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ɺʚʝʜʝʥʠʝ 

 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʩʪʝʧʝʥʴ ʝʸ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʢʨʠʩʪʘʣʣʳ ʩ ʠʩʢʫʩʩʪʚʝʥʥʦ ʚʚʝʜʝʥʥʳʤʠ ʧʨʠʤʝʩʷʤʠ 

ʧʦʣʫʯʠʣʠ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʵʣʝʢʪʨʦʥʠʢʠ, ʩʧʠʥʪʨʦʥʠʢʠ, 

ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ, ʘ ʪʘʢʞʝ ʩʯʠʪʘʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ 

ʢʚʘʥʪʦʚʳʭ ʢʦʤʧʴʶʪʝʨʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʦʥʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ, ʢʦʛʜʘ ʧʨʠʤʝʩʠ ʠʤʝʶʪ ʤʘʣʫʶ 

ʢʦʥʮʝʥʪʨʘʮʠʶ ʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʝ ʤʝʞʜʫ ʩʦʙʦʡ 

ʜʝʬʝʢʪʳ, ʦʧʠʩʘʥʠʝ ʢʦʪʦʨʳʭ ʪʨʝʙʫʝʪ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ. ʇʨʠʥʠʤʘʷ 

ʚʦ ʚʥʠʤʘʥʠʝ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ, ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʢʨʠʩʪʘʣʣʳ, ʣʝʛʠʨʦʚʘʥʥʳʝ 

ʠʦʥʘʤʠ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ, ʚ ʢʦʪʦʨʳʭ ʧʨʠ ʥʘʣʠʯʠʠ ʦʨʙʠʪʘʣʴʥʦʛʦ ʚʳʨʦʞʜʝʥʠʷ 

ʥʘʙʣʶʜʘʝʪʩʷ ʵʬʬʝʢʪ ʗʥʘ-ʊʝʣʣʝʨʘ (ʕʗʊ) [1, 2, 3], ʧʨʠʚʦʜʷʱʠʡ ʢ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ 

ʨʘʩʱʝʧʣʝʥʠʷʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʧʨʠʤʝʩʥʦʛʦ ʠʦʥʘ. ʇʦʩʢʦʣʴʢʫ ʧʨʘʢʪʠʯʝʩʢʦʝ 

ʧʨʠʤʝʥʝʥʠʝ ʪʘʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʪʨʝʙʫʝʪ ʜʝʪʘʣʴʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦʙ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʩʧʝʢʪʨʘʭ ʚʚʝʜʝʥʥʳʭ ʧʨʠʤʝʩʝʡ, ʠʭ ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ ʷʚʣʷʝʪʩʷ 

ʚʝʩʴʤʘ ʘʢʪʫʘʣʴʥʳʤ. ʉʥʷʪʠʝ ʦʨʙʠʪʘʣʴʥʦʛʦ ʚʳʨʦʞʜʝʥʠʷ ʟʘ ʩʯʝʪ ʕʗʊ ʧʨʠʚʦʜʠʪ ʢ 

ʣʦʢʘʣʴʥʳʤ ʠʩʢʘʞʝʥʠʷʤ ʦʢʨʫʞʝʥʠʷ ʠʦʥʘ, ʪʝʤ ʩʘʤʳʤ ʧʨʝʚʨʘʱʘʷ ʦʙʲʝʢʪ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʢʦʤʧʣʝʢʩ.  ɺ ʢʨʠʩʪʘʣʣʝ ʩ ʤʘʣʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʧʨʠʤʝʩʝʡ ʦʥ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʷʥ-ʪʝʣʣʝʨʦʚʩʢʠʡ (ʗʊ) ʮʝʥʪʨ ʠ ʝʛʦ ʦʢʨʫʞʝʥʠʝ (ʢʘʢ ʤʠʥʠʤʫʤ, 

ʙʣʠʞʘʡʰʝʝ).  

ʊʨʘʜʠʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʕʗʊ ʷʚʣʷʶʪʩʷ ʦʧʪʠʯʝʩʢʠʝ [4, 5, 6, 

7] (ʩʤ. ʪʘʢʞʝ ʤʦʥʦʛʨʘʬʠʠ [8, 9]) ʠ ʤʘʛʥʠʪʦʨʝʟʦʥʘʥʩʥʳʝ [10, 11, 12, 13]. ʇʝʨʚʳʝ 

ʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʠʪʴ ʵʥʝʨʛʠʠ ʧʝʨʝʭʦʜʦʚ ʤʝʞʜʫ ʦʩʥʦʚʥʳʤ ʠ 

ʚʦʟʙʫʞʜʝʥʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ, ʘ ʚʪʦʨʳʝ ï ʩʠʤʤʝʪʨʠʶ ʦʢʨʫʞʝʥʠʷ ʗʊ ʠʦʥʘ (ʪʠʧ 

ʘʢʪʠʚʥʳʭ ʚʠʙʨʦʥʥʳʭ ʤʦʜ) ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʦʮʝʥʠʪʴ ʟʥʘʯʝʥʠʝ ʣʠʥʝʡʥʦʡ 

ʢʦʥʩʪʘʥʪʳ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ, ʚʭʦʜʷʱʝʡ ʚ ʚʠʙʨʦʥʥʳʡ ʛʘʤʠʣʴʪʦʥʠʘʥ.  

ʄʝʪʦʜʳ ʬʠʟʠʯʝʩʢʦʡ ʘʢʫʩʪʠʢʠ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʥʘ ʨʘʥʥʠʭ ʵʪʘʧʘʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʕʗʊ [14, 15, 16, 17, 18, 19] ʧʦʣʫʯʠʣʠ ʨʘʟʚʠʪʠʝ 

ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʜʘʚʥʦ, ʦʪʢʨʳʚ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʠʟʫʯʝʥʠʷ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʠ 

ʗʊ ʢʦʤʧʣʝʢʩʦʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʦ 
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ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʷʭ ʧʦʛʣʦʱʝʥʠʷ ʠ ʩʢʦʨʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʘ ʤʦʞʥʦ 

ʧʦʩʪʨʦʠʪʴ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʥʝʨʘʚʥʦʚʝʩʥʦʡ 

ʜʦʙʘʚʢʠ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʗʊ ʢʦʤʧʣʝʢʩʦʚ ʧʦ ʵʢʚʠʚʘʣʝʥʪʥʳʤ ʩʦʩʪʦʷʥʠʷʤ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʜʝʬʦʨʤʘʮʠʷʤ ʢʦʤʧʣʝʢʩʦʚ ʚ ʨʘʟʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ, ʦʧʨʝʜʝʣʠʪʴ 

ʵʥʝʨʛʠʶ ʘʢʪʠʚʘʮʠʠ ʠ ʚʝʣʠʯʠʥʫ ʣʠʥʝʡʥʦʡ ʢʦʥʩʪʘʥʪʳ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ (ʩʤ. [20] ʠ 

ʩʩʳʣʢʠ ʚ ʵʪʦʡ ʨʘʙʦʪʝ). ʆʜʥʘʢʦ ʜʣʷ ʜʝʪʘʣʴʥʦʛʦ  ʦʧʠʩʘʥʠʷ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʗʊ 

ʢʦʤʧʣʝʢʩʦʚ, ʠʭ ʩʪʘʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ (ʧʘʨʘʤʝʪʨʦʚ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ 

(ɸʇ): ʩʠʤʤʝʪʨʠʡʥʳʭ ʩʚʦʡʩʪʚ ʵʢʩʪʨʝʤʫʤʦʚ ʠ ʟʥʘʯʝʥʠʡ ʤʠʥʠʤʫʤʦʚ ʠ ʩʝʜʣʦʚʳʭ 

ʪʦʯʝʢ) ʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ) ʪʨʝʙʦʚʘʣʦʩʴ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʦʚ ʩ 3d ʧʨʠʤʝʩʷʤʠ ʟʘʤʝʱʝʥʠʷ ʚ ʩʦʝʜʠʥʝʥʠʷʭ, ʦʙʣʘʜʘʶʱʠʭ 

ʨʘʟʣʠʯʥʳʤʠ ʪʠʧʘʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʨʝʰʝʪʦʢ, ʠ ʨʘʟʨʘʙʦʪʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʤʝʪʦʜʦʚ ʠ ʤʝʪʦʜʠʢ ʦʙʨʘʙʦʪʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʘʠʙʦʣʝʝ 

ʧʦʣʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦʙ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ ʗʊ ʢʦʤʧʣʝʢʩʦʚ. 

ʎʝʣʴʁ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʥʠʞʥʝʛʦ ʣʠʩʪʘ ɸʇ ʗʊ 

ʢʦʤʧʣʝʢʩʦʚ ʚ ʢʫʙʠʯʝʩʢʠʭ ʠ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʠ ʠʟʫʯʝʥʠʝ ʧʨʦʮʝʩʩʦʚ 

ʨʝʣʘʢʩʘʮʠʠ ʗʊ ʧʦʜʩʠʩʪʝʤʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. 

ʆʩʥʦʚʥʳʝ ʟʘʜʘʯʠ: 

1. ʈʘʟʨʘʙʦʪʘʪʴ ʤʝʪʦʜʠʢʫ ʦʧʨʝʜʝʣʝʥʠʷ ʗʊ ʚʢʣʘʜʘ ʚ ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ 

ʧʨʠʤʝʩʥʳʭ ʢʨʠʩʪʘʣʣʦʚ. 

2. ʇʦʣʫʯʠʪʴ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʚʢʣʘʜʘ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ ʤʦʜʫʣʠ 

ʫʧʨʫʛʦʩʪʠ ʢʨʠʩʪʘʣʣʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʩʬʘʣʝʨʠʪʘ, ʬʣʶʦʨʠʪʘ ʠ ʚʶʨʮʠʪʘ. 

3. ʀʩʩʣʝʜʦʚʘʪʴ ʤʝʭʘʥʠʟʤ rʨʝʣʘʢʩʘʮʠʠ ʩʠʩʪʝʤʳ ʗʊ ʢʦʤʧʣʝʢʩʦʚ ʚ ʢʨʠʩʪʘʣʣʘʭ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʬʣʶʦʨʠʪʘ. 

4. ʀʩʩʣʝʜʦʚʘʪʴ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʢʦʤʧʣʝʢʩʥʳʝ ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ ʚ 

ʢʨʠʩʪʘʣʣʝ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʩʬʘʣʝʨʠʪʘ.   

5. ʀʩʩʣʝʜʦʚʘʪʴ ʧʨʦʷʚʣʝʥʠʝ ʕʗʊ ʚ ʢʨʠʩʪʘʣʣʝ ʄ-ʛʝʢʩʘʬʝʨʨʠʪʘ. 

ʆʙʲʝʢʪ rʠʩʩʣʝʜʦʚʘʥʠʷ: 

ɻʝʢʩʘʛʦʥʘʣʴʥʳʝ ʢʨʠʩʪʘʣʣʳ CdSe:Cr2+  (ʩʪʨʫʢʪʫʨʘ ʚʶʨʮʠʪʘ) ʠ BaFe12-xO19:Tix
4+  

(ʩʪʨʫʢʪʫʨʘ, ʠʟʦʤʦʨʬʥʘʷ ʤʠʥʝʨʘʣʫ ʤʘʛʥʝʪʦʧʣʶʤʙʠʪ), ʘ ʪʘʢʞʝ ʢʫʙʠʯʝʩʢʠʝ  CaF2:Cr2+  

CaF2:Ni2+.(ʬʣʶʦʨʠʪ), ZnSe:Cr2+ (ʩʪʨʫʢʪʫʨʘ ʩʬʘʣʝʨʠʪʘ). ʂʦʥʮʝʥʪʨʘʮʠʷ 3d ʠʦʥʦʚ 

ʩʦʩʪʘʚʣʷʣʘ ʚʝʣʠʯʠʥʫ ʧʦʨʷʜʢʘ 1018
 - 1019 ʩʤ-3. 
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ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ: 

1. ʆʙʥʘʨʫʞʝʥʦ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʗʊ ʢʦʤʧʣʝʢʩʳ (ʤʘʛʥʠʪʦʫʧʨʫʛʦʩʪʴ ʗʊ 

ʧʦʜʩʠʩʪʝʤʳ) ʚ ʤʘʪʨʠʮʝ ʢʨʠʩʪʘʣʣʘ, ʥʝ ʦʙʣʘʜʘʶʱʝʛʦ ʤʘʛʥʠʪʥʳʤ 

ʫʧʦʨʷʜʦʯʝʥʠʝʤ. 

2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʨʝʤʝʥʠ 

ʨʝʣʘʢʩʘʮʠʠ ʩʠʩʪʝʤʳ ʗʊ ʢʦʤʧʣʝʢʩʦʚ ʚ ʤʘʪʨʠʮʝ ʥʝʤʘʛʥʠʪʥʦʛʦ ʢʨʠʩʪʘʣʣʘ. 

3. ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʧʦʜʨʝʰʝʪʢʠ ʗʊ ʮʝʥʪʨʦʚ ʚ 

ʤʘʛʥʠʪʦʫʧʦʨʷʜʦʯʝʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ. 

4. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʦ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʤʝʭʘʥʠʟʤʘʤʠ ʨʝʣʘʢʩʘʮʠʠ 

ʷʚʣʷʶʪʩʷ: ʪʝʨʤʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ, ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʯʝʨʝʟ ʧʦʪʝʥʮʠʘʣʴʥʳʡ 

ʙʘʨʴʝʨ ʠ ʜʚʫʭʬʦʥʦʥʥʳʡ ʤʝʭʘʥʠʟʤ. 

5. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʛʣʦʱʝʥʠʝ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ, ʩʚʷʟʘʥʥʦʝ ʩ ʗʊ 

ʧʦʜʩʠʩʪʝʤʦʡ, ʠʤʝʝʪ ʢʦʥʝʯʥʫʶ ʚʝʣʠʯʠʥʫ ʜʘʞʝ ʚ ʧʨʝʜʝʣʝ ʥʫʣʝʚʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ: 

1. ʇʦʣʫʯʝʥʳ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʚʢʣʘʜʘ ʧʦʜʩʠʩʪʝʤʳ ʢʫʙʠʯʝʩʢʠʭ ʠ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʗʊ ʢʦʤʧʣʝʢʩʦʚ ʚ ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ ʢʫʙʠʯʝʩʢʠʭ ʠ 

ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʢʨʠʩʪʘʣʣʦʚ. 

2. ɺ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʦʧʨʝʜʝʣʝʥʳ ʟʥʘʯʝʥʠʷ ʢʦʥʩʪʘʥʪ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ, 

ʚʭʦʜʷʱʠʝ ʚ ʚʠʙʨʦʥʥʳʡ ʛʘʤʠʣʴʪʦʥʠʘʥ ʗʊ ʢʦʤʧʣʝʢʩʦʚ.  

3. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʕʗʊ ʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ A II-BVI:Cr2+ ʦʧʠʩʳʚʘʝʪʩʷ 

ʚ ʨʘʤʢʘʭ ʣʠʥʝʡʥʦʡ 
2( )T e tÃ +  ʟʘʜʘʯʠ ʩ ʤʠʥʠʤʫʤʘʤʠ ɸʇ, ʦʙʣʘʜʘʶʱʠʤʠ 

ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʝʡ. 

4. ʇʦʣʫʯʝʥʳ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʨʝʣʘʢʩʠʨʦʚʘʥʥʳʭ (ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ-

ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʭ) ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʜʣʷ 

ʢʨʠʩʪʘʣʣʦʚ A II-BVI:Cr2+. 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ: 

1. ʅʘ ʦʩʥʦʚʝ ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ ʩʠʩʪʝʤʳ ʗʊ ʢʦʤʧʣʝʢʩʦʚ 

ʨʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʗʊ ʚʢʣʘʜʘ ʚ ʢʦʤʧʣʝʢʩʥʳʝ ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ 

ʣʝʛʠʨʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ. 

2. ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʚʳʨʘʞʝʥʠʡ ʜʣʷ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʚʢʣʘʜʘ ʗʊ ʧʦʜʩʠʩʪʝʤʳ 

ʨʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ɸʇ ʗʊ ʢʦʤʧʣʝʢʩʦʚ: 
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ʩʠʤʤʝʪʨʠʡʥʳʭ ʩʚʦʡʩʪʚ ʵʢʩʪʨʝʤʫʤʦʚ ɸʇ ʠ ʚʝʣʠʯʠʥ ʤʠʥʠʤʫʤʦʚ ʠ ʩʝʜʣʦʚʳʭ 

ʪʦʯʝʢ. ʇʨʠ ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʧʘʨʘʤʝʪʨʘʭ ɸʇ ʠʤʝʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʷʪʴ 

ʢʦʥʮʝʥʪʨʘʮʠʶ ʗʊ ʠʦʥʦʚ. 

3. ʆʧʨʝʜʝʣʝʥʳ ʧʘʨʘʤʝʪʨʳ ɸʇ ʗʊ ʢʦʤʧʣʝʢʩʦʚ Fe2+O4 ʚ ʢʨʠʩʪʘʣʣʝ BaFe12-xO19:Tix
4+. 

4. ʆʧʨʝʜʝʣʝʥʳ ʧʘʨʘʤʝʪʨʳ ɸʇ ʗʊ ʢʦʤʧʣʝʢʩʦʚ Cr2+Se4 ʚ ʢʨʠʩʪʘʣʣʝ CdSe:Cr2+.  

ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ: 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʚʳʧʦʣʥʝʥʘ 

ʤʝʪʦʜʘʤʠ ʬʠʟʠʯʝʩʢʦʡ ʘʢʫʩʪʠʢʠ. ʇʨʠ ʵʪʦʤ ʪʝʨʤʠʥ çʘʢʫʩʪʠʢʘè ʧʦʥʠʤʘʝʪʩʷ ʚ 

ʰʠʨʦʢʦʤ ʩʤʳʩʣʝ, ʪʦ ʝʩʪʴ, ʠʤʝʶʪʩʷ ʚ ʚʠʜʫ ʤʝʭʘʥʠʯʝʩʢʠʝ ʢʦʣʝʙʘʥʠʷ ʠ ʚʦʣʥʳ, ʠʭ 

ʧʝʨʝʥʦʩʷʱʠʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʥʝ ʪʦʣʴʢʦ ʘʢʫʩʪʠʯʝʩʢʦʤʫ ʯʘʩʪʦʪʥʦʤʫ ʜʠʘʧʘʟʦʥʫ, ʥʦ 

ʠ ʙʦʣʝʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʤʫ. ʋʩʪʘʥʦʚʢʠ, ʥʘ ʢʦʪʦʨʳʭ ʧʨʦʚʦʜʠʣʠʩʴ ʠʟʤʝʨʝʥʠʷ, 

ʨʘʙʦʪʘʣʠ ʚ ʠʥʪʝʨʚʘʣʝ 107 - 5Ĭ108 ɻʮ (ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʜʠʘʧʘʟʦʥ).  

         ʄʝʪʦʜʳ ʬʠʟʠʯʝʩʢʦʡ ʘʢʫʩʪʠʢʠ ʧʨʝʜʧʦʣʘʛʘʶʪ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʠ 

ʧʦʛʣʦʱʝʥʠʷ ʫʧʨʫʛʠʭ ʚʦʣʥ ʠʣʠ, ʠʥʳʤʠ ʩʣʦʚʘʤʠ, ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʠ ʤʥʠʤʦʡ 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ ʢʘʢ ʬʫʥʢʮʠʡ ʚʥʝʰʥʠʭ 

ʧʘʨʘʤʝʪʨʦʚ: ʪʝʤʧʝʨʘʪʫʨʳ, ʜʘʚʣʝʥʠʷ, ʤʘʛʥʠʪʥʦʛʦ ʠʣʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʝʡ ʩ 

ʧʦʩʣʝʜʫʶʱʝʡ ʠʥʪʝʨʧʨʝʪʘʮʠʝʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʥʘ ʦʩʥʦʚʝ 

ʩʫʱʝʩʪʚʫʶʱʠʭ ʠʣʠ ʩʧʝʮʠʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʣʫʯʘʝʚ 

ʪʝʦʨʠʡ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʚʳʧʦʣʥʷʣʠʩʴ ʥʘ ʫʩʪʘʥʦʚʢʘʭ ʚ ʃʘʙʦʨʘʪʦʨʠʠ ʩʠʣʴʥʳʭ 

ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ (ɼʨʝʟʜʝʥ, ʌʈɻ [21]), ʚ ʌʠʟʠʢʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ ʠʥʩʪʠʪʫʪʝ 

ʋʨʌʋ [22] ʠ ʚ ʀʥʩʪʠʪʫʪʝ ʬʠʟʠʢʠ ʤʝʪʘʣʣʦʚ ʠʤ. ʄ.ʅ. ʄʠʭʝʝʚʘ ʋʨʆ ʈɸʅ (ʝʝ 

ʦʧʠʩʘʥʠʝ ʤʦʞʥʦ ʥʘʡʪʠ ʚ [23]).  ɸʥʘʣʠʟ ʩʦʩʪʘʚʘ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʬʣʶʦʨʠʪʦʚ ʠ 

ʩʦʝʜʠʥʝʥʠʡ AII-BVI:Cr2+ ʚʳʧʦʣʥʷʣʩʷ ʚ ʀʥʩʪʠʪʫʪʝ ʭʠʤʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʋʨʆ ʈɸʅ  ʩ 

ʧʦʤʦʱʴʶ ELAN 9000 ICPMS (Perkin-Elmer SCIEX), ʘ ʛʝʢʩʘʬʝʨʨʠʪʘ  

BaFe12-xO19:Tix
4+ ʚ ʖʞʥʦ-ʋʨʘʣʴʩʢʦʤ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʤ ʋʥʠʚʝʨʩʠʪʝʪʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Jeol JSM7001F ʠ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ Oxford INCA X-max 80.    

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ: 

1. ʉʠʩʪʝʤʘ ʗʊ ʢʦʤʧʣʝʢʩʦʚ ʚ ʤʘʪʨʠʮʝ ʥʝʤʘʛʥʠʪʥʦʛʦ ʢʨʠʩʪʘʣʣʘ (ʥʘ ʧʨʠʤʝʨʝ 

ʢʨʠʩʪʘʣʣʦʚ ZnSe:Cr2+  ʠ CdSe:Cr2+) ʦʙʣʘʜʘʝʪ ʤʘʛʥʠʪʦʫʧʨʫʛʦʩʪʴʶ:  ʢʦʤʧʣʝʢʩʥʳʝ 

ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ ʟʘʚʠʩʷʪ ʦʪ ʧʨʠʣʦʞʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ.  



9 

 

2. ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʤʝʥʷʝʪ ʘʜʠʘʙʘʪʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʗʊ 

ʢʦʤʧʣʝʢʩʦʚ. ɺ ʢʨʠʩʪʘʣʣʝ ZnSe:Cr2+, ʦʨʠʝʥʪʘʮʠʷ ʚʝʢʪʦʨʘ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ 

ʚʜʦʣʴ ʦʩʠ ʩʠʤʤʝʪʨʠʠ ʯʝʪʚʝʨʪʦʛʦ ʧʦʨʷʜʢʘ ʧʨʠʚʦʜʠʪ ʢ ʦʜʠʥʦʯʥʦʤʫ ʛʣʦʙʘʣʴʥʦʤʫ 

ʤʠʥʠʤʫʤʫ (ʩʠʥʛʣʝʪʥʦʤʫ ʦʩʥʦʚʥʦʤʫ ʩʦʩʪʦʷʥʠʶ), ʘ ʧʨʠ ʦʨʠʝʥʪʘʮʠʠ ʚʜʦʣʴ ʦʩʠ 

ʩʠʤʤʝʪʨʠʠ ʚʪʦʨʦʛʦ ʩʠʤʤʝʪʨʠʠ ʧʦʨʷʜʢʘ ï ʢ ʜʚʫʤ ʵʢʚʠʚʘʣʝʥʪʥr ʤ ʤʠʥʠʤʫʤʘʤ 

(ʜʚʫʢʨʘʪʥʦ ʚʳʨʦʞʜʝʥʥʦʤʫ), ʯʪʦ ʚʣʠʷʝʪ ʥʘ ʚʳʩʦʢʦʧʦʣʝʚʫʶ ʘʩʠʤʧʪʦʪʠʢʫ 

ʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ. 

3.  ɺʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʟʘʚʠʩʠʪ ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʠ ʵʪʘ 

ʟʘʚʠʩʠʤʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʝʥʘ ʜʣʷ ʩʠʩʪʝʤʳ ʢʦʤʧʣʝʢʩʦʚ Cr2+Se4 ʚ 

ʤʘʪʨʠʮʝ ZnSe. 

4. ɺ ʣʝʛʠʨʦʚʘʥʥr ʭ ʢʨʠʩʪʘʣʣʘʭ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʤʘʛʥʠʪʥʳʤʠ ʧʦʜʨʝʰʝʪʢʘʤʠ, ʪʘʢʠʭ, 

ʢʘʢ BaFe12-xO19:Tix
4+, ʬʦʨʤʠʨʫʝʪʩʷ ʧʦʜʨʝʰʝʪʢʘ ʗʊ ʮʝʥʪʨʦʚ Fe2+. 

5. ʇʦʛʣʦʱʝʥʠʝ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ, ʩʚʷʟʘʥʥʦʝ ʩ ʗʊ ʧʦʜʩʠʩʪʝʤʦʡ, ʠʤʝʝʪ 

ʢʦʥʝʯʥʫʶ ʚʝʣʠʯʠʥʫ ʜʘʞʝ ʚ ʧʨʝʜʝʣʝ ʥʫʣʝʚʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʚ ʭʦʜʝ ʨʘʙʦʪʳ ʨʝʟʫʣʴʪʘʪʦʚ ʦʙʝʩʧʝʯʝʥʘ 

ʘʪʪʝʩʪʦʚʘʥʥʳʤʠ ʫʩʪʘʥʦʚʢʘʤʠ, ʧʦʚʝʨʝʥʥʳʤʠ ʠ ʢʘʣʠʙʨʦʚʘʥʥʳʤʠ ʩʨʝʜʩʪʚʘʤʠ 

ʠʟʤʝʨʝʥʠʡ, ʧʨʠʤʝʥʝʥʠʝʤ ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʦʙʨʘʙʦʪʢʠ ʤʘʩʩʠʚʦʚ ʜʘʥʥʳʭ, 

ʧʦʚʪʦʨʝʥʠʝʤ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ʈʝʟʫʣʴʪʘʪʳ ʥʘʭʦʜʷʪʩʷ ʚ ʭʦʨʦʰʝʤ ʩʦʛʣʘʩʠʠ ʩ ʜʘʥʥʳʤʠ 

ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ, ʠʩʧʦʣʴʟʦʚʘʚʰʠʭ ʠʥʳʝ ʤʝʪʦʜʳ. ʈʘʩʯʝʪ r ʚʳʧʦʣʥʝʥʳ ʩ 

ʦʙʦʩʥʦʚʘʥʥʳʤʠ ʜʦʧʫʱʝʥʠʷʤʠ ʠ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

ɸʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ: 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʚʠʜʝ ʜʦʢʣʘʜʦʚ ʥʘ 19 ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʠ 

ʨʦʩʩʠʡʩʢʠʭ ʢʦʥʬʝʨʝʥʮʠʷʭ:  XXII International Symposium on the Jahn-Teller Effect, 

Graz, Austria (2014); XXIII International Symposium on the Jahn-Teller Effect, Tartu, 

Estonia (2016); XXIV International Symposium on the Jahn-Teller Effect, Santander, 

Spain (2018); 28 International Conference on Low Temperature Physics, Gothenburg, 

Sweden (2017); Moscow International Symposium on Magnetism MISM-2014, 

Moskow (2014); International Conference ñSpin physics, spin chemistry and spin 

technologyò SPCT-2015, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ (2015); VI Euro-Asian Symposium 

"Trends in MAGnetism" (EASTMAG-2016) ʂʨʘʩʥʦʷʨʩʢ (2016);  VII Euro-Asian 

Symposium "Trends in MAGnetism" (EASTMAG-2019) ɽʢʘʪʝʨʠʥʙʫʨʛ (2019); VIII 
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Euro-Asian Symposium "Trends in MAGnetism" (EASTMAG-2022) ʂʘʟʘʥʴ (2022); 

XVI International Feofilov Symposium on Spectroscopy of Crystals Doped with Rare 

Earth and Transition Metal Ions, Saint-Petersburg (2015); XVII International Feofilov 

Symposium on Spectroscopy of Crystals Doped with Rare Earth and Transition Metal 

Ions, Ekaterinburg (2018);  XXVII ʉʦʚʝʱʘʥʠʝ ʧʦ ʬʠʟʠʢʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ (ʅʊ-

37), ʂʘʟʘʥʴ (2015); XXXVIII  ʉʦʚʝʱʘʥʠʝ ʧʦ ʬʠʟʠʢʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ (ʅʊ-38), 

ʐʝʧʩʠ (2018); XII ʈʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʬʠʟʠʢʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ɽʨʰʦʚʦ 

(2015);  XIII ʈʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʬʠʟʠʢʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ɽʢʘʪʝʨʠʥʙʫʨʛ 

(2017);  XIV ʈʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʬʠʟʠʢʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ʅʦʚʦʩʠʙʠʨʩʢ 

(2019); XV ʈʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʬʠʟʠʢʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ʅʠʞʥʠʡ 

ʅʦʚʛʦʨʦʜ (2022); XX Ural International Winter School of the Physics of 

Semiconductors, Ekaterinburg (2014); XXI Ural International Winter School of the 

Physics of Semiconductors, Ekaterinburg (2016). 

ʇʫʙʣʠʢʘʮʠʠ ʠ ʣʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ: 

ʈʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʚʳʧʦʣʥʝʥʠʷ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ, 

ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ 28 ʧʝʯʘʪʥʳʭ ʨʘʙʦʪʘʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ 8 ʩʪʘʪʴʷʭ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ 

ʥʘʫʯʥʳʭ ʠʟʜʘʥʠʷʭ, ʦʧʨʝʜʝʣʸʥʥʳʭ ɺɸʂ ʈʌ, ʚ ʪʦʤ ʯʠʩʣʝ 4 ʩʪʘʪʴʠ ʚ ʠʟʜʘʥʠʷʭ, 

ʚʭʦʜʷʱʠʭ ʚ ʙʘʟʳ ʜʘʥʥʳʭ Web of Science ʠ/ʠʣʠ SCOPUS, ʦʜʥʘ ʛʣʘʚʘ ʚ ʢʦʣʣʝʢʪʠʚʥʦʡ 

ʤʦʥʦʛʨʘʬʠʠ, ʠʟʜʘʥʥʦʡ ʚ ʉʐɸ, ʠ ʚ 19 ʪʝʟʠʩʘʭ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʠ ʚʩʝʨʦʩʩʠʡʩʢʠʭ 

ʢʦʥʬʝʨʝʥʮʠʡ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ ʨʘʙʦʪʳ ʚʳʧʦʣʥʷʣʘʩʴ ʥʘ ʫʩʪʘʥʦʚʢʘʭ ʚ 

ʃʘʙʦʨʘʪʦʨʠʠ ʩʠʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ (ɼʨʝʟʜʝʥ, ʌʈɻ), ʚ ʌʠʟʠʢʦ-

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ ʠʥʩʪʠʪʫʪʝ ʋʨʌʋ (ʠʟʛʦʪʦʚʣʝʥʥʦʡ ʣʠʯʥʦ ʘʚʪʦʨʦʤ) ʠ ʚ ʣʘʙʦʨʘʪʦʨʠʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʠ ʧʦʣʫʤʝʪʘʣʣʦʚ ʀʥʩʪʠʪʫʪʘ ʬʠʟʠʢʠ ʤʝʪʘʣʣʦʚ ʠʤ. ʄ.ʅ. ʄʠʭʝʝʚʘ 

ʋʨʆ ʈɸʅ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʛʨʘʥʪr 15-02-02750ʘ, 18-02-00332ʘ, 18-32-

00432ʤʦʣ_ʘ) ʠ ʈʅʌ (ʛʨʘʥʪ 22-22-00735). ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʣʠʯʥʦ ʘʚʪʦʨʦʤ ʠʣʠ ʧʨʠ ʝʛʦ ʘʢʪʠʚʥʦʤ ʫʯʘʩʪʠʠ. ɺʳʙʦʨ ʥʘʧʨʘʚʣʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʦʙʩʫʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʬʦʨʤʫʣʠʨʦʚʢʘ ʟʘʜʘʯ ʧʨʦʚʦʜʠʣʠʩʴ ʩʦʚʤʝʩʪʥʦ ʩ ʥʘʫʯʥʳʤ 

ʨʫʢʦʚʦʜʠʪʝʣʝʤ ɺ. ɺ. ɻʫʜʢʦʚʳʤ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʠ ʤʘʛʥʠʪʦʧʦʣʝʚʳʝ ʠʟʤʝʨʝʥʠʷ 

ʧʦʛʣʦʱʝʥʠʷ ʠ ʩʢʦʨʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ, ʦʙʨʘʙʦʪʢʘ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʠʭ ʘʥʘʣʠʟ 

ʧʨʦʚʦʜʠʣʠʩʴ ʣʠʯʥʦ ʘʚʪʦʨʦʤ. ʂʨʠʩʪʘʣʣʳ CaF2:Cr2+ ʙʳʣʠ ʚʳʨʘʱʝʥʳ ʚ ʂʘʟʘʥʩʢʦʤ 

ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʦʤ ʠʥʩʪʠʪʫʪʝ ʠʤ. ɽ. ʂ. ɿʘʚʦʡʩʢʦʛʦ ʂʅʎ ʈɸʅ ɺ. ɸ. ʋʣʘʥʦʚʳʤ, 
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CaF2:Ni2+ -  ʚ ʀʥʩʪʠʪʫʪʝ ʛʝʦʭʠʤʠʠ ʠʤ. ɸ.ʇ. ɺʠʥʦʛʨʘʜʦʚʘ ʉʆ ʈɸʅ ɸ.ɺ. ɽʛʨʘʥʦʚʳʤ, 

ZnSe:Cr2+ ʠ CdSe:Cr2+ - ʚ ʌʠʟʠʯʝʩʢʦʤ ʠʥʩʪʠʪʫʪʝ ʠʤ. ʇ. ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ ʖ. ɺ. 

ʂʦʨʦʩʪʝʣʠʥʳʤ, BaFe12-xO19:Tix
4+ - ʚ ʖʞʥʦ-ʋʨʘʣʴʩʢʦʤ   ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʤ 

ʫʥʠʚʝʨʩʠʪʝʪʝ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ɼ. ɸ. ɺʠʥʥʠʢʘ. ʀʥʪʝʨʧʨʝʪʘʮʠʷ ʜʘʥʥʳʭ ʥʘ ʦʩʥʦʚʝ 

ʩʦʚʨʝʤʝʥʥʳʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦʙ ʕʗʊ ʚʳʧʦʣʥʷʣʘʩʴ ʩʦʚʤʝʩʪʥʦ ʩ ʀ. ɹ. ɹʝʨʩʫʢʝʨʦʤ 

(ʋʥʠʚʝʨʩʠʪʝʪ ʰʪʘʪʘ ʊʝʭʘʩ, ʉʐɸ), ʅ. ʉ. ɸʚʝʨʢʠʝʚʳʤ (ʌʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ 

ʠʥʩʪʠʪʫʪ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ) ʠ ʀ.ɺ. ɾʝʚʩʪʦʚʩʢʠʭ (ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʤʝʪʘʣʣʦʚ ʠʤ. 

ʄ.ʅ. ʄʠʭʝʝʚʘ ʋʨʆ ʈɸʅ). 

ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, 6 ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ, ʩʧʠʩʢʘ 

ʩʦʢʨʘʱʝʥʠʡ ʠ ʫʩʣʦʚʥʳʭ ʦʙʦʟʥʘʯʝʥʠʡ ʠ ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʳ. ʆʙʱʠʡ ʦʙʲʝʤ ʨʘʙʦʪʳ 

ʩʦʩʪʘʚʣʷʝʪ 109 ʩʪʨʘʥʠʮ, ʚʢʣʶʯʘʷ 37 ʨʠʩʫʥʢʦʚ, 9 ʪʘʙʣʠʮ, ʩʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ ʠʟ 82 

ʥʘʠʤʝʥʦʚʘʥʠʡ. 
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1. ɸʥʘʣʠʪʠʯʝʩʢʠʡ ʦʙʟʦʨ  

 

1.1. ʀʩʪʦʨʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʕʗʊ 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʪʝʨʤʠʥ ʵʬʬʝʢʪ ʗʥʘ-ʊʝʣʣʝʨʘ ʠʩʧʦʣʴʟʫʶʪ ʢ ʮʝʣʦʤʫ ʢʨʫʛʫ 

ʷʚʣʝʥʠʡ, ʪʘʢ ʠʣʠ ʠʥʘʯʝ, ʩʚʷʟʘʥʥʳʭ ʩ ʪʝʦʨʝʤʦʡ, ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʦʡ ʚ 1937 ʛ. [1]. ɺ 

ʣʠʪʝʨʘʪʫʨʝ (ʩʤ., ʥʘʧʨʠʤʝʨ, [3]) ʫʧʦʤʠʥʘʝʪʩʷ ʩʣʫʯʘʡ ʦʙʩʫʞʜʝʥʠʷ ʕʜʚʘʨʜʦʤ 

ʊʝʣʣʝʨʦʤ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘ ʝʛʦ ʘʩʧʠʨʘʥʪʘ ʈʫʜʦʣʴʬʘ ʈʝʥʥʝʨʘ [24] ʩʦ ʃʴʚʦʤ 

ɼʘʚʳʜʦʚʠʯʝʤ ʃʘʥʜʘʫ ʚ 1934 ʛ.  ʀʩʩʣʝʜʦʚʘʥʠʷ ʈʝʥʥʝʨʘ ʧʦʩʣʫʞʠʣʠ ʪʦʣʯʢʦʤ ʜʣʷ 

ʨʘʩʩʤʦʪʨʝʥʠʷ ʤʦʣʝʢʫʣ ʩ ʚʳʨʦʞʜʝʥʥʳʤʠ ʦʨʙʠʪʘʣʴʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ, ʙʳʣʘ 

ʧʦʩʪʨʦʝʥʘ ʢʘʯʝʩʪʚʝʥʥʘʷ ʢʘʨʪʠʥʘ ʷʚʣʝʥʠʷ, ʜʣʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʢʦʪʦʨʦʛʦ 

ʊʝʣʣʝʨ ʦʙʨʘʪʠʣʩʷ ʢ ɻʝʨʤʘʥʫ ɸʨʪʫʨʫ ʗʥʫ, ʯʪʦ ʚ ʢʦʥʮʝ ʢʦʥʮʦʚ ʠ ʧʨʠʚʝʣʦ ʢ 

ʚʳʰʝʫʧʦʤʷʥʫʪʦʡ ʪʝʦʨʝʤʝ, ʢʦʪʦʨʫʶ ʥʘʟʳʚʘʶʪ ʪʝʦʨʝʤʦʡ ʗʥʘ-ʊʝʣʣʝʨʘ.  ʊʝʦʨʝʤʘ 

ʫʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʚʳʩʦʢʦʩʠʤʤʝʪʨʠʯʥʦʝ ʩʦʩʪʦʷʥʠʝ ʤʦʣʝʢʫʣʳ ʩ ʦʨʙʠʪʘʣʴʥʳʤ 

ʚʳʨʦʞʜʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʥʝʫʩʪʦʡʯʠʚʳʤ, ʘ ʫʩʪʦʡʯʠʚʦʝ ʩʦʩʪʦʷʥʠʝ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʝʪ 

ʜʝʬʦʨʤʘʮʠʡ, ʧʦʥʠʞʘʶʱʠʭ ʩʠʤʤʝʪʨʠ ʁʤʦʣʝʢʫʣʳ. ɺʧʦʩʣʝʜʩʪʚʠʠ ʩʪʘʣʦ ʷʩʥʦ, ʵʪʘ 

ʪʝʦʨʝʤʘ ʧʨʠʤʝʥʠʤʘ ʠ ʢ ʢʨʠʩʪʘʣʣʘʤ, ʚ ʢʦʪʦʨʳʭ ʗʊ ʮʝʥʪʨʳ ʩʦʜʝʨʞʘʪʩʷ ʚ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ, ʘ ʪʘʢʞʝ ʢ ʢʨʠʩʪʘʣʣʘʤ, ʜʦʧʠʨʦʚʘʥʥʳʤ ʗʊ ʠʦʥʘʤʠ. ɼʦʣʛʦʝ 

ʚʨʝʤʷ ʕʗʊ ʙʳʣ ʧʨʝʜʤʝʪʦʤ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ [25, 26, 27], ʠ ʜʘʞʝ 

ʩʯʠʪʘʣʦʩʴ, ʯʪʦ ʦʥ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʝ ʥʘʙʣʶʜʘʝʤ [28]. ʆʜʥʘʢʦ, ʚ 1950-ʭ 

ʧʦʷʚʠʣʠʩʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʘʙʦʪʳ ʧʦ ʠʟʫʯʝʥʠʶ ʩʧʝʢʪʨʦʚ ʕʇʈ [29], [30, 31] ʠ  

ʦʧʪʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ [32], ʚ ʢʦʪʦʨʳʭ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ 

ʦʢʘʟʘʣʘʩʴ ʥʝʚʦʟʤʦʞʥʦʡ ʙʝʟ ʧʨʠʚʣʝʯʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦʙ ʕʗʊ (ʩʤ. ʪʘʢʞʝ ʦʙʟʦʨ 

[2], ʤʦʥʦʛʨʘʬʠʶ [33] ʠ ʙʠʙʣʠʦʛʨʘʬʠʯʝʩʢʠʡ ʦʙʟʦʨ [34]). 

ʆʪʢʨʳʪʠʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʠ [35] ʠ ʢʦʣʦʩʩʘʣʴʥʦʛʦ 

ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ [36] ʚʳʟʚʘʣ ʥʦʚʳʡ ʚʩʧʣʝʩʢ ʠʥʪʝʨʝʩʘ ʢ ʕʗʊ, ʧʦʩʢʦʣʴʢʫ ʩ 

ʵʪʠʤ ʵʬʬʝʢʪʦʤ ʩʚʷʟʘʥʘ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʚʳʰʝʫʧʦʤʷʥʫʪʳʭ ʷʚʣʝʥʠʡ [37], [38], [39, 40, 

41, 42].  
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1.2. ʆʩʥʦʚʳ ʪʝʦʨʠʠ ʕʗʊ  

 

ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʕʗʊ ʦʩʥʦʚʘʥʦ ʥʘ ʨʝʰʝʥʠʠ ʫʨʘʚʥʝʥʠ ̫ʐʨʝʜʠʥʛʝʨʘ ʩ 

ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ 

( ),r QH H H V r Q= + +  ,                                                        (1.1) 

ʛʜʝ 
rH  ʧʨʝʜʩʪʘʚʣʷʝʪ ʢʠʥʝʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ ʵʣʝʢʪʨʦʥʦʚ ʠ ʤʝʞʵʣʝʢʪʨʦʥʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, 
QH ī ʢʠʥʝʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ ʷʜʝʨ,  r  ʠ Q  ʝʩʪʴ ʥʘʙʦʨʳ 

ʣɻʝʢʪʨʦʥʥʳʭ ʠ ʷʜʝʨʥʳʭ ʢʦʦʨʜʠʥʘʪ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʧʝʨʘʪʦʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʵʣʝʢʪʨʦʥʦʚ ʠ ʷʜʝʨ ( ),V r Q  ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ ʨʘʟʣʦʞʝʥʠʷ ʧʦ ʩʤʝʱʝʥʠʷʤ ʷʜʝʨ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʩʭʦʜʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʩ 
0 0Q Qa a= =. ʇʦʣʥʘʷ ʚʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ 

( ),r QY  ʟʘʧʠʩʳʚʘʝʪʩʷ ʢʘʢ ʨʘʟʣʦʞʝʥʠʝ ʧʦ ʵʣʝʢʪʨʦʥʥʳʤ ʚʦʣʥʦʚʳʤ ʬʫʥʢʮʠʷʤ ( )k rj   

( ) () (), k k

k

r Q Q rc jY = Öä .                                               (1.2) 

ʉʠʩʪʝʤʘ ʩʚʷʟʘʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ʩ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ()k Qc   

() () ()( )Q k k km m

m k

H E Q E Q W Q Qc c
¸

è ø- - +ê ú ä ,    (1.3) 

ʷʚʣʷʝʪʩʷ ʨʝʰʝʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ, ʚ ʢʦʪʦʨʦʤ ʦʧʝʨʘʪʦʨ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ  

  () ( ) ( )
2

,0 0

1
, ,0 ...

2

V V
W Q V r Q V r Q Q Q

Q Q Q
a a b

a a ba a b

å õå õµ µ
= - = + +æ öæ ö æ öµ µ µç ÷ ç ÷

ä ä  .       (1.4) 

ʄʘʪʨʠʯʥʳʝ ʵʣʝʤʝʥʪʳ ʦʧʝʨʘʪʦʨʘ W  ʚʭʦʜʷʪ ʚ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ (ʧʦʪʝʥʮʠʘʣʴʥʫʶ ʵʥʝʨʛʠʶ ʷʜʝʨ ʗʊ ʢʦʤʧʣʝʢʩʘ ʚ ʫʩʨʝʜʥʝʥʥʦʤ ʧʦʣʝ 

ʵʣʝʢʪʨʦʥʦʚ ʚ ʩʦʩʪʦʷʥʠʠ, ʦʧʠʩʳʚʘʝʤʦʤ ( )k rj , 

  () () ()k k kkE Q E Q W Q¡= + ,                                                (1.5) 

ʛʜʝ ()kE Q¡  - ʵʥʝʨʛʠʷ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʡ ʢʦʤʧʣʝʢʩʘ ʙʝʟ ʫʯʝʪʘ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ.   

ɺ ʩʣʫʯʘʝ ʜʚʫʭʢʨʘʪʥʦʛʦ ʦʨʙʠʪʘʣʴʥʦʛʦ ʚʳʨʦʞʜʝʥʠʷ ɸʇ ʟʘʜʘʝʪʩʷ ʚ ʩʠʩʪʝʤʝ 

ʪʝʪʨʘʛʦʥʘʣʴʥʳʭ ʩʠʤʤʝʪʨʠʟʦʚʘʥʥʳʭ ʢʦʦʨʜʠʥʘʪ QJ ʠ Qe ʚ ʦʙʦʟʥʘʯʝʥʠʷʭ ʍʵʤʘ [43] 

(ʠʣʠ 
2Q  ʠ 

3Q  ʚ ʦʙʦʟʥʘʯʝʥʠʷʭ ɺʘʥ ʌʣʝʢʘ [25]) ʠ ʝʛʦ ʤʠʥʠʤʫʤʳ (ʵʥʝʨʛʠʷ 

ʩʪʘʙʠʣʠʟʘʮʠʠ)  
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2

2

JT E
E

E

F
E

K
=                                                             (1.6) 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʣʠʥʝʡʥʦʡ ʢʦʥʩʪʘʥʪʦʡ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ
EF  ʠ 

ʧʝʨʚʠʯʥʦʡ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʠʣʦʚʦʡ ʢʦʥʩʪʘʥʪʦʡ 
EK , ʢʦʪʦʨʘʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪ 

ʫʧʨʫʛʫʶ ʵʥʝʨʛʠʶ ʗʊ ʢʦʤʧʣʝʢʩʘ ʙʝʟ ʫʯʝʪʘ ʚʠʙʨʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

  
E

V
F

QJ
J J
å õµ

= æ ö
µç ÷

 .                                                      (1.7) 

ʇʨʠ ʪʨʝʭʢʨʘʪʥʦʤ ʦʨʙʠʪʘʣʴʥʦʤ ʚʳʨʦʞʜʝʥʠʠ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ɸʇ ʟʘʜʘʝʪʩʷ ʚ 5-

ʤʝʨʥʦʡ ʩʠʩʪʝʤʝ ʩʠʤʤʝʪʨʠʟʦʚʘʥʥʳʭ ʢʦʦʨʜʠʥʘʪ, ʪʝʪʨʘʛʦʥʘʣʴʥʳʭ (ʫʧʦʤʷʥʫʪʳʭ 

ʚʳʰʝ) ʠ ʪʨʠʛʦʥʘʣʴʥʳʭ Qx ,Qz ʠ Qh ʚ ʦʙʦʟʥʘʯʝʥʠʷʭ ʍʵʤʘ [43] (ʠʣʠ 
4Q  ,  

5Q ʠ 6Q  ʚ 

ʦʙʦʟʥʘʯʝʥʠʷʭ ɺʘʥ ʌʣʝʢʘ [25]), ʘ ʤʠʥʠʤʫʤʳ ʪʨʠʛʦʥʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ (ʝʩʣʠ 

ʪʘʢʦʚʳʝ ʠʤʝʶʪʩʷ) ʟʘʜʘʶʪʩʷ ʪʨʠʛʦʥʘʣʴʥʦʡ ʣʠʥʝʡʥʦʡ ʢʦʥʩʪʘʥʪʦʡ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ   

TF   ʠ ʧʝʨʚʠʯʥʦʡ ʪʨʠʛʦʥʘʣʴʥʦʡ ʩʠʣʦʚʦʡ ʢʦʥʩʪʘʥʪʦʡ 
TK : 

   
22

3

JT T
T

T

F
E

K
=  ,                                                          (1.8) 

   T

V
F

Qh
h h
å õµ

= æ öæ öµç ÷

.                                                   (1.9) 

 

1.3. ʄʦʣʝʢʫʣʷʨʥʘʷ ʤʦʜʝʣʴ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʧʨʠʤʝʩʥʳʤ ʢʨʠʩʪʘʣʣʘʤ 

 

       ʆʧʠʩʘʥʠʝ ʕʗʊ ʚ ʜʦʧʠʨʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʦʩʥʦʚʘʥʦ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʡ 

ʤʦʜʝʣʠ, ʚ ʢʦʪʦʨʦʡ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʗʊ ʢʦʤʧʣʝʢʩ, ʩʦʜʝʨʞʘʱʠʡ ʗʊ ʠʦʥ ʠ 

ʙʣʠʞʘʡʰʝʝ ʦʢʨʫʞʝʥʠʝ. ʇʨʠ ʵʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʷ ʗʊ ʠʦʥʦʚ ʜʦʣʞʥʘ ʙʳʪʴ ʤʘʣʘ, ʯʪʦʙʳ 

ʢʦʤʧʣʝʢʩʳ, ʬʦʨʤʠʨʫʶʱʠʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʘʥʩʘʤʙʣʴ (ʗʊ ʧʦʜʩʠʩʪʝʤʫ 

ʢʨʠʩʪʘʣʣʘ), ʤʦʞʥʦ ʙʳʣʦ ʩʯʠʪʘʪʴ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʤʠ ʤʝʞʜʫ ʩʦʙʦʡ ʠ 

ʦʧʠʩʳʚʘʪʴ ʚ ʨʘʤʢʘʭ ʧʦʜʭʦʜʘ, ʧʨʠʚʝʜʝʥʥʦʛʦ ʚʳʰʝ ʚ ʧʘʨʘʛʨʘʬʝ 1.2.  

ɺ ʨʘʤʢʘʭ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʩʦʩʪʦʷʥʠʝ ʥʝʢʦʪʦʨʦʡ ʧʦʜʩʠʩʪʝʤʳ 

ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʩ ʧʦʤʦʱʴʶ ʢʘʢʦʛʦ-ʣʠʙʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ʀʤʝʷ ʚ 

ʚʠʜʫ, ʯʪʦ ʥʘʤ ʥʘʜʦ ʙʫʜʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ (ʧʦʛʣʦʱʝʥʠʝ ʠ 

ʜʠʩʧʝʨʩʠʶ ʥʦʨʤʘʣʴʥʳʭ ʫʧʨʫʛʠʭ ʤʦʜ, ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ), ʠʤʝʝʪ ʩʤʳʩʣ 
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ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʚʦʙʦʜʥʫʶ ʵʥʝʨʛʠʶ ɻʝʣʴʤʛʦʣʴʮʘ A U TS= - , ʘ ʪʦʯʥʝʝ, ʝʝ ʧʣʦʪʥʦʩʪʴ 

(ʩʤ., ʥʘʧʨʠʤʝʨ, [44, ʩ.280]). ɼʘʣʝʝ ʧʦʜ ʧʘʨʘʤʝʪʨʘʤʠ, ʟʘʚʠʩʷʱʠʤʠ ʦʪ ʦʙʲʸʤʘ, 

ʥʘʧʨʠʤʝʨ, ʚʥʫʪʨʝʥʥʶʶ ʵʥʝʨʛʠʶ U, ʵʥʪʨʦʧʠʶ  S,  ʤʳ ʙʫʜʝʤ ʧʦʥʠʤʘʪʴ ʚʝʣʠʯʠʥʳ 

ʝʜʠʥʠʮʳ ʦʙʲʸʤʘ, ʪ.ʝ., ʧʣʦʪʥʦʩʪʴ 

ij ij i i i idA d E dD H dB SdTs e= + + - ,                                        (1.10) 

ɻʜʝ s ī ʪʝʥʟʦʨ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ, e   ī ʪʝʥʟʦʨ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ, E    

ï ʚʝʢʪʦʨ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, H    ï ʚʝʢʪʦʨ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, D    ï ʚʝʢʪʦʨ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠʥʜʫʢʮʠʠ, B    ï ʚʝʢʪʦʨ ʤʘʛʥʠʪʥʦʡ 

ʠʥʜʫʢʮʠʠ ʠ T   ï ʪʝʤʧʝʨʘʪʫʨʘ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʧʨʦʷʚʣʝʥʠʝ ʕʗʊ ʚ 

ʘʢʫʩʪʠʯʝʩʢʦʤ/ʫʣʴʪʨʘʟʚʫʢʦʚʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʦʧʠʩʳʚʘʝʪʩʷ ʧʝʨʚʳʤ ʩʣʘʛʘʝʤʳʤ ʚ 

ʧʨʘʚʦʡ ʯʘʩʪʠ [15], ʚ ʦʧʪʠʯʝʩʢʦʤ ï ʚʪʦʨʳʤ [6],  ʚ ʤʘʛʥʠʪʥʦʤ ï ʪʨʝʪʴʠʤ 

(ʤʘʛʥʠʪʦʩʪʘʪʠʢʘ [45],  ʕʇʈ [29], [30, 31], [43, 46], [47], ʘ ʚ ʪʝʧʣʦʬʠʟʠʯʝʩʢʦʤ ï  

ʯʝʪʚʝʨʪʳʤ [45].  

 

1.4.  ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʨʝʜʩʪʚʘʤʠ ʬʠʟʠʯʝʩʢʦʡ ʘʢʫʩʪʠʢʠ 

 

           ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʝʤʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ, ʤʳ ʦʛʨʘʥʠʯʠʤʩʷ 

ʨʘʩʩʤʦʪʨʝʥʠʝʤ ʧʝʨʚʦʛʦ ʩʣʘʛʘʝʤʦʛʦ ʚ ʫʨʘʚʥʝʥʠʠ (1.10). ʋʨʘʚʥʝʥʠʝ (1.10) ʜʦʣʞʥʦ 

ʙʳʪʴ ʜʦʧʦʣʥʝʥʦ ʤʘʪʝʨʠʘʣʴʥʳʤʠ ʫʨʘʚʥʝʥʠʷʤʠ, ʢʦʪʦʨʝr ʧʨʠ ʥʫʣʝʚʳʭ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʠ ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩʚʦʜʷʪʩʷ ʢ 

ʩʣʝʜʫʶʱʝʤʫ [48] 

 T

ij ijkl klcs e= ,                                                         (1.11) 

ʛʜʝ  

1

2

ji
ij

j i

uu

x x
e

å õµµ
= +æ öæ öµ µç ÷

,                                               (1.11a) 

ʛʜʝ 
iu  - ʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ ʩʤʝʱʝʥʠʡ ʵʣʝʤʝʥʪʘ ʦʙʲʝʤʘ, 

ix   - ʢʦʤʧʦʥʝʥʪʳ ʨʘʜʠʫʩʘ-

ʚʝʢʪʦʨʘ ʚ ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, ʘ ʢʦʤʧʦʥʝʥʪʳ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ 

ʫʧʨʫʛʦʩʪʠ  

2

0

T

ijkl

ij kl

A
c

e
e e

­

å õµ
=æ öæ öµ µç ÷

 .                                                 (1.12) 
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ʇʣʦʪʥʦʩʪʴ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʚr ʨʘʞʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʩʪʘʪʩʫʤʤʳ Z  [49] 

lnBA nk T Z=-  ,                                                      (1.13) 

k

B

E

k T

k

Z e

D
-

=ä  ,                                                        (1.14) 

ʛʜʝ 
kED   ï ʠʟʤʝʥʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ: 

ʜʝʬʦʨʤʘʮʠʡ, ʧʦʣʝʡ, ʚʘʨʠʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʳ, 
Bk ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ,  n  ï 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ.  

ʇʦʩʢʦʣʴʢʫ ʩʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ ʢʨʠʩʪʘʣʣʘ ʝʩʪʴ ʘʜʜʠʪʠʚʥʘʷ ʬʫʥʢʮʠʷ, ʚ ʥʝʸ 

ʚʭʦʜʠʪ ʠ ʚʢʣʘʜ ʗʊ ʧʦʜʩʠʩʪʝʤʳ. ʆʥ ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʨʘʚʥʝʥʠʷʤʠ (1.11) - (1.14) ʩ 

ʧʘʨʘʤʝʪʨʘʤʠ, ʝʸ ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʤʠ (n , 
kED  ). ʅʘʩʢʦʣʴʢʦ ʥʘʤ ʠʟʚʝʩʪʥʦ, ʉʪʫʨʞ ʩ 

ʩʦʘʚʪʦʨʘʤʠ [15] ʙʳʣʠ ʧʝʨʚʳʤʠ, ʢʪʦ, ʘʥʘʣʠʟʠʨʫʷ ʨʝʟʫʣʴʪʘʪʳ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʕʗʊ, ʧʨʠʰʣʠ ʢ ʚʳʚʦʜʫ ʦ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʧʨʠʨʦʜʝ ʧʦʛʣʦʱʝʥʠʷ 

ʫʣʴʪʨʘʟʚʫʢʘ, ʦʙʫʩʣʦʚʣʝʥʥʦʛʦ ʚʣʠʷʥʠʝʤ ʗʊ ʧʦʜʩʠʩʪʝʤʳ, ʠ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʷ 

ɿʠʥʝʨʘ [50] (ʩʤ. ʪʘʢʞʝ [51]) ʧʦʣʫʯʠʣʠ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ, 

ʢʦʪʦʨʦʝ ʚ ʦʙʟʦʨʝ ʉʪʫʨʞʘ ʧʨʠʚʝʜʝʥʦ   ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ (ʩʤ. ʩ.137 ʚ [2]) 

( ) ( )
( )

0 2

0

1

2 1

S T
JT JTc c

k
c

wt
a

wt

-
=

+
 ,                                          (1.15) 

ʛʜʝ 
0k  ʠ 

0c  ʥʝʢʦʪʦʨʳʝ ʬʠʢʩʠʨʦʚʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ (ʢʨʠʩʪʘʣʣʘ), ʠʥʜʝʢʩʳ Sʠ  T  

ʦʙʦʟʥʘʯʘʶʪ ʘʜʠʘʙʘʪʠʯʝʩʢʠʡ ʠ ʠʟʦʪʝʨʤʠʯʝʩʢʠʡ ʚʢʣʘʜʳ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ ʤʦʜʫʣʠ 

ʫʧʨʫʛʦʩʪʠ, w ï ʢʨʫʛʦʚʘʷ ʯʘʩʪʦʪʘ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʠ t ï ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ. 

( )
S

JTc ʧʦ ʫʪʚʝʨʞʜʝʥʠʶ ʉʪʫʨʞʘ [2] ʨʘʚʝʥ ʥʫʣʶ, ʘ ( )
T

JTc ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʦʙʱʠʭ ʚʳʨʘʞʝʥʠʡ (1.12)-(1.14). ɺ ʫʨʘʚʥʝʥʠʠ (1.15) ʦʧʫʱʝʥʳ ʠʥʜʝʢʩʳ, 

ʫʢʘʟʳʚʘʶʱʠʝ ʥʘ ʪʠʧ ʥʦʨʤʘʣʴʥʦʡ ʤʦʜʳ ʠ ʢʦʤʧʦʥʝʥʪʫ ʪʝʥʟʦʨʘ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ, 

ʢʦʪʦʨʳʝ ʜʦʣʞʥʳ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʩʣʝʜʫʶʱʠʤ ʦʧʨʝʜʝʣʝʥʠʷʤ:  

k
v

w
= ,                                                                  (1.16) 

2c vr= ,                                                                 (1.17) 

ʛʜʝ v  ï ʬʘʟʦʚʘʷ ʩʢʦʨʦʩʪʴ ʥʦʨʤʘʣʴʥʦʡ ʤʦʜʳ, r ï ʧʣʦʪʥʦʩʪʴ ʢʨʠʩʪʘʣʣʘ. 
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ɼʘʣʴʥʝʡʰʝʝ ʦʧʠʩʘʥʠʝ ʫʜʦʙʥʝʝ ʧʨʦʚʦʜʠʪʴ, ʚʚʝʜʷ ʢʦʤʧʣʝʢʩʥʳʡ ʚʦʣʥʦʚʦʡ 

ʚʝʢʪʦʨ k  ʠ ʪʝʥʟʦʨ ʢʦʤʧʣʝʢʩʥʳʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʫʣʝʡ c, ʠʟʤʝʥʝʥʠʷ ʢʦʪʦʨʳʭ ʦʪ 

ʚʥʝʰʥʠʭ ʧʘʨʘʤʝʪʨʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ 

0 0

1

2

k c

k c

b bD D
=- ,                                                         (1.18) 

ʛʜʝ ʠʥʜʝʢʩ b ʧʨʠ k  ʫʢʘʟʳʚʘʝʪ ʪʠʧ ʥʦʨʤʘʣʴʥʦʡ ʤʦʜʳ, ʘ ʧʨʠ c  ï ʵʬʬʝʢʪʠʚʥʳʡ 

ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ, ʩ ʢʦʪʦʨʳʤ ʩʚʷʟʘʥʘ ʵʪʘ ʤʦʜʘ ʩʦʦʪʥʦʰʝʥʠʝʤ (1.17). ʀʥʜʝʢʩ  0, ʧʦ-

ʧʨʝʞʥʝʤʫ, ʦʙʦʟʥʘʯʘʝʪ ʬʠʢʩʠʨʦʚʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ʬʠʟʠʯʝʩʢʦʡ ʚʝʣʠʯʠʥʳ (ʥʘʧʨʠʤʝʨ, 

ʦʧʨʝʜʝʣʝʥʥʦʝ ʧʨʠ ʟʥʘʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ 
0T T= ) ʠ ʦʪʥʦʩʠʪʩʷ ʢ ʪʦʡ ʞʝ ʤʦʜʝ ʠʣʠ 

ʤʦʜʫʣʶ b : 
0k k kb bD = - , 

0c c cb bD = -. ɽʩʣʠ ʧʝʨʝʤʝʥʥʳʝ ʚʝʣʠʯʠʥʳ ʤʝʥʷʶʪʩʷ ʦʪ 

ʚʨʝʤʝʥʠ ʠ ʢʦʦʨʜʠʥʘʪ, ʢʘʢ ( )exp i tw- Öè øê úk r , ʪʦ ʢʦʤʧʣʝʢʩʥʳʡ ʚʦʣʥʦʚʦʡ ʚʝʢʪʦʨ 

ʦʧʨʝʜʝʣʝʥ ʢʘʢ  

i
v

w
a

å õ
= -æ ö
ç ÷

k
k e ,                                                          (1.19) 

ʛʜʝ 
k

e ï ʝʜʠʥʠʯʥʳʡ ʚʝʢʪʦʨ ʥʘʧʨʘʚʣʝʥʠʷ k . ʂʦʥʢʨʝʪʠʟʘʮʠʷ ʪʠʧʘ ʥʦʨʤʘʣʴʥʦʡ ʤʦʜʳ 

ʧʦʪʨʝʙʫʝʪ ʫʢʘʟʘʥʠʷ ʠʥʜʝʢʩʘ b, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʜʘʥʥʦʡ ʤʦʜʝ, ʧʨʠ k , v  ʠ a. 

ɹʦʣʝʝ ʧʦʣʥʦʝ ʦʧʠʩʘʥʠʝ ʧʨʦʷʚʣʝʥʠʷ ʕʗʊ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ (ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʫʨʘʚʥʝʥʠʝʤ (1.15)), ʚʢʣʶʯʘʶʱʝʝ ʥʝ ʪʦʣʴʢʦ ʜʠʩʩʠʧʘʮʠʶ, ʥʦ ʠ 

ʜʠʩʧʝʨʩʠʶ, ʙʳʣʦ ʧʨʠʚʝʜʝʥʦ ʥʘ ʩ.748 ʚ [52] 

( )
2

0 0 0 0 0

1 1 1

2 2 1

Tk v c c i
i

k v k c c

b b b b ba wt

wt

D D D Då õ -
= - - =- =-æ ö

+ç ÷
.                                (1.20) 

ʀʟ ʩʢʘʟʘʥʥʦʛʦ ʚʳʰʝ ʩʣʝʜʫʝʪ, ʯʪʦ ʩʨʝʜʩʪʚʘʤʠ ʬʠʟʠʯʝʩʢʦʡ ʘʢʫʩʪʠʢʠ 

ʠʩʩʣʝʜʫʶʪʩʷ ʧʦʛʣʦʱʝʥʠʝ ʠ ʩʢʦʨʦʩʪʴ ʥʦʨʤʘʣʴʥʳʭ ʫʧʨʫʛʠʭ ʚʦʣʥ ʠʣʠ ʩʚʷʟʘʥʥʳʝ ʩ 

ʥʠʤʠ ʜʝʡʩʪʚʠʪʝʣʴʥʳʝ ʠ ʤʥʠʤʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʜʠʥʘʤʠʯʝʩʢʠʭ 

ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ.  ɸʢʫʩʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠ ʩʭʝʤʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ, 

ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʚʝʨʜʳʭ ʪʝʣ, ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʳ ʄʘʢ-ʉʢʠʤʠʥʦʤ ʚ 

[53].  ʀʟ ʧʨʠʚʝʜʝʥʥʦʛʦ ʚ ʵʪʦʡ ʛʣʘʚʝ ʤʥʦʛʦʦʙʨʘʟʠʷ ʜʣʷ ʠʟʫʯʝʥʠʷ ʕʗʊ ʧʨʠʤʝʥʷʣʠʩʴ 

ʜʚʘ ʤʝʪʦʜʘ: ʠʟʤʝʨʝʥʠʝ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʠ ʜʦʙʨʦʪʥʦʩʪʠ ʩʦʩʪʘʚʥʦʛʦ ʚʠʙʨʘʪʦʨʘ 

(ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʦʙʨʘʟʮʘ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ) [54] ʠ 

ʠʤʧʫʣʴʩʥʳʡ ʤʝʪʦʜ ʠʟʤʝʨʝʥʠʝ ʬʘʟʦʚʦʡ ʩʢʦʨʦʩʪʠ ʠ ʧʦʛʣʦʱʝʥʠʷ ʥʦʨʤʘʣʴʥʳʭ ʤʦʜ 
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ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ ʯʝʨʝʟ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ [55], [56], [57], [58]. ʇʝʨʚʳʡ ʤʝʪʦʜ 

ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʯʘʩʪʦʪ ʦʪ ʝʜʠʥʠʮ   ʜʦ ʩʦʪʝʥ ʢʠʣʦʛʝʨʮ, ʘ ʚʪʦʨʦʡ 

ʧʝʨʝʢʨʳʚʘʝʪ ʙʦʣʝʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ.  ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʮʝʣʦʤ 

ʦʭʚʘʪʳʚʘʝʪʩʷ ʠʥʪʝʨʚʘʣ ʯʘʩʪʦʪ, ʦʪʥʦʩʷʱʠʭʩʷ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤ ʠ ʛʠʧʝʨʟʚʫʢʦʚʳʤ 

ʚʦʣʥʘʤ. ɺ ʫʩʣʦʚʠʷʭ ʙʳʩʪʨʦʡ ʨʝʣʘʢʩʘʮʠʠ (ʪ.ʝ., 1wt )  2a wt´  , ʠ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ 

ʙʦʣʴʰʝʛʦ ʵʬʬʝʢʪʘ ʞʝʣʘʪʝʣʴʥʦ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʥʘ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ. ʆʜʥʘʢʦ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʚʳʰʝʥʠʷ ʯʘʩʪʦʪʳ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚʦʣʥ ʠʤʝʶʪʩʷ ʦʛʨʘʥʠʯʝʥʠʷ:  (1) 

ʩʣʠʰʢʦʤ  ʙʦʣʴʰʦʝ ʧʦʛʣʦʱʝʥʠʝ ʪʨʝʙʫʝʪ ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʠ ʣʠʥʝʡʥʦʩʪʠ 

ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠʝʤʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʚ ʙʦʣʴʰʦʤ 

ʜʠʘʧʘʟʦʥʝ ʚʭʦʜʥʳʭ ʩʠʛʥʘʣʦʚ (ʯʪʦ ʨʝʘʣʠʟʦʚʘʪʴ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ) ʠ (2) ʧʨʠ ʚʳʩʦʢʠʭ 

ʯʘʩʪʦʪʘʭ ʜʣʠʥʘ ʚʦʣʥʳ ʩʪʘʥʦʚʠʪʩʷ ʩʦʧʦʩʪʘʚʠʤʦʡ ʩ ʦʪʢʣʦʥʝʥʠʝʤ ʦʪ ʧʘʨʘʣʣʝʣʴʥʦʩʪʠ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʛʨʘʥʝʡ ʦʙʨʘʟʮʘ, ʥʘ ʢʦʪʦʨʳʭ ʨʘʩʧʦʣʘʛʘʶʪʩʷ 

ʧʴʝʟʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʚʦʟʥʠʢʘʶʪ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʧʦʪʝʨʠ, 

ʚʥʦʩʷʱʠʝ ʘʜʜʠʪʠʚʥʳʡ ʚʢʣʘʜ ʚ ʘʤʧʣʠʪʫʜʫ ʩʠʛʥʘʣʘ, ʥʝ ʩʚʷʟʘʥʥʳʡ ʩ ʨʝʘʣʴʥʳʤ 

ʧʦʛʣʦʱʝʥʠʝʤ ʚ ʦʙʨʘʟʮʝ (ʪ.ʝ., ʧʨʠʚʦʜʷʱʠʝ ʢ ʧʦʥʠʞʝʥʠ ʁʪʦʯʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʘʩʪʦʪʫ ʚʦʣʥ ʞʝʣʘʪʝʣʴʥʦ ʠʤʝʪʴ ʚʳʩʦʢʫʶ, ʥʦ ʚ ʨʘʟʫʤʥʳʭ ʧʨʝʜʝʣʘʭ, 

ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚ ʢʦʥʢʨʝʪʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʠ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʟʘʚʠʩʷʪ ʦʪ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʗʊ ʠʦʥʦʚ ʠ ʟʥʘʯʝʥʠʡ ʣʠʥʝʡʥʳʭ ʢʦʥʩʪʘʥʪ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ. ʅʘ 

ʧʨʘʢʪʠʢʝ ʫʜʦʙʥʳʤ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ ʦʢʘʟʳʚʘʝʪʩʷ ʜʠʘʧʘʟʦʥ ʯʘʩʪʦʪ 10 -300 

ʄɻʮ. 

ɺ ʧʝʨʚʳʭ ʨʘʙʦʪʘʭ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʶ ʕʗʊ ʚ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ [6, 15] ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʦʙʘ ʚʳʰʝʫʧʦʤʷʥʫʪʳʭ  

ʤʝʪʦʜʘ ʠ ʩʪʘʣʦ ʷʩʥʦ, ʯʪʦ ʚʪʦʨʦʡ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ 

ʧʦʩʣʝʜʫʶʱʠʭ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʨʘʙʦʪ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠʤʝʥʥʦ ʩ ʝʛʦ 

ʧʨʠʤʝʥʝʥʠʝʤ. ʍʦʪʷ ʠʤʝʶʪʩʷ ʠ ʠʩʢʣʶʯʝʥʠʷ, ʥʘʧʨʠʤʝʨ, [59]. 

ɺ ʫʩʪʘʥʦʚʢʘʭ, ʨʘʙʦʪʘʶʱʠʭ ʧʦ ʧʨʠʥʮʠʧʫ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʛʦ ʧʦ ʯʘʩʪʦʪʝ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʤʦʩʪʘ, ʠʟʤʝʥʝʥʠʝ ʬʘʟʦʚʦʡ ʩʢʦʨʦʩʪʠ 
0v v vD = - ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʦʛʣʦʱʝʥʠʷ 
0a a aD = - ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʯʘʩʪʦʪʳ 

0w w wD = -, 

ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʙʘʣʘʥʩʘ ʤʦʩʪʘ ʧʦ ʬʘʟʝ ʠ ʠʟʤʝʥʝʥʠʝʤ ʜʣʠʥʳ ʦʙʨʘʟʮʘ 
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ʦʪ ʚʥʝʰʥʝʛʦ ʧʘʨʘʤʝʪʨʘ 
0D = -ʠ ʦʪʥʦʰʝʥʠʝʤ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʚʭʦʜʝ ʧʨʠʝʤʥʠʢʘ 

0/U U  

0 0 0

v

v

w

w

D D D
= + ,                                                            (1.21) 

0

1
ln

U

U
aD =- .                                                             (1.22) 

ʅʘ ʧʨʘʢʪʠʢʝ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʜʣʠʥʳ ʦʙʨʘʟʮʘ ʦʪ ʚʥʝʰʥʝʛʦ 

ʧʘʨʘʤʝʪʨʘ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ ʠʟʤʝʥʝʥʠʡ ʜʨʫʛʠʭ ʚʝʣʠʯʠʥ, ʧʦʵʪʦʤʫ ʧʦʩʣʝʜʥʠʤ 

ʩʣʘʛʘʝʤʳʤ ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ ʚ ʫʨʘʚʥʝʥʠʠ (1.21) ʧʨʝʥʝʙʨʝʛʘʶʪ, ʘ ʚ ʫʨʘʚʥʝʥʠʠ (1.22) 

ʚʤʝʩʪʦ  ʠʩʧʦʣʴʟʫʶʪ ʟʥʘʯʝʥʠʝ 
0
. 

 

1.5.  ʉʦʩʪʦʷʥʠʝ ʚʦʧʨʦʩʘ ʢ ʥʘʯʘʣʫ ʚʳʧʦʣʥʝʥʠʷ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ 

 

ʂʘʢ ʫʞʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʚʦ ɺʚʝʜʝʥʠʠ, ʧʝʨʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʘʙʦʪʳ ʧʦ 

ʠʟʫʯʝʥʠʶ ʕʗʊ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤʠ ʤʝʪʦʜʘʤʠ ʜʘʪʠʨʫʶʪʩʷ 60-ʤʠ ʛʦʜʘʤʠ 20-ʛʦ 

ʩʪʦʣʝʪʠʷ ʠ ʩʚʷʟʘʥʳ ʩ ʠʤʝʥʝʤ ʉʪʫʨʞʘ (Michael Dudley Sturge 1931-2003) [14], [6]. ɺ 

ʩʪʘʪʴʝ, ʧʦʩʚʷʱʝʥʥʦʡ ʝʛʦ ʧʘʤʷʪʠ ʠ ʦʧʫʙʣʠʢʦʚʘʥʥʦʡ ʚ Physics Today (July 2004), ʦʥ 

ʧʨʝʜʩʪʘʚʣʝʥ ʢʘʢ ʫʯʝʥʠʢ ʇʠʧʧʘʨʜʘ ʠ ʠʟʚʝʩʪʥʳʡ ʩʧʝʮʠʘʣʠʩʪ ʚ ʦʧʪʠʢʝ ʠ ʕʇʈ. ɺ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʠʤ ʙʳʣ ʚʥʝʩʝʥ ʦʧʨʝʜʝʣʷʶʱʠʡ ʚʢʣʘʜ ʚ ʧʦʥʠʤʘʥʠʠ ʪʦʛʦ, ʢʘʢ ʕʗʊ 

ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʷʭ ʧʦʛʣʦʱʝʥʠʷ ʠ ʩʢʦʨʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʘ. 

ʅʘ ʧʨʠʤʝʨʝ ʢʨʠʩʪʘʣʣʘ Al2O3:Ni3+, ʠʤ ʠ ʝʛʦ ʢʦʣʣʝʛʘʤʠ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʘʥʦʤʘʣʠʠ ʚ ʵʪʠʭ ʟʘʚʠʩʠʤʦʩʪʷʭ ʠʤʝʶʪ ʨʝʣʘʢʩʘʮʠʦʥʥʫʶ ʧʨʠʨʦʜʫ, ʧʦʣʫʯʝʥʦ 

ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʧʦʛʣʦʱʝʥʠʷ, ʠʟ ʢʦʪʦʨʦʛʦ ʩʣʝʜʫʝʪ, ʯʪʦ ʠʤʝʝʪʩʷ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʗʊ 

ʧʦʜʩʠʩʪʝʤʳ ʠ ʚʳʯʠʩʣʝʥʠʷ ʟʥʘʯʝʥʠʷ ʣʠʥʝʡʥʳʭ ʢʦʥʩʪʘʥʪ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ. ʂʨʦʤʝ 

ʪʦʛʦ, ʙʳʣʠ ʩʜʝʣʘʥʳ ʦʮʝʥʢʠ ʥʝʢʦʪʦʨʳʭ ʚʝʣʠʯʠʥ, ʦʧʨʝʜʝʣ̫ ʶʱʠʭ ʧʦʛʣʦʱʝʥʠʝ 

ʫʣʴʪʨʘʟʚʫʢʘ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʕʗʊ. ʊʦ ʝʩʪʴ, ʚ ʧʨʠʥʮʠʧʝ, ʟʘʜʘʥʦ ʥʘʧʨʘʚʣʝʥʠʝ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʕʗʊ ʥʘ ʚʝʩʴʤʘ ʜʘʣʝʢʫʶ ʧʝʨʩʧʝʢʪʠʚʫ.  

ʏʪʦ ʥʝ ʙʳʣʦ ʩʜʝʣʘʥʦ ʠʣʠ ʩʜʝʣʘʥʦ ʥʝʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦ, ʠʩʭʦʜʷ ʠʟ 

ʚʦʟʤʦʞʥʦʩʪʝʡ, ʠʤʝʚʰʠʭʩʷ ʫʞʝ ʚ ʪʦ ʚʨʝʤʷ? ɺ ʚʳʨʘʞʝʥʠʠ ʜʣʷ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ 
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()Tt   ʪʝʤʧʝʨʘʪʫʨʘ 
1T  , ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʫʩʣʦʚʠʶ 1wt=  , ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʦ 

ʤʘʢʩʠʤʫʤʫ ʧʦʣʦʞʝʥʠʶ ʤʘʢʩʠʤʫʤʘ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ 
mT  . ɺ ʚʠʜʫ ʪʦʛʦ, 

ʯʪʦ ʠʟʦʪʝʨʤʠʯʝʩʢʠʝ ʤʦʜʫʣʠ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳ ʪʝʤʧʝʨʘʪʫʨʝ, 
mT  ʷʚʣʷʝʪʩʷ 

ʧʨʠʙʣʠʞʝʥʥʳʤ ʟʥʘʯʝʥʠʝʤ 
1T  (ʩʧʨʘʚʝʜʣʠʚʳʤ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ).   ʅʝ ʙʳʣʦ 

ʧʦʣʫʯʝʥʦ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʨʘʩʯʝʪʘ ʣʠʥʝʡʥʦʡ ʢʦʥʩʪʘʥʪʳ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ. ʂʨʦʤʝ 

ʧʠʦʥʝʨʩʢʠʭ ʨʘʙʦʪ ʛʨʫʧʧʳ ʉʪʫʨʞʘ 1960-ʭ ʛʦʜʦʚ, ʚ 1970-ʭ ʙʳʣʠ ʦʧʫʙʣʠʢʦʚʘʥ r

ʩʪʘʪʴʠ ʦʙ ʠʩʩʣʝʜʦʚʘʥʠʠ ʕʗʊ ʥʘ ʛʠʧʝʨʟʚʫʢʦʚʳʭ (ʛʠʛʘʛʝʨʮʦʚʳʭ)  ʯʘʩʪʦʪʘʭ ʚ 

MgO:Cr2+  [16] ʠ  KMgF3:Cr2+  [17]; ʠ  ʥʘʙʣʶʜʝʥʠʠ ʤʘʛʥʠʪʦʧʦʣʝʚʳʭ ʟʘʚʠʩʠʤʦʩʪʷʭ 

ʧʦʛʣʦʱʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʘ ʚ ʢʨʠʩʪʘʣʣʘʭ GaAs:Mn [18] ʠ GaAs:Cr2+ [19], ʦʜʥʘʢʦ, 

ʥʘʩʢʦʣʴʢʦ ʥʘʤ ʠʟʚʝʩʪʥʦ, ʧʨʦʜʦʣʞʝʥʠʷ ʵʪʘ ʜʝʷʪʝʣʴʥʦʩʪʴ ʥʝ ʠʤʝʣʘ. ʉʣʝʜʫʝʪ ʪʘʢʞʝ 

ʫʧʦʤʷʥʫʪʴ ʨʘʙʦʪʫ [59] ʦʙ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʙʘʨʠʝʚʦʛʦ ʛʝʢʩʘʬʝʨʨʠʪʘ, 

ʚʳʧʦʣʥʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʤʝʪʦʜʠʢʠ. ɺ ʵʪʦʡ ʨʘʙʦʪʝ 

ʥʝʙʦʣʴʰʘʷ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʘʥʦʤʘʣʠʷ ʤʦʜʫʣʷ ʖʥʛʘ, ʠʟʤʝʨʝʥʥʘʷ ʥʘ ʯʘʩʪʦʪʘʭ 100ï200 

ʢɻʮ, ʙʳʣʘ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʘ ʢʘʢ ʧʨʦʷʚʣʝʥʠʝ ʕʗʊ ʠ ʦʧʨʝʜʝʣʝʥʘ ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ 

0 25 meVV = . 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʠ ʨʘʙʦʪʳ 1960-ʭ ʛʦʜʦʚ ʧʦ ʘʢʫʩʪʠʯʝʩʢʦʤʫ ʕʇʈ [60, 61, 62, 

63, 64]  ʠ ʬʝʨʨʦʤʘʛʥʠʪʥʦʤʫ ʨʝʟʦʥʘʥʩʫ [65, 66, 67], ʚ ʢʦʪʦʨʳʭ ʠʥʪʝʨʧʨʝʪʘʮʠʷ 

ʨʝʟʫʣʴʪʘʪʦʚ ʚʢʣʶʯʘʣʘ ʚ ʩʝʙʷ ʕʗʊ.  

