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ʇɽʈɽɼʄʆɺɸ 

ɼʘʥʠʡ ʥʘʚʯʘʣʴʥʠʡ ʧʦʩʽʙʥʠʢ çʄʝʪʦʜʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ. 

ʄʽʢʨʦʩʢʦʧʽʷè ʻ ʯʘʩʪʠʥʦʶ ʢʫʨʩʫ ʣʝʢʮʽʡ ʟ ʜʠʩʮʠʧʣʽʥʠ çʄʝʪʦʜʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴè ʽ ʤʽʩʪʠʪʴ ʪʘʢʽ ʪʝʤʠ ʩʠʣʘʙʫʩʫ ʷʢ çʄʽʢʨʦʩʢʦʧʽʯʥʽ 

ʤʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷè, çɽʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷè, çʉʢʘʥʫʚʘʣʴʥʘ ʟʦʥʜʦʚʘ 

ʤʽʢʨʦʩʢʦʧʽʷè.  

ɿʦʢʨʝʤʘ, ʪʫʪ ʨʦʟʛʣʷʥʫʪʽ ʬʽʟʠʯʥʽ ʟʘʩʘʜʠ ʨʽʟʥʠʭ ʤʝʪʦʜʽʚ ʤʽʢʨʦʩʢʦʧʽʾ, 

ʦʩʦʙʣʠʚʦʩʪʽ, ʧʨʠʥʮʠʧʠ ʨʦʙʦʪʠ ʪʘ ʙʫʜʦʚʘ ʨʽʟʥʠʭ ʪʠʧʽʚ ʤʽʢʨʦʩʢʦʧʽʚ, ʘ ʪʘʢʦʞ 

ʧʨʠʢʣʘʜʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʽʟʥʠʭ ʚʠʜʽʚ ʤʽʢʨʦʩʢʦʧʽʾ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʥʘʫʢʦʚʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʥʘʫʢʦʚʠʭ ʧʫʙʣʽʢʘʮʽʡ. ʅʘʚʯʘʣʴʥʠʡ ʧʦʩʽʙʥʠʢ 

ʜʦʟʚʦʣʠʪʴ ʩʪʫʜʝʥʪʘʤ ʦʟʥʘʡʦʤʠʪʠʩʴ ʟ ʩʫʯʘʩʥʠʤʠ ʤʝʪʦʜʘʤʠ ʤʽʢʨʦʩʢʦʧʽʯʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʫ ʬʽʟʠʮʽ, ʟ ʾʭ ʤʦʞʣʠʚʦʩʪʷʤʠ ʪʘ ʦʙʣʘʩʪʷʤʠ ʟʘʩʪʦʩʫʚʘʥʥʷ.  

ɺʠʜʘʥʥʷ ʤʦʞʝ ʙʫʪʠ ʢʦʨʠʩʥʠʤ ʜʣʷ ʩʪʫʜʝʥʪʽʚ, ʤʘʛʽʩʪʨʽʚ ʪʘ ʘʩʧʽʨʘʥʪʽʚ 

ʪʝʭʥʽʯʥʠʭ ʟʘʢʣʘʜʽʚ ʚʠʱʦʾ ʦʩʚʽʪʠ ʧʨʠ ʚʠʚʯʝʥʥʽ ʤʝʪʦʜʽʚ ʤʽʢʨʦʩʢʦʧʽʯʥʦʛʦ 

ʜʦʩʣʽʜʞʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ. 
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1. ʆʇʊʀʏʅʀʁ ʄɯʂʈʆʉʂʆʇ 

1.1. ɯʩʪʦʨʽʷ ʩʪʚʦʨʝʥʥʷ ʤʽʢʨʦʩʢʦʧʘ. ɼʠʬʨʘʢʮʽʡʥʘ ʤʝʞʘ ʜʣʷ 

ʦʧʪʠʯʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ 

ɺʠʥʘʡʜʝʥʥʷ ʤʽʢʨʦʩʢʦʧʘ ʟʥʘʤʝʥʫʚʘʣʦ, ʙʝʟ ʧʝʨʝʙʽʣʴʰʝʥʥʷ, ʧʦʯʘʪʦʢ ʥʦʚʦʾ 

ʨʝʚʦʣʶʮʽʡʥʦʾ ʝʨʠ ʫ ʥʘʫʮʽ ʪʘ ʨʦʟʫʤʽʥʥʽ ʧʨʠʨʦʜʠ ʚʩʝʩʚʽʪʫ. ɻʘʣʽʣʝʦ ɻʘʣʽʣʝʡ, 

ʚʠʜʘʪʥʠʡ ʽʪʘʣʽʡʩʴʢʠʡ ʤʠʩʣʠʪʝʣʴ ʝʧʦʭʠ ɺʽʜʨʦʜʞʝʥʥʷ, ʫ 1609 ʨ. ʧʦʙʫʜʫʚʘʚ 

ʧʝʨʰʠʡ ʪʝʣʝʩʢʦʧ. ʋ 1610 - 1614 ʨʨ., ʟʤʽʥʶʶʯʠ ʚʽʜʩʪʘʥʴ ʤʽʞ ʣʽʥʟʘʤʠ, ʚʽʥ ʩʪʚʦʨʠʚ 

ʪʘʢʦʞ ʤʽʢʨʦʩʢʦʧ. ɿʘʚʜʷʢʠ ɻʘʣʽʣʝʶ ʣʽʥʟʠ ʡ ʦʧʪʠʯʥʽ ʧʨʠʣʘʜʠ ʩʪʘʣʠ ʤʦʛʫʪʥʽʤ 

ʟʥʘʨʷʜʜʷʤ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ. 

ʏʝʨʝʟ ʧʽʚʩʪʦʣʽʪʪʷ ʘʥʛʣʽʻʮʴ ʈʦʙʝʨʪ ɻʫʢ ʫʜʦʩʢʦʥʘʣʠʚ ʦʧʪʠʯʥʫ ʩʠʩʪʝʤʫ 

ɻʘʣʽʣʝʷ ʪʘ ʩʪʚʦʨʠʚ ʤʽʢʨʦʩʢʦʧ ʟ ʪʨʴʦʤʘ ʣʽʥʟʘʤʠ, ʷʢʠʡ ʜʘʚʘʚ 30-ʢʨʘʪʥʝ ʟʙʽʣʴʰʝʥʥʷ. 

ʎʝʡ ʚʠʥʘʭʽʜ ʜʦʟʚʦʣʠʚ ʡʦʤʫ ʧʝʨʰʦʤʫ ʜʦʩʣʽʜʠʪʠ ʙʫʜʦʚʫ ʨʦʩʣʠʥ ʽ ʪʚʘʨʠʥ, ʫ 

ʨʝʟʫʣʴʪʘʪʽ ʯʦʛʦ ʟôʷʚʠʣʦʩʷ ʥʦʚʝ ʧʦʥʷʪʪʷ ï çʢʣ̔ʪʠʥʘè. 

 

ʈʠʩ. 1.1. ʉʘʪʠʨʠʯʥʘ ʛʨʘʚʶʨʘ ɺ̔ ʣʴʷʤʘ ʍʝʪʘ ʟʦʙʨʘʞʘʻ ʤʽʢʨʦʩʢʦʧʽʯʥʠʡ ʩʚʽʪ, ʷʢʠʡ ʽʩʥʫʻ ʫ 

ʢʨʘʧʣʠʥʽ ʨʽʯʢʦʚʦʾ ʚʦʜʠ 



8 
 

ɼʘʣʽ ʫ 18-ʤʫ ʩʪʦʨʽʯʯʽ ʛʦʣʣʘʥʜʩʴʢʠʡ ʜʦʩʣʽʜʥʠʢ ɸʥʪʦʥʽ ʚʘʥ ʃʝʚʝʥʛʫʢ ʟʥʘʯʥʦ 

ʚʜʦʩʢʦʥʘʣʠʚ ʤʽʢʨʦʩʢʦʧ, ʦʪʨʠʤʘʚʰʠ ʟʙʽʣʴʰʝʥʥʷ ʫ 275 ʨʘʟʽʚ. ɺʧʝʨʰʝ ʚ ʽʩʪʦʨʽʾ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʩʚʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʩʧʦʩʪʝʨʽʛʘʚ ʤʽʢʨʦʩʢʦʧʽʯʥʫ ʙʫʜʦʚʫ ʨʽʟʥʠʭ ʬʦʨʤ 

ʞʠʚʠʭ ʦʨʛʘʥʽʟʤʽʚ. ɺʽʥ ʨʦʟʛʣʷʜʘʚ ʤʽʢʨʦʦʨʛʘʥʽʟʤʠ, ʦʩʦʙʣʠʚʦ ʽʥʬʫʟʦʨʽʾ, ʷʢʠʭ ʥʘʟʚʘʚ 

ʘʥʽʤʘʣʴʢʫʣʽ, ʘ ʪʘʢʦʞ ʚʧʝʨʰʝ ʧʦʙʘʯʠʚ ʝʨʠʪʨʦʮʠʪʠ, ʙʘʢʪʝʨʽʾ, ʜʨʽʞʜʞʽ, ʥʘʡʧʨʦʩʪʽʰʽ 

ʦʨʛʘʥʽʟʤʠ, ʩʧʝʨʤʘʪʦʟʦʾʜʠ, ʙʫʜʦʚʫ ʦʯʝʡ ʢʦʤʘʭ ʽ ʤôʷʟʦʚʠʭ ʚʦʣʦʢʦʥ. ɺʽʜʢʨʠʪʪʷ 

ʥʝʚʽʜʦʤʦʛʦ ʨʘʥʽʰʝ ʤʽʢʨʦʩʢʦʧʽʯʥʦʛʦ ʩʚʽʪʫ ʩʧʨʠʯʠʥʠʣʦ ʩʧʨʘʚʞʥʽʡ ʧʝʨʝʚʦʨʦʪ ʫ 

ʩʚʽʜʦʤʦʩʪʽ ʣʶʜʝʡ (ʨʠʩʫʥʦʢ 1.1) ʪʘ ʩʪʘʣʦ ʧʨʦʨʠʚʦʤ ʜʣʷ ʨʦʟʚʠʪʢʫ ʙʘʛʘʪʴʦʭ ʥʘʫʢ, 

ʪʘʢʠʭ ʷʢ ʤʝʜʠʮʠʥʘ, ʙʽʦʣʦʛʽʷ, ʭʽʤʽʷ.  

ʆʜʥʘʢ ʧʨʠ ʩʧʨʦʙʘʭ ʥʘʫʢʦʚʮʽʚ ʧʦʙʘʯʠʪʠ ʱʝ ʙʽʣʴʰ ʤʽʢʨʦʩʢʦʧʽʯʥʽ ʦʙôʻʢʪʠ 

ʙʫʣʦ ʜʦʩʷʛʥʫʪʦ ʤʝʞʽ, ʟʘ ʷʢʦʶ ʦʙôʻʢʪʠ ʧʦʯʠʥʘʣʠ ʟʣʠʚʘʪʠʩʴ ʚ ʦʜʥʫ ʥʝʨʦʟʜʽʣʴʥʫ 

ʧʣʷʤʫ. ʋ 1873 ʨ. ɽʨʥʩʪ ɸʙʙʝ ʚʠʟʥʘʯʠʚ ʤʽʥʽʤʘʣʴʥʫ ʚʽʜʩʪʘʥʴ ʤʽʞ ʦʙ'ʻʢʪʘʤʠ, ʢʦʣʠ 

ʾʭ ʱʝ ʤʦʞʥʘ ʨʦʟʨʽʟʥʠʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʚʽʪʣʦʚʦʛʦ ʤʽʢʨʦʩʢʦʧʫ: ʮʝ ʧʨʠʙʣʠʟʥʦ 

ʧʦʣʦʚʠʥʘ ʜʦʚʞʠʥʘ ʭʚʠʣʽ ʚʠʜʠʤʦʛʦ ʩʚʽʪʣʘ (ʨʠʩʫʥʦʢ 1.2). ʇʨʠ ʮʴʦʤʫ ʜʦʤʦʛʪʠʩʷ 

ʧʦʜʘʣʴʰʦʛʦ ʟʙʽʣʴʰʝʥʥʷ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʥʝʤʦʞʣʠʚʦ ʥʽʷʢʠʤ ʚʜʦʩʢʦʥʘʣʝʥʥʷʤ 

ʦʧʪʠʯʥʦʾ ʩʠʩʪʝʤʠ, ʟʙʽʣʴʰʝʥʥʷʤ ʢʽʣʴʢʦʩʪʽ ʣʽʥʟ ʯʠ ʧʦʣʽʧʰʝʥʥʷʤ ʾʭ ʷʢʦʩʪʽ, ʪʦʤʫ ʱʦ 

ʽʩʥʫʚʘʥʥʷ ʛʨʘʥʠʯʥʦʾ ʤʝʞʽ ʟʫʤʦʚʣʝʥʦ ʩʘʤʦʶ ʧʨʠʨʦʜʦʶ ʩʚʽʪʣʘ, ʘ ʩʘʤʝ ʡʦʛʦ 

ʜʠʬʨʘʢʮʽʻʶ. 

 

 

ʈʠʩ. 1.2. ʉʭʝʤʘʪʠʯʥʘ ʛʨʘʜʘʮʽʷ ʨʦʟʤʽʨʽʚ ʜʝʷʢʠʭ ʦʙôʻʢʪʽʚ ʧʦ ʚʽʜʥʦʰʝʥʥʶ ʜʦ 

ʜʠʬʨʘʢʮʽʡʥʦʾ ʤʝʞʽ ʦʧʪʠʯʥʠʭ ʤʽʢʨʦʩʢʦʧʽʚ 
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ɼʠʬʨʘʢʮʽʡʥʘ ʤʝʞʘ ɸʙʙʝ ʚʩʪʘʥʦʚʣʶʻ ʤʽʥʽʤʘʣʴʥʠʡ ʣʽʥʽʡʥʠʡ ʨʦʟʤʽʨ R 

ʦʙôʻʢʪʘ, ʟʦʙʨʘʞʝʥʥʷ ʷʢʦʛʦ ʤʦʞʝ ʙʫʪʠ ʧʦʙʫʜʦʚʘʥʦ ʦʧʪʠʯʥʦʶ ʩʠʩʪʝʤʦʶ, ʽ ʩʢʣʘʜʘʻ 

ʙʣʠʟʴʢʦ ʧʦʣʦʚʠʥʠ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʧʘʜʘʶʯʦʛʦ ʩʚʽʪʣʘ: 

 
2 sin

R
n

l
=

q
, (1.1) 

ʜʝ ɚ ï ʜʦʚʞʠʥʘ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ ʭʚʠʣʽ ʫ ʚʘʢʫʫʤʽ, n ï ʧʦʢʘʟʥʠʢ ʟʘʣʦʤʣʝʥʥʷ 

ʩʝʨʝʜʦʚʠʱʘ, ɗ ï ʪʘʢ ʟʚʘʥʠʡ ʘʧʝʨʪʫʨʥʠʡ ʢʫʪ (ʫ ʭʦʨʦʰʠʭ ʤʽʢʨʦʩʢʦʧʽʚ ɗ ʙʣʠʟʴʢʠʡ 

ʜʦ 90Á, ʽ ʦʪʞʝ, ʛʨʘʥʠʯʥʘ ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʙʣʠʟʴʢʘ ʜʦ ʜʠʬʨʘʢʮʽʡʥʦʾ ʤʝʞʽ 

ɚ/(2n)).  

ɯʥʦʜʽ ʧʽʜ ʜʠʬʨʘʢʮʽʡʥʦʶ ʤʝʞʝʶ ʨʦʟʫʤʽʻʪʴʩʷ ʥʝ ʣʽʥʽʡʥʠʡ, ʘ ʢʫʪʦʚʠʡ ʨʦʟʤʽʨ 

ʦʙôʻʢʪʘ, ʱʦ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ ʢʨʠʪʝʨʽʻʤ ʈʝʣʝʷ, ʟʘʧʨʦʧʦʥʦʚʘʥʠʤ ʫ 1879 ʨʦʮʽ, 

1,22
D

l
y= ,      (1.2) 

ʜʝ D ï ʘʧʝʨʪʫʨʘ ʦʧʪʠʯʥʦʛʦ ʧʨʠʣʘʜʫ.  

ʊʘʢʠʤ ʯʠʥʦʤ, ʜʣʷ ʦʧʪʠʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ ʜʦʚʞʠʥ ʭʚʠʣʴ ʛʨʘʥʠʯʥʠʡ ʨʦʟʤʽʨ 

ʦʙôʻʢʪʽʚ, ʷʢʽ ʤʦʞʥʘ ʨʦʟʨʽʟʥʠʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʽʢʨʦʩʢʦʧʘ, ʤʘʻ ʚʝʣʠʯʠʥʫ ʧʦʨʷʜʢʘ 

200 ï 300 ʥʤ. 

ʈʦʟʛʣʷʥʝʤʦ ʪʦʯʢʦʚʠʡ ʦʙôʻʢʪ. ʇʨʠ ʩʧʦʩʪʝʨʝʞʝʥʥʽ ʡʦʛʦ ʟʦʙʨʘʞʝʥʥʷ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʨʝʘʣʴʥʦʾ ʦʧʪʠʯʥʦʾ ʩʠʩʪʝʤʠ ʧʦʙʘʯʠʤʦ ʥʝ ʪʦʯʢʫ, ʘ ʧʣʷʤʫ, ʱʦ ʚʠʥʠʢʘʻ 

ʚʥʘʩʣʽʜʦʢ ʜʠʬʨʘʢʮʽʾ ʩʚʽʪʣʘ ʥʘ ʦʧʨʘʚʘʭ ʢʦʤʧʦʥʝʥʪʽʚ ʦʧʪʠʯʥʦʾ ʩʠʩʪʝʤʠ (ʨʠʩʫʥʦʢ 

1.3). ɼʠʬʨʘʢʮʽʡʥʘ ʢʘʨʪʠʥʘ ʥʘ ʢʨʫʛʣʦʤʫ ʦʪʚʦʨʽ ʜʽʘʬʨʘʛʤʠ ʤʘʪʠʤʝ ʚʠʛʣʷʜ 

ʢʦʥʮʝʥʪʨʠʯʥʠʭ ʢʽʣʝʮʴ, ʜʝ ʮʝʥʪʨʘʣʴʥʘ ʩʚʽʪʣʘ ʧʣʷʤʘ ʥʦʩʠʪʴ ʥʘʟʚʫ ʜʠʩʢʫ ɽʡʨʽ, ʤʘʻ 

ʨʦʟʤʽʨ ʚʠʟʥʘʯʝʥʠʡ ʢʨʠʪʝʨʽʻʤ ʈʝʣʝʷ ʽ ʚʽʜʧʦʚʽʜʘʻ ʨʦʟʤʽʨʫ ʥʘʡʤʝʥʰʦʾ ʪʦʯʢʠ, ʜʦ ʷʢʦʾ 

ʦʧʪʠʯʥʘ ʩʠʩʪʝʤʘ ʟʜʘʪʥʘ ʩʬʦʢʫʩʫʚʘʪʠ ʧʨʦʤʽʥʴ ʩʚʽʪʣʘ. ʈʦʟʧʦʜʽʣ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʫ 

ʬʦʢʘʣʴʥʽʡ ʧʣʦʱʠʥʽ ʣʽʥʟʠ, ʦʙʫʤʦʚʣʝʥʽʡ ʜʠʬʨʘʢʮʽʻʶ ʌʨʘʫʥʛʦʬʝʨʘ ʥʘ ʜʽʘʬʨʘʛʤʽ, 

ʚʠʟʥʘʯʘʪʠʤʝ ʬʫʥʢʮʽʶ ʨʦʟʤʠʪʪʷ ʪʦʯʢʠ. 

ɿʦʙʨʘʞʝʥʥʷ ʦʙ'ʻʢʪʽʚ, ʨʦʟʤʽʨʠ ʷʢʠʭ ʜʫʞʝ ʤʘʣʽ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʜʦʚʞʠʥʦʶ 

ʭʚʠʣʽ ʩʚʽʪʣʘ, ʤʘʪʠʤʫʪʴ ʦʜʥʘʢʦʚʽ ʬʦʨʤʫ ʽ ʨʦʟʤʽʨʠ, ʷʢʽ ʥʝ ʟʘʣʝʞʘʪʴ ʚʽʜ ʬʦʨʤʠ 

ʩʘʤʠʭ ʦʙ'ʻʢʪʽʚ, ʟ ʫʪʚʦʨʝʥʥʷʤ ʜʠʬʨʘʢʮʽʡʥʠʭ ʢʽʣʝʮʴ. ʇʨʠ ʮʴʦʤʫ ʜʣʷ ʦʙôʻʢʪʽʚ, 

ʨʦʟʪʘʰʦʚʘʥʠʭ ʦʜʠʥ ʚʽʜ ʦʜʥʦʛʦ ʥʘ ʚʽʜʩʪʘʥʷʭ ʧʦʨʷʜʢʫ ʢʨʠʪʝʨʽʶ R ʘʙʦ ʤʝʥʰʠʭ, 
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ʜʠʩʢʠ ɽʡʨʽ ʙʫʜʫʪʴ ʧʝʨʝʢʨʠʚʘʪʠʩʴ. ʆʪʨʠʤʘʥʝ ʟʦʙʨʘʞʝʥʥʷ ʤʦʞʥʘ ʟʙʽʣʴʰʫʚʘʪʠ, 

ʦʜʥʘʢ ʷʢʱʦ ʟʦʙʨʘʞʝʥʥʷ ʜʚʦʭ ʩʫʩʽʜʥʽʭ ʪʦʯʢʦʚʠʭ ʦʙ'ʻʢʪʽʚ ʟʣʠʚʘʶʪʴʩʷ, ʚʦʥʠ 

ʟʣʠʚʘʪʠʤʫʪʴʩʷ ʽ ʜʘʣʽ (ʨʠʩʫʥʦʢ 1.4).  

 

 

 
 

 

ʘ 

 

 

ʙ 

 

 

ʚ 

 

ʈʠʩ. 1.3. ʉʭʝʤʘʪʠʯʥʝ ʧʨʝʜʩʪʘʚʣʝʥʥʷ 

ʧʦʙʫʜʦʚʠ ʟʦʙʨʘʞʝʥʥʷ ʪʦʯʢʦʚʦʛʦ ʦʙôʻʢʪʘ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʣʽʥʟʠ ʪʘ ʧʨʦʩʪʦʨʦʚʠʡ ʨʦʟʧʦʜʽʣ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʦʜʝʨʞʘʥʦʾ ʧʣʷʤʠ ɽʡʨʽ 

ʈʠʩ. 1.4. ʇʝʨʝʢʨʠʪʪʷ ʧʣʷʤ ɽʡʨʽ ʚʽʜ ʜʚʦʭ 

ʨʦʟʪʘʰʦʚʘʥʠʭ ʧʦʨʫʯ ʦʙôʻʢʪʽʚ: ʘ ï ʦʙôʻʢʪʠ 

ʨʦʟʪʘʰʦʚʘʥʽ ʥʘ ʚʽʜʩʪʘʥʽ, ʟʥʘʯʥʦ ʙʽʣʴʰʽʡ 

R = ɚ/2n; ʙ ï ʦʙôʻʢʪʠ ʨʦʟʪʘʰʦʚʘʥʽ ʥʘ ʚʽʜʩʪʘʥʽ 

R/2; ʚ ï ʦʙôʻʢʪʠ ʨʦʟʪʘʰʦʚʘʥʽ ʥʘ ʚʽʜʩʪʘʥʽ, 

ʟʥʘʯʥʦ ʤʝʥʰʽʡ R/2 

ʊʘʢʠʤ ʯʠʥʦʤ, ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʦʧʪʠʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʚʠʟʥʘʯʘʻʪʴʩʷ 

ʩʪʫʧʝʥʝʤ ʧʝʨʝʢʨʠʪʪʷ ʧʣʷʤ ɽʡʨʽ ʜʚʦʭ ʨʦʟʪʘʰʦʚʘʥʠʭ ʧʦʨʫʯ ʦʙ'ʻʢʪʽʚ, ʽ ʢʣʘʩʠʯʥʠʡ 

ʤʽʢʨʦʩʢʦʧ ʜʦʟʚʦʣʷʻ ʨʦʟʨʽʟʥʠʪʠ ʦʙôʻʢʪʠ ʨʦʟʤʽʨʘʤʠ ʧʦʨʷʜʢʫ ʜʦʣʝʡ ʤʽʢʨʦʤʝʪʨʘ. 

ɺʠʱʽ ʤʦʞʣʠʚʦʩʪʽ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʜʦʩʷʛʘʶʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʫ 

ʤʝʭʘʥʽʟʤʽʚ ʧʽʜʚʠʱʝʥʥʷ ʢʦʥʪʨʘʩʪʥʦʩʪʽ, ʜʦʩʪʫʧʥʠʭ ʜʣʷ ʦʧʪʠʯʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ, ʘʣʝ 

ʧʦʜʦʣʘʪʠ ʜʠʬʨʘʢʮʽʡʥʫ ʤʝʞʫ ʜʣʷ ʩʚʽʪʣʘ ʥʝʤʦʞʣʠʚʦ ʥʽʷʢʠʤʠ ʢʣʘʩʠʯʥʠʤʠ 

ʤʝʪʦʜʘʤʠ.  
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1.2. ɿʘʛʘʣʴʥʘ ʙʫʜʦʚʘ ʦʧʪʠʯʥʠʭ ʤʽʢʨʦʩʢʦʧʽʚ 

ʉʭʝʤʘʪʠʯʥʘ ʙʫʜʦʚʘ ʩʫʯʘʩʥʦʛʦ ʦʧʪʠʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʧʨʠʚʝʜʝʥʘ ʥʘ 

ʨʠʩʫʥʢʫ 1.5. 

 

ʈʠʩ. 1.5. ɹʫʜʦʚʘ ʩʚʽʪʣʦʚʦʛʦ ʤʽʢʨʦʩʢʦʧʘ 

ʉʫʯʘʩʥʠʡ ʤʽʢʨʦʩʢʦʧ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʥʘʩʪʫʧʥʠʭ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʯʘʩʪʠʥ [1]: ʦʧʪʠʯʥʦʾ, ʤʝʭʘʥʽʯʥʦʾ ʪʘ ʝʣʝʢʪʨʠʯʥʦʾ.  

ʄʝʭʘʥʽʯʥʘ ʩʠʩʪʝʤʘ ʤʽʢʨʦʩʢʦʧʘ ʚʢʣʶʯʘʻ ʰʪʘʪʠʚ, ʷʢʠʡ ʻ ʡʦʛʦ ʦʩʥʦʚʥʠʤ 

ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʤʝʭʘʥʽʯʥʠʤ ʙʣʦʢʦʤ ʽ ʟôʻʜʥʫʻ ʤʽʞ ʩʦʙʦʶ ʽʥʰʽ ʙʣʦʢʠ ʤʽʢʨʦʩʢʦʧʘ: 

- ʆʩʥʦʚʘ, ʱʦ ʻ ʙʣʦʢʦʤ, ʥʘ ʷʢʦʤʫ ʢʨʽʧʠʪʴʩʷ ʫʚʝʩʴ ʤʽʢʨʦʩʢʦʧ; 

- ʊʫʙʫʩʦʪʨʠʤʘʯ, ʱʦ ʻ ʯʘʩʪʠʥʦʶ ʢʦʥʩʪʨʫʢʮʽʾ ʤʽʢʨʦʩʢʦʧʘ, ʥʘ ʷʢʦʤʫ 

ʟʘʢʨʽʧʣʶʻʪʴʩʷ ʚʫʟʦʣ ʟʤʽʥʠ ʦʙ'ʻʢʪʠʚʽʚ, ʱʦ ʤʘʻ ʥʘʩʪʫʧʥʽ ʚʘʨʽʘʥʪʠ ʚʠʢʦʥʘʥʥʷ: 

ʨʝʚʦʣʴʚʝʨʥʠʡ ʧʨʠʩʪʨʽʡ, ʨʽʟʴʙʦʚʠʡ ʧʨʠʩʪʨʽʡ ʜʣʷ ʚʛʚʠʥʯʫʚʘʥʥʷ ʦʙ'ʻʢʪʠʚʫ, 

çʩʘʥʯʘʪʘè ʜʣʷ ʙʝʟʨʽʟʴʙʦʚʦʛʦ ʢʨʽʧʣʝʥʥʷ ʦʙ'ʻʢʪʠʚʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʧʝʮʽʘʣʴʥʠʭ 

ʥʘʧʨʷʤʥʠʭ; 
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- ʌʦʢʫʩʫʶʯʠʡ ʤʝʭʘʥʽʟʤ ʛʨʫʙʦʛʦ ʪʘ ʪʦʯʥʦʛʦ ʥʘʣʘʰʪʫʚʘʥʥʷ ʤʽʢʨʦʩʢʦʧʘ ʥʘ 

ʨʽʟʢʽʩʪʴ: ʤʝʭʘʥʽʟʤ ʬʦʢʫʩʫʶʯʦʛʦ ʧʝʨʝʤʽʱʝʥʥʷ ʦʙ'ʻʢʪʠʚʽʚ ʘʙʦ ʩʪʦʣʠʢʽʚ;  

- ɺʫʟʦʣ ʢʨʽʧʣʝʥʥʷ ʟʤʽʥʥʠʭ ʧʨʝʜʤʝʪʥʠʭ ʩʪʦʣʠʢʽʚ, ʷʢʽ ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ ʢʨʽʧʣʝʥʥʷ 

ʘʙʦ ʬʽʢʩʘʮʽʾ ʚ ʧʝʚʥʦʤʫ ʧʦʣʦʞʝʥʥʽ ʦʙ'ʻʢʪʫ ʩʧʦʩʪʝʨʝʞʝʥʥʷ;  

- ɺʫʟʦʣ ʢʨʽʧʣʝʥʥʷ ʬʦʢʫʩʫʶʯʦʛʦ ʪʘ ʮʝʥʪʨʫʚʘʣʴʥʦʛʦ ʧʝʨʝʤʽʱʝʥʥʷ ʢʦʥʜʝʥʩʦʨʘ;  

- ɺʫʟʦʣ ʢʨʽʧʣʝʥʥʷ ʟʤʽʥʥʠʭ ʥʘʩʘʜʦʢ (ʚʽʟʫʘʣʴʥʠʭ, ʬʦʪʦʛʨʘʬʽʯʥʠʭ, ʪʝʣʝʚʽʟʽʡʥʠʭ, 

ʨʽʟʥʠʭ ʧʝʨʝʜʘʚʘʣʴʥʠʭ ʧʨʠʩʪʨʦʾʚ). 

ʆʧʪʠʯʥʘ ʩʠʩʪʝʤʘ ʟʘʙʝʟʧʝʯʫʻ ʦʩʥʦʚʥʫ ʬʫʥʢʮʽʶ ʤʽʢʨʦʩʢʦʧʘ ï ʩʪʚʦʨʝʥʥʷ 

ʟʙʽʣʴʰʝʥʦʛʦ ʟʦʙʨʘʞʝʥʥʷ ʦʙ'ʻʢʪʫ ʟ ʜʦʩʪʘʪʥʴʦʶ ʤʽʨʦʶ ʜʦʩʪʦʚʽʨʥʦʩʪʽ ʟʘ ʬʦʨʤʦʶ, 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ ʨʦʟʤʽʨʽʚ ʩʢʣʘʜʦʚʠʭ ʝʣʝʤʝʥʪʽʚ ʪʘ ʢʦʣʴʦʨʦʤ. ʆʢʨʽʤ ʮʴʦʛʦ, 

ʦʧʪʠʢʘ ʧʦʚʠʥʥʘ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʪʘʢʫ ʷʢʽʩʪʴ ʟʦʙʨʘʞʝʥʥʷ, ʷʢʘ ʚʜ̔ʧʦʚʽʜʘʻ ʟʘʚʜʘʥʥʷʤ 

ʜʦʩʣʽʜʞʝʥʥʷ ʽ ʚʠʤʦʛʘʤ ʤʝʪʦʜʠʢ ʘʥʘʣʽʟʫ, ʱʦ ʧʨʦʚʦʜʠʪʴʩʷ. 

ʆʩʥʦʚʥʠʤʠ ʦʧʪʠʯʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ ʤʽʢʨʦʩʢʦʧʘ ʻ ʜʝʪʘʣʽ, ʱʦ ʩʪʚʦʨʶʶʪʴ 

ʦʩʚʽʪʣʶʚʘʣʴʥʫ (ʢʦʣʝʢʪʦʨ, ʢʦʥʜʝʥʩʦʨ), ʚʽʟʫʘʣʽʟʫʶʯʫ (ʦʢʫʣʷʨʠ) ʪʘ ʚʽʜʪʚʦʨʶʶʯʫ 

(ʦʙ'ʻʢʪʠʚʠ) ʩʠʩʪʝʤʠ ʤʽʢʨʦʩʢʦʧʘ. 

ʆʙ'ʻʢʪʠʚʠ ʻ ʦʜʥʠʤ ʟ ʦʩʥʦʚʥʠʭ ʚʫʟʣʽʚ ʤʽʢʨʦʩʢʦʧʫ, ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ ʧʦʙʫʜʦʚʠ 

ʤʽʢʨʦʩʢʦʧʽʯʥʦʛʦ ʟʦʙʨʘʞʝʥʥʷ ʟ ʚʽʜʧʦʚʽʜʥʠʤ ʟʙʽʣʴʰʝʥʥʷʤ. ɺʦʥʠ ʤʘʶʪʴ ʩʢʣʘʜʥʫ 

ʦʧʪʠʢʦ-ʤʝʭʘʥʽʯʥʫ ʢʦʥʩʪʨʫʢʮʽʶ, ʷʢʘ ʚʢʣʶʯʘʻ ʜʝʢʽʣʴʢʘ ʦʢʨʝʤʠʭ ʣʽʥʟ ʪʘ ʩʠʩʪʝʤ ʟ 

ʜʚʦʭ ʘʙʦ ʪʨʴʦʭ ʣʽʥʟ. ʏʠʤ ʚʠʱʘ ʷʢʽʩʪʴ ʟʦʙʨʘʞʝʥʥʷ, ʱʦ ʬʦʨʤʫʻʪʴʩʷ ʦʙ'ʻʢʪʠʚʦʤ, 

ʪʠʤ ʩʢʣʘʜʥʽʰʘ ʡʦʛʦ ʦʧʪʠʯʥʘ ʩʭʝʤʘ ʪʘ ʙʽʣʴʰʘ ʢʽʣʴʢʽʩʪʴ ʣʽʥʟ. ɿʘʛʘʣʴʥʝ ʯʠʩʣʦ ʣʽʥʟ 

ʚ ʩʢʣʘʜʥʦʤʫ ʦʙ'ʻʢʪʠʚʽ ʤʦʞʝ ʜʦʭʦʜʠʪʠ ʜʦ 14. ɯʥʦʜʽ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʨʦʟʜʽʣʴʥʦʾ 

ʟʜʘʪʥʦʩʪʽ ʤʽʢʨʦʩʢʦʧʘ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʽʤʝʨʩʽʡʥʽ ʦʙ'ʻʢʪʠʚʠ, ʜʝ ʧʨʦʩʪʽʨ ʤʽʞ 

ʦʙ'ʻʢʪʦʤ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʽ ʩʧʝʮʽʘʣʴʥʠʤ ʦʙ'ʻʢʪʠʚʦʤ ʟʘʧʦʚʥʶʻʪʴʩʷ ʨʽʜʠʥʦʶ 

(ʟʘʟʚʠʯʘʡ, ʦʣʽʻʶ, ʚʦʜʦʶ ʯʠ ʛʣʽʮʝʨʠʥʦʤ). ʂʨʽʤ ʪʦʛʦ, ʽʤʝʨʩʽʡʥʘ ʨʽʜʠʥʘ ʤʦʞʝ 

ʟʤʝʥʰʫʚʘʪʠ ʢʽʣʴʢʽʩʪʴ ʨʦʟʩʽʷʥʦʛʦ ʩʚʽʪʣʘ ʟʘ ʨʘʭʫʥʦʢ ʟʥʠʢʥʝʥʥʷ ʚʽʜʙʣʠʩʢʽʚ ʚʽʜ 

ʦʙ'ʻʢʪʫ.  

ʆʢʫʣʷʨʠ ï ʮʝ ʦʧʪʠʯʥʽ ʩʠʩʪʝʤʠ, ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ ʧʦʙʫʜʦʚʠ ʤʽʢʨʦʩʢʦʧʽʯʥʦʛʦ 

ʟʦʙʨʘʞʝʥʥʷ ʥʘ ʩʽʪʢʽʚʮʽ ʦʢʘ ʩʧʦʩʪʝʨʽʛʘʯʘ. 

ʆʩʚʽʪʣʶʚʘʣʴʥʘ ʩʠʩʪʝʤʘ ï ʻ ʚʘʞʣʠʚʦʶ ʯʘʩʪʠʥʦʶ ʢʦʥʩʪʨʫʢʮʽʾ ʤʽʢʨʦʩʢʦʧʘ ʽ 

ʤʘʻ ʩʠʩʪʝʤʫ ʣʽʥʟ, ʜʽʘʬʨʘʛʤ ʪʘ ʜʟʝʨʢʘʣ (ʦʩʪʘʥʥʽ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʧʨʠ ʥʝʦʙʭʽʜʥʦʩʪʽ), 
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ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʨʽʚʥʦʤʽʨʥʝ ʦʩʚʽʪʣʝʥʥʷ ʦʙ'ʻʢʪʫ ʽ ʧʦʚʥʝ ʟʘʧʦʚʥʝʥʥʷ ʘʧʝʨʪʫʨʠ 

ʦʙ'ʻʢʪʠʚʫ. ʆʩʚʽʪʣʶʚʘʣʴʥʘ ʩʠʩʪʝʤʘ ʤʽʢʨʦʩʢʦʧʘ, ʱʦ ʧʨʘʮʶʻ ʥʘ ʧʨʦʩʚʽʪʣʝʥʥʷ, 

ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʯʘʩʪʠʥ ï ʢʦʣʝʢʪʦʨʘ ʽ ʢʦʥʜʝʥʩʦʨʘ: 

-  ʂʦʣʝʢʪʦʨʥʘ ʯʘʩʪʠʥʘ ʨʦʟʪʘʰʦʚʘʥʘ ʧʦʙʣʠʟʫ ʜʞʝʨʝʣʘ ʩʚʽʪʣʘ ʽ ʩʣʫʞʠʪʴ ʜʣʷ 

ʫʪʚʦʨʝʥʥʷ ʚ ʧʣʦʱʠʥʽ ʘʧʝʨʪʫʨʥʦʾ ʜʽʘʬʨʘʛʤʠ ʢʦʥʜʝʥʩʦʨʘ ʤʽʢʨʦʩʢʦʧʘ 

ʟʦʙʨʘʞʝʥʥʷ ʜʞʝʨʝʣʘ ʩʚʽʪʣʘ, ʱʦ ʩʚʽʪʠʪʴʩʷ. ɼʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʥʘʣʘʰʪʫʚʘʥʥʷ 

ʢʦʣʝʢʪʦʨ ʤʦʞʝ ʧʝʨʝʤʽʱʘʪʠʩʷ ʫʟʜʦʚʞ ʦʧʪʠʯʥʦʾ ʦʩʽ. ʇʦʙʣʠʟʫ ʢʦʣʝʢʪʦʨʘ 

ʨʦʟʪʘʰʦʚʫʻʪʴʩʷ ʧʦʣʴʦʚʘ ʜʽʘʬʨʘʛʤʘ ʤʽʢʨʦʩʢʦʧʘ.  

-  ʆʧʪʠʯʥʘ ʩʠʩʪʝʤʘ ʢʦʥʜʝʥʩʦʨʘ ʧʨʠʟʥʘʯʝʥʘ ʜʣʷ ʟʙʽʣʴʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʩʚʽʪʣʘ, ʱʦ 

ʧʦʩʪʫʧʘʻ ʚ ʤʽʢʨʦʩʢʦʧ. ʎʝ ʢʦʨʦʪʢʦʬʦʢʫʩʥʘ ʣʽʥʟʘ ʘʙʦ ʩʠʩʪʝʤʘ ʣʽʥʟ, ʱʦ ʟʙʠʨʘʻ ʽ 

ʩʧʨʷʤʦʚʫʻ ʧʨʦʤʝʥʽ ʚʽʜ ʜʞʝʨʝʣʘ ʩʚʽʪʣʘ ʥʘ ʜʦʩʣʽʜʞʫʚʘʥʠʡ ʦʙ'ʻʢʪ. ʂʦʥʜʝʥʩʦʨ 

ʨʦʟʪʘʰʦʚʘʥʠʡ ʤʽʞ ʧʨʝʜʤʝʪʥʠʤ ʩʪʦʣʠʢʦʤ ʽ ʦʩʚʽʪʣʶʚʘʯʝʤ (ʜʞʝʨʝʣʦʤ ʩʚʽʪʣʘ). 

ɼʣʷ ʨʝʛʫʣʶʚʘʥʥʷ ʘʧʝʨʪʫʨʠ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʽʨʠʩʦʚʘ ʜʽʘʬʨʘʛʤʘ.  

1.3. ɼʝʷʢʽ ʦʩʦʙʣʠʚʽ ʚʠʧʘʜʢʠ ʦʧʪʠʯʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ 

1.3.1. ʄʽʢʨʦʩʢʦʧʽʷ ʬʘʟʦʚʠʭ ʦʙôʻʢʪʽʚ  

ɿʘ ʜʦʧʦʤʦʛʦʶ ʟʚʠʯʘʡʥʦʛʦ ʦʧʪʠʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʤʦʞʥʘ ʩʧʦʩʪʝʨʽʛʘʪʠ 

ʪʽʣʴʢʠ ʪʘʢʽ ʦʙ'ʻʢʪʠ, ʷʢʽ ʧʦ ʚʽʜʥʦʰʝʥʥʶ ʜʦ ʩʝʨʝʜʦʚʠʱʘ, ʱʦ ʾʭ ʦʪʦʯʫʻ, ʧʦʛʣʠʥʘʶʪʴ 

ʩʚʽʪʣʦ ʚ ̔ʥʰ̔ʡ ʤʽʨ̔, ʘ ʟʥʘʯʠʪʴ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʜʝʷʢʦʶ ʧʨʠʨʦʜʥʦʶ ʢʦʥʪʨʘʩʪʥʽʩʪʶ. 

ʊʘʢʽ ʦʙ'ʻʢʪʠ ʯʘʩʪʦ ʥʘʟʠʚʘʶʪʴʩʷ ʘʤʧʣʽʪʫʜʥʠʤʠ, ʦʩʢʽʣʴʢʠ ʚʦʥʠ ʚʠʢʣʠʢʘʶʪʴ ʟʤʽʥʫ 

ʘʤʧʣʽʪʫʜʠ ʩʚʽʪʣʘ, ʱʦ ʧʨʦʭʦʜʠʪʴ ʢʨʽʟʴ ʥʠʭ. ʇʨʦʪʝ, ʚ ʧʨʠʨʦʜʽ ʽʩʥʫʶʪʴ ʪʘʢʽ 

ʤʽʢʨʦʦʙ'ʻʢʪʠ ʽ ʩʪʨʫʢʪʫʨʠ, ʷʢʽ ʥʝ ʧʨʦʷʚʣʷʶʪʴ ʥʽʷʢʠʭ ʚʽʜʤʽʥʥʦʩʪʝʡ ʫ ʧʦʛʣʠʥʘʥʥʽ 

ʩʚʽʪʣʘ ʽ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ ʩʝʨʝʜʦʚʠʱʘ, ʱʦ ʾʭ ʦʪʦʯʫʻ, ʪʽʣʴʢʠ ʢʦʝʬʽʮʽʻʥʪʦʤ 

ʟʘʣʦʤʣʝʥʥʷ. ʊʘʢʽ ʦʙ'ʻʢʪʠ ʥʘʟʠʚʘʶʪʴʩʷ ʬʘʟʦʚʠʤʠ, ʦʩʢʽʣʴʢʠ ʚʦʥʠ ʚʠʢʣʠʢʘʶʪʴ 

ʪʽʣʴʢʠ ʟʤʽʥʫ ʬʘʟʠ ʩʚʽʪʣʦʚʦʾ ʭʚʠʣʽ, ʱʦ ʧʨʦʭʦʜʠʪʴ ʢʨʽʟʴ ʥʠʭ. ʋ ʟʚʠʯʘʡʥʦʤʫ 

ʤʽʢʨʦʩʢʦʧʽ ʚ ʩʚʽʪʣʽ ̫ ʢʝ ʧʨʦʭʦʜʠʪʴ ʚʦʥʠ ʘʙʩʦʣʶʪʥʦ ʥʝʚʠʜʠʤʽ ʘʙʦ ʤʘʡʞʝ ʥʝʚʠʜʠʤʽ, 

ʪʦʤʫ ʱʦ ʣʶʜʩʴʢʝ ʦʢʦ ʨʝʘʛʫʻ ʪʽʣʴʢʠ ʥʘ ʟʤʽʥʫ ̔ ʥʪʝʥʩʠʚʥʦʩʪʽ ʩʚʽʪʣʘ, ʪʦʙʪʦ ʥʘ ʟʤʽʥʫ 

ʘʤʧʣʽʪʫʜʠ ʩʚʽʪʣʦʚʦʾ ʭʚʠʣʽ (ʷʢ ʚʽʜʦʤʦ, ̔ ʥʪʝʥʩʠʚʥʽʩʪʴ ʩʚʽʪʣʘ ʧʨʦʧʦʨʮʽʡʥʘ ʢʚʘʜʨʘʪʫ 

ʘʤʧʣʽʪʫʜʠ). ʋ ʟʚ'ʷʟʢʫ ʟ ʮʠʤ, ʤʦʞʣʠʚʽʩʪʴ ʜʦʩʣʽʜʞʝʥʥʷ ʘʙʩʦʣʶʪʥʦ ʧʨʦʟʦʨʠʭ ʽ ʥʝ 
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ʧʦʛʣʠʥʘʶʯʠʭ ʩʚʽʪʣʘ ʦʙ'ʻʢʪʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʟʚʠʯʘʡʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʻ ʟʥʘʯʥʦʶ  

ʤʽʨʦʶ ʦʙʤʝʞʝʥʦʶ. ʊʦʤʫ ʜʣʷ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʬʘʟʦʚʠʭ ʦʙ'ʻʢʪʽʚ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ 

ʬʘʟʦʚʦʢʦʥʪʨʘʩʪʥʽ ʤʽʢʨʦʩʢʦʧʠ, ʜʝ ʟʩʫʚ ʬʘʟʠ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ ʭʚʠʣʽ 

ʪʨʘʥʩʬʦʨʤʫʻʪʴʩʷ ʚ ʢʦʥʪʨʘʩʪ ʽʥʪʝʥʩʠʚʥʦʩʪʽ.  

ɿʥʘʯʥʦ ʙʽʣʴʰʝ ʤʦʞʣʠʚʦʩʪʝʡ ʥʘʜʘʶʪʴ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʘ ʤʽʢʨʦʩʢʦʧʽʷ ʪʘ 

ʧʦʣʷʨʠʟʘʮʽʡʥʦ-ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʘ ʤʽʢʨʦʩʢʦʧʽʷ, ʷʢʽ ʩʣʫʞʘʪʴ ʜʣʷ ʩʧʦʩʪʝʨʝʞʝʥʥʷ 

ʤʽʢʨʦʦʙ'ʻʢʪʽʚ, ʷʢ ʬʘʟʦʚʠʭ (ʧʨʦʟʦʨʠʭ), ʪʘʢ ʽ ʘʤʧʣʽʪʫʜʥʠʭ (ʪʠʭ, ʱʦ ʧʦʛʣʠʥʘʶʪʴ 

ʩʚʽʪʣʦ), ʘ ʪʘʢʦʞ ʜʣʷ ʚʠʤʽʨʶʚʘʥʴ ʮʽʣʦʛʦ ʨʷʜʫ ʦʧʪʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʎʝ 

ʜʦʩʷʛʘʻʪʴʩʷ ʟʘʚʜʷʢʠ ʨʦʟʜʚʦʻʥʥʶ ʧʨʦʤʝʥʷ ʩʚʽʪʣʘ ʚ ʤʽʢʨʦʩʢʦʧʽ: ʦʜʠʥ ʟ ʧʨʦʤʝʥʽʚ 

ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʯʘʩʪʢʫ ʦʙ'ʻʢʪʘ, ʱʦ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ, ʘ ʽʥʰʠʡ ï ʧʦʚʟ ʥʝʾ. ɺ ʦʢʫʣʷʨʽ 

ʤʽʢʨʦʩʢʦʧʘ ʦʙʠʜʚʘ ʧʨʦʤʝʥʽ ʟ'ʻʜʥʫʶʪʴʩʷ ʡ ʽʥʪʝʨʬʝʨʫʶʪʴ ʤʽʞ ʩʦʙʦʶ. ʇʦʩʣʽʜʦʚʥʝ 

ʚʠʤʽʨʶʚʘʥʥʷ ʨʽʟʥʠʮʽ ʬʘʟ ʩʚʽʪʣʘ ʟ ʚʽʜʦʤʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ ʟʘʣʦʤʣʝʥʥʷ, ʜʘʻ 

ʤʦʞʣʠʚʽʩʪʴ ʚʠʚʯʘʪʠ ʜʝʪʘʣʽ ʧʨʦʟʦʨʦʛʦ ʦʙ'ʻʢʪʘ ʽ ʧʨʦʚʦʜʠʪʠ ʾʭ ʢʽʣʴʢʽʩʥʠʡ ʘʥʘʣʽʟ. 

ʌʘʟʦʚʦʢʦʥʪʨʘʩʪʥʽ ʪʘ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥ ̔ʤʽʢʨʦʩʢʦʧʠ ʟʘʩʪʦʩʦʚʫʶʪʴ ʧʝʨʝʜʫʩʽʤ 

ʫ ʙʽʦʣʦʛʽʯʥʠʭ ʪʘ ʤʝʜʠʯʥʠʭ ʥʘʫʢʘʭ (ʦʩʦʙʣʠʚʦ ʚ ʮʠʪʦʣʦʛʽʾ, ʛʽʩʪʦʣʦʛʽʾ, ʤʦʨʬʦʣʦʛʽʾ, 

ʙʽʦʭʽʤʽʾ, ʤʽʢʨʦʙʽʦʣʦʛʽʾ), ʘ ʪʘʢʦʞ ʫ ʬʽʟʠʢʦ-ʭʽʤʽʾ, ʢʨʠʩʪʘʣʦʛʨʘʬʽʾ, ʤʽʥʝʨʘʣʦʛʽʾ, ʫ 

ʪʝʢʩʪʠʣʴʥʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʚ ʪʝʭʥʦʣʦʛʽʾ ʪʦʥʢʠʭ ʰʘʨʽʚ ʪʘ ʧʣʽʚʦʢ ʪʦʱʦ [1]. 

1.3.2. ʊʝʤʥʦʧʦʣʴʥʘ ʦʧʪʠʯʥʘ ʤʽʢʨʦʩʢʦʧʽʷ  

ʊʝʤʥʦʧʦʣʴʥʘ ʦʧʪʠʯʥʘ ʤʽʢʨʦʩʢʦʧʽʷ ï ʚʠʜ ʦʧʪʠʯʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ, ʚ ʷʢʽʡ 

ʢʦʥʪʨʘʩʪ ʟʦʙʨʘʞʝʥʥʷ ʟʙʽʣʴʰʫʶʪʴ ʟʘ ʨʘʭʫʥʦʢ ʨʝʻʩʪʨʘʮʽʾ ʪʽʣʴʢʠ ʩʚʽʪʣʘ, ʨʦʟʩʽʷʥʦʛʦ 

ʜʦʩʣʽʜʞʫʚʘʥʠʤ ʟʨʘʟʢʦʤ, ʘ ʽʥʪʝʥʩʠʚʥʠʡ ʦʧʦʨʥʠʡ ʧʫʯʦʢ ʚʽʜʩʽʢʘʻʪʴʩʷ. ʇʨʠ ʮʴʦʤʫ 

ʨʝʻʩʪʨʫʶʪʴʩʷ ʥʘʚʽʪʴ ʥʝʟʥʘʯʥʽ ʚʽʜʤʽʥʥʦʩʪʽ ʚ ʢʦʝʬʽʮʽʻʥʪʽ ʟʘʣʦʤʣʝʥʥʷ ʜʽʣʷʥʦʢ 

ʟʨʘʟʢʘ. ʆʩʦʙʣʠʚʽʩʪʶ ʤʽʢʨʦʩʢʦʧʘ ʪʝʤʥʦʛʦ ʧʦʣʷ ʻ ʩʧʦʩʽʙ ʦʩʚʽʪʣʝʥʥʷ ʟʨʘʟʢʘ, ʷʢʠʡ 

ʟʜʽʡʩʥʶʻʪʴʩʷ çʟʙʦʢʫè. ʇʨʠ ʪʘʢʦʤʫ ʦʩʚʽʪʣʝʥʥʽ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ, ʥʘʷʚʥʽ ʚ ʟʨʘʟʢʫ, 

ʨʦʟʩʽʶʶʪʴ ʧʘʜʘʶʯʝ ʩʚʽʪʣʦ, ʽ ʚ ʤʽʢʨʦʩʢʦʧʽ ʟʦʙʨʘʞʝʥʥʷ ʟʨʘʟʢʘ ʩʧʦʩʪʝʨʽʛʘʶʪʴ ʚ 

ʨʦʟʩʽʷʥʦʤʫ ʩʚʽʪʣʽ, ʘ ʩʘʤʝ ʦʩʚʽʪʣʶʶʯʝ ʩʚʽʪʣʦ ʥʝ ʧʦʪʨʘʧʣʷʻ ʚ ʦʙ'ʻʢʪʠʚ [1]. 

ʇʦʨʽʚʥʷʥʥʷ ʙʫʜʦʚʠ ʢʦʥʜʝʥʩʦʨʘ ʜʣʷ ʚʠʧʘʜʢʽʚ ʩʚʽʪʣʦʛʦ ʧʦʣʷ ʪʘ ʪʝʤʥʦʛʦ ʧʦʣʷ 

ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 1.6. ʋ ʢʦʥʜʝʥʩʦʨ ̔ʪʝʤʥʦʛʦ ʧʦʣʷ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʢʽʣʴʮʝʚʘ 

ʜʽʘʬʨʘʛʤʘ, ʱʦ ʩʧʨʷʤʦʚʫʶ ̒ʧʨʦʤʝʥʽ ʧʦ ʙʦʢʘʭ ʟʨʘʟʢʘ ʪʘ ʩʪʚʦʨʶ ̒ʪʝʤʥʠʡ ʬʦʥ ʚ 
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ʮʝʥʪʨʽ. ʇʨʠ ʮʴʦʤʫ ʧʨʝʧʘʨʘʪ ʚʠʩʚʽʪʣʶʻʪʴʩʷ ʧʦʨʦʞʥʠʩʪʠʤ ʩʚʽʪʣʦʚʠʤ ʢʦʥʫʩʦʤ. 

ʊʘʢʠʤ ʯʠʥʦʤ ʧʨʦʤʝʥʽ ʦʩʚʽʪʣʶʶʪʴ ʜʦʩʣʽʜʞʫʚʘʥʠʡ ʦʙ'ʻʢʪ ʥʝ ʟʥʠʟʫ, ʘ ʟ ʙʦʢʽʚ, ʱʦ 

ʟʥʘʯʥʦ ʧʦʩʠʣʶʻ ʢʦʥʪʨʘʩʪʥʽʩʪʴ ʧʨʦʟʦʨʦʛʦ ʟʨʘʟʢʘ. 

 

 ʘ  ʙ 

ʈʠʩ. 1.6. ʉʭʝʤʘʪʠʯʥʘ ʙʫʜʦʚʘ ʢʦʥʜʝʥʩʦʨʘ ʩʚʽʪʣʦʛʦ ʧʦʣʷ (ʘ) ʪʘ  ʪʝʤʥʦʛʦ ʧʦʣʷ (ʙ) [2] 

ʅʘ ʧʝʨʰʠʡ ʧʦʛʣʷʜ ʟʜʘʻʪʴʩʷ ɦ ʦ ʟʦʙʨʘʞʝʥʥʷ, ʷʢʝ ʦʪʨʠʤʫʻʪʴʩʷ ʪʝʤʥʦʧʦʣʴʥʠʤ 

ʤʝʪʦʜʦʤ  ̒ ʧʨʦʩʪʦ ʥʝʛʘʪʠʚʦʤ ʧʦ ʚʽʜʥʦʰʝʥʥʶ ʜʦ ʦʪʨʠʤʘʥʦʛʦ ʩʚʽʪʣʦʧʦʣʴʥʠʤ 

ʤʝʪʦʜʦʤ, ʧʨʦʪʝ, ʥʘʩʧʨʘʚʜʽ, ʢʦʞʝʥ ʟ ʮʠʭ ʤʝʪʦʜʽʚ ʨʦʙʠʪʴ ʚʠʜʠʤʦʶ ʨʽʟʥʽ 

ʦʩʦʙʣʠʚʦʩʪʽ ʟʨʘʟʢʘ. ʋ ʩʚʽʪʣʦʧʦʣʴʥʽʡ ʤʽʢʨʦʩʢʦʧʽʾ ʦʩʦʙʣʠʚʦʩʪʽ ʚʠʜʠʤʽ ʷʢʱʦ ʚʦʥʠ 

ʚʽʜʢʠʜʘʶʪʴ ʪʽʥʽ ʘʙʦ ʤʘʶʪʴ ʚʽʜʤʽʥʥʠʡ ʚʽʜ ʦʪʦʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪ ʟʘʣʦʤʣʝʥʥʷ ʽ ʧʨʠ 

ʮʴʦʤʫ ʜʦʩʠʪʴ ʨʽʟʢʽ, ʪʦʜʽ ʷʢ, ʥʘʧʨʠʢʣʘʜ, ʧʣʘʚʥʽ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʥʝ ʤʦʞʫʪʴ ʙʫʪʠ 

ʚʠʷʚʣʝʥʽ ʩʚʽʪʣʦʧʦʣʴʥʠʤ ʤʝʪʦʜʦʤ, ʧʨʦʪʝ ʜʦʙʨʝ ʧʦʤʽʪʥʽ ʥʘ ʟʦʙʨʘʞʝʥʥʷʭ 

ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʦʤ ʪʝʤʥʦʧʦʣʴʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ.  

ʊʝʤʥʦʧʦʣʴʥʘ ʤʽʢʨʦʩʢʦʧʽʷ ʻ ʧʨʦʩʪʠʤ ʩʧʦʩʦʙʦʤ ʦʜʝʨʞʘʥʥʷ ʢʦʥʪʨʘʩʪʥʦʛʦ 

ʟʦʙʨʘʞʝʥʥʷ ʜʣʷ ʧʨʦʟʦʨʠʭ ʟʨʘʟʢʽʚ. ʅʘ ʨʠʩʫʥʢʫ 1.7 ʧʨʠʚʝʜʝʥʝ ʧʦʨʽʚʥʷʥʥʷ 

ʩʚʽʪʣʦʧʦʣʴʥʦʛʦ ʪʘ ʪʝʤʥʦʧʦʣʴʥʦʛʦ ʟʦʙʨʘʞʝʥʥʷ ʧʨʝʧʘʨʘʪʫ ʜʽʘʪʦʤʦʚʠʭ ʚʦʜʦʨʦʩʪʝʡ, 

ʜʝ ʪʝʤʥʦʧʦʣʴʥʘ ʤʽʢʨʦʩʢʦʧʽʷ ʜʦʟʚʦʣʷʻ ʯʽʪʢʦ ʧʦʙʘʯʠʪʠ ʛʨʘʥʠʮʽ ʩʪʨʫʢʪʫʨ, 

ʜʞʛʫʪʠʢʠ ʥʘʡʧʨʦʩʪʽʰʠʭ ʪʘ ʤʽʢʨʦʯʘʩʪʠʥʢʠ [2]. 
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ʈʠʩ. 1.7. ʉʚʽʪʣʦʧʦʣʴʥʘ ʪʘ ʪʝʤʥʦʧʦʣʴʥʘ ʤʽʢʨʦʩʢʦʧʽʷ ʧʨʝʧʘʨʘʪʫ ʜʽʘʪʦʤʦʚʠʭ ʚʦʜʦʨʦʩʪʝʡ [2] 

1.3.3. ʌʣʫʦʨʝʩʮʝʥʪʥʘ ʤʽʢʨʦʩʢʦʧʽʷ  

ʌʣʫʦʨʝʩʮʝʥʪʥʘ ʤʽʢʨʦʩʢʦʧʽʷ ð ʤʝʪʦʜ ʦʪʨʠʤʘʥʥʷ ʟʙʽʣʴʰʝʥʦʛʦ ʟʦʙʨʘʞʝʥʥʷ 

ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʣʶʤʽʥʝʩʮʝʥʮʽʾ ʟʙʫʜʞʝʥʠʭ ʘʪʦʤʽʚ ʪʘ ʤʦʣʝʢʫʣ ʟʨʘʟʢʘ. ɺ 

ʬʣʫʦʨʝʩʮʝʥʪʥʦʤʫ ʤʽʢʨʦʩʢʦʧʽ ʟʨʘʟʦʢ ʦʧʨʦʤʽʥʶʻʪʴʩʷ ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʠʤʠ ʘʙʦ 

ʩʠʥʴʦ-ʬʽʦʣʝʪʦʚʠʤʠ ʩʚʽʪʣʦʤ, ʘ ʟʦʙʨʘʞʝʥʥʷ ʦʪʨʠʤʫʶʪʴ ʥʘ ʽʥʰʽʡ, ʤʝʥʰʽʡ ʯʘʩʪʦʪʽ. 

ɺʠʧʨʦʤʽʥʶʚʘʥʥʷ ʟʨʘʟʢʘ, ʚʽʜʧʦʚʽʜʥʦ, ʧʨʦʧʫʩʢʘʻʪʴʩʷ ʯʝʨʝʟ ʬʽʣʴʪʨ, ʱʦ ʚʽʜʩʽʢʘʻ 

ʩʚʽʪʣʦ ʥʘ ʯʘʩʪʦʪʽ ʟʙʫʜʞʝʥʥʷ. ʋ ʮʽʡ ʤʝʪʦʜʠʮʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʪʘʢʦʞ ʙʘʨʚʥʠʢʠ 

ï ʬʣʫʦʨʦʭʨʦʤʠ, ʷʢʽ ʥʝ ʚʠʢʣʠʢʘʶʪʴ ʩʠʣʴʥʦʛʦ ʟʘʙʘʨʚʣʝʥʥʷ ʧʨʝʧʘʨʘʪʽʚ ʚ 

ʟʚʠʯʘʡʥʦʤʫ ʩʚʽʪʣʽ, ʘʣʝ ʚʠʢʣʠʢʘʶʪʴ ʬʣʫʦʨʝʩʮʝʥʮʽʶ ʧʨʠ ʦʧʨʦʤʽʥʝʥʥʽ 

ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʠʤʠ ʧʨʦʤʝʥʷʤʠ [1]. 

ʆʜʥʠʤ ʽʟ ʚʠʜʽʚ ʬʣʫʦʨʝʩʮʝʥʪʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʻ ʝʧʽʬʣʫʦʨʝʩʮʝʥʪʥʘ 

ʤʽʢʨʦʩʢʦʧʽʷ ï ʤʝʪʦʜ, ʱʦ ʜʦʟʚʦʣʷʻ ʜʦʩʣʽʜʞʫʚʘʪʠ ʧʦʚʝʨʭʥʶ ʪʘ ʚʫʟʴʢʫ 

ʧʨʠʧʦʚʝʨʭʥʝʚʫ ʟʦʥʫ ʟʨʘʟʢʘ.  

ɯʥʰʠʡ ʚʘʞʣʠʚʠʡ ʨʽʟʥʦʚʠʜ ï ʢʦʥʬʦʢʘʣʴʥʘ ʤʽʢʨʦʩʢʦʧʽʷ ï ʤʝʪʦʜ, ʱʦ 

ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʟʦʙʨʘʞʝʥʥʷ ʟʘʜʘʥʦʛʦ ʪʦʥʢʦʛʦ ʰʘʨʫ ʟʨʘʟʢʘ, ʧʦʟʙʘʚʣʷʶʯʠʩʴ 
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ʚʥʝʩʢʫ ʰʘʨʽʚ ʱʦ ʣʝʞʘʪʴ ʚʠʱʝ ʽ ʥʠʞʯʝ ʥʴʦʛʦ. ʎʝ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʩʝʨʽʾ 

ʟʦʙʨʘʞʝʥʴ ʥʘ ʨʽʟʥʠʭ ʛʣʠʙʠʥʘʭ ʬʦʢʘʣʴʥʦʾ ʧʣʦʱʠʥʠ ʚʩʝʨʝʜʠʥʽ ʟʨʘʟʢʘ (ʪʘʢ ʟʚʘʥʠʡ 

z-stack) ʽ ʨʝʢʦʥʩʪʨʫʶʚʘʪʠ ʥʘ ʦʩʥʦʚʽ ʦʪʨʠʤʘʥʠʭ ʟʦʙʨʘʞʝʥʴ ʪʨʠʚʠʤʽʨʥʫ ʩʪʨʫʢʪʫʨʫ 

ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʦʙôʻʢʪʫ. ʊʘʢʠʤ ʯʠʥʦʤ, ʮʝʡ ʤʝʪʦʜ ʜʦʟʚʦʣʷʻ ʨʝʘʣʽʟʫʚʘʪʠ ʨʦʟʜʽʣʴʥʫ 

ʟʜʘʪʥʽʩʪʴ ʟʘ ʪʨʴʦʤʘ ʢʦʦʨʜʠʥʘʪʥʠʤʠ ʦʩʷʤʠ [3]. 

ʇʨʠʥʮʠʧ ʢʦʥʬʦʢʘʣʴʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʙʫʚ ʟʘʧʘʪʝʥʪʦʚʘʥʠʡ ʫ 1957 ʨʦʮʽ 

ʄ. ʄʽʥʩʢʽ ʽ ʜʦʟʚʦʣʠʚ ʦʙʽʡʪʠ ʦʙʤʝʞʝʥʥʷ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʟʚʠʯʘʡʥʠʭ 

ʰʠʨʦʢʦʢʫʪʥʠʭ ʤʽʢʨʦʩʢʦʧʚ̔. ʋ ʟʚʠʯʘʡʥʦʤʫ ʬʣʫʦʨʝʩʮʝʥʪʥʦʤʫ ʤʽʢʨʦʩʢʦʧʽ ʚʝʩʴ 

ʟʨʘʟʦʢ ʨʽʚʥʦʤʽʨʥʦ ʦʩʚʽʪʣʶʻʪʴʩʷ ʜʞʝʨʝʣʦʤ ʩʚʽʪʣʘ (ʨʠʩʫʥʦʢ 1.8, ʘ), ʚʩʽ ʪʦʯʢʠ 

ʦʧʨʦʤʽʥʝʥʦʾ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʟʙʫʜʞʫʶʪʴʩʷ ʦʜʥʦʯʘʩʥʦ ,̔ ʚʽʜʧʦʚʽʜʥʦ, ʦʜʥʦʯʘʩʥʦ 

ʚʥʦʩʷʪʴ ʚʥʝʩʦʢ ʫ ʩʠʛʥʘʣ ʬʣʫʦʨʝʩʮʝʥʮʽʾ. ʊʦʤʫ ʩʚʽʪʣʦ, ʷʢʝ ʨʝʻʩʪʨʫʻʪʴʩʷ 

ʬʦʪʦʧʨʠʡʤʘʯʝʤ ʯʠ ʢʘʤʝʨʦʶ ʤʽʢʨʦʩʢʦʧʘ, ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ ʟʥʘʯʥʠʡ ʩʠʛʥʘʣ ʚʽʜ 

ʪʦʯʦʢ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ, ʱʦ ʧʝʨʝʙʫʚʘʶʪʴ ʧʦʟʘ ʬʦʢʫʩʥʦʶ ʧʣʦʱʠʥʦʶ.  

 

ʘ 

 

ʙ 

ʈʠʩ. 1.8. ʉʭʝʤʘ ʭʦʜʫ ʧʨʦʤʝʥʽʚ ʫ ʢʣʘʩʠʯʥʦʤʫ ʰʠʨʦʢʦʢʫʪʥʦʤʫ ʤʽʢʨʦʩʢʦʧʽ (ʘ) ʪʘ  

ʢʦʥʬʦʢʘʣʴʥʦʤʫ ʤʽʢʨʦʩʢʦʧʽ (ʙ) 

ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʟʚʠʯʘʡʥʦʛʦ ʤʽʢʨʦʩʢʦʧʫ, ʢʦʥʬʦʢʘʣʴʥʠʡ ʤʽʢʨʦʩʢʦʧ 

ʚʠʢʦʨʠʩʪʦʚʫʻ ʪʦʯʢʦʚʝ ʜʞʝʨʝʣʦ ʩʚʽʪʣʘ, ʷʢʝ ʦʩʚʽʪʣʶʻ ʥʘ ʧʝʚʥʠʡ ʤʦʤʝʥʪ ʯʘʩʫ ʣʠʰʝ 

ʤʘʣʫ ʜʽʣʷʥʢʫ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ (ʨʠʩʫʥʦʢ 1.8, ʙ). ɸ ʨʦʟʪʘʰʦʚʘʥʘ ʧʝʨʝʜ ʜʝʪʝʢʪʦʨʦʤ 
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ʜʽʘʬʨʘʛʤʘ ʟ ʤʽʥʽʘʪʶʨʥʠʤ ʦʪʚʦʨʦʤ ʙʣʦʢʫʻ ʨʦʟʩʽʷʥʝ ʚ ʤʽʢʨʦʩʢʦʧʽ ʩʚʽʪʣʦ ʪʘ ʩʠʛʥʘʣ 

ʚʽʜ ʪʦʯʦʢ ʟʨʘʟʢʘ, ʱʦ ʟʥʘʭʦʜʷʪʴʩʷ ʧʦʟʘ ʬʦʢʫʩʥʦʶ ʧʣʦʱʠʥʦʶ. ʇʦʚʥʝ ʟʦʙʨʘʞʝʥʥʷ 

ʦʙ'ʻʢʪʘ ʬʦʨʤʫʻʪʴʩʷ ʧʨʠ ʧʦʩʣʽʜʦʚʥʦʤʫ ʧʨʦʭʦʜʞʝʥʥʽ ʡʦʛʦ ʜʽʣʷʥʦʢ ʽʟ 

ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʨʽʟʥʠʭ ʩʠʩʪʝʤ ʩʢʘʥʫʚʘʥʥʷ. ʆʩʢʽʣʴʢʠ ʣʠʰʝ ʬʣʫʦʨʝʩʮʝʥʪʥʝ ʩʚʽʪʣʦ 

ʚʠʧʨʦʤʽʥʝʥʝ ʫ ʬʦʢʘʣʴʥʽʡ ʧʣʦʱʠʥʽ (ʘʙʦ ʜʫʞʝ ʙʣʠʟʴʢʦ ʜʦ ʥʝʾ) ʤʦʞʝ ʙʫʪʠ 

ʟʘʨʝʻʩʪʨʦʚʘʥʠʤ ʬʦʪʦʧʨʠʡʤʘʯʝʤ ʤʽʢʨʦʩʢʦʧʫ, ʪʦ ʦʧʪʠʯʥʘ ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ 

ʦʪʨʠʤʘʥʦʛʦ ʟʦʙʨʘʞʝʥʥʷ ʙʫʜʝ ʙʽʣʴʰʦʶ, ʥʽʞ ʫ ʟʚʠʯʘʡʥʠʭ ʰʠʨʦʢʦʢʫʪʥʠʭ 

ʤʽʢʨʦʩʢʦʧʽʚ. ʇʨʦʪʝ, ʯʝʨʝʟ ʙʣʦʢʫʚʘʥʥ ̫ ʟʥʘʯʥʦʾ ʯʘʩʪʠʥʠ ʩʚʽʪʣʘ, ʽʥʪʝʥʩʠʚʥʽʩʪʴ 

ʟʘʨʝʻʩʪʨʦʚʘʥʦʛʦ ʩʠʛʥʘʣʫ ʙʫʜʝ ʟʥʘʯʥʦ ʤʝʥʰʦʶ, ʪʦʤʫ ʢʦʥʬʦʢʘʣʴʥʠʡ ʤʽʢʨʦʩʢʦʧ 

ʧʦʪʨʝʙʫʻ ʙʽʣʴʰʦʛʦ ʯʘʩʫ ʝʢʩʧʦʟʠʮʽ ʾʟʨʘʟʢʘ ʟʘ ʦʜʥʝ ʚʠʤʽʨʶʚʘʥʥʷ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʫ 

ʷʢʦʩʪʽ ʜʞʝʨʝʣʘ ʩʚʽʪʣʘ ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʦʧʪʠʯʥʽʡ ʩʠʩʪʝʤʽ 

ʙʽʣʴʰ ʝʬʝʢʪʠʚʥʫ ʨʦʙʦʪʫ, ʘ ʪʘʢʦʞ ʟʥʠʞʫ ̒ ʢʽʣʴʢʽʩʪʴ ʚʽʜʙʣʠʩʢʽʚ ʪʘ ʟʙʽʣʴʰʫ ̒

ʪʦʯʥʽʩʪʴ ʬʦʢʫʩʫʚʘʥʥʷ ʧʫʯʢʘ ʩʚʽʪʣʘ.  

ʂʦʥʬʦʢʘʣʴʥʘ ʬʣʫʦʨʝʩʮʝʥʪʥʦʾ ʤʽʢʨʦʩʢʦʧʽʷ ʥʘʙʫʣʘ ʰʠʨʦʢʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʚ ʛʘʣʫʟʽ ʙʽʦʣʦʛʽʾ, ʤʝʜʠʮʠʥʠ, ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ ʪʘ ʬʽʟʠʢʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ. ʆʜʠʥ 

ʽʟ ʧʨʠʢʣʘʜʽʚ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 1.9 [4], ʜʝ ʦʜʝʨʞʘʥʦ z-stack ʟʦʙʨʘʞʝʥʥʷ 

ʤʽʢʨʦʢʨʘʧʣʠʥʠ ʨʦʟʯʠʥʫ ʬʽʙʨʦʾʥʫ ʰʦʚʢʫ, ʤʦʜʠʬʽʢʦʚʘʥʦʛʦ ʧʦʩʠʣʝʥʠʤ ʟʝʣʝʥʠʤ 

ʬʣʫʦʨʝʩʮʝʥʪʥʠʤ ʙʽʣʢʦʤ, ʽ ʧʦʢʘʟʘʥʦ ʱʦ ʚʦʥʘ ʤʘʻ ʯʽʪʢʦ ʦʢʨʝʩʣʝʥʫ ʧʦʨʦʞʥʠʩʪʫ 

ʩʪʨʫʢʪʫʨʫ, ʩʭʦʞʫ ʥʘ ʩʬʝʨʫ. ʎʝ ʜʦʟʚʦʣʠʣʦ ʦʧʠʩʘʪʠ ʧʨʦʮʝʩ ʚʠʩʠʭʘʥʥʷ 

ʤʽʢʨʦʢʨʘʧʣʽ, ʥʘʥʝʩʝʥʦʾ ʥʘ ʛʽʜʨʦʬʦʙʥʫ ʧʦʚʝʨʭʥʶ, ʽ ʧʽʜʪʚʝʨʜʠʪʠ ʱʦ ʢʘʧʽʣʷʨʥʠʡ 

ʧʦʪʽʢ ʨʫʭʘʻ ʪʘ ʚʽʜʢʣʘʜʘʻ ʯʘʩʪʠʥʢʠ ʙʽʣʷ ʢʨʘʾʚ, ʫʪʚʦʨʶʶʯʠ ʧʽʩʣʷ ʚʠʩʠʭʘʥʥʷ 

ʜʚʦʚʠʤʽʨʥʫ ʢʽʣʴʮʝʧʦʜʽʙʥʫ ʩʪʨʫʢʪʫʨʫ. ʊʘʢʠʤ ʯʠʥʦʤ ʧʦʢʘʟʘʥʦ ʱʦ ʜʦʩʣʽʜʞʝʥʠʡ 

ʝʬʝʢʪ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʩʘʤʦʦʨʛʘʥʽʟʦʚʘʥʠʭ ʪʨʠʚʠʤʽʨʥʠʭ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨ ʽʟ ʢʦʣʦʾʜʥʠʭ ʨʦʟʯʠʥʽʚ. 
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ʈʠʩ. 1.9. ʂʦʥʬʦʢʘʣʴʥʽ z-stack ʟʦʙʨʘʞʝʥʥʷ ʪʨʠʚʠʤʽʨʥʦʾ ʢʨʘʧʣʽ ʤʦʜʠʬʽʢʦʚʘʥʦʛʦ ʬʽʙʨʦʾʥʫ 

ʰʦʚʢʫ, ʫʪʚʦʨʝʥʦʾ ʥʘ ʩʫʧʝʨʛʽʜʨʦʬʦʙʥʽʡ ʧʦʚʝʨʭʥʽ [4] 

1.4. ʈʝʥʪʛʝʥʽʚʩʴʢʘ ʤʽʢʨʦʩʢʦʧʽʷ 

ʈʝʥʪʛʝʥʽʚʩʴʢʘ ʤʽʢʨʦʩʢʦʧʽʷ (ʘʥʛʣ. X-ray microscopy) ï ʮʝ ʤʝʪʦʜ ʟʙʽʣʴʰʝʥʥʷ 

ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʤʽʢʨʦʩʢʦʧʘ ʰʣʷʭʦʤ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʟ ʜʦʚʞʠʥʦʶ ʭʚʠʣʽ ʚʽʜ 0,01 ʜʦ 10 ʥʘʥʦʤʝʪʨʽʚ. ʊʘʢʠʤ ʯʠʥʦʤ 

ʪʝʦʨʝʪʠʯʥʘ ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʜʦʩʷʛʘʻ 2 - 20 

ʥʘʥʦʤʝʪʨʽʚ, ʱʦ ʥʘ ʧʦʨʷʜʦʢ ʙʽʣʴʰʝ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʩʚʽʪʣʦʚʦʛʦ ʤʽʢʨʦʩʢʦʧʘ. 

ʅʘʡʯʘʩʪʽʰʝ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʨʦʙʦʯʠʡ ʜʽʘʧʘʟʦʥ ʜʦʚʞʠʥ ʭʚʠʣʴ 2,3 - 4,4 ʥʤ, ʱʦ 

ʚʽʜʧʦʚʽʜʘʻ ʪʘʢ ʟʚʘʥʦʤʫ çʚʽʢʥʫ ʧʨʦʟʦʨʦʩʪʽ ʚʦʜʠè, ʚ ʷʢʦʤʫ ʧʨʦʚʦʜʷʪʴʩʷ 

ʜʦʩʣʽʜʞʝʥʥʷ ʙʽʦʣʦʛʽʯʥʠʭ ʟʨʘʟʢʽʚ [5]. 

ʇʝʨʰʠʡ ʢʦʤʝʨʮʽʡʥʠʡ ʨʝʥʪʛʝʥʽʚʩʴʢʠʡ ʤʽʢʨʦʩʢʦʧ ʙʫʣʦ ʩʪʚʦʨʝʥʦ ʫ 50 ʨʦʢʘʭ 

XX ʩʪʦʣʽʪʪʷ ʘʤʝʨʠʢʘʥʩʴʢʠʤ ʽʥʞʝʥʝʨʦʤ ʉ. ʅʴʶʙʝʨʽ, ʩʧʽʚʨʦʙʽʪʥʠʢʦʤ General 

Electric. ʆʩʥʦʚʥʦʶ ʧʨʦʙʣʝʤʦʶ ʨʝʘʣʽʟʘʮʽʾ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʤʽʢʨʦʩʢʦʧʫ ʻ ʪʝ ʱʦ 

ʨʝʥʪʛʝʥʽʚʩʴʢʽ ʧʨʦʤʝʥʽ ʧʨʘʢʪʠʯʥʦ ʥʝʤʦʞʣʠʚʦ ʬʦʢʫʩʫʚʘʪʠ ʟʚʠʯʘʡʥʠʤʠ ʣʽʥʟʘʤʠ. 
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ʇʦʢʘʟʥʠʢ ʟʘʣʦʤʣʝʥʥʷ ʜʣʷ ʨʝʥʪʛʝʥʽʚʩʴʢʠʭ ʧʨʦʤʝʥʽʚ ʫ ʨʽʟʥʠʭ ʧʨʦʟʦʨʠʭ ʜʣʷ ʥʠʭ 

ʩʝʨʝʜʦʚʠʱʘʭ ʧʨʠʙʣʠʟʥʦ ʦʜʥʘʢʦʚʠʡ ʽ ʣʠʰʝ ʥʘ 10ï4 - 10ï5 ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʦʜʠʥʠʮʽ. 

ʈʝʥʪʛʝʥʽʚʩʴʢʽ ʧʨʦʤʝʥʽ ʪʘʢʦʞ ʥʝ ʚʽʜʭʠʣʷʶʪʴʩʷ ʝʣʝʢʪʨʠʯʥʠʤʠ ʪʘ ʤʘʛʥʽʪʥʠʤʠ 

ʧʦʣʷʤʠ, ʱʦ ʥʝ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʜʣʷ ʬʦʢʫʩʫʚʘʥʥʷ ʝʣʝʢʪʨʠʯʥʽ ʘʙʦ 

ʤʘʛʥʽʪʥʽ ʣʽʥʟʠ. ʊʦʤʫ ʜʣʷ ʬʦʢʫʩʫʚʘʥʥʷ ʨʝʥʪʛʝʥʽʚʩʴʢʠʭ ʧʨʦʤʝʥʽʚ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ 

ʥʘʩʪʫʧʥʽ ʪʝʭʥʽʯʥʽ ʟʘʩʦʙʠ: 

¶ ɺʽʜʙʠʚʘʣʴʥʘ ʨʝʥʪʛʝʥʽʚʩʴʢʘ ʤʽʢʨʦʩʢʦʧʽʷ ʚʠʢʦʨʠʩʪʦʚʫʻ ʷʚʠʱʝ ʧʦʚʥʦʛʦ 

ʟʦʚʥʽʰʥʴʦʛʦ ʚʽʜʙʠʚʘʥʥʷ ʨʝʥʪʛʝʥʽʚʩʴʢʠʭ ʧʨʦʤʝʥʽʚ ʚʠʛʥʫʪʠʤʠ ʜʟʝʨʢʘʣʴʥʠʤʠ 

ʘʙʦ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʤʠ ʧʣʦʱʠʥʘʤʠ. ʊʘʢ, ʬʫʥʢʮʽʶ ʣʽʥʟʠ ʤʦʞʝ ʚʠʢʦʥʫʚʘʪʠ 

ʣʽʥʟʦʧʦʜʽʙʥʘ ʧʦʨʦʞʥʠʥʘ ʚʩʝʨʝʜʠʥʽ ʤʘʪʝʨʽʘʣʫ. ɿʘʟʚʠʯʘʡ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ 

ʚʠʛʥʫʪʽ ʜʟʝʨʢʘʣʘ-ʚʽʜʙʠʚʘʯʽ ʟʽ ʩʢʣʘ (ʢʚʘʨʮʫ ʟ ʥʘʥʝʩʝʥʠʤ ʥʘ ʥʴʦʛʦ ʰʘʨʦʤ ʟʦʣʦʪʘ)  

ʘʙʦ ʚʠʛʥʫʪʽ ʤʦʥʦʢʨʠʩʪʘʣʠ, ʘ ʜʣʷ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʪʘ ʬʽʢʩʘʮʽʾ ʟʦʙʨʘʞʝʥʥʷ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʬʦʪʦʧʣʽʚʢʠ, ʝʣʝʢʪʨʦʥʥʦʦʧʪʠʯʥʽ ʧʝʨʝʪʚʦʨʶʚʘʯʽ. ʇʨʦʪʝ ʜʘʥʘ 

ʤʝʪʦʜʠʢʘ ʤʘʻ ʨʷʜ ʥʝʜʦʣʽʢʽʚ: ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʬʦʢʫʩʫʚʘʥʥʷ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚʠʛʥʫʪʠʤʠ ʤʦʥʦʢʨʠʩʪʘʣʘʤʠ ʥʘ ʷʢʽʩʪʴ ʟʦʙʨʘʞʝʥʥʷ ʚʧʣʠʚʘʶʪʴ 

ʛʝʦʤʝʪʨʠʯʥʽ ʩʧʦʪʚʦʨʝʥʥʷ ʪʘ ʩʪʨʫʢʪʫʨʥʽ ʥʝʜʦʩʢʦʥʘʣʦʩʪʽ ʤʦʥʦʢʨʠʩʪʘʣʽʚ, 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʘ ʝʢʩʧʣʫʘʪʘʮʽʾ ʪʘʢʦʾ ʩʠʩʪʝʤʠ ʻ ʪʝʭʥʽʯʥʦ ʩʢʣʘʜʥʦʶ. 

¶ ʇʨʦʝʢʮʽʡʥʘ, ʘʙʦ ʪʽʥʴʦʚʘ, ʨʝʥʪʛʝʥʽʚʩʴʢʘ ʤʽʢʨʦʩʢʦʧʽʷ ʟʘʩʥʦʚʘʥʘ ʥʘ ʧʨʠʥʮʠʧʽ 

ʪʽʥʴʦʚʦʾ ʧʨʦʝʢʮʽʾ ʦʙ'ʻʢʪʘ ʫ ʧʫʯʮʽ ʨʝʥʪʛʝʥʽʚʩʴʢʠʭ ʧʨʦʤʝʥʽʚ, ʱʦ ʨʦʟʭʦʜʠʪʴʩʷ 

ʧʽʩʣʷ ʚʠʧʨʦʤʽʥʝʥʥʷ çʪʦʯʢʦʚʠʤè ʜʞʝʨʝʣʦʤ (ʨʠʩʫʥʦʢ 1.10). ʂʦʥʪʨʘʩʪ ʫ 

ʟʦʙʨʘʞʝʥʥʽ ʚʠʥʠʢʘʻ ʟʘʚʜʷʢʠ ʨʽʟʥʦʤʫ ʧʦʛʣʠʥʘʥʥʶ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ ʦʙʣʘʩʪʷʭ ʦʙ'ʻʢʪʘ ʟ ʨʽʟʥʦʶ ʛʫʩʪʠʥʦʶ ʘʙʦ ʩʢʣʘʜʦʤ. 

ʏʫʪʣʠʚʽʩʪʴ ʜʘʥʦʛʦ ʤʝʪʦʜʫ ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʽʜʤʽʥʥʽʩʪʶ ʢʦʝʬʽʮʽʻʥʪʽʚ ʧʦʛʣʠʥʘʥʥʷ 

ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʨʽʟʥʠʤʠ ʜʽʣʷʥʢʘʤʠ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʦʙ'ʻʢʪʘ. 

ʇʨʦʝʢʮʽʡʥʘ ʨʝʥʪʛʝʥʽʚʩʴʢʘ ʤʽʢʨʦʩʢʦʧʽʷ ʟʥʘʡʰʣʘ ʟʥʘʯʥʦ ʰʠʨʰʝ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʥʽʞ ʚʽʜʙʠʚʘʣʴʥʘ ʟʘʚʜʷʢʠ ʚʠʩʦʢʽʡ ʧʨʦʥʠʢʘʶʯʽʡ ʟʜʘʪʥʦʩʪʽ ʨʝʥʪʛʝʥʽʚʩʴʢʠʭ 

ʧʨʦʤʝʥʽʚ, ʧʨʦʩʪʦʪʽ ʣʽʥʽʡʯʘʩʪʦʾ ʩʪʨʫʢʪʫʨʠ ʩʧʝʢʪʨʫ ʽ ʨʽʟʢʽʡ ʟʘʣʝʞʥʦʩʪʽ 

ʢʦʝʬʽʮʽʻʥʪʘ ʧʦʛʣʠʥʘʥʥʷ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚʽʜ ʘʪʦʤʥʦʛʦ 

ʥʦʤʝʨʘ ʝʣʝʤʝʥʪʘ ʨʝʯʦʚʠʥʠ. 
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ʈʠʩ. 1.10. ʉʭʝʤʘ ʧʨʦʝʢʮʽʡʥʦʛʦ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʰʠʨʦʢʦʬʦʢʫʩʥʦʾ ʨʝʥʪʛʝʥʽʚʩʴʢʦʾ ʪʨʫʙʢʠ ʪʘ ʢʘʤʝʨʠ-ʦʙʩʢʫʨʠ. 

ɼʣʷ ʦʜʝʨʞʘʥʥʷ ʟʦʙʨʘʞʝʥʴ ʫ ʨʝʥʪʛʝʥʽʚʩʴʢʽʡ ʤʽʢʨʦʩʢʦʧʽʾ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʨʽʟʥʠʭ ʝʥʝʨʛʽʡ [6]: ʤôʷʢʝ ʨʝʥʪʛʝʥʽʚʩʴʢʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ (soft x-

ray, ʟ ʝʥʝʨʛʽʻʶ <2 ʢʝɺ) ʽ ʞʦʨʩʪʢʝ ʨʝʥʪʛʝʥʽʚʩʴʢʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ (hard x-ray, ʟ 

ʝʥʝʨʛʽʻʶ >2 ʢʝɺ). ɺʠʢʦʨʠʩʪʘʥʥʷ ʞʦʨʩʪʢʦʛʦ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʜʘʻ 

ʚʠʩʦʢʫ ʧʨʦʥʠʢʘʶʯʫ ʟʜʘʪʥʽʩʪʴ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʙʽʣʴʰ ʪʦʚʩʪʠʭ ʟʨʘʟʢʽʚ ʽ ʤʘʣʫ 

ʜʦʚʞʠʥʫ ʭʚʠʣʽ ʜʣʷ ʚʠʩʦʢʦʾ ʧʨʦʩʪʦʨʦʚʦʾ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ (ʙʣʠʟʴʢʦʾ ʜʦ 

ʘʪʦʤʘʨʥʦʛʦ ʤʘʩʰʪʘʙʫ), ʘʣʝ ʥʝʩʝ ʚʝʣʠʢʫ ʥʝʙʝʟʧʝʢʫ ʨʘʜʽʘʮʽʡʥʦʛʦ ʫʨʘʞʝʥʥʷ ʪʘ 

ʧʦʪʨʝʙʫʻ ʽʥʪʝʥʩʠʚʥʦʾ ʧʽʜʛʦʪʦʚʢʠ ʟʨʘʟʢʽʚ. ʄôʷʢʝ ʨʝʥʪʛʝʥʽʚʩʴʢʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ 

ʤʘʻ ʥʘʙʘʛʘʪʦ ʥʠʞʯʫ ʝʥʝʨʛʽʶ ʽ ʙʽʣʴʰʫ ʜʦʚʞʠʥʫ ʭʚʠʣʽ, ʘʣʝ ʡʦʛʦ ʤʦʞʥʘ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʜʣʷ ʚʽʟʫʘʣʽʟʘʮʽʾ, ʥʘʧʨʠʢʣʘʜ, ʙʽʦʣʦʛʽʯʥʠʭ ʢʣʽʪʠʥ ʪʘ ʪʢʘʥʠʥ ʫ ʾʭ 

ʧʨʠʨʦʜʥʦʤʫ ʩʪʘʥʽ. 

ʈʝʥʪʛʝʥʽʚʩʴʢʘ ʤʽʢʨʦʩʢʦʧʽʷ ʟʥʘʭʦʜʠʪʴ ʰʠʨʦʢʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʣʷ ʜʦʩʣʽʜʞʝʥʴ 

ʤʽʢʨʦʩʢʦʧʽʯʥʦʾ ʙʫʜʦʚʠ ʨʽʟʥʠʭ ʦʙ'ʻʢʪʽʚ ʚ ʤʝʜʠʮʠʥʽ, ʤʽʥʝʨʘʣʦʛʽʾ, ʤʝʪʘʣʦʟʥʘʚʩʪʚʽ ʪʘ 

ʽʥʰʠʭ ʛʘʣʫʟʷʭ ʥʘʫʢʠ ʽ ʪʝʭʥʽʢʠ, ʜʦʩʣʽʜʞʫʚʘʥʽ ʟʨʘʟʢʠ ʧʨʠ ʮʴʦʤʫ ʥʝ ʪʨʝʙʘ ʧʦʤʽʱʘʪʠ 

ʫ ʚʘʢʫʫʤ ʯʠ ʧʽʜʜʘʚʘʪʠ ʩʢʣʘʜʥʽʡ ʦʙʨʦʙʮʽ.  

ɿʦʢʨʝʤʘ,  

¶ ʈʝʥʪʛʝʥʽʚʩʴʢʘ ʤʽʢʨʦʩʢʦʧʽʷ ʫʩʧʽʰʥʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʽ ʧʨʠ 

ʚʠʚʯʝʥʥʽ ʦʩʦʙʣʠʚʦʩʪʝʡ ʩʪʨʫʢʪʫʨʠ ʧʦʣʽʢʨʠʩʪʘʣʽʯʥʠʭ, ʧʦʣʽʤʝʨʥʠʭ ʪʘ 

ʢʦʤʧʦʟʠʪʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʘʥʘʣʽʟʫ ʩʫʤʽʰʽ ʧʦʨʦʰʢʽʚ ʣʝʛʢʠʭ ʪʘ ʚʘʞʢʠʭ ʤʝʪʘʣʽʚ; 

¶ ʈʝʥʪʛʝʥʽʚʩʴʢʘ ʤʽʢʨʦʩʢʦʧʽʷ ʜʦʟʚʦʣʷʻ ʜʦʩʣʽʜʞʫʚʘʪʠ ʚʦʣʦʛʽ ʞʠʚʽ ʙʽʦʣʦʛʽʯʥʽ 

ʧʨʝʧʘʨʘʪʠ ï ʦʜʥʦʢʣʽʪʠʥʥʽ ʦʨʛʘʥʽʟʤʠ, ʟʨʽʟʠ ʪʢʘʥʠʥ, ʦʢʨʝʤʽ ʢʣʽʪʠʥʠ, ʾʭ ʷʜʨʘ (ʙʝʟ 

ʜʦʜʘʪʢʦʚʦʛʦ ʬʘʨʙʫʚʘʥʥʷ);  
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¶ ɺʠʢʦʨʠʩʪʘʥʥʷ çʤ'ʷʢʦʛʦè ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʧʦʙʣʠʟʫ ʩʤʫʛ 

ʧʦʛʣʠʥʘʥʥʷ ʣʝʛʢʠʭ ʝʣʝʤʝʥʪʽʚ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʜʦʩʣʽʜʞʫʚʘʪʠ ʨʦʟʧʦʜʽʣ ʮʠʭ 

ʝʣʝʤʝʥʪʽʚ ʫ ʩʪʨʫʢʪʫʨʽ ʦʙ'ʻʢʪʘ;  

¶ ɺʠʢʦʨʠʩʪʘʥʥʷ ʽʤʧʫʣʴʩʥʠʭ ʜʞʝʨʝʣ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʜʦʩʣʽʜʞʫʚʘʪʠ ʜʠʥʘʤʽʢʫ 

ʧʨʦʮʝʩʽʚ ʫ ʥʝʩʪʘʮʽʦʥʘʨʥʠʭ ʦʙ'ʻʢʪʘʭ (ʥʘʧʨʠʢʣʘʜ, ʞʠʚʠʭ ʢʣʽʪʠʥʘʭ); 

¶ ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʪʨʠʚʠʤʽʨʥʠʭ ʟʦʙʨʘʞʝʥʴ ʪʢʘʥʠʥ ʫ ʤʝʜʠʮʠʥʽ ʨʦʟʨʦʙʣʷʶʪʴʩʷ 

ʤʝʪʦʜʠ ʨʝʥʪʛʝʥʽʚʩʴʢʦʾ ʢʦʤʧ'ʶʪʝʨʥʦʾ ʪʦʤʦʛʨʘʬʽʾ ʤʽʢʨʦʦʙ'ʻʢʪʽʚ. 

ʇʨʠʢʣʘʜ ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʝʥʪʛʝʥʽʚʩʴʢʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʫ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ 

ʧʨʠʚʝʜʝʥʠʡ ʥʘ ʨʠʩʫʥʢʫ 1.11 [7], ʜʝ ʦʜʝʨʞʘʥʦ ʟʦʙʨʘʞʝʥʥʷ ʤʽʢʨʦʦʨʛʘʥʽʟʤʽʚ, 

ʦʙʨʦʙʣʝʥʠʭ ʭʣʦʨʠʜʦʤ ʟʦʣʦʪʘ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʥʘʥʦʯʘʩʪʠʥʦʢ, ʷʢʽ ʧʨʦʷʚʣʷʶʪʴʩʷ ʷʢ 

ʙʽʣʴʰ ʧʦʛʣʠʥʘʶʯʽ ʝʣʝʤʝʥʪʠ. 

 

ʈʠʩ. 1.11. ʊʽʥʴʦʚʝ ʨʝʥʪʛʝʥʽʚʩʴʢʝ (TXM, transmission X-ray microscopy) ʟʦʙʨʘʞʝʥʥʷ 

ʤʽʢʨʦʦʨʛʘʥʽʟʤʽʚ, ʦʙʨʦʙʣʝʥʠʭ ʭʣʦʨʠʜʦʤ ʟʦʣʦʪʘ, ʫ ʞʦʨʩʪʢʦʤʫ ʨʝʥʪʛʝʥʽ 5,4 ʢʝɺ ʫ ʢʦʥʪʨʘʩʪʽ 

ʧʦʛʣʠʥʘʥʥʷ (ʘ) ʪʘ ʫ ʬʘʟʦʚʦʤʫ ʢʦʥʪʨʘʩʪʽ (ʙ) [7] 

ʇʦʨʽʚʥʷʥʥʷ ʟʚʠʯʘʡʥʦʾ ʩʚʽʪʣʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ, ʨʝʥʪʛʝʥʽʚʩʴʢʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʪʘ 

ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʟ ʧʝʨʝʣʽʢʦʤ ʾʭ ʧʣʶʩʽʚ ʪʘ ʤʽʥʫʩʽʚ ʥʘʚʝʜʝʥʦ ʫ ʪʘʙʣʠʮʽ 1.1 

[6]. ʆʪʞʝ, ʤʠ ʙʘʯʠʤʦ ʱʦ ʦʧʪʠʯʥʘ ʤʽʢʨʦʩʢʦʧʽʷ ʻ ʦʙʤʝʞʝʥʦʶ, ʽ ʧʨʘʢʪʠʯʥʦ 

ʨʝʘʣʽʟʫʚʘʪʠ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ ʜʣʷ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʥʘʥʦʤʘʩʰʪʘʙʥʠʭ ʦʙôʻʢʪʽʚ 

ʜʦʟʚʦʣʷʻ ʝʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷ, ʷʢʡ̔ ʙʫʜʝ ʧʨʠʩʚʷʯʝʥʦ ʥʘʩʪʫʧʥʠʡ ʨʦʟʜʽʣ. 
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ʊʘʙʣʠʮʷ 1.1. ʇʦʨʽʚʥʷʥʥʷ ʧʝʨʝʚʘʛ ʪʘ ʥʝʜʦʣʽʢʽʚ ʨʽʟʥʠʭ ʚʠʜʽʚ ʤʽʢʨʦʩʢʦʧʽʾ 

ʉʚʽʪʣʦʚʘ ʤʽʢʨʦʩʢʦʧʽʷ ʈʝʥʪʛʝʥʽʚʩʴʢʘ ʤʽʢʨʦʩʢʦʧʽʷ ɽʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷ 

   

ʈʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ: >200 ʥʤ ʈʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ: ~ 30 ʥʤ ʈʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ: ~ 1 ʥʤ 

+ ʅʝ ʧʦʪʨʝʙʫʻ ʩʢʣʘʜʥʦʾ 

ʧʦʧʝʨʝʜʥʴʦʾ ʦʙʨʦʙʢʠ ʟʨʘʟʢʘ; 

+ ʇʨʦʩʪʘ ʪʘ ʜʦʩʪʫʧʥʘ; 

ï ʄʘʻ ʥʘʡʥʠʞʯʫ ʨʦʟʜʽʣʴʥʫ 

ʟʜʘʪʥʽʩʪʴ; 

ï ɼʘʻ ʟʦʙʨʘʞʝʥʥʷ ʣʠʰʝ 

ʢʦʥʪʨʘʩʪʥʠʭ ʦʙôʻʢʪʽʚ.  

+ ɺʠʩʦʢʘ ʧʨʦʥʠʢʘʶʯʘ 

ʟʜʘʪʥʽʩʪʴ; 

+ ʅʝʟʥʘʯʥʝ ʧʦʰʢʦʜʞʝʥʥʷ 

ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʟʨʘʟʢʘ; 

+ ʈʝʞʠʤʠ ʤôʷʢʦʛʦ ʘʙʦ 

ʞʦʨʩʪʢʦʛʦ ʦʧʨʦʤʽʥʶʚʘʥʥʷ; 

ï ʈʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʧʨʠ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʙʽʣʴʰ 

ʙʝʟʧʝʯʥʦʛʦ ʤôʷʢʦʛʦ 

ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʻ ʥʝ 

ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʦʶ. 

+ ʅʘʡʚʠʱʘ ʨʦʟʜʽʣʴʥʘ 

ʟʜʘʪʥʽʩʪʴ; 

ï ɿʥʘʯʥʝ ʧʦʰʢʦʜʞʝʥʥʷ 

ʟʨʘʟʢʘ; 

ï ʅʠʟʴʢʘ ʧʨʦʥʠʢʘʶʯʘ 

ʟʜʘʪʥʽʩʪʴ. 
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2. ɽʃɽʂʊʈʆʅʅɸ ʄɯʂʈʆʉʂʆʇɯʗ  

2.1. ʇʨʠʥʮʠʧʠ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ  

ʗʢ ʦʧʠʩʘʥʦ ʫ ʧʦʧʝʨʝʜʥʴʦʤʫ ʨʦʟʜʽʣʽ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʠʜʠʤʦʛʦ ʩʚʽʪʣʘ ʜʣʷ 

ʜʦʩʣʽʜʞʝʥʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʽʢʨʦʩʢʦʧʽʾ ʤʘʻ ʛʨʘʥʠʯʥʫ ʤʝʞʫ ʧʨʦʩʪʦʨʦʚʦʾ ʨʦʟʜʽʣʴʥʦʾ 

ʟʜʘʪʥʦʩʪʽ, ʱʦ ʩʪʘʥʦʚʠʪʴ ʙʣʠʟʴʢʦ ʧʦʣʦʚʠʥʠ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʧʘʜʘʶʯʦʛʦ ʩʚʽʪʣʘ ʽ 

ʟʫʤʦʚʣʝʥʘ ʜʠʬʨʘʢʮʽʻʶ. ɯʜʝʷ ʝʣʝʢʪʨʦʥʥʦʛʦ ʤʽʢʨʦʩʢʦʧʫ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ ʱʦʙ 

ʧʦʜʦʣʘʪʠ ʜʠʬʨʘʢʮʽʡʥʫ ʤʝʞʫ, ʷʢʘ ʫ ʦʧʪʠʯʥʠʭ ʤʽʢʨʦʩʢʦʧʽʚ ʥʘ ʨʽʚʥʽ 0,1 - 0,2 ʤʢʤ. 

