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ʉʧʠʩʦʢ ʩʦʢʨʘʱʝʥʠʡ ʠ ʫʩʣʦʚʥʳʭ ʦʙʦʟʥʘʯʝʥʠʡ 

ʄʂʕ ï ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ 

ʕʂʕ ï ʵʣʘʩʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ 

ʵʂʕ ï ʵʣʝʢʪʨʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ 

ɹʂʕ ï ʙʘʨʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ 

ʤʂʕ ï ʤʝʪʘʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ 

ʇʄ ï ʬʝʨʨʦʤʘʛʥʝʪʠʢ 

ʌʄ ï ʌʝʨʨʦʤʘʛʥʝʪʠʢ 

ʄʂ ï ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ 

RCP ï ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʤʦʱʥʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ 

COP ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ 

AMP ï ʘʢʪʠʚʥʳʡ ʤʘʛʥʠʪʥʳʡ ʨʝʛʝʥʝʨʘʪʠʚʥʳʡ 

ɻʄʍʄ ï ʛʠʙʨʠʜʥʘʷ ʤʘʛʥʠʪʥʘʷ ʭʦʣʦʜʠʣʴʥʘʷ ʤʘʰʠʥʘ 

ʈɿʄ ï ʨʝʜʢʦʟʝʤʝʣʴʥʳʡ ʤʝʪʘʣʣ 

ɻʇʋ ï ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʘʷ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʘʷ 

ɻʎʂ ï ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʘʷ ʢʫʙʠʯʝʩʢʘʷ 

ʕɺʂʈ ï ʵʢʩʪʨʘʢʮʠʷ ʚʠʩʷʱʝʡ ʢʘʧʣʠ ʨʘʩʧʣʘʚʘ 

EDX ï ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʈʌɸ ï ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

ʉʂɺʀɼ - ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʡ ʢʚʘʥʪʦʚʳʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨ 

XRD ï ʜʠʬʨʘʢʮʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ 

XRF ï ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʣʶʤʠʥʝʩʮʝʥʮʠʷ 
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SEM ï ʩʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 
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ɺʚʝʜʝʥʠʝ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʠ ʩʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ  

ʆʜʥʦʡ ʠʟ ʧʨʦʙʣʝʤ ʭʠʤʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʷʚʣʷʝʪʩʷ ʫʩʪʘʥʦʚʣʝʥʠʝ ʨʦʣʠ 

ʩʣʫʯʘʡʥʳʭ ʠ ʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʩʪʨʫʢʪʫʨʘʭ ʠ ʥʘ 

ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʬʘʟ ʵʣʝʤʝʥʪʦʚ ʩ ʨʘʟʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʠ, ʯʪʦ ʤʦʞʝʪ ʚʣʠʷʪʴ ʥʘ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʪʨʫʢʪʫʨ. ɸʢʪʫʘʣʴʥʦʩʪʴ 

ʨʘʟʚʠʪʠʷ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʤ ʵʬʬʝʢʪʝ (ʄʂʕ) ʩʚʷʟʘʥʘ ʩ ʪʝʤ, 

ʯʪʦ ʯʝʣʦʚʝʯʝʩʪʚʦ ʠʱʝʪ ʵʥʝʨʛʦʵʢʦʥʦʤʠʯʥʳʝ ʠ ʵʢʦʣʦʛʠʯʥʳʝ ʧʫʪʠ ʟʘʤʝʥʳ 

ʪʨʘʜʠʮʠʦʥʥʳʭ ʛʘʟʦʚʳʭ ʦʭʣʘʞʜʘʶʱʠʭ ʩʠʩʪʝʤ. ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʩʪʘʣʦ 

ʧʦʥʷʪʥʦ, ʯʪʦ ʦʜʥʦ ʪʦʣʴʢʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʩʧʣʘʚʦʚ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʫʩʧʝʭʫ ʧʦʪʦʤʫ, ʯʪʦ ʦʙʳʯʥʦ 

ʥʫʞʥʦ ʦʯʝʥʴ ʚʳʩʦʢʦʝ ʟʥʘʯʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʣʷ ʯʠʩʪʦ ʤʘʛʥʠʪʥʦʛʦ 

ʦʭʣʘʞʜʝʥʠʷ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʠʤʝʝʪʩʷ ʧʨʦʪʠʚʦʨʝʯʠʝ ʤʝʞʜʫ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ ʧʦʣʷ ʥʘʩʳʱʝʥʠʷ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʨʦʠʟʚʝʜʝʥʠʷ ʄʅ (ʄ, ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ, ʅ ï ʢʦʵʨʮʠʪʠʚʥʘʷ 

ʩʠʣʘ) ʠ ʵʥʝʨʛʠʠ ʚ ʧʝʪʣʝ ʛʠʩʪʝʨʝʟʠʩʘ ʠ, ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʫʤʝʥʴʰʝʥʠʷ ʧʦʣʷ ʥʘʩʳʱʝʥʠʷ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʨʝʘʣʴʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ, ʥʝ 

ʪʨʝʙʫʶʱʝʛʦ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʤʘʛʥʠʪʦʚ. ʕʪʘ ʜʠʣʝʤʤʘ ʤʘʛʥʠʪʦʢʘʣʦʨʠʢʠ 

ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʦʜʦʣʝʥʘ, ʝʩʣʠ ʧʦʤʠʤʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʨʘʙʦʯʝʝ ʪʝʣʦ ʙʫʜʝʪ 

ʧʦʜʚʝʨʛʘʪʴʩʷ ʚʥʝʰʥʠʤ çʥʝʤʘʛʥʠʪʥʳʤè ʚʦʟʜʝʡʩʪʚʠʷʤ. ɺ ʤʠʨʝ ʥʘʩʪʫʧʘʝʪ ʵʧʦʭʘ 

ʧʦʠʩʢʘ ʛʠʙʨʠʜʥʳʭ ʄʂʕ, ʤʦʜʫʣʠʨʦʚʘʥʥʳʭ ʤʝʭʘʥʠʯʝʩʢʠʤʠ, ʪʝʧʣʦʚʳʤʠ, 

ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʠ ʦʧʪʠʯʝʩʢʠʤʠ ʚʦʟʜʝʡʩʪʚʠʷʤʠ [1-4]. 

ɼʣʷ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ ʛʘʜʦʣʠʥʠʷ 

ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪ ʤʦʜʠʬʠʢʘʮʠʶ ʠʭ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ, ʧʦʜʙʠʨʘʷ ʜʦʙʘʚʢʠ 

ʧʝʨʝʭʦʜʥʳʭ ʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ, ʘ ʪʘʢʞʝ ʨʝʞʠʤʳ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ, 

ʧʦʟʚʦʣʷʶʱʝʡ ʜʦʙʠʪʴʩʷ ʨʦʩʪʘ ʄʂʕ. ʇʦʩʢʦʣʴʢʫ ʧʦʠʩʢʠ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʫʚʝʣʠʯʝʥʥʳʤ ʄʂʕ ʧʨʦʜʦʣʞʘʶʪʩʷ ʫʞʝ ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ, ʵʪʠ ʜʚʘ ʧʦʜʭʦʜʘ ʚʦ 

ʤʥʦʛʦʤ ʠʩʯʝʨʧʘʣʠ ʩʝʙʷ. ɸʣʴʪʝʨʥʘʪʠʚʦʡ ʢ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʶ ʪʘʢʠʭ ʩʧʣʘʚʦʚ 

ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ ʄʂʕ ʚ ʥʘʥʦ- ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘʭ ʪʝʭ ʩʧʣʘʚʦʚ, ʢʦʪʦʨʳʝ 
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ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʘʠʣʫʯʰʠʝ ʩʚʦʡʩʪʚʘ ʚ ʦʙʲʝʤʥʳʭ ʦʙʨʘʟʮʘʭ ʜʦ ʠʭ ʭʠʤʠʯʝʩʢʠʭ 

ʤʦʜʠʬʠʢʘʮʠʡ [5-8], ʢʘʢ ʥʘʧʨʠʤʝʨ, ʚ ʩʧʣʘʚʘʭ Gd Si Ge . ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʬʘʢʪʦʨʘʤʠ, ʩʧʦʩʦʙʥʳʤʠ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ 

ʄʂʕ ʚ ʥʘʥʦ- ʠʣʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘʭ: ʚʳʩʦʢʠʤʠ ʤʠʢʨʦʥʘʧʨʷʞʝʥʠʷʤʠ, 

ʧʨʠʩʫʪʩʪʚʠʝʤ ʜʦʣʛʦʞʠʚʫʱʠʭ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʬʘʟ, ʥʝ 

ʩʫʱʝʩʪʚʫʶʱʠʤʠ ʚ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ, ʟʥʘʯʠʪʝʣʴʥʳʤ ʫʣʫʯʰʝʥʠʝʤ 

ʪʝʧʣʦʦʙʤʝʥʘ ʚ ʤʝʣʢʦʜʠʩʧʝʨʩʥʦʡ ʩʨʝʜʝ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʤʠʢʨʦ- ʠʣʠ 

ʥʘʥʦʩʪʨʫʢʪʫʨ.  

ʀʜʝʷ ʩʦʯʝʪʘʥʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʤʝʭʘʥʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʭʦʣʦʜʠʣʴʥʳʡ ʮʠʢʣ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʜʘʚʥʦ. ɺ 

ʨʘʙʦʪʝ [9] ʚ ʢʘʯʝʩʪʚʝ ʩʪʠʤʫʣʷʪʦʨʘ ʄʂʕ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʦʜʥʦʦʩʥʦʝ 

ʤʝʭʘʥʠʯʝʩʢʦʝ ʥʘʧʨʷʞʝʥʠʝ, ʫʤʝʥʴʰʘʶʱʝʝ ʢʦʵʨʮʠʪʠʚʥʫʶ ʩʠʣʫ ʠ ʧʦʣʝ, 

ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʪʝʣʘ. ʕʪʦ ʩʫʱʝʩʪʚʝʥʥʦ 

ʫʤʝʥʴʰʘʝʪ ʢʦʣʠʯʝʩʪʚʦ ʜʦʨʦʛʠʭ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʪʨʝʙʫʶʱʠʭʩʷ ʜʣʷ 

ʨʘʙʦʪʳ ʤʘʛʥʠʪʥʦʛʦ ʭʦʣʦʜʠʣʴʥʠʢʘ. ɺ ʨʘʙʦʪʝ [10] ʢʦʥʮʝʧʮʠʷ 

ʤʫʣʴʪʠʢʘʣʦʨʠʯʝʩʢʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʨʝʘʣʠʟʦʚʘʥʘ ʟʘ ʩʯʸʪ ʩʦʯʝʪʘʥʠʷ ʠʟʦʪʨʦʧʥʦʛʦ 

ʜʘʚʣʝʥʠʷ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʣʷ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʠ 

ʠʥʜʫʮʠʨʦʚʘʥʠʷ ʤʘʛʥʠʪʦʩʪʨʫʢʪʫʨʥʳʭ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʭʩʷ 

ʟʥʘʯʠʪʝʣʴʥʳʤ ʢʘʣʦʨʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ. ɺ ʨʘʙʦʪʝ [11], ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʡ ʧʦʣʠʤʝʨ ʩ ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ Gd Si Ge , ʘ ʠʥʜʫʮʠʨʫʝʤʦʝ 

ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʫʩʠʣʠʚʘʣʦ ʄʂʕ ʧʫʪʝʤ ʩʦʟʜʘʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʥʘʧʨʷʞʝʥʠʡ ʚ ʥʝʤ, ʯʪʦ ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ 

ʠʥʞʝʥʝʨʠʝʡ ʄʂʕ. ʕʪʠ ʬʘʢʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ 

ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʮʠʢʣ ʤʦʞʝʪ ʙʳʪʴ ʫʣʫʯʰʝʥ ʟʘ ʩʯʸʪ ʧʨʠʣʦʞʝʥʠʷ 

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ, ʧʦʩʢʦʣʴʢʫ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ, ʩʪʨʫʢʪʫʨʘ ʠ 

ʤʝʞʘʪʦʤʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʪʝʩʥʦ ʚʟʘʠʤʦʩʚʷʟʘʥʳ. 

ʉʧʝʮʠʬʠʢʘ ʥʘʰʝʡ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʘʥʦ- ʠ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʜʣʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ʠʥʞʝʥʝʨʠʠ ʄʂʕ. ɿʥʘʯʠʪʝʣʴʥʘʷ 

ʘʥʠʟʦʪʨʦʧʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʤʠʢʨʦʧʨʦʚʦʣʦʢʘʭ ʠ ʧʣʝʥʢʘʭ, ʚʦʟʥʠʢʘʶʱʘʷ 
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ʠʟ-ʟʘ ʪʝʢʩʪʫʨʠʨʦʚʘʥʠʷ ʤʘʪʝʨʠʘʣʘ, ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʢʦʥʩʪʨʫʢʮʠʠ ʭʦʣʦʜʠʣʴʥʦʡ ʤʘʰʠʥʳ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ [12, 13] 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ ʧʦʜʣʦʞʢʠ 

ʛʘʜʦʣʠʥʠʝʚʦʡ ʧʣʝʥʢʠ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ, 

ʩʦʟʜʘʚʘʝʤʳʭ ʧʦʜʣʦʞʢʦʡ ʚ ʧʣʝʥʢʝ, ʩʧʦʩʦʙʥʦ ʧʨʠʚʦʜʠʪʴ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ 

ʠʟʤʝʥʝʥʠʶ ʄʂʕ. ɺ ʦʙʲʝʤʥʳʭ ʦʙʨʘʟʮʘʭ ʛʘʜʦʣʠʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 

ʘʥʠʟʦʪʨʦʧʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ, ʯʝʤ ʚ ʧʣʝʥʢʘʭ ʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘʭ. ɺ [14] ʚ ʛʘʜʦʣʠʥʠʝʚʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ 

ʩʣʦʞʥʘʷ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʩʦʜʝʨʞʘʱʘʷ ʜʚʘ 

ʤʘʢʩʠʤʫʤʘ ʵʥʪʨʦʧʠʠ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʣʦʞʥʦ-ʥʘʧʨʷʞʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠʣʠ 

ʜʚʫʭʬʘʟʥʫʶ ʩʪʨʫʢʪʫʨʫ. ʉʨʘʚʥʝʥʠʝ ʄʂʕ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʠ ʧʣʝʥʢʘʭ ʚ [12-14] 

ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʭʠʤʠʯʝʩʢʦʤ ʩʦʩʪʘʚʝ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʨʝʞʠʤʘʭ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʤʦʛʫʪ ʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ 

ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʶʱʠʡʩʷ ʧʦ ʚʝʣʠʯʠʥʝ ʄʂʕ, ʯʪʦ ʚʳʟʚʘʥʦ ʚʘʨʠʘʮʠʷʤʠ 

ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʠ ʚʥʫʪʨʝʥʥʠʤʠ ʤʠʢʨʦʥʘʧʨʷʞʝʥʠʷʤʠ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʦʮʝʥʢʝ 

ʄʂʕ ʩʣʝʜʫʝʪ ʫʯʠʪʳʚʘʪʴ ʪʘʢ ʞʝ ʠ ʬʘʢʪʦʨ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ, ʟʘʚʠʩʷʱʠʡ ʦʪ 

ʬʦʨʤʳ ʦʙʨʘʟʮʘ, ʢʘʢ ʵʪʦ ʫʙʝʜʠʪʝʣʴʥʦ ʧʦʢʘʟʘʥʦ ʚ [15, 16]. ʇʦʵʪʦʤʫ ʚ 

ʜʠʩʩʝʨʪʘʮʠʠ ʧʨʠʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʠ 

ʤʝʭʘʥʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ, ʘ ʪʘʢʞʝ ʚʣʠʷʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʥʘ 

ʄʂʕ ʚ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘʭ ʛʘʜʦʣʠʥʠʷ. ʆʙʳʯʥʦ ʤʘʛʥʠʪʥʳʝ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ 

ʨʘʟʥʳʭ ʪʠʧʦʚ ʜʘʶʪ ʚʢʣʘʜ ʚ ʄʂʕ. ʇʦʩʢʦʣʴʢʫ ʚ ʅʦ ʪʘʢʠʭ ʧʝʨʝʭʦʜʦʚ ʜʦʩʪʘʪʦʯʥʦ 

ʤʥʦʛʦ, ʥʘʥʦ- ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʵʪʦʛʦ ʤʝʪʘʣʣʘ ʪʘʢʞʝ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ 

ʚ ʢʘʯʝʩʪʚʝ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʤʘʛʥʠʪʦʭʦʣʦʜʠʣʴʥʦʡ ʤʘʰʠʥʳ. ʀ ʭʦʪʷ ʩʪʘʪʠʯʝʩʢʠʝ 

ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʅʦ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳ, ʤʘʛʥʠʪʥʘʷ ʨʝʣʘʢʩʘʮʠʷ ʚ ʥʝʤ ʧʨʠ 

ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʘʭ ʠʩʩʣʝʜʦʚʘʥʘ ʥʝʜʦʩʪʘʪʦʯʥʦ, ʭʦʪʷ ʠʤʝʥʥʦ ʩʢʦʨʦʩʪʴ 

ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʠʤʝʝʪ ʟʥʘʯʝʥʠʝ ʜʣʷ ʄʂʕ. ʇʦʵʪʦʤʫ ʧʨʝʜʩʪʘʚʣʷʣʦ ʠʥʪʝʨʝʩ 

ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʵʪʠ ʧʝʨʝʭʦʜʳ ʠ ʩʧʦʩʦʙʳ ʠʭ ʦʙʥʘʨʫʞʝʥʠʷ ʚ ʩʪʨʫʢʪʫʨʘʭ 

W/Ho/W/MgO. 
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ʎʝʣʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʧʦʠʩʢʝ ʠ ʘʥʘʣʠʟʝ ʵʬʬʝʢʪʦʚ ʚʣʠʷʥʠʷ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʠ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʠ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʛʘʜʦʣʠʥʠʷ, ʘ ʪʘʢʞʝ ʚ ʘʥʘʣʠʟʝ 

ʤʘʛʥʠʪʥʳʭ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʧʨʠ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʘʭ ʚ ʧʣʝʥʢʘʭ 

ʛʦʣʴʤʠʷ. 

ɿʘʜʘʯʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʣʠʩʴ: 

1. ʇʦʣʫʯʝʥʠʝ ʜʘʥʥʳʭ ʦ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʤ 

ʵʬʬʝʢʪʝ ʚ ʤʠʢʨʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ Gd ʠ ʘʥʘʣʠʟ ʠʟʤʝʥʝʥʠʡ 

ʤʘʛʥʠʪʥʦʡ ʵʥʪʨʦʧʠʠ, ʚʳʟʚʘʥʥʳʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝʤ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʦʙʲʝʤʥʳʤʠ ʦʙʨʘʟʮʘʤʠ. 

2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʫʩʪʘʥʦʚʣʝʥʠʝ ʩʪʨʫʢʪʫʨʳ, ʬʘʟʦʚʦʛʦ ʠ 

ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ, ʚ ʩʫʙʤʠʢʨʦʥʥʳʭ ʧʣʝʥʢʘʭ ʠ ʤʠʢʨʦʧʨʦʚʦʜʘʭ Gd.  

3. ɸʥʘʣʠʟ ʚʝʣʠʯʠʥʳ ʄʂʕ ʚ ʫʧʨʫʛʦ ʥʘʧʨʷʞʝʥʥʳʭ ʧʣʝʥʢʘʭ Gd, ʚ ʢʦʪʦʨʳʭ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ ʩʦʟʜʘʥʳ ʩ ʧʦʤʦʱʴʶ ʚʘʨʠʘʮʠʠ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ ʧʦʜʣʦʞʢʠ MgO, ʩʦʟʜʘʶʱʝʡ ʥʘʧʨʷʞʝʥʠʷ, 

ʙʫʬʝʨʠʟʠʨʦʚʘʥʥʳʝ ʩʣʦʝʤ W ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ W/Gd/W/MgO. 

4. ɸʥʘʣʠʟ ʚʣʠʷʥʠʷ ʫʧʨʫʛʦʡ ʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠʟʛʠʙʘ ʠ 

ʨʘʩʪʷʞʝʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ Gd ʥʘ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʠ ʄʂʕ, ʚʦʟʥʠʢʘʶʱʠʭ 

ʚʩʣʝʜʩʪʚʠʝ ʩʧʠʥ-ʧʝʨʝʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ ʧʝʨʝʭʦʜʘ ʠʟ ʬʝʨʨʦ- ʚ ʧʘʨʘʤʘʛʥʠʪʥʦʝ 

ʩʦʩʪʦʷʥʠʝ. 

5. ʆʧʨʝʜʝʣʝʥʠʝ ʢʨʠʪʠʯʝʩʢʠʭ ʠʥʜʝʢʩʦʚ ʧʝʨʝʭʦʜʦʚ ferro ð helix, fan ð 

helix, spin slip ð helix ʠ ʘʥʘʣʠʟʝ ʠʭ ʟʥʘʯʝʥʠʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʦ 

ʤʦʜʝʣʷʭ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʧʨʠʤʝʥʠʤʳʭ ʢ ʦʧʠʩʘʥʠʶ ʥʝʢʦʣʣʠʥʝʘʨʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʧʣʝʥʦʢ ʛʦʣʴʤʠʷ. 

6. ɸʥʘʣʠʟ ʤʘʛʥʠʪʥʳʭ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʭ 

ʩʧʠʥʦʚʳʡ ʧʝʨʝʭʦʜ ʤʝʞʜʫ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤʠ ʠ ʩʧʠʨʘʣʴʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ʚ 

ʧʣʝʥʢʘʭ Ho.  
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ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʄʝʪʦʜʦʣʦʛʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʩʥʦʚʘʥʘ ʥʘ ʠʟʚʝʩʪʥʳʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʧʦʜʭʦʜʘʭ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʠ ʧʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 2 ʂ ʜʦ 360 ʂ ʙʳʣʠ ʠʟʤʝʨʝʥʳ 

ʤʝʪʦʜʦʤ ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʠʠ. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʠ ʦʮʝʥʢʘ ʚʝʣʠʯʠʥʳ 

ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʦʙʨʘʟʮʦʚ Gd ʠ Ho ʙʳʣʠ ʧʨʦʠʟʚʝʜʝʥʳ ʤʝʪʦʜʦʤ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. ɸʥʘʣʠʟ ʪʦʣʱʠʥ ʩʣʦʸʚ, ʩʪʨʫʢʪʫʨʳ ʩʣʦʸʚ ʠ 

ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ ʤʠʢʨʦʧʨʦʚʦʜʦʚ Gd, ʩʪʨʫʢʪʫʨ W/Gd/W/MgO ʠ 

W/Ho/W/MgO ʙʳʣ ʧʨʦʠʟʚʝʜʸʥ ʤʝʪʦʜʦʤ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ (Energy Dispersion X-ray spectroscopy, EDX). 

ɸʥʘʣʠʪʠʯʝʩʢʠʝ ʨʘʩʯʸʪʳ ʧʨʦʠʟʚʝʜʝʥʳ ʚ ʩʣʝʜʫʶʱʠʭ ʧʨʦʛʨʘʤʤʘʭ: Origin Pro 

2007, Wolfram Mathematica 12. ʆʙʨʘʟʮʳ ʤʠʢʨʦʧʨʦʚʦʜʦʚ Gd ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ 

ʚ ʄʦʩʢʚʝ ʚ ʄʦʩʢʦʚʩʢʦʤ ʘʚʠʘʮʠʦʥʥʦʤ ʠʥʩʪʠʪʫʪʝ (ʅʘʮʠʦʥʘʣʴʥʳʡ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ) ʤʝʪʦʜʦʤ ʩʚʝʨʭʙʳʩʪʨʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʢʘʧʣʠ 

ʨʘʩʧʣʘʚʘ, ʨʘʟʦʛʨʝʪʦʡ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ. ʆʙʨʘʟʮʳ ʩʪʨʫʢʪʫʨ W/Gd/W/MgO ʠ 

W/Ho/W/MgO ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʚ ʉʐɸ (University of California, San Diego) 

ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʚ ʚʳʩʦʢʦʤ ʚʘʢʫʫʤʝ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ  

1. ɺʧʝʨʚʳʝ ʄʂʕ ʠʩʩʣʝʜʦʚʘʥ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ. ʀʤʝʝʪʩʷ ʩʧʝʮʠʬʠʢʘ 

ʵʪʦʛʦ ʵʬʬʝʢʪʘ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ Gd, ʛʜʝ ʦʙʥʘʨʫʞʝʥ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʤʘʢʩʠʤʫʤ 

ʤʘʛʥʠʪʥʦʡ ʵʥʪʨʦʧʠʠ ʥʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 312 ʂ, ʢʦʪʦʨʳʡ ʚʦʟʥʠʢʘʝʪ ʚʩʣʝʜʩʪʚʠʝ 

ʩʧʠʥ-ʧʝʨʝʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʦʪʣʠʯʠʝ ʦʪ ʰʠʨʦʢʦ ʦʧʠʩʘʥʥʦʛʦ ʚ 

ʣʠʪʝʨʘʪʫʨʝ ʤʘʢʩʠʤʫʤʘ ʧʨʠ 290 ʂ, ʧʨʠʯʠʥʦʡ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ 

ʧʝʨʝʭʦʜ ʧʘʨʘʤʘʛʥʝʪʠʢ/ʬʝʨʨʦʤʘʛʥʝʪʠʢ ʚ ʪʦʯʢʝ ʂʶʨʠ. 

2. ʅʝʢʦʥʪʨʦʣʠʨʫʝʤʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ, ʚʦʟʥʠʢʘʶʱʠʝ ʚ 

ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʧʨʠ ʩʚʝʨʙʳʩʪʨʦʤ ʟʘʪʚʝʨʜʝʚʘʥʠʠ ʨʘʩʧʣʘʚʘ, ʧʨʠʚʦʜʷʪ ʢ ʨʘʟʙʨʦʩʫ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʭʦʜʘ ʠ ʫʰʠʨʝʥʠʶ ʟʦʥ ʧʝʨʝʭʦʜʘ ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʷʤʠ 

ʬʝʨʨʦʤʘʛʥʝʪʠʢ ʠ ʧʘʨʘʤʘʛʥʝʪʠʢ.  
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3. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʢʦʥʪʨʦʣʠʨʫʝʤʦʝ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʝʡ 

ʨʘʩʪʷʞʝʥʠʝ ʧʣʝʥʦʢ Gd ʧʨʠ ʠʭ ʥʘʥʝʩʝʥʠʠ ʥʘ ʥʝʩʦʨʘʟʤʝʨʥʫʶ ʧʦʜʣʦʞʢʫ MgO 

ʯʝʨʝʟ ʙʫʬʝʨʥʳʡ ʩʣʦʡ W ʜʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʄʂʕ, ʫʚʝʣʠʯʠʚʘʷ 

ʤʘʛʥʠʪʥʫʶ ʵʥʪʨʦʧʠʶ.  

4. ɼʦʢʘʟʘʥʦ, ʯʪʦ ʫʧʨʫʛʘʷ ʜʝʬʦʨʤʘʮʠʷ ʨʘʩʪʷʞʝʥʠʷ ʠ ʠʟʛʠʙʘ ʚʝʜʝʪ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʄʂʕ, ʩʚʷʟʘʥʥʦʛʦ ʩʦ ʩʧʠʥ-ʧʝʨʝʦʨʠʝʥʪʘʮʠʦʥʥʳʤ ʧʝʨʝʭʦʜʦʤ ʠ 

ʫʚʝʣʠʯʠʚʘʝʪ ʄʂʕ, ʚʳʟʚʘʥʥʳʡ ʤʘʛʥʠʪʥʳʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ ʠʟ 

ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʚ ʧʘʨʘʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ. 

5. ɺ ʧʣʝʥʢʘʭ ʛʦʣʴʤʠʷ ʦʙʥʘʨʫʞʝʥʳ ʤʘʛʥʠʪʥʳʝ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ 

ʧʨʦʮʝʩʩʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʜʣʠʥʥʳʤ ʤʝʜʣʝʥʥʳʤ ʧʨʦʮʝʩʩʘʤ ʩ ʭʘʨʘʢʪʝʨʥʳʤ 

ʚʨʝʤʝʥʝʤ ~10 ʤʠʥ ʠ ʢʦʨʦʪʢʠʡ ʙʳʩʪʨʳʡ ʧʨʦʮʝʩʩ ~ 10-100 ʤʩ. ʕʪʠ ʧʨʦʮʝʩʩʳ 

ʩʦʧʨʦʚʦʞʜʘʶʪ ʧʝʨʝʭʦʜ ʠʟ ʩʦʩʪʦʷʥʠʷ ʩʧʠʥʦʚʦʡ ʩʧʠʨʘʣʠ ʚ ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ 

ʩʦʩʪʦʷʥʠʝ.  

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ 

1. ʄʝʭʘʥʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʧʣʝʥʢʝ ʛʘʜʦʣʠʥʠʷ, ʠʥʜʫʮʠʨʫʝʤʳʝ ʨʘʟʥʦʡ 

ʦʨʠʝʥʪʘʮʠʝʡ ʧʦʜʣʦʞʢʠ MgO, ʠʟʤʝʥʷʶʪ ʟʥʘʯʝʥʠʝ ʧʨʦʠʟʚʦʜʥʦʡ dM/dT ʚ 

ʦʢʨʝʩʪʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ 

ʜʣʷ ʨʝʛʫʣʠʨʦʚʢʠ ʤʘʛʥʠʪʥʦʡ ʯʘʩʪʠ ʵʥʪʨʦʧʠʠ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʝ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʚ ʭʦʣʦʜʠʣʴʥʳʭ ʤʘʰʠʥʘʭ.    

2. ʆʙʥʘʨʫʞʝʥʥʳʡ ʤʝʭʘʥʦ-ʤʘʛʥʠʪʦ-ʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʚ 

ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʛʘʜʦʣʠʥʠʷ ʦʪʢʨʳʚʘʝʪ ʧʫʪʴ ʢ ʥʦʚʦʤʫ ʧʦʢʦʣʝʥʠʶ ʤʘʛʥʠʪʥʳʭ 

ʭʦʣʦʜʠʣʴʥʳʭ ʤʘʰʠʥ. ʉʦʯʝʪʘʥʠʝ ʄʂʕ ʩ ʤʝʭʘʥʦʢʘʣʦʨʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ ʤʦʞʝʪ 

ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʮʠʢʣʘ ʦʭʣʘʞʜʝʥʠʷ ʚ ʛʘʜʦʣʠʥʠʝʚʳʭ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʘʭ, ʚ ʢʦʪʦʨʳʭ ʤʝʭʘʥʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʤʦʞʝʪ ʩʣʫʞʠʪʴ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʬʘʢʪʦʨʦʤ, ʫʣʫʯʰʘʶʱʠʤ ʧʘʨʘʤʝʪʨʳ ʛʠʙʨʠʜʥʦʡ ʭʦʣʦʜʠʣʴʥʦʡ 

ʤʘʰʠʥʳ. 

3. ʂʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴʶ, ʤʘʛʥʠʪʥʦʡ 

ʚʷʟʢʦʩʪʴʶ ʠ ʩʧʠʥ-ʧʝʨʝʦʨʠʝʥʪʘʮʠʦʥʥʳʤʠ ʧʝʨʝʭʦʜʘʤʠ ʚ ʩʣʦʞʥʳʭ ʩʧʠʥʦʚʳʭ 
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ʩʪʨʫʢʪʫʨʘʭ ʛʦʣʴʤʠʷ ʜʘʝʪ ʥʦʚʫʶ ʤʝʪʦʜʠʢʫ ʦʙʥʘʨʫʞʝʥʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʘʥʘʣʦʛʠʯʥʳʭ ʩʣʦʞʥʳʭ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʠ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʜʣʷ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʄʂʕ, ʪʝʩʪʠʨʫʝʤʳʭ ʩ ʧʦʤʦʱʴʶ 

ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʤʘʣʦʡ ʘʤʧʣʠʪʫʜʳ. 

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

1. ʅʘʣʠʯʠʝ ʜʚʫʭ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ 

ʛʘʜʦʣʠʥʠʷ, ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʤʘʢʩʠʤʫʤʘʤʠ ʤʘʛʥʠʪʥʦʡ ʯʘʩʪʠ ʵʥʪʨʦʧʠʠ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 293 ʂ ʠ 312 ʂ.  

2. ʉʜʚʠʛ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʛʘʜʦʣʠʥʠʷ ʦʪ 286 ʂ ʚ 

ʧʦʣʝ 0.5 ʊʣ ʜʦ 292 ʂ ʚ ʧʦʣʝ 9 ʊʣ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʩʧʠʥ-ʧʝʨʝʦʨʠʝʥʪʘʮʠʦʥʥʳʤ 

ʧʝʨʝʭʦʜʦʤ ʠ ʚʣʠʷʥʠʝʤ ʧʦʣʷ ʨʘʩʩʝʷʥʠʷ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʝʛʦ ʨʘʩʯʝʪʘ ʩ ʧʦʤʦʱʴʶ 

ʬʘʢʪʦʨʘ ʬʦʨʤʳ. ʇʠʢ ʧʨʠ 312 ʂ ʧʦʷʚʣʷʝʪʩʷ ʧʨʠ ʚʳʩʦʢʠʭ ʧʦʣʷʭ 5 - 9 ʊʣ, ʘ ʝʛʦ 

ʧʦʣʦʞʝʥʠʝ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʧʦʣʷ. 

3. ʉʫʱʝʩʪʚʫʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠ ̫ ʟʥʘʯʝʥʠʝʤ ʧʨʦʠʟʚʦʜʥʦʡ 

dM/dT ʠ ʤʘʛʥʠʪʥʦʡ ʵʥʪʨʦʧʠʝʡ ʩ ʧʦʤʦʱʴʶ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʧʣʝʥʢʝ 

ʛʘʜʦʣʠʥʠʷ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʪʦʯʢʠ ʂʶʨʠ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʝ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ.  

4. ʈʦʩʪ ʤʘʛʥʠʪʥʦʡ ʵʥʪʨʦʧʠʠ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʤʦʱʥʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ 

ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʦʩʪʠʞʝʥʠʷ ʥʘʠʙʦʣʴʰʝʡ 

ʚʝʣʠʯʠʥʳ ʚ ʩʪʨʫʢʪʫʨʝ ʩ ʧʣʝʥʢʦʡ Gd ʪʦʣʱʠʥʦʡ 100 ʥʤ ʥʘ ʧʦʜʣʦʞʢʝ MgO (111).  

5.  ɺʣʠʷʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠʟʛʠʙʘ ʠ ʨʘʩʪʷʞʝʥʠʷ ʥʘ ʜʚʘ 

ʪʠʧʘ ʄʂʕ ʚ ʛʘʜʦʣʠʥʠʝʚʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ: ʜʝʬʦʨʤʘʮʠʷ ʧʦʜʘʚʣʷʝʪ ʤʘʛʥʠʪʥʫʶ 

ʵʥʪʨʦʧʠʶ, ʩʚʷʟʘʥʥʫʶ ʩ ʵʬʬʝʢʪʦʤ ʩʧʠʥʦʚʦʡ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ, ʠ ʫʩʠʣʠʚʘʝʪ 

ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʥʘʢʣʦʥ ʧʝʨʝʭʦʜʘ ʠʟ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʚ ʧʘʨʘʤʘʛʥʠʪʥʦʝ 

ʩʦʩʪʦʷʥʠʝ, ʫʚʝʣʠʯʠʚʘʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʯʘʩʪʴ ʤʘʛʥʠʪʥʦʡ ʵʥʪʨʦʧʠʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʂʶʨʠ 300 ʂ.  
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6.  ɼʠʘʛʨʘʤʤʳ ɸʨʨʦʪʪʘ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʨʠʪʠʯʝʩʢʠʝ ʠʥʜʝʢʩʳ 

ʧʦʟʚʦʣʷʶʪ ʦʧʨʝʜʝʣʠʪʴ ʤʘʛʥʠʪʥʳʝ ʢʣʘʩʩʳ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʠ ʚ ʧʣʝʥʢʘʭ 

ʛʦʣʴʤʠʷ.  

7.  ɺ ʧʣʝʥʢʘʭ ʛʦʣʴʤʠʷ ʧʝʨʝʭʦʜ ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʝʤ ʩʧʠʥʦʚʦʡ ʩʧʠʨʘʣʠ ʠ 

ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʩʦʩʪʦʷʥʠʝʤ ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʨʝʥʠʡ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʠ ʤʥʠʤʦʡ ʯʘʩʪʝʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ, ʘ ʪʘʢʞʝ 

ʠʟʤʝʨʝʥʠʡ ʜʣʠʪʝʣʴʥʳʭ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠ ʤʘʛʥʠʪʥʦʡ ʚʷʟʢʦʩʪʠ. 

ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ 

ʩʦʧʦʩʪʘʚʠʤʦʩʪʴʶ ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʘʙʦʪʝ ʜʘʥʥʳʭ ʦ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʤʝʭʘʥʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʩ 

ʜʘʥʥʳʤʠ ʨʘʙʦʪ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ ʜʣʷ ʘʥʘʣʦʛʠʯʥʳʭ ʩʠʩʪʝʤ, ʘ ʪʘʢʞʝ ʥʝʟʘʚʠʩʠʤʦʡ 

ʵʢʩʧʝʨʪʠʟʦʡ ʠ ʨʝʮʝʥʟʠʨʦʚʘʥʠʝʤ ʩʪʘʪʝʡ ʚ ʚʳʩʦʢʦʮʠʪʠʨʫʝʤʳʭ ʤʝʞʜʫʥʘʨʦʜʥʳʭ 

ʞʫʨʥʘʣʘʭ. 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ 

ʄʘʪʝʨʠʘʣʳ ʨʘʙʦʪʳ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʥʘ ʩʝʤʠʥʘʨʘʭ ʦʪʜʝʣʘ ʩʪʨʦʝʥʠʷ 

ʚʝʱʝʩʪʚʘ ʌʀʎ ʇʍʌ ʠ ʄʍ, ʘ ʪʘʢ ʞʝ ʥʘ ʩʣʝʜʫʶʱʠʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: LIV  ʐʢʦʣʘ 

ʇʀʗʌ ʧʦ ʬʠʟʠʢʝ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʌʂʉ-2020, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 

16ï21 ʤʘʨʪʘ 2020; XXXII  ʩʠʤʧʦʟʠʫʤ "ʉʦʚʨʝʤʝʥʥʘʷ ʭʠʤʠʯʝʩʢʘʷ ʬʠʟʠʢʘ", 

ʊʫʘʧʩʝ, 9 - 28 ʩʝʥʪʷʙʨʷ 2020; XXI  ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʰʢʦʣʘ - ʩʝʤʠʥʘʨ ʧʦ ʧʨʦʙʣʝʤʘʤ 

ʬʠʟʠʢʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚʝʱʝʩʪʚʘ (ʉʇʌʂʉ-21), ɽʢʘʪʝʨʠʥʙʫʨʛ, 18 

ʄʘʨʪʘ - 25 ʄʘʨʪʘ 2021; XXXIII  ʩʠʤʧʦʟʠʫʤ "ʉʦʚʨʝʤʝʥʥʘʷ ʭʠʤʠʯʝʩʢʘʷ ʬʠʟʠʢʘ", 

ʊʫʘʧʩʝ, 24 ʩʝʥʪʷʙʨʷ - 04 ʦʢʪʷʙʨʷ 2021; ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ 

"ʉʦʚʨʝʤʝʥʥʘʷ ʭʠʤʠʯʝʩʢʘʷ ʬʠʟʠʢʘ ï ʥʘ ʩʪʳʢʝ ʬʠʟʠʢʠ, ʭʠʤʠʠ ʠ ʙʠʦʣʦʛʠʠ", 

ʏʝʨʥʦʛʦʣʦʚʢʘ, 29 ʥʦʷʙʨʷ - 3 ʜʝʢʘʙʨʷ 2021; XXXIV  ʩʠʤʧʦʟʠʫʤ "ʉʦʚʨʝʤʝʥʥʘʷ 

ʭʠʤʠʯʝʩʢʘʷ ʬʠʟʠʢʘ", ʊʫʘʧʩʝ, 16 - 25 ʩʝʥʪʷʙʨʷ 2022; XIV  ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʰʢʦʣʘ-

ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ ñʂʦʄʋ-2022ò, 

ʀʞʝʚʩʢ, 5 - 9 ʜʝʢʘʙʨʷ 2022; ʄʦʣʦʜʝʞʥʘʷ ʐʢʦʣʘ ʧʦ ʬʠʟʠʢʝ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ (ʐʢʦʣʘ ʌʂʉ-2024), ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ 11 - 15 ʤʘʨʪʘ 2024; XXXVI  
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ʉʠʤʧʦʟʠʫʤ ñʉʦʚʨʝʤʝʥʥʘʷ ʭʠʤʠʯʝʩʢʘʷ ʬʠʟʠʢʘò ʊʫʘʧʩʝ 16-26 ʩʝʥʪʷʙʨʷ 2024; 

XʍIII  ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ "ʇʨʦʙʣʝʤʳ ʬʠʟʠʢʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʠ ʚʳʩʦʢʠʭ 

ʜʘʚʣʝʥʠʡ" - ʧʦʩ. ɺʠʰʥʝʚʢʘ 20-29 ʩʝʥʪʷʙʨʷ 2024;  Spin Waves International 

Symposium (Spin Waves-2024), Saratov, August 26-29, 2024; XXV  ʄʦʣʦʜʸʞʥʘʷ 

ʰʢʦʣʘ-ʢʦʥʬʝʨʝʥʮʠʷ ʅʘʥʦʩʪʨʫʢʪʫʨʳ. ʉʚʦʡʩʪʚʘ ʠ ʇʨʠʤʝʥʝʥʠʝ, ʄʦʩʢʚʘ, 2-4 

ʠʶʣʷ 2024; 67-ʷ ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʄʌʊʀ, ɼʦʣʛʦʧʨʫʜʥʳʡ, 

31 ʤʘʨʪʘ ï 5 ʘʧʨʝʣʷ 2025; International Youth Scientific Forum çLOMONOSOV-

2025»; 32nd International Scientific Conference for Undergraduate and Postgraduate 

Studentsand Young Scientists òLOMONOSOVò, Moscow, April 11-25, 2025; XI 

ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʤʦʣʦʜʝʞʥʘ ̫ʰʢʦʣʘ-ʢʦʥʬʝʨʝʥʮʠ ̫çʍʠʤʠʷ, ʬʠʟʠʢʘ, ʙʠʦʣʦʛʠʷ: 

ʧʫʪʠ ʠʥʪʝʛʨʘʮʠʠè, ʄʦʩʢʚʘ, 23-25 ʘʧʨʝʣʷ 2025. 

ʇʫʙʣʠʢʘʮʠʠ ʘʚʪʦʨʘ ʧʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ 

ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 9 ʩʪʘʪʝʡ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʠʟʜʘʥʠʷʭ, 

ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʭ ɺɸʂ ʠ ʠʥʜʝʢʩʠʨʫʝʤʳʭ ʚ Scopus ʠ Web of Science, ʘ ʪʘʢʞʝ 15 

ʪʝʟʠʩʦʚ ʜʦʢʣʘʜʦʚ ʥʘ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʠ ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

ɸʚʪʦʨʦʤ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʠ 

ʦʙʨʘʙʦʪʢʘ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠ ʧʦʣʝʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʙʨʘʟʮʦʚ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʘ. ɺʳʧʦʣʥʝʥʦ ʠʟʤʝʨʝʥʠʝ, ʨʘʩʰʠʬʨʦʚʢʘ 

ʠ ʦʧʠʩʘʥʠʝ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, ʨʘʩʩʯʠʪʘʥʳ ʚʥʫʪʨʝʥʥʠʝ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ, ʚʦʟʥʠʢʰʠʝ ʚ ʩʪʨʫʢʪʫʨʘʭ ʚʩʣʝʜʩʪʚʠʝ ʠʟʤʝʥʝʥʠʷ 

ʦʨʠʝʥʪʘʮʠʠ ʧʦʜʣʦʞʢʠ MgO ʠ ʚʥʝʰʥʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʚ ʦʙʨʘʟʮʘʭ 

Gd. ɺʳʧʦʣʥʝʥʳ ʠʟʤʝʨʝʥʠʷ ʠ ʦʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ ʚʨʝʤʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʧʣʝʥʦʢ Ho, ʧʦʣʫʯʝʥʘ ʠ ʦʧʠʩʘʥʘ ʤʘʛʥʠʪʥʘʷ ʬʘʟʦʚʘʷ 

ʜʠʘʛʨʘʤʤʘ, ʝʝ ʢʦʨʨʝʣʷʮʠʷ ʩ ʥʘʙʣʶʜʘʝʤʳʤʠ ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ.  ʇʦʩʪʘʥʦʚʢʘ 

ʟʘʜʘʯ, ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʬʦʨʤʫʣʠʨʦʚʢʘ 

ʚʳʚʦʜʦʚ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩʦʚʤʝʩʪʥʦ ʩ ʥʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʝʤ. ɸʚʪʦʨ 
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ʧʨʠʥʠʤʘʣ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʫʯʘʩʪʠʝ ʚ ʧʣʘʥʠʨʦʚʘʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠ 

ʥʘʧʠʩʘʥʠʠ ʩʪʘʪʝʡ. 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ  

ɼʠʩʩʝʨʪʘʮʠʷ ʠʟʣʦʞʝʥʘ ʥʘ 203 ʩʪʨʘʥʠʮʘʭ, ʩʦʜʝʨʞʠʪ 80 ʨʠʩʫʥʢʦʚ ʠ 8 

ʪʘʙʣʠʮ. ɹʠʙʣʠʦʛʨʘʬʠʷ ʚʢʣʶʯʘʝʪ 182 ʥʘʠʤʝʥʦʚʘʥʠ.̫ ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ 

ʚʚʝʜʝʥʠʷ, ʧʷʪʠ ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ ʠ ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʳ. 
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ɻʣʘʚʘ 1. ʃʠʪʝʨʘʪʫʨʥʳʡ ʦʙʟʦʨ 

1.1. ʀʩʪʦʨʠʷ ʦʙʥʘʨʫʞʝʥʠʷ ʠ ʦʩʥʦʚʥʳʝ ʪʠʧʳ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʭ 

ʵʬʬʝʢʪʦʚ 

ʄʘʪʝʨʠʘʣʳ, ʩʧʦʩʦʙʥʳʝ ʠʟʤʝʥʷʪʴ ʩʚʦʶ ʪʝʤʧʝʨʘʪʫʨʫ ʧʦʜ ʚʣʠʷʥʠʝʤ 

ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ, ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʷʚʣʝʥʠʷ, ʠʟʚʝʩʪʥʳʝ ʢʘʢ ʢʘʣʦʨʠʯʝʩʢʠʝ 

ʵʬʬʝʢʪʳ [1]. ʕʪʠ ʵʬʬʝʢʪʳ ʦʙʨʘʪʠʤʳ ʠ ʚʦʟʥʠʢʘʶʪ ʧʨʠ ʠʟʤʝʥʝʥʠʠ 

ʠʥʜʫʮʠʨʫʶʱʝʛʦ ʧʦʣʷ. ʀʩʪʦʨʠʯʝʩʢʠ ʠʟʫʯʝʥʠʝ ʪʘʢʠʭ ʷʚʣʝʥʠʡ ʥʘʯʘʣʦʩʴ ʩ 

ʥʘʙʣʶʜʝʥʠʡ ʟʘ ʧʦʚʝʜʝʥʠʝʤ ʦʙʳʯʥʦʡ ʨʝʟʠʥʳ. ɹʳʣʦ ʟʘʤʝʯʝʥʦ, ʯʪʦ ʧʨʠ ʙʳʩʪʨʦʤ 

ʨʘʩʪʷʞʝʥʠʠ ʥʘʪʫʨʘʣʴʥʳʡ ʢʘʫʯʫʢ ʥʘʛʨʝʚʘʝʪʩʷ. ʕʪʦʪ ʬʝʥʦʤʝʥ ʚʧʝʨʚʳʝ ʦʧʠʩʘʣ 

ʘʥʛʣʠʡʩʢʠʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴ ɼʞʦʥ ɻʫʢ [2] ʚ ʥʘʯʘʣʝ XIX  ʚʝʢʘ, ʠʩʧʦʣʴʟʫʷ ʩʚʦʠ 

ʪʘʢʪʠʣʴʥʳʝ ʦʱʫʱʝʥʠʷ, ʜʣʷ ʦʮʝʥʢʠ ʥʘʛʨʝʚʘ. ɽʩʣʠ ʪʝʧʣʦ ʫʩʧʝʚʘʝʪ ʦʪʚʦʜʠʪʴʩʷ, 

ʇʦʩʣʝ ʧʨʝʢʨʘʱʝʥʠʷ ʨʘʩʪʷʞʝʥʠʷ ʤʘʪʝʨʠʘʣ ʦʭʣʘʞʜʘʝʪʩʷ, ʝʩʣʠ ʪʝʧʣʦ ʥʝ ʫʩʧʝʚʘʝʪ 

ʧʝʨʝʪʝʢʘʪʴ. ʇʦʟʜʥʝʝ ɼʞʦʫʣʴ ʚ 1859 ʛʦʜʫ ʩʠʩʪʝʤʘʪʠʟʠʨʦʚʘʣ ʧʦʜʦʙʥʳʝ ʷʚʣʝʥʠʷ 

[3]. ʃʦʨʜ ʂʝʣʴʚʠʥ ʜʘʣ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʦʙʲʷʩʥʝʥʠʝ ʵʪʠʤ ʵʬʬʝʢʪʘʤ [4], 

ʧʨʝʜʩʢʘʟʘʚ ʢʘʢ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ (ʄʂʕ), ʪʘʢ ʠ ʵʣʝʢʪʨʦʢʘʣʦʨʠʯʝʩʢʠʡ 

(ʕʂʕ) ʵʬʬʝʢʪʳ [5]. ʆʩʥʦʚʘʥʥʳʝ ʥʘ ʵʪʦʤ ʤʝʭʘʥʠʟʤʳ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʶʪʩʷ, ʠ 

ʠʤʝʶʪʩʷ ʧʨʦʪʦʪʠʧʳ ʵʪʠʭ ʫʩʪʨʦʡʩʪʚ. ɹʳʚʘʶʪ ʪʘʢʞʝ ʙʘʨʦʢʘʣʦʨʠʯʝʩʢʠʝ 

ʵʬʬʝʢʪʳ (ɹʂʕ), ʢʦʪʦʨʳʝ ʦʙʲʝʜʠʥʷʶʪ ʕʂʕ ʠ ɹʂʕ. 

ʍʦʪʷ ʚ ʣʠʪʝʨʘʪʫʨʝ ʧʝʨʚʳʝ ʥʘʙʣʶʜʝʥʠʷ ʄʂʕ ʩʚʷʟʳʚʘʶʪ ʩ ʠʤʝʥʝʤ 

ɺʘʨʙʫʨʛʘ, ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʚ ʝʛʦ ʩʪʘʪʴʝ [6, 7] ʦʥ ʥʘʙʣʶʜʘʣ ʥʝʦʙʨʘʪʠʤʳʡ 

ʥʘʛʨʝʚ, ʚʳʟʚʘʥʥʳʡ ʮʠʢʣʠʯʝʩʢʠʤ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʝʤ. ɺʝʨʦʷʪʥʦ, ʧʝʨʚʦʝ 

ʥʘʙʣʶʜʝʥʠʝ ʦʙʨʘʪʠʤʦʛʦ ʄʂʕ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʚ ʩʪʘʪʴʝ [8] ɺʝʡʩʦʤ ʠ 

ʇʠʢʢʘʨʦʤ ʥʘ ʥʠʢʝʣʝ ʚʙʣʠʟʠ ʪʦʯʢʠ ʂʶʨʠ. ʕʪʠʤʠ ʘʚʪʦʨʘʤʠ ʠ ʙʳʣ ʚʚʝʜʝʥ ʪʝʨʤʠʥ 

çʤʘʛʥʠʪʦʢʘʣʦʨʠʢʘè. ɺ ʠʭ ʨʘʙʦʪʝ ʦʙʨʘʟʝʮ ʦʭʣʘʞʜʘʣʩʷ ʧʦʩʣʝ ʚʳʢʣʶʯʝʥʠʷ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ [9]. 

ʕʬʬʝʢʪʠʚʥʳʤ ʦʢʘʟʘʣʩʷ ʕʂʕ ʚ ʩʝʛʥʝʪʦʚʦʡ ʩʦʣʠ [10]. ʆʥ ʧʦʢʘʟʘʣ, ʯʪʦ ʠ 

ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʝ ʦʭʣʘʞʜʝʥʠʝ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʧʘʨʘʤʘʛʥʠʪʥʳʭ 

ʩʦʣʷʭ [11]. ʅʦʙʝʣʝʚʩʢʘʷ ʧʨʝʤʠʷ ʧʦ ʭʠʤʠʠ ʙʳʣʘ ʧʨʠʩʫʞʜʝʥʘ ʚ 1949 ʟʘ 
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ʨʘʟʨʘʙʦʪʢʫ ʤʝʪʦʜʘ ʧʦʣʫʯʝʥʠʷ ʤʂ ʪʝʤʧʝʨʘʪʫʨ. ɺ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʩʦʣʷʭ ʄʂʕ 

ʨʘʟʚʠʚʘʣʩʷ ʠ ʜʘʣʝʝ [12, 13]. ʆʜʥʘʢʦ ʚ 1976 ʛʦʜʫ ʧʨʦʠʟʦʰʣʠ ʢʘʯʝʩʪʚʝʥʥʳʝ 

ʠʟʤʝʥʝʥʠʷ ʩʠʪʫʘʮʠʠ, ʢʦʛʜʘ ʩʪʘʣʦ ʧʦʥʷʪʥʦ, ʯʪʦ ʧʨʦʭʦʞʜʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʂʶʨʠ ʚ ʛʘʜʦʣʠʥʠʠ (Gd) ʜʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʄʂʕ [14]. ʉʦʩʪʦʷʣʩʷ ʧʝʨʝʭʦʜ ʥʘ 

ʬʝʨʨʦʤʘʛʥʠʪʥʫʶ ʩʨʝʜʫ ʚʤʝʩʪʦ ʧʘʨʘʤʘʛʥʠʪʥʦʡ. 

ɽʱʝ ʙʦʣʴʰʝʝ ʫʩʠʣʝʥʠʝ ʄʂʕ ʥʘʙʣʶʜʘʣʦʩʴ ʚʙʣʠʟʠ ʩʪʨʫʢʪʫʨʥʳʭ ʬʘʟʦʚʳʭ 

ʧʝʨʝʭʦʜʦʚ. ɻʠʛʘʥʪʩʢʠʝ ʄʂʕ ʥʘʙʣʶʜʘʣʠʩʴ ʚ ʩʧʣʘʚʘʭ ʩ ʧʘʤʷʪʴʶ ʬʦʨʤʳ [15], 

ʧʨʠ ʤʘʨʪʝʥʩʠʪʥʳʭ ʧʨʝʚʨʘʱʝʥʠʷʭ [16] ʚ Fe49Rh51. ʇʨʠʤʝʯʘʪʝʣʴʥʦ, ʯʪʦ ʠ ʕʂʕ 

ʟʥʘʯʠʪʝʣʴʥʦ ʚʦʟʨʘʩʪʘʣ ʚ ʢʝʨʘʤʠʢʝ PbZr0.95Ti0.05O3 [17] ʠ ʚ ʧʦʣʠʤʝʨʘʭ ʩ ʚʷʩʦʢʦʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ [18]. ɺ ʩʪʘʪʴʝ [19] ʚʧʝʨʚʳʝ ʩʦʦʙʱʘʣʦʩʴ ʦ 

ʛʠʛʘʥʪʩʢʦʤ ʄʂʕ ʚ Gd5Si2Ge2. ʆʜʥʦʚʨʝʤʝʥʥʦ ʨʘʟʚʠʚʘʣʠʩʴ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ 

ʤʝʭʘʥʦʢʘʣʦʨʠʯʝʩʢʦʤ ʵʬʬʝʢʪʝ [20-22]. 

ʍʦʪʷ ʄʂʕ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʪʜʝʣʴʥʫʶ ʛʨʫʧʧʫ ʷʚʣʝʥʠʡ, ʠʝʶʪʩʷ 

ʤʘʪʝʨʠʘʣʳ, ʢʦʪʦʨʳʝ ʧʨʦʷʚʣʷʶʪ ʢʘʣʦʨʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʠʧʘʭ 

ʚʦʟʜʝʡʩʪʠʡ [23]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩʦʚʤʝʱʝʥʠʝ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʠ 

ʵʣʝʢʪʨʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʦʚ ʚ ʦʜʥʦʤ ʤʘʪʝʨʠʘʣʝ ʚʩʪʨʝʯʘʝʪʩʷ ʨʝʜʢʦ, 

ʧʦʩʢʦʣʴʢʫ ʵʪʦ ʪʨʝʙʫʝʪ ʥʘʣʠʯʠʷ ʤʫʣʴʪʠʬʝʨʨʦʠʢʦʚ, ʩʦʯʝʪʘʶʱʠʭ 

ʬʝʨʨʦʤʘʛʥʝʪʠʟʤ ʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. 

1.2. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʢʨʠʪʝʨʠʠ ʧʨʠʛʦʜʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʚ ʢʘʯʝʩʪʚʝ 

ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʤʘʛʥʠʪʥʦʡ ʭʦʣʦʜʠʣʴʥʦʡ ʤʘʰʠʥʳ 

ʄʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ (ʄʂʕ) ð ʵʪʦ ʦʙʨʘʪʠʤʦʝ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʷʚʣʝʥʠʝ ʠʟʤʝʥʝʥʠʷ ʵʥʪʨʦʧʠʠ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ. ʆʥʦ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ. ʃʠʙʦ ʤʦʞʝʪ 

ʧʨʦʷʚʣʷʪʴʩʷ, ʢʘʢ ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʪʝʣʘ ʚ ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ 

ʠʟʤʝʥʝʥʠʷ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʦʮʝʩʩ 

ʠʟʤʝʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʝʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʝʤ ʠʣʠ 

ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʝʤ.  
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ɺ 1933 ʛ. ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ɻ ʬʬʝʢʪ ʥʘʰʝʣ ʧʨʠʤʝʥʝʥʠʝ ʚ ʜʦʩʪʠʞʝʥʠʠ 

ʩʚʝʨʭʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ (ʜʦ 0.25 ʂ) [11,24]. ʆʜʥʘʢʦ ʜʠʘʧʘʟʦʥ ʨʘʙʦʯʠʭ 

ʪʝʤʧʝʨʘʪʫʨ ʠ ʤʦʱʥʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʦʭʣʘʞʜʘʶʱʝʡ ʤʘʰʠʥʳ ʪʦʛʦ ʚʨʝʤʝʥʠ ʙʳʣʠ 

ʥʝʜʦʩʪʘʪʦʯʥʳʤʠ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʨʦʤʳʰʣʝʥʥʦʤ ʠʣʠ ʙʳʪʦʚʦʤ ʦʭʣʘʞʜʝʥʠʠ. 

ɺ 1997 ʛʦʜʫ ɺ. ʂ. ʇʝʯʘʨʩʢʠʡ ʠ ʂ. ɸ. ɻʰʥʘʡʜʥʝʨ (Gschneidner) ʦʪʢʨʳʣʠ 

ʛʠʛʘʥʪʩʢʠʡ ʄʂʕ ʚ ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʝ ʛʘʜʦʣʠʥʠʷ [19]. ɼʘʥʥʦʝ ʦʪʢʨʳʪʠʝ 

ʧʦʣʦʞʠʣʦ ʥʘʯʘʣʦ ʠʟʫʯʝʥʠʶ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʚʝʱʝʩʪʚ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ, ʙʣʠʟʢʠʭ ʢ ʪʦʯʢʝ ʂʶʨʠ. ʅʘʠʣʫʯʰʠʤʠ ʦʢʘʟʘʣʠʩʴ ʚʝʱʝʩʪʚʘ 

ʛʨʫʧʧʳ ʣʘʥʪʘʥʦʠʜʦʚ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʦʙʣʘʜʘʶʪ ʥʘʠʙʦʣʴʰʠʤ ʤʘʛʥʠʪʥʳʤ 

ʤʦʤʝʥʪʦʤ. ɺ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʦʨʠʝʥʪʠʨʫʶʪʩʷ 

ʚʥʫʪʨʝʥʥʠʤ ʵʬʬʝʢʪʠʚʥʳʤ ʦʙʤʝʥʥʳʤ ʧʦʣʝʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ Tc. 

ʀʤʝʝʪʩʷ ʜʚʘ ʧʨʝʜʝʣʴʥʳʭ ʩʣʫʯʘʷ ʥʘʙʣʶʜʝʥʠʷ ʄʂʕ ʠʟʦʪʝʨʤʠʯʝʩʢʠʡ ʠ 

ʘʜʠʘʙʘʪʠʯʝʩʢʠʡ. ɺ ʘʜʠʘʙʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ, ʢʦʛʜʘ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʠʟʤʝʥʷʝʪʩʷ 

ʪʘʢ ʙʳʩʪʨʦ, ʯʪʦ ʧʦʩʣʝʜʫʶʱʘʷ ʧʦʩʣʝ ʠʟʤʝʥʝʥʠʷ ʧʦʣʷ ʧʝʨʝʦʨʠʝʥʪʘʮʠʷ ʩʧʠʥʦʚ ʚ 

ʦʙʨʘʟʮʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʝʛʦ ʪʝʤʧʝʨʘʪʫʨʳ ȹʊ, ʘ ʤʘʛʥʠʪʥʘʷ ʯʘʩʪʴ 

ʵʥʪʨʦʧʠʠ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ æSM = const. ɺ ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ ʨʝʞʠʤʝ, 

ʢʦʛʜʘ ʠʟʤʝʥʝʥʠʝ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʦʠʩʭʦʜʠʪ ʥʘʩʪʦʣʴʢʦ ʤʝʜʣʝʥʥʦ, 

ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʘ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ, ʨʘʚʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʪʝʧʣʦʚʦʛʦ ʨʝʟʝʨʚʫʘʨʘ, ʚ ʢʦʪʦʨʦʤ ʥʘʭʦʜʠʪʩʷ ʬʝʨʨʦʤʘʛʥʝʪʠʢ, ȹʊ = 

const. ʇʨʠ ʵʪʦʤ ʟʥʘʯʠʪʝʣʴʥʦ ʠʟʤʝʥʷʝʪʩʷ ʤʘʛʥʠʪʥʘʷ ʯʘʩʪʴ ʵʥʪʨʦʧʠʠ. 

ʇʨʠ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʘʭ ʩʠʩʪʝʤʳ ʧʦʨʷʜʦʢ-ʙʝʩʧʦʨʷʜʦʢ ʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʤʘʛʥʠʪʥʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʊʩ ʥʘʙʣʶʜʘʶʪʩʷ ʤʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʄʂʕ. 

ɺ ʤʘʪʝʨʠʘʣʘʭ, ʢʦʪʦʨʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʄʂʕ ʚ ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ 

ʚʪʦʨʦʛʦ ʨʦʜʘ, ʤʘʛʥʠʪʥʘʷ ʯʘʩʪʴ SM ʚʥʦʩʠʪ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʠʟʤʝʥʝʥʠʝ 

ʵʥʪʨʦʧʠʠ ʩʠʩʪʝʤʳ. ʄʘʛʥʠʪʥʳʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʧʝʨʚʦʛʦ ʨʦʜʘ ʚʳʟʳʚʘʝʪ 

ʫʚʝʣʠʯʝʥʠʝ ʟʥʘʯʝʥʠʷ ʄʂʕ ʠ ʵʥʪʨʦʧʠʠ, ʛʜʝ ʟʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚʥʦʩʷʪ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʨʝʰʝʪʢʘ ʠ ʩʪʨʫʢʪʫʨʥʘʷ ʵʥʪʨʦʧʠʷ [25, 26]. ʇʨʠ ʧʝʨʝʭʦʜʝ 

ʧʝʨʚʦʛʦ ʨʦʜʘ ʄʂʕ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʜʦʩʪʘʪʦʯʥʦ ʫʟʢʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ, ʚ 
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ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʝʨʝʭʦʜ ʚʪʦʨʦʛʦ ʨʦʜʘ ʚʳʟʳʚʘʝʪ ʨʘʩʰʠʨʝʥʠʝ ʤʘʢʩʠʤʫʤʘ ʵʬʬʝʢʪʘ 

ʚ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ [27]. 

ʄʝʨʦʡ ʄʂʕ ʷʚʣʷʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʯʘʩʪʠ ʵʥʪʨʦʧʠʠ, ʢʦʪʦʨʘʷ 

ʦʪʦʙʨʘʞʘʝʪ ʫʧʦʨʷʜʦʯʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʧʦʜʩʠʩʪʝʤʳ. ʕʥʪʨʦʧʠʷ ʤʘʛʥʠʪʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ, ʩʢʣʘʜʳʚʘʝʪʩʷ ʠʟ ʪʨʝʭ ʩʦʩʪʘʚʣʷʶʱʠʭ:  

34ȟ( Ὓ 4ȟ(  Ὓ 4ȟ(  Ὓ 4ȟ(    (1.1) 

ʛʜʝ Sel, Sph ʠ SM, ï ʵʣʝʢʪʨʦʥʥʘʷ, ʬʦʥʦʥʥʘʷ ʠ ʤʘʛʥʠʪʥʘʷ ʯʘʩʪʠ ʵʥʪʨʦʧʠʠ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʀʟʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʯʘʩʪʠ ʵʥʪʨʦʧʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ (æSM) ʷʚʣʷʝʪʩʷ 

ʦʩʥʦʚʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʄʂʕ. C ʫʯʝʪʦʤ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ ʠʟʤʝʥʝʥʠʝ 

ʤʘʛʥʠʪʥʦʡ ʵʥʪʨʦʧʠʠ ʧʨʠ ʘʜʠʘʙʘʪʠʯʝʩʢʦʤ (ȹʊ) ʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ (ȹS) 

ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʦ ʩʣʝʜʫʶʱʝʤ ʦʙʨʘʟʦʤ [27]: 

ЎὛ ὝЎ
‬ὓὝȟὌ

‬Ὕ
ὨὌ   (1.2) 

ЎὝ ὝЎ
Ὕ

ὅ ȟ
ЎὛ ὝЎ    (1.3) 

 ʛʜʝ ʄ - ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ, ʉʨ ï ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ʤʘʪʝʨʠʘʣʘ, ʅ ï 

ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʊ - ʪʝʤʧʝʨʘʪʫʨʘ.  

 ʀʟʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʯʘʩʪʠ ʵʥʪʨʦʧʠʠ ʩʚʷʟʘʥʦ ʩ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʄ, 

ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʅ ʠ ʪʝʤʧʝʨʘʪʫʨʦʡ ʊ ʩʦʦʪʥʦʰʝʥʠʝʤ ʄʘʢʩʚʝʣʣʘ [28]: 

 

‬ὛὝȟὌ

‬Ὄ Ȣ

‬ὓὝȟὌ

‬Ὕ ȟ   (1.4) 

ʛʜʝ S(T,H) ï ʵʥʪʨʦʧʠʷ ʤʘʛʥʝʪʠʢʘ, M(T,H) ï ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ.  

ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʤʘʛʥʠʪʥʦʡ ʭʦʣʦʜʠʣʴʥʦʡ ʤʘʰʠʥʳ ʚʘʞʥʦ ʫʯʠʪʳʚʘʪʴ ʥʝ 

ʪʦʣʴʢʦ ʚʝʣʠʯʠʥʫ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ (ʄʂʕ), ʥʦ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʡ 
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ʜʠʘʧʘʟʦʥ, ʚ ʢʦʪʦʨʦʤ ʦʥ ʧʨʦʷʚʣʷʝʪʩʷ. ʇʦʠʩʢ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʳʩʦʢʠʤʠ 

ʟʥʘʯʝʥʠʷʤʠ æSM (ʠʟʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʵʥʪʨʦʧʠʠ) ʠ æTad (ʘʜʠʘʙʘʪʠʯʝʩʢʦʝ 

ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ) ʚ ʰʠʨʦʢʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ ʷʚʣʷʝʪʩʷ 

ʢʣʁʯʝʚʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ. ʆʜʥʘʢʦ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ 

ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʤʘʛʥʠʪʥʦʡ ʭʦʣʦʜʠʣʴʥʦʡ ʤʘʰʠʥʳ ʤʘʪʝʨʠʘʣ ʜʦʣʞʝʥ ʪʘʢʞʝ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʨʷʜʫ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʪʨʝʙʦʚʘʥʠʡ [29]: 

- ʤʠʥʠʤʘʣʴʥʳʝ ʤʘʛʥʠʪʥʳʡ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʛʠʩʪʝʨʝʟʠʩʳ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʚʳʩʦʢʫʶ ʯʘʩʪʦʪʫ ʮʠʢʣʠʨʦʚʘʥʠʷ ʠ ʫʚʝʣʠʯʠʚʘʶʱʠʝ ʤʦʱʥʦʩʪʴ 

ʦʭʣʘʞʜʝʥʠʷ;   

- ʚʳʩʦʢʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ, ʥʝʦʙʭʦʜʠʤʘʷ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʪʝʧʣʦʦʙʤʝʥʘ;   

- ʤʝʭʘʥʠʯʝʩʢʘʷ ʧʨʦʯʥʦʩʪʴ ʠ ʧʣʘʩʪʠʯʥʦʩʪʴ, ʧʦʟʚʦʣʷʶʱʠʝ ʬʦʨʤʠʨʦʚʘʪʴ 

ʤʘʪʝʨʠʘʣ ʚ ʥʫʞʥʳʝ ʢʦʥʬʠʛʫʨʘʮʠʠ;   

- ʜʦʩʪʫʧʥʘʷ ʩʪʦʠʤʦʩʪʴ;   

- ʙʝʟʦʧʘʩʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ (ʥʝʪʦʢʩʠʯʥʦʩʪʴ ʠ ʦʪʩʫʪʩʪʚʠʝ 

ʚʟʨʳʚʦʦʧʘʩʥʦʩʪʠ).   

ɼʣʷ ʦʙʲʝʢʪʠʚʥʦʡ ʦʮʝʥʢʠ ʧʨʠʛʦʜʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʚ ʦʙʣʘʩʪʠ ʤʘʛʥʠʪʥʦʛʦ 

ʦʭʣʘʞʜʝʥʠʷ ʠʩʧʦʣʴʟʫʶʪ ʭʣʘʜʦʝʤʢʦʩʪʴ ïʢʦʣʠʯʝʩʪʚʦ ʪʝʧʣʦʪʳ, ʧʝʨʝʜʘʥʥʦʝ ʦʪ 

ʭʦʣʦʜʥʦʛʦ ʪʝʣʘ (ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʊcold) ʢ ʛʦʨʷʯʝʤʫ ʪʝʣʫ (ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʊhot) 

ʟʘ ʦʜʠʥ ʠʜʝʘʣʴʥʳʡ ʮʠʢʣ. ɸʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʳ ʧʦ ʠʟʫʯʝʥʠʶ ʄʂʕ ʚʳʷʚʠʣ ʪʨʠ 

ʦʩʥʦʚʥʳʭ ʧʦʜʭʦʜʘ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ʭʣʘʜʦʝʤʢʦʩʪʠ. ʇʝʨʚʳʡ ʤʝʪʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʬʦʨʤʫʣʳ ʜʣʷ ʭʣʘʜʦʝʤʢʦʩʪʠ q, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʚ ʨʘʙʦʪʝ [30]: 

 
  (1.5) 

 

ɼʨʫʛʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʄʂʕ ʚʝʱʝʩʪʚʘ ʩʣʫʞʠʪ  RCP (Relative cooling 

power) - ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʤʦʱʥʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ ï ʢʦʣʠʯʝʩʪʚʦ ʪʝʧʣʘ, 
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ʧʝʨʝʜʘʥʥʦʛʦ ʤʝʞʜʫ ʭʦʣʦʜʥʳʤ ʠ ʛʦʨʷʯʠʤ ʪʝʧʣʦʦʙʤʝʥʥʠʢʦʤ ʚ ʠʜʝʘʣʴʥʦʤ ʮʠʢʣʝ 

ʦʭʣʘʞʜʝʥʠʷ. RCP ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ, ʢʘʢ ʧʨʦʠʟʚʝʜʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʠʟʤʝʥʝʥʠʷ ʵʥʪʨʦʧʠʠ (-ȹSʄmax) ʠ ʰʠʨʠʥʳ ʧʠʢʘ ʵʥʪʨʦʧʠʠ (ŭTFWHM) [31]: 

Ὑὅὖ ЎὛɿ4    (1.6) 

  

ʛʜʝ TFWHM - ʰʠʨʠʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʟʘʚʠʩʠʤʦʩʪʠ ȹS(T) ʥʘ 

ʧʦʣʫʚʳʩʦʪʝ ʤʘʢʩʠʤʫʤʘ ȹS. 

ʄʦʞʥʦ ʜʦʙʠʪʴʩʷ ʨʦʩʪʘ RCP ʧʫʪʝʤ ʨʘʩʰʠʨʝʥʠʷ ʧʠʢʘ -ȹSʄmax, ʧʨʠ 

ʥʘʣʠʯʠʠ ʜʚʫʭ ʬʘʟ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʣʠʙʦ ʥʝʩʢʦʣʴʢʠʤʠ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤʠ ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ. ɽʱʝ ʦʜʠʥ ʧʫʪʴ ï ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʤʘʪʝʨʠʘʣʦʚ ʩ ʨʘʟʙʨʦʩʦʤ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ [32]. ɺ [33] 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ ʫʩʠʣʠʚʘʣʦ ʄʂʕ ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ Gd/W ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʲʝʤʥʳʤ Gd.  

1.3. ʄʘʛʥʠʪʥʦʝ ʦʭʣʘʞʜʝʥʠʝ ʚʙʣʠʟʠ ʢʦʤʥʘʪʥʳʭ ʪʝʤʧʝʨʘʪʫʨ 

ʈʘʙʦʪʘ ʪʝʧʣʦʚʳʭ ʠʣʠ ʭʦʣʦʜʠʣʴʥʳʭ ʤʘʰʠʥ ʤʦʞʝʪ ʦʧʠʩʳʚʘʪʴʩʷ ʮʠʢʣʘʤʠ 

ɼʠʟʝʣʷ, ʆʪʪʦ ʠʣʠ ʄʠʣʣʝʨʘ [34], ʥʦ ʵʪʘʣʦʥʦʤ ʩʣʫʞʠʪ ʮʠʢʣ ʂʘʨʥʦ [35]. 

ʂʦʵʬʬʠʮʠʝʥʪ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ (COP) ʥʝ ʤʦʞʝʪ ʧʨʝʚʳʰʘʪʴ ʂʇɼ ʠʜʝʘʣʴʥʦʡ 

ʪʝʧʣʦʚʦʡ ʤʘʰʠʥʳ ʂʘʨʥʦ, ʦʩʪʘʚʘʷʩʴ ʚʩʝʛʜʘ ʤʝʥʴʰʝ ʝʜʠʥʠʮʳ. ʆʜʥʘʢʦ ʚ 

ʦʙʨʘʪʥʦʤ ʮʠʢʣʝ ʂʘʨʥʦ COP ʤʦʞʝʪ ʧʨʝʚʳʰʘʪʴ ʝʜʠʥʠʮʫ (ʨʠʩʫʥʦʢ 1.1). 

ʄʦʱʥʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʘʩʪʦʪʦʡ ʮʠʢʣʦʚ ʠ ʢʦʣʠʯʝʩʪʚʦʤ ʪʝʧʣʦʪʳ, 

ʦʪʥʠʤʘʝʤʦʡ ʟʘ ʢʘʞʜʳʡ ʮʠʢʣ. 
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ʈʠʩʫʥʦʢ 1.1. ʉʭʝʤʘ ʨʘʙʦʪʳ ʭʦʣʦʜʠʣʴʥʦʡ ʤʘʰʠʥʳ ʧʦ ʦʙʨʘʪʥʦʤʫ ʮʠʢʣʫ 

ʂʘʨʥʦ [35]. 

ʎʠʢʣʠʯʝʩʢʦʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʝ ʠ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʝ ʤʘʪʝʨʠʘʣʘ ʚ ʄʂʕ 

ʧʦʟʚʦʣʷʝʪ ʜʦʙʠʪʴʩʷ ʧʦʩʪʝʧʝʥʥʦʛʦ ʩʥʠʞʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ [36]. ʄʘʛʥʠʪʥʳʡ 

ʤʘʪʝʨʠʘʣ ʠʛʨʘʝʪ ʨʦʣʴ ʭʣʘʜʘʛʝʥʪʘ, ʘʥʘʣʦʛʠʯʥʦ ʦʙʳʯʥʳʤ ʭʦʣʦʜʠʣʴʥʳʤ 

ʩʠʩʪʝʤʘʤ. ʇʝʨʝʤʘʛʥʠʯʠʚʘʥʠʝ ʵʢʚʠʚʘʣʝʥʪʥʦ ʮʠʢʣʘʤ ʩʞʘʪʠʷ ʠ ʨʘʩʰʠʨʝʥʠʷ 

(ʨʠʩʫʥʦʢ 1.2). ʂʇɼ ʭʦʣʦʜʠʣʴʥʦʡ ʤʘʰʠʥʳ ʚʳʯʠʩʣʷʝʪʩʷ ʧʨʠ ʵʪʦʤ, ʢʘʢ 

ʦʪʥʦʰʝʥʠʝ ʪʝʧʣʦʪʳ, ʦʪʚʝʜʝʥʥʦʡ ʦʪ ʭʦʣʦʜʥʦʛʦ ʨʝʟʝʨʚʫʘʨʘ (ȹQ2), ʢ ʨʘʙʦʪʝ (ŭɸ), 

ʩʦʚʝʨʰʝʥʥʦʡ ʧʦʣʝʤ ʜʣʷ ʠʟʤʝʥʝʥʠ ̫ʩʦʩʪʦʷʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʟʘ ʦʜʠʥ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʮʠʢʣ (ʨʠʩʫʥʦʢ 1.2): 

 

  (1.7) 

 

ʈʘʙʦʪʘ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʟʘʚʠʩʠʪ ʦʪ ʚʝʣʠʯʠʥʳ ʵʪʦʛʦ ʧʦʣʷ H ʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʄ ʤʘʛʥʝʪʠʢʘ, ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ ʬʫʥʢʮʠʝʡ ʧʦʣʷ [37]: 

 
(1.8) 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʭʦʣʦʜʠʣʴʥʦʡ ʩʠʩʪʝʤʳ ʜʦʩʪʠʛʘʝʪʩʷ, ʢʦʛʜʘ 
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ʮʠʢʣ ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ ʠʜʝʘʣʴʥʦʤʫ ʦʙʨʘʪʥʦʤʫ ʮʠʢʣʫ ʂʘʨʥʦ: 

 
(1.9) 

ʛʜʝ T1, T2 ï ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʷʯʝʛʦ ʠ ʭʦʣʦʜʥʦʛʦ ʨʝʟʝʨʚʫʘʨʘ. ʀʜʝʘʣʴʥʦʩʪʴ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʮʠʢʣʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʪʥʦʰʝʥʠʝʤ ʜʚʫʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ: 

 
(1.10) 

ʇʦʤʠʤʦ ʧʨʷʤʳʭ ʮʠʢʣʦʚ, ʠʩʧʦʣʴʟʫʶʪ ʨʝʛʝʥʝʨʘʪʠʚʥʳʝ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʮʠʢʣʳ ɹʨʘʡʪʦʥʘ, ʕʨʠʢʩʩʦʥʘ ʠ ʘʢʪʠʚʥʳʡ ʤʘʛʥʠʪʥʳʡ 

ʨʝʛʝʥʝʨʘʪʠʚʥʳʡ (ɸʄʈ) ʮʠʢʣ [38, 39]. ʉʦʯʝʪʘʥʠʝ ʪʝʧʣʦʚʦʡ ʨʝʛʝʥʝʨʘʮʠʠ ʩ 

ʮʠʢʣʠʯʝʩʢʠʤ ʠʟʤʝʥʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʜʣʷ ʫʣʫʯʰʝʥʠʷ 

ʦʭʣʘʞʜʝʥʠʷ. ɼʞ. ɹʨʘʫʥ ʠʟ ʅɸʉɸ ʧʨʝʜʩʪʘʚʠʣ ʧʨʦʪʦʪʠʧ ʤʘʛʥʠʪʥʦʛʦ 

ʭʦʣʦʜʠʣʴʥʠʢʘ ʦʛʨʘʥʠʯʝʥʥʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, 

ʨʘʙʦʪʘʶʱʝʛʦ ʥʘ ʦʩʥʦʚʝ ɸʄʈ ʮʠʢʣʘ ʠ ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʦʭʣʘʞʜʝʥʠʝ ʦʪ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 50 ʂ [14]. ʆʛʨʘʥʠʯʝʥʠʷ ʙʳʣʠ ʩʚʷʟʘʥʳ ʩ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʧʦʜʜʝʨʞʘʥʠʷ ʛʨʘʜʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʳ, ʩʦʟʜʘʚʘʝʤʦʛʦ 

ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ ʪʝʧʣʦʦʙʤʝʥʥʦʡ ʞʠʜʢʦʩʪʠ, ʘ ʪʘʢʞʝ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤʠ 

ʟʘʪʨʘʪʘʤʠ ʚʨʝʤʝʥʠ ʥʘ ʧʨʦʮʝʩʩʳ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʠ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ. ɺ [40] 

ʧʨʝʜʩʪʘʚʣʝʥ ʦʜʠʥ ʠʟ ʥʘʠʙʦʣʝʝ ʫʜʘʯʥʳʭ ʧʨʦʪʦʪʠʧʦʚ ʙʳʪʦʚʳʭ ʭʦʣʦʜʠʣʴʥʠʢʦʚ, 

ʠʩʧʦʣʴʟʫʶʱʠʭ ʄʂʕ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʚ ʵʪʦʡ ʨʘʟʨʘʙʦʪʢʝ ʫʜʝʣʷʣʦʩʴ ʪʦʯʥʦʤʫ 

ʦʧʨʝʜʝʣʝʥʠʶ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʠʩʪʝʤʳ. ʋʩʪʨʦʡʩʪʚʦ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʨʦʪʦʨʥʳʡ ʤʘʛʥʠʪʥʳʡ ʭʦʣʦʜʠʣʴʥʠʢ, ʦʩʥʘʱʝʥʥʳʡ 

ʧʦʩʪʦʷʥʥʳʤʠ ʤʘʛʥʠʪʘʤʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʧʦ ʩʭʝʤʝ ʍʘʣʴʙʘʭʘ. ʄʘʢʩʠʤʘʣʴʥʦʝ 

ʟʥʘʯʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʩʠʩʪʝʤʝ ʜʦʩʪʠʛʘʝʪ 12.5 ʢʕ (ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ð 

11 ʢʕ).  

ʉʠʩʪʝʤʘ ʚʢʣʶʯʘʝʪ ʚʦʩʝʤʴ ʨʘʜʠʘʣʴʥʦ ʨʘʟʤʝʱʝʥʥʳʭ ʨʝʛʝʥʝʨʘʪʦʨʦʚ, 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʘʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʨʝʛʝʥʝʨʘʪʠʚʥʦʛʦ 
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(ɸʄʈ) ʮʠʢʣʘ. ʈʝʛʝʥʝʨʘʪʦʨʳ ʟʘʧʦʣʥʝʥʳ ʩʬʝʨʠʯʝʩʢʠʤʠ ʯʘʩʪʠʮʘʤʠ ʛʘʜʦʣʠʥʠʷ 

(Gd) ʦʙʱʝʡ ʤʘʩʩʦʡ 1.20 ʢʛ. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʧʣʦʦʙʤʝʥʥʦʡ ʞʠʜʢʦʩʪʠ (ʚʦʜʳ) 

ʩʦʟʜʘʝʪʩʷ ʢʣʘʧʘʥʦʤ, ʚʢʣʶʯʝʥʥʳʤ ʚ ʤʘʛʥʠʪʥʫʶ ʩʠʩʪʝʤʫ. ʎʠʨʢʫʣʷʮʠʷ 

ʩʦʟʜʘʝʪʩʷ ʧʣʘʩʪʠʥʯʘʪʦ-ʨʦʪʦʨʥʳʤ ʥʘʩʦʩʦʤ. ɹʝʟ ʪʝʧʣʦʚʦʡ ʥʘʛʨʫʟʢʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨ r296 ʂ ʩʦʟʜʘʚʘʣʦʩʴ ʦʭʣʘʞʜʝʥʠʝ 11.9 ʂ ʧʨʠ ʯʘʩʪʦʪʝ ʚʨʘʱʝʥʠʷ 0.93 

ɻʮ. ɽʩʣʠ ʝʩʪʴ ʪʝʧʣʦʚʘʷ ʥʘʛʨʫʟʢʘ 200 ɺʪ ʂʇɼ ʩʦʩʪʘʚʣʷʝʪ 2.5 ʧʨʠ ʯʘʩʪʦʪʝ 0.38 

ɻʮ. 

ʉʦʚʨʝʤʝʥʥʳʝ ʧʨʦʪʦʪʠʧʳ ʤʘʛʥʠʪʥʳʭ ʭʦʣʦʜʠʣʴʥʳʭ ʤʘʰʠʥ [39, 40] ʚʩʸ 

ʝʱʸ ʥʝ ʧʨʝʚʦʩʭʦʜʷʪ ʧʦ ʂʇɼ ʠ ʤʦʱʥʦʩʪʠ ʧʝʨʚʫʶ ʤʘʰʠʥʫ, ʩʦʟʜʘʥʥʫ  ʁʚ 1976 

ʛʦʜʫ [14]. ʆʩʥʦʚʥʘʷ ʧʨʦʙʣʝʤʘ ï ʧʦʜʙʦʨ ʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʇʦʤʠʤʦ ʄʂʕ 

ʧʨʘʚʠʣʴʥʳʡ ʧʦʜʙʦʨ ʤʘʪʝʨʠʘʣʘ ʧʦʤʦʞʝʪ ʩʦʟʜʘʪʴ ʪʝʨʤʦʤʘʛʥʠʪʥʳʝ ʜʚʠʛʘʪʝʣʠ ʠ 

ʛʝʥʝʨʘʪʦʨʳ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ [41-44]. 

 

 

(ʘ) (ʙ) 

ʈʠʩʫʥʦʢ 1.2. ʉʭʝʤʘ ʨʘʙʦʪʳ ʤʘʛʥʠʪʥʦʛʦ ʭʦʣʦʜʠʣʴʥʠʢʘ ʠʟ ʨʘʙʦʪ (ʘ) [45] ʠ 

(ʙ) [25]. 

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʦʪʝʥʮʠʘʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʤʘʛʥʠʪʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʤʦʞʥʦ ʥʘʡʪʠ ʚ ʚʠʜʝ ʛʠʙʨʠʜʥʳʭ ʤʘʛʥʠʪʥʳʭ 

ʭʦʣʦʜʠʣʴʥʳʭ ʤʘʰʠʥ (ɻʄʍʄ), ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʠʥʥʦʚʘʮʠʦʥʥʦʝ 

ʥʘʧʨʘʚʣʝʥʠʝ ʚ ʦʙʣʘʩʪʠ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʦʭʣʘʞʜʝʥʠʷ. ʕʪʠ 
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ʩʠʩʪʝʤʳ ʩʦʯʝʪʘʶʪ ʧʨʝʠʤʫʱʝʩʪʚʘ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ ʦʭʣʘʞʜʝʥʠʷ ʠ 

ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ (ʄʂʕ), ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ 

ʟʘʤʝʥʳ ʩʫʱʝʩʪʚʫʶʱʠʭ ʧʘʨʦʢʦʤʧʨʝʩʩʠʦʥʥʳʭ ʭʦʣʦʜʠʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ, 

ʠʩʧʦʣʴʟʫʶʱʠʭ ʵʢʦʣʦʛʠʯʝʩʢʠ ʚʨʝʜʥʳʝ ʭʣʘʜʘʛʝʥʪʳ.  ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ɻʄʍʄ 

ʦʩʥʦʚʘʥ ʥʘ ʩʦʯʝʪʘʥʠʠ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ɻ ʬʬʝʢʪʘ ʩ ʜʨʫʛʠʤʠ ʬʠʟʠʯʝʩʢʠʤʠ 

ʷʚʣʝʥʠʷʤʠ, ʪʘʢʠʤʠ ʢʘʢ ʙʘʨʦʢʘʣʦʨʠʯʝʩʢʠʡ ʠʣʠ ʵʣʘʩʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪʳ. 

ʄʂʕ ʚʦʟʥʠʢʘʝʪ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺ ʛʠʙʨʠʜʥʳʭ ʩʠʩʪʝʤʘʭ ʵʪʦʪ ʵʬʬʝʢʪ 

ʢʦʤʙʠʥʠʨʫʝʪʩʷ ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʤʝʭʘʥʠʟʤʘʤʠ ʜʣʷ ʧʦʚʳʰʝʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ. ʅʘʧʨʠʤʝʨ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʠʣʠ ʜʘʚʣʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʫʩʠʣʠʚʘʪʴ ʪʝʧʣʦʚʳʝ ʠʟʤʝʥʝʥʠʷ, 

ʜʦʩʪʠʛʘʝʤʳʝ ʟʘ ʩʯʝʪ ʄʂʕ [46]. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʨʘʩʰʠʨʠʪʴ ʨʘʙʦʯʠʡ 

ʜʠʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨ ʠ ʫʚʝʣʠʯʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ (COP) 

ʫʩʪʨʦʡʩʪʚʘ.  

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʤʥʦʞʝʩʪʚʦ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʩʦʟʜʘʥʠʝ ʧʨʦʪʦʪʠʧʦʚ ɻʄʍʄ. ʆʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʧʨʠʤʝʨʦʚ 

ʷʚʣʷʝʪʩʷ ʨʘʙʦʪʘ [21], ʛʜʝ ʘʚʪʦʨʳ ʧʨʝʜʩʪʘʚʠʣʠ ʛʠʙʨʠʜʥʫʶ ʩʠʩʪʝʤʫ, 

ʦʙʲʝʜʠʥʷʶʱʫʶ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʠ ʙʘʨʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪʳ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʧʣʘʚʦʚ ʩ ʧʘʤʷʪʴʶ ʬʦʨʤʳ (ʥʘʧʨʠʤʝʨ, Ni-Ti) ʧʦʟʚʦʣʠʣʦ 

ʜʦʩʪʠʯʴ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʦʭʣʘʞʜʝʥʠʷ. 

ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʦʤʙʠʥʘʮʠʷ ʵʪʠʭ ʵʬʬʝʢʪʦʚ ʧʨʠʚʦʜʠʪ ʢ ʫʣʫʯʰʝʥʠʶ COP 

ʥʘ 20ï30% ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʦ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʤʠ ʩʠʩʪʝʤʘʤʠ.

 ɼʨʫʛʠʤ ʚʘʞʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ 

ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ 

ʥʝʩʢʦʣʴʢʦ ʢʘʣʦʨʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʦʜʥʦʚʨʝʤʝʥʥʦ. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [1] 

ʦʧʠʩʘʥʳ ʤʘʪʝʨʠʘʣʳ ʩ ʤʫʣʴʪʠʢʘʣʦʨʠʯʝʩʢʠʤ ʧʦʚʝʜʝʥʠʝʤ, ʩʦʯʝʪʘʶʱʠʤ 

ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʠ ʵʣʝʢʪʨʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪʳ. ʊʘʢʠʝ ʤʘʪʝʨʠʘʣʳ 

ʦʪʢʨʳʚʘʶʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʢʦʤʧʘʢʪʥʳʭ ʠ 

ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʭʦʣʦʜʠʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ. 
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1.4. ʄʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʚ ʦʙʣʘʩʪʠ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ 

ʚʪʦʨʦʛʦ ʨʦʜʘ 

ɼʣʷ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚʪʦʨʦʛʦ ʨʦʜʘ ʧʝʨʚʳʝ ʧʨʦʠʟʚʦʜʥʳʝ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ ʠʣʠ ʦʙʦʙʱʸʥʥʳʤ ʩʠʣʘʤ 

(ʥʘʧʨʠʤʝʨ, ʜʘʚʣʝʥʠʶ ʠʣʠ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ) ʦʩʪʘʶʪʩʷ ʥʝʧʨʝʨʳʚʥʳʤʠ. ʆʜʥʘʢʦ 

ʚʪʦʨʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ʵʪʠʭ ʧʦʪʝʥʮʠʘʣʦʚ ʧʨʝʪʝʨʧʝʚʘʶʪ ʨʘʟʨʳʚ. ʂ ʧʝʨʚʳʤ 

ʧʨʦʠʟʚʦʜʥʳʤ ʦʪʥʦʩʷʪʩʷ ʪʘʢʠʝ ʚʝʣʠʯʠʥʳ, ʢʘʢ ʵʥʪʨʦʧʠʷ ʠ ʦʙʦʙʱʸʥʥʳʝ 

ʢʦʦʨʜʠʥʘʪʳ ʩʠʩʪʝʤʳ (ʥʘʧʨʠʤʝʨ, ʦʙʲʸʤ ʠʣʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ). ʕʪʦ ʦʟʥʘʯʘʝʪ, 

ʯʪʦ ʜʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʥʝ ʠʩʧʳʪʳʚʘʶʪ ʩʢʘʯʢʦʚ ʠʣʠ ʨʘʟʨʳʚʦʚ ʥʘ ʛʨʘʥʠʮʝ 

ʧʝʨʝʭʦʜʘ, ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʢʨʳʪʦʝ ʪʝʧʣʦ ȹQ = TȹS ʧʨʠ ʪʘʢʦʤ ʧʝʨʝʭʦʜʝ ʥʝ 

ʚʳʜʝʣʷʝʪʩʷ. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʧʘʨʘʤʝʪʨʳ, ʩʚʷʟʘʥʥʳʝ ʩʦ ʚʪʦʨʳʤʠ ʧʨʦʠʟʚʦʜʥʳʤʠ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ, ʪʘʢʠʝ ʢʘʢ ʪʝʧʣʦʸʤʢʦʩʪʴ, ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

ʨʘʟʨʳʚʳ ʠ ʠʟʤʝʥʷʶʪʩʷ ʩʢʘʯʢʦʦʙʨʘʟʥʦ ʚ ʪʦʯʢʝ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚʪʦʨʦʛʦ ʨʦʜʘ. 

ɺ ʦʙʣʘʩʪʠ ʪʘʢʦʛʦ ʧʝʨʝʭʦʜʘ æT-ʵʬʬʝʢʪ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʪʝʧʣʦʚʳʜʝʣʝʥʠʝʤ, 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʤʘʛʥʠʪʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʵʥʪʨʦʧʠʠ: 

 
  (1.11) 

ʀʩʧʦʣʴʟʫʷ ʩʦʦʪʥʦʰʝʥʠʝ ʂʣʘʧʝʡʨʦʥʘ-ʂʣʘʫʟʠʫʩʘ: 

 

   (1.12) 

ʧʦʣʫʯʘʝʤ: 

 
   (1.13) 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʄʂʕ ʚ ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ 

ʧʨʦʠʟʚʝʜʝʥʠʶ ʠʟʤʝʥʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʤʘʛʥʝʪʠʢʘ ʠ ʚʝʣʠʯʠʥʳ (ÖH/ÖT). 
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1.5. ʄʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʚ Gd 

ʀʟʫʯʝʥʠʝ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ Gd ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʦʥ ʦʙʣʘʜʘʝʪ 

ʙʦʣʴʰʠʤ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ (7.63 Õɺ) ʠ ʪʝʤʧʝʨʘʪʫʨʦʡ ʂʶʨʠ ʙʣʠʟʢʫʶ ʢ 

ʢʦʤʥʘʪʥʦʡ (293 ʂ). ʕʪʦ ʜʝʣʘʝʪ ʝʛʦ ʥʘʠʙʦʣʝʝ ʘʢʪʫʘʣʴʥʳʤ ʜʣʷ ʠʟʫʯʝʥʠʷ 

ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʤ ʤʘʪʝʨʠʘʣʦʤ, ʢʦʪʦʨʳʡ ʧʨʠʤʝʥʠʤ ʥʘ ʧʨʘʢʪʠʢʝ. ʌʘʟʦʚʳʡ 

ʧʝʨʝʭʦʜ ʚʪʦʨʦʛʦ ʨʦʜʘ ʚ Gd ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʦʪʩʫʪʩʪʚʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʛʠʩʪʝʨʝʟʠʩʘ ʠ ʫʤʝʨʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʵʥʪʨʦʧʠʠ ȹS (ʨʠʩʫʥʦʢ 1.3) [44]. 

 

ʈʠʩʫʥʦʢ 1.3. ʀʟʤʝʥʝʥʠʝ ɻ ʥʪʨʦʧʠʠ ȹS ʚ ʧʨʠʣʦʞʝʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ H 

= 0 - 1.5 ʊʣ ʜʣʷ Gd ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʜʨʫʛʠʤʠ ʄʂʕ ʤʘʪʝʨʠʘʣʘʤʠ [44]. 

ʇʝʨʚʳʝ ʧʨʦʪʦʪʠʧʳ ʤʘʛʥʠʪʥʳʭ ʭʦʣʦʜʠʣʴʥʳʭ ʤʘʰʠʥ, ʚ ʢʘʯʝʩʪʚʝ ʨʘʙʦʯʝʛʦ 

ʪʝʣʘ ʢʦʪʦʨʳʭ ʠʩʧʦʣʴʟʦʚʘʣʩʷ Gd ʠʣʠ ʝʛʦ ʩʧʣʘʚʳ, ʙʳʣʠ ʩʦʟʜʘʥʳ ʢ 2000 ʛʦʜʫ [47]. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʪʘʢʞʝ ʚʝʜʫʪʩʷ ʨʘʙʦʪʳ ʧʦ ʩʦʟʜʘʥʠʶ ʧʨʦʪʦʪʠʧʦʚ ʤʘʛʥʠʪʥʳʭ 

ʭʦʣʦʜʠʣʴʥʳʭ ʤʘʰʠʥ ʥʘ ʦʩʥʦʚʝ ʛʘʜʦʣʠʥʠʷ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʚʳʩʪʫʧʘʶʪ ʧʦʩʪʦʷʥʥʳʝ ʤʘʛʥʠʪʳ ʤʦʱʥʦʩʪʴʶ ʧʦʨʷʜʢʘ 1.5 ʊʣ [48]. ʄʘʪʝʨʠʘʣʳ, 

ʧʨʦʷʚʣʷʶʱʠʝ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʥʘʰʣʠ ʩʚʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʚʠʜʝ 

ʪʦʥʢʠʭ ʧʣʝʥʦʢ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ ʦʭʣʘʞʜʝʥʠʷ ʩʝʥʩʦʨʦʚ [49], ʠ ʤʝʜʠʮʠʥʝ, ʛʜʝ 

ʩ ʧʦʤʦʱʴʶ ʚʚʝʜʝʥʠʷ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʜʦʩʪʠʛʘʣʩʷ ʣʦʢʘʣʴʥʳʡ 

ʥʘʛʨʝʚ ʦʧʫʭʦʣʝʡ [50]. ʃʦʢʘʣʴʥʳʡ ʥʘʛʨʝʚ ʦʧʫʭʦʣʝʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʚʝʜʝʥʠʠ 
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ʯʘʩʪʠʮ ʥʘʥʦʤʘʪʝʨʠʘʣʘ, ʦʙʣʘʜʘʶʱʝʛʦ ʚʳʩʦʢʠʤ ʟʥʘʯʝʥʠʝʤ ʄʂʕ ʠ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ ʙʣʠʟʢʫʶ ʢ ʪʝʤʧʝʨʘʪʫʨʝ 

ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʪʝʣʘ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʫʥʠʯʪʦʞʘʪʴ ʨʘʢʦʚʳʝ ʢʣʝʪʢʠ ʙʝʟ 

ʧʦʚʨʝʞʜʝʥʠʷ ʟʜʦʨʦʚʳʭ ʢʣʝʪʦʢ ʠ ʷʚʣʷʝʪʩʷ ʠ ʥʝʪʦʢʩʠʯʥʳʤ ʜʣʷ ʯʝʣʦʚʝʢʘ [51]. 

ʇʦʩʢʦʣʴʢʫ ʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʘʭ ʤʘʛʥʠʪʥʘʷ ʵʥʪʨʦʧʠʷ 

ʦʢʘʟʳʚʘʝʪʩʷ ʙʦʣʴʰʝ, ʯʝʤ ʚ 3d-ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʘʭ, ʩʣʝʜʫʝʪ ʦʞʠʜʘʪʴ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʄʂʕ. ɺʝʣʠʯʠʥʘ ʄʂʕ ʠ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʟʘʚʠʩʠʪ ʦʪ 

ʯʠʩʪʦʪʳ ʛʘʜʦʣʠʥʠʷ, ʝʛʦ ʩʪʨʫʢʪʫʨʳ ʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ. 

ɺ ʨʘʙʦʪʝ [52] ʠʟʫʯʘʣʠʩʴ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʨʦʰʢʘ Gd, 

ʧʦʣʫʯʝʥʥʦʛʦ ʩ ʧʦʤʦʱʴʶ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʳ ʩ ʮʝʣʴʶ ʫʣʫʯʰʝʥʠʷ ʤʘʛʥʠʪʥʳʭ 

ʩʚʦʡʩʪʚ. ʅʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ ʧʨʠʚʦʜʠʣʦ ʢ ʠʟʤʝʥʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ 

ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ. ʊʝʤʧʝʨʘʪʫʨʘ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʩʦʩʪʘʚʠʣʘ 287 ʂ, ʯʪʦ 

ʤʝʥʴʰʝ, ʯʝʤ ʜʣʷ ʦʙʲʝʤʥʦʛʦ Gd. ʅʘʢʣʦʥ ʢʨʠʚʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʙʳʣ ʙʦʣʝʝ 

ʧʣʘʚʥʳʡ, ʯʝʤ ʜʣʷ ʦʙʲʝʤʥʦʛʦ ʦʙʨʘʟʮʘ. ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʜʣʷ 

ʧʦʨʦʰʢʘ Gd ʥʝ ʜʦʩʪʠʛʘʣʘʩʴ ʚ ʤʘʢʩʠʤʘʣʴʥʦʤ ʧʦʣʝ H = 7 ʊʣ. ɿʥʘʯʝʥʠʷ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʤʝʥʴʰʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʲʝʤʥʳʤ Gd. 

ʅʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ ʧʦʨʦʰʢʘ Gd ʟʘ ʩʯʝʪ ʰʘʨʦʚʦʛʦ ʠʟʤʝʣʴʯʝʥʠʷ 

ʫʚʝʣʠʯʠʚʘʝʪ ʜʠʩʧʝʨʩʥʦʩʪʴ ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʘ ʪʘʢʞʝ ʫʚʝʣʠʯʠʚʘʝʪ 

ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʜʦʣʶ ʛʨʘʥʠʮ ʟʝʨʝʥ. ʕʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʠʚʦʜʠʪ ʢ 

ʩʧʠʥʦʚʦʤʫ ʙʝʩʧʦʨʷʜʢʫ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ Gd ʠ ʢ ʠʟʤʝʥʝʥʠʶ 

ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ. RCP ʧʦʨʦʰʢʘ Gd, ʧʦʣʫʯʝʥʥʦʛʦ ʰʘʨʦʚʳʤ ʠʟʤʝʣʴʯʝʥʠʝʤ, 

ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨʥʦ ʧʦʣʦʚʠʥʫ ʭʦʣʦʜʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʜʨʫʛʠʭ 

ʭʣʘʜʘʛʝʥʪʦʚ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʪʦʥʢʠʭ ʧʣʝʥʦʢ (Gd1īxTbx) ʠ 

ʩʧʣʘʚʘ Gd/Tb [53] ʧʦʩʨʝʜʩʪʚʦʤ ʠʟʤʝʥʝʥʠʷ ʧʨʦʮʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʧʦʢʘʟʘʣʦ 

ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʣʝʛʠʨʦʚʘʥʠʝ Tb 

Gd ʩʥʠʞʘʝʪ ʦʙʤʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʪʝʤ ʩʘʤʳʤ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ 

ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ. ɺ ʩʧʣʘʚʝ Gd50Tb50 ʪʝʤʧʝʨʘʪʫʨʘ ʬʘʟʦʚʦʛʦ 
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ʧʝʨʝʭʦʜʘ ʩʥʠʟʠʣʘʩʴ ʩ 294 ʂ ʜʦ 264 ʂ ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʦʙʨʘʟʮʘ. ɼʣʷ ʟʥʘʯʝʥʠʷ x = 0.2 ʥʘʙʣʶʜʘʣʘʩʴ ʪʝʤʧʝʨʘʪʫʨʘ ʬʘʟʦʚʦʛʦ 

ʧʝʨʝʭʦʜʘ ʨʘʚʥʘʷ 270 ʂ. ɼʣʷ ʩʧʣʘʚʘ Gd80Tb20 ʫʜʘʣʦʩʴ ʜʦʩʪʠʯʴ ʟʥʘʯʝʥʠʡ RCP ~ 

110 ɼʞ/ʢʛ, ʯʪʦ ʷʚʣʷʣʦʩʴ ʥʘʠʙʦʣʴʰʠʤ ʟʥʘʯʝʥʠʝʤ, ʯʝʤ ʜʣʷ ʧʦʜʦʙʥʳʭ ʩʧʣʘʚʦʚ. 

ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʥʦʛʦʩʣʦʡʥʘʷ ʩʪʨʫʢʪʫʨʘ ʦʙʨʘʟʮʘ ʧʦʟʚʦʣʷʝʪ ʫʣʫʯʰʠʪʴ ʠʭ 

ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʢʠʝ ʩʚʦʡʩʪʚʘ. ɹʣʘʛʦʜʘʨʷ ʪʘʢʦʤʫ ʧʦʜʭʦʜʫ ʦʪʢʨʳʚʘʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʤʝʥʷʪʴ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʦʙʨʘʟʮʘ. 

ɺʣʠʷʥʠʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ ʦʙʨʘʟʮʦʚ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ 

ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʚ ʥʘʥʦʤʘʩʰʪʘʙʝ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʣʝʥʦʢ 

FeRh ʩ ʨʘʟʥʦʡ ʧʦʜʣʦʞʢʦʡ ʚʳʷʚʣʝʥʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʝ ʪʦʣʴʢʦ ʥʘ 

ʚʝʣʠʯʠʥʫ ʄʂʕ, ʥʦ ʠ ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ ʧʝʨʝʭʦʜʘ [54]. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʣʝʥʦʢ 

Si/W/Gd ʧʨʠ ʨʘʟʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ Gd ʧʦʢʘʟʘʣʦ ʚʣʠʷʥʠʝ ʥʘ ʚʝʣʠʯʠʥʫ ʄʂʕ ʠ 

ʩʤʝʱʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʩʝʢʦʛʦ ʵʬʬʝʢʪʘ. ʀʟʤʝʥʝʥʠʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ Gd ʚ ʜʠʘʧʘʟʦʥʝ (60 - 44 %) ʚ ʧʣʝʥʢʘʭ ʩʧʣʘʚʘ Gd100-ʭCoʭ 

ʟʥʘʯʠʪʝʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʚʝʣʠʯʠʥʫ ʄʂʕ ʠ ʩʜʚʠʛʘʝʪ ʝʛʦ ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ 

ʪʝʤʧʝʨʘʪʫʨ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʛʘʜʦʣʠʥʠʷ [55].  

1.6. ɺʣʠʷʥʠʝ ʤʠʢʨʦʜʝʬʦʨʤʘʮʠʡ ʥʘ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ɺʣʠʷʥʠʝ ʤʠʢʨʦʜʝʬʦʨʤʘʮʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ, ʘ ʪʘʢʞʝ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʪʦʥʢʠʭ ʩʣʦʷʭ ʠ ʥʘ ʛʨʘʥʠʮʝ ʩʣʦʝʚ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʨʝʰʝʪʢʠ, ʨʘʟʣʠʯʥʳʤ ʪʝʧʣʦʚʳʤ ʨʘʩʰʠʨʝʥʠʝʤ ʠ ʪ.ʜ., 

ʤʦʛʫʪ ʦʢʘʟʳʚʘʪʴ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʠ 

ʥʘʧʨʘʚʣʝʥʠʝ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ [56-58]. 

ʅʘ ʚʝʣʠʯʠʥʫ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ ʠ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ, ʚʳʨʘʱʝʥʥʳʭ ʥʘ ʧʦʜʣʦʞʢʝ, ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʤʦʛʫʪ 

ʚʣʠʷʪʴ ʚʥʫʪʨʝʥʥʠʝ ʥʘʧʨʷʞʝʥʠʷ. ʇʦʩʢʦʣʴʢʫ ʠʩʩʣʝʜʫʝʤʳʡ ʤʘʪʝʨʠʘʣ 

ʥʘʧʳʣʷʝʪʩʷ ʥʘ ʧʦʜʣʦʞʢʫ ʚʦʟʥʠʢʘʝʪ ʤʝʞʬʘʟʥʘʷ ʩʚʷʟʴ, ʢʦʪʦʨʘʷ ʩʧʦʩʦʙʥʘ 

ʠʟʤʝʥʠʪʴ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʣʝʥʢʠ [59]. ʇʨʦʩʪʝʡʰʠʤ ʧʨʠʤʝʨʦʤ ʷʚʣʷʝʪʩʷ 

ʥʝʩʦʦʪʚʝʪʩʪʚʠʝ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ ʤʝʞʜʫ ʧʣʝʥʢʦʡ ʠ ʧʦʜʣʦʞʢʦʡ. ɺ [60] 
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ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ LSMO 

(ʤʘʥʛʘʥʠʪ ʣʘʥʪʘʥʘ ʩʪʨʦʥʮʠʷ) ʨʝʟʢʦ ʦʪʣʠʯʘʝʪʩʷ ʧʨʠ ʚʳʨʘʱʠʚʘʥʠʠ ʥʘ LaAlO3, 

SrTiO3 ʠ La0,3Sr0,7 Al 0,65Ta0,35O9,52 ʧʦʜʣʦʞʢʘʭ. ɹʦʣʝʝ ʩʣʦʞʥʳʝ ʧʨʠʤʝʨʳ ʤʦʛʫʪ 

ʧʨʠʚʝʩʪʠ ʢ ʠʥʪʝʨʝʩʥʳʤ ʫʩʪʨʦʡʩʪʚʘʤ, ʢʦʪʦʨʳʝ ʤʘʥʠʧʫʣʠʨʫʶʪ ʤʘʛʥʠʪʥʳʤ 

ʤʘʪʝʨʠʘʣʦʤ, ʠʟʤʝʥʷʷ ʩʦʩʪʦʷʥʠʝ ʧʦʜʣʦʞʢʠ ʠʣʠ ʠʟʤʝʥʷʷ ʤʘʛʥʠʪʥʳʡ ʤʘʪʝʨʠʘʣ 

ʩʘʤ ʧʦ ʩʝʙʝ, ʥʘʧʨʠʤʝʨ, ʩ ʧʦʤʦʱʴʶ ʫʧʨʘʚʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷʤʠ ʚ ʤʥʦʛʦʩʣʦʡʥʳʭ 

ʤʘʪʝʨʠʘʣʘʭ [59]. 

 ʅʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ ʦʢʘʟʳʚʘʝʪ ʩʚʦʝ ʚʣʠʷʥʠʝ ʥʘ ʭʣʘʜʘʛʝʥʪʥʫʶ 

ʩʧʦʩʦʙʥʦʩʪʴ ʠ ʩʤʝʱʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʫʧʦʨʷʜʦʯʝʥʠʷ. ʋʧʨʘʚʣʝʥʠʝ ʚʝʣʠʯʠʥʦʡ 

ʄʂʕ ʧʦʩʨʝʜʩʪʚʦʤ ʤʠʢʨʦʥʘʧʨʷʞʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʚ ʨʘʙʦʪʝ [61], ʛʜʝ 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʩʪʨʫʢʪʫʨʳ MnAs ʪʦʣʱʠʥʦʡ 70 ʥʤ, ʚʳʨʘʱʝʥʥʳʝ ʵʧʠʪʘʢʩʠʘʣʴʥʦ 

ʥʘ ʧʦʜʣʦʞʢʘʭ GaAs ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ (ʨʠʩʫʥʦʢ 1.4). 

ɼʠʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨ, ʚ ʢʦʪʦʨʦʤ ʚʦʟʤʦʞʥʦ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝ ʜʚʫʭ 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʬʘʟ, ʙʳʣ ʨʘʩʰʠʨʝʥ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʝʨʝʭʦʜʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʙʲʝʤʘ, ʦʜʥʘʢʦ ʥʘʙʣʶʜʘʝʤʳʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʙʳʣ 

ʧʝʨʚʦʛʦ ʨʦʜʘ. ɿʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʧʦʣʦʞʝʥʠʝ ʤʘʢʩʠʤʫʤʘ ʠ ʤʘʢʩʠʤʘʣʴʥʦʝ 

ʟʥʘʯʝʥʠʝ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʚ ʩʣʫʯʘʝ ʧʝʨʝʭʦʜʘ ʧʝʨʚʦʛʦ ʨʦʜʘ 

ʤʦʛʫʪ ʦʢʘʟʳʚʘʪʴ ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʩʣʦʷʭ ʜʝʬʦʨʤʘʮʠʠ. 
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 ʈʠʩʫʥʦʢ 1.4. ʀʟʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʵʥʪʨʦʧʠʠ ȹS ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʧʦʣʷ ʜʣʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ (a) MnAs/GaAs (001) ʠ (b) MnAs/GaAs 

(111). ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ ʧʨʠʣʦʞʝʥʦ ʧʘʨʘʣʣʝʣʴʥʦ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ 

[61]. 

 ɺʣʠʷʥʠʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ ʧʦʜʣʦʞʢʠ ʦʙʥʘʨʫʞʝʥʦ ʠ ʚ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ [62], ʛʜʝ ʦʨʠʝʥʪʘʮʠʷ ʢʨʝʤʥʠʝʚʦʡ 

ʧʦʜʣʦʞʢʠ ʦʢʘʟʳʚʘʣʘ ʚʣʠʷʥʠʝ ʥʘ ʢʚʘʥʪʦʚʳʡ ʚʳʭʦʜ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ. ʉʣʦʡ MnAs, ʚʳʨʘʱʝʥʥʳʡ ʥʘ ʦʢʠʩʣʝʥʥʦʤ ʢʨʝʤʥʠʠ, ʙʳʣ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʠ ʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʧʝʨʝʭʦʜ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ, ʚʩʣʝʜʩʪʚʠʝ 

ʯʝʛʦ ʦʥ ʙʳʩʪʨʦ ʨʝʣʘʢʩʠʨʦʚʘʣ ʜʦ ʩʚʦʝʡ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩ 

ʚʳʠʛʨʳʰʝʤ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʜʣʦʞʝʢ MgO ʨʘʟʣʠʯʥʦʡ 

ʦʨʠʝʥʪʘʮʠʠ ʚʣʠʷʝʪ ʥʘ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ ʚ ʧʣʝʥʢʘʭ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ-ʩʪʨʦʥʮʠʷ 

[63]. 

 ɺ ʨʘʙʦʪʝ [64] ʠʩʩʣʝʜʦʚʘʣʠ ʚʣʠʷʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʥʘ ʚʠʜ 

ʧʦʣʝʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʄʂʕ ʚ ʤʥʦʛʦʩʣʦʡʥʳʭ ʩʪʨʫʢʪʫʨʘʭ [Ti(2ʥʤ)/Gd(1.5 

ʥʤ)]50/Ti(5 ʥʤ). ʊʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ ʩʦʩʪʘʚʠʣʘ 130 ʂ. ʀʟʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʦʡ 
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ʵʥʪʨʦʧʠʠ ʚ ʧʦʣʝ H = 1.5 ʊʣ ʜʣʷ ʦʙʲʝʤʥʦʛʦ ʦʙʨʘʟʮʘ Gd ʩʦʩʪʘʚʣʷʝʪ 3.5 ɼʞ/ʢʛ, ʚ 

ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʤʥʦʛʦʩʣʦʡʥʦʡ ʩʪʨʫʢʪʫʨʳ 1 ɼʞ/ʢʛ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ ʵʪʠʤ 

ʢʨʠʚʳʝ ʠʟʤʝʥʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ɻ ʥʪʨʦʧʠʠ ʜʣʷ ʤʥʦʛʦʩʣʦʡʥʳʭ ʩʪʨʫʢʪʫʨ h ʠʨʝ, ʯʝʤ 

ʜʣʷ ʦʙʲʝʤʥʦʛʦ ʦʙʨʘʟʮʘ. ʋʰʠʨʝʥʠʝ ʧʠʢʘ ʠ ʫʤʝʥʴʰʝʥʠʝ ʝʛʦ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʠʟʤʝʥʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ ʠʟ-ʟʘ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ. 

ɺ [65] ʠʟʫʯʘʣʠ ʚʣʠʷʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʥʘ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ 

ʵʬʬʝʢʪ ʚ ʩʪʨʫʢʪʫʨʘʭ W(50 Å)/Gd(400 Å)/W(50 Å), ʥʘʥʝʩʝʥʥʳʭ ʥʘ ʧʦʜʣʦʞʢʫ 

MgO (100) ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ. ʇʦʜʣʦʞʢʘ MgO ʙʳʣʘ 

ʦʪʰʣʠʬʦʚʘʥʘ ʧʝʨʝʜ ʥʘʧʳʣʝʥʠʝʤ. ʀʟʤʝʥʝʥʠʝ ʵʥʪʨʦʧʠʠ ʦʧʨʝʜʝʣʷʣʦʩʴ ʠʟ 

ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʜʠʘʧʘʟʦʥʝ 100 ï 320 ʂ ʧʨʠ 

ʧʨʠʣʦʞʝʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ H = 0 ï 3 ʊʣ. ʄʘʢʩʠʤʘʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ 

ʤʘʛʥʠʪʥʦʡ ʵʥʪʨʦʧʠʠ ʩʦʩʪʘʚʠʣʦ 3.4 ɼʞ/ʢʛ ʚ ʧʦʣʝ 3 ʊʣ, ʰʠʨʠʥʘ ʧʠʢʘ ʥʘ 

ʧʦʣʦʚʠʥʝ ʝʛʦ ʚʳʩʦʪʳ ʩʦʩʪʘʚʠʣʘ 70 ʂ, ʯʪʦ ʙʦʣʴʰʝ, ʯʝʤ ʜʣʷ ʦʙʲʝʤʥʦʛʦ Gd. 

ɿʥʘʯʝʥʠʷ RCP = 240 ɼʞ/ʢʛʂ, ʯʪʦ ʤʝʥʴʰʝ, ʯʝʤ ʜʣʷ ʦʙʲʝʤʥʦʛʦ ʦʙʨʘʟʮʘ. 

ʊʝʤʧʝʨʘʪʫʨʘ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʨʘʚʥʷʣʘʩʴ 284 ʂ. ʇʦʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʠ ʤʝʪʦʜ ʂʫʚʝʣʷ-ʌʠʰʝʨʘ ʧʦʟʚʦʣʷʝʪ ʩʫʜʠʪʴ ʦ ʚʣʠʷʥʠʠ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʥʘ ʚʝʣʠʯʠʥʫ ʠʟʤʝʥʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʵʥʪʨʦʧʠʠ ʠ RCP. 

ʊʦʪ ʬʘʢʪ, ʯʪʦ ʰʠʨʠʥʘ ʵʥʪʨʦʧʠʡʥʦʛʦ ʧʠʢʘ ʫʚʝʣʠʯʠʣʘʩʴ, ʤʦʞʝʪ ʙʳʪʴ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʟʥʘʯʠʤʳʤ: ʣʶʙʦʡ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʮʠʢʣ ʜʦʣʞʝʥ ʨʘʙʦʪʘʪʴ 

ʤʝʞʜʫ ʜʚʫʤʷ ʪʝʤʧʝʨʘʪʫʨʘʤʠ, ʘ ʫʚʝʣʠʯʝʥʥʳʡ ʜʠʘʧʘʟʦʥ, ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʚ 

ʧʣʝʥʢʘʭ, ʤʦʞʝʪ ʦʙʝʩʧʝʯʠʪʴ ʙʦʣʝʝ ʰʠʨʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʧʨʠʤʝʥʝʥʠʝ. 

ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʦʭʣʘʞʜʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʤʥʦʛʦʩʣʦʡʥʳʭ ʧʣʝʥʦʢ Gd ʦʩʪʘʝʪʩʷ 

ʙʣʠʟʢʦʡ ʢ ʦʙʲʝʤʥʦʤʫ Gd, ʪʘʢ ʢʘʢ ʫʚʝʣʠʯʝʥʥʘʷ ʰʠʨʠʥʘ ʧʦʤʦʛʘʝʪ 

ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʫʤʝʥʴʰʝʥʥʫʶ ʚʝʣʠʯʠʥʫ ʧʠʢʘ ʵʥʪʨʦʧʠʠ. 

ɺʣʠʷʥʠʝ ʤʠʢʨʦʥʘʧʨʷʞʝʥʠʡ ʥʘ ʄʂʕ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʩʧʣʘʚʘʭ 

(Fe0.83Ga0.17)100-xTbx (x = 0 - 0.47) ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ [66]. ɺʚʝʜʝʥʠʝ ʘʪʦʤʦʚ Tb ʚ 

ʩʧʣʘʚ Fe83Ga17, ʟʘʤʝʱʘʶʱʠʭ ʘʪʦʤʳ Fe/Ga, ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪ 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʶ. ʄʘʛʥʠʪʦʩʪʨʠʢʮʠʷ ʫʚʝʣʠʯʠʚʘʣʘʩʴ ʚ 3 ʨʘʟʘ. ɺʚʝʜʝʥʠʝ Tb ʚ 
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ʩʧʣʘʚ ʚʳʟʳʚʘʣʦ ʨʘʩʰʠʨʝʥʠʝ ʨʝʰʝʪʢʠ ʚ ʧʣʦʩʢʦʩʪʠ (200) ʠ ʝʝ ʩʞʘʪʠʝ ʚ 

ʧʣʦʩʢʦʩʪʠ (111). ʇʦʤʠʤʦ ʫʚʝʣʠʯʝʥʠʷ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʥʘʙʣʶʜʘʣʦʩʴ 

ʫʚʝʣʠʯʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʥʘʩʳʱʝʥʠʷ ʦʪ 1.5 ʢʕ ʜʦ 2 ʢʕ. ɹʳʣʦ ʜʦʢʘʟʘʥʦ, ʯʪʦ 

ʤʠʢʨʦʥʘʧʨʷʞʝʥʠʷ, ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʩʧʣʘʚʝ, ʚʣʠʷʶʪ ʥʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ, 

ʜʦʤʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʶ. ʕʪʦ ʦʪʢʨʳʚʘʝʪ ʰʠʨʦʢʠʝ 

ʚʦʟʤʦʞʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ ʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʚ ʩʧʣʘʚʘʭ Fe 

ï Ga ʧʫʪʝʤ ʣʝʛʠʨʦʚʘʥʠʷ ʠʣʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʥʘʛʨʫʟʢʘʤʠ. 

ʀʩʩʣʝʜʦʚʘʣʠʩʴ ʩʪʨʫʢʪʫʨʳ Ta(5ʥʤ)/RE/Ta(5ʥʤ) (RE = Tb, DyGd, DyTb) 

[67], ʥʘʧʳʣʝʥʥʳʝ ʥʘ ʨʘʟʦʛʨʝʪʳʝ ʧʦʜʣʦʞʢʠ SiO2. ʊʦʥʢʠʝ ʧʣʝʥʢʠ Gd, Tb ʠ Dy 

ʥʘʧʳʣʝʥʥʳʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠʤʝʣʠ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʥʠʟʢʫʶ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʧʦʣʷ, ʯʝʤ Fe65Co35. ɹʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ, ʯʪʦ ʨʘʩʰʠʨʝʥʠʝ 

ʨʝʰʝʪʢʠ ʜʣʷ ɻʇʋ ʠ ɻʎʂ ʧʨʠʚʦʜʠʪ ʢ ʩʠʣʴʥʦʤʫ ʩʥʠʞʝʥʠʶ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ. 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʪʨʝʭʤʝʨʥʳʭ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʪʘʢʠʭ ʢʘʢ Fe, ʫʚʝʣʠʯʝʥʠʝ 

ʤʝʞʘʪʦʤʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʥʝ ʦʙʷʟʘʪʝʣʴʥʦ ʙʫʜʝʪ ʫʚʝʣʠʯʠʚʘʪʴ ʤʘʛʥʠʪʥʳʡ 

ʤʦʤʝʥʪ ʘʪʦʤʦʚ ʈɿʄ. ʋʚʝʣʠʯʝʥʠʝ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʪʘʢʞʝ ʠʟʤʝʥʠʣʦ 

ʤʘʛʥʠʪʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʢʦʪʦʨʘʷ ʭʦʨʦʰʦ ʟʘʤʝʪʥʘ ʚ ɻʇʋ Tb ʠ Dy, ʛʜʝ ʩʦʛʣʘʩʥʦ 

ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʨʘʩʯʝʪʘʤ, ʥʝʩʦʨʘʟʤʝʨʥʳʡ ʧʦʨʷʜʦʢ ʧʦʜʘʚʣʝʥ ʠ ʩʧʠʨʘʣʴʥʘʷ 

ʩʪʨʫʢʪʫʨʘ ʦʪʩʫʪʩʪʚʫʝʪ. 

ʄʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʫʧʨʘʚʣʷʝʤʳʡ ʤʠʢʨʦʜʝʬʦʨʤʘʮʠʷʤʠ ʙʳʣ 

ʦʙʥʘʨʫʞʝʥ ʚ ʩʚʝʨʭʨʝʰʝʪʢʘʭ ʩ ʦʨʠʝʥʪʘʮʠʝʡ (111) La0.7Sr0.3MnO3ï

SrRuO3 (LSMOïSRO), ʚʳʨʘʱʝʥʥʳʭ ʥʘ ʧʦʜʣʦʞʢʘʭ (111) SrTiO3(STO) ʤʝʪʦʜʦʤ 

ʠʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʦʩʘʞʜʝʥʠʷ [68]. ʇʩʝʚʜʦʘʤʦʨʬʥʳʡ ʨʦʩʪ ʩ 0.64% 

ʧʣʦʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ ʚ ʩʚʝʨʭʨʝʰʝʪʢʝ 

[11u.c.SRO/3u.c.LSMO]×15 ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʥʷʪʴ ʵʥʪʨʦʧʠʶ ʙʦʣʴʰʝ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʨʦʩʪʦʤ ʙʝʟ ʜʝʬʦʨʤʘʮʠʠ ʚ [11u.c.LSMO/3u.c.SRO]×15. 

ʋʤʝʥʴʰʝʥʠʝ ȹSM ʚ [11u.c.LSMO/3u.c.SRO]×15  ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ 

ʟʘʚʠʩʷʱʠʤ ʦʪ ʦʨʠʝʥʪʘʮʠʠ ʚʥʫʪʨʠʬʘʟʥʳʤ ʠ ʚʥʝʬʘʟʦʚʳʤ ʥʘʢʣʦʥʦʤ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʤʝʞʜʫ ±1° ʚʜʦʣʴ <103>, ʯʪʦ ʫʤʝʥʴʰʘʝʪ ʦʙʤʝʥʥʫʶ ʩʚʷʟʴ 
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ʠ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ ʙʳʩʪʨʦʤʫ ʚʳʨʘʚʥʠʚʘʥʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚʙʣʠʟʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ (Tc). ʆ ʩʪʘʙʠʣʠʟʘʮʠʠ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟʳ LSMO ʚ 

ʩʚʝʨʭʨʝʰʝʪʢʘʭ ʩ ʦʙʦʠʤʠ ʧʦʨʷʜʢʘʤʠ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʩʫʱʝʩʪʚʦʚʘʥʠʝ 

ʠʟʤʝʥʝʥʠʷ Tc LSMO ʠ SRO ʚ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʟʘʚʠʩʠʤʳʭ ʬʦʥʦʥʥʳʭ ʯʘʩʪʦʪʥʳʭ 

ʩʜʚʠʛʘʭ [68].  

1.7. ʄʘʛʥʠʪʦʩʪʨʠʢʮʠʷ, ʤʘʛʥʠʪʦʫʧʨʫʛʠʡ ʵʬʬʝʢʪ ɺʠʣʣʘʨʠ 

ʅʘʧʨʷʞʝʥʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʪʦʢʫ, ʧʨʦʭʦʜʷʱʝʤʫ 

ʯʝʨʝʟ ʩʦʣʝʥʦʠʜ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʣʷ ʚʦʟʨʘʩʪʘʝʪ ʠ 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʘʷ ʥʘʛʨʫʟʢʘ ʥʘ ʤʘʪʝʨʠʘʣ, ʯʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʜʝʬʦʨʤʘʮʠʠ, 

ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʵʪʦʛʦ ʷʚʣʝʥʠʷ [69]. ʄʘʛʥʠʪʦʩʪʨʠʢʮʠʷ, ʵʪʦ ʠʟʤʝʥʝʥʠʝ 

ʨʘʟʤʝʨʦʚ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ʀʟʦʪʨʦʧʥʳʝ ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʥʘʠʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ [70]. 

ʇʦʩʣʝ ʚʳʢʣʶʯʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʤʘʪʝʨʠʘʣ ʦʩʪʘʝʪʩʷ ʥʘʤʘʛʥʠʯʝʥʥʳʤ, ʠ ʫ 

ʥʝʛʦ ʠʤʝʝʪʩʷ ʥʝʥʫʣʝʚʘʷ ʜʝʬʦʨʤʘʮʠʷ. ʕʪʦ ʚʝʜʝʪ ʢ ʛʠʩʪʝʨʝʟʠʩʫ 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ. ɺ ʦʪʩʫʪʩʪʚʠʠ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʷ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʵʥʝʨʛʠʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ [71-73]. 

ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʵʪʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʣʘʙʦʝ. ʆʜʥʘʢʦ ʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʘʭ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʘʷ 

ʩʚʷʟʴ ʥʘ ʧʦʨʷʜʦʢ ʩʠʣʴʥʝʝ, ʠ ʧʨʠ ʝʝ ʥʘʣʠʯʠʠ ʧʦʚʦʨʦʪ ʩʧʠʥʦʚ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʟʥʘʯʠʪʝʣʴʥʦʡ ʜʝʬʦʨʤʘʮʠʝʡ ʨʝʰʝʪʢʠ, ʪʦ ʝʩʪʴ ʚʳʨʘʞʝʥʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ 

[74]. ʉʠʣʴʥʘʷ ʩʚʷʟʴ ʤʝʞʜʫ ʩʧʠʥʦʚʳʤ ʠ ʦʨʙʠʪʘʣʴʥʳʤ ʤʦʤʝʥʪʘʤʠ ʚ ʪʘʢʠʭ 

ʤʘʪʝʨʠʘʣʘʭ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʨʠ ʧʦʚʦʨʦʪʝ ʩʧʠʥʘ ʚʩʣʝʜ ʟʘ ʥʠʤ ʧʦʚʦʨʘʯʠʚʘʝʪʩʷ ʠ 

ʦʨʙʠʪʘʣʴ, ʚʳʟʳʚʘʷ ʠʩʢʘʞʝʥʠʝ ʨʝʰʝʪʢʠ (ʨʠʩʫʥʦʢ 1.5) [74]. ʕʪʦ ʧʨʦʷʚʣʝʥʠʝ 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴʥʦ ʜʣʷ ʩʠʣʴʥʦ ʘʥʠʟʦʪʨʦʧʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, ʚ 

ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʥʘ ʦʨʠʝʥʪʘʮʠʷ ʦʨʙʠʪʘʣʝʡ ʚ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ. 
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ʈʠʩʫʥʦʢ 1.5. ʉʭʝʤʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʨʙʠʪʘʣʴʥʦʛʦ ʠ ʩʧʠʥʦʚʦʛʦ ʤʦʤʝʥʪʘ 

ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ [74]. 

ʉʫʱʝʩʪʚʫʝʪ ʜʚʘ ʦʩʥʦʚʥʳʭ ʚʢʣʘʜʘ ʚ ʤʘʛʥʠʪʥʳʝ ʵʬʬʝʢʪʳ: ʩʧʠʥʦʚʦʝ 

ʚʨʘʱʝʥʠʝ ʥʝʩʧʘʨʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʭ ʦʨʙʠʪʘʣʴʥʦʝ ʜʚʠʞʝʥʠʝ ʚʦʢʨʫʛ ʷʜʨʘ 

[75]. ʆʙʘ ʜʚʠʞʝʥʠʷ ʩʦʟʜʘʶʪ ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʝ ʤʝʞʜʫ 

ʩʦʙʦʡ. ʇʨʠ ʵʪʦʤ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʚʝʨʜʳʭ ʪʝʣʘʭ, ʛʜʝ ʘʪʦʤʳ ʦʨʛʘʥʠʟʦʚʘʥʳ 

ʨʝʛʫʣʷʨʥʦ, ʦʨʙʠʪʘʣʠ ʚʥʝʰʥʠʭ ʵʣʝʢʪʨʦʥʦʚ ʥʝ ʤʦʛʫʪ ʧʝʨʝʩʝʢʘʪʴʩʷ, ʯʪʦ 

ʦʛʨʘʥʠʯʠʚʘʝʪ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʘʪʦʤʘʤʠ. ʀʤʝʥʥʦ ʥʝʩʧʘʨʝʥʥʳʝ ʚʥʝʰʥʠʝ 

ʵʣʝʢʪʨʦʥʳ ʦʧʨʝʜʝʣʷʶʪ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ, ʦʩʦʙʝʥʥʦ ʚ ʤʝʪʘʣʣʘʭ ʠ ʩʧʣʘʚʘʭ 

[76, 77]. 

ʆʨʙʠʪʘʣʠ ʚ ʨʝʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʨʝʜʢʦ ʩʠʤʤʝʪʨʠʯʥʳ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ 

ʠʥʪʝʨʝʩʥʳʭ ʩ ʤʘʛʥʠʪʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʝʱʝʩʪʚ ʚʥʝʰʥʠʝ ʵʣʝʢʪʨʦʥʥʳʝ 

ʦʨʙʠʪʘʣʠ ʚʳʪʷʥʫʪʳ ʠ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʚʜʦʣʴ ʦʧʨʝʜʝʣʝʥʥʳʭ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʥʘʧʨʘʚʣʝʥʠʡ. ʕʪʦ ʩʦʟʜʘʝʪ ʫʩʣʦʚʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ ʚ 

ʦʪʜʝʣʴʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʤʘʪʝʨʠʘʣ ʣʝʛʯʝ ʧʦʜʜʘʝʪʩʷ ʥʘʤʘʛʥʠʯʠʚʘʥʠʶ, ʯʪʦ 

ʚʝʜʝʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʤʘʛʥʠʪʥʳʭ ʜʦʤʝʥʦʚ ð ʦʙʣʘʩʪʝʡ ʩ ʫʧʦʨʷʜʦʯʝʥʥʦʡ 

ʦʨʠʝʥʪʘʮʠʝʡ ʩʧʠʥʦʚ ʠ ʦʨʙʠʪʘʣʝʡ. ʈʘʟʤʝʨ ʜʦʤʝʥʦʚ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʩʦʦʙʨʘʞʝʥʠʷʤʠ: ʙʝʟ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʠʭ ʦʨʠʝʥʪʘʮʠʠ 

ʭʘʦʪʠʯʥʳ, ʯʪʦʙʳ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʚʥʫʪʨʝʥʥʶʶ ʵʥʝʨʛʠʶ ʩʠʩʪʝʤʳ [78]. 

ʇʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʦʤʝʥʳ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʝ 

ʚʜʦʣʴ ʝʛʦ ʥʘʧʨʘʚʣʝʥʠʷ, ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʚ ʦʙʲʝʤʝ, ʘ ʦʩʪʘʣʴʥʳʝ ð ʩʞʠʤʘʶʪʩʷ. 
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ɺ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʚʳʨʘʚʥʠʚʘʥʠʝ ʦʨʙʠʪʘʣʝʡ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʚʥʝʰʥʝʛʦ ʧʦʣʷ 

ʪʨʝʙʫʝʪ ʠʟʤʝʥʝʥʠʷ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʣʠʙʦ ʢ ʫʜʣʠʥʝʥʠʶ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʣʷ, ʣʠʙʦ ʢ ʠʩʢʘʞʝʥʠʶ ʚ 

ʜʨʫʛʠʭ ʥʘʧʨʘʚʣʝʥʠʷʭ, ʚʢʣʶʯʘʷ ʚʦʟʤʦʞʥʦʝ ʩʞʘʪʠʝ ʚʜʦʣʴ ʧʦʣʷ ð ʪʘʢʠʝ 

ʵʬʬʝʢʪʳ ʪʘʢʞʝ ʣʝʞʘʪ ʚ ʦʩʥʦʚʝ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ [76, 79, 80]. 

ʀʟʚʝʩʪʥʳ ʩʣʝʜʫʶʱʠʝ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʝ ̫ ʚʣʝʥʠʷ: 1) ɻ ʬʬʝʢʪ ɼʞʦʫʣʷ 

ð ʠʟʤʝʥʝʥʠʝ ʣʠʥʝʡʥʳʭ ʨʘʟʤʝʨʦʚ ʦʙʨʘʟʮʘ ʚʜʦʣʴ ʠʣʠ ʧʦʧʝʨʸʢ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

[81], 2) ʦʙʲʝʤʥʦʝ ʨʘʩʰʠʨʝʥʠʝ ʤʘʪʝʨʠʘʣʘ [81], 3) ʵʬʬʝʢʪ ɺʠʜʝʤʘʥʥʘ ð 

ʜʝʬʦʨʤʘʮʠʷ ʩʜʚʠʛʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʦʣʷ [82], 4) ʘ ʪʘʢʞʝ ʦʙʨʘʪʥʳʡ ʵʬʬʝʢʪ 

ɺʠʣʣʘʨʠ, ʢʦʪʦʨʳʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʟʤʝʥʝʥʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ 

ʤʝʭʘʥʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ [83].  

ʇʨʘʢʪʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʵʬʬʝʢʪ ɺʠʣʣʘʨʠ. 

ʕʪʦʪ ʵʬʬʝʢʪ, ʦʪʢʨʳʪʳʡ ʕʤʠʣʝʤ ɺʠʣʣʘʨʠ ʚ XIX  ʚʝʢʝ, ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ 

ʨʘʟʣʠʯʥʳʭ ʩʝʥʩʦʨʥʳʭ ʠ ʘʜʘʧʪʠʚʥʳʭ ʩʠʩʪʝʤʘʭ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ 

ʤʘʛʥʠʪʦʤʝʭʘʥʠʯʝʩʢʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʭ [84]. ɺ ʦʪʣʠʯʠʝ ʦʪ ʧʨʷʤʦʡ 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ, ʛʜʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚʳʟʳʚʘʝʪ ʜʝʬʦʨʤʘʮʠʶ, ɻ ʬʬʝʢʪ ɺʠʣʣʘʨʠ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ ʦʪ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʜʝʬʦʨʤʘʮʠʡ.  

ʄʝʭʘʥʠʟʤ ʜʝʡʩʪʚʠʷ ɻ ʬʬʝʢʪʘ ɺʠʣʣʘʨʠ ʦʩʥʦʚʘʥ ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʤʝʞʜʫ 

ʤʘʛʥʠʪʥʳʤʠ ʜʦʤʝʥʘʤʠ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ. ʇʨʠ ʥʘʣʦʞʝʥʠʠ 

ʚʥʝʰʥʝʛʦ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʜʦʤʝʥʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

ʤʘʪʝʨʠʘʣʘ [85]. ʆʩʦʙʝʥʥʦ ʚʳʨʘʞʝʥ ʵʪʦʪ ʵʬʬʝʢʪ ʚ ʤʷʛʢʠʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ 

ʤʘʪʝʨʠʘʣʘʭ, ʪʘʢʠʭ ʢʘʢ ʩʧʣʘʚʳ ʞʝʣʝʟʘ ʩ ʢʦʙʘʣʴʪʦʤ, ʥʠʢʝʣʝʤ ʠ ʛʘʣʣʠʝʤ.  

ʉʚʷʟʴ ʵʬʬʝʢʪʘ ɺʠʣʣʘʨʠ ʩ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ ʩʪʘʥʦʚʠʪʩʷ 

ʦʯʝʚʠʜʥʦʡ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʷʚʣʝʥʠʡ ʠʟʤʝʥʝʥʠʷ ʵʥʪʨʦʧʠʠ ʚ ʤʘʪʝʨʠʘʣʘʭ, 

ʧʦʜʚʝʨʛʥʫʪʳʭ ʦʜʥʦʚʨʝʤʝʥʥʦ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ ʠ ʤʝʭʘʥʠʯʝʩʢʦʤʫ 

ʥʘʧʨʷʞʝʥʠʶ. ɺ ʫʩʣʦʚʠʷʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʠʟʤʝʥʷʝʪʩʷ ʚʥʫʪʨʝʥʥʷʷ 
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ʤʘʛʥʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ʤʘʪʝʨʠʘʣʘ, ʯʪʦ ʚʣʠʷʝʪ ʥʘ ʝʛʦ ɻ ʥʪʨʦʧʠʡʥʦʝ ʩʦʩʪʦʷʥʠʝ. ʊʝʤ 

ʩʘʤʳʤ ʜʝʬʦʨʤʘʮʠʷ ʤʦʞʝʪ ʫʩʠʣʠʚʘʪʴ ʠʣʠ ʧʦʜʘʚʣʷʪʴ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ 

ʦʪʢʣʠʢ, ʪʝʤʧʝʨʘʪʫʨʫ ʂʶʨʠ, ʣʠʙʦ ʤʘʛʥʠʪʥʫʶ ʵʥʪʨʦʧʠʶ [86]. ʕʪʦ ʦʪʢʨʳʚʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʘʜʘʧʪʠʚʥʳʭ ʦʭʣʘʞʜʘʶʱʠʭ 

ʩʠʩʪʝʤ, ʚ ʢʦʪʦʨʳʭ ʤʝʭʘʥʠʯʝʩʢʦʝ ʫʧʨʘʚʣʝʥʠʝ ʤʦʞʝʪ ʟʘʤʝʥʠʪʴ ʠʣʠ ʜʦʧʦʣʥʠʪʴ 

ʫʧʨʘʚʣʝʥʠʝ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ. 

ɺ ʤʘʪʝʨʠʘʣʘʭ, ʪʘʢʠʭ ʢʘʢ Gd Si Ge ʠ La(Fe,Si) , ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʥʘʧʨʷʞʝʥʠ ̫ ʧʨʠʚʦʜʷʪ ʢ ʩʤʝʝɦʥʠʶ ʪʝʤʧʝʨʘʪʫʨ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʠ 

ʫʚʝʣʠʯʠʚʘʶʪ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʟʘ ʩʯʸʪ ʧʦʚʳʰʝʥʠʷ ʧʣʦʪʥʦʩʪʠ 

ʵʥʝʨʛʠʠ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ [87]. ʊʘʢʞʝ ʟʘ ʩʯʝʪ ʤʘʛʥʠʪʥʦʡ ʪʝʢʩʪʫʨʳ ʠʟʤʝʥʷʶʪʩʷ 

ʚʠʜ ʠ ʧʘʨʘʤʝʪʨʳ ʧʝʪʣʠ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʠ ʢʨʠʚʦʡ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ [79].  

ʕʪʦ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʧʦʜʭʦʜʘ, 

ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʩʠʥʝʨʛʠʠ ʤʘʛʥʠʪʥʳʭ ʠ ʫʧʨʫʛʠʭ ʚʦʟʜʝʡʩʪʚʠʡ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʬʬʝʢʪ ɺʠʣʣʘʨʠ, ʷʚʣʷʷʩʴ ʢʣʶʯʝʚʳʤ ʧʨʦʷʚʣʝʥʠʝʤ 

ʤʘʛʥʠʪʦʫʧʨʫʛʦʩʪʠ, ʥʝ ʪʦʣʴʢʦ ʩʣʫʞʠʪ ʬʫʥʜʘʤʝʥʪʦʤ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ 

ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʩʝʥʩʦʨʦʚ, ʥʦ ʠ ʦʪʢʨʳʚʘʝʪ ʧʫʪʴ ʢ ʩʦʟʜʘʥʠʶ ʛʠʙʨʠʜʥʳʭ 

ʭʦʣʦʜʠʣʴʥʳʭ ʤʘʰʠʥ. ʉʦʚʤʝʱʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʡ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʬʦʨʤʘʮʠʡ ʩ 

ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʧʝʨʩʧʝʢʪʠʚʳ ʚ ʦʙʣʘʩʪʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʦʭʣʘʞʜʝʥʠʷ. 

1.8. ʉʧʠʥ-ʧʝʨʝʦʨʠʝʥʪʘʮʠʦʥʥʳʝ ʧʝʨʝʭʦʜʳ ʚ ʛʦʣʴʤʠʠ 

ɻʦʣʴʤʠʡ ʚ ʚʠʜʝ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʠ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʚʝʩʴʤʘ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʡ ʦʙʲʝʢʪ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʬʠʟʠʢʝ ʤʘʛʥʝʪʠʟʤʘ. 

ɻʦʣʴʤʠʡ ʧʨʦʷʚʣʷʝʪ ʨʘʟʣʠʯʥʳʝ ʩʧʠʥʦʚʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʥʝʦʞʠʜʘʥʥʳʤʠ 

ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ ʧʝʨʝʭʦʜʘʤʠ ʤʝʞʜʫ ʥʠʤʠ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ 

ʩʚʦʡʩʪʚ Ho ʥʘʯʘʣʠʩʴ ʚ 1950-ʭ ʛʦʜʘʭ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ ʥʘʣʠʯʠʝ ʧʝʨʝʭʦʜʘ ʠʟ 

ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʚ ʧʘʨʘʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʠ 131 ʂ ʠ ʚ 

ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 20 ʂ [88]. ɺ ʨʘʙʦʪʘʭ 1980-ʭ ʛʦʜʦʚ 

ʙʳʣʠ ʦʪʢʨʳʪʳ ʥʦʚʳʝ ʢʣʘʩʩʳ ʤʘʛʥʠʪʥʳʭ ʩʪʨʫʢʪʫʨ: ʬʘʟʳ ʪʠʧʘ spin-slip ʠ helifan 
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(ʨʠʩʫʥʦʢ 1.6). ɼʘʥʥʳʝ ʩʧʠʥʦʚʳʝ ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʫʶʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʢʦʥʢʫʨʝʥʮʠʠ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ, ʘ ʪʘʢʞʝ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʥʠʮ  rʢʦʥʪʘʢʪʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʩʣʦʷʭ ʠ ʤʝʞʜʫ 

ʩʣʦʷʤʠ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʛʦʣʴʤʠʷ. ɺ ʯʘʩʪʥʦʩʪʠ, ʠʤʝʝʪ 

ʟʥʘʯʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʝ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʩʣʦʷʤʠ ʠ 

ʩʣʝʜʫʶʱʠʤʠ ʩʦʩʝʜʷʤʠ [89]. ɺʩʝ ʵʪʠ ʬʘʢʪʦʨʳ ʟʘʚʠʩʷʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʩʤʝʥʝ ʩʧʠʥʦʚʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʛʦʣʴʤʠʠ ʧʨʠ ʝʝ ʠʟʤʝʥʝʥʠʠ. 

ʋʚʝʣʠʯʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ɿʝʝʤʘʥʦʚʩʢʦʡ ʵʥʝʨʛʠʠ 

ʠʟʤʝʥʷʝʪ ʙʘʣʘʥʩ ʵʥʝʨʛʠʡ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ, ʪʘʢʞʝ ʧʨʠʚʦʜʷ ʢ ʧʝʨʝʢʣʶʯʝʥʠʶ ʤʝʞʜʫ ʨʘʟʣʠʯʥʳʤʠ ʩʧʠʥʦʚʳʤʠ 

ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ. 

 

ʈʠʩʫʥʦʢ 1.6. ʌʝʨʨʦʤʘʛʥʠʪʥʳʝ (1), ʚʝʝʨʥʳʝ (2), ʛʝʣʠʢʦʠʜʘʣʴʥʳʝ (3) ʠ 

spin-slip (4) ʩʧʠʥʦʚʳʝ ʩʦʩʪʦʷʥʠʷ ʚ ʧʣʝʥʢʘʭ ʛʦʣʴʤʠʷ. ʉʪʨʝʣʢʦʡ ʧʦʢʘʟʘʥʦ 

ʥʘʧʨʘʚʣʝʥʠʝ ʧʦʣʷ. 

 ʅʝʡʪʨʦʥʦʛʨʘʬʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ Ho ʙʝʟ ʚʥʝʰʥʝʛʦ 

ʧʦʣʷ ʚʳʷʚʠʣʠ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʅʝʝʣʷ (133 ʂ) ʬʦʨʤʠʨʦʚʘʥʠʝ 
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ʛʝʣʠʢʦʠʜʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʩʧʠʥʦʚ ʚʜʦʣʴ ʦʩʠ c. ʇʨʠ ʩʥʠʞʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʥʠʞʝ 20 ʂ ʥʘʙʣʶʜʘʝʪʩʷ ʢʦʥʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ, ʘ ʧʨʠ 4.2 ʂ 

ʬʦʨʤʠʨʫʝʪʩʷ ʠʩʢʘʞʸʥʥʳʡ ʛʝʣʠʢʦʠʜ, ʛʜʝ ʩʧʠʥʳ ʛʨʫʧʧʠʨʫʶʪʩʷ ʚʜʦʣ ɹ ʦʩʠ 

ʣʸʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ b. ɺʥʝʰʥʠʝ ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ ʚʳʟʳʚʘʶʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʝʨʝʭʦʜʳ: ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʩʴ b ʦʩʪʘʸʪʩʷ ʦʩʴʶ 

ʣʸʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ, ʘ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʬʦʨʤʠʨʫʶʪʩʷ 

ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʚʝʝʨʥʳʝ ʬʘʟʳ, ʧʝʨʝʭʦʜʷʱʠʝ ʚ ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ. 

ʉʪʨʦʷʪʩʷ ʬʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ, ʦʪʨʘʞʘʶʱʠʝ ʩʣʦʞʥʫʶ ʢʘʨʪʠʥʫ ʤʘʛʥʠʪʥʳʭ 

ʧʝʨʝʭʦʜʦʚ, ʚʢʣʶʯʘʷ ʧʨʷʤʳʝ ʠ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʬʘʟʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʥʘʧʨʘʚʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ [90]. ʉ ʧʦʤʦʱʴʶ 

ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʥʝʡʪʨʦʥʦʛʨʘʬʠʠ ʦʙʥʘʨʫʞʝʥʳ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʥʝʩʪʘʥʜʘʨʪʥʳʝ ʤʘʛʥʠʪʥʳʝ ʩʦʩʪʦʷʥʠʷ ʠ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ [91ï94]. ɹʳʣʦ ʪʘʢʞʝ 

ʫʩʪʘʥʦʚʣʝʥʦ ʚʣʠʷʥʠʝ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ c ʥʘ 

ʤʘʛʥʠʪʥʳʝ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ [95]. 

 ʌʫʥʜʘʤʝʥʪʘʣʴʥʘʷ ʧʨʠʨʦʜʘ ʢʦʥʢʫʨʠʨʫʶʱʠʭ ʥʝʢʦʛʝʨʝʥʪʥʳʭ ʠ 

ʭʠʨʘʣʴʥʳʭ ʬʘʟ ʚ ʛʦʣʴʤʠʠ ʦʙʩʫʞʜʘʣʘʩʴ ʚʦ ʤʥʦʛʠʭ ʧʫʙʣʠʢʘʮʠʷʭ [88, 96ï99]. 

ʄʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ, ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʠ 

ʚʣʠʷʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ ʛʦʣʴʤʠʷ ʝʱʸ ʙʦʣʴʰʝ 

ʫʩʣʦʞʥʷʶʪ ʩʠʪʫʘʮʠʶ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʲʝʤʥʳʤʠ ʦʙʨʘʟʮʘʤʠ [56, 89, 100ï102]. 

ɺ ʨʘʙʦʪʝ [100] ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʤʘʛʥʠʪʥʘʷ ʬʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʜʣʷ Ho, ʛʜʝ 

ʧʦʤʠʤʦ ʢʦʣʣʠʥʝʘʨʥʦʛʦ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʨʘʟʣʠʯʥʳʝ 

ʤʘʛʥʠʪʥʳʝ ʬʘʟʳ, ʪʘʢʠʝ ʢʘʢ ʚʝʝʨ (fan), ʛʝʣʠʢʦʠʜ (helix), ʩʧʠʥ-ʩʢʦʣʴʟʷʱʝʝ (spin-

slip) ʠ ʜʨʫʛʠʝ ʩʤʝʰʘʥʥʳʝ ʩʧʠʥʦʚʳʝ ʩʦʩʪʦʷʥʠʷ, ʩʫʱʝʩʪʚʫʶʱʠʝ ʥʠʞʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʅʝʝʣʷ (ʨʠʩʫʥʦʢ 1.7). 
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ʈʠʩʫʥʦʢ 1.7. ʄʘʛʥʠʪʥʘʷ ʬʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʦʙʲʝʤʥʦʛʦ ʛʦʣʴʤʠʷ, 

ʧʦʣʫʯʝʥʥʘʷ ʤʝʪʦʜʦʡ ʥʝʡʪʨʦʥʦʛʨʘʬʠʠ [100]. 

ɺ ʧʣʝʥʢʘʭ Ho ʤʝʭʘʥʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ ʚʳʟʳʚʘʶʪ ʟʥʘʯʠʪʝʣʴʥʫʶ 

ʤʦʜʫʣʷʮʠʶ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʢ ʥʝʙʦʣʴʰʠʤ 

ʠʟʤʝʥʝʥʠʷʤ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ. ʂʨʦʤʝ ʪʦʛʦ, ʢʦʥʩʪʘʥʪʳ ʦʙʲʝʤʥʦʡ, 

ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʠ ʤʝʞʬʘʟʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʪʘʢʞʝ ʚʝʩʴʤʘ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ 

ʤʝʭʘʥʠʯʝʩʢʠʤ ʥʘʧʨʷʞʝʥʠʷʤ. ʇʝʨʠʦʜ ʥʝʢʦʛʝʨʝʥʪʥʳʭ ʩʧʠʥʦʚʳʭ ʩʪʨʫʢʪʫʨ ʚ 

ʛʦʣʴʤʠʠ ʦʙʳʯʥʦ ʦʯʝʥʴ ʚʝʣʠʢ ð ʧʦʨʷʜʢʘ 10ï100 ʥʤ ʠ ʜʘʞʝ ʙʦʣʝʝ [98]. ʇʦʵʪʦʤʫ 

ʧʨʠʥʷʪʦʝ ʦʙʦʟʥʘʯʝʥʠʝ çʪʦʥʢʠʝ ʧʣʝʥʢʠè, ʦʙʳʯʥʦ ʦʪʥʦʩʷʱʝʝʩʷ ʢ 

ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʧʣʝʥʢʘʤ ʪʦʣʱʠʥʦʡ ʤʝʥʝʝ 10 ʥʤ, ʥʝʧʨʠʤʝʥʠʤʦ ʢ ʧʣʝʥʢʘʤ 

ʛʦʣʴʤʠʷ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʧʠʨʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʩ ʙʦʣʴʰʠʤ 

ʧʝʨʠʦʜʦʤ ʧʣʝʥʢʠ Ho ʩʪʘʥʦʚʷʪʩʷ çʪʦʥʢʠʤʠè ʫʞʝ ʧʨʠ ʪʦʣʱʠʥʝ ʧʦʨʷʜʢʘ ~100 

ʥʤ. ʕʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʜʝʣʘʝʪ ʧʣʝʥʢʠ ʛʦʣʴʤʠʷ ʚʝʩʴʤʘ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ 

ʦʙʲʝʢʪʦʤ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʚʫʤʝʨʥʦʛʦ ʤʘʛʥʝʪʠʟʤʘ, ʦʙʣʘʜʘʶʱʠʤ 

çʩʚʦʡʩʪʚʘʤʠ ʪʦʥʢʠʭ ʧʣʝʥʦʢè ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʦʣʴʰʠʭ ʪʦʣʱʠʥʘʭ. 

ʆʙʳʯʥʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʩʪʘʮʠʦʥʘʨʥʳʭ ʩʧʠʥʦʚʳʭ 

ʩʦʩʪʦʷʥʠʷʭ ʛʦʣʴʤʠʷ. ɺʩʝ ʵʪʠ ʩʦʩʪʦʷʥʠʷ ʭʦʨʦʰʦ ʦʧʠʩʘʥʳ ʚ ʣʠʪʝʨʘʪʫʨʝ [56, 88, 
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89, 96ï102]. ʀʟʤʝʥʝʥʠʷ ʪʦʣʱʠʥʳ ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʚʳʟʳʚʘʶʪ 

ʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʢʘʨʪʳ ʩʧʠʥʦʚʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʧʦʣʝï

ʪʝʤʧʝʨʘʪʫʨʘ. ʉʦʚʨʝʤʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ 

ʛʦʣʴʤʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʤʘʛʥʠʪʦʢʘʣʦʨʠʢʠ ʠ 

ʩʧʠʥʪʨʦʥʠʢʠ. 
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1.9. ɺʳʚʦʜʳ ʢ ʛʣʘʚʝ 1 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʷʚʣʝʥʠʝ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ (ʄʂʕ) 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʙʨʘʪʠʤʦʤ ʠʟʤʝʥʝʥʠʠ ʵʥʪʨʦʧʠʠ ʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʨʠ 

ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʥʝʛʦ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʠʟʫʯʝʥʠʷ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʦʙʫʩʣʦʚʣʝʥʘ ʝʛʦ 

ʧʨʘʢʪʠʯʝʩʢʠʤ ʧʨʠʤʝʥʝʥʠʝʤ ʚ ʙʠʦʤʝʜʠʮʠʥʝ ʠ ʪʝʭʥʠʢʝ. ʅʘ ʚʝʣʠʯʠʥʫ ʄʂʕ ʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʤʦʱʥʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ ʤʦʛʫʪ ʦʢʘʟʳʚʘʪʴ ʩʚʦʝ ʚʣʠʷʥʠʝ 

ʭʠʤʠʯʝʩʢʘʷ ʯʠʩʪʦʪʘ ʚʝʱʝʩʪʚʘ, ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ, ʚʥʝʰʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʜʝʬʦʨʤʘʮʠʠ, ʤʠʢʨʦʜʝʬʦʨʤʘʮʠʠ ʠ ʚʥʫʪʨʝʥʥʠʝ ʥʘʧʨʷʞʝʥʠʷ, ʚʦʟʥʠʢʘʶʱʠʝ ʠʟ-

ʟʘ ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ ʧʦʜʣʦʞʢʠ ʠ ʚʳʨʘʱʠʚʘʝʤʳʭ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ. ɼʘʥʥʳʡ ʬʘʢʪ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʘʛʘʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʢʦʥʪʨʦʣʷ 

ʚʝʣʠʯʠʥʳ ʭʣʘʜʦʝʤʢʦʩʪʠ ʠ ʄʂʕ ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ ʠ ʤʠʢʨʦʧʨʦʚʦʜʘʭ 

ʧʦʩʨʝʜʩʪʚʦʤ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʙʝʟ ʩʤʝʱʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʦʛʦ 

ʧʝʨʝʭʦʜʘ. ɺʩʝ ʵʪʦ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʤ 

ʵʬʬʝʢʪʦʤ ʚ ʧʣʝʥʢʘʭ ʠ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʛʘʜʦʣʠʥʠʷ ʧʦʩʨʝʜʩʪʚʦʤ 

ʤʝʭʘʥʠʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʤʦʜʫʣʠʨʦʚʘʥʳ ʣʠʙʦ 

ʵʧʠʪʘʢʩʠʘʣʴʥʳʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ, ʚʦʟʥʠʢʰʠʤʠ ʠʟ-ʟʘ ʨʘʟʣʠʯʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʨʝʰʝʪʦʢ ʛʘʜʦʣʠʥʠʷ ʠ ʧʦʜʣʦʞʢʠ MgO, ʣʠʙʦ ʚʥʝʰʥʠʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ 

ʜʝʬʦʨʤʘʮʠʷʤʠ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʛʘʜʦʣʠʥʠʷ. 

ɺ ʧʣʝʥʢʘʭ ʅʦ ʩʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʩʧʠʥʦʚʳʭ ʩʦʩʪʦʷʥʠʡ, ʧʝʨʝʭʦʜʳ 

ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ ʠʟʚʝʩʪʥʳ ʜʣʷ ʦʙʲʝʤʥʳʭ ʦʙʨʘʟʮʦʚ, ʥʦ ʤʦʛʫʪ ʙʳʪʴ ʩʤʝʱʝʥʳ 

ʧʦ ʧʦʣʶ ʠ ʪʝʤʧʝʨʘʪʫʨʝ ʜʣʷ ʧʣʝʥʦʢ ʛʦʣʴʤʠʷ. ɺʩʝ ʵʪʠ ʧʝʨʝʭʦʜʳ ʤʦʛʫʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʤʘʛʥʠʪʦ-ʢʘʣʦʨʠʯʝʩʢʦʛʦ ʮʠʢʣʘ, ʦʜʥʘʢʦ ʢʘʨʪʘ ʚ 

ʢʦʦʨʜʠʥʘʪʘʭ ʧʦʣʝ-ʪʝʤʧʝʨʘʪʫʨʘ ʜʣʷ ʧʣʝʥʦʢ ʥʝʠʟʚʝʩʪʥʘ, ʢʘʢ ʠ ʩʧʝʮʠʬʠʢʘ ʵʪʠʭ 

ʩʧʠʥʦʚʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʚ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘʭ. 
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ɻʣʘʚʘ 2. ʆʙʨʘʟʮʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

2.1. ʀʩʩʣʝʜʫʝʤʳʝ ʦʙʨʘʟʮʳ 

2.1.1. ʇʦʣʫʯʝʥʠʝ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ W/Gd/W/MgO  ʠ W/Ho/W/MgO 

ɻʝʪʝʨʦʩʪʨʫʢʪʫʨʳ W/Gd/W/MgO ʠ W/Ho/W/MgO ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ (ʨʠʩʫʥʦʢ 

2.1) [103]. ʇʦʜʣʦʞʢʘ MgO ʧʦʤʝʱʘʝʪʩʷ ʚ ʚʘʢʫʫʤʥʫʶ ʢʘʤʝʨʫ ʫʩʪʘʥʦʚʢʠ ʜʣʷ 

ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ. ʂʘʤʝʨʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʚʘʢʫʫʤʠʨʫʝʪʩʷ ʧʦʤʦʱʴʶ 

ʬʦʨʚʘʢʫʫʤʥʦʛʦ ʠ ʪʫʨʙʦʤʦʣʝʢʫʣʷʨʥʦʛʦ ʥʘʩʦʩʦʚ. 

ɺ ʢʘʯʝʩʪʚʝ ʤʠʰʝʥʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʜʠʩʢ ʠʟ ʯʠʩʪʦʛʦ 

ʛʘʜʦʣʠʥʠʷ (ʯʠʩʪʦʪʘ ʥʝ ʥʠʞʝ 99.9%), ʟʘʢʨʝʧʣʸʥʥʳʡ ʥʘ ʤʘʛʥʝʪʨʦʥʥʦʤ ʢʘʪʦʜʝ ʚ 

ʜʝʨʞʘʪʝʣʝ. ɺ ʢʘʤʝʨʫ ʯʝʨʝʟ ʤʘʩʩʦʚʳʡ ʨʘʩʭʦʜʦʤʝʨ ʧʦʜʘʸʪʩʷ ʘʨʛʦʥ ʚʳʩʦʢʦʡ 

ʯʠʩʪʦʪʳ. ʇʨʦʮʝʩʩ ʥʘʧʳʣʝʥʠʷ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʠ ʚʢʣʶʯʝʥʠʠ ʧʦʩʪʦʷʥʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ (DC) ʥʘ ʤʘʛʥʝʪʨʦʥ, ʩʦʟʜʘʶʱʝʛʦ ʪʣʝʶʱʠʡ ʨʘʟʨʷʜ ʚ ʘʪʤʦʩʬʝʨʝ 

ʘʨʛʦʥʘ. ʀʦʥʳ ʘʨʛʦʥʘ ʫʩʢʦʨʷʶʪʩʷ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʠ ʚʳʙʠʚʘʶʪ ʘʪʦʤʳ 

ʛʘʜʦʣʠʥʠʷ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʰʝʥʠ. ʕʪʠ ʘʪʦʤʳ ʢʦʥʜʝʥʩʠʨʫʶʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʜʣʦʞʢʠ, ʦʙʨʘʟʫʷ ʧʣʸʥʢʫ. ʇʘʨʘʤʝʪʨʳ ʥʘʧʳʣʝʥʠʷ ʧʦʜʙʠʨʘʶʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʪʨʝʙʫʝʤʦʡ ʪʦʣʱʠʥʳ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. ʇʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ 

ʧʨʦʮʝʩʩʘ ʥʘʧʳʣʝʥʠʷ ʧʦʜʣʦʞʢʘ ʩ ʧʣʸʥʢʦʡ ʤʝʜʣʝʥʥʦ ʦʭʣʘʞʜʘʶʪʩʷ ʜʦ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʪʦʡ ʞʝ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ. ɺʘʢʫʫʤʥʘʷ ʢʘʤʝʨʘ ʟʘʪʝʤ 

ʧʨʦʜʫʚʘʝʪʩʷ ʠʥʝʨʪʥʳʤ ʛʘʟʦʤ ʠ ʦʪʢʨʳʚʘʝʪʩʷ ʜʣʷ ʠʟʚʣʝʯʝʥʠʷ ʥʘʧʳʣʝʥʥʦʛʦ 

ʦʙʨʘʟʮʘ. 



45 

 

 

ʈʠʩʫʥʦʢ 2.1. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʨʦʮʝʩʩʘ ʤʘʛʥʝʪʨʦʥʥʦʛʦ 

ʥʘʧʳʣʝʥʠʷ [103]. 

ɺ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʢʠ ʚ ʦʙʨʘʟʮʘʭ W/Gd/W/MgO ʠʩʧʦʣʴʟʦʚʘʣʩʷ MgO ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤʠ ʦʨʠʝʥʪʘʮʠʷʤʠ (111), (110), (100) 

(ʪʘʙʣʠʮʘ 2.1). ʈʘʟʥʘʷ ʦʨʠʝʥʪʘʮʠʷ ʧʦʜʣʦʞʢʠ ʚʳʟʳʚʘʝʪ ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ ʠ ʧʦʵʪʦʤʫ ʷʚʣʷʝʪʩʷ ʦʯʝʚʠʜʥʳʤ ʩʨʝʜʩʪʚʦʤ ʢʦʥʪʨʦʣʷ 

ʚʥʫʪʨʝʥʥʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ Gd/MgO. ɼʨʫʛʠʤ 

ʬʘʢʪʦʨʦʤ ʷʚʣʷʝʪʩʷ ʪʦʣʱʠʥʘ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ Gd, ʫʚʝʣʠʯʝʥʠʝ ʢʦʪʦʨʦʡ 

ʫʤʝʥʴʰʘʝʪ ʚʢʣʘʜ ʤʝʭʘʥʠʯʝʩʢʠ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʡ ʯʘʩʪʠ ʧʣʝʥʢʠ Gd ʥʘ ʛʨʘʥʠʮʝ 

ʨʘʟʜʝʣʘ Gd/MgO ʠ ʧʨʠʙʣʠʞʘʝʪ ʤʘʛʥʠʪʥʳʝ ʠ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 
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ʧʣʝʥʢʠ Gd ʢ ʩʚʦʡʩʪʚʘʤ ʦʙʲʝʤʥʦʛʦ ʦʙʨʘʟʮʘ. ɼʣʷ ʢʘʞʜʦʡ ʦʨʠʝʥʪʘʮʠʠ ʧʦʜʣʦʞʢʠ 

ʙʳʣʠ ʧʦʜʛʦʪʦʚʣʝʥʳ ʪʨʠ ʦʙʨʘʟʮʘ ʩ ʜʚʫʤʷ ʬʠʢʩʠʨʦʚʘʥʥʳʤʠ ʪʦʣʱʠʥʘʤʠ ʩʣʦʷ Gd 

t = 100 ʥʤ ʠ 300 ʥʤ (ʪʘʙʣʠʮʝ 2.1).  

ʊʘʙʣʠʮʘ 2.1. ʇʘʨʘʤʝʪʨʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʣʦʝʚ ʚ ʩʪʨʫʢʪʫʨʝ 

W/Gd/W/MgO  

 ̄ ʊʦʣʱʠʥʘ 

ʩʣʦʷ Gd, 

nm 

ʆʨʠʝʥʪʘʮʠʷ 

ʧʦʜʣʦʞʢʠ 

ʅʘʟʚʘʥʠʝ 

ʦʙʨʘʟʮʘ  

ʊʘʙʣʠʯʥʦʝ 

ʟʥʘʯʝʥʠʝ 

ʤʝʞʧʣʦʩʢʦʩʪʥʦ

ʛʦ ʨʘʩʩʪʦʷʥʠʷ 

dt, Å 

ʕʢʩʧʝʨʠʤʝʥʪʘ

ʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 

ʤʝʞʧʣʦʩʢʦʩʪʥ

ʦʛʦ ʨʘʩʩʪʦʷʥʠʷ 

dexp, 

Å 

ʅʝʩʦʦʪʚʝʪʩʪ

ʚʠʝ 

ʤʝʞʧʣʦʩʢʦʩʪ

ʥʦʛʦ 

ʨʘʩʩʪʦʷʥʠʷ ,ɻ 

% 

1.  100  (100) A100 1.162040 1.161899 0.01 

2.  100  (110) A110 1.650470 1.654577 0.25 

3.  100  (111) A111 2.911 2.902620 0.29 

4.  300  (100) B100 1.162040 1.164875 0.24 

5.  300  (110) B110 1.650470 1.653059 0.16 

6.  300  (111) B111 2.911 2.911438 0.02 

 

 ʂʦʣʠʯʝʩʪʚʝʥʥʘʷ ʦʮʝʥʢʘ ʚʝʣʠʯʠʥʳ ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷʥʠʡ d ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ Gd, ʚʦʟʥʠʢʰʠʭ ʚ 

ʩʣʦʝ ʛʘʜʦʣʠʥʠʷ ʠʟ-ʟʘ ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʦʢ MgO ʠ Gd ʙʳʣʘ 

ʧʨʦʠʟʚʝʜʝʥʘ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. ɿʥʘʯʝʥʠʝ 

ʤʝʞʧʣʦʩʢʦʩʪʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ d ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʦ ʠʟ ʚʳʨʘʞʝʥʠʷ ɺʫʣʴʬʘ-

ɹʨʵʛʛʘ 2dsinɗ = nɚ, ʛʜʝ d ï ʟʥʘʯʝʥʠʝ ʤʝʞʧʣʦʩʢʦʩʪʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ, n ï ʧʦʨʷʜʦʢ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʦʪʨʘʞʝʥʠʷ, ɚ ï ʜʣʠʥʘ ʚʦʣʥʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɼʣʷ 

ʤʝʜʥʦʛʦ ʢʘʪʦʜʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʨʫʙʢʠ, ʥʘ ʢʦʪʦʨʦʡ ʠ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʩʲʝʤʢʘ 

ʚʩʝʭ ʩʧʝʢʪʨʦʚ, ʜʣʠʥʘ ʚʦʣʥʳ ɚ = 1.5418 Å. ʎʝʥʪʨʳ ʧʠʢʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʟʥʘʯʝʥʠʡ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ 
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ʨʘʩʩʪʦʷʥʠʡ dexp, (ʪʘʙʣʠʮʘ 2.1) [104]. ʇʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ PDF4+, 

ʦʩʥʦʚʘʥʥʦʝ ʥʘ ʜʠʬʨʘʢʮʠʦʥʥʦʤ ʘʥʘʣʠʟʝ ɹʨʵʛʛʘ ʠ ʠʩʧʦʣʴʟʫʶʱʝʝ ʧʨʠ ʨʘʩʯʝʪʝ 

ʬʦʨʤʫʣʫ ɹʨʵʛʛʘ, ʙʳʣʦ ʧʨʠʤʝʥʝʥʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʧʦʣʦʞʝʥʠʡ ʧʠʢʦʚ ʠ ʜʣʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʨʘʩʯʝʪʘ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷʥʠʡ 

dexp. ɺ ʪʘʙʣʠʮʝ 2.1 ʤʝʞʧʣʦʩʢʦʩʪʥʦʝ ʨʘʩʩʪʦʷʥʠʝ dt ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʠʟ 

ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʙʘʟʳ ʜʘʥʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʜʣʷ 

ʥʝʜʝʬʦʨʤʠʨʦʚʘʥʥʦʡ ʨʝʰʝʪʢʠ Gd, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʨʘʩʩʪʦʷʥʠʝ dexp ʚ 

ʠʩʢʘʞʝʥʥʦʤ Gd ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʩʧʝʢʪʨʘ, ʘ 

ʧʨʦʮʝʥʪʥʘʷ ʨʘʟʥʠʮʘ ʟʥʘʯʝʥʠʡ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ 

Gd/W (ʧʦʩʣʝʜʥʠʡ ʩʪʦʣʙʝʮ ʚ ʪʘʙʣʠʮʝ 2.1) ʨʘʩʩʯʠʪʳʚʘʣʠ, ʢʘʢ ŭ = (dexp ï dt)100 

%/ dexp. ɼʣʷ ʨʘʩʰʠʬʨʦʚʢʠ ʠ ʦʧʠʩʘʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʙʘʟʘ ʜʘʥʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʮʠʠ, ʚʭʦʜʷʱʫʶ ʚ ʩʦʩʪʘʚ ʧʨʦʛʨʘʤʤʳ PDF4+. ʀʩʧʦʣʴʟʦʚʘʣʠʩʴ ʢʘʨʪʦʯʢʠ 

XRD 00-004-0806 ʜʣʷ ʚʦʣʴʬʨʘʤʘ, ʢʘʨʪʘ 00-004-0829 ʜʣʷ ʦʢʩʠʜʘ ʤʘʛʥʠʷ ʠ ʢʘʨʪʘ 

01-080-6667 ʜʣʷ ʛʘʜʦʣʠʥʠʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʧʠʢʦʚ 

ʠ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷʥʠʡ dt (ʪʘʙʣʠʮʘ 2.1, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʧʝʢʪʨʳ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʛʣʘʚʝ 4) [104]. 

ʉʣʦʡ ʚʦʣʴʬʨʘʤʘ W ʪʦʣʱʠʥʦʡ t =10 ʥʤ ʙʳʣ ʥʘʥʝʩʝʥ ʥʘ ʧʦʜʣʦʞʢʫ MgO 

(ʨʠʩʫʥʦʢ 2.2) ʚ ʢʘʯʝʩʪʚʝ ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ 

ʥʘʧʨʷʞʝʥʠʡ. ʉ ʮʝʣʴʶ ʟʘʱʠʪʳ ʩʪʨʫʢʪʫʨʳ ʦʪ ʦʢʠʩʣʝʥʠʷ ʙʳʣ ʥʘʥʝʩʝʥ ʧʦʢʨʦʚʥʳʡ 

ʩʣʦʡ W ʪʦʣʱʠʥʦʡ t = 5 ʥʤ (ʨʠʩʫʥʦʢ 2.2).  
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ʈʠʩʫʥʦʢ 2.2. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʩʣʦʝʚ ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ 

W/Gd/W/MgO (a) ʠ ʚ W/Ho/W/MgO (b). 

ʇʨʠʯʠʥʦʡ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʤʝʞʬʘʟʥʦʡ 

ʛʨʘʥʠʮʝ ʷʚʣʷʶʪʩʷ ʨʘʟʣʠʯʠʝ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ ʧʦʜʣʦʞʢʠ MgO ʠ Gd. 

ʅʘʠʙʦʣʴʰʘʷ ʨʘʟʥʠʮʘ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʙʳʣʘ ʚʳʷʚʣʝʥʘ ʜʣʷ ʦʙʨʘʟʮʘ 

ʩ ʪʦʣʱʠʥʦʡ ʩʣʦʷ Gd 100 ʥʤ ʠ ʦʨʠʝʥʪʘʮʠʝʡ ʧʦʜʣʦʞʢʠ MgO (111), ʯʪʦ ʤʦʞʝʪ 

ʛʦʚʦʨʠʪʴ ʦ ʧʦʪʝʥʮʠʘʣʴʥʦ ʚʦʟʤʦʞʥʳʭ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʚʥʫʪʨʝʥʥʠʭ 

ʥʘʧʨʷʞʝʥʠʷʭ ʚ ʜʘʥʥʦʤ ʦʙʨʘʟʮʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʦʙʨʘʟʮʘʤʠ. 

2.1.2. ʇʦʣʫʯʝʥʠʝ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʛʘʜʦʣʠʥʠʷ  

ʄʠʢʨʦʧʨʦʚʦʜʘ ʛʘʜʦʣʠʥʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʵʢʩʪʨʘʢʮʠʠ ʚʠʩʷʱʝʡ 

ʢʘʧʣʠ ʨʘʩʧʣʘʚʘ (ʕɺʂʈ) [105]. ʕʪʦʪ ʤʝʪʦʜ, ʧʦ ʩʫʪʠ, ʘʥʘʣʦʛʠʯʝʥ ʦʩʪʨʦʫʤʥʦʤʫ 

ʩʧʦʩʦʙʫ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʚʘʨʮʝʚʳʭ ʥʠʪʝʡ, ʠʩʧʦʣʴʟʦʚʘʥʥʦʤʫ ʇ.ʃ. ʂʘʧʠʮʝʡ, 

ʢʦʪʦʨʳʡ ʚʳʩʪʨʝʣʠʚʘʣ ʞʠʜʢʠʡ ʨʘʩʧʣʘʚ ʩʪʝʢʣʘ ʥʘ ʢʦʚʨʦʚʳʝ ʜʦʨʦʞʢʠ, ʧʦʣʫʯʘʷ 

ʪʦʥʢʠʝ ʩʪʝʢʣʷʥʥʳʝ ʥʠʪʠ ʜʣʷ ʢʨʫʪʠʣʴʥʳʭ ʤʘʷʪʥʠʢʦʚ. ɺ ʥʘʰʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ 

ʟʘʛʦʪʦʚʢʘ ʚ ʚʠʜʝ ʩʣʠʪʢʘ Gd ʩ ʨʘʟʤʝʨʘʤʠ 5 Ĭ 5 Ĭ 50 ʤʤ ʧʦʜʚʝʰʠʚʘʣʘʩʴ ʥʘʜ 

ʚʨʘʱʘʶʱʠʤʩʷ ʚʦʜʦʦʭʣʘʞʜʘʝʤʳʤ ʜʠʩʢʦʤ-ʵʢʩʪʨʘʢʪʦʨʦʤ ʩ ʦʩʪʨʦʡ ʢʨʦʤʢʦʡ ʚ 

ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ. ʉʣʠʪʦʢ ʛʘʜʦʣʠʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʨʦʤʳʰʣʝʥʥʦʡ ʯʘʩʪʦʪʳ 

ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 99.4 ʤʘʩʩ%. ʂʘʤʝʨʘ ʚʘʢʫʫʤʠʨʦʚʘʣʘʩʴ ʜʦ ʜʘʚʣʝʥʠʷ 1 Ŀ 10ī2 ʇʘ. 

ʈʘʟʦʛʨʝʚ ʩʚʦʙʦʜʥʦʡ ʯʘʩʪʠ ʦʙʨʘʟʮʘ ʧʨʦʚʦʜʠʣʩʷ ʧʫʪʝʤ ʥʘʧʨʘʚʣʝʥʠʷ 
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ʵʣʝʢʪʨʦʥʥʦʛʦ ʣʫʯʘ ʜʠʘʤʝʪʨʦʤ 5 ʤʤ, ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʵʣʝʢʪʨʦʥʥʦʡ ʧʫʰʢʦʡ. 

ɿʘʪʝʤ ʨʘʩʧʣʘʚ ʧʦʜʘʚʘʣʩʷ ʥʘ ʚʨʘʱʘʶʱʠʡʩʷ ʜʠʩʢ ʵʢʩʪʨʘʢʪʦʨ. ʇʨʠ ʢʦʥʪʘʢʪʝ 

ʢʘʧʣʠ ʨʘʩʧʣʘʚʘ ʩ ʢʨʦʤʢʦʡ ʜʠʩʢʘ ʧʨʦʠʩʭʦʜʠʣ ʚʳʙʨʦʩ ʨʘʩʧʣʘʚʘ ʚ ʩʚʦʙʦʜʥʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʦ ʢʘʤʝʨʳ. ʇʦʣʫʯʝʥʥʳʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʤʠʢʨʦʧʨʦʚʦʜʘ ʠʤʝʣʠ ʜʣʠʥʫ 

ʜʦ 100 ʤʤ ʠ ʜʠʘʤʝʪʨ ʦʪ 25 ʜʦ 100 ʤʢʤ [106].  

ʆʩʦʙʝʥʥʦʩʪʴ ʤʝʪʦʜʘ ʕɺʂʈ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʨʘʩʧʣʘʚ ʤʦʞʝʪ 

ʧʨʠʥʠʤʘʪʴ ʨʘʟʥʳʝ ʩʦʩʪʦʷʥʠʷ: ʥʘʭʦʜʠʪʴʩʷ ʚ ʪʠʛʣʝ (ʨʠʩʫʥʦʢ 2.3), ʧʝʨʝʣʠʚʘʪʴʩʷ 

ʯʝʨʝʟ ʝʛʦ ʢʨʘʡ ʠʣʠ ʬʦʨʤʠʨʦʚʘʪʴ ʢʘʧʣʶ, ʫʜʝʨʞʠʚʘʶʱʫʶʩʷ ʥʘ ʪʦʨʮʝ 

ʥʘʛʨʝʚʘʝʤʦʛʦ ʩʪʝʨʞʥʷ. 

 

ʈʠʩʫʥʦʢ 2.3. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʣʫʯʝʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ 

ʛʘʜʦʣʠʥʠʷ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʕɺʂʈ. 

ʌʦʨʤʘ ʧʦʣʫʯʘʝʤʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʥʩʪʨʫʢʮʠʝʡ ʨʘʙʦʯʝʡ 

ʢʨʦʤʢʠ ʜʠʩʢʘ ʪʝʧʣʦʧʨʠʝʤʥʠʢʘ [107-109]. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʢʘʢ 

ʜʣʠʥʥʦʤʝʨʥʳʝ ʚʦʣʦʢʥʘ, ʪʘʢ ʠ ʜʠʩʢʨʝʪʥʳʝ ʵʣʝʤʝʥʪʳ. ɼʣʠʥʘ ʤʠʢʨʦʧʨʦʚʦʜʘ 

ʨʝʛʫʣʠʨʫʝʪʩʷ ʥʘʩʝʯʢʘʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʦʤʢʠ ʜʠʩʢʘ, ʯʪʦ ʜʝʣʘʝʪ ʧʨʦʮʝʩʩ 

ʦʯʝʥʴ ʛʠʙʢʠʤ. ʇʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʤʝʪʦʜ ʪʘʢʞʝ ʤʦʞʝʪ ʚʳʜʘʚʘʪʴ 

ʧʦʨʦʰʢʦʚʳʝ ʠʣʠ ʯʝʰʫʡʯʘʪʳʝ ʯʘʩʪʠʮʳ, ʯʪʦ ʟʘʚʠʩʠʪ ʦʪ ʦʩʦʙʝʥʥʦʩʪʝʡ ʦʙʨʘʙʦʪʢʠ 

ʢʨʦʤʢʠ ʜʠʩʢʘ. 

ɺʘʞʥʳʤ ʬʘʢʪʦʨʦʤ, ʚʣʠʷʶʱʠʤ ʥʘ ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʴ ʧʨʦʮʝʩʩʘ, ʷʚʣʷʝʪʩʷ 
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ʤʘʪʝʨʠʘʣ ʜʠʩʢʘ ʪʝʧʣʦʧʨʠʝʤʥʠʢʘ. ʊʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʵʪʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ʥʘʧʨʷʤʫʶ ʦʧʨʝʜʝʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ, ʯʪʦ ʷʚʣʷʝʪʩʷ 

ʢʨʠʪʠʯʥʳʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʦʙʨʘʟʮʦʚ.  

ʄʝʪʦʜ ʵʢʩʪʨʘʢʮʠʠ ʨʘʩʧʣʘʚʘ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʝ ʧʨʝʠʤʫʱʝʩʪʚʘ [110,111]: 

1. ɺʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ ʜʦ 106 ʂ/ʩ.  

2. ɺʘʨʠʘʪʠʚʥʦʩʪʴ ʜʠʘʤʝʪʨʘ ʚʦʣʦʢʦʥ ʦʪ 0,02 ʜʦ 0,3 ʤʤ.  

3. ɺʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʘʪʴ ʯʘʩʪʠʮʳ ʨʘʟʣʠʯʥʦʡ ʤʦʨʬʦʣʦʛʠʠʠ ʧʦʤʠʤʦ 

ʚʦʣʦʢʦʥ.  

4. ʅʝ ʥʫʞʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʠʛʣʷ, ʯʪʦ ʚʘʞʥʦ ʜʣʷ ʨʘʙʦʪʳ ʩ ʪʫʛʦʧʣʘʚʢʠʤʠ 

ʠ ʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʥʳʤʠ ʩʧʣʘʚʘʤʠ. 

2.2. ʄʝʪʦʜʠʢʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

2.2.1. ʈʝʥʪʛʝʥʦʜʠʬʨʘʢʮʠʦʥʥʳʡ ʠ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʵʣʝʤʝʥʪʥʳʡ 

ʘʥʘʣʠʟ ʤʥʦʛʦʩʣʦʡʥʳʭ ʩʪʨʫʢʪʫʨ  

ʃʦʢʘʣʴʥʳʡ ʘʥʘʣʠʟ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ ʙʳʣ ʧʨʦʚʝʜʝʥ ʩ 

ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (EDX - 

Energy-Dispersive X-ray spectroscopy). 

ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʩ ʧʨʠʩʪʘʚʢʦʡ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʤʠʢʨʦʘʥʘʣʠʟʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʢʘʥʠʨʦʚʘʥʠʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʩ ʧʦʤʦʱʴʶ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ (ʵʣʝʢʪʨʦʥʥʦʛʦ ʟʦʥʜʘ). 

ʕʣʝʢʪʨʦʥʥʳʡ ʟʦʥʜ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʤ ʫʯʘʩʪʢʦʤ ʦʙʨʘʟʮʘ 

ʛʣʫʙʠʥʦʡ ʚ ʥʝʩʢʦʣʴʢʦ ʤʠʢʨʦʥ, ʢʦʪʦʨʘʷ ʠ ʦʧʨʝʜʝʣʷʝʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ 

ʨʘʟʨʝʰʝʥʠʝ ʠ ʛʣʫʙʠʥʫ, ʥʘ ʢʦʪʦʨʦʡ ʚʦʟʤʦʞʥʦ ʚʳʧʦʣʥʝʥʠʝ ʘʥʘʣʠʟʘ.  

 ɻʣʫʙʠʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʤʝʝʪ ʟʘʚʠʩʠʤʦʩʪʴ ʢʘʢ ʦʪ ʫʩʢʦʨʷʶʱʝʛʦ 

ʥʘʧʨʷʞʝʥʠʷ (ʨʠʩʫʥʦʢ 2.4), ʪʘʢ ʠ ʦʪ ʧʣʦʪʥʦʩʪʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʜʘʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʦʠʩʭʦʜʠʪ ʠʩʧʫʩʢʘʥʠʝ ʚʪʦʨʠʯʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ ʠʦʥʘʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʪʘʢ ʯʪʦ ʧʫʯʦʢ ʨʘʩʩʝʷʥʥʳʭ 
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(ʦʪʨʘʞʝʥʥʳʭ) ʵʣʝʢʪʨʦʥʦʚ ʩʦʜʝʨʞʠʪ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʠʟʣʫʯʝʥʠʝ. ʄ  r

ʚʦʩʧʦʣʴʟʦʚʘʣʠʩʴ ʵʪʠʤ ʬʘʢʪʦʤ, ʢʘʢ ʩʨʝʜʩʪʚʦʤ ʠʟʤʝʨʝʥʠʷ ʪʦʣʱʠʥʳ ʧʣʝʥʦʢ. 

 

ʈʠʩʫʥʦʢ 2.4. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʩʣʦʡʥʦʛʦ ʘʥʘʣʠʟʘ 

ʤʥʦʛʦʩʣʦʡʥʳʭ ʩʪʨʫʢʪʫʨ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʘʟʥʦʛʦ ʫʩʢʦʨʷʶʱʝʛʦ 

ʥʘʧʨʷʞʝʥʠʷ.  

ʉʧʝʢʪʨʳ EDX ʤʥʦʛʦʩʣʦʡʥʦʡ ʩʪʨʫʢʪʫʨʳ MgO/W/ Gd /W/MgO ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʩ ʧʣʦʱʘʜʠ 10 × 10 ʤʢʤ. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʧʦ ʛʣʫʙʠʥʝ ʙʳʣʦ 

ʧʦʣʫʯʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʥʦʛʦ ʫʩʢʦʨʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ, E ʚ ʜʠʘʧʘʟʦʥʝ 

7 - 25 ʢʵɺ, ʢʦʪʦʨʦʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʧʦʩʣʦʡʥʦ ʩ ʛʣʫʙʠʥʳ 0 ï 

0.8 ʤʢʤ. ʇʨʠ ʧʦʩʪʝʧʝʥʥʦʤ ʩʪʫʧʝʥʯʘʪʦʤ ʫʚʝʣʠʯʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ ʟʘʧʠʩʳʚʘʣʩʷ 

ʩʧʝʢʪʨ ʭʘʨʘʪʢʝʨʠʩʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

ɼʣʷ ʨʘʩʯʝʪʘ ʛʣʫʙʠʥʳ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ R ʢʘʢ ʬʫʥʢʮʠʠ ʠʭ 

ʵʥʝʨʛʠʠ E ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʬʦʨʤʫʣʘ ʂʘʥʘʷ-ʆʢʘʷʤʘ (K. Kanaya, S. Okayama) 

[112]:  
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Ὑ
πȢπςχφὃὉȢ

”ὤȢ
 (2.1) 

ʛʜʝ ɸ - ʤʦʣʷʨʥʘʷ ʤʘʩʩʘ, ɟ - ʧʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ, Z - ʧʦʨʷʜʢʦʚʳʡ ʥʦʤʝʨ, 

ɟ - ʜʠʘʤʝʪʨ, ɽ0 - ʵʥʝʨʛʠʷ ʧʫʯʢʘ. 

ʇʦʩʢʦʣʴʢʫ ʘʥʘʣʠʟʠʨʫʝʤʳʡ ʦʙʨʘʟʝʮ ʠʤʝʝʪ ʤʥʦʛʦʩʣʦʡʥʫʶ ʩʪʨʫʢʪʫʨʫ, 

ʦʮʝʥʢʘ ʦʩʣʦʞʥʷʣʘʩʴ ʦʙʨʘʪʥʳʤ ʨʘʩʩʝʷʥʠʝʤ ʥʘ ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ ʠ ʟʘʚʠʩʝʣʘ ʦʪ 

ʪʦʣʱʠʥʳ ʧʣʝʥʢʠ ʧʨʠ ʥʠʟʢʠʭ ʫʩʢʦʨʷʶʱʠʭ ʥʘʧʨʷʞʝʥʠʷʭ. ʆʪʨʘʞʝʥʠʝ ʧʫʯʢʘ ʥʘ 

ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ ʚʥʦʩʠʪ ʧʦʛʨʝʰʥʦʩʪʴ ʚ ʦʧʨʝʜʝʣʝʥʠʝ ʛʣʫʙʠʥʳ ʧʨʠ ʥʠʟʢʠʭ 

ʫʩʢʦʨʷʶʱʠʭ ʥʘʧʨʷʞʝʥʠʷʭ. ʇʦʩʢʦʣʴʢʫ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 13 ʢʵɺ ʵʣʝʢʪʨʦʥʥʳʡ 

ʧʫʯʦʢ ʜʦʩʪʠʛʘʝʪ ʧʦʜʣʦʞʢʠ MgO, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʨʠ ʵʪʦʤ 

ʥʘʧʨʷʞʝʥʠʠ ʜʦʩʪʠʛʘʝʪʩʷ ʛʣʫʙʠʥʘ R å 400 ʥʤ. ʄ  rʧʨʝʥʝʙʨʝʛʣʠ ʦʪʨʘʞʝʥʠʝʤ 

ʵʣʝʢʪʨʦʥʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʩʣʦʷʭ ʠ ʧʦʜʩʪʘʚʠʣʠ ʚ (2.1) ʩʫʤʤʫ ʪʦʣʱʠʥ ʚʩʝʭ ʩʣʦʝʚ. 

ʆʰʠʙʢʘ, ʚʳʟʚʘʥʥʘʷ ʧʨʝʥʝʙʨʝʞʝʥʠʝʤ ʦʪʨʘʞʝʥʠʷʤʠ, ʥʝ ʧʨʝʚʳʰʘʝʪ 10-20%. 

ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʪʦʣʱʠʥʳ ʩʣʦʝʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʩʦʛʣʘʩʫʶʪʩʷ ʩ 

ʪʦʣʱʠʥʘʤʠ, ʨʘʩʩʯʠʪʘʥʥʳʤʠ ʧʦ ʚʨʝʤʝʥʠ ʦʩʘʞʜʝʥʠʷ ʧʨʠ ʥʘʧʳʣʝʥʠʠ ʜʘʥʥʳʭ 

ʩʪʨʫʢʪʫʨ. [113]. 

2.2.2. ʆʧʨʝʜʝʣʝʥʠʝ ʚʥʫʪʨʝʥʥʠʭ ʤʠʢʨʦʥʘʧʨʷʞʝʥʠʡ ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ 

W/Gd/W/MgO  ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʦʚ ʠ 

ʤʠʢʨʦʥʘʧʨʷʞʝʥʠʡ (ʨʠʩʫʥʦʢ 2.5) ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

(ʈʌɸ), ʢʦʪʦʨʳʡ ʙʳʣ ʧʨʦʚʝʜʝʥ ʥʘ ʧʨʠʙʦʨʝ ɼʈʆʅ ï ʋʄ2. 
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ʈʠʩʫʥʦʢ 2.5. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʚʦʟʥʠʢʘʶʱʠʭ ʚʥʫʪʨʝʥʥʠʭ 

ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʝ ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ W/Gd/W/MgO. ʋʟʣʳ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʜʣʷ MgO, W ʠ Gd ʩʭʝʤʘʪʠʯʝʩʢʠ ʠʟʦʙʨʘʞʝʥʳ 

ʮʚʝʪʥʳʤʠ ʢʨʫʞʢʘʤʠ. ʆʙʣʘʩʪʴ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ Gd 

ʦʙʚʝʜʝʥʘ ʦʚʘʣʦʤ, ʛʜʝ ů ï ʚʝʣʠʯʠʥʘ ʚʥʫʪʨʝʥʥʠʡ ʥʘʧʨʷʞʝʥʠʡ. 

 ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʉʲʝʤʢʘ ʩʧʝʢʪʨʘ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʫʛʣʦʚ 20 - 100 ʛʨʘʜ., ʰʘʛ 

ʠʟʤʝʨʝʥʠʷ 0.02 ʛʨʘʜ., ʚʳʜʝʨʞʢʘ ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ 1 ʩ. ʉʲʝʤʢʘ ʚʝʣʘʩʴ ʚ ʨʝʞʠʤʝ 

ʬʦʢʫʩʠʨʦʚʢʠ ʧʦ ɹʨʵʛʛʫ-ɹʨʝʥʪʘʥʦ. ʉ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ 

ʧʦʣʦʞʝʥʠʷ ʧʠʢʦʚ ʠ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʧʦʚʪʦʨʥʘʷ 

ʢʘʣʠʙʨʦʚʢʘ ʧʨʠʙʦʨʘ ʥʘ ʦʙʨʘʟʮʝ SiLaB6. ʂʘʣʠʙʨʦʚʦʯʥʳʡ ʩʧʝʢʪʨ SiLaB6 

ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 2.6. 
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ʈʠʩʫʥʦʢ 2.6. ʂʘʣʠʙʨʦʚʦʯʥʳʡ ʩʧʝʢʪʨ SiLaB6, ʠʩʧʦʣʴʟʫʝʤʳʡ ʜʣʷ 

ʶʩʪʠʨʦʚʢʠ ʛʦʥʠʦʤʝʪʨʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʜʠʬʨʘʢʪʦʤʝʪʨʘ. 

ʍʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʢʘʣʠʙʨʦʚʦʯʥʦʛʦ ʦʙʨʘʟʮʘ, ʢʦʪʦʨʘʷ ʠ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʶʩʪʠʨʦʚʢʠ ʛʦʥʠʦʤʝʪʨʘ ʜʠʬʨʘʢʪʦʤʝʪʨʘ, ʷʚʣʷʶʪʩʷ ʫʟʢʠʝ ʠ 

ʠʥʪʝʥʩʠʚʥʳʝ ʣʠʥʠʠ ʧʦʣʫʯʘʝʤʦʛʦ ʩʧʝʢʪʨʘ. ʂʘʣʠʙʨʦʚʢʘ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʜʦ ʪʝʭ 

ʧʦʨ, ʧʦʢʘ ʥʝ ʙʳʣʦ ʧʦʣʥʦʛʦ ʩʦʚʧʘʜʝʥʠʷ ʧʦʣʦʞʝʥʠʡ ʧʦʣʫʯʝʥʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʣʠʥʠʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʩ ʧʦʣʦʞʝʥʠʷʤʠ ʣʠʥʠʡ 

SiLaB6 ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ˉ000-06-0401.  

ɺʥʫʪʨʝʥʥʠʝ ʥʘʧʨʷʞʝʥʠʷ 2-ʛʦ ʨʦʜʘ ʩʧʦʩʦʙʥʳ ʚʳʟʳʚʘʪʴ ʫʰʠʨʝʥʠʝ ʧʠʢʦʚ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, ʯʪʦ ʤʦʞʝʪ ʦʢʘʟʳʚʘʪʴ ʚʣʠʷʥʠʝ ʥʘ ʄʂʕ. ɺʥʫʪʨʝʥʥʠʝ 

ʥʘʧʨʷʞʝʥʠʷ ʧʦʨʦʞʜʘʶʪ ʦʙʣʘʩʪʠ ʩʞʘʪʠʷ ʠ ʨʘʩʪʷʞʝʥʠʷ ʩ ʠʟʤʝʥʝʥʠʝʤ 

ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʦʪ d-ȹd ʜʦ d+ȹd ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʤ ʥʘʧʨʘʚʣʝʥʠʠ.  

ʋʧʨʫʛʘʷ ʜʝʬʦʨʤʘʮʠʷ ʚ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ ʦʙʨʘʟʮʘ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ, ʤʦʞʝʪ ʙʳʪʴ ʚʳʨʘʞʝʥʘ ʢʘʢ: 
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‐  
‘

Ὁ
„ „  (2.2) 

ʛʜʝ ɽ ï ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ (ʤʦʜʫʣʴ ʖʥʛʘ); µ ï ʢʦʵʬʬʠʮʠʝʥʪ ʇʫʘʩʩʦʥʘ, ů1 

+ ů2 ï ʥʦʨʤʘʣʴʥʳʝ ʥʘʧʨʷʞʝʥʠʷ. ɽʩʣʠ ʥʘʧʨʷʞʝʥʠʷ ů1 ʠ ů2 ï ʨʘʩʪʷʛʠʚʘʶʱʠʝ, 

ʪʦ Ů ʙʫʜʝʪ ʜʝʬʦʨʤʘʮʠʝʡ ʩʞʘʪʠʷ ʠ ʥʘʦʙʦʨʦʪ. ʏʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ Ů, ʥʝʦʙʭʦʜʠʤʦ 

ʥʘʡʪʠ ʚʝʣʠʯʠʥʫ ʠʟʤʝʥʝʥʠʷ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷʥʠʡ d ʚ ʘʪʦʤʥʳʭ 

ʧʣʦʩʢʦʩʪʷʭ, ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ: 

‐  
ῳὨ

Ὠ

‍

τὸὫ—
 (2.3) 

ʛʜʝ ɓ ï ʠʥʪʝʛʨʘʣʴʥʘʷ ʰʠʨʠʥʘ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʣʠʥʠʠ, ʦʧʨʝʜʝʣʝʥʥʘʷ ʧʦ 

ʧʨʠʙʣʠʞʝʥʠʶ ʃʦʨʝʥʮʘ, ɗHKL - ʫʛʦʣ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʦʨʠʝʥʪʘʮʠʠ [hkl]  ʧʠʢʘ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. 

ɼʣʷ ʨʘʩʯʝʪʘ ʚʝʣʠʯʠʥʳ ʤʘʢʩʠʤʘʣʴʥʳʭ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ Gd 

ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʫʨʘʚʥʝʥʠʝ (2.4). ʄʦʜʫʣʴ ʖʥʛʘ ʜʣʷ Gd ʩʦʩʪʘʚʣʷʝʪ E = 55 

ɻʇʘ. ɼʣʷ ʨʘʩʯʝʪʘ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʩʣʝʜʫʶʱʘʷ ʬʦʨʤʫʣʘ: 

ʎ =  eE (2.4) 

ʛʜʝ ů ï ʚʝʣʠʯʠʥʘ ʚʦʟʥʠʢʘʶʱʠʭ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ, E ï ʤʦʜʫʣʴ 

ʖʥʛʘ. 

ʈʘʩʯʝʪ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʩʣʦʷʭ Gd, ʜʣʷ ʦʙʨʘʟʮʦʚ 

A100, B100, A110, B110, A111 ʠ B111 ʧʦʢʘʟʘʣ ʠʟʤʝʥʝʥʠʝ ʟʥʘʯʝʥʠʡ ʤʠʢʨʦʥʘʧʨʷʞʝʥʠʡ 

ʩ ʠʟʤʝʥʝʥʠʝʤ ʦʨʠʝʥʪʘʮʠʝʡ ʧʦʜʣʦʞʢʠ MgO. ʅʘʠʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ʚʥʫʪʨʝʥʥʠʭ 

ʥʘʧʨʷʞʝʥʠʡ ʙʳʣʠ ʚʳʷʚʣʝʥʳ ʚ ʦʙʨʘʟʮʝ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʛʘʜʦʣʠʥʠʷ ʩ ʪʦʣʱʠʥʦʡ 

ʩʣʦʷ Gd 100 ʥʤ ʠ ʦʨʠʝʥʪʘʮʠʝʡ ʧʦʜʣʦʞʢʠ MgO (111). ɼʘʥʥʳʡ ʬʘʢʪ ʤʦʞʝʪ 

ʛʦʚʦʨʠʪʴ ʦ ʚʦʟʤʦʞʥʦʡ ʨʘʟʥʠʮʝ ʚʝʣʠʯʠʥʳ ʄʂʕ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʤʦʱʥʦʩʪʠ 

ʦʭʣʘʞʜʝʥʠʷ ʚ ʦʙʨʘʟʮʘʭ ʩ ʤʠʥʠʤʘʣʴʥʳʤʠ ʠ ʤʘʢʩʠʤʘʣʴʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ 

ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ. 
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2.2.3. ɼʝʬʦʨʤʘʮʠʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ Gd ʧʨʠ ʠʟʤʝʨʝʥʠʷʭ ʥʘ ʉʂɺʀɼ-

ʤʘʛʥʠʪʦʤʝʪʨʝ 

ɼʣʷ ʜʝʬʦʨʤʘʮʠʠ ʦʙʨʘʟʮʦʚ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʛʘʜʦʣʠʥʠʷ ʚʥʫʪʨʠ 

ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʰʘʭʪʳ ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʘ ʙʳʣʠ ʩʦʟʜʘʥʳ ʦʨʠʛʠʥʘʣʴʥʳʝ, 

ʧʨʝʜʣʦʞʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʚʩʪʘʚʢʠ ʚ ʪʨʫʙʢʫ ʜʣʷ ʦʙʨʘʟʮʘ. ʉʭʝʤʘʪʠʯʝʩʢʠ 

ʜʘʥʥʳʝ ʚʩʪʘʚʢʠ ʜʣʷ ʠʟʛʠʙʥʳʭ ʠ ʧʨʦʜʦʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʤʠʢʨʦʧʨʦʚʦʜʘ 

ʛʘʜʦʣʠʥʠʷ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.7. ɼʣʠʥʘ ʦʙʨʘʟʮʘ ʤʠʢʨʦʧʨʦʚʦʜʘ ʛʘʜʦʣʠʥʠʷ 

ʩʦʩʪʘʚʣʷʣʘ 9 ʤʤ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʨʝʞʠʤʝ RCO, ʜʣʠʥʘ ʩʢʘʥʠʨʦʚʘʥʠʷ 

6 ʩʤ, ʯʘʩʪʦʪʘ ʩʢʘʥʠʨʦʚʘʥʠʷ 4 ɻʮ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 

ʘ) 

 

ʙ) 

ʈʠʩʫʥʦʢ 2.7. ʉʭʝʤʘ ʠʟʛʦʪʦʚʣʝʥʥʦʡ ʚʩʪʘʚʢʠ ʚ ʠʟʤʝʨʠʪʝʣʴʥʫʶ ʪʨʫʙʢʫ 

ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʘ (ʩʝʨʳʡ ʮʠʣʠʥʜʨ ʥʘ ʨʠʩʫʥʢʝ) ʜʣʷ ʠʟʛʠʙʥʳʭ (ʘ) ʠ 

ʧʨʦʜʦʣʴʥʳʭ (ʙ) ʜʝʬʦʨʤʘʮʠʡ ʤʠʢʨʦʧʨʦʚʦʜʘ Gd. 

ɺ ʩʣʫʯʘʝ ʠʟʛʠʙʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʥʝʧʦʜʚʠʞʥʘʷ 

ʧʣʘʩʪʠʢʦʚʘʷ ʦʧʦʨʘ ʩ ʚʠʥʪʦʤ, ʢʦʪʦʨʘʷ ʬʠʢʩʠʨʦʚʘʣʘʩʴ ʚ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʪʨʫʙʢʝ 

ʚ ʦʙʣʘʩʪʠ ʩʢʘʥʠʨʦʚʘʥʠʷ.  
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 ʆʙʨʘʟʝʮ ʤʠʢʨʦʧʨʦʚʦʜʘ ʛʘʜʦʣʠʥʠʷ ʦʜʥʠʤ ʠʟ ʢʦʥʮʦʚ ʧʨʠʢʣʝʠʚʘʣʩʷ ʢ 

ʥʝʧʦʜʚʠʞʥʦʡ ʦʧʦʨʝ ʥʘ ʮʠʘʥʦʢʨʠʣʘʪʥʳʡ ʢʣʝʡ, ʚʪʦʨʦʡ ʥʝ ʟʘʬʠʢʩʠʨʦʚʘʥʥʳʡ 

ʢʦʥʝʮ ʤʠʢʨʦʧʨʦʚʦʜʘ ʢʦʥʪʘʢʪʠʨʦʚʘʣ ʩ ʧʣʘʩʪʠʢʦʚʦʡ ʰʣʷʧʢʦʡ ʚʠʥʪʘ, ʧʣʦʪʥʦ 

ʧʦʜʦʛʥʘʥʥʦʡ ʢ ʚʥʫʪʨʝʥʥʝʤʫ ʜʠʘʤʝʪʨʫ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʪʨʫʙʢʠ. ʇʫʪʝʤ 

ʚʨʘʱʝʥʠʷ ʚʠʥʪʘ ʧʦ ʯʘʩʦʚʦʡ ʩʪʨʝʣʢʝ ʥʘ ʨʘʚʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʙʦʨʦʪʦʚ 

ʜʦʩʪʠʛʘʣʘʩʴ ʨʘʚʥʦʤʝʨʥʘʷ ʠʟʛʠʙʥʘʷ ʜʝʬʦʨʤʘʮʠʷ ʤʠʢʨʦʧʨʦʚʦʜʘ ʛʘʜʦʣʠʥʠʷ. ʇʨʠ 

ʢʘʞʜʦʤ ʧʦʚʦʨʦʪʝ ʚʠʥʪʘ ʧʨʦʚʦʜʠʣʘʩʴ ʩʲʝʤʢʘ ʦʙʨʘʟʮʘ ʥʘ ʤʠʢʨʦʩʢʦʧʝ ʩ 

ʤʠʣʣʠʤʝʪʨʦʚʦʡ ʣʠʥʝʡʢʦʡ ʩ ʮʝʣʴʶ ʜʘʣʴʥʝʡʰʝʡ ʦʮʝʥʢʠ ʚʝʣʠʯʠʥʳ ʠʟʛʠʙʥʳʭ 

ʜʝʬʦʨʤʘʮʠʡ. ʂʦʥʮʳ ʧʣʘʩʪʠʢʦʚʦʡ ʪʨʫʙʢʠ, ʧʦʜʜʝʨʞʠʚʘʶʱʝʡ ʦʙʨʘʟʝʮ, ʚʥʦʩʷʪ 

ʚʢʣʘʜ ʚ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʧʦʨʷʜʢʘ 10-6 ʵ.ʤ.ʝ., ʪ. ʝ. ʚʢʣʘʜ ʦʪ ʜʝʬʦʨʤʠʨʫʶʰʝʡ 

ʚʩʪʘʚʢʠ ʙʝʟ ʦʙʨʘʟʮʘ ʙʳʣ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʘʛʥʠʪʥʳʤ 

ʤʦʤʝʥʪʦʤ ʦʙʨʘʟʮʘ ʤʠʢʨʦʧʨʦʚʦʜʘ. ɼʝʬʦʨʤʠʨʫʶʱʘʷ ʚʩʪʘʚʢʘ ʵʪʦʛʦ ʫʩʪʨʦʡʩʪʚʘ 

(ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ ʨʠʩʫʥʢʘ 2.8) ʥʘʭʦʜʠʣʘʩʴ ʜʦʩʪʘʪʦʯʥʦ ʜʘʣʝʢʦ ʦʪ ʦʙʣʘʩʪʠ 

ʠʟʤʝʨʝʥʠʷ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʜʝʬʦʨʤʠʨʫʶʱʘʷ ʚʩʪʘʚʢʘ ʥʘʭʦʜʠʣʘʩʴ ʚʥʝ 

ʧʨʦʩʪʨʘʥʩʪʚʘ ʩʢʘʥʠʨʦʚʘʥʠʷ ʠ ʥʝ ʚʥʦʩʠʣʘ ʚʢʣʘʜ ʚ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ. 

ʆʨʠʛʠʥʘʣʴʥʘʷ ʠʟʛʦʪʦʚʣʝʥʥʘʷ ʚʩʪʘʚʢʘ ʜʣʷ ʠʟʛʠʙʥʳʭ ʜʝʬʦʨʤʘʮʠʡ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʛʘʜʦʣʠʥʠʷ ʚ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʪʨʫʙʢʝ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 2.8. 
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ʈʠʩʫʥʦʢ 2.8. ɼʝʬʦʨʤʠʨʫʶʱʘʷ ʚʩʪʘʚʢʘ ʩ ʤʠʢʨʦʧʨʦʚʦʜʦʤ ʛʘʜʦʣʠʥʠʷ 

ʚʥʫʪʨʠ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʪʨʫʙʢʠ ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʘ. ʅʘ ʚʩʪʘʚʢʝ ʚ ʦʚʘʣʝ 

ʧʦʢʘʟʘʥʘ ʠʟʛʦʪʦʚʣʝʥʥʘʷ ʜʝʬʦʨʤʠʨʫʶʱʘʷ ʚʩʪʘʚʢʘ. 

ʇʨʠ ʧʦʚʦʨʦʪʝ ʚʠʥʪʘ 1 (ʥʘ ʚʩʪʘʚʢʝ ʨʠʩʫʥʢʘ 2.8) ʧʦ ʯʘʩʦʚʦʡ ʩʪʨʝʣʢʝ 

ʧʨʦʠʩʭʦʜʠʣʦ ʩʤʝʱʝʥʠʝ ʚʠʥʪʘ 2 ʚʣʝʚʦ. ʅʘ ʚʠʥʪʝ 2 ʙʳʣʘ ʫʜʘʣʝʥʘ ʯʘʩʪʴ ʨʝʟʴʙʳ, 

ʢʦʪʦʨʘʷ ʥʘʭʦʜʠʣʘʩʴ ʚ ʥʝʧʦʜʚʠʞʥʦʡ ʞʝʩʪʢʦ ʟʘʬʠʢʩʠʨʦʚʘʥʥʦʡ ʦʧʦʨʝ 3 (ʥʘ 

ʨʠʩʫʥʢʝ 2.8), ʧʦʵʪʦʤʫ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʦʥ ʥʝ ʧʨʝʧʷʪʩʪʚʦʚʘʣ ʧʝʨʝʤʝʱʝʥʠʶ 

ʚʠʥʪʘ 1 ʠ ʚʳʩʪʫʧʘʣ ʚ ʢʘʯʝʩʪʚʝ çʪʦʣʢʘʪʝʣʷè ʦʧʦʨʳ, ʚ ʢʘʯʝʩʪʚʝ ʢʦʪʦʨʦʡ 

ʚʳʩʪʫʧʘʣʘ ʨʘʟʨʝʟʘʥʥʘʷ ʠʟʤʝʨʠʪʝʣʴʥʘʷ ʪʨʫʙʢʘ ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʘ, ʢ 

ʢʦʪʦʨʦʡ ʙʳʣ ʧʨʠʢʣʝʝʥ ʤʠʢʨʦʧʨʦʚʦʜ ʛʘʜʦʣʠʥʠʷ. ɺʪʦʨʘʷ ʦʧʦʨʘ ʪʘʢ ʞʝ 

ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ ʨʘʟʨʝʟʘʥʥʫʶ ʠʟʤʝʨʠʪʝʣʴʥʫʶ ʪʨʫʙʢʫ ʉʂɺʀɼ-

ʤʘʛʥʠʪʦʤʝʪʨʘ, ʥʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʦʥʘ ʙʳʣʘ ʞʝʩʪʢʦ ʟʘʬʠʢʩʠʨʦʚʘʥʘ ʢ 

ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʪʨʫʙʢʝ. 

ɼʘʥʥʳʡ ʚʘʨʠʘʥʪ ʚʩʪʘʚʢʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʪʝʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʠʟʤʝʨʷʪʴ ʪʦʣʴʢʦ ʜʝʬʦʨʤʠʨʫʝʤʳʡ ʦʙʨʘʟʝʮ ʠ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʥʘʜʝʞʥʳʤ 

ʚʘʨʠʘʥʪʦʤ ʢʨʝʧʣʝʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʘ ʠ ʝʛʦ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʚ ʮʝʥʪʨʝ 

ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʘ. ɼʘʥʥʳʡ ʬʘʢʪ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 
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ʪʝʤ, ʯʪʦ ʧʦʣʫʯʘʝʤʳʝ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʢʘʣʠʙʨʦʚʦʯʥʳʝ ʩʢʘʥʳ ʦʙʨʘʟʮʘ ʥʝ 

ʠʩʢʘʞʘʶʪʩʷ ʠ ʠʤʝʶʪ ʧʨʘʚʠʣʴʥʫʶ ʬʦʨʤʫ, ʯʪʦ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 2.9.  

 

ʈʠʩʫʥʦʢ 2.9. ʇʨʠʤʝʨ ʧʨʘʚʠʣʴʥʦʛʦ ʢʘʣʠʙʨʦʚʦʯʥʦʛʦ ʩʢʘʥʘ, ʧʦʣʫʯʝʥʥʦʛʦ 

ʚ ʭʦʜʝ ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʤʠʢʨʦʧʨʦʚʦʜʘ Gd ʧʨʠ ʠʟʛʠʙʥʳʭ 

ʜʝʬʦʨʤʘʮʠʷʭ. 

ʇʦʩʢʦʣʴʢʫ ʜʣʠʥʘ ʤʠʢʨʦʧʨʦʚʦʜʘ ʙʳʣʘ ʤʝʥʴʰʝ ʜʣʠʥʳ ʩʢʘʥʠʨʦʚʘʥʠʷ, 

ʠʟʛʠʙ (ʬʦʨʤʘ) ʤʠʢʨʦʧʨʦʚʦʜʘ ʥʝ ʚʣʠʷʣ ʥʘ ʚʝʣʠʯʠʥʫ ʠʟʤʝʨʷʝʤʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʤʦʤʝʥʪʘ. 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʚʦʟʤʦʞʥʳʭ ʦʰʠʙʦʢ ʠ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʥʘʙʣʶʜʘʝʤʦʛʦ 

ʵʬʬʝʢʪʘ ʦʪʢʣʠʢʘ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʥʘ ʠʟʛʠʙʥʫʶ ʜʝʬʦʨʤʘʮʠʶ ʤ  rʧʨʦʚʝʣʠ 

ʵʪʘʣʦʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʠʢʨʦʧʨʦʚʦʜʘ TbFeB ʩʭʦʞʠʭ 

ʨʘʟʤʝʨʦʚ. ʅʘ ʨʠʩʫʥʢʝ 2.10 ʧʦʢʘʟʘʥʳ ʜʚʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʦ ʠ 

ʧʦʩʣʝ ʠʟʛʠʙʘ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʜʝʬʦʨʤʘʮʠʷ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ 

ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ, ʭʦʪʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʙʳʣʘ ʪʘʢʦʡ ʞʝ, ʢʘʢ ʫ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ Gd. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʤʦʞʥʦ 
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ʧʨʝʥʝʙʨʝʯʴ ʚʩʝʤʠ ʚʦʟʤʦʞʥʳʤʠ ʘʨʪʝʬʘʢʪʘʤʠ, ʚʳʟʚʘʥʥʳʤʠ ʠʟʤʝʥʝʥʠʝʤ ʬʦʨʤʳ 

ʠʟʦʛʥʫʪʦʛʦ ʤʠʢʨʦʧʨʦʚʦʜʘ. 
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ʈʠʩʫʥʦʢ 2.10. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ 

ʤʠʢʨʦʧʨʦʚʦʜʘ TbFeB ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 10-350 ʂ ʜʦ ʜʝʬʦʨʤʘʮʠʠ ʠ ʧʦʩʣʝ 

ʜʝʬʦʨʤʘʮʠʠ ʠʟʛʠʙʦʤ. 

ʆʜʥʘʢʦ ʧʦʤʠʤʦ ʜʘʥʥʦʛʦ ʚʘʨʠʘʥʪʘ ʚʩʪʘʚʢʠ ʜʣʷ ʠʟʛʠʙʥʳʭ ʜʝʬʦʨʤʘʮʠʡ 

ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʘ ʠ ʙʦʣʝʝ ʧʨʦʩʪʘʷ ʢʦʥʩʪʨʫʢʮʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ 

ʨʠʩʫʥʢʝ 2.11. ɼʘʥʥʳʡ ʚʘʨʠʘʥʪ ʚʩʪʘʚʢʠ ʥʝʧʨʠʛʦʜʝʥ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʥʘ ʦʙʨʘʟʮʘʭ, 

ʠʤʝʶʱʠʭ ʤʘʣʝʥʴʢʠʡ ʩʦʙʩʪʚʝʥʥʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ, ʧʦʩʢʦʣʴʢʫ ʚ 

ʩʫʤʤʘʨʥʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʩʚʦʡ ʚʢʣʘʜ ʚʥʦʩʷʪ ʤʦʤʝʥʪʳ ʠʟʤʝʨʷʝʤʦʛʦ 

ʦʙʨʘʟʮʘ ʠ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʧʣʘʩʪʠʢʘ, ʠʟ ʢʦʪʦʨʦʛʦ ʠʟʛʦʪʦʚʣʝʥʘ ʜʘʥʥʘʷ 

ʚʩʪʘʚʢʘ.  
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ʈʠʩʫʥʦʢ 2.11. ɼʝʬʦʨʤʠʨʫʶʱʘʷ ʚʩʪʘʚʢʘ ʩ ʤʠʢʨʦʧʨʦʚʦʜʦʤ ʛʘʜʦʣʠʥʠʷ 

ʚʥʫʪʨʠ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʪʨʫʙʢʠ ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʘ.  

ɺ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʥʥʦʡ ʚʩʪʘʚʢʠ ʤʝʭʘʥʠʟʤ ʝʝ ʨʘʙʦʪʳ ʘʥʘʣʦʛʠʯʝʥ 

ʤʝʭʘʥʠʟʤʫ ʚʩʪʘʚʢʠ, ʠʟʦʙʨʘʞʝʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 2.8. ʆʜʥʘʢʦ, ʠʟʤʝʨʝʥʠʷ, 

ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʷʤʠ ʜʘʥʥʦʡ ʚʩʪʘʚʢʠ, ʷʚʣʷʶʪʩʷ ʥʝʢʦʨʨʝʢʪʥʳʤʠ, 

ʧʦʩʢʦʣʴʢʫ ʢʘʣʠʙʨʦʚʦʯʥʳʡ ʩʢʘʥ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʠʤʝʝʪ ʦʪʢʣʦʥʝʥʠʝ ʦʪ 

ʠʜʝʘʣʴʥʦʡ ʢʦʣʦʢʦʣʦʦʙʨʘʟʥʦʡ ʬʦʨʤʳ ʠ ʠʤʝʝʪ ʩʤʝʱʝʥʠʝ ʦʪ ʧʦʣʦʞʝʥʠʷ, ʧʨʠ 

ʢʦʪʦʨʦʤ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʮʝʥʪʨʠʨʦʚʘʥʠʝ. ʇʨʠʤʝʨ ʪʘʢʦʛʦ ʢʘʣʠʙʨʦʚʦʯʥʦʛʦ ʩʢʘʥʘ 

ʧʦʢʘʟʘʥ ʥʘ ʨʠʩʫʥʢʝ 2.12. 
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ʈʠʩʫʥʦʢ 2.12. ʇʨʠʤʝʨ ʢʘʣʠʙʨʦʚʦʯʥʦʛʦ ʩʢʘʥʘ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤʠ 

ʧʦʛʨʝʰʥʦʩʪʷʤʠ ʧʨʠ ʠʟʤʝʨʝʥʠʷʭ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʭʦʜʝ ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ 

ʤʦʤʝʥʪʘ ʤʠʢʨʦʧʨʦʚʦʜʘ Gd ʧʨʠ ʠʟʛʠʙʥʳʭ ʜʝʬʦʨʤʘʮʠʷʭ. ɼʘʥʥʳʝ ʧʦʛʨʝʰʥʦʩʪʠ 

ʚʳʟʚʘʥʳ ʚʢʣʘʜʦʤ ʥʝʧʨʘʚʠʣʴʥʦʡ ʢʦʥʩʪʨʫʢʮʠʝʡ ʜʝʬʦʨʤʠʨʫʶʱʝʡ ʷʯʝʡʢʠ. 

ɼʣʷ ʧʨʦʜʦʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʤʠʢʨʦʧʨʦʚʦʜʘ ʪʘʢʞʝ ʙʳʣʘ ʩʦʟʜʘʥʘ 

ʩʧʝʮʠʘʣʴʥʘʷ ʚʩʪʘʚʢʘ ʚ ʠʟʤʝʨʠʪʝʣʴʥʫʶ ʪʨʫʙʢʫ ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʘ, ʢʦʪʦʨʘʷ 

ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ ʧʣʘʩʪʠʢʦʚʫʶ ʦʧʦʨʫ ʩ ʨʝʟʴʙʦʡ ʠ ʚʠʥʪʦʤ. ʂ ʜʘʥʥʦʡ ʚʩʪʘʚʢʝ 

ʥʘ ʫʩʣʦʚʥʦ ʥʝʨʘʩʪʷʞʠʤʦʡ ʥʠʪʠ ʧʨʠʢʣʝʠʚʘʣʩʷ ʦʙʨʘʟʝʮ, ʢʦʪʦʨʳʡ ʜʚʫʤʷ 

ʢʦʥʮʘʤʠ ʧʨʠʢʣʝʠʚʘʣʩʷ ʢ ʜʚʫʤ ʥʠʪʷʤ. ʆʜʠʥ ʢʦʥʝʮ ʥʠʪʠ ʥʝʧʦʜʚʠʞʥʦ 

ʬʠʢʩʠʨʦʚʘʣʩʷ ʚ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʪʨʫʙʢʠ, ʚʪʦʨʦʡ ʢʦʥʝʮ ʥʠʪʠ 

ʬʠʢʩʠʨʦʚʘʣʩʷ ʢʣʝʝʤ ʢ ʦʧʦʨʝ, ʢʦʪʦʨʘʷ ʤʦʛʣʘ ʧʝʨʝʤʝʱʘʪʴʩʷ ʧʨʠ ʚʨʘʱʝʥʠʠ 

ʚʠʥʪʘ. ɺ ʢʘʯʝʩʪʚʝ ʦʧʦʨʳ ʚʳʩʪʫʧʘʣʘ ʦʪʚʝʪʥʘʷ ʯʘʩʪʴ ʚʠʥʪʘ ʩ ʨʝʟʴʙʦʡ, ʢʦʪʦʨʘʷ 

ʥʠʚʝʣʠʨʦʚʘʣʘ ʢʨʫʯʝʥʠʝ ʥʠʪʠ ʠ ʦʙʨʘʟʮʘ. ɺʩʪʘʚʢʘ ʜʣʷ ʧʨʦʜʦʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ 

ʤʠʢʨʦʧʨʦʚʦʜʘ Gd ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 2.13. 
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ʈʠʩʫʥʦʢ 2.13. ɼʝʬʦʨʤʠʨʫʶʱʘʷ ʚʩʪʘʚʢʘ ʩ ʤʠʢʨʦʧʨʦʚʦʜʦʤ ʛʘʜʦʣʠʥʠʷ 

ʚʥʫʪʨʠ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʪʨʫʙʢʠ ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʘ. ʅʘ ʚʩʪʘʚʢʝ ʚ ʦʚʘʣʝ 

ʧʦʢʘʟʘʥʘ ʠʟʛʦʪʦʚʣʝʥʥʘʷ ʚʩʪʘʚʢʘ ʜʣʷ ʧʨʦʜʦʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ. 

ʇʨʠ ʧʦʚʦʨʦʪʝ ʚʠʥʪʘ 1 (ʥʘ ʚʩʪʘʚʢʝ ʨʠʩʫʥʢʘ 2.13) ʧʨʦʪʠʚ ʯʘʩʦʚʦʡ ʩʪʨʝʣʢʠ 

ʧʨʦʠʩʭʦʜʠʣʦ ʥʘʪʷʞʝʥʠʝ ʥʠʪʝʡ ʠ ʨʘʩʪʷʞʝʥʠʝ ʦʙʨʘʟʮʘ ʤʠʢʨʦʧʨʦʚʦʜʘ 

ʛʘʜʦʣʠʥʠʷ. ʅʝʧʦʜʚʠʞʥʘʷ ʦʧʦʨʘ 2 (ʥʘ ʩʪʘʚʢʝ ʨʠʩʫʥʢʘ 2.13) ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ 

ʧʣʘʩʪʠʢʦʚʫʶ ʚʩʪʘʚʢʫ, ʞʝʩʪʢʦ ʟʘʬʠʢʩʠʨʦʚʘʥʥʫʶ ʚ ʥʠʞʥʝʡ ʯʘʩʪʠ 

ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʪʨʫʙʢʫ ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʘ. ʇʦʩʢʦʣʴʢʫ ʚ ʠʟʤʝʨʷʝʤʦʡ 

ʦʙʣʘʩʪʠ ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʘ ʥʘʭʦʜʠʣʩʷ ʪʦʣʴʢʦ ʦʙʨʘʟʝʮ ʤʠʢʨʦʧʨʦʚʦʜʘ 

ʛʘʜʦʣʠʥʠʷ ʠ ʧʦʣʫʯʘʝʤʳʝ ʢʘʣʠʙʨʦʚʦʯʥʳʝ ʩʢʘʥʳ ʥʝ ʠʤʝʣʠ ʦʪʢʣʦʥʝʥʠʡ ʠ 

ʠʟʤʝʥʝʥʠʷ ʬʦʨʤʳ, ʪʦ ʪʘʢʘʷ ʩʠʩʪʝʤʘ ʷʚʣʷʝʪʩʷ ʧʨʠʛʦʜʥʦʡ ʜʣʷ ʠʟʤʝʨʝʥʠʷ 

ʦʙʨʘʟʮʦʚ ʧʨʠ ʠʭ ʧʨʦʜʦʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʷʭ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟʛʦʪʦʚʣʝʥʥʳʝ ʚʩʪʘʚʢʠ ʚ ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʪʨʫʙʢʠ 

ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʘ ʧʦʟʚʦʣʷʶʪ ʢʦʥʪʨʦʣʠʨʫʝʤʦ ʨʝʛʫʣʠʨʦʚʘʪʴ ʚʝʣʠʯʠʥʫ 

ʠʟʛʠʙʥʳʭ ʠ ʧʨʦʜʦʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʙʝʟ ʚʥʝʩʝʥʠʷ ʠʩʢʘʞʝʥʠʡ 

ʚ ʠʟʤʝʨʷʝʤʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ. 
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2.2.4. ʆʮʝʥʢʘ ʚʝʣʠʯʠʥʳ ʠʟʛʠʙʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʤʠʢʨʦʧʨʦʚʦʜʦʚ 

ʛʘʜʦʣʠʥʠ ̫

ɺ ʢʘʯʝʩʪʚʝ ʠʟʤʝʨʷʝʤʦʛʦ ʧʘʨʘʤʝʪʨʘ ʚʳʩʪʫʧʘʣ ʨʘʜʠʫʩ ʠʟʛʠʙʘ 

ʤʠʢʨʦʧʨʦʚʦʜʘ, ʢʦʪʦʨʳʡ ʨʘʩʩʯʠʪʳʚʘʣʩʷ ʧʨʠ ʧʦʤʦʱʠ ʧʨʦʛʨʘʤʤʳ ImageJ, 

ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʣʘ ʠʟʤʝʨʷʪʴ ʨʘʜʠʫʩ ʠʟʛʠʙʘ ʤʠʢʨʦʧʨʦʚʦʜʘ ʚ çʧʠʢʩʝʣʷʭè, ʩ 

ʪʘʨʠʨʦʚʢʦʡ ʧʦʩʣʝʜʥʠʭ ʧʦ ʤʠʣʣʠʤʝʪʨʦʚʦʡ ʣʠʥʝʡʢʝ, ʢʦʪʦʨʘʷ ʥʘʭʦʜʠʣʘʩʴ ʚ 

ʢʘʜʨʝ ʚʤʝʩʪʝ ʩ ʤʠʢʨʦʧʨʦʚʦʜʦʤ. ʇʨʠʤʝʨ ʪʘʢʦʛʦ ʠʟʤʝʨʝʥʠʷ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩʫʥʢʝ 

2.14. 

 

ʈʠʩʫʥʦʢ 2.14. ʆʧʨʝʜʝʣʝʥʠʝ ʨʘʜʠʫʩʘ ʠʟʛʠʙʘ ʤʠʢʨʦʧʨʦʚʦʜʘ ʛʘʜʦʣʠʥʠʷ ʚ 

ʧʨʦʛʨʘʤʤʝ ImageJ. ʂʨʫʛʦʤ ʧʦʢʘʟʘʥʘ ʚʧʠʩʘʥʥʘʷ ʦʢʨʫʞʥʦʩʪʴ, ʩ ʧʦʤʦʱʴʶ 

ʢʦʪʦʨʦʡ ʦʧʨʝʜʝʣʷʣʩʷ ʨʘʜʠʫʩ ʠʟʛʠʙʘ ʤʠʢʨʦʧʨʦʚʦʜʘ Gd. 

 ʇʦʩʢʦʣʴʢʫ ʣʠʥʝʡʢʘ ʥʘʭʦʜʠʣʘʩʴ ʚ ʢʘʞʜʦʤ ʧʦʣʫʯʝʥʥʦʤ ʢʘʜʨʝ, 

ʢʘʣʠʙʨʦʚʢʘ ʧʨʦʛʨʘʤʤʳ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʢʘʞʜʳʡ ʨʘʟ, ʯʪʦ ʧʦʟʚʦʣʷʣʦ 

ʥʠʚʝʣʠʨʦʚʘʪʴ ʧʦʛʨʝʰʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʤʦʛʣʠ ʚʦʟʥʠʢʥʫʪʴ ʧʨʠ ʬʦʪʦʛʨʘʬʠʨʦʚʘʥʠ 

ʦʙʨʘʟʮʘ. ɼʘʥʥʘʷ ʧʨʦʮʝʜʫʨʘ ʧʦʚʪʦʨʷʣʘʩʴ ʧʨʠ ʥʘʯʘʣʝ ʢʘʞʜʦʛʦ ʠʟʤʝʨʝʥʠʷ ʥʘ 

ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʝ. ʇʨʠ ʜʦʩʪʠʞʝʥʠʠ ʚʠʜʠʤʳʭ ʥʝʦʙʨʘʪʠʤʳʭ ʜʝʬʦʨʤʘʮʠʡ 

ʠ ʦʪʩʫʪʩʪʚʠʠ ʦʪʢʣʠʢʘ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʥʘ ʜʘʣʴʥʝʡʰʠʝ ʚʨʘʱʝʥʠʷ ʚʠʥʪʘ 

ʵʢʩʧʝʨʠʤʝʥʪ ʟʘʚʝʨʰʠʣʩʷ. ʇʨʠʤʝʨ ʥʝʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʠ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ 

ʜʦ ʦʙʣʘʩʪʠ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 2.15. 
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ʈʠʩʫʥʦʢ 2.15. ʄʠʢʨʦʧʨʦʚʦʜ ʛʘʜʦʣʠʥʠʷ ʜʦ ʜʝʬʦʨʤʘʮʠʠ (ʘ) ʠ 

ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʡ ʜʦ ʦʙʣʘʩʪʠ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ (ʙ). 

ɼʣʷ ʠʟʛʠʙʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʜʝʬʦʨʤʘʮʠʷ Ů ʦʧʨʝʜʝʣʷʣʘʩʴ 

ʧʦ ʬʦʨʤʫʣʝ Ů = d/R, ʛʜʝ d ð ʪʦʣʱʠʥʘ ʤʠʢʨʦʧʨʦʚʦʜʘ, R ð ʨʘʜʠʫʩ ʠʟʛʠʙʘ 

ʤʠʢʨʦʧʨʦʚʦʜʘ. ʇʨʠ ʵʪʦʤ ʧʨʝʥʝʙʨʝʛʘʣʦʩʴ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ ʜʝʬʦʨʤʘʮʠʠ ʠ ʝʝ 

ʨʘʟʥʳʤ ʟʥʘʢʦʤ ʚ ʨʘʩʪʷʥʫʪʦʡ ʠ ʩʞʘʪʦʡ ʯʘʩʪʷʭ ʤʠʢʨʦʧʨʦʚʦʜʘ. ɺʪʦʨʳʤ ʤʝʪʦʜʦʤ 

ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠ ʠʟʛʠʙʥʳʭ ʜʝʬʦʨʤʘʮʠʷʭ ʤʠʢʨʦʧʨʦʚʦʜʘ ʙʳʣ 

ʤʝʪʦʜ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, ʛʜʝ ʥʘʙʣʶʜʘʣʩʷ ʠ ʬʠʢʩʠʨʦʚʘʣʩʷ ʩʜʚʠʛ 

ʧʦʣʦʞʝʥʠʷ ʧʠʢʦʚ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʤʠʢʨʦʧʨʦʚʦʜʘ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʝʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ, ʯʪʦ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 2.16. ʀʟʤʝʨʝʥʠʷ XRD 

ʩʧʝʢʪʨʦʚ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʝʦʤʝʪʨʠʠ ɹʨʵʛʛʘ-ɹʨʝʥʪʘʥʦ. ʄ  r

ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʘʣʳʡ ʜʠʘʤʝʪʨ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ~ 10 ʤʢʤ, ʥʘʤʥʦʛʦ ʤʝʥʴʰʝ 

ʜʠʘʤʝʪʨʘ ʠ ʜʣʠʥʳ ʤʠʢʨʦʧʨʦʚʦʜʘ, ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ 

ʬʦʨʤʳ ʤʠʢʨʦʧʨʦʚʦʜʘ ʥʘ ʩʧʝʢʪʨʘʭ XRD. ʆʪʩʫʪʩʪʚʠʝ ʩʜʚʠʛʘ ʜʣʷ ʜʨʫʛʠʭ ʧʠʢʦʚ, 

ʥʝ ʦʪʥʦʩʷʱʠʭʩʷ ʢ Gd, ʧʦʜʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʠʟʤʝʨʝʥʥʳʡ ʩʜʚʠʛ ʤʦʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʦʮʝʥʢʠ ʜʝʬʦʨʤʘʮʠʠ ʨʝʰʝʪʢʠ. 
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ʈʠʩʫʥʦʢ 2.16. ʉʜʚʠʛ ŭ ʧʦʣʦʞʝʥʠʷ ʧʠʢʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʛʘʜʦʣʠʥʠʷ ʧʨʠ ʠʟʛʠʙʥʳʭ ʜʝʬʦʨʤʘʮʠʷʭ. ʏʝʨʥʳʝ ʩʠʤʚʦʣʳ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʠʢʫ ʜʦ ʜʝʬʦʨʤʘʮʠʠ, ʩʠʥʠʝ ʩʠʤʚʦʣʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʠʢʫ ʧʦʩʣʝ 

ʜʝʬʦʨʤʘʮʠʠ. 

ʉʜʚʠʛ ʧʦʣʦʞʝʥʠʷ ʣʠʥʠʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʟʛʠʙʘ ʩʦʩʪʘʚʣʷʝʪ 0,6 ʛʨʘʜʫʩʘ. 

ʉʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʶ ɺʫʣʴʬʘ-ɹʨʵʛʛʘ 2dsinɗ = nɚ, ʥʘʙʣʶʜʘʝʤʳʡ ʩʜʚʠʛ 

ʧʦʣʦʞʝʥʠʷ ʧʠʢʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʫʢʘʟʳʚʘʝʪ ʥʘ ʫʤʝʥʴʰʝʥʠʝ 

ʧʘʨʘʤʝʪʨʘ ʨʝʰʝʪʢʠ dHKL ʠʟ-ʟʘ ʠʟʛʠʙʘ. ɺʝʣʠʯʠʥʫ ʩʨʝʜʥʝʡ ʦʪʥʦʩʠʪʝʣʴʥʦʡ 

ʜʝʬʦʨʤʘʮʠʠ, ʢʦʪʦʨʘʷ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʦʙʨʘʟʮʝ ʧʨʠ ʠʟʛʠʙʝ, ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʩ 

ʧʦʤʦʱʴʶ ʚʳʨʘʞʝʥʠʷ ŮXRD = ɓ/4tgɗ, ʛʜʝ ɓ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʰʠʨʠʥʝ ʣʠʥʠʠ ʥʘ 

ʧʦʣʦʚʠʥʝ ʤʘʢʩʠʤʫʤʘ ʧʠʢʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʠ ʤʝʪʦʜʘ 

ʠʟʤʝʨʝʥʠʷ ʨʘʜʠʫʩʘ ʠʟʛʠʙʘ ʤʠʢʨʦʧʨʦʚʦʜʘ ʛʘʜʦʣʠʥʠʷ ʤʦʞʥʦ ʢʦʣʠʯʝʩʪʚʝʥʥʦ 

ʦʮʝʥʠʪʴ ʚʝʣʠʯʠʥʫ ʥʘʧʨʷʞʝʥʠʡ, ʚʦʟʥʠʢʰʠʭ ʧʨʠ ʠʟʛʠʙʥʳʭ ʜʝʬʦʨʤʘʮʠʷʭ. 
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2.3. ʄʘʛʥʠʪʦʤʝʪʨʠʯʝʩʢʠʝ ʤʝʪʦʜʳ 

2.3.1. ɺʣʠʷʥʠʝ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʦʙʨʘʟʮʘ 

ʇʦʢʘ ʦʙʨʘʟʝʮ ʫʩʪʘʥʦʚʣʝʥ ʥʘ ʜʝʨʞʘʪʝʣʝ ʦʙʨʘʟʮʘ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʦʥ 

ʨʘʩʧʦʣʦʞʝʥ ʪʦʯʥʦ ʚ ʮʝʥʪʨʝ ʛʨʘʜʠʝʥʪʦʤʝʪʨʘ, ʝʛʦ ʪʦʯʥʦʝ ʧʦʣʦʞʝʥʠʝ ʚʜʦʣʴ ʦʩʠ 

Z ʛʨʘʜʠʝʥʪʦʤʝʪʨʘ ʥʝ ʠʤʝʝʪ ʟʥʘʯʝʥʠʷ ʜʣʷ ʪʦʯʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʪʘʢ ʢʘʢ ʚʩʝʛʜʘ ʤʦʞʝʪ ʙʳʪʴ ʦʪʮʝʥʪʨʠʨʦʚʘʥ ʣʠʙʦ ʚʨʫʯʥʫʶ 

ʧʦʣʴʟʦʚʘʪʝʣʝʤ, ʣʠʙʦ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʠ ʤʦʞʝʪ ʙʳʪʴ ʫʯʪʝʥʦ ʪʝʧʣʦʚʦʝ 

ʨʘʩʰʠʨʝʥʠʝ/ʩʞʘʪʠʝ ʜʝʨʞʘʪʝʣʷ ʦʙʨʘʟʮʘ ʚʦ ʚʨʝʤʷ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʟʘʚʠʩʷʱʠʭ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ. ʆʜʥʘʢʦ ʵʪʦ ʥʝ ʪʦʪ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʦʙʨʘʟʝʮ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʩ ʦʩʠ 

ʛʨʘʜʠʝʥʪʦʤʝʪʨʘ. ʇʨʦʙʣʝʤʘ ʥʝʥʫʣʝʚʳʭ ʨʘʟʤʝʨʦʚ ʦʙʨʘʟʮʦʚ ʠ ʠʭ 

ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʚʣʠʷʝʪ ʢʘʢ ʥʘ ʘʤʧʣʠʪʫʜʫ, ʪʘʢ ʠ ʥʘ ʬʦʨʤʫ ʩʠʛʥʘʣʘ V(z), ʛʜʝ 

ʤʦʞʥʦ ʥʘʡʪʠ ʤʥʦʞʝʩʪʚʦ ʧʦʧʨʘʚʦʯʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʚ ʵʪʠʭ ʩʪʘʪʴʷʭ. ʕʪʠ ʨʘʩʯʝʪʳ ʚʳʧʦʣʥʷʶʪʩʷ 

ʜʣʷ ʦʙʲʝʢʪʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʦʡ ʩʠʤʤʝʪʨʠʠ (ʩʬʝʨʳ, ʢʚʘʜʨʘʪʳ, ʜʠʩʢʠ). 

ʈʘʟʥʠʮʘ ʤʝʞʜʫ ʧʘʨʘʣʣʝʣʴʥʦʡ ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ ʦʙʨʘʟʮʦʚ 

ʜʘʝʪ ʧʨʠʤʝʨʥʦ 5%-ʥʫ ʁʨʘʟʥʠʮʫ ʚ ʦʪʢʣʠʢʝ ʉʂɺʀɼʘ.  

ʀʩʢʘʞʝʥʠʷ ʚ ʠʟʤʝʨʝʥʠʷʭ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʩ ʜʣʠʥʦʡ ʩʢʘʥʠʨʦʚʘʥʠʷ ʠ 

ʧʦʣʦʞʝʥʠʝʤ ʮʝʥʪʨ-ʩʢʘʥʘ (ʨʠʩʫʥʦʢ 2.17). ɿʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʦʪ 

ʮʝʥʪʨʘ ʩʢʘʥʠʨʦʚʘʥʠʷ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʧʨʠ T = 2 ʂ, ʜʣʠʥʘ ʩʢʘʥʠʨʦʚʘʥʠʷ 4 ʩʤ. 
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ʈʠʩʫʥʦʢ 2.17. ɻʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʦʰʠʙʢʠ ʚ 

ʦʧʨʝʜʝʣʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ (ȹM/M0) ʦʪ ʚʝʣʠʯʠʥʳ ʩʤʝʱʝʥʠʷ ʮʝʥʪʨʘ 

ʩʢʘʥʠʨʦʚʘʥʠʷ (ȹx/x0) ʧʨʠ ʜʣʠʥʝ ʩʢʘʥʠʨʦʚʘʥʠʷ, ʨʘʚʥʦʡ 4 ʩʤ.  

ʆʙʣʘʩʪʠ II  ʠ III  ï ʜʦʧʫʩʪʠʤʳʡ ʜʠʘʧʘʟʦʥ ʩʢʘʥʠʨʦʚʥʠʷ ʚ ʪʦ ʚʨʝʤʷ, ʢʘʢ 

ʢʨʘʡʥʠʝ ʦʙʣʘʩʪʠ I ʠ IV ï ʥʝʜʦʧʫʩʪʠʤʳʝ ʜʠʘʧʘʟʦʥʳ ʮʝʥʪʨʠʨʦʚʘʥʠʷ ñIterative 

regression failed. Executing linearò. ʆʪʢʣʦʥʝʥʠʝ ʧʦʣʦʞʝʥʠʷ ʮʝʥʪʨʘ ʥʘ 35% ʦʪ 2 

ʩʤ (±0.7 ʩʤ) ʫʤʝʥʴʰʘʝʪ ʘʙʩʦʣʶʪʥʫʶ ʚʝʣʠʯʠʥʫ ʧʦʣʫʯʘʝʤʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʤʦʤʝʥʪʘ ʥʘ 1 %. 

ɽʱʝ ʦʜʠʥ ʬʘʢʪʦʨ, ʚʣʠʷʶʱʠʡ ʥʘ ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ï ʪʝʤʧʝʨʘʪʫʨʥʦʝ 

ʨʘʩʰʠʨʝʥʠʝ-ʩʞʘʪʠʝ ʰʪʘʥʛʠ, ʥʘ ʢʦʪʦʨʦʡ ʢʨʝʧʠʪʩʷ ʦʙʨʘʟʝʮ. ɺ ʜʠʘʧʘʟʦʥʝ 2-300 

ʂ ʠʟʤʝʥʝʥʠʝ ʝʝ ʜʣʠʥʳ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 0.2 ï 0.3%, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚ 

ʘʙʩʦʣʶʪʥʳʭ ʟʥʘʯʝʥʠʷʭ 2 ï 3 ʤʤ. ʕʪʦʪ ʘʨʪʝʬʘʢʪ ʧʦʜʘʚʣʷʝʪʩʷ ʥʝʩʢʦʣʴʢʠʤʠ 

ʮʝʥʪʨʠʨʦʚʘʥʠʷʤʠ ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ɼʣʠʥʘ ʩʢʘʥʠʨʦʚʘʥʠʷ ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 0.5 ʩʤ - 8 ʩʤ. ɽʩʣʠ ʩʠʛʥʘʣ 

ʦʪ ʦʙʨʘʟʮʘ ʙʦʣʴʰʝ 10-4 ʵ.ʤ.ʝ., ʫʚʝʣʠʯʝʥʠʝ ʜʣʠʥʳ ʩʢʘʥʠʨʦʚʘʥʠʷ ʫʚʝʣʠʯʠʚʘʝʪ 

ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ. ɼʣʠʥʘ ʦʙʨʘʟʮʘ, ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʥʫʪʨʠ ʥʝʛʦ, ʛʨʘʥʠʮʳ ʜʝʨʞʘʪʝʣʷ ʠ ʜʨʫʛʠʝ 
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ʵʣʝʤʝʥʪʳ ʩʭʝʤʳ ʢʨʝʧʣʝʥʠʷ ʦʙʨʘʟʮʘ ʚʣʠʷʶʪ ʥʘ ʬʦʨʤʫ ʢʨʠʚʦʡ ʩʢʘʥʠʨʦʚʘʥʠʷ. 

ɸʩʠʤʤʝʪʨʠʷ ʵʪʦʡ ʢʨʠʚʦʡ ʷʚʣʷʝʪʩʷ ʠʩʪʦʯʥʠʢʦʤ ʦʰʠʙʢʠ ʚ ʠʟʤʝʨʝʥʠʠ 

ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ. ʏʝʪʳʨʝ ʜʞʦʟʝʬʩʦʥʦʚʩʢʠʭ ʢʦʥʪʘʢʪʘ ʷʚʣʷʶʪʩʷ ʜʘʪʯʠʢʘʤʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ (ʨʠʩʫʥʦʢ 2.18). ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʢʨʠʚʘʷ ʩʢʘʥʠʨʦʚʘʥʠʷ 

ʩʦʜʝʨʞʘʣʘ ʪʨʠ ʤʘʢʩʠʤʫʤʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʣʦʞʝʥʠʷʤ ʠʟʤʝʨʠʪʝʣʴʥʳʭ 

ʢʘʪʫʰʝʢ, ʜʣʠʥʘ ʩʢʘʥʠʨʦʚʘʥʠʷ ʜʦʣʞʥʘ ʙʳʪʴ ʙʦʣʴʰʝ, ʯʝʤ 3 ʩʤ.  

ʅʘʧʨʠʤʝʨ, ʜʣʠʥʘ ʩʢʘʥʠʨʦʚʘʥʠʷ 4 ʩʤ ʜʦʩʪʘʪʦʯʥʘ ʜʣʷ ʟʘʭʚʘʪʘ ʤʘʢʩʠʤʫʤʦʚ 

ʩʠʛʥʘʣʦʚ ʦʪ ʚʩʝʭ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʢʦʥʪʘʢʪʦʚ, ʯʪʦ ʜʝʣʘʝʪ ʩʠʤʤʝʪʨʠʯʥʳʤ ʢʨʠʚʫʶ 

ʩʘʥʠʨʦʚʘʥʠʷ. ʕʪʘ ʜʣʠʥʘ ʩʢʘʥʠʨʦʚʘʥʠʷ (4 ʩʤ) ʧʨʠ ʟʘʭʦʣʘʞʠʚʘʥʠʠ ʠʣʠ 

ʥʘʛʨʝʚʘʥʠʠ ʦʙʨʘʟʮʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʰʠʙʢʫ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʧʦʣʦʞʝʥʠʷ ʮʝʥʪʨʘ 

ʤʝʥʝʝ 15 % ʦʪ ʜʣʠʥʳ ʩʢʘʥʠʨʦʚʘʥʠʷ, ʘ ʤʘʢʩʠʤʘʣʴʥʘʷ ʦʰʠʙʢʘ ʚ ʦʧʨʝʜʝʣʝʥʠʠ 

ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʥʝ ʧʨʝʚʳʰʘʝʪ 1 %.  

ɽʩʣʠ ʩʠʛʥʘʣ ʦʪ ʦʙʨʘʟʮʘ ʩʣʘʙ, ʢʨʠʚʘʷ ʩʢʘʥʠʨʦʚʘʥʠʷ ʤʦʞʝʪ ʩʪʘʪʴ 

ʘʩʠʤʤʝʪʨʠʯʥʦʡ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʜʣʷ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʛʣʘʚʥʦʛʦ ʤʘʢʩʠʤʫʤʘ 

ʢʨʠʚʦʡ ʩʢʘʥʠʨʦʚʘʥʠʷ, ʧʨʠʥʘʜʣʝʞʘʱʝʛʦ ʦʙʨʘʟʮʫ, ʥʫʞʥʦ ʫʤʝʥʴʰʘʪʴ ʜʣʠʥʫ 

ʩʢʘʥʠʨʦʚʘʥʠʷ. ʏʪʦʙʳ ʩʨʘʚʥʠʚʘʪʴ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ 

ʧʨʠ ʨʘʟʥʳʭ ʜʣʠʥʘʭ ʩʢʘʥʠʨʦʚʘʥʠʷ, ʤ  rʧʦʩʪʨʦʠʣʠ ʟʘʚʠʩʠʤʦʩʪʴ ʠʟʤʝʨʝʥʥʦʛʦ ʄ 

ʦʪ ʜʣʠʥʳ ʩʢʘʥʠʨʦʚʘʥʠʷ ʨʠʩʫʥʦʢ 2.18. 
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ʈʠʩʫʥʦʢ 2.18. ɻʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪʥʦʰʝʥʠʷ M/M0 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʜʣʠʥʳ ʩʢʘʥʠʨʦʚʘʥʠʷ x. ɿʥʘʯʝʥʠʝ M0 = 1.2314 ʵ.ʤ.ʝ. ʦʧʨʝʜʝʣʝʥʦ ʧʨʠ 

ʩʪʘʥʜʘʨʪʥʦʡ ʜʣʠʥʝ ʩʢʘʥʠʨʦʚʘʥʠʷ x0 = 4 ʩʤ. 

ʇʨʠ ʜʣʠʥʘʭ ʩʢʘʥʠʨʦʚʘʥʠʷ ʙʦʣʝʝ 5 ʩʤ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʩʪʦʷʥʩʪʚʦ ʄ, ʪ.ʝ. 

ʠʟʤʝʨʝʥʠʝ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʩʢʘʥʠʨʦʚʘʥʠʷ. ʇʨʠ ʙʦʣʝʝ ʢʦʨʦʪʢʠʭ ʜʣʠʥʘʭ 

ʤʝʥʝʝ 5 ʩʤ ʥʘʙʣʶʜʘʝʪʩʷ ʩʠʣʴʥʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʠʟʤʝʨʝʥʥʦʛʦ ʟʥʘʯʝʥʠʷ ʄ ʢ 

ʜʣʠʥʝ ʩʢʘʥʠʨʦʚʘʥʠʷ. ʇʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʄ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʜʣʠʥʳ 

ʩʢʘʥʠʨʦʚʘʥʠʠ ʚ ʜʠʘʧʘʟʦʥʝ 3 - 8 ʩʤ ʩʦʩʪʘʚʣʷʝʪ 2 %. ɽʩʣʠ ʚʳʙʨʘʪʴ ʜʣʠʥʫ 

ʩʢʘʥʠʨʦʚʘʥʠʷ ʤʝʥʝʝ 3 ʩʤ ʦʰʠʙʢʘ ʚ ʠʟʤʝʨʝʥʠʠ ʄ ʜʦʩʪʠʛʘʝʪ 20 %.   

2.3.2. ɺʣʠʷʥʠʝ ʨʘʟʤʝʨʦʚ ʠ ʢʨʝʧʣʝʥʠʷ ʦʙʨʘʟʮʘ 

ʇʨʘʢʪʠʯʝʩʢʠ, ʣʶʙʦʡ ʧʨʝʜʤʝʪ ʜʣʠʥʦʡ 15-20 ʩʤ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ 

ʟʘʢʨʝʧʠʪʴ ʦʙʨʘʟʝʮ ʙʣʠʟʢʦ ʢ ʝʛʦ ʮʝʥʪʨʫ ʠ ʠʤʝʝʪ ʘʜʘʧʪʝʨ, ʩʦʝʜʠʥʷʶʱʠʡ ʝʛʦ ʩ 

ʦʩʥʦʚʥʳʤ (ʜʣʠʥʥʳʤ) ʩʪʝʨʞʥʝʤ ʦʙʨʘʟʮʘ, ʙʫʜʝʪ ʨʘʙʦʪʘʪʴ ʜʣʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ 

ʤʘʛʥʠʪʦʤʝʪʨʠʠ. ʇʨʦʠʟʚʦʜʠʪʝʣʴ ʩʠʩʪʝʤʳ MPMS XL ʨʝʢʦʤʝʥʜʫʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʧʨʦʟʨʘʯʥʳʝ ʧʠʪʴʝʚʳʝ ʩʦʣʦʤʠʥʢʠ (ʪʨʫʙʦʯʢʠ) ʚ ʢʘʯʝʩʪʚʝ ʜʝʨʞʘʪʝʣʝʡ ʦʙʨʘʟʮʦʚ. 

ʆʥʠ ʠʤʝʶʪ ʥʠʟʢʫʶ ʤʘʛʥʠʪʥʫʶ ʩʠʛʥʘʪʫʨʫ (ʬʦʥʦʚʳʝ ʩʠʛʥʘʣʳ ʦʙʳʯʥʦ ʦʩʪʘʶʪʩʷ 
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ʥʠʞʝ 10-7 ʵ.ʤ.ʝ.) ʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʙʦʣʴʰʫʶ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴ, ʢʦʛʜʘ ʨʝʯʴ ʠʜʝʪ ʦ 

ʬʠʢʩʘʮʠʠ ʦʙʨʘʟʮʘ. ʇʦʩʢʦʣʴʢʫ ʪʠʧʠʯʥʳʝ ʦʙʨʘʟʮʳ ʦʙʳʯʥʦ ʠʤʝʶʪ ʨʘʟʤʝʨ 5 × 5 

ʤʤ2 ʠʣʠ 3 × 5 ʤʤ2, ʚʩʝ ʦʥʠ ʤʦʛʫʪ ʫʜʝʨʞʠʚʘʪʴʩʷ ʥʘ ʤʝʩʪʝ ʚʥʫʪʨʠ ʪʨʫʙʦʯʢʠ ʙʝʟ 

ʢʘʢʠʭ-ʣʠʙʦ ʠʥʳʭ ʩʨʝʜʩʪʚ, ʢʨʦʤʝ ʢʘʢ ʧʫʪʝʤ ʟʘʞʠʤʘ ʠʭ ʤʝʞʜʫ ʜʚʫʤʷ ʩʪʝʥʢʘʤʠ 

ʪʨʫʙʦʯʢʠ. ɺ ʵʪʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʬʦʥ ʜʝʨʞʘʪʝʣʷ ʦʙʨʘʟʮʘ ʤʠʥʠʤʘʣʝʥ, ʘ 

ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʧʨʠʣʦʞʝʥʦ ʢ ʧʣʦʩʢʦʩʪʠ ʦʙʨʘʟʮʘ. ɼʣʷ ʥʘʜʝʞʥʦʛʦ ʚʳʧʦʣʥʝʥʠʷ 

ʠʟʤʝʨʝʥʠʡ ʚ ʧʣʦʩʢʦʩʪʠ ʠ ʚʥʝ ʧʣʦʩʢʦʩʪʠ ʥʝʦʙʭʦʜʠʤʦ ʠʤʝʪʴ ʦʙʨʘʟʝʮ, ʢʦʪʦʨʳʡ 

ʤʦʞʥʦ ʩʚʦʙʦʜʥʦ ʚʨʘʱʘʪʴ, ʪ.ʝ. ʥʘʧʨʠʤʝʨ, ʠʩʧʦʣʴʟʫʷ ʜʚʝ ʜʝʨʝʚʷʥʥʳʝ ʧʘʣʦʯʢʠ ʚ 

ʢʘʯʝʩʪʚʝ ʥʝʤʘʛʥʠʪʥʳʭ çʤʘʥʠʧʫʣʷʪʦʨʦʚè ʚʥʫʪʨʠ ʦʜʥʦʡ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʪʨʫʙʢʠ. 

ɼʣʷ ʵʪʦʡ ʮʝʣʠ ʦʙʨʘʟʝʮ ʨʘʟʤʝʨʦʤ 4 × 4 ʤʤ2 ʤʦʞʝʪ ʙʳʪʴ ʟʘʞʘʪ ʚ ʠʟʤʝʨʠʪʝʣʴʥʦʡ 

ʪʨʫʙʢʝ ʧʦ ʝʝ ʜʠʘʛʦʥʘʣʠ. ʆʙʘ ʚʘʨʠʘʥʪʘ ʦʙʝʩʧʝʯʠʚʘʶʪ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ 

ʮʝʥʪʨʠʨʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʛʨʘʜʠʝʥʪʦʤʝʪʨʘ, ʝʩʣʠ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʷʤʳʝ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʪʨʫʙʢʠ. 

ɺ ʪʝʭ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʦʙʨʘʟʝʮ ʜʦʣʞʝʥ ʙʳʪʴ ʥʝʙʦʣʴʰʠʤ, ʯʪʦʙʳ ʝʛʦ ʤʦʞʥʦ 

ʙʳʣʦ ʩʚʦʙʦʜʥʦ ʫʜʝʨʞʠʚʘʪʴ ʚʥʫʪʨʠ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʪʨʫʙʢʠ, ʥʝʦʙʭʦʜʠʤʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʪʦʨʫʶ ʠʟʤʝʨʠʪʝʣʴʥʫʶ ʪʨʫʙʢʫ, ʢʦʪʦʨʫʶ ʥʝʦʙʭʦʜʠʤʦ ʘʢʢʫʨʘʪʥʦ 

ʨʘʟʨʝʟʘʪʴ ʧʦ ʜʣʠʥʝ ʨʘʟʨʝʟʘʷ ʢʝʨʘʤʠʯʝʩʢʠʤʠ ʥʦʞʥʠʮʘʤʠ. ʕʪʘ ʢʦʥʬʠʛʫʨʘʮʠʷ 

ʜʦʣʞʥʘ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʩ ʙʦʣʴʰʝʡ ʦʩʪʦʨʦʞʥʦʩʪʴʶ, ʢʦʛʜʘ ʪʨʝʙʫʶʪʩʷ ʪʦʯʥʳʝ 

ʘʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ, ʧʦʩʢʦʣʴʢʫ ʩʫʱʝʩʪʚʝʥʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʮʝʥʪʨʘ ʚʩʝʛʦ 

ʦʙʨʘʟʮʘ ʫʚʝʣʠʯʠʪ ʧʨʦʯʥʦʩʪʴ ʩʮʝʧʣʝʥʠʷ ʩ ʢʘʪʫʰʢʘʤʠ. ɺ ʣʶʙʦʤ ʩʣʫʯʘʝ 

ʥʝʦʙʭʦʜʠʤʦ ʩʪʨʦʛʦ ʠʟʙʝʛʘʪʴ ʧʨʦʨʝʟʘʥʠʷ ʢʘʢʠʭ-ʣʠʙʦ ʦʪʚʝʨʩʪʠʡ ʚ ʩʪʝʥʢʘʭ 

ʩʦʣʦʤʢʠ ʠʣʠ ʜʘʞʝ ʩʠʣʴʥʳʭ ʚʤʷʪʠʥ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʪʨʫʙʢʠ ʚ ʦʙʣʘʩʪʠ ʦʙʨʘʟʮʘ. 

ʕʪʦ ʥʝʠʟʙʝʞʥʦ ʩʦʟʜʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ (ʥʝʟʘʚʠʩʠʤʳʡ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ) 

ʩʠʛʥʘʣ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʙʳʪʴ ʵʬʬʝʢʪʠʚʥʦ ʜʠʘʤʘʛʥʠʪʥʳʤ (ʥʘʢʦʧʣʝʥʠʝ 

ʤʘʪʝʨʠʘʣʘ) ʠʣʠ ʧʘʨʘʤʘʛʥʠʪʥʳʤ (ʥʝʜʦʩʪʘʪʦʢ ʤʘʪʝʨʠʘʣʘ). ʀʤʝʷ ʚ ʚʠʜʫ ʚʩʝ 

ʚʳʰʝʫʧʦʤʷʥʫʪʳʝ ʤʝʨʳ ʧʨʝʜʦʩʪʦʨʦʞʥʦʩʪʠ, ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʪʨʫʙʢʠ ʤʦʛʫʪ 

ʠʤʝʪʴ ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʧʦʚʩʝʜʥʝʚʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ, ʜʘʞʝ ʪʦʯʥʦʡ, 

ʤʘʛʥʠʪʦʤʝʪʨʠʠ ʚ ʜʠʘʧʘʟʦʥʝ ʜʦ ʥʝʩʢʦʣʴʢʠʭ 10-7 ʵ.ʤ.ʝ.. ɼʣʷ ʪʘʢʠʭ ʮʝʣʝʡ ʠ ʜʣʷ 

ʫʤʝʥʴʰʝʥʠʷ ʦʧʘʩʥʦʩʪʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʟʘʛʨʷʟʥʝʥʠʷ ʩʣʝʜʫʝʪ ʠʟʙʝʛʘʪʴ 
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ʧʦʚʪʦʨʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʪʨʫʙʦʢ, ʘ ʪʘʢʞʝ ʥʝ ʯʠʩʪʠʪʴ 

ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʪʨʫʙʢʠ ʧʝʨʝʜ ʠʟʤʝʨʝʥʠʝʤ. 

ɼʣʠʥʘ ʦʙʨʘʟʮʘ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʬʘʢʪʦʨʦʤ, ʩʧʦʩʦʙʥʳʤ ʚʥʦʩʠʪʴ ʦh ʠʙʢʫ ʚ 

ʠʟʤʝʨʝʥʠʝ ʄ. ʇʦʧʨʘʚʦʯʥʳʡ ʤʥʦʞʠʪʝʣʴ, ʫʯʠʪʳʚʘʶʱʠʡ ʜʣʠʥʫ ʦʙʨʘʟʮʘ ʧʨʠ 

ʧʝʨʝʩʯʝʪʝ ʥʘʧʨʷʞʝʥʠʷ ʜʘʪʯʠʢʘ ʉʂɺʀɼɸ ʚ ʄ, ʟʘʚʠʩʠʪ ʦʪ ʦʨʠʝʥʪʘʮʠʠ ʦʙʨʘʟʮʘ. 

ɿʘʚʠʩʠʤʦʩʪʴ ʵʪʦʛʦ ʤʥʦʞʠʪʝʣʷ ʦʪ ʜʣʠʥʳ ʦʙʨʘʟʮʘ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 2.19ʘ.  
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ʈʠʩʫʥʦʢ 2.19. (ʘ) ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʢʘʣʠʙʨʦʚʢʠ ʧʝʨʝʩʯʸʪʘ 

ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʦʪ ʣʠʥʝʡʥʦʛʦ ʨʘʟʤʝʨʘ ʦʙʨʘʟʮʘ ʚ ʥʘʧʨʘʚʣʝʥʠʠ 

ʩʢʘʥʠʨʦʚʘʥʠʷ; (ʙ), (ʚ) ʉʭʝʤʘ ʧʦʣʦʞʝʥʠʷ ʦʙʨʘʟʮʘ ʧʨʠ ʠʟʤʝʨʝʥʠʷʭ ʝʛʦ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ: (ʙ) ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʥʘʧʨʘʚʣʝʥʦ ʧʘʨʘʣʣʝʣʴʥʦ ʧʣʦʩʢʦʩʪʠ 

ʦʙʨʘʟʮʘ, (ʚ) ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʥʘʧʨʘʚʣʝʥʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʣʦʩʢʦʩʪʠ ʦʙʨʘʟʮʘ. 

ʉʧʨʘʚʘ ʫʢʘʟʘʥʘ ʪʦʣʱʠʥʘ ʤʘʛʥʠʪʥʦʡ ʤʥʦʛʦʩʣʦʡʥʦʡ ʧʣʸʥʢʠ (ʤʘʛʥʠʪʥʦʡ ʯʘʩʪʠ 

ʦʙʨʘʟʮʘ) ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʩʢʘʥʠʨʦʚʘʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʦʙʨʘʟʮʘ 

ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. 

ɼʣʷ ʜʣʠʥʥʳʭ ʦʙʨʘʟʮʦʚ ʢʘʣʠʙʨʦʚʦʯʥʳʡ ʤʥʦʞʠʪʝʣʴ ʥʘ 10 ï 15 % ʤʝʥʴʰʝ, 

ʯʝʤ ʜʣʷ çʢʦʨʦʪʢʠʭè. 
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2.4. ɺʳʚʦʜʳ ʢ ʛʣʘʚʝ 2 

ʆʧʠʩʘʥʳ ʤʝʪʦʜʠʢʠ ʠʟʤʝʨʝʥʠʡ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʩ ʧʦʤʦʱʴʶ ʉʂɺʀɼ-

ʤʘʛʥʠʪʦʤʝʪʨʠʠ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʭ, 

ʧʦʣʝʚʳʭ ʠ ʚʨʝʤʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ. ʄʝʪʦʜ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ 

ʧʦʟʚʦʣʷʣ ʦʧʨʝʜʝʣʠʪʴ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʦʙʨʘʟʮʦʚ, ʦʮʝʥʠʪʴ ʚʝʣʠʯʠʥʫ ʚʥʫʪʨʝʥʥʠʭ 

ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʥʘʧʨʷʞʝʥʠʡ, ʚʦʟʥʠʢʰʠʭ ʚʩʣʝʜʩʪʚʠʝ ʚʥʝʰʥʠʭ 

ʜʝʬʦʨʤʘʮʠʡ. ʄʝʪʦʜ EDX-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʦʟʚʦʣʠʣ ʦʮʝʥʠʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʵʣʝʤʝʥʪʦʚ ʧʦ ʛʣʫʙʠʥʝ ʠ ʧʨʦʚʝʩʪʠ ʵʣʝʤʝʥʪʥʳʡ ʘʥʘʣʠʟ ʦʙʨʘʟʮʦʚ. 

ʆʨʠʛʠʥʘʣʴʥʳʝ, ʧʨʝʜʣʦʞʝʥʥʳʝ ʚ ʥʘʰʝʡ ʨʘʙʦʪʝ, ʠʟʛʦʪʦʚʣʝʥʥʳʝ ʚʩʪʘʚʢʠ ʚ 

ʠʟʤʝʨʠʪʝʣʴʥʫʶ ʪʨʫʙʢʫ ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʘ ʜʣʷ ʠʟʛʠʙʥʳʭ ʠ ʧʨʦʜʦʣʴʥʳʭ 

ʜʝʬʦʨʤʘʮʠʡ ʧʦʟʚʦʣʷʶʪ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʜʘʥʥʳʝ ʜʝʬʦʨʤʘʮʠʠ, ʦʢʘʟʳʚʘʶʱʠʝ 

ʩʚʦʝ ʚʣʠʷʥʠʝ ʥʘ ʚʝʣʠʯʠʥʫ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʠ ʄʂʕ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ Gd. 
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ɻʣʘʚʘ 3. ʄʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʛʘʜʦʣʠʥʠʷ 

3.1. ʍʠʤʠʯʝʩʢʠʡ ʠ ʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ ʠ ʘʪʪʝʩʪʘʮʠʷ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ 

ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ 

ʩʚʝʨʭʙʳʩʪʨʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ, ʤʠʢʨʦʥʘʧʨʷʞʝʥʠʷ ʩʧʦʩʦʙʥʳ ʜʦʩʪʠʛʘʪʴ 

ʟʥʘʯʠʪʝʣʴʥʳʭ ʚʝʣʠʯʠʥ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ 

ʄʂʕ. ʇʦʤʠʤʦ ɻ ʪʦʛʦ, ʤʠʢʨʦʧʨʦʚʦʜʘ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ɻ ʬʬʝʢʪʠʚʥʳʭ 

ʨʘʙʦʯʠʭ ʪʝʣ ʤʘʛʥʠʪʥʳʭ ʭʦʣʦʜʠʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʥʘʣʠʯʠʝʤ ʫ 

ʥʠʭ ʙʦʣʴʰʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʙʣʘʛʦʜʘʨʷ ʢʦʪʦʨʦʡ ʜʦʩʪʠʛʘʝʪʩʷ ʚʳʩʦʢʠʡ 

ʫʨʦʚʝʥʴ ʪʝʧʣʦʦʙʤʝʥʘ ʩ ʨʘʙʦʯʠʤ ʦʙʲʝʤʦʤ ʭʦʣʦʜʠʣʴʥʦʡ ʤʘʰʠʥʳ. ɼʘʥʥʳʡ ʬʘʢʪ 

ʦʪʨʘʞʝʥ ʚ ʨʘʙʦʪʘʭ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʙʠʥʘʨʥʳʭ 

ʠ ʪʨʦʡʥʳʭ ʩʧʣʘʚʦʚ ʛʘʜʦʣʠʥʠʷ ʩ ʧʝʨʝʭʦʜʥʳʤʠ ʤʝʪʘʣʣʘʤʠ [114-116]. ɺ 

ʦʩʥʦʚʥʦʤ ʚ ʵʪʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʧʨʠʙʘʚʢʘ ʵʥʪʨʦʧʠʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʂʶʨʠ 

ʦʢʘʟʳʚʘʝʪʩʷ ʤʝʥʴʰʝ, ʯʝʤ ʚ ʦʙʲʝʤʥʦʤ ʛʘʜʦʣʠʥʠʠ, ʘ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ 

ʧʦʥʠʞʘʶʪʩʷ ʜʦ 100-150 ʂ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ ʥʫʞʥʦʡ ʚ ʧʨʘʢʪʠʯʝʩʢʠʭ 

ʧʨʠʤʝʥʝʥʠʷʭ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ.  

ʇʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʕɺʂʈ ʤʠʢʨʦʧʨʦʚʦʜʘ ʛʘʜʦʣʠʥʠʷ ʠʤʝʣʠ 

ʜʣʠʥʫ ʜʦ 100 ʤʤ ʠ ʜʠʘʤʝʪʨ ʦʪ 25 ʜʦ 100 ʤʢʤ. ʀʟʦʙʨʘʞʝʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ, 

ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʩʢʘʥʠʨʫʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ (SEM) ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʥʘ ʨʠʩʫʥʢʝ 3.1 [106].  
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ʚ) ʛ) 

        ʈʠʩʫʥʦʢ 3.1. SEM-ʠʟʦʙʨʘʞʝʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ Gd (ʘ), ʇʦʚʝʨʭʥʦʩʪʴ 

ʢʦʥʪʘʢʪʘ ʩ ʜʠʩʢʦʤ-ʵʢʩʪʨʘʢʪʦʨʦʤ (ʙ, ʚ, ʛ). 

 ʅʘ ʠʟʦʙʨʘʞʝʥʠʷʭ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʨʦʧʠʠ 

ʤʦʞʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʠʤʝʝʪ ʤʝʩʪʦ ʨʘʟʣʠʯʥʘʷ ʩʪʨʫʢʪʫʨʘ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʚʙʣʠʟʠ 

ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʪʘʢʪʘ ʩ ʜʠʩʢʦʤ-ʵʢʩʪʘʨʢʪʦʨʦʤ 

(ʨʠʩʫʥʦʢ 3.1ʘ). ʉʚʦʙʦʜʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʤʠʢʨʦʧʨʦʚʦʜʘ ʠʤʝʝʪ ʪʝʤʥʳʝ ʧʷʪʥʘ, 

ʦʪʚʝʯʘʶʱʠʝ ʦʙʨʘʟʦʚʘʥʠʶ ʦʢʩʠʜʦʚ Gd. ʇʨʠ ʙʳʩʪʨʦʡ ʟʘʢʘʣʢʝ ʪʝʤʧʝʨʘʪʫʨʥʳʡ 

ʬʨʦʥʪ ʥʘʧʨʘʚʣʝʥ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʪʘʢʪʘ ʩ ʜʠʩʢʦʤ ɻ ʢʩʪʨʘʢʪʦʨʦʤ ʢ ʩʚʦʙʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʧʦʚʝʨʭʥʦʩʪʴ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩ ʜʠʩʢʦʤ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʤʝʝʪ ʩʣʝʜʦʚ ʦʢʠʩʣʝʥʠʷ (ʨʠʩʫʥʦʢ 3.1ʙ-ʛ), ʪʘʢ ʢʘʢ ʩʢʦʨʦʩʪʴ 

ʦʭʣʘʞʜʝʥʠʷ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʤʘʢʩʠʤʘʣʴʥʘ (~105 ʂ/ʩ). ʆʙ ʵʪʦʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ 

ʬʦʨʤʘ ʧʦʚʝʨʭʥʦʩʪʠ ʟʘʩʪʳʚʰʝʛʦ ʛʘʜʦʣʠʥʠʷ ʚ ʧʦʪʦʢʝ ʨʘʩʧʣʘʚʘ (ʨʠʩʫʥʦʢ 3.1ʙ). 

ʉʚʦʙʦʜʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʠʤʝʝʪ ʙʦʣʝʝ ʛʣʘʜʢʠʡ ʨʝʡʣʴʝʬ ʠ ʦʢʨʫʛʣʫʶ ʬʦʨʤʫ, ʪʘʢ 

200 ͣ ͟ ͣ 50 ͣ ͟ ͣ

2 ͣ ͟ ͣ5 ͣ ͟ ͣ
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ʢʘʢ ʦʩʪʳʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʜʣʝʥʥʝʝ ʚ ʧʨʦʮʝʩʩʝ ʚʳʙʨʦʩʘ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩ 

ʜʠʩʢʘ-ʵʢʩʪʘʨʢʪʦʨʘ. ɺʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ ʦʜʥʘʢʦ ʦʢʘʟʘʣʘʩʴ 

ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʘʤʦʨʬʥʦʡ ʬʘʟʳ. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʪʘʢʪʘ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩʦʩʪʦʠʪ ʠʟ ʟʝʨʝʥ ʨʘʟʤʝʨʦʤ 2-5 ʤʢʤ ʠ 

ʩʦʜʝʨʞʘʱʠʭʩʷ ʚ ʥʠʭ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʜʝʥʪʨʠʪʦʚ ʨʘʟʤʝʨʦʤ 100-200 ʥʤ 

(ʨʠʩʫʥʦʢ 3.1ʚ, ʛ). ʌʦʨʤʘ ʟʝʨʝʥ ʠʤʝʝʪ ʰʝʩʪʠʫʛʦʣʴʥʫʶ ʬʦʨʤʫ (ʨʠʩʫʥʦʢ 3.1ʚ), 

ʢʦʪʦʨʘʷ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʨʝʰʝʪʢʠ ʛʘʜʦʣʠʥʠʷ. 

ɼʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʦʚ ʙʳʣ ʧʨʠʤʝʥʝʥ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ (XRD), ʘ ʜʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʨʦʚʦʜʠʣʠ 

ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʳʡ ʘʥʘʣʠʟ (XRF). ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʧʝʢʪʨʳ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ Gd ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.2 (XRD) ʠ ʨʠʩʫʥʢʝ 3.3 (XRF).  
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ʈʠʩʫʥʦʢ 3.2. XRD ʜʠʬʨʘʢʮʠʦʥʥʳʡ ʩʧʝʢʪʨ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ 

ʤʠʢʨʦʧʨʦʚʦʜʘ Gd. ɺʝʨʪʠʢʘʣʴʥʳʝ ʰʪʨʠʭʠ ʥʘ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʦʩʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʣʦʞʝʥʠʶ ʧʠʢʦʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ Gd ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ 

(ʢʘʨʪʦʯʢʘ PDF4+  ̄01-080-6667).  
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ʆʩʥʦʚʥʘʷ ʩʪʘʙʠʣʴʥʘʷ hcp ʬʘʟʘ ʛʘʜʦʣʠʥʠʷ ʚ ʤʠʢʨʦʧʨʦʚʦʜʝ ʷʚʣʷʝʪʩʷ 

ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʦʡ ʬʘʟʦʡ ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʨʝʰʝʪʢʠ a = 3.606 Å 

ʠ c = 5.786 Å ʜʣʷ ʦʙʲʝʤʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ɼʨʫʛʘʷ ʬʘʟʘ fcc ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʘʷ 

ʢʫʙʠʯʝʩʢʘʷ ʩ ʧʘʨʘʤʝʪʨʦʤ ʨʝʰʝʪʢʠ a = 5.336 Å. ʕʪʘ ʬʘʟʘ ʷʚʣʷʝʪʩʷ 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ ʠ ʯʘʩʪʦ ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ ʠ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ ʛʘʜʦʣʠʥʠʷ [117, 118].  

ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʥʦʤʝʨʘʤʠ ʩʦʝʜʠʥʝʥʠʡ ʠʟ ʙʘʟʳ 

ʜʘʥʥʳʭ PDF ʠ ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʧʦ ʧʣʦʱʘʜʠ ʧʠʢʦʚ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ 

ʩʧʝʢʪʨʘ (ʨʠʩʫʥʦʢ 3.3). ʂʦʥʮʝʥʪʨʘʮʠʠ ʚʳʷʚʣʝʥʥʳʭ ʬʘʟ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʪʘʙʣʠʮʝ 3.1. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʩʪʨʦʡ ʟʘʢʘʣʢʠ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ Gd ʬʦʨʤʠʨʫʶʪʩʷ 

hcp ʠ fcc ʬʘʟʳ ʛʘʜʦʣʠʥʠʷ ʠ ʦʢʩʠʜʘ ʛʘʜʦʣʠʥʠʷ Gd2O3. ʅʘʣʠʯʠʝ ʦʢʩʠʜʘ Gd ʤʦʞʝʪ 

ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʦʩʪʘʪʦʯʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʚ ʢʘʤʝʨʝ ʧʨʠ ʙʳʩʪʨʦʡ 

ʟʘʢʘʣʢʝ ʠʟ ʨʘʩʧʣʘʚʘ.  

 

ʈʠʩʫʥʦʢ 3.3. ʈʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʳʡ ʩʧʝʢʪʨ ʤʠʢʨʦʧʨʦʚʦʜʘ Gd. 
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ʊʘʙʣʠʮʘ 3.1. ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠ ʦʙʲʝʤʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʘʟ ʚ 

ʤʠʢʨʦʧʨʦʚʦʜʘʭ Gd ʧʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ, ʘ ʪʘʢʞʝ ʠʭ 

ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ, ʠʟʚʝʩʪʥʳʝ ʠʟ ʣʠʪʝʨʘʪʫʨʳ.   

ʌʘʟʘ ˉ ʙʘʟʳ ʜʘʥʥʳʭ PDF ʂʦʥʮʝʥʪʨʘʮʠʷ, ʦʪʥ. 

ʝʜ. 

ʊʝʤʧʝʨʘʪʫʨʘ 

ʂʶʨʠ 

hcp-Gd 000-02-0864 0.409 293 ʂ 

fcc - Gd 000-65-7943 0.479 225 ʂ 

Gd2O3 000-65-9199 0.112 1.2 K 

ʉʫʤʤʘ 1.000  

 

ʀʟʦʙʨʘʞʝʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʚ ʩʢʘʥʠʨʫʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ 

(SEM) ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʢʦʤʧʣʝʢʩʘ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ 

Tescan Clara ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 15 kV ʥʘ ʧʦʧʝʨʝʯʥʦʤ ʩʨʝʟʝ, 

ʧʦʜʛʦʪʦʚʣʝʥʥʦʤ ʠʦʥʥʳʤ ʪʨʘʚʣʝʥʠʝʤ ʠ ʧʦʣʠʨʦʚʢʦʡ ʚ ʢʦʤʧʣʝʢʩʝ Technoorg 

Linda SEMPrep2. ʃʦʢʘʣʴʥʳʡ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʙʳʣʠ 

ʦʧʨʝʜʝʣʝʥʳ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ ʤʠʢʨʦʩʢʦʧʘ ʩ ʧʨʠʩʪʘʚʢʦʡ ʜʣʷ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ (EDX).  EDX ʩʧʝʢʪʨ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʦʢ 

3.4 ʚʤʝʩʪʝ ʩ ʠʟʦʙʨʘʞʝʥʠʝʤ ʬʨʘʛʤʝʥʪʘ ʤʠʢʨʦʧʨʦʚʦʜʘ, ʧʦʜʚʝʨʛʥʫʪʦʛʦ ʘʥʘʣʠʟʫ 

(ʨʠʩʫʥʦʢ 3.4ʘ), ʘ ʪʘʢʞʝ ʧʦʢʘʟʘʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʛʘʜʦʣʠʥʠʷ ʥʘ ʵʪʦʤ ʫʯʘʩʪʢʝ 

(ʨʠʩʫʥʦʢ 3.4ʙ) . ɺ ʵʪʦʤ ʩʧʝʢʪʨʝ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚʠʜʥʳ ʣʠʥʠʠ ʛʘʜʦʣʠʥʠʷ 

(ʨʠʩʫʥʦʢ 3.4ʚ), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ. 
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ʈʠʩʫʥʦʢ 3.4. ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʥʳʡ ʘʥʘʣʠʟ ʣʦʢʘʣʴʥʦʡ ʤʠʢʨʦʦʙʣʘʩʪʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʪʘʢʪʘ ʩ ʜʠʩʢʦʤ-ʵʢʩʪʨʘʢʪʦʨʦʤ ʤʠʢʨʦʧʨʦʚʦʜʘ Gd: (a) 

ʧʨʷʤʦʫʛʦʣʴʥʠʢʦʤ ʦʪʤʝʯʝʥʘ ʘʥʘʣʠʟʠʨʫʝʤʘʷ ʦʙʣʘʩʪʴ ʤʠʢʨʦʧʨʦʚʦʜʘ; (ʙ) 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʛʘʜʦʣʠʥʠʷ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ, (ʚ) ʩʧʝʢʪʨ EDX ʚ ʚʳʜʝʣʝʥʥʦʡ 

ʦʙʣʘʩʪʠ. ʅʘʣʠʯʠʝ ʢʠʩʣʦʨʦʜʥʦʛʦ ʧʠʢʘ ʚ ʩʧʝʢʪʨʝ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʚ 

ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʢʘʤʝʨʝ ʧʨʠʙʦʨʘ ʚʩʝʛʜʘ ʧʨʠʩʫʪʩʪʚʫʝʪ ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʢʠʩʣʦʨʦʜʘ. 

3.2.  ʀʟʦʪʝʨʤʠʯʝʩʢʠʡ ʨʝʞʠʤ ʠʟʤʝʨʝʥʠʷ ʄʂʕ 

3.2.1.  ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʤʠʢʨʦʧʨʦʚʦʜʦʚ 

ɺ ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʄʂʕ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ 

ʠʟʤʝʥʷʝʪʩʷ ʥʘʩʪʦʣʴʢʦ ʤʝʜʣʝʥʥʦ, ʯʪʦ ʦʙʨʘʟʝʮ ʚʩʝʛʜʘ ʥʘʭʦʜʠʪʩʷ ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʪʝʨʤʠʯʝʩʢʦʤ ʨʘʚʥʦʚʝʩʠʠ ʩ ʪʝʨʤʦʩʪʘʪʦʪʦʤ. ʅʘ ʨʠʩʫʥʢʝ 3.5a 

ʧʦʢʘʟʘʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʄ(ʊ) ʦʜʠʥʦʯʥʦʛʦ 

ʤʠʢʨʦʧʨʦʚʦʜʘ [106]. ʂʨʠʚʳʝ 1 ʠ 2 ʪʦʯʥʦ ʥʘʢʣʘʜʳʚʘʶʪʩʷ ʜʨʫʛ ʥʘ ʜʨʫʛʘ ʠ 
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ʷʚʣʷʶʪʩʷ ʪʝʤʧʝʨʘʪʫʨʥʳʤʠ ʟʘʚʠʩʠʤʦʩʪʷʤʠ, ʟʘʧʠʩʘʥʥʳʤʠ ʚ ʧʦʣʝ 1 ʢʕ ʧʨʠ 

ʥʘʛʨʝʚʝ ʦʙʨʘʟʮʘ ʦʪ 2 ʂ ʧʦʩʣʝ ʝʛʦ ʦʭʣʘʞʜʝʥʠʷ ʙʝʟ ʧʦʣʷ (ʨʝʞʠʤ ZFC) ʠ ʚ ʧʦʣʝ 

(ʨʝʞʠʤ FC). ʉʦʚʧʘʜʝʥʠʝ ʢʨʠʚʳʭ 1 ʠ 2 ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ ʚ ʠʩʩʣʝʜʫʝʤʦʤ 

ʦʙʨʘʟʮʝ ʤʠʢʨʦʧʨʦʚʦʜʘ ʛʘʜʦʣʠʥʠʷ ʦʪʩʫʪʩʪʚʫʝʪ ʤʘʛʥʠʪʥʳʡ ʛʠʩʪʝʨʝʟʠʩ, ʯʪʦ 

ʷʚʣʷʝʪʩʷ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʬʘʢʪʦʨʦʤ, ʦʢʘʟʳʚʘʶʱʠʤ ʩʚʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʙʦʪʳ ʤʘʛʥʠʪʥʦʡ ʭʦʣʦʜʠʣʴʥʦʡ ʤʘʰʠʥʳ, ʧʦʩʢʦʣʴʢʫ ʥʘʣʠʯʠʝ 

ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʦʟʥʘʯʘʣʦ ʙʳ ʧʦʪʝʨʠ ʵʥʝʨʛʠʠ ʧʨʠ ʮʠʢʣʠʯʝʩʢʦʤ 

ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʠ ʤʠʢʨʦʧʨʦʚʦʜʘ. 

ʅʘ ʨʠʩʫʥʢʝ 3.5ʙ ʧʦʢʘʟʘʥʘ ʩʝʨʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ZFC, 

ʟʘʧʠʩʘʥʥʳʭ ʚ ʨʘʟʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ 0 - 9 ʊʣ. ɺʠʜʥʦ, ʯʪʦ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ 

ʧʦʣʷ, ʧʨʠ ʢʦʪʦʨʦʤ ʟʘʧʠʩʳʚʘʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴ ʄ(ʊ), ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ ʊʩ1 

ʩʜʚʠʛʘʝʪʩʷ ʦʪ 286 ʂ ʚ ʦʪʩʫʪʩʪʚʠʝ ʧʦʣʷ (ʦʩʪʘʪʦʯʥʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ) ʜʦ 292 ʂ 

ʚ ʩʠʣʴʥʦʤ ʧʦʣʝ 9 ʊʣ. ʄʦʞʥʦ ʚʠʜʝʪʴ ʠ ʧʦʷʚʣʝʥʠʝ ʚʪʦʨʦʛʦ ʤʘʢʩʠʤʫʤʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʊʩ2 ~ 312 K ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʙʦʣʝʝ 7 ʊʣ.  

ʅʘ ʨʠʩʫʥʢʝ 3.5ʙ ʚʝʨʪʠʢʘʣʴʥʳʤʠ ʩʪʨʝʣʢʘʤʠ ʧʦʢʘʟʘʥʳ ʪʝʤʧʝʨʘʪʫʨʳ 

ʂʶʨʠ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʧʦ ʤʘʢʩʠʤʫʤʘʤ ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʵʥʪʨʦʧʠʠ 

ʧʨʠ 9 ʊʣ. 
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ʈʠʩʫʥʦʢ 3.5. (ʘ) ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ 

ʨʝʞʠʤʘʭ ʦʭʣʘʞʜʝʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʘ ʚ ʧʦʣʝ FC ʠ ʙʝʟ ʧʦʣʷ ZFC, ʟʘʧʠʩʘʥʥʳʝ ʚ 

ʧʦʣʷʭ 1 ʢʕ (ʢʨʠʚʘʷ 1 ZFC ʠ ʢʨʠʚʘʷ 2 FC); (ʙ) ɿʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ Gd ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʠʟʤʝʨʝʥʥʳʝ ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ 0.5 ʊʣ; 1 

ʊʣ; 2 ʊʣ; 3 ʊʣ; 4 ʊʣ; 5 ʊʣ; 6 ʊʣ; 7 ʊʣ; 8 ʊʣ; 9 ʊʣ.  
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ʅʘ ʨʠʩʫʥʢʝ 3.6 ʧʦʢʘʟʘʥʳ ʧʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʄ(ʅ), 

ʟʘʧʠʩʘʥʥʳʝ ʜʚʘʞʜʳ: ʧʨʠ ʧʨʦʭʦʜʝ ʠʟ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʧʦʣʝʡ ʚ ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʠ 

ʦʙʨʘʪʥʦ. ʆʙʳʯʥʦ ʵʪʦ ʧʦʟʚʦʣʷʝʪ ʚʳʷʚʣʷʪʴ ʥʘʣʠʯʠʝ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ. ɺ ʥʘʰʝʤ 

ʩʣʫʯʘʝ ʤʘʛʥʠʪʥʳʡ ʛʠʩʪʝʨʝʟʠʩ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʥʘʙʣʶʜʘʣʩʷ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ 2 ʂ, ʛʜʝ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʩʦʩʪʘʚʣʷʣʘ ʧʦʨʷʜʢʘ 10 ʕ. ɼʣʷ 

ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʤʘʛʥʠʪʥʦʛʦ ʭʦʣʦʜʠʣʴʥʠʢʘ ʵʪʦ ʦʯʝʥʴ ʚʘʞʥʳʡ ʠ ʧʦʣʦʞʠʪʝʣʴʥʳʡ 

ʨʝʟʫʣʴʪʘʪ. ʅʘʣʠʯʠʝ ʛʠʩʪʝʨʝʟʠʩʘ ʧʨʠʚʦʜʠʪ ʢ ʧʦʛʣʦʱʝʥʠʶ ʵʥʝʨʛʠʠ ʠ ʝʝ 

ʧʨʝʚʨʘʱʝʥʠʶ ʚ ʪʝʧʣʦ, ʪʝʤ ʩʘʤʳʤ ʫʤʝʥʴʰʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʙʦʯʝʛʦ ʮʠʢʣʘ 

ʤʘʛʥʠʪʥʦʡ ʭʦʣʦʜʠʣʴʥʦʡ ʤʘʰʠʥʳ. 

 

ʈʠʩʫʥʦʢ 3.6. ʇʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ Gd, 

ʟʘʧʠʩʘʥʥʳʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 2 ʂ, 100 ʂ, 300 ʂ. ʅʘ ʚʩʪʘʚʢʝ ʧʦʢʘʟʘʥʘ 

ʫʚʝʣʠʯʝʥʥʘʷ ʦʙʣʘʩʪʴ ʛʠʩʪʝʨʝʟʠʩʦʚ ʚʙʣʠʟʠ ʥʫʣʝʚʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʅʘʣʦʞʝʥʠʝ ʧʦʣʝʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʨʠ ʧʨʷʤʦʡ ʠ ʦʙʨʘʪʥʦʡ ʨʘʟʚʝʨʪʢʝ ʧʦʣʷ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʛʠʩʪʝʨʝʟʠʩʘ.   

ʅʘ ʨʠʩʫʥʢʝ 3.7 ʧʨʠʚʝʜʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ 

Gd ʦʪ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʧʨʠʣʦʞʝʥʥʦʛʦ ʚʜʦʣʴ ʝʛʦ ʦʩʠ, ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 247 ʂ - 347 ʂ. ɿʘʚʠʩʠʤʦʩʪʠ ʟʘʧʠʩʘʥʳ ʩ ʰʘʛʦʤ 5 ʂ ʚ 




















































































































































































