     ʇʨʷʤʳʤ ʧʨʦʜʦʣʞʝʥʠʝʤ ʨʘʙʦʪ ʛʨʫʧʧʳ ʉʪʫʨʞʘ ʩʣʝʜʫʝʪ ʩʯʠʪʘʪʴ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʕʗʊ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤʠ ʤʝʪʦʜʘʤʠ ʚ ʩʦʝʜʠʥʝʥʠʷʭ A IIBVI:3d2+, 

ʠʤʝʶʱʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ  ʩʪʨʫʢʪʫʨʫ ʩʬʘʣʝʨʠʪʘ: ZnSe:Ni2+ [68], ZnSe:Cr2+ [69], 

ZnSe:V2+ [70], ZnTe:Ni2+ [71]. ɺ ʵʪʠʭ ʧʫʙʣʠʢʘʮʠʷʭ ʧʦʤʠʤʦ ʪʦʛʦ, ʯʪʦ ʚʧʝʨʚʳʝ ʙʳʣʦ 

ʦʙʥʘʨʫʞʝʥʦ ʧʨʦʷʚʣʝʥʠʝ ʕʗʊ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʚ ʩʦʝʜʠʥʝʥʠʷʭ A IIBVI, 

ʜʦʧʠʨʦʚʘʥʥʳʭ 3d ʠʦʥʘʤʠ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʧʦʨʷʜʢʘ 1018 ʩʤ-3 ʠ ʚʳʰʝ,   (i) ʙʳʣʘ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʬʦʨʤʫʣʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ, ʚ ʢʦʪʦʨʦʡ 

ʬʠʛʫʨʠʨʦʚʘʣʘ ʪʝʤʧʝʨʘʪʫʨʘ 
1T ,  ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʩʧʦʩʦʙ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʦʧʨʝʜʝʣʝʥʠʷ ʵʪʦʡ ʚʝʣʠʯʠʥʳ ʠ (ii ) ʧʦʣʫʯʝʥʳ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʨʝʣʘʢʩʠʨʦʚʘʥʥʳʭ (ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ) ʠ 

ʥʝʨʝʣʘʢʩʠʨʦʚʘʥʥʳʭ (ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ) ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ. 
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ʅʘʧʨʘʚʣʝʥʠʝ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʳʪʝʢʘʣʦ ʠʟ ʩʦʩʪʦʷʥʠʷ ʚʦʧʨʦʩʘ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʚʳʰʝ: ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʨʘʟʨʘʙʦʪʘʪʴ ʩʧʦʩʦʙ 

ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʩʪʘʥʪ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ (ʣʠʥʝʡʥʳʭ ʠ ʢʚʘʜʨʘʪʠʯʥʳʭ), ʜʣʷ ʯʝʛʦ 

ʩʣʝʜʦʚʘʣʦ ʧʦʣʫʯʠʪʴ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʚʢʣʘʜʘ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʠʝ 

ʤʦʜʫʣʠ ʢʨʠʩʪʘʣʣʘ. ʂʨʦʤʝ ʪʦʛʦ, ʞʝʣʘʪʝʣʴʥʦ ʙʳʣʦ ʨʘʩʧʨʦʩʪʨʘʥʠʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘ 

ʙʦʣʝʝ ʰʠʨʦʢʠʡ ʢʨʫʛ ʦʙʲʝʢʪʦʚ, ʚʢʣʶʯʘʷ ʩʦʝʜʠʥʝʥʠʷ ʩ ʜʨʫʛʠʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ 

ʨʝʰʝʪʢʘʤʠ. 

 

1.6. ʂʨʘʪʢʠʝ ʚʳʚʦʜʳ ʢ ʛʣʘʚʝ  

 

ʊʝʨʤʠʥ çʵʬʬʝʢʪ ʗʥʘ-ʊʝʣʣʝʨʘè ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʢʨʫʛ ʷʚʣʝʥʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ 

ʪʝʦʨʝʤʦʡ, ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʦʡ ʚ 1937 ʛ. [1] ʠ ʦʧʠʩʳʚʘʶʱʠʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ 

ʨʘʩʧʦʣʦʞʝʥʠʝ ʷʜʝʨ ʚ ʧʦʣʠʘʪʦʤʥʳʭ ʤʦʣʝʢʫʣʘʭ ʠ ʢʨʠʩʪʘʣʣʘʭ. ʊʨʘʜʠʮʠʦʥʥʳʤʠ 

ʤʝʪʦʜʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʦʷʚʣʝʥʠʷ ʕʗʊ ʷʚʣʷʶʪʩʷ ʦʧʪʠʯʝʩʢʠʝ ʠ 

ʤʘʛʥʠʪʦʨʝʟʦʥʘʥʩʥʳʝ. ʇʝʨʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʘʙʦʪʳ ʧʦ ʠʟʫʯʝʥʠʶ ʕʗʊ 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʤʠ ʤʝʪʦʜʘʤʠ ʜʘʪʠʨʫʶʪʩʷ 60-ʤʠ ʛʦʜʘʤʠ 20-ʛʦ ʩʪʦʣʝʪʠʷ ʠ ʩʚʷʟʘʥʳ ʩ 

ʠʤʝʥʝʤ ʉʪʫʨʞʘ (Michael Dudley Sturge 1931-2003) [14], [15], ʢʦʪʦʨʳʡ ʦʧʠʩʘʣ 

ʦʩʥʦʚʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʷʚʣʝʥʠʝ ʵʪʦʛʦ ʵʬʬʝʢʪʘ ʚ ʢʨʠʩʪʘʣʣʝ Al 2O3:Ni3+ ʠ ʟʘʜʘʣ 

ʥʘʧʨʘʚʣʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʥʘ ʤʥʦʛʠʝ ʛʦʜʳ ʚʧʝʨʝʜ. ʇʦʤʠʤʦ ʢʦʨʫʥʜʘ, 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʤʠ ʤʝʪʦʜʘʤʠ ʠʟʫʯʘʣʠʩʴ ʢʨʠʩʪʘʣʣʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʩʬʘʣʝʨʠʪʘ 

GaAs:Mn ʠ A IIBVI:3d2+.  ɼʣʷ ʧʦʣʥʦʤʘʩʰʪʘʙʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʕʗʊ ʥʝʦʙʭʦʜʠʤʦ 

ʨʘʟʨʘʙʦʪʘʪʴ ʩʧʦʩʦʙ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʩʪʘʥʪ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ (ʣʠʥʝʡʥʳʭ ʠ 

ʢʚʘʜʨʘʪʠʯʥʳʭ), ʧʦʣʫʯʠʪʴ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʚʢʣʘʜʘ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʠʝ 

ʤʦʜʫʣʠ ʢʨʠʩʪʘʣʣʘ ʠ ʨʘʩʧʨʦʩʪʨʘʥʠʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘ ʙʦʣʝʝ ʰʠʨʦʢʠʡ ʢʨʫʛ 

ʦʙʲʝʢʪʦʚ, ʚʢʣʶʯʘʷ ʩʦʝʜʠʥʝʥʠʷ ʩ ʨʘʟʣʠʯʥʳʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ ʨʝʰʝʪʢʘʤʠ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʘʥʘʣʠʟʘ ʠʟʚʝʩʪʥʳʭ ʜʘʥʥʳʭ ʩʬʦʨʤʫʣʠʨʦʚʘʥʘ ʮʝʣʴ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʳ ï ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʥʠʞʥʝʛʦ ʣʠʩʪʘ ɸʇ ʗʊ ʢʦʤʧʣʝʢʩʦʚ ʚ ʢʫʙʠʯʝʩʢʠʭ 

ʠ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʠ ʠʟʫʯʝʥʠʝ ʧʨʦʮʝʩʩʦʚ ʨʝʣʘʢʩʘʮʠʠ ʗʊ ʧʦʜʩʠʩʪʝʤʳ, ʚ 

ʪʦʤ ʯʠʩʣʝ ʠ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʮʝʣʠ ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʠʪʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ:  
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1. ʈʘʟʨʘʙʦʪʘʪʴ ʤʝʪʦʜʠʢʫ ʦʧʨʝʜʝʣʝʥʠʷ ʗʊ ʚʢʣʘʜʘ ʚ ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ ʧʨʠʤʝʩʥʳʭ 

ʢʨʠʩʪʘʣʣʦʚ. 

2. ʇʦʣʫʯʠʪʴ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʚʢʣʘʜʘ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ ʤʦʜʫʣʠ 

ʫʧʨʫʛʦʩʪʠ ʢʨʠʩʪʘʣʣʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʩʬʘʣʝʨʠʪʘ, ʬʣʶʦʨʠʪʘ ʠ ʚʶʨʮʠʪʘ. 

3. ʀʩʩʣʝʜʦʚʘʪʴ ʤʝʭʘʥʠʟʤʳ ʨʝʣʘʢʩʘʮʠʠ ʩʠʩʪʝʤʳ ʗʊ ʢʦʤʧʣʝʢʩʦʚ ʚ ʢʨʠʩʪʘʣʣʘʭ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʬʣʶʦʨʠʪʘ. 

4. ʀʩʩʣʝʜʦʚʘʪʴ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʢʦʤʧʣʝʢʩʥʳʝ ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ ʚ 

ʢʨʠʩʪʘʣʣʝ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʩʬʘʣʝʨʠʪʘ.   

5. ʀʩʩʣʝʜʦʚʘʪʴ ʧʨʦʷʚʣʝʥʠʝ ʕʗʊ ʚ ʢʨʠʩʪʘʣʣʝ ʄ-ʛʝʢʩʘʬʝʨʨʠʪʘ. 
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2. ʀʩʩʣʝʜʫʝʤʳʝ ʢʨʠʩʪʘʣʣʳ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʫʩʪʘʥʦʚʢʠ ʠ ʤʝʪʦʜʠʢʠ 

 

2.1. ʀʩʩʣʝʜʫʝʤʳʝ ʢʨʠʩʪʘʣʣʳ 

 

2.1.1.  ʄʦʥʦʢʨʠʩʪʘʣʣʳ ʪʠʧʘ A II BVI:3d2+ ī ZnSe:Cr2+ ʠ CdSe:Cr2+ 

 

ʂʨʠʩʪʘʣʣʳ ʪʠʧʘ A IIBVI:3d2+ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʦʝʜʠʥʝʥʠʷʤʠ ZnSe:Cr2+ʚ 

ʢʫʙʠʯʝʩʢʦʡ (ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ 43F m, ʩʬʘʣʝʨʠʪ, ʧʦʩʪʦʷʥʥʘʷ ʨʝʰʝʪʢʠ  ʠʟ 

ʨʠʩʫʥʢʘ 2.1) ʠ CdSe:Cr2+ ʚ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ (P63mc, ʚʶʨʮʠʪ,  ʨʠʩʫʥʦʢ 2.2) ʬʘʟʘʭ. 

ʉʝʣʝʥʠʜ ʮʠʥʢʘ: ʧʦʩʪʦʷʥʥʘʷ ʨʝʰʝʪʢʠ  ʘ = 5.667 Ȕ - ʧʦʣʫʧʨʦʚʦʜʥʠʢ ʩ ʰʠʨʠʥʦʡ 

ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʳ 2.82 ʵɺ ʧʨʠ ʘʙʩʦʣʶʪʥʦʤ ʥʫʣʝ ʠ 2.68 ʵɺ. ʉʝʣʝʥʠʜ ʢʘʜʤʠʷ - 

ʧʘʨʘʤʝʪʨʳ ʷʯʝʡʢʠ a = 4.300 Ȕ, c = 7.010 Ȕ, ʰʠʨʠʥʘ ʟʘʧʨʝʪʥʦʡ ʟʦʥʳ 1,83 ʵɺ. 

ɺ ʵʪʠʭ ʢʨʠʩʪʘʣʣʘʭ ʠʦʥʳ Cr2+ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʠʤʝʩʴ ʟʘʤʝʱʝʥʠʷ ʢʘʪʠʦʥʘ 

ʠ ʦʙʨʘʟʫʶʪ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ ʗʊ ʢʦʤʧʣʝʢʩʳ Cr2+Se4. ʀʩʩʣʝʜʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ ʙʳʣʠ 

ʚʳʨʘʱʝʥʳ ʛʘʟʦʪʨʘʥʩʧʦʨʪʥʳʤ ʤʝʪʦʜʦʤ [72] ʚ ʌʠʟʠʯʝʩʢʦʤ ʠʥʩʪʠʪʫʪʝ ʠʤ. ʇ. ʈ. 

ʃʝʙʝʜʝʚʘ ʈɸʅ ʖ. ɺ. ʂʦʨʦʩʪʝʣʠʥʳʤ. ɸʥʘʣʠʟ ʠʭ ʩʦʩʪʘʚʘ ʚʳʧʦʣʥʷʣʩʷ ɺ. ʊ. 

ʉʫʨʠʢʦʚʳʤ ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʵʤʠʩʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʤʝʪʨʠʠ ʩ ʠʥʜʫʢʪʠʚʥʦ ʩʚʷʟʘʥʥʦʡ 

ʧʣʘʟʤʦʡ ʩ ʧʦʤʦʱʴʶ ELAN 9000 ICPMS (Perkin-Elmer SCIEX) ʚ ʀʥʩʪʠʪʫʪʝ ʭʠʤʠʠ 

ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʋʨʆ ʈɸʅ. ʄʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʩʢʫʩʩʪʚʝʥʥʦ 

ʚʚʝʜʝʥʥʳʭ ʧʨʠʤʝʩʝʡ ʧʦʟʚʦʣʷʣʘ ʦʧʨʝʜʝʣʷʪʴ ʢʦʥʮʝʥʪʨʘʮʠʶ ʠʦʥʦʚ ʭʨʦʤʘ ʩ 

ʧʦʛʨʝʰʥʦʩʪʴʶ 18 30.05 10  ʩʤn

-D = Ö . ʆʜʥʘʢʦ ʧʨʠʤʝʩʠ ʚ ʦʙʨʘʟʮʘʭ ʨʘʩʧʨʝʜʝʣʷʣʠʩʴ 

ʥʝʦʜʥʦʨʦʜʥʦ ʧʦ ʦʙʲʝʤʫ, ʠ ʢʨʦʤʝ ʪʦʛʦ, ʥʝʣʴʟʷ ʠʩʢʣʶʯʘʪʴ ʪʦʛʦ, ʯʪʦ ʥʝ ʚʩʝ ʘʪʦʤʳ 

ʭʨʦʤʘ ʟʘʥʠʤʘʶʪ ʧʦʟʠʮʠʠ ʢʘʪʠʦʥʦʚ, ʧʦʵʪʦʤʫ ʜʣʷ ʦʮʝʥʦʢ ʢʦʥʩʪʘʥʪ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ 

ʥʘʤʠ ʙʳʣʠ ʚʟʷʪʳ ʟʥʘʯʝʥʠʷ ʧʦ ʪʦʯʥʦʩʪʠ, ʥʝ ʧʨʝʚʳʰʘʶʱʠʝ  18 30.1 10  ʩʤn

-D = Ö . 

ʀʩʩʣʝʜʦʚʘʣʠʩʴ ʜʚʘ ʦʙʨʘʟʮʘ ZnSe:Cr2+ ʩ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ ʠʦʥʦʚ ʭʨʦʤʘ 

18 3

1 3.8 10  ʩʤn -= Ö  ʠ 18 3

2 1.4 10  ʩʤn -= Ö  ʠ ʦʙʨʘʟʝʮ CdSe:Cr2+ ʩ 18 3

3 1.4 10  ʩʤn -= Ö .   

https://ru.wikipedia.org/wiki/%D0%97%D0%B0%D0%BF%D1%80%D0%B5%D1%89%D1%91%D0%BD%D0%BD%D0%B0%D1%8F_%D0%B7%D0%BE%D0%BD%D0%B0
https://ru.wikipedia.org/wiki/%D0%97%D0%B0%D0%BF%D1%80%D0%B5%D1%89%D1%91%D0%BD%D0%BD%D0%B0%D1%8F_%D0%B7%D0%BE%D0%BD%D0%B0
https://ru.wikipedia.org/wiki/%D0%90%D0%B1%D1%81%D0%BE%D0%BB%D1%8E%D1%82%D0%BD%D1%8B%D0%B9_%D0%BD%D1%83%D0%BB%D1%8C_%D1%82%D0%B5%D0%BC%D0%BF%D0%B5%D1%80%D0%B0%D1%82%D1%83%D1%80%D1%8B
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ʈʠʩʫʥʦʢ 2.1 ï ʀʟʦʚʘʣʝʥʪʥʦ ɸ-ʟʘʤʝʱʝʥʥʳʡ ZnSe ʩ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ 

ʩʬʘʣʝʨʠʪʘ. 

 

ʈʠʩʫʥʦʢ 2.2 ï ʉʪʨʫʢʪʫʨʘ ʠʟʦʚʘʣʝʥʪʥʦ ɸ-ʟʘʤʝʱʝʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ CdSe ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʚʶʨʮʠʪʘ. 
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2.1.2.  ʄʦʥʦʢʨʠʩʪʘʣʣʳ ʪʠʧʘ A II B2
VII  :3d2+ ī CaF2:Cr 2+ ʠ CaF2:Ni2+ 

 

ʅʦʤʠʥʘʣʴʥʦ ʯʠʩʪʳʝ ʢʨʠʩʪʘʣʣʳ CaF2 ʬʣʶʦʨʠʪʘ (ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ 

3Fm m, ʧʦʩʪʦʷʥʥʘʷ ʨʝʰʝʪʢʠ ʘ = 5.45 Ȕ) ʠ ʜʦʧʠʨʦʚʘʥʥʳʝ ʠʦʥʘʤʠ Ni2+ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ɹʨʠʜʞʤʝʥʘ-ʉʪʦʢʙʘʨʛʝʨʘ ɸ. ɺ. ɽʛʨʘʥʦʚʳʤ ʚ ʀʥʩʪʠʪʫʪʝ 

ʛʝʦʭʠʤʠʠ ʠʤ. ɸ. ʇ. ɺʠʥʦʛʨʘʜʦʚʘ ʉʆ ʈɸʅ. ʂʨʠʩʪʘʣʣʳ CaF2:Cr2+ ʙʳʣʠ ʚʳʨʘʱʝʥʳ ɺ. 

ɸ. ʋʣʘʥʦʚʳʤ ʚ ʌʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʦʤ ʠʥʩʪʠʪʫʪʝ ʠʤ. ɽ. ʂ. ɿʘʚʦʡʩʢʦʛʦ ʂʘʟʅʎ ʈɸʅ 

ʤʝʪʦʜʦʤ ʏʦʭʨʘʣʴʩʢʦʛʦ (ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʩʤ. ʚ [73].  ʉʦʩʪʘʚ ʦʙʨʘʟʮʦʚ 

ʘʥʘʣʠʟʠʨʦʚʘʣʩʷ ɺ. ʊ. ʉʫʨʠʢʦʚʳʤ ʩ ʧʦʤʦʱʴʶ ELAN 9000 ICPMS (Perkin-Elmer 

SCIEX) ʚ ʀʥʩʪʠʪʫʪʝ ʭʠʤʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʋʨʆ ʈɸʅ ʠ ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʩʷ ʟʥʘʯʝʥʠʷʤʠ 

ʢʦʥʮʝʥʪʨʘʮʠʡ ʠʩʢʫʩʩʪʚʝʥʥʦ ʚʚʝʜʝʥʥʳʭ ʧʨʠʤʝʩʝʡ 19 3

4 4.7 10  ʩʤn -= Ö  ʜʣʷ CaF2:Cr2+  ʠ 

19 3

5 1.5 10  ʩʤn -= Ö  ʜʣʷ CaF2:Ni2+. ʀʦʥʳ Cr2+ ʠ Ni2+ ʠʤʝʶʪ d4 ʠ d8 ʢʦʥʬʠʛʫʨʘʮʠʠ, ʧʨʠ 

ʟʘʤʝʱʝʥʠʠ ʠʦʥʦʚ ʤʝʪʘʣʣʘ ʦʢʘʟʳʚʘʶʪʩ ̫ʚ ʢʫʙʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ (ʨʠʩʫʥʦʢ 2.3), 

ʦʙʣʘʜʘʷ ʦʨʙʠʪʘʣʴʥʳʤʠ ʪʝʨʤʘʤʠ ( )5 2 2

2 2T t e  ʠ ( )3 4 4

1 2T t e  ʚ ʦʩʥʦʚʥʳʤ ʩʦʩʪʦʷʥʠʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.   

 

ʈʠʩʫʥʦʢ 2.3 ï ʉʪʨʫʢʪʫʨʘ ʠʟʦʚʘʣʝʥʪʥʦ ɸ-ʟʘʤʝʱʝʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʬʣʶʦʨʠʪʘ. 
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2.1.3. ʄʦʥʦʢʨʠʩʪʘʣʣʳ ʪʠʧʘ A II B12
I I  C19

VI :3d4+ ī BaFe12O19:Ti 4+ 

 

ɹʘʨʠʝʚʳʡ ʬʝʨʨʠʪ ʦʪʥʦʩʠʪʩʷ ʢ ʛʨʫʧʧʝ ʄ-ʛʝʢʩʘʬʝʨʨʠʪʦʚ, ʠʤʝʶʱʠʭ ʦʙʱʫʶ 

ʬʦʨʤʫʣʫ ʄFe12O19 (ʄ: Pb, Ba, Sr) ʠ ʩʪʨʫʢʪʫʨʫ, ʠʟʦʤʦʨʬʥʫʶ ʤʠʥʝʨʘʣʫ 

ʤʘʛʥʝʪʦʧʣʶʤʙʠʪʫ: ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ P63/mmc, 

ʧʘʨʘʤʝʪʨʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ a = 5,89 Ȕ, c = 23,17 Ȕ. ʉʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ 

ʭʘʨʘʢʪʝʨʥʦʡ ʰʠʨʠʥʦʡ ʠ ʚʳʩʦʪʦʡ ʨʝʰʸʪʢʠ4º , ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʩʠʣʴʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʧʨʠʚʦʜʠʪ ʢ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚʜʦʣʴ ʦʩʠ c  (ʜʘʥʥʳʝ 

ʚʟʷʪʳ ʠʟ ʨʘʙʦʪʳ [74]). ʆʙʨʘʟʝʮ ʙʳʣ ʚʳʨʝʟʘʥ ʠʟ ʢʨʠʩʪʘʣʣʘ (ʩʤ. ʨʠʩʫʥʦʢ 2.4 (a)), 

ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʧʣʘʪʠʥʦʚʦʤ ʪʠʛʣʝ ʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʝʯʠ ʚ ʖʞʥʦ-ʋʨʘʣʴʩʢʦʤ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʤ ʫʥʠʚʝʨʩʠʪʝʪʝ (ʛ. ʏʝʣʷʙʠʥʩʢ) ʚ ʛʨʫʧʧʝ ɼ. ɸ. ɺʠʥʥʠʢʘ. ʂʨʠʩʪʘʣʣʳ 

ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ ʚʳʨʘʱʝʥʳ ʠʟ ʦʢʩʠʜʘ ʞʝʣʝʟʘ (ɔ-Fe2O3) ʠ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ (60 

ʤʘʩ. % ʨʫʪʠʣʘ ʠ 40 ʤʘʩ. % ʘʥʘʪʘʟʘ) ʚʦ ʬʣʶʩʝ, ʩʦʩʪʦʷʱʝʤ ʠʟ ʢʘʨʙʦʥʘʪʘ ʙʘʨʠʷ ʠ 

ʢʘʨʙʦʥʘʪʘ ʥʘʪʨʠʷ. ʂʦʥʮʝʥʪʨʘʮʠʷ ʧʨʠʤʝʩʠ (Ti4+) ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʦ ʟʘʢʣʘʜʢʝ ʚ 

ʧʝʨʚʠʯʥʳʝ ʢʦʤʧʦʥʝʥʪʳ BaCO3 ʠ Fe2O3. ʉʦʩʪʘʚ ʢʦʥʪʨʦʣʠʨʦʚʘʣʩʷ ʩʢʘʥʠʨʫʶʱʠʤ 

ʵʣʝʢʪʨʦʥʥʳʤ ʤʠʢʨʦʩʢʦʧʦʤ Jeol JSM7001F ʠ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʩʧʝʢʪʨʦʤʝʪʨʦʤ Oxford 

INCA X-max 80. ʀʩʩʣʝʜʦʚʘʥʥʳʡ ʦʙʨʘʟʝʮ ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʩʷ ʬʦʨʤʫʣʦʡ  

BaFe12-xTixO19 (x=0.75). 

 

2.2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʫʩʪʘʥʦʚʢʠ ʠ ʤʝʪʦʜʠʢʠ 

 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʷʣʠʩʴ ʥʘ ʪʨʝʭ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʫʩʪʘʥʦʚʢʘʭ. ɺʩʝ ʦʥʠ 

ʠʤʝʣʠ ʜʚʘ ʚʳʭʦʜʥʳʭ ʢʘʥʘʣʘ: ʦʜʠʥ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʬʘʟʳ ʩʠʛʥʘʣʘ ʠ ʚʪʦʨʦʡ ʜʣʷ 

ʠʟʤʝʨʝʥʠʷ ʝʛʦ ʘʤʧʣʠʪʫʜʳ. ʇʝʨʚʘʷ (ʠʩʪʦʨʠʯʝʩʢʠ) ʨʘʩʧʦʣʦʞʝʥʘ ʚ ʀʌʄ ʋʨʆ ʈɸʅ, 

ʨʘʙʦʪʘʝʪ ʧʦ ʧʨʠʥʮʠʧʫ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʛʦ ʧʦ ʯʘʩʪʦʪʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʤʦʩʪʘ, 

ʜʝʪʘʣʴʥʦ ʦʧʠʩʘʥʘ ʚ [23, cʪʨ. 25-30]. ɹʣʦʢ-ʩʭʝʤʘ ʵʪʦʡ ʫʩʪʘʥʦʚʢʠ ʧʨʠʚʝʜʝʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 2.5. ɺ ʦʜʥʦʤ ʝʝ ʧʣʝʯʝ ʥʘʭʦʜʠʪʩʷ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ ʩ ʧʨʠʢʣʝʝʥʥʳʤʠ ʢ 

ʥʝʤʫ ʧʴʝʟʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʤʠ, ʘ ʚʦ ʚʪʦʨʦʤ ï ʢʘʣʠʙʨʦʚʘʥʥʳʡ ʘʪʪʝʥʶʘʪʦʨ. 
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ʈʠʩʫʥʦʢ 2.4 ï ɸʣʠʦʚʘʣʝʥʪʥʦ ʟʘʤʝʱʝʥʥʳʡ ʢʨʠʩʪʘʣʣ ʙʘʨʠʝʚʦʛʦ ʄ-ʛʝʢʩʘʬʝʨʨʠʪʘ (a); 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʡ ʗʊ ʢʦʤʧʣʝʢʩ Fe2+O4 (b); ʩʪʨʫʢʪʫʨʘ ʤʘʛʥʝʪʦʧʣʶʤʙʠʪʘ (ʩ, d): 

ʯʝʨʥʳʤ ʮʚʝʪʦʤ ʠʟʦʙʨʘʞʝʥʳ ʠʦʥʳ ʩʚʠʥʮʘ, ʬʠʦʣʝʪʦʚʳʤ ï ʢʠʩʣʦʨʦʜʘ, ʦʩʪʘʣʴʥʦʝ ï 

ʠʦʥʳ ʞʝʣʝʟʘ ʚ ʧʷʪʠ ʧʦʟʠʮʠʷʭ 2a, 2b, 12k, 4f2, ʠ 4f1. 

 

ɹʘʣʘʥʩ ʤʦʩʪʘ ʧʦ ʘʤʧʣʠʪʫʜʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʩʨʘʚʥʝʥʠʝʤ ʘʤʧʣʠʪʫʜ ʜʚʫʭ 

ʩʠʛʥʘʣʦʚ, ʧʨʦʰʝʜʰʠʭ ʦʜʠʥ - ʯʝʨʝʟ ʘʪʪʝʥʶʘʪʦʨ ʠ ʚʪʦʨʦʡ - ʯʝʨʝʟ ʦʙʨʘʟʝʮ. ɹʘʣʘʥʩ ʧʦ 

ʬʘʟʝ ʫʩʪʘʥʘʚʣʠʚʘʣʩʷ ʠʟʤʝʥʝʥʠʝʤ ʯʘʩʪʦʪʳ ʩʠʛʥʘʣʘ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʙʘʣʘʥʩʘ ʟʘ ʩʯʝʪ ʪʦʛʦ, ʯʪʦ ʩʠʛʥʘʣ, ʧʨʦʰʝʜʰʠʡ ʯʝʨʝʟ ʦʙʨʘʟʝʮ, 

ʧʨʠʦʙʨʝʪʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʨʘʟʥʦʩʪʴ ʬʘʟ. ʇʨʠ ʤʘʣʳʭ ʠʟʤʝʥʝʥʠʷʭ ʩʢʦʨʦʩʪʠ ʠ 

ʜʣʠʥʳ ʦʙʨʘʟʮʘ, ʠʟʤʝʥʝʥʠʝ ʬʘʟʳ ʨʘʚʥʦ () ()0 0k P k PD + D , ʛʜʝ P  - ʠʟʤʝʥʷʶʱʠʡʩʷ 

ʚʥʝʰʥʠʡ ʧʘʨʘʤʝʪʨ (ʪʝʤʧʝʨʘʪʫʨʘ ʠʣʠ ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ), kD  ʠ D  - 

ʠʟʤʝʥʝʥʠʷ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ ʠ ʜʣʠʥʳ ʧʫʪʠ ʧʨʦʡʜʝʥʥʦʛʦ ʚʦʣʥʦʡ (ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ 

ʜʣʠʥʳ ʦʙʨʘʟʮʘ), ʦʪʥʦʩʠʪʝʣʴʥʦ ʟʥʘʯʝʥʠʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʥʝʢʦʪʦʨʦʤʫ 

ʬʠʢʩʠʨʦʚʘʥʥʦʤʫ ʧʘʨʘʤʝʪʨʫ 
0P. ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʟʤʝʥʝʥʠʝ ʬʘʟʦʚʦʡ ʩʢʦʨʦʩʪʠ ʦʪ 
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ʚʥʝʰʥʝʛʦ ʧʘʨʘʤʝʪʨʘ ʚʳʨʘʞʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ (1.21). ʉʦʩʪʦʷʥʠʝ ʙʘʣʘʥʩʘ ʤʦʩʪʘ ʧʦ 

ʬʘʟʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʯʘʩʪʦʪʥʦʡ ʤʦʜʫʣʷʮʠʠ ʚ ʚʠʜʝ ʤʝʘʥʜʨʘ ʥʘ ʯʘʩʪʦʪʝ 100 

ɻʮ ʠ ʩʠʥʭʨʦʥʥʦʛʦ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ.  ɹʘʣʘʥʩ ʤʦʩʪʘ ʧʦ ʘʤʧʣʠʪʫʜʝ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʩ 

ʧʦʤʦʱʴʶ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʛʦ ʢʘʣʠʙʨʦʚʘʥʥʦʛʦ ʘʪʪʝʥʶʘʪʦʨʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʧʦʢʘʟʘʥʠʷʤʠ ʚʦʣʴʪʤʝʪʨʘ, ʚʩʪʨʦʝʥʥʦʛʦ ʚ ʙʣʦʢ ʩʠʥʭʨʦʥʥʦʛʦ ʜʝʪʝʢʪʦʨʘ 1. ʀʟʤʝʨʝʥʠʝ 

ʨʘʟʙʘʣʘʥʩʘ ʤʦʩʪʘ ʧʦ ʬʘʟʝ ʠ ʘʤʧʣʠʪʫʜʝ ʚ ʜʘʥʥʦʤ ʚʘʨʠʘʥʪʝ ʫʩʪʘʥʦʚʢʠ ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʨʘʟʥʦʝ ʚʨʝʤʷ. 

 

ʈʠʩʫʥʦʢ 2.5 ï ɹʣʦʢ-ʩʭʝʤʘ ʫʩʪʘʥʦʚʢʠ, ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʧʨʠʥʮʠʧʝ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʛʦ 

ʧʦ ʯʘʩʪʦʪʝ ʤʦʩʪʘ. 

 

ɺʪʦʨʘʷ ʫʩʪʘʥʦʚʢʘ, ʥʘ ʢʦʪʦʨʦʡ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʙʦʣʴʰʠʥʩʪʚʦ 

ʤʘʛʥʠʪʦʘʢʫʩʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʨʘʩʧʦʣʦʞʝʥʘ ʚ ʃʘʙʦʨʘʪʦʨʠʠ ʩʠʣʴʥʳʭ 
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ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʚ ɼʨʝʟʜʝʥʝ. ɽʝ ʙʣʦʢ-ʩʭʝʤʘ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 2.6, ʘ ʜʝʪʘʣʴʥʦʝ 

ʦʧʠʩʘʥʠʝ ʧʨʠʚʝʜʝʥʦ ʚ [75].  ʆʩʦʙʝʥʥʦʩʪʴ ʜʘʥʥʦʡ ʫʩʪʘʥʦʚʢʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʥʝʝ 

ʦʧʠʩʘʥʥʦʡ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʠʟʤʝʨʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʠ ʬʘʟʳ ʧʨʦʠʩʭʦʜʠʪ 

ʦʜʥʦʚʨʝʤʝʥʥʦ, ʥʦ ʩʘʤ ʩʠʛʥʘʣ ʧʦʩʪʫʧʘʝʪ ʥʘ ʜʚʘ ʬʘʟʦʚʳʭ ʜʝʪʝʢʪʦʨʘ, ʠʟʤʝʨʷʶʱʠʭ 

ʢʦʤʧʦʥʝʥʪʳ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʝ ʩʠʥʫʩʫ ʠ ʢʦʩʠʥʫʩʫ, ʪʝʤ ʩʘʤʳʤ ʚʳʜʝʣʷʷ 

ʠʟʤʝʥʝʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʬʘʟʦʡ (ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʠʟʤʝʥʝʥʠʝʤ ʬʘʟʦʚʦʡ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ 

ʚ ʦʙʨʘʟʮʝ) ʠ ʠʟʤʝʥʝʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʘʤʧʣʠʪʫʜʦʡ ʠʩʩʣʝʜʫʝʤʦʛʦ ʩʠʛʥʘʣʘ 

(ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʠʟʤʝʥʝʥʠʝʤ ʧʦʛʣʦʱʝʥʠʝʤ ʫʣʴʪʨʘʟʚʫʢʘ ʚ ʦʙʨʘʟʮʝ).  

 

ʈʠʩʫʥʦʢ 2.6 ï ɹʣʦʢ-ʩʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʩ ʜʚʫʤʷ ʬʘʟʦʚʳʤ ʜʝʪʝʢʪʦʨʘʤʠ. 

 

ʊʨʝʪʴʷ ʫʩʪʘʥʦʚʢʘ, ʥʘ ʢʦʪʦʨʦʡ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʙʦʣʴʰʠʥʩʪʚʦ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʠʟʤʝʨʝʥʠʡ, ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʘʚʪʦʨʦʤ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʠ ʨʘʩʧʦʣʦʞʝʥʘ ʥʘ 

ʢʘʬʝʜʨʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʬʠʟʠʢʠ ʌʊʀ ʋʨʌʋ.  ɽʝ ʙʣʦʢ-ʩʭʝʤʘ ʧʨʠʚʝʜʝʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 2.7. ɺ ʦʧʨʝʜʝʣʝʥʥʦʡ ʤʝʨʝ ʦʥʘ ʩʦʯʝʪʘʝʪ ʩʚʦʡʩʪʚʘ ʜʚʫʭ ʧʝʨʝʯʠʩʣʝʥʥʳʭ 
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ʚʳʰʝ.  ʅʝʜʦʩʪʘʪʢʦʤ ʧʝʨʚʦʡ ʫʩʪʘʥʦʚʢʠ ʙʳʣʦ ʦʪʩʫʪʩʪʚʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʷʤʦʛʦ 

ʠʟʤʝʨʝʥʠʷ ʘʤʧʣʠʪʫʜʳ ʩʠʛʥʘʣʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ (ɺʏ) ʩʠʛʥʘʣʘ ʠʟ-ʟʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʩʫʤʤʘʪʦʨʘ ʠ ʧʨʦʩʪʦʛʦ ʜʠʦʜʥʦʛʦ ʜʝʪʝʢʪʦʨʘ, ʧʦʵʪʦʤʫ ʧʦʥʘʜʦʙʠʣʦʩʴ ʚʚʝʜʝʥʠʝ ʚ 

ʫʩʪʘʥʦʚʢʫ ʦʧʦʨʥʦʛʦ ʢʘʥʘʣʘ ʩ ʢʘʣʠʙʨʦʚʘʥʥʳʤ ʘʪʪʝʥʶʘʪʦʨʦʤ. ʇʦ ʪʦʡ ʞʝ ʧʨʠʯʠʥʝ 

ʟʘʪʨʫʜʥʷʣʘʩʴ ʘʚʪʦʤʘʪʠʟʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʨʘʙʦʪʳ. ɺ ʜʘʥʥʦʡ ʫʩʪʘʥʦʚʢʝ ɺʏ 

ʩʠʛʥʘʣ ʩ ʦʙʨʘʟʮʘ ʫʤʥʦʞʘʝʪʩʷ ʥʘ ʦʧʦʨʥʳʡ ʩʠʛʥʘʣ, ʟʘʪʝʤ ʬʠʣʴʪʨʦʤ ʧʦʜʘʚʣʷʝʪʩʷ 

ʫʜʚʦʝʥʥʘʷ ʠʩʭʦʜʥʘʷ ʯʘʩʪʦʪʘ. ʅʘ ʚʳʭʦʜʝ ʬʠʣʴʪʨʘ ʥʘʙʣʶʜʘʝʪʩʷ ʦʛʠʙʘʶʱʘʷ ɺʏ 

ʩʠʛʥʘʣʘ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘʷ ʘʤʧʣʠʪʫʜʝ ʩʠʛʥʘʣʘ ʩ ʦʙʨʘʟʮʘ ʠ ʢʦʩʠʥʫʩʫ ʩʜʚʠʛʘ ʬʘʟʳ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʧʦʨʥʦʛʦ ʩʠʛʥʘʣʘ. ɼʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʥʫʣʝʚʦʡ ʨʘʟʥʦʩʪʠ ʬʘʟ ʩ 

ʦʧʦʨʥʳʤ ʩʠʛʥʘʣʦʤ ɺʏ ʩʠʛʥʘʣ ʤʦʜʫʣʠʨʫʝʪʩʷ ʤʝʘʥʜʨʦʤ ʩ ʯʘʩʪʦʪʦʡ 300 ɻʮ ʩ 

ʧʦʤʦʱʴʶ ʘʣʛʦʨʠʪʤʘ ʘʚʪʦʧʦʜʩʪʨʦʡʢʠ ʯʘʩʪʦʪʳ (ɸʇʏ) ʚ ʫʧʨʘʚʣʷʶʱʝʤ 

ʤʠʢʨʦʢʦʥʪʨʦʣʣʝʨʝ (ʄʂ). ʊʘʢʞʝ ʧʨʦʛʨʘʤʤʘ ʄʂ ʫʧʨʘʚʣʷʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴʶ 

ʩʠʥʭʨʦʩʠʛʥʘʣʦʚ ʜʣʷ ʟʘʧʫʩʢʘ ʠʟʤʝʨʝʥʠʷ ʘʤʧʣʠʪʫʜʳ, ʧʦʜʩʪʨʦʡʢʠ ʬʘʟʳ, ʤʦʜʫʣʷʮʠʠ, 

ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʜʝʪʝʢʪʦʨʘ ʘʤʧʣʠʪʫʜʳ ʠ ʘʥʘʣʦʛʦʚʦ-ʮʠʬʨʦʚʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ 

(ɸʎʇ). ɼʘʥʥʳʝ ʩ ɸʎʇ ʦʙ ʘʤʧʣʠʪʫʜʘʭ ʠ ʪʝʢʫʱʝʝ ʩʦʩʪʦʷʥʠʝ ʫʩʪʘʥʦʚʢʠ ʧʝʨʝʜʘʚʘʣʠʩʴ 

ʥʘ ʧʝʨʩʦʥʘʣʴʥʳʡ ʢʦʤʧʴʶʪʝʨ ʚ ʧʨʦʛʨʘʤʤʫ, ʯʝʨʝʟ ʢʦʪʦʨʫʶ ʧʨʦʠʩʭʦʜʠʣʠ ʩʙʦʨ 

ʜʘʥʥʳʭ ʪʘʢʞʝ ʦ ʯʘʩʪʦʪʝ ɺʏ ʩʠʛʥʘʣʘ ʠ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʫʧʨʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʦʤ.   

