
 

 

ʌɽɼɽʈɸʃʔʅʆɽ ɻʆʉʋɼɸʈʉʊɺɽʅʅʆɽ ɸɺʊʆʅʆʄʅʆɽ 

ʆɹʈɸɿʆɺɸʊɽʃʔʅʆɽ ʋʏʈɽɾɼɽʅʀɽ ɺʓʉʐɽɻʆ ʆɹʈɸɿʆɺɸʅʀʗ 

 

çʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ  

(ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ)è 

(ʄʌʊʀ, ʌʠʟʪʝʭ) 

ʅʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʠ 

 

ʉʣʘʚʠʯ ɸʣʝʢʩʘʥʜʨ ʉʝʨʛʝʝʚʠʯ  

 

ɼʚʫʦʩʥʳʝ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳ ʤʘʪʝʨʠʘʣʳ: ʘʥʠʟʦʪʨʦʧʥʳʝ 

ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʧʨʠʤʝʥʝʥʠʷ ʚ ʥʘʥʦʬʦʪʦʥʠʢʝ 

 

1.3.8. ʌʠʟʠʢʘ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

 

ɼʀʉʉɽʈʊɸʎʀʗ  

 ʥʘ ʩʦʠʩʢʘʥʠʝ ʫʯʝʥʦʡ ʩʪʝʧʝʥʠ 

ʢʘʥʜʠʜʘʪʘ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ 

 

ʅʘʫʯʥʳʡ ʨʫʢʦʚʦʜʠʪʝʣʴ 

ʢʘʥʜʠʜʘʪ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ 

ɸʨʩʝʥʠʥ ɸʣʝʢʩʝʡ ɺʣʘʜʠʤʠʨʦʚʠʯ 

ʅʘʫʯʥʳʡ ʢʦʥʩʫʣʴʪʘʥʪ  

ʢʘʥʜʠʜʘʪ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ 

ɽʨʤʦʣʘʝʚ ɻʝʦʨʛʠʡ ɸʣʝʢʩʝʝʚʠʯ 

 

ɼʦʣʛʦʧʨʫʜʥʳʡ ï 2025  



2 

 

 

ʆʛʣʘʚʣʝʥʠʝ 

 

ʆʛʣʘʚʣʝʥʠʝ 2 

ɺʚʝʜʝʥʠʝ 4 

ɻʣʘʚʘ 1. ʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ: ʦʪ ʤʝʪʦʜʦʚ 

ʦʧʨʝʜʝʣʝʥʠʷ ʜʦ ʧʝʨʩʧʝʢʪʠʚ ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʝʨʝʜʦʚʳʭ ʫʩʪʨʦʡʩʪʚʘʭ 13 

1.1 ɺʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳ ʢʨʠʩʪʘʣʣʳ ʢʘʢ ʵʣʝʤʝʥʪʥʘʷ ʙʘʟʘ ʧʝʨʝʜʦʚʦʡ  

ʥʘʥʦʬʦʪʦʥʠʢʠ 14 

1.1.1 ʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʥʘʥʦʬʦʪʦʥʠʢʝ 14 

1.1.2 ʇʨʝʠʤʫʱʝʩʪʚʘ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʣʦʠʩʪʳʭ ʢʨʠʩʪʘʣʣʦʚ 19 

1.1.3 ɺʦʣʥʦʚʳʝ ʧʣʘʩʪʠʥʢʠ ʥʘ ʦʩʥʦʚʝ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ 25 

1.2 ʇʨʦʙʣʝʤʳ ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʘʥ-ʜʝʨ-

ʚʘʘʣʴʩʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ 28 

1.2.1. ʉʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʘʷ ʵʣʣʠʧʩʦʤʝʪʨʠʷ 28 

1.2.2. ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʦʪʨʘʞʝʥʠʷ ʠ ʧʨʦʧʫʩʢʘʥʠʷ 30 

1.3 ɼʠʩʫʣʴʬʠʜ ʛʝʨʤʘʥʠʷ GeS2 33 

1.3.1 ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ GeS2 34 

1.3.2 ʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ GeS2 36 

1.3.3 ɺʥʝʜʨʝʥʠʝ GeS2 ʚ ʫʩʪʨʦʡʩʪʚʘ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʬʦʪʦʥʠʢʠ 38 

1.4 ʊʨʠʩʫʣʴʬʠʜ ʤʳʰʴʷʢʘ As2S3 39 

1.4.1 ʉʪʨʫʢʪʫʨʘ ʩʣʦʠʩʪʦʛʦ ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ 40 

1.4.2 ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ 42 

1.4.3 ʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ 44 

1.5 ɺʳʚʦʜʳ 48 

ɻʣʘʚʘ 2. ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ 50 

2.1 ʄʘʪʝʨʠʘʣʳ 50 

2.2 ʄʝʪʦʜ ʤʝʭʘʥʠʯʝʩʢʦʡ ʵʢʩʬʦʣʠʘʮʠʠ 50 

2.3 ʉʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʘʷ ʵʣʣʠʧʩʦʤʝʪʨʠʷ 52 

2.4 ʄʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʷ ʧʨʦʧʫʩʢʘʥʠʷ: ʠʟʤʝʨʝʥʠʝ ʩʧʝʢʪʨʦʚ 54 

2.5 ɸʪʦʤʥʦ-ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 57 

2.6 ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʧʨʦʧʫʩʢʘʥʠʷ: ʘʥʘʣʠʟ ʩʧʝʢʪʨʦʚ 65 

2.7 ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ 67 

2.8 ɺʳʚʦʜʳ 68 

ɻʣʘʚʘ 3. ʆʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ 69 

3.1 ʆʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʢʨʠʩʪʘʣʣʦʚ ʠʟʦʪʨʦʧʥʳʭ ʚ ʧʣʦʩʢʦʩʪʠ 

ʩʣʦʝʚ 69 

3.2 ʆʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʢʨʠʩʪʘʣʣʦʚ ʘʥʠʟʦʪʨʦʧʥʳʭ ʧʣʦʩʢʦʩʪʠ 

ʩʣʦʝʚ 73 

3.3 ɺʳʚʦʜʳ 79 

ɻʣʘʚʘ 4. ʐʠʨʦʢʦʧʦʣʦʩʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ 80 



3 

 

 

4.1 ʍʘʨʘʢʪʝʨʠʟʘʮʠʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ 80 

4.2 ʆʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ 85 

4.3 ʇʝʨʩʧʝʢʪʠʚʳ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ ʚ ʥʘʥʦʬʦʪʦʥʠʢʝ 90 

4.4 ɺʳʚʦʜʳ 93 

ɻʣʘʚʘ 5. ʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ 95 

5.1 ɸʥʘʣʠʟ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ 95 

5.2 ʆʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ 98 

5.3 ʈʝʢʦʨʜʥʦ ʪʦʥʢʘʷ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʘʷ ʧʣʘʩʪʠʥʢʘ ʥʘ ʦʩʥʦʚʝ ʪʨʠʩʫʣʴʬʠʜʘ 

ʤʳʰʴʷʢʘ 102 

5.4 ɺʳʚʦʜʳ 112 

ɿʘʢʣʶʯʝʥʠʝ 113 

ʉʧʠʩʦʢ ʩʦʢʨʘʱʝʥʠʡ ʠ ʫʩʣʦʚʥʳʭ ʦʙʦʟʥʘʯʝʥʠʡ 115 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 116 

 

  



4 

 

 

ɺʚʝʜʝʥʠʝ 

 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ 

ʉʦʚʨʝʤʝʥʥʘʷ ʥʘʥʦʬʦʪʦʥʠʢʘ ʧʨʝʜʲʷʚʣʷʝʪ ʚʩʝ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ 

ʤʘʪʝʨʠʘʣʘʤ, ʚʢʣʶʯʘʷ: ʚʳʩʦʢʠʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʥʠʟʢʠʝ ʦʧʪʠʯʝʩʢʠʝ 

ʧʦʪʝʨʠ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʩʚʝʪʦʤ ʥʘ ʩʫʙʚʦʣʥʦʚʳʭ ʤʘʩʰʪʘʙʘʭ ʠ 

ʨʝʘʣʠʟʘʮʠʠ ʬʦʪʦʥʥʳʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ; ʚʳʩʦʢʫʶ ʥʝʣʠʥʝʡʥʦʩʪʴ ʠ ʩʪʨʦʛʠʡ 

ʢʦʥʪʨʦʣʴ ʦʧʪʠʯʝʩʢʠʭ, ʵʣʝʢʪʨʦʥʥʳʭ, ʤʘʛʥʠʪʥʳʭ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʩʚʦʡʩʪʚ ʥʘ 

ʥʘʥʦʤʘʩʰʪʘʙʝ ʜʣʷ ʩʦʟʜʘʥʠʷ ʢʦʤʧʘʢʪʥʳʭ, ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʭ ʫʩʪʨʦʡʩʪʚ ʜʣʷ 

ʦʧʪʠʯʝʩʢʠʭ ʚʳʯʠʩʣʝʥʠʡ, ʩʚʝʨʭʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʩʝʥʩʦʨʦʚ ʠ ʟʘʱʠʱʝʥʥʳʭ ʢʚʘʥʪʦʚʳʭ 

ʢʦʤʤʫʥʠʢʘʮʠʡ; ʘ ʪʘʢʞʝ ʭʠʤʠʯʝʩʢʫʶ ʠ ʪʝʨʤʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʨʠ ʨʘʙʦʪʝ ʚ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʠ ʩʦʚʤʝʩʪʠʤʦʩʪʴ ʩ ʠʟʚʝʩʪʥʳʤʠ ʠ ʤʘʩʰʪʘʙʠʨʫʝʤʳʤʠ 

ʥʘʥʦʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʦʙʨʘʙʦʪʢʠ [1,2]. ɺʘʞʥʫʶ ʨʦʣʴ ʚ ʬʦʪʦʥʠʢʝ ʠʛʨʘʝʪ 

ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ. ɺ ʯʘʩʪʥʦʩʪʠ, ʵʪʦ 

ʚʘʞʥʦ ʜʣʷ: ʨʝʘʣʠʟʘʮʠʠ ʵʬʬʝʢʪʘ ʚʨʘʱʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ [3,4]; ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʩʠʥʛʫʣʷʨʥʦʩʪʝʡ [5,6]; ʩʦʟʜʘʥʠʷ ʚʦʣʥʦʚʝʜʫʱʠʭ ʩʪʨʫʢʪʫʨ, 

ʧʨʝʦʜʦʣʝʚʘʶʱʠʭ ʜʠʬʨʘʢʮʠʦʥʥʳʡ ʧʨʝʜʝʣ [7,8]; ʨʘʟʨʘʙʦʪʢʠ ʥʘʥʦʨʝʟʦʥʘʪʦʨʦʚ ʪʠʧʘ 

ʄʠ ʩ ʫʣʫʯʰʝʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ [9,10]; ʠʟʛʦʪʦʚʣʝʥʠʷ ʩʚʝʨʭʪʦʥʢʠʭ ʬʘʟʦʚʳʭ 

ʧʣʘʩʪʠʥ [11,12]; ʩʦʟʜʘʥʠʷ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʬʦʪʦʜʝʪʝʢʪʦʨʦʚ [13,14] ʠ ʜʨʫʛʠʭ 

ʧʨʠʣʦʞʝʥʠʡ. ʉʦʯʝʪʘʥʠʝ ʚʳʩʦʢʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʘʥʠʟʦʪʨʦʧʠʠ 

ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʦʜʥʦʤ ʤʘʪʝʨʠʘʣʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʩʪʝʧʝʥʴ 

ʩʚʦʙʦʜʳ ʧʨʠ ʫʧʨʘʚʣʝʥʠʠ ʦʧʪʠʯʝʩʢʠʤ ʠʟʣʫʯʝʥʠʝʤ ʥʘ ʥʘʥʦʤʘʩʰʪʘʙʝ ʠ ʩʣʫʞʠʪ 

ʦʩʥʦʚʦʡ ʜʣʷ ʨʷʜʘ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ð ʦʪ ʩʠʩʪʝʤ ʚʠʨʪʫʘʣʴʥʦʡ ʠ 

ʜʦʧʦʣʥʝʥʥʦʡ ʨʝʘʣʴʥʦʩʪʠ ʜʦ ʠʥʪʝʛʨʘʣʴʥʳʭ ʬʦʪʦʥʥʳʭ ʩʭʝʤ ʩ ʧʦʚʳʰʝʥʥʦʡ 

ʧʣʦʪʥʦʩʪʴʶ ʵʣʝʤʝʥʪʦʚ [7,8,15ï17]. ʀʟʚʝʩʪʥʳʝ ʘʥʠʟʦʪʨʦʧʥʳʝ ʦʧʪʠʯʝʩʢʠʝ 

ʤʘʪʝʨʠʘʣʳ, ʪʘʢʠʝ ʢʘʢ ʢʘʣʴʮʠʪ (ȹn = 0,17 ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 630 ʥʤ) [18], ʨʫʪʠʣ 

(ȹn = 0,28 ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 632,8 ʥʤ) [19], ʢʚʘʨʮ (0,009 ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 590 ʥʤ) [20], 
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ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ [21], ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʩʪʝʧʝʥʴʶ ʘʥʠʟʦʪʨʦʧʠʠ, 

ʥʝ ʧʨʝʚʳʰʘʶʱʝʡ 0,3, ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʚ ʥʘʥʦʬʦʪʦʥʥʳʭ 

ʫʩʪʨʦʡʩʪʚʘʭ. ʇʨʠ ʵʪʦʤ ʥʦʚʳʝ ʘʥʠʟʦʪʨʦʧʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ, ʥʘʧʨʠʤʝʨ, 

ʩʫʣʴʬʠʜ ʪʠʪʘʥʘ ʙʘʨʠʷ (BaTiS3) ʠ ʩʫʣʴʬʠʜ ʪʠʪʘʥʘ ʩʪʨʦʥʮʠʷ (Sr9/8TiS3) ʥʝʩʤʦʪʨʷ ʥʘ 

ʨʝʢʦʨʜʥʫʶ ʩʪʝʧʝʥʴ ʘʥʠʟʦʪʨʦʧʠʠ (ȹn > 2.1), ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʚʳʩʦʢʠʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ, ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʷʜʝ 

ʦʧʪʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ, ʧʨʝʞʜʝ ʚʩʝʛʦ ʚ ʚʠʜʠʤʦʤ ʩʧʝʢʪʨʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ [22,23]. ʂʨʦʤʝ ʪʦʛʦ, ʨʷʜ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʦʧʪʠʯʝʩʢʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ, ʪʘʢʠʭ ʢʘʢ ʯʝʨʥʳʡ ʬʦʩʬʦʨ [24] ʠʣʠ ʯʝʨʥʳʡ ʤʳʰʴʷʢ [25], ʦʢʘʟʳʚʘʶʪʩʷ 

ʭʠʤʠʯʝʩʢʠ ʥʝʩʪʘʙʠʣʴʥʳʤʠ ʠ ʥʝ ʤʦʛʫʪ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʦʚʘʪʴ ʚ 

ʫʩʣʦʚʠʷʭ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ [26].  

ɺ ʵʪʦʡ ʩʚʷʟʠ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʟʘʜʘʯʝʡ ʧʦʠʩʢ ʠ ʠʟʫʯʝʥʠʝ ʥʦʚʳʭ 

ʘʥʠʟʦʪʨʦʧʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʳʩʦʢʠʤ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ (ʪʘʢʠʤʠ ʢʘʢ ʢʚʘʨʮ, ʨʫʪʠʣ ʠ 

ʢʘʣʴʮʠʪ) ʠ ʥʠʟʢʠʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ ʚ ʚʠʜʠʤʦʤ ʩʧʝʢʪʨʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʠ ʚ ʙʣʠʞʥʝʤ ʠʥʬʨʘʢʨʘʩʥʦʤ ʜʠʘʧʘʟʦʥʝ (ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʡ 

ʜʠʘʧʘʟʦʥ ʯʘʩʪʦʪ), ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ ʧʦʚʳʰʝʥʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʠ ʪʝʨʤʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʚ ʫʩʣʦʚʠʷʭ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʩʦʚʤʝʩʪʠʤʳʭ ʩ ʤʘʩʰʪʘʙʠʨʫʝʤʳʤʠ 

ʥʘʥʦʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʦʙʨʘʙʦʪʢʠ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʜʥʦʛʦ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʧʦʠʩʢʘ ʪʘʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʚʳʜʝʣʷʶʪʩʷ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳ (ʩʣʦʠʩʪʳʝ) ʢʨʠʩʪʘʣʣʳ ð ʢʣʘʩʩ 

ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʣʘʙʳʤ ʤʝʞʩʣʦʝʚʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ (ʦʙʫʩʣʦʚʣʝʥʥʳʤ ʚʘʥ-ʜʝʨ-

ʚʘʘʣʴʩʦʚʳʤʠ ʩʠʣʘʤʠ) ʠ ʩʠʣʴʥʳʤʠ ʢʦʚʘʣʝʥʪʥʳʤʠ ʩʚʷʟʷʤʠ ʚʥʫʪʨʠ ʧʣʦʩʢʦʩʪʠ. ʈʘʥʝʝ 

ʥʘ ʧʨʠʤʝʨʝ ʨʷʜʘ ʠʟʚʝʩʪʥʳʭ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ ð ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ 

ʥʠʪʨʠʜʘ ʙʦʨʘ (hBN), ʜʠʩʫʣʴʬʠʜʘ ʤʦʣʠʙʜʝʥʘ (MoS2) ʠ ʜʠʩʫʣʴʬʠʜʘ ʚʦʣʴʬʨʘʤʘ (WS2) 

ð ʙʳʣʘ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʠʭ ʚʳʩʦʢʘʷ ʩʪʝʧʝʥʴ ʚʥʝʧʣʦʩʢʦʩʪʥʦʡ ʦʧʪʠʯʝʩʢʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ [7,17,27,28]. ʊ.ʝ. ʜʣʷ ʵʪʠʭ ʢʨʠʩʪʘʣʣʦʚ ʦʧʪʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ 
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ʥʘʙʣʶʜʘʝʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʘʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʝʥʟʦʨʘ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʥʘʧʨʘʚʣʝʥʠʷʤ, ʥʘʭʦʜʷʱʠʤʩʷ ʚ ʧʣʦʩʢʦʩʪʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ 

ʩʣʦʷʤ ʢʨʠʩʪʘʣʣʘ. ʕʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʟʘʪʨʫʜʥʷʝʪ ʪʝʭʥʠʯʝʩʢʫʶ ʨʝʘʣʠʟʘʮʠʶ 

ʦʧʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ ʥʘ ʠʭ ʦʩʥʦʚʝ, ʧʦʩʢʦʣʴʢʫ ʪʦʣʱʠʥʘ ʪʘʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʦʙʳʯʥʦ 

ʥʝ ʧʨʝʚʳʰʘʝʪ ʜʣʠʥʳ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ. ʅʘʠʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʚʳʩʦʢʘʷ 

ʘʥʠʟʦʪʨʦʧʠʷ ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ ʢʨʠʩʪʘʣʣʦʚ, ʪʘʢ ʢʘʢ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʩʥʠʤʘʝʪʩʷ 

ʦʛʨʘʥʠʯʝʥʠʝ ʥʘ ʨʘʟʤʝʨʳ ʢʨʠʩʪʘʣʣʘ ʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʳʤ 

ʩʦʟʜʘʥʠʝ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ ʫʩʪʨʦʡʩʪʚ ʥʘ ʠʭ ʦʩʥʦʚʝ: ʬʦʪʦʥʥʳʝ ʠʥʪʝʛʨʘʣʴʥʳʝ ʩʭʝʤʳ, 

ʥʘʥʦʨʝʟʦʥʘʪʦʨʳ ʠ ʤʝʪʘʧʦʚʝʨʭʥʦʩʪʠ, ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʬʦʪʦʜʝʪʝʢʪʦʨʳ, ʩʠʩʪʝʤʳ 

ʜʦʧʦʣʥʝʥʥʦʡ ʠ ʚʠʨʪʫʘʣʴʥʦʡ ʨʝʘʣʴʥʦʩʪʠ.  

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʟʚʝʩʪʥʦ ʙʦʣʝʝ ʪʳʩʷʯʠ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʧʨʠ ʵʪʦʤ ʙʦʣʴʰʠʥʩʪʚʦ ʠʟ ʥʠʭ ʦʩʪʘʶʪʩʷ ʥʝʠʟʫʯʝʥʥʳʤʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩʦʧʨʷʞʝʥʦ ʩ ʨʷʜʦʤ ʪʨʫʜʥʦʩʪʝʡ. ʉʪʘʥʜʘʨʪʥʳʝ 

ʤʝʪʦʜʳ ʠʟʤʝʨʝʥʠʡ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ (ʥʘʧʨʠʤʝʨ, ʵʣʣʠʧʩʦʤʝʪʨʠʷ) 

ʵʬʬʝʢʪʠʚʥʦ ʨʘʙʦʪʘʶʪ ʥʘ ʦʙʨʘʟʮʘʭ ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʦʢʦʣʦ 1 ʤʤ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʤʝʭʘʥʠʯʝʩʢʦʝ ʨʘʩʱʝʧʣʝʥʠʝ (ʵʢʩʬʦʣʠʘʮʠʷ) ʩʣʦʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʣʫʯʝʥʠʝ ʢʨʠʩʪʘʣʣʦʚ ʩ ʣʘʪʝʨʘʣʴʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʣʠʰʴ ʥʝʩʢʦʣʴʢʦ 

ʜʝʩʷʪʢʦʚ ʤʠʢʨʦʥ. ʉʣʦʞʥʦʩʪʴ ʠ ʜʦʨʦʛʦʚʠʟʥʘ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʩʧʦʩʦʙʥʦʛʦ 

ʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʪʘʢʠʝ ʢʨʠʩʪʘʣʣʳ ʚ ʚʠʜʠʤʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʠ ʙʣʠʞʥʝʤ 

ʠʥʬʨʘʢʨʘʩʥʦʤ ʜʠʘʧʘʟʦʥʝ, ʟʘʪʨʫʜʥʷʶʪ ʠʟʫʯʝʥʠʝ ʥʦʚʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʵʪʦʛʦ ʢʣʘʩʩʘ 

ʤʘʪʝʨʠʘʣʦʚ. ʇʦʵʪʦʤʫ ʨʘʟʨʘʙʦʪʢʘ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʠʟʤʝʨʝʥʠʡ ʦʧʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʩ ʷʚʥʦ ʚʳʨʘʞʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ 

ʟʘʜʘʯʝʡ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʦʚʳʭ ʘʥʠʟʦʪʨʦʧʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 

ʦʙʫʩʣʦʚʣʝʥʘ ʨʘʩʪʫʱʠʤʠ ʧʦʪʨʝʙʥʦʩʪʷʤʠ ʩʦʚʨʝʤʝʥʥʦʡ ʥʘʥʦʬʦʪʦʥʠʢʠ ʚ ʫʧʨʘʚʣʝʥʠʠ 

ʦʧʪʠʯʝʩʢʠʤ ʠʟʣʫʯʝʥʠʝʤ ʥʘ ʥʘʥʦʤʘʩʰʪʘʙʘʭ. ʀʟʚʝʩʪʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʪʘʢʠʝ ʢʘʢ 

ʢʘʣʴʮʠʪ ʠʣʠ ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ, ʦʙʣʘʜʘʶʪ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʩʪʝʧʝʥʴʶ ʘʥʠʟʦʪʨʦʧʠʠ 
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(ȹn < 0,3), ʪʦʛʜʘ ʢʘʢ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʘʥʠʟʦʪʨʦʧʠʠ 

(BaTiS3, ʯʝʨʥʳʡ ʬʦʩʬʦʨ) ʣʠʙʦ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʚʳʩʦʢʠʝ ʦʧʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ, ʣʠʙʦ 

ʥʝʜʦʩʪʘʪʦʯʥʫʶ ʭʠʤʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ. ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ ʚʘʥ-ʜʝʨ-

ʚʘʘʣʴʩʦʚʳ ʢʨʠʩʪʘʣʣʳ, ʩʦʯʝʪʘʶʱʠʝ ʚʳʩʦʢʫʶ ʦʧʪʠʯʝʩʢʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʩ 

ʚʦʟʤʦʞʥʦʩʪʴʶ ʪʦʥʢʦʡ ʥʘʩʪʨʦʡʢʠ ʩʚʦʡʩʪʚ, ʦʜʥʘʢʦ ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ 

ʩʜʝʨʞʠʚʘʝʪʩʷ ʪʨʫʜʥʦʩʪʷʤʠ ʠʟʤʝʨʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʠ 

ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʤʝʪʦʜʠʢ. ʇʦʠʩʢ ʠ ʠʟʫʯʝʥʠʝ ʥʦʚʳʭ 

ʚʳʩʦʢʦʨʝʬʨʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʳʩʦʢʦʡ ʚʥʫʪʨʠʧʣʦʩʢʦʩʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʠ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʤʝʪʦʜʦʚ ʠʭ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʦʪʢʨʳʚʘʶʪ ʧʫʪʴ ʢ ʩʦʟʜʘʥʠʶ 

ʧʨʦʨʳʚʥʳʭ ʬʦʪʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ, ʚʢʣʶʯʘʷ ʩʚʝʨʭʢʦʤʧʘʢʪʥʳʝ ʠʥʪʝʛʨʘʣʴʥʳʝ ʩʭʝʤʳ 

ʠ ʩʠʩʪʝʤʳ ʜʦʧʦʣʥʝʥʥʦʡ ʨʝʘʣʴʥʦʩʪʠ ʩʣʝʜʫʶʱʝʛʦ ʧʦʢʦʣʝʥʠʷ. 

ʎʝʣʴ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ ʠ ʠʟʫʯʝʥʠʝ ʜʚʫʦʩʥʳʭ ʚʳʩʦʢʦʨʝʬʨʘʢʪʠʚʥʳʭ 

ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʨʘʟʨʘʙʦʪʢʘ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʦʧʨʝʜʝʣʝʥʠʷ 

ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ 

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʩʩʣʦʝʥʠʷ, ʠʟʤʝʨʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ, ʘ ʪʘʢʞʝ ʧʨʘʢʪʠʯʝʩʢʘʷ ʨʝʘʣʠʟʘʮʠʷ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʜʣʷ 

ʫʩʪʨʦʡʩʪʚ ʥʘʥʦʬʦʪʦʥʠʢʠ ʥʘ ʦʩʥʦʚʝ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ 

ʈʘʟʨʘʙʦʪʘʥ ʵʬʬʝʢʪʠʚʥʳʡ ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʜʚʫʦʩʥʳʭ 

ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ (ʩ ʤʠʥʠʤʘʣʴʥʳʤʠ ʣʘʪʝʨʘʣʴʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʚʧʣʦʪʴ 

ʜʦ 4 ʤʢʤ). ʄʝʪʦʜ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʠʟʤʝʨʝʥʠʝ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʟʘʚʠʩʠʤʳʭ ʩʧʝʢʪʨʦʚ 

ʧʨʦʧʫʩʢʘʥʠʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ, ʠʟʤʝʨʝʥʠʝ ʩʧʝʢʪʨʦʚ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʨʠʝʥʪʘʮʠʠ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ, ʘ ʪʘʢʞʝ ʜʘʥʥʳʝ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʪʦʣʱʠʥ ʢʨʠʩʪʘʣʣʦʚ. 
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ɺʧʝʨʚʳʝ ʠʟʤʝʨʝʥ ʧʦʣʥʳʡ ʪʝʥʟʦʨ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʢʨʠʩʪʘʣʣʘ 

ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ (GeS2) ʚ ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ: ʦʪ 

ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ (250 ʥʤ) ʜʦ ʙʣʠʞʥʝʛʦ ʠʥʬʨʘʢʨʘʩʥʦʛʦ (1700 ʥʤ) ʜʠʘʧʘʟʦʥʘ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ GeS2 ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ ʜʦʩʪʠʛʘʝʪ 2,7 

ʧʨʠ ʜʣʠʥʝ 360 ʥʤ, ʩʦʭʨʘʥʷʷ ʧʨʦʟʨʘʯʥʦʩʪʴ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʦʪ 360 

ʜʦ 1700 ʥʤ. ɺ ʯʘʩʪʥʦʩʪʠ, ʫ ʩʣʦʠʩʪʦʛʦ ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ ʦʙʥʘʨʫʞʝʥʘ ʚʳʩʦʢʘʷ 

ʘʥʠʟʦʪʨʦʧʠʷ (ȹn  < 0,12) ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʧʨʦʟʨʘʯʥʦʩʪʠ. 

ɺʧʝʨʚʳʝ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʠʟʤʝʨʝʥʳ ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʦʙʲʝʤʥʦʛʦ 

ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʩʣʦʠʩʪʦʛʦ ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ (ʘʫʨʫʧʠʛʤʝʥʪ, As2S3) ʚ ʧʣʦʩʢʦʩʪʠ 

ʩʣʦʝʚ ʚ ʚʠʜʠʤʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 500 ʜʦ 900 ʥʤ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʩʣʦʠʩʪʳʡ As2S3 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʨʝʢʦʨʜʥʫʶ ʩʪʝʧʝʥʴ ʘʥʠʟʦʪʨʦʧʠʠ ʩʨʝʜʠ ʠʟʚʝʩʪʥʳʭ 

ʘʥʠʟʦʪʨʦʧʥʳʭ ʢʨʠʩʪʘʣʣʦʚ (ʨʘʟʥʠʮʘ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ 

ʢʨʠʩʪʘʣʣʘ ʜʦʩʪʠʛʘʝʪ 0,38 ʧʨʠ ʜʣʠʥʝ ʚʦʣʥʳ 500 ʥʤ), ʩʦʭʨʘʥʷʷ ʦʧʪʠʯʝʩʢʫʶ 

ʧʨʦʟʨʘʯʥʦʩʪʴ ʚʦ ʚʩʝʤ ʠʩʩʣʝʜʫʝʤʦʤ ʜʠʘʧʘʟʦʥʝ.  

ʊʝʦʨʝʪʠʯʝʩʢʠ ʦʧʨʝʜʝʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʙʝʛʘ ʬʘʟʳ ʬʘʟʦʚʳʭ ʧʣʘʩʪʠʥʦʢ ʥʘ 

ʦʩʥʦʚʝ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʩʣʦʠʩʪʦʛʦ As2S3 ʦʪ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʩʪʠʥʢʠ 

ʠ ʜʣʠʥʳ ʚʦʣʥʳ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ.  

ɺʧʝʨʚʳʝ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʨʘʙʦʪʘ 

ʨʝʢʦʨʜʥʦ ʪʦʥʢʦʡ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ ʧʣʘʩʪʠʥʢʠ ʥʘ ʦʩʥʦʚʝ ʩʣʦʠʩʪʦʛʦ As2S3 ʪʦʣʱʠʥʦʡ 

ʤʝʥʝʝ 350 ʥʤ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ. 

ʆʩʥʦʚʥʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʆʩʥʦʚʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʧʨʠʤʝʥʷʝʤʳʤʠ ʚ ʨʘʙʦʪʝ, ʷʚʣʷʶʪʩʷ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-

ʟʘʚʠʩʠʤʘʷ ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʷ ʧʨʦʧʫʩʢʘʥʠʷ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ, ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʘʷ ʵʣʣʠʧʩʦʤʝʪʨʠʷ, ʘʪʦʤʥʦ-ʩʠʣʦʚʘʷ 

ʤʠʢʨʦʩʢʦʧʠʷ, ʦʧʪʠʯʝʩʢʘʷ ʤʠʢʨʦʩʢʦʧʠʷ, ʨʘʩʪʨʦʚʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ, 

ʵʣʝʢʪʨʦʥʥʘʷ ʜʠʬʨʘʢʮʠʷ, ʨʝʥʪʛʝʥʦʚʩʢʘ ̫ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ. 

ʆʩʥʦʚʥʦʡ ʪʝʭʥʠʢʦʡ ʬʘʙʨʠʢʘʮʠʠ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 
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ʨʘʩʩʣʦʝʥʠʷ. ɼʣʷ ʘʥʘʣʠʟʘ ɻ ʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʤʥʦʛʦʩʣʦʡʥʳʭ ʩʪʨʫʢʪʫʨ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʳʭ 

ʧʘʢʝʪʦʚ WVASE, OriginPro, ʘ ʪʘʢʞʝ ʷʟʳʢʦʚ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ Python. 

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ   

1. ʄʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʠ ʚʝʨʠʬʠʢʘʮʠʠ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʟʘʚʠʩʠʤʦʡ ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʧʨʦʧʫʩʢʘʥʠʷ ʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʷʪʴ 

ʦʨʠʝʥʪʘʮʠʶ ʛʣʘʚʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ ʪʝʥʟʦʨʘ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ, 

ʧʘʨʘʣʣʝʣʴʥʳʭ ʩʣʦʷʤ ʢʨʠʩʪʘʣʣʦʚ ʠ ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ 

ʜʠʘʧʘʟʦʥʝ ʧʨʦʟʨʘʯʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ (k = 0). 

2. ʆʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʩʣʦʠʩʪʦʛʦ ʢʨʠʩʪʘʣʣʘ ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ GeS2, 

ʠʟʤʝʨʝʥʥʳʝ ʤʝʪʦʜʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ 

ʜʠʘʧʘʟʦʥʝ ʦʪ 250 ʜʦ 1700 ʥʤ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ n ʦʪ 1,9 

ʜʦ 2,7 ʠ ʘʥʠʟʦʪʨʦʧʠʶ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ȹn ʦʪ 0,08 ʜʦ 0,12 ʚ 

ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʧʨʦʟʨʘʯʥʦʩʪʠ (ʢʦʵʬʬʠʮʠʝʥʪ ʵʢʩʪʠʥʢʮʠʠ k < 0,01) ʦʪ 

360 ʜʦ 1700 ʥʤ ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ ʢʨʠʩʪʘʣʣʘ. 

3. ʆʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʩʣʦʠʩʪʦʛʦ ʢʨʠʩʪʘʣʣʘ ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ, 

ʠʟʤʝʨʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʟʘʚʠʩʠʤʦʡ ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʧʨʦʟʨʘʯʥʦʩʪʠ ʦʪ 500 ʜʦ 900 ʥʤ   

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ n ʦʪ 3,0 ʜʦ 3,4 ʠ ʘʥʠʟʦʪʨʦʧʠʶ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ȹn ʦʪ 0,35 ʜʦ 0,38 ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ ʢʨʠʩʪʘʣʣʘ. 

4. ʏʝʪʚʝʨʪʴʚʦʣʥʦʚʘʷ ʧʣʘʩʪʠʥʢʘ ʥʘ ʦʩʥʦʚʝ ʩʣʦʠʩʪʦʛʦ ʢʨʠʩʪʘʣʣʘ ʪʨʠʩʫʣʴʬʠʜʘ 

ʤʳʰʴʷʢʘ ʦʩʫʱʝʩʪʚʣʷʝʪ ʥʘʙʝʛ ʬʘʟʳ 90Á ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ 512 ʠ 559 ʥʤ ʧʨʠ 

ʪʦʣʱʠʥʝ ʧʣʘʩʪʠʥʢʠ ʤʝʥʝʝ 350 ʥʤ.  

ʅʘʫʯʥʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʨʦʟʨʘʯʥʳʭ 

ʩʣʦʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʙʳʩʪʨʫʶ ʠ ʪʦʯʥʫʶ ʦʮʝʥʢʫ ʦʧʪʠʯʝʩʢʠʭ 
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ʢʦʥʩʪʘʥʪ ʚ ʚʠʜʠʤʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ. ʇʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ 

ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʤʝʪʦʜʘ ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʦʪʣʠʯʥʦʝ ʩʭʦʜʩʪʚʦ 

ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʥʝ ʪʦʣʴʢʦ 

ʫʩʢʦʨʷʝʪ ʨʘʩʯʝʪ ʢʣʶʯʝʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʠ 

ʬʦʪʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ, ʥʦ ʠ ʩʥʠʞʘʝʪ ʟʘʪʨʘʪʳ ʥʘ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʜʝʣʘʷ ʧʨʦʮʝʩʩ ʙʦʣʝʝ 

ʜʦʩʪʫʧʥʳʤ ʠ ʵʢʦʥʦʤʠʯʝʩʢʠ ʚʳʛʦʜʥʳʤ. ʄʝʪʦʜʠʢʘ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ 

ʥʝʟʘʚʠʩʠʤʫʶ ʚʝʨʠʬʠʢʘʮʠʶ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ, ʘ ʪʘʢʞʝ ʧʨʦʠʟʚʦʜʠʪʴ 

ʢʦʣʠʯʝʩʪʚʝʥʥʫʶ ʦʮʝʥʢʫ ʪʦʣʱʠʥʳ ʩʣʦʠʩʪʳʭ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ, ʧʨʦʟʨʘʯʥʳʭ ʚ 

ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ. 

ʇʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʨʘʙʦʪʳ ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʨʘʟʤʝʱʝʥʳ ʚ ʦʪʢʨʳʪʦʡ 

ʙʘʟʝ ʜʘʥʥʳʭ www.refractiveindex.info ʠ ʜʦʩʪʫʧʥʳ ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ. 

ʋʥʠʢʘʣʴʥʦʝ ʩʦʯʝʪʘʥʠʝ ʚʳʩʦʢʨʝʬʨʘʢʪʠʚʥʳʭ ʠ ʘʥʠʟʦʪʨʦʧʥʳʭ ʩʚʦʡʩʪʚ ʩ ʥʠʟʢʠʤʠ 

ʦʧʪʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ ʚ ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʧʨʝʚʨʘʱʘʝʪ ʦʙʘ 

ʤʘʪʝʨʠʘʣʘ ʚ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʢʘʥʜʠʜʘʪʦʚ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʥʘʥʦʬʦʪʦʥʠʢʝ ʠ 

ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʚ 

ʚʠʜʠʤʦʤ ʠ ʋʌ ʜʠʘʧʘʟʦʥʘʭ ʜʣʠʥ ʚʦʣʥ, ʥʘ ʦʩʥʦʚʝ ʘʥʠʟʦʪʨʦʧʥʳʭ ʢʨʠʩʪʘʣʣʦʚ. 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʚʳʷʚʣʝʥʥʳʭ ʘʥʠʟʦʪʨʦʧʥʳʭ ʩʚʦʡʩʪʚ ʧʦʜʪʚʝʨʞʜʝʥʘ 

ʩʦʟʜʘʥʠʝʤ ʩʚʝʨʭʪʦʥʢʦʡ (ʤʝʥʝʝ 350 ʥʤ) ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ ʧʣʘʩʪʠʥʳ ʥʘ ʦʩʥʦʚʝ 

ʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ.  

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ, ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʥʘ 3 

ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʠ 4 ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ. 

1. Slavich A., Ermolaev G., Grudinin D., Kravtsov K., Toksumakov A., Syuy A., 

Vyshnevyy A., Kruglov I., Arsenin A., Volkov V. ñBiaxial van der Waals Crystals: 

Optical Properties and Advanced Photonic Applicationsò // PhotonIcs and 

Electromagnetics Research Symposium PIERS, Abu Dhabi, UAE, 2025. 
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2. ʉʣʘʚʠʯ ɸ., ɽʨʤʦʣʘʝʚ ɻ., ɸʨʩʝʥʠʥ ɸ., ɺʦʣʢʦʚ ɺ. ñʀʩʩʣʝʜʦʚʘʥʠʝ ʦʧʪʠʢʠ 

ʜʚʫʦʩʥʳʭ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ: ʦʪ ʠʟʤʝʨʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ 

ʢʦʥʩʪʘʥʪ ʜʦ ʧʨʠʤʝʥʝʥʠʡ ʚ ʧʝʨʝʜʦʚʦʡ ʥʘʥʦʬʦʪʦʥʠʢʝò // 67-ʷ ɺʩʝʨʦʩʩʠʡʩʢʘʷ 

ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʄʌʊʀ, ɼʦʣʛʦʧʨʫʜʥʳʡ, ʈʦʩʩʠʷ, 2025.  

3. Slavich A., Ermolaev G., Zavidovskiy I., Grudinin D., Tatmyshevskiy M., 

Toksumakov A., Syuy A., Vyshnevyy A., Yakubovsky D., Novikova S., 

Ghazaryan D., Arsenin A., Volkov V. ñOptical Properties of Biaxial van der Waals 

Crystals for Photonic Applicationsò // 31th International conference on Advanced 

Laser Technologies (ALT), Vladivostok, Russia, 2024. 

4. ʉʣʘʚʠʯ ɸ., ʊʘʪʤʳʰʝʚʩʢʠʡ ʄ., ʊʦʢʩʫʤʘʢʦʚ ɸ., ʄʘʪʚʝʝʚʘ ʆ., ɻʨʫʜʠʥʠʥ ɼ.  

ñʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʜʚʫʦʩʥʳʭ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ ʠ ʠʭ 

ʧʨʠʤʝʥʝʥʠʷò // 66-ʷ ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʄʌʊʀ, 

ɼʦʣʛʦʧʨʫʜʥʳʡ, ʈʦʩʩʠʷ, 2024.  

5. Slavich A., Ermolaev G., Toksumakov A., Tatmyshevskiy M., Kravtsov K., 

Grudinin D., Matveeva O., Syuy A., Vyshnevyy A., Kruglov I., Yakubovsky D., 

Novikov S., Ghazaryan D., Arsenin A., Volkov V. ñExploring van der Waals 

crystals with high optical anisotropyò // 21th Asia-Pacific Conference on 

Fundamental Problems of Opto- and Microelectronics (APCOM), Hainan, China, 

2023. 

6. Slavich A., Ermolaev G., Toksumakov A., Tatmyshevskiy M., Kravtsov K., 

Grudinin D., Matveeva O., Syuy A., Vyshnevyy A., Kruglov I., Yakubovsky D., 

Novikov S., Ghazaryan D., Arsenin A., Volkov V.  ñGiant in-plane optical 

anisotropy in van der Waals materialsò // 11th International Symposium on Optics 

and its Applications OPTICS11, Yerevan, Armenia, 2023.  

7. ʉʣʘʚʠʯ ɸ., ɽʨʤʦʣʘʝʚ ɻ., ʄʠʨʦʥʦʚ ʄ., ʊʦʢʩʫʤʘʢʦʚ ɸ. ñʆʧʨʝʜʝʣʝʥʠʝ 

ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʤʝʪʦʜʘʤʠ 



12 

 

 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʡ ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʠò // 65-ʷ ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʘʷ 

ʢʦʥʬʝʨʝʥʮʠʷ ʄʌʊʀ, ɼʦʣʛʦʧʨʫʜʥʳʡ, ʈʦʩʩʠʷ, 2023. 

ʇʫʙʣʠʢʘʮʠʠ ʘʚʪʦʨʘ ʧʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ 

ʇʦ ʤʘʪʝʨʠʘʣʘʤ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 10 ʩʪʘʪʝʡ ʚ ʟʘʨʫʙʝʞʥʳʭ 

ʞʫʨʥʘʣʘʭ, ʚʭʦʜʷʱʠʭ ʚ ʙʘʟʳ ʮʠʪʠʨʦʚʘʥʠʷ Scopus ʠ Web of Science, ʚ ʪʨʝʭ ʠʟ 

ʢʦʪʦʨʳʭ ʩʦʠʩʢʘʪʝʣʴ ʷʚʣʷʝʪʩʷ ʧʝʨʚʳʤ ʘʚʪʦʨʦʤ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʩʦʠʩʢʘʪʝʣʷ 

ɺʩʝ ʠʟʣʦʞʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʦʨʠʛʠʥʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʘʚʪʦʨʦʤ 

ʣʠʯʥʦ, ʣʠʙʦ ʧʨʠ ʝʛʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ ʫʯʘʩʪʠʠ. 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ 

ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʧʷʪʠ ʛʣʘʚ ʠ ʟʘʢʣʶʯʝʥʠʷ. ʆʥʘ ʠʟʣʦʞʝʥʘ ʥʘ 

127 ʩʪʨʘʥʠʮʘʭ ʤʘʰʠʥʦʧʠʩʥʦʛʦ ʪʝʢʩʪʘ, ʚʢʣʶʯʘʝʪ 52 ʨʠʩʫʥʢʘ. ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

ʥʘʩʯʠʪʳʚʘʝʪ 123 ʥʘʠʤʝʥʦʚʘʥʠ.̫ 
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ɻʣʘʚʘ 1. ʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ: ʦʪ ʤʝʪʦʜʦʚ 

ʦʧʨʝʜʝʣʝʥʠʷ ʜʦ ʧʝʨʩʧʝʢʪʠʚ ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʝʨʝʜʦʚʳʭ ʫʩʪʨʦʡʩʪʚʘʭ 

 

ʉʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ ʠʛʨʘʶʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʨʘʟʚʠʪʠʠ ʩʦʚʨʝʤʝʥʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ, ʦʧʨʝʜʝʣʷʷ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ 

ʩʣʦʞʥʳʭ ʠʥʞʝʥʝʨʥʳʭ ʩʠʩʪʝʤ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʢʨʝʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ 

ʪʨʝʙʫʝʤʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʠʘʣʦʚ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʟʣʠʯʘʶʪʩʷ: ʪʘʢ, ʚ 

ʪʝʧʣʦʪʝʭʥʠʢʝ ʥʘ ʧʝʨʚʳʡ ʧʣʘʥ ʚʳʭʦʜʷʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʠ ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ, 

ʪʦʛʜʘ ʢʘʢ ʚ ʵʣʝʢʪʨʦʥʠʢʝ ʦʩʦʙʦʝ ʟʥʘʯʝʥʠʝ ʠʤʝʶʪ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ, ʧʦʜʚʠʞʥʦʩʪʴ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ. ɼʣʷ ʫʩʪʨʦʡʩʪʚ ʬʦʪʦʥʠʢʠ, ʚ 

ʩʚʦʶ ʦʯʝʨʝʜʴ, ʵʪʠʤ ʧʘʨʘʤʝʪʨʦʤ ʷʚʣʷʝʪʩʷ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ. ʆʙʰʠʨʥʦʝ 

ʨʘʟʥʦʦʙʨʘʟʠʝ ʧʨʠʨʦʜʥʳʭ ʠ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʰʠʨʦʢʠʤ 

ʜʠʘʧʘʟʦʥʦʤ ʩʚʦʡʩʪʚ, ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʠʥʥʦʚʘʮʠʡ. ʕʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʢʘʢ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʧʦʠʩʢʝ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʪʘʢ ʠ 

ʚ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʳʭ ʧʦʜʭʦʜʦʚ ʢ ʙʳʩʪʨʦʡ ʠ ʵʬʬʝʢʪʠʚʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʦʮʝʥʢʝ 

ʠʭ ʩʚʦʡʩʪʚ.  

