻ). ʀʟʚʝʩʪʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚʦʟʜʝʡʩʪʚʠʝ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ 

ʠʟʤʝʥʝʥʠʶ ʩʦʩʪʘʚʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ 

ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʨʘʟʣʠʯʥʳʭ ʦʢʠʩʣʠʪʝʣʴʥʳʭ/ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʩʨʝʜ, ʘ ʪʘʢʞʝ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʭʦʜʝ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ [8, 18, 20]. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʧʨʠ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʪʘʢʠʭ ʩʠʩʪʝʤ ʢʨʘʡʥʝ ʚʘʞʥʳʤ ʩʪʘʥʦʚʠʪʩʷ ʧʨʦʚʝʜʝʥʠʝ 
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ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʨʝʞʠʤʝ in situ, ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ ʥʘ 

ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ ʙʦʣʝʝ ʚʳʩʦʢʠʭ, ʯʝʤ ʚ ʩʪʘʥʜʘʨʪʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʙʳʯʥʦ ʵʬʬʝʢʪʠʚʥʦ 

ʨʘʙʦʪʘʶʱʠʭ ʪʦʣʴʢʦ ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ.  

ɺʪʦʨʦʡ ʧʦʜʭʦʜ ʟʘʢʣʶʯʘʣʩʷ ʚ ʧʨʦʚʝʜʝʥʠʠ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʵʬʬʝʢʪʦʚ ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʝʛʨʝʛʘʮʠʠ ʚ ʤʦʜʝʣʴʥʳʭ 

ʧʣʘʥʘʨʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ: 

ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʠ ʦʙʣʘʜʘʶʱʠʭ ʩʪʨʫʢʪʫʨʦʡ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

ʟʘʤʝʱʝʥʠʷ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʭʘʨʘʢʪʝʨ ʧʨʦʪʝʢʘʥʠʷ ʩʝʛʨʝʛʘʮʠʦʥʥʳʭ 

ʧʨʦʮʝʩʩʦʚ ʚ ʵʪʠʭ ʜʚʫʭ ʪʠʧʘʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʩʫʱʝʩʪʚʝʥʥʦ 

ʨʘʟʣʠʯʘʝʪʩʷ. ʊʘʢ, ʜʣ̫ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ, ʥʘʧʨʠʤʝʨ, PdIn ʠʣʠ PdGa, ʵʬʬʝʢʪʳ 

ʩʝʛʨʝʛʘʮʠʠ, ʚʳʟʚʘʥʥʳʝ, ʥʘʧʨʠʤʝʨ, ʘʜʩʦʨʙʮʠʝʡ CO, ʧʨʦʷʚʣʷʶʪʩʷ ʚ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʠʭ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʴʥʦʩʪʴʶ [29, 30]. ʆʜʥʘʢʦ, ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʢʠʩʣʦʨʦʜʦʤ ʧʨʠ ʧʦʚʳʰʝʥʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʠʩʭʦʜʠʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʝ ʦʢʠʩʣʝʥʠʝ ʢʦʤʧʦʥʝʥʪʘ, 

ʦʙʣʘʜʘʶʱʝʛʦ ʙʦʣʴʰʠʤ ʩʨʦʜʩʪʚʦʤ ʢ ʢʠʩʣʦʨʦʜʫ ï ʠʥʜʠʷ ʠ ʛʘʣʣʠʷ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʬʦʨʤʠʨʦʚʘʪʴ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʩʦʩʝʜʩʪʚʫʶʱʠʤʠ 

ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ (Pd) ʠ ʤʝʪʘʣʣʦ-ʦʢʩʠʜʥʳʤʠ ʜʦʤʝʥʘʤʠ, ʘ ʪʘʢʞʝ ʩʠʩʪʝʤʳ 

ç̫ ʜʨʦ-ʦʙʦʣʦʯʢʘè M2O3-Pd (M=In, Ga). ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʚ ʩʣʫʯʘʝ, ʥʘʧʨʠʤʝʨ, 

PdAg ʠ PdAu ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʜʣʷ ʢʦʪʦʨʳʭ ʭʘʨʘʢʪʝʨʥʦ ʦʙʨʘʟʦʚʘʥʠʝ 

ʥʝʧʨʝʨʳʚʥʦʛʦ ʨʷʜʘ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʟʘʤʝʱʝʥʠʷ [31, 32], ʥʝ ʧʨʦʷʚʣʷʶʱʠʭ 

ʪʝʥʜʝʥʮʠʠ ʢ ʩʫʧʝʨʩʪʨʫʢʪʫʨʥʦʤʫ ʫʧʦʨʷʜʦʯʝʥʠʶ, ʦʙʨʘʙʦʪʢʘ ʚ ʘʪʤʦʩʬʝʨʝ CO ʚ 

ʦʧʨʝʜʝʣʝʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠʚʦʜʠʪ ʢ ʦʙʦʛʘʱʝʥʠʶ ʠʭ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʘʣʣʘʜʠʝʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʦʜʥʦʘʪʦʤʥʳʭ ʮʝʥʪʨʦʚ, ʘ ʪʘʢʞʝ ʤʥʦʛʦʘʪʦʤʥʳʭ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʢʣʘʩʪʝʨʦʚ Pdn. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʢʪʠʚʘʮʠʦʥʥʘʷ ʦʙʨʘʙʦʪʢʘ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ çʪʦʥʢʦʡè ʥʘʩʪʨʦʡʢʠ 

ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʛʦ ʩʦʟʜʘʥʠʷ ʮʝʥʪʨʦʚ ʥʫʞʥʦʛʦ 

ʪʠʧʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʦʧʪʠʤʘʣʴʥʳʡ ʙʘʣʘʥʩ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

(ʘʢʪʠʚʥʦʩʪʴ, ʩʝʣʝʢʪʠʚʥʦʩʪʴ, ʩʪʘʙʠʣʴʥʦʩʪʴ). ʆʩʥʦʚʥʳʝ ʫʩʠʣʠʷ ʚ ʵʪʦʡ ʯʘʩʪʠ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʩʨʘʚʥʠʪʝʣʴʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʜʚʫʭ 
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ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ï PdAg, ʪʚʸʨʜʳʡ ʨʘʩʪʚʦʨ ʟʘʤʝʱʝʥʠʷ, ʠ PdIn ï  

ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʦʝ ʩʦʝʜʠʥʝʥʠʝ. 

ʊʨʝʪʠʡ ʧʦʜʭʦʜ ʟʘʢʣʶʯʘʣʩʷ ʚ ʧʨʦʚʝʨʢʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʝʨʝʥʦʩʘ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ, ʥʘʡʜʝʥʥʳʭ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʥʘ çʨʝʘʣʴʥʳʝè ʥʘʥʝʩʝʥʥʳʝ ʢʘʪʘʣʠʟʘʪʦʨʳ, ʛʜʝ ʥʘʥʦʯʘʩʪʠʮʳ 

ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʥʘʥʝʩʝʥʳ ʥʘ ʧʦʨʠʩʪʳʡ ʦʢʩʠʜʥʳʡ ʥʦʩʠʪʝʣʴ ï Al 2O3 ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʧʨʦʚʝʜʝʥʠʝʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

çʨʝʘʣʴʥʳʭè ʦʙʨʘʟʮʦʚ, ʧʦʜʚʝʨʛʥʫʪʳʭ ʘʢʪʠʚʘʮʠʦʥʥʦʡ ʧʨʝʜʦʙʨʘʙʦʪʢʝ ʚ 

ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ 

ʤʦʜʝʣʴʥʳʭ ʠ çʨʝʘʣʴʥʳʭè ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʧʦʟʚʦʣʠʣ ʨʘʟʚʠʪʴ ʧʦʜʭʦʜʳ ʢ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʵʬʬʝʢʪʦʚ ʩʝʛʨʝʛʘʮʠʠ ʜʣʷ ʢʦʥʪʨʦʣʠʨʫʝʤʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʥʘ ʘʪʦʤʘʨʥʦʤ ʫʨʦʚʥʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʪʘʢʠʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʠʭ ʘʢʪʠʚʘʮʠʠ. 

ʆʩʥʦʚʥʳʝ ʵʪʘʧʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʛʦ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ (ʢʘʢ çʨʝʘʣʴʥʳʭè, ʪʘʢ ʠ ʤʦʜʝʣʴʥʳʭ) ʠʟʫʯʘʣʠʩʴ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʧʣʝʢʩʘ ʩʦʚʨʝʤʝʥʥʳʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ, 

ʚʢʣʶʯʘʷ ʨʝʥʪʛʝʥʦʚʩʢʫʶ ʬʦʪʦʵʣʝʢʪʨʦʥʥʫʶ ʩʧʝʢʪʨʦʩʢʦʧʠʶ (ʈʌʕʉ), ʚ ʪʦʤ 

ʯʠʩʣʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʈʌʕʉ ʉʀ) ʠ ʚ ʨʝʞʠʤʝ in 

situ, ʀʂ-ʌʫʨʴʝ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ CO 

(DRIFTS CO), ʩʢʘʥʠʨʫʶʱʫʶ ʪʫʥʥʝʣʴʥʫʶ ʤʠʢʨʦʩʢʦʧʠʶ (ʉʊʄ), 

ʧʨʦʩʚʝʯʠʚʘʶʱʫʶ ʵʣʝʢʪʨʦʥʥʫʶ ʤʠʢʨʦʩʢʦʧʠʶ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ 

(ʇʕʄɺʈ), ʚʢʣʶʯʘʷ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʘʥʘʣʠʟ (EDAX). ʂʨʦʤʝ ʪʦʛʦ, 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʠʚʣʝʢʘʣʠʩʴ ʤʝʪʦʜʳ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ɸʥʘʣʠʟ ʚʩʝʡ ʩʦʚʦʢʫʧʥʦʩʪʠ ʧʦʣʫʯʘʝʤʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʠʩʘʥʥʳʭ 

ʚʳʰʝ ʧʦʜʭʦʜʦʚ ʜʘʥʥʳʭ ʦʪʢʨʳʚʘʝʪ ʰʠʨʦʢʠʝ ʚʦʟʤʦʞʥʦʩʪʠ, ʢʘʢ ʚ ʧʦʩʪʨʦʝʥʠʠ 

ʜʝʪʘʣʴʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʛʝʪʝʨʦʛʝʥʥʳʭ ʨʝʘʢʮʠʡ, ʪʘʢ ʠ ʚ ʚʳʷʚʣʝʥʠʠ ʧʨʠʨʦʜʳ 

ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʜʣʷ ʢʘʞʜʦʡ ʢʦʥʢʨʝʪʥʦʡ ʩʠʩʪʝʤʳ çʢʘʪʘʣʠʟʘʪʦʨ + 

ʨʝʘʢʮʠʦʥʥʘʷ ʩʨʝʜʘè. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʪʘʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʦʞʝʪ 

ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʚʘʞʥʘʷ ʠʥʬʦʨʤʘʮʠʷ, ʥʝʦʙʭʦʜʠʤʘʷ ʢʘʢ ʜʣʷ ʫʣʫʯʰʝʥʠʷ 
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ʩʫʱʝʩʪʚʫʶʱʠʭ, ʪʘʢ ʠ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʦʙʣʘʜʘʶʱʠʭ 

ʦʧʪʠʤʘʣʴʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ (ʩʪʨʫʢʪʫʨʘ, ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʠ ʩʦʦʪʥʦʰʝʥʠʝ 

ʤʝʪʘʣʣʦʚ), ʯʪʦ ʧʦʟʚʦʣʠʪ ʜʦʩʪʠʛʘʪʴ ʤʘʢʩʠʤʘʣʴʥʦʡ ʘʢʪʠʚʥʦʩʪʠ, ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ 

ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʦʤʳʰʣʝʥʥʦ ʚʘʞʥʳʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʘʭ. 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʦʧʠʩʘʥʥʳʤʠ ʚʳʰʝ ʧʦʜʭʦʜʘʤʠ ʤʦʛʫʪ ʙʳʪʴ 

ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʵʪʘʧʳ ʠʩʩʣʝʜʦʚʘʥʠʷ: 

1. ʆʪʨʘʙʦʪʢʘ ʤʝʪʦʜʠʢ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʤʦʜʝʣʥɹʳʭ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʩ ʫʟʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ. ʅʘ ʚʩʝʭ ʵʪʘʧʘʭ 

ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʠʭ 

ʥʘʙʦʨʦʤ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ (ʈʌʕʉ, 

ʉʊʄ ʠ ʜʨ.). ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʤʝʪʦʜʠʢʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ 

ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʧʦʟʚʦʣʷʶʱʠʝ ʢʦʥʪʨʦʣʠʨʫʝʤʦ 

ʚʘʨʴʠʨʦʚʘʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ (ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ 

ʯʘʩʪʠʮ, ʩʪʨʫʢʪʫʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ, ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʠ 

ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʪʘʣʣʦʚ, ʟʘʨʷʜʦʚʦʝ ʩʦʩʪʦʷʥʠʝ ʠ ʜʨ.). 

2. ʀʟʫʯʝʥʠʝ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʥʘ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʤʦʜʝʣʴʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʘʭ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʭʦʜʝ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʡ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ, ʦʙʳʯʥʦ ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʦʙʣʘʩʪʠ ʥʘʫʢʠ ʦ 

ʧʦʚʝʨʭʥʦʩʪʠ (Surface Science). 

3. ʈʘʟʨʘʙʦʪʢʘ ʠ ʪʝʩʪʠʨʦʚʘʥʠʝ ʤʝʪʦʜʠʢʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʬʬʝʢʪʦʚ 

ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʝʛʨʝʛʘʮʠʠ ʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮʘʭ 

(ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ ʟʘʤʝʱʝʥʠʷ ʠ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʝ) ʚ ʤʦʜʝʣʴʥʳʭ ʩʠʩʪʝʤʘʭ 

ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʘ ʈʌʕʉ ʚ ʨʝʞʠʤʝ in situ. 

4. ʀʟʫʯʝʥʠʝ ʵʬʬʝʢʪʦʚ ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʝʛʨʝʛʘʮʠʠ, 

ʧʨʦʠʩʭʦʜʷʱʠʭ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʦʙʨʘʙʦʪʦʢ ʚ ʨʘʟʣʠʯʥʳʭ ʛʘʟʦʚʳʭ ʩʨʝʜʘʭ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ çʨʝʘʣʴʥʳʭè ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. 

5. ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ çʨʝʘʣʴʥʳʭè ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʦʚ ʚ ʨʝʘʢʮʠʷʭ ʩʝʣʝʢʪʠʚʥʦʛʦ ʛʠʜʨʠʨʦʚʘʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʨʫʢʪʫʨʳ 
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ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʥʘʥʦʯʘʩʪʠʮʳ. 

1.2. ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

1.2.1. ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʬʦʪʦʵʣʝʢʪʨʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʪʚʸʨʜʳʭ ʪʝʣ 

ʷʚʣʷʝʪʩʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʬʦʪʦʵʣʝʢʪʨʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ (ʈʌʕʉ), ʬʠʟʠʯʝʩʢʠʝ 

ʧʨʠʥʮʠʧʳ ʢʦʪʦʨʦʡ ʦʩʥʦʚʘʥʳ ʥʘ ʷʚʣʝʥʠʠ ʚʥʝʰʥʝʛʦ ʬʦʪʦʵʬʬʝʢʪʘ. 

ʇʦʛʣʦʱʝʥʠʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʘʪʦʤʘʤʠ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ 

ʧʨʦʮʝʩʩ ʥʝʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʧʨʠ ʢʦʪʦʨʦʤ ʘʪʦʤ ʧʦʛʣʦʱʘʝʪ ʬʦʪʦʥ ʠ 

ʵʤʠʪʠʨʫʝʪ ʵʣʝʢʪʨʦʥ.  

ɿʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʧʨʠʥʷʪʦ ʦʪʩʯʠʪʳʚʘʪʴ ʦʪ ʫʨʦʚʥʷ ʌʝʨʤʠ ʦʙʨʘʟʮʘ [8]. 

ʆʙʳʯʥʦ ʚ ʈʌʕʉ ʩʧʝʢʪʨʦʤʝʪʨʝ ʦʙʨʘʟʝʮ ʥʘʭʦʜʠʪʩʷ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʢʦʥʪʘʢʪʝ ʩ 

ʝʛʦ ʢʦʨʧʫʩʦʤ, ʪʘʢ ʯʪʦ ʫʨʦʚʥʠ ʌʝʨʤʠ ʦʙʨʘʟʮʘ ʠ ʩʧʝʢʪʨʦʤʝʪʨʘ ʚʳʨʘʚʥʠʚʘʶʪʩʷ. 

ʋʨʘʚʥʝʥʠʝ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ ʚ ʪʘʢʦʤ ʩʣʫʯʘʝ ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ: 

ʩʧʩʚʢʠʥEEhv j++=
, 

ʛʜʝ hɜ ï ʵʥʝʨʛʠʷ ʧʘʜʘʶʱʝʛʦ ʥʘ ʦʙʨʘʟʝʮ ʠʟʣʫʯʝʥʠʷ (ʵʥʝʨʛʠʷ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʬʦʪʦʥʦʚ); Eʢʠʥ ï ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʵʤʠʪʠʨʦʚʘʥʥʳʭ ʩ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ; Eʩʚ ï ʵʥʝʨʛʠʷ ʩʚʷʟʠ ʵʣʝʢʪʨʦʥʦʚ ʚ 

ʚʝʱʝʩʪʚʝ, ʪ.ʝ. ʵʥʝʨʛʠʷ, ʥʝʦʙʭʦʜʠʤʘʷ ʜʣʷ ʫʜʘʣʝʥʠʷ ʬʦʪʦʵʣʝʢʪʨʦʥʘ ʥʘ 

ʙʝʩʢʦʥʝʯʥʦʩʪʴ ʧʨʠ ʥʫʣʝʚʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ; űʩʧ ï ʨʘʙʦʪʘ ʚʳʭʦʜʘ 

ʵʣʝʢʪʨʦʥʦʚ ʠʟ ʤʘʪʝʨʠʘʣʘ ʩʧʝʢʪʨʦʤʝʪʨʘ, ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ ʚʝʣʠʯʠʥʦʡ 

ʧʦʩʪʦʷʥʥʦʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟʤʝʨʷʷ ʢʠʥʝʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ ʵʤʠʪʠʨʦʚʘʥʥʳʭ 

ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ, ʚʳʙʠʪʳʭ ʠʟ ʘʪʦʤʘ ʨʝʥʪʛʝʥʦʚʩʢʠʤ 

ʠʟʣʫʯʝʥʠʝʤ ʠʟʚʝʩʪʥʦʡ ʵʥʝʨʛʠʠ, ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʟʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ ʩʚʷʟʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʨʦʚʥʝʡ. 

ʕʥʝʨʛʦʘʥʘʣʠʟʘʪʦʨ ʩʧʝʢʪʨʦʤʝʪʨʘ ʧʦʟʚʦʣʷʝʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ 

ʬʦʪʦʵʣʝʢʪʨʦʥʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʦʧʨʝʜʝʣʸʥʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʚ 
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ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ ʦʪ 0 ʜʦ hɜ, ʧʦʣʫʯʘʷ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ 

ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʦʙʨʘʟʮʘ. ʆʙʳʯʥʦ ʚ ʈʌʕʉ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʦʚ 

ʧʝʨʚʠʯʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʨʫʙʢʠ ʩ Al ʠʣʠ Mg 

ʘʥʦʜʦʤ, ʩ ʵʥʝʨʛʠʝʡ ʢʚʘʥʪʦʚ hɜ= 1486.6 ʠʣʠ 1253.6 ʵɺ (AlKŬ ʠʣʠ MgKŬ 

ʠʟʣʫʯʝʥʠʝ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) [33, 34]. ʂʨʦʤʝ ʪʦʛʦ, ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʯʝʥʴ ʚʦʩʪʨʝʙʦʚʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʚ ʢʦʪʦʨʳʭ ʚ ʢʘʯʝʩʪʚʝ 

ʠʩʪʦʯʥʠʢʘ ʧʝʨʚʠʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʠʥʭʨʦʪʨʦʥʥʦʝ ʠʟʣʫʯʝʥʠʝ.  

ɹʣʘʛʦʜʘʨʷ ʪʦʤʫ, ʯʪʦ ʥʘʙʦʨ ʵʥʝʨʛʠʡ ʩʚʷʟʠ ʨʘʟʣʠʯʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ 

ʫʨʦʚʥʝʡ ʷʚʣʷʝʪʩʷ ʫʥʠʢʘʣʴʥʳʤ ʜʣʷ ʢʘʞʜʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ, 

ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʬʦʪʦʵʣʝʢʪʨʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʷʚʣʷʝʪʩʷ ʧʨʷʤʳʤ ʠ 

ʵʬʬʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʦʧʨʝʜʝʣʝʥʠʷ ʘʪʦʤʥʦʛʦ ʩʦʩʪʘʚʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʚʝʨʜʦʛʦ 

ʪʝʣʘ. ʄʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʨʘʟʣʠʯʘʪʴ ʵʣʝʤʝʥʪʳ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʧʦ ʩʦʩʝʜʩʪʚʫ ʚ 

ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʪʘʙʣʠʮʝ [33], ʠ ʷʚʣʷʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʳʤ, ʪʘʢ ʢʘʢ ʧʦʟʚʦʣʷʝʪ 

ʠʩʩʣʝʜʦʚʘʪʴ ʩʦʩʪʦʷʥʠʷ ʚʩʝʭ ʵʣʝʤʝʥʪʦʚ, ʥʘʯʠʥʘʷ ʩ ʣʠʪʠʷ [35], ʘ ʪʘʢʞʝ 

ʧʨʦʚʦʜʥʠʢʠ, ʜʠʵʣʝʢʪʨʠʢʠ, ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ ʠ ʦʨʛʘʥʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ. 

ɺ ʦʩʥʦʚʝ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʚ ʈʌʕʉ ʣʝʞʠʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ 

ʬʘʢʪ, ʯʪʦ ʪʦʯʥʦʝ ʟʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʵʣʝʢʪʨʦʥʘ ʚ ʘʪʦʤʝ ʟʘʚʠʩʠʪ ʦʪ ʝʛʦ 

ʭʠʤʠʯʝʩʢʦʛʦ ʦʢʨʫʞʝʥʠʷ. ʀʟʤʝʥʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʘʨʷʜʘ ʚ ʚʘʣʝʥʪʥʦʡ 

ʦʙʦʣʦʯʢʝ ʘʪʦʤʘ (ʠʟʤʝʥʝʥʠʝ ʚʘʣʝʥʪʥʦʩʪʠ, ʢʦʦʨʜʠʥʘʮʠʠ, ʨʘʟʨʳʚ ʠ ʦʙʨʘʟʦʚʘʥʠʝ 

ʩʚʷʟʝʡ) ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ɽʩʚ ʚʥʫʪʨʝʥʥʠʭ ʫʨʦʚʥʝʡ (ʭʠʤʠʯʝʩʢʠʤ 

ʩʜʚʠʛʘʤ) [34]. 

ʂʦʣʠʯʝʩʪʚʝʥʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʚ ʈʌʕ-ʩʧʝʢʪʨʘʭ ʩʦʜʝʨʞʠʪʩʷ ʚ 

ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʠʥʠʡ (ʠʣʠ ʧʣʦʱʘʜʠ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʧʠʢʦʚ) 

[36]. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʥʢʨʝʪʥʦʡ ʣʠʥʠʠ, ʧʦʤʠʤʦ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʵʣʝʤʝʥʪʘ, ʟʘʚʠʩʠʪ ʦʪ ʨʷʜʘ ʬʘʢʪʦʨʦʚ, ʚʢʣʶʯʘʶʱʠʭ ʩʝʯʝʥʠʝ 

ʬʦʪʦʠʦʥʠʟʘʮʠʠ s, ʛʣʫʙʠʥʫ ʚʳʭʦʜʘ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ l, ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ 

ʩʧʝʢʪʨʦʤʝʪʨʘ, ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʠʣʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʘ ʪʘʢʞʝ 

ʥʘʣʠʯʠʝ ʩʘʪʝʣʣʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ (ʧʨʠʚʦʜʷʱʝʡ ʢ ʫʤʝʥʴʰʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ 

ʦʩʥʦʚʥʦʛʦ ʧʠʢʘ). ʆʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ nA/nB 
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ʵʣʝʤʝʥʪʦʚ ɸ ʠ ɺ ʚ ʦʙʨʘʟʮʝ ï ʘʪʦʤʥʳʝ ʦʪʥʦʰʝʥʠʷ, ʦʧʨʝʜʝʣʷʝʤʳʝ ʥʘ ʦʩʥʦʚʝ 

ʦʪʥʦʰʝʥʠʷ ʧʣʦʱʘʜʝʡ ʣʠʥʠʡ (ʦʪʥʦʰʝʥʠʝ ʠʥʪʝʛʨʘʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ IA/IB), 

ʦʪʢʦʨʨʝʢʪʠʨʦʚʘʥʥʳʭ ʥʘ ʬʘʢʪʦʨʳ ʘʪʦʤʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʦʡ ʠʣʠ ʠʥʦʡ ʣʠʥʠʠ ʦʧʨʝʜʝʣʸʥʥʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʛʠʩʪʨʘʮʠʷ ʠ ʘʥʘʣʠʟ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ 

ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ, ʠʩʧʫʩʢʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʤ ʦʙʨʘʟʮʘ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ 

ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ 

(ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ ʦʙʥʘʨʫʞʝʥʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʠʜʝʥʪʠʬʠʢʘʮʠʷ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ ʚ ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʷʭ) ʠ ʵʣʝʢʪʨʦʥʥʳʝ ʩʚʦʡʩʪʚʘ 

(ʦʧʨʝʜʝʣʝʥʠʝ ʫʨʦʚʥʷ ʌʝʨʤʠ ʠ ʨʘʙʦʪʳ ʚʳʭʦʜʘ ʜʣʷ ʧʨʦʚʦʜʷʱʠʭ ʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʘ ʪʘʢʞʝ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ). 

ʂʘʢ ʫʞʝ ʦʪʤʝʯʘʣʦʩʴ, ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʈʌʕʉ ʤʦʞʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʠ 

ʦʧʨʝʜʝʣʷʪʴ ʚ ʭʠʤʠʯʝʩʢʦʤ ʩʦʝʜʠʥʝʥʠʠ ʚʩʝ ʵʣʝʤʝʥʪʳ (ʢʨʦʤʝ ʚʦʜʦʨʦʜʘ ʠ 

ʛʝʣʠʷ). ʇʨʠ ʵʪʦʤ ʦʩʥʦʚʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʠʩʩʣʝʜʫʝʤʦʤʫ ʦʙʨʘʟʮʫ ʩʚʦʜʷʪʩʷ 

ʚʩʝʛʦ ʣʠʰʴ ʢ ʜʚʫʤ - ʚʝʱʝʩʪʚʦ ʥʝ ʜʦʣʞʥʦ ʨʘʟʣʘʛʘʪʴʩʷ ʚ ʚʘʢʫʫʤʝ ʠ ʧʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʵʪʠʤ 

ʫʩʣʦʚʠʷʤ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʙʦʣʴʰʠʥʩʪʚʦ ʭʠʤʠʯʝʩʢʠʭ ʚʝʱʝʩʪʚ. 

1.2.1.1. ʈʌʕʉ ʥʘ ʙʘʟʝ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʉʀ) ʚʳʩʦʢʦʡ ʷʨʢʦʩʪʠ ʚ 

ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ ʜʣʷ ʈʌʕʉ ʧʦʟʚʦʣʷʝʪ ʚʦʟʙʫʞʜʘʪʴ ʥʘ ʥʝʩʢʦʣʴʢʦ 

ʧʦʨʷʜʢʦʚ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ 

ʩʪʘʥʜʘʨʪʥʳʤʠ ʣʘʙʦʨʘʪʦʨʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 

(ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʪʨʫʙʢʠ ʩ AlKŬ ʠ MgKŬ ʠʟʣʫʯʝʥʠʝʤ), ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʷ ʠʟʤʝʨʝʥʠʷ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ, ʘ ʪʘʢʞʝ 

ʬʠʢʩʠʨʦʚʘʪʴ ʚ ʥʠʭ ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ. ʉʨʝʜʠ ʜʨʫʛʠʭ ʚʘʞʥʳʭ 

ʧʨʝʠʤʫʱʝʩʪʚ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʉʀ ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ ʤʘʣʫʶ ʩʦʙʩʪʚʝʥʥʫʶ 

ʵʥʝʨʛʝʪʠʯʝʩʢʫʶ ʰʠʨʠʥʫ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʦʥʦʭʨʦʤʘʪʦʨʦʚ 

ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʙʦʣʝʝ ʪʦʯʥʦ ʨʘʟʨʝʰʘʪʴ ʠ, 
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ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʚ ʩʧʝʢʪʨʘʭ ʵʣʝʤʝʥʪʳ ʚ ʨʘʟʣʠʯʥʦʤ 

ʭʠʤʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ. ʆʪʜʝʣʴʥʦ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʚʘʨʴʠʨʦʚʘʥʠʷ 

ʵʥʝʨʛʠʠ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ (0 ï 1200 ʵɺ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʝʰʝʪʦʯʥʦʛʦ ʤʦʥʦʭʨʦʤʘʪʦʨʘ), ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʚʘʨʴʠʨʦʚʘʪʴ 

ʢʠʥʝʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ ʵʤʠʪʠʨʦʚʘʥʥʳʭ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ 

ʵʬʬʝʢʪʠʚʥʫʶ ʛʣʫʙʠʥʫ ʘʥʘʣʠʟʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʦʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʨʦʚʝʜʝʥʠʷ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʘʥʘʣʠʟʘ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʠʟʫʯʘʝʤʦʡ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʧʦ ʛʣʫʙʠʥʝ.  

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʉʀ ʚʚʠʜʫ ʚʳʩʦʢʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʥʘʢʣʘʜʳʚʘʝʪ ʦʧʨʝʜʝʣʸʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ 

ʠʟʤʝʨʝʥʠʝ ʥʝʧʨʦʚʦʜʷʱʠʭ ʦʙʨʘʟʮʦʚ, ʥʘʧʨʠʤʝʨ, ʩʠʩʪʝʤ, ʛʜʝ ʥʘʥʦʯʘʩʪʠʮʳ 

ʤʝʪʘʣʣʦʚ ʥʘʥʝʩʝʥʳ ʥʘ ʦʢʩʠʜʥʳʝ ʥʦʩʠʪʝʣʠ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦʙʦʡ 

ʜʠʵʣʝʢʪʨʠʢʠ ʠʣʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ (Al2O3, SiO2, ZrO2, TiO2 ʠ ʜʨʫʛʠʝ), 

ʚʩʣʝʜʩʪʚʠʝ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʵʬʬʝʢʪʦʚ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʧʦʜʟʘʨʷʜʢʠ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʧʦʣʦʞʝʥʠʷ ʣʠʥʠʡ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʚ ʭʦʜʝ ʠʟʤʝʨʝʥʠʷ, ʯʪʦ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʟʘʪʨʫʜʥʷʝʪ ʠʜʝʥʪʠʬʠʢʘʮʠʶ 

ʟʘʨʷʜʦʚʦʛʦ/ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʵʣʝʤʝʥʪʦʚ.  

1.2.1.2. In situ ʠ operando ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʧʨʠ 

ʧʦʚʳʰʝʥʥʦʤ ʜʘʚʣʝʥʠʠ ʤʝʪʦʜʦʤ ʈʌʕʉ 

ʆʜʥʦʡ ʠʟ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʟʘʜʘʯ ʥʘʫʢʠ ʦ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʢʘʪʘʣʠʟʝ 

ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʬʫʥʢʮʠʦʥʠʨʫʶʱʝʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ. ɼʣʷ ʵʪʦʛʦ 

ʥʝʦʙʭʦʜʠʤʦ ʧʦʣʫʯʠʪʴ ʩʧʝʢʪʨʘʣʴʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʦʩʪʘʚʝ ʘʜʩʦʨʙʮʠʦʥʥʦʛʦ 

ʩʣʦʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʩʪʨʫʢʪʫʨʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʠʟʤʝʥʝʥʠʠ 

ʤʦʨʬʦʣʦʛʠʠ ʥʘʥʦʯʘʩʪʠʮ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʪʝʩʪʠʨʦʚʘʥʠʝʤ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʠʟʫʯʘʝʤʦʛʦ ʦʙʨʘʟʮʘ, ʦʩʫʱʝʩʪʚʠʪʴ ʫʧʨʘʚʣʝʥʠʝ ʧʘʨʘʤʝʪʨʘʤʠ 

ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ (ʪʝʤʧʝʨʘʪʫʨʘ, ʧʘʨʮʠʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ ʨʝʘʛʝʥʪʦʚ, ʠʭ 

ʩʦʦʪʥʦʰʝʥʠʝ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ). ʅʝʩʤʦʪʨʷ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʪʘʢʦʛʦ 

ʧʦʜʭʦʜʘ, ʝʛʦ ʧʨʘʢʪʠʯʝʩʢʘʷ ʨʝʘʣʠʟʘʮʠʷ ʠʤʝʝʪ ʨʷʜ ʩʝʨʴʝʟʥʳʭ ʤʝʪʦʜʠʯʝʩʢʠʭ 

ʪʨʫʜʥʦʩʪʝʡ, ʦʜʥʘ ʠʟ ʢʦʪʦʨʳʭ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʨʦʙʣʝʤʝ çʨʘʟʨʳʚʘ ʜʘʚʣʝʥʠʡè 
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ʠʣʠ çPressure gapè, ʢʘʢ ʦʥʘ ʥʘʟʳʚʘʝʪʩʷ ʚ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʣʠʪʝʨʘʪʫʨʝ. 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʙʦʣʴʰʠʥʩʪʚʦ ʬʠʟʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ 

ʵʬʬʝʢʪʠʚʥʦ ʨʘʙʦʪʘʶʪ ʪʦʣʴʢʦ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ, ʢʦʛʜʘ ʩʢʦʨʦʩʪʴ 

ʧʨʦʪʝʢʘʥʠʷ ʤʥʦʛʠʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʤʘʣʘ. ʆʜʥʘʢʦ, ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, 

ʯʪʦ ʚʦʟʜʝʡʩʪʚʠʝ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ 

ʠʟʤʝʥʝʥʠʶ ʢʘʢ ʤʦʨʬʦʣʦʛʠʠ, ʪʘʢ ʠ ʟʘʨʷʜʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʘʢʪʠʚʥʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ, ʘ ʧʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ ʚʦʟʤʦʞʥʦ ʧʦʷʚʣʝʥʠʝ ʥʦʚʳʭ 

ʣʝʛʢʦʩʚʷʟʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʬʦʨʤʠʨʫʶʱʠʭʩʷ ʪʦʣʴʢʦ ʚ ʫʩʣʦʚʠʷʭ ʨʝʘʢʮʠʠ, ʯʪʦ 

ʥʘʧʨʷʤʫʶ ʦʪʨʘʞʘʝʪʩʷ ʥʘ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ ʠʟʫʯʘʝʤʳʭ ʦʙʨʘʟʮʦʚ. ɺ 

ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚ ʦʙʣʘʩʪʠ ʥʘʫʢʠ ʦ ʧʦʚʝʨʭʥʦʩʪʠ (Surface Science) ʙʳʣʠ 

ʨʘʟʨʘʙʦʪʘʥʳ ʥʦʚʳʝ ʧʦʜʭʦʜʳ ʠ ʤʝʪʦʜʠʢʠ, ʧʦʟʚʦʣʷʶʱʠʝ ʨʝʰʘʪʴ 

ʚʳʰʝʫʧʦʤʷʥʫʪʳʝ ʤʝʪʦʜʠʯʝʩʢʠʝ ʧʨʦʙʣʝʤʳ ʧʨʠʤʝʥʝʥʠʷ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ 

ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʠʟʫʯʝʥʠʠ ʛʝʪʝʨʦʛʝʥʥʳʭ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. ʊʘʢ, ʨʝʰʝʥʠʝʤ ʧʨʦʙʣʝʤʳ çPressure gapè ʷʚʣʷʝʪʩʷ 

ʠʟʤʝʨʝʥʠʝ ʩʧʝʢʪʨʦʚ ʈʌʕʉ ʚ ʨʝʞʠʤʝ in situ ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʨʝʘʢʮʠʦʥʥʦʡ 

ʩʨʝʜʳ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ ʚʳʰʝ, ʯʝʤ ʚ ʩʪʘʥʜʘʨʪʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ 

Surface Science ʚ ʢʦʤʙʠʥʘʮʠʠ ʩ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʝʡ ʠ/ʠʣʠ ʛʘʟʦʚʦʡ 

ʭʨʦʤʘʪʦʛʨʘʬʠʝʡ ʜʣʷ ʢʦʥʪʨʦʣʷ ʩʦʩʪʘʚʘ ʛʘʟʦʚʦʡ ʬʘʟʳ ʚ ʭʦʜʝ ʧʨʦʪʝʢʘʥʠʷ 

ʨʝʘʢʮʠʠ (ʨʝʞʠʤ operando). ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ ʧʦʟʚʦʣʷʝʪ 

ʫʩʪʘʥʦʚʠʪʴ ʢʦʨʨʝʣʷʮʠʶ ʤʝʞʜʫ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ ʭʠʤʠʯʝʩʢʠʤ 

ʩʦʩʪʦʷʥʠʝʤ/ʩʪʨʫʢʪʫʨʦʡ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʬʫʥʢʮʠʦʥʠʨʫʶʱʝʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʘ ʪʘʢʞʝ ʠʟʫʯʠʪʴ ʢʣʶʯʝʚʳʝ ʠʥʪʝʨʤʝʜʠʘʪʳ 

(ʘʜʩʦʨʙʘʪʳ), ʦʙʨʘʟʫʶʱʠʝʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ 

ʭʦʜʝ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ.  

ʆʩʥʦʚʥʦʝ ʫʩʣʦʚʠʝ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʪʘʢʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ï ʵʪʦ 

ʧʨʦʭʦʞʜʝʥʠʝ ʜʦʩʪʘʪʦʯʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʦʪ ʦʙʨʘʟʮʘ ʢ 

ʘʥʘʣʠʟʘʪʦʨʫ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʥʝʦʙʭʦʜʠʤʦ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʨʘʩʩʝʷʥʠʝ 

ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʧʨʠ ʩʪʦʣʢʥʦʚʝʥʠʠ ʩ ʤʦʣʝʢʫʣʘʤʠ ʛʘʟʦʚʦʡ ʩʨʝʜʳ ʥʘ ʧʫʪʠ 

ʦʙʨʘʟʝʮ ï ʘʥʘʣʠʟʘʪʦʨ. ʕʪʦ ʜʦʩʪʠʛʘʝʪʩʷ ʥʝʩʢʦʣʴʢʠʤʠ ʩʧʦʩʦʙʘʤʠ. ɺʦ-ʧʝʨʚʳʭ, 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚʳʩʦʢʦʡ ʩʚʝʪʠʤʦʩʪʠ ʧʦʟʚʦʣʷʝʪ 
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ʚʦʟʙʫʞʜʘʪʴ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ, ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤʠ ʣʘʙʦʨʘʪʦʨʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ. ɺʦ-ʚʪʦʨʳʭ, ʦʩʦʙʝʥʥʦʩʪʠ ʢʦʥʩʪʨʫʢʮʠʠ ʩʧʝʢʪʨʦʤʝʪʨʘ ʩʦ ʩʪʫʧʝʥʷʤʠ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʦʪʢʘʯʢʠ ʧʦʟʚʦʣʷʶʪ ʧʦʜʜʝʨʞʠʚʘʪʴ ʧʝʨʝʧʘʜ ʜʘʚʣʝʥʠʷ 

ʤʝʞʜʫ ʦʙʣʘʩʪʴʶ ʥʘʜ ʦʙʨʘʟʮʦʤ ʠ ʘʥʘʣʠʟʘʪʦʨʦʤ ʚ 108 ʨʘʟ ʠ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ 

ʧʫʪʴ ʧʨʦʣʝʪʘ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʯʝʨʝʟ ʦʙʣʘʩʪʴ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ (ʈʠʩʫʥʦʢ 1). 

ɺ-ʪʨʝʪʴʠʭ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ ʣʠʥʟ ʧʦʟʚʦʣʷʝʪ ʬʦʢʫʩʠʨʦʚʘʪʴ 

ʧʫʯʦʢ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʚʥʫʪʨʠ ʩʪʫʧʝʥʝʡ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʦʪʢʘʯʢʠ, ʠ 

ʧʨʝʜʦʪʚʨʘʱʘʪʴ ʠʭ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʨʘʩʩʝʥ̫ʠʝ. ʀʟʤʝʥʝʥʠʝ ʜʘʚʣʝʥʠʷ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʩʩʪʦʷʥʠʷ z ʜʦ ʚʭʦʜʥʦʡ ʘʧʝʨʪʫʨʳ ʜʠʘʤʝʪʨʘ d ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ 

ʥʠʞʥʝʡ ʯʘʩʪʠ ʈʠʩʫʥʢʘ 1ʙ. ɺʠʜʥʦ, ʯʪʦ ʦʧʪʠʤʘʣʴʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʦʙʨʘʟʮʦʤ ʠ ʚʭʦʜʥʳʤ ʦʪʚʝʨʩʪʠʝʤ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 2d ʜʦ 3d, ʧʨʠ ʵʪʦʤ ʜʘʚʣʝʥʠʝ 

ʥʘʜ ʧʦʚʝʨʭʥʦʩʪʴʶ ʦʙʨʘʟʮʘ p ʨʘʚʥʦ ʜʘʚʣʝʥʠʶ ʚʦ ʚʩʝʡ ʢʘʤʝʨʝ ʨ0 (ʨʝʛʫʣʠʨʫʝʪʩʷ 

ʦʧʝʨʘʪʦʨʦʤ).  

 

(ʘ)                                                                                            (ʙ) 

 

ʈʠʩʫʥʦʢ 1. ʉʭʝʤʘ ʩʠʩʪʝʤʳ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʦʪʢʘʯʢʠ ʵʥʝʨʛʦʘʥʘʣʠʟʘʪʦʨʘ ʩ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤʠ ʣʠʥʟʘʤʠ, (ʘ); ʩʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʣʘʩʪʠ 

ʤʝʞʜʫ ʦʙʨʘʟʮʦʤ ʠ ʚʭʦʜʥʳʤ ʦʪʚʝʨʩʪʠʝʤ ʧʝʨʚʦʡ ʩʪʫʧʝʥʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ 

ʦʪʢʘʯʢʠ, ʚʥʠʟʫ ʧʨʝʜʩʪʘʚʣʝʥʦ ʠʟʤʝʥʝʥʠʝ ʜʘʚʣʝʥʠʷ ʧʦ ʦʩʠ ʩʙʦʨʘ 

ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʚʭʦʜʥʦʛʦ ʦʪʚʝʨʩʪʠʷ (ʙ). 
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1.2.1.3. ʆʧʠʩʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ 

1.2.1.3.1. ʌʦʪʦʵʣʝʢʪʨʦʥʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ SPECS, ʥʘʭʦʜʷʱʠʡʩʷ ʚ ʀʂ ʉʆ 

ʈɸʅ 

 ɼʣʷ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʠʷ ʥʘʥʝʩʸʥʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ (ʢʘʢ 

ʤʦʜʝʣʴʥʳʭ, ʪʘʢ ʠ çʨʝʘʣʴʥʳʭè) ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʡ 

ʩʧʝʢʪʨʦʤʝʪʨ ʧʨʦʠʟʚʦʜʩʪʚʘ ʬʠʨʤʳ SPECS (ɻʝʨʤʘʥʠʷ), ʥʘʭʦʜʷʱʠʡʩʷ ʚ 

ʀʥʩʪʠʪʫʪʝ ʢʘʪʘʣʠʟʘ ʉʆ ʈɸʅ, ʢʦʪʦʨʳʡ ʩʦʩʪʦʠʪ ʠʟ ʯʝʪʳʨʸʭ ʚʘʢʫʫʤʥʳʭ 

ʢʘʤʝʨ: ʢʘʤʝʨʳ ʟʘʛʨʫʟʢʠ, ʢʘʤʝʨʳ ʧʦʜʛʦʪʦʚʢʠ, ʢʘʤʝʨʳ ʘʥʘʣʠʟʘʪʦʨʘ ʠ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʢʘʤʝʨʳ, ʦʩʥʘʱʸʥʥʦʡ ʷʯʝʡʢʦʡ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ. 

ʂʘʤʝʨʘ ʧʦʜʛʦʪʦʚʢʠ ʦʩʥʘʱʝʥʘ ʯʝʪʳʨʝʭʧʦʟʠʮʠʦʥʥʳʤ ʤʘʥʠʧʫʣʷʪʦʨʦʤ (ʩ 

ʚʦʟʤʦʞʥʦʩʪʴʶ ʥʘʛʨʝʚʘ ʦʙʨʘʟʮʘ ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʦʤ ʜʦ 800Áʉ), 

ʘʨʛʦʥʦʚʦʡ ʧʫʰʢʦʡ IQE 11/35 ʠ ʩʠʩʪʝʤʦʡ ʥʘʧʳʣʝʥʠʷ ʤʝʪʘʣʣʦʚ EFM3 

(Omicron, ɻʝʨʤʘʥʠʷ). ʂʘʤʝʨʘ ʘʥʘʣʠʟʘʪʦʨʘ ʦʩʥʘʱʝʥʘ ʧʦʣʫʩʬʝʨʠʯʝʩʢʠʤ 

ʘʥʘʣʠʟʘʪʦʨʦʤ PHOIBOS-150-MCD-9, ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʤʦʥʦʭʨʦʤʘʪʦʨʦʤ 

FOCUS-500 ʠ ʠʩʪʦʯʥʠʢʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ XR-50M ʩ ʜʚʦʡʥʳʤ 

Al/Ag ʘʥʦʜʦʤ, ʘ ʪʘʢʞʝ ʩʪʘʥʜʘʨʪʥʳʤ ʠʩʪʦʯʥʠʢʦʤ XR50 ʩ ʜʚʦʡʥʳʤ Al/Mg 

ʘʥʦʜʦʤ. ɺ ʢʘʤʝʨʝ, ʦʩʥʘʱʸʥʥʦʡ ʷʯʝʡʢʦʡ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ, ʝʩʪʴ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʦʙʨʘʙʦʪʢʠ ʦʙʨʘʟʮʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʛʘʟʦʚʳʭ ʩʨʝʜʘʭ 

ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʜʦ 1 ʘʪʤʦʩʬʝʨʳ, ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 50 ï 450 Áʉ. 

ʇʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʚ ʛʘʟʦʚʦʡ ʩʨʝʜʝ ʦʙʨʘʟʝʮ ʧʝʨʝʤʝʱʘʝʪʩʷ ʚ ʢʘʤʝʨʫ 

ʘʥʘʣʠʟʘʪʦʨʘ ʙʝʟ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʢʦʥʪʘʢʪʘ ʩ ʘʪʤʦʩʬʝʨʦʡ. ɼʣʷ ʠʟʤʝʨʝʥʠʷ 

ʧʣʘʥʘʨʥʳʭ ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ 

ʤʦʥʦʭʨʦʤʘʪʠʟʠʨʦʚʘʥʥʦʝ ʠʟʣʫʯʝʥʠʝ AlKŬ (hɜ = 1486.74 ʵɺ, 200 ɺʪ). ɼʣʷ 

ʠʟʤʝʨʝʥʠʷ çʨʝʘʣʴʥʳʭè ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʘ Al 2O3 ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ 

ʥʝʤʦʥʦʭʨʦʤʘʪʠʟʠʨʦʚʘʥʥʦʝ ʠʟʣʫʯʝʥʠʝ AlKŬ (hɜ = 1486.6 ʵɺ, 150 ɺʪ). 

ʐʢʘʣʘ ʵʥʝʨʛʠʡ ʩʚʷʟʠ (ɽʩʚ) ʙʳʣʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʪʢʘʣʠʙʨʦʚʘʥʘ ʧʦ 

ʧʦʣʦʞʝʥʠʶ ʧʠʢʦʚ ʦʩʪʦʚʥʳʭ ʫʨʦʚʥʝʡ ʟʦʣʦʪʘ ʠ ʤʝʜʠ: Au4f7/2 - 84.0 ʵɺ ʠ 

Cu2p3/2 - 932.67 ʵɺ. ɹʘʟʦʚʦʝ ʜʘʚʣʝʥʠʝ ʚ ʧʨʠʙʦʨʝ ʚ ʭʦʜʝ ʠʟʤʝʨʝʥʠʡ ʥʝ 
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ʧʨʝʚʳʰʘʣʦ 5 Ĭ 10-9 ʤʙʘʨ. ɼʣʷ ʢʘʣʠʙʨʦʚʢʠ ʩʧʝʢʪʨʦʚ, ʠʟʤʝʨʝʥʥʳʭ ʜʣʷ 

ʤʦʜʝʣʴʥʳʭ ʥʘʥʝʩʸʥʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʚ ʢʘʯʝʩʪʚʝ ʚʥʫʪʨʝʥʥʝʛʦ ʩʪʘʥʜʘʨʪʘ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʣʠʥʠʷ ʉ1s (ɽʩʚ = 284.5 ʵɺ) ʦʪ ʫʛʣʝʨʦʜʘ ʚ ʩʦʩʪʘʚʝ ʥʦʩʠʪʝʣʷ 

(ɺʆʇɻ) [35], ʘ ʚ ʩʣʫʯʘʝ çʨʝʘʣʴʥʳʭè ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʣʠʥʠʷ Al2p (ɽʩʚ = 74.5 

ʵɺ) ʦʪ ʘʣʶʤʠʥʠʷ ʚ ʩʦʩʪʘʚʝ Al 2O3 [35]. ʆʧʨʝʜʝʣʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ 

ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʵʣʝʤʝʥʪʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʫʯʝʪʦʤ ʢʦʨʨʝʢʮʠʠ 

ʠʥʪʝʛʨʘʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʧʠʢʦʚ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʘʪʦʤʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ [37]. ɸʥʘʣʠʟ ʩʧʝʢʪʨʦʚ ʠ ʠʭ ʨʘʟʣʦʞʝʥʠʝ ʥʘ 

ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ 

XPSPeak 4.1 [38]. 

1.2.1.3.2. ʈʦʩʩʠʡʩʢʦ-ʥʝʤʝʮʢʘʷ ʩʪʘʥʮʠʷ RGBL ʥʘ ʠʩʪʦʯʥʠʢʝ 

ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ BESSY II (ɹʝʨʣʠʥ, ɻʝʨʤʘʥʠʷ) 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʤʦʜʝʣʴʥʳʭ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ (ʩʧʝʢʘʥʠʝ ʠ ʦʙʨʘʟʦʚʘʥʠʝ ʩʧʣʘʚʘ), ʘ ʪʘʢʞʝ 

ʠʟʤʝʥʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʝʪʘʣʣʦʚ ʧʦ ʛʣʫʙʠʥʝ ʯʘʩʪʠʮ ʧʨʠ ʠʭ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʧʨʦʛʨʝʚʝ ʚ ʚʘʢʫʫʤʝ ʧʨʦʚʦʜʠʣʦʩʴ ʤʝʪʦʜʦʤ ʈʌʕʉ ʥʘ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ ʩʪʘʥʮʠʠ RGBL ʎʝʥʪʨʘ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ BESSY II. ʂʘʢ ʫʞʝ ʫʧʦʤʠʥʘʣʦʩʴ ʚʳʰʝ, ʚʘʞʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ 

ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʚʘʨʴʠʨʦʚʘʪʴ ʵʥʝʨʛʠʶ 

ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʤʝʥʷʪʴ ʢʠʥʝʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ 

ʵʤʠʪʠʨʦʚʘʥʥʳʭ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʛʣʫʙʠʥʫ ʘʥʘʣʠʟʘ. 

ʌʦʪʦʵʣʝʢʪʨʦʥʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ ʩʪʘʥʮʠʠ RGBL [39] ʦʙʦʨʫʜʦʚʘʥ 

ʧʦʣʫʩʬʝʨʠʯʝʩʢʠʤ ʘʥʘʣʠʟʘʪʦʨʦʤ PHOIBOS-150-2D-CCD (SPECS, ɻʝʨʤʘʥʠʷ). 

ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ ʠʟʤʝʨʝʥʠʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʵʣʝʤʝʥʪʦʚ ʧʦ ʛʣʫʙʠʥʝ, ʩʧʝʢʪʨʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʣʠʥʠʡ ʟʘʧʠʩʳʚʘʣʠʩʴ ʜʣʷ 

ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʩ ʦʜʠʥʘʢʦʚʳʤʠ ʢʠʥʝʪʠʯʝʩʢʠʤʠ ʵʥʝʨʛʠʷʤʠ ï 200, 300, 450 ʠ 

600 ɻ ɺ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʵʤʠʪʠʨʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ 

ʤʝʥʷʝʪʩʷ ʛʣʫʙʠʥʘ ʘʥʘʣʠʟʘ, ʪʘʢ ʢʘʢ ʜʣʠʥʘ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʵʣʝʢʪʨʦʥʦʚ (ɚ) 

ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʢʚʘʜʨʘʪʥʦʛʦ ʢʦʨʥʷ ʠʟ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ [36, 40]. ʇʨʠ 
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ʦʧʨʝʜʝʣʝʥʠʠ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʣʠʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʧʝʢʪʨʳ C1s ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʣʠʥʠʠ, ʟʘʧʠʩʘʥʥʳʝ ʧʨʠ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʵʥʝʨʛʠʠ ʧʝʨʚʠʯʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ hn. ʂʨʦʤʝ ʪʦʛʦ, ʩʧʝʢʪʨʦʤʝʪʨ ʦʙʦʨʫʜʦʚʘʥ ʢʘʤʝʨʦʡ ʧʦʜʛʦʪʦʚʢʠ, 

ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʨʘʟʣʠʯʥʳʝ ʦʙʨʘʙʦʪʢʠ ʦʙʨʘʟʮʦʚ (ʩ 

ʚʦʟʤʦʞʥʦʩʪʴʶ ʥʘʛʨʝʚʘ ʦʙʨʘʟʮʘ ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʦʤ). ʆʩʪʘʪʦʯʥʦʝ ʜʘʚʣʝʥʠʝ ʚ 

ʩʧʝʢʪʨʦʤʝʪʨʝ ʩʦʩʪʘʚʣʷʣʦ ~ 1³10-9 ʤʙʘʨ. ʆʧʨʝʜʝʣʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ 

ʢʦʥʮʝʥʪʨʘʮʠʡ ʵʣʝʤʝʥʪʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʫʯʝʪʦʤ ʢʦʨʨʝʢʮʠʠ ʠʥʪʝʛʨʘʣʴʥʳʭ 

ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʧʠʢʦʚ ʥʘ ʟʥʘʯʝʥʠʷ ʩʝʯʝʥʠʡ ʬʦʪʦʠʦʥʠʟʘʮʠʠ, ʧʨʠʚʝʜʸʥʥʳʭ ʚ 

ʨʘʙʦʪʝ [41]. ʉʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʜʣʠʥʳ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʵʣʝʢʪʨʦʥʦʚ (ɚ) ʚ 

ʨʘʟʣʠʯʥʳʭ ʤʝʪʘʣʣʘʭ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʠʥʝʪʠʯʝʩʢʠʭ ʵʥʝʨʛʠʡ (300, 450 ʠ 600 ʵɺ) 

ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ QUASES-IMFP-TPP2M [42] ʠ ʚ 

ʜʘʣʴʥʝʡʰʝʤ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ ʦʮʝʥʢʝ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ, ʢʦʪʦʨʘʷ ʦʙʳʯʥʦ 

ʧʨʠʥʠʤʘʝʪʩʷ ʨʘʚʥʦʡ 3Ŀɚ [36]. ɿʥʘʯʝʥʠʷ ʜʣʠʥr  ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ 

ʵʣʝʢʪʨʦʥʦʚ ʩ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʝʡ ʦʯʝʥʴ ʙʣʠʟʢʠ ʜʣʷ ʚʩʝʭ 

ʠʟʫʯʘʝʤʳʭ ʤʝʪʘʣʣʦʚ, ʪ.ʝ. ʵʣʝʢʪʨʦʥʳ, ʦʙʫʩʣʘʚʣʠʚʘʶʱʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʣʠʥʠʡ ʵʤʠʪʠʨʫʶʪʩʷ ʩ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ 

ʵʬʬʝʢʪʠʚʥʦʡ ʛʣʫʙʠʥʳ ʦʙʨʘʟʮʘ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʤʦʞʥʦ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʪʴ 

ʨʘʟʥʠʮʫ ʚ ʛʣʫʙʠʥʝ ʘʥʘʣʠʟʘ ʜʣʷ ʣʠʥʠʡ ʩ ʨʘʟʣʠʯʥʳʤ ʟʥʘʯʝʥʠʝʤ ʵʥʝʨʛʠʠ ʩʚʷʟʠ, 

ʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠ ʪʦʣʱʠʥʫ ʩʣʦʷ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʵʣʝʤʝʥʪʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʀʤʝʥʥʦ ʵʪʦʪ ʬʘʢʪ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ ʧʨʝʠʤʫʱʝʩʪʚ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʈʌʕʉ ʥʘ ʙʘʟʝ ʉʀ ʧʨʠ ʠʟʫʯʝʥʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʝʪʘʣʣʦʚ ʧʦ 

ʛʣʫʙʠʥʝ (ʩʪʨʫʢʪʫʨʳ ʯʘʩʪʠʮ) ʚ ʧʦʜʦʙʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ. ɸʥʘʣʠʟ 

ʩʧʝʢʪʨʦʚ ʠ ʠʭ ʨʘʟʣʦʞʝʥʠʝ ʥʘ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʧʨʦʚʦʜʠʣʦʩʴ ʩ 

ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ XPSPeak 4.1 [38]. 

1.2.1.3.3. ʉʪʘʥʮʠʠ ISISS ʠ UE56/2 PGM-1 ʥʘ ɹʝʨʣʠʥʩʢʦʤ ʠʩʪʦʯʥʠʢʝ 

ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ BESSY II (ɹʝʨʣʠʥ, ɻʝʨʤʘʥʠʷ) 

ɺʩʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʤʝʪʦʜʦʤ 

ʈʌʕʉ ʚ ʨʝʞʠʤʝ in situ, ʪʦ ʝʩʪʴ ʧʨʠ ʧʦʚʳʰʝʥʥʦʤ ʜʘʚʣʝʥʠʠ ʨʝʘʢʮʠʦʥʥʦʡ 

ʩʨʝʜʳ ʥʘʜ ʦʙʨʘʟʮʦʤ, ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʩʪʘʥʮʠʷʭ ISISS [43] ʠ UE56/2 PGM-1 
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[44, 45] ʮʝʥʪʨʘ ʩʠʥʭʨʦʪʨʦʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ BESSY II. ʆʙʝ ʩʪʘʥʮʠʠ 

ʦʩʥʘʱʝʥʳ ʈʌʕʉ ʩʧʝʢʪʨʦʤʝʪʨʘʤʠ, ʨʘʙʦʪʘʶʱʠʤʠ ʧʨʠ ʧʦʚʳʰʝʥʥʦʤ ʜʘʚʣʝʥʠʠ, 

ʩ ʢʦʥʬʠʛʫʨʘʮʠʝʡ ʪʘʢ ʥʘʟʳʚʘʝʤʦʛʦ çʦʙʨʘʪʥʦʛʦ ʟʘʧʦʣʥʝʥʠʷè (Back filling) [46]. 

ʉʧʝʢʪʨʦʤʝʪʨʳ ʩʦʩʪʦʷʪ ʠʟ ʜʚʫʭ ʢʘʤʝʨ: ʢʘʤʝʨʳ ʟʘʛʨʫʟʢʠ ʦʙʨʘʟʮʘ ʠ ʢʘʤʝʨʳ 

ʘʥʘʣʠʟʘʪʦʨʘ, ʦʩʥʘʱʸʥʥʦʡ ʵʥʝʨʛʦʘʥʘʣʠʟʘʪʦʨʦʤ PHOIBOS 150 NAP (SPECS, 

ɻʝʨʤʘʥʠʷ), ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʝ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ 

ʩʧʝʢʪʨʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʛʘʟʦʚʳʭ ʩʨʝʜʘʭ ʧʨʠ ʜʘʚʣʝʥʠʠ ʜʦ 20 ʤʙʘʨ. ɼʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʤʦʜʝʣʴʥʳʝ ʧʣʘʥʘʨʥʳʝ ʢʘʪʘʣʠʟʘʪʦʨʳ ʟʘʢʨʝʧʣʷʣʠʩʴ 

ʥʘ ʩʘʧʬʠʨʦʚʦʤ ʜʝʨʞʘʪʝʣʝ ʤʝʞʜʫ ʧʣʘʩʪʠʥʢʦʡ ʠ ʧʨʠʞʠʤʥʳʤʠ ʧʨʫʞʠʥʘʤʠ ʠʟ 

ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ. ʂʨʦʤʝ ʪʦʛʦ, ʢʘʤʝʨʘ ʘʥʘʣʠʟʘʪʦʨʘ ʦʩʥʘʱʝʥʘ 

ʠʥʬʨʘʢʨʘʩʥʳʤ ʣʘʟʝʨʦʤ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʥʘʛʨʝʚ ʦʙʨʘʟʮʘ (ʩ 

ʦʙʨʘʪʥʦʡ ʩʪʦʨʦʥʳ) ʜʦ 600 Áʉ. ʊʝʤʧʝʨʘʪʫʨʘ ʢʦʥʪʨʦʣʠʨʦʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ 

ʪʝʨʤʦʧʘʨʳ ʂ-ʪʠʧʘ, ʟʘʢʨʝʧʣʸʥʥʦʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ. ʅʘʧʫʩʢ ʛʘʟʦʚ ʚ 

ʘʥʘʣʠʪʠʯʝʩʢʫʶ ʢʘʤʝʨʫ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʮʠʟʠʦʥʥʳʭ 

ʨʝʛʫʣʷʪʦʨʦʚ ʨʘʩʭʦʜʘ ʛʘʟʦʚ (Bronkhorst, ʅʠʜʝʨʣʘʥʜʳ). ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʢʘʤʝʨʘ 

ʦʩʥʘʱʝʥʘ ʚʝʥʪʠʣʝʤ-ʥʘʪʝʢʘʪʝʣʝʤ, ʢʦʪʦʨʳʡ ʩʦʝʜʠʥʷʝʪ ʝʸ ʩ ʢʚʘʜʨʫʧʦʣʴʥʳʤ 

ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʦʤ QME-220 (Pfeiffer, ɻʝʨʤʘʥʠʷ) ʜʣʷ ʘʥʘʣʠʟʘ ʩʦʩʪʘʚʘ 

ʛʘʟʦʚʦʡ ʬʘʟʳ ʥʘʜ ʦʙʨʘʟʮʦʤ. ʀʟʤʝʨʝʥʠʝ ʩʧʝʢʪʨʦʚ ʠ ʜʘʣʴʥʝʡʰʘʷ ʦʙʨʘʙʦʪʢʘ 

ʧʦʣʫʯʝʥʥʳʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʨʦʚʦʜʠʣʠʩʴ ʪʘʢʞʝ, ʢʘʢ ʦʧʠʩʘʥʦ ʚʳʰʝ ʚ 

ʨʘʟʜʝʣʝ 1.2.1.3.2.  

1.2.1.3.4. ʌʦʪʦʵʣʝʢʪʨʦʥʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ SPECS ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʠ ʧʦʚʳʰʝʥʥʦʤ ʜʘʚʣʝʥʠʠ ʚ ɺʝʥʩʢʦʤ ʪʝʭʥʠʯʝʩʢʦʤ 

ʫʥʠʚʝʨʩʠʪʝʪʝ (ɺʝʥʘ, ɸʚʩʪʨʠʷ) 

ɺʩʝ ʠʩʩʣʝʜʦʚʘʥʠʷ çʨʝʘʣʴʥʳʭè ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ 

(ʥʘʥʝʩʸʥʥʳʭ ʥʘ Al2O3) ʤʝʪʦʜʦʤ ʈʌʕʉ ʚ ʨʝʞʠʤʝ in situ, ʪʦ ʝʩʪʴ ʧʨʠ 

ʧʦʚʳʰʝʥʥʦʤ ʜʘʚʣʝʥʠʠ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ ʥʘʜ ʦʙʨʘʟʮʦʤ, ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʤ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ SPECS NAP XPS 

(SPECS, ɻʝʨʤʘʥʠʷ), ʧʦʟʚʦʣʷʶʱʝʤ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʧʨʠ ʧʦʚʳʰʝʥʥʦʤ 

ʜʘʚʣʝʥʠʠ, ʩ ʢʦʥʬʠʛʫʨʘʮʠʝʡ ʪʘʢ ʥʘʟʳʚʘʝʤʦʛʦ çʦʙʨʘʪʥʦʛʦ ʟʘʧʦʣʥʝʥʠʷè (Back 
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filling) , ʘ ʪʘʢʞʝ ʜʝʨʞʘʪʝʣʝʤ ʦʙʨʘʟʮʘ, ʩʧʝʮʠʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʳʤ ʜʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ [47]. ʉʧʝʢʪʨʦʤʝʪʨ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ 

ʢʘʤʝʨ: ʢʘʤʝʨʳ ʟʘʛʨʫʟʢʠ ʦʙʨʘʟʮʘ ʠ ʢʘʤʝʨʳ ʘʥʘʣʠʟʘʪʦʨʘ, ʦʩʥʘʱʸʥʥʦʡ 

ʵʥʝʨʛʦʘʥʘʣʠʟʘʪʦʨʦʤ PHOIBOS 150 NAP, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ 

ʠʟʤʝʨʝʥʠʝ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʛʘʟʦʚʳʭ ʩʨʝʜʘʭ ʧʨʠ 

ʜʘʚʣʝʥʠʠ ʜʦ 20 ʤʙʘʨ, ʘ ʪʘʢʞʝ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʤʦʥʦʭʨʦʤʘʪʦʨʦʤ ʥʘ ʦʩʥʦʚʝ 

ʠʟʦʛʥʫʪʦʛʦ ʢʨʠʩʪʘʣʣʘ ʢʚʘʨʮʘ ɛFOCUS-600, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ ʬʦʢʫʩʠʨʦʚʢʫ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ (AlKŬ, hɜ = 1486.74 ʵɺ ) ʥʘ ʦʙʨʘʟʮʝ ʩ ʨʘʟʤʝʨʦʤ 

ʬʦʢʫʩʥʦʛʦ ʧʷʪʥʘ ʜʦ 200 ʤʢʤ, ʠ ʠʩʪʦʯʥʠʢʦʤ XR50 NAP, ʩʧʝʮʠʘʣʴʥʦ 

ʨʘʟʨʘʙʦʪʘʥʥʳʤ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ ʧʨʠ ʧʦʚʳʰʝʥʥʦʤ ʜʘʚʣʝʥʠʠ ʛʘʟʘ ʥʘʜ 

ʦʙʨʘʟʮʦʤ. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ çʨʝʘʣʴʥʳʝè ʧʦʨʦʰʢʦʚʳʝ 

ʢʘʪʘʣʠʟʘʪʦʨʳ ʧʨʝʩʩʦʚʘʣʠʩʴ ʚ ʪʘʙʣʝʪʢʫ ʜʠʘʤʝʪʨʦʤ 8 ʤʤ ʠ ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 1 

ʤʤ ʠ ʟʘʢʨʝʧʣʷʣʠʩʴ ʥʘ ʢʚʘʨʮʝʚʦʤ ʜʝʨʞʘʪʝʣʝ ʤʝʞʜʫ ʧʣʘʩʪʠʥʢʦʡ ʠ 

ʧʨʠʞʠʤʥʳʤʠ ʧʨʫʞʠʥʘʤʠ ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ. ʅʘʛʨʝʚ ʦʙʨʘʟʮʘ 

ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʠʥʬʨʘʢʨʘʩʥʳʤ ʣʘʟʝʨʦʤ ʩ ʦʙʨʘʪʥʦʡ ʩʪʦʨʦʥʳ ʦʙʨʘʟʮʘ. 

ʊʝʤʧʝʨʘʪʫʨʘ ʢʦʥʪʨʦʣʠʨʦʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʪʝʨʤʦʧʘʨʳ S-ʪʠʧʘ. ʅʘʧʫʩʢ ʛʘʟʦʚ ʚ 

ʘʥʘʣʠʪʠʯʝʩʢʫʶ ʢʘʤʝʨʫ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʮʠʟʠʦʥʥʳʭ 

ʨʝʛʫʣʷʪʦʨʦʚ ʨʘʩʭʦʜʘ ʛʘʟʦʚ (Bronkhorst, ʅʠʜʝʨʣʘʥʜʳ). ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʯʠʩʪʦʪʳ ʧʦʩʪʫʧʘʶʱʠʭ ʛʘʟʦʚ (CO, N2, ʘʮʝʪʠʣʝʥʘ ʠ ʚʦʜʦʨʦʜʘ) ʠ ʘʥʘʣʠʟʘ 

ʩʦʩʪʘʚʘ ʛʘʟʦʚʦʡ ʬʘʟʳ ʥʘʜ ʦʙʨʘʟʮʦʤ ʠʩʧʦʣʴʟʦʚʘʣʠ ʢʚʘʜʨʫʧʦʣʴʥʳʡ ʤʘʩʩ-

ʩʧʝʢʪʨʦʤʝʪʨ PrismPro (Pfeiffer, ɻʝʨʤʘʥʠʷ), ʨʘʟʤʝʱʝʥʥʳʡ ʥʘ ʚʪʦʨʦʡ ʩʪʫʧʝʥʠ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʦʪʢʘʯʢʠ ʘʥʘʣʠʟʘʪʦʨʘ ʈʌʕʉ ʩʧʝʢʪʨʦʤʝʪʨʘ. ɺ ʵʪʦʤ 

ʧʦʣʦʞʝʥʠʠ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨ ʘʥʘʣʠʟʠʨʫʝʪ ʩʦʩʪʘʚ ʛʘʟʘ, ʧʨʦʢʘʯʠʚʘʝʤʦʛʦ ʯʝʨʝʟ 

ʦʪʚʝʨʩʪʠʝ ʢʦʥʫʩʘ ʵʥʝʨʛʦʘʥʘʣʠʟʘʪʦʨʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʝʨʝʜ 

ʦʙʨʘʟʮʦʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʥ ʦʯʝʥʴ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʨʝʛʠʩʪʨʘʮʠʠ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʧʨʝʚʨʘʱʝʥʠʡ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ. ʀʟʤʝʨʝʥʠʝ ʩʧʝʢʪʨʦʚ ʠ ʜʘʣʴʥʝʡʰʘʷ 

ʦʙʨʘʙʦʪʢʘ ʧʦʣʫʯʝʥʥʳʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʨʦʚʦʜʠʣʠʩʴ ʧʦ ʤʝʪʦʜʠʢʝ, 

ʦʧʠʩʘʥʥʦʡ ʚʳʰʝ (ʩʤ. ʨʘʟʜʝʣ 1.2.1.3.1). 
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1.2.2. ʉʢʘʥʠʨʫʶʱʘʷ ʪʫʥʥʝʣʴʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ  

1.2.2.1. ʆʩʥʦʚʥʳʝ ʧʨʠʥʮʠʧʳ 

ʆʜʥʠʤ ʠʟ ʤʝʪʦʜʦʚ, ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʶʱʠʤʩʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʪʦʧʦʛʨʘʬʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʥʘʨʥʳʭ ʧʨʦʚʦʜʷʱʠʭ ʠʣʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʩʠʩʪʝʤ ʩ ʚʳʩʦʢʠʤ (ʚʧʣʦʪʴ ʜʦ ʘʪʦʤʘʨʥʦʛʦ) ʨʘʟʨʝʰʝʥʠʝʤ ʚ ʩʚʝʨʭʚʳʩʦʢʦʤ 

ʚʘʢʫʫʤʝ, ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʩʢʘʥʠʨʫʶʱʝʡ ʪʫʥʥʝʣʴʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʉʊʄ), 

ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʷʚʣʝʥʠʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ï ʧʨʝʦʜʦʣʝʥʠʷ 

ʵʣʝʢʪʨʦʥʦʤ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʙʘʨʴʝʨʘ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʨʘʟʨʳʚʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʮʝʧʠ ï ʥʝʙʦʣʴʰʠʤ ʧʨʦʤʝʞʫʪʢʦʤ ʤʝʞʜʫ ʟʦʥʜʦʤ (ʠʛʣʦʡ) ʠ ʧʦʚʝʨʭʥʦʩʪʴʶ 

ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ. ʂʦʛʜʘ ʤʝʞʜʫ ʠʛʣʦʡ ʠ ʦʙʨʘʟʮʦʤ ʧʨʠʢʣʘʜʳʚʘʝʪʩʷ 

ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʥʘʧʨʷʞʝʥʠʝ (Ut), ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʥʠʤʠ ʜʦ 

ʚʝʣʠʯʠʥʳ ʧʦʨʷʜʢʘ 1 ʥʤ ʥʘʯʠʥʘʶʪ ʧʨʦʠʩʭʦʜʠʪʴ ʪʫʥʥʝʣʴʥʳʝ ʧʝʨʝʭʦʜʳ 

ʵʣʝʢʪʨʦʥʦʚ, ʪ.ʝ. ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʦʪʝʢʘʥʠʝ ʪʘʢ ʥʘʟʳʚʘʝʤʦʛʦ çʪʫʥʥʝʣʴʥʦʛʦ 

ʪʦʢʘè (It) [48, 49, 50].  

ʋʧʨʦʱʝʥʥʘʷ ʬʦʨʤʫʣʘ ʜʣʷ ʚʝʣʠʯʠʥʳ ʪʫʥʥʝʣʴʥʦʛʦ ʪʦʢʘ (ʚ ʩʣʫʯʘʝ 

ʦʜʥʦʤʝʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʙʘʨʴʝʨʘ) ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ [50, 51, 

52]: 

I t ~ UtĬexp(-adj1/2) ~ UtĬexp(-bd),  

ʛʜʝ I t ï ʪʫʥʥʝʣʴʥʳʡ ʪʦʢ, Ut - ʧʨʠʢʣʘʜʳʚʘʝʤʦʝ ʥʘʧʨʷʞʝʥʠʝ, d ï ʰʠʨʠʥʘ 

ʪʫʥʥʝʣʴʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ (ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʠʛʣʦʡ ʠ ʧʦʚʝʨʭʥʦʩʪʴʶ ʦʙʨʘʟʮʘ), 

j - ʩʨʝʜʥʷʷ ʚʝʣʠʯʠʥʘ (ʚʳʩʦʪʘ) ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʙʘʨʴʝʨʘ ʤʝʞʜʫ ʜʚʫʤʷ 

ʵʣʝʢʪʨʦʜʘʤʠ, ʘ ʠ b - ʢʦʥʩʪʘʥʪʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʧʨʦʩʪʝʡʰʝʤ ʩʣʫʯʘʝ 

ʪʫʥʥʝʣʴʥʳʡ ʪʦʢ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʰʠʨʠʥʳ ʠ ʚʳʩʦʪʳ ʙʘʨʴʝʨʘ. ʕʪʘ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʚʳʩʦʢʫʶ ʨʘʟʨʝʰʘʶʱʫʶ 

ʩʧʦʩʦʙʥʦʩʪʴ ʉʊʄ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʧʦ ʚʳʩʦʪʝ ʠ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʦʩʪʠʛʘʪʴ 

ʘʪʦʤʘʨʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ [51].  

ʉʫʱʝʩʪʚʫʝʪ ʜʚʘ ʦʩʥʦʚʥʳʭ ʨʝʞʠʤʘ ʠʟʤʝʨʝʥʠʷ ʉʊʄ ï ʠʟʦʙʨʘʞʝʥʠʷ: ʪʘʢ 

ʥʘʟʳʚʘʝʤʳʝ ʨʝʞʠʤʳ çʧʦʩʪʦʷʥʥʦʛʦ ʪʫʥʥʝʣʴʥʦʛʦ ʪʦʢʘè ʠ çʧʦʩʪʦʷʥʥʦʡ ʚʳʩʦʪʳ 
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ʟʦʥʜʘè [48, 50, 52, 53]. ɺ ʨʝʞʠʤʝ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ (çʪʦʧʦʛʨʘʬʠʯʝʩʢʦʤè) 

ʩʠʩʪʝʤʘ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʦʩʪʦʷʥʥʦ ʨʝʛʠʩʪʨʠʨʫʝʪ ʪʫʥʥʝʣʴʥʳʡ ʪʦʢ ʠ ʚʥʦʩʠʪ 

ʪʘʢʠʝ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʚ ʚʳʩʦʪʫ ʠʛʣʳ ʥʘʜ ʧʦʚʝʨʭʥʦʩʪʴ  ʁʦʙʨʘʟʮʘ ʩ ʧʦʤʦʱʴʶ 

ʜʚʠʛʘʪʝʣʝʡ ʩʢʘʥʝʨʘ, ʥʘ ʢʦʪʦʨʦʤ ʠʛʣʘ ʟʘʢʨʝʧʣʷʝʪʩʷ ʪʘʢ, ʯʪʦʙʳ ʚʝʣʠʯʠʥʘ 

ʟʘʜʘʥʥʦʛʦ ʪʫʥʥʝʣʴʥʦʛʦ ʪʦʢʘ ʦʩʪʘʚʘʣʘʩʴ ʧʦʩʪʦʷʥʥʦʡ ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ 

ʠʟʤʝʨʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʛʣʘ ʚʩʝʛʜʘ ʥʘʭʦʜʠʪʩʷ ʥʘ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ 

ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ, ʘ ʢʦʨʨʝʢʮʠʷ ʝʸ ʚʳʩʦʪʳ ʧʨʷʤʦ ʦʪʨʘʞʘʝʪ 

ʨʝʣʴʝʬ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. ʇʨʦʠʩʭʦʜʷʱʝʝ ʧʨʠ ʵʪʦʤ ʚʝʨʪʠʢʘʣʴʥʦʝ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʧʣʦʩʢʦʩʪʠ ʩʢʘʥʠʨʦʚʘʥʠʷ ʧʝʨʝʤʝʱʝʥʠʝ ʧʴʝʟʦʧʨʠʚʦʜʘ Dz 

ʦʪʨʘʞʘʝʪ ʤʦʨʬʦʣʦʛʠʶ ʧʦʚʝʨʭʥʦʩʪʠ, ʘ ʠʟʦʙʨʘʞʝʥʠʝ ʉʊʄ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ 

ʚʠʜʝ ʤʘʩʩʠʚʘ Dz (x,y) [54]. ɺ ʨʝʞʠʤʝ çʧʦʩʪʦʷʥʥʦʡ ʚʳʩʦʪʳ ʟʦʥʜʘè ʠʣʠ 

ʙʳʩʪʨʦʛʦ ʩʢʘʥʠʨʦʚʘʥʠʷ ʮʝʧʴ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʥʝ ʦʪʩʣʝʞʠʚʘʝʪ ʧʨʦʬʠʣʴ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʪ.ʝ. ʧʦʣʦʞʝʥʠʝ ʠʛʣʳ ʥʝ ʠʟʤʝʥʷʝʪʩʷ, ʥʦ ʧʨʠ ʵʪʦʤ 

ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʠʟʤʝʥʝʥʠʷ ʪʫʥʥʝʣʴʥʦʛʦ ʪʦʢʘ DI, ʠ ʩʪʨʦʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ ʤʘʩʩʠʚʘ DI(ʭ, ʫ). ʇʦʩʣʝʜʥʠʡ ʨʝʞʠʤ ʧʦʣʝʟʝʥ ʧʨʠ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʩ ʘʪʦʤʘʨʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʦʚʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, 

ʪʘʢʠʭ, ʥʘʧʨʠʤʝʨ, ʢʘʢ ʛʨʘʥʠ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ, ʪʘʢ ʢʘʢ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ 

ʧʦʣʦʞʝʥʠʠ ʠʛʣʳ ʧʨʦʱʝ ʦʙʝʩʧʝʯʠʪʴ ʤʝʭʘʥʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʩʠʩʪʝʤʳ ʚ 

ʮʝʣʦʤ, ʘ ʠʟʤʝʥʝʥʠʷ ʪʫʥʥʝʣʴʥʦʛʦ ʪʦʢʘ ʦʯʝʥʴ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʠʟʤʝʥʝʥʠʶ 

ʪʫʥʥʝʣʴʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ d. ʇʨʠ ʵʪʦʤ ʜʘʥʥʳʡ ʨʝʞʠʤ ʥʝʧʨʠʤʝʥʠʤ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʨʘʟʮʦʚ ʩ ʥʝʠʟʚʝʩʪʥʦʡ ʤʦʨʬʦʣʦʛʠʝʡ ʠʣʠ ʟʘʚʝʜʦʤʦ 

ʰʝʨʦʭʦʚʘʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʪʘʢ ʢʘʢ ʚʝʣʠʢʘ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʚʨʝʞʜʝʥʠʷ ʠʛʣʳ 

ʧʨʠ çʫʜʘʨʝè ʝʸ ʦ ʧʦʚʝʨʭʥʦʩʪʴ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʨʝʞʠʤ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʥʘ 

ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʠʩʧʦʣʴʟʫʝʤʳʤ. 

1.2.2.2. ʉʢʘʥʠʨʫʶʱʠʡ ʪʫʥʥʝʣʴʥʳʡ ʤʠʢʨʦʩʢʦʧ RHK 7000 VT ʠ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʝʪʦʜʦʤ ʉʊʄ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʪʦʧʦʛʨʘʬʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ (ʥʘ ɺʆʇɻ) ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʚʳʩʦʢʦʚʘʢʫʫʤʥʦʤ ʩʢʘʥʠʨʫʶʱʝʤ 

ʪʫʥʥʝʣʴʥʦʤ ʤʠʢʨʦʩʢʦʧʝ UHV 7000 VT (RHK Technology, ʉʐɸ) ʚ ʨʝʞʠʤʝ 
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ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ. ʇʨʠʙʦʨ ʩʦʩʪʦʠʪ ʠʟ ʪʨʸʭ ʢʘʤʝʨ: ʢʘʤʝʨʘ ʟʘʛʨʫʟʢʠ ʦʙʨʘʟʮʘ, 

ʢʘʤʝʨʘ ʧʦʜʛʦʪʦʚʢʠ ʠ ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʢʘʤʝʨʘ. ʂʘʤʝʨʘ ʧʦʜʛʦʪʦʚʢʠ ʦʩʥʘʱʝʥʘ 

ʯʝʪʳʨʝʭʧʦʟʠʮʠʦʥʥʳʤ ʤʘʥʠʧʫʣʷʪʦʨʦʤ (ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʥʘʛʨʝʚʘ ʦʙʨʘʟʮʘ 

ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʦʤ ʜʦ 800Áʉ ʠ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ ʧʦʤʦʱʠ 

ʪʝʨʤʦʧʘʨʳ ʂ-ʪʠʧʘ), ʘʨʛʦʥʦʚʦʡ ʧʫʰʢʦʡ IQE 11/35 (SPECS, ɻʝʨʤʘʥʠʷ), 

ʧʦʣʫʩʬʝʨʠʯʝʩʢʠʤ ʘʥʘʣʠʟʘʪʦʨʦʤ PHOIBOS-100-MCD-5 (SPECS, ɻʝʨʤʘʥʠʷ), ʘ 

ʪʘʢʞʝ ʩʪʘʥʜʘʨʪʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʠʟʣʫʯʝʥʠʷ ʩ ʜʚʦʡʥʳʤ Al/Mg ʘʥʦʜʦʤ. 

ɸʥʘʣʠʪʠʯʝʩʢʘʷ ʢʘʤʝʨʘ ʦʩʥʘʱʝʥʘ ʩʢʘʥʝʨʦʤ ʉʊʄ ʩʚʝʨʭʚʳʩʦʢʦʚʘʢʫʫʤʥʦʛʦ 

ʪʠʧʘ RHK Technology SPM 100 (RHK Technology, ʉʐɸ). ʇʨʠ ʧʦʣʫʯʝʥʠʠ 

ʉʊʄ ʠʟʦʙʨʘʞʝʥʠʡ (ʚ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʢʘʤʝʨʝ) ʦʜʥʦʚʨʝʤʝʥʥʦ ʟʘʧʠʩʳʚʘʣʠʩʴ ʜʚʘ 

ʩʢʘʥʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʜʚʠʞʝʥʠʶ ʠʛʣʳ ʤʠʢʨʦʩʢʦʧʘ ʧʨʠ ʧʨʷʤʦʤ ʠ ʦʙʨʘʪʥʦʤ 

ʭʦʜʝ ʩʢʘʥʝʨʘ. ɼʣʷ ʢʘʣʠʙʨʦʚʢʠ ʩʢʘʥʝʨʘ ʧʨʠʤʝʥʷʣʠʩʴ ʩʪʘʥʜʘʨʪʥʳʝ ʦʙʨʘʟʮʳ, 

ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʦʥʦʢʨʠʩʪʘʣʣ ʢʨʝʤʥʠʷ ʩ ʠʥʜʝʢʩʦʤ ʛʨʘʥʠ (111) ʩ 

ʨʝʢʦʥʩʪʨʫʢʮʠʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 7Ĭ7 ʠ ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ʧʠʨʦʣʠʪʠʯʝʩʢʠʡ 

ʛʨʘʬʠʪ (ɺʆʇɻ). ʆʙʨʘʙʦʪʢʘ ʠ ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʉʊʄ ï ʠʟʦʙʨʘʞʝʥʠʡ 

ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʢʝʪʘ ʫʧʨʘʚʣʷʶʱʠʭ ʧʨʦʛʨʘʤʤ XPMPro 2.0. 

ɻʠʩʪʦʛʨʘʤʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʦ 

ʨʝʟʫʣʴʪʘʪʘʤ ʦʙʨʘʙʦʪʢʠ ʥʝ ʤʝʥʝʝ 500 ʯʘʩʪʠʮ ʜʣʷ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ. 

ʈʘʩʯʸʪ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʥʘʥʝʩʸʥʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ 

ʧʨʦʚʦʜʠʣʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

<d> = ×i(di Ĭ Ni)/ ×i(Ni), 

ʛʜʝ Ni ï ʵʪʦ ʢʦʣʠʯʝʩʪʚʦ ʯʘʩʪʠʮ ʩ ʜʠʘʤʝʪʨʦʤ di. 

1.2.3. ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʀʥʬʨʘʢʨʘʩʥʘʷ (ʀʂ) ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʝʪʦʜʦʚ ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʦʩʥʦʚʘʥʘ ʥʘ ʘʥʘʣʠʟʝ 

ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʤʦʣʝʢʫʣ. ʀʂ ʩʧʝʢʪʨʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʦʧʫʱʝʥʥʦʛʦ ʯʝʨʝʟ ʦʙʨʘʟʝʮ ʠʥʬʨʘʢʨʘʩʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʦʪ ʝʛʦ ʯʘʩʪʦʪʳ ʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʪʨʦʝʥʠʝʤ ʤʦʣʝʢʫʣʳ, ʧʦʩʢʦʣʴʢʫ 
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ʩʚʷʟʘʥʳ ʩ ʧʝʨʝʭʦʜʘʤʠ ʤʝʞʜʫ ʢʦʣʝʙʘʪʝʣʴʥʳʤʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʩʦʩʪʦʷʥʠʷʤʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʀʂ ʩʧʝʢʪʨ ʩʦʩʪʦʠʪ ʠʟ ʥʘʙʦʨʘ ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ, ʧʦ 

ʧʦʣʦʞʝʥʠʶ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʢʦʪʦʨʳʭ ʜʝʣʘʝʪʩʷ ʚʳʚʦʜ ʦ 

ʩʪʨʦʝʥʠʠ ʠʟʫʯʘʝʤʦʛʦ ʦʙʨʘʟʮʘ. ʇʦʛʣʦʱʝʥʠʝ ʠʟʣʫʯʝʥʠʷ ʚʝʱʝʩʪʚʦʤ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʧʠʩʳʚʘʝʪʩʷ ʟʘʢʦʥʦʤ ɹʫʛʝʨʘ ð ʃʘʤʙʝʨʪʘ ð ɹʝʨʘ, ʢʦʪʦʨʳʡ 

ʚʳʨʘʞʘʝʪʩʷ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʦʡ: 

I(l) = I0 Ĭ e-k
ɚ
l, 

ʛʜʝ I(l) ð ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʪʘ, ʧʨʦʰʝʜʰʝʛʦ ʩʣʦʡ ʚʝʱʝʩʪʚʘ ʪʦʣʱʠʥʦʡ l, 

I0 ð ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʪʘ ʥʘ ʚʭʦʜʝ ʚ ʚʝʱʝʩʪʚʦ, kɚ ð ʧʦʢʘʟʘʪʝʣʴ ʧʦʛʣʦʱʝʥʠʷ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʝʪʦʜʦʤ ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠʩʧʦʣʴʟʫʶʪ 

ʨʘʟʥʳʝ ʪʠʧʳ ʀʂ ʩʧʝʢʪʨʦʤʝʪʨʦʚ, ʢʦʪʦʨʳʝ ʨʘʙʦʪʘʶʪ ʚ ʪʨʝʭ ʚʳʜʝʣʝʥʥʳʭ 

ʜʠʘʧʘʟʦʥʘʭ ʠʥʬʨʘʢʨʘʩʥʳʭ ʚʦʣʥ: ʙʣʠʞʥʝʤ (ɚ = 0.74 ð 2,5 ʤʢʤ, V = 14 000 ð 

4000 ʩʤϖĭ), ʩʨʝʜʥʝʤ (ɚ = 2.5 ð 50 ʤʢʤ, V = 4000 ð 400 ʩʤϖĭ) ʠ ʜʘʣʴʥʝʤ (ɚ = 

50 ð 2000 ʤʢʤ, V = 400 ð 10 ʩʤϖĭ). ʉ ʧʦʤʦʱʴʶ ʪʘʢʠʭ ʧʨʠʙʦʨʦʚ ʠʟʤʝʨʷʶʪ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʦʛʣʦʱʝʥʠʷ ʠʣʠ ʦʪʨʘʞʝʥʠʷ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ 

ʛʘʟʦʦʙʨʘʟʥʳʭ, ʞʠʜʢʠʭ ʠ ʪʚʝʨʜʳʭ ʩʨʝʜʘʭ. ɼʘʥʥʳʝ, ʧʦʣʫʯʘʝʤʳʝ ʤʝʪʦʜʦʤ ʀʂ-

ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʩʣʫʞʘʪ ʦʩʥʦʚʦʡ ʜʣʷ ʭʝʤʦʤʝʪʨʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʠ 

ʧʦʩʣʝʜʫʶʱʝʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʩʦʩʪʘʚʘ 

ʘʥʘʣʠʟʠʨʫʝʤʦʛʦ ʚʝʱʝʩʪʚʘ. ʇʨʠ ʵʪʦʤ ʚʳʜʝʣʷʶʪ ʜʚʘ ʦʩʥʦʚʥʳʭ ʪʠʧʘ 

ʩʧʝʢʪʨʦʤʝʪʨʦʚ ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʪʠʧʘ ʠ ʩ ʌʫʨʴʝ-ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ (FTIR). 

1.2.3.1 ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʊʠʧʠʯʥʳʡ ʜʠʩʧʝʨʩʠʦʥʥʳʡ ʀʂ-ʩʧʝʢʪʨʦʤʝʪʨ ʫʩʪʨʦʝʥ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ. ʀʟʣʫʯʝʥʠʝ ʦʪ ʧʦʣʠʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʠʩʪʦʯʥʠʢʘ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ 

ʢʶʚʝʪʫ ʩ ʦʙʨʘʟʮʦʤ, ʘ ʟʘʪʝʤ ʧʦʧʘʜʘʝʪ ʥʘ ʤʦʥʦʭʨʦʤʘʪʦʨ (ʚ ʢʘʯʝʩʪʚʝ ʢʦʪʦʨʦʛʦ 

ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪ ʧʨʠʟʤʫ ʠʣʠ ʜʠʬʨʘʢʮʠʦʥʥʫʶ ʨʝʰʸʪʢʫ), ʥʘ ʢʦʪʦʨʦʤ 

ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʣʦʞʝʥʠʝ ʠʟʣʫʯʝʥʠʷ ʚ ʩʧʝʢʪʨ. ɼʘʣʝʝ ʀʂ ʠʟʣʫʯʝʥʠʝ, 

ʨʘʟʣʦʞʝʥʥʦʝ ʚ ʩʧʝʢʪʨ, ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʫʟʢʫʶ ʱʝʣʴ, ʧʦʟʚʦʣʷʶʱʫʶ ʚʳʙʨʘʪʴ 

ʥʝʦʙʭʦʜʠʤʳʡ ʩʧʝʢʪʨʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ, ʧʦʩʣʝ ʯʝʛʦ ʦʥʦ ʧʦʧʘʜʘʝʪ ʥʘ ʜʝʪʝʢʪʦʨ, 

ʦʧʨʝʜʝʣʷʶʱʠʡ ʝʛʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ. ʇʦʚʦʨʘʯʠʚʘʷ ʧʨʠʟʤʫ ʠʣʠ ʜʠʬʨʘʢʮʠʦʥʥʫʶ 
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ʨʝʰʸʪʢʫ, ʤʦʞʥʦ ʚʘʨʴʠʨʦʚʘʪʴ ʜʣʠʥʫ ʚʦʣʥʳ, ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʱʝʣʴ 

ʠʟʣʫʯʝʥʠʷ, ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʘʪʴ ʩʧʝʢʪʨ. 

1.2.3.2. ʀʂ- ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʩ ʌʫʨʴʝ-ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ (FTIR) 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ, ʩʧʝʢʪʨʦʤʝʪʨ FTIR 

ʧʦʟʚʦʣʷʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʠʟʤʝʨʷʪʴ ʩʠʛʥʘʣʳ ʚʦ ʚʩʸʤ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʟʠʪʴ ʚʨʝʤʷ ʟʘʧʠʩʠ ʩʧʝʢʪʨʘ, ʘ ʪʘʢʞʝ ʧʦʣʫʯʠʪʴ 

ʚʳʩʦʢʦʝ ʩʧʝʢʪʨʘʣʴʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʠ ʫʣʫʯʰʠʪʴ ʩʦʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣ/ʰʫʤ [55]. 

ʂʣʶʯʝʚʳʤ ʵʣʝʤʝʥʪʦʤ FTIR-ʩʧʝʢʪʨʦʤʝʪʨʘ ʷʚʣʷʝʪʩʷ ʦʧʪʠʯʝʩʢʦʝ ʫʩʪʨʦʡʩʪʚʦ, 

ʥʘʟʳʚʘʝʤʦʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʦʤ, ʢʦʪʦʨʦʝ ʠʟʤʝʨʷʝʪ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʡ ʩʠʛʥʘʣ 

ʜʚʫʭ ʧʫʯʢʦʚ ʠʩʩʣʝʜʫʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʧʝʨʝʤʝʥʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʨʘʟʥʦʩʪʴʶ 

ʭʦʜʘ ʵʪʠʭ ʧʫʯʢʦʚ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʪʠʧʦʤ 

ʷʚʣʷʝʪʩʷ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʄʘʡʢʝʣʴʩʦʥʘ. ʅʘ ʈʠʩʫʥʢʝ 2 ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʦʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʄʘʡʢʝʣʴʩʦʥʘ. ʀʥʬʨʘʢʨʘʩʥʦʝ ʠʟʣʫʯʝʥʠʝ 

ʩʦʙʠʨʘʝʪʩʷ ʢʦʣʣʠʤʠʨʫʶʱʠʤ ʟʝʨʢʘʣʦʤ ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʪʘʥʦʚʠʪʩʷ 

ʧʘʨʘʣʣʝʣʴʥʳʤ. ɿʘʪʝʤ ʢʦʣʣʠʤʠʨʦʚʘʥʥʦʝ ʀʂ-ʠʟʣʫʯʝʥʠʝ ʧʦʧʘʜʘʝʪ ʥʘ 

ʩʚʝʪʦʜʝʣʠʪʝʣʴ (beam splitter), ʛʜʝ ʠʟʣʫʯʝʥʠʝ ʜʝʣʠʪʩʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʝʛʦ 

ʯʘʩʪʴ ʧʨʦʧʫʩʢʘʝʪʩʷ ʥʘ ʥʝʧʦʜʚʠʞʥʦʝ ʟʝʨʢʘʣʦ, ʘ ʦʩʪʘʚʰʘʷʩʷ ʯʘʩʪʴ ʦʪʨʘʞʘʝʪʩʷ 

ʥʘ ʧʦʜʚʠʞʥʦʝ ʟʝʨʢʘʣʦ. ʂʘʢ ʧʨʦʧʫʱʝʥʥʳʡ, ʪʘʢ ʠ ʦʪʨʘʞʝʥʥʳʡ ʧʫʯʢʠ ʜʘʣʝʝ 

ʦʪʨʘʞʘʶʪʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʟʝʨʢʘʣʘʤʠ (ʥʝʧʦʜʚʠʞʥʳʤ ʠ ʧʦʜʚʠʞʥʳʤ) ʠ 

ʚʦʟʚʨʘʱʘʶʪʩʷ ʥʘ ʩʚʝʪʦʜʝʣʠʪʝʣʴ ʩ ʨʘʟʥʦʩʪʴʶ ʭʦʜʘ ŭ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʣʠʥʳ 

ʚʦʣʥʳ ʀʂ-ʠʟʣʫʯʝʥʠʷ ʠ ŭ, ʦʪʨʘʞʝʥʥʳʝ ʣʫʯʠ ʠʥʪʝʨʬʝʨʠʨʫʶʪ ʢʦʥʩʪʨʫʢʪʠʚʥʦ 

(ʩʠʥʬʘʟʥʦ) ʠʣʠ ʜʝʩʪʨʫʢʪʠʚʥʦ (ʘʥʪʠʬʘʟʥʦ). ɿʘʪʝʤ ʨʝʢʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʧʫʯʦʢ 

ʚʳʭʦʜʠʪ ʠʟ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʦʙʨʘʟʮʦʤ ʠ ʜʦʩʪʠʛʘʝʪ 

ʜʝʪʝʢʪʦʨʘ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʣʫʯʘ ʠʟʤʝʨʷʝʪʩʷ ʢʘʢ ʬʫʥʢʮʠʷ ŭ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʪʘʢ 

ʥʘʟʳʚʘʝʤʦʡ ʠʥʪʝʨʬʝʨʦʛʨʘʤʤʳ. ʂʦʛʜʘ ŭ ʨʘʚʥʦ ʥʫʣʶ (ʥʝʪ ʨʘʟʥʦʩʪʠ ʭʦʜʘ), 

ʠʟʤʝʨʝʥʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʤʘʢʩʠʤʘʣʴʥʘ, ʧʦʩʢʦʣʴʢʫ ʚʩʝ ʜʣʠʥʳ ʚʦʣʥ ʀʂ-

ʠʟʣʫʯʝʥʠʷ ʩʦʚʧʘʜʘʶʪ ʧʦ ʬʘʟʝ ʠ ʚʦʟʥʠʢʘʝʪ ʢʦʥʩʪʨʫʢʪʠʚʥʘʷ ʠʥʪʝʨʬʝʨʝʥʮʠʷ. 

ʇʨʠ ʠʟʤʝʥʝʥʠʠ ŭ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʥʪʝʨʬʝʨʦʛʨʘʤʤʳ ʙʳʩʪʨʦ ʧʘʜʘʝʪ ʚʚʠʜʫ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʯʘʩʪʠʯʥʦ ʠʣʠ ʧʦʣʥʦʩʪʴʶ ʜʝʩʪʨʫʢʪʠʚʥʦʡ ʠʥʪʝʨʬʝʨʝʥʮʠʠ. 
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ʌʫʥʢʮʠʝʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʷʚʣʷʝʪʩʷ ʦʧʪʠʯʝʩʢʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʩʧʝʢʪʨʘ ʀʂ-

ʠʟʣʫʯʝʥʠʷ ʚ ʠʥʪʝʨʬʝʨʦʛʨʘʤʤʫ. ʕʪʘ ʠʥʪʝʨʬʝʨʦʛʨʘʤʤʘ ʠʟʤʝʨʷʝʪʩʷ ʀʂ-

ʜʝʪʝʢʪʦʨʦʤ ʠ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ ʩʧʝʢʪʨ ʩ ʧʦʤʦʱʴʶ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʘʞʜʦʝ ʦʪʜʝʣʴʥʦʝ ʩʢʘʥʠʨʦʚʘʥʠʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʤʦʞʝʪ 

ʛʝʥʝʨʠʨʦʚʘʪʴ ʮʝʣʳʡ ʩʧʝʢʪʨ. ɸ ʩʦʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣ/ʰʫʤ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ 

ʢʦʣʠʯʝʩʪʚʦʤ ʩʢʘʥʠʨʦʚʘʥʠʡ. ʂʨʦʤʝ ʪʦʛʦ, ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ FTIR-

ʩʧʝʢʪʨʦʤʝʪʨʳ ʦʙʳʯʥʦ ʨʘʙʦʪʘʶʪ ʚ ʦʜʥʦʣʫʯʝʚʦʤ ʨʝʞʠʤʝ, ʢʦʛʜʘ ʧʦʦʯʝʨʸʜʥʦ 

ʟʘʧʠʩʳʚʘʶʪʩʷ ʜʚʘ ʩʧʝʢʪʨʘ ï ʩ ʦʙʨʘʟʮʦʤ ʠ ʙʝʟ ʥʝʛʦ, ʘ ʨʘʟʥʦʩʪʴ ʵʪʠʭ ʩʧʝʢʪʨʦʚ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʜʘʸʪ ʩʧʝʢʪʨ ʧʦʛʣʦʱʝʥʠʷ ʦʙʨʘʟʮʘ.  

 

ʈʠʩʫʥʦʢ 2. ʆʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʄʘʡʢʝʣʴʩʦʥʘ. 

1.2.3.3. ʀʥʬʨʘʢʨʘʩʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ (DRIFTS) 

 ʀʥʬʨʘʢʨʘʩʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʩ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʌʫʨʴʝ ʚ ʨʝʞʠʤʝ 

ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ (DRIFTS) ð ʵʪʦ ʦʩʦʙʳʡ ʤʝʪʦʜ ʦʪʙʦʨʘ ʧʨʦʙ ʥʘ 

ʦʪʨʘʞʝʥʠʝ, ʢʦʪʦʨʳʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʳʭ 

ʩʧʝʢʪʨʦʚ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʠʩʪʝʤ, ʧʦʨʦʰʢʦʚ ʠʣʠ ʪʚʝʨʜʳʭ ʚʝʱʝʩʪʚ, ʠʤʝʶʱʠʭ 

ʥʝʨʦʚʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ, ʢʦʪʦʨʳʝ ʦʯʝʥʴ ʪʨʫʜʥʦ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʚ ʛʝʦʤʝʪʨʠʠ 

ʧʨʦʧʫʩʢʘʥʠʷ. ɼʠʬʬʫʟʥʦʝ ʦʪʨʘʞʝʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ ʰʝʨʦʭʦʚʘʪʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʝ ʷʚʣʷʝʪʩʷ ʥʘʧʨʘʚʣʝʥʥʳʤ, ʧʦʵʪʦʤʫ ʚ ʪʘʢʠʭ 
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ʩʧʝʢʪʨʦʤʝʪʨʘʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʵʣʣʠʧʩʦʠʜʥʳʝ ʟʝʨʢʘʣʘ, ʦʜʥʦ ʠʟ ʢʦʪʦʨʳʭ 

ʬʦʢʫʩʠʨʫʝʪ ʀʂ-ʠʟʣʫʯʝʥʠʝ ʥʘ ʦʙʨʘʟʝʮ, ʘ ʚʪʦʨʦʝ çʩʦʙʠʨʘʝʪè ʦʪʨʘʞʸʥʥʳʡ ʩʚʝʪ 

ʠ ʥʘʧʨʘʚʣʷʝʪ ʝʛʦ ʥʘ ʜʝʪʝʢʪʦʨ. 

ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ CO ʚ ʨʝʞʠʤʝ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ 

ʤʦʞʝʪ ʙʳʪʴ ʵʬʬʝʢʪʠʚʥʦ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʠʟʫʯʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʩʦʩʪʘʚʘ/ʩʪʨʫʢʪʫʨʳ ʮʝʥʪʨʦʚ ʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʘʭ ʧʫʪʸʤ ʘʥʘʣʠʟʘ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʦʣʝʢʫʣ-rʟʦʥʜʘ. ʕʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ ʘʜʩʦʨʙʮʠʠ ʤʦʣʝʢʫʣʳ CO ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʪʘʣʠʟʘʪʦʨʘ 

(ʣʠʥʝʡʥʘʷ, ʤʦʩʪʠʢʦʚʘʷ ʠʣʠ ʪʨʸʭ-ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʘʷ) ʥʘʙʣʶʜʘʶʪʩʷ 

ʭʘʨʘʢʪʝʨʥʳʝ ʩʜʚʠʛʠ ʢʦʣʝʙʘʥʠʡ. 

1.2.3.4. ʀʂ-ʩʧʝʢʪʨʦʤʝʪʨ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ CO 

ʀʩʩʣʝʜʦʚʘʥʠʝ çʨʝʘʣʴʥʳʭè ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʤʝʪʦʜʦʤ 

ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ CO ʚ ʨʝʞʠʤʝ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ 

(DRIFTS CO) ʧʨʦʚʦʜʠʣʠ ʥʘ ʀʂ-ʩʧʝʢʪʨʦʤʝʪʨʝ Tensor 27 (Bruker, ɻʝʨʤʘʥʠʷ), 

ʦʩʥʘʱʸʥʥʦʛʦ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʡ ʧʨʠʩʪʘʚʢʦʡ ʜʣʷ ʟʘʧʠʩʠ ʩʧʝʢʪʨʦʚ 

ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʚ ʨʝʞʠʤʝ in situ ï Harrick Diffuse Reflectance Kit 

(Harrick Scientific Products, Inc., ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ) ʠ MCT-ʜʝʪʝʢʪʦʨʦʤ. ʇʨʠ 

ʧʨʦʚʝʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘʚʝʩʢʫ çʨʝʘʣʴʥʦʛʦè ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 

ʢʘʪʘʣʠʟʘʪʦʨʘ ʧʦʤʝʱʘʣʠ ʚ ʪʝʨʤʦʩʪʘʪʠʨʦʚʘʥʥʫʶ ʷʯʝʡʢʫ ʩʦ ʩʪʝʢʣʘʤʠ ʠʟ CaF2 ʠ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʛʨʝʚʘʣʠ ʚ ʪʦʢʝ Ar ʜʦ 550Áʉ, ʧʦʩʣʝ ʯʝʛʦ ʦʙʨʘʟʝʮ 

ʚʦʩʩʪʘʥʘʚʣʠʚʘʣʠ ʚ ʪʦʢʝ 5% H2/Ar ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ. ɿʘʪʝʤ ʦʙʨʘʟʝʮ ʩʥʘʯʘʣʘ 

ʦʭʣʘʞʜʘʣʠ ʜʦ 300Áʉ ʚ ʪʦʢʝ 5% H2/Ar ʠ ʧʦʪʦʤ ʜʦ 50Áʉ ʚ ʪʦʢʝ Ar, ʧʦʩʣʝ ʯʝʛʦ 

ʧʨʦʚʦʜʠʣʦʩʴ ʠʟʤʝʨʝʥʠʝ ʬʦʥʦʚʦʛʦ ʩʧʝʢʪʨʘ. ʀʟʤʝʨʝʥʠʝ ʩʧʝʢʪʨʦʚ 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʉʆ ʦʩʫʱʝʩʪʚʣʷʣʠ ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥ ʧʨʠ 50Áʉ ʚ ʪʦʢʝ 0.5 

ʦʙ. % ʉʆ/He (250-500 ʩʢʘʥʦʚ, c ʨʘʟʨʝʰʝʥʠʝʤ 4 ʩʤ-1). 

1.2.4. ʄʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʷ 

ʄʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʷ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʛʘʟʦʚʦʡ ʬʘʟʳ, ʘ ʪʘʢʞʝ ʩʪʨʦʝʥʠʷ ʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʚʝʱʝʩʪʚʘ. ʄʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʧʨʠʥʮʠʧʝ ʨʘʟʜʝʣʝʥʠ ̫ʠʦʥʦʚ ʨʘʟʣʠʯʥʳʭ 
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ʚʝʱʝʩʪʚ ʧʦ ʩʦʦʪʥʦʰʝʥʠʶ ʤʘʩʩʘ/ʟʘʨʷʜ. ɿʘʚʠʩʠʤʦʩʪʴ ʜʚʠʞʝʥʠʷ ʠʦʥʦʚ ʚ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʟʘʚʠʩʠʪ ʦʪ ʠʭ ʩʢʦʨʦʩʪʠ ʠ ʤʘʩʩʳ, ʠ ʚ 

ʥʝʨʝʣʷʪʠʚʠʩʪʩʢʦʤ ʩʣʫʯʘʝ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʚ ʚʠʜʝ ʩʣʝʜʫʶʱʝʛʦ ʫʨʘʚʥʝʥʠʷ 

[56]: 

, 

ʛʜʝ m ï ʤʘʩʩʘ ʠʦʥʘ, e ï ʟʘʨʷʜ ʵʣʝʢʪʨʦʥʘ, z ïʟʘʨʷʜ ʠʦʥʘ, c ï ʩʢʦʨʦʩʪʴ 

ʩʚʝʪʘ ʚ ʚʘʢʫʫʤʝ, v ï ʩʢʦʨʦʩʪʴ ʠʦʥʘ, E ʠ H ï ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʠ ʤʘʛʥʠʪʥʦʝ ʧʦʣʷ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʚʠʜʥʦ, ʯʪʦ ʜʚʠʞʝʥʠʝ ʠʦʥʘ ʚ ʤʘʛʥʠʪʥʦʤ 

ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʷʭ ʟʘʚʠʩʠʪ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ ʝʛʦ ʤʘʩʩʳ (m) ʠ ʟʘʨʷʜʘ (z), 

ʚʳʨʘʞʝʥʠʝ ʄ = m/z, ʢʦʪʦʨʦʝ ʜʣʷ ʫʜʦʙʩʪʚʘ ʦʙʳʯʥʦ ʥʘʟʳʚʘʶʪ ʤʘʩʩʦʡ ʠʦʥʘ. 

ɼʣʷ ʠʦʥʠʟʘʮʠʠ ʯʘʩʪʠʮ ʠʩʩʣʝʜʫʝʤʦʛʦ ʚʝʱʝʩʪʚʘ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪ ʠʦʥʥʳʡ 

ʠʩʪʦʯʥʠʢ (ʢʘʪʦʜ), ʢʦʪʦʨʳʡ ʵʤʠʪʠʨʫʝʪ ʵʣʝʢʪʨʦʥʳ ʩ ʵʥʝʨʛʠʝʡ 70ï100 ʵɺ. ʕʪʠ 

ʵʣʝʢʪʨʦʥʳ ʧʨʠ ʩʪʦʣʢʥʦʚʝʥʠʠ ʩ ʤʦʣʝʢʫʣʘʤʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʚʝʱʝʩʪʚʘ 

(ʵʣʝʢʪʨʦʥʥʳʡ ʫʜʘʨ) ʚʳʙʠʚʘʶʪ ʵʣʝʢʪʨʦʥʳ ʩ ʠʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʦʙʦʣʦʯʝʢ ʠ 

ʧʨʝʚʨʘʱʘʶʪ ʥʝʟʘʨʷʞʝʥʥʳʝ ʤʦʣʝʢʫʣʳ ʚ ʠʦʥʳ [56]. 

ɺ ʦʙʱʝʤ ʚʠʜʝ ʨʘʟʣʠʯʘʶʪ ʜʚʘ ʪʠʧʘ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʦʚ: ʩʪʘʪʠʯʝʩʢʠʝ ʠ 

ʜʠʥʘʤʠʯʝʩʢʠʝ. ʂ ʩʪʘʪʠʯʝʩʢʠʤ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʘʤ, ʚ ʢʦʪʦʨʳʭ ʵʣʝʢʪʨʠʯʝʩʢʦʝ 

ʠ ʤʘʛʥʠʪʥʦʝ ʧʦʣʷ ʥʝ ʟʘʚʠʩʷʪ ʦʪ ʚʨʝʤʝʥʠ, ʦʪʥʦʩʷʪʩʷ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ, 

ʤʘʛʥʠʪʥʳʝ ʠ ʮʠʢʣʦʠʜʘʣʴʥʳʝ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʳ. ʂ ʜʠʥʘʤʠʯʝʩʢʠʤ ʤʘʩʩ-

ʩʧʝʢʪʨʦʤʝʪʨʘʤ, ʚ ʢʦʪʦʨʳʭ ʚʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ/ʠʣʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʝʡ ʠʤʝʝʪ ʧʨʠʥʮʠʧʠʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ, ʦʪʥʦʩʷʪʩʷ 

ʨʘʜʠʦʯʘʩʪʦʪʥʳʝ, ʚʨʝʤʷʧʨʦʣʝʪʥʳʝ, ʢʚʘʜʨʫʧʦʣʴʥʳʝ ʠ ʦʤʝʛʘʪʨʦʥʥʳʝ. ʅʝʩʤʦʪʨʷ 

ʥʘ ʪʦ, ʯʪʦ ʚʩʝ ʫʢʘʟʘʥʥʳʝ ʚʳʰʝ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʳ ʜʦʩʪʫʧʥʳ ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ, ʥʘʠʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʳʤʠ ʠ ʧʦʵʪʦʤʫ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʤʠ 

ʷʚʣʷʝʪʶʪʩʷ ʢʚʘʜʨʫʧʦʣʴʥʳʝ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʳ [57].  

ʆʙʳʯʥʦ ʢʚʘʜʨʫʧʦʣʴʥʳʡ ʘʥʘʣʠʟʘʪʦʨ, ʠʩʧʦʣʴʟʫʝʤʳʡ ʚ ʪʘʢʠʭ ʤʘʩʩ-

ʩʧʝʢʪʨʦʤʝʪʨʘʭ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʯʝʪʳʨʝ ʧʘʨʘʣʣʝʣʴʥʦ ʠ ʩʠʤʤʝʪʨʠʯʥʦ 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʤʦʥʦʧʦʣʷ ï ʵʣʝʢʪʨʦʜʘ ʚ ʚʠʜʝ ʩʪʝʨʞʥʝʡ, ʢʦʪʦʨʳʝ ʠʤʝʶʪ 
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ʛʠʧʝʨʙʦʣʠʯʝʩʢʦʝ ʩʝʯʝʥʠʝ. ʋʩʢʦʨʝʥʥʳʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ z ʠʦʥʠʟʠʨʦʚʘʥʥʳʝ 

ʤʦʣʝʢʫʣʳ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʜʚʠʛʘʶʪʩʷ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ, ʠʩʧʳʪʳʚʘʷ 

ʢʦʣʝʙʘʥʠʷ ʧʦ ʦʩʷʤ x ʠ y, ʢ ʢʦʪʦʨʳʤ ʧʨʠʢʣʘʜʳʚʘʝʪʩʷ ʧʦʩʪʦʷʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ 

U ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʧʝʨʝʤʝʥʥʦʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʝ ʥʘʧʨʷʞʝʥʠʝ V0coswt, 

ʩʦʟʜʘʶʱʝʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʦʩʮʠʣʣʠʨʫʶʱʝʝ ʧʦʣʝ (ʈʠʩʫʥʦʢ 3). ʇʨʠ ʵʪʦʤ 

ʘʤʧʣʠʪʫʜʘ ʢʦʣʝʙʘʥʠʡ ʚʦʟʨʘʩʪʘʝʪ ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʷ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʠʦʥʳ ʤʦʣʝʢʫʣ, ʯʴʠ ʘʤʧʣʠʪʫʜʳ ʜʦʩʪʠʛʘʶʪ ʜʦʩʪʘʪʦʯʥʦ 

ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ, ʥʝʡʪʨʘʣʠʟʫʶʪʩʷ ʧʨʠ ʩʪʦʣʢʥʦʚʝʥʠʠ ʩ ʵʣʝʢʪʨʦʜʘʤʠ, ʘ ʠʦʥʳ 

ʩ ʦʧʨʝʜʝʣʝʥʥʳʤ ʟʥʘʯʝʥʠʝʤ ʤʘʩʩʳ ʠʦʥʘ (M = m/z) ʧʦʧʘʜʘʶʪ ʥʘ ʜʝʪʝʢʪʦʨ. 

ʇʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʟʥʘʯʝʥʠʡ V, U ʠʣʠ w ʧʦʣʫʯʘʶʪ ʟʘʚʠʩʠʤʦʩʪʴ ʠʦʥʥʦʛʦ ʪʦʢʘ 

ʦʪ ʦʪʥʦʰʝʥʠʷ m/z, ʧʨʠʯʝʤ ʚʝʣʠʯʠʥʘ ʠʦʥʥʦʛʦ ʪʦʢʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʦʣʝʢʫʣ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʚʝʱʝʩʪʚʘ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ. ʕʪʦ 

ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʥʝ ʪʦʣʴʢʦ ʢʘʯʝʩʪʚʝʥʥʳʡ, ʥʦ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ 

ʭʠʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ [57]. 

ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʦʚ ʚʳʜʝʣʷʶʪ 

ʜʠʘʧʘʟʦʥ ʘʥʘʣʠʟʠʨʫʝʤʳʭ ʤʘʩʩ, ʜʠʘʧʘʟʦʥ ʨʘʙʦʯʠʭ ʜʘʚʣʝʥʠʡ, ʨʘʟʨʝʰʘʶʱʫ  ʁ

ʩʧʦʩʦʙʥʦʩʪʴ ʠ ʦʪʥʦʩʠʪʝʣʴʥʫ  ʁ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ. ɼʠʘʧʘʟʦʥʳ ʨʘʙʦʯʠʭ 

ʜʘʚʣʝʥʠʡ ʠ ʘʥʘʣʠʟʠʨʫʝʤʳʭ ʤʘʩʩ ʦʙʳʯʥʦ ʧʨʠʚʦʜʷʪʩʷ ʚ ʚʠʜʝ ʘʙʩʦʣʶʪʥʳʭ 

ʚʝʣʠʯʠʥ. ʏʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʦʪʥʦʰʝʥʠʝ 

ʪʦʢʘ, ʢʦʪʦʨʳʡ ʩʦʟʜʘʝʪʩʷ ʠʦʥʘʤʠ ʦʧʨʝʜʝʣʝʥʥʦʡ ʤʘʩʩʳ ʛʘʟʘ, ʢ ʧʘʨʮʠʘʣʴʥʦʤʫ 

ʜʘʚʣʝʥʠʶ ʵʪʦʛʦ ʛʘʟʘ ʚ ʠʦʥʥʦʤ ʠʩʪʦʯʥʠʢʝ. ʄʠʥʠʤʘʣʴʥʦʝ ʧʘʨʮʠʘʣʴʥʦʝ 

ʜʘʚʣʝʥʠʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʤʠʥʠʤʘʣʴʥʳʤ ʪʦʢʦʤ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʪʴ, ʠ ʥʘʟʳʚʘʝʪʩʷ ʧʦʨʦʛʦʤ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ. ʈʘʟʨʝʰʘʶʱʘʷ 

ʩʧʦʩʦʙʥʦʩʪʴ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʁ ʨʘʟʜʝʣʝʥʠʷ ʠʦʥʦʚ ʩ ʙʣʠʟʢʠʤʠ 

ʤʦʣʝʢʫʣʷʨʥʳʤʠ ʤʘʩʩʘʤʠ ʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʪʥʦʰʝʥʠ ʁ ʤʘʩʩʳ ʠʦʥʘ (M) ʢ 

ʥʘʠʤʝʥʴʰʝʤʫ ʨʘʟʨʝʰʘʝʤʦʤʫ ʠʟʤʝʥʝʥʠʶ ʵʪʦʡ ʚʝʣʠʯʠʥʳ ȹM=ȹm/z. 
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ʈʠʩʫʥʦʢ 3. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʢʚʘʜʨʫʧʦʣʴʥʦʛʦ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʘ. 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ, ʦʙʳʯʥʦ 

ʠʩʧʦʣʴʟʫʶʪ ʤʝʪʦʜʳ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʧʨʦʛʨʘʤʤʠʨʫʝʤʦʡ ʜʝʩʦʨʙʮʠʠ (ʊʇɼ) ʠ 

ʪʝʤʧʝʨʘʪʫʨʥʦ-ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʥʦʡ ʨʝʘʢʮʠʠ (ʊʇʈ). ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʚ 

ʢʦʪʦʨʳʭ ʠʟʫʯʘʝʪʩʷ ʧʦʚʝʜʝʥʠʝ ʥʘʥʝʩʸʥʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʤʦʜʝʣʴʥʳʭ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʩʤʝʩʠ ʛʘʟʦʚ CO+O2, ʤʝʪʦʜʦʤ ʈʌʕʉ ʚ ʨʝʞʠʤʝ in situ, 

ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʝʪʦʜ ʊʇʈ. ʆʜʥʘʢʦ ʧʨʠ ʵʪʦʤ ʥʝ ʩʪʦʠʪ ʟʘʙʳʚʘʪʴ ʦ 

ʨʷʜʝ ʤʝʪʦʜʠʯʝʩʢʠʭ ʦʛʨʘʥʠʯʝʥʠʡ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ 

ʪʘʢʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʷʚʣʷʝʪʩʷ ʪʦʪ ʬʘʢʪ, 

ʯʪʦ ʮʝʣʝʚʘʷ ʨʝʘʢʮʠʷ ʤʦʞʝʪ ʧʘʨʘʣʣʝʣʴʥʦ ʧʨʦʪʝʢʘʪʴ ʥʘ ʛʦʨʷʯʝʤ ʢʘʪʦʜʝ ʤʘʩʩ-

ʩʧʝʢʪʨʦʤʝʪʨʘ. ʇʨʠ ʵʪʦʤ ʚ ʩʣʫʯʘʝ ʧʣʘʥʘʨʥʳʭ ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ, ʛʜʝ 

ʯʘʩʪʠʮʳ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʥʘʥʝʩʝʥʳ ʥʘ ɺʆʇɻ, ʩʦʜʝʨʞʘʥʠʝ ʘʢʪʠʚʥʳʭ 

ʮʝʥʪʨʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʥʴʰʝ ʧʨʠʤʝʨʥʦ ʥʘ 4 ʧʦʨʷʜʢʘ, ʚ ʩʨʘʚʥʝʥʠʠ ʩ 

ʦʙʨʘʟʮʘʤʠ, ʥʘʥʝʩʸʥʥʳʤʠ ʥʘ ʨʝʘʣʴʥʳʝ ʥʦʩʠʪʝʣʠ. ʀʟ-ʟʘ ʵʪʦʛʦ ʚʢʣʘʜ ʚ ʩʠʛʥʘʣ 

ʊʇʈ ʩʧʝʢʪʨʦʚ ʦʪ ʨʝʘʢʮʠʠ, ʧʨʦʪʝʢʘʶʱʝʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʘʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, 

ʚʧʦʣʥʝ ʤʦʞʝʪ ʙʳʪʴ ʩʨʘʚʥʠʤ ʩ ʚʢʣʘʜʦʤ ʦʪ ʨʝʘʢʮʠʠ, ʧʨʦʪʝʢʘʶʱʝʡ ʥʘ ʢʘʪʦʜʝ 

ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʘ. ɼʨʫʛʦʝ ʦʛʨʘʥʠʯʝʥʠʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʚʨʝʤʷ 

ʢʦʥʪʘʢʪʘ ʩʤʝʩʠ ʛʘʟʦʚ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʦʙʨʘʟʮʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʣʦ ʠʟ-ʟʘ ʪʦʛʦ, 
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ʯʪʦ ʤʳ ʠʤʝʝʤ ʜʝʣʦ ʩ ʧʨʦʪʦʯʥʳʤ ʨʝʘʢʪʦʨʦʤ, ʪʘʢ ʢʘʢ ʷʯʝʡʢʘ ʚʳʩʦʢʦʛʦ 

ʜʘʚʣʝʥʠʷ ʧʦʩʪʦʷʥʥʦ ʦʪʢʘʯʠʚʘʝʪʩʷ. ɼʦʧʦʣʥʠʪʝʣʴʥʘʷ ʪʨʫʜʥʦʩʪʴ - 

ʥʝʧʦʩʪʦʷʥʩʪʚʦ ʩʢʦʨʦʩʪʠ ʦʪʢʘʯʢʠ ʠʣʠ ʧʦʜʘʯʠ ʛʘʟʦʚ, ʠʟ-ʟʘ ʯʝʛʦ ʧʨʦʠʩʭʦʜʠʪ 

ʢʦʣʝʙʘʥʠʝ ʬʦʥʦʚʦʛʦ ʩʠʛʥʘʣʘ ʦʪ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʘ ʥʘ ʚʝʣʠʯʠʥʫ ʧʦʨʷʜʢʘ 5%. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʣʠ ʚʢʣʘʜ ʚ ʊʇʈ ʩʧʝʢʪʨʳ ʦʪ ʨʝʘʢʮʠʠ, ʧʨʦʪʝʢʘʶʱʝʡ ʥʘ 

ʦʙʨʘʟʮʝ, ʩʦʩʪʘʚʣʷʝʪ ʤʝʥʴʰʝ 5%, ʩʪʘʥʦʚʠʪʩʷ ʥʝʚʦʟʤʦʞʥʳʤ ʚʳʜʝʣʠʪʴ ʝʸ ʠʟ 

ʢʦʣʝʙʘʥʠʡ ʬʦʥʘ. ʇʦʵʪʦʤʫ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʤʘʩʩ-

ʩʧʝʢʪʨʦʤʝʪʨʘ ʚ ʩʣʫʯʘʝ ʧʨʦʚʝʜʝʥʠʷ ʈʌʕʉ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʨʝʞʠʤʝ in situ, ʦʥ 

ʯʘʩʪʦ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʥʘ ʦʜʥʫ ʠʟ ʩʪʫʧʝʥʝʡ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʦʪʢʘʯʢʠ 

ʘʥʘʣʠʟʘʪʦʨʘ ʵʥʝʨʛʠʡ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʛʘʟʦʚʫʶ 

ʬʘʟʫ, ʩʬʦʨʤʠʨʦʚʘʥʥʫʶ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. ʂʨʦʤʝ ʪʦʛʦ, ʚʩʝʛʜʘ 

ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ ʨʝʧʝʨʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʯʠʩʪʳʤ ʥʦʩʠʪʝʣʝʤ (ʙʝʟ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ) ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʦ 

ʧʨʦʪʝʢʘʥʠʠ ʨʝʘʢʮʠʠ ʥʘ ʛʦʨʷʯʝʤ ʢʘʪʦʜʝ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʘ ʠ ʨʘʟʣʠʯʥʳʭ 

ʯʘʩʪʷʭ ʦʢʨʫʞʝʥʠʷ ʦʙʨʘʟʮʘ (ʜʝʨʞʘʪʝʣʠ, ʪʝʨʤʦʧʘʨʳ, ʵʣʝʤʝʥʪʳ ʥʘʛʨʝʚʘ ʠ ʪ.ʜ.). 

1.2.5. ʇʨʦʚʝʜʝʥʠʝ ʚʳʯʠʩʣʝʥʠʡ ʤʝʪʦʜʦʤ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ 

ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʤʝʪʦʜʦʚ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ ʜʣʷ 

ʤʥʦʛʦʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʨʘʟʣʦʞʝʥʠʠ ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ ʧʦ 

ʜʝʪʝʨʤʠʥʘʥʪʘʤ ʉʣʝʡʪʝʨʘ. ʆʜʥʘʢʦ ʵʪʠ ʤʝʪʦʜʳ ʪʨʝʙʫʶʪ ʦʛʨʦʤʥʳʭ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ ʢʨʫʧʥʳʭ ʩʠʩʪʝʤ 

ʢʨʘʡʥʝ ʟʘʪʨʫʜʥʠʪʝʣʴʥʳʤ. 

ʊʝʦʨʠʷ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ (ʊʌʇ) (density functional theory ï DFT) 

ï ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʡ ʤʝʪʦʜ, ʢʦʪʦʨʳʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʥʦʛʦʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤ [58]. ʇʨʠ ʧʨʠʤʝʥʝʥʠʠ 

ʵʪʦʡ ʪʝʦʨʠʠ ʩʚʦʡʩʪʚʘ ʤʥʦʛʦʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʳ ʤʦʛʫʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʳ ʧʨʠ 

ʧʦʤʦʱʠ ʬʫʥʢʮʠʦʥʘʣʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʟʘʚʠʩʷʱʝʡ ʦʪ ʪʨʝʭ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʢʦʦʨʜʠʥʘʪ. 

ʈʘʩʯʸʪʳ ʤʝʪʦʜʦʤ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ  ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʚ 

ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ VASP ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ PAW ʧʩʝʚʜʦʧʦʪʝʥʮʠʘʣʘ ʠ 
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ʢʦʨʨʝʣʷʮʠʦʥʥʦ-ʦʙʤʝʥʥʦʛʦ ʬʫʥʢʮʠʦʥʘʣʘ PBE [59, 60]. ʆʧʪʠʤʠʟʘʮʠʷ ʩʪʨʫʢʪʫʨ 

ʚʳʧʦʣʥʷʣʘʩʴ ʤʝʪʦʜʦʤ ʩʦʧʨʷʞʝʥʥʳʭ ʛʨʘʜʠʝʥʪʦʚ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʜʝʩʢʨʠʧʪʦʨʦʚ ʚ ʪʦʧʦʣʦʛʠʯʝʩʢʦʤ ʚʳʨʘʞʝʥʠʠ (ʩʤ. ɻʣʘʚʫ 3) 

ʵʥʝʨʛʠʷ ʦʙʨʝʟʢʠ ʩʦʩʪʘʚʣʷʣʘ 250.9 ʵɺ ʧʨʠ ʨʘʟʤʝʨʝ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

25Ĭ25Ĭ25 ¡3, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʧʝʨʠʦʜʠʯʝʩʢʠ 

ʧʦʚʪʦʨʷʶʱʠʤʠʩʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʯʘʩʪʠʮʘʤʠ, ʩʦʩʪʦʷʱʠʤʠ ʠʟ 201 ʘʪʦʤʘ, 

ʩʦʩʪʘʚʣʷʣʦ Ó8 ¡. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʦʚ (ʤʝʥʝʝ ʪʦʯʥʳʭ, ʯʝʤ 

ʠʩʧʦʣʴʟʫʝʤʳʝ ʦʙʳʯʥʦ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʨʘʩʯʝʪʦʚ ʤʝʪʦʜʦʤ ʊʌʇ ʥʘʥʦʯʘʩʪʠʮ 

ʤʝʪʘʣʣʦʚ) ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʜʝʩʢʨʠʧʪʦʨʦʚ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ 

ʚ ʨʘʙʦʪʘʭ [61, 62], ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʦʩʪʘʪʦʯʥʫʶ ʪʦʯʥʦʩʪʴ. ɼʣʷ ʨʘʩʯʝʪʦʚ 

ʘʜʩʦʨʙʮʠʠ CO ʥʘ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮʘʭ ʵʥʝʨʛʠʷ ʦʙʨʝʟʢʠ ʩʦʩʪʘʚʣʷʣʘ 

415 ʵɺ ʧʨʠ ʨʘʟʤʝʨʝ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 30Ĭ30Ĭ30 ¡3, ʘ ʨʝʣʘʢʩʘʮʠʠ 

ʩʪʨʫʢʪʫʨ ʚʳʧʦʣʥʷʣʠʩʴ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʩʠʣʳ, ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ ʘʪʦʤʳ, ʥʝ 

ʩʪʘʥʦʚʠʣʠʩʴ ʤʝʥʴʰʝ, ʯʝʤ 0.01 ʵɺ. ʕʥʝʨʛʠ ʁ ʘʜʩʦʨʙʮʠʠ ʉʆ ʨʘʩʩʯʠʪʳʚʘʣʠ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

( ) ( ) ( ) ( )( )/madsE CO E NP CO E NP m E CO m= * - - ³
,
 

ʛʜʝ ( )mE NP CO* , ( )E NP  ʠ ( )E CO  ï ʧʦʣʥʳʝ ʵʥʝʨʛʠʠ ʘʜʩʦʨʙʮʠʦʥʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ʥʘʥʦʯʘʩʪʠʮʳ ʩ ʯʠʩʣʦʤ m ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ ʉʆ, ʯʠʩʪʦʡ 

ʥʘʥʦʯʘʩʪʠʮʳ ʠ ʤʦʣʝʢʫʣʳ ʉʆ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ DFT ʨʘʩʯʸʪʦʚ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɺ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʝʡ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʙʳʣʠ ʚʳʙʨʘʥʳ 

ʩʪʨʫʢʪʫʨʳ, ʦʙʣʘʜʘʶʱʠʝ ʬʦʨʤʦʡ ʫʩʝʯʝʥʥʦʛʦ ʦʢʪʘʵʜʨʘ ʩ ʰʝʩʪʴʶ ʛʨʘʥʷʤʠ 

(001) ʠ ʚʦʩʝʤʴʶ ʛʨʘʥʷʤʠ (111). ʂ ʵʪʦʤʫ ʨʷʜʫ ʦʪʥʦʩʷʪʩʷ ʥʘʥʦʯʘʩʪʠʮʳ ʅʏn ʩ n 

= 38, 201, 586, 1289, 2406, 4033 ʠ ʪ.ʜ. ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʜʣʷ ʨʘʩʯʸʪʦʚ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʥʘʥʦʯʘʩʪʠʮʳ ʅʏ201 ʠ ʅʏ1289, ʩʦʩʪʦʷʱʠʝ ʠʟ 201 ʠ 1289 

ʘʪʦʤʦʚ ʤʝʪʘʣʣʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʨʘʩʯʝʪʘʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ 

ʦʛʨʘʥʠʯʝʥʠʡ ʧʦ ʩʠʤʤʝʪʨʠʠ ʥʝ ʥʘʢʣʘʜʳʚʘʣʦʩʴ. 
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1.2.6. ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ çʨʝʘʣʴʥʳʭè ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʛʜʝ 

ʘʢʪʠʚʥʳʡ ʢʦʤʧʦʥʝʥʪ ʥʘʥʦʩʠʣʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʨʠʩʪʦʛʦ Al2O3, ʤʝʪʦʜʦʤ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʥʝʩʢʦʣʴʢʠʭ 

ʨʘʟʣʠʯʥʳʭ ʤʠʢʨʦʩʢʦʧʘʭ. 

ʆʜʥʠʤ ʠʟ ʤʠʢʨʦʩʢʦʧʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ PdAg/Al2O3 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʤʝʪʦʜʦʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʇʕʄ) 

ʙʳʣ Hitachi HT 7700 (Hitachi, ʗʧʦʥʠʷ). ʉʲʝʤʢʫ ʠʟʦʙʨʘʞʝʥʠʡ ʚʝʣʠ ʚ ʨʝʞʠʤʝ 

çʩʚʝʪʣʦʛʦ ʧʦʣʷè ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 100 ʢɺ. ʇʝʨʝʜ ʩʲʝʤʢʦʡ 

ʧʦʨʦʰʢʦʦʙʨʘʟʥʳʡ ʦʙʨʘʟʝʮ ʥʘʥʦʩʠʣʠ ʠʟ ʩʫʩʧʝʥʟʠʠ ʚ ʠʟʦʧʨʦʧʘʥʦʣʝ ʥʘ ʤʝʜʥʫʶ 

ʩʝʪʢʫ ʜʠʘʤʝʪʨʦʤ 3 ʤʤ, ʧʦʢʨʳʪʫʶ ʫʛʣʝʨʦʜʥʦʡ ʧʣʝʥʢʦʡ. ʆʧʪʠʤʠʟʘʮʠʶ 

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʧʨʦʚʦʜʠʣʠ ʚ ʨʘʤʢʘʭ ʤʝʪʦʜʠʢʠ, ʦʧʠʩʘʥʥʦʡ ʚ 

ʨʘʙʦʪʝ [63]. ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʠ ʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʧʦ ʨʘʟʤʝʨʘʤ ʦʧʨʝʜʝʣʷʣʠ ʥʘ ʦʩʥʦʚʝ ʠʟʤʝʨʝʥʠʷ 150ï180 ʯʘʩʪʠʮ ʥʘ 

ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʷʭ ʨʘʟʣʠʯʥʳʭ ʫʯʘʩʪʢʦʚ ʦʙʨʘʟʮʦʚ. 

ʅʘ ʜʨʫʛʦʤ ʤʠʢʨʦʩʢʦʧʝ - JEM-2010 (JEOL, ʗʧʦʥʠʷ), ʠʩʩʣʝʜʦʚʘʣʠʩʴ 

PdIn/Al2O3 ʢʘʪʘʣʠʟʘʪʦʨʳ. ʉʲʝʤʢʫ ʠʟʦʙʨʘʞʝʥʠʡ ʚʝʣʠ ʚ ʨʝʞʠʤʝ çʩʚʝʪʣʦʛʦ 

ʧʦʣʷè ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 200 ʢɺ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʣʦ ʨʘʟʨʝʰʝʥʠʝ ʧʦ 

ʧʘʨʘʤʝʪʨʫ ʨʝʰʸʪʢʠ 1.4 ¡. ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʘʥʘʣʠʟ (EDX) ʧʨʦʚʦʜʠʣʠ ʥʘ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ Xflash (Bruker, ɻʝʨʤʘʥʠʷ) ʩ Si-

ʜʝʪʝʢʪʦʨʦʤ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʨʘʟʨʝʰʝʥʠʝʤ 130 ʵɺ. ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʠ ʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʨʘʟʤʝʨʘʤ ʦʧʨʝʜʝʣʷʣʠ ʥʘ 

ʦʩʥʦʚʝ ʠʟʤʝʨʝʥʠʷ 250ï500 ʯʘʩʪʠʮ ʥʘ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʷʭ ʨʘʟʣʠʯʥʳʭ ʫʯʘʩʪʢʦʚ 

ʦʙʨʘʟʮʦʚ. 

1.2.7. ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʨʝʘʢʮʠʷʭ ʩʝʣʝʢʪʠʚʥʦʛʦ 

ʛʠʜʨʠʨʦʚʘʥʠʷ 

1.2.5.2. ɻʘʟʦʬʘʟʥʦʝ ʛʠʜʨʠʨʦʚʘʥʠʝ ʘʮʝʪʠʣʝʥʘ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ çʨʝʘʣʴʥʳʭè 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ (ʥʘʥʝʩʸʥʥʳʭ ʥʘ Al2O3) ʚ ʨʝʘʢʮʠʠ ʛʠʜʨʠʨʦʚʘʥʠ ̫ʘʮʝʪʠʣʝʥʘ ʚ 



44 
 

ʵʪʠʣʝʥ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʢʚʘʨʮʝʚʦʤ ʨʝʘʢʪʦʨʝ ʧʨʦʪʦʯʥʦʛʦ ʪʠʧʘ (ʚʥʫʪʨʝʥʥʠʡ 

ʜʠʘʤʝʪʨ 4 ʤʤ) ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ. ʀʩʧʦʣʴʟʦʚʘʣʘʩʴ ʨʝʘʢʮʠʦʥʥʘʷ 

ʩʤʝʩʴ ʩʣʝʜʫʶʱʝʛʦ ʩʦʩʪʘʚʘ: 0.51 ʦʙ.% C2H2, 46.36 ʦʙ.% C2H4, 2.59 ʦʙ.% H2, 

50.54 ʦʙ.% Ar (ʩʫʤʤʘʨʥʳʡ ʧʦʪʦʢ ʩʦʩʪʘʚʣʷʣ 64 ʤʣ/ʤʠʥ) [64]. ʊʝʤʧʝʨʘʪʫʨʫ 

ʧʦʚʳʰʘʣʠ ʩʪʫʧʝʥʯʘʪʦ ʚ ʠʥʪʝʨʚʘʣʝ 25ï150ÁC ʠ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠ ʪʝʨʤʦʧʘʨʦʡ 

K-ʪʠʧʘ, ʧʦʤʝʱʝʥʥʦʡ ʚ ʩʣʦʡ ʢʘʪʘʣʠʟʘʪʦʨʘ (ʥʘʚʝʩʢʘ 40 ʤʛ, ʬʨʘʢʮʠʷ 0.2ï0.4 

ʤʤ). ʇʨʦʜʫʢʪʳ ʨʝʘʢʮʠʠ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʥʘ ʭʨʦʤʘʪʦʛʨʘʬʝ ʂʨʠʩʪʘʣʣʶʢʩ-4000M 

(ʆʆʆ çʅʇʌ çʄʝʪʘ-ʭʨʦʤè, ʈʦʩʩʠʷ), ʩʥʘʙʞʝʥʥʦʤ ʢʘʧʠʣʣʷʨʥʦʡ ʢʦʣʦʥʢʦʡ 

CP7518 (CP-Al 2O3/KCl, 50 ʤĬ0.53 ʤʤ, 10 ʤʢʤ) ʠ ʧʣʘʤʝʥʥʦ-ʠʦʥʠʟʘʮʠʦʥʥʳʤ 

ʜʝʪʝʢʪʦʨʦʤ. 

ʂʦʥʚʝʨʩʠʶ ʘʮʝʪʠʣʝʥʘ XC2H2 ʨʘʩʩʯʠʪʳʚʘʣʠ, ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ 

ʧʨʦʨʝʘʛʠʨʦʚʘʚʰʝʛʦ ʘʮʝʪʠʣʝʥʘ ʢ ʢʦʣʠʯʝʩʪʚʫ ʘʮʝʪʠʣʝʥʘ ʥʘ ʚʭʦʜʝ ʚ ʨʝʘʢʪʦʨ ʧʦ 

ʬʦʨʤʫʣʝ: 
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ʛʜʝ ʉ2ʅ6 ï ʧʣʦʱʘʜʴ ʧʠʢʘ ʵʪʘʥʘ.  

ʇʝʨʝʜ ʟʘʛʨʫʟʢʦʡ ʚ ʨʝʘʢʪʦʨ ʢʘʞʜʳʡ ʠʟ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʬʨʘʢʮʠʦʥʠʨʦʚʘʣʩʷ 

(ʨʘʟʤʝʨ ʬʨʘʢʮʠʠ 0.2ï0.4 ʤʤ) ʠ ʩʧʨʝʩʩʦʚʳʚʘʣʩʷ ʚ ʪʘʙʣʝʪʢʫ. ʇʦʩʣʝ ʟʘʛʨʫʟʢʠ 

ʦʙʨʘʟʮʳ ʧʦʜʚʝʨʛʘʣʠ ʘʢʪʠʚʘʮʠʠ ʚ ʪʦʢʝ 5%H2/Ar ʧʨʠ 550ÁC ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ, 

ʧʦʩʣʝ ʯʝʛʦ ʦʭʣʘʞʜʘʣʠ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʪʦʢʝ N2. 

1.2.5.3. ɾʠʜʢʦʬʘʟʥʦʝ ʛʠʜʨʠʨʦʚʘʥʠʝ ʜʠʬʝʥʠʣʘʮʝʪʠʣʝʥʘ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdIn/Al2O3 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʨʝʘʢʮʠʠ ʞʠʜʢʦʬʘʟʥʦʛʦ ʛʠʜʨʠʨʦʚʘʥʠʷ ʜʠʬʝʥʠʣʘʮʝʪʠʣʝʥʘ 
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(ɼʌɸ) ʧʨʦʚʦʜʠʣʠ ʚ ʨʝʘʢʪʦʨʝ ʘʚʪʦʢʣʘʚʥʦʛʦ ʪʠʧʘ, ʦʩʥʘʱʸʥʥʦʤ ʤʘʛʥʠʪʥʦʡ 

ʤʝʰʘʣʢʦʡ, ʣʠʥʠʷʤʠ ʧʦʜʘʯʠ ʛʘʟʘ ʠ ʩʠʩʪʝʤʘʤʠ ʦʪʙʦʨʘ ʧʨʦʙ. ʈʝʘʢʮʠʶ 

ʧʨʦʚʦʜʠʣʠ ʧʨʠ 5 ʘʪʤ ʅ2 ʠ 25Áʉ, ʠʩʧʦʣʴʟʫʷ ʚ ʢʘʯʝʩʪʚʝ ʨʘʩʪʚʦʨʠʪʝʣʷ ʥ-ʛʝʢʩʘʥ, 

ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʧʝʨʝʤʝʰʠʚʘʥʠʠ [65]. ʇʝʨʝʜ ʧʨʦʚʝʜʝʥʠʝʤ ʨʝʘʢʮʠʠ ʜʣʷ 

ʫʜʘʣʝʥʠʷ ʧʨʠʤʝʩʝʡ ʨʘʩʪʚʦʨʝʥʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʚ ʪʝʯʝʥʠʝ 3 ʯʘʩʦʚ ʯʝʨʝʟ 

ʨʘʩʪʚʦʨʠʪʝʣʴ ʧʨʦʧʫʩʢʘʣʠ ʧʦʪʦʢ ʘʨʛʦʥʘ ʦʩʦʙʦʡ ʯʠʩʪʦʪʳ (~30 ʤʣ/ʤʠʥ). 

ʆʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʝ ʦʙʨʘʙʦʪʢʠ ʢʘʪʘʣʠʟʘʪʦʨʘ ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʚʣʠʷʥʠʷ ʵʬʬʝʢʪʦʚ ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʝʛʨʝʛʘʮʠʠ ʥʘ 

ʝʛʦ ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʨʦʚʦʜʠʣʠ ʚ ʪʨʫʙʯʘʪʦʤ ʢʚʘʨʮʝʚʦʤ ʨʝʘʢʪʦʨʝ, 

ʦʙʦʨʫʜʦʚʘʥʥʦʤ ʢʣʘʧʘʥʘʤʠ ʚʭʦʜʘ ʠ ʚʳʭʦʜʘ ʛʘʟʘ. ɺʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʝ 

ʦʙʨʘʙʦʪʢʠ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʧʦʪʦʢʝ 5% ʦʙ./ʦʙ. H2/Ar, ʘ ʦʢʠʩʣʠʪʝʣʴʥʳʝ 

ʦʙʨʘʙʦʪʢʠ - ʚ ʧʦʪʦʢʝ 20% ʦʙ./ʦʙ. O2/N2 (ʩʠʥʪʝʪʠʯʝʩʢʠʡ ʚʦʟʜʫʭ). ɼʣʷ ʟʘʛʨʫʟʢʠ 

ʢʘʪʘʣʠʟʘʪʦʨʘ ʚ ʘʚʪʦʢʣʘʚ ʨʝʘʢʪʦʨ ʟʘʧʦʣʥʷʣʠ ʘʨʛʦʥʦʤ ʠ ʧʝʨʝʥʦʩʠʣʠ ʚ 

ʧʝʨʯʘʪʦʯʥʳʡ ʙʦʢʩ ʩ ʘʪʤʦʩʬʝʨʦʡ ʘʨʛʦʥʘ, ʛʜʝ ʢʘʪʘʣʠʟʘʪʦʨ ʟʘʛʨʫʞʘʣʠ ʚ 

ʘʚʪʦʢʣʘʚ, ʠʟʙʝʛʘʷ ʢʦʥʪʘʢʪʘ ʩ ʚʦʟʜʫʭʦʤ. ʇʦʩʣʝ ʟʘʛʨʫʟʢʠ ʢʘʪʘʣʠʟʘʪʦʨʘ ʘʚʪʦʢʣʘʚ 

ʟʘʧʦʣʥʷʣʠ ʘʨʛʦʥʦʤ, ʛʝʨʤʝʪʠʟʠʨʦʚʘʣʠ, ʧʝʨʝʚʦʜʠʣʠ ʠʟ ʧʝʨʯʘʪʦʯʥʦʛʦ ʙʦʢʩʘ ʥʘ 

ʤʘʛʥʠʪʥʫʶ ʤʝʰʘʣʢʫ ʠ ʧʦʜʢʣʶʯʘʣʠ ʢ ʣʠʥʠʷʤ ʧʦʜʘʯʠ ʛʘʟʦʚ. 

ɺ ʨʘʥʝʝ ʦʧʫʙʣʠʢʦʚʘʥʥʦʡ ʨʘʙʦʪʝ [66], ʛʜʝ ʠʟʫʯʘʣʘʩʴ ʩʢʦʨʦʩʪʴ 

ʛʠʜʨʠʨʦʚʘʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʙʳʣʦ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʧʨʠ ʩʢʦʨʦʩʪʠ ʧʝʨʝʤʝʰʠʚʘʥʠʷ > 600 ʦʙ/ʤʠʥ ʵʪʦʪ 

ʧʘʨʘʤʝʪʨ ʧʝʨʝʩʪʘʝʪ ʚʣʠʷʪʴ ʥʘ ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ. ʇʦʵʪʦʤʫ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ 

ʠʟʙʝʞʘʪʴ ʜʠʬʬʫʟʠʦʥʥʳʭ ʟʘʪʨʫʜʥʝʥʠʡ, ʩʚʷʟʘʥʥʳʭ ʩʦ ʩʢʦʨʦʩʪʴʶ ʨʘʩʪʚʦʨʝʥʠʷ 

ʚʦʜʦʨʦʜʘ, ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʩʢʦʨʦʩʪʠ ʧʝʨʝʤʝʰʠʚʘʥʠʷ 1000 

ʦʙ./ʤʠʥ. ɼʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʜʠʬʬʫʟʠʦʥʥʳʭ ʟʘʪʨʫʜʥʝʥʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ 

ʜʦʩʪʫʧʦʤ ʨʝʘʛʝʥʪʦʚ ʚ ʧʦʨʳ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʢʘʪʘʣʠʟʘʪʦʨ ʠʟʤʝʣʴʯʘʣʠ ʜʦ 

ʬʨʘʢʮʠʠ < 10 ʤʢʤ, ʢʘʢ ʵʪʦ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʚ [67]. ʂʦʣʠʯʝʩʪʚʦ 

ʧʦʛʣʦʱʝʥʥʦʛʦ ʚʦʜʦʨʦʜʘ ʦʮʝʥʠʚʘʣʠ ʧʦ ʧʘʜʝʥʠʶ ʜʘʚʣʝʥʠʷ ʚ ʧʨʦʮʝʩʩʝ 

ʛʠʜʨʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʦʝ ʢʦʥʪʨʦʣʠʨʦʚʘʣʦʩʴ ʰʪʘʪʥʳʤ ʵʣʝʢʪʨʦʥʥʳʤ ʜʘʪʯʠʢʦʤ 

ʜʘʚʣʝʥʠʷ ʚ ʩʦʩʪʘʚʝ ʘʚʪʦʢʣʘʚʘ. ʇʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʛʠʜʨʠʨʦʚʘʥʠʷ ʧʘʜʝʥʠʝ 

ʜʘʚʣʝʥʠʷ ʩʦʩʪʘʚʣʷʣʦ ʧʨʠʤʝʨʥʦ 0.3 ʙʘʨ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʣʠʷʥʠʝʤ ʠʟʤʝʥʝʥʠʷ 
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ʜʘʚʣʝʥʠʷ H2 ʥʘ ʢʠʥʝʪʠʢʫ ʨʝʘʢʮʠʠ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ. ʊʘʢ ʢʘʢ ʛʠʜʨʠʨʦʚʘʥʠʝ 

ʘʣʢʠʥʦʚʦʛʦ ʩʫʙʩʪʨʘʪʘ ʧʨʦʪʝʢʘʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʩʥʘʯʘʣʘ ʜʦ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʦʣʝʬʠʥʦʚʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʠ ʪʦʣʴʢʦ ʟʘʪʝʤ ʜʦ ʘʣʢʘʥʘ, 

ʢʦʣʠʯʝʩʪʚʦ ʧʨʦʜʫʢʪʘ ʧʦʣʥʦʛʦ ʛʠʜʨʠʨʦʚʘʥʠʷ, ʦʙʨʘʟʫʶʱʝʛʦʩʷ ʥʘ ʧʝʨʚʦʡ 

ʩʪʘʜʠʠ ʛʠʜʨʠʨʦʚʘʥʠʷ, ʥʝʟʥʘʯʠʪʝʣʴʥʦ. ʈʝʘʢʮʠʝʡ ʛʠʜʨʠʨʦʚʘʥʠʷ ʦʩʪʘʪʦʯʥʦʛʦ 

ʘʣʢʠʥʘ ʜʦ ʘʣʢʘʥʘ ʥʘ ʚʪʦʨʦʡ ʩʪʘʜʠʠ ʧʨʦʮʝʩʩʘ ʪʘʢʞʝ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ. ʉ 

ʫʯʝʪʦʤ ʵʪʠʭ ʜʦʧʫʱʝʥʠʡ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ r (ʤʦʣʴ H2ĿʛʢʘʪĿʤʠʥï1) ʜʣʷ ʢʘʞʜʦʡ 

ʩʪʘʜʠʠ ʛʠʜʨʠʨʦʚʘʥʠʷ (r1 ï ʘʣʢʠʥ ʚ ʘʣʢʝʥ ʠ r2 ï ʘʣʢʝʥ ʚ ʘʣʢʘʥ) ʦʧʨʝʜʝʣʷʣʠ ʠʟ 

ʛʨʘʬʠʢʘ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʣʠʯʝʩʪʚʘ ʧʦʛʣʦʱʝʥʥʦʛʦ ʚʦʜʦʨʦʜʘ ʦʪ ʚʨʝʤʝʥʠ 

ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʘ [68]. ʇʦ ʩʦʦʪʥʦʰʝʥʠʶ ʩʢʦʨʦʩʪʝʡ ʛʠʜʨʠʨʦʚʘʥʠʷ 

ʩʫʙʩʪʨʘʪʘ ʥʘ ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ ʩʪʘʜʠʷʭ (r1/r2) ʦʮʝʥʠʚʘʣʠ ʢʠʥʝʪʠʯʝʩʢʫʶ 

ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʨʝʘʢʮʠʠ. ʋʜʝʣʴʥʫʶ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ (TOF) 

ʦʙʨʘʟʮʦʚ ʨʘʩʩʯʠʪʳʚʘʣʠ ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʤʦʣʝʢʫʣ ʧʨʝʚʨʘʱʝʥʥʦʛʦ 

ʩʫʙʩʪʨʘʪʘ ʢ ʦʙʱʝʤʫ ʢʦʣʠʯʝʩʪʚʫ ʘʪʦʤʦʚ ʧʘʣʣʘʜʠʷ ʚ ʢʘʪʘʣʠʟʘʪʦʨʝ ʟʘ ʤʠʥʫʪʫ 

[69]. 

ʇʨʦʜʫʢʪʳ ʨʝʘʢʮʠʠ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʥʘ ʭʨʦʤʘʪʦʛʨʘʬʝ ʂʨʠʩʪʘʣʣ 5000 ʩ 

ʧʣʘʤʝʥʥʦ-ʠʦʥʠʟʘʮʠʦʥʥʳʤ ʜʝʪʝʢʪʦʨʦʤ (ʍʨʦʤʘʪʝʢ, ʈʦʩʩʠʷ), ʩʥʘʙʞʸʥʥʦʤ 

ʢʘʧʠʣʣʷʨʥʦʡ ʢʦʣʦʥʢʦʡ HP5-MS ((5%-ʬʝʥʠʣ)-ʤʝʪʠʣʧʦʣʠʩʠʣʦʢʩʘʥ, ʜʣʠʥʘ 30 

ʤ, ʚʥʫʪʨʝʥʥʠʡ ʜʠʘʤʝʪʨ 0.25 ʤʤ, ʪʦʣʱʠʥʘ ʥʝʧʦʜʚʠʞʥʦʛʦ ʩʣʦʷ 0.25 ʤʢʤ, ʛʘʟ-

ʥʦʩʠʪʝʣʴ He). ʇʨʦʜʫʢʪʳ ʦʪʙʠʨʘʣʠ ʠʟ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ ʧʦʩʣʝ ʪʦʛʦ, ʢʘʢ 

ʧʦʛʣʦʱʝʥʠʝ ʚʦʜʦʨʦʜʘ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ 90% ʢʦʥʚʝʨʩʠʠ ɼʌɸ. ɼʝʪʘʣʴʥʳʡ 

ʘʥʘʣʠʟ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʧʦʢʘʟʘʣ, ʯʪʦ ʛʠʜʨʠʨʦʚʘʥʠʷ ʘʨʦʤʘʪʠʯʝʩʢʦʛʦ ʢʦʣʴʮʘ 

ʚ ʫʩʣʦʚʠʷʭ ʨʝʘʢʮʠʠ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʠ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʪʠʣʴʙʝʥʘ ʤʦʞʥʦ 

ʧʨʝʥʝʙʨʝʯʴ ʚʧʣʦʪʴ ʜʦ ʢʦʥʚʝʨʩʠʠ ɼʌɸ ʦʢʦʣʦ 70%. ʕʪʦ ʧʦʟʚʦʣʷʝʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʢʦʨʦʩʪʴ ʧʦʛʣʦʱʝʥʠʷ ʚʦʜʦʨʦʜʘ ʜʣʷ ʦʮʝʥʢʠ ʩʢʦʨʦʩʪʠ 

ʛʠʜʨʠʨʦʚʘʥʠʷ ɼʌɸ. ʉʝʣʝʢʪʠʚʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʮʝʣʝʚʦʛʦ ʦʣʝʬʠʥʘ (S=) 

ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʦ ʩʣʝʜʫʶʱʝʤʫ ʫʨʘʚʥʝʥʠʶ: 

, 
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ʛʜʝ C=
cis, C=

trans ʠ C- ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʦʣʴʥʳʝ ʜʦʣʠ ʦʙʨʘʟʫʶʱʠʭʩʷ 

ʘʨʠʣʦʣʝʬʠʥʦʚ (ʮʠʩ- ʠ ʪʨʘʥʩ-) ʠ ʘʨʠʣʘʣʢʘʥʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʩ 

ʧʦʤʦʱʴʶ ɻʍ-ʘʥʘʣʠʟʘ. 

1.2.8. ʆʙʲʝʢʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʤʘʪʝʨʠʘʣʳ 

1.2.6.1. ʄʘʪʝʨʠʘʣʳ 

ɺ ʊʘʙʣʠʮʝ 1 ʧʨʠʚʝʜʝʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʩʝʭ ʠʩʭʦʜʥʳʭ ʚʝʱʝʩʪʚ ʠ 

ʤʘʪʝʨʠʘʣʦʚ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʨʘʙʦʪʝ. 

ʊʘʙʣʠʮʘ 1. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʚʝʱʝʩʪʚ 

 ̄ ʅʘʟʚʘʥʠʝ ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʄʦʜʝʣʴʥʳʝ ʢʘʪʘʣʠʟʘʪʦʨʳ 

1 ʄʦʥʦʢʨʠʩʪʘʣʣʳ ɺʆʇɻ ʈʘʟʤʝʨ 7Ĭ7Ĭ1 ʤʤ3, HOPG SPI-2, Structure Probe 

Inc. 

2 ʀʩʪʦʯʥʠʢ ʥʘʧʳʣʝʥʠʷ Pd Pd ʬʦʣʴʛʘ (99.99 %) 

3 ʀʩʪʦʯʥʠʢ ʥʘʧʳʣʝʥʠʷ Ag Ag ʬʦʣʴʛʘ (99.99 %) 

4 ʀʩʪʦʯʥʠʢ ʥʘʧʳʣʝʥʠʷ In In ʬʦʣʴʛʘ (99.99 %) 

5 ʀʩʪʦʯʥʠʢ ʥʘʧʳʣʝʥʠʷ Au Au ʬʦʣʴʛʘ (99.99 %) 

6 ʀʩʪʦʯʥʠʢ ʥʘʧʳʣʝʥʠʷ Cu Cu ʬʦʣʴʛʘ (99.99 %) 

çʈʝʘʣʴʥʳʝè ʢʘʪʘʣʠʟʘʪʦʨʳ 

7 ɔ-Al 2O3 Sasol, 56 ʤ2/ʛ 

8 ʇʨʝʜʰʝʩʪʚʝʥʥʠʢ ʜʣʷ 

ʧʨʠʛʦʪʦʚʣʝʥʠʷ Pd-In 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ 

ʋʢʩʫʩʥʦʢʠʩʣʳʡ ʨʘʩʪʚʦʨ ʢʦʤʧʣʝʢʩʘ Pd(m-

AcO)4In(AcO) (pH 2.8) 

9 ʅʠʪʨʘʪ ʧʘʣʣʘʜʠʷ ɺʦʜʥʳʡ ʨʘʩʪʚʦʨ Pd(NO3)2, Alfa Aesar, 14.86% Pd  

10 ʅʠʪʨʘʪ ʩʝʨʝʙʨʘ ɺʦʜʥʳʡ ʨʘʩʪʚʦʨ AgNO3, ɿɸʆ ɹʝʨʪʫʟ, ʭ.ʯ., 99,9% 

11 ʅʠʪʨʘʪ ʠʥʜʠʷ ɺʦʜʥʳʡ ʨʘʩʪʚʦʨ In(NO3)3, Fluka, 32-36% In 

ɻʘʟʳ ʠ ʨʝʘʛʝʥʪʳ 

12 ɸʨʛʦʥ Ar, 99.999 % 

13 ʂʠʩʣʦʨʦʜ O2, 99.98% 

14 ʄʦʥʦʦʢʩʠʜ ʫʛʣʝʨʦʜʘ CO, 99.95% 

15 ɸʮʝʪʠʣʝʥ C2H2, 99.99 %  
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16 ɺʦʜʦʨʦʜ H2, 99.99 % 

17 ɻʝʣʠʡ ʅʝ, 99.95% 

18 ɸʟʦʪ N2, 99.999 % 

19 ʥ-ʛʝʢʩʘʥ 98%, Merck 

20 ɼʠʬʝʥʠʣʘʮʝʪʝʣʝʥ 98%, Sigma-Aldrich 

1.2.6.2. ʄʦʜʝʣʴʥʳʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʢʘʪʘʣʠʟʘʪʦʨʳ 

ɺ ʢʘʯʝʩʪʚʝ ʥʦʩʠʪʝʣʷ ʜʣʷ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ɺʆʇɻ (ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ʧʠʨʦʣʠʪʠʯʝʩʢʠʡ ʛʨʘʬʠʪ, SPI 

supplies, Grade SPI-2). ʆʯʠʩʪʢʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩ 

ʧʦʤʦʱʴʶ ʩʢʦʪʯʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʨʦʛʨʝʚʦʤ ʥʦʩʠʪʝʣʷ ʚ ʚʘʢʫʫʤʝ ʧʨʠ ʊ ~ 

700ÁC ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʜʝʬʝʢʪʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ ʧʨʦʚʦʜʠʣʠ ʝʝ 

ʙʦʤʙʘʨʜʠʨʦʚʢʫ ʠʦʥʘʤʠ ʘʨʛʦʥʘ ʚ ʪʝʯʝʥʠʝ ~ 4 ʩʝʢʫʥʜ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʦʥʥʦʡ 

ʧʫʰʢʠ IQE 11/35 (P(Ar) = 5 Ĭ 10-6 ʤʙʘʨ ʠ ʫʩʢʦʨʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ 0.5 ʢɺ). 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʥʘʥʝʩʝʥʠʝ ʤʝʪʘʣʣʦʚ ʥʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ 

ɺʆʇɻ ʧʨʦʚʦʜʠʣʦʩʴ ʤʝʪʦʜʦʤ ʪʝʨʤʠʯʝʩʢʦʛʦ ʚʘʢʫʫʤʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʚ ʢʘʤʝʨʝ 

ʧʦʜʛʦʪʦʚʢʠ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ SPECS ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ 

Omicron EFM3. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘʥʝʩʝʥʠʝ ʤʝʪʘʣʣʘ ʧʨʦʠʟʚʦʜʠʣʦʩʴ 

ʧʦʩʨʝʜʩʪʚʦʤ ʠʩʧʘʨʝʥʠʷ ʠʩʪʦʯʥʠʢʘ (ʟʦʣʦʪʘ, ʧʘʣʣʘʜʠʷ, ʩʝʨʝʙʨʘ, ʠʥʜʠʷ ʠʣʠ 

ʤʝʜʠ) ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʦʤ, ʧʨʠ ʵʪʦʤ ʩʘʤ ʠʩʪʦʯʥʠʢ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʪʘʥʪʘʣʦʚʫʶ ʪʨʫʙʢʫ (ʪʠʛʝʣʴ), ʚʥʫʪʨʠ ʢʦʪʦʨʦʡ ʟʘʢʨʝʧʣʷʣʩʷ ʥʘʥʦʩʠʤʳʡ ʤʝʪʘʣʣ. 

ɺʘʞʥʳʤʠ ʤʝʪʦʜʠʯʝʩʢʠʤʠ ʜʦʩʪʦʠʥʩʪʚʘʤʠ ʵʪʦʡ ʩʠʩʪʝʤʳ ʷʚʣʷʶʪʩʷ ʥʘʣʠʯʠʝ 

ʟʘʩʣʦʥʢʠ, ʧʦʟʚʦʣʷʶʱʝʡ ʨʝʛʫʣʠʨʦʚʘʪʴ ʚʨʝʤʷ ʥʘʧʳʣʝʥʠʷ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ 1 ʩ; 

ʧʨʠʩʫʪʩʪʚʠʝ ʚʦʜʷʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʜʝʪʘʣʝʡ ʢʦʥʩʪʨʫʢʮʠʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ 

ʙʣʠʟʢʦ ʢ ʠʩʪʦʯʥʠʢʫ, ʯʪʦ ʧʨʝʧʷʪʩʪʚʫʝʪ ʥʘʧʳʣʝʥʠʶ ʧʦʩʪʦʨʦʥʥʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʠ 

ʧʦʚʳʰʝʥʥʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʧʳʣʝʥʠʷ. ɼʣʷ ʢʘʞʜʦʛʦ ʠʟ 

ʦʙʨʘʟʮʦʚ, ʧʝʨʝʜ ʥʘʥʝʩʝʥʠʝʤ ʤʝʪʘʣʣʘ, ʧʦʜʙʠʨʘʣʠʩʴ ʧʘʨʘʤʝʪʨʳ ʥʘʧʳʣʝʥʠʷ 

(ʪʦʢ ʵʤʠʩʩʠʠ ʵʣʝʢʪʨʦʥʦʚ ʠ ʫʩʢʦʨʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ) ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ 

ʥʝʦʙʭʦʜʠʤʦʝ ʢʦʣʠʯʝʩʪʚʦ ʤʝʪʘʣʣʘ ʥʘʧʳʣʷʣʦʩʴ ʟʘ ʚʨʝʤʷ ʦʢʦʣʦ 5 ʤʠʥʫʪ. ʇʨʠ 

ʵʪʦʤ ʢʦʣʠʯʝʩʪʚʦ ʥʘʧʳʣʷʝʤʦʛʦ ʤʝʪʘʣʣʘ ʢʦʥʪʨʦʣʠʨʦʚʘʣʦʩʴ ʤʝʪʦʜʦʤ ʈʌʕʉ (ʠʟ 
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ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Me/C). ɿʘʢʦʥʦʤʝʨʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʦʙʩʫʞʜʘʶʪʩʷ ʚ ɻʣʘʚʝ 2. 

1.2.6.3. PdAg/Al2O3 

ɹʠʤʝʪʘʣʣʠʯʝʩʢʠʝ PdAg/Al2O3 ʢʘʪʘʣʠʟʘʪʦʨ r ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ 

ʩʦʚʤʝʩʪʥʦʡ ʧʨʦʧʠʪʢʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʨʦʢʘʣʝʥʥʦʛʦ ɔ-Al 2O3 (Sasol, 56 ʤ2/ʛ, 

ʊʧʨʦʢ = 600ÁC, 3 ʯ) ʚʦʜʥʳʤʠ ʨʘʩʪʚʦʨʘʤʠ Pd(NO3)2 ʠ AgNO3. ʇʨʦʧʠʪʘʥʥʳʝ 

ʦʙʨʘʟʮʳ ʩʫʰʠʣʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʧʨʦʢʘʣʠʚʘʣʠ ʚ ʪʦʢʝ ʚʦʟʜʫʭʘ 

(300 ʤʣ/ʤʠʥ) ʧʨʠ 550Áʉ ʚ ʪʝʯʝʥʠʝ 4 ʯ ʠ ʚʦʩʩʪʘʥʘʚʣʠʚʘʣʠ ʚ ʪʦʢʝ 5% H2/Ar ʧʨʠ 

550Áʉ ʚ ʪʝʯʝʥʠʝ 3 ʯ. ʇʦʩʣʝ ʵʪʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʳ ʦʭʣʘʞʜʘʣʠ ʜʦ 200Áʉ ʚ ʪʦʢʝ 

5% H2/Ar, ʘ ʟʘʪʝʤ ï ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʪʦʢʝ Ar. ʉʦʜʝʨʞʘʥʠʝ Pd ʚʦ 

ʚʩʝʭ ʦʙʨʘʟʮʘʭ ʩʦʭʨʘʥʷʣʦʩʴ ʧʦʩʪʦʷʥʥʳʤ (2 ʤʘʩ. %), ʘ ʩʦʜʝʨʞʘʥʠʝ Ag 

ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʦʪ 4 ʜʦ 6 ʤʘʩ. %. ɺ ʢʘʯʝʩʪʚʝ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʩʨʘʚʥʝʥʠʷ ʧʦ 

ʘʥʘʣʦʛʠʯʥʦʡ ʤʝʪʦʜʠʢʝ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ 2% 

Pd/Al2O3 ʠ 4% Ag/Al2O3. ʉʦʜʝʨʞʘʥʠʝ ʤʝʪʘʣʣʦʚ ʚ ʛʦʪʦʚʳʭ ʦʙʨʘʟʮʘʭ 

ʢʦʥʪʨʦʣʠʨʦʚʘʣʠ ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʵʤʠʩʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʠʥʜʫʢʪʠʚʥʦ-

ʩʚʷʟʘʥʥʦʡ ʧʣʘʟʤʦʡ (ICP-OES) ʥʘ ʘʪʦʤʥʦ-ʘʙʩʦʨʙʮʠʦʥʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ 

ContrAA-700 (ñAnalytik Jena AGò, ɻʝʨʤʘʥʠʷ). 

1.2.6.4. PdIn/Al2O3 

ɹʠʤʝʪʘʣʣʠʯʝʩʢʠʡ PdIn/Al2O3 ʢʘʪʘʣʠʟʘʪʦʨ ʙʳʣ ʧʦʣʫʯʝʥ ʤʝʪʦʜʦʤ 

ʩʝʤʠʢʨʘʪʥʦʡ ʧʨʦʧʠʪʢʠ ʧʦ ʚʣʘʛʦʝʤʢʦʩʪʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʨʦʢʘʣʝʥʥʦʛʦ ɔ-

Al 2O3, (Sasol, 56 ʤ2/ʛ, ʊʧʨʦʢ = 600ÁC, 3 ʯ) ʠʟ ʫʢʩʫʩʥʦʢʠʩʣʦʛʦ ʨʘʩʪʚʦʨʘ 

ʢʦʤʧʣʝʢʩʘ Pd(m-AcO)4In(AcO) (pH 2.8). ʇʦʩʣʝ ʧʨʦʧʠʪʢʠ ʢʘʪʘʣʠʟʘʪʦʨ ʙʳʣ 

ʚʳʩʫʰʝʥ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʟʘʪʝʤ ʚʦʩʩʪʘʥʦʚʣʝʥ ʚ ʪʦʢʝ 

5 ʦʙ. % ʅ2 + Ar (550ÁC, 3 ʯ). ʉʦʜʝʨʞʘʥʠʝ ʤʝʪʘʣʣʦʚ ʚ ʢʦʥʝʯʥʦʤ ʢʘʪʘʣʠʟʘʪʦʨʝ 

ʩʦʩʪʘʚʠʣʦ 2.5 ʚʝʩ. % Pd ʠ 2.7 ʚʝʩ. % In. 

ʄʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʝ Pd/Al2O3 ʠ In/Al 2O3 ʢʘʪʘʣʠʟʘʪʦʨʳ ʩʨʘʚʥʝʥʠʷ 

ʛʦʪʦʚʠʣʠ ʧʨʦʧʠʪʢʦʡ ɔ-Al 2O3 ʚʦʜʥʳʤʠ ʨʘʩʪʚʦʨʘʤʠ Pd(NO3)2 ʠ In(NO3)3. ʇʦʩʣʝ 

ʚʳʩʫʰʠʚʘʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʦʙʨʘʟʝʮ ʧʨʦʢʘʣʠʚʘʣʠ ʚ ʪʦʢʝ 
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ʚʦʟʜʫʭʘ (500Áʉ, 4 ʯ) ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝʤ ʚ ʪʦʢʝ 5 ʦʙ. % ʅ2 + Ar 

(700ÁC, 1 ʯ). ʉʦʜʝʨʞʘʥʠʝ ʤʝʪʘʣʣʦʚ ʚ ʛʦʪʦʚʳʭ ʦʙʨʘʟʮʘʭ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠ 

ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʵʤʠʩʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʠʥʜʫʢʪʠʚʥʦ-ʩʚʷʟʘʥʥʦʡ 

ʧʣʘʟʤʦʡ (ICP-OES) ʥʘ ʘʪʦʤʥʦ-ʘʙʩʦʨʙʮʠʦʥʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ ContrAA-700 

(ñAnalytik Jena AGò, ɻʝʨʤʘʥʠʷ).  

1.3.  ɿʘʢʣʶʯʝʥʠʝ ʢ ɻʣʘʚʝ 1 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʚʩʝʛʦ ʚʳʰʝʠʟʣʦʞʝʥʥʦʛʦ, ʦʩʥʦʚʥʦʡ 

ʘʢʮʝʥʪ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʙʳʣ ʩʜʝʣʘʥ 

ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʚ ʨʝʞʠʤʝ in situ ï 

ʈʌʕʉ ʠ ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʵʪʠ ʤʝʪʦʜʳ ʚʟʘʠʤʥʦ ʜʦʧʦʣʥʷʶʪ ʜʨʫʛ ʜʨʫʛʘ ï ʈʌʕʉ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ 

ʜʝʪʘʣʴʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʭʠʤʠʯʝʩʢʦʤ ʩʦʩʪʘʚʝ ʠ ʩʪʨʫʢʪʫʨʝ ʧʦʚʝʨʭʥʦʩʪʠ ʚ 

ʭʦʜʝ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ ʠʣʠ ʦʙʨʘʙʦʪʦʢ ʢʘʪʘʣʠʟʘʪʦʨʘ ʚ ʛʘʟʦʚʦʡ ʩʨʝʜʝ, ʪʦʛʜʘ 

ʢʘʢ ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʜʘʥʥʳʝ ʦ 

ʩʪʨʫʢʪʫʨʝ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ. 

ɼʨʫʛʦʡ ʚʘʞʥʦʡ ʦʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʚʳʙʨʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʷʚʣʷʝʪʩʷ 

ʩʨʘʚʥʠʪʝʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʩʠʩʪʝʤ ï ʤʦʜʝʣʴʥʳʭ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ (ʤʝʪʘʣʣʳ ʥʘʥʝʩʝʥʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʘʥʘʨʥʦʛʦ ʥʦʩʠʪʝʣʷ ï 

ɺʆʇɻ) ʠ çʨʝʘʣʴʥʳʭè ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ (ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʥʘʥʦʯʘʩʪʠʮʳ 

ʥʘʥʝʩʝʥʳ ʥʘ ʧʦʨʠʩʪʳʡ ʥʦʩʠʪʝʣʴ ï Al 2O3). ɺ ʨʘʤʢʘʭ ʚʳʧʦʣʥʝʥʠʷ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʦʣʫʯʝʥʘ ʜʝʪʘʣʴʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʟʘʢʦʥʦʤʝʨʥʦʩʪʷʭ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ 

ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ ï ʥʘ ʦʩʥʦʚʝ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʟʘʤʝʱʝʥʠʷ ʠ 

ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʩʫʧʝʨʩʪʨʫʢʪʫʨʥʳʤ ʫʧʦʨʷʜʦʯʝʥʠʝʤ ï ʧʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʦʙʨʘʙʦʪʦʢ ʠʥʜʠʚʠʜʫʘʣʴʥʳʤʠ ʛʘʟʘʤʠ (CO, O2) ʠʣʠ ʚ ʭʦʜʝ 

ʧʨʦʪʝʢʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʨʝʘʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʚ ʨʝʘʢʮʠʷʭ ʩʝʣʝʢʪʠʚʥʦʛʦ ʛʠʜʨʠʨʦʚʘʥʠʷ 

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʨʫʢʪʫʨʳ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʥʘ ʚʥʝʰʥʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʥʘʥʦʯʘʩʪʠʮʳ, ʧʦʟʚʦʣʠʣʦ ʚʳʷʚʠʪʴ 
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ʢʘʪʘʣʠʟʘʪʦʨʳ ʩ ʦʧʪʠʤʘʣʴʥʳʤ ʩʦʩʪʘʚʦʤ ʠ ʩʪʨʫʢʪʫʨʦʡ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ, ʵʪʦ 

ʧʦʟʚʦʣʠʪ ʧʨʝʜʣʦʞʠʪʴ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʝ ʤʝʪʦʜʠʢʠ ʠʭ 

ʧʨʝʜʘʢʪʠʚʘʮʠʦʥʥʦʡ ʦʙʨʘʙʦʪʢʠ.  
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ɻʣʘʚʘ 2. ʇʨʠʛʦʪʦʚʣʝʥʠʝ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ 

ʂʘʢ ʫʞʝ ʫʧʦʤʠʥʘʣʦʩʴ ʚʳʰʝ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʦʚ ʠ ʧʦʜʭʦʜʦʚ, 

ʦʙʳʯʥʦ ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʦʙʣʘʩʪʠ çʥʘʫʢʠ ʦ ʧʦʚʝʨʭʥʦʩʪʠè (Surface Science), ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʛʝʪʝʨʦʛʝʥʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚʳʜʝʣʷʶʪ ʧʨʦʙʣʝʤʫ çʥʝʩʦʦʪʚʝʪʩʪʚʠʷ 

ʤʘʪʝʨʠʘʣʦʚè, ʠʣʠ ʢʘʢ ʝʸ ʥʘʟʳʚʘʶʪ ʚ ʟʘʨʫʙʝʞʥʦʡ ʣʠʪʝʨʘʪʫʨʝ çMaterial gapè. 

ɼʘʥʥʘʷ ʧʨʦʙʣʝʤʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʩʠʩʪʝʤʳ, ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ 

ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʘʩʩʠʚʥʳʝ ʤʦʜʝʣʴʥʳʝ 

ʢʘʪʘʣʠʟʘʪʦʨʳ, ʪʘʢʠʝ ʢʘʢ ʤʦʥʦʢʨʠʩʪʘʣʣʳ, ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʬʦʣʴʛʠ, 

ʥʘʥʦʧʦʨʦʰʢʠ ʠ ʪ.ʜ., ʢʦʪʦʨʳʝ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʪʩʷ ʧʦ ʩʚʦʠʤ ʩʚʦʡʩʪʚʘʤ 

(ʤʦʨʬʦʣʦʛʠʷ ʠ ʩʦʩʪʘʚ ʧʦʚʝʨʭʥʦʩʪʠ) ʦʪ ʨʝʘʣʴʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʚ ʢʦʪʦʨʳʭ 

ʯʘʩʪʠʮʳ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʥʘʥʦʤʝʪʨʦʚʳʭ ʨʘʟʤʝʨʦʚ ʥʘʥʝʩʝʥʳ ʥʘ 

ʥʦʩʠʪʝʣʴ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʤʘʩʩʠʚʥʳʝ ʤʦʜʝʣʴʥʳʝ ʩʠʩʪʝʤʳ ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ 

ʦʯʝʚʠʜʥʳʭ ʧʨʝʠʤʫʱʝʩʪʚ, ʪʘʢʠʤʠ ʢʘʢ ʚʳʩʦʢʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʘʢʪʠʚʥʳʭ 

ʮʝʥʪʨʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ (ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤ ʩʠʩʪʝʤʘʤ), 

ʤʝʪʦʜʠʯʝʩʢʠʝ ʫʜʦʙʩʪʚʘ (ʭʦʨʦʰʦ ʦʪʨʘʙʦʪʘʥʳ ʤʝʪʦʜʠʢʠ ʧʦʜʛʦʪʦʚʢʠ ʠ ʦʯʠʩʪʢʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ), ʘ ʪʘʢʞʝ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʛʨʘʥʝʡ ʩ ʨʘʟʣʠʯʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ (ʚʘʨʴʠʨʦʚʘʥʠʝ ʪʠʧʦʚ 

ʠ ʢʦʣʠʯʝʩʪʚʘ ʮʝʥʪʨʦʚ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʦʨʜʠʥʘʮʠʝʡ). ʆʜʥʘʢʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʪʘʢʠʭ ʦʙʨʘʟʮʦʚ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʜʚʘ ʬʘʢʪʦʨʘ ï ʦʪʩʫʪʩʪʚʠʝ ʥʦʩʠʪʝʣʷ, 

ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʥʝ ʪʦʣʴʢʦ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ ʩ ʘʢʪʠʚʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ, ʥʦ ʠ 

ʫʯʘʩʪʚʦʚʘʪʴ ʚ ʨʝʘʢʮʠʠ [70, 71], ʘ ʪʘʢʞʝ ʠʟʤʝʥʝʥʠʝ ʩʚʦʡʩʪʚ ʤʝʪʘʣʣʘ ʧʨʠ 

ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʜʦ ʥʘʥʦʤʝʪʨʦʚʦʡ ʰʢʘʣʳ (ʢʚʘʥʪʦʚʳʡ ʨʘʟʤʝʨʥʳʡ 

ʵʬʬʝʢʪ) [72]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʝʨʝʥʦʩ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʤʘʩʩʠʚʥʳʭ 

ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʘʭ, ʥʘ ʨʝʘʣʴʥʳʝ ʢʘʪʘʣʠʟʘʪʦʨʳ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ 

ʟʘʪʨʫʜʥʝʥ ʚʚʠʜʫ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ ʠʩʩʣʝʜʫʝʤʳʭ ʩʠʩʪʝʤ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, 

ʧʨʠ ʠʟʫʯʝʥʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʘʣʴʥʳʭ ʧʦʨʠʩʪʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʤʝʪʦʜʳ, 

ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʦʙʣʘʩʪʠ çʥʘʫʢʠ ʦ ʧʦʚʝʨʭʥʦʩʪʠè, ʥʝ ʚʩʝʛʜʘ ʧʦʟʚʦʣʷʶʪ 

ʧʦʣʫʯʠʪʴ ʥʝʦʙʭʦʜʠʤʳʡ ʦʙʲʝʤ ʠʥʬʦʨʤʘʮʠʠ. ʕʪʦ ʩʚʷʟʘʥʦ, ʥʘʧʨʠʤʝʨ, ʩ ʥʠʟʢʠʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚ ʩʦʩʪʘʚʝ ʧʦʨʠʩʪʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʯʪʦ 
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ʟʘʪʨʫʜʥʷʝʪ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ ʈʌʕʉ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʠ ʥʘʜʸʞʥʦʡ 

ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʥʝʟʥʘʯʠʪʝʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ ʭʠʤʠʯʝʩʢʦʛʦ ʠʣʠ ʟʘʨʷʜʦʚʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ, ʘ ʪʘʢʞʝ ʠʥʪʝʨʤʝʜʠʘʪʦʚ ʨʝʘʢʮʠʠ, 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʠʟʫʯʝʥʠʠ ʨʝʘʣʴʥʳʭ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʥʳʭ ʥʦʩʠʪʝʣʝʡ (Al 2O3, SiO2, TiO2 ʠ 

ʪ.ʜ.), ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʱʠʭʩʷ ʚ ʧʨʦʤʳʰʣʝʥʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʘʭ, ʟʘʯʘʩʪʫʶ 

ʚʦʟʥʠʢʘʶʪ ʵʬʬʝʢʪʳ ʧʦʜʟʘʨʷʜʢʠ ʧʦʚʝʨʭʥʦʩʪʠ (ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʩʜʚʠʛʠ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʣʠʥʠʡ), ʚʚʠʜʫ ʦʪʩʫʪʩʪʚʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠʣʠ, 

ʛʦʚʦʨʷ ʜʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʥʦʩʠʪʝʣʷ. ʕʪʦ 

ʦʛʨʘʥʠʯʠʚʘʝʪ ʧʨʠʤʝʥʠʤʦʩʪʴ ʤʝʪʦʜʘ ʈʌʕʉ ʜʣʷ ʠʟʫʯʝʥʠʷ ʪʘʢʠʭ ʩʠʩʪʝʤ, ʘ ʚ 

ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʟʘʪʨʫʜʥʷʝʪ 

ʧʨʦʚʝʜʝʥʠʝ ʪʘʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʇʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ ʉʊʄ ʜʣʷ ʠʟʫʯʝʥʠʷ 

ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʪʘʢʞʝ ʦʛʨʘʥʠʯʝʥʦ ʦʙʲʝʢʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʢʦʪʦʨʳʝ ʜʦʣʞʥʳ ʦʙʣʘʜʘʪʴ ʚʳʩʦʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ.  

ɿʥʘʯʠʪʝʣʴʥʳʤ ʰʘʛʦʤ ʚ ʨʝʰʝʥʠʠ ʧʨʦʙʣʝʤʳ çʥʝʩʦʦʪʚʝʪʩʪʚʠʷ 

ʤʘʪʝʨʠʘʣʦʚè ʷʚʣʷʝʪʩʷ ʧʨʠʛʦʪʦʚʣʝʥʠʝ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʦʜʝʣʴʥʳʭ ʩʠʩʪʝʤ, ʛʜʝ 

ʥʘʥʦʨʘʟʤʝʨʥʳʝ ʯʘʩʪʠʮʳ ʤʝʪʘʣʣʘ ʥʘʥʝʩʝʥʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʦʩʢʦʛʦ 

(ʧʣʘʥʘʨʥʦʛʦ) ʥʦʩʠʪʝʣʷ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʠʭ ʤʦʜʝʣʴʥʳʭ ʥʘʥʝʩʸʥʥʳʭ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʧʦʟʚʦʣʷʝʪ ʠʟʫʯʘʪʴ ʠʟʤʝʥʝʥʠʝ ʠʭ ʵʣʝʢʪʨʦʥʥʳʭ, ʘʜʩʦʨʙʮʠʦʥʥʳʭ 

ʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʢʘʢ ʨʘʟʤʝʨ 

ʯʘʩʪʠʮ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ, ʧʨʠʨʦʜʘ ʥʦʩʠʪʝʣʷ, ʩʧʦʩʦʙ ʧʨʠʛʦʪʦʚʣʝʥʠʷ 

(ʥʘʥʝʩʝʥʠʷ ʤʝʪʘʣʣʘ) ʠ ʫʩʣʦʚʠʷ ʧʨʦʚʝʜʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ. 

ʇʦʵʪʦʤʫ ʦʜʥʦʡ ʠʟ ʟʘʜʘʯ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʠʢ 

ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ (PdAu, 

PdAg, PdIn, PdCu, AgAu, AgCu, AuCu), ʛʜʝ ʥʘʥʦʯʘʩʪʠʮʳ ʘʢʪʠʚʥʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ ʥʘʥʝʩʝʥʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʘʥʘʨʥʦʛʦ ʥʦʩʠʪʝʣʷ ʩ ʟʘʜʘʥʥʳʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʪʘʣʣʦʚ, ʩʪʨʫʢʪʫʨʘ ʠ ʨʘʟʤʝʨ 

ʯʘʩʪʠʮ. 
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2.1. ɺʳʙʦʨ ʥʦʩʠʪʝʣʷ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʝʬʝʢʪʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ɺʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ʧʠʨʦʣʠʪʠʯʝʩʢʠʡ ʛʨʘʬʠʪ 

ʂʦʥʪʨʦʣʠʨʫʝʤʳʝ ʧʨʦʮʝʩʩʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʵʚʦʣʶʮʠʠ ʠʩʢʫʩʩʪʚʝʥʥʦ 

ʩʦʟʜʘʥʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ ʚ ʛʨʘʬʠʪʦʚʳʭ ʩʣʦʷʭ ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʜʣʷ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʦʪʢʨʳʚʘʶʪ ʧʫʪʴ ʢ 

ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʩʚʦʡʩʪʚ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [73ï

74]. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʭ ʠ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ 

ʦʩʥʦʚʝ ʫʛʣʝʨʦʜʘ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ʧʠʨʦʣʠʪʠʯʝʩʢʠʡ ʛʨʘʬʠʪ 

(ɺʆʇɻ). ʇʦʤʠʤʦ ʧʨʦʯʠʭ ʧʨʠʤʝʥʝʥʠʡ, ɺʆʇɻ ʪʘʢʞʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ 

ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʦʛʦ ʥʦʩʠʪʝʣʷ ʜʣʷ ʥʘʥʝʩʝʥʠʷ ʥʘ ʥʝʛʦ ʨʘʟʣʠʯʥʳʤʠ ʩʧʦʩʦʙʘʤʠ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ [78ï85]. ʊʘʢʠʝ ʩʠʩʪʝʤʳ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ 

ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʳʭ ʘʥʘʣʦʛʦʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ 

ʫʛʣʝʨʦʜʥʳʭ ʥʦʩʠʪʝʣʝʡ [25, 78, 80ï83, 86] ʠ ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʯʫʚʩʪʚʠʪʝʣʴʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ ʈʌʕʉ ʠ 

ʉʊʄ, ʪʘʢ ʢʘʢ ʧʦʟʚʦʣʷʶʪ ʧʨʝʦʜʦʣʝʪʴ ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʚʳʰʝ ʤʝʪʦʜʠʯʝʩʢʠʝ 

ʪʨʫʜʥʦʩʪʠ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʘʪʦʤʘʨʥʦ-ʛʣʘʜʢʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ ʪʝʨʨʘʩ ʛʨʘʬʠʪʘ ʜʦʩʪʘʪʦʯʥʦ ʠʥʝʨʪʥʘ ʠ ʤʘʣʦʠʥʪʝʨʝʩʥʘ ʜʣʷ 

ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʤʦʜʝʣʴʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚʚʠʜʫ ʩʣʘʙʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʪʘʣʣ-ʥʦʩʠʪʝʣʴ [87, 88], ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʠʚʦʜʠʪ ʢ 

ʚʳʩʦʢʦʡ ʧʦʜʚʠʞʥʦʩʪʠ ʯʘʩʪʠʮ ʥʘʥʦʩʠʤʦʛʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ ʤʝʪʘʣʣʘ ʠ 

ʠʭ ʘʛʣʦʤʝʨʘʮʠʠ ʥʘ ʩʪʫʧʝʥʷʭ (ʪʘʢ ʥʘʟʳʚʘʝʤʦʝ, ʜʝʢʦʨʠʨʦʚʘʥʠʝ) [80, 81]. ɼʣʷ 

ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʦʙʳʯʥʦ ʧʨʠʙʝʛʘʶʪ ʢ ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ɺʆʇɻ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʪʴ ʥʘ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ ʪʦʯʝʯʥʳʝ ʜʝʬʝʢʪʳ, 

ʧʨʠʚʦʜʷʱʠʝ ʢ ʩʪʘʙʠʣʠʟʘʮʠʠ ʦʩʘʞʜʝʥʥʳʭ ʯʘʩʪʠʮ, ʘ ʪʘʢʞʝ ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʠʭ 

ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʥʦʩʠʪʝʣʷ [80, 82ï85]. ʆʙʳʯʥʦ 

ʪʘʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʭʠʤʠʯʝʩʢʠʤ (ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʷ) ʠʣʠ 

ʬʠʟʠʯʝʩʢʠʤ (ʙʦʤʙʘʨʜʠʨʦʚʢʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʦʥʘʤʠ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ) ʩʧʦʩʦʙʘʤʠ. 

ʇʨʠ ʵʪʦʤ ʭʠʤʠʯʝʩʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ ʟʘ ʩʯʸʪ 
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ʭʠʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʤʦʜʠʬʠʢʘʪʦʨʘʤʠ 

(ʨʝʘʛʝʥʪʘʤʠ). ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʪʘʢʠʭ ʤʦʜʠʬʠʢʘʪʦʨʦʚ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʞʥʦ 

ʧʨʠʚʝʩʪʠ ʘʟʦʪʥʫʶ (HNO3) ʠʣʠ ʩʦʣʷʥʫʶ (HCl) ʢʠʩʣʦʪʳ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, 

ʛʨʫʧʧʦʡ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʧʨʦʬ. ɼʵʚʠʩʘ [78, 89-91] ʙʳʣ 

ʦʧʫʙʣʠʢʦʚʘʥ ʮʠʢʣ ʨʘʙʦʪ, ʧʦʩʚʷʱʸʥʥʳʭ ʠʟʫʯʝʥʠʶ ʚʣʠʷʥʠʷ ʦʙʨʘʙʦʪʢʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʘʟʦʪʥʦʡ ʠʣʠ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʦʡ ʥʘ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʠ 

ʪʦʧʦʛʨʘʬʠʶ ʧʦʚʝʨʭʥʦʩʪʠ. ʄʝʪʦʜʘʤʠ ʈʌʕʉ ʠ ʉʊʄ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʦʙʨʘʙʦʪʢʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʠʩʣʦʪʘʤʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʠʚʦʜʠʣʘ ʢ 

ʦʙʨʘʟʦʚʘʥʠʶ ʆʅ-ʛʨʫʧʧ. ʂʨʦʤʝ ʪʦʛʦ, ʥʘʙʣʶʜʘʣʘʩʴ ʥʝʟʥʘʯʠʪʝʣʴʥʘʷ ʘʜʩʦʨʙʮʠʷ 

ʭʣʦʨʠʜʥʳʭ ʠʣʠ ʥʠʪʨʘʪʥʳʭ ʛʨʫʧʧ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʦʙʨʘʙʦʪʢʠ ʠʣʠ 

ʥʘʛʨʝʚʘʥʠʠ ʦʙʨʘʟʮʘ ʧʨʦʠʩʭʦʜʠʣʦ ʜʘʣʴʥʝʡʰʝʝ ʦʢʠʩʣʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʢʠʩʣʦʨʦʜ-ʩʦʜʝʨʞʘʱʠʭ ʢʘʨʙʦʥʠʣʴʥʳʭ ʠ 

ʵʬʠʨʦʧʦʜʦʙʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ. ʇʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʣʦʩʴ ʠʟʤʝʥʝʥʠʝ 

ʪʦʧʦʛʨʘʬʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ï ʦʙʨʘʟʦʚʘʥʠʝ ʜʝʬʝʢʪʦʚ ʚʳʩʦʪʦʡ 4-6 ʥʤ ʠ 

ʧʨʦʪʷʞʸʥʥʦʩʪʴʶ ʦʪ 10 ʜʦ 100 ʥʤ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʤʦʨʬʦʣʦʛʠʷ ʯʘʩʪʠʮ ʟʦʣʦʪʘ, ʥʘʥʝʩʸʥʥʳʭ ʠʟ ʟʦʣʦʪʦ-ʭʣʦʨʠʩʪʦʚʦʜʦʨʦʜʥʦʡ 

ʢʠʩʣʦʪʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʥʦʩʠʪʝʣʷ, ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʠʪ ʦʪ 

ʥʘʣʠʯʠʷ ʥʘ ʥʝʡ ʨʘʟʣʠʯʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ. 

ɼʨʫʛʠʤ ʩʧʦʩʦʙʦʤ ʩʦʟʜʘʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʜʝʬʝʢʪʦʚ, ʢʦʪʦʨʳʝ 

ʧʦʟʚʦʣʠʣʠ ʙʳ ʧʦʚʳʩʠʪʴ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʧʣʦʪʥʦʩʪʴ ʥʘʥʦʩʠʤʳʭ ʯʘʩʪʠʮ, 

ʷʚʣʷʝʪʩʷ ʬʠʟʠʯʝʩʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʧʦʚʝʨʭʥʦʩʪʠ, ʢʦʪʦʨʘʷ ʦʙʳʯʥʦ ʟʘʢʣʶʯʘʝʪʩʷ 

ʚ ʙʦʤʙʘʨʜʠʨʦʚʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʣʠʯʥʳʤʠ ʫʩʢʦʨʝʥʥʳʤʠ ʠʦʥʘʤʠ [73, 80, 82, 

83, 92]. ʊʘʢʦʡ ʩʧʦʩʦʙ ʧʦʜʛʦʪʦʚʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʚʧʦʣʥʝ ʧʦʜʭʦʜʠʪ ʜʣʷ 

ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʟ ʦʙʣʘʩʪʠ çSurface Scienceè, ʪʘʢ ʢʘʢ ʦʥʠ 

ʧʨʦʚʦʜʷʪʩʷ ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ ʠ ʪʨʝʙʫʶʪ ʦʩʦʙʦʡ ʯʠʩʪʦʪʳ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ. ʇʦʵʪʦʤʫ ʤʦʜʠʬʠʢʘʮʠʶ ʧʦʚʝʨʭʥʦʩʪʠ ʥʦʩʠʪʝʣʷ 

ʮʝʣʝʩʦʦʙʨʘʟʥʝʝ ʧʨʦʚʦʜʠʪʴ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʧʝʢʪʨʦʤʝʪʨʦʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʝʨʝʜ ʥʘʥʝʩʝʥʠʝʤ 

ʥʘʥʦʯʘʩʪʠʮ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ ʙʳʣʘ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚ ʨʘʙʦʪʘʭ [25, 82], ʛʜʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʈʌʕʉ 
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ʠ ʉʊʄ ʠʟʫʯʘʣʦʩʴ ʬʦʨʤʠʨʦʚʘʥʠʝ ʯʘʩʪʠʮ ʩʝʨʝʙʨʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ, 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʜʚʝʨʛʥʫʪʦʡ ʤʷʛʢʦʡ ʙʦʤʙʘʨʜʠʨʦʚʢʝ ʠʦʥʘʤʠ ʘʨʛʦʥʘ. ɹʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʘʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʟʚʦʣʠʣʘ ʧʨʠʛʦʪʦʚʠʪʴ 

ʤʦʜʝʣʴʥʳʝ ʢʘʪʘʣʠʟʘʪʦʨʳ Ag/ɺʆʇɻ ʩ ʫʟʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ ʧʦ 

ʨʘʟʤʝʨʘʤ, ʩʪʘʙʠʣʴʥʳʝ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʩʧʝʢʘʥʠʶ ʚ ʩʚʝʨʭʚʳʩʦʢʦʚʘʢʫʫʤʥʳʭ 

ʫʩʣʦʚʠʷʭ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʜʦ 300Áʉ. ɺ ʨʘʙʦʪʝ ʍʦʣʤʘʥʦʚʘ ʩ 

ʩʦʘʚʪʦʨʘʤʠ [73] ʠʟʫʯʘʣʦʩʴ ʢʦʥʪʨʦʣʠʨʫʝʤʦʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʝʬʝʢʪʦʚ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʧʨʠ ʧʦʤʦʱʠ ʠʦʥʦʚ Ar+ (ɽ = 400 ʵɺ) ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʛʣʘ ʧʘʜʝʥʠʷ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ 

ʙʦʤʙʘʨʜʠʨʦʚʢʝ ʧʦʚʝʨʭʥʦʩʪʠ ʠʦʥʘʤʠ Ar+ ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ ʧʘʜʝʥʠʠ 

ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʜʝʬʝʢʪʦʚ (ʧʨʦʠʩʭʦʜʠʪ, ʚ ʪʦʤ 

ʯʠʩʣʝ, ʨʘʟʨʫʰʝʥʠʝ ʚʥʫʪʨʝʥʥʠʭ ʩʣʦʸʚ), ʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʢʦʣʴʟʷʱʝʛʦ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʬʠʪʘ ʧʘʜʝʥʠʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘʙʣʶʜʘʝʪʩʷ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʘʢʘʥʩʠʡ ʠʣʠ ʤʦʥʦʩʣʦʡʥʳʭ ʜʝʬʝʢʪʦʚ (ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʨʫʰʝʥʠʝ 

ʪʦʣʴʢʦ ʚʝʨʭʥʝʛʦ ʛʨʘʬʠʪʦʚʦʛʦ ʩʣʦʷ) [73]. ɼʨʫʛʦʡ ʩʧʦʩʦʙ ʤʦʜʠʬʠʢʘʮʠʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʦʥʦʚ ʘʟʦʪʘ N+ ʠ N2+ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥ ʚ ʨʘʙʦʪʘʭ [79] ʠ [80]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʘʢʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʧʦʟʚʦʣʠʣʘ ʧʦʚʳʩʠʪʴ ʩʪʘʙʠʣʴʥʦʩʪʴ 

ʥʘʥʝʩʸʥʥʳʭ ʯʘʩʪʠʮ ʧʘʣʣʘʜʠʷ ʚ ʫʩʣʦʚʠʷʭ ʵʣʝʢʪʨʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʪʝʩʪʦʚ ʚ 

ʨʝʘʢʮʠʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ. ʊʘʢ ʢʘʢ ʩʧʦʩʦʙ ʤʦʜʠʬʠʢʘʮʠʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʚʣʠʷʝʪ ʥʘ ʩʚʦʡʩʪʚʘ ʢʦʥʝʯʥʳʭ 

ʤʦʜʝʣʴʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʝʦʙʭʦʜʠʤʦ ʜʝʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ 

ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʚʝʜʝʥʠʷ ʪʘʢʠʭ ʤʦʜʠʬʠʢʘʮʠʡ ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ 

ʧʣʦʪʥʦʩʪʴ ʜʝʬʝʢʪʦʚ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʦʩʠʪʝʣʷ. ʊʘʢʘʷ 

ʠʥʬʦʨʤʘʮʠʷ ʧʦʟʚʦʣʠʪ ʧʨʦʚʦʜʠʪʴ ʤʦʜʠʬʠʢʘʮʠʶ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʦʥʪʨʦʣʠʨʫʝʤʳʤ ʦʙʨʘʟʦʤ, ʪʦ ʝʩʪʴ ʧʦʣʫʯʘʪʴ ʧʦʚʝʨʭʥʦʩʪʴ ʥʦʩʠʪʝʣʷ ʩ 

ʥʝʦʙʭʦʜʠʤʦʡ ʜʝʬʝʢʪʥʦʩʪʴʶ.  

ʇʦʵʪʦʤʫ ʤʝʪʦʜʘʤʠ ʈʌʕʉ ʠ ʉʊʄ ʥʘʤʠ ʙʳʣʠ ʠʟʫʯʝʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʝʬʝʢʪʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʧʦʩʨʝʜʩʪʚʦʤ ʝʸ 

ʙʦʤʙʘʨʜʠʨʦʚʢʠ ʠʦʥʘʤʠ Ar+ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʷʜʘ ʧʘʨʘʤʝʪʨʦʚ, ʪʘʢʠʭ ʢʘʢ 
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ʚʨʝʤʷ ʙʦʤʙʘʨʜʠʨʦʚʢʠ, ʫʩʢʦʨʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ ʠʦʥʦʚ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʟʘʤʝʜʣʷʶʱʝʛʦ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʦʙʨʘʟʮʝ [93]. ʄʦʜʠʬʠʢʘʮʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ 

ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʢʘʤʝʨʝ ʧʦʜʛʦʪʦʚʢʠ ʩʢʘʥʠʨʫʶʱʝʛʦ ʪʫʥʥʝʣʴʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ 

RHK 7000 VT, ʦʩʥʘʱʸʥʥʦʡ ʠʦʥʥʦʡ ʧʫʰʢʦʡ. ʇʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʤʦʜʠʬʠʢʘʮʠʠ 

ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʧʨʦʚʦʜʠʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʙʨʘʟʮʘ ʤʝʪʦʜʦʤ ʈʌʕʉ, 

ʟʘʪʝʤ ʪʦʧʦʛʨʘʬʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʚ ʘʥʘʣʠʪʠʯʝʩʢʦʡ 

ʢʘʤʝʨʝ ʤʝʪʦʜʦʤ ʉʊʄ. ɸʨʛʦʥʦʚʦʝ ʪʨʘʚʣʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʜ ʥʦʨʤʘʣʴʥʳʤ ʫʛʣʦʤ ʧʘʜʝʥʠʷ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʥʦʩʠʪʝʣʷ. ʅʘ 

ʈʠʩʫʥʢʝ 4ʘ ʧʨʝʜʩʪʘʚʣʝʥʦ ʉʊʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʨʦʛʨʝʪʦʛʦ ʚ ʩʚʝʨʭʚʳʩʦʢʦʚʘʢʫʫʤʥʳʭ 

ʫʩʣʦʚʠʷʭ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 700Áʉ. ʍʦʨʦʰʦ ʚʠʜʥʳ ʘʪʦʤʘʨʥʦ-

ʛʣʘʜʢʠʝ ʧʨʦʪʷʞʸʥʥʳʝ ʪʝʨʨʘʩʳ (ʙʘʟʘʣʴʥʘʷ ʧʣʦʩʢʦʩʪʴ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʸʪʢʠ 0001), ʨʘʟʜʝʣʝʥʥʳʝ ʤʦʥʦ- ʠ ʤʥʦʛʦʘʪʦʤʥʳʤʠ ʩʪʫʧʝʥʷʤʠ.  

 

ʈʠʩʫʥʦʢ 4. ʉʊʄ ʠʟʦʙʨʘʞʝʥʠʷ (100Ĭ100 ʥʤ) ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ: (ʘ) - 

ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ; (ʙ) ï ʧʦʩʣʝ ʪʨʘʚʣʝʥʠʷ ʠʦʥʘʤʠ ʘʨʛʦʥʘ ʩ ʵʥʝʨʛʠʝʡ 1.8 

ʢʵɺ ʠ ʧʦʩʣʝʜʫʶʱʠʤ ʧʨʦʛʨʝʚʦʤ ʜʦ 450Áʉ; (ʚ) - ʧʦʩʣʝ ʪʨʘʚʣʝʥʠʷ ʠʦʥʘʤʠ 

ʘʨʛʦʥʘ ʩ ʵʥʝʨʛʠʝʡ 500 ʵɺ ʠ ʧʦʩʣʝʜʫʶʱʠʤ ʧʨʦʛʨʝʚʦʤ ʚ ʚʘʢʫʫʤʝ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 300Áʉ (ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ). 

 

ʇʦʩʣʝ ʪʨʘʚʣʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʠʦʥʘʤʠ Ar+ ʩ ʵʥʝʨʛʠʝʡ 1.8 ʢʵɺ 

(P(Ar)=7Ĭ10ī6 ʤʙʘʨ, 10 ʩʝʢ) ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ ʩʦʩʪʦʠʪ ʠʟ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʳʭ 

ʫʛʣʝʨʦʜʥʳʭ ʯʘʩʪʠʮ ʩ ʨʘʟʤʝʨʦʤ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʥʘʥʦʤʝʪʨʦʚ (ʈʠʩʫʥʦʢ 4ʙ). 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʘʣʴʥʝʡʰʠʡ ʧʨʦʛʨʝʚ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʪʘʢʠʤ ʦʙʨʘʟʦʤ 
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ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʚʘʢʫʫʤʝ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʚʣʠʷʝʪ ʥʘ ʝʸ ʤʦʨʬʦʣʦʛʠʶ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʙʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ, ʯʪʦ ʧʦʩʣʝ çʩʪʘʥʜʘʨʪʥʦʛʦè ʪʨʘʚʣʝʥʠʷ 

ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʠʦʥʘʤʠ Ar+ ʧʨʦʛʨʝʚ ʦʙʨʘʟʮʘ ʚ ʚʘʢʫʫʤʝ ʥʝ ʧʨʠʚʦʜʠʪ ʢ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʶ ʘʪʦʤʘʨʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ.  

ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʣʷ ʤʦʜʠʬʠʢʘʮʠʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʙʦʣʝʝ ʥʠʟʢʫʶ ʵʥʝʨʛʠʶ ʠʦʥʦʚ ʘʨʛʦʥʘ, 500 ʵɺ [25, 

73, 82]. ʅʘ ʈʠʩʫʥʢʝ 4ʚ ʧʨʝʜʩʪʘʚʣʝʥʦ ʉʊʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʠʦʥʘʤʠ Ar+ ʩ ʵʥʝʨʛʠʝʡ 500 ʵɺ (P(Ar)=5Ĭ10ī6 ʤʙʘʨ, t = 4 

ʩʝʢ). ɺʠʜʥʦ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʴ ʚʩʝ ʝʱʝ ʰʝʨʦʭʦʚʘʪʘʷ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ çʩʪʘʥʜʘʨʪʥʳʭè ʫʩʣʦʚʠʡ ʪʨʘʚʣʝʥʠʷ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʧʣʦʪʥʦʩʪʴ ʠ 

ʨʘʟʤʝʨ ʫʛʣʝʨʦʜʥʳʭ ʯʘʩʪʠʮ ʩʥʠʞʘʝʪʩʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʝʜʳʜʫʱʠʤ ʦʙʨʘʟʮʦʤ, 

ʘ ʪʘʢʞʝ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʦʙʣʘʩʪʝʡ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʤʦʞʥʦ ʟʘʤʝʪʠʪʴ ʛʣʘʜʢʫʶ 

ʧʦʚʝʨʭʥʦʩʪʴ. ɹʦʣʝʝ ʪʦʛʦ, ʧʨʦʛʨʝʚ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʪʘʢʠʤ ʦʙʨʘʟʦʤ 

ʧʦʚʝʨʭʥʦʩʪʠ ʜʦ 900Áʉ ʚ ʩʚʝʨʭʚʳʩʦʢʦʚʘʢʫʫʤʥʳʭ ʫʩʣʦʚʠʷʭ ʧʦʟʚʦʣʷʝʪ 

ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʚʦʩʩʪʘʥʦʚʠʪʴ ʘʪʦʤʘʨʥʦ-ʛʣʘʜʢʫʶ ʧʦʚʝʨʭʥʦʩʪʴ 

(ʈʠʩʫʥʦʢ 5). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʪʘʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ 

ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ, ʚ ʦʩʥʦʚʥʦʤ, ʤʦʥʦʩʣʦʡʥʳʭ 

ʜʝʬʝʢʪʦʚ, ʚʘʢʘʥʩʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤʫ ʨʘʟʨʫʰʝʥʠʶ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʸʚ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʜʝʬʝʢʪʦʚ. 

ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ [25, 82], ʧʨʦʛʨʝʚ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʥʦʩʠʪʝʣʷ ʫʞʝ ʧʦʩʣʝ ʥʘʧʳʣʝʥʠʷ ʥʘ ʥʝʸ 

ʩʝʨʝʙʨʘ ʚ ʩʚʝʨʭʚʳʩʦʢʦʚʘʢʫʫʤʥʳʭ ʫʩʣʦʚʠʷʭ ʜʦ 300Áʉ ʧʨʠʚʦʜʠʪ ʢ 

ʟʘʣʝʯʠʚʘʥʠʶ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʜʝʬʝʢʪʦʚ ʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ʯʘʩʪʠʮ. ɺ ʢʦʥʝʯʥʦʤ 

ʠʪʦʛʝ ʠʤʝʥʥʦ ʪʘʢʦʡ ʧʦʜʭʦʜ ʙʳʣ ʚʳʙʨʘʥ ʜʣʷ ʤʦʜʠʬʠʢʘʮʠʠ ʥʦʩʠʪʝʣʷ ʜʣʷ 

ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʥʘʥʝʩʸʥʥʳʭ ʤʦʜʝʣʴʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ. 
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ʈʠʩʫʥʦʢ 5. ʉʊʄ-ʠʟʦʙʨʘʞʝʥʠʷ (ʘ) 3Ĭ3 ʥʤ ʠ (ʙ) 20Ĭ20 ʥʤ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ 

ʧʦʩʣʝ ʪʨʘʚʣʝʥʠʷ ʠʦʥʘʤʠ Ar+ ʩ ʵʥʝʨʛʠʝʡ 500 ʵɺ ʠ ʧʦʩʣʝʜʫʶʱʠʤ ʧʨʦʛʨʝʚʦʤ ʜʦ 

900Áʉ. 

2.2. ʅʘʥʝʩʝʥʠʝ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʦʩʢʠʭ 

ʥʦʩʠʪʝʣʝʡ ï ʄʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʝ Au/ɺʆʇɻ ʤʦʜʝʣʴʥʳʝ ʢʘʪʘʣʠʟʘʪʦʨʳ 

ʂʘʢ ʫʞʝ ʫʧʦʤʠʥʘʣʦʩʴ ʚʳʰʝ, ʤʦʜʝʣʴʥʳʝ ʩʠʩʪʝʤʳ, ʚ ʢʦʪʦʨʳʭ 

ʥʘʥʦʯʘʩʪʠʮʳ ʤʝʪʘʣʣʦʚ ʥʘʥʝʩʝʥʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ, ʟʘʯʘʩʪʫʶ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʘʥʘʣʦʛʦʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ 

ʫʛʣʝʨʦʜʥʳʭ ʥʦʩʠʪʝʣʝʡ [25, 78, 80ï83, 86]. ʉʨʝʜʠ ʤʝʪʦʜʦʚ ʥʘʥʝʩʝʥʠʷ 

ʥʘʥʦʯʘʩʪʠʮ ʤʝʪʘʣʣʘ ʥʘ ʧʣʘʥʘʨʥʳʝ ʥʦʩʠʪʝʣʠ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʜʚʘ ʢʣʘʩʩʘ: 

ʤʝʪʦʜʳ ʬʠʟʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʢʣʘʩʪʝʨʦʚ ʥʘ ʧʦʜʣʦʞʢʫ [25, 94-97] ʠ ʤʝʪʦʜʳ 

ʭʠʤʠʯʝʩʢʦʛʦ ʥʘʥʝʩʝʥʠʷ (ʠʟ ʢʦʣʣʦʠʜʥʳʭ ʨʘʩʪʚʦʨʦʚ, ʧʫʪʝʤ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ, ʟʘʢʨʝʧʣʝʥʠʷ ʤʝʪʘʣʣ-ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʢʦʤʧʣʝʢʩʦʚ ʩ ʠʭ ʧʦʩʣʝʜʫʶʱʠʤ ʨʘʟʣʦʞʝʥʠʝʤ ʠ ʪ.ʜ.) ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʥʘʥʦʯʘʩʪʠʮ ʠ ʠʭ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʦʩʠʪʝʣʝʡ [98-100]. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʦʚ ʬʠʟʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ, 

ʪʘʢʠʭ ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʪʝʨʤʠʯʝʩʢʦʝ ʚʘʢʫʫʤʥʦʝ ʥʘʧʳʣʝʥʠʝ ʠʣʠ ʨʘʩʧʳʣʝʥʠʝ 

ʠʦʥʥʦʡ ʙʦʤʙʘʨʜʠʨʦʚʢʦʡ, ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʘʩʩʠʚʥʳʡ 

ʤʝʪʘʣʣ (ʬʦʣʴʛʘ, ʧʨʦʚʦʣʦʢʘ ʠ ʪ.ʜ.) ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʳ, ʘ ʥʘʥʝʩʝʥʠʝ ʦʙʳʯʥʦ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʩʥʦʚʥʳʤ 

ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʧʨʠʤʝʥʝʥʠʷ ʵʪʠʭ ʤʝʪʦʜʠʢ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ 
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ʯʠʩʪʳʭ ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ, ʥʝ ʩʦʜʝʨʞʘʱʠʭ ʢʘʢʠʭ-ʣʠʙʦ ʭʠʤʠʯʝʩʢʠʭ 

ʧʨʠʤʝʩʝʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʦʵʪʦʤʫ ʚ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ 

ʨʘʙʦʪʝ ʜʣʷ ʥʘʥʝʩʝʥʠʷ ʤʝʪʘʣʣʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʥʦʩʠʪʝʣʷ 

ʙʳʣ ʚʳʙʨʘʥ ʤʝʪʦʜ ʪʝʨʤʠʯʝʩʢʦʛʦ ʚʘʢʫʫʤʥʦʛʦ ʥʘʧʳʣʝʥʠʷ (ʊɺʅ). ʅʘʥʝʩʝʥʠʝ 

ʥʘʥʦʯʘʩʪʠʮ ʤʝʪʘʣʣʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʢʘʤʝʨʝ ʈʌʕʉ ʩʧʝʢʪʨʦʤʝʪʨʘ SPECS ʩ 

ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ ʥʘʧʳʣʝʥʠʷ EFM3 (Omicron, ɻʝʨʤʘʥʠʷ), ʚ ʢʦʪʦʨʦʡ ʥʘʛʨʝʚ 

ʠʩʪʦʯʥʠʢʘ ʤʝʪʘʣʣʘ ʧʨʦʠʟʚʦʜʠʪʩʷ ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʦʤ. ɼʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ 

ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʙʳʣʘ ʚʳʙʨʘʥʘ ʤʝʪʦʜʠʢʘ, 

ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʡ ʤʝʪʘʣʣʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʥʘʥʦʩʠʣʠʩʴ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ɺʆʇɻ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʚ ʪʘʢʦʤ ʩʣʫʯʘʝ ʥʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ 

ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʙʳʣʦ ʥʝʦʙʭʦʜʠʤʦ ʦʪʨʘʙʦʪʘʪʴ ʧʨʠʛʦʪʦʚʣʝʥʠʝ 

ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʩ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʦʜʥʦʛʦ ʠʟ ʤʝʪʘʣʣʦʚ, 

ʥʘʥʝʩʸʥʥʳʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ. ʇʨʠ ɻʪʦʤ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʙʳʣʦ 

ʥʘʫʯʠʪʴʩʷ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʨʘʟʤʝʨ ʠ ʧʣʦʪʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʪʠʭ ʯʘʩʪʠʮ ʧʦ 

ʧʦʚʝʨʭʥʦʩʪʠ ʥʦʩʠʪʝʣʷ. ʊʘʢʠʝ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʚ ʜʘʣʴʥʝʡʰʝʤ 

ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʢʘʯʝʩʪʚʝ çʤʘʪʨʠʮʳè ʜʣʷ ʥʘʧʳʣʝʥʠʷ ʚʪʦʨʦʛʦ 

ʤʝʪʘʣʣʘ. ʇʦʵʪʦʤʫ ʩʥʘʯʘʣʘ ʥʘʤʠ ʙʳʣʠ ʦʪʨʘʙʦʪʘʥʳ ʤʝʪʦʜʠʢʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ 

ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʩ ʥʘʥʝʩʸʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ ʟʦʣʦʪʘ ʩ 

ʨʘʟʣʠʯʥʳʤ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʥʘʥʝʩʸʥʥʳʭ ʯʘʩʪʠʮ, ʧʣʦʪʥʦʩʪʴʶ ʠʭ ʥʘʥʝʩʝʥʠʷ 

ʠ ʫʟʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦ ʨʘʟʤʝʨʫ [26, 101]. 

ɼʣʷ ʵʪʦʛʦ ʥʘʤʠ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ [25, 82], ʢʦʪʦʨʘʷ ʩʦʩʪʦʠʪ ʠʟ 

ʪʨʸʭ ʩʪʘʜʠʡ:  

(1) ʄʦʜʠʬʠʢʘʮʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʧʫʪʸʤ ʤʷʛʢʦʛʦ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ 

ʠʩʭʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʙʨʘʟʝʮ ʧʨʦʛʨʝʚʘʣʩʷ ʚ ʫʩʣʦʚʠʷʭ 

ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 700Áʉ ʚ ʪʝʯʝʥʠʝ ʦʜʥʦʛʦ ʯʘʩʘ ʜʣʷ 

ʫʜʘʣʝʥʠʷ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʥʦʩʠʪʝʣʷ ʚʦʟʤʦʞʥʳʭ ʧʨʠʤʝʩʝʡ ʠ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ 

ʯʘʩʪʠʮ) ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʠʦʥʘʤʠ ʘʨʛʦʥʘ (500 ʵɺ, P(Ar)=5Ĭ10ī6 ʤʙʘʨ, 

ʚʨʝʤʷ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʚ ʜʠʘʧʘʟʦʥʝ 2-6 ʩʝʢ), ʢʦʪʦʨʦʝ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʜʝʬʝʢʪʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʦʩʠʪʝʣʷ ï ʤʝʩʪ ʟʘʢʨʝʧʣʝʥʠʷ ʠ ʩʪʘʙʠʣʠʟʘʮʠʠ 

ʥʘʥʦʯʘʩʪʠʮ ʤʝʪʘʣʣʘ;  
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(2) ʊʝʨʤʠʯʝʩʢʦʝ ʚʘʢʫʫʤʥʦʝ ʥʘʧʳʣʝʥʠʝ ʤʝʪʘʣʣʘ ʥʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ 

ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ, ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʯʘʩʪʠʮʳ ʤʝʪʘʣʣʘ, ʟʘʢʨʝʧʣʝʥʥʳʝ ʥʘ 

ʜʝʬʝʢʪʘʭ, ʦʢʘʟʳʚʘʶʪʩʷ ʩʪʘʙʠʣʴʥʳʤʠ ʢ ʧʝʨʝʤʝʱʝʥʠʶ ʚ ʣʘʪʝʨʘʣʴʥʦʤ 

ʥʘʧʨʘʚʣʝʥʠʠ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʦ ʧʨʠ ʵʪʦʤ ʩʧʦʩʦʙʥʳʤʠ ʧʨʦʥʠʢʘʪʴ ʚ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʣʦʠ ʛʨʘʬʠʪʘ;  

(3) ʇʨʦʛʨʝʚ ʦʙʨʘʟʮʘ ʚ ʩʚʝʨʭʚʳʩʦʢʦʚʘʢʫʫʤʥʳʭ ʫʩʣʦʚʠʷʭ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʥʝ ʤʝʥʝʝ 300Áʉ ʚ ʪʝʯʝʥʠʝ 1 ʯ, ʧʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ 

çʟʘʣʝʯʠʚʘʥʠʝè ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʜʝʬʝʢʪʦʚ ʠ ʦʢʦʥʯʘʪʝʣʴʥʘʷ ʩʪʘʙʠʣʠʟʘʮʠʷ 

ʥʘʥʦʯʘʩʪʠʮ ʤʝʪʘʣʣʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʦʩʠʪʝʣʷ. ʇʨʠ ʵʪʦʤ ʢʦʣʠʯʝʩʪʚʦ 

ʥʘʥʝʩʸʥʥʦʛʦ ʤʝʪʘʣʣʘ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʟʘ ʩʯʸʪ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʥʘʧʳʣʝʥʠʷ (ʚʨʝʤʷ, ʪʦʢ ʵʤʠʩʩʠʠ, ʫʩʢʦʨʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ). ɺʩʝ 

ʧʨʠʛʦʪʦʚʣʝʥʥʳʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʜʝʣʴʥʳʝ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʝ ʢʘʪʘʣʠʟʘʪʦʨʳ 

ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʪʦʜʘʤʠ ʈʌʕʉ ʠ ʉʊʄ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʥʥʳʭ 

ʩʚʦʡʩʪʚ ʠ ʤʦʨʬʦʣʦʛʠʠ ʥʘʥʦʯʘʩʪʠʮ.  

ʈʘʙʦʪʳ [26, 101] ʧʦʩʚʷʱʝʥʳ ʠʟʫʯʝʥʠʶ ʤʦʜʝʣʴʥʳʭ ʥʘʥʝʩʸʥʥʳʭ 

Au/ɺʆʇɻ ʢʘʪʘʣʠʟʘʪʦʨʦʚ. ɺ ʨʘʙʦʪʝ [101] ʤʳ ʠʟʫʯʘʣʠ ʚʦʟʤʦʞʥʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʥʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʣʷ 

ʦʮʝʥʢʠ ʨʘʟʤʝʨʘ ʥʘʥʝʩʸʥʥʳʭ ʥʘ ɺʆʇɻ ʥʘʥʦʯʘʩʪʠʮ ʟʦʣʦʪʘ. ɼʣʷ ʵʪʦʛʦ ʙʳʣ 

ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ, ʧʨʝʜʣʦʞʝʥʥʳʡ ɼʵʚʠʩʦʤ [102], ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʤʫ 

ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʥʘʥʝʩʝʥʥʦʛʦ ʤʝʪʘʣʣʘ ʦʮʝʥʠʚʘʝʪʩʷ ʧʦ ʦʪʥʦʰʝʥʠʶ 

ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʜʚʫʭ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʠʣʠ ʆʞʝ-ʣʠʥʠʡ ʤʝʪʘʣʣʘ ʩ 

ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʟʣʠʯʘʶʱʠʤʠʩʷ ʢʠʥʝʪʠʯʝʩʢʠʤʠ ʵʥʝʨʛʠʷʤʠ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ 

(Eʢʠʥ). ʄʝʪʦʜʠʢʘ ʨʘʩʯʝʪʘ ʦʩʥʦʚʘʥʘ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʠʥʳ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ 

ʵʣʝʢʪʨʦʥʘ ʚ ʚʝʱʝʩʪʚʝ (ɚ) ʦʪ ʝʛʦ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ 

ʦʙʣʘʜʘʝʪ ʮʝʣʳʤ ʨʷʜʦʤ ʜʦʩʪʦʠʥʩʪʚ. ɺ ʨʘʩʯʝʪʘʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ 

ʜʘʥʥʳʝ ʤʝʪʦʜʘ ʈʌʕʉ. ʈʝʟʫʣʴʪʘʪʳ ʦʮʝʥʢʠ ʩʣʘʙʦ ʟʘʚʠʩʷʪ ʦʪ ʧʨʠʨʦʜʳ 

ʥʦʩʠʪʝʣʷ, ʫʜʝʣʴʥʦʡ ʧʣʦʱʘʜʠ ʠ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ [102], ʘ 

ʟʥʘʯʝʥʠʷ ɚ ʜʣʷ ʣʶʙʦʡ ʣʠʥʠʠ ʚ ʈʌʕ-ʩʧʝʢʪʨʝ ʤʦʛʫʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ Tougaard Quases-IMFP-TPP2M [42] ʧʦ ʬʦʨʤʫʣʝ, 

ʧʨʝʜʣʦʞʝʥʥʦʡ ʚ ʨʘʙʦʪʝ [40]. ʄʝʪʦʜʠʢʘ ɼʵʚʠʩʘ ʙʳʣʘ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʦʚʘʥʘ 
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ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʧʘʣʣʘʜʠʷ, ʨʦʜʠʷ ʠ ʥʠʢʝʣʷ ʚ 

ʦʙʨʘʟʮʘʭ ʧʦʨʦʰʢʦʦʙʨʘʟʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʮʝʣʦʤ ʨʷʜʝ ʨʘʙʦʪ [103, 104, 105], 

ʧʨʠ ʵʪʦʤ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʦʮʝʥʦʢ, ʧʦʣʫʯʝʥʥʳʭ ʧʦ ʜʘʥʥʳʤ 

ʈʌʕʉ, ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʠʟʤʝʨʝʥʠʡ ʤʝʪʦʜʦʤ ʇʕʄ ʠʣʠ ʉʊʄ. ɺ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʝ ʜʣʷ ʧʨʷʤʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʘ ʥʘʥʝʩʸʥʥʳʭ ʯʘʩʪʠʮ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʤʝʪʦʜ ʉʊʄ.  

ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʥʝʜʦʩʪʘʪʦʢ ʤʝʪʦʜʠʢʠ ɼʵʚʠʩʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʪʘʥʜʘʨʪʥʳʭ ʠʟʣʫʯʝʥʠʡ AlKŬ ʠ MgKŬ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ, 

ʠʤʝʶʱʠʭ ʚ ʈʌʕʉ ʩʧʝʢʪʨʘʭ ʠʥʪʝʥʩʠʚʥʳʝ ʣʠʥʠʠ ʩ ʦʪʣʠʯʘʶʱʠʤʠʩʷ 

ʢʠʥʝʪʠʯʝʩʢʠʤʠ ʵʥʝʨʛʠʷʤʠ, ʜʦʩʪʘʪʦʯʥʦ ʦʛʨʘʥʠʯʝʥʦ [102]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʠʩʪʦʯʥʠʢʦʚ ʠʟʣʫʯʝʥʠʷ, ʪʘʢʠʭ, ʥʘʧʨʠʤʝʨ, ʢʘʢ AgLŬ (hn 

= 2984.3 ʵɺ), ʧʦʟʚʦʣʷʝʪ ʨʘʩʰʠʨʠʪʴ ʢʨʫʛ ʪʘʢʠʭ ʵʣʝʤʝʥʪʦʚ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʵʪʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʦʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʥʝʩʸʥʥʳʭ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʥʘʧʨʠʤʝʨ, ʩ ʥʘʥʝʩʝʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ ʟʦʣʦʪʘ ʠʣʠ 

ʧʣʘʪʠʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 3d ʠ 4f ʣʠʥʠʡ ʜʘʥʥʳʭ ʵʣʝʤʝʥʪʦʚ [106, 107]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʘʙʦʪʝ [101] ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʟʦʣʦʪʘ, 

ʥʘʥʝʩʝʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ, ʟʘʧʠʩʴ ʈʌʕ-ʩʧʝʢʪʨʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠʟʣʫʯʝʥʠʷ AgLŬ. ɼʣʷ ʨʘʩʯʸʪʘ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ () 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʥʦʨʤʘʣʠʟʦʚʘʥʥʳʝ ʦʪʥʦʰʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʣʠʥʠʡ Au 4f7/2 

(Eʢʠʥ ~ 2900 ɻ ɺ) ʠ Au 3d3/2 (Eʢʠʥ ~ 680 ɻ ɺ), ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʩʧʝʢʪʨʦʚ ʜʚʫʭ 

ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʦʙʨʘʟʮʦʚ ï ʯʘʩʪʠʮ ʥʘʥʝʩʝʥʥʦʛʦ ʟʦʣʦʪʘ ʠ ʟʦʣʦʪʦʡ ʬʦʣʴʛʠ. 

ʂʨʦʤʝ ʪʦʛʦ, ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʟʦʣʦʪʘ () ʚʦ ʚʩʝʭ ʦʙʨʘʟʮʘʭ ʙʳʣ 

ʦʧʨʝʜʝʣʝʥ ʠʟ ʛʠʩʪʦʛʨʘʤʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ, ʧʦʣʫʯʝʥʥʳʭ 

ʤʝʪʦʜʦʤ ʉʊʄ. ʉ ʮʝʣʴʶ ʜʦʩʪʠʞʝʥʠʷ ʥʘʠʣʫʯʰʝʛʦ ʩʦʛʣʘʩʠʷ ʤʝʞʜʫ ʚʝʣʠʯʠʥʘʤʠ 

 ʠ , ʧʦʣʫʯʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠ ʈʌʕʉ ʠ ʉʊʄ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʠ 

ʨʘʩʯʸʪʝ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʧʦ ʤʝʪʦʜʠʢʝ ɼʵʚʠʩʘ ʚʘʨʴʠʨʦʚʘʣʠ ʛʝʦʤʝʪʨʠʯʝʩʢʫʶ 

ʬʦʨʤʫ ʯʘʩʪʠʮ ʟʦʣʦʪʘ (ʩʬʝʨʘ, ʧʦʣʫʩʬʝʨʘ ʠ ʫʩʝʯʸʥʥʘʷ ʧʦʣʫʩʬʝʨʘ), ʢʦʪʦʨʳʝ 

ʩʭʝʤʘʪʠʯʥʦ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩʫʥʢʝ 6. 
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ʈʠʩʫʥʦʢ 6. ʏʘʩʪʠʮʳ ʟʦʣʦʪʘ ʧʦʣʫʩʬʝʨʠʯʝʩʢʦʡ (ʘ), ʫʩʝʯʝʥʥʦʡ 

ʧʦʣʫʩʬʝʨʠʯʝʩʢʦʡ (ʙ) ʠ ʩʬʝʨʠʯʝʩʢʦʡ (ʚ) ʬʦʨʤʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʦʙʨʘʟʮʦʚ Au/ɺʆʇɻ, 

ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʥʘʧʳʣʝʥʠʝʤ ʟʦʣʦʪʘ ʥʘ ʛʣʘʜʢʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʛʨʘʬʠʪʘ, 

ʥʘʠʣʫʯʰʝʝ ʩʦʛʣʘʩʠʝ ʜʘʥʥʳʭ ʤʝʪʦʜʦʚ ʈʌʕʉ ʠ ʉʊʄ ʜʦʩʪʠʛʘʝʪʩʷ ʚ 

ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʯʘʩʪʠʮ. ʇʨʠ ʵʪʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ 

ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʥʦʩʠʪʝʣʷ ʷʚʣʷʝʪʩʷ ʥʝʦʜʥʦʨʦʜʥʳʤ ʩ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʠʝʤ 

ʯʘʩʪʠʮ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʦʙʣʘʩʪʠ ʩʪʫʧʝʥʝʡ ʥʦʩʠʪʝʣʷ. ɼʣʷ ʦʙʨʘʟʮʦʚ 

Au/ɺʆʇɻ, ʚ ʢʦʪʦʨʳʭ ʥʘʥʦʯʘʩʪʠʮʳ ʟʦʣʦʪʘ ʥʘʥʦʩʠʣʠʩʴ ʥʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ 

ʧʦʚʝʨʭʥʦʩʪʴ ʛʨʘʬʠʪʘ, ʣʫʯʰʠʡ ʨʝʟʫʣʴʪʘʪ ʧʦʣʫʯʘʝʪʩʷ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ 

ʥʘʣʠʯʠʷ ʫ ʯʘʩʪʠʮ ʟʦʣʦʪʘ ʧʦʣʫʩʬʝʨʠʯʝʩʢʦʡ ʠ ʫʩʝʯʸʥʥʦʡ ʧʦʣʫʩʬʝʨʠʯʝʩʢʦʡ 

ʬʦʨʤʳ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʪʘʢʠʝ ʦʙʨʘʟʮʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʨʘʚʥʦʤʝʨʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʥʦʩʠʪʝʣʷ, ʧʦʩʢʦʣʴʢʫ ʯʘʩʪʠʮʳ ʟʦʣʦʪʘ 

ʟʘʢʨʝʧʣʷʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʘʭ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ 

ʚ ʨʝʟʫʣʴʪʘʪʝ ʙʦʤʙʘʨʜʠʨʦʚʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠʦʥʘʤʠ ʘʨʛʦʥʘ. ʈʘʟʣʠʯʠʝ ʚ ʬʦʨʤʘʭ 

ʯʘʩʪʠʮ ʤʝʪʘʣʣʘ ʜʣʷ ʦʙʨʘʟʮʦʚ, ʛʜʝ ʟʦʣʦʪʦ ʥʘʥʦʩʠʪʩʷ ʥʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ ʠ 

ʠʩʭʦʜʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʨʘʟʣʠʯʠʡ ʚ 

ʵʥʝʨʛʠʷʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʪʘʣʣʘ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʛʨʘʬʠʪʘ ʚ ʵʪʠʭ ʩʠʩʪʝʤʘʭ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʘ ʦʪʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʤʦʜʝʣʴʥʳʭ 

ʦʙʨʘʟʮʦʚ ʩ ʢʦʥʪʨʦʣʠʨʫʝʤʳʤ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʥʘʥʝʩʸʥʥʳʭ ʯʘʩʪʠʮ ʟʦʣʦʪʘ ʠ 

ʠʭ ʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʪʨʸʭ 

ʩʪʘʜʠʡ: (1) ï ʄʦʜʠʬʠʢʘʮʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʧʫʪʸʤ ʤʷʛʢʦʛʦ ʠʦʥʥʦʛʦ 
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ʪʨʘʚʣʝʥʠʷ; (2) ï ʊʝʨʤʠʯʝʩʢʦʝ ʚʘʢʫʫʤʥʦʝ ʥʘʧʳʣʝʥʠʝ ʤʝʪʘʣʣʘ ʥʘ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ; (3) ï çɿʘʣʝʯʠʚʘʥʠʝè 

ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʜʝʬʝʢʪʦʚ ʠ ʦʢʦʥʯʘʪʝʣʴʥʘʷ ʩʪʘʙʠʣʠʟʘʮʠʷ ʥʘʥʦʯʘʩʪʠʮ 

ʤʝʪʘʣʣʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʦʩʠʪʝʣʷ ʟʘ ʩʯʸʪ ʧʨʦʛʨʝʚʘ ʚ ʉɺɺ ʫʩʣʦʚʠʷʭ ʜʦ 300 Áʉ. 

ʇʨʠ ɻʪʦʤ ʟʦʣʦʪʳʝ ʯʘʩʪʠʮʳ ʦʙʣʘʜʘʶʪ ʧʦʣʫʩʬʝʨʠʯʝʩʢʦʡ ʠ/ʠʣʠ ʫʩʝʯʸʥʥʦʡ 

ʧʦʣʫʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʦʡ.  

2.3. ʇʨʠʛʦʪʦʚʣʝʥʠʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʤʦʜʝʣʴʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʘ 

ɺʆʇɻ 

2.3.1. ɹʠʤʝʪʘʣʣʠʯʝʩʢʠʝ Pd-Au/ɺʆʇɻ ʢʘʪʘʣʠʟʘʪʦʨʳ  

2.3.1.1. ʌʦʨʤʠʨʦʚʘʥʠʝ ʯʘʩʪʠʮ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè 

ɹʠʤʝʪʘʣʣʠʯʝʩʢʠʝ PdAu ʢʘʪʘʣʠʟʘʪʦʨʳ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ 

ʠʟʫʯʝʥʥʳʭ ʩʨʝʜʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʧʨʦʷʚʣʷʶʪ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚ ʮʝʣʦʤ ʨʷʜʝ ʧʨʦʤʳʰʣʝʥʥʦ ʚʘʞʥʳʭ ʨʝʘʢʮʠʡ [5-10, 

108ï112], ʪʘʢʠʭ ʢʘʢ ʩʠʥʪʝʟ ʚʠʥʠʣʘʮʝʪʘʪʘ [7], ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʝ ʦʢʠʩʣʝʥʠʝ 

CO [8, 9], ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ NO [10], ʧʨʷʤʦʝ ʦʙʨʘʟʦʚʘʥʠʝ ʧʝʨʦʢʩʠʜʘ ʚʦʜʦʨʦʜʘ 

ʠʟ H2/O2 [109], ʛʠʜʨʠʨʦʚʘʥʠʝ ʫʛʣʝʚʦʜʦʨʦʜʦʚ [110], ʛʠʜʨʦʦʙʝʩʩʝʨʠʚʘʥʠʝ [111, 

112] ʠ ʪ.ʜ. ʇʦʵʪʦʤʫ ʥʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʚʳʧʦʣʥʝʥʠʷ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ 

ʨʘʙʦʪʳ ʥʘʤʠ ʠʟʫʯʘʣʠʩʴ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ Pd-

Au ʥʘʥʦʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʤʝʪʦʜʘʤʠ ʈʌʕʉ ʠ ʉʊʄ [28]. ʅʘ 

ʧʝʨʚʦʤ ʵʪʘʧʝ ʧʦ ʦʧʠʩʘʥʥʦʡ ʚ ʨʘʟʜʝʣʝ 2.2. ʤʝʪʦʜʠʢʝ ʥʘʤʠ ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ 

ʪʨʠ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ Au/ɺʆʇɻ ʦʙʨʘʟʮʘ ʩ ʨʘʟʣʠʯʥʳʤʠ ʩʨʝʜʥʠʤʠ 

ʨʘʟʤʝʨʘʤʠ ʯʘʩʪʠʮ, ʢʦʪʦʨʳʝ ʚ ʜʘʣʴʥʝʡʰʝʤ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʢʘʯʝʩʪʚʝ 

çʤʘʪʨʠʮʳè ʜʣʷ ʥʘʧʳʣʝʥʠʷ ʚʪʦʨʦʛʦ ʤʝʪʘʣʣʘ ï ʧʘʣʣʘʜʠʷ. ʇʨʠʛʦʪʦʚʣʝʥʥʳʝ 

ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʙʳʣʠ ʠʟʫʯʝʥʳ ʤʝʪʦʜʘʤʠ ʈʌʕʉ ʠ ʉʊʄ.  

ɺ ʊʘʙʣʠʮʝ 2 ʧʨʠʚʝʜʝʥʳ ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/C, 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʠʟ ʩʧʝʢʪʨʦʚ ʈʌʕʉ, ʠʟʤʝʨʝʥʥʳʭ ʢʘʢ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʦʩʣʝ 

ʥʘʧʳʣʝʥʠʷ ʟʦʣʦʪʘ ʥʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ, ʪʘʢ ʠ ʧʦʩʣʝ 

ʧʨʦʛʨʝʚʘ ʩʚʝʞʝʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 300Áʉ ʚ ʫʩʣʦʚʠʷʭ 

ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ. ʂʦʣʠʯʝʩʪʚʦ ʥʘʥʦʩʠʤʦʛʦ ʤʝʪʘʣʣʘ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʟʘ 
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ʩʯʸʪ ʠʟʤʝʥʝʥʠʷ ʚʨʝʤʝʥʠ ʥʘʧʳʣʝʥʠʷ. ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʜʘʥʥʳʭ ʚʠʜʥʦ, ʯʪʦ 

ʩʦʦʪʥʦʰʝʥʠʝ Au/C ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʦʙʨʘʟʮʘ ʦʪʣʠʯʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʚ 7 ʨʘʟ. 

ʇʨʠ ɻʪʦʤ ʧʘʜʝʥʠʝ ʵʪʠʭ ʚʝʣʠʯʠʥ ʧʨʠ ʧʨʦʛʨʝʚʝ ʦʙʨʘʟʮʦʚ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʫʢʨʫʧʥʝʥʠʝ ʯʘʩʪʠʮ ʟʦʣʦʪʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʭ ʩʧʝʢʘʥʠʷ.  

ʊʘʙʣʠʮʘ 2. ʆʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʵʣʝʤʝʥʪʦʚ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʠʟ 

ʜʘʥʥʳʭ ʈʌʕʉ. 

ʆʙʨʘʟʝʮ ʅʘʥʝʩʝʥʠʝ Au ʇʨʦʛʨʝʚ ʚ ʉɺɺ ʅʘʥʝʩʝʥʠʝ Pd 

 Au/C Au/C Au/Pd Au/C Pd/C 

Pd-Au/ɺʆʇɻ-1 0.0041 0.0026 0.83 0.0025 0.003 

Pd-Au/ɺʆʇɻ-2 0.0085 0.0056 1.40 0.0056 0.004 

Pd-Au/ɺʆʇɻ-3 0.024 0.019 1.72 0.019 0.011 

 

ʉʊʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ Au/ɺʆʇɻ 

ʦʙʨʘʟʮʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩʫʥʢʝ 7. ɺʠʜʥʦ, ʯʪʦ ʚʩʝ ʦʙʨʘʟʮʳ ʦʪʣʠʯʘʶʪʩʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʫʟʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʥʘʥʝʩʸʥʥʳʭ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ, ʧʨʠ 

ʵʪʦʤ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 5ï7 ʥʤ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, 

ʯʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʧʦʣʫʯʠʣʦʩʴ ʙʣʠʟʢʠʤ ʜʣʷ ʚʩʝʭ 

ʦʙʨʘʟʮʦʚ, ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʟʦʣʦʪʳʭ ʯʘʩʪʠʮ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʨʦʩʪʦʤ 

ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/C. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʨʘʟʤʝʨʘ 4.9 ï 5.5 ï 6.5 ʥʤ ʚ ʨʷʜʫ Au/ɺʆʇɻ-1 ï 

Au/ɺʆʇɻ-2 ï Au/ɺʆʇɻ-3 ʩʣʘʙʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʦʪʥʦʰʝʥʠʷ 

ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/C ~ ʚ 7 ʨʘʟ. ʊʘʢʦʝ ʨʘʩʭʦʞʜʝʥʠʝ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ 

ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʨʦʩʪʦʤ ʧʣʦʪʥʦʩʪʠ ʟʦʣʦʪʳʭ ʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ, 

ʢʦʪʦʨʦʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʉʊʄ-ʠʟʦʙʨʘʞʝʥʠʷʭ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʈʠʩʫʥʢʝ 7. ɺ 

ʩʚʦʶ ʦʯʝʨʝʜʴ, ʙʦʣʝʝ ʥʠʟʢʫʶ ʧʣʦʪʥʦʩʪʴ ʥʘʥʝʩʸʥʥʳʭ ʯʘʩʪʠʮ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ 

ʪʝʤ, ʯʪʦ ʥʠʟʢʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʟʦʣʦʪʘ ʥʝ ʧʦʟʚʦʣʷʝʪ ʟʘʥʷʪʴ ʚʩʝ ʜʝʬʝʢʪʳ, 

ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʦʩʠʪʝʣʷ, ʥʘ ʩʪʘʜʠʠ ʝʛʦ ʪʨʘʚʣʝʥʠʷ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʠʦʥʘʤʠ Ar+. ʉʦʛʣʘʩʥʦ ʨʘʙʦʪʝ [82], ʧʨʦʛʨʝʚ ʦʙʨʘʟʮʦʚ ʚ 
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ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ ʧʨʠ 300ÁC ʧʨʠʚʦʜʠʪ ʢ çʟʘʣʝʯʠʚʘʥʠʶè 

ʥʝʟʘʥʷʪʳʭ ʜʝʬʝʢʪʦʚ. 

 

ʈʠʩʫʥʦʢ 7. ʉʊʄ ʠʟʦʙʨʘʞʝʥʠʷ (200³200 ʥʤ2) ʠ ʛʠʩʪʦʛʨʘʤʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʜʣʷ Au/ɺʆʇɻ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʧʨʦʛʨʝʚʘ ʧʨʠ 300ÁC ʚ ʉɺɺ: 

(ʘ) ï Au/ɺʆʇɻ-1, Au/C=0.0026; (ʙ) ï Au/ɺʆʇɻ-2, Au/C=0.0056 ʠ (ʚ) ï 

Au/ɺʆʇɻ-3, Au/C=0.019. ʇʘʨʘʤʝʪʨʳ ʩʢʘʥʠʨʦʚʘʥʠʷ: (ʘ) It = 0.49 ʥɸ, Ut = -490 

ʤɺ; (ʙ) It = 0.52 ʥɸ, Ut = -400 ʤɺ ʠ (ʚ) It = 0.5 ʥɸ, Ut = -1000 ʤɺ. 

  

ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʨʘʙʦʪʳ ʧʫʪʸʤ ʊɺʅ ʧʘʣʣʘʜʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ Au/ɺʆʇɻ çʤʘʪʨʠʮè ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ PdAu ʦʙʨʘʟʮʳ. ʊʘʢʞʝ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʟʦʣʦʪʳʭ 

ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ, ʢʦʣʠʯʝʩʪʚʦ ʥʘʥʦʩʠʤʦʛʦ ʧʘʣʣʘʜʠʷ 

ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʠʟʤʝʥʝʥʠʝʤ ʚʨʝʤʝʥʠ ʥʘʧʳʣʝʥʠʷ. ʉʦʩʪʘʚ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʤʦʜʝʣʴʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʢʦʥʪʨʦʣʠʨʦʚʘʣʩʷ ʤʝʪʦʜʦʤ ʈʌʕʉ. 
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ʉʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Pd/C ʠ Au/Pd, ʧʦʩʯʠʪʘʥʥʳʝ ʠʟ 

ʠʥʪʝʛʨʘʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ Pd3d, C1s ʠ Au4f, 

ʠʟʤʝʨʝʥʥʳʭ ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʧʘʣʣʘʜʠʷ, ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʝ 2. ɺʠʜʥʦ, ʯʪʦ ʚ 

ʠʪʦʛʝ ʥʘʤʠ ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ ʦʙʨʘʟʮʳ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ 

ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/Pd. 

ʌʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ Au4f ʠ Pd3d, ʠʟʤʝʨʝʥʥʳʝ ʜʣʷ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu/ɺʆʇɻ ʦʙʨʘʟʮʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩʫʥʢʝ 8. ʀʟ 

ʩʧʝʢʪʨʦʚ ʚʠʜʥʦ, ʯʪʦ ʟʦʣʦʪʦ ʠ ʧʘʣʣʘʜʠʡ ʧʨʠʩʫʪʩʪʚʫʶʪ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ 

ʚ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʦʷʥʠʷʭ, ʦʪʣʠʯʘʶʱʠʭʩʷ ʟʥʘʯʝʥʠʷʤʠ ʵʥʝʨʛʠʠ ʩʚʷʟʠ. 

ʉʦʩʪʦʷʥʠʷ ʩ ɽʩʚ(Au4f7/2) ~ 84.1 ʵɺ ʠ ɽʩʚ(Pd3d5/2) ~ 335.6 ʵɺ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ 

ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʟʦʣʦʪʘ [113, 114] ʠ ʧʘʣʣʘʜʠʷ [110, 115] 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʩʦʩʪʦʷʥʠʡ ʩ ʙʦʣʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʵʥʝʨʛʠʡ 

ʩʚʷʟʠ (ɽʩʚ(Au4f7/2) ~ 85.0 ʵɺ ʠ ɽʩʚ(Pd3d5/2) ~ 337.0 ʵɺ) ʥʝ ʩʦʚʩʝʤ ʦʜʥʦʟʥʘʯʥʘ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠʛʦʪʦʚʣʝʥʠʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʦʩʴ 

ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʠʩʢʣʶʯʠʪʴ 

ʦʢʠʩʣʝʥʠʝ ʤʝʪʘʣʣʦʚ ʚ ʭʦʜʝ ʠʭ ʥʘʥʝʩʝʥʠʷ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʵʪʠ ʩʦʩʪʦʷʥʠʷ ʥʝ 

ʤʦʛʫʪ ʙʳʪʴ ʦʪʥʝʩʝʥʳ ʢ ʦʢʠʩʣʝʥʥʳʤ ʩʦʩʪʦʷʥʠʷʤ ʟʦʣʦʪʘ ʠʣʠ ʧʘʣʣʘʜʠʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ. 
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ʈʠʩʫʥʦʢ 8. ʌʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ Au4f ʠ Pd3d, ʠʟʤʝʨʝʥʥʳʝ ʜʣʷ 

ʦʙʨʘʟʮʦʚ: (ʘ) ï PdAu/ɺʆʇɻ-1; (ʙ) ï PdAu/ɺʆʇɻ-2; (ʚ) ï PdAu/ɺʆʇɻ-3. 

  

ɺ ʨʘʙʦʪʝ, ʦʧʫʙʣʠʢʦʚʘʥʥʦʡ ʆʣʭʘʬʝʥʦʤ (Oelhafen) ʠ ɹʘʪʪʥʝʨʦʤ (Buttner) 

[116], ʧʦʩʚʷʱʸʥʥʦʡ ʥʘʥʝʩʝʥʠʶ ʟʦʣʦʪʘ ʥʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʜʚʝʨʛʥʫʪʫʶ 

ʪʨʘʚʣʝʥʠʶ ʠʦʥʘʤʠ ʘʨʛʦʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ, ʘʚʪʦʨʳ ʥʘʙʣʶʜʘʣʠ 

ʦʙʨʘʟʦʚʘʥʠʝ ʧʦʭʦʞʠʭ ʬʦʨʤ ʟʦʣʦʪʘ ʚ ʩʧʝʢʪʨʘʭ Au4f ï ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʵʥʝʨʛʠʡ 

ʩʚʷʟʠ Au4f7/2 ~ 84.0 ʠ 85.0 ʵɺ. ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʤʝʪʦʜʦʤ ʈʌʕʉ ʙʳʣʘ ʠʟʫʯʝʥʘ 

ʩʝʨʠʷ ʦʙʨʘʟʮʦʚ Au/ɺʆʇɻ, ʧʨʠ ʧʨʠʛʦʪʦʚʣʝʥʠʠ ʢʦʪʦʨʳʭ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʚʨʝʤʷ 

(0 ï 90 ʩʝʢʫʥʜ) ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʧʫʪʸʤ ʝʸ ʪʨʘʚʣʝʥʠʷ ʠʦʥʘʤʠ 

ʘʨʛʦʥʘ ʩ ʵʥʝʨʛʠʝʡ 3 ʢʵɺ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʥʘʥʝʩʝʥʠʠ ʟʦʣʦʪʘ ʥʘ ʯʠʩʪʫʶ 

ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ ʩʧʝʢʪʨ Au4f ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪʩʷ ʦʜʥʠʤ ʜʫʙʣʝʪʦʤ ʩʦ 

ʟʥʘʯʝʥʠʝʤ ʵʥʝʨʛʠʠ ʩʚʷʟʠ Au4f7/2 ~ 84.0 ʵɺ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʟʦʣʦʪʫ ʚ 

ʤʝʪʘʣʣʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ. ʇʨʠ ʥʘʥʝʩʝʥʠʠ ʟʦʣʦʪʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ɺʆʇɻ ʚ ʩʧʝʢʪʨʘʭ Au4f ʧʦʷʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʥɹʦʝ 

ʩʦʩʪʦʷʥʠʝ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʟʥʘʯʝʥʠʝʤ ʵʥʝʨʛʠʠ ʩʚʷʟʠ (~ 85 ʵɺ). ʇʨʠ ʵʪʦʤ ʜʦʣʷ 
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ʵʪʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚʦʟʨʘʩʪʘʣʘ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʪʨʘʚʣʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ 

ɺʆʇɻ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʪʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʘʚʪʦʨʳ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʣʠ ʵʪʦ 

ʩʦʩʪʦʷʥʠʝ ʢʘʢ ʢʣʘʩʪʝʨʳ ʟʦʣʦʪʘ ʤʘʣʦʛʦ ʨʘʟʤʝʨʘ, ʟʘʢʨʝʧʣʝʥʥʳʝ ʥʘ ʜʝʬʝʢʪʘʭ 

ʥʦʩʠʪʝʣʷ. ɺ ʜʨʫʛʦʡ ʨʘʙʦʪʝ ɻʨʘʥʦʮʮʠ (Granozzi) ʩ ʩʦʘʚʪʦʨʘʤʠ [80] ʥʘʥʦʩʠʣʠ 

ʧʘʣʣʘʜʠʡ ʥʘ ʠʩʭʦʜʥʫʶ ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ ʘʟʦʪʦʤ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ. 

ɸʚʪʦʨʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ Pd3d, ʠʟʤʝʨʝʥʥʳʭ ʜʣʷ 

ʦʙʨʘʟʮʘ Pd/N-ɺʆʇɻ, ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʢ ʩʦʩʪʦʷʥʠʷʤ, ʥʘʙʣʶʜʘʝʤʳʤ ʜʣʷ 

ʠʩʭʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʬʠʪʘ, ʧʨʠʩʫʪʩʪʚʫʝʪ ʥʦʚʳʡ ʧʠʢ ʩʦ ʟʥʘʯʝʥʠʝʤ 

ʵʥʝʨʛʠʠ ʩʚʷʟʠ 338.1 ʵɺ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʵʪʦʛʦ ʩʦʩʪʦʷʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʫʛʣʘ, ʧʦʜ ʢʦʪʦʨʳʤ ʧʨʦʚʦʜʠʪʩʷ ʠʟʤʝʨʝʥʠʝ ʈʌʕ-

ʩʧʝʢʪʨʦʚ (ʦʪ 0 ʜʦ 60Á ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʦʨʤʘʣʠ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ). ɸʚʪʦʨʳ 

ʧʨʝʜʧʦʣʦʞʠʣʠ, ʯʪʦ ʵʪʦ ʩʦʩʪʦʷʥʠʝ ʚ ʩʧʝʢʪʨʘʭ Pd3d ʤʦʞʝʪ ʙʳʪʴ ʦʪʥʝʩʝʥʦ ʢ 

ʥʘʥʦʢʣʘʩʪʝʨʘʤ ʧʘʣʣʘʜʠʷ ʣʦʢʘʣʠʟʦʚʘʥʥʳʤ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ ɺʆʇɻ, 

ʟʘʢʨʝʧʣʸʥʥʳʤ ʥʘ ʜʝʬʝʢʪʘʭ ʥʦʩʠʪʝʣʷ. ʀʟ ʫʛʣʦʚʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʈʌʕʉ, 

ʠʩʧʦʣʴʟʫʷ ʟʥʘʯʝʥʠʝ ʜʣʠʥʳ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ, 

ʵʤʠʪʠʨʦʚʘʥʥʳʭ ʩ ʦʩʪʦʚʥʦʛʦ ʫʨʦʚʥʷ Pd3d, ʘʚʪʦʨʳ ʦʮʝʥʠʣʠ ʨʘʟʤʝʨ ʪʘʢʠʭ 

ʢʣʘʩʪʝʨʦʚ ʚ 2ï3 ʥʤ. ɺ ʥʝʜʘʚʥʦ ʦʧʫʙʣʠʢʦʚʘʥʥʦʡ ʥʘʤʠ ʨʘʙʦʪʝ [26], 

ʧʦʩʚʷʱʸʥʥʦʡ ʠʟʫʯʝʥʠʶ ʚʦʟʤʦʞʥʦʩʪʠ ʦʢʠʩʣʝʥʠʷ ʟʦʣʦʪʳʭ ʥʘʥʦʯʘʩʪʠʮ 

ʜʠʦʢʩʠʜʦʤ ʘʟʦʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ ʤʦʜʝʣʴʥʳʭ Au/ɺʆʇɻ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʠʦʥʥʳʤ ʪʨʘʚʣʝʥʠʝʤ ɺʆʇɻ ʧʨʠ ʥʘʧʳʣʝʥʠʠ ʟʦʣʦʪʘ ʚ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ Au4f ʥʘʙʣʶʜʘʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ, 

ʩʜʚʠʥʫʪʦʝ ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʡ ʩʚʷʟʠ (~ ʥʘ 1 ʵɺ) ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʟʦʣʦʪʦʤ. ʕʪʦ ʩʦʩʪʦʷʥʠʝ ʙʳʣʦ ʦʪʥʝʩʝʥʦ ʢ ʘʪʦʤʘʤ 

ʟʦʣʦʪʘ, ʭʠʤʠʯʝʩʢʠ ʩʚʷʟʘʥʥʳʤ ʩ ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ ʚ ʦʙʣʘʩʪʠ ʜʝʬʝʢʪʦʚ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʩʥʦʚʳʚʘʷʩʴ ʥʘ ʧʨʠʚʝʜʸʥʥʳʭ ʚʳʰʝ ʜʘʥʥʳʭ, 

ʩʦʩʪʦʷʥʠʷ Au4f7/2 ʠ Pd3d5/2, ʩʜʚʠʥʫʪʳʝ ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ 

ʩʚʷʟʠ, ʢʦʪʦʨʳʝ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʩʧʝʢʪʨʘʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu/ɺʆʇɻ 

(ʈʠʩʫʥʦʢ 8), ʙʳʣʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ ʢʘʢ ʤʦʥʦ- (Pd ʠʣʠ Au) ʠʣʠ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ (PdAu) ʯʘʩʪʠʮʳ ʤʘʣʳʭ ʨʘʟʤʝʨʦʚ, ʥʘʭʦʜʷʱʠʝʩʷ ʚ ʜʝʬʝʢʪʘʭ 
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ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʥʘʨʥʦʛʦ ʥʦʩʠʪʝʣʷ. 

ʉʊʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʧʘʣʣʘʜʠʷ ʧʨʠʚʝʜʝʥʳ ʥʘ 

ʈʠʩʫʥʢʝ 9. ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʜʘʥʥʳʭ ʚʠʜʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʦʙʨʘʟʮʦʚ 

PdAu/ɺʆʇɻ-1 ʠ PdAu/ɺʆʇɻ-2 ʥʘʙʣʶʜʘʝʪʩʷ ʙʠʤʦʜʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ (ʈʠʩʫʥʢʠ 9ʘ ʠ 9ʙ), ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʦʙʨʘʟʮʘ PdAu/ɺʆʇɻ-3 

ʥʘʙʣʶʜʘʝʪʩʷ ʤʦʥʦʤʦʜʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ (ʈʠʩʫʥʦʢ 9ʚ), ʥʦ ʧʨʠ ʵʪʦʤ 

ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʫʚʝʣʠʯʠʣʩʷ ʜʦ 8.2 ʥʤ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ. ʊʘʢʠʝ ʨʘʟʣʠʯʠʷ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʥʘʥʝʩʸʥʥʳʭ 

ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʤʝʞʜʫ ʦʙʨʘʟʮʘʤʠ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʤʝʥʴʰʝʡ ʧʣʦʪʥʦʩʪʴʶ 

ʯʘʩʪʠʮ ʚ ʠʩʭʦʜʥʳʭ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʢʦʛʜʘ 

çʛʦʨʷʯʠʝè ʘʪʦʤʳ/ʢʣʘʩʪʝʨʳ ʧʘʣʣʘʜʠʷ ʚ ʭʦʜʝ ʝʛʦ ʥʘʧʳʣʝʥʠʷ ʧʦʧʘʜʘʶʪ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ Au/ɺʆʇɻ çʤʘʪʨʠʮʳè, ʦʥʠ ʤʦʛʫʪ ʣʦʢʘʣʠʟʦʚʘʪʴʩʷ ʢʘʢ ʥʘ 

ʥʘʥʦʯʘʩʪʠʮʘʭ ʟʦʣʦʪʘ, ʪʘʢ ʠ ʥʘ ʯʠʩʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʬʠʪʘ. ɺ ʧʦʩʣʝʜʥʝʤ 

ʩʣʫʯʘʝ ʘʪʦʤʳ ʧʘʣʣʘʜʠʷ, ʧʨʦʜʦʣʞʘʷ ʜʠʬʬʫʟʠʶ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʥʦʩʠʪʝʣʷ, 

ʤʦʛʫʪ ʚʩʪʨʝʪʠʪʴʩʷ ʩ ʯʘʩʪʠʮʝʡ ʟʦʣʦʪʘ ʠ ʟʘʢʨʝʧʠʪʩɹʷ ʥʘ ʥʝʡ ʠʣʠ ʚʩʪʨʝʪʠʪʴ 

ʜʨʫʛʦʡ ʘʪʦʤ ʧʘʣʣʘʜʠʷ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʟʫʷ ʦʪʜʝʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʝ 

ʥʘʥʦʯʘʩʪʠʮʳ ʧʘʣʣʘʜʠʷ. ʊʘʢʦʡ ʜʠʬʬʫʟʠʦʥʥʳʡ ʤʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ 3D 

ʯʘʩʪʠʮ ʤʝʪʘʣʣʦʚ ʦʧʠʩʘʥ ʚʦ ʤʥʦʞʝʩʪʚʝ ʨʘʙʦʪ [80, 82, 85, 117]. ʉʣʝʜʫʷ ʵʪʦʡ 

ʣʦʛʠʢʝ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʤʘʢʩʠʤʫʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ 

ʨʘʟʤʝʨʘʤ ʚ ʦʙʣʘʩʪʠ ʤʝʥʴʰʠʭ ʨʘʟʤʝʨʦʚ, ʢʦʪʦʨʳʡ ʯʸʪʢʦ ʚʠʜʝʥ ʚ ʩʣʫʯʘʝ 

ʦʙʨʘʟʮʘ PdAu/ɺʆʇɻ-1 (ʈʠʩʫʥʦʢ 9ʘ), ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʟʦʚʘʥʠʷ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʧʘʣʣʘʜʠʷ, ʪʦʛʜʘ ʢʘʢ 

ʤʘʢʩʠʤʫʤ ʚ ʦʙʣʘʩʪʠ ʙʦʣʴʰʠʭ ʨʘʟʤʝʨʦʚ ʛʦʚʦʨʠʪ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ. ʆʪʩʫʪʩʪʚʠʝ ʯʘʩʪʠʮ ʤʝʥʴʰʝʛʦ ʨʘʟʤʝʨʘ 

(ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʧʘʣʣʘʜʠʷ) ʚ ʩʣʫʯʘʝ ʦʙʨʘʟʮʘ PdAu/ɺʆʇɻ-3 ʪʘʢʞʝ ʣʝʛʢʦ 

ʫʢʣʘʜʳʚʘʝʪʩʷ ʚ ʵʪʫ ʣʦʛʠʢʫ ʠ ʦʙʲʷʩʥʷʝʪʩʷ ʤʘʣʳʤ ʨʘʩʩʪʦʷʥʠʝʤ ʤʝʞʜʫ 

ʥʘʥʝʩʸʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ, ʢʦʪʦʨʦʝ ʥʝ ʧʨʝʚʳʰʘʝʪ ʨʘʟʤʝʨʘ ʩʘʤʠʭ ʥʘʥʝʩʸʥʥʳʭ 

ʯʘʩʪʠʮ. ʇʦ-ʚʠʜʠʤʦʤʫ, ʵʬʬʝʢʪʠʚʥʘʷ ʜʣʠʥʘ ʜʠʬʬʫʟʠʠ ʘʪʦʤʦʚ ʧʘʣʣʘʜʠʷ ʧʦ 

ʧʦʚʝʨʭʥʦʩʪʠ ʥʦʩʠʪʝʣʷ ʧʨʝʚʳʰʘʝʪ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʚʩʝ ʧʦʧʘʚʰʠʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʘ ʘʪʦʤʳ ʧʘʣʣʘʜʠʷ 
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çʟʘʢʨʝʧʣʷʶʪʩʷè ʥʘ ʯʘʩʪʠʮʘʭ ʟʦʣʦʪʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʝ 

ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʷ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʧʘʣʣʘʜʠʷ. ʇʨʠʥʠʤʘʷ ʚʦ 

ʚʥʠʤʘʥʠʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʥʘʥʝʩʝʥʠʷ ʟʦʣʦʪʘ ʠ ʧʘʣʣʘʜʠʷ, ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʨʠ ʥʘʧʳʣʝʥʠʠ Pd ʥʘ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʝ Au/ɺʆʇɻ 

çʤʘʪʨʠʮʳè ʦʙʨʘʟʫʶʱʠʝʩʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ Pd-Au ʯʘʩʪʠʮʳ ʦʙʣʘʜʘʶʪ 

ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè, ʛʜʝ ʚ ʷʜʨʝ ʥʘʭʦʜʷʪʩʷ ʘʪʦʤʳ ʟʦʣʦʪʘ, ʘ ʚ 

ʦʙʦʣʦʯʢʝ ï ʧʘʣʣʘʜʠʷ. ʋʚʝʣʠʯʝʥʠʝ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ, ʥʘʙʣʶʜʘʝʤʦʝ ʜʣʷ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ PdAu/ɺʆʇɻ-3 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤ 

ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʤ ʦʙʨʘʟʮʦʤ Au/ɺʆʇɻ-3, ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʦʪʥʝʩʝʥʠʝʤ 

ʤʘʢʩʠʤʫʤʘ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ~ 6ï7 ʥʤ, ʢʦʪʦʨʳʡ 

ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʦʙʨʘʟʮʘ PdAu/ɺʆʇɻ-1, ʢ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʤ ʯʘʩʪʠʮʘʤ PdAu 

ʪʠʧʘ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè, ʩʬʦʨʤʠʨʦʚʘʥʥʳʤ ʥʘ ʦʩʥʦʚʝ ʯʘʩʪʠʮ 

ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʟʦʣʦʪʘ ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ 4.9 ʥʤ. 

ʆʜʥʦʚʨʝʤʝʥʥʦʝ ʦʙʨʘʟʦʚʘʥʠʝ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʧʘʣʣʘʜʠʷ ʠ 

ʫʚʝʣʠʯʝʥʠʝ ʨʘʟʤʝʨʘ ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʪʘʢʞʝ ʭʦʨʦʰʦ 

ʦʧʠʩʳʚʘʝʪ ʥʘʙʣʶʜʘʝʤʦʝ ʫʰʠʨʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʚ 

ʩʣʫʯʘʝ PdAu/ɺʆʇɻ-2 ʦʙʨʘʟʮʘ.  
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ʈʠʩʫʥʦʢ 9. ʉʊʄ ʠʟʦʙʨʘʞʝʥʠʷ (200³200 ʥʤ2) ʠ ʛʠʩʪʦʛʨʘʤʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʜʣʷ PdAu/ɺʆʇɻ ʦʙʨʘʟʮʦʚ: (ʘ) ï PdAu/ɺʆʇɻ-1; (ʙ) ï 

PdAu/ɺʆʇɻ-2 ʠ (ʚ) ï PdAu/ɺʆʇɻ-3. ʇʘʨʘʤʝʪʨʳ ʩʢʘʥʠʨʦʚʘʥʠʷ: (ʘ) It = 1.7 ʥɸ, 

Ut = 500 ʤɺ; (ʙ) It = 0.5 ʥɸ, Ut = -500 ʤɺ ʠ (ʚ) It = 0.47 ʥɸ, Ut = -1200 ʤɺ. 

 

ɼʦʧʦʣʥʠʪʝʣʴʥʦʝ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʦʧʠʩʘʥʥʦʛʦ ʚʳʰʝ ʤʝʭʘʥʠʟʤʘ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu/ɺʆʇɻ 

ʦʙʨʘʟʮʦʚ ʩʣʝʜʫʝʪ ʠʟ ʜʘʥʥʳʭ ʉʊʄ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʠʭ 

ʧʨʦʛʨʝʚʘ ʧʨʠ 500ÁC ʚ ʫʩʣʦʚʠʷʭ ʉɺɺ (ʈʠʩʫʥʦʢ 10). ʄʦʞʥʦ ʫʚʠʜʝʪʴ, ʯʪʦ 

ʧʨʦʛʨʝʚ ʚ ʚʘʢʫʫʤʝ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʠʚʦʜʠʪ ʢ 

ʠʟʤʝʥʝʥʠʶ ʪʠʧʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ï ʜʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʪʘʥʦʚʠʪʩʷ ʤʦʥʦʤʦʜʘʣʴʥʳʤ. ʇʦ-ʚʠʜʠʤʦʤʫ, ʧʨʦʠʩʭʦʜʠʪ 

ʩʧʝʢʘʥʠʝ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʧʘʣʣʘʜʠʷ ʤʘʣʳʭ ʨʘʟʤʝʨʦʚ ʩ ʜʨʫʛʠʤʠ 

ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʤʠ Pd ʠʣʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʤʠ PdAu ʯʘʩʪʠʮʘʤʠ. ʉʪʦʠʪ 
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ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʧʝʢʘʥʠʝ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʘʣʣʘʜʠʝʚʳʭ 

ʯʘʩʪʠʮ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʩʣʫʯʘʝ ʦʙʨʘʟʮʦʚ PdAu/ɺʆʇɻ-1 ʠ PdAu/ɺʆʇɻ-2 

(ʈʠʩʫʥʢʠ 10ʘ ʠ 10ʙ). ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʵʪʠ ʯʘʩʪʠʮʳ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʩʣʘʙʦ ʩʚʷʟʘʥʳ ʩ ʦʪʦʞʞʸʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʛʨʘʬʠʪʘ, ʩʚʦʙʦʜʥʦʡ ʦʪ ʯʘʩʪʠʮ 

ʟʦʣʦʪʘ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʦʪʞʠʛ ʠʩʭʦʜʥʳʭ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʟʦʣʦʪʘ 

ʜʦ 300Áʉ ʜʦʣʞʝʥ ʧʨʠʚʦʜʠʪʴ ʢ çʟʘʣʝʯʠʚʘʥʠʶè ʜʝʬʝʢʪʦʚ, ʢʦʪʦʨʳʝ 

ʬʦʨʤʠʨʫʶʪʩʷ ʥʘ ʩʪʘʜʠʠ ʪʨʘʚʣʝʥʠʷ ʠʩʭʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʠʦʥʘʤʠ 

ʘʨʛʦʥʘ, ʦʩʦʙʝʥʥʦ ʝʩʣʠ ʦʥʠ ʥʝ ʟʘʥʷʪʳ ʯʘʩʪʠʮʘʤʠ ʟʦʣʦʪʘ. ʊʘʢ, ʚ ʩʣʫʯʘʝ ʦʙʨʘʟʮʘ 

PdAu/ɺʆʇɻ-3 ʝʛʦ ʧʨʦʛʨʝʚ ʧʨʠ 500Áʉ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʬʦʨʤʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ, ʥʘʙʣʶʜʘʝʪʩʷ ʣʠʰʴ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ 

ʫʚʝʣʠʯʝʥʠʝ ʜʦʣʠ ʢʨʫʧʥʳʭ ʯʘʩʪʠʮ ʩ d > 10 ʥʤ (ʈʠʩʫʥʦʢ 10ʚ). ʂʘʢ ʩʣʝʜʩʪʚʠʝ, 

ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʚ ʵʪʦʤ ʦʙʨʘʟʮʝ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʦʙʨʘʟʮʘ 

ʜʦ ʧʨʦʛʨʝʚʘ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʝʛʦ ʚʳʩʦʢʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʢ ʩʧʝʢʘʥʠʶ. 

ʀʤʝʥʥʦ ʩʚʝʞʝʧʨʠʛʦʪʦʚʣʝʥʥʳʡ ʦʙʨʘʟʝʮ PdAu/ɺʆʇɻ-3, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʦʪʦʨʦʛʦ ʦʪʩʫʪʩʪʚʫʶʪ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʝ ʯʘʩʪʠʮ r Pd, ʙʳʣ ʚʳʙʨʘʥ ʜʣʷ 

ʜʝʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʝʪʘʣʣʦʚ ʚ ʠʩʭʦʜʥʳʭ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮʘʭ Pd-Au ʪʠʧʘ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè ʧʨʠ ʝʛʦ ʧʨʦʛʨʝʚʝ. 

 

ʈʠʩʫʥʦʢ 10. ɻʠʩʪʦʛʨʘʤʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ, ʨʘʩʩʯʠʪʘʥʥʳʝ 

ʠʟ ʉʊʄ-ʠʟʦʙʨʘʞʝʥʠʡ, ʜʣʷ ʤʦʜʝʣʴʥʳʭ PdAu/ɺʆʇɻ ʦʙʨʘʟʮʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ʯʘʩʪʠʮ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè ʠ ʩ ʦʜʥʦʨʦʜʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʵʣʝʤʝʥʪʦʚ ʚ ʦʙʲʝʤʝ 

ʯʘʩʪʠʮʳ: (ʘ) ï PdAu/ɺʆʇɻ-1; (ʙ) ï PdAu/ɺʆʇɻ-2 ʠ (ʚ) ï PdAu/ɺʆʇɻ-3. 
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2.3.1.2. ʌʦʨʤʠʨʦʚʘʥʠʝ ʩʧʣʘʚʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ  

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʠʟʫʯʝʥʠʶ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʯʘʩʪʠʮ ʪʠʧʘ çʷʜʨʦ-

ʦʙʦʣʦʯʢʘè ʜʣʷ ʦʙʨʘʟʮʘ PdAu/ɺʆʇɻ-3 ʧʨʠ ʝʛʦ ʥʘʛʨʝʚʝ ʦʪ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 500Áʉ ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ 

ʥʘ ʩʪʘʥʮʠʠ RGBL ʠʩʪʦʯʥʠʢʘ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ BESSY II. ʂʘʢ ʫʞʝ 

ʫʧʦʤʠʥʘʣʦʩʴ ʚ ɻʣʘʚʝ 1, ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʧʨʝʠʤʫʱʝʩʪʚ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 

(ʚʟʘʤʝʥ ʩʪʘʥʜʘʨʪʥʦʛʦ ʜʚʦʡʥʦʛʦ Al/Mg ʘʥʦʜʘ, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʙʦʣʴʰʠʥʩʪʚʝ 

ʣʘʙʦʨʘʪʦʨʥʳʭ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʤʝʪʨʦʚ) ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ 

ʤʝʥʷʪʴ ʛʣʫʙʠʥʫ ʘʥʘʣʠʟʘ ʟʘ ʩʯʸʪ ʚʘʨʴʠʨʦʚʘʥʠʷ ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʝʥʠʷ, ʙʝʟ 

ʨʘʟʨʫʰʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. ʎʝʣʴʶ ʵʪʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʙʳʣʦ 

ʫʩʪʘʥʦʚʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʭʦʜʘ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

çʷʜʨʦ-ʦʙʦʣʦʯʢʘè ʚ ʩʧʣʘʚʥʳʝ, ʢʦʪʦʨʳʝ, ʩʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, 

ʜʦʣʞʥʳ ʬʦʨʤʠʨʦʚʘʪʴʩʷ ʧʨʠ ʧʨʦʛʨʝʚʝ ʜʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʵʣʝʤʝʥʪʦʚ ʧʦ ʛʣʫʙʠʥʝ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʩʧʝʢʪʨʳ Au4f, Pd3d ʠ C1s ʧʨʠ 

ʨʘʟʥʳʭ ʵʥʝʨʛʠʷʭ ʚʦʟʙʫʞʜʝʥʠʷ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʦʙʝʩʧʝʯʠʪʴ ʦʜʠʥʘʢʦʚʫʶ 

ʢʠʥʝʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ 200, 300, 450 ʠ 600 ʵɺ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠ ʚ 

ʨʝʞʠʤʝ ex situ: ʢʘʞʜʳʡ ʦʙʨʘʟʝʮ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʥʘʛʨʝʚʘʣʩʷ ʜʦ 100, 200, 300, 

400 ʠ 500 Áʉ ʚ ʢʘʤʝʨʝ ʧʦʜʛʦʪʦʚʢʠ ʩʧʝʢʪʨʦʤʝʪʨʘ, ʘ ʧʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ ʜʦ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʝʮ ʧʝʨʝʤʝʱʘʣʩʷ ʚ ʢʘʤʝʨʫ ʘʥʘʣʠʟʘʪʦʨʘ, ʛʜʝ 

ʧʨʦʚʦʜʠʣʦʩʴ ʠʟʤʝʨʝʥʠʝ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ. 

ʅʘ ʈʠʩʫʥʢʝ 11 ʧʨʠʚʝʜʝʥʳ ʠʟʤʝʥʝʥʠʷ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʣʠʥʠʡ Au4f7/2 ʠ Pd3d5/2, ʦʪʥʦʩʷʱʠʭʩʷ ʢ ʟʦʣʦʪʫ ʠ ʧʘʣʣʘʜʠʶ 

ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʛʨʝʚʘ ʦʙʨʘʟʮʘ. 

ɺʠʜʥʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʛʨʝʚʘ ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʡ ʩʜʚʠʛ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʡ ʩʚʷʟʠ Au4f7/2 ʠ Pd3d5/2 (ʢʦʪʦʨʳʝ 

ʧʨʠ 50Áʉ ʙʳʣʠ 84.1 ʵɺ ʠ 335.6 ʵɺ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʚ ʩʪʦʨʦʥʫ ʤʝʥʴʰʠʭ 

ʵʥʝʨʛʠʡ. ʇʨʠ 500Áʉ ʚʝʣʠʯʠʥʘ ʩʜʚʠʛʘ ʜʦʩʪʠʛʘʝʪ 0.2 ʵɺ ʠ 0.35 ʵɺ ʜʣʷ Au4f7/2 ʠ 
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Pd3d5/2, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʭʦʞʠʝ ʩʜʚʠʛʠ ʧʠʢʦʚ ʟʦʣʦʪʘ ʠ ʧʘʣʣʘʜʠʷ ʚ ʩʪʦʨʦʥʫ 

ʤʝʥʴʰʠʭ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʥʘʙʣʶʜʘʣʠʩʴ ɻʫʜʤʘʥʦʤ (Goodman) ʩ 

ʩʦʘʚʪʦʨʘʤʠ [118]; ʚ ʵʪʦʡ ʨʘʙʦʪʝ ʠʟʫʯʘʣʦʩʴ ʦʙʨʘʟʦʚʘʥʠʝ ʩʧʣʘʚʘ Pd-Au ʚ 

ʤʦʜʝʣʴʥʳʭ ʩʠʩʪʝʤʘʭ, ʛʜʝ 5 ʤʦʥʦʩʣʦʸʚ ʧʘʣʣʘʜʠʷ ʠ 5 ʤʦʥʦʩʣʦʸʚ ʟʦʣʦʪʘ 

ʥʘʥʦʩʠʣʠʩʴ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣ Mo(110) ʩ ʨʘʟʥʳʤ ʧʦʨʷʜʢʦʤ ʥʘʥʝʩʝʥʠʷ 

ʤʝʪʘʣʣʦʚ. ɸʚʪʦʨʳ ʥʘʙʣʶʜʘʣʠ ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʩʜʚʠʛʠ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʣʠʥʠʡ Au4f7/2 ʠ Pd3d5/2 ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʘʛʨʝʚʘ ʦʪ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 530Áʉ (0.45 ʵɺ ʠ 0.15 ʵɺ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʠ ʧʨʝʜʧʦʣʦʞʠʣʠ, 

ʯʪʦ ʵʪʠ ʩʜʚʠʛʠ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ Pd-Au ʩʧʣʘʚʘ. ɸʥʘʣʦʛʠʯʥʳʡ 

ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʩʜʚʠʛ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʣʠʥʠʡ Au4f ʠ 

Pd3d ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʦʣʠ ʟʦʣʦʪʘ ʥʘʙʣʶʜʘʣʩʷ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ PdAu, ʥʘʥʝʩʝʥʥʳʭ ʥʘ 

ʤʠʢʨʦʢʨʝʤʥʝʟʝʤ (0.3 ʵɺ ʜʣʷ Au4f7/2 ʠ 0.4 ʵɺ ʜʣʷ Pd3d5/2) [7]. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʪʘʢʦʡ ʩʜʚʠʛ ʦʞʠʜʘʝʤ ʜʣʷ ʣʠʥʠʠ Au4f, ʪʘʢ ʢʘʢ ʟʦʣʦʪʦ ʦʙʣʘʜʘʝʪ 

ʥʘʠʙʦʣʴʰʠʤ ʟʥʘʯʝʥʠʝʤ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʩʪʠ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʤʝʪʘʣʣʘʤʠ. ʈʘʥʝʝ ʃʠ (Lee) ʩ ʩʦʘʚʪʦʨʘʤʠ [119] 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ, ʯʪʦ ʩʜʚʠʛʠ ʣʠʥʠʡ Pd3d ʠ Au4f ʚ ʩʪʦʨʦʥʫ ʤʝʥʴʰʠʭ 

ʵʥʝʨʛʠʡ ʩʚʷʟʠ ʜʣʷ Pd-Au ʩʧʣʘʚʘ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ çʤʦʜʝʣʴʶ 

ʢʦʤʧʝʥʩʘʮʠʠ ʟʘʨʷʜʦʚè [120], ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʡ ʟʦʣʦʪʦ ʩʪʷʛʠʚʘʝʪ sp-

ʵʣʝʢʪʨʦʥʳ ʠ ʪʝʨʷʝʪ d-ʵʣʝʢʪʨʦʥʳ, ʪʦʛʜʘ ʢʘʢ Pd ʥʘʧʨʦʪʠʚ ʪʝʨʷʝʪ sp-ʵʣʝʢʪʨʦʥʳ 

ʠ ʥʘʢʘʧʣʠʚʘʝʪ d-ʵʣʝʢʪʨʦʥʳ. ʇʨʠ ʵʪʦʤ ʜʣʷ ʦʙʦʠʭ ʤʝʪʘʣʣʦʚ ʥʘʢʦʧʣʝʥʥʳʡ ʟʘʨʷʜ 

ʧʨʝʚʳʰʘʝʪ ʧʦʪʝʨʷʥʥʳʡ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʠ ʥʘʙʣʶʜʘʝʪʩʷ ʩʜʚʠʛ ʦʙʝʠʭ ʣʠʥʠʡ 

Pd3d ʠ Au4f ʚ ʩʪʦʨʦʥʫ ʤʝʥʴʰʠʭ ʵʥʝʨʛʠʡ ʩʚʷʟʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʦʩʥʦʚʘʥʠʠ 

ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʤʳ ʧʨʝʜʧʦʣʦʞʠʣʠ, ʯʪʦ ʥʘʙʣʶʜʘʝʤʳʝ ʧʨʠ ʧʨʦʛʨʝʚʝ Pd-

Au/ɺʆʇɻ ʤʦʜʝʣʴʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʩʜʚʠʛʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ ʩʧʣʘʚʘ 

ʧʘʣʣʘʜʠʷ ʩ ʟʦʣʦʪʦʤ ʧʨʠ ʊ > 300Áʉ.  
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ʈʠʩʫʥʦʢ 11. ʀʟʤʝʥʝʥʠʷ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʣʠʥʠʡ 

Au4f7/2 ʠ Pd3d5/2, ʦʪʥʦʩʷʱʠʭʩʷ ʢ ʟʦʣʦʪʫ ʠ ʧʘʣʣʘʜʠʶ ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʤ 

ʩʦʩʪʦʷʥʠʠ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʛʨʝʚʘ PdAu/ɺʆʇɻ-3 ʦʙʨʘʟʮʘ. 

 

ʀʟʤʝʥʝʥʠʝ ʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/C ʠ Pd/C ʧʨʠ 

ʧʨʦʛʨʝʚʝ ʦʙʨʘʟʮʘ PdAu/ɺʆʇɻ-3, ʨʘʩʩʯʠʪʘʥʥʳʝ ʠʟ ʜʘʥʥʳʭ ʈʌʕʉ, ʠʟʤʝʨʝʥʥʳʭ 

ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʢʠʥʝʪʠʯʝʩʢʠʭ ʵʥʝʨʛʠʷʭ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʈʠʩʫʥʢʝ 12. ɺʠʜʥʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ 50 ʜʦ 200Áʉ 

ʥʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʵʪʠʭ ʩʦʦʪʥʦʰʝʥʠʡ ʜʣʷ ʚʩʝʭ ʢʠʥʝʪʠʯʝʩʢʠʭ ʵʥʝʨʛʠʡ, 

ʪʦ ʝʩʪʴ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ 

ʩ ʜʝʩʦʨʙʮʠʝʡ ʨʘʟʣʠʯʥʳʭ ʘʜʩʦʨʙʘʪʦʚ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʙʨʘʟʮʘ ʧʦʩʣʝ ʢʦʥʪʘʢʪʘ ʦʙʨʘʟʮʘ ʩ ʘʪʤʦʩʬʝʨʦʡ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʘʜʩʦʨʙʮʠʷ 

ʦʜʥʦʛʦ ʤʦʥʦʩʣʦʷ ʦʩʣʘʙʣʷʝʪ ʩʠʛʥʘʣʳ ʈʌʕʉ ʦʪ ʤʝʪʘʣʣʘ ʥʘ ʚʝʣʠʯʠʥʫ ʚʧʣʦʪʴ ʜʦ 

20%. ɺ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 200ï400Áʉ, ʛʜʝ ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʧʨʦʠʩʭʦʜʠʪ 

ʦʙʨʘʟʦʚʘʥʠʝ ʩʧʣʘʚʘ, ʩʦʦʪʥʦʰʝʥʠʝ Au/ʉ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʘ ʟʥʘʯʝʥʠʝ Pd/C 
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ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʠ ʵʣʝʤʝʥʪʦʚ, ʪʦ ʝʩʪʴ ʧʨʦʠʩʭʦʜʠʪ ʩʝʛʨʝʛʘʮʠʷ ʘʪʦʤʦʚ ʟʦʣʦʪʘ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʯʘʩʪʠʮʳ ʠ ʜʠʬʬʫʟʠʷ ʘʪʦʤʦʚ ʧʘʣʣʘʜʠʷ ʚ ʦʙʲʝʤ, ʯʪʦ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʧʨʝʜʧʦʣʦʞʝʥʠʝʤ ʦ ʪʦʤ, ʯʪʦ ʚ ʭʦʜʝ ʥʘʛʨʝʚʘ ʦʙʨʘʟʮʘ ʧʨʦʠʩʭʦʜʠʪ 

ʨʘʟʨʫʰʝʥʠʝ ʩʪʨʫʢʪʫʨʳ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʩʧʣʘʚʘ. ʇʨʠ ʥʘʛʨʝʚʝ ʦʙʨʘʟʮʘ ʜʦ 500Áʉ (ʈʠʩʫʥʦʢ 12) ʧʨʦʠʩʭʦʜʠʪ ʥʝʙʦʣʴʰʦʝ 

ʫʤʝʥʴʰʝʥʠʝ ʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/C ʠ Pd/C, ʯʪʦ ʤʦʞʝʪ 

ʫʢʘʟʳʚʘʪʴ ʥʘ ʩʧʝʢʘʥʠʝ ʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ. 

 

ʈʠʩʫʥʦʢ 12. ʀʟʤʝʥʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/C ʠ Pd/C 

ʧʨʠ ʧʨʦʛʨʝʚʝ ʦʙʨʘʟʮʘ PdAu/ɺʆʇɻ-3, ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʜʘʥʥʳʭ ʈʌʕʉ, ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʢʠʥʝʪʠʯʝʩʢʠʭ ʵʥʝʨʛʠʡ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ. 

 

ɼʦʧʦʣʥʠʪʝʣʴʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʠʟ ʜʘʥʥʳʭ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʈʠʩʫʥʢʝ 13, ʢʦʪʦʨʳʝ ʧʦʢʘʟʳʚʘʶʪ ʠʟʤʝʥʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʡ 

ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/Pd ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʛʨʝʚʘ 

(ʈʠʩʫʥʦʢ 13ʘ) ʠ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ (ʈʠʩʫʥʦʢ 13ʙ). ɺʠʜʥʦ, ʯʪʦ ʧʨʠ ʧʦʚʳʰʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʛʨʝʚʘ ʦʙʨʘʟʮʘ ʦʪ 200 ʜʦ 400Áʉ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ 

ʩʦʦʪʥʦʰʝʥʠʷ Au/Pd ʧʨʠʤʝʨʥʦ ʚ 2 ʨʘʟʘ (ʈʠʩʫʥʦʢ 13ʘ), ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ 
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ʨʘʟʨʫʰʝʥʠʝ ʯʘʩʪʠʮ ʩʦ ʩʪʨʫʢʪʫʨʦʡ çʷʜʨʦ(Au) ï ʦʙʦʣʦʯʢʘ(Pd)è ʠ 

ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʦʙʨʘʟʦʚʘʥʠʝ PdAu ʩʧʣʘʚʘ ʚ ʵʪʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ. 

ɼʘʣʴʥʝʡʰʠʡ ʥʘʛʨʝʚ ʦʙʨʘʟʮʘ ʜʦ 500Áʉ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʩʦʦʪʥʦʰʝʥʠʷ 

Au/Pd, ʠʟ ʯʝʛʦ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʧʣʘʚʘ ʧʨʦʠʩʭʦʜʠʪ 

ʫʞʝ ʧʨʠ 400Áʉ. ʕʪʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ, 

ʧʦʣʫʯʝʥʥʳʤʠ ʜʣʷ ʤʘʩʩʠʚʥʳʭ ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ [118, 121], ʥʘ ʦʩʥʦʚʘʥʠʠ 

ʢʦʪʦʨʳʭ ʙʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ PdAu ʩʧʣʘʚʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʦʢʦʣʦ 330Áʉ. 

ʂʨʦʤʝ ʪʦʛʦ, ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʘʨʛʫʤʝʥʪʦʤ ʚ ʧʦʣʴʟʫ ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ 

ʧʨʦʛʨʝʚʦʤ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʯʘʩʪʠʮ Pd-Au ʪʠʧʘ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè ʚ ʩʧʣʘʚʥʳʝ 

ʷʚʣʷʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/Pd ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʜʣʷ ʢʘʞʜʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ (ʈʠʩʫʥʦʢ 13ʙ). ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʜʘʥʥʳʭ ʚʠʜʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ 

ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ (ʠʟʤʝʨʝʥʥʦʛʦ ʧʨʠ 50Áʉ) ʩʦʦʪʥʦʰʝʥʠʝ Au/Pd ʤʦʥʦʪʦʥʥʦ 

ʨʘʩʪʸʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʦʜʥʦʟʥʘʯʥʦ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʴ ʧʨʠʛʦʪʦʚʣʝʥʥʦʛʦ ʤʦʜʝʣʴʥʦʛʦ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ, ʜʦ ʝʛʦ ʧʨʦʛʨʝʚʘ ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ 

ʚʘʢʫʫʤʘ, ʦʙʦʛʘʱʝʥʘ ʧʘʣʣʘʜʠʝʤ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʘʥʘʣʦʛʠʯʥʳʝ ʠʟʤʝʥʝʥʠʷ 

ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/Pd ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʛʣʫʙʠʥʳ 

ʘʥʘʣʠʟʘ ʪʘʢʞʝ ʥʘʙʣʶʜʘʶʪʩʷ ʜʣʷ ʦʙʨʘʟʮʘ, ʧʨʦʛʨʝʪʦʛʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 100 ʠ 

200Áʉ (ʥʝ ʧʨʠʚʦʜʷʪʩʷ).  
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ʈʠʩʫʥʦʢ 13. ʀʟʤʝʥʝʥʠʝ ʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/Pd ʜʣʷ 

ʦʙʨʘʟʮʘ PdAu/ɺʆʇɻ-3 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ: (ʘ) - ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʛʨʝʚʘ ʠ (ʙ) ï 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ (ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ). 

 

ʇʨʦʛʨʝʚ ʦʙʨʘʟʮʘ PdAu/ɺʆʇɻ-3 ʜʦ ʙʦʣʴʰʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠʚʦʜʠʪ ʢ 

ʠʟʤʝʥʝʥʠʶ ʵʪʦʡ ʟʘʚʠʩʠʤʦʩʪʠ (ʈʠʩʫʥʦʢ 13ʙ). ɿʘ ʠʩʢʣʶʯʝʥʠʝʤ ʦʙʱʝʛʦ 

ʫʚʝʣʠʯʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/Pd ʜʣʷ ʚʩʝʭ ʛʣʫʙʠʥ 

ʘʥʘʣʠʟʘ, ʩʦʦʪʥʦʰʝʥʠʝ ʧʝʨʝʩʪʘʸʪ ʟʘʚʠʩʝʪʴ ʦʪ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ 

ʵʤʠʪʠʨʦʚʘʥʥʳʭ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ, ʪʦ ʝʩʪʴ ʦʪ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ 

ʥʘ ʛʦʤʦʛʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʪʦʤʦʚ ʟʦʣʦʪʘ ʠ ʧʘʣʣʘʜʠʷ ʚ ʦʙʲʸʤʝ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ. ʉʪʦʠʪ ʝʱʸ ʨʘʟ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʠ, 

ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʜʘʥʥʳʭ ʈʌʕʉ, ʠʟʤʝʨʝʥʥʳʭ ʧʦʩʣʝ ʧʨʦʛʨʝʚʘ ʦʙʨʘʟʮʘ ʧʨʠ 400 ʠ 

500Áʉ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʪʣʠʯʘʶʪʩʷ. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ 

ʬʦʨʤʠʨʦʚʘʥʠʝ Pd-Au ʩʧʣʘʚʘ ʧʨʦʠʩʭʦʜʠʪ ʫʞʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 400Áʉ, ʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʣʷ ʝʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʥʘʛʨʝʚʘʪʴ 
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ʠʩʭʦʜʥʳʡ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʡ ʦʙʨʘʟʝʮ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʚʳʰʝ 400Áʉ. 

ɿʘʢʦʥʦʤʝʨʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʧʣʘʚʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu ʯʘʩʪʠʮ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʩʭʝʤʘʪʠʯʥʦ ʠʟʦʙʨʘʞʝʥʳ ʥʘ ʈʠʩʫʥʢʝ 14.  

ʈʠʩʫʥʦʢ 14. ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʩʧʣʘʚʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu ʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ. 

 

2.3.1.3. ʈʝʢʦʤʝʥʜʘʮʠʠ ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu/ɺʆʇɻ 

ʩ ʟʘʜʘʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʠ ʠʭ ʚʦʟʤʦʞʥʳʤ ʧʨʠʤʝʥʝʥʠʝʤ ʧʨʠ 

ʧʨʦʚʝʜʝʥʠʠ in situ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʭʦʜʝ ʚʳʧʦʣʥʝʥʠʷ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʘ 

ʨʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʜʚʫʭ ʪʠʧʦʚ ʤʦʜʝʣʴʥʳʭ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ PdAu/ɺʆʇɻ ʩ ʙʣʠʟʢʠʤ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ ʠ 

ʦʜʠʥʘʢʦʚʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʥʘʥʝʩʸʥʥʳʭ ʧʘʣʣʘʜʠʷ ʠ ʟʦʣʦʪʘ, ʥʦ ʩ ʨʘʟʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ ʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʥʘʨʥʦʛʦ ʥʦʩʠʪʝʣʷ. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʥʘ 
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ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʬʦʨʤʠʨʫʶʪʩʷ ʯʘʩʪʠʮʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ʪʠʧʘ çʷʜʨʦ(Au) ï ʦʙʦʣʦʯʢʘ(Pd)è, ʪʦʛʜʘ ʢʘʢ ʚ ʩʣʫʯʘʝ ʚʪʦʨʦʛʦ ʪʠʧʘ ï ʯʘʩʪʠʮʳ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ Pd-Au ʩʧʣʘʚ ʩ ʜʦʩʪʘʪʦʯʥʦ ʦʜʥʦʨʦʜʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ 

ʤʝʪʘʣʣʦʚ ʧʦ ʦʙʲʝʤʫ ʥʘʥʦʯʘʩʪʠʮʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʤʝʪʦʜʠʢʘ 

ʧʦʟʚʦʣʷʝʪ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʮʝʣʳʡ ʨʷʜ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʣʫʯʘʝʤʳʭ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ: 

1) ʇʣʦʪʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʥʦʩʠʪʝʣʷ ʧʫʪʝʤ 

ʠʟʤʝʥʝʥʠʷ ʵʢʩʧʦʟʠʮʠʠ ʤʷʛʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʠʦʥʘʤʠ Ar+; 

2) ʈʘʟʤʝʨ ʯʘʩʪʠʮ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʟʤʝʥʝʥʠʷ ʩʫʤʤʘʨʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ 

ʚʥʦʩʠʤʳʭ ʤʝʪʘʣʣʦʚ (Au ʠ Pd); 

3) ʉʦʦʪʥʦʰʝʥʠʝ Pd ʠ Au ʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʯʘʩʪʠʮʝ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʥʘʧʳʣʸʥʥʳʭ ʤʝʪʘʣʣʦʚ (Au ʠ Pd); 

4) ʉʪʨʫʢʪʫʨʫ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʧʫʪʝʤ ʚʘʨʴʠʨʦʚʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʨʦʛʨʝʚʘ ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʚʪʦʨʦʛʦ ʤʝʪʘʣʣʘ (Pd). 

ʊʝʨʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʦʙʦʠʭ ʪʠʧʦʚ (ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʯʘʩʪʠʮ ʪʠʧʘ 

çʷʜʨʦ-ʦʙʦʣʦʯʢʘè ʠ ʩʦ ʩʧʣʘʚʥʳʤʠ ʯʘʩʪʠʮʘʤʠ) ʤʦʜʝʣʴʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ 

ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʜʦ 200Áʉ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʭ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʚʣʠʷʥʠʷ ʩʪʨʫʢʪʫʨʳ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʥʘ ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚ 

ʨʷʜʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʚ ʤʷʛʢʠʭ ʫʩʣʦʚʠʷʭ (Ò 200Áʉ). ʇʨʠ ʵʪʦʤ 

ʤʦʜʝʣʴʥʳʝ ʢʘʪʘʣʠʟʘʪʦʨʳ ʚʪʦʨʦʛʦ ʪʠʧʘ, ʩʦ ʩʧʣʘʚʥʳʤʠ Pd-Au ʯʘʩʪʠʮʘʤʠ, 

ʩʪʘʙʠʣʴʥʳ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʩʧʝʢʘʥʠʶ ʚʧʣʦʪʴ ʜʦ 400Áʉ, ʯʪʦ ʚ ʧʝʨʩʧʝʢʪʠʚʝ 

ʧʦʟʚʦʣʠʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʭ ʠ ʧʨʠ ʠʟʫʯʝʥʠʠ ʙʦʣʝʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʨʝʘʢʮʠʡ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʥʳʝ ʥʘʤʠ ʨʘʥʝʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʠʟʫʯʝʥʠʶ 

ʨʝʘʢʮʠʠ ʵʧʦʢʩʠʜʠʨʦʚʘʥʠʷ ʵʪʠʣʝʥʘ ʥʘ Ag/ɺʆʇɻ [25], ʢʦʪʦʨʳʝ ʧʦʢʘʟʘʣʠ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ɺʆʇɻ ʚ ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʫʩʣʦʚʠʷʭ, ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ 

ʧʨʠʛʦʪʦʚʣʝʥʥʳʝ ʥʘʤʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ 

ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʝ ʪʦʣʴʢʦ ʚ ʨʝʘʢʮʠʷʭ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ, 

ʪʘʢʠʭ, ʥʘʧʨʠʤʝʨ, ʢʘʢ ʛʠʜʨʠʨʦʚʘʥʠʝ, ʥʦ ʠ ʚ ʨʝʘʢʮʠʷʭ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʦʢʠʩʣʝʥʠʷ. 
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2.3.2. ɹʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʤʦʜʝʣʴʥʳʝ ʢʘʪʘʣʠʟʘʪʦʨʳ ʥʘ ʦʩʥʦʚʝ ʤʝʪʘʣʣʦʚ, 

ʦʙʨʘʟʫʶʱʠʭ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʟʘʤʝʱʝʥʠʷ 

2.3.2.1. ɹʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʤʦʜʝʣʴʥʳʝ ʢʘʪʘʣʠʟʘʪʦʨʳ ʩ ʥʘʥʝʩʸʥʥʳʤʠ ʥʘ 

ɺʆʇɻ Ag-Au, Cu-Au ʠ Ag-Cu ʥʘʥʦʯʘʩʪʠʮʘʤʠ 

ɺ ʧʨʝʜʳʜʫʱʝʤ ʨʘʟʜʝʣʝ ʥʘʤʠ ʙʳʣʠ ʠʟʫʯʝʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚ PdAu/ɺʆʇɻ ʤʦʜʝʣʴʥʳʭ 

ʢʘʪʘʣʠʟʘʪʦʨʘʭ. ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʯʘʩʪʠ ʨʘʙʦʪʳ ʘʥʘʣʦʛʠʯʥʳʡ ʧʦʜʭʦʜ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʠʟʫʯʝʥʠʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ (AgAu, ʉuAu ʠ CuAg), ʥʘʥʝʩʝʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ɺʆʇɻ, ʘ ʪʘʢʞʝ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ 

ʚ ʩʚʝʨʭʚʳʩʦʢʦʚʘʢʫʫʤʥʳʭ ʫʩʣʦʚʠʷʭ [122, 123]. ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ PdAu/ɺʆʇɻ 

ʦʙʨʘʟʮʦʚ, ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʭ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʤʝʪʨʦʚ: (1) ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʬʠʨʤʳ SPECS (ɹʝʨʣʠʥ, ɻʝʨʤʘʥʠʷ), ʥʘ ʢʦʪʦʨʦʤ ʧʨʦʚʦʜʠʣʦʩʴ 

ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʠʝ ʥʘʥʝʩʸʥʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʥʘ ʚʩʝʭ ʩʪʘʜʠʷʭ 

ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʠ (2) ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ ʩʪʘʥʮʠʠ RGBL ʮʝʥʪʨʘ 

ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ BESSY II  (ɹʝʨʣʠʥ, ɻʝʨʤʘʥʠʷ), ʢʦʪʦʨʳʡ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʠʟʫʯʝʥʠʶ ʠʟʤʝʥʝʥʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʝʪʘʣʣʦʚ ʧʦ ʛʣʫʙʠʥʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʧʨʠ ʥʘʛʨʝʚʝ 

ʦʙʨʘʟʮʦʚ ʚ ʉɺɺ, ʘ ʪʘʢʞʝ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ 

ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʠʩʭʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ (AgAu/ɺʆʇɻ, CuAu/ɺʆʇɻ ʠ CuAg/ɺʆʇɻ), ʘ ʪʘʢʞʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʠʟʫʯʝʥʠʶ ʠʭ 

ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʚʳʩʦʢʦʚʘʢʫʫʤʥʦʤ ʩʢʘʥʠʨʫʶʱʝʤ 

ʪʫʥʥʝʣʴʥʦʤ ʤʠʢʨʦʩʢʦʧʝ UHV 7000 VT (RHK Technology, ʉʐɸ) ʚ ʨʝʞʠʤʝ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ. ʇʦ ʨʘʥʝʝ ʦʪʨʘʙʦʪʘʥʥʦʡ ʤʝʪʦʜʠʢʝ (ʩʤ. ʨʘʟʜʝʣ 2.2.) ʙʳʣʘ 

ʧʨʠʛʦʪʦʚʣʝʥʘ ʩʝʨʠʷ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ çʤʘʪʨʠʮè M1/ɺʆʇɻ (M1 = Au, Ag), 

ʥʘ ʢʦʪʦʨʳʝ ʟʘʪʝʤ ʤʝʪʦʜʦʤ ʪʝʨʤʠʯʝʩʢʦʛʦ ʚʘʢʫʫʤʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʥʘʥʦʩʠʣʩʷ 

ʚʪʦʨʦʡ ʤʝʪʘʣʣ (M2 = Ag, Cu). ɺ ʨʝʟʫʣʴʪʘʪʝ ʥʘʤʠ ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ ʪʨʠ 
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ʦʙʨʘʟʮʘ c AgAu, CuAu ʠ CuAg ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʯʘʩʪʠʮʘʤʠ, ʥʘʥʝʩʸʥʥʳʤʠ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʜʣʷ PdAu/ɺʆʇɻ ʩʠʩʪʝʤ [28], ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʘʢʦʡ ʤʝʪʦʜʠʢʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ 

ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ 

çʷʜʨʦ-ʦʙʦʣʦʯʢʘè. ɺ ʜʘʣʴʥʝʡʰʝʤ, ʚ ʰʠʬʨʘʭ ʦʙʨʘʟʮʦʚ ʧʝʨʚʳʤ ʠʜʸʪ ʤʝʪʘʣʣ, 

ʢʦʪʦʨʳʡ ʥʘʥʦʩʠʣʩʷ ʚʪʦʨʳʤ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʘʭʦʜʷʱʠʡʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʯʘʩʪʠʮʳ (ʚ ʦʙʦʣʦʯʢʝ), ʘ ʚʪʦʨʳʤ ï ʥʘʭʦʜʷʱʠʡʩʷ ʚʥʫʪʨʠ (ʚ ʷʜʨʝ). ʆʙʨʘʟʮʳ 

ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʪʦʜʦʤ ʈʌʕʉ ʥʘ ʚʩʝʭ ʩʪʘʜʠʷʭ ʧʨʠʛʦʪʦʚʣʝʥʠʷ. ɼʘʥʥʳʝ ʦ 

ʩʦʦʪʥʦʰʝʥʠʷʭ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʧʨʠʚʝʜʝʥʳ ʚ 

ʊʘʙʣʠʮʝ 3. ɺʠʜʥʦ, ʯʪʦ ʜʣʷ ʚʩʝʭ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʦʚ (ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʧʝʨʚʦʛʦ ʤʝʪʘʣʣʘ) ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ 

ʢʦʥʮʝʥʪʨʘʮʠʡ M/C ~ 0.02, ʯʪʦ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʨʘʥʝʝ ʤʝʪʦʜʦʤ ʉʊʄ [28], 

ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʯʘʩʪʠʮ ʩʦ ʩʨʝʜʥʠʤ ʜʠʘʤʝʪʨʦʤ ʦʢʦʣʦ 5-7 ʥʤ. 

 

ʊʘʙʣʠʮʘ 3. ʆʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʵʣʝʤʝʥʪʦʚ ʥʘ ʩʪʘʜʠʷʭ 

ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʠ ʩʨʝʜʥʠʝ ʨʘʟʤʝʨ r ʯʘʩʪʠʮ, 

ʧʦʩʯʠʪʘʥʥʳʝ ʠʟ ʜʘʥʥʳʭ ʉʊʄ. 

ʆʙʨʘʟʝʮ 
ʅʘʧʳʣʝʥʠʝ 

M1(çʷʜʨʦè) 

ʇʨʦʛʨʝʚ ʚ 

ʚʘʢʫʫʤʝ ʜʦ 

300Áʉ 

ʅʘʧʳʣʝʥʠʝ M2 

(çʦʙʦʣʦʯʢʘè) 

ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ 

ʯʘʩʪʠʮ (ʉʊʄ), 

ʥʤ 

 M1/C M1/C M1/M2 M2/C  

AgAu/ 

ɺʆʇɻ 
Au/C =0.024 0.019 Au/Ag=0.49 Ag/C=0.033 6.9 

CuAu/ 

ɺʆʇɻ 
Au/C = 0.024 0.02 Au/Cu=0.68 Cu/C=0.028 5.8 

CuAg/ 

ɺʆʇɻ 
Ag/C =0.019 0.016 Ag/Cu=0.62 Cu/C=0.021 4.8 

 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʣʠʥʠʠ Au4f7/2 ʜʣʷ 

ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ Au/ɺʆʇɻ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʠʣʦ 84.3 ʵɺ, ʯʪʦ ʥʝʩʢʦʣʴʢʦ 
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ʚʳʰʝ ʟʥʘʯʝʥʠʷ 84.0 ʵɺ, ʭʘʨʘʢʪʝʨʥʦʛʦ ʜʣʷ ʤʘʩʩʠʚʥʦʛʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ Au 

[35]. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʪʘʢʠʝ ʩʜʚʠʛʠ ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ ʩʚʷʟʠ ʤʦʛʫʪ 

ʧʨʦʠʩʭʦʜʠʪʴ ʠʟ-ʟʘ çʵʬʬʝʢʪʦʚ ʢʦʥʝʯʥʦʛʦ ʩʦʩʪʦʷʥʠʷè, ʢʦʪʦʨʳʝ ʩʚʷʟʘʥʳ ʩ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ çʢʚʘʥʪʦʚʦ-ʨʘʟʤʝʨʥʳʭè ʵʬʬʝʢʪʦʚ, ʢʦʛʜʘ 

ʢʣʘʩʪʝʨʳ ʤʝʪʘʣʣʘ ʤʘʣʦʛʦ ʨʘʟʤʝʨʘ (< 5 ʥʤ) ʧʨʦʷʚʣʷʶʪ ʥʝʤʝʪʘʣʣʠʯʝʩʢʠʝ 

ʵʣʝʢʪʨʦʥʥʳʝ ʩʚʦʡʩʪʚʘ [124, 125]. ɸʥʘʣʦʛʠʯʥʳʡ ʩʜʚʠʛ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʩʣʫʯʘʝ 

ʣʠʥʠʠ Ag3d5/2, ʠʟʤʝʨʝʥʥʦʡ ʜʣʷ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʝʨʝʙʨʷʥʦʛʦ ʦʙʨʘʟʮʘ 

(Ag/ɺʆʇɻ), ʟʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʩʦʩʪʘʚʠʣʦ 368.6 ʵɺ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ 

ʤʘʩʩʠʚʥʦʛʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʝʨʝʙʨʘ - 368.3 ʵɺ [35]. ʕʪʠ ʜʘʥʥʳʝ ʫʢʘʟʳʚʘʶʪ 

ʥʘ ʪʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ Me/ɺʆʇɻ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʚ 

ʦʩʥʦʚʥʦʤ, ʧʨʠʩʫʪʩʪʚʫʶʪ ʯʘʩʪʠʮʳ ʩ ʨʘʟʤʝʨʦʤ ʤʝʥʝʝ 5 ʥʤ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ, 

ʜʣʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ, ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʚʪʦʨʦʛʦ ʤʝʪʘʣʣʘ, ʤʝʪʦʜʦʤ 

ʉʊʄ ʙʳʣʦ ʧʦʢʘʟʘʥʦ (ʊʘʙʣʠʮʘ 3), ʯʪʦ ʚʩʝ ʦʙʨʘʟʮʳ ʦʪʣʠʯʘʶʪʩʷ ʫʟʢʠʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ (ʩʨʝʜʥʠʡ ʜʠʘʤʝʪʨ ʦʪ 5 ʜʦ 7 ʥʤ). ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʤʝʪʦʜʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʥʘʧʳʣʝʥʠʷ ʤʝʪʘʣʣʦʚ ʚ 

ʚʘʢʫʫʤʝ ʙʳʣʘ ʧʨʠʛʦʪʦʚʣʝʥʘ ʩʝʨʠʷ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʩ ʥʘʥʝʩʸʥʥʳʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ ʯʘʩʪʠʮʘʤʠ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè. ʀʟ ʊʘʙʣʠʮʳ 3 ʩʣʝʜʫʝʪ, ʯʪʦ ʚ 

ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʤʦʜʝʣʴʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʘʭ ʩʦʜʝʨʞʠʪʩʷ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʤʝʪʘʣʣʦʚ (Ag, Au ʠ Cu).  

ʅʘ ʈʠʩʫʥʢʝ 15 ʧʨʠʚʝʜʝʥʳ ʠʟʤʝʥʝʥʠʷ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʣʠʥʠʡ Au4f7/2, Ag3d5/2 ʠ Cu3p3/2 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʛʨʝʚʘ ʦʙʨʘʟʮʘ ʜʣʷ ʥʘʠʤʝʥʴʰʝʡ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ (ʈʌʕ-

ʩʧʝʢʪʨʳ ʠʟʤʝʨʷʣʠʩʴ ʜʣʷ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʩ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʝʡ 300 ʵɺ). 

ʈʘʥʝʝ ʫʞʝ ʦʙʩʫʞʜʘʣʦʩʴ, ʯʪʦ ʩʜʚʠʛʠ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʣʠʥʠʡ Au4f7/2 ʠ Pd3d5/2 

ʚ ʩʪʦʨʦʥʫ ʤʝʥʴʰʠʭ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʜʣʷ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ, ʫʢʘʟʳʚʘʶʪ ʥʘ ʠʟʤʝʥʝʥʠʝ 

ʵʣʝʢʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚ ʤʝʪʘʣʣʦʚ, ʩʚʷʟʘʥʥʦʝ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ. ɺ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʦʙʨʘʟʮʘ AgAu/ɺʆʇɻ ʧʨʠ ʝʛʦ 

ʧʨʦʛʨʝʚʝ ʚ ʚʘʢʫʫʤʝ ʥʘʙʣʶʜʘʣʠʩʴ ʘʥʘʣʦʛʠʯʥʳʝ ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʩʜʚʠʛʠ 
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ʧʦʣʦʞʝʥʠʷ ʧʠʢʦʚ Au4f7/2 ʠ Ag3d5/2 ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʤʠ 

ʦʙʨʘʟʮʘʤʠ, ʢʦʪʦʨʳʝ, ʩʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦʙ 

ʦʙʨʘʟʦʚʘʥʠʠ ʩʧʣʘʚʘ AgAu [126]. ɺ ʩʣʫʯʘʝ ʤʝʜʴʩʦʜʝʨʞʘʱʠʭ ʦʙʨʘʟʮʦʚ 

(ʈʠʩʫʥʢʠ 15ʙ ʠ 15ʚ) ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʩʜʚʠʛ ʧʠʢʘ Cu3p3/2 ʚ ʩʪʦʨʦʥʫ 

ʤʝʥʴʰʠʭ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʧʠʢʦʚ Au4f7/2 ʠ Ag3d5/2 

ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʩʜʚʠʛ. ʊʘʢ ʢʘʢ ʟʦʣʦʪʦ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ 

ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʳʤ ʤʝʪʘʣʣʦʤ, ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ, ʥʘʧʨʠʤʝʨ, CuAu ʩʧʣʘʚʘ 

ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʥʦʩ ʦʙʱʝʛʦ ʟʘʨʷʜʘ ʩ ʤʝʜʠ ʥʘ ʟʦʣʦʪʦ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ Pd-Au. ɺ 

ʪʘʢʦʤ ʩʣʫʯʘʝ ʦʞʠʜʘʝʪʩʷ ʩʜʚʠʛ ʣʠʥʠʠ Au4f ʚ ʩʪʦʨʦʥʫ ʤʝʥʴʰʠʭ ʟʥʘʯʝʥʠʡ 

ʵʥʝʨʛʠʡ ʩʚʷʟʠ. ʆʜʥʘʢʦ ʧʦʣʫʯʝʥʥʳʝ ʥʘʤʠ ʩʜʚʠʛʠ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ 

ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ, ʛʜʝ ʘʚʪʦʨʳ ʤʝʪʦʜʦʤ ʈʌʕʉ ʠʟʫʯʘʣʠ ʵʣʝʢʪʨʦʥʥʳʝ 

ʩʚʦʡʩʪʚʘ Cu-Au ʩʧʣʘʚʦʚ ʩ ʨʘʟʣʠʯʥʦʡ ʩʪʝʭʠʦʤʝʪʨʠʝʡ [127]. ʅʘʙʣʶʜʘʝʤʦʝ 

ʥʝʩʦʦʪʚʝʪʩʪʚʠʝ ʪʘʢʞʝ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʚ ʨʘʤʢʘʭ çʤʦʜʝʣʠ ʢʦʤʧʝʥʩʘʮʠʠ 

ʟʘʨʷʜʦʚè, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʡ ʟʦʣʦʪʦ ʪʝʨʷʝʪ d-ʵʣʝʢʪʨʦʥʳ ʠ ʩʪʷʛʠʚʘʝʪ sp-

ʵʣʝʢʪʨʦʥʳ ʦʪ ʤʝʜʠ ʪʘʢʞʝ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ PdAu [120]. ʆʜʥʘʢʦ ʚ ʵʪʦʤ ʩʣʫʯʘʝ 

ʧʦʪʝʨʷ ʟʦʣʦʪʦʤ d-ʵʣʝʢʪʨʦʥʦʚ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʢʫʣʦʥʦʚʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʦʩʪʘʚʰʠʭʩʷ ʵʣʝʢʪʨʦʥʦʚ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ 

ʥʘʙʣʶʜʘʝʪʩʷ ʩʜʚʠʛ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʣʠʥʠʠ Au4f ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ 

ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ. ɸʥʘʣʦʛʠʯʥʘʷ ʣʦʛʠʢʘ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʦʙʲʷʩʥʷʝʪ 

ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʩʜʚʠʛ ʣʠʥʠʠ Ag3d ʚ ʩʣʫʯʘʝ ʦʙʨʘʟʮʘ CuAg/ɺʆʇɻ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ 

ʩʧʣʘʚʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʠʟʫʯʘʝʤʦʛʦ ʩʦʩʪʘʚʘ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʦʣʦ 250Áʉ, ʪʘʢ ʢʘʢ ʠʤʝʥʥʦ ʧʨʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘʙʣʶʜʘʶʪʩʷ 

ʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚ (ʩʜʚʠʛʠ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ 

ʣʠʥʠʡ) ʠʟʫʯʘʝʤʳʭ ʤʝʪʘʣʣʦʚ (ʈʠʩʫʥʦʢ 15). 
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ʈʠʩʫʥʦʢ 15. ʀʟʤʝʥʝʥʠʷ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʡ ʩʚʷʟʠ ʧʠʢʦʚ Au4f7/2, Ag3d5/2 ʠ 

Cu3p3/2 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʛʨʝʚʘ ʦʙʨʘʟʮʘ ʜʣʷ ʥʘʠʤʝʥʴʰʝʡ 

ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ - (ʘ) ï AgAu/ɺʆʇɻ, (ʙ) ï CuAu/ɺʆʇɻ ʠ (ʚ) ï CuAg/ɺʆʇɻ. 

 

ʅʘ ʈʠʩʫʥʢʝ 16 ʧʨʝʜʩʪʘʚʣʝʥʳ ʠʟʤʝʥʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ 

ʢʦʥʮʝʥʪʨʘʮʠʡ ʤʝʪʘʣʣʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʛʨʝʚʘ ʦʙʨʘʟʮʦʚ ʚ 

ʚʘʢʫʫʤʝ ʠ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ. ɺʠʜʥʦ, ʯʪʦ ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʤʦʜʝʣʴʥʳʭ 

PdAu/ɺʆʇɻ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʩʦʦʪʥʦʰʝʥʠʝ Mçʦʙʦʣʦʯʢʘè/Mçʷʜʨʦè ʚʦ ʚʩʝʭ ʦʙʨʘʟʮʘʭ, 

ʜʦ ʠʭ ʧʨʦʛʨʝʚʘ ʚ ʚʘʢʫʫʤʝ, ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ, ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʥʘʣʠʯʠʝ ʯʘʩʪʠʮ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè. ʋʞʝ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 250Áʉ ʧʨʦʠʩʭʦʜʠʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʵʪʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ, 

ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʩʧʣʘʚʥʳʭ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ [28, 85, 128]. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʦʪʣʠʯʠʝ ʦʪ Pd-

Au ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʦʙʨʘʟʦʚʘʥʠʝ ʩʧʣʘʚʘ ʚʦ ʚʩʝʭ 

ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʘʭ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ [28]. 

ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʚʳʰʝ 250Áʉ ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ 

ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Mçʦʙʦʣʦʯʢʘè/Mçʷʜʨʦè ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʟʘʚʠʩʷʪ ʦʪ ʵʥʝʨʛʠʠ ʵʤʠʪʠʨʦʚʘʥʥʳʭ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ (ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ), ʯʪʦ 

ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʝʪʘʣʣʦʚ ʚ ʦʙʲʸʤʝ ʯʘʩʪʠʮ ʩʪʘʥʦʚʠʪʩʷ 

ʛʦʤʦʛʝʥʥʳʤ, ʯʪʦ ʪʘʢʞʝ ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ ʩʧʣʘʚʘ. 
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ʈʠʩʫʥʦʢ 16. ʀʟʤʝʥʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʤʝʪʘʣʣʦʚ, 

ʧʦʩʯʠʪʘʥʥʳʝ ʠʟ ʜʘʥʥʳʭ ʈʌʕʉ ʘʥʘʣʠʟʘ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʨʦʛʨʝʚʘ ʚ ʚʘʢʫʫʤʝ ʠ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ ʜʣʷ ʦʙʨʘʟʮʦʚ ï (ʘ) ï AgAu/ɺʆʇɻ, (ʙ) ï 

CuAu/ɺʆʇɻ ʠ (ʚ) ï CuAg/ɺʆʇɻ. 

 

ʂʨʦʤʝ ʪʦʛʦ, ʥʘʤʠ ʙʳʣʠ ʪʘʢʞʝ ʧʦʩʪʨʦʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʤʝʥʝʥʠʷ 

ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ M1/C ʠ M2/C ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʛʨʝʚʘ ʦʙʨʘʟʮʦʚ ʚ ʚʘʢʫʫʤʝ ʠ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ 

(ʈʠʩʫʥʦʢ 17), ʵʪʦ ʧʦʟʚʦʣʠʣʦ ʩʜʝʣʘʪʴ ʙʦʣʝʝ ʦʧʨʝʜʝʣʸʥʥʳʝ ʚʳʚʦʜʳ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʨʘʟʣʠʯʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʯʘʩʪʠʮ. ɸʥʘʣʠʟ ʵʪʠʭ ʜʘʥʥʳʭ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ ʩʧʣʘʚʥʳʭ 

ʯʘʩʪʠʮ. ʅʘʧʨʠʤʝʨ, ʚ ʩʣʫʯʘʝ ʦʙʨʘʟʮʘ AgAu/ɺʆʇɻ ʧʨʠ ʝʛʦ ʧʨʦʛʨʝʚʝ ʦʪ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ ʪʝʤʧʝʨʘʪʫʨ 250-300̄ ʉ (ʈʠʩʫʥʦʢ 17ʘ) ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʘʜʝʥʠʝ ʘʪʦʤʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ Ag/C, ʪʦʛʜʘ ʢʘʢ ʩʦʦʪʥʦʰʝʥʠʝ Au/C 

ʚʦʟʨʘʩʪʘʝʪ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʝʪʘʣʣʦʚ ʚ ʦʙʲʸʤʝ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ, ʪʦ ʝʩʪʴ ʧʨʦʠʩʭʦʜʠʪ ʩʝʛʨʝʛʘʮʠʷ ʘʪʦʤʦʚ Au ʙʣʠʞʝ ʢ 

ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮʳ, ʘ ʪʘʢʞʝ ʜʠʬʬʫʟʠʷ ʘʪʦʤʦʚ Ag ʚ ʦʙʲʸʤ. ʇʦʣʫʯʝʥʥʦʝ 

ʥʘʤʠ ʟʥʘʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʩʧʣʘʚʘ ʚ ʩʣʫʯʘʝ Ag-Au ʯʘʩʪʠʮ 
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ʭʦʨʦʰʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʥʘʯʝʥʠʷʤ, ʧʨʠʚʝʜʸʥʥʳʤ ʚ ʨʘʙʦʪʝ [128], ʛʜʝ ʘʚʪʦʨʳ 

ʠʟʫʯʘʣʠ ʜʠʬʬʫʟʠʶ Au ʯʘʩʪʠʮ, ʥʘʥʝʩʸʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʤʦʥʦʢʨʠʩʪʘʣʣʘ 

Ag(110), ʚ ʦʙʲʸʤ ʧʨʠ ʧʦʤʦʱʠ ʤʝʪʦʜʦʚ ʈʌʕʉ ʠ ʉʊʄ. ɸʚʪʦʨʳ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʩʧʣʘʚʘ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʥʘʛʨʝʚʝ ʪʘʢʦʡ 

ʩʠʩʪʝʤʳ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ~ 250ÁC.  

ɸʥʘʣʦʛʠʯʥʘʷ ʢʘʨʪʠʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʩʣʫʯʘʝ ʜʚʫʭ ʜʨʫʛʠʭ ʦʙʨʘʟʮʦʚ ï 

CuAu/ɺʆʇɻ (ʈʠʩʫʥʦʢ 17ʙ) ʠ CuAg/ɺʆʇɻ (ʈʠʩʫʥʦʢ 17ʚ). ɺʠʜʥʦ ʧʘʜʝʥʠʝ 

ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Cu/C (ʤʝʜʴ ʚ ʦʙʦʠʭ ʦʙʨʘʟʮʘʭ ʥʘʭʦʜʠʪʩʷ 

ʚ ʦʙʦʣʦʯʢʝ, ʪ.ʝ. ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ) ʠ ʦʜʥʦʚʨʝʤʝʥʥʳʡ 

ʨʦʩʪ M1/C (Au/C ʠ Ag/C ï ʟʦʣʦʪʦ ʠ ʩʝʨʝʙʨʦ ʥʘʭʦʜʷʪʩʷ ʚ ʷʜʨʝ) ʧʨʠ ʥʘʛʨʝʚʝ 

ʦʙʨʘʟʮʦʚ ʦʪ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 250Áʉ.  

 

ʈʠʩʫʥʦʢ 17. ʀʟʤʝʥʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ M/C, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʛʨʝʚʘ ʚ ʚʘʢʫʫʤʝ ʠ 

ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ ʜʣʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ: (a) - AgAu/ɺʆʇɻ, (ʙ) ï 

CuAu/ɺʆʇɻ ʠ (ʚ) ï CuAg/ɺʆʇɻ. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʩʧʣʘʚʘ ʜʣ ̫ʚʩʝʭ 

ʠʩʩʣʝʜʫʝʤʳʭ ʚ ʜʘʥʥʦʡ ʯʘʩʪʠ ʨʘʙʦʪʳ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 250-300Áʉ. 

ʅʘ ʧʨʠʤʝʨʝ PdAu/ɺʆʇɻ ʤʦʜʝʣʴʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʢʦʤʙʠʥʘʮʠʠ ʤʝʪʦʜʦʚ ʈʌʕʉ ʠ ʉʊʄ, ʥʘʤʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ [128], ʯʪʦ 

ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʧʘʜʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ M1/C ʠ M2/C, 

ʧʨʠ ʧʨʦʛʨʝʚʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ, ʤʦʞʥʦ ʩʚʷʟʘʪʴ ʩ ʠʭ ʩʧʝʢʘʥʠʝʤ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʵʪʠ ʟʥʘʯʝʥʠʷ (M1/C ʠ M2/C) ʜʣʷ ʦʮʝʥʢʠ 

ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʧʨʠ ʠʭ ʧʨʦʛʨʝʚʝ ʚ 

ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʩʧʣʘʚʥʳʭ 

ʯʘʩʪʠʮ ʚʦ ʚʩʝʭ ʦʙʨʘʟʮʘʭ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʙʣʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʠʭ 

ʪʝʨʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʩʧʝʢʘʥʠʶ ʥʝʩʢʦʣʴʢʦ ʦʪʣʠʯʘʝʪʩʷ 

(ʈʠʩʫʥʦʢ 17). ʊʘʢ, ʥʘʠʙʦʣʝʝ ʩʪʘʙʠʣʴʥʳʤʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʩʧʝʢʘʥʠʶ 

ʦʢʘʟʘʣʠʩʴ AgAu ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ ï ʚʧʣʦʪʴ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 400Áʉ 

(ʈʠʩʫʥʦʢ 17ʘ), ʘ ʥʘʠʤʝʥʝʝ ʫʩʪʦʡʯʠʚʳʤʠ Cu-Ag, ʥʘ ʢʦʪʦʨʳʭ ʩʧʝʢʘʥʠʝ 

ʧʨʦʠʩʭʦʜʠʪ ʫʞʝ ʧʨʠ 300Áʉ (ʈʠʩʫʥʦʢ 17ʚ). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʝʪʦʜʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʚʘʢʫʫʤʥʦʛʦ 

ʥʘʧʳʣʝʥʠʷ ʤʝʪʘʣʣʦʚ (Au, Ag ʠʣʠ Cu) ʥʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ 

ʠʦʥʘʤʠ ʘʨʛʦʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ ʤʦʜʝʣʴʥʳʝ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʢʘʪʘʣʠʟʘʪʦʨʳ (AgAu, CuAu ʠ CuAg) ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʯʘʩʪʠʮ 

ʪʠʧʘ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè. ʇʨʦʛʨʝʚ ʧʦʣʫʯʝʥʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ~ 

250Áʉ ʚ ʩʚʝʨʭʚʳʩʦʢʦʚʘʢʫʫʤʥʳʭ ʫʩʣʦʚʠʷʭ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ 

ʩʧʣʘʚʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʩ ʛʦʤʦʛʝʥʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʤʝʪʘʣʣʦʚ ʚ 

ʦʙʲʸʤʝ. ʇʨʠʯʸʤ ʥʘʠʙʦʣʴʰʫʶ ʪʝʨʤʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʦʢʘʟʘʣ 

AgAu/ɺʆʇɻ ʦʙʨʘʟʝʮ (ʩʧʝʢʘʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ T > 350ÁC), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

CuAg ʯʘʩʪʠʮʳ ʩʧʝʢʘʶʪʩʷ ʫʞʝ ʧʨʠ T > 250Áʉ. 
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2.3.2.2. ɹʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʤʦʜʝʣʴʥʳʝ ʢʘʪʘʣʠʟʘʪʦʨʳ ʩ ʥʘʥʝʩʸʥʥʳʤʠ ʥʘ 

ɺʆʇɻ PdAg ʠ PdCu ʥʘʥʦʯʘʩʪʠʮʘʤʠ 

ʂʘʢ ʫʞʝ ʫʧʦʤʠʥʘʣʦʩʴ, ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʠʟʫʯʝʥʥʳʭ ʩʨʝʜʠ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʷʚʣʷʶʪʩʷ PdAu ʢʘʪʘʣʠʟʘʪʦʨʳ, ʧʨʦʷʚʣʷʶʱʠʝ 

ʚʳʩʦʢʫʶ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʚ ʮʝʣʦʤ ʨʷʜʝ ʧʨʦʤʳʰʣʝʥʥʦ ʚʘʞʥʳʭ 

ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ. ʆʜʥʘʢʦ ʠ ʜʨʫʛʠʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ ʪʘʢʠʝ, 

ʥʘʧʨʠʤʝʨ, ʢʘʢ PdAg ʠ PdCu, ʤʦʛʫʪ ʷʚʣʷʪʴʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʢʘʪʘʣʠʟʘʪʦʨʘʤʠ 

ʚ ʨʝʘʢʮʠʷʭ ʩʝʣʝʢʪʠʚʥʦʛʦ ʦʢʠʩʣʝʥʠʷ ʩʧʠʨʪʦʚ [129] ʠ ʛʠʜʨʠʨʦʚʘʥʠʷ ʪʨʦʡʥʦʡ 

ʉſʉ ʩʚʷʟʠ, ʥʘʧʨʠʤʝʨ, ʘʮʝʪʠʣʝʥʘ ʚ ʵʪʠʣʝʥ [11, 12]. ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʯʘʩʪʠ 

ʨʘʙʦʪʳ ʧʦʜʭʦʜ, ʘʥʘʣʦʛʠʯʥʳʡ ʪʦʤʫ, ʯʪʦ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʨʘʟʜʝʣʘʭ 2.3.1. ʠ 

2.3.2.1, ʧʨʠʤʝʥʷʣʩʷ ʜʣʷ ʠʟʫʯʝʥʠʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ PdAg ʠ 

PdCu ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ, ʥʘʥʝʩʝʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ [130, 131]. 

ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʛʨʘʥʠʮʳ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʪʘʢʠʭ 

ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ. 

ʇʨʠʛʦʪʦʚʣʝʥʠʝ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAg/ɺʆʇɻ ʠ 

PdCu/ɺʆʇɻ ʢʘʪʘʣʠʟʘʪʦʨʦʚ [28, 122, 123] ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʧʦ ʤʝʪʦʜʠʢʝ, 

ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʨʘʥʝʝ ʜʣʷ PdAu ʯʘʩʪʠʮ (ʩʤ. ʨʘʟʜʝʣ 2.3.1.), ʩʦʩʪʦʷʱʝʡ ʠʟ 

ʩʣʝʜʫʶʱʠʭ ʦʩʥʦʚʥʳʭ ʩʪʘʜʠʡ (1ï5):  

(1)  ʇʦʜʛʦʪʦʚʢʘ ʠʩʭʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ï ʦʪʞʠʛ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

700Áʉ ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ ʚ ʪʝʯʝʥʠʝ ʜʚʫʭ ʯʘʩʦʚ, ʪʘʢʘʷ 

ʧʨʦʮʝʜʫʨʘ ʧʨʠʚʦʜʠʪ ʢ ʫʜʘʣʝʥʠʶ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʟʤʦʞʥʳʭ ʧʨʠʤʝʩʝʡ ʠ 

ʨʘʟʣʠʯʥʳʭ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ; 

(2) ʄʦʜʠʬʠʢʘʮʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʧʫʪʸʤ ʝʸ ʪʨʘʚʣʝʥʠʷ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʠʦʥʘʤʠ ʘʨʛʦʥʘ (U = 500 ʵɺ, t = 2ï4 ʩʝʢʫʥʜʳ), ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʜʝʬʝʢʪʦʚ, ʢʦʪʦʨʳʝ ʚ ʜʘʣʴʥʝʡʰʝʤ ʷʚʣʷʶʪʩʷ ʮʝʥʪʨʘʤʠ ʩʪʘʙʠʣʠʟʘʮʠʠ 

ʥʘʥʦʩʠʤʳʭ ʥʘʥʦʯʘʩʪʠʮ ʤʝʪʘʣʣʘ; 

(3) ʅʘʥʝʩʝʥʠʝ ʥʘ ʜʝʬʝʢʪʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ ʩʝʨʝʙʨʘ, ʤʝʜʠ ʠʣʠ 

ʧʘʣʣʘʜʠʷ ʤʝʪʦʜʦʤ ʊɺʅ, ʧʨʠ ʵʪʦʤ ʯʘʩʪʠʮʳ, ʟʘʢʨʝʧʣʝʥʥʳʝ ʥʘ ʜʝʬʝʢʪʘʭ, 

ʩʪʘʙʠʣʴʥʳ ʢ ʧʝʨʝʤʝʱʝʥʠʶ ʚ ʣʘʪʝʨʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʦʜʥʘʢʦ ʩʧʦʩʦʙʥʳ ʧʨʦʥʠʢʘʪʴ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʣʦʠ ʛʨʘʬʠʪʘ;  
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(4) ʇʨʦʛʨʝʚ ʦʙʨʘʟʮʘ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ~ 300ÁC ʚ 

ʫʩʣʦʚʠʷʭ ʉɺɺ ʧʨʠʚʦʜʠʪ ʢ çʟʘʣʝʯʠʚʘʥʠʶè ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʜʝʬʝʢʪʦʚ ʠ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʥʘʥʦʯʘʩʪʠʮ ʤʝʪʘʣʣʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʥʘʨʥʦʛʦ ʥʦʩʠʪʝʣʷ;  

(5) ʅʘʥʝʩʝʥʠʝ ʤʝʪʦʜʦʤ ʊɺʅ ʚʪʦʨʦʛʦ ʤʝʪʘʣʣʘ (Ag, Cu ʠʣʠ Pd) ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ Me/ɺʆʇɻ çʤʘʪʨʠʮè.  

2.3.2.2.1. ʄʦʜʝʣʴʥʳʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ PdAg/ɺʆʇɻ ʦʙʨʘʟʮʳ  

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʧʨʠʛʦʪʦʚʣʝʥʠʠ ʩʝʨʠʠ PdAg/ɺʆʇɻ ʦʙʨʘʟʮʦʚ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʨʘʟʣʠʯʥʳʡ ʧʦʨʷʜʦʢ ʥʘʥʝʩʝʥʠʷ ʤʝʪʘʣʣʦʚ (ʧʝʨʚʳʤ ʥʘʥʦʩʠʣʩʷ 

ʧʘʣʣʘʜʠʡ, ʟʘʪʝʤ ʩʝʨʝʙʨʦ ʠ ʥʘʦʙʦʨʦʪ). ɺ ʜʘʣʴʥʝʡʰʝʤ, ʚ ʰʠʬʨʘʭ ʦʙʨʘʟʮʦʚ 

ʧʝʨʚʳʤ ʠʜʸʪ ʤʝʪʘʣʣ, ʢʦʪʦʨʳʡ ʥʘʥʦʩʠʣʩʷ ʚʪʦʨʳʤ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʥʘʭʦʜʷʱʠʡʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮʳ (ʚ ʦʙʦʣʦʯʢʝ), ʘ ʚʪʦʨʳʤ ï ʥʘʭʦʜʷʱʠʡʩʷ 

ʚʥʫʪʨʠ (ʚ ʷʜʨʝ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʤʠ ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ ʯʝʪʳʨʝ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ: AgPd/ɺʆʇɻ-1, AgPd/ɺʆʇɻ-2 (ʧʨʷʤʦʡ ʧʦʨʷʜʦʢ 

ʥʘʧʳʣʝʥʠʷ ï ʩʥʘʯʘʣʘ ʥʘʥʦʩʠʣʩʷ ʧʘʣʣʘʜʠʡ, ʘ ʟʘʪʝʤ ʩʝʨʝʙʨʦ) ʠ PdAg/ɺʆʇɻ-1, 

PdAg/ɺʆʇɻ-2 (ʦʙʨʘʪʥʳʡ ʧʦʨʷʜʦʢ ʥʘʧʳʣʝʥʠʷ ï ʩʥʘʯʘʣʘ ʥʘʥʦʩʠʣʦʩʴ ʩʝʨʝʙʨʦ, 

ʘ ʟʘʪʝʤ ʧʘʣʣʘʜʠʡ). ɺʩʝ ʦʙʨʘʟʮʳ ʙʳʣʠ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʳ ʤʝʪʦʜʘʤʠ ʈʌʕʉ ʠ 

ʉʊʄ ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ ʧʨʠʛʦʪʦʚʣʝʥʠʷ. ʉʊʄ-ʠʟʦʙʨʘʞʝʥʠʷ, ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʠ ʩʨʝʜʥʠʝ ʨʘʟʤʝʨ r ʯʘʩʪʠʮ ʜʣʷ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʦʚ Pd/ɺʆʇɻ ʠ Ag/ɺʆʇɻ (ʧʦʩʣʝ ʩʪʘʜʠʡ ʧʨʠʛʦʪʦʚʣʝʥʠʷ  1ï4) 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩʫʥʢʝ 18. ʀʟ ʵʪʠʭ ʜʘʥʥʳʭ ʚʠʜʥʦ, ʯʪʦ Pd/ɺʆʇɻ ʦʙʨʘʟʮʳ, 

ʢʦʪʦʨʳʝ ʚ ʜʘʣʴʥʝʡʰʝʤ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ AgPd/ɺʆʇɻ-1 

ʠ AgPd/ɺʆʇɻ-2 ʦʙʨʘʟʮʦʚ, ʦʪʣʠʯʘʶʪʩʷ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʥʘʥʝʩʝʥʠʷ 

ʯʘʩʪʠʮ ʤʝʪʘʣʣʘ ʩ ʫʟʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦ ʨʘʟʤʝʨʫ (ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ~ 

4 ʥʤ). ʄʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʝ Ag/ɺʆʇɻ ʦʙʨʘʟʮʳ (çʤʘʪʨʠʮʳè ʜʣʷ 

ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ PdAg/ɺʆʇɻ-1 ʠ PdAg/ɺʆʇɻ-2) ʦʪʣʠʯʘʶʪʩʷ ʙʦʣʝʝ 

ʥʠʟʢʦʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Pd/ɺʆʇɻ ʧʣʦʪʥʦʩʪʴʶ ʥʘʥʝʩʝʥʠʷ ʯʘʩʪʠʮ, ʘ ʪʘʢʞʝ 

ʫʟʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦ ʨʘʟʤʝʨʫ (ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ 6ï9 ʥʤ) (ʈʠʩʫʥʦʢ 

18). 
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ʈʠʩʫʥʦʢ 18. ʉʊʄ ʠʟʦʙʨʘʞʝʥʠʷ (200Ĭ200 ʥʤ2), ʛʠʩʪʦʛʨʘʤʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʠ ʩʨʝʜʥʠʝ ʨʘʟʤʝʨ r ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ Pd/ɺʆʇɻ ʠ 

Ag/ɺʆʇɻ ʦʙʨʘʟʮʦʚ (ʧʦʩʣʝ ʩʪʘʜʠʡ ʧʨʠʛʦʪʦʚʣʝʥʠʷ (1ï4)), ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ 

ʟʘʪʝʤ ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ: (ʘ) ï AgPd/ɺʆʇɻ-1; (ʙ) 

ï AgPd/ɺʆʇɻ-2; (ʚ) ï PdAg/ɺʆʇɻ-1; (ʛ) ï PdAg/ɺʆʇɻ-2. ʇʘʨʘʤʝʪʨʳ 

ʩʢʘʥʠʨʦʚʘʥʠʷ: (a) I t = 0.49 ʥɸ, Ut = -1.51 ɺ; (ʙ) I t = 0.52 ʥɸ, Ut = -1.51 ɺ; (ʚ) I t 

= 0.51 ʥɸ, Ut = 1.50 ɺ; (ʛ) I t = 0.89 ʥɸ, Ut = 2.0 ɺ. 

 

ɺ ʊʘʙʣʠʮʝ 4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʈʌʕʉ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʚʩʝʭ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʥʘ ʨʘʟʥʳʭ ʩʪʘʜʠʷʭ ʧʨʠʛʦʪʦʚʣʝʥʠʷ. ɺʠʜʥʦ, ʯʪʦ 

ʟʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʣʠʥʠʠ Pd3d5/2 ʜʣʷ Pd/ɺʆʇɻ 

(ʦʙʨʘʟʮʳ AgPd/ɺʆʇɻ-1 ʠ AgPd/ɺʆʇɻ-2 ï ʩʪʘʜʠʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ (1ï4)) 

ʩʦʩʪʘʚʣʷʝʪ ~ 335.6 ʵɺ, ʩʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ ʪʘʢʦʝ ʟʥʘʯʝʥʠʝ 

ʷʚʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʥʳʤ ʜʣʷ ʥʘʥʦʯʘʩʪʠʮ ʧʘʣʣʘʜʠʷ ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ 

[28, 110, 115]. ʅʝʩʤʦʪʨʷ ʥʘ ʜʦʚʦʣʴʥʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʨʘʟʣʠʯʠʝ ʩʦʦʪʥʦʰʝʥʠʡ 

ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Pd/C ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ Pd/ɺʆʇɻ ʦʙʨʘʟʮʦʚ (~ 1.5 

ʨʘʟʘ), ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʥʘʥʝʩʸʥʥʳʭ Pd ʯʘʩʪʠʮ ʦʢʘʟʘʣʩʷ ʧʨʘʢʪʠʯʝʩʢʠ 

ʦʜʠʥʘʢʦʚʳʤ (ʈʠʩʫʥʢʠ 18ʘ,ʙ). ʕʪʦ ʤʦʞʝʪ ʦʙʲʷʩʥʷʪʴʩʷ ʚʳʩʦʢʦʡ ʪʝʨʤʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʯʘʩʪʠʮ ʧʘʣʣʘʜʠʷ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʚʤʝʩʪʦ ʫʢʨʫʧʥʝʥʠʷ ʯʘʩʪʠʮ 
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ʟʘ ʩʯʸʪ ʩʧʝʢʘʥʠʷ, ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʣʠʯʝʩʪʚʘ ʥʘʥʝʩʸʥʥʦʛʦ ʤʝʪʘʣʣʘ, ʚ ʭʦʜʝ 

ʥʘʧʳʣʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ ʠʭ ʧʣʦʪʥʦʩʪʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ. ʅʘ 

ʩʣʝʜʫʶʱʝʡ ʩʪʘʜʠʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʤʝʪʦʜʦʤ ʪʝʨʤʠʯʝʩʢʦʛʦ ʚʘʢʫʫʤʥʦʛʦ 

ʥʘʧʳʣʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ Pd/ɺʆʇɻ çʤʘʪʨʠʮè ʥʘʥʦʩʠʣʦʩʴ ʩʝʨʝʙʨʦ. ʇʦʩʣʝ 

ʥʘʧʳʣʝʥʠʷ ʩʝʨʝʙʨʘ ʩʦʦʪʥʦʰʝʥʠʝ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Pd/C ʪʘʢʞʝ ʦʩʪʘʣʦʩʴ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʤʝʥʥʳʤ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʜʣʠʥʘ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ 

ʵʣʝʢʪʨʦʥʦʚ ʩ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʝʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ C1s ʠ Pd3d, ʯʝʨʝʟ 

ʩʝʨʝʙʨʦ ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚʘ ʠ ʨʘʚʥʘ 16.4 ʠ 16.9 ¡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [40]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʩʝʨʝʙʨʦ ʥʘʥʦʩʠʪʩʷ ʢʘʢ ʥʘ ʯʘʩʪʠʮʳ 

ʧʘʣʣʘʜʠʷ, ʪʘʢ ʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʘʥʘʨʥʦʛʦ ʥʦʩʠʪʝʣʷ. ʇʨʠʛʦʪʦʚʣʝʥʥʳʝ 

ʦʙʨʘʟʮʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʙʣʠʟʢʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʩʝʨʝʙʨʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʦ 

ʨʘʟʣʠʯʥʳʤ ʘʪʦʤʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ Pd/Ag (~ 2 ʨʘʟʘ). ʉʪʦʠʪ ʫʧʦʤʷʥʫʪʴ, ʯʪʦ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʘ ʈʌʕʉ ʜʣʷ ʠʟʫʯʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʩʝʨʝʙʨʘ ʩʣʝʜʫʝʪ ʫʯʠʪʳʚʘʪʴ, ʯʪʦ ʟʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʧʠʢʘ Ag3d5/2 ʣʠʰʴ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ Ag, ʯʪʦ ʥʝ 

ʧʦʟʚʦʣʷʝʪ ʦʜʥʦʟʥʘʯʥʦ ʩʫʜʠʪʴ ʦʙ ʠʟʤʝʥʝʥʠʠ ʝʛʦ ʭʠʤʠʯʝʩʢʦʛʦ (ʟʘʨʷʜʦʚʦʛʦ) 

ʩʦʩʪʦʷʥʠʷ. ɼʦʧʦʣʥʠʪʝʣʴʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʆʞʝ-ʧʘʨʘʤʝʪʨʘ (a'), ʢʦʪʦʨʳʡ 

ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʢʘʢ ʩʫʤʤʘ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʆʞʝ-ʣʠʥʠʠ (Ag MNN) ʠ 

ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʛʦ ʧʠʢʘ Ag3d5/2 [132]. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʆʞʝ-

ʧʝʨʝʭʦʜ MNN ʧʨʦʠʩʭʦʜʠʪ ʩ ʫʯʘʩʪʠʝʤ ʜʚʫʭ ʵʣʝʢʪʨʦʥʦʚ ʚʘʣʝʥʪʥʦʡ ʦʙʦʣʦʯʢʠ 

ʘʪʦʤʘ ʩʝʨʝʙʨʘ, ʠ ʧʦʣʦʞʝʥʠʝ Ag MNN ʆʞʝ-ʧʠʢʘ ʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦ ʢ 

ʠʟʤʝʥʝʥʠʶ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʝʨʝʙʨʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʧʝʢʪʨʳ Ag3d ʠ 

Ag MNN ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʟʥʘʯʝʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ 

ʆʞʝ-ʧʘʨʘʤʝʪʨʘ ʩʝʨʝʙʨʘ, ʢʦʪʦʨʦʝ ʜʣʷ ʦʙʨʘʟʮʦʚ AgPd/ɺʆʇɻ ʩʦʩʪʘʚʠʣʦ 725.4 

ʵɺ (ʊʘʙʣʠʮʘ 4), ʩʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ ʪʘʢʦʝ ʟʥʘʯʝʥʠʝ ʷʚʣʷʝʪʩʷ 

ʭʘʨʘʢʪʝʨʥʳʤ ʜʣʷ ʥʘʥʦʨʘʟʤʝʨʥʦʛʦ ʩʝʨʝʙʨʘ ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ [81, 

132]. 
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ʊʘʙʣʠʮʘ 4. ɼʘʥʥʳʝ ʈʌʕʉ-ʠʩʩʣʝʜʦʚʘʥʠʡ PdAg ʦʙʨʘʟʮʦʚ. 

ʆʙʨʘʟʝʮ 

 ʕʪʘʧʳ ʧʨʠʛʦʪʦʚʣʝʥʠʷ 

ʄʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʝ Pd(Ag)/ɺʆʇɻ 

(ʩʪʘʜʠʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ (1-4)) 

ʅʘʧrʣʝʥʠʝ ʚʪʦʨʦʛʦ ʤʝʪʘʣʣʘ 

 (ʩʪʘʜʠʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ (5)) 

M-1/C 

Eʩʚ 

Pd3d5/

2 

ʵɺ 

Eʩʚ 

Ag3d5/

2 

ʵɺ 

ʆʞʝ-

ʧʘʨʘʤʝʪ

ʨ 

M-

2/C 

Pd/A

g 

Eʩʚ 

Ag3d5/2 

ʵɺ 

Eʩʚ 

Pd3d5/

2 ʵɺ 

ʆʞʝ-

ʧʘʨʘʤʝ

ʪʨ 

AgPd-

ɺʆʇɻ-1 

Pd/C 

0.016 
335.7 ï ï 

Ag/C 

0.010 
1.5 368.1 335.9 725.4 

AgPd-

ɺʆʇɻ-2 

Pd/C 

0.017 
335.6 ï ï 

Ag/C 

0.007 
2.5 368.0 335.9 725.4 

PdAg-

ɺʆʇɻ-1 

Ag/C 

0.004 
ï 368.4 725.8 

Pd/C 

0.006 
1.8 368.3 335.8 725.0 

PdAg-

ɺʆʇɻ-2 

Ag/C 

0.004 
ï 368.4 725.3 

Pd/C 

0.009 
2.4 368.4 335.8 725.2 

 

ʈʘʩʩʯʠʪʘʥʥʳʝ ʘʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʟʥʘʯʝʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ 

ʆʞʝ-ʧʘʨʘʤʝʪʨʘ ʜʣʷ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ Ag/ɺʆʇɻ ʦʙʨʘʟʮʦʚ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ 

ʟʘʪʝʤ ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAg/ɺʆʇɻ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʪʘʢʞʝ 

ʙʣʠʟʢʠ ʢ ʚʝʣʠʯʠʥʘʤ ʭʘʨʘʢʪʝʨʥʳʤ ʜʣʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʩʝʨʝʙʨʘ 

(ʊʘʙʣʠʮʘ 4). ʀʟ ʜʘʥʥʳʭ ʈʌʕʉ ʪʘʢʞʝ ʚʠʜʥʦ, ʯʪʦ ʦʪʥʦʰʝʥʠʝ ʘʪʦʤʥʳʭ 

ʢʦʥʮʝʥʪʨʘʮʠʡ Ag/C ʜʣʷ ʵʪʠʭ ʜʚʫʭ ʦʙʨʘʟʮʦʚ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʪʣʠʯʘʶʪʩʷ, ʯʪʦ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʙʣʠʟʢʦʝ ʢʦʣʠʯʝʩʪʚʦ ʥʘʥʝʩʸʥʥʦʛʦ ʤʝʪʘʣʣʘ. ɿʥʘʯʝʥʠʷ ʵʥʝʨʛʠʡ 

ʩʚʷʟʠ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʣʠʥʠʠ Pd3d5/2 ʧʦʩʣʝ ʥʘʧʳʣʝʥʠʷ ʧʘʣʣʘʜʠʷ ʥʘ 

Ag/ɺʆʇɻ çʤʘʪʨʠʮʳè ~ 335.9 ʵɺ. ʕʪʦ ʩʦʩʪʦʷʥʠʝ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʧʫʪʸʤ ʧʨʷʤʦʛʦ ʧʦʨʷʜʢʘ 

ʥʘʧʳʣʝʥʠʷ ʤʝʪʘʣʣʦʚ (AgPd/ɺʆʇɻ-1 ʠ AgPd/ɺʆʇɻ-2), ʙʳʣʦ ʦʪʥʝʩʝʥʦ ʢ 

ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʥʘʥʦʯʘʩʪʠʮʘʤ ʧʘʣʣʘʜʠʷ. ʂʦʣʠʯʝʩʪʚʦ ʧʘʣʣʘʜʠʷ ʧʨʠ ʝʛʦ 

ʥʘʧʳʣʝʥʠʠ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʧʦʣʫʯʠʪʴ ʟʥʘʯʝʥʠʷ ʘʪʦʤʥʳʭ 
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ʦʪʥʦʰʝʥʠʡ Pd/Ag ʙʣʠʟʢʠʝ ʢ ʪʝʤ, ʯʪʦ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʣʷ ʦʙʨʘʟʮʦʚ 

AgPd/ɺʆʇɻ. 

ɼʘʣʝʝ ʧʨʠ ʦʧʠʩʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ 

ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʜʚʫʭ ʦʙʨʘʟʮʦʚ, ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʨʘʟʥʦʛʦ ʧʦʨʷʜʢʘ ʥʘʥʝʩʝʥʠʷ, PdAg/ɺʆʇɻ-2 ʠ AgPd/ɺʆʇɻ-2, ʩ ʙʣʠʟʢʠʤ 

ʩʦʦʪʥʦʰʝʥʠʝʤ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Pd/Ag. ʅʘ ʈʠʩʫʥʢʝ 19 ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʉʊʄ-ʠʟʦʙʨʘʞʝʥʠʷ, ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʠ ʩʨʝʜʥʠʝ ʨʘʟʤʝʨ r

ʯʘʩʪʠʮ ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʚʪʦʨʦʛʦ ʤʝʪʘʣʣʘ (ʩʝʨʝʙʨʘ ʠ ʧʘʣʣʘʜʠʷ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ).  

 

ʈʠʩʫʥʦʢ 19. ʉʊʄ-ʠʟʦʙʨʘʞʝʥʠʷ (200Ĭ200 ʥʤ2), ʛʠʩʪʦʛʨʘʤʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʠ ʩʨʝʜʥʠʝ ʨʘʟʤʝʨ rʯʘʩʪʠʮ ʜʣʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ 

(ʧʦʩʣʝ ʩʪʘʜʠʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ (5)): (ʘ) ï AgPd/ɺʆʇɻ-2; (ʙ) ï PdAg/ɺʆʇɻ-2. 
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ʇʘʨʘʤʝʪʨʳ ʩʢʘʥʠʨʦʚʘʥʠʷ: (ʘ) I t = 0.50 ʥɸ, Ut = -1.50 ɺ; (ʙ) I t = 0.38 ʥɸ, Ut =  -

1.50 ɺ. 

 

 ɺʠʜʥʦ, ʯʪʦ ʜʣʷ ʦʙʦʠʭ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʥʘʧʳʣʝʥʠʷ ʚʪʦʨʦʛʦ ʤʝʪʘʣʣʘ 

ʥʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ. ʉʪʦʠʪ 

ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʦʙʨʘʟʮʘ AgPd/ɺʆʇɻ-2, ʚ ʦʪʣʠʯʠʝ ʦʪ 

PdAg/ɺʆʇɻ-2, ʥʝ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʷ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʥʘʥʝʩʸʥʥʳʭ 

ʯʘʩʪʠʮ. ʇʨʠʯʠʥʳ ʪʘʢʦʛʦ ʨʘʟʣʠʯʠʷ ʤʝʞʜʫ ʦʙʨʘʟʮʘʤʠ, ʧʨʠʛʦʪʦʚʣʝʥʥʳʤʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʦʛʦ ʧʦʨʷʜʢʘ ʥʘʥʝʩʝʥʠʷ, ʙʫʜʫʪ ʦʙʩʫʞʜʘʪʴʩʷ ʥʠʞʝ. 

ʂʘʢ ʠ ʨʘʥʝʝ, ʥʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪʳ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʠʟʫʯʝʥʠʶ ʠʟʤʝʥʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʝʪʘʣʣʦʚ ʧʦ ʛʣʫʙʠʥʝ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʧʨʠ ʥʘʛʨʝʚʝ ʚ ʉɺɺ, ʘ ʪʘʢʞʝ ʪʝʨʤʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ ʩʪʘʥʮʠʠ RGBL ʮʝʥʪʨʘ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ BESSY II  (ɹʝʨʣʠʥ, ɻʝʨʤʘʥʠʷ). ɼʣʷ ʵʪʦʛʦ ʧʦʩʣʝ ʟʘʧʠʩʠ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ ʧʨʠ 25ÁC ʦʙʨʘʟʮʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʨʦʛʨʝʚʘʣʠʩʴ 

ʚ ʢʘʤʝʨʝ ʧʦʜʛʦʪʦʚʢʠ ʩʧʝʢʪʨʦʤʝʪʨʘ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 200 ʜʦ 450ÁC, ʩ 

ʰʘʛʦʤ 50ÁC ʚ ʪʝʯʝʥʠʝ 40 ʤʠʥʫʪ. ʇʦʩʣʝ ʧʨʦʛʨʝʚʘ ʧʨʠ ʢʘʞʜʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʦʙʨʘʟʮʳ ʦʭʣʘʞʜʘʣʠʩʴ, ʧʦʩʣʝ ʯʝʛʦ ʦʥʠ ʧʝʨʝʤʝʱʘʣʠʩʴ ʚ ʢʘʤʝʨʫ ʘʥʘʣʠʟʘʪʦʨʘ, 

ʛʜʝ ʧʨʦʚʦʜʠʣʦʩʴ ʧʦʚʪʦʨʥʦʝ ʠʟʤʝʨʝʥʠʝ ʩʧʝʢʪʨʦʚ. 

ʅʘ ʈʠʩʫʥʢʝ 20 ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʝ 

ʩʧʝʢʪʨʳ Pd3d ʠ Ag3d, ʠʟʤʝʨʝʥʥʳʝ ʜʣʷ ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ AgPd/ɺʆʇɻ-2 (ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ) ʠ ʧʦʩʣʝ ʝʛʦ ʧʨʦʛʨʝʚʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ɺ ʩʧʝʢʪʨʘʭ Pd3d ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʜʦ ʯʝʪʳʨʸʭ ʨʘʟʣʠʯʥʳʭ ʢʦʤʧʦʥʝʥʪ ʩʦ 

ʟʥʘʯʝʥʠʷʤʠ ʵʥʝʨʛʠʡ ʩʚʷʟʠ Pd3d5/2 335.4, 335.7, 336.6, 337.0 ʵɺ, ʘ ʚ ʩʧʝʢʪʨʘʭ 

Ag3d ï ʜʦ ʪʨʸʭ ʢʦʤʧʦʥʝʥʪ ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʵʥʝʨʛʠʡ ʩʚʷʟʠ Ag3d5/2 367.8, 368.1 ʠ 

368.9 ʵɺ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʧʨʦʛʨʝʚʘ ʦʙʨʘʟʮʘ. 

ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ ʚ ʩʧʝʢʪʨʘʭ ʙʳʣʘ ʩʜʝʣʘʥʘ 

ʥʘ ʦʩʥʦʚʘʥʠʠ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ. ʊʘʢ, ʬʦʪʦʵʣʝʢʪʨʦʥʥʘʷ ʣʠʥʠʷ Pd3d5/2 ʩʦ 

ʟʥʘʯʝʥʠʝʤ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ~ 336.6 ʵɺ, ʥʘʙʣʶʜʘʝʤʘʷ ʚ ʩʧʝʢʪʨʘʭ ʠʩʭʦʜʥʦʛʦ 
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ʦʙʨʘʟʮʘ, ʙʳʣʘ ʦʪʥʝʩʝʥʘ ʢ ʦʢʩʠʜʫ ʧʘʣʣʘʜʠʷ, ʢʦʪʦʨʳʡ, ʚʝʨʦʷʪʥʦ, 

ʩʬʦʨʤʠʨʦʚʘʣʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʧʨʦʮʝʩʩʝ ʭʨʘʥʝʥʠʷ ʦʙʨʘʟʮʦʚ ʥʘ ʚʦʟʜʫʭʝ. 

ʌʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʣʠʥʠʠ ʩ ʵʥʝʨʛʠʷʤʠ ʩʚʷʟʠ Pd3d5/2 ~ 335.7 ʵɺ ʠ Ag3d5/2 ~ 

368.1 ʵɺ ʚ ʠʩʭʦʜʥʦʤ ʦʙʨʘʟʮʝ ʷʚʣʷʶʪʩʷ ʭʘʨʘʢʪʝʨʥʳʤʠ ʜʣʷ ʥʘʥʦʯʘʩʪʠʮ 

ʧʘʣʣʘʜʠʷ ʠ ʩʝʨʝʙʨʘ ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ ï Pd0 ʠ Ag0 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

[28, 132-134]. 

 

 

ʈʠʩʫʥʦʢ 20. ʌʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ Pd3d ʠ Ag3d, ʠʟʤʝʨʝʥʥʳʝ ʜʣʷ 

ʠʩʭʦʜʥʦʛʦ AgPd/ɺʆʇɻ-2 ʦʙʨʘʟʮʘ ʠ ʧʦʩʣʝ ʝʛʦ ʧʨʦʛʨʝʚʘ ʚ ʉɺɺ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ (ʈʌʕ-ʩʧʝʢʪʨʳ ʠʟʤʝʨʷʣʠʩʴ ʜʣʷ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʩ ʢʠʥʝʪʠʯʝʩʢʦʡ 

ʵʥʝʨʛʠʝʡ 300 ʵɺ). 
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ʌʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʧʠʢʠ Ag3d5/2 ʠ Pd3d5/2, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚ ʦʙʣʘʩʪʠ 

ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʡ ʩʚʷʟʠ ~ 368.9 ʠ 337.0 ʵɺ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʢʦʪʦʨʳʝ 

ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʩʧʝʢʪʨʘʭ ʫʞʝ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ, ʧʦʩʣʝ ʥʘʧʳʣʝʥʠʷ 

Pd ʠʣʠ Ag ʥʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ, ʨʘʥʝʝ ʫʞʝ ʙʳʣʠ 

ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ ʥʘʤʠ ʢʘʢ ʤʦʥʦ ʠʣʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʢʣʘʩʪʝʨʳ ʤʘʣʳʭ 

ʨʘʟʤʝʨʦʚ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ ʥʘ ʜʝʬʝʢʪʘʭ [26, 28]. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʦʣʷ 

ʪʘʢʠʭ ʩʦʩʪʦʷʥʠʡ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʦʙʨʘʟʮʦʚ ʦʩʪʘʸʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʤʝʥʥʦʡ 

ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʦʙʨʘʙʦʪʢʠ ʠ ʩʦʩʪʘʚʣʷʝʪ 15ï25% ʦʪ ʦʙʱʝʡ 

ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʣʠʥʠʡ. ʕʪʠ 

ʩʦʩʪʦʷʥʠʷ ʷʚʣʷʶʪʩʷ ʪʝʨʤʠʯʝʩʢʠ ʫʩʪʦʡʯʠʚʳʤʠ ʚ ʫʩʣʦʚʠʷʭ ʧʨʦʚʝʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘ (ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 200ï450̄ ʉ). 

ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʈʠʩʫʥʢʝ 20 ʩʧʝʢʪʨʦʚ ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʥʘʛʨʝʚʝ 

ʦʙʨʘʟʮʘ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 300ÁC ʩʦʩʪʦʷʥʠʝ Pd2+ (Eʩʚ = 336.6 ʵɺ) ʧʦʣʥʦʩʪʴʶ 

ʠʩʯʝʟʘʝʪ, ʧʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʩʦʩʪʦʷʥʠʷ, ʦʪʥʝʩʸʥʥʦʛʦ ʢ ʤʝʪʘʣʣʠʯʝʩʢʦʤʫ ʧʘʣʣʘʜʠʶ (Eʩʚ = 335.7 ʵɺ), ʯʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʦʢʠʩʣʝʥʥʦʛʦ ʧʘʣʣʘʜʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʚ 

ʩʧʝʢʪʨʘʭ ʢʘʢ Pd3d, ʪʘʢ ʠ Ag3d, ʧʦʷʚʣʷʶʪʩʷ ʥʦʚʳʝ ʩʦʩʪʦʷʥʠʷ, ʟʥʘʯʝʥʠʷ 

ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʢʦʪʦʨʳʭ ʩʜʚʠʥʫʪʳ ʚ ʤʝʥʴʰʠʝ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʥʘ 0.2ï0.4 ʵɺ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʟʥʘʯʝʥʠʡ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʧʘʣʣʘʜʠʷ ʠʣʠ 

ʩʝʨʝʙʨʘ. ʂʘʢ ʫʞʝ ʦʙʩʫʞʜʘʣʦʩʴ ʚʳʰʝ ʜʣʷ ʜʨʫʛʠʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, 

ʪʘʢʠʝ ʩʜʚʠʛʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʠʟʤʝʥʝʥʠʝ ʵʣʝʢʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚ ʥʘʥʝʩʸʥʥʳʭ 

ʤʝʪʘʣʣʦʚ, ʩʚʷʟʘʥʥʳʝ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʩʧʣʘʚʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʣʠʥʠʠ Pd3d5/2 ʩʦ ʟʥʘʯʝʥʠʝʤ ʵʥʝʨʛʠʠ ʩʚʷʟʠ 

~ 335.4 ʵɺ ʠ Ag3d5/2 ï ʩ ɽʩʚ ~ 367.8 ʵɺ ʙʳʣʠ ʦʪʥʝʩʝʥʳ ʢ ʘʪʦʤʘʤ ʧʘʣʣʘʜʠʷ ʠ 

ʩʝʨʝʙʨʘ ʚ ʩʦʩʪʘʚʝ Pd-Ag ʩʧʣʘʚʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ.  

ʅʘ ʈʠʩʫʥʢʝ 21 ʧʨʝʜʩʪʘʚʣʝʥʳ ʠʟʤʝʥʝʥʠʷ ʜʦʣʝʡ ʧʘʣʣʘʜʠʷ ʠ ʩʝʨʝʙʨʘ ʚ 

ʩʦʩʪʘʚʝ ʤʝʪʘʣʣʘ ʠ ʩʧʣʘʚʘ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʦʩʥʦʚʘʥʠʠ ʨʘʟʣʦʞʝʥʠʷ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ Pd3d ʠ Ag3d ʥʘ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ, 

ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʳʝ ʚʳʰʝ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʛʨʝʚʘ ʜʣʷ 



99 
 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ PdAg/ɺʆʇɻ-2 ʠ AgPd/ɺʆʇɻ-2. ʇʨʠ ʧʨʦʛʨʝʚʝ ʜʦ 

450̄ C ʧʨʦʠʩʭʦʜʠʪ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʳʡ ʧʝʨʝʭʦʜ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 

ʧʘʣʣʘʜʠʷ ʠ ʩʝʨʝʙʨʘ ʚ Pd-Ag ʩʧʣʘʚ.  

 

ʈʠʩʫʥʦʢ 21. ɼʦʣʷ ʩʦʩʪʦʷʥʠʡ ʧʘʣʣʘʜʠʷ ʠ ʩʝʨʝʙʨʘ (ʩʧʣʘʚ ʠ ʤʝʪʘʣʣ), 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʠʟ ʨʘʟʣʦʞʝʥʠʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ Pd3d ʠ Ag3d ʥʘ 

ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ, ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʛʨʝʚʘ ʜʣʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʦʚ PdAg/ɺʆʇɻ-2 ʠ AgPd/ɺʆʇɻ-2 (ʈʌʕ-ʩʧʝʢʪʨʳ ʠʟʤʝʨʷʣʠʩʴ ʜʣʷ 

ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʩ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʝʡ 300 ʵɺ). 

 

ɼʣʷ ʚʩʝʭ ʠʟʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʜʦʣʷ ʩʝʨʝʙʨʘ, ʥʘʭʦʜʷʱʝʛʦʩʷ ʚ ʩʧʣʘʚʝ, 

ʧʨʝʚʳʰʘʝʪ ʜʦʣʶ Pd, ʯʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʙʦʣʴʰʝʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʧʘʣʣʘʜʠʷ 

ʚ ʠʩʭʦʜʥʳʭ ʦʙʨʘʟʮʘʭ (ʩʦʦʪʥʦʰʝʥʠʝ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Pd/Ag > 1). ʉʪʦʠʪ 

ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʪʦ, ʯʪʦ ʧʦʩʣʝ ʦʙʨʘʟʦʚʘʥʠʷ ʩʧʣʘʚʘ ʥʝ ʚʩʝ ʘʪʦʤʳ 

ʧʘʣʣʘʜʠʷ ʭʠʤʠʯʝʩʢʠ ʩʚʷʟʘʥʳ ʩ ʩʝʨʝʙʨʦʤ (ʧʘʣʣʘʜʠʡ ʚ ʩʦʩʪʘʚʝ ʩʧʣʘʚʘ). ʕʪʦ 
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ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʚ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ Pd3d ʜʘʞʝ ʧʦʩʣʝ 

ʧʨʦʛʨʝʚʘ ʦʙʨʘʟʮʦʚ ʧʨʠ 450Áʉ, ʩʦʭʨʘʥʷʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ 

ʢʦʤʧʦʥʝʥʪʳ, ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʧʘʣʣʘʜʠʷ. ʅʝʟʘʚʠʩʠʤʦ ʦʪ 

ʧʦʨʷʜʢʘ ʥʘʥʝʩʝʥʠʷ ʤʝʪʘʣʣʦʚ ʠ ʩʪʨʫʢʪʫʨʳ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʚ 

ʠʩʭʦʜʥʳʭ ʦʙʨʘʟʮʘʭ, ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 400-450̄ ʉ ʧʨʦʠʩʭʦʜʠʪ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʧʣʘʚʘ Pd-Ag. 

ʅʘ ʈʠʩʫʥʢʝ 22 ʧʨʝʜʩʪʘʚʣʝʥʳ ʠʟʤʝʥʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ 

ʢʦʥʮʝʥʪʨʘʮʠʡ Pd/Ag ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʠʟ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ Pd3d ʠ Ag3d, ʠʟʤʝʨʝʥʥʳʭ ʜʣʷ ʨʘʟʥʳʭ 

ʢʠʥʝʪʠʯʝʩʢʠʭ ʵʥʝʨʛʠʡ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ, ʢʘʢ ʜʣʷ ʠʩʭʦʜʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʦʚ, ʪʘʢ ʠ ʧʦʩʣʝ ʠʭ ʧʨʦʛʨʝʚʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 450ʉ̄. ʂʘʢ ʫʞʝ 

ʦʙʩʫʞʜʘʣʦʩʴ ʚʳʰʝ, ʧʨʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʥʘʧʳʣʝʥʠʠ ʤʝʪʘʣʣʦʚ ʥʘ ɺʆʇɻ, ʚ 

ʩʣʫʯʘʝ MeAu/ɺʆʇɻ ʩʠʩʪʝʤ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʭʦʜʥʳʭ ʦʙʨʘʟʮʦʚ, ʚ ʦʩʥʦʚʥʦʤ, 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ ʪʠʧʘ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè [28, 122]. 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʚ ʩʣʫʯʘʝ ʦʙʨʘʟʮʘ PdAg/ɺʆʇɻ-2, ʚ ʢʦʪʦʨʦʤ ʧʝʨʚʳʤ ʤʝʪʘʣʣʦʤ 

ʥʘʥʦʩʠʣʦʩʴ ʩʝʨʝʙʨʦ, ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ Pd/Ag ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʘʪʦʤʦʚ ʧʘʣʣʘʜʠʷ (ʦʪʥʦʩʠʪʝʣʴʥʦ ʘʪʦʤʦʚ ʩʝʨʝʙʨʘ) ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ ʯʘʩʪʠʮ ʩʦ ʩʪʨʫʢʪʫʨʦʡ çʷʜʨʦ(Ag)-ʦʙʦʣʦʯʢʘ(Pd)è. ɺ 

ʩʣʫʯʘʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ AgPd/ɺʆʇɻ-2, ʚ ʢʦʪʦʨʦʤ ʧʝʨʚʳʤ 

ʥʘʥʦʩʠʣʩʷ ʧʘʣʣʘʜʠʡ, ʩʦʦʪʥʦʰʝʥʠʝ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Pd/Ag 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ, ʯʪʦ 

ʧʨʦʪʠʚʦʨʝʯʠʪ ʧʨʝʜʧʦʣʦʞʝʥʠʶ ʦ ʩʪʨʫʢʪʫʨʝ ʪʠʧʘ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè (ʈʠʩʫʥʦʢ 

22 ï ʩʧʣʦʰʥʘʷ ʢʨʘʩʥʘʷ ʢʨʠʚʘʷ) ʠ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʛʦʤʦʛʝʥʥʦʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʤʝʪʘʣʣʦʚ ʧʦ ʛʣʫʙʠʥʝ ʯʘʩʪʠʮ. ʄʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʪʠʧʘ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè ʚ ʜʘʥʥʦʤ 

ʩʣʫʯʘʝ ʥʝ ʧʨʦʠʩʭʦʜʠʪ, ʘ, ʫʯʠʪʳʚʘʷ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʤʝʪʘʣʣʳ ʥʘʥʦʩʠʣʠʩʴ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʝʣʴʟʷ ʠʩʢʣʶʯʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʩʫʪʩʪʚʠʷ ʦʪʜʝʣʴʥʦ 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʭʦʜʥʦʛʦ 

AgPd/ɺʆʇɻ-2 ʦʙʨʘʟʮʘ (ʜʦ ʝʛʦ ʧʨʦʛʨʝʚʘ ʚ ʉɺɺ ʫʩʣʦʚʠʷʭ). ʊʘʢʦʝ 
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ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʜʘʥʥʳʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʤʝʪʦʜʦʤ 

ʉʊʄ, ʢʦʪʦʨʳʝ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʜʣʷ ʵʪʦʛʦ ʦʙʨʘʟʮʘ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʠʣʩʷ ʠ ʜʘʞʝ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʠʣʩʷ ʧʦʩʣʝ 

ʥʘʥʝʩʝʥʠʷ ʚʪʦʨʦʛʦ ʤʝʪʘʣʣʘ (ʩʤ. ʈʠʩʫʥʢʠ 18ʙ ʠ 19ʘ), ʪʘʢ ʢʘʢ ʚ ʩʣʫʯʘʝ 

ʦʙʨʘʟʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨ ʪʠʧʘ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè ʣʦʛʠʯʥʦ ʦʞʠʜʘʪʴ ʫʚʝʣʠʯʝʥʠʷ 

ʵʪʦʛʦ ʟʥʘʯʝʥʠʷ.  

 

ʈʠʩʫʥʦʢ 22. ʀʟʤʝʥʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Pd/Ag ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ (ʨʘʩʩʯʠʪʘʥʥʳʝ ʠʟ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ 

ʩʧʝʢʪʨʦʚ Pd3d ʠ Ag3d, ʠʟʤʝʨʝʥʥʳʭ ʜʣʷ ʨʘʟʥʳʭ ʢʠʥʝʪʠʯʝʩʢʠʭ ʵʥʝʨʛʠʡ 

ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ) ʜʣʷ ʠʩʭʦʜʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ (ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ) 

ʠ ʧʦʩʣʝ ʧʨʦʛʨʝʚʘ ʜʦ 450C̄ (ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ). 

 

ɼʝʪʘʣʴʥʳʡ ʘʥʘʣʠʟ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ Pd3d, ʠʟʤʝʨʝʥʥʳʭ ʜʣʷ 

ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ Pd/ɺʆʇɻ çʤʘʪʨʠʮè ʧʦʩʣʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ʉʊʄ 
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(ʥʝ ʧʨʠʚʦʜʠʪʩʷ), ʧʦʢʘʟʘʣ ʧʨʠʩʫʪʩʪʚʠʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʩʠʜʘ ʧʘʣʣʘʜʠʷ, 

ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ʧʨʠ ʢʦʥʪʘʢʪʝ ʦʙʨʘʟʮʘ ʩ ʚʦʟʜʫʭʦʤ, ʧʨʠ ʧʝʨʝʥʦʩʝ ʝʛʦ ʯʝʨʝʟ 

ʘʪʤʦʩʬʝʨʫ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʤʝʪʦʜʦʤ ʉʊʄ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʨʠ ʥʘʧʳʣʝʥʠʠ ʩʝʨʝʙʨʘ ʥʘ 

ʦʢʠʩʣʝʥʥʳʝ ʯʘʩʪʠʮʳ ʧʘʣʣʘʜʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ çʛʦʨʷʯʠʭè ʢʣʘʩʪʝʨʦʚ/ʘʪʦʤʦʚ 

ʩʝʨʝʙʨʘ ʩ ʦʢʠʩʣʝʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ ʧʘʣʣʘʜʠʷ ʜʦʩʪʘʪʦʯʥʦ ʩʣʘʙʦʝ (ʩʣʘʙʘʷ 

ʘʜʛʝʟʠʷ), ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ çʩʢʘʪʳʚʘʥʠʶè ʛʦʨʷʯʠʭ ʘʪʦʤʦʚ ʩʝʨʝʙʨʘ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʥʦʩʠʪʝʣʷ ʠ ʦʙʨʘʟʦʚʘʥʠʶ ʦʪʜʝʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʩʝʨʝʙʨʘ.  ʕʪʦʪ ʧʦʙʦʯʥʳʡ ʧʨʦʮʝʩʩ ʧʨʝʧʷʪʩʪʚʫʝʪ 

ʦʙʨʘʟʦʚʘʥʠʶ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè.  

ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʨʘʟʣʠʯʠʡ ʚ ʩʪʨʫʢʪʫʨʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAg ʯʘʩʪʠʮ 

ʧʨʠ ʧʨʷʤʦʤ ʠ ʦʙʨʘʪʥʦʤ ʧʦʨʷʜʢʝ ʥʘʧʳʣʝʥʠʷ ʧʘʣʣʘʜʠʷ ʠ ʩʝʨʝʙʨʘ ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ ʩʝʨʝʙʨʘ ʙʦʣʝʝ ʫʩʪʦʡʯʠʚʳ ʢ 

ʦʢʠʩʣʝʥʠʶ ʧʨʠ ʢʦʥʪʘʢʪʝ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʦʡ Ag/ɺʆʇɻ çʤʘʪʨʠʮʳè ʩ 

ʚʦʟʜʫʭʦʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʘʣʣʘʜʠʝʤ, ʠ ʥʘ ʥʠʭ ʥʝ ʦʙʨʘʟʫʝʪʩʷ ʧʦʚʝʨʭʥʦʩʪʥʳʡ 

ʦʢʩʠʜ. ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʪʦʨʦʡ ʤʝʪʘʣʣ (Pd) ʠʤʝʝʪ ʭʦʨʦʰʫʶ ʘʜʛʝʟʠʶ ʩ ʧʝʨʚʳʤ 

(Ag), ʯʪʦ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʯʘʩʪʠʮ ʩʦ ʩʪʨʫʢʪʫʨʦʡ çʷʜʨʦ-

ʦʙʦʣʦʯʢʘè. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʩʪʨʫʢʪʫʨʳ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè ʚ 

ʦʙʨʘʟʮʘʭ, ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʷʤʦʛʦ ʧʦʨʷʜʢʘ ʥʘʥʝʩʝʥʠʷ, 

ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ ʥʘʧʳʣʝʥʠʝ ʚʪʦʨʦʛʦ ʤʝʪʘʣʣʘ ʙʝʟ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ 

ʢʦʥʪʘʢʪʘ Pd/ɺʆʇɻ çʤʘʪʨʠʮʳè ʩ ʘʪʤʦʩʬʝʨʦʡ, ʣʠʙʦ ʧʦʩʣʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʦʢʠʩʣʝʥʥʳʭ ʯʘʩʪʠʮ ʧʘʣʣʘʜʠʷ ʧʝʨʝʜ ʥʘʧʳʣʝʥʠʝʤ ʚʪʦʨʦʛʦ 

ʤʝʪʘʣʣʘ. 

ʇʨʦʛʨʝʚ AgPd/ɺʆʇɻ-2 ʦʙʨʘʟʮʘ ʩ ʨʘʟʜʝʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ 

ʯʘʩʪʠʮʘʤʠ Pd ʠ Ag ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ~ 450ÁC ʧʨʠʚʦʜʠʪ ʢ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Pd/Ag. 

ʂʨʦʤʝ ʪʦʛʦ, ʩʦʦʪʥʦʰʝʥʠʝ ʧʦ-ʧʨʝʞʥʝʤʫ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ 

(ʈʠʩʫʥʦʢ 22 ï ʢʨʘʩʥʘʷ ʧʫʥʢʪʠʨʥʘʷ ʢʨʠʚʘʷ). ʆʜʥʘʢʦ, ʢʘʢ ʫʞʝ ʦʙʩʫʞʜʘʣʦʩʴ 

ʚʳʰʝ, ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʚʳʰʝ 300̄ ʉ, ʚ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ 

Pd3d ʠ Ag3d ʥʘʙʣʶʜʘʶʪʩʷ ʥʦʚʳʝ ʩʦʩʪʦʷʥʠʷ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ Pd ʠ Ag ʚ 
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ʩʦʩʪʘʚʝ ʩʧʣʘʚʘ (ʈʠʩʫʥʦʢ 20), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʧʣʘʚʥʳʭ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ. ʇʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʤʦʝ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʤʝʪʘʣʣʦʚ ʧʦ ʛʣʫʙʠʥʝ ʯʘʩʪʠʮʳ ʚʧʦʣʥʝ ʦʞʠʜʘʝʤʦ. 

ʇʨʦʛʨʝʚ PdAg/ɺʆʇɻ-2 ʦʙʨʘʟʮʘ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʯʘʩʪʠʮ ʪʠʧʘ çʷʜʨʦ-

ʦʙʦʣʦʯʢʘè ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ~ 450ÁC ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʧʘʜʝʥʠʶ 

ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Pd/Ag. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʝʪʘʣʣʦʚ ʚ ʦʙʲʝʤʝ ʯʘʩʪʠʮ. ʕʪʦ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʤʦʜʝʣʴʥʳʭ 

PdAu/ɺʆʇɻ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʩʝʛʨʝʛʘʮʠʝʡ ʘʪʦʤʦʚ ʩʝʨʝʙʨʘ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʯʘʩʪʠʮʳ ʠ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʜʠʬʬʫʟʠʝʡ ʘʪʦʤʦʚ 

ʧʘʣʣʘʜʠʷ ʚ ʦʙʲʸʤ ʯʘʩʪʠʮʳ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʧʣʘʚʘ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʩʦʦʪʥʦʰʝʥʠʝ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Pd/Ag ʧʦʩʣʝ ʧʨʦʛʨʝʚʘ ʜʦ 450Áʉ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ (ʈʠʩʫʥʦʢ 22 ï ʩʠʥʷʷ ʧʫʥʢʪʠʨʥʘʷ 

ʣʠʥʠʷ), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʪʘʢʞʝ ʦ ʛʦʤʦʛʝʥʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʤʝʪʘʣʣʦʚ ʚ 

ʯʘʩʪʠʮʘʭ. ɺʩʸ ʵʪʦ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚr ʚʦʜ ʦ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʧʣʘʚʥʳʭ PdAg 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʥʘʨʥʦʛʦ ʥʦʩʠʪʝʣʷ. 

ɻʠʩʪʦʛʨʘʤʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʫ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʉʊʄ 

ʠʟʦʙʨʘʞʝʥʠʡ, ʠʟʤʝʨʝʥʥʳʭ ʜʦ ʠ ʧʦʩʣʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʧʨʦʛʨʝʚʫ ʦʙʨʘʟʮʦʚ ʚ 

ʉɺɺ ʫʩʣʦʚʠʷʭ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩʫʥʢʝ 23. ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʜʘʥʥʳʭ 

ʤʦʞʥʦ ʫʚʠʜʝʪʴ, ʯʪʦ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʜʣʷ ʦʙʨʘʟʮʘ AgPd/ɺʆʇɻ-2 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʣʩʷ ʩ 3.8 ʜʦ 5.5 ʥʤ ʧʦʩʣʝ ʧʨʦʛʨʝʚʘ ʜʦ 450̄ C. ʊʘʢ ʢʘʢ ʚ 

ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʧʣʘʚʘ ʠʟ ʨʘʟʜʝʣʴʥʦ 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ Pd ʠ Ag, ʫʢʨʫʧʥʝʥʠʝ ʢʦʥʝʯʥʳʭ 

ʩʧʣʘʚʥʳʭ ʯʘʩʪʠʮ ʚʧʦʣʥʝ ʦʞʠʜʘʝʤʦ. ɺ ʩʣʫʯʘʝ ʦʙʨʘʟʮʘ PdAg/ɺʆʇɻ-2, ʛʜʝ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʭʦʜʥʦ ʥʘʭʦʜʠʣʠʩʴ ʯʘʩʪʠʮʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè, 

ʫʚʝʣʠʯʝʥʠʝ ʠʭ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʧʦʩʣʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʧʣʘʚʘ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ 

(7.0 ʠ 7.2 ʥʤ ʜʦ ʠ ʧʦʩʣʝ ʧʨʦʛʨʝʚʘ ʜʦ 450̄ C, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ).  
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ʈʠʩʫʥʦʢ 23. ɻʠʩʪʦʛʨʘʤʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ 

ʉʊʄ ʠʟʦʙʨʘʞʝʥʠʡ, ʠʟʤʝʨʝʥʥʳʭ ʜʦ ʠ ʧʦʩʣʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʧʨʦʛʨʝʚʫ 

ʦʙʨʘʟʮʦʚ ʚ ʉɺɺ ʫʩʣʦʚʠʷʭ (ʘ) ï AgPd-2; (ʙ) ï PdAg-2. 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʝʪʦʜʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʥʘʧʳʣʝʥʠʷ 

ʤʝʪʘʣʣʦʚ (ʧʘʣʣʘʜʠʷ ʠ ʩʝʨʝʙʨʘ) ʩ ʨʘʟʣʠʯʥʳʤ ʧʦʨʷʜʢʦʤ ʥʘʥʝʩʝʥʠʷ ʤʝʪʘʣʣʦʚ 

PdAg/ɺʆʇɻ ʠ AgPd/ɺʆʇɻ ʧʨʠʛʦʪʦʚʣʝʥʘ ʩʝʨʠʷ ʦʙʨʘʟʮʦʚ ʤʦʜʝʣʴʥʳʭ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʨʷʜʢʘ ʥʘʥʝʩʝʥʠʷ 

ʤʝʪʘʣʣʦʚ ʠʩʭʦʜʥʳʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʯʘʩʪʠʮʳ 

ʩʦ ʩʪʨʫʢʪʫʨʦʡ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè ʠʣʠ ʠʥʜʠʚʠʜʫʘʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʝ Ag ʠ Pd 

ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ. ʅʝʟʘʚʠʩʠʤʦ ʦʪ ʩʪʨʫʢʪʫʨʳ ʯʘʩʪʠʮ ʚ ʠʩʭʦʜʥʳʭ 

ʦʙʨʘʟʮʘʭ, ʧʨʦʛʨʝʚ ʦʙʨʘʟʮʦʚ ʜʦ 400 ï 450̄ C ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ 

ʚʘʢʫʫʤʘ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʩʧʣʘʚʥʳʭ Pd-Ag ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ 

ʩ ʛʦʤʦʛʝʥʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʤʝʪʘʣʣʦʚ ʧʦ ʦʙʲʝʤʫ. ʇʨʠʛʦʪʦʚʣʝʥʥʳʝ 

ʤʦʜʝʣʴʥʳʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʢʘʪʘʣʠʟʘʪʦʨʳ ʷʚʣʷʶʪʩʷ ʪʝʨʤʠʯʝʩʢʠ 
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ʩʪʘʙʠʣʴʥʳʤʠ ʚʧʣʦʪʴ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 450ʉ̄, ʯʪʦ ʩʦʟʜʘʝʪ ʧʨʝʜʧʦʩʳʣʢʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʪʠʭ ʦʙʨʘʟʮʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʨʝʘʢʮʠʷʭ. 

2.3.2.2.2. ʄʦʜʝʣʴʥʳʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ PdCu/ɺʆʇɻ ʦʙʨʘʟʮʳ  

ɺ ʨʘʙʦʪʝ [131] ʥʘʤʠ ʙʳʣʠ ʠʟʫʯʝʥʳ ʫʩʣʦʚʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʧʣʘʚʘ ʚ Pd-

Cu/ɺʆʇɻ ʦʙʨʘʟʮʘʭ ʠ ʠʭ ʩʪʘʙʠʣʴʥʦʩʪʴ ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ. 

ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ PdAg/ɺʆʇɻ ʦʙʨʘʟʮʦʚ, PdCu/ɺʆʇɻ ʦʙʨʘʟʮʳ ʙʳʣʠ 

ʧʨʠʛʦʪʦʚʣʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʷʤʦʛʦ ʠ ʦʙʨʘʪʥʦʛʦ ʧʦʨʷʜʢʘ ʥʘʥʝʩʝʥʠʷ 

ʤʝʪʘʣʣʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʤʠ ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ ʜʚʘ ʦʙʨʘʟʮʘ ï 

PdCu/ɺʆʇɻ ʠ CuPd/ɺʆʇɻ. ʂʘʢ ʠ ʨʘʥʴʰʝ, ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ PdCu ʦʙʨʘʟʮʳ 

ʙʳʣʠ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʳ ʤʝʪʦʜʦʤ ʈʌʕʉ ʥʘ ʚʩʝʭ ʩʪʘʜʠʷʭ ʧʨʠʛʦʪʦʚʣʝʥʠʷ.  

ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʜʘʥʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 5. ɺ ʩʣʫʯʘʝ ʦʙʨʘʟʮʘ 

PdCu/ɺʆʇɻ, ʚ ʢʦʪʦʨʦʤ ʧʝʨʚʦʡ ʥʘʥʦʩʠʣʘʩʴ ʤʝʜʴ, ʧʨʦʛʨʝʚ 

ʩʚʝʞʝʧʨʠʛʦʪʦʚʣʝʥʥʦʡ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʦʡ çʤʘʪʨʠʮʳè Cu/ɺʆʇɻ (ʩʪʘʜʠʷ 

ʧʨʠʛʦʪʦʚʣʝʥʠʷ (1)-(3)) ʜʦ 300ʦʉ ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ (ʩʪʘʜʠʷ 

(4)) ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʧʘʜʝʥʠʶ ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ 

Cu/ʉ (ʙʦʣʝʝ ʯʝʤ ʚ 2 ʨʘʟʘ). ʆʙʳʯʥʦ ʪʘʢʦʝ ʠʟʤʝʥʝʥʠʝ ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʤʝʪʦʜʘ 

ʈʌʕʉ ʩʚʷʟʳʚʘʶʪ ʩʦ ʩʧʝʢʘʥʠʝʤ ʥʘʥʝʩʸʥʥʳʭ ʯʘʩʪʠʮ ʤʝʪʘʣʣʘ, ʪ.ʝ. ʤʝʜʠ, 

ʥʘʥʝʩʸʥʥʦʡ ʥʘ ʜʝʬʝʢʪʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ. ʇʦʩʣʝ ʥʘʧʳʣʝʥʠʷ ʧʘʣʣʘʜʠʷ ʥʘ 

ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʫʶ çʤʘʪʨʠʮʫè (ʩʪʘʜʠʷ (5)) ʧʨʦʠʩʭʦʜʠʪ ʜʘʣʴʥʝʡʰʝʝ 

ʫʤʝʥʴʰʝʥʠʝ ʟʥʘʯʝʥʠʷ Cu/C ʩ 0.08 ʜʦ 0.005, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʝʱʝ ʙʦʣʝʝ 

ʩʫʱʝʩʪʚʝʥʥʦʝ ʦʩʣʘʙʣʝʥʠʝ ʩʠʛʥʘʣʘ ʚ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ Cu2p ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ C1s, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʤ ʨʘʟʤʝʱʝʥʠʠ ʘʪʦʤʦʚ ʧʘʣʣʘʜʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ 

ʤʝʜʠ, ʘ ʥʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʬʠʪʘ. ʇʨʦʛʨʝʚ PdCu/ɺʆʇɻ ʦʙʨʘʟʮʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 450ʦʉ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʩʦʦʪʥʦʰʝʥʠ ̫ ʘʪʦʤʥʳʭ 

ʢʦʥʮʝʥʪʨʘʮʠʡ Cu/C ʠ ʫʤʝʥʴʰʝʥʠʶ ʩʦʦʪʥʦʰʝʥʠʷ Pd/Cu. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ, ʢʘʢ 

ʫʞʝ ʦʙʩʫʞʜʘʣʦʩʴ ʚʳʰʝ, ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʪʦʤʦʚ Pd ʠ Cu ʚ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮʘʭ, ʧʨʠʚʦʜʷʱʝʝ ʢ ʦʙʨʘʟʦʚʘʥʠ ʁʩʧʣʘʚʘ PdCu. 
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ʊʘʙʣʠʮʘ 5. ɸʪʦʤʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʵʣʝʤʝʥʪʦʚ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʠʟ ʜʘʥʥʳʭ 

ʈʌʕʉ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ PdCu/ɺʆʇɻ ʦʙʨʘʟʮʦʚ. 

ʆʙʨʘʟʝʮ ʉʪʘʜʠʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ Pd/Cu Pd/C Cu/C 

PdCu/ɺʆʇɻ 

ʅʘʧʳʣʝʥʠʝ ʧʝʨʚʦʛʦ 

ʤʝʪʘʣʣʘ ï Cu 
- - 0.018 

ʇʨʦʛʨʝʚ ʧʨʠ 300ęC - - 0.008 

ʅʘʧʳʣʝʥʠʝ ʚʪʦʨʦʛʦ 

ʤʝʪʘʣʣʘ ï Pd 
1.2 0.006 0.005 

ʇʨʦʛʨʝʚ ʧʨʠ 450ęC 0.4 0.006 0.014 

CuPd/ɺʆʇɻ 

ʅʘʧʳʣʝʥʠʝ ʧʝʨʚʦʛʦ 

ʤʝʪʘʣʣʘ ï Pd 
- 0.008 - 

ʇʨʦʛʨʝʚ ʧʨʠ 300ęC - 0.008 - 

ʅʘʧʳʣʝʥʠʝ ʚʪʦʨʦʛʦ 

ʤʝʪʘʣʣʘ ï Cu 
1.5 0.006 0.004 

ʇʨʦʛʨʝʚ ʧʨʠ 450ęC 2.5 0.005 0.002 

 

ʅʘ ʦʙʨʘʟʦʚʘʥʠʝ ʩʧʣʘʚʘ ʫʢʘʟʳʚʘʝʪ ʪʘʢʞʝ ʨʘʟʣʦʞʝʥʠʝ ʥʘ 

ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ Pd3d, ʠʟʤʝʨʝʥʥʳʭ 

ʜʣʷ ʵʪʦʛʦ ʞʝ ʦʙʨʘʟʮʘ PdCu-1 ʚ ʭʦʜʝ ʝʛʦ ʥʘʛʨʝʚʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ʕʪʠ ʨʘʟʣʦʞʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩʫʥʢʝ 24ʘ. ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAg/ɺʆʇɻ ʦʙʨʘʟʮʦʚ, ʚ ʩʧʝʢʪʨʘʭ Pd3d, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʛʨʝʚʘ ʦʙʨʘʟʮʘ, ʧʨʠʩʫʪʩʪʚʫʶʪ ʯʝʪʳʨʝ ʩʦʩʪʦʷʥʠʷ ʧʘʣʣʘʜʠʷ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʵʥʝʨʛʠʠ ʩʚʷʟʠ, ʢʦʪʦʨʳʝ ʥʘ ʦʩʥʦʚʘʥʠʠ ʨʘʥʝʝ 

ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʙʳʣʠ ʦʪʥʝʩʝʥʳ ʢ ʤʦʥʦ- ʠʣʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʤ ʢʣʘʩʪʝʨʘʤ, 

ʣʦʢʘʣʠʟʦʚʘʥʥʳʤ ʥʘ ʜʝʬʝʢʪʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʥʘʨʥʦʛʦ ʥʦʩʠʪʝʣʷ (337.0 ʵɺ), 

ʦʢʠʩʣʝʥʥʦʤʫ ʧʘʣʣʘʜʠʶ ʚ ʩʦʩʪʦʷʥʠʠ Pd2+ (336.7 ʵɺ), ʤʝʪʘʣʣʠʯʝʩʢʦʤʫ 

ʧʘʣʣʘʜʠʶ Pd0 (335.7 ʵɺ) ʠ ʧʘʣʣʘʜʠʶ ʚ ʩʦʩʪʘʚʝ PdïCu ʩʧʣʘʚʥʳʭ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ (335.4 ʵɺ). ɼʣʷ ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ ʧʨʘʢʪʠʯʝʩʢʠ ʚʝʩʴ 

ʧʘʣʣʘʜʠʡ ʥʘʭʦʜʠʪʩʷ ʚ ʦʢʠʩʣʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʘ ʧʦʩʣʝ ʧʨʦʛʨʝʚʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 250Áʉ ʧʨʦʠʩʭʦʜʠʪ ʧʦʣʥʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʧʘʣʣʘʜʠʷ ʜʦ ʤʝʪʘʣʣʘ. 

ʇʨʦʛʨʝʚ ʜʦ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ 
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ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʚ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ Pd3d, ʦʪʥʝʩʸʥʥʦʡ 

ʢ PdCu ʩʧʣʘʚʫ, ʜʦʣʷ ʢʦʪʦʨʦʡ ʩʪʘʥʦʚʠʪʩʷ ʧʨʝʚʘʣʠʨʫʶʱʝʡ ʚ ʩʧʝʢʪʨʝ ʧʦʩʣʝ 

ʧʨʦʛʨʝʚʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 450ęC. ʂʦʣʠʯʝʩʪʚʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦ ʚʢʣʘʜʫ 

ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʦʷʥʠʡ ʧʘʣʣʘʜʠʷ ʚ ʩʧʝʢʪʨ Pd3d ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 250 ï 450ʦʉ 

(ʈʠʩʫʥʦʢ 24ʙ) ʜʝʤʦʥʩʪʨʠʨʫʶʪ, ʯʪʦ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʨʘʢʪʠʯʝʩʢʠ 

ʚʝʩʴ ʧʘʣʣʘʜʠʡ ʥʘʭʦʜʠʪʩʷ ʚ ʩʦʩʪʘʚʝ PdCu ʩʧʣʘʚʘ.  

 

 

ʈʠʩʫʥʦʢ 24. ʌʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ Pd3d, ʠʟʤʝʨʝʥʥʳʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʜʣʷ ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ, ʘ ʪʘʢʞʝ ʧʦʩʣʝ ʧʨʦʛʨʝʚʦʚ ʜʦ 250ÜC, 350ÜC 

ʠ 450ÜC ʜʣʷ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ 300 ʵɺ (ʘ). ɼʦʣʷ 

ʩʦʩʪʦʷʥʠʡ ʧʘʣʣʘʜʠʷ (ʩʧʣʘʚ ʠ ʤʝʪʘʣʣ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʛʨʝʚʘ 

PdCu/ɺʆʇɻ ʦʙʨʘʟʮʘ (ʙ). 

ɺ ʩʣʫʯʘʝ CuPd/ɺʆʇɻ ʦʙʨʘʟʮʘ, ʛʜʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʜʨʫʛʘʷ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʥʘʥʝʩʝʥʠʷ ʤʝʪʘʣʣʦʚ, ʧʨʦʛʨʝʚ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʦʡ 
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çʤʘʪʨʠʮʳè Pd/ɺʆʇɻ ʜʦ 300ʦʉ ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ (ʩʪʘʜʠʷ 

ʧʨʠʛʦʪʦʚʣʝʥʠʷ (4)) ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʩʦʦʪʥʦʰʝʥʠʷ 

ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Pd/ʉ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʚʝʞʝʥʘʧʳʣʸʥʥʳʤ ʦʙʨʘʟʮʦʤ 

(ʩʪʘʜʠʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ (3)). ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʚ ʦʪʣʠʯʠʝ ʦʪ ʤʝʜʠ, 

ʧʘʣʣʘʜʠʡ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʪʝʨʤʠʯʝʩʢʠ ʫʩʪʦʡʯʠʚʳʤ, ʪʘʢ ʯʪʦ ʩʧʝʢʘʥʠʷ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʧʘʣʣʘʜʠʷ ʧʨʠ ʝʛʦ ʧʨʦʛʨʝʚʝ ʧʨʠ 300ʦʉ ʥʝ ʧʨʦʠʩʭʦʜʠʪ. 

ɸʥʘʣʦʛʠʯʥʦ ʦʙʨʘʟʮʫ PdCu/ɺʆʇɻ ʧʦʩʣʝ ʥʘʧʳʣʝʥʠʷ ʚʪʦʨʦʛʦ ʤʝʪʘʣʣʘ ï ʤʝʜʠ, 

ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Pd/C, ʪ.ʝ. 

ʤʝʜʴ, ʚ ʦʩʥʦʚʥʦʤ, çʩʘʜʠʪʩʷè ʥʘ ʧʘʣʣʘʜʠʝʚʳʝ ʯʘʩʪʠʮʳ, ʘ ʥʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʛʨʘʬʠʪʘ, ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ ʯʘʩʪʠʮ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ çʷʜʨʦ-

ʦʙʦʣʦʯʢʘè. ʇʨʦʛʨʝʚ ʜʦ 450ęC ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʟʥʘʯʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ 

ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Pd/Cu, ʠʟ ʯʝʛʦ ʪʘʢʞʝ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ 

ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʠ ʤʝʪʘʣʣʦʚ ʧʦ ʦʙʲʝʤʫ ʯʘʩʪʠʮʳ, ʘ ʠʤʝʥʥʦ ʦ ʩʝʛʨʝʛʘʮʠʠ 

ʧʘʣʣʘʜʠʷ ʠʟ ʦʙʲʝʤʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʩ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʜʠʬʬʫʟʠʝʡ ʘʪʦʤʦʚ ʤʝʜʠ 

ʚ ʦʙʲʸʤ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦʤʫ ʧʝʨʝʤʝʰʠʚʘʥʠʶ ʤʝʪʘʣʣʦʚ ʚ 

ʦʙʲʸʤʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʛʨʝʚʘ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ~ 450ÁC 

ʬʦʨʤʠʨʫʶʪʩʷ ʩʧʣʘʚʥʳʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ PdCu ʯʘʩʪʠʮʳ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦʙ ʠʟʤʝʥʝʥʠʠ ʤʦʨʬʦʣʦʛʠʠ 

ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ Pd-Cu ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʠʟ 

ʜʘʥʥʳʭ, ʧʨʠʚʝʜʸʥʥʳʭ ʥʘ ʈʠʩʫʥʢʝ 25, ʥʘ ʢʦʪʦʨʦʤ ʧʨʝʜʩʪʘʚʣʝʥʳ ʉʊʄ-

ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ, 

ʠʟʤʝʨʝʥʥʳʝ ʜʦ ʠ ʧʦʩʣʝ ʧʨʦʛʨʝʚʘ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdCu ʦʙʨʘʟʮʦʚ ʧʨʠ 450ʦʉ 

ʚ ʩʚʝʨʭʚʳʩʦʢʦʚʘʢʫʫʤʥʳʭ ʫʩʣʦʚʠʷʭ. ʇʨʦʛʨʝʚ ʦʙʨʘʟʮʘ PdCu/ɺʆʇɻ ʜʦ 450ÁC 

ʧʨʠʚʦʜʠʪ ʢ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʥʘʥʝʩʸʥʥʳʭ 

ʯʘʩʪʠʮ (ʩ 5.5 ʜʦ 5.8 ʥʤ), ʢʘʢ ʚʠʜʥʦ ʠʟ ʛʠʩʪʦʛʨʘʤʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ 

ʨʘʟʤʝʨʘʤ ï ʚ ʦʩʥʦʚʥʦʤ, ʟʘ ʩʯʪy ʫʚʝʣʠʯʝʥʠʷ ʜʦʣʠ ʦʯʝʥʴ ʢʨʫʧʥʳʭ ʯʘʩʪʠʮ 

(ʈʠʩʫʥʦʢ 25ʜ).  
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ʈʠʩʫʥʦʢ 25. ʉʊʄ-ʠʟʦʙʨʘʞʝʥʠʷ (200Ĭ200 ʥʤ2) ʠ ʩʨʝʜʥʠʝ ʨʘʟʤʝʨ r ʜʣʷ 

PdCu/ɺʆʇɻ: (a) ï ʠʩʭʦʜʥʳʡ, (ʙ) ï ʧʦʩʣʝ ʧʨʦʛʨʝʚʘ ʧʨʠ 450ÁC, ʘ ʘʢʞʝ ʜʣʷ 

CuPd/ɺʆʇɻ: (ʚ) ï ʠʩʭʦʜʥʳʡ, (ʛ) ï ʧʦʩʣʝ ʧʨʦʛʨʝʚʘ ʧʨʠ 450ÁC. ɻʠʩʪʦʛʨʘʤʤʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ: (ʜ) ï 

PdCu/ɺʆʇɻ, (ʝ) ï CuPd/ɺʆʇɻ. ʇʘʨʘʤʝʪʨʳ ʩʢʘʥʠʨʦʚʘʥʠʷ: (a) I t =  0.49 ʥɸ, Ut 

= 1.50 ɺ; (ʙ) I t =  0.47 ʥɸ, Ut = 1.50 ɺ; (ʚ) I t = 0.72 ʥɸ, Ut = 1.50 ɺ; (ʛ) I t =  0.49 

ʥɸ, Ut = 1.50 ɺ. 

ɺ ʩʣʫʯʘʝ ʦʙʨʘʟʮʘ CuPd/ɺʆʇɻ, ʧʨʠʛʦʪʦʚʣʝʥʥʦʛʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʨʘʪʥʦʛʦ 

ʧʦʨʷʜʢʘ ʥʘʥʝʩʝʥʠʷ ʤʝʪʘʣʣʦʚ, ʥʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ 

ʯʘʩʪʠʮ ʩ 4.6 ʜʦ 5.5 ʥʤ, ʢʦʪʦʨʦʝ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʸʪ ʦʙʱʝʛʦ ʩʜʚʠʛʘ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ (ʈʠʩʫʥʦʢ 

25ʝ). ʉʪʦʠʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʦʙʨʘʟʮʘ CuPd/ɺʆʇɻ (ʈʠʩʫʥʦʢ 

25ʚ,ʛ,ʝ), ʢʦʛʜʘ ʚ ʢʘʯʝʩʪʚʝ ʧʝʨʚʦʛʦ ʤʝʪʘʣʣʘ ʥʘʧʳʣʷʣʩʷ ʧʘʣʣʘʜʠʡ, 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʧʦʣʫʯʘʝʪʩʷ ʙʦʣʝʝ ʫʟʢʠʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʦʙʨʘʟʮʦʤ PdCu/ɺʆʇɻ (ʈʠʩʫʥʦʢ 25ʘ,ʙ,ʜ), ʚ ʢʦʪʦʨʦʤ ʩʥʘʯʘʣʘ ʥʘʧʳʣʷʣʘʩʴ ʤʝʜʴ. 
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ʊʘʢʦʝ ʨʘʟʣʠʯʠʝ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʘʣʣʘʜʠʡ ʧʨʦʷʚʣʷʝʪ ʙʦʣʝʝ 

ʚʳʩʦʢʫʶ ʪʝʨʤʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʜʴʶ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʥʘ 

ʩʪʘʜʠʠ (4) ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdCu/ɺʆʇɻ 

ʦʙʨʘʟʮʦʚ, ʧʦʩʣʝ ʧʨʦʛʨʝʚʘ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʦʡ çʤʘʪʨʠʮʳè Pd/ɺʆʇɻ ʚ ʚʘʢʫʫʤʝ 

ʜʦ 300Áʉ, ʬʦʨʤʠʨʫʶʪʩʷ Pd ʯʘʩʪʠʮʳ ʩ ʫʟʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦ ʨʘʟʤʝʨʘʤ, 

ʪʦʛʜʘ ʢʘʢ ʚ ʩʣʫʯʘʝ Cu/ɺʆʇɻ ʧʨʦʠʩʭʦʜʠʪ ʩʧʝʢʘʥʠʝ ʤʝʜʠ, ʧʨʠʚʦʜʷʱʝʝ ʢ ʙʦʣʝʝ 

ʰʠʨʦʢʦʤʫ ʨʘʟʤʝʨʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ. 

2.3.3. ɹʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʤʦʜʝʣʴʥʳʝ ʥʘʥʝʩʸʥʥʳʝ PdIn/ɺʆʇɻ 

ʢʘʪʘʣʠʟʘʪʦʨʳ ï ʥʘ ʦʩʥʦʚʝ ʤʝʪʘʣʣʦʚ, ʦʙʨʘʟʫʶʱʠʭ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʝ 

ʩʦʝʜʠʥʝʥʠʷ. 

ɼʨʫʛʦʡ ʪʠʧ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʢʦʪʦʨʳʝ ʚʳʜʝʣʷʶʪ ʚ ʢʘʯʝʩʪʚʝ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʩʦʩʪʘʚʣʷʶʪ 

ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ (ʀʄʉ). ʆʥʠ ʦʪʣʠʯʘʶʪʩʷ 

ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʘʪʦʤʘʨʥʦʡ ʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ ʠ ʩʪʘʙʠʣʴʥʦʩʪʴʶ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʳʩʦʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʠ 

ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴʶ ʩʪʨʫʢʪʫʨʳ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ʆʜʥʦʡ ʠʟ 

ʥʘʠʙʦʣʝʝ ʠʟʫʯʝʥʥʳʭ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʷʚʣʷʝʪʩʷ ʩʠʩʪʝʤʘ PdGa, ʢʦʪʦʨʘʷ 

ʧʨʦʷʚʣʷʝʪ ʚʳʩʦʢʫʶ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʚ ʨʝʘʢʮʠʷʭ ʛʠʜʨʠʨʦʚʘʥʠ ̫ ʘʮʝʪʠʣʝʥʘ. 

ʆʜʥʘʢʦ, ʦʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʧʦʜʦʙʥʳʭ ʩʠʩʪʝʤ ʷʚʣʷʝʪʩʷ ʠʭ ʥʠʟʢʘʷ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʦʢʠʩʣʝʥʠʶ, ʜʘʞʝ ʧʨʠ ʥʝʧʨʦʜʦʣʞʠʪʝʣʴʥʦʤ 

ʭʨʘʥʝʥʠʠ ʦʙʨʘʟʮʦʚ ʥʘ ʚʦʟʜʫʭʝ ʠʣʠ ʚʦʟʜʝʡʩʪʚʠʠ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʩʨʝʜʳ 

ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʦʢʩʠʜʦʚ ʛʘʣʣʠʷ ʠ ʧʘʣʣʘʜʠʷ, ʢʦʪʦʨʦʝ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʨʘʟʣʦʞʝʥʠʝʤ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʠʚʦʜʠʪ ʢ 

ʜʝʛʨʘʜʘʮʠʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ - ʩʥʠʞʝʥʠʶ ʢʦʥʚʝʨʩʠʠ ʠ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʚ 

ʨʝʘʢʮʠʠ [135]. C ʪʦʯʢʠ ʟʨʝʥʠʷ ʵʣʝʢʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚ (ʚʥʝʰʥʷʷ ʵʣʝʢʪʨʦʥʥʘʷ 

ʦʙʦʣʦʯʢʘ) ʠʥʜʠʡ ʷʚʣʷʝʪʩʷ ʘʥʘʣʦʛʦʤ ʛʘʣʣʠʷ, ʧʦʵʪʦʤʫ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʝʛʦ 

ʚʤʝʩʪʦ ʛʘʣʣʠʷ ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ Pd-In 

ʩʦʝʜʠʥʝʥʠʡ [136], ʢʦʪʦʨʳʝ, ʦʜʥʘʢʦ, ʧʨʦʷʚʣʷʶʪ ʙʦʣʴʰʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʦʢʠʩʣʝʥʠʶ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ PdGa. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 
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ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʢʘʪʘʣʠʟʘʪʦʨʳ ʥʘ ʦʩʥʦʚʝ Pd ʠ In ʪʘʢʞʝ ʷʚʣʷʶʪʩʷ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʨʝʘʢʮʠʷʭ ʩʝʣʝʢʪʠʚʥʦʛʦ ʛʠʜʨʠʨʦʚʘʥʠʷ 

ʪʨʦʡʥʦʡ CſC ʩʚʷʟʠ. ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ 

ʢʘʪʘʣʠʟʘʪʦʨʳ ʥʘ ʦʩʥʦʚʝ PdIn ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ ʧʨʦʷʚʣʷʶʪ ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʚ ʮʝʣʦʤ ʨʷʜʝ ʜʨʫʛʠʭ ʨʝʘʢʮʠʡ, ʪʘʢʠʭ ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ 

ʥʠʪʨʘʪʦʚ [137], ʧʘʨʦʚʦʡ ʨʠʬʦʨʤʠʥʛ ʤʝʪʘʥʦʣʘ [138], ʛʠʜʨʠʨʦʚʘʥʠʝ CO2 ʚ 

ʤʝʪʘʥʦʣ [139, 140] ʠ ʜʨ.  

ɺ ʧʨʦʜʦʣʞʝʥʠʝ ʨʘʙʦʪ, ʧʦʩʚʷʱʸʥʥʳʭ ʧʨʠʛʦʪʦʚʣʝʥʠʶ ʤʦʜʝʣʴʥʳʭ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʥʘʣʦʛʠʯʥʳʭ ʧʦʜʭʦʜʦʚ 

ʥʘʤʠ ʙʳʣʠ ʠʟʫʯʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ PdIn ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʯʘʩʪʠʮ, ʥʘʥʝʩʝʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ [141, 142]. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʨʘʥʝʝ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʤʝʪʘʣʣʦʚ ʙʳʣʘ 

ʧʨʠʛʦʪʦʚʣʝʥʘ ʩʝʨʠʷ PdIn/ɺʆʇɻ ʦʙʨʘʟʮʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʩʦʦʪʥʦʰʝʥʠʤ̫ʠ 

ʤʝʪʘʣʣʦʚ. ɼʣʷ ʚʩʝʭ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʦʜʠʥʘʢʦʚʳʡ 

ʧʦʨʷʜʦʢ ʥʘʥʝʩʝʥʠʷ ʤʝʪʘʣʣʦʚ ï ʩʥʘʯʘʣʘ ʥʘʥʦʩʠʣʩʷ ʧʘʣʣʘʜʠʡ, ʟʘʪʝʤ ʠʥʜʠʡ. ʂʘʢ 

ʠ ʨʘʥʝʝ, ʦʙʨʘʟʮʳ ʙʳʣʠ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʳ ʢʦʤʙʠʥʘʮʠʝʡ ʤʝʪʦʜʦʚ ʈʌʕʉ ʠ 

ʉʊʄ ʥʘ ʨʘʟʣʠʯʥʳʭ ʩʪʘʜʠʷʭ ʧʨʠʛʦʪʦʚʣʝʥʠʷ. ʆʪʥʦʰʝʥʠʝ ʘʪʦʤʥʳʭ 

ʢʦʥʮʝʥʪʨʘʮʠʡ Pd/C, In/C ʠ In/Pd, ʨʘʩʩʯʠʪʘʥʥʳʝ ʠʟ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ 

Pd3d, In3d ʠ C1s, ʠʟʤʝʨʝʥʥʳʭ ʜʣʷ PdIn/ɺʆʇɻ ʦʙʨʘʟʮʦʚ ʥʘ ʨʘʟʣʠʯʥʳʭ ʩʪʘʜʠʷʭ 

ʧʨʠʛʦʪʦʚʣʝʥʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 6. ʀʟ ʧʨʠʚʝʜʸʥʥʳʭ ʚ ʊʘʙʣʠʮʝ 6 

ʜʘʥʥʳʭ ʚʠʜʥʦ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʘ ʧʨʠʛʦʪʦʚʣʝʥʘ ʩʝʨʠʷ PdIn ʦʙʨʘʟʮʦʚ ʩ 

ʨʘʟʣʠʯʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ In/Pd ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʉʊʄ-ʠʟʦʙʨʘʞʝʥʠʷ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʠ ʩʨʝʜʥʠʝ 

ʨʘʟʤʝʨʳ ʯʘʩʪʠʮ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdIn/ɺʆʇɻ 

ʦʙʨʘʟʮʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩʫʥʢʝ 26. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʠʟʤʝʨʝʥʠʷ 

ʤʝʪʦʜʦʤ ʉʊʄ ʧʨʦʚʦʜʠʣʠʩʴ ʧʦʩʣʝ ʢʨʘʪʢʦʚʨʝʤʝʥʥʦʛʦ ʢʦʥʪʘʢʪʘ 

ʩʚʝʞʝʧʨʠʛʦʪʦʚʣʝʥʥʳʭ PdIn/ɺʆʇɻ ʦʙʨʘʟʮʦʚ ʩ ʘʪʤʦʩʬʝʨʦʡ ʧʨʠ ʠʭ ʧʝʨʝʥʦʩʝ 

ʤʝʞʜʫ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʤ ʩʧʝʢʪʨʦʤʝʪʨʦʤ ʠ ʩʢʘʥʠʨʫʶʱʠʤ ʪʫʥʥʝʣʴʥʳʤ 

ʤʠʢʨʦʩʢʦʧʦʤ. ɺʩʝ ʦʙʨʘʟʮʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʫʟʢʠʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ, ʧʨʠ ʵʪʦʤ ʠʭ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ 
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ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 4-6 ʥʤ ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʨʦʩʪʦʤ 

ʩʦʦʪʥʦʰʝʥʠʷ In/Pd. 

ʊʘʙʣʠʮʘ 6. ʆʪʥʦʰʝʥʠ ̫ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʵʣʝʤʝʥʪʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

PdIn/ɺʆʇɻ ʦʙʨʘʟʮʦʚ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʠʟ ʜʘʥʥʳʭ ʈʌʕʉ  

ʆʙʨʘʟʝʮ 
ʉʪʘʜʠʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ 

ʅʘʧʳʣʝʥʠʝ Pd ʅʘʧʳʣʝʥʠʝ In 

ʉ
ʊ
ʄ  

ʇʦʩʣʝ ʢʦʥʪʘʢʪʘ ʩ ʚʦʟʜʫʭʦʤ 

 Pd/C In/C In/Pd Pd/C In/C In/Pd 

PdIn/ɺʆʇɻ-1 0.0063 0.0029 0.46 0.007 0.0035 0.5 

PdIn/ɺʆʇɻ-2 0.011 0.0063 0.57 0.012 0.010 0.83 

PdIn/ɺʆʇɻ -3 0.008 0.097 1.21 0.007 0.009 1.29 

PdIn/ɺʆʇɻ -4 0.010 0.020 2.0 0.010 0.023 2.3 

 

 

ʈʠʩʫʥʦʢ 26. ʉʊʄ-ʠʟʦʙʨʘʞʝʥʠʷ (200Ĭ200 ʥʤ2), ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʧʦ 

ʨʘʟʤʝʨʘʤ ʠ ʩʨʝʜʥʠʝ ʨʘʟʤʝʨ r ʯʘʩʪʠʮ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʤʦʜʝʣʴʥʳʭ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdIn/ɺʆʇɻ ʦʙʨʘʟʮʦʚ: (ʘ) PdIn/ɺʆʇɻ-1; (ʙ) PdIn/ɺʆʇɻ-2; 

(ʚ) PdIn/ɺʆʇɻ-3; ʠ (ʛ) PdIn/ɺʆʇɻ-4. ʇʘʨʘʤʝʪʨʳ ʩʢʘʥʠʨʦʚʘʥʠʷ: (a) I t =  0.48 
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ʥA, Ut = 2.00 ɺ; (ʙ) I t =  0.41 ʥA, Ut = 2.00 ɺ; (ʚ) I t =  0.46 ʥɸ, Ut = 1.49 ɺ ʠ (ʛ) 

I t =  0.47ʥɸ, Ut = 1.99 ɺ; 

 

ʅʘ ʈʠʩʫʥʢʝ 27 ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʝ 

ʩʧʝʢʪʨʳ ʨʝʛʠʦʥʦʚ Pd3d ʠ In3d, ʠʟʤʝʨʝʥʥʳʝ ʜʣʷ PdIn/ɺʆʇɻ-4 ʦʙʨʘʟʮʘ ʥʘ ʚʩʝʭ 

ʵʪʘʧʘʭ ʝʛʦ ʧʨʠʛʦʪʦʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʧʦʩʣʝ ʢʦʥʪʘʢʪʘ ʩʚʝʞʝʧʨʠʛʦʪʦʚʣʝʥʥʦʛʦ 

ʦʙʨʘʟʮʘ ʩ ʘʪʤʦʩʬʝʨʦʡ (ʧʨʠ ʧʝʨʝʥʦʩʝ ʦʙʨʘʟʮʘ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ 

ʤʝʪʦʜʦʤ ʉʊʄ). ʅʘ ʈʠʩʫʥʢʝ 27 ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʧʨʠʚʝʜʸʥ 

ʩʧʝʢʪʨ In3d, ʠʟʤʝʨʝʥʥʳʡ ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʥʦʛʦ ʨʝʧʝʨʥʦʛʦ 

ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ In/ɺʆʇɻ (ʩʦʦʪʥʦʰʝʥʠʝ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ 

In/C = 0.01, <d>ʉʊʄ = 4.1 ʥʤ). ʀʟ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʘ Pd3d, 

ʠʟʤʝʨʝʥʥʦʛʦ ʜʣʷ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʦʡ çʤʘʪʨʠʮʳè Pd/ɺʆʇɻ, ʚʠʜʥʦ, ʯʪʦ 

ʧʘʣʣʘʜʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʬʠʪʘ ʥʘʭʦʜʠʪʩʷ ʚ ʜʚʫʭ ʩʦʩʪʦʷʥʠʷʭ ʩ ʨʘʟʥʳʤʠ 

ʵʥʝʨʛʠʷʤʠ ʩʚʷʟʠ. ʆʩʥʦʚʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʩʦ ʟʥʘʯʝʥʠʝʤ ʵʥʝʨʛʠʠ ʩʚʷʟʠ Pd3d5/2 ~ 

335.6 ʵɺ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʘʥʦʯʘʩʪʠʮʘʤ ʧʘʣʣʘʜʠʷ, ʥʘʭʦʜʷʱʠʤʩʷ ʚ 

ʤʝʪʘʣʣʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ. ʅʠʟʢʦʠʥʪʝʥʩʠʚʥʳʡ ʧʠʢ ʩʦ ʟʥʘʯʝʥʠʝʤ ʵʥʝʨʛʠʠ 

ʩʚʷʟʠ 337.0 ʵɺ, ʢʘʢ ʫʞʝ ʥʝʦʜʥʦʢʨʘʪʥʦ ʦʙʩʫʞʜʘʣʦʩʴ ʚʳʰʝ, ʤʦʞʝʪ ʙʳʪʴ 

ʦʪʥʝʩʸʥ ʢ ʥʘʥʦʨʘʟʤʝʨʥʳʤ ʢʣʘʩʪʝʨʘʤ Pd, ʟʘʢʨʝʧʣʸʥʥʳʤ ʥʘ ʜʝʬʝʢʪʘʭ, ʢʦʪʦʨʳʝ 

ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ ʧʫʪʸʤ 

ʪʨʘʚʣʝʥʠʷ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʠʦʥʘʤʠ ʘʨʛʦʥʘ.  

ʇʦʩʣʝ ʥʘʧʳʣʝʥʠʷ ʠʥʜʠʷ ʟʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʦʩʥʦʚʥʦʡ ʣʠʥʠʠ 

Pd3d5/2 ʩʜʚʠʛʘʝʪʩʷ ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ ʥʘ 0.9 ʵɺ ʠ ʩʦʩʪʘʚʣʷʝʪ 336.5 

ʵɺ. ʇʦʭʦʞʠʝ ʩʜʚʠʛʠ ʣʠʥʠʠ Pd3d5/2 ʥʘʙʣʶʜʘʣʠʩʴ ʘʚʪʦʨʘʤʠ ʨʘʙʦʪʳ [143], 

ʧʦʩʚʷʱʸʥʥʦʡ ʠʟʫʯʝʥʠʶ ʤʘʩʩʠʚʥʳʭ ʤʦʜʝʣʴʥʳʭ PdIn ʩʠʩʪʝʤ, ʛʜʝ In ʥʘʧʳʣʷʣʩʷ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʦʣʴʛʠ ʧʘʣʣʘʜʠʷ. ʄʝʪʦʜʦʤ ʈʌʕʉ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʥʘʧʳʣʝʥʠʠ 4 ʤʦʥʦʩʣʦʸʚ ʠʥʜʠʷ ʚ ʩʧʝʢʪʨʘʭ Pd3d 

ʥʘʙʣʶʜʘʝʪʩʷ ʝʸ ʩʜʚʠʛ ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ, ʢʦʪʦʨʳʡ 

ʘʚʪʦʨʳ ʩʚʷʟʳʚʘʣʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ Pd-In ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ. ɺ 

ʜʨʫʛʦʡ ʨʘʙʦʪʝ ʄʘʢɻʠʨʢ (McGuirk) ʩ ʩʦʘʚʪʦʨʘʤʠ [144] ʠʩʩʣʝʜʦʚʘʣʠ ʧʨʦʮʝʩʩ 

ʦʙʨʘʟʦʚʘʥʠʷ PdIn ʀʄʉ ʧʨʠ ʥʘʥʝʩʝʥʠʠ ʠʥʜʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʤʦʥʦʢʨʠʩʪʘʣʣʘ 



114 
 

Pd(111) ʧʨʠ ʧʦʤʦʱʠ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ (ʈʌʕʉ, 

ʜʠʬʨʘʢʮʠʷ ʤʝʜʣʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʉʊʄ) ʚ ʢʦʤʙʠʥʘʮʠʠ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ 

ʨʘʩʯʸʪʘʤʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʦʛʨʝʚ ʩʠʩʪʝʤʳ ʧʦʩʣʝ 

ʥʘʥʝʩʝʥʠʷ ʦʜʥʦʛʦ ʤʦʥʦʩʣʦʷ ʠʥʜʠʷ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ~ 420ÜC ʧʨʠʚʦʜʠʪ ʢ 

ʦʙʨʘʟʦʚʘʥʠʶ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʧʣʘʚʘ ʩʦ ʩʪʨʫʢʪʫʨʦʡ (ã3Ĭã3)R30Ü, ʙʣʠʟʢʦʤʫ ʧʦ 

ʩʦʩʪʘʚʫ ʢ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʝ In2Pd3. ɸʥʘʣʠʟ ʩʧʝʢʪʨʦʚ Pd3d ʧʦʢʘʟʘʣ, 

ʯʪʦ ʧʨʠ ʥʘʧʳʣʝʥʠʠ ʠʥʜʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʦ 

ʟʥʘʯʝʥʠʝʤ ʵʥʝʨʛʠʠ ʩʚʷʟʠ Pd3d5/2, ʩʜʚʠʥʫʪʳʤ ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ, 

ʧʨʠʯʸʤ ʟʥʘʯʝʥʠʝ ʩʜʚʠʛʘ ʚʦʟʨʘʩʪʘʣʦ ʦʪ +0.65 ʜʦ +0.9 ʵɺ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʥʜʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʩʥʦʚʳʚʘʷʩʴ ʥʘ ʣʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ, 

ʩʜʚʠʛ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʣʠʥʠʠ Pd3d5/2, ʥʘʙʣʶʜʘʝʤʳʡ ʥʘʤʠ ʧʨʠ ʥʘʧʳʣʝʥʠʠ 

ʠʥʜʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ Pd/ɺʆʇɻ çʤʘʪʨʠʮʳè, ʙʳʣ ʦʪʥʝʩʸʥ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ 

PdIn ʀʄʉ [143ï146]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʩʣʫʯʘʝ PdIn ʩʠʩʪʝʤ ʦʙʨʘʟʦʚʘʥʠʝ ʀʄʉ 

ʧʨʦʠʩʭʦʜʠʪ ʫʞʝ ʧʨʠ ʥʘʧʳʣʝʥʠʠ In ʥʘ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʡ Pd/ɺʆʇɻ ʦʙʨʘʟʝʮ 

ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʧʨʦʛʨʝʚʘ ʚ ʫʩʣʦʚʠʷʭ ʉɺɺ. ʅʘʧʦʤʥʠʤ, ʯʪʦ ʚ ʩʣʫʯʘʝ 

ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʤʝʪʘʣʣʦʚ (Pd, Au, Cu, 

Ag), ʦʙʨʘʟʫʶʱʠʭ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʟʘʤʝʱʝʥʠʷ (ʩʤ. ʨʘʟʜʝʣʳ 2.3.1 ʠ 2.3.2), 

ʪʘʢʦʡ ʧʨʦʪʦʢʦʣ ʥʘʥʝʩʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʩʦ ʩʪʨʫʢʪʫʨʦʡ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè. ɼʣʷ ʦʙʨʘʟʦʚʘʥʠʷ 

ʩʧʣʘʚʘ ʪʨʝʙʫʝʪʩʷ ʥʘʛʨʝʚ ʪʘʢʠʭ ʦʙʨʘʟʮʦʚ ʚ ʚʘʢʫʫʤʝ ʜʦ ʪʝʤʧʝʨʘʪʫʨ 350-450Üʉ, 

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʩʧʦʣʴʟʫʝʤʳʭ ʢʦʤʙʠʥʘʮʠʡ ʤʝʪʘʣʣʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʩʪʦʠʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʪʥʝʩʝʥʥʘʷ ʢ PdIn ʀʄʉ ʢʦʤʧʦʥʝʥʪʘ ʩʠʤʤʝʪʨʠʯʥʘ, ʪʦʛʜʘ ʢʘʢ 

ʜʣʷ ʣʠʥʠʠ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʦʛʦ Pd/ɺʆʇɻ ʥʘʙʣʶʜʘʝʪʩʷ ʘʩʠʤʤʝʪʨʠʷ (ʈʠʩʫʥʦʢ 

24). ʊʘʢʠʝ ʠʟʤʝʥʝʥʠʷ ʫʢʘʟʳʚʘʶʪ ʥʘ ʧʦʥʠʞʝʥʠʝ ʣʦʢʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʩʦʩʪʦʷʥʠʡ ʥʘ ʫʨʦʚʥʝ ʌʝʨʤʠ [143, 144]. ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, 

ʩʥʠʞʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʚʙʣʠʟʠ ʫʨʦʚʥʷ ʌʝʨʤʠ ʜʣʷ PdIn ʀʄʉ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʤ Pd ʦʙʨʘʟʮʦʤ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ 

ʵʥʝʨʛʠʠ ʘʜʩʦʨʙʮʠʠ ʤʘʣʳʭ ʤʦʣʝʢʫʣ, ʪʘʢʠʭ ʢʘʢ CO, H2 ʠʣʠ C2H2, ʥʘ 

ʧʦʚʝʨʭʥʦʩʪ ɹ ʯʘʩʪʠʮ [143, 147] ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ ʠʟʤʝʥʝʥʠʶ ʠʭ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. 
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ʈʠʩʫʥʦʢ 27. ʌʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ Pd3d ʠ In3d, ʠʟʤʝʨʝʥʥʳʝ ʜʣʷ ʦʙʨʘʟʮʘ 

PdIn/ɺʆʇɻ-4 ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ ʝʛʦ ʧʨʠʛʦʪʦʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʧʦʩʣʝ ʢʦʥʪʘʢʪʘ 

ʩʚʝʞʝʧʨʠʛʦʪʦʚʣʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʩ ʘʪʤʦʩʬʝʨʦʡ (ʧʨʠ ʧʝʨʝʥʦʩʝ ʦʙʨʘʟʮʘ ʜʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ ʤʝʪʦʜʦʤ ʉʊʄ). ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʜʣʷ ʩʨʘʚʥʝʥʠʷ 

ʧʨʠʚʝʜʸʥ ʩʧʝʢʪʨ In3d, ʠʟʤʝʨʝʥʥʳʡ ʜʣʷ ʨʝʧʝʨʥʦʛʦ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 

ʦʙʨʘʟʮʘ In/ɺʆʇɻ (ʩʦʦʪʥʦʰʝʥʠʝ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ In/C = 0.01, <d>ʉʊʄ = 

4.1 ʥʤ). 

ɺ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ In3d, ʠʟʤʝʨʝʥʥʳʭ ʜʣʷ PdIn/ɺʆʇɻ ʦʙʨʘʟʮʘ 

ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʠʥʜʠʷ ʥʘ Pd/ɺʆʇɻ (ʈʠʩʫʥʦʢ 27), ʧʨʠʩʫʪʩʪʚʫʝʪ ʜʚʘ 

ʩʦʩʪʦʷʥʠʷ ʩ ʵʥʝʨʛʠʷʤʠ ʩʚʷʟʠ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʣʠʥʠʠ In3d5/2 444.3 ʠ 445.8 ʵɺ. 
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ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʟʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ ʩʚʷʟʠ, ʨʘʚʥʦʝ 445.8 ʵɺ, ʷʚʣʷʝʪʩʷ 

ʪʠʧʠʯʥʳʤ ʜʣʷ ʠʥʜʠʷ ʚ ʦʢʠʩʣʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ - In3+ [143, 144, 146, 148, 149]. 

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʥʘʧʳʣʝʥʠʝ ʠʥʜʠʷ 

ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʚ ʫʩʣʦʚʠʷʭ ʉɺɺ (ʜʘʚʣʝʥʠʝ ʚ ʢʘʤʝʨʝ ʧʦʜʛʦʪʦʚʢʠ 

ʩʧʝʢʪʨʦʤʝʪʨʘ ʥʝ ʧʨʝʚʳʰʘʣʦ 5Ĭ10-8 ʤʙʘʨ), ʪʦ ʝʩʪʴ ʚ ʦʪʩʫʪʩʪʚʠʝ ʢʠʩʣʦʨʦʜʘ, 

ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʦʢʩʠʜʘ ʚʳʛʣʷʜʠʪ ʢʨʘʡʥʝ 

ʤʘʣʦʚʝʨʦʷʪʥʳʤ. ʕʪʦ ʩʦʩʪʦʷʥʠʝ, ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʠʜʝʥʪʠʬʠʢʘʮʠʝʡ 

ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ ʚ ʩʧʝʢʪʨʘʭ Pd3d, ʙʳʣʦ ʦʪʥʝʩʝʥʦ ʢ ʤʦʥʦ- ʠ/ʠʣʠ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʤ ʥʘʥʦʢʣʘʩʪʝʨʘʤ ʠʥʜʠʷ ʠ ʧʘʣʣʘʜʠʷ, ʟʘʢʨʝʧʣʸʥʥʳʤ ʥʘ 

ʜʝʬʝʢʪʘʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ.  

ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʈʠʩʫʥʢʝ 27 ʜʘʥʥʳʭ ʪʘʢʞʝ ʚʠʜʥʦ, ʯʪʦ ʟʥʘʯʝʥʠʷ 

ʵʥʝʨʛʠʡ ʩʚʷʟʠ In3d5/2 ʜʣʷ ʦʩʥʦʚʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʩʧʝʢʪʨʘʭ In3d, ʠʟʤʝʨʝʥʥʳʭ 

ʜʣʷ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʦʛʦ In/ɺʆʇɻ ʠ PdIn/ɺʆʇɻ-4 ʦʙʨʘʟʮʦʚ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʦʪʣʠʯʘʶʪʩʷ, ʠ ʩʦʩʪʘʚʣʷʶʪ ~ 444.3 ʵɺ. ʆʜʥʘʢʦ, ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʤ ʚ ʣʠʪʝʨʘʪʫʨʝ, ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ PdIn ʀʄʉ ʚ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ In3d ʪʘʢʞʝ ʦʙʳʯʥʦ ʥʘʙʣʶʜʘʝʪʩʷ ʩʤʝʱʝʥʠʝ 

ʧʦʣʦʞʝʥʠʷ ʧʠʢʘ In3d5/2, ʥʦ ʚ ʦʙʣʘʩʪʴ ʤʝʥʴʰʠʭ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ [143, 

144, 146]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚ ʥʝʜʘʚʥʝʡ ʨʘʙʦʪʝ ʇʘʥʢʦʪʪʠ (Pancotti) ʩ ʩʦʘʚʪʦʨʘʤʠ 

[150] ʠʟʫʯʘʣʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʚʝʨʭʪʦʥʢʠʭ ʧʣʸʥʦʢ ʠʥʜʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʦʥʦʢʨʠʩʪʘʣʣʘ Pd(111) ʢʦʤʙʠʥʘʮʠʝʡ ʤʝʪʦʜʦʚ ʈʌʕʉ ʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʜʠʬʨʘʢʮʠʠ. ɸʚʪʦʨʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʥʘʥʝʩʝʥʠʠ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʧʘʣʣʘʜʠʷ ʧʣʸʥʢʠ ʠʥʜʠʷ ʪʦʣʱʠʥʦʡ 3.6 ʤʦʥʦʩʣʦ̫ 

ʧʨʦʠʩʭʦʜʠʪ ʜʠʬʬʫʟʠʷ ʠʥʜʠʷ ʚ ʦʙʲʸʤ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʧʘʣʣʘʜʠʷ ʠ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʫʝʪʩʷ PdIn ʩʧʣʘʚ. ʇʨʠ ʵʪʦʤ ʚ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ 

In3d ʥʘʙʣʶʜʘʣʩʷ ʣʠʰʴ ʥʝʟʥʘʯʠʪʝʣʴʥʳʡ ʩʜʚʠʛ ʧʦʣʦʞʝʥʠʷ ʣʠʥʠʠ In3d5/2 (~ 0.1 

ʵɺ) ʚ ʩʪʦʨʦʥʫ ʤʝʥʴʰʠʭ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ In. ʆʪʜʝʣʴʥʦ ʘʚʪʦʨʳ ʧʦʜʯʸʨʢʠʚʘʶʪ, ʯʪʦ ʚ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ 

ʩʧʝʢʪʨʘʭ In3d, ʠʟʤʝʨʝʥʥʳʭ ʜʣʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ In/Pd(111), ʥʝ 

ʥʘʙʣʶʜʘʶʪʩʷ ʧʠʢʠ ʧʣʘʟʤʦʥʥʳʭ ʧʦʪʝʨʴ, ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʩʧʝʢʪʨʦʚ ʦʪ 

ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʠʥʜʠʷ [150]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ, ʫʯʠʪʳʚʘʷ 
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ʩʫʱʝʩʪʚʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʧʦʣʦʞʝʥʠʷ ʣʠʥʠʠ Pd3d, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ 

ʫʞʝ ʧʨʠ ʥʘʧʳʣʝʥʠʠ ʠʥʜʠʷ ʥʘ Pd/ɺʆʇɻ çʤʘʪʨʠʮʫè ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ 

PdIn ʀʄʉ ʠʣʠ, ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ, ʯʘʩʪʠʯʥʘʷ ʜʠʬʬʫʟʠʷ ʘʪʦʤʦʚ In ʚ 

ʥʘʥʦʯʘʩʪʠʮʳ Pd ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ PdIn ʩʧʣʘʚʘ. 

ɺ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ In3d, ʠʟʤʝʨʝʥʥʳʭ ʜʣʷ Pd-In/ɺʆʇɻ-4 

ʦʙʨʘʟʮʘ, ʧʦʩʣʝ ʝʛʦ ʢʦʥʪʘʢʪʘ ʩ ʘʪʤʦʩʬʝʨʦʡ, ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʥʦʚʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʩʦ ʟʥʘʯʝʥʠʝʤ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʣʠʥʠʠ In3d5/2 445.4 

ʵɺ, ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ ʦʢʩʠʜʘ ʠʥʜʠʷ [131, 146, 148].   

ɺ ʪʦʞʝ ʚʨʝʤʷ ʥʘʙʣʶʜʘʝʪʩʷ ʩʜʚʠʛ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʣʠʥʠʠ Pd3d5/2 ʚ 

ʩʪʦʨʦʥʫ ʤʝʥʴʰʠʭ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʜʦ 335.6 ʵɺ, ʢʦʪʦʨʦʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʧʘʣʣʘʜʠʶ ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, 

ʯʪʦ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʪʥʦʝ ʠʟʤʝʥʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ Pd ʩʦ 

ʩʥʠʞʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ ʩʚʷʟʝʡ (ʢʦʦʨʜʠʥʘʮʠʠ) ʘʪʦʤʦʚ ʧʘʣʣʘʜʠʷ ʩ ʘʪʦʤʘʤʠ 

ʠʥʜʠʷ (ʈʠʩʫʥʦʢ 27). ʂʨʦʤʝ ʪʦʛʦ, ʨʦʩʪ ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ 

In/Pd ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʝʪʘʣʣʦʚ ʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮʘʭ 

PdIn (ʊʘʙʣʠʮʘ 6): ʘ ʠʤʝʥʥʦ, ʧʨʦʠʩʭʦʜʠʪ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʩʝʛʨʝʛʘʮʠʷ ʘʪʦʤʦʚ 

ʠʥʜʠʷ ʟʘ ʩʯʸʪ ʠʭ ʦʢʠʩʣʝʥʠʷ ʧʨʠ ʢʦʥʪʘʢʪʝ ʩ ʚʦʟʜʫʭʦʤ ʠ ʧʨʝʚʨʘʱʝʥʠʝ PdIn 

ʀʄʉ ʚ ʩʤʝʩʴ Pd0 + InOx. 

ʅʘ ʈʠʩʫʥʢʝ 28 ʧʨʝʜʩʪʘʚʣʝʥʳ ʠʟʤʝʥʝʥʠʷ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʡ ʩʚʷʟʠ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʣʠʥʠʡ Pd3d5/2 ʠ In3d5/2, ʦʪʥʝʩʸʥʥʳʭ ʢ Pd ʠ In ʚ ʩʦʩʪʘʚʝ 

ʀʄʉ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ In/Pd (ʜʘʥʥʳʝ 

ʧʦʣʫʯʝʥʳ ʠʟ ʜʘʥʥʳʭ ʈʌʕʉ ʜʣʷ ʚʩʝʭ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ PdIn/ɺʆʇɻ ʦʙʨʘʟʮʦʚ). 

ɺʠʜʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʦʪʥʦʰʝʥʠʷ In/Pd ʵʥʝʨʛʠʠ ʩʚʷʟʠ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʣʠʥʠʡ ʩʜʚʠʛʘʶʪʩʷ ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ. ʕʪʦʪ 

ʨʝʟʫʣʴʪʘʪ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ, ʦʧʠʩʘʥʥʳʤʠ ʚ ʨʘʙʦʪʘʭ, 

ʧʦʩʚʷʱʸʥʥʳʭ ʠʟʫʯʝʥʠʶ ʤʝʪʦʜʦʤ ʈʌʕʉ ʤʘʩʩʠʚʥʳʭ PdIn ʩʠʩʪʝʤ [143, 144, 

146, 150]. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [144] ʘʚʪʦʨʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʢʦʣʠʯʝʩʪʚʘ In, ʥʘʥʝʩʸʥʥʦʛʦ ʥʘ ʧʘʣʣʘʜʠʝʚʫʶ ʬʦʣʴʛʫ, ʥʘʙʣʶʜʘʣʩʷ 

ʘʥʘʣʦʛʠʯʥʳʡ ʩʜʚʠʛ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʡ ʩʚʷʟʠ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʣʠʥʠʡ Pd3d ʠ 

In3d. ʅʘ ʢʘʯʝʩʪʚʝʥʥʦʤ ʫʨʦʚʥʝ ʥʘʙʣʶʜʘʝʤʳʝ ʠʟʤʝʥʝʥʠʷ ʤʦʞʥʦ ʦʧʠʩʘʪʴ, 
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ʠʩʧʦʣʴʟʫʷ ʧʨʦʩʪʫʶ ʤʦʜʝʣʴ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ Pdŭ+-Inŭ-, ʢʦʪʦʨʘʷ ʙʳʣʘ 

ʧʨʝʜʣʦʞʝʥʘ ʚ ʨʘʙʦʪʝ [143]. ɸʚʪʦʨʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩ ʧʦʚʳʰʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʛʨʝʚʘ ʟʘ ʩʯʸʪ ʜʠʬʬʫʟʠʠ ʘʪʦʤʦʚ ʠʥʜʠʷ ʚ ʦʙʲʸʤ ʬʦʣʴʛʠ 

ʫʤʝʥʴʰʘʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʚʷʟʝʡ InïIn (ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ 

ʫʚʝʣʠʯʝʥʠʝʤ ʯʠʩʣʘ ʩʚʷʟʝʡ InïPd), ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʣʦʢʘʣʴʥʦʛʦ 

ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʟʘʨʷʜʘ ʥʘ ʘʪʦʤʘʭ In ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ ʩʥʠʞʝʥʠʶ ʵʥʝʨʛʠʠ 

ʩʚʷʟʠ ʣʠʥʠʠ In3d5/2.  

 

 

ʈʠʩʫʥʦʢ 28. ʀʟʤʝʥʝʥʠʷ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʡ ʩʚʷʟʠ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʣʠʥʠʡ 

Pd3d5/2 ʠ In3d5/2, ʦʪʥʝʩʸʥʥʳʭ ʢ Pd ʠ In ʚ ʩʦʩʪʘʚʝ ʀʄʉ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ In/Pd (ʠʟ ʜʘʥʥʳʭ ʈʌʕʉ ʜʣʷ ʚʩʝʭ 

ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ PdIn/ɺʆʇɻ ʦʙʨʘʟʮʦʚ). 

 

ʆʜʥʦʚʨʝʤʝʥʥʦ, ʥʘʙʣʶʜʘʣʩʷ ʩʜʚʠʛ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ Pd3d ʚ 

ʤʝʥʴʰʫʶ ʩʪʦʨʦʥʫ, ʧʦʩʢʦʣʴʢʫ Pd ʪʝʨʷʝʪ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʟʘʨʷʜ, ʚ ʩʚʷʟʠ ʩ ʪʝʤ, 

ʯʪʦ ʘʪʦʤʘʤʠ Pd ʩʪʘʥʦʚʷʪʩʷ ʤʝʥʝʝ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʤʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 
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ʜʨʫʛʦʤʫ ʤʝʪʘʣʣʫ. ʉʪʦʠʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʘʥʘʣʦʛʠʯʥʳʝ ʠʟʤʝʥʝʥʠʷ 

ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʡ ʩʚʷʟʠ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ Pd3d ʠ 

Ga3d ʚ ʩʣʫʯʘʝ PdGa ʀʄʉ [150], ʢʦʪʦʨʘʷ, ʢʘʢ ʫʞʝ ʫʧʦʤʠʥʘʣʦʩʴ, ʷʚʣʷʝʪʩʷ 

ʘʥʘʣʦʛʦʤ PdIn ʩʠʩʪʝʤʳ. 

ʅʘ ʈʠʩʫʥʢʝ 29 ʧʨʝʜʩʪʘʚʣʝʥʳ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ Pd3d ʠ In3d, ʘ 

ʪʘʢʞʝ ʠʟʤʝʥʝʥʠ ̫ʨʘʩʩʯʠʪʘʥʥʳʭ ʠʟ ʥʠʭ ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ 

In/Pd ʜʣʷ PdIn/ɺʆʇɻ-4 ʦʙʨʘʟʮʘ, ʦʢʠʩʣʝʥʥʦʛʦ ʧʨʠ ʭʨʘʥʝʥʠʠ ʦʙʨʘʟʮʘ ʥʘ 

ʚʦʟʜʫʭʝ, ʧʦʩʣʝ ʝʛʦ ʧʨʦʛʨʝʚʘ ʚ ʉɺɺ ʫʩʣʦʚʠʷʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ɺʠʜʥʦ, ʯʪʦ ʧʨʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʥʘʛʨʝʚʝ ʦʙʨʘʟʮʘ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 

300 ï 500Áʉ ʥʘʙʣʶʜʘʝʪʩʷ ʩʜʚʠʛ ʣʠʥʠʠ Pd3d5/2 ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ 

ʵʥʝʨʛʠʠ ʩʚʷʟʠ (ʦʪ 335.6 ʜʦ 336.3 ʵɺ). ʂʘʢ ʫʞʝ ʦʙʩʫʞʜʘʣʦʩʴ ʚʳʰʝ, ʪʘʢʦʝ 

ʠʟʤʝʥʝʥʠʝ ʵʣʝʢʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚ ʧʘʣʣʘʜʠʷ ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ PdIn 

ʀʄʉ. ʇʨʠ ʵʪʦʤ ʚ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ In3d ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ 

ʚʢʣʘʜʘ ʩʦʩʪʦʷʥʠʷ InOx (ɽʩʚ ~ 445.8 ʵɺ) ʠ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʦʩʪʦʷʥʠʷ In ʚ ʩʦʩʪʘʚʝ ʀʄʉ (ɽʩʚ ~ 444.3 ʵɺ). ʆʢʠʩʣʝʥʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʠʥʜʠʷ ʧʦʣʥʦʩʪʴʶ ʠʩʯʝʟʘʝʪ ʚ ʩʧʝʢʪʨʘʭ, ʠʟʤʝʨʝʥʥʳʭ ʧʦʩʣʝ ʥʘʛʨʝʚʘ 

ʦʙʨʘʟʮʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʚʳʰʝ 450ÁC. ʇʨʠ ɻʪʦʤ ʟʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ ʩʚʷʟʠ 

ʣʠʥʠʠ In3d5/2 ʩʥʠʞʘʝʪʩʷ ʥʘ ~ 0.2 ʵɺ ʜʦ ʟʥʘʯʝʥʠʷ 444.1 ʵɺ. ʕʪʦ ʟʥʘʯʝʥʠʝ 

ʥʝʩʢʦʣʴʢʦ ʥʠʞʝ, ʯʝʤ ʜʣʷ ʩʚʝʞʝʧʨʠʛʦʪʦʚʣʝʥʥʦʛʦ PdIn/ɺʆʇɻ-4 ʦʙʨʘʟʮʘ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʦʩʣʝ ʥʘʧʳʣʝʥʠʷ ʠʥʜʠʷ, ʪʦ ʝʩʪʴ ʜʦ ʝʛʦ ʦʢʠʩʣʝʥʠʷ. ʂʘʢ ʫʞʝ 

ʦʙʩʫʞʜʘʣʦʩʴ ʚʳʰʝ, ʵʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʫʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʘʪʦʤʦʚ In, 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʩ Pd. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʩ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʘʪʦʤʦʚ ʛʝʪʝʨʦʤʝʪʘʣʣʦʚ ʧʦ ʛʣʫʙʠʥʝ. ʇʨʠ ʵʪʦʤ ʫʤʝʥʴʰʝʥʠʝ 

ʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ In/Pd ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʛʨʝʚʘ 

ʦʙʨʘʟʮʘ ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʙʨʘʪʥʦʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʪʦʤʦʚ Pd ʠ In, ʯʪʦ ʪʘʢʞʝ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ ʀʄʉ (ʈʠʩʫʥʦʢ 29). ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʧʦʩʣʝ ʥʘʛʨʝʚʘ ʦʙʨʘʟʮʘ ʜʦ 500ÁC ʚ ʉɺɺ ʫʩʣʦʚʠʷʭ ʥʘʙʣʶʜʘʝʪʩʷ ʧʘʜʝʥʠʝ 

ʩʦʦʪʥʦʰʝʥʠʷ In/Pd ʜʦ ~1.5, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ 

ʩʚʝʞʝʧʨʠʛʦʪʦʚʣʝʥʥʦʛʦ ʦʙʨʘʟʮʘ (~2.0). ʕʪʦ ʪʘʢʞʝ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ 
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ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʪʦʤʦʚ In ʠ Pd ʚ ʦʙʲʸʤʝ ʯʘʩʪʠʮ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʦʜʥʦʨʦʜʥʳʤ 

ʚ ʭʦʜʝ ʧʨʦʚʝʜʝʥʠʷ ʮʠʢʣʘ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ.  

 

ʈʠʩʫʥʦʢ 29. ʌʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ Pd3d ʠ In3d, ʘ ʪʘʢʞʝ ʠʟʤʝʥʝʥʠ ̫

ʨʘʩʩʯʠʪʘʥʥʳʭ ʠʟ ʥʠʭ ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ In/Pd ʜʣʷ 

PdIn/ɺʆʇɻ-4 ʦʙʨʘʟʮʘ, ʦʢʠʩʣʝʥʥʦʛʦ ʧʨʠ ʭʨʘʥʝʥʠʠ ʦʙʨʘʟʮʘ ʥʘ ʚʦʟʜʫʭʝ, ʧʦʩʣʝ 

ʝʛʦ ʧʨʦʛʨʝʚʘ ʚ ʉɺɺ ʫʩʣʦʚʠʷʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

 

ɸʥʘʣʦʛʠʯʥʳʝ ʠʟʤʝʥʝʥʠʷ ʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ In/Pd 

ʥʘʙʣʶʜʘʣʠʩʴ ʧʨʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʧʨʦʛʨʝʚʝ ʚ ʩʚʝʨʭʚʳʩʦʢʦʤ ʚʘʢʫʫʤʝ ʜʣʷ 

ʚʩʝʭ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ PdIn/ɺʆʇɻ ʦʙʨʘʟʮʦʚ (ʈʠʩʫʥʦʢ 30). ɼʣʷ ʧʦʣʫʯʝʥʠʷ 

ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʪʦʤʦʚ ʤʝʪʘʣʣʘ ʚʥʫʪʨʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdIn 

ʀʄʉ ʥʘʥʦʯʘʩʪʠʮ ʥʝʦʙʭʦʜʠʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʮʠʢʣ ʦʢʠʩʣʠʪʝʣʴʥʦʡ, ʘ ʟʘʪʝʤ 

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʪʘʢʠʭ ʦʙʨʘʟʮʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʚʘʞʥʦ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʧʨʦʛʨʝʚ ʪʘʢʠʭ ʦʙʨʘʟʮʦʚ ʚ ʚʘʢʫʫʤʝ ʧʦʟʚʦʣʷʝʪ ʚʦʩʩʪʘʥʦʚʠʪʴ ʩʪʨʫʢʪʫʨʫ 

ʀʄʉ ʧʦʩʣʝ ʠʭ ʦʢʠʩʣʝʥʠʷ ʧʨʠ ʭʨʘʥʝʥʠʠ ʥʘ ʚʦʟʜʫʭʝ. 
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ʈʠʩʫʥʦʢ 30. ʀʟʤʝʥʝʥʠ ̫ ʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ In/Pd ʜʣʷ 

PdIn/ɺʆʇɻ ʦʙʨʘʟʮʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʤʦʜʝʣʴʥʳʭ 

ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ PdIn/ɺʆʇɻ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʤʝʪʦʜʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ 

ʥʘʧʳʣʝʥʠʷ Pd ʠ In. ɹʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʫʞʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʨʠ 

ʥʘʧʳʣʝʥʠʠ ʠʥʜʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʦʛʦ Pd/ɺʆʇɻ ʦʙʨʘʟʮʘ 

ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʪʦʥʢʦʛʦ ʩʣʦʷ ʠʥʪʝʨʤʝʪʘʣʣʠʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʯʘʩʪʠʮ. ʆʜʥʘʢʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʪʦʤʦʚ ʤʝʪʘʣʣʘ 

ʚʥʫʪʨʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʥʘʥʦʯʘʩʪʠʮʳ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʥʝʦʙʭʦʜʠʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʮʠʢʣ ʦʢʠʩʣʠʪʝʣʴʥʦʡ, ʘ ʟʘʪʝʤ 

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʪʘʢʠʭ ʦʙʨʘʟʮʦʚ. 
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2.4. ɿʘʢʣʶʯʝʥʠʝ ʢ ɻʣʘʚʝ 2 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʤʠ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʤʝʪʦʜʠʢʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ 

ʮʝʣʦʛʦ ʨʷʜʘ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʩ ʢʦʥʪʨʦʣʠʨʫʝʤʳʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ: ʨʘʟʤʝʨ ʠ ʩʪʨʫʢʪʫʨʘ ʯʘʩʪʠʮ, ʠʭ ʧʣʦʪʥʦʩʪʴ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʥʦʩʠʪʝʣʷ ʠ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʪʘʣʣʦʚ. 

ɺ ʩʣʫʯʘʝ ʤʦʜʝʣʴʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʤʝʪʘʣʣʦʚ, ʦʙʨʘʟʫʶʱʠʭ 

ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ ʟʘʤʝʱʝʥʠʷ, ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʥʘʧʳʣʝʥʠʷ ʤʝʪʘʣʣʦʚ ʥʘ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʥʘʥʦʯʘʩʪʠʮʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè. ʇʨʦʛʨʝʚ 

ʪʘʢʦʛʦ ʪʠʧʘ ʯʘʩʪʠʮ ʜʦ ʦʧʨʝʜʝʣʸʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ (ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʠʨʦʜʳ 

ʤʝʪʘʣʣʦʚ) ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ 

ʯʘʩʪʠʮ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʧʣʘʚʘ (ʪʚʸʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʟʘʤʝʱʝʥʠʷ) ï 

ʢʦʥʢʨʝʪʥʳʝ ʟʥʘʯʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʝ 7.  

ʊʘʙʣʠʮʘ 7. ʊʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʦʚʘʥʠʷ ʯʘʩʪʠʮ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʧʣʘʚʘ 

(ʪʚʸʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʟʘʤʝʱʝʥʠʷ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʤʙʠʥʘʮʠʠ ʥʘʥʝʩʸʥʥʳʭ 

ʤʝʪʘʣʣʦʚ ʠ ʛʨʘʥʠʮʳ ʠʭ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 

ʩʧʝʢʘʥʠʶ.  

ʂʦʤʙʠʥʘʮʠʷ 

ʤʝʪʘʣʣʦʚ 

ʊʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʟʦʚʘʥʠʷ 

ʩʧʣʘʚʘ, Áʉ 

ɻʨʘʥʠʮʘ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ 

(ʚ ʉɺɺ), Áʉ 

Pd ʠ Au 400 25 ï 450 

Ag ʠ Au 300 25 ï 400 

Cu ʠ Au 250 25 ï 300 

Ag ʠ Cu 250 25 ï 350 

Pd ʠ Ag 400 25 ï 450 

Pd ʠ Cu 450 25 ï 450 

 

ʂʨʦʤʝ ʪʦʛʦ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʤʙʠʥʘʮʠʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʝʪʘʣʣʦʚ 

ʥʘʥʝʩʸʥʥʳʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ ʦʪʣʠʯʘʶʪʩʷ ʨʘʟʣʠʯʥʦʡ ʪʝʨʤʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʩʧʝʢʘʥʠʶ ʚ ʉɺɺ ʫʩʣʦʚʠʷʭ (ʊʘʙʣʠʮʘ 2). 
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ʉʪʦʠʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘ ʧʨʠʤʝʨʝ PdAg ʠ PdCu ʯʘʩʪʠʮ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʧʦʨʷʜʢʘ ʥʘʥʝʩʝʥʠʷ ʤʝʪʘʣʣʦʚ ʥʝ ʚʣʠʷʝʪ ʥʘ ʪʝʤʧʝʨʘʪʫʨʳ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʧʣʘʚʥʳʭ ʯʘʩʪʠʮ, ʦʜʥʘʢʦ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʠʟʤʝʥʝʥʠʶ 

ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ. 

ɺ ʩʣʫʯʘʝ ʤʦʜʝʣʴʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ Pd ʠ In, ʪʦ ʝʩʪʴ ʤʝʪʘʣʣʦʚ, 

ʦʙʨʘʟʫʶʱʠʭ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ, ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʦʡ ʞʝ ʧʨʦʮʝʜʫʨʳ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʫʞʝ ʥʘ ʩʪʘʜʠʠ ʥʘʥʝʩʝʥʠʷ 

ʚʪʦʨʦʛʦ ʤʝʪʘʣʣʘ (ʠʥʜʠʷ) ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ 

ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʪʦʥʢʦʛʦ ʩʣʦʷ ʠʥʪʝʨʤʝʪʘʣʣʠʜʘ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ 

ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʪʦʤʦʚ ʤʝʪʘʣʣʘ ʚʥʫʪʨʠ ʀʄʉ ʥʝʦʙʭʦʜʠʤ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʮʠʢʣ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʩʝ ʧʨʠʛʦʪʦʚʣʝʥʥʳʝ ʥʘʤʠ ʦʙʨʘʟʮʳ ʦʙʣʘʜʘʶʪ 

ʜʦʚʦʣʴʥʦ ʚʳʩʦʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʯʘʩʪʠʮ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʩʧʝʢʘʥʠʶ ʚ 

ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʨʝʘʢʮʠʷʭ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʈʌʕʉ ʚ 

ʨʝʞʠʤʝ in situ. 
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ɻʣʘʚʘ 3. ʀʩʩʣʝʜʦʚʘʥʠʝ ʵʬʬʝʢʪʦʚ ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ 

ʩʝʛʨʝʛʘʮʠʠ ʥʘ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʘʭ ʥʘ ʦʩʥʦʚʝ ʪʚʸʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ (PdAu ʠ PdAg) ʤʝʪʦʜʘʤʠ in situ ʈʌʕʉ ʠ ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ CO ʚ ʨʝʞʠʤʝ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ 

ʂʘʢ ʫʞʝ ʫʧʦʤʠʥʘʣʦʩʴ ʚʦ ʚʚʝʜʝʥʠʠ, ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʧʨʠʯʠʥ ʧʨʦʷʚʣʝʥʠʷ 

ʩʠʥʝʨʛʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ ʦʯʝʚʠʜʥʘ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʜʝʪʘʣʴʥʦʛʦ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ (ʘʢʪʠʚʥʦʩʪʴ, ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʠ ʩʪʘʙʠʣʴʥʦʩʪʴ) ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʨʫʢʪʫʨʳ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʘ ʪʘʢʞʝ 

ʵʬʬʝʢʪʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʩʝʛʨʝʛʘʮʠʝʡ ʦʜʥʦʛʦ ʠʟ ʢʦʤʧʦʥʝʥʪʦʚ ʩʧʣʘʚʘ ʧʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʛʘʟʦʚʳʭ ʠʣʠ ʨʝʘʢʮʠʦʥʥʳʭ ʩʨʝʜ, ʩʦʚʨʝʤʝʥʥʳʤʠ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʠʪ ʨʘʟʚʠʪʴ ʤʝʪʦʜʦʣʦʛʠʶ 

ʫʧʨʘʚʣʝʥʠʷ ʩʪʨʫʢʪʫʨʦʡ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ ʥʘ 

ʘʪʦʤʘʨʥʦʤ ʫʨʦʚʥʝ. ɼʣʷ ʵʪʦʛʦ ʥʝʦʙʭʦʜʠʤʦ ʧʦʣʫʯʠʪʴ ʩʧʝʢʪʨʘʣʴʥʫʶ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʦʩʪʘʚʝ ʘʜʩʦʨʙʮʠʦʥʥʦʛʦ ʩʣʦʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʪʘʣʠʟʘʪʦʨʘ, 

ʩʪʨʫʢʪʫʨʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʠʟʤʝʥʝʥʠʠ ʤʦʨʬʦʣʦʛʠʠ ʥʘʥʦʯʘʩʪʠʮ ʩ 

ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʪʝʩʪʠʨʦʚʘʥʠʝʤ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠʟʫʯʘʝʤʦʛʦ ʦʙʨʘʟʮʘ, 

ʦʩʫʱʝʩʪʚʠʪʴ ʫʧʨʘʚʣʝʥʠʝ ʧʘʨʘʤʝʪʨʘʤʠ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ (ʪʝʤʧʝʨʘʪʫʨʘ, 

ʧʘʨʮʠʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ ʨʝʘʛʝʥʪʦʚ) ʚ ʨʝʞʠʤʘʭ in situ ʠ operando. 

ʀʟʫʯʝʥʠʝ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʤʝʪʦʜʠʢʘ 

ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʢʦʪʦʨʳʭ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʦʧʠʩʘʥʘ ʚ ɻʣʘʚʝ 2, ʩ ʧʦʤʦʱʴʶ 

ʧʦʚʝʨʭʥʦʩʪʥʦ-ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʨʝʞʠʤʝ in situ 

ʧʦʟʚʦʣʠʪ ʧʦʣʫʯʠʪʴ ʫʥʠʢʘʣʴʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʢʘʢ ʦ ʩʪʨʫʢʪʫʨʝ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʪʘʢ ʠ ʦ ʭʠʤʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʦʙʨʘʙʦʪʦʢ ʚ ʨʘʟʣʠʯʥʳʭ ʛʘʟʦʚʳʭ ʠ ʨʝʘʢʮʠʦʥʥʳʭ 

ʩʨʝʜʘʭ [15, 24, 25, 27]. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʠʩʩʣʝʜʦʚʘʥʠʝ çʨʝʘʣʴʥʳʭè 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʛʜʝ ʯʘʩʪʠʮʳ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʥʘʥʝʩʝʥʳ ʥʘ ʧʦʨʠʩʪʳʝ 

ʥʦʩʠʪʝʣʠ, ʪʘʢʠʝ, ʥʘʧʨʠʤʝʨ, ʢʘʢ Al2O3, ʪʝʤʠ ʞʝ ʤʝʪʦʜʘʤʠ ʧʦʟʚʦʣʠʪ 

ʨʘʟʨʘʙʦʪʘʪʴ ʧʦʜʭʦʜʳ ʠ ʧʨʦʮʝʜʫʨʳ ʜʣʷ çʪʦʥʢʦʡè ʥʘʩʪʨʦʡʢʠ ʧʦʚʝʨʭʥʦʩʪʠ 
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ʪʘʢʠʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ 

ʪʠʧʦʚ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʧʦʩʨʝʜʩʪʚʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʬʬʝʢʪʦʚ 

ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʝʛʨʝʛʘʮʠʠ.  

ʇʝʨʚʘʷ ʯʘʩʪʴ ʜʘʥʥʦʡ ʛʣʘʚʳ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʨʘʟʣʠʯʥʳʭ 

ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʚ 

ʢʦʪʦʨʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʥʘʥʝʩʝʥʳ ʥʘ ɺʆʇɻ, 

ʤʝʪʦʜʦʤ in situ ʈʌʕʉ ʚ ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ CO. ɺʪʦʨʘʷ ʯʘʩʪʴ ʜʘʥʥʦʡ ʛʣʘʚʳ 

ʧʦʩʚʷʱʝʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʵʬʬʝʢʪʦʚ ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ 

ʩʝʛʨʝʛʘʮʠʠ ʜʣʷ çʪʦʥʢʦʡè ʥʘʩʪʨʦʡʢʠ ʧʦʚʝʨʭʥʦʩʪʠ çʨʝʘʣʴʥʳʭè PdAg/Al2O3 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠʟʫʯʝʥʠʶ ʚʣʠʷʥʠʷ ʵʪʠʭ ʵʬʬʝʢʪʦʚ ʥʘ ʠʭ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚ ʨʝʘʢʮʠʠ ʩʝʣʝʢʪʠʚʥʦʛʦ ʛʠʜʨʠʨʦʚʘʥʠʷ ʘʮʝʪʠʣʝʥʘ ʚ 

ʵʪʠʣʝʥ ʢʦʤʙʠʥʘʮʠʝʡ ʤʝʪʦʜʦʚ in situ ʈʌʕʉ ʠ DRIFTS CO. 

3.1. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ 

ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʚ ʢʦʪʦʨʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʥʘʥʦʯʘʩʪʠʮʳ 

ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʥʘʥʝʩʝʥʳ ʥʘ ɺʆʇɻ, ʤʝʪʦʜʦʤ in situ ʈʌʕʉ ʚ ʨʝʘʢʮʠʠ 

ʦʢʠʩʣʝʥʠʷ CO. 

3.1.1. ʈʝʘʢʮʠʷ ʦʢʠʩʣʝʥʠʷ CO ʥʘ ʤʦʜʝʣʴʥʳʭ PdAu/ɺʆʇɻ ʢʘʪʘʣʠʟʘʪʦʨʘʭ: 

ʚʣʠʷʥʠʝ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ ʥʘ ʩʪʨʫʢʪʫʨʫ, ʵʣʝʢʪʨʦʥʥʳʝ ʠ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. 

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu ʥʘʥʦʯʘʩʪʠʮ, ʥʘʥʝʩʝʥʥʳʭ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ, ʚ ʨʝʘʢʮʠʠ 

ʦʢʠʩʣʝʥʠʷ ʉʆ [15, 16, 151]. ʂʘʢ ʫʞʝ ʫʧʦʤʠʥʘʣʦʩʴ ʚ ɻʣʘʚʝ 2, ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ ʟʦʣʦʪʘ ʠ ʧʘʣʣʘʜʠʷ ʷʚʣʷʶʪʩʷ ʥʘ ʜʘʥʥʳʡ 

ʤʦʤʝʥʪ ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʠʟʫʯʝʥʥʳʭ, ʪʘʢ ʢʘʢ ʦʥʠ ʧʨʦʷʚʣʷʶʪ 

ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʚ ʮʝʣʦʤ ʨʷʜʝ ʧʨʦʤʳʰʣʝʥʥʦ ʚʘʞʥʳʭ ʨʝʘʢʮʠʡ, ʢʘʢ 

ʦʢʠʩʣʠʪʝʣʴʥʳʭ, ʪʘʢ ʠ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ [5, 7-10, 108-112]. ʊʝʤ ʥʝ ʤʝʥʝʝ, 

ʜʘʞʝ ʜʣʷ ʵʪʠʭ ʩʠʩʪʝʤ ʧʦʢʘ ʥʝʪ ʧʦʣʥʦʛʦ ʧʦʥʠʤʘʥʠʷ ʧʨʠʯʠʥ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʩʠʥʝʨʛʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʨʝʘʢʮʠʷʭ.  
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ɼʘʞʝ ʧʨʠ ʠʟʫʯʝʥʠʠ ʪʘʢʦʡ ʧʨʦʩʪʦʡ ʨʝʘʢʮʠʠ, ʢʘʢ ʦʢʠʩʣʝʥʠʝ ʉʆ, ʜʘʥʥʳʝ 

ʦ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʚ ʥʝʡ PdAu ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ 

ʟʘʯʘʩʪʫʶ ʧʨʦʪʠʚʦʨʝʯʠʚʳ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʘʭ [152, 153] 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ ʧʘʣʣʘʜʠʷ ʢ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʤ 

Au/SnO2 ʠ Au/TiO2 ʢʘʪʘʣʠʟʘʪʦʨʘʤ ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ 

ʘʢʪʠʚʥʦʩʪʠ ʚ ʨʝʘʢʮʠʠ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʣʝʥʠʠ ʉʆ. ɺ ʜʨʫʛʦʡ ʨʘʙʦʪʝ 

[8], ʪʘʢʞʝ ʧʦʩʚʷʱʸʥʥʦʡ ʠʩʩʣʝʜʦʚʘʥʠʶ PdAu/SiO2 ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʢʘʪʘʣʠʟʘʪʦʨʳ ʧʨʦʷʚʣʷʣʠ ʙʦʣʝʝ ʥʠʟʢʫʶ 

ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʤʠ Au/SiO2 

ʦʙʨʘʟʮʘʤʠ. ɸʥʘʣʦʛʠʯʥʳʡ ʨʝʟʫʣʴʪʘʪ ʙʳʣ ʧʦʣʫʯʝʥ ʜʣʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ Pd-

Au/Al 2O3 ʢʘʪʘʣʠʟʘʪʦʨʦʚ [153]. ʋʯʠʪʳʚʘʷ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʩʨʘʚʥʝʥʠʝ ʠʜʸʪ ʜʣʷ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʛʜʝ ʘʢʪʠʚʥʳʡ ʢʦʤʧʦʥʝʥʪ ʥʘʥʝʩʸʥ ʥʘ 

ʨʘʟʣʠʯʥʳʝ ʥʦʩʠʪʝʣʠ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʪʘʢʠʝ ʧʨʦʪʠʚʦʨʝʯʠʷ ʤʦʛʫʪ 

ʦʙʲʷʩʥʷʪʴʩʷ ʚʣʠʷʥʠʝʤ ʥʦʩʠʪʝʣʷ ʥʘ ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʪʘʢʠʭ ʩʠʩʪʝʤ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʜʘʥʥʳʝ ʦ ʟʘʚʠʩʠʤʦʩʪʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʚ ʨʝʘʢʮʠʠ 

ʦʢʠʩʣʝʥʠʠ ʉʆ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ Pd/Au, ʦʧʫʙʣʠʢʦʚʘʥʥʳʝ ʚ ʨʘʙʦʪʘʭ [8] ʠ [154], 

ʚ ʢʦʪʦʨʳʭ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʦʙʨʘʟʮʳ, ʙʣʠʟʢʠʝ ʧʦ ʩʦʩʪʘʚʫ 

ï ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ PdAu ʯʘʩʪʠʮʳ ʥʘʥʝʩʝʥʳ ʥʘ ʠʥʝʨʪʥʳʡ ʥʦʩʠʪʝʣʴ SiO2,  

ʚʝʩʴʤʘ ʧʨʦʪʠʚʦʨʝʯʠʚʳ. ɸʚʪʦʨʳ ʦʙʝʠʭ ʨʘʙʦʪ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ 

ʢʘʪʘʣʠʟʘʪʦʨʳ, ʩʦʜʝʨʞʘʱʠʝ ʠʟʙʳʪʦʢ ʟʦʣʦʪʘ (Pd/Au Ò 1), ʧʨʦʷʚʣʷʶʪ ʙʦʣʝʝ 

ʥʠʟʢʫʶ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʤ 

ʧʘʣʣʘʜʠʝʚʳʤ ʢʘʪʘʣʠʟʘʪʦʨʦʤ. ʆʜʥʘʢʦ, ʚ ʨʘʙʦʪʝ [8] ʜʝʣʘʝʪʩʷ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ 

ʫʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ Pd (Pd/Au > 1) ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʚ ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ, ʪʦʛʜʘ 

ʢʘʢ ʚ ʨʘʙʦʪʝ [154] ʪʘʢʦʛʦ ʵʬʬʝʢʪʘ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ɺ ʨʘʙʦʪʝ [155] ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ PdAu/SiO2 ʢʘʪʘʣʠʟʘʪʦʨʳ ʧʨʦʷʚʣʷʶʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ 

ʘʢʪʠʚʥʦʩʪʴ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (T < 100ÁC) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʤ ʦʙʨʘʟʮʦʤ Pd/SiO2, ʢʦʪʦʨʳʡ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʦʷʚʣʷʝʪ 

ʙʦʣʴʰʫʶ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ, ʯʝʤ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʡ, ʚ ʦʙʣʘʩʪʠ ʙʦʣʝʝ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ (T > 120ÁC). ʅʘʙʣʶʜʘʝʤʳʝ ʨʘʟʣʠʯʠʷ ʚ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ 
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ʜʘʥʥʳʭ ʤʝʞʜʫ ʢʘʪʘʣʠʟʘʪʦʨʘʤʠ, ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʚ ʦʙʩʫʞʜʘʝʤʳʭ ʚʳʰʝ 

ʨʘʙʦʪʘʭ ʠ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʥʳʤʠ ex situ ʤʝʪʦʜʘʤʠ, ʤʦʛʫʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʳ 

ʠʟʤʝʥʝʥʠʝʤ ʩʦʩʪʘʚʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu ʯʘʩʪʠʮ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʭʦʜʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʧʦʜ ʚʣʠʷʥʠʝʤ 

ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ ʠ ʪʝʤʧʝʨʘʪʫʨʳ. ʍʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʴ PdAu 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʤʦʞʝʪ ʙʳʪʴ ʦʙʦʛʘʱʝʥʘ 

ʟʦʣʦʪʦʤ, ʥʘʧʨʠʤʝʨ, ʢʘʢ ʵʪʦ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [118] ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʉʆ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʚʳʰʝ 200Áʉ, ʠʣʠ, ʥʘʧʨʦʪʠʚ, ʘʪʦʤʘʤʠ ʧʘʣʣʘʜʠʷ (ʪʘʢʞʝ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʉʆ), ʥʦ ʧʨʠ ʊ Ò 150Áʉ [17 ,156]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʯʝʚʠʜʥʦ, ʯʪʦ 

ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʦʯʥʦʛʦ ʩʦʩʪʘʚʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu ʯʘʩʪʠʮ 

ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʤʝʥʷʪʴ ʬʠʟʠʯʝʩʢʠʝ 

ʤʝʪʦʜʳ ʚ ʨʝʞʠʤʝ in situ. 

3.1.1.1. ɺʣʠʷʥʠʝ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ ʥʘ ʩʪʨʫʢʪʫʨʫ, ʵʣʝʢʪʨʦʥʥʳʝ ʠ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ: in situ ʈʌʕʉ ʠ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʯʝʩʢʠʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʪʘ ʯʘʩʪʴ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʙʫʜʝʪ ʧʦʩʚʷʱʝʥʘ 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu/ɺʆʇɻ ʢʘʪʘʣʠʟʘʪʦʨʦʚ 

ʢʦʤʙʠʥʘʮʠʝʡ ʤʝʪʦʜʦʚ in situ ʈʌʕʉ ʠ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʠ [15, 16, 151]. ɼʣʷ 

ʵʪʦʛʦ ʥʘʤʠ ʧʦ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʨʘʥʝʝ ʤʝʪʦʜʠʢʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʥʘʥʝʩʝʥʠʷ 

ʟʦʣʦʪʘ ʠ ʧʘʣʣʘʜʠʷ (ʩʤ. ɻʣʘʚʫ 2) ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ ʜʚʘ PdAu/ɺʆʇɻ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʦʪʣʠʯʘʶʱʠʭʩʷ ʩʦʦʪʥʦh ʝʥʠʝʤ ʤʝʪʘʣʣʦʚ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʇʨʠʛʦʪʦʚʣʝʥʠʝ ʠ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ (ʚ ʪʦʤ ʯʠʩʣʝ, 

ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ in situ ʵʢʩʧʝʨʠʤʝʥʪʦʚ) ʤʝʪʦʜʘʤʠ ʈʌʕʉ ʠ ʉʊʄ, ʢʘʢ ʠ ʨʘʥʝʝ, 

ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʜʚʫʭ ʧʨʠʙʦʨʘʭ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʀʥʩʪʠʪʫʪʝ ʂʘʪʘʣʠʟʘ ʉʆ ʈɸʅ 

ï ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ SPECS ʠ ʩʢʘʥʠʨʫʶʱʝʤ ʪʫʥʥʝʣʴʥʦʤ 

ʤʠʢʨʦʩʢʦʧʝ (cʤ. ɻʣʘʚʫ 1).  

ʉʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Pd/C, Au/C ʠ Au/Pd, 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʠʟ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ Pd3d, Au4f ʠ C1s, ʠʟʤʝʨʝʥʥʳʭ 

ʜʣʷ PdAu/ɺʆʇɻ ʦʙʨʘʟʮʦʚ ʥʘ ʨʘʟʣʠʯʥʳʭ ʩʪʘʜʠʷʭ ʧʨʠʛʦʪʦʚʣʝʥʠʷ, 
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ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 8. ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʜʘʥʥʳʭ ʚʠʜʥʦ, ʯʪʦ ʦʩʥʦʚʥʦʝ 

ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ ʜʚʫʤʷ ʧʨʠʛʦʪʦʚʣʝʥʥʳʤʠ ʢʘʪʘʣʠʟʘʪʦʨʘʤʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʢʦʣʠʯʝʩʪʚʝ ʟʦʣʦʪʘ ʚ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ Au/ɺʆʇɻ çʤʘʪʨʠʮʘʭè, ʥʘ ʢʦʪʦʨʳʝ 

ʟʘʪʝʤ ʥʘʥʦʩʠʣʩʷ ʧʘʣʣʘʜʠʡ ï ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/C 

ʩʦʩʪʘʚʣʷʣʠ 0.020 ʠ 0.009. ʇʨʠ ʵʪʦʤ ʥʘ ʢʘʞʜʳʡ ʠʟ ʦʙʨʘʟʮʦʚ ʙʳʣʦ ʥʘʥʝʩʝʥʦ 

ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʘʣʣʘʜʠʷ (Pd/C ~ 0.01). 

ʊʘʙʣʠʮʘ 8. ʉʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʵʣʝʤʝʥʪʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

PdAu/ɺʆʇɻ ʦʙʨʘʟʮʦʚ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʠʟ ʜʘʥʥʳʭ ʈʌʕʉ  

ʆʙʨʘʟʝʮ 

ʅʘʧʳʣʝʥʠʝ 

Au 

ʇʨʦʛʨʝʚ ʜʦ 

300Áʉ 

ʅʘʧʳʣʝʥʠʝ 

Pd  

ʇʨʦʛʨʝʚ ʜʦ 

400̄ C  

(ʬʦʨʤʠʨʦʚʘʥ

ʠʝ ʩʧʣʘʚʘ) 

ʇʦʩʣʝ in 

situ ʈʌʕʉ 

Au/C Au/C Pd/C Au/Pd Au/Pd 

PdAu/ɺʆʇɻ-4 0.020 0.014 0.011 0.93 1.2 

PdAu/ɺʆʇɻ-5 0.009 0.006 0.010 0.37 0.65 

 

ʉʊʄ-ʠʟʦʙʨʘʞʝʥʠʷ, ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʠ ʩʨʝʜʥʠʝ 

ʨʘʟʤʝʨʳ ʯʘʩʪʠʮ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ 

PdAu/ɺʆʇɻ-4 ʠ PdAu/ɺʆʇɻ-5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩʫʥʢʝ 31. ɺʠʜʥʦ, ʯʪʦ 

ʦʙʨʘʟʮʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʪʨʝʭʤʝʨʥʳʤʠ ʯʘʩʪʠʮʘʤʠ ʩ ʜʦʚʦʣʴʥʦ ʫʟʢʠʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʧʨʠ ʩʨʝʜʥʠʭ ʨʘʟʤʝʨʘʭ ʯʘʩʪʠʮ 7.8 ʠ 5.0 

ʥʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
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ʈʠʩʫʥʦʢ 31. ʉʊʄ-ʠʟʦʙʨʘʞʝʥʠʷ (200Ĭ200 ʥʤ2), ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ 

ʨʘʟʤʝʨʘʤ ʠ ʩʨʝʜʥʠʝ ʨʘʟʤʝʨʳ ʯʘʩʪʠʮ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʤʦʜʝʣʴʥʳʭ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu/ɺʆʇɻ ʦʙʨʘʟʮʦʚ: (ʘ) PdAu/ɺʆʇɻ-4; (ʙ) PdAu/ɺʆʇɻ-5; 

ʇʘʨʘʤʝʪʨʳ ʩʢʘʥʠʨʦʚʘʥʠʷ: (a) I t =  0.49 ʥA, Ut = -0.49 ɺ; (ʙ) I t =  0.52 ʥA, Ut = - 

1.50 ɺ;  

In situ ʈʌʕʉ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʠʟʫʯʝʥʠʶ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʘʢʪʠʚʥʳʭ 

ʮʝʥʪʨʦʚ ʚ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʭʦʜʝ ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ CO 

ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ ʩʪʘʥʮʠʠ ISISS ʮʝʥʪʨʘ 

ʩʠʥʭʨʦʪʨʦʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ BESSY II  (ʩʤ. ɻʣʘʚʫ 1). ʄʝʪʦʜʠʢʘ ʧʨʦʚʝʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʩʣʝʜʫʶʱʝʤ: ʧʦʪʦʢ ʉʆ+ʆ2 (ʉʆ:ʆ2 = 2:1; ʈ = 
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0.25 ʤʙʘʨ) ʧʦʜʘʚʘʣʠ ʚ ʘʥʘʣʠʪʠʯʝʩʢʫʶ ʢʘʤʝʨʫ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, 

ʟʘʪʝʤ ʦʙʨʘʟʮʳ ʩʪʫʧʝʥʯʘʪʦ ʥʘʛʨʝʚʘʣʠ ʜʦ 250ÁC (RT - 100ÁC - 150ÁC - 200ÁC - 

230ÁC - 250ÁC), ʧʨʠ ʵʪʦʤ ʚ ʢʘʞʜʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʪʦʯʢʝ ʠʟʤʝʨʷʣʠʩʴ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ, ʘ ʜʘʥʥʳʝ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʠ ʜʝʪʝʢʪʠʨʦʚʘʣʠʩʴ 

ʥʝʧʨʝʨʳʚʥʦ ʚ ʭʦʜʝ ʚʩʝʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʅʘ ʈʠʩʫʥʢʝ 32 ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʘʩʩ-

ʩʧʝʢʪʨʦʤʝʪʨʠʯʝʩʢʠʝ ʩʠʛʥʘʣʳ ʦʪ ʤʦʣʝʢʫʣʳ CO2 (m/z = 44), ʘ ʪʘʢʞʝ 

ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/Pd, ʨʘʩʩʯʠʪʘʥʥʳʝ ʠʟ ʠʥʪʝʛʨʘʣʴʥʳʭ 

ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ Au4f ʠ Pd3d, ʠʟʤʝʨʝʥʥʳʭ ʚ ʭʦʜʝ 

ʮʠʢʣʘ ʥʘʛʨʝʚʘ-ʦʭʣʘʞʜʝʥʠʷ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu/ɺʆʇɻ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ, ʢʘʢ ʠ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʩʧʣʘʚʥʳʭ ʯʘʩʪʠʮ, ʚ ʭʦʜʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʨʝʞʠʤʝ in situ, 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ Au4f, Pd3d ʠ C1s ʜʣʷ ʢʘʞʜʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

ʠʟʤʝʨʷʣʠʩʴ ʧʨʠ ʪʨʝʭ ʨʘʟʥʳʭ ʵʥʝʨʛʠʷʭ ʚʦʟʙʫʞʜʝʥʠʷ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ 

ʦʜʠʥʘʢʦʚʫʶ ʢʠʥʝʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ 300, 450 ʠ 600 ʵɺ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʵʬʬʝʢʪʠʚʥʫʶ ʛʣʫʙʠʥʫ ʘʥʘʣʠʟʘ. ʉʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/Pd, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ, ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʧʨʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ 

ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ 300 ʵɺ, ʦʪʚʝʯʘʶʱʝʡ ʥʘʠʙʦʣʴʰʝʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ. 
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ʈʠʩʫʥʦʢ 32. ʄʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʯʝʩʢʠʝ ʩʠʛʥʘʣʳ ʦʪ ʤʦʣʝʢʫʣʳ CO2 (m/z = 44), 

ʘ ʪʘʢʞʝ ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/Pd, ʨʘʩʩʯʠʪʘʥʥʳʝ ʠʟ 

ʠʥʪʝʛʨʘʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ Au4f ʠ Pd3d, 

ʠʟʤʝʨʝʥʥʳʭ ʜʣʷ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu/ɺʆʇɻ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ 

ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ CO+O2, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. 

 

ɺʠʜʥʦ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʠʞʝ 150Áʉ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʥʝ 

ʧʨʦʷʚʣʷʶʪ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʚ ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ CO. ʇʨʠ 

ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩʠʛʥʘʣ ʦʪ CO2 ʥʘʯʠʥʘʝʪ ʨʘʩʪʠ ʠ ʜʦʩʪʠʛʘʝʪ 

ʤʘʢʩʠʤʫʤʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 250Áʉ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ 

ʘʥʘʣʦʛʠʯʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʯʠʩʪʳʡ ʥʦʩʠʪʝʣʴ ɺʆʇɻ ʙʳʣ ʥʝʘʢʪʠʚʝʥ ʚʦ ʚʩʸʤ 

ʜʠʘʧʘʟʦʥʝ ʠʩʧʦʣʴʟʫʝʤʳʭ ʪʝʤʧʝʨʘʪʫʨ. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʭʦʜʝ ʥʘʛʨʝʚʘ ʦʙʦʠʭ 

ʦʙʨʘʟʮʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ 

Au/Pd (ʈʠʩʫʥʦʢ 32). ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʘʥʘʣʦʛʠʯʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʥʘʛʨʝʚʫ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʜʦ 300Áʉ ʚ ʦʪʩʫʪʩʪʚʠʝ ʨʝʘʢʮʠʦʥʥʦʡ 

ʩʨʝʜʳ, ʪ.ʝ. ʚ ʫʩʣʦʚʠʷʭ ʉɺɺ, ʪʘʢʦʛʦ ʠʟʤʝʥʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʡ Au/Pd ʥʝ 
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ʥʘʙʣʶʜʘʣʦʩʴ. ʂʨʦʤʝ ʪʦʛʦ, ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʥʝʝ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu ʯʘʩʪʠʮ, ʠʭ ʥʘʛʨʝʚ ʚ 

ʚʘʢʫʫʤʝ ʜʦ 200Áʉ ʪʘʢʞʝ ʥʝ ʧʨʠʚʦʜʠʣ ʢ ʢʘʢʠʤ-ʣʠʙʦ ʠʟʤʝʥʝʥʠʷʤ ʩʦʦʪʥʦʰʝʥʠʷ 

Au/Pd (ʉʤ. ɻʣʘʚʫ 2). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ 

ʥʘʙʣʶʜʘʝʤʳʝ ʠʟʤʝʥʝʥʠʷ ʫʢʘʟʳʚʘʶʪ ʥʘ ʧʦʚʝʨʭʥʦʩʪʥʫʶ ʪʨʘʥʩʬʦʨʤʘʮʠʶ 

ʩʦʩʪʘʚʘ/ʩʪʨʫʢʪʫʨʳ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ, ʧʨʦʠʩʭʦʜʷʱʫʶ ʧʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ. ʇʦʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/Pd, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʦʙʨʘʪʠʤʳʡ ʭʘʨʘʢʪʝʨ ʧʨʦʠʩʭʦʜʷʱʠʭ ʧʨʝʚʨʘʱʝʥʠʡ. ɹʦʣʝʝ ʪʦʛʦ, ʵʪʠ ʨʝʟʫʣʴʪʘʪʳ 

ʧʦʟʚʦʣʷʶʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʨʘʟʤʝʨʦʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ 

ʥʝ ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ ʧʨʠʯʠʥʦʡ ʥʘʙʣʶʜʘʝʤʳʭ ʠʟʤʝʥʝʥʠʡ ʩʦʦʪʥʦʰʝʥʠʷ Au/Pd. 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʛʠʩʪʦʛʨʘʤʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ, 

ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʉʊʄ-ʠʟʦʙʨʘʞʝʥʠʡ ʤʦʜʝʣʴʥʦʛʦ PdAu/ɺʆʇɻ-5 ʢʘʪʘʣʠʟʘʪʦʨʘ ʜʦ 

ʠ ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ in situ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʧʨʠʚʝʜʸʥʥʳʝ ʥʘ ʈʠʩʫʥʢʝ 33, ʥʝ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʫʱʝʩʪʚʝʥʥʳʭ ʠʟʤʝʥʝʥʠʡ. ɺʠʜʥʦ, ʯʪʦ ʢʘʢ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ, ʪʘʢ ʠ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ, ʯʘʩʪʠʮ ʦʩʪʘʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ 

ʠʜʝʥʪʠʯʥʳʤʠ ð ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ 5.1 ʥʤ ʜʣʷ ʦʙʨʘʟʮʘ ʧʦʩʣʝ in situ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠ 5.0 ʥʤ ï ʚ ʩʣʫʯʘʝ ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʚʤʝʩʪʝ 

ʩ ʜʘʥʥʳʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʧʦʢʘʟʳʚʘʶʱʠʤʠ, 

ʯʪʦ ʟʥʘʯʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/Pd ʜʣʷ ʠʩʭʦʜʥʳʭ ʠ 

ʦʙʨʘʙʦʪʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʦʩʪʘʶʪʩʷ ʙʣʠʟʢʠʤʠ (ʊʘʙʣʠʮʘ 8, ʜʚʘ ʧʦʩʣʝʜʥʠʭ 

ʩʪʦʣʙʮʘ), ʧʦʟʚʦʣʷʶʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦʙ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu ʯʘʩʪʠʮ ʢ ʩʧʝʢʘʥʠʶ ʚ ʫʩʣʦʚʠʷʭ ʧʨʦʚʝʜʝʥʠʷ in situ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʪʦ ʝʩʪʴ ʚ ʠʩʧʦʣʴʟʫʝʤʳʭ ʫʩʣʦʚʠʷʭ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ 

ʦʢʠʩʣʝʥʠʷ CO. 



133 
 

 

ʈʠʩʫʥʦʢ 33. ɻʠʩʪʦʛʨʘʤʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ, 

ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʉʊʄ-ʠʟʦʙʨʘʞʝʥʠʡ, ʠʟʤʝʨʝʥʥʳʭ ʜʣʷ ʤʦʜʝʣʴʥʦʛʦ PdAu/ɺʆʇɻ-

5: (ʘ) ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ; (ʙ) ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ in situ ʵʢʩʧʝʨʠʤʝʥʪʦʚ; 

ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ: (ʘ) ï 5.1 ʥʤ; (ʙ) ï 5.0 ʥʤ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʠʟʤʝʥʝʥʠʷ ʚ ʈʌʕ-ʩʧʝʢʪʨʘʭ 

ʩʚʷʟʘʥʳ, ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ, ʩ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʤʝʪʘʣʣʦʚ ʚʥʫʪʨʠ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ. ʆʙʨʘʪʠʤʦʝ ʠʟʤʝʥʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ 

ʢʦʥʮʝʥʪʨʘʮʠʡ Pd/Au ʚ ʭʦʜʝ ʮʠʢʣʘ ʥʘʛʨʝʚ-ʦʭʣʘʞʜʝʥʠʝ ʦʙʨʘʟʮʦʚ ʚ 

ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʉʆ+O2 ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʪʘʢʞʝ ʦ ʪʦʤ, ʯʪʦ ʘʢʪʠʚʥʳʝ 

ʮʝʥʪʨʳ ʬʦʨʤʠʨʫʶʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʪʦʣʴʢʦ ʚ ʫʩʣʦʚʠʷʭ ʨʝʘʢʮʠʠ, 

ʢʦʛʜʘ ʥʘ ʦʙʨʘʟʮʝ ʨʝʘʣʴʥʦ ʧʨʦʪʝʢʘʝʪ ʨʝʘʢʮʠʷ (T > 150ÁC). ʂʘʢ ʩʣʝʜʩʪʚʠʝ, 

ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʜʣʷ ʠʟʫʯʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʘʢʪʠʚʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 
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ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu ʯʘʩʪʠʮ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʦʚ ʚ ʨʝʞʠʤʝ in situ ̫ ʚʣʷʝʪʩʷ 

ʦʙʷʟʘʪʝʣʴʥʳʤ.  

ʅʘ ʈʠʩʫʥʢʝ 34 ʧʨʝʜʩʪʘʚʣʝʥʳ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ Au4f, ʘ ʪʘʢʞʝ 

ʠʟʤʝʥʝʥʠʷ ʵʥʝʨʛʠʠ ʩʚʷʟʠ Au4f7/2 ʠ ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ 

Au/C, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʞʠʤʝ in situ, ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ (CO:O2 = 2:1, P = 

0.25 ʤʙʘʨ) ʜʣʷ ʦʙʨʘʟʮʘ PdAu/ɺʆʇɻ-5, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʛʨʝʚʘ. 

ɺʠʜʥʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʙʣʶʜʘʝʪʩʷ ʩʤʝʱʝʥʠʝ ʧʦʣʦʞʝʥʠʷ 

ʧʠʢʘ Au4f7/2 ʚ ʩʪʦʨʦʥʫ ʤʝʥʴʰʝʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ. ɺ ʪʦʞʝ ʚʨʝʤʷ ʥʘʙʣʶʜʘʝʪʩʷ 

ʨʦʩʪ ʟʥʘʯʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/C. ʆʭʣʘʞʜʝʥʠʝ 

ʦʙʨʘʟʮʘ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʪʥʦʤʫ ʠʟʤʝʥʝʥʠʶ 

ʟʥʘʯʝʥʠʡ, ʧʨʠʚʝʜʝʥʥʳʭ ʚʳʰʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢ ʠʩʭʦʜʥʳʤ ʫʨʦʚʥʷʤ. ʊʦ ʝʩʪʴ 

ʦʙʨʘʟʝʮ ʧʨʠ ʵʪʦʤ ʚʦʟʚʨʘʱʘʝʪʩʷ ʚ ʥʘʯʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ. ʂʘʢ ʫʞʝ ʦʙʩʫʞʜʘʣʦʩʴ 

ʚ ɻʣʘʚʝ 2, ʧʦʩʚʷʱʸʥʥʦʡ ʧʨʠʛʦʪʦʚʣʝʥʠʶ ʤʦʜʝʣʴʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʩʜʚʠʛ ʚ ʩʪʦʨʦʥʫ ʙʦʣʝʝ ʥʠʟʢʠʭ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʧʣʘʚʘ [118, 155, 157]. ʇʨʠ ʵʪʦʤ ʫʚʝʣʠʯʝʥʠʝ 

ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/Pd, ʥʘʙʣʶʜʘʝʤʦʝ ʧʨʠ ʥʘʛʨʝʚʝ 

ʦʙʨʘʟʮʘ, ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ ʩʝʛʨʝʛʘʮʠʶ ʘʪʦʤʦʚ ʟʦʣʦʪʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʠ/ʠʣʠ ʜʠʬʬʫʟʠʶ Pd ʚ ʦʙʲʝʤ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʚ ʧʨʦʮʝʩʩʝ 

ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ [28]. 
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ʈʠʩʫʥʦʢ 34. ʌʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ Au4f (ʘ), ʠʟʤʝʥʝʥʠʷ ʟʥʘʯʝʥʠʡ 

ʵʥʝʨʛʠʠ ʩʚʷʟʠ Au4f7/2 ʠ ʩʦʦʪʥʦʰʝʥʠʡ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Au/C (ʙ), 

ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʞʠʤʝ in situ, ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ (CO:O2 = 2:1, P = 0.25 

ʤʙʘʨ) ʜʣʷ ʦʙʨʘʟʮʘ PdAu/ɺʆʇɻ-5, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʝʛʦ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʌʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ ʠʟʤʝʨʝʥʳ ʧʨʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ 

ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ 300 ʵɺ. 

 

ɹʦʣʝʝ ʩʣʦʞʥʘʷ ʢʘʨʪʠʥʘ ʠʟʤʝʥʝʥʠʡ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ 

ʩʧʝʢʪʨʘʭ Pd3d. ʊʘʢ, ʥʘ ʈʠʩʫʥʢʝ 35 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ Pd3d5/2, ʠʟʤʝʨʝʥʥʳʝ 

ʜʣʷ ʤʦʜʝʣʴʥʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ PdAu/ɺʆʇɻ-2 ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ, 

ʨʘʟʣʦʞʝʥʥʳʝ ʥʘ ʥʝʩʢʦʣʴʢʦ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʛʨʝʚʘ ʦʙʨʘʟʮʘ. ʈʘʟʣʦʞʝʥʠʝ ʠʩʭʦʜʥʳʭ ʩʧʝʢʪʨʦʚ ʙʳʣʦ ʩʜʝʣʘʥʦ 

ʥʘ ʦʩʥʦʚʘʥʠʠ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ, ʛʜʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ 

ʧʨʝʜʦʙʨʘʙʦʪʢʠ ʙʳʣʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ ʨʘʟʣʠʯʥʳʝ ʩʦʩʪʦʷʥʠʷ ʧʘʣʣʘʜʠʷ [8, 

80, 111, 118, 157-161]. ʇʠʢʠ Pd3d5/2 ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʵʥʝʨʛʠʡ ʩʚʷʟʠ (Eʩʚ) ~ 335.0 
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ʵɺ ʠ ~ 335.6 ʵɺ ʙʳʣʠ ʦʪʥʝʩʝʥʳ ʢ ʘʪʦʤʘʤ Pd, ʥʘʭʦʜʷʱʠʤʩʷ ʚ ʩʦʩʪʘʚʝ PdAu 

ʩʧʣʘʚʘ [8, 28, 118, 157] ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʤʫ ʧʘʣʣʘʜʠʶ [111, 118, 157, 158] 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

 

ʈʠʩʫʥʦʢ 35. ʌʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ Pd3d5/2, ʠʟʤʝʨʝʥʥʳʝ ʜʣʷ ʤʦʜʝʣʴʥʦʛʦ 

ʢʘʪʘʣʠʟʘʪʦʨʘ PdAu/ɺʆʇɻ-5 ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ (CO:O2 = 2:1, P = 0.25 

ʤʙʘʨ), ʨʘʟʣʦʞʝʥʥʳʝ ʥʘ ʥʝʩʢʦʣʴʢʦ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ, ʘ ʪʘʢʞʝ 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʠʟ ʥʠʭ ʜʦʣʠ ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʦʷʥʠʡ ʧʘʣʣʘʜʠʷ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʘ. ʌʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ ʠʟʤʝʨʝʥʳ ʧʨʠ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ 300 ʵɺ. 

 

ʉʨʘʟʫ ʚ ʥʝʩʢʦʣʴʢʠʭ ʨʘʙʦʪʘʭ [159-161] ʧʠʢ Pd3d5/2 ʩ Eʩʚ ~ 336.0 ʵɺ ʙʳʣ 

ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥ, ʢʘʢ ʧʘʣʣʘʜʠʝʚʳʝ ʘʪʦʤʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʤʦʣʝʢʫʣʘʤʠ CO, 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤʠ ʚ ʤʦʩʪʠʢʦʚʦʡ ʠʣʠ ʣʠʥʝʡʥʦʡ ʢʦʦʨʜʠʥʘʮʠʠ ï Pd-COʘʜʩ. 

ʅʘʧʨʠʤʝʨ, ʉʪʨʝʤʩʭʘʡʤ (Strßmsheim) ʩ ʩʦʘʚʪʦʨʘʤʠ ʚ ʨʘʙʦʪʝ [161] 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʢʦʤʙʠʥʘʮʠʶ ʤʝʪʦʜʦʚ in situ ʈʌʕʉ ʠ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʠ ʜʣʷ 
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ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ CO ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʝ Pd3Au(100). ɸʚʪʦʨʳ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʪʘʢʦʛʦ ʤʦʜʝʣʴʥʦʛʦ ʦʙʨʘʟʮʘ ʥʘʙʣʶʜʘʝʪʩʷ ʜʚʘ ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʦʷʥʠʷ ʧʘʣʣʘʜʠʷ ʩ 

ʙʣʠʟʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʵʥʝʨʛʠʠ ʩʚʷʟʠ Pd3d5/2 (ʨʘʟʥʠʮʘ ʩʦʩʪʘʚʣʷʣʘ ʚʩʝʛʦ 0.2 

ʵɺ), ʢʦʪʦʨʳʝ ʙʳʣʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ ʢʘʢ Pd-COʘʜʩ ʠ ʦʢʠʩʣʝʥʥʳʡ PdO 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘʢʦʥʝʮ, ʧʠʢ ʩʦ ʟʥʘʯʝʥʠʝʤ ʵʥʝʨʛʠʠ ʩʚʷʟʠ 337.2 ʵɺ ʨʘʥʝʝ ʫʞʝ 

ʙʳʣ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥ ʥʘʤʠ ʢʘʢ ʢʣʘʩʪʝʨʳ Pd ʤʘʣʦʛʦ ʨʘʟʤʝʨʘ, ʟʘʢʨʝʧʣʝʥʥʳʝ 

ʥʘ ʜʝʬʝʢʪʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʩʝ ʦʧʠʩʘʥʥʳʝ ʚʳʰʝ ʩʦʩʪʦʷʥʠʷ ʧʘʣʣʘʜʠʷ ʧʨʦʷʚʣʷʶʪʩʷ 

ʚ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ Pd3d5/2, ʠʟʤʝʨʝʥʥʳʭ ʜʣʷ PdAu/ɺʆʇɻ-5 ʦʙʨʘʟʮʘ, 

ʥʦ ʠʭ ʜʦʣʷ ʚ ʦʙʱʝʤ ʩʧʝʢʪʨʝ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʘ ʚ ʭʦʜʝ ʨʝʘʢʮʠʠ. 

ɺʠʜʥʦ, ʯʪʦ ʩʦʩʪʦʷʥʠʝ Pd-COʘʜʩ (Eʩʚ = 336.0 ʵɺ) ʧʨʝʦʙʣʘʜʘʝʪ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʨʠ T Ò 150ÁC, ʥʦ ʝʛʦ ʜʦʣʷ ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, 

ʢʦʛʜʘ ʦʙʨʘʟʝʮ ʧʨʦʷʚʣʷʝʪ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʚ ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ 

CO. ʆʭʣʘʞʜʝʥʠʝ ʦʙʨʘʟʮʘ ʦʙʨʘʪʥʦ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ 

ʧʘʜʝʥʠʶ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʵʪʦʛʦ ʩʦʩʪʦʷʥʠʷ ʜʦ ʠʩʭʦʜʥʦʛʦ 

ʟʥʘʯʝʥʠʷ. ʇʠʢ Pd3d5/2 ʩ ʥʘʠʤʝʥʴʰʠʤ ʟʥʘʯʝʥʠʝʤ ʵʥʝʨʛʠʠ ʩʚʷʟʠ (Eʩʚ = 335.1 

ʵɺ), ʦʪʥʝʩʸʥʥʳʡ ʢ ʘʪʦʤʘʤ ʧʘʣʣʘʜʠʷ ʚ ʩʦʩʪʘʚʝ ʩʧʣʘʚʘ ï Pdʩʧʣʘʚ, ʧʦʢʘʟʳʚʘʝʪ 

ʤʘʢʩʠʤʘʣʴʥʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ (230 ï 250Áʉ), ʥʦ 

ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʝʪ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʨʦʩʪ ʜʦʣʠ ʵʪʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʠ ʥʘʛʨʝʚʝ ʦʙʨʘʟʮʘ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ 

ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʠʟʤʝʥʝʥʠʝʤ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʦʩʥʦʚʥʦʛʦ ʧʠʢʘ Au4f7/2 

(ʈʠʩʫʥʦʢ 34), ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʬʦʨʤʠʨʦʚʘʥʠʠ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʥʳʭ ʯʘʩʪʠʮ, ʢʦʛʜʘ ʦʙʨʘʟʝʮ ʧʨʦʷʚʣʷʝʪ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ 

ʘʢʪʠʚʥʦʩʪʴ ʚ ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ CO. 

ʄʝʪʘʣʣʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʧʘʣʣʘʜʠʷ (Eʩʚ = 335.6 ʵɺ) ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ Pd3d ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ, ʧʨʠʯʸʤ 

ʥʘʠʙʦʣʴʰʠʡ ʚʢʣʘʜ ʚ ʩʧʝʢʪʨ ʦʥʦ ʚʥʦʩʠʪ ʧʨʠ T Ó 200ÁC. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, 

ʯʪʦ ʘʪʦʤʳ ʧʘʣʣʘʜʠʷ ʧʨʠʩʫʪʩʪʚʫʶʪ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʝ ʪʦʣʴʢʦ ʚ ʩʦʩʪʘʚʝ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʥʳʭ ʯʘʩʪʠʮ, ʥʦ ʠ ʚ ʚʠʜʝ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ 
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ʢʣʘʩʪʝʨʦʚ ʠʟ ʘʪʦʤʦʚ Pd, ʥʝ ʩʚʷʟʘʥʥʳʭ ʩ ʘʪʦʤʘʤʠ ʟʦʣʦʪʘ. ʕʪʦ, ʧʦ ʚʩʝʡ 

ʚʠʜʠʤʦʩʪʠ, ʩʚʷʟʘʥʦ ʩ ʠʟʙʳʪʢʦʤ ʧʘʣʣʘʜʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʜʝʣʴʥʦʛʦ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʛʦ PdAu/ɺʆʇɻ-2 ʢʘʪʘʣʠʟʘʪʦʨʘ. ʋʚʝʣʠʯʝʥʠʝ ʜʦʣʠ ʵʪʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʛʨʝʚʘ ʦʙʨʘʟʮʘ (ʈʠʩʫʥʦʢ 35) 

ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʯʘʩʪʴ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʧʘʣʣʘʜʠʷ ʧʨʠʩʫʪʩʪʚʫʝʪ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʧʝʨʝʭʦʜʠʪ ʚ ʩʦʩʪʦʷʥʠʝ Pd-COʘʜʩ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ. ʉʣʝʜʫʝʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʦʩʪʦʷʥʠʝ Pd3d5/2 ~ 336.0 ʵɺ, 

ʢʦʪʦʨʦʝ ʚʩʸ ʝʱʸ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʩʧʝʢʪʨʘʭ ʧʦʩʣʝ ʥʘʛʨʝʚʘ ʦʙʨʘʟʮʘ ʜʦ 200Áʉ, 

ʚʨʷʜ ʣʠ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ Pd-COʘʜʩ, ʪʘʢ ʢʘʢ ʚ ʵʪʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʫʞʝ 

ʜʦʤʠʥʠʨʫʝʪ ʜʝʩʦʨʙʮʠʷ CO ʩ ʧʦʚʝʨʭʥʦʩʪʠ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʜʘʥʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʢʠʩʣʝʥʥʳʤ ʬʦʨʤʘʤ ʧʘʣʣʘʜʠʷ [160]. ʂ ʩʦʞʘʣʝʥʠʶ, 

ʜʣʷ ʙʦʣʝʝ ʪʦʯʥʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʝʨʝʭʦʜʘ ʤʝʞʜʫ ʵʪʠʤʠ ʜʚʫʤʷ ʩʦʩʪʦʷʥʠʷʤʠ 

(Pd-COʘʜʩ ʠ ʦʢʠʩʣʝʥʥʳʡ ʧʘʣʣʘʜʠʡ) ʚ ʩʣʫʯʘʝ PdAu/ɺʆʇɻ ʢʘʪʘʣʠʟʘʪʦʨʦʚ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ C1s ʠ O1s ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ 

ʟʘʪʨʫʜʥʝʥʦ. ɺ ʩʣʫʯʘʝ C1s, ʩʦʩʪʦʷʥʠʝ ʦʪ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ COʘʜʩ 

ʧʝʨʝʢʨʳʚʘʝʪʩʷ ʩ ʠʥʪʝʥʩʠʚʥʳʤ ʩʠʛʥʘʣʦʤ ʫʛʣʝʨʦʜʘ ʦʪ ʥʦʩʠʪʝʣʷ, ʘ ʚ ʩʧʝʢʪʨʝ 

O1s ʩʦʩʪʦʷʥʠʝ Pd-O ʧʝʨʝʢʨʳʚʘʝʪʩʷ ʩ ʠʥʪʝʥʩʠʚʥʳʤ ʩʠʛʥʘʣʦʤ ʦʪ ʣʠʥʠʠ 

Pd3p3/2. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ O1s ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʚʥʦʩʠʪ 

ʚʢʣʘʜ ʢʠʩʣʦʨʦʜ, ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɺʆʇɻ [25, 162]. 

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʦʩʪʦʷʥʠʷ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʵʥʝʨʛʠʠ 

ʩʚʷʟʠ ʚ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ Pd3d5/2 (~ 337.2 ʵɺ) ʠ Au4f7/2 (~ 85 ʵɺ), 

ʨʘʥʝʝ ʦʪʥʝʩʝʥʥʳʝ ʢ ʤʝʪʘʣʣʘʤ ʚ ʩʦʩʪʘʚʝ ʤʦʥʦ- ʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʣʘʩʪʝʨʦʚ ʚ 

ʜʝʬʝʢʪʘʭ ɺʆʇɻ, ʚ ʭʦʜʝ ʚʩʝʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʶʪʩʷ. ʊʦ 

ʝʩʪʴ ʦʥʠ ʥʝ ʫʯʘʩʪʚʫʶʪ ʚ ʦʩʫʱʝʩʪʚʣʝʥʠʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʠ ʥʝ 

ʵʚʦʣʶʮʠʦʥʠʨʫʶʪ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ, ʧʦʵʪʦʤʫ ʦʥʠ ʚ 

ʜʘʣʴʥʝʡʰʝʤ ʦʙʩʫʞʜʘʪʴʩʷ ʥʝ ʙʫʜʫʪ.  

ɺ ʢʘʯʝʩʪʚʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʘʨʛʫʤʝʥʪʘ ʚ ʧʦʣʴʟʫ ʪʘʢʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ 

ʩʦʩʪʦʷʥʠʡ ʧʘʣʣʘʜʠʷ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ 

Pd3d5/2, ʠʟʤʝʨʝʥʥʳʝ ʜʣʷ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ Pd/ɺʆʇɻ ʪʘʢʞʝ ʚ 

ʫʩʣʦʚʠʷʭ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ CO, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 
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ʈʠʩʫʥʢʝ 36. ʄʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʡ ʦʙʨʘʟʝʮ Pd/ɺʆʇɻ ʙʳʣ ʧʨʠʛʦʪʦʚʣʝʥ ʧʦ 

ʤʝʪʦʜʠʢʝ, ʦʧʠʩʘʥʥʦʡ ʚ ɻʣʘʚʝ 2, ʧʫʪʸʤ ʥʘʧʳʣʝʥʠʷ Pd ʥʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ɺʆʇɻ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʨʦʛʨʝʚʦʤ ʜʦ 300ÁC 

ʚ ʫʩʣʦʚʠʷʭ ʉɺɺ. ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʧʘʣʣʘʜʠʷ, ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʉʊʄ, 

ʩʦʩʪʘʚʠʣ 3.9 ʥʤ. ʇʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ 

Pd3d5/2 ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʩʦʩʪʦʷʥʠʝ Pd-COʘʜʩ (Eʩʚ = 335.9 ʵɺ), ʢʦʪʦʨʦʝ 

ʧʝʨʝʭʦʜʠʪ ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʝ (Eʩʚ = 335.3 ʵɺ) ʧʨʠ ʥʘʛʨʝʚʝ ʦʙʨʘʟʮʘ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨ ʚʳʰʝ 150ÁC (ʈʠʩʫʥʦʢ 36). ʆʪʩʫʪʩʪʚʠʝ ʩʦʩʪʦʷʥʠʷ, ʩʜʚʠʥʫʪʦʛʦ ʚ 

ʩʪʦʨʦʥʫ ʤʝʥʴʰʠʭ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ, ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʪʝʤ, ʯʪʦ ʚ ʵʪʦʤ 

ʩʣʫʯʘʝ ʥʝʚʦʟʤʦʞʥʦ ʩʬʦʨʤʠʨʦʚʘʪʴ PdAu ʩʧʣʘʚ ʚʚʠʜʫ ʦʪʩʫʪʩʪʚʠʷ ʚ ʵʪʦʤ 

ʦʙʨʘʟʮʝ ʟʦʣʦʪʘ. ɼʦʧʦʣʥʠʪʝʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ Pd3d5/2 ʩʦ ʟʥʘʯʝʥʠʝʤ ʵʥʝʨʛʠʠ 

ʩʚʷʟʠ 336.5 ʵɺ, ʢʦʪʦʨʦʝ ʧʦʷʚʣʷʝʪʩʷ ʧʨʠ ʥʘʛʨʝʚʝ ʦʙʨʘʟʮʘ, ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ 

ʧʘʣʣʘʜʠʶ ʚ ʦʢʠʩʣʝʥʥʦʡ ʬʦʨʤʝ (Pd-O). ʇʨʠ ʵʪʦʤ ʨʘʟʣʠʯʠʝ ʟʥʘʯʝʥʠʡ Eʩʚ ʜʣʷ 

ʵʪʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʩʣʫʯʘʝ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʦʛʦ Pd/ɺʆʇɻ ʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 

PdAu/ɺʆʇɻ ʦʙʨʘʟʮʦʚ (ɽʩʚ = 336.5 ʠ 336.0 ʵɺ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʤʦʞʥʦ 

ʦʙʲʷʩʥʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝʤ ʦʙʲʝʤʥʦʛʦ ʦʢʩʠʜʘ ʧʘʣʣʘʜʠʷ ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ, ʪʦʛʜʘ 

ʢʘʢ ʚʦ ʚʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʦʢʩʠʜʘ, ʯʪʦ 

ʦʙʫʩʣʦʚʣʝʥʦ ʨʘʟʙʘʚʣʝʥʠʝʤ ʧʘʣʣʘʜʠʷ ʟʦʣʦʪʦʤ. 
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ʈʠʩʫʥʦʢ 36. ʌʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ Pd3d5/2, ʠʟʤʝʨʝʥʥʳʝ ʜʣʷ ʤʦʜʝʣʴʥʦʛʦ 

ʢʘʪʘʣʠʟʘʪʦʨʘ Pd/ɺʆʇɻ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ (CO:O2 = 2:1, P = 0.25 ʤʙʘʨ), 

ʨʘʟʣʦʞʝʥʥʳʝ ʥʘ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ, ʘ ʪʘʢʞʝ ʨʘʩʩʯʠʪʘʥʥʳʝ ʠʟ ʥʠʭ 

ʜʦʣʠ ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʦʷʥʠʡ ʧʘʣʣʘʜʠʷ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʘ. 

ʌʦʪʦʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ ʠʟʤʝʨʝʥʳ ʧʨʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ 

ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ 300 ʵɺ. 

3.1.1.2. ɸʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ ʩʝʛʨʝʛʘʮʠʷ ʘʪʦʤʦʚ ʧʘʣʣʘʜʠʷ ʧʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ CO: ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʦʙ ʘʜʩʦʨʙʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ 

ʩʝʛʨʝʛʘʮʠʠ ʘʪʦʤʦʚ ʧʘʣʣʘʜʠʷ ʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ PdAu ʯʘʩʪʠʮʘʭ ʧʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ CO ʚ ʜʨʫʛʦʡ ʥʘʰʝʡ ʨʘʙʦʪʝ [16] ʤʝʪʦʜʦʤ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ 

ʧʣʦʪʥʦʩʪʠ (ʊʌʇ) ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʦʙʨʘʪʠʤʦʡ ʩʝʛʨʝʛʘʮʠʠ ʧʘʣʣʘʜʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 
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ʥʘʥʦʯʘʩʪʠʮ Pd-Au ʧʨʠ ʘʜʩʦʨʙʮʠʠ CO. ɼʣʷ ʵʪʦʛʦ, ʥʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʤʳ 

ʧʨʦʚʦʜʠʣʠ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʨʘʩʯʸʪʳ ʚʟʘʠʤʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʘʪʦʤʦʚ ʟʦʣʦʪʘ ʠ 

ʧʘʣʣʘʜʠʷ ʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʥʘʥʦʯʘʩʪʠʮʝ ʚ ʦʪʩʫʪʩʪʚʠʠ ʘʜʩʦʨʙʘʪʦʚ. ɺ 

ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʠ ʥʘʥʦʯʘʩʪʠʮʳ ʜʣʷ ʨʘʩʯʝʪʦʚ ʙʳʣʘ ʚʳʙʨʘʥʘ ʩʪʨʫʢʪʫʨʘ, 

ʩʦʩʪʦʷʱʘʷ ʠʟ 201 ʘʪʦʤʘ ʤʝʪʘʣʣʘ ʩʦʩʪʘʚʘ Pd56Au145, ʢʦʪʦʨʘʷ ʙʣʠʟʢʘ ʢ 

ʩʦʦʪʥʦʰʝʥʠʶ Pd/Au = 1:3. ʎʝʣʴʶ ʧʨʦʚʝʜʝʥʠʷ ʪʘʢʠʭ ʨʘʩʯʸʪʦʚ ʙʳʣ ʧʦʠʩʢ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʥʘʠʙʦʣʝʝ ʚʳʛʦʜʥʦʛʦ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʘʪʦʤʦʚ Pd 

ʠ Au ʚ ʪʘʢʦʡ ʥʘʥʦʯʘʩʪʠʮʝ.  

ʆʩʥʦʚʥʘʷ ʧʨʦʙʣʝʤʘ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʜʣʷ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʥʘʥʦʯʘʩʪʠʮʳ ʟʘʜʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʩʦʜʝʨʞʘʱʝʡ n1 ʠ n2 

ʘʪʦʤʦʚ 1-ʛʦ ʠ 2-ʛʦ ʪʠʧʦʚ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʠʩʣʦ ʨʘʟʣʠʯʥʳʭ ʘʪʦʤʥʳʭ 

ʨʘʩʧʦʣʦʞʝʥʠʡ (ʛʦʤʦʪʦʧʦʚ) ʨʘʚʥʦ ((n1+n2)!/n1!n2!). ʊʘʢ, ʜʣʷ ʩʪʝʭʠʦʤʝʪʨʠʠ 

Pd56Au145 ʵʪʦ ʟʥʘʯʝʥʠʝ ʦʛʨʦʤʥʦ ʠ ʩʦʩʪʘʚʣʷʝʪ 2.77Ĭ1050. ʆʯʝʚʠʜʥʦ, ʯʪʦ 

ʚʳʧʦʣʥʠʪʴ ʨʘʩʯʸʪʳ ʤʝʪʦʜʦʤ ʊʌʇ (ʠʣʠ ʣʶʙʳʤ ʜʨʫʛʠʤ) ʜʣʷ ʚʩʝʭ ʵʪʠʭ 

ʛʦʤʦʪʦʧʦʚ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʟʘʜʘʯʠ ʤʳ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʥʝʜʘʚʥʦ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʤʝʪʦʜ ʨʘʩʯʸʪʘ ʵʥʝʨʛʠʡ ʛʦʤʦʪʦʧʦʚ, 

ʢʦʪʦʨʳʡ ʥʘʟʳʚʘʝʪʩʷ TOP-ʤʝʪʦʜ [61, 62]. ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʤʝʪʦʜʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, 

ʯʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ ʵʥʝʨʛʠʶ ʢʘʞʜʦʛʦ ʛʦʤʦʪʦʧʘ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʥʘʥʦʯʘʩʪʠʮʝ ʩ ʦʧʨʝʜʝʣʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʚ ʚʠʜʝ 

ʪʦʧʦʣʦʛʠʯʝʩʢʦʛʦ ʚʳʨʘʞʝʥʠʷ, ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 0
Au Pd Au Pd Au Au Au Au Au Au

TOP BOND BOND CORNER CORNER EDGE EDGE TERRACE TERRACEE E N N N Ne e e e- -= + + + + , 

ʛʜʝ 0E  ï ʢʦʥʩʪʘʥʪʘ, Au Pd
BONDN - ï ʯʠʩʣʦ ʩʚʷʟʝʡ Au-Pd (ʙʣʠʞʘʡʰʠʭ ʢʦʥʪʘʢʪʦʚ) 

ʚ ʛʦʤʦʪʦʧʝ; Au
CORNERN , Au

EDGEN , Au
TERRACEN ï ʯʠʩʣʦ ʘʪʦʤʦʚ Au, ʥʘʭʦʜʷʱʠʭʩʷ ʥʘ 

ʫʛʣʘʭ, ʛʨʘʥʷʭ ʠ ʪʝʨʨʘʩʘʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʛʦʤʦʪʦʧʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʂʦʵʬʬʠʮʠʝʥʪʳ X
Yeʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʜʝʩʢʨʠʧʪʦʨʳ ʵʥʝʨʛʠʠ, 

ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʚʢʣʘʜʳ ʣʠʙʦ ʦʜʥʦʡ ʩʚʷʟʠ Au-Pd, ʣʠʙʦ ʘʪʦʤʘ 

Au, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʧʦʣʦʞʝʥʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʥʘʥʦʯʘʩʪʠʮʳ, ʚ ʦʙʱʫʶ ʵʥʝʨʛʠʶ ʛʦʤʦʪʦʧʘ ETOP. ʇʨʠʤʝʥʝʥʠʝ TOP-ʤʝʪʦʜʘ ʜʣʷ 

ʨʘʩʯʸʪʘ ʨʘʟʣʠʯʥʳʭ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʚʢʣʶʯʘʷ PdAu ʥʘʥʦʯʘʩʪʠʮʳ 
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ʨʘʟʣʠʯʥʳʭ ʨʘʟʤʝʨʦʚ, ʬʦʨʤ ʠ ʩʦʩʪʘʚʦʚ [61, 62], ʧʦʢʘʟʘʣʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʚʳʨʘʞʝʥʠʷ ETOP ʠ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ ʵʥʝʨʛʠʡ, ʨʘʩʩʯʠʪʘʥʥʳʭ ʤʝʪʦʜʦʤ ʊʌʇ, 

ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʛʦʤʦʪʦʧʦʚ ʟʘʜʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʦʟʚʦʣʷʝʪ ʦʯʝʥʴ ʵʬʬʝʢʪʠʚʥʦ 

ʦʧʨʝʜʝʣʷʪʴ ʛʝʦʤʝʪʨʠʶ ʥʘʠʙʦʣʝʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʳʭ ʛʦʤʦʪʦʧʦʚ [61, 

62, 163-166]. ʂʘʢ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʦ ʚ ʨʘʙʦʪʝ [61], ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʟʥʘʯʝʥʠʡ 

ʜʝʩʢʨʠʧʪʦʨʦʚ X
Ye  ʚ ʚʳʨʘʞʝʥʠʠ ETOP ʩʥʘʯʘʣʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʊʌʇ 

ʚʳʯʠʩʣʷʶʪʩʷ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʡ ʜʣʷ ʨʷʜʘ ʚʳʙʨʘʥʥʳʭ ʛʦʤʦʪʦʧʦʚ ʠʩʩʣʝʜʫʝʤʦʡ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʥʘʥʦʯʘʩʪʠʮʳ. ɿʘʪʝʤ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʫʣʴʪʠʣʠʥʝʡʥʦʡ 

ʨʝʛʨʝʩʩʠʠ ʥʘʭʦʜʷʪʩʷ ʟʥʘʯʝʥʠʷ ETOP, ʭʦʨʦʰʦ ʩʦʚʧʘʜʘʶʱʠʝ ʩʦ ʟʥʘʯʝʥʠʷʤʠ, 

ʧʦʣʫʯʝʥʥʳʤʠ ʤʝʪʦʜʦʤ ʊʌʇ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʚʩʝ ʟʥʘʯʝʥʠʷ 

ʜʝʩʢʨʠʧʪʦʨʦʚ X
Yeʠ 0E . ɼʘʣʝʝ, ʠʩʧʦʣʴʟʫʷ ʤʝʪʦʜ ʄʦʥʪʝ-ʂʘʨʣʦ, ʠʟʤʝʥʷʷ 

ʚʟʘʠʤʥʳʝ ʧʦʣʦʞʝʥʠʷ ʘʪʦʤʦʚ ʜʚʫʭ ʵʣʝʤʝʥʪʦʚ ʚ ʥʘʥʦʯʘʩʪʠʮʝ, ʧʦʣʫʯʘʶʪ 

ʵʥʝʨʛʠʠ ʨʘʟʣʠʯʥʳʭ ʛʦʤʦʪʦʧʦʚ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʘʷ ʩʪʨʫʢʪʫʨʘ.  

 ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʜʝʩʢʨʠʧʪʦʨʦʚ, ʚʳʙʨʘʥʥʳʭ ʥʘʤʠ ʜʣʷ ʨʘʩʯʸʪʘ 

ʥʘʥʦʯʘʩʪʠʮ ʩʦʩʪʘʚʘ Pd56Au145, ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʤʝʪʦʜʦʤ ʊʌʇ 44 

ʛʦʤʦʪʦʧʦʚ [16]. ʇʦʣʫʯʝʥʥʳʝ ʜʝʩʢʨʠʧʪʦʨʳ X
Ye  ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 9. 

ʅʘʠʙʦʣʝʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʳʝ ʛʦʤʦʪʦʧʳ ʥʘʥʦʯʘʩʪʠʮ Pd56Au145 ʦʙʣʘʜʘʶʪ 

ʩʣʝʜʫʶʱʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ: (1) ï ʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ ʷʚʣʷʝʪʩʷ 

ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʘʪʦʤʦʚ Au; (2) ï ʢʦʣʠʯʝʩʪʚʦ ʩʚʷʟʝʡ Pd-Pd 

ʩʪʨʝʤʠʪʩʷ ʢ ʤʠʥʠʤʫʤʫ; (3) ï ʢʦʣʠʯʝʩʪʚʦ ʩʚʷʟʝʡ Au-Pd ʩʪʨʝʤʠʪʩʷ ʢ 

ʤʘʢʩʠʤʫʤʫ. ʊʘʢʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʣʝʛʢʦ ʦʙʲʷʩʥʷʶʪʩʷ ʧʦʣʫʯʝʥʥʳʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʜʝʩʢʨʠʧʪʦʨʦʚ, ʘ ʪʘʢʞʝ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʘʥʘʣʦʛʠʯʥʳʭ ʨʘʩʯʸʪʦʚ, ʧʦʣʫʯʝʥʥʳʤʠ ʜʣʷ PdAu ʯʘʩʪʠʮ ʤʝʥʴʰʝʛʦ ʨʘʟʤʝʨʘ [61, 

62]. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʯʘʩʪʴ ʥʘʠʙʦʣʝʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʳʭ ʛʦʤʦʪʦʧʦʚ 

Pd56Au145, ʢʦʪʦʨʳʝ ʙʳʣʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ ʚ ʨʘʩʯʸʪʘʭ, ʩʦʜʝʨʞʘʪ ʥʝʩʢʦʣʴʢʦ 

(ʰʝʩʪʴ ʠʣʠ ʚʦʩʝʤʴ) ʘʪʦʤʦʚ Pd, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ (111) ʪʝʨʨʘʩ. 

ɼʣʷ ʵʪʠʭ ʛʦʤʦʪʦʧʦʚ ʚʢʣʘʜ ʚ ʵʥʝʨʛʠʶ ʦʪ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʯʠʩʣʘ ʩʚʷʟʝʡ Au-Pd 

ʢʦʤʧʝʥʩʠʨʫʝʪ ʵʥʝʨʛʠʶ, ʥʝʦʙʭʦʜʠʤʫʶ ʜʣʷ ʟʘʤʝʱʝʥʠʷ ʥʝʩʢʦʣʴʢʠʭ ʘʪʦʤʦʚ Au 
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ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʦʣʦʯʢʝ ʘʪʦʤʘʤʠ Pd. ʇʨʠ ʵʪʦʤ, ʥʘʠʙʦʣʝʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠ 

ʚʳʛʦʜʥʳʤ ʛʦʤʦʪʦʧʦʤ ʷʚʣʷʝʪʩʷ ʯʘʩʪʠʮʘ Pd56Au145, ʚ ʢʦʪʦʨʦʡ ʚʩʝ ʘʪʦʤʳ Pd 

ʥʘʭʦʜʷʪʩʷ ʚʥʫʪʨʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʛʦʤʦʪʦʧ, ʚ ʢʦʪʦʨʦʤ ʦʪʩʫʪʩʪʚʫʶʪ ʘʪʦʤʳ Pd 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮʳ, ʙʳʣ ʚʳʙʨʘʥ ʚ ʢʘʯʝʩʪʚʝ ʩʪʘʥʜʘʨʪʘ ʜʣʷ ʦʮʝʥʢʠ 

ʵʥʝʨʛʠʠ, ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʷ ʨʘʟʤʝʱʝʥʠʷ ʚʩʝʭ 56 ʘʪʦʤʦʚ Pd ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʊʘʙʣʠʮʘ 9. ʕʥʝʨʛʝʪʠʯʝʩʢʠʝ ʜʝʩʢʨʠʧʪʦʨʳ X
Ye, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ 

ʪʦʧʦʣʦʛʠʯʝʩʢʦʤ ʚʳʨʘʞʝʥʠʠ; ŭ ï ʧʦʛʨʝʰʥʦʩʪʴ ʠʭ ʦʧʨʝʜʝʣʝʥʠʷ ʠ ȹEseg ï 

ʵʥʝʨʛʠʷ ʩʝʛʨʝʛʘʮʠʠ ʚʩʝʭ ʘʪʦʤʦʚ Pd ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ (ʧʝʨʝʭʦʜ ʠʟ ɸ ʚ ɹ ʥʘ 

ʈʠʩʫʥʢʝ 37) ʜʣʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʯʘʩʪʠʮʳ ʩʦʩʪʘʚʘ Pd56Au145.  

ɼʝʩʢʨʠʧʪʦʨ ɿʥʘʯʝʥʠʝ, ʵɺ 

e
PdAu

BOND

-
 -0.026 

e
Au

CORNER
 -0.370 

e
Au

EDGE
 -0.336 

e
Au

TERRACE
 -0.192 

ŭ 0.094 

ȹEseg 13.5 

 

ʕʥʝʨʛʠʷ, ʥʝʦʙʭʦʜʠʤʘʷ ʜʣʷ ʩʝʛʨʝʛʘʮʠʠ ʚʩʝʭ ʘʪʦʤʦʚ Pd ʥʘ ʛʨʘʥʷʭ (111) 

ʥʘʥʦʯʘʩʪʠʮʳ ʦʮʝʥʠʚʘʣʘʩʴ ʠʟ ʨʘʩʯʝʪʦʚ, ʧʨʦʚʝʜʸʥʥʳʭ ʤʝʪʦʜʦʤ ʊʌʇ (ʈʠʩʫʥʦʢ 

37), ʜʣʷ ʜʚʫʭ ʛʦʤʦʪʦʧʦʚ: (1) ʛʦʤʦʪʦʧʘ ɸ, ʛʜʝ ʚʩʝ 56 ʘʪʦʤʦʚ Pd ʨʘʩʧʦʣʦʞʝʥʳ 

ʥʘ ʛʨʘʥʷʭ (111) ʠ (2) ʩʘʤʦʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʦʛʦ ʛʦʤʦʪʦʧʘ ɹ, ʛʜʝ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʭʦʜʷʪʩʷ ʪʦʣʴʢʦ ʘʪʦʤʳ ʟʦʣʦʪʘ. ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ 

ʨʝʟʫʣʴʪʘʪʘʤ, ʨʘʟʥʠʮʘ ʚ ʵʥʝʨʛʠʠ ʜʣʷ ʵʪʠʭ ʜʚʫʭ ʛʦʤʦʪʦʧʦʚ ʩʦʩʪʘʚʠʣʘ 17.9 ʵɺ. 
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ʈʠʩʫʥʦʢ 37. ɼʚʘ ʛʦʤʦʪʦʧʘ ʥʘʥʦʯʘʩʪʠʮʳ Pd56Au145: ɸ ï ʚʩʝ ʘʪʦʤʳ Pd (ʩʠʥʠʝ 

ʩʬʝʨʳ) ʨʘʩʧʦʣʦʞʝʥʳ ʚʥʫʪʨʠ ʯʘʩʪʠʮʳ (ʛʦʤʦʪʦʧ ʩ ʥʘʠʤʝʥʴʰʝʡ ʵʥʝʨʛʠʝʡ); ɹ ï 

ʚʩʝ ʘʪʦʤʳ Pd ʥʘʭʦʜʷʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʝʨʨʘʩ ʛʨʘʥʠ (111) (ʚʩʝ ʘʪʦʤʳ Pd ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮʳ). 

 

ʂʘʢ ʫʞʝ ʦʙʩʫʞʜʘʣʦʩʴ ʚʳʰʝ, ʩʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, 

ʘʜʩʦʨʙʮʠʷ CO ʥʘ PdAu ʩʧʣʘʚ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʩʝʛʨʝʛʘʮʠʠ ʘʪʦʤʦʚ ʧʘʣʣʘʜʠʷ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ, ʚʚʠʜʫ ʩʠʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ Pd ʩ CO. ʆʩʥʦʚʥʦʡ ʚʦʧʨʦʩ, 

ʢʦʪʦʨʳʡ ʚʦʟʥʠʢʘʝʪ ʚ ʨʘʤʢʘʭ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʯʘʩʪʠ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ 

ï ʢʘʢʦʝ ʧʦʢʨʳʪʠʝ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤ CO ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ 

ʧʘʣʣʘʜʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʧʣʘʚʥʳʭ PdAu ʥʘʥʦʯʘʩʪʠʮ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ 

ʥʘʯʘʣʘ ʙʳʣʦ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʯʠʪʘʪʴ ʵʥʝʨʛʠʠ ʘʜʩʦʨʙʮʠʠ CO ʥʘ ʨʘʟʣʠʯʥʳʭ 

ʧʘʣʣʘʜʠʝʚʳʭ ʮʝʥʪʨʘʭ. ɺʩʝ ʨʘʩʯʸʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ 

ʊʌʇ. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʪʘʢʠʭ ʨʘʩʯʸʪʦʚ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʤʦʜʝʣʴʥʘʷ ʯʘʩʪʠʮʘ 
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Pd56Au145 ʩʦ ʩʧʝʮʠʬʠʯʝʩʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʘʪʦʤʦʚ Pd ʚʦ ʚʥʝʰʥʝʡ ʦʙʦʣʦʯʢʝ 

ʠ ʚ ʷʜʨʝ: 26 ʘʪʦʤʦʚ Pd ʨʘʩʧʦʣʦʞʝʥʳ ʚʦ ʚʥʝʰʥʝʡ ʦʙʦʣʦʯʢʝ (ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ) ʚ 

ʚʠʜʝ ʧʘʣʣʘʜʠʝʚʳʭ ʮʝʥʪʨʦʚ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ ï ʠʟʦʣʠʨʦʚʘʥʥʳʝ 

ʘʪʦʤʳ Pd1, ʜʠʤʝʨʳ Pd2, ʪʨʠʤʝʨʳ Pd3 ʠ ʢʣʘʩʪʝʨʳ Pd7, ʦʢʨʫʞʝʥʥʳʝ ʘʪʦʤʘʤʠ 

ʟʦʣʦʪʘ (ʈʠʩʫʥʦʢ 38). ʇʨʠ ʵʪʦʤ, ʧʦʩʢʦʣʴʢʫ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʵʥʝʨʛʠʷ ʘʜʩʦʨʙʮʠʠ 

ʙʫʜʝʪ ʟʘʚʠʩʝʪʴ ʦʪ ʪʠʧʘ ʘʪʦʤʦʚ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ, 

ʯʘʩʪʠʮʘ ʙʳʣʘ ʨʘʟʜʝʣʝʥʘ ʥʘ ʜʚʝ ʧʦʣʦʚʠʥʳ ï ʚ ʦʜʥʦʡ ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʚʳʰʝ 

ʧʘʣʣʘʜʠʝʚʳʝ ʮʝʥʪʨʳ ʙʳʣʠ ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ çʷʜʨʝè ʠʟ ʘʪʦʤʦʚ ʧʘʣʣʘʜʠʷ, ʘ ʚ 

ʜʨʫʛʦʤ - ʥʘ çʷʜʨʝè ʠʟ ʘʪʦʤʦʚ ʟʦʣʦʪʘ. 

 

ʈʠʩʫʥʦʢ 38. ɿʥʘʯʝʥʠʷ ʵʥʝʨʛʠʡ ʘʜʩʦʨʙʮʠʠ ʤʦʣʝʢʫʣʳ CO ʥʘ ʨʘʟʣʠʯʥʳʭ 

ʧʘʣʣʘʜʠʝʚʳʭ ʮʝʥʪʨʘʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʜʝʣʴʥʦʡ ʯʘʩʪʠʮʳ Pd56Au145: ɸ ï ʚʠʜ 

ʩʙʦʢʫ, ʛʜʝ ʧʘʣʣʘʜʠʝʚʳʝ ʮʝʥʪʨʳ ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ çʷʜʨʝè ʠʟ ʘʪʦʤʦʚ ʧʘʣʣʘʜʠʷ; 

ɹ - ʛʜʝ ʧʘʣʣʘʜʠʝʚʳʝ ʮʝʥʪʨʳ ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ çʷʜʨʝè ʠʟ ʘʪʦʤʦʚ ʟʦʣʦʪʘ. 

ʕʥʝʨʛʠʠ ʘʜʩʦʨʙʮʠʠ CO (Eʘʜʩ) ʧʨʠʚʝʜʝʥʳ ʚ ʵɺ.  
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ʕʥʝʨʛʠʠ ʘʜʩʦʨʙʮʠʠ ʉʆ ʥʘ ʨʘʟʣʠʯʥʳʭ ʧʘʣʣʘʜʠʝʚʳʭ ʮʝʥʪʨʘʭ (ʈʠʩʫʥʦʢ 

38) ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʧʨʠ ʨʘʟʤʝʱʝʥʠʠ ʥʘ ʢʘʞʜʦʤ ʮʝʥʪʨʝ ʪʦʣʴʢʦ ʦʜʥʦʡ 

ʩʚʷʟʘʥʥʦʡ ʤʦʣʝʢʫʣʳ ʉʆ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 10. 

ʋʩʣʦʚʥʳʝ ʦʙʦʟʥʘʯʝʥʠʷ ʮʝʥʪʨʦʚ ʘʜʩʦʨʙʮʠʠ ʩʦʩʪʦʷʪ ʠʟ ʪʨʸʭ ʯʘʩʪʝʡ: (1) ʪʠʧ 

ʢʦʦʨʜʠʥʘʮʠʠ ʤʦʣʝʢʫʣʳ CO: 3f ï ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʘʷ ʥʘ ʪʨʸʭ ʘʪʦʤʘʭ Pd (three-

fold hollow site); br ï ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʘʷ ʥʘ ʜʚʫʭ ʘʪʦʤʘʭ Pd (bridge site); t1 ʠ t2 

ï ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʘʷ ʥʘ ʦʜʥʦʤ ʘʪʦʤʝ Pd (on-top site); (2) ʪʠʧ ʮʝʥʪʨʘ (Pd7 ʠ Pd3 

ʠʣʠ Au); (3) ʪʠʧ çʷʜʨʘè, ʥʘ ʢʦʪʦʨʦʤ ʨʘʩʧʦʣʦʞʝʥ ʮʝʥʪʨ  ï Pd ʠʣʠ Au. 

ʅʘʧʨʠʤʝʨ, ʦʙʦʟʥʘʯʝʥʠʝ 3f-Pd3/Au ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʮʝʥʪʨʫ Pd3, ʨʘʩʧʦʣʦʞʝʥʥʦʤ 

ʥʘ çʷʜʨʝè ʠʟ ʘʪʦʤʦʚ ʟʦʣʦʪʘ, ʩ ʤʦʣʝʢʫʣʦʡ CO ʩ ʢʦʦʨʜʠʥʘʮʠʝʡ ʥʘ ʪʨʸʭ ʘʪʦʤʘʭ 

Pd (three-fold hollow site).  

ʊʘʙʣʠʮʘ 10. ɿʥʘʯʝʥʠʷ ʵʥʝʨʛʠʡ ʘʜʩʦʨʙʮʠʠ CO (Eʘʜʩ) ʥʘ ʨʘʟʣʠʯʥʳʭ ʮʝʥʪʨʘʭ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʜʝʣʴʥʦʡ ʯʘʩʪʠʮʳ Pd56Au145 

ʊʠʧ ʮʝʥʪʨʘ Eʘʜʩ, ʵɺ 

3f-Pd7/Pd -2.10 

3f-Pd3/Pd -1.93 

t1-Au/Pd -0.25 

t2-Au/Pd -0.33 

3f- Au/Pd -0.11 

br-Au/Pd -0.14 

3f-Pd7/Au -1.91 

3f-Pd3/Au -1.93 

t1-Au/Au -0.13 

t2-Au/Au -0.25 

3f-Au/Au -0.15 

br-Au/Au -0.10 
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ɺʠʜʥʦ, ʯʪʦ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʵʥʝʨʛʠʶ ʯʘʩʪʠʮʳ ʙʫʜʫʪ ʚʥʦʩʠʪʴ ʤʦʣʝʢʫʣʳ 

CO, ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʝ ʥʘ ʤʥʦʛʦʘʪʦʤʥʳʭ ʮʝʥʪʨʘʭ Pd, ʪʦ ʝʩʪʴ ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʦ 

ʩʚʷʟʳʚʘʶʪ ʉʆ ʪʝʨʨʘʩʳ ʛʨʘʥʠ (111), ʧʦʣʥʦʩʪʴʶ ʟʘʧʦʣʥʝʥʥʳʝ Pd (Pd7), ʘ ʪʘʢʞʝ 

Pd3 ʮʝʥʪʨʳ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʥʘ çʷʜʨʝè ʠʟ ʘʪʦʤʦʚ ʟʦʣʦʪʘ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʧʨʠʨʦʜʘ çʷʜʨʘè, ʥʘ ʢʦʪʦʨʦʤ ʨʘʩʧʦʣʦʞʝʥʳ ʮʝʥʪʨʳ, ʥʝ ʩʠʣʴʥʦ ʚʣʠʷʝʪ ʥʘ 

ʵʥʝʨʛʠʶ ʘʜʩʦʨʙʮʠʠ ï çʷʜʨʦè ʠʟ ʘʪʦʤʦʚ ʧʘʣʣʘʜʠʷ ʣʠʰʴ ʥʝʤʥʦʛʦ ʫʩʠʣʠʚʘʝʪ 

ʩʚʷʟʴ ʉʆ ʩ Pd7 ʮʝʥʪʨʘʤʠ ~ ʥʘ 0.2 ʵɺ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʚʣʠʷʝʪ ʥʘ ʩʚʷʟʴ ʉʆ ʩ 

Pd3 ʮʝʥʪʨʘʤʠ. ʊʘʢʞʝ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʡ ʘʜʩʦʨʙʮʠʠ CO ʥʘ 

ʘʪʦʤʘʭ Au ʦʯʝʥʴ ʤʘʣʳ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʜʘʥʥʳʭ, ʧʨʠʚʝʜʸʥʥʳʭ ʚ ʊʘʙʣʠʮʝ 10, 

ʜʘʞʝ ʚ ʩʣʫʯʘʝ ʮʝʥʪʨʦʚ Pd, ʥʘʭʦʜʷʱʠʭʩʷ ʥʘ çʷʜʨʝè ʠʟ ʘʪʦʤʦʚ Au (3f-Pd3/Au), 

ʵʥʝʨʛʠʷ ʘʜʩʦʨʙʮʠʠ ʉʆ ʥʘ 1.6 ʵɺ ʚʳʰʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʦ 

ʩʚʷʟʳʚʘʶʱʠʭ ʉʆ Au-ʮʝʥʪʨʘʭ. ʋʞʝ ʠʟ ʵʪʠʭ ʜʘʥʥʳʭ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʥʝʢʦʪʦʨʳʝ 

ʦʮʝʥʢʠ ʧʦʢʨʳʪʠʷ ʉʆ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʯʘʩʪʠʮʳ ʩ ʘʪʦʤʘʤʠ Pd 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚʳʰʝ, ʨʘʟʥʠʮʘ ʵʥʝʨʛʠʡ ʤʝʞʜʫ ʜʚʫʤʷ 

ʛʦʤʦʪʦʧʘʤʠ ï ɸ ʠ ɹ ï ʯʘʩʪʠʮʳ Pd56Au145 (ʈʠʩʫʥʦʢ 37) ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 18 ʵɺ. 

ʊʘʢ, ʤʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʘʜʩʦʨʙʮʠʠ 12 ʤʦʣʝʢʫʣ CO (ʧʦ ʜʚʝ ʥʘ ʛʨʘʥʴ (111)) ʥʘ 

ʪʘʢʠʭ ʯʘʩʪʠʮʘʭ ʜʦʣʞʥʦ ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʛʦʤʦʪʦʧʘ ɹ.  

ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʵʪʦʡ ʦʮʝʥʢʠ ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʩʫʤʤʘʨʥʘʷ ʵʥʝʨʛʠʷ 

ʘʜʩʦʨʙʮʠʠ ʉʆ ʥʘ ʜʚʫʭ ʛʦʤʦʪʦʧʘʭ ʯʘʩʪʠʮʳ Pd56Au145 ï ɸ ï ʢʦʛʜʘ ʚʝʩʴ 

ʧʘʣʣʘʜʠʡ ʥʘʭʦʜʠʪʩʷ ʚʥʫʪʨʠ ʯʘʩʪʠʮʳ ʠ ɹ ï ʢʦʛʜʘ ʚʝʩʴ ʧʘʣʣʘʜʠʡ ʥʘʭʦʜʠʪʩʷ ʥʘ 

ʪʝʨʨʘʩʘʭ ʛʨʘʥʠ (111) ʧʨʠ ʧʦʩʪʝʧʝʥʥʦʤ ʫʚʝʣʠʯʝʥʠʠ ʧʦʢʨʳʪʠʷ ʯʘʩʪʠʮʳ 

ʤʦʥʦʦʢʩʠʜʦʤ ʫʛʣʝʨʦʜʘ: ʦʜʥʘ, ʜʚʝ ʠ, ʥʘʢʦʥʝʮ, ʪʨʠ ʤʦʣʝʢʫʣʳ ʉʆ ʥʘ ʢʘʞʜʦʡ 

ʛʨʘʥʠ (111), ʯʪʦ ʚ ʩʫʤʤʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 8, 16 ʠ 24 ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤ 

ʤʦʣʝʢʫʣʘʤ ʉʆ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚʩʝʡ ʥʘʥʦʯʘʩʪʠʮʳ (ʈʠʩʫʥʦʢ 39). ʆʩʥʦʚʳʚʘʷʩʴ 

ʥʘ ʨʘʥʝʝ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʧʦ ʵʥʝʨʛʠʷʤ ʘʜʩʦʨʙʮʠʠ ʉʆ, ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʢʦʥʬʠʛʫʨʘʮʠʠ ʘʜʩʦʨʙʮʠʦʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʚ ʚʠʜʝ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʡ 

ʤʦʣʝʢʫʣʳ ʉʆ ʥʘ ʪʨʝʭ ʘʪʦʤʘʭ ʧʘʣʣʘʜʠʷ (three-fold hollow site) ʠ ʥʘ ʦʜʥʦʤ 

ʘʪʦʤʝ (on-top site) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʣʷ ʢʘʞʜʦʛʦ ʠʟ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʧʦʢʨʳʪʠʡ 

ʉʆ ʚʳʯʠʩʣʷʣʘʩʴ ʨʘʟʥʦʩʪʴ ʵʥʝʨʛʠʡ ʜʚʫʭ ʛʦʤʦʪʦʧʦʚ ȹEʩʝʛ ï ʜʘʣʝʝ ʵʥʝʨʛʠʷ 

ʩʝʛʨʝʛʘʮʠʠ. 
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ʈʠʩʫʥʦʢ 39. ʏʘʩʪʠʮʳ Pd56Au145: ʛʦʤʦʪʦʧʳ A, ʢʦʛʜʘ ʚʝʩʴ ʧʘʣʣʘʜʠʡ ʥʘʭʦʜʠʪʩʷ 

ʚʥʫʪʨʠ ʯʘʩʪʠʮʳ (ʚʝʨʭʥʠʡ ʨʷʜ) ʠ ɹ ï ʢʦʛʜʘ ʚʝʩʴ ʧʘʣʣʘʜʠʡ ʥʘʭʦʜʠʪʩʷ ʥʘ 

ʪʝʨʘʩʩʘʭ ʛʨʘʥʠ (111) (ʥʠʞʥʠʡ ʨʷʜ) ʩ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤʠ ʥʘ ʪʝʨʨʘʩʘʭ ʛʨʘʥʝʡ 

(111) ʤʦʣʝʢʫʣʘʤʠ CO (0, 8, 16 ʠ 24 ʤʦʣʝʢʫʣʳ CO ʩʣʝʚʘ ʥʘʧʨʘʚʦ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʕʥʝʨʛʠʠ ʩʝʛʨʝʛʘʮʠʠ (ȹEʩʝʛ) ʜʘʥʳ ʚ ʵɺ. 

 

ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʈʠʩʫʥʢʝ 39 ʜʘʥʥʳʭ ʚʠʜʥʦ, ʯʪʦ ʘʜʩʦʨʙʮʠʷ ʜʘʞʝ 

ʦʜʥʦʡ ʤʦʣʝʢʫʣʳ CO ʥʘ ʪʝʨʨʘʩʫ ʛʨʘʥʠ (111) ʯʘʩʪʠʮʳ ʫʤʝʥʴʰʘʝʪ ʨʘʟʥʠʮʫ 

ʵʥʝʨʛʠʡ ʤʝʞʜʫ ʛʦʤʦʪʦʧʘʤʠ ɸ ʠ ɹ ʜʦ 4 ʵɺ. ʇʨʠ ʘʜʩʦʨʙʮʠʠ ʜʚʫʭ ʠ ʪʨʸʭ 

ʤʦʣʝʢʫʣ ʉʆ ʥʘ ʛʨʘʥʴ ʟʥʘʯʝʥʠʝ ȹEʩʝʛ ʩʪʘʥʦʚʠʪʩʷ ʨʘʚʥʦ ʧʨʠʤʝʨʥʦ -9 ʵɺ ʠ -20 

ʵɺ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʕʪʦ ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʩʝʛʨʝʛʘʮʠʷ ʘʪʦʤʦʚ 

Pd ʩʪʘʥʦʚʠʪʩʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʦʡ. ɿʘʚʠʩʠʤʦʩʪʴ ȹEʩʝʛ ʦʪ ʩʪʝʧʝʥʠ 

ʧʦʢʨʳʪʠʷ ʉʆ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʈʠʩʫʥʢʝ 40. ʉʪʝʧʝʥʴ ʧʦʢʨʳʪʠʷ ɗʉʆ ʚ ʦʜʠʥ 

ʧʣʦʪʥʳʡ ʤʦʥʦʩʣʦʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʝʤʠ ʤʦʣʝʢʫʣʘʤ CO ʥʘ ʪʝʨʨʘʩʫ ʠʟ ʩʝʤʠ 

ʘʪʦʤʦʚ ʤʝʪʘʣʣʘ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʛʨʘʥʠ (111) ʥʘʥʦʯʘʩʪʠʮʳ. ɺʠʜʥʦ, ʯʪʦ 

ʨʘʩʩʯʠʪʘʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʭʦʨʦʰʦ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ ʧʨʷʤʦʡ (ʈʠʩʫʥʦʢ 40). 

ʇʨʠ ʵʪʦʤ ȹEʩʝʛ = 0 ʧʨʠ ɗCO = 0.195 ʤʦʥʦʩʣʦʷ ʷʚʣʷʝʪʩʷ ʧʦʨʦʛʦʤ, ʚʳʰʝ 

ʢʦʪʦʨʦʛʦ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʩʝʛʨʝʛʘʮʠʷ Pd ʥʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʤʦʜʝʣʴʥʦʡ 

ʥʘʥʦʯʘʩʪʠʮʝ Pd56Au145 ʩʪʘʥʦʚʠʪʩʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʦʡ. 
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ʈʠʩʫʥʦʢ 40. ɿʘʚʠʩʠʤʦʩʪʴ ȹEʩʝʛ ʦʪ ʩʪʝʧʝʥʠ ʧʦʢʨʳʪʠʷ ʉʆ. 

 

 ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ PdAu ʥʘʥʦʯʘʩʪʠʮʳ ʚ ʦʙʨʘʟʮʘʭ 

PdAu/ɺʆʇɻ-4 ʠ PdAu/ɺʆʇɻ-5, ʢʦʪʦʨʳʝ ʠʟʫʯʘʣʠʩʴ ʤʝʪʦʜʦʤ ʈʌʕʉ ʚ ʨʝʞʠʤʝ 

in situ ʚ ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ CO, ʠʤʝʶʪ ʭʘʨʘʢʪʝʨʥʳʡ ʨʘʟʤʝʨ ʦʪ 4 ʜʦ 12 ʥʤ, ʧʨʠ 

ʩʨʝʜʥʝʤ ʟʥʘʯʝʥʠʠ ʨʘʟʤʝʨʘ ʦʢʦʣʦ 5ï7 ʥʤ (ʈʠʩʫʥʦʢ 31). ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʧʨʠ 

ʧʨʦʚʝʜʝʥʠʠ ʨʘʩʯʸʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʤʦʜʝʣʴ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʯʘʩʪʠʮʳ, 

ʩʦʩʪʦʷʱʝʡ ʠʟ 201 ʘʪʦʤʘ ʤʝʪʘʣʣʦʚ (ʅʏ201), ʢʦʪʦʨʘʷ ʠʤʝʝʪ ʜʠʘʤʝʪʨ D = 1.7 ʥʤ 

(ʜʠʘʤʝʪʨ ʩʬʝʨʳ, ʧʦʩʪʨʦʝʥʥʦʡ ʥʘ ʚʝʨʰʠʥʥʳʭ ʘʪʦʤʘʭ ʫʩʝʯʝʥʥʦʛʦ ʦʢʪʘʵʜʨʘ 

201). ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʧʨʠʙʣʠʟʠʪʴʩʷ ʢ ʨʘʟʤʝʨʘʤ ʯʘʩʪʠʮ ʚ ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʘʭ, 

ʥʘ ʢʦʪʦʨʳʭ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʥʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ 

ʧʨʠ ʧʦʤʦʱʠ TOP-ʤʝʪʦʜʘ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʙʠʤʝʪʘʣʣʠʯʝʩʢʘʷ PdAu ʯʘʩʪʠʮʘ, 

ʩʦʩʪʦʷʱʘʷ ʠʟ 1289 ʘʪʦʤʦʚ (ʅʏ1289) ʩ ʪʘʢʦʡ ʞʝ ʬʦʨʤʦʡ, ʯʪʦ ʠ ʯʘʩʪʠʮʘ ʠʟ 201 

ʘʪʦʤʘ, ʜʣʷ ʢʦʪʦʨʦʡ D = 3.5 ʥʤ (ʈʠʩʫʥʦʢ 41). ʏʪʦʙʳ ʩʦʭʨʘʥʠʪʴ ʩʦʦʪʥʦʰʝʥʠʝ 

Pd/Au, ʠʩʧʦʣʴʟʫʝʤʦʝ ʜʣʷ ʙʦʣʝʝ ʤʝʣʢʠʭ Pd56Au145 ʯʘʩʪʠʮ, ʦʢʦʣʦ 2:5, 
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ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʯʘʩʪʠʮʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ 359 ʘʪʦʤʦʚ Pd ʠ 930 ʘʪʦʤʦʚ Au. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʘʪʦʤʦʚ, ʥʘʭʦʜʷʱʠʭʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʚ 

ʦʙʲʸʤʝ ʜʣʷ ʅʏ1289 ʩʦʩʪʘʚʣʷʝʪ 0.6 (482 ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʠ 807 ʦʙʲʸʤʥʳʭ), ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʅʏ201 ʵʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʙʣʠʟʢʦ ʢ 1.5 (122 ʠ 79 ʘʪʦʤʦʚ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʩʣʫʯʘʝ ʯʘʩʪʠʮʳ ʨʘʟʤʝʨʦʤ 3.5 ʥʤ ʚ ʝʸ 

ʦʙʲʸʤʝ ʥʘʭʦʜʠʪʩʷ ʙʦʣʴʰʝ ʘʪʦʤʦʚ, ʯʝʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ʉʪʦʠʪ ʪʘʢʞʝ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʩʯʸʪ ʤʝʪʦʜʦʤ ʊʌʇ ʟʥʘʯʠʪʝʣʴʥʦ ʟʘʪʨʫʜʥʸʥ ʚ ʩʣʫʯʘʝ ʯʘʩʪʠʮ ʩ 

ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʘʪʦʤʦʚ. ʇʦʵʪʦʤʫ ʜʣʷ ʨʘʩʯʸʪʘ ʛʦʤʦʪʦʧʦʚ ʯʘʩʪʠʮ 

ʩʦʩʪʘʚʘ Pd359Au930 ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʜʝʩʢʨʠʧʪʦʨʳ X
Ye , 

ʧʦʣʫʯʝʥʥʳʝ ʨʘʥʝʝ ʜʣʷ ʯʘʩʪʠʮ ʩʦʩʪʘʚʘ Pd56Au145. ʊʘʢʦʡ ʧʦʜʭʦʜ ʷʚʣʷʝʪʩʷ 

ʦʙʦʩʥʦʚʘʥʥʳʤ, ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ, ʧʨʠʚʝʜʸʥʥʳʤ ʚ ʨʘʙʦʪʝ [61], ʟʥʘʯʝʥʠʷ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʜʝʩʢʨʠʧʪʦʨʦʚ ʜʣʷ ʥʘʥʦʩʧʣʘʚʦʚ ʛʦʨʘʟʜʦ ʚ ʤʝʥʴʰʝʡ ʩʪʝʧʝʥʠ 

ʟʘʚʠʩʷʪ ʦʪ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʟʘʚʠʩʠʤʦʩʪʴʶ ʦʪ ʠʭ ʩʦʩʪʘʚʘ 

(ʩʦʦʪʥʦʰʝʥʠʷ ʤʝʪʘʣʣʦʚ). ʉʪʨʫʢʪʫʨʘ ʥʘʠʙʦʣʝʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʦʛʦ 

ʛʦʤʦʪʦʧʘ, ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʤʝʪʦʜʦʤ ʄʦʥʪʝ-ʂʘʨʣʦ ʩ ʤʠʥʠʤʠʟʘʮʠʝʡ ʝʛʦ ʵʥʝʨʛʠʠ 

ETOP, ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʈʠʩʫʥʢʝ 41ʘ. ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʯʘʩʪʠʮ ʤʝʥʴʰʝʛʦ ʨʘʟʤʝʨʘ, 

ʚʩʝ ʘʪʦʤʳ ʧʘʣʣʘʜʠʷ ʥʘʭʦʜʷʪʩʷ ʚ ʦʙʲʝʤʝ ʅʏ1289, ʧʦʚʝʨʭʥʦʩʪʴ ʢʦʪʦʨʦʡ 

ʧʦʣʥʦʩʪʴʶ ʧʦʢʨʳʪʘ ʘʪʦʤʘʤʠ ʟʦʣʦʪʘ (ʪʘʢʘʷ ʩʪʨʫʢʪʫʨʘ ʷʚʣʷʝʪʩʷ ʪʠʧʠʯʥʦʡ ʜʣʷ 

PdAu ʥʘʥʦʯʘʩʪʠʮ, ʦʩʦʙʝʥʥʦ ʧʨʠ ʥʝʚʳʩʦʢʦʡ ʜʦʣʝ ʘʪʦʤʦʚ Pd [62, 167]). ɼʣʷ 

ʦʮʝʥʢʠ ʵʥʝʨʛʠʠ, ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʷ ʩʝʛʨʝʛʘʮʠʠ ʘʪʦʤʦʚ ʧʘʣʣʘʜʠʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʪʘʢʦʡ ʯʘʩʪʠʮʳ, ʙʳʣ ʪʘʢʞʝ ʧʨʦʚʝʜʸʥ ʨʘʩʯʸʪ ʟʥʘʯʝʥʠʷ ETOP ʜʣʷ 

ʛʦʤʦʪʦʧʘ, ʚ ʢʦʪʦʨʦʤ ʚʩʝ ʪʝʨʨʘʩʳ ʛʨʘʥʠ (111) ʟʘʧʦʣʥʝʥʳ ʘʪʦʤʘʤʠ ʧʘʣʣʘʜʠʷ 

(ʈʠʩʫʥʦʢ 41ʙ). ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʪʘʢʠʭ ʨʘʩʯʸʪʦʚ ʧʦʣʦʞʝʥʠʷ ʚʩʝʭ ʘʪʦʤʦʚ 

ʧʘʣʣʘʜʠʷ, ʥʘʭʦʜʷʱʠʭʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʙʳʣʠ ʬʠʢʩʠʨʦʚʘʥʳ, ʘ ʧʨʦʮʝʜʫʨʘ 

ʤʠʥʠʤʠʟʘʮʠʠ ʵʥʝʨʛʠʠ ʩʚʦʜʠʣʘʩʴ ʢ ʧʦʠʩʢʫ ʥʘʠʙʦʣʝʝ ʩʪʘʙʠʣʴʥʳʭ ʧʦʣʦʞʝʥʠʡ 

ʘʪʦʤʦʚ Pd ʠ Au ʚ ʦʙʲʸʤʝ ʅʏ1289. ʊʘʢ 296 ʘʪʦʤʦʚ Pd ʚ ʪʘʢʦʤ ʛʦʤʦʪʦʧʝ 

ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʟʘʧʦʣʥʷʷ ʪʝʨʨʘʩʳ ʛʨʘʥʝʡ (111), ʘ ʦʩʪʘʚʰʠʝʩʷ 

63 ʘʪʦʤʘ Pd ʨʘʩʧʨʝʜʝʣʝʥʳ ʚ ʦʙʲʸʤʝ ʯʘʩʪʠʮʳ. ʕʪʦ ʥʝʩʢʦʣʴʢʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʛʦʤʦʪʦʧʘ ʅʏ201, ʚ ʢʦʪʦʨʦʤ ʚʩʝ ʘʪʦʤʳ ʧʘʣʣʘʜʠʷ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʥʘʭʦʜʠʣʠʩʴ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮʳ. ʂʘʢ ʠ ʨʘʥʝʝ, ʨʘʟʥʦʩʪʴ 
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ʵʥʝʨʛʠʡ ETOP ʤʝʞʜʫ ʜʚʫʤʷ ʛʦʤʦʪʦʧʘʤʠ, ʧʨʠʚʝʜʸʥʥʳʤʠ ʥʘ ʈʠʩʫʥʢʝ 38, 

ʦʙʦʟʥʘʯʘʣʘʩʴ ʢʘʢ ʵʥʝʨʛʠʷ ʩʝʛʨʝʛʘʮʠʠ ȹEʩʝʛ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʥʘʯʝʥʠʝ ȹEʩʝʛ 

ʙʳʣʦ ʦʮʝʥʝʥʦ ʚ 120 ʵɺ. ʂʘʢ ʫʞʝ ʙʳʣʦ ʨʘʩʩʯʠʪʘʥʦ ʚʳʰʝ, ʘʜʩʦʨʙʮʠʷ CO ʥʘ 

ʘʪʦʤʘʭ Pd, ʥʘʭʦʜʷʱʠʭʩʷ ʥʘ ʪʝʨʨʘʩʘʭ ʛʨʘʥʝʡ (111) (ʛʦʤʦʪʦʧ ʧʨʠʚʝʜʸʥʥʳʡ ʥʘ 

ʈʠʩʫʥʢʝ 41ʙ), ʜʘʝʪ ʚʳʠʛʨʳʰ ʚ ʵʥʝʨʛʠʠ 1.5 ʵɺ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʘʜʩʦʨʙʮʠʝʡ ʥʘ 

ʘʪʦʤʘʭ Au ʚ ʩʣʫʯʘʝ ʛʦʤʦʪʦʧʘ, ʛʜʝ ʚʩʷ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʢʨʳʪʘ ʘʪʦʤʘʤʠ ʟʦʣʦʪʘ 

(ʈʠʩʫʥʦʢ 41ʘ). ʃʝʛʢʦ ʧʦʩʯʠʪʘʪʴ, ʯʪʦ ʘʜʩʦʨʙʮʠʠ ʦʢʦʣʦ 80 ʤʦʣʝʢʫʣ CO ʜʦʣʞʥʦ 

ʭʚʘʪʠʪʴ, ʯʪʦʙʳ ʩʜʝʣʘʪʴ ʛʦʤʦʪʦʧ ʩ ʘʪʦʤʘʤʠ ʧʘʣʣʘʜʠʷ ʥʘ ʛʨʘʥʷʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠ 

ʫʩʪʦʡʯʠʚʳʤ. ʕʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʢʨʳʪʠʶ 0.27 ʤʦʥʦʩʣʦʷ (80 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʉʆ ʥʘ 296 ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʘʪʦʤʦʚ Pd), ʯʪʦ ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ 

ʟʥʘʯʝʥʠʷ, ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʜʣʷ ʅʏ201 (ʈʠʩʫʥʦʢ 40), ʦʜʥʘʢʦ ʚʩʝ ʝʱʝ ʥʘʭʦʜʠʪʩʷ 

ʚ ʜʠʘʧʘʟʦʥʝ ʥʠʟʢʦʛʦ ʧʦʢʨʳʪʠʷ ʉʆ. 

 

 

ʈʠʩʫʥʦʢ 41. ʇʦʚʝʨʭʥʦʩʪʴ (ʩʣʝʚʘ) ʠ ʧʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ (ʩʧʨʘʚʘ) ʘʪʦʤʥʳʭ 

ʩʪʨʫʢʪʫʨ ʥʘʥʦʯʘʩʪʠʮ ʩʦʩʪʘʚʘ Pd359Au930: (ʘ) ʛʦʤʦʪʦʧ, ʛʜʝ ʚʩʝ ʘʪʦʤʳ ʧʘʣʣʘʜʠʷ 

ʥʘʭʦʜʷʪʩʷ ʚʥʫʪʨʠ ʯʘʩʪʠʮʳ ʠ (ʙ) ʛʦʤʦʪʦʧ, ʛʜʝ ʚʩʝ ʪʝʨʘʩʩʳ ʛʨʘʥʠ (111) 

ʟʘʧʦʣʥʝʥʳ ʘʪʦʤʘʤʠ ʧʘʣʣʘʜʠʷ. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʝʪʦʜʦʤ in situ ʈʌʕʉ ʧʦʢʘʟʘʥʦ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʘʪʦʤʦʚ Au ʠ Pd ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʧʨʦʚʝʜʝʥʠʷ 

ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ ʉʆ. ʇʦ-ʚʠʜʠʤʦʤʫ, ʘʜʩʦʨʙʮʠʷ CO ʠʥʜʫʮʠʨʫʝʪ ʩʝʛʨʝʛʘʮʠʶ 

ʘʪʦʤʦʚ Pd ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ: Pd ʤʠʛʨʠʨʫʝʪ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ PdAu ʯʘʩʪʠʮʳ. 

ʊʘʢʘʷ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʩʝʛʨʝʛʘʮʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʠʞʝ 150Áʉ, 

ʦʥʘ ʦʙʫʩʣʦʚʣʝʥʘ ʩʠʣʴʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʮʝʥʪʨʦʚ Pd ʩ 

ʘʜʩʦʨʙʠʨʫʝʤʳʤʠ ʤʦʣʝʢʫʣʘʤʠ CO, ʢʦʪʦʨʦʝ ʠʟʤʝʥʷʝʪ ʧʦʚʝʨʭʥʦʩʪʥʫʶ ʵʥʝʨʛʠʶ 

ʠ ʜʝʣʘʝʪ ʩʝʛʨʝʛʘʮʠʶ ʘʪʦʤʦʚ Pd ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ 

ʦʙʨʘʟʦʚʘʥʠʝʤ Pd-CO ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʦʡ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʪʝʦʨʝʪʠʯʝʩʢʠʝ 

ʨʘʩʯʝʪʳ, ʧʨʦʚʝʜʸʥʥʳʝ ʤʝʪʦʜʘʤʠ ʊʌʇ ʠ TOP, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʘʜʩʦʨʙʮʠʷ ʉʆ 

ʫʞʝ ʧʨʠ ʟʘʧʦʣʥʝʥʠʠ ʤʝʥʝʝ 0.3 ʤʦʥʦʩʣʦʷ ʜʦʩʪʘʪʦʯʥʘ ʜʣʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʩʪʨʫʢʪʫʨʳ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ, ʛʜʝ ʚʩʝ ʚʥʝʰʥʠʝ ʪʝʨʨʘʩʳ 

(111) ʧʦʣʥʦʩʪʴʶ ʟʘʥʷʪʳ ʘʪʦʤʘʤʠ Pd. 

3.1.1.3. ɸʥʘʣʠʟ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʦʷʥʠʡ ʤʝʪʘʣʣʦʚ ʧʦ 

ʛʣʫʙʠʥʝ PdAu ʯʘʩʪʠʮ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʧʨʦʚʝʜʝʥʠʷ ʨʝʘʢʮʠʠ  

ɼʘʥʥʳʡ ʨʘʟʜʝʣ ʧʦʩʚʷʱʸʥ ʦʙʩʫʞʜʝʥʠʶ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ 

ʧʨʦʚʝʜʝʥʠʠ in situ ʈʌʕʉ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ʏʪʦʙʳ ʧʦʣʫʯʠʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʦʷʥʠʡ Pd ʧʦ ʛʣʫʙʠʥʝ, ʜʦʣʠ ʨʘʟʣʠʯʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʧʘʣʣʘʜʠʷ, ʥʘʙʣʶʜʘʝʤʳʭ ʚ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ Pd3d5/2, 

ʠʟʤʝʨʝʥʥʳʭ in situ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʣʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 

PdAu/ɺʆʇɻ-5 ʢʘʪʘʣʠʟʘʪʦʨʘ, ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʠʥʝʪʠʯʝʩʢʠʭ 

ʵʥʝʨʛʠʡ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ (ʈʠʩʫʥʦʢ 42). ʀʟʤʝʥʝʥʠʝ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ 

ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʦʪ 300 ʜʦ 600 ʵɺ ʫʚʝʣʠʯʠʚʘʝʪ ʛʣʫʙʠʥʫ 

ʘʥʘʣʠʟʘ ʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮʘʭ ʧʨʠʤʝʨʥʦ ʩ 18 ʜʦ 27 ¡ [40].  

ɺʠʜʥʦ, ʯʪʦ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚʢʣʘʜ Pd-COʘʜʩ ʧʘʜʘʝʪ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ, ʯʪʦ ʦʜʥʦʟʥʘʯʥʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʧʦʚʝʨʭʥʦʩʪʥʦʝ 

ʨʘʩʧʦʣʦʞʝʥʠʝ ʵʪʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʂʦʛʜʘ PdAu/ɺʆʇɻ ʥʘʭʦʜʠʪʩʷ ʚ ʘʢʪʠʚʥʦʤ 

ʩʦʩʪʦʷʥʠʠ (ʪʝʤʧʝʨʘʪʫʨʘ ʚʳʰʝ 200Áʉ), ʜʦʣʷ ʩʦʩʪʦʷʥʠʷ Pd-COʘʜʩ ʟʥʘʯʠʪʝʣʴʥʦ 

ʧʘʜʘʝʪ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʨʝʦʙʣʘʜʘʥʠʠ ʜʝʩʦʨʙʮʠʠ ʉʆ ʩ ʧʦʚʝʨʭʥʦʩʪʠ 
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ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʵʪʦ ʩʦʩʪʦʷʥʠʝ ʚʥʦʩʠʪ ʥʘʠʤʝʥʴʰʠʡ 

ʚʢʣʘʜ ʚ ʩʧʝʢʪʨʘʭ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ 

(ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ 300 ʵɺ) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʩʦʩʪʦʷʥʠʷʤʠ 

ʧʘʣʣʘʜʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʜʦʣʷ ʵʪʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʪʸʪ ʩ ʛʣʫʙʠʥʦʡ 

ʘʥʘʣʠʟʘ, ʧʦʜʪʚʝʨʞʜʘʷ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ ʝʛʦ ʫʞʝ ʥʝʣʴʟʷ ʦʪʥʝʩʪʠ ʢ Pd-

CO. ʂʘʢ ʫʧʦʤʠʥʘʣʦʩʴ ʚʳʰʝ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʥʘʠʙʦʣʝʝ 

ʚʝʨʦʷʪʥʳʤ ʦʪʥʝʩʝʥʠʝʤ ʜʘʥʥʦʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʚʢʣʘʜʘ ʷʚʣʷʝʪʩʷ ʦʢʠʩʣʝʥʥʘʷ 

ʬʦʨʤʘ Pd-O, ʢʦʪʦʨʘʷ ʣʦʢʘʣʠʟʦʚʘʥʘ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ PdAu 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʠʣʠ ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ Pd ʯʘʩʪʠʮ. 

 

ʈʠʩʫʥʦʢ 42. ɼʦʣʠ ʩʦʩʪʦʷʥʠʡ ʧʘʣʣʘʜʠʷ, ʥʘʙʣʶʜʘʝʤʳʭ ʚ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʭ 

ʩʧʝʢʪʨʘʭ Pd3d5/2, ʠʟʤʝʨʝʥʥʳʭ in situ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʣʷ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʛʦ PdAu/ɺʆʇɻ-5 ʢʘʪʘʣʠʟʘʪʦʨʘ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʢʠʥʝʪʠʯʝʩʢʠʭ ʵʥʝʨʛʠʡ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ. 

 

ʇʦʚʝʨʭʥʦʩʪʥʘʷ ʣʦʢʘʣʠʟʘʮʠʷ ʩʦʩʪʦʷʥʠʷ Pd-COʘʜʩ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦ ʛʣʫʙʠʥʝ ʜʚʫʭ ʜʨʫʛʠʭ ʩʦʩʪʦʷʥʠʡ ʧʘʣʣʘʜʠʷ (ʚ ʩʦʩʪʘʚʝ PdAu 

ʩʧʣʘʚʘ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ Pd), ʚʢʣʘʜ ʢʦʪʦʨʳʭ ʚ ʩʧʝʢʪʨʝ Pd3d5/2 ʜʦʚʦʣʴʥʦ ʤʘʣ 








































































































































































































































































