 

ʈʠʩʫʥʦʢ 2.7 ï ɹʣʦʢ-ʩʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʩ ʯʘʩʪʦʪʥʦʡ ʤʦʜʫʣʷʮʠʡ ʩʠʛʥʘʣʘ. 
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ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʠ ʤʘʛʥʠʪʦʧʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʛʣʦʱʝʥʠʷ ʠ ʬʘʟʦʚʦʡ 

ʩʢʦʨʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ ʠʟʤʝʨʷʣʠʩʴ  (i) ʚ ʀʌʄ ʋʨʆ ʈɸʅ ʚ ʟʘʣʠʚʥʦʤ 

ʛʝʣʠʝʚʦʤ ʢʨʠʦʩʪʘʪʝ ʩʦ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʤ ʩʦʣʝʥʦʠʜʦʤ, ʧʦʟʚʦʣʷʶʱʝʤ ʚʳʧʦʣʥʷʪʴ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 1.3 ʂ ʠ ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʦ 6 ʊʣ; (ii) ʚ 

ʌʊʀ ʋʨʌʋ ʚ ʛʝʣʠʝʚʦʤ ʨʝʬʨʠʞʝʨʘʪʦʨʝ  ʟʘʤʢʥʫʪʦʛʦ ʮʠʢʣʘ Sumitomo RDK-205D c 

ʢʨʠʦʩʪʘʪʦʤ Janis (ʦʙʨʘʟʝʮ ʚ ʚʘʢʫʫʤʝ) ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʧʨʦʚʦʜʠʪʴ  ʪʝʤʧʝʨʘʪʫʨʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʦ 3.5 ʂ ʠ (iii) ʚ ʃʘʙʦʨʘʪʦʨʠʠ ʩʠʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ɼʨʝʟʜʝʥ-

ʈʦʩʩʝʥʜʦʨʬ, ʌʈɻ (ʜʦ 1.2 ʂ ʠ 17 ʊʣ), ʛʜʝ ʟʥʘʯʠʪʝʣʴʥʫʶ ʧʦʤʦʱʴ ʚ ʨʘʙʦʪʝ ʦʢʘʟʘʣʠ ʜ-

ʨ ʐʘʜʠ ʗʩʠʥ ʠ ʜ-ʨ ʉʝʨʛʝʡ ɾʝʨʣʠʮʠʥ.  

 

2.3. ʂʨʘʪʢʠʝ ʚʳʚʦʜʳ ʢ ʛʣʘʚʝ 

 

1. ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʩʷ ʰʠʨʦʢʠʡ ʢʨʫʛ ʦʙʲʝʢʪʦʚ, 

ʚʢʣʶʯʘʶʱʠʡ ʢʨʠʩʪʘʣʣʳ ʢʫʙʠʯʝʩʢʦʡ ʠ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ ʣʝʛʠʨʦʚʘʥʥʳʝ 3d 

ʠʦʥʘʤʠ, ʢʘʢ ʩ ʜʚʫʢʨʘʪʥʦ, ʪʘʢ ʠ ʩ ʪʨʝʭʢʨʘʪʥʦ ʚʳʨʦʞʜʝʥʥʳʤʠ ʦʨʙʠʪʘʣʴʥʳʤʠ 

ʩʦʩʪʦʷʥʠʷʤʠ., ʘ ʠʤʝʥʥʦ, ʢʨʠʩʪʘʣʣʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʬʣʶʦʨʠʪʘ, ʘ ʪʘʢʞʝ ʢʨʠʩʪʘʣʣʳ 

ɸIIBIV ʠ ʙʘʨʠʝʚʳʡ ʛʝʢʩʘʬʝʨʨʠʪ.   ɺ ʢʘʯʝʩʪʚʝ ʠʩʢʫʩʩʪʚʝʥʥʦ ʚʚʦʜʠʤʳʭ ʧʨʠʤʝʩʝʡ 

ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʠʦʥʳ Cr2+, Ni2+ ʠ Ti4+ (ʧʦʩʣʝʜʥʠʡ ʥʝ ʷʚʣʷʝʪʩʷ ʗʊ ʠʦʥʦʤ, ʥʦ, ʢʘʢ 

ʦʢʘʟʘʣʦʩʴ, ʧʨʠ ʘʣʠʦʚʘʣʝʥʪʥʦʤ ʟʘʤʝʱʝʥʠʷ ʚ BaFe12O19 ʦʥ ʩʦʟʜʘʝʪ ʗʊ ʮʝʥʪʨʳ Fe2+). 

2. ʀʟʤʝʨʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ ʠ ʩʢʦʨʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ ʚʳʧʦʣʥʷʣʠʩʴ ʚ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 1.3-200 ʂ ʠ ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʦ 17 ʊʣ ʥʘ ʫʩʪʘʥʦʚʢʘʭ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʀʌʄ ʋʨʆ ʈɸʅ, ʚ ʃʘʙʦʨʘʪʦʨʠʠ ʩʠʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ 

(ɼʨʝʟʜʝʥ-ʈʦʩʩʝʥʜʦʨʬ, ʌʈɻ) ʠ ʚ ʌʊʀ ʋʨʌʋ, ʧʨʠʯʝʤ ʚ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ ʫʩʪʘʥʦʚʢʘ 

ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʩʦʙʨʘʥʘ ʘʚʪʦʨʦʤ ʜʠʩʩʝʨʪʘʮʠʠ. 
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3. ʀʟʦʪʝʨʤʠʯʝʩʢʠʝ ʤʦʜʫʣʠ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ ʢʫʙʠʯʝʩʢʠʭ ʠ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ 

ʢʨʠʩʪʘʣʣʘʭ ʥʘ ʧʨʠʤʝʨʝ SrF2:Cr 2+ ʠ CdSe:Cr 2+   

 

ɺ ʛʣʘʚʝ ʧʨʠʚʦʜʠʪʩʷ ʚʳʚʦʜ ʚʳʨʘʞʝʥʠʡ ʜʣʷ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʤʦʜʫʣʝʡ 

ʫʧʨʫʛʦʩʪʠ ʜʣʷ ʗʊ ʧʦʜʩʠʩʪʝʤ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ 3d ʠʦʥʘʤʠ ʚ ʢʫʙʠʯʝʩʢʦʤ ʠʣʠ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ ʚ ʢʫʙʠʯʝʩʢʦʡ ʠʣʠ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʤʘʪʨʠʮʘʭ.  ʗʚʥʳʡ 

ʚʠʜ ʵʪʠʭ ʤʦʜʫʣʝʡ ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʦʧʠʩʘʥʠʷ ʚʣʠʷʥʠʷ ʗʊ 

ʧʦʜʩʠʩʪʝʤʳ ʥʘ ʧʦʛʣʦʱʝʥʠʝ ʠ ʩʢʦʨʦʩʪʴ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ (ʜʠʥʘʤʠʯʝʩʢʠʭ 

ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ) ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʨʘʩʯʝʪʘ ʢʦʥʩʪʘʥʪ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ, ʚʭʦʜʷʱʠʭ 

ʚ ʚʠʙʨʦʥʥʳʡ ʛʘʤʠʣʴʪʦʥʠʘʥ, ʠ ʧʘʨʘʤʝʪʨʦʚ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ.  ʄʘʪʝʨʠʘʣ 

ʜʘʥʥʦʡ ʛʣʘʚʳ ʦʧʫʙʣʠʢʦʚʘʥ ʚ ʨʘʙʦʪʘʭ [ɸ1] ʠ [ɸ2].  

 

3.1. ʂʫʙʠʯʝʩʢʠʡ ʗʊ ʢʦʤʧʣʝʢʩ ʚ ʢʨʠʩʪʘʣʣʝ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʬʣʶʦʨʠʪʘ  

 

ʈʘʩʩʤʦʪʨʠʤ ʗʊ ʧʦʜʩʠʩʪʝʤʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʠʦʥʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʪʨʝʭʢʨʘʪʥʳʤ 

ʦʨʙʠʪʘʣʴʥʳʤ ʚʳʨʦʞʜʝʥʠʝʤ ʚ ʢʫʙʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ. ʊʘʢʦʡ ʧʦʜʩʠʩʪʝʤʦʡ, ʚ 

ʯʘʩʪʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʘʥʩʘʤʙʣʴ ʢʦʤʧʣʝʢʩʦʚ 2+

8Cr F- ʚ ʢʨʠʩʪʘʣʣʝ 

SrF2 ʧʨʠ ʠʟʦʚʘʣʝʥʪʥʦʤ ɸ-ʟʘʤʝʱʝʥʠʠ. ʆʜʠʥ ʪʘʢʦʡ ʢʦʤʧʣʝʢʩ ʠʟʦʙʨʘʞʝʥ ʥʘ ʨʠʩʫʥʢʝ 

3.1. 

 

 3.1.1. T eÃ  ʟʘʜʘʯʘ ʕʗʊ 

 

  ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʦʚʝʨʭʥʦʩʪʠ ɸʇ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʪʨʠ ʥʝʟʘʚʠʩʠʤʳʭ 

ʧʘʨʘʙʦʣʦʠʜʘ, ʟʘʜʘʥʥʳʭ ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ ,Q QJ e (ʩʤ. ʩʪʨ. 64 ʚ [3]): 

1 EE F QJ= ,                                                       (3.1) 

2

1 3

2 2
EE F Q QJ e

å õ
= +æ ö
ç ÷

,                                                 (3.2) 

3

1 3

2 2
EE F Q QJ e

å õ
= -æ ö
ç ÷

,                                                 (3.3) 

ʩ ʢʦʦʨʜʠʥʘʪʘʤʠ ʤʠʥʠʤʫʤʦʚ, ʧʨʠʚʝʜʝʥʥʳʤʠ ʚ ʪʘʙʣʠʮʝ 3.1. 
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ʊʘʙʣʠʮʘ 3.1 ï ʇʦʣʦʞʝʥʠʷ ʪʨʝʭ ʪʝʪʨʘʛʦʥʘʣʴʥʳʭ ʤʠʥʠʤʫʤʦʚ ʚ ʢʦʦʨʜʠʥʘʪʘʭ 

( ),Q QJ e , 
0 /E

E EQ F K= . 

1

E
Q  

2

E
Q  

2

E
Q  

( )0 1,0EQ  0

1 3
,

2 2

EQ
å õ
-æ ö
ç ÷

 0

1 3
,

2 2

EQ
å õ
- -æ ö
ç ÷

 

 

 

ʈʠʩʫʥʦʢ 3.1 ï ʂʫʙʠʯʝʩʢʠʡ ʢʨʠʩʪʘʣʣ SrF2 ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʬʣʶʦʨʠʪʘ. ʀʦʥ Cr
2+ 

(ʩʠʥʠʡ) ʟʘʤʝʥʷʝʪ ʠʦʥ ʩʪʨʦʥʮʠʷ ʚ ʫʟʣʝ ʨʝʰʝʪʢʠ Oh-ʩʠʤʤʝʪʨʠʠ. ʆʥ ʦʢʨʫʞʝʥ 

ʚʦʩʝʤʴʶ ʠʦʥʘʤʠ ʬʪʦʨʘ ʧʦ ʫʛʣʘʤ ʢʫʙʘ. ʉʪʨʝʣʢʘʤʠ ʧʦʢʘʟʘʥʳ ʦʩʠ ʜʝʢʘʨʪʦʚʦʡ 

ʢʦʦʨʜʠʥʘʪ, ʚʜʦʣʴ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʷʪ ʪʝʪʨʘʛʦʥʘʣʴʥʳʝ ʜʝʬʦʨʤʘʮʠʠ ʗʊ 

ʢʦʤʧʣʝʢʩʘ, ʠ ʚ ʢʦʪʦʨʳʭ ʟʘʜʘʶʪʩʷ ʪʝʥʟʦʨʳ ʜʝʬʦʨʤʘʮʠʡ ʠ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ. 

 

ʅʘ ʨʠʩʫʥʢʝ 3.2 ʧʦʢʘʟʘʥʳ ʩʤʝʱʝʥʠʷ ʘʪʦʤʦʚ ʚʜʦʣʴ ʦʜʥʦʛʦ ʠʟ ʨʝʙʝʨ ʢʫʙʘ, 

ʦʧʠʩʳʚʘʝʤʳʝ ʩʠʤʤʝʪʨʠʟʠʨʦʚʘʥʥʦʡ ʢʦʦʨʜʠʥʘʪʦʡ QJ.  
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ʈʠʩʫʥʦʢ 3.2 ï ʉʠʤʤʝʪʨʠʡʥʳʝ ʪʝʪʨʘʛʦʥʘʣʴʥʳʝ ʜʝʬʦʨʤʘʮʠʠ ʢʫʙʠʯʝʩʢʦʛʦ ʗʊ 

ʢʦʤʧʣʝʢʩʘ, ʦʧʠʩʳʚʘʝʤʳʝ ʢʦʦʨʜʠʥʘʪʦʡ QJ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʚ ʚʠʜʝ ʧʨʦʝʢʮʠʠ 

ʚʜʦʣʴ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʘʧʨʘʚʣʝʥʠʡ 110è øê ú  (a), 110è øê ú  (b) ʠ 001è øê ú (c), ʩ 

ʘʪʦʤʥʳʤʠ ʩʤʝʱʝʥʠʷʤʠ, ʧʦʢʘʟʘʥʥʳʤʠ ʩʪʨʝʣʢʘʤʠ. ʅʫʤʝʨʘʮʠʷ ʘʪʦʤʦʚ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʫʤʝʨʘʮʠʠ ʥʘ ʨʠʩʫʥʢʝ 3.1. 

 

ʆʙʦʙʱʝʥʥʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʫʧʨʫʛʦʡ ʵʥʝʨʛʠʠ, ʫʯʠʪʳʚʘʶʱʝʝ ʪʝʪʨʘʛʦʥʘʣʴʥʳʝ 

ʩʤʝʱʝʥʠʷ (ʠʟʤʝʥʝʥʠʷ ʜʣʠʥ ʨʝʙʝʨ ʢʫʙʘ) 
nbD  ( 1,2,3n=  ), ʩʦʟʜʘʚʘʝʤʳʝ ʚʥʝʰʥʝʡ 

ʩʠʣʦʡ, ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʦ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  

( )

( )

2
2

0

2 2
2

1 1

2 2

2 2

E

n E n E n

E E
E n n E n

E E

E K Q K Q b

F F
F b O b F b

K K

= = +D =

= + D + D º + D

 .          (3.4) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʵʥʝʨʛʠʠ, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʧʨʦʭʦʞʜʝʥʠʝʤ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥ,r ʢʦʪʦʨʘʷ ʚʳʟʳʚʘʝʪ ʜʝʬʦʨʤʘʮʠʠ ʢʨʠʩʪʘʣʣʘ ʪʠʧʘ 
ije,  ʠʤʝʝʤ: 

( ) ( )n ij E n ijE F be eD = D .                              (3.5) 
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ʗʊ ʢʦʤʧʣʝʢʩ, ʧʦʢʘʟʘʥʥʳʡ ʥʘ ʨʠʩʫʥʢʝ 3.1 ʠ 3.2, ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʝ ʜʝʢʘʨʪʦʚʳ 

ʢʦʦʨʜʠʥʘʪʳ ʫʟʣʦʚ: 

( )1 0,0,0=r , ( )2 1,0,0a=r , ( )3 1,1,0a=r , ( )4 0,1,0a=r ,           (3.6)
 
 

  ( )5 0,0,1a=r ,
 

( )6 1,0,1a=r , ( )7 1,1,1a=r , ( )8 0,1,1a=r ,                           

ʛʜʝ a  - ʤʝʞʘʪʦʤʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʠʦʥʘʤʠ F-  (ʪ.ʝ. ʜʣʠʥʘ ʨʝʙʨʘ ʢʫʙʘ). 

ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʨʘʜʠʫʩʘ-ʚʝʢʪʦʨʘ ʠʟʤʝʥʷʶʪʩʷ ʩ ʫʧʨʫʛʠʤʠ 

ʜʝʬʦʨʤʘʮʠʷʤʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʬʦʨʤʫʣʦʡ: 

() ()
0 0

i
i i j

j

u
r r r

x

µ
= + Ö

µ
,                                                     (3.7) 

ʛʜʝ 
iu  - ʩʤʝʱʝʥʠʝ ʠʦʥʘ ʚ ʥʘʧʨʘʚʣʝʥʠʠ 

ix   ( , 1,2,3i j = ), ʠ 
0 0( ) ,( )i jr r   ʷʚʣʷʶʪʩʷ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʘʯʘʣʴʥʳʤʠ ʢʦʦʨʜʠʥʘʪʘʤʠ ,i jx x . ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʳ ʧʦʣʫʯʘʝʤ: 

                                ( )1 0,0,0=r , 2 1 , ,
yx z

uu u
a

x x x

µå õµ µ
= +æ ö

µ µ µç ÷
r , 

                              3 1 ,1 ,
y yx x z z

u uu u u u
a

x y y x y x

µ µå õµ µ µ µ
= + + + + +æ ö

µ µ µ µ µ µç ÷
r ,      

                           4 ,1 ,
yx z

uu u
a

y y y

µå õµ µ
= +æ ö

µ µ µç ÷
r ,

 
5 , ,1

yx z
uu u

a
z z z

µå õµ µ
= +æ ö

µ µ µç ÷
r ,   

 
(3.8)   

 

                              6 1 , ,1
y yx x z z

u uu u u u
a

x z x z z x

µ µå õµ µ µ µ
= + + + + +æ ö

µ µ µ µ µ µç ÷
r , 

7 1 ,1 ,1
y y yx x x z z z

u u uu u u u u u
a

x y z y x z z y x

µ µ µå õµ µ µ µ µ µ
= + + + + + + + + +æ ö

µ µ µ µ µ µ µ µ µç ÷
r , 

                    8 ,1 ,1
y yx x z z

u uu u u u
a

y z y z z y

µ µå õµ µ µ µ
= + + + + +æ ö

µ µ µ µ µ µç ÷
r .                                                     

 

ɺ ʜʘʣʴʥʝʡʰʝʤ ʤʳ ʠʩʧʦʣʴʟʫʝʤ ʦʙʦʟʥʘʯʝʥʠʝ ʌʦʛʪʘ, ʛʜʝ ʚʤʝʩʪʦ ʜʚʫʭ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʜʠʥ ʠʥʜʝʢʩ 11 1­  , 22 2­ ,33 3­  , (32 23) 4= ­  , (31 13) 5= ­  , 

( )12 21 6= ­,  ʘ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʠ ʦʙʦʟʥʘʯʘʶʪʩʷ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ: 
1 11e e= , 

2 22e e= ,
3 33e e=  , 

4 232e e= , 
5 312e e= ,

6 122e e= . 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʦʧʠʩʘʪʴ ʜʝʬʦʨʤʘʮʠʠ ʢʫʙʘ ʩ ʧʦʤʦʱʴʶ ʩʤʝʱʝʥʠʡ ʠʦʥʦʚ ʚʜʦʣʴ 

ʨʝʙʝʨ, ʜʦʩʪʘʪʦʯʥʦ ʨʘʩʩʤʦʪʨʝʪʴ ʪʦʣʴʢʦ ʨʝʙʨʘ 1-2, 1-4 ʠ 1-5. ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ 
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ʫʨʘʚʥʝʥʠʷ (3.4) ʠ (3.5), ʤʳ ʧʦʣʫʯʘʝʤ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʠʟʤʝʥʝʥʠʡ ʵʥʝʨʛʠʡ, 

ʫʯʠʪʳʚʘʶʱʠʝ ʚʢʣʘʜ ʚʩʝʭ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʠ:  

2 1-r r : 
1 1EE aFeD = , 

4 1-r r : 
2 2EE aFeD = ,                                                            (3.9) 

 
5 1-r r : 

3 3EE aFeD = . 

ʀʩʧʦʣʴʟʫʷ ʵʪʠ ʩʦʦʪʥʦʰʝʥʠʷ, ʘ ʪʘʢʞʝ ʫʨʘʚʥʝʥʠʷ (1.12)-(1.14), ʤʳ ʧʦʣʫʯʘʝʤ 

ʠʟʦʪʝʨʤʠʯʝʩʢʠʡ ʚʢʣʘʜ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ ʫʧʨʫʛʠʝ ʤʦʜʫʣʠ ʢʨʠʩʪʘʣʣʘ ʜʣ̫ T eÃ  

ʟʘʜʘʯʠ ʕʗʊ, ʧʨʠʚʝʜʝʥʥʳʝ ʚ ʪʘʙʣʠʮʝ 3.2. 

 

ʊʘʙʣʠʮʘ 3.2 ï ʀʟʦʪʝʨʤʠʯʝʩʢʠʡ ʚʢʣʘʜ ʧʦʜʩʠʩʪʝʤʳ ʢʫʙʠʯʝʩʢʠʭ ʗʊ ʢʦʤʧʣʝʢʩʦʚ ʩ 

ʪʝʪʨʘʛʦʥʘʣʴʥʳʤʠ ʤʠʥʠʤʫʤʘʤʠ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚ ʫʧʨʫʛʠʝ ʤʦʜʫʣʠ 

ʢʨʠʩʪʘʣʣʘ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʬʣʶʦʨʠʪʘ. 0 3 / 2a a=  - ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʗʊ ʠʦʥʘʤʠ 

Sr ʠ F, ( ) ( ) ( )11 12

1

2

T T T
JT JT JT
Ec c c

è ø
é ù
ê ú

= - , ( ) ( )44

T T
JT JT
Tc c= , 

( ) ( ) ( ) ( )44 11 12

1

2

T T T T
JT JT JT JT
Lc c c c

è ø
é ù
ê ú

= + + . 

( )11

T
JTc  ( )12

T
JTc  ( )

T
JT

Ec  ( )44

T
JTc  ( )

T
JT

Lc  

2 2

08

27

E

B

na F

k T
-  

2 2

04

27

E

B

na F

k T
 

2 2

02

9

E

B

na F

k T
-  0 

2 2

02

27

E

B

na F

k T
-  

 

ʊʘʙʣʠʮʘ 3.2 ʩʦʜʝʨʞʠʪ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʤʦʜʫʣʝʡ, ʯʝʤ ʯʠʩʣʦ ʥʝʟʘʚʠʩʠʤʳʭ 

ʢʦʤʧʦʥʝʥʪ ʵʪʦʛʦ ʪʝʥʟʦʨʘ ʚ ʢʫʙʠʯʝʩʢʦʤ ʢʨʠʩʪʘʣʣʝ, ʧʦʩʢʦʣʴʢʫ ʧʨʠʚʝʜʝʥʥʳʝ ʠʭ 

ʢʦʤʙʠʥʘʮʠʠ ʠʤʝʶʪ ʧʨʘʢʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ. ʊʝʪʨʘʛʦʥʘʣʴʥʳʡ ʤʦʜʫʣʴ 

[ ]11 12

1

2
Ec c c= - ʦʧʠʩʳʚʘʝʪ ʧʦʧʝʨʝʯʥʫʶ ʚʦʣʥʫ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʫʶʩʷ ʚʜʦʣʴ ʦʩʠ 

[ ]110ʠ ʧʦʣʷʨʠʟʦʚʘʥʥʫʶ ʚʜʦʣʴ ʦʩʠ 110è øê ú, ʪʨʠʛʦʥʘʣʴʥʳʡ ʤʦʜʫʣʴ 44Tc c= ʦʧʠʩʳʚʘʝʪ 

ʧʦʧʝʨʝʯʥʫʶ ʚʦʣʥʫ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʫʶʩʷ ʚʜʦʣʴ ʦʩʠ [ ]110ʠ ʧʦʣʷʨʠʟʦʚʘʥʥʫʶ ʚʜʦʣʴ 
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ʦʩʠ [ ]001 , ʘ ʤʦʜʫʣʴ [ ]44 11 12

1

2
Lc c c c= + +  ʦʧʠʩʳʚʘʝʪ ʧʨʦʜʦʣʴʥʫʶ ʚʦʣʥʫ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʫʶʩʷ ʚʜʦʣʴ ʦʩʠ [ ]110 . 

 

3.1.2. 
2T tÃ  ʟʘʜʘʯʘ ʕʗʊ 

 

ɺ ʩʣʫʯʘʝ ʪʨʠʛʦʥʘʣʴʥʳʭ ʤʠʥʠʤʫʤʦʚ ɸʇ, ʦʧʠʩʳʚʘʝʤʳʭ ʚ ʨʘʤʢʘʭ 
2T tÃ  ʟʘʜʘʯʠ 

ʕʗʊ, ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʵʥʝʨʛʠʠ ʠʤʝʝʪ ʚʠʜ: 

( )
2

0

1
3

2
T

m TE K Q= ,     (3.10) 

ʛʜʝ 
0 2 / 3T

T TQ F K= .  ʉʠʤʤʝʪʨʠʡʥʳʝ ʢʦʦʨʜʠʥʘʪʳ ʤʠʥʠʤʫʤʦʚ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 

3.3. 

ʊʘʙʣʠʮʘ 3.3. ʇʦʣʦʞʝʥʠʷ ʯʝʪʳʨʝʭ ʪʨʠʛʦʥʘʣʴʥʳʭ ʤʠʥʠʤʫʤʦʚ ɸʇ ʚ ʢʦʦʨʜʠʥʘʪʘʭ 

( ), ,Q Q Qx h z. 

1

T
Q  

2

T
Q  

3

T
Q  

4

T
Q  

( )0 1,1,1TQ  ( )0 1,1, 1TQ - - ( )0 1, 1, 1TQ - - ( )0 1, 1,1TQ - -  

ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 3.3, ʢʦʦʨʜʠʥʘʪʘ ( )
1

3
Q Q Qx h z+ +  ʦʧʠʩʳʚʘʝʪ 

ʘʪʦʤʥʳʝ ʩʤʝʱʝʥʠʷ ʧʨʠ ʜʝʬʦʨʤʘʮʠʠ ʢʫʙʘ ʚʜʦʣʴ ʦʜʥʦʡ ʠʟ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ 

ʜʠʘʛʦʥʘʣʝʡ. ɺʳʨʘʞʝʥʠʝ ʜʣʷ ʵʥʝʨʛʠʠ ʩ ʫʯʝʪʦʤ ʪʨʠʛʦʥʘʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ, 

ʚʳʟʚʘʥʥʳʭ ʚʥʝʰʥʠʤ ʚʦʟʜʝʡʩʪʚʠʝʤ, ʟʘʧʠʩʘʥʥʦʝ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʥʝʥʠʡ ʜʠʘʛʦʥʘʣʝʡ 

mdD   ( 1,2,3,4m= ), ʠʤʝʝʪ ʚʠʜ: 

( ) ( ) ( )
2 2

2

0 0 0

2

1 1
3 3 3

2 2

2 2

3 3

T T T

m T m T T m m

T
T m

T

E K Q d K Q K Q d O d

F
F d

K

= +D = + D + D º

º + D

 .           (3.11) 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʠʟʤʝʥʝʥʠʝ ʵʥʝʨʛʠʠ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʦʡ ʠ 

ʚʳʨʘʞʝʥʥʦʝ ʯʝʨʝʟ ʠʟʤʝʥʝʥʠʷ ʜʠʘʛʦʥʘʣʝʡ ʢʫʙʘ, ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ ʚʠʜʝ 

2

3
m T mE F dD = D.                                               (3.12) 
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ʋʯʠʪʳʚʘʷ  ʩʤʝʱʝʥʠʷ ʘʪʦʤʦʚ ʧʨʠ ʜʝʬʦʨʤʘʮʠʠ ʢʫʙʘ, ʤʳ ʠʤʝʝʤ: 
1 7 1dD = -r r  , 

2 3 5dD = -r r  , 
3 6 4dD = -r r , 

4 8 2dD = -r r . ɿʘʪʝʤ, ʠʩʧʦʣʴʟʫʷ ʫʨʘʚʥʝʥʠʝ (3.12), ʠ 

ʧʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʚʩʝ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʠ, ʤʳ ʧʦʣʫʯʘʝʤ: 

7 1-r r  :  ( )1 1 2 3 4 5 6

2

3

TaF
E e e e e e eD = + + + + +,      

3 5-r r :  ( )2 1 2 3 4 5 6

2

3

TaF
E e e e e e eD = + + - - +,     

 

6 4-r r :  ( )3 1 2 3 4 5 6

2

3

TaF
E e e e e e eD = + + - + -,     (3.13)  

8 2-r r :  ( )4 1 2 3 4 5 6

2

3

TaF
E e e e e e eD = + + + - -.                        

 

ʈʠʩʫʥʦʢ 3.3 ï ʉʠʤʤʝʪʨʠʡʥʳʝ ʪʨʠʛʦʥʘʣʴʥʳʝ ʜʝʬʦʨʤʘʮʠʠ ʢʫʙʠʯʝʩʢʦʛʦ (ʪʝʤʥʳʝ 

ʣʠʥʠʠ) ʗʊ ʢʦʤʧʣʝʢʩʘ ʚʜʦʣʴ ʢʦʦʨʜʠʥʘʪʳ ( )
1

3
Q Q Qx h z+ +  ʧʦʢʘʟʘʥʥʳʝ  ʚ 

ʧʨʦʝʢʮʠʷʭ  ʚʜʦʣʴ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʘʧʨʘʚʣʝʥʠʡ 110è øê ú (a), 110è øê ú (b) ʠ 001è øê ú (c), 

ʩ ʘʪʦʤʥʳʤʠ ʩʤʝʱʝʥʠʷʤʠ, ʦʙʦʟʥʘʯʝʥʥʳʤʠ ʩʪʨʝʣʢʘʤʠ. ʅʫʤʝʨʘʮʠʷ ʘʪʦʤʦʚ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʫʤʝʨʘʮʠʠ ʥʘ ʨʠʩʫʥʢʝ 3.1. 
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ʀʩʧʦʣʴʟʫʷ ʫʨʘʚʥʝʥʠʷ (1.12)-(1.14) ʜʣʷ ʵʪʦʛʦ ʩʣʫʯʘʷ,  ʧʦʣʫʯʘʝʤ 

ʠʟʦʪʝʨʤʠʯʝʩʢʠʡ ʚʢʣʘʜ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ ʫʧʨʫʛʠʝ ʤʦʜʫʣʠ ʢʨʠʩʪʘʣʣʘ ʜʣʷ 
2T tÃ  

ʟʘʜʘʯʠ ʕʗʊ, ʧʨʠʚʝʜʝʥʥʳʝ ʚ ʪʘʙʣʠʮʝ 3.4. 

 

ʊʘʙʣʠʮʘ 3.4 ï ʀʟʦʪʝʨʤʠʯʝʩʢʠʡ ʚʢʣʘʜ ʧʦʜʩʠʩʪʝʤʳ ʢʫʙʠʯʝʩʢʠʭ ʗʊ ʢʦʤʧʣʝʢʩʦʚ ʩ 

ʪʨʠʛʦʥʘʣʴʥʳʤʠ ʤʠʥʠʤʫʤʘʤʠ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚ ʫʧʨʫʛʠʝ ʤʦʜʫʣʠ 

ʢʨʠʩʪʘʣʣʘ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʬʣʶʦʨʠʪʘ. 

( )11

T
JTc  ( )12

T
JTc  ( )

T
JT

Ec  ( )44

T
JTc  ( )

T
JT

Lc  

0 0 0 

2 2

016

27

T

B

na F

k T
-  

2 2

016

27

T

B

na F

k T
-  

 

3.1.3. ( )2T e tÃ +  ʟʘʜʘʯʘ ʕʗʊ 

 

ɺ ʩʣʫʯʘʝ ( )2T e tÃ +  ʟʘʜʘʯʠ ʕʗʊ ʚ ʣʠʥʝʡʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ (ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ) ʦʨʪʦʨʦʤʙʠʯʝʩʢʠʝ ʵʢʩʪʨʝʤʫʤʳ ɸʇ ʷʚʣʷʶʪʩʷ ʩʝʜʣʦʚʳʤʠ ʪʦʯʢʘʤʠ, 

ʫʢʘʟʘʥʥʳʤʠ ʚ ʪʘʙʣʠʮʝ 3.5, ʩ ʚʳʨʘʞʝʥʠʝʤ ʜʣʷ ʠʭ ʵʥʝʨʛʠʠ ʩʪʘʙʠʣʠʟʘʮʠʠ  

1 3

4 4

OR E TE E E= + .                                     (3.14) 

ɺ ʢʚʘʜʨʘʪʠʯʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ, ʧʨʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʟʥʘʯʝʥʠʷʭ ʢʦʥʩʪʘʥʪ 

ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ, ʛʣʦʙʘʣʴʥʳʝ ʤʠʥʠʤʫʤʳ ɸʇ ʤʦʛʫʪ ʠʤʝʪʴ ʦʨʪʦʨʦʤʙʠʯʝʩʢʫʶ 

ʩʠʤʤʝʪʨʠʶ. ʆʥʠ ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʪʝʭ ʞʝ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʧʦʣʦʞʝʥʠʷʭ, ʯʪʦ ʠ 

ʦʨʪʦʨʦʤʙʠʯʝʩʢʠʝ ʤʠʥʠʤʫʤʳ ʚ ʣʠʥʝʡʥʦʡ ʟʘʜʘʯʝ, ʥʦ ʦʧʠʩʳʚʘʶʪʩʷ ʨʘʟʥʳʤʠ 

ʚʳʨʘʞʝʥʠʷʤʠ ʜʣʷ ʧʘʨʘʤʝʪʨʦʚ ʠʭ ʦʧʨʝʜʝʣʷʶʱʠʭ. ɼʣʷ ʵʥʝʨʛʠʠ ʗʊ ʩʪʘʙʠʣʠʟʘʮʠʠ, 

ʦʙʦʟʥʘʯʝʥʥʦʡ ʠʥʜʝʢʩʦʤ k, ʠʤʝʝʤ: 

( )
,

1 3 1 3

4 4 4 4

OR E T k E T ET

k k k ij ET i j k k k p q

i j

E E E c W QQ E E E e e= + + ¹ + +ä .           (3.15) 

ɺ ʵʪʦʤ ʚʳʨʘʞʝʥʠʠ ʪʨʝʪʠʡ ʯʣʝʥ ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ ʦʙʦʟʥʘʯʘʝʪ ʚʢʣʘʜ 

ʢʚʘʜʨʘʪʠʯʥʳʭ ʯʣʝʥʦʚ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ ʚ ʵʥʝʨʛʠʶ ʗʊ ʩʪʘʙʠʣʠʟʘʮʠʠ  

(ʧʨʝʜʩʪʘʚʣʝʥʥʫʶ ʢʚʘʜʨʘʪʠʯʥʦʡ ʢʦʥʩʪʘʥʪʦʡ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ 
ETW  ) ʠ ʠʭ 
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ʩʚʷʟʘʥʥʳʤʠ ʩ ʥʠʤʠ ʜʝʬʦʨʤʘʮʠʷʤʠ 
2

,

i j ip p jq q

p q

QQ a a e b e´ ä  , ,i e J=  , , ,j x h z= , ʩ 

ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ k

ijc . ɹʦʣʝʝ ʧʦʜʨʦʙʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʠ ʧʘʨʘʤʝʪʨʳ ʵʪʦʡ ʢʚʘʜʨʘʪʠʯʥʦʡ 

ʩʚʷʟʠ ʜʣ̫  ʥʘʩ ʥʝ ʚʘʞʥʳ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʩ ʵʪʠʤ ʚʳʨʘʞʝʥʠʝʤ ʩʪʘʪʩʫʤʤʘ, 

ʦʧʨʝʜʝʣʝʥʥʘʷ ʫʨʘʚʥʝʥʠʝʤ (1.14), ʩʦʜʝʨʞʠʪ ʢʚʘʜʨʘʪʠʯʥʳʝ ʯʣʝʥʳ ( )ET

k p qE e e, ʥʦ ʜʣʷ 

ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ, ʟʘʜʘʥʥʦʛʦ ʫʨʘʚʥʝʥʠʝʤ (1.12), ʠʟ-ʟʘ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʷ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʚʟʷʪʠʝʤ ʧʨʝʜʝʣʘ , 0p qe e­ , ʢʚʘʜʨʘʪʠʯʥʳʝ ʚʢʣʘʜʳ ʦʙʨʘʱʘʶʪʩʷ ʚ 

ʥʫʣʴ. ʌʘʢʪʠʯʝʩʢʠ, ʠʟ-ʟʘ ʧʨʝʜʧʦʣʘʛʘʝʤʳʭ ʤʘʣʳʭ ʟʥʘʯʝʥʠʡ ʜʝʬʦʨʤʘʮʠʡ ʚʩʝ 

ʦʧʠʩʘʥʠʝ ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʳʤ ʧʦ 
ie, ʧʦʵʪʦʤʫ ʤʳ ʧʨʝʥʝʙʨʝʛʘʝʤ ʢʚʘʜʨʘʪʠʯʥʳʤʠ 

ʚʢʣʘʜʘʤʠ ʚ ʵʥʝʨʛʠʠ ʠ ʩʦʭʨʘʥʷʝʤ ʚʳʟʚʘʥʥʦʝ ʜʝʬʦʨʤʘʮʠʷʤʠ ʠʟʤʝʥʝʥʠʝ ʰʝʩʪʠ (k = 1, 

2, ... 6) ʦʨʪʦʨʦʤʙʠʯʝʩʢʠʭ ʤʠʥʠʤʫʤʦʚ ʚ ʪʦʡ ʞʝ ʬʦʨʤʝ, ʯʪʦ ʠ ʜʣʷ ʦʨʪʦʨʦʤʙʠʯʝʩʢʠʭ 

ʩʝʜʣʦʚʳʭ ʪʦʯʝʢ, ʨʘʩʩʤʦʪʨʝʥʥʦʝ ʚʳʰʝ ʜʣʷ ʣʠʥʝʡʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ: 

1 3

4 4

OR E T

k k kE E ED = D + D.                                                 (3.16) 

ʋʯʠʪʳʚʘʷ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʢʦʦʨʜʠʥʘʪ ʦʨʪʦʨʦʤʙʠʯʝʩʢʠʭ ʵʢʩʪʨʝʤʫʤʦʚ 

(ʩʝʜʣʦʚʳʭ ʪʦʯʝʢ ʚ ʣʠʥʝʡʥʦʡ ʟʘʜʘʯʝ), ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʪʘʙʣʠʮʝ 3.5, ʤʳ ʤʦʞʝʤ 

ʧʦʣʫʯʠʪʴ ʩʣʝʜʫʶʱʠʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʵʥʝʨʛʠʠ ʩʪʘʙʠʣʠʟʘʮʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ 

ʦʨʪʦʨʦʤʙʠʯʝʩʢʠʤ ʛʣʦʙʘʣʴʥʳʤ ʤʠʥʠʤʫʤʘʤ ʚ ʢʚʘʜʨʘʪʠʯʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʧʦ 

ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ:   

( ) ( )2 1 3 4 1 1 2 3 6

1 3 1

4 4 4

O E T T

E TE E E E F a aFe e e e eD =- D + D +D =- + + + -,
 

( ) ( )3 2 1 3 2 1 2 3 5

1 3 1

4 4 4

O E T T

E TE E E E F a aFe e e e eD =- D + D +D =- + + + +, 

( ) ( )4 2 2 4 2 1 2 3 5

1 3 1

4 4 4

O E T T

E TE E E E F a aFe e e e eD =- D + D +D =- + + + -, 

( ) ( )5 3 1 4 3 1 2 3 4

1 3 1

4 4 4

O E T T

E TE E E E F a aFe e e e eD =- D + D +D =- + + + +,
 

( ) ( )6 3 2 3 3 1 2 3 4

1 3 1

4 4 4

O E T T

E TE E E E F a aFe e e e eD =- D + D +D =- + + + -. 

(3.17) 
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ʊʘʙʣʠʮʘ 3.5 ï ʇʦʣʦʞʝʥʠʝ ʦʨʪʦʨʦʤʙʠʯʝʩʢʠʭ ʵʢʩʪʨʝʤʫʤʦʚ (ʩʝʜʣʦʚʳʭ ʪʦʯʝʢ) ʚ 

ʢʦʦʨʜʠʥʘʪʘʭ ( ), , , ,Q Q Q Q QJ e x h z ʚ ʣʠʥʝʡʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʧʦ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ. 

1

OR
Q  

2

OR
Q  

3

OR
Q  

4

OR
Q  

5

OR
Q  

6

OR
Q  

( )

1

1 2

1

2

3

4

E

T T

- +

+

Q

Q Q

 

( )

1

3 4

1

2

3

4

E

T T

- +

+

Q

Q Q

 

( )

2

1 3

1

2

3

4

E

T T

- +

+

Q

Q Q

 

( )

2

2 4

1

2

3

4

E

T T

- +

+

Q

Q Q

 

( )

3

1 4

1

2

3

4

E

T T

- +

+

Q

Q Q

 

( )

3

2 3

1

2

3

4

E

T T

- +

+

Q

Q Q

 

 

ʄʦʜʫʣʠ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʨʘʞʝʥʠʡ (3.17), ʧʨʠʚʝʜʝʥʳ ʚ 

ʪʘʙʣʠʮʝ 3.6. 

ʊʘʙʣʠʮʘ 3.6 ï ʀʟʦʪʝʨʤʠʯʝʩʢʠʡ ʚʢʣʘʜ ʧʦʜʩʠʩʪʝʤʳ ʢʫʙʠʯʝʩʢʠʭ ʗʊ ʢʦʤʧʣʝʢʩʦʚ ʩ 

ʦʨʪʦʨʦʤʙʠʯʝʩʢʠʤʠ ʤʠʥʠʤʫʤʘʤʠ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚ ʫʧʨʫʛʠʝ ʤʦʜʫʣʠ 

ʢʨʠʩʪʘʣʣʘ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʬʣʶʦʨʠʪʘ. 

( )11

OR
JTc  ( )12

OR
JTc  ( )

OR
JT

Ec  ( )44

OR
JTc  ( )

OR
JT

Lc  

2 2

01

54

E

B

na F

k T
-  

2 2

01

108

E

B

na F

k T
-  

2 2

01

72

E

B

na F

k T
-  

2 2

04

9

T

B

na F

k T
-  

2
2 204 4 1

9 9 216
T E

B

na
F F

k T

å õ
- +æ ö

ç ÷
 

 

ɺʠʜʥʦ, ʯʪʦ ʚʳʨʘʞʝʥʠʷ ʚ ʪʘʙʣʠʮʝ 3.6 ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʚʳʨʘʞʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ 

ʜʣʷ ʵʪʦʡ ʠ ʜʨʫʛʠʭ ʟʘʜʘʯ (ʩʤ. ʪʘʙʣʠʮʫ 3.2 ʠ 3.4). ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʝʨʝʜ 

ʚʳʯʠʩʣʝʥʠʝʤ ʣʠʥʝʡʥʳʭ ʢʦʥʩʪʘʥʪ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ ʤʳ ʜʦʣʞʥʳ ʩʥʘʯʘʣʘ ʦʧʨʝʜʝʣʠʪʴ 

ʟʘʜʘʯʫ ʕʗʊ. ɺʳʨʘʞʝʥʠʷ ʜʣʷ ʢʦʥʩʪʘʥʪ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʷ 

(1.20), ʥʦ ʟʘʧʠʩʘʥʥʦʛʦ ʜʣʷ 
1T T=  : 

() () ()11 1

0 0

Re 1 1

2 2

T
JTJT JT c Tk T i T i

k c

bb ba è ø- -ê ú=- .                             (3.18) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ T eÃ  ʟʘʜʘʯʠ ʕʗʊ ʤʳ ʠʤʝʝʤ: 

()2 10 1

2

0 0

18

JT

EB
E

Tc k T
F

na k

a
= ,                                                (3.19) 

ʠʣʠ 

()2 10 1

2

0 0

18

JT

EB
E

v Tc k T
F

na v

D
= ,                                                (3.20) 
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ʜʣʷ 
2T tÃ  ʟʘʜʘʯʠ ʕʗʊ: 

()2 10 1

2

0 0

27

4

JT

TB
T

Tc k T
F

na k

a
= ,                                              (3.21) 

ʠʣʠ 

()2 10 1

2

0 0

27

4

JT

TB
T

v Tc k T
F

na v

D
= ,                                             (3.22) 

ʠ ʜʣʷ ʢʚʘʜʨʘʪʠʯʥʦʡ  ( )2T e tÃ +  ʟʘʜʘʯʠ ʕʗʊ: 

()2 10 1

2

0 0

288

JT

EB
E

Tc k T
F

na k

a
= ,                                         (3.23) 

ʠʣʠ 

()2 10 1

2

0 0

288

JT

EB
E

v Tc k T
F

na v

D
= ,                                    (3.24) 

ʠ 

()2 10 1

2

0 0

9

JT

TB
T

Tc k T
F

na k

a
= ,                                          (3.25) 

ʠʣʠ 

()2 10 1

2

0 0

9

JT

TB
T

v Tc k T
F

na v

D
= .                                         (3.26) 

ʉʣʝʜʫʝʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ, ʯʪʦ 
0c  ʚ ʫʨʘʚʥʝʥʠʷʭ (3.19), (3.20), (3.23), ʠ (3.24) 

ʝʩʪʴ ( ) ( )( ) ( )11 0 12 0 0/ 2 Ec T c T c T- =  , ʠ 
0k  ʠ 

0v  ʦʧʨʝʜʝʣʷʶʪʩʷ ʵʪʠʤ ʤʦʜʫʣʝʤ, ʚ ʪʦ ʚʨʝʤʷ 

ʢʘʢ 
0c  ʚ ʫʨʘʚʥʝʥʠʷʭ (3.21), (3.22), (3.25), ʠ (3.26) ʷʚʣʷʝʪʩʷ () ()44 0 0Tc T c T= , ʠ ʠʤ ʞʝ 

ʦʧʨʝʜʝʣʷʶʪʩʷ 
0k  ʠ 

0v .  

 

3.2. ʊʝʪʨʘʵʜʨʠʯʝʩʢʠʡ ʗʊ ʢʦʤʧʣʝʢʩ ʚ ʢʨʠʩʪʘʣʣʝ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʚʶʨʮʠʪʘ 

 

ɼʣʷ ʘʥʘʣʠʟʘ ʗʊ ʠʩʢʘʞʝʥʠʡ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʢʫʙ 

(ʩʤ. ʨʠʩʫʥʦʢ 3.3), ʚ ʢʦʪʦʨʳʡ ʚʧʠʩʳʚʘʝʪʩʷ ʪʝʪʨʘʵʜʨ, ʠ ʜʘʣʴʥʝʡʰʝʝ ʦʧʠʩʘʥʠʝ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʘʥʘʣʦʛʠʯʥʦ ʢʫʙʠʯʝʩʢʦʤʫ ʢʦʤʧʣʝʢʩʫ, ʦʙʩʫʞʜʘʝʤʦʤʫ ʚʳʰʝ. ʇʦ-

ʧʨʝʞʥʝʤʫ, ʪʝʪʨʘʛʦʥʘʣʴʥʳʝ ʜʝʬʦʨʤʘʮʠʠ ʧʨʦʠʩʭʦʜʷʪ ʚʜʦʣʴ ʨʝʙʝʨ, ʘ ʪʨʠʛʦʥʘʣʴʥʳʝ ï 
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ʚʜʦʣʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʜʠʘʛʦʥʘʣʝʡ ʢʫʙʘ. ʂʘʢ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʥʠʞʝ, ʗʊ 

ʧʦʜʩʠʩʪʝʤʘ, ʩʬʦʨʤʠʨʦʚʘʥʥʘʷ ʠʟ ʢʦʤʧʣʝʢʩʦʚ ʩ ʪʝʪʨʘʛʦʥʘʣʴʥʳʤʠ ʤʠʥʠʤʫʤʘʤʠ, ɸʇ 

ʠʤʝʝʪ ʥʫʣʝʚʦʡ ʠʟʦʪʝʨʤʠʯʝʩʢʠʡ ʚʢʣʘʜ ʚ ʤʦʜʫʣʴ 
33c  . ʕʢʩʧʝʨʠʤʝʥʪʳ, ʚʳʧʦʣʥʝʥʥʳʝ 

ʥʘ ʢʨʠʩʪʘʣʣʝ CdSe:Cr2+, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʘʥʦʤʘʣʠʡ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʧʨʠʨʦʜʳ ʜʣʷ 

ʚʦʣʥʳ, ʩʚʷʟʘʥʥʦʡ ʩ ʵʪʠʤ ʤʦʜʫʣʝʤ (ʧʨʦʜʦʣʴʥʦʡ ʚʦʣʥʳ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʘʷʩʷ ʚʜʦʣʴ 

ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʦʩʠ), ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ ʚʳʚʦʜ, ʯʪʦ ʤʠʥʠʤʫʤʳ ɸʇ 

ʢʦʤʧʣʝʢʩʦʚ Cr2+Se4 ʠʤʝʶʪ ʪʝʪʨʘʛʦʥʘʣʴʥʫʶ ʩʠʤʤʝʪʨʠʶ ʠ ʠʟʦʪʝʨʤʠʯʝʩʢʠʝ ʤʦʜʫʣʠ ʚ 

ʩʣʫʯʘʷʭ 
2T tÃ  ʠ ( )2T e tÃ +  ʟʘʜʘʯ ʕʗʊ ʥʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʤʦʞʥʦ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʪʴ. 

 

ʈʠʩʫʥʦʢ 3.4. ʊʝʪʨʘʵʜʨʠʯʝʩʢʠʡ ʢʦʤʧʣʝʢʩ CrSe4 ʚ ʢʨʠʩʪʘʣʣʝ CdSe, ʠʤʝʶʱʝʤ 

ʩʪʨʫʢʪʫʨʫ ʚʶʨʮʠʪʘ. ʀʦʥ Cr2+ (ʞʝʣʪʳʡ) ʠʟʦʚʘʣʝʥʪʥʦ ʟʘʤʝʱʘʝʪ ʠʦʥ ʢʘʜʤʠʷ ʚ ʫʟʣʝ 

ʨʝʰʝʪʢʠ, ʠʟʦʙʨʘʞʝʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 2.2. ʆʥ ʦʢʨʫʞʝʥ ʯʝʪʳʨʴʤʷ ʠʦʥʘʤʠ ʩʝʣʝʥʘ ʧʦ 

ʫʛʣʘʤ ʢʫʙʘ, ʚ ʢʦʪʦʨʳʡ ʚʧʠʩʘʥ ʪʝʪʨʘʵʜʨ. ʉʪʨʝʣʢʘʤʠ ʧʦʢʘʟʘʥʳ ʜʝʢʘʨʪʦʚʳ ʦʩʠ 

ʢʦʦʨʜʠʥʘʪ, ʚ ʢʦʪʦʨʳʭ ʟʘʜʘʶʪʩʷ ʪʝʥʟʦʨʳ ʜʝʬʦʨʤʘʮʠʡ ʠ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ, 

ʜʚʦʡʥʳʤʠ ʩʪʨʝʣʢʘʤʠ ï ʥʘʧʨʘʚʣʝʥʠʷ ʪʝʪʨʘʛʦʥʘʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ. 

 

3.2.1. T eÃ  ʟʘʜʘʯʘ ʕʗʊ 

 

ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʢʫʙʠʯʝʩʢʦʛʦ ʗʊ ʢʦʤʧʣʝʢʩʘ,  ʧʦʚʝʨʭʥʦʩʪʠ ɸʇ ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʩʦʙʦʡ ʪʨʠ ʥʝʟʘʚʠʩʠʤʳʭ ʧʘʨʘʙʦʣʦʠʜʘ, ʟʘʜʘʥʥʳʭ ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ 

,Q QJ e (ʩʤ. ʩʪʨ. 64 ʚ [3]), ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʵʥʝʨʛʠʷ ʢʦʤʧʣʝʢʩʘ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ 
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ʩʠʤʤʝʪʨʠʟʦʚʘʥʥʳʤʠ ʩʤʝʱʝʥʠʷʤʠ ʷʜʝʨ, ʟʘʜʘʝʪʩʷ ʫʨʘʚʥʝʥʠʷʤʠ (3.1) - (3.3), ʘ 

ʢʦʦʨʜʠʥʘʪʳ ʤʠʥʠʤʫʤʦʚ ɸʇ ʧʨʠʚʝʜʝʥ rʚ ʪʘʙʣʠʮʝ 3.1. ʇʨʠ ʵʪʦʤ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʥʘʧʨʘʚʣʝʥʠʷ ʪʝʪʨʘʛʦʥʘʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ (ʩʤ. ʨʠʩʫʥʦʢ 3.4) ʥʝ ʩʦʚʧʘʜʘʝʪ ʩ 

ʦʩʷʤʠ ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ, ʢʘʢ ʵʪʦ ʠʤʝʝʪ ʤʝʩʪʦ ʚ ʢʫʙʠʯʝʩʢʦʤ ʢʨʠʩʪʘʣʣʝ 

(ʩʤ. ʨʠʩʫʥʦʢ 3.1). ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʫʨʘʚʥʝʥʠʷʤʠ (3.1)-(3.3), 

ʨʘʩʩʤʦʪʨʠʤ ʠʟʤʝʥʝʥʠʷ ʜʣʠʥ ʨʝʙʝʨ 
1 5 2b = -r r  , 

2 7 2b = -r r  ʠ 
3 5 2b = -r r , 

ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʚ ʢʨʠʩʪʘʣʣʝ ʠ ʩʦʟʜʘʶʱʝʡ 

ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʜʝʬʦʨʤʘʮʠʠ 
ie (ʦʧʨʝʜʝʣʝʥʠʝʤ ʠʭ ʷʚʣʷʝʪʩʷ  ʫʨʘʚʥʝʥʠʝ (1.11ʘ)). ɺ 

ʨʝʟʫʣʴʪʘʪʝ, ʫʨʘʚʥʝʥʠʷ, ʘʥʘʣʦʛʠʯʥʳʝ ʩʠʩʪʝʤʝ (3.9), ʠʤʝʶʪ ʚʠʜ 

5 2-r r :      1 1 3 5

2

3 33 2

h h
E h

a a
E F a e e e

å õ
D =- + -æ ö

ç ÷
, 

7 2-r r :      2 1 2 3 4 5 6
2 66 2 3 2 2 3 2 6

h h h h h h
E

a a a a a a
E F e e e e e e

å õ
D =- + + - + -æ ö

ç ÷
, 

8 2-r r :      3 1 2 3 4 5 6
2 66 2 3 2 2 3 2 6

h h h h h h
E

a a a a a a
E F e e e e e e

å õ
D =- + + + + +æ ö

ç ÷
, 

(3.27) 

ʛʜʝ 
ha  - ʧʘʨʘʤʝʪʨ ʨʝʰʝʪʢʠ (ʦʥ ʞʝ - ʨʝʙʨʦ ʪʝʪʨʘʵʜʨʘ, ʦʥ ʞʝ ʜʠʘʛʦʥʘʣʴ ʛʨʘʥʠ ʢʫʙʘ).  

ʀʟʦʪʝʨʤʠʯʝʩʢʠʝ ʤʦʜʫʣʠ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʵʪʠʭ ʫʨʘʚʥʝʥʠʡ, ʘ ʪʘʢʞʝ 

ʫʨʘʚʥʝʥʠʡ (1.12)-(1.14), ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 3.7. 

 

ʊʘʙʣʠʮʘ 3.7 ï ʀʟʦʪʝʨʤʠʯʝʩʢʠʡ ʚʢʣʘʜ ʧʦʜʩʠʩʪʝʤʳ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʗʊ ʢʦʤʧʣʝʢʩʦʚ 

ʩ ʪʝʪʨʘʛʦʥʘʣʴʥʳʤʠ ʤʠʥʠʤʫʤʘʤʠ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚ ʫʧʨʫʛʠʝ ʤʦʜʫʣʠ 

ʢʨʠʩʪʘʣʣʘ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʚʶʨʮʠʪʘ. 
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E
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E
JTc  ( )66

E
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3.3. ʂʨʘʪʢʠʝ ʚʳʚʦʜʳ ʢ ʛʣʘʚʝ 

 

1.  ʇʦʣʫʯʝʥ rʚʳʨʘʞʝʥʠ ̫ʜʣʷ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʚʢʣʘʜʘ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ 

ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ ʢʨʠʩʪʘʣʣʘ ʢʫʙʠʯʝʩʢʠʭ ʠ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʢʨʠʩʪʘʣʣʦʚ.  
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2. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʵʪʦʪ ʚʢʣʘʜ ʟʘʚʠʩʠʪ ʦʪ ʩʠʤʤʝʪʨʠʡʥʳʭ ʩʚʦʡʩʪʚ ʛʣʦʙʘʣʴʥʳʭ 

ʤʠʥʠʤʫʤʦʚ ɸʇ, ʪʦ ʝʩʪʴ ʚʳʨʘʞʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ T eÃ  ʟʘʜʘʯʠ ʕʗʊ, ʙʫʜʫʪ 

ʩʧʨʘʚʝʜʣʠʚʳ ʠ ʜʣʷ E eÃ  ʟʘʜʘʯʠ, ʧʦʩʢʦʣʴʢʫ ʚʢʣʘʜ ʚʠʙʨʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ 

ʛʘʤʠʣʴʪʦʥʠʘʥ ʦʜʠʥʘʢʦʚ ʜʣʷ ʵʪʠʭ ʩʣʫʯʘʝʚ, ʘ ʟʥʘʯʠʪ, ʠ ʜʦʙʘʚʢʘ ʚ ʧʦʪʝʥʮʠʘʣʴʥʫʶ 

ʵʥʝʨʛʠʶ ʢʦʤʧʣʝʢʩʘ, ʚʭʦʜʷʱʘʷ ʚ ʩʪʘʪʩʫʤʤʫ, ʙʫʜʝʪ ʠʜʝʥʪʠʯʥʦʡ.  

3. ʉʦʩʪʘʚʣʝʥʘ ʪʘʙʣʠʮʘ 3.8 ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʠʤʤʝʪʨʠʡʥʳʭ ʩʚʦʡʩʪʚ 

ʛʣʦʙʘʣʴʥʳʭ ʤʠʥʠʤʫʤʦʚ ɸʇ ʜʣʷ ʢʫʙʠʯʝʩʢʠʭ (ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ) ʢʦʤʧʣʝʢʩʦʚ ʚ 

ʢʫʙʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʘʭ.  

4. ʉ ʧʦʤʦʱʴʶ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʝʪʦʜʠʢʠ, ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʨʘʩʯʪyʝ ʠʟʤʝʥʝʥʠʡ 

ʜʣʠʥ ʨʝʙʝʨ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʜʠʘʛʦʥʘʣʝʡ ʢʫʙʘ, ʚʳʟʚʘʥʥʳʭ ʜʝʬʦʨʤʘʮʠʷʤʠ 

ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ, ʤʦʞʥʦ ʩʦʩʪʘʚʠʪʴ ʘʥʘʣʦʛʠʯʥʳʝ ʪʘʙʣʠʮʳ ʜʣʷ ʢʫʙʠʯʝʩʢʠʭ, 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʠ ʦʨʪʦʨʦʤʙʠʯʝʩʢʠʭ ʢʦʤʧʣʝʢʩʦʚ ʚ ʢʨʠʩʪʘʣʣʘʭ ʜʨʫʛʦʡ ʩʠʤʤʝʪʨʠʠ. 

 

ʊʘʙʣʠʮʘ 3.8 ï ʀʟʦʪʝʨʤʠʯʝʩʢʠʡ ʚʢʣʘʜ ʧʦʜʩʠʩʪʝʤʳ ʢʫʙʠʯʝʩʢʠʭ ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ 

ʗʊ ʢʦʤʧʣʝʢʩʦʚ ʚ ʫʧʨʫʛʠʝ ʤʦʜʫʣʠ ʢʫʙʠʯʝʩʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. 
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4. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ ʩʠʩʪʝʤʳ ʗʊ ʢʦʤʧʣʝʢʩʦʚ ʥʘ ʧʨʠʤʝʨʝ 

ʢʨʠʩʪʘʣʣʦʚ CaF2:Cr 2+ ʠ CaF2:Ni2+ 

 

ʇʨʠʚʦʜʠʪʩʷ ʤʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʠ 

ʧʘʨʘʤʝʪʨʦʚ, ʠʭ ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ, ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦ 

ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʠʢʠ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʥʘ ʧʨʠʤʝʨʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʩʠʩʪʝʤʳ ʗʊ ʢʦʤʧʣʝʢʩʦʚ 

ʚ ʢʨʠʩʪʘʣʣʘʭ CaF2:Cr2+ ʠ CaF2:Ni2+ ʚ ʠʥʪʝʨʚʘʣʝ 4-120 ʂ ʥʘ ʯʘʩʪʦʪʘʭ 39 ï 56 ʄɻʮ. 

ʄʘʪʝʨʠʘʣ ʜʘʥʥʦʡ ʛʣʘʚʳ ʦʧʫʙʣʠʢʦʚʘʥ ʚ ʨʘʙʦʪʘʭ [ɸ3] ʠ [ɸ4].  

 

4.1. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ. ʆʙʱʠʝ ʬʦʨʤʫʣ r

 

ɺʳʨʘʞʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ, ʧʦʣʫʯʘʶʪʩʷ ʠʟ ʫʨʘʚʥʝʥʠʷ (1.20). ʄʳ ʙʫʜʝʤ ʧʨʝʦʙʨʘʟʦʚʳʚʘʪʴ 

ʵʪʦ ʫʨʘʚʥʝʥʠʝ, ʟʘʧʠʩʘʥʥʦʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʢʣʘʜʘ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ ʜʠʥʘʤʠʯʝʩʢʠʝ 

ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ, ʘ ʥʝ ʚ ʢʦʤʧʣʝʢʩʥʦʝ ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ. ɺ ʧʨʠʥʮʠʧʝ ʠ ʪʦ, ʠ ʜʨʫʛʦʝ 

ʨʘʩʩʤʦʪʨʝʥʠʝ ʚʧʦʣʥʝ ʜʦʧʫʩʪʠʤʦ, ʥʦ ʥʘ ʢʘʢʦʤ-ʪʦ ʠʟ ʥʠʭ ʥʘʜʦ ʦʩʪʘʥʦʚʠʪʴʩʷ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʠʩʭʦʜʥʦʝ ʫʨʘʚʥʝʥʠʝ, ʟʘʧʠʩʘʥʥʦʝ ʥʝ ʜʣʷ ʚʩʝʛʦ ʢʨʠʩʪʘʣʣʘ, ʘ ʪʦʣʴʢʦ ʜʣʷ 

ʚʢʣʘʜʘ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʠʤʝʝʪ ʚʠʜ  

( )
( )
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0 0

1

1

T
JTJT cc i

c c

bb wt

wt

-
=

+
.                                               (4.1) 

ʅʝʦʙʭʦʜʠʤʦ ʩʜʝʣʘʪʴ ʚʘʞʥʦʝ ʧʦʷʩʥʝʥʠʝ. ɺʢʣʘʜ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ ʤʦʜʫʣʠ 

ʫʧʨʫʛʦʩʪʠ JTcb  ʧʦ ʩʫʪʠ ʷʚʣʷʝʪʩʷ ʤʘʣʦʡ ʜʦʙʘʚʢʦʡ, ʢʦʪʦʨʘʷ ʚ ʫʨʘʚʥʝʥʠʠ (1.20) 

ʦʙʦʟʥʘʯʝʥʘ ʢʘʢ cbD , ʘ 
0c  ʢʘʢ ʚ ʫʨʘʚʥʝʥʠʠ (1.20), ʪʘʢ ʠ ʚ (4.1), ʷʚʣʷʝʪʩʷ 

ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʟʥʘʯʝʥʠʝʤ ʤʦʜʫʣʷ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦ ʢʨʠʩʪʘʣʣ ʚ ʮʝʣʦʤ, ʠ 

ʦʧʨʝʜʝʣʝʥʥʳʤ ʧʨʠ ʥʝʢʦʪʦʨʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 
0T T=  , ʪ.ʝ., ()0 0c ʩ Tb= . ɼʘʣʝʝ ʤʳ 

ʫʯʠʪʳʚʘʝʤ ʪʦ, ʯʪʦ ʠʟʦʪʝʨʤʠʯʝʩʢʠʝ ʤʦʜʫʣʠ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳ ʪʝʤʧʝʨʘʪʫʨʝ 

(ʩʤ. ʪʘʙʣʠʮʫ 3.8) ʠ ʚʚʦʜʠʤ ʧʘʨʘʤʝʪʨ 
1ʊ , ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʪʝʤʧʝʨʘʪʫʨʫ, ʧʨʠ 
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ʢʦʪʦʨʦʡ 1wt=. ʆʯʝʚʠʜʥʦ,  
1ʊ ʟʘʚʠʩʠʪ ʦʪ ʯʘʩʪʦʪʳ, ʥʘ ʢʦʪʦʨʦʡ ʧʨʦʚʦʜʷʪʩʷ 

ʠʟʤʝʨʝʥʠʷ. ɺʚʝʜʷ 
1ʊ, ʫʨʘʚʥʝʥʠʝ (4.1) ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ 

() ()

( )

()

( )

1 1 1 1

2 2

0 0 0

Im Re1 1
2 2

1 1

JT JTJT c T T c T Tc T i i

c c T c T

b bb wt wt

wt wt

è ø è øÖ Ö- -ê ú ê ú=- =
Ö Ö+ +

.           (4.2) 

ɺ ɻ ʪʦʤ ʫʨʘʚʥʝʥʠʠ ʫʯʪʝʥʦ, ʯʪʦ ʠʟʦʪʝʨʤʠʯʝʩʢʠʝ ʤʦʜʫʣʠ (
44, ,E Lc c c  )  

ʦʪʨʠʮʘʪʝʣʴʥʳ, ʧʦʵʪʦʤʫ ʚʢʣʘʜ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʫʶ ʯʘʩʪʴ 

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ ʢʨʠʩʪʘʣʣ ʦʪʨʠʮʘʪʝʣʝʥ, ʘ ʚ ʤʥʠʤʫʶ ï ʧʦʣʦʞʠʪʝʣʝʥ. 

ʋʨʘʚʥʝʥʠʝ (4.2) ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʦʪʜʝʣʴʥʦ ʜʣʷ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʠ ʤʥʠʤʦʡ ʯʘʩʪʝʡ ʠ, 

ʨʝʰʠʚ ʦʪʥʦʩʠʪʝʣʴʥʦ t, ʧʦʣʫʯʠʪʴ ʩʣʝʜʫʶʱʠʝ ʬʦʨʤʫʣʳ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʥʘ ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ ʦ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʷʭ ʧʦʛʣʦʱʝʥʠʷ (ʤʥʠʤʦʡ ʯʘʩʪʠ) ʠ ʬʘʟʦʚʦʡ ʩʢʦʨʦʩʪʠ 

(ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ): 
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ɺ ʫʨʘʚʥʝʥʠʠ (4.3) ʟʥʘʢʠ ʧʝʨʝʜ ʢʚʘʜʨʘʪʥʳʤ ʢʦʨʥʝʤ ʚʳʙʠʨʘʶʪʩʷ ʠʩʭʦʜʷ ʠʟ 

ʪʦʛʦ, ʯʪʦ ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʪ.ʝ., ʟʥʘʢ 

ç+è ʙʝʨʝʪʩʷ ʜʣʷ 
1T T< , ʘ ʟʥʘʢ ç-è - ʜʣʷ 

1T T> . ʋʨʘʚʥʝʥʠʝ, ʘʥʘʣʦʛʠʯʥʦʝ (4.3), ʙʳʣʦ 

ʠʩʧʦʣʴʟʦʚʘʥʦ ʠ ʚ ʨʘʥʥʠʭ ʨʘʙʦʪʘʭ ʧʦ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʕʗʊ, ʥʦ 

ʚʤʝʩʪʦ 
1ʊ ʩʪʦʷʣʘ ʚʝʣʠʯʠʥʘ 

mʊ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʪʝʤʧʝʨʘʪʫʨʝ ʤʘʢʩʠʤʫʤʘ 

ʧʦʛʣʦʱʝʥʠʷ. ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʬʦʨʤʫʣʘ (14ʘ) ʚ ʢʣʘʩʩʠʯʝʩʢʦʡ ʨʘʙʦʪʝ [15] ʠ 

ʬʦʨʤʫʣʘ (2) ʚ ʙʦʣʝʝ ʧʦʟʜʥʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ [16].  

ɺ ʯʝʤ ʧʨʦʙʣʝʤʘ? ʈʘʩʩʤʦʪʨʠʤ ʬʫʥʢʮʠʦʥʘʣʴʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʤʥʠʤʦʡ ʯʘʩʪʠ 

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʧʝʨʝʧʠʰʝʤ ʫʨʘʚʥʝʥʠʝ (4.2) ʚ ʩʣʝʜʫʶʱʝʤ 

ʚʠʜʝ 
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ʛʜʝ C  - ʧʦʣʦʞʠʪʝʣʴʥʘʷ ʢʦʥʩʪʘʥʪʘ,  ( )
2

1 1/ 1f wtè ø=- +
ê ú

, ʘ ( )
2

2 / 1f wt wtè ø= +
ê ú

. 

ɻʨʘʬʠʢʠ ʟʘʚʠʩʠʤʦʩʪʝʡ 
1f  ʠ 

2f ʦʪ wtʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.1. ʆʥ ʧʦʩʪʨʦʝʥ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʯʪʦ ʫʯʪʝʥʘ ʢʘʯʝʩʪʚʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʘ wtʦʪ ʪʝʤʧʝʨʘʪʫʨʳ: ʧʨʠ 

ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʵʪʦʪ ʧʘʨʘʤʝʪʨ ʫʤʝʥʴʰʘʝʪʩʷ. ʇʦʣʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʠ ʤʥʠʤʦʡ ʩʦʩʪʘʚʣʷʶʱʠʭ ʗʊ ʚʢʣʘʜʘ ʚ ʜʠʥʘʤʠʯʝʩʢʠʝ 

ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʢʨʠʚʳʤʠ, ʧʦʢʘʟʘʥʥʳʤʠ ʥʘ ʨʠʩʫʥʢʝ 4.1 ʠ 

ʫʤʥʦʞʝʥʥʳʤʠ ʥʘ ʛʠʧʝʨʙʦʣʫ /C T. ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʚʦʟʥʠʢʘʪʁ ʟʘʚʠʩʠʤʦʩʪʠ, 

ʧʦʭʦʞʠʝ ʥʘ ʢʨʠʚʳʝ 1 ʠ 2 ʥʘ ʨʠʩʫʥʢʝ 4.1, ʥʦ ʥʝʩʢʦʣʴʢʦ ʠʟʤʝʥʝʥʥʳʝ ʧʦ ʬʦʨʤʝ ʠ 

ʩʤʝʱʝʥʥʳʝ ʚ ʦʙʣʘʩʪʴ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. ʌʠʟʠʯʝʩʢʘʷ ʧʨʠʯʠʥʘ ʪʘʢʦʛʦ ʩʤʝʱʝʥʠʷ ï 

ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ.  
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ʈʠʩʫʥʦʢ 4.1 ï ɿʘʚʠʩʠʤʦʩʪʴ ʬʫʥʢʮʠʡ f1 ʠ f2 ʦʪ ʧʘʨʘʤʝʪʨʘ ʚʨʝʤʝʥʥʦʡ ʜʠʩʧʝʨʩʠʠ wt  

 

ʆʪʤʝʪʠʤ, ʯʪʦ 
1ʊ ʠ 

mʊ  ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʤʦʛʫʪ ʙʳʪʴ ʙʣʠʟʢʠʤʠ ʚʝʣʠʯʠʥʘʤʠ, ʥʦ 

ʪʦʣʴʢʦ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʧʠʢ ʧʦʛʣʦʱʝʥʠʷ ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʦʯʝʥʴ ʫʟʦʢ. 

ɼʣʷ ʵʪʦʛʦ ʥʝʦʙʭʦʜʠʤʘ ʩʠʣʴʥʘ ̫ʟʘʚʠʩʠʤʦʩʪ ɹʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʂʘʢ ʙʫʜʝʪ ʷʩʥʦ ʠʟ ʥʘʰʝʛʦ ʧʦʩʣʝʜʫʶʱʝʛʦ ʠʟʣʦʞʝʥʠʷ, ʪʘʢʦʝ ʚʦʟʤʦʞʥʦ, ʢʦʛʜʘ ʚ 

ʦʙʣʘʩʪʠ 1wtº  ʜʦʤʠʥʠʨʫʶʱʠʤ ʤʝʭʘʥʠʟʤʦʤ ʨʝʣʘʢʩʘʮʠʠ ʷʚʣʷʝʪʩʷ ʪʝʨʤʠʯʝʩʢʘʷ 

ʘʢʪʠʚʘʮʠʷ, ʯʪʦ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʇʨʠ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʵʪʦʪ ʤʝʭʘʥʠʟʤ ʥʝʵʬʬʝʢʪʠʚʝʥ, ʘ ʦʧʨʝʜʝʣʷʶʱʫʶ ʨʦʣʴ ʠʛʨʘʝʪ 
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ʢʚʘʥʪʦʚʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ, ʦʙʣʘʜʘʶʱʝʝ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʝʝ ʩʣʘʙʦʡ ʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʴ.ʁ ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʣʠ ʧʠʢ ʧʦʛʣʦʱʝʥʠʷ ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʧʨʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (30 ʂ ʠ ʚʳʰʝ), ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ ʦʪʣʠʯʠʝʤ 

1ʊ ʦʪ 
mʊ, ʘ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʬʦʨʤʫʣ (4.3) ʠ (4.4) 

ʷʚʣʷʝʪʩʷ ʥʝ ʧʨʦʩʪʦ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ, ʘ ʦʙʷʟʘʪʝʣʴʥʳʤ. ʅʘʩʢʦʣʴʢʦ ʥʘʤ ʠʟʚʝʩʪʥʦ, 

ʚʧʝʨʚʳʝ ʫʯʝʪ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʠʟ ʜʘʥʥʳʭ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʙʳʣ ʦʩʫʱʝʩʪʚʣʝʥ ʚ ʨʘʙʦʪʝ [76], ʪ.ʝ., ʙʦʣʝʝ ʯʝʤ ʯʝʨʝʟ 40 ʣʝʪ ʧʦʩʣʝ ʥʘʯʘʣʘ ʧʦʜʦʙʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ. ʆʩʦʙʝʥʥʦ ʚʘʞʥʳʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʦʯʥʦʛʦ ʚʳʨʘʞʝʥʠʷ, ʘ ʥʝ 

ʧʨʠʙʣʠʞʝʥʥʦʛʦ, ʥʝʦʙʭʦʜʠʤʦ, ʢʦʛʜʘ ʮʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦ ʬʠʟʠʯʝʩʢʠʭ ʚʝʣʠʯʠʥʘʭ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʗʊ 

ʧʦʜʩʠʩʪʝʤʫ. ʊʘʢʫʶ ʟʘʜʘʯʫ ʥʘ ʵʪʘʧʝ ʨʘʥʥʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʕʗʊ ʩ ʧʦʤʦʱʴ 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʤʝʪʦʜʦʚ ʥʝ ʩʪʘʚʠʣʠ, ʘ ʦʛʨʘʥʠʯʠʚʘʣʠʩʴ ʣʠʰʴ ʦʮʝʥʢʘʤʠ ʚʝʣʠʯʠʥ 

ʣʠʥʝʡʥʳʭ ʢʦʥʩʪʘʥʪ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ ʠ ʧʘʨʘʤʝʪʨʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʨʘʟʣʠʯʥʳʝ 

ʤʝʭʘʥʠʟʤʳ ʨʝʣʘʢʩʘʮʠʠ. 

ʆʜʥʘʢʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʬʦʨʤʫʣ (4.3) ʠ (4.4) ʠʤʝʝʪ 

ʥʝʢʦʪʦʨʦʝ ʟʘʪʨʫʜʥʷʶʱʝʝ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ. ɺ ʥʠʭ ʬʠʛʫʨʠʨʫʝʪ ʚʢʣʘʜ ʗʊ ʧʦʜʩʠʩʪʝʤʳ, 

ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʠʟʤʝʨʷʶʪʩʷ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʠʟʤʝʥʝʥʠʷ ʚʝʣʠʯʠʥ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʢʨʠʩʪʘʣʣ ʚ ʮʝʣʦʤ. ɽʩʣʠ ʧʨʝʜʩʪʘʚʠʪʴ ʜʠʥʘʤʠʯʝʩʢʠʡ ʤʦʜʫʣʴ 

ʫʧʨʫʛʦʩʪʠ ʢʨʠʩʪʘʣʣʘ ʚ ʚʠʜʝ ʩʫʤʤʳ 

JT bc c cb b b= +  ,                                                 (4.6) 

ʛʜʝ bcb - ʬʦʥʦʚʳʡ ʤʦʜʫʣʴ (background), ʚʢʣʶʯʘʶʱʠʡ ʚ ʩʝʙʷ ʚʢʣʘʜʳ ʦʪ ʚʩʝʭ 

ʧʦʜʩʠʩʪʝʤ ʢʨʠʩʪʘʣʣʘ, ʢʨʦʤʝ ʗʊ ʧʦʜʩʠʩʪʝʤʳ, ʪʦ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʜʘʥʥʳʭ, ʥʘ ʬʦʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ()bc Tb   ʥʝʦʙʭʦʜʠʤʦ ʚʳʜʝʣʠʪʴ ʠʥʪʝʨʝʩʫʶʱʠʡ ʥʘʩ ʗʊ 

ʚʢʣʘʜ. ʕʪʘ ʟʘʜʘʯʘ ʨʝʰʘʝʪʩʷ ʚ ʢʘʞʜʦʤ ʦʪʜʝʣʴʥʦʤ ʩʣʫʯʘʝ ʧʦ-ʩʚʦʝʤʫ. ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ 

ʚʩʪʨʝʯʘʶʱʠʝʩʷ ʤʳ ʨʘʩʩʤʦʪʨʠʤ ʥʘ ʜʚʫʭ ʢʦʥʢʨʝʪʥʳʭ ʧʨʠʤʝʨʘʭ. 
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4.2. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʚ CaF2:Cr 2+, ʤʝʭʘʥʠʟʤʳ 

ʨʝʣʘʢʩʘʮʠʠ ʠ ʧʘʨʘʤʝʪʨʳ, ʠʭ ʦʧʨʝʜʝʣʷʶʱʠʝ 

 

ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʠ ʤʥʠʤʦʡ ʩʦʩʪʘʚʣʷʶʱʠʭ 

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ( )44 11 12 / 2Lc c c c= + +  ʚ ʢʨʠʩʪʘʣʣʘʭ CaF2:Cr2+ ʠ 

ʥʦʤʠʥʘʣʴʥʦ ʯʠʩʪʦʤ CaF2 ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.2. ʊʦ, ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʘʢʦʛʦ ʫʨʦʚʥʷ 

ʧʦʢʘʟʘʥʳ ʠʟʤʝʥʝʥʠʷ ʩʦʩʪʘʚʣʷʶʱʠʭ ʤʦʜʫʣʷ, ʪʨʝʙʫʝʪ ʧʦʜʨʦʙʥʦʛʦ ʦʧʠʩʘʥʠʷ, ʢʦʪʦʨʦʝ 

ʤʳ ʧʨʠʚʝʜʝʤ ʜʣʷ ʦʙʱʝʛʦ ʩʣʫʯʘʷ, ʥʝ ʢʦʥʢʨʝʪʠʟʠʨʫʷ ʪʝʥʟʦʨʥʫʶ ʢʦʤʧʦʥʝʥʪʫ ʤʦʜʫʣʷ.  

0 50 100 150

-0.02

-0.01

0.00

0.01

3

 

D
c

L
/c

0

T (K)

1

2

4

 

ʈʠʩʫʥʦʢ 4.2 ï ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ (ʢʨʠʚʳʝ 1 ʠ 3) ʠ 

ʤʥʠʤrʭ (2 ʠ 4) ʯʘʩʪʝʡ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ 
Lc  ʚ ʢʨʠʩʪʘʣʣʘʭ CaF2:Cr2+ (1 ʠ 2) ʠ CaF2 

(3 ʠ 4), ʠʟʤʝʨʝʥʥʳʝ ʥʘ ʯʘʩʪʦʪʝ 54 ʄɻʮ. ɼʣʷ ʢʨʠʩʪʘʣʣʘ CaF2  () ()0L L Lc c T c TD = -  , 

()0 0Lc c T= ,
0 0T ­ . ʂʚʘʜʨʘʪʥʳʝ ʩʠʤʚʦʣ rʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʥʘʯʝʥʠʷʤ ʤʦʜʫʣʷ  

ʧʨʠ 
1T T= . 

 

ɺʦ-ʧʝʨʚʳʭ, ʫʯʪʝʤ ʪʦ, ʯʪʦ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʪʘʢʠʭ ʯʪʦ 1wt ,  ʚʢʣʘʜ 

ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ ʤʥʠʤʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ ʤʦʜʫʣʷ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʤʘʣʦʤʫ 

ʧʘʨʘʤʝʪʨʫ wt, ʫʤʝʥʴʰʘʶʱʝʤʫʩʷ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ. ʂʨʦʤʝ ʪʦʛʦ, ʠʤʝʝʪʩʷ ʝʱʝ 
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ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ ( ) 1/
T

JTc Tb ´ .  

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʠ 
2 1T T   ʗʊ ʚʢʣʘʜ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣ, ʠ ʤʳ ʤʦʞʝʤ ʧʦʣʦʞʠʪʴ

() ()2 2Im Im bc T c Tb bº . ɼʠʥʘʤʠʯʝʩʢʠʡ ʤʦʜʫʣʴ ʥʦʤʠʥʘʣʴʥʦ ʯʠʩʪʦʛʦ ʢʨʠʩʪʘʣʣʘ 

ʦʙʦʟʥʘʯʠʪʴ ʢʘʢ pcb. ʄʦʞʥʦ ʧʦʣʦʞʠʪʴ () ()p bc T c Tb b= , ʭʦʪʷ ʥʘʜʦ ʧʦʤʥʠʪʴ, ʯʪʦ 

ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʠʜʝʥʪʠʯʥʳʝ ʫʩʣʦʚʠʷ ʚʳʨʘʱʠʚʘʥʠʷ ʧʨʠʤʝʩʥʦʛʦ ʠ ʥʦʤʠʥʘʣʴʥʦ 

ʯʠʩʪʦʛʦ ʢʨʠʩʪʘʣʣʦʚ, ʩʪʨʦʛʦ ʛʦʚʦʨʷ, ʥʝʚʦʟʤʦʞʥʦ.  

ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʚʳʰʝʠʟʣʦʞʝʥʥʦʤ, ʧʦʣʦʞʠʤ  

 () ()2 2Im Im pc T c Tb bº .                                                    (4.7) 

ɽʩʣʠ ʠʟʤʝʥʝʥʠʷ ()Imc Tb  ʠ ()Im pc Tb  ʠʟʤʝʨʝʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʫʨʦʚʥʷ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʪʝʤʧʝʨʘʪʫʨʝ 0T T¡=  (ʥʝʚʘʞʥʦ ʢʘʢʦʡ ʠʤʝʥʥʦ  0T¡, ʛʣʘʚʥʦʝ, ʯʪʦʙʳ 

ʦʥʘ ʙʳʣʘ ʦʜʥʘ ʠ ʪʘ ʞʝ ʜʣʷ ʦʙʝʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ), ʦʙʦʟʥʘʯʠʤ ʵʪʠ ʠʟʤʝʥʝʥʠʷ ʢʘʢ  

() ( )0ʩ c T c Tb b bd ¡= -   ʠ () ( )0

p p p

L L Lʩ c T c Td ¡= - , ʪʦ ʧʨʠ ʠʥʦʤ ʚʳʙʦʨʝ 
0T   

() () ( ) () ()0 0 2 2Im Im Im Im Im Imp p pc c T c T c T c T c Tb b b b b bd d d d d¡ è øD = - + + -ê ú.   (4.8) 

ʂʨʠʚʳʝ ʥʘ ʨʠʩʫʥʢʝ 4.2 ʧʦʩʪʨʦʝʥʳ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʉʥʘʯʘʣʘ ʜʣ ̫

ʧʨʠʤʝʩʥʦʛʦ ʠ ʥʦʤʠʥʘʣʴʥʦ ʯʠʩʪʦʛʦ ʢʨʠʩʪʘʣʣʦʚ ʧʦʩʪʨʦʝʥʳ ʢʨʠʚʳʝ () 0/Lc T cd  ʠ 

() 0/p

Lc T cd  ʦʪʥʦʩʠʪʝʣʴʥʦ 0 4 KT¡= . ɼʘʣʝʝ ʢʨʠʚʳʝ ʜʣʷ ʥʦʤʠʥʘʣʴʥʦ ʯʠʩʪʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʙʳʣʠ ʧʝʨʝʩʪʨʦʝʥʳ ʪʘʢ, ʯʪʦ    () () ()0
p p p

L L Lc T c T c TD = - , ʛʜʝ ʟʘ ()0 0/p

Lc T c

ʧʨʠʥʷʪ r ʟʥʘʯʝʥʠ,̫ ʧʦʣʫʯʝʥʥʝr ʵʢʩʪʨʘʧʦʣʷʮʠʝʡ () 0/p

Lc T c  ʥʘ 0T­ . ʆʙʨʘʪʠʤ 

ʚʥʠʤʘʥʠʝ, ʯʪʦ ʵʪʦ ʩʜʝʣʘʥʦ ʜʣʷ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʠ ʤʥʠʤʦʡ ʯʘʩʪʝʡ ʤʦʜʫʣʷ. ʇʦʩʣʝ 

ʵʪʦʛʦ ʜʣʷ  ()Im Lc T  ʫʯʪʝʥʦ ʚʳʨʘʞʝʥʠʝ (4.8), ʚ ʢʦʪʦʨʦʤ ʧʨʠʥʷʪʦ 
2 170 KT = . 

ʆʧʠʩʘʥʠʝ ʢʨʠʚʦʡ 1 ʙʫʜʝʪ ʧʨʠʚʝʜʝʥʦ ʧʦʟʜʥʝʝ. 

ʅʘ ʨʠʩʫʥʢʝ 4.2 ʧʨʠʚʝʜʝʥ ʧʨʠʤʝʨ ʢʨʠʚʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʠʟʤʝʨʝʥʠʷʭ 

ʧʨʦʜʦʣʴʥʦʡ ʚʦʣʥʳ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʡʩʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ [110], ʥʦ ʪʘʢʫʶ ʞʝ 

ʧʨʦʮʝʜʫʨʫ ʤʦʞʥʦ ʨʝʘʣʠʟʦʚʘʪʴ ʜʣʷ ʚʦʣʥ ʜʨʫʛʠʭ ʧʦʣʷʨʠʟʘʮʠʡ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʧʦʣʫʯʠʪʴ ʜʘʥʥʳʝ ʜʣʷ ʜʨʫʛʠʭ ʤʦʜʫʣʝʡ. ʕʪʠ ʤʘʩʩʠʚ r ʜʘʥʥʳʭ ʫʞʝ ʤʦʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʧʦ 



52 

 

ʚʳʨʘʞʝʥʠ ʁ(4.3) ʠ ʚʳʯʠʩʣʝʥʠʷ ʣʠʥʝʡʥʳʭ ʚʠʙʨʦʥʥʳʭ ʢʦʥʩʪʘʥʪ ʩ ʧʦʤʦʱʴʶ (3.19), 

(3.21), (3.23), (3.25). ɿʥʘʯʝʥʠʷ ()1 1 0Im /JTc T T cb Ö  ʠ ()1 1 0/JT T T kba Ö , ʚʭʦʜʷʱʠʝ ʚ 

ʧʨʠʚʝʜʝʥʥʳʝ ʚʳʰʝ ʚʳʨʘʞʝʥʠʷ, ʦʧʨʝʜʝʣʷʶʪʩʷ ʪʘʢʞʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. ɼʣʷ ʠʭ ʥʘʭʦʞʜʝʥʠʷ ʩʪʨʦʷʪʩʷ ʟʘʚʠʩʠʤʦʩʪʠ 

() 0Im /JTc T T cb Ö  ʠ () 0/JT T T kba Ö . ʋʤʥʦʞʘʷ ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ ʗʊ ʚʢʣʘʜ, ʤʳ 

ʠʩʢʣʶʯʘʝʤ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ, ʦʙʫʩʣʦʚʣʝʥʥʫʶ ʠʟʦʪʝʨʤʠʯʝʩʢʠʤ 

ʤʦʜʫʣʝʤ, ʠ ʦʩʪʘʝʪʩʷ ʪʦʣʴʢʦ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ()Twt , ʢʦʪʦʨʘʷ ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ ʧʨʠ 

1T T= . ʅʘ ʨʠʩʫʥʢʝ 4.3 ʧʨʠʚʝʜʝʥʘ ʪʘʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚ ʦʙʣʘʩʪʠ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ 

ʧʠʢʘ ʧʦʛʣʦʱʝʥʠʷ. ʉʠʤʚʦʣʘʤʠ ʧʦʢʘʟʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʘ ʣʠʥʠʝʡ ï 

ʧʦʜʛʦʥʦʯʥʘʷ ʢʨʠʚʘʷ, ʟʘʜʘʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴʶ 2( ) 0.1245- 0.008 ( -9.31)F T T= Ö , ʠʟ 

ʢʦʪʦʨʦʡ ʩʣʝʜʫʝʪ, ʯʪʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ  
1 9.31 KT = , ʘ ()1 1 0Im / 0.1245 KJT

Lc T T cÖ = .  
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ʈʠʩʫʥʦʢ 4.3 ï ʉʠʤʚʦʣʘʤʠ ʧʦʢʘʟʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ () 0Im /JT

Lc T T cÖ ʚ ʦʙʣʘʩʪʠ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʧʠʢʘ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ 

ʢʨʠʩʪʘʣʣʝ CaF2:Cr2+ ʥʘ ʯʘʩʪʦʪʝ 54 ʄɻʮ. ʉʧʣʦʰʥʘʷ ʣʠʥʠʷ - ʠ ʤʦʜʝʣʴʥʘʷ ʢʨʠʚʘʷ

2( ) 0.1245- 0.008 ( -9.31)F T T= Ö . 

 

ɺʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ, ʨʘʩʩʯʠʪʘʥʥʦʝ ʩ ʧʦʤʦʱʴʶ ʚʳʨʘʞʝʥʠʷ (4.3) ʠ ʜʘʥʥʳʭ, 

ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʧʨʦʜʦʣʴʥʦʛʦ ʤʦʜʫʣʷ ʥʘ ʯʘʩʪʦʪʘʭ 54 ʠ 158 ʄɻʮ, ʧʨʠʚʝʜʝʥʳ ʥʘ 
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ʨʠʩʫʥʢʝ 4.4 (ʢʨʠʚʳʝ 1 ʠ 2). ɺʠʜʥʦ, ʯʪʦ ʦʥʠ ʜʦʩʪʘʪʦʯʥʦ ʙʣʠʟʢʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʚʳʰʝ 10 ʂ.  

ɺ ʧʨʠʥʮʠʧʝ, ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʧʦʣʷʨʠʟʘʮʠʠ ʠ ʯʘʩʪʦʪʳ ʚʦʣʥʳ, 

ʧʦʵʪʦʤʫ ʚʩʝ ʢʨʠʚʳʝ, ʠʟʤʝʨʝʥʥʳʝ ʥʘ ʨʘʟʥʳʭ ʯʘʩʪʦʪʘʭ ʠ ʚʦʣʥʘʭ ʨʘʟʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ, 

ʜʦʣʞʥʳ ʩʦʚʧʘʜʘʪʴ ʚ ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ. ʆʜʥʘʢʦ ʚ ʜʘʥʥʦʤ 

ʢʦʥʢʨʝʪʥʦʤ ʩʣʫʯʘʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ ʧʠʢʘ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ 

ʥʘʙʣʶʜʘʝʪʩʷ çʧʣʝʯʦè, ʢʦʪʦʨʦʝ, ʦʯʝʚʠʜʥʦ, ʩʚʷʟʘʥʦ ʩ ʧʨʦʷʚʣʝʥʠʝʤ ʜʝʬʝʢʪʦʚ ʜʨʫʛʦʛʦ 

ʪʠʧʘ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʵʪʦ ʚʣʠʷʥʠʝ ʠʦʥʦʚ Cr3+, ʢʦʪʦʨʳʝ ʪʘʢʞʝ ʠʤʝʶʪ 

ʪʨʠʧʣʝʪʥʦʝ ʦʨʙʠʪʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʠ, ʧʦʤʠʤʦ  Cr2+, ʥʘʙʣʶʜʘʣʠʩʴ ʚ  ʦʙʨʘʟʮʘʭ 

SrF2:Cr ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʕʇʈ [77]. ʇʦ ʦʧʨʝʜʝʣʝʥʥʦʡ ʨʘʥʝʝ ʚʝʣʠʯʠʥʝ 
1T  ʙʳʣʦ 

ʫʩʪʘʥʦʚʣʝʥʦ ʟʥʘʯʝʥʠʝ  ()1 0Im /Lc T cD , ʢʦʪʦʨʦʝ ʥʘ ʨʠʩʫʥʢʝ 4.2, ʦʪʤʝʯʝʥʦ 

ʢʚʘʜʨʘʪʥʳʤ ʩʠʤʚʦʣʦʤ. ɺʠʜʥʦ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʘ 
1ʊ ʟʘʤʝʪʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ  

mʊ . 
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ʈʠʩʫʥʦʢ 4.4 ï ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ 

ʢʨʠʩʪʘʣʣʝ CaF2:Cr2+. ʂʨʠʚʳʝ 1 ʠ 2 ʨʘʩʩʯʠʪʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʦʨʤʫʣʳ (4.3) ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ  ()Lc TD , ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʯʘʩʪʦʪʘʭ 54 ʠ 158 ʄɻʮ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʂʨʠʚʘʷ 3 ï ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ, ʨʘʩʩʯʠʪʘʥʥʦʝ ʧʦ ʬʦʨʤʫʣʝ 

130.3 10 exp(125 / )a Tt -= Ö (ʩ) , ʢʨʠʚʘʷ 4 -- 7 12.8 10t Tt - -= Ö (ʩ) ,  ʢʨʠʚʘʷ 5 -- 

6 32.6 10R Tt - -= Ö  , ʢʨʠʚʘʷ 6 -- ( )
1

1 1 1

a t Rt t t t
-

- - -= + + . ʂʚʘʜʨʘʪʥʳʡ ʠ ʪʨʝʫʛʦʣʴʥʳʡ 

ʩʠʤʚʦʣʳ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ( )11Tt -  ʜʣʷ ʯʘʩʪʦʪ 54 ʠ 158 ʄɻʮ. 



54 

 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʢʨʠʚʳʝ ( )1Tt -  ʙʳʣʠ ʧʨʦʤʦʜʝʣʠʨʦʚʘʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ, ʢʦʪʦʨʳʝ ʦʙʩʫʞʜʘʣ ʉʪʫʨʞ ʚ ʦʙʟʦʨʝ [2], 

ʩʩʳʣʘʷʩʴ ʥʘ ʨʘʙʦʪʫ [78].  ʕʪʦ ʘʢʪʠʚʘʮʠʦʥʥʳʡ (ʩ ʚʨʝʤʝʥʝʤ ʨʝʣʘʢʩʘʮʠʠ 
at),  

ʪʫʥʥʝʣʴʥʳʡ (
tt) ʠ ʜʚʫʭʬʦʥʦʥʥʳʡ, ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ ʩʤʳʩʣʝ ʘʥʘʣʦʛʠʯʥʳʡ 

ʨʘʤʘʥʦʚʩʢʦʤʫ, (
Rt):  

0 0exp( / )a V Tt t= ,                                                              (4.9) 

( )
1

t BTt
-

= ,                                                                 (4.10) 

( )
1

2 3/R B Tt
-

è ø= Q
ê ú

,                                                          (4.11) 

ʛʜʝ ʬʠʛʫʨʠʨʫʶʪ ʢʦʥʩʪʘʥʪʳ 
0V   - ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ, 

0t ( 1

0t
- - ʯʘʩʪʦʪʘ ʧʦʧʳʪʦʢ), Q 

(ʨʘʟʤʝʨʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ)  ʠ B. ɼʣʷ ʧʦʩʣʝʜʥʝʡ ʚ ʣʠʪʝʨʘʪʫʨʝ ʚʩʪʨʝʯʘʝʪʩʷ ʜʚʘ 

ʦʧʨʝʜʝʣʝʥʠʷ (ʩʤ., ʥʘʧʨʠʤʝʨ, [78] ʩ ʨʘʟʤʝʨʥʦʩʪʴʶ ʚʨʝʤʝʥʠ ʠ [2]. ʄʳ ʙʫʜʝʤ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʧʨʝʜʝʣʝʥʠʝ ʉʪʫʨʞʘ [2], ʪ.ʝ. ʩʢʦʨʦʩʪʴ ʨʝʣʘʢʩʘʮʠʠ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ 

B, ʘ ʥʝ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ.   

ʆʪʤʝʪʠʤ, ʯʪʦ ʤʳ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʥʪʝʨʧʨʝʪʠʨʫʝʤ ʧʦʣʫʯʝʥʥʳʝ ʢʨʠʚʳʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ, ʭʘʨʘʢʪʝʨʠʟʫʝʤʳʭ ʚʨʝʤʝʥʘʤʠ, 

ʧʨʠʚʝʜʝʥʥʳʤʠ ʚ ʫʨʘʚʥʝʥʠʷʭ (4.9)-(4.11). ɺ ʣʠʪʝʨʘʪʫʨʝ ʚʩʪʨʝʯʘʝʪʩʷ ʝʱʝ ʦʙʩʫʞʜʝʥʠʝ 

ʤʝʭʘʥʠʟʤʘ, ʩʢʦʨʦʩʪʴ ʨʝʣʘʢʩʘʮʠʠ ʢʦʪʦʨʦʛʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ 7T  [19]. ɼʣʷ ʥʘʩ 

ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʤʠ ʷʚʣʷʶʪʩʷ ʘʢʪʠʚʘʮʠʦʥʥʳʡ ʠ ʪʫʥʥʝʣʴʥʳʡ (1 Tt-´  ). ʇʝʨʚʳʡ 

(ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ) ʩʚʷʟʘʥ ʩ ʧʦʪʝʥʮʠʘʣʴʥʳʤ ʙʘʨʴʝʨʦʤ 
0Vº  ï ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ 

ɸʇ, ʘ ʚʪʦʨʦʡ ʦʧʨʝʜʝʣʷʝʪ ʫʨʦʚʝʥʴ ʧʦʛʣʦʱʝʥʠʷ ʠ ʣʠʥʝʡʥʳʡ ʭʦʜ ʬʘʟʦʚʦʡ ʩʢʦʨʦʩʪʠ 

(ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ) ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʄʝʭʘʥʠʟʤʳ, ʩʢʦʨʦʩʪʴ 

ʨʝʣʘʢʩʘʮʠʠ ʢʦʪʦʨʳʭ 3T́  ʠ 7T́ , ʩʫʱʝʩʪʚʝʥʥʳ ʚ ʦʙʣʘʩʪʠ ʧʨʦʤʝʞʫʪʦʯʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨ ʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʤʝʶʪ ʣʠʰʴ ʘʢʘʜʝʤʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ. 

ʇʦʩʣʝ ʦʧʨʝʜʝʣʝʥʠʷ ʚʝʣʠʯʠʥʳ ()1 1 0Im /JT

Lc T T cÖ , ʠʤʝʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʦʩʪʨʦʠʪʴ ʟʘʚʠʩʠʤʦʩʪʴ 
0Re ( ) /Lc T cD  , ʢʦʪʦʨʘʷ ʩʦʜʝʨʞʠʪ 

Re ( ) Re ( ) Re ( )JT p

L L Lc T c T c TD = + D . ʂʘʢ ʫʞʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ, 
0Re ( ) /p

Lc T cD ʥʘ ʨʠʩʫʥʢʝ 

4.2 ʧʦʩʪʨʦʝʥʘ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʚ ʧʨʝʜʝʣʝ ʥʫʣʝʚʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

0Re ( ) / 0p

Lc T cD ­ .  ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʠʟ ʫʨʘʚʥʝʥʠʷ (4.1) ʩʣʝʜʫʝʪ, ʯʪʦ 
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1 0 1 0Im ( ) / Re ( ) /JT JT

L Lc T c c T c=- . ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʨʠʚʘʷ 
0Re ( ) /Lc T cD  ʜʦʣʞʥʘ ʙʳʪʴ 

ʩʜʚʠʥʫʪʘ ʧʦ ʚʝʨʪʠʢʘʣʠ ʥʘ ʨʠʩʫʥʢʝ 4.2 ʪʘʢ, ʯʪʦʙʳ ʚʳʧʦʣʥʷʣʦʩʴ ʩʦʦʪʥʦʰʝʥʠʝ 

() () ()1 0 1 0 1 0Re / Re / Im /p JT

L L Lc T c c T c c T cD = D - D . ʀʤʝʥʥʦ ʪʘʢ ʦʥʘ ʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 4.2. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʚʢʣʘʜ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʠʤʝʝʪ ʚʠʜ 

() () ()0 0 0Re / Re / Re /JT p

L L Lc T c c T c c T cD = D - D , ʯʪʦ ʚʤʝʩʪʝ ʩ ʤʥʠʤʦʡ ʯʘʩʪʴʶ 

0( ) /JT

Lc T c  ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 4.5 ʢʨʠʚʳʤʠ 1 ʠ 2. ʀʟʤʝʨʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ ʠ 

ʬʘʟʦʚʦʡ ʩʢʦʨʦʩʪʠ ʷʚʣʷʶʪʩʷ ʥʝʟʘʚʠʩʠʤʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ, ʧʦʵʪʦʤʫ ʧʘʨʘʤʝʪʨʳ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʗʊ ʧʦʜʩʠʩʪʝʤʫ ʠ ʦʧʨʝʜʝʣʝʥʥʳʝ ʚ ʵʪʠʭ ʜʚʫʭ ʚʘʨʠʘʥʪʘ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʜʦʣʞʥʳ ʩʦʚʧʘʜʘʪʴ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʧʦʛʨʝʰʥʦʩʪʝʡ 

ʠʟʤʝʨʝʥʠʡ. ɼʣʷ ʪʘʢʦʡ ʧʨʦʚʝʨʢʠ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʤʦʜʝʣʴʥʳʝ ʢʨʠʚʳʝ () 0Im /JT

Lc T c  

ʠ () 0Re /JT

Lc T c, ʷʚʥʳʡ ʚʠʜ ʢʦʪʦʨʳʭ ʙʳʣ ʟʘʜʘʥ ʫʨʘʚʥʝʥʠʝʤ (4.2), ʘ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ 

ʦʧʨʝʜʝʣʷʣʦʩʴ ʢʨʠʚʦʡ 6, ʧʨʠʚʝʜʝʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 4.2. ʕʪʠ ʤʦʜʝʣʴʥʳʝ ʢʨʠʚʳʝ 

ʧʦʢʘʟʘʥʳ ʥʘ ʈʠʩʫʥʢʝ 4.5. ɺʠʜʥʦ, ʯʪʦ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ (ʥʠʞʝ 10 ʂ), ʛʜʝ 

çʧʣʝʯʦè ʥʝ ʠʩʢʘʞʘʝʪ ʟʘʚʠʩʠʤʦʩʪʴ, ʦʙʫʩʣʦʚʣʝʥʥʫʶ ʕʗʊ, ʤʦʜʝʣʴʥʳʝ ʢʨʠʚʳʝ ʭʦʨʦʰʦ 

ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. ʇʦʜʯʝʨʢʥʝʤ, ʯʪʦ ʥʠʢʘʢʠʭ ʜʨʫʛʠʭ 

ʧʦʜʛʦʥʦʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠʩʧʦʣʴʟʦʚʘʥʦ ʥʝ ʙʳʣʦ. 

ʀʟ ʤʘʪʝʨʠʘʣʘ, ʠʟʣʦʞʝʥʥʦʛʦ ʚ ʧʘʨʘʛʨʘʬʝ 4.2, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʘʞʥʳʝ ʚʳʚʦʜʳ.  

ʇʝʨʚʦʝ. ʈʘʩʩʤʦʪʨʝʥʥʳʝ ʉʪʫʨʞʝʤ ʤʝʭʘʥʠʟʤʳ ʨʝʣʘʢʩʘʮʠʠ ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ 

ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʶʪ ʧʨʦʷʚʣʝʥʠʝ ʕʗʊ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ. ʀ ʚʪʦʨʦʝ. 

ʉʘʤʳʤ çʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤè ʤʝʭʘʥʠʟʤʦʤ ʨʝʣʘʢʩʘʮʠʠ ʷʚʣʷʝʪʩʷ ʪʦʪ, ʩʢʦʨʦʩʪʴ 

ʨʝʣʘʢʩʘʮʠʠ ʢʦʪʦʨʦʛʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʧʝʨʚʦʡ ʩʪʝʧʝʥʠ ʪʝʤʧʝʨʘʪʫʨʳ 1

t B Tt-= Ö. 

ʃʠʥʝʡʥʘʷ ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ ʩʢʦʨʦʩʪʴ ʨʝʣʘʢʩʘʮʠʠ ʧʨʠʚʦʜʠʪ ʢ ʬʠʢʩʠʨʦʚʘʥʥʦʤʫ 

(ʦʪʣʠʯʥʦʤʫ ʦʪ ʥʫʣʷ) ʚʢʣʘʜʫ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ ʧʦʛʣʦʱʝʥʠʝ ʫʣʴʪʨʘʟʚʫʢʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ, ʩʪʨʝʤʷʱʠʭʩʷ ʢ ʥʫʣʶ, ʠ ʣʠʥʝʡʥʦʤʫ ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ ʚʢʣʘʜʫ ʗʊ 

ʧʦʜʩʠʩʪʝʤʳ ʚ ʬʘʟʦʚʫʶ ʩʢʦʨʦʩʪʴ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʚ ʧʨʝʜʝʣʝ 0T­  (ʠʣʠ wt­¤ ) 

ʠʟ ʫʨʘʚʥʝʥʠʷ (4.5) ʠʤʝʝʤ 

() ()1 1 1 1

0 0 0

Im ImIm 1
2 2lim

JT JTJT c T T c T Tc B

c c T c

b bb

wt wt w­¤

è ø è øÖ Öê ú ê ú= = ,                    (4.12) 
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ʈʠʩʫʥʦʢ 4.5 ï ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʗʊ ʚʢʣʘʜʦʚ  ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʫʶ (ʢʨʠʚʘʷ 

1) ʠ ʤʥʠʤʫʶ (2) ʯʘʩʪʠ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ 
Lʩ   ʚ ʢʨʠʩʪʘʣʣʝ CaF2:Cr2+, ʠʟʤʝʨʝʥʥʳʝ 

ʥʘ ʯʘʩʪʦʪʝ 54 ʄɻʮ, ʠ ʤʦʜʝʣʴʥʳʝ ʢʨʠʚʳʝ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʬʦʨʤʫʣʘʤ (4.2)  

(ʢʨʠʚʘʷ 3 ʠ  4) ʩ ʤʝʭʘʥʠʟʤʘʤʠ ʨʝʣʘʢʩʘʮʠʠ, ʧʘʨʘʤʝʪʨʳ ʢʦʪʦʨʳʭ ʧʨʠʚʝʜʝʥ rʚ 

ʧʦʜʧʠʩʠ ʢ ʨʠʩʫʥʢʝ 4.4.  

  

()

( )

() 2
1 1 1 1

2 2

0 0 0

Re ReRe 1
2 2lim

JT JTJT c T T c T Tc B
T

c c T c

b bb

wt wwt­¤

è ø è øÖ Öê ú ê ú= = .              (4.13) 

ʆʩʪʘʣʴʥʳʝ ʤʝʭʘʥʠʟʤʳ ʨʝʣʘʢʩʘʮʠʠ, ʩʢʦʨʦʩʪʴ ʢʦʪʦʨʳʭ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ 

ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʪʝʤʧʝʨʘʪʫʨʳ ʠʣʠ ʠʤʝʝʪ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ, ʚ 

ʧʨʝʜʝʣʝ ʥʫʣʝʚʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʨʝʤʷʪʩʷ ʢ ʥʫʣ .ʁ   

ʀʟʤʝʨʝʥʠʷ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʳʭ ʩʪʨʦʠʣʠʩʴ ʟʘʚʠʩʠʤʦʩʪʠ, ʘʥʘʣʦʛʠʯʥʳʝ 

ʧʨʠʚʝʜʝʥʥʳʤ ʥʘ ʨʠʩʫʥʢʝ 4.4 ʠ 4.5, ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʥʳʭ ʤʦʜ ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʦʪʘʭ: 
Lc (26, 54 ʠ 158 ʄɻʮ),  44c   (39 ʄɻʮ) ʠ 

Ec   (55 ʄɻʮ). ɿʥʘʯʝʥʠʷ 

ʢʦʥʩʪʘʥʪ, ʧʦʣʫʯʠʚʰʠʭʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʦʜʛʦʥʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʨʠʚʳʭ, 

ʩʣʝʜʫʶʱʠʝ: 1

0 125 3 K=87 2 cmV -= ° ° ,  ( )1 13.1 0.2 10  c KB- -= ° Ö Ö, 

( ) ( )
1

2 6 2/ 2.5 0.1 10  c KB
-

-Q = ° Ö Ö. ʆʪʤʝʪʠʤ ʚʘʞʥʦʩʪʴ ʯʠʩʣʦʚʳʭ ʟʥʘʯʝʥʠʡ 
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ʧʘʨʘʤʝʪʨʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʤʝʭʘʥʠʟʤʳ ʨʝʣʘʢʩʘʮʠʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʙʦʪʢʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦʥʠ ʠʤʝʶʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ, ʯʝʤ ʢʦʥʩʪʘʥʪʳ 

ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ, ʧʦʩʢʦʣʴʢʫ ʚ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʩʣʝʜʥʠʭ (ʩʤ., 

ʥʘʧʨʠʤʝʨ, ʫʨʘʚʥʝʥʠʷ  (3.19)-(3.26)) ʚʭʦʜʠʪ ʢʦʥʮʝʥʪʨʘʮʠʷ ʗʊ ʮʝʥʪʨʦʚ, ʢʦʪʦʨʘʷ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ ʤʝʥʴʰʝʡ ʪʦʯʥʦʩʪʴʶ, ʯʝʤ ʠʟʤʝʥʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ ʠ ʬʘʟʦʚʦʡ 

ʩʢʦʨʦʩʪʠ (ʟʜʝʩʴ ʚʘʞʥʦ ʧʦʤʥʠʪʴ, ʯʪʦ ʚ ʫʧʦʤʷʥʫʪʳʝ ʚʳʨʘʞʝʥʠʷ ʚʭʦʜʠʪ ʥʝ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʦʥʢʨʝʪʥʦʡ ʧʨʠʤʝʩʠ, ʘ ʢʦʥʮʝʥʪʨʘʮʠʷ ʗʊ ʠʦʥʦʚ ʚ ʜʘʥʥʦʤ ʟʘʨʷʜʦʚʦʤ 

ʩʦʩʪʦʷʥʠʠ, ʯʪʦ ʠ ʩʦʟʜʘʝʪ  ʪʨʫʜʥʦʩʪʠ ʩ ʝʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʦʧʨʝʜʝʣʝʥʠʝʤ). 

ʇʘʨʘʤʝʪʨʳ, ʟʥʘʯʝʥʠʷ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʥʝʟʘʚʠʩʠʤʦ ʦʪ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʗʊ ʢʦʤʧʣʝʢʩʦʚ, ʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʦʜʠʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ 

ʩʨʘʚʥʝʥʠʝ ʧʨʦʷʚʣʝʥʠʝ ʕʗʊ ʚ ʨʘʟʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʩ ʨʘʟʣʠʯʥʳʤʠ ʗʊ ʮʝʥʪʨʘʤʠ. 

ʀʤʝʥʥʦ ʪʘʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʷʚʣʷʶʪʩʷ ʢʦʥʩʪʘʥʪʳ, ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʚʨʝʤʝʥʘ 

ʨʝʣʘʢʩʘʮʠʠ: 
0V , 

0t, Q ʠ B . 

 

4.3. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʚ CaF2:Ni2+ 

 

ɺʪʦʨʳʤ ʧʨʠʤʝʨʦʤ ʧʨʦʷʚʣʝʥʠʷ ʕʗʊ ʩʣʫʞʠʪ ʢʨʠʩʪʘʣʣ, ʨʘʩʩʤʦʪʨʝʥʥʳʡ ʨʘʥʝʝ, 

ʥʦ ʩ ʧʨʠʤʝʩʴʶ ʠʦʥʦʚ ʥʠʢʝʣʷ Ni2+. ʊʘʢ ʞʝ, ʢʘʢ ʠ ʜʣʷ ʢʨʠʩʪʘʣʣʘ CaF2:Cr, ʚ ʦʙʨʘʟʮʝ 

CaF2:Ni ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʘʥʦʤʘʣʠʠ ʧʦʛʣʦʱʝʥʠʷ ʠ ʬʘʟʦʚʦʡ ʩʢʦʨʦʩʪʠ ʚʦ ʚʩʝʭ 

ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʤʦʜʘʭ 
Lc , 

44c    ʠ, ʯʪʦ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʘʙʣʠʮʝʡ 3.8, ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʦʨʪʦʨʦʤʙʠʯʝʩʢʫʶ ʩʠʤʤʝʪʨʠʶ ʛʣʦʙʘʣʴʥʳʭ ʤʠʥʠʤʫʤʦʚ ɸʇ. ʆʪʣʠʯʠʪʝʣʴʥʦʡ 

ʦʩʦʙʝʥʥʦʩʪʴʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʨʠʚʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʵʪʦʤ ʦʙʨʘʟʮʝ, ʷʚʣʷʝʪʩʷ 

ʪʦ, ʯʪʦ ʘʥʦʤʘʣʠʠ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʪʠʧʘ ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ (ʩʤ. ʨʠʩʫʥʦʢ 4.6)), ʘ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʢʘʢ ʵʪʦ ʚʠʜʥʦ ʥʘ 

ʨʠʩʫʥʢʝ 4.7, ʢʨʠʚʳʝ ʧʦʛʣʦʱʝʥʠʷ ʠ ʜʠʩʧʝʨʩʠʠ ʷʚʥʦ ʧʦʢʘʟʳʚʘʶʪ ʘʩʠʤʧʪʦʪʠʯʝʩʢʠʡ 

ʭʘʨʘʢʪʝʨ, ʦʧʠʩʘʥʥʳʡ ʫʨʘʚʥʝʥʠʷʤʠ (4.12) ʠ (4.13): ʚʳʭʦʜ ʥʘ ʢʦʥʩʪʘʥʪʫ ʠ ʣʠʥʝʡʥʫʶ 

ʟʘʚʠʩʠʤʦʩʪʴ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʦʧʨʝʜʝʣʠʪʴ ʧʘʨʘʤʝʪʨʳ,  

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʤʝʭʘʥʠʟʤʳ ʨʝʣʘʢʩʘʮʠʠ, ʘ ʟʥʘʯʠʪ ʠ ʫʨʦʚʝʥʴ ʧʦʛʣʦʱʝʥʠʷ ʧʨʠ 

ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʣʠʥʝʡʥʳʡ ʭʦʜ ʢʨʠʚʦʡ ʜʠʩʧʝʨʩʠʠ, ʦʢʘʟʳʚʘʝʪʩʷ ʙʦʣʝʝ 
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ʪʦʯʥʳʤ ʩ ʧʦʤʦʱʴʶ ʟʘʚʠʩʠʤʦʩʪʠ () 0Re /c T cb
è øDê ú , ʘ ʥʝ () 0Im /c T cb

è øDê ú , ʢʘʢ ʵʪʦ 

ʙʳʣʦ ʦʧʠʩʘʥʦ ʚ ʧʘʨʘʛʨʘʬʝ 4.2.  

 ʈʘʩʩʤʦʪʨʠʤ ʧʦʩʪʨʦʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʥʘ 

ʧʨʠʤʝʨʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʧʨʠʚʝʜʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʝ 4.6. ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ 

ʦʧʨʝʜʝʣʠʪʴ ʚʢʣʘʜ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ, ʧʨʝʜʩʪʘʚʠʤ ʠʟʤʝʥʝʥʠʷ 

ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʤʦʜʫʣʷ 
44c  ʚ ʢʨʠʩʪʘʣʣʘʭ CaF2:Ni ʠ CaF2 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʫʨʦʚʥʷ, ʢʦʪʦʨʳʡ ʙʳʣ ʙʳ ʧʨʠ 0 KT= . ʄʝʪʦʜʦʤ ʧʦʜʛʦʥʢʠ ʦʧʨʝʜʝʣʠʤ 

ʣʠʥʝʡʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʨʠʚʳʭ 1 ʠ 3 ʥʘ ʨʠʩʫʥʢʝ 4.6, ʥʘʡʜʝʤ ʯʠʩʣʦʚʳʝ ʟʥʘʯʝʥʠʷ ʠʭ 

ʧʝʨʝʩʝʯʝʥʠʷ ʩ ʦʩʴʶ y  ʠ ʚʳʯʪʝʤ ʵʪʠ ʟʥʘʯʝʥʠʷ ʠʟ ʬʫʥʢʮʠʡ, ʟʘʜʘʶʱʠʭ ʢʨʠʚʳʝ  1 ʠ 3 

(ʪ.ʝ., ʦʧʨʝʜʝʣʝʥʥʳʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʫʨʦʚʥʷ ʧʨʠ 
0 4 KT = . ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʤʝʝʤ 

ʟʘʚʠʩʠʤʦʩʪʠ, ʧʦʢʘʟʘʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 4.7.   ʗʊ ʚʢʣʘʜ ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʫʶ 

ʩʦʩʪʘʚʣʷʶʱʫʶ ʤʦʜʫʣʷ 
44c  ʙʫʜʝʪ ʥʘʡʜʝʥ ʠʟ ʠʟʤʝʨʝʥʠʡ ʥʘ ʧʨʠʤʝʩʥʦʤ ʠ ʥʦʤʠʥʘʣʴʥʦ 

ʯʠʩʪʦʤ ʢʨʠʩʪʘʣʣʝ 

() () ()44 44 44

0 0 0

JT pc T c T c T

c c c

D D
= -  ,                                          (4.14) 

ʛʜʝ ʩʠʤʚʦʣ ʩD  ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʚʝʣʠʯʠʥʳ ʩ  ʦʪʥʦʩʠʪʝʣʴʥʦ ʫʨʦʚʥʷ, 

ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʧʨʠ 0 KT­ .  

ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʧʦʩʪʨʦʠʤ 

ʛʨʘʬʠʢ ʬʫʥʢʮʠʠ 

() () ( )
1

1 44 0 44 2 2Re / ReJT JTf T c T T c c T T
-

è ø è ø= Ö Ö Öê ú ê ú ,                              (4.15) 

ʦʧʨʝʜʝʣʝʥʥʦʡ ʩ ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʷ (4.5). ʇʨʠ ʵʪʦʤ ʙʫʜʝʤ ʩʯʠʪʘʪʴ, ʯʪʦ ʫʩʣʦʚʠʝ 

1wt  (ʠʣʠ 1T T )  ʫʞʝ ʚʳʧʦʣʥʷʝʪʩʷ ʧʨʠ 
2 100 KT = . ʋʨʦʚʝʥʴ 

1 0.5f =-  

ʩʦʦʪʚʝʪʩʪʚʫʝʪ 
1T T= , ʘ ʥʘʭʦʞʜʝʥʠʝ ʟʥʘʯʝʥʠʷ ()44 1 1 0Re /JTc T T cÖ  ʧʦʟʚʦʣʷʝʪ ʧʨʠ 

ʧʦʤʦʱʠ ʫʨʘʚʥʝʥʠʡ (4.12) ʠ (4.13) ʨʘʩʩʯʠʪʘʪʴ 5 1 15.8 10  ʩɺ K- -= Ö Ö ʠ 

ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʤʥʠʤʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʤʦʜʫʣʷ 
44c  

( ) 3

44 0Im 0 / 3.7 10JTc T c -­ = Ö  . 

 



59 

 

0 20 40 60 80 100 120
-0.03

-0.02

-0.01

0.00

0.01

4

3

2

 

D
c

4
4

 /
c

0

T (K)

1

 

ʈʠʩʫʥʦʢ 4.6 ï ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ (ʢʨʠʚʳʝ 1 ʠ 3)  

ʤʥʠʤʳʭ (2 ʠ 4) ʯʘʩʪʝʡ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ 
44c  ʚ ʢʨʠʩʪʘʣʣʘʭ CaF2:Ni2+ (1 ʠ 2) ʠ CaF2 

(3 ʠ 4), ʠʟʤʝʨʝʥʥʳʝ ʥʘ ʯʘʩʪʦʪʝ 52.8 ʄɻʮ. () ()44 44 44 0c c T c TD = -  , ()0 44 0c c T= ,  

0 4 KT = .  
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ʈʠʩʫʥʦʢ 4.7 ï ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ, ʠʟʦʙʨʘʞʝʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 4.6, ʥʦ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʠ ʧʨʠ  
0 0 KT ­ . ʃʠʥʠʠ 5  

( () 5

5 1.2 10f T T -=- Ö Ö) ʠ 6 ( () 5

6 0.7 10f T T -=- Ö Ö) ʧʨʦʚʝʜʝʥʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠ ̫

ʘʩʠʤʧʪʦʪʠʢʠ ʟʘʚʠʩʠʤʦʩʪʝʡ 1  ʠ  3.  
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ʅʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʝʩʪʴ ʚʩʷ ʥʝʦʙʭʦʜʠʤʘʷ ʠʥʬʦʨʤʘʮʠʷ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ 

ʧʦʩʪʨʦʠʪʴ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʦ 

()44 0Re /JTc T c  ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʨʘʞʝʥʠʷ (4.4), ʦʜʥʘʢʦ, ʩʥʘʯʘʣʘ ʤʳ ʥʘʡʜʝʤ 

()44 0Im /JTc T c, ʦʧʨʝʜʝʣʠʤ ()Tt  ʥʘ ʦʩʥʦʚʝ ʵʪʠʭ ʜʘʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʷ (4.3), 

ʠ ʩʨʘʚʥʠʤ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ 

ʦ ʜʠʩʧʝʨʩʠʠ ʠ ʧʦʛʣʦʱʝʥʠʠ ʫʣʴʪʨʘʟʚʫʢʘ.  
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ʈʠʩʫʥʦʢ 4.8 ï ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

() () ( )
1

1 44 0 44 2 2Re / ReJT JTf T c T T c c T T
-

è ø è ø= Ö Ö Öê ú ê ú. ʂʚʘʜʨʘʪʥʳʡ ʩʠʤʚʦʣ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʫʨʦʚʥʶ ()1 1 0.5f T =-   ʧʨʠ  
1 56 KT =  . 

2 100 KT = . 

 

ʗʊ ʚʢʣʘʜ ʧʦ-ʧʨʝʞʥʝʤʫ ʙʫʜʝʤ ʦʧʨʝʜʝʣʷʪʴ, ʩ ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʷ (4.6), ʥʦ ʥʘ 

()44Im bc T  ʙʫʜʫʪ ʥʘʣʦʞʝʥʳ ʦʧʨʝʜʝʣʸʥʥʳʝ ʫʩʣʦʚʠʷ. ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʦʥʦʚʦʛʦ 

ʤʦʜʫʣʷ ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʜʘʥʥʳʤʠ, ʢʦʪʦʨʳʝ ʫʞʝ ʧʦʣʫʯʠʣʠ ʜʣʷ 
44 0/JTʩ ʩ:   

 
( ) ( ) ( ) 344 44 44

0 0 0

0 0 0
Im Im Im 3.7 10

JT bc T c T c T

c c c

-­ D ­ D ­
= - = Ö,               (4.16) 

() () () ()44 1 44 1 44 1 44 1

0 0 0 0

Im Im Im Re 0.0097

JT b JTc T c T c T c T

c c c c

D D
= - =- = ,               (4.17) 
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ʈʠʩʫʥʦʢ 4.9 ï ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʥʠʤʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʚ ʢʨʠʩʪʘʣʣʝ 

CaF2:Ni2+ 
44 0/ʩ ʩD   (ʢʨʠʚʘʷ 1),  

44 0/bʩ ʩD  (2) ʠ 
44 0/JTʩ ʩ (3), ʜʣʷ ʯʘʩʪʦʪʳ 53 ʄɻʮ. 

() 0c c T cD = - , 
0 44( 0)c c T= ­ . () 6 11 4

44 0Im / 8 10 3.7 10bʩ T ʩ T T- -D = Ö Ö + Ö Ö. 

 

ʕʪʠʤ ʫʩʣʦʚʠʷʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʫʥʢʮʠʷ 

() 6 11 4

44 0Im / 8 10 3.7 10bʩ T ʩ T T- -D = Ö Ö + Ö Ö, ʛʨʘʬʠʢ ʢʦʪʦʨʦʡ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 

4.9 ʚʤʝʩʪʝ ʩ ()44 0Im /ʩ T ʩD  ʠ ()44 0/JTʩ T ʩ. ʈʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʬʦʨʤʫʣʘʤ (4.3) ʠ (4.4) 

ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ (ʩʤ. ʨʠʩʫʥʦʢ 4.10) ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʩ 

ʧʦʤʦʱʴʶ ʜʘʥʥʳʭ ʦ ʧʦʛʣʦʱʝʥʠʠ ʠ ʜʘʥʥʳʭ ʦ ʜʠʩʧʝʨʩʠʠ ʟʘʚʠʩʠʤʦʩʪʠ ʭʦʨʦʰʦ 

ʩʦʛʣʘʩʫʶʪʩʷ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʧʦʜʪʚʝʨʞʜʝʥʠʝʤ ʢʦʨʨʝʢʪʥʦʩʪʠ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʝʪʦʜʠʢʠ. 

 

4.4. ʂʨʘʪʢʠʝ ʚʳʚʦʜʳ ʢ ʛʣʘʚʝ 

 

1. ʅʘ ʧʨʠʤʝʨʘʭ ʢʫʙʠʯʝʩʢʠʭ ʗʊ ʢʦʤʧʣʝʢʩʦʚ ʚ ʢʨʠʩʪʘʣʣʘʭ ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ʬʣʶʦʨʠʪʘ CaF2:Cr2+ ʠ CaF2:Ni2+ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʭʦʨʦʰʦ ʤʦʜʝʣʠʨʫʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʨʝʭ 

ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ: ʪʝʨʤʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ, ʪʫʥʥʝʣʴʥʦʛʦ ʠ 
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ʜʚʫʭʬʦʥʦʥʥʦʛʦ ʤʝʭʘʥʠʟʤʦʚ. ʇʘʨʘʤʝʪʨʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʵʪʠ ʤʝʭʘʥʠʟʤʳ 

ʨʝʣʘʢʩʘʮʠʠ, ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 4.1.  

2. ʋʩʪʘʥʦʚʣʝʥʘ ʘʩʠʤʧʪʦʪʠʢʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʠ 

ʤʥʠʤʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʗʊ ʚʢʣʘʜʘ ʚ ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ. ʇʝʨʚʘʷ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʣʠʥʝʡʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ, ʚʪʦʨʘʷ ï ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʝ ʩʪʨʝʤʣʝʥʠʝ ʢ 

ʢʦʥʩʪʘʥʪʝ, ʦʪʣʠʯʥʦʡ ʦʪ ʥʫʣʷ.  
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ʈʠʩʫʥʦʢ 4.10 ï ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʗʊ 

ʧʦʜʩʠʩʪʝʤʳ ʚ ʢʨʠʩʪʘʣʣʝ CaF2:Ni2+ ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ  ()44Re c TD ʠ ʫʨʘʚʥʝʥʠʷ (4.4)  (ʩʚʝʪʣʳʝ 

ʩʠʤʚʦʣʳ) ʠ ()44Im c TD ʠ ʫʨʘʚʥʝʥʠʷ (4.3) (ʩʠʥʠʝ ʩʠʤʚʦʣʳ) ʥʘ ʯʘʩʪʦʪʝ 52.8 

ʄɻʮ.  ʂʨʠʚʘʷ 1- ʨʝʟʫʣʴʪʘʪ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʩ ʫʯʝʪʦʤ 

ʘʢʪʠʚʘʮʠʦʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ (
at), ʪʫʥʥʝʣʴʥʦʛʦ (tt) ʠ ʜʚʫʭʬʦʥʦʥʥʦʛʦ (Rt). 

ʂʨʠʚʘʷ 2  - 1310 exp(570 / )a Tt -=  (ʩ), 3 - 6 11.8 10t Tt - -= Ö Ö(ʩ) ʠ 4 -   

2 31.5 10R Tt - -= Ö Ö(ʩ). ʂʚʘʜʨʘʪʥʳʡ ʩʠʤʚʦʣ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ( )11Tt -  . 

 

3. ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʦʧʠʩʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʥʝʦʙʭʦʜʠʤʦ ʚʳʜʝʣʝʥʠʝ ʗʊ ʚʢʣʘʜʘ ʚ 

ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ. ʈʘʩʩʤʦʪʨʝʥʳ ʜʚʘ ʚʘʨʠʘʥʪʘ ʚʳʜʝʣʝʥʠʷ ʵʪʦʛʦ ʚʢʣʘʜʘ: 

ʧʝʨʚʳʡ ʦʩʥʦʚʘʥ ʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʢʨʠʚʦʡ ʧʦʛʣʦʱʝʥʠʷ ʠ ʧʨʠʤʝʥʠʤ ʚ ʩʣʫʯʘʝ, 

ʢʦʛʜʘ ʧʠʢ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʥʠʟʢʠʭ 
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ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʢʨʠʚʘʷ ʧʦʛʣʦʱʝʥʠʷ ʥʝ ʚʳʭʦʜʠʪ ʥʘ ʘʩʠʤʧʪʦʪʫ ʚ ʜʦʩʪʫʧʥʳʭ 

ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʚʪʦʨʦʡ ï ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʣʝʛʠʨʦʚʘʥʥʦʤ ʠ ʥʦʤʠʥʘʣʴʥʦ ʯʠʩʪʦʤ ʢʨʠʩʪʘʣʣʘʭ ʠ 

ʦʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʪʫʥʥʝʣʴʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʨʝʣʘʢʩʘʮʠʠ ʥʘ ʦʩʥʦʚʝ 

ʜʘʥʥʳʭ ʦ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʴ ʗʊ ʚʢʣʘʜʘ ʚ ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ. ɺʪʦʨʦʡ ʤʝʪʦʜ 

ʧʨʠʤʝʥʠʤ ʜʣʷ ʩʣʫʯʘʷ, ʢʦʛʜʘ ʘʥʦʤʘʣʠʠ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʧʨʠʨʦʜʳ 

ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʩʨʘʚʥʠʪʝʣʴʥʦ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʪʘʢʠʭ, ʯʪʦ ʢʨʠʚʘʷ 

ʧʦʛʣʦʱʝʥʠʷ ʧʨʦʷʚʣʷʝʪ ʘʩʠʤʧʪʦʪʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ ʠ ʚʳʭʦʜʠʪ ʥʘ ʢʦʥʩʪʘʥʪʫ ʚ 

ʜʦʩʪʫʧʥʳʤ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ.  

 

ʊʘʙʣʠʮʘ 4.1. ʇʘʨʘʤʝʪʨʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʨʝʣʘʢʩʘʮʠʶ ʚ ʢʨʠʩʪʘʣʣʘʭ CaF2:Cr2+ ʠ  

CaF2:Ni2+. 

 1

0t
- , ʩ-1 

0V , ʩʤ-1 B , ʩ-1K-1 2/B Q , ʩ-1K-3 

CaF2:Cr2+ 133.3 10Ö  87 63.3 10Ö  53.8 10Ö  

CaF2:Ni2+ 131 10Ö  396 55.5 10Ö  16.6 10Ö  
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5.  ɺʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʗʊ ʧʦʜʩʠʩʪʝʤʫ ʥʘ ʧʨʠʤʝʨʝ ʢʨʠʩʪʘʣʣʦʚ 

ZnSe:Cr 2+ ʠ CdSe:Cr 2+ 

 

ʇʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʦʫʧʨʫʛʦʩʪʠ ʗʊ ʧʦʜʩʠʩʪʝʤʳ 

ʣʝʛʠʨʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʢʨʠʩʪʘʣʣʳ A IIBVI, 

ZnSe ʠ CdSe, ʩʦʜʝʨʞʘʱʠʭ ʠʦʥʳ ʭʨʦʤʘ Cr2+. ʇʝʨʚʳʡ ʠʟ ʢʨʠʩʪʘʣʣʦʚ ï ʢʫʙʠʯʝʩʢʠʡ 

(ʩʪʨʫʢʪʫʨʘ ʩʬʘʣʝʨʠʪʘ), ʚʪʦʨʦʡ ï ʛʝʢʩʘʛʦʥʘʣʴʥʳʡ (ʩʪʨʫʢʪʫʨʘ ʚʶʨʮʠʪʘ). ɺ ʦʙʦʠʭ 

ʩʣʫʯʘʷʭ ʠʦʥʳ ʭʨʦʤʘ, ʷʚʣʷʷʩʴ ʧʨʠʤʝʩʷʤʠ ʟʘʤʝʱʝʥʠʷ, ʬʦʨʤʠʨʫʶʪ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ 

ʗʊ ʢʦʤʧʣʝʢʩʳ ʩ ʛʣʦʙʘʣʴʥʳʤʠ ʤʠʥʠʤʫʤʘʤʠ ɸʇ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ. 

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1.3 ï 20 ʂ ʥʘ ʯʘʩʪʦʪʘʭ 24 ï 65 ʄɻʮ ʚ 

ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʦ 17 ʊ ʚ ʃʘʙʦʨʘʪʦʨʠʠ ʩʠʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ɼʨʝʟʜʝʥ-

ʈʦʩʩʝʥʜʦʨʬ, ʌʈɻ. ɼʘʥʘ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩ ʫʯʝʪʦʤ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʚʠʙʨʦʥʥʦʛʦ ʠ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʥʘ 

ʦʩʥʦʚʝ ʤʦʜʝʣʠ, ʫʯʠʪʳʚʘʶʱʝʡ ʗʊ ʚʢʣʘʜ ʚ ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ. ʄʘʪʝʨʠʘʣ ʜʘʥʥʦʡ 

ʛʣʘʚʳ ʦʧʫʙʣʠʢʦʚʘʥ ʚ ʨʘʙʦʪʘʭ [ɸ5], [ɸ6], [ɸ7], [ɸ8].  

 

5.1. ʇʝʨʚʳʝ ʨʘʙʦʪʳ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʦʙʥʘʨʫʞʝʥʠʶ ʠ ʠʩʩʣʝʜʦʚʘʥʠʶ 

ʤʘʛʥʠʪʦʫʧʨʫʛʦʩʪʠ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ ʣʝʛʠʨʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ  

 

ʄʘʛʥʠʪʦʫʧʨʫʛʠʤ ʩʚʦʡʩʪʚʘʤ ʗʊ-ʢʨʠʩʪʘʣʣʦʚ ʧʦʩʚʷʱʝʥ ʨʷʜ ʨʘʙʦʪ (ʩʤ., 

ʥʘʧʨʠʤʝʨ, ʩʩʳʣʢʠ ʚ [79, 80]). ɺ ʦʩʥʦʚʥʦʤ ʦʥʠ ʧʦʩʚʷʱʝʥʳ ʢʦʦʧʝʨʘʪʠʚʥʦʤʫ ʕʗʊ. ɺ 

ʪʦ ʞʝ ʚʨʝʤʷ ʚ [79] ʠʤʝʝʪʩʷ ʠ ʛʣʘʚʘ, ʛʜʝ ʨʘʩʩʤʦʪʨʝʥʳ ʠʟʦʣʠʨʦʚʘʥʥʳʝ ʗʊ-ʮʝʥʪʨʳ. ɺ 

ʥʝʡ ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʫʯʝʪ ʜʘʞʝ ʩʣʘʙʳʭ ʚʦʟʤʫʱʝʥʠʡ ʚ ʚʠʜʝ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ ʠʣʠ 

ʚʥʝʰʥʠʭ ʧʦʣʝʡ ʤʦʞʝʪ ʣʦʢʘʣʠʟʦʚʘʪʴ ʩʠʩʪʝʤʫ ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ ʤʠʥʠʤʫʤʝ ɸʇ. ʕʪʦʪ 

ʚʳʚʦʜ ʚʧʦʣʥʝ ʝʩʪʝʩʪʚʝʥʥʳʡ, ʧʦʩʢʦʣʴʢʫ ʚʦʟʤʫʱʝʥʠʝ ʧʦʥʠʞʘʝʪ ʩʠʤʤʝʪʨʠʶ ʟʘʜʘʯʠ. 

ʆʜʥʘʢʦ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʘʠʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ ʚʩʝ ʞʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʤ ʤʝʞʜʫ ʩʦʙʦʡ ʗʊ ʮʝʥʪʨʘʤ, ʭʦʪʴ ʠ ʨʘʟʜʝʣʝʥʥʳʤ ʦʧʨʝʜʝʣʝʥʥʳʤ 

ʨʘʩʩʪʦʷʥʠʝʤ. ɺʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʧʦʛʣʦʱʝʥʠʝ ʫʣʴʪʨʘʟʚʫʢʘ ʚ 

ʨʘʟʙʘʚʣʝʥʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚʝʩʴʤʘ ʤʘʣʳʤ ʯʠʩʣʦʤ ʨʘʙʦʪ. ʂ ʥʠʤ 

ʦʪʥʦʩʷʪʩʷ ʤʘʛʥʠʪʦʘʢʫʩʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ GaAs:Mn [18] ʠ  GaAs:Cr2+ [19].  

ʆʩʦʙʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʨʘʙʦʪʫ [19], ʚ ʢʦʪʦʨʦʡ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʚ ʛʠʛʘʛʝʨʮʦʚʦʤ 
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ʜʠʘʧʘʟʦʥʝ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʘʥʦʤʘʣʠʠ ʧʦʛʣʦʱʝʥʠʷ ʛʠʧʝʨʟʚʫʢʘ ʚ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠ 

ʤʘʛʥʠʪʦʧʦʣʝʚʳʭ ʟʘʚʠʩʠʤʦʩʪʷʭ ʧʦʛʣʦʱʝʥʠʷ, ʫʩʪʘʥʦʚʣʝʥ ʪʝʪʨʘʛʦʥʘʣʴʥʳʡ ʪʠʧ ʗʊ 

ʜʝʬʦʨʤʘʮʠʡ ʠ ʨʝʣʘʢʩʘʮʠʦʥʥʘʷ ʧʨʠʨʦʜʘ ʘʥʦʤʘʣʠʡ. ʇʦ ʧʦʣʦʞʝʥʠʶ ʧʠʢʦʚ ʥʘ ʨʘʟʥʳʭ 

ʯʘʩʪʦʪʘʭ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ 1t- , 

ʢʦʪʦʨʘʷ ʤʦʜʝʣʠʨʦʚʘʣʘʩʴ ʜʚʫʤʷ ʤʝʭʘʥʠʟʤʘʤʠ c  1

1 Tt-´  ʠ 1 7

2 Tt-´ . ʆʜʥʘʢʦ 

ʧʨʦʜʦʣʞʝʥʠʷ ʵʪʠʭ ʨʘʙʦʪ ʤʳ ʥʝ ʟʥʘʝʤ, ʭʦʪʷ ʠʟʫʯʝʥʠʝ ʨʦʣʠ ʤʘʛʥʝʪʠʟʤʘ ʚ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʗʊ ʢʦʤʧʣʝʢʩʦʚ ʷʚʣʷʝʪʩʷ ʧʨʝʜʤʝʪʦʤ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ 

ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ [81, 82].   

ʏʪʦ ʢʘʩʘʝʪʩʷ ʢʨʠʩʪʘʣʣʦʚ AIIBVI, ʣʝʛʠʨʦʚʘʥʥʳʭ ʧʨʠʤʝʩʷʤʠ 3d ʵʣʝʤʝʥʪʦʚ, 

ʥʝʤʦʥʦʪʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʛʣʦʱʝʥʠʷ ʠ ʩʢʦʨʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʘ ʦʪ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʚ ZnSe:Cr2+ 

[ɸ5].  ɺ ʨʘʙʦʪʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʘʥʦʤʘʣʠʠ ʧʦʛʣʦʱʝʥʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʣʠʰʴ ʚ 

ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʤʦʜʝ 
Ec  ʠ ʦʪʩʫʪʩʪʚʫʶʪ ʚ ʪʨʠʛʦʥʘʣʴʥʦʡ  

44c . ɺ ʵʪʦʤ ʩʤʳʩʣʝ 

ʩʠʪʫʘʮʠʷ ʘʥʘʣʦʛʠʯʥʘ ʦʙʥʘʨʫʞʝʥʥʦʡ ʚ GaAs:Cr2+ [19].  ɺ ʨʘʙʦʪʝ [ɸ6], ʧʦ-ʚʠʜʠʤʦʤʫ, 

ʙʳʣ ʚʧʝʨʚʳʝ ʫʩʪʘʥʦʚʣʝʥ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʡ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʭʘʨʘʢʪʝʨ 

ʘʥʦʤʘʣʠʡ (ʩʤ. ʨʠʩʫʥʦʢ 5.1 ʠ 5.2). 

ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘ ʚ [ɸ6] ʙʳʣʠ  ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʳ ʚ ʨʘʤʢʘʭ T eÃ -

ʟʘʜʘʯʠ ʕʗʊ ʩ ʫʯʝʪʦʤ ʥʘʨʫʰʝʥʠʷ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʠ ʚʦʣʥʦʚʳʭ 

ʬʫʥʢʮʠʡ ʥʘ ʨʘʟʣʠʯʥʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ɸʇ, ʧʦʢʘʟʘʥʥʦʛʦ ʥʘ ʨʠʩʫʥʢʝ 5.3,  ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʤʦʞʥʦʩʪʠ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʠʟ ʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʜʨʫʛʫ ,ʁ ʪʝʤ 

ʩʘʤʳʤ ʦʙʝʩʧʝʯʠʚʘʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʤʝʭʘʥʠʟʤ  ʨʝʣʘʢʩʘʮʠʠ ʩʠʩʪʝʤʳ ʢ 

ʨʘʚʥʦʚʝʩʥʦʤʫ ʩʦʩʪʦʷʥʠʶ.  
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ʈʠʩʫʥʦʢ 5.1 ï ʄʘʛʥʠʪʦʧʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʥʠʤʦʡ ʯʘʩʪʠ ʤʦʜʫʣʷ 
Ec  ʚ ʢʨʠʩʪʘʣʣʝ 

ZnSe:Cr2+  ʥʘ ʯʘʩʪʦʪʝ 33.1 ʄɻʮ. || || [110]B k , () 0E Ec c B cD = -, ()0 0Ec c=  . ʂʨʠʚʘʷ 1 

- 1.3 KT= , 2 - 2.5 KT= , 3 - 4 KT= . 
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ʈʠʩʫʥʦʢ 5.2 ï ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʥʠʤʦʡ ʯʘʩʪʠ ʤʦʜʫʣʷ 
Ec  ʚ ʢʨʠʩʪʘʣʣʝ 

ZnSe:Cr2+  ʥʘ ʯʘʩʪʦʪʝ 33.1 ʄɻʮ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʦʤ ʧʦʣʝ 
0 || || [110]B k  . 

() 0E Ec c T cD = - , ()0 0Ec c T= , 
0 30 KT = . ʂʨʠʚʘʷ 1 ʧʦʣʫʯʝʥʘ ʧʨʠ 

0 0B =  , 2 - 

0 0.15 ʊʣB = , 3 - 
0 1.5 ʊʣB = , 4 - 

0 7 ʊʣB =  ʠ 5 - 
0 12 ʊʣB = . 
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ʈʠʩʫʥʦʢ 5.3. ʅʠʞʥʠʝ ʣʠʩʪʳ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʗʊ ʢʦʤʧʣʝʢʩʘ CrSe4 ʚ 

ʢʫʙʠʯʝʩʢʦʡ ʬʘʟʝ ʢʨʠʩʪʘʣʣʘ ZnSe ʚ ʨʘʤʢʘʭ T eÃ  ʟʘʜʘʯʠ ʕʗʊ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ 

ʩʦʙʦʡ ʪʨʠ ʧʘʨʘʙʦʣʦʠʜʘ. ʉʝʪʯʘʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʧʦʢʘʟʘʥʳ ʩʤʝʝɦʥʠʷ ʣʠʩʪʦʚ ɸʇ 

ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʜʝʬʦʨʤʘʮʠʡ ( )1 2 / 2Ee e e= -  , ʢʦʪʦʨʳʝ ʩʦʟʜʘʝʪ ʫʣʴʪʨʘʟʚʫʢʦʚʘ ̫

ʚʦʣʥʘ, ʩʚʷʟʘʥʥʘ ̫ʩ ʤʦʜʫʣʝʤ 
Ec  .  

 

ɺ ʨʘʙʦʪʝ [ɸ7] ʚʧʝʨʚʳʝ ʙʳʣʘ ʩʜʝʣʘʥʘ ʧʦʧʳʪʢʘ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʜʠʥʘʤʠʢʫ ʗʊ 

ʧʦʜʩʠʩʪʝʤr  ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ, ʚ ʢʦʪʦʨʦʡ ʩʢʦʨʦʩʪʴ ʨʝʣʘʢʩʘʮʠʠ 

( )1 ,T Bt-   ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʨʝʜʩʪʘʚʣʷʣʘʩʴ ʚ ʚʠʜʝ ʩʫʤʤʳ ʜʚʫʭ ʚʢʣʘʜʦʚ: 

ʪʝʨʤʠʯʝʩʢʦʛʦ ()1

T Tt-  ʠ ʤʘʛʥʠʪʦʧʦʣʝʚʦʛʦ ()1

B Bt-  

( ) () ()1 1 1, T BT B T Bt t t- - -= +  ,                                                   (5.1) 

ʘ ʨʝʣʘʢʩʠʨʦʚʘʥʥʳʡ ʤʦʜʫʣʴ ʧʨʝʜʩʪʘʚʣʷʣʩʷ ʚ ʚʠʜʝ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ, ʫʤʥʦʞʝʥʥʦʛʦ 

ʥʘ ʢʦʵʬʬʠʮʠʝʥʪ g, ʟʘʚʠʩʷʱʠʡ ʦʪ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ.  ɿʘʚʠʩʠʤʦʩʪʴ ()T Tt  

ʦʧʨʝʜʝʣʷʣʘʩʴ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ () 0Im /JT
Ec T c  ʧʨʠ 0B=  ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʦʨʤʫʣʳ (4.3). ɺ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʫʩʣʦʚʠʝ ( ) 1,T Bwt  

ʚʳʧʦʣʥʷʝʪʩʷ ʠ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʧʨʠ 5 KT¢  ʤʦʞʥʦ ʧʦʢʘʟʘʪʴ, ʯʪʦ 

( )
( )

()
1

1

1 1

Im , , 1

2 Im , ,
B T

c T B T
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ɺ ʵʪʦʤ ʚʳʨʘʞʝʥʠʠ, ʩʪʨʦʛʦ ʛʦʚʦʨʷ, 

( ) ( ) ( )Im , , Im , , Im , ,0JT JT
E Ec T B c T B c Tw w wD = D - D  ,                    (5.3) 

ʥʦ ʧʦʩʢʦʣʴʢʫ ʟʘʚʠʩʠʤʦʩʪʴ ʬʦʥʦʚʦʛʦ ʤʦʜʫʣʷ ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʨʷʜ ʣʠ ʩʪʦʠʪ 

ʦʞʠʜʘʪʴ, ʪʦ ʧʦ ʩʫʪʠ ʵʪʦ ʨʘʟʥʦʩʪʴ ʠʟʤʝʨʷʝʤʳʭ ʟʥʘʯʝʥʠʡ ʤʥʠʤʦʡ ʯʘʩʪʠ 

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ 
EcD , ʘ ʥʝ ʗʊ ʚʢʣʘʜʘ JT

EcD , ʢʦʪʦʨʳʡ ʪʦʯʥʦ ʦʧʨʝʜʝʣʠʪʴ 

ʩʣʦʞʥʝʝ. ʄʘʛʥʠʪʦʧʦʣʝʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 1

Bt
-  ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 5.4. ʀʩʭʦʜʷ ʠʟ ʫʨ 

(5.1),  1

Bt
-  ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʦʵʪʦʤʫ ʢʨʠʚʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʨʘʟʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ (5.3), ʜʦʣʞʥʳ ʩʦʚʧʘʜʘʪʴ. ʕʪʦ ʭʦʨʦʰʝʝ 

ʩʦʚʧʘʜʝʥʠʝ (ʩ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʚʩʝʛʜʘ ʩʦʜʝʨʞʘʪ 

ʥʝʢʦʪʦʨʳʝ ʧʦʛʨʝʰʥʦʩʪʠ) ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 5.4.  
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ʈʠʩʫʥʦʢ 5.4. ɿʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ || 110é ùê úB  ʚ ʢʨʠʩʪʘʣʣʝ ZnSe:Cr2+, ʨʘʩʩʯʠʪʘʥʥʘʷ ʩ ʧʦʤʦʱʴʶ  ʫʨʘʚʥʝʥʠʷ (5.2), ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ 1.3 KT=    (ʢʨʠʚʘʷ 1), 2 KT=  (2) ʠ 

2.5 KT=  (3). ʂʚʘʜʨʘʪʥʳʝ ʩʠʤʚʦʣʳ ʷʚʣʷʶʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ( ) 0Im , /Ec T B cD ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʟʥʘʯʝʥʠʷʭ B .  

 

ʂʚʘʜʨʘʪʥʳʝ ʩʠʤʚʦʣʳ ʥʘ ʨʠʩʫʥʢʝ 5.4 ʷʚʣʷʶʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʧʦʜʛʦʥʢʠ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ( ) 0Im , /Ec T B cD  ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʟʥʘʯʝʥʠʠ B . 

ʆʜʥʘ ʠʟ ʧʦʜʛʦʥʦʯʥʳʭ ʢʨʠʚʳʭ ʧʦʣʫʯʝʥʥʘʷ ʧʨʠ 0.15 ʊʣB=  , ʧʨʠʚʝʜʝʥʘ ʚ ʚʠʜʝ 

ʧʫʥʢʪʠʨʥʦʡ ʢʨʠʚʦʡ ʥʘ ʨʠʩʫʥʢʝ 5.2.  ɺʠʜʥʦ, ʯʪʦ ʜʦʩʪʠʛʥʫʪʦ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʩ 
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ʵʢʩʧʝʨʠʤʝʥʪʦʤ. ɺ ʧʨʦʮʝʩʩʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʦ ʧʨʠʥʷʪʦ ʫʩʨʝʜʥʝʥʥʦʝ ʟʥʘʯʝʥʠʝ 

1.2g=  , ʯʪʦ, ʙʝʟʫʩʣʦʚʥʦ ʥʝ ʚʧʦʣʥʝ ʢʦʨʨʝʢʪʥʦ, ʥʦ ʜʣʷ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʨʘʩʩʤʦʪʨʝʥʠʷ 

ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʜʦʧʫʩʪʠʤʳʤ. ʂʘʢ ʙʫʜʝʪ ʚʠʜʥʦ ʠʟ ʧʦʩʣʝʜʫʶʱʝʛʦ ʠʟʣʦʞʝʥʠʷ, ʵʪʦʪ 

ʢʦʵʬʬʠʮʠʝʥʪ ʤʝʥʷʝʪʩʷ ʦʪ 1 ʜʦ 1.5 ʚ ʠʥʪʝʨʚʘʣʝ 0 4 ʊʣB= - . 

ɹʦʣʝʝ ʧʦʟʜʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʘʚʠʣʴʥʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʣʠʥʝʡʥʦʡ ( )2T e tÃ +  ʟʘʜʘʯʠ ʕʗʊ. ʊʘʢʦʡ ʧʦʜʭʦʜ 

ʧʦʟʚʦʣʷʝʪ ʦʩʪʘʚʘʪʴʩʷ ʚ ʨʘʤʢʘʭ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʙʝʟ ʧʨʠʚʣʝʯʝʥʠʷ 

ʨʝʟʦʥʘʥʩʥʳʭ ʷʚʣʝʥʠʡ, ʢʦʪʦʨʳʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʯʘʩʪʦʪʘʭ ʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʤʘʣʦʵʬʬʝʢʪʠʚʥʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʫʥʥʝʣʴʥʳʤʠ ʧʝʨʝʭʦʜʘʤʠ.  

 

5.2. ɺʢʣʘʜ ʗʊ ʧʦʜʩʠʩʪʝʤʳ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʠʝ-ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʝ ʤʦʜʫʣʠ 

ʫʧʨʫʛʦʩʪʠ  

 

ɺ ʵʪʦʡ ʛʣʘʚʝ ʤʳ, ʧʦ-ʧʨʝʞʥʝʤʫ, ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʤʦʣʝʢʫʣʷʨʥʫʶ ʤʦʜʝʣʴ ʜʣʷ 

ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʚʳʧʦʣʥʝʥʥʳʭ ʤʘʛʥʠʪʦʘʢʫʩʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʥʦ ʚ ʧʣʦʪʥʦʩʪʠ 

ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ, ʟʘʜʘʥʥʦʡ ʫʨʘʚʥʝʥʠʝʤ (1.10), ʢʨʦʤʝ ʧʝʨʚʦʛʦ, ʫʯʪʝʤ ʩʣʘʛʘʝʤʦʝ 

dH B . ʕʪʦʪ ʫʯʝʪ ʧʨʦʷʚʠʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʫʧʨʫʛʠʡ ʤʦʜʫʣʴ, ʚʭʦʜʷʱʠʡ ʚ ʚʳʨʘʞʝʥʠʝ ʜʣʷ 

ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ (1.11), ʢʦʪʦʨʳʡ ʧʨʠ ʫʯʝʪʝ ʚ ʫʨʘʚʥʝʥʠʠ (1.10) ʣʠʰʴ ʧʝʨʚʦʛʦ 

ʩʣʘʛʘʝʤʦʛʦ ʙʳʣ ʠʟʦʪʝʨʤʠʯʝʩʢʠʡ, ʜʦʣʞʝʥ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥ ʢʘʢ ʤʦʜʫʣʴ, 

ʦʧʨʝʜʝʣʝʥʥʳʡ ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ T
c   ʠ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ, ʪʦ ʝʩʪʴ 

ʠʟʦʪʝʨʤʠʯʝʩʢʠʤ-ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʤ ,T B
c , ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʗʊ ʚʢʣʘʜʘ ʚ ʤʦʜʫʣʠ 

ʫʧʨʫʛʦʩʪʠ ʢʨʠʩʪʘʣʣʘ ʪʠʧʘ (4.1) ʟʘʧʠʰʝʪʩʷ ʚ ʚʠʜʝ  

( )
( )

,

2

0 0

1

1

T B
JTJT cc i

c c

bb wt

wt

-
=

+
.                                                     (5.4) 

ʇʣʦʪʥʦʩʪʴ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʠ ʩʪʘʪʩʫʤʤʘ, ʧʦ-ʧʨʝʞʥʝʤʫ, ʙʫʜʫʪ 

ʦʧʨʝʜʝʣʷʪʴʩʷ ʫʨʘʚʥʝʥʠʷʤʠ (1.13) ʠ (1.14), ʘ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʵʥʝʨʛʠʠ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʜʝʬʦʨʤʘʮʠʡ ʪʠʧʘ (3.9) ʙʫʜʫʪ ʩʦʜʝʨʞʘʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʩʣʘʛʘʝʤʳʝ 

()i B , ʩʚʷʟʘʥʥʳʝ ʩ ʵʥʝʨʛʠʝʡ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʠ ʪʠʧʦʤ 

ʜʝʬʦʨʤʘʮʠʡ ʢʘʞʜʦʛʦ ʢʦʥʢʨʝʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. ʇʦʩʢʦʣʴʢʫ ʗʊ ʢʦʤʧʣʝʢʩʳ Cr2+Se4 

ʠʤʝʶʪ ʛʣʦʙʘʣʴʥʳʝ ʤʠʥʠʤʫʤʳ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ (ʵʪʦ ʩʣʝʜʫʝʪ ʠʟ ʜʘʥʥʳʭ 
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ʕʇʈ [13] , ʦʧʪʠʯʝʩʢʠʭ [7]    ʠ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ [83], [ɸ2]), ʪʦ ʧʦʜ 

ʪʠʧʦʤ ʜʝʬʦʨʤʘʮʠʡ ʧʦʜʨʘʟʫʤʝʚʘʝʪʩʷ ʥʘʧʨʘʚʣʝʥʠʝ ʪʝʪʨʘʛʦʥʘʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʚ 

ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ. ɺ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, ʩʚʷʟʘʥʥʦʡ ʩ ʨʝʙʨʘʤʠ ʢʫʙʘ (ʩ 

ʛʣʘʚʥʳʤʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤʠ ʦʩʷʤʠ ʢʨʠʩʪʘʣʣʘ), ʚ ʢʦʪʦʨʳʡ ʚʧʠʩʘʥ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʡ ʗʊ ʢʦʤʧʣʝʢʩ, 

()1 1 1EE F aŮD = +B ,                                                                (5.5) 

()2 2 2EE F aŮD = +B ,                                                               (5.6) 

()3 3 3EE F aŮD = +B ,                                                               (5.7) 

ʛʜʝ 1..3i= ,  a  - ʜʣʠʥʘ ʨʝʙʨʘ ʢʫʙʘ, ʚ ʢʦʪʦʨʳʡ ʚʧʠʩʘʥ ʪʝʪʨʘʵʜʨ, 
EF  - ʪʝʪʨʘʛʦʥʘʣʴʥʘʷ 

ʣʠʥʝʡʥʘʷ ʢʦʥʩʪʘʥʪʘ ʚʠʙʨʦʥʥʦʡ ʩʚʷʟʠ. ʗʚʥʳʡ ʚʠʜ ()i B  ʧʦʣʫʯʝʥ ʩ ʧʦʤʦʱʴʶ 

ʛʘʤʠʣʴʪʦʥʠʘʥʘ 

cf JT so B= + + + ,                                                   (5.8) 

ʛʜʝ ʧʝʨʚʦʝ ʩʣʘʛʘʝʤʦʝ ʦʧʠʩʳʚʘʝʪ ʢʦʤʧʣʝʢʩ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʤ (ʢʫʙʠʯʝʩʢʦʤ) ʧʦʣʝ, 

ʚʪʦʨʦʝ ï ʫʯʠʪʳʚʘʝʪ ʚʣʠʷʥʠʝ ʩʪʘʪʠʯʝʩʢʠʭ ʗʊ ʜʝʬʦʨʤʘʮʠʡ, ʪʨʝʪʴʝ ï ʩʧʠʥ-

ʦʨʙʠʪʘʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʠ ʯʝʪʚʝʨʪʦʝ ï ʟʝʝʤʘʥʦʚʩʢʫʶ ʵʥʝʨʛʠʶ. ʕʪʦʪ 

ʛʘʤʠʣʴʪʦʥʠʘʥ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ 

ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ [7] ʠ ʧʦʟʜʥʝʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʨʘʙʦʪʘʭ ʧʦ ʕʇʈ [13], [47], 

ʠʩʩʣʝʜʦʚʘʥʠʡ  ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʠ ʪʝʧʣʦʝʤʢʦʩʪʠ [45]. ɺ ʵʪʠʭ ʞʝ ʨʘʙʦʪʘʭ 

ʧʨʠʚʝʜʝʥʳ ʛʨʘʬʠʢʠ ()i B , ʠʟ ʢʦʪʦʨʳʭ ʤʳ ʚʦʟʴʤʝʤ ʣʠʰʴ ʥʠʞʥʠʝ ʫʨʦʚʥʠ, 

ʠʟʦʙʨʘʞʝʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 5.5.  
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ʈʠʩʫʥʦʢ 5.5 ï ʀʟʤʝʥʝʥʠʝ ʦʪ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠʦʥʘ Cr2+ ʚ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ ʩ ʫʯʝʪʦʤ ʩʪʘʪʠʯʝʩʢʠʭ ʗʊ ʜʝʬʦʨʤʘʮʠʡ ʚʜʦʣʴ 

ʥʘʧʨʘʚʣʝʥʠʷ [001]. ɺʝʢʪʦʨ B||[110] (ʢʨʠʚʘʷ 1), [001] - (2) ʠ [011] - (3). 

 

5.2.1. ʂʦʤʧʣʝʢʩ Cr2+Se4 ʚ ʤʘʪʨʠʮʝ ZnSe  

 

ɺ ʢʫʙʠʯʝʩʢʦʤ ʢʨʠʩʪʘʣʣʝ ʠʤʝʶʪʩʷ ʪʨʠ ʥʝʟʘʚʠʩʠʤʳʭ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ 

ʫʧʨʫʛʠʭ ʤʦʜʫʣʝʡ: 
11c , 

12c  ʠ 
44c . ɼʣʷ ʗʊ ʢʦʤʧʣʝʢʩʘ ʩ ʪʝʪʨʘʛʦʥʘʣʴʥʳʤʠ ʛʣʦʙʘʣʴʥʳʤʠ 

ʤʠʥʠʤʫʤʘʤʠ 
44

0JTc =  ʠ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ 
44c  

ʢʨʠʩʪʘʣʣʘ ʦʙʥʘʨʫʞʝʥʦ ʥʝ ʙʳʣʦ. ʆʩʪʘʣʴʥʳʝ ʞʝ ʤʦʜʫʣʠ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʫʯʝʪʦʤ 

ʫʨʘʚʥʝʥʠʡ (5.5) - (5.7), ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ 

( )
( ) ( )

( )

3

2 2 1
,

2
11 2

3

1

exp / exp /

exp /

B i B
T B

JT E i

B

i B

i

k T k T
nF a

c
k T

k T

=

=

- -

=-
è ø

-é ù
ê ú

ä

ä

 ,                                    (5.9) 
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 .                                    (5.10) 

ʀʟ ʫʨʘʚʥʝʥʠʡ (5.9) ʠ (5.10) ʬʦʨʤʠʨʫʝʪʩʷ ʪʝʪʨʘʛʦʥʘʣʴʥʳʡ ʤʦʜʫʣʴ 
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ɿʘʚʠʩʠʤʦʩʪʴ ʦʪ ()i B  ʚʳʜʝʣʠʤ ʚ ʚʠʜʝ ʦʪʜʝʣʴʥʦʛʦ ʤʥʦʞʠʪʝʣʷ ʜʣʷ ʫʜʦʙʩʪʚʘ 

ʘʥʘʣʠʟʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ: 

( )
2 2

,

2

T B
JT E
E

B

nF a
c

k T
c=-  .                                                  (5.12) 

ɺ ʥʫʣʝʚʦʤ ʧʦʣʝ () 0i =B , 1/ 3c= .  ɹʫʜʝʤ ʩʯʠʪʘʪʴ ʚʩʝ () 0i ¢B . ɽʩʣʠ 

() () ()3 2 1,B B B , ʪʦ 0c= . ɽʩʣʠ () () ()3 2 1,B B B , ʪʦ 1/ 2c= . ʕʪʠ 

ʩʦʦʪʥʦʰʝʥʠʷ ʠʤʝʶʪ ʚʧʦʣʥʝ ʝʩʪʝʩʪʚʝʥʥʳʡ ʬʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ: ʚ ʩʠʥʛʣʝʪʥʦʤ 

ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ ʨʝʣʘʢʩʘʮʠʠ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʠ ʠʟʦʪʝʨʤʠʯʝʩʢʠʡ-

ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʡ ʤʦʜʫʣʴ ʨʘʚʝʥ ʥʫʣʶ, ʘ ʚ ʜʚʫʢʨʘʪʥʦ ʚʳʨʦʞʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʝʭʢʨʘʪʥʦ ʚʳʨʦʞʜʝʥʥʳʤ (ʚ ʥʫʣʝʚʦʤ ʧʦʣʝ) ʦʥ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ 3/2 

ʨʘʟʘ.  

 

5.2.2. ʂʦʤʧʣʝʢʩ Cr2+Se4 ʚ ʤʘʪʨʠʮʝ CdSe  

 

ʉʣʦʞʥʦʩʪʴ ʨʘʩʩʤʦʪʨʝʥʠʷ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʚ ʛʝʢʩʘʛʦʥʘʣʴʥʦʤ 

ʢʨʠʩʪʘʣʣʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʫʙʠʯʝʩʢʠʤ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʦʩʠ ʢʫʙʘ, ʚ ʢʦʪʦʨʳʡ 

ʚʧʠʩʘʥ ʪʝʪʨʘʵʜʨ ʠ ʚʜʦʣʴ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʷʪ ʜʝʬʦʨʤʘʮʠʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ ʪʠʧʘ (ʪʦ 

ʝʩʪʴ ʚʜʦʣʴ ʨʝʙʝʨ ʢʫʙʘ), ʥʝ ʩʦʚʧʘʜʘʶʪ ʩ ʩʠʩʪʝʤʦʡ ʢʦʦʨʜʠʥʘʪ, ʩʚʷʟʘʥʥʦʡ ʩ ʛʣʘʚʥʳʤʠ 

ʦʩʷʤʠ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʢʨʠʩʪʘʣʣʘ. ɸ ʠʤʝʥʥʦ ʚ ʵʪʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ. ʕʪʘ ʦʩʦʙʝʥʥʦʩʪʴ ʦʪʨʘʞʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʠʟʤʝʥʝʥʠʷ 

ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʗʊ ʢʦʤʧʣʝʢʩʘ ʟʘʚʠʩʠʪ ʦʪ ʙʦʣʴʰʝʛʦ ʯʠʩʣʘ ʥʝʟʘʚʠʩʠʤʳʭ 

ʜʝʬʦʨʤʘʮʠʡ (ʩʤ. ʩʠʩʪʝʤʫ (3.27)). ʀ ʠʤʝʥʥʦ ʵʪʫ ʩʠʩʪʝʤʫ ʥʘʜʦ ʧʨʝʦʙʨʘʟʦʚʘʪʴ ʪʘʢ, 

ʯʪʦʙʳ ʫʯʠʪʳʚʘʣʘʩʴ ʵʥʝʨʛʠʷ, ʟʘʚʠʩʷʱʘʷ ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʳ 

ʧʦʣʫʯʠʤ 

               ()1 1 3 5 1
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   ()3 1 2 3 4 5 6 3
2 66 2 3 2 2 3 2 6

hh h h h h h
E

a a a a a a
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å õ
D =- + + + + + +æ ö

ç ÷
B .        (5.15) 

ɺ ʵʪʠʭ ʫʨʘʚʥʝʥʠʷʭ 
ha  - ʧʘʨʘʤʝʪʨ ʨʝʰʝʪʢʠ (ʦʥ ʞʝ - ʨʝʙʨʦ ʪʝʪʨʘʵʜʨʘ, ʦʥ ʞʝ 

ʜʠʘʛʦʥʘʣʴ ʛʨʘʥʠ ʢʫʙʘ, ʚ ʢʦʪʦʨʳʡ ʚʧʠʩʘʥ ʪʝʪʨʘʵʜʨ).  ʅʘʤʠ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ 

ʠʟʤʝʨʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ, ʩʚʷʟʘʥʥʳʭ ʩ ʤʦʜʫʣʷʤʠ 
55c  ʠ 

66c , 

ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʘʥʘʣʦʛʘʤʠ 
44c ʠ ( )11 12 / 2c c- . ɺʳʨʘʞʝʥʠʷ ʜʣʷ ʵʪʠʭ 

ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ-ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʭ ʤʦʜʫʣʝʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʗʊ ʧʦʜʩʠʩʪʝʤʦʡ, 

ʠʤʝʶʪ ʚʠʜ 
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5.3. ʄʘʛʥʠʪʦʧʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʤʧʣʝʢʩʥʳʭ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ ʚ 

ʢʨʠʩʪʘʣʣʝ ZnSe:Cr2+ 

 

ʀʟʤʝʨʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ ʠ ʬʘʟʦʚʦʡ ʩʢʦʨʦʩʪʠ ʢʘʢ ʬʫʥʢʮʠʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʧʝʨʝʩʯʠʪʘʥʥʳʝ ʟʘʪʝʤ ʧʦ ʬʦʨʤʫʣʝ (1.20) ʚ 

ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʥʠʤʦʡ ʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʠʭ 

ʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ, ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʜʣʷ ʤʦʜʳ 
Eʩ (ʥʘʧʨʘʚʣʝʥʠʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ  [ ]|| 110k  , ʧʦʣʷʨʠʟʘʮʠʷ || 110è øê úu ). ʄʦʜʘ 
44ʩʢʘʢ ʪʝʤʧʝʨʘʪʫʨʥʦʡ, 

ʪʘʢ ʠ ʤʘʛʥʠʪʦʧʦʣʝʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʥʝ ʧʨʦʷʚʣʷʣʘ, ʯʪʦ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʘʙʣʠʮʝʡ 3.8 

ʦʟʥʘʯʘʝʪ, ʯʪʦ ʛʣʦʙʘʣʴʥʳʝ ʤʠʥʠʤʫʤʳ ɸʇ ʠʤʝʶʪ ʪʝʪʨʘʛʦʥʘʣʴʥʫʶ ʩʠʤʤʝʪʨʠʶ ʠ 
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ʜʝʬʦʨʤʘʮʠʠ ʗʊ ʢʦʤʧʣʝʢʩʦʚ ʧʨʦʠʩʭʦʜʷʪ ʚʜʦʣʴ ʦʩʝʡ ʯʝʪʚʝʨʪʦʛʦ ʧʦʨʷʜʢʘ ʢʫʙʘ, ʚ 

ʢʦʪʦʨʳʡ ʚʧʠʩʘʥ ʪʝʪʨʘʵʜʨ (ʩʤ. ʨʠʩʫʥʦʢ 5.6). 

 

ʈʠʩʫʥʦʢ 5.6 ï ʊʝʪʨʘʵʜʨʠʯʝʩʢʠʡ ʢʦʤʧʣʝʢʩ CrSe4 ʚ ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ 

(ʢʨʘʩʥʳʝ ʩʪʨʝʣʢʠ), ʩʚʷʟʘʥʥʦʡ ʩ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ ʢʫʙʠʯʝʩʢʦʡ ʬʘʟʳ ZnSe. 

ɼʚʦʡʥʳʤʠ ʞʝʣʪʳʤʠ ʩʪʨʝʣʢʘʤʠ ʧʦʢʘʟʘʥʳ ʚʦʟʤʦʞʥʳʝ ʪʝʪʨʘʛʦʥʘʣʴʥʳʝ ʠʩʢʘʞʝʥʠʷ 

ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʕʗʊ. ʉʠʥʠʝ ʩʪʨʝʣʢʠ ʧʦʢʘʟʳʚʘʶʪ ʥʘʧʨʘʚʣʝʥʠʷ ʚʝʢʪʦʨʘ ʤʘʛʥʠʪʥʦʡ 

ʠʥʜʫʢʮʠʠ. 

 

ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ ʙʳʣʦ ʦʨʠʝʥʪʠʨʦʚʘʥʦ ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʚʜʦʣʴ ʦʩʠ ʯʝʪʚʝʨʪʦʛʦ 

ʧʦʨʷʜʢʘ  [ ]1 || 001B , ʚʦ ʚʪʦʨʦʤ ï ʚʜʦʣʴ ʦʩʠ ʚʪʦʨʦʛʦ ʨʷʜʢʘ [ ]2 || 110B ʠʣʠ 3 || 110B è øê ú.  

ʇʦʩʣʝʜʥʠʝ ʜʚʝ ʦʨʠʝʥʪʘʮʠʠ Bʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʨʦʷʚʣʷʣʠʩʴ ʦʜʠʥʘʢʦʚʦ.  
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ʈʠʩʫʥʦʢ 5.7 ï ʄʘʛʥʠʪʦʧʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʥʠʤʦʡ ʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʤʦʜʫʣʷ  ʫʧʨʫʛʦʩʪʠ   
Ec   ʚ ʢʨʠʩʪʘʣʣʝ ZnSe:Cr2+, ʠʟʤʝʨʝʥʥʳʝ ʥʘ 

ʯʘʩʪʦʪʝ 29.2 ʄɻʮ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1.4 KT= . ʂʨʠʚʳʝ 1 ʠ 3 ʩʦʦʪʚʝʪʩʪʚʫʶʪ  

[ ]2 || 110B ,  ʘ ʢʨʠʚʳʝ 2 ʠ 4 -  [ ]1 || 001B . () 0E Ec c B cD = -, 
0 10 TʣB =  ʧʨʠ [ ]3 || 001B .     

 

ʄʦʜʘ 
Eʩ ʩʦʟʜʘʝʪ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʜʝʬʦʨʤʘʮʠʠ  

( )1 2

2

2
Ee e e= - .                                                        (5.18) 

ɿʘ ʩʯʝʪ ʨʘʟʥʳʭ ʟʥʘʢʦʚ ʚ ʫʨʘʚʥʝʥʠʠ (5.15), ʜʝʬʦʨʤʘʮʠʠ 
1e(ʚʜʦʣʴ ʨʝʙʨʘ 1 - 2) ʠ 

2e(ʚʜʦʣʴ 1 - 4) ʩʜʚʠʛʘʶʪ ʫʨʦʚʥʠ 
1E  ʠ 

2E  (ʩʤ. ʫʨʘʚʥʝʥʠʷ (5.13) ʠ (5.14)) ʚ 
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ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʝ ʩʪʦʨʦʥʳ. ʇʨʠ ʵʪʦʤ ʫʨʦʚʝʥʴ 
3E  (ʫʨʘʚʥʝʥʠʝ (5.15)) ʦʩʪʘʝʪʩʷ 

ʥʝʠʟʤʝʥʥʳʤ, ʧʦʩʢʦʣʴʢʫ ʜʝʬʦʨʤʘʮʠʠ ʚʜʦʣʴ ʨʝʙʨʘ 1 - 5 
3 0e= . ʇʨʠ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

[ ]1 || 001B  ʫʨʦʚʥʠ 1 ʠ 2 ʦʜʠʥʘʢʦʚʦ ʩʤʝʱʘʶʪʩʷ ʚʥʠʟ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʢʨʠʚʦʡ 1 ʥʘ 

ʨʠʩʫʥʢʝ 5.5., ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʫʨʦʚʝʥʴ  3 ʩʤʝʱʘʝʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʢʨʠʚʦʡ 2. ʊʘʢʦʝ 

ʨʘʩʧʦʣʦʞʝʥʠʝ ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʠ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 5.8.a. ʋʚʝʣʠʯʝʥʠʝ ʤʘʛʥʠʪʥʦʡ 

ʠʥʜʫʢʮʠʠ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʨʘʟʥʦʩʪʠ ʵʥʝʨʛʠʡ ()3 B  ʠ () ()2 1=B B , ʠ ʢʦʛʜʘ 

ʵʪʘ ʨʘʟʥʦʩʪʴ ʧʨʝʚʳʩʠʪ ʪʝʧʣʦʚʦʝ ʫʰʠʨʝʥʠʝ ʫʨʦʚʥʝʡ, ʟʘʩʝʣʝʥʥʦʩʪʴ ʫʨʦʚʥʷ 3 

ʩʪʘʥʦʚʠʪʩʷ ʜʦʤʠʥʠʨʫʶʱʝʡ, ʢʦʤʧʣʝʢʩʳ ʧʝʨʝʭʦʜʷʪ ʚ ʩʠʥʛʣʝʪʥʦʝ ʩʦʩʪʦʷʥʠʝ, 

ʠʟʦʪʝʨʤʠʯʝʩʢʠʡ-ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʡ ʤʦʜʫʣʴ ( )
,

0
T B

JT

Eʩ ­  ʠ ʨʝʣʘʢʩʘʮʠʷ 

ʧʨʝʢʨʘʱʘʝʪʩʷ. ʕʪʦʪ ʩʣʫʯʘʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʨʠʚʳʤ 1 ʠ 3 ʥʘ ʨʠʩʫʥʢʝ 5.9.  

 

ʈʠʩʫʥʦʢ 5.8 ï  ʋʨʦʚʥʠ ʵʥʝʨʛʠʠ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʢʦʤʧʣʝʢʩʘ Cr2+Se4 ʚ ZnSe:Cr2+ 

(a ʠ b) ʠ ʚ  CdSe:Cr2+ (c) ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʠ ʚ ʧʦʣʝ ʜʝʬʦʨʤʘʮʠʡ, ʩʦʟʜʘʥʥʳʭ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʦʡ, ʩʚʷʟʘʥʥʦʡ ʩ ʤʦʜʫʣʷʤʠ 
Eʩ (a ʠ b) ʠ 

66ʩ  (ʩ). ʆʨʠʝʥʪʘʮʠʷ 

ʚʝʢʪʦʨʘ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ: [ ]|| 001B (a),  [ ]|| 110B  (b) ʠ || 2110è øê úB .   

ʇʨʷʤʳʤʠ ʩʪʨʝʣʢʘʤʠ ʧʦʢʘʟʘʥʳ ʧʝʨʝʭʦʜʳ ʢʦʤʧʣʝʢʩʘ ʚ ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚ 

ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʞʝʣʪʳʤʠ ï ʚ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʤ ʚʦʣʥʦʡ ʢʨʠʩʪʘʣʣʝ. ʉʧʣʦʰʥʳʤʠ ʠ 

ʰʪʨʠʭʦʚʘʥʥʳʤʠ ʣʠʥʷʤʠ ʧʦʢʘʟʘʥʳ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʜʝʬʦʨʤʘʮʠʡ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʟʥʘʢʦʚ. 

 

ɺʘʞʥʳʤ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦʤ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ 

ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ ʚ ʩʠʣʴʥʳʭ ʧʦʣʷʭ, ʠʟʤʝʥʝʥʠʷ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʠ ʤʥʠʤʦʡ 

ʩʦʩʪʘʚʣʷʶʱʠʭ 
Eʩ, ʚʟʷʪʳʝ ʩ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʤ ʟʥʘʢʦʤ, ʷʚʣʷʶʪʩʷ ʟʥʘʯʝʥʠʷʤʠ ʗʊ 

ʚʢʣʘʜʦʚ ʚ ʩʦʩʪʘʚʣʷʶʱʠʝ ʵʪʦʛʦ ʤʦʜʫʣʷ ʧʨʠ 0=B . ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʣʠ ʟʘ ʠʩʭʦʜʥʦʝ 
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ʩʦʩʪʦʷʥʠʝ ʩʠʩʪʝʤʳ ʧʨʠʥʷʪʴ ʟʥʘʯʝʥʠʷ ʚ ʩʠʣʴʥʳʭ ʧʦʣʷʭ ʧʨʠ  [ ]|| 001B , ʪʦ ʤʳ ʙʫʜʝʤ 

ʠʟʤʝʨʷʪʴ ʗʊ ʚʢʣʘʜ ʚ ʤʦʜʫʣʴ, ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʢʦʥʝʯʥʦ, ʯʪʦ ʥʦʤʠʥʘʣʴʥʦ ʬʦʥʦʚʳʡ 

ʤʦʜʫʣʴ ʥʝ ʠʤʝʝʪ ʤʘʛʥʠʪʦʧʦʣʝʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ. ʀʤʝʥʥʦ ʪʘʢ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʟʘʚʠʩʠʤʦʩʪʠ, ʧʨʠʚʝʜʝʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 5.3. ʟʘ ʥʫʣʝʚʦʡ ʫʨʦʚʝʥʴ ʧʨʠʥʷʪʳ ʟʥʘʯʝʥʠʷ 

() 0Re /Ec B cD  ʠ () 0Im /Ec B cD  ʜʣʷ ʩʣʫʯʘʷ [ ]1 || 001B  (ʢʨʠʚʳʝ 2 ʠ 4), ʘ ʢʨʠʚʳʝ 1 ʠ 3 

ʧʦʩʪʨʦʝʥʳ ʪʘʢ, ʯʪʦ  ʧʨʠ 0=B  ʦʥʠ ʩʦʚʧʘʜʘʶʪ ʧʦ ʟʥʘʯʝʥʠʷʤ ʩ 2 ʠ 4, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  
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ʈʠʩʫʥʦʢ 5.9 ï ɿʘʚʠʩʠʤʦʩʪʠ ʬʘʢʪʦʨʘ c, ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʫʨʘʚʥʝʥʠʝʤ (5.12), ʦʪ 

ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ ʤʦʜʫʣʷ 
Ec  ʚ ʢʨʠʩʪʘʣʣʝ ZnSe:Cr2+ ʧʨʠ 

ʦʨʠʝʥʪʘʮʠʷʭ  [ ]1 || 001B   (ʢʨʠʚʳʝ 1 ʠ 3) ʠ [ ]2 || 110B   (ʢʨʠʚʳʝ (2 ʠ 4). ʂʨʠʚʳʝ 1 ʠ 2 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʝʤʧʝʨʘʪʫʨʝ 1.4 ʂ, ʘ  ʢʨʠʚʳʝ 3 ʠ 4 -  ʊ = 4.2 ʂ. 

 

ʆʨʠʝʥʪʘʮʠʷ ʚʝʢʪʦʨʘ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ [ ]2 || 110B  ʧʨʠʚʦʜʠʪ ʢ ʠʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ()Eʩ B , ʢʦʪʦʨʘʷ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʩʠʣʴʥʳʭ ʧʦʣʷʭ. ɺ ʜʘʥʥʦʤ 

ʩʣʫʯʘʝ ʦʪʩʫʪʩʪʚʫʝʪ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ ʜʘʥʥʦʡ 

ʦʨʠʝʥʪʘʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʫʨʦʚʥʠ 1 ʠ 2 ʩʤʝʱʘʶʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʢʨʠʚʦʡ 3 ʥʘ 

ʨʠʩʫʥʢʝ 5.1, ʘ ʫʨʦʚʝʥʴ 3 ʠʟʤʝʥʷʝʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʢʨʠʚʦʡ 1, ʪʦ ʝʩʪʴ ʦʢʘʟʳʚʘʝʪʩʷ 

ʚʳʰʝ ʫʨʦʚʥʝʡ 1 ʠ 2 (ʩʤ. ʨʠʩʫʥʦʢ 5.4 b).  ʕʪʦ ʧʨʠʚʦʜʠʪ ʚ ʙʦʣʴʰʝʡ ʟʘʩʝʣʝʥʥʦʩʪʠ 

ʫʨʦʚʥʝʡ, ʢʦʪʦʨʳʝ ʫʯʘʩʪʚʫʶʪ ʚ ʨʝʣʘʢʩʘʮʠʠ, ʠ ʫʚʝʣʠʯʝʥʠʠ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʚʢʣʘʜʘ 
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ʚ ()Eʩ B  ʜʦ ʪʝʭ ʧʦʨ,  ʧʦʢʘ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʫʰʠʨʝʥʠʝ ʫʨʦʚʥʝʡ ʥʝ 

ʩʪʘʥʝʪ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʳʤ ʩ ʨʘʟʥʦʩʪʴʶ () ()3 1,2-B B , ʠ  ʚʩʝ ʢʦʤʧʣʝʢʩʳ 

ʦʢʘʞʫʪʩʷ ʥʘ ʫʨʦʚʥʷʭ 1 ʠ 2. ʊʘʢʦʝ ʦʧʠʩʘʥʠʝ ʧʨʦʮʝʩʩʘ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʢʨʠʚʳʤʠ 2 ʠ 4 

ʥʘ ʨʠʩʫʥʢʝ 5.9, ʧʨʝʜʩʪʘʚʣʷʶʱʠʤʠ ʤʘʛʥʠʪʦʧʦʣʝʚʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʬʘʢʪʦʨʘ c, 

ʢʦʪʦʨʳʡ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʨʘʚʥʝʥʠʝʤ (5.12) ʦʧʨʝʜʝʣʷʝʪ ʠʟʦʪʝʨʤʠʯʝʩʢʠʡ-

ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʡ ʤʦʜʫʣʴ ( )
,T B

JT

Eʩ , ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʢʨʠʚʳʤʠ 1 ʠ 3 , 

ʧʦʢʘʟʘʥʥʳʤʠ ʥʘ ʨʠʩʫʥʢʝ 5.7. 

 

5.4. ʄʘʛʥʠʪʦʧʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʤʧʣʝʢʩʥʳʭ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ ʚ 

ʢʨʠʩʪʘʣʣʝ CdSe:Cr2+ 

 

ʂʘʢ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʚ ʧʘʨʘʛʨʘʬʝ 5.2.2, ʚ ʵʪʦʤ ʢʨʠʩʪʘʣʣʝ ʠʟʤʝʨʝʥʠʷ 

ʚʳʧʦʣʥʷʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ, ʩʚʷʟʘʥʥʳʭ ʩ ʤʦʜʫʣʷʤʠ 
55c  ʠ 

66c ,  

ʷʚʣʷʶʱʠʤʠʩʷ ʘʥʘʣʦʛʘʤʠ 
44c  ʠ ( )11 12 / 2c c- . ɻʝʦʤʝʪʨʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʠʣʣʶʩʪʨʠʨʫʝʪʩʷ ʥʘ ʨʠʩʫʥʢʝ 5.10. 

ɺʦʣʥʳ, ʩʚʷʟʘʥʥʳʝ ʩ  ʤʦʜʫʣʷʤʠ 
55c  ʠ 

66c , ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʚʜʦʣʴ ʦʩʠ x  (

|| 1010è øê úk ) , ʥʦ ʧʦʣʷʨʠʟʦʚʘʥʳ ʚ ʦʜʥʦʤ ʩʣʫʯʘʝ ʚʜʦʣʴ ʦʩʠ z ( [ ]|| 0001u ), ʘ ʚʦ ʚʪʦʨʦʤ 

-  ʚʜʦʣʴ ʦʩʠ y  ( || 1210è øê úu ). ʇʦʣʫʯʝʥʥʳʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʵʪʠʭ ʢʦʤʧʦʥʝʥʪ 

ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ-ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʭ ʤʦʜʫʣʝʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʗʊ ʧʦʜʩʠʩʪʝʤʦʡ, 

ʟʘʜʘʶʪʩʷ ʫʨʘʚʥʝʥʠʷʤʠ (5.16) ʠ (5.17). ɺʝʢʪʦʨ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ, ʢʦʪʦʨʳʡ 

ʦʧʨʝʜʝʣʷʝʪ ʤʘʛʥʠʪʥʳʡ  ʚʢʣʘʜ ʚ ʵʥʝʨʛʠʠ ʫʨʦʚʥʝʡ ()h

i B  ʚ ʵʪʠʭ ʫʨʘʚʥʝʥʠʷ, ʙʳʣ 

ʦʨʠʝʥʪʠʨʦʚʘʥ ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ  

1 || || 1010è øê úB k , ʘ ʚʦ ʚʪʦʨʦʤ ï ʚʜʦʣʴ ʜʠʘʛʦʥʘʣʠ ʛʨʘʥʠ ʢʫʙʘ 2-3 2 || 2110è øê úB .  
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ʈʠʩʫʥʦʢ 5.10 ï ʊʝʪʨʘʵʜʨʠʯʝʩʢʠʡ ʢʦʤʧʣʝʢʩ CrSe4 ʚ ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ 

(ʢʨʘʩʥʳʝ ʩʪʨʝʣʢʠ), ʩʚʷʟʘʥʥʦʡ ʩ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʬʘʟʳ 

CdSe. ɼʚʦʡʥʳʤʠ ʞʝʣʪʳʤʠ ʩʪʨʝʣʢʘʤʠ ʧʦʢʘʟʘʥʳ ʚʦʟʤʦʞʥʳʝ ʪʝʪʨʘʛʦʥʘʣʴʥʳʝ 

ʠʩʢʘʞʝʥʠʷ ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʕʗʊ. ʉʠʥʠʝ ʩʪʨʝʣʢʠ ʧʦʢʘʟʳʚʘʶʪ ʥʘʧʨʘʚʣʝʥʠʷ ʚʝʢʪʦʨʘ 

ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ. 

 

ʀʟ ʫʨʘʚʥʝʥʠʡ (3.10)-(5.13) ʩʣʝʜʫʝʪ, ʯʪʦ ʜʝʬʦʨʤʘʮʠʠ ʪʠʧʘ 
5e ʦʜʠʥʘʢʦʚʦ 

ʚʣʠʷʶʪ ʥʘ ʫʨʦʚʥʠ 
2E   ʠ 

3E , ʥʦ ʠʟʤʝʥʷʶʪ ʚ ʠʥʦʡ ʤʝʨʝ ʠ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʤ ʦʙʨʘʟʦʤ 

ʫʨʦʚʝʥʴ 
1E. ʅʘʧʦʤʥʠʤ, ʯʪʦ 1ED  ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʨʝʙʨʘ 5-2, 

2ED   -  7-2, ʘ 

3ED  - 8-2. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʨʠ ʥʝʨʘʚʥʦʚʝʩʥʦʩʪʠ, ʠʥʠʮʠʠʨʦʚʘʥʥʦʡ ʜʝʬʦʨʤʘʮʠʷʤʠ 

5e,  ʨʝʣʘʢʩʘʮʠʷ ʧʨʦʠʩʭʦʜʠʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʝʨʝʭʦʜʦʚ ʤʝʞʜʫ ʫʨʦʚʥʝʤ 1 ʠ 

ʵʢʚʠʚʘʣʝʥʪʥʦ (ʠ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦ) ʩʤʝʱʝʥʥʳʤʠ 2 ʠ 3. ʀʟ ʘʥʘʣʠʟʘ ʟʘʚʠʩʠʤʦʩʪʝʡ, 

ʧʨʠʚʝʜʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʝ 5.1, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʥʘ ʥʝʢʦʪʦʨr ʡ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʫʨʦʚʝʥʴ ʪʝʤ ʙʦʣʴʰʝ, ʯʝʤ ʙʦʣʴʰʝ ʧʨʦʝʢʮʠʷ ʚʝʢʪʦʨʘ 

ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ B  ʥʘ ʥʘʧʨʘʚʣʝʥʠʝ, ʚʜʦʣʴ ʢʦʪʦʨʦʛʦ ʧʨʦʠʩʭʦʜʠʪ ʜʝʬʦʨʤʘʮʠʷ 

ʢʦʤʧʣʝʢʩʘ. ʀʩʭʦʜʷ ʠʟ ʵʪʦʛʦ, ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ ʥʘʠʙʦʣʴʰʘʷ ʧʨʦʝʢʮʠʷ ʧʨʠ 

1 || || 1010è øê úB k  ʩʚʷʟʘʥʘ ʩ ʨʝʙʨʦʤ 5-2, ʘ ʟʥʘʯʠʪ ʠ ʥʘʠʙʦʣʴʰʝʝ ʩʤʝʱʝʥʠʝ, 

ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ, ʧʨʦʠʟʦʡʜʝʪ ʩ 
1E.  ʕʪʘ ʩʠʪʫʘʮʠʷ ʘʥʘʣʦʛʠʯʥʦ ʪʦʡ, 

ʯʪʦ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ZnSe:Cr2+ ʧʨʠ [ ]1 || 001B  (ʢʨʠʚʳʝ 2 ʠ 4 ʥʘ ʨʠʩʫʥʢʝ 5.7): ʚ 
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ʩʠʣʴʥʳʭ ʧʦʣʷʭ ʨʝʣʘʢʩʘʮʠʦʥʥʳʡ ʚʢʣʘʜ ʩʪʘʥʦʚʠʪʩʷ ʨʘʚʥʳʤ ʥʫʣʶ ʚ ʩʠʣʫ ʪʦʛʦ, ʯʪʦ 

ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ʢʦʤʧʣʝʢʩʦʚ ʦʢʘʟʳʚʘʝʪʩʷ ʩʠʥʛʣʝʪʥʳʤ. ʊʘʢʫʶ ʘʩʠʤʧʪʦʪʠʯʝʩʢʫʶ 

ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʦʷʚʣʷʶʪ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʢʨʠʚʳʝ 1 ʠ 3, ʧʨʠʚʝʜʝʥʥʳʝ ʥʘ 

ʨʠʩʫʥʢʝ 5.11. 

ɼʝʬʦʨʤʘʮʠʠ 
6e(ʦʧʷʪʴ ʞʝ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʨʘʚʥʝʥʠʷʤʠ (3.10)-(5.13)) ʥʝ 

ʚʣʠʷʶʪ ʥʘ 
1E, ʥʦ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦ ʠ ʦʜʠʥʘʢʦʚʦ ʧʦ ʤʦʜʫʣʶ ʩʤʝʱʘʶʪ ʫʨʦʚʥʠ 2 ʠ 3. 

ɺ ʩʠʣʫ ʵʪʦʛʦ, ʚ ʥʫʣʝʚʦʤ ʧʦʣʝ ʠʤʝʥʥʦ ʧʝʨʝʭʦʜʳ ʤʝʞʜʫ ʫʨʦʚʥʷʤʠ 2 ʠ 3 ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʥʝʥʫʣʝʚʦʡ ʠʟʦʪʝʨʤʠʯʝʩʢʠʡ ʤʦʜʫʣʴ ( )66

T
JTʩ .  ʇʨʦʝʢʮʠʠ 2 || 2110è øê úB  ʥʘ ʨʝʙʨʘ 5-2 ʠ 7-

2 ʠʤʝʶʪ ʦʜʠʥʘʢʦʚʳʝ ʟʥʘʯʝʥʠʷ, ʘ ʧʨʦʝʢʮʠʷ ʥʘ ʨʝʙʨʦ 8-2 ʨʘʚʥʘ ʥʫʣʶ. ʀʟ ʯʝʛʦ 

ʩʣʝʜʫʝʪ, ʯʪʦ ʫʨʦʚʥʠ 1 ʠ 3 ʩʤʝʩʪʷʪʩʷ ʚʥʠʟ ʦʜʠʥʘʢʦʚʦ ʠ ʙʦʣʴʰʝ, ʯʝʤ ʫʨʦʚʝʥʴ 3 (ʩʤ. 

ʨʠʩʫʥʦʢ 5.8ʩ). ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ, ʚ ʩʠʣʴʥʳʭ ʧʦʣʷʭ ʗʊ ʧʦʜʩʠʩʪʝʤʘ ʟʘʩʝʣʷʝʪ ʪʦʣʴʢʦ 

ʫʨʦʚʥʠ 1 ʠ 2, ʦʜʠʥ ʠʟ ʢʦʪʦʨʳʭ ʩʤʝʱʘʝʪʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʜʝʬʦʨʤʘʮʠʡ 
6e, ʧʨʠʚʦʜʷ 

ʢ ʥʝʨʘʚʥʦʚʝʩʥʦʩʪʠ,  ʘ ʧʝʨʝʭʦʜʳ ʤʝʞʜʫ ʫʨʦʚʥʷʤʠ 1 ʠ 2  ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʨʝʣʘʢʩʘʮʠʦʥʥʳʡ ʚʢʣʘʜ ʚ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ 
66c .  ɺ ʦʧʨʝʜʝʣʝʥʥʦʤ ʩʤʳʩʣʝ ʩʠʪʫʘʮʠʷ 

ʥʘʧʦʤʠʥʘʝʪ ʩʣʫʯʘʡ  [ ]2 || 110B  ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ZnSe:Cr2+, ʢʦʛʜʘ ʚ ʗʊ ʧʦʜʩʠʩʪʝʤʝ 

ʚ ʩʠʣʴʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʟʘʩʝʣʝʥʳ ʣʠʰʴ ʜʚʘ ʵʢʚʠʚʘʣʝʥʪʥʳʭ (ʧʨʠ ʥʫʣʝʚʳʭ 

ʚʥʝʰʥʠʭ ʜʝʬʦʨʤʘʮʠʷʭ) ʫʨʦʚʥʷ, ʥʦ ʚʥʝʰʥʠʝ ʜʝʬʦʨʤʘʮʠʠ ʚʥʦʩʷʪ ʥʝʨʘʚʥʦʚʝʩʥʦʩʪʴ, 

ʩʤʝʱʘʷ ʠʭ ʧʦ-ʨʘʟʥʦʤʫ. ʍʘʨʘʢʪʝʨ ʤʘʛʥʠʪʦʧʦʣʝʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʤʥʠʤʦʡ  ʠ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʠʭ  
66c  (ʢʨʠʚʳʝ 2 ʠ 4 ʥʘ ʨʠʩʫʥʢʝ 5.11) ʪʘʢʞʝ ʩʭʦʞ ʩ 

ʢʨʠʚʳʤʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʵʪʦʡ ʩʠʪʫʘʮʠʠ ʚ ZnSe:Cr2+ (ʢʨʠʚʳʝ 1 ʠ 3 ʥʘ ʨʠʩʫʥʢʝ 

5.7): ʚʳʭʦʜ ʥʘ ʢʦʥʩʪʘʥʪʫ ʚ ʦʙʣʘʩʪʠ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʧʦʣʝʡ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. 
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ʈʠʩʫʥʦʢ 5.11 ï ʄʘʛʥʠʪʦʧʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʥʠʤʦʡ ʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʤʦʜʫʣʷ  ʫʧʨʫʛʦʩʪʠ  
55c  ʠ  

66c    ʚ ʢʨʠʩʪʘʣʣʝ CdSe:Cr2+, ʠʟʤʝʨʝʥʥʳʝ 

ʥʘ ʯʘʩʪʦʪʝ 26.5 ʠ 31.5 ʄɻʮ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1.4 KT=  . ʂʨʠʚʳʝ 1 

ʠ 3 ʩʦʦʪʚʝʪʩʪʚʫʶʪ  
55c  ʠ 1 || 1010è øê úB , ʘ ʢʨʠʚʳʝ 2 ʠ 4 -  

66c ʠ 2 || 2110è øê úB  .

() 0c c B cD = - , ()0 0c c=   . 

 

5.5. ʂʨʘʪʢʠʝ ʚʳʚʦʜʳ ʢ ʛʣʘʚʝ 

 

1. ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʧʝʨʚʳʝ ʦʙʥʘʨʫʞʝʥʥʦʡ 

ʤʘʛʥʠʪʦʫʧʨʫʛʦʩʪʠ ʧʦʜʩʠʩʪʝʤʳ ʗʊ ʢʦʤʧʣʝʢʩʦʚ CrSe4 ʚ ʤʘʪʨʠʮʘʭ ZnSe ʠ CdSe.  
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2. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ 

( )11 12 / 2c c-  ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʧʦʣʷʭ ʠ ʦʪ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠʤʝʶʪ ʨʝʣʘʢʩʘʮʠʦʥʥʫʶ 

ʧʨʠʨʦʜʫ ʠ ʦʧʠʩʳʚʘʶʪʩʷ ʚ ʨʘʤʢʘʭ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ.  

3. ʅʘ ʦʩʥʦʚʝ ʤʦʜʝʣʠ, ʧʨʝʜʧʦʣʘʛʘʶʱʝʡ ʥʘʣʠʯʠʝ ʜʚʫʭ ʥʝʟʘʚʠʩʠʤʳʭ ʚʢʣʘʜʦʚ ʚ 

ʩʢʦʨʦʩʪʴ ʨʝʣʘʢʩʘʮʠʠ, ʪʝʨʤʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ, ʧʦʩʪʨʦʝʥʘ ʤʘʛʥʠʪʦʧʦʣʝʚʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ ʚ ʢʨʠʩʪʘʣʣʣʝ ZnSe: Cr2+. 

4. ʇʦʣʫʯʝʥʳ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ-ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʭ ʤʦʜʫʣʝʡ 

ʫʧʨʫʛʦʩʪʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʗʊ ʧʦʜʩʠʩʪʝʤʦʡ, ʠ ʥʘ ʦʩʥʦʚʝ ʵʪʠʭ ʚʳʨʘʞʝʥʠʡ 

ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ ʠ ʤʥʠʤr ʭ ʩʦʩʪʘʚʣʷʶʱʠʭ 

ʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʚ ʩʠʣʴʥʳʭ 

ʤʘʛʥʠʪʥʳʭ ʧʦʣʷ. 
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6. ʇʦʜʨʝʰʝʪʢʘ ʗʊ ʮʝʥʪʨʦʚ ʚ ʢʨʠʩʪʘʣʣʝ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12O19, 

ʣʝʛʠʨʦʚʘʥʥʦʤ ʠʦʥʘʤʠ Ti 4+ 

 

ʇʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʘʨʠʝʚʦʛʦ ʄ-ʛʝʢʩʘʬʝʨʨʠʪʘ, 

ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʠʦʥʘʤʠ Ti4+. ʏʝʪʳʨʸʭʢʨʘʪʥʦ ʠʦʥʠʟʠʨʦʚʘʥʥʳʡ ʘʪʦʤ ʪʠʪʘʥʘ ʥʝ 

ʷʚʣʷʝʪʩʷ ʗʊ ʮʝʥʪʨʦʤ, ʥʦ ʢʘʢ ʦʢʘʟʘʣʦʩʴ, ʧʨʠ ʘʣʠʦʚʘʣʝʥʪʥʦʤ ɸ-ʟʘʤʝʱʝʥʠʠ ʚ 

BaFe12O19   ʩʦʟʜʘʝʪ ʗʊ ʮʝʥʪʨʳ Fe2+, ʢʦʪʦʨʳʝ, ʥʘʭʦʜʷʩʴ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʤ 

ʦʢʨʫʞʝʥʠʠ ʠʦʥʘʤʠ ʢʠʩʣʦʨʦʜʘ, ʦʧʠʩʳʚʘʶʪʩʷ ʚ ʨʘʤʢʘʭ E eÃ   ʟʘʜʘʯʠ ʕʗʊ. 

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʃʘʙʦʨʘʪʦʨʠʠ ʩʠʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ɼʨʝʟʜʝʥ-

ʈʦʩʩʝʥʜʦʨʬ (ʌʈɻ). ʄʘʪʝʨʠʘʣ ʜʘʥʥʦʡ ʛʣʘʚʳ ʦʧʫʙʣʠʢʦʚʘʥ ʚ ʨʘʙʦʪʝ [ɸ9]. 

 

6.1. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ 
44c  ʠ 

33c  

 

ʄ-ʛʝʢʩʘʬʝʨʨʠʪ ʙʘʨʠʷ ʠʤʝʝʪ ʛʝʢʩʘʛʦʥʘʣʴʥʫʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʨʝʰʝʪʢʫ, ʚ 

ʢʦʪʦʨʦʡ, ʢʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 2.4, ʠʦʥʳ ʞʝʣʝʟʘ ʥʘʭʦʜʷʪʩʷ ʚ ʧʷʪʠ ʧʦʟʠʮʠʷʭ, ʚ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʦʢʨʫʞʝʥʠʷʭ ʠʦʥʘʤʠ ʢʠʩʣʦʨʦʜʘ. ɺʘʞʥʦ ʪʦ, ʯʪʦ 

ʚʩʝ ʠʦʥ rʞʝʣʝʟʘ ʠʤʝʶʪ ʦʜʥʦ ʟʘʨʷʜʦʚʦʝ ʩʦʩʪʦʷʥʠʝ Fe3+ (d5), ʩʠʥʛʣʝʪʥʦʝ ʦʩʥʦʚʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʩ ʦʨʙʠʪʘʣʴʥʳʤ ʪʝʨʤʦʤ ( )6 3 2

1 2A t e  ʠ, ʝʩʪʝʩʪʚʝʥʥʦ, ʥʝ ̫ʚʣʷʶʪʩʷ ʗʊ 

ʮʝʥʪʨʘʤʠ. ʇʨʠ ʘʣʠʦʚʘʣʝʥʪʥʦʤ ʟʘʤʝʱʝʥʠʠ ʠʦʥʦʚ ʞʝʣʝʟʘ Fe3+ ʠʦʥʘʤʠ Ti4+ ʥʝʢʦʪʦʨʳʝ 

ʠʦʥʳ ʞʝʣʝʟʘ ʧʝʨʝʭʦʜʷʪ ʚ ʩʦʩʪʦʷʥʠʝ Fe2+ (d6), ʬʦʨʤʠʨʫʷ ʗʊ ʮʝʥʪʨʳ ʢʘʢ ʚ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʤ, ʪʘʢ ʠ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ, ʦʙʣʘʜʘʷ ʦʨʙʠʪʘʣʴʥʳʤʠ 

ʪʝʨʤʘʤʠ ( )5 3 3

1 2E t e  ʠ ( )5 4 2

2 2T t e , ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʦ ʝʩʪʴ, ʤʦʞʥʦ ʙʳʣʦ ʙʳ ʦʞʠʜʘʪʴ 

ʥʝʩʢʦʣʴʢʦ ʧʠʢʦʚ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ, ʧʦʩʢʦʣʴʢʫ ɸʇ ʨʘʟʣʠʯʥʳʭ ʗʊ 

ʢʦʤʧʣʝʢʩʦʚ ʠʤʝʣ ʙʳ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʨʝʤʝʥʘ 

ʨʝʣʘʢʩʘʮʠʠ ʩʬʦʨʤʠʨʦʚʘʚʰʠʭʩʷ ʧʦʜʩʠʩʪʝʤ ʙʳʣʠ ʙʳ ʨʘʟʣʠʯʥʳ. ʅʘʧʦʤʥʠʤ, ʯʪʦ 

ʠʤʝʥʥʦ ()Tt  ʦʧʨʝʜʝʣʷʝʪ ʧʦʣʦʞʝʥʠʝ ʧʠʢʘ ʥʘ ʰʢʘʣʝ ʪʝʤʧʝʨʘʪʫʨ: ()1Twt º . 
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ʈʠʩʫʥʦʢ 6.1 ï ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ (ʘ) ʠ ʤʥʠʤʦʡ (b, ʢʨʠʚʘʷ 

1) ʩʦʩʪʘʚʣʷʶʱʠʭ ʤʦʜʫʣʷ  ʚ ʢʨʠʩʪʘʣʣʝ BaFe12-x TixO19 (x = 0.75). ʏʘʩʪʦʪʘ 15 

ʄɻʮ, ʂʨʠʚʘʷ 2 ʧʨʝʜʩʪʘʚʣʷʝʪ ʬʦʥʦʚʦʝ ʟʘʪʫʭʘʥʠʝ, ʦʧʨʝʜʝʣʝʥʥʦʝ ʢʘʢ  

  .  , .  












