ʆʪʞʝ, ʥʝʦʙʭʽʜʥʦ ʩʢʦʨʦʪʠʪʠ ʜʦʚʞʠʥʫ ʭʚʠʣʽ ʦʧʨʦʤʽʥʝʥʥʷ, ʽ ʜʣʷ ʮʴʦʛʦ 

ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʭʚʠʣʴʦʚʽ ʚʣʘʩʪʠʚʦʩʪʽ ʝʣʝʢʪʨʦʥʽʚ.  

ɿʘ ʛʽʧʦʪʝʟʦʶ ʜʝ ɹʨʦʡʣʷ, 

h

p
l= ,  (2.1) 

ʜʝ h ï ʩʪʘʣʘ ʇʣʘʥʢʘ, p = mv ï ʽʤʧʫʣʴʩ ʯʘʩʪʠʥʢʠ. ʆʮʽʥʠʤʦ ʜʦʚʞʠʥʫ ʭʚʠʣʽ ʜʝ 

ɹʨʦʡʣʷ, ʷʢʘ ʚʽʜʧʦʚʽʜʘʻ ʨʫʭʦʤʦʤʫ ʝʣʝʢʪʨʦʥʫ. ʋ ʨʘʟʽ ʧʨʠʩʢʦʨʝʥʥʷ ʝʣʝʢʪʨʦʥʘ ʚ 

ʝʣʝʢʪʨʠʯʥʦʤʫ ʧʦʣʽ ʟ ʨʽʟʥʠʮʝʶ ʧʦʪʝʥʮʽʘʣʽʚ U < 104 ɺ ʡʦʛʦ ʤʘʩʘ ʧʨʘʢʪʠʯʥʦ ʥʝ 

ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʤʘʩʠ ʩʧʦʢʦʶ, ʽ ʰʚʠʜʢʽʩʪʴ ʝʣʝʢʪʨʦʥʘ ʤʦʞʥʘ ʨʦʟʨʘʭʫʚʘʪʠ ʟʘ 

ʬʦʨʤʫʣʦʶ  

2eU
v

m
= ,  (2.2) 

ʪʦʜʽ ʜʦʚʞʠʥʘ ʭʚʠʣʽ ʜʝ ɹʨʦʡʣʷ  

1012,3
10

2

h

UeUm

-l= = Ö (ʤ).  (2.3) 

ɿ ʚʠʨʘʟʫ (2.3) ʣʝʛʢʦ ʦʜʝʨʞʘʪʠ, ʱʦ ʜʣʷ ʝʣʝʢʪʨʦʥʽʚ, ʧʨʠʩʢʦʨʝʥʠʭ ʚ 

ʝʣʝʢʪʨʠʯʥʦʤʫ ʧʦʣʽ ʟ ʨʽʟʥʠʮʝʶ ʧʦʪʝʥʮʽʘʣʽʚ 1000 ɺ, ʜʦʚʞʠʥʘ ʭʚʠʣʽ ʜʝ ɹʨʦʡʣʷ 

ʧʨʠʙʣʠʟʥʦ ʩʢʣʘʜʘʻ 0,4 ¡. ɺʥʘʩʣʽʜʦʢ ʮʴʦʛʦ, ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʝʣʝʢʪʨʦʥʥʦʛʦ 

ʤʽʢʨʦʩʢʦʧʘ ʚ ʙʽʣʴʰ ʥʽʞ 10000 ʨʘʟ ʤʦʞʝ ʧʝʨʝʚʝʨʰʫʚʘʪʠ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ 

ʪʨʘʜʠʮʽʡʥʦʛʦ ʦʧʪʠʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ. 
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ɽʣʝʢʪʨʦʥʥʠʡ ʤʽʢʨʦʩʢʦʧ (ɽʄ, ʘʥʛʣ. ɽM ï Electron Microscope) ï ʮʝ ʢʣʘʩ 

ʧʨʠʣʘʜʽʚ, ʜʝ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʦʧʪʠʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ, ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʟʘʤʽʩʪʴ 

ʩʚʽʪʣʦʚʦʛʦ ʧʦʪʦʢʫ ʧʫʯʦʢ ʝʣʝʢʪʨʦʥʽʚ ʟ ʝʥʝʨʛʽʷʤʠ 200 ʝɺ - 400 ʢʝɺ ʽ ʙʽʣʴʰʝ. 

ʇʝʨʰʠʡ ʧʨʦʪʦʪʠʧ ʩʫʯʘʩʥʦʛʦ ɽʄ ʩʪʚʦʨʠʣʠ ʥʘʫʢʦʚʮʽ ɹʝʨʣʽʥʩʴʢʦʛʦ 

ʪʝʭʥʽʯʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ ʄʘʢʩ ʂʥʦʣʣ ʽ ɽʨʥʩʪ ʈʫʩʢʘ ʚ 1932 ʨʦʮʽ, ʟʛʦʜʦʤ ʫ 1986 

ʨʦʮʽ ʟʘ ʮʶ ʨʦʙʦʪʫ ʙʫʜʝ ʧʨʠʟʥʘʯʝʥʘ ʅʦʙʝʣʽʚʩʴʢʘ ʧʨʝʤʽʷ ʟ ʬʽʟʠʢʠ. ʇʝʨʰʠʡ 

ʝʣʝʢʪʨʦʥʥʠʡ ʤʽʢʨʦʩʢʦʧ ʧʨʘʮʶʚʘʚ ʥʘ ʧʨʦʩʚʽʯʫʚʘʥʥʷ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʟʨʘʟʢʽʚ, ʘ ʫ 

1938 ʨʦʮʽ ʥʽʤʝʮʴʢʠʡ ʬʘʭʽʚʝʮʴ ʄʘʥʬʨʝʜ ʬʦʥ ɸʨʜʝʥʝ ʧʦʙʫʜʫʚʘʚ ʧʝʨʰʠʡ 

ʩʢʘʥʫʚʘʣʴʥʠʡ ʧʨʦʩʚʽʯʫʶʯʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʤʽʢʨʦʩʢʦʧ, ʱʦ ʬʦʨʤʫʚʘʚ ʟʦʙʨʘʞʝʥʥʷ 

ʦʙ'ʻʢʪʘ ʧʨʠ ʧʦʩʣʽʜʦʚʥʦʤʫ ʧʝʨʝʤʽʱʝʥʥʽ ʝʣʝʢʪʨʦʥʥʦʛʦ ʟʦʥʜʘ ʤʘʣʦʛʦ ʧʝʨʝʪʠʥʫ ʧʦ 

ʦʙ'ʻʢʪʫ. ʋ 1948 - 52 ʨʨ. ʚ ʂʝʤʙʨʽʜʞʩʴʢʦʤʫ ʫʥʽʚʝʨʩʠʪʝʪʽ ʙʫʣʦ ʩʪʚʦʨʝʥʦ ʧʝʨʰʠʡ 

ʨʘʩʪʨʦʚʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʤʽʢʨʦʩʢʦʧ (ʈɽʄ, ʘʥʛʣ. SEM, ʘʙʦ Scanning Electron 

Microscope), ʷʢʠʡ ʜʦʩʷʛ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ 50 ʥʤ ʽ, ʱʦ ʥʘʡʙʽʣʴʰ ʚʘʞʣʠʚʦ, 

ʟʘʙʝʟʧʝʯʠʚ ʪʨʠʚʠʤʽʨʥʠʡ ʝʬʝʢʪ ʚʽʜʪʚʦʨʝʥʥʷ ʨʝʣʴʻʬʫ ʟʨʘʟʢʘ ï ʭʘʨʘʢʪʝʨʥʫ 

ʦʩʦʙʣʠʚʽʩʪʴ ʫʩʽʭ ʩʫʯʘʩʥʠʭ ʈɽʄ. ʄʘʩʦʚʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʮʠʭ ʧʨʠʣʘʜʽʚ ʚ ʥʘʫʢʦʚʠʭ 

ʜʦʩʣʽʜʞʝʥʥʷʭ ʧʦʯʘʣʦʩʷ ʚ 1960-ʭ ʨʦʢʘʭ, ʢʦʣʠ ʚʦʥʠ ʜʦʩʷʛʣʠ ʟʥʘʯʥʦʾ ʪʝʭʥʽʯʥʦʾ 

ʜʦʩʢʦʥʘʣʦʩʪʽ [1]. 

ɼʦ ʥʝʜʦʣʽʢʽʚ ɽʄ ʤʦʞʥʘ ʚʽʜʥʝʩʪʠ: 

Å ʚʠʩʦʢʫ ʚʘʨʪʽʩʪʴ ʚʠʨʦʙʥʠʮʪʚʘ ʽ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ; 

Å ʥʝʦʙʭʽʜʥʽʩʪʴ ʨʦʟʪʘʰʫʚʘʥʥʷ ʤʽʢʨʦʩʢʦʧʘ ʫ ʧʨʠʤʽʱʝʥʥʷʭ, ʟʘʭʠʱʝʥʠʭ ʚʽʜ 

ʚʽʙʨʘʮʽʡ (ʽʥʦʜʽ ʧʽʜ ʟʝʤʣʝʶ), ʪʘ ʽʟʦʣʴʦʚʘʥʠʭ ʚʽʜ ʟʦʚʥʽʰʥʽʭ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ 

ʧʦʣʽʚ; 

Å ʜʦʩʣʽʜʞʫʚʘʥʽ ʟʨʘʟʢʠ ʥʝʦʙʭʽʜʥʦ ʨʦʟʤʽʱʫʚʘʪʠ ʫ ʚʘʢʫʫʤʽ, ʪʘʢ ʷʢ ʤʦʣʝʢʫʣʠ 

ʧʦʚʽʪʨʷ ʙʫʜʫʪʴ ʨʦʟʩʽʶʚʘʪʠ ʝʣʝʢʪʨʦʥʠ; 

Å ʝʣʝʢʪʨʦʥʥʽ ʤʽʢʨʦʩʢʦʧʠ, ʱʦ ʧʨʘʮʶʶʪʴ ʫ ʟʚʠʯʘʡʥʦʤʫ ʚʠʩʦʢʦʚʘʢʫʫʤʥʦʤʫ 

ʨʝʞʠʤʽ, ʷʢ ʧʨʘʚʠʣʦ ʜʘʶʪʴ ʟʦʙʨʘʞʝʥʥʷ ʣʠʰʝ ʧʨʦʚʽʜʥʠʭ ʟʨʘʟʢʽʚ, ʪʦʤʫ ʥʘ 

ʥʝʧʨʦʚʽʜʥʽ ʤʘʪʝʨʽʘʣʠ ʥʝʦʙʭʽʜʥʦ ʥʘʥʦʩʠʪʠ ʧʨʦʚʽʜʥʝ ʧʦʢʨʠʪʪʷ; 

Å ʦʩʢʽʣʴʢʠ ʝʣʝʢʪʨʦʥʠ ʻ ʽʦʥʽʟʫʶʯʠʤ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷʤ, ʟʨʘʟʦʢ ʚ ɽʄ ʧʦʩʪʽʡʥʦ 

ʧʽʜʜʘʻʪʴʩʷ ʨʘʜʽʘʮʽʡʥʦʤʫ ʫʰʢʦʜʞʝʥʥʶ; ʱʦʙ ʟʤʝʥʰʠʪʠ ʡʦʛʦ ʜʽʶ ʥʝʦʙʭʽʜʥʦ 

ʚʠʢʦʨʠʩʪʘʪʠ ʨʽʟʥʽ ʤʝʪʦʜʠ ʧʽʜʛʦʪʦʚʢʠ ʟʨʘʟʢʘ: ʬʘʨʙʫʚʘʥʥʷ, ʟʘʣʠʚʢʫ, 
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ʟʘʤʦʨʦʞʫʚʘʥʥʷ, ʢʨʽʤ ʪʦʛʦ, ʤʦʞʥʘ ʨʝʻʩʪʨʫʚʘʪʠ ʟʦʙʨʘʞʝʥʥʷ ʧʨʠ ʤʝʥʰʠʭ ʜʦʟʘʭ 

ʝʣʝʢʪʨʦʥʽʚ, ʘ ʧʦʪʽʤ ʧʦʢʨʘʱʫʚʘʪʠ ʡʦʛʦ ʤʝʪʦʜʘʤʠ ʦʙʨʦʙʢʠ ʟʦʙʨʘʞʝʥʴ. 

2.2. ɹʫʜʦʚʘ ʝʣʝʢʪʨʦʥʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ  

ɹʫʜʦʚʘ ʝʣʝʢʪʨʦʥʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ [1] ʧʦʜʽʙʥʘ ʜʦ ʙʫʜʦʚʠ ʦʧʪʠʯʥʦʛʦ 

ʤʽʢʨʦʩʢʦʧʘ (ʨʠʩʫʥʦʢ 2.1.), ʪʽʣʴʢʠ ʟʘʤʽʩʪʴ ʩʚʽʪʣʘ ʜʣʷ ʧʦʙʫʜʦʚʠ ʟʦʙʨʘʞʝʥʥʷ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʧʦʪʽʢ ʝʣʝʢʪʨʦʥʽʚ ʫ ʚʘʢʫʫʤʽ, ʘ ʟʘʤʽʩʪʴ ʣʽʥʟ ï ʤʘʛʥʽʪʥʽ ʣʽʥʟʠ. ɸʣʝ 

ʩʚʽʪʣʦ ʙʝʟʧʝʨʝʰʢʦʜʥʦ ʧʦʰʠʨʶʻʪʴʩʷ ʚ ʧʦʚʽʪʨʽ, ʪʦʜʽ ʷʢ ʝʣʝʢʪʨʦʥʠ ʣʝʛʢʦ 

ʨʦʟʩʽʶʶʪʴʩʷ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʟ ʙʫʜʴ-ʷʢʦʶ ʨʝʯʦʚʠʥʦʶ, ʪʦʤʫ ʜʣʷ ʾʭ ʙʝʟʧʝʨʝʰʢʦʜʥʦʛʦ 

ʧʝʨʝʤʽʱʝʥʥʷ ʥʝʦʙʭʽʜʥʠʡ ʚʘʢʫʫʤ.  

 

ʈʠʩ. 2.1. ʉʭʝʤʘʪʠʯʥʝ ʧʦʨʽʚʥʷʥʥʷ ʙʫʜʦʚʠ ʝʣʝʢʪʨʦʥʥʦʛʦ ʪʘ ʦʧʪʠʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʽʚ  
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ʂʣʶʯʦʚʠʤʠ ʝʣʝʤʝʥʪʘʤʠ ʝʣʝʢʪʨʦʥʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʻ ʝʣʝʢʪʨʦʥʥʘ ʛʘʨʤʘʪʘ ï 

ʧʨʠʩʪʨʽʡ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʧʫʯʢʘ ʰʚʠʜʢʠʭ ʝʣʝʢʪʨʦʥʽʚ, ʽ ʩʠʩʪʝʤʘ ʤʘʛʥʽʪʥʠʭ ʣʽʥʟ ʜʣʷ 

ʬʦʢʫʩʫʚʘʥʥʷ ʮʴʦʛʦ ʧʫʯʢʘ.  

Å ɺ ʝʣʝʢʪʨʦʥʥʽʡ ʛʘʨʤʘʪʽ ʢʘʪʦʜ ʚʠʧʫʩʢʘʻ ʝʣʝʢʪʨʦʥʠ, ʷʢʽ ʧʨʠʩʢʦʨʶʶʪʴʩʷ ʥʘ ʰʣʷʭʫ 

ʜʦ ʘʥʦʜʘ ʧʦʪʫʞʥʠʤ ʝʣʝʢʪʨʠʯʥʠʤ ʧʦʣʝʤ ʽ ʧʨʦʭʦʜʷʪʴ ʢʨʽʟʴ ʦʪʚʽʨ ʘʥʦʜʘ;  

Å ʆʪʨʠʤʘʥʠʡ ʚʫʟʴʢʠʡ ʽʥʪʝʥʩʠʚʥʠʡ ʧʫʯʦʢ ʰʚʠʜʢʠʭ ʝʣʝʢʪʨʦʥʽʚ ʚʣʽʪʘʻ ʚ ʩʠʩʪʝʤʫ 

ʤʘʛʥʽʪʥʠʭ ʣʽʥʟ; 

Å ʇʽʩʣʷ ʬʦʢʫʩʫʚʘʥʥʷ ʜʚʦʩʪʫʧʝʥʝʚʦʶ ʤʘʛʥʽʪʥʦʶ ʣʽʥʟʦʶ (ʢʦʥʜʝʥʩʦʨʦʤ) 

ʝʣʝʢʪʨʦʥʥʽ ʧʨʦʤʝʥʽ, ʧʨʦʭʦʜʷʯʠ ʯʝʨʝʟ ʦʙ'ʻʢʪ, ʨʦʟʩʽʶʶʪʴʩʷ ʽ ʜʘʣʽ ʬʦʢʫʩʫʶʪʴʩʷ 

ʦʙ'ʻʢʪʠʚʥʦʾ ʣʽʥʟʦʶ, ʬʦʨʤʫʶʯʠ ʧʝʨʚʠʥʥʝ ʟʦʙʨʘʞʝʥʥʷ; 

Å ɿʙʽʣʴʰʝʥʝ ʟʦʙʨʘʞʝʥʥʷ ʩʧʦʩʪʝʨʽʛʘʶʪʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʝʢʨʘʥʫ 

ʘʙʦ CCD-ʢʘʤʝʨʠ. 

ɽʣʝʢʪʨʦʥʥʘ ʛʘʨʤʘʪʘ ʽ ʩʠʩʪʝʤʘ ʤʘʛʥʽʪʥʠʭ ʣʽʥʟ ʨʦʟʤʽʱʝʥʽ ʚ ʢʦʣʦʥʽ 

ʤʽʢʨʦʩʢʦʧʘ, ʚ ʷʢʽʡ ʚ ʧʨʦʮʝʩʽ ʨʦʙʦʪʠ ʧʽʜʪʨʠʤʫʻʪʴʩʷ ʚʘʢʫʫʤ ʧʦʨʷʜʢʫ 10-2 - 10-3 ʇʘ. 

ɼʦʩʣʽʜʞʫʚʘʥʽ ʟʨʘʟʢʠ ʪʝʞ ʨʦʟʤʽʱʫʶʪʴʩʷ ʚ ʢʦʣʦʥʽ ʤʽʢʨʦʩʢʦʧʘ ʫ ʛʣʠʙʦʢʦʤʫ 

ʚʘʢʫʫʤʽ, ʪʦʤʫ ʚʦʥʠ ʧʽʜʜʘʶʪʴʩʷ ʬʽʢʩʘʮʽʾ ʽ ʩʧʝʮʽʘʣʴʥʽʡ ʦʙʨʦʙʮʽ. ʈʦʟʜʽʣʴʥʘ 

ʟʜʘʪʥʽʩʪʴ ɽʄ ʤʦʞʝ ʜʦʩʷʛʘʪʠ 1,5 ¡ (0,15 ʥʤ), ʱʦ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʢʦʨʠʩʥʝ 

ʟʙʽʣʴʰʝʥʥʷ ʚ ʤʽʣʴʡʦʥʠ ʨʘʟʽʚ. 

ʈʦʟʛʣʷʥʝʤʦ ʩʪʨʫʢʪʫʨʥʽ ʝʣʝʤʝʥʪʠ ʝʣʝʢʪʨʦʥʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʙʽʣʴʰ ʜʝʪʘʣʴʥʦ. 

2.2.1. ɽʣʝʢʪʨʦʥʥʘ ʛʘʨʤʘʪʘ 

ʉʠʩʪʝʤʘ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ ʢʘʪʦʜʘ ʽ ʧʨʠʩʢʦʨʶʶʯʠʭ ʝʣʝʢʪʨʦʜʽʚ, ʥʦʩʠʪʴ 

ʥʘʟʚʫ ʝʣʝʢʪʨʦʥʥʦʾ ʛʘʨʤʘʪʠ. ɰʾ ʩʭʝʤʘʪʠʯʥʘ ʙʫʜʦʚʘ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʫ 2.2. ʇʦ 

ʩʫʪʽ, ʛʘʨʤʘʪʘ ʥʘʛʘʜʫʻ ʪʨʽʦʜʥʫ ʣʘʤʧʫ. ʇʦʪʽʢ ʝʣʝʢʪʨʦʥʽʚ ʚʠʧʫʩʢʘʻʪʴʩʷ ʢʘʪʦʜʦʤ, 

ʟʙʠʨʘʻʪʴʩʷ ʚ ʧʫʯʦʢ ʽ ʧʨʠʩʢʦʨʶʻʪʴʩʷ ʚ ʧʦʣʽ ʜʚʦʭ ʝʣʝʢʪʨʦʜʽʚ. ʇʝʨʰʠʡ ï ʢʝʨʫʶʯʠʡ 

ʝʣʝʢʪʨʦʜ, ʘʙʦ ʪʘʢ ʟʚʘʥʠʡ çʮʠʣʽʥʜʨ ɺʝʥʝʣʴʪʘè, ʦʪʦʯʫʻ ʢʘʪʦʜ, ʽ ʥʘ ʥʴʦʛʦ ʧʦʜʘʻʪʴʩʷ 

ʥʘʧʨʫʛʘ ʟʤʽʱʝʥʥʷ ï ʥʝʚʝʣʠʢʠʡ ʥʝʛʘʪʠʚʥʠʡ ʚʽʜʥʦʩʥʦ ʢʘʪʦʜʫ ʧʦʪʝʥʮʽʘʣ ʚ ʜʝʢʽʣʴʢʘ 

ʩʦʪʝʥʴ ʚʦʣʴʪ. ɿʘʚʜʷʢʠ ʥʘʷʚʥʦʩʪʽ ʪʘʢʦʛʦ ʧʦʪʝʥʮʽʘʣʫ ʥʘ çʮʠʣʽʥʜʨʽ ɺʝʥʝʣʴʪʘè 

ʝʣʝʢʪʨʦʥʥʠʡ ʧʫʯʦʢ, ʚʠʧʫʱʝʥʠʡ ʝʤʽʪʝʨʦʤ, ʬʦʢʫʩʫʻʪʴʩʷ ʪʘ ʚʠʭʦʜʠʪʴ ʯʝʨʝʟ 

ʥʝʚʝʣʠʢʠʡ ʦʪʚʽʨ ʫ ʮʝʥʪʨʽ ʮʠʣʽʥʜʨʘ. ɼʨʫʛʠʡ ʝʣʝʢʪʨʦʜ ï ʘʥʦʜ, ʧʣʘʩʪʠʥʢʘ ʟ ʦʪʚʦʨʦʤ 
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ʚ ʮʝʥʪʨʽ, ʯʝʨʝʟ ʷʢʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʧʫʯʦʢ ʧʦʪʨʘʧʣʷʻ ʚ ʢʦʣʦʥʫ ʤʽʢʨʦʩʢʦʧʘ. ʄʽʞ 

ʢʘʪʦʜʦʤ ʽ ʘʥʦʜʦʤ ʧʨʠʢʣʘʜʝʥʘ ʧʨʠʩʢʦʨʶʶʯʘ ʥʘʧʨʫʛʘ ʜʦ 100 ʢɺ. ʗʢ ʧʨʘʚʠʣʦ, ʻ 

ʤʦʞʣʠʚʽʩʪʴ ʩʪʫʧʽʥʯʘʩʪʦʾ ʟʤʽʥʠ ʥʘʧʨʫʛʠ ʚʽʜ 1 ʜʦ 100 ʢɺ.  

 

ʈʠʩ.2.2. ʉʭʝʤʘʪʠʯʥʘ ʙʫʜʦʚʘ ʝʣʝʢʪʨʦʥʥʦʾ ʛʘʨʤʘʪʠ. ʇʦʢʘʟʘʥʦ ʪʨʠ ʪʠʧʠ ʝʤʽʪʝʨʽʚ:  

a ï ʚʦʣʴʬʨʘʤʦʚʠʡ ʜʨʽʪ, ʙ ï ʢʨʠʩʪʘʣ ʛʝʢʩʘʙʦʨʠʜʫ ʣʘʥʪʘʥʫ LaB6 ʽ ʚ ï ʟʘʛʦʩʪʨʝʥʠʡ ʢʨʠʩʪʘʣ 

ʚʦʣʴʬʨʘʤʫ ʜʣʷ ʛʘʨʤʘʪ ʟ ʧʦʣʴʦʚʦʶ ʝʤʽʩʽʻʶ 

ɽʤʽʪʝʨʠ ʝʣʝʢʪʨʦʥʥʦʾ ʛʘʨʤʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʨʽʟʥʠʭ ʪʠʧʽʚ: 

¶ ʚʦʣʴʬʨʘʤʦʚʘ V-ʧʦʜʽʙʥʘ ʥʠʪʢʘ ʨʦʟʞʘʨʶʚʘʥʥʷ, ʥʘ ʷʢʽʡ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʪʝʨʤʦʝʣʝʢʪʨʦʥʥʘ ʝʤʽʩʽʷ; 

¶ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʠʡ ʝʤʽʪʝʨ ʟ ʛʝʢʩʘʙʦʨʠʜʫ ʣʘʥʪʘʥʫ LaB6, ʥʘ ʚʽʩʪʨʽ ʷʢʦʛʦ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʪʝʨʤʦʝʣʝʢʪʨʦʥʥʘ ʝʤʽʩʽʷ; 

¶ ʘʚʪʦʝʤʽʩʽʡʥʠʡ ʪʦʥʢʦ ʟʘʛʦʩʪʨʝʥʠʡ ʝʤʽʪʝʨ, ʚʠʨʽʟʘʥʠʡ ʟ ʤʦʥʦʢʨʠʩʪʘʣʫ ʚʦʣʴʬʨʘʤʫ 

(ʥʘʧʨʷʤ <310>); ʷʢʱʦ ʩʪʚʦʨʠʪʠ ʚ ʨʘʡʦʥʽ ʚʽʩʪʨʷ ʝʣʝʢʪʨʠʯʥʝ ʧʦʣʝ ʜʦʩʪʘʪʥʴʦʾ 

ʥʘʧʨʫʞʝʥʦʩʪʽ, ʤʦʞʥʘ çʚʠʪʷʛʥʫʪʠè ʝʣʝʢʪʨʦʥʠ ʟ ʤʘʪʝʨʽʘʣʫ ʰʣʷʭʦʤ ʧʦʣʴʦʚʦʾ 

ʝʤʽʩʽʾ.  

ɿʘʚʜʘʥʥʷ ʛʘʨʤʘʪʠ ï ʩʪʚʦʨʝʥʥʷ ʩʪʘʙʽʣʴʥʦʛʦ ʧʦʪʦʢʫ ʝʣʝʢʪʨʦʥʽʚ ʧʨʠ ʤʘʣʽʡ 

ʚʠʧʫʩʢʘʶʯʽʡ ʦʙʣʘʩʪʽ ʢʘʪʦʜʘ. ʏʠʤ ʤʝʥʰʘ ʧʣʦʱʘ ʜʞʝʨʝʣʘ ʝʣʝʢʪʨʦʥʽʚ, ʪʠʤ 

ʧʨʦʩʪʽʰʝ ʦʪʨʠʤʘʪʠ ʽʟ ʥʠʭ ʪʦʥʢʠʡ ʧʘʨʘʣʝʣʴʥʠʡ ʧʫʯʦʢ, ʷʢʠʡ ʜʘʣʽ ʚ ʢʦʣʦʥʽ 

ʤʽʢʨʦʩʢʦʧʫ ʩʧʨʷʤʦʚʫʻʪʴʩʷ ʜʦ ʩʠʩʪʝʤʠ ʣʽʥʟ. 

 

 

  



30 
 

2.2.2. ʄʘʛʥʽʪʥʽ ʣʽʥʟʠ 

çʃʽʥʟʦʶè, ʱʦ ʬʦʢʫʩʫʻ ʝʣʝʢʪʨʦʥʠ, ʩʣʫʛʫʻ ʤʘʛʥʽʪʥʝ ʧʦʣʝ, ʩʪʚʦʨʝʥʝ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʶ ʢʦʪʫʰʢʦʶ, ʩʭʝʤʘʪʠʯʥʘ ʙʫʜʦʚʘ ʷʢʦʾ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʫ 2.3. 

ɿʘʟʚʠʯʘʡ ʮʝ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʽ ʢʦʪʫʰʢʠ, ʚ ʷʢʠʭ ʩʪʨʫʤʦʧʨʦʚʽʜʥʽ ʦʙʤʦʪʢʠ ʦʪʦʯʝʥʽ (ʟʘ 

ʚʠʥʷʪʢʦʤ ʚʫʟʴʢʦʛʦ ʢʘʥʘʣʫ ʜʽʘʤʝʪʨʦʤ ʙʣʠʟʴʢʦ 2 - 4 ʩʤ) ʩʝʨʜʝʯʥʠʢʦʤ ʟ ʤ'ʷʢʦʛʦ 

ʟʘʣʽʟʘ. ʇʨʠ ʟʤʽʥʽ ʩʪʨʫʤʫ, ʱʦ ʧʨʦʪʽʢʘʻ ʯʝʨʝʟ ʢʦʪʫʰʢʠ, ʟʤʽʥʶʻʪʴʩʷ ʬʦʢʫʩʥʘ 

ʚʽʜʩʪʘʥʴ ʣʽʥʟʠ, ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ ʧʫʯʦʢ ʨʦʟʰʠʨʶʻʪʴʩʷ ʘʙʦ ʟʚʫʞʫʻʪʴʩʷ, ʘ ʦʪʞʝ 

ʟʙʽʣʴʰʫʻʪʴʩʷ ʘʙʦ ʟʤʝʥʰʫʻʪʴʩʷ ʧʣʦʱʘ ʧʦʚʝʨʭʥʽ, ʱʦ çʦʩʚʽʪʣʶʻʪʴʩʷè ʝʣʝʢʪʨʦʥʘʤʠ.  

 

ʈʠʩ. 2.3. ɺʥʫʪʨʽʰʥʷ ʙʫʜʦʚʘ ʤʘʛʥʽʪʥʦʾ ʣʽʥʟʠ: 1 ï ʧʫʯʦʢ ʝʣʝʢʪʨʦʥʽʚ, ʱʦ ʨʦʟʭʦʜʠʪʴʩʷ; 2 ï 

ʤʽʜʥʘ ʦʙʤʦʪʢʘ; 3 ï ʦʙʦʣʦʥʢʘ ʟ ʤʘʛʥʽʪʦʤʷʛʢʦʛʦ ʤʘʪʝʨʽʘʣʫ (ʙʨʦʥʷ);  

4 ï ʟʦʚʥʽʰʥʽʡ ʢʦʨʧʫʩ; 5 ï ʟʘʟʦʨ ʘʙʦ ʧʦʣʶʩʥʠʡ ʥʘʢʦʥʝʯʥʠʢ; 6 ï ʚʦʜʦʦʭʦʣʦʜʞʫʚʘʥʘ ʧʣʘʩʪʠʥʘ;  

7 ï ʧʽʜʚʝʜʝʥʥʷ ʚʦʜʠ; 8 ï ʧʽʜʚʝʜʝʥʥʷ ʝʣʝʢʪʨʦʞʠʚʣʝʥʥʷ 

ɹʽʣʴʰʽʩʪʴ ʩʫʯʘʩʥʠʭ ʝʣʝʢʪʨʦʥʥʠʭ ʤʽʢʨʦʩʢʦʧʽʚ ʤʘʶʪʴ ʚʽʜ 4 ʜʦ 6 ʣʽʥʟ.  

Å ʂʦʥʜʝʥʩʦʨʥʘ ʣʽʥʟʘ ï ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʘ ʢʦʪʫʰʢʘ, ʦʩʥʦʚʥʝ ʧʨʠʟʥʘʯʝʥʥʷ ʷʢʦʾ 

ʟʤʝʥʰʝʥʥʷ ʜʽʘʤʝʪʨʘ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ; 

Å ʆʙ'ʻʢʪʠʚʥʘ ʣʽʥʟʘ ï ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʘ ʢʦʪʫʰʢʘ, ʦʩʥʦʚʥʝ ʧʨʠʟʥʘʯʝʥʥʷ ʷʢʦʾ 

ʬʦʢʫʩʫʚʘʥʥʷ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʥʘ ʟʨʘʟʢʫ. 

ʌʦʢʫʩʫʚʘʥʥʷ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘʚʜʷʢʠ ʤʘʛʥʽʪʥʽʡ ʩʠʣʽ 

ʃʦʨʝʥʮʘ. ɼʽʶʯʠ ʥʘ ʝʣʝʢʪʨʦʥ, ʱʦ ʚʣʽʪʘʻ ʚʩʝʨʝʜʠʥʫ ʤʘʛʥʽʪʥʦʾ ʣʽʥʟʠ, ʚʦʥʘ ʥʘʜʘʻ 

ʡʦʛʦ ʰʚʠʜʢʦʩʪʽ ʙʽʯʥʦʾ ʩʢʣʘʜʦʚʦʾ, ʚʠʢʨʠʚʣʶʶʯʠ ʪʨʘʻʢʪʦʨʽʶ ʝʣʝʢʪʨʦʥʘ ʪʘ 

ʧʦʩʪʫʧʦʚʦ ʩʧʨʷʤʦʚʫʶʯʠ ʡʦʛʦ ʽʤʧʫʣʴʩ ʜʦ ʦʩʽ ʣʽʥʟʠ. ʊʘʢʠʤ ʯʠʥʦʤ ʧʫʯʦʢ 
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ʝʣʝʢʪʨʦʥʽʚ çʟʘʣʦʤʣʶʻʪʴʩʷè ʽ ʩʧʨʷʤʦʚʫʻʪʴʩʷ ʜʦ ʦʩʽ, ʘʥʘʣʦʛʽʯʥʦ ʪʦʤʫ ʷʢ ʩʢʣʷʥʘ 

ʣʽʥʟʘ ʬʦʢʫʩʫʻ ʩʚʽʪʣʦ. ʆʜʥʘʢ ʩʚʽʪʣʦʚʽ ʧʨʦʤʝʥʽ ʟʘʣʦʤʣʶʶʪʴʩʷ ʚ ʦʜʥʽʡ ʧʣʦʱʠʥʽ, ʚ 

ʪʦʡ ʯʘʩ ʷʢ ʝʣʝʢʪʨʦʥʠ ʚ ʤʘʛʥʽʪʥʽʡ ʣʽʥʟʽ ʧʨʦʭʦʜʷʪʴ ʧʽʚʦʙʝʨʪʘ ʧʦ ʩʧʽʨʘʣʽ ʥʘʚʢʦʣʦ 

ʩʠʣʦʚʠʭ ʣʽʥʽʡ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ, ʧʦʢʠ ʥʝ ʙʫʜʫʪʴ ʩʧʨʷʤʦʚʘʥʽ ʜʦ ʪʦʯʢʠ ʬʦʢʫʩʫ ʣʽʥʟʠ 

[2]. 

ɿʥʘʯʥʘ ʧʝʨʝʚʘʛʘ ʝʣʝʢʪʨʦʥʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʚ ʨʦʟʜʽʣʴʥʽʡ ʟʜʘʪʥʦʩʪʽ 

ʧʦʷʩʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ ʜʦʚʞʠʥʘ ʭʚʠʣʽ ʝʣʝʢʪʨʦʥʽʚ ʥʘʙʘʛʘʪʦ ʤʝʥʰʘ ʜʦʚʞʠʥʠ ʭʚʠʣʽ 

ʩʚʽʪʣʘ. ɸʣʝ ʦʩʢʽʣʴʢʠ ʤʘʛʥʽʪʥʽ ʣʽʥʟʠ ʥʝ ʪʘʢ ʜʦʙʨʝ ʬʦʢʫʩʫʶʪʴ, ʷʢ ʦʧʪʠʯʥʽ (ʯʠʩʣʦʚʘ 

ʘʧʝʨʪʫʨʘ ʭʦʨʦʰʦʾ ʤʘʛʥʽʪʥʦʾ ʣʽʥʟʠ ʩʢʣʘʜʘʻ ʣʠʰʝ 0,09, ʪʦʜʽ ʷʢ ʜʣʷ ʭʦʨʦʰʦʛʦ 

ʦʧʪʠʯʥʦʛʦ ʦʙ'ʻʢʪʠʚʫ ʮʷ ʚʝʣʠʯʠʥʘ ʜʦʩʷʛʘʻ 0,95), ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʝʣʝʢʪʨʦʥʥʦʛʦ 

ʤʽʢʨʦʩʢʦʧʘ ʜʦʨʽʚʥʶʻ 50 - 100 ʜʦʚʞʠʥʘʤ ʭʚʠʣʴ ʝʣʝʢʪʨʦʥʽʚ. ʅʘʚʽʪʴ ʟ ʪʘʢʠʤʠ 

ʩʣʘʙʢʠʤʠ ʣʽʥʟʘʤʠ ʚ ʝʣʝʢʪʨʦʥʥʦʤʫ ʤʽʢʨʦʩʢʦʧʽ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʤʝʞʫ ʨʦʟʜʽʣʴʥʦʾ 

ʟʜʘʪʥʦʩʪʽ ʙʣʠʟʴʢʦ 0,17 ʥʤ, ʱʦ ʜʦʟʚʦʣʷʻ ʨʦʟʨʽʟʥʷʪʠ ʦʢʨʝʤʽ ʘʪʦʤʠ ʚ ʢʨʠʩʪʘʣʘʭ. ɼʣʷ 

ʜʦʩʷʛʥʝʥʥʷ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʪʘʢʦʛʦ ʧʦʨʷʜʢʫ ʧʦʪʨʽʙʥʝ ʜʫʞʝ ʨʝʪʝʣʴʥʝ 

ʥʘʣʘʰʪʫʚʘʥʥʷ ʧʨʠʣʘʜʫ; ʟʦʢʨʝʤʘ, ʥʝʦʙʭʽʜʥʽ ʧʦʪʫʞʥʽ ʚʠʩʦʢʦʩʪʘʙʽʣʴʥʽ ʜʞʝʨʝʣʘ 

ʞʠʚʣʝʥʥʷ, ʘ ʩʘʤ ʧʨʠʣʘʜ (ʷʢʠʡ ʤʦʞʝ ʙʫʪʠ ʟʘʚʚʠʰʢʠ ʙʣʠʟʴʢʦ 2,5 ʤ ʽ ʤʘʪʠ ʤʘʩʫ ʚ 

ʜʝʢʽʣʴʢʘ ʪʦʥ) ʽ ʡʦʛʦ ʜʦʜʘʪʢʦʚʝ ʫʩʪʘʪʢʫʚʘʥʥʷ ʚʠʤʘʛʘʶʪʴ ʤʦʥʪʘʞʫ, ʷʢʠʡ ʚʠʢʣʶʯʘʻ 

ʚʽʙʨʘʮʽʶ. 

ʉʫʯʘʩʥʽ ʝʣʝʢʪʨʦʥʥʽ ʤʽʢʨʦʩʢʦʧʠ ʦʙʣʘʜʥʘʥʽ ʨʷʜʦʤ ʧʨʠʩʪʦʩʫʚʘʥʴ: 

¶ ʧʨʠʩʪʘʚʢʘ ʜʣʷ ʟʤʽʥʠ ʥʘʭʠʣʫ ʟʨʘʟʢʘ ʧʽʜ ʯʘʩ ʩʧʦʩʪʝʨʝʞʝʥʥʷ (ʛʦʥʽʦʤʝʪʨʠʯʥʠʡ 

ʧʨʠʩʪʨʽʡ); 

¶ ʧʨʠʩʪʘʚʢʘ ʜʣʷ ʥʘʛʨʽʚʘʥʥʷ ʟʨʘʟʢʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʢʦʣʦʥʽ, ʱʦ ʜʦʟʚʦʣʷʻ 

ʥʝʧʝʨʝʨʚʥʦ ʩʧʦʩʪʝʨʽʛʘʪʠ ʟʤʽʥʫ ʩʪʨʫʢʪʫʨʠ ʟʨʘʟʢʘ ʟ ʪʝʤʧʝʨʘʪʫʨʦʶ; 

¶ ʧʨʠʩʪʘʚʢʠ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ ʦʢʠʩʣʝʥʥʷ, ʧʨʦʮʝʩʫ 

ʨʦʟʫʧʦʨʷʜʢʫʚʘʥʥʷ, ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʫ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʧʣʘʚʘʭ; 

¶ ʧʨʠʩʪʘʚʢʘ ʜʣʷ ʨʦʟʪʷʛʫʚʘʥʥʷ ʟʨʘʟʢʘ, ʱʦ ʜʦʟʚʦʣʷʻ ʜʦʩʣʽʜʞʫʚʘʪʠ ʨʫʭ ʜʝʬʝʢʪʽʚ ʚ 

ʤʝʪʘʣʘʭ, ʧʨʦʮʝʩ ʟʘʨʦʜʞʝʥʥʷ ʽ ʨʦʟʚʠʪʢʫ ʪʨʽʱʠʥʠ ʚ ʦʙ'ʻʢʪʽ; 

¶ ʤʽʢʨʦʜʠʬʨʘʢʮʽʡʥʘ ʧʨʠʩʪʘʚʢʘ ʜʣʷ ʝʣʝʢʪʨʦʥʦʛʨʘʬʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʧʝʚʥʦʾ 

ʜʽʣʷʥʢʠ ʟʨʘʟʢʘ, ʜʝ ʧʦ ʤʽʩʮʶ ʨʦʟʪʘʰʫʚʘʥʥʷ ʜʠʬʨʘʢʮʽʡʥʠʭ ʢʽʣʝʮʴ ʘʙʦ ʧʣʷʤ 
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ʤʦʞʥʘ ʚʩʪʘʥʦʚʠʪʠ ʩʪʨʫʢʪʫʨʫ ʨʝʯʦʚʠʥʠ, ʭʽʤʽʯʥʠʡ ʩʢʣʘʜ, ʦʨʽʻʥʪʘʮʽʶ 

ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʭ ʧʣʦʱʠʥ ʽ ʚʽʜʩʪʘʥʴ ʤʽʞ ʥʠʤʠ. 

ʋ ʢʦʣʦʥʽ ʤʽʢʨʦʩʢʦʧʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʘʢʫʫʤʥʦʾ ʩʠʩʪʝʤʠ ʚʽʜʢʘʯʫʚʘʥʥʷ 

ʩʪʚʦʨʶʻʪʴʩʷ ʥʠʟʴʢʠʡ ʪʠʩʢ, ʧʨʠʙʣʠʟʥʦ 10ï5
 ʤʤ ʨʪ. ʩʪ. ʅʘ ʮʝ ʡʜʝ ʜʦʩʠʪʴ ʙʘʛʘʪʦ 

ʯʘʩʫ. ʑʦʙ ʧʨʠʩʢʦʨʠʪʠ ʧʽʜʛʦʪʦʚʢʫ ʧʨʠʣʘʜʫ ʜʦ ʨʦʙʦʪʠ, ʜʦ ʢʘʤʝʨʠ ʟʨʘʟʢʽʚ 

ʧʨʠʻʜʥʫʻʪʴʩʷ ʩʧʝʮʽʘʣʴʥʠʡ ʧʨʠʩʪʨʽʡ ʜʣʷ ʰʚʠʜʢʦʾ ʟʘʤʽʥʠ ʟʨʘʟʢʘ. ʋ ʤʽʢʨʦʩʢʦʧ ʧʨʠ 

ʮʴʦʤʫ ʧʦʪʨʘʧʣʷʻ ʣʠʰʝ ʜʫʞʝ ʥʝʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʧʦʚʽʪʨʷ, ʷʢʘ ʚʠʜʘʣʷʻʪʴʩʷ 

ʚʘʢʫʫʤʥʠʤʠ ʥʘʩʦʩʘʤʠ. ɿʘʤʽʥʘ ʟʨʘʟʢʘ ʟʘʟʚʠʯʘʡ ʟʘʡʤʘʻ 5 ʭʚ. 

2.3. ʇʨʦʩʚʽʯʫʶʯʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʤʽʢʨʦʩʢʦʧ 

ʊʨʘʥʩʤʽʩʽʡʥʠʡ (ʧʨʦʩʚʽʯʫʶʯʠʡ) ʝʣʝʢʪʨʦʥʥʠʡ ʤʽʢʨʦʩʢʦʧ (ʇɽʄ, ʘʥʛʣ. ʊɽM ï 

Transmission Electron Microscope) ï ʚʠʜ ʝʣʝʢʪʨʦʥʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʷʢʠʡ ʜʦʟʚʦʣʷʻ 

ʦʪʨʠʤʫʚʘʪʠ ʧʨʷʤʝ ʟʦʙʨʘʞʝʥʥʷ ʦʙ'ʻʢʪʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʨʦʤʝʥʷ. 

ʆʩʦʙʣʠʚʽʩʪʶ ʇɽʄ ʻ ʪʝ, ʱʦ ʝʣʝʢʪʨʦʥʥʠʡ ʧʫʯʦʢ ʧʨʦʩʚʽʯʫʻ ʜʦʩʣʽʜʞʫʚʘʥʠʡ ʟʨʘʟʦʢ 

ʥʘʩʢʨʽʟʴ. 

ʉʭʝʤʘ ʙʫʜʦʚʠ ʇɽʄ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʫ 2.4. ʂʦʨʧʫʩ ʤʽʢʨʦʩʢʦʧʘ ʻ 

ʚʘʢʫʫʤʥʦʶ ʢʘʤʝʨʦʶ, ʚʠʛʦʪʦʚʣʝʥʦʶ ʫ ʚʠʛʣʷʜʽ ʚʝʨʪʠʢʘʣʴʥʦ ʨʦʟʪʘʰʦʚʘʥʦʾ ʢʦʣʦʥʠ. 

ʋʟʜʦʚʞ ʮʝʥʪʨʘʣʴʥʦʾ ʦʩʽ ʮʽʻʾ ʢʦʣʦʥʠ ʟʚʝʨʭʫ ʚʥʠʟ ʫʩʝʨʝʜʠʥʽ ʢʦʣʦʥʠ ʨʦʟʪʘʰʦʚʘʥʽ 

ʝʣʝʢʪʨʦʥʥʘ ʛʘʨʤʘʪʘ ʪʘ ʧʝʚʥʠʡ ʥʘʙʽʨ ʝʣʝʢʪʨʦʤʘʛʥʽʪʽʚ, ʱʦ ʚʠʢʦʥʫʶʪʴ ʨʦʣʴ 

ʤʘʛʥʽʪʥʠʭ ʣʽʥʟ ʜʣʷ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ, ʱʦ ʧʨʦʭʦʜʠʪʴ ʫʟʜʦʚʞ ʮʝʥʪʨʘʣʴʥʦʾ ʦʩʽ 

ʢʦʣʦʥʠ ʜʦ ʾʾ ʦʩʥʦʚʠ, ʜʝ ʨʦʟʪʘʰʦʚʘʥʠʡ ʬʣʫʦʨʝʩʮʝʥʪʥʠʡ ʝʢʨʘʥ.  

ɼʦʩʣʽʜʞʫʚʘʥʠʡ ʦʙ'ʻʢʪ ʨʦʟʪʘʰʦʚʫʶʪʴ ʟʘʟʚʠʯʘʡ ʥʘ ʤʽʢʨʦʩʽʪʮʽ ʚ ʦʙʣʘʩʪʽ 

ʦʙ'ʻʢʪʠʚʥʦʾ ʣʽʥʟʠ. ʇʨʦʭʦʜʷʯʠ ʢʨʽʟʴ ʦʙ'ʻʢʪ, ʝʣʝʢʪʨʦʥʠ ʨʦʟʩʽʶʶʪʴʩʷ ʥʘ ʜʝʷʢʠʡ 

ʪʽʣʝʩʥʠʡ ʢʫʪ, ʷʢʠʡ ʦʙʤʝʞʫʻʪʴʩʷ ʜʽʘʬʨʘʛʤʦʶ ʦʙ'ʻʢʪʠʚʥʦʾ ʣʽʥʟʠ. ɿʦʙʨʘʞʝʥʥʷ 

ʦʙ'ʻʢʪʫ, ʱʦ ʬʦʨʤʫʻʪʴʩʷ ʦʙ'ʻʢʪʠʚʥʦʶ ʣʽʥʟʦʶ, ʟʙʽʣʴʰʫʻʪʴʩʷ ʧʨʦʤʽʞʥʦʶ ʽ 

ʧʨʦʝʢʮʽʡʥʦʶ ʣʽʥʟʘʤʠ. ʂʦʥʪʨʘʩʪ ʟʦʙʨʘʞʝʥʥʷ ʦʙʫʤʦʚʣʶʻʪʴʩʷ ʧʦʛʣʠʥʘʥʥʷʤ 

(ʘʤʧʣʽʪʫʜʥʠʡ ʢʦʥʪʨʘʩʪ) ʽ ʨʦʟʩʽʷʥʥʷʤ (ʬʘʟʦʚʠʡ ʢʦʥʪʨʘʩʪ) ʝʣʝʢʪʨʦʥʽʚ ʚ ʦʙ'ʻʢʪʽ. 

ʅʝʦʜʥʦʨʽʜʥʝ ʧʦʛʣʠʥʘʥʥʷ ʝʣʝʢʪʨʦʥʽʚ ʨʽʟʥʠʤʠ ʜʽʣʷʥʢʘʤʠ ʟʨʘʟʢʘ ʜʘʻ ʜʚʦʚʠʤʽʨʥʫ 

ʢʘʨʪʠʥʫ ʨʦʟʧʦʜʽʣʫ ʛʫʩʪʠʥʠ ʚʠʭʽʜʥʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʦʪʦʢʫ, ʷʢʘ ʬʽʢʩʫʻʪʴʩʷ ʥʘ 

ʨʝʻʩʪʨʫʶʯʽʡ ʧʦʚʝʨʭʥʽ ʚ ʟʙʽʣʴʰʝʥʦʤʫ ʨʦʟʤʽʨʽ. ʆʩʪʘʪʦʯʥʝ ʟʙʽʣʴʰʝʥʝ ʝʣʝʢʪʨʦʥʥʝ 
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ʟʦʙʨʘʞʝʥʥʷ ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʫ ʚʠʜʠʤʝ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʝʢʨʘʥʫ, 

ʷʢʠʡ ʩʚʽʪʠʪʴʩʷ ʧʽʜ ʜʽʻʶ ʝʣʝʢʪʨʦʥʥʦʛʦ ʙʦʤʙʘʨʜʫʚʘʥʥʷ. ʊʝʭʥʽʢʘ ʇɽʄ ʜʦʟʚʦʣʷʻ 

ʦʪʨʠʤʫʚʘʪʠ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ ʜʦ 0,08 ʥʤ [1]. 

 

ʈʠʩ. 2.4. ʉʭʝʤʘʪʠʯʥʘ ʙʫʜʦʚʘ ʧʨʦʩʚʽʯʫʶʯʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ 

ʇʨʦʮʝʩ ʦʜʝʨʞʘʥʥʷ ʇɽʄ-ʟʦʙʨʘʞʝʥʥʷ ʤʦʞʥʘ ʨʦʟʜʽʣʠʪʠ ʥʘ ʥʘʩʪʫʧʥʽ ʝʪʘʧʠ: 

Å ɽʤʽʪʦʚʘʥʽ ʽʟ ʢʘʪʦʜʘ ʝʣʝʢʪʨʦʥʠ ʧʨʠʩʢʦʨʶʶʪʴʩʷ ʚʠʩʦʢʦʶ ʨʽʟʥʠʮʝʶ ʧʦʪʝʥʮʽʘʣʽʚ 

(ʧʦʨʷʜʢʫ 100 ʢɺ) ʽ çʦʩʚʽʪʣʶʶʪʴè ʟʨʘʟʦʢ; 

Å ʇʦʪʽʢ ʝʣʝʢʪʨʦʥʽʚ, ʱʦ ʧʨʦʡʰʦʚ ʢʨʽʟʴ ʟʨʘʟʦʢ, ʻ ʧʨʦʩʪʦʨʦʚʦ ʤʦʜʫʣʴʦʚʘʥʠʡ ʧʦ 

ʛʫʩʪʠʥʽ ʝʣʝʢʪʨʦʥʥʦʛʦ ʩʪʨʫʤʫ, ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ çʧʨʦʟʦʨʦʩʪʽè ʜʽʣʷʥʦʢ ʟʨʘʟʢʘ ʜʣʷ 

ʝʣʝʢʪʨʦʥʽʚ; 

Å ɺʽʥ ʬʦʢʫʩʫʻʪʴʩʷ ʦʙ'ʻʢʪʠʚʥʦʾ ʣʽʥʟʦʶ, ʷʢʘ ʩʪʚʦʨʶʻ ʧʨʦʤʽʞʥʝ ʟʦʙʨʘʞʝʥʥʷ 

ʦʙ'ʻʢʪʘ; ʦʙ'ʻʢʪʠʚʥʘ ʣʽʥʟʘ ʜʘʻ ʟʙʽʣʴʰʝʥʥʷ ʧʨʠʙʣʠʟʥʦ ʚ 100 ʨʘʟʽʚ; 

Å ʅʘʩʪʫʧʥʘ ʟʘ ʦʙ'ʻʢʪʠʚʥʦʶ ʧʨʦʤʽʞʥʘ ʣʽʥʟʘ ʧʝʨʝʢʠʜʘʻ ʧʨʦʤʽʞʥʝ ʟʦʙʨʘʞʝʥʥʷ ʟ 

ʥʝʚʝʣʠʢʠʤ ʟʙʽʣʴʰʝʥʥʷʤ (ʟʘʟʚʠʯʘʡ ʜʦ 10 ʨʘʟʽʚ) ʫ ʧʨʝʜʤʝʪʥʫ ʧʣʦʱʠʥʫ 
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ʧʨʦʝʢʮʽʡʥʦʾ ʣʽʥʟʠ, ʘ ʧʨʦʝʢʮʽʡʥʘ ʣʽʥʟʘ ʬʦʨʤʫʻ ʦʩʪʘʪʦʯʥʝ ʩʠʣʴʥʦ ʟʙʽʣʴʰʝʥʝ 

ʟʦʙʨʘʞʝʥʥʷ (ʧʨʦʝʢʮʽʡʥʘ ʣʽʥʟʘ ʜʘʻ ʟʙʽʣʴʰʝʥʥʷ ʜʦ 100 ʨʘʟʽʚ); 

Å ʊʘʢʠʤ ʯʠʥʦʤ, ʟʘʛʘʣʴʥʝ ʟʙʽʣʴʰʝʥʥʷ ʇɽʄ ʤʦʞʝ ʜʦʩʷʛʘʪʠ 100 000 ʨʘʟʽʚ. 

ʊʘʢ ʷʢ ʧʦʪʽʢ ʝʣʝʢʪʨʦʥʽʚ ʩʠʣʴʥʦ ʧʦʛʣʠʥʘʻʪʴʩʷ ʨʝʯʦʚʠʥʦʶ, ʜʦʩʣʽʜʞʫʚʘʥʽ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʧʨʦʩʚʽʯʫʶʯʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʟʨʘʟʢʠ ʧʦʚʠʥʥʽ ʤʘʪʠ ʜʫʞʝ ʤʘʣʫ ʪʦʚʱʠʥʫ 

(ʤʝʥʰʝ 0,1 ʤʢʤ). ʋ ʟʚ'ʷʟʢʫ ʟ ʮʠʤ ʚ ʷʢʦʩʪʽ ʦʙ'ʻʢʪʽʚ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʫʣʴʪʨʘʪʦʥʢʽ 

ʟʨʽʟʠ ʪʦʚʱʠʥʦʶ 20 ï 100 ʥʤ. ʅʘʡʙʽʣʴʰ ʟʨʫʯʥʽ ʟʨʘʟʢʠ ʟ ʪʦʚʱʠʥʦʶ, ʧʦʨʽʚʥʷʥʦʶ ʟ 

ʩʝʨʝʜʥʴʦʶ ʜʦʚʞʠʥʦʶ ʚʽʣʴʥʦʛʦ ʧʨʦʙʽʛʫ ʝʣʝʢʪʨʦʥʽʚ ʚ ʨʝʯʦʚʠʥʽ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ 

ʟʨʘʟʢʘ, ʷʢʘ ʚ ʩʚʦʶ ʯʝʨʛʫ ʟʘʣʝʞʠʪʴ ʚʽʜ ʝʥʝʨʛʽʾ ʝʣʝʢʪʨʦʥʽʚ. ʊʠʧʦʚʽ ʨʦʙʦʯʽ ʥʘʧʨʫʛʠ 

ʤʽʢʨʦʩʢʦʧʘ ʩʢʣʘʜʘʶʪʴ ʚʽʜ 80 ʢɺ ʜʦ 400 ʢɺ, ʭʦʯʘ ʥʘʧʨʫʛʠ ʥʠʞʯʽ ʚʽʜ 200 ʢɺ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʣʷ ʙʽʦʣʦʛʽʯʥʠʭ ʦʙ'ʻʢʪʽʚ. ʏʠʤ ʥʠʞʯʘ ʥʘʧʨʫʛʘ ʽ ʚʠʱʝ ʧʦʨʷʜʢʦʚʝ 

ʯʠʩʣʦ ʘʪʦʤʽʚ ʟʨʘʟʢʘ, ʪʠʤ ʪʦʥʰʠʤ ʤʘʻ ʙʫʪʠ ʜʦʩʣʽʜʞʫʚʘʥʠʡ ʦʙ'ʻʢʪ.  

ʉʧʦʩʦʙʠ ʧʽʜʛʦʪʦʚʢʠ ʟʨʘʟʢʽʚ ʜʣʷ ʜʦʩʣʽʜʞʝʥʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʇɽʄ:  

Å ʅʘʡʯʘʩʪʽʰʝ ʇɽʄ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʙʽʦʣʦʛʽʯʥʠʭ ʦʙôʻʢʪʽʚ ï 

ʫʣʴʪʨʘʪʦʥʢʠʭ ʟʨʽʟʽʚ ʤʽʢʨʦʙʽʚ, ʪʢʘʥʠʥ, ʚʽʨʫʩʽʚ, ʤʽʢʨʦʦʨʛʘʥʽʟʤʽʚ ʪʦʱʦ; 

Å ɿʨʘʟʢʠ, ʷʢʽ ʤʘʶʪʴ ʜʦʩʠʪʴ ʤʘʣʽ ʨʦʟʤʽʨʠ, ʥʘʧʨʠʢʣʘʜ ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʽ ʧʦʨʦʰʢʠ 

ʘʙʦ ʥʘʥʦʪʨʫʙʢʠ, ʤʦʞʫʪʴ ʙʫʪʠ ʰʚʠʜʢʦ ʧʽʜʛʦʪʦʚʣʝʥʽ ʜʣʷ ʚʠʚʯʝʥʥʷ ʚ ʇɽʄ 

ʥʘʥʝʩʝʥʥʷʤ ʾʭ ʥʘ ʧʽʜʪʨʠʤʫʶʯʫ ʩʽʪʢʫ ʘʙʦ ʧʣʽʚʢʫ; 

Å ɺʠʢʦʨʠʩʪʘʥʥʷ ʥʘʜʪʦʥʢʠʭ ʤʽʢʨʦʰʣʽʬʽʚ (ʟʨʽʟʽʚ) ʟʨʘʟʢʘ; 

Å ʄʝʪʦʜ ʨʝʧʣʽʢ (ʨʠʩʫʥʦʢ 2.5): ʧʦʣʷʛʘʻ ʚ 

ʦʪʨʠʤʘʥʥʽ ʟʣʽʧʢʘ ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʧʦʚʝʨʭʥʽ 

ʥʘʥʝʩʝʥʥʷʤ ʥʘ ʥʝʾ ʧʣʽʚʢʠ ʽʥʰʦʛʦ 

ʤʘʪʝʨʽʘʣʫ ʟ ʧʦʜʘʣʴʰʠʤ ʚʠʜʘʣʝʥʥʷʤ 

ʤʘʪʝʨʽʘʣʫ ʟʨʘʟʢʘ. ʇʨʦʩʚʽʯʫʚʘʥʥʶ ʚ ʇɽʄ 

ʧʽʜʜʘʻʪʴʩʷ ʦʪʨʠʤʘʥʠʡ ʟʣʽʧʦʢ. ʈʝʧʣʽʢʘ 

ʤʘʻ ʧʦʚʥʽʩʪʶ ʚʽʜʪʚʦʨʶʚʘʪʠ ʨʝʣʴʻʬ ʧʦʚʝʨʭʥʽ ʡ ʤʘʪʠ ʪʦʚʱʠʥʫ ʧʦʨʷʜʢʫ 0,01 

ʤʢʤ. ʈʝʧʣʽʢʠ ʦʪʨʠʤʫʶʪʴ ʰʣʷʭʦʤ ʥʘʧʠʣʝʥʥʷ ʨʝʯʦʚʠʥʠ, ʬʦʨʤʫʚʘʥʥʷ ʦʢʩʠʜʥʦʾ 

ʧʣʽʚʢʠ, ʣʘʢʫʚʘʥʥʷ ʪʦʱʦ. 

  

 

ʈʠʩ. 2.5. ɿʨʘʟʦʢ (ʘ) ʪʘ ʡʦʛʦ ʨʝʧʣʽʢʘ (ʙ) 
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2.4. ʈʘʩʪʨʦʚʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʤʽʢʨʦʩʢʦʧ 

ʆʜʥʝ ʟ ʛʦʣʦʚʥʠʭ ʦʙʤʝʞʝʥʴ ʧʨʦʩʚʽʯʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʧʦʣʷʛʘʻ 

ʚ ʪʦʤʫ, ʱʦ ʷʢʱʦ ʟʨʘʟʦʢ ʻ ʥʝʜʦʩʪʘʪʥʴʦ ʪʦʥʢʠʤ, ʪʦ ʝʣʝʢʪʨʦʥʠ ʙʫʜʫʪʴ ʩʠʣʴʥʦ 

ʨʦʟʩʽʶʚʘʪʠʩʷ ʪʘ ʧʦʛʣʠʥʘʪʠʩʷ ʚ ʥʴʦʤʫ, ʘ ʥʝ ʧʨʦʭʦʜʠʪʠʤʫʪʴ ʥʘʩʢʨʽʟʴ. ʊʦʤʫ ʥʘ 

ʦʩʥʦʚʽ ʇɽʄ ʙʫʚ ʨʦʟʨʦʙʣʝʥʠʡ ʥʦʚʠʡ ʢʣʘʩ ʤʽʢʨʦʩʢʦʧʽʚ, ʚ ʷʢʠʭ ʦʜʝʨʞʘʥʥʷ 

ʟʦʙʨʘʞʝʥʥʷ ʟʨʘʟʢʘ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʬʽʟʠʯʥʠʭ ʷʚʠʱ, ʱʦ 

ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʧʨʠ ʙʦʤʙʘʨʜʫʚʘʥʥʽ ʡʦʛʦ ʧʦʚʝʨʭʥʽ ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʠʤ ʧʫʯʢʦʤ 

ʝʣʝʢʪʨʦʥʽʚ, ʨʦʟʛʦʨʪʘʥʠʤʠ ʚ ʜʚʦʚʠʤʽʨʥʠʡ ʨʘʩʪʨ ʥʘ ʧʦʚʝʨʭʥʽ. ʊʘʢʠʡ ʤʝʪʦʜ 

ʜʦʟʚʦʣʷʻ ʜʦʩʣʽʜʞʫʚʘʪʠ ʟʨʘʟʢʠ ʧʨʘʢʪʠʯʥʦ ʙʫʜʴ-ʷʢʠʭ ʨʦʟʤʽʨʽʚ ʧʦ ʪʦʚʱʠʥʽ [1]. 

ʈʘʩʪʨʦʚʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʤʽʢʨʦʩʢʦʧ (ʈɽʄ), ʘʙʦ ʩʢʘʥʫʚʘʣʴʥʠʡ ʝʣʝʢʪʨʦʥʥʠʡ 

ʤʽʢʨʦʩʢʦʧ (ʉɽʄ, ʘʥʛʣ. SɽM ï Scanning Electron Microscope), ï ʚʠʜ ʝʣʝʢʪʨʦʥʥʦʛʦ 

ʤʽʢʨʦʩʢʦʧʘ, ʜʝ ʜʦʩʣʽʜʞʫʚʘʥʠʡ ʟʨʘʟʦʢ ʦʧʨʦʤʽʥʶʶʪʴ ʪʦʥʢʠʤ cʬʦʢʫʩʦʚʘʥʠʤ 

ʧʫʯʢʦʤ ʝʣʝʢʪʨʦʥʽʚ, ʷʢʠʡ ʨʦʟʛʦʨʪʘʻʪʴʩʷ ʫ ʨʘʩʪʨ ʥʘ ʧʦʚʝʨʭʥʽ.  

Å ʈɽʄ ʜʦʟʚʦʣʷʻ ʜʦʩʣʽʜʞʫʚʘʪʠ ʷʢ ʥʝʧʨʦʟʦʨʽ, ʪʘʢ ʽ ʧʨʦʟʦʨʽ ʜʣʷ ʝʣʝʢʪʨʦʥʽʚ ʦʙ'ʻʢʪʠ, 

ʥʘ ʷʢʽ ʩʧʨʷʤʦʚʫʻʪʴʩʷ ʪʦʥʢʠʡ ʧʫʯʦʢ ʝʣʝʢʪʨʦʥʽʚ, ʱʦ ʙʝʟʧʝʨʝʨʚʥʦ ʦʙʙʽʛʘʻ 

(ʩʢʘʥʫʻ) ʜʽʣʷʥʢʫ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ; 

Å ɼʦʟʚʦʣʷʻ ʦʪʨʠʤʘʥʥʷ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʦʙ'ʻʢʪʘ ʟ ʚʠʩʦʢʦʶ (ʜʦ 0,4 

ʥʘʥʦʤʝʪʨʘ) ʧʨʦʩʪʦʨʦʚʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ ʪʘ ʟ ʪʨʠʚʠʤʽʨʥʠʤ ʝʬʝʢʪʦʤ 

ʚʽʜʪʚʦʨʝʥʥʷ ʨʝʣʴʻʬʫ ʟʨʘʟʢʘ; 

Å ʅʘʜʘʻ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʩʢʣʘʜ, ʙʫʜʦʚʫ ʪʘ ʽʥʰʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʨʠʧʦʚʝʨʭʥʝʚʠʭ 

ʰʘʨʽʚ.  

ʇʝʨʰʠʡ ʢʦʤʝʨʮʽʡʥʠʡ ʩʢʘʥʫʚʘʣʴʥʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʤʽʢʨʦʩʢʦʧ ï Stereoscan ï 

ʙʫʚ ʚʠʧʫʱʝʥʠʡ ʫ 1965 ʨʦʮʽ ʬʽʨʤʦʶ çCambridge Instrument Coè. 

ɺʥʫʪʨʽʰʥʷ ʙʫʜʦʚʘ ʪʠʧʦʚʦʛʦ ʈɽʄ ʩʭʝʤʘʪʠʯʥʦ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʫ 2.6. 

ɺʩʝʨʝʜʠʥʽ ʢʦʣʦʥʠ ʫ ʚʝʨʭʥʽʡ ʯʘʩʪʠʥʽ ʟʥʘʭʦʜʠʪʴʩʷ ʝʣʝʢʪʨʦʥʥʘ ʛʘʨʤʘʪʘ, ʷʢʘ ʛʨʘʻ 

ʨʦʣʴ ʜʞʝʨʝʣʘ ʝʣʝʢʪʨʦʥʽʚ ʪʘ ʛʝʥʝʨʫʻ ʪʦʥʢʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʧʫʯʦʢ (çʝʣʝʢʪʨʦʥʥʠʡ 

ʟʦʥʜè). ɼʘʣʽ ʡʜʝ ʧʦʩʣʽʜʦʚʥʽʩʪʴ ʤʘʛʥʽʪʥʠʭ ʣʽʥʟ, ʷʢʽ ʬʦʢʫʩʫʶʪʴ ʝʣʝʢʪʨʦʥʥʠʡ ʟʦʥʜ, 

ʽ ʘʧʝʨʪʫʨ, ʷʢʽ ʚʽʜʩʽʢʘʶʪʴ ʙʫʜʴ-ʷʢʽ ʝʣʝʢʪʨʦʥʠ, ʷʢʽ ʥʝ ʙʫʣʠ ʯʽʪʢʦ ʩʬʦʢʫʩʦʚʘʥʽ. 
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ʅʘʨʝʰʪʽ, ʚ ʦʩʪʘʥʥʽʡ ʤʘʛʥʽʪʥʽʡ ʣʽʥʟʽ ʝʣʝʢʪʨʦʥʠ ʬʦʢʫʩʫʶʪʴʩʷ ʫ ʥʘʜʚʫʟʴʢʠʡ 

ʧʘʨʘʣʝʣʴʥʠʡ ʧʫʯʦʢ, ʰʠʨʠʥʘ ʷʢʦʛʦ ʚʠʟʥʘʯʘʪʠʤʝ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ ʈɽʄ.  

 

ʈʠʩ. 2.6. ʉʭʝʤʘ ʚʥʫʪʨʽʰʥʴʦʾ ʙʫʜʦʚʠ ʨʘʩʪʨʦʚʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ: 

¶ ʝʣʝʢʪʨʦʥʥʘ ʛʘʨʤʘʪʘ ʜʣʷ ʛʝʥʝʨʘʮʽʾ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ; 

¶ ʢʦʥʜʝʥʩʦʨʥʘ ʣʽʥʟʘ ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʨʦʟʤʽʨʽʚ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʪʠʥʫ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ; 

¶ ʚʫʟʦʣ ʟʤʽʥʥʠʭ ʜʽʘʬʨʘʛʤ ʜʣʷ ʚʽʜʩʽʢʘʥʥʷ ʥʝʩʬʦʢʫʩʦʚʘʥʠʭ ʝʣʝʢʪʨʦʥʽʚ ʪʘ ʚʠʙʦʨʫ ʫʤʦʚ 

ʦʩʚʽʪʣʝʥʥʷ; 

¶ ʦʙ'ʻʢʪʠʚʥʘ ʣʽʥʟʘ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʪʦʥʢʦʛʦ ʩʬʦʢʫʩʦʚʘʥʦʛʦ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ (ʟʦʥʜʘ) ʥʘ 

ʦʙ'ʻʢʪʽ; 

¶ ʩʢʘʥʫʚʘʣʴʥʽ ʚʽʜʭʠʣʷʶʯʽ ʢʦʪʫʰʢʠ ʜʣʷ ʧʝʨʝʤʽʱʝʥʥʷ ʝʣʝʢʪʨʦʥʥʦʛʦ ʟʦʥʜʘ ʧʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ 

ʪʘ ʩʪʽʛʤʘʪʦʨʠ ʜʣʷ ʢʦʨʠʛʫʚʘʥʥʷ ʘʩʪʠʛʤʘʪʠʟʤʫ 
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ɺʥʘʩʣʽʜʦʢ ʪʦʛʦ, ʱʦ ʜʽʘʤʝʪʨ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʧʽʜʪʨʠʤʫʻʪʴʩʷ ʚ ʤʝʞʘʭ 

ʢʽʣʴʢʦʭ ʤʽʢʨʦʤʝʪʨʽʚ ʥʘʧʨʦʪʷʟʽ ʜʦʩʠʪʴ ʚʝʣʠʢʦʾ ʚʽʜʩʪʘʥʽ ʜʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ, 

ʦʜʝʨʞʫʻʪʴʩʷ ʚʝʣʠʢʘ ʛʣʠʙʠʥʘ ʨʽʟʢʦʩʪʽ, ʱʦ ʜʫʞʝ ʚʘʞʣʠʚʦ ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ 

ʨʝʣʴʻʬʥʠʭ ʧʦʚʝʨʭʦʥʴ ʤʽʢʨʦʦʙ'ʻʢʪʽʚ (ʨʠʩʫʥʦʢ 2.7). ʎʝ ʫʥʽʢʘʣʴʥʘ ʦʩʦʙʣʠʚʽʩʪʴ 

ʈɽʄ, ʷʢʦʾ ʧʦʟʙʘʚʣʝʥʽ ʽʥʰʽ ʚʠʜʠ ʤʽʢʨʦʩʢʦʧʽʚ. 

ɺʩʝʨʝʜʠʥʽ ʢʽʥʮʝʚʦʾ ʬʦʢʫʩʫʶʯʦʾ ʣʽʥʟʠ ʪʘʢʦʞ ʻ ʜʚʽ ʜʦʜʘʪʢʦʚʽ ʧʘʨʠ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʢʦʪʫʰʦʢ. ʉʪʨʫʤ ʧʨʦʧʫʩʢʘʻʪʴʩʷ ʯʝʨʝʟ ʥʠʭ ʜʣʷ ʩʪʚʦʨʝʥʥʷ 

ʢʦʣʠʚʘʣʴʥʠʭ ʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ, ʚ ʨʝʟʫʣʴʪʘʪʽ ʯʦʛʦ ʢʦʪʫʰʢʠ ʚʽʜʭʠʣʷʶʪʴ 

ʝʣʝʢʪʨʦʥʥʠʡ ʧʫʯʦʢ ʫ ʜʚʦʭ ʚʟʘʻʤʥʦʧʝʨʧʝʥʜʠʢʫʣʷʨʥʠʭ ʥʘʧʨʷʤʢʘʭ, ʩʢʘʥʫʶʯʠ 

ʧʦʚʝʨʭʥʶ ʟʨʘʟʢʘ ʝʣʝʢʪʨʦʥʥʠʤ ʟʦʥʜʦʤ. 

ʏʘʩʪʠʥʘ ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʠʭ ʝʣʝʢʪʨʦʥʽʚ ʧʫʯʢʘ ʚʽʜʙʠʚʘʻʪʴʩʷ ʚʽʜ ʟʨʘʟʢʘ (ʪʘʢ 

ʟʚʘʥʽ ʟʚʦʨʦʪʥʦ ʨʦʟʩʽʷʥʽ ʝʣʝʢʪʨʦʥʠ). ʇʨʠ ʮʴʦʤʫ ʚʦʥʠ ʚʠʙʠʚʘʶʪʴ ʚʝʣʠʢʫ ʢʽʣʴʢʽʩʪʴ 

ʝʣʝʢʪʨʦʥʽʚ ʽʟ ʘʪʦʤʽʚ ʟʨʘʟʢʘ (ʪʘʢ ʟʚʘʥʠʭ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ). ʆʙʠʜʚʘ ʫʪʚʦʨʝʥʽ 

ʧʦʪʦʢʠ ʝʣʝʢʪʨʦʥʽʚ, ʘ ʪʘʢʦʞ ʽʥʰʽ ʪʠʧʠ ʩʠʛʥʘʣʽʚ ʟʙʠʨʘʶʪʴʩʷ ʜʝʪʝʢʪʦʨʘʤʠ ʪʘ 

ʽʥʪʝʨʧʨʝʪʫʶʪʴʩʷ ʚ ʽʥʬʦʨʤʘʮʽʶ ʱʦʜʦ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʦʙôʻʢʪʘ. 

 

ʈʠʩ. 2.7. ʈɽʄ ʟʦʙʨʘʞʝʥʥʷ ʧʠʣʢʫ ʨʽʟʥʠʭ ʨʦʩʣʠʥ ʫ 500-ʢʨʘʪʥʦʤʫ ʟʙʽʣʴʰʝʥʥʽ, ʦʜʝʨʞʘʥʝ 
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2.4.1. ɺʟʘʻʤʦʜʽʷ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʟ ʨʝʯʦʚʠʥʦʶ 

ɼʣʷ ʬʦʨʤʫʚʘʥʥʷ ʟʦʙʨʘʞʝʥʥʷ ʚ ʈɽʄ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʥʝ ʝʣʝʢʪʨʦʥʥʦ-

ʦʧʪʠʯʥʘ ʩʠʩʪʝʤʘ, ʘ ʚʟʘʻʤʦʜʽʷ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ ʟ ʧʦʚʝʨʭʥʝʶ ʟʨʘʟʢʘ. ɺ ʨʝʟʫʣʴʪʘʪʽ 

ʮʽʻʾ ʚʟʘʻʤʦʜʽʾ ʚʠʥʠʢʘʻ ʚʽʜʧʦʚʽʜʥʘ ʨʝʘʢʮʽʷ, ʷʢʘ ʨʝʻʩʪʨʫʻʪʴʩʷ ʚʽʜʧʦʚʽʜʥʠʤʠ 

ʜʘʪʯʠʢʘʤʠ (ʨʠʩʫʥʦʢ 2.8). ɺʝʣʠʯʠʥʘ ʮʴʦʛʦ ʚʪʦʨʠʥʥʦʛʦ ʩʠʛʥʘʣʫ ʙʫʜʝ ʟʘʣʝʞʘʪʠ ʚʽʜ 

ʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʽ ʤʦʞʝ ʟʤʽʥʶʚʘʪʠʩʷ ʚʽʜ ʪʦʯʢʠ ʜʦ ʪʦʯʢʠ. 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʥʘ ʝʢʨʘʥʽ ʤʦʥʽʪʦʨʘ ʫʪʚʦʨʶʻʪʴʩʷ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ, ʱʦ 

ʚʽʜʦʙʨʘʞʘʻ ʪʦʧʦʛʨʘʬʽʶ ʚʽʜʧʦʚʽʜʥʦʾ ʬʽʟʠʯʥʦʾ ʚʣʘʩʪʠʚʦʩʪʽ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʟʨʘʟʢʘ. 

 

ʈʠʩ. 2.8. ɼʝʷʢʽ ʪʠʧʠ ʩʠʛʥʘʣʽʚ, ʷʢʽ ʛʝʥʝʨʫʶʪʴʩʷ ʚ ʨʝʟʫʣʴʪʘʪʽ ʚʟʘʻʤʦʜʽʾ ʧʝʨʚʠʥʥʦʛʦ ʧʫʯʢʘ 

ʝʣʝʢʪʨʦʥʽʚ ʟ ʧʦʚʝʨʭʥʝʶ ʟʨʘʟʢʘ ʚ ʈɽʄ 

ʆʩʥʦʚʥʦʶ ʧʝʨʝʚʘʛʦʶ ʈɽʄ ʻ ʚʠʩʦʢʘ ʽʥʬʦʨʤʘʪʠʚʥʽʩʪʴ, ʦʙʫʤʦʚʣʝʥʘ ʪʠʤ, ʱʦ 

ʙʫʜʴ-ʷʢʝ ʽʟ ʚʠʥʠʢʘʶʯʠʭ ʚʠʧʨʦʤʽʥʶʚʘʥʴ ʤʦʞʝ ʨʝʻʩʪʨʫʚʘʪʠʩʴ ʚʽʜʧʦʚʽʜʥʠʤʠ 

ʧʨʠʣʘʜʘʤʠ, ʷʢʽ ʧʝʨʝʪʚʦʨʶʶʪʴ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ ʝʣʝʢʪʨʠʯʥʽ ʩʠʛʥʘʣʠ. ʆʩʥʦʚʥʽ 

ʪʠʧʠ ʩʠʛʥʘʣʽʚ, ʷʢʽ ʛʝʥʝʨʫʶʪʴʩʷ ʚ ʧʨʦʮʝʩʽ ʨʦʙʦʪʠ ʈɽʄ, ʥʘʩʪʫʧʥʽ:  

- ʩʠʛʥʘʣ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ (ʨʝʞʠʤ ʨʝʣʴʻʬʫ);  

- ʩʠʛʥʘʣ ʚʽʜʙʠʪʠʭ, ʘʙʦ ʟʚʦʨʦʪʥʦ ʨʦʟʩʽʷʥʠʭ ʝʣʝʢʪʨʦʥʽʚ (ʨʝʞʠʤ ʬʘʟʦʚʦʛʦ 

ʢʦʥʪʨʘʩʪʫ);  

- ʩʠʛʥʘʣ ʝʣʝʢʪʨʦʥʽʚ, ʱʦ ʧʨʦʡʰʣʠ ʯʝʨʝʟ ʟʨʘʟʦʢ, ʫ ʨʘʟʽ ʚʩʪʘʥʦʚʣʝʥʦʾ STEM-

ʧʨʠʩʪʘʚʢʠ ʩʢʘʥʫʚʘʣʴʥʦʾ ʧʨʦʩʚʽʯʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ 

(ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʦʨʛʘʥʽʯʥʠʭ ʦʙ'ʻʢʪʽʚ);  
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- ʜʠʬʨʘʢʮʽʷ ʚʽʜʙʠʪʠʭ ʝʣʝʢʪʨʦʥʽʚ (ɼɺɽ);  

- ʚʠʪʨʘʪʠ ʩʪʨʫʤʫ ʥʘ ʟʨʘʟʢʫ (ʇɽ ʘʙʦ ʜʝʪʝʢʪʦʨ ʧʦʛʣʠʥʝʥʠʭ ʝʣʝʢʪʨʦʥʽʚ);  

- ʩʪʨʫʤ, ʱʦ ʧʨʦʡʰʦʚ ʯʝʨʝʟ ʟʨʘʟʦʢ (ʉɽ ʘʙʦ ʜʝʪʝʢʪʦʨ ʝʣʝʢʪʨʦʥʽʚ, ʱʦ ʧʨʦʡʰʣʠ);   

- ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʨʝʥʪʛʝʥʽʚʩʴʢʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ (ʈʉʄɸ ʘʙʦ 

ʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʠʡ ʤʽʢʨʦʘʥʘʣʽʟ);  

- ʍɼɸ ʘʙʦ ʭʚʠʣʝʜʠʩʧʝʨʩʥʠʡ ʘʥʘʣʽʟ;  

- ʩʚʽʪʣʦʚʠʡ ʩʠʛʥʘʣ (ʂʃ ʘʙʦ ʢʘʪʦʜʦʣʶʤʽʥʝʩʮʝʥʮʽʷ); 

- ʩʠʛʥʘʣ ʦʞʝ-ʝʣʝʢʪʨʦʥʽʚ.  

 

ʈʠʩ. 2.9. ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʦʙʣʘʩʪʽ ʚʟʘʻʤʦʜʽʾ ʝʣʝʢʪʨʦʥʽʚ ʧʝʨʚʠʥʥʦʛʦ ʧʫʯʢʘ ʟ ʨʝʯʦʚʠʥʦʶ: d3 ï 

ʜʽʘʤʝʪʨ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ; ɽ0 ï ʝʥʝʨʛʽʷ ʧʫʯʢʘ; ɽ ï ʝʥʝʨʛʽʷ ʝʣʝʢʪʨʦʥʽʚ, ʱʦ ʫʪʚʦʨʶʶʪʴ 

ʛʘʣʴʤʽʚʥʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ; ɽʢʨ ï ʝʥʝʨʛʽʷ ʝʣʝʢʪʨʦʥʽʚ, ʱʦ ʫʪʚʦʨʶʶʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʝ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ; xd ï ʛʣʠʙʠʥʘ ʧʽʜ ʧʦʚʝʨʭʥʝʶ ʟʨʘʟʢʘ, ʜʦ ʷʢʦʾ ʫʪʚʦʨʶʶʪʴʩʷ ʚʽʜʙʠʪʽ ʝʣʝʢʪʨʦʥʠ; 

R ï ʛʣʠʙʠʥʘ, ʜʦ ʷʢʦʾ ʫʪʚʦʨʶʻʪʴʩʷ ʬʣʫʦʨʝʩʮʝʥʪʥʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ; R(x) ï ʛʣʠʙʠʥʘ, ʜʦ ʷʢʦʾ 

ʫʪʚʦʨʶʻʪʴʩʷ ʥʝʧʝʨʝʨʚʥʝ (ʛʘʣʴʤʽʚʥʝ) ʨʝʥʪʛʝʥʽʚʩʴʢʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ 

ʇʝʨʚʠʥʥʽ ʝʣʝʢʪʨʦʥʠ ʧʫʯʢʘ, ʧʨʦʥʠʢʘʶʯʠ ʫ ʤʘʪʝʨʽʘʣ ʟʨʘʟʢʘ, ʙʘʛʘʪʦʨʘʟʦʚʦ 

ʚʟʘʻʤʦʜʽʶʪʴ ʽʟ ʝʣʝʢʪʨʦʥʘʤʠ ʘʪʦʤʽʚ ʢʨʠʩʪʘʣʽʯʥʦʾ ʛʨʘʪʢʠ, ʟ ʝʣʝʢʪʨʠʯʥʠʤʠ ʧʦʣʷʤʠ 
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ʷʜʝʨ, ʧʦʩʪʫʧʦʚʦ ʚʪʨʘʯʘʶʯʠ ʩʚʦʶ ʝʥʝʨʛʽʶ ʘʞ ʜʦ ʟʘʭʦʧʣʝʥʥʷ ʧʝʨʚʠʥʥʦʛʦ 

ʝʣʝʢʪʨʦʥʘ ʷʢʠʤʦʩʴ ʮʝʥʪʨʦʤ ʛʨʘʪʢʠ. ʊʘʢ ʷʢ ʪʨʘʻʢʪʦʨʽʷ ʨʫʭʫ ʢʦʞʥʦʛʦ ʝʣʝʢʪʨʦʥʘ 

ʤʘʻ ʜʫʞʝ ʩʢʣʘʜʥʫ ʬʦʨʤʫ, ʜʦʮʽʣʴʥʦ ʚʠʜʽʣʠʪʠ ʦʙʣʘʩʪʴ ʫ ʟʨʘʟʢʫ, ʚ ʤʝʞʘʭ ʷʢʦʾ 

ʝʣʝʢʪʨʦʥʠ ʧʫʯʢʘ ʚʠʪʨʘʯʘʶʪʴ ʫʩʶ ʩʚʦʶ ʝʥʝʨʛʽʶ. ʎʷ ʦʙʣʘʩʪʴ ʥʘʟʠʚʘʻʪʴʩʷ ʦʙʣʘʩʪʶ 

ʚʟʘʻʤʦʜʽʾ. 

ʆʙʣʘʩʪʴ ʚʟʘʻʤʦʜʽʾ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʟ ʤʘʪʝʨʽʘʣʦʤ ʟʨʘʟʢʘ ʩʭʝʤʘʪʠʯʥʦ 

ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʫ 2.9. ʇʨʠ ʧʝʨʰʠʭ ʘʢʪʘʭ ʚʟʘʻʤʦʜʽʾ, ʢʦʣʠ ʝʥʝʨʛʽʷ ʧʝʨʚʠʥʥʠʭ 

ʝʣʝʢʪʨʦʥʽʚ ʱʝ ʚʝʣʠʢʘ, ʡʤʦʚʽʨʥʽʩʪʴ ʨʦʟʩʽʶʚʘʥʥʷ ʥʘ ʚʝʣʠʢʽ ʢʫʪʠ ʤʘʣʘ. ʅʘ ʮʴʦʤʫ 

ʝʪʘʧʽ ʥʘʡʙʽʣʴʰ ʽʤʦʚʽʨʥʠʤ ʧʨʦʮʝʩʦʤ ʚʟʘʻʤʦʜʽʾ ʻ ʥʝʧʨʫʞʥʝ ʨʦʟʩʽʶʚʘʥʥʷ ʥʘ ʤʘʣʽ 

ʢʫʪʠ ʟ ʫʪʚʦʨʝʥʥʷʤ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ. ɽʣʝʢʪʨʦʥʥʠʡ ʧʫʯʦʢ ʪʫʪ ʜʫʞʝ ʚʫʟʴʢʠʡ, 

ʽ ʪʦʤʫ ʛʣʠʙʠʥʘ ʨʽʟʢʦʩʪʽ ʜʫʞʝ ʚʠʩʦʢʘ, ʪʦʤʫ ʜʝʪʝʢʪʦʨʠ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ ï 

ʧʝʨʰʠʡ ʽ ʪʨʘʜʠʮʽʡʥʠʡ ʜʣʷ ʙʽʣʴʰʦʩʪʽ ʈɽʄ ʪʠʧ ʜʝʪʝʢʪʦʨʽʚ. ɺ ʮʴʦʤʫ ʨʝʞʠʤʽ 

ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʈɽʄ ʤʘʢʩʠʤʘʣʴʥʘ ʽ ʜʦʨʽʚʥʶʻ ʜʽʘʤʝʪʨʫ ʧʝʨʚʠʥʥʦʛʦ ʧʫʯʢʘ. ʎʝ 

ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʯʽʪʢʽ ʤʽʢʨʦʬʦʪʦʛʨʘʬʽʾ ʟ ʭʘʨʘʢʪʝʨʥʠʤ ʪʨʠʚʠʤʽʨʥʠʤ ʝʬʝʢʪʦʤ 

ʜʣʷ ʦʙ'ʻʢʪʽʚ ʟʽ ʩʢʣʘʜʥʠʤ ʨʝʣʴʻʬʦʤ. 

ɿ ʧʨʦʩʫʚʘʥʥʷʤ ʝʣʝʢʪʨʦʥʽʚ ʚ ʛʣʠʙ ʤʽʰʝʥʽ ʚʦʥʠ ʚʪʨʘʯʘʶʪʴ ʯʘʩʪʠʥʫ ʝʥʝʨʛʽʾ, 

ʟʨʦʩʪʘʻ ʡʤʦʚʽʨʥʽʩʪʴ ʧʨʫʞʥʠʭ ʚʟʘʻʤʦʜʽʡ, ʪʦʙʪʦ ʟʨʦʩʪʘʻ ʢʫʪ ʨʦʟʩʽʶʚʘʥʥʷ, ʘ ʮʝ ʚ 

ʩʚʦʶ ʯʝʨʛʫ ʚʝʜʝ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʧʦʧʝʨʝʯʥʠʭ ʨʦʟʤʽʨʽʚ ʦʙʣʘʩʪʽ ʚʟʘʻʤʦʜʽʾ ʟʽ 

ʟʙʽʣʴʰʝʥʥʷʤ ʛʣʠʙʠʥʠ. ʇʦʧʝʨʝʯʥʠʡ ʧʝʨʝʪʠʥ ʧʨʫʞʥʦʛʦ ʨʦʟʩʽʶʚʘʥʥʷ ʦʙʝʨʥʝʥʦ 

ʧʨʦʧʦʨʮʽʡʥʠʡ ʝʥʝʨʛʽʾ ʯʘʩʪʠʥʦʢ. 

2.4.2. ɺʪʦʨʠʥʥʽ ʝʣʝʢʪʨʦʥʠ ʪʘ ʾʭ ʜʝʪʝʢʪʫʚʘʥʥʷ 

ʉʭʝʤʘ ʫʪʚʦʨʝʥʥʷ ʚʪʦʨʠʥʥʦʛʦ ʝʣʝʢʪʨʦʥʘ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʫ 2.10. ʇʨʠ 

ʥʝʧʨʫʞʥʦʤʫ ʨʦʟʩʽʶʚʘʥʥʽ ʝʣʝʢʪʨʦʥʠ ʧʝʨʚʠʥʥʦʛʦ ʧʫʯʢʘ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʟ ʘʪʦʤʘʤʠ 

ʟʨʘʟʢʘ ʧʝʨʝʜʘʶʪʴ ʾʤ ʯʘʩʪʠʥʫ ʩʚʦʻʾ ʝʥʝʨʛʽʾ. ɺʥʘʩʣʽʜʦʢ ʪʘʢʦʾ ʚʟʘʻʤʦʜʽʾ ʤʦʞʝ 

ʚʽʜʙʫʪʠʩʷ ʚʽʜʨʠʚ ʝʣʝʢʪʨʦʥʽʚ ʽʟ ʚʘʣʝʥʪʥʠʭ, ʘʙʦ ʥʘʚʽʪʴ ʚʥʫʪʨʽʰʥʽʭ ʦʨʙʽʪʘʣʝʡ ʘʪʦʤʘ. 

ʎʽ ʝʣʝʢʪʨʦʥʠ ʥʘʟʠʚʘʶʪʴʩʷ ʚʪʦʨʠʥʥʠʤʠ, ʚʦʥʠ ʟʘʟʚʠʯʘʡ ʤʘʶʪʴ ʥʝʚʝʣʠʢʫ ʝʥʝʨʛʽʻʶ 

(ʧʦʨʷʜʢʫ 50 ʝɺ). ɹʫʜʴ-ʷʢʠʡ ʝʣʝʢʪʨʦʥ ʧʝʨʚʠʥʥʦʛʦ ʧʫʯʢʘ ʤʘʻ ʝʥʝʨʛʽʶ, ʜʦʩʪʘʪʥʶ 

ʜʣʷ ʧʦʷʚʠ ʜʝʢʽʣʴʢʦʭ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ. ʂʽʣʴʢʽʩʪʴ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʢʫʪʘ ʟʽʪʢʥʝʥʥʷ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʟ ʧʦʚʝʨʭʥʝʶ ʟʨʘʟʢʘ, ʪʦʙʪʦ ʚʽʜ 
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ʪʦʧʦʛʨʘʬʽʾ. ʊʦʤʫ ʩʠʛʥʘʣ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʜʣʷ ʚʽʜʪʚʦʨʝʥʥʷ 

ʪʦʧʦʛʨʘʬʽʾ ʟʨʘʟʢʘ ʽ ʦʪʨʠʤʘʥʥʷ ʢʘʨʪʠ ʨʝʣʴʻʬʫ ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʟʦʥʠ.  

 

ʈʠʩ. 2.10. ʉʭʝʤʘ ʫʪʚʦʨʝʥʥʷ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ 

ʊʘʢ ʷʢ ʝʥʝʨʛʽʷ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ ʥʝʚʝʣʠʢʘ, ʾʭ ʚʠʭʽʜ ʤʦʞʣʠʚʠʡ ʪʽʣʴʢʠ ʟ 

ʧʨʠʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʽʚ ʤʘʪʝʨʽʘʣʫ (ʤʝʥʰʝ 10 ʥʤ). ɿʘʚʜʷʢʠ ʥʝʚʝʣʠʢʽʡ ʢʽʥʝʪʠʯʥʽʡ 

ʝʥʝʨʛʽʾ ʚʦʥʠ ʣʝʛʢʦ ʚʽʜʭʠʣʷʶʪʴʩʷ ʤʘʣʦʶ ʨʽʟʥʠʮʝʶ ʧʦʪʝʥʮʽʘʣʽʚ. ʎʝ ʨʦʙʠʪʴ 

ʤʦʞʣʠʚʠʤ ʽʩʪʦʪʥʦ ʧʽʜʚʠʱʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʜʝʪʝʢʪʦʨʽʚ (ʟʽʙʨʘʪʠ ʤʘʢʩʠʤʘʣʴʥʦ 

ʤʦʞʣʠʚʫ ʢʽʣʴʢʽʩʪʴ ʝʣʝʢʪʨʦʥʽʚ) ʽ ʦʪʨʠʤʘʪʠ ʚʠʩʦʢʦʷʢʽʩʥʽ ʟʦʙʨʘʞʝʥʥʷ ʟ ʭʦʨʦʰʠʤ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ ʩʠʛʥʘʣ / ʰʫʤ ʽ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ ʤʝʥʰʝ 1 ʥʤ.  

ɺ ʥʘʰ ʯʘʩ ʜʣʷ ʨʝʻʩʪʨʘʮʽʾ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ 

ʩʮʠʥʪʠʣʷʮʽʡʥʠʡ ʜʝʪʝʢʪʦʨ ʪʠʧʫ ɽʚʝʨʭʘʨʪʘ-ʊʦʨʥʣʽ, ʱʦ ʜʦʟʚʦʣʷʻ ʝʬʝʢʪʠʚʥʦ 

ʟʙʠʨʘʪʠ ʝʣʝʢʪʨʦʥʠ ʟ ʝʥʝʨʛʽʻʶ ʙʣʠʟʴʢʦ 50 ʝɺ. ʁʦʛʦ ʚʥʫʪʨʽʰʥʷ ʙʫʜʦʚʘ ʩʭʝʤʘʪʠʯʥʦ 

ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʫ 2.11. ʅʘ ʤʝʪʘʣʝʚʫ ʩʽʪʢʫ (ʢʦʣʝʢʪʦʨ) ʧʦʜʘʻʪʴʩʷ ʥʝʚʝʣʠʢʠʡ 

ʜʦʜʘʪʥʽʡ ʧʦʪʝʥʮʽʘʣ ~ +270 ɺ, ʷʢʠʡ ʧʨʠʪʷʛʫʻ ʚʠʙʠʪʽ ʽʟ ʟʨʘʟʢʘ ʚʪʦʨʠʥʥʽ ʝʣʝʢʪʨʦʥʠ, 

ʘ ʥʘ ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʽ ʧʝʨʚʠʥʥʽ ʝʣʝʢʪʨʦʥʠ ʪʘ ʟʚʦʨʦʪʥʦ ʨʦʟʩʽʷʥʽ ʝʣʝʢʪʨʦʥʠ ʥʝ 

ʚʧʣʠʚʘʻ. ɼʘʣʽ ʚʪʦʨʠʥʥʽ ʝʣʝʢʪʨʦʥʠ ʧʦʪʨʘʧʣʷʶʪʴ ʥʘ ʩʮʠʥʪʠʣʷʪʦʨ, ʷʢʠʡ 

ʧʝʨʝʪʚʦʨʶʻ ʝʥʝʨʛʽʶ ʝʣʝʢʪʨʦʥʘ ʚ ʩʚʽʪʣʦʚʠʡ ʽʤʧʫʣʴʩ. ɸʣʝ ʝʥʝʨʛʽʷ ʚʪʦʨʠʥʥʠʭ 

ʝʣʝʢʪʨʦʥʽʚ ʟʘʥʘʜʪʦ ʤʘʣʘ ʱʦʙ ʟʙʫʜʠʪʠ ʩʚʽʯʝʥʥʷ ʩʮʠʥʪʠʣʷʪʦʨʘ, ʪʦʤʫ ʥʘ ʰʣʷʭʫ ʤʽʞ 

ʩʽʪʢʦʶ ʽ ʩʮʠʥʪʠʣʷʪʦʨʦʤ ʚʪʦʨʠʥʥʽ ʝʣʝʢʪʨʦʥʠ ʨʦʟʛʘʥʷʶʪʴʩʷ ʚʠʩʦʢʦʶ ʥʘʧʨʫʛʦʶ 

~ 10 ʢɺ, ʧʦʜʘʥʦʶ ʥʘ ʪʦʥʢʫ ʘʣʶʤʽʥʽʻʚʫ ʧʣʽʚʢʫ, ʱʦ ʧʦʢʨʠʚʘʻ ʚʭʽʜʥʫ ʧʦʚʝʨʭʥʶ 

ʩʮʠʥʪʠʣʷʪʦʨʘ. ɺʥʘʩʣʽʜʦʢ ʧʨʠʩʢʦʨʝʥʥʷ ʚʪʦʨʠʥʥʽ ʝʣʝʢʪʨʦʥʠ ʦʪʨʠʤʫʶʪʴ ʜʦʩʪʘʪʥʶ 

ʝʥʝʨʛʽʶ ʱʦʙ ʚʠʢʣʠʢʘʪʠ ʩʚʽʯʝʥʥʷ ʩʮʠʥʪʠʣʷʪʦʨʘ, ʷʢʝ ʧʦ ʩʚʽʪʣʦʚʦʜʫ ʧʦʪʨʘʧʣʷʻ ʜʦ 
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ʬʦʪʦʝʣʝʢʪʨʦʥʥʦʛʦ ʧʦʤʥʦʞʫʚʘʯʘ (ʌɽʇ). ʈʦʙʦʪʘ ʌɽʇ ʚʢʨʘʡ ʯʫʪʣʠʚʘ ʜʦ ʟʦʚʥʽʰʥʽʭ 

ʝʣʝʢʪʨʠʯʥʠʭ ʽ ʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ, ʪʦʤʫ ʚʽʥ ʤʘʻ ʙʫʪʠ ʨʦʟʪʘʰʦʚʘʥʠʤ ʟʘ ʤʝʞʘʤʠ 

ʚʘʢʫʫʤʥʦʾ ʢʘʤʝʨʠ ʈɽʄ. ʅʘ ʬʦʪʦʢʘʪʦʜʽ ʌɽʇ ʩʚʽʪʣʦʚʠʡ ʩʠʛʥʘʣ ʚʽʜ ʩʮʠʥʪʠʣʷʪʦʨʘ 

ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʚ ʝʣʝʢʪʨʠʯʥʠʡ ʩʠʛʥʘʣ ʽ ʥʘ ʰʣʷʭʫ ʜʦ ʘʥʦʜʘ ʙʘʛʘʪʦʢʨʘʪʥʦ 

ʧʽʜʩʠʣʶʻʪʴʩʷ. ʇʦʪʫʞʥʽʩʪʴ ʦʜʝʨʞʘʥʦʛʦ ʩʠʛʥʘʣʫ ʽ, ʦʪʞʝ, ʷʩʢʨʘʚʽʩʪʴ ʚʽʜʧʦʚʽʜʥʦʛʦ 

ʧʽʢʩʝʣʷ ʨʝʟʫʣʴʪʫʶʯʦʛʦ ʮʠʬʨʦʚʦʛʦ ʟʦʙʨʘʞʝʥʥʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʪʦʧʦʛʨʘʬʽʻʶ 

ʧʦʚʝʨʭʥʽ ʫ ʪʽʡ ʪʦʯʮʽ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʟʨʘʟʢʘ, ʢʫʜʠ ʚ ʜʘʥʠʡ ʤʦʤʝʥʪ ʩʧʨʷʤʦʚʘʥʠʡ 

ʧʫʯʦʢ ʝʣʝʢʪʨʦʥʽʚ. 

 

 

ʈʠʩ. 2.11. ʉʭʝʤʘʪʠʯʥʘ ʙʫʜʦʚʘ ʜʝʪʝʢʪʦʨʘ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ ʪʠʧʫ ɽʚʝʨʭʘʨʪʘ-ʊʦʨʥʣʽ 

ʉʽʪʢʘ ʜʝʪʝʢʪʦʨʘ ɽʚʝʨʭʘʨʪʘ-ʊʦʨʥʣʽ ʪʘʢʦʞ ʛʨʘʻ ʨʦʣʴ ʮʠʣʽʥʜʨʘ ʌʘʨʘʜʝʷ, ʱʦ 

ʝʢʨʘʥʫʻ ʩʮʠʥʪʠʣʷʪʦʨ ʚʽʜ ʧʝʨʚʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ ʪʘ ʚʠʢʣʶʯʘʻ ʚʧʣʠʚ ʥʘ ʥʠʭ ʚʠʩʦʢʦʾ 

ʧʨʠʩʢʦʨʶʶʯʦʾ ʥʘʧʨʫʛʠ, ʧʦʜʘʥʦʾ ʥʘ ʘʣʶʤʽʥʽʻʚʫ ʧʣʽʚʢʫ ʩʮʠʥʪʠʣʷʪʦʨʘ. ʗʢʱʦ ʞ ʥʘ 

ʩʽʪʢʫ ʧʦʜʘʪʠ ʥʝʛʘʪʠʚʥʫ ʥʘʧʨʫʛʫ, ʪʦ ʚʦʥʘ ʧʦʚʥʽʩʪʶ ʟʘʤʠʢʘʻ ʚʭʽʜ ʜʝʪʝʢʪʦʨʘ ʜʣʷ 

ʥʠʟɹʢʦʝʥʝʨʛʝʪʠʯʥʦʾ ʯʘʩʪʠʥʠ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ, ʜʦʟʚʦʣʷʶʯʠ ʩʧʦʩʪʝʨʽʛʘʪʠ 

ʢʦʥʪʨʘʩʪ ʪʽʣʴʢʠ ʫ ʚʽʜʙʠʪʠʭ (ʟʚʦʨʦʪʥʦ ʨʦʟʩʽʷʥʠʭ) ʝʣʝʢʪʨʦʥʘʭ.  
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2.5. ʆʩʦʙʣʠʚʦʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʜʣʷ 

ʧʨʦʚʝʜʝʥʥʷ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ 

ɺʠʙʽʨ ʨʝʻʩʪʨʦʚʘʥʦʛʦ ʚʪʦʨʠʥʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʈɽʄ ʦʙʫʤʦʚʣʝʥʠʡ 

ʟʘʚʜʘʥʥʷʤ ʜʦʩʣʽʜʞʝʥʥʷ. ɺ ʟʘʛʘʣʴʥʠʭ ʨʠʩʘʭ, ʘʥʘʣʽʟ ʫʪʚʦʨʝʥʠʭ ʚ ʨʝʟʫʣʴʪʘʪʽ 

ʚʟʘʻʤʦʜʽʾ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʟ ʧʦʚʝʨʭʥʝʶ ʯʘʩʪʠʥʦʢ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ 

ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʨʝʣʴʻʬ ʧʦʚʝʨʭʥʽ, ʧʨʦ ʬʘʟʦʚʫ ʚʽʜʤʽʥʥʽʩʪʴ ʽ ʢʨʠʩʪʘʣʽʯʥʫ ʩʪʨʫʢʪʫʨʫ 

ʧʨʠʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʽʚ. ɸʥʘʣʽʟ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʱʦ ʚʠʥʠʢʘʻ ʚ 

ʧʨʦʮʝʩʽ ʚʟʘʻʤʦʜʽʾ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ ʽʟ ʟʨʘʟʢʦʤ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʷʢʽʩʥʦ ʽ ʢʽʣʴʢʽʩʥʦ 

ʦʭʘʨʘʢʪʝʨʠʟʫʚʘʪʠ ʭʽʤʽʯʥʠʡ ʩʢʣʘʜ ʧʨʠʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʽʚ. 

ʆʩʥʦʚʥʠʡ ʨʝʞʠʤ ʨʦʙʦʪʠ ʈɽʄ ï ʨʝʻʩʪʨʘʮʽʷ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ. ʆʩʢʽʣʴʢʠ 

ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʝʤʽʩʽʾ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ ʩʠʣʴʥʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʢʫʪʘ ʧʘʜʽʥʥʷ 

ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʨʦʤʝʥʷ ʥʘ ʧʦʚʝʨʭʥʶ, ʦʪʨʠʤʫʚʘʥʝ ʟʦʙʨʘʞʝʥʥʷ ʜʫʞʝ ʙʣʠʟʴʢʝ ʜʦ 

ʟʚʠʯʘʡʥʦʛʦ ʤʘʢʨʦʩʢʦʧʽʯʥʦʛʦ ʟʦʙʨʘʞʝʥʥʷ ʨʝʣʴʻʬʫ ʦʙ'ʻʢʪʫ, ʱʦ ʦʩʚʽʪʣʶʻʪʴʩʷ ʟ ʫʩʽʭ 

ʙʦʢʽʚ ʨʦʟʩʽʷʥʠʤ ʩʚʽʪʣʦʤ; ʽʥʘʢʰʝ ʢʘʞʫʯʠ, ʬʦʨʤʫʻʪʴʩʷ ʪʦʧʦʛʨʘʬʽʯʥʠʡ ʢʦʥʪʨʘʩʪ.  

ʇʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʥʝʦʜʥʦʨʽʜʥʠʭ ʟʘ ʩʢʣʘʜʦʤ ʧʦʚʝʨʭʦʥʴ ʥʘ ʪʦʧʦʛʨʘʬʽʯʥʝ 

ʟʦʙʨʘʞʝʥʥʷ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ ʥʘʢʣʘʜʘʻʪʴʩʷ ʜʦʜʘʪʢʦʚʠʡ ʨʦʟʧʦʜʽʣ ʷʩʢʨʘʚʦʩʪʽ, 

ʷʢʠʡ ʟʘʣʝʞʠʪʴ ʚʽʜ ʩʝʨʝʜʥʴʦʛʦ ʘʪʦʤʥʦʛʦ ʥʦʤʝʨʘ Z ʨʝʯʦʚʠʥʠ ʟʨʘʟʢʘ ʥʘ ʢʦʞʥʽʡ 

ʤʽʢʨʦʜʽʣʷʥʮʽ (ʪʘʢ ʟʚʘʥʠʡ ʢʦʤʧʦʟʠʮʽʡʥʠʡ, ʘʙʦ Z-ʢʦʥʪʨʘʩʪ), ʽ ʧʨʦʷʚʣʷʻʪʴʩʷ 

ʩʠʣʴʥʽʰʝ, ʷʢʱʦ ʨʝʻʩʪʨʫʚʘʪʠ ʥʝ ʚʪʦʨʠʥʥʽ, ʘ ʧʨʫʞʥʦʨʦʟʩʽʷʥʽ ʝʣʝʢʪʨʦʥʠ. ʆʪʞʝ, 

ʚ̔ ʜʙʠʪʽ ʝʣʝʢʪʨʦʥʠ ʥʝʩʫʪʴ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʨʦʟʧʦʜʽʣ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ ʽ 

ʝʣʝʤʝʥʪʘʨʥʠʡ ʩʢʣʘʜ ʟʨʘʟʢʘ (ʦʙʣʘʩʪʽ, ʟʙʘʛʘʯʝʥʽ ʝʣʝʤʝʥʪʘʤʠ ʟ ʚʝʣʠʢʠʤ ʘʪʦʤʥʠʤ 

ʥʦʤʝʨʦʤ ʚʠʛʣʷʜʘʶʪʴ ʷʩʢʨʘʚʽʰʝ). ʎʝʡ ʨʝʞʠʤ ʟʘʩʪʦʩʦʚʫʶʪʴ ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ 

ʰʣʽʬʽʚ ʤʝʪʘʣʝʚʠʭ ʩʧʣʘʚʽʚ, ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʡ ʽʥʰʠʭ ʦʙ'ʻʢʪʽʚ, ʜʝ 

ʪʦʧʦʛʨʘʬʽʯʥʠʡ ʢʦʥʪʨʘʩʪ ʚʽʜʩʫʪʥʽʡ ʽ ʪʨʝʙʘ ʚʩʪʘʥʦʚʠʪʠ ʢʦʤʧʦʟʠʮʽʡʥʫ 

ʥʝʦʜʥʦʨʽʜʥʽʩʪʴ ʧʦʚʝʨʭʥʽ. 

ʋ ʪʝʭʥʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʪʘʢʦʞ ʨʝʻʩʪʨʘʮʽʷ ʧʦʛʣʠʥʝʥʠʭ 

ʝʣʝʢʪʨʦʥʽʚ ʫ ʧʦʻʜʥʘʥʥʽ ʟ ʧʨʠʢʣʘʜʝʥʥʷʤ ʨʦʙʦʯʦʾ ʥʘʧʨʫʛʠ ʜʦ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ 

ʪʨʘʥʟʠʩʪʦʨʘ ʘʙʦ ʽʥʪʝʛʨʘʣʴʥʦʾ ʩʭʝʤʠ. ʎʝ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʟʦʙʨʘʞʝʥʥʷ, ʱʦ 

ʚʽʜʧʦʚʽʜʘʻ ʨʦʟʧʦʜʽʣʫ ʝʣʝʢʪʨʠʯʥʠʭ ʧʦʪʝʥʮʽʘʣʽʚ, ʽ ʪʘʢʠʤ ʯʠʥʦʤ ʚʠʷʚʣʷʪʠ 
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ʤʽʢʨʦʜʝʬʝʢʪʠ ʚ ʝʣʝʤʝʥʪʘʭ ʩʭʝʤʠ. ʇʨʠ ʮʴʦʤʫ ʤʦʞʥʘ ʧʝʨʝʨʠʚʘʪʠ ʧʝʨʚʠʥʥʠʡ 

ʝʣʝʢʪʨʦʥʥʠʡ ʧʫʯʦʢ ʟ ʚʠʩʦʢʦʶ ʯʘʩʪʦʪʦʶ ʽ ʚʽʟʫʘʣʽʟʫʚʘʪʠ ʧʨʦʭʦʜʞʝʥʥʷ ʩʭʝʤʦʶ 

ʚʠʩʦʢʦʯʘʩʪʦʪʥʠʭ ʩʠʛʥʘʣʽʚ. 

ɿʘ ʜʦʧʦʤʦʛʦʶ ʚʽʜʧʦʚʽʜʥʠʭ ʜʝʪʝʢʪʦʨʥʠʭ ʩʠʩʪʝʤ ʽ ʩʧʝʢʪʨʦʤʝʪʨʽʚ ʚ ʈɽʄ 

ʤʦʞʥʘ ʨʝʻʩʪʨʫʚʘʪʠ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʽ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ: ʢʘʪʦʜʦʣʶʤʽʥʝʩʮʝʥʮʽʶ, 

ʛʘʣʴʤʽʚʥʝ ʽ ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʽ ʨʝʥʪʛʝʥʽʚʩʴʢʽ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʘ ʪʘʢʦʞ ʦʞʝ-

ʝʣʝʢʪʨʦʥʠ. ʆʪʨʠʤʫʚʘʥʽ ʧʨʠ ʮʴʦʤʫ ʟʦʙʨʘʞʝʥʥʷ ʽ ʩʧʝʢʪʨʠ ʜʘʶʪʴ ʢʽʣʴʢʽʩʥʫ 

ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʣʦʢʘʣʴʥʠʡ ʝʣʝʤʝʥʪʥʠʡ ʩʢʣʘʜ ʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʽʚ ʟʨʘʟʢʘ ̔  ʰʠʨʦʢʦ 

ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʽ. 

ɼʣʷ ʚʠʚʯʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʧʦʚʝʨʭʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʈɽʄ ʜʦ ʟʨʘʟʢʘ 

ʧʨʝʜ'ʷʚʣʷʻʪʴʩʷ ʨʷʜ ʚʠʤʦʛ. ʇʝʨʝʜʫʩʽʤ, ʡʦʛʦ ʧʦʚʝʨʭʥʷ ʤʘʻ ʙʫʪʠ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʶ, 

ʱʦʙ ʚʠʢʣʶʯʠʪʠ ʧʝʨʝʰʢʦʜʠ ʟʘ ʨʘʭʫʥʦʢ ʥʘʢʦʧʠʯʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʘʨʷʜʫ ʧʨʠ 

ʩʢʘʥʫʚʘʥʥʽ. ʂʨʽʤ ʪʦʛʦ, ʪʨʝʙʘ ʚʩʝʤʽʨʥʦ ʧʽʜʚʠʱʫʚʘʪʠ ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ, ʷʢʝ 

ʨʘʟʦʤ ʟ ʧʘʨʘʤʝʪʨʘʤʠ ʦʧʪʠʯʥʦʾ ʩʠʩʪʝʤʠ ʚʠʟʥʘʯʘʻ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ. ʊʦʤʫ ʧʝʨʝʜ 

ʜʦʩʣʽʜʞʝʥʥʷʤ ʥʘ ʜʽʝʣʝʢʪʨʠʯʥʽ ʧʦʚʝʨʭʥʽ ʰʣʷʭʦʤ ʚʘʢʫʫʤʥʦʛʦ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʘʙʦ 

ʽʦʥʥʦʛʦ ʨʦʟʧʠʣʶʚʘʥʥʷ ʥʘʥʦʩʷʪʴ ʪʦʥʢʫ (15-20 ʥʤ) ʦʜʥʦʨʽʜʥʫ ʧʣʽʚʢʫ ʤʝʪʘʣʫ ʟ 

ʚʠʩʦʢʠʤ ʢʦʝʬʽʮʽʻʥʪʦʤ ʚʪʦʨʠʥʥʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʝʤʽʩʽʾ (Au, Au-Pd, Pt-Pd). 

ɹʽʦʣʦʛʽʯʥʽ ʦʙ'ʻʢʪʠ, ʱʦ ʤʽʩʪʷʪʴ, ʷʢ ʧʨʘʚʠʣʦ, ʚʝʣʠʢʫ ʢʽʣʴʢʽʩʪʴ ʚʦʜʠ, ʧʝʨʝʜ 

ʥʘʥʝʩʝʥʥʷʤ ʧʦʢʨʠʪʪʷ ʥʝʦʙʭʽʜʥʦ ʟʘʬʽʢʩʫʚʘʪʠ ʩʧʝʮʽʘʣʴʥʦʶ ʭʽʤʽʯʥʦʶ ʦʙʨʦʙʢʦʶ ʽ 

ʚʠʩʫʰʠʪʠ, ʟʙʝʨʽʛʰʠ ʧʨʠʨʦʜʥʠʡ ʤʽʢʨʦʨʝʣʴʻʬ ʧʦʚʝʨʭʥʽ (ʩʫʰʢʘ ʚ ʢʨʠʪʠʯʥʽʡ ʪʦʯʮʽ 

ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʟʨʽʜʞʝʥʠʭ ʉʆ2 ʽ N2O, ʭʣʘʜʦʥʽʚ ʘʙʦ ʚʘʢʫʫʤʥʦʢʨʽʦʛʝʥʠʤʠ 

ʤʝʪʦʜʘʤʠ).  

ʏʘʩʪʠʥʘ ʩʫʯʘʩʥʠʭ ʤʽʢʨʦʩʢʦʧʽʚ ʦʙʣʘʜʥʘʥʘ ʚʘʢʫʫʤʥʦʶ ʩʠʩʪʝʤʦʶ, ʟʜʘʪʥʦʶ 

ʧʽʜʪʨʠʤʫʚʘʪʠ ʚʠʩʦʢʠʡ (ʽ ʥʘʜʚʠʩʦʢʠʡ) ʚʘʢʫʫʤ 10-3 ʇʘ ʚ ʢʦʣʦʥʽ ʤʽʢʨʦʩʢʦʧʘ, ʽ 

ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʠʡ ʚʘʢʫʫʤ ʜʦ 5 ï 2000 ʇʘ ʚ ʢʘʤʝʨʽ ʟʨʘʟʢʽʚ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʟʨʘʟʦʢ 

ʟʥʘʭʦʜʠʪʴʩʷ ʭʦʯʘ ʽ ʚ ʨʦʟʨʽʜʞʝʥʽʡ, ʘʣʝ ʜʦʩʠʪʴ ʱʽʣʴʥʽʡ ʜʣʷ ʥʝʡʪʨʘʣʽʟʘʮʽʾ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʘʨʷʜʫ ʘʪʤʦʩʬʝʨʽ (ʟʘʟʚʠʯʘʡ, ʟ ʚʦʜʷʥʦʾ ʧʘʨʠ ʘʙʦ ʘʟʦʪʫ). ʄʦʣʝʢʫʣʠ 

ʛʘʟʽʚ ʽʦʥʽʟʫʶʪʴʩʷ ʧʽʜ ʚʧʣʠʚʦʤ ʧʝʨʚʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ, ʱʦ ʚʠʧʫʩʢʘʶʪʴʩʷ ʢʘʪʦʜʦʤ. 

ʋʪʚʦʨʝʥʽ ʧʦʟʠʪʠʚʥʽ ʽʦʥʠ ʚʟʘʻʤʦʜʽʶʪʴ ʟ ʝʣʝʢʪʨʦʥʘʤʠ, ʷʢʽ ʥʘʢʦʧʠʯʫʶʪʴʩʷ ʥʘ 

ʟʨʘʟʢʫ ʽ ʥʝʡʪʨʘʣʽʟʫʶʪʴ ʧʦʚʝʨʭʥʝʚʠʡ ʟʘʨʷʜ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʜʽʝʣʝʢʪʨʠʯʥʽ ʟʨʘʟʢʠ 
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ʤʦʞʥʘ ʩʧʦʩʪʝʨʽʛʘʪʠ ʙʝʟ ʧʨʦʚʽʜʥʦʛʦ ʧʦʢʨʠʪʪʷ. ʗʢʱʦ ʤʽʢʨʦʩʢʦʧ ʦʙʣʘʜʥʘʥʠʡ ʪʘʢʦʞ 

ʽ ʦʭʦʣʦʜʞʫʶʯʠʤ ʪʨʠʤʘʯʝʤ ʟʨʘʟʢʽʚ, ʪʦ ʟ'ʷʚʣʷʻʪʴʩʷ ʤʦʞʣʠʚʽʩʪʴ ʧʨʘʮʶʚʘʪʠ ʟ 

ʚʦʣʦʛʠʤʠ ʟʨʘʟʢʘʤʠ ʽ ʥʘʚʽʪʴ ʟ ʚʦʜʦʶ. 

ʈʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʈɽʄ ʚʠʟʥʘʯʘʻʪʴʩʷ ʯʠʥʥʠʢʘʤʠ, ʟʘʣʝʞʥʠʤʠ ʷʢ ʚʽʜ 

ʢʦʥʩʪʨʫʢʮʽʾ ʧʨʠʣʘʜʫ, ʪʘʢ ʽ ʚʽʜ ʧʨʠʨʦʜʠ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʦʙ'ʻʢʪʫ. ʗʢʱʦ ʟʨʘʟʦʢ 

ʝʣʝʢʪʨʦ- ʽ ʪʝʧʣʦʧʨʦʚʽʜʥʠʡ, ʦʜʥʦʨʽʜʥʠʡ ʧʦ ʩʢʣʘʜʫ ʽ ʥʝ ʤʘʻ ʧʨʠʧʦʚʝʨʭʥʝʚʦʾ 

ʧʦʨʠʩʪʦʩʪʽ, ʚ ʈɽʄ ʟ ʚʦʣʴʬʨʘʤʦʚʠʤʠ ʝʣʝʢʪʨʦʜʘʤʠ ʜʦʩʷʛʘʻʪʴʩʷ ʨʦʟʜʽʣʴʥʘ 

ʟʜʘʪʥʽʩʪʴ 5-7 ʥʤ, ʚ ʈɽʄ ʟ ʝʣʝʢʪʨʦʥʥʠʤʠ ʛʘʨʤʘʪʘʤʠ ʥʘ ʧʦʣʴʦʚʽʡ ʝʤʽʩʽʾ 1,0-1,5 ʥʤ. 

ʈʦʟʛʣʷʥʝʤʦ ʜʝʷʢʽ ʧʨʠʢʣʘʜʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʫ 

ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʥʘʫʢʦʚʠʭ ʧʫʙʣʽʢʘʮʽʡ (ʧʫʙʣʽʢʘʮʽʾ ʫ 

ʚʽʜʢʨʠʪʦʤʫ ʜʦʩʪʫʧʽ; ʘʚʪʦʨʠ ʪʘ ʧʦʩʠʣʘʥʥʷ ʥʘʚʝʜʝʥʽ ʫ ʜʫʞʢʘʭ). 

ʅʘʧʨʠʢʣʘʜ, ʫ ʨʦʙʦʪʽ [3] ʟʘ ʜʦʧʦʤʦʛʦʶ ʉɽʄ ʜʦʩʣʽʜʞʝʥʦ ʤʦʨʬʦʣʦʛʽʶ 

ʙʽʦʤʦʨʬʥʦʛʦ ʢʘʨʙʽʜʫ ʢʨʝʤʥʽʶ (ʙʽʦ-SiC), ʩʬʦʨʤʦʚʘʥʦʛʦ ʤʝʪʦʜʦʤ ʧʽʨʦʣʽʟʫ ʚ 

ʽʥʝʨʪʥʽʡ ʘʪʤʦʩʬʝʨʽ ʨʽʟʥʠʭ ʧʦʨʽʜ ʥʘʪʫʨʘʣʴʥʦʾ ʜʝʨʝʚʠʥʠ ʪʘ ʥʘʩʪʫʧʥʦʛʦ 

ʧʨʦʩʦʯʫʚʘʥʥʷ ʢʨʝʤʥʽʡ-ʚʤʽʩʥʠʤʠ ʩʧʦʣʫʢʘʤʠ ʦʜʝʨʞʘʥʠʭ ʚʫʛʣʝʮʝʚʠʭ ʤʘʪʨʠʮʴ. ɹʽʦ-

SiC ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʬʫʥʢʮʽʦʥʘʣʴʥʠʤ ʤʘʪʝʨʽʘʣʦʤ, ʷʢʠʡ ʧʦʻʜʥʫʻ ʫ ʩʦʙʽ ʷʢ 

ʫʥʽʢʘʣʴʥʽ ʤʝʭʘʥʽʯʥʽ ʪʘ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʨʘʜʠʮʽʡʥʦʛʦ 

ʢʨʠʩʪʘʣʽʯʥʦʛʦ SiC, ʪʘʢ ʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠʪʘʤʘʥʥʽ ʩʘʤʝ ʙʽʦʤʦʨʬʥʦʤʫ 

ʧʦʨʠʩʪʦʤʫ ʤʘʪʝʨʽʘʣʫ. ɼʦʩʣʽʜʞʝʥʥʷ ʦʜʝʨʞʘʥʠʭ ʟʨʘʟʢʽʚ ʙʽʦ-SiC ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʉɽʄ ʧʦʢʘʟʘʣʠ (ʨʠʩʫʥʦʢ 2.12), ʱʦ ʟʘʚʜʷʢʠ ʚʠʙʦʨʫ ʣʠʩʪʷʥʠʭ ʨʦʟʩʽʷʥʥʦ-ʩʫʜʠʥʥʠʭ 

ʧʦʨʽʜ ʜʝʨʝʚʠʥʠ ʜʣʷ ʩʠʥʪʝʟʫ ʙʽʦ-SiC, ʫʪʚʦʨʶʶʪʴʩʷ ʧʦʨʠʩʪʽ ʩʪʨʫʢʪʫʨʠ ʟ ʧʝʨʝʚʘʞʥʠʤʠ 

ʜʽʣʷʥʢʘʤʠ ʦʜʥʦʨʽʜʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʨʦʟʤʽʨʫ ʧʦʨ. ʇʨʠ ʟʥʘʯʥʦʤʫ ʟʙʽʣʴʰʝʥʥʽ ʥʘ 

ʟʦʙʨʘʞʝʥʥʷʭ ʜʦʙʨʝ ʚʠʜʥʦ ʤʽʢʨʦʢʨʠʩʪʘʣʠ, ʷʢʽ ʬʦʨʤʫʶʪʴ SiC ʤʘʪʨʠʮʶ [3]. 
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ʈʠʩ. 2.12. SEM-ʟʦʙʨʘʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʧʦʚʝʨʭʥʽ ʘʢʩʽʘʣʴʥʦʛʦ ʧʝʨʝʨʽʟʫ ʙʽʦʤʦʨʬʥʦʾ SiC 

ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ʜʝʨʝʚʠʥʠ ʛʨʫʰʽ (Yukhymchuk et al. Functional materials, 2010 [3]) 

ʋ ʨʦʙʦʪʽ [4] ʟʘ ʜʦʧʦʤʦʛʦʶ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʚʩʪʘʥʦʚʣʝʥʦ ʦʧʪʠʤʘʣʴʥʽ 

ʨʝʞʠʤʠ ʩʠʥʪʝʟʫ ʥʘʥʦʯʘʩʪʠʥʦʢ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʟʙʠʨʘʥʥʷ ʩʚʽʪʣʘ ʩʦʥʷʯʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ, ʘ ʩʘʤʝ, ʧʨʠ ʚʢʣʶʯʝʥʥʽ 

ʨʦʟʩʽʶʶʯʠʭ ʥʘʥʦʯʘʩʪʠʥʦʢ ʜʦ ʩʪʨʫʢʪʫʨʠ ʬʦʪʦʘʥʦʜʘ ʟ ʤʝʟʦʧʦʨʠʩʪʦʛʦ ʜʽʦʢʩʠʜʫ 

ʪʠʪʘʥʫ ʟʥʘʯʥʦ ʧʦʢʨʘʱʫʻʪʴʩʷ ʛʫʩʪʠʥʘ ʬʦʪʦʩʪʨʫʤʫ ʽ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʦʛʣʠʥʘʥʥʷ ʪʘ 

ʨʦʟʩʽʷʥʥʷ ʬʦʪʦʥʽʚ. ɼʣʷ ʮʴʦʛʦ ʩʠʥʪʝʟʦʚʘʥʦ ʟʤʦʨʰʢʫʚʘʪʽ ʥʘʥʦʯʘʩʪʠʥʢʠ ʜʽʦʢʩʠʜʫ 

ʢʨʝʤʥʽʶ, ʚʢʨʠʪʽ ʦʙʦʣʦʥʢʦʶ ʜʽʦʢʩʠʜʫ ʪʠʪʘʥʫ, ʟʘʚʜʷʢʠ ʯʦʤʫ ʾʭ ʧʠʪʦʤʘ ʧʣʦʱʘ 

ʧʦʚʝʨʭʥʽ ʙʽʣʴʰ ʥʽʞ ʫ 20 ʨʘʟʽʚ ʧʝʨʝʚʠʱʫʻ ʧʠʪʦʤʫ ʧʣʦʱʫ ʩʬʝʨʠʯʥʠʭ ʯʘʩʪʠʥʦʢ 

ʧʦʜʽʙʥʠʭ ʨʦʟʤʽʨʽʚ. ʅʘ ʨʠʩʫʥʢʫ 2.13 ʧʨʠʚʝʜʝʥʝ SEM-ʟʦʙʨʘʞʝʥʥʷ ʟʤʦʨʰʢʫʚʘʪʠʭ 

SiO2 ʥʘʥʦʯʘʩʪʠʥʦʢ, ʚ ʷʢʠʭ ʚʽʜʩʪʘʥʴ ʤʽʞ ʟʤʦʨʰʢʘʤʠ ʚʠʟʥʘʯʘʣʘʩʴ ʨʽʟʥʠʤʠ 

ʫʤʦʚʘʤʠ ʩʠʥʪʝʟʫ, ʽ ʪʘʢʠʤ ʯʠʥʦʤ ʦʙʨʘʥʦ ʫʤʦʚʠ ʱʦ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʟʥʘʯʥʦʾ ʨʽʟʥʠʮʽ 

ʚ ʟʤʦʨʰʢʫʚʘʪʽʡ ʤʦʨʬʦʣʦʛʽʾ, ʘʣʝ ʟʙʝʨʽʛʘʶʪʴ ʟʘʛʘʣʴʥʫ ʩʬʝʨʠʯʥʫ ʩʪʨʫʢʪʫʨʫ 

ʯʘʩʪʠʥʦʢ. ʂʨʽʤ ʪʦʛʦ, ʚʧʣʠʚ ʧʦʢʨʠʪʪʷ TiO2-ʦʙʦʣʦʥʢʦʶ ʽ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʙʫʚ 

ʧʽʜʪʚʝʨʜʞʝʥʠʡ ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʊɽʄ-ʟʦʙʨʘʞʝʥʴ (ʨʠʩʫʥʦʢ 2.13, ʜ, ʝ): ʙʽʣʴʰ 

ʪʝʤʥʽ ʟʦʙʨʘʞʝʥʥʷ ʚʢʘʟʫʶʪʴ ʥʘ ʪʝ, ʱʦ ʧʽʩʣʷ ʥʘʥʝʩʝʥʥʷ ʧʦʢʨʠʪʪʷ TiO2 ʙʫʣʠ 

ʦʪʨʠʤʘʥʽ ʙʽʣʴʰ ʱʽʣʴʥʽ ʩʪʨʫʢʪʫʨʠ, ʚ ʪʦʡ ʯʘʩ ʷʢ ʪʝʨʤʦʦʙʨʦʙʢʘ ʥʝ ʚʥʝʩʣʘ ʧʦʤʽʪʥʠʭ 

ʟʤʽʥ ʫ ʤʦʨʬʦʣʦʛʽʾ [4]. 
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ʈʠʩ. 2.13. SEM-ʟʦʙʨʘʞʝʥʥʷ ʟʤʦʨʰʢʫʚʘʪʠʭ ʥʘʥʦʯʘʩʪʠʥʦʢ SiO2 ʟ ʨʽʟʥʠʤʠ ʚʽʜʩʪʘʥʷʤʠ ʤʽʞ 

ʟʤʦʨʰʢʘʤʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʨʽʟʥʠʭ ʫʤʦʚ ʩʠʥʪʝʟʫ (a ï ʛ) ʪʘ  TEM-ʟʦʙʨʘʞʝʥʥʷ ʥʘʥʦʯʘʩʪʠʥʦʢ 

ʧʽʩʣʷ ʧʦʢʨʠʪʪʷ ʦʙʦʣʦʥʢʦʶ TiO2 ʪʘ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʧʨʠ 500 ÁC ʥʘ ʧʦʚʽʪʨʽ (ʜ, ʝ) (Kang et al. 

Scientific Reports, 2016 [4])  

ʋ ʨʦʙʦʪʽ [5] ʟʘ ʜʦʧʦʤʦʛʦʶ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʧʨʦʚʝʜʝʥʦ 

ʪʦʧʦʛʨʘʬʽʯʥʠʡ (ʨʠʩʫʥʦʢ 2.14, ʘ) ʪʘ ʢʦʤʧʦʟʠʮʽʡʥʠʡ (ʨʠʩʫʥʦʢ 2.14, ʙ) ʘʥʘʣʽʟ 
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ʤʘʛʥʽʪʥʠʭ ʪʦʥʢʠʭ ʧʣʽʚʦʢ Fe38,5Pd61,5, ʷʢʽ ʩʪʘʥʦʚʣʷʪʴ ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʽʥʪʝʨʝʩ ʯʝʨʝʟ 

ʾʭ ʫʧʦʨʷʜʢʦʚʘʥʽ ʪʝʪʨʘʛʦʥʘʣʴʥʽ ʽʥʪʝʨʤʝʪʘʣʽʯʥʽ ʬʘʟʠ L10, ʷʢʽ ʜʝʤʦʥʩʪʨʫʶʪʴ ʚʠʩʦʢʫ 

ʤʘʛʥʽʪʦʢʨʠʩʪʘʣʽʯʥʫ ʘʥʽʟʦʪʨʦʧʽʶ, ʧʦʨʽʚʥʷʥʫ ʟ ʨʽʜʢʦʟʝʤʝʣʴʥʠʤʠ ʤʘʛʥʝʪʠʢʘʤʠ. 

ʉɽʄ-ʟʦʙʨʘʞʝʥʥʷ ʜʝʤʦʥʩʪʨʫʶʪʴ ʱʦ ʧʣʽʚʢʠ, ʦʩʘʜʞʝʥʽ ʥʘ ʧʽʜʢʣʘʜʢʫ ʧʨʠ 550ÁC, 

ʤʘʶʪʴ ʥʝʩʧʦʜʽʚʘʥʫ ʜʚʦʬʘʟʥʫ ʩʪʨʫʢʪʫʨʫ ʟ ʥʝʚʧʦʨʷʜʢʦʚʘʥʦʶ FCC ʪʘ 

ʚʧʦʨʷʜʢʦʚʘʥʦʶ L12 ʬʘʟʘʤʠ. ʄʦʞʥʘ ʧʦʤʽʪʠʪʠ, ʱʦ ʧʨʷʤʦʢʫʪʥʽ ʦʩʦʙʣʠʚʦʩʪʽ 

ʧʦʚʝʨʭʥʽ ʥʘ ʟʦʙʨʘʞʝʥʥʽ ʫ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʘʭ ʢʦʨʝʣʶʶʪʴ ʽʟ ʧʨʠʩʫʪʥʽʩʪʶ 

ʚʪʦʨʠʥʥʦʾ ʬʘʟʠ, ʙʘʛʘʪʦʾ ʥʘ ʟʘʣʽʟʦ, ʫ ʙʽʣʴʰ ʱʽʣʴʥʽʡ, ʟʙʘʛʘʯʝʥʽʡ ʧʘʣʘʜʽʻʤ 

ʥʘʚʢʦʣʠʰʥʽʡ ʤʘʪʨʠʮʽ. ʎʽ ʚʪʦʨʠʥʥʽ FCC ʬʘʟʠ ʻ ʤʘʛʥʽʪʥʦ-ʤôʢ̫ʠʤʠ ʽ ʜʝʤʦʥʩʪʨʫʶʪʴ 

ʦʜʥʦʜʦʤʝʥʥʝ ʦʙʝʨʪʘʥʥʷ ʤʘʛʥʽʪʥʦʾ ʦʩʽ, ʪʦʜʽ ʷʢ ʫʧʦʨʷʜʢʦʚʘʥʘ ʤʘʪʨʠʮʷ L12 ʤʘʻ 

ʤʘʛʥʽʪʥʫ ʚʽʩʴ, ʥʘʧʨʚʣʝʥʫ ʚ ʧʣʦʱʠʥʽ. ɺʚʘʞʘʻʪʴʩʷ, ʱʦ ʮʷ ʫʥʽʢʘʣʴʥʘ ʜʚʦʬʘʟʥʘ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ ʩʧʨʠʯʠʥʝʥʘ ʩʪʫʧʝʥʝʤ ʝʧʽʪʘʢʩʽʡʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʫ ʧʣʽʚʢʘʭ ʱʦ 

ʨʦʩʪʫʪʴ ʧʨʠ 550ÁC [5]. 

 

 ʘ ʙ 

ʈʠʩ. 2.14. SEM-ʟʦʙʨʘʞʝʥʥʷ ʫ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʘʭ (ʪʦʧʦʛʨʘʬʽʯʥʠʡ ʢʦʥʪʨʘʩʪ) (ʘ) ʪʘ 

ʟʚʦʨʦʪʥʦ ʨʦʟʩʽʷʥʠʭ ʝʣʝʢʪʨʦʥʘʭ (ʢʦʤʧʦʟʠʮʽʡʥʠʡ Z-ʢʦʥʪʨʘʩʪ) (ʙ) ʜʚʦʬʘʟʥʦʾ ʧʣʽʚʢʠ Fe38,5Pd61,5, 

ʚʠʨʦʱʝʥʦʾ ʧʨʠ 550ÁC, ʷʢʽ ʧʦʢʘʟʫʶʪʴ ʧʨʷʤʦʢʫʪʥʽ ʝʣʝʤʝʥʪʠ ʱʦ ʢʦʨʝʣʶʶʪʴ ʽʟ ʟʙʘʛʘʯʝʥʠʤʠ 

ʟʘʣʽʟʦʤ FCC-ʬʘʟʘʤʠ ʟ ʧʝʨʝʚʘʞʥʦʶ ʦʨʽʻʥʪʘʮʽʻʶ ʛʨʘʥʝʡ ʚʟʜʦʚʞ ʩʽʤʝʡʩʪʚʘ ʥʘʧʨʷʤʢʽʚ <110>, 

ʚʙʫʜʦʚʘʥʠʤʠ ʚ ʟʙʘʛʘʯʝʥʫ ʧʘʣʘʜʽʻʤ ʩʫʮʽʣʴʥʫ ʤʘʪʨʠʯʥʫ ʬʘʟʫ (Steiner et al. Journal of Vacuum 

Science & Technology A, 2013 [5]) 

ʋ ʨʦʙʦʪʽ [6] ʟʘ ʜʦʧʦʤʦʛʦʶ SEM ʜʦʩʣʽʜʞʝʥʦ ʩʪʨʫʢʪʫʨʫ ʪʘ ʭʽʤʽʯʥʠʡ ʩʢʣʘʜ 

ʘʜʩʦʨʙʫʶʯʠʭ ʜʦʙʘʚʦʢ ʜʣʷ ʦʯʠʱʝʥʥʷ ʟʘʙʨʫʜʥʝʥʦʛʦ ˇʨʫʥʪʫ ʪʘ ʚʦʜʠ. ɸ ʩʘʤʝ, 
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ʟʙʘʛʘʯʝʥʽ ʟʘʣʽʟʦʤ ʜʦʙʘʚʢʠ ʟʜʘʪʥʽ ʛʨʘʪʠ ʨʦʣʴ ʩʪʘʙʽʣʽʟʘʪʦʨʽʚ ʚʘʞʢʠʭ ʤʝʪʘʣʽʚ, ʪʘʢʠʭ 

ʷʢ As ʽ Pb, ʜʣʷ ʦʙʨʦʙʢʠ ʟʘʙʨʫʜʥʝʥʠʭ ˇʨʫʥʪʦʚʠʭ ʩʠʩʪʝʤ. ɸʜʩʦʨʙʝʥʪ ʥʘ ʦʩʥʦʚʽ 

ʦʢʩʠʜʫ ʟʘʣʽʟʘ ʻ ʜʽʻʚʠʤ ʤʝʪʦʜʦʤ ʽʤʤʦʙʽʣʽʟʘʮʽʾ As, ʘʣʝ ʛʨʘʥʫʣʴʦʚʘʥʽ ʦʢʩʠʜʠ ZrïFe 

ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʠ ʢʨʘʱʫ ʭʽʤʽʯʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ, ʩʧʦʨʽʜʥʝʥʽʩʪʴ ʜʦ ʟʚôʷʟʫʚʘʥʥʷ ʪʘ 

ʘʜʩʦʨʙʮʽʡʥʫ ʟʜʘʪʥʽʩʪʴ ʫ ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ ʨʅ. ɿʦʙʨʘʞʝʥʥʷ ʤʽʢʨʦʛʨʘʥʫʣ ʦʢʩʠʜʫ 

Fe ʪʘ ʦʢʩʠʜʫ ZrïFe ʟ ʦʜʥʦʯʘʩʥʠʤ ʨʝʥʪʛʝʥʽʚʩʴʢʠʤ ʘʥʘʣʽʟʦʤ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʙʫʣʠ 

ʦʪʨʠʤʘʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʉɽʄ (ʨʠʩʫʥʦʢ 2.15) ʽ ʧʦʢʘʟʘʣʠ ʾʭ ʩʪʨʫʢʪʫʨʫ: ʥʠʟʴʢʘ 

ʧʦʨʠʩʪʽʩʪʴ ʽ ʘʤʦʨʬʥʽʩʪʴ ʟʝʨʝʥ, ʦʢʩʠʜ Fe ʤʘʻ ʙʽʣʴʰ ʦʢʨʫʛʣʽ ʬʦʨʤʠ, ʪʦʜʽ ʷʢ ʟʝʨʥʘ 

ʦʢʩʠʜʫ ZrïFe ʤʘʶʪʴ ʬʦʨʤʠ ʟ ʛʦʩʪʨʠʤʠ ʢʨʘʷʤʠ [6]. 

 

ʈʠʩ. 2.15. ʉʢʘʥʫʚʘʣʴʥʘ ʝʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷ ʟ ʝʥʝʨʛʦʜʠʩʧʝʨʩʽʡʥʠʤ ʨʝʥʪʛʝʥʽʚʩʴʢʠʤ 

ʘʥʘʣʽʟʦʤ (SEMïEDX) ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʝʣʝʤʝʥʪʥʦʛʦ ʩʢʣʘʜʫ ʤʽʢʨʦʛʨʘʥʫʣ ʦʢʩʠʜʫ Fe (a ï ʙ) ʪʘ 

ʦʢʩʠʜʫ ZrïFe (ʚ ï ʛ) (Almaroai et al. Chemistry and Ecology, 2014 [6]) 

ʋ ʨʦʙʦʪʽ [7] ʚʜʘʣʦʩʴ ʦʜʝʨʞʘʪʠ ʊɽʄ ʟʦʙʨʘʞʝʥʥʷ ʥʘʥʦʯʘʩʪʠʥʦʢ AgI ʟ 

ʘʪʦʤʘʨʥʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ ʟʘʚʜʷʢʠ ʚʠʢʦʨʠʩʪʘʥʥʶ ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʦʛʦ 

ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ 400 ʢʝɺ. ʊʘʢ ʷʢ ʚʠʱʘ ʝʥʝʨʛʽʷ ʧʫʯʢʘ ʜʘʻ ʤʝʥʰʫ ʜʦʚʞʠʥʫ ʭʚʠʣʽ 

ʝʣʝʢʪʨʦʥʽʚ, ʘ ʟʥʘʯʠʪʴ ʚʠʱʫ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ ʤʽʢʨʦʩʢʦʧʘ, ʪʦ ʪʘʢʠʤ ʯʠʥʦʤ 
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ʤʦʞʥʘ ʩʧʦʩʪʝʨʽʛʘʪʠ ʦʢʨʝʤʽ ʘʪʦʤʠ, ʟ ʷʢʠʭ ʧʦʙʫʜʦʚʘʥʘ ʥʘʥʦʯʘʩʪʠʥʢʘ. ʅʘ ʨʠʩʫʥʢʫ 

2.16 ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʦʜʠʥʠʯʥʫ ʥʘʥʦʯʘʩʪʠʥʢʫ AgI, ʷʢʘ ʩʠʜʠʪʴ ʥʘ ʚʫʛʣʝʮʝʚʽʡ 

ʧʽʜʢʣʘʜʮʽ, ʪʘ ʧʨʦʘʥʘʣʽʟʫʚʘʪʠ ʾʾ ʤʦʨʬʦʣʦʛʽʶ. ʅʘʥʦʯʘʩʪʠʥʢʘ ʦʨʽʻʥʪʦʚʘʥʘ ʪʘʢ, ʱʦ 

ʝʣʝʢʪʨʦʥʥʠʡ ʧʫʯʦʢ ʧʘʨʘʣʝʣʴʥʠʡ ʦʩʽ ʟʦʥʠ <110>, ʱʦ ʧʽʜʪʚʝʨʜʞʝʥʦ ʰʚʠʜʢʠʤ 

ʧʝʨʝʪʚʦʨʝʥʥʷʤ ʌʫʨôʻ ʟʦʙʨʘʞʝʥʥʷ, ʧʦʢʘʟʘʥʠʤ ʥʘ ʚʩʪʘʚʮʽ. ɺʠʜʥʦ ʱʦ 

ʥʘʥʦʯʘʩʪʠʥʢʘ ʤʘʻ ʫʩʽʯʝʥʫ ʦʢʪʘʝʜʨʠʯʥʫ ʤʦʨʬʦʣʦʛʽʶ ʟ ʯʽʪʢʦ ʚʠʟʥʘʯʝʥʠʤʠ ʛʨʘʥʷʤʠ 

{100} ʽ {111}. ʊɽʄ-ʟʦʙʨʘʞʝʥʥʷ ʚʽʜʦʙʨʘʞʘʻ ʬʘʟʦʚʠʡ ʢʦʥʪʨʘʩʪ, ʱʦ ʻ ʢʦʨʠʩʥʠʤ ʧʽʜ 

ʯʘʩ ʜʦʩʣʽʜʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʤʘʪʝʨʽʘʣʫ ʟ ʥʠʟʴʢʠʤ ʘʪʦʤʥʠʤ ʯʠʩʣʦʤ. ʋ ʮʴʦʤʫ 

ʚʠʧʘʜʢʫ ʷʩʥʦ, ʱʦ ʚʫʛʣʝʮʝʚʘ ʧʽʜʢʣʘʜʢʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʽʜ ʥʘʥʦʯʘʩʪʠʥʢʦʶ ʤʘʻ 

ʛʨʘʬʽʪʥʫ ʧʨʠʨʦʜʫ ʟ 3 - 4 ʰʘʨʘʤʠ ʛʨʘʬʽʪʫ, ʢʦʛʝʨʝʥʪʥʠʤʠ ʟ ʧʣʦʱʠʥʘʤʠ {200} 

ʥʘʥʦʯʘʩʪʠʥʢʠ [7]. 

 

ʈʠʩ. 2.16. ʊɽʄ-ʟʦʙʨʘʞʝʥʥʷ ʥʘʥʦʯʘʩʪʠʥʢʠ AgI ʟ ʘʪʦʤʘʨʥʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ, 

ʟʘʧʠʩʘʥʝ ʧʘʨʘʣʝʣʴʥʦ ʦʩʽ ʟʦʥʠ <110>, ʱʦ ʜʝʤʦʥʩʪʨʫʻ ʫʩʽʯʝʥʫ ʦʢʪʘʝʜʨʠʯʥʫ ʤʦʨʬʦʣʦʛʽʶ 

ʥʘʥʦʯʘʩʪʠʥʢʠ (Thomas et al. Progress in Natural Science: Materials International, 2013 [7]) 

ʅʘʚʝʜʝʥʽ ʧʨʠʢʣʘʜʠ ʜʝʤʦʥʩʪʨʫʶʪʴ ʣʠʰʝ ʤʘʣʝʥʴʢʫ ʯʘʩʪʢʫ ʨʽʟʥʦʤʘʥʽʪʥʠʭ 

ʟʘʩʪʦʩʫʚʘʥʴ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ. ʅʘ ʩʴʦʛʦʜʥʽʰʥʽʡ ʜʝʥʴ ʮʝʡ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ ʤʝʪʦʜ ʧʨʦʜʦʚʞʫʻ ʟʘʡʤʘʪʠ ʚʘʞʣʠʚʫ ʨʦʣʴ ʫ ʥʘʫʢʦʚʠʭ 

ʜʦʩʣʽʜʞʝʥʥʷʭ, ʽ ʫ 2023 ʨʦʮʽ ʟʘ ʚʽʜʢʨʠʪʪʷ ʫ ʛʘʣʫʟʽ ʥʘʜʰʚʠʜʢʽʩʥʦʾ ʝʣʝʢʪʨʦʥʥʦʾ 

ʤʽʢʨʦʩʢʦʧʽʾ ʙʫʣʦ ʟʥʦʚʫ ʧʨʠʩʫʜʞʝʥʦ ʅʦʙʝʣʽʚʩʴʢʫ ʧʨʝʤʽʶ ʟ ʬʽʟʠʢʠ. ɸ ʩʘʤʝ, ʙʫʣʦ 

ʨʦʟʨʦʙʣʝʥʦ ʤʝʪʦʜʠ, ʷʢʽ ʛʝʥʝʨʫʶʪʴ ʘʪʪʦʩʝʢʫʥʜʥʽ ʽʥʪʝʥʩʠʚʥʽ ʣʘʟʝʨʥʽ ʽʤʧʫʣʴʩʠ ʱʦ 
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ʟʙʫʜʞʫʶʪʴ ʝʤʽʩʽʶ ʽʟ ʚʽʩʪʨʷ ʢʘʪʦʜʘ ʝʣʝʢʪʨʦʥʥʠʭ ʽʤʧʫʣʴʩʽʚ ʪʨʠʚʘʣʽʩʪʴ ʚʩʴʦʛʦ 

(53  5)Ŀ10ï18 ʩ. ʎʝ ʦʙʽʮʷʻ ʧʝʨʩʧʝʢʪʠʚʠ ʩʪʚʦʨʝʥʥʷ ʱʝ ʙʽʣʴʰ ʪʦʯʥʠʭ ʝʣʝʢʪʨʦʥʥʠʭ 

ʤʽʢʨʦʩʢʦʧʽʚ ʟ ʥʘʜʚʠʩʦʢʦʶ ʧʨʦʩʪʦʨʦʚʦʶ ʽ ʯʘʩʦʚʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ, ʷʢʘ 

ʜʦʟʚʦʣʠʪʴ ʦʜʝʨʞʘʪʠ ʥʝ ʣʠʰʝ ʨʽʟʢʽ ʟʦʙʨʘʞʝʥʥʷ ʘʪʦʤʽʚ, ʘ ʥʘʚʽʪʴ ʧʦʙʘʯʠʪʠ ʷʢ 

ʝʣʝʢʪʨʦʥʠ ʩʪʨʠʙʘʶʪʴ ʤʽʞ ʘʪʦʤʘʤʠ, ʪʦʙʪʦ ʜʦʩʣʽʜʠʪʠ ʜʠʥʘʤʽʢʫ ʝʣʝʢʪʨʦʥʽʚ ʫ 

ʨʝʯʦʚʠʥʽ [8]. 
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3. ʉʂɸʅʋɺɸʃʔʅɸ ʊʋʅɽʃʔʅɸ ʄɯʂʈʆʉʂʆʇɯʗ  

3.1. ʇʨʠʥʮʠʧʠ ʩʢʘʥʫʚʘʣʴʥʦʾ ʪʫʥʝʣʴʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ  

ʉʢʘʥʫʚʘʣʴʥʠʡ ʪʫʥʝʣʴʥʠʡ ʤʽʢʨʦʩʢʦʧ (ʉʊʄ, ʘʥʛʣ. STM ï scanning tunneling 

microscope) ʙʫʚ ʚʠʥʘʡʜʝʥʠʡ ɻ.ʂ. ɹʽʥʥʽʛʦʤ ʽ ɻ. ʈʦʨʝʨʦʤ ʟ ʣʘʙʦʨʘʪʦʨʽʾ IBM ʫ 

ʎʶʨʽʭʫ (ʐʚʝʡʮʘʨʽʷ) ʫ 1981 ʨʦʮʽ, ʟʘ ʱʦ ʚʦʥʠ ʦʪʨʠʤʘʣʠ ʅʦʙʝʣʽʚʩʴʢʫ ʧʨʝʤʽʶ ʟ 

ʬʽʟʠʢʠ ʫ 1986 ʨʦʮʽ ʨʘʟʦʤ ʽʟ ʚʠʥʘʭʽʜʥʠʢʦʤ ʝʣʝʢʪʨʦʥʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ɽʨʥʩʪʦʤ 

ʈʫʩʢʦʶ. 

ʉʊʄ ʙʫʚ ʧʝʨʰʠʤ ʽʟ ʢʣʘʩʫ ʩʢʘʥʫʚʘʣʴʥʠʭ ʟʦʥʜʦʚʠʭ ʤʽʢʨʦʩʢʦʧʽʚ, ʚ ʷʢʠʭ 

ʧʨʦʮʝʩ ʧʦʙʫʜʦʚʠ ʟʦʙʨʘʞʝʥʥʷ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʩʢʘʥʫʚʘʥʥʽ ʧʦʚʝʨʭʥʽ 

ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʦʙôʻʢʪʘ ʤʽʢʨʦʩʢʦʧʽʯʥʠʤ ʟʦʥʜʦʤ. ɿʦʥʜ ʉʊʄ ʟʜʽʡʩʥʶʻ 

ʚʠʤʽʨʶʚʘʥʥʷ ʨʝʣʴʻʬʫ ʧʨʦʚʽʜʥʠʭ ʧʦʚʝʨʭʦʥʴ ʟ ʚʠʩʦʢʦʶ ʧʨʦʩʪʦʨʦʚʦʶ ʨʦʟʜʽʣʴʥʦʶ 

ʟʜʘʪʥʽʩʪʶ, ʱʦ ʜʦʟʚʦʣʷʻ ʜʦʩʣʽʜʞʫʚʘʪʠ ʩʪʨʫʢʪʫʨʫ ʟʨʘʟʢʽʚ ʥʘ ʥʘʥʦʤʝʪʨʦʚʦʤʫ ʨʽʚʥʽ. 

¶ ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʝʣʝʢʪʨʦʥʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ, ʉʊʄ ʥʝ ʧʦʪʨʝʙʫʻ ʚʠʩʦʢʦʛʦ ʚʘʢʫʫʤʫ, 

ʤʦʞʝ ʧʨʘʮʶʚʘʪʠ ʫ ʧʦʚʽʪʨʽ ʪʘ ʫ ʨʽʜʠʥʽ; 

¶ ɼʦʟʚʦʣʷʻ ʚʠʟʥʘʯʘʪʠ ʦʩʦʙʣʠʚʦʩʪʽ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʽʚ, 

ʧʦʚʝʨʭʥʝʚʽ ʫʪʚʦʨʝʥʥʷ ʥʘʥʦʤʝʪʨʦʚʠʭ ʤʘʩʰʪʘʙʽʚ; 

¶ ʇʨʠʥʮʠʧ ʨʦʙʦʪʠ ʉʊʄ ʟʘʩʥʦʚʘʥʠʡ ʥʘ ʷʚʠʱʽ ʪʫʥʝʣʶʚʘʥʥʷ ʝʣʝʢʪʨʦʥʽʚ ʯʝʨʝʟ 

ʚʫʟʴʢʠʡ ʧʦʪʝʥʮʽʘʣʴʥʠʡ ʙʘʨ'ʻʨ ʤʽʞ ʤʝʪʘʣʝʚʠʤ ʟʦʥʜʦʤ - ʛʦʣʢʦʶ ʽ ʧʨʦʚʽʜʥʠʤ 

ʟʨʘʟʢʦʤ ʫ ʟʦʚʥʽʰʥʴʦʤʫ ʝʣʝʢʪʨʠʯʥʦʤʫ ʧʦʣʽ; 

¶ ɿʘ ʚʝʣʠʯʠʥʦʶ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʩʪʚʦʨʶʻʪʴʩʷ ʪʦʧʦʛʨʘʬʽʯʥʘ ʢʘʨʪʘ ʧʦʚʝʨʭʥʽ 

ʟʨʘʟʢʘ. 

ʇʨʠʥʮʠʧ ʨʦʙʦʪʠ ʉʊʄ ʩʭʝʤʘʪʠʯʥʦ ʧʦʢʘʟʘʥʠʡ ʥʘ ʨʠʩʫʥʢʫ 3.1. ɻʦʩʪʨʘ 

ʤʝʪʘʣʝʚʘ ʛʦʣʢʘ ʧʽʜʚʦʜʠʪʴʩʷ ʜʦ ʟʨʘʟʢʘ ʥʘ ʚʽʜʩʪʘʥʴ ʢʽʣʴʢʦʭ ʘʥʛʩʪʨʝʤ (~ 0.1 ʥʤ). 

ʇʨʠ ʧʦʜʘʯʽ ʥʘ ʛʦʣʢʫ ʥʝʚʝʣʠʢʦʛʦ ʧʦʪʝʥʮʽʘʣʫ ʚʽʜʥʦʩʥʦ ʟʨʘʟʢʘ ʚʠʥʠʢʘʻ ʢʚʘʥʪʦʚʦ-

ʤʝʭʘʥʽʯʥʠʡ ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ. ɺʝʣʠʯʠʥʘ ʮʴʦʛʦ ʩʪʨʫʤʫ ʝʢʩʧʦʥʝʥʮʽʘʣʴʥʦ ʟʘʣʝʞʠʪʴ 

ʚʽʜ ʚʽʜʩʪʘʥʽ ʟʨʘʟʦʢ ï ʛʦʣʢʘ, ʱʦ ʜʦʟʚʦʣʷʻ ʟ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ ʚʽʜʩʣʽʜʢʫʚʘʪʠ 

ʨʝʣʴʻʬ ʧʦʚʝʨʭʥʽ. ʊʠʧʦʚʽ ʟʥʘʯʝʥʥʷ ʩʠʣʠ ʩʪʨʫʤʫ ï 1 - 1000 ʧɸ ʧʨʠ ʚʽʜʩʪʘʥʷʭ 

ʟʨʘʟʦʢ-ʛʦʣʢʘ ʙʣʠʟʴʢʦ 1 ¡. 
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ʈʠʩ. 3.1. ʉʭʝʤʘ ʨʦʙʦʪʠ ʟʦʥʜʘ ʉʊʄ: 1 ï ʟʦʥʜ, 2 ï ʧʫʯʦʢ ʝʣʝʢʪʨʦʥʽʚ, 3 ï ʦʙ'ʻʢʪ 

(ʜʦʩʣʽʜʞʫʚʘʥʠʡ ʟʨʘʟʦʢ), U ï ʨʽʟʥʠʮʷ ʧʦʪʝʥʮʽʘʣʽʚ ʤʽʞ ʟʦʥʜʦʤ ʪʘ ʦʙ'ʻʢʪʦʤ, Iʊ ï ʪʫʥʝʣʴʥʠʡ 

ʩʪʨʫʤ, L ï ʚʽʜʩʪʘʥʴ ʤʽʞ ʟʦʥʜʦʤ ʽ ʦʙ'ʻʢʪʦʤ, F ï ʧʣʦʱʘ ʪʫʥʝʣʴʥʦʛʦ ʢʦʥʪʘʢʪʫ 

3.2. ʌʽʟʠʯʥʽ ʘʩʧʝʢʪʠ ʷʚʠʱʘ ʪʫʥʝʣʶʚʘʥʥʷ 

ɺʠʥʠʢʥʝʥʥʷ ʪʫʥʝʣʴʥʦʛʦ ʝʬʝʢʪʫ ʤʦʞʥʘ ʧʦʷʩʥʠʪʠ ʥʘ ʦʩʥʦʚʽ ʭʚʠʣʴʦʚʦʾ 

ʧʨʠʨʦʜʠ ʝʣʝʢʪʨʦʥʽʚ [1]. ʇʨʠ ʨʦʟʛʣʷʜʽ ʝʣʝʢʪʨʦʥʽʚ ʟ ʪʦʯʢʠ ʟʦʨʫ ʢʦʨʧʫʩʢʫʣʷʨʥʦ-

ʭʚʠʣʴʦʚʦʛʦ ʜʫʘʣʽʟʤʫ ʚʩʪʫʧʘʶʪʴ ʚ ʩʠʣʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʜʣʷ ʩʪʘʥʫ 

ʢʚʘʥʪʦʚʦʾ ʩʠʩʪʝʤʠ ʫ ʙʫʜʴ-ʷʢʽʡ ʪʦʯʮʽ ʧʨʦʩʪʦʨʫ - ʯʘʩʫ: ʟ ʦʜʥʦʛʦ ʙʦʢʫ, ʙʫʜʴ-ʷʢʘ 

ʢʚʘʥʪʦʚʘ ʩʠʩʪʝʤʘ ʤʘʻ ʧʝʚʥʽ ʨʦʟʤʽʨʠ ʽ ʪʦʤʫ ʣʦʢʘʣʽʟʦʚʘʥʘ ʫ ʧʨʦʩʪʦʨʽ, ʘ ʟ ʽʥʰʦʛʦ 

ʙʦʢʫ, ʭʚʠʣʷ ʜʝ ɹʨʦʡʣʷ ʪʘʢʦʾ ʩʠʩʪʝʤʠ ʦʜʥʦʯʘʩʥʦ ʽʩʥʫʻ ʚ ʫʩʽʭ ʪʦʯʢʘʭ ʧʨʦʩʪʦʨʫ ʽ, 

ʚʽʜʧʦʚʽʜʥʦ, ʻ ʥʝʣʦʢʘʣʽʟʦʚʘʥʠʤ ʦʙôʻʢʪʦʤ. ɯʥʪʝʥʩʠʚʥʽʩʪʴ ʭʚʠʣʽ ʜʝ ɹʨʦʡʣʷ ʚʠʟʥʘʯʘʻ 

ʡʤʦʚʽʨʥʽʩʪʴ ʟʥʘʭʦʜʞʝʥʥʷ ʢʚʘʥʪʦʚʦʾ ʩʠʩʪʝʤʠ ʫ ʧʝʚʥʽʡ ʪʦʯʮʽ ʧʨʦʩʪʦʨʫ ʫ ʧʝʚʥʠʡ 

ʤʦʤʝʥʪ ʯʘʩʫ. ʆʪʞʝ, ʟ ʜʝʷʢʦʶ, ʫ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ, ʥʝʥʫʣʴʦʚʦʶ ʡʤʦʚʽʨʥʽʩʪʶ 

ʢʚʘʥʪʦʚʘ ʩʠʩʪʝʤʘ ʤʦʞʝ ʟʥʘʭʦʜʠʪʠʩʴ ʫ ʙʫʜʴ-ʷʢʽʡ ʪʦʯʮʽ ʧʨʦʩʪʦʨʫ ʫ ʙʫʜʴ-ʷʢʠʡ 

ʤʦʤʝʥʪ ʯʘʩʫ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʭʚʠʣʴʦʚʽ ʬʫʥʢʮʽʾ ʝʣʝʢʪʨʦʥʽʚ ʚ ʘʪʦʤʽ ʚʽʜʤʽʥʥʽ ʚʽʜ ʥʫʣʷ ʽ ʟʘ 

ʤʝʞʘʤʠ ʩʬʝʨʠ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʝʬʝʢʪʠʚʥʦʤʫ ʜʽʘʤʝʪʨʫ ʘʪʦʤʘ (ʨʦʟʤʽʨʫ ʘʪʦʤʘ). ʊʦʤʫ 

ʧʨʠ ʟʙʣʠʞʝʥʥʽ ʘʪʦʤʽʚ ʭʚʠʣʴʦʚʽ ʬʫʥʢʮʽʾ ʝʣʝʢʪʨʦʥʽʚ ʧʝʨʝʢʨʠʚʘʶʪʴʩʷ ʨʘʥʽʰʝ, ʥʽʞ 

ʧʦʯʠʥʘʻ ʽʩʪʦʪʥʦ ʧʨʦʷʚʣʷʪʠʩʷ ʜʽʷ ʤʽʞʘʪʦʤʥʠʭ ʩʠʣ ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ. ʇʨʠ ʮʴʦʤʫ 

ʟ'ʷʚʣʷʻʪʴʩʷ ʡʤʦʚʽʨʥʽʩʪʴ ʧʝʨʝʭʦʜʫ ʝʣʝʢʪʨʦʥʽʚ ʚʽʜ ʦʜʥʦʛʦ ʘʪʦʤʘ ʜʦ ʽʥʰʦʛʦ. ʆʪʞʝ, 
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ʩʪʘʻ ʤʦʞʣʠʚʠʡ ʦʙʤʽʥ ʝʣʝʢʪʨʦʥʘʤʠ ʤʽʞ ʜʚʦʤʘ ʪʽʣʘʤʠ, ʷʢʽ ʟʙʣʠʞʫʶʪʴ ʙʝʟ ʜʦʪʠʢʫ, 

ʪʦʙʪʦ ʙʝʟ ʤʝʭʘʥʽʯʥʦʛʦ ʢʦʥʪʘʢʪʫ. ʊʘʢʝ ʷʚʠʱʝ ʧʦʷʩʥʶʻʪʴʩʷ ʪʫʥʝʣʶʚʘʥʥʷʤ. 

ʈʦʟʛʣʷʥʝʤʦ ʮʝ ʷʚʠʱʝ ʙʽʣʴʰ ʜʝʪʘʣʴʥʦ. ʗʢ ʚʽʜʦʤʦ, ʝʣʝʢʪʨʦʥʫ, ʷʢ ʽ ʢʦʞʥʦʤʫ 

ʢʚʘʥʪʦʚʦʤʫ ʦʙôʻʢʪʫ, ʤʦʞʥʘ ʧʦʩʪʘʚʠʪʠ ʫ ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʭʚʠʣʶ ʜʝ ɹʨʦʡʣʷ 

ʜʦʚʞʠʥʦʶ ɚ = h/p. ʂʦʣʠ ʪʘʢʠʡ ʦʙôʻʢʪ ʧʦʪʨʘʧʣʷʻ ʫ ʩʠʩʪʝʤʫ ʟ ʭʘʨʘʢʪʝʨʥʠʤ 

ʨʦʟʤʽʨʦʤ L ~ ɚ, ʷʢ ʫ ʧʨʦʤʽʞʢʫ ʤʽʞ ʚʽʩʪʨʷʤ ʟʦʥʜʘ ʪʘ ʧʦʚʝʨʭʥʝʶ ʟʨʘʟʢʘ ʚ ʉʊʄ, 

ʡʦʛʦ ʧʦʚʝʜʽʥʢʘ ʧʦʤʽʪʥʦ ʟʤʽʥʶʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʢʚʘʥʪʦʚʦʛʦ ʨʦʟʤʽʨʥʦʛʦ ʝʬʝʢʪʫ. 

ʇʨʠ ʨʦʟʤʽʨʘʭ ʩʠʩʪʝʤʠ ʧʦʨʷʜʢʫ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʫʪʚʦʨʶʻʪʴʩʷ ʩʪʦʷʯʘ ʭʚʠʣʷ, ʚʫʟʣʠ 

ʪʘ ʧʫʯʥʦʩʪʽ ʷʢʦʾ ʥʝ ʟʤʽʥʶʶʪʴ ʩʚʦʛʦ ʧʦʣʦʞʝʥʥʷ ʟ ʯʘʩʦʤ. ʇʫʯʥʦʩʪʷʤ ʩʪʦʷʯʦʾ ʭʚʠʣʽ 

ʜʝ ɹʨʦʡʣʷ ʚʽʜʧʦʚʽʜʘʶʪʴ ʤʘʢʩʠʤʫʤʠ ʡʤʦʚʽʨʥʦʩʪʽ ʟʥʘʭʦʜʞʝʥʥʷ ʢʚʘʥʪʦʚʦʛʦ 

ʦʙôʻʢʪʘ, ʘ ʚʫʟʣʘʤ ï ʥʘʚʧʘʢʠ, ʤʽʥʽʤʫʤʠ ʮʽʻʾ ʡʤʦʚʽʨʥʦʩʪʽ. ʎʝ ʦʟʥʘʯʘʻ, ʱʦ ʫ 

ʩʝʨʝʜʥʴʦʤʫ ʧʨʦʪʷʛʦʤ ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʦʛʦ ʧʨʦʤʽʞʢʫ ʯʘʩʫ ʢʚʘʥʪʦʚʠʡ ʦʙôʻʢʪ 

ʟʥʘʭʦʜʠʪʴʩʷ ʣʠʰʝ ʫ ʪʠʭ ʯʘʩʪʠʥʘʭ ʩʠʩʪʝʤʠ, ʷʢʠʤ ʚʽʜʧʦʚʽʜʘʶʪʴ ʧʫʯʥʦʩʪʽ ʩʪʦʷʯʦʾ 

ʭʚʠʣʽ ʜʝ ɹʨʦʡʣʷ. 

ɻʫʩʪʠʥʘ ʡʤʦʚʽʨʥʦʩʪʽ ʟʥʘʭʦʜʞʝʥʥʷ ʝʣʝʢʪʨʦʥʘ ʚ ʜʘʥʽʡ ʪʦʯʮʽ ʧʨʦʩʪʦʨʫ ʚ 

ʜʘʥʠʡ ʤʦʤʝʥʪ ʯʘʩʫ ʚʠʟʥʘʯʘʻʪʴʩʷ ʢʚʘʜʨʘʪʦʤ ʤʦʜʫʣʷ ʡʦʛʦ ʭʚʠʣʴʦʚʦʾ ʬʫʥʢʮʽʾ ( , )r ty

, ʷʢʘ ʻ ʨʦʟʚôʷʟʢʦʤ ʨʽʚʥʷʥʥʷ ʐʨʝʜʽʥʛʝʨʘ. ʇʦ ʩʫʪʽ, ʚʝʣʠʯʠʥʘ 
2

( , )r ty  ʚʠʟʥʘʯʘʻ 

ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʭʚʠʣʽ ʜʝ ɹʨʦʡʣʷ ʢʚʘʥʪʦʚʦʾ ʩʠʩʪʝʤʠ. ʊʘʢʠʤ ʯʠʥʦʤ, ʡʤʦʚʽʨʥʽʩʪʴ 

ʟʥʘʭʦʜʞʝʥʥʷ ʢʚʘʥʪʦʚʦʾ ʩʠʩʪʝʤʠ ʫ ʤʘʢʨʦʩʢʦʧʽʯʥʦʤʫ ʦʙôʻʤʽ V ʫ ʤʦʤʝʥʪ ʯʘʩʫ t ʫ 

ʢʚʘʥʪʦʚʦʤʫ ʩʪʘʥʽ ʟ ʭʚʠʣʴʦʚʦʶ ʬʫʥʢʮʽʻʶ ( , )r ty  ʤʦʞʥʘ ʦʙʯʠʩʣʠʪʠ ʷʢ 

2
( , )P r t dV= yñ . 

ʇʨʦʮʝʩ ʪʫʥʝʣʶʚʘʥʥʷ ʝʣʝʢʪʨʦʥʽʚ ʫ ʉʊʄ ʤʦʞʥʘ ʩʧʨʦʱʝʥʦ ʨʦʟʛʣʷʥʫʪʠ ʥʘ 

ʧʨʠʢʣʘʜʽ ʧʨʦʩʪʦʾ ʦʜʥʦʚʠʤʽʨʥʦʾ ʤʦʜʝʣʽ ʧʨʦʭʦʜʞʝʥʥʷ ʭʚʠʣʴʦʚʦʾ ʬʫʥʢʮʽʾ ʯʝʨʝʟ 

ʧʦʪʝʥʮʽʘʣʴʥʠʡ ʙʘʨôʻʨ [1]. ʗʢ ʚʽʜʦʤʦ, ʜʣʷ ʪʦʛʦ ʱʦʙ ʝʣʝʢʪʨʦʥ ʤʽʛ ʚʠʡʪʠ ʽʟ ʪʚʝʨʜʦʛʦ 

ʪʽʣʘ ʫ ʚʘʢʫʫʤ, ʡʦʤʫ ʥʝʦʙʭʽʜʥʦ ʥʘʜʘʪʠ, ʷʢ ʤʽʥʽʤʫʤ, ʪʘʢʫ ʝʥʝʨʛʽʶ, ʷʢʘ ʜʦʨʽʚʥʶʻ 

ʨʦʙʦʪʽ ʚʠʭʦʜʫ ʝʣʝʢʪʨʦʥʘ W, ʪʦʙʪʦ ʝʣʝʢʪʨʦʥ ʤʫʩʠʪʴ ʧʦʜʦʣʘʪʠ çʩʭʦʜʠʥʢʫè 

ʧʦʪʝʥʮʽʘʣʴʥʦʾ ʝʥʝʨʛʽʾ ʱʦ ʥʘʟʠʚʘʻʪʴʩʷ ʧʦʪʝʥʮʽʘʣʴʥʠʤ ʙʘʨôʻʨʦʤ. ʗʢʱʦ ʫ ʪʚʝʨʜʦʤʫ 

ʪʽʣʽ ʝʣʝʢʪʨʦʥ ʤʘʻ ʧʦʚʥʫ ʝʥʝʨʛʽʶ E , ʘ ʚʠʩʦʪʘ ʧʦʪʝʥʮʽʘʣʴʥʦʾ ʩʭʦʜʠʥʢʠ ʜʦʨʽʚʥʶʻ  

U0, ʪʦ ʝʣʝʢʪʨʦʥʫ ʥʝʦʙʭʽʜʥʦ ʥʘʜʘʪʠ ʜʦʜʘʪʢʦʚʫ ʝʥʝʨʛʽʶ U0 ï E, ʪʽʣʴʢʠ ʪʦʜʽ ʚʽʥ 
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ʟʤʦʞʝ ʚʠʡʪʠ ʫ ʚʘʢʫʫʤ. ʎʝʡ ʙʘʨ'ʻʨ ʙʫʜʝ ʥʝʧʨʦʟʦʨʠʤ ʜʣʷ ʝʣʝʢʪʨʦʥʘ ʟ ʝʥʝʨʛʽʻʶ 

E < U0. 

ʗʢʱʦ ʞ ʧʦʚʝʨʭʥʽ ʜʚʦʭ ʪʚʝʨʜʠʭ ʪʽʣ ʨʦʟʪʘʰʦʚʘʥʽ ʜʫʞʝ ʙʣʠʟʴʢʦ ʦʜʥʘ ʚʽʜ 

ʦʜʥʦʾ, ʪʦ ʫʪʚʦʨʝʥʠʡ ʧʦʪʝʥʮʽʘʣʴʥʠʡ ʙʘʨ'ʻʨ ʻ ʜʦʩʠʪʴ ʪʦʥʢʠʤ, ʽ ʷʢʱʦ ʰʠʨʠʥʘ 

ʙʘʨôʻʨʘ ʻ ʩʧʽʚʨʦʟʤʽʨʥʦʶ ʟ ʜʦʚʞʠʥʦʶ ʭʚʠʣʽ ʜʝ ɹʨʦʡʣʷ ʝʣʝʢʪʨʦʥʘ, ʷʢʠʡ ʥʘʣʽʪʘʻ, ʪʦ 

ʩʪʘʻ ʤʦʞʣʠʚʠʤ (ʟ ʜʦʩʠʪʴ ʚʠʩʦʢʦʶ ʡʤʦʚʽʨʥʽʩʪʶ) ʧʨʦʮʝʩ ʪʫʥʝʣʶʚʘʥʥʷ ï 

ʧʨʦʭʦʜʞʝʥʥʷ ʝʣʝʢʪʨʦʥʘ ʢʨʽʟʴ ʙʘʨ'ʻʨ ʙʝʟ ʟʤʽʥʠ ʡʦʛʦ ʝʥʝʨʛʽʾ. ʇʨʠ ʧʨʦʥʠʢʥʝʥʥʽ 

ʭʚʠʣʽ ʜʝ ɹʨʦʡʣʷ ʜʦ ʦʙʣʘʩʪʽ ʧʦʪʝʥʮʽʘʣʴʥʦʛʦ ʙʘʨôʻʨʘ ʾʾ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʰʚʠʜʢʦ 

ʟʤʝʥʰʫʻʪʴʩʷ. ɸʣʝ ʷʢʱʦ ʧʦʪʝʥʮʽʘʣʴʥʠʡ ʙʘʨôʻʨ ʻ ʜʦʩʪʘʪʥʴʦ ʚʫʟʴʢʠʤ, ʽ 

ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʭʚʠʣʽ ʜʝ ɹʨʦʡʣʷ ʥʘ ʜʘʣʴʥʽʡ ʛʨʘʥʠʮʽ ʙʘʨôʻʨʘ ʻ ʥʝ ʜʫʞʝ ʤʘʣʦʶ 

ʚʝʣʠʯʠʥʦʶ, ʤʦʞʥʘ ʚʚʘʞʘʪʠ, ʱʦ ʭʚʠʣʷ ʜʝ ɹʨʦʡʣʷ ʯʘʩʪʠʥʢʠ ʧʨʦʡʰʣʘ ʢʨʽʟʴ 

ʧʦʪʝʥʮʽʘʣʴʥʠʡ ʙʘʨôʻʨ, ʘ ʟʥʘʯʠʪʴ ʢʨʽʟʴ ʮʝʡ ʙʘʨôʻʨ ʧʨʦʡʰʣʘ ʽ ʩʘʤʘ ʯʘʩʪʠʥʢʘ.  

ʆʪʞʝ, ʫ ʉʊʄ, ʢʦʣʠ ʟʦʥʜ ʧʽʜʚʦʜʠʪʴʩʷ ʜʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʥʘ ʚʽʜʩʪʘʥʴ ʢʽʣʴʢʦʭ 

ʘʥʛʩʪʨʝʤ, ʫʪʚʦʨʶʻʪʴʩʷ ʪʫʥʝʣʴʥʦ-ʧʨʦʟʦʨʠʡ ʧʦʪʝʥʮʽʘʣʴʥʠʡ ʙʘʨ'ʻʨ, ʚʝʣʠʯʠʥʘ ʷʢʦʛʦ 

ʚʠʟʥʘʯʘʻʪʴʩʷ, ʚ ʦʩʥʦʚʥʦʤʫ, ʟʥʘʯʝʥʥʷʤʠ ʨʦʙʦʪʠ ʚʠʭʦʜʫ ʝʣʝʢʪʨʦʥʽʚ ʟ ʤʘʪʝʨʽʘʣʫ 

ʟʦʥʜʘ WP ʽ ʟʨʘʟʢʘ WS. ʇʨʠ ʷʢʽʩʥʦʤʫ ʨʦʟʛʣʷʜʽ ʙʘʨ'ʻʨ ʤʦʞʥʘ ʚʚʘʞʘʪʠ ʧʨʷʤʦʢʫʪʥʠʤ 

ʟ ʝʬʝʢʪʠʚʥʦʶ ʚʠʩʦʪʦʶ, ʱʦ ʜʦʨʽʚʥʶʻ ʩʝʨʝʜʥʽʡ ʨʦʙʦʪʽ ʚʠʭʦʜʫ ʤʘʪʝʨʽʘʣʽʚ 

2
P SW W

W
+

< >= . 

ʗʢ ʚʽʜʦʤʦ ʟ ʢʚʘʥʪʦʚʦʾ ʤʝʭʘʥʽʢʠ, ʡʤʦʚʽʨʥʽʩʪʴ ʪʫʥʝʣʶʚʘʥʥʷ ʝʣʝʢʪʨʦʥʘ 

(ʢʦʝʬʽʮʽʻʥʪ ʧʨʦʭʦʜʞʝʥʥʷ, ʘʙʦ ʢʦʝʬʽʮʽʻʥʪ ʧʨʦʟʦʨʦʩʪʽ ʙʘʨôʻʨʘ) ʯʝʨʝʟ 

ʦʜʥʦʚʠʤʽʨʥʠʡ ʙʘʨ'ʻʨ ʧʨʷʤʦʢʫʪʥʦʾ ʬʦʨʤʠ ʜʦʨʽʚʥʶʻ 

2

2

0

tA
D

A
= , (3.1) 

ʜʝ A0 ï ʘʤʧʣʽʪʫʜʘ ʭʚʠʣʴʦʚʦʾ ʬʫʥʢʮʽʾ ʝʣʝʢʪʨʦʥʘ, ʱʦ ʥʘʣʽʪʘʻ ʥʘ ʙʘʨ'ʻʨ, At ï 

ʘʤʧʣʽʪʫʜʘ ʭʚʠʣʴʦʚʦʾ ʬʫʥʢʮʽʾ ʝʣʝʢʪʨʦʥʘ, ʱʦ ʧʨʦʡʰʦʚ ʢʨʽʟʴ ʙʘʨ'ʻʨ. ɯʥʰʠʤʠ  

ʩʣʦʚʘʤʠ, ʧʨʦʟʦʨʽʩʪʴ ʙʘʨ'ʻʨʘ D ʻ ʚʽʜʥʦʰʝʥʥʷʤ ʧʦʪʦʢʫ, ʱʦ ʧʨʦʭʦʜʠʪʴ ʢʨʽʟʴ ʙʘʨ'ʻʨ, 

ʜʦ ʧʦʪʦʢʫ, ʱʦ ʧʘʜʘʻ.  

ɺʝʣʠʯʠʥʘ D ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʧʣʠʚʘʻ ʥʘ ʚʝʣʠʯʠʥʫ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ, ʱʦ 

ʚʠʥʠʢʘʻ ʚ ʨʝʟʫʣʴʪʘʪʽ. ʊʫʥʝʣʶʚʘʥʥʷ ʝʣʝʢʪʨʦʥʽʚ ʫ ʉʊʄ ʚʽʜʙʫʚʘʻʪʴʩʷ ʤʽʞ ʜʚʦʤʘ 
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ʧʨʦʚʽʜʥʠʤʠ ʝʣʝʢʪʨʦʜʘʤʠ ʩʫʪʪʻʚʦ ʨʽʟʥʦʾ ʛʝʦʤʝʪʨʠʯʥʦʾ ʬʦʨʤʠ. ʇʝʨʰʠʡ ʝʣʝʢʪʨʦʜ, 

ʟʦʥʜ, ʤʘʻ ʬʦʨʤʫ ʚʽʩʪʨʷ ʟ ʷʢʦʤʦʛʘ ʤʝʥʰʠʤ ʨʘʜʽʫʩʦʤ ʟʘʦʢʨʫʛʣʝʥʥʷ ʽ ʟʘʙʝʟʧʝʯʫʻ 

ʥʘʜʟʚʠʯʘʡʥʦ ʣʦʢʘʣʴʥʝ ʧʨʦʭʦʜʞʝʥʥʷ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ. ɯʥʰʠʡ ʝʣʝʢʪʨʦʜ ʻ 

ʜʦʩʣʽʜʞʫʚʘʥʠʤ ʟʨʘʟʢʦʤ ʜʦʩʪʘʪʥʴʦ ʧʣʦʩʢʦʾ ʛʝʦʤʝʪʨʽʾ, ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʷʢʦʛʦ 

ʥʝʦʙʭʽʜʥʦ ʦʪʨʠʤʘʪʠ. 

ɼʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʩʧʨʷʤʦʚʘʥʦʛʦ ʨʫʭʫ ʝʣʝʢʪʨʦʥʽʚ (ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʪʨʫʤʫ) 

ʤʽʞ ʜʚʦʤʘ ʪʽʣʘʤʠ ʥʝʦʙʭʽʜʥʝ ʚʠʢʦʥʘʥʥʷ ʜʚʦʭ ʫʤʦʚ: 

1. ʋ ʦʜʥʦʛʦ ʪʽʣʘ ʧʦʚʠʥʥʽ ʙʫʪʠ ʚʽʣʴʥʽ ʝʣʝʢʪʨʦʥʠ (ʝʣʝʢʪʨʦʥʠ ʧʨʦʚʽʜʥʦʩʪʽ), ʘ ʚ 

ʽʥʰʦʛʦ ï ʥʝʟʘʧʦʚʥʝʥʽ ʝʣʝʢʪʨʦʥʥʽ ʨʽʚʥʽ, ʢʫʜʠ ʤʦʛʣʠ ʙ ʧʝʨʝʡʪʠ ʝʣʝʢʪʨʦʥʠ; 

2. ʄʽʞ ʪʽʣʘʤʠ ʧʦʪʨʽʙʥʦ ʜʦʢʣʘʩʪʠ ʨʽʟʥʠʮʶ ʧʦʪʝʥʮʽʘʣʽʚ, ʽ ʾʾ ʚʝʣʠʯʠʥʘ (U ʧʦʨʷʜʢʫ 

0,1 ... 1 ɺ) ʥʝʟʨʽʚʥʷʥʥʦ ʤʘʣʘ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʪʽʻʶ, ʱʦ ʧʦʪʨʽʙʥʘ ʜʣʷ ʦʪʨʠʤʘʥʥʷ 

ʝʣʝʢʪʨʠʯʥʦʛʦ ʨʦʟʨʷʜʫ ʧʨʠ ʧʨʦʙʦʾ ʧʦʚʽʪʨʷʥʦʛʦ ʜʽʝʣʝʢʪʨʠʯʥʦʛʦ ʟʘʟʦʨʫ ʤʽʞ 

ʜʚʦʤʘ ʪʽʣʘʤʠ. 

 

 ʘ ʙ 

ʈʠʩ. 3.2. ʉʭʝʤʘʪʠʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʟʦʥʥʦʾ ʜʽʘʛʨʘʤʠ ʩʠʩʪʝʤʠ ʟ ʜʚʦʭ ʦʜʥʘʢʦʚʠʭ ʤʝʪʘʣʝʚʠʭ 

ʝʣʝʢʪʨʦʜʽʚ: ʘ ï ʪʫʥʝʣʴʥʠʡ ʙʘʨ'ʻʨ ʤʽʞ ʜʚʦʤʘ ʦʜʥʘʢʦʚʠʤʠ ʤʝʪʘʣʘʤʠ ʟ ʫʨʽʚʥʦʚʘʞʝʥʠʤʠ 

ʝʣʝʢʪʨʦʥʥʠʤʠ ʩʠʩʪʝʤʘʤʠ: EF ï ʝʥʝʨʛʽʷ ʌʝʨʤʽ, W ï ʨʦʙʦʪʘ ʚʠʭʦʜʫ ʝʣʝʢʪʨʦʥʘ ʟ ʤʝʪʘʣʫ; ʙ ï 

ʚʠʧʘʜʦʢ, ʢʦʣʠ ʤʽʞ ʤʝʪʘʣʘʤʠ ʧʨʠʢʣʘʜʝʥʘ ʥʘʧʨʫʛʘ U. ʇʨʫʞʥʝ ʪʫʥʝʣʶʚʘʥʥʷ ʩʪʘʻ ʤʦʞʣʠʚʠʤ ʚ 

ʝʥʝʨʛʝʪʠʯʥʦʤʫ ʽʥʪʝʨʚʘʣʽ ȹE = eU ̔ ʟ ʟʘʡʥʷʪʠʭ ʩʪʘʥʽʚ ʣʽʚʦʨʫʯ ʚʽʜ ʙʘʨ'ʻʨʘ ʫ ʚʽʣʴʥʽ ʩʪʘʥʠ 

ʧʨʘʚʦʨʫʯ ʚʽʜ ʙʘʨ'ʻʨʘ  

ʆʪʞʝ, ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ ʤʦʞʝ ʧʨʦʪʽʢʘʪʠ ʣʠʰʝ ʟʘ ʫʤʦʚʠ ʧʨʠʢʣʘʜʘʥʥʷ 

ʥʘʧʨʫʛʠ ʤʽʞ ʜʚʦʤʘ ʝʣʝʢʪʨʦʜʘʤʠ, ʱʦ ʧʨʠʟʚʝʜʝ ʜʦ ʟʤʽʱʝʥʥʷ ʟʦʥʥʠʭ ʜʽʘʛʨʘʤ ʦʜʥʘ 

ʚʽʜʥʦʩʥʦ ʽʥʰʦʾ ʟʘ ʰʢʘʣʦʶ ʝʥʝʨʛʽʡ (ʨʠʩʫʥʦʢ 3.2). ʇʨʠ ʮʴʦʤʫ ʚʠʥʠʢʘʻ ʝʥʝʨʛʝʪʠʯʥʘ 
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ʱʽʣʠʥʘ ȹE = eU, ʚ ʷʢʽʡ ʟʘʡʥʷʪʠʤ ʩʪʘʥʘʤ ʣʽʚʦʛʦ ʝʣʝʢʪʨʦʜʘ ʚʽʜʧʦʚʽʜʘʶʪʴ 

ʽʟʦʝʥʝʨʛʝʪʠʯʥʽ ʚʽʣʴʥʽ ʩʪʘʥʠ ʧʨʘʚʦʛʦ ʝʣʝʢʪʨʦʜʘ. ʄʽʞ ʮʠʤʠ ʩʪʘʥʘʤʠ ʤʦʞʫʪʴ 

ʪʫʥʝʣʶʚʘʪʠ ʝʣʝʢʪʨʦʥʠ. ʗʢʱʦ ʧʨʠʢʣʘʜʝʥʘ ʥʘʧʨʫʛʘ ʥʝʚʝʣʠʢʘ, ʪʦ ʤʦʞʥʘ ʚʚʘʞʘʪʠ 

ʱʦ ʧʨʷʤʦʢʫʪʥʘ ʬʦʨʤʘ ʙʘʨ'ʻʨʘ ʤʘʡʞʝ ʥʝ ʩʧʦʪʚʦʨʶʻʪʴʩʷ.  

ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʧʨʦʟʦʨʦʩʪʽ D ʧʦʪʝʥʮʽʘʣʴʥʦʛʦ ʙʘʨôʻʨʘ ʥʝʦʙʭʽʜʥʦ ʚʠʟʥʘʯʘʪʠ 

ʭʚʠʣʴʦʚʽ ʬʫʥʢʮʽʾ ʝʣʝʢʪʨʦʥʘ ʧʦ ʨʽʟʥʽ ʙʦʢʠ ʚʽʜ ʥʴʦʛʦ, ʱʦ ʦʜʝʨʞʫʶʪʴʩʷ 

ʨʦʟʚôʷʟʘʥʥʷʤ ʦʜʥʦʚʠʤʽʨʥʦʛʦ ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʨʽʚʥʷʥʥʷ ʐʨʝʜʽʥʛʝʨʘ ʟ ʟʘʜʘʥʠʤʠ 

ʙʘʨôʻʨʦʤ ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ [1]. ʋ ʩʧʨʦʱʝʥʦʤʫ ʚʠʛʣʷʜʽ ʪʘ ʫ ʨʘʤʢʘʭ 

ʦʜʥʦʝʣʝʢʪʨʦʥʥʦʛʦ ʥʘʙʣʠʞʝʥʥʷ (ʥʝʭʪʫʻʪʴʩʷ ʚʟʘʻʤʦʜʽʷ ʝʣʝʢʪʨʦʥʽʚ ʤʽʞ ʩʦʙʦʶ), 

ʟʛʽʜʥʦ ʬʦʨʤʘʣʽʟʤʫ ʢʚʘʥʪʦʚʦʾ ʤʝʭʘʥʽʢʠ, ʮʽ ʨʦʟʚôʷʟʢʠ ʙʫʜʫʪʴ ʤʘʪʠ ʚʠʛʣʷʜ ʣʽʥʽʡʥʦʾ 

ʢʦʤʙʽʥʘʮʽʾ ʧʣʦʩʢʠʭ ʭʚʠʣʴ ʚʠʜʫ ( ) ikxx Ae°y =  ʟ ʭʚʠʣʴʦʚʠʤ ʯʠʩʣʦʤ k ʪʘ ʘʤʧʣʽʪʫʜʦʶ 

A. ɺ ʦʙʣʘʩʪʷʭ ʜʦ ʙʘʨôʻʨʫ ʪʘ ʧʽʩʣʷ ʙʘʨôʻʨʫ 
2 2mE

k
h

p
= , ʚʩʝʨʝʜʠʥʽ ʧʨʷʤʦʢʫʪʥʦʛʦ 

ʙʘʨôʻʨʫ 02 2 ( )m U E
k

ih

p -
= . ɿʘ ʫʤʦʚʠ ʤʘʣʦʾ ʧʨʠʢʣʘʜʝʥʦʾ ʥʘʧʨʫʛʠ ʪʫʥʝʣʶʚʘʪʠ 

ʙʫʜʫʪʴ ʝʣʝʢʪʨʦʥʠ ʟ ʝʥʝʨʛʽʻʶ, ʷʢʘ ʧʨʠʙʣʠʟʥʦ ʜʦʨʽʚʥʶʻ ʝʥʝʨʛʽʾ ʌʝʨʤʽ, ʦʪʞʝ, 

E = EF, U0 ï E = <W>. 

ʊʦʜʽ ʽʟ ʬʦʨʤʫʣʠ (3.1) ʦʪʨʠʤʫʻʤʦ ʥʘʩʪʫʧʥʠʡ ʩʧʨʦʱʝʥʠʡ ʚʠʨʘʟ ʜʣʷ D [1]: 

2 LD e b-@ , (3.2) 

ʜʝ ɓ ï ʢʦʥʩʪʘʥʪʘ ʟʘʛʘʩʘʥʥʷ ʭʚʠʣʴʦʚʦʾ ʬʫʥʢʮʽʾ ʚ ʦʙʣʘʩʪʽ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ 

ʧʦʪʝʥʮʽʘʣʴʥʦʤʫ ʙʘʨôʻʨʫ, L ï ʰʠʨʠʥʘ ʙʘʨôʻʨʫ. ɼʣʷ ʪʫʥʝʣʴʥʦʛʦ ʢʦʥʪʘʢʪʫ ʜʚʦʭ 

ʤʝʪʘʣʽʚ, ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʟʘʟʥʘʯʝʥʠʭ ʥʘʙʣʠʞʝʥʴ, ʢʦʥʩʪʘʥʪʘ ʟʘʛʘʩʘʥʥʷ ʤʘʻ ʚʠʛʣʷʜ 

2 2m W

h

p < >
b= ,     (3.3) 

ʜʝ m ï ʤʘʩʘ ʝʣʝʢʪʨʦʥʘ, <W> ï ʩʝʨʝʜʥʷ ʨʦʙʦʪʘ ʚʠʭʦʜʫ ʝʣʝʢʪʨʦʥʘ, h ï ʩʪʘʣʘ ʇʣʘʥʢʘ.  

ʆʙʯʠʩʣʠʤʦ ʪʝʧʝʨ ʚʝʣʠʯʠʥʫ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʩʪʦʾ 

ʤʦʜʝʣʽ ʚʽʣʴʥʠʭ ʝʣʝʢʪʨʦʥʽʚ ʜʣʷ ʚʠʧʘʜʢʫ ʜʚʦʭ ʜʦʚʽʣʴʥʠʭ ʧʣʦʩʢʦʧʘʨʘʣʝʣʴʥʠʭ 

ʤʝʪʘʣʽʯʥʠʭ ʝʣʝʢʪʨʦʜʽʚ [1]. ɼʣʷ ʝʣʝʢʪʨʦʥʽʚ ʟ ʝʥʝʨʛʽʻʶ ɽ ʛʫʩʪʠʥʘ ʮʴʦʛʦ ʩʪʨʫʤʫ 

(ʩʪʨʫʤ, ʚʽʜʥʝʩʝʥʠʡ ʜʦ ʦʜʠʥʠʮʽ ʧʣʦʱʽ, ʟ ʷʢʦʾ ʚʽʜʙʫʚʘʻʪʴʩʷ ʪʫʥʝʣʶʚʘʥʥʷ 

ʝʣʝʢʪʨʦʥʽʚ) ʜʦʨʽʚʥʶʻ ʢʽʣʴʢʦʩʪʽ ʝʣʝʢʪʨʦʥʽʚ ne, ʱʦ ʧʘʜʘʶʪʴ ʥʘ ʙʘʨ'ʻʨ ʟʘ ʦʜʠʥʠʮʶ 
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ʯʘʩʫ, ʧʦʤʥʦʞʝʥʽʡ ʥʘ ʡʤʦʚʽʨʥʽʩʪʴ ʪʫʥʝʣʶʚʘʥʥʷ (ʧʨʦʟʦʨʽʩʪʴ ʙʘʨ'ʻʨʘ) ʪʘ ʚʝʣʠʯʠʥʫ 

ʝʣʝʤʝʥʪʘʨʥʦʛʦ ʝʣʝʢʪʨʠʯʥʦʛʦ ʟʘʨʷʜʫ: 

( ) ( )eT Ej en D E= .     (3.4) 

ɼʣʷ ʦʜʝʨʞʘʥʥʷ ʛʫʩʪʠʥʠ ʧʦʚʥʦʛʦ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʤʽʞ ʜʚʦʤʘ ʤʝʪʘʣʝʚʠʤʠ 

ʝʣʝʢʪʨʦʜʘʤʠ ʥʝʦʙʭʽʜʥʦ ʦʙʯʠʩʣʠʪʠ ʽʥʪʝʛʨʘʣ ʚʽʜ ʚʠʨʘʟʫ (3.4) ʟʘ ʚʩʽʤʘ ʤʦʞʣʠʚʠʤʠ 

ʟʥʘʯʝʥʥʷʤʠ ʝʥʝʨʛʽʾ ʝʣʝʢʪʨʦʥʽʚ E. ʊʘʢʠʤ ʯʠʥʦʤ, ʛʫʩʪʠʥʘ ʧʦʚʥʦʛʦ ʪʫʥʝʣʴʥʦʛʦ 

ʩʪʨʫʤʫ ʜʦʨʽʚʥʶʻ 

0
2

( )T

eU

e
j D E dE

h
-

= ñ , (3.5) 

ʧʨʠʯʦʤʫ ʟʘ ʧʦʯʘʪʦʢ ʚʽʜʣʽʢʫ ʝʥʝʨʛʽʾ ʚʟʷʪʦ ʨʽʚʝʥʴ ʌʝʨʤʽ ʪʦʛʦ ʝʣʝʢʪʨʦʜʘ, ʟ ʷʢʦʛʦ 

ʪʫʥʝʣʶʶʪʴ ʝʣʝʢʪʨʦʥʠ.  

ɺ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ ʦʙʯʠʩʣʝʥʥʷ ʚʠʨʘʟʫ ʜʣʷ ʛʫʩʪʠʥʠ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʻ 

ʜʦʩʠʪʴ ʩʢʣʘʜʥʠʤ, ʽ ʦʜʝʨʞʘʥʝ, ʥʘʧʨʠʢʣʘʜ, ʚ ʨʦʙʦʪʽ [2]. ɸʣʝ ʫ ʥʘʙʣʠʞʝʥʥʽ, ʷʢʝ ʤʠ 

ʨʦʟʛʣʷʜʘʻʤʦ, ʨʝʟʫʣʴʪʘʪ ʦʧʠʩʫʻʪʴʩʷ ʬʦʨʤʫʣʦʶ [3]: 

0
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ʜʝ ʧʘʨʘʤʝʪʨʠ j0 ʪʘ ɸ ʟʘʜʘʶʪʴʩʷ ʥʘʩʪʫʧʥʠʤʠ ʚʠʨʘʟʘʤʠ: 
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ɼʣʷ ʚʠʩʦʢʠʭ ʥʘʧʨʫʛ ʟʤʽʱʝʥʥʷ (eU > W) ʟ ʚʠʨʘʟʫ (3.6) ʚʠʭʦʜʠʪʴ ʜʦʙʨʝ 

ʚʽʜʦʤʘ ʬʦʨʤʫʣʘ ʌʘʫʣʝʨʘ-ʅʦʨʜʛʝʡʤʘ ʜʣʷ ʧʦʣʴʦʚʦʾ ʝʤʽʩʽʾ ʝʣʝʢʪʨʦʥʽʚ ʫ ʚʘʢʫʫʤ. ɸ 

ʟʘ ʫʤʦʚʠ ʤʘʣʦʩʪʽ ʥʘʧʨʫʛʠ ʟʤʽʱʝʥʥʷ (eU < W), ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʚʠʥʠʢʥʝʥʥʶ 

ʪʫʥʝʣʴʥʦʛʦ ʝʬʝʢʪʫ, ʚʠʨʘʟ (3.6) ʤʦʞʥʘ ʧʨʝʜʩʪʘʚʠʪʠ ʫ ʩʧʨʦʱʝʥʦʤʫ ʚʠʛʣʷʜʽ ʷʢ 
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ʜʝ ʚʝʣʠʯʠʥʘ j0(U) ʚʚʘʞʘʻʪʴʩʷ ʥʝʟʘʣʝʞʥʦʶ ʚʽʜ ʟʤʽʥʠ ʚʽʜʩʪʘʥʽ ʟʦʥʜ - ʟʨʘʟʦʢ.  

ʆʪʞʝ, ʤʠ ʙʘʯʠʤʦ ʱʦ ʛʫʩʪʠʥʘ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ jT ʻ ʧʨʷʤʦʧʨʦʧʦʨʮʽʡʥʦʶ 

ʚʝʣʠʯʠʥʽ D ʪʘ ʝʢʩʧʦʥʝʥʮʽʘʣʴʥʦ ʩʧʘʜʘʻ ʟ ʚʽʜʩʪʘʥʥʶ L. ɼʣʷ ʪʠʧʦʚʠʭ ʟʥʘʯʝʥʴ 

ʨʦʙʦʪʠ ʚʠʭʦʜʫ (W ~ 4 ʝɺ) ʟʥʘʯʝʥʥʷ ʢʦʥʩʪʘʥʪʠ ʟʘʛʘʩʘʥʥʷ ɓ = 2 ¡-1, ʪʘʢ ʱʦ ʧʨʠ 

ʟʤʽʥʽ ʚʽʜʩʪʘʥʽ ʟʦʥʜ - ʟʨʘʟʦʢ L ʥʘ ~ 1 ¡ ʚʝʣʠʯʠʥʘ ʩʪʨʫʤʫ ʟʤʽʥʶʻʪʴʩʷ ʥʘ ʧʦʨʷʜʦʢ.  

ʉʠʣʘ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ 
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eTI en vFDº ,      (3.8) 

ʜʝ e ï ʟʘʨʷʜ ʝʣʝʢʪʨʦʥʘ, ne ï ʢʦʥʮʝʥʪʨʘʮʽʷ ʝʣʝʢʪʨʦʥʽʚ ʧʨʦʚʽʜʥʦʩʪʽ, v ï ʰʚʠʜʢʽʩʪʴ 

ʝʣʝʢʪʨʦʥʽʚ, F ï ʧʣʦʱʘ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ, ὈḙὩ  ï 

ʡʤʦʚʽʨʥʽʩʪʴ ʧʨʦʭʦʜʞʝʥʥʷ ʝʣʝʢʪʨʦʥʽʚ ʯʝʨʝʟ ʟʘʟʦʨ L ʚ ʨʝʞʠʤʽ ʪʫʥʝʣʴʥʦʛʦ ʝʬʝʢʪʫ. 

ʈʝʘʣʴʥʠʡ ʪʫʥʝʣʴʥʠʡ ʢʦʥʪʘʢʪ ʫ ʉʊʄ ʥʝ ʻ ʦʜʥʦʤʽʨʥʠʤ ʽ ʤʘʻ ʙʽʣʴʰ ʩʢʣʘʜʥʫ 

ʛʝʦʤʝʪʨʽʶ, ʧʨʦʪʝ ʦʩʥʦʚʥʽ ʨʠʩʠ ʪʫʥʝʣʶʚʘʥʥʷ, ʘ ʩʘʤʝ ʝʢʩʧʦʥʝʥʮʽʘʣʴʥʘ ʟʘʣʝʞʥʽʩʪʴ 

ʩʪʨʫʤʫ ʚʽʜ ʚʽʜʩʪʘʥʽ ʟʦʥʜ - ʟʨʘʟʦʢ, ʟʙʝʨʽʛʘʶʪʴʩʷ ʪʘʢʦʞ ʽ ʚ ʙʽʣʴʰ ʩʢʣʘʜʥʠʭ ʤʦʜʝʣʷʭ, 

ʱʦ ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. 

 

 ʘ  ʙ 

ʈʠʩ. 3.3. ʉʭʝʤʘʪʠʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʛʦʣʢʠ ʟʦʥʜʘ ʉʊʄ (ʘ) ʪʘ ʟʙʽʣʴʰʝʥʝ ʟʦʙʨʘʞʝʥʥʷ ʾʾ 

ʘʪʦʤʥʦ-ʛʦʩʪʨʦʛʦ ʚʽʩʪʨʷ (ʙ). ɺ ʦʙʣʘʩʪʽ ʘʪʦʤʘ, ʢʦʪʨʠʡ ʟʥʘʭʦʜʠʪʴʩʷ ʥʘ ʚʝʨʰʠʥʽ ʚʽʩʪʨʷ, ʪʦʚʱʠʥʘ 

L ʪʫʥʝʣʴʥʦʛʦ ʙʘʨ'ʻʨʘ ʻ ʥʘʡʤʝʥʰʦʶ, ʽ ʧʨʦʪʽʢʘʻ ʧʝʨʝʚʘʞʥʘ ʯʘʩʪʠʥʘ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ 

ʇʨʠ ʧʨʘʚʠʣʴʥʽʡ ʧʽʜʛʦʪʦʚʮʽ ʟʦʥʜʘ ʥʘ ʡʦʛʦ ʢʽʥʯʠʢʫ ʟ ʚʝʣʠʢʦʶ ʡʤʦʚʽʨʥʽʩʪʶ 

ʟʥʘʭʦʜʠʪʴʩʷ ʘʙʦ ʦʜʠʥʦʯʥʠʡ ʘʪʦʤ, ʘʙʦ ʥʝʚʝʣʠʢʠʡ ʢʣʘʩʪʝʨ ʘʪʦʤʽʚ (ʨʠʩʫʥʦʢ 3.3). 

ɸʪʦʤ, ʱʦ ʥʘʡʙʽʣʴʰ ʚʠʩʪʫʧʘʻ ʥʘ ʚʽʩʪʨʽ ʟʦʥʜʘ, ʟʥʘʭʦʜʠʪʴʩʷ ʙʣʠʞʯʝ ʜʦ ʧʦʚʝʨʭʥʽ 

ʟʨʘʟʢʘ ʥʘ ʚʽʜʩʪʘʥʴ, ʱʦ ʜʦʨʽʚʥʶʻ ʧʝʨʽʦʜʫ ʢʨʠʩʪʘʣʽʯʥʦʾ ʛʨʘʪʢʠ. ʆʩʢʽʣʴʢʠ 

ʟʘʣʝʞʥʽʩʪʴ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʚʽʜ ʚʽʜʩʪʘʥʽ ʝʢʩʧʦʥʝʥʮʽʘʣʴʥʘ, ʪʦ ʤʦʞʥʘ ʟʨʦʙʠʪʠ 

ʚʠʩʥʦʚʦʢ, ʱʦ ʧʝʨʝʚʘʞʥʘ ʯʘʩʪʠʥʘ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʙʫʜʝ ʧʨʦʪʽʢʘʪʠ ʢʨʽʟʴ ʮʝʡ 

ʥʘʡʙʽʣʴʰ ʚʠʩʪʫʧʘʶʯʠʡ ʘʪʦʤ ʚʽʩʪʨʷ (ʨʠʩʫʥʦʢ 3.3, ʙ), ʟʘʙʝʟʧʝʯʫʶʯʠ ʘʪʦʤʘʨʥʫ 

ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ ʧʨʠ ʩʢʘʥʫʚʘʥʥʽ. 
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ʆʮʽʥʠʤʦ ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ, ʚʚʘʞʘʶʯʠ ʱʦ ʧʦʪʽʢ ʝʣʝʢʪʨʦʥʽʚ çʩʪʽʢʘʻè ʟ 

ʢʨʘʡʥʴʦʛʦ ʘʪʦʤʘ ʥʘ ʢʽʥʯʠʢʫ ʟʦʥʜʘ, ʫʪʚʦʨʶʶʯʠ ʧʫʯʦʢ ʝʣʝʢʪʨʦʥʽʚ ʜʽʘʤʝʪʨʦʤ 

ʙʣʠʟʴʢʦ 0,4 ʥʤ (ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ ʤʽʢʨʦʩʢʦʧʘ ʧʦ ʧʣʦʱʠʥʽ 

ʦʙ'ʻʢʪʘ). ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʧʣʦʱʘ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ F = 10-

19 ʤ2, ʽ ʦʨʽʻʥʪʦʚʥʽ ʟʥʘʯʝʥʥʷ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ IT ~ 3Ŀ10
-9 ɸ. ɺ ʪʦʡ ʞʝ ʯʘʩ 

ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʫ ʥʘʧʨʷʤʢʫ ʥʦʨʤʘʣʽ ʜʦ ʦʙôʻʢʪʘ ʜʦʩʷʛʘʻ ʜʦʣʴ ʘʥʛʩʪʨʝʤʘ ʽ 

ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʝʢʩʧʦʥʝʥʮʽʘʣʴʥʦʶ ʟʘʣʝʞʥʽʩʪʶ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʚʽʜ ʚʽʜʩʪʘʥʽ ʜʦ 

ʧʦʚʝʨʭʥʽ. ʇʨʠ ʟʙʽʣʴʰʝʥʥʽ ʚʽʜʩʪʘʥʽ L ʣʠʰʝ ʥʘ 0,1 ʥʤ ʧʦʢʘʟʥʠʢ D ʽ, ʚʽʜʧʦʚʽʜʥʦ, 

ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ IT ʟʤʝʥʰʫʶʪʴʩʷ ʤʘʡʞʝ ʚ 10 ʨʘʟʽʚ. ʊʘʢʠʤ ʯʠʥʦʤ ʥʝʟʥʘʯʥʽ ʟʤʽʥʠ 

ʧʦ ʚʠʩʦʪʽ ʨʝʣʴʻʬʫ ʧʦʚʝʨʭʥʽ ʚʠʢʣʠʢʘʶʪʴ ʩʫʪʪʻʚʝ ʟʙʽʣʴʰʝʥʥʷ ʘʙʦ ʟʤʝʥʰʝʥʥʷ 

ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ. 

3.3. ɹʫʜʦʚʘ ʪʘ ʧʨʠʥʮʠʧʠ ʨʦʙʦʪʠ ʩʢʘʥʫʚʘʣʴʥʦʛʦ ʪʫʥʝʣʴʥʦʛʦ 

ʤʽʢʨʦʩʢʦʧʘ 

ʉʭʝʤʘ ʨʦʙʦʪʠ ʩʢʘʥʫʚʘʣʴʥʦʛʦ ʪʫʥʝʣʴʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʧʨʠʚʝʜʝʥʘ ʥʘ 

ʨʠʩʫʥʢʫ 3.4. ɼʦ ʥʘʡʚʘʞʣʠʚʽʰʠʭ ʝʣʝʤʝʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʾ ʚʽʜʥʦʩʷʪʴʩʷ [3]: 

¶ ʟʦʥʜ (ʛʦʣʢʘ), ʱʦ ʨʫʭʘʻʪʴʩʷ ʧʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʫ ʧʨʦʮʝʩʽ ʩʢʘʥʫʚʘʥʥʷ; 

¶ ʩʠʩʪʝʤʘ ʧʝʨʝʤʽʱʝʥʥʷ ʟʦʥʜʘ ʱʦʜʦ ʟʨʘʟʢʘ ʟʘ ʜʚʦʤʘ (X-Y) ʘʙʦ ʪʨʴʦʤʘ (X-Y-Z) 

ʢʦʦʨʜʠʥʘʪʘʤʠ; 

¶ ʨʝʻʩʪʨʫʶʯʘ ʩʠʩʪʝʤʘ. 

ɿʘʟʚʠʯʘʡ ʩʠʛʥʘʣ, ʱʦ ʨʝʻʩʪʨʫʻʪʴʩʷ, ʦʙʨʦʙʣʷʻʪʴʩʷ ʩʠʩʪʝʤʦʶ ʥʝʛʘʪʠʚʥʦʛʦ 

ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ, ʷʢʘ ʫʧʨʘʚʣʷʻ ʧʦʣʦʞʝʥʥʷʤ ʟʨʘʟʢʘ ʘʙʦ ʟʦʥʜʘ ʧʦ ʦʜʥʽʡ ʟ 

ʢʦʦʨʜʠʥʘʪ (Z). ɺʝʣʠʯʠʥʘ ʩʠʛʥʘʣʫ ʟʤʽʥʶʻʪʴʩʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʦʧʦʛʨʘʬʽʾ 

ʧʦʚʝʨʭʥʽ, ʮʽ ʟʤʽʥʠ ʬʽʢʩʫʶʪʴʩʷ, ʽ ʥʘ ʾʭ ʦʩʥʦʚʽ ʙʫʜʫʻʪʴʩʷ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ 

ʟʨʘʟʢʘ ʪʘ ʢʘʨʪʘ ʚʠʩʦʪ.  

ɿʦʥʜʦʤ ʉʊʄ ʟʘʟʚʠʯʘʡ ʻ ʧʣʘʪʠʥʦʚʘ (ʘʙʦ ʚʦʣʴʬʨʘʤʦʚʘ) ʛʦʣʢʘ, ʚʧʘʷʥʘ ʚ 

ʫʪʨʠʤʫʚʘʯ ʟ ʥʝʨʞʘʚʽʶʯʦʾ ʩʪʘʣʽ. ʆʜʥʠʤ ʽʟ ʤʝʪʦʜʽʚ ʚʠʛʦʪʦʚʣʝʥʥʷ ʟʦʥʜʽʚ ʻ 

ʝʣʝʢʪʨʦʭʽʤʽʯʥʝ ʪʨʘʚʣʝʥʥʷ. ɯʥʰʘ ʤʝʪʦʜʠʢʘ ï ʧʝʨʝʨʽʟʘʥʥʷ ʪʦʥʢʦʛʦ ʜʨʦʪʫ ʟʽ ʩʧʣʘʚʫ 

PtIr ʧʽʜ ʢʫʪʦʤ 45ʦ ʟ ʜʦʜʘʚʘʥʥʷʤ ʥʝʚʝʣʠʢʦʾ ʨʦʟʨʠʚʥʦʾ ʩʠʣʠ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʚ ʤʽʩʮʽ 

ʨʦʟʨʽʟʫ ʬʦʨʤʫʻʪʴʩʷ ʚʠʪʷʛʥʫʪʝ ʚʽʩʪʨʷ ʟ ʥʝʨʽʚʥʠʤ (ʨʚʘʥʠʤ) ʢʨʘʻʤ ʟ ʯʠʩʣʝʥʥʠʤʠ 
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ʚʠʩʪʫʧʘʤʠ, ʦʜʠʥ ʟ ʷʢʠʭ ʽ ʩʣʫʛʫʻ ʨʦʙʦʯʠʤ ʝʣʝʤʝʥʪʦʤ ʟʦʥʜʘ ʉʊʄ, ʛʘʨʘʥʪʫʶʯʠ 

ʘʪʦʤʘʨʥʫ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ. 

 

ʈʠʩ.3.4. ʉʭʝʤʘ ʨʦʙʦʪʠ ʩʢʘʥʫʚʘʣʴʥʦʛʦ  ʪʫʥʝʣʴʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ 

ʉʠʩʪʝʤʘ ʧʝʨʝʤʽʱʝʥʥʷ ʟʦʥʜʘ ʩʭʝʤʘʪʠʯʥʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʫ 3.5.  

¶ ɿʦʥʜ ʧʝʨʝʤʽʱʘʻʪʴʩʷ ʚ ʧʣʦʱʠʥʽ ʟʨʘʟʢʘ XY ʽ ʧʦ ʥʦʨʤʘʣʽ ʜʦ ʥʝʾ Z ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʪʨʠʧʦʜʘ 1, ʟʽʙʨʘʥʦʛʦ ʥʘ ʪʨʫʙʯʘʩʪʠʭ ʧ'ʻʟʦʝʣʝʤʝʥʪʘʭ;  

¶ ɺʽʜ ʮʠʬʨʦʘʥʘʣʦʛʦʚʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ (ʎɸʇ) ʧʦʜʘʶʪʴʩʷ ʥʘʧʨʫʛʠ UX ʽ UY ʥʘ 

ʧôʻʟʦʜʚʠʛʫʥʠ ʍ ʪʘ Y, ʢʝʨʫʶʯʠ ʧʝʨʝʤʽʱʝʥʥʷʤ ʟʦʥʜʘ ʚ ʧʣʦʱʠʥʽ XY ʟʨʘʟʢʘ; 

¶ ʅʘ ʧôʻʟʦʜʚʠʛʫʥ Z ʧʦʜʘʻʪʴʩʷ ʥʘʧʨʫʛʘ UZ ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ UZ = f(Iʊ), ʽ ʜʚʠʛʫʥ 

ʧʦʯʠʥʘʻ ʧʝʨʝʤʽʱʘʪʠ ʟʦʥʜ ʧʦ ʥʦʨʤʘʣʽ ʜʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʜʦ ʪʠʭ ʧʽʨ, ʧʦʢʠ 

ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ Iʊ ʢʦʣʘ ʟʦʥʜ - ʟʨʘʟʦʢ ʥʝ ʙʫʜʝ ʩʪʘʙʽʣʽʟʦʚʘʥʦ ʥʘ ʟʘʜʘʥʦʤʫ ʨʽʚʥʽ;  

¶ ʂʨʽʤ ʮʴʦʛʦ, ʟʨʘʟʦʢ ʤʦʞʝ ʧʽʜʚʦʜʠʪʠʩʷ ʜʦ ʚʽʩʪʨʷ ʟʦʥʜʘ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʧôʻʟʦʜʚʠʛʫʥʘ 2, ʱʦ ʢʝʨʫʻʪʴʩʷ ʥʘʧʨʫʛʦʶ UZô ʯʝʨʝʟ ʘʥʘʣʦʛʦʚʦ-ʮʠʬʨʦʚʠʡ 

ʧʝʨʝʪʚʦʨʶʚʘʯ (ɸʎʇ); 

¶ ʊʘʢʠʤ ʯʠʥʦʤ, ʟʤʽʥʘ ʚʝʣʠʯʠʥʠ UZ ʧʨʠ ʩʢʘʥʫʚʘʥʥʽ ʧʦʚʝʨʭʥʽ UZ = f(UX, UY) ʙʫʜʝ 

ʢʽʣʴʢʽʩʥʦ ʚʽʜʦʙʨʘʞʘʪʠ ʭʘʨʘʢʪʝʨ ʟʤʽʥʠ ʨʝʣʴʻʬʫ ʧʦʚʝʨʭʥʽ z = f (x, y); 

¶ ɼʣʷ ʨʝʻʩʪʨʘʮʽʾ ʪʘ ʚʠʚʝʜʝʥʥʷ ʮʠʭ ʟʘʣʝʞʥʦʩʪʝʡ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʢʦʤʧ'ʶʪʝʨ, 

ʷʢʠʡ ʦʙʨʦʙʣʷʻ ʩʠʛʥʘʣ ʟ ɸʎʇ. 
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ʈʠʩ. 3.5. ɹʣʦʢ-ʩʭʝʤʘ ʩʠʩʪʝʤʠ ʧʝʨʝʤʽʱʝʥʥʷ ʟʦʥʜʘ ʉʊʄ: 1 ï ʜʚʠʛʫʥʠ ʜʣʷ ʧʝʨʝʤʽʱʝʥʥʷ ʟʦʥʜʘ 

ʧʦ ʦʩʷʭ X, Y, Z; 2 ï ʜʚʠʛʫʥ ʜʣʷ ʧʝʨʝʤʽʱʝʥʥʷ ʦʙ'ʻʢʪʘ ʧʦ ʦʩʽ Z; UX, UY, UZ ï ʥʘʧʨʫʛʠ, ʱʦ 

ʧʦʜʘʶʪʴʩʷ ʥʘ ʜʚʠʛʫʥʠ 1; UZ' ï ʥʘʧʨʫʛʘ, ʱʦ ʧʦʜʘʻʪʴʩʷ ʥʘ ʜʚʠʛʫʥ 2; U ï ʨʽʟʥʠʮʷ ʧʦʪʝʥʮʽʘʣʽʚ 

ʤʽʞ ʟʦʥʜʦʤ ʽ ʟʨʘʟʢʦʤ; Iʊ ï ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ 

ʆʜʝʨʞʘʥʝ ʚ ʨʝʟʫʣʴʪʘʪʽ ʩʢʘʥʫʚʘʥʥʷ ʜʚʦʚʠʤʽʨʥʝ ʉʊʄ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ 

ʟʨʘʟʢʘ ʚʽʜʦʙʨʘʞʘʻ ʟʥʘʯʝʥʥʷ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ (ʥʘ ʷʢʝ ʚʧʣʠʚʘʻ ʚʠʩʦʪʘ z ʟʦʥʜʘ 

ʥʘʜ ʧʦʚʝʨʭʥʝʶ) ʚ ʢʦʞʥʽʡ ʪʦʯʮʽ (x;y) ʧʦʚʝʨʭʥʽ, ʪʦʙʪʦ ʟʘʣʝʞʥʽʩʪʴ z = f (x, y), ʜʝ 

ʢʦʦʨʜʠʥʘʪʘ z ʟʘʢʦʜʦʚʘʥʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʽʜʪʽʥʢʫ ʢʦʣʴʦʨʫ. ɿʥʘʶʯʠ ʟʘʣʝʞʥʽʩʪʴ 

z = f (x, y) ʚ ʢʦʞʥʽʡ ʪʦʯʮʽ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ, ʤʦʞʥʘ ʪʘʢʦʞ ʧʦʙʫʜʫʚʘʪʠ ʪʨʠʚʠʤʽʨʥʫ 

ʤʦʜʝʣʴ ʨʝʣʴʻʬʫ ʮʽʻʾ ʧʦʚʝʨʭʥʽ.   

ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʩʢʘʥʫʚʘʥʥʷ ʧʦʚʝʨʭʥʽ ʟ ʥʘʥʦʤʝʪʨʦʚʦʶ ʨʦʟʜʽʣʴʥʦʶ 

ʟʜʘʪʥʽʩʪʶ ʚʠʤʘʛʘʻ ʥʘʜʪʦʯʥʦʛʦ ʢʝʨʫʚʘʥʥʷ ʧʝʨʝʤʽʱʝʥʥʷʤʠ ʟʦʥʜʘ. ʉʘʤʝ ʜʣʷ ʮʴʦʛʦ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʧôʻʟʦʜʚʠʛʫʥʠ. ʊʘʢʠʡ ʜʚʠʛʫʥ ʤʘʻ ʚʠʛʣʷʜ ʪʨʫʙʢʠ ʟ 

ʧ'ʻʟʦʢʝʨʘʤʽʢʠ, ʱʦ ʤʘʻ ʚʠʩʦʢʠʡ ʢʦʝʬʽʮʽʻʥʪ ʧʝʨʝʪʚʦʨʝʥʥʷ ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ ʚ 

ʤʝʭʘʥʽʯʥʫ ï ʥʘʧʨʠʢʣʘʜ, ʥʘ ʦʩʥʦʚʽ ʪʠʪʘʥʘʪʫ ʙʘʨʽʷ BaTiO3. 
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ʋ ʩʫʯʘʩʥʠʭ ʩʢʘʥʫʚʘʣʴʥʠʭ ʩʠʩʪʝʤʘʭ ʉʊʄ ʯʘʩʪʦ ʟʘʤʽʩʪʴ ʪʨʠʧʦʜʘ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʩʢʘʥʝʨʠ, ʚʠʛʦʪʦʚʣʝʥʽ ʥʘ ʦʩʥʦʚʽ ʦʜʥʦʛʦ ʪʨʫʙʯʘʩʪʦʛʦ ʝʣʝʤʝʥʪʘ 

(ʨʠʩʫʥʦʢ 3.6). ʇ'ʻʟʦʢʝʨʘʤʽʯʥʘ ʦʩʥʦʚʘ ʪʨʫʙʢʠ ʤʘʻ ʨʘʜʽʘʣʴʥʠʡ ʥʘʧʨʷʤʦʢ ʚʝʢʪʦʨʘ 

ʧʦʣʷʨʠʟʘʮʽʾ, ʜʦ ʥʝʾ ʧʽʜʚʝʜʝʥʽ ʝʣʝʢʪʨʦʜʠ. ɺʥʫʪʨʽʰʥʽʡ ʝʣʝʢʪʨʦʜ ʟʚʠʯʘʡʥʦ 

ʩʫʮʽʣʴʥʠʡ, ʘ ʟʦʚʥʽʰʥʽʡ ʝʣʝʢʪʨʦʜ ʨʦʟʜʽʣʝʥʠʡ ʟʘ ʪʚʽʨʥʠʤʠ ʮʠʣʽʥʜʨʘ ʥʘ ʯʦʪʠʨʠ 

ʩʝʢʮʽʾ. ʇʨʠ ʧʦʜʘʯʽ ʧʨʦʪʠʬʘʟʥʠʭ ʥʘʧʨʫʛ ʥʘ ʧʨʦʪʠʣʝʞʥʽ ʩʝʢʮʽʾ ʟʦʚʥʽʰʥʴʦʛʦ 

ʝʣʝʢʪʨʦʜʘ (ʚʽʜʥʦʩʥʦ ʚʥʫʪʨʽʰʥʴʦʛʦ) ʚʽʜʙʫʚʘʻʪʴʩʷ ʩʢʦʨʦʯʝʥʥʷ ʜʽʣʷʥʢʠ ʪʨʫʙʢʠ ʚ 

ʪʦʤʫ ʤʽʩʮʽ, ʜʝ ʥʘʧʨʷʤʦʢ ʧʦʣʷ ʟʙʽʛʘʻʪʴʩʷ ʟ ʥʘʧʨʷʤʢʦʤ ʧʦʣʷʨʠʟʘʮʽʾ, ʽ ʚʠʜʦʚʞʝʥʥʷ 

ʪʘʤ, ʜʝ ʚʦʥʠ ʩʧʨʷʤʦʚʘʥʽ ʚ ʧʨʦʪʠʣʝʞʥʽ ʩʪʦʨʦʥʠ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʠʛʠʥʫ ʪʨʫʙʢʠ 

ʫ ʚʽʜʧʦʚʽʜʥʦʤʫ ʥʘʧʨʷʤʢʫ. ʊʘʢʠʤ ʯʠʥʦʤ ʟʜʽʡʩʥʶʻʪʴʩʷ ʩʢʘʥʫʚʘʥʥʷ ʚ ʧʣʦʱʠʥʽ XY. 

ɿʤʽʥʘ ʧʦʪʝʥʮʽʘʣʫ ʚʥʫʪʨʽʰʥʴʦʛʦ ʝʣʝʢʪʨʦʜʘ ʚʽʜʥʦʩʥʦ ʚʩʽʭ ʟʦʚʥʽʰʥʽʭ ʩʝʢʮʽʡ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʠʜʦʚʞʝʥʥʷ ʘʙʦ ʩʢʦʨʦʯʝʥʥʷ ʪʨʫʙʢʠ ʧʦ ʦʩʽ Z. 

 

ʈʠʩ. 3.6. ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʪʨʫʙʯʘʩʪʦʛʦ ʧôʻʟʦʜʚʠʛʫʥʘ ʪʘ ʩʭʝʤʘ ʨʦʟʪʘʰʫʚʘʥʥʷ 

ʝʣʝʢʪʨʦʜʽʚ 

ʉʢʘʥʫʚʘʥʥʷ ʧʦʚʝʨʭʥʽ ʫ ʉʊʄ ʤʦʞʝ ʟʜʽʡʩʥʶʚʘʪʠʩʷ ʫ ʜʚʦʭ ʨʝʞʠʤʘʭ 

(ʨʠʩʫʥʦʢ 3.7).  

ʈʝʞʠʤ ʧʦʩʪʽʡʥʦʛʦ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ: 

Å ɿʦʥʜ ʧʝʨʝʤʽʱʘʻʪʴʩʷ ʚʟʜʦʚʞ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ, ʟʜʽʡʩʥʶʶʯʠ ʨʘʩʪʨʦʚʝ 

ʩʢʘʥʫʚʘʥʥʷ, ʧʨʠ ʮʴʦʤʫ ʩʠʩʪʝʤʘ ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ ʧʽʜʪʨʠʤʫʻ ʚʝʣʠʯʠʥʫ 

ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʤʽʞ ʟʦʥʜʦʤ ʽ ʟʨʘʟʢʦʤ ʥʘ ʧʦʩʪʽʡʥʦʤʫ ʟʘʜʘʥʦʤʫ ʨʽʚʥʽ I0; 
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Å ʂʦʥʪʨʦʣʴ ʚʝʣʠʯʠʥʠ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ, ʘ ʦʪʞʝ, ʽ ʚʽʜʩʪʘʥʽ ʟʦʥʜ-ʧʦʚʝʨʭʥʷ 

ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʝʨʝʤʽʱʝʥʥʷ ʟʦʥʜʘ ʚʟʜʦʚʞ ʦʩʽ Z ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʦʛʦ ʝʣʝʤʝʥʪʘ;  

Å ɿʤʽʥʘ ʥʘʧʨʫʛʠ ʥʘ Z-ʝʣʝʢʪʨʦʜʽ ʧ'ʻʟʦʝʣʝʤʝʥʪʘ ʚ ʢʦʣʽ ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ (ʟ 

ʚʝʣʠʢʦʶ ʪʦʯʥʽʩʪʶ, ʱʦ ʧʦʚʪʦʨʶʻ ʨʝʣʴʻʬ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ) ʨʝʻʩʪʨʫʻʪʴʩʷ ʫ 

ʚʠʛʣʷʜʽ ʬʫʥʢʮʽʾ z = f (x, y). 

 

ʘ 

 

ʙ 

ʈʠʩ. 3.7. ʌʦʨʤʫʚʘʥʥʷ ʉʊʄ ʟʦʙʨʘʞʝʥʴ ʧʦʚʝʨʭʥʽ ʫ ʨʝʞʠʤʘʭ ʧʦʩʪʽʡʥʦʛʦ ʪʫʥʝʣʴʥʦʛʦ 

ʩʪʨʫʤʫ (ʘ) ʪʘ ʧʦʩʪʽʡʥʦʾ ʚʠʩʦʪʠ (ʙ) 

ʈʝʞʠʤ ʧʦʩʪʽʡʥʦʾ ʚʠʩʦʪʠ: 

Å ɿʦʥʜ ʧʝʨʝʤʽʱʘʻʪʴʩʷ ʥʘʜ ʧʦʚʝʨʭʥʝʶ ʟʨʘʟʢʘ ʥʘ ʬʽʢʩʦʚʘʥʽʡ ʚʽʜʩʪʘʥʽ ʢʽʣʴʢʦʭ 

ʘʥʛʩʪʨʝʤ Z=const; 

Å  ʇʨʠ ʮʴʦʤʫ ʉʊʄ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʟʘʧʠʩʫʻʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʚʠʤʽʨʽʚ ʟʤʽʥʠ 

ʚʝʣʠʯʠʥʠ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ; 

Å ʈʝʞʠʤ ʧʦʩʪʽʡʥʦʾ ʚʠʩʦʪʠ ʦʧʪʠʤʘʣʴʥʠʡ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʘʪʦʤʘʨʥʦ ʛʣʘʜʢʠʭ 

ʧʦʚʝʨʭʦʥʴ; 
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Å ʋ ʮʴʦʤʫ ʨʝʞʠʤʽ ʨʝʘʣʽʟʫʻʪʴʩʷ ʚʠʩʦʢʘ ʰʚʠʜʢʽʩʪʴ ʩʢʘʥʫʚʘʥʥʷ ʪʘ ʚʠʩʦʢʘ ʯʘʩʪʦʪʘ 

ʦʪʨʠʤʘʥʥʷ ʉʊʄ ʟʦʙʨʘʞʝʥʴ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʝʩʪʠ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʟʘ ʟʤʽʥʘʤʠ 

ʩʪʘʥʫ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʧʨʘʢʪʠʯʥʦ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ. 

ʆʩʥʦʚʥʠʤʠ ʪʝʭʥʽʯʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʉʊʄ ʻ ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʧʦ 

ʥʦʨʤʘʣʽ ʜʦ ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʧʦʚʝʨʭʥʽ ʦʙ'ʻʢʪʘ ʽ ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʚ ʧʣʦʱʠʥʽ XY. 

ɺʠʩʦʢʘ ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʉʊʄ ʧʦ ʥʦʨʤʘʣʽ ʜʦ ʧʦʚʝʨʭʥʽ (<0,01 ʥʤ) 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʢʨʫʪʦʶ ʝʢʩʧʦʥʝʥʮʽʘʣʴʥʦʶ ʟʘʣʝʞʥʽʩʪʶ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʚʽʜ 

ʚʽʜʩʪʘʥʽ ʤʽʞ ʦʙ'ʻʢʪʦʤ ʽ ʟʦʥʜʦʤ, ʘ ʚ ʧʣʦʱʠʥʽ XY ʦʙ'ʻʢʪʘ ï ʜʽʘʤʝʪʨʦʤ ʧʫʯʢʘ 

ʝʣʝʢʪʨʦʥʽʚ, ʪʦʙʪʦ, ʧʝʨʰ ʟʘ ʚʩʝ, ʷʢʽʩʪʶ ʚʽʩʪʨʷ ʟʦʥʜʘ ʽ ʢʨʦʢʦʤ ʩʢʘʥʫʚʘʥʥʷ ʚ ʮʽʡ 

ʧʣʦʱʠʥʽ. ʈʝʘʣʴʥʘ ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʉʊʄ ʟʘʣʝʞʠʪʴ ʚʽʜ ʨʷʜʫ ʬʘʢʪʦʨʽʚ, 

ʦʩʥʦʚʥʠʤʠ ʟ ʷʢʠʭ ʻ ʟʦʚʥʽʰʥʽ ʚʽʙʨʘʮʽʾ, ʘʢʫʩʪʠʯʥʽ ʰʫʤʠ ʽ ʷʢʽʩʪʴ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʟʦʥʜʽʚ. 

ɯʥʰʘ ʚʘʞʣʠʚʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʉʊʄ ï ʤʘʢʩʠʤʘʣʴʥʠʡ ʨʦʟʤʽʨ ʧʦʣʷ 

ʩʢʘʥʫʚʘʥʥʷ ʚ ʧʣʦʱʠʥʽ XY ʽ ʤʘʢʩʠʤʘʣʴʥʝ ʧʝʨʝʤʽʱʝʥʥʷ ʟʦʥʜʘ ʧʦ ʥʦʨʤʘʣʽ ʜʦ 

ʧʦʚʝʨʭʥʽ. ʅʘ ʜʘʥʠʡ ʯʘʩ ʨʦʟʨʦʙʣʝʥʽ ʰʠʨʦʢʦʧʦʣʴʥʽ ʩʢʘʥʝʨʠ ʟ ʤʦʞʣʠʚʽʩʪʶ 

ʩʢʘʥʫʚʘʥʥʷ ʧʦ ʧʣʦʱʽ 250 ʭ 250 ʤʢʤ, ʱʦ ʜʦʟʚʦʣʷʻ ʧʦʨʽʚʥʶʚʘʪʠ ʟʦʙʨʘʞʝʥʥʷ 

ʩʪʨʫʢʪʫʨ, ʦʪʨʠʤʘʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʉʊʄ ʽ ʟʚʠʯʘʡʥʦʛʦ ʦʧʪʠʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ. 

ɼʦ ʪʝʭʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʽʢʨʦʩʢʦʧʘ ʚʽʜʥʦʩʠʪʴʩʷ ʪʘʢʦʞ ʜʽʘʧʘʟʦʥ 

ʧʨʠʢʣʘʜʝʥʦʾ ʥʘʧʨʫʛʠ U ʤʽʞ ʟʦʥʜʦʤ ʽ ʧʦʚʝʨʭʥʝʶ ʟʨʘʟʢʘ, ʷʢʠʡ ʩʪʘʥʦʚʠʪʴ ʚʽʜ ï10 ɺ 

ʜʦ +10 ɺ ʟ ʢʨʦʢʦʤ ʟʤʽʥʠ 5 ʤɺ. ʇʽʜʪʨʠʤʫʚʘʥʠʡ ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ ʤʦʞʥʘ ʟʤʽʥʶʚʘʪʠ 

ʚʽʜ 0,01 ʜʦ 160 ʥɸ ʟ ʪʦʯʥʽʩʪʶ ʜʦ 0,1%, ʱʦ ʜʦʟʚʦʣʷʻ ʜʦʩʣʽʜʞʫʚʘʪʠ ʦʙ'ʻʢʪʠ ʟ ʨʽʟʥʦʶ 

ʧʨʦʚʽʜʥʽʩʪʶ.  
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3.4. ʉʧʝʮʽʘʣʴʥʽ ʤʦʞʣʠʚʦʩʪʽ ʩʢʘʥʫʚʘʣʴʥʦʾ ʪʫʥʝʣʴʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ 

3.4.1. ɺʠʤʽʨʶʚʘʥʥʷ ʣʦʢʘʣʴʥʦʾ ʨʦʙʦʪʠ ʚʠʭʦʜʫ 

ɼʣʷ ʥʝʦʜʥʦʨʽʜʥʠʭ ʟʨʘʟʢʽʚ ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ ʻ ʥʝ ʣʠʰʝ ʬʫʥʢʮʽʻʶ ʚʽʜʩʪʘʥʽ ʚʽʜ 

ʟʦʥʜʘ ʜʦ ʟʨʘʟʢʘ, ʘʣʝ ʡ ʟʘʣʝʞʠʪʴ ʚʽʜ ʟʥʘʯʝʥʥʷ ʣʦʢʘʣʴʥʦʾ ʨʦʙʦʪʠ ʚʠʭʦʜʫ ʝʣʝʢʪʨʦʥʽʚ 

ʫ ʜʘʥʦʤʫ ʤʽʩʮʽ ʧʦʚʝʨʭʥʽ [3]. ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʨʦʟʧʦʜʽʣ ʨʦʙʦʪʠ 

ʚʠʭʦʜʫ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʤʝʪʦʜ ʤʦʜʫʣʷʮʽʾ ʚʽʜʩʪʘʥʽ ʟʦʥʜ-ʟʨʘʟʦʢ æZ. ɼʣʷ ʮʴʦʛʦ ʚ 

ʧʨʦʮʝʩʽ ʩʢʘʥʫʚʘʥʥʷ ʜʦ ʢʝʨʫʶʯʦʾ ʥʘʧʨʫʛʠ ʥʘ Z-ʝʣʝʢʪʨʦʜʽ ʩʢʘʥʝʨʘ ʜʦʜʘʻʪʴʩʷ 

ʟʤʽʥʥʘ ʥʘʧʨʫʛʘ ʽʟ ʟʦʚʥʽʰʥʴʦʛʦ ʛʝʥʝʨʘʪʦʨʘ ʥʘ ʯʘʩʪʦʪʽ ɤ (ɤ ʤʘʻ ʙʫʪʠ ʚʠʱʝ ʯʘʩʪʦʪʠ 

ʩʤʫʛʠ ʧʨʦʧʫʩʢʘʥʥʷ ʧʝʪʣʽ ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ ʱʦʙ ʪʘ ʥʝ ʤʦʛʣʘ ʚʽʜʧʨʘʮʴʦʚʫʚʘʪʠ 

ʜʘʥʽ ʢʦʣʠʚʘʥʥʷ ʟʦʥʜʘ). ʊʦʜʽ ʥʘʧʨʫʛʫ ʥʘ Z-ʝʣʝʢʪʨʦʜʽ ʩʢʘʥʝʨʘ ʤʦʞʥʘ ʧʦʜʘʪʠ ʫ 

ʚʠʛʣʷʜʽ ( ) sin( )o mU U t U t= + w, ʽ ʚ ʨʝʟʫʣʴʪʘʪʽ ʚʽʜʩʪʘʥʴ ʟʦʥʜ-ʟʨʘʟʦʢ ʚʠʷʚʣʷʻʪʴʩʷ 

ʧʨʦʤʦʜʫʣʴʦʚʘʥʦʶ ʥʘ ʯʘʩʪʦʪʽ ɤ: ( ) sin( )o mZ Z t Z tD =D +D w.  

ʂʦʣʠʚʘʥʥʷ ʚʽʜʩʪʘʥʽ ʟʦʥʜ - ʟʨʘʟʦʢ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʪʦʛʦ, ʱʦ ʟôʷʚʣʷʻʪʴʩʷ ʟʤʽʥʥʘ 

ʩʢʣʘʜʦʚʘ ʩʠʣʠ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʥʘ ʯʘʩʪʦʪʽ ɤ:  

4 2 ( ) sin( )

0
( )T

o m
m W Z t Z t
hI I U e

å õ
æ ö
ç ÷

- p < >D +D w
@ .   (3.9) 

ʇʨʠ ʮʴʦʤʫ ʘʤʧʣʽʪʫʜʘ ʩʠʛʥʘʣʫ ʤʦʜʫʣʷʮʽʾ Um ʦʙʠʨʘʻʪʴʩʷ ʜʦʩʠʪʴ ʤʘʣʦʶ, ʪʦʜʽ 

ʘʤʧʣʽʪʫʜʘ ʢʦʣʠʚʘʥʴ ʪʫʥʝʣʴʥʦʛʦ ʧʨʦʤʽʞʢʫ æZm ʙʫʜʝ ʪʘʢʦʞ ʤʘʣʘ, ʽ ʪʫʥʝʣʴʥʠʡ 

ʩʪʨʫʤ ʤʦʞʝ ʙʫʪʠ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʫ ʥʘʙʣʠʞʝʥʦʤʫ ʚʠʛʣʷʜʽ 
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ʜʝ ʧʨʠʩʫʪʥʽ ʜʚʽ ʩʢʣʘʜʦʚʽ ï ʧʦʩʪʽʡʥʘ ʽ ʟʤʽʥʥʘ ʟ ʯʘʩʪʦʪʦʶ ɤ. ʋ ʮʴʦʤʫ ʚʠʨʘʟʽ 

ʘʤʧʣʽʪʫʜʘ ʤʘʣʠʭ ʢʦʣʠʚʘʥʴ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʥʘ ʯʘʩʪʦʪʽ ɤ ʚʠʷʚʣʷʻʪʴʩʷ 

ʧʨʦʧʦʨʮʽʡʥʘ ʜʦ ʢʦʨʝʥʷ ʢʚʘʜʨʘʪʥʦʛʦ ʟ ʚʝʣʠʯʠʥʠ ʣʦʢʘʣʴʥʦʾ ʨʦʙʦʪʠ ʚʠʭʦʜʫ 

ʝʣʝʢʪʨʦʥʽʚ ʟ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ:  

0

4
2 ( , )mZ

I I mW x y
hw

pD
= . (3.11) 
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ʆʪʞʝ, ʨʝʻʩʪʨʫʶʯʠ ʘʤʧʣʽʪʫʜʫ ʢʦʣʠʚʘʥʴ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʚ ʢʦʞʥʽʡ ʪʦʯʮʽ 

ʟʨʘʟʢʘ, ʤʦʞʥʘ ʧʦʙʫʜʫʚʘʪʠ ʦʜʥʦʯʘʩʥʦ ʟ ʨʝʣʴʻʬʦʤ Z = f (x, y) ʨʦʟʧʦʜʽʣ ʚʝʣʠʯʠʥʠ 

ʣʦʢʘʣʴʥʦʾ ʨʦʙʦʪʠ ʚʠʭʦʜʫ W(x, y) ʥʘ ʜʦʩʣʽʜʞʫʚʘʥʽʡ ʜʽʣʷʥʮʽ ʧʦʚʝʨʭʥʽ. 

3.4.2. ɺʠʤʽʨʶʚʘʥʥʷ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ. ʉʢʘʥʫʚʘʣʴʥʘ ʪʫʥʝʣʴʥʘ 

ʩʧʝʢʪʨʦʩʢʦʧʽʷ 

ʉʢʘʥʫʚʘʣʴʥʘ ʪʫʥʝʣʴʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ (ʉʊʉ, ʘʥʛʣ. STS ï scanning tunneling 

spectroscopy) ï ʩʫʢʫʧʥʽʩʪʴ ʤʝʪʦʜʽʚ ʩʢʘʥʫʚʘʣʴʥʦʾ ʪʫʥʝʣʴʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ, ʱʦ 

ʜʦʟʚʦʣʷʶʪʴ ʦʪʨʠʤʫʚʘʪʠ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʣʦʢʘʣʴʥʫ ʝʣʝʢʪʨʦʥʥʫ ʩʪʨʫʢʪʫʨʫ 

ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʧʦʚʝʨʭʥʽ ʰʣʷʭʦʤ ʚʘʨʽʶʚʘʥʥʷ ʥʘʧʨʫʛʠ ʤʽʞ ʟʦʥʜʦʤ ʽ ʟʨʘʟʢʦʤ. ʉʊʉ 

ʨʝʘʣʽʟʫʻʪʴʩʷ ʰʣʷʭʦʤ ʟʥʷʪʪʷ ʚʦʣʴʪ-ʘʤʧʝʨʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ɺɸʍ) ʪʫʥʝʣʴʥʦʛʦ 

ʢʦʥʪʘʢʪʫ ʉʊʄ ʫ ʨʽʟʥʠʭ ʪʦʯʢʘʭ ʧʦʚʝʨʭʥʽ, ʱʦ ʜʦʟʚʦʣʷʻ ʩʫʜʠʪʠ ʧʨʦ ʣʦʢʘʣʴʥʫ 

ʧʨʦʚʽʜʥʽʩʪʴ ʟʨʘʟʢʘ ʪʘ ʚʠʚʯʘʪʠ ʦʩʦʙʣʠʚʦʩʪʽ ʣʦʢʘʣʴʥʦʾ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʚ 

ʝʥʝʨʛʝʪʠʯʥʦʤʫ ʩʧʝʢʪʨʽ ʝʣʝʢʪʨʦʥʽʚ [3]. 

ɻʫʩʪʠʥʘ ʩʪʘʥʽʚ (ʘʥʛʣ. DOS ï density of states) ï ʮʝ ʚʽʜʥʦʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ 

ʝʥʝʨʛʝʪʠʯʥʠʭ ʩʪʘʥʽʚ dN, ʝʥʝʨʛʽʷ ʷʢʠʭ ʣʝʞʠʪʴ ʚ ʽʥʪʝʨʚʘʣʽ ʤʽʞ ɽ ʪʘ ɽ + dɽ, ʜʦ dɽ: 

dN

dE
=r . 

ɺʦʥʘ ʧʦʢʘʟʫʻ ʥʘʩʢʽʣʴʢʠ ʱʽʣʴʥʦ ʫʧʘʢʦʚʘʥʽ ʝʥʝʨʛʝʪʠʯʥʽ ʩʪʘʥʠ ʚ ʝʥʝʨʛʝʪʠʯʥʽʡ ʟʦʥʽ. 

ʆʜʝʨʞʠʤʦ ʟʘʣʝʞʥʽʩʪʴ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʉʊʄ ʚʽʜ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ. 

ɺʠʨʘʟ ʜʣʷ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʤʽʞ ʜʚʦʤʘ ʝʣʝʢʪʨʦʜʘʤʠ, ʷʢʠʡ ʤʠ ʨʦʟʛʣʷʜʘʣʠ 

ʨʘʥʽʰʝ, ʙʫʚ ʦʜʝʨʞʘʥʠʡ ʫ ʥʘʙʣʠʞʝʥʥʽ ʧʣʦʩʢʠʭ ʭʚʠʣʴ. ʋ ʜʽʡʩʥʦʩʪʽ ʞ ʭʚʠʣʴʦʚʽ 

ʬʫʥʢʮʽʾ ʝʣʝʢʪʨʦʥʽʚ ʤʘʶʪʴ ʙʽʣʴʰ ʩʢʣʘʜʥʠʡ ʚʠʛʣʷʜ, ʷʢʠʡ ʤʦʞʥʘ ʦʧʠʩʘʪʠ ʢʚʘʥʪʦʚʦ-

ʤʝʭʘʥʽʯʥʦʶ ʪʝʦʨʽʻʶ ʟʙʫʨʝʥʴ [1]. ʊʦʜʽ ʜʣʷ ʦʙʯʠʩʣʝʥʥʷ ʧʦʚʥʦʛʦ ʪʫʥʝʣʴʥʦʛʦ 

ʩʪʨʫʤʫ ʪʨʝʙʘ ʚʨʘʭʫʚʘʪʠ ʱʦ ʪʫʥʝʣʶʚʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʽʟ ʚʩʽʭ ʟʘʡʥʷʪʠʭ 

ʝʥʝʨʛʝʪʠʯʥʠʭ ʩʪʘʥʽʚ ʦʜʥʦʛʦ ʝʣʝʢʪʨʦʜʘ ʥʘ ʥʝʟʘʡʥʷʪʽ ʝʥʝʨʛʝʪʠʯʥʽ ʩʪʘʥʠ ʽʥʰʦʛʦ. ɿʘ 

ʟʥʘʯʝʥʥʷʤ ʨʽʟʥʠʮʽ ʧʦʪʝʥʮʽʘʣʽʚ ʤʽʞ ʛʦʣʢʦʶ ʽ ʟʨʘʟʢʦʤ ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ, ʝʣʝʢʪʨʦʥʠ 

ʷʢʦʛʦ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʨʽʚʥʷ ʘʪʦʤʽʚ ʛʦʣʢʠ ʙʫʜʫʪʴ ʪʫʥʥʝʣʶʚʘʪʠʩʷ ʽ ʥʘ ʷʢʠʡ 

ʝʥʝʨʛʝʪʠʯʥʠʡ ʨʽʚʝʥʴ ʘʪʦʤʽʚ ʦʙ'ʻʢʪʘ (ʧʨʠ ʟʚʦʨʦʪʥʽʡ ʧʦʣʷʨʥʦʩʪʽ ʧʦʪʝʥʮʽʘʣʫ 
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ʪʫʥʥʝʣʶʚʘʥʥʷ ʡʜʝ ʟ ʦʙ'ʻʢʪʘ ʚ ʛʦʣʢʫ). ɿʥʘʯʠʪʴ, ʧʨʠ ʟʘʜʘʥʽʡ ʨʽʟʥʠʮʽ ʧʦʪʝʥʮʽʘʣʽʚ 

ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ ʚʠʟʥʘʯʘʻʪʴʩʷ ʛʫʩʪʠʥʦʶ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʟʦʥʜʘ ʽ ʟʨʘʟʢʘ. 

ɻʫʩʪʠʥʫ ʧʦʯʘʪʢʦʚʠʭ ʟʘʧʦʚʥʝʥʠʭ ʩʪʘʥʽʚ, ʟ ʷʢʠʭ ʚʽʜʙʫʚʘʻʪʴʩʷ ʪʫʥʝʣʶʚʘʥʥʷ, 

ʤʦʞʥʘ ʧʦʜʘʪʠ ʯʝʨʝʟ ʛʫʩʪʠʥʫ ʩʪʘʥʽʚ ʟʦʥʜʘ ɟʈ, ʧʦʤʥʦʞʝʥʫ ʥʘ ʬʫʥʢʮʽʶ ʨʦʟʧʦʜʽʣʫ 

ʌʝʨʤʽ - ɼʽʨʘʢʘ, ʱʦ ʜʘʩʪʴ ʩʘʤʝ ʢʽʣʴʢʽʩʪʴ ʪʫʥʝʣʶʶʯʠʭ ʝʣʝʢʪʨʦʥʽʚ: 

( )( ) ʈʈ f EEr . 

ʊʫʥʝʣʶʚʘʥʥʷ ʤʦʞʣʠʚʝ ʣʠʰʝ ʫ ʥʝʟʘʡʥʷʪʽ ʩʪʘʥʠ ʟʨʘʟʢʘ, ʛʫʩʪʠʥʘ ʷʢʠʭ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʛʫʩʪʠʥʦʶ ʚʩʽʭ ʥʘʷʚʥʠʭ ʩʪʘʥʽʚ ɟS, ʧʦʤʥʦʞʝʥʦʶ ʥʘ ʡʤʦʚʽʨʥʽʩʪʴ ʪʦʛʦ, 

ʱʦ ʚʦʥʠ ʥʝ ʟʘʧʦʚʥʝʥʽ (ʦʜʠʥʠʮʷ ʤʽʥʫʩ ʬʫʥʢʮʽʷ ʨʦʟʧʦʜʽʣʫ ʌʝʨʤʽ - ɼʽʨʘʢʘ): 

( )( ) 1 ( )S SE f Er - . 

ʊʦʜʽ ʫ ʥʘʙʣʠʞʝʥʥʽ ʢʚʘʟʽʥʝʧʝʨʝʨʚʥʦʛʦ ʩʧʝʢʪʨʫ ʝʣʝʢʪʨʦʥʽʚ, ʟʛʽʜʥʦ ʟ ʪʝʦʨʽʻʶ 

ʟʙʫʨʝʥʴ, ʚʠʨʘʟ ʜʣʷ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʤʽʞ ʜʚʦʤʘ ʝʣʝʢʪʨʦʜʘʤʠ ʧʨʠ ʩʢʽʥʯʝʥʥʽʡ 

ʥʘʧʨʫʟʽ U ʤʽʞ ʥʠʤʠ ʤʦʞʝ ʙʫʪʠ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʫ ʥʘʩʪʫʧʥʦʤʫ ʚʠʛʣʷʜʽ [1]: 

( )
2

24
( ) ( ) ( ) 1 ( )T P P T S S

e
I E f E M E f E dE

h

+¤

-¤

p
= r r -ñ ,  (3.12) 

ʜʝ ʄʊ ï ʤʘʪʨʠʯʥʠʡ ʝʣʝʤʝʥʪ ʪʫʥʝʣʶʚʘʥʥʷ, 

* ( , , )
P ST PE SEM e x y z dxdydz

+¤+¤+¤

-¤-¤-¤

è ø
ê ú= y - F yñ ñ ñ ,  (3.13) 

ʜʝ ɣ ï ʭʚʠʣʴʦʚʘ ʬʫʥʢʮʽʷ ʢʦʣʝʢʪʠʚʽʟʦʚʘʥʠʭ ʝʣʝʢʪʨʦʥʽʚ (ʪʦʙʪʦ ʪʠʭ, ʱʦ ʤʦʞʫʪʴ 

ʧʝʨʝʙʫʚʘʪʠ ʚ ʫʩʴʦʤʫ ʦʙ'ʻʤʽ ʝʣʝʢʪʨʦʜʽʚ), ʽʥʜʝʢʩʘʮʽʷ ʭʚʠʣʴʦʚʦʾ ʬʫʥʢʮʽʾ ʢʽʥʮʝʚʦʛʦ 

ʩʪʘʥʫ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʧʨʘʚʠʣʦʤ: ʷʢʱʦ ʝʥʝʨʛʽʷ ʥʘ ʟʦʥʜʽ ɽʈ = ɽ, ʪʦ ʝʥʝʨʛʽʷ ʥʘ 

ʟʨʘʟʢʫ ɽS = E + eU ï EFP + EFS, ʜʝ EFP ʪʘ EFS ï ʝʥʝʨʛʽʾ ʌʝʨʤʽ ʚ ʟʦʥʜʽ ʪʘ ʚ ʟʨʘʟʢʫ, 

ū(x, y, z) ï ʟʘʣʝʞʥʠʡ ʚʽʜ ʢʦʦʨʜʠʥʘʪ ʝʣʝʢʪʨʠʯʥʠʡ ʧʦʪʝʥʮʽʘʣ ʫ ʪʫʥʝʣʴʥʦʤʫ 

ʧʨʦʤʽʞʢʫ, ʪʦʜʽ ʷʢ ʚʝʣʠʯʠʥʘ ïeū(x, y, z) ʛʨʘʻ ʨʦʣʴ ʟʙʫʨʝʥʥʷ. 

ɺʠʨʘʟ ʜʣʷ ʤʘʪʨʠʯʥʦʛʦ ʝʣʝʤʝʥʪʘ (3.13) ʻ ʢʣʶʯʝʤ ʜʣʷ ʨʦʟʫʤʽʥʥʷ ʨʦʟʜʽʣʴʥʦʾ 

ʟʜʘʪʥʦʩʪʽ ʉʊʄ ʥʘ ʘʪʦʤʥʦʤʫ ʨʽʚʥʽ. ʉʧʨʘʚʜʽ, ʥʝʥʫʣʴʦʚʽ ʟʥʘʯʝʥʥʷ ʪʫʥʝʣʴʥʦʛʦ 

ʩʪʨʫʤʫ (3.12) ʤʦʞʫʪʴ ʦʜʝʨʞʫʚʘʪʠʩʴ ʣʠʰʝ ʟʘ ʥʝʥʫʣʴʦʚʠʭ ʟʥʘʯʝʥʴ (3.13), ʱʦ, ʫ 

ʩʚʦʶ ʯʝʨʛʫ, ʜʦʩʷʛʘʻʪʴʩʷ ʛʝʦʤʝʪʨʠʯʥʠʤ ʧʝʨʝʢʨʠʪʪʷʤ ʝʣʝʢʪʨʦʥʥʠʭ ʭʚʠʣʴʦʚʠʭ 

ʬʫʥʢʮʽʡ ʦʙʦʭ ʝʣʝʢʪʨʦʜʽʚ (ʟʦʥʜʘ ʪʘ ʟʨʘʟʢʘ) ï ʪʦʙʪʦ ʥʘʷʚʥʽʩʪʶ ʥʝʥʫʣʴʦʚʠʭ ʟʥʘʯʝʥʴ 

ʮʠʭ ʬʫʥʢʮʽʡ ʚ ʦʜʥʠʭ ʽ ʪʠʭ ʩʘʤʠʭ ʦʙʣʘʩʪʷʭ ʧʨʦʩʪʦʨʫ. 
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ʋ ʥʘʡʧʨʦʩʪʽʰʦʤʫ ʚʠʧʘʜʢʫ ʧʨʷʤʦʢʫʪʥʦʛʦ ʙʘʨ'ʻʨʫ ʧʨʠ ʢʽʤʥʘʪʥʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʬʫʥʢʮʽʷ ʨʦʟʧʦʜʽʣʫ ʌʝʨʤʽ - ɼʽʨʘʢʘ ʥʝ ʩʠʣʴʥʦ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ 

ʩʭʦʜʠʥʢʦʚʦʾ ʬʫʥʢʮʽʾ, ʘ ʦʩʥʦʚʥʠʡ ʚʥʝʩʦʢ ʫ ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ ʙʫʜʫʪʴ ʜʘʚʘʪʠ 

ʝʣʝʢʪʨʦʥʥʽ ʩʪʘʥʠ ʚ ʽʥʪʝʨʚʘʣʽ ʰʠʨʠʥʦʶ eU ʤʽʞ ʨʽʚʥʷʤʠ ʌʝʨʤʽ ʦʙʦʭ ʝʣʝʢʪʨʦʜʽʚ, ʽ 

ʚʠʨʘʟ ʜʣʷ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʷʢ 

02
24

( ) ( )T P T S
eU

e
I E M E eU dE

h
-

p
= r r +ñ .  (3.14) 

ɿʘ ʧʨʠʧʫʱʝʥʥʷ, ʱʦ ʛʫʩʪʠʥʘ ʩʪʘʥʽʚ ʧʦʙʣʠʟʫ ʨʽʚʥʷ ʌʝʨʤʽ ʚ ʤʝʪʘʣʽ ʟʦʥʜʘ 

ʧʨʘʢʪʠʯʥʦ ʧʦʩʪʽʡʥʘ, ʟʘʣʝʞʥʽʩʪʴ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʚʽʜ ʥʘʧʨʫʛʠ ʙʫʜʝ ʚʠʟʥʘʯʘʪʠʩʷ 

ʛʫʩʪʠʥʦʶ ʩʪʘʥʽʚ ʚ ʝʥʝʨʛʝʪʠʯʥʦʤʫ ʩʧʝʢʪʨʽ ʟʨʘʟʢʘ. ʊʦʜʽ ʫ ʩʧʨʦʱʝʥʦʤʫ ʚʠʛʣʷʜʽ 

0

0( ) ( )T S
eU

UI I E dE
-

= rñ ,  (3.15) 

ʜʝ ɯ0 ï ʧʦʟʥʘʯʝʥʥʷ ʩʪʘʣʦʛʦ ʤʥʦʞʥʠʢʘ. 

ʆʪʞʝ, ʟʤʽʥʶʶʯʠ ʧʨʠʢʣʘʜʝʥʫ ʥʘʧʨʫʛʫ ʽ ʚʠʤʽʨʶʶʯʠ ʦʜʥʦʯʘʩʥʦ ʪʫʥʝʣʴʥʠʡ 

ʩʪʨʫʤ, ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʛʫʩʪʠʥʫ ʝʣʝʢʪʨʦʥʽʚ ʥʘ ʨʽʟʥʠʭ ʝʥʝʨʛʝʪʠʯʥʠʭ ʨʽʚʥʷʭ, 

ʪʦʙʪʦ ʧʦʙʫʜʫʚʘʪʠ ʝʥʝʨʛʝʪʠʯʥʠʡ ʩʧʝʢʪʨ ʟʨʘʟʢʘ. ʇʽʩʣʷ ʬʽʢʩʘʮʽʾ ʟʦʥʜʘ ʥʘʜ ʧʝʚʥʦʶ 

ʪʦʯʢʦʶ ʧʦʚʝʨʭʥʽ ʟ ʟʘʜʘʥʠʤ ʟʥʘʯʝʥʥʷʤ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʧʦʯʠʥʘʶʪʴ ʨʦʙʠʪʠ 

ʨʦʟʛʦʨʪʢʫ ï ʰʚʠʜʢʦ ʟʤʽʥʶʶʪʴ ʥʘʧʨʫʛʫ, ʧʨʠʢʣʘʜʝʥʫ ʤʽʞ ʟʨʘʟʢʦʤ ʽ ʟʦʥʜʦʤ ʚ 

ʟʘʜʘʥʦʤʫ ʜʽʘʧʘʟʦʥʽ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʟ ʧʝʨʝʭʦʜʦʤ ʽʟ ʦʜʥʽʻʾ ʧʦʣʷʨʥʦʩʪʽ ʚ ʽʥʰʫ. ʇʨʠ 

ʮʴʦʤʫ ʚʠʤʽʨʶʶʪʴ ʚʝʣʠʯʠʥʫ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʽ ʙʫʜʫʶʪʴ ʚʦʣʴʪ-ʘʤʧʝʨʥʫ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʪʫʥʝʣʴʥʦʛʦ ʧʝʨʝʭʦʜʫ Iʊ = f(U).  

ɿʘʧʠʩ ɺɸʍ ʪʫʥʝʣʴʥʦʛʦ ʢʦʥʪʘʢʪʫ ʉʊʄ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʥʘʩʪʫʧʥʦʶ 

ʧʨʦʮʝʜʫʨʦʶ [3]: 

¶ ʅʘ ʉʊʄ ʟʦʙʨʘʞʝʥʥʽ ʧʦʚʝʨʭʥʽ ʚʠʙʠʨʘʻʪʴʩʷ ʦʙʣʘʩʪʴ ʟʨʘʟʢʘ, ʚ ʷʢʽʡ ʪʨʝʙʘ 

ʚʠʤʽʨʷʪʠ ɺɸʍ, ʟʦʥʜ ʉʊʄ ʚʠʚʦʜʠʪʴʩʷ ʩʢʘʥʝʨʦʤ ʫ ʚʽʜʧʦʚʽʜʥʫ ʪʦʯʢʫ ʧʦʚʝʨʭʥʽ; 

¶ ɿʚʦʨʦʪʥʠʡ ʟʚ'ʷʟʦʢ ʥʘ ʢʦʨʦʪʢʠʡ ʯʘʩ ʨʦʟʨʠʚʘʻʪʴʩʷ, ʽ ʜʦ ʩʠʩʪʝʤʠ ʟʦʥʜ-ʟʨʘʟʦʢ 

ʧʨʠʢʣʘʜʘʻʪʴʩʷ ʥʘʧʨʫʛʘ, ʱʦ ʣʽʥʽʡʥʦ ʥʘʨʦʩʪʘʻ. ʆʩʢʽʣʴʢʠ ʨʝʘʣʴʥʘ ʛʦʣʢʘ ʟʦʥʜʘ 

ʚʽʙʨʫʻ ʟ ʧʝʚʥʦʶ ʘʤʧʣʽʪʫʜʦʶ ʽ ʯʘʩʪʦʪʦʶ ʚʽʜʥʦʩʥʦ ʦʙ'ʻʢʪʘ ʚʥʘʩʣʽʜʦʢ ʜʽʾ ʥʘ 
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ʛʦʣʦʚʢʫ ʤʽʢʨʦʩʢʦʧʘ ʟʦʚʥʽʰʥʽʭ ʚʽʙʨʘʮʽʡ, ʪʦ ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʧʦʭʠʙʦʢ ʧʨʠ ʟʡʦʤʮʽ 

ɺɸʍ ʥʝʦʙʭʽʜʥʘ ʚʠʩʦʢʘ ʰʚʠʜʢʽʩʪʴ ʨʦʟʛʦʨʪʢʠ; 

¶ ʇʨʠ ʮʴʦʤʫ ʩʠʥʭʨʦʥʥʦ ʟʽ ʟʤʽʥʦʶ ʥʘʧʨʫʛʠ ʨʝʻʩʪʨʫʻʪʴʩʷ ʩʪʨʫʤ, ʱʦ ʧʨʦʪʽʢʘʻ 

ʯʝʨʝʟ ʪʫʥʝʣʴʥʠʡ ʢʦʥʪʘʢʪ.  

ʗʢ ʧʨʘʚʠʣʦ, ʦʧʽʨ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʚ ʉʊʄ ʟʨʘʟʢʽʚ ʽʩʪʦʪʥʦ ʤʝʥʰʠʡ ʟʘ ʦʧʽʨ 

ʪʫʥʝʣʴʥʦʛʦ ʢʦʥʪʘʢʪʫ, ʽ ʭʘʨʘʢʪʝʨ ɺɸʍ ʚʠʟʥʘʯʘʻʪʴʩʷ, ʚ ʦʩʥʦʚʥʦʤʫ, ʚʣʘʩʪʠʚʦʩʪʷʤʠ 

ʥʝʚʝʣʠʢʦʾ ʦʙʣʘʩʪʽ ʟʨʘʟʢʘ, ʦʙʤʝʞʝʥʦʾ ʦʙʣʘʩʪʶ ʪʫʥʝʣʴʥʦʛʦ ʢʦʥʪʘʢʪʫ. ʎʝ ʜʦʟʚʦʣʷʻ 

ʚʠʤʽʨʶʚʘʪʠ ʣʦʢʘʣʴʥʠʡ ʝʥʝʨʛʝʪʠʯʥʠʡ ʩʧʝʢʪʨ ʚ ʨʽʟʥʠʭ ʪʦʯʢʘʭ ʧʦʚʝʨʭʥʽ ʟ 

ʥʘʥʦʤʝʪʨʦʚʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ.  

ʍʘʨʘʢʪʝʨ ʟʘʣʝʞʥʦʩʪʽ Iʊ = f(U), ʦʧʠʩʘʥʠʡ ʬʦʨʤʫʣʦʶ (3.15), ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ 

ʚʠʤʽʨʷʪʠ ʽʥʪʝʛʨʘʣʴʥʫ ʛʫʩʪʠʥʫ ʩʪʘʥʽʚ ʚ ʽʥʪʝʨʚʘʣʽ ʝʥʝʨʛʽʡ ʚʽʜ ïʝU ʜʦ 0, ʟʤʽʥʶʶʯʠ 

ʚʝʣʠʯʠʥʫ ʧʨʠʢʣʘʜʝʥʦʾ ʥʘʧʨʫʛʠ U. ʗʢʱʦ ʞ ʨʦʟʛʣʷʜʘʪʠ ʥʝ ʽʥʪʝʛʨʘʣʴʥʫ ʛʫʩʪʠʥʫ 

ʩʪʘʥʽʚ, ʘ ʛʫʩʪʠʥʫ ʩʪʘʥʽʚ ʜʣʷ ʢʦʞʥʦʛʦ ʦʢʨʝʤʦʛʦ ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʽʾ, ʪʨʝʙʘ ʚʟʷʪʠ 

ʧʦʭʽʜʥʫ ʚʽʜ ʦʪʨʠʤʘʥʠʭ ʜʘʥʠʭ dIʊ / dU. ʏʠʩʝʣʴʥʝ ʜʠʬʝʨʝʥʮʽʶʚʘʥʥʷ ʜʘʻ ʟʘʥʘʜʪʦ 

ʚʠʩʦʢʠʡ ʨʽʚʝʥʴ ʰʫʤʫ, ʪʦʤʫ ʥʘʙʘʛʘʪʦ ʢʨʘʱʝ ʚʠʤʽʨʶʚʘʪʠ ʧʦʭʽʜʥʫ ʙʝʟʧʦʩʝʨʝʜʥʴʦ. 

ɼʣʷ ʮʴʦʛʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʩʠʥʭʨʦʥʽʟʦʚʘʥʠʡ ʧʽʜʩʠʣʶʚʘʯ ʜʣʷ ʤʦʜʫʣʷʮʽʾ ʥʘʧʨʫʛʠ 

ʥʘ dU (ʟʘʟʚʠʯʘʡ ʥʘ ʢʽʣʴʢʘ ʤɺ) ʚ ʦʢʦʣʽ ʟʘʜʘʥʦʛʦ ʟʥʘʯʝʥʥʷ U, ʽ ʚʠʤʽʨʶʻʪʴʩʷ 

ʚʽʜʧʦʚʽʜʥʘ ʤʦʜʫʣʷʮʽʷ ʩʪʨʫʤʫ dIʊ. ʊʦʜʽ ʛʫʩʪʠʥʘ ʩʪʘʥʽʚ ʟʨʘʟʢʘ ʙʫʜʝ ʚʠʟʥʘʯʘʪʠʩʷ ʷʢ  

( )S
TdI

E
dU

r . (3.16) 

ɺʠʤʽʨʶʶʯʠ ʛʫʩʪʠʥʫ ʩʪʘʥʽʚ ʫ ʢʦʞʥʦʤʫ ʧʦʣʦʞʝʥʥʽ ʟʦʥʜʘ ʧʨʠ ʩʢʘʥʫʚʘʥʥʽ 

ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ, ʤʠ ʦʜʝʨʞʫʻʤʦ ʟ ʘʪʦʤʘʨʥʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ ʪʨʠʚʠʤʽʨʥʠʡ 

ʥʘʙʽʨ ʜʘʥʠʭ, ʷʢʠʡ ʤʦʞʥʘ ʽʥʪʝʨʧʨʝʪʫʚʘʪʠ ʷʢ ʩʝʨʽʶ ʟʘʣʝʞʥʦʩʪʝʡ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʚʽʜ 

ʝʥʝʨʛʽʾ (ʩʧʝʢʪʨ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ) ʚ ʢʦʞʥʽʡ ʪʦʯʮʽ ʟ ʢʦʦʨʜʠʥʘʪʘʤʠ (x, y), ʘʙʦ ʷʢ ʩʝʨʽʶ 

ʜʚʦʚʠʤʽʨʥʠʭ ʢʘʨʪ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʜʣʷ ʢʦʞʥʦʾ ʝʥʝʨʛʽʾ ʝU (ʨʠʩʫʥʦʢ 3.8). 

ɺʽʜʦʙʨʘʞʝʥʥʷ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʧʨʠ ʧʝʚʥʽʡ ʝʥʝʨʛʽʾ ʻ ʭʦʨʦʰʠʤ ʚʽʟʫʘʣʴʥʠʤ ʩʧʦʩʦʙʦʤ 

ʧʦʙʘʯʠʪʠ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʚ ʛʫʩʪʠʥʽ ʩʪʘʥʽʚ ʟʨʘʟʢʘ. ʎʝ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʩʫʜʠʪʠ ʧʨʦ 

ʪʠʧ ʧʨʦʚʽʜʥʦʩʪʽ, ʟʦʢʨʝʤʘ, ʜʣʷ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ ï ʚʩʪʘʥʦʚʠʪʠ ʚʘʣʝʥʪʥʫ ʟʦʥʫ, ʟʦʥʫ 

ʧʨʦʚʽʜʥʦʩʪʽ, ʜʦʤʽʰʢʦʚʫ ʟʦʥʫ. ʏʠʩʪʽ ʤʝʪʘʣʠ ʙʝʟ ʜʦʤʽʰʦʢ ʧʦʚʠʥʥʽ ʤʘʪʠ ʚʩʶʜʠ 

ʦʜʥʦʨʽʜʥʫ ʛʫʩʪʠʥʫ ʩʪʘʥʽʚ. ɼʣʷ ʥʝʦʜʥʦʨʽʜʥʠʭ ʟʨʘʟʢʽʚ ʤʦʞʥʘ ʚʠʤʽʨʷʪʠ ʩʧʝʢʪʨ 
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ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʚʟʜʦʚʞ ʣʽʥʽʡʥʠʭ ʥʘʧʨʷʤʢʽʚ, ʨʦʟʜʽʣʝʥʠʭ ʢʽʣʴʢʦʤʘ ¡ ʦʜʠʥ ʚʽʜ 

ʦʜʥʦʛʦ, ʽ ʦʪʨʠʤʘʪʠ çʣʽʥʽʡʥʠʡ ʟʨʽʟè (ʨʠʩʫʥʦʢ 3.8, ʜ). ʂʨʽʤ ʪʦʛʦ, ʟʘ ʛʫʩʪʠʥʦʶ ʩʪʘʥʽʚ 

ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʭʽʤʽʯʥʠʡ ʪʠʧ ʟʚ'ʷʟʢʫ ʤʽʞ ʘʪʦʤʘʤʠ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʽ, ʱʦ 

ʥʘʡʙʽʣʴʰ ʧʨʘʢʪʠʯʥʦ ʚʘʞʣʠʚʦ, ʭʽʤʽʯʥʠʡ ʩʢʣʘʜ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʟʨʘʟʢʘ [4]. 

ʈʠʩ.3.8. ʄʦʞʣʠʚʦʩʪʽ ʉʊʄ ʫ ʧʦʻʜʥʘʥʥʽ ʟ ʉʊʉ [4]. 

a ï ʉʊʄ ʥʘʜʘʻ ʪʨʠʚʠʤʽʨʥʠʡ ʥʘʙʽʨ ʜʘʥʠʭ: ʜʚʘ ʧʨʦʩʪʦʨʦʚʠʭ ʚʠʤʽʨʠ (x, y) ʪʘ ʝʥʝʨʛʽʶ E. ʎʝʡ 

ʪʨʠʚʠʤʽʨʥʠʡ ʧʨʦʩʪʽʨ ʜʘʥʠʭ ʤʦʞʥʘ ʜʦʩʣʽʜʞʫʚʘʪʠ ʯʦʪʠʨʤʘ ʨʽʟʥʠʤʠ ʩʧʦʩʦʙʘʤʠ (ʙ ï ʜ):  

ʙ ï ʊʦʧʦʛʨʘʬʽʷ: ʚʠʩʦʪʘ ʚʽʩʪʨʷ ʟʦʥʜʘ ʥʘʜ ʧʦʚʝʨʭʥʝʶ ʟʨʘʟʢʘ ʨʝʛʫʣʶʻʪʴʩʷ ʯʝʨʝʟ ʩʠʩʪʝʤʫ 

ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ ʜʣʷ ʧʽʜʪʨʠʤʢʠ ʧʦʩʪʽʡʥʦʾ ʚʝʣʠʯʠʥʠ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʧʨʠ ʧʦʩʪʽʡʥʽʡ 

ʧʨʠʢʣʘʜʝʥʽʡ ʥʘʧʨʫʟʽ, ʽ ʪʘʢʠʤ ʯʠʥʦʤ ʟʘʧʠʩʫʻʪʴʩʷ ʢʘʨʪʘ ʚʠʩʦʪʠ ʨʝʣʴʻʬʫ ʧʦʚʝʨʭʥʽ; 

ʚ ï ʂʘʨʪʘ dI/dU: ʛʫʩʪʠʥʘ ʩʪʘʥʽʚ ʧʨʠ ʬʽʢʩʦʚʘʥʽʡ ʝʥʝʨʛʽʾ E ʚʽʜʦʙʨʘʞʘʻʪʴʩʷ ʷʢ ʬʫʥʢʮʽʷ ʧʦʣʦʞʝʥʥʷ 

(x, y) ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ; 

ʛ ï ʉʧʝʢʪʨ dI/dU: ʛʫʩʪʠʥʘ ʩʪʘʥʽʚ ʷʢ ʬʫʥʢʮʽʷ ʝʥʝʨʛʽʾ ʚʠʤʽʨʶʻʪʴʩʷ ʚ ʦʜʥʽʡ ʪʦʯʮʽ ʥʘ ʧʦʚʝʨʭʥʽ 

ʟʨʘʟʢʘ;  

ʜ ï ʃʽʥʽʡʥʠʡ ʟʨʽʟ: ʛʫʩʪʠʥʘ ʩʪʘʥʽʚ ʷʢ ʬʫʥʢʮʽʷ ʝʥʝʨʛʽʾ ʚʽʜʦʙʨʘʞʘʻʪʴʩʷ ʚ ʢʽʣʴʢʦʭ ʪʦʯʢʘʭ ʫʟʜʦʚʞ 

ʣʽʥʽʾ ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ.  
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ɼʦʩʣʽʜʞʝʥʥʷ ʣʦʢʘʣʴʥʠʭ ʪʫʥʝʣʴʥʠʭ ʩʧʝʢʪʨʽʚ ʨʽʟʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʧʨʦʚʦʜʷʪʴ, 

ʷʢ ʧʨʘʚʠʣʦ, ʚ ʫʤʦʚʘʭ ʚʠʩʦʢʦʛʦ ʚʘʢʫʫʤʫ (ʦʩʢʽʣʴʢʠ ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ ʜʫʞʝ 

ʯʫʪʣʠʚʠʡ ʜʦ ʩʪʘʥʫ ʧʦʚʝʨʭʥʽ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʟʨʘʟʢʽʚ) ʽ ʧʨʠ ʥʠʟʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

(ʪʘʢ ʷʢ ʪʝʧʣʦʚʽ ʟʙʫʜʞʝʥʥʷ ʩʠʣʴʥʦ ʨʦʟʤʠʚʘʶʪʴ ʦʩʦʙʣʠʚʦʩʪʽ ʚ ʝʣʝʢʪʨʦʥʥʠʭ 

ʩʧʝʢʪʨʘʭ). 

3.5. ʆʩʦʙʣʠʚʦʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʢʘʥʫʚʘʣʴʥʦʾ ʪʫʥʝʣʴʥʦʾ 

ʤʽʢʨʦʩʢʦʧʽʾ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ 

ʉʊʄ ʫ ʧʦʻʜʥʘʥʥʽ ʟ ʉʊʉ ʻ ʦʜʥʠʤ ʽʟ ʥʘʡʙʽʣʴʰ ʽʥʬʦʨʤʘʪʠʚʥʠʭ ʽʥʩʪʨʫʤʝʥʪʽʚ 

ʜʣʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ, ʱʦ ʥʘʜʘʻ ʫʥʽʢʘʣʴʥʽ ʤʦʞʣʠʚʦʩʪʽ 

ʜʣʷ ʚʠʚʯʝʥʥʷ ʚ ʨʝʘʣʴʥʦʤʫ ʧʨʦʩʪʦʨʽ ʦʜʥʦʯʘʩʥʦ ʷʢ ʘʪʦʤʥʦʾ, ʪʘʢ ʽ ʝʣʝʢʪʨʦʥʥʦʾ 

ʩʪʨʫʢʪʫʨʠ ʥʦʚʽʪʥʽʭ ʤʘʪʝʨʽʘʣʽʚ [1].  

ʉʊʄ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʫ ʜʦʩʣʽʜʞʝʥʥʽ ʬʽʟʠʢʠ ʽ ʭʽʤʽʾ ʧʦʚʝʨʭʥʽ ʥʘ 

ʘʪʦʤʘʨʥʦʤʫ ʨʽʚʥʽ. ʇʨʠ ʮʴʦʤʫ ʉʊʄ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʩʧʝʢʪʨ ʝʣʝʢʪʨʦʥʥʠʭ 

ʩʪʘʥʽʚ ʟ ʘʪʦʤʘʨʥʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ ʽ ʚʠʟʥʘʯʘʪʠ ʭʽʤʽʯʥʠʡ ʩʢʣʘʜ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ, ʨʦʟʧʦʜʽʣ ʧʦʪʝʥʮʽʘʣʽʚ ʧʨʠ ʧʨʦʪʽʢʘʥʥʽ ʩʪʨʫʤʫ ʯʝʨʝʟ ʟʨʘʟʦʢ ʪʘ 

ʽʥ. ʄʝʪʦʜ ʉʊʄ ʚʽʜʢʨʠʚʘʻ ʰʠʨʦʢʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʜʝʬʝʢʪʽʚ 

ʢʨʠʩʪʘʣʽʯʥʦʾ ʙʫʜʦʚʠ (ʚʘʢʘʥʩʽʡ, ʜʠʩʣʦʢʘʮʽʡ ʽ ʪ.ʜ.), ʨʽʟʥʠʭ ʩʝʛʨʝʛʘʮʽʾ ʘʪʦʤʽʚ, ʚ ʪʦʤʫ 

ʯʠʩʣʽ ʽ ʧʨʠ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʥʷʭ, ʦʩʦʙʣʠʚʦ ʥʘ ʾʭ ʨʘʥʥʽʭ ʩʪʘʜʽʷʭ. ɼʦʩʣʽʜʞʝʥʥʷ 

ʘʪʦʤʥʦʾ ʪʘ ʝʣʝʢʪʨʦʥʥʦʾ ʙʫʜʦʚʠ ʪʚʝʨʜʠʭ ʧʦʚʝʨʭʦʥʴ ʻ ʘʢʪʫʘʣʴʥʦʶ ʧʨʦʙʣʝʤʦʶ ʜʣʷ 

ʨʦʟʨʦʙʢʠ ʥʦʚʦʛʦ ʧʦʩʪʢʨʝʤʥʽʻʚʦʛʦ ʧʦʢʦʣʽʥʥʷ ʝʣʝʢʪʨʦʥʥʠʭ ʪʘ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ 

ʧʨʠʩʪʨʦʾʚ, ʫ ʪʦʤʫ ʯʠʩʣʽ ʧʨʦʙʣʝʤʠ ʧʦʻʜʥʘʥʥʷ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ 

ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʨʝʯʦʚʠʥ ʥʘ ʦʜʥʽʡ ʧʦʚʝʨʭʥʽ. 

ʊʘʢʦʞ ʉʊʄ ʟʥʘʭʦʜʠʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ ʜʦʩʣʽʜʞʝʥʥʷʭ ʙʽʦʣʦʛʽʯʥʠʭ ʦʙ'ʻʢʪʽʚ ï 

ʤʘʢʨʦʤʦʣʝʢʫʣ (ʚ ʪʦʤʫ ʯʠʩʣʽ ʽ ʤʦʣʝʢʫʣ ɼʅʂ), ʚʽʨʫʩʽʚ ʪʘ ʽʥʰʠʭ ʙʽʦʣʦʛʽʯʥʠʭ 

ʩʪʨʫʢʪʫʨ.  

ʋ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʽ ʉʊʄ-ʜʦʩʣʽʜʞʝʥʥʷ ʨʝʣʴʻʬʫ ʟ ʚʠʩʦʢʦʶ ʨʦʟʜʽʣʴʥʦʶ 

ʟʜʘʪʥʽʩʪʶ ʜʦʟʚʦʣʷʶʪʴ ʚʠʚʯʘʪʠ ʢʨʠʩʪʘʣʽʯʥʫ ʩʪʨʫʢʪʫʨʫ ʨʽʟʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʚʠʷʚʠʪʠ 

ʦʩʦʙʣʠʚʦʩʪʽ ʩʫʙʩʪʨʫʢʪʫʨʥʦʾ ʙʫʜʦʚʠ. 
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ʎʽʢʘʚʠʤ ʻ ʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʉʊʄ ʫ ʛʘʣʫʟʽ ʥʘʥʦʪʝʭʥʦʣʦʛʽʡ. ɿʘ ʜʦʧʦʤʦʛʦʶ ʉʊʄ 

ʤʦʞʥʘ ʟʜʽʡʩʥʶʚʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ, ʚʠʛʦʪʦʚʣʝʥʥʷ ʽ ʢʦʥʪʨʦʣʴ ʥʘʥʦʩʪʨʫʢʪʫʨ, 

ʥʘʧʨʠʢʣʘʜ, ʜʣʷ ʤʽʢʨʦʝʣʝʢʪʨʦʥʽʢʠ. ʅʘ ʦʩʥʦʚʽ ʉʊʄ, ʟʦʢʨʝʤʘ, ʤʦʞʣʠʚʠʡ ʟʘʧʠʩ ʽ 

ʚʽʜʪʚʦʨʝʥʥʷ ʽʥʬʦʨʤʘʮʽʾ. ʇʨʠ ʟʘʧʠʩʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʝʬʝʢʪ ʣʦʢʘʣʴʥʦʛʦ ʚʧʣʠʚʫ 

ʟʦʥʜʘ ʥʘ ʧʦʚʝʨʭʥʶ ʥʦʩʽʷ ʽʥʬʦʨʤʘʮʽʾ. ʎʝʡ ʚʧʣʠʚ ʤʦʞʝ ʙʫʪʠ ʤʝʭʘʥʽʯʥʠʤ, ʱʦ 

ʩʪʚʦʨʶʻ ʥʘ ʧʦʚʝʨʭʥʽ ʰʪʫʯʥʠʡ ʨʝʣʴʻʬ ʫ ʚʠʛʣʷʜʽ ʷʤʦʢ ï ʙʽʪʽʚ ʧʘʤ'ʷʪʽ. ʐʪʫʯʥʠʡ 

ʨʝʣʴʻʬ ʤʦʞʝ ʩʪʚʦʨʶʚʘʪʠʩʷ ʽ ʰʣʷʭʦʤ ʪʝʨʤʦʜʝʩʦʨʙʮʽʾ. ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʟʦʥʜ 

ʚʠʩʪʫʧʘʻ ʚ ʨʦʣʽ ʥʦʩʽʷ ʤʘʪʝʨʽʘʣʫ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʙʽʪʽʚ ʽʥʬʦʨʤʘʮʽʾ. ɿʦʥʜ ʤʦʞʝ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʪʘʢʦʞ ʽ ʚ ʨʦʣʽ ʪʦʯʢʦʚʦʛʦ ʜʞʝʨʝʣʘ ʝʣʝʢʪʨʦʥʽʚ ʜʣʷ ʟʜʽʡʩʥʝʥʥʷ 

ʝʣʝʢʪʨʦʥʥʦʾ ʣʽʪʦʛʨʘʬʽʾ, ʭʽʤʽʯʥʠʭ ʘʙʦ ʩʪʨʫʢʪʫʨʥʠʭ ʣʦʢʘʣʴʥʠʭ ʧʝʨʝʙʫʜʦʚ 

ʧʦʚʝʨʭʥʽ. ʇʨʠ ʟʘʧʠʩʽ ʽʥʬʦʨʤʘʮʽʾ ʤʝʪʦʜʦʤ ʝʣʝʢʪʨʦʥʥʦʾ ʣʽʪʦʛʨʘʬʽʾ (ʥʘʥʦʣʽʪʦʛʨʘʬʽʾ) 

ʯʝʨʝʟ ʚʽʩʪʨʷ ʟʦʥʜʘ ʧʨʦʧʫʩʢʘʶʪʴ ʢʦʨʦʪʢʦʯʘʩʥʠʡ ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ ʚʝʣʠʢʦʾ ʩʠʣʠ Iʊ 

ʧʨʠ ʧʽʜʚʠʱʝʥʽʡ ʨʽʟʥʠʮʽ ʧʦʪʝʥʮʽʘʣʽʚ U. ʊʦʜʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʝʤʽʩʽʷ ʝʣʝʢʪʨʦʥʽʚ ʘʙʦ 

ʽʦʥʽʚ ʟ ʚʽʩʪʨʷ ʥʘ ʧʦʚʝʨʭʥʶ ʦʙ'ʻʢʪʘ ʘʙʦ ʥʘʚʧʘʢʠ, ʽ ʥʘ ʧʦʚʝʨʭʥʽ ʫʪʚʦʨʶʶʪʴʩʷ ʷʤʢʠ 

ʘʙʦ ʟʘʧʘʜʠʥʠ, ʷʢʽ ʽ ʥʝʩʫʪʴ ʙʽʪ ʽʥʬʦʨʤʘʮʽʾ. ʑʽʣʴʥʽʩʪʴ ʟʘʧʠʩʫ ʜʦʩʷʛʘʻ ʜʦ 

1012 ʙʽʪ/ʩʤ2. ɼʣʷ ʧʦʨʽʚʥʷʥʥʷ: ʱʽʣʴʥʽʩʪʴ ʟʘʧʠʩʫ ʥʘ ʤʘʛʥʽʪʥʠʭ ʜʠʩʢʘʭ ʩʪʘʥʦʚʠʪʴ 

107 ʙʽʪ/ʩʤ2, ʧʨʠ ʣʘʟʝʨʥʦʤʫ ʚʧʣʠʚʽ (ʢʦʤʧʘʢʪ ʜʠʩʢʠ) ï ʜʦ 109 ʙʽʪ/ʩʤ2. 

ʇʨʠ ʨʦʙʦʪʽ ʉʊʄ ʚʽʜʩʪʘʥʴ ʤʽʞ ʦʙ'ʻʢʪʦʤ ʽ ʟʦʥʜʦʤ L = 0,3 ... 1 ʥʤ, ʪʦʤʫ 

ʡʤʦʚʽʨʥʽʩʪʴ ʟʥʘʭʦʜʞʝʥʥʷ ʤʽʞ ʥʠʤʠ ʤʦʣʝʢʫʣ ʧʦʚʽʪʨʷ ʧʨʠ ʥʦʨʤʘʣʴʥʠʭ 

ʘʪʤʦʩʬʝʨʥʠʭ ʫʤʦʚʘʭ ʜʫʞʝ ʤʘʣʘ, ʪʦʙʪʦ ʧʨʦʪʽʢʘʥʥʷ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʫ çʚʘʢʫʫʤʽè. ʅʘʚʢʦʣʠʰʥʻ ʩʝʨʝʜʦʚʠʱʝ ʚʧʣʠʚʘʻ ʪʽʣʴʢʠ ʥʘ ʯʠʩʪʦʪʫ 

ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʧʦʚʝʨʭʥʽ, ʚʠʟʥʘʯʘʶʯʠ ʭʽʤʽʯʥʠʡ ʩʢʣʘʜ ʘʜʩʦʨʙʮʽʡʥʠʭ ʰʘʨʽʚ ʽ 

ʦʢʠʩʣʝʥʥʷ ʾʾ ʘʢʪʠʚʥʠʤʠ ʛʘʟʘʤʠ ʘʪʤʦʩʬʝʨʠ. ʇʦʢʨʠʪʪʷ ʧʦʚʝʨʭʥʽ ʦʙ'ʻʢʪʘ ʪʦʥʢʠʤ 

ʰʘʨʦʤ ʜʽʝʣʝʢʪʨʠʯʥʦʾ ʨʽʜʠʥʠ ʥʝ ʚʧʣʠʚʘʻ ʥʘ ʨʝʟʫʣʴʪʘʪ ʚʠʤʽʨʶʚʘʥʥʷ ʪʦʧʦʛʨʘʬʽʾ ʽ 

ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʝ ʜʣʷ ʢʦʥʩʝʨʚʘʮʽʾ ʨʝʣʴʻʬʫ ʧʦʚʝʨʭʥʽ ʪʘ ʟʘʧʦʙʽʛʘʥʥʷ 

ʟʦʚʥʽʰʥʽʤ ʚʧʣʠʚʘʤ ʥʘ ʥʝʾ. 

ʆʙʤʝʞʝʥʥʷ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʤʝʪʦʜʫ ʉʊʄ: 

Å ʋʤʦʚʘ ʧʨʦʚʽʜʥʦʩʪʽ ʟʨʘʟʢʘ (ʧʦʚʝʨʭʥʝʚʠʡ ʦʧʽʨ ʤʘʻ ʙʫʪʠ ʥʝ ʙʽʣʴʰʝ 20 ʄʆʤ/ʩʤ2). 

ɯʥʘʢʰʝ ʥʘ ʧʦʚʝʨʭʥʶ ʟʨʘʟʢʘ ʥʝʦʙʭʽʜʥʦ ʥʘʧʠʣʶʚʘʪʠ ʪʦʥʢʫ ʧʨʦʚʽʜʥʫ ʧʣʽʚʢʫ 

ʪʦʚʱʠʥʦʶ ʙʣʠʟʴʢʦ 1...4 ʥʤ, ʟʘʟʚʠʯʘʡ ʜʣʷ ʮʴʦʛʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʛʨʘʬʽʪ. ʇʨʠ 
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ʮʴʦʤʫ ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʧʦʛʽʨʰʫʻʪʴʩʷ ʥʘ ʟʥʘʯʝʥʥʷ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʪʦʚʱʠʥʽ 

ʧʣʽʚʢʠ;  

Å ʋʤʦʚʘ ʩʚʽʞʦʾ ʧʽʜʛʦʪʦʚʢʠ ʟʨʘʟʢʘ. ʅʘ ʧʦʚʝʨʭʥʽ ʙʽʣʴʰʦʩʪʽ ʤʝʪʘʣʽʚ ʪʘ ʩʧʣʘʚʽʚ ʟ 

ʯʘʩʦʤ ʫʪʚʦʨʶʶʪʴʩʷ ʦʢʩʠʜʥʽ ʧʣʽʚʢʠ. ʇʦʢʠ ʾʭʥʷ ʪʦʚʱʠʥʘ ʤʘʣʘ, ʚʦʥʠ ʥʝ 

ʟʘʚʘʞʘʶʪʴ ʩʧʦʩʪʝʨʝʞʝʥʥʶ ʧʦʚʝʨʭʥʽ ʤʝʪʘʣʫ, ʘʣʝ ʧʨʠ ʙʽʣʴʰʠʭ ʪʦʚʱʠʥʘʭ ʧʣʽʚʢʠ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʨʠʚ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ. ɼʣʷ ʙʽʣʴʰʦʩʪʽ ʤʝʪʘʣʽʚ ʪʦʚʱʠʥʘ 

ʦʢʩʠʜʥʠʭ ʧʣʽʚʦʢ ʧʦʯʠʥʘʻ ʧʝʨʝʚʠʱʫʚʘʪʠ 10-20 ʥʤ ʯʝʨʝʟ 10-30 ʭʚʠʣʠʥ ʧʽʩʣʷ 

ʦʯʠʱʝʥʥʷ ʧʦʚʝʨʭʥʽ, ʪʦʤʫ ʨʝʢʦʤʝʥʜʫʻʪʴʩʷ ʜʦʩʣʽʜʞʫʚʘʪʠ ʟʨʘʟʢʠ ʥʘ ʉʊʄ 

ʚʽʜʨʘʟʫ ʞ ʧʽʩʣʷ ʾʭ ʧʽʜʛʦʪʦʚʢʠ; 

Å ʋʤʦʚʘ ʜʣʷ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ çʛʣʠʙʠʥʘ ʢʘʥʘʚʢʠ ʧʦʚʠʥʥʘ ʙʫʪʠ ʤʝʥʰʝ ʾʾ ʰʠʨʠʥʠè, 

ʪʦʤʫ ʱʦ ʚ ʽʥʰʦʤʫ ʚʠʧʘʜʢʫ ʤʦʞʝ ʩʧʦʩʪʝʨʽʛʘʪʠʩʷ ʦʜʥʦʯʘʩʥʝ ʪʫʥʥʝʣʶʚʘʥʥʷ ʟ 

ʜʥʘ ʪʘ ʙʽʯʥʠʭ ʧʦʚʝʨʭʦʥʴ ʟʘʛʣʠʙʠʥʠ. ʏʝʨʝʟ ʮʝ ʤʝʪʦʜ ʉʊʄ ʥʝ ʧʽʜʭʦʜʠʪʴ ʜʣʷ 

ʜʦʩʣʽʜʞʝʥʥʷ ʟʨʘʟʢʽʚ ʽʟ ʩʠʣʴʥʦ ʨʦʟʚʠʥʝʥʠʤ ʨʝʣʴʻʬʦʤ;  

Å ɼʣʷ ʙʽʦʣʦʛʽʯʥʠʭ ʦʙ'ʻʢʪʽʚ (ʙʘʢʪʝʨʽʡ, ʤʦʣʝʢʫʣ ɼʅʂ ʪʦʱʦ) ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ 

ʩʧʝʮʽʘʣʴʥʽ ʤʝʪʦʜʠ ʧʽʜʛʦʪʦʚʢʠ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʥʘ ʉʊʄ ï ʦʙ'ʻʢʪʠ 

ʜʦʩʣʽʜʞʫʶʪʴʩʷ ʚ ʪʦʥʢʦʤʫ ʧʨʦʰʘʨʢʫ ʨʽʜʠʥʠ, ʜʝ ʧʝʨʝʤʽʱʘʻʪʴʩʷ ʛʦʣʢʘ ʟʦʥʜʘ; 

Å ʊʝʭʥʦʣʦʛʽʷ ʟʘʪʦʯʫʚʘʥʥʷ ʛʦʣʢʠ ʥʝ ʤʦʞʝ ʛʘʨʘʥʪʫʚʘʪʠ ʦʜʥʦʛʦ ʚʽʩʪʨʷ ʥʘ ʢʽʥʮʽ 

ʛʦʣʢʠ, ʘ ʮʝ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʧʘʨʘʣʝʣʴʥʦʛʦ ʩʢʘʥʫʚʘʥʥʷ ʜʚʦʭ ʨʽʟʥʦʚʠʩʦʪʥʠʭ 

ʜʽʣʷʥʦʢ. 

ʈʦʟʛʣʷʥʝʤʦ ʪʝʧʝʨ ʜʝʷʢʽ ʧʨʠʢʣʘʜʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʉʊʄ ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ 

ʥʘʫʢʦʚʠʭ ʧʫʙʣʽʢʘʮʽʡ (ʧʫʙʣʽʢʘʮʽʾ ʫ ʚʽʜʢʨʠʪʦʤʫ ʜʦʩʪʫʧʽ; ʘʚʪʦʨʠ ʪʘ ʧʦʩʠʣʘʥʥʷ 

ʥʘʚʝʜʝʥʽ ʫ ʜʫʞʢʘʭ).  

ʅʘʧʨʠʢʣʘʜ, ʫ ʨʦʙʦʪʽ [5] ʉʊʄ ʚʠʢʦʨʠʩʪʘʥʦ ʜʣʷ ʘʥʘʣʽʟʫ ʤʦʨʬʦʣʦʛʽʾ 

ʤʝʪʘʣʝʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ. ɹʽʤʝʪʘʣʽʯʥʽ ʥʘʥʦʩʪʨʫʢʪʫʨʠ ʤʦʞʫʪʴ ʜʝʤʦʥʩʪʨʫʚʘʪʠ 

ʢʨʘʱʫ ʘʢʪʠʚʥʽʩʪʴ, ʩʝʣʝʢʪʠʚʥʽʩʪʴ ʽ ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʦʨʽʚʥʷʥʦ ʟ ʤʦʥʦʤʝʪʘʣʽʯʥʠʤʠ 

ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʠ ʚ ʨʽʟʥʠʭ ʢʘʪʘʣʽʪʠʯʥʠʭ, ʝʣʝʢʪʨʦʢʘʪʘʣʽʪʠʯʥʠʭ ʽ ʩʝʥʩʦʨʥʠʭ 

ʨʝʘʢʮʽʷʭ ʟʘʚʜʷʢʠ ʩʧʨʠʷʪʣʠʚʦʤʫ ʩʠʥʝʨʛʽʯʥʦʤʫ ʝʬʝʢʪʫ ʜʚʦʭ ʚʠʜʽʚ ʤʝʪʘʣʽʚ. 

ɿʦʢʨʝʤʘ, ʙʽʤʝʪʘʣʽʯʥʽ ʩʠʩʪʝʤʠ PdïAu ʧʨʠʚʝʨʥʫʣʠ ʫʚʘʛʫ ʯʝʨʝʟ ʾʭʥʽ ʯʫʜʦʚʽ 

ʢʘʪʘʣʽʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ. ɿʘ ʜʦʧʦʤʦʛʦʶ ʉʊʄ (ʨʠʩʫʥʦʢ 3.9) ʚʜʘʣʦʩʴ ʜʦʩʣʽʜʠʪʠ 

ʦʩʦʙʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʥʘʥʦʩʪʨʽʚʮʽʚ Pd ʥʘ ʧʦʚʝʨʭʥʽ ʤʦʥʦʢʨʠʩʪʘʣʽʚ Au(111) ʚ 
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ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʨʽʟʥʠʭ ʫʤʦʚ ʦʩʘʜʞʝʥʥʷ. ɺʠʜʥʦ, ʱʦ ʜʣʷ ʟʨʘʟʢʽʚ ʽʟ ʧʦʢʨʠʪʪʷʤ Pd ʚʽʜ 

0,05 ʤʦʥʦʰʘʨʽʚ ʜʦ 0,25 ʤʦʥʦʰʘʨʽʚ ʦʩʪʨʽʚʮʽ Pd ʜʝʤʦʥʩʪʨʫʶʪʴ ʛʝʢʩʘʛʦʥʘʣʴʥʫ 

ʬʦʨʤʫ, ʘ ʨʦʟʧʦʜʽʣ ʾʭ ʨʦʟʤʽʨʽʚ ʤʦʞʥʘ ʚʠʤʽʨʷʪʠ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʽʟ ʉʊʄ-ʟʦʙʨʘʞʝʥʴ. 

ɿʙʽʣʴʰʝʥʥʷ ʨʦʟʤʽʨʫ ʘʥʩʘʤʙʣʽʚ Pd ʥʘ ʧʦʚʝʨʭʥʽ Au(111) ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʧʦʢʨʠʪʪʷ 

ʧʦʢʨʘʱʫʻ ʧʝʨʝʥʝʩʝʥʥʷ ʝʣʝʢʪʨʦʥʽʚ ʧʨʠ ʥʠʞʯʦʤʫ ʘʥʦʜʥʦʤʫ ʧʦʪʝʥʮʽʘʣʽ, ʥʽʞ ʧʨʠ 

ʚʠʢʦʨʠʩʪʘʥʥʽ ʚ ʷʢʦʩʪʽ ʢʘʪʘʣʽʟʘʪʦʨʘ ʯʠʩʪʦʛʦ Au(111) [5]. 

 

ʈʠʩ. 3.9. ʉʊʄ-ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʝʚʠʭ ʘʥʩʘʤʙʣʽʚ ʥʘʥʦʦʩʪʨʽʚʮʽʚ Pd ʥʘ 

ʤʦʥʦʢʨʠʩʪʣʽʯʥʦʤʫ Au(111) ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʧʦʢʨʠʪʪʷ Pd: a ï 0,05 ʤʦʥʦʰʘʨʽʚ,  

ʙ ï 0,13 ʤʦʥʦʰʘʨʽʚ, ʚ ï 0,25 ʤʦʥʦʰʘʨʽʚ, ʛ ï 0,50 ʤʦʥʦʰʘʨʽʚ  

(Wu et al. Chemical Communications, 2014 [5]) 

ʋ ʨʦʙʦʪʽ [6] ʟʘ ʜʦʧʦʤʦʛʦʶ ʉʊʄ ʧʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʟʦʣʦʪʠʭ 

ʥʘʥʦʯʘʩʪʠʥʦʢ, ʚʢʨʠʪʠʭ ʦʨʛʘʥʽʯʥʦʶ ʦʙʦʣʦʥʢʦʶ. ʅʘʥʦʯʘʩʪʠʥʢʠ ʟ 

ʩʘʤʦʦʨʛʘʥʽʟʦʚʘʥʠʤ ʤʦʥʦʰʘʨʦʚʠʤ ʧʦʢʨʠʪʪʷʤ ʻ ʜʫʞʝ ʧʨʠʚʘʙʣʠʚʠʤʠ, ʦʩʢʽʣʴʢʠ 

ʪʘʢʝ ʧʦʢʨʠʪʪʷ (ʣʽʛʘʥʜʥʘ ʦʙʦʣʦʥʢʘ) ʟʘʭʠʱʘʻ ʯʘʩʪʠʥʢʠ, ʘ ʪʘʢʦʞ ʤʦʞʝ ʚʠʢʦʥʫʚʘʪʠ 

ʨʷʜ ʦʩʦʙʣʠʚʠʭ ʬʫʥʢʮʽʡ. ʅʘʧʨʠʢʣʘʜ, ʫ ʥʘʥʦʤʝʜʠʮʠʥʽ ʣʽʛʘʥʜʥʘ ʦʙʦʣʦʥʢʘ ʤʽʩʪʠʪʴ 

ʢʣʶʯʦʚʽ ʢʦʤʧʦʥʝʥʪʠ, ʥʝʦʙʭʽʜʥʽ ʜʣʷ ʥʘʧʨʘʚʣʝʥʦʾ ʜʦʩʪʘʚʢʠ ʣʽʢʽʚ ʘʙʦ 

ʨʦʟʧʽʟʥʘʚʘʥʥʷ ʤʽʰʝʥʽ. 
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ʅʘʥʦʯʘʩʪʠʥʢʠ ʟʦʣʦʪʘ, ʟʘʭʠʱʝʥʽ ʣʽʛʘʥʜʦʤ, ʜʝʤʦʥʩʪʨʫʶʪʴ ʚʝʣʠʢʫ ʣʦʢʘʣʴʥʫ 

ʢʨʠʚʠʟʥʫ ʧʦʚʝʨʭʥʽ, ʭʽʤʽʯʥʫ ʥʝʦʜʥʦʨʽʜʥʽʩʪʴ ʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʷʢʽ ʰʚʠʜʢʦ 

ʟʤʽʥʶʶʪʴʩʷ ʚ ʤʘʣʠʭ ʤʘʩʰʪʘʙʘʭ. ɰʭ ʚʽʟʫʘʣʽʟʘʮʽʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʉʊʄ (ʨʠʩʫʥʦʢ 

3.10) ʤʦʞʝ ʥʘʜʘʪʠ ʧʨʷʤʫ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʘʨʭʽʪʝʢʪʫʨʫ ʾʭ ʣʽʛʘʥʜʥʦʾ ʦʙʦʣʦʥʢʠ, 

ʦʜʥʘʢ ʮʽ ʟʦʙʨʘʞʝʥʥʷ ʚʠʤʘʛʘʶʪʴ ʨʝʪʝʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʪʘ ʽʥʪʝʨʧʨʝʪʘʮʽʾ. ɺ ʨʦʙʦʪʽ [6] 

ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʝʬʝʢʪʠʚʥʠʡ ʤʝʪʦʜ ʢʽʣʴʢʽʩʥʦʛʦ ʘʥʘʣʽʟʫ ʉʊʄ-ʟʦʙʨʘʞʝʥʴ, ʘ ʩʘʤʝ 

ʤʝʪʦʜ ʘʥʘʣʽʟʫ ʩʧʝʢʪʨʘʣʴʥʦʾ ʛʫʩʪʠʥʠ ʰʣʷʭʦʤ ʧʝʨʝʪʚʦʨʝʥʥʷ ʌʫʨôʻ ʉʊʄ-

ʪʦʧʦʛʨʘʬʽʾ. ʊʘʢʠʤ ʯʠʥʦʤ ʚʩʪʘʥʦʚʣʝʥʦ ʭʘʨʘʢʪʝʨʥʽ ʤʘʩʰʪʘʙʠ ʜʦʚʞʠʥʠ ʥʘ 

ʟʦʙʨʘʞʝʥʥʷʭ, ʱʦ ʚʠʷʚʣʷʶʪʴ ʧʨʦʩʪʦʨʦʚʫ ʢʦʨʝʣʷʮʽʶ, ʥʝʟʘʣʝʞʥʫ ʚʽʜ ʧʘʨʘʤʝʪʨʽʚ 

ʩʢʘʥʫʚʘʥʥʷ, ʽ ʜʦʟʚʦʣʷʶʪʴ ʧʦʨʽʚʥʶʚʘʪʠ ʟʦʙʨʘʞʝʥʥʷ ʦʜʝʨʞʘʥʽ ʚ ʨʽʟʥʠʭ ʦʙʣʘʩʪʷʭ 

ʟʨʘʟʢʘ ʘʙʦ ʥʘʚʽʪʴ ʫ ʨʽʟʥʠʭ ʜʦʩʣʽʜʘʭ. 

 

ʈʠʩ. 3.10. a ï STM-ʪʦʧʦʛʨʘʬʽʷ ʦʜʥʽʻʾ ʥʘʥʦʯʘʩʪʠʥʢʠ ʚ ʦʙʦʣʦʥʮʽ 11-mercapto-1-undecanol 

(C11ol)/4-mercapto-1-butanol (C4ol). ʉʚʽʪʣʽ ʪʦʯʢʠ, ʷʢʽ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʥʘ ʯʘʩʪʠʥʮʽ, ʻ 

ʛʦʣʦʚʥʠʤʠ ʛʨʫʧʘʤʠ ʦʜʥʽʻʾ ʟ ʜʚʦʭ ʤʦʣʝʢʫʣ ʫ ʣʽʛʘʥʜʥʽʡ ʦʙʦʣʦʥʮʽ ʯʘʩʪʠʥʢʠ; ʙ ï ʘʥʘʣʽʟ 

ʩʧʝʢʪʨʘʣʴʥʦʾ ʛʫʩʪʠʥʠ (PSD) ʟʦʙʨʘʞʝʥʥʷ (a); ʚ ï STM-ʟʦʙʨʘʞʝʥʥʷ ʥʘʥʦʯʘʩʪʠʥʦʢ ʚ ʦʙʦʣʦʥʮʽ 

2:1 OT/MPA; ʛ ï ʘʥʘʣʽʟ ʩʧʝʢʪʨʘʣʴʥʦʾ ʛʫʩʪʠʥʠ (PSD) ʟʦʙʨʘʞʝʥʥʷ (c)  

(Biscarini et al. Langmuir, 2013 [6]) 

ʅʘ ʨʠʩʫʥʢʫ 3.10 ʧʨʠʚʝʜʝʥʦ ʉʊʄ-ʟʦʙʨʘʞʝʥʥʷ ʨʽʟʥʠʭ ʥʘʥʦʯʘʩʪʠʥʦʢ ʟʦʣʦʪʘ, 

ʚʢʨʠʪʠʭ ʣʽʛʘʥʜʥʦʶ ʦʙʦʣʦʥʢʦʶ, ʦʜʝʨʞʘʥʽ ʧʨʠ ʨʽʟʥʠʭ ʧʘʨʘʤʝʪʨʘʭ ʩʢʘʥʫʚʘʥʥʷ, ʪʘ 
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ʚʽʜʧʦʚʽʜʥʽ ʘʥʘʣʽʟʠ ʩʧʝʢʪʨʘʣʴʥʦʾ ʛʫʩʪʠʥʠ ʟʥʽʤʢʽʚ. ʊʘʢʠʤ ʯʠʥʦʤ, ʉʊʄ-ʟʦʙʨʘʞʝʥʥʷ 

ʩʪʘʣʠ ʢʣʶʯʦʚʠʤ ʜʦʢʘʟʦʤ ʽʩʥʫʚʘʥʥʷ çʩʤʫʛʘʩʪʠʭè ʜʦʤʝʥʽʚ ʥʘ ʟʦʣʦʪʠʭ 

ʥʘʥʦʯʘʩʪʠʥʢʘʭ, ʧʦʢʨʠʪʠʭ ʙʽʥʘʨʥʠʤʠ ʩʫʤʽʰʘʤʠ ʤʦʣʝʢʫʣ ʣʽʛʘʥʜʽʚ. ʅʘ 

ʟʦʙʨʘʞʝʥʥʷʭ ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʜʦʤʝʥʠ ʩʚʽʪʣʠʭ ʪʦʯʦʢ, ʷʢʽ ʻ ʛʦʣʦʚʥʠʤʠ ʛʨʫʧʘʤʠ 

ʦʜʥʽʻʾ ʟ ʜʚʦʭ ʤʦʣʝʢʫʣ ʫ ʣʽʛʘʥʜʥʽʡ ʦʙʦʣʦʥʮʽ ʯʘʩʪʠʥʢʠ, ʽ ʷʢʽ ʨʦʟʪʘʰʦʚʘʥʽ ʙʣʠʞʯʝ 

ʦʜʥʘ ʜʦ ʦʜʥʦʾ ʚʟʜʦʚʞ ʩʤʫʞʦʢ, ʪʦʜʽ ʷʢ ʩʫʩʽʜʥʽ ʩʤʫʞʢʠ ʨʦʟʜʽʣʝʥʽ ʙʽʣʴʰʦʶ 

ʚʽʜʩʪʘʥʥʶ ʦʜʥʘ ʚʽʜ ʦʜʥʦʾ [6]. 

ʋ ʨʦʙʦʪʽ [7] ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʉʊʄ ʨʦʟʛʣʷʥʫʪʦ ʜʚʦʚʠʤʽʨʥʽ (2D) ʤʘʪʝʨʽʘʣʠ ʟ 

ʭʚʠʣʷʤʠ ʛʫʩʪʠʥʠ ʟʘʨʷʜʫ, ʱʦ ʧʨʠʚʝʨʪʘʶʪʴ ʚʝʣʠʢʠʡ ʽʥʪʝʨʝʩ ʚ ʷʢʦʩʪʽ 

ʚʠʩʦʢʦʝʬʝʢʪʠʚʥʠʭ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʥʘʥʦʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʦʩʮʠʣʷʪʦʨʽʚ, ʝʣʝʢʪʨʦʜʽʚ 

ʫ ʩʫʧʝʨʢʦʥʜʝʥʩʘʪʦʨʘʭ, ʧʨʠʩʪʨʦʾʚ ʜʣʷ ʟʙʝʨʽʛʘʥʥʷ ʪʘ ʧʝʨʝʪʚʦʨʝʥʥʷ ʝʥʝʨʛʽʾ ʪʦʱʦ. 

ʅʝʱʦʜʘʚʥʦ ʙʫʣʦ ʚʽʜʢʨʠʪʦ ʱʦ ʰʘʨʫʚʘʪʽ ʩʪʨʫʢʪʫʨʠ ʜʝʷʢʠʭ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ 

ʤʦʞʫʪʴ ʤʘʪʠ ʩʪʘʥ ʟ ʧʝʨʽʦʜʠʯʥʦʶ ʤʦʜʫʣʷʮʽʻʶ ʛʫʩʪʠʥʠ ʟʘʨʷʜʫ, ʧʦʚ'ʷʟʘʥʦʶ ʟ 

ʧʝʨʽʦʜʠʯʥʦʶ ʜʝʬʦʨʤʘʮʽʻʶ ʢʨʠʩʪʘʣʽʯʥʦʾ ʛʨʘʪʢʠ. ʇʝʨʝʭʽʜ ʚʽʜ ʥʦʨʤʘʣʴʥʦʛʦ ʩʪʘʥʫ 

ʜʦ ʩʪʘʥʫ ʟ ʭʚʠʣʝʶ ʛʫʩʪʠʥʠ ʟʘʨʷʜʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʢʦʣʠ ʟʤʽʱʝʥʥʷ ʘʪʦʤʽʚ ʧʨʠʟʚʦʜʷʪʴ 

ʜʦ ʫʪʚʦʨʝʥʥʷ çʥʘʜˇʨʘʪʢʠè, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʠʥʠʢʥʝʥʥʷ ʝʣʝʢʪʨʦʥʥʦʾ 

ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʚ ʦʢʦʣʽ ʝʥʝʨʛʽʾ ʌʝʨʤʽ. ɸʥʘʣʽʟ ʉʊʄ-ʟʦʙʨʘʞʝʥʴ ʪʘ ʚʠʤʽʨʶʚʘʥʴ 

ʩʢʘʥʫʚʘʣʴʥʦʾ ʪʫʥʝʣʴʥʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ (ʉʊʉ) ʻ ʧʨʷʤʠʤ ʩʧʦʩʦʙʦʤ ʜʦʩʣʽʜʞʝʥʥʷ 

ʘʪʦʤʥʦʾ ʩʪʨʫʢʪʫʨʠ ʪʘ ʝʥʝʨʛʝʪʠʯʥʦʾ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʪʘʢʠʭ ʜʚʦʚʠʤʽʨʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ. ʅʘ ʨʠʩʫʥʢʫ 3.11 ʟʘ ʜʦʧʦʤʦʛʦʶ ʉʊʄ ʤʦʞʥʘ ʩʧʦʩʪʝʨʽʛʘʪʠ ʷʢ ʟʽ 

ʟʥʠʞʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʭʽʜ ʚʽʜ ʥʝʩʧʦʪʚʦʨʝʥʦʾ ʢʨʠʩʪʘʣʽʯʥʦʾ 

ʩʪʨʫʢʪʫʨʠ ʤʦʥʦʰʘʨʫ NbSe2 (ʧʨʠ T = 45 K) ʜʦ ʩʪʨʫʢʪʫʨʠ ʟ ʦʟʥʘʢʘʤʠ ʥʘʜˇʨʘʪʢʠ 

(ʧʨʠ T = 25 K). ʇʨʠ T = 5 K ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʦʚʥʽʩʪʶ ʩʬʦʨʤʦʚʘʥʘ ʪʘ ʦʜʥʦʨʽʜʥʘ 

ʥʘʜˇʨʘʪʢʘ ʭʚʠʣʽ ʛʫʩʪʠʥʠ ʟʘʨʷʜʫ 3 Ĭ 3 ʽʟ ʨʦʟʪʘʰʫʚʘʥʥʷʤ ʘʪʦʤʽʚ 1 Ĭ 1. ʉʧʝʢʪʨ 

dI/dU, ʦʪʨʠʤʘʥʠʡ ʜʣʷ ʤʦʥʦʰʘʨʫ NbSe2 (ʨʠʩʫʥʦʢ 3.11, ʛ), ʜʝʤʦʥʩʪʨʫʻ ʧʨʦʚʘʣ ʫ 

ʝʥʝʨʛʝʪʠʯʥʦʤʫ ʩʧʝʢʪʨʽ ʟ ʮʝʥʪʨʦʤ ʙʽʣʷ ʝʥʝʨʛʽʾ ʌʝʨʤʽ, ʷʢʠʡ, ʦʜʥʘʢ, ʥʝ ʜʦʩʷʛʘʻ 

ʥʫʣʷ, ʱʦ ʚʢʘʟʫʻ ʥʘ ʪʝ ʱʦ ʟʘʙʦʨʦʥʝʥʘ ʟʦʥʘ ʥʝ ʧʦʚʥʘ [7].  
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ʈʠʩ. 3.11. ʉTM-ʟʦʙʨʘʞʝʥʥʷ ʤʦʥʦʰʘʨʫ NbSe2 ʟ ʘʪʦʤʘʨʥʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ ʧʨʠ 

ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ: ʘ ï T = 45 K, ʢʨʠʩʪʘʣʽʯʥʘ ʩʪʨʫʢʪʫʨʘ ʥʝʩʧʦʪʚʦʨʝʥʘ; ʙ ï T = 25 K, ʩʪʘʶʪʴ 

ʦʯʝʚʠʜʥʠʤʠ ʧʣʷʤʠʩʪʽ ʩʣʘʙʢʽ ʦʟʥʘʢʠ ʥʘʜˇʨʘʪʢʠ; ʚ ï T = 5 K,  ʥʘʜˇʨʘʪʢʘ ʧʦʚʥʽʩʪʶ ʩʬʦʨʤʦʚʘʥʘ 

ʪʘ ʦʜʥʦʨʽʜʥʘ, ʥʘ ʚʩʪʘʚʮʽ ʧʦʢʘʟʘʥʦ ʰʚʠʜʢʝ ʧʝʨʝʪʚʦʨʝʥʥʷ ʌʫʨôʻ ʟʦʙʨʘʞʝʥʥʷ; ʛ ï STS-

ʚʠʤʽʨʶʚʘʥʥʷ ʜʝʤʦʥʩʪʨʫʻ ʧʨʦʚʘʣ ʥʘʧʽʚʰʠʨʠʥʦʶ ȹ = 4 ʤʝɺ ʚ ʝʥʝʨʛʝʪʠʯʥʦʤʫ ʩʧʝʢʪʨʽ, 

ʩʧʨʠʯʠʥʝʥʠʡ ʩʪʘʥʦʤ ʭʚʠʣʽ ʛʫʩʪʠʥʠ ʟʘʨʷʜʫ ʫ ʤʦʥʦʰʘʨʽ NbSe2. (Hossain et al. Crystals, 2017 [7]) 

ʄʝʪʦʜʠ ʉʊʄ ʪʘʢʦʞ ʟʥʘʭʦʜʷʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʩʫʯʘʩʥʠʭ 

ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ, ʥʘʧʨʠʢʣʘʜ ʫ ʚʠʚʯʝʥʥʽ ʧʨʦʮʝʩʽʚ ʘʜʩʦʨʙʮʽʾ, ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʦʜʝʨʞʘʥʥʷ ʟʦʙʨʘʞʝʥʴ ʩʫʙʤʦʣʝʢʫʣʷʨʥʦʾ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ. 

ʊʘʢ, ʫ ʨʦʙʦʪʽ [8] ʧʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʨʦʣʽ ʜʠʩʧʝʨʩʽʡʥʦʾ ʩʠʣʠ ɺʘʥ-ʜʝʨ-

ɺʘʘʣʴʩʘ ʚ ʘʜʩʦʨʙʮʽʾ ʦʨʛʘʥʽʯʥʠʭ ʤʦʣʝʢʫʣ ʥʘ ʤʝʪʘʣʝʚʽʡ ʧʽʜʢʣʘʜʮʽ. ɸ ʩʘʤʝ, 

ʧʦʢʘʟʘʥʦ, ʱʦ ʘʜʩʦʨʙʮʽʷ ʤʦʣʝʢʫʣ ʪʝʪʨʘʮʝʥʫ ʥʘ ʩʨʽʙʥʽʡ ʧʽʜʢʣʘʜʮʽ ʻ 

ʙʘʛʘʪʦʦʙʽʮʷʶʯʠʤ ʤʝʪʦʜʦʤ ʩʪʚʦʨʝʥʥʷ ʩʘʤʦʦʨʛʘʥʽʟʦʚʘʥʠʭ ʚʧʦʨʷʜʢʦʚʘʥʠʭ 

ʥʠʟʴʢʦʚʠʤʽʨʥʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʽʟ ʤʦʣʝʢʫʣʷʨʥʦʶ ʪʦʯʥʽʩʪʶ, ʱʦ ʤʦʞʝ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʦ ʫ ʤʦʣʝʢʫʣʷʨʥʽʡ ʝʣʝʢʪʨʦʥʽʮʽ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʉʊʄ (ʨʠʩʫʥʦʢ 3.12) ʜʦʟʚʦʣʠʣʠ ʚʠʷʚʠʪʠ, ʱʦ 

ʦʩʘʜʞʝʥʥʷ ʦʜʠʥʠʯʥʦʛʦ ʤʦʥʦʰʘʨʫ ʪʝʪʨʘʮʝʥʫ ʥʘ ʩʨʽʙʥʫ ʧʽʜʢʣʘʜʢʫ Ag(110) ʧʨʠ 

ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʩʧʽʚʨʦʟʤʽʨʥʦʾ ʜʦ ʧʽʜʢʣʘʜʢʠ 

ʩʘʤʦʦʨʛʘʥʽʟʦʚʘʥʦʾ ʩʪʨʫʢʪʫʨʠ. ɺʠʜʥʦ ʱʦ ʜʦʚʛʘ ʚʽʩʴ ʤʦʣʝʢʫʣ ʪʝʪʨʘʮʝʥʫ ʚʠʨʽʚʥʷʥʘ 

ʧʽʜ ʧʝʚʥʠʤ ʢʫʪʦʤ ʚʽʜʥʦʩʥʦ ʥʘʧʨʷʤʢʫ [001] ʧʽʜʢʣʘʜʢʠ Ag(110), ʽ ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ 

ʨʦʤʙʽʯʥʫ ʝʣʝʤʝʥʪʘʨʥʫ ʢʦʤʽʨʢʫ ʩʬʦʨʤʦʚʘʥʦʾ ʚʧʦʨʷʜʢʦʚʘʥʦʾ ʩʪʨʫʢʪʫʨʠ. ʆʜʝʨʞʘʥʽ 

ʪʘʢʠʤ ʯʠʥʦʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʨʝʟʫʣʴʪʘʪʠ ʩʧʽʚʧʘʣʠ ʟ ʪʝʦʨʝʪʠʯʥʠʤ 

ʤʦʜʝʣʶʚʘʥʥʷʤ.  
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ʈʠʩ. 3.12. ʘ ï STM-ʪʦʧʦʛʨʘʬʽʷ ʘʜʩʦʨʙʮʽʾ ʤʦʥʦʰʘʨʫ ʪʝʪʨʘʮʝʥʫ ʥʘ ʩʨʽʙʥʽʡ ʧʽʜʢʣʘʜʮʽ 

Ag(110) ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ; ʙ ï ɿʙʽʣʴʰʝʥʝ ʟʦʙʨʘʞʝʥʥʷ ʩʘʤʦʦʨʛʘʥʽʟʦʚʘʥʠʭ ʤʦʣʝʢʫʣ 

ʪʝʪʨʘʮʝʥʫ, ʱʦ ʤʘʶʪʴ ʧʝʨʽʦʜʠʯʥʦ ʟʤʽʥʥʫ ʤʦʣʝʢʫʣʷʨʥʫ ʷʩʢʨʘʚʽʩʪʴ  

(Liang et al. Crystals, 2019 [8]) 

ʂʨʽʤ ʪʦʛʦ, ʥʘ ʉʊʄ-ʟʦʙʨʘʞʝʥʥʷʭ ʚʠʷʚʠʣʘʩʴ ʮʽʢʘʚʘ ʦʩʦʙʣʠʚʽʩʪʴ, ʱʦ ʚ ʤʝʞʘʭ 

ʦʜʥʽʻʾ ʝʣʝʤʝʥʪʘʨʥʦʾ ʢʦʤʽʨʢʠ ʤʦʣʝʢʫʣʠ ʪʝʪʨʘʮʝʥʫ ʚʽʜʨʽʟʥʷʶʪʴʩʷ: ʦʜʥʘ ʤʦʣʝʢʫʣʘ 

ʪʝʪʨʘʮʝʥʫ ʧʦʚʥʽʩʪʶ ʷʩʢʨʘʚʘ, ʪʦʜʽ ʷʢ ʜʨʫʛʘ ʥʘʧʦʣʦʚʠʥʫ ʷʩʢʨʘʚʘ, ʥʘʧʦʣʦʚʠʥʫ 

ʪʴʤʷʥʘ (ʚʠʜʽʣʝʥʦ ʝʣʽʧʩʘʤʠ ʥʘ ʨʠʩʫʥʢʫ 3.12, ʙ). ʄʝʭʘʥʽʟʤ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʧʝʨʽʦʜʠʯʥʦʾ ʟʤʽʥʠ ʷʩʢʨʘʚʦʩʪʽ ʪʘ ʪʴʤʷʥʦʩʪʽ ʤʦʣʝʢʫʣ ʪʝʪʨʘʮʝʥʫ, ʘʜʩʦʨʙʦʚʘʥʦʛʦ ʥʘ 

Ag(110), ʚʜʘʣʦʩʴ ʧʦʷʩʥʠʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʽʚʩʴʢʠʭ ʜʠʩʧʝʨʩʽʡʥʠʭ 

ʩʠʣ ʫ ʨʽʟʥʠʭ ʮʝʥʪʨʘʭ ʘʜʩʦʨʙʮʽʾ ʟ ʨʽʟʥʠʤ ʤʽʞʬʘʟʥʠʤ ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʫ [8]. 

ʉʊʄ ʜʦʩʣʽʜʞʝʥʥʷ ʜʫʞʝ ʘʢʪʫʘʣʴʥʽ ʚ ʦʙʣʘʩʪʽ ʨʦʟʨʦʙʢʠ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ 

ʥʠʟʴʢʦʚʠʤʽʨʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʪʘʢʠʭ ʷʢ ʛʨʘʬʝʥ, ʩʠʣʽʮʝʥ ʪʘ ʙʘʛʘʪʦ ʽʥʰʠʭ ʥʦʚʠʭ 

ʛʨʘʬʝʥʦʧʦʜʽʙʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. ʋ ʨʦʙʦʪʽ [9] ʟʘʩʦʙʠ ʩʢʘʥʫʚʘʣʴʥʦʾ ʪʫʥʝʣʴʥʦʾ 

ʤʽʢʨʦʩʢʦʧʽʾ ʪʘ ʩʧʝʢʪʨʦʩʢʦʧʽʾ ʟʘʩʪʦʩʦʚʘʥʽ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʛʨʘʬʝʥʦʚʠʭ 

ʥʘʥʦʩʪʨʽʯʦʢ. ʎʽ ʢʚʘʟʽ-ʦʜʥʦʚʠʤʽʨʥʽ ʥʘʥʦʩʪʨʫʢʪʫʨʠ ʻ ʜʫʞʝ ʮʽʢʘʚʠʤ ʤʘʪʝʨʽʘʣʦʤ ʜʣʷ 

ʧʦʪʝʥʮʽʡʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʝʣʝʢʪʨʦʥʽʮʽ, ʥʘʧʨʠʢʣʘʜ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʥʦʚʽʪʥʽʭ 

ʧʦʣʴʦʚʠʭ ʪʨʘʥʟʠʩʪʦʨʽʚ. ʐʠʨʠʥʘ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʛʨʘʬʝʥʦʚʦʾ ʥʘʥʦʩʪʨʽʯʢʠ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ ʤʦʨʬʦʣʦʛʽʻʶ ʾʾ ʢʨʘʾʚ, ʪʘʢ ʽ ʰʠʨʠʥʦʶ ʩʘʤʦʾ ʩʪʨʽʯʢʠ, ʷʢʘ ʟʘʟʚʠʯʘʡ 

ʩʪʘʥʦʚʠʪʴ ʢʽʣʴʢʘ ʥʘʥʦʤʝʪʨʽʚ. ʅʘ ʨʠʩʫʥʢʫ 3.13 ʧʦʢʘʟʘʥʦ ʨʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ 

ʢʨʘʾʚ ʩʪʨʽʯʢʠ ʤʝʪʦʜʘʤʠ ʉʊʄ ʽ ʉʊʉ, ʱʦ ʜʦʟʚʦʣʠʣʦ ʚʩʪʘʥʦʚʠʪʠ ʚʠʩʦʢʫ ʛʫʩʪʠʥʫ 
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ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʥʘ ʢʨʘʶ ʚʟʜʦʚʞ ʥʘʧʨʷʤʢʫ ʨʦʩʪʫ ʩʪʨʽʯʢʠ ʪʘ ʥʠʟʴʢʫ ʛʫʩʪʠʥʫ ʥʘ 

ʢʨʘʶ ʧʦʧʝʨʝʢ ʩʪʨʽʯʢʠ. 

 

ʈʠʩ. 3.13. STM-ʟʦʙʨʘʞʝʥʥʷ ʛʨʘʬʝʥʦʚʠʭ ʥʘʥʦʩʪʨʽʯʦʢ ʪʘ ʚʽʜʧʦʚʽʜʥʽ STS-ʢʨʠʚʽ dI/dU, 

ʟʨʦʙʣʝʥʽ ʥʘ ʢʨʘʷʭ (a) ʧʦʧʝʨʝʢ ʥʘʧʨʷʤʢʫ ʨʦʩʪʫ ʩʪʨʽʯʢʠ ʪʘ (b) ʚʟʜʦʚʞ ʥʘʧʨʷʤʢʫ ʨʦʩʪʫ. ʂʨʠʚʽ 

dI/dU ʜʘʶʪʴ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʨʦʟʧʦʜʽʣ ʢʨʘʡʦʚʠʭ ʣʦʢʘʣʽʟʦʚʘʥʠʭ ʝʣʝʢʪʨʦʥʽʚ ʽ ʢʨʘʡʦʚʠʭ ʩʪʘʥʽʚ. 

ɺʠʜʥʦ, ʱʦ ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʢʨʘʶ ʚʟʜʦʚʞ ʩʪʨʽʯʢʠ, ʢʨʘʡ ʧʦʧʝʨʝʢ ʩʪʨʽʯʢʠ ʜʝʤʦʥʩʪʨʫʻ ʥʠʟʴʢʫ 

ʛʫʩʪʠʥʫ ʩʪʘʥʽʚ, ʱʦ ʩʧʽʚʧʘʜʘʻ ʟ ʪʝʦʨʝʪʠʯʥʠʤʠ ʨʦʟʨʘʭʫʥʢʘʤʠ  

(Gracia-Espino et al. In Handbook of Advanced Ceramics: Materials, Applications, Processing, and 

Properties: Second Edition, 2013 [9]) 
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4. ɸʊʆʄʅʆ-ʉʀʃʆɺɸ ʄɯʂʈʆʉʂʆʇɯʗ 

4.1. ʇʨʠʥʮʠʧʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦ ʾʤʽʢʨʦʩʢʦʧʽʾ 

ɸʪʦʤʥʦ-ʩʠʣʦʚʠʡ ʤʽʢʨʦʩʢʦʧ (ɸʉʄ, ʘʥʛʣʽʡʩʴʢʦʶ AFM ï atomic force 

microscope) ʙʫʚ ʩʪʚʦʨʝʥʠʡ ʫ 1982ʨ. ɻ. ʂ. ɹʽʥʥʽʛʦʤ, ʂ. ʂʫʝʡʪʦʤ ʽ ʂ. ɻʝʨʙʝʨʦʤ ʫ 

ʎʶʨʽʭʫ (ʐʚʝʡʮʘʨʽʷ), ʷʢ ʤʦʜʠʬʽʢʘʮʽʷ ʚʠʥʘʡʜʝʥʦʛʦ ʨʘʥʽʰʝ ʩʢʘʥʫʚʘʣʴʥʦʛʦ 

ʪʫʥʝʣʴʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ [1]. ɺ ʦʩʥʦʚʽ ʨʦʙʦʪʠ ɸʉʄ ʣʝʞʠʪʴ ʩʠʣʦʚʘ ʚʟʘʻʤʦʜʽʷ ʤʽʞ 

ʟʦʥʜʦʤ ʽ ʧʦʚʝʨʭʥʝʶ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʦʙôʻʢʪʘ. ʂʽʣʴʢʽʩʥʦ ʮʷ ʩʠʣʦʚʘ ʚʟʘʻʤʦʜʽʷ 

ʨʝʻʩʪʨʫʻʪʴʩʷ ʩʧʝʮʽʘʣʴʥʠʤ ʟʦʥʜʦʚʠʤ ʜʘʪʯʠʢʦʤ, ʫ ʷʢʦʩʪʽ ʷʢʦʛʦ ʩʣʫʛʫʻ ʧʨʫʞʥʘ 

ʢʦʥʩʦʣʴ ʽʟ ʛʦʩʪʨʠʤ ʚʽʩʪʨʷʤ ʥʘ ʢʽʥʮʽ ï ʪʘʢ ʟʚʘʥʠʡ ʢʘʥʪʠʣʝʚʝʨ. ʉʠʣʘ, ʱʦ ʜʽʻ ʥʘ ʟʦʥʜ 

ʟ ʙʦʢʫ ʧʦʚʝʨʭʥʽ, ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʠʛʠʥʫ ʢʦʥʩʦʣʽ. ʈʝʻʩʪʨʫʶʯʠ ʚʝʣʠʯʠʥʫ ʮʴʦʛʦ 

ʚʠʛʠʥʫ, ʤʦʞʥʘ ʢʦʥʪʨʦʣʶʚʘʪʠ ʩʠʣʫ ʚʟʘʻʤʦʜʽʾ ʟʦʥʜʘ ʟ ʧʦʚʝʨʭʥʝʶ. ʇʦʷʚʘ 

ʚʠʧʫʢʣʦʩʪʝʡ ʽ ʟʘʧʘʜʠʥ ʧʽʜ ʚʽʩʪʨʷʤ ʢʘʥʪʠʣʝʚʝʨʘ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʥʠ ʩʠʣʠ, ʱʦ ʜʽʻ 

ʥʘ ʟʦʥʜ, ʘ ʟʥʘʯʠʪʴ, ʽ ʜʦ ʟʤʽʥʠ ʚʝʣʠʯʠʥʠ ʚʠʛʠʥʫ ʢʘʥʪʠʣʝʚʝʨʘ. ʊʘʢʠʤ ʯʠʥʦʤ, 

ʨʝʻʩʪʨʫʶʯʠ ʚʝʣʠʯʠʥʫ ʚʠʛʠʥʫ, ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʟʦʙʨʘʞʝʥʥʷ ʨʝʣʴʻʬʫ ʧʦʚʝʨʭʥʽ. 

ʉʭʝʤʘʪʠʯʥʦ ʮʝʡ ʪʠʧ ʟʦʥʜʦʚʦʛʦ ʜʘʪʯʠʢʘ ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 4.1. ɼʣʷ ʨʝʻʩʪʨʘʮʽʾ 

ʪʘʢʠʭ ʤʘʣʠʭ ʚʟʘʻʤʦʜʽʡ ʢʘʥʪʠʣʝʚʝʨ ʚʠʛʦʪʦʚʣʷʻʪʴʩʷ ʟ ʤʘʪʝʨʽʘʣʫ, ʩʪʘʣʘ ʧʨʫʞʥʦʩʪʽ 

ʷʢʦʛʦ ʧʦʚʠʥʥʘ ʙʫʪʠ ~ 10 ʅ/ʤ. ɼʽʘʧʘʟʦʥʠ ʚʽʜʩʪʘʥʝʡ ʚʽʜ ʟʦʥʜʘ ʜʦ ʧʦʚʝʨʭʥʽ, ʷʢʽ 

ʟʘʩʪʦʩʦʚʫʶʪʴ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʟʦʙʨʘʞʝʥʥʷ ʚ ɸʉʄ, ʚʠʟʥʘʯʘʶʪʴ ʨʝʞʠʤʠ ʨʦʙʦʪʠ 

ʤʽʢʨʦʩʢʦʧʘ. 

 

ʈʠʩ. 4.1. ʉʭʝʤʘʪʠʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʟʦʥʜʦʚʦʛʦ ʜʘʪʯʠʢʘ ɸʉʄ 
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ɿʘ ʜʦʧʦʤʦʛʦʶ ɸʉʄ ʤʦʞʥʘ ʦʪʨʠʤʫʚʘʪʠ ʟʦʙʨʘʞʝʥʥʷ ʷʢ ʬʽʟʠʯʥʠʭ ʦʙ'ʻʢʪʽʚ 

(ʧʦʚʝʨʭʥʽ ʪʚʝʨʜʠʭ ʪʽʣ), ʪʘʢ ʽ ʙʽʦʣʦʛʽʯʥʠʭ ʽ ʭʽʤʽʯʥʠʭ ʦʙ'ʻʢʪʽʚ (ʚʽʨʫʩʽʚ ʽ ʙʘʢʪʝʨʽʡ, 

ʘʪʦʤʽʚ ʽ ʤʦʣʝʢʫʣ). ʈʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ɸʉʄ, ʭʦʯʘ ʽ ʻ ʪʨʦʭʠ ʥʠʞʯʦʶ, ʥʽʞ ʫ ʉʊʄ 

(ʩʢʘʥʫʚʘʣʴʥʦʛʦ ʪʫʥʝʣʴʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ), ʧʨʦʪʝ ʜʦʩʷʛʘʻ ʜʝʩʷʪʠʭ ʜʦʣʴ ʥʘʥʦʤʝʪʨʘ, 

ʱʦ ʜʦʟʚʦʣʷʻ ʩʧʦʩʪʝʨʽʛʘʪʠ ʥʘʚʽʪʴ ʦʢʨʝʤʽ ʘʪʦʤʠ [2]. ɼʦ ʧʝʨʝʚʘʛ ɸʉʄ, ʙʝʟʫʤʦʚʥʦ, 

ʥʝʦʙʭʽʜʥʦ ʚʽʜʥʝʩʪʠ ʡ ʪʦʡ ʬʘʢʪ, ʱʦ ʤʝʪʦʜ ʜʦʟʚʦʣʷʻ ʚʠʚʯʘʪʠ ʚʟʘʻʤʦʜʽʶ ʜʚʦʭ 

ʦʙ'ʻʢʪʽʚ: ʚʠʤʽʨʶʚʘʪʠ ʩʠʣʠ ʪʝʨʪʷ, ʧʨʫʞʥʦʩʪʽ, ʘʜʛʝʟʽʾ, ʘ ʪʘʢʦʞ ʧʝʨʝʤʽʱʘʪʠ ʦʢʨʝʤʽ 

ʘʪʦʤʠ, ʦʩʘʜʞʫʚʘʪʠ ʡ ʚʠʜʘʣʷʪʠ ʾʭ ʟ ʙʫʜʴ-ʷʢʦʾ ʧʦʚʝʨʭʥʽ. ʊʘʢʦʞ ʟʘ ʜʦʧʦʤʦʛʦʶ ɸʉʄ 

ʤʦʞʥʘ ʧʨʦʚʦʜʠʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʥʝ ʪʽʣʴʢʠ ʧʨʦʚʽʜʥʠʭ, ʘʣʝ ʡ ʥʝʧʨʦʚʽʜʥʠʭ 

ʧʦʚʝʨʭʦʥʴ. 

4.1.1. ʉʠʣʠ ʤʽʞʘʪʦʤʥʦʾ ʚʟʘʻʤʦʜʽʾ 

ʇʨʠʥʮʠʧ ʨʦʙʦʪʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʙʘʟʫʻʪʴʩʷ ʥʘ ʩʠʣʦʚʽʡ 

ʚʟʘʻʤʦʜʽ ʾʤʽʞ ʘʪʦʤʘʤʠ ʟʦʥʜʘ ʪʘ ʟʨʘʟʢʘ, ʱʦ ʜʦʩʣʽʜʞʫʻʪʴʩʷ. ʋ ʟʦʥʜʦʚʽʡ ʤʽʢʨʦʩʢʦʧʽʾ 

ʨʦʟʨʽʟʥʷʶʪʴ ʢʦʥʪʘʢʪʥʽ, ʙʝʟʢʦʥʪʘʢʪʥʽ, ʧʦʚʝʨʭʥʝʚʽ ʡ ʘʜʛʝʟʽʡʥʽ ʩʠʣʠ [2, 3]. ʗʢ ʫ 

ʙʫʜʴ-ʷʢʽʡ ʬʽʟʠʯʥʽʡ ʩʠʩʪʝʤʽ ʚ ʨʘʟʽ ʢʦʥʪʘʢʪʫ ʥʘʥʦʟʦʥʜ - ʧʦʚʝʨʭʥʷ ʧʦʨʷʜ ʟ 

ʢʦʥʩʝʨʚʘʪʠʚʥʠʤʠ ʩʠʣʘʤʠ (ʝʣʝʢʪʨʦʩʪʘʪʠʯʥʠʤʠ, ʤʘʛʥʽʪʦʩʪʘʪʠʯʥʠʤʠ, 

ʝʣʝʢʪʨʦʜʠʥʘʤʽʯʥʠʤʠ, ʩʠʣʘʤʠ ʤʽʞʘʪʦʤʥʠʭ ʚʟʘʻʤʦʜʽʡ) ʚʠʥʠʢʘʶʪʴ ʪʘʢʦʞ ʽ 

ʜʠʩʠʧʘʪʠʚʥʽ ʩʠʣʠ (ʙʝʟ ʫʨʘʭʫʚʘʥʥʷ ʜʠʩʠʧʘʪʠʚʥʠʭ ʚʪʨʘʪ, ʧʦʚ'ʷʟʘʥʠʭ ʽʟ ʚʥʫʪʨʽʰʥʽʤ 

ʪʝʨʪʷʤ ʫ ʢʘʥʪʠʣʝʚʝʨʽ).  

ʊʦʯʥʠʡ ʦʧʠʩ ʚʩʽʭ ʤʽʞʘʪʦʤʥʠʭ ʩʠʣ ʻ ʩʢʣʘʜʥʦʶ ʟʘʜʘʯʝʶ, ʪʦʤʫ ʜʣʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʟʘʻʤʦʜʽʾ ʜʚʦʭ ʘʪʦʤʽʚ ʟʘʟʚʠʯʘʡ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʘʧʨʦʢʩʠʤʘʮʽʶ ʫ 

ʚʠʛʣʷʜʽ ʧʘʨʥʦʛʦ ʧʦʪʝʥʮʽʘʣʫ, ʷʢʠʡ ʦʙôʻʜʥʫʻ ʜʽʣʷʥʢʫ ʜʘʣʴʥʦʜʽʶʯʠʭ ʩʠʣ ʧʨʠʪʷʛʘʥʥʷ 

ʟ ʜʽʣʷʥʢʦʶ ʢʦʨʦʪʢʦʜʽʶʯʠʭ ʩʠʣ ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ. ɺ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ ʧʦʪʝʥʮʽʘʣ 

ʚʟʘʻʤʦʜʽʾ ʜʚʦʭ ʘʪʦʤʽʚ ʧʨʦʩʪʦʾ ʨʝʯʦʚʠʥʠ ʤʦʞʥʘ ʧʨʝʜʩʪʘʚʠʪʠ ʫ ʬʦʨʤʽ 4-ʭ 

ʧʘʨʘʤʝʪʨʠʯʥʦʛʦ ʧʦʪʝʥʮʽʘʣʫ ʄʽ-ʃʝʥʥʘʨʜ-ɼʞʦʥʩʘ [4, 5] 

0 0 0( )

m n
U r r

U r n m
n m r r

å õå õ å õ
æ ö+æ ö æ ö
æ öç ÷ ç ÷ç ÷

= -
-

,  (4.1) 

ʜʝ r ï ʚʽʜʩʪʘʥʴ ʤʽʞ ʮʝʥʪʨʘʤʠ ʘʪʦʤʽʚ, r0 ï ʨʽʚʥʦʚʘʞʥʘ ʚʽʜʩʪʘʥʴ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ 

ʤʽʥʽʤʫʤʫ ʧʦʪʝʥʮʽʘʣʫ, U0 ï ʟʥʘʯʝʥʥʷ ʧʦʪʝʥʮʽʘʣʫ ʫ ʤʽʥʽʤʫʤʽ, n > m > 1 ï ʯʠʩʝʣʴʥʽ 
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ʧʘʨʘʤʝʪʨʠ, ʧʨʠ ʯʦʤʫ ʜʦʜʘʥʦʢ ʫ ʩʪʝʧʝʥʽ m ʭʘʨʘʢʪʝʨʠʟʫʻ ʩʠʣʠ ʧʨʠʪʷʛʘʥʥʷ, ʘ ʚ 

ʩʪʝʧʝʥʽ n ï ʩʠʣʠ ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ.  

ɿʘʧʠʩ ʧʦʪʝʥʮʽʘʣʫ ʫ ʚʠʛʣʷʜʽ ʬʦʨʤʫʣʠ (4.1) ʚʢʣʶʯʘʻ ʩʢʣʘʜʦʚʽ ʨʽʟʥʠʭ ʟʥʘʢʽʚ ʽ 

ʥʘ ʚʝʣʠʢʠʭ ʚʽʜʩʪʘʥʷʭ (r > r0) ʟʘʙʝʟʧʝʯʫʻ ʧʨʠʪʷʛʘʥʥʷ, ʘ ʥʘ ʤʘʣʠʭ (r < r0) ï 

ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ ʘʪʦʤʽʚ.  

ʅʘʡʙʽʣʴʰ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʘʧʨʦʢʩʠʤʘʮʽʷ ʩʪʝʧʝʥʝʚʠʤ 

ʧʦʪʝʥʮʽʘʣʦʤ ʃʝʥʥʘʨʜʘ-ɼʞʦʥʩʘ ʪʠʧʫ ç6 - 12è 

6 12

0 0
0( ) 2

r r
U r U

r r

å õå õ å õ
æ ö+æ ö æ ö
æ öç ÷ ç ÷ç ÷

= - ,  (4.2) 

ʱʦ ʦʜʝʨʞʫʻʪʴʩʷ ʟ (4.1) ʷʢʱʦ ʧʨʠʡʥʷʪʠ m = 6 ʪʘ n =12.  

ɺʠʙʽʨ m = 6 ʫ ʧʝʨʰʦʤʫ ʜʦʜʘʥʢʫ (4.2) ʙʘʟʫʻʪʴʩʷ ʥʘ ʃʦʥʜʦʥʚ̔ʩʴʢʽʡ ʪʝʦʨʽʾ 

ʜʠʩʧʝʨʩʽʡʥʠʭ ʩʠʣ, ʷʢʘ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʜʣʷ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʾ ʚʟʘʻʤʦʜʽʾ ʜʚʦʭ 

ʘʪʦʤʽʚ. ʅʘ ʥʝʚʝʣʠʢʠʭ ʚʽʜʩʪʘʥʷʭ ʤʽʞ ʙʫʜʴ-ʷʢʠʤʠ ʘʪʦʤʘʤʠ ʪʘ ʤʦʣʝʢʫʣʘʤʠ ʜʽʶʪʴ 

ʜʘʣʴʥʦʜʽʶʯʽ ʩʠʣʠ ʧʨʠʪʷʛʘʥʥʷ ʚʽʜʦʤʽ ʷʢ ʩʠʣʠ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ [6]. ʎʝ ʧʨʠʪʷʛʘʥʥʷ 

ʤʘʻ ʢʚʘʥʪʦʚʫ ʧʨʠʨʦʜʫ ʡ ʧʦʚ'ʷʟʘʥʝ ʟ ʢʦʨʝʣʴʦʚʘʥʠʤʠ, ʪʦʙʪʦ ʫʟʛʦʜʞʝʥʠʤʠ, 

ʢʦʣʠʚʘʥʥʷʤʠ ʝʣʝʢʪʨʦʥʽʚ ʫ ʜʚʦʭ ʘʪʦʤʘʭ. ɽʥʝʨʛʽʷ ʧʘʨʠ ʘʪʦʤʽʚ, ʜʝ ʝʣʝʢʪʨʦʥʠ 

ʟʤʽʱʝʥʽ (ʧʦʣʷʨʠʟʦʚʘʥʽ) ʦʜʥʘʢʦʚʠʤ ʯʠʥʦʤ, ʪʨʦʭʠ ʤʝʥʰʘ, ʥʽʞ ʝʥʝʨʛʽʷ ʧʘʨʠ 

ʥʝʧʦʣʷʨʠʟʦʚʘʥʠʭ ʘʪʦʤʽʚ. 

ʉʠʣʠ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ ʦʙʫʤʦʚʣʝʥʽ ʪʠʤ, ʱʦ ʥʝʡʪʨʘʣʴʥʠʡ ʽʟʦʪʨʦʧʥʠʡ ʘʪʦʤ 

ʤʦʞʝ ʧʦʣʷʨʠʟʫʚʘʪʠʩʷ ʧʽʜ ʚʧʣʠʚʦʤ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ. ʇʨʠʯʦʤʫ ʥʘʚʽʪʴ ʜʚʘ 

ʥʝʡʪʨʘʣʴʥʠʭ ʘʪʦʤʘ ʽʥʜʫʢʫʶʪʴ ʦʜʠʥ ʚ ʦʜʥʦʤʫ ʤʘʣʽ ʜʠʧʦʣʴʥʽ ʝʣʝʢʪʨʠʯʥʽ ʤʦʤʝʥʪʠ, 

ʢʦʣʠ ʚʦʥʠ ʟʥʘʭʦʜʷʪʴʩʷ ʜʦʩʠʪʴ ʙʣʠʟʴʢʦ ʦʜʠʥ ʚʽʜ ʦʜʥʦʛʦ, ʪʦʙʪʦ ʪʘʢ, ʱʦ ʨʫʭ 

ʝʣʝʢʪʨʦʥʽʚ ʚ ʝʣʝʢʪʨʦʥʥʠʭ ʦʙʦʣʦʥʢʘʭ ʩʫʩʽʜʥʽʭ ʘʪʦʤʘʭ ʥʝ ʟʘʟʥʘʻ ʨʘʜʠʢʘʣʴʥʠʭ ʟʤʽʥ, 

ʘ ʪʽʣʴʢʠ ʚʽʜʯʫʚʘʻ ʩʣʘʙʢʫ ʬʣʫʢʪʫʘʮʽʶ (ʜʠʚ. ʨʠʩ. 4.2). 

ɼʠʩʧʝʨʩʽʡʥʘ ʚʟʘʻʤʦʜʽʷ ʦʙʫʤʦʚʣʝʥʘ ʧʨʠʪʷʛʘʥʥʷʤ ʤʠʪʪʻʚʠʭ ʽʥʜʫʢʦʚʘʥʠʭ 

ʜʠʧʦʣʽʚ. ɺʦʥʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʽʯʥʠʤʠ ʬʣʫʢʪʘʮʽʷʤʠ ʝʣʝʢʪʨʦʥʥʦʾ 

ʛʫʩʪʠʥʠ ʚ ʘʪʦʤʘʭ. ʄʠʪʪʻʚʠʡ ʨʦʟʧʦʜʽʣ ʟʘʨʷʜʫ ʚʩʝʨʝʜʠʥʽ ʦʜʥʦʛʦ ʘʪʦʤʘ, ʱʦ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʤʠʪʪʻʚʠʤ ʜʠʧʦʣʴʥʠʤ ʤʦʤʝʥʪʦʤ, ʽʥʜʫʢʫʻ ʤʠʪʪʻʚʠʡ ʜʠʧʦʣʴʥʠʡ 

ʤʦʤʝʥʪ ʚ ʽʥʰʦʤʫ ʘʪʦʤʽ, ʷʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 4.2. ʉʠʣʠ ʧʨʠʪʷʛʘʥʥʷ ʤʽʞ 
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ʽʥʜʫʢʦʚʘʥʠʤʠ ʜʠʧʦʣʷʤʠ ʥʘʟʠʚʘʶʪʴʩʷ ʩʠʣʘʤʠ ʃʦʥʜʦʥʘ ʘʙʦ ʜʠʩʧʝʨʩʽʡʥʠʤʠ 

ʩʠʣʘʤʠ. 

 

ʈʠʩ. 4.2. ʅʝʡʪʨʘʣʴʥʠʡ ʘʪʦʤ (ʘ) ʪʘ ʤʠʪʪʻʚʠʡ ʜʠʧʦʣʴ (ʙ) ʡ ʽʥʜʫʢʦʚʘʥʠʡ ʜʠʧʦʣʴ, ʢʦʪʨʽ 

ʧʨʠʪʷʛʫʶʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʜʠʩʧʝʨʩʽʡʥʦʾ ʚʟʘʻʤʦʜʽʾ 

ʇʦʪʝʥʮʽʘʣʴʥʘ ʝʥʝʨʛʽʷ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʩʠʣʘʤ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ, ʦʙʝʨʥʝʥʦ 

ʧʨʦʧʦʨʮʽʡʥʘ ʜʦ ʰʦʩʪʦʛʦ ʩʪʝʧʝʥʷ ʤʽʞʤʦʣʝʢʫʣʷʨʥʦʾ ʚʽʜʩʪʘʥʽ r [6]: 

6ɺʜɺU
r

b
=- . 

ʊʫʪ ʩʪʘʣʘ ɓ ʟʘʣʝʞʠʪʴ ʚʽʜ ʤʝʭʘʥʽʟʤʫ ʚʟʘʻʤʦʜʽʾ ʜʚʦʭ ʤʦʣʝʢʫʣ ʪʘ ʤʦʞʝ ʤʘʪʠ ʚʠʛʣʷʜ: 
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ʥʝʧʦʣʷʨʥʦʾ ʤʦʣʝʢʫʣ; 
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32p e
 ï ʜʠʩʧʝʨʩʽʡʥʠʡ ʤʝʭʘʥʽʟʤ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʜʚʦʭ ʥʝʧʦʣʷʨʥʠʭ 

ʤʦʣʝʢʫʣ ʘʙʦ ʜʚʦʭ ʘʪʦʤʽʚ, 

ʜʝ P1 ʪʘ P2 ï ʝʣʝʢʪʨʠʯʥʽ ʜʠʧʦʣʴʥʽ ʤʦʤʝʥʪʠ ʧʝʨʰʦʾ ʪʘ ʜʨʫʛʦʾ ʤʦʣʝʢʫʣ, Ŭ1 ʪʘ Ŭ2 ï 

ʧʦʣʷʨʠʟʦʚʥʦʩʪʽ ʤʦʣʝʢʫʣ, kɹ ï ʩʪʘʣʘ ɹʦʣʴʮʤʘʥʘ, T ï ʪʝʨʤʦʜʠʥʘʤʽʯʥʘ ʪʝʤʧʝʨʘʪʫʨʘ, 

h ï ʩʪʘʣʘ ʇʣʘʥʢʘ, me ï ʤʘʩʘ ʝʣʝʢʪʨʦʥʘ, Ů0 ï ʝʣʝʢʪʨʠʯʥʘ ʩʪʘʣʘ.  

ɼʨʫʛʠʡ ʜʦʜʘʥʦʢ ʫ ʬʦʨʤʫʣʽ (4.2) ʚʨʘʭʦʚʫʻ ʩʠʣʠ ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ. ʅʘ ʜʫʞʝ 

ʤʘʣʠʭ ʚʽʜʩʪʘʥʷʭ ʤʽʞ ʘʪʦʤʘʤʠ ʯʠ ʤʦʣʝʢʫʣʘʤʠ ʾʭ ʝʣʝʢʪʨʦʥʥʽ ʦʙʦʣʦʥʢʠ ʧʦʯʠʥʘʶʪʴ 

ʩʠʣʴʥʦ ʧʝʨʝʢʨʠʚʘʪʠʩʴ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʷʚʠ ʩʠʣ ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ ʟ 

ʭʘʨʘʢʪʝʨʥʦʶ ʝʥʝʨʛʽʻʶ 
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ʚʽʜ n

ɺ
U

r
= , 

ʜʝ B ʪʘ n ï ʩʪʘʣʽ ʚʝʣʠʯʠʥʠ ʜʣʷ ʧʝʚʥʦʛʦ ʘʪʦʤʫ ʯʠ ʤʦʣʝʢʫʣʠ, ʱʦ ʚʠʟʥʘʯʘʶʪʴʩʷ 

ʝʤʧʽʨʠʯʥʦ ʘʙʦ ʟ ʝʢʩʧʝʨʠʤʝʥʪʫ [6]. 

ɺʠʙʽʨ n = 12 ʩʧʨʠʯʠʥʝʥʠʡ ʚʠʢʣʶʯʥʦ ʟʨʫʯʥʽʩʪʶ ʪʝʦʨʝʪʠʯʥʦʛʦ 

ʟʘʩʪʦʩʫʚʘʥʥʷ, ʪʦʤʫ ʱʦ ʧʨʠ n = 2m ʟ ʨʽʚʥʷʥʥʷ (4.2) ʤʦʞʝ ʙʫʪʠ ʦʪʨʠʤʘʥʝ ʢʚʘʜʨʘʪʥʝ 

ʨʽʚʥʷʥʥʷ. ʊʦʤʫ ʧʠʪʘʥʥʷ ʪʦʯʥʦʛʦ ʪʘ ʫʟʛʦʜʞʝʥʦʛʦ ʚʠʙʦʨʫ ʟʥʘʯʝʥʴ ʧʘʨʘʤʝʪʨʽʚ 

ʧʦʪʝʥʮʽʘʣʫ ʟʘʣʠʰʘʻʪʴʩʷ ʚʽʜʢʨʠʪʠʤ ʽ ʻ ʧʨʝʜʤʝʪʦʤ ʪʝʦʨʝʪʠʯʥʠʭ ʪʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ [4, 5]. 

ʗʢʽʩʥʠʡ ʚʠʛʣʷʜ ʧʦʪʝʥʮʽʘʣʫ ʃʝʥʥʘʨʜ-ɼʞʦʥʩʘ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʚʽʜʩʪʘʥʽ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 4.3. 

 

ʈʠʩ. 4.3. ʊʠʧʦʚʘ ʟʘʣʝʞʥʽʩʪʴ ʧʦʪʝʥʮʽʘʣʴʥʦʾ ʝʥʝʨʛʽʾ U(L) ʚʟʘʻʤʦʜʽʾ ʚʽʩʪʨʷ ʟʦʥʜʘ ʟʽ 

ʟʨʘʟʢʦʤ ʚʽʜ ʚʽʜʩʪʘʥʽ L ʤʽʞ ʥʠʤʠ ï ʷʢʽʩʥʠʡ ʚʠʛʣʷʜ ʧʦʪʝʥʮʽʘʣʫ ʃʝʥʥʘʨʜ-ɼʞʦʥʩʘ 

ʇʨʠ ʥʘʙʣʠʞʝʥʥʽ ʟʦʥʜʘ ʜʦ ʟʨʘʟʢʘ ʚʽʥ ʩʧʦʯʘʪʢʫ ʧʨʠʪʷʛʫʻʪʴʩʷ ʜʦ ʧʦʚʝʨʭʥʽ 

ʟʘʚʜʷʢʠ ʥʘʷʚʥʦʩʪʽ ʥʘʡʙʽʣʴʰ ʜʘʣʴʥʦʜʽʶʯʠʭ ʩʠʣ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ. ʗʢʱʦ ʟʦʥʜ ʪʘ 

ʟʨʘʟʦʢ ʽ ʜʘʣʽ ʚʟʘʻʤʦʜʽʶʪʴ ʙʝʟʢʦʥʪʘʢʪʥʦ, ʥʝ ʜʦʪʠʢʘʶʯʠʩʴ ʦʜʥʝ ʦʜʥʦʛʦ, ʪʦ ʾʭ ʘʪʦʤʠ 

ʟʥʘʭʦʜʷʪʴʩʷ ʥʘ ʚʽʜʩʪʘʥʷʭ, ʷʢʽ ʧʝʨʝʚʠʱʫʶʪʴ ʭʘʨʘʢʪʝʨʥʽ ʜʦʚʞʠʥʠ ʭʽʤʽʯʥʠʭ ʟʚ'ʷʟʢʽʚ 

ʫ ʪʚʝʨʜʠʭ ʪʽʣʘʭ (0,2 ï 0,3 ʥʤ). ʊʦʤʫ ʤʽʞ ʦʢʨʝʤʠʤʠ ʘʪʦʤʘʤʠ ʟʦʥʜʘ ʪʘ ʟʨʘʟʢʘ ʡ ʤʽʞ 

ʥʝʡʪʨʘʣʴʥʠʤʠ ʥʝʤʘʛʥʽʪʥʠʤʠ ʟʦʥʜʦʤ ʽ ʟʨʘʟʢʦʤ ʨʝʘʣʽʟʫʻʪʴʩʷ ʨʝʞʠʤ 

ʜʘʣʴʥʦʜʽʶʯʦʛʦ ʧʨʠʪʷʛʘʥʥʷ ʟ ʧʝʨʝʚʘʞʘʥʥʷʤ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʦʚʠʭ ʩʠʣ. ʉʣʽʜ 
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ʩʢʘʟʘʪʠ, ʱʦ ʥʘʚʽʪʴ ʧʨʠ ʞʦʨʩʪʢʦʤʫ ʢʦʥʪʘʢʪʽ ʜʣʷ ʧʝʨʠʬʝʨʽʡʥʠʭ ʘʪʦʤʽʚ ʟʦʥʜʘ ʡ 

ʟʨʘʟʢʘ ʚʟʘʻʤʦʜʽʷ ʟʘʚʞʜʠ ʻ ʙʝʟʢʦʥʪʘʢʪʥʦʶ ʽ, ʚʽʜʪʘʢ, ʧʨʠʪʷʛʫʚʘʣʴʥʦʶ. 

ʇʨʠ ʧʦʜʘʣʴʰʦʤʫ ʟʤʝʥʰʝʥʥʽ ʚʽʜʩʪʘʥʽ ʟʦʥʜ-ʟʨʘʟʦʢ ʚʠʥʠʢʘʶʪʴ ʩʠʣʠ 

ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ. ʂʦʣʠ ʚʽʜʩʪʘʥʴ ʤʽʞ ʟʦʥʜʦʤ ʽ ʟʨʘʟʢʦʤ ʩʪʘʥʝ ʤʝʥʰʝ ʩʝʨʝʜʥʴʦʾ 

ʤʽʞʘʪʦʤʥʦʾ ʚʽʜʩʪʘʥʽ (ʪʘʢ ʟʚʘʥʠʡ çʞʦʨʩʪʢʠʡ ʢʦʥʪʘʢʪè), ʪʦ ʧʦʯʥʝʪʴʩʷ ʧʝʨʝʢʨʠʪʪʷ 

ʝʣʝʢʪʨʦʥʥʠʭ ʦʙʦʣʦʥʦʢ ʥʘʡʙʣʠʞʯʠʭ ʘʪʦʤʽʚ, ʫ ʨʝʟʫʣʴʪʘʪʽ ʯʦʛʦ ʝʣʝʢʪʨʦʥʠ ʧʝʨʰʦʛʦ 

ʘʪʦʤʘ ʧʨʘʛʥʫʪʴ ʯʘʩʪʢʦʚʦ ʟʘʡʥʷʪʠ ʩʪʘʥʠ ʜʨʫʛʦʛʦ ʘʪʦʤʘ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʜʽʾ ʧʨʠʥʮʠʧʫ 

ʟʘʙʦʨʦʥʠ ʇʘʫʣʽ ʚʦʥʠ ʟʤʫʰʝʥʽ ʟʘʡʤʘʪʠ ʩʪʘʥʠ ʟ ʙʽʣʴʰ ʚʠʩʦʢʦʶ ʝʥʝʨʛʽʻʶ. 

ɿʙʽʣʴʰʝʥʥʷ ʝʥʝʨʛʽʾ ʩʠʩʪʝʤʠ ʜʚʦʭ ʚʟʘʻʤʦʜʽʶʯʠʭ ʘʪʦʤʽʚ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʷʚʠ 

ʚʽʜʰʪʦʚʭʫʚʘʣʴʥʦʾ ʩʠʣʠ. ɺʽʜʩʪʘʥʽ, ʥʘ ʷʢʠʭ ʨʝʘʣʽʟʫʻʪʴʩʷ ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ ʡ 

ʧʨʠʪʷʛʘʥʥʷ ʘʪʦʤʽʚ ʟʦʥʜʘ ʪʘ ʟʨʘʟʢʘ, ʩʭʝʤʘʪʠʯʥʦ ʟʦʙʨʘʞʝʥʽ ʥʘ ʨʠʩʫʥʢʫ 4.3. 

ɿʘʛʘʣʴʥʫ ʝʥʝʨʛʽʶ ʩʠʩʪʝʤʠ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ, ʧʽʜʩʫʤʦʚʫʶʯʠ ʝʣʝʤʝʥʪʘʨʥʽ 

ʚʟʘʻʤʦʜʽʾ ʢʦʞʥʦʛʦ ʟ ʘʪʦʤʽʚ ʟʦʥʜʘ ʽ ʟʨʘʟʢʘ [3, 7]. ʊʦʜʽ ʜʣʷ ʝʥʝʨʛʽʾ ʚʟʘʻʤʦʜʽʾ 

ʦʪʨʠʤʫʻʤʦ: 

( ') ( ') ( ) '

P S

PPS S
V V

W U r r n r n r dVdV= -ññ , (4.3) 

ʜʝ nP(r') ʽ nS (r)ï ʛʫʩʪʠʥʠ ʘʪʦʤʽʚ ʫ ʤʘʪʝʨʽʘʣʽ ʟʦʥʜʘ ʪʘ ʟʨʘʟʢʘ, ʚʽʜʧʦʚʽʜʥʦ. 

ʆʪʞʝ, ʩʠʣʘ, ʱʦ ʜʽʻ ʥʘ ʟʦʥʜ ʟ ʙʦʢʫ ʧʦʚʝʨʭʥʽ, ʤʦʞʝ ʙʫʪʠ ʦʙʯʠʩʣʝʥʘ 

ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

( )PS PSF grad W=- . (4.4) 

ʈʝʘʣʴʥʘ ʚʟʘʻʤʦʜʽʷ ʟʦʥʜʘ ʽʟ ʟʨʘʟʢʦʤ ʤʘʻ ʩʢʣʘʜʥʽʰʠʡ ʭʘʨʘʢʪʝʨ, ʧʨʦʪʝ ʦʩʥʦʚʥʽ 

ʨʠʩʠ ʜʘʥʦʾ ʚʟʘʻʤʦʜʽʾ ʟʙʝʨʽʛʘʶʪʴʩʷ ï ʟʦʥʜ ɸʉʄ ʚʽʜʯʫʚʘʻ ʧʨʠʪʷʛʘʥʥʷ ʟ ʙʦʢʫ ʟʨʘʟʢʘ 

ʥʘ ʚʝʣʠʢʠʭ ʚʽʜʩʪʘʥʷʭ ʽ ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ ʥʘ ʤʘʣʠʭ. 

ʈʝʘʣʴʥʽ ʟʦʥʜʠ ʤʘʶʪʴ ʨʦʟʤʽʨʠ ʚʽʜ ʜʝʩʷʪʢʘ ʥʘʥʦʤʝʪʨʽʚ ʜʦ ʨʦʟʤʽʨʫ ʦʜʥʦʛʦ 

ʘʪʦʤʘ. ɰʭ ʜʦʚʞʠʥʘ ʩʪʘʥʦʚʠʪʴ 1 - 2 ʤʢʤ. ɿʦʥʜʠ ʚ ʦʩʥʦʚʥʦʤʫ ʚʠʛʦʪʦʚʣʷʶʪʴ ʽʟ 

ʢʨʝʤʥʽʻʚʤʽʩʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʥʘʧʨʠʢʣʘʜ, Si ʪʘ Si3N4. ʏʠʤ ʤʝʥʰʝ ʨʘʜʽʫʩ ʢʨʠʚʠʟʥʠ ʡ 

ʢʫʪ ʩʭʦʜʞʝʥʥʷ ʚʽʩʪʨʷ, ʪʠʤ ʤʝʥʰʝ ʡʦʛʦ ʚʧʣʠʚ ʥʘ ʦʜʝʨʞʘʥʝ ʟʦʙʨʘʞʝʥʥʷ 

ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʦʙ'ʻʢʪʘ. 
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4.1.2. ɹʫʜʦʚʘ ʘʧʘʨʘʪʫʨʠ ʜʣʷ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ 

ɿʦʚʥʽʰʥʽʡ ʚʠʛʣʷʜ ʥʘʩʪʽʣʴʥʦʛʦ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʜʣʷ ʜʦʩʣʽʜʞʝʥʴ 

ʽ ʥʘʚʯʘʥʥʷ ʊʊ-2 AFM ʢʦʤʧʘʥʽʾ AFMWorkshop ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 4.4. 

ʆʩʥʦʚʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ ʙʫʜʴ-ʷʢʦʛʦ ɸʉʄ ʻ ʟʦʥʜʦʚʠʡ ʜʘʪʯʠʢ, ʩʠʩʪʝʤʘ 

ʨʝʻʩʪʨʘʮʽʾ ʚʽʜʭʠʣʝʥʥʷ ʟʦʥʜʘ, ʧôʻʟʦʩʢʘʥʝʨ ʪʘ ʩʠʩʪʝʤʘ ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ. 

ʆʪʨʠʤʘʥʥʷ ɸʉʄ ʟʦʙʨʘʞʝʥʴ ʨʝʣʴʻʬʫ ʧʦʚʝʨʭʥʽ ʧʦʚ'ʷʟʘʥʽ ʟ ʨʝʻʩʪʨʘʮʽʻʶ 

ʤʘʣʠʭ ʚʠʛʠʥʽʚ ʧʨʫʞʥʦʾ ʢʦʥʩʦʣʽ ʟʦʥʜʦʚʦʛʦ ʜʘʪʯʠʢʘ. ɺ ʘʪʦʤʥʦ-ʩʠʣʦʚʽʡ ʤʽʢʨʦʩʢʦʧʽʾ 

ʜʣʷ ʮʽʻʾ ʤʝʪʠ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʦʧʪʠʯʥʽ ʤʝʪʦʜʠ. 

ʂʦʥʩʦʣʴ ï ʮʝ ʧʨʫʞʥʘ ʧʣʘʩʪʠʥʢʘ, ʧʦ ʚʽʜʭʠʣʝʥʥʶ ʷʢʦʾ ʚ ʧʨʠʥʮʠʧʽ ʤʦʞʥʘ 

ʩʫʜʠʪʠ ʧʨʦ ʩʠʣʫ ʚʟʘʻʤʦʜʽʾ ʚʽʩʪʨʷ ʟʽ ʟʨʘʟʢʦʤ ʟʛʽʜʥʦ ʟʘʢʦʥʫ ɻʫʢʘ: 

Ὂ ὯЎὤȟ      (4.5) 

ʜʝ k ï ʞʦʨʩʪʢʽʩʪʴ ʢʦʥʩʦʣʽ, æZ ï ʚʝʣʠʯʠʥʘ ʾʾ ʚʠʛʠʥʫ. 

 

ʈʠʩ. 4.4. ɿʦʚʥʽʰʥʽʡ ʚʠʛʣʷʜ ʥʘʩʪʽʣʴʥʦʛʦ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʊʊ-2 AFM 

AFMWorkshopTM: 1 ï ʚʽʜʝʦ ʤʽʢʨʦʩʢʦʧ, 2 ï ʢʝʨʫʶʯʘ ʝʣʝʢʪʨʦʥʽʢʘ ʜʣʷ ɸʉʄ, 3 ï ʧôʻʟʦʩʢʘʥʝʨ,  

4 ï ʩʪʦʣʠʢ 
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ʂʘʥʪʠʣʝʚʝʨ ʷʚʣʷʻ ʩʦʙʦʶ ʤʽʢʨʦʢʦʥʩʦʣʴ ï ʧʨʫʞʥʫ ʧʣʘʩʪʠʥʢʫ, ʥʘ ʚʽʣʴʥʦʤʫ 

ʢʽʥʮʽ ʷʢʦʾ ʩʬʦʨʤʦʚʘʥʦ ʚʽʩʪʨʷ ï ʟʘʛʦʩʪʨʝʥʘ ʧʽʨʘʤʽʜʢʘ ʚʠʩʦʪʦʶ ʚ 5-10 ʤʢʤ, ï ʘ 

ʽʥʰʠʡ ʢʽʥʝʮʴ ʞʦʨʩʪʢʦ ʟʘʢʨʽʧʣʝʥʠʡ ʥʘ ʤʘʩʠʚʥʽʡ ʦʩʥʦʚʽ. ʗʢ ʧʨʘʚʠʣʦ, ʢʘʥʪʠʣʝʚʝʨʠ 

ʚʠʛʦʪʦʚʣʷʶʪʴʩʷ ʟ ʢʨʝʤʥʽʶ ʘʙʦ ʥʽʪʨʠʜʫ ʢʨʝʤʥʽʶ. ɼʣʷ ʨʦʙʦʪʠ ʚ ɸʉʄ 

ʟʘʩʪʦʩʦʚʫʶʪʴ ʢʘʥʪʠʣʝʚʝʨʠ ʧʨʷʤʦʢʫʪʥʦʾ ʡ ʪʨʠʢʫʪʥʦʾ ʬʦʨʤʠ. ɻʝʦʤʝʪʨʠʯʥʽ ʨʦʟʤʽʨʠ 

ʤʽʢʨʦʢʦʥʩʦʣʽ ʚʠʟʥʘʯʘʶʪʴ ʾʾ ʤʝʭʘʥʽʯʥʫ ʞʦʨʩʪʢʽʩʪʴ. ʄʝʭʘʥʽʯʥʘ ʞʦʨʩʪʢʽʩʪʴ 

ʢʨʝʤʥʽʻʚʦʛʦ ʢʘʥʪʠʣʝʚʝʨʘ ʜʦʚʞʠʥʦʶ 250 ʤʢʤ, ʰʠʨʠʥʦʶ 35 ʤʢʤ ʽ ʪʦʚʱʠʥʦʶ 1 ʤʢʤ 

ʩʪʘʥʦʚʠʪʴ 0,1 ʅ/ʤ. ʄʦʞʣʠʚʦʩʪʽ ʤʽʢʨʦʩʢʦʧʘ ʪʘʢʦʞ ʩʠʣʴʥʦ ʟʘʣʝʞʘʪʴ ʚʽʜ 

ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʩʘʤʦʛʦ ʟʦʥʜʫ ï ʚʽʜʥʦʰʝʥʥʷ ʜʽʘʤʝʪʨʘ ʡʦʛʦ ʦʩʥʦʚʠ ʜʦ 

ʡʦʛʦ ʚʠʩʦʪʠ ʡ ʨʘʜʽʫʩʘ ʟʘʦʢʨʫʛʣʝʥʥʷ ʡʦʛʦ ʢʽʥʯʠʢʘ. ʈʘʜʽʫʩ ʟʘʦʢʨʫʛʣʝʥʥʷ ʩʫʯʘʩʥʠʭ 

ɸʉʄ-ʟʦʥʜʽʚ ʩʪʘʥʦʚʠʪʴ 1-50 ʥʤ, ʢʫʪ ʧʨʠ ʚʝʨʰʠʥʽ ʟʦʥʜʘ ï 10  ï 20 . ʂʘʥʪʠʣʝʚʝʨʠ 

ʨʽʟʥʠʭ ʪʠʧʽʚ ʽ ʾʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘʚʝʜʝʥʽ ʚ ʨʦʙʦʪʘʭ [3, 7]. ɽʣʝʢʪʨʦʥʥʽ ʟʥʽʤʢʠ 

ʢʘʥʪʠʣʝʚʝʨʘ ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 4.5. 

 

ʈʠʩ. 4.5. ɽʣʝʢʪʨʦʥʥʦʤʽʢʨʦʩʢʦʧʽʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʢʘʥʪʠʣʝʚʝʨʘ ʪʘ ʟʦʥʜʘ ʥʘ ʡʦʛʦ ʢʽʥʮʽ 

ɺʝʣʠʯʠʥʘ ʚʠʛʠʥʫ ʨʝʻʩʪʨʫʻʪʴʩʷ, ʷʢ ʧʨʘʚʠʣʦ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʦʧʪʠʯʥʦʾ 

ʩʠʩʪʝʤʠ, ʷʢʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʦʛʦ ʣʘʟʝʨʘ ʡ ʯʦʪʠʨʴʦʭʩʝʢʮʽʡʥʦʛʦ 

(ʢʚʘʜʨʘʥʪʥʦʛʦ) ʬʦʪʦʜʽʦʜʘ. ʉʭʝʤʘ ʪʘ ʟʦʚʥʽʰʥʽʡ ʚʠʛʣʷʜ ʪʘʢʦʾ ʩʠʩʪʝʤʠ ʟʦʙʨʘʞʝʥʽ 

ʥʘ ʨʠʩʫʥʢʫ 4.6. 
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ʈʠʩ. 4.6. ʉʭʝʤʘ ʦʧʪʠʯʥʦʾ ʩʠʩʪʝʤʠ ʨʝʻʩʪʨʘʮʽʾ ʚʠʛʠʥʫ ʢʘʥʪʠʣʝʚʝʨʘ 

ʆʧʪʠʯʥʘ ʩʠʩʪʝʤʘ ɸʉʄ ʶʩʪʫʻʪʴʩʷ ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦ ʧʨʦʤʽʥʴ ʣʘʟʝʨʘ 

ʩʧʨʷʤʦʚʫʻʪʴʩʷ ʥʘ ʛʣʘʜʢʫ ʧʦʚʝʨʭʥʶ ʢʘʥʪʠʣʝʚʝʨʘ, ʚʽʜʙʠʚʘʻʪʴʩʷ ʚʽʜ ʥʝʾ ʡ ʧʦʪʨʘʧʣʷʻ 

ʥʘ ʧʨʠʡʤʘʣʴʥʠʡ ʬʦʪʦʜʽʦʜ, ʷʢʠʡ ʨʝʻʩʪʨʫʻ ʧʦʣʦʞʝʥʥʷ ʩʚʽʪʣʦʚʦʾ ʧʣʷʤʠ. ʇʨʠ ʚʠʛʠʥʽ 

ʢʘʥʪʠʣʝʚʝʨʘ ʧʽʜ ʜʽʻʶ ʢʦʥʪʘʢʪʥʠʭ ʩʠʣ ʚʽʜʙʠʪʠʡ ʚʽʜ ʥʴʦʛʦ ʧʨʦʤʽʥʴ ʣʘʟʝʨʘ 

ʟʤʽʱʫʻʪʴʩʷ ʚʽʜʥʦʩʥʦ ʮʝʥʪʨʫ ʬʦʪʦʜʽʦʜʘ. ʊʘʢʠʤ ʯʠʥʦʤ, ʚʽʜʭʠʣʝʥʥʷ ʢʘʥʪʠʣʝʚʝʨʘ 

ʤʦʞʝ ʙʫʪʠ ʚʠʟʥʘʯʝʥʦ ʟʘ ʚʽʜʥʦʩʥʦʶ ʟʤʽʥʦʶ ʦʩʚʽʪʣʝʥʦʩʪʽ ʢʚʘʜʨʘʥʪʽʚ ʬʦʪʦʜʽʦʜʘ. 

ʇʨʠʥʮʠʧ ʨʦʙʦʪʠ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʫ 4.7. 

ʊʦʜʽ ʤʘʣʽ ʧʝʨʝʤʽʱʝʥʥʷ ʢʘʥʪʠʣʝʚʝʨʘ ʤʦʞʥʘ ʧʝʨʝʪʚʦʨʠʪʠ ʚ ʽʩʪʦʪʥʦ ʙʽʣʴʰʽ 

ʟʤʽʱʝʥʥʷ ʩʚʽʪʣʦʚʦʾ ʧʣʷʤʠ ʧʦ ʯʫʪʣʠʚʽʡ ʟʦʥʽ ʬʦʪʦʜʽʦʜʘ. ɺʠʛʨʘʰ ʫ ʧʝʨʝʤʽʱʝʥʥʷʭ 

ʧʨʠ ʨʦʟʤʽʨʽ ʢʘʥʪʠʣʝʚʝʨʘ ʚ 100 ʤʢʤ ʽ ʚʽʜʩʪʘʥʽ ʚʽʜ ʢʘʥʪʠʣʝʚʝʨʘ ʜʦ ʬʦʪʦʧʨʠʡʤʘʯʘ 

5 ʩʤ ʩʪʘʥʦʚʠʪʴ 1000 ʨʘʟʽʚ. ʊʘʢʠʤ ʯʠʥʦʤ, ʧʨʠ ʥʘʥʦʤʝʪʨʦʚʠʭ ʧʝʨʝʤʽʱʝʥʥʷʭ 

ʢʘʥʪʠʣʝʚʝʨʘ ʪʨʝʙʘ ʨʝʻʩʪʨʫʚʘʪʠ ʤʽʢʨʦʥʥʽ ʚʽʜʭʠʜʝʥʥʷ ʩʚʽʪʣʦʚʦʾ ʧʣʷʤʠ ʥʘ 

ʬʦʪʦʜʽʦʜʽ. 
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ʈʠʩ. 4.7. ʘ ï ʯʦʪʠʨʴʦʭʩʝʢʮʽʡʥʠʡ ʬʦʪʦʜʽʦʜ ʟʽ ʩʚʽʪʣʦʚʦʶ ʧʣʷʤʦʶ ʚʽʜ ʣʘʟʝʨʘ, 

ʩʧʨʷʤʦʚʘʥʦʶ ʪʦʯʥʦ ʚ ʮʝʥʪʨ; ʙ ʪʘ ʚ ï ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʤʽʞ ʪʠʧʦʤ ʟʛʠʥʘʣʴʥʠʭ ʜʝʬʦʨʤʘʮʽʡ ʢʦʥʩʦʣʽ 

ʟʦʥʜʦʚʦʛʦ ʜʘʪʯʠʢʘ ʪʘ ʟʤʽʥʦʶ ʧʦʣʦʞʝʥʥʷ ʧʣʷʤʠ ʟʘʩʚʽʯʝʥʥʷ ʥʘ ʬʦʪʦʜʽʦʜʽ [3] 

ʇʝʨʝʩʫʚʘʥʥʷ ʟʨʘʟʢʘ ʘʙʦ ʢʘʥʪʠʣʝʚʝʨʘ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʦʛʦ ʤʘʥʽʧʫʣʷʪʦʨʘ ʘʙʦ ʩʢʘʥʝʨʘ. ʗʢ ʧʨʘʚʠʣʦ, ʮʽ ʩʢʘʥʝʨʠ 

ʘʥʘʣʦʛʽʯʥʽ ʪʠʤ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʚ ʉʊʄ, ʚʠʛʦʪʦʚʣʷʶʪʴʩʷ ʟ ʧ'ʻʟʦʢʝʨʘʤʽʢʠ ï 

ʪʘʢʠʭ ʤʘʪʝʨʽʘʣʽʚ ʷʢ, ʥʘʧʨʠʢʣʘʜ, ʮʠʨʢʦʥʘʪ-ʪʠʪʘʥʘʪ ʩʚʠʥʮʶ. ʉʢʘʥʝʨ ʟʘʙʝʟʧʝʯʫʻ 

ʜʚʘ ʥʝʟʘʣʝʞʥʠʭ ʨʫʭʠ ʟʨʘʟʢʘ ʚʽʜʥʦʩʥʦ ʢʘʥʪʠʣʝʚʝʨʘ: ʫʟʜʦʚʞ ʧʦʚʝʨʭʥʽ ʚ ʧʣʦʱʠʥʽ 

(x, y) ʽ ʚʛʦʨʫ-ʚʥʠʟ ï ʧʦ ʦʩʽ z. ʉʣʽʜ ʩʢʘʟʘʪʠ, ʱʦ ʧ'ʻʟʦʢʝʨʘʤʽʯʥʽ ʩʢʘʥʝʨʠ ʤʘʶʪʴ ʥʠʟʢʫ 
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ʥʝʜʦʣʽʢʽʚ, ʷʢʽ ʤʦʞʫʪʴ ʧʨʠʟʚʝʩʪʠ ʜʦ ʧʦʤʽʪʥʠʭ ʩʧʦʪʚʦʨʝʥʴ ʛʦʨʠʟʦʥʪʘʣʴʥʠʭ ʽ 

ʚʝʨʪʠʢʘʣʴʥʠʭ ʨʦʟʤʽʨʽʚ ʟʨʘʟʢʘ, ʩʝʨʝʜ ʥʠʭ: 

- ʥʝʣʽʥʽʡʥʽʩʪʴ ʜʝʬʦʨʤʘʮʽʾ ʟ ʧʨʠʢʣʘʜʝʥʦʶ ʥʘʧʨʫʛʦʶ; 

- ʥʘʷʚʥʽʩʪʴ ʛʽʩʪʝʨʝʟʠʩʫ ï ʥʝʦʜʥʦʟʥʘʯʥʘ ʟʘʣʝʞʥʽʩʪʴ ʚʠʜʦʚʞʝʥʥʷ ʚʽʜ ʥʘʧʨʷʤʢʫ 

ʟʤʽʥʠ ʥʘʧʨʫʛʠ; 

- ʧʦʚʟʫʯʽʩʪʴ ï ʧʦʚʽʣʴʥʠʡ ʜʨʝʡʬ ʫ ʥʘʧʨʷʤʢʫ ʦʩʪʘʥʥʽʭ ʧʦʧʝʨʝʜʥʽʭ ʧʝʨʝʤʽʱʝʥʴ; 

- ʪʝʤʧʝʨʘʪʫʨʥʠʡ ʜʨʝʡʬ ï ʚʠʧʘʜʢʦʚʽ ʟʤʽʥʠ ʪʝʤʧʝʨʘʪʫʨʠ ʤʦʞʫʪʴ ʧʨʠʟʚʝʩʪʠ ʜʦ 

ʟʤʽʥʠ ʨʦʟʤʽʨʽʚ ʝʣʝʤʝʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʾ ʡ ʟʤʽʱʝʥʥʷ ʟʦʥʜʘ ʪʘ ʟʨʘʟʢʘ [2]. 

ʄʝʪʨʦʣʦʛʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʦʙʦʪʠ ɸʉʄ ʟʥʘʯʥʦ ʧʦʢʨʘʱʫʻ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʜʘʪʯʠʢʽʚ ʧʝʨʝʤʽʱʝʥʥʷ ʩʢʘʥʝʨʘ. ʎʝ ʜʦʟʚʦʣʷʻ ʢʦʤʧʝʥʩʫʚʘʪʠ ʥʝʣʽʥʽʡʥʽʩʪʴ 

ʧʝʨʝʤʽʱʝʥʥʷ ʩʢʘʥʝʨʘ. ɼʣʷ ʮʠʭ ʮʽʣʝʡ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʻʤʥʽʩʥʽ ʜʘʪʯʠʢʠ 

[2]. 

ɺ ʘʪʦʤʥʦ-ʩʠʣʦʚʠʭ ʤʽʢʨʦʩʢʦʧʘʭ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʧʨʠʥʮʠʧ 

ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ. ʋ ʪʠʧʦʚʦʤʫ ɸʉʄ ʟʚʦʨʦʪʥʠʡ ʟʚ'ʷʟʦʢ ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ 

ʧʽʜʩʠʣʶʚʘʯ, ʯʘʩʪʦʪʥʠʡ ʬʽʣʴʪʨ, ʽʥʪʝʛʨʘʪʦʨ ʽ ʜʠʬʝʨʝʥʮʽʘʪʦʨ. ʅʘ ʚʭʽʜ ʩʠʩʪʝʤʠ 

ʟʚʦʨʦʪʥʴʦʛʦ ʟʚôʷʟʢʫ ʧʦʜʘʻʪʴʩʷ ʩʠʛʥʘʣ ʟ ʬʦʪʦʧʨʠʡʤʘʯʘ, ʷʢʠʡ ʧʨʦʧʦʨʮʽʡʥʠʡ ʩʠʣʽ 

ʚʟʘʻʤʦʜʽʾ ʟʨʘʟʦʢ-ʟʦʥʜ. ʆʧʝʨʘʪʦʨ ʧʨʠʣʘʜʫ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʟʘʜʘʻ ʝʪʘʣʦʥʥʠʡ ʩʠʛʥʘʣ 

ʜʣʷ ʧʦʨʽʚʥʷʥʥʷ ʟ ʩʠʛʥʘʣʦʤ ʬʦʪʦʧʨʠʡʤʘʯʘ. 

4.1.3. ʈʝʞʠʤʠ ʨʦʙʦʪʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʽʢʨʦʩʢʦʧʘ 

ɿʘ ʪʠʧʦʤ ʟʥʷʪʪʷ ʨʝʣʴʻʬʫ ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʧʦʚʝʨʭʥʽ ʨʦʟʨʽʟʥʷʶʪʴ ʨʝʞʠʤ 

ʧʦʩʪʽʡʥʦʾ ʚʠʩʦʪʠ ʪʘ ʨʝʞʠʤ ʧʦʩʪʽʡʥʦʾ ʩʠʣʠ.  

ʋ ʧʝʨʰʦʤʫ ʚʠʧʘʜʢʫ ʢʘʥʪʠʣʝʚʝʨ ʧʝʨʝʩʫʚʘʻʪʴʩʷ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʽʡ ʧʣʦʱʠʥʽ, ʽ 

ʨʝʻʩʪʨʫʻʪʴʩʷ ʡʦʛʦ ʚʽʜʭʠʣʝʥʥʷ ʚ ʢʦʞʥʽʡ ʪʦʯʮʽ. ɿʘʩʪʦʩʦʚʫʻʪʴʩʷ ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ 

ʟʨʘʟʢʽʚ ʟ ʤʘʣʠʤʠ (ʧʦʨʷʜʢʫ ʦʜʠʥʠʮʴ ʘʥʛʩʪʨʝʤ) ʧʝʨʝʧʘʜʘʤʠ ʚʠʩʦʪ ʨʝʣʴʻʬʫ. 

ʉʭʝʤʘʪʠʯʥʦ ʪʘʢʠʡ ʨʝʞʠʤ ʩʢʘʥʫʚʘʥʥʷ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʫ 4.8. 
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ʈʠʩ. 4.8. ʉʭʝʤʘ ʩʢʘʥʫʚʘʥʥʷ ʚ ʨʝʞʠʤʽ ʧʦʩʪʽʡʥʦʾ ʚʠʩʦʪʠ, ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʩʠʣʠ ʚʟʘʻʤʦʜʽʾ 

ʟʦʥʜ-ʟʨʘʟʦʢ ʚʝʨʪʠʢʘʣʴʥʠʤ ʚʽʜʭʠʣʝʥʥʷʤ ʟʦʥʜʘ [2] 

ʅʘ ʨʠʩʫʥʢʫ 4.9 ʩʭʝʤʘʪʠʯʥʦ ʟʦʙʨʘʞʝʥʦ ʩʢʘʥʫʚʘʥʥʷ ʚ ʨʝʞʠʤʽ ʧʦʩʪʽʡʥʦʾ ʩʠʣʠ. 

 

ʈʠʩ. 4.9. ʉʭʝʤʘ ʩʢʘʥʫʚʘʥʥʷ ʚ ʨʝʞʠʤʽ ʧʦʩʪʽʡʥʦʾ ʩʠʣʠ [2] 

ʋ ʚʠʧʘʜʢʫ ʩʢʘʥʫʚʘʥʥʷ ʚ ʨʝʞʠʤʽ ʧʦʩʪʽʡʥʦʾ ʩʠʣʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʠʩʪʝʤʠ 

ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ ʧʦʩʪʽʡʥʠʤ ʧʽʜʪʨʠʤʫʻʪʴʩʷ ʚʽʜʭʠʣʝʥʥʷ (ʧʨʦʛʠʥ) ʢʘʥʪʠʣʝʚʝʨʘ, 

ʪʦʙʪʦ ʩʠʣʘ ʚʟʘʻʤʦʜʽʾ ʡʦʛʦ ʟʽ ʟʨʘʟʢʦʤ. ʇʨʠ ʮʴʦʤʫ ʢʝʨʫʶʯʘ ʥʘʧʨʫʛʘ ʚ ʧʝʪʣʽ 

ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ, ʱʦ ʧʦʜʘʻʪʴʩʷ ʥʘ Z-ʝʣʝʢʪʨʦʜ ʩʢʘʥʝʨʘ, ʙʫʜʝ ʧʨʦʧʦʨʮʽʡʥʦ ʁ

ʨʝʣʴʻʬʫ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ. 

ɿʘ ʪʠʧʦʤ ʥʘʙʣʠʞʝʥʥʷ ʟʦʥʜʘ ʜʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʨʦʟʨʽʟʥʷʶʪʴ: 

¶ ʢʦʥʪʘʢʪʥʠʡ ʨʝʞʠʤ; 

¶ ʥʘʧʽʚʢʦʥʪʘʢʪʥʠʡ ʨʝʞʠʤ (ʦʙʩʪʫʢʫʚʘʥʥʷ); 

¶ ʙʝʟʢʦʥʪʘʢʪʥʠʡ ʨʝʞʠʤ. 
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ʈʠʩ. 4.10. ʗʢʽʩʥʘ ʟʘʣʝʞʥʽʩʪʴ ʩʠʣʠ ɺʘʥʜʝʨ-ʜʝʨ-ɺʘʘʣʴʩʘ ʚʽʜ ʚʽʜʩʪʘʥʽ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ 

ʨʽʟʥʠʭ ʨʝʞʠʤʽʚ ʥʘʙʣʠʞʝʥʥʷ ʟʦʥʜʘ ʜʦ ʟʨʘʟʢʘ [2] 

ɺʽʜʧʦʚʽʜʥʽʩʪʴ ʨʽʟʥʠʭ ʨʝʞʠʤʽʚ ʥʘʙʣʠʞʝʥʥʷ ʟʦʥʜʘ ʜʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ 

ʜʽʘʧʘʟʦʥʘʤ ʩʠʣ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʤʽʞ ʥʠʤʠ, ʧʨʦʽʣʶʩʪʨʦʚʘʥʘ ʥʘ ʨʠʩʫʥʢʫ 4.10.  

ʂʦʥʪʘʢʪʥʠʡ ʨʝʞʠʤ, ʘʙʦ ʨʝʞʠʤ ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʪʠʤ, 

ʱʦ ʚʽʩʪʨʷ ʥʘʩʪʽʣʴʢʠ ʙʣʠʟʴʢʦ ʧʽʜʭʦʜʠʪʴ ʜʦ ʧʦʚʝʨʭʥʽ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʟʨʘʟʢʘ, ʱʦ 

ʛʦʚʦʨʷʪʴ ʧʨʦ çʬʽʟʠʯʥʠʡ ʢʦʥʪʘʢʪè. ʉʭʝʤʘʪʠʯʥʦ ʟʦʥʜ ʪʘ ʟʨʘʟʦʢ ʟʦʙʨʘʞʝʥʦ ʥʘ 

ʨʠʩʫʥʢʫ 4.11. 

 

ʈʠʩ. 4.11. ʉʭʝʤʘ ʨʦʟʪʘʰʫʚʘʥʥʷ ʟʦʥʜʘ ʧʨʠ ʢʦʥʪʘʢʪʥʦʤʫ ʨʝʞʠʤʽ 

ʇʨʠ ʮʴʦʤʫ ʩʠʣʘ ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ ʚʨʽʚʥʦʚʘʞʫʻʪʴʩʷ ʩʠʣʦʶ ʧʨʫʞʥʦʩʪʽ ʢʦʥʩʦʣʽ 

ʡ ʢʘʧʽʣʷʨʥʦʶ ʩʠʣʦʶ, ʷʢʘ ʥʝʤʠʥʫʯʝ ʚʠʥʠʢʘʻ, ʢʦʣʠ ʚʠʤʽʨʠ ʧʨʦʚʦʜʷʪʴ ʥʘ ʧʦʚʽʪʨʽ: 

ʟʦʥʜ çʧʨʦʰʪʨʠʢʫʻè ʪʦʥʢʠʡ ʰʘʨ ʚʦʣʦʛʠ, ʷʢʠʡ ʘʜʩʦʨʙʫʻʪʴʩʷ ʥʘ ʟʨʘʟʢʫ. 
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ʂʦʝʬʽʮʽʻʥʪ ʧʨʫʞʥʦʩʪʽ ʢʦʥʩʦʣʽ ʚ ʮʴʦʤʫ ʨʝʞʠʤʽ ʧʦʚʠʥʝʥ ʙʫʪʠ ʜʦʩʠʪʴ 

ʤʘʣʝʥʴʢʠʤ, ʜʣʷ ʪʦʛʦ ʱʦʙ ʟʦʥʜ ʜʝʣʽʢʘʪʥʦ ʚʽʜʩʪʝʞʫʚʘʚ ʧʨʦʬʽʣʴ ʧʦʚʝʨʭʥʽ, ʥʝ 

ʨʫʡʥʫʶʯʠ ʾʾ. 

ɼʦ ʧʝʨʝʚʘʛ ʨʝʞʠʤʫ ʚʽʜʥʦʩʷʪʴ ʥʘʡʚʠʱʫ ʩʪʽʡʢʽʩʪʴ ʜʦ ʰʫʤʫ ʪʘ ʥʘʡʚʠʱʫ 

ʰʚʠʜʢʽʩʪʴ ʩʢʘʥʫʚʘʥʥʷ. ʊʘʢʦʞ ʩʘʤʝ ʮʝʡ ʨʝʞʠʤ ʟʘʙʝʟʧʝʯʫʻ ʥʘʡʢʨʘʱʫ ʷʢʽʩʪʴ 

ʩʢʘʥʫʚʘʥʥʷ ʜʣʷ ʧʦʚʝʨʭʦʥʴ ʽʟ ʨʽʟʢʠʤʠ ʧʝʨʝʧʘʜʘʤʠ ʨʝʣʴʻʬʫ. 

ʇʨʦʪʝ, ʙʝʟʧʦʩʝʨʝʜʥʶ ʤʝʭʘʥʽʯʥʫ ʚʟʘʻʤʦʜʽʶ ʟʦʥʜʘ ʟ ʧʦʚʝʨʭʥʝʶ ʤʦʞʥʘ 

ʚʽʜʥʝʩʪʠ ʜʦ ʥʝʜʦʣʽʢʽʚ ʨʝʞʠʤʫ, ʦʩʢʽʣʴʢʠ ʮʝ ʯʘʩʪʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʣʦʤʢʠ ʟʦʥʜʽʚ ʽ 

ʨʫʡʥʫʚʘʥʥʷ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʽʚ ʫ ʧʨʦʮʝʩʽ ʩʢʘʥʫʚʘʥʥʷ. ɼʦ ʪʦʛʦ ʞ, ʢʦʥʪʘʢʪʥʽ 

ʤʝʪʦʜʠʢʠ ʧʨʘʢʪʠʯʥʦ ʥʝ ʧʨʠʜʘʪʥʽ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʟʨʘʟʢʽʚ, ʷʢʽ ʤʘʶʪʴ ʤʘʣʫ 

ʤʝʭʘʥʽʯʥʫ ʞʦʨʩʪʢʽʩʪʴ (ʩʪʨʫʢʪʫʨʠ ʥʘ ʦʩʥʦʚʽ ʦʨʛʘʥʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʽ ʙʽʦʣʦʛʽʯʥʽ 

ʦʙ'ʻʢʪʠ). ʅʘ ʪʘʢʠʭ ʦʙ'ʻʢʪʘʭ ʯʘʩʪʦ ʚʠʥʠʢʘʻ ʩʠʪʫʘʮʽʷ, ʢʦʣʠ ʛʦʣʢʘ ʫʪʨʠʤʫʻʪʴʩʷ 

ʩʠʣʘʤʠ ʧʨʠʣʠʧʘʥʥʷ ʥʘʩʪʽʣʴʢʠ ʩʠʣʴʥʦ, ʱʦ ʩʢʘʥʫʚʘʥʥʷ ʧʨʘʢʪʠʯʥʦ 

ʫʥʝʤʦʞʣʠʚʣʶʻʪʴʩʷ (ʛʦʣʢʘ çʟʘʣʠʧʘʻè). 

ʅʘʧʽʚʢʦʥʪʘʢʪʥʠʡ ʨʝʞʠʤ, ʘʙʦ ʨʝʞʠʤ ʦʙʩʪʫʢʫʚʘʥʥʷ ï ʮʝ ʨʝʞʠʤ 

ʧʝʨʝʨʠʚʯʘʩʪʦʛʦ ʢʦʥʪʘʢʪʫ (ʘʥʛʣʽʡʩʴʢʦʶ ï tapping mode). ʋ ʙʘʛʘʪʴʦʭ ʚʠʧʘʜʢʘʭ (ʚ 

ʦʩʥʦʚʥʦʤʫ, ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʤ'ʷʢʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʪʘʢʠʭ ʷʢ ʧʦʣʽʤʝʨʥʽ ʣʘʥʮʶʛʠ ʡ 

ʨʽʟʥʦʤʘʥʽʪʥʽ ʙʽʦʦʙ'ʻʢʪʠ) ʨʝʞʠʤ ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʷʢʽʩʪʴ ʦʜʝʨʞʫʚʘʥʦʛʦ 

ʟʦʙʨʘʞʝʥʥʷ.  

ʇʨʠ ʪʘʢʦʤʫ ʩʧʦʩʦʙʽ ʩʢʘʥʫʚʘʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʱʝ ʦʜʥʦʛʦ 

ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʦʛʦ ʤʘʥʽʧʫʣʷʪʦʨʘ ʟʜʽʡʩʥʶʶʪʴʩʷ ʚʠʤʫʰʝʥʽ ʤʝʭʘʥʽʯʥʽ ʢʦʣʠʚʘʥʥʷ 

ʢʘʥʪʠʣʝʚʝʨʘ ʟ ʯʘʩʪʦʪʦʶ, ʙʣʠʟʴʢʦʶ ʜʦ ʨʝʟʦʥʘʥʩʥʦʾ (ʟʘʟʚʠʯʘʡ ʮʝ ʜʝʩʷʪʢʠ ʡ ʩʦʪʥʽ 

ʢʽʣʦʛʝʨʮ), ʽ ʟ ʘʤʧʣʽʪʫʜʦʶ ʙʣʠʟʴʢʦ 100 ʥʤ. ʋ ʥʠʞʥʽʡ ʪʦʯʮʽ ʢʦʣʠʚʘʥʴ ʚʽʩʪʨʷ 

çʜʦʪʠʢʘʻʪʴʩʷè ʜʦ ʟʨʘʟʢʘ. ʋ ʮʴʦʤʫ ʨʝʞʠʤʽ, ʷʢ ʽ ʚ ʙʫʜʴ-ʷʢʦʤʫ ʢʦʥʪʘʢʪʥʦʤʫ ʨʝʞʠʤʽ, 

ʤʦʞʣʠʚʝ ʧʦʰʢʦʜʞʝʥʥʷ ʟʨʘʟʢʘ ʛʦʣʢʦʶ. ʉʭʝʤʘʪʠʯʥʦ ʨʦʟʪʘʰʫʚʘʥʥʷ ʟʦʥʜʘ 

ʚʽʜʥʦʩʥʦ ʟʨʘʟʢʘ ʪʘ ʢʦʣʠʚʘʥʥʷ ʢʘʥʪʠʣʝʚʝʨʘ ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 4.12. 
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ʈʠʩ. 4.12. ʉʭʝʤʘ ʨʦʟʪʘʰʫʚʘʥʥʷ ʟʦʥʜʘ ʧʨʠ ʥʘʧʽʚʢʦʥʪʘʢʪʥʦʤʫ ʨʝʞʠʤʽ 

ʇʨʠ ʧʝʨʝʩʫʚʘʥʥʽ ʩʢʘʥʫʶʯʦʾ ʛʦʣʢʠ (ʘʙʦ ʟʨʘʟʢʘ) ʚʽʜʩʪʝʞʫʻʪʴʩʷ ʟʤʽʥʘ 

ʨʝʟʦʥʘʥʩʥʦʾ ʘʤʧʣʽʪʫʜʠ ʢʘʥʪʠʣʝʚʝʨʘ (ʚʦʥʘ ʟʘʣʝʞʠʪʴ ʚʽʜ ʟʦʚʥʽʰʥʴʦʾ ʩʠʣʠ). ɼʘʥʠʡ 

ʤʝʪʦʜ ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ ʤʽʢʨʦʩʢʦʧʘ ʧʨʠ ʩʧʦʩʪʝʨʝʞʝʥʥʽ 

ʦʙ'ʻʢʪʽʚ ʟʽ ʟʥʠʞʝʥʦʶ ʤʝʭʘʥʽʯʥʦʾ ʞʦʨʩʪʢʽʩʪʶ, ʦʩʢʽʣʴʢʠ ʪʫʪ ʫʩʫʥʫʪʦ ʚʧʣʠʚ 

ʢʘʧʽʣʷʨʥʠʭ ʩʠʣ. ʇʨʠ ʪʘʢʦʤʫ ʤʝʪʦʜʽ ʪʘʢʦʞ ʚʠʢʣʶʯʘʶʪʴʩʷ ʨʽʟʥʽ ʣʘʪʝʨʘʣʴʥʽ ʩʠʣʠ ʡ 

ʩʠʣʠ ʪʝʨʪʷ, ʷʢʽ ʤʦʞʫʪʴ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʟʤʽʱʝʥʥʷ ʩʪʨʫʢʪʫʨ ʥʘ ʧʣʦʱʠʥʽ ʟʨʘʟʢʘ. 

ɹʝʟʢʦʥʪʘʢʪʥʠʡ ʨʝʞʠʤ, ʘʙʦ ʨʝʞʠʤ ʧʨʠʪʷʛʘʥʥʷ ʧʨʘʮʶʻ ʥʘ ɺʘʥ-ʜʝʨ-

ɺʘʘʣʴʩʽʚʩʴʢʦʤʫ ʧʨʠʪʷʛʘʥʥʽ. ɺʽʜʩʪʘʥʴ ʤʽʞ ʟʦʥʜʦʤ ʽ ʟʨʘʟʢʦʤ ʤʘʻ ʙʫʪʠ ʚʞʝ ʥʝ ʪʘʢʘ 

ʤʘʣʝʥʴʢʘ, ʱʦʙ ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ ʚʞʝ ʥʝ ʛʨʘʣʦ ʚʝʣʠʢʫ ʨʦʣʴ, ʘʣʝ ʡ ʥʝ ʚʝʣʠʢʘ, 

ʦʩʢʽʣʴʢʠ ʮʷ ʚʟʘʻʤʦʜʽʷ ʰʚʠʜʢʦ ʩʧʘʜʘʻ ʟ ʚʽʜʩʪʘʥʥʶ. ʉʭʝʤʘʪʠʯʥʦ ʨʦʟʪʘʰʫʚʘʥʥʷ 

ʟʦʥʜʘ ʚʽʜʥʦʩʥʦ ʟʨʘʟʢʘ ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 4.13. 

 

ʈʠʩ. 4.13. ʉʭʝʤʘ ʨʦʟʪʘʰʫʚʘʥʥʷ ʟʦʥʜʘ ʧʨʠ ʙʝʟʢʦʥʪʘʢʪʥʦʤʫ ʨʝʞʠʤʽ 

ʆʩʢʽʣʴʢʠ ʥʘʭʠʣ ʢʨʠʚʦʾ ʝʥʝʨʛʽʾ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʽʚʩʴʢʦʛʦ ʧʨʠʪʷʛʘʥʥʷ ʤʝʥʰʝ, 

ʥʽʞ ʚ ʦʙʣʘʩʪʽ ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ, ʪʦ ʡ ʩʠʣʠ ʧʨʠʪʷʛʘʥʥʷ ʤʝʥʰʽ ʩʠʣ ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ 

Ὂͯ . ɸ ʦʩʢʽʣʴʢʠ ʚ ʮʴʦʤʫ ʨʝʞʠʤʽ ʢʦʥʩʪʘʥʪʘ ʧʨʫʞʥʦʩʪʽ ʢʦʥʩʦʣʽ ʚʞʝ ʧʦʚʠʥʥʘ 

ʙʫʪʠ, ʥʘʚʧʘʢʠ, ʚʝʣʠʢʘ (ʱʦʙ ʥʝ ʚʽʜʙʫʚʘʣʦʩʷ ʟʘʣʠʧʘʥʥʷ ʟʦʥʜʘ ʜʦ ʟʨʘʟʢʘ), ʪʦ ʜʣʷ 
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ʦʪʨʠʤʘʥʥʷ ʷʢʽʩʥʦʛʦ ʟʦʙʨʘʞʝʥʥʷ ʥʝʦʙʭʽʜʥʘ ʙʽʣʴʰ ʯʫʪʣʠʚʘ ʩʭʝʤʘ ʜʝʪʝʢʪʫʚʘʥʥʷ 

ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʝʨʝʤʽʱʝʥʥʷ ʢʘʥʪʠʣʝʚʝʨʘ. 

ɹʝʟʢʦʥʪʘʢʪʥʠʡ ʨʝʞʠʤ ʟʘʩʪʦʩʦʚʫʶʪʴ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʤ'ʷʢʠʭ ʤʘʪʝʨʽʘʣʽʚ, 

ʦʩʢʽʣʴʢʠ ʚʽʥ ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʤʝʭʘʥʽʯʥʠʡ ʚʧʣʠʚ ʟʦʥʜʘ ʥʘ ʧʦʚʝʨʭʥʶ ʪʘʢʠʭ ʧʨʦʙ 

ʚ ʧʨʦʮʝʩʽ ʩʢʘʥʫʚʘʥʥʷ. 

ɿʘ ʩʧʦʩʦʙʦʤ ʟʦʥʜʫʚʘʥʥʷ ʨʦʟʨʽʟʥʷʶʪʴ ʯʦʪʠʨʠ ʚʝʣʠʢʠʭ ʛʨʫʧʠ ʚʠʤʽʨʶʚʘʣʴʥʠʭ 

ʤʝʪʦʜʠʢ: ʩʧʝʢʪʨʦʩʢʦʧʽʷ, ʦʜʥʦʧʨʦʭʽʜʥʝ ʩʢʘʥʫʚʘʥʥʷ, ʙʘʛʘʪʦʧʨʦʭʽʜʥʝ 

ʩʢʘʥʫʚʘʥʥʷ, ʪʘ ʣʽʪʦʛʨʘʬʽʷ. 

ʈʝʞʠʤ ʩʧʝʢʪʨʦʩʢʦʧʽʾ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʟʘʣʝʞʥʽʩʪʴ ʨʽʟʥʠʭ ʩʠʛʥʘʣʽʚ ʚʽʜ 

ʚʽʜʩʪʘʥʽ ʤʽʞ ʟʦʥʜʦʤ ʽ ʟʨʘʟʢʦʤ. 

ʗʢ ʧʨʘʚʠʣʦ, ʜʣʷ ʟʜʽʡʩʥʝʥʥʷ ʩʢʘʥʫʚʘʥʥʷ ʟʨʘʟʦʢ ʫʤʦʚʥʦ ʨʦʟʙʠʚʘʻʪʴʩʷ ʥʘ 

ʨʷʜʢʠ, ʧʦ ʷʢʠʭ ʧʦʩʣʽʜʦʚʥʦ ʧʨʦʭʦʜʠʪʴ ʧôʻʟʦʩʢʘʥʝʨ ʽʟ ʢʘʥʪʠʣʝʚʝʨʦʤ. ɺ 

ʦʜʥʦʧʨʦʭʽʜʥʦʤʫ ʨʝʞʠʤʽ ʩʢʘʥʫʚʘʥʥʷ ʟʦʙʨʘʞʝʥʥʷ ʨʝʣʴʻʬʫ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ 

ʦʪʨʠʤʫʶʪʴ ʫ ʨʝʟʫʣʴʪʘʪʽ ʪʘʢʦʛʦ ʧʦʨʷʜʢʚʦʛʦ ʩʢʘʥʫʚʘʥʥʷ ʙʝʟ ʧʦʚʪʦʨʥʠʭ 

ʧʨʦʭʦʜʞʝʥʴ ʧôʻʟʦʩʢʘʥʝʨʘ ʧʦ ʦʜʥʦʤʫ ʡ ʪʦʤʫ ʞ ʤʽʩʮʶ. 

ʋ ʙʘʛʘʪʦʧʨʦʭʽʜʥʦʤʫ ʨʝʞʠʤʽ ʩʢʘʥʫʚʘʥʥʷ ʢʦʞʥʦʛʦ ʫʤʦʚʥʦʛʦ ʨʷʜʢʘ 

ʧʨʦʚʦʜʠʪʴʩʷ ʜʝʢʽʣʴʢʘ ʨʘʟʽʚ: ʫ ʜʚʫʧʨʦʭʽʜʥʦʤʫ ï ʜʚʘ ʨʘʟʠ, ʫ ʪʨʠʧʨʦʭʽʜʥʦʤʫ ï ʪʨʠ 

ʨʘʟʠ ʽ ʪ.ʜ. ɹʘʛʘʪʦʧʨʦʭʽʜʥʽ ʤʝʪʦʜʠʢʠ, ʷʢ ʧʨʘʚʠʣʦ, ʚʠʢʦʥʫʶʪʴʩʷ ʚ ʙʝʟʢʦʥʪʘʢʪʥʦʤʫ 

ʨʝʞʠʤʽ. 

4.1.4. ʆʩʦʙʣʠʚʦʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʜʣʷ 

ʧʨʦʚʝʜʝʥʥʷ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ 

ʉʴʦʛʦʜʥʽ ʙʘʛʘʪʦ ʧʨʦʤʠʩʣʦʚʠʭ ʧʨʦʮʝʩʽʚ ʧʨʠʡʰʣʠ ʜʦ ʨʦʙʦʪʠ ʟ 

ʥʘʥʦʨʦʟʤʽʨʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ, ʚʢʣʶʯʘʶʯʠ ʥʘʥʦʯʘʩʪʠʥʢʠ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ 

ʧʝʨʝʚʘʛʠ ʾʭʥʽʭ ʩʧʝʮʠʬʽʯʥʠʭ ʬʫʥʢʮʽʡ. ʇʽʜ ʯʘʩ ʨʦʙʦʪʠ ʟ ʥʘʥʦʨʦʟʤʽʨʥʠʤʠ 

ʤʘʪʝʨʽʘʣʘʤʠ ʚʢʨʘʡ ʚʘʞʣʠʚʦ ʦʭʘʨʘʢʪʝʨʠʟʫʚʘʪʠ ʾʭ. ɿ ʤʦʤʝʥʪʫ ʩʚʦʛʦ ʚʠʥʘʭʦʜʫ 

ʘʪʦʤʥʦ-ʩʠʣʦʚʘ ʤʽʢʨʦʩʢʦʧʽʷ ʚʽʜʽʛʨʘʣʘ ʚʘʞʣʠʚʫ ʨʦʣʴ ʫ ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ 

ʥʘʫʢʦʚʠʭ ʽ ʪʝʭʥʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʷʢ ʧʦʪʫʞʥʠʡ ʽʥʩʪʨʫʤʝʥʪ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ 

ʩʪʨʫʢʪʫʨ ʽ ʧʦʚʝʜʽʥʢʠ ʧʦʚʝʨʭʥʽ. ʆʢʨʽʤ ʪʨʠʚʠʤʽʨʥʦʾ (3D) ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʚʝʨʭʥʽ, 

ʮʝʡ ʘʥʘʣʽʪʠʯʥʠʡ ʽʥʩʪʨʫʤʝʥʪ ʪʘʢʦʞ ʥʘʜʘʻ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 
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ʟʨʘʟʢʘ, ʚʢʣʶʯʘʶʯʠ ʡʦʛʦ ʧʦʚʝʨʭʥʝʚʫ ʛʽʜʨʦʬʦʙʥʽʩʪʴ, ʤʦʣʝʢʫʣʷʨʥʽ ʚʟʘʻʤʦʜʽʾ, 

ʧʦʚʝʨʭʥʝʚʽ ʟʘʨʷʜʠ ʪʘ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ [8]. ɸʉʄ ʪʘʢʦʞ ʤʦʞʥʘ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʜʣʷ ʢʽʣʴʢʽʩʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʩʠʣ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʧʦʚʝʨʭʥʷʤʠ, ʱʦ 

ʚʘʞʣʠʚʦ ʚ ʙʘʛʘʪʴʦʭ ʩʝʢʪʦʨʘʭ ʥʘ ʜʦʜʘʪʦʢ ʜʦ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ. ɼʦʩʣʽʜʥʠʢʠ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ɸʉʄ ʜʣʷ ʚʠʚʯʝʥʥʷ ʨʽʟʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʫ ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʛʘʣʫʟʷʭ 

ʥʘʫʢʠ ʡ ʪʝʭʥʽʢʠ. ʂʣʶʯʦʚʦʶ ʧʝʨʝʚʘʛʦʶ ʮʴʦʛʦ ʘʥʘʣʽʪʠʯʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ ʻ ʡʦʛʦ 

ʟʜʘʪʥʽʩʪʴ ʚʠʢʦʥʫʚʘʪʠ ʚʽʟʫʘʣʽʟʘʮʽʶ ʚ ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ, ʚʢʣʶʯʘʶʯʠ 

ʨʽʜʠʥʫ, ʧʦʚʽʪʨʷ ʪʘ ʥʘʜʚʠʩʦʢʠʡ ʚʘʢʫʫʤ, ʟʘ ʢʽʤʥʘʪʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʪʠʩʢʫ 

ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ [9]. ʈʦʟʛʣʷʥʝʤʦ ʪʝʧʝʨ ʜʝʷʢʽ ʜʦʩʷʛʥʝʥʥʷ ʚ 

ʟʘʩʪʦʩʫʚʘʥʥʽ ɸʉʄ ʜʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʚʝʨʭʥʽ ʪʘ ʚʠʤʽʨʶʚʘʥʥʷ ʩʠʣʠ ʥʘ ʦʩʥʦʚʽ 

ʘʥʘʣʽʟʫ ʥʘʫʢʦʚʠʭ ʧʫʙʣʽʢʘʮʽʡ (ʧʫʙʣʽʢʘʮʽʾ ʫ ʚʽʜʢʨʠʪʦʤʫ ʜʦʩʪʫʧʽ; ʘʚʪʦʨʠ ʪʘ 

ʧʦʩʠʣʘʥʥʷ ʥʘʚʝʜʝʥʽ ʚ ʜʫʞʢʘʭ). 

ʋ ʛʘʣʫʟʷʭ ʦʧʪʦʝʣʝʢʪʨʦʥʽʢʠ, ʤʝʜʠʯʥʦʾ ʜʽʘʛʥʦʩʪʠʢʠ ʪʘ ʣʽʢʫʚʘʥʥʷ, ʩʝʥʩʦʨʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʰʠʨʦʢʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʘʙʫʣʠ ʧʨʦʮʝʩʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʷʚʠʱ, 

ʦʧʦʩʝʨʝʜʢʦʚʘʥʠʭ ʧʣʘʟʤʦʥʦʤ. ɺʚʘʞʘʻʪʴʩʷ, ʱʦ ʩʝʨʝʜ ʮʠʭ ʷʚʠʱ ʧʦʚʝʨʭʥʝʚʦ-

ʧʦʩʠʣʝʥʝ ʢʦʤʙʽʥʘʮʽʡʥʝ ʨʦʟʩʽʶʚʘʥʥʷ (ʇʇʂʈ) ʽ ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʮʽʷ ʤʘʶʪʴ ʚʝʣʠʢʽ 

ʧʝʨʩʧʝʢʪʠʚʠ ʚ ʭʽʤʽʯʥʦʤʫ ʪʘ ʙʽʦʩʝʥʩʦʨʥʦʤʫ ʚʠʷʚʣʝʥʥʽ ʦʜʠʥʠʯʥʠʭ ʤʦʣʝʢʫʣ ʪʘ 

ʤʝʜʠʯʥʽʡ ʜʽʘʛʥʦʩʪʠʮʽ in vivo [10]. ʋ ʨʦʙʦʪʽ [11] ʜʦʩʣʽʜʞʫʚʘʣʠʩʷ ʚʣʘʩʪʠʚʦʩʪʽ 

ʥʘʥʦʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʧʣʽʚʦʢ ʩʨʽʙʣʘ, ʦʪʨʠʤʘʥʠʭ ʪʝʨʤʽʯʥʠʤ ʦʩʘʜʞʝʥʥʷʤ ʥʘ 

ʢʨʝʤʥʽʾ, ʫ ʷʢʦʩʪʽ ʧʽʜʢʣʘʜʦʢ ʇʇʂʈ. ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʦʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ɸʉʄ 

ʪʘ ʧʦʢʘʟʘʣʦ, ʱʦ ʧʣʽʚʢʠ ʩʨʽʙʣʘ ʟ ʚʽʜʥʦʩʥʦ ʱʽʣʴʥʠʤʠ ʪʘ ʦʜʥʦʨʽʜʥʠʤʠ ʤʘʩʠʚʘʤʠ 

ʧʽʨʘʤʽʜʘʣʴʥʠʭ ʥʘʥʦʦʩʪʨʽʚʮʽʚ ʟʘʚʚʠʰʢʠ 60ï80 ʥʤ ʻ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʤʠ ʜʣʷ 

ʇʇʂʈ ʷʢ ʦʨʛʘʥʽʯʥʠʭ ʙʘʨʚʥʠʢʽʚ, ʪʘʢ ʡ ʘʥʘʣʽʪʽʚ ʥʝʦʨʛʘʥʽʯʥʠʭ ʥʘʥʦʯʘʩʪʠʥʦʢ. ʋ [11] 

ʚʧʝʨʰʝ ʧʦʚʽʜʦʤʣʷʻʪʴʩʷ ʧʨʦ ʧʦʤʽʪʥʝ ʧʦʩʠʣʝʥʥʷ ʩʠʛʥʘʣʫ ʢʦʤʙʽʥʘʮʽʡʥʦʛʦ 

ʨʦʟʩʽʶʚʘʥʥʷ ʢʦʣʦʾʜʥʠʭ ʥʘʥʦʯʘʩʪʠʥʦʢ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʨʽʙʥʠʭ ʦʩʪʨʽʚʥʠʭ ʧʣʽʚʦʢ, 

ʚʩʪʘʥʦʚʣʝʥʦ ʦʧʪʠʤʘʣʴʥʽ ʫʤʦʚʠ ʧʦʩʪʨʦʩʪʦʚʦʛʦ ʚʽʜʧʘʣʫ ʧʽʜʢʣʘʜʦʢ ï ʨʝʟʫʣʴʪʘʪʠ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʠʩ. 4.14. 
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ʈʠʩ. 4.14. ɸʉʄ-ʟʦʙʨʘʞʝʥʥʷ ʪʘ ʚʽʜʧʦʚʽʜʥʽ ʧʨʦʬʽʣʽ ʧʦʚʝʨʭʥʽ ʧʣʽʚʦʢ ʥʘʥʦʦʩʪʨʽʚʮʽʚ Ag ʥʘ 

ʧʽʜʢʣʘʜʮʽ Si, ʚʽʜʧʘʣʝʥʠʭ ʥʘ ʧʦʚʽʪʨʽ ʧʨʦʪʷʛʦʤ 15 ʭʚ ʧʨʠ: a ï 350Á C, ʙ ï 420Á C, ʚ ï 550Á C ʪʘ 

ʛ ï 650Á C (Chursanova et al. Nanoscale Res. Lett., 2010 [11]) 

ʇʦʩʪʽʡʥʠʡ ʧʦʧʠʪ ʥʘ ʚʠʩʦʢʦʝʬʝʢʪʠʚʥʫ ʤʽʢʨʦʝʣʝʢʪʨʦʥʥʫ ʧʨʦʜʫʢʮʽʶ 

ʧʽʜʰʪʦʚʭʫʻ ʚʠʨʦʙʥʠʢʽʚ ʽʥʪʝʛʨʘʣʴʥʠʭ ʩʭʝʤ ʨʦʙʠʪʠ ʧʨʠʩʪʨʦʾ ʚʩʝ ʤʝʥʰʠʭ ʨʦʟʤʽʨʽʚ. 

ʊʘʢʘ ʛʝʦʤʝʪʨʽʷ ʩʪʚʦʨʠʣʘ ʙʝʟʧʨʝʮʝʜʝʥʪʥʽ ʟʘʜʘʯʽ ʜʣʷ ʤʝʪʨʦʣʦʛʽʾ ʨʦʟʤʽʨʽʚ ʫ 

ʚʠʨʦʙʥʠʮʪʚʽ, ʜʦʩʣʽʜʞʝʥʥʷʭ ʽ ʨʦʟʨʦʙʢʘʭ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ. ʋ ʨʦʙʦʪʽ [12] 

ʨʦʟʛʣʷʥʫʪʦ ʩʫʯʘʩʥʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ɸʉʄ ʫ ʛʘʣʫʟʽ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʦʾ ʧʨʦʤʠʩʣʦʚʦʩʪʽ: ʜʣʷ ʨʦʟʨʦʙʢʠ ʪʘ ʢʦʥʪʨʦʣʶ ʧʨʦʮʝʩʽʚ ʫ 

ʚʠʨʦʙʥʠʮʪʚʽ ʧʘʤôʷʪʽ, ʣʦʛʽʢʠ, ʬʦʪʦʤʘʩʦʢ, ʜʘʪʯʠʢʽʚ ʟʦʙʨʘʞʝʥʥʷ ʪʘ ʟʙʝʨʽʛʘʥʥʷ 

ʜʘʥʠʭ. ɸʚʪʦʤʘʪʠʟʦʚʘʥʠʡ ʘʪʦʤʥʦ-ʩʠʣʦʚʠʡ ʤʽʢʨʦʩʢʦʧ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʜʣʷ 
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ʚʠʟʥʘʯʝʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʫʟʴʢʠʭ ʣʽʥʽʡ, ʢʘʥʘʚʦʢ ʡ ʦʪʚʦʨʽʚ ʫ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʚʫʟʣʘʭ ç45 ʥʤè ʽ ʥʘʚʽʪʴ ʤʝʥʰʠʭ. ʑʦʙ ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʪʠ ʧʝʨʝʚʘʛʠ ɸʉʄ ʘʚʪʦʨʠ 

ʨʦʙʦʪʠ [12] ʧʦʨʽʚʥʷʣʠ ʤʦʞʣʠʚʦʩʪʽ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ɸʉʄ ʽʟ ʫʩʪʘʣʝʥʠʤʠ 

ʚʙʫʜʦʚʘʥʠʤʠ ʪʘ ʘʚʪʦʥʦʤʥʠʤʠ ʤʝʪʦʜʘʤʠ ʣʦʢʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʪʘʢʠʤʠ ʷʢ 

ʩʢʘʥʫʶʯʘ ʝʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷ ʢʨʠʪʠʯʥʠʭ ʨʦʟʤʽʨʽʚ (ʂʈʉɽʄ), ʦʧʪʠʯʥʘ 

ʩʢʘʪʪʝʨʦʤʝʪʨʽʷ (ʆʉ) ʽ ʪʨʘʥʩʤʽʩʽʡʥʘ ʝʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷ (ʊɽʄ). 

ʗʢ ʚʠʜʥʦ ʟ ʨʠʩʫʥʢʘ 4.15, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʽʥʰʠʭ ʤʝʪʦʜʠʢ, ɸʉʄ ʜʦʟʚʦʣʷʻ 

ʦʪʨʠʤʫʚʘʪʠ ʧʦʚʥʽ ʪʨʠʚʠʤʽʨʥʽ ʟʦʙʨʘʞʝʥʥʷ, ʤʦʨʬʦʣʦʛʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʧʦʚʝʨʭʥʽ ʪʘ ʧʨʦʚʦʜʠʪʠ ʪʦʯʥʽ ʚʠʤʽʨʶʚʘʥʥʷ ʢʨʠʪʠʯʥʠʭ ʨʦʟʤʽʨʽʚ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ 

ʦʙôʻʢʪʘ. 

 

    ʘ      ʙ 

ʈʠʩ. 4.15. ɿʦʙʨʘʞʝʥʥʷ ʢʽʣʴʢʦʭ ʢʘʥʘʚʦʢ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʚʫʟʣʘ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʦʛʦ 

ʧʨʠʣʘʜʫ: ʘ ï ʟʘ ʜʦʧʦʤʦʛʦʶ ʂʈʉɽʄ ʪʘ ʙ ï ʟʘ ʜʦʧʦʤʦʛʦʶ ɸʉʄ (Moon-Keun et al. Proc. SPIE, 

2009 [12]) 

ɺ ʦʩʪʘʥʥʽ ʜʝʩʷʪʠʣʽʪʪʷ ʚʩʝ ʰʠʨʰʠʤ ʩʪʘʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ɸʉʄ ʫ ʙʽʦʣʦʛʽʯʥʠʭ ʽ 

ʤʝʜʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ, ʱʦ ʚʠʩʚʽʪʣʝʥʦ ʚ ʨʦʙʦʪʘʭ [13 - 17]. ʈʦʙʦʪʘ [13] ʻ, 

ʬʘʢʪʠʯʥʦ, ʧʦʩʽʙʥʠʢʦʤ ʟ ʚʠʤʽʨʶʚʘʥʥʷ ʙʽʦʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘ 

ʥʘʥʦʩʪʨʫʢʪʫʨʥʠʭ ʦʩʦʙʣʠʚʦʩʪʝʡ ʙʽʦʣʦʛʽʯʥʠʭ ʟʨʘʟʢʽʚ (ʥʘʧʨʠʢʣʘʜ, ʞʠʚʠʭ ʢʣʽʪʠʥ ʽ 

ʙʽʦʤʦʣʝʢʫʣ). ʎʝ ʜʦʧʦʤʘʛʘʻ ʚʠʟʥʘʯʠʪʠ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʢʣʽʪʠʥʥʦʾ ʤʝʤʙʨʘʥʠ, 

ʚôʷʟʢʦʧʨʫʞʥʽʩʪʴ ʢʣʽʪʠʥʠ ʪʘ ʾʾ ʞʦʨʩʪʢʽʩʪʴ. ʋʯʝʥʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ɸʉʄ ʜʣʷ 

ʘʥʘʣʽʟʫ ʥʘʥʦʩʪʨʫʢʪʫʨʠ ʪʘ ʥʘʥʦʤʝʭʘʥʽʢʠ ʜʣʷ ʪʘʢʠʭ ʢʣʽʪʠʥ, ʷʢ ʣʽʤʬʦʮʠʪʠ ʪʘ 

ʝʨʠʪʨʦʮʠʪʠ, ʱʦ ʢʦʨʠʩʥʦ ʷʢ ʫ ʤʝʜʠʮʠʥʽ, ʪʘʢ ʽ ʚ ʩʫʜʦʚʦ-ʤʝʜʠʯʥʽʡ ʝʢʩʧʝʨʪʠʟʽ [14]. 
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ʊʘʢʦʞ ɸʉʄ ʟʘʩʪʦʩʦʚʥʠʡ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʢʣʽʪʠʥ ʨʘʢʦʚʠʭ ʫʪʚʦʨʝʥʴ. ʋ ʨʦʙʦʪʽ [15] 

ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʘ ʧʝʨʩʧʝʢʪʠʚʠ ɸʉʄ ʫ ʜʦʩʣʽʜʞʝʥʥʽ ʨʘʢʫ. ɸʉʄ 

ʤʦʞʝ ʚʠʢʦʥʫʚʘʪʠ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʪʘ ʫʣʴʪʨʘʩʪʨʫʢʪʫʨʥʝ ʩʧʦʩʪʝʨʝʞʝʥʥʷ 

ʞʠʚʠʭ ʢʣʽʪʠʥ ʟ ʘʪʦʤʥʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ ʚ ʫʤʦʚʘʭ, ʙʣʠʟʴʢʠʭ ʜʦ 

ʬʽʟʽʦʣʦʛʽʯʥʠʭ, ʟʙʠʨʘʶʯʠ ʽʥʬʦʨʤʘʮʽʶ ʩʠʣʦʚʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ, ʷʢʘ ʜʦʟʚʦʣʷʻ 

ʚʠʚʯʘʪʠ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʫʭʣʠʥʥʠʭ ʢʣʽʪʠʥ, ʘ ʟʥʘʯʠʪʴ, ʯʽʪʢʦ ʟʥʘʪʠ ʾʭ 

ʚʽʜʤʽʥʥʦʩʪʽ ʚʽʜ ʟʜʦʨʦʚʠʭ ʢʣʽʪʠʥ, ʪʘʢʠʤ ʯʠʥʦʤ ʟʥʘʯʥʦ ʨʦʟʰʠʨʠʪʠ ʤʦʞʣʠʚʦʩʪʽ 

ʜʽʘʛʥʦʩʪʠʢʠ ʥʘ ʨʘʥʥʽʭ ʩʪʘʜʽʷʭ. ʈʝʟʫʣʴʪʘʪʠ [15] ʢʦʨʦʪʢʦ ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʠʩʫʥʢʦʤ 

4.16. 

 

ʈʠʩ. 4.16. ɺʽʟʫʘʣʽʟʘʮʽʷ ʤʦʨʬʦʣʦʛʽʾ ʨʘʢʦʚʠʭ ʢʣʽʪʠʥ ʽ ʚʠʤʽʨʶʚʘʥʥʷ ʾʭ ʤʝʭʘʥʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʘ ʜʦʧʦʤʦʛʦʶ ɸʉʄ (Deng, et al. J. Nanobiotechnology, 2018 [15]): 

ʘ ï ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʝ ʟʦʙʨʘʞʝʥʥʷ ʚʠʩʦʪʠ AFM; 

ʙ ï ʪʠʧʦʚʝ ʟʦʙʨʘʞʝʥʥʷ ʚʽʜʭʠʣʝʥʥʷ AFM; 

ʚ ï 3D ʨʦʟʧʦʜʽʣ ʚʠʩʦʪʠ ʢʣʽʪʠʥʠ; ʩʠʣʦʚʘ ʢʨʠʚʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʤʝʭʘʥʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ; 

ʛ ï ʟʦʙʨʘʞʝʥʥʷ, ʱʦ ʧʨʝʜʩʪʘʚʣʷʻ ʨʦʟʧʦʜʽʣ ʤʦʜʫʣʷ ʖʥʛʘ; 

ʜ ï ʟʦʙʨʘʞʝʥʥʷ, ʱʦ ʧʨʝʜʩʪʘʚʣʷʻ ʨʦʟʧʦʜʽʣ ʘʜʛʝʟʠʚʥʠʭ ʩʠʣ; 

ʝ ï ʟʦʙʨʘʞʝʥʥʷ, ʱʦ ʧʨʝʜʩʪʘʚʣʷʻ ʨʦʟʧʦʜʽʣ ʞʦʨʩʪʢʦʩʪʽ. 
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ʈʦʙʦʪʘ [16] ʨʦʟʛʣʷʜʘʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ɸʉʄ ʫ ʬʘʨʤʘʮʝʚʪʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ. 

ʋ ʮʽʡ ʨʦʙʦʪʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ɸʉʄ ʚʠʚʯʘʣʠ ʚʟʘʻʤʦʜʽʶ ʤʽʞ ʧʽʜʪʨʠʤʫʚʘʥʠʤʠ 

ʣʽʧʽʜʥʠʤʠ ʜʚʦʰʘʨʘʤʠ ʡ ʧʝʚʥʠʤʠ ʣʽʢʘʤʠ (ʥʘʧʨʠʢʣʘʜ, ʘʟʠʪʨʦʤʽʮʠʥʦʤ). ʊʘʢʦʞ 

ɸʉʄ ʭʘʨʘʢʪʝʨʠʟʫʻ ʤʽʢʨʦʙʥʽ ʧʦʚʝʨʭʥʽ, ʚʢʣʶʯʘʶʯʠ ʾʭʥʽ ʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʪʘʢʽ 

ʷʢ ʝʣʘʩʪʠʯʥʽʩʪʴ ʢʣʽʪʠʥʥʦʾ ʩʪʽʥʢʠ ʪʘ ʘʜʛʝʟʠʚʥʽʩʪʴ, ʱʦ ʜʦʧʦʤʘʛʘʻ ʚʠʟʥʘʯʠʪʠ 

ʩʪʽʡʢʽʩʪʴ ʤʽʢʨʦʙʽʚ ʜʦ ʣʽʢʽʚ. ɺʘʞʣʠʚʦ, ʱʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ɸʉʄ ʚʟʘʻʤʦʜʽʶ ʣʽʧʽʜʥʦʛʦ 

ʜʚʦʰʘʨʫ ʡ ʣʽʢʽʚ ʚʜʘʣʦʩʷ ʚʽʜʦʙʨʘʟʠʪʠ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ, ʱʦ ʧʦʢʘʟʘʥʦ ʥʘ 

ʨʠʩ. 4.17. 

 

ʈʠʩ. 4.17. ɺʽʜʦʙʨʘʞʝʥʥʷ ʚʟʘʻʤʦʜʽʾ ʣʽʧʽʜʥʦʛʦ ʜʚʦʰʘʨʫ ʡ ʣʽʢʽʚ ʫ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ɸʉʄ. ʅʘ ʟʦʙʨʘʞʝʥʥʷʭ ʟʘʧʠʩʘʥʦ ʜʚʦʰʘʨ ʟʤʽʰʘʥʦʛʦ 

ʜʽʦʣʝʦʽʣʬʦʩʬʘʪʠʜʠʣʭʦʣʽʥʫ/ʜʠʧʘʣʴʤʽʪʦʾʣʬʦʩʬʘʪʠʜʠʣʭʦʣʽʥʫ (1/1, ʤʦʣʴ/ʤʦʣʴ), ʥʘʥʝʩʝʥʠʡ ʥʘ 

ʩʣʶʜʫ, ʧʽʩʣʷ ʽʥʢʫʙʘʮʽʾ ʟ ʘʥʪʠʙʽʦʪʠʢʦʤ ʘʟʠʪʨʦʤʽʮʠʥʦʤ (1 ʤʄ) ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʯʘʩʫ ʽʥʢʫʙʘʮʽʾ 

(Mingeot-Leclercq, et al. Nat Protoc, 2008 [16]) 

ʋ ʜʦʩʣʽʜʞʝʥʥʽ ʟʦʨʫ ï ʨʦʙʦʪʘ [17] ï ʚʯʝʥʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ɸʉʄ ʜʣʷ 

ʚʠʚʯʝʥʥʷ ʬʫʥʢʮʽʡ ʙʽʣʢʽʚ ʫ ʢʣʽʪʠʥʥʠʭ ʤʝʤʙʨʘʥʘʭ. ɿʦʙʨʘʞʝʥʥʷ ʚʠʩʦʢʦʾ ʨʦʟʜʽʣʴʥʦʾ 

ʟʜʘʪʥʦʩʪʽ ʜʦʧʦʤʘʛʘʶʪʴ ʚʠʟʥʘʯʠʪʠ ʚʟʘʻʤʦʜʽʶ ʣʽʛʘʥʜ-ʨʝʮʝʧʪʦʨ ʡ ʽʣʶʩʪʨʫʶʪʴ 
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ʥʘʥʦʨʦʟʤʽʨʥʫ ʪʦʧʦʛʨʘʬʽʶ, ʷʢʘ ʚʧʣʠʚʘʻ ʥʘ ʟʽʨ. ɿʘ ʜʦʧʦʤʦʛʦʶ ɸʉʄ ʘʚʪʦʨʠ [17] 

ʦʪʨʠʤʫʚʘʣʠ ʟʦʙʨʘʞʝʥʥʷ ʨʦʛʽʚʢʠ ʣʶʜʠʥʠ, ʘ ʩʘʤʝ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʦʥʴ 

ʧʝʨʝʜʥʴʦʾ ʙʘʟʘʣʴʥʦʾ ʤʝʤʙʨʘʥʠ ʪʘ ʜʝʩʮʝʤʝʪʦʚʦʾ ʤʝʤʙʨʘʥʠ ï ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ 

ʨʠʩʫʥʢʫ 4.18. ʆʪʨʠʤʘʥʽ ʟʦʙʨʘʞʝʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʩʪʨʫʢʪʫʨʥʽ ʦʩʦʙʣʠʚʦʩʪʽ 

ʜʝʩʮʝʤʝʪʦʚʦʾ ʤʝʤʙʨʘʥʠ ʤʝʥʰʽ ʪʘ ʱʽʣʴʥʽʰʽ, ʥʽʞ ʫ ʧʝʨʝʜʥʴʦʾ ʙʘʟʘʣʴʥʦʾ ʤʝʤʙʨʘʥʠ. 

ʊʘʢʽ ʟʦʙʨʘʞʝʥʥʷ Aʉʄ ʜʦʧʦʤʘʛʘʶʪʴ ʩʧʽʚʚʽʜʥʝʩʪʠ ʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʟ 

ʭʚʦʨʦʙʣʠʚʠʤʠ ʩʪʘʥʘʤʠ. 

 

ʈʠʩ. 4.18. ɿʦʙʨʘʞʝʥʥʷ ʨʦʛʽʚʢʠ ʣʶʜʠʥʠ ʚ ʨʝʞʠʤʽ ɸʉʄ: ʘ ï ɸʉʄ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ 

ʧʝʨʝʜʥʴʦʾ ʙʘʟʘʣʴʥʦʾ ʤʝʤʙʨʘʥʠ; ʙ ï ɸʉʄ-ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʜʝʩʮʝʤʝʪʦʚʦʾ ʤʝʤʙʨʘʥʠ (Last, 

et al. Invest Ophthalmol Vis Sci, 2010 [17]) 

ʋ ʨʦʙʦʪʽ [18] ʥʘʚʦʜʷʪʴʩʷ ʧʝʨʝʚʘʛʠ ʤʝʪʦʜʫ ɸʉʄ ʷʢ ʦʜʥʦʛʦ ʟ ʥʘʡʙʽʣʴʰ 

ʫʥʽʚʝʨʩʘʣʴʥʠʭ ʪʘ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʤʝʪʦʜʽʚ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʚʝʨʭʦʥʴ ʤʘʪʝʨʽʘʣʽʚ 

ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. ɸʚʪʦʨʠ ʧʨʦʚʝʣʠ ʧʦʨʽʚʥʷʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʥʷ ʥʽʪʨʠʜʫ 

ʘʣʶʤʽʥʽʶ ʤʝʪʦʜʘʤʠ ʨʘʩʪʨʦʚʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ (ʈɽʄ) ʪʘ ɸʉʄ. ɹʫʣʦ 
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ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ, ʥʝ ʜʠʚʣʷʯʠʩʴ ʥʘ ʙʽʣʴʰʫ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ ʤʝʪʦʜʫ ʈɽʄ, 

ʦʩʥʦʚʥʠʤʠ ʡʦʛʦ ʥʝʜʦʣʽʢʘʤʠ ʻ ʥʝʤʦʞʣʠʚʽʩʪʴ ʧʨʦʚʝʜʝʥʥʷ ʚʝʨʪʠʢʘʣʴʥʦʛʦ 

ʩʢʘʥʫʚʘʥʥʷ ʧʦʚʝʨʭʦʥʴ ʪʘ ʚʽʜʩʫʪʥʽʩʪʴ ʤʦʞʣʠʚʦʩʪʽ ʜʦʩʣʽʜʞʝʥʥʷ ʾʭʥʽʭ ʬʽʟʠʢʦ-

ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʱʦ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʟʘʙʝʟʧʝʯʫʻ ɸʉʄ. ʈʝʟʫʣʴʪʘʪʠ 

ʧʦʨʽʚʥʷʥʥʷ ʟʦʙʨʘʞʫʻ ʨʠʩʫʥʦʢ 4.19. 

 

ʈʠʩ. 4.19. ɿʦʙʨʘʞʝʥʥʷ ʜʽʣʷʥʢʠ ʧʦʚʝʨʭʥʽ (13ῒ13 ʤʢʤ) ʟʨʘʟʢʘ: ʘ ð ʦʪʨʠʤʘʥʝ ʤʝʪʦʜʦʤ 

ɸʉʄ, ʙ ð ʤʝʪʦʜʦʤ ʈɽʄ (ʐʝʚʯʝʥʢʦ, et al. ʂʦʩʤʽʯʥʘ ʥʘʫʢʘ ʽ ʪʝʭʥʦʣʦʛʽʷ, 2023 [18]) 

ʊʘʢʦʞ ʫ ʨʦʙʦʪʽ [18] ʚʩʪʘʥʦʚʣʝʥʦ ʧʝʨʝʚʘʞʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʧʨʦʮʝʩʫ 

ʜʦʩʣʽʜʞʝʥʥʷ ʨʝʣʴʻʬʫ ʧʦʚʝʨʭʦʥʴ ʤʝʪʦʜʦʤ ɸʉʄ ï ʮʝ: 

- ʤʦʞʣʠʚʽʩʪʴ ʚʠʩʦʢʦʪʦʯʥʦʛʦ ʧʦʟʠʮʽʦʥʫʚʘʥʥʷ ʚʠʤʽʨʶʚʘʣʴʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʘ (ʟ 

ʪʦʯʥʽʩʪʶ ʚʠʟʥʘʯʝʥʥʷ ʟʘʜʘʥʦʾ ʜʽʣʷʥʢʠ ð ʜʦ 40 ʥʤ); 

- ʫʩʫʥʝʥʥʷ ʚʠʢʨʠʚʣʝʥʥʷ ʦʪʨʠʤʘʥʦʛʦ ʟʦʙʨʘʞʝʥʥʷ ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʜʽʣʷʥʢʠ; 

- ʘʚʪʦʤʘʪʠʯʥʝ ʢʦʨʠʛʫʚʘʥʥʽ ʰʚʠʜʢʦʩʪʽ ʧʨʦʚʝʜʝʥʥʷ ʜʦʩʣʽʜʞʝʥʴ. 
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4.2. ɽʣʝʢʪʨʦ-ʩʠʣʦʚʠʡ ʤʽʢʨʦʩʢʦʧ 

4.2.1. ʌʽʟʠʯʥʽ ʟʘʩʘʜʠ ʨʦʙʦʪʠ ʝʣʝʢʪʨʦ-ʩʠʣʦʚʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʪʘ ʤʝʪʦʜʠʢʘ 

ʡʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ɽʣʝʢʪʨʦʩʠʣʦʚʘ ʤʽʢʨʦʩʢʦʧʽʷ (ɽʉʄ, ʘʥʛʣ. ɽFM ð electric force microscope) ï 

ʩʧʝʮʽʘʣʴʥʠʡ ʨʝʞʠʤ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ (ɸʉʄ). ɼʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ 

ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʛʨʘʜʽʻʥʪ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ ʥʘʜ ʧʦʚʝʨʭʥʝʶ ʟʨʘʟʢʘ ʪʘ ʚʝʣʠʯʠʥʫ 

ʡ ʟʥʘʢ ʣʦʢʘʣʽʟʦʚʘʥʠʭ ʥʘ ʧʦʚʝʨʭʥʽ ʟʘʨʷʜʽʚ. 

ɽʉʄ ʤʦʞʝ ʟʘʩʪʦʩʦʚʫʚʘʪʠʩʷ ʜʣʷ ʧʝʨʝʚʽʨʢʠ ʷʢʦʩʪʽ ʢʦʥʪʘʢʪʽʚ ʽ ʧʦʰʫʢʫ 

ʜʝʬʝʢʪʽʚ ʚ ʝʣʝʢʪʨʠʯʥʠʭ ʩʭʝʤʘʭ, ʚʠʷʚʣʝʥʥʷ ʟʚ'ʷʟʘʥʠʭ ʟʘʨʷʜʽʚ, ʟʯʠʪʫʚʘʥʥʷ ʡ ʟʘʧʠʩʫ 

ʽʥʬʦʨʤʘʮʽʾ ʟʘ ʜʦʧʦʤʦʛʦʶ ʟʤʽʥʠ ʨʦʟʪʘʰʫʚʘʥʥʷ ʟʘʨʷʜʽʚ ʥʘ ʧʦʚʝʨʭʥʽ.  

ɺ ɽʉʄ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʚʣʘʩʪʠʚʦʩʪʽ ʧʦʚʝʨʭʥʽ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʝʣʝʢʪʨʠʯʥʘ ʚʟʘʻʤʦʜʽʷ ʤʽʞ ʟʦʥʜʦʤ ʽ ʟʨʘʟʢʦʤ. ɿʦʥʜ ʤʘʻ ʧʨʦʚʽʜʥʝ 

ʧʦʢʨʠʪʪʷ, ʘ ʟʨʘʟʦʢ ʧʨʝʜʩʪʘʚʣʷʻ ʩʦʙʦʶ ʪʦʥʢʠʡ ʰʘʨ ʤʘʪʝʨʽʘʣʫ ʥʘ ʜʦʙʨʝ ʧʨʦʚʽʜʥʽʡ 

ʧʽʜʢʣʘʜʮʽ (ʨʠʩ. 4.20). 

 

ʈʠʩ. 4.20. ʈʫʭ ʟʦʥʜʘ ɽʉʄ ʥʘʜ ʟʨʘʟʢʦʤ 

ʅʝʭʘʡ ʤʽʞ ʟʦʥʜʦʤ ʽ ʟʨʘʟʢʦʤ ʧʦʜʘʥʦ ʧʦʩʪʽʡʥʫ ʥʘʧʨʫʛʫ U0 ʽ ʟʤʽʥʥʫ ʥʘʧʨʫʛʫ 

Ὗͯ  ὟίὭὲ‫ὸ ï ʩʭʝʤʘʪʠʯʥʦ ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 4.21. ʗʢʱʦ ʪʦʥʢʠʡ ʰʘʨ ʥʘ 

ʧʽʜʢʣʘʜʮʽ ʻ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʤ ʘʙʦ ʜʽʝʣʝʢʪʨʠʢʦʤ, ʪʦ ʚʽʥ ʤʦʞʝ ʤʽʩʪʠʪʠ 

ʧʦʚʝʨʭʥʝʚʠʡ ʟʘʨʷʜ, ʪʘʢ ʱʦ ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʽʩʥʫʻ ʨʦʟʧʦʜʽʣ ʧʦʪʝʥʮʽʘʣʫ ű(x, y). 
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ʅʘʧʨʫʛʫ ʤʽʞ ʟʦʥʜʦʤ ʽ ʧʦʚʝʨʭʥʝʶ ʟʨʘʟʢʘ ʪʦʜʽ ʤʦʞʥʘ ʧʨʝʜʩʪʘʚʠʪʠ ʫ ʚʠʛʣʷʜʽ: 

Ὗ Ὗ ὟίὭὲ‫ὸ •ὼȟώȢ   (4.6) 

ʉʠʩʪʝʤʘ ʟʦʥʜïʟʨʘʟʦʢ ʤʘʻ ʝʣʝʢʪʨʠʯʥʫ ʻʤʥʽʩʪʴ ʉ, ʪʘʢ ʱʦ ʝʥʝʨʛʽʷ ɽ ʪʘʢʦʾ 

ʩʠʩʪʝʤʠ ʟʘʜʘʻʪʴʩʷ ʚʠʨʘʟʦʤ: 

Ὁ ȟ      (4.7) 

ʪʦʜʽ ʝʣʝʢʪʨʠʯʥʘ ʩʠʣʘ ʚʟʘʻʤʦʜʽʾ ʟʦʥʜʘ ʽ ʟʨʘʟʢʘ Ὂᴆ ὫὶὥὨὉ, ʘ ʦʪʞʝ z-

ʢʦʤʧʦʥʝʥʪʘ ʮʽʻʾ ʩʠʣʠ ʙʫʜʝ ʤʘʪʠ ʚʠʛʣʷʜ: 

Ὂ Ὗ  .    (4.8) 

ʊʘʢʠʤ ʯʠʥʦʤ, z-ʢʦʤʧʦʥʝʥʪʘ ʝʣʝʢʪʨʠʯʥʦʾ ʩʠʣʠ, ʱʦ ʜʽʻ ʥʘ ʟʦʥʜ ʟ ʙʦʢʫ ʟʨʘʟʢʘ, 

ʜʦʨʽʚʥʶʻ: 

Ὂ Ὗ •ὼȟώ Ὗ Ὗ •ὼȟώ ϽὟÓÉÎ‫ὸ

Ὗ ÃÏÓ ς‫ὸϽ  . (4.9) 

ʉʠʣʘ ʚʟʘʻʤʦʜʽʾ ʤʘʻ ʪʨʠ ʩʢʣʘʜʦʚʽ: 

Å ʧʦʩʪʽʡʥʫ ʩʢʣʘʜʦʚʫ: Ὂ Ὗ •ὼȟώ Ὗ Ͻ  ȟ 

Å ʩʢʣʘʜʦʚʫ ʥʘ ʯʘʩʪʦʪʽ ɤ: Ὂ Ὗ •ὼȟώ ϽὟÓÉÎ‫ὸϽ  ȟ 

Å ʩʢʣʘʜʦʚʫ ʥʘ ʯʘʩʪʦʪʽ 2ɤ: Ὂ Ὗ ÃÏÓς‫ὸϽ  Ȣ 

 

ʈʠʩ. 4.21. ʇʦʜʘʥʥʷ ʥʘʧʨʫʛʠ ʤʽʞ ɽʉʄ ʟʦʥʜʦʤ ʽ ʟʨʘʟʢʦʤ [3] 
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ɼʝʪʝʢʪʫʚʘʥʥʷ ʘʤʧʣʽʪʫʜʠ ʢʦʣʠʚʘʥʴ ʢʘʥʪʠʣʝʚʝʨʘ ʥʘ ʯʘʩʪʦʪʽ 2ɤ ʜʦʟʚʦʣʷʻ 

ʜʦʩʣʽʜʞʫʚʘʪʠ ʨʦʟʧʦʜʽʣ ʫʟʜʦʚʞ ʧʦʚʝʨʭʥʽ ʧʦʭʽʜʥʦʾ ʚʽʜ ʻʤʥʦʩʪʽ ʟʘ ʢʦʦʨʜʠʥʘʪʦʶ z 

(ʪʘʢ ʟʚʘʥʘ ʻʤʥʽʩʥʘ ʤʽʢʨʦʩʢʦʧʽʷ). 

ɿʘ ʜʦʧʦʤʦʛʦʶ ʮʴʦʛʦ ʤʝʪʦʜʦʤ ɽʉʄ ʤʦʞʥʘ ʚʠʚʯʘʪʠ ʣʦʢʘʣʴʥʽ ʜʽʝʣʝʢʪʨʠʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʧʨʠʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʽʚ ʟʨʘʟʢʽʚ.  

ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʚʠʩʦʢʦʾ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʚ ʜʘʥʽʡ ʤʝʪʦʜʠʮʽ ʥʝʦʙʭʽʜʥʦ, 

ʱʦʙ ʝʣʝʢʪʨʠʯʥʘ ʩʠʣʘ ʚ ʩʠʩʪʝʤʽ ʟʦʥʜ-ʟʨʘʟʦʢ ʚʠʟʥʘʯʘʣʘʩʷ ʚʟʘʻʤʦʜʽʻʶ ʤʽʞ ʟʦʥʜʦʤ 

ʽ ʧʦʚʝʨʭʥʝʶ. 

ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʜʽʝʣʝʢʪʨʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʨʘʟʢʽʚ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ 

ʜʚʦʧʨʦʭʽʜʥʘ ʤʝʪʦʜʠʢʘ (ʨʠʩ. 4.22): 

- ʧʨʠ ʧʝʨʰʦʤʫ ʧʨʦʭʦʜʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧôʻʟʦʚʽʙʨʘʪʦʨʘ ʟʙʫʜʞʫʶʪʴʩʷ ʢʦʣʠʚʘʥʥʷ 

ʢʘʥʪʠʣʝʚʝʨʘ ʥʘ ʯʘʩʪʦʪʽ, ʙʣʠʟʴʢʽʡ ʜʦ ʨʝʟʦʥʘʥʩʥʦʾ ʯʘʩʪʦʪʠ ɤ0, ʽ ʟʥʽʤʘʻʪʴʩʷ ɸʉʄ 

ʟʦʙʨʘʞʝʥʥʷ ʨʝʣʴʻʬʫ ʚ çʥʘʧʽʚʢʦʥʪʘʢʪʥʦʤʫè ʨʝʞʠʤʽ; 

- ʧʦʪʽʤ ʟʦʥʜ ʚʽʜʚʦʜʠʪʴʩʷ ʚʽʜ ʧʦʚʝʨʭʥʽ ʥʘ ʚʽʜʩʪʘʥʴ z0, ʤʽʞ ʟʦʥʜʦʤ ʽ ʟʨʘʟʢʦʤ 

ʧʦʜʘʻʪʴʩʷ ʟʤʽʥʥʘ (ʥʘ ʯʘʩʪʦʪʽ ɤ = ɤ0) ʥʘʧʨʫʛʘ ʡ ʟʜʽʡʩʥʶʻʪʴʩʷ ʧʦʚʪʦʨʥʝ 

ʩʢʘʥʫʚʘʥʥʷ. ʅʘ ʜʨʫʛʦʤʫ ʧʨʦʭʦʜʽ ʜʘʪʯʠʢ ʨʫʭʘʻʪʴʩʷ ʥʘʜ ʧʦʚʝʨʭʥʝʶ ʧʦ 

ʪʨʘʻʢʪʦʨʽʾ, ʱʦ ʧʦʚʪʦʨʶʻ ʨʝʣʴʻʬ ʟʨʘʟʢʘ. 

 

ʈʠʩ. 4.22. ʊʨʘʻʢʪʦʨʽʾ ʟʦʥʜʦʚʦʛʦ ʜʘʪʯʠʢʘ ʧʽʜ ʯʘʩ ʧʝʨʰʦʛʦ ʪʘ ʜʨʫʛʦʛʦ ʧʨʦʭʦʜʽʚ [2] 

ʆʩʢʽʣʴʢʠ ʚ ʧʨʦʮʝʩʽ ʩʢʘʥʫʚʘʥʥʷ ʣʦʢʘʣʴʥʘ ʚʽʜʩʪʘʥʴ ʤʽʞ ʟʦʥʜʦʤ ʽ ʧʦʚʝʨʭʥʝʶ 

ʚ ʢʦʞʥʽʡ ʪʦʯʮʽ ʧʦʩʪʽʡʥʘ, ʟʤʽʥʠ ʘʤʧʣʽʪʫʜʠ ʢʦʣʠʚʘʥʴ ʢʘʥʪʠʣʝʚʝʨʘ ʥʘ ʯʘʩʪʦʪʽ 2ɤ 

ʙʫʜʫʪʴ ʧʦʚ'ʷʟʘʥʽ ʟʽ ʟʤʽʥʦʶ ʻʤʥʦʩʪʽ ʩʠʩʪʝʤʠ ʟʦʥʜ-ʟʨʘʟʦʢ ʚʥʘʩʣʽʜʦʢ ʟʤʽʥʠ 

ʜʽʝʣʝʢʪʨʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʨʘʟʢʘ. 
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ɺʠʤʽʨʶʚʘʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ ʧʦʪʝʥʮʽʘʣʫ ʟʨʘʟʢʘ ʨʝʘʣʽʟʫʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʤʝʪʦʜʫ ʂʝʣʴʚʽʥʘ: ʜʝʪʝʢʪʫʚʘʥʥʷ ʩʠʛʥʘʣʫ ʥʘ ʯʘʩʪʦʪʽ ɤ ʜʦʟʚʦʣʷʻ ʚʠʚʯʘʪʠ ʨʦʟʧʦʜʽʣ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʧʦʪʝʥʮʽʘʣʫ ű (x, y). ɼʣʷ ʮʴʦʛʦ ʧʨʠ ʩʢʘʥʫʚʘʥʥʽ ʟʨʘʟʢʘ ʥʘ ʜʨʫʛʦʤʫ 

ʧʨʦʭʦʜʽ ʚ ʢʦʞʥʽʡ ʪʦʯʮʽ ʧʨʦʚʦʜʠʪʴʩʷ ʥʘʩʪʫʧʥʘ ʧʨʦʮʝʜʫʨʘ: 

- ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʝʨʝʙʫʜʦʚʘʥʦʛʦ ʜʞʝʨʝʣʘ ʧʦʩʪʽʡʥʦʾ ʥʘʧʨʫʛʠ ʧʽʜʙʠʨʘʻʪʴʩʷ 

ʚʝʣʠʯʠʥʘ U0 ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦʙ ʘʤʧʣʽʪʫʜʘ ʢʦʣʠʚʘʥʴ ʢʘʥʪʠʣʝʚʝʨʘ ʥʘ ʯʘʩʪʦʪʽ ɤ 

ʩʪʘʚʘʣʘ ʨʽʚʥʦʶ ʥʫʣʶ; 

- ʮʝ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚ ʪʦʤʫ ʚʠʧʘʜʢʫ, ʷʢʱʦ U0 = ű (x, y) ʫ ʜʘʥʽʡ ʪʦʯʮʽ ʧʦʚʝʨʭʥʽ. 

4.2.2. ʇʨʠʢʣʘʜʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʝʣʝʢʪʨʦ-ʩʠʣʦʚʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʜʣʷ 

ʧʨʦʚʝʜʝʥʥʷ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ 

ʄʝʪʦʜʠʢʘ ɽʉʄ ʧʨʠʟʥʘʯʝʥʘ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʪʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʷʢʽ 

ʤʘʶʪʴ ʦʙʣʘʩʪʽ ʟ ʨʽʟʥʠʤʠ ʧʦʚʝʨʭʥʝʚʠʤʠ ʧʦʪʝʥʮʽʘʣʘʤʠ. ɺʦʥʘ ʜʦʟʚʦʣʷʻ ʨʝʻʩʪʨʫʚʘʪʠ 

ʨʦʟʧʦʜʽʣ ʟʘʨʷʜʽʚ ʥʘ ʝʣʝʤʝʥʪʘʭ ʧʦʚʝʨʭʥʽ, ʚʠʤʽʨʶʚʘʪʠ ʡ ʘʥʘʣʽʟʫʚʘʪʠ ʥʝʦʜʥʦʨʽʜʥʽ 

ʟʘʨʷʜʞʝʥʽ ʦʙʣʘʩʪʽ, ʚʠʟʥʘʯʘʪʠ ʨʦʙʦʪʫ ʚʠʭʦʜʫ ʝʣʝʢʪʨʦʥʽʚ [2]. ʊʘʢʠʤ ʯʠʥʦʤ, 

ʟʘʩʪʦʩʫʚʘʥʥʷ ɽʉʄ ʚʘʨʽʶʶʪʴʩʷ ʚʽʜ ʤʦʥʽʪʦʨʠʥʛʫ ʧʨʦʮʝʩʽʚ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʦ 

ʘʥʘʣʽʟʫ ʜʝʬʝʢʪʽʚ ʽ ʢʽʣʴʢʽʩʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʝʣʝʢʪʨʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʽʚ. 

ʇʽʜʩʫʤʢʦʚʠʡ ɽʉʄ ʢʘʜʨ ʷʚʣʷʻ ʩʦʙʦʶ ʜʚʦʚʠʤʽʨʥʫ ʬʫʥʢʮʽʶ Cz'(x, y), ʱʦ 

ʭʘʨʘʢʪʝʨʠʟʫʻ ʣʦʢʘʣʴʥʽ ʜʽʝʣʝʢʪʨʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʟʨʘʟʢʘ ï ʜʠʚ. ʨʠʩ. 4.23 ʡ 4.24. ʗʢ 

ʟʘʟʥʘʯʘʣʦʩʷ ʚʠʱʝ, ɽʉʄ ʟʦʙʨʘʞʝʥʥʷ ʟʘʚʞʜʠ ʡʜʝ ʚ ʧʘʨʽ ʽʟ ɸʉʄ ʟʦʙʨʘʞʝʥʥʷʤ 

ʪʦʧʦʛʨʘʬʽʾ ʟʨʘʟʢʘ, ʦʪʨʠʤʘʥʠʤ ʧʨʠ ʧʝʨʰʦʤʫ ʧʨʦʭʦʜʽ ʢʘʥʪʠʣʝʚʝʨʘ. ɿʦʙʨʘʞʝʥʥʷ 

EʉM ʤʦʞʥʘ ʢʽʣʴʢʽʩʥʦ ʧʦʚôʷʟʘʪʠ ʟ ʨʦʟʧʦʜʽʣʦʤ ʟʘʨʷʜʫ ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʚʟʘʻʤʦʜʽʾ ʟʦʥʜ-ʟʨʘʟʦʢ. 
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ʈʠʩ. 4.23. ʇʨʠʢʣʘʜʠ ɽʉʄ ʟʦʙʨʘʞʝʥʥʷ ʨʝʣʴʻʬʫ ʧʦʚʝʨʭʥʽ (ʘ) ʪʘ ʨʦʟʧʦʜʽʣʫ ʧʦʚʝʨʭʥʝʚʦʛʦ 

ʧʦʪʝʥʮʽʘʣʫ (ʙ) ʜʣʷ ʢʦʤʧʦʟʠʪʥʦʾ ʧʣʽʚʢʠ, ʱʦ ʤʽʩʪʠʪʴ ʘʟʦʙʝʥʟʦʣ. ʅʘ ʟʦʙʨʘʞʝʥʥʽ ʧʦʚʝʨʭʥʝʚʦʛʦ 

ʧʦʪʝʥʮʽʘʣʫ ʚʠʜʽʣʷʶʪʴʩʷ ʤʦʣʝʢʫʣʠ ʘʟʦʙʝʥʟʦʣʫ, ʱʦ ʤʘʶʪʴ ʩʠʣʴʥʠʡ ʜʠʧʦʣʴʥʠʡ ʤʦʤʝʥʪ 

ʉʝʨʝʜ ʦʩʦʙʣʠʚʦʩʪʝʡ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ, ʘʥʘʣʦʛʽʯʥʦ ɸʉʄ, 

ʟʨʘʟʦʢ ʚ ɽʉʄ ʤʦʞʥʘ ʟʘʥʫʨʶʚʘʪʠ ʪʽʣʴʢʠ ʚ ʥʝʧʨʦʚʽʜʥʫ ʨʽʜʠʥʫ, ʦʩʢʽʣʴʢʠ ʨʽʜʠʥʠ, 

ʱʦ ʧʨʦʚʦʜʷʪʴ ʝʣʝʢʪʨʠʢʫ, ʧʝʨʝʰʢʦʜʞʘʶʪʴ ʚʩʪʘʥʦʚʣʝʥʥʶ ʨʽʟʥʠʮʽ ʝʣʝʢʪʨʠʯʥʠʭ 

ʧʦʪʝʥʮʽʘʣʽʚ, ʱʦ ʚʠʢʣʠʢʘʻ ʝʣʝʢʪʨʦʩʪʘʪʠʯʥʫ ʩʠʣʫ. 

ʈʦʟʛʣʷʥʝʤʦ ʪʝʧʝʨ ʜʝʷʢʽ ʦʩʦʙʣʠʚʦʩʪʽ ʪʘ ʜʦʩʷʛʥʝʥʥʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ɽʉʄ ʜʣʷ 

ʦʪʨʠʤʘʥʥʷ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʚʣʘʩʪʠʚʦʩʪʽ ʧʦʚʝʨʭʥʽ ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʜʞʝʨʝʣ ʫ 

ʚʽʜʢʨʠʪʦʤʫ ʜʦʩʪʫʧʽ (ʧʦʩʠʣʘʥʥʷ ʥʘʚʝʜʝʥʽ ʫ ʢʚʘʜʨʘʪʥʠʭ ʜʫʞʢʘʭ). 

ɼʞʝʨʝʣʦ [19] ʻ ʤʘʥʫʘʣʦʤ ʜʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʝʞʠʤʫ ɽʉʄ ʜʣʷ ʘʪʦʤʥʦ-

ʩʠʣʦʚʠʭ ʤʽʢʨʦʩʢʦʧʽʚ ʢʦʤʧʘʥʽʾ ñPark Sytstemsò ʽ ʤʽʩʪʠʪʴ ʢʽʣʴʢʘ ʧʨʠʢʣʘʜʽʚ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ɽʉʄ. ɿʦʢʨʝʤʘ, ʟʥʘʯʥʠʡ ʧʨʘʢʪʠʯʥʠʡ ʽʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʻ ʧʨʠʢʣʘʜ, 

ʧʨʦʽʣʶʩʪʨʦʚʘʥʠʡ ʥʘ ʨʠʩʫʥʢʫ 4.24 ï ʟʘ ʜʦʧʦʤʦʛʦʶ ɽʉʄ ʙʫʣʦ ʧʨʦʩʢʘʥʦʚʘʥʦ 

ʜ̔ ʣʷʥʢʫ 15 ʤʢʤ  15 ʤʢʤ ʥʘʥʦʜʨʦʪʽʚ ʽʟ ʧʦʣʽʝʪʠʣʝʥʪʝʨʝʬʪʘʣʘʪʦʚʠʤ ʧʦʢʨʠʪʪʷʤ 

(ʇɽʊ ʧʦʢʨʠʪʪʷʤ), ʮʝ ʯʘʩʪʦ ʟʘʩʪʦʩʦʚʫʚʘʥʝ ʚ ʤʽʢʨʦ- ʪʘ ʥʘʥʦʝʣʝʢʪʨʦʥʽʮʽ. 
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ʈʠʩ. 4.24. ɿʦʙʨʘʞʝʥʥʷ ʟʨʘʟʢʘ, ʦʪʨʠʤʘʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʝʞʠʤʫ ɽʉʄ: ʘ ï ɸʉʄ-

ʟʦʙʨʘʞʝʥʥʷ ʪʦʧʦʛʨʘʬʽʾ; ʙ ï ʟʦʙʨʘʞʝʥʥʷ ʘʤʧʣʽʪʫʜʠ ʚ ʨʝʞʠʤʽ EʉM [19] 

ʗʢ ʚʠʜʥʦ ʟ ʨʠʩʫʥʢʘ 4.24, ʭʦʯʘ ʜʝʷʢʽ ʥʘʥʦʜʨʦʪʠ ʟʘʣʠʰʘʶʪʴʩʷ ʚʠʜʠʤʠʤʠ ʥʘ 

ɸʉʄ-ʟʦʙʨʘʞʝʥʥʷʭ ʥʘʚʽʪʴ ʧʽʩʣʷ ʧʦʢʨʠʪʪʷ ʇɽʊ, ʙʽʣʴʰʽʩʪʴ ʥʘʥʦʜʨʦʪʽʚ ʥʝ ʤʦʞʥʘ 

ʚʠʨʽʟʥʠʪʠ ʥʘ ʪʦʧʦʣʦʛʽʯʥʠʭ ɸʉʄ-ʟʦʙʨʘʞʝʥʥʷʭ ʧʨʠ ʜʦʩʪʘʪʥʴʦ ʪʦʚʩʪʦʤʫ ʰʘʨʽ 

ʧʦʢʨʠʪʪʷ ʇɽʊ. ʆʜʥʘʢ ʧʽʩʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʟʤʽʱʝʥʥʷ ʟʦʥʜʘ ʜʦ ʟʨʘʟʢʘ ʥʘ ʚʽʜʩʪʘʥʴ z0 

(ʜʠʚ. ʨʠʩʫʥʦʢ 4.22) ʥʘ ʜʨʫʛʦʤʫ ʧʨʦʭʦʜʽ ʧʨʠ ʚʠʢʦʥʘʥʥʽ ɽʉʄ, ʫʩʽ ʥʘʥʦʜʨʦʪʠ 

ʩʪʘʶʪʴ ʜʦʙʨʝ ʧʦʤʽʪʥʽ ʚ ʘʤʧʣʽʪʫʜʽ EʉM, ʦʩʢʽʣʴʢʠ ʤʘʶʪʴ ʙʽʣʴʰ ʚʠʩʦʢʠʡ 

ʧʦʚʝʨʭʥʝʚʠʡ ʟʘʨʷʜ, ʥʽʞ ʇɽʊ ʧʦʢʨʠʪʪʷ. 

ɺʯʝʥʽ ʜʘʚʥʦ ʚʠʚʯʘʶʪʴ ʛʨʘʬʝʥ ʽ ʟʥʘʶʪʴ ʧʨʦ ʡʦʛʦ ʥʝʟʚʠʯʘʡʥʽ ʚʣʘʩʪʠʚʦʩʪʽ. ʋ 

2019 ʨʦʮʽ ʬʽʟʠʢʠ ʟ ʐʝʬʬʽʣʜʩʴʢʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ ʟ'ʷʩʫʚʘʣʠ, ʱʦ ʢʦʣʠ ʜʚʘ ʰʘʨʠ 

ʛʨʘʬʝʥʘ, ʢʦʞʝʥ ʟʘʚʪʦʚʰʢʠ ʦʜʠʥ ʘʪʦʤ, ʨʦʟʤʽʱʫʶʪʴ ʦʜʠʥ ʥʘ ʦʜʥʦʤʫ, ʚʠʥʠʢʘʻ 

ʤʘʪʝʨʽʘʣ ʽʟ ʥʦʚʠʤʠ ʛʽʙʨʠʜʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ [20]. ʇʨʠʯʦʤʫ ʮʝ ʚʽʜʙʫʚʘʻʪʴʩʷ ʙʝʟ 

ʬʽʟʠʯʥʦʛʦ ʟʤʽʰʫʚʘʥʥʷ ʜʚʦʭ ʰʘʨʽʚ ʘʪʦʤʽʚ. ʊʘʢʦʞ ʥʝʤʘʻ ʞʦʜʥʦʾ ʭʽʤʽʯʥʦʾ ʨʝʘʢʮʽʾ. 

ɺʩʝ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘʚʜʷʢʠ ʩʣʘʙʢʽʡ ʚʟʘʻʤʦʜʽʾ ʩʠʣʘʤʠ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ. ʊʘʢʽ 

ʤʘʪʝʨʽʘʣʠ, ʱʦ ʟʙʠʨʘʶʪʴʩʷ ʟ ʜʚʦʚʠʤʽʨʥʠʭ ʰʘʨʽʚ ʨʽʟʥʠʭ ʢʨʠʩʪʘʣʽʚ ʧʦʜʽʙʥʦ ʜʦ 

ʜʝʪʘʣʝʡ ʜʠʪʷʯʦʛʦ ʢʦʥʩʪʨʫʢʪʦʨʘ, ʦʪʨʠʤʘʣʠ ʥʘʟʚʫ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʦʚʽ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʠ. ʎʝ ʧʦʪʝʥʮʽʡʥʠʡ ʩʧʦʩʽʙ ʩʪʚʦʨʝʥʥʷ ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʪʘ 

ʥʘʥʦʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʠʩʪʨʦʾʚ, ʦʩʢʽʣʴʢʠ ʚʣʘʩʪʠʚʦʩʪʽ ʥʦʚʦʛʦ ʛʽʙʨʠʜʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

ʤʦʞʥʘ ʟ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ ʢʦʥʪʨʦʣʶʚʘʪʠ, ʟʛʠʥʘʶʯʠ ʦʙʠʜʚʘ ʜʚʦʚʠʤʽʨʥʽ 

ʢʨʠʩʪʘʣʽʯʥʽ ʰʘʨʠ. ʋ ʨʦʙʦʪʽ [21] ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʫ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ ʫʪʚʦʨʶʚʘʣʠ ʟʘ 
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ʜʦʧʦʤʦʛʦʶ ʜʚʦʭ ʙʣʠʟʴʢʦ ʨʦʟʪʘʰʦʚʘʥʠʭ ʦʜʥʝ ʚʽʜ ʦʜʥʦʛʦ ʢʨʠʩʪʘʣʽʚ 

ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʥʽʪʨʠʜʫ ʙʦʨʫ, ʢʦʪʨʠʡ ʻ ʦʜʥʠʤ ʟ ʥʘʡʧʦʧʫʣʷʨʥʽʰʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ 

ʩʪʚʦʨʝʥʥʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ɽʉʄ 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩʫʥʢʫ 4.25 ï ʛʝʢʩʘʛʦʥʘʣʴʥʠʡ ʥʽʪʨʠʜ ʙʦʨʫ ʜʣʷ ʟʨʫʯʥʦʩʪʽ 

ʧʦʟʥʘʯʝʥʠʡ ʷʢ çhBNè (ʘʥʛʣ. ñhexagonal boron nitrideò). ɼʚʘ ʢʨʠʩʪʘʣʠ 

ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʥʽʪʨʠʜʫ ʙʦʨʫ ʙʫʣʠ ʚʠʨʽʚʥʷʥʽ ʧʽʜ ʢʫʪʦʤ ʟʘʢʨʫʯʫʚʘʥʥʷ ɗ < 1Á ï ʥʘ 

ʨʠʩʫʥʢʫ 4.25 ʧʦʟʥʘʯʘʶʪʴʩʷ ʷʢ çʚʝʨʭʥʽʡ hBNè ʪʘ çʥʠʞʥʽʡ hBNè.  

 

ʈʠʩ. 4.25. ʘ ï ʪʠʧʦʚʝ ʟʦʙʨʘʞʝʥʥʷ EʉM ʧʨʷʤʦʛʦ ʩʪʨʫʤʫ (ʬʘʟʘ) ʩʢʨʫʯʝʥʦʛʦ 

ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʥʽʪʨʠʜʫ ʙʦʨʫ (çhBNè), ʱʦ ʧʦʢʘʟʫʻ ʚʝʣʠʢʽ ʦʙʣʘʩʪʽ ʟ ʪʨʠʢʫʪʥʦʶ ʤʦʜʫʣʷʮʽʻʶ 

ʧʦʪʝʥʮʽʘʣʫ. ɿʤʽʥʠ ʫ ʬʦʨʤʽ ʪʘ ʧʝʨʽʦʜʠʯʥʦʩʪʽ ʜʦʤʝʥʽʚ ʟʫʤʦʚʣʝʥʽ ʥʝʚʝʣʠʢʠʤʠ ʟʤʽʥʘʤʠ ʢʫʪʘ ɗ, 

ʚʠʢʣʠʢʘʥʠʤʠ ʥʝʨʝʛʫʣʷʨʥʦʶ ʜʝʬʦʨʤʘʮʽʻʶ ʪʘ ʟʤʦʨʰʢʘʤʠ, ʷʢʽ ʚʠʜʥʦ ʥʘ ʚʽʜʧʦʚʽʜʥʦʤʫ 

ʟʦʙʨʘʞʝʥʥʽ ʪʦʧʦʛʨʘʬʽʾ ɸʉʄ ʥʘ (ʙ). ɺʝʨʭʥʽʡ ʢʨʠʩʪʘʣ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʥʽʪʨʠʜʫ ʙʦʨʫ ʤʘʻ 4-, 8- 

ʡ 12-ʰʘʨʦʚʽ ʦʙʣʘʩʪʽ ʪʦʚʱʠʥʠ (ç4ʰè, ç8ʰè ʪʘ ç12ʰè ʥʘ ʨʠʩʫʥʢʫ); ʚ ï ʟʙʽʣʴʰʝʥʥʷ ʦʙʣʘʩʪʽ 

ʨʠʩʫʥʢʫ ʘ ʟʽ ʟʚʠʯʘʡʥʠʤʠ ʜʦʤʝʥʘʤʠ (Woods, et.al. Nat Commun, 2021 [21]) 
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ɸʚʪʦʨʠ [21], ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʝʣʝʢʪʨʦʩʪʘʪʠʯʥʫ ʩʠʣʦʚʫ ʤʽʢʨʦʩʢʦʧʽʶ, 

ʚʽʟʫʘʣʽʟʫʚʘʣʠ ʩʝʛʥʝʪʦʝʣʝʢʪʨʠʯʥʽ ʜʦʤʝʥʠ, ʨʦʟʪʘʰʦʚʘʥʽ ʚ ʪʨʠʢʫʪʥʠʭ ʥʘʜʛʨʘʪʢʘʭ ʟ 

ʚʝʣʠʢʠʤ ʧʦʚʝʨʭʥʝʚʠʤ ʧʦʪʝʥʮʽʘʣʦʤ. ʎʝ ʜʦʩʣʽʜʞʝʥʥʷ ʚʽʜʢʨʠʚʘʻ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ 

ʢʝʨʫʚʘʥʥʷ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ ʪʘ ʜʘʻ 

ʘʣʴʪʝʨʥʘʪʠʚʥʠʡ ʰʣʷʭ ʜʣʷ ʚʠʚʯʝʥʥʷ ʝʣʝʢʪʨʦʩʪʘʪʠʯʥʠʭ ʧʦʪʝʥʮʽʘʣʽʚ ʩʫʧʝʨʛʨʘʪʦʢ ʫ 

ʪʘʢʠʭ ʤʘʪʝʨʽʘʣʘʭ. 

ʐʠʨʦʢʦ ʟʘʩʪʦʩʦʚʥʠʡ ɽʉʄ ʪʘʢʦʞ ʜʣʷ ʜʦʩʣʽʜʞʝʥʴ ʫ ʛʘʣʫʟʽ ʥʘʥʦ- ʪʘ 

ʤʽʢʨʦʝʣʝʢʪʨʦʥʽʢʠ. ʋʣʴʪʨʘʪʦʥʢʽ ʧʦʣʽʩʪʠʨʦʣʦʚʽ, ʧʦʣʽʧʨʦʧʽʣʝʥʦʚʽ ʪʘ ʧʦʣʽʝʪʠʣʝʥʦʚʽ 

ʧʣʽʚʢʠ ʥʘ ʢʨʝʤʥʽʻʚʽʡ ʧʽʜʢʣʘʜʮʽ ʻ ʦʜʥʠʤ ʟ ʦʩʪʘʥʥʽʭ ʜʦʩʷʛʥʝʥʴ ʥʘʥʦʥʘʫʢʠ ʪʘ 

ʥʘʥʦʪʝʭʥʦʣʦʛʽʡ ʽ ʤʘʶʪʴ ʧʦʪʝʥʮʽʘʣ ʜʣʷ ʰʠʨʦʢʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʨʽʟʥʦʤʘʥʽʪʥʠʭ 

ʩʝʥʩʦʨʘʭ, ʤʽʢʨʦʝʣʝʢʪʨʦʤʝʭʘʥʽʯʥʠʭ ʩʠʩʪʝʤʘʭ (MEMS) ʪʦʱʦ. ʊʘʢʽ ʫʣʴʪʨʘʪʦʥʢʽ 

ʧʣʽʚʢʠ ʧʦʪʨʝʙʫʶʪʴ ʜʦʩʣʽʜʞʝʥʴ, ʦʩʢʽʣʴʢʠ ʾʭ ʚʣʘʩʪʠʚʦʩʪʽ ʟʥʘʯʥʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʩʦʚʦʾ ʤʘʪʨʠʮʽ ʘʙʦ ʥʘʚʽʪʴ ʪʦʥʢʠʭ ʧʣʽʚʦʢ. ɽʉʄ ʛʨʘʻ ʟʥʘʯʥʫ ʨʦʣʴ ʫ 

ʪʘʢʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ, ʦʩʢʽʣʴʢʠ ʚʘʞʢʦ ʨʦʟʨʽʟʥʠʪʠ ʟʤʽʥʠ ʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʫʣʴʪʨʘʪʦʥʢʠʭ ʧʣʽʚʦʢ ʟʘ ʜʦʧʦʤʦʛʦʶ ʟʚʠʯʘʡʥʠʭ ʤʝʪʦʜʽʚ, ʦʩʦʙʣʠʚʦ ʢʦʣʠ ʾʭ 

ʪʝʤʧʝʨʘʪʫʨʘ ʙʣʠʟʴʢʘ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ ʩʢʣʫʚʘʥʥʷ (Tg). ʋ ʨʦʙʦʪʽ [22] ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʝʣʝʢʪʨʦʩʠʣʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʙʫʣʦ ʫʩʧʽʰʥʦ ʦʮʽʥʝʥʦ ʥʠʟʢʫ ʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʫʣʴʪʨʘʪʦʥʢʠʭ ʧʣʽʚʦʢ ʧʦʣʽʩʪʠʨʦʣʫ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ in situ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ 

ʧʦʚʝʜʽʥʢʠ ʨʦʟʨʷʜʫ ʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʟʘʨʷʜʽʚ (ʨʠʩʫʥʦʢ 4.26). ɺʽʜʩʪʝʞʫʶʯʠ 

ʧʦʪʝʥʮʽʘʣ ʧʦʚʝʨʭʥʽ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ, ʘʚʪʦʨʠ ʚʠʷʚʠʣʠ, ʱʦ Tg 

ʫʣʴʪʨʘʪʦʥʢʠʭ ʧʣʽʚʦʢ ʧʦʣʽʩʪʠʨʦʣʫ ʷʚʥʦ ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ ʪʦʚʱʠʥʠ ʧʣʽʚʢʠ. 
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ʈʠʩ. 4.26. ɿʦʙʨʘʞʝʥʥʷ ɸʉʄ-ʪʦʧʦʛʨʘʬʽʾ ʪʘ ʧʦʚʝʨʭʥʝʚʠʡ ʧʦʪʝʥʮʽʘʣ ʫʣʴʪʨʘʪʦʥʢʠʭ ʧʣʽʚʦʢ 

ʧʦʣʽʩʪʠʨʦʣʫ, ʦʪʨʠʤʘʥʽ ʟʘ ʦʜʥʝ ʚʠʤʽʨʶʚʘʥʥʷ: a ï ʧʣʽʚʢʘ ʟ ʢʽʣʴʢʦʤʘ ʧʦʜʨʷʧʠʥʘʤʠ ʜʣʷ 

ʚʠʤʽʨʶʚʘʥʥʷ ʾʾ ʪʦʚʱʠʥʠ; ʙ ï ɸʉʄ-ʤʦʨʬʦʣʦʛʽʷ ʟʘʨʷʜʞʝʥʦʾ ʫʣʴʪʨʘʪʦʥʢʦʾ ʧʣʽʚʢʠ ʧʦʣʽʩʪʠʨʦʣʫ; 

ʚ ï ʟʦʙʨʘʞʝʥʥʷ ʧʦʪʝʥʮʽʘʣʫ ʧʦʚʝʨʭʥʽ ʟʘʨʷʜʞʝʥʦʾ ʫʣʴʪʨʘʪʦʥʢʦʾ ʧʣʽʚʢʠ ʧʦʣʽʩʪʠʨʦʣʫ ʟ 

ʧʦʟʠʪʠʚʥʠʤ ʟʘʨʷʜʦʤ ʽ ʛ ï ʽʟ ʥʝʛʘʪʠʚʥʠʤ ʟʘʨʷʜʦʤ (Qian, et.al. Nanoscale Res. Lett., 2019 [22]) 

ɸʣʴʪʝʨʥʘʪʠʚʥʽ ʜʞʝʨʝʣʘ ʝʥʝʨʛʽʾ ï ʛʘʣʫʟʴ, ʱʦ ʩʪʨʽʤʢʦ ʨʦʟʚʠʚʘʻʪʴʩʷ ʪʘ 

ʧʦʪʨʝʙʫʻ ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʚʠʱʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ ʟʥʠʞʝʥʥʷ 

ʝʢʦʥʦʤʽʯʥʠʭ ʚʠʪʨʘʪ. ʇʦʣʽʤʝʨʥʽ ʩʦʥʷʯʥʽ ʙʘʪʘʨʝʾ ʦʪʨʠʤʘʣʠ ʰʠʨʦʢʝ 

ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʟʘʚʜʷʢʠ ʥʘʷʚʥʦʩʪʽ ʫ ʥʠʭ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʧʣʘʩʪʠʥ, ʾʭ 

ʤʝʭʘʥʽʯʥʽʡ ʛʥʫʯʢʦʩʪʽ ʡ ʤʘʣʽʡ ʚʘʟʽ, ʘ ʪʘʢʦʞ ʤʦʞʣʠʚʦʩʪʽ ʥʝʜʦʨʦʛʦʛʦ ʤʘʩʦʚʦʛʦ 

ʚʠʨʦʙʥʠʮʪʚʘ [23]. ɼʣʷ ʟʜʝʰʝʚʣʝʥʥʷ ʚʠʨʦʙʥʠʮʪʚʘ ʪʘʢʠʭ ʙʘʪʘʨʝʡ ʧʨʠʚʘʙʣʠʚʠʤʠ ʻ 

ʦʨʛʘʥʽʯʥʽ ʬʦʪʦʝʣʝʢʪʨʠʯʥʽ ʩʠʩʪʝʤʠ, ʱʦ ʤʽʩʪʷʪʴ ʜʦʥʦʨʥʽ ʧʦʣʽʤʝʨʠ ʪʘ ʘʢʮʝʧʪʦʨʥʽ 

ʧʦʭʽʜʥʽ ʬʫʣʝʨʝʥʫ [24]. ʈʦʙʦʪʘ [24] ʜʝʤʦʥʩʪʨʫʻ ʘʥʘʣʽʟ ʽ ʤʦʜʠʬʽʢʘʮʽʶ 

ʥʝʽʜʝʥʪʠʬʽʢʦʚʘʥʠʭ ʧʦʚʝʨʭʥʝʚʠʭ ʘʛʨʝʛʘʪʽʚ ʧʦʣʽʤʝʨʥʠʭ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʩʪʨʫʢʪʫʨ. 

ʎʽ ʘʛʨʝʛʘʪʠ ʙʫʣʠ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʽ ʝʣʝʢʪʨʠʯʥʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʟʦʥʜʦʚʦʾ ʩʠʣʦʚʦʾ 

ʤʽʢʨʦʩʢʦʧʽʾ ʂʝʣʴʚʽʥʘ (ʘʥʛʣ.: KPFM ï Kelvin probe force microscopy) ʪʘ 

ʢʦʥʜʫʢʪʠʚʥʦʾ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ (ʂ-AʉM ï ʘʥʛʣ. C-AFM ï conductive 

atomic force microscopy), ʷʢʽ ʻ ʤʦʜʠʬʽʢʘʮʽʷʤʠ ɽʉʄ (ʜʠʚ. ʨʠʩ. 4.27). ʎʽ ʤʝʪʦʜʠ 

ʜʘʣʠ ʤʦʞʣʠʚʽʩʪʴ ʧʨʦʘʥʘʣʽʟʫʚʘʪʠ ʢʦʨʝʣʷʮʽʶ ʤʽʞ ʣʦʢʘʣʴʥʠʤ ʝʣʝʢʪʨʠʯʥʠʤ 
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ʧʦʪʝʥʮʽʘʣʦʤ ʽ ʩʪʨʫʤʦʤ, ʷʢʘ ʧʽʜʪʚʝʨʜʠʣʘ ʜʝʬʝʢʪʥʠʡ ʪʨʘʥʩʧʦʨʪ ʟʘʨʷʜʫ. ʊʘʢʝ 

ʰʠʨʦʢʝ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʣʽʤʝʨʥʠʭ ʩʦʥʷʯʥʠʭ ʙʘʪʘʨʝʡ ʤʦʞʝ ʜʦʧʦʤʦʛʪʠ ʟôʷʩʫʚʘʪʠ 

ʥʝʽʜʝʥʪʠʬʽʢʦʚʘʥʽ ʥʘʥʦʨʦʟʤʽʨʥʽ ʩʪʨʫʢʪʫʨʠ ʪʘ ʜʦʟʚʦʣʠʪʴ ʟʨʦʟʫʤʽʪʠ ʬʘʢʪʦʨʠ, ʱʦ 

ʚʠʟʥʘʯʘʶʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ ʽ ʩʪʘʙʽʣʴʥʽʩʪʴ ʥʘ ʨʽʚʥʽ ʧʨʠʩʪʨʦʶ.  

 

ʈʠʩ. 4.27. ɺʠʤʽʨʶʚʘʥʥʷ KPFM ʪʠʧʦʚʦʾ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʣʽʤʝʨʥʦʛʦ ʟʨʘʟʢʘ:  

a ï ʪʦʧʦʛʨʘʬʽʷ, ʷʢʘ ʥʝ ʤʘʻ ʢʦʨʝʣʷʮʽʾ ʟ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʱʦ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʚ ʽʥʰʠʭ 

ʩʠʛʥʘʣʘʭ; ʙ ï ʬʘʟʘ, ʱʦ ʧʦʢʘʟʫʻ ʧʽʜʩʠʣʝʥʽ ʩʠʛʥʘʣʠ ʜʣʷ ʮʽʢʘʚʠʭ ʦʩʦʙʣʠʚʦʩʪʝʡ; ʚ ï ʧʦʪʝʥʮʽʘʣ, 

ʱʦ ʚʠʷʚʣʷʻ ʚʽʜʧʦʚʽʜʥʽ ʚʘʨʽʘʮʽʾ, ʷʢʽ ʩʧʦʩʪʝʨʽʛʘʣʠʩʷ ʫ ʬʘʟʦʚʦʤʫ ʟʦʙʨʘʞʝʥʥʽ; ʛ ï ʣʽʥʽʡʥʽ ʧʨʦʬʽʣʽ 

ʪʦʧʦʛʨʘʬʽʾ, ʬʘʟʠ ʪʘ ʧʦʪʝʥʮʽʘʣʫ ʚʟʜʦʚʞ ʧʫʥʢʪʠʨʥʠʭ ʣʽʥʽʡ ʥʘ ʟʦʙʨʘʞʝʥʥʷʭ ʘ ï ʚ. ʄʘʩʰʪʘʙʥʽ 

ʩʤʫʛʠ ʩʪʘʥʦʚʣʷʪʴ 2 ʤʢʤ (Noh, et.al. Nanotechnol, 2017 [24]) 

ʈʦʟʛʣʷʜʘʶʯʠ ʨʠʩʫʥʦʢ 4.27 ʩʣʽʜ ʧʦʨʽʚʥʷʪʠ ʦʪʨʠʤʘʥʽ ʟʦʙʨʘʞʝʥʥʷ ʬʘʟʠ ʪʘ 

ʧʦʪʝʥʮʽʘʣʫ, ʘ ʪʘʢʦʞ ʟʚʝʨʥʫʪʠ ʫʚʘʛʫ ʥʘ ʤʦʞʣʠʚʽʩʪʴ ʦʪʨʠʤʘʥʥʷ ʣʽʥʽʡʥʠʭ ʧʨʦʬʽʣʽʚ 

ʷʢ ʪʦʧʦʛʨʘʬʽʾ, ʪʘʢ ʽ ʬʘʟʠ ʡ ʧʦʪʝʥʮʽʘʣʫ ï ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʘʪʝʤʘʪʠʯʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ. ʃʽʥʽʡʥʽ ʧʨʦʬʽʣʽ ʜʦʟʚʦʣʷʶʪʴ ʯʽʪʢʽʰʝ ʧʦʙʘʯʠʪʠ ʪʘ ʧʨʦʘʥʘʣʽʟʫʚʘʪʠ 

ʢʦʨʝʣʷʮʽʶ ʩʪʨʫʤʫ ʡ ʧʦʪʝʥʮʽʘʣʫ, ʘ ʪʘʢʦʞ ʚʠʜʽʣʠʪʠ ʦʪʨʠʤʘʥʠʡ ʥʘ ʟʦʙʨʘʞʝʥʥʽ 
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ʰʫʤ. ɿʘʟʥʘʯʠʤʦ, ʱʦ ʟʘʛʘʣʦʤ ʜʣʷ ʧʦʢʨʘʱʝʥʥʷ ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ-ʰʫʤ ʧʨʠ 

ʚʠʤʽʨʶʚʘʥʥʽ ʣʦʢʘʣʴʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʢʦʤʝʥʜʫʻʪʴʩʷ 

ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʟʦʥʜʠ ʟ ʚʝʣʠʢʠʤ ʨʘʜʽʫʩʦʤ ʢʨʠʚʠʟʥʠ ʚʽʩʪʨʷ. ʊʘʢʽ ʟʦʥʜʠ ʜʦ ʪʦʛʦ ʞ 

ʤʝʥʰ ʩʭʠʣʴʥʽ ʜʦ ʟʥʦʩʫ ʡ ʯʫʜʦʚʦ ʧʽʜʭʦʜʷʪʴ ʜʣʷ ʜʦʩʣʽʜʞʝʥʴ, ʫ ʷʢʠʭ ʥʝ ʧʦʪʨʽʙʥʘ 

ʚʠʩʦʢʘ ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ. 

4.3. ʇôʻʟʦʝʣʝʢʪʨʠʯʥʘ ʩʠʣʦʚʘ ʤʽʢʨʦʩʢʦʧʽʷ 

4.3.1. ʇʨʠʥʮʠʧ ʨʦʙʦʪʠ ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʦʛʦ ʩʠʣʦʚʦʛʦ ʤʽʢʨʦʩʢʦʧʘ 

ɸʪʦʤʥʦ-ʩʠʣʦʚʠʡ ʤʽʢʨʦʩʢʦʧ ʻ ʫʥʽʚʝʨʩʘʣʴʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ 

ʜʦʩʣʽʜʞʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʽʚ ʫ ʥʘʥʦʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ. 

ʇ'ʻʟʦʝʣʝʢʪʨʠʯʥʘ ʩʠʣʦʚʘ ʤʽʢʨʦʩʢʦʧʽʷ (ʇʉʄ, ʘʥʛʣ. PFM ð piezoresponse 

force microscopy) ï ʮʝ ʦʜʠʥ ʟ ʥʦʚʽʪʥʽʭ ʨʝʞʠʤʽʚ ʘʜʘʧʪʘʮʽʾ ɸʉʄ, ʷʢʠʡ ʜʦʟʚʦʣʷʻ 

ʦʪʨʠʤʘʪʠ ʥʘʡʚʘʞʣʠʚʽʰʫ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʝʣʝʢʪʨʦʤʝʭʘʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʨʽʟʥʠʭ ʩʝʛʥʝʪʦʝʣʝʢʪʨʠʯʥʠʭ, ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʠʭ, ʧʦʣʽʤʝʨʥʠʭ ʽ ʙʽʦʣʦʛʽʯʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ. ɼʦʟʚʦʣʷʻ ʥʝ ʪʽʣʴʢʠ ʦʜʝʨʞʫʚʘʪʠ ʟʦʙʨʘʞʝʥʥʷ, ʘ ʡ ʤʘʥʽʧʫʣʶʚʘʪʠ 

ʧôʻʟʦʝʣʝʢʪʨʠʯʥʠʤʠ/ʬʝʨʦʝʣʝʢʪʨʠʯʥʠʤʠ ʜʦʤʝʥʘʤʠ ʚ ʤʘʪʝʨʽʘʣʽ. ɿʦʙʨʘʞʝʥʥʷ 

ʟʨʘʟʢʘ, ʦʪʨʠʤʘʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʇʉʄ, ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 4.28. 

   

ʈʠʩ. 4.28. ɿʦʙʨʘʞʝʥʥʷ, ʦʪʨʠʤʘʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʇʉʄ 

ʇʨʠʥʮʠʧ ʨʦʙʦʪʠ ʇʉʄ ʧʦʣʷʛʘʻ ʚ ʥʘʩʪʫʧʥʦʤʫ: ʛʦʩʪʨʠʡ ʧʨʦʚʽʜʥʠʡ ʟʦʥʜ 

ʧʨʠʚʦʜʠʪʴʩʷ ʜʦ ʢʦʥʪʘʢʪʫ ʟ ʩʝʛʥʝʪʦʝʣʝʢʪʨʠʯʥʦʶ (ʘʙʦ ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʦʶ) 
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ʧʦʚʝʨʭʥʝʶ ʪʘ ʧʦʜʘʻʪʴʩʷ ʟʤʽʱʝʥʥʷ ʟʤʽʥʥʦʛʦ ʩʪʨʫʤʫ ʥʘ ʚʽʩʪʨʷ ʟʦʥʜʘ ʱʦʙ ʟʙʫʜʠʪʠ 

ʜʝʬʦʨʤʘʮʽʶ ʟʨʘʟʢʘ ʯʝʨʝʟ ʟʚʦʨʦʪʥʠʡ ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʠʡ ʝʬʝʢʪ (ɿʇɽ ï ʘʥʛʣʽʡʩʴʢʦʶ 

CPE ï converse piezoelectric effect). 

ʋ ʨʝʞʠʤʽ ʇʉM ʟʦʥʜ ɸʉʄ ʩʪʚʦʨʶʻ ʟʤʽʥʥʫ ʥʘʧʨʫʛʫ ʤʽʞ ʧʦʚʝʨʭʥʝʶ ʟʨʘʟʢʘ 

ʡ ʚʽʩʪʨʷʤ ʟʦʥʜʘ, ʫʪʚʦʨʶʶʯʠ, ʪʘʢʠʤ ʯʠʥʦʤ, ʝʣʝʢʪʨʠʯʥʝ ʧʦʣʝ ʚ ʦʙʣʘʩʪʽ ʟʨʘʟʢʘ.  

ɺʝʣʠʯʠʥʘ ʟʤʽʥʠ ʚʽʜʭʠʣʝʥʥʷ ʢʘʥʪʠʣʝʚʝʨʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʦʚ'ʷʟʘʥʘ ʟ 

ʨʦʟʰʠʨʝʥʥʷʤ ʘʙʦ ʩʢʦʨʦʯʝʥʥʷʤ ʝʣʝʢʪʨʠʯʥʠʭ ʜʦʤʝʥʽʚ ʟʨʘʟʢʘ, ʦʪʞʝ, ʧʨʦʧʦʨʮʽʡʥʘ 

ʧʨʠʢʣʘʜʝʥʦʤʫ ʝʣʝʢʪʨʠʯʥʦʤʫ ʧʦʣʶ. 

ʗʢʱʦ ʟʦʚʥʽʰʥʷ ʥʘʧʨʫʛʘ ʤʽʩʪʠʪʴ ʤʘʣʫ ʟʤʽʥʥʫ ʩʢʣʘʜʦʚʫ, ʪʦ ʝʬʝʢʪ ʟʚʦʨʦʪʥʦʛʦ 

ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʦʛʦ ʚʽʜʛʫʢʫ ʟʨʘʟʢʘ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʢʦʣʠʚʘʥʥʷ ʡʦʛʦ ʧʦʚʝʨʭʥʽ ʟ 

ʯʘʩʪʦʪʦʶ ʟʦʚʥʽʰʥʴʦʾ ʟʤʽʥʥʦʾ ʥʘʧʨʫʛʠ.  

ʇʦʜʽʙʥʽ ʢʦʣʠʚʘʥʥʷ ʜʦʤʝʥʽʚ ʦʪʨʠʤʫʶʪʴ ʩʚʦʻ ʚʽʜʦʙʨʘʞʝʥʥʷ ʚ ʩʠʛʥʘʣʘʭ 

ʘʤʧʣʽʪʫʜʠ ʡ ʬʘʟʠ ʟʦʥʜʘ ɸʉʄ, ʷʢʠʡ ʢʦʥʪʘʢʪʫʻ ʟ ʧʦʚʝʨʭʥʝʶ ʟʨʘʟʢʘ, ʽ ʤʦʞʫʪʴ ʙʫʪʠ 

çʧʨʦʯʠʪʘʥʽè ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʠʥʭʨʦʥʥʦʛʦ ʧʽʜʩʠʣʶʚʘʯʘ. ʉʭʝʤʫ ʨʦʙʦʪʠ ʟʦʙʨʘʞʝʥʦ 

ʥʘ ʨʠʩʫʥʢʫ 4.29. 

 

ʈʠʩ. 4.29. ʉʭʝʤʘ ʧʨʠʥʮʠʧʫ ʨʦʙʦʪʠ ʇʉʄ ï ʧôʻʟʦʨʝʘʢʮʽʷ ʥʘ ʧʽʜʚʝʜʝʥʫ ʥʘʧʨʫʛʫ ʟʤʽʥʥʦʛʦ 

ʩʪʨʫʤʫ ʟʘʣʝʞʥʦ ʚʽʜ ʦʨʽʻʥʪʘʮʽʾ ʧʦʣʷʨʠʟʘʮʽʾ ʜʦʤʝʥʘ: a ï ʣʦʢʘʣʴʥʘ ʦʨʽʻʥʪʘʮʽʷ ʧʦʣʷʨʠʟʘʮʽʾ ὖᴆ 

ʩʧʽʚʥʘʧʨʷʤʣʝʥʘ ʽʟ ʟʦʚʥʽʰʥʽʤ ʝʣʝʢʪʨʠʯʥʠʤ ʧʦʣʝʤ Ὁᴆ, ʪʦʜʽ ʙ ï ʛʝʥʝʨʫʻʪʴʩʷ ʩʠʥʬʘʟʥʠʡ 

ʧôʻʟʦʚʽʜʛʫʢ; ʚ ï ὖᴆ ʪʘ Ὁᴆ ʧʨʦʪʠʣʝʞʥʽ, ʪʦʜʽ ʛ ï ʛʝʥʝʨʫʻʪʴʩʷ ʧôʻʟʦʚʽʜʛʫʢ ʫ ʧʨʦʪʠʬʘʟʽ [25]  
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ɿʘʚʜʷʢʠ ʝʣʝʢʪʨʦʩʪʨʠʢʮʽʾ, ʘʙʦ çʟʚʦʨʦʪʥʴʶʤʫè ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʦʤʫ ʝʬʝʢʪʫ 

ʩʝʛʥʝʪʦʝʣʝʢʪʨʠʯʥʠʭ ʘʙʦ ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʟʨʘʟʦʢ ʟʜʘʪʥʠʡ ʣʦʢʘʣʴʥʦ 

ʨʦʟʰʠʨʶʚʘʪʠʩʷ ʘʙʦ ʟʚʫʞʫʚʘʪʠʩʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʥʘʧʨʷʤʢʫ ʜʽʾ ʟʦʚʥʽʰʥʴʦʛʦ 

ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ. ʇʨʠʥʮʠʧ ʝʣʝʢʪʨʦʩʪʨʠʢʮʽʾ ʜʝʪʘʣʴʥʦ ʧʨʦʽʣʶʩʪʨʦʚʘʥʦ ʥʘ 

ʨʠʩʫʥʢʫ 4.30. 

ʗʢʱʦ ʧʝʨʚʠʥʥʘ ʧʦʣʷʨʠʟʘʮʽʷ ʝʣʝʢʪʨʠʯʥʦʛʦ ʜʦʤʝʥʘ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʟʨʘʟʢʘ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʡ ʟʙʽʛʘʻʪʴʩʷ ʟʘ ʥʘʧʨʷʤʢʦʤ ʽʟ ʧʦʜʘʥʠʤ 

ʝʣʝʢʪʨʠʯʥʠʤ ʧʦʣʝʤ, ʜʦʤʝʥʠ ʙʫʜʫʪʴ ʚʽʜʯʫʚʘʪʠ ʚʝʨʪʠʢʘʣʴʥʝ ʨʦʟʰʠʨʝʥʥʷ. ʊʘʢ ʷʢ 

ʟʦʥʜ ɸʉʄ ʚʭʦʜʠʪʴ ʫ ʢʦʥʪʘʢʪ ʟ ʧʦʚʝʨʭʥʝʶ ʟʨʘʟʢʘ, ʧʦʜʽʙʥʝ ʨʦʟʰʠʨʝʥʥʷ ʜʦʤʝʥʽʚ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʽʜʭʠʣʝʥʥʷ ʢʘʥʪʠʣʝʚʝʨʘ ɸʉʄ ʚʛʦʨʫ. 

ʗʢʱʦ ʧʝʨʚʠʥʥʘ ʧʦʣʷʨʠʟʘʮʽʷ ʜʦʤʝʥʫ ʧʘʨʘʣʝʣʴʥʘ, ʘʣʝ ʧʨʦʪʠʣʝʞʥʘ ʟʘ 

ʥʘʧʨʷʤʢʦʤ ʽʟ ʟʦʚʥʽʰʥʽʤ ʝʣʝʢʪʨʠʯʥʠʤ ʧʦʣʝʤ, ʜʦʤʝʥ ʙʫʜʝ ʩʪʠʩʢʘʪʠʩʷ, ʱʦ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʝʥʰʝʥʥʷ ʚʽʜʭʠʣʝʥʥʷ ʢʘʥʪʠʣʝʚʝʨʘ. 

 

ʈʠʩ. 4.30. ɯʣʶʩʪʨʘʮʽʷ ʧʨʠʥʮʠʧʫ ʝʣʝʢʪʨʦʩʪʨʠʢʮʽʾ, ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʦʛʦ ʚ ʇʉʄ [26] 
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4.3.2. ʇʨʠʢʣʘʜʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʦ ʾʩʠʣʦʚʦ ʾʤʽʢʨʦʩʢʦʧʽʾ 

ʇôʻʟʦʝʣʝʢʪʨʠʯʥʘ ʤʽʢʨʦʩʢʦʧʽʷ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʜʣʷ ʨʦʙʦʪʠ ʟ 

ʩʝʛʥʝʪʦʝʣʝʢʪʨʠʯʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ï ʤʘʪʝʨʽʘʣʘʤʠ, ʱʦ ʤʘʶʪʴ ʩʧʦʥʪʘʥʥʠʡ 

ʜʠʧʦʣʴʥʠʡ ʝʣʝʢʪʨʠʯʥʠʡ ʤʦʤʝʥʪ ʚ ʦʜʥʽʡ ʽʟ ʢʨʠʩʪʘʣʽʯʥʠʭ ʬʘʟ, ʽʩʥʫʶʯʠʭ ʫ ʧʝʚʥʦʤʫ 

ʜʽʘʧʘʟʦʥʽ ʪʝʤʧʝʨʘʪʫʨ. ʉʝʛʥʝʪʦʝʣʝʢʪʨʠʯʥʽ ʤʘʪʝʨʽʘʣʠ ʤʘʶʪʴ ʰʠʨʦʢʝ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʚ ʤʽʢʨʦ- ʪʘ ʥʘʥʦʝʣʝʢʪʨʦʥʽʮʽ, ʘ ʩʘʤʝ: ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʝʥʝʨʛʦʥʝʟʘʣʝʞʥʦʾ ʧʘʤôʷʪʽ ʟ 

ʜʦʚʽʣʴʥʠʤ ʜʦʩʪʫʧʦʤ (ʘʥʛʣ. ï çnonvolatile random access memoriesè (NVRAMs)), ʫ 

ʤʽʢʨʦʝʣʝʢʪʨʦʤʝʭʘʥʽʯʥʠʭ ʩʠʩʪʝʤʘʭ (MEMS) ʽ ʚʠʩʦʢʦʝʬʝʢʪʠʚʥʠʭ 

ʧʝʨʝʪʚʦʨʶʚʘʯʘʭ, ʜʘʪʯʠʢʘʭ ʽ ʧʨʠʚʦʜʘʭ ï ʟʘʚʜʷʢʠ ʾʭʥʽʤ ʯʫʜʦʚʠʤ ʧôʻʟʦʝʣʝʢʪʨʠʯʥʠʤ 

ʽ ʩʝʛʥʝʪʦʝʣʝʢʪʨʠʯʥʠʤ ʧʦʚʝʨʭʥʝʚʠʤ ʚʣʘʩʪʠʚʦʩʪʷʤ [27]. ʈʦʟʛʣʷʥʝʤʦ ʢʽʣʴʢʘ 

ʧʨʠʢʣʘʜʽʚ ʟʘʩʪʦʩʫʚʘʥʥʷ ʇʉʄ ʜʣʷ ʨʦʙʦʪʠ ʟ ʩʝʛʥʝʪʦʝʣʝʢʪʨʠʯʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʥʘ 

ʦʩʥʦʚʽ ʜʞʝʨʝʣ ʫ ʚʽʣʴʥʦʤʫ ʜʦʩʪʫʧʽ (ʧʦʩʠʣʘʥʥʷ ʥʘʚʝʜʝʥʽ ʫ ʢʚʘʜʨʘʪʥʠʭ ʜʫʞʢʘʭ). 

ʅʘ ʩʝʛʥʝʪʦʝʣʝʢʪʨʠʯʥʠʭ ʟʨʘʟʢʘʭ ʇʉʄ ʤʦʞʥʘ ʧʦʻʜʥʫʚʘʪʠ ʟ ʥʘʥʦʣʽʪʦʛʨʘʬʽʻʶ 

ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʰʘʙʣʦʥʽʚ ʜʦʤʝʥʽʚ ʫ ʥʘʥʦʤʝʪʨʦʚʦʤʫ ʤʘʩʰʪʘʙʽ, ʢʦʪʨʽ ʤʦʞʥʘ 

ʥʘʣʘʰʪʦʚʫʚʘʪʠ [27, 28]. ɺʠʢʦʥʫʻʪʴʩʷ ʪʘʢʘ ʥʘʥʦʣʽʪʦʛʨʘʬʽʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʧʨʠʢʣʘʜʘʥʥʷ ʧʦʟʠʪʠʚʥʦʾ ʘʙʦ ʥʝʛʘʪʠʚʥʦʾ ʥʘʧʨʫʛʠ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʜʦ ʢʽʥʯʠʢʘ 

ʟʦʥʜʘ. ʎʝ ʟʤʽʥʶʻ ʧʦʣʷʨʠʟʘʮʽʶ ʚʝʨʪʠʢʘʣʴʥʠʭ ʩʝʛʥʝʪʦʝʣʝʢʪʨʠʯʥʠʭ ʜʦʤʝʥʽʚ ʥʘ 

180Á. ʅʘ ʨʠʩ. 4.31 ʧʦʢʘʟʘʥʦ ʤʦʞʣʠʚʦʩʪʽ ʨʝʞʠʤʫ ʇʉʄ ʥʘʥʦʣʽʪʦʛʨʘʬʽʾ ʥʘ ʧʦʚʝʨʭʥʽ 

ʪʦʥʢʦʾ ʧʣʽʚʢʠ ʮʠʨʢʦʥʘʪ-ʪʠʪʘʥʘʪʫ ʩʚʠʥʮʶ ʰʣʷʭʦʤ ʥʘʧʠʩʘʥʥʷ ʣʦʛʦʪʠʧʫ çPark 

Systemsè ʟʘ ʜʦʧʦʤʦʛʦʶ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʦʩʪʽʡʥʦʛʦ ʟʤʽʱʝʥʥʷ ʪʘ ʧʦʜʘʣʴʰʦʛʦ 

ʩʢʘʥʫʚʘʥʥʷ ʇʉʄ ʜʣʷ ʟʦʙʨʘʞʝʥʥʷ ʣʦʛʦʪʠʧʫ ʥʘ ʘʤʧʣʽʪʫʜʽ ʪʘ ʬʘʟʽ ʇʉʄ. ʑʦʙ 

ʥʘʧʠʩʘʪʠ ʣʦʛʦʪʠʧ ʥʘ ʩʝʛʥʝʪʦʝʣʝʢʪʨʠʯʥʽʡ ʧʦʚʝʨʭʥʽ, ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʪʝʤʥʠʭ ʜʽʣʷʥʦʢ 

ʣʽʪʦʛʨʘʬʽʯʥʦʛʦ ʜʠʟʘʡʥʫ ʥʘ ʨʠʩ. 4.31 (a) ʜʦ ʥʘʢʦʥʝʯʥʠʢʘ ʟʦʥʜʘ ʙʫʣʦ ʧʨʠʢʣʘʜʝʥʦ 

ʥʘʧʨʫʛʫ ʟʤʽʱʝʥʥʷ +10 ɺ, ʘ ʜʣʷ ʩʚʽʪʣʠʭ ʜʽʣʷʥʦʢ ʜʠʟʘʡʥʫ ï -10 ɺ ʱʦʙ ʟʤʽʥʠʪʠ 

ʦʨʽʻʥʪʘʮʽʶ ʜʦʤʝʥʫ ʥʘ ʧʨʦʪʠʣʝʞʥʫ. ʇʽʩʣʷ ʟʘʧʠʩʫ ʰʘʙʣʦʥʫ ʜʦʤʝʥʫ ʥʘ ʧʣʽʚʮʽ 

ʮʠʨʢʦʥʘʪ-ʪʠʪʘʥʘʪʫ ʩʚʠʥʮʶ ʘʤʧʣʽʪʫʜʘ ʇʉʄ ʯʽʪʢʦ ʚʽʜʦʙʨʘʟʠʣʘ ʩʪʽʥʢʠ ʜʦʤʝʥʫ, 

ʪʦʜʽ ʷʢ ʬʘʟʘ ʇʉʄ ʧʦʢʘʟʘʣʘ ʧʨʦʪʠʣʝʞʥʫ ʦʨʽʻʥʪʘʮʽʶ ʜʦʤʝʥʫ ʤʽʞ ʣʦʛʦʪʠʧʦʤ çPark 

Systemsè ʽ ʬʦʥʦʤ ʥʘ ʨʠʩʫʥʢʘʭ 4.31 (ʙ) ʽ (ʚ) [27]. 
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ʈʠʩʫʥʦʢ 4.31. ʘ ï ʜʠʟʘʡʥ ʜʣʷ ʥʘʥʦʣʽʪʦʛʨʘʬʽʾ ʥʘ ʪʦʥʢʽʡ ʧʣʽʚʮʽ ʮʠʨʢʦʥʘʪ-ʪʠʪʘʥʘʪʫ 

ʩʚʠʥʮʶ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʜʦʤʝʥʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʝʛʥʝʪʦʝʣʝʢʪʨʠʯʥʦʛʦ ʧʝʨʝʤʠʢʘʥʥʷ. ʇʽʜ ʯʘʩ 

ʟʘʧʠʩʫ ʧʦʟʠʪʠʚʥʝ ʟʤʽʱʝʥʥʷ +10 ɺ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʧʦʜʘʻʪʴʩʷ ʥʘ ʪʝʤʥʽ ʜʽʣʷʥʢʠ, ʘ ʥʝʛʘʪʠʚʥʝ 

ʟʤʽʱʝʥʥʷ -10 ɺ ï ʥʘ ʩʚʽʪʣʽ ʜʽʣʷʥʢʠ ʜʠʟʘʡʥʫ. ʙ ï ʘʤʧʣʽʪʫʜʘ ʇʉʄ ʽ ʚ ï ʬʘʟʘ ʧʽʩʣʷ ʧʝʨʝʤʠʢʘʥʥʷ 

ʜʦʤʝʥʽʚ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʜʠʟʘʡʥʫ ʘ (Zhang, et.al. J Appl Phys, 2012 [27]) 

ʋ ʨʦʙʦʪʽ [29] ʧʨʝʜʤʝʪʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʠ ʩʝʛʥʝʪʦʝʣʝʢʪʨʠʯʥʽ 

ʤʦʥʦʢʨʠʩʪʘʣʠ ʮʠʨʢʘʥʘʪ-ʥʽʦʙʽʶ ʩʚʠʥʮʶ ʟ 9% ʚʤʽʩʪʦʤ ʪʠʪʘʥʘʪʫ ʩʚʠʥʮʶ 

(Pb(Zn1/3Nb2/3)O3-9%PbTiO3 ï çPZN-9%PTè) ï ʧʝʨʦʚʩʴʢʽʪ-ʧʦʜʽʙʥʘ ʢʝʨʘʤʽʢʘ. 

ʃʦʢʘʣʴʥʫ ʜʦʤʝʥʥʫ ʩʪʨʫʢʪʫʨʫ ʪʘ ʧʦʚʝʨʭʥʝʚʠʡ ʧʦʪʝʥʮʽʘʣ ʤʘʪʝʨʽʘʣʫ ʜʦʩʣʽʜʞʫʚʘʣʠ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʟʦʥʜʦʚʦʾ ʩʠʣʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʂʝʣʴʚʽʥʘ ʪʘ ʧôʻʟʦʝʣʝʢʪʨʠʯʥʦʾ ʩʠʣʦʚʦʾ 

ʤʽʢʨʦʩʢʦʧʽʾ, ʚʽʜʧʦʚʽʜʥʦ. ʇʉʄ-ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʦʪʨʠʤʫʚʘʣʠ ʩʧʦʯʘʪʢʫ ʙʝʟ 

ʧʦʣʷʨʠʟʘʮʽʾ ʟʨʘʟʢʫ (ʜʠʚ. ʨʠʩʫʥʦʢ 4.32 (ʘ ï ʛ)), ʧʦʪʽʤ ʯʦʪʠʨʠ ʦʙʣʘʩʪʽ ʥʘ ʧʦʚʝʨʭʥʽ 

ʟʨʘʟʢʘ ʧʦʣʷʨʠʟʫʚʘʣʠ ʟʽ ʟʤʽʱʝʥʥʷʤ +3 ɺ, +9 ɺ, -3 ɺ ʪʘ -9 ɺ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʪʘ 

ʟʥʦʚʫ ʦʪʨʠʤʫʚʘʣʠ ʇʉʄ-ʟʦʙʨʘʞʝʥʥʷ (ʜʠʚ. ʨʠʩʫʥʦʢ 4.32 (ʜ ï ʟ)). ʗʢ ʚʠʜʥʦ ʟ 

ʨʠʩʫʥʢʘ 4.32 (ʜ), ʬʘʟʦʚʠʡ ʢʦʥʪʨʘʩʪ ʇʉM ʦʙʣʘʩʪʝʡ, ʧʦʣʷʨʠʟʦʚʘʥʠʭ +3 ɺ ʽ -3 ɺ, 

ʟʘʣʠʰʠʚʩʷ ʪʘʢʠʡ ʩʘʤʠʡ, ʷʢ ʽ ʜʦ ʧʨʦʮʝʩʫ ʧʦʣʷʨʠʟʘʮʽʾ (ʧʦʨʽʚʥʷʡʪʝ ʟ ʨʠʩʫʥʢʦʤ 

4.32 (ʙ)). ʊʦʜʽ ʷʢ ʦʙʣʘʩʪʽ, ʧʦʣʷʨʠʟʦʚʘʥʽ +9 ɺ ʽ -9 ɺ, ʜʝʤʦʥʩʪʨʫʶʪʴ ʦʯʝʚʠʜʥʽ 

ʧʨʦʪʠʣʝʞʥʽ ʢʦʥʪʨʘʩʪʠ ʬʘʟ ʇʉM (ʜʠʚ. ʨʠʩʫʥʦʢ 4.32 (ʝ)), ʱʦ ʚʢʘʟʫʻ ʥʘ ʪʝ, ʱʦ 

ʜʦʤʝʥʠ ʚ ʦʙʣʘʩʪʽ, ʧʦʣʷʨʠʟʦʚʘʥʦʾ +9 ɺ, ʧʦʚʥʽʩʪʶ ʧʝʨʝʦʨʽʻʥʪʫʚʘʣʠ ʥʘʧʨʷʤʦʢ ʚʥʠʟ, 

ʪʦʜʽ ʷʢ ʜʦʤʝʥʠ ʚ ʦʙʣʘʩʪʽ ʧʦʣʷʨʠʟʦʚʘʥʦʾ -9 ɺ ʧʝʨʝʢʣʶʯʠʣʠʩʷ ʚʛʦʨʫ. 

ʈʠʩʫʥʦʢ 4.32 ( ,̒ ʞ) ʧʦʢʘʟʫʻ ʨʦʟʧʦʜʽʣ ʧʦʚʝʨʭʥʝʚʦʛʦ ʧʦʪʝʥʮʽʘʣʫ ʦʜʨʘʟʫ ʧʽʩʣʷ ʪʘ 

ʯʝʨʝʟ 12 ʛʦʜʠʥ ʧʽʩʣʷ ʧʨʦʮʝʩʫ ʧʦʣʷʨʠʟʘʮʽʾ ʚʽʜʧʦʚʽʜʥʦ. 
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ʈʠʩ. 4.32. a ï ʪʦʧʦʛʨʘʬʽʷ ʧʦʚʝʨʭʥʽ, ʙ ï ʬʘʟʘ ʇʉM ʽ ʚ ï ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ 

ʧʦʪʝʥʮʽʘʣʫ ʟʨʘʟʢʘ PZN-9%PT, ʚʠʤʽʨʷʥʽ ʚ ʪʦʤʫ ʩʘʤʦʤʫ ʨʝʛʽʦʥʽ ʧʝʨʝʜ ʧʦʣʷʨʠʟʘʮʽʻʶ; 

ʛ ï  ʧʨʦʬʽʣʽ ʬʘʟʠ ʇʉM ʽ ʧʦʪʝʥʮʽʘʣʫ ʧʦʚʝʨʭʥʽ ʚʟʜʦʚʞ ʣʽʥʽʾ, ʟʘʟʥʘʯʝʥʦʾ ʚ ʙ ʡ ʚ, ʚʽʜʧʦʚʽʜʥʦ;  

ʜ ï ʙʘʟʦʚʝ ʟʦʙʨʘʞʝʥʥʷ ʇʉM, ʚʠʤʽʨʷʥʝ ʚ ʪʽʡ ʩʘʤʽʡ ʦʙʣʘʩʪʽ, ʱʦ ʡ ʙ, ʧʽʩʣʷ ʧʦʣʷʨʠʟʘʮʽʾ 

ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ; ʝ ï ʧʨʦʬʽʣʽ ʬʘʟʠ ʇʉM ʫʟʜʦʚʞ ʣʽʥʽʾ ʥʘ ʜ. ɽʚʦʣʶʮʽʷ ʧʦʚʝʨʭʥʝʚʦʛʦ 

ʧʦʪʝʥʮʽʘʣʫ:  ̒ï ʦʜʨʘʟʫ ʧʽʩʣʷ ʧʦʣʷʨʠʟʘʮʽʾ ʪʘ ʞ ï ʯʝʨʝʟ 12 ʛʦʜʠʥ ʧʽʩʣʷ ʧʦʣʷʨʠʟʘʮʽʾ;  

ʟ ï ʩʭʝʤʘʪʠʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʷʚʠʱʘ ʝʢʨʘʥʫʚʘʥʥʷ ʧʽʩʣʷ ʧʦʣʷʨʽʟʘʮʽʾ ʥʘʧʨʫʛʦʶ 9 ɺ (Hongli, et.al. 

Journal of Materiomics, 2016 [29]) 

ɿʘʛʘʣʦʤ, ʧʦʚʝʨʭʥʝʚʠʡ ʧʦʪʝʥʮʽʘʣ ʚ ʦʙʣʘʩʪʷʭ, ʧʦʣʷʨʠʟʦʚʘʥʠʭ ʧʦʟʠʪʠʚʥʠʤʠ 

(ʘʙʦ ʥʝʛʘʪʠʚʥʠʤʠ) ʟʤʽʱʝʥʥʷʤʠ, ʟʙʽʣʴʰʫʻʪʴʩʷ (ʘʙʦ ʟʤʝʥʰʫʻʪʴʩʷ), ʱʦ ʧʦʢʘʟʫʻ 

ʥʘʷʚʥʽʩʪʴ ʝʢʨʘʥʫʶʯʦʛʦ ʰʘʨʫ ʥʘ ʧʦʚʝʨʭʥʽ ʤʘʪʝʨʽʘʣʫ. ɸʚʪʦʨʠ [29] ʧʨʦʘʥʘʣʽʟʫʚʘʣʠ 

ʨʝʣʘʢʩʘʮʽʶ ʧʦʚʝʨʭʥʝʚʦʛʦ ʧʦʪʝʥʮʽʘʣʫ ʪʘ ʾʾ ʟʚôʷʟʦʢ ʽʟ ʧʝʨʝʤʠʢʘʥʥʷʤ ʧʦʣʷʨʠʟʘʮʽʾ ʚ 
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ʧʦʣʷʨʥʠʭ ʦʙʣʘʩʪʷʭ ʫ ʧʦʚʽʪʨʽ ʪʘ ʘʨʛʦʥʽ. ɺʠʷʚʣʝʥʦ, ʱʦ ʧʦʚʝʨʭʥʝʚʠʡ ʧʦʪʝʥʮʽʘʣ 

ʟʨʦʩʪʘʻ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʥʘʧʨʫʛʠ ʧʦʣʷ ʣʠʰʝ ʜʦ ʦʙʤʝʞʝʥʦʛʦ ʜʽʘʧʘʟʦʥʫ. 

ʇʦʨʽʚʥʶʶʯʠ ʨʝʣʘʢʩʘʮʽʡʥʫ ʧʦʚʝʜʽʥʢʫ ʚ ʧʦʚʽʪʨʽ ʟ ʪʘʢʦʶ ʚ ʘʨʛʦʥʽ, ʘʚʪʦʨʠ ʚʠʷʚʠʣʠ, 

ʱʦ ʯʘʩ ʨʝʣʘʢʩʘʮʽʾ ʚ ʘʨʛʦʥʽ ʥʘʙʘʛʘʪʦ ʢʦʨʦʪʰʠʡ, ʥʽʞ ʫ ʧʦʚʽʪʨʽ, ʽ ʨʝʣʘʢʩʘʮʽʷ ʚ ʧʦʚʽʪʨʽ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʚʠʱʝʤ ʧʝʨʝʥʦʩʫ ʧʨʦʩʪʦʨʦʚʦʛʦ ʟʘʨʷʜʫ. ʂʨʽʤ ʪʦʛʦ, ʨʝʟʫʣʴʪʘʪʠ 

ʧʦʢʘʟʫʶʪʴ, ʱʦ ʚʚʝʜʝʥʽ ʟʘʨʷʜʠ ʤʘʶʪʴ ʟʥʘʯʥʠʡ ʚʧʣʠʚ ʥʘ ʟʘʢʨʽʧʣʝʥʥʷ ʧʦʣʷʨʠʟʘʮʽʾ 

ʚ ʤʦʥʦʢʨʠʩʪʘʣʘʭ PZN-9%PT. ʎʽ ʦʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʧʨʦʷʩʥʠʪʠ ʷʚʠʱʘ 

ʪʘ ʤʝʭʘʥʽʟʤʠ ʧʝʨʝʤʠʢʘʥʥʷ ʜʦʤʝʥʽʚ ʽ ʧʦʚʝʜʽʥʢʠ ʨʝʣʘʢʩʘʮʽʾ ʚ ʩʝʛʥʝʪʦʝʣʝʢʪʨʠʯʥʠʭ 

ʤʘʪʝʨʽʘʣʘʭ ʥʘ ʦʩʥʦʚʽ ʨʝʣʘʢʩʦʨʘ. 

4.4. ʄʘʛʥʽʪʥʦ-ʩʠʣʦʚʠʡ ʤʽʢʨʦʩʢʦʧ 

ʄʘʛʥʽʪʥʦ-ʩʠʣʦʚʠʡ ʤʽʢʨʦʩʢʦʧ (ʄʉʄ, ʘʥʛʣʽʡʩʴʢʦʶ MFM ð magnetic force 

microscope) ʙʫʚ ʚʠʥʘʡʜʝʥʠʡ ɯ. ʄʘʨʪʽʥʦʤ ʽ ʂ. ɺʽʢʨʘʤʘʩʽʥʛʭʦʤ ʫ 1987 ʨ. ʷʢ 

ʤʦʜʠʬʽʢʘʮʽʷ ɸʉʄ. 

ʎʝʡ ʤʽʢʨʦʩʢʦʧ ʧʨʠʟʥʘʯʝʥʠʡ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʣʦʢʘʣʴʥʠʭ ʤʘʛʥʽʪʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʨʘʟʢʽʚ ʥʘ ʩʫʙʤʽʢʨʦʥʥʦʤʫ ʨʽʚʥʽ. ʄʉʄ-ʟʦʙʨʘʞʝʥʥʷ ʚʽʜʦʙʨʘʞʘʶʪʴ 

ʧʨʦʩʪʦʨʦʚʠʡ ʨʦʟʧʦʜʽʣ ʧʘʨʘʤʝʪʨʽʚ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ ʤʘʛʥʽʪʥʫ ʚʟʘʻʤʦʜʽʶ ʟʦʥʜ-

ʟʨʘʟʦʢ: ʩʠʣʫ ʚʟʘʻʤʦʜʽʾ, ʘʤʧʣʽʪʫʜʫ ʢʦʣʠʚʘʥʴ ʤʘʛʥʽʪʥʦʛʦ ʟʦʥʜʘ, ʪʦʱʦ.  

ʄʉʄ ʚʠʤʽʨʶʚʘʥʥʷ ʜʦʟʚʦʣʷʶʪʴ ʟ ʚʠʩʦʢʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ 

ʜʦʩʣʽʜʞʫʚʘʪʠ ʤʘʛʥʽʪʥʫ ʜʦʤʝʥʥʫ ʩʪʨʫʢʪʫʨʫ, ʧʨʦʚʦʜʠʪʠ ʟʘʧʠʩ ʽ ʟʯʠʪʫʚʘʥʥʷ 

ʽʥʬʦʨʤʘʮʽʾ ʚ ʤʘʛʥʽʪʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ, ʜʦʩʣʽʜʠʪʠ ʧʨʦʮʝʩʠ ʤʘʛʥʽʪʥʦʛʦ 

ʧʝʨʝʤʘʛʥʽʯʫʚʘʥʥʷ ʽ ʪ.ʜ. ɿʦʙʨʘʞʝʥʥʷ ʤʘʛʥʽʪʥʦ-ʩʠʣʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʤʽʩʪʷʪʴ 

ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʨʦʟʪʘʰʫʚʘʥʥʷ ʤʘʛʥʽʪʥʠʭ ʜʦʤʝʥʽʚ ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ. ʄʉʄ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʪʦʯʥʦʛʦ ʟʘʧʠʩʫ ʜʦʤʝʥʥʠʭ ʩʪʨʫʢʪʫʨ ʫ ʤʘʛʥʽʪʥʠʭ 

ʤʘʪʝʨʽʘʣʘʭ. 

4.4.1. ʇʨʠʥʮʠʧ ʨʦʙʦʪʠ ʤʘʛʥʽʪʥʦ-ʩʠʣʦʚʦʛʦ ʤʽʢʨʦʩʢʦʧʘ  

ɿʘʟʚʠʯʘʡ, ʤʘʛʥʽʪʥʦ-ʩʠʣʦʚʠʡ ʤʽʢʨʦʩʢʦʧ ʻ ʘʪʦʤʥʦ-ʩʠʣʦʚʠʤ ʤʽʢʨʦʩʢʦʧʦʤ, ʫ 

ʷʢʦʛʦ ʟʦʥʜ ʧʦʢʨʠʪʠʡ ʪʦʥʢʠʤ ʰʘʨʦʤ ʬʝʨʦʤʘʛʥʽʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʪʦʙʪʦ ʤʦʞʥʘ 

ʛʦʚʦʨʠʪʠ ʧʨʦ ʪʝ, ʱʦ ʪʘʢʠʡ ʘʪʦʤʥʦ-ʩʠʣʦʚʠʡ ʤʽʢʨʦʩʢʦʧ ʨʝʘʣʽʟʫʻ ʨʝʞʠʤ ʤʘʛʥʽʪʥʦʾ 



123 
 

ʤʽʢʨʦʩʢʦʧʽʾ ï ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʨʦʟʧʦʜʽʣ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʧʦ ʧʦʚʝʨʭʥʽ 

ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʟʨʘʟʢʘ. 

ɼʘʪʯʠʢ ʄʉʄ ï ʮʝ ʟʚʠʯʘʡʥʠʡ ʢʨʝʤʥʽʻʚʠʡ (ʘʙʦ ʥʽʪʨʽʜʥʠʡ) ʜʘʪʯʠʢ ɸʉʄ, ʷʢʠʡ 

ʧʦʢʨʠʪʠʡ ʪʦʥʢʦʶ ʬʝʨʦʤʘʛʥʽʪʥʦʶ ʧʣʽʚʢʦʶ. ʄʽʢʨʦʤʘʛʥʽʪ, ʷʢʠʤ ʻ ʟʘʛʦʩʪʨʝʥʝ 

ʚʽʩʪʨʷ ʟʦʥʜʘ, ʧʝʨʝʤʽʱʫʻʪʴʩʷ ʧʦʙʣʠʟʫ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ, ʨʝʻʩʪʨʫʶʯʠ ʩʠʣʫ ʚʟʘʻʤʦʜʽʾ 

ʟʽ ʟʨʘʟʢʦʤ. ɼʣʷ ʧʝʨʝʤʽʱʝʥʥʷ ʚʽʩʪʨʷ ʟʦʥʜʘ ʚʽʜʥʦʩʥʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʧʨʝʮʝʩʽʡʥʠʡ ʪʨʴʦʭʢʦʦʨʜʠʥʘʪʥʠʡ ʤʽʢʨʦʤʘʥʽʧʫʣʷʪʦʨ. 

ɺʽʩʪʨʷ ʟʦʥʜʘ ʨʦʟʪʘʰʦʚʘʥʝ ʥʘ ʢʽʥʮʽ ʧʨʫʞʥʦʾ ʢʦʥʩʦʣʽ (ʢʘʥʪʠʣʝʚʝʨʘ). ɿʘ 

ʚʠʛʠʥʦʤ ʢʦʥʩʦʣʽ, ʱʦ ʨʝʻʩʪʨʫʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʦʧʪʠʯʥʦʛʦ ʜʘʪʯʠʢʘ, ʤʦʞʥʘ 

ʚʠʟʥʘʯʠʪʠ ʩʠʣʫ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʚʽʩʪʨʷʤ ʪʘ ʧʦʚʝʨʭʥʝʶ. ʉʭʝʤʘʪʠʯʥʦ ʟʦʙʨʘʞʝʥʥʷ 

ʩʢʘʥʫʶʯʦʛʦ ʟʦʥʜʘ ʪʘ ʩʠʩʪʝʤʠ ʨʝʻʩʪʨʘʮʽʾ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʥʘ ʨʠʩʫʥʢʫ 4.33. 

 

ʈʠʩ. 4.33. ʉʭʝʤʘ ʧʨʠʥʮʠʧʫ ʨʝʻʩʪʨʘʮʽʾ ʜʘʥʠʭ, ʦʪʨʠʤʘʥʠʭ ʚʽʜ ʟʦʥʜʘ ʄʉʄ [30] 

ʋ ʧʨʦʮʝʩʽ ʚʠʤʽʨʶʚʘʥʥʷ ʚ ʨʝʞʠʤʽ ʤʘʛʥʽʪʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʥʘ ʟʦʥʜ ɸʉʄ ʜʽʶʪʴ 

ʜʚʽ ʩʠʣʠ: ʤʘʛʥʽʪʥʘ ʩʠʣʘ ʡ ʩʠʣʘ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ. ʆʪʞʝ, ʫ ʄʉʄ ʫʪʚʦʨʶʶʪʴʩʷ ʜʚʘ 

ʟʦʙʨʘʞʝʥʥʷ ï ʧʦʚʝʨʭʥʝʚʘ ʪʦʧʦʛʨʘʬʽʷ (ʘʙʦ çʪʦʧʦʛʨʘʬʽʯʥʠʡ ʩʠʛʥʘʣè) ʽ ʤʘʛʥʽʪʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʧʦʚʝʨʭʥʽ (ʘʙʦ çʄʉʄ-ʩʠʛʥʘʣè), ʷʢʽ ʛʝʥʝʨʫʶʪʴʩʷ ʚʽʜʧʦʚʽʜʥʦ ʩʠʣʘʤʠ 
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ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ ʡ ʤʘʛʥʽʪʥʠʤʠ ʩʠʣʘʤʠ. ʉʭʝʤʘ ʧʨʠʥʮʠʧʫ ʦʪʨʠʤʘʥʥʷ ʮʠʭ 

ʟʦʙʨʘʞʝʥʴ ʧʨʦʽʣʶʩʪʨʦʚʘʥʦ ʨʠʩʫʥʢʦʤ 4.34. 

ʉʧʽʚʚʽʜʥʦʰʝʥʥʷ ʩʠʣ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ ʪʘ ʤʘʛʥʽʪʥʠʭ ʩʠʣ ʟʤʽʥʶʻʪʴʩʷ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʚʽʜʩʪʘʥʽ çʟʦʥʜ-ʟʨʘʟʦʢè. ʗʢʱʦ ʟʦʥʜ ʟʥʘʭʦʜʠʪʴʩʷ ʧʦʨʫʯ ʟ 

ʧʦʚʝʨʭʥʝʶ, ʫ ʨʝʞʠʤʽ ɸʉʄ, ʪʦ ʟʦʙʨʘʞʝʥʥʷ ʙʫʜʝ ʧʝʨʝʚʘʞʥʦ ʪʦʧʦʛʨʘʬʽʯʥʠʤ. ʇʦ 

ʤʽʨʽ ʟʙʽʣʴʰʝʥʥʷ ʚʽʜʩʪʘʥʽ ʤʽʞ ʟʦʥʜʦʤ ʽ ʟʨʘʟʢʦʤ ʜʽʷ ʤʘʛʥʽʪʥʠʭ ʩʠʣ ʧʦʯʠʥʘʻ 

ʧʝʨʝʚʘʞʘʪʠ. ʊʦʤʫ ʜʣʷ ʨʦʟʜʽʣʝʥʥʷ ʤʘʛʥʽʪʥʠʭ ʽ ʪʦʧʦʛʨʘʬʽʯʥʠʭ ʝʬʝʢʪʽʚ ʧʨʠ 

ʩʢʘʥʫʚʘʥʥʽ ʟʤʽʥʶʶʪʴ ʚʠʩʦʪʫ ʨʦʟʪʘʰʫʚʘʥʥʷ ʟʦʥʜʘ ʥʘʜ ʧʦʚʝʨʭʥʝʶ ʟʨʘʟʢʘ. 

 

ʈʠʩ. 4.34. ʉʭʝʤʘ ʦʪʨʠʤʘʥʥʷ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʾ ʪʦʧʦʛʨʘʬʽʾ [31] 

ʇʽʜ ʯʘʩ ʩʢʘʥʫʚʘʥʥʷ ʟʦʥʜ ʧʝʨʝʤʽʱʘʻʪʴʩʷ ʥʘʜ ʟʨʘʟʢʦʤ ʥʘ ʜʝʷʢʽʡ ʧʦʩʪʽʡʥʽʡ 

ʚʠʩʦʪʽ h (ʧʦʨʷʜʢʫ 10 - 100 ʥʤ). ɺʝʣʠʯʠʥʘ ʚʠʛʠʥʫ ʢʘʥʪʠʣʝʚʝʨʘ, ʱʦ ʨʝʻʩʪʨʫʻʪʴʩʷ 

ʦʧʪʠʯʥʦʶ ʩʠʩʪʝʤʦʶ, ʟʘʧʠʩʫʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʄʉʄ ʟʦʙʨʘʞʝʥʥʷ F(x, y), ʱʦ 

ʧʨʝʜʩʪʘʚʣʷʻ ʩʦʙʦʶ ʨʦʟʧʦʜʽʣ ʩʠʣʠ ʤʘʛʥʽʪʥʦʛʦ ʚʟʘʻʤʦʜʽʾ ʟʦʥʜʘ ʟʽ ʟʨʘʟʢʦʤ. 

ʐʚʠʜʢʽʩʪʴ ʪʘʢʦʛʦ ʩʢʘʥʫʚʘʥʥʷ ï ʜʝʩʷʪʢʠ ʤʽʢʨʦʥ ʚ ʩʝʢʫʥʜʫ. 

4.4.2. ʄʘʛʥʽʪʥʽ ʩʠʣʠ. ʄʝʪʦʜʠʢʠ ʚʠʢʦʥʘʥʥʷ ʤʽʢʨʦʩʢʦʧʽʾ 

ʋ ʩʧʨʦʱʝʥʽʡ ʤʦʜʝʣʽ ʤʦʞʥʘ ʨʦʟʛʣʷʥʫʪʠ ʟʦʥʜ ʷʢ ʦʜʠʥʠʯʥʠʡ ʤʘʛʥʽʪʥʠʡ 

ʜʠʧʦʣʴ. ʗʢʱʦ ʤʘʛʥʽʪʥʝ ʧʦʣʝ ʟʨʘʟʢʘ Ὄᴆ ʦʜʥʦʨʽʜʥʝ, ʪʦ ʥʘ ʜʠʧʦʣʴ ʜʽʻ ʣʠʰʝ ʤʦʤʝʥʪ 

ʩʠʣ, ʱʦ ʧʦʚʝʨʪʘʻ ʤʘʛʥʽʪʥʠʡ ʤʦʤʝʥʪ ʜʠʧʦʣʷ ʚʟʜʦʚʞ ʧʦʣʷ. ʋ ʥʝʦʜʥʦʨʽʜʥʦʤʫ ʧʦʣʽ 
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ʤʘʛʥʽʪʥʠʡ ʜʠʧʦʣʴ ʙʫʜʝ ʚʪʷʛʫʚʘʪʠʩʴ ʚ ʦʙʣʘʩʪʴ ʟ ʥʘʡʙʽʣʴʰʦʶ ʥʘʧʨʫʞʝʥʽʩʪʶ Ὄᴆ. 

ʉʭʝʤʘʪʠʯʥʦ ʮʝ ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 4.35. 

ʋ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ ʤʘʛʥʽʪʥʠʡ ʤʦʤʝʥʪ ʟʦʥʜʘ ʄʉʄ ʤʦʞʥʘ ʫʷʚʠʪʠ ʷʢ 

ʩʫʧʝʨʧʦʟʠʮʽʶ ʜʠʧʦʣʽʚ ʚʠʜʫ ὓᴆὶᴆὨὠȟ ʜʝ ὓᴆ ï ʚʝʢʪʦʨ ʧʠʪʦʤʦʾ ʥʘʤʘʛʥʽʯʝʥʦʩʪʽ 

ʤʘʛʥʽʪʥʦʛʦ ʧʦʢʨʠʪʪʷ, dV ï ʝʣʝʤʝʥʪʘʨʥʠʡ ʦʙ'ʻʤ (ʜʠʚ. ʨʠʩʫʥʦʢ 4.35, ʙ). 

ʊʦʜʽ ʧʦʚʥʘ ʝʥʝʨʛʽʷ ʤʘʛʥʽʪʥʦʾ ʚʟʘʻʤʦʜʽʾ ʟʦʥʜʘ ʡ ʟʨʘʟʢʘ ʩʪʘʥʦʚʠʪʠʤʝ: 

ὡ̍ ́̄ ᷿ ὓᴆὶᴆᴂϽὌᴆὶᴆ ὶᴆᴂὨὠȢ     (4.10) 

ɺʝʨʪʠʢʘʣʴʥʫ ʢʦʤʧʦʥʝʥʪʫ ʩʠʣʠ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʟʦʥʜʦʤ ʪʘ ʟʨʘʟʢʦʤ ʜʘʣʽ ʤʦʞʥʘ 

ʟʘʧʠʩʘʪʠ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

Ὂ ̍́̄
᷿ ὓ ὓ ὓ ὨὠᴂȢ   (4.11) 

 

ʈʠʩ. 4.35. ʘ ï ʟʦʥʜ ʄʉʄ ʫ ʤʘʛʥʽʪʥʦʤʫ ʧʦʣʽ ʟʨʘʟʢʘ [2]; ʙ ï ʜʦ ʟʘʧʠʩʫ ʤʘʛʥʽʪʥʦʛʦ 

ʤʦʤʝʥʪʫ ʟʦʥʜʘ ʄʉʄ 

ʅʘʡʙʽʣʴʰ ʚʘʞʣʠʚʦʶ ʧʨʦʙʣʝʤʦʶ ʄʉʄ ʻ ʨʦʟʜʽʣʝʥʥʷ ʤʘʛʥʽʪʥʦʛʦ ʟʦʙʨʘʞʝʥʥʷ 

ʚʽʜ ʟʦʙʨʘʞʝʥʥʷ ʨʝʣʴʻʬʫ. ɼʣʷ ʚʠʨʽʰʝʥʥʷ ʮʽʻʾ ʧʨʦʙʣʝʤʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʨʽʟʥʽ 

ʤʝʪʦʜʠʢʠ. ʅʠʞʯʝ ʦʧʠʩʘʥʽ ʜʝʷʢʽ ʟ ʥʠʭ. 

ɼʣʷ ʄʉʄ ʜʦʩʣʽʜʞʝʥʴ ʤʘʛʥʽʪʥʠʭ ʟʨʘʟʢʽʚ ʽʟ ʩʠʣʴʥʦ ʨʦʟʚʠʥʝʥʠʤ ʨʝʣʴʻʬʦʤ 

ʧʦʚʝʨʭʥʽ ʚʠʤʽʨʶʚʘʥʥʷ ʧʨʦʚʦʜʷʪʴ ʟʘ ʪʘʢ ʟʚʘʥʦʶ ʢʚʘʟʽʩʪʘʪʠʯʥʦʶ ʤʝʪʦʜʠʢʦʶ ï ʫ 

ʜʚʦʧʨʦʭʽʜʥʦʤʫ ʨʝʞʠʤʽ: 
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- ʧʨʠ ʧʝʨʰʦʤʫ ʧʨʦʭʦʜʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʨʝʣʴʻʬ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʦʥʪʘʢʪʥʦʛʦ ʘʙʦ 

ʧʝʨʝʨʠʚʯʘʩʪʦ-ʢʦʥʪʘʪʥʦʛʦ ʨʝʞʠʤʽʚ ɸʉʄ; 

- ʧʨʠ ʜʨʫʛʦʤʫ ʧʨʦʭʦʜʽ ʟʦʥʜ ʧʽʜʥʽʤʘʻʪʴʩʷ ʡ ʥʘ ʥʴʦʛʦ ʜʽʶʪʴ ʪʝʧʝʨ ʪʽʣʴʢʠ 

ʜʘʣʴʥʦʜʽʶʯʽ ʤʘʛʥʽʪʥʽ ʩʠʣʠ. ʇʨʠʥʮʠʧ ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 4.36. 

ʇʨʠ ʜʨʫʛʦʤʫ ʧʨʦʭʦʜʽ ʤʦʞʣʠʚʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʚʦʭ ʤʝʪʦʜʽʚ: 

1. ʂʚʘʟʽʩʪʘʪʠʯʥʘ ʄʉʄ: ʨʝʻʩʪʨʫʻʪʴʩʷ ʚʽʜʭʠʣʝʥʥʷ ʢʘʥʪʠʣʝʚʝʨʘ, 

ʦʙʫʤʦʚʣʝʥʝ ʤʘʛʥʽʪʥʦʶ ʚʟʘʻʤʦʜʽʻʶ ʤʽʞ ʟʦʥʜʦʤ ʽ ʟʨʘʟʢʦʤ; 

2. ɼʠʥʘʤʽʯʥʘ, ʘʙʦ ʢʦʣʠʚʘʣʴʥʘ ʄʉʄ: ʧʨʠ ʜʨʫʛʦʤʫ ʧʨʦʭʦʜʽ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ 

ʧʘʨʘʤʝʪʨʽʚ ʤʘʛʥʽʪʥʦʾ ʩʠʣʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʨʝʟʦʥʘʥʩʥʽ ʢʦʣʠʚʘʥʥʷ ʢʘʥʪʠʣʝʚʝʨʘ 

(ʷʢ ʧʨʠ ʧʝʨʝʨʠʚʯʘʩʪʦ-ʢʦʥʪʘʢʪʥʦʤʫ ʤʝʪʦʜʽ). ʈʝʻʩʪʨʫʻʪʴʩʷ ʧʦʭʽʜʥʘ ʤʘʛʥʽʪʥʦʾ ʩʠʣʠ. 

ɿʦʙʨʘʞʝʥʥʷ ʄʉʄ ʫʪʚʦʨʶʻʪʴʩʷ ʰʣʷʭʦʤ ʚʠʤʽʨʶʚʘʥʥʷ ʟʩʫʚʫ ʘʤʧʣʽʪʫʜʠ ʘʙʦ ʬʘʟʠ 

ʧʨʠ ʢʦʣʠʚʘʥʥʷʭ ʢʘʥʪʠʣʝʚʝʨʘ, ʷʢʽ ʚʽʜʙʫʚʘʶʪʴʩʷ ʧʽʜ ʜʽʻʶ ʤʘʛʥʽʪʥʦʾ ʩʠʣʠ ʤʽʞ 

ʧʦʚʝʨʭʥʝʶ ʟʨʘʟʢʘ ʡ ʥʘʤʘʛʥʽʯʝʥʠʤ ʢʘʥʪʠʣʝʚʝʨʦʤ ʄʉʄ. 

 

ʈʠʩ. 4.36. ʈʝʘʣʽʟʘʮʽʷ ʜʚʦʧʨʦʭʽʜʥʦʛʦ ʨʝʞʠʤʫ ʄʉʄ. ʇʨʠ ʜʨʫʛʦʤʫ ʧʨʦʭʦʜʽ ʜʘʪʯʠʢ 

ʧʝʨʝʤʽʱʘʻʪʴʩʷ ʥʘʜ ʧʦʚʝʨʭʥʝʶ ʧʦ ʪʨʘʻʢʪʦʨʽʾ, ʱʦ ʧʦʚʪʦʨʶʻ ʨʝʣʴʻʬ ʟʨʘʟʢʘ [32] 
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ʂʚʘʟʽʩʪʘʪʠʯʥʘ ʤʝʪʦʜʠʢʘ ʄʉʄ ï ʜʚʦʧʨʦʭʽʜʥʘ ʤʝʪʦʜʠʢʘ, ʷʢʘ 

ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʜʣʷ ʄʉʄ ʜʦʩʣʽʜʞʝʥʴ ʤʘʛʥʽʪʥʠʭ ʟʨʘʟʢʽʚ ʽʟ ʩʠʣʴʥʦ ʨʦʟʚʠʥʝʥʠʤ 

ʨʝʣʴʻʬʦʤ ʧʦʚʝʨʭʥʽ. 

ʇʨʠ ʧʝʨʰʦʤʫ ʧʨʦʭʦʜʽ ʟʥʽʤʘʻʪʴʩʷ ɸʉʄ ʟʦʙʨʘʞʝʥʥʷ ʨʝʣʴʻʬʫ ʚ ʢʦʥʪʘʢʪʥʦʤʫ 

ʘʙʦ ʥʘʧʽʚʢʦʥʪʘʢʪʥʦʤʫ ʨʝʞʠʤʽ.  

ʇʨʠ ʜʨʫʛʦʤʫ ʧʨʦʭʦʜʽ ʜʘʪʯʠʢ ʧʝʨʝʤʽʱʘʻʪʴʩʷ ʥʘʜ  ʧʦʚʝʨʭʥʝʶ ʧʦ ʪʨʘʻʢʪʦʨʽʾ, 

ʱʦ ʧʦʚʪʦʨʶʻ ʨʝʣʴʻʬ ʟʨʘʟʢʘ. ʇʨʠ ʜʨʫʛʦʤʫ ʧʨʦʭʦʜʽ ʚʽʩʪʨʷ ʟʦʥʜʘ ʚʽʜʚʦʜʠʪʴʩʷ ʚʽʜ 

ʧʦʚʝʨʭʥʽ ʥʘ ʚʽʜʩʪʘʥʴ z0, ʽ ʟʤʽʱʝʥʠʡ ʟʦʥʜ ʩʢʘʥʫʻ ʧʦʚʝʨʭʥʶ ʧʦ çʪʦʧʦʛʨʘʬʽʯʥʦʾ 

ʪʨʘʻʢʪʦʨʽʾè, ʷʢʘ ʙʫʣʘ ʟʘʧʠʩʘʥʘ ʧʨʠ ʧʝʨʰʦʤʫ ʩʢʘʥʫʚʘʥʥʽ (ʜʠʚ. ʨʠʩʫʥʦʢ 4.36). 

ɺʽʜʩʪʘʥʴ z0 ʚʠʙʠʨʘʻʪʴʩʷ ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦʙ ʩʠʣʘ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ ʙʫʣʘ 

ʤʝʥʰʝ ʩʠʣʠ ʤʘʛʥʽʪʥʦʾ ʚʟʘʻʤʦʜʽʾ. ʗʢʱʦ ʛʦʣʢʫ ʚʽʜʚʝʩʪʠ ʥʘ ʚʽʜʩʪʘʥʴ 10 - 50 ʥʤ, ʪʦ 

ʫʥʽʚʝʨʩʘʣʴʥʝ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʽʚʩʴʢʝ ʧʨʠʪʷʛʘʥʥʷ ʟʘʛʘʩʘʻ ʡ ʟʘʣʠʰʘʶʪʴʩʷ ʣʠʰʝ 

ʙʽʣʴʰ ʜʘʣʝʢʦʜʽʶʯʽ ʤʘʛʥʽʪʥʽ ʩʠʣʠ. ʊʝʧʝʨ ʚʽʜʭʠʣʝʥʥʷ ʛʦʣʢʠ ʚʽʜ ʟʘʟʜʘʣʝʛʽʜʴ 

ʦʙʫʤʦʚʣʝʥʦʾ ʪʨʘʻʢʪʦʨʽʾ ʙʫʜʝ ʚʠʟʥʘʯʘʪʠʩʷ ʩʘʤʝ ʤʘʛʥʽʪʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʟʨʘʟʢʘ. 

ʂʦʣʠʚʘʣʴʥʘ ʤʝʪʦʜʠʢʘ ʄʉʄ ʜʦʟʚʦʣʷʻ ʨʝʘʣʽʟʫʚʘʪʠ ʙʽʣʴʰʫ ʯʫʪʣʠʚʽʩʪʴ ʡ 

ʦʪʨʠʤʫʚʘʪʠ ʙʽʣʴʰ ʷʢʽʩʥʽ ʄʉʄ ʟʦʙʨʘʞʝʥʥʷ ʟʨʘʟʢʽʚ. ʄʝʪʦʜʠʢʘ ʪʘʢʦʞ ʨʝʘʣʽʟʫʻʪʴʩʷ 

ʥʘ ʜʚʦʧʨʦʭʽʜʥʦʤʫ ʨʝʞʠʤʽ: ʧʝʨʰʠʡ ʨʘʟ ʚʽʜʩʪʝʞʫʻʪʴʩʷ ʧʨʦʬʽʣʴ ʧʦʚʝʨʭʥʽ ʚ ʨʝʞʠʤʽ 

ʧʝʨʝʨʠʚʯʘʩʪʦʛʦ ʢʦʥʪʘʢʪʫ, ʜʨʫʛʠʡ ʨʘʟ ï ʧʨʠ ʚʽʣʴʥʠʭ ʢʦʣʠʚʘʥʥʷʭ, ʥʘ ʚʽʜʜʘʣʝʥʥʽ ʚʽʜ 

ʧʦʚʝʨʭʥʽ. ʇʨʠʥʮʠʧ ʤʝʪʦʜʠʢʠ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʥʘʷʚʥʽʩʪʴ ʛʨʘʜʽʻʥʪʘ ʩʠʣʠ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʥʠ ʨʝʟʦʥʘʥʩʥʦʾ ʯʘʩʪʦʪʠ, ʘ ʦʪʞʝ, ʜʦ ʟʩʫʚʫ ɸʏʍ ʡ ʌʏʍ ʩʠʩʪʝʤʠ 

ʟʦʥʜ-ʟʨʘʟʦʢ. ɼʘʥʽ ʟʤʽʥʠ ʨʝʟʦʥʘʥʩʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʠʩʪʝʤʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ 

ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʥʝʦʜʥʦʨʽʜʥʠʡ ʨʦʟʧʦʜʽʣ ʥʘʤʘʛʥʽʯʝʥʦʩʪʽ ʥʘ 

ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ. 

ʋ ʨʘʟʽ ʤʘʛʥʽʪʥʦʾ ʚʟʘʻʤʦʜʽʾ ʟʦʥʜʘ ʟ ʧʦʚʝʨʭʥʝʶ ʟʩʫʚ ʨʝʟʦʥʘʥʩʥʦʾ ʯʘʩʪʦʪʠ 

ʢʦʣʠʚʘʥʴ ʢʘʥʪʠʣʝʚʝʨʘ ʙʫʜʝ ʚʠʟʥʘʯʘʪʠʩʷ ʧʦʭʽʜʥʦʶ ʧʦ ʢʦʦʨʜʠʥʘʪʽ z ʚʽʜ ʚʝʣʠʯʠʥʠ 

Fz (ʜʠʚ. ʬʦʨʤʫʣʫ (4.11)). ɿʤʽʥʘ ʘʤʧʣʽʪʫʜʠ ʡ ʬʘʟʠ ʢʦʣʠʚʘʥʴ ʧʨʠ ʟʤʽʥʽ ʛʨʘʜʽʻʥʪʘ 

ʩʠʣʠ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʫ 4.37. 
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ʈʠʩ. 4.37. ɿʤʽʥʘ ʘʤʧʣʽʪʫʜʠ (ʘ) ʡ ʬʘʟʠ (ʙ) ʢʦʣʠʚʘʥʴ ʧʨʠ ʟʤʽʥʽ ʛʨʘʜʽʻʥʪʘ ʩʠʣʠ 

ʈʝʻʩʪʨʘʮʽʷ ʚ ʧʨʦʮʝʩʽ ʚʠʤʽʨʶʚʘʥʴ ʘʤʧʣʽʪʫʜʠ, ʬʘʟʠ ʘʙʦ ʯʘʩʪʦʪʠ ʢʦʣʠʚʘʥʴ ʜʘʻ 

ʙʽʣʴʰ ʪʦʯʥʫ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʤʘʛʥʽʪʥʽ ʚʢʣʶʯʝʥʥʷ (ʜʦʤʝʥʠ, ʢʣʘʩʪʝʨʠ) ʚ 

ʜʦʩʣʽʜʞʫʚʘʥʦʤʫ ʦʙ'ʻʢʪʽ. 

ʊʘʢʦʞ ʯʘʩʪʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʄʉʄ ʫ ʨʝʞʠʤʽ ʨʝʛʫʣʴʦʚʘʥʦʛʦ ʤʘʛʥʽʪʥʦʛʦ 

ʧʦʣʷ (ʘʥʛʣʽʡʩʴʢʦʶ TM-MFM): ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʦʜʘʪʢʦʚʦʛʦ ʛʝʥʝʨʘʪʦʨʘ ʤʘʛʥʽʪʥʦʛʦ 

ʧʦʣʷ ʤʦʞʥʘ ʩʧʦʩʪʝʨʽʛʘʪʠ ʟʘ ʟʤʽʥʘʤʠ ʤʘʛʥʽʪʥʦʛʦ ʩʪʘʥʫ ʟʨʘʟʢʘ, ʚʠʢʣʠʢʘʥʠʤʠ 

ʤʘʛʥʽʪʥʠʤ ʧʦʣʝʤ. 

4.4.3. ʆʩʦʙʣʠʚʦʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʘʛʥʽʪʥʦ-ʩʠʣʦʚʦ ʾ ʤʽʢʨʦʩʢʦʧʽʾ ʜʣʷ 

ʧʨʦʚʝʜʝʥʥʷ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʄʉʄ ʻ ʧʦʧʫʣʷʨʥʠʤ ʤʝʪʦʜʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ʪʘ ʜʽʘʛʥʦʩʪʠʢʠ 

ʷʢʦʩʪʽ ʧʦʢʨʠʪʪʽʚ ʟʘʧʠʩʫʶʯʠʭ ʧʨʠʩʪʨʦʾʚ ʽ ʪʦʥʢʠʭ ʤʘʛʥʽʪʥʠʭ ʧʣʽʚʦʢ. ʆʪʨʠʤʘʥʥʷ 

ʟʦʙʨʘʞʝʥʥʷ ʟ ʚʠʩʦʢʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ ʜʦʟʚʦʣʷʻ ʧʨʦʚʦʜʠʪʠ ʘʥʘʣʽʟ 

ʱʽʣʴʥʦʩʪʽ ʟʘʧʠʩʫ ʽʥʬʦʨʤʘʮʽʾ ʚ ʞʦʨʩʪʢʠʭ ʜʠʩʢʘʭ ʫ ʧʨʦʮʝʩʽ ʩʪʚʦʨʝʥʥʷ ʥʦʚʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʧʦʢʨʠʪʪʷ ʤʘʛʥʽʪʦʟʘʧʠʩʫʶʯʦʾ ʪʝʭʥʽʢʠ [33]. 

ʈʦʟʛʣʷʥʝʤʦ ʪʝʧʝʨ ʜʝʷʢʽ ʦʩʪʘʥʥʽ ʜʦʩʷʛʥʝʥʥʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʄʉʄ ʜʣʷ 

ʜʦʩʣʽʜʞʝʥʥʷ ʪʦʧʦʛʨʘʬʽʾ ʪʘ ʨʦʟʧʦʜʽʣʫ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʧʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʥʘ 

ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʥʘʫʢʦʚʠʭ ʧʫʙʣʽʢʘʮʽʡ ʫ ʚʽʜʢʨʠʪʦʤʫ ʜʦʩʪʫʧʽ (ʧʦʩʠʣʘʥʥʷ ʥʘʚʝʜʝʥʽ ʫ 

ʢʚʘʜʨʘʪʥʠʭ ʜʫʞʢʘʭ). 
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ʆʩʪʘʥʥʽʤ ʯʘʩʦʤ ʥʘʫʢʦʚʠʡ ʽʥʪʝʨʝʩ ʧʨʠʚʝʨʪʘʶʪʴ ʬʫʥʢʮʽʦʥʘʣʴʥʦ ʩʢʣʘʜʥʽ 

ʦʢʩʠʜʠ-ʬʝʨʦʾʢʠ ʪʘ ʤʫʣʴʪʠʬʝʨʦʾʢʠ, ʜʦ ʷʢʠʭ ʥʘʣʝʞʘʪʴ ʬʝʨʦʤʘʛʥʝʪʠʢʠ, 

ʩʝʛʥʝʪʦʝʣʝʢʪʨʠʢʠ ʪʘ ʩʝʛʥʝʪʦʝʣʘʩʪʠʢʠ [34]. ʄʫʣʴʪʠʬʝʨʦʾʢʠ ʜʝʤʦʥʩʪʨʫʶʪʴ ʙʽʣʴʰʝ 

ʥʽʞ ʦʜʥʫ ʚʣʘʩʪʠʚʽʩʪʴ ʟʘʣʽʟʘ ʦʜʥʦʯʘʩʥʦ ʚ ʦʜʥʽʡ ʬʘʟʽ. ɹʘʛʘʪʦ ʦʢʩʠʜʽʚ-

ʤʫʣʴʪʠʬʝʨʦʾʢʽʚ ʚʦʣʦʜʽʶʪʴ ʚʠʩʦʢʦʶ ʯʫʪʣʠʚʽʩʪʶ, ʭʦʨʦʰʦʶ ʭʽʤʽʯʥʦʶ 

ʩʪʘʙʽʣʴʥʽʩʪʶ ʪʘ ʥʝʚʝʣʠʢʦʶ ʰʠʨʠʥʦʶ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ (ʙʣʠʟʴʢʦ 2,0 ʝɺ), ʱʦ 

ʨʦʙʠʪʴ ʾʭ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʜʣʷ ʪʘʢʠʭ ʟʘʩʪʦʩʫʚʘʥʴ ʷʢ ʛʝʪʝʨʦʛʝʥʥʠʡ ʢʘʪʘʣʽʟ, 

ʘʜʩʦʨʙʮʽʷ, ʬʦʪʦ-ʝʣʝʢʪʨʦʭʽʤʽʯʥʝ ʨʦʟʱʝʧʣʝʥʥʷ ʚʦʜʠ, ʧʦʢʨʠʪʪʷ ʩʝʥʩʦʨʥʠʭ 

ʜʘʪʯʠʢʽʚ, ʣʽʪʽʡ-ʽʦʥʥʠʭ ʙʘʪʘʨʝʡ ʪʘ ʩʦʥʷʯʥʠʭ ʙʘʪʘʨʝʡ ʥʘ ʦʩʥʦʚʽ ʩʝʛʥʝʪʦ- ʪʘ 

ʧôʻʟʦʝʣʝʢʪʨʠʢʽʚ [35]. ʋ ʨʦʙʦʪʽ [35] ʨʦʟʛʣʷʜʘʚʩʷ ʤʫʣʴʪʠʬʝʨʦʾʢ ʪʠʧʫ 

ʧôʻʟʦʝʣʝʢʪʨʠʯʥʦʛʦ ʧʝʨʦʚʩʴʢʽʪʫ ï ʬʝʨʠʪ ʤʘʛʥʽʶ (MgFe2O4), ʷʢʠʡ ʙʫʣʦ ʚʟʷʪʦ ʷʢ 

ʤʦʜʝʣʴʥʫ ʩʠʩʪʝʤʫ, ʱʦʙ ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʪʠ ʝʧʽʪʘʢʩʽʘʣʴʥʫ ʪʚʝʨʜʦʪʽʣʴʥʫ ʨʝʘʢʮʽʶ 

ʯʝʨʝʟ ʧʦʚʝʨʭʥʶ ʨʦʟʜʽʣʫ ʦʢʩʠʜʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʽʟʠʯʥʦʛʦ ʦʩʘʜʞʝʥʥʷ ʜʣʷ 

ʜʦʩʷʛʥʝʥʥʷ ʤʦʞʣʠʚʦʩʪʽ ʢʦʥʪʨʦʣʶʚʘʪʠ ʘʪʦʤʘʨʥʠʡ ʩʢʣʘʜ ʥʦʚʠʭ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ 

ʦʢʩʠʜʽʚ. ʄʘʛʥʽʪʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʦʪʨʠʤʘʥʦʾ ʧʣʽʚʢʠ ʬʝʨʠʪʘ ʤʘʛʥʽʶ ʚʠʚʯʘʣʠ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʄʉʄ. ɸʉʄ-ʟʦʙʨʘʞʝʥʥʷ ʧʣʽʚʢʠ ʥʘ ʨʠʩ. 4.38 (a) ʧʦʢʘʟʫʻ, ʱʦ ʾʾ 

ʧʦʚʝʨʭʥʷ ʻ ʛʣʘʜʢʦʶ ʟ ʰʦʨʩʪʢʽʩʪʶ ʙʣʠʟʴʢʦ 2,0 ʥʤ, ʱʦ ʚʢʘʟʫʻ ʥʘ ʚʠʩʦʢʫ ʷʢʽʩʪʴ 

ʦʪʨʠʤʘʥʦʾ ʝʧʽʪʘʢʩʽʡʥʦʾ ʧʣʽʚʢʠ ʬʝʨʠʪʘ ʤʘʛʥʽʶ. ʗʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 4.38 (ʙ), 

ʩʪʘʪʠʩʪʠʯʥʠʡ ʨʦʟʤʽʨ ʤʘʛʥʽʪʥʦʛʦ ʜʦʤʝʥʫ ʩʪʘʥʦʚʠʪʴ ʙʣʠʟʴʢʦ 70 - 80 ʥʤ. ʊʘʢʦʞ 

ʜʦʩʣʽʜʞʫʚʘʣʘʩʴ ʧʝʪʣʷ ʤʘʛʥʽʪʥʦʛʦ ʛʽʩʪʝʨʝʟʠʩʫ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʜʣʷ 

ʦʪʨʠʤʘʥʦʾ ʧʣʽʚʢʠ (ʜʠʚ. ʨʠʩ. 4.38 (ʚ)). ʊʘʢʘ ʤʘʛʥʽʪʥʘ ʧʦʚʝʜʽʥʢʘ ï ʥʘʷʚʥʽʩʪʴ 

ʤʘʛʥʽʪʥʠʭ ʜʦʤʝʥʽʚ ʽ ʛʽʩʪʝʨʝʟʠʩʫ ï ʥʘʜʘʻ ʜʦʢʘʟʠ ʨʦʩʪʫ ʯʠʩʪʦʛʦ ʧʨʦʜʫʢʪʫ ʧʨʠ 

ʟʘʩʪʦʩʫʚʘʥʥʽ ʤʝʪʦʜʫ ʪʚʝʨʜʦʪʽʣʴʥʦʾ ʨʝʘʢʮʽʾ. 
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ʈʠʩ. 4.38. ɸʉʄ, MʉM ʽ ʤʘʛʥʽʪʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʦʥʢʦʾ ʧʣʽʚʢʠ ʬʝʨʠʪʫ ʤʘʛʥʽʶ MgFe2O4, 

ʦʪʨʠʤʘʥʦʾ ʤʝʪʦʜʦʤ ʪʚʝʨʜʦ ʪʽʣʴʥʦʾ ʨʝʘʢʮʽʾ: ʘ ï ɸʉʄ-ʟʦʙʨʘʞʝʥʥʷ; ʙ ï MʉM-ʟʦʙʨʘʞʝʥʥʷ ʧʨʠ 

ʊ = 300 ʂ; ʚ ï ʧʝʪʣʷ ʛʽʩʪʝʨʝʟʠʩʫ, ʟʥʷʪʘ ʧʨʠ ʊ = 300 ʂ, ʧʨʘʚʦʨʫʯ ʧʦʢʘʟʘʥʦ ʟʙʽʣʴʰʝʥʠʡ ʚʠʛʣʷʜ 

ʧʝʪʣʽ (Malik, et.al. Science China Physics, Mechanics & Astronomy, 2017 [35]) 

ʆʜʥʽʻʶ ʟ ʥʘʡʙʽʣʴʰ ʥʘʫʢʦʻʤʢʠʭ ʛʘʣʫʟʝʡ ʚ ʦʩʪʘʥʥʽ ʜʝʩʷʪʠʣʽʪʪʷ ʻ ʨʦʟʨʦʙʢʘ 

ʤʘʛʥʽʪʥʠʭ ʥʦʩʽʾʚ ʽʥʬʦʨʤʘʮʽʾ ʯʝʨʝʟ ʩʪʨʽʤʢʠʡ ʨʦʟʚʠʪʦʢ ʢʦʤʧôʶʪʝʨʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. 

ʇʦʩʪʽʡʥʦ ʪʨʠʚʘʻ ʨʦʟʨʦʙʢʘ ʥʦʚʠʭ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʧʦʢʨʘʱʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʤʘʛʥʽʪʥʦʛʦ ʟʘʧʠʩʫ ʪʘ ʟʙʝʨʽʛʘʥʥʷ ʽʥʬʦʨʤʘʮʽʾ. ʋ ʨʦʙʦʪʽ [36] 

ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʥʦʚʽʪʥʽʡ ʤʘʪʝʨʽʘʣ ʜʣʷ ʮʽʻʾ ʛʘʣʫʟʽ ï ʛʨʘʥʫʣʴʦʚʘʥʽ ʧʣʽʚʢʠ CoCrPt-

SiO2 ʟ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʶ ʤʘʛʥʽʪʥʦʶ ʘʥʽʟʦʪʨʦʧʽʻʶ, ʥʘʥʝʩʝʥʽ ʥʘ ʤʘʩʠʚʠ 

ʥʘʥʦʯʘʩʪʠʥʦʢ SiO2. ʊʘʢʽ ʤʘʪʝʨʽʘʣʠ ʬʦʨʤʫʶʪʴ ʩʪʦʚʧʯʘʩʪʽ ʟʝʨʥʘ CoCrPt 

ʨʦʟʪʘʰʦʚʘʥʽ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʜʦ ʧʦʚʝʨʭʥʽ ʤʘʩʠʚʽʚ SiO2, ʫʪʚʦʨʶʶʯʠ ʫʥʽʢʘʣʴʥʫ, 

çʾʞʘʢʦʧʦʜʽʙʥʫè ʩʪʨʫʢʪʫʨʫ ʪʘʢʦʛʦ ʧʦʢʨʠʪʪʷ. ʎʷ ʦʩʦʙʣʠʚʘ ʩʪʨʫʢʪʫʨʘ, ʫʪʚʦʨʝʥʘ 

ʢʨʠʚʠʟʥʦʶ ʯʘʩʪʠʥʦʢ, ʩʫʪʪʻʚʦ ʟʤʽʥʶʻ ʤʘʛʥʽʪʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʦʪʨʠʤʘʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. 

ʇʽʜ ʩʪʦʚʧʮʷʤʠ CoCrPt ʘʚʪʦʨʠ ʩʧʦʩʪʝʨʽʛʘʣʠ ʙʝʟʧʝʨʝʨʚʥʠʡ ʰʘʨ, ʙʘʛʘʪʠʡ Co, ʱʦ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʩʠʣʝʥʦʛʦ ʤʽʞʢʨʠʩʪʘʣʴʥʦʛʦ ʦʙʤʽʥʥʦʛʦ ʟʚôʷʟʢʫ, ʢʦʪʨʠʡ 
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ʚʽʜʧʦʚʽʜʘʻ ʟʘ ʫʪʚʦʨʝʥʥʷ ʦʜʥʦʜʦʤʝʥʥʠʭ ʩʪʘʥʽʚ. ʎʷ ʢʦʥʬʽʛʫʨʘʮʽʷ ʣʦʢʘʣʴʥʠʭ 

ʤʘʛʥʽʪʥʠʭ ʜʦʤʝʥʽʚ ʙʫʣʘ ʜʦʩʣʽʜʞʝʥʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʄʉM ʚʽʟʫʘʣʽʟʘʮʽʾ, ʱʦ 

ʧʨʠʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 4.39. 

 

ʈʠʩ. 4.39. ʂʦʣʴʦʨʦʚʽ ɸʉʄ- ʪʘ ʚʽʜʧʦʚʽʜʥʽ MʉM-ʟʦʙʨʘʞʝʥʥʷ ʧʣʽʚʢʠ CoCrPt-SiO2/Ru/Ta, 

ʚʠʨʦʱʝʥʦʾ ʥʘ ʤʘʩʠʚʽ ʯʘʩʪʠʥʦʢ SiO2 ʨʦʟʤʽʨʦʤ 50 ʥʤ. ɿʦʙʨʘʞʝʥʥʷ a ʧʦʢʘʟʫʻ ʢʦʥʬʽʛʫʨʘʮʽʶ 

ʤʘʛʥʽʪʥʦʛʦ ʜʦʤʝʥʫ ʧʽʩʣʷ ʨʦʟʤʘʛʥʽʯʫʚʘʥʥʷ ʤʘʩʠʚʫ, ʪʦʜʽ ʷʢ ʟʦʙʨʘʞʝʥʥʷ ʙ ʧʦʢʘʟʫʻ ʤʘʛʥʽʪʥʠʡ 

ʢʦʥʪʨʘʩʪ ʽʥʜʠʚʽʜʫʘʣʴʥʦ ʧʝʨʝʚʝʨʥʫʪʠʭ ʦʜʥʦʜʦʤʝʥʥʠʭ ʰʘʧʦʯʦʢ ʫ ʟʘʣʠʰʢʦʚʽʡ ʥʘʤʘʛʥʽʯʥʦʩʪʽ 

ʧʽʩʣʷ ʥʘʩʠʯʝʥʥʷ ʚ ʘ (Brombacher, et.al. Applied Physics Letters, 2010 [36]) 

ʈʠʩʫʥʦʢ 4.39 ʧʦʢʘʟʫʻ ʷʩʢʨʘʚʠʡ ʽ ʪʝʤʥʠʡ ʤʘʛʥʽʪʥʠʡ ʢʦʥʪʨʘʩʪ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ 

ʧʦʣʦʞʝʥʥʶ ʯʘʩʪʠʥʦʢ (ʧʦʨʽʚʥʷʡʪʝ ʚʽʜʧʦʚʽʜʥʽ ʄʉʄ ʪʘ ɸʉʄ ʟʦʙʨʘʞʝʥʥʷ), 

ʧʽʜʪʚʝʨʜʞʫʶʯʠ, ʱʦ çʾʞʘʢʦʚʽè ʩʪʨʫʢʪʫʨʠ ʧʦʢʨʠʪʪʷ ʟʥʘʭʦʜʷʪʴʩʷ ʚ ʩʪʘʥʽ ʦʜʥʦʛʦ 

ʜʦʤʝʥʫ. MʉM-ʟʦʙʨʘʞʝʥʥʷ, ʦʪʨʠʤʘʥʽ ʚ ʟʘʣʠʰʢʦʚʽʡ ʥʘʤʘʛʥʽʯʝʥʦʩʪʽ ʧʽʩʣʷ 

ʥʘʩʠʯʝʥʥʷ ʟʨʘʟʢʽʚ, ʧʦʢʘʟʫʶʪʴ ʫʞʝ ʧʝʨʝʚʝʨʥʫʪʽ ʦʢʨʝʤʽ, ʘʣʝ ʚʠʧʘʜʢʦʚʦ ʨʦʟʧʦʜʽʣʝʥʽ 

ʢʦʚʧʘʯʢʠ. ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʦʙʤʝʞʝʥʘ ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʄʉM ʥʝ ʜʦʟʚʦʣʠʣʘ 

ʘʚʪʦʨʘʤ ʦʪʨʠʤʘʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʩʠʚʫ ʯʘʩʪʠʥʦʢ 10 ʥʤ ʪʘ 

ʤʝʥʰʝ. 
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5. ɹʃʀɾʅʔʆʇʆʃʔʅɸ ʆʇʊʀʏʅɸ ʄɯʂʈʆʉʂʆʇɯʗ  

5.1. ɺʠʥʘʡʜʝʥʥʷ ʙʣʠʞʥʴʦʧʦʣʴʥʦʾ ʦʧʪʠʯʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ  

ɿʘ ʜʦʧʦʤʦʛʦʶ ʢʣʘʩʠʯʥʦʛʦ ʦʧʪʠʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʥʝʤʦʞʣʠʚʦ ʨʦʟʨʽʟʥʠʪʠ 

ʦʙôʻʢʪʠ, ʨʦʟʤʽʨʠ ʷʢʠʭ ʤʝʥʰʽ ʟʘ ʧʦʣʦʚʠʥʫ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʧʘʜʘʶʯʦʛʦ ʩʚʽʪʣʘ, ʱʦ 

ʟʫʤʦʚʣʝʥʦ ʜʠʬʨʘʢʮʽʡʥʦʶ ʤʝʞʝʶ ʜʣʷ ʧʨʦʩʪʦʨʦʚʦʾ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ, ʷʢ 

ʦʧʠʩʘʥʦ ʫ ʨʦʟʜʽʣʽ 1. ɺʪʽʤ, ʚʽʜʢʨʠʪʪʷ ʪʘʢ ʟʚʘʥʦʾ ʙʣʠʞʥʴʦʧʦʣʴʥʦʾ ʦʧʪʠʢʠ ʟʨʦʙʠʣʦ 

ʤʦʞʣʠʚʠʤ ʚʠʚʯʝʥʥʷ ʽ ʬʦʨʤʫʚʘʥʥʷ ʦʧʪʠʯʥʠʤʠ ʤʝʪʦʜʘʤʠ ʟʦʙʨʘʞʝʥʥʷ ʦʙôʻʢʪʽʚ 

ʥʘʥʦʤʝʪʨʦʚʠʭ ʨʦʟʤʽʨʽʚ, ʷʢʽ ʫ ʙʘʛʘʪʦ ʨʘʟʽʚ ʤʝʥʰʽ ʜʦʚʞʠʥʠ ʩʚʽʪʣʦʚʦʾ ʭʚʠʣʽ. 

ɹʣʠʞʥʴʦʧʦʣʴʥʠʡ ʩʢʘʥʫʶʯʠʡ ʦʧʪʠʯʥʠʡ ʤʽʢʨʦʩʢʦʧ (ɹʉʆʄ, ʘʥʛʣʽʡʩʴʢʦʶ 

NSOM ï Near-field scanning optical microscope) ʙʫʚ ʨʝʘʣʽʟʦʚʘʥʠʡ ɼ. ʇʦʣʝʤ 

(ʣʘʙʦʨʘʪʦʨʽʷ ʬʽʨʤʠ IBM, ʤ. ʎʶʨʽʭ, ʐʚʝʡʮʘʨʽʷ) ʫ 1982 ʨʦʮʽ. ʋ ʥʴʦʤʫ ʚʜʘʣʦʩʴ 

ʧʦʻʜʥʘʪʠ ʥʘʜʟʚʠʯʘʡʥʦ ʚʠʩʦʢʫ ʪʦʧʦʛʨʘʬʽʯʥʫ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ ʤʝʪʦʜʽʚ 

ʩʢʘʥʫʶʯʦʾ ʟʦʥʜʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʽʟ ʧʝʨʝʚʘʛʘʤʠ ʦʧʪʠʯʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ: ʟʥʘʯʥʦʶ 

ʯʘʩʦʚʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ, ʱʦ ʨʦʙʠʪʴ ʤʦʞʣʠʚʠʤ ʜʠʥʘʤʽʯʥʽ ʚʠʤʽʨʶʚʘʥʥʷ 

ʘʙʦ ʚʠʤʽʨʶʚʘʥʥʷ in vitro, ʟʘʙʝʟʧʝʯʝʥʥʷ ʚʠʤʽʨʶʚʘʥʴ ʟ ʧʦʣʷʨʠʟʘʮʽʡʥʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʩʧʝʢʪʨʦʩʢʦʧʽʯʥʠʤ ʘʥʘʣʽʟʦʤ, ʚʠʩʦʢʦʶ ʯʫʪʣʠʚʽʩʪʶ ʪʘ 

ʧʦʙʫʜʦʚʦʶ ʟʦʙʨʘʞʝʥʥʷ ʟʨʘʟʢʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʫ ʚʠʜʠʤʦʤʫ ʩʚʽʪʣʽ.  

ɺ ʦʩʥʦʚʽ ʙʣʠʞʥʴʦʧʦʣʴʥʦʾ ʦʧʪʠʯʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ (ɹʆʄ) [1] ʣʝʞʘʪʴ ʷʚʠʱʘ ʱʦ 

ʚʠʥʠʢʘʶʪʴ ʧʨʠ ʧʨʦʭʦʜʞʝʥʥʽ ʩʚʽʪʣʘ ʢʨʽʟʴ ʦʪʚʽʨ ʜʽʘʤʝʪʨʦʤ ʥʘʙʘʛʘʪʦ ʤʝʥʰʠʤ 

ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʧʘʜʘʶʯʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ (ʩʫʙʭʚʠʣʴʦʚʫ ʜʽʘʬʨʘʛʤʫ) ʪʘ ʡʦʛʦ 

ʚʟʘʻʤʦʜʽʾ ʟ ʧʦʚʝʨʭʥʝʶ, ʨʦʟʪʘʰʦʚʘʥʦʶ ʚʽʜ ʜʽʘʬʨʘʛʤʠ ʥʘ ʚʽʜʩʪʘʥʽ ʪʘʢ ʩʘʤʦ ʤʝʥʰʽʡ 

ʥʽʞ ʜʦʚʞʠʥʘ ʭʚʠʣʽ ʩʚʽʪʣʘ (ʫ ʦʙʣʘʩʪʽ çʙʣʠʞʥʴʦʛʦ ʧʦʣʷè). ɿ ʬʽʟʠʯʥʦʾ ʪʦʯʢʠ ʟʦʨʫ 

ɹʆʄ ʦʩʥʦʚʘʥʘ ʥʘ ʧʨʠʩʫʪʥʦʩʪʽ ʚ ʜʘʣʴʥʽʡ ʟʦʥʽ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʩʣʽʜʽʚ ʚʟʘʻʤʦʜʽʾ 

ʩʚʽʪʣʘ ʪʘ ʧʦʚʝʨʭʥʽ, ʱʦ ʮʽʣʢʦʤ ʽʜʝʥʪʠʬʽʢʫʶʪʴʩʷ ʟ ʪʠʤ ʤʽʢʨʦʦʙ'ʻʢʪʦʤ, ʱʦ 

ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʙʣʠʞʥʴʦʤʫ ʩʚʽʪʣʦʚʦʤʫ ʧʦʣʽ, ʣʦʢʘʣʽʟʦʚʘʥʦʤʫ ʥʘ ʥʘʥʦʤʝʪʨʦʚʠʭ 

ʚʽʜʩʪʘʥʷʭ ʚʽʜ ʜʽʘʬʨʘʛʤʠ.  

ʋʥʽʢʘʣʴʥʽ ʤʦʞʣʠʚʦʩʪʽ ɹʉʆʄ ʙʫʣʠ ʧʝʨʝʢʦʥʣʠʚʦ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʽ ʜʣʷ 

ʧʨʘʢʪʠʯʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʣʠʰʝ ʥʘ ʧʦʯʘʪʢʫ 90-ʭ ʨʦʢʽʚ, ʢʦʣʠ ʚʜʘʣʦʩʷ ʨʦʟʚ'ʷʟʘʪʠ 

ʜʚʽ ʚʘʞʣʠʚʽ ʪʝʭʥʽʯʥʽ ʧʨʦʙʣʝʤʠ: ʽʩʪʦʪʥʦ ʧʽʜʚʠʱʠʪʠ ʝʥʝʨʛʝʪʠʯʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ 



137 
 

ʟʦʥʜʽʚ ʟ ʩʫʙʭʚʠʣʴʦʚʦʶ ʜʽʘʬʨʘʛʤʦʶ ʽ ʟʘʙʝʟʧʝʯʠʪʠ ʥʘʜʽʡʥʠʡ ʢʦʥʪʨʦʣʴ ʚʽʜʩʪʘʥʽ ʤʽʞ 

ʚʽʩʪʨʷʤ ʟʦʥʜʘ ʽ ʟʨʘʟʢʦʤ. 

5.2. ʌʽʟʠʯʥʽ ʘʩʧʝʢʪʠ ʧʨʦʭʦʜʞʝʥʥʷ ʩʚʽʪʣʘ ʢʨʽʟʴ ʩʫʙʭʚʠʣʴʦʚʫ 

ʜʽʘʬʨʘʛʤʫ  

ʈʦʟʛʣʷʥʝʤʦ ʧʘʜʘʶʯʝ ʩʚʽʪʣʦʚʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʜʦʚʞʠʥʦʶ ʭʚʠʣʽ ɚ ʷʢʝ 

ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʩʫʙʭʚʠʣʴʦʚʫ ʜʽʘʬʨʘʛʤʫ ʜʽʘʤʝʪʨʦʤ a << ɚ [2]. ɿ ʪʦʯʢʠ ʟʦʨʫ ʪʝʦʨʽʾ 

ʧʦʰʠʨʝʥʥʷ ʭʚʠʣʴ, ʪʘʢʝ ʤʦʞʣʠʚʦ ʣʠʰʝ ʰʣʷʭʦʤ ʫʪʚʦʨʝʥʥʷ ʚʝʡʚʣʝʪʽʚ ʟ ʜʦʚʞʠʥʦʶ 

ʭʚʠʣʽ ʧʦʨʷʜʢʫ ʜʽʘʤʝʪʨʘ ʦʪʚʦʨʫ (ʨʠʩʫʥʦʢ 5.1). ʎʽ ʚʝʡʚʣʝʪʠ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʩʦʙʦʶ 

ʝʚʘʥʝʩʮʝʥʪʥʽ ʭʚʠʣʽ ʷʢʽ ʥʝ ʤʦʞʫʪʴ ʧʦʰʠʨʶʚʘʪʠʩʴ ʫ ʧʨʦʩʪʦʨʽ  ̔ ʟʘʣʠʰʘʶʪʴʩʷ 

ʣʦʢʘʣʽʟʦʚʘʥʠʤʠ ʚ ʦʢʦʣʽ ʜʽʘʬʨʘʛʤʠ, ʘʣʝ ʧʝʨʝʥʦʩʷʪʴ ʝʥʝʨʛʽʶ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ 

ʦʙʣʘʩʪʴ ʟʘ ʜʽʘʬʨʘʛʤʦʶ. ʅʘ ʨʠʩʫʥʢʫ 5.1, ʘ ʷʢʽʩʥʦ ʟʦʙʨʘʞʝʥʦ ʢʦʥʪʫʨʠ ʧʦʚʝʨʭʦʥʴ 

ʦʜʥʘʢʦʚʠʭ ʟʥʘʯʝʥʴ ʛʫʩʪʠʥʠ ʝʥʝʨʛʽʾ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ ʭʚʠʣʽ |ɽ|2.  

ʊʦʯʥʠʡ ʤʘʪʝʤʘʪʠʯʥʠʡ ʚʠʨʘʟ ʧʦʣʷ ʧʽʩʣʷ ʧʨʦʭʦʜʞʝʥʥʷ ʩʫʙʭʚʠʣʴʦʚʦʾ 

ʜʽʘʬʨʘʛʤʠ ʜʘʻʪʴʩʷ ʨʦʟʚôʷʟʘʥʥʷʤ ʨʽʚʥʷʥʴ ʄʘʢʩʚʝʣʣʘ ʟʘ ʥʘʷʚʥʦʩʪʽ ʩʢʣʘʜʥʠʭ 

ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ʝʢʨʘʥʘ ʟ ʦʪʚʦʨʦʤ. ʎʽ ʨʦʟʚôʷʟʢʠ ʜʣʷ ʝʣʝʢʪʨʠʯʥʦʛʦ ʪʘ ʤʘʛʥʽʪʥʦʛʦ 

ʧʦʣʽʚ ʩʚʽʪʣʦʚʦʾ ʭʚʠʣʽ ʦʜʝʨʞʘʥʽ ɹʝʪʝ ʫ ʬʦʨʤʽ, ʧʦʜʽʙʥʽʡ ʜʦ ʽʥʪʝʛʨʘʣʽʚ ʂʽʨʭʛʦʬʘ, ʜʣʷ 

ʫʤʦʚ ʤʘʣʦʛʦ ʢʨʫʛʣʦʛʦ ʦʪʚʦʨʫ ʚ ʪʦʥʢʦʤʫ ʽʜʝʘʣʴʥʦ ʧʨʦʚʽʜʥʦʤʫ ʝʢʨʘʥʽ [2]: 

 ( ')( ) rr grad dSE r K ³ j=ñ , (5.1) 

 ( )( ') ( ')( ) rik r r grad dSH r K j-h j=ñ , (5.2) 

ʜʝ r ï ʚʽʜʩʪʘʥʴ ʤʽʞ ʪʦʯʢʦʶ, ʚ ʷʢʽʡ ʟʥʘʭʦʜʠʪʴʩʷ ʜʞʝʨʝʣʦ ʧʦʣʷ ʚ ʧʣʦʱʠʥʽ ʦʪʚʦʨʫ, ʽ 

ʪʦʯʢʦʶ ʩʧʦʩʪʝʨʝʞʝʥʥʷ (ʪʦʯʢʦ ,ʁ ʚ ʷʢʽʡ ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʦʣʝ), r' ïʚʽʜʩʪʘʥʴ ʚʽʜ 

ʧʦʯʘʪʢʫ ʢʦʦʨʜʠʥʘʪ ʫ ʮʝʥʪʨʽ ʦʪʚʦʨʫ ʜʦ ʪʦʯʢʠ, ʚ ʷʢʽʡ ʟʥʘʭʦʜʠʪʴʩʷ ʜʞʝʨʝʣʦ ʧʦʣʷ, 

dS ï ʥʝʩʢʽʥʯʝʥʥʦ ʤʘʣʠʡ ʝʣʝʤʝʥʪ ʧʣʦʱʽ ʦʪʚʦʨʫ, ű ï ʬʫʥʢʮʽʷ ɻʨʽʥʘ  

( )exp '

'

ik r r

r r

-
j=

-
, 

ɖ ʪʘ K ï ʚʝʣʠʯʠʥʠ ʟ ʨʦʟʤʽʨʥʽʩʪʶ ʛʫʩʪʠʥʠ ʤʘʛʥʽʪʥʦʛʦ ʧʩʝʚʜʦʟʘʨʷʜʫ ʪʘ ʛʫʩʪʠʥʠ 

ʤʘʛʥʽʪʥʦʛʦ ʩʪʨʫʤʫ, ʚʽʜʧʦʚʽʜʥʦ. 
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ʎʽ ʬʽʢʪʠʚʥʽ ʤʘʛʥʽʪʥʽ ʧʩʝʚʜʦʟʘʨʷʜʠ ʪʘ ʩʪʨʫʤʠ ʟʙʫʜʞʫʶʪʴʩʷ ʥʝʥʫʣʴʦʚʠʤʠ 

ʪʘʥʛʝʥʮʽʘʣʴʥʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ 0H  ʪʘ ʥʦʨʤʘʣʴʥʠʤʠ 

ʢʦʤʧʦʥʝʥʪʘʤʠ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ 0E  ʧʘʜʘʶʯʦʾ ʭʚʠʣʽ. ʇʨʠ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚʘʭ 

ʢʦʣʠ ʜʽʘʤʝʪʨ ʦʪʚʦʨʫ ʘ ʤʘʣʠʡ ʧʦʨʽʚʥʷʥʦ ʟ ʜʦʚʞʠʥʦʶ ʭʚʠʣʽ ɚ, ɖ ʽ K ʚʠʟʥʘʯʘʶʪʴʩʷ 

ʟʘ ʬʦʨʤʫʣʘʤʠ 

 02 2 2

1

'
( ') '

a r
r r H

p -
h =- Ö, (5.3) 

 
2

2 2
0 02 2

1 1
' '

2 '
( ') ik a r H r E

a r
r

å õ
æ ö
æ ö
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ʈʠʩ. 5.1. ʉʭʝʤʘʪʠʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʧʨʦʭʦʜʞʝʥʥʷ ʩʚʽʪʣʘ ʢʨʽʟʴ ʩʫʙʭʚʠʣʴʦʚʫ ʜʽʘʬʨʘʛʤʫ:  

ʘ ï ʣʽʥʽʾ ʦʜʥʘʢʦʚʦʛʦ ʟʥʘʯʝʥʥʷ ʛʫʩʪʠʥʠ ʝʥʝʨʛʽʾ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ ʭʚʠʣʽ, ʙ ï ʫʪʚʦʨʝʥʥʷ 

ʦʙʣʘʩʪʝʡ ʙʣʠʞʥʴʦʛʦ ʪʘ ʜʘʣʴʥʴʦʛʦ ʧʦʣʷ 

ʈʝʟʫʣʴʪʫʶʯʠʡ ʨʦʟʧʦʜʽʣ ʧʦʣʷ ʟʘ ʦʪʚʦʨʦʤ ʦʪʨʠʤʫʻʪʴʩʷ ʰʣʷʭʦʤ ʦʙʯʠʩʣʝʥʥʷ 

ʽʥʪʝʛʨʘʣʽʚ (5.1) ʽ (5.2). ɼʣʷ ʢʦʥʬʽʛʫʨʘʮʽʾ ʙʣʠʞʥʴʦʧʦʣʴʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʜʦʩʪʘʪʥʴʦ 

ʨʦʟʛʣʷʥʫʪʠ ʪʽʣʴʢʠ ʧʦʣʝ ʥʘ ʮʝʥʪʨʘʣʴʥʽʡ ʦʩʽ ʦʪʚʦʨʫ, ʪʦʜʽ ɽ0 = 0. ʇʽʜʥʝʩʝʥʥʷ ʜʦ 

ʢʚʘʜʨʘʪʫ ʨʝʟʫʣʴʪʘʪʫ ʽʥʪʝʛʨʘʣʘ (5.1) ʜʘ ̒ʢʨʠʚ ̔ʜʣʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ, ʧʨʠʚʝʜʝʥ ̔ʥʘ 
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ʨʠʩʫʥʢʫ 5.1, ʘ. ʅʘ ʦʩʥʦʚʽ ʮʴʦʛʦ ʨʦʟʚôʷʟʢʫ ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʪʨʠ ʦʙʣʘʩʪʽ ʜʣʷ ʛʫʩʪʠʥʠ 

ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ ʟʘ ʝʢʨʘʥʦʤ (ʨʠʩʫʥʦʢ 5.1, ʙ): 

¶ ɹʝʟʧʦʩʝʨʝʜʥʴʦ ʟʘ ʦʪʚʦʨʦʤ, ʥʘ ʚʽʜʩʪʘʥʽ z ʤʝʥʰʝ ʡʦʛʦ ʨʘʜʽʫʩʘ ʘ, 

ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʟʘʣʠʰʘʻʪʴʩʷ ʤʘʡʞʝ ʧʦʩʪʽʡʥʦʶ ʪʘ ʤʘʻ ʜʦʩʠʪʴ ʚʠʩʦʢʝ 

ʟʥʘʯʝʥʥʷ; 

¶ ʅʘ ʚʽʜʩʪʘʥʽ z ʚʽʜ ʘ ʜʦ 100ʘ ̔ʥʪʝʥʩʠʚʥʽʩʪʴ ʩʪʨʽʤʢʦ ʩʧʘʜʘʻ ʧʨʦʧʦʨʮʽʡʥʦ z ï3.7, 

ʮʝ ʦʙʣʘʩʪʴ çʙʣʠʞʥʴʦʛʦ ʧʦʣʷè, ʚ ʷʢʽʡ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʝ ʧʦʣʝ ʽʩʥʫʻ ʫ ʚʠʛʣʷʜʽ 

ʝʚʘʥʝʩʮʝʥʪʥʠʭ ʤʦʜ; 

¶ ʅʘ ʚʽʜʩʪʘʥʽ z ʙʽʣʴʰʝ 100ʘ ʧʦʯʠʥʘʻʪʴʩʷ ʦʙʣʘʩʪʴ çʜʘʣʴʥʴʦʛʦ ʧʦʣʷè, ʱʦ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʽʜʦʤʦʶ ʟʘʣʝʞʥʽʩʪʶ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʚʽʜ ʚʽʜʩʪʘʥʽ ~1/z 2; ʪʫʪ 

ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʣʠʰʝ ʚʠʧʨʦʤʽʥʶʚʘʣʴʥʽ ʤʦʜʠ, ʧʦʪʫʞʥʽʩʪʴ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʷʢʠʭ ʤʦʞʥʘ ʦʮʽʥʠʪʠ (ʧʨʠ ɚ = 500 ʥʤ ʪʘ ʦʪʚʦʨʽ ʜʽʘʬʨʘʛʤʠ 

~5 ʥʤ) ʷʢ 10 ï10 ʚʽʜ ʧʦʪʫʞʥʦʩʪʽ ʧʘʜʘʶʯʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ.  

ʆʪʞʝ, ʣʠʰʝ ʢʨʠʭʽʪʥʘ ʯʘʩʪʢʘ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʷʢʝ ʧʨʦʥʠʢʘʻ ʯʝʨʝʟ 

ʩʫʙʭʚʠʣʴʦʚʠʡ ʦʪʚʽʨ, ʚʠʧʨʦʤʽʥʶʻʪʴʩʷ ʫ ʜʘʣʴʥʻ ʧʦʣʝ. ʈʝʰʪʘ ʮʠʨʢʫʣʶʻ ʪʫʜʠ ʽ ʥʘʟʘʜ 

ʤʽʞ ʩʪʽʥʢʘʤʠ ʦʪʚʦʨʫ ʚ ʦʙʣʘʩʪʽ ʙʣʠʞʥʴʦʛʦ ʧʦʣʷ, ʥʝ ʟʘʣʠʰʘʶʯʠ ʾʾ ʪʘ ʥʝ 

ʧʦʰʠʨʶʶʯʠʩʴ. ɸʣʝ ʮʽ ʙʝʟʚʠʧʨʦʤʽʥʶʚʘʣʴʥʽ ʤʦʜʠ ʤʦʞʫʪʴ ʧʨʠʡʤʘʪʠ ʫʯʘʩʪʴ ʫ 

ʨʦʟʩʽʶʚʘʥʥʽ ʝʥʝʨʛʽʾ ʷʢʱʦ ʚ ʾʭ ʦʙʣʘʩʪʽ ʨʦʟʪʘʰʫʚʘʪʠ ʧʦʛʣʠʥʘʶʯʠʡ ʦʙôʻʢʪ [2]. 

ʆʪʞʝ, ʷʢʱʦ ʧʦʤʽʩʪʠʪʠ ʜʦʩʣʽʜʞʫʚʘʥʠʡ ʦʙ'ʻʢʪ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟʘ ʦʪʚʦʨʦʤ ʚ 

ʦʙʣʘʩʪʽ ʙʣʠʞʥʴʦʛʦ ʧʦʣʷ, ʪʦ ʚʥʘʩʣʽʜʦʢ ʚʟʘʻʤʦʜʽʾ ʝʚʘʥʝʩʮʝʥʪʥʠʭ ʤʦʜ ʟʽ ʟʨʘʟʢʦʤ 

ʯʘʩʪʠʥʘ ʝʥʝʨʛʽʾ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʧʝʨʝʭʦʜʠʪʴ ʫ ʚʠʧʨʦʤʽʥʶʚʘʣʴʥʽ ʤʦʜʠ, 

ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʷʢʠʭ ʤʦʞʝ ʙʫʪʠ ʟʘʨʝʻʩʪʨʦʚʘʥʘ ʦʧʪʠʯʥʠʤ ʬʦʪʦʧʨʠʡʤʘʯʝʤ (ʨʠʩʫʥʦʢ 

5.2). ʊʘʢʠʤ ʯʠʥʦʤ, ʙʣʠʞʥʴʦʧʦʣʴʥʝ ʟʦʙʨʘʞʝʥʥʷ ʬʦʨʤʫʻʪʴʩʷ ʧʨʠ ʩʢʘʥʫʚʘʥʥʽ 

ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʟʨʘʟʢʘ ʜʽʘʬʨʘʛʤʦʶ ʟ ʩʫʙʭʚʠʣʴʦʚʠʤ ʦʪʚʦʨʦʤ ʽ ʨʝʻʩʪʨʫʻʪʴʩʷ ʫ 

ʚʠʛʣʷʜʽ ʨʦʟʧʦʜʽʣʫ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʦʧʪʠʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʧʦʣʦʞʝʥʥʷ ʜʽʘʬʨʘʛʤʠ I (x, y). ʂʦʥʪʨʘʩʪ ʥʘ ɹʆʄ ʟʦʙʨʘʞʝʥʥʷʭ ʚʠʟʥʘʯʘʻʪʴʩʷ 

ʧʨʦʮʝʩʘʤʠ ʚʽʜʙʠʪʪʷ, ʟʘʣʦʤʣʝʥʥʷ, ʧʦʛʣʠʥʘʥʥʷ ʽ ʨʦʟʩʽʷʥʥʷ ʩʚʽʪʣʘ, ʷʢʽ, ʚ ʩʚʦʶ 

ʯʝʨʛʫ, ʟʘʣʝʞʘʪʴ ʚʽʜ ʣʦʢʘʣʴʥʠʭ ʦʧʪʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʨʘʟʢʘ [3, 4]. 
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ʈʠʩ. 5.2. ɯʜʝʷ ʨʝʘʣʽʟʘʮʽʾ ʦʧʪʠʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʟ ʩʫʙʭʚʠʣʴʦʚʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ. 

ɿʨʘʟʦʢ ʦʩʚʽʪʣʶʻʪʴʩʷ ʝʚʘʥʝʩʮʝʥʪʥʠʤ ʧʦʣʝʤ ʩʫʙʭʚʠʣʴʦʚʦʛʦ ʦʪʚʦʨʫ ʚ ʤʝʪʘʣʝʚʦʤʫ ʝʢʨʘʥʽ. ɼʣʷ 

ʮʴʦʛʦ ʟʨʘʟʦʢ ʥʝʦʙʭʽʜʥʦ ʨʦʟʪʘʰʫʚʘʪʠ ʚ ʦʙʣʘʩʪʽ ʙʣʠʞʥʴʦʛʦ ʧʦʣ̫ ʦʪʚʦʨʫ ʽ ʨʘʩʪʨʦʚʦ 

ʧʨʦʩʢʘʥʫʚʘʪʠ ʡʦʛʦ ʧʦʚʝʨʭʥʶ. ʋ ʢʦʞʥʽʡ ʧʦʟʠʮʽʾ ʩʢʘʥʫʚʘʥʥʷ ʙʣʠʞʥʻ ʧʦʣʝ ʨʦʟʩʽʶʻʪʴʩʷ 

ʩʪʨʫʢʪʫʨʘʤʠ ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʫ ʜʘʣʴʥʻ ʧʦʣʝ. ɿʘʧʠʩ ʨʦʟʩʽʷʥʦʛʦ ʩʚʽʪʣʘ ʜʦʟʚʦʣʷʻ ʦʜʝʨʞʘʪʠ 

ʟʦʙʨʘʞʝʥʥʷ ʟʨʘʟʢʘ ʟ ʩʫʙʭʚʠʣʴʦʚʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ, ʷʢʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʜʽʘʤʝʪʨʦʤ ʦʪʚʦʨʫ 

ʪʘ ʚʽʜʩʪʘʥʥʶ ʤʽʞ ʦʪʚʦʨʦʤ ʽ ʟʨʘʟʢʦʤ [3] 

5.3. ɹʫʜʦʚʘ ʙʣʠʞʥʴʦʧʦʣʴʥʦʛʦ ʦʧʪʠʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ 

ʋ ʪʝʭʥʽʯʥʦʤʫ ʩʝʥʩʽ ʙʣʠʞʥʴʦʧʦʣʴʥʘ ʦʧʪʠʯʥʘ ʤʽʢʨʦʩʢʦʧʽʷ ʧʦʻʜʥʫʻ ʝʣʝʤʝʥʪʠ 

ʟʚʠʯʘʡʥʦʾ ʦʧʪʠʢʠ ʽ ʩʢʘʥʫʶʯʦʾ ʟʦʥʜʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ [1]. ʂʣʶʯʦʚʠʤ ʝʣʝʤʝʥʪʦʤ 

ʙʣʠʞʥʴʦʧʦʣʴʥʠʭ ʧʨʠʣʘʜʽʚ ʻ ʦʧʪʠʯʥʠʡ ʟʦʥʜ ʟ ʩʫʙʭʚʠʣʴʦʚʦʶ ʘʧʝʨʪʫʨʦʶ (ʨʠʩʫʥʦʢ 

5.3), ʷʢʠʤ ʟʘʟʚʠʯʘʡ ʻ ʦʧʪʠʯʥʝ ʚʦʣʦʢʥʦ ʟ ʢʦʥʫʩʦʧʦʜʽʙʥʠʤ ʚʽʩʪʨʷʤ, ʚʢʨʠʪʠʤ ʟʦʚʥʽ 

ʪʦʥʢʠʤ ʥʝʧʨʦʟʦʨʠʤ ʰʘʨʦʤ ʤʝʪʘʣʫ. ʏʘʩʪʠʥʘ ʩʚʽʪʣʦʚʦʛʦ ʧʦʪʦʢʫ, ʱʦ ʧʦʰʠʨʶʻʪʴʩʷ 

ʧʦ ʚʦʣʦʢʥʫ, ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʚʠʭʽʜʥʠʡ ʧʝʨʝʨʽʟ ʟʦʥʜʫ ʷʢ ʢʨʽʟʴ ʜʽʘʬʨʘʛʤʫ ʚ 

ʤʝʪʘʣʝʚʦʤʫ ʝʢʨʘʥʽ ʽ ʜʦʩʷʛʘʻ ʟʨʘʟʢʘ, ʨʦʟʪʘʰʦʚʘʥʦʛʦ ʫ ʙʣʠʞʥʴʦʤʫ ʧʦʣʽ ʟʦʥʜʘ. 

ʗʢʱʦ ʚʽʜʩʪʘʥʴ z ʜʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʽ ʨʘʜʽʫʩ a ʜʽʘʬʨʘʛʤʠ ʟʘʜʦʚʦʣʴʥʷʶʪʴ ʫʤʦʚʽ 

<< ɚ, ʪʦ ʨʦʟʤʽʨ ʩʚʽʪʣʦʚʦʾ ʧʣʷʤʠ ʥʘ ʟʨʘʟʢʫ ʙʣʠʟʴʢʽʡ ʜʦ ʨʦʟʤʽʨʫ ʜʽʘʬʨʘʛʤʠ, ʽ ʥʝʶ 

ʤʦʞʥʘ ʩʢʘʥʫʚʘʪʠ ʧʦʚʝʨʭʥʶ ʟ ʥʘʥʦʤʝʪʨʦʚʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ. 
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ʈʠʩ. 5.3. ʉʭʝʤʘ ʙʫʜʦʚʠ ʦʧʪʦʚʦʣʦʢʦʥʥʦʛʦ ʙʣʠʞʥʴʦʧʦʣʴʥʦʛʦ ʟʦʥʜʫ: 1 ï ʟʘʛʦʩʪʨʝʥʝ 

ʦʧʪʠʯʥʝ ʚʦʣʦʢʥʦ; 2 ï ʤʝʪʘʣʝʚʝ ʧʦʢʨʠʪʪʷ;  3 ï ʚʠʧʨʦʤʽʥʝʥʥʷ, ʱʦ ʧʨʦʭʦʜʠʪʴ ʢʨʽʟʴ ʟʦʥʜ; 4 ï 

ʚʠʭʽʜʥʘ ʘʧʝʨʪʫʨʘ ʟʦʥʜʫ (d << ɚ); 5 ï ʧʦʚʝʨʭʥʷ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʟʨʘʟʢʘ; 6 ï ʚʽʜʩʪʘʥʴ ʤʽʞ 

ʜʦʩʣʽʜʞʫʚʘʥʦʶ ʧʦʚʝʨʭʥʝʶ ʪʘ ʘʧʝʨʪʫʨʦʶ ʟʦʥʜʘ (h << ɚ). ʐʪʨʠʭʘʤʠ ʦʢʨʝʩʣʝʥʘ ʦʙʣʘʩʪʴ 

ʙʣʠʞʥʴʦʧʦʣʴʥʦʛʦ ʢʦʥʪʘʢʪʫ 

ʅʘ ʧʨʘʢʪʠʮʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʨʽʟʥʽ ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʩʭʝʤʠ 

ʙʣʠʞʥʴʦʧʦʣʴʥʦʛʦ ʦʧʪʠʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ. ʆʩʥʦʚʥʽ ʢʦʥʬʽʛʫʨʘʮʽʾ ɹʆʄ ʧʦʢʘʟʘʥʽ 

ʩʭʝʤʘʪʠʯʥʦ ʥʘ ʨʠʩʫʥʢʫ 5.4 [4, 1]. 

Å ʅʘʡʯʘʩʪʽʰʝ ʨʝʘʣʽʟʫʻʪʴʩʷ ʩʭʝʤʘ, ʚ ʷʢʽʡ ʦʧʪʠʯʥʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʣʘʟʝʨʘ 

ʣʦʢʘʣʽʟʫʻʪʴʩʷ ʚ ʧʨʦʩʪʦʨʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʦʣʦʢʦʥʥʦʛʦ ʟʦʥʜʘ. ʎʝ ʜʦʟʚʦʣʷʻ 

ʦʪʨʠʤʘʪʠ ʤʘʢʩʠʤʘʣʴʥʫ ʧʦʪʫʞʥʽʩʪʴ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ ʦʙʣʘʩʪʽ ʩʫʙʭʚʠʣʴʦʚʦʛʦ 

ʦʪʚʦʨʫ ʽ ʧʨʦʚʦʜʠʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʟʨʘʟʢʽʚ ʷʢ ʥʘ ʚʽʜʙʠʚʘʥʥʷ (ʨʠʩʫʥʦʢ 5.4, ʘ), ʪʘʢ 

ʽ ʥʘ ʧʨʦʩʚʽʪ (ʨʠʩʫʥʦʢ 5.4, ʙ). 

Å ɼʣʷ ʟʙʽʣʴʰʝʥʥʷ ʯʫʪʣʠʚʦʩʪʽ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʩʚʽʪʣʦ, ʱʦ ʚʽʜʙʠʣʦʩʷ ʘʙʦ 

ʧʨʦʡʰʣʦ ʢʨʽʟʴ ʟʨʘʟʦʢ, ʟʙʠʨʘʻʪʴʩʷ ʥʘ ʬʦʪʦʧʨʠʡʤʘʯʽ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʬʦʢʫʩʫʶʯʦʛʦ ʜʟʝʨʢʘʣʘ ʘʙʦ ʣʽʥʟʠ. ʂʨʽʤ ʪʦʛʦ, ʜʘʥʘ ʢʦʥʬʽʛʫʨʘʮʽʷ ɹʆʄ ʰʠʨʦʢʦ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʙʣʠʞʥʴʦʧʦʣʴʥʽʡ  ʦʧʪʠʯʥʽʡ ʣʽʪʦʛʨʘʬʽʾ. 

Å ɺ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʜʝ ʧʦʪʨʽʙʥʽ ʚʠʩʦʢʽ ʨʽʚʥʽ ʦʧʪʠʯʥʦʾ ʥʘʢʘʯʢʠ (ʷʢ, ʥʘʧʨʠʢʣʘʜ, ʧʨʠ 

ʜʦʩʣʽʜʞʝʥʥʽ ʣʦʢʘʣʴʥʠʭ ʥʝʣʽʥʽʡʥʠʭ ʦʧʪʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʨʘʟʢʽʚ), 

ʨʝʘʣʽʟʫʻʪʴʩʷ ʩʭʝʤʘ, ʚ ʷʢʽʡ ʧʦʪʫʞʥʝ ʣʘʟʝʨʥʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʥʘʧʨʘʚʣʷʻʪʴʩʷ ʥʘ 
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ʜʦʩʣʽʜʞʫʚʘʥʫ ʩʪʨʫʢʪʫʨʫ, ʘ ʧʨʠʡʦʤ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʙʣʠʞʥʴʦʧʦʣʴʥʦʛʦ ʟʦʥʜʘ (ʨʠʩʫʥʦʢ 5.4, ʚ, ʛ). 

ʎʽʢʘʚʘ, ʘʣʝ ʤʝʥʰ ʧʦʰʠʨʝʥʘ ʩʭʝʤʘ, ʚ ʷʢʽʡ ʽ ʟʙʫʜʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ, ʽ ʧʨʠʡʦʤ 

ʙʣʠʞʥʴʦʧʦʣʴʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʟʜʽʡʩʥʶʻʪʴʩʷ ʯʝʨʝʟ ʟʦʥʜ ʤʽʢʨʦʩʢʦʧʘ 

(ʨʠʩʫʥʦʢ 5.5). ʊʘʢʝ ʨʦʟʤʽʱʝʥʥʷ ʙʣʠʞʥʴʦʧʦʣʴʥʦʛʦ ʜʞʝʨʝʣʘ ʟ ʙʣʠʞʥʴʦʧʦʣʴʥʠʤ 

ʧʨʠʡʤʘʯʝʤ ʻ ʚʝʣʴʤʠ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʤʝʪʦʜʦʤ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʜʫʞʝ ʚʠʩʦʢʫ 

ʧʨʦʩʪʦʨʦʚʫ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ. ɸʣʝ ʚ ʜʘʥʽʡ ʩʭʝʤʽ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʧʨʦʭʦʜʠʪʴ 

ʜʚʽʯʽ ʯʝʨʝʟ ʩʫʙʭʚʠʣʴʦʚʠʡ ʦʪʚʽʨ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʜʫʞʝ ʥʠʟʴʢʦʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ 

ʩʠʛʥʘʣʫ ʷʢʠʡ ʧʨʠʭʦʜʠʪʴ ʥʘ ʬʦʪʦʧʨʠʡʤʘʯ  ̔ʧʦʪʨʝʙʫʻ ʚʠʩʦʢʦʯʫʪʣʠʚʠʭ ʤʝʪʦʜʽʚ 

ʨʝʻʩʪʨʘʮʽʾ. 

 

ʈʠʩ. 5.4. ʄʦʞʣʠʚʽ ʢʦʥʬʽʛʫʨʘʮʽʾ ʙʣʠʞʥʴʦʧʦʣʴʥʦʛʦ ʦʧʪʠʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ: ʘ, ʙ ï ʨʝʞʠʤʠ  

ʦʩʚʽʪʣʝʥʥʷ (illumination mode); ʚ, ʛ ï ʨʝʞʠʤʠ ʟʙʦʨʫ ʬʦʪʦʥʽʚ (collection mode) 
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ʅʘ ʪʝʧʝʨʽʰʥʽʡ ʯʘʩ ʩʪʚʦʨʝʥʽ ʢʽʣʴʢʘ 

ʜʝʩʷʪʢʽʚ ʪʠʧʽʚ ʙʣʠʞʥʴʦʧʦʣʴʥʠʭ ʦʧʪʠʯʥʠʭ 

ʤʽʢʨʦʩʢʦʧʽʚ, ʱʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ 

ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʦʧʪʠʯʥʦʾ ʩʭʝʤʠ ʽ 

ʬʫʥʢʮʽʦʥʘʣʴʥʠʤ ʧʨʠʟʥʘʯʝʥʥʷʤ ʟʦʥʜʫ. 

ʉʧʨʦʱʝʥʘ ʩʭʝʤʘ ʦʩʥʦʚʥʠʭ ʝʣʝʤʝʥʪʽʚ ɹʉʆʄ 

ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʫ 5.6. ʇʨʦʤʽʥʴ ʣʘʟʝʨʘ 

(ʟʘʟʚʠʯʘʡ ʛʝʣʽʡ-ʥʝʦʥʦʚʦʛʦ ʘʙʦ ʘʨʛʦʥʦʚʦʛʦ) 

ʧʦʪʨʘʧʣʷʻ ʚ ʟʘʛʦʩʪʨʝʥʝ ʤʝʪʘʣʽʟʦʚʘʥʝ 

ʚʦʣʦʢʥʦ ʽ ʥʘ ʚʠʭʦʜʽ ʟʚʫʞʫʻʪʴʩʷ ʜʦ ʨʦʟʤʽʨʽʚ 

ʩʫʙʭʚʠʣʴʦʚʦʾ ʜʽʘʬʨʘʛʤʠ. ɺʟʘʻʤʥʝ 

ʧʝʨʝʤʽʱʝʥʥʷ ʚʽʩʪʨʷ ʽ ʟʨʘʟʢʘ ʚ ʪʨʴʦʭ ʚʠʤʽʨʘʭ 

x, y, z ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧóʻʟʦʜʚʠʛʫʥʽʚ. ʌʦʪʦʥʠ, ʱʦ ʧʨʦʡʰʣʠ ʯʝʨʝʟ 

ʟʨʘʟʦʢ, ʘʙʦ ʚʽʜʜʟʝʨʢʘʣʝʥ ̔ʽ ʨʦʟʩʽʷʥʽ ʬʦʪʦʥʠ ʫʣʦʚʣʶʶʪʴʩʷ ʤʽʢʨʦʦʙ'ʻʢʪʠʚʘʤʠ ʽ 

ʩʧʨʷʤʦʚʫʶʪʴʩʷ ʚ ʨʝʻʩʪʨʫʚʘʣʴʥʠʡ ʧʨʠʣʘʜ, ʟʘʟʚʠʯʘʡ ʬʦʪʦʧʦʤʥʦʞʫʚʘʯ. ʇʦʻʜʥʘʥʥʷ 

ɹʉʆʄ ʟ ʦʧʪʠʯʥʠʤ ʤʦʥʦʭʨʦʤʘʪʦʨʦʤ ʜʦʟʚʦʣʷʻ ʦʜʥʦʯʘʩʥʦ ʧʨʦʚʦʜʠʪʠ ʣʦʢʘʣʴʥʽ 

ʩʧʝʢʪʨʦʩʢʦʧʽʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʟʨʘʟʢʽʚ. 

ʇʨʠʥʮʠʧ ʨʦʙʦʪʠ ɹʉʆʄ ʤʦʞʥʘ ʧʽʜʩʫʤʫʚʘʪʠ ʫ ʚʠʛʣʷʜʽ ʥʘʩʪʫʧʥʠʭ ʧʫʥʢʪʽʚ: 

Å ʗʢʱʦ ʚ ʷʢʦʩʪʽ ʟʦʥʜʘ ʚʟʷʪʠ ʦʧʪʦʚʦʣʦʢʥʦ ʟ ʩʫʙʭʚʠʣʴʦʚʦʶ ʜʽʘʬʨʘʛʤʦʶ ʜʽʘʤʝʪʨʦʤ 

ʧʦʨʷʜʢʫ ʢʽʣʴʢʦʭ ʥʘʥʦʤʝʪʨʽʚ, ʪʦ ʚʠʜʠʤʝ ʩʚʽʪʣʦ (ʟ ʜʦʚʞʠʥʦʶ ʭʚʠʣʽ ʢʽʣʴʢʘ ʩʦʪʝʥ 

ʥʘʥʦʤʝʪʨʽʚ) ʧʨʦʥʠʢʘʻ ʚ ʪʘʢʠʡ ʤʘʣʝʥʴʢʠʡ ʦʪʚʽʨ ʣʠʰʝ ʥʘ ʚʽʜʩʪʘʥʴ, ʧʦʨʽʚʥʷʥʫ ʟ 

ʨʦʟʤʽʨʘʤʠ ʦʪʚʦʨʫ; 

Å ʗʢʱʦ ʚ ʤʝʞʘʭ ʮʽʻʾ ʚʽʜʩʪʘʥʽ, ʚ ʪʘʢ ʟʚʘʥʦʤʫ ʙʣʠʞʥʴʦʤʫ ʧʦʣʽ, ʨʦʟʤʽʩʪʠʪʠ ʟʨʘʟʦʢ, 

ʨʦʟʩʽʷʥʝ ʚʽʜ ʥʴʦʛʦ ʩʚʽʪʣʦ ʙʫʜʝ ʨʝʻʩʪʨʫʚʘʪʠʩʷ ʫ ʜʘʣʴʥʴʦʤʫ ʧʦʣʽ; 

Å ʇʝʨʝʤʽʱʘʶʯʠ ʜʽʘʬʨʘʛʤʫ ʚ ʙʝʟʧʦʩʝʨʝʜʥʽʡ ʙʣʠʟʴʢʦʩʪʽ ʚʽʜ ʟʨʘʟʢʘ, ʷʢ ʚ 

ʪʫʥʝʣʴʥʦʤʫ ʤʽʢʨʦʩʢʦʧʽ, ʦʪʨʠʤʘʻʤʦ ʨʘʩʪʨʦʚʝ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ.  

 

ʈʠʩ. 5.5. ʂʦʥʬʽʛʫʨʘʮʽʷ ɹʆʄ ʟ ʟʦʥʜʦʤ 

ʚ ʷʢʦʩʪʽ ʧʨʠʡʤʘʯʘ ʽ ʜʞʝʨʝʣʘ ʩʚʽʪʣʘ 
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ʈʠʩ. 5.6. ʉʧʨʦʱʝʥʘ ʩʭʝʤʘ ʦʩʥʦʚʥʠʭ ʝʣʝʤʝʥʪʽʚ ɹʉʆʄ 

ʋʥʽʢʘʣʴʥʽʩʪʴ ʙʣʠʞʥʴʦʧʦʣʴʥʦʾ ʦʧʪʠʯʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʽʥʰʠʤʠ 

ʩʢʘʥʫʶʯʠʤʠ ʤʝʪʦʜʘʤʠ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʟʦʙʨʘʞʝʥʥʷ ʙʫʜʫʻʪʴʩʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ 

ʚ ʦʧʪʠʯʥʦʤʫ ʜʽʘʧʘʟʦʥʽ, ʪʦʙʪʦ ʚ ʦʙʣʘʩʪʽ ʚʠʜʠʤʦʛʦ ʩʚʽʪʣʘ, ʧʨʦʪʝ ʨʦʟʜʽʣʴʥʘ 

ʟʜʘʪʥʽʩʪʴ ʙʘʛʘʪʦʨʘʟʦʚʦ ʧʝʨʝʚʠʱʫʻ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ ʪʨʘʜʠʮʽʡʥʠʭ ʦʧʪʠʯʥʠʭ 

ʩʠʩʪʝʤ. ʊʠʧʦʚʝ ɹʉʆʄ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʥʘʚʝʜʝʥʝ ʥʘ ʨʠʩʫʥʢʫ 5.7, ʜʝ 

ʜʦʩʣʽʜʞʝʥʠʡ ʤʘʩʠʚ ʟʦʣʦʪʠʭ ʥʘʥʦʩʪʨʠʞʥʽʚ ʫ ʨʽʟʥʠʭ ʨʝʞʠʤʘʭ ʨʦʙʦʪʠ ʤʽʢʨʦʩʢʦʧʘ.  

 

ʈʠʩ. 5.7. ɹʉʆʄ ʟʦʙʨʘʞʝʥʥʷ ʤʘʩʠʚʫ ʟʦʣʦʪʠʭ ʥʘʥʦʩʪʨʠʞʥʽʚ ʫ ʨʝʞʠʤʘʭ ʚʽʜʙʠʚʘʥʥʷ ʪʘ 

ʧʨʦʧʫʩʢʘʥʥʷ (ʟʘ ʤʘʪʝʨʽʘʣʘʤʠ Aude Lereu et al. Evolution of near field optical microscopy (2010). 
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5.4. ʄʝʪʦʜʠ ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ 

ʇʽʜ ʯʘʩ ʩʢʘʥʫʚʘʥʥʷ ʧʦʚʝʨʭʥʽ ʙʣʠʞʥʴʦʧʦʣʴʥʠʤ ʦʧʪʠʯʥʠʤ ʤʽʢʨʦʩʢʦʧʦʤ 

ʥʝʦʙʭʽʜʥʦ ʧʽʜʪʨʠʤʫʚʘʪʠ ʚʽʩʪʨʷ ʟʦʥʜʘ ʥʘ ʥʘʥʦʤʝʪʨʦʚʽʡ ʚʽʜʩʪʘʥʽ ʚʽʜ ʧʦʚʝʨʭʥʽ 

ʟʨʘʟʢʘ. ɼʣʷ ʮʴʦʛʦ ʥʝʦʙʭʽʜʥʽ ʚʠʩʦʢʦʯʫʪʣʠʚʽ ʤʝʪʦʜʠ ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ. ʑʦʙ 

ʚʩʪʘʥʦʚʠʪʠ ʚʽʩʪʨʷ ʥʘ ʧʦʪʨʽʙʥʽʡ ʚʠʩʦʪʽ ʥʘʜ ʟʨʘʟʢʦʤ, ʚ ʫʩʽʭ ʩʢʘʥʫʶʯʠʭ ʟʦʥʜʦʚʠʭ 

ʤʽʢʨʦʩʢʦʧʘʭ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʟʘʣʝʞʥʽʩʪʴ ʚʝʣʠʯʠʥʠ I ʨʝʻʩʪʨʦʚʘʥʦʛʦ ʩʠʛʥʘʣʫ ʚʽʜ 

ʚʽʜʩʪʘʥʽ z. ʂʨʘʱʠʤ ʨʽʰʝʥʥʷʤ ʧʨʦʙʣʝʤʠ ʻ ʚʚʝʜʝʥʥʷ ʫ ɹʉʆʄ ʜʦʧʦʤʽʞʥʠʭ ʚʫʟʣʽʚ, 

ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʾʤ ʟʜʽʡʩʥʶʚʘʪʠ ʪʘʢʦʞ ʬʫʥʢʮʽʾ ʩʢʘʥʫʶʯʦʛʦ ʪʫʥʝʣʴʥʦʛʦ ʘʙʦ 

ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʽʢʨʦʩʢʦʧʽʚ, ʚ ʷʢʠʭ ʚʠʟʥʘʯʝʥʥʷ z ʥʝ ʚʠʢʣʠʢʘʻ ʽʩʪʦʪʥʠʭ 

ʪʨʫʜʥʦʱʽʚ. ʋ ʪʘʢʠʭ ʢʦʤʙʽʥʦʚʘʥʠʭ ʧʨʠʣʘʜʘʭ ʟʘʧʠʩ ʟʦʙʨʘʞʝʥʥʷ ʟʜʽʡʩʥʶʻʪʴʩʷ 

ʦʜʥʦʯʘʩʥʦ ʧʦ ʜʚʦʭ ʢʘʥʘʣʘʭ, ʦʜʠʥ ʟ ʷʢʠʭ ʚʽʜʪʚʦʨʶʻ ʨʝʣʴʻʬ ʧʦʚʝʨʭʥʽ, ʘ ʽʥʰʠʡ ï 

ʣʦʢʘʣʴʥʠʡ ʨʦʟʧʦʜʽʣ ʧʦʢʘʟʥʠʢʘ ʟʘʣʦʤʣʝʥʥʷ ʚ ʥʘʡʪʦʥʰʦʤʫ ʧʨʠʧʦʚʝʨʭʥʝʚʦʤʫ 

ʰʘʨʽ. ʄʦʞʣʠʚʽʩʪʴ ʨʦʟʨʽʟʥʝʥʥʷ ʦʧʪʠʯʥʦʛʦ ʽ ʪʦʧʦʛʨʘʬʽʯʥʦʛʦ ʢʦʥʪʨʘʩʪʽʚ ʽʩʪʦʪʥʦ 

ʩʧʨʦʱʫʻ ʽʥʪʝʨʧʨʝʪʘʮʽʶ ʟʦʙʨʘʞʝʥʥʷ [1]. 

ɼʣʷ ʪʦʛʦ ʱʦʙ ʧʦʢʨʘʱʠʪʠ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ ʜʣʷ ʩʠʛʥʘʣʫ 

ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ ʟʘʟʚʠʯʘʡ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʤʝʪʦʜ ʢʦʣʠʚʘʣʴʥʦʛʦ ʟʚʦʨʦʪʥʦʛʦ 

ʟʚôʷʟʢʫ (oscillatory feedback). ɺʽʥ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ ʱʦ ʚʽʩʪʨʷ ʟʦʥʜʫ ɹʉʆʄ 

ʧʨʠʚʦʜʠʪʴʩʷ ʫ ʢʦʣʠʚʘʥʥʷ ʥʘ ʨʝʟʦʥʘʥʩʥʽʡ ʯʘʩʪʦʪʽ ʟʦʥʜʘ. ʎʝ ʜʦʟʚʦʣʷʻ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʤʝʪʦʜʠ ʩʠʥʭʨʦʥʥʦʛʦ ʜʝʪʝʢʪʫʚʘʥʥʷ ʩʠʛʥʘʣʫ (ʘ ʩʘʤʝ, ʩʤʫʛʦʚʠʡ 

ʬʽʣʴʪʨ ʽʟ ʮʝʥʪʨʘʣʴʥʦʶ ʯʘʩʪʦʪʦʶ, ʚʩʪʘʥʦʚʣʝʥʦʶ ʥʘ ʦʧʦʨʥʽʡ ʯʘʩʪʦʪʽ ʢʦʣʠʚʘʥʴ), ʱʦ 

ʫʩʫʚʘʻ ʧʨʦʙʣʝʤʠ ʟʯʠʪʫʚʘʥʥʷ ʧʦʟʠʮʽʾ ʟʦʥʜʫ, ʧʦʚôʷʟʘʥʽ ʟ ʥʠʟʴʢʦʯʘʩʪʦʪʥʠʤ ʰʫʤʦʤ 

ʽ ʜʨʝʡʬʦʤ. ʉʢʘʥʫʚʘʥʥʷ ʧʦʚʝʨʭʥʽ ʤʦʞʝ ʟʜʽʡʩʥʶʚʘʪʠʩʷ ʫ ʨʽʟʥʠʭ ʨʝʞʠʤʘʭ, ʷʢʽ 

ʟʘʛʘʣʦʤ ʤʦʞʥʘ ʨʦʟʜʽʣʠʪʠ ʥʘ ʜʚʽ ʛʨʫʧʠ: ʨʝʞʠʤ ʩʠʣʠ ʟʩʫʚʫ (shear-force mode), ʱʦ 

ʚʠʢʦʨʠʩʪʦʚʫʻ ʧʨʷʤʠʡ ʟʦʥʜ, ʪʘ ʨʝʞʠʤ ʧʨʦʩʪʫʢʫʚʘʥʥʷ (tapping mode), ʱʦ 

ʚʠʢʦʨʠʩʪʦʚʫʻ ʟʽʛʥʫʪʠʡ ʟʦʥʜ. ʂʦʣʠ ʦʩʮʠʣʶʶʯʝ ʚʽʩʪʨʷ ʟʦʥʜʫ ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ 

ʟʨʘʟʢʘ, ʩʠʣʠ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʤʽʞ ʚʽʩʪʨʷʤ ʪʘ ʟʨʘʟʢʦʤ, ʟʤʽʥʶʶʪʴ ʘʤʧʣʽʪʫʜʫ ʪʘ 

ʯʘʩʪʦʪʫ ʢʦʣʠʚʘʥʴ. ʇʨʠ ʮʴʦʤʫ ʨʝʻʩʪʨʘʮʽʷ ʚʽʜʭʠʣʝʥʴ ʟʦʥʜʘ ʪʘʢʦʞ ʤʦʞʝ 

ʟʜʽʡʩʥʶʚʘʪʠʩʷ ʨʽʟʥʠʤʠ ʤʝʪʦʜʘʤʠ [5].  
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ʄʝʪʦʜ ʦʧʪʠʯʥʦʛʦ ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ (optical 

feedback) ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ ʱʦ ʣʘʟʝʨʥʠʡ ʧʨʦʤʽʥʴ 

ʬʦʢʫʩʫʻʪʴʩʷ ʷʢʦʤʦʛʘ ʙʣʠʞʯʝ ʜʦ ʚʽʩʪʨʷ ʟʦʥʜʘ ɹʉʆʄ. ʋ 

ʚʠʧʘʜʢʫ ʧʨʷʤʦʛʦ ʟʦʥʜʘ ʚ ʨʝʞʠʤʽ ʩʠʣʠ ʟʩʫʚʫ, ʧʽʜ ʯʘʩ 

ʦʩʚʽʪʣʝʥʥʷ ʣʘʟʝʨʦʤ ʟʦʥʜ ʚʽʜʢʠʜʘʻ ʪʽʥʴ ʥʘ ʨʦʟʜʽʣʝʥʠʡ 

ʥʘ ʩʝʢʮʽʾ ʬʦʪʦʜʽʦʜ. ʋ ʚʠʧʘʜʢʫ ʟʽʛʥʫʪʦʛʦ ʟʦʥʜʘ 

(ʨʠʩʫʥʦʢ 5.8) ʚ ʨʝʞʠʤʽ ʧʨʦʩʪʫʢʫʚʘʥʥʷ ʣʘʟʝʨʥʠʡ 

ʧʨʦʤʽʥʴ ʚʽʜʙʠʚʘʻʪʴʩʷ ʚʽʜ ʚʝʨʭʥʴʦʾ ʧʦʚʝʨʭʥʽ ʟʦʥʜʘ ʜʦ 

ʨʦʟʜʽʣʝʥʦʛʦ ʥʘ ʩʝʢʮʽʾ ʬʦʪʦʜʽʦʜʘ (ʧʦʜʽʙʥʦ ʜʦ ʤʝʪʦʜʽʚ 

ʦʧʪʠʯʥʦʛʦ ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ 

ʚ ɸʉʄ). ʇʽʩʣʷ ʚʩʪʘʥʦʚʣʝʥʥʷ ʣʘʟʝʨʥʦʛʦ ʟʚʦʨʦʪʥʦʛʦ 

ʟʚôʷʟʢʫ ʟʦʥʜ ʚʽʙʨʫʻ ʘʙʦ ʚ ʨʝʞʠʤʽ ʧʦʩʪʫʢʫʚʘʥʥʷ, ʘʙʦ ʚ 

ʨʝʞʠʤʽ ʩʠʣʠ ʟʩʫʚʫ ʟ ʚʽʜʦʤʦʶ ʯʘʩʪʦʪʦʶ, ʘ ʬʦʪʦʜʽʦʜ 

ʟʙʠʨʘʻ ʣʘʟʝʨʥʝ ʩʚʽʪʣʦ, ʽ ʟʘ ʨʽʟʥʠʮʝʶ ʦʩʚʽʪʣʝʥʦʩʪʽ 

ʨʽʟʥʠʭ ʩʝʢʮʽʡ ʬʦʪʦʜʝʪʝʢʪʦʨʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʤʽʱʝʥʥʷ 

ʟʦʥʜʘ [5].  

ʆʩʥʦʚʥʘ ʧʨʦʙʣʝʤʘ ʤʝʪʦʜʫ ʦʧʪʠʯʥʦʛʦ ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, 

ʱʦ ʜʞʝʨʝʣʦ ʩʚʽʪʣʘ (ʥʘʧʨʠʢʣʘʜ, ʣʘʟʝʨ), ʷʢʝ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ 

ʯʘʩʪʦʪʠ, ʬʘʟʠ ʪʘ ʘʤʧʣʽʪʫʜʠ ʚʽʙʨʘʮʽʾ ʚʽʩʪʨʷ ʟʦʥʜʘ, ʩʪʘʻ ʧʦʪʝʥʮʽʡʥʠʤ ʜʞʝʨʝʣʦʤ 

ʩʪʦʨʦʥʥʽʭ ʬʦʪʦʥʽʚ, ʷʢʽ ʤʦʞʫʪʴ ʟʘʚʘʞʘʪʠ ʩʠʛʥʘʣʫ ɹʉʆʄ. ʆʜʥʠʤ ʽʟ ʤʝʭʘʥʽʟʤʽʚ 

ʙʦʨʦʪʴʙʠ ʟ ʮʠʤ ʧʦʙʽʯʥʠʤ ʝʬʝʢʪʦʤ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʣʷ ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ ʽʥʦh ʾ

ʜʦʚʞʠʥʠ ʭʚʠʣʽ (ʟʘʟʚʠʯʘʡ ʙʽʣʴʰʦʾ), ʥʽʞ ʫ ʜʞʝʨʝʣʘ ʙʣʠʞʥʴʦʛʦ ʧʦʣʷ. 

ʄʝʪʦʜ çʢʘʤʝʨʪʦʥʥʦʛʦè ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ (tuning-fork feedback) 

ʦʜʝʨʞʘʚ ʟʥʘʯʥʦ ʙʽʣʴʰʝ ʧʦʰʠʨʝʥʥʷ ʚ ɹʉʆʄ ʚ ʷʢʦʩʪʽ ʥʝʜʦʨʦʛʦʛʦ ʪʘ ʧʨʦʩʪʦʛʦ 

ʥʝʦʧʪʠʯʥʦʛʦ ʧʨʠʩʪʨʦʶ ʜʣʷ ʟʙʫʜʞʝʥʥʷ ʪʘ ʜʝʪʝʢʪʫʚʘʥʥʷ ʧʝʨʝʤʽʱʝʥʴ ʟʦʥʜʘ. ʁʦʛʦ 

ʩʫʪʴ ʧʦʣʷʛʘʻ ʫ ʚʠʢʦʨʠʩʪʘʥʥʽ ʧ'ʻʟʦʜʘʪʯʠʢʘ ʥʘ ʦʩʥʦʚʽ ʢʚʘʨʮʦʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ 

ʢʘʤʝʨʪʦʥʥʦʛʦ ʪʠʧʫ (ʨʠʩʫʥʦʢ 5.9), ʱʦ ʤʘʻ ʜʫʞʝ ʚʠʩʦʢʫ ʜʦʙʨʦʪʥʽʩʪʴ ʽ, ʚʽʜʧʦʚʽʜʥʦ, 

ʚʠʩʦʢʝ ʧʽʜʩʠʣʝʥʥʷ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʚʠʩʦʢʫ ʯʫʪʣʠʚʽʩʪʴ ʩʠʩʪʝʤʠ ʜʦ ʤʘʣʠʭ ʩʠʣ 

ʧʦʨʷʜʢʫ ʧʽʢʦʥʴʶʪʦʥ. 

 

 

ʈʠʩ. 5.8. ʄʝʪʦʜ ʦʧʪʠʯʥʦʛʦ 

ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ ʜʣʷ 

ʨʝʞʠʤʫ ʧʨʦʩʪʫʢʫʚʘʥʥʷ:  

1 ï ʟʽʛʥʫʪʠʡ ʟʦʥʜ ʥʘ 

ʦʩʥʦʚʽ ʦʧʪʦʚʦʣʦʢʥʘ,  

2 ï ʯʦʪʠʨʴʦʭʩʝʢʮʽʡʥʠʡ 

ʬʦʪʦʜʝʪʝʢʪʦʨ, 3 ï ʣʘʟʝʨ,  

4 ï ʧôʻʟʦʝʣʝʤʝʥʪ 
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ʉʠʩʪʝʤʘ ʢʘʤʝʨʪʦʥʥʦʛʦ ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ ʜʣʷ 

ʨʝʞʠʤʫ ʩʠʣʠ ʟʩʫʚʫ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʦʜʥʦʤʦʜʦʚʦʛʦ 

ʦʧʪʠʯʥʦʛʦ ʚʦʣʦʢʥʘ, ʧʨʠʢʨʽʧʣʝʥʦʛʦ ʜʦ ʦʜʥʦʛʦ ʟ ʧʣʝʯ 

ʢʘʤʝʨʪʦʥʘ, ʚʠʛʦʪʦʚʣʝʥʦʛʦ ʟ ʢʨʠʩʪʘʣʫ ʢʚʘʨʮʫ, ʷʢʠʡ 

ʢʦʣʠʚʘʻʪʴʩʷ ʥʘ ʨʝʟʦʥʘʥʩʥʽʡ ʯʘʩʪʦʪʽ. ʆʩʢʽʣʴʢʠ 

ʜʝʪʝʢʪʫʚʘʥʥʷ ʨʫʭʫ ʚʽʩʪʨʷ ʟʦʥʜʫ ʥʝ ʻ ʦʧʪʠʯʥʠʤ, ʥʝʤʘʻ 

ʨʠʟʠʢʫ ʚʧʣʠʚʫ ʜʦʜʘʪʢʦʚʦʛʦ ʨʦʟʩʽʷʥʦʛʦ ʩʚʽʪʣʘ 

ʧʦʙʣʠʟʫ ʘʧʝʨʪʫʨʠ, ʷʢʝ ʤʦʞʝ ʟʘʚʘʜʠʪʠ ʨʝʻʩʪʨʘʮʽʾ 

ʩʠʛʥʘʣʫ ɹʉʆʄ. ʂʨʽʤ ʪʦʛʦ, ʩʠʩʪʝʤʘ ʢʘʤʝʨʪʦʥʥʦʛʦ 

ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ ʥʝ ʧʦʪʨʝʙʫʻ ʚʠʩʥʘʞʣʠʚʠʭ 

ʧʨʦʮʝʜʫʨ ʥʘʣʘʰʪʫʚʘʥʥʷ ʜʦʜʘʪʢʦʚʦʛʦ ʟʦʚʥʽʰʥʴʦʛʦ 

ʣʘʟʝʨʥʦʛʦ ʜʞʝʨʝʣʘ ʩʚʽʪʣʘ ʪʘ ʧʦʚôʷʟʘʥʦʛʦ ʟ ʮʠʤ 

ʬʦʢʫʩʫʚʘʥʥʷ ʦʧʪʠʯʥʠʭ ʢʦʤʧʦʥʝʥʪ. ɿʘʚʜʷʢʠ 

ʢʦʤʧʘʢʪʥʦʩʪʽ ʪʘ ʚʽʜʥʦʩʥʽʡ ʧʨʦʩʪʦʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʤʝʪʦʜ ʢʘʤʝʨʪʦʥʘ ʧʽʜʭʦʜʠʪʴ ʜʣʷ ʚʠʧʘʜʢʽʚ, ʷʢʽ 

ʧʦʪʨʝʙʫʶʪʴ ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʢʝʨʫʚʘʥʥʷ, ʥʘʧʨʠʢʣʘʜ ʫ 

ʚʘʢʫʫʤʥʠʭ ʢʘʤʝʨʘʭ [5]. 

ɺʠʤʫʰʝʥʽ ʢʦʣʠʚʘʥʥʷ ʢʘʤʝʨʪʦʥʫ ʥʘ ʯʘʩʪʦʪʽ, ʙʣʠʟʴʢʽ ʜʦ ʨʝʟʦʥʘʥʩʥʦʾ ʯʘʩʪʦʪʠ 

ʩʠʩʪʝʤʠ ʟʦʥʜ - ʢʚʘʨʮʦʚʠʡ ʨʝʟʦʥʘʪʦʨ, ʟʙʫʜʞʫʶʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʦʜʘʪʢʦʚʦʛʦ 

ʧ'ʻʟʦʚʽʙʨʘʪʦʨʘ. ʇʨʠ ʮʴʦʤʫ ʟʦʥʜ ʟʜʽʡʩʥʶʻ ʢʦʣʠʚʘʣʴʥʠʡ ʨʫʭ ʧʘʨʘʣʝʣʴʥʦ ʧʦʚʝʨʭʥʽ 

ʟʨʘʟʢʘ. ɺʠʤʽʨʶʚʘʥʥʷ ʩʠʣʠ ʚʟʘʻʤʦʜʽʾ ʟʦʥʜʘ ʟ ʧʦʚʝʨʭʥʝʶ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʨʝʻʩʪʨʘʮʽʾ ʟʤʽʥʠ ʘʤʧʣʽʪʫʜʠ ʪʘ ʬʘʟʠ ʟʛʠʥʘʣʴʥʠʭ ʢʦʣʠʚʘʥʴ ʢʚʘʨʮʦʚʦʛʦ 

ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʯʘʩʪʦʪʽ ʟʙʫʜʞʝʥʥʷ (ʟʘ ʟʤʽʥʥʦʶ ʩʢʣʘʜʦʚʦʶ ʥʘʧʨʫʛʠ ʥʘ ʝʣʝʢʪʨʦʜʘʭ 

ʨʝʟʦʥʘʪʦʨʘ U(t)).  

ʇʨʠ ʟʙʣʠʞʝʥʥʽ ʟʦʥʜʘ ʪʘ ʟʨʘʟʢʘ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʜʝʢʽʣʴʢʘ ʝʬʝʢʪʽʚ. ʇʦ-

ʧʝʨʰʝ, ʟ'ʷʚʣʷʻʪʴʩʷ ʜʦʜʘʪʢʦʚʘ ʜʠʩʠʧʘʪʠʚʥʘ ʚʟʘʻʤʦʜʽʷ ʟʦʥʜʘ ʟ ʧʦʚʝʨʭʥʝʶ ʟʘ 

ʨʘʭʫʥʦʢ ʩʠʣ ʚ'ʷʟʢʦʛʦ ʪʝʨʪʷ (ʫ ʪʦʥʢʦʤʫ ʧʨʦʰʘʨʢʫ ʧʦʚʽʪʨʷ, ʱʦ ʧʨʠʣʷʛʘʻ ʜʦ 

ʧʦʚʝʨʭʥʽ, ʽ ʚ ʪʦʥʢʦʤʫ ʰʘʨʽ ʘʜʩʦʨʙʦʚʘʥʠʭ ʤʦʣʝʢʫʣ ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ). ʇʦ-ʜʨʫʛʝ, 

ʟʘ ʤʘʣʠʭ ʚʽʜʩʪʘʥʝʡ ʟʦʥʜ - ʧʦʚʝʨʭʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʤʽʥʘ ʤʦʜʠ ʢʦʣʠʚʘʥʴ ʫ ʩʠʩʪʝʤʽ 

 

ʈʠʩ. 5.9. ʄʝʪʦʜ 

ʢʘʤʝʨʪʦʥʥʦʛʦ ʟʚʦʨʦʪʥʦʛʦ 

ʟʚôʷʟʢʫ ʜʣʷ ʨʝʞʠʤʫ ʩʠʣʠ 

ʟʩʫʚʫ (shear-force mode):  

1 ï ʦʧʪʠʯʥʝ ʚʦʣʦʢʥʦ,  

2, 3 ï ʝʣʝʢʪʨʠʯʥʽ ʢʦʥʪʘʢʪʠ,  

4 ï ʥʘʢʦʥʝʯʥʠʢ ʟʦʥʜʘ,  

5 ï ʦʩʚʽʪʣʝʥʥʷ ʙʣʠʞʥʽʤ 

ʧʦʣʝʤ, 6 ï ʧôʻʟʦʝʣʝʤʝʥʪ,  

7 ï ʢʚʘʨʮʦʚʠʡ ʨʝʟʦʥʘʪʦʨ 

ʢʘʤʝʨʪʦʥʥʦʛʦ ʪʠʧʫ,  

8 ï ʜʦʩʣʽʜʞʫʚʘʥʠʡ ʟʨʘʟʦʢ 
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ʟʦʥʜ - ʨʝʟʦʥʘʪʦʨ. ʋ ʚʽʣʴʥʦʤʫ ʩʪʘʥʽ ʤʦʜʘ ʢʦʣʠʚʘʥʴ ʚʽʜʧʦʚʽʜʘʻ ʢʦʣʠʚʘʥʥʷʤ 

ʩʪʨʠʞʥʷ ʽʟ ʚʽʣʴʥʠʤ ʢʽʥʮʝʤ, ʘ ʧʨʠ ʟʙʣʠʞʝʥʥʽ ʽʟ ʟʨʘʟʢʦʤ ʧʝʨʝʭʦʜʠʪʴ ʫ ʢʦʣʠʚʘʥʥʷ 

ʩʪʨʠʞʥʷ ʽʟ ʟʘʢʨʽʧʣʝʥʠʤ ʢʽʥʮʝʤ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʨʝʟʦʥʘʥʩʥʦʾ 

ʯʘʩʪʦʪʠ ʚ ʩʠʩʪʝʤʽ ʟʦʥʜ - ʨʝʟʦʥʘʪʦʨ. ɿʘʟʥʘʯʝʥʽ ʟʤʽʥʠ ʘʤʧʣʽʪʫʜʠ ʪʘ ʬʘʟʠ ʢʦʣʠʚʘʥʴ 

ʫ ʩʠʩʪʝʤʽ ʟʦʥʜ - ʨʝʟʦʥʘʪʦʨ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʷʢ ʩʠʛʥʘʣʠ ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ ʜʣʷ 

ʢʦʥʪʨʦʣʶ ʚʽʜʩʪʘʥʽ ʟʦʥʜ - ʧʦʚʝʨʭʥʷ ʫ ʤʽʢʨʦʩʢʦʧʽ [4]. 

ʈʦʟʛʣʷʥʝʤʦ ʪʝʧʝʨ ʦʩʦʙʣʠʚʦʩʪʽ ʩʢʘʥʫʚʘʥʥʷ ʧʦʚʝʨʭʥʽ ʫ ʨʽʟʥʠʭ ʨʝʞʠʤʘʭ [5]. 

 

ʈʠʩ. 5.10. ʉʭʝʤʘ ʨʦʙʦʪʠ ɹʉʆʄ ʫ ʨʝʞʠʤʽ ʩʠʣʠ ʟʩʫʚʫ ʟ ʢʘʤʝʨʪʦʥʥʠʤ ʟʚʦʨʦʪʥʽʤ ʟʚôʷʟʢʦʤ 

ʈʝʞʠʤ ʩʠʣʠ ʟʩʫʚʫ (shear-force mode). ʋ ʮʴʦʤʫ ʨʝʞʠʤʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ 

ʢʦʣʠʚʘʥʥʷ ʪʘʥʛʝʥʮʽʘʣʴʥʦʾ (ʧʘʨʘʣʝʣʴʥʦʾ ʧʦʚʝʨʭʥʽ) ʩʢʣʘʜʦʚʦʾ ʩʠʣʠ ʬʽʟʠʯʥʦʾ 

ʚʟʘʻʤʦʜʽʾ ʚʽʩʪʨʷ ʟʦʥʜʘ ʽʟ ʟʨʘʟʢʦʤ (ʨʠʩʫʥʦʢ 5.10).  

¶ ʅʘʢʦʥʝʯʥʠʢ ʟʦʥʜʘ ʧʦʟʜʦʚʞʥʴʦ ʪʨʝʤʪʠʪʴ ʥʘ ʤʝʭʘʥʽʯʥʽʡ ʨʝʟʦʥʘʥʩʥʽʡ ʯʘʩʪʦʪʽ 

ʧʦʙʣʠʟʫ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ; ʘʤʧʣʽʪʫʜʘ ʪʨʝʤʪʽʥʥʷ ʤʘʻ ʙʫʪʠ ʥʠʟʴʢʦʶ (ʤʝʥʰʝ 10 

ʥʘʥʦʤʝʪʨʽʚ) ʱʦʙ ʟʘʧʦʙʽʛʪʠ ʥʝʛʘʪʠʚʥʦʤʫ ʚʧʣʠʚʫ ʥʘ ʦʧʪʠʯʥʫ ʨʦʟʜʽʣʴʥʫ 

ʟʜʘʪʥʽʩʪʴ;  

¶ ʈʝʞʠʤ ʩʠʣʠ ʟʩʫʚʫ ʟʘʟʚʠʯʘʡ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʣʷ ʪʚʝʨʜʠʭ ʟʨʘʟʢʽʚ ʟ ʚʽʜʥʦʩʥʦ 

ʥʠʟʴʢʠʤ ʨʝʣʴʻʬʦʤ ʧʦʚʝʨʭʥʽ; ʮʝʡ ʨʝʞʠʤ ʥʝ ʧʽʜʭʦʜʠʪʴ ʜʣʷ ʟʨʘʟʢʽʚ ʟ ʨʦʟʚʠʥʫʪʠʤ 
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ʨʝʣʴʻʬʦʤ ʪʘ ʨʽʜʢʠʭ ʟʨʘʟʢʽʚ, ʜʝ ʩʠʣʠ ʚôʷʟʢʦʩʪʽ ʙʫʜʫʪʴ ʧʨʠʚʦʜʠʪʠ ʜʦ ʟʘʣʠʧʘʥʥʷ 

ʟʦʥʜʘ; 

¶ ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʦʧʪʠʤʘʣʴʥʦʾ ʷʢʦʩʪʽ ʟʦʙʨʘʞʝʥʥʷ ʧʦʪʨʽʙʝʥ ʜʦʚʰʠʡ ʯʘʩ 

ʩʢʘʥʫʚʘʥʥʷ ʧʦʨʽʚʥʷʥʦ ʟ ʨʦʙʦʪʦʶ ʚ ʨʝʞʠʤʽ ʧʦʩʪʫʢʫʚʘʥʥʷ. 

ʈʝʞʠʤ ʧʨʦʩʪʫʢʫʚʘʥʥʷ (tapping mode). ʋ ʮʴʦʤʫ ʨʝʞʠʤʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ 

ʘʪʦʤʥʽ ʩʠʣʠ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʧʽʜ ʯʘʩ ʢʦʣʠʚʘʥʴ ʚʽʩʪʨʷ ʟʦʥʜʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʜʦ 

ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ (ʘʥʘʣʦʛʽʯʥʦ ʜʦ ɸʉʄ). ʇʨʠʢʣʘʜʦʤ ʤʦʞʝ ʙʫʪʠ ʢʦʥʩʪʨʫʢʮʽʷ, ʱʦ 

ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʤʦʜʠʬʽʢʦʚʘʥʦʛʦ ʢʘʥʪʠʣʝʚʝʨʘ ɸʉʄ ʽ ʧʨʦʟʦʨʦʛʦ ʥʘʢʦʥʝʯʥʠʢʘ, 

ʟʘʟʚʠʯʘʡ ʚʠʛʦʪʦʚʣʝʥʦʛʦ ʟ ʥʽʪʨʠʜʫ ʢʨʝʤʥʽʶ ʪʘ ʧʦʢʨʠʪʦʛʦ ʤʝʪʘʣʦʤ ʥʘ ʚʽʩʪʨʽ. ɸʣʝ 

ʥʘʡʙʽʣʴʰ ʚʞʠʚʘʥʠʤ ʟʦʥʜʦʤ ʜʣʷ ʤʝʪʦʜʫ ʧʨʦʩʪʫʢʫʚʘʥʥʷ ʻ ʟʚʠʯʘʡʥʠʡ 

ʦʧʪʦʚʦʣʦʢʦʥʥʠʡ ʟʦʥʜ ʟʽʛʥʫʪʠʡ ʙʽʣʷ ʚʽʩʪʨʷ ʤʘʡʞʝ ʥʘ 90 ʛʨʘʜʫʩʽʚ (ʜʠʚ. ʨʠʩʫʥʦʢ 

5.8). 

¶ ʈʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ɹʉʆʄ ʚ ʨʝʞʠʤʽ ʧʦʩʪʫʢʫʚʘʥʥʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʝ ʪʽʣʴʢʠ 

ʨʘʜʽʫʩʦʤ ʚʽʩʪʨʷ ʟʦʥʜʘ, ʘʣʝ ʡ ʘʤʧʣʽʪʫʜʦʶ ʢʦʣʠʚʘʥʴ, ʱʦ ʚʽʜʙʫʚʘʶʪʴʩʷ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʜʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ. ʄʦʜʫʣʷʮʽʷ ʩʚʽʪʣʘ, ʱʦ ʧʦʜʘʻʪʴʩʷ ʚ ʟʦʥʜ, ʽ 

ʥʘʣʘʰʪʫʚʘʥʥʷ ʬʘʟʠ ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦʙ ʟʨʘʟʦʢ ʦʩʚʽʪʣʶʚʘʚʩʷ ʣʠʰʝ ʪʦʜʽ, ʢʦʣʠ 

ʚʽʩʪʨʷ ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʪʦʯʮʽ ʥʘʡʙʣʠʞʯʦʛʦ ʥʘʙʣʠʞʝʥʥʷ, ʜʦʟʚʦʣʷʻ ʧʽʜʪʨʠʤʫʚʘʪʠ 

ʟʦʙʨʘʞʝʥʥʷ ʚʠʩʦʢʦʾ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʧʨʠ ʜʦʩʠʪʴ ʚʝʣʠʢʠʭ ʘʤʧʣʽʪʫʜʘʭ 

ʢʦʣʠʚʘʥʴ ʥʘʢʦʥʝʯʥʠʢʘ; 

¶ ʈʝʞʠʤ ʧʨʦʩʪʫʢʫʚʘʥʥʷ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʣʷ ʟʨʘʟʢʽʚ ʟ ʨʦʟʚʠʥʝʥʠʤ ʨʝʣʴʻʬʦʤ 

ʧʦʚʝʨʭʥʽ, ʪʘʢʦʞ ʚʽʥ ʧʽʜʭʦʜʠʪʴ ʜʣʷ ʚʠʤʽʨʶʚʘʥʴ ʫ ʨʽʜʢʦʤʫ ʩʝʨʝʜʦʚʠʱʽ;  

¶ ʉʢʘʥʫʚʘʥʥʷ ʧʦʚʝʨʭʥʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʰʚʠʜʰʝ ʥʽʞ ʫ ʨʝʞʠʤʽ ʩʠʣʠ ʟʩʫʚʫ; 

¶ ɼʣʷ ʨʝʞʠʤʫ ʧʨʦʩʪʫʢʫʚʘʥʥʷ ʥʝʦʙʭʽʜʥʽ ʟʽʛʥʫʪʽ ʟʦʥʜʠ, ʷʢʽ ʩʢʣʘʜʥʽʰʝ ʪʘ ʜʦʨʦʞʯʝ 

ʚʠʛʦʪʦʚʠʪʠ ʥʽʞ ʧʨʷʤʽ ʟʦʥʜʠ ʜʣʷ ʨʝʞʠʤʫ ʩʠʣʠ ʟʩʫʚʫ; ʟʽʛʥʫʪʠʡ ʟʦʥʜ ʤʘʻ ʨʷʜ 

ʥʝʜʦʣʽʢʽʚ, ʪʘʢʠʭ ʷʢ ʧʽʜʚʠʱʝʥʝ ʥʘʛʨʽʚʘʥʥʷ ʥʘ ʚʠʛʠʥʽ ʚʦʣʦʢʥʘ, ʛʽʨʰʫ ʧʨʦʧʫʩʢʥʫ 

ʟʜʘʪʥʽʩʪʴ ʩʚʽʪʣʘ ʪʘ ʙʽʣʴʰʽ ʚʪʨʘʪʠ ʽʥʪʝʥʩʠʚʥʦʩʪʽ, ʥʽʞ ʧʨʷʤʠʡ ʟʦʥʜ. 

ʋ ʨʝʞʠʤʽ ʧʨʦʩʪʫʢʫʚʘʥʥʷ ʟʦʥʜ ʢʦʣʠʚʘʻʪʴʩʷ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʜʦ ʧʦʚʝʨʭʥʽ 

ʟʨʘʟʢʘ. ɸʤʧʣʽʪʫʜʫ ʢʦʣʠʚʘʥʴ ʤʦʞʥʘ ʢʦʥʪʨʦʣʶʚʘʪʠ ʘʙʦ ʤʝʭʘʥʽʯʥʦ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʧôʻʟʦʝʣʝʢʪʨʠʯʥʦʛʦ ʧʨʠʩʪʨʦʶ, ʪʘʢʦʛʦ ʷʢ ʢʚʘʨʮʦʚʠʡ ʢʘʤʝʨʪʦʥ, ʘʙʦ ʦʧʪʠʯʥʦ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʣʘʟʝʨʥʦʛʦ ʧʨʦʤʝʥʷ ʚʽʜʙʠʪʦʛʦ ʚʽʜ ʚʝʨʭʥʴʦʾ ʧʦʚʝʨʭʥʽ ʢʘʥʪʠʣʝʚʝʨʘ. 
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ɿʦʥʜ ʧʨʠʚʦʜʠʪʴʩʷ ʫ ʢʦʣʠʚʘʥʥʷ ʥʘ ʦʜʥʽʡ ʟʽ ʩʚʦʾʭ ʚʣʘʩʥʠʭ ʤʦʜ, ʘ ʚʽʜʩʪʘʥʴ ʤʽʞ 

ʚʽʩʪʨʷʤ ʽ ʟʨʘʟʢʦʤ ʨʝʻʩʪʨʫʻʪʴʩʷ ʪʘ ʜʠʥʘʤʽʯʥʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʷʢ ʩʠʛʥʘʣ 

ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ. ɿʘʚʜʷʢʠ ʚʝʨʪʠʢʘʣʴʥʠʤ ʢʦʣʠʚʘʥʥʷʤ ʚʽʩʪʨʷ ʟʦʥʜʘ ʥʝ ʧʨʠʣʠʧʘʻ 

ʜʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ, ʯʘʩ ʢʦʥʪʘʢʪʫ ʻ ʢʦʨʦʪʢʠʤ, ʘ ʪʘʢʦʞ ʚʠʥʠʢʘʻ ʟʚʦʨʦʪʥʘ ʨʫʰʽʡʥʘ 

ʩʠʣʘ ʟʘʚʜʷʢʠ ʚʠʛʠʥʫ ʢʘʥʪʠʣʝʚʝʨʘ.  

ʇʝʨʝʚʘʛʦʶ ʨʝʞʠʤʫ ʧʨʦʩʪʫʢʫʚʘʥʥʷ ʥʘʜ ʨʝʞʠʤʦʤ ʟʩʫʚʫ ʻ ʚʽʜʥʦʩʥʘ ʣʝʛʢʽʩʪʴ 

ʦʪʨʠʤʘʥʥʷ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʪʦʧʦʛʨʘʬʽʯʥʠʭ ʟʦʙʨʘʞʝʥʴ, ʥʘʚʽʪʴ ʢʦʣʠ ʟʨʘʟʦʢ ʽ ʟʦʥʜ 

ʟʘʥʫʨʝʥʽ ʫ ʨʽʜʢʝ ʩʝʨʝʜʦʚʠʱʝ, ʱʦ ʚʘʞʣʠʚʦ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʙʽʦʣʦʛʽʯʥʠʭ ʩʠʩʪʝʤ ʽ 

ʥʘʚʽʪʴ ʚʠʷʚʣʝʥʥʷ ʦʜʠʥʦʯʥʠʭ ʤʦʣʝʢʫʣ. ɸʣʝ ʢʦʣʠ ʥʘʢʦʥʝʯʥʠʢ ʦʧʫʩʢʘʻʪʴʩʷ ʚ 

ʪʦʥʢʠʡ ʰʘʨ ʧʦʚʝʨʭʥʝʚʦʾ ʨʽʜʠʥʠ, ʟʙʽʣʴʰʫʶʪʴʩʷ ʩʠʣʠ ʦʧʦʨʫ, ʱʦ ʟʤʝʥʰʫʻ 

ʘʤʧʣʽʪʫʜʫ ʢʦʣʠʚʘʥʴ ʚʽʩʪʨʷ ʪʘ ʟʤʽʱʘ̒  ʨʝʟʦʥʘʥʩʥʫ ʯʘʩʪʦʪʫ. ʆʙʠʜʚʽ ʮʽ ʟʤʽʥʠ 

ʟʤʝʥʰʫʶʪʴ ʚʠʭʽʜʥʠʡ ʩʠʛʥʘʣ, ʽ ʢʦʣʠ ʚʽʥ ʧʘʜʘʻ ʥʠʞʯʝ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʥʷ 

ʝʪʘʣʦʥʥʦʛʦ ʩʠʛʥʘʣʫ, ʥʘʢʦʥʝʯʥʠʢ ʽʥʪʝʨʧʨʝʪʫʻʪʴʩʷ ʷʢ çʟʘʯʝʧʣʝʥʠʡè, ʽ ʩʠʩʪʝʤʘ 

ʢʝʨʫʚʘʥʥʷ ʟʚʦʨʦʪʥʠʤ ʟʚôʷʟʢʦʤ ʨʝʛʫʣʶʻ ʚʠʩʦʪʫ ʥʘʢʦʥʝʯʥʠʢʘ ʥʘʜ ʟʨʘʟʢʦʤ (ʥʘ 

ʦʩʥʦʚʽ ʟʘʜʘʥʦʛʦ ʢʦʨʠʩʪʫʚʘʯʝʤ ʝʪʘʣʦʥʥʦʛʦ ʩʠʛʥʘʣʫ). 

5.5. ʆʩʦʙʣʠʚʦʩʪʽ ʪʘ ʧʨʠʢʣʘʜʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʙʣʠʞʥʴʦʧʦʣʴʥʦʾ 

ʦʧʪʠʯʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ 

ʄʦʞʥʘ ʚʠʜʽʣʠʪʠ ʥʘʩʪʫʧʥʽ ʦʙʣʘʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʙʣʠʞʥʴʦʧʦʣʴʥʦʾ ʦʧʪʠʯʥʦʾ 

ʤʽʢʨʦʩʢʦʧʽʾ: 

¶ ʅʘʥʦʪʝʭʥʦʣʦʛʽʾ (ʫ ʬʽʟʠʮʽ, ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʽ, ʭʽʤʽʾ, ʙʽʦʣʦʛʽʾ), ʜʣʷ ʷʢʠʭ 

ʥʝʦʙʭʽʜʥʘ ʚʽʟʫʘʣʽʟʘʮʽʷ ʪʘ ʧʨʦʩʪʦʨʦʚʘ ʽʥʬʦʨʤʘʮʽʷ ʧʨʦ ʟʨʘʟʦʢ ʟ ʥʘʜʚʠʩʦʢʦ ʁ

ʨʦʟʜʽʣʴʥʦ ʁʟʜʘʪʥʩ̔ʪʁ; 

¶ ɹʣʠʞʥʴʦʧʦʣʴʥʘ ʦʧʪʠʯʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ: ʜʦʩʣʽʜʞʝʥʥʷ ʦʧʪʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʟʨʘʟʢʘ (ʧʣʘʟʤʦʥʥʠʭ, ʝʢʩʠʪʦʥʥʠʭ), ʟ ʚʠʩʦʢʦʶ ʧʨʦʩʪʦʨʦʚʦʶ ʪʘ ʩʧʝʢʪʨʘʣʴʥʦʶ 

ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ; 

¶ ʅʘʥʦʣʽʪʦʛʨʘʬʽʷ: ʩʪʚʦʨʝʥʥʷ ʟʦʙʨʘʞʝʥʥʷ ʥʘ ʧʦʚʝʨʭʥʽ ʟ ʥʘʥʦʤʝʪʨʦʚʦʶ 

ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ, ʧʨʷʤʝ ʥʘʥʝʩʝʥʥʷ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʶ ʟ ʪʦʯʥʽʩʪʶ 

ʜʦ 10 ʥʤ, ʪʦʯʥʘ ʣʘʟʝʨʥʘ ʦʙʨʦʙʢʘ ʧʦʚʝʨʭʥʽ;  
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¶ ɼʦʩʣʽʜʞʝʥʥʷ ʙʽʦʣʦʛʽʯʥʠʭ ʟʨʘʟʢʽʚ: ʦʜʝʨʞʘʥʥʷ ʟʦʙʨʘʞʝʥʴ ʙʽʦʣʦʛʽʯʥʠʭ ʦʙôʻʢʪʽʚ ʟ 

ʜʝʪʘʣʴʥʦ  ʁ ʽʥʬʦʨʤʘʮʽʻ  ʁ ʧʨʦ ʙʫʜʦʚʫ ʪʘ ʜʠʥʘʤʽʢʫ ʮʠʭ ʟʨʘʟʢʽʚ, ʟʜʽʡʩʥʝʥʥʷ 

ʣʦʢʘʣʽʟʦʚʘʥʦʾ ʬʦʪʦʘʢʪʠʚʘʮʽʾ ʙʽʦ-ʩʧʦʣʫʢ;  

¶ ɼʦʩʣʽʜʞʝʥʥʷ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʨʠʩʪʨʦʾʚ: ʦʜʝʨʞʘʥʥʷ ʟʦʙʨʘʞʝʥʥʷ ʪʘ ʘʥʘʣʽʟ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʨʠʩʪʨʦʾʚ, ʪʘʢʠʭ ʷʢ ʪʨʘʥʟʠʩʪʦʨʠ ʪʘ 

ʩʚʽʪʣʦʜʽʦʜʠ, ʫ ʥʘʥʦʤʝʪʨʦʚʦʤʫ ʤʘʩʰʪʘʙʽ; 

¶ ʂʚʘʥʪʦʚʘ ʦʙʨʦʙʢʘ ʽʥʬʦʨʤʘʮʽʾ: ʥʘʧʨʠʢʣʘʜ, ʛʝʥʝʨʘʮʽ ̫ʯʠ ʜʝʪʝʢʪʫʚʘʥʥʷ ʦʢʨʝʤʠʭ 

ʬʦʪʦʥʽʚ, ʱʦ ʻ ʚʘʞʣʠʚʠʤ ʜʣʷ ʨʦʟʚʠʪʢʫ ʢʚʘʥʪʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ.  

ɯʩʥʫʶʪʴ ʪʘʢʦʞ ʜʝʷʢʽ ʧʨʦʙʣʝʤʠ, ʧʦʚ'ʷʟʘʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ  ɹʉʆʄ: 

¶ ʅʘʛʨʽʚʘʥʥʷ ʟʦʥʜʘ ʧʽʜ ʯʘʩ ʩʢʘʥʫʚʘʥʥʷ: ʯʠʤ ʤʝʥʰʝ ʘʧʝʨʪʫʨʘ, ʪʠʤ ʙʽʣʴʰ ʛʘʨʷʯʠʡ 

ʟʦʥʜ. ʋ ʛʦʩʪʨʠʭ ʧʦʢʨʠʪʠʭ ʘʣʶʤʽʥʽʻʤ ʟʦʥʜʘʭ ʤʦʞʥʘ ʜʦʩʷʛʪʠ ʪʝʤʧʝʨʘʪʫʨʠ 

ʧʣʘʚʣʝʥʥʷ ʟʦʥʜʘ ʽ ʧʦʰʢʦʜʠʪʠ ʜʦʩʣʽʜʞʫʚʘʥʠʡ ʟʨʘʟʦʢ; 

¶ ɼʫʞʝ ʥʠʟʴʢʘ ʧʨʦʧʫʩʢʥʘ ʟʜʘʪʥʽʩʪʴ ʩʫʙʭʚʠʣʴʦʚʠʭ ʘʧʝʨʪʫʨ; 

¶ ʇʨʘʢʪʠʯʥʦ ʥʫʣʴʦʚʘ ʨʦʙʦʯʘ ʚʽʜʩʪʘʥʴ ʤʽʞ ʟʦʥʜʦʤ ʪʘ ʟʨʘʟʢʦʤ  ̔ʥʘʜʟʚʠʯʘʡʥʦ ʤʘʣʘ 

ʛʣʠʙʠʥʘ ʨʽʟʢʦʩʪʽ; 

¶ ʄʦʞʣʠʚʽʩʪʴ ʜʦʩʣʽʜʞʫʚʘʪʠ ʣʠʰʝ ʝʣʝʤʝʥʪʠ ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ; 

¶ ʏʝʨʝʟ ʚʠʩʦʢʽ ʪʝʤʧʝʨʘʪʫʨʠ ʽ ʪʫʧʽʩʪʴ ʟʦʥʜʫ ʚʘʞʢʦ ʢʦʥʪʨʦʣʶʚʘʪʠ ʨʝʞʠʤ 

ʧʦʩʪʽʡʥʦʾ ʚʠʩʦʪʠ; 

¶ ʅʘʜʟʚʠʯʘʡʥʦ ʜʦʚʛʠʡ ʯʘʩ ʩʢʘʥʫʚʘʥʥʷ ʜʣʷ ʦʜʝʨʞʘʥʥʷ ʟʦʙʨʘʞʝʥʴ ʚʠʩʦʢʦʾ 

ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʘʙʦ ʟʦʙʨʘʞʝʥʥʷ ʚʝʣʠʢʦ ʾʧʣʦʱ̔ ʧʦʚʝʨʭʥʽ; 

¶ ʆʧʪʦʚʦʣʦʢʦʥʥʽ ʟʦʥʜʠ ʥʝ ʧʽʜʭʦʜʷʪʴ ʜʣʷ ʦʜʝʨʞʘʥʥʷ ʟʦʙʨʘʞʝʥ ɹ ʤôʷʢʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʯʝʨʝʟ ʾʭ ʚʠʩʦʢʽ ʢʦʝʬʽʮʽʻʥʪʠ ʧʨʫʞʥʦʩʪ̔, ʦʩʦʙʣʠʚʦ ʧʨʠ ʨʦʙʦʪʽ 

ʤʽʢʨʦʩʢʦʧʘ ʚ ʨʝʞʠʤʽ ʩʠʣʠ ʟʩʫʚʫ; 

¶ ɺʪʨʘʪʠ ʩʚʽʪʣʘ ʽʟ ʦʧʪʦʚʦʣʦʢʦʥʥʦʛʦ ʟʦʥʜʫ, ʫ ʟʚôʷʟʢʫ ʟ ʯʠʤ ʧʦʩʪʘʶʪʴ ʪʝʭʥʽʯʥʽ 

ʧʨʦʙʣʝʤʠ ʚʠʛʦʪʦʚʣʝʥʥʷʤ ʟʦʥʜʽʚ. 

ʅʘ ʜʘʥʠʡ ʤʦʤʝʥʪ ɹʉʆʄ ʚʩʝ ʱʝ ʧʝʨʝʙʫʚʘʻ ʚ ʩʪʘʜʽʾ ʘʢʪʠʚʥʦʛʦ ʨʦʟʚʠʪʢʫ, 

ʧʨʦʚʦʜʷʪʴʩʷ ʜʦʩʣʽʜʞʝʥʥʷ ʜʣʷ ʨʦʟʨʦʙʢʠ ʚʜʦʩʢʦʥʘʣʝʥʠʭ ʤʝʪʦʜʽʚ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʟʦʥʜʽʚ ʽ ʙʽʣʴʰ ʯʫʪʣʠʚʠʭ ʤʝʭʘʥʽʟʤʽʚ ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ. ʄʘʡʙʫʪʥʻ ʪʝʭʥʽʢʠ ʫ 

ʚʜʦʩʢʦʥʘʣʝʥʥ ̔ ʙʝʟʘʧʝʨʪʫʨʥʠʭ ʤʝʪʦʜʽʚ ʙʣʠʞʥʴʦʛʦ ʧʦʣʷ, ʚʢʣʶʯʘʶʯʠ 
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ʽʥʪʝʨʬʝʨʦʤʝʪʨʠʯʥʽ (interferometric apertureless near-field optical microscopy), ʜʝʷʢʽ 

ʟ ʷʢʠʭ ʫʞʝ ʜʦʩʷʛʣʠ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʧʦʨʷʜʢʫ 1 ʥʘʥʦʤʝʪʨʘ. ʆʜʥʘʢ ʪʠʧʦʚʘ 

ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʜʣʷ ʙʽʣʴʰʦʩʪʽ ʽʥʩʪʨʫʤʝʥʪʽʚ ɹʉʆʄ ʩʪʘʥʦʚʠʪʴ ʙʣʠʟʴʢʦ 50 ʥʤ, 

ʱʦ ʣʠʰʝ ʚ 5 ʘʙʦ 6 ʨʘʟʽʚ ʢʨʘʱʝ, ʥʽʞ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʢʘʥʫʶʯʦʾ 

ʢʦʥʬʦʢʘʣʴʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ. ʎ̫  ʧʦʤʽʨʥʘ ʧʝʨʝʚʘʛʘ ʫ ʨʦʟʜʽʣʴʥʽʡ ʟʜʘʪʥʦʩʪʽ ʧʦʚôʷʟʘʥʘ 

ʟʽ ʟʥʘʯʥʠʤʠ ʚʠʪʨʘʪʘʤʠ ʯʘʩʫ, ʥʝʦʙʭʽʜʥʦʛʦ ʜʣʷ ʥʘʣʘʰʪʫʚʘʥʥʷ ʦʙʣʘʜʥʘʥʥʷ ɹʉʆʄ 

ʜʣʷ ʦʜʝʨʞʘʥʥʷ ʷʢʽʩʥʦʛʦ ʟʦʙʨʘʞʝʥʥʷ, ʽ ʩʢʣʘʜʥʽʩʪʶ ʨʦʙʦʪʠ.  

ʅʘʡʛʦʣʦʚʥʽʰʘ ʧʝʨʝʚʘʛʘ ɹʉʆʄ, ʡʤʦʚʽʨʥʦ, ʧʦʣʷʛʘʻ ʚ ʡʦʛʦ ʟʜʘʪʥʦʩʪʽ 

ʥʘʜʘʚʘʪʠ ʦʧʪʠʯʥʽ ʪʘ ʩʧʝʢʪʨʦʩʢʦʧʽʯʥʽ ʜʘʥʽ ʟ ʚʠʩʦʢʦʶ ʧʨʦʩʪʦʨʦʚʦʶ ʨʦʟʜʽʣʴʥʦʶ 

ʟʜʘʪʥʽʩʪʶ ʚ ʧʦʻʜʥʘʥʥʽ ʟ ʦʜʥʦʯʘʩʥʦʶ ʪʦʧʦʛʨʘʬʽʯʥʦʶ ʽʥʬʦʨʤʘʮʽʻʶ ʧʨʦ ʧʦʚʝʨʭʥʶ 

ʟʨʘʟʢʘ. ʇʦʻʜʥʘʥʥʷ ɸʉʄ ʪʘ ɹʉʆʄ ʚʠʤʽʨʶʚʘʥʴ  ̒ ʥʘʜʟʚʠʯʘʡʥʦ ʧʦʪʫʞʥʠʤ 

ʧʽʜʭʦʜʦʤ ʫ ʧʝʚʥʠʭ ʦʙʣʘʩʪʷʭ ʜʦʩʣʽʜʞʝʥʴ, ʥʘʜʘʶʯʠ ʙʘʛʘʪʦʩʪʦʨʦʥʥʶ ʽʥʬʦʨʤʘʮʽʶ 

ʧʨʦ ʜʦʩʣʽʜʞʫʚʘʥʠʡ ʟʨʘʟʦʢ, ʷʢʫ ʥʝʤʦʞʣʠʚʦ ʦʪʨʠʤʘʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʽʢʨʦʩʢʦʧʽʾ 

ʜʘʣɹʥʴʦʛʦ ʧʦʣʷ. 

ʈʦʟʛʣʷʥʝʤʦ ʪʝʧʝʨ ʜʝʷʢʽ ʧʨʠʢʣʘʜʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ɹʉʆʄ ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ 

ʥʘʫʢʦʚʠʭ ʧʫʙʣʽʢʘʮʽʡ (ʧʫʙʣʽʢʘʮʽʾ ʫ ʚʽʜʢʨʠʪʦʤʫ ʜʦʩʪʫʧʽ; ʘʚʪʦʨʠ ʪʘ ʧʦʩʠʣʘʥʥʷ 

ʥʘʚʝʜʝʥʽ ʫ ʜʫʞʢʘʭ). 

5.5.1. ɼʦʩʣʽʜʞʝʥʥʷ ʧʦʚʝʨʭʥʝʚʠʭ ʧʣʘʟʤʦʥʽʚ 

ɼʦʩʣʽʜʞʝʥʥʷ ʧʦʚʝʨʭʥʝʚʠʭ ʧʣʘʟʤʦʥʽʚ ʛʨʘʻ ʯʠʤʘʣʫ ʨʦʣʴ ʫ ʥʦʚʽʪʥʽʭ 

ʥʘʧʨʷʤʢʘʭ ʥʘʫʢʠ, ʥʘʧʨʠʢʣʘʜ ʫ ʨʦʟʨʦʙʢʘʭ ʦʧʪʠʯʥʠʭ ʢʦʤʧôʶʪʝʨʽʚ. ʗʢ ʚʽʜʦʤʦ, 

ʚʠʜʠʤʝ ʩʚʽʪʣʦ ʤʘʻ ʜʠʬʨʘʢʮʽʡʥʫ ʤʝʞʫ, ʱʦ ʟʘʜʘʻʪʴʩʷ ʢʨʠʪʝʨʽʻʤ ʈʝʣʝʷ ʽ ʚʩʪʘʥʦʚʣʶʻ 

ʛʨʘʥʠʯʥʦ ʤʘʣʽ ʨʦʟʤʽʨʠ ʬʦʪʦʥʥʠʭ ʝʣʝʤʝʥʪʽʚ, ʷʢʽ ʚʠʷʚʣʷʶʪʴʩʷ ʟʘʥʘʜʪʦ ʚʝʣʠʢʠʤʠ 

ʜʣʷ ʚʠʤʦʛ ʩʫʯʘʩʥʠʭ ʤʽʢʨʦʩʭʝʤ. ɸʣʝ ʧʦʚʝʨʭʥʝʚʽ ʧʣʘʟʤʦʥʠ, ʱʦ ʧʨʝʜʩʪʘʚʣʷʶʪʴ 

ʩʦʙʦʶ ʟʙʫʜʞʝʥʽ ʩʚʽʪʣʦʤ ʭʚʠʣʽ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ ʥʘ ʧʦʚʝʨʭʥʽ ʧʨʦʚʽʜʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ, ʤʦʞʫʪʴ ʤʘʪʠ ʥʘʙʘʛʘʪʦ ʤʝʥʰʫ ʜʦʚʞʠʥʫ ʭʚʠʣʽ ʪʘ ʜʝʤʦʥʩʪʨʫʶʪʴ 

ʫʥʽʢʘʣʴʥʠʡ ʰʣʷʭ ʧʝʨʝʥʝʩʝʥʥʷ ʦʧʪʠʯʥʦʛʦ ʩʠʛʥʘʣʫ ʫ ʥʘʥʦʤʘʩʰʪʘʙ. 

ɿʘ ʜʦʧʦʤʦʛʦʶ ɹʉʆʄ-ʜʦʩʣʽʜʞʝʥʴ [6] ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ, ʥʘʧʨʠʢʣʘʜ, ʱʦ 

ʥʘʥʦʦʪʚʦʨʠ ʫ ʪʦʥʢʽʡ ʧʣʽʚʮʽ ʜʽʶʪʴ ʷʢ ʪʦʯʢʦʚʽ ʜʠʧʦʣʷʨʥʽ ʜʞʝʨʝʣʘ ʧʣʘʟʤʦʥʽʚ ʧʨʠ 

ʦʩʚʽʪʣʝʥʥʽ ʣʽʥʽʡʥʦ ʧʦʣʷʨʠʟʦʚʘʥʠʤ ʩʚʽʪʣʦʤ (ʨʠʩʫʥʦʢ 5.11). ɺʠʷʚʣʝʥʦ ʱʦ ʫ 
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ʚʠʧʘʜʢʫ ʦʪʚʦʨʫ ʢʨʫʛʣʦʾ ʬʦʨʤʠ ʧʣʘʟʤʦʥʠ ʨʦʟʭʦʜʷʪʴʩʷ ʚʽʜ ʥʴʦʛʦ ʧʨʘʢʪʠʯʥʦ ʚ ʫʩʽʭ 

ʨʘʜʽʘʣʴʥʠʭ ʥʘʧʨʷʤʢʘʭ, ʘ ʢʫʪʦʚʠʡ ʨʦʟʧʦʜʽʣ ʾʭ ʽʥʪʝʥʩʠʚʥʦʩʪʝʡ ʦʧʠʩʫʻʪʴʩʷ 

ʜʠʧʦʣʷʨʥʦʶ ʬʫʥʢʮʽʻʶ cos2ɗ (ʢʫʪ ɗ ʟʘʜʘʻ ʘʟʠʤʫʪʘʣʴʥʠʡ ʥʘʧʨʷʤʦʢ ʚʽʜʥʦʩʥʦ 

ʥʘʧʨʷʤʢʫ ʧʦʣʷʨʠʟʘʮʽʾ ʧʘʜʘʶʯʦʛʦ ʩʚʽʪʣʘ). ʆʜʥʘʢ ʤʦʞʥʘ ʛʝʥʝʨʫʚʘʪʠ ʧʘʨʘʣʝʣʴʥʽ 

ʧʣʘʟʤʦʥʥʽ ʧʫʯʢʠ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʧʨʷʤʽ ʥʘʥʦʱʽʣʠʥʠ ʽ ʦʩʚʽʪʣʶʶʯʠ ʾʭ ʩʚʽʪʣʦʤ, 

ʧʦʣʷʨʠʟʦʚʘʥʠʤ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʜʦ ʱʽʣʠʥʠ. 

  

 ʘ ʙ 

ʈʠʩ. 5.11. ɼʦʩʣʽʜʞʝʥʥʷ ʧʦʚʝʨʭʥʝʚʠʭ ʧʣʘʟʤʦʥʽʚ: ʘ ï ɹʉʆʄ-ʟʦʙʨʘʞʝʥʥʷ ʨʦʟʧʦʜʽʣʫ 

ʙʣʠʞʥʴʦʧʦʣʴʥʠʭ ʧʣʘʟʤʦʥʽʚ ʥʘʚʢʦʣʦ 200 ʥʤ ʥʘʥʦʦʪʪʚʦʨʫ ʚ ʩʨʽʙʥʽʡ ʧʣʽʚʮʽ ʪʦʚʱʠʥʦʶ 75 ʥʤ, 

ʦʩʚʽʪʣʝʥʽʡ ʟʥʠʟʫ ʣʘʟʝʨʥʠʤ ʧʨʦʤʝʥʝʤ ʜʦʚʞʠʥʦʶ ʭʚʠʣʽ 532 ʥʤ; ʙ ï ɹʉʆʄ-ʟʦʙʨʘʞʝʥʥʷ 

ʧʣʘʟʤʦʥʥʠʭ ʧʦʣʽʚ ʥʘʚʢʦʣʦ 150 ʥʤ ʥʘʥʦʱʽʣʠʥʠ ʫ ʩʨʽʙʥʽʡ ʧʣʽʚʮʽ ʪʦʚʱʠʥʦʶ 80 ʥʤ (Vlasko-

Vlasov et al. Plasmonics: Metallic Nanostructures and Their Optical Properties, 2008 [6]) 

 

ʈʠʩ. 5.12. ʈʦʟʨʘʭʦʚʘʥʽ ʧʦʣʦʞʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʬʦʢʫʩʫ ʧʦʚʝʨʭʥʝʚʠʭ ʧʣʘʟʤʦʥʽʚ 

(ʯʝʨʚʦʥʽ ʪʦʯʢʠ), ʟʙʫʜʞʝʥʠʭ ʜʫʛʦʚʦʶ ʥʘʥʦʱʽʣʠʥʦʶ, ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʫʪʘ ʧʘʜʽʥʥʷ ʩʚʽʪʣʘ, ʪʘ 

ɹʉʆʄ-ʟʦʙʨʘʞʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʧʣʘʟʤʦʥʽʚ ʧʨʠ ʨʽʟʥʠʭ ʢʫʪʘʭ ʧʘʜʽʥʥʷ ʩʚʽʪʣʘ, ʱʦ ʧʨʘʢʪʠʯʥʦ 

ʟʙʽʛʘʶʪʴʩʷ ʟ ʨʦʟʨʘʭʦʚʘʥʠʤʠ ʧʨʦʬʽʣʷʤʠ (Vlasko-Vlasov et al. Plasmonics: Metallic 

Nanostructures and Their Optical Properties, 2008 [6]) 
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ɹʉʆʄ-ʜʦʩʣʽʜʞʝʥʥʷ [6] ʧʽʜʪʚʝʨʜʠʣʠ, ʱʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʦʨʤʠ ʥʘʥʦʱʽʣʠʥ 

ʤʦʞʥʘ ʢʝʨʫʚʘʪʠ ʨʦʟʧʦʜʽʣʦʤ ʧʦʚʝʨʭʥʝʚʠʭ ʧʣʘʟʤʦʥʽʚ. ʅʘʧʨʠʢʣʘʜ, ʬʦʢʫʩʫʚʘʥʥʷ 

ʧʦʚʝʨʭʥʝʚʠʭ ʧʣʘʟʤʦʥʽʚ ʚ ʧʝʚʥʽʡ ʪʦʯʮʽ ʤʦʞʝ ʙʫʪʠ ʨʝʘʣʽʟʦʚʘʥʦ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʜʫʛʦʚʠʭ ʥʘʥʦʱʽʣʠʥ, ʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ ʫʟʛʦʜʞʝʥʥʷ ʟ 

ʪʝʦʨʝʪʠʯʥʠʤʠ ʨʦʟʨʘʭʫʥʢʘʤʠ (ʨʠʩʫʥʦʢ 5.12).  

5.5.2. ʅʘʥʦʣʽʪʦʛʨʘʬʽʷ 

ɹʉʆʄ ʣʽʪʦʛʨʘʬʽʷ ʻ ʦʜʥʽʻʶ ʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʥʘʥʦʨʦʟʤʽʨʥʠʭ 2D ʩʪʨʫʢʪʫʨ. ʄʝʪʦʜ ʧʦʣʷʛʘʻ ʫ ʚʠʢʦʨʠʩʪʘʥʥʽ ɹʉʆʄ ʫ ʨʝʞʠʤʽ 

ʦʩʚʽʪʣʝʥʥʷ, ʜʝ ʦʧʪʠʯʥʝ ʙʣʠʞʥʻ ʧʦʣʝ ʥʘ ʚʽʩʪʨʽ ʟʦʥʜʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟʘʧʠʩʫʻ 

ʙʘʞʘʥʫ ʩʪʨʫʢʪʫʨʫ ʥʘ ʧʦʚʝʨʭʥʶ. ʅʘʢʦʥʝʯʥʠʢ ʟʦʥʜʘ ʝʢʩʧʦʥʫʻ ʟʨʘʟʦʢ ʫ ʟʘʜʘʥʠʭ 

ʧʦʣʦʞʝʥʥʷʭ ʽ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʷʢ ʧʝʨʽʦʜʠʯʥʽ, ʪʘʢ ʡ ̔ ʨʨʝʛʫʣʷʨʥʽ ʫʟʦʨʠ (ʨʠʩʫʥʦʢ 

5.13). 

ʎʝ ʤʘʻ ʧʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʽ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʨʠʩʪʨʦʾʚ [7]. ʅʘʧʨʠʢʣʘʜ, ʜʚʦʚʠʤʽʨʥʽ ʧʝʨʽʦʜʠʯʥʽ ʩʪʨʫʢʪʫʨʠ 

ʥʘ ʧʦʚʝʨʭʥʽ ʩʚʽʪʣʦʜʽʦʜʽʚ ʧʦʣʽʧʰʫʶʪʴ ʾʭ ʦʧʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʪʘʢʽ ʷʢ 

ʥʘʧʨʘʚʣʝʥʽʩʪʴ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʧʨʦʬʽʣʴ ʜʘʣʴʥʴʦʛʦ ʧʦʣʷ ʘʙʦ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʚʠʚʝʜʝʥʥʷ ʩʚʽʪʣʘ. ɺ ʪʦʡ ʞʝ ʯʘʩ ʩʪʚʦʨʝʥʥʷ ʜʚʦʚʠʤʽʨʥʦʾ ʽʨʨʝʛʫʣʷʨʥʦʾ ʩʪʨʫʢʪʫʨʠ 

ʜʦʟʚʦʣʷʻ ʣʦʢʘʣʴʥʦ ʧʽʜʩʠʣʠʪʠ ʩʚʽʪʣʦ, ʚʠʧʨʦʤʽʥʶʚʘʥʝ ʧʦʚʝʨʭʥʝʶ ʩʚʽʪʣʦʜʽʦʜʘ.  

 

ʈʠʩ. 5.13. ɺʠʢʦʨʠʩʪʘʥʥʷ ʙʝʟʢʦʥʪʘʢʪʥʦʛʦ ʨʝʞʠʤʫ ɹʉʆʄ ʣʽʪʦʛʨʘʬʽʾ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʫʟʦʨʘ 

ʜʚʦʚʠʤʽʨʥʦʾ ʽʨʨʝʛʫʣʷʨʥʦʾ ʩʪʨʫʢʪʫʨʠ ʥʘ ʚʠʧʨʦʤʽʥʶʚʘʣʴʥʽʡ ʧʦʚʝʨʭʥʽ ʩʚʽʪʣʦʜʽʦʜʘ ʥʘ ʦʩʥʦʚʽ 

GaAs/AlGaAs (Kubicova et al. Applied surface science, 2013 [7]) 
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5.5.3. ʇʦʻʜʥʘʥʥʷ ʙʣʠʞʥʴʦʧʦʣʴʥʦʾ ʦʧʪʠʯʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʟ 

ʬʣʫʦʨʝʩʮʝʥʪʥʠʤʠ ʜʦʩʣʽʜʞʝʥʥʷʤʠ 

ʋ ʧʦʻʜʥʘʥʥʽ ʟ ʬʣʫʦʨʝʩʮʝʥʪʥʠʤʠ ʤʝʪʦʜʘʤʠ ɹʉʆʄ ʤʦʞʝ ʧʦʢʘʟʫʚʘʪʠ 

ʦʜʥʦʯʘʩʥʦ ʷʢ ʪʦʧʦʛʨʘʬʽʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʟʨʘʟʢʘ, ʪʘʢ ʽ ʦʧʪʠʯʥʝ ʬʣʫʦʨʝʩʮʝʥʪʥʝ 

ʟʦʙʨʘʞʝʥʥʷ ʟ ʥʘʥʦʤʝʪʨʦʚʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ (ʨʠʩʫʥʢʠ 5.14, 5.15), ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʯʦʛʦ ʤʦʞʥʘ ʚʠʷʚʠʪʠ ʤʘʣʽ ʜʦʤʝʥʠ, ʢʣʘʩʪʝʨʠ ʪʘ ʽʥʰʽ ʦʩʦʙʣʠʚʦʩʪʽ 

ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʦʙôʻʢʪʽʚ [8, 9]. ʎʷ ʤʝʪʦʜʠʢʘ ʜʦʩʣʽʜʞʝʥʴ ʚʘʞʣʠʚʘ ʫ ʙʽʦʣʦʛʽʾ, 

ʙʽʦʬʽʟʠʮʽ, ʤʝʜʠʮʠʥʽ ʪʦʱʦ. ʇʦʻʜʥʘʥʥʷ ɹʉʆʄ ʽ ʦʜʥʦʯʘʩʥʦʾ ʬʣʫʦʨʝʩʮʝʥʮʽʾ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ, ʥʘʧʨʠʢʣʘʜ, ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʤʝʤʙʨʘʥʥʠʭ ʩʠʩʪʝʤ ʢʣʽʪʠʥ, ʜʝ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʧʦʨʽʚʥʷʥʥʷ ʬʣʫʦʨʝʩʮʝʥʪʥʦʾ ʪʘ ʪʦʧʦʛʨʘʬʽʯʥʦʾ ʢʘʨʪʠʥʠ ʧʦʚʝʨʭʥʽ 

ʤʦʞʥʘ ʚʩʪʘʥʦʚʠʪʠ ʢʦʥʢʨʝʪʥʽ ʧʨʠʟʥʘʯʝʥʥʷ ʚʠʷʚʣʝʥʠʭ ʜʦʤʝʥʽʚ ʥʘ ʤʝʤʙʨʘʥʽ 

(ʨʠʩʫʥʦʢ 5.15).  

 

ʈʠʩ. 5.14. ɿʘʩʪʦʩʫʚʘʥʥʷ ʬʣʫʦʨʝʩʮʝʥʪʥʦʾ ɹʉʆʄ: ʘ, ʙ ï ʪʦʧʦʛʨʘʬʽʯʥʽ ʪʘ ʬʣʫʦʨʝʩʮʝʥʪʥʽ 

ʟʦʙʨʘʞʝʥʥʷ ʨʽʟʥʠʭ ʢʣʽʪʠʥʥʠʭ ʩʝʨʝʜʦʚʠʱ, ʦʜʝʨʞʘʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ɹʉʆʄ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʟʘ 

ʽʥʪʝʥʩʠʚʥʽʩʪʶ ʬʣʫʦʨʝʩʮʝʥʮʽʾ ʧʨʦʘʥʘʣʽʟʫʚʘʪʠ ʢʣʘʩʪʝʨʠ ʢʘʣʴʮʽʻʚʦ-ʤʦʜʫʣʴʦʚʘʥʠʭ ʙʽʣʢʽʚ; 

ʚ ï ʜ ï ʟʦʙʨʘʞʝʥʥʷ ʢʣʽʪʠʥ ʢʘʨʮʠʥʦʤʠ ʰʣʫʥʢʘ, ʦʪʨʠʤʘʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʝʧʽʬʣʫʦʨʝʩʮʝʥʪʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ (Moroz et al. BMC biochemistry, 2009 [8]) 
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ɺʠʢʦʨʠʩʪʘʥʥʷ ʣʶʤʽʥʝʩʮʝʥʪʥʠʭ ʢʚʘʥʪʦʚʠʭ ʪʦʯʦʢ ʷʢ ʙʽʦʣʦʛʽʯʥʠʭ ʟʦʥʜʽʚ ʫ 

ʧʦʻʜʥʘʥʥʽ ʟ ʥʘʥʦʨʦʟʤʽʨʥʠʤ ɹʉʆʄ ʜʝʪʝʢʪʫʚʘʥʥʷʤ ʤʦʞʝ ʟʥʘʡʪʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ 

ʥʦʚʠʭ ʪʘ ʟʥʘʯʫʱʠʭ ʟ ʤʝʜʠʯʥʦʾ ʪʦʯʢʠ ʟʦʨʫ ʜʦʩʣʽʜʞʝʥʥʷʭ, ʪʘʢʠʭ ʷʢ ʨʘʥʥʻ 

ʚʠʷʚʣʝʥʥʷ ʨʘʢʫ (ʨʠʩʫʥʦʢ 5.14, ʚ ï ʜ). 

 

ʈʠʩ. 5.15. ʊʠʧʦʚʽ ʟʦʙʨʘʞʝʥʥʷ ʬʣʫʦʨʝʩʮʝʥʪʥʦʾ ɹʉʆʄ (a, c) ʽ ʪʦʧʦʛʨʘʬʽʾ (b, d) 

ʤʦʥʦʰʘʨʽʚ ʙʽʦʣʦʛʽʯʥʦʾ ʪʢʘʥʠʥʠ, ʥʘʥʝʩʝʥʠʭ ʧʽʜ ʚʠʩʦʢʠʤ ʧʦʚʝʨʭʥʝʚʠʤ ʪʠʩʢʦʤ. ʂʨʫʛʣʽ ʪʝʤʥʽ 

ʜʦʤʝʥʠ ʥʘ ʬʣʫʦʨʝʩʮʝʥʪʥʠʭ ʟʦʙʨʘʞʝʥʥʷʭ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʫʱʽʣʴʥʝʥʽ ʦʙʣʘʩʪʽ ʤʝʤʙʨʘʥʠ, 

ʦʪʦʯʝʥʽ ʙʽʣʴʰ ʷʩʢʨʘʚʠʤʠ ʬʣʫʦʨʝʩʮʝʥʪʥʠʤʠ ʦʙʣʘʩʪʷʤʠ, ʷʢʽ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʥʝʚʧʦʨʷʜʢʦʚʘʥʽ 

ʦʙʣʘʩʪʽ ʤʦʥʦʰʘʨʫ. ɺʠʛʠʥʘʥʥʷ ʫ ʤʦʥʦʰʘʨʘʭ ʧʨʠ ʚʠʩʦʢʦʤʫ ʧʦʚʝʨʭʥʝʚʦʤʫ ʪʠʩʢʫ ʩʪʘʶʪʴ 

ʦʯʝʚʠʜʥʠʤ ʧʨʠ ʧʦʨʽʚʥʷʥʥʽ ʧʝʨʝʢʨʠʪʪʷ ʬʘʟ ʥʘ ʬʣʫʦʨʝʩʮʝʥʪʥʠʭ ʟʦʙʨʘʞʝʥʥʷʭ ʽ ʚʽʜʧʦʚʽʜʥʠʭ 

ʟʤʽʥ ʚʠʩʦʪʠ ʧʦʨʷʜʢʫ 4ï5 ʥʤ ʥʘ ʦʜʥʦʯʘʩʥʦ ʟʨʦʙʣʝʥʠʭ ʪʦʧʦʛʨʘʬʽʯʥʠʭ ʟʦʙʨʘʞʝʥʥʷʭ (Dickenson 

et al. Analytical and bioanalytical chemistry, 2010 [9]) 
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5.6. ɹʝʟʘʧʝʨʪʫʨʥʘ ʙʣʠʞʥʴʦʧʦʣʴʥʘ ʦʧʪʠʯʥʘ ʤʽʢʨʦʩʢʦʧʽʷ ʪʘ 

ʧʨʠʢʣʘʜʠ ʾʾ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ 

ɹʝʟʘʧʝʨʪʫʨʥʘ ɹʉʆʄ, ʘʙʦ ʩʢʘʥʫʶʯʘ ʙʣʠʞʥʴʦʧʦʣʴʥʘ ʦʧʪʠʯʥʘ ʤʽʢʨʦʩʢʦʧʽʷ 

ʨʦʟʩʽʷʥʦʛʦ ʪʠʧʫ (ʩʢʦʨʦʯʝʥʦ s-SNOM, scattering-type Scanning Near-field Optical 

Microscopy) ̒  ʥʦʚʽʪʥʴʦʶ ʤʦʜʠʬʽʢʘʮʽʻʶ ʙʣʠʞʥʴʦʧʦʣʴʥʦʾ ʦʧʪʠʯʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ, 

ʱʦ ʥʘʜʘʻ ʦʜʥʦʯʘʩʥʦ ʪʦʧʦʛʨʘʬʽʯʥʽ, ʭʽʤʽʯʥʽ ʪʘ ʦʧʪʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʨʘʟʢʘ ʟ 

ʧʨʦʩʪʦʨʦʚʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʽʢʨʦʩʢʦʧʘ.  

ʋ ʙʽʣʴʰʦʩʪʽ ʙʝʟʘʧʝʨʪʫʨʥʠʭ ʩʠʩʪʝʤ ɹʉʆʄ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʟʚʠʯʘʡʥʽ 

ɸʉʄ ʟʦʥʜʠ ʟ ʤʝʪʘʣʝʚʠʤ ʧʦʢʨʠʪʪʷʤ ʚʽʩʪʨʷ ʱʦ ʜʦʜʘʪʢʦʚʦ ʦʩʚʽʪʣʶʻʪʴʩʷ ʣʘʟʝʨʦʤ 

(ʨʠʩʫʥʦʢ 5.16). ʇʨʠ ʮʴʦʤʫ ʩʚʽʪʣʦ ʬʦʢʫʩʫʻʪʴʩʷ ʥʘ ʛʦʩʪʨʦʤʫ ʤʝʪʘʣʽʟʦʚʘʥʦʤʫ ʚʽʩʪʨʽ 

ʟʦʥʜʘ ɸʉʄ (ʷʢ ʫ ʝʬʝʢʪʽ ʛʨʦʤʦʚʽʜʚʦʜʫ). ʆʩʚʽʪʣʝʥʝ ʚʽʩʪʨʷ ʬʦʨʤʫʻ ʩʠʣʴʥʠʡ 

ʥʘʥʦʬʦʢʫʩ ʙʣʠʞʥʴʦʛʦ ʧʦʣʷ ʥʘ ʩʚʦʾʡ ʚʝʨʰʠʥʽ, ʷʢʠʡ ʜʽʻ ʷʢ ʫʣʴʪʨʘʤʘʣʝ ʜʞʝʨʝʣʦ 

ʩʚʽʪʣʘ ʽ ʛʨʘʻ ʨʦʣʴ ʟʦʥʜʘ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʦʧʪʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʨʘʟʢʘ. ʇʽʩʣʷ 

ʦʧʨʦʤʽʥʝʥʥʷ ʜʦʩʣʽʜʞʫʚʘʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʨʦʷʚʣʷʶʪʴʩʷ ʫ ʨʦʟʩʽʶʚʘʥʥʽ ʥʘ ʚʽʩʪʨʽ, ʷʢʝ 

ʨʝʻʩʪʨʫʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʽʥʪʝʨʬʝʨʦʤʝʪʨʠʯʥʦʛʦ ʜʝʪʝʢʪʫʚʘʥʥʷ, ʷʢʝ ʜʦʟʚʦʣʷʻ 

ʦʪʨʠʤʘʪʠ ʽʥʬʦʨʤʘʮʽʶ ʷʢ ʧʨʦ ʘʤʧʣʽʪʫʜʫ, ʪʘʢ ʽ ʧʨʦ ʬʘʟʫ ʩʚʽʪʣʘ, ʨʦʟʩʽʷʥʦʛʦ ʚʽʩʪʨʷʤ 

[10]. ʋ ʨʝʟʫʣʴʪʘʪʽ s-SNOM ʥʘʜʘʻ ʧʦʚʥʫ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʢʦʤʧʣʝʢʩʥʠʡ ʦʧʪʠʯʥʠʡ 

ʚʽʜʛʫʢ ʟʨʘʟʢʘ (ʥʘʧʨʠʢʣʘʜ, ʧʦʛʣʠʥʘʣʴʥʫ ʪʘ ʚʽʜʙʠʚʥʫ ʟʜʘʪʥʽʩʪʴ). ʈʘʩʪʨʦʚʝ 

ʩʢʘʥʫʚʘʥʥʷ ʧʦʚʝʨʭʥʽ ʜʦʟʚʦʣʷʻ ʟʘʧʠʩʫʚʘʪʠ ʥʘʥʦʨʦʟʤʽʨʥʽ ʦʧʪʠʯʥʽ ʢʘʨʪʠ ʧʦʚʝʨʭʥʽ 

ʟʨʘʟʢʘ ʦʜʥʦʯʘʩʥʦ ʟ ʪʦʧʦʛʨʘʬʽʯʥʦʶ ʪʘ ʤʝʭʘʥʽʯʥʦʶ ʽʥʬʦʨʤʘʮʽʻʶ, ʱʦ ʥʘʜʘʻʪʴʩʷ 

ɸʉʄ. ʉʧʝʢʪʨʦʩʢʦʧʽʯʥʫ ʽʥʬʦʨʤʘʮʽʶ ʦʪʨʠʤʫʶʪʴ ʟʤʽʥʦʶ ʜʦʚʞʠʥʠ ʭʚʠʣʽ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʷʢʠʤ ʦʩʚʽʪʣʶʻʪʴʩʷ ʟʨʘʟʦʢ, ʘʙʦ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʰʠʨʦʢʦʩʤʫʛʦʚʠʭ ʜʞʝʨʝʣ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʧʨʦʩʪʦʨʦʚʘ 

ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ s-SNOM ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʩʚʽʪʣʘ, ʘ ʣʠʰʝ ʚʽʜ 

ʛʦʩʪʨʦʪʠ ʚʽʩʪʨʷ ʟʦʥʜʘ ɸʉʄ, ʱʦ ʜʦʟʚʦʣʷʻ ʦʜʝʨʞʫʚʘʪʠ ʛʽʧʝʨʩʧʝʢʪʨʘʣʴʥʝ 

ʟʦʙʨʘʞʝʥʥʷ ʟ ʧʨʦʩʪʦʨʦʚʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ ʜʦ < 10 ʥʤ [10]. 

ʉʫʯʘʩʥʠʡ ʤʽʢʨʦʩʢʦʧ s-SNOM ʩʢʣʘʜʘʻʪʴʩʷ ʟ ɸʉʄ, ʜʞʝʨʝʣʘ ʩʚʽʪʣʘ ʪʘ 

ʘʩʠʤʝʪʨʠʯʥʦʛʦ ʽʥʪʝʨʬʝʨʦʤʝʪʨʘ, ʚ ʷʢʦʤʫ ʚʽʩʪʨʷ ʟʦʥʜʘ ʽ ʟʨʘʟʦʢ ʨʦʟʪʘʰʦʚʘʥʽ ʥʘ 

ʦʜʥʦʤʫ ʟ ʧʣʝʯʝʡ (ʨʠʩʫʥʦʢ 5.16). ʗʢʽʩʥʝ ʽʥʪʝʨʬʝʨʦʤʝʪʨʠʯʥʝ ʟʯʠʪʫʚʘʥʥʷ ʻ 
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ʢʣʶʯʦʚʠʤ ʬʘʢʪʦʨʦʤ ʜʣʷ ʧʦʜʘʚʣʝʥʥʷ ʩʠʣʴʥʦʛʦ ʬʦʥʦʚʦʛʦ ʩʠʛʥʘʣʫ ʨʦʟʩʽʷʥʦʛʦ 

ʩʚʽʪʣʘ ʪʘ ʨʦʟʜʽʣʝʥʥʷ ʘʤʧʣʽʪʫʜʠ  ̔ʬʘʟʠ ʩʚʽʪʣʘ, ʨʦʟʩʽʷʥʦʛʦ ʚʽʩʪʨʷʤ. ʆʜʥʦʯʘʩʥʝ 

ʽʥʪʝʨʬʝʨʦʤʝʪʨʠʯʥʝ ʧʽʜʩʠʣʝʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʯʫʪʣʠʚʽʩʪʴ, ʥʘʚʽʪʴ ʜʦ 

ʚʠʷʚʣʝʥʥʷ ʦʢʨʝʤʠʭ ʤʦʣʝʢʫʣʷʨʥʠʭ ʢʦʤʧʣʝʢʩʽʚ. 

 

ʈʠʩ. 5.16. ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ s-SNOM, ʨʦʟʨʦʙʣʝʥʦʾ ʢʦʤʧʘʥʽʻʶ neaspec (ʣʽʚʦʨʫʯ), ʷʢʘ ʚʠʤʽʨʶʻ 

ʘʤʧʣʽʪʫʜʫ ʪʘ ʬʘʟʫ ʩʚʽʪʣʘ, ʨʦʟʩʽʷʥʦʛʦ ʚʽʩʪʨʷʤ ʟʦʥʜʫ, ʦʜʥʦʯʘʩʥʦ ʟʽ ʩʢʘʥʫʚʘʥʥʷʤ ʪʦʧʦʛʨʘʬʽʾ 

ʧʦʚʝʨʭʥʽ (ʧʨʘʚʦʨʫʯ) [10] 

s-SNOM ï ʥʘʜʟʚʠʯʘʡʥʦ ʫʥʽʚʝʨʩʘʣʴʥʠʡ ʤʝʪʦʜ, ʷʢʠʡ ʜʦʟʚʦʣʷʻ ʜʦʩʣʽʜʠʪʠ 

ʙʫʜʴ-ʷʢʠʡ ʟʨʘʟʦʢ, ʦʨʛʘʥʽʯʥʠʡ ʯʠ ʥʝʦʨʛʘʥʽʯʥʠʡ, ʧʨʠʜʘʪʥʠʡ ʜʣʷ ɸʉʄ-ʩʢʘʥʫʚʘʥʥʷ. 

ʇʝʨʝʚʘʛʦʶ ʻ ʪʘʢʦʞ ʪʝ ʱʦ s-SNOM ʜʝʪʝʢʪʫʻ ʷʢ ʘʤʧʣʽʪʫʜʫ, ʪʘʢ ʽ ʬʘʟʫ ʩʠʛʥʘʣʫ 

ʨʦʟʩʽʥ̫ʥʷ, ʷʢʽ ʧʦʚôʷʟʘʥʽ ʟ ʚʽʜʙʠʚʥʦʶ ʟʜʘʪʥʽʩʪʶ ʪʘ ʧʦʛʣʠʥʘʥʥʷʤ ʟʨʘʟʢʘ. ɸ ʟʥʘʯʠʪʴ, 

s-SNOM ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʥʘ ʟʨʘʟʢʘʭ, ʷʢʽ ʻ ʩʣʘʙʢʦ/ʥʝ ʧʦʛʣʠʥʘʶʯʠʤʠ, ʱʦ 

ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʦ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʢʨʠʩʪʘʣʽʚ, ʘ ʪʘʢʦʞ ʜʚʦʚʠʤʽʨʥʠʭ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʜʝ ɯʏ-ʚʽʜʛʫʢ ʚʠʥʠʢʘʻ ʧʝʨʝʚʘʞʥʦ ʫ ʚʠʛʣʷʜʽ 

ʬʦʥʦʥʥʠʭ ʪʘ/ʘʙʦ ʝʣʝʢʪʨʦʥʥʠʭ ʟʙʫʜʞʝʥʴ [10].  
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ɺʘʞʣʠʚʦʶ ʦʩʦʙʣʠʚʽʩʪʶ s-SNOM ʻ ʚʠʩʦʢʘ ʯʫʪʣʠʚʽʩʪʴ ʜʦ ʘʢʪʠʚʥʠʭ ʚʽʣʴʥʠʭ 

ʥʦʩʽʾʚ ʟʘʨʷʜʫ (ʨʠʩʫʥʦʢ 5.17, a ʪʘ ʙ). ʊʘʢʠʤ ʯʠʥʦʤ ʮʝʡ ʤʝʪʦʜ ʤʦʞʝ ʩʣʫʛʫʚʘʪʠ 

ʽʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʦʜʝʨʞʘʥʥʷ ʧʨʦʬʽʣʶ ʨʦʟʧʦʜʽʣʫ ʚʽʣʴʥʠʭ ʥʦʩʽʾʚ ʟʘʨʷʜʫ ʫ 

ʢʣʘʩʠʯʥʠʭ ʽ ʥʦʚʽʪʥʽʭ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʤʘʪʝʨʽʘʣʘʭ ʟ ʥʘʥʦʤʝʪʨʦʚʦʶ ʨʦʟʜʽʣʴʥʦʶ 

ʟʜʘʪʥʽʩʪʶ. 

ɺʠʤʽʨʶʶʯʠ ʦʜʥʦʯʘʩʥʦ ʘʤʧʣʽʪʫʜʫ ʪʘ ʬʘʟʫ, s-SNOM ʤʦʞʝ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʠʤ ʜʣʷ ʢʘʨʪʦʛʨʘʬʫʚʘʥʥʷ ʧʦʣʽʚ ʫ ʟʨʘʟʢʫ, ʥʘʜʘʶʯʠ ʧʦʚʥʫ ʽʥʬʦʨʤʘʮʽʶ 

ʧʨʦ ʨʦʟʧʦʜʽʣ ʢʦʤʧʣʝʢʩʥʦʛʦ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ (ʨʠʩʫʥʦʢ 5.17, ʚ). ʎʝ 

ʜʦʟʚʦʣʷʻ ʧʨʦʚʦʜʠʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʧʣʘʟʤʦʥʥʠʭ ʽ ʧʦʣʷʨʠʪʦʥʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʪʘʢʠʭ 

ʷʢ ʤʝʪʘʣʝʚʽ ʥʘʥʦʩʪʨʫʢʪʫʨʠ, ʚʘʥ-ʜʝʨ-ɺʘʘʣʴʩʦʚʽ ʪʘ ʽʥʰʽ 2D ʤʘʪʝʨʽʘʣʠ. 

 

 ʘ  ʙ  ʚ 

ʈʠʩ. 5.17. ʇʨʠʢʣʘʜʠ ʟʘʩʪʦʩʫʚʘʥʥʷ s-SNOM: 

ʘ ï ʟʦʙʨʘʞʝʥʥʷ ʚʽʜʙʠʚʥʦʾ ʟʜʘʪʥʦʩʪʽ SRAM ʧʨʠʩʪʨʦʶ, ʱʦ ʚʽʜʦʙʨʘʞʘʻ ʚʽʜʧʦʚʽʜʥʫ ʢʘʨʪʫ 

ʣʝʛʫʚʘʥʥʷ (Lu eta al, Adv. Electron. Mater. 2018 [10]); 

ʙ ï ʟʦʙʨʘʞʝʥʥʷ ʚʽʜʙʠʚʥʦʾ ʟʜʘʪʥʦʩʪʽ ʥʘʥʦʢʨʠʩʪʘʣʘ Bi2Se3, ʦʪʨʠʤʘʥʝ ʧʨʠ ɚ = 10,2 ʤʢʤ, 

ʱʦ ʚʽʜʦʙʨʘʞʘʻ ʢʘʨʪʫ ʨʦʟʧʦʜʽʣʫ ʥʦʩʽʾʚ ʟʘʨʷʜʫ (Lu eta al, Adv. Electron. Mater. 2018 [10]); 

ʚ ï ʘʤʧʣʽʪʫʜʥʽ ʪʘ ʬʘʟʦʚʽ ʟʦʙʨʘʞʝʥʥʷ ʧʦʣʷʨʠʪʦʥʫ, ʷʢʠʡ ʧʦʰʠʨʶʻʪʴʩʷ ʫ ʢʦʥʽʯʥʦʤʫ ɯʏ-

ʭʚʠʣʝʚʦʜʽ, ʟʘʧʠʩʘʥʽ ʧʨʠ ɚ = 1,5 ʤʢʤ (Zenin et al, Opt. Expr. 2016 [10]) 

ʑʝ ʦʜʠʥ ʧʨʠʢʣʘʜ ʟʘʩʪʦʩʫʚʘʥʥʷ s-SNOM ʫ ʬʽʟʠʮʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ 

ʧʨʠʚʝʜʝʥʠʡ ʥʘ ʨʠʩʫʥʢʫ 5.18, ʜʝ ʟʦʙʨʘʞʝʥʠʡ ʧʦʣʴʦʚʠʡ ʪʨʘʥʟʠʩʪʦʨ (FET), 

ʚʠʛʦʪʦʚʣʝʥʠʡ ʟ ʛʨʘʬʝʥʦʚʦʛʦ ʣʠʩʪʘ, ʚʠʨʦʱʝʥʦʛʦ ʝʧʽʪʘʢʩʽʘʣʴʥʦ ʥʘ ʧʽʜʢʣʘʜʮʽ ʟ 

ʢʘʨʙʽʜʫ ʢʨʝʤʥʽʷ. ɸʉʄ-ʟʦʙʨʘʞʝʥʥʷ ʤʦʨʬʦʣʦʛʽʾ ʧʦʚʝʨʭʥʽ ʚʽʜʦʙʨʘʞʘʻ ʩʪʨʫʢʪʫʨʫ 

ʧʨʠʩʪʨʦʶ, ʘ ʬʘʟʦʚʝ s-SNOM ʟʦʙʨʘʞʝʥʥʷ ʚʽʜʦʙʨʘʞʘʻ ʧʦʛʣʠʥʘʥʥ ̫ʚ ʛʨʘʬʝʥʦʚʦʤʫ 