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥ ʦʙʟʦʨ ʥʘʫʯʥʳʭ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʧʨʠʤʝʥʝʥʠʶ 

ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʢʣʘʩʩʘ ʤʘʪʝʨʠʘʣʦʚ ð ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ (ʩʣʦʠʩʪʳʭ) ʢʨʠʩʪʘʣʣʦʚ 

ð ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʥʘʥʦʬʦʪʦʥʠʢʠ. ʅʘ ʦʩʥʦʚʝ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʨʠʚʦʜʠʪʩʷ 

ʜʝʪʘʣʴʥʳʡ ʘʥʘʣʠʟ ʩʣʦʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʠʭ ʢʦʥʢʫʨʝʥʪʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ, ʘ ʪʘʢʞʝ ʠʭ ʧʨʠʤʝʥʝʥʠʡ ʚ ʩʦʩʪʘʚʝ 

ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʄʠ-ʨʝʟʦʥʘʪʦʨʦʚ, ʬʦʪʦʥʥʳʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʠʩʪʝʤ ʠ 

ʢʦʤʧʘʢʪʥʳʭ ʬʘʟʦʚʳʭ ʧʣʘʩʪʠʥʦʢ. ʆʪʜʝʣʴʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʩʫʱʝʩʪʚʫʶʱʠʤ 

ʤʝʪʦʜʘʤ ʠ ʧʨʦʙʣʝʤʘʤ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ 

ʢʨʠʩʪʘʣʣʦʚ. 
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1.1 ɺʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳ ʢʨʠʩʪʘʣʣʳ ʢʘʢ ʵʣʝʤʝʥʪʥʘʷ ʙʘʟʘ ʧʝʨʝʜʦʚʦʡ 

ʥʘʥʦʬʦʪʦʥʠʢʠ 

 

ʉʨʝʜʠ ʤʥʦʞʝʩʪʚʘ ʥʘʧʨʘʚʣʝʥʠʡ ʧʨʠʢʣʘʜʥʦʡ ʬʦʪʦʥʠʢʠ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ 

ʦʧʪʠʯʝʩʢʠʝ ʤʝʪʘʤʘʪʝʨʠʘʣʳ, ʚʦʣʥʦʚʳʝ ʧʣʘʩʪʠʥʢʠ, ʧʦʟʚʦʣʷʶʱʠʝ ʫʧʨʘʚʣʷʪʴ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʩʚʝʪʦʚʳʭ ʚʦʣʥ ʠ ʚʦʣʥʦʚʦʜʥʳʝ ʩʠʩʪʝʤʳ, ʢʦʪʦʨʳʝ ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʧʝʨʝʜʘʯʫ ʦʧʪʠʯʝʩʢʠʭ ʩʠʛʥʘʣʦʚ ʩ ʤʘʣʳʤʠ ʧʦʪʝʨʷʤʠ. ɺ ʥʘʩʪʦʷʱʝʤ ʨʘʟʜʝʣʝ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʳ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʚ ʢʦʥʪʝʢʩʪʝ ʵʪʠʭ ʥʘʧʨʘʚʣʝʥʠʡ. 

  

1.1.1 ʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʥʘʥʦʬʦʪʦʥʠʢʝ 

 

ɺ ʦʧʪʠʢʝ ʠ ʬʦʪʦʥʠʢʝ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʧʦʢʘʟʘʪʝʣʶ ʧʨʝʣʦʤʣʝʥʠʷ ʠ 

ʝʛʦ ʜʠʩʧʝʨʩʠʦʥʥʳʤ ʩʚʦʡʩʪʚʘʤ [2]. ɼʘʥʥʳʡ ʧʘʨʘʤʝʪʨ ʦʧʨʝʜʝʣʷʝʪ ʜʠʬʨʘʢʮʠʦʥʥʳʡ 

ʧʨʝʜʝʣ ɚ/n, ʢʦʪʦʨʳʡ ʚʣʠʷʝʪ ʥʘ ʨʘʟʨʝʰʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʩʠʩʪʝʤ ʤʠʢʨʦʩʢʦʧʠʠ ʠ 

ʣʠʪʦʛʨʘʬʠʠ. ʉʭʦʞʠʡ ʦʛʨʘʥʠʯʠʪʝʣʴʥʳʡ ʤʝʭʘʥʠʟʤ ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʠ ʚ 

ʥʘʧʨʘʚʣʝʥʠʷʭ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʵʬʬʝʢʪ ʨʝʟʦʥʘʥʩʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʄʠ ʥʘ ʩʬʝʨʠʯʝʩʢʠʭ 

ʯʘʩʪʠʮʘʭ [29]. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʛʥʠʪʥʦʛʦ ʜʠʧʦʣʴʥʦʛʦ (ʄɼ) ʨʝʟʦʥʘʥʩʘ 

ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʠ ʠʭ ʨʘʟʤʝʨʳ ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ [30,31]. 

ʈʝʧʨʝʟʝʥʪʘʪʠʚʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʦʚ ʨʝʟʦʥʘʥʩʘ ʠ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ ʧʨʠʚʝʜʝʥʘ 

ʥʘ ʨʠʩʫʥʢʝ 1.1. ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʵʬʬʝʢʪ ʣʝʞʠʪ ʚ ʦʩʥʦʚʝ ʪʘʢʠʭ ʦʧʪʠʯʝʩʢʠʭ 

ʪʝʭʥʦʣʦʛʠʡ, ʢʘʢ ʤʝʪʘʤʘʪʝʨʠʘʣʳ (ʤʝʪʘʧʦʚʝʨʭʥʦʩʪʠ) ð ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ 

ʤʘʪʝʨʠʘʣʳ, ʩʚʦʡʩʪʚʘ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʨʝʟʦʥʘʥʩʥʳʤʠ 

ʩʚʦʡʩʪʚʘʤʠ ʩʦʩʪʘʚʣʷʶʱʠʭ ʝʛʦ ʵʣʝʤʝʥʪʦʚ. ʆʙʳʯʥʦ ʧʦʜ ʤʝʪʘʧʦʚʨʝʭʥʦʩʪʷʤʠ 

ʧʦʜʨʘʟʫʤʝʚʘʝʪʩʷ ʤʘʩʩʠʚ ʧʝʨʠʦʜʠʯʝʩʢʠ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ ʟʘʜʘʥʥʦʡ 

ʛʝʦʤʝʪʨʠʝʡ [32ï35]. ʇʦʜʙʦʨʦʤ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʵʣʝʤʝʥʪʦʚ ʠ 

ʤʘʪʝʨʠʘʣʦʚ, ʠʟ ʢʦʪʦʨʳʭ ʦʥʠ ʩʦʟʜʘʶʪʩʷ, ʤʦʞʥʦ ʟʘʜʘʚʘʪʴ ʦʧʪʠʯʝʩʢʠʡ ʦʪʢʣʠʢ 
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ʤʝʪʘʧʦʚʝʨʭʥʦʩʪʠ [36]. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʘʣʣʦʚ, ʚʳʩʦʢʠʝ ʦʧʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ, 

ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʫʯʘʩʪʠʝʤ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʩʥʠʞʘʶʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʦʧʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ [37,38]. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʤʝʪʘʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʦʩʥʦʚʝ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʙʦʣʴʰʠʤ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ (ʨʠʩʫʥʦʢ 1.1), 

ʧʨʝʜʣʘʛʘʶʪ ʘʣʴʪʝʨʥʘʪʠʚʥʫʶ ʧʣʘʪʬʦʨʤʫ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʥʘʥʦʩʪʨʫʢʪʫʨ ʩ ʟʘʜʘʥʥʳʤʠ 

ʦʧʪʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʦ ʪʝʤʝ ʤʝʪʘʦʧʪʠʢʠ ʥʘ ʦʩʥʦʚʝ 

ʜʠʵʣʝʢʪʨʠʢʦʚ ʦʧʫʙʣʠʢʦʚʘʥʦ ʤʥʦʞʝʩʪʚʦ ʨʘʙʦʪ, ʦʭʚʘʪʳʚʘʶʱʠʭ ʪʘʢʠʝ ʫʩʪʨʦʡʩʪʚʘ, 

ʢʘʢ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʝ ʣʠʥʟʳ [39,40], ʦʧʪʠʯʝʩʢʠʝ ʬʠʣʴʪʨʳ [41], ʬʘʟʦʚʳʝ ʠ 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ [42,43], ʘ ʪʘʢʞʝ ʭʠʨʘʣʴʥʳʝ ʩʪʨʫʢʪʫʨʳ [44]. 

ʐʠʨʦʢʠʡ ʩʧʝʢʪʨ ʚʦʟʤʦʞʥʦʩʪʝʡ ʚ ʫʧʨʘʚʣʝʥʠʠ ʚʦʣʥʦʚʳʤ ʬʨʦʥʪʦʤ ʜʝʣʘʝʪ 

ʤʝʪʘʤʘʪʝʨʠʘʣʳ ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʵʣʝʤʝʥʪʦʤ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʚʠʨʪʫʘʣʴʥʦʡ ʠ 

ʜʦʧʦʣʥʝʥʥʦʡ ʨʝʘʣʴʥʦʩʪʠ [45ï47]. ʆʧʪʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ 

(ʚʦʣʥʦʚʦʜʥʳʝ ʩʠʩʪʝʤʳ) ʥʘ ʦʩʥʦʚʝ ʜʠʵʣʝʢʪʨʠʢʦʚ ʧʝʨʝʜʘʶʪ ʜʘʥʥʳʝ ʛʦʨʘʟʜʦ 

ʵʬʬʝʢʪʠʚʥʝʝ, ʯʝʤ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʭʝʤʳ, ʥʦ ʠʭ ʛʘʙʘʨʠʪʳ ʦʛʨʘʥʠʯʝʥʳ ʪʝʤ ʞʝ 

ʦʛʨʘʥʠʯʠʚʘʶʱʠʤ ʜʠʬʨʘʢʮʠʦʥʥʳʤ ʧʨʝʜʝʣʦʤ ʠ ʦʧʪʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ [48ï50]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʦʟʥʘʯʝʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʬʦʨʤʠʨʫʶʪ ʩʧʨʦʩ ʥʘ ʤʘʪʝʨʠʘʣʳ ʩ 

ʚʳʩʦʢʠʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʥʠʟʢʠʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ, ʢʦʪʦʨʳʝ 

ʙʫʜʫʪ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʨʘʩʪʫʱʠʤ ʪʨʝʙʦʚʘʥʠʷʤ ʬʦʪʦʥʥʳʭ ʩʠʩʪʝʤ. ʇʦʠʩʢ ʧʦʜʦʙʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʧʨʠʦʨʠʪʝʪʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʩʦʚʨʝʤʝʥʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʷʭ. 
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ʈʠʩʫʥʦʢ 1.1 ð ɿʘʚʠʩʠʤʦʩʪʴ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʥʦʩʪʠ (Q) ʤʘʛʥʠʪʥʦʛʦ ʜʠʧʦʣʴʥʦʛʦ 

ʨʝʟʦʥʘʥʩʘ ʩʬʝʨʠʯʝʩʢʦʡ ʥʘʥʦʯʘʩʪʠʮʳ ʦʪ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʣʷ ʜʠʘʤʝʪʨʘ (D) ʯʘʩʪʠʮʳ, ʥʘ ʢʦʪʦʨʦʤ 

ʥʘʙʣʶʜʘʝʪʩʷ ʨʝʟʦʥʘʥʩ (a). Q-ʬʘʢʪʦʨʳ ʩʬʝʨʠʯʝʩʢʠʭ ʨʝʟʦʥʘʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɿʝʣʝʥʳʤ ʮʚʝʪʦʤ ʦʙʦʟʥʘʯʝʥʳ ʤʘʪʝʨʠʘʣʳ, 

ʧʦʜʜʘʶʱʠʝʩʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʶ ʜʦʩʪʫʧʥʳʤʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ; 

ʙʝʣʳʤ ʚʳʜʝʣʝʥʳ ʤʘʪʝʨʠʘʣʳ, ʢʦʪʦʨʳʝ ʥʝʚʦʟʤʦʞʥʦ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʪʴ ʜʘʥʥʳʤʠ 

ʤʝʪʦʜʘʤʠ (b). ʈʠʩʫʥʦʢ ʤʦʜʠʬʠʮʠʨʦʚʘʥ ʠʟ ʩʪʘʪʴʠ [1]. 

ʆʧʪʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ð ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʦʪ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʚ ʢʨʠʩʪʘʣʣʝ ð ʨʘʩʰʠʨʷʝʪ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴ 

ʫʩʪʨʦʡʩʪʚ ʥʘʥʦʬʦʪʦʥʠʢʠ. ʕʪʦ ʩʚʦʡʩʪʚʦ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ 

ʫʧʨʘʚʣʝʥʠʷ ʩʚʝʪʦʚʳʤʠ ʚʦʣʥʘʤʠ, ʙʣʘʛʦʜʘʨʷ ʵʬʬʝʢʪʫ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʛʦ ʠʟ-ʟʘ ʨʘʟʥʦʩʪʠ ʚ ʧʦʢʘʟʘʪʝʣʷʭ ʧʨʝʣʦʤʣʝʥʠʷ ʩʚʝʪʦʚʦʡ ʧʫʯʦʢ 

ʨʘʟʜʝʣʷʝʪʩʷ ʥʘ ʜʚʝ ʢʦʤʧʦʥʝʥʪʳ (ʨʠʩʫʥʦʢ 1.2): ʦʙʳʢʥʦʚʝʥʥʳʡ ʠ ʥʝʦʙʳʢʥʦʚʝʥʥʳʡ 

ʣʫʯʠ [51]. ʕʪʦ ʩʚʦʡʩʪʚʦ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʘʭ, 

ʚʢʣʶʯʘʷ ʬʘʟʦʚʳʝ ʧʣʘʩʪʠʥʢʠ [52,53], ʧʦʣʷʨʠʟʘʪʦʨʳ ʠ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʜʝʣʠʪʝʣʠ 

ʧʫʯʢʘ [54ï56].  

ʌʫʥʢʮʠʦʥʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʬʘʟʦʚʦʡ ʧʣʘʩʪʠʥʢʠ ʟʘʚʠʩʪ̫ ʦʪ ʨʘʟʥʦʩʪʠ ʬʘʟ 

ʤʝʞʜʫ ʦʙʳʢʥʦʚʝʥʥʳʤ ʠ ʥʝʦʙʳʢʥʦʚʝʥʥʳʤ ʣʫʯʘʤʠ, ʚʦʟʥʠʢʘʶʱʠʤʠ ʧʨʠ 
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ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩʚʝʪʘ ʩ ʘʥʠʟʦʪʨʦʧʥʦʡ ʩʨʝʜʦʡ, ʩ ʨʘʟʥʳʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ 

ʧʨʝʣʦʤʣʝʥʠʷ ʚʜʦʣʴ ʛʣʘʚʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʝʥʟʦʨʘ. ɺʝʣʠʯʠʥʘ 

ʥʘʙʝʛʘ ʬʘʟʳ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʪʦʣʱʠʥʝ ʫʩʪʨʦʡʩʪʚʘ ʠ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʶ (ȹὲ) 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʝʛʦ ʤʘʪʝʨʠʘʣʦʚ. ɽʩʣʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʭʦʞʜʝʥʠʷ, ʣʠʥʝʡʥʦ 

ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʯʝʨʝʟ ʘʥʠʟʦʪʨʦʧʥʳʡ ʢʨʠʩʪʘʣʣ, ʬʘʟʦʚʘʷ ʟʘʜʝʨʞʢʘ ʤʝʞʜʫ ʜʚʫʤʷ 

ʢʦʤʧʦʥʝʥʪʘʤʠ ʜʦʩʪʠʛʘʝʪ ʧʦʣʦʚʠʥʳ ʜʣʠʥʳ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ (180°), ʪʦ ʢʨʠʩʪʘʣʣ 

ʧʨʠʦʙʨʝʪʘʝʪ ʩʚʦʡʩʪʚʘ ʧʦʣʫʚʦʣʥʦʚʦʡ ʧʣʘʩʪʠʥʢʠ, ʠʟʤʝʥʷʶʱʝʡ ʦʨʠʝʥʪʘʮʠʶ 

ʣʠʥʝʡʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ, ʘ ʝʩʣʠ ʯʝʪʚʝʨʪʴ ʜʣʠʥʳ ʚʦʣʥʳ (90°) ð ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ 

ʧʣʘʩʪʠʥʢʦʡ, ʢʦʪʦʨʘʷ ʧʨʝʦʙʨʘʟʫʝʪ ʣʠʥʝʡʥʫʶ ʧʦʣʷʨʠʟʘʮʠʶ ʚ ʢʨʫʛʦʚʫʶ ʠʣʠ ʥʘʦʙʦʨʦʪ 

(ʨʠʩʫʥʦʢ 1.2). 
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ʈʠʩʫʥʦʢ 1.2 ð ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʷ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ʚ ʢʨʠʩʪʘʣʣʝ (a). 

ɼʝʤʦʥʩʪʨʘʮʠʷ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ʚ ʢʨʠʩʪʘʣʣʝ ʢʘʣʴʮʠʪʘ (b). ʉʭʝʤʘ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʧʣʘʩʪʠʥʢʘʭ ʩ ʥʘʙʝʛʦʤ ʬʘʟʳ 180Á (c) ʠ 90° (d). 

ʈʠʩʫʥʢʠ ʟʘʠʤʩʪʚʦʚʘʥʳ ʩʦ ʩʣʝʜʫʶʱʠʭ ʩʘʡʪʦʚ: www.lighttrans.com, 

www.simphoton.com ʠ www.leybold-shop.com. 

ʊʨʘʜʠʮʠʦʥʥʦ ʩʦʩʪʘʚʣʷʶʱʠʝ ʵʣʝʤʝʥʪʳ ʬʘʟʦʚʳʭ ʧʣʘʩʪʠʥʦʢ ʧʨʦʠʟʚʦʜʷʪʩʷ ʥʘ 

ʦʩʥʦʚʝ ʤʘʩʩʠʚʥʳʭ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ (ʥʘʧʨʠʤʝʨ, ʢʘʣʴʮʠʪʘ ʠʣʠ 

ʢʚʘʨʮʘ) ʚ ʚʠʜʝ ʧʣʦʩʢʠʭ ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʧʦʤʦʱʠ ʦʛʨʘʥʢʠ ʠ ʧʦʣʠʨʦʚʢʠ ʢʨʠʩʪʘʣʣʦʚ 

ʦʧʨʝʜʝʣʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʠ ʪʦʣʱʠʥʳ, ʧʨʠ ʢʦʪʦʨʦʡ ʜʦʩʪʠʛʘʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʡ 

ʥʘʙʝʛ ʬʘʟʳ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʮʝʣʦʛʦ ʯʠʩʣʘ [57,58]. ɺʝʣʠʯʠʥʘ ʵʪʦʛʦ ʯʠʩʣʘ (ʢʨʘʪʥʦʩʪʴ 

ʥʘʙʝʛʘ ʬʘʟʳ) ʦʧʨʝʜʝʣʷʝʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʠʪʦʛʦʚʦʡ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʢ 

ʠʟʤʝʥʝʥʠʷʤ ʪʝʤʧʝʨʘʪʫʨʳ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʜʣʠʥʳ ʚʦʣʥʳ ʠ ʫʛʣʘ ʧʘʜʝʥʠʷ ʩʚʝʪʘ. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʣʘʩʪʠʥʢʠ ʠʩʪʠʥʥʦʛʦ ʥʫʣʝʚʦʛʦ ʧʦʨʷʜʢʘ, ʢʦʪʦʨʳʝ ʜʦʩʪʠʛʘʶʪ 
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ʪʨʝʙʫʝʤʦʡ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʙʝʟ ʜʦʙʘʚʦʯʥʳʭ ʮʝʣʳʭ ʢʨʘʪʥʳʭ ʜʣʠʥ ʚʦʣʥ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ, ʥʦ ʪʨʝʙʫʶʪ ʪʦʯʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʛʦ ʢʦʥʪʨʦʣʷ 

ʪʦʣʱʠʥʳ. ɺ ʨʘʤʢʘʭ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʧʨʠʤʝʥʝʥʠʡ ʠ ʧʨʦʙʣʝʤʘʪʠʢʠ ʬʦʨʤʠʨʫʝʪʩʷ 

ʟʘʧʨʦʩ ʥʘ ʧʦʠʩʢ ʥʦʚʳʭ ʪʝʭʥʦʣʦʛʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʥʠʟʢʠʤʠ ʦʧʪʠʯʝʩʢʠʤʠ 

ʧʦʪʝʨʷʤʠ ʠ ʙʦʣʴʰʠʤ ʟʥʘʯʝʥʠʝʤ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ȹὲ. 

 

1.1.2 ʇʨʝʠʤʫʱʝʩʪʚʘ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʣʦʠʩʪʳʭ ʢʨʠʩʪʘʣʣʦʚ 

 

ʉ ʧʦʷʚʣʝʥʠʝʤ ʛʨʘʬʝʥʘ [59], ʩʣʦʠʩʪʳʝ ʢʨʠʩʪʘʣʣʳ, ʪʘʢʞʝ ʠʤʝʥʫʝʤʳʝ ʚʘʥ-ʜʝʨ-

ʚʘʘʣʴʩʦʚʳʤʠ, ʩʪʘʣʠ ʦʙʲʝʢʪʦʤ ʧʨʠʩʪʘʣʴʥʦʛʦ ʚʥʠʤʘʥʠʷ ʩʨʝʜʠ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ. ɺʘʥ-

ʜʝʨ-ʚʘʘʣʴʩʦʚʳ ʢʨʠʩʪʘʣʣʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʢʣʘʩʩ ʤʘʪʝʨʠʘʣʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ 

ʘʪʦʤʘʨʥʦ ʪʦʥʢʠʭ ʩʣʦʝʚ, ʩʚʷʟʘʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ ʩʣʘʙʳʤʠ ʩʠʣʘʤʠ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ 

[60]. ɺ ʧʨʝʜʝʣʘʭ ʢʘʞʜʦʛʦ ʩʣʦʷ ʘʪʦʤʳ ʢʦʚʘʣʝʥʪʥʦ ʩʚʷʟʘʥʳ, ʘ ʤʝʞʜʫ ʩʣʦʷʤʠ ʠʭ 

ʫʜʝʨʞʠʚʘʶʪ ʣʠʰʴ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʯʪʦ ʠ ʦʙʲʷʩʥʷʝʪ ʪʘʢʦʝ 

ʥʘʟʚʘʥʠʝ (ʨʠʩʫʥʦʢ 1.3). ɹʣʘʛʦʜʘʨʷ ʪʘʢʦʤʫ ʩʣʦʠʩʪʦʤʫ ʩʪʨʦʝʥʠʶ ʢʨʠʩʪʘʣʣ ʤʦʞʥʦ 

ʨʘʩʱʝʧʣʷʪʴ (ʵʢʩʬʦʣʠʠʨʦʚʘʪʴ) ʚʧʣʦʪʴ ʜʦ ʦʪʜʝʣʴʥʳʭ ʤʦʥʦʩʣʦʝʚ ʠ ʧʝʨʝʥʦʩʠʪʴ ʥʘ 

ʨʦʚʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʧʨʠ ʧʦʤʦʱʠ ʢʣʝʡʢʦʡ ʣʝʥʪʳ [61,62], ʣʠʙʦ ʥʘʨʘʱʠʚʘʪʴ ʩʣʦʡ ʟʘ 

ʩʣʦʝʤ ʤʝʪʦʜʘʤʠ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ ʠʣʠ ʭʠʤʠʯʝʩʢʠʤ ʦʩʘʞʜʝʥʠʝʤ ʠʟ 

ʛʘʟʦʚʦʡ ʬʘʟʳ, ʩʦʭʨʘʥʷʷ ʧʨʠ ʵʪʦʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʫʧʦʨʷʜʦʯʝʥʥʦʩʪʴ.  

ɺʘʞʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʩʣʦʠʩʪʳʭ ʢʨʠʩʪʘʣʣʦʚ ʚ ʪʦʤ, ʯʪʦ ʠʭ ʪʦʣʱʠʥʫ ʤʦʞʥʦ 

ʣʝʛʢʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʤʦʥʦʩʣʦʷ. ʊʘʢʞʝ, ʚʚʠʜʫ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ, 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʳ, ʧʦʣʫʯʘʝʤʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʱʝʧʣʝʥʠʷ (ʵʢʩʬʦʣʠʘʮʠʠ), ʠʤʝʶʪ 

ʧʨʠʨʦʜʥʫʶ ʚʦʩʧʨʦʠʟʚʦʜʠʤʫʶ ʦʨʠʝʥʪʘʮʠʶ, ʧʦʩʢʦʣʴʢʫ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʪʩʣʦʝʥʠʝ 

ʧʨʦʠʩʭʦʜʠʪ ʚʜʦʣʴ ʦʜʥʦʡ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʧʣʦʩʢʦʩʪʠ (ʚʘʥ-

ʜʝʨ-ʚʘʘʣʴʩʦʚʦʡ ʧʣʦʩʢʦʩʪʠ) (ʨʠʩʫʥʦʢ 1.3). ʅʘ ʧʨʘʢʪʠʢʝ ʵʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʠʟ 

ʤʘʪʝʨʠʘʣʘ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʪʦʥʢʫʶ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʯʝʰʫʡʢʫ ʥʝʦʙʭʦʜʠʤʦʡ 

ʪʦʣʱʠʥʳ ʙʝʟ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʨʝʟʢʠ ʠʣʠ ʧʦʣʠʨʦʚʢʠ ʦʙʲʝʤʥʳʭ ʢʨʠʩʪʘʣʣʦʚ.  
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ʈʠʩʫʥʦʢ 1.3 ð ʀʟʦʙʨʘʞʝʥʠʝ ʩʣʦʠʩʪʦʡ ʘʪʦʤʘʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʧʨʠʤʝʨʝ ʛʨʘʬʠʪʘ, ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʥʠʪʨʠʜʘ ʙʦʨʘ (hBN), ʯʝʨʥʦʛʦ 

ʬʦʩʬʦʨʘ, ʩʫʣʴʬʠʜʘ ʛʘʣʣʠʷ (GaS) ʠ ʩʝʣʝʥʠʜʘ ʚʠʩʤʫʪʘ (Bi2Se3), ʘ ʪʘʢʞʝ 

ʜʝʤʦʥʩʪʨʘʮʠʷ ʧʨʦʮʝʩʩʘʤ ʤʝʭʘʥʠʯʝʩʢʦʡ ʵʢʩʬʦʣʠʘʮʠʠ ʛʨʘʬʠʪʘ. ʀʟʦʙʨʘʞʝʥʠʝ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʦ ʠʟ ʨʘʙʦʪ [63,64]. 

ʂʣʘʩʩ ʩʣʦʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ ʦʪʣʠʯʘʝʪʩʷ ʧʦʨʘʟʠʪʝʣʴʥʳʤ ʤʥʦʛʦʦʙʨʘʟʠʝʤ, 

ʦʭʚʘʪʳʚʘʷ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʭʠʤʠʯʝʩʢʠʭ ʩʦʩʪʘʚʦʚ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ. ʅʘ 

ʪʝʢʫʱʠʡ ʤʦʤʝʥʪ ʠʟʚʝʩʪʥʦ ʥʝʩʢʦʣʴʢʦ ʪʳʩʷʯ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ð ʦʪ 

ʦʜʥʦʵʣʝʤʝʥʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʦ ʭʘʣʴʢʦʛʝʥʠʜʦʚ, ʦʢʩʠʜʦʚ, ʛʘʣʦʛʝʥʠʜʦʚ ʠ ʤʥʦʛʠʭ 

ʜʨʫʛʠʭ [65,66]. ʉʨʝʜʠ ʥʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʭ ʧʨʠʤʝʨʦʚ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ 

ʜʠʭʘʣʴʢʦʛʝʥʠʜʳ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ (ɼʇʄ), ʪʘʢʠʝ ʢʘʢ MoS2, MoSe2, WS2, WSe2, 

ʘ ʪʘʢʞʝ ʛʝʢʩʘʛʦʥʘʣʴʥʳʡ ʥʠʪʨʠʜ ʙʦʨʘ (hBN), ʯʴʠ ʧʦʢʘʟʘʪʝʣʠ ʧʨʝʣʦʤʣʝʥʠʷ 

ʜʦʩʪʠʛʘʶʪ ʨʝʢʦʨʜʥʳʭ ʟʥʘʯʝʥʠʡ ʚ ʠʭ ʦʙʣʘʩʪʠ ʧʨʦʟʨʘʯʥʦʩʪʠ (ʨʠʩʫʥʦʢ 1.4a). ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʘʢʪʠʚʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʨʘʤʢʘʭ ʥʘʧʨʘʚʣʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 
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ʥʘʥʦʬʦʪʦʥʠʢʠ ʙʳʣʦ ʥʘʡʜʝʥʦ ʤʥʦʛʦ ʚʳʩʦʢʨʝʬʨʘʢʪʠʚʥʳʭ ʧʨʦʟʨʘʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ 

ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ ʚʧʣʦʪʴ ʜʦ 4 ʵɺ. ʆʜʥʘʢʦ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʥʠʭ, ʩʣʦʠʩʪʳʝ 

ʤʘʪʝʨʠʘʣʳ ʠʤʝʶʪ ʩʧʝʢʪʨʘʣʴʥʳʡ ʨʘʟʨʳʚ ʚ ʦʙʣʘʩʪʠ ʦʪ 2 ʜʦ 4 ʵɺ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʜʘʣʴʥʝʡʰʝʛʦ ʧʦʠʩʢʘ ʩʣʦʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤ 

ʦʧʪʠʯʝʩʢʠʤ ʦʪʢʣʠʢʦʤ ʜʣʷ ʵʪʠʭ ʜʣʠʥ ʚʦʣʥ. 

ʇʦʤʠʤʦ ʚʳʩʦʢʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʤʘʪʝʨʠʘʣʳ, 

ʚʚʠʜʫ ʩʚʦʝʡ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ, ʦʪʣʠʯʘʶʪʩʷ ʛʠʛʘʥʪʩʢʠʤ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝʤ 

(ȹὲ), ʢʦʪʦʨʦʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʨʘʟʥʠʮʝʡ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʥʘʧʨʘʚʣʝʥʠʷʭ ʚ 

ʧʣʦʩʢʦʩʪʠ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʩʣʦʝʚ ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʠʤ (ʨʠʩʫʥʦʢ 1.4b).  ʊʘʢʦʝ 

ʩʚʦʡʩʪʚʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʤʦʞʝʪ ʧʨʝʜʦʩʪʘʚʠʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʩʪʝʧʝʥʴ ʩʚʦʙʦʜʳ 

ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʫʩʪʨʦʡʩʪʚ ʥʘʥʦʬʦʪʦʥʠʢʠ. 

 

ʈʠʩʫʥʦʢ 1.4 ð ʉʨʘʚʥʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʧʣʦʩʢʦʩʪʠ 

ʜʣʷ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ (MoS2, WS2, hBN) ʚ ʠʭ ʧʨʦʟʨʘʯʥʦʡ ʦʙʣʘʩʪʠ 

ʩʧʝʢʪʨʘ ʩ ʧʦʢʘʟʘʪʝʣʷʤʠ ʧʨʝʣʦʤʣʝʥʠʷ ʜʨʫʛʠʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʚʳʩʦʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʨʝʣʦʤʣʝʥʠʷ (a). ɻʠʛʘʥʪʩʢʦʝ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ 

ʩʣʦʠʩʪʦʛʦ WS2 ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʜʨʫʛʠʤʠ ʢʨʠʩʪʘʣʣʘʤʠ (b). ʈʠʩʫʥʦʢ ʤʦʜʠʬʠʮʠʨʦʚʘʥ 

ʠʟ ʨʘʙʦʪʳ [17]. 
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ʆʩʦʙʦʛʦ ʚʥʠʤʘʥʠʷ ʟʘʩʣʫʞʠʚʘʶʪ ʧʨʝʜʩʪʘʚʠʪʝʣʠ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ 

ʢʨʠʩʪʘʣʣʦʚ ʩ ʙʦʣʝʝ ʩʣʦʞʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ, ʥʘʧʨʠʤʝʨ, ʦʨʪʦʛʦʥʘʣʴʥʦʡ 

ʤʦʥʦʢʣʠʥʥʦʡ ʠʣʠ ʪʨʠʢʣʠʥʥʦʡ. ɺ ʪʘʢʠʭ ʩʦʝʜʠʥʝʥʠʷʭ ʧʦʢʘʟʘʪʝʣʠ ʧʨʝʣʦʤʣʝʥʠʷ 

ʟʘʯʘʩʪʫʶ ʨʘʟʣʠʯʥʳ ʚʜʦʣʴ ʚʩʝʭ ʪʨʝʭ ʦʩʝʡ ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ. ɺ 

ʢʘʯʝʩʪʚʝ ʭʘʨʘʢʪʝʨʥʳʭ ʧʨʠʤʝʨʦʚ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʯʝʨʥʳʡ ʬʦʩʬʦʨ [67], ʦʢʩʠʜ 

ʤʦʣʠʙʜʝʥʘ (Ŭ-MoO3) [68], ʜʠʭʘʣʴʢʦʛʝʥʠʜʳ ReS2 ʠ ReSe2 [69], ʤʦʥʦʭʘʣʴʢʦʛʝʥʠʜʳ, 

ʪʘʢʠʝ ʢʘʢ GeS [70] ʠ GeSe [71], ʘ ʪʘʢʞʝ ʙʦʣʝʝ ʩʣʦʞʥʳʝ ʩʦʝʜʠʥʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ 

Ta2NiS5 [72] ʠ Ta2NiSe5 [73] ʠ ʪ. ʜ. ʅʘ ʨʠʩʫʥʢʝ 1.5 ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʨʘʚʥʠʪʝʣʴʥʘʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʘʥʠʟʦʪʨʦʧʥʳʭ ʢʨʠʩʪʘʣʣʦʚ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʛʨʘʬʠʢʦʚ, ʥʘ ʬʦʥʝ 

ʦʙʳʢʥʦʚʝʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳ ʤʘʪʝʨʠʘʣʳ ʩʦʭʨʘʥʷʶʪ 

ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʴ ʥʝ ʪʦʣʴʢʦ ʚ ʢʦʥʪʝʢʩʪʝ ʚʥʝʧʣʦʩʢʦʩʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʥʦ ʠ 

ʚʥʫʪʨʠʧʣʦʩʢʦʩʪʥʦʡ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʝʢʦʨʜʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ Ta2NiS5 ʚ 

ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ (ȹὲ > 2) [72]. ʆʜʥʘʢʦ, ʥʝʪʨʫʜʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʚ 

ʚʠʜʠʤʦʤ ʠ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʤ ʜʠʘʧʘʟʦʥʘʭ ʩʦʭʨʘʥʷʝʪʩʷ ʙʦʣʴʰʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʜʣʷ 

ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ.  
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ʈʠʩʫʥʦʢ 1.5 ð ʉʨʘʚʥʝʥʠʝ ʘʙʩʦʣʶʪʥʳʭ ʟʥʘʯʝʥʠʡ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ 

ʘʥʠʟʦʪʨʦʧʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʠʚʝʜʝʥʥʦʝ ʧʦ ʜʘʥʥʳʤ ʧʨʝʜʳʜʫʱʠʭ ʨʘʙʦʪ. ʉʠʤʚʦʣ ỚỚ 

ʦʙʦʟʥʘʯʘʝʪ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʩʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ, ʘ ʩʠʤʚʦʣ Ṷ ð ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʶ ʚʥʝ ʧʣʦʩʢʦʩʪʠ. 

ʆʛʨʦʤʥʳʡ ʧʦʪʝʥʮʠʘʣ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʚʦʳʭ ʢʨʠʩʪʘʣʣʦʚ ʜʣʷ ʧʨʠʤʝʥʝʥʠʡ ʚ 

ʫʩʪʨʦʡʩʪʚʘʭ ʩʦʚʨʝʤʝʥʥʦʡ ʬʦʪʦʥʠʢʠ ʦʪʨʘʞʝʥ ʚ ʤʥʦʞʝʩʪʚʝ ʨʘʙʦʪ, ʛʜʝ 

ʨʝʘʣʠʟʦʚʳʚʘʣʠʩʴ ʨʘʟʣʠʯʥʳʝ ʚʦʣʥʦʚʦʜʥʳʝ ʩʠʩʪʝʤʳ ʠ ʤʝʪʘʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ 

ɼʇʄ [8,10,17,74ï77]. ʎʝʥʪʨʘʣʴʥʦʝ ʤʝʩʪʦ ʟʘʥʠʤʘʶʪ ʢʣʶʯʝʚʳʝ ʩʚʦʡʩʪʚʘ ʩʣʦʠʩʪʳʭ 
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ʢʨʠʩʪʘʣʣʦʚ (ʚʳʩʦʢʠʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ, ʦʧʪʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʠ 

ʥʝʣʠʥʝʡʥʦʩʪʴ), ʧʦʟʚʦʣʷʶʱʠʝ ʜʦʩʪʠʯʴ ʟʥʘʯʠʪʝʣʴʥʳʭ ʫʣʫʯʰʝʥʠʡ ʦʧʪʠʯʝʩʢʦʛʦ 

ʦʪʢʣʠʢʘ ʧʨʠ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʠ (ʨʠʩʫʥʦʢ 1.6).  

 

ʈʠʩʫʥʦʢ 1.6 ð ʂʦʥʮʝʧʮʠʷ ʥʘʥʦʬʦʪʦʥʠʢʠ ʥʘ ʦʩʥʦʚʝ ʤʥʦʛʦʩʣʦʡʥʳʭ ɼʇʄ. ʉʣʝʚʘ 

ʧʦʢʘʟʘʥʳ ʥʘʥʦʜʠʩʢʦʚʳʝ ʠ ʥʘʥʦʧʝʨʬʦʨʠʨʦʚʘʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʧʦʛʣʦʱʝʥʠʷ ʩʚʝʪʘ, ʘ ʩʧʨʘʚʘ ð ʢʦʣʴʮʝʚʳʝ ʨʝʟʦʥʘʪʦʨʳ, ʚʦʣʥʦʚʦʜʳ ʠ ʬʦʪʦʥʥʳʝ 

ʢʨʠʩʪʘʣʣʳ. ʈʠʩʫʥʦʢ ʟʘʠʤʩʪʚʦʚʘʥ ʠʟ ʩʪʘʪʴʠ [10]. 
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1.1.3 ɺʦʣʥʦʚʳʝ ʧʣʘʩʪʠʥʢʠ ʥʘ ʦʩʥʦʚʝ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ 

 

ɸʢʪʠʚʥʦʝ ʠʟʫʯʝʥʠʝ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʦʪʢʨʳʣʦ ʥʦʚʳʝ ʧʝʨʩʧʝʢʪʠʚʳ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ ʬʘʟʦʚʳʭ ʧʣʘʩʪʠʥʦʢ. ʊʨʘʜʠʮʠʦʥʥʳʝ ʘʥʠʟʦʪʨʦʧʥʳʝ ʤʘʪʝʨʠʘʣʳ, 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʬʘʟʦʚʳʭ ʧʣʘʩʪʠʥʦʢ, ʪʘʢʠʝ ʢʘʢ ʢʘʣʴʮʠʪ ʪʨʝʙʫʶʪ 

ʩʧʝʮʠʘʣʴʥʦʡ ʧʦʜʛʦʪʦʚʢʠ ʩʨʝʟʦʚ ʧʦʜ ʦʧʨʝʜʝʣʝʥʥʳʤ ʫʛʣʦʤ. ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʚ 

ʦʛʨʘʥʢʝ ʷʚʣʷʝʪʩʷ ʩʝʨʴʝʟʥʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ʚ ʟʘʜʘʯʘʭ ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ ʦʧʪʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ. ʇʣʦʩʢʠʝ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʢʨʠʩʪʘʣʣʳ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʟʘʯʘʩʪʫʶ ʠʟʥʘʯʘʣʴʥʦ ʦʙʣʘʜʘʶʪ ʫʜʦʙʥʦʡ ʛʝʦʤʝʪʨʠʝʡ, ʛʣʘʜʢʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʠ ʥʝ 

ʥʫʞʜʘʶʪʩʷ ʚ ʦʩʦʙʦʤ ʫʛʣʝ ʩʨʝʟʘ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʦʧʪʠʯʝʩʢʠʭ ʧʨʠʙʦʨʘʭ. ʕʪʦ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʱʘʝʪ ʠʟʛʦʪʦʚʣʝʥʠʝ ʫʣʴʪʨʘʪʦʥʢʠʭ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ: ʬʘʟʦʚʫʶ 

ʟʘʜʝʨʞʢʫ ʠʣʠ ʦʧʪʠʯʝʩʢʫʶ ʜʣʠʥʫ ʧʫʪʠ ʤʦʞʥʦ ʥʘʩʪʨʦʠʪʴ, ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʨʘʟʤʝʨʘ 

ʦʜʥʦʛʦ ʩʣʦʷ, ʚʤʝʩʪʦ ʪʦʛʦ ʯʪʦʙʳ ʧʨʠʜʘʚʘʪʴ ʦʙʲʝʤʥʳʤ ʢʨʠʩʪʘʣʣʘʤ ʦʧʨʝʜʝʣʝʥʥʫʶ 

ʪʦʣʱʠʥʫ ʠ ʦʨʠʝʥʪʘʮʠʶ ʧʫʪʝʤ ʦʛʨʘʥʢʠ ʠ ʧʦʣʠʨʦʚʢʠ. ɺ ʜʘʥʥʦʤ ʢʦʥʪʝʢʩʪʝ 

ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʛʠʛʘʥʪʩʢʦʡ ʚʥʝʧʣʦʩʢʦʩʪʥʦʡ (ʦʧʪʠʯʝʩʢʘʷ ʦʩʴ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ 

ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ) ʘʥʠʟʦʪʨʦʧʠʝʡ ʦʜʥʦʦʩʥʳʭ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ ʥʝ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ, ʠʟ-ʟʘ ʩʣʦʞʥʦʩʪʠ ʥʘʧʨʘʚʣʝʥʠʷ ʧʘʜʘʶʱʝʛʦ ʩʚʝʪʘ ʚʜʦʣʴ 

ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ ʪʦʥʢʦʛʦ ʤʠʢʨʦʢʨʠʩʪʘʣʣʘ (ʨʠʩʫʥʦʢ 1.7a). ʆʜʥʘʢʦ, ʢʘʢ ʫʞʝ 

ʫʧʦʤʠʥʘʣʦʩʴ ʨʘʥʝʝ, ʩʨʝʜʠ ʤʥʦʞʝʩʪʚʘ ʩʣʦʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʫʱʝʩʪʚʫʝʪ ʤʥʦʛʦ 

ʜʚʫʦʩʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʩ ʦʯʝʥʴ ʥʠʟʢʦʡ ʩʠʤʤʝʪʨʠʝʡ ʠ ʚʳʩʦʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʚ 

ʧʣʦʩʢʦʩʪʠ. ɺ ʩʣʫʯʘʝ ʜʚʫʦʩʥʳʭ ʩʣʦʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʜʚʫʤʷ ʦʧʪʠʯʝʩʢʠʤʠ ʦʩʷʤʠ ʚ 

ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ ʚʥʫʪʨʠʧʣʦʩʢʦʩʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʷ ʣʝʛʢʦ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʧʨʠ 

ʥʦʨʤʘʣʴʥʦʤ ʧʘʜʝʥʠʠ ʩʚʝʪʘ ʥʘ ʢʨʠʩʪʘʣʣ, ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʪʦʣʱʠʥʳ ʦʙʨʘʟʮʘ 

(ʨʠʩʫʥʦʢ 1.7b). ʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʣʦʠʩʪʳʭ ʢʨʠʩʪʘʣʣʦʚ ʤʦʛʫʪ ʟʘʚʠʩʝʪʴ ʦʪ ʯʠʩʣʘ 

ʩʣʦʝʚ, ʥʦ, ʢʘʢ ʧʨʘʚʠʣʦ, ʵʪʘ ʟʘʚʠʩʠʤʦʩʪʴ ʥʝ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʪʦʣʱʠʥ ʩʚʳʰʝ 

ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ ʥʘʥʦʤʝʪʨʦʚ [78]. ʕʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʪʴ 
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ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʠʩʪʳʭ ʢʨʠʩʪʘʣʣʦʚ ʜʘʞʝ ʜʣʷ ʦʯʝʥʴ ʪʦʥʢʠʭ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ.  

 

ʈʠʩʫʥʦʢ 1.7 ð ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʘʥʠʟʦʪʨʦʧʥʳʭ ʩʣʦʠʩʪʳʭ 

ʦʜʥʦʦʩʥʳʭ (a) ʠ ʜʚʫʦʩʥʳʭ ʢʨʠʩʪʘʣʣʘʭ (b).   
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ɺʦʟʥʠʢʘʝʪ ʚʦʧʨʦʩ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʥʘʙʣʶʜʝʥʠʷ ʬʘʟʦʚʦʡ 

ʟʘʜʝʨʞʢʠ ʚ ʜʚʫʦʩʥʳʭ ʚʘʥ-ʜʝʨ-ʚʘʣʴʩʦʚʳʭ ʢʨʠʩʪʘʣʣʘʭ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʦ 

ʧʨʠʤʝʥʝʥʠʠ ʵʪʠʭ ʢʨʠʩʪʘʣʣʦʚ ʚ ʢʘʯʝʩʪʚʝ ʠʥʩʪʨʫʤʝʥʪʘ ʜʣʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ. ʂʘʢ ʙʳʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [79], ʬʘʟʦʚʘʷ 

ʟʘʜʝʨʞʢʘ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʚ ʢʨʠʩʪʘʣʣʘʭ ʯʝʨʥʦʛʦ ʬʦʩʬʦʨʘ. ɹʦʣʝʝ ʪʦʛʦ, ʩʧʦʩʦʙʥʦʩʪʴ 

ʩʦʭʨʘʥʷʪʴ ʬʘʟʦʚʫʶ ʟʘʜʝʨʞʢʫ ʚʧʣʦʪʴ ʜʦ ʪʦʣʱʠʥ ʧʦʨʷʜʢʘ 40 ʥʤ ʙʳʣʘ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ [80] ʜʣʷ ʯʝʨʥʦʛʦ ʬʦʩʬʦʨʘ (ȹn å 0,245), 

ReS2 (ȹn å 0,037) ʠ ReSe2 (ȹn å 0,047) ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ. 

ʍʘʨʘʢʪʝʨʥʳʤ ʧʨʠʤʝʨʦʤ ʨʝʘʣʠʟʘʮʠʠ ʫʣʴʪʨʘʪʦʥʢʠʭ ʚʦʣʥʦʚʳʭ ʧʣʘʩʪʠʥʦʢ ʥʘ ʦʩʥʦʚʝ 

ʢʨʠʩʪʘʣʣʦʚ ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʷʚʣʷʝʪʩʷ ʨʘʙʦʪʘ [81], ʚ ʢʦʪʦʨʦʡ ʚ 

ʢʘʯʝʩʪʚʝ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʨʠʤʝʥʷʣʠʩʴ ʢʨʠʩʪʘʣʣʳ ʬʝʨʨʦʮʝʥʘ (Fe(C5H5)2), 

ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʦʩʘʞʜʝʥʠʷ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʞʠʜʢʦʩʪʝʡ [82]. ʂʘʢ ʧʦʢʘʟʘʥʦ 

ʥʘ ʨʠʩʫʥʢʝ X, ʙʣʘʛʦʜʘʨʷ ʘʥʠʟʦʪʨʦʧʠʠ ʬʝʨʨʦʮʝʥʘ ʚ ʧʣʦʩʢʦʩʪʠ (ȹn å 0,15) ʬʘʟʦʚʫʶ 

ʟʘʜʝʨʞʢʫ ʤʦʞʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʧʦʜʙʦʨʦʤ ʪʦʣʱʠʥʳ: ʧʨʠ ʪʦʣʱʠʥʝ ʧʦʨʷʜʢʘ 

1071 ʥʤ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 636 ʥʤ ʜʦʩʪʠʛʘʝʪʩʷ ʬʘʟʦʚʘʷ ʟʘʜʝʨʞʢʘ ʚ 90Á, ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ ʧʣʘʩʪʠʥʢʝ ʥʫʣʝʚʦʛʦ ʧʦʨʷʜʢʘ ʧʨʠ ʦʙʱʝʡ ʪʦʣʱʠʥʝ 

ʦʢʦʣʦ 1 ʤʢʤ.  

 

ʈʠʩʫʥʦʢ 1.8 ð ʆʧʪʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʚ ʩʣʦʠʩʪʳʭ ʦʜʥʦʦʩʥʳʭ (a) ʠ ʜʚʫʦʩʥʳʭ 

ʢʨʠʩʪʘʣʣʘʭ (b). 
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ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʠʟʦʙʠʣʠʠ ʘʥʠʟʦʪʨʦʧʥʳʭ ʩʣʦʠʩʪʳʭ ʢʨʠʩʪʘʣʣʦʚ ʚʩʝ 

ʝʱʝ ʦʩʪʘʶʪʩʷ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʫʚʝʣʠʯʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ ȹn ʧʨʠ ʥʠʟʢʠʭ ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʷʭ. ʂʨʦʤʝ 

ʪʦʛʦ, ʯʝʨʥʳʡ ʬʦʩʬʦʨ ʪʨʝʙʫʝʪ ʠʥʢʘʧʩʫʣʷʮʠʠ ʜʣʷ ʜʣʠʪʝʣʴʥʦʛʦ ʭʨʘʥʝʥʠʷ ʚ ʘʪʤʦʩʬʝʨʝ 

ʚʩʣʝʜʩʪʚʠʝ ʝʛʦ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʢ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʝ, ʘ ʩʠʥʪʝʟ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ 

ʬʝʨʨʦʮʝʥʘ ʩʦʧʨʷʞʝʥ ʩʦ ʩʣʦʞʥʳʤʠ ʭʠʤʠʯʝʩʢʠʤʠ ʧʨʦʮʝʜʫʨʘʤʠ. ʕʪʠʤ 

ʦʙʫʩʣʘʚʣʠʚʘʝʪʩʷ ʜʘʣʴʥʝʡʰʘʷ ʤʦʪʠʚʘʮʠʷ ʜʣʷ ʧʦʠʩʢʘ ʥʦʚʳʭ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ 

ʢʨʠʩʪʘʣʣʦʚ ʩ ʚʳʩʦʢʦʡ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ. 

 

1.2 ʇʨʦʙʣʝʤʳ ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʘʥ-

ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ 

 

 ʉʨʝʜʠ ʦʩʥʦʚʥʳʭ ʤʝʪʦʜʦʚ ʠʟʫʯʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ 

ʦʧʨʝʜʝʣʠʪʴ ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʤʘʪʝʨʠʘʣʦʚ ʚʳʜʝʣʷʶʪ ʩʧʝʢʪʨʦʩʢʦʧʠʶ 

ʧʨʦʧʫʩʢʘʥʠʷ ʠʣʠ ʦʪʨʘʞʝʥʠʷ ʠ ʩʧʝʢʪʨʘʣʴʥʫʶ ʵʣʣʠʧʩʦʤʝʪʨʠʶ. ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʚ 

ʜʝʪʘʣʷʭ ʨʘʩʩʤʦʪʨʠʤ ʵʪʠ ʤʝʪʦʜʠʢʠ ʚ ʢʦʥʪʝʢʩʪʝ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ 

ʩʣʦʠʩʪʳʭ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ. 

 

1.2.1. ʉʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʘʷ ʵʣʣʠʧʩʦʤʝʪʨʠʷ 

 

ʕʣʣʠʧʩʦʤʝʪʨʠʷ ð ʵʪʦ ʤʝʪʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʠʟʤʝʨʝʥʠʠ ʠʟʤʝʥʝʥʠʷ 

ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ ʧʦʩʣʝ ʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʠʩʩʣʝʜʫʝʤʳʤ ʦʙʨʘʟʮʦʤ. ɺ ʦʪʣʠʯʠʝ 

ʦʪ ʤʝʪʦʜʦʚ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʠʟʤʝʨʝʥʠʠ ʘʙʩʦʣʶʪʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʨʘʞʝʥʥʦʛʦ 

ʠʣʠ ʧʨʦʰʝʜʰʝʛʦ ʩʚʝʪʘ, ʵʣʣʠʧʩʦʤʝʪʨʠʷ ʦʧʨʝʜʝʣʷʝʪ ʦʪʥʦʰʝʥʠʝ ʢʦʤʧʣʝʢʩʥʳʭ 

ʘʤʧʣʠʪʫʜ ʦʪʨʘʞʝʥʠʷ ʜʣʷ p- ʠ s-ʧʦʣʷʨʠʟʘʮʠʡ. ɼʘʥʥʦʝ ʦʪʥʦʰʝʥʠʝ ʚʳʨʘʞʘʝʪʩʷ 

ʬʦʨʤʫʣʦʡ ɟ = tanɊe(iȹ) = r /r , ʛʜʝ Ɋ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʦʪʥʦʰʝʥʠʝ ʘʤʧʣʠʪʫʜ, ʘ ȹ ï 

ʬʘʟʦʚʳʡ ʩʜʚʠʛ ʤʝʞʜʫ ʜʚʫʤʷ ʢʦʤʧʦʥʝʥʪʘʤʠ ʧʦʣʷʨʠʟʘʮʠʡ. ʂʦʤʧʣʝʢʩʥʳʝ 
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ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ r  ʠ r  ʟʘʚʠʩʷʪ ʦʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʘʜʘʶʱʝʛʦ ʠ 

ʦʪʨʘʞʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ, ʢʘʢ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 1.9. 

 

ʈʠʩʫʥʦʢ 1.9 ð ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʨʦʮʝʩʩʘ ʠʟʤʝʨʝʥʠʷ ʚ 

ʵʣʣʠʧʩʦʤʝʪʨʠʠ. ʈʠʩʫʥʦʢ ʟʘʠʤʩʪʚʦʚʘʥ ʠʟ [83]. 

ʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʝʛʦ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʫʥʢʮʠʝʡ Ů = Ů1 + iŮ2, ʣʠʙʦ ʢʦʤʧʣʝʢʩʥʳʤ ʧʦʢʘʟʘʪʝʣʝʤ 

ʧʨʝʣʦʤʣʝʥʠʷ (n + ik)2 = Ů, ʠʥʬʦʨʤʘʮʠʷ ʦ ʢʦʪʦʨʳʭ ʩʦʜʝʨʞʠʪʩʷ ʚ ʠʟʤʝʨʷʝʤʳʭ 

ʚʝʣʠʯʠʥʘʭ ʤʝʪʦʜʘʤʠ ʵʣʣʠʧʩʦʤʝʪʨʠʠ. ʉʚʷʟʴ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠ ʪʦʣʱʠʥ ʩʣʦʝʚ ʚ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʝ ʩ ʧʦʣʫʯʘʝʤʳʤʠ ʵʣʣʠʧʩʦʤʝʪʨʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʜʣʷ 

ʢʘʞʜʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʷʤʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ, 

ʚʳʯʠʩʣʷʝʤʳʭ ʧʦ ʬʦʨʤʫʣʘʤ ʌʨʝʥʝʣʷ [83,84].  

ɼʣʷ ʦʧʠʩʘʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ, ʚ ʯʘʩʪʥʦʩʪʠ ʩʣʦʠʩʪʳʭ ʢʨʠʩʪʘʣʣʦʚ, ʯʘʩʪʦ 

ʧʨʠʙʝʛʘʶʪ ʢ ʤʦʜʝʣʷʤ ʃʦʨʝʥʮʘ [85,86], ʛʜʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʬʫʥʢʮʠʷ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʢʘʢ ʩʫʤʤʘ ʦʩʮʠʣʣʷʪʦʨʦʚ, ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʠʤʝʝʪ ʮʝʥʪʨʘʣʴʥʫʶ 

ʵʥʝʨʛʠʶ E0, ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪ ʧʦʣʦʞʝʥʠʝ ʧʠʢʘ, ʰʠʨʠʥʫ C ʠ ʩʠʣʫ A: 

‐Ὁ
ὃὅὉ

Ὁ Ὁ ὭὅὉ
ȟ                                                  ρȢρ 
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ʄʝʪʦʜʳ ʩʧʝʢʪʨʘʣʴʥʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ ʘʢʪʠʚʥʦ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʠʟʫʯʝʥʠʷ 

ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ, ʜʘ ʠ ʚ ʮʝʣʦʤ ʢʨʠʩʪʘʣʣʦʚ ʩ 

ʥʠʟʢʦʡ ʩʠʤʤʝʪʨʠʝʡ, ʢʦʪʦʨʳʝ ʚʦʟʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʠʟ 

ʥʝʩʢʦʣʴʢʠʭ ʩʣʦʝʚ ʩ ʟʘʜʘʥʥʦʡ ʪʦʣʱʠʥʦʡ [7,22,23,27,28,60,87]. ʉʫʱʝʩʪʚʝʥʥʳʤ 

ʦʛʨʘʥʠʯʝʥʠʝʤ ʚ ʠʟʫʯʝʥʠʠ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ ʚʳʩʪʫʧʘʝʪ ʩʣʦʞʥʦʩʪʴ ʚ 

ʠʟʛʦʪʦʚʣʝʥʠʠ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʦʜʥʦʚʨʝʤʝʥʥʦ ʙʝʟʫʧʨʝʯʥʦʡ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʣʘʪʝʨʘʣʴʥʳʤʠ ʨʘʟʤʝʨʘʤʠ, ʩʨʘʚʥʠʤʳʤʠ ʩ ʨʘʟʤʝʨʘʤʠ 

ʧʫʯʢʘ ʙʦʣʴʰʠʥʩʪʚʘ ʢʦʤʤʝʨʯʝʩʢʠʭ ʵʣʣʠʧʩʦʤʝʪʨʦʚ. ɼʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʜʘʥʥʦʛʦ 

ʦʛʨʘʥʠʯʝʥʠʷ ʪʨʝʙʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʛʦ ʚʳʩʦʢʦʪʦʯʥʦʛʦ 

ʦʙʦʨʫʜʦʚʘʥʠʷ, ʩʧʦʩʦʙʥʦʛʦ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʥʘ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʫʯʘʩʪʢʘʭ ʩ 

ʦʛʨʘʥʠʯʝʥʥʳʤʠ ʣʘʪʝʨʘʣʴʥʳʤʠ ʨʘʟʤʝʨʘʤʠ. ɸʣʴʪʝʨʥʘʪʠʚʥʳʤ ʧʫʪʝʤ ʷʚʣʷʝʪʩʷ 

ʨʘʟʨʘʙʦʪʢʘ ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʧʦʜʭʦʜʦʚ ʢ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʠ ʠʟʚʣʝʯʝʥʠʶ ʜʘʥʥʳʭ, 

ʩʦʜʝʨʞʘʱʠʭ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ. 

 

1.2.2. ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʦʪʨʘʞʝʥʠʷ ʠ ʧʨʦʧʫʩʢʘʥʠʷ 

 

ɼʨʫʛʠʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʤʝʪʦʜʦʤ ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʦʙ ʦʧʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚʘʭ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ ʷʚʣʷʝʪʩʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʩʚʝʪʘ, 

ʧʨʦʡʜʝʥʥʦʛʦ ʯʝʨʝʟ ʠʟʫʯʘʝʤʳʡ ʦʙʨʘʟʝʮ ʠʣʠ ʦʪʨʘʞʝʥʥʦʛʦ ʦʪ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ. ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʤʝʝʪʩʷ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʦʛʦ ʢʦʤʤʝʨʯʝʩʢʦʛʦ 

ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʛʦ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢʪʨʦʚ 

ʦʪʨʘʞʝʥʠʷ, ʧʨʦʧʫʩʢʘʥʠʷ ʩ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʦʙʣʘʩʪʝʡ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʲʝʢʪʦʚ ʚ 

ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʦʪ ʛʣʫʙʦʢʦʛʦ ʫʣʴʪʨʘʬʠʦʣʝʪʘ ʜʦ ʙʣʠʞʥʝʛʦ ʠʥʬʨʘʢʨʘʩʥʦʛʦ 

ʜʠʘʧʘʟʦʥʘ (ʨʠʩʫʥʦʢ 1.10). ʊʘʢ, ʬʫʨʴʝ-ʩʧʝʢʪʨʦʤʝʪʨ Bruker INVENIO ʩʦʚʤʝʱʝʥʥʳʡ 

ʩ ʀʂ-ʤʠʢʨʦʩʢʦʧʦʤ HYPERION II, ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʠʟʤʝʨʝʥʠʷ ʚ ʰʠʨʦʢʦʤ 

ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ. ɼʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʨʝʛʠʩʪʨʘʮʠʠ ʩʠʛʥʘʣʘ ʩ 

ʦʙʣʘʩʪʝʡ ʟʘ ʧʨʝʜʝʣʘʤʠ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʩʪʨʦʝʥʥʘʷ 
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ʢʦʣʝʩʦ ʘʧʝʨʪʫʨ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʪʨʝʟʘʪʴ ʩʠʛʥʘʣ, ʥʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʡ ʩ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʤ [22,23]. ɼʨʫʛʠʤ ʧʨʠʤʝʨʦʤ ʩʦ ʩʭʦʞʝʡ ʪʝʤʘʪʠʢʦʡ ʨʝʛʠʩʪʨʘʮʠʠ 

ʩʠʛʥʘʣʘ ʩ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʦʙʣʘʩʪʝʡ ʷʚʣʷʝʪʩʷ ʤʠʢʨʦʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨ CRAIC 

2030PV. ʆʜʥʘʢʦ ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʩʦʚʨʝʤʝʥʥʳʝ ʨʝʰʝʥʠʷ ʜʦʩʪʘʪʦʯʥʦ ʜʦʨʦʛʠ (ʮʝʥʘ 

ʧʨʠʙʦʨʦʚ ʜʦʩʪʠʛʘʝʪ ʜʝʩʷʪʢʦʚ ʤʠʣʣʠʦʥʦʚ ʨʫʙʣʝʡ), ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʧʨʦʮʝʩʩ ʧʦʠʩʢʘ 

ʤʘʪʝʨʠʘʣʦʚ ʩ ʨʝʢʦʨʜʥʳʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ.  

 

ʈʠʩʫʥʦʢ 1.10 ð ʌʫʨʴʝ-ʩʧʝʢʪʨʦʤʝʪʨ Bruker INVENIO ʩʦʚʤʝʱʝʥʥʳʡ ʩ ʀʂ-

ʤʠʢʨʦʩʢʦʧʦʤ HYPERION II ʠ ʤʠʢʨʦʩʧʝʢʪʨʦʤʝʪʨ CRAIC 2030PV. ʌʦʪʦʛʨʘʬʠʠ 

ʘʜʘʧʪʠʨʦʚʘʥʳ ʠʟ ʩʣʝʜʫʶʱʠʭ ʩʘʡʪʦʚ www.bruker.com ʠ www.microspectra.com. 

ɺ ʢʦʥʪʝʢʩʪʝ ʬʠʥʘʥʩʦʚʦʡ ʜʦʩʪʫʧʥʦʩʪʠ ʟʘʩʣʫʞʠʚʘʝʪ ʦʪʜʝʣʴʥʦʛʦ ʨʘʩʩʤʦʪʨʝʥʠʷ 

ʤʝʪʦʜʠʢʘ ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʠ ʥʘ ʦʩʥʦʚʝ ʦʙʳʢʥʦʚʝʥʥʳʭ ʢʦʤʤʝʨʯʝʩʢʠʭ 

ʦʧʪʠʯʝʩʢʠʭ ʤʠʢʨʦʩʢʦʧʦʚ. ʊʘʢ ʚ ʨʘʙʦʪʝ [88] ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʦʪʨʘʞʝʥʠʷ ʠ ʧʨʦʧʫʩʢʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʪʘʥʜʘʨʪʥʳʡ ʤʝʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʡ 

ʤʠʢʨʦʩʢʦʧ, ʩʥʘʙʞʝʥʥʳʡ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʪʨʠʥʦʢʫʣʷʨʦʤ, ʛʘʣʦʛʝʥʥʳʤ 

ʠʩʪʦʯʥʠʢʦʤ ʙʝʣʦʛʦ ʩʚʝʪʘ (ʨʠʩʫʥʦʢ 1.11). ʂ ʝʛʦ ʪʨʠʥʦʢʫʣʷʨʥʦʤʫ ʧʦʨʪʫ ʧʦʜʢʣʶʯʝʥ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʦʧʪʠʯʝʩʢʠʡ ʙʣʦʢ ʩ 90:10 ʜʝʣʠʪʝʣʝʤ ʩʚʝʪʦʚʦʛʦ ʧʫʯʢʘ: 10% 
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ʠʩʭʦʜʷʱʝʛʦ ʠʟ ʦʢʫʣʷʨʘ ʩʚʝʪʘ ʥʘʧʨʘʚʣʷʝʪʩʷ ʥʘ ʢʘʤʝʨʫ, ʧʦʟʚʦʣʷʶʱʫʶ ʥʘʙʣʶʜʘʪʴ ʠ 

ʬʦʢʫʩʠʨʦʚʘʪʴ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʨʘʟʮʘ, ʘ ʦʩʪʘʚʰʠʝʩʷ 90% ʩʚʝʪʘ ʧʦʩʪʫʧʘʶʪ ʚ 

ʤʥʦʛʦʤʦʜʦʚʦʝ ʦʧʪʦʚʦʣʦʢʥʦ, ʧʦʤʝʱʝʥʥʦʝ ʚ ʬʦʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ. ʕʪʦ 

ʦʧʪʦʚʦʣʦʢʥʦ ʧʨʦʝʮʠʨʫʝʪ ʤʠʢʨʦʠʟʦʙʨʘʞʝʥʠʝ ʩʚʦʝʛʦ ʷʜʨʘ ʥʘ ʚʳʙʨʘʥʥʦʡ ʦʙʣʘʩʪʠ 

ʦʙʨʘʟʮʘ ʠ ʩʣʫʞʠʪ ʩʚʝʪʦʚʦʜʦʤ, ʩʦʝʜʠʥʷʶʱʠʤ ʤʠʢʨʦʩʢʦʧ ʩʦ ʩʧʝʢʪʨʦʤʝʪʨʦʤ. 

ʉʚʦʙʦʜʥʳʡ ʢʦʥʝʮ ʚʦʣʦʢʥʘ ʧʦʜʩʦʝʜʠʥʝʥ ʢ ʢʦʤʧʘʢʪʥʦʤʫ CCD-ʩʧʝʢʪʨʦʤʝʪʨʫ 

Thorlabs CCS200/M. 

 

ʈʠʩʫʥʦʢ 1.11 ð ʌʦʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʠʩʪʝʤʳ ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩʣʦʠʩʪʳʭ 

ʤʘʪʝʨʠʘʣʦʚ. ʅʘ ʩʥʠʤʢʝ (a) ʦʪʤʝʯʝʥʳ ʚʘʞʥʳʝ ʫʟʣʳ ʫʩʪʘʥʦʚʢʠ. (b) ʋʚʝʣʠʯʝʥʥʳʡ 

ʚʠʜ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʛʦ ʪʨʠʥʦʢʫʣʷʨʘ. ʈʠʩʫʥʦʢ ʟʘʠʤʩʪʚʦʚʘʥ ʠʟ ʩʪʘʪʴʠ [88]. 

ɹʣʘʛʦʜʘʨʷ ʵʪʦʡ ʪʝʭʥʠʢʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʢʫʩʠʨʦʚʘʥʠʷ ʠ 

ʩʦʚʤʝʱʝʥʠʷ ʦʙʣʘʩʪʠ ʘʥʘʣʠʟʘ (ʜʠʘʬʨʘʛʤʳ ʚ ʧʣʦʩʢʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ) ʤʘʣʝʥʴʢʠʤ 

ʧʷʪʥʦʤ ʥʘ ʦʙʨʘʟʮʝ ʩ ʨʘʟʤʝʨʘʤʠ ʚʧʣʦʪʴ ʜʦ 1ï2 ʤʢʤ. ʈʘʟʤʝʨ ʠʟʫʯʘʝʤʦʡ ʦʙʣʘʩʪʠ 

ʤʦʞʥʦ ʦʛʨʘʥʠʯʠʚʘʪʴ ʢʘʢ ʨʘʟʤʝʨʦʤ ʦʙʲʝʢʪʠʚʘ, ʪʘʢ ʠ ʨʘʟʤʝʨʦʤ ʷʜʨʘ ʚʦʣʦʢʥʘ. ʅʘ 

ʨʠʩʫʥʢʝ 1.12 ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʦʝʮʠʨʫʝʤʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʷʜʨʘ ʚʦʣʦʢʥʘ 

ʠ ʝʛʦ ʨʝʘʣʴʥʳʭ ʨʘʟʤʝʨʦʚ. ʉʫʤʤʘʨʥʘʷ ʩʪʦʠʤʦʩʪʴ ʢʦʤʧʣʝʢʪʘ, ʩʦʛʣʘʩʥʦ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʤ ʜʘʥʥʳʤ, ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 8500 ʝʚʨʦ, ʯʪʦ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʝʛʦ 
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ʵʢʦʥʦʤʠʯʝʩʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʦʣʝʝ ʜʦʨʦʛʠʤʠ ʢʦʤʤʝʨʯʝʩʢʠʤʠ 

ʩʠʩʪʝʤʘʤʠ. 

 

ʈʠʩʫʥʦʢ 1.12 ð ʀʣʣʶʩʪʨʘʮʠʷ ʪʦʛʦ, ʢʘʢ ʫʚʝʣʠʯʝʥʠʝ ʦʙʲʝʢʪʠʚʘ ʚʣʠʷʝʪ ʥʘ ʨʘʟʤʝʨ 

ʠʟʦʙʨʘʞʝʥʠʷ ʷʜʨʘ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. ʈʠʩʫʥʦʢ 

ʟʘʠʤʩʪʚʦʚʘʥ ʠʟ ʩʪʘʪʴʠ [88]. 

 

1.3 ɼʠʩʫʣʴʬʠʜ ʛʝʨʤʘʥʠʷ GeS2 

 

ʆʜʥʠʤ ʠʟ ʷʨʢʠʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʢʣʘʩʩʘ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʧʦʪʝʥʮʠʘʣʴʥʦ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʷʚʣʷʝʪʩʷ ʩʫʣʴʬʠʜ 

ʛʝʨʤʘʥʠʷ (GeS2). ɼʘʥʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʤʦʞʝʪ ʥʘʭʦʜʠʪʴʩʷ ʢʘʢ ʚ ʘʤʦʨʬʥʦʤ 

(ʩʪʝʢʣʦʚʠʜʥʦʤ) ʩʦʩʪʦʷʥʠʠ [89ï91], ʪʘʢ ʠ ʬʦʨʤʠʨʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ 

ʬʘʟʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʢʨʝʪʥʳʭ ʟʥʘʯʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ ʦʢʨʫʞʘʶʱʝʡ 
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ʩʨʝʜʳ [92ï94]. ʆʜʥʘ ʠʟ ʵʪʠʭ ʬʘʟ ʠʤʝʝʪ ʩʣʦʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ ʧʨʠ ʫʩʣʦʚʠʷʭ 

ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. 

 ʅʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʠʡ ʠʥʪʝʨʝʩ ʢ ʩʣʦʠʩʪʳʤ ʤʘʪʝʨʠʘʣʘʤ, ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʩʣʦʠʩʪʦʛʦ GeS2 ʦʩʪʘʶʪʩʷ ʤʘʣʦʠʟʫʯʝʥʥʳʤʠ, ʯʪʦ ʜʝʣʘʝʪ ʵʪʦʪ ʦʙʲʝʢʪ ʧʝʨʩʧʝʢʪʠʚʥʳʤ 

ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. ɺ ʥʘʩʪʦʷʱʝʤ ʨʘʟʜʝʣʝ ʧʨʠʚʦʜʠʪʩʷ ʦʙʟʦʨ ʠʤʝʶʱʠʭʩʷ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʚʦʡʩʪʚ ʩʣʦʠʩʪʦʛʦ GeS2 ʠ ʦʮʝʥʢʘ ʧʝʨʩʧʝʢʪʠʚ ʝʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ 

ʫʩʪʨʦʡʩʪʚʘʭ ʧʝʨʝʜʦʚʦʡ ʥʘʥʦʬʦʪʦʥʠʢʠ. 

 

1.3.1 ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ GeS2 

 

ɺ ʩʣʦʠʩʪʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʦʨʤʝ ʜʠʩʫʣʴʬʠʜ ʛʝʨʤʘʥʠʷ (GeS2) 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʢʨʠʩʪʘʣʣ, ʦʪʥʦʩʷʱʠʡʩʷ ʢ ʩʝʤʝʡʩʪʚʫ 

ʜʠʭʘʣʴʢʦʛʝʥʠʜʦʚ ʤʝʪʘʣʣʦʚ IV-VI ʛʨʫʧʧʳ. ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʜʘʥʥʳʝ 

ʫʢʘʟʳʚʘʶʪ ʥʘ ʤʦʥʦʢʣʠʥʥʫʶ ʨʝʰʝʪʢʫ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ P21/n [93]. 

ɻʣʘʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʩʦʩʪʘʚʣʷʶʪ: ὥ = 6,720(5) Å, 

ὦ = 16,101(5) Å, ὧ = 11,436(5) Å, ʫʛʦʣ ɓ ʨʘʚʝʥ 90,88(5)Á. ʕʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ GeS2 

ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʩʣʦʝʚ ʢʦʚʘʣʝʥʪʥʦ ʩʚʷʟʘʥʥʳʭ ʘʪʦʤʦʚ, ʩʦʝʜʠʥʝʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ 

ʩʣʘʙʳʤʠ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʤʠ ʩʠʣʘʤʠ. ʅʘ ʨʠʩʫʥʢʝ 1.13 ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʩʭʝʤʘʪʠʯʝʩʢʘʷ ʠʣʣʶʩʪʨʘʮʠʷ ʩʪʨʫʢʪʫʨʳ ʦʪʜʝʣʴʥʦʛʦ ʩʣʦʷ. ʂʘʞʜʳʡ ʩʣʦʡ 

ʬʦʨʤʠʨʫʝʪʩʷ ʩʦʯʝʪʘʥʠʝʤ ʩʪʨʫʢʪʫʨʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʚ ʝʜʠʥʳʡ ʫʟʦʨ ʧʝʨʠʦʜʠʯʝʩʢʠʭ 

ʧʦʣʦʩʪʝʡ ʚ ʬʦʨʤʝ ʟʥʘʢʘ ʙʝʩʢʦʥʝʯʥʦʩʪʠ Ð. ʇʝʨʚʳʡ ʩʪʨʫʢʪʫʨʥʳʡ ʙʣʦʢ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʮʝʧʴ ʠʟ ʪʝʪʨʘʵʜʨʦʚ GeS4, ʩʦʝʜʠʥʝʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ ʦʙʱʠʤʠ ʚʝʨʰʠʥʘʤʠ ʚ 

ʚʠʜʝ ʘʪʦʤʦʚ ʩʝʨʳ. ɺʪʦʨʦʡ ʩʪʨʫʢʪʫʨʥʳʡ ʙʣʦʢ ʦʙʨʘʟʦʚʘʥ ʜʚʫʤʷ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʤʠ 

ʝʜʠʥʠʮʘʤʠ GeS4, ʩʦʝʜʠʥʝʥʥʳʤʠ ʧʦ ʨʝʙʨʘʤ, ʬʦʨʤʠʨʫʶʱʠʤʠ ʢʦʣʴʮʘ Ge-S-Ge-S 

[95]. ʉʣʦʞʥʘʷ ʦʨʛʘʥʠʟʘʮʠʷ ʘʪʦʤʦʚ ʚ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ ʜʝʣʘʝʪ GeS2 

ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ. 
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ɹʦʣʝʝ ʪʦʛʦ, ʥʝʪʨʠʚʠʘʣʴʥʦʝ ʘʪʦʤʥʦʝ ʩʪʨʦʝʥʠʝ ʢʨʠʩʪʘʣʣʘ ʦʙʫʩʣʘʚʣʠʚʘʝʪ 

ʢʦʤʧʣʝʢʩʥʳʡ ʭʘʨʘʢʪʝʨ ʢʦʣʝʙʘʥʠʡ ʚ ʨʝʰʝʪʢʝ (ʨʠʩʫʥʦʢ 1.13).  

 

ʈʠʩʫʥʦʢ 1.13 ð ʀʟʦʙʨʘʞʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ GeS2 ʚ ʧʨʦʝʢʮʠʠ [001] 

(ʚʠʜ ʩʚʝʨʭʫ). ʄʝʥʴʰʠʝ ʢʨʫʛʠ ʦʙʦʟʥʘʯʘʶʪ ʘʪʦʤʳ ʛʝʨʤʘʥʠʷ (Ge), ʘ ʙʦʣʝʝ ʢʨʫʧʥʳʝ 

ð ʘʪʦʤʳ ʩʝʨʳ (S). ʇʫʥʢʪʠʨʥʳʤʠ ʣʠʥʠʷʤʠ ʚʳʜʝʣʝʥʳ ʪʝʪʨʘʵʜʨʳ GeS4, ʩʚʷʟʘʥʥʳʝ 

ʤʝʞʜʫ ʩʦʙʦʡ ʯʝʨʝʟ ʚʝʨʰʠʥʳ ʠ ʨʝʙʨʘ. ʇʨʷʤʦʫʛʦʣʴʥʠʢ, ʦʙʦʟʥʘʯʝʥʥʳʡ 

ʧʫʥʢʪʠʨʥʳʤʠ ʣʠʥʠʷʤʠ, ʦʙʦʟʥʘʯʘʝʪ ʵʣʝʤʝʥʪʘʨʥʫʶ ʷʯʝʡʢʫ. ʉʪʨʝʣʢʘʤʠ ʧʦʢʘʟʘʥʳ 

ʚʝʢʪʦʨʘ ʢʦʣʝʙʘʥʠʡ ʤʦʜʳ A1 ʥʘ ʯʘʩʪʦʪʝ 383 ʩʤī1. ʈʠʩʫʥʦʢ ʟʘʠʤʩʪʚʦʚʘʥ ʠʟ 

ʩʪʘʪʴʠ [95]. 

ʉʠʣʴʥʘʷ ʩʪʨʫʢʪʫʨʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ, ʚʳʨʘʞʘʶʱʘʷʩʷ ʚ 

ʥʝʦʙʳʯʘʡʥʦ ʙʦʣʴʰʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ b/a ~ 2,4, ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ 

ʧʨʠʤʝʯʘʪʝʣʴʥʳʤ ʬʘʢʪʦʨʦʤ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʫʢʘʟʳʚʘʪʴ ʚʳʩʦʢʫʶ ʘʥʠʟʦʪʨʦʧʠʶ 

ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʧʣʦʩʢʦʩʪʠ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʩʣʦʝʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʦʙʨʘʟʦʤ GeS2 ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʝ ʪʦʣʴʢʦ ʩ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ, ʥʦ ʠ ʩ ʦʧʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ.  
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1.3.2 ʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ GeS2 

 

ʆʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ GeS2 ̫ ʚʣʷʝʪʩʷ ʰʠʨʦʢʘʷ ʟʘʧʨʝʱʝʥʥʘʷ ʟʦʥʘ, 

ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʦʡ, ʩʦʛʣʘʩʥʦ ʨʘʟʣʠʯʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ [96], 

ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 3,4ð3,7 ʵɺ [95,97,98]. ʅʘ ʨʠʩʫʥʢʝ 1.14 ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʟʘʚʠʩʠʤʦʩʪʴ ʢʚʘʜʨʘʪʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ (Ŭ2) ʦʪ ʵʥʝʨʛʠʠ ʧʘʜʘʶʱʝʛʦ 

ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʦʣʫʯʝʥʥʘʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ 

ʰʠʨʠʥʳ ʦʧʪʠʯʝʩʢʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʜʣʷ ʦʙʲʝʤʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩʣʦʠʩʪʦʛʦ GeS2 

[97]. ʕʢʩʪʨʘʧʦʣʷʮʠʷ ʣʠʥʝʡʥʦʛʦ ʫʯʘʩʪʢʘ ʛʨʘʬʠʢʘ ʜʦ ʧʝʨʝʩʝʯʝʥʠʷ ʩ ʦʩʴʶ ʵʥʝʨʛʠʡ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʟʥʘʯʝʥʠʝ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ, ʨʘʚʥʦʝ 3,425 ʵɺ.  

 

ʈʠʩʫʥʦʢ 1.14 ð ɿʘʚʠʩʠʤʦʩʪʴ ʢʚʘʜʨʘʪʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ (Ŭ2) ʦʪ ʵʥʝʨʛʠʠ 

ʜʣʷ GeS2 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 293 K, ʠʟʤʝʨʝʥʥʘʷ ʚ ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʤ ʩʚʝʪʝ. ʈʠʩʫʥʦʢ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥ ʠʟ ʩʪʘʪʴʠ [97]. 
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ʅʘ ʨʠʩʫʥʢʝ 1.15 ʧʨʝʜʩʪʘʚʣʝʥʳ ʭʘʣʴʢʦʛʝʥʠʜʳ ʤʝʪʘʣʣʦʚ, ʫʧʦʨʷʜʦʯʝʥʥʳʝ ʧʦ 

ʚʝʣʠʯʠʥʝ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ, ʛʜʝ GeS2 ʟʘʥʠʤʘʝʪ ʚʝʜʫʱʝʝ ʤʝʩʪʦ ʧʦ ʰʠʨʠʥʝ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ. ɹʣʘʛʦʜʘʨʷ ʰʠʨʦʢʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʝ GeS2 ʤʦʞʝʪ ʩʦʭʨʘʥʷʪʴ 

ʧʨʦʟʨʘʯʥʦʩʪʴ ʚʦ ʚʩʝʤ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ, ʟʘʪʨʘʛʠʚʘʷ ʟʘʤʝʪʥʫʶ ʯʘʩʪʴ ʚ 

ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ. ʊʘʢʞʝ, ʩʫʱʝʩʪʚʝʥʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ 

ʜʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʷʚʣʷʝʪʩʷ ʝʛʦ ʭʠʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ 

ʚʦʟʜʝʡʩʪʚʠʶ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ [99]. 

  

ʈʠʩʫʥʦʢ 1.15 ð ʆʙʟʦʨ ʰʠʨʦʢʦʟʦʥʥʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʤʝʪʘʣʣʦʚ. ʈʠʩʫʥʦʢ 

ʟʘʠʤʩʪʚʦʚʘʥ ʠʟ ʨʘʙʦʪʳ [100]. 

ɺ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʜʚʫʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʫʢʘʟʘʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʯʪʦ 

ʜʝʣʘʝʪ GeS2 ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ 

ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʠ ʬʦʪʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʋʌ-ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ 

ʚʦʣʥ.  
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1.3.3 ɺʥʝʜʨʝʥʠʝ GeS2 ʚ ʫʩʪʨʦʡʩʪʚʘ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʬʦʪʦʥʠʢʠ  

 

ɼʠʩʫʣʴʬʠʜ ʛʝʨʤʘʥʠʷ, ʢʘʢ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʢʨʠʩʪʘʣʣ, ʩʦʯʝʪʘʶʱʠʡ ʚ ʩʝʙʝ 

ʩʣʦʞʥʫʶ ʩʣʦʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ, ʘʥʠʟʦʪʨʦʧʠʶ ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ ʠ ʯʨʝʟʚʳʯʘʡʥʦ 

ʰʠʨʦʢʫʶ ʟʘʧʨʝʱʝʥʥʫʶ ʟʦʥʫ, ʥʝʠʟʙʝʞʥʦ ʩʪʘʥʦʚʠʪʩʷ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʚ ʢʦʥʪʝʢʩʪʝ 

ʧʨʠʣʦʞʝʥʠʡ ʬʦʪʦʥʠʢʠ ʠ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ. ʅʘʧʨʠʤʝʨ, ʨʘʥʝʝ ʙʳʣʦ ʫʩʧʝʰʥʦ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʬʦʪʦʜʝʪʝʢʪʠʨʦʚʘʥʠʝ ʚ ʋʌ ʜʠʘʧʘʟʦʥʝ ʩ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʢ 

ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ ʧʦʩʨʝʜʩʪʚʦʤ ʩʣʦʠʩʪʦʛʦ GeS2 [98].   

ʉʭʝʤʘ ʫʩʪʨʦʡʩʪʚʘ ʥʘ ʦʩʥʦʚʝ GeS2, ʪʘʢʞʝ ʧʨʠʚʝʜʝʥʥʘʷ ʥʘ ʨʠʩʫʥʢʝ 1.16a, 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʢʦʥʩʪʨʫʢʮʠʶ ʬʦʪʦʜʝʪʝʢʪʦʨʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-

ʯʫʚʩʪʚʠʪʝʣʴʥʦʝ ʜʝʪʝʢʪʠʨʦʚʘʥʠʝ ʋʌ-ʠʟʣʫʯʝʥʠʷ. ʉʠʛʥʘʣʘ ʨʝʛʠʩʪʨʠʨʦʚʘʣʩʷ ʩ 

ʠʟʤʝʥʝʥʠʝʤ ʫʛʣʘ ʧʦʣʷʨʠʟʘʮʠʠ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 325 ʥʤ. 

ʇʦʣʷʨʥʘʷ ʜʠʘʛʨʘʤʤʘ, ʦʪʨʘʞʘʶʱʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʬʦʪʦʪʦʢʘ ʦʪ ʫʛʣʘ ʧʦʣʷʨʠʟʘʮʠʠ 

ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʦʜʪʚʝʨʞʜʘʝʪ ʥʘʣʠʯʠʝ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʬʦʪʦʦʪʢʣʠʢʘ 

(ʨʠʩʫʥʦʢ 1.16b). 

 

ʈʠʩʫʥʦʢ 1.16 ð ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʬʦʪʦʜʝʪʝʢʪʦʨʘ ʥʘ ʦʩʥʦʚʝ GeS2 (a). 

ʇʦʣʷʨʥʘʷ ʜʠʘʛʨʘʤʤʘ ʬʦʪʦʪʦʢʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʛʣʘ ʧʦʣʷʨʠʟʘʮʠʠ ʧʘʜʘʶʱʝʛʦ 

ʠʟʣʫʯʝʥʠʷ (b). ʈʠʩʫʥʦʢ ʤʦʜʠʬʠʮʠʨʦʚʘʥ ʠʟ ʩʪʘʪʴʠ [98]. 
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ʊʘʢʞʝ ʯʝʰʫʡʢʠ ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ (GeS2) ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʚ ʢʘʯʝʩʪʚʝ 

ʥʘʩʳʱʘʶʱʠʭʩʷ ʧʦʛʣʦʪʠʪʝʣʝʡ ʚʦʣʦʢʦʥʥʳʭ ʣʘʟʝʨʦʚ [101]. ʀʭ ʠʥʪʝʛʨʘʮʠʷ ʚ 

ʚʦʣʦʢʦʥʥʳʡ ʣʘʟʝʨ ʧʨʠʚʝʣʘ ʢ ʚʦʟʤʦʞʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʫʣʴʪʨʘʢʦʨʦʪʢʠʭ ʠʤʧʫʣʴʩʦʚ ʥʘ 

ʜʣʠʥʝ ʚʦʣʥʳ 1568 ʥʤ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 907 ʬʩ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 1.17 

ʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣ/ʰʫʤ ʠʤʧʫʣʴʩʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʧʨʠ ʯʘʩʪʦʪʝ 7,49 ʄɻʮ 

ʜʦʩʪʠʛʘʝʪ 71 ʜɹ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʳʩʦʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʨʝʞʠʤʘ 

ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʤʦʜ. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʯʝʨʢʠʚʘʶʪ ʧʦʪʝʥʮʠʘʣ GeS2 ʚ ʨʘʟʚʠʪʠʠ 

ʫʣʴʪʨʘʙʳʩʪʨʳʭ ʫʩʪʨʦʡʩʪʚ ʛʝʥʝʨʘʮʠʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

 

ʈʠʩʫʥʦʢ 1.17 ð ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʣʘʟʝʨʘ ʩ ʧʘʩʩʠʚʥʦʡ 

ʩʠʥʭʨʦʥʠʟʘʮʠʝʡ ʤʦʜ, ʛʜʝ GeS2 ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʥʘʩʳʱʘʶʱʝʛʦʩʷ 

ʧʦʛʣʦʪʠʪʝʣʷ. ʈʠʩʫʥʦʢ ʤʦʜʠʬʠʮʠʨʦʚʘʥ ʠʟ ʩʪʘʪʴʠ [101]. 

1.4 ʊʨʠʩʫʣʴʬʠʜ ʤʳʰʴʷʢʘ As2S3 

 

ʉʨʝʜʠ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ ʩ ʧʦʪʝʥʮʠʘʣʴʥʦ ʚʳʩʦʢʦʡ ʜʚʫʦʩʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʝʡ ʦʩʦʙʝʥʥʦ ʚʳʜʝʣʷʝʪʩʷ ʩʫʣʴʬʠʜ ʤʳʰʴʷʢʘ (As2S3). ɺ ʩʚʦʝʡ ʘʤʦʨʬʥʦʡ 

ʩʪʝʢʣʦʚʠʜʥʦʡ ʬʦʨʤʝ ʜʘʥʥʦʝ ʭʠʤʠʯʝʩʢʦʝ ʩʦʝʜʠʥʝʥʠʝ ʫʩʧʝʰʥʦ ʟʘʨʝʢʦʤʝʥʜʦʚʘʣʦ 

ʩʝʙʷ ʚ ʢʦʤʤʝʨʯʝʩʢʦʡ ʩʬʝʨʝ ʢʘʢ ʩʦʩʪʘʚʥʦʡ ʤʘʪʝʨʠʘʣ, ʠʟ ʢʦʪʦʨʦʛʦ ʧʨʦʠʟʚʦʜʷʪ 

ʩʝʨʜʮʝʚʠʥʳ ʜʣʷ ʦʧʪʦʚʦʣʦʢʥʘ (ʨʠʩʫʥʦʢ 1.18), ʨʘʙʦʪʘʶʱʠʭ ʚ ʩʨʝʜʥʝʡ ʀʂ-ʦʙʣʘʩʪʠ ʩ 

ʜʣʠʥʦʡ ʚʦʣʥʳ ʦʪ 2 ʜʦ 7 ʤʢʤ [102ï105].  
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ʈʠʩʫʥʦʢ 1.18 ð ʆʧʪʠʯʝʩʢʠʝ ʚʦʣʦʢʥʘ ʥʘ ʦʩʥʦʚʝ As2S3. ʉʭʝʤʘʪʠʯʝʩʢʦʝ 

ʠʟʦʙʨʘʞʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ (a). ʀʟʦʙʨʘʞʝʥʠʝ ʤʦʪʢʘ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ 

ʪʦʨʛʦʚʦʡ ʤʘʨʢʠ CorActive ʩ ʩʝʨʜʮʝʚʠʥʦʡ ʠʟ As2S3 (b). ʈʠʩʫʥʦʢ (a) ʟʘʠʤʩʪʚʦʚʘʥ ʩ 

ʩʘʡʪʘ vcelink.com. ʈʠʩʫʥʦʢ (b) ʟʘʠʤʩʪʚʦʚʘʥ ʩ ʩʘʡʪʘ lenlasers.ru. 

ʆʜʥʘʢʦ ʚ ʩʚʦʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʦʨʤʝ ʤʘʪʝʨʠʘʣ ʷʚʣʷʝʪʩʷ ʩʣʘʙʦ ʠʟʫʯʝʥʥʳʤ. 

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʙʫʜʝʪ ʧʨʠʚʝʜʝʥʘ ʦʮʝʥʢʘ ʧʝʨʩʧʝʢʪʠʚ As2S3 ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. 

 

1.4.1 ʉʪʨʫʢʪʫʨʘ ʩʣʦʠʩʪʦʛʦ ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ  

 

ɺ ʧʨʠʨʦʜʝ ʪʨʠʩʫʣʴʬʠʜ ʤʳʰʴʷʢʘ ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʤʠʥʝʨʘʣʘ ʩ 

ʥʘʟʚʘʥʠʝʤ ʘʫʨʠʧʠʛʤʝʥʪ ʠʟ-ʟʘ ʩʚʦʝʛʦ ʟʦʣʦʪʠʩʪʦ-ʞʝʣʪʦʛʦ ʮʚʝʪʘ. ʇʨʠ ʵʪʦʤ ʦʥ ʣʝʛʢʦ 

ʩʠʥʪʝʟʠʨʫʝʪʩʷ ʠʩʢʫʩʩʪʚʝʥʥʳʤ ʧʫʪʝʤ (ʨʠʩʫʥʦʢ 1.19). ɺ ʧʨʦʰʣʦʤ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚ 

ʢʘʯʝʩʪʚʝ ʢʨʘʩʠʪʝʣʷ ʚ ʠʟʦʙʨʘʟʠʪʝʣʴʥʦʤ ʠʩʢʫʩʩʪʚʝ [106], ʦʜʥʘʢʦ ʩʝʡʯʘʩ ʫʪʨʘʪʠʣ ʩʚʦʶ 

ʘʢʪʫʘʣʴʥʦʩʪʴ ʠʟ-ʟʘ ʩʚʦʝʡ ʪʦʢʩʠʯʥʦʩʪʠ, ʧʨʠʩʫʱʝʡ ʩʦʝʜʠʥʝʥʠʷʤ ʠʟ ʤʳʰʴʷʢʘ. 



41 

 

 

 

ʈʠʩʫʥʦʢ 1.19 ð ʌʦʪʦʛʨʘʬʠʷ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʢʨʠʩʪʘʣʣʘ As2S3. ʈʠʩʫʥʦʢ 

ʟʘʠʤʩʪʚʦʚʘʥ ʩ ʩʘʡʪʘ 2dsemiconductors.com. 

ʈʘʥʝʝ ʧʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʦʨʤʝ 

As2S3 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʪʨʫʢʪʫʨʥʦ ʩʣʦʞʥʳʡ ʩʣʦʠʩʪʳʡ ʤʘʪʝʨʠʘʣ, ʚ ʢʦʪʦʨʦʤ 

ʘʪʦʤʥʳʝ ʧʣʦʩʢʦʩʪʠ, ʩʦʝʜʠʥʝʥʥʳʝ ʢʦʚʘʣʝʥʪʥʳʤʠ ʩʚʷʟʷʤʠ, ʫʜʝʨʞʠʚʘʶʪʩʷ ʤʝʞʜʫ 

ʩʦʙʦʡ ʟʘ ʩʯʝʪ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, As2S3 ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʤʦʥʦʢʣʠʥʥʦʡ ʩʠʥʛʦʥʠʠ ʩ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ ὅ  ī P21/n [107,108]. ʕʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ʩʦʜʝʨʞʠʪ 

20 ʘʪʦʤʦʚ ʩʦʝʜʠʥʝʥʥʳʭ ʚ ʫʟʦʨ ʚ ʬʦʨʤʝ ʩʝʨʜʝʮ (ʨʠʩʫʥʦʢ 1.20) a = 11,475 Å, 

b = 9,577 Å, c = 4,256 Å, ɓ = 90,68° [108]. ʉʣʝʜʫʝʪ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ, ʚ ʦʪʣʠʯʠʝ ʦʪ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʛʦ ʦʙʦʟʥʘʯʝʥʠʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʩʠ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʡ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʤ ʩʣʦʷʤ (ʚʥʝ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ), ʙʫʢʚʦʡ c, ʚ 

ʩʣʫʯʘʝ ʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ ʚʥʝʧʣʦʩʢʦʩʪʥʘʷ (ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘʷ ʩʣʦʷʤ ʢʨʠʩʪʘʣʣʘ) 

ʦʩʴ ʦʙʦʟʥʘʯʘʝʪʩʷ ʙʫʢʚʦʡ b ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʥʦʨʤʘʤʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʠ. 
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ʈʠʩʫʥʦʢ 1.20 ð ʀʟʦʙʨʘʞʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ As2S3 ʚ ʨʘʟʥʳʭ 

ʧʨʦʝʢʮʠʷʭ: (a) [010] ʠ (b) [001]. ʈʠʩʫʥʦʢ ʟʘʠʤʩʪʚʦʚʘʥ ʠʟ ʩʪʘʪʴʠ [108]. 

ʇʨʠʤʝʯʘʪʝʣʴʥʳʤ ʷʚʣʷʝʪʩʷ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʫ ʢʨʠʩʪʘʣʣʘ ʙʦʣʴʰʦʝ ʦʪʥʦʰʝʥʠʝ 

ʧʦʩʪʦʷʥʥʳʭ ʨʝʰʝʪʢʠ ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ (a/c), ʯʪʦ ʢʦʩʚʝʥʥʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʦʪʝʥʮʠʘʣ 

ʤʘʪʝʨʠʘʣʘ ʚ ʢʦʥʪʝʢʩʪʝ ʘʥʠʟʦʪʨʦʧʥʳʭ ʩʚʦʡʩʪʚ ʚ ʧʣʦʩʢʦʩʪʠ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ 

ʩʣʦʝʚ. 

 

1.4.2 ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ 

 

ɺ ʥʝʜʘʚʥʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʠʟʫʯʘʣʘʩʴ ʟʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʦʜʫʣʷ 

ʖʥʛʘ (Eeff) ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ ʦʪ ʫʛʣʘ ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ ʦʩʷʤʠ, 

ʠʩʧʦʣʴʟʫʷ ʧʨʷʤʦʫʛʦʣʴʥʳʝ ʤʝʤʙʨʘʥʳ ʥʘ ʟʚʝʟʜʦʦʙʨʘʟʥʳʭ ʚʳʨʝʟʘʭ [109,110]. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʫʜʘʣʦʩʴ ʚʳʯʠʩʣʠʪʴ Eeff ʜʣʷ ʨʘʟʥʳʭ ʦʨʠʝʥʪʘʮʠʡ ʠ ʩʚʷʟʘʪʴ ʧʦʣʫʯʝʥʥʳʝ 

ʜʘʥʥʳʝ ʩ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤʠ ʥʘʧʨʘʚʣʝʥʠʷʤʠ ʧʦʩʨʝʜʩʪʚʦʤ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ 

ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʫʧʨʫʛʦʩʪʠ. ʀʟʤʝʨʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ 

ʜʣʷ ʦʙʨʘʟʮʦʚ ʩ ʪʦʣʱʠʥʘʤʠ ʦʪ 9 ʜʦ 25 ʥʤ. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʳʝ ʠ 

ʤʠʥʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ Eeff ʚʜʦʣʴ ʦʩʝʡ Ea/Ec ʨʘʟʣʠʯʘʶʪʩʷ ʧʨʠʤʝʨʥʦ ʚ 1,7 ʨʘʟʘ (Ea å 

79 ɻʇʘ ʠ Ec å 47 ɻʇʘ) (ʨʠʩʫʥʦʢ 1.21). ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʦʧʦʩʪʘʚʠʤʳ ʩ 
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ʘʥʘʣʦʛʠʯʥʳʤʠ ʜʘʥʥʳʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʜʣʷ ʯʝʨʥʦʛʦ ʬʦʩʬʦʨʘ (Ea/Eb å 2), ʧʨʠ ʵʪʦʤ 

As2S3 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʣʫʯʰʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʥʘ ʚʦʟʜʫʭʝ ʧʦ ʩʨʘʚʥʝʥʠʶ 

ʩ ʯʝʨʥʳʤ ʬʦʩʬʦʨʦʤ [79].  

 

ʈʠʩʫʥʦʢ 1.21 ð ʀʟʦʙʨʘʞʝʥʠʝ ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʦʝ ʤʝʪʦʜʦʤ ɸʉʄ ʚ 

ʧʦʣʫʢʦʥʪʘʢʪʥʦʤ ʨʝʞʠʤʝ (a). ʂʨʠʚʘʷ ʩʠʣʘïʠʟʛʠʙ, ʧʦʣʫʯʝʥʥʘʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʛʣʘʭ 

ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʧʦʣʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ (b). ʅʘʙʦʨ 

ʟʥʘʯʝʥʠʡ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʦʜʫʣʷ ʖʥʛʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʚ ʢʨʠʩʪʘʣʣʝ 

(c). ʉʧʝʢʪʨʳ ʂʈʉ ʚʜʦʣʴ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʧʣʦʩʢʦʩʪʠ (E  ʠ Ec).  

(d). ʕʬʬʝʢʪʠʚʥʳʡ ʤʦʜʫʣʴ ʖʥʛʘ ʚʜʦʣʴ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʩʝʡ a ʠ c, ʠʟʤʝʨʝʥʥʳʡ 

ʜʣʷ ʧʷʪʠ ʣʫʯʰʠʭ ʦʙʨʘʟʮʦʚ ʨʘʟʣʠʯʥʦʡ ʪʦʣʱʠʥʳ (e). ʈʠʩʫʥʦʢ ʟʘʠʤʩʪʚʦʚʘʥ ʠʟ 

ʩʪʘʪʴʠ [110]. 
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1.4.3 ʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ 

 

ʀʟʫʯʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘ ʦʙʲʝʤʥʦʛʦ ʢʨʠʩʪʘʣʣʘ As2S3 ʙʝʨʝʪ ʩʚʦʝ ʥʘʯʘʣʦ 

ʚ ʧʨʦʰʣʦʤ ʚʝʢʝ. ʆʜʥʘʢʦ, ʯʠʩʣʦ ʧʦʜʦʙʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʩʪʘʝʪʩʷ ʦʛʨʘʥʠʯʝʥʥʳʤ. 

ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ ʦʧʪʠʯʝʩʢʘʷ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 

ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 2,5 ʵɺ ʜʦ 2,7 ʵɺ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʦʨʠʝʥʪʘʮʠʠ 

ʧʦʣʷʨʠʟʘʮʠʠ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ [111,112]. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʨʘʙʦʪʝ [108] 

ʦʧʪʠʯʝʩʢʘʷ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʜʦʩʪʠʛʘʝʪ 2,6 ʵɺ (ʨʠʩʫʥʦʢ 1.22). 

 

ʈʠʩʫʥʦʢ 1.22 ð ʉʧʝʢʪʨ ʧʦʛʣʦʱʝʥʠʷ ʦʙʲʝʤʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʘʫʨʫʧʠʛʤʝʥʪʘ. 

ʇʣʶʩʘʤʠ ʦʙʦʟʥʘʯʝʥʳ ʢʦʥʩʪʘʥʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʙʦʪʝ [111]. ʊʦʯʢʘʤʠ 

ʦʙʦʟʥʘʯʝʥʳ ʢʦʥʩʪʘʥʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʙʦʪʝ [112]. ʈʠʩʫʥʦʢ ʟʘʠʤʩʪʚʦʚʘʥ ʠʟ 

ʩʪʘʪʴʠ [108]. 



45 

 

 

ʇʦʤʠʤʦ ʵʪʦʛʦ, ʚ ʨʘʙʦʪʘʭ [111,112] ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʘʥʥʳʡ ʤʘʪʝʨʠʘʣ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʘʥʠʟʦʪʨʦʧʠʶ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʧʦʨʷʜʢʘ 0,35 ʚ ʚʠʜʠʤʦʤ 

ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ (ʨʠʩʫʥʦʢ 1.23).   

 

ʈʠʩʫʥʦʢ 1.23 ð ʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʦʙʲʝʤʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʘʫʨʫʧʠʛʤʝʥʪʘ. 

ʇʣʶʩʘʤʠ ʦʙʦʟʥʘʯʝʥʳ ʢʦʥʩʪʘʥʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʙʦʪʝ [111]. ʊʦʯʢʘʤʠ 

ʦʙʦʟʥʘʯʝʥʳ ʢʦʥʩʪʘʥʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʙʦʪʝ [112]. ʈʠʩʫʥʦʢ ʟʘʠʤʩʪʚʦʚʘʥ ʠʟ 

ʩʪʘʪʴʠ [108]. 

 ʆʜʥʘʢʦ ʜʝʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʘʥʠʟʦʪʨʦʧʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ As2S3 ʥʝ 

ʧʨʦʚʦʜʠʣʦʩʴ, ʧʦʩʢʦʣʴʢʫ ʵʪʦʪ ʤʘʪʝʨʠʘʣ ʜʦʣʛʦʝ ʚʨʝʤʷ ʩʯʠʪʘʣʩʷ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, 

ʠʟʦʪʨʦʧʥʳʤ ʚ ʢʦʥʪʝʢʩʪʝ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʥʝʣʠʥʝʡʥʦʡ ʦʧʪʠʢʝ ʠ ʬʦʪʦʥʥʳʭ 

ʫʩʪʨʦʡʩʪʚʘʭ. ʊʦʣʴʢʦ ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʩʪʘʣʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ As2S3 ʦʙʣʘʜʘʝʪ ʩʣʦʠʩʪʦʡ 
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ʩʪʨʫʢʪʫʨʦʡ ʩ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʤʠ ʤʝʞʩʣʦʝʚʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʤʝʭʘʥʠʯʝʩʢʠ ʦʪʩʣʘʠʚʘʪʴ ʝʛʦ ʚʧʣʦʪʴ ʜʦ ʤʦʥʦʩʣʦʷ. ʕʪʦ ʜʝʣʘʝʪ ʜʘʥʥʳʡ 

ʤʘʪʝʨʠʘʣ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʥʘʥʦʬʦʪʦʥʠʢʝ, ʦʜʥʘʢʦ ʝʛʦ ʩʚʦʡʩʪʚʘ ʚ 

ʚʠʜʝ ʦʪʜʝʣʴʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʜʦ ʩʠʭ ʧʦʨ ʥʝ ʠʩʩʣʝʜʦʚʘʥʳ. ɽʩʣʠ ʚ ʪʦʥʢʠʭ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʘʭ ʘʥʠʟʦʪʨʦʧʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʩʦʭʨʘʥʷʝʪʩʷ ʥʘ ʪʦʤ ʞʝ 

ʫʨʦʚʥʝ (0,35), ʵʪʦ ʩʦʟʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʳʭ 

ʧʣʘʩʪʠʥʦʢ ʥʫʣʝʚʦʛʦ ʧʦʨʷʜʢʘ ʩ ʨʝʢʦʨʜʥʦ ʤʘʣʦʡ ʪʦʣʱʠʥʦʡ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʜʘʣʴʥʝʡʰʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ As2S3 ʚ ʩʣʦʠʩʪʦʤ ʩʦʩʪʦʷʥʠʠ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʚʘʞʥʫʶ ʥʘʫʯʥʫʶ ʟʘʜʘʯʫ, ʩʧʦʩʦʙʥʫʶ ʧʨʠʚʝʩʪʠ ʢ ʧʦʷʚʣʝʥʠʶ 

ʥʦʚʳʭ ʢʦʥʮʝʧʮʠʡ ʫʧʨʘʚʣʝʥʠʷ ʩʚʝʪʦʤ ʚ ʥʘʥʦʤʘʩʰʪʘʙʝ. 

ɺ ʣʠʪʝʨʘʪʫʨʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʤʥʦʞʝʩʪʚʦ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʚ ʢʦʪʦʨʳʭ 

ʟʘʪʨʘʛʠʚʘʝʪʩʷ ʵʬʬʝʢʪ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʦ 

ʨʝʟʫʣʴʪʘʪʘʤ ʠʩʩʣʝʜʦʚʘʥʠʷ [113], ʚ ʢʦʪʦʨʦʤ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ 

ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʘʤʠ ʚʦʣʥ 530,9 ʥʤ 568,2 ʥʤ As2S3 ʧʝʨʝʭʦʜʠʪ ʚ ʘʤʦʨʬʥʦʝ 

ʩʦʩʪʦʷʥʠʝ. ʊʦ ʞʝ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ [110], ʛʜʝ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ 

ʜʣʠʪʝʣʴʥʦʤ ʦʙʣʫʯʝʥʠʠ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʜʣʠʥʦʡ ʚʦʣʥʳ 488 ʥʤ ʧʨʦʠʩʭʦʜʠʪ 

ʘʤʦʨʬʠʟʘʮʠʷ ʢʨʠʩʪʘʣʣʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʪʝʢʣʦʦʙʨʘʟʥʦʛʦ As2S3 ʙʝʟ ʧʨʠʟʥʘʢʦʚ 

ʵʣʝʤʝʥʪʥʦʛʦ ʤʳʰʴʷʢʘ, ʩʝʨʳ, ʘ ʪʘʢʞʝ ʠʭ ʦʢʩʠʜʦʚ.  ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʚ ʨʘʙʦʪʝ [114] 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʙʦʣʴʰʠʭ ʤʦʱʥʦʩʪʝʡ ʞʝʩʪʢʦʛʦ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ 

(ɚ = 325 ʥʤ) ʠʟʣʫʯʝʥʠʷ ʜʘʥʥʳʡ ʤʘʪʝʨʠʘʣ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ ʦʢʩʠʜ ʤʳʰʴʷʢʘ 

ʘʨʩʝʥʦʣʠʪ As2O3, ʯʪʦ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʜʣʠʥʘʭ ʚʦʣʥ ʠ ʤʘʣʳʭ 

ʤʦʱʥʦʩʪʷʭ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʝʢʦʪʦʨʳʝ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʝ ʢʨʠʩʪʘʣʣʳ, 

ʪʘʢʠʝ ʢʘʢ ʯʝʨʥʳʡ ʬʦʩʬʦʨ [79], ʜʝʤʦʥʩʪʨʠʨʫʷ ʨʝʢʦʨʜʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʚ ʧʣʦʩʢʦʩʪʠ, 

ʦʢʘʟʳʚʘʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʧʨʠʛʦʜʥʳʤʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʝʟ ʠʥʢʘʧʩʫʣʷʮʠʠ ʠʣʠ 

ʨʘʙʦʪʳ ʚ ʛʝʨʤʝʪʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʩ ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʦʡ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʢʨʘʡʥʝ 

ʥʝʩʪʘʙʠʣʴʥʳ ʧʨʠ ʢʦʥʪʘʢʪʝ ʩ ʚʦʟʜʫʭʦʤ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʠʤʠ, As2S3 ʦʙʣʘʜʘʝʪ 

ʟʘʤʝʪʥʦ ʙʦʣʴʰʝʡ ʫʩʪʦʡʯʠʚʦʩʪʴʶ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʨʘʙʦʪʝ [110] ʧʦʜʯʝʨʢʠʚʘʝʪʩʷ, ʯʪʦ 
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ʧʨʠ ʝʩʪʝʩʪʚʝʥʥʦʤ ʦʩʚʝʱʝʥʠʠ ʤʘʪʝʨʠʘʣ ʤʦʞʝʪ ʩʦʭʨʘʥʷʪʴ ʩʚʦʠ ʩʚʦʡʩʪʚʘ ʚ ʪʝʯʝʥʠʝ 

ʥʝʩʢʦʣʴʢʠʭ ʤʝʩʷʮʝʚ, ʜʘʞʝ ʚ ʤʦʥʦʩʣʦʡʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʈʠʩʫʥʦʢ 1.24 ʠʣʣʶʩʪʨʠʨʫʝʪ 

ʩʨʘʚʥʠʪʝʣʴʥʫʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ As2S3 ʚ ʬʦʨʤʝ 

ʥʝʩʢʦʣʴʢʠʭ ʩʣʦʝʚ, ʚʢʣʶʯʘʷ ʦʙʣʘʩʪʴ ʩ ʦʜʠʥʦʯʥʳʤ ʩʣʦʝʤ. ʅʘ ʠʟʦʙʨʘʞʝʥʠʷʭ ʥʝ 

ʥʘʙʣʶʜʘʝʪʩʷ ʚʠʜʠʤʳʭ ʠʟʤʝʥʝʥʠʡ ʚ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ.  

 

ʈʠʩʫʥʦʢ 1.24 ð ʉʨʘʚʥʝʥʠʝ ɸʉʄ-ʠʟʦʙʨʘʞʝʥʠʡ ʤʦʥʦʩʣʦʷ As2S3 ʥʘ ʧʦʜʣʦʞʢʝ 

SiO2/Si ʩʨʘʟʫ ʧʦʩʣʝ ʧʝʨʝʥʦʩʘ (a) ʠ ʧʦʩʣʝ ʭʨʘʥʝʥʠʷ ʥʘ ʚʦʟʜʫʭʝ ʚ ʪʝʯʝʥʠʝ ~3 

ʤʝʩʷʮʝʚ (b). ʄʘʩʰʪʘʙʥʳʝ ʣʠʥʝʡʢʠ: 1 ʤʢʤ. 

ʀʩʩʣʝʜʦʚʘʣʠʩʴ ʪʘʢʞʝ ʥʝʣʠʥʝʡʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʨʠʩʪʘʣʣʘ 

ʘʫʨʫʧʠʛʤʝʥʪʘ, ʘ ʠʤʝʥʥʦ ʛʝʥʝʨʘʮʠʷ ʪʨʝʪʴʝʡ ʛʘʨʤʦʥʠʢʠ [115]. ʇʦʣʫʯʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪ ʩʧʦʩʦʙʥʦʩʪʴ ʜʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʵʬʬʝʢʪʠʚʥʦ 

ʧʨʝʦʙʨʘʟʦʚʳʚʘʪʴ ʠʟʣʫʯʝʥʠʝ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ 

ʥʝʣʠʥʝʡʥʦʡ ʦʧʪʠʢʝ. ɺʳʩʦʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʛʘʨʤʦʥʠʢ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ 

ʦ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʧʨʠʛʦʜʥʦʩʪʠ ʘʫʨʫʧʠʛʤʝʥʪʘ ʜʣʷ ʩʦʟʜʘʥʠʷ ʢʦʤʧʘʢʪʥʳʭ 

ʥʝʣʠʥʝʡʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ.   
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1.5 ɺʳʚʦʜʳ 

 

ɹʦʣʴʰʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʜʝʣʘʝʪ ʩʣʦʠʩʪʳʝ ʢʨʠʩʪʘʣʣʳ 

ʠʥʪʝʨʝʩʥʳʤʠ ʢʘʢ ʜʣʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʪʘʢ ʠ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ. ʉʣʦʞʥʘʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʩ ʥʠʟʢʦʡ ʩʠʤʤʝʪʨʠʝʡ ʧʨʠʚʦʜʠʪ 

ʢ ʥʝʦʙʳʯʥʦʤʫ ʧʦʚʝʜʝʥʠʶ ʪʝʥʟʦʨʘ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ, ʯʪʦ ʚʳʨʘʞʘʝʪʩʷ ʚ 

ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʷʭ ʢʘʢ ʩʘʤʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ, ʪʘʢ ʠ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʪʘʢʠʭ ʢʨʠʩʪʘʣʣʦʚ 

ʷʚʣʷʝʪʩʷ ʠʭ ʝʩʪʝʩʪʚʝʥʥʘʷ ʩʢʣʦʥʥʦʩʪʴ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʩʨʝʟʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʧʨʠʤʠʪʠʚʥʦʡ ʷʯʝʡʢʝ. ʕʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʱʘʝʪ ʧʨʦʮʝʩʩ ʠʭ ʦʨʠʝʥʪʘʮʠʠ ʧʨʠ 

ʠʟʛʦʪʦʚʣʝʥʠʠ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ, ʧʦʩʢʦʣʴʢʫ ʥʝʦʙʭʦʜʠʤʘʷ ʦʛʨʘʥʢʘ ʤʦʞʝʪ ʙʳʪʴ 

ʟʘʜʘʥʘ ʝʱʝ ʥʘ ʵʪʘʧʝ ʵʢʩʬʦʣʠʘʮʠʠ. ɺʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳ ʤʘʪʝʨʠʘʣʳ ʫʞʝ ʫʩʧʝʰʥʦ 

ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ, ʚʦʣʥʦʚʦʜʥʳʭ ʩʠʩʪʝʤ ʠ ʫʩʪʨʦʡʩʪʚ 

ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʷʨʠʟʘʮʠʝʡ ʩʚʝʪʘ, ʠ, ʩʫʜʷ ʧʦ ʪʝʢʫʱʠʤ ʪʝʥʜʝʥʮʠʷʤ, ʩʪʘʥʫʪ 

ʥʝʦʪʲʝʤʣʝʤʳʤ ʵʣʝʤʝʥʪʦʤ ʙʫʜʫʱʝʡ ʠʥʪʝʛʨʘʣʴʥʦʡ ʥʘʥʦʬʦʪʦʥʠʢʠ. ʐʠʨʦʢʠʡ ʩʧʝʢʪʨ 

ʩʚʦʡʩʪʚ, ʩʦʯʝʪʘʝʤʳʭ ʚ ʩʣʦʠʩʪʳʭ ʢʨʠʩʪʘʣʣʘʭ, ʜʝʣʘʝʪ ʠʟʫʯʝʥʠʝ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ 

ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʧʝʨʝʜʦʚʳʭ 

ʫʩʪʨʦʡʩʪʚ, ʩʧʦʩʦʙʥʳʭ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʨʘʩʪʫʱʠʝ ʪʨʝʙʦʚʘʥʠʷ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ, 

ʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ ʙʫʜʫʱʝʛʦ. 

ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʥʘʥʦʬʦʪʦʥʠʢʠ ʩʨʝʜʠ ʩʣʦʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ 

ʚʳʟʳʚʘʶʪ GeS2 ʠ As2S3 ʙʣʘʛʦʜʘʨʷ ʠʭ ʚʳʨʘʞʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ 

ʠ ʰʠʨʦʢʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʝ. ʕʪʠ ʦʩʦʙʝʥʥʦʩʪʠ ʦʙʫʩʣʘʚʣʠʚʘʶʪ ʠʭ ʧʦʪʝʥʮʠʘʣʴʥʫʶ 

ʧʨʦʟʨʘʯʥʦʩʪʴ ʚʧʣʦʪʴ ʜʦ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʥʘʥʦʬʦʪʦʥʠʢʝ, ʦʙʝʩʧʝʯʠʚʘʷ ʚʳʠʛʨʳʰ ʚ 

ʦʪʥʦʰʝʥʠʠ ʧʦʢʘʟʘʪʝʣʷ ɚ/n. ɺʤʝʩʪʝ ʩ ʪʝʤ ʩʣʦʞʥʦʩʪʴ ʪʦʯʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ 

ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʩʣʦʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʪʘʚʠʪ ʧʝʨʝʜ 

ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ ʟʘʜʘʯʫ ʦʧʪʠʤʠʟʘʮʠʠ ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʝʪʦʜʠʢ ʠʟʤʝʨʝʥʠʷ. ɹʳʩʪʨʘʷ 
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ʠ ʜʦʩʪʦʚʝʨʥʘʷ ʦʮʝʥʢʘ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦʟʚʦʣʠʪ ʟʥʘʯʠʪʝʣʴʥʦ 

ʨʘʩʰʠʨʠʪʴ ʩʧʝʢʪʨ ʠʭ ʚʦʟʤʦʞʥʳʭ ʧʨʠʤʝʥʝʥʠʡ, ʦʩʦʙʝʥʥʦ ʩ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ ʯʠʩʣʦ 

ʠʟʚʝʩʪʥʳʭ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ ʜʦʩʪʠʛʘʝʪ ʥʝʩʢʦʣʴʢʠʭ ʪʳʩʷʯ. ɺ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʙʫʜʝʪ ʫʜʝʣʝʥʦ ʦʧʪʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ GeS2 ʠ As2S3, 

ʘ ʪʘʢʞʝ ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʦʜʠʢʠ, ʧʦʟʚʦʣʷʶʱʝʡ ʵʬʬʝʢʪʠʚʥʦ ʠʭ ʘʥʘʣʠʟʠʨʦʚʘʪʴ.  
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ɻʣʘʚʘ 2. ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ 

 

ɺ ʥʘʩʪʦʷʱʝʡ ʛʣʘʚʝ ʧʨʠʚʝʜʝʥʦ ʦʧʠʩʘʥʠʝ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʚ ʨʘʙʦʪʝ ʤʘʪʝʨʠʘʣʦʚ, 

ʘ ʪʘʢʞʝ ʤʝʪʦʜʦʚ ʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʠ ʘʥʘʣʠʟʘ ʬʠʟʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ. 

 

2.1 ʄʘʪʝʨʠʘʣʳ 

 

ɺ ʠʩʩʣʝʜʦʚʘʥʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʢʦʤʤʝʨʯʝʩʢʠʝ ʦʙʨʘʟʮʳ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ 

ʢʦʤʧʘʥʠʷʤʠ 2DSemiconductors (USA) ʠ SixCarbon Technology (ShenZhen). ɺʳʙʦʨ 

ʧʦʩʪʘʚʱʠʢʦʚ ʢʨʠʩʪʘʣʣʦʚ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʙʳʣ ʦʙʫʩʣʦʚʣʝʥ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʦʙʨʘʟʮʦʚ ʤʝʪʦʜʘʤʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʪ. ʜ. ɺ ʢʘʯʝʩʪʚʝ 

ʢʣʶʯʝʚʳʭ ʢʨʠʪʝʨʠʝʚ ʦʪʙʦʨʘ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʢʘʯʝʩʪʚʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ ʠ ʭʠʤʠʯʝʩʢʘʷ ʯʠʩʪʦʪʘ.  

 

2.2 ʄʝʪʦʜ ʤʝʭʘʥʠʯʝʩʢʦʡ ʵʢʩʬʦʣʠʘʮʠʠ 

 

ʄʝʭʘʥʠʯʝʩʢʦʝ ʨʘʩʱʝʧʣʝʥʠʝ (ʵʢʩʬʦʣʠʘʮʠʷ) ʩʣʦʠʩʪʳʭ ʢʨʠʩʪʘʣʣʦʚ (As2S3 ʠ 

GeS2) ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʨʠ ʧʦʤʦʱʠ ʣʠʧʢʠʭ ʣʝʥʪ LP-BT-50E-FR, BT-130E-SL 

(NITTO DENKO) ʠʟ ʦʙʲʝʤʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʤʠʢʨʦʯʝʫhʝʢ (ʬʣʝʡʢʦʚ). ʇʨʦʮʝʩʩ ʨʘʩʱʝʧʣʝʥʠʷ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʥʝʩʢʦʣʴʢʦ 

ʵʪʘʧʦʚ. ʉʥʘʯʘʣʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ ʧʨʦʠʩʭʦʜʠʪ ʧʦʜʛʦʪʦʚʢʘ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʜʣʦʞʝʢ ʠʟ Si, Si/SiO2 ʠʣʠ Schott ʩʪʝʢʣʘ ʩ ʟʘʨʘʥʝʝ ʠʟʚʝʩʪʥʳʤʠ 

ʦʧʪʠʯʝʩʢʠʤʠ ʢʦʥʩʪʘʥʪʘʤʠ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʘʜʛʝʟʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʜʚʝʨʛʘʶʪʩʷ ʦʙʨʘʙʦʪʢʝ ʚ ʚʦʟʜʫʰʥʦʡ ʧʣʘʟʤʝ ʧʨʠ ʧʦʤʦʱʠ 
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ʫʩʪʘʥʦʚʢʠ Diener Femto (ʨʠʩʫʥʦʢ 2.1).  ʇʦʩʣʝ ʵʪʦʛʦ ʧʦʜʣʦʞʢʠ ʥʘʛʨʝʚʘʶʪ ʜʦ 120Áʉ 

ʚ ʪʝʯʝʥʠʝ 2-3 ʤʠʥʫʪ. ɼʘʣʝʝ ʣʠʧʢʫʶ ʣʝʥʪʫ ʧʨʠʞʠʤʘʶʪ ʢ ʧʦʜʣʦʞʢʝ, ʜʝʨʞʘʪ ʥʘ ʧʣʠʪʝ 

ʚ ʪʝʯʝʥʠʝ 10 ʩʝʢʫʥʜ, ʟʘʪʝʤ ʫʙʠʨʘʶʪ ʦʭʣʘʞʜʘʪʴʩʷ. ʂʦʛʜʘ ʧʦʜʣʦʞʢʘ ʦʩʪʳʚʘʝʪ ʜʦ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ, ʤʝʜʣʝʥʥʦ ʧʦʜ ʦʩʪʨʳʤ ʫʛʣʦʤ ʢ ʛʦʨʠʟʦʥʪʫ ʣʠʧʢʘʷ ʣʝʥʪʘ 

ʫʜʘʣʷʝʪʩʷ ʩ ʧʦʜʣʦʞʢʠ, ʦʩʪʘʚʣʷʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʩʩʠʚ ʬʣʝʡʢʦʚ ʨʘʟʥʳʭ ʪʦʣʱʠʥ ʠ 

ʨʘʟʤʝʨʦʚ ʠ ʪʝʤ ʩʘʤʳʤ ʟʘʚʝʨʰʘʷ ʧʨʦʮʝʩʩ ʤʝʭʘʥʠʯʝʩʢʦʡ ʵʢʩʬʦʣʠʘʮʠʠ. 

 

ʈʠʩʫʥʦʢ 2.1 ð ʌʦʪʦ ʧʣʘʟʤʝʥʥʦʡ ʫʩʪʘʥʦʚʢʠ Diener Femto, ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʜʣʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʧʦʜʣʦʞʝʢ ʚ ʚʦʟʜʫʰʥʦʡ 

ʧʣʘʟʤʝ. 
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2.3 ʉʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʘʷ ʵʣʣʠʧʩʦʤʝʪʨʠʷ 

 

ʀʟʤʝʨʝʥʠʷ ʚʠʟʫʘʣʠʟʠʨʫʶʱʝʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʚʠʟʫʘʣʠʟʠʨʫʶʱʝʛʦ ʵʣʣʠʧʩʦʤʝʪʨʘ Accurion EP4 (Accurion GmbH, ɻʝʨʤʘʥʠʷ). 

ʌʦʪʦʛʨʘʬʠʷ ʫʩʪʨʦʡʩʪʚʘ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 2.2. ɺ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ 

ʦʧʪʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʢʨʠʩʪʘʣʣʦʚ GeS2 ʠʟʫʯʘʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʢʪʨʘʣʴʥʦʡ 

ʵʣʣʠʧʩʦʤʝʪʨʠʠ ʚ ʨʝʞʠʤʝ ʚʠʟʫʘʣʠʟʘʮʠʠ. ɻʣʘʚʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʝʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʦʟʤʦʞʥʦʩʪʠ ʠʟʤʝʨʝʥʠʷ 

ʥʝʩʢʦʣʴʢʠʭ ʦʙʨʘʟʮʦʚ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚ ʧʨʝʜʝʣʘʭ ʦʜʥʦʛʦ ʧʦʣʷ ʟʨʝʥʠʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚ 

ʭʦʜʝ ʨʘʙʦʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʝʩʢʦʣʴʢʦ ʩʧʝʢʪʨʦʚ ʜʣʷ ʩʠʩʪʝʤʳ GeS2/Si ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʪʦʣʱʠʥʘʭ ʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ. 

ʇʦʩʣʝ ʦʧʨʝʜʝʣʝʥʠʷ ʛʣʘʚʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ ʦʙʨʘʟʮʳ ʚʳʨʘʚʥʠʚʘʣʠʩʴ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʣʦʩʢʦʩʪʠ ʧʘʜʝʥʠʷ ʩʚʝʪʘ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʛʣʘʚʥʳʝ ʦʧʪʠʯʝʩʢʠʝ 

ʦʩʠ ʣʝʞʘʣʠ ʚ ʧʣʦʩʢʦʩʪʠ ʧʘʜʝʥʠʷ ʩʚʝʪʘ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʜʦʩʪʠʛʘʝʪʩʷ 

ʢʚʘʟʠʠʟʦʪʨʦʧʥʳʡ ʦʪʢʣʠʢ ʠ ʚʦʟʤʦʞʥʦ ʠʟʤʝʨʝʥʠʝ ʩʪʘʥʜʘʨʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ Ɋ ʠ ȹ. 

ʕʪʠ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʰʠʨʦʢʦʛʦ ʜʠʘʧʘʟʦʥʘ ʜʣʠʥ ʚʦʣʥ (250 ð 1700 ʥʤ) ʩ 

ʰʘʛʦʤ 1 ʥʤ ʠ ʪʨʝʭ ʫʛʣʘʭ ʧʘʜʝʥʠʷ ʩʚʝʪʘ (45Á, 50Á ʠ 55Á) ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʪʦʯʥʦʩʪʠ 

ʠʟʤʝʨʝʥʠʡ. ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʧʦʣʫʯʝʥʥʳʭ ʩʧʝʢʪʨʦʚ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʦʧʪʠʯʝʩʢʘʷ 

ʤʦʜʝʣʴ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʠ ʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʩʣʦʠʩʪʦʛʦ ʢʨʠʩʪʘʣʣʘ, 

ʢʦʪʦʨʳʡ ʦʧʠʩʳʚʘʣʩʷ ʢʘʢ ʜʚʫʦʩʥʳʡ ʤʘʪʝʨʠʘʣ. ʇʝʨʝʜ ʦʙʨʘʙʦʪʢʦʡ 

ʵʣʣʠʧʩʦʤʝʪʨʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ ʦʙʨʘʟʮʳ ʠʟʤʝʨʷʣʠʩʴ ʥʘ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʤ ʤʠʢʨʦʩʢʦʧʝ 

ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʦʣʱʠʥ ʦʙʨʘʟʮʦʚ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʦʧʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ 

ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʚʘʨʴʠʨʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʦʧʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. ʇʦʩʣʝ 

ʵʪʦʛʦ ʦʧʨʝʜʝʣʷʣʩʷ ʜʠʘʧʘʟʦʥ ʧʨʦʟʨʘʯʥʦʩʪʠ ʠʩʩʣʝʜʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʧʨʦʟʨʘʯʥʦʡ 

ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʢʘʢ ʧʣʦʩʢʦʩʪʥʳʝ ʢʦʤʧʦʥʝʥʪʳ, ʪʘʢ ʠ ʚʥʝʧʣʦʩʢʦʩʪʥʘʷ ʢʦʤʧʦʥʝʥʪʘ 

ʪʝʥʟʦʨʘ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʙʳʣʠ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʳ ʤʦʜʝʣʴʶ ʂʦʰʠ ʚ ʚʠʜʝ 

A + B/ɚĮ. ɿʘʪʝʤ ʜʣʷ ʚʩʝʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʜʠʘʧʘʟʦʥʘ (250 ð 1700 ʥʤ) ʧʨʠʤʝʥʷʣʦʩʴ 
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B-ʩʧʣʘʡʥ-ʨʘʟʣʦʞʝʥʠʝ, ʩʦʛʣʘʩʦʚʘʥʥʦʝ ʩ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʂʨʘʤʝʨʩʘ-ʂʨʦʥʠʛʘ, ʯʪʦ 

ʧʦʟʚʦʣʠʣʦ ʦʧʨʝʜʝʣʠʪʴ ʧʣʦʩʢʦʩʪʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʫʥʢʮʠʠ, 

ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʜʘʥʥʳʭ, ʩʥʷʪʳʭ ʚʜʦʣʴ ʛʣʘʚʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ ʚ ʧʣʦʩʢʦʩʪʠ 

ʢʨʠʩʪʘʣʣʘ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʘʥʘʣʠʟʘ ʦʙʝ ʤʦʜʝʣʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʨʘʟʥʳʤ 

ʪʦʣʱʠʥʘʤ, ʙʳʣʠ ʦʧʠʩʘʥʳ ʦʜʠʥʘʢʦʚʳʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʬʫʥʢʮʠʷʤʠ. ʊʘʢʦʡ 

ʧʦʜʭʦʜ ʧʦʟʚʦʣʠʣ ʫʚʝʣʠʯʠʪʴ ʥʘʜʝʞʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʩʢʦʣʴʢʫ ʦʥ ʩʥʠʞʘʝʪ 

ʩʪʝʧʝʥʴ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ. ʅʘ ʧʦʩʣʝʜʥʝʤ ʵʪʘʧʝ 

ʧʦʣʫʯʝʥʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʟʘʪʝʤ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʤʦʜʝʣʠ 

ʊʘʫʭ-ʃʦʨʝʥʮʘ, ʢʦʪʦʨʘʷ ʦʧʠʩʳʚʘʝʪ ʦʧʪʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʠʩʩʣʝʜʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚʦ 

ʚʩʝʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ð ʧʨʦʟʨʘʯʥʦʡ ʠ ʥʝʧʨʦʟʨʘʯʥʦʡ ʜʣʷ ʤʘʪʝʨʠʘʣʘ ʯʘʩʪʠ 

ʩʧʝʢʪʨʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʜʘʥʥʳʭ ʰʘʛʦʚ ʦʧʨʝʜʝʣʷʣʩʷ ʧʦʣʥʳʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʝʥʟʦʨ, 

ʦʥ ʞʝ ʪʝʥʟʦʨ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ (na, nb, nc), GeS2 ʜʣʷ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʜʠʘʧʘʟʦʥʘ 

ʦʪ 250 ʜʦ 1700 ʥʤ.  
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ʈʠʩʫʥʦʢ 2.2 ð ʌʦʪʦ ʵʣʣʠʧʩʦʤʝʪʨʘ Accurion EP4, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ As2S3, GeS2 ʠ ʜʨʫʛʠʭ 

ʩʣʦʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʘʤʠ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ. 

 

2.4 ʄʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʷ ʧʨʦʧʫʩʢʘʥʠʷ: ʠʟʤʝʨʝʥʠʝ ʩʧʝʢʪʨʦʚ 

 

ʉʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠ ̫ ʠʟʤʝʨʷʣʠʩ ɹ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ 

Zeiss Axio Lab.A1, ʦʩʥʘʱʝʥʥʦʛʦ ʚʦʣʦʢʦʥʥʳʤ ʩʧʝʢʪʨʦʤʝʪʨʦʤ 

Ocean Optics QE65000 ʠ ʛʘʣʦʛʝʥʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʩʚʝʪʘ. ɿʘ ʦʩʥʦʚʫ ʫʩʪʘʥʦʚʢʠ ʚʟʷʪʘ 

ʩʭʝʤʘ, ʜʝʪʘʣʴʥʦ ʦʧʠʩʘʥʥʘʷ ʚ ʨʘʙʦʪʝ [88]. ʉʚʝʪ ʬʦʢʫʩʠʨʦʚʘʣʩʷ ʥʘ ʦʙʨʘʟʝʮ ʩʥʠʟʫ ʩ 

ʧʦʤʦʱʴʶ ʢʦʥʜʝʥʩʦʨʥʦʡ ʣʠʥʟʳ ʠ ʩʦʙʠʨʘʣʩʷ ʦʙʲʝʢʪʠʚʦʤ. ʄʠʢʨʦʩʢʦʧ ʪʘʢʞʝ 

ʦʩʥʘʱʝʥ ʧʦʚʦʨʦʪʥʳʤ ʩʪʦʣʠʢʦʤ ʩ ʫʛʣʦʚʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʜʦ 1 ʛʨʘʜʫʩʘ. ʉʦʝʜʠʥʝʥʠʝ 

ʩʦ ʩʧʝʢʪʨʦʤʝʪʨʦʤ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʯʝʨʝʟ ʦʧʪʠʯʝʩʢʦʝ ʚʦʣʦʢʥʦ Thorlabs M92L02 ʩ 

ʜʠʘʤʝʪʨʦʤ ʩʝʨʜʮʝʚʠʥʳ ʦʪ 50 ʜʦ 200 ʤʢʤ. ʆʙʣʘʩʪʴ ʩʙʦʨʘ ʦʧʨʝʜʝʣʷʣʘʩʴ ʨʘʟʤʝʨʦʤ 
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ʠʟʦʙʨʘʞʝʥʠʷ ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʡ ʩʝʨʜʮʝʚʠʥʳ ʚʦʣʦʢʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. 

ʇʨʦʧʫʩʢʘʝʤʳʡ ʩʚʝʪ ʩʦʙʠʨʘʣʩʷ ʠʟ ʧʷʪʥʘ ʨʘʟʤʝʨʦʤ ʤʝʥʝʝ 15 ʤʢʤ ʩ ʧʦʤʦʱʴʶ 

ʦʙʲʝʢʪʠʚʘ çN-Achroplan» 50×/0,8 Pol M27 ʩ ʯʠʩʣʦʚʦʡ ʘʧʝʨʪʫʨʦʡ 0,8. ʊʘʢʞʝ ʚ 

ʫʩʪʘʥʦʚʢʫ ʠʥʪʝʛʨʠʨʦʚʘʥʳ ʘʥʘʣʠʟʘʪʦʨ ʠ ʧʦʣʷʨʠʟʘʪʦʨ, ʦʩʴ ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʚʨʘʱʘʪʴ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʣʦʞʝʥʠʷ ʘʥʘʣʠʟʘʪʦʨʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʦʠʟʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʚ 

ʨʘʟʥʳʭ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʷʭ. 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʚʳʧʦʣʥʷʝʪʩʷ ʙʘʟʦʚʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ 

ʤʠʢʨʦʩʢʦʧʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʠʥʩʪʨʫʢʮʠʝʡ ʧʨʦʠʟʚʦʜʠʪʝʣʷ. ʇʨʠ ʨʘʙʦʪʝ ʚ ʨʝʞʠʤʝ 

ʧʨʦʧʫʩʢʘʥʠʷ ʧʨʦʠʟʚʦʜʠʪʩʷ ʥʘʩʪʨʦʡʢʘ ʬʦʢʫʩʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʥʘ ʚʳʙʨʘʥʥʦʤ 

ʦʙʲʝʢʪʠʚʝ. ɿʘʪʝʤ, ʧʨʠ ʤʠʥʠʤʘʣʴʥʦʤ ʨʘʟʤʝʨʝ ʧʦʣʝʚʦʡ ʜʠʘʬʨʘʛʤʳ, ʥʘʩʪʨʘʠʚʘʝʪʩʷ 

ʧʦʣʦʞʝʥʠʝ ʢʦʥʜʝʥʩʦʨʥʦʡ ʣʠʥʟʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʯʝʪʢʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʢʨʘʝʚ 

ʜʠʘʬʨʘʛʤʳ. ɼʘʣʝʝ ʜʘʥʥʘʷ ʧʨʦʮʝʜʫʨʘ ʚʳʧʦʣʥʷʝʪʩʷ ʩ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ ʚʩʝ ʢʨʠʪʝʨʠʠ 

ʥʘʩʪʨʦʡʢʠ ʜʦʣʞʥʳ ʦʮʝʥʠʚʘʪʴʩʷ ʧʦ ʠʟʦʙʨʘʞʝʥʠʶ, ʧʦʩʪʫʧʘʶʱʝʤʫ ʩ ʢʘʤʝʨʳ, ʘ ʥʝ 

ʚʠʟʫʘʣʴʥʦ ʯʝʨʝʟ ʦʢʫʣʷʨʳ. ʇʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʩʪʘʥʜʘʨʪʥʳʭ ʰʘʛʦʚ ʥʘʩʪʨʦʡʢʠ 

ʦʧʪʦʚʦʣʦʢʦʥʥʳʡ ʢʘʙʝʣʴ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʡ ʜʣʷ ʩʙʦʨʘ ʩʠʛʥʘʣʘ, ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʚ 

ʩʧʝʮʠʘʣʴʥʫʶ ʧʨʠʩʪʘʚʢʫ ʤʠʢʨʦʩʢʦʧʘ, ʘ ʜʨʫʛʦʡ ʢʦʥʝʮ ʧʦʜʢʣʶʯʘʝʪʩʷ ʢ ʠʩʪʦʯʥʠʢʫ 

ʠʟʣʫʯʝʥʠʷ. ʇʨʠ ʪʘʢʦʤ ʧʦʜʭʦʜʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʦʯʥʦʝ ʧʦʣʦʞʝʥʠʝ ʦʙʣʘʩʪʠ, ʩ ʢʦʪʦʨʦʡ 

ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʩʠʛʥʘʣ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʢʦʨʨʝʢʪʠʨʫʝʪʩʷ ʧʦʣʦʞʝʥʠʝ 

ʦʧʪʦʚʦʣʦʢʥʘ ʚʜʦʣʴ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ ʩ ʮʝʣʴʶ ʜʦʩʪʠʞʝʥʠʷ ʥʘʠʣʫʯʰʝʛʦ 

ʬʦʢʫʩʠʨʦʚʘʥʠʷ ʷʜʨʘ ʠʟʦʙʨʘʞʝʥʠʷ. ʇʦ ʦʢʦʥʯʘʥʠʠ ʧʨʦʮʝʩʩʘ ʥʘʩʪʨʦʡʢʠ ʢʦʥʝʮ 

ʦʧʪʦʚʦʣʦʢʥʘ, ʧʦʜʢʣʶʯʝʥʥʳʡ ʨʘʥʝʝ ʢ ʠʩʪʦʯʥʠʢʫ ʠʟʣʫʯʝʥʠʷ, ʧʝʨʝʢʣʶʯʘʝʪʩʷ ʢ 

ʚʦʣʦʢʦʥʥʦʤʫ ʩʧʝʢʪʨʦʤʝʪʨʫ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʝʨʝʡʪʠ ʢ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤʫ ʠʟʫʯʝʥʠʶ 

ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʲʝʢʪʦʚ. ʇʦʩʣʝ ʧʝʨʚʠʯʥʦʡ ʫʩʪʘʥʦʚʢʠ ʠ ʢʦʥʬʠʛʫʨʘʮʠʠ ʩʠʩʪʝʤʳ 

ʧʨʦʚʦʜʠʪʩʷ ʢʘʣʠʙʨʦʚʢʘ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʢʦʨʨʝʢʪʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʩʩʪʦʷʥʠʡ ʚ 

ʜʘʣʴʥʝʡʰʝʤ ʠʟʤʝʨʝʥʠʠ. ʇʨʠʤʝʨ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʠʟʫʯʘʝʤʦʛʦ ʦʙʲʝʢʪʘ ʠ 

ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʦʪʚʝʨʩʪʠʷ (ʩʝʨʜʮʝʚʠʥʳ) ʚʳʚʝʜʝʥ ʥʘ ʵʢʨʘʥ 

ʤʦʥʠʪʦʨʘ ʫʩʪʘʥʦʚʢʠ, ʟʘʧʝʯʘʪʣʝʥʥʦʡ ʥʘ ʬʦʪʦʛʨʘʬʠʠ (ʨʠʩʫʥʦʢ 2.3). 
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ʈʠʩʫʥʦʢ 2.3 ð ʌʦʪʦ ʦʧʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ c ʧʨʠʩʪʘʚʢʦʡ ʜʣʷ ʚʳʚʦʜʘ 

ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨ ʧʦʩʨʝʜʩʪʚʦʤ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ, 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ As2S3, GeS2 ʠ ʜʨʫʛʠʭ ʩʣʦʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʣʫʯʝʥʥʳʭ 

ʤʝʪʦʜʘʤʠ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʩʩʣʦʝʥʠʷ. 
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2.5 ɸʪʦʤʥʦ-ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

 

ɺ ʨʘʤʢʘʭ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʘʢʪʠʚʥʦ ʧʨʠʤʝʥʷʣʘʩʴ ʘʪʦʤʥʦ-ʩʠʣʦʚʘʷ 

ʤʠʢʨʦʩʢʦʧʠʷ (ɸʉʄ). ɸʉʄ ʷʚʣʷʝʪʩʷ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʤʝʪʦʜʦʤ 

ʜʠʘʛʥʦʩʪʠʢʠ ʨʘʟʣʠʯʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ. ɼʘʥʥʳʡ ʚʠʜ ʤʠʢʨʦʩʢʦʧʠʠ ʦʙʣʘʜʘʝʪ 

ʩʫʱʝʩʪʚʝʥʥʳʤʠ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʧʝʨʝʜ ʪʨʘʜʠʮʠʦʥʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʝʡ, 

ʘ ʪʘʢʞʝ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʝʡ (ʈʕʄ), ʧʦʩʢʦʣʴʢʫ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʠʟʚʣʝʢʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʥʝ ʪʦʣʴʢʦ ʦ ʣʘʪʝʨʘʣʴʥʳʭ ʨʘʟʤʝʨʘʭ ʠʟʫʯʘʝʤʳʭ ʦʙʲʝʢʪʦʚ, ʥʦ 

ʠ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʚʳʩʦʪ ʠʭ ʨʝʣʴʝʬʘ. ɺ ʦʩʥʦʚʝ ʧʨʠʥʮʠʧʘ ʨʘʙʦʪʳ ɸʉʄ ʣʝʞʠʪ 

ʧʨʦʮʝʩʩ ʩʢʘʥʠʨʦʚʘʥʠʷ ʠʩʩʣʝʜʫʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʩʪʨʳʤ ʤʠʢʨʦʟʦʥʜʦʤ 

(ʨʠʩʫʥʦʢ 2.4), ʥʘʭʦʜʷʱʠʤʩʷ ʚ ʩʠʣʦʚʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʘʪʦʤʘʤʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʙʨʘʟʮʘ.   

 

ʈʠʩʫʥʦʢ 2.4 ð ʀʟʦʙʨʘʞʝʥʠʝ ʟʦʥʜʘ ʩʝʨʠʠ ETHALON HA_NC ʧʦʣʫʯʝʥʥʦʝ, ʩ 

ʧʦʤʦʱʴʶ ʨʘʩʪʨʦʚʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ. ɺʠʜ ʟʦʥʜʘ ʩ ʙʘʣʢʦʡ ʢʘʥʪʠʣʝʚʝʨʘ 

(a) ʠ ʫʚʝʣʠʯʝʥʥʳʡ ʚʠʜ ʢʦʥʯʠʢʘ ʩʙʦʢʫ (b). 
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ɼʘʥʥʳʡ ʧʨʦʮʝʩʩ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʜʚʫʤʷ ʪʝʭʥʠʯʝʩʢʠʤʠ 

ʚʦʟʤʦʞʥʦʩʪʷʤʠ ʫʩʪʨʦʡʩʪʚʘ: ʩʧʦʩʦʙʥʦʩʪʴʶ ʧʝʨʝʤʝʱʘʪʴ ʦʙʨʘʟʝʮ ʧʦ ʚʩʝʤ ʪʨʝʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʢʦʦʨʜʠʥʘʪʘʤ (x,y,z) ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʠ 

ʫʤʝʥʠʝʤ ʙʳʩʪʨʦ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʤʘʣʝʡʰʠʝ ʠʟʤʝʥʝʥʠʷ ʚ ʩʠʣʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʟʦʥʜʘ 

ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʚʦ ʚʨʝʤʝʥʠ. 

ʇʝʨʚʘʷ ʬʫʥʢʮʠʷ ʨʝʘʣʠʟʫʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʧʴʝʟʦʩʢʘʥʝʨʘ, ʧʝʨʝʤʝʱʝʥʠʝ 

ʢʦʪʦʨʦʛʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʢʨʠʩʪʘʣʣʘʤʠ, ʟʘʚʠʩʠʤʦʩʪʴ ʬʠʟʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ 

ʢʦʪʦʨʳʭ, ʚ ʩʠʣʫ ʧʴʝʟʦʵʬʬʝʢʪʘ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦʜʘʚʘʝʤʳʤ ʥʘʧʨʷʞʝʥʠʝʤ ʥʘ ʠʭ 

ʦʙʢʣʘʜʢʠ. ɺʚʠʜʫ ʩʫʱʝʩʪʚʫʶʱʝʡ ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʞʜʫ ʨʘʟʤʝʨʦʤ ʧʴʝʟʦʢʨʠʩʪʘʣʣʘ ʠ 

ʥʘʧʨʷʞʝʥʠʝʤ, ʩ ʧʦʤʦʱʴʶ ʢʘʣʠʙʨʦʚʢʠ ʚʦʟʤʦʞʥʦ ʧʝʨʝʤʝʱʝʥʠʝ ʦʙʨʘʟʮʘ ʥʘ ʟʘʜʘʥʥʳʝ 

ʨʘʩʩʪʦʷʥʠʷ ʩ ʪʦʯʥʦʩʪʴʶ ʤʝʥʝʝ 0,1 ʥʤ.  

ɺʪʦʨʘʷ ʬʫʥʢʮʠʷ ð ʨʝʛʠʩʪʨʘʮʠʷ ʠʟʤʝʥʝʥʠʡ ʚ ʩʠʣʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʟʦʥʜʘ ʠ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʂʦʥʪʘʢʪ ʩ ʘʪʦʤʘʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʥʝʠʟʙʝʞʥʦ ʧʨʠʚʦʜʠʪ ʢ 

ʤʝʭʘʥʠʯʝʩʢʦʤʫ ʚʦʟʜʝʡʩʪʚʠʶ ʢʘʢ ʥʘ ʢʦʥʯʠʢ ʟʦʥʜʘ, ʪʘʢ ʠ ʥʘ ʙʘʣʢʫ. ʅʘʧʨʠʤʝʨ, ʧʨʠ 

ʧʨʠʞʘʪʠʠ ʟʦʥʜʘ ʢ ʧʦʚʝʨʭʥʦʩʪʠ, ʙʘʣʢʘ ʠʟʛʠʙʘʝʪʩʷ ʚ ʩʠʣʫ ʟʘʢʦʥʦʚ ʫʧʨʫʛʦʩʪʠ. 

ʉʤʝʱʝʥʠʝ ʢʘʥʪʠʣʝʚʝʨʘ ʧʦ ʥʝʩʢʦʣʴʢʠʤ ʦʩʷʤ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʯʝʪʳʨʝʭʩʝʢʮʠʦʥʥʳʭ 

ʬʦʪʦʜʝʪʝʢʪʦʨʦʤ ʦʪʨʘʞʝʥʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʩ ʚʝʨʭʥʝʡ ʦʪʨʘʞʘʶʱʝʡ ʩʪʦʨʦʥʳ 

ʢʘʥʪʠʣʝʚʝʨʘ (ʨʠʩʫʥʦʢ 2.5). 
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ʈʠʩʫʥʦʢ 2.5 ð ʉʭʝʤʘ ʫʩʪʨʦʡʩʪʚʘ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ. 

ɼʘʥʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʧʦʟʚʦʣʷʝʪ ʧʦʩʪʨʦʯʥʦ ʩʢʘʥʠʨʦʚʘʪʴ ʧʦʚʝʨʭʥʦʩʪʴ, 

ʥʘʭʦʜʷʱʫʶʩʷ ʚ ʩʠʣʦʚʦʤ ʢʦʥʪʘʢʪʝ ʩ ʟʦʥʜʦʤ, ʧʨʠ ʧʦʜʜʝʨʞʘʥʠʠ ʧʦʩʪʦʷʥʥʦʡ ʩʠʣʳ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʥʠʤʠ ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʵʪʠ ʧʝʨʝʤʝʱʝʥʠʷ. 

ʇʨʠ ʪʘʢʦʤ ʩʢʘʥʠʨʦʚʘʥʠʠ ʢʦʥʯʠʢ ʟʦʥʜʘ ʦʛʠʙʘʝʪ ʨʝʣʴʝʬ ʧʦʚʝʨʭʥʦʩʪʠ ʟʘ ʩʯʝʪ 

ʠʟʤʝʥʝʥʠʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʢʦʦʨʜʠʥʘʪʳ ʧʦ ʦʩʠ z ʪʘʢ, ʯʪʦʙʳ ʠʟʤʝʥʝʥʠʷ ʚ ʩʠʣʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʟʦʥʜʘ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʚʦ ʚʨʝʤʝʥʠ ʙʳʣʠ ʙʣʠʟʢʠ ʥʫʣʶ. ʄʝʭʘʥʠʟʤ, 

ʦʩʫʱʝʩʪʚʣʷʶʱʠʡ ʧʝʨʝʜʘʯʫ ʠʥʬʦʨʤʘʮʠʠ ʦ ʥʘʯʠʥʘʶʱʠʭʩʷ ʩʤʝʱʝʥʠʷʭ ʙʘʣʢʠ ʟʦʥʜʘ, 

ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʨʝʘʢʮʠʷ ʩʢʘʥʝʨʘ, ʢʦʪʦʨʘʷ ʧʨʝʧʷʪʩʪʚʫʝʪ ʵʪʦʤʫ ʩʤʝʱʝʥʠʶ ʟʘ ʩʯʝʪ 

ʠʟʤʝʥʝʥʠʷ ʢʦʦʨʜʠʥʘʪʳ ʦʙʨʘʟʮʘ ʧʦ ʚʳʩʦʪʝ, ʪʦ ʝʩʪʴ ʠʟʤʝʥʝʥʠʷ ʩʠʣʳ ʧʨʠʞʘʪʠʷ 

ʦʙʨʘʟʮʘ ʢ ʟʦʥʜʫ, ʥʘʟʳʚʘʝʪʩʷ ʦʙʨʘʪʥʦʡ ʩʚʷʟʴʶ. ɿʘʧʠʩʴ ʥʘʧʨʷʞʝʥʠʡ (Vx, Vy, Vz), 
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ʧʦʜʘʚʘʝʤʳʭ ʥʘ ʩʢʘʥʝʨ, ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʰʘʛʦʤ ʠ ʧʦʩʣʝʜʫʶʱʠʡ ʧʝʨʝʚʦʜ ʠʭ ʚ 

ʢʦʦʨʜʠʥʘʪʳ (x,y,z) ʧʨʠ ʧʦʤʦʱʠ ʟʘʜʘʥʥʳʭ ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʠʪʴ ʢʘʨʪʫ, ʢʦʪʦʨʘʷ ʦʪʨʘʞʘʝʪ ʨʝʘʣʴʥʫʶ ʤʦʨʬʦʣʦʛʠʶ ʦʙʨʘʟʮʘ.  

ʉʢʘʥʝʨ ʟʘʥʠʤʘʝʪ ʢʣʶʯʝʚʦʝ ʤʝʩʪʦ ʚ ʢʦʥʩʪʨʫʢʮʠʠ ʩʢʘʥʠʨʫʶʱʝʛʦ ʟʦʥʜʦʚʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ, ʧʦʩʢʦʣʴʢʫ ʠʤʝʥʥʦ ʦʥ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʝʨʝʤʝʱʝʥʠʝ ʦʙʨʘʟʮʘ ʚʜʦʣʴ ʦʩʝʡ 

X, Y ʠ Z. ʏʘʱʝ ʚʩʝʛʦ ʩʢʘʥʝʨ ʠʟʛʦʪʘʚʣʠʚʘʶʪ ʥʘ ʙʘʟʝ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʭ ʪʨʫʙʦʢ, 

ʨʘʟʜʝʣʝʥʥʳʭ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʝʢʮʠʠ, ʢʘʞʜʘʷ ʠʟ ʢʦʪʦʨʳʭ ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ 

ʧʦʜʘʯʝʡ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʆʜʥʘʢʦ ʪʦʯʥʦʩʪʴ ʵʪʠʭ ʧʝʨʝʤʝʱʝʥʠʡ ʩʝʨʴʝʟʥʦ 

ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʭʘʨʘʢʪʝʨʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʚʢʣʶʯʘʷ ʧʦʣʟʫʯʝʩʪʴ ʠ ʛʠʩʪʝʨʝʟʠʩ [116]. ʍʦʪʷ ʩʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʧʨʦʛʨʘʤʤʥʳʝ 

ʩʧʦʩʦʙʳ ʢʦʤʧʝʥʩʘʮʠʠ ʪʘʢʠʭ ʥʝʞʝʣʘʪʝʣʴʥʳʭ ʵʬʬʝʢʪʦʚ [117], ʧʦʣʥʦʩʪʴʶ ʫʩʪʨʘʥʠʪʴ 

ʠʭ ʚʦʟʜʝʡʩʪʚʠʝ ʦʙʳʯʥʦ ʥʝ ʫʜʘʝʪʩʷ. ɿʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʩʠʪʴ ʤʝʪʨʦʣʦʛʠʯʝʩʢʫʶ 

ʪʦʯʥʦʩʪʴ ʚ ʩʢʘʥʠʨʫʶʱʝʤ ʟʦʥʜʦʚʦʤ ʤʠʢʨʦʩʢʦʧʝ ʚʦʟʤʦʞʥʦ ʧʫʪʝʤ ʠʥʪʝʛʨʘʮʠʠ 

ʜʘʪʯʠʢʦʚ ʧʝʨʝʤʝʱʝʥʠʷ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʪʴ ʥʝʣʠʥʝʡʥʦʩʪʴ 

ʦʪʢʣʠʢʘ ʩʢʘʥʝʨʘ ʠ ʜʨʝʡʬ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʟʦʥʜʘ ʠ ʦʙʨʘʟʮʘ. ɹʣʘʛʦʜʘʨʷ 

ʵʪʦʤʫ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʰʘʝʪʩʷ ʪʦʯʥʦʩʪʴ ʚʦʩʩʦʟʜʘʥʠʷ ʨʝʣʴʝʬʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦ 

ʦʩʠ Z.  

ʇʦʤʠʤʦ ʩʢʘʥʠʨʦʚʘʥʠʷ ʩ ʧʦʜʜʝʨʞʘʥʠʝʤ ʧʦʩʪʦʷʥʥʦʛʦ ʫʨʦʚʥʷ ʠʟʛʠʙʘ ʙʘʣʢʠ ʚ 

ʫʩʣʦʚʠʷʭ ʧʦʣʥʦʛʦ ʢʦʥʪʘʢʪʘ ʟʦʥʜʘ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ (ʢʦʥʪʘʢʪʥʳʡ ʨʝʞʠʤ 

ʩʢʘʥʠʨʦʚʘʥʠʷ) ʩʫʱʝʩʪʚʫʝʪ ʜʨʫʛʠʝ ʤʝʪʦʜʳ. ʄʝʪʦʜ ʩʢʘʥʠʨʦʚʘʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʤʝʪʦʜʦʤ ʨʝʛʠʩʪʨʘʮʠʠ ʩʠʣʦʚʳʭ ʠʟʤʝʥʝʥʠʡ ʚ ʩʠʣʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʟʦʥʜ-

ʧʦʚʝʨʭʥʦʩʪʴ. ʇʨʠ ʨʘʩʢʘʯʢʝ ʟʦʥʜʘ ʥʘ ʝʛʦ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʝ ʟʘ ʩʯʝʪ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʢʦʥʪʘʢʪʘ ʙʘʣʢʠ ʩ ʧʴʝʟʦʵʣʝʤʝʥʪʦʤ, ʥʘ ʢʦʪʦʨʳʡ ʧʦʜʘʝʪʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ 

ʧʝʨʝʤʝʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ, ʘʤʧʣʠʪʫʜʘ ʢʦʣʝʙʘʥʠʡ ʙʘʣʢʠ (ʧʷʪʥʘ ʥʘ ʜʝʪʝʢʪʦʨʝ ʦʪ 

ʦʪʨʘʞʝʥʥʦʛʦ ʙʘʣʢʦʡ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ) ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʟʦʥʜʘ ʜʦ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʄʝʪʦʜ, ʧʨʠ ʢʦʪʦʨʦʤ ʩʢʘʥʠʨʦʚʘʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʩ ʧʦʜʜʝʨʞʘʥʠʝʤ 
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ʘʤʧʣʠʪʫʜʳ ʢʦʣʝʙʘʥʠʡ ʟʦʥʜʘ ʧʦʩʪʦʷʥʥʦʡ, ʥʘʟʳʚʘʝʪʩʷ ʧʦʣʫʢʦʥʪʘʢʪʥʳʤ ʤʝʪʦʜʦʤ 

ʩʢʘʥʠʨʦʚʘʥʠʷ.  

ʂʣʶʯʝʚʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʧʦʣʫʢʦʥʪʘʢʪʥʦʛʦ ʨʝʞʠʤʘ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʥʠʟʢʘʷ 

ʪʨʘʚʤʘʪʠʟʘʮʠʷ ʢʘʢ ʧʦʚʝʨʭʥʦʩʪʠ, ʪʘʢ ʠ ʟʦʥʜʘ ʚ ʧʨʦʮʝʩʩʝ ʩʢʘʥʠʨʦʚʘʥʠʷ, ʯʪʦ ʜʝʣʘʝʪ 

ʝʛʦ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ ʜʣʷ ʠʟʫʯʝʥʠʷ ʨʝʣʴʝʬʦʚ ʧʦʚʝʨʭʥʦʩʪʝʡ ʤʷʛʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠ 

ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ. ʆʜʥʘʢʦ ʚ ʜʘʥʥʦʤ ʨʝʞʠʤʝ ʚʣʠʷʥʠʝ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ 

ʩʠʣ ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʠʩʢʘʞʘʪʴ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ, ʯʪʦ ʩʥʠʞʘʝʪ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴ ʤʝʪʦʜʘ ʚ ʦʪʥʦʰʝʥʠʠ ʜʠʵʣʝʢʪʨʠʢʦʚ. ʊʘʢʞʝ ʦʙʨʘʪʥʘʷ ʩʚʷʟʴ 

ʟʘʪʨʫʜʥʷʝʪʩʷ ʠʟ-ʟʘ ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʦʪ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ 

(ʚʦʟʜʫʭ, ʞʠʜʢʦʩʪʴ) ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʦʙʨʘʟʮʘ, ʥʝʦʜʥʦʨʦʜʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ 

ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʧʦʷʚʣʝʥʠʶ ʘʚʪʦʢʦʣʝʙʘʥʠʡ ʚ ʩʠʩʪʝʤʝ 

ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ. 

ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ ʜʣʷ ʢʦʥʪʘʢʪʥʦʛʦ ʨʝʞʠʤʘ ʭʘʨʘʢʪʝʨʥʦ ʚʳʩʦʢʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʩ ʥʠʟʢʠʤ ʫʨʦʚʥʝʤ ʰʫʤʘ, ʦʙʫʩʣʦʚʣʝʥʥʦʛʦ 

ʦʪʩʫʪʩʪʚʠʝʤ ʜʠʥʘʤʠʯʝʩʢʠʭ ʘʨʪʝʬʘʢʪʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʢʦʣʝʙʘʥʠʷʤʠ ʟʦʥʜʘ. ɺʣʠʷʥʠʝ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ ʩʠʣ ʚ ʜʘʥʥʦʤ ʨʝʞʠʤʝ ʧʨʝʥʝʙʨʝʞʠʪʝʣʴʥʦ ʤʘʣʦ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʩʠʣʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʟʦʥʜ-ʦʙʨʘʟʝʮ. ʕʪʦ ʜʝʣʘʝʪ ʢʦʥʪʘʢʪʥʳʡ ʨʝʞʠʤ ʥʝʟʘʤʝʥʠʤʳʤ 

ʜʣʷ ʠʟʫʯʝʥʠʷ ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʳ ʞʝʩʪʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʘ ʪʘʢʞʝ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠʣʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʥʘ ʥʝʧʨʦʚʦʜʷʱʠʭ ʧʦʜʣʦʞʢʘʭ ʦʙʨʘʟʮʦʚ ʚ 

ʪʦʤ ʯʠʩʣʝ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʘʪʦʤʳ ʢʦʪʦʨʳʭ ʢʦʚʘʣʝʥʪʥʦ ʩʚʷʟʘʥʳ ʚ 

ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʦʣʱʠʥʳ ʠ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʣʦʩʢʠʭ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ, ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʠʢʨʦʩʢʦʧ NTEGRA II ʬʠʨʤʳ NT-MDT 

Spectrum instruments (ʨʠʩʫʥʦʢ 2.6). ʇʦʣʥʳʡ ʜʦʩʪʫʧʥʳʡ ʜʠʘʧʘʟʦʥ ʩʢʘʥʠʨʦʚʘʥʠʷ 

ʧʨʠʙʦʨʘ ʚ ʪʘʢʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ (X,Y,Z) ī (100ʭ100ʭ10ʤʢʤ). ɼʣʷ ʤʠʥʠʤʠʟʘʮʠʠ 

ʚʣʠʷʥʠʷ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ ʩʠʣ ʦʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʜʣʦʞʝʢ ʦʮʝʥʢʘ ʪʦʣʱʠʥ 

ʢʨʠʩʪʘʣʣʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʥʘ ʦʩʥʦʚʘʥʠʠ ʪʦʧʦʛʨʘʬʠʯʝʩʢʠʭ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʚ 
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ʢʦʥʪʘʢʪʥʦʤ ʨʝʞʠʤʝ ʩʢʘʥʠʨʦʚʘʥʠʷ. ɺʩʝ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ 

ʫʩʣʦʚʠʷʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʨʝʤʥʠʝʚʳʭ ʟʦʥʜʦʚ (ETALON, HA_NC ScanSens) ʩ 

ʨʘʜʠʫʩʦʤ ʢʨʠʚʠʟʥʳ ʛʦʣʦʚʢʠ <10 ʥʤ, ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʫʧʨʫʛʦʩʪʠ 3,5 ʅ ʤī1 ʠ 

ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʦʡ 140 ʢɻʮ (ʨʠʩʫʥʦʢ 2.4). ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ ʠ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ Gwyddion.  

 

ʈʠʩʫʥʦʢ 2.6 ð ʌʦʪʦ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ NT-MDT NTEGRA II, 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʩʣʦʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʈʠʩʫʥʦʢ ʟʘʠʤʩʪʚʦʚʘʥ ʩ ʩʘʡʪʘ ntmdt-

si.com. 

ʇʦʤʠʤʦ ʧʴʝʟʦʩʢʘʥʝʨ, ʜʘʥʥʳʡ ʧʨʠʙʦʨ ʦʩʥʘʱʝʥ ʝʤʢʦʩʪʥʳʤʠ ʜʘʪʯʠʢʘʤʠ 

ʨʝʛʠʩʪʨʘʮʠʠ ʧʝʨʝʤʝʱʝʥʠʡ ʩʢʘʥʝʨʘ, ʢʦʪʦʨʳʡ ʥʝʟʘʚʠʩʠʤʦ ʦʮʝʥʠʚʘʶʪ ʧʝʨʝʤʝʱʝʥʠʷ 

ʩʢʘʥʝʨʘ. ʀʭ ʢʦʥʩʪʨʫʢʮʠʷ ʦʩʥʦʚʘʥʘ ʥʘ ʧʣʦʩʢʦʤ ʢʦʥʜʝʥʩʘʪʦʨʝ, ʦʜʥʘ ʠʟ ʦʙʢʣʘʜʦʢ 

ʢʦʪʦʨʦʛʦ ʞʝʩʪʢʦ ʟʘʢʨʝʧʣʝʥʘ ʥʘ ʩʚʦʙʦʜʥʦʤ ʢʦʥʮʝ ʩʢʘʥʝʨʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʨʫʛʘʷ 

ʦʩʪʘʝʪʩʷ ʥʝʧʦʜʚʠʞʥʦʡ. ʇʨʠ ʠʟʤʝʥʝʥʠʠ ʟʘʟʦʨʘ ʤʝʞʜʫ ʦʙʢʣʘʜʢʘʤʠ ʚʩʣʝʜʩʪʚʠʝ 
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ʩʨʘʙʘʪʳʚʘʥʠʷ ʧʴʝʟʦʵʣʝʤʝʥʪʘ ʢʦʥʜʝʥʩʘʪʦʨʘ ʤʝʥʷʝʪʩʷ ʠ ʝʤʢʦʩʪʴ, ʘ ʧʦʜʢʣʶʯʝʥʥʘʷ ʢ 

ʥʝʤʫ ʵʣʝʢʪʨʦʥʥʘʷ ʩʭʝʤʘ ʚʳʨʘʙʘʪʳʚʘʝʪ ʩʠʛʥʘʣ, ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʦʛʦ ʦʙʨʘʪʥʦ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʝʤʢʦʩʪʠ. ɼʦʧʫʩʢʘʷ, ʯʪʦ ʢʨʘʝʚʳʝ ʵʬʬʝʢʪʳ ʠ ʥʝʧʘʨʘʣʣʝʣʴʥʦʩʪʴ 

ʧʣʘʩʪʠʥ ʥʝ ʦʢʘʟʳʚʘʶʪ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʚʣʠʷʥʠʷ, ʚʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʤʦʞʥʦ 

ʩʯʠʪʘʪʴ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʤ ʚʝʣʠʯʠʥʝ ʟʘʟʦʨʘ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʧʝʨʝʤʝʱʝʥʠʶ 

ʩʢʘʥʝʨʘ ʚʜʦʣʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʦʩʠ. ɺʝʣʠʯʠʥʘ ʥʝʣʠʥʝʡʥʦʩʪʠ ʜʘʥʥʳʭ ʜʘʪʯʠʢʦʚ ʥʝ 

ʧʨʝʚʳʰʘʝʪ 3% ʚʦ ʚʩʝʤ ʨʘʙʦʯʝʤ ʜʠʘʧʘʟʦʥʝ ʭʦʜʘ ʩʢʘʥʝʨʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ 

ʠʟʤʝʨʝʥʠʷ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʣʶʙʳʭ ʪʦʣʱʠʥ ʚ ʨʘʤʢʘʭ ʨʘʙʦʯʝʛʦ ʜʠʘʧʘʟʦʥʘ ʩʢʘʥʝʨʘ 

ʩ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝʡ ʧʦʛʨʝʰʥʦʩʪʠ ʚ 3% ʦʪ ʠʟʤʝʨʷʝʤʦʡ ʚʝʣʠʯʠʥʳ [118]. ʊʘʢʘʷ 

ʪʦʯʥʦʩʪʴ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʧʘʨʘʤʝʪʨʦʚ ʘʧʧʨʦʢʩʠʤʘʮʠʠ, 

ʫʯʠʪʳʚʘʝʤʳʭ ʚ ʭʦʜʝ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʩʧʝʢʪʨʘʣʴʥʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ ʠ 

ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ. ʇʨʠʤʝʨ ʢʘʨʪʳ 

ʪʦʧʦʛʨʘʬʠʠ ʢʨʠʩʪʘʣʣʘ As2S3 ʠʟʤʝʨʝʥʥʦʛʦ ʚ ʢʦʥʪʘʢʪʥʦʤ ʨʝʞʠʤʝ, ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʧʨʦʬʠʣʷ, ʦʪʨʘʞʘʶʱʝʛʦ ʪʦʣʱʠʥʫ ʤʠʢʨʦʢʨʠʩʪʘʣʣʘ ʧʨʠʚʝʜʝʥ ʥʘ 

ʨʠʩʫʥʢʝ 2.7.   
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ʈʠʩʫʥʦʢ 2.7 ð ʀʩʩʣʝʜʦʚʘʥʠʝ As2S3 ʤʝʪʦʜʦʤ AFM (t å 60 ʥʤ). ʆʧʪʠʯʝʩʢʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ ʢʨʠʩʪʘʣʣʘ As2S3, ʥʘʥʝʩʝʥʥʦʛʦ ʥʘ ʩʪʝʢʣʦ Schott (a). ɸʉʄ-

ʠʟʦʙʨʘʞʝʥʠʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʚʳʜʝʣʝʥʥʦʡ ʦʙʣʘʩʪʠ ʥʘ ʧʘʥʝʣʠ (b). ɸʥʘʣʠʟ 

ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʚʜʦʣʴ ʟʝʣʝʥʦʡ ʧʫʥʢʪʠʨʥʦʡ ʣʠʥʠʠ (c). 
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2.6 ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʧʨʦʧʫʩʢʘʥʠʷ: ʘʥʘʣʠʟ ʩʧʝʢʪʨʦʚ 

 

ɼʣʷ ʚʳʨʘʞʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʧʨʦʡʜʝʥʥʦʛʦ ʣʫʯʘ ʯʝʨʝʟ ʧʨʦʟʨʘʯʥʳʡ 

ʢʨʠʩʪʘʣʣ ʥʘ ʧʦʜʣʦʞʢʝ ʠʟ ʩʪʝʢʣʘ, ʨʘʩʩʤʦʪʨʠʤ ʩʠʩʪʝʤʫ ʠʟ ʪʨʝʭ ʩʨʝʜ ʩ ʧʦʢʘʟʘʪʝʣʷʤʠ 

ʧʨʝʣʦʤʣʝʥʠʷ N0 (air) N1 (sample) N2 (substrate). ʇʨʦʡʜʝʥʥʳʡ ʩʢʚʦʟʴ ʧʝʨʚʳʡ ʩʣʦʡ 

ʣʫʯ, ʧʦʤʠʤʦ ʧʨʝʣʦʤʣʝʥʠʷ ʚʚʠʜʫ ʨʘʟʥʦʩʪʠ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ ʩʨʝʜ N0 ʠ N1, 

ʠʩʧʳʪʳʚʘʝʪ ʧʝʨʝʦʪʨʘʞʝʥʠʝ ʚʥʫʪʨʠ ʩʝʙʷ ʦʪ ʜʚʫʭ ʛʨʘʥʠʮ N1-N2 ʠ N1-N0 (ʈʠʩʫʥʦʢ 2.8). 

ʇʨʠ ʩʫʧʝʨʧʦʟʠʮʠʠ ʣʫʯʝʡ ʬʦʨʤʠʨʫʝʪʩʷ ʨʝʟʫʣʴʪʠʨʫʶʱʘʷ ʚʦʣʥʘ, ʯʴʷ ʘʤʧʣʠʪʫʜʘ 

ʤʦʞʝʪ ʫʩʠʣʠʚʘʪʴʩʷ ʠʣʠ ʦʩʣʘʙʣʷʪʴʩʷ. ɺ ʢʦʥʪʝʢʩʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʳ 

ʧʦʜʘʶʱʘʷ ʚʦʣʥʘ, ʦʪʨʘʞʝʥʥʘʷ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ, ʥʘʭʦʜʠʪʩʷ ʚ ʩʫʧʝʨʧʦʟʠʮʠʠ ʩ 

ʧʝʨʝʦʪʨʘʞʝʥʥʳʤʠ ʣʫʯʘʤʠ ʚʥʫʪʨʠ ʩʣʦʷ ʦʙʨʘʟʮʘ. 

 

ʈʠʩʫʥʦʢ 2.8 ð ʀʣʣʶʩʪʨʘʮʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʚʝʪʘ ʚ ʜʚʫʭʩʣʦʡʥʦʡ ʩʪʨʫʢʪʫʨʝ 

ʦʙʨʘʟʝʮ-ʧʦʜʣʦʞʢʘ. ɺ ʜʘʥʥʦʤ ʨʠʩʫʥʢʝ r ij ʠ tij ʦʙʦʟʥʘʯʘʝʪ ʢʦʵʬʬʠʮʠʝʥʪ 

ʘʤʧʣʠʪʫʜʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʠ ʧʨʦʧʫʩʢʘʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 



66 

 

 

ʀʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʦʡʜʝʥʥʦʛʦ ʠ ʦʪʨʘʞʝʥʥʦʛʦ ʣʫʯʘ ʚʳʨʘʞʘʶʪʩʷ ʬʦʨʤʫʣʘʤʠ 

ʢʘʢ ʢʚʘʜʨʘʪ ʤʦʜʫʣʷ ʘʤʧʣʠʪʫʜʳ ʦʪʨʘʞʝʥʥʦʛʦ ʠ ʧʨʦʡʜʝʥʥʦʛʦ ʣʫʯʝʡ. ɺ ʢʦʥʪʝʢʩʪʝ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʳ ʘʤʧʣʠʪʫʜʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ ʠ ʧʨʦʧʫʩʢʘʥʠʷ 

ʣʫʯʝʡ ʦʧʠʩʳʚʘʶʪʩʷ ʬʦʨʤʫʣʘʤʠ ʌʨʝʥʝʣʷ: 
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          ὶȟ 
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ςὔÃÏÓ •

ὔÃÏÓ •  ὔÃÏÓ •
          ὸȟ 

ςὔÃÏÓ •

ὔÃÏÓ •  ὔÃÏÓ •
ȟ              ςȢτ 

ὸȟ 
ςὔÃÏÓ •

ὔÃÏÓ •  ὔÃÏÓ •
          ὸȟ 

ςὔÃÏÓ •

ὔÃÏÓ •  ὔÃÏÓ •
ȟ              ςȢυ 

‍  
ς“Ὠ

‗
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‗
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ʛʜʝ N0, N1, N2 ð ʢʦʤʧʣʝʢʩʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʧʨʝʣʦʤʣʝʥʠʷ ʚʦʟʜʫʭʘ, ʦʙʨʘʟʮʘ ʠ 

ʧʦʜʣʦʞʢʠ; ű0, ű1, ű2 ð ʫʛʣʳ ʧʘʜʝʥʠʷ ʠ ʦʪʨʘʞʝʥʠʷ ʩʚʝʪʘ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʨʝʜʘʭ, 

d ð ʪʦʣʱʠʥʘ ʦʙʨʘʟʮʘ; ɚ ð ʜʣʠʥʘ ʚʦʣʥʳ ʩʚʝʪʘ. 

ʇʨʠ ʦʙʨʘʙʦʪʢʝ ʩʧʝʢʪʨʦʚ ʧʨʦʧʫʩʢʘʥʠʷ ʧʣʦʩʢʠʭ ʜʚʫʦʩʥʳʭ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʯʘʩʪʥʳʡ ʩʣʫʯʘʡ, ʧʨʠ ʢʦʪʦʨʦʤ ʣʫʯ ʧʘʜʘʝʪ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ 

ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ (ʫʛʦʣ ʧʘʜʝʥʠʷ ʨʘʚʝʥ 0, ʘ ʧʦʣʷʨʠʟʘʮʠʷ ʠʟʣʫʯʝʥʠʷ ʥʘʧʨʘʚʣʝʥʘ ʚʜʦʣʴ 

ʦʜʥʦʡ ʠʟ ʛʣʘʚʥʳʡ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ ʢʨʠʩʪʘʣʣʘ). ʄʥʠʤʘʷ ʯʘʩʪʴ ʧʦʢʘʟʘʪʝʣʝʡ 

ʧʨʝʣʦʤʣʝʥʠʷ ʩʣʦʝʚ ʨʘʚʥʘ 0, ʘ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ N0 ʙʣʠʟʦʢ ʢ 1.  
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2.7 ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ 

 

ʊʝʭʥʦʣʦʛʠʷ ʠʟʤʝʨʝʥʠʡ ʩʧʝʢʪʨʦʚ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ (ʂʈʉ), 

ʠʩʧʦʣʴʟʫʝʤʘʷ ʚ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝʨʘʟʨʫʰʘʶʱʠʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʡ ʤʝʪʦʜ, ʧʦʟʚʦʣʷʶʱʠʡ ʧʦʣʫʯʠʪʴ ʧʦʜʨʦʙʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ 

ʭʠʤʠʯʝʩʢʦʤ ʩʦʩʪʘʚʝ, ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʝ ʠ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ ʦʙʨʘʟʮʘ.  

ʕʪʦʪ ʤʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʷʚʣʝʥʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʬʦʪʦʥʦʚ ʦʪ 

ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʠʩʪʦʯʥʠʢʘ ʩʚʝʪʘ ʚ ʤʦʣʝʢʫʣʘʭ ʚ ʤʘʪʝʨʠʘʣʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʩʜʚʠʛʫ ʵʥʝʨʛʠʠ ʨʘʩʩʝʷʥʥʳʭ ʬʦʪʦʥʦʚ. ʕʪʦ ʷʚʣʝʥʠʝ ʚ ʘʥʛʣʦʷʟʳʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ 

ʪʘʢʞʝ ʠʟʚʝʩʪʥʦ ʢʘʢ ʵʬʬʝʢʪ ʈʘʤʘʥʘ ʠʣʠ ʨʘʤʘʥʦʚʩʢʦʝ ʨʘʩʩʝʷʥʠʝ ʩʚʝʪʘ. ʇʦʣʫʯʝʥʥʳʡ 

ʩʧʝʢʪʨ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʜʘʝʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʯʘʩʪʦʪʘʭ ʢʦʣʝʙʘʥʠʡ ʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʚʷʟʝʡ ʚ ʦʙʨʘʟʮʝ, ʧʦʟʚʦʣʷʷ ʜʝʪʘʣʴʥʦ 

ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʝʛʦ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʠ ʩʪʨʫʢʪʫʨʫ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʨʘʤʘʥʦʚʩʢʦʝ 

ʨʘʩʩʝʷʥʠʝ ʩʚʝʪʘ ʯʫʚʩʪʚʠʪʝʣʴʥʦ ʢ ʧʦʣʷʨʠʟʘʮʠʠ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ. ʕʪʦ ʩʚʦʡʩʪʚʦ 

ʧʦʟʚʦʣʷʝʪ ʠʟʚʣʝʢʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʠʤʤʝʪʨʠʠ ʤʦʜ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, 

ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʨʠʝʥʪʘʮʠʠ ʨʝʰʝʪʢʠ ʘʥʠʟʦʪʨʦʧʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [119ï121].  

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʢʦʥʬʦʢʘʣʴʥʦʛʦ ʩʢʘʥʠʨʫʶʱʝʛʦ ʤʠʢʨʦʩʢʦʧʘ 

Horiba LabRAM HR Evolution (HORIBA Ltd., ʂʠʦʪʦ, ʗʧʦʥʠʷ) ʥʘ ʜʣʠʥʝ ʚʦʣʥ r632,8 

ʥʤ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʨʝʰʝʪʢʠ 1800 ʣʠʥʠʡ/ʤʤ, ʩʪʦʢʨʘʪʥʦʛʦ 

ʦʙʲʝʢʪʠʚʘ ʩ ʯʠʩʣʦʚʦʡ ʘʧʝʨʪʫʨʦʡ 0,9. ʈʘʟʤʝʨ ʧʷʪʥʘ ʩʦʩʪʘʚʣʷʣ ~0,43 ʤʢʤ ʧʨʠ 

ʤʦʱʥʦʩʪʠ ʣʘʟʝʨʘ 3,5 ʤɺʪ, ʘ ʚʨʝʤʷ ʥʘʢʦʧʣʝʥʠʷ ʩʠʛʥʘʣʘ ʩʦʩʪʘʚʣʷʣʦ ʥʝ ʤʝʥʝʝ 10 ʩ. 

ʂʈʉ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʣʘʙʦʨʘʪʦʨʥʦʡ ʩʨʝʜʝ, ʯʪʦʙʳ 

ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʚʣʠʷʥʠʝ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ, ʪʘʢʠʭ ʢʘʢ ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʚʣʘʞʥʦʩʪʴ, 

ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ. ʅʘ ʨʠʩʫʥʢʝ 2.9 ʧʨʝʜʩʪʘʚʣʝʥʦ ʠʟʦʙʨʘʞʝʥʠʝ 

ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ. 
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ʈʠʩʫʥʦʢ 2.9 ð ʌʦʪʦ ʤʠʢʨʦʩʢʦʧʘ ʩʦ ʩʧʝʢʪʨʦʤʝʪʨʦʤ, ʧʦʟʚʦʣʷʶʱʠʤ ʠʟʫʯʘʪʴ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʝ ʨʘʩʩʝʷʥʠʝ Horiba LabRAM HR Evolution. 

 

2.8 ɺʳʚʦʜʳ 

 

ɺ ʵʪʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʜʝʪʘʣʴʥʦʝ ʦʧʠʩʘʥʠʝ ʢʣʶʯʝʚʳʭ ʤʝʪʦʜʠʢ ʧʦʣʫʯʝʥʠʷ ʠ 

ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʢʘʯʝʩʪʚʝ 

ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʠ. ʊʘʢʞʝ ʚ ʨʘʙʦʪʝ ʙʳʣʠ 

ʟʘʜʝʡʩʪʚʦʚʘʥʳ ʜʨʫʛʠʝ ʩʪʘʥʜʘʨʪʥʳʝ ʤʝʪʦʜʠʢʠ, ʢʦʪʦʨʳʝ ʥʝ ʙʳʣʠ ʚʢʣʶʯʝʥʳ ʚ ʨʘʟʜʝʣ 

ʚ ʩʠʣʫ ʠʭ ʰʠʨʦʢʦʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʠ ʚ ʢʦʥʪʝʢʩʪʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʠ 

ʭʠʤʠʯʝʩʢʦʡ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʤʘʪʝʨʠʘʣʦʚ. ʉʨʝʜʠ ʥʠʭ: ʨʘʩʪʨʦʚʘʷ ʵʣʝʢʪʨʦʥʥʘʷ 

ʤʠʢʨʦʩʢʦʧʠʷ (ʈʕʄ), ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ (ʇʕʄ), 

ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʜʠʬʨʘʢʮʠʷ (ʈɼ), ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ (ɽɼʉ). ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʵʪʠʭ ʤʝʪʦʜʠʢ, ʦʙʫʩʣʦʚʣʝʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʣʘʩʩʠʯʝʩʢʠʭ ʠʟʤʝʨʠʪʝʣʴʥʳʭ 

ʧʦʜʭʦʜʦʚ ʠ ʨʘʩʯʝʪʥʳʭ ʤʦʜʝʣʝʡ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʠʟʚʝʩʪʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʧʨʠʥʮʠʧʘʭ.   
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ɻʣʘʚʘ 3. ʆʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ  

 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥ ʵʬʬʝʢʪʠʚʥʳʡ ʠ ʪʦʯʥʳʡ ʧʦʜʭʦʜ ʧʦʣʫʯʝʥʠʷ 

ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʜʣʷ ʩʣʦʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʦʟʨʘʯʥʳʭ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ 

ʜʣʠʥ ʚʦʣʥ. ʄʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʡ 

ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʨʦʧʫʩʢʘʥʠʷ ʩʦʚʤʝʩʪʥʦ ʩ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʝʡ 

(ɸʉʄ) ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ. ɺ ʨʘʤʢʘʭ ʦʧʠʩʘʥʥʦʛʦ 

ʧʦʜʭʦʜʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʚʜʦʣʴ ʦʧʪʠʯʝʩʢʠʭ (ʚ ʪʦʤ ʯʠʩʣʝ ʠ 

ʧʦʢʘʟʘʪʝʣʴ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ) ʜʣʷ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ hBN ʠ 

GeS2. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʜʘʥʥʳʤʠ, 

ʠʟʚʣʝʯʝʥʥʳʤʠ ʤʝʪʦʜʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ, ʧʦʜʪʚʝʨʞʜʘʷ 

ʥʘʜʝʞʥʦʩʪʴ ʠ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ ʠʩʧʦʣʴʟʫʝʤʦʡ ʤʝʪʦʜʠʢʠ. ʇʨʝʜʣʘʛʘʝʤʳʡ ʧʦʜʭʦʜ 

ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʩʰʠʨʷʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦ 

ʠʟʫʯʝʥʠʶ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʣʦʠʩʪʳʭ ʢʨʠʩʪʘʣʣʦʚ ʠ ʠʭ ʠʥʪʝʛʨʘʮʠʠ ʚ 

ʩʦʚʨʝʤʝʥʥʳʝ ʬʦʪʦʥʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ʚʚʠʜʫ ʩʚʦʝʡ ʜʦʩʪʫʧʥʦʩʪʠ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ. 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ 2024 ʛʦʜʫ ʚ ʞʫʨʥʘʣʝ Bulletin of 

the Russian Academy of Sciences: Physics [122].  

 

3.1 ʆʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʢʨʠʩʪʘʣʣʦʚ ʠʟʦʪʨʦʧʥʳʭ ʚ ʧʣʦʩʢʦʩʪʠ 

ʩʣʦʝʚ 

 

ɺ ʜʘʥʥʦʤ ʧʦʜʨʘʟʜʝʣʝ ʨʘʩʩʤʦʪʨʠʤ ʚ ʜʝʡʩʪʚʠʠ ʧʨʝʜʣʘʛʘʝʤʳʡ ʤʝʪʦʜ 

ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʚ ʩʣʫʯʘʝ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʠʟʦʪʨʦʧʥʳʭ ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ. ʄʝʪʦʜʠʢʘ ʦʩʥʦʚʘʥʘ ʥʘ ʘʥʘʣʠʟʝ ʩʧʝʢʪʨʦʚ 

ʧʨʦʧʫʩʢʘʥʠʷ ʩʣʦʠʩʪʳʭ ʢʨʠʩʪʘʣʣʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣ 

ʚʳʙʨʘʥ ʢʨʠʩʪʘʣʣ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʥʠʪʨʠʜʘ ʙʦʨʘ (hBN), ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ 

ʢʦʪʦʨʦʛʦ ʦʧʨʝʜʝʣʝʥʳ ʚ ʨʘʙʦʪʝ [28]. ʉʥʘʯʘʣʘ ʤʝʪʦʜʦʤ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʩʩʣʦʝʥʠʷ, 
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ʦʧʠʩʘʥʥʳʤ ʚ ʧʨʝʜʳʜʫʱʝʡ ʛʣʘʚʝ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʦʙʨʘʟʮʳ ʧʣʦʩʢʠʭ 

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ (ʬʣʝʡʢʦʚ) hBN ʥʘ ʧʦʜʣʦʞʢʝ ʩʪʝʢʣʘ, 

ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʢʦʪʦʨʦʛʦ ʥʘʤ ʠʟʚʝʩʪʥʳ. ɼʘʣʝʝ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʩʧʝʢʪʨʳ 

ʧʨʦʧʫʩʢʘʥʠʷ ʢʘʞʜʦʛʦ ʦʪʜʝʣʴʥʦʛʦ ʤʠʢʨʦʢʨʠʩʪʘʣʣʘ ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ ʜʣʷ 

ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ ʧʨʦʧʫʩʢʘʥʠʷ ʩ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʦʙʣʘʩʪʝʡ (ʨʠʩʫʥʦʢ 3.1). 

ɼʘʥʥʘʷ ʫʩʪʘʥʦʚʢʘ ʧʦʟʚʦʣʷʝʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʩʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠʷ ʬʣʝʡʢʦʚ ʩ 

ʣʘʪʝʨʘʣʴʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʜʦ 4 ʤʢʤ ʚ ʨʘʟʥʳʭ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʷʭ 

ʘʥʘʣʠʟʘʪʦʨʘ ʠ ʧʦʣʷʨʠʟʘʪʦʨʘ. ʊʘʢʞʝ ʩʠʩʪʝʤʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ 

ʢʘʨʪʳ ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʧʦ ʫʛʣʫ ʦʨʠʝʥʪʘʮʠʠ ʦʙʨʘʟʮʘ ű. ʇʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʤʝʪʦʜʠʢʠ 

ʠʟʤʝʨʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʨʘʟʜʝʣʝ ñʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳò. ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʜʣʷ 

ʪʦʛʦ, ʯʪʦʙʳ ʫʙʝʜʠʪʴʩʷ ʚ ʠʟʦʪʨʦʧʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʚ ʧʣʦʩʢʦʩʪʠ, ʧʨʦʚʦʜʠʣʠʩʴ ʪʝʩʪʦʚʳʝ 

ʠʟʤʝʨʝʥʠʷ ʚ ʧʘʨʘʣʣʝʣʴʥʦʡ ʠ ʩʢʨʝʱʝʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʷʭ ʧʦʣʷʨʠʟʘʪʦʨʘ ʠ 

ʘʥʘʣʠʟʘʪʦʨʘ ʧʨʠ ʨʘʟʥʳʭ ʟʥʘʯʝʥʠʷʭ ʫʛʣʘ ʦʨʠʝʥʪʘʮʠʠ ʦʙʨʘʟʮʘ ű. ɼʣʷ ʜʘʣʴʥʝʡʰʝʛʦ 

ʘʥʘʣʠʟʘ ʠ ʠʟʚʣʝʯʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʧʝʢʪʨʳ ʧʦʣʫʯʝʥʥʳʭ 

ʬʣʝʡʢʦʚ, ʠʟʤʝʨʝʥʥʳʝ ʚ ʧʘʨʘʣʣʝʣʴʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʘʥʘʣʠʟʘʪʦʨʘ ʠ ʧʦʣʷʨʠʟʘʪʦʨʘ. 

ɺʚʠʜʫ ʧʨʦʟʨʘʯʥʦʩʪʠ hBN ʚʦ ʚʩʝʤ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʝʛʦ 

ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʚʦʟʤʦʞʥʦ ʦʧʠʩʘʪʴ ʧʨʦʩʪʦʡ ʤʦʜʝʣʴʶ ʂʦʰʠ:  

ὲ‗ ὃ
ὄ 

‗
ȟ                                                      σȢρ 

ʛʜʝ ὃ, ὄ ʧʘʨʘʤʝʪʨʳ ʘʧʧʨʦʢʩʠʤʘʮʠʠ n(ɚ). ɺ ʨʘʤʢʘʭ ʧʨʝʜʣʘʛʘʝʤʦʡ ʤʝʪʦʜʠʢʠ ʩʧʝʢʪʨʳ 

ʧʨʦʧʫʩʢʘʥʠʷ ʥʝʩʢʦʣʴʢʠʭ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ hBN ʦʜʥʦʚʨʝʤʝʥʥʦ ʘʧʧʨʦʢʩʠʤʠʨʫʶʪʩʷ 

ʤʦʜʝʣʴʥʳʤʠ ʩʧʝʢʪʨʘʤʠ ʧʨʦʧʫʩʢʘʥʠʷ ʨʘʩʩʯʠʪʘʥʥʳʤʠ ʩ ʧʦʤʦʱʴʶ ʬʦʨʤʫʣ ʌʨʝʥʝʣʷ, 

ʚ ʢʦʪʦʨʳʭ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʝʜʠʥ ʜʣʷ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ ʠ ʦʧʠʩʳʚʘʝʪʩʷ 

ʤʦʜʝʣʴʶ ʂʦʰʠ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ ʠ ʫʩʪʨʘʥʝʥʠʷ ʪʦʣʱʠʥʳ ʢʘʢ 

ʘʧʧʨʦʢʩʠʤʠʨʫʝʤʦʛʦ ʧʘʨʘʤʝʪʨʘ ʚ ʤʦʜʝʣʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʦʚʦʜʷʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ 
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ʪʦʣʱʠʥ ʧʦʣʫʯʝʥʥʳʭ ʧʣʦʩʢʠʭ ʤʠʨʦʢʨʠʩʪʘʣʣʦʚ ʩ ʧʦʤʦʱʴʶ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ (ɸʉʄ) (ʨʠʩʫʥʦʢ 3.1).  

 

ʈʠʩʫʥʦʢ 3.1 ð ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ 

ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʧʘʨʘʣʣʝʣʴʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʧʦʣʷʨʠʟʘʪʦʨʘ ʠ 

ʘʥʘʣʠʟʘʪʦʨʘ (a). ʆʧʪʠʯʝʩʢʠʝ ʠʟʦʙʨʘʞʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ hBN ʨʘʟʣʠʯʥʦʡ ʪʦʣʱʠʥʳ. 

ɺʩʪʘʚʢʠ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʦʧʦʛʨʘʬʠʯʝʩʢʠʝ ʧʨʦʬʠʣʠ, 

ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ɸʉʄ (b,c). 
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ʈʠʩʫʥʦʢ 3.2 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠʷ ʜʣʷ ʜʚʫʭ ʢʨʠʩʪʘʣʣʦʚ hBN 

ʪʦʣʱʠʥʦʡ 50 ʠ 112 ʥʤ. ʀʪʦʛʦʚʳʝ ʤʦʜʝʣʴʥʳʝ ʢʨʠʚʳʝ ʦʙʦʟʥʘʯʝʥʳ ʧʫʥʢʪʠʨʥʳʤʠ 

ʣʠʥʠʷʤʠ. ʇʦʣʫʯʝʥʳ ʦʧʠʩʳʚʘʝʤʳʤ ʚ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʤʝʪʦʜʦʤ ʦʧʪʠʯʝʩʢʠʝ 

ʢʦʥʩʪʘʥʪʳ ʙʳʣʠ ʩʦʧʦʩʪʘʚʣʝʥʳ ʩ ʜʘʥʥʳʤʠ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʡ 

ʵʣʣʠʧʩʦʤʝʪʨʠʠ [28].  

 

ʈʠʩʫʥʦʢ 3.2 ð ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʥʳʝ ʩʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠʷ (ʩʧʣʦʰʥʳʝ 

ʣʠʥʠʠ) ʜʣʷ ʧʣʦʩʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʪʦʣʱʠʥʦʡ 50 ʥʤ ʠ 112 ʥʤ ʠ ʠʭ ʪʝʦʨʝʪʠʯʝʩʢʠʝ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ (ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ) (a). ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʥʘʡʜʝʥʥʦʛʦ ʧʦʢʘʟʘʪʝʣʷ 

ʧʨʝʣʦʤʣʝʥʠʷ (ʯʝʨʥʳʝ ʪʦʯʢʠ) ʩ ʜʘʥʥʳʤʠ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ 

(ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ) (b). 

ʇʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʧʣʦʩʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʨʘʟʣʠʯʥʦʡ ʪʦʣʱʠʥʳ ʚ 

ʩʠʩʪʝʤʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ, 

ʩʪʘʥʦʚʷʪʩʷ ʙʦʣʝʝ ʩʦʛʣʘʩʦʚʘʥʥʳʤʠ ʩ ʜʘʥʥʳʤʠ ʩʧʝʢʪʨʘʣʴʥʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ. 

ɸʥʘʣʦʛʠʯʥʘʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʘʥʘʣʠʟʘ, 

ʚ ʢʦʪʦʨʦʤ ʪʦʣʱʠʥʘ ʢʨʠʩʪʘʣʣʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʣʠʙʦ ʢʘʢ ʠʟʚʝʩʪʥʳʡ ʧʘʨʘʤʝʪʨ, ʣʠʙʦ 

ʢʘʢ ʘʧʧʨʦʢʩʠʤʘʮʠʦʥʥʳʡ ʧʘʨʘʤʝʪʨ ʤʦʜʝʣʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʬʠʢʩʠʨʦʚʘʥʥʳʝ 

ʟʥʘʯʝʥʠʷ ʪʦʣʱʠʥʳ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ɸʉʄ, ʧʨʠʚʝʣʠ ʢ ʣʫʯʰʝʤʫ 
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ʩʦʦʪʚʝʪʩʪʚʠʶ ʩ ʜʘʥʥʳʤʠ ʵʣʣʠʧʩʦʤʝʪʨʠʠ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʠʤʝʥʝʥʠʝ ʘʪʦʤʥʦ-

ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʘʥʘʣʠʟʦʤ ʥʝʩʢʦʣʴʢʠʭ ʦʙʨʘʟʮʦʚ ʤʦʞʝʪ 

ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ. 

 

3.2 ʆʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʢʨʠʩʪʘʣʣʦʚ ʘʥʠʟʦʪʨʦʧʥʳʭ ʧʣʦʩʢʦʩʪʠ 

ʩʣʦʝʚ 

 

ɺ ʨʷʜʝ ʩʣʫʯʘʝʚ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳ ʤʘʪʝʨʠʘʣʳ ʤʦʛʫʪ ʦʙʣʘʜʘʪʴ ʙʦʣʝʝ ʩʣʦʞʥʦʡ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʥʘʧʨʠʤʝʨ, ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ, ʤʦʥʦʢʣʠʥʥʦʡ ʠʣʠ 

ʪʨʠʛʦʥʘʣʴʥʦʡ. ʂʦʛʜʘ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʦʩʠ ʥʝ ʷʚʣʷʶʪʩʷ ʚʟʘʠʤʥʦ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʤʠ, ʪʝʥʟʦʨ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʩʦʜʝʨʞʠʪ ʩʤʝʰʘʥʥʳʝ ʚʢʣʘʜʳ 

ʦʪ ʨʘʟʥʳʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʥʘʧʨʘʚʣʝʥʠʡ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʦʧʨʝʜʝʣʝʥʠʝ 

ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ.  

ʊʦʛʜʘ ʪʝʥʟʦʨ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ 

ʢʦʦʨʜʠʥʘʪ ʧʨʠʥʠʤʘʝʪ ʚʠʜ (ὲa, ὲb, nc). ɽʩʣʠ ʠʩʩʣʝʜʫʝʤʘʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʘʷ 

ʨʝʝhʪʢʘ ʥʝ ʠʤʝʝʪ ʙʦʣʴʰʠʭ ʦʪʢʣʦʥʝʥʠʡ ʦʪ ʦʨʪʦʛʦʥʘʣʴʥʦʡ, ʪʦ ʯʠʩʣʝʥʥʘʷ ʦʮʝʥʢʘ 

ʧʣʦʩʢʦʩʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ (ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʚʜʦʣʴ ʦʩʝʡ, ʣʝʞʘʱʠʭ ʚ ʧʣʦʩʢʦʩʪʠ 

ʩʣʦʝʚ) ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʦʡ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʡ 

ʤʠʢʨʩʦʧʝʢʪʨʦʩʢʦʧʠʠ ʧʨʦʧʫʩʢʘʥʠʷ. ɺ ʜʘʥʥʦʤ ʧʦʜʨʘʟʜʝʣʝ ʜʣʷ ʜʝʤʦʥʩʪʨʘʮʠʠ ʤʝʪʦʜʘ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ (GeS2).  

ɼʣʷ ʥʘʯʘʣʘ ʚʘʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʦʨʠʝʥʪʘʮʠʶ ʢʨʠʩʪʘʣʣʘ, ʯʪʦʙʳ ʩʜʝʣʘʪʴ 

ʧʨʠʚʷʟʢʫ ʛʣʘʚʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ ʪʝʥʟʦʨʘ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʢ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʦʩʷʤ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ 

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ GeS2 ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-

ʟʘʚʠʩʠʤʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ (ʂʈʉ). ʉʧʝʢʪʨʳ ʂʈʉ 

ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʧʨʠ ʦʨʠʝʥʪʘʮʠʠ ʦʙʨʘʟʮʘ ʧʦʜ ʫʛʣʘʤʠ ʦʪ 0Á ʜʦ 360Á ʩ ʰʘʛʦʤ ʚ 20Á, 

ʧʨʠ ʵʪʦʤ ʩʪʦʣʠʢ ʧʦʚʦʨʘʯʠʚʘʣʩʷ ʤʝʞʜʫ ʧʘʨʘʣʣʝʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤʠ 
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ʧʦʣʷʨʠʟʘʪʦʨʦʤ ʠ ʘʥʘʣʠʟʘʪʦʨʦʤ. ʅʘ ʨʠʩʫʥʢʝ 3.3 ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʘʨʪʘ, ʦʪʨʘʞʘʶʱʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʂʈʉ-ʦʪʢʣʠʢʘ ʦʪ ʫʛʣʘ ʦʨʠʝʥʪʘʮʠʠ ʧʦʣʷʨʠʟʘʮʠʠ ʧʘʜʘʶʱʝʛʦ ʣʫʯʘ ʜʣʷ 

ʦʜʥʦʛʦ ʠʟ ʬʣʝʡʢʦʚ GeS2, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʬʦʨʤʘ 

ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʠʥʠʡ ʂʈʉ ʣʠʥʠʡ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʤʝʝʪ ʬʠʢʩʠʨʦʚʘʥʥʦʝ 

ʧʦʣʦʞʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʧʨʘʚʣʝʥʠʡ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ. ɺ ʨʘʤʢʘʭ 

ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʙʳʣʠ ʚʳʯʠʩʣʝʥʳ ʠʥʪʝʥʩʠʚʥʦʩʪʠ I(ɗ) ʜʣʷ ʣʠʥʠʠ ʥʘ 345 ʩʤī1 ʠ 

ʧʦʩʪʨʦʝʥʘ ʠʭ ʧʦʣʷʨʥʘʷ ʜʠʘʛʨʘʤʤʘ (ʨʠʩʫʥʦʢ 3.4). ɻʘʥʪʝʣʝʦʙʨʘʟʥʘʷ ʬʦʨʤʘ ʧʠʢʘ ʥʘ 

345 ʩʤī1 ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʝʛʦ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʢ ʤʦʜʝ Ag, ʯʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʣʝʜʫʶʱʝʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʦʣʷʨʥʦʛʦ ʛʨʘʬʠʢʘ [123]:  

Ὅ—  ὧÃÏÓ— —  ὧÓÉÎ— — ȟ                          σȢς 

ɺ ʜʘʥʥʦʤ ʚʳʨʘʞʝʥʠʠ I(ɗ) ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʂʈʉ-ʣʠʥʠʠ, 

ʟʘʚʠʩʷʱʝʡ ʦʪ ʫʛʣʘ; ɗ ð ʫʛʦʣ ʦʙʨʘʟʮʘ, ʦʧʨʝʜʝʣʷʶʱʠʡ ʚʟʘʠʤʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʦʜʥʦʡ ʠʟ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ ʠ ʧʦʣʷʨʠʟʘʮʠʠ ʧʘʜʘʶʱʝʛʦ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ; c1 

ʠ c2 ð ʧʘʨʘʤʝʪʨʳ ʘʧʧʨʦʢʩʠʤʘʮʠʠ. ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʦʩʠ ʨʘʩʧʦʣʦʞʝʥʳ ʧʦʜ 

ʫʛʣʘʤʠ ɗ0 ʠ ɗ0 + 90Á. ʄʘʢʩʠʤʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʂʈʉ-ʧʠʢʘ ʥʘ 345 ʩʤī1 

ʥʘʙʣʶʜʘʝʪʩʷ, ʢʦʛʜʘ ʧʦʣʷʨʠʟʘʮʠʷ ʧʘʜʘʶʱʝʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʨʠʝʥʪʠʨʦʚʘʥʘ 

ʚʜʦʣʴ b-ʦʩʠ GeS2. ɸʥʘʣʠʟ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦʟʚʦʣʠʣ 

ʦʧʨʝʜʝʣʠʪʴ ʦʨʠʝʥʪʘʮʠʶ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ ʤʘʪʝʨʠʘʣʘ. ʇʫʥʢʪʠʨʥʳʝ 

ʢʨʘʩʥʘʷ ʠ ʟʝʣʝʥʘʷ ʣʠʥʠʠ ʦʙʦʟʥʘʯʘʶʪ ʧʦʣʦʞʝʥʠʷ ʦʩʝʡ a ʠ b, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

(ʨʠʩʫʥʦʢ 3.3). 
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ʈʠʩʫʥʦʢ 3.3 ð ʆʧʨʝʜʝʣʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʡ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ ʚ GeS2. 

ʂʘʨʪʘ ʩʧʝʢʪʨʦʚ ʂʈʉ ʧʨʠ ʨʘʟʥʳʭ ʟʥʘʯʝʥʠʷʭ ʫʛʣʘ ʧʦʣʷʨʠʟʘʮʠʠ ʧʘʜʘʶʱʝʛʦ 

ʠʟʣʫʯʝʥʠʷ (a). ʇʦʣʷʨʥʘʷ ʜʠʘʛʨʘʤʤʘ ʠʟʤʝʨʝʥʥʳʭ (ʪʦʯʢʠ) ʠ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʥʳʭ 

(ʩʧʣʦʰʥʘʷ ʢʨʠʚʘʷ) ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʣʠʥʠʠ Ag (345 ʩʤ
ī1) (b). ʂʨʘʩʥʦʡ ʠ ʟʝʣʝʥʦʡ 

ʧʫʥʢʪʠʨʥʳʤʠ ʣʠʥʠʷʤʠ ʦʪʤʝʯʝʥʳ ʥʘʧʨʘʚʣʝʥʠʷ ʦʩʝʡ a ʠ b. 

ʉʣʝʜʫʶʱʠʤ ʵʪʘʧʦʤ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʩʧʝʢʪʨʘ ʧʨʦʧʫʩʢʘʥʠʷ ʩʚʝʪʘ, 

ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʚʜʦʣʴ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ ʚ ʧʣʦʩʢʦʩʪʠ ʦʙʨʘʟʮʘ. ʉ ʵʪʦʡ 

ʮʝʣʴʶ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʧʨʦʧʫʩʢʘʥʠʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʦʣʷʨʠʟʘʮʠʡ 

ʧʘʜʘʶʱʝʛʦ ʩʚʝʪʘ ʚ ʢʦʥʬʠʛʫʨʘʮʠʠ ʩ ʧʘʨʘʣʣʝʣʴʥʳʤʠ ʧʦʣʷʨʠʟʘʪʦʨʦʤ ʠ ʘʥʘʣʠʟʘʪʦʨʦʤ. 

ʇʦʩʨʝʜʩʪʚʦʤ ʚʨʘʱʝʥʠʷ ʦʙʨʘʟʮʘ ʥʘ ʧʦʜʚʠʞʥʦʤ ʩʪʦʣʠʢʝ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʩʧʝʢʪʨʳ 

ʧʨʦʧʫʩʢʘʥʠʷ ʩ ʰʘʛʦʤ 5Á ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0Á ʜʦ 180Á. ʈʠʩʫʥʦʢ 3.4 ʦʪʨʘʞʘʝʪ 

ʧʦʣʫʯʝʥʥʘʷ ʢʘʨʪʘ ʩʧʝʢʪʨʦʚ ʧʨʦʧʫʩʢʘʥʠʷ, ʢʦʪʦʨʘʷ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʘʥʠʟʦʪʨʦʧʥʳʡ 

ʦʧʪʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʜʣʷ ʧʣʦʩʢʦʛʦ ʤʠʢʨʦʢʨʠʩʪʘʣʣʘ GeS2. ɼʘʣʝʝ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ 

ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʦʧʫʩʢʘʥʠʷ ʦʪ ʫʛʣʘ ʚʨʘʱʝʥʠʷ ʜʣʷ ʢʘʞʜʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ɚ ʠ 

ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʘ ʬʦʨʤʫʣʦʡ: 

Ὕ•
Ὁ

Ὁ
ὥÃÏÓ• • ὦÓÉÎ• • Ὡ                          
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ʛʜʝ T(ű) ð ʧʨʦʧʫʩʢʘʥʠʝ ʧʨʠ ʟʘʜʘʥʥʦʡ ʜʣʠʥʝ ʚʦʣʥʳ, æŬ ð ʬʘʟʦʚʦʝ ʟʘʧʘʟʜʳʚʘʥʠʝ. 

ʇʘʨʘʤʝʪʨʳ ű0 ʠ ű0 + 90Á ʟʘʜʘʶʪ ʦʨʠʝʥʪʘʮʠʶ ʛʣʘʚʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ, ʘ a2 ʠ b2 

ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʧʨʦʧʫʩʢʘʥʠʝ ʜʣʷ ʧʦʣʷʨʠʟʘʮʠʡ ʚʜʦʣʴ ʵʪʠʭ ʦʩʝʡ. ʈʝʧʨʝʟʝʥʪʘʪʠʚʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩʧʝʢʪʨʦʚ ʧʨʦʧʫʩʢʘʥʠʷ ʜʣʷ ɚ = 600 ʠ 700 ʥʤ ʩ 

ʧʦʣʦʞʝʥʠʷʤʠ ʛʣʘʚʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ, ʦʙʦʟʥʘʯʝʥʥʳʭ ʧʫʥʢʪʠʨʦʤ, ʧʨʠʚʝʜʝʥʳ ʥʘ 

ʈʠʩʫʥʢʝ 3.4. ɺ ʟʘʚʝʨʰʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ 

ʙʳʣʠ ʩʦʚʤʝʱʝʥʳ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʦʧʨʝʜʝʣʠʪʴ ʩʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠʷ Ta ʠ Tb, ʜʣʷ 

ʧʦʣʷʨʠʟʘʮʠʡ, ʧʘʨʘʣʣʝʣʴʥʳʭ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʦʩʷʤ.  

 

ʈʠʩʫʥʦʢ 3.4 ð ʆʧʨʝʜʝʣʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʡ ʦʩʝʡ ʦʧʪʠʯʝʩʢʦʛʦ ʪʝʥʟʦʨʘ ʧʦʢʘʟʘʪʝʣʷ 

ʧʨʝʣʦʤʣʝʥʠʷ ʚ GeS2. ʂʘʨʪʘ ʩʧʝʢʪʨʦʚ ʧʨʦʧʫʩʢʘʥʠʷ ʧʨʠ ʨʘʟʥʳʭ ʟʥʘʯʝʥʠʷʭ ʫʛʣʘ 

ʧʦʣʷʨʠʟʘʮʠʠ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ (a). ʈʝʧʨʝʟʝʥʪʘʪʠʚʥʳʝ ʩʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠʷ 

ʧʨʠ ʜʣʠʥʘʭ ʚʦʣʥ ɚ = 600 ʥʤ ʠ 700 ʥʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʛʣʘ ʧʦʣʷʨʠʟʘʮʠʠ (b). 

ʇʦʩʨʝʜʩʪʚʦʤ ʧʨʠʤʝʥʝʥʠʷ ʦʧʠʩʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʧʝʢʪʨʳ 

ʧʨʦʧʫʩʢʘʥʠʷ ʜʣʷ a- ʠ b-ʦʩʝʡ ʥʝʩʢʦʣʴʢʠʭ ʢʨʠʩʪʘʣʣʦʚ, ʧʦʩʣʝ ʯʝʛʦ ʧʨʦʚʝʜʝʥʘ ʠʭ 

ʦʜʥʦʚʨʝʤʝʥʥʘʷ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ. ʅʘ ʨʠʩʫʥʢʝ 

3.5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʠʨʫʶʱʠʝ ʩʧʝʢʪʨʳ Ta ʠ Tb ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʝ ʢʨʠʚʳʝ ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ GeS2 ʪʦʣʱʠʥʦʡ 81, 149 ʠ 330 ʥʤ ʠ 
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ʧʦʣʫʯʝʥʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʥʘ ʦʩʥʦʚʝ ʠʟʤʝʨʝʥʠʡ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʩʨʘʚʥʝʥʠʠ 

ʩ ʜʘʥʥʳʤʠ ʩʧʝʢʪʨʘʣʴʥʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ [123]. ɺʳʩʦʢʘʷ ʩʪʝʧʝʥʴ ʩʦʦʪʚʝʪʩʪʚʠ ̫

ʨʝʟʫʣʴʪʘʪʦʚ (< 3%) ʧʦʜʪʚʝʨʞʜʘʝʪ ʪʦʯʥʦʩʪʴ ʧʨʠʤʝʥʷʝʤʦʛʦ ʤʝʪʦʜʘ. 
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ʈʠʩʫʥʦʢ 3.5 ð ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʥʳʝ ʩʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠʷ (ʩʧʣʦʰʥʳʝ 

ʣʠʥʠʠ) ʜʣʷ ʧʣʦʩʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʪʦʣʱʠʥʦʡ 81, 149 ʠ 330 ʥʤ ʠ ʠʭ ʪʝʦʨʝʪʠʯʝʩʢʠʝ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ (ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ) (a,b,c). ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʥʘʡʜʝʥʥʦʛʦ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ (ʮʚʝʪʥʳʝ ʪʦʯʢʠ) ʩ ʜʘʥʥʳʤʠ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʡ 

ʵʣʣʠʧʩʦʤʝʪʨʠʠ (ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ) (d). 
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3.3 ɺʳʚʦʜʳ 

 

ɼʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʷʶʱʠʤ ʧʘʨʘʤʝʪʨʦʤ ʚ ʨʘʙʦʪʝ ʤʥʦʛʠʭ 

ʦʧʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʚʳʜʝʣʷʶʪʩʷ ʧʦʣʷʨʠʟʘʪʦʨʳ ʠ ʚʦʣʥʦʚʳʝ 

ʧʣʘʩʪʠʥʢʠ. ɿʥʘʯʠʤʦʩʪʴ ʜʘʥʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʘʢʪʠʚʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʥʠʟʦʪʨʦʧʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʮʝʣʴʶ ʨʘʩʰʠʨʝʥʠʷ ʠʭ 

ʧʨʠʤʝʥʝʥʠʷ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʳʭ ʢʣʘʩʩʦʚ ʤʘʪʝʨʠʘʣʦʚ ʚ ʵʪʦʤ ʢʦʥʪʝʢʩʪʝ 

ʷʚʣʷʶʪʩʷ ʩʣʦʠʩʪʳʝ ʢʨʠʩʪʘʣʣʳ. ʀʭ ʩʣʦʞʥʘʷ ʩʣʦʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ 

ʚʳʩʦʢʦʡ ʜʚʫʦʩʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʘ ʪʘʢʞʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʣʝʛʢʦʩʪʴ ʟʘʜʘʥʠʷ 

ʧʨʘʚʠʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʦʚ, ʪʘʢ ʢʘʢ 

ʧʨʘʚʠʣʴʥʳʡ ʩʨʝʟ ʬʦʨʤʠʨʫʝʪʩʷ ʝʩʪʝʩʪʚʝʥʥʳʤ ʠ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʤ ʦʙʨʘʟʦʤ ʚ 

ʧʨʦʮʝʩʩʝ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ. ʆʜʥʘʢʦ ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʝʪʩʷ ʥʝʨʝʰʝʥʥʦʡ 

ʧʨʦʙʣʝʤʘ ʩʦʟʜʘʥʠʷ ʜʦʩʪʫʧʥʳʭ ʠ ʚʳʩʦʢʦʪʦʯʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʜʣʷ ʠʟʤʝʨʝʥʠʷ 

ʦʧʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʧʣʘʩʪʠʥ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚ.  

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥ ʙʳʩʪʨʳʡ ʠ ʵʬʬʝʢʪʠʚʥʳʡ ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʠ 

ʚʝʨʠʬʠʢʘʮʠʠ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʧʨʦʟʨʘʯʥʳʭ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʷʪʴ ʛʣʘʚʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʦʩʠ ʪʝʥʟʦʨʘ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ, ʧʘʨʘʣʣʝʣʴʥʳʝ ʩʣʦʷʤ ʢʨʠʩʪʘʣʣʦʚ, ʘ ʪʘʢʞʝ ʦʧʪʠʯʝʩʢʠʝ 

ʢʦʥʩʪʘʥʪʳ ʜʣʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʦʤʧʦʥʝʥʪ ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʦʪ 500 ʜʦ 

800 ʥʤ ʧʦʩʨʝʜʩʪʚʦʤ ʦʙʲʝʜʠʥʝʥʠʷ ʤʝʪʦʜʠʢ ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʨʦʧʫʩʢʘʥʠʷ ʠ 

ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ʊʘʢʞʝ ʩ ʧʦʤʦʱʴʶ ʧʦʣʫʯʝʥʥʦʡ ʤʝʪʦʜʠʢʠ ʤʦʞʥʦ 

ʧʨʦʠʟʚʦʜʠʪʴ ʦʮʝʥʢʫ ʪʦʣʱʠʥ ʧʨʦʟʨʘʯʥʳʭ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʩ ʠʟʚʝʩʪʥʳʤʠ 

ʦʧʪʠʯʝʩʢʠʤʠ ʢʦʥʩʪʘʥʪʘʤʠ ʧʫʪʝʤ ʦʙʨʘʙʦʪʢʠ ʠʭ ʩʧʝʢʪʨʦʚ ʧʨʦʧʫʩʢʘʥʠʷ.    
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ɻʣʘʚʘ 4. ʐʠʨʦʢʦʧʦʣʦʩʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ 

  

ɼʘʥʥʘʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʦʧʨʝʜʝʣʝʥʠʶ ʧʦʣʥʦʛʦ ʪʝʥʟʦʨʘ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʦʛʦ ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ (GeS2) ʚ 

ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ ʫʣʴʪʨʘʬʠʦʣʝʪʘ (250 ʥʤ) ʜʦ ʙʣʠʞʥʝʛʦ ʠʥʬʨʘʢʨʘʩʥʦʛʦ 

ʜʠʘʧʘʟʦʥʘ ʜʣʠʥ ʚʦʣʥ (1700 ʥʤ) ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʯʠʩʣʝʥʥʦʡ ʦʮʝʥʢʦʡ ʝʛʦ ʧʦʪʝʥʮʠʘʣʘ 

ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʥʘʥʦʬʦʪʦʥʠʢʠ. ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ 2025 ʛʦʜʫ ʚ ʞʫʨʥʘʣʝ Light: Science & Applications [123]. ɺ ʨʘʙʦʪʝ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʝʨʝʜʦʚʘʷ ʪʝʭʥʠʢʘ ʩʧʝʢʪʨʘʣʴʥʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ ʩ ʧʝʨʝʢʨʝʩʪʥʦʡ 

ʚʝʨʠʬʠʢʘʮʠʝʡ ʤʝʪʦʜʘʤʠ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʟʘʚʠʩʠʤʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ ʚʠʜʠʤʦʤ 

ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ, ʢʦʪʦʨʳʝ ʧʦʜʨʦʙʥʦ ʠʟʣʦʞʝʥʳ ʚʦ ʚʪʦʨʦʡ ʠ ʪʨʝʪʴʝʡ ʛʣʘʚʘʭ.  

 

4.1 ʍʘʨʘʢʪʝʨʠʟʘʮʠʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʭʠʤʠʯʝʩʢʦʛʦ 

ʩʦʩʪʘʚʘ ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ  

 

ʇʦʩʢʦʣʴʢʫ ʪʦʯʥʘʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʘʷ ʠʥʬʦʨʤʘʮʠʷ ʠʤʝʝʪ ʙʦʣʴʰʦʝ 

ʟʥʘʯʝʥʠʝ ʜʣʷ ʧʝʨʚʦʧʨʠʥʮʠʧʥʳʭ ʨʘʩʯʝʪʦʚ, ʚ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʫʪʦʯʥʝʥʥʳʝ 

ʜʘʥʥʳʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ 

ʘʥʘʣʠʟʘ ʦʙʲʝʤʥʦʛʦ ʢʨʠʩʪʘʣʣʘ GeS2 c ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʮʠʠ (ʈɼ) [123]. ʀʟʚʣʝʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʢʨʠʩʪʘʣʣ GeS2 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ P21/ʩ. ʉʦʛʣʘʩʥʦ ʫʪʦʯʥʝʥʥʳʤ ʜʘʥʥʳʤ 

GeS2 ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ: a = 6,6946(14) Å, b = 16,037(3) Å, 

c = 11,423(2) ¡, Ŭ = 90Á, ɓ = 90,935(7)Á, ɔ = 90°. ʇʦʣʥʳʡ ʥʘʙʦʨ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʧʦ ʜʠʩʫʣʴʬʠʜʫ ʛʝʨʤʘʥʠʷ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥ ʚ 

ʂʝʤʙʨʠʜʞʩʢʦʤ ʮʝʥʪʨʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʧʦʜ ʠʜʝʥʪʠʬʠʢʘʪʦʨʦʤ 

CSD 2363955 (Cambridge Structural Database www.ccdc.cam.ac.uk/data_request/cif). 

ʅʘ ʨʠʩʫʥʢʝ 4.1 ʧʨʠʚʝʜʝʥʦ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʣʫʯʝʥʥʦʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʈɼ ʠʟʤʝʨʝʥʠʡ 
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ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʜʚʫʭ ʧʨʦʝʢʮʠʷʭ: ʚʜʦʣʴ ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʚʘʥ-

ʜʝʨ-ʚʘʘʣʴʩʦʚʳʤ ʩʣʦʷʤ.  

ʅʘ ʨʠʩʫʥʢʝ 4.1b ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʦʧʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʲʝʤʥʦʛʦ 

ʢʨʠʩʪʘʣʣʘ GeS2, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʨʘʙʦʪʝ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 4.1ʩ, ʦʙʲʝʤʥʳʡ 

ʢʨʠʩʪʘʣʣ GeS2 ʤʦʞʝʪ ʙʳʪʴ ʩʣʦʠ ʚʧʣʦʪʴ ʜʦ ʦʪʜʝʣʴʥʦʛʦ ʦʜʠʥʦʯʥʦʛʦ ʩʣʦʷ. ʉʦʛʣʘʩʥʦ 

ʜʘʥʥʳʤ ʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ, ʪʦʣʱʠʥʘ ʤʦʥʦʩʣʦʷ GeS2 ʩʦʩʪʘʚʣʷʝʪ 

ʧʦʣʦʚʠʥʫ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʚʜʦʣʴ ʦʩʠ c (t å 0,5 × 1,14 ʥʤ = 0,57 ʥʤ). ʇʨʠ ʵʪʦʤ, 

ʠʩʭʦʜʷ ʠʟ ʜʘʥʥʳʭ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ɸʉʄ) ʦ ʚʳʩʦʪʝ ʩʪʫʧʝʥʠ (ʩʤ. 

ʚʩʪʘʚʢʫ ʥʘ ʨʠʩʫʥʢʝ 4.1c), ʪʦʣʱʠʥʘ ʧʦʯʪʠ ʚʜʚʦʝ ʧʨʝʚʳʰʘʝʪ ʨʘʩʯʝʪʥʦʝ ʟʥʘʯʝʥʠʝ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʟʘʚʳʰʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʦʪʩʣʦʝʥʠʝ ʠʤʝʥʥʦ ʤʦʥʦʩʣʦʷ 

GeS2. ɸʥʘʣʦʛʠʯʥʦʝ ʥʝʩʦʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ ʠʟʤʝʨʝʥʥʦʡ (0,87 ʥʤ) ʠ ʦʞʠʜʘʝʤʦʡ 

ʪʦʣʱʠʥʘʤʠ, ʧʦʣʫʯʝʥʥʦʝ ʧʨʠ ɸʉʄ-ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʜʨʫʛʠʭ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʩʣʝʜʩʪʚʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʟʦʥʜʘ ʩ 

ʧʦʚʝʨʭʥʦʩʪʴʶ. 
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ʈʠʩʫʥʦʢ 4.1 ð (a) ʄʦʥʦʢʣʠʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʦʜʥʦʛʦ ʩʣʦʷ GeS2 ʚʜʦʣʴ ʦʩʠ ʩ (ʚʝʨʭʥʠʡ 

ʨʠʩʫʥʦʢ) ʠ ʩʣʦʝʚ ʦʙʲʝʤʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚʜʦʣʴ ʦʩʠ ʘ (ʥʠʞʥʠʡ ʨʠʩʫʥʦʢ). ʏʝʨʥʘʷ 

ʧʫʥʢʪʠʨʥʘʷ ʨʘʤʢʘ ʦʙʦʟʥʘʯʘʝʪ ʵʣʝʤʝʥʪʘʨʥʫʶ ʷʯʝʡʢʫ. (b) ʆʧʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ 

ʦʙʲʸʤʥʦʛʦ ʢʨʠʩʪʘʣʣʘ GeS2. (c) ɸʉʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʪʦʧʦʛʨʘʬʠʠ ʤʠʢʨʦʢʨʠʩʪʘʣʣʘ 

GeS2, ʜʝʤʦʥʩʪʨʠʨʫʶʱʝʝ ʧʨʠʩʫʪʩʪʚʠʝ ʦʜʠʥʦʯʥʦʛʦ ʩʣʦʷ GeS2. 
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ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ GeS2 

ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʥʥʦʡ ʜʠʬʨʘʢʮʠʠ ʥʘ ʚʳʙʨʘʥʥʦʡ 

ʦʙʣʘʩʪʠ. ʅʘ ʨʠʩʫʥʢʝ 4.2a ʧʦʢʘʟʘʥʦ ʦʧʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʨʘʟʮʘ GeS2, 

ʧʝʨʝʥʝʩʝʥʥʦʛʦ ʥʘ ʩʧʝʮʠʘʣʴʥʫʶ ʤʝʤʙʨʘʥʫ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʧʨʦʩʚʝʯʠʚʘʶʱʝʤ 

ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ (ʇʕʄ). ʇʦʣʫʯʝʥʥʘʷ ʜʠʬʨʘʢʮʠʦʥʥʘʷ ʢʘʨʪʠʥʘ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 4.2b. ʏʪʦʙʳ ʩʦʧʦʩʪʘʚʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʩ 

ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʨʘʩʯʝʪʘʤʠ, ʧʦʚʝʨʭ ʠʤʝʶʱʝʡʩʷ ʢʘʨʪʠʥʳ ʙʳʣʦ ʧʨʦʠʟʚʝʜʝʥʦ 

ʥʘʣʦʞʝʥʠʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ, ʨʘʩʩʯʠʪʘʥʥʦʡ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʧʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʝ GeS2. ʍʦʨʦʰʝʝ ʩʦʛʣʘʩʦʚʘʥʠʝ ʤʝʞʜʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʧʘʪʪʝʨʥʘʤʠ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʭʦʨʦʰʝʤ ʢʘʯʝʩʪʚʝ ʢʨʠʩʪʘʣʣʦʚ ʠ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʧʨʘʚʠʣʴʥʦʩʪʴ ʩʪʨʫʢʪʫʨʳ GeS2.  

ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʦʮʝʥʢʠ ʩʦʩʪʘʚʘ ʠʩʩʣʝʜʫʝʤʳʭ ʧʣʘʩʪʠʥ GeS2 ʠ ʧʨʦʚʝʨʢʠ ʠʭ 

ʩʪʝʭʠʦʤʝʪʨʠʠ ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

(ɽɼʉ). ɺ ʭʦʜʝ ʘʥʘʣʠʟʘ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʵʣʝʤʝʥʪʦʚ ʚ ʦʙʨʘʟʮʘʭ 

ʦʧʨʝʜʝʣʷʣʦʩʴ ʧʫʪʝʤ ʦʙʨʘʙʦʪʢʠ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʠʢʦʚ ʚ ʩʧʝʢʪʨʝ 

ɽɼʉ. ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ɽɼʉ-ʩʧʝʢʪʨʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʥʘ ʨʠʩʫʥʢʝ 4.2d, ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʛʝʨʤʘʥʠʷ ʠ ʩʝʨʳ ʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʧʣʘʩʪʠʥʘʭ ʩʦʩʪʘʚʠʣʠ 35,9% ʠ 64,1% 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʭʦʨʦʰʦ ʩʦʚʧʘʜʘʶʪ ʩ ʦʞʠʜʘʝʤʳʤ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʘʪʦʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʜʠʩʫʣʴʬʠʜʘ 

ʛʝʨʤʘʥʠʷ (1:2) ʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʚʳʩʦʢʦʝ ʢʘʯʝʩʪʚʦ ʠ ʦʜʥʦʨʦʜʥʦʩʪʴ ʩʦʩʪʘʚʘ 

ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ. 
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ʈʠʩʫʥʦʢ 4.2 ð (a) ʆʧʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʤʠʢʨʦʢʨʠʩʪʘʣʣʘ GeS2, ʧʝʨʝʥʝʩʝʥʥʦʛʦ 

ʥʘ ʤʝʤʙʨʘʥʫ ʜʣʷ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʇʕʄ). (b) 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʢʘʨʪʠʥʘ ʜʠʬʨʘʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ, ʧʦʣʫʯʝʥʥʘʷ ʜʣʷ ʚʳʙʨʘʥʥʦʡ 

ʦʙʣʘʩʪʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʘ. (c) ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʢʘʨʪʠʥʳ ʩ 

ʩʠʤʫʣʷʮʠʝʡ, ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʭ ʜʘʥʥʳʭ (ʮʚʝʪʥʳʝ ʪʦʯʢʠ 

ʥʘʣʦʞʝʥʳ ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ). (d) ʍʘʨʘʢʪʝʨʠʟʘʮʠʷ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ GeS2 ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ɽɼʉ). ɺʩʪʘʚʢʘ ʧʦʢʘʟʳʚʘʝʪ ʠʟʦʙʨʘʞʝʥʠʝ ʠʟʫʯʘʝʤʦʛʦ ʤʝʪʦʜʘʤʠ 

ɽɼʉ ʦʙʨʘʟʮʘ GeS2, ʧʦʣʫʯʝʥʥʦʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʪʨʦʚʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ (ʈʕʄ). 
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4.2 ʆʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ  

 

ɼʣʷ ʤʦʥʦʢʣʠʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʭʘʨʘʢʪʝʨʥʘ ʩʣʦʞʥʘʷ ʬʦʨʤʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʪʝʥʟʦʨʘ. ʇʦʩʢʦʣʴʢʫ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʦʩʠ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʥʝ ʷʚʣʷʶʪʩʷ 

ʚʟʘʠʤʥʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʤʠ, ʚ ʜʝʢʘʨʪʦʚʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ 

ʪʝʥʟʦʨ ʩʦʜʝʨʞʠʪ ʩʤʝʰʘʥʥʳʝ ʚʢʣʘʜʳ ʦʪ ʨʘʟʥʳʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ 

ʥʘʧʨʘʚʣʝʥʠʡ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʦʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ. ʆʜʥʘʢʦ ʫ 

ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ (GeS2) ʤʦʥʦʢʣʠʥʥʳʡ ʫʛʦʣ ɓ ʨʘʚʝʥ 90,935Á, ʯʪʦ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝ ʦʪʣʠʯʠʤʦ ʦʪ 90Á. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ GeS2 ʙʫʜʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ 

ʦʨʪʦʨʦʤʙʠʯʝʩʢʠʡ ʢʨʠʩʪʘʣʣ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʭʘʨʘʢʪʝʨʥʘ ʜʠʘʛʦʥʘʣʴʥʘʷ ʬʦʨʤʘ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʝʥʟʦʨʘ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʣʦʩʢʠʝ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʳ GeS2, ʦʪʩʣʦʝʥʥʳʝ ʠʟ ʦʙʲʝʤʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʥʘ ʧʦʜʣʦʞʢʠ ʠʟ 

ʢʨʝʤʥʠʷ (Si) ʠ ʩʪʝʢʣʘ Schott ʩ ʟʘʨʘʥʝʝ ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʢʦʥʩʪʘʥʪʘʤʠ. 

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʜʘʥʥʳʝ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʢʨʠʩʪʘʣʣʦʚ 

ʨʘʟʥʦʡ ʪʦʣʱʠʥʳ, ʢʦʪʦʨʘʷ ʠʟʤʝʨʷʣʘʩʴ ʤʝʪʦʜʘʤʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. 

ʏʪʦʙʳ ʧʨʠʚʷʟʘʪʴ ʟʥʘʯʝʥʠʷ ʜʠʘʛʦʥʘʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʪʝʥʟʦʨʘ ʧʦʢʘʟʘʪʝʣʷ 

ʧʨʝʣʦʤʣʝʥʠʷ ʢ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʥʘʧʨʘʚʣʝʥʠʷʤ, ʫ ʠʩʩʣʝʜʫʝʤʳʭ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʙʳʣʘ ʚʳʷʚʣʝʥʘ ʦʨʠʝʥʪʘʮʠʷ ʦʩʝʡ a ʠ b ʤʝʪʦʜʦʤ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-

ʟʘʚʠʩʠʤʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʂʈʉ, ʜʝʪʘʣʴʥʦ ʦʧʠʩʘʥʥʳʤ ʚ ʧʨʝʜʳʜʫʱʝʡ ʛʣʘʚʝ. ɿʘʪʝʤ, 

ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʦʙʨʘʟʮʳ ʩ ʫʞʝ ʠʟʚʝʩʪʥʳʤʠ ʪʦʣʱʠʥʘʤʠ ʠ 

ʦʨʠʝʥʪʘʮʠʷʤʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʠʩʴ ʧʦʩʨʝʜʩʪʚʦʤ 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʟʘʚʠʩʠʤʦʡ ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʨʦʧʫʩʢʘʥʠʷ ʠ 

ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ. ɸʥʘʣʠʟ ʩʧʝʢʪʨʦʚ ʧʨʦʧʫʩʢʘʥʠʷ ʧʦʟʚʦʣʠʣ 

ʦʧʨʝʜʝʣʠʪʴ ʥʘʧʨʘʚʣʝʥʠʷ ʛʣʘʚʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ ʚ ʢʨʠʩʪʘʣʣʘʭ GeS2 ʩ 

ʧʦʩʣʝʜʫʶʱʝʡ ʧʨʠʚʷʟʢʦʡ ʢ ʟʘʨʘʥʝʝ ʥʘʡʜʝʥʥʳʤ ʥʘʧʨʘʚʣʝʥʠʷʤ ʦʩʝʡ a ʠ b. ʅʘ 

ʨʠʩʫʥʢʝ 4.3 ʠ ʨʠʩʫʥʢʝ 4.4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʟʥʘʯʝʥʠʡ Ɋ ʠ ȹ ʚʜʦʣʴ ʦʩʝʡ a ʠ b 
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ʧʨʠ ʫʛʣʘʭ 45Á, 50Á, 55Á, ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪ ʠʭ ʘʧʧʨʦʢʩʠʤʘʮʠʠ, ʩʜʝʣʘʥʥʦʡ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ, ʦʧʠʩʘʥʥʦʡ ʚ ʨʘʟʜʝʣʝ ñʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳò. 

 

ʈʠʩʫʥʦʢ 4.3 ð ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʘʧʧʨʦʢʩʠʤʘʮʠʦʥʥʳʝ ʟʥʘʯʝʥʠʷ 

ʵʣʣʠʧʩʦʤʝʪʨʠʯʝʩʢʦʛʦ ʧʘʨʘʤʝʪʨʘ Ɋ ʚʜʦʣʴ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ: (a) ð ʦʩʴ ʘ 

ʠ (b) ð ʦʩʴ b. 

 

ʈʠʩʫʥʦʢ 4.4 ð ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʘʧʧʨʦʢʩʠʤʘʮʠʦʥʥʳʝ ʟʥʘʯʝʥʠʷ ʘʤʧʣʠʪʫʜʳ 

ʵʣʣʠʧʩʦʤʝʪʨʠʯʝʩʢʦʛʦ ʧʘʨʘʤʝʪʨʘ ȹ ʚʜʦʣʴ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ: (a) ð ʦʩʴ ʘ 

ʠ (b) ð ʦʩʴ b. 
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ʅʘ ʦʩʥʦʚʝ ʠʟʤʝʨʝʥʥʳʭ ʵʣʣʠʧʩʦʤʝʪʨʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ (ʨʠʩʫʥʦʢ 4.5a). ɺʦ ʚʩʪʘʚʢʝ ʢ ʨʠʩʫʥʢʫ 3a ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʟʥʘʯʝʥʠʷ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ʤʝʞʜʫ ʧʦʢʘʟʘʪʝʣʷʤʠ ʧʨʝʣʦʤʣʝʥʠʷ ʚʜʦʣʴ ʦʩʝʡ, 

ʣʝʞʘʱʠʭ ʚ ʧʣʦʩʢʦʩʪʠ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʩʣʦʝʚ GeS2 ʠ ʤʝʞʜʫ ʦʧʪʠʯʝʩʢʠʤʠ 

ʢʦʥʩʪʘʥʪʘʤʠ ʚʜʦʣʴ ʦʩʝʡ b ʠ c. ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʦʩʥʦʚʘʥʥʦʝ ʥʘ 

ʨʘʩʯʝʪʘʭ ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ, ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʦʪʨʘʞʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 4.5ʘ ʚ ʚʠʜʝ ʧʫʥʢʪʠʨʥʳʭ 

ʣʠʥʠʡ [123]. ʅʘʙʣʶʜʘʝʪʩʷ ʭʦʨʦʰʝʝ ʢʘʯʝʩʪʚʝʥʥʦʝ ʩʦʛʣʘʩʠʝ ʤʝʞʜʫ ʨʘʩʩʯʠʪʘʥʥʳʤʠ 

ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʢʨʠʚʳʤʠ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʢʦʨʨʝʢʪʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ.  

ʇʦʤʠʤʦ ʵʪʦʛʦ, ʥʘ ʦʩʥʦʚʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʦʣʫʯʝʥʥʦʡ 

ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, ʙʳʣ ʨʘʩʩʯʠʪʘʥ ʪʝʥʟʦʨ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ. ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʥʘ ʨʠʩʫʥʢʝ 3a, 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ n ʠ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ȹn 

ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʘʩʯʝʪʥʳʤʠ ʦʮʝʥʢʘʤʠ.  

ɼʣʷ ʧʝʨʝʢʨʝʩʪʥʦʡ ʚʝʨʠʬʠʢʘʮʠʠ ʧʨʦʚʦʜʠʣʦʩʴ ʩʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʜʘʥʥʳʭ ʩʦ ʩʧʝʢʪʨʘʤʠ ʧʨʦʧʫʩʢʘʥʠʷ ʧʣʦʩʢʠʭ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ GeS2 ʨʘʟʣʠʯʥʳʭ 

ʪʦʣʱʠʥ ʥʘ ʩʪʝʢʣʝ ʧʨʠ ʨʘʟʥʳʭ ʦʨʠʝʥʪʘʮʠʷʭ ʧʦʣʷʨʠʟʘʮʠʠ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ. ɼʣʷ 

ʵʪʦʛʦ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʭʘʨʘʢʪʝʨʥʳʝ ʢʘʨʪʳ ʩʧʝʢʪʨʦʚ ʧʨʦʧʫʩʢʘʥʠʷ ʧʨʠ ʩʦʦʩʥʦʤ 

ʨʘʩʧʦʣʦʞʝʥʠʠ ʧʦʣʷʨʠʟʘʪʦʨʘ ʠ ʘʥʘʣʠʟʘʪʦʨʘ. ɿʘʪʝʤ ʙʳʣʠ ʚʳʯʠʩʣʝʥʳ ʠ ʧʦʩʪʨʦʝʥʳ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠʷ ʥʘ ʦʩʥʦʚʝ ʦʧʨʝʜʝʣʝʥʥʳʭ ʦʧʪʠʯʝʩʢʠʭ 

ʢʦʥʩʪʘʥʪ (ʨʘʟʜʝʣ ʄʝʪʦʜʳ). ʅʘ ʨʠʩʫʥʢʝ 4.5b ʠ ʨʠʩʫʥʢʝ 4.5c ʧʨʠʚʝʜʝʥʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʨʘʩʩʯʠʪʘʥʥʳʝ ʢʘʨʪʳ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʧʘʨʘʣʣʝʣʴʥʦʡ 

ʧʦʣʷʨʠʟʦʚʘʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʜʣʷ ʦʙʨʘʟʮʘ ʪʦʣʱʠʥʦʡ 151 ʥʤ. ʈʘʩʯʝʪʥʳʝ ʩʧʝʢʪʨʳ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʧʦʣʥʦʝ ʩʦʚʧʘʜʝʥʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʧʦʜʪʚʝʨʞʜʘʷ 

ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ. 
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ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ GeS2 ʚ ʧʣʦʩʢʦʩʪʠ 

ʜʦʩʪʠʛʘʝʪ ʟʥʘʯʝʥʠʡ ȹn = 0,12. ʂʨʦʤʝ ʪʦʛʦ, GeS2 ʦʞʠʜʘʝʤʦ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ 

ʘʥʠʟʦʪʨʦʧʠʝʡ ʚʥʝ ʧʣʦʩʢʦʩʪʠ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʩʣʦʝʚ ȹn = 0,63, ʯʪʦ ʧʦʢʘʟʘʥʦ ʥʘ 

ʚʩʪʘʚʢʝ ʨʠʩʫʥʢʘ 4.5a. ʊʘʢʞʝ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ ʵʢʩʪʠʥʢʮʠʠ ʙʣʠʟʦʢ ʢ ʥʫʣʶ 

(k < 0,01) ʧʨʠ ʜʣʠʥʘʭ ʚʦʣʥ ʚʳʰʝ 362 ʥʤ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʟʥʘʯʝʥʠʷʤʠ ʰʠʨʠʥʳ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 3,4 ʵɺ. ʅʘ ʨʠʩʫʥʢʝ 4.5ʩ ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʨʘʚʥʠʪʝʣʴʥʘʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ GeS2 nb c ʜʨʫʛʠʤʠ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ 

ʤʘʪʝʨʠʘʣʘʤʠ ʚ ʦʙʣʘʩʪʠ ʜʣʠʥ ʚʦʣʥ, ʚ ʢʦʪʦʨʦʡ ʫ ʤʘʪʝʨʠʘʣʦʚ ʥʝ ʠʤʝʝʪʩʷ ʦʧʪʠʯʝʩʢʠʭ 

ʧʦʪʝʨʴ (k < 0,01). ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʛʨʘʬʠʢʘ ʩʣʝʜʫʝʪ, ʯʪʦ GeS2 ʦʙʣʘʜʘʝʪ 

ʨʝʢʦʨʜʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʡ ʯʘʩʪʠ 

ʚʠʜʠʤʦʛʦ ʩʧʝʢʪʨʘ ʠ ʚ ʙʣʠʞʥʝʤ ʋʌ.   

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʠʩʫʣʴʬʠʜ ʛʝʨʤʘʥʠʷ ʨʘʩʰʠʨʷʝʪ ʧʝʨʝʯʝʥʴ ʧʨʦʟʨʘʯʥʳʭ ʚʘʥ-

ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʳʩʦʢʠʤ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ. ʉʦʯʝʪʘʥʠʝ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ʚ ʧʣʦʩʢʦʩʪʠ ʠ ʚʜʦʣʴ ʦʩʠ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʩʣʦʝʚ, ʘ ʪʘʢʞʝ 

ʧʨʦʟʨʘʯʥʦʩʪʠ ʚ ʦʙʣʘʩʪʠ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʠ ʚʠʜʠʤʦʛʦ ʜʠʘʧʘʟʦʥʘ, ʚʳʜʝʣʷʝʪ GeS2 

ʩʨʝʜʠ ʰʠʨʦʢʦʛʦ ʢʨʫʛʘ ʘʥʘʣʦʛʠʯʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. 
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ʈʠʩʫʥʦʢ 4.5 ð (a) ʆʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʢʨʠʩʪʘʣʣʘ GeS2, ʦʧʨʝʜʝʣʝʥʥʳʝ ʤʝʪʦʜʦʤ 

ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ. ʅʘ ʚʩʪʘʚʢʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʥʘʯʝʥʠʷ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ʚ ʧʣʦʩʢʦʩʪʠ (ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ) ʠ ʚʥʝ ʧʣʦʩʢʦʩʪʠ (ʩʧʣʦʰʥʘʷ 

ʣʠʥʠʷ). ʉʠʥʷʷ ʟʘʰʪʨʠʭʦʚʘʥʥʘʷ ʦʙʣʘʩʪʴ ʧʦʢʘʟʳʚʘʝʪ ʩʧʝʢʪʨʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ, ʚ 

ʢʦʪʦʨʦʤ ʥʘʙʣʶʜʘʶʪʩʷ ʦʧʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ. (b,c) ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʢʘʨʪʳ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʡ ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʨʦʧʫʩʢʘʥʠʷ 

ʢʨʠʩʪʘʣʣʘ GeS2 ʪʦʣʱʠʥʦʡ 151 ʥʤ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʧʘʨʘʣʣʝʣʴʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ 

ʧʦʣʷʨʠʟʘʪʦʨʘ ʠ ʘʥʘʣʠʟʘʪʦʨʘ. ʇʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ʦʙʦʟʥʘʯʘʶʪ ʥʘʧʨʘʚʣʝʥʠʝ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ a (ʢʨʘʩʥʘʷ) ʠ b (ʟʝʣʝʥʘʷ). (d) ʉʨʘʚʥʝʥʠʝ ʧʦʢʘʟʘʪʝʣʝʡ 

ʧʨʝʣʦʤʣʝʥʠʷ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʦʛʦ GeS2 ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʬʦʪʦʥʥʳʤʠ 

ʤʘʪʝʨʠʘʣʘʤʠ ʚ ʠʭ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʠʘʧʘʟʦʥʘʭ ʧʨʦʟʨʘʯʥʦʩʪʠ. 
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4.3 ʇʝʨʩʧʝʢʪʠʚʳ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ ʚ ʥʘʥʦʬʦʪʦʥʠʢʝ 

 

ɺʳʩʦʢʠʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʧʨʠ ʢʦʨʦʪʢʠʭ ʟʥʘʯʝʥʠʷʭ ʜʣʠʥʳ ʚʦʣʥʳ 

ʜʝʣʘʝʪ GeS2 ʚʝʩʴʤʘ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʚ ʢʦʥʪʝʢʩʪʝ ʧʨʠʤʝʥʝʥʠʷ ʚ 

ʚʦʣʥʦʚʦʜʥʳʭ ʩʠʩʪʝʤʘʭ ʠ ʤʝʪʘʧʦʚʝʨʭʥʦʩʪʷʭ, ʛʜʝ ʪʨʘʜʠʮʠʦʥʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʚʳʩʦʢʦʨʝʬʨʘʢʪʠʚʥʳʝ ʢʨʝʤʥʠʡ ʠ ʜʠʦʢʩʠʜ ʪʠʪʘʥʘ (TiO2). ʇʨʦʚʝʜʝʥʥʳʡ ʚ ʨʘʤʢʘʭ 

ʠʩʩʣʝʜʦʚʘʥʠ ̫ʘʥʘʣʠʟ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ n  

ʚʜʦʣʴ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʩʠ a ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʝʪ ʩ ʧʦʢʘʟʘʪʝʣʝʤ 

ʧʨʝʣʦʤʣʝʥʠʷ nTiO2 ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ (TiO2). ʅʘ ʨʠʩʫʥʢʝ 4.6a ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ GeS2 ʠ TiO2 ʚ ʦʙʣʘʩʪʠ ʩʦʚʧʘʜʝʥʠʷ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʛʨʘʬʠʢʘ, 

ʜʨʫʛʠʝ ʢʦʤʧʦʥʝʥʪʳ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ GeS2 (nb ʠ nc) ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ 

ʦʪ nTiO2. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʩʧʨʦʝʢʪʠʨʦʚʘʪʴ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʡ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʡ 

ʜʝʣʠʪʝʣʴ ʩʚʝʪʦʚʦʛʦ ʧʫʯʢʘ. ɼʣʷ ʧʨʦʩʪʦʪʳ ʨʘʩʩʤʦʪʨʠʤ ʛʨʘʥʠʮʫ ʨʘʟʜʝʣʘ ʜʚʫʭ 

ʧʦʣʫʙʝʩʢʦʥʝʯʥʳʭ ʩʣʦʝʚ TiO2/GeS2, ʩʭʝʤʘ ʢʦʪʦʨʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ ʚʩʪʘʚʢʠ ʥʘ 

ʨʠʩʫʥʢʝ 4.6a. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʛʦ ʩ 

ʪʘʢʦʡ ʛʨʘʥʠʮʝʡ ʨʘʟʜʝʣʘ, ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʷʤʠ ʌʨʝʥʝʣʷ ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʦʪʨʘʞʝʥʠʷ rp ʠ rs ʜʣʷ p- ʠ s-ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ ʧʨʠ ʫʛʣʝ ʧʘʜʝʥʠʷ ʩʚʝʪʘ ű [54]: 

ὶ
ὲὲ ὲ ὲ ÓÉÎ• ὲ ὲ ὲ ÓÉÎ•

ὲὲ ὲ ὲ ÓÉÎ• ὲ ὲ ὲ ÓÉÎ•

ȟ                      τȢρ 

ὶ
ὲ ὲ ÓÉÎ• ὲ ὲ ÓÉÎ•

ὲ ὲ ÓÉÎ• ὲ ὲ ÓÉÎ•

ȟ                                τȢς 

ʉʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʷʤ (4.1) ʠ (4.2), ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ |rs|
2 = 0, ʧʦʩʢʦʣʴʢʫ 

na å nTiO2, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ |rp|
2 Í 0, ʪʘʢ ʢʘʢ nb Í nc Í nTiO2 ʜʣʷ ʰʠʨʦʢʦʛʦ ʜʠʘʧʘʟʦʥʘ ʜʣʠʥ 
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ʚʦʣʥ ʠ ʫʛʣʦʚ ʧʘʜʝʥʠʷ. ʅʘ ʨʠʩʫʥʢʝ 4.6b ʠ ʨʠʩʫʥʢʝ 4.6c ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ ʢʘʨʪʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʧʝʢʪʨʦʚ ʣʫʯʘ, ʦʪʨʘʞʝʥʥʦʛʦ ʦʪ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʠʥʪʝʨʬʝʡʩʘ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʛʣʘ ʧʘʜʝʥʠʷ, ʢʦʪʦʨʳʝ ʥʘʛʣʷʜʥʦ ʵʪʦ ʜʝʤʦʥʩʪʨʠʨʫʶʪ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʦʪʥʦʰʝʥʠʝ Rp/Rs ʜʦʩʪʠʛʘʝʪ ʟʥʘʯʝʥʠʡ 106 ʚ ʋʌ ʦʙʣʘʩʪʠ ʜʣʠʥ ʚʦʣʥ, ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʘʩʯʸʪʥʦʡ ʢʘʨʪʦʡ ʥʘ ʨʠʩʫʥʢʝ 4.6d. ʈʠʩʫʥʦʢ 4.6e ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʳʝ ʩʧʝʢʪʨʳ ʜʣʷ ʜʣʠʥ ʚʦʣʥ, ʧʨʠ ʢʦʪʦʨʳʭ ʜʦʩʪʠʛʘʶʪʩʷ ʤʘʢʩʠʤʘʣʴʥʳʝ 

ʟʥʘʯʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ Rp/Rs. ɸʥʘʣʠʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ, ʧʨʝʚʦʩʭʦʜʷʪ ʧʘʨʘʤʝʪʨʳ ʢʦʤʤʝʨʯʝʩʢʠʭ ʜʝʣʠʪʝʣʝʡ ʧʫʯʢʘ. 

ɼʘʥʥʳʝ ʢʦʤʤʝʨʯʝʩʢʠʝ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʜʝʣʠʪʝʣʠ ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʢʦʵʬʬʠʮʠʝʥʪ 

ʦʪʨʘʞʝʥʠʷ ʥʝ ʙʦʣʝʝ 105 ʚ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʤ ʜʠʘʧʘʟʦʥʝ (ʨʠʩʫʥʦʢ 4.6f).  
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ʈʠʩʫʥʦʢ 4.6 ð ʆʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ GeS2 ʚ ʩʨʘʚʥʝʥʠʠ ʩ TiO2 (ʘ). ʂʦʵʬʬʠʮʠʝʥʪ 

ʦʪʨʘʞʝʥʠʷ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ TiO2/GeS2 ʜʣʷ p- ʠ s-ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ (b,c). 

ʂʘʨʪʘ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʵʢʩʪʠʥʢʮʠʠ ʦʪʨʘʞʝʥʠʷ Rp/Rs ʦʪ ʫʛʣʘ ʧʘʜʝʥʠʷ ʠ 

ʜʣʠʥʳ ʚʦʣʥʳ (d). ʉʧʝʢʪʨʳ Rp/Rs ʜʣʷ ʛʨʘʥʠʮʳ TiO2/GeS2 ʧʨʠ ʪʨʝʭ ʫʛʣʘʭ ʧʘʜʝʥʠʷ 

(e). ʉʨʘʚʥʝʥʠʝ ʩ ʢʦʤʤʝʨʯʝʩʢʠʤʠ ʘʥʘʣʦʛʘʤʠ, ɚ0 ʦʙʦʟʥʘʯʘʝʪ ʮʝʥʪʨʘʣʴʥʫʶ ʜʣʠʥʫ 

ʚʦʣʥʳ ʧʦʣʷʨʠʟʫʶʱʝʛʦ ʜʝʣʠʪʝʣʷ ʧʫʯʢʘ (f).   



93 

 

 

ɺ ʜʘʥʥʦʡ ʩʚʷʟʠ, ʧʫʪʝʤ ʧʦʜʙʦʨʘ ʪʦʣʱʠʥ ʩʣʦʝʚ TiO2/GeS2 ʚʦʟʤʦʞʥʦ 

ʜʦʩʪʠʞʝʥʠʝ ʦʧʪʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʜʣʷ ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ 

ʦʪʨʘʞʝʥʥʦʛʦ ʠ ʧʨʦʡʜʝʥʥʦʛʦ ʣʫʯʝʡ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʫʣʫʯʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ. 

ʊʘʢʞʝ ʧʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʤʦʞʝʪ ʙʳʪʴ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥ ʧʫʪʝʤ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʤʥʦʛʦʩʣʦʡʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ TiO2/GeS2, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʝʱʝ ʙʦʣʴʰʝ ʧʦʚʳʩʠʪʴ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʛʦ ʨʘʟʜʝʣʝʥʠʷ ʩʚʝʪʘ.  

 ʅʝʩʤʦʪʨʷ ʥʘ ʚʳʜʘʶʱʠʝʩʷ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʪʘʢʠʝ ʤʘʪʝʨʠʘʣʳ ʢʘʢ GeS2 

ʠʤʝʶʪ ʦʛʨʘʥʠʯʝʥʥʳʝ ʨʘʟʤʝʨʳ (ʧʦʨʷʜʢʘ ʩʦʪʝʥ ʤʠʢʨʦʤʝʪʨʦʚ) ʠ ʜʣʷ ʬʘʙʨʠʢʘʮʠʠ 

ʪʨʝʙʫʶʪ ʤʘʥʠʧʫʣʷʮʠʡ ʚʨʫʯʥʫʶ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʥʝʧʨʠʛʦʜʥʳʤʠ ʜʣʷ ʤʘʩʩʦʚʦʛʦ 

ʧʨʦʠʟʚʦʜʩʪʚʘ. ʆʜʥʘʢʦ, ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʛʫʪ ʩʪʠʤʫʣʠʨʦʚʘʪʴ ʜʘʣʴʥʝʡʰʠʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ, ʥʘʧʨʘʚʣʝʥʥʳʝ ʥʘ ʨʘʟʨʘʙʦʪʢʫ ʤʝʪʦʜʦʚ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʨʦʩʪʘ GeS2 ʠ 

ʜʨʫʛʠʭ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ.  

 

4.4 ɺʳʚʦʜʳ  

 

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʛʣʘʚʳ ʦʧʨʝʜʝʣʝʥʳ ʰʠʨʦʢʦʧʦʣʦʩʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ 

ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ ʋʌ (250 ʥʤ) ʜʦ ʙʣʠʞʥʝʛʦ ʀʂ (1700 ʥʤ) ʚ ʚʠʜʝ 

ʧʦʣʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʪʝʥʟʦʨʘ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ (na, nb, nc). ʉʦʛʣʘʩʥʦ 

ʧʨʦʚʝʜʝʥʥʦʤʫ ʘʥʘʣʠʟʫ, GeS2 ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʦʨʝʬʨʘʢʪʠʚʥʳʤ ʩʨʝʜʠ 

ʠʟʚʝʩʪʥʳʭ ʧʨʦʟʨʘʯʥʳʭ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʜʠʘʧʘʟʦʥʝ ʚʠʜʠʤʦʛʦ ʩʚʝʪʘ 

ʠ ʙʣʠʞʥʝʛʦ ʫʣʴʪʨʘʬʠʦʣʝʪʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʘʥʥʳʡ ʤʘʪʝʨʠʘʣ ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʚʳʩʦʢʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʫʶʩʷ ʚʝʣʠʯʠʥʘʤʠ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ 0,12 ʚ ʧʣʦʩʢʦʩʪʠ ʠ 0,63 ʚʥʝ ʧʣʦʩʢʦʩʪʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, GeS2 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʨʝʜʢʠʡ ʩʣʫʯʘʡ ʤʘʪʝʨʠʘʣʘ ʩ ʚʳʩʦʢʠʤ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ, 

ʦʙʣʘʜʘʶʱʝʛʦ ʧʨʦʟʨʘʯʥʦʩʪʴʶ ʚʦ ʚʩʝʤ ʚʠʜʠʤʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ. ɹʣʘʛʦʜʘʨʷ 

ʵʪʠʤ ʩʚʦʡʩʪʚʘʤ GeS2 ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʭ ʬʦʪʦʥʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʚʢʣʶʯʘʷ ʚʦʣʥʦʚʦʜʥʳʝ ʩʠʩʪʝʤʳ ʠ 
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ʤʝʪʘʧʦʚʝʨʭʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ, ʪʘʢʠʭ ʢʘʢ ʚʦʣʥʦʚʦʜʥʳʝ 

ʩʠʩʪʝʤʳ ʜʣʷ ʫʩʪʨʦʡʩʪʚ ʚʠʨʪʫʘʣʴʥʦʡ ʠ ʜʦʧʦʣʥʝʥʥʦʡ ʨʝʘʣʴʥʦʩʪʠ. ɺ ʮʝʣʦʤ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʘʥʘʣʠʟ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ GeS2 ʩʧʦʩʦʙʩʪʚʫʝʪ ʨʘʩʰʠʨʝʥʠʶ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʚ ʦʙʣʘʩʪʠ ʬʦʪʦʥʠʢʠ ʠ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ ʥʘ ʦʩʥʦʚʝ 

ʤʘʪʝʨʠʘʣʦʚ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ.  
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ɻʣʘʚʘ 5. ʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ  

 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʷʶʪʩʷ ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʠ 

ʢʦʵʬʬʠʮʠʝʥʪ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ (ʘʫʨʫʧʠʛʤʝʥʪ) ʚ 

ʧʣʦʩʢʦʩʪʠ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʩʣʦʝʚ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ. ʂʨʦʤʝ ʪʦʛʦ, 

ʙʳʣʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʜʪʚʝʨʞʜʝʥʘ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ 

ʧʣʘʩʪʠʥʢʠ ʥʫʣʝʚʦʛʦ ʧʦʨʷʜʢʘ ʥʘ ʦʩʥʦʚʝ As2S3, ʠʤʝʶʱʝʡ ʨʝʢʦʨʜʥʦ ʤʘʣʫʶ ʪʦʣʱʠʥʫ. 

ɺ ʨʘʙʦʪʝ ʧʨʠʤʝʥʷʣʠʩʴ ʤʝʪʦʜʳ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʟʘʚʠʩʠʤʦʡ ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʧʨʦʧʫʩʢʘʥʠʷ, ʢʦʪʦʨʳʝ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʳ ʚʦ ʚʪʦʨʦʡ ʠ ʪʨʝʪʴʝʡ ʛʣʘʚʘʭ ʜʠʩʩʝʨʪʘʮʠʠ. 

ʀʟʣʦʞʝʥʥʳʝ ʩʚʝʜʝʥʠʷ ʨʘʩʰʠʨʷʶʪ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴ ʦʧʠʩʘʥʥʦʡ ʤʝʪʦʜʠʢʠ, 

ʜʝʤʦʥʩʪʨʠʨʫʷ ʝʝ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚ ʚʦʧʨʦʩʝ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʚʦʣʥʦʚʳʭ ʧʣʘʩʪʠʥʦʢ. 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ 2024 ʛʦʜʫ ʚ ʞʫʨʥʘʣʝ Light: 

Science & Applications [11].  

 

5.1 ɸʥʘʣʠʟ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ 

 

ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʩ ʫʪʦʯʥʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʨʝʰʝʪʢʠ ʠ 

ʧʦʣʦʞʝʥʠʝʤ ʘʪʦʤʦʚ, ʧʦʣʫʯʝʥʥʘʷ ʧʦʩʨʝʜʩʪʚʦʤ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʮʠʠ (ʈɼ) [11], ʠʟʤʝʨʝʥʥʳʭ ʩ ʙʦʣʴʰʦʛʦ ʦʙʲʝʤʥʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʠʟʦʙʨʘʞʝʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 5.1. ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʦʧʨʝʜʝʣʝʥʳ ʩʣʝʜʫʶʱʠʝ 

ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ: a = 4,2546(4) Å, b = 9,5775(10) Å, c = 11,4148(10) Å, Ŭ = 90°, 

ɓ = 90,442(4)°, ɔ = 90Á. ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʘʫʨʫʧʠʛʤʝʥʪʘ, 

ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʨʘʙʦʪʝ, ʩʦʜʝʨʞʘʪʩʷ ʚ ʦʪʢʨʳʪʦʤ ʜʦʩʪʫʧʝ ʚ ʙʘʟʝ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʜʘʥʥʳʭ Cambridge Structural Database ʧʦʜ ʥʦʤʝʨʦʤ 

CSD 2258216 (www.ccdc.cam.ac.uk/data_request/cif).  
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ʈʠʩʫʥʦʢ 5.1 ð ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ ʚ ʨʘʟʥʳʭ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʥʘʧʨʘʚʣʝʥʠʷʭ. 

ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ 

ʢʨʠʩʪʘʣʣʦʚ As2S3 ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʭʘʨʘʢʪʝʨʠʟʘʮʠʷ ʤʝʪʦʜʘʤʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʇʕʄ). ʅʘ ʨʠʩʫʥʢʝ 5.2a ʧʨʠʚʝʜʝʥʦ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʦʝ 

ʦʧʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʤʠʢʨʦʢʨʠʩʪʘʣʣʘ As2S3, ʧʝʨʝʥʝʩʝʥʥʦʛʦ ʥʘ ʇʕʄ-ʤʝʤʙʨʘʥʫ 

ʠʟ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ (SiN). ɿʘʪʝʤ ʜʣʷ ʧʝʨʝʥʝʩʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ 

ʵʣʝʢʪʨʦʥʥʦʡ ʜʠʬʨʘʢʮʠʠ ʥʘ ʚʳʙʨʘʥʥʦʡ ʦʙʣʘʩʪʠ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʭʘʨʘʢʪʝʨʥʘʷ ʜʣʷ 

As2S3 ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʚ ʧʨʦʝʢʮʠʠ [010] (ʨʠʩʫʥʦʢ 5.2b). ɼʣʷ ʦʢʦʥʯʘʪʝʣʴʥʦʡ 

ʚʝʨʠʬʠʢʘʮʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ 

ʩʠʤʫʣʷʮʠʷ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ ʥʘ ʦʩʥʦʚʝ ʧʘʨʘʤʝʪʨʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʠ, ʦʧʨʝʜʝʣʝʥʥʳʭ ʚ ʭʦʜʝ ʨʝʥʪʛʝʥʦʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʦʙʲʝʤʥʦʛʦ 

ʢʨʠʩʪʘʣʣʘ. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʪʣʠʯʥʦ ʩʦʚʧʘʣʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʨʝʟʫʣʴʪʘʪʘʤʠ, ʯʪʦ ʚʠʜʥʦ ʠʟ ʥʘʣʦʞʝʥʠʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʥʘ ʨʠʩʫʥʢʝ 5.2b.  
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ʊʘʢʞʝ ʧʨʦʚʦʜʠʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ 

ʢʨʠʩʪʘʣʣʦʚ ʤʝʪʦʜʦʤ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ɽɼʉ). 

ʂʦʣʠʯʝʩʪʚʝʥʥʳʡ ɽɼʉ-ʘʥʘʣʠʟ ʧʦʜʪʚʝʨʜʠʣ ʘʪʦʤʥʫʶ ʩʪʝʭʠʦʤʝʪʨʠʶ As:S, 

ʩʦʩʪʘʚʣʷʶʱʫʶ ʦʢʦʣʦ 38,1:61,9. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʠ ʚʳʩʦʢʦʡ ʭʠʤʠʯʝʩʢʦʡ ʯʠʩʪʦʪʝ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ As2S3, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʩʩʣʦʝʥʠʷ. 

 

ʈʠʩʫʥʦʢ 5.2 ð ʆʧʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʤʠʢʨʦʢʨʠʩʪʘʣʣʘ As2S3, ʧʝʨʝʥʝʩʝʥʥʦʛʦ ʥʘ 

ʧʦʨʠʩʪʫʶ ʇʕʄ-ʤʝʤʙʨʘʥʫ ʠʟ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ (a). ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʢʘʨʪʠʥʘ 

ʵʣʝʢʪʨʦʥʥʦʡ ʜʠʬʨʘʢʮʠʠ ʚ ʚʳʙʨʘʥʥʦʡ ʦʙʣʘʩʪʠ ʥʘʜ ʦʪʚʝʨʩʪʠʝʤ. ʎʚʝʪʥʳʝ ʪʦʯʢʠ 

ʦʙʦʟʥʘʯʘʶʪ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (b). ʕʥʝʨʛʝʪʠʯʝʩʢʠ-ʜʠʩʧʝʨʩʠʦʥʥʳʡ 

ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʩʧʝʢʪʨ (ɽɼʉ) ʢʨʠʩʪʘʣʣʘ As2S3, ʧʝʨʝʥʝʩʝʥʥʦʛʦ ʥʘ ʇʕʄ-ʤʝʤʙʨʘʥʫ 

(c). 
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5.2 ʆʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ 

 

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʧʝʨʝʡʜʝʤ ʢ ʠʟʫʯʝʥʠʶ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʨʠʩʪʘʣʣʦʚ 

ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ. ʇʦʩʢʦʣʴʢʫ ʤʦʥʦʢʣʠʥʥʳʡ ʫʛʦʣ ɓ ʫ As2S3 ʦʪʣʠʯʘʝʪʩʷ ʦʪ 90Á 

ʩʦʚʩʝʤ ʥʝʟʥʘʯʠʪʝʣʴʥʦ (ʥʘ ~0,44Á), ʜʘʥʥʳʡ ʤʘʪʝʨʠʘʣ, ʢʘʢ ʠ ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʚ 

ʧʨʝʜʳʜʫʱʝʡ ʛʣʘʚʝ GeS2, ʤʦʞʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ ʦʨʪʦʨʦʤʙʠʯʝʩʢʠʡ 

ʢʨʠʩʪʘʣʣ ʚ ʢʦʥʪʝʢʩʪʝ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ɺ ʨʘʤʢʘʭ ʪʘʢʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ 

ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ As2S3 (na, nb, nc) ʧʦʜʜʘʶʪʩʷ 

ʨʘʟʜʝʣʴʥʦʤʫ ʠʟʫʯʝʥʠʶ ʧʫʪʝʤ ʘʥʘʣʠʟʘ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʣʠʥʝʡʥʦ 

ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ, ʧʘʜʘʶʱʝʛʦ ʚ ʦʨʪʦʛʦʥʘʣʴʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʚʜʦʣʴ ʛʣʘʚʥʳʭ 

ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ.  

ɼʘʣʴʥʝʡʰʝʝ ʚʥʠʤʘʥʠʝ ʙʫʜʝʪ ʩʦʩʨʝʜʦʪʦʯʝʥʦ ʥʘ ʠʟʫʯʝʥʠʠ ʦʧʪʠʯʝʩʢʠʭ 

ʢʦʥʩʪʘʥʪ na ʠ nc, ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʛʣʘʚʥʳʤ ʦʩʷʤ ʪʝʥʟʦʨʘ ʧʦʢʘʟʘʪʝʣʷ 

ʧʨʝʣʦʤʣʝʥʠʷ, ʣʝʞʘʱʠʤ ʚ ʧʣʦʩʢʦʩʪʠ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʩʣʦʝʚ ʢʨʠʩʪʘʣʣʘ 

(ʚʥʫʪʨʠʧʣʦʩʢʦʩʪʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ). ʉ ʵʪʦʡ ʮʝʣʴʶ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʝʪʦʜʠʢʦʡ, ʜʝʪʘʣʴʥʦ ʦʧʠʩʘʥʥʦʡ ʚ ʪʨʝʪʝʡ ʛʣʘʚʝ ʜʠʩʩʝʨʪʘʮʠʠ, ʙʳʣʘ 

ʧʨʦʚʝʜʝʥʘ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʟʘʚʠʩʠʤʘʷ ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʷ ʧʨʦʧʫʩʢʘʥʠʷ ʜʣʷ ʩʝʨʠʠ 

ʧʣʦʩʢʠʭ ʢʨʠʩʪʘʣʣʦʚ As2S3 ʨʘʟʥʳʭ ʪʦʣʱʠʥ, ʧʝʨʝʥʝʩʝʥʥʳʭ ʥʘ ʧʦʜʣʦʞʢʠ ʠʟ ʩʪʝʢʣʘ 

Schott. ʊʦʣʱʠʥʳ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʩ ʧʦʤʦʱʴʶ ɸʉʄ (ʩʤ. ʨʘʟʜʝʣ 

ñʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳò), ʘ ʠʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʦʩʠ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʤʝʪʦʜʦʤ 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʟʘʚʠʩʠʤʦʡ ʂʈʉ, ʨʘʩʩʤʦʪʨʝʥʥʳʤ ʚ ʧʨʝʜʳʜʫʱʠʭ ʛʣʘʚʘʭ. ʇʨʠʤʝʨ 

ʨʝʟʫʣʴʪʘʪʦʚ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʨʦʧʫʩʢʘʥʠʷ ʜʣʷ ʢʨʠʩʪʘʣʣʘ ʪʦʣʱʠʥʦʡ 345 ʥʤ ʧʨʠ 

ʩʦʦʩʥʦʡ ʠ ʧʝʨʝʢʨʝʩʪʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʧʦʣʷʨʠʟʘʪʦʨʘ ʠ ʘʥʘʣʠʟʘʪʦʨʘ ʧʨʠʚʝʜʝʥ ʥʘ 

ʨʠʩʫʥʢʝ 3a ʠ ʨʠʩʫʥʢʝ 3b. ʇʨʦʟʨʘʯʥʦʩʪʴ As2S3 ʚ ʠʟʤʝʨʷʝʤʦʤ ʜʠʘʧʘʟʦʥʝ 

(500 ï 850 ʥʤ) ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʦʜʝʣʴ ʂʦʰʠ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʢʘʟʘʪʝʣʝʡ 

ʧʨʝʣʦʤʣʝʥʠʷ As2S3. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʝʪʦʜʠʢʦʡ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʚ 

ʛʣʘʚʝ 3, ʙʳʣʘ ʧʨʦʠʟʚʝʜʝʥʘ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩ 



99 

 

 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ, ʢʘʢ ʚʘʨʴʠʨʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ. ʅʘ 

ʨʠʩʫʥʢʝ 5.3c ʠ ʨʠʩʫʥʢʝ 5.3d ʧʦʢʘʟʘʥʳ ʨʘʩʯʝʪʳ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʟʘʚʠʩʠʤʳʭ 

ʩʧʝʢʪʨʦʚ ʧʨʦʧʫʩʢʘʥʠʷ ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʜʣʷ 

ʜʝʤʦʥʩʪʨʘʮʠʠ ʩʦʦʪʚʝʪʩʪʚʠʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ. ʇʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ 

ʧʨʠ ʫʛʣʘʭ ɗ=27,7Á ʠ 117,7Á ʦʙʦʟʥʘʯʘʶʪ ʥʘʧʨʘʚʣʝʥʠʷ ʛʣʘʚʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ: a-

ʦʩʴ ð ʢʨʘʩʥʘʷ ʣʠʥʠʷ, c-ʦʩʴ ð ʟʝʣʝʥʘʷ ʣʠʥʠʷ. ʈʘʩʩʯʠʪʘʥʥʳʝ ʢʨʠʚʳʝ ʭʦʨʦʰʦ 

ʚʦʩʧʨʦʠʟʚʦʜʷʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʚʳʩʦʢʦʤ ʢʘʯʝʩʪʚʝ 

ʧʨʦʚʝʜʝʥʥʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ. ʇʦʣʫʯʝʥʥʳʝ ʚ ʨʘʤʢʘʭ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʚʥʫʪʨʠʧʣʦʩʢʦʩʪʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ As2S3 ʠʟʦʙʨʘʞʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3e ʚ ʚʠʜʝ 

ʩʧʣʦʰʥʳʭ ʣʠʥʠʡ.  

ɼʣʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʚʝʨʠʬʠʢʘʮʠʠ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʧʨʦʚʦʜʠʣʦʩʴ 

ʩʨʘʚʥʝʥʠʝ ʩ ʨʘʩʯʝʪʘʤʠ ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ. ʈʘʩʩʯʠʪʘʥʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ As2S3 ʜʦʙʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʦʢ 5.3e ʚ ʚʠʜʝ ʧʫʥʢʪʠʨʥʳʭ 

ʣʠʥʠʡ [11]. ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ (na ʠ nʩ), 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʛʣʘʚʥʳʤ ʦʩʷʤ ʪʝʥʟʦʨʘ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ, ʣʝʞʘʱʠʤ ʚ 

ʧʣʦʩʢʦʩʪʠ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʩʣʦʝʚ ʢʨʠʩʪʘʣʣʘ, ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʘʩʯʝʪʥʳʤʠ 

ʜʘʥʥʳʤʠ. ʇʨʠʤʝʯʘʪʝʣʴʥʦ, ʯʪʦ ʨʘʩʯʝʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪ ʥʫʣʝʚʦʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʵʢʩʪʠʥʢʮʠʠ k ʚ ʚʠʜʠʤʦʡ ʦʙʣʘʩʪʠ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʷ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ 

ʚ As2S3 ʠ ʧʦʜʯʝʨʢʠʚʘʷ ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʩʪʴ ʵʪʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʥʘʥʦʬʦʪʦʥʠʢʠ ʚ 

ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ. 
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ʈʠʩʫʥʦʢ 5.3 ð ʉʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠʷ As2S3 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʛʣʘ ʧʦʣʷʨʠʟʘʮʠʠ 

ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʜʣʷ ʢʦʥʬʠʛʫʨʘʮʠʡ ʧʦʣʷʨʠʟʘʪʦʨ-ʘʥʘʣʠʟʘʪʦʨ: ʩʦʦʩʥʦʡ (a) ʠ 

ʧʝʨʝʢʨʝʩʪʥʦʡ (b). ʈʘʩʯʝʪʥʳʝ ʩʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠʷ As2S3 ʜʣʷ (c) ʩʦʦʩʥʦʡ ʠ (d) 

ʧʝʨʝʢʨʝʩʪʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. (e) ʆʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ As2S3, ʦʧʨʝʜʝʣʝʥʥʳʝ ʥʘ 

ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ (ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ) ʠ ʨʘʩʯʝʪʦʚ ʠʟ ʧʝʨʚʳʭ 

ʧʨʠʥʮʠʧʦʚ (ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ). ɺʩʪʘʚʢʘ ʠʣʣʶʩʪʨʠʨʫʝʪ ʩʧʝʢʪʨ ʟʥʘʯʝʥʠʡ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʘʤʠ ʦʧʪʠʯʝʩʢʦʛʦ ʪʝʥʟʦʨʘ ʚ ʧʣʦʩʢʦʩʪʠ 

ʩʣʦʝʚ ʢʨʠʩʪʘʣʣʘ. 

ɼʣʷ ʦʮʝʥʢʠ ʧʦʪʝʥʮʠʘʣʘ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʘʫʨʫʧʠʛʤʝʥʪʘ ʙʳʣ ʧʨʦʚʝʜʝʥ 

ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʠʟʚʣʝʯʝʥʥʳʭ ʜʘʥʥʳʭ. ʇʝʨʚʳʤ ʜʝʣʦʤ ʚ ʬʦʢʫʩʝ ʚʥʠʤʘʥʠʷ 

ʦʢʘʟʳʚʘʶʪʩʷ ʘʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ As2S3 ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ 

ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ. ʉʦʧʦʩʪʘʚʣʝʥʠʝ nc ʘʫʨʫʧʠʛʤʝʥʪʘ c ʧʦʢʘʟʘʪʝʣʷʤʠ ʧʨʝʣʦʤʣʝʥʠʷ 

ʜʨʫʛʠʭ ʢʨʠʩʪʘʣʣʦʚ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ As2S3 ʦʪʥʦʩʠʪʩʷ ʢ ʢʣʘʩʩʫ 
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ʚʳʩʦʢʦʨʝʬʨʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʫʜʝʨʞʠʚʘʝʪ ʨʝʢʦʨʜʥʫʶ ʚʝʣʠʯʠʥʫ nc < 3,4 ʧʨʠ 

ʚʦʣʥʘʭ ʢʦʨʦʯʝ 620 ʥʤ (ʨʠʩʫʥʦʢ 5.4a). ʇʦʤʠʤʦ ʚʳʩʦʢʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ, 

As2S3 ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʯʨʝʟʚʳʯʘʡʥʦ ʙʦʣʴʰʦʡ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʚ 

ʧʣʦʩʢʦʩʪʠ (ȹn = 0,38). ʕʪʘ ʚʝʣʠʯʠʥʘ ʧʨʝʚʳʰʘʝʪ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ ʨʫʪʠʣʘ 

ʧʨʠʤʝʨʥʦ ʥʘ 20% ʠ ʢʘʢ ʤʠʥʠʤʫʤ ʚʜʚʦʝ ʧʨʝʚʳʰʘʝʪ ʘʥʘʣʦʛʠʯʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ 

ʢʘʣʴʮʠʪʘ, ʠʟʚʝʩʪʥʦʛʦ ʪʘʢʞʝ ʧʦʜ ʥʘʟʚʘʥʠʝʤ ñʠʩʣʘʥʜʩʢʠʡ ʰʧʘʪò, ʢʦʪʦʨʳʡ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʪʠʧʠʯʥʳʡ ʘʥʠʟʦʪʨʦʧʥʳʡ ʢʨʠʩʪʘʣʣ (ʨʠʩʫʥʦʢ 5.4b). ʀʟ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʜʘʥʥʳʭ ʩʣʝʜʫʝʪ, ʯʪʦ As2S3 ʩʦʯʝʪʘʝʪ ʚ ʩʝʙʝ ʚʳʩʦʢʠʝ ʧʦʢʘʟʘʪʝʣʠ 

ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʨʝʢʦʨʜʥʫʶ ʦʧʪʠʯʝʩʢʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʧʦʪʝʨʴ ʚʧʣʦʪʴ 

ʜʦ ʛʨʘʥʠʮʳ ʦʧʪʠʯʝʩʢʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 500 ʥʤ (~2,5 ʵɺ), ʯʪʦ ʢʨʘʡʥʝ ʚʘʞʥʦ ʚ 

ʩʦʚʨʝʤʝʥʥʳʭ ʥʘʥʦʬʦʪʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ.  
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ʈʠʩʫʥʦʢ 5.4 ð ʇʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ (a) ʠ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ (b) ʚʘʥ-ʜʝʨ-

ʚʘʘʣʴʩʦʚʦʛʦ As2S3 ʠ ʢʦʥʢʫʨʝʥʪʥʳʭ ʬʦʪʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʠʭ ʜʠʘʧʘʟʦʥʘʭ 

ʧʨʦʟʨʘʯʥʦʩʪʠ. 

5.3 ʈʝʢʦʨʜʥʦ ʪʦʥʢʘʷ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʘʷ ʧʣʘʩʪʠʥʢʘ ʥʘ ʦʩʥʦʚʝ ʪʨʠʩʫʣʴʬʠʜʘ 

ʤʳʰʴʷʢʘ 

 

ʀʩʭʦʜʷ ʠʟ ʩʦʚʦʢʫʧʥʦʩʪʠ ʬʘʢʪʦʨʦʚ, ʤʠʥʠʘʪʶʨʥʳʝ ʚʦʣʥʦʚʳʝ ʧʣʘʩʪʠʥʢʠ 

ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʣʦʛʠʯʥʳʭ ʧʨʠʤʝʥʝʥʠʡ. ɺʦ-ʧʝʨʚʳʭ, ʛʠʛʘʥʪʩʢʘʷ 

ʜʣʷ ʪʘʢʦʛʦ ʢʣʘʩʩʘ ʤʘʪʝʨʠʘʣʦʚ ʦʧʪʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʚ ʧʣʦʩʢʦʩʪʠ ʚʘʥ-ʜʝʨ-

ʚʘʘʣʴʩʦʚʳʭ ʩʣʦʝʚ (ȹn ~ 0,4). ɺʦ-ʚʪʦʨʳʭ, ʢʨʠʩʪʘʣʣʳ ʩʣʦʠʩʪʦʛʦ As2S3 ʥʝ ʪʨʝʙʫʶʪ 

ʩʧʝʮʠʘʣʴʥʦʡ ʦʛʨʘʥʢʠ ʠ ʤʦʛʫʪ ʙʳʪʴ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦ 

ʧʦʣʫʯʝʥʳ ʚ ʧʦʜʭʦʜʷʱʝʡ ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʣʦʩʢʦʩʪʝʡ. ʉʦʯʝʪʘʥʠʝ 
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ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʩʚʦʡʩʪʚ ʬʦʨʤʠʨʫʝʪ ʦʧʪʠʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʷʨʠʟʘʮʠʝʡ ʩʚʝʪʘ ʚ ʚʠʜʠʤʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ.  

ɼʣʷ ʦʙʦʩʥʦʚʘʥʠʷ ʜʘʥʥʦʛʦ ʫʪʚʝʨʞʜʝʥʠʷ ʙʳʣ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʚʦʣʥʦʚʦʡ 

ʧʣʘʩʪʠʥʢʠ, ʠʟʛʦʪʦʚʣʝʥʥʦʡ ʥʘ ʦʩʥʦʚʝ ʧʣʦʩʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ. 

ʅʘʩʪʨʦʡʢʘ ʨʘʙʦʯʝʡ ʜʣʠʥʳ ʚʦʣʥʳ ʪʘʢʠʭ ʧʣʘʩʪʠʥʦʢ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʘ ʩʯʝʪ 

ʠʟʤʝʥʝʥʠʷ ʠʭ ʪʦʣʱʠʥʳ. ʆʙʳʯʥʦ ʬʘʟʦʚʘʷ ʟʘʜʝʨʞʢʘ ŭ ʤʝʞʜʫ ʙʳʩʪʨʦʡ ʠ ʤʝʜʣʝʥʥʦʡ 

ʦʩʷʤʠ ʚʥʫʪʨʠ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʬʦʨʤʫʣʦʡ 2ˊȹnt/ɚ, ʛʜʝ 

ɚ ð ʜʣʠʥʘ ʚʦʣʥʳ, ȹn ð ʧʦʢʘʟʘʪʝʣʴ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ, ʘ t ð ʪʦʣʱʠʥʘ ʧʣʘʩʪʠʥʢʠ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ ʧʨʠ ʥʘʩʪʦʣʴʢʦ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʧʘʨʘʤʝʪʨʘ ȹn, ʢʘʢ ʫ As2S3, ʵʪʘ 

ʬʦʨʤʫʣʘ ʧʝʨʝʩʪʘʝʪ ʨʘʙʦʪʘʪʴ, ʧʦʩʢʦʣʴʢʫ ʦʥʘ ʥʝ ʫʯʠʪʳʚʘʝʪ ʚʣʠʷʥʠʝ ʤʥʦʛʦʢʨʘʪʥʳʭ 

ʌʘʙʨʠ-ʇʝʨʦ ʦʪʨʘʞʝʥʠʡ ʥʘ ʛʨʘʥʠʮʘʭ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ɿʥʘʯʠʪʝʣʴʥʳʡ 

ʢʦʥʪʨʘʩʪ ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʘʤʠ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚʜʦʣʴ ʛʣʘʚʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʡ ʧʨʠʚʦʜʠʪ ʢ ʥʘʢʦʧʣʝʥʠʶ ʬʘʟʳ, ʚʳʭʦʜʷʱʝʤʫ ʟʘ ʨʘʤʢʠ ʫʧʨʦʱʝʥʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ (ʨʠʩʫʥʦʢ 5.5a).  

ʈʠʩʫʥʦʢ 5.5b ʠʣʣʶʩʪʨʠʨʫʝʪ ʩʨʘʚʥʠʪʝʣʴʥʳʝ ʛʨʘʬʠʢʠ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʙʝʛʘ 

ʬʘʟʳ ʫ ʩʚʝʪʘ, ʧʨʦʡʜʝʥʥʦʛʦ ʯʝʨʝʟ ʢʨʠʩʪʘʣʣ As2S3 ʩ ʪʦʣʱʠʥʦʡ t = 345 ʥʤ, ʢʦʪʦʨʳʡ 

ʚʳʩʪʫʧʘʝʪ ʚ ʨʦʣʠ ʚʦʣʥʦʚʦʡ ʧʣʘʩʪʠʥʢʠ, ʠ ʪʦʣʩʪʳʡ ʩʣʦʡ ʧʦʜʣʦʞʢʠ ʠʟ ʩʪʝʢʣʘ. ɿʝʣʝʥʘʷ 

ʢʨʠʚʘʷ ʦʪʨʘʞʘʝʪ ʢʣʘʩʩʠʯʝʩʢʠʡ ʥʘʙʝʛ ʬʘʟʳ, ʘ ʩʠʥʷʷ ð ʠʟʤʝʥʝʥʠʝ ʬʘʟʳ ʩ ʫʯʝʪʦʤ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʥʘʢʦʧʣʝʥʠʷ ʚʦ ʚʨʝʤʷ ʧʝʨʝʦʪʨʘʞʝʥʠʡ ʚʥʫʪʨʠ ʩʣʦʷ As2S3. ʂʘʢ 

ʚʠʜʥʦ ʠʟ ʛʨʘʬʠʢʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʢʨʠʩʪʘʣʣ As2S3 ʩ ʠʤʝʶʱʠʤʠʩʷ ʦʧʪʠʯʝʩʢʠʤʠ 

ʢʦʥʩʪʘʥʪʘʤʠ ʜʦʣʞʝʥ ʚʳʧʦʣʥʷʪʴ ʬʫʥʢʮʠʶ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ ʧʣʘʩʪʠʥʢʠ ʥʫʣʝʚʦʛʦ 

ʧʦʨʷʜʢʘ ʥʘ ʜʚʫʭ ʜʣʠʥʘʭ ʚʦʣʥ ð 512 ʠ 559 ʥʤ. ʇʨʠ ʵʪʦʤ ʩʦʛʣʘʩʥʦ ʢʣʘʩʩʠʯʝʩʢʦʡ 

ʬʦʨʤʫʣʝ, ʧʨʠ ʪʦʡ ʞʝ ʪʦʣʱʠʥʝ ʥʘʙʝʛ ʬʘʟʳ 90Á (ʯʝʪʚʝʨʪʴ ʜʣʠʥʳ ʚʦʣʥʳ) ʜʦʩʪʠʛʘʝʪʩʷ 

ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ ɚ = 522 ʥʤ. ɼʘʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʪʨʝʙʫʝʪ ʜʘʣʴʥʝʡʰʝʡ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʚʝʨʠʬʠʢʘʮʠʠ. 

ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʘ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ ʧʣʘʩʪʠʥʢʠ ʧʨʝʜʣʘʛʘʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʨʘʩʰʠʨʝʥʥʳʡ ʤʝʪʦʜ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʟʘʚʠʩʠʤʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ 
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ʨʘʟʨʝʰʝʥʠʝʤ ʥʝ ʪʦʣʴʢʦ ʧʦ ʫʛʣʫ ʚʨʘʱʝʥʠʷ ʦʙʨʘʟʮʘ, ʥʦ ʠ ʧʦ ʫʛʣʫ ʚʨʘʱʝʥʠʷ 

ʧʦʣʷʨʠʟʘʪʦʨʘ, ʢʦʪʦʨʳʡ ʦʧʨʝʜʝʣʷʝʪ ʥʘʧʨʘʚʣʝʥʠʝ ʧʦʣʷʨʠʟʘʮʠʠ ʧʘʜʘʶʱʝʛʦ 

ʠʟʣʫʯʝʥʠʷ (ʨʠʩʫʥʦʢ 5.5ʩ). ʇʫʩʪʴ ʫʛʦʣ, ʨʘʚʥʳʡ 0, ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʣʷʨʠʟʘʮʠʠ 

ʥʝʧʦʜʚʠʞʥʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ. ʇʣʘʩʪʠʥʢʘ ʦʨʠʝʥʪʠʨʦʚʘʥʘ ʧʦʜ ʫʛʣʦʤ ɗ, ʧʦʣʷʨʠʟʘʪʦʨ 

ʧʦʜ ʫʛʣʦʤ ű. ɺ ʙʘʟʠʩʝ ʧʦʣʷʨʠʟʘʮʠʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʛʣʘʚʥʳʤ ʦʧʪʠʯʝʩʢʠʤ ʦʩʷʤ 

ʢʨʠʩʪʘʣʣʘ As2S3 ʧʦʣʷʨʠʟʘʮʠʷ ʩʚʝʪʘ ʜʦ ʠ ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ ʢʨʠʩʪʘʣʣʘ ʠʤʝʝʪ ʚʠʜ 

 ʠ , ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʨʠʩʫʥʦʢ 5.5a). ɺ ʪʘʢʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ 

ʢʦʵʬʬʠʮʠʝʥʪʳ A, B ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʦʜʫʣʠ ʢʦʤʧʣʝʢʩʥʳʭ ʘʤʧʣʠʪʫʜ 

ʧʨʦʭʦʞʜʝʥʠʷ ʜʣʷ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʚʜʦʣʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ 

ʛʣʘʚʥʦʡ ʦʩʠ, ʘ ŭ ð ʨʘʟʥʦʩʪʴ ʬʘʟ. ʊʦʛʜʘ ʜʣʷ ʢʘʞʜʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ɚ ʢʦʤʧʣʝʢʩʥʘʷ 

ʘʤʧʣʠʪʫʜʘ ʧʦʣʷ, ʨʝʛʠʩʪʨʠʨʫʝʤʘʷ ʚ ʚʠʜʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ ʨʘʚʥʘ 

ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ ʯʝʨʝʟ ʘʥʘʣʠʟʘʪʦʨ:  

ὃÃÏÓ—ÃÏÓ• — ὄÓÉÎ—ÓÉÎ• —Ὡ ȟ                         υȢρ 

ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʪʘ, ʧʨʦʡʜʝʥʥʦʛʦ ʯʝʨʝʟ ʦʙʨʘʟʝʮ, 

ʚʳʨʘʞʘʝʪʩʷ ʚ ʚʠʜʝ: 

Ὕ—ȟ• ὃÃÏÓ— ÃÏÓ• — ὄ ÓÉÎ— ÓÉÎ• —                        

      ςὃὄÓÉÎ—ÃÏÓ—ÓÉÎ• —ÃÏÓ• —ÃÏÓ‏                       υȢς 
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ʈʠʩʫʥʦʢ 5.5 ð ʏʝʪʚʝʨʪʴʚʦʣʥʦʚʳʝ ʧʣʘʩʪʠʥʢʠ ʠʩʪʠʥʥʦʛʦ ʥʫʣʝʚʦʛʦ ʧʦʨʷʜʢʘ ʥʘ 

ʦʩʥʦʚʝ ʫʣʴʪʨʘʪʦʥʢʦʛʦ ʩʣʦʠʩʪʦʛʦ As2S3. (a) ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ 

ʧʣʘʩʪʠʥʢʠ ʥʘ ʦʩʥʦʚʝ As2S3: ʩʦʯʝʪʘʥʠʝ "ʢʣʘʩʩʠʯʝʩʢʦʛʦ" ʥʘʙʝʛʘ ʬʘʟʳ ʠ ʚʢʣʘʜʘ 

ʥʘʢʦʧʣʝʥʠʡ ʬʘʟʳ ʌʘʙʨʠ-ʇʝʨʦ, ʚʦʟʥʠʢʘʶʱʠʭ ʚʩʣʝʜʩʪʚʠʝ ʚʳʩʦʢʦʡ ʦʧʪʠʯʝʩʢʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ. (b) ʉʨʘʚʥʝʥʠʝ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʤʝʞʜʫ ʪʨʘʜʠʮʠʦʥʥʳʤʠ 

ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʳʤʠ ʧʣʘʩʪʠʥʢʘʤʠ ʠ ʧʣʘʩʪʠʥʢʘʤʠ ʠʩʪʠʥʥʦʛʦ ʥʫʣʝʚʦʛʦ ʧʦʨʷʜʢʘ, 

ʠʟʛʦʪʦʚʣʝʥʥʳʤʠ ʥʘ ʦʩʥʦʚʝ As2S3. (c) ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ. 



106 

 

 

ʉ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʣʠʥʝʡʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ 

ʢʨʫʛʦʚʫʶ ʧʦʣʷʨʠʟʘʮʠʶ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ŭ = ± /́2, ʜʣʷ ʚʳʷʚʣʝʥʠʷ ʫʩʣʦʚʠʡ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʨʘʙʦʪʫ ʢʨʠʩʪʘʣʣʘ ʚ ʨʝʞʠʤʝ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ ʧʣʘʩʪʠʥʢʠ 

ʥʝʦʙʭʦʜʠʤʦ ʠʩʩʣʝʜʦʚʘʪʴ, ʢʘʢ ʧʨʠ ʵʪʠʭ ʟʥʘʯʝʥʠʷʭ ʚʝʜʝʪ ʩʝʙʷ ʩʧʝʢʪʨ ʧʨʦʧʫʩʢʘʥʠʷ. 

ɼʘʣʝʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʨʷʜ ʯʘʩʪʥʳʭ ʩʣʫʯʘʝʚ ʬʫʥʢʮʠʠ ʧʨʦʧʫʩʢʘʥʠʷ. 

ɺʦ-ʧʝʨʚʳʭ, ʚ ʩʣʫʯʘʝ ʠʟʤʝʨʝʥʠʷ ʧʨʠ ʩʦʦʩʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ (ű = 0) 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʧʫʩʢʘʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʚʳʨʘʞʝʥʠʝʤ: 

Ὕȿȿ ὃÃÏÓ— ὄ ÓÉÎ— ςὃὄÓÉÎ—ÃÏÓ—ÃÏÓ‏              υȢσ 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ Ὕȿȿ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ɗ = 0 ʠʣʠ ʧʨʠ ɗ = /́2 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʦʛʦ, ʯʪʦ ʙʦʣʴʰʝ, a ʠʣʠ b. ʂʘʨʪʫ Ὕȿȿ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ ʧʨʠ ʧʝʨʝʭʦʜʝ ɗ Ÿ ɗ ī ɗ0, ʛʜʝ ɗ0 ð ʦʧʨʝʜʝʣʷʝʪ ʧʦʣʦʞʝʥʠʝ ʦʜʥʦʡ ʠʟ 

ʛʣʘʚʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ, ʯʪʦ ʫʞʝ ʦʧʠʩʳʚʘʣʦʩʴ ʚ ʧʨʝʜʳʜʫʱʠʭ ʛʣʘʚʘʭ. ʉʣʝʜʫʝʪ 

ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʠʟʚʣʝʯʝʥʥʳʝ ʚ ʭʦʜʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʢʘʨʪʳ ʥʘ ʨʠʩʫʥʢʝ 5.3a 

ʟʥʘʯʝʥʠʷ ŭ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʘʩʯʝʪʘʤʠ ʥʘ ʦʩʥʦʚʝ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ. ɺ 

ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʵʪʦʤʫ ʥʘ ʨʠʩʫʥʢʝ 5.6 ʧʨʠʚʦʜʠʪʩʷ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʛʨʘʬʠʢ ʢʨʠʚʳʭ 

ʥʘʙʝʛʘ ʬʘʟʳ. ʅʘ ʧʨʝʜʩʪʘʚʣʝʥʥʦʤ ʛʨʘʬʠʢʝ ʥʘʙʣʶʜʘʶʪʩʷ ʨʘʩʭʦʞʜʝʥʠʷ ʚ ʙʣʠʞʥʝʡ ʀʂ 

ʦʙʣʘʩʪʠ (ʦʪ 800 ʥʤ), ʯʪʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʢʦʥʮʦʤ ʨʘʙʦʯʝʛʦ ʜʠʘʧʘʟʦʥʘ ʧʦʣʷʨʠʟʘʪʦʨʦʚ 

ʠ ʥʘʯʘʣʦʤ ʭʨʦʤʘʪʠʯʝʩʢʦʡ ʘʙʝʨʨʘʮʠʠ ʦʙʲʝʢʪʠʚʘ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʭʦʜʝ ʠʟʤʝʨʝʥʠʡ. 

ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʨʘʩʩʫʞʜʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʦʜʝʣʠ, 

ʫʯʠʪʳʚʘʶʱʝʡ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʥʘʢʦʧʣʝʥʠʝ ʬʘʟʳ ʦʪ ʤʥʦʛʦʢʨʘʪʥʳʭ ʧʝʨʝʦʪʨʘʞʝʥʠʡ 

ʚʥʫʪʨʠ ʧʣʦʩʢʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʥʘʭʦʜʷʪ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʧʦʣʫʯʝʥʥʳʭ ʢʘʨʪʘʭ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʟʘʚʠʩʠʤʳʭ ʩʧʝʢʪʨʦʚ ʧʨʦʧʫʩʢʘʥʠʷ ʜʣʷ 

ʢʨʠʩʪʘʣʣʘ ʪʦʣʱʠʥʦʡ 345 ʥʤ (ʨʠʩʫʥʦʢ 5.3a). 
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ʈʠʩʫʥʦʢ 5.6 ð ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʛʨʘʬʠʢ ʥʘʙʝʛʦʚ ʬʘʟʳ ŭ ʜʣʷ ʢʨʠʩʪʘʣʣʘ As2S3 

ʪʦʣʱʠʥʦʡ 345 ʥʤ ʥʘ ʩʪʝʢʣʝ, ʨʘʩʩʯʠʪʘʥʥʳʭ ʥʘ ʦʩʥʦʚʝ ʠʟʚʣʝʯʝʥʥʳʭ ʦʧʪʠʯʝʩʢʠʭ 

ʢʦʥʩʪʘʥʪ (ʢʨʘʩʥʘʷ ʢʨʠʚʘʷ) ʠ ʧʦʣʫʯʝʥʥʳʭ ʚ ʭʦʜʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ (ʯʝʨʥʳʝ ʢʨʫʞʢʠ) 

ʢʘʨʪʳ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʨʦʧʫʩʢʘʥʠʷ ʧʨʠ ʧʘʨʘʣʣʝʣʴʥʦʡ 

ʢʦʥʬʠʛʫʨʘʮʠʠ ʧʦʣʷʨʠʟʘʪʦʨʘ ʠ ʘʥʘʣʠʟʘʪʦʨʘ ʬʦʨʤʫʣʦʡ (5.3). 

ɺʦ-ʚʪʦʨʳʭ, ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʚ ʧʦʧʝʨʝʯʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ (ű = /́2) ʥʘʙʣʶʜʘʝʪʩʷ 

ʩʣʝʜʫʶʱʝʝ ʩʦʦʪʥʦʰʝʥʠʝ:  

Ὕ ÓÉÎ— ÃÏÓ— ὃ ὄ ςὃὄÃÏÓ‏
ÓÉÎς— ὃ ὄ ςὃὄÃÏÓ‏

τ
  υȢτ 

ɼʘʥʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʪʘʢ ʞʝ ʧʦʜʭʦʜʠʪ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ. ʉʚʝʪ ʥʝ 

ʧʨʦʭʦʜʠʪ ʧʨʠ ɗ = 0 ʠ ɗ = ́ /2, ʪ.ʝ. ʢʦʛʜʘ ʧʘʜʘʶʱʠʡ ʩʚʝʪ ʧʦʣʷʨʠʟʦʚʘʥ ʚʜʦʣʴ ʛʣʘʚʥʳʭ 

ʦʩʝʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʝʥʟʦʨʘ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʦʞʠʜʘʝʤʳʤ, ʪʘʢ ʢʘʢ ʚ ʪʘʢʦʤ ʩʣʫʯʘʝ 

ʢʨʠʩʪʘʣʣ ʥʘ ʤʝʥʷʝʪ ʧʦʣʷʨʠʟʘʮʠʶ ʧʘʜʘʶʱʝʛʦ ʩʚʝʪʘ, ʠ ʦʥʘ ʦʩʪʘʝʪʩʷ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʘʥʘʣʠʟʘʪʦʨʫ. ʄʘʢʩʠʤʫʤ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ɗ = Ñ45Á, ʯʪʦ ʚʠʜʥʦ ʥʘ 
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ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʘʨʪʘʭ ʧʨʦʧʫʩʢʘʥʠʷ ʜʣʷ ʧʣʦʩʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʪʦʣʱʠʥʦʡ 345 ʥʤ 

(ʨʠʩʫʥʦʢ 5.3b). 

ʈʘʟʥʦʩʪʴ ʤʝʞʜʫ ʬʫʥʢʮʠʷʤʠ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʩʦʦʩʥʳʭ ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ 

ʢʦʥʬʠʛʫʨʘʮʠʷʭ ʤʦʞʝʪ ʙʳʪʴ ʚʳʨʘʞʝʥʘ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

Ὕȿȿ Ὕ ÃÏÓς— ὃÃÏÓ— ὄÓÉÎ— ὃὄÓÉÎς—ÃÏÓ‏        υȢυ 

ɺʠʜʥʦ, ʯʪʦ ʧʨʠ ɗ = ±45° ʬʦʨʤʫʣʘ ʧʨʠʥʠʤʘʝʪ ʚʠʜ Ὕȿȿ Ὕ ὃὄÃÏÓ‏ ʠ ʦʙʨʘʱʘʝʪʩʷ 

ʚ 0 ʧʨʠ ŭ = Ñ90Á. ʅʘ ʨʠʩʫʥʢʝ 5.7 ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʟʘʚʠʩʠʤʘʷ ʢʘʨʪʘ 

ʨʘʟʥʦʩʪʠ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʩʦʦʩʥʦʡ ʠ ʩʢʨʝʱʝʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʷʭ ʧʦʣʷʨʠʟʘʪʦʨʘ ʠ 

ʘʥʘʣʠʟʘʪʦʨʘ, ʨʘʩʩʯʠʪʘʥʥʘʷ ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠʟ ʨʠʩʫʥʢʘ 5.3a ʠ 

ʨʠʩʫʥʢʘ 5.3b. ʅʘ ʫʢʘʟʘʥʥʳʭ ʛʨʘʬʠʢʘʭ ɗ = Ñ45Á ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʛʣʘʤ 72,7Á ʠ 162,7Á, 

ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʦʞʝʥʠʶ ʛʣʘʚʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ ʩʜʚʠʥʫʪʳʭ ʥʘ 45Á. ɸʥʘʣʠʟ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʘʣ, ʧʝʨʝʩʝʯʝʥʠʝ ʢʦʥʪʫʨʘ ʩ ʥʫʣʝʚʦʡ ʨʘʟʥʦʩʪʴʶ ʩʦ 

ʰʪʨʠʭʦʚʦʡ ʣʠʥʠʝʡ ɗ = Ñ45Á ʧʨʦʠʩʭʦʜʠʪ ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ 516 ʠ 558 ʥʤ, ʯʪʦ ʭʦʨʦʰʦ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʚʳʯʠʩʣʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ (ʨʠʩʫʥʦʢ 5.5a) ʥʘ 

ʦʩʥʦʚʝ ʠʟʤʝʨʝʥʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ. 
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ʈʠʩʫʥʦʢ 5.7 ð ʂʘʨʪʘ ʨʘʟʥʦʩʪʠ Ὕȿȿ Ὕ, ʧʦʩʪʨʦʝʥʥʘʷ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ 

ʜʘʥʥʳʤ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʟʘʚʠʩʠʤʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (a) ʠ ʝʝ ʫʚʝʣʠʯʝʥʠʝ (b). 

ʇʫʥʢʪʠʨʦʤ ʚʳʜʝʣʝʥʳ ʢʦʥʪʫʨʳ, ʛʜʝ ʨʘʟʥʦʩʪʠ ʨʘʚʥʳ 10%, 0, ī10%. 

ʉ ʮʝʣʴʶ ʦʢʦʥʯʘʪʝʣʴʥʦʛʦ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ 

ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ ʧʣʘʩʪʠʥʢʠ ʥʘ ʦʩʥʦʚʝ ʪʦʥʢʦʛʦ ʤʠʢʨʦʢʨʠʩʪʘʣʣʘ As2S3 ʙʳʣʠ ʩʥʷʪʳ 

ʫʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʧʝʢʪʨʦʚ ʧʨʦʧʫʩʢʘʥʠʷ ʦʙʨʘʟʮʘ ʦʪ ʦʨʠʝʥʪʘʮʠʠ ʦʙʨʘʟʮʘ ɗ ʠ 

ʧʦʣʷʨʠʟʘʪʦʨʘ •. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʙʦʪʢʠ ʠʟʤʝʨʝʥʥʳʭ ʜʘʥʥʳʭ ʙʳʣʠ ʚʳʜʝʣʝʥʳ 

ʟʘʚʠʩʠʤʦʩʪʠ T (ɗ, •) ʜʣʷ ʜʣʠʥ ʚʦʣʥ 512 ʠ 559 ʥʤ, ʜʣʷ ʢʦʪʦʨʳʭ ʦʞʠʜʘʝʪʩʷ ʥʘʙʝʛ 

ʬʘʟʳ Ñ90Á. ɺ ʨʘʤʢʘʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʧʨʦʠʟʚʦʜʠʣʩʷ 

ʨʘʩʯʝʪ ʢʘʨʪ ʧʨʦʧʫʩʢʘʥʠʷ ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʢʘʨʪʳ 

ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ɗ, ű. ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʨʘʩʯʝʪ ʧʨʠʚʝʜʝʥʳ 

ʥʘ ʨʠʩʫʥʢʝ 5.8 ʚ ʚʠʜʝ ʢʦʥʪʫʨʥʳʭ ʢʘʨʪ. ʈʠʩʫʥʦʢ 5.8 ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʫʛʣʳ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʛʣʘʚʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ, ʧʨʠ ʢʦʪʦʨʳʭ ʢʨʠʩʪʘʣʣ ʨʘʙʦʪʘʝʪ, ʢʘʢ 

ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʘʷ ʧʣʘʩʪʠʥʢʘ, ʦʪʣʠʯʘʶʪʩʷ ʦʪ 45Á, ʚ ʦʪʣʠʯʠʝ ʦʪ ʢʣʘʩʩʠʯʝʩʢʠʭ 

ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʳʭ ʧʣʘʩʪʠʥʦʢ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʧʦʜ 45Á. 
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ʈʠʩʫʥʦʢ 5.8 ð ʂʦʥʪʫʨʥʳʝ ʢʘʨʪʳ ʠʟʤʝʨʝʥʥʦʛʦ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʧʨʦʧʫʩʢʘʥʠʷ ʧʨʠ 

ʜʣʠʥʘʭ ʚʦʣʥ 512 ʥʤ ʠ 559 ʥʤ (a, b). ʇʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ʦʙʦʟʥʘʯʘʶʪ ʜʠʘʧʘʟʦʥ 

ʨʘʙʦʪʳ ʚ ʨʝʞʠʤʝ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ ʧʣʘʩʪʠʥʢʠ. ɼʘʥʥʳʝ ʥʦʨʤʠʨʦʚʘʥʳ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʢʩʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʜʣʷ ʢʘʞʜʦʡ ʜʣʠʥʳ ʚʦʣʥʳ. ʈʘʩʩʯʠʪʘʥʥʳʝ ʥʘ 

ʦʩʥʦʚʝ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʢʘʨʪʳ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʨʦʧʫʩʢʘʥʠʷ, 

ʧʨʠ ʜʣʠʥʘʭ ʚʦʣʥ 512 ʥʤ ʠ 559 ʥʤ (c,d). 

ʅʘʙʣʶʜʘʝʤʳʡ ʫʟʦʨ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʘʙʦʨ ʧʝʨʠʦʜʠʯʝʩʢʠ ʧʦʚʪʦʨʷʶʱʠʭʩʷ 

ʧʷʪʝʥ. ʃʝʛʢʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʚʳʩʦʪʘ ʠ ʷʨʢʦʩʪʴ ʧʷʪʝʥ, ʠʟʦʙʨʘʞʝʥʥʳʭ ʥʘ ʢʘʨʪʘʭ 

ʧʨʦʧʫʩʢʘʥʠʷ, ʤʝʥʷʶʪʩʷ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʚ ʦʪʣʠʯʠʝ ʦʪ ʢʘʨʪʠʥʳ, ʢʦʪʦʨʘʷ ʦʙʳʯʥʦ 

ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʪʝʭ ʞʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʠʧʠʯʥʳʭ ʚʦʣʥʦʚʳʭ 
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ʧʣʘʩʪʠʥʦʢ [52]. ɺ ʥʝʡ ʧʷʪʥʘ ʤʠʥʠʤʘʣʴʥʦʡ ʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʠʤʝʶʪ 

ʰʠʨʠʥʫ ʠ ʚʳʩʦʪʫ 90°, ʠ ʦʜʠʥʘʢʦʚʫʶ ʧʝʨʠʦʜʠʯʝʩʢʠ ʧʦʚʪʦʨʷʶʱʫʶʩʷ ʦʢʨʘʩʢʫ.  

ɺ ʨʘʤʢʘʭ ʧʦʩʪʘʚʣʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʦʩʥʦʚʥʦʝ ʩʚʦʡʩʪʚʦ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ 

ʧʣʘʩʪʠʥʢʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʘʣʠʯʠʠ ʢʦʥʬʠʛʫʨʘʮʠʠ, ʧʨʠ ʢʦʪʦʨʦʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʨʦʧʫʩʢʘʥʠʷ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʦʨʠʝʥʪʘʮʠʠ ʘʥʘʣʠʟʘʪʦʨʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʙʨʘʟʮʘ ʠ 

ʧʦʣʷʨʠʟʘʪʦʨʘ. ɺ ʪʘʢʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʨʘʟʥʦʩʪʴ ɗīű ʜʦʣʞʥʘ ʙʳʪʴ ʧʦʩʪʦʷʥʥʦʡ. 

ʐʪʨʠʭʦʚʳʤʠ ʯʝʨʝʜʫʶʱʠʤʠʩʷ ʣʠʥʠʷʤʠ ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʘʨʪʘʭ ʦʪʤʝʯʝʥ 

ʥʘʙʦʨ ʫʛʣʦʚ (ɗ, ű) ʦʨʠʝʥʪʘʮʠʠ ʦʙʨʘʟʮʘ ʠ ʦʩʠ ʧʦʣʷʨʠʟʘʪʦʨʘ, ʧʨʠ ʢʦʪʦʨʳʭ ʩʚʝʪ, 

ʚʳʭʦʜʷʱʠʡ ʠʟ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ, ʩʦʛʣʘʩʥʦ ʨʘʩʯʝʪʥʳʤ ʜʘʥʥʳʤ, ʠʤʝʝʪ ʢʨʫʛʦʚʫʶ 

ʧʨʘʚʫʶ ʠʣʠ ʣʝʚʫʶ ʧʦʣʷʨʠʟʘʮʠʶ, ʪʦ ʝʩʪʴ ʨʘʙʦʪʘʝʪ ʢʘʢ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʘʷ ʧʣʘʩʪʠʥʢʘ. 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʢʘʨʪ, ʠʟʦʙʨʘʞʝʥʥʳʝ ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʛʝʦʤʝʪʨʠʯʝʩʢʦʤʫ ʤʝʩʪʫ ʪʦʯʝʢ (ɗ, ű), ʧʨʠ ʢʦʪʦʨʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʧʨʦʡʜʝʥʥʦʛʦ ʯʝʨʝʟ ʩʠʩʪʝʤʫ ʠʟʣʫʯʝʥʠʷ ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ. ʕʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʦʙʣʘʩʪʠ ʤʝʞʜʫ ʧʷʪʥʘʤʠ, ʚʜʦʣʴ ʢʦʪʦʨʦʡ ʩʦʭʨʘʥʷʝʪʩʷ ʙʠʨʶʟʦʚʳʡ ʮʚʝʪ. ɺ ʫʩʣʦʚʠʷʭ 

ʩʠʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʪʦʥʢʦʛʦ ʤʠʢʨʦʢʨʠʩʪʘʣʣʘ As2S3 ʫʛʣʳ ʧʦʣʷʨʠʟʘʮʠʠ, 

ʦʪʚʝʯʘʶʱʠʝ ʟʘ ʨʝʞʠʤ ʬʘʟʦʚʦʡ ʧʣʘʩʪʠʥʢʠ ʥʘ ʯʝʪʚʝʨʪʴ ʚʦʣʥʳ, ʦʪʣʠʯʘʶʪʩʷ ʦʪ 45Á 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʛʣʘʚʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʢʣʘʩʩʠʯʝʩʢʠʭ 

ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʳʭ ʧʣʘʩʪʠʥʦʢ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʧʦʜ 45Á. ʅʝʩʤʦʪʨʷ ʥʘ ʥʝʦʙʳʯʥʦʝ 

ʧʦʚʝʜʝʥʠʝ, ʜʘʥʥʦʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʥʘʙʣʶʜʝʥʠʝ, ʧʦʜʪʚʝʨʞʜʘʝʪ, ʯʪʦ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʧʣʦʩʢʠʡ ʤʦʥʦʢʨʠʩʪʘʣʣ As2S3 ʧʨʝʦʙʨʘʟʫʝʪ ʣʠʥʝʡʥʫʶ 

ʧʦʣʷʨʠʟʘʮʠʶ ʚ ʢʨʫʛʦʚʫʶ, ʪʦ ʝʩʪʴ ʚʳʧʦʣʥʷʝʪ ʬʫʥʢʮʠʶ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ 

ʧʣʘʩʪʠʥʢʠ. ʅʘʢʦʥʝʮ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʘʷ 

ʧʣʘʩʪʠʥʢʘ ʠʤʝʝʪ ʯʨʝʟʚʳʯʘʡʥʦ ʤʘʣʫʶ ʪʦʣʱʠʥʫ (345 ʥʤ) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʧʨʝʜʳʜʫʱʠʤ ʨʝʢʦʨʜʥʳʤ ʧʦʢʘʟʘʪʝʣʝʤ ð ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ ʧʣʘʩʪʠʥʢʦʡ ʥʫʣʝʚʦʛʦ 

ʧʦʨʷʜʢʘ ʥʘ ʦʩʥʦʚʝ ʬʝʨʨʦʮʝʥʘ ʪʦʣʱʠʥʦʡ 1071 ʥʤ, ʨʘʙʦʪʘʶʱʝʡ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 

636 ʥʤ [81]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ As2S3 ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʴʥʦʡ ʙʘʟʳ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʯʪʠ ʪʨʝʭʢʨʘʪʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʘ. 
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5.4 ɺʳʚʦʜʳ 

 

ɺ ʟʘʢʣʶʯʝʥʠʝ, ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʛʣʘʚʳ ʦʧʨʝʜʝʣʝʥʳ ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ 

ʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ ʚ ʧʣʦʩʢʦʩʪʠ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʩʣʦʝʚ ʧʨʠ ʧʦʤʦʱʠ 

ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʟʘʚʠʩʠʤʦʡ ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʧʨʦʧʫʩʢʘʥʠʷ. ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ As2S3 ʩʦʯʝʪʘʝʪ ʚ ʩʝʙʝ ʨʝʢʦʨʜʥʫʶ 

ʘʥʠʟʦʪʨʦʧʠʶ ʚ ʧʣʦʩʢʦʩʪʠ (ȹn = 0,38 ʧʨʠ 500 ʥʤ), ʚʳʩʦʢʠʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ 

(n < 2,7) ʠ ʦʪʩʫʪʩʪʚʠʝ ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ. ʕʪʠ ʦʩʦʙʝʥʥʦʩʪʠ ʦʪʢʨʳʚʘʶʪ ʥʦʚʳʝ 

ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʥʘʥʦʤʘʩʰʪʘʙʥʳʭ ʬʦʪʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ. ʅʘ ʦʩʥʦʚʝ ʦʙʥʘʨʫʞʝʥʥʦʛʦ 

ʷʚʣʝʥʠʷ ʚ ʚʠʜʝ ʛʠʛʘʥʪʩʢʦʡ ʧʣʦʩʢʦʩʪʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʘʫʨʫʧʠʛʤʝʥʪʘ, 

ʩʧʨʦʝʢʪʠʨʦʚʘʥʘ ʠ ʩʦʟʜʘʥʘ ʫʣʴʪʨʘʪʦʥʢʘʷ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʘʷ ʧʣʘʩʪʠʥʢʘ ʚ ʚʠʜʝ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʘ As2S3 ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʭʘʨʘʢʪʝʨʠʟʘʮʠʝʡ ʝʝ ʦʧʪʠʯʝʩʢʦʡ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʠ ʧʦʩʨʝʜʩʪʚʦʤ ʪʦʡ ʞʝ ʤʝʪʦʜʠʢʠ. ʀʟʛʦʪʦʚʣʝʥʥʘʷ ʧʣʘʩʪʠʥʢʘ 

ʜʦʩʪʠʛʘʝʪ ʪʨʝʙʫʝʤʦʛʦ ʥʘʙʝʛʘ ʬʘʟʳ ʚ ʯʝʪʚʝʨʪʴ ʜʣʠʥʳ ʚʦʣʥʳ ʩʨʘʟʫ ʥʘ ʥʝʩʢʦʣʴʢʠʭ 

ʜʣʠʥʘʭ ʚʦʣʥ ʟʘ ʩʯʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʥʘʙʝʛʘ ʬʘʟʳ ʧʨʠ ʤʥʦʛʦʢʨʘʪʥʳʭ 

ʧʝʨʝʦʪʨʘʞʝʥʠʷʭ ʌʘʙʨʠ-ʇʝʨʦ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʩʠʣʫ ʨʝʢʦʨʜʥʳʭ ʟʥʘʯʝʥʠʡ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ. ʀʪʦʛʦʚʘʷ ʪʦʣʱʠʥʘ ʧʣʘʩʪʠʥʢʠ ʩʦʩʪʘʚʠʣʘ 345 ʥʤ, ʯʪʦ 

ʧʨʠʤʝʨʥʦ ʚ ʪʨʠ ʨʘʟʘ ʤʝʥʴʰʝ, ʯʝʤ ʫ ʩʘʤʦʡ ʪʦʥʢʦʡ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ ʧʣʘʩʪʠʥʢʠ 

ʥʫʣʝʚʦʛʦ ʧʦʨʷʜʢʘ, ʦʧʠʩʘʥʥʦʡ ʚ ʣʠʪʝʨʘʪʫʨʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʘʫʨʫʧʠʛʤʝʥʪʘ ʜʝʣʘʶʪ ʝʛʦ ʥʝ ʪʦʣʴʢʦ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʜʣʷ ʩʦʚʨʝʤʝʥʥʦʡ 

ʥʘʥʦʬʦʪʦʥʠʢʠ, ʥʦ ʠ ʧʦʟʚʦʣʷʶʪ ʧʦ-ʥʦʚʦʤʫ ʚʟʛʣʷʥʫʪʴ ʥʘ ʧʨʠʥʮʠʧ ʨʘʙʦʪʳ 

ʢʣʘʩʩʠʯʝʩʢʠʭ ʦʧʪʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʤʝʶʪ ʚʳʩʦʢʫʶ 

ʧʨʘʢʪʠʯʝʩʢʫʶ ʟʥʘʯʠʤʦʩʪʴ, ʘ ʪʘʢʞʝ ʟʘʢʣʘʜʳʚʘʶʪ ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʫʶ ʦʩʥʦʚʫ ʜʣʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʠʟʫʯʝʥʠʷ ʠ ʦʮʝʥʢʠ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʧʣʦʩʢʠʭ 

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʘʭ ʩ ʥʠʟʢʦʡ ʩʠʤʤʝʪʨʠʝʡ.  



113 

 

 

ɿʘʢʣʶʯʝʥʠʝ 

 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʟʨʘʙʦʪʘʥ ʵʬʬʝʢʪʠʚʥʳʡ ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʠ ʚʝʨʠʬʠʢʘʮʠʠ 

ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʧʨʦʟʨʘʯʥʳʭ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ (ʩʣʦʠʩʪʳʭ) ʤʘʪʝʨʠʘʣʦʚ. ɺ 

ʝʛʦ ʦʩʥʦʚʝ ʣʝʞʘʪ ʤʝʪʦʜʠʢʠ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʟʘʚʠʩʠʤʦʡ ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʧʨʦʧʫʩʢʘʥʠʷ ʥʘ ʙʘʟʝ ʦʧʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʷʪʴ ʦʨʠʝʥʪʘʮʠʶ ʛʣʘʚʥʳʭ ʦʧʪʠʯʝʩʢʠʭ 

ʦʩʝʡ ʪʝʥʟʦʨʘ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ, ʣʝʞʘʱʠʭ ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ ʢʨʠʩʪʘʣʣʦʚ ʩ 

ʣʘʪʝʨʘʣʴʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʚʧʣʦʪʴ ʜʦ 4 ʤʢʤ, ʠ ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʚʜʦʣʴ ʵʪʠʭ 

ʦʩʝʡ. ʈʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʤ ʤʝʪʦʜʦʤ, ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʜʘʥʥʳʤʠ 

ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ (ʦʪʢʣʦʥʝʥʠʝ ʥʝ ʙʦʣʝʝ 3%). 

ɺʧʝʨʚʳʝ ʠʟʤʝʨʝʥʳ ʰʠʨʦʢʦʧʦʣʦʩʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʣʦʠʩʪʦʛʦ 

ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ (GeS2) ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʦʪ 250 ʜʦ 

1700 ʥʤ ʧʫʪʝʤ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ ʩ 

ʚʝʨʠʬʠʢʘʮʠʝʡ ʚ ʨʘʤʢʘʭ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʝʪʦʜʠʢʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ GeS2 ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ ʜʦʩʪʠʛʘʝʪ 2,7 ʧʨʠ ʜʣʠʥʝ 

360 ʥʤ, ʩʦʭʨʘʥʷʷ ʧʨʦʟʨʘʯʥʦʩʪʴ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʦʪ 360 ʜʦ 1700 ʥʤ. 

ɺ ʯʘʩʪʥʦʩʪʠ, ʫ ʩʣʦʠʩʪʦʛʦ ʜʠʩʫʣʴʬʠʜʘ ʛʝʨʤʘʥʠʷ ʦʙʥʘʨʫʞʝʥʘ ʚʳʩʦʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ 

(ȹn < 0,12) ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʧʨʦʟʨʘʯʥʦʩʪʠ. 

ɺ ʨʘʤʢʘʭ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʤʝʪʦʜʘ ʠʟʚʣʝʯʝʥʳ ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʩʣʦʠʩʪʦʛʦ 

ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ (As2S3) ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ 

ʚʦʣʥ ʦʪ 500 ʜʦ 900 ʥʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʪʨʠʩʫʣʴʬʠʜ ʤʳʰʴʷʢʘ 

ʦʙʣʘʜʘʝʪ ʨʝʢʦʨʜʥʦʡ ʩʨʝʜʠ ʠʟʚʝʩʪʥʳʭ ʘʥʠʟʦʪʨʦʧʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʩʪʝʧʝʥʴʶ 

ʘʥʠʟʦʪʨʦʧʠʠ, ʢʦʪʦʨʘʷ ʜʦʩʪʠʛʘʝʪ 0,38 ʧʨʠ ʜʣʠʥʝ ʚʦʣʥʳ 500 ʥʤ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ As2S3 ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 3,0 ʜʦ 3,4 ʚʦ ʚʩʝʤ 

ʠʩʩʣʝʜʫʝʤʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ. 
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ʅʘ ʦʩʥʦʚʝ ʤʠʢʨʦʢʨʠʩʪʘʣʣʘ ʪʨʠʩʫʣʴʬʠʜʘ ʤʳʰʴʷʢʘ (As2S3), ʧʦʩʨʝʜʩʪʚʦʤ 

ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʤʝʪʦʜʠʢʠ, ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʨʘʙʦʪʘ 

ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ ʧʣʘʩʪʠʥʢʠ ʥʫʣʝʚʦʛʦ ʧʦʨʷʜʢʘ ʩ ʪʦʣʱʠʥʦʡ ʤʝʥʝʝ 350 ʥʤ.  

ʇʨʝʜʣʦʞʝʥʥʘʷ ʤʝʪʦʜʠʢʘ ʠʟʚʣʝʯʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʦʙʣʘʜʘʝʪ 

ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴʶ ʠ ʤʦʞʝʪ ʙʳʪʴ ʘʜʘʧʪʠʨʦʚʘʥʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ, ʩʪʝʧʝʥʴ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, 

ʵʢʩʠʪʦʥʥʳʡ ʦʪʢʣʠʢ, ʥʘʙʝʛ ʬʘʟʳ ʠ ʪ.ʜ.) ʜʨʫʛʠʭ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʇʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʨʘʙʦʪʳ ʦʧʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʨʘʟʤʝʱʝʥʳ ʚ ʦʪʢʨʳʪʦʡ 

ʙʘʟʝ ʜʘʥʥʳʭ www.refractiveindex.info, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʫʩʪʨʦʡʩʪʚ ʥʘʥʦʬʦʪʦʥʠʢʠ ʠ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ ʥʘ ʦʩʥʦʚʝ As2S3 ʠ 

GeS2, ʪʝʤ ʩʘʤʳʤ ʫʩʢʦʨʷʷ ʠ ʧʨʦʜʚʠʛʘʷ ʧʨʦʮʝʩʩ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʳʭ ʬʦʪʦʥʥʳʭ 

ʫʩʪʨʦʡʩʪʚ. 
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ʉʧʠʩʦʢ ʩʦʢʨʘʱʝʥʠʡ ʠ ʫʩʣʦʚʥʳʭ ʦʙʦʟʥʘʯʝʥʠʡ  

 

ɼʇʄ ï ʜʠʭʘʣʴʢʦʛʝʥʠʜʳ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ  

ʈɼ ī ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʜʠʬʨʘʢʮʠʷ  

ʂʈʉ ï ʢʦʤʙʠʥʘʮʠʦʥʥʦʝ ʨʘʩʩʝʷʥʠʝ ʩʚʝʪʘ 

ʀʂ ï ʠʥʬʨʘʢʨʘʩʥʳʡ 

ʋʌ ï ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʳʡ 

ʈʕʄ ï ʨʘʩʪʨʦʚʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ʇʕʄ ï ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ɸʉʄ ï ʘʪʦʤʥʦ-ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 
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