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ɸʅʆʊɸʎɯʗ  

ɹʦʚʛʠʨʘ ʈ.ɺ. ʉʪʨʫʢʪʫʨʘ ʡ ʝʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʽ 

ʦʢʩʠʜʫ ʮʠʥʢʫ. ï ʂʚʘʣʽʬʽʢʘʮʽʡʥʘ ʥʘʫʢʦʚʘ ʧʨʘʮʷ ʥʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʫ.  

ɼʠʩʝʨʪʘʮʽʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʢʘʥʜʠʜʘʪʘ ʬʽʟʠʢʦ-

ʤʘʪʝʤʘʪʠʯʥʠʭ ʥʘʫʢ (ʜʦʢʪʦʨʘ ʬʽʣʦʩʦʬʽʾ) ʟʘ ʩʧʝʮʽʘʣʴʥʽʩʪʶ 01.04.18 çʌʽʟʠʢʘ ʽ ʭʽʤʽʷ 

ʧʦʚʝʨʭʥʽ. ï ɯʥʩʪʠʪʫʪ ʧʨʠʢʣʘʜʥʠʭ ʧʨʦʙʣʝʤ ʤʝʭʘʥʽʢʠ ʽ ʤʘʪʝʤʘʪʠʢʠ ʽʤ. ʗ.ʉ. 

ʇʽʜʩʪʨʠʛʘʯʘ, ʃʴʚʽʚ, 2019 ï ɼɺʅɿ ñʇʨʠʢʘʨʧʘʪʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ 

ʤ̔ʝʥʽ ɺʘʩʠʣʷ ʉʪʝʬʘʥʠʢʘò, ɯʚʘʥʦ-ʌʨʘʥʢʽʚʩʴʢ, 2019.  

ʈʦʙʦʪʘ ʧʨʠʩʚʷʯʝʥʘ ʢʦʤʧʣʝʢʩʥʦʤʫ ʪʝʦʨʝʪʠʢʦ-ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʜʦʩʣʽ-

ʜʞʝʥʥʶ ʩʪʨʫʢʪʫʨʥʠʭ, ʝʣʝʢʪʨʦʥʥʠʭ, ʣʶʤʽʥʝʩʮʝʥʪʥʠʭ ʽ ʩʝʥʩʦʨʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʽ ZnO (ʥʘʥʦʢʣʘʩʪʝʨʽʚ, ʥʘʥʦʪʨʫʙʦʢ, ʥʘʥʦʧʦʨʦʰʢʽʚ). 

ʋ ʧʝʨʰʦʤʫ ʨʦʟʜʽʣʽ ʥʘʚʝʜʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʘʥʘʣʽʟʫ ʪʝʦʨʝʪʠʯʥʠʭ ʪʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʨʦʙʽʪ ʧʦ ʦʜʝʨʞʘʥʥʶ ʦʢʩʠʜʫ ʮʠʥʢʫ ʪʘ ʩʪʨʫʢʪʫʨ ʥʘ ʡʦʛʦ ʦʩʥʦʚʽ ʽ 

ʾʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. ʆʧʠʩʘʥʦ ʧʘʨʘʤʝʪʨʠ ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʪʘ ʦʧʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʢʨʠʩʪʘʣʽʚ ZnO. ʇʨʦʚʝʜʝʥʠʡ ʢʨʠʪʠʯʥʠʡ ʘʥʘʣʽʟ ʨʦʙʽʪ ʧʦ ʚʠʚʯʝʥʥʶ ʦʩʦʙʣʠʚʦʩʪʝʡ 

ʩʪʨʫʢʪʫʨʥʠʭ ʽ ʦʧʪʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʽ ʦʢʩʠʜʫ ʮʠʥʢʫ.  

ʋ ʜʨʫʛʦʤʫ ʨʦʟʜʽʣʽ ʥʘʚʝʜʝʥʽ ʤʝʪʦʜʠʢʠ ʧʝʨʰʦʧʨʠʥʮʠʧʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʚ 

ʤʝʞʘʭ ʪʝʦʨʽʾ ʬʫʥʢʮʽʦʥʘʣʘ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ (DFT). ʆʧʠʩʘʥʦ ʤʝʪʦʜ 

ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʫ ʜʣʷ ʩʘʤʦʫʟʛʦʜʞʝʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʟʦʥʥʦ-ʝʥʝʨʛʝʪʠʯʥʦʾ 

ʩʪʨʫʢʪʫʨʠ ʢʨʠʩʪʘʣʽʚ, ʜʝ ʽʦʥʥʠʡ ʧʦʪʝʥʮʽʘʣ ʦʧʠʩʘʥʠʡ ʫ ʩʭʝʤʽ ʥʦʨʤʦʟʙʝʨʽʛʘʶʯʠʭ 

ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ ɹʘʯʝʣʝʪʘ-ʍʘʤʘʥʘ-ʐʣʶʪʝʨʘ ʪʘ ʫʣʴʪʨʘʤôʷʢʠʭ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ 

ɺʘʥʜʝʨʙʽʣʴʪʘ ʫ ʙʘʟʠʩʽ ʧʣʦʩʢʠʭ ʭʚʠʣʴ. ʆʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʫ ʝʥʝʨʛʽʶ ʨʦʟʛʣʷʥʫʪʦ ʚ 

ʘʧʨʦʢʩʠʤʘʮʽʾ ʫʟʘʛʘʣʴʥʝʥʠʭ ʛʨʘʜʽʻʥʪʽʚ (GGA) ʪʘ ʥʘʙʣʠʞʝʥʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʧʦʧʨʘʚʦʢ ʍʘʙʘʨʜʘ (GGA+U). ʅʘʚʝʜʝʥʦ ʽʪʝʨʘʮʽʡʥʫ ʧʨʦʮʝʜʫʨʫ ʩʘʤʦʫʟʛʦʜʞʝʥʥʷ ʪʘ 

ʦʙʯʠʩʣʝʥʥʷ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ ʽ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʩʪʨʫʢʪʫʨ. ɽʣʝʢʪʨʦʥʥʽ 

ʭʚʠʣʴʦʚʽ ʬʫʥʢʮʽʾ ʨʦʟʢʣʘʜʘʣʠ ʫ ʧʣʦʩʢʦʭʚʠʣʴʦʚʦʤʫ ʙʘʟʠʩʽ, ʽʥʪʝʛʨʫʚʘʥʥʷ ʫ ʟʦʥʽ 

ɹʨʽʣʣʶʝʥʘ ʧʨʦʚʦʜʠʣʠ ʫ k-ʪʦʯʢʘʭ, ʷʢʽ ʛʝʥʝʨʫʚʘʣʠ ʟʘ ʘʣʛʦʨʠʪʤʦʤ ʄʦʥʢʨʦʩʪʘï

ʇʘʢʘ. ʆʧʠʩʘʥʽ ʣʘʙʦʨʘʪʦʨʥʽ ʪʝʭʥʦʣʦʛʽʯʥʽ ʩʭʝʤʠ ʫʩʪʘʥʦʚʦʢ ʜʣʷ ʽʤʧʫʣʴʩʥʦʛʦ 

ʣʘʟʝʨʥʦʛʦ ʬʦʨʤʫʚʘʥʥʷ, ʣʝʛʫʚʘʥʥʷ ʪʘ ʚʽʜʧʘʣʫ ʥʘʥʦʧʦʨʦʰʢʽʚ, ʱʦ ʟʤʦʥʪʦʚʘʥʽ ʥʘ 

ʙʘʟʽ ʚʠʩʦʢʦʚʘʢʫʫʤʥʠʭ ʫʩʪʘʥʦʚʦʢ ɺʋʇ-5 ʽ ɺʋʇ-5ʄ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʦʧʪʠʯʥʦʛʦ 
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ʢʚʘʥʪʦʚʦʛʦ ʛʝʥʝʨʘʪʦʨʘ ʃʊʀ-205-1: YAG:Nd - ʣʘʟʝʨʘ (ʜʦʚʞʠʥʘ ʭʚʠʣʽ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ɚ=1,06 ʤʢʤ, ʪʨʠʚʘʣʽʩʪʴ ʽʤʧʫʣʴʩʫ Ű=10-15 ʘʙʦ 120 ʥʩ, ʛʫʩʪʠʥʘ 

ʝʥʝʨʛʽʾ q=10
6
õ5Ā10

8 
ɺʪ/ʩʤĮ, ʯʘʩʪʦʪʘ ʧʦʚʪʦʨʝʥʥʷ ʽʤʧʫʣʴʩʽʚ n=14-56 ɻʮ, ʜʽʘʤʝʪʨ 

ʧʫʯʢʘ d=5 ʤʤ, ʝʥʝʨʛʽʷ ʽʤʧʫʣʴʩʫ ɽ̔ ʤʘʭ=0,35 ɼʞ).  

ʇʨʦʮʝʩʠ ʟʙʫʜʞʝʥʥʷ ʽ ʨʝʻʩʪʨʘʮʽʾ ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʮʽʾ ʥʘʥʦʧʦʨʦʰʢʦʚʠʭ 

ʤʝʪʘʣʦʦʢʩʠʜʽʚ ʚ ʛʘʟʦʚʠʭ ʩʝʨʝʜʦʚʠʱʘʭ ʟʜʽʡʩʥʶʚʘʣʠʩʷ ʥʘ ʟʤʦʥʪʦʚʘʥʽʡ 

ʢʦʤʧôʶʪʝʨʠʟʦʚʘʥʽʡ ʫʩʪʘʥʦʚʮʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʦʜʚʽʡʥʦʛʦ ʤʦʥʦʭʨʦʤʘʪʦʨʘ 

ɼʄʈ-4, ʟʙʫʜʞʝʥʥʷ ʣʶʤʽʥʝʩʮʝʥʮʽʾ ʧʨʦʚʦʜʠʣʦʩʷ ʟ ʜʦʧʦʤʦʛʦʶ ʋʌ-ʜʞʝʨʝʣ ʩʚʽʪʣʘ 

(ʣʘʤʧʠ ɼʂʩʕʣ-1000, ʋʌ-ʩʚʽʪʣʦʜʽʦʜʽʚ (ɚʤʘʭ=355 ʘʙʦ 375 ʥʤ)). 

ʊʨʝʪʽʡ ʨʦʟʜʽʣ ʜʠʩʝʨʪʘʮʽʾ ʧʨʠʩʚʷʯʝʥʠʡ ʨʝʟʫʣʴʪʘʪʘʤ ʨʦʟʨʘʭʫʥʢʽʚ ʫ ʤʝʞʘʭ ʪʝʦʨʽʾ 

ʬʫʥʢʮʽʦʥʘʣʘ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ ʦʩʦʙʣʠʚʦʩʪʝʡ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʪʘ 

ʝʣʝʢʪʨʦʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʽ ZnO. 

ɺʩʪʘʥʦʚʣʝʥʠʡ ʭʘʨʘʢʪʝʨ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʪʘ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʝʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʘ ʤʘʣʠʭ ʢʣʘʩʪʝʨʽʚ (ZnO)n (n = 2-12), ʽʜʝʘʣʴʥʦʾ 

ʩʪʨʫʢʪʫʨʠ ʽ ʣʝʛʦʚʘʥʠʭ 3d-ʜʦʤʽʰʢʘʤʠ ʤʝʪʘʣʽʚ (Mn, Cu, Co). ɺʠʷʚʣʝʥʦ, ʱʦ ʟʽ 

ʟʨʦʩʪʘʥʥʷʤ ʢʽʣʴʢʦʩʪʽ ʬʦʨʤʫʣʴʥʠʭ ʦʜʠʥʠʮʴ ʫ ʤʘʣʠʭ ʢʣʘʩʪʝʨʘʭ ZnO ʝʥʝʨʛʝʪʠʯʥʦ 

ʚʠʛʽʜʥʽʰʠʤʠ ʚʽʜ ʢʽʣʴʮʝʚʠʭ ʩʪʘʶʪʴ ʬʫʣʝʨʝʥʦʧʦʜʽʙʥʽ ʩʪʨʫʢʪʫʨʠ, ʷʢʽ ʤʽʩʪʷʪʴ 

ʯʦʪʠʨʠʢʫʪʥʽ ʽ ʰʝʩʪʠʢʫʪʥʽ ʛʨʘʥʽ ʪʘ ʫʩʽ ʘʪʦʤʠ ʤʘʶʪʴ ʢʦʦʨʜʠʥʘʮʽʡʥʝ ʯʠʩʣʦ ʨʽʚʥʝ 

ʪʨʴʦʤ. ʇʨʠ nÓ11 ʢʽʣʴʮʝʚʽ ʢʣʘʩʪʝʨʠ ʩʪʘʶʪʴ ʥʝʩʪʘʙʽʣʴʥʠʤʠ, ʱʦ ʧʦʚôʷʟʘʥʦ ʟ ʪʠʤ, 

ʱʦ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʯʠʩʣʘ ʬʦʨʤʫʣʴʥʠʭ ʦʜʠʥʠʮʴ n ʧʦʚʥʘ ʝʥʝʨʛʽʷ ʢʣʘʩʪʝʨʘ ʚʞʝ ʥʝ 

ʤʦʞʝ ʝʬʝʢʪʠʚʥʦ ʟʤʝʥʰʫʚʘʪʠʩʴ, ʪʦʤʫ ʽʦʥʠ ʮʠʥʢʫ ʪʘ ʦʢʩʠʛʝʥʫ ʫʪʚʦʨʶʶʪʴ 

ʢʦʦʨʜʠʥʘʮʽʡʥ ̔ʩʬʝʨʠ ʚʠʱʠʭ ʧʦʨʷʜʢʽʚ. 

ɼʘʣʽ ʙʫʣʦ ʨʦʟʛʣʷʥʫʪʦ ʤʦʜʝʣʴ ʥʘʥʦʢʣʘʩʪʝʨʘ Zn12O12 ï ʟʨʽʟʘʥʦʛʦ ʦʢʪʘʝʜʨʘ, 

ʷʢʠʡ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʚʦʩʴʤʠ ʰʝʩʪʠʢʫʪʥʠʭ ʽ ʰʝʩʪʠ ʯʦʪʠʨʠʢʫʪʥʠʭ ʛʨʘʥʝʡ ʋ ʜʘʥʽʡ 

ʤʦʜʝʣʽ ʢʦʞʥʠʡ ʽʟ 12 ʘʪʦʤʽʚ ʮʠʥʢʫ ʦʪʦʯʝʥʠʡ ʪʨʴʦʤʘ ʘʪʦʤʘʤʠ ʦʢʩʠʛʝʥʫ (ʽ 

ʥʘʚʧʘʢʠ), ʫʩʽ 36 ʟʚôʷʟʢʽʚ Zn-O sp
3
-ʛʽʙʨʠʜʠʟʦʚʘʥʽ. ɺʽʜʩʫʪʥʽʩʪʴ ʤʝʥʰ ʩʠʣʴʥʠʭ 

ʥʝʛʽʙʨʠʜʠʟʦʚʘʥʠʭ ʤʽʞʽʦʥʥʠʭ ʟʚôʷʟʢʽʚ Zn-Zn i O-O ʪʦʤʫ ʟʘʙʝʟʧʝʯʫʻ ʩʪʘʙʽʣʴʥʽʩʪʴ 

ʪʘʢʠʭ ʥʘʥʦʢʣʘʩʪʝʨʽʚ.  

ɿʜʽʡʩʥʝʥʦ ʘʥʘʣʽʟ ʝʣʝʢʪʨʦʥʥʠʭ ʪʘ ʦʧʪʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʢʣʘʩʪʝʨʽʚ ʦʢʩʠʜʫ 

ʮʠʥʢʫ ʽʟ ʜʦʤʽʰʢʘʤʠ 3d-ʧʝʨʝʭʽʜʥʠʭ ʝʣʝʤʝʥʪʽʚ (Mn, Co, Cu) ʜʣʷ ʤʘʣʦʛʦ ʢʣʘʩʪʝʨʘ 
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(ZnO)12, ʜʝ ʟʘ ʟʥʘʯʝʥʥʷʤʠ ʝʥʝʨʛʽʾ ʟʚôʷʟʢʫ ʢʣʘʩʪʝʨʽʚ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʫ 

ʧʦʨʽʚʥʷʥʥʽ ʽʟ ʝʥʜʦʝʜʨʘʣʴʥʠʤ ʣʝʛʫʚʘʥʥʷʤ ʙʽʣʴʰ ʝʥʝʨʛʝʪʠʯʥʦ ʚʠʛʽʜʥʠʤ ʻ 

ʟʘʤʽʱʝʥʥʷ ʘʪʦʤʘ ʮʠʥʢʫ ʘʪʦʤʦʤ ʜʦʤʽʰʢʠ. ʇʨʠ ʮʴʦʤʫ, ʝʥʝʨʛʽʾ ʟʚôʷʟʢʫ ʢʣʘʩʪʝʨʽʚ ʽʟ 

ʜʦʤʽʰʢʘʤʠ, ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʯʠʩʪʠʤʠ ʢʣʘʩʪʝʨʘʤʠ (ZnO)12, ʟʨʦʩʪʘʶʪʴ, ʱʦ ʩʚʽʜʯʠʪʴ 

ʧʨʦ ʚʠʱʫ ʩʪʘʙʽʣʴʥʽʩʪʴ ʪʘʢʠʭ ʤʦʣʝʢʫʣʷʨʥʠʭ ʩʧʦʣʫʢ, ʘ ʝʥʝʨʛʝʪʠʯʥʽ ʱʽʣʠʥʠ ʤʽʞ 

ʥʘʡʚʠʱʦʶ ʟʘʧʦʚʥʝʥʦʶ (HOMO) ʽ ʥʘʡʥʠʞʯʦʶ ʥʝʟʘʧʦʚʥʝʥʦʶ ʤʦʣʝʢʫʣʷʨʥʠʤʠ 

ʦʨʙʽʪʘʣʷʤʠ (LUMO) ʦʨʙʽʪʘʣʷʤʠ ʟʤʝʥʰʫʶʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ p-d ʛʽʙʨʠʜʠʟʘʮʽʾ 

ʦʨʙʽʪʘʣʝʡ ʘʪʦʤʘ ʦʢʩʠʛʝʥʫ ʽʟ ʦʨʙʽʪʘʣʷʤʠ ʜʦʤʽʰʢʦʚʦʛʦ ʘʪʦʤʘ, ʱʦ ʪʘʢʦʞ ʚʢʘʟʫʻ ʥʘ 

ʥʘʷʚʥʽʩʪʴ ʚʝʣʠʢʠʭ ʤʘʛʥʽʪʥʠʭ ʤʦʤʝʥʪʽʚ. ʋ ʚʠʧʘʜʢʫ ʣʝʛʫʚʘʥʥʷ ʢʣʘʩʪʝʨʘ ʜʚʦʤʘ 

ʘʪʦʤʘʤʠ ʜʦʤʽʰʢʠ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʾʭʥʻ ʘʥʪʠʬʝʨʦʤʘʛʥʽʪʥʝ ʚʧʦʨʷʜʢʫʚʘʥʥʷ, ʷʢʝ 

ʟʤʽʥʶʻʪʴʩʷ ʥʘ ʬʝʨʦʤʘʛʥʽʪʥʝ ʟʘ ʧʨʠʩʫʪʥʦʩʪʽ ʜʝʬʝʢʪʽʚ ʫ ʢʣʘʩʪʝʨʽ.  

ɺʩʪʘʥʦʚʣʝʥʦ ʩʪʨʫʢʪʫʨʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʘʛʽʯʥʠʭ ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)34 ʽ 

(ZnO)60 ʰʣʷʭʦʤ ʨʦʟʛʣʷʜʫ ʥʠʟʢʠ ʽʟʦʤʝʨʽʚ, ʩʝʨʝʜ ʷʢʠʭ, ʤʦʜʝʣʶʚʘʣʠʩʴ ʧʦʨʦʞʥʠʩʪʽ 

ʬʫʣʝʨʝʥʦʧʦʜʽʙʥʽ ʩʪʨʫʢʪʫʨʠ ʪʘ ʩʪʨʫʢʪʫʨʠ ʪʠʧʫ çʢʣʽʪʢʠè, ʷʢʽ ʟʘʜʦʚʦʣʴʥʷʣʠ ʪʘʢ 

ʟʚʘʥʝ çʧʨʘʚʠʣʦ ʰʝʩʪʠ ʽʟʦʣʴʦʚʘʥʠʭ ʯʦʪʠʨʠʢʫʪʥʠʢʽʚè. ʊʘʢʦʞ ʙʫʣʦ ʧʦʙʫʜʦʚʘʥʦ 

ʢʘʨʢʘʩʥʽ ʰʘʨʫʚʘʪʽ ʩʪʨʫʢʪʫʨʠ (ZnO)6@(ZnO)28 ʪʘ (ZnO)12@(ZnO)48 ʪʘ ʤʦʜʝʣʽ, ʱʦ 

ʚʽʜʦʙʨʘʞʘʶʪʴ ʩʦʜʘʣʽʪ-ʧʦʜʽʙʥʽ ʩʪʨʫʢʪʫʨʠ ʩʢʣʘʜʝʥʽ ʟʽ ʩʪʨʫʢʪʫʨʥʠʭ ʦʜʠʥʠʮʴ 

(ZnO)12, ʘ ʪʘʢʦʞ ʬʨʘʛʤʝʥʪʠ ʦʙôʻʤʥʦʛʦ ʢʨʠʩʪʘʣʫ ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ ʩʠʥʛʦʥʽʾ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʣʷ (ZnO)34 ʥʘʡʙʽʣʴʰ ʝʥʝʨʛʝʪʠʯʥʦ ʚʠʛʽʜʥʠʤʠ ʻ 

ʬʫʣʝʨʝʥʦʧʦʜʽʙʥʽ ʧʦʨʦʞʥʠʩʪʽ ʩʪʨʫʢʪʫʨʠ; ʘ ʜʣʷ (ZnO)60 ï ʩʦʜʘʣʽʪ-ʧʦʜʽʙʥʘ 

ʩʪʨʫʢʪʫʨʘ ʪʠʧʫ ʮʝʦʣʽʪʦʚʦʾ ʛʨʘʪʢʠ, ʩʢʣʘʜʝʥʘ ʽʟ ʚʦʩʴʤʠ ʢʣʘʩʪʝʨʽʚ (ZnO)12 ʽʟ 

ʩʧʽʣʴʥʠʤʠ ʯʦʪʠʨʠʢʫʪʥʽ ʛʨʘʥʽ. 

ʇʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʝʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʘ ʢʣʘʩʪʝʨʽʚ 

(ZnO)34 ʪʘ (ZnO)60 ʽʟ ʪʦʯʢʦʚʠʤʠ ʜʝʬʝʢʪʘʤʠ, ʪʘʢʠʤʠ ʷʢ: ʚʘʢʘʥʩʽʾ ʢʠʩʥʶ (VO), 

ʮʠʥʢʫ (VZn), ʘʥʪʠʚʫʟʣʦʚʽ ʜʝʬʝʢʪʠ ʢʠʩʥʶ (OZn) ʪʘ ʮʠʥʢʫ (ZnO). ʆʜʝʨʞʘʥʽ 

ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʽʡ ʬʦʨʤʫʚʘʥʥʷ ʜʝʬʝʢʪʽʚ, ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʪʘ ʨʦʟʧʦʜʽʣʽʚ 

ʧʘʨʮʽʘʣʴʥʠʭ ʛʫʩʪʠʥ ʩʪʘʥʽʚ ʜʣʷ ʢʦʞʥʦʛʦ ʽʟ ʢʣʘʩʪʝʨʽʚ ʪʘ ʚʩʪʘʥʦʚʣʝʥʦ ʚʧʣʠʚ 

ʜʝʬʝʢʪʽʚ ʥʘ ʝʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʦʢʩʠʜʫ ʮʠʥʢʫ. ɺʩʪʘʥʦʚʣʝʥʦ, 

ʱʦ ʩʝʨʝʜ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʜʝʬʝʢʪʽʚ ʥʘʡʙʽʣʴʰ ʝʥʝʨʛʝʪʠʯʥʦ ʚʠʛʽʜʥʠʤʠ ʻ ʚʘʢʘʥʩʽʾ 

ʮʠʥʢʫ ʪʘ ʢʠʩʥʶ. 
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ɼʦʩʣʽʜʞʝʥʦ ʩʪʨʫʢʪʫʨʥʽ ʪʘ ʝʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʦʜʝʣʴʥʠʭ 

ʦʜʥʦʩʪʽʥʢʦʚʠʭ ʥʘʥʦʪʨʫʙʦʢ ZnO ʪʠʧʫ (4, 4) ʪʘ (8, 0) ʽʜʝʘʣʴʥʦʾ ʩʪʨʫʢʪʫʨʠ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʚʫʛʣʝʮʝʚʠʭ ʥʘʥʦʪʨʫʙʦʢ ʘʥʘʣʦʛʽʯʥʦʾ ʭʽʨʘʣʴʥʦʩʪʽ 

ʜʦʩʣʽʜʞʝʥʽ ʥʘʥʦʪʨʫʙʢʠ ZnO ʻ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘʤʠ, ʚ ʷʢʠʭ ʰʠʨʠʥʘ ʟʘʙʦʨʦʥʝʥʦʾ 

ʟʦʥʠ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʰʠʨʠʥʦʶ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʦʙôʻʤʥʦʛʦ ʢʨʠʩʪʘʣʫ ZnO 

ʟʨʦʩʪʘʻ.  

ʇʨʦʚʝʜʝʥʽ ʪʝʦʨʝʪʠʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʣʝʛʫʚʘʥʥʷ ʘʪʦʤʘʤʠ 3d 

ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ (Mn, Co, Cu) ʥʘ ʝʣʝʢʪʨʦʥʥʫ ʩʪʨʫʢʪʫʨʫ ʦʜʥʦʩʪʽʥʢʦʚʠʭ 

ʥʘʥʦʪʨʫʙʦʢ ʦʢʩʠʜʫ ʮʠʥʢʫ. ʋʩʽ ʜʦʩʣʽʜʞʝʥʽ ʥʝʣʝʛʦʚʘʥʽ ʥʘʥʦʪʨʫʙʢʠ ZnO ʻ 

ʥʝʤʘʛʥʽʪʥʠʤʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘʤʠ, ʪʦʜʽ ʫ ʥʘʥʦʪʨʫʙʦʢ ʽʟ ʜʦʤʽʰʢʦʚʠʤʠ ʘʪʦʤʘʤʠ 

ʟô̫ ʚʣʷʶʪʴʩʷ ʚʝʣʠʢ ̔ʤʘʛʥʽʪʥʽ ʤʦʤʝʥʪʠ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʚʥʘʩʣʽʜʦʢ ʛʽʙʨʠʜʠʟʘʮʽʾ 2p-

ʦʙʦʣʦʥʢʠ ʘʪʦʤʽʚ ʢʠʩʥʶ ʽʟ 3d-ʩʪʘʥʘʤʠ ʘʪʦʤʽʚ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ. ʅʘʡʙʽʣʴʰʠʡ 

ʤʘʛʥʽʪʥʠʡ ʤʦʤʝʥʪ ʧʨʦʷʚʣʷʻʪʴʩʷ ʜʣʷ ʥʘʥʦʪʨʫʙʦʢ (8, 0) ʣʝʛʦʚʘʥʠʭ ʘʪʦʤʘʤʠ Mn 

(4,92 ɛB). ʃʝʛʦʚʘʥʽ ʥʘʥʦʪʨʫʙʢʠ ZnO ʻ ʥʘʧʽʚʤʝʪʘʣʘʤʠ ʽʟ ʤʘʛʥʽʪʥʠʤʠ 

ʚʣʘʩʪʠʚʦʩʪʷʤʠ, ʷʢʽ ʥʝ ʟʘʣʝʞʘʪʴ ʚʽʜ ʭʽʨʘʣʴʥʦʩʪʽ ʥʘʥʦʪʨʫʙʦʢ. ʅʘʥʦʩʪʨʫʢʪʫʨʠ 

ʦʢʩʠʜʫ ʮʠʥʢʫ ʽʟ ʜʦʤʽʰʢʘʤʠ 3d ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ 

ʤʘʪʝʨʽʘʣʘʤʠ ʜʣʷ ʥʦʚʠʭ ʤʘʛʥʽʪʥʠʭ ʥʘʧʽʚʧpʦʚʽʜʥʠʢʽʚ, ʱʦ ʤʦʞʫʪʴ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʽ ʫ ʧʨʠʣʘʜʘʭ ʩʧʽʥʪʨʦʥʽʢʠ. 

ʋ ʯʝʪʚʝʨʪʦʤʫ ʨʦʟʜʽʣʽ ʥʘʚʝʜʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʪʝʦʨʝʪʠʯʥʠʭ ʪʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʪʥʠʭ ʪʘ ʛʘʟʦʩʝʥʩʦʨʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʽ ʦʢʩʠʜʫ ʮʠʥʢʫ. 

ɺʩʪʘʥʦʚʣʝʥʦ ʪʠʧ ʚʟʘʻʤʦʜʽʾ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ZnO ʽʟ ʤʦʣʝʢʫʣʘʤʠ ʨʽʟʥʠʭ ʛʘʟʽʚ 

(ʆ2, ʅ2ʆ, NH3, NO2, ʉʆ, ʉʅ3ʆʅ, ʉ2ʅ5ʆʅ ʽ C3H6O) ʚ ʫʤʦʚʘʭ ʦʙʤʽʥʫ 

ʝʣʝʢʪʨʦʥʘʤʠ ʤʽʞ ʘʜʩʦʨʙʘʪʘʤʠ ʽ ʧʦʚʝʨʭʥʝʶ ʢʣʘʩʪʝʨʽʚ. ʍʘʨʘʢʪʝʨ ʘʜʩʦʨʙʮʽʾ 

ʚʠʟʥʘʯʘʚʩʷ ʘʥʘʣʽʟʦʤ ʨʦʟʧʦʜʽʣʽʚ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʽ ʚʠʛʣʷʜʫ ʥʘʡʚʠʱʦʾ 

ʟʘʧʦʚʥʝʥʦʾ ʤʦʣʝʢʫʣʷʨʥʦʾ ʦʨʙʽʪʘʣʽ (HOMO) ʽ ʥʘʡʥʠʞʯʦʾ ʥʝʟʘʧʦʚʥʝʥʦʾ 

ʤʦʣʝʢʫʣʷʨʥʦʾ ʦʨʙʽʪʘʣʽ (LUMO) ʤʦʣʝʢʫʣ ʘʜʩʦʨʙʘʪʫ. ɼʣʷ ʚʩʪʘʥʦʚʣʝʥʥʷ ʭʘʨʘʢʪʝʨʫ 

ʘʜʩʦʨʙʮʽʾ ʨʦʟʛʣʷʥʫʪʦ ʜʚʘ ʤʝʭʘʥʽʟʤʠ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ: ʘ) ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ 

ʚʠʥʠʢʘʻ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʚʽʜʥʦʩʥʦʛʦ ʨʦʟʪʘʰʫʚʘʥʥʷ ʥʘ ʨʦʟʧʦʜʽʣʽ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ 

ʩʠʩʪʝʤʠ HOMO- ʽ LUMO-ʦʨʙʽʪʘʣʝʡ ʘʜʩʦʨʙʘʪʫ. ɿʦʢʨʝʤʘ, ʷʢʱʦ HOMO ʣʝʞʠʪʴ 
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ʚʠʱʝ ʨʽʚʥʷ ʌʝʨʤʽ ʯʠʩʪʦʛʦ ʢʣʘʩʪʝʨʘ, ʪʦ ʟʘʨʷʜ ʧʝʨʝʥʦʩʠʪʴʩʷ ʜʦ ʘʜʩʦʨʙʦʚʘʥʦʾ 

ʤʦʣʝʢʫʣʠ; ʙ) ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʤʽʞ ʘʜʩʦʨʙʦʚʘʥʦʶ ʤʦʣʝʢʫʣʦʶ ʽ ʧʦʚʝʨʭʥʝʶ 

ʢʣʘʩʪʝʨʘ ZnO ʚʠʟʥʘʯʘʻʪʴʩʷ ʛʽʙʨʠʜʠʟʘʮʽʻʶ ʤʦʣʝʢʫʣʷʨʥʠʭ HOMO- ʽ LUMO-

ʦʨʙʽʪʘʣʝʡ ʽʟ ʢʣʘʩʪʝʨʥʠʤʠ ʝʣʝʢʪʨʦʥʥʠʤʠ ʦʨʙʽʪʘʣʷʤʠ. ɿʘ ʘʜʩʦʨʙʮʽʽ ʤʦʣʝʢʫʣ ʛʘʟʫ 

ʟʤʽʥʶʻʪʴʩʷ ʛʝʦʤʝʪʨʠʯʥʘ ʩʪʫʢʪʫʨʘ ʥʘʥʦʢʣʘʩʪʝʨʽʚ, ʷʢʘ ʩʧʨʠʷʻ ʦʙʤʽʥʫ 

ʝʣʝʢʪʨʦʥʘʤʠ ʤʽʞ ʤʦʣʝʢʫʣʘʤʠ ʘʜʩʦʨʙʘʪʫ ʽ ʧʦʚʝʨʭʥʝʶ ʢʣʘʩʪʝʨʽʚ. ɺʩʪʘʥʦʚʣʝʥʦ, 

ʱʦ ʘʜʩʦʨʙʮʽʷ ʤʦʣʝʢʫʣ H2O, NH3, CO, CH3OH, C2H5OH ʧʨʠʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ 

ʫ ʩʝʥʩʦʨʥʽʡ ʩʠʩʪʝʤʽ ʢʦʥʮʝʥʪʨʘʮʽ ʾʦʩʥʦʚʥʠʭ ʥʦʩʽʾʚ (ʝʣʝʢʪʨʦʥʽʚ), ʫ ʪʦʡ ʯʘʩ ʷʢ 

ʘʜʩʦʨʙʮʽʷ ʤʦʣʝʢʫʣ ʆ2 ʪʘ NO2  ï ʜʦ ʟʥʠʞʝʥʥʷ ʾʭ ʢʦʥʮʝʥʪʨʘʮʽʾ. 

ʇʨʦʚʝʜʝʥʦ ʪʝʦʨʝʪʠʯʥʽ ʨʦʟʨʘʭʫʥʢʠ ʚʟʘʻʤʦʜʽʾ ʨʽʟʥʠʭ ʤʦʣʝʢʫʣ ʛʘʟʫ (ʆ2, ʅ2ʆ, 

NH3, NO2, ʉʆ, ʉʅ3ʆʅ, ʉ2ʅ5ʆʅ ʽ C3H6O) ʟ ʧʦʚʝʨʭʥʝʶ ʥʘʥʦʪʨʫʙʦʢ ʦʢʩʠʜʫ 

ʮʠʥʢʫ. ɺʩʪʘʥʦʚʣʝʥʦ ʥʘʡʙʽʣʴʰ ʝʥʝʨʛʝʪʠʯʥʦ ʚʠʛʽʜʥʽ ʢʦʥʬʽʛʫʨʘʮʽʾ ʤʦʣʝʢʫʣʘ-

ʘʜʩʦʨʙʝʥʪ. ɺʩʪʘʥʦʚʣʝʥʦ ʭʘʨʘʢʪʝʨ ʘʜʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣ ʛʘʟʽʚ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ. 

ɺʩʪʘʥʦʚʣʝʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʽ 

ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʪʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʽ ZnO, ʦʜʝʨʞʘʥʠʭ ʟ 

ʜʦʧʦʤʦʛʦʶ ʣʘʟʝʨʘ. ʍʘʨʘʢʪʝʨ ʚʠʜʠʤʦʾ ʦʙʣʘʩʪʽ ʩʧʝʢʪʨʫ ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʮʽʾ, ʱʦ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʘʷʚʥʽʩʪʶ ʫ ʩʪʨʫʢʪʫʨʽ ʚʣʘʩʥʠʭ ʜʝʬʝʢʪʽʚ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʦʜʝʨʞʘʥʥʷ ʥʘʥʦʧʦʨʦʰʢʽʚ ZnO. ɼʦʩʣʽʜʞʝʥʥʷ ʩʧʝʢʪʨʽʚ 

ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʮʽʾ ʥʘʥʦʧʦʨʦʰʢʦʚʦʛʦ ʦʢʩʠʜʫ ʮʠʥʢʫ  ʚ ʨʽʟʥʠʭ ʛʘʟʦʚʠʭ 

ʘʪʤʦʩʬʝʨʘʭ ʜʘʣʠ ʟʤʦʛʫ ʚʩʪʘʥʦʚʠʪʠ, ʱʦ ʭʘʨʘʢʪʝʨ ʩʚʽʯʝʥʥʷ ʚʠʟʥʘʯʘʻʪʴʩʷ 

ʚʣʘʩʥʠʤʠ ʜʝʬʝʢʪʘʤʠ ʤʘʪʝʨʽʘʣʫ ʪʘ ʧʦʷʚʦʶ ʘʜʩʦʨʙʮʽʡʥʠʭ ʧʦʚʝʨʭʥʝʚʠʭ ʩʪʘʥʽʚ.  

ɺʩʪʘʥʦʚʣʝʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʚʧʣʠʚʫ ʣʘʟʝʨʥʦʛʦ ʧʦʚʝʨʭʥʝʚʦʛʦ ʣʝʛʫʚʘʥʥʷ 

ʙʣʘʛʦʨʦʜʥʠʤʠ ʤʝʪʘʣʘʤʠ (Ag, Au, Pt) ʥʘ ʘʜʩʦʨʙʮʽʡʥʫ ʟʜʘʪʥʽʩʪʴ ʥʘʥʦʧʦʨʦʰʦʚʦʛʦ 

ZnO ʪʘ ʚʠʷʚʣʝʥʦ ʟʨʦʩʪʘʥʥʷ, ʩʝʥʩʦʨʥʦʾ ʯʫʪʣʠʚʦʩʪʽ ʜʦ ʛʘʟʽʚ. ɺʩʪʘʥʦʚʣʝʥʦ 

ʦʩʦʙʣʠʚʦʩʪʽ ʭʘʨʘʢʪʝʨʫ ʛʘʟʦʯʫʪʣʠʚʦʩʪʽ ʥʘʥʦʧʦʨʦʰʢʦʚʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʱʦ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʩʪʘʥʦʤ ʡʦʛʦ ʚʣʘʩʥʦʜʝʬʝʢʪʥʦʾ ʪʘ ʜʦʤʽʰʢʦʚʦʾ ʩʪʨʫʢʪʫʨ ʚ ʫʤʦʚʘʭ 

ʧʨʦʷʚʫ ʝʣʝʢʪʨʦʩʪʘʪʠʯʥʦʛʦ ʨʘʜʽʫʩʘ ɼʝʙʘʷ ʟʘ ʘʜʩʦʨʙʮʽʾ  ʤʦʣʝʢʫʣ ʛʘʟʫ. ɺ ʤʽʨʫ 

ʟʤʝʥʰʝʥʥʷ ʨʦʟʤʽʨʫ ʥʘʥʦʛʨʘʥʫʣ (d Ò 40 ʥʤ) ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʥʠʞʝʥʥʷ 

ʘʜʩʦʨʙʮʽʡʥʦʾ ʟʜʘʪʥʦʩʪʽ ʥʘʥʦʧʦʨʦʰʢʫ, ʱʦ ʟʫʤʦʚʣʶʻ ʧʦʪʨʝʙʫ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʣʷ 
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ʛʘʟʦʚʦʾ ʩʝʥʩʦʨʠʢʠ ʥʘʥʦʧʦʨʦʰʢʽʚ ʟ ʨʦʟʤʽʨʦʤ ʛʨʘʥʫʣ d Ó 40õ60 ʥʤ.  

ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʭʘʨʘʢʪʝʨ ʨʦʙʦʪʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʦʛʦ ʭʽʤʽʯʥʦʛʦ ʩʝʥʩʦʨʘ 

ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʝʬʝʢʪʽ ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʩʪʫʧʝʥʷ ʘʜʩʦʨʙʮʽʾ ʚ ʝʣʝʢʪʨʦʥʥʠʡ ʩʠʛʥʘʣ, 

ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʷʢʦʛʦ ʚʽʜʧʦʚʽʜʘʻ ʢʽʣʴʢʦʩʪʽ ʪʘ ʨʽʟʥʦʚʠʜʫ ʤʦʣʝʢʫʣ ʛʘʟ̔ʚ, 

ʘʜʩʦʨʙʦʚʘʥʠʭ ʟ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. ɸʜʩʦʨʙʦʚʘʥʽ ʯʘʩʪʠʥʢʠ ʛʘʟʫ 

ʧʨʦʷʚʣʷʶʪʴ ʟʜʘʪʥʽʩʪʴ ʦʙʤʽʥʶʚʘʪʠʩʷ ʟʘʨʷʜʦʤ ʟ ʦʙôʻʤʥʠʤʠ ʟʦʥʘʤʠ ʘʜʩʦʨʙʝʥʪʘ 

ʘʙʦ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʟʘʻʤʦʜʽʷʪʠ ʟ ʝʣʝʢʪʨʠʯʥʦ ʘʢʪʠʚʥʠʤʠ ʜʝʬʝʢʪʘʤʠ ʽ ʜʦʤʽʰʢʘʤʠ 

ʥʘʧ̔ʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʤʝʪʘʣʦʦʢʩʠʜʽʚ, ʟʤʽʥʶʶʯʠ ʧʨʠ ʮʴʦʤʫ ʾʭʥʽ ʝʣʝʢʪʨʦʥʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ. ɻʦʣʦʚʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʧʦʙʫʜʦʚʘʥʦʾ ʥʘʤʠ ʛʘʟʦʩʝʥʩʦʨʥʦʾ ʩʠʩʪʝʤʠ ʻ 

ʨʝʻʩʪʨʘʮʽʷ ʬʦʪʦʣʶʤʽʥʽʩʮʝʥʪʥʦʛʦ ʩʧʝʢʪʨʫ ʩʚʽʯʝʥʥʷ ʥʘʥʦʧʦʨʦʰʢʦʚʦʛʦ 

ʤʝʪʘʣʦʦʢʩʠʜʫ ʟ ʘʜʩʦʨʙʦʚʘʥʠʤʠ ʥʘ ʥʴʦʤʫ ʯʘʩʪʠʥʢʘʤʠ ʛʘʟʫ. ɺʩʪʘʥʦʚʣʝʥʦ 

ʭʘʨʘʢʪʝʨ ʟʤʽʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʧʦʨʦʰʢʦʚʠʭ ʤʝʪʘʣʦʦʢʩʠʜʽʚ 

(ʘʜʩʦʨʙʮʽʡʥʘ ʟʜʘʪʥʽʩʪʴ, ʰʚʠʜʢʦʜʽʷ, ʯʫʪʣʠʚʽʩʪʴ, ʩʝʣʝʢʪʠʚʥʽʩʪʴ) ʧʨʠ ʘʜʩʦʨʙʮʽʾ 

ʛʘʟʽʚ ʪʘ ʚʠʙʨʘʥʦ ʢʦʥʩʪʨʫʢʮʽʶ ʪʘ ʤʘʪʝʨʽʘʣʠ ʜʣʷ ʧʦʙʫʜʦʚʠ ʨʝʻʩʪʨʫʶʯʦʾ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʦʾ ʤʘʪʨʠʮʽ. ʎʠʬʨʦʚʘ ʦʙʨʦʙʢʘ ʩʠʛʥʘʣʽʚ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʟʥʘʯʥʦ 

ʧʽʜʚʠʱʠʪʠ ʩʝʣʝʢʪʠʚʥʽʩʪʴ ʪʘ ʪʦʯʥʽʩʪʴ ʘʥʘʣʽʟʽʚ ʪʘ ʚʠʟʥʘʯʘʪʠ ʢʦʥʮʝʥʪʨʘʮʽʾ ʽ 

ʨʽʟʥʦʚʠʜ ʙʘʛʘʪʴʦʭ ʘʢʪʠʚʥʠʭ ʘʜʩʦʨʙʦʚʘʥʠʭ ʤʦʣʝʢʫʣ ʛʘʟʽʚ ʚʦʜʥʦʯʘʩ ʥʘ ʧʦʚʝʨʭʥʽ 

ʤʝʪʘʣʦʦʢʩʠʜʫ. ɽʣʝʢʪʨʦʥʥʽ ʝʥʝʨʛʝʪʠʯʥʽ ʨʽʚʥʽ, ʩʪʚʦʨʝʥʽ ʚ ʘʜʩʦʨʙʝʥʪʽ ʧʨʠʻʜʥʘʥʠʤʠ 

ʤʦʣʝʢʫʣʘʤʠ ʛʘʟʽʚ, ʜʦʟʚʦʣʷʶʪʴ ʩʧʦʩʪʝʨʽʛʘʪʠ ʽʥʜʠʚʽʜʫʘʣʴʥʽ ʩʧʝʢʪʨʘʣʴʥʽ 

ʝʣʝʢʪʨʦʥʥʽ ʨʽʚʥʽ ʘʜʩʦʨʙʦʚʘʥʠʭ ʘʪʦʤʽʚ, ʱʦ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʾʭ ʩʝʣʝʢʪʠʚʥʦ 

ʽʜʝʥʪʠʬʽʢʫʚʘʪʠ. ʉʪʚʦʨʝʥʦ ʘʣʛʦʨʠʪʤ ʪʘ ʧʨʦʛʨʘʤʫ ʨʦʟʧʽʟʥʘʚʘʥʥʷ ʛʘʟʦʚʠʭ 

ʢʦʤʧʦʥʝʥʪ ʰʣʷʭʦʤ ʘʥʘʣʽʟʫ ʭʘʨʘʢʪʝʨʫ ʩʚʽʪʽʥʥʷ ʢʦʤʽʨʦʢ ʤʘʪʨʠʮʽ ʪʘ ʚʩʪʘʥʦʚʣʝʥʦ 

ʜʽʻʟʜʘʪʥʽʩʪʴ ʧʦʙʫʜʦʚʘʥʦʾ ʛʘʟʦʩʝʥʩʦʨʥʦʾ ʩʠʩʪʝʤʠ ʜʣʷ ʨʦʟʧʽʟʥʘʚʘʥʥʷ ʪʘ ʘʥʘʣʽʟʫ 

ʛʘʟʽʚ ʪʘ ʾʭ ʩʫʤʽʰʝʡ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʦʢʩʠʜ ʮʠʥʢʫ, ʥʘʥʦʩʪʨʫʢʪʫʨʠ ZnO, ʤʝʪʦʜ ʪʝʦʨʽʾ 

ʬʫʥʢʮʽʦʥʘʣʫ ʛʫʩʪʠʥʠ, ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣ, ʛʫʩʪʠʥʘ ʩʪʘʥʽʚ, ʝʣʝʢʪʨʦʥʥʘ ʩʪʨʫʢʪʫʨʘ, 

ʘʜʩʦʨʙʮʽʷ, ʜʝʬʝʢʪʠ ʩʪʨʫʢʪʫʨʠ, ʣʘʟʝʨʥʝ ʣʝʛʫʚʘʥʥʷ, ʛʘʟʦʩʝʥʩʦʨʥʘ ʩʠʩʪʝʤʘ. 



8 

   

ABSTRACT 

Bovhyra R.V. Structure and electronic properties of zinc oxide nanostructures. 

ï Qualifying scientific work on the rights of manuscripts. Dissertation for the 

candidate degree in physical and mathematical sciences (PhD), specialty 01.04.18 ï 

Physics and chemistry of a surface. ï Pidstryhach Institute for Applied Problems of 

Mechanics and Mathematics NASU, Lviv, 2019. ï The Vasyl Stefanyk Precarpathian 

National University, Ivano-Frankivsk, 2019. 

The work is dedicated to the complex theoretical and experimental study of 

structural, electronic, luminescent and gas-sensing properties of nanostructures based 

on ZnO (nanoclusters, nanotubes, nanopowders). 

The first section presents the results of the analysis of theoretical and 

experimental work on the production of zinc oxide and structures on its basis and 

their properties. The electronic structure and optical properties of ZnO crystals are 

described. The critical analysis of works on the study of the peculiarities of structural 

and optical properties of zinc oxide nanostructures is carried out. 

In the second section, the first-principle research techniques within the density 

functional theory (DFT) are given. The pseudopotential method for self-consistent 

calculations of the band-energy structure of crystals is described, where the ion 

potential is described in the pattern of the norm-preserving pseudopotentials of 

Bachelet-Hamman-Schl¿tter and the ultra-soft pseudopotentials of Vanderbilt in the 

basis of plane waves. The exchange-correlation energy is considered in the 

generalization of gradient approximation (GGA) and the approximation using Habard 

corrections (GGA + U). The iterative self-agreement procedure and the calculation of 

total energy and density of electronic states of structures are given. The wave 

functions of the electrons were divided in the basis of plane waves, and the 

integration in the first Brillouin zone was carried out in the Monkhorst-Pack k-point 

set. The laboratory technological schemes of setups for pulsed laser obtaining, doping 

and annealing of nanopowders, created on the basis of high vacuum installtions VUP-

5 and VUP-5M with the use of the optical quantum generator LT-205-1: YAG: Nd-

laser (wavelength ɚ = 1.06 ɛm, pulse duration Ű = 10-15 or 120 ns, energy density q = 
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10
6
 ï 10

8
 W/cmĮ, pulse repetition frequency n = 14-56 Hz, beam diameter d = 5 mm, 

pulse energy Eimax = 0.35 J). 

Photoluminescent studies of nanopowder oxides in gas environment were 

carried out on a mounted computerized installation using a dual monochromatograph 

DMR-4. Excited photoluminescence was carried out using UV-LED with ɚmax = 355 

or  ɚmax = 375 nm. 

The third section of the dissertation is devoted to the results of calculations 

within the density functional theory of the peculiarities of the formation of the 

structure and electronic properties of nanostructures based on ZnO. 

Character of the formation patterns of the structure and electronic properties of 

small clusters (ZnO)n (n = 2-12), of the ideal structure and doped with impurities of 

3d-metals (Mn, Cu, Co) was establsihed. It was found that with increasing number of 

formula units in small ZnO clusters, fullerene-like structures with quadrilateral and 

hexagonal faces become more energy-efficient than ring structures, and all atoms 

have a coordination number equal three. With nÓ11, the ring clusters become 

unstable, due to the fact that with increasing n the cluster energy can no longer 

effectively decrease, because atoms of Zn and O tend to form coordination spheres of 

higher orders. 

Next, a model of a Zn12O12 nanocluster, a truncated octahedron, consisting of 

eight hexagons and six quadrangular faces, was considered. In this model, each of the 

12 zinc atoms is surrounded by three oxygen atoms (and vice versa), all 36 Zn-O 

bonds are sp
3
 hybridized. The lack of non-hybridized and therefore less potent Zn-Zn 

and O-O bonds ensures the existence of such nanoclusters and, accordingly, their 

stability. 

An analysis of the electronic and optical properties of zinc oxide clusters with 

admixture of 3d transition elements (Mn, Co, Cu) for a small cluster (ZnO)12 was 

performed and the obtained cluster binding energy values indicated that the 

substitution of the zinc atom by the atom of the impurity is more energy efficient than 

endohedral doping. In this case, the binding energy of clusters with impurities, as 

compared with pure clusters (ZnO)12, is increasing, indicating a higher stability of 
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such molecular compounds, and the energy gaps between the highest filled (HOMO) 

and the lowest unbranched molecular orbitals (LUMO ) orbitals are reduced due to 

the p-d hybridization of the oxygen atom orbitals with the impurity atom orbitals, 

which also indicates the presence of large magnetic moments. In the case of doping a 

cluster with two impurity atoms, their antiferromagnetic ordering is observed, which 

changes to ferromagnetic in the presence of defects in the cluster. 

First principles studies of the structural and electronic properties of 

nanoclusters (ZnO)n (n = 34, 60) in different geometric configurations were 

performed. Among them were hollow fullerene-like structures and cage structures 

which met the rule of six isolated quadrangles. There were also sodalite-like 

structures composed of structural units of (ZnO)12, as well as fragments of a bulk 

crystal type of wurtzite. Analysis of the total energy values shows that the most 

energetically favorable (ZnO)34 nanoclusters are fullerene-like hollow structures. In 

the case of (ZnO)60 nanoclusters the most stable is the sodalite structure which is built 

from seven (ZnO)12 nanoclusters. 

The properties of the electronic spectrum of clusters (ZnO)34 and (ZnO)60 with 

the following point-type defects: zinc vacancy (VZn), oxygen vacancy (VO), zinc 

antisite (ZnO), and oxygen antisite (OZn) have been studied. The values of the 

formation energy, band gap and partial density of states for each of the clusters were 

obtained and the influence of defects on the electronic properties of zinc oxide 

nanoclusters was established. It has been determined that the most favourable defects 

of the clusters structure were Zn and O vacancies. 

Structural and electronic properties of model single-walled nanotubes (SWNT) 

ZnO of armchair (4, 4) and zigzag (8, 0) type of ideal structure are investigated. It has 

been found that, unlike similar carbon nanotubes, all investigated structures of zinc 

oxide exhibit semiconducting properties. The comparison of the band gaps between 

nanotubes and bulk crystal ZnO showed higher values for the nanotubes. 

 Theoretical studies of the influence of doping with 3d transition metal atoms 

(Mn, Co, Cu) on the electron structure of single-wall nanotubes of zinc oxide have 

been carried out. It has been determined that pure ZnO nanotubes are nonmagnetic 
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semiconductors, while doped nanotubes have large magnetic moments arising from 

the hybridization of O 2p-orbitals with the transition metal atoms 3d-states.  The 

greatest magnetic moment is manifested for nanotubes (8, 0) doped with Mn atoms 

(4.92 ɛB). Alloyed nanotubes ZnO are semimetals with 100% spin polarization and 

with magnetic properties that do not depend on the chirality of nanotubes. 

Nanostructures of zinc oxide with admixtures of 3d transition metals are promising 

materials for new magnetic semiconductors that can be used in spintronic devices. 

In the fourth section, the results of theoretical and experimental studies of 

photoluminescence and gas sensory properties of zinc oxide nanostructures are given. 

First principles calculations of the adsorption of molecules of different gases 

(O2, H2O, NH3, NO2, CO, CH3OH, C3H6O and C2H5OH) on the Zn12O12 nanoclusters 

surface have been carried out. The adsorption character was determined in light of the 

distribution of the density of electronic states and the shape of the highest filled 

molecular orbital (HOMO) and the lowest non-filled molecular orbital (LUMO) of 

the adsorbate molecules. To establish the nature of adsorption, two mechanisms of 

charge transfer are considered: a) the charge transfer depends on the relative 

positioning of the HOMO- and LUMO-orbitals of the adsorbate on the density of 

states of the system. In particular, if HOMO lies above the Fermi level of a pure 

cluster, then the charge transfer to the adsorbed molecule occurs; b) the transfer of 

charge between the adsorbate molecule and the ZnO cluster is determined by the 

hybridization of the HOMO- and LUMO-orbitals of the molecule with the electron 

orbitals of the cluster It was determined that the molecules of H2O, CO, NO2, NH3, 

CH3OH, C3H6O and C2H5OH increase the concentration of the main charge carriers 

(electrons) in sensor systems, whereas molecule O2, reduce their concentration. 

Adsorption of molecules causes the reduction of the band gap of nanoclusters. The 

sharpest decrease is observed for O2 molecules, and among donor molecules the 

greatest impact was observed with CO and NH3 molecules. 

DFT studies of the adsorption of various gas molecules (O2, H2O, CO, NH3, 

CH3OH and C2H5OH) on a surface of ZnO nanotubes were performed. The exact 

orientation on the nabotube wall and the preferential binding site of the molecules 
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was determined. The charge transfer from the gas molecule to the nanotube wall was 

investigated in order to determine the donor or acceptor character of the molecular 

adsorbates. 

The regularities of the formation of the crystalline structure and 

photoluminescence properties of nanostructures based on ZnO obtained by means of 

pulse laser reactive technology are established. The nature of the visible region of the 

spectrum of photoluminescence, which is determined by the intrinsic defect structure 

of the material, depends on the technological parameters of obtaining nanopowders 

ZnO. Investigation of the spectra of photoluminescence of nanopowder zinc oxide in 

different gas atmospheres has made it possible to establish that the nature of the glow 

is determined by its intrinsic defect structure and the appearance of adsorption 

surface states. 

The features of photoluminescent properties in gases of ZnO nanopowders 

including laser-modified and surface-doped with impurities of noble metals (Au, Ag, 

Pt) have been studied. The influence of laser modified and surface doping of ZnO 

nanopowders with impurities of noble metals on the adsorption ability have been 

studied  and it was found that there is a growth in sensory sensitivity to gases. 

Established the tendency to reduce the adsorption ability of ZnO nanopowders with 

decreasing size of thenanogranules to (d Ò 40 nm), which necessitates the use of 

nanopowders with a granular size d Ó 40 õ 60 nm for the gas sensor.40-60 nm.  

The operation of semiconductor chemical sensor is based on transformation of 

adsorption level into electronic signal corresponding to the number and type of gas 

particles adsorbed from the environment. The adsorbed gas particles are able to 

exchange charge with extensional areas of adsorbent or interact directly with 

electrically active defects and impurities of semiconductor metallic oxides thereby 

changing their electronic properties The main specific feature of the designed sensor 

system is registration of photoluminescence of nanopowder metallic oxide with gas 

particles adsorbed on it, instead of record of electric signal as in the conventional gas 

sensors. Gas sensor properties of nanopowder metallic oxides (adsorption capacity, 

speed of response, sensitivity, and selectivity) have been found, with configuration 
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and optimal materials for recording multicomponent matrix (3 Ĭ 3) chosen. The 

luminescence record using CCD matrix with further digital analysis of the signal 

obtained enables to determine gas components in analyzed environment in terms of 

quality and quantity. Their digital processing enables to significantly enhance the 

selectivity of analysis and to define simultaneously concentrations and type of many 

active gas particles adsorbed onto the surface of metallic oxide.  Electronic energy 

levels created by adsorbed particles allow observing individual spectral electronic 

levels of adsorbed atoms, which enables them to be selectively identified. An 

algorithm and program for identification of gas components by analyzing spectral 

luminescence of matrix cells have been developed and the gas sensor system built has 

been established to be effective with respect to detection and analysis of gases and 

gas mixes. 

Keywords: zinc oxide, ZnO nanostructures, density functional theory, 

pseudopotential, density of states, electronic structure, adsorption, structural defects, 

laser doping, gas sensor. 
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ɺʉʊʋʇ 

ɸʢʪʫʘʣʴʥʽʩʪʴ ʪʝʤʠ. ʆʢʩʠʜ ʮʠʥʢʫ (ZnO) ʟʘʡʤʘʻ ʦʩʦʙʣʠʚʝ ʤʽʩʮʝ ʩʝʨʝʜ 

ʰʠʨʦʢʦʟʦʥʥʠʭ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ, ʷʢʽ ʽʥʪʝʥʩʠʚʥʦ ʜʦʩʣʽʜʞʫʶʪʴʩʷ ʟʘʚʜʷʢʠ 

ʙʘʛʘʪʦʛʨʘʥʥʦʩʪʽ ʮʽʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘ ʰʠʨʦʢʦʤʫ ʚʠʢʦʨʠʩʪʘʥʥʶ ʚ ʨʽʟʥʠʭ 

ʛʘʣʫʟʷʭ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʪʝʭʥʽʢʠ ʽ ʤʝʜʠʮʠʥʠ. ʈʽʟʥʦʤʘʥʽʪʥʽʩʪʴ ʦʨʠʛʽʥʘʣʴʥʠʭ 

ʬʽʟʠʯʥʠʭ ʽ ʭʽʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʪʘʢʠʭ ʷʢ, ʥʘʷʚʥʽʩʪʴ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʨʠ ʚʝʣʠʢʽʡ ʰʠʨʠʥʽ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ, ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʡ ʩʢʣʘʜ 

ʩʧʦʣʫʢʠ ʟ ʜʦʙʨʝ ʚʠʨʘʞʝʥʦʶ ʚʣʘʩʥʦʜʝʬʝʢʪʥʦʶ ʩʪʨʫʢʪʫʨʦʶ, ʣʶʤʽʥʝʩʮʝʥʪʥʽ ʪʘ 

ʬʦʪʦʧʨʦʚʽʜʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʽʥʪʝʥʩʠʚʥʝ ʧʦʛʣʠʥʘʥʥʷ ʚ ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʽʡ ʜʽʣʷʥʮʽ 

ʩʧʝʢʪʨʫ, ʢʘʪʘʣʽʪʠʯʥʘ ʘʢʪʠʚʥʽʩʪʴ, ʘʤʬʦʪʝʨʥʽ ʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʦʱʦ, ʨʦʙʣʷʪʴ 

ʮʝʡ ʤʘʪʝʨʽʘʣ ʩʧʨʘʚʜʽ ʫʥʽʢʘʣʴʥʠʤ.  

ɿʛʘʜʘʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʟ ʦʩʦʙʣʠʚʽʩʪʶ ʧʨʦʷʚʣʷʶʪʴʩʷ ʫ ʥʘʥʦʩʪʨʫʢʪʫʨʦʚʘʥʠʭ 

ʩʠʩʪʝʤʘʭ. ʅʘʥʦʩʪʨʫʢʪʫʨʠ ʥʘ ʦʩʥʦʚʽ ZnO ʻ ʢʘʥʜʠʜʘʪʘʤʠ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʋʌ 

ʚʠʧʨʦʤʽʥʶʚʘʯʽʚ ʽ ʧʝʨʝʤʠʢʘʯʽʚ ʪʘ ʛʘʟʦʚʠʭ ʩʝʥʩʦʨʽʚ. ʅʘʥʦʤʘʪʝʨʽʘʣʠ ʥʘ ʦʩʥʦʚʽ 

ZnO ʩʠʥʪʝʟʫʶʪʴ ʫ ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʬʦʨʤʘʭ, ʪʘʢʠʭ ʷʢ ʥʘʥʦʪʨʫʙʢʠ, ʥʘʥʦʧʦʨʦʰʢʠ, 

ʥʘʥʦʩʪʝʨʞʥʽ, ʥʘʥʦʩʪʨʽʯʢʠ, ʥʘʥʦʢʽʣʴʮʷ ʪʘ ʥʘʥʦʪʝʪʨʘʧʦʜʠ, ʘ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʚʝʨʭ-

ʥʝʚʠʭ ʝʬʝʢʪʽʚ ʫ ʥʠʭ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʷʢ ʟ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ, ʪʘʢ ʽʟ ʧʨʘʢʪʠʯʥʦʾ 

ʪʦʯʦʢ ʟʦʨʫ. ʈʘʟʦʤ ʟ ʪʠʤ, ʣʠʰʝ ʜʦʙʨʝ ʫʟʛʦʜʞʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʤʘʪʝʤʘʪʠʯʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʟ ʦʜʝʨʞʘʥʠʤʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʜʘʥʠʤʠ, ʟʘʙʝʟʧʝʯʠʪʴ ʛʣʠʙʦʢʝ 

ʨʦʟʫʤʽʥʥʷ ʬʽʟʠʯʥʠʭ ʷʚʠʱ ʽ ʧʨʦʮʝʩʽʚ ʫ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʤʘʪʝʨʽʘʣʘʭ. 

ɺʩʪʘʥʦʚʣʝʥʥʷ ʟʘʣʝʞʥʦʩʪʽ ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʚʽʜ ʤʦʨʬʦʣʦʛʽʾ ʽ ʘʪʦʤʥʦʾ 

ʩʪʨʫʢʪʫʨʠ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʦʙôʻʢʪʽʚ ʪʘ ʾʾ ʚʧʣʠʚ ʥʘ ʾʭʥʽ ʦʧʪʠʢʦ-ʩʧʝʢʪʨʘʣʴʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʻ ʚʘʞʣʠʚʦʶ ʽ ʘʢʪʫʘʣʴʥʦʶ ʧʨʦʙʣʝʤʦʶ. ʆʩʦʙʣʠʚʫ ʨʦʣʴ ʚʽʜʽʛʨʘʶʪʴ 

ʤʝʪʦʜʠ ʪʝʦʨʝʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ, ʦʩʥʦʚʘʥʽ ʥʘ ʧʝʨʰʦʧʨʠʥʮʠʧʥʠʭ ʧʽʜʭʦʜʘʭ 

ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʢʚʘʥʪʦʚʦʾ ʪʝʦʨʽʾ, ʷʢʽ ʫʩʧʽʰʥʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʚʠʚʯʝʥʥʷ ʽ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʧʦʨʷʜ ʽʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ 

ʜʦʩʣʽʜʞʝʥʥʷʤʠ. ʊʦʤʫ, ʛʦʣʦʚʥʦʶ ʤʝʪʦʶ ʚʠʢʦʥʘʥʥʷ ʜʘʥʦʾ ʨʦʙʦʪʠ ʩʪʘʣʠ 

ʧʝʨʰʦʧʨʠʥʮʠʧʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚ ʤʝʞʘʭ ʪʝʦʨʽʾ ʬʫʥʢʮʽʦʥʘʣʫ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ 

ʩʪʨʫʢʪʫʨʥʠʭ, ʝʣʝʢʪʨʦʥʥʠʭ ʽ ʛʘʟʦʩʝʥʩʦʨʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ 

ʦʩʥʦʚʽ ʦʢʩʠʜʫ ʮʠʥʢʫ ʪʘ ʚʩʪʘʥʦʚʣʝʥʥʷ ʢʦʨʝʣʷʮʽʾ ʦʪʨʠʤʘʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 
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ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʽʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʜʝʨʞʘʥʠʤʠ ʦʧʪʠʢʦ-

ʩʧʝʢʪʨʘʣʴʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʩʠʥʪʝʟʦʚʘʥʠʭ 

ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʾ ʘʙʣʷʮʽʾ. ɺʠʚʯʝʥʥʷ ʮʠʭ ʧʨʦʙʣʝʤ ʻ ʮʽʥʥʠʤ ʟ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ 

ʪʦʯʢʠ ʟʦʨʫ ʪʘ ʜʘʻ ʟʤʦʛʫ ʧʽʜʽʙʨʘʪʠ ʦʧʪʠʤʘʣʴʥʽ ʫʤʦʚʠ ʩʪʚʦʨʝʥʥʷ ʝʬʝʢʪʠʚʥʠʭ 

ʥʘʥʦʧʦʨʦʰʢʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʽʟ ʟʘʜʘʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʜʣʷ ʧʦʙʫʜʦʚʠ ʛʘʟʦʚʠʭ 

ʩʝʥʩʦʨʽʚ ʥʦʚʦʛʦ ʧʦʢʦʣʽʥʥʷ, ʱʦ ʻ ʚʘʞʣʠʚʠʤ ʟ ʧʨʘʢʪʠʯʥʦʾ ʪʦʯʢʠ ʟʦʨʫ. 

ɿʚôʷʟʦʢ ʨʦʙʦʪʠ ʟ ʥʘʫʢʦʚʠʤʠ ʧʨʦʛʨʘʤʘʤʠ, ʧʣʘʥʘʤʠ ʽ ʪʝʤʘʤʠ. ɼʠʩʝʨʪʘʮʽʡʥʽ 

ʜʦʩʣʽʜʞʝʥʥʷ ʚʠʢʦʥʘʥʽ ʫ ʚʽʜʜʽʣʽ ʬʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʥʠʟʴʢʦ ʚʠ-

ʤʽʨʥʠʭ ʩʠʩʪʝʤ ɯʥʩʪʠʪʫʪʫ ʧʨʠʢʣʘʜʥʠʭ ʧʨʦʙʣʝʤ ʤʝʭʘʥʽʢʠ ʽ ʤʘʪʝʤʘʪʠʢʠ ʽʤ. ʗ.ʉ. 

ʇʽʜʩʪʨʠʛʘʯʘ ʅɸʅ ʋʢʨʘʾʥʠ ʫ ʨʘʤʢʘʭ ʜʝʨʞʙʶʜʞʝʪʥʠʭ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʠʭ ʪʝʤ: 

çʄʘʪʝʤʘʪʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʪʝʦʨʝʪʠʢʦ-ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦ-

ʮʝʩʽʚ ʬʦʨʤʫʚʘʥʥʷ ʥʠʟʴʢʦʨʦʟʤʽʨʥʠʭ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʩʪʨʫʢʪʫʨ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʤʝʪʦʜʽʚ ʣʘʟʝʨʥʦʾ ʪʘ ʽʦʥʥʦ-ʧʨʦʤʝʥʝʚʦʾ ʦʙʨʦʙʢʠè (2009-2011 ʨʨ., ˉ ʜʝʨʞʨʝʻʩʪʨʘ-

ʮʽʾ 0109U000116), çʊʝʦʨʝʪʠʢʦ- ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ 

ʬʦʨʤʫʚʘʥʥʷ ʪʦʥʢʦʧʣʽʚʢʦʚʠʭ ʪʘ ʥʘʥʦʧʦʨʦʰʢʦʚʠʭ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʧʽʜ 

ʜʽʻʶ ʽʥʪʝʥʩʠʚʥʠʭ ʽʦʥʥʠʭ ʪʘ ʣʘʟʝʨʥʠʭ ʧʦʪʦʢʽʚè (2012-2014 ʨʨ., ˉ ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 

0111U008860), çʄʘʪʝʤʘʪʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ 

ʧʨʦʮʝʩʽʚ ʬʦʨʤʫʚʘʥʥʷ ʥʠʟʴʢʦʨʦʟʤʽʨʥʠʭ ʪʚʝʨʜʦʪʽʣʴʥʠʭ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʟ ʜʦʧʦʤʦʛʦʶ ʽʥʪʝʥʩʠʚʥʠʭ ʣʘʟʝʨʥʠʭ ʪʘ ʽʦʥʥʠʭ ʧʦʪʦʢʽʚè (2015-2017 

ʨʨ., ˉ ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 0115U003057), ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʭ ʧʨʦʝʢʪʽʚ: çʈʦʟʨʦʙʢʘ ʪʘ 

ʩʪʚʦʨʝʥʥʷ ʛʘʟʦʩʝʥʩʦʨʥʦʾ ʩʠʩʪʝʤʠ ʥʘ ʦʩʥʦʚʽ ʥʠʟʴʢʦʚʠʤʽʨʥʠʭ ʤʝʪʘʣʦʦʢʩʠʜʽʚè 

(2015, ˉ ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 0115U002937), çʉʪʚʦʨʝʥʥʷ ʛʘʟʦʚʦʛʦ ʩʝʥʩʦʨʘ ʥʘ ʦʩʥʦʚʽ 

ʤʘʪʨʠʯʥʠʭ (4ʭ4) ʥʘʥʦʧʦʨʦʰʢʦʚʠʭ ʢʦʤʽʨʦʢ ʟ ʘʣʛʦʨʠʪʤʦʤ ʘʥʘʣʽʟʫ ʾʭ ʩʚʽʯʝʥʥʷ ʜʣʷ 

ʨʝʻʩʪʨʘʮʽʾ ʩʫʤʽʰʝʡ ʛʘʟʽʚè (2018 ʨ. ˉ ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 0118U001932) ʪʘ 

ʢʦʤʧʣʝʢʩʥʦʾ ʮʽʣʴʦʚʦʾ ʧʨʦʛʨʘʤʠ ʅɸʅ ʋʢʨʘʾʥʠ çɻʨʽʜ-ʽʥʬʨʘʩʪʨʫʢʪʫʨʘ ʽ ʛʨʽʜ-

ʪʝʭʥʦʣʦʛʽʾ ʜʣʷ ʥʘʫʢʦʚʠʭ ʽ ʥʘʫʢʦʚʦ-ʧʨʠʢʣʘʜʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴè (2017, 2018 ʨʨ.). 

ʆʙôʻʢʪ ʜʦʩʣʽʜʞʝʥʥʷ: ʩʪʨʫʢʪʫʨʥʽ, ʝʣʝʢʪʨʦʥʥʽ, ʩʝʥʩʦʨʥʽ ʪʘ ʣʶʤʽʥʝʩʮʝʥʪʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʽ ʦʢʩʠʜʫ ʮʠʥʢʫ. 

ʇʨʝʜʤʝʪ ʜʦʩʣʽʜʞʝʥʥʷ: ʧʨʦʮʝʩʠ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ, ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʟʤʽʥʠ 

ʝʣʝʢʪʨʦʥʥʠʭ ʽ ʦʧʪʠʢʦ-ʩʧʝʢʪʨʘʣʴʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʩʪʨʫʢʪʫʨ ZnO ʧʨʠ ʘʜʩʦʨʙʮʽʾ 
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ʛʘʟʽʚ. 

ʄʝʪʘ ʽ ʟʘʜʘʯʽ ʜʦʩʣʽʜʞʝʥʥʷ: ʚʩʪʘʥʦʚʣʝʥʥʷ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʬʦʨʤʫʚʘʥʥʷ 

ʩʪʨʫʢʪʫʨʠ ʪʘ ʾʾ ʩʪʘʙʽʣʴʥʦʩʪʽ, ʧʘʨʘʤʝʪʨʽʚ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʩʧʝʢʪʨʫ, ʦʧʪʠʯʥʠʭ ʪʘ 

ʛʘʟʦʩʝʥʩʦʨʥʠʭ ʣʶʤʽʥʝʩʮʝʥʪʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʽ ʦʢʩʠʜʫ ʮʠʥʢʫ 

ʦʜʝʨʞʘʥʠʭ ʟ ʣʘʟʝʨʥʦʾ ʧʣʘʟʤʠ. 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʧʦʩʪʘʚʣʝʥʦʾ ʤʝʪʠ ʨʦʟʚôʷʟʫʚʘʣʠʩʴ ʥʘʩʪʫʧʥʽ ʟʘʚʜʘʥʥʷ: 

¶ ʤʦʜʝʣʶʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʪʘ ʝʣʝʢʪʨʦʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʽ 

ZnO; 

¶ ʚʠʚʯʝʥʥʷ ʚʧʣʠʚʫ ʘʜʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣ ʛʘʟʽʚ ʥʘ ʝʣʝʢʪʨʦʥʥʫ ʩʪʨʫʢʪʫʨʫ ʪʘ ʦʧʪʠʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʽ ʦʢʩʠʜʫ ʮʠʥʢʫ; 

¶ ʚʩʪʘʥʦʚʣʝʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ ʚʧʣʠʚʫ ʜʝʬʝʢʪʽʚ ʩʪʨʫʢʪʫʨʠ ʪʘ ʜʦʤʽʰʦʢ ʥʘ 

ʝʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʥʘʥʦʩʪʨʫʢʪʫʨ ZnO; 

¶ ʚʠʷʚʣʝʥʥʷ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʣʶʤʽʥʝʩʮʝʥʪʥʦʛʦ ʩʚʽʯʝʥʥʷ ʥʘʥʦʧʦʨʦʰʢʽʚ ʦʢʩʠʜʫ 

ʮʠʥʢʫ ʧʨʠ ʘʜʩʦʨʙʮʽʾ ʛʘʟʽʚ; 

¶  ʚʠʚʯʝʥʥʷ ʬʽʟʠʢʦ-ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʧʦʙʫʜʦʚʠ ʙʘʛʘʪʦʝʣʝ-

ʤʝʥʪʥʦʾ ʤʘʪʨʠʯʥʦʾ ʩʠʩʪʝʤʠ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʛʘʟʦʚʦʛʦ ʩʝʥʩʦʨʘ ʥʦʚʦʛʦ ʧʦʢʦʣʽʥʥʷ. 

ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ. ɼʣʷ ʨʦʟʚôʷʟʘʥʥʷ ʧʦʩʪʘʚʣʝʥʠʭ ʟʘʜʘʯ ʽ ʜʦʩʷʛʥʝʥʥʷ 

ʢʽʥʮʝʚʦʾ  ʤʝʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʢʦʤʧʣʝʢʩ ʚʟʘʻʤʥʦʜʦʧʦʚʥʶ-

ʚʘʥʠʭ ʪʝʦʨʝʪʠʢʦ-ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʤʝʪʦʜʽʚ ʜʦʩʣʽʜʞʝʥʴ: ʤʝʪʦʜ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʫ ʚ 

ʥʘʙʣʠʞʝʥʥʽ ʪʝʦʨʽʾ ʬʫʥʢʮʽʦʥʘʣʘ ʛʫʩʪʠʥʠ, ʛʨʘʜʽʻʥʪʥʽ ʤʝʪʦʜʠ ʧʦʰʫʢʫ ʤʽʥʽʤʫʤʽʚ ʥʘ 

ʧʦʚʝʨʭʥʽ ʧʦʪʝʥʮʽʘʣʴʥʦʾ ʝʥʝʨʛʽʾ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʩʪʨʫʢʪʫʨʥʠʭ ʤʦʜʝʣʝʡ, ʍ-

ʧʨʦʤʝʥʝʚʘ ʤʘʣʦʢʫʪʦʚʘ ʜʠʬʨʘʢʪʦʤʝʪʨʽʷ, ʨʘʩʪʨʦʚʘ ʝʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷ, ʝʥʝʨʛʦ-

ʜʠʩʧʝʨʩʽʡʥʠʡ ʘʥʘʣʽʟ, ʢʦʤʧʣʝʢʩ ʦʧʪʠʯʥʦʛʦ ʣʶʤʽʥʝʩʮʝʥʪʥʦʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʽʟʫ 

ʪʘ ʩʪʘʪʠʩʪʠʯʥʘ ʦʙʨʦʙʢʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ. 

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ʈʦʙʦʪʘ ʥʦʩʠʪʴ ʦʨʠʛʽʥʘʣʴʥʠʡ ʽ 

ʮʽʣʽʩʥʠʡ ʭʘʨʘʢʪʝʨ, ʦʩʢʽʣʴʢʠ ʧʝʨʝʜʙʘʯʘʻ ʤʘʪʝʤʘʪʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʽʚ 

ʬʦʨʤʫʚʘʥʥʷ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʚʠʚʯʝʥʥʷ ʾʭ ʩʪʨʫʢʪʫʨʠ ʽ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘ ʧʨʦʛʥʦʟʫʚʘʥʥʷ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʦʩʪʝʨʝʞʫʚʘʥʠʭ ʝʬʝʢʪʽʚ ʜʣʷ ʧʨʘʢʪʠʯʥʠʭ ʮʽʣʝʡ ʛʘʟʦʚʦʾ ʩʝʥʩʦʨʠʢʠ. 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʩʫʯʘʩʥʦʛʦ ʪʝʦʨʝʪʠʯʥʦʛʦ ʘʧʘʨʘʪʫ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʽʚ 

ʬʦʨʤʫʚʘʥʥʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʫ ʧʦʻʜʥʘʥʥʽ ʟʽ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʢʦʤʧʣʝʢʩʫ ʧʨʝʮʠʟʽʡʥʠʭ 
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ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʤʝʪʦʜʽʚ ʜʦʩʣʽʜʞʝʥʴ ʚʧʝʨʰʝ ʜʦʟʚʦʣʠʣʦ ʦʪʨʠʤʘʪʠ ʮʽʣʽʩʥʽ 

ʨʝʟʫʣʴʪʘʪʠ ʧʦ ʚʩʪʘʥʦʚʣʝʥʥʶ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʣʘʟʝʨʥʦʛʦ ʬʦʨʤʫʚʘʥʥʷ 

ʥʘʥʦʧʦʨʦʰʢʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʚ ʫʤʦʚʘʭ ʭʽʤʽʯʥʦ-ʘʢʪʠʚʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʜʦʩʣʽʜʠʪʠ 

ʦʩʦʙʣʠʚʦʩʪʽ ʾʭʥʴʦʾ ʩʪʨʫʢʪʫʨʠ ʪʘ ʦʧʪʠʢʦ-ʩʧʝʢʪʨʘʣʴʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. ʋ 

ʜʠʩʝʨʪʘʮʽʡʥʽʡ ʨʦʙʦʪʽ ʚʧʝʨʰʝ ʦʪʨʠʤʘʥʦ ʪʘʢʽ ʥʘʫʢʦʚʽ ʨʝʟʫʣʴʪʘʪʠ: 

1. ʚʩʪʘʥʦʚʣʝʥʽ ʫʤʦʚʠ ʬʦʨʤʫʚʘʥʥʷ ʘʪʦʤʥʦʾ ʩʪʨʫʢʪʫʨʠ ʪʘ ʧʘʨʘʤʝʪʨʽʚ 

ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʩʧʝʢʪʨʘ ʝʣʝʢʪʨʦʥʽʚ ʫ ʤʘʣʠʭ (n=2-12) ʪʘ ʚʝʣʠʢʠʭ (n=34, 60) 

ʢʣʘʩʪʝʨʘʭ ZnO ʩʬʦʨʤʦʚʘʥʠʭ ʟ ʣʘʟʝʨʥʦʾ ʧʣʘʟʤʠ;  

2. ʚʠʷʚʣʝʥʽ ʩʪʘʙʽʣʴʥʽ ʩʪʨʫʢʪʫʨʥʽ ʢʦʥʬʽʛʫʨʘʮʽʾ ʪʘ ʚʩʪʘʥʦʚʣʝʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ 

ʟʤʽʥʠ ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ZnO ʣʝʛʦʚʘʥʠʭ ʘʪʦʤʘʤʠ 3d 

ʧʝʨʝʭʽʜʥʠʭ ʭʽʤʽʯʥʠʭ ʝʣʝʤʝʥʪʽʚ (Mn, Co, Cu) ʪʘ ʚʠʟʥʘʯʝʥʠʡ ʚʧʣʠʚ ʜʘʥʠʭ 

ʘʪʦʤʽʚ ʥʘ ʤʘʛʥʽʪʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʥʘʥʦʢʣʘʩʪʝʨʽʚ; 

3. ʚʩʪʘʥʦʚʣʝʥʽ ʩʪʨʫʢʪʫʨʥʽ ʪʘ ʝʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʦʜʝʣʴʥʠʭ 

ʦʜʥʦʩʪʽʥʢʦʚʠʭ ʥʘʥʦʪʨʫʙʦʢ ZnO ʭʽʨʘʣʴʥʦʩʪʽ (4,4) ʪʘ (8,0) ʽʜʝʘʣʴʥʦʾ 

ʩʪʨʫʢʪʫʨʠ ʪʘ ʣʝʛʦʚʘʥʠʭ ʘʪʦʤʘʤʠ 3d ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ ʽ ʚʠʷʚʣʝʥʽ 

ʝʥʝʨʛʝʪʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʾʭʥʴʦʾ ʚʟʘʻʤʦʜʽʾ ʟ ʛʘʟʘʤʠ ʪʘ ʧʨʦʘʥʘʣʽʟʦʚʘʥʽ ʾʭʥʽ 

ʤʘʛʥʽʪʥʽ ʚʣʘʩʪʠʚʦʩʪʽ; 

4. ʚʩʪʘʥʦʚʣʝʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʣʶʤʽʥʝʩʮʝʥʪʥʦʛʦ ʩʚʽʯʝʥʥʷ ʥʘʥʦʧʦʨʦʰʢʽʚ ʥʘ 

ʦʩʥʦʚʽ ZnO ʧʨʠ ʘʜʩʦʨʙʮʽʾ ʛʘʟʽʚ (O2, H2, N2, CO) ʪʘ ʚʠʷʚʣʝʥʽ ʦʩʦʙʣʠʚʦʩʪʽ 

ʯʫʪʣʠʚʦʩʪʽ ʩʤʫʛ ʩʚʽʯʝʥʥʷ (ɚ=430, 525 ʥʤ) ʜʦ ʧʨʠʨʦʜʠ ʘʜʩʦʨʙʦʚʘʥʠʭ 

ʤʦʣʝʢʫʣ; 

5. ʚʠʷʚʣʝʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʤʦʜʠʬʽʢʘʮʽʾ ʚʣʘʩʥʦʜʝʬʝʢʪʥʦʾ ʩʪʨʫʢʪʫʨʠ ʪʘ 

ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʧʦʨʦʰʢʦʚʦʛʦ ZnO ʚ ʧʨʦʮʝʩʽ 

ʽʤʧʫʣʴʩʥʦʾ ʣʘʟʝʨʥʦʾ ʽʤʧʣʘʥʪʘʮʽʾ ʜʦʤʽʰʦʢ ʙʣʘʛʦʨʦʜʥʠʭ ʤʝʪʘʣʽʚ (Ag, Au, 

Pt) ʪʘ ʚʠʷʚʣʝʥʦ ʨʽʩʪ ʩʝʥʩʦʨʥʦʾ ʯʫʪʣʠʚʦʩʪʽ ʜʣʷ ʦʧʪʠʤʘʣʴʥʠʭ ʟʘ ʨʦʟʤʽʨʦʤ 

ʥʘʥʦʛʨʘʥʫʣ (40-60 ʥʤ) ZnO; 

6. ʚʩʪʘʥʦʚʣʝʥʽ ʬʽʟʠʢʦ-ʪʝʭʥʦʣʦʛʽʯʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʽ ʟʘʩʘʜʠ ʧʦʙʫʜʦʚʠ 

ʙʘʛʘʪʦʝʣʝʤʝʥʪʥʦʾ ʤʘʪʨʠʯʥʦʾ ʩʠʩʪʝʤʠ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʛʘʟʦʚʦʛʦ ʩʝʥʩʦʨʘ 

ʥʦʚʦʛʦ ʧʦʢʦʣʽʥʥʷ.  
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ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ.  

ʆʜʝʨʞʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʧʦʢʣʘʜʝʥʽ ʚ ʦʩʥʦʚʫ ʨʦʟʨʦʙʢʠ ʥʦʚʠʭ 

ʧʨʦʛʨʝʩʠʚʥʠʭ ʩʧʦʩʦʙʽʚ ʩʪʚʦʨʝʥʥʷ ʥʠʟʴʢʦʚʠʤʽʨʥʠʭ ʪʚʝʨʜʦʪʽʣʴʥʠʭ ʩʪʨʫʢʪʫʨ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʣʘʟʝʨʥʦʾ ʨʝʘʢʪʠʚʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʜʣʷ ʮʽʣʝʡ ʦʧʪʦʝʣʝʢʪʨʦʥʽʢʠ ʪʘ ʛʘʟʦʚʦʾ 

ʩʝʥʩʦʨʠʢʠ. ɺ ʜʠʩʝʨʪʘʮʽʡʥʽʡ ʨʦʙʦʪʽ: 

¶ ʨʦʟʚʠʥʫʪʽ ʤʽʢʨʦʩʢʦʧʽʯʥʽ ʤʦʜʝʣʽ ʝʣʝʢʪʨʦʥʥʦʾ ʙʫʜʦʚʠ, ʭʽʤʽʯʥʦʛʦ ʟʚôʷʟʢʫ, 

ʝʥʝʨʛʝʪʠʯʥʠʭ ʫʤʦʚ ʩʪʘʙʽʣʴʥʦʩʪʽ ʥʠʟʴʢʦʚʠʤʽʨʥʠʭ ʩʠʩʪʝʤ ʪʘ ʦʪʨʠʤʘʥʽ ʥʦʚʽ 

ʧʘʨʘʤʝʪʨʠ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʩʧʝʢʪʨʫ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʽ ZnO, 

ʩʬʦʨʤʦʚʘʥʠʭ ʟ ʣʘʟʝʨʥʦʾ ʧʣʘʟʤʠ, ʮʽʥʥʽ ʜʣʷ ʧʨʘʢʪʠʯʥʠʭ ʮʽʣʝʡ ʛʘʟʦʚʦʾ 

ʩʝʥʩʦʨʠʢʠ. 

¶ ʚʠʚʯʝʥʦ ʚʧʣʠʚ ʛʘʟʦʚʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʥʘ ʬʦʪʦʣʶʤʽʥʽʩʮʝʥʪʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʥʘʥʦʧʦʨʦʰʢʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʱʦ ʜʦʟʚʦʣʠʣʦ ʩʧʨʦʛʥʦʟʫʚʘʪʠ ʩʪʚʦʨʝʥʥʷ 

ʬʫʥʢʮʽʦʥʘʣʴʥʦ ʚʘʞʣʠʚʠʭ ʝʣʝʤʝʥʪʽʚ ʜʣʷ ʛʘʟʦʩʝʥʩʦʨʥʦʾ ʩʠʩʪʝʤʠ ʥʦʚʦʛʦ 

ʧʦʢʦʣʽʥʥʷ ʪʘ ʧʦʙʫʜʫʚʘʪʠ ʜʽʶʯʠʡ ʣʘʙʦʨʘʪʦʨʥʠʡ ʤʘʢʝʪ ʪʘʢʦʾ ʩʠʩʪʝʤʠ. 

ʅʦʚʠʟʥʘ ʨʦʟʨʦʙʣʝʥʠʭ ʤʝʪʦʜʠʢ ʟʘʭʠʱʝʥʘ ʇʘʪʝʥʪʦʤ ʋʢʨʘʾʥʠ ʥʘ ʢʦʨʠʩʥʫ ʤʦʜʝʣʴ.  

 ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯ, ʘʥʘʣʽʟ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽ-

ʜʞʝʥʥʷ, ʥʘʧʠʩʘʥʥʷ ʩʪʘʪʝʡ, ʪʝʟ ʜʦʧʦʚʽʜʝʡ ʥʘ ʢʦʥʬʝʨʝʥʮʽʷʭ, ʬʦʨʤʫʣʶʚʘʥʥʷ ʚʠʩʥʦʚ-

ʢʽʚ ʪʘ ʧʦʣʦʞʝʥʴ, ʱʦ ʩʢʣʘʜʘʶʪʴ ʩʫʪʴ ʜʠʩʝʨʪʘʮʽʾ, ʩʬʦʨʤʫʣʴʦʚʘʥʽ ʜʠʩʝʨʪʘʥʪʦʤ ʩʧʽʣʴʥʦ 

ʟ ʥʘʫʢʦʚʠʤ ʢʝʨʽʚʥʠʢʦʤ ʟʘʚ. ʚʽʜʜʽʣʦʤ, ʜʦʢʪʦʨʦʤ ʬ.-ʤ.ʥ., ʩʪ.ʥ.ʩ. ʇʦʧʦʚʠʯʝʤ ɼ.ɯ.. 

 ʋ ʨʦʙʦʪʘʭ [97, 104, 107, 112] ʜʠʩʝʨʪʘʥʪʦʤ ʦʩʦʙʠʩʪʦ ʧʨʦʚʝʜʝʥʽ ʫʩʽ 

ʢʦʤʧôʶʪʝʨʥʽ ʨʦʟʨʘʭʫʥʢʠ ʩʪʨʫʢʪʫʨʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʧʘʨʘʤʝʪʨʽʚ ʝʥʝʨʛʝʪʠʯʥʦʛʦ 

ʩʧʝʢʪʨʘ ʪʘ ʨʦʟʧʦʜʽʣʽʚ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʦʙôʻʢʪʽʚ ʪʘ ʾʭʥʽʭ ʤʦʜʝʣʴʥʠʭ 

ʩʪʨʫʢʪʫʨ ʽ ʧʨʠʡʥʷʪʦ ʫʯʘʩʪʴ ʚ ʦʙʛʦʚʦʨʝʥʥʽ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʪʘ ʾʭʥʴʦʾ 

ʽʥʪʝʨʧʨʝʪʘʮʽʾ. ʋ ʨʦʙʦʪʘʭ [110, 114] ʘʚʪʦʨʦʤ ʚʠʚʯʝʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ 

ʩʪʨʫʢʪʫʨʠ ʪʘ ʝʣʝʢʪʨʦʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʪʨʫʙʦʢ ʥʘ ʦʩʥʦʚʽ ʚʣʘʩʥʦʜʝʬʝʢʪʥʦʛʦ 

ZnO ʪʘ ʦʙˇʨʫʥʪʦʚʘʥʽ ʝʥʝʨʛʝʪʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʾʭʥʴʦʾ ʛʘʟʦʯʫʪʣʠʚʦʩʪʽ. ʋ ʨʦʙʦʪʘʭ [112, 

113, 119, 120] ʘʚʪʦʨʦʚʽ ʥʘʣʝʞʘʪʴ: ʫʯʘʩʪʴ ʚ ʦʙʛʦʚʦʨʝʥʥʽ ʪʘ ʽʥʪʝʨʧʨʝʪʘʮʽʾ 

ʦʩʦʙʣʠʚʦʩʪʝʡ ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʪʥʦʛʦ ʩʚʽʯʝʥʥʷ ʥʘʥʦʧʦʨʦʰʢʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʧʨʠ 

ʾʭʥʴʦʤʫ ʧʦʚʝʨʭʥʝʚʦʤʫ ʣʝʛʫʚʘʥʥʽ, ʘʥʘʣʽʟ ʦʩʦʙʣʠʚʦʩʪʝʡ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʤʘʪʨʠʯʥʠʭ 
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ʝʣʝʤʝʥʪʽʚ ʛʘʟʦʩʝʥʩʦʨʥʦʾ ʩʠʩʪʝʤʠ. ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʙʦʪʠ ʜʦʧʦʚʽʜʘʣʠʩʴ 

ʦʩʦʙʠʩʪʦ ʘʚʪʦʨʦʤ ʥʘ ʥʘʫʢʦʚʠʭ ʢʦʥʬʝʨʝʥʮʽʷʭ ʪʘ ʩʝʤʽʥʘʨʘʭ. 

 ɸʧʨʦʙʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ ʜʠʩʝʨʪʘʮʽʾ. ʇʨʝʜʩʪʘʚʣʝʥʽ ʚ ʜʠʩʝʨʪʘʮʽʡʥʽʡ ʨʦʙʦʪʽ 

ʨʝʟʫʣʴʪʘʪʠ ʜʦʧʦʚʽʜʘʣʠʩʴ ʪʘ ʦʙʛʦʚʦʨʶʚʘʣʠʩʴ ʥʘ ʄʽʞʥʘʨʦʜʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ ʤʦʣʦʜʠʭ 

ʫʯʝʥʠʭ ʪʘ ʘʩʧʽʨʘʥʪʽʚ ñɯɽʌô2011ò (ʋʞʛʦʨʦʜ, ʋʢʨʘʾʥʘ, 2011), ɺʩʝʫʢʨʘʾʥʩʴʢʽʡ ʟ 

ʤʽʞʥʘʨʦʜʥʦʶ ʫʯʘʩʪʶ ʢʦʥʬʝʨʝʥʮʽʾ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ ñʍʽʤʽʷ, ʬʽʟʠʢʘ ʪʘ ʪʝʭʥʦʣʦʛʽʷ 

ʧʦʚʝʨʭʥʽò (ʂʠʾʚ, ʋʢʨʘʾʥʘ, 2012), IV ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ ñɽʣʝʢʪʨʦʥʽʢʘ 

ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾò (ɽʣɯʊ-2012) (ʏʠʥʘʜʽʻʚʦ, ʋʢʨʘʾʥʘ, 2012), 6th Chaotic 

Modeling and Simulation International Conference CHAOS-2013 (Istanbul, Turkey, 

2013), International research and practice conference ñNanotechnology and nanomaterials 

(NANO 2013, 2016-2018), VI ʄʽʞʥʘʨʦʜʥʽʡ ʥʘʫʢʦʚʽʡ ʢʦʥʬʝʨʝʥʮʽʾ ñʌʽʟʠʢʘ ʥʝʚʧʦ-

ʨʷʜʢʦʚʘʥʠʭ ʩʠʩʪʝʤò (ʃʴʚʽʚ, ʋʢʨʘʾʥʘ, 2013), International Conference on the Physics 

and Technology of Thin Films and Nanosystems ICPTTFN-XV (ɯʚʘʥʦ-ʌʨʘʥʢʽʚʩʴʢ, 

ʋʢʨʘʾʥʘ, 2015), ʄʽʞʥʘʨʦʜʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ ʤʦʣʦʜʠʭ ʥʘʫʢʦʚʮʽʚ ʟ ʪʝʦʨʝʪʠʯʥʦʾ ʪʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʬʽʟʠʢʠ ñɽɺʈʀʂɸò (ʃʴʚʽʚ, ʋʢʨʘʾʥʘ, 2017, 2018), ʢʦʥʬʝʨʝʥʮʽʾ 

ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ ñʇʽʜʩʪʨʠʛʘʯʽʚʩʴʢʽ ʯʠʪʘʥʥʷò (ʃʴʚʽʚ, ʋʢʨʘʾʥʘ, 2017), ʥʘʫʢʦʚʽʡ 

ʢʦʥʬʝʨʝʥʮʽʾ ñʌʽʟʠʢʘ ʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ ʩʠʩʪʝʤò (ʃʴʚʽʚ, ʋʢʨʘʾʥʘ, 2018), ʄʽʞʥʘʨʦʜʥʽʡ 

ʥʘʫʢʦʚʽʡ ʢʦʥʬʝʨʝʥʮʽʾ ñʄʽʢʨʦ- ʪʘ ʥʘʥʦʥʝʦʜʥʦʨʽʜʥʽ ʤʘʪʝʨʽʘʣʠ: ʤʦʜʝʣʽ ʪʘ ʝʢʩʧʝʨʠ-

ʤʝʥʪò (ʃʴʚʽʚ, ʋʢʨʘʾʥʘ, 2018), ʥʘʫʢʦʚʠʭ ʩʝʤʽʥʘʨʘʭ ʚʽʜʜʽʣʫ ʬʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʥʠʟʴʢʦʚʠʤʽʨʥʠʭ ʩʠʩʪʝʤ ʽ ʢʦʥʬʝʨʝʥʮʽʷʭ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ ɯʥʩʪʠʪʫʪʫ 

ʧʨʠʢʣʘʜʥʠʭ ʧʨʦʙʣʝʤ ʤʝʭʘʥʽʢʠ ʽ ʤʘʪʝʤʘʪʠʢʠ ʽʤ. ʗ.ʉ. ʇʽʜʩʪʨʠʛʘʯʘ ʅɸʅ ʋʢʨʘʾʥʠ. 

ʇʫʙʣʽʢʘʮʽʾ. ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʚʠʢʣʘʜʝʥʽ ʫ 24 ʥʘʫʢʦʚʠʭ 

ʧʫʙʣʽʢʘʮʽʷʭ, ʩʝʨʝʜ ʷʢʠʭ 9 ʥʘʫʢʦʚʠʭ ʩʪʘʪʝʡ, ʦʧʫʙʣʽʢʦʚʘʥʠʭ ʫ ʧʨʦʬʽʣʴʥʠʭ 

ʨʝʬʝʨʦʚʘʥʠʭ ʞʫʨʥʘʣʘʭ, 6 ʟ ʷʢʠʭ ʦʧʫʙʣʽʢʦʚʘʥʽ ʫ ʚʠʜʘʥʥʷʭ, ʱʦ ʽʥʜʝʢʩʫʶʪʴʩʷ 

ʤʽʞʥʘʨʦʜʥʠʤʠ ʥʘʫʢʦʤʝʪʨʠʯʥʠʤʠ ʙʘʟʘʤʠ SCOPUS ʪʘ/ʘʙʦ WoS, 1 ʇʘʪʝʥʪʽ ʋʢʨʘʾʥʠ 

ʥʘ ʢʦʨʠʩʥʫ ʤʦʜʝʣʴ ʪʘ 14 ʤʘʪʝʨʽʘʣʘʭ ʽ ʪʝʟ ʥʘʫʢʦʚʠʭ ʢʦʥʬʝʨʝʥʮʽʡ. 

ʉʪʨʫʢʪʫʨʘ ʪʘ ʦʙʩʷʛ ʜʠʩʝʨʪʘʮʽʾ. ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟʽ ʚʩʪʫʧʫ, 

ʯʦʪʠʨʴʦʭ ʨʦʟʜʽʣʽʚ, ʚʠʩʥʦʚʢʽʚ ʪʘ ʩʧʠʩʢʫ ʚʠʢʦʨʠʩʪʘʥʠʭ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ. 

ʈʫʢʦʧʠʩ ʨʦʙʦʪʠ ʚʠʢʣʘʜʝʥʠʡ ʥʘ 180 ʩʪʦʨʽʥʢʘʭ ʜʨʫʢʦʚʘʥʦʛʦ ʪʝʢʩʪʫ, ʤʽʩʪʠʪʴ 83 

ʤʘʣʶʥʢʽʚ, 14 ʪʘʙʣʠʮʴ ʽ 145 ʙʽʙʣʽʦʛʨʘʬʽʯʥʠʭ ʜʞʝʨʝʣ. 
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ʈʆɿɼɯʃ 1 

ʉʊʈʋʂʊʋʈɸ ʊɸ ɽʃɽʂʊʈʆʅʅɯ ɺʃɸʉʊʀɺʆʉʊɯ ʂʈʀʉʊɸʃɯɺ ʊɸ 

ʅɸʅʆʉʊʈʋʂʊʋʈ ʅɸ ʆʉʅʆɺɯ ʆʂʉʀɼʋ ʎʀʅʂʋ 

 

ʆʢʩʠʜ ʮʠʥʢʫ ʟʘʡʤʘʻ ʦʩʦʙʣʠʚʝ ʤʽʩʮʝ ʩʝʨʝʜ ʰʠʨʦʢʦʟʦʥʥʠʭ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ, ʷʢʽ ʽʥʪʝʥʩʠʚʥʦ ʜʦʩʣʽʜʞʫʶʪʴʩʷ ʯʝʨʝʟ ʩʚʦʶ ʙʘʛʘʪʦʛʨʘʥʥʽʩʪʴ, 

ʰʠʨʦʢʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʨʽʟʥʠʭ ʛʘʣʫʟʷʭ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʪʝʭʥʽʢʠ ʽ ʤʝʜʠʮʠʥʠ [1]. 

ʈʽʟʥʦʤʘʥʽʪʥʽʩʪʴ ʦʨʠʛʽʥʘʣʴʥʠʭ ʬʽʟʠʯʥʠʭ ʽ ʭʽʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʪʘʢʠʭ ʷʢ, 

ʘʥʽʟʦʪʨʦʧʽʷ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ, ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʝʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʧʨʠ ʚʝʣʠʢʽʡ ʰʠʨʠʥʽ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ, ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʡ ʩʢʣʘʜ ʩʧʦʣʫʢʠ ʟ 

ʜʦʙʨʝ ʚʠʨʘʞʝʥʦʶ ʚʣʘʩʥʦʜʝʬʝʢʪʥʦʶ ʩʪʨʫʢʪʫʨʦʶ, ʬʦʪʦʛʘʣʴʚʘʥʽʯʥʽ ʪʘ 

ʬʦʪʦʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʣʶʤʽʥʝʩʮʝʥʪʥʽ ʪʘ ʬʦʪʦʧʨʦʚʽʜʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʣʘʟʝʨʥʠʡ ʽ 

ʝʣʝʢʪʨʦʦʧʪʠʯʥʠʡ ʝʬʝʢʪʠ, ʚʠʩʦʢʘ ʚʽʜʙʠʚʥʘ ʟʜʘʪʥʽʩʪʴ ʫ ʚʠʜʠʤʽʡ ʦʙʣʘʩʪʽ ʪʘ 

ʽʥʪʝʥʩʠʚʥʝ ʧʦʛʣʠʥʘʥʥʷ ʚ ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʽʡ ʜʽʣʷʥʮʽ ʩʧʝʢʪʨʫ, ʥʘʷʚʥʽʩʪʴ ʩʠʣʴʥʦʛʦ 

ʧôʻʟʦ- ʽ ʧʽʨʦʝʬʝʢʪʽʚ, ʥʠʟʴʢʠʡ ʢʦʝʬʽʮʽʻʥʪ ʣʽʥʽʡʥʦʛʦ ʨʦʟʰʠʨʝʥʥʷ, ʢʘʪʘʣʽʪʠʯʥʘ 

ʘʢʪʠʚʥʽʩʪʴ, ʘʤʬʦʪʝʨʥʽ ʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʟʜʘʪʥʽʩʪʴ ʩʫʙʣʽʤʫʚʘʪʠ ʟ ʨʦʟʢʣʘʜʦʤ 

ʪʦʱʦ, ʨʦʙʣʷʪʴ ʮʝʡ ʤʘʪʝʨʽʘʣ ʩʧʨʘʚʜʽ ʫʥʽʢʘʣʴʥʠʤ [2]. 

 

1.1. ʉʪʨʫʢʪʫʨʘ ʪʘ ʚʣʘʩʪʠʚʦʩʪʽ ʦʢʩʠʜʫ ʮʠʥʢʫ 

ʆʢʩʠʜ ʮʠʥʢʫ (ZnO) ʥʘʣʝʞʠʪʴ ʜʦ ʰʠʨʦʢʦʛʦ ʢʣʘʩʫ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ 

ʩʧʦʣʫʢ ʛʨʫʧʠ ɸ
II
ɺ

VI
. ɯʩʥʫʻ ʪʨʠ ʢʨʠʩʪʘʣʽʯʥʽ ʤʦʜʠʬʽʢʘʮʽʾ ʩʪʨʫʢʪʫʨʠ ʦʢʩʠʜʫ ʮʠʥʢʫ 

ï ʢʫʙʽʯʥʽ ʩʪʨʫʢʪʫʨʠ ʩʬʘʣʝʨʠʪʫ (ʨʠʩ. 1.1 ʘ) ʽ ʛʘʣʽʪʫ, ʛʝʢʩʘʛʦʥʘʣʴʥʘ ʩʪʨʫʢʪʫʨʘ 

ʚʶʨʮʠʪʫ (ʨʠʩ. 1.1 ʙ). ɿʘ ʥʦʨʤʘʣʴʥʠʭ ʫʤʦʚ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʩʪʘʙʽʣʴʥʦʶ ʻ 

ʩʪʨʫʢʪʫʨʘ ʚʶʨʮʠʪʫ ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ ʩʠʥʛʦʥʽʾ [1]. 

ʇʝʨʽʦʜʠ ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ ʢʦʤʽʨʢʠ ZnO (ʧʨʦʩʪʦʨʦʚʘ ʛʨʫʧʘ ʩʠʤʝʪʨʽʾ P63mc 

ʘʙʦ 4

6VC ) ʟʘ ʢʽʤʥʘʪʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʠʡʤʘʶʪʴ ʟʥʘʯʝʥʥʷ ʘ = b = 0,3249(6) ʥʤ ʽ 

ʩ = 0,52042(20) ʥʤ. ʅʘʧʨʷʤ c-ʦʩi ʢʨʠʩʪʘʣʘ ʧʦʟʥʘʯʘʶʪʴ [0001], ʧʣʦʱʠʥʘ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ ʜʦ ʦʩʽ ʩ ʻ ʛʝʢʩʘʛʦʥʘʣʴʥʦʶ ʧʣʦʱʠʥʦʶ (0001). 

ʉʧʽʚʚʽʜʥʦʰʝʥʥʷ ʩ/ʘ ʩʪʘʥʦʚʠʪʴ ʚʽʜ 1,593 ʜʦ 1,6035 ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʟʥʘʯʝʥʥʷ 

1,633 ʜʣʷ ʽʜʝʘʣʴʥʦʾ ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ ˇʨʘʪʢʠ. ɺʽʜʭʠʣʝʥʥʷ ʚʽʜ ʽʜʝʘʣʴʥʦʾ ʩʪʨʫʢʪʫʨʠ 
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ʚʶʨʮʠʪʫ, ʡʤʦʚʽʨʥʦ, ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʩʪʘʙʽʣʴʥʽʩʪʶ ʨʝʰʽʪʢʠ ʪʘ ʽʦʥʥʽʩʪʶ. ɻʫʩʪʠʥʘ 

Znʆ ʩʢʣʘʜʘʻ 5,675 Ñ 0,012 ʛ/ʩʤ
3
. 

 

ʈʠʩ. 1.1. ʂʨʠʩʪʘʣʽʯʥʘ ʩʪʨʫʢʪʫʨʘ ʦʢʩʠʜʫ ʮʠʥʢʫ: ʘ) ʢʫʙʽʯʥʘ ʩʠʥʛʦʥʽʷ (ʪʠʧ 

ʮʠʥʢʦʚʦʾ ʦʙʤʘʥʢʠ), ʙ) ʛʝʢʩʘʛʦʥʘʣʴʥʘ ʩʪʨʫʢʪʫʨʘ (ʚʶʨʮʠʪ). ʋ ʛʨʘʪʮʽ ʚʶʨʮʠʪʫ ʯʝʨʚʦʥʠʤ 

ʢʦʣʴʦʨʦʤ ʚʠʜʽʣʝʥʦ ʘʪʦʤʠ ʬʦʨʤʫʣʴʥʽ ʦʜʠʥʠʮʽ (2ĬZnO), ʷʢʽ ʬʦʨʤʫʶʪʴ ʧʨʠʤʽʪʠʚʥʫ 

ʢʦʤʽʨʢʫ ʢʨʠʩʪʘʣʫ (ʚʠʜʽʣʝʥʦ ʟʝʣʝʥʠʤʠ ʣʽʥʽʷʤʠ). 

 

ʇʨʠʤʽʪʠʚʥʘ ʢʦʤʽʨʢʘ ʫ ʩʪʨʫʢʪʫʨʽ ʚʶʨʮʠʪʫ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʬʦʨʤʫʣʴʥʠʭ 

ʦʜʠʥʠʮʴ Znʆ. ɸʪʦʤʠ ʦʢʩʠʛʝʥʫ ʫʪʚʦʨʶʶʪʴ ʱʽʣʴʥʝ ʛʝʢʩʘʛʦʥʘʣʴʥʝ ʫʧʘʢʫʚʘʥʥʷ, 

ʪʦʜʽ ʷʢ ʘʪʦʤʠ ʮʠʥʢʫ ʨʦʟʪʘʰʦʚʫʪʁʴʩʷ ʚ ʮʝʥʪʨʘʭ ʪʝʪʨʘʝʜʨʽʚ, ʫʪʚʦʨʝʥʠʭ ʘʪʦʤʘʤʠ 

ʦʢʩʠʛʝʥʫ (ʨʠʩ. 1.1). ʅʘʡʤʝʥʰʘ ʤʽʜʘʪʦʤʥʘ ʚʽʜʩʪʘʥʴ ʤʽʞ ʦʢʩʠʛʝʥʦʤ ʽ ʮʠʥʢʫ 

ʩʢʣʘʜʘʻ 1,992 ¡ ʫ ʥʘʧʨʷʤʽ ʧʘʨʘʣʝʣʴʥʦ ʦʩʽ ʩ ʽ 1,97 ¡ ʚ ʪʨʴʦʭ ʽʥʰʠʭ ʥʘʧʨʷʤʢʘʭ 

ʥʘʡʙʣʠʞʯʦʛʦ ʪʝʪʨʘʝʜʨʠʯʥʦʛʦ ʦʪʦʯʝʥʥʷ [2]. 

ʋ ʩʪʨʫʢʪʫʨʽ Znʆ ʪʠʧʫ ʚʶʨʮʠʪ ʚʽʜʩʫʪʥʽʡ ʮʝʥʪʨʘ ʩʠʤʝʪʨʽʾ, ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ 

ʢʨʠʩʪʘʣʠ ʚʦʣʦʜʽʶʪʴ ʧʦʣʷʨʥʦʶ ʚʽʩʩ,ʁ ʧʘʨʘʣʝʣʴʥʦ  ʁʥʘʧʨʷʤʢʫ [0001]. ʇʦʣʷʨʥʽʩʪʴ 

ʟʚôʷʟʢʫ ʦʙʫʤʦʚʣʝʥʘ ʜʫʞʝ ʩʠʣʴʥʦʶ ʝʣʝʢʪʨʦʥʝʛʘʪʠʚʥʽʩʪʶ ʢʠʩʥʶ, ʷʢʘ ʜʦʨʽʚʥʶʻ 

3,5 ʟʘ ʰʢʘʣʦʶ ʇʦʣʽʥʛʘ. ʈʘʟʦʤ ʟ ʜʦʩʠʪʴ ʥʠʟʴʢʠʤ ʟʥʘʯʝʥʥʷʤ ʝʣʝʢʪʨʦʥʝʛʘʪʠʚʥʦʩʪʽ 

ʮʠʥʢʫ 0,91, ʮʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʽʦʥʥʦʩʪʽ 0,616 ʟʘ ʰʢʘʣʦʶ ʌʽʣʽʧʩʘ. ɺʠʩʦʢʘ 

ʧʦʣʷʨʥʽʩʪʴ ʟʚôʷʟʢʽʚ ʚʽʜʧʦʚʽʜʘʻ ʟʘ ʙʽʣʴʰ ʝʥʝʨʛʝʪʠʯʥʦ ʚʠʛʽʜʥʫ ʧʦʙʫʜʦʚʫ 

ʩʪʨʫʢʪʫʨʠ ʚʶʨʮʠʪʫ ʟʘʤʽʩʪʴ ʢʫʙʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʮʠʥʢʦʚʦʾ ʦʙʤʘʥʢʠ, ʷʢʘ ʚʠʥʠʢʘʻ 

ʜʣʷ ʪʝʪʨʘʝʜʨʘʣʴʥʦ ʦʨʽʻʥʪʦʚʘʥʠʭ ʟʚôʷʟʢʽʚ ʟ ʤʝʥʰʦʶ ʧʦʣʷʨʥʽʩʪʶ (ʥʘʧʨʠʢʣʘʜ, ʫ 
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ʙʘʛʘʪʴʦʭ ʩʧʦʣʫʢʘʭ ʛʨʫʧʠ II-VI ʽ ʤʘʡʞʝ ʫ ʚʩʽʭ ʩʧʦʣʫʢʘʭ ʛʨʫʧʠ III-V, ʪʘʢʠʭ ʷʢ 

GaAs).  

ʇʦʣʷʨʥʽʩʪʴ ʧʨʦʪʠʣʝʞʥʦ ʟʘʨʷʜʞʝʥʠʭ ʽʦʥʽʚ Zn
2+

 ʽ O
2ï

 ʤʦʞʝ ʙʫʪʠ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʫ ʚʠʛʣʷʜʽ ʩʽʪʢʠ ʥʝʟʨʽʚʥʦʚʘʞʝʥʠʭ ʧʦʩʪʽʡʥʠʭ ʜʠʧʦʣʴʥʠʭ ʤʦʤʝʥʪʽʚ, ʽ 

ʨʝʟʫʣʴʪʘʪʦʤ ʯʦʛʦ ʻ ʥʘʷʚʥʽʩʪʴ ʦʜʠʥʠʯʥʦʾ ʧʦʣʷʨʥʦʾ ʦʩʽ, ʱʦ ʧʨʠʚʦʜʠʪʴ ʜʦ 

ʭʘʨʘʢʪʝʨʥʦʛʦ ʜʣʷ ʢʨʠʩʪʘʣʽʚ Znʆ ʧʨʦʷʚʫ ʧôʻʟʦ ʽ ʧʽʨʦʚʣʘʩʪʠʚʦʩʪʝʡ [2]. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʩʧʦʩʪʝʨʝʞʫʚʘʥʘ ʧʝʨʝʚʘʛʘ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʫ ʩʪʨʫʢʪʫʨʽ 

ʚʶʨʮʠʪʫ ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʪʝʦʨʝʪʠʯʥʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ. ʉʝʨʝʜ ʨʽʟʥʠʭ ʤʝʪʦʜʽʚ 

ʥʘʡʢʨʘʱʝ ʫʟʛʦʜʞʝʥʥʷ ʟ ʝʢʩʧʝʨʠʤʝʥʪʦʤ ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ ʫ ʤʝʞʘʭ 

ʪʝʦʨʽʾ ʬʫʥʢʮʽʦʥʘʣʫ ʛʫʩʪʠʥʠ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʫʟʘʛʘʣʴʥʝʥʦʾ ʛʨʘʜʽʻʥʪʥʦʾ 

ʘʧʨʦʢʩʠʤʘʮʽʾ (GGA), ʱʦ ʜʘʻ ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʽʾ ʟʚôʷʟʢʫ ZnO -7,692 ʝɺ ʜʣʷ 

ʚʶʨʮʠʪʫ, -7,679 ʝɺ ʜʣʷ ʩʬʘʣʝʨʠʪʫ ʽ -7,455 eɺ ʜʣʷ ʛʘʣʽʪʫ [3]. 

 

1.2. ɽʣʝʢʪʨʦʥʥʘ ʩʪʨʫʢʪʫʨʘ ʢʨʠʩʪʘʣʽʚ ZnO 

ʆʢʩʠʜ ʮʠʥʢʫ ʫ ʩʪʨʫʢʪʫʨʽ ʚʶʨʮʠʪʫ ï ʮʝ ʰʠʨʦʢʦʟʦʥʥʠʡ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢ 

(3,437 ʝɺ ʟʘ ʪʝʤʧʝʨʘʪʫʨʠ 2 K) ʽʟ ʚʜʘʣʠʤ ʧʦʻʜʥʘʥʥʷʤ ʢʦʨʠʩʥʠʭ ʝʣʝʢʪʨʦʬʽʟʠʯʥʠʭ, 

ʦʧʪʠʯʥʠʭ ʪʘ ʘʢʫʩʪʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʱʦ ʚʠʟʥʘʯʘʻ ʦʙʣʘʩʪʽ ʡʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʚʽʜ ʦʧʪʦʝʣʝʢʪʨʦʥʽʢʠ ʜʦ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʢʘʪʘʣʽʟʫ. ɹʽʣʴʰʽʩʪʴ ʮʠʭ ʟʘʩʪʦʩʫʚʘʥʴ 

ʚʠʤʘʛʘʶʪʴ ʣʠʰʝ ʧʦʣʽʢʨʠʩʪʘʣʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʦʜʥʘʢ ʦʩʪʘʥʥʽ ʫʩʧʽʭʠ ʫ 

ʚʠʨʦʙʥʠʮʪʚʽ ʤʦʥʦʢʨʠʩʪʘʣʽʚ ʚʝʣʠʢʦʾ ʧʣʦʱʽ ʜʦʟʚʦʣʷʶʪʴ ʚʠʨʦʙʣʷʪʠ ʩʠʥʽ ʪʘ 

ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʽ ʩʚʽʪʣʦʜʽʦʜʠ ʪʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʽ ʪʨʘʥʟʠʩʪʦʨʠ ʚʠʩʦʢʦʾ 

ʧʦʪʫʞʥʦʩʪʽ [4]. 

ɺ ʟʘʛʘʣʴʥʦʤʫ ʝʣʝʢʪʨʦʥʥʘ ʩʪʨʫʢʪʫʨʘ ʙʽʥʘʨʥʠʭ ʩʧʦʣʫʢ ʛʨʫʧ IIIïV ʽ IIïVI ʻ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʦʶ ʟ ʚʘʣʝʥʪʥʦʶ ʟʦʥʦʶ, ʷʢʘ ʚ ʦʩʥʦʚʥʦʤʫ ʬʦʨʤʫʻʪʴʩʷ 

ʢʦʚʘʣʝʥʪʥʦ ʟʚôʷʟʘʥʠʤʠ ʦʨʙʽʪʘʣʷʤʠ (s ʽ p). ZnO ʻ ʧʨʷʤʦʟʦʥʥʠʤ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʤ ʽʟ ʥʘʡʤʝʥʰʦʶ ʟʘʙʦʨʦʥʝʥʦʶ ʝʥʝʨʛʝʪʠʯʥʦʶ ʱʽʣʠʥʦʶ ʫ ʪʦʯʮʽ ɻ 

ʟʦʥʠ ɹʨʽʣʣʶʝʥʘ. ɿʦʥʫ ʧʨʦʚʽʜʥʦʩʪʽ ʬʦʨʤʫʶʪʴ ʥʝʟʘʧʦʚʥʝʥʽ 4s-ʩʪʘʥʠ ʽʦʥʘ Zn
2+

 ʘʙʦ 

ʨʦʟʨʠʭʣʝʥ ̔ sp
3
-ʛʽʙʨʠʜʠʟʦʚʘʥʽ ʩʪʘʥʠ. ɺʘʣʝʥʪʥʫ ʟʦʥʫ ʬʦʨʤʫʶʪʴ ʟʘʩʝʣʝʥ ̔ 2p-

ʦʨʙʽʪʘʣ̔ ʽʦʥʘ O
2-
 ʘʙʦ ʟʚôʷʟʘʥ ̔ sp

3
-ʦʨʙʽʪʘʣʽ, ʷʢʽ ʨʦʟʱʝʧʣʶʪʁʴʩʷ ʧʽʜ ʚʧʣʠʚʦʤ 
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ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʢʨʠʩʪʘʣʽʯʥʦʛʦ ʧʦʣʷ ʽ ʩʧʽʥ-ʦʨʙʽʪʘʣʴʥʦʾ ʚʟʘʻʤʦʜʽʾ ʥʘ ʪʨʠ ʨʽʚʥʽ 

(A, B ʪʘ C). 

ʋ ʢʨʠʩʪʘʣʘʭ ʽʟ ʩʪʨʫʢʪʫʨʦʶ ʚʶʨʮʠʪʫ ʝʣʝʢʪʨʦʥʥʽ ʧʝʨʝʭʦʜʠ ʫ ʪʦʯʮʽ ɻ ʽʟ 

ʚʘʣʝʥʪʥʠʭ ʩʪʘʥʽʚ ʩʠʤʝʪʨʽʾ ɻ7v, ɻ7v   ʽ ɻ9v, ʨʦʟʱʝʧʣʝʥʠʭ ʟʘ ʨʘʭʫʥʦʢ ʩʧʽʥ-

ʦʨʙʽʪʘʣʴʥʦʾ ʚʟʘʻʤʦʜʽʾ ʽ ʜʽʾ ʢʨʠʩʪʘʣʽʯʥʦʛʦ ʧʦʣʷ, ʪʘ ʩʪʘʥʘʤʠ ʟʦʥʠ ʧʨʦʚʽʜʥʦʩʪʽ ɻ7ʩ 

ʩʠʤʝʪʨʽʾ (ʨʠʩ. 1.2). 

 

ʈʠʩ. 1.2. ʉʭʝʤʘ ʨʦʟʱʝʧʣʝʥʥʷ ʝʥʝʨʛʝʪʠʯʥʠʭ ʨʽʚʥʽʚ ʫ ʢʨʠʩʪʘʣʘʭ ʟʽ ʩʪʨʫʢʪʫʨʦʶ 

ʚʶʨʮʠʪʫ ʧʽʜ ʚʧʣʠʚʦʤ ʢʨʠʩʪʘʣʽʯʥʦʛʦ ʧʦʣʷ (cf) ʪʘ ʩʧʽʥ-ʦʨʙʘʪʽʣʴʥʦʾ ʚʟʘʻʤʦʜʽʾ (so) [5]. 

 

 ʊʝʦʨʝʪʠʢʦ-ʛʨʫʧʦʚʠʡ ʘʥʘʣʽʟ ʧʦʢʘʟʫʻ, ʱʦ ʚʟʘʻʤʦʜʽʷ ʜʽʨʢʠ ʟ ʨʽʚʥʷ ʚʘʣʝʥʪʥʦʾ 

ʟʦʥʠ ɻ9v ʟ ʝʣʝʢʪʨʦʥʦʤ ʽʟ ʟʦʥʠ ʧʨʦʚʽʜʥʦʩʪʽ ɻ7ʩ ʩʠʤʝʪʨʽʾ ʩʪʚʦʨʶʻ ʝʢʩʠʪʦʥʥʽ ʩʪʘʥʠ 

ʩʠʤʝʪʨʽʾ ɻ5 ʽ ɻ6, ʷʢʽ ʻ ʜʚʦʢʨʘʪʥʦ ʚʠʨʦʜʞʝʥʠʤʠ. ɽʢʩʠʪʦʥʥʽ ʧʝʨʝʭʦʜʠ ʩʠʤʝʪʨʽʾ ɻ5 ̒  

ʜʦʟʚʦʣʝʥʠʤʠ, ʘ ɻ6 ï ʟʘʙʦʨʦʥʝʥʠʤʠ. ʆʩʥʦʚʥʽ ʧʘʨʘʤʝʪʨʠ ʝʢʩʠʪʦʥʽʚ, ʘ ʪʘʢʦʞ 

ʝʬʝʢʪʠʚʥʽ ʤʘʩʠ ʝʣʝʢʪʨʦʥʽʚ ʽ ʜʽʨʦʢ ʙʫʣʠ ʚʩʪʘʥʦʚʣʝʥʽ ʟ ʘʥʘʣʽʟʫ ʩʧʝʢʪʨʽʚ 

ʚʽʜʙʠʚʘʥʥʷ ʽ ʧʨʦʧʫʩʢʘʥʥʷ (ʨʠʩ. 1.3).  

ʇʦʨʷʜʦʢ ʨʦʟʪʘʰʫʚʘʥʥʷ ʚʘʣʝʥʪʥʠʭ ʟʦʥ ʫ ʢʨʠʩʪʘʣʘʭ ZnO ʩʪʘʚ ʧʨʝʜʤʝʪʦʤ 

ʪʨʠʚʘʣʦʾ ʥʘʫʢʦʚʦʾ ʜʠʩʢʫʩʽʾ. ʋ ʨʘʥʥʽʭ ʨʦʙʦʪʘʭ [6, 7] ʥʘ ʦʩʥʦʚʽ ʚʠʚʯʝʥʥʷ ʩʧʝʢʪʨʽʚ 

ʚʽʜʙʠʚʘʥʥʷ ʜʣʷ ʨʽʟʥʠʭ ʧʦʣʷʨʠʟʘʮʽʡ ʩʚʽʪʣʘ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʝʣʝʢʪʨʦʥʥʽ ʟʦʥʠ ʫ 

ʚʘʣʝʥʪʥʽʡ ʦʙʣʘʩʪʽ ʨʦʟʪʘʰʦʚʘʥʽ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ ɻ7v, ɻ9v   ʽ ɻ7v. ʎʷ ʧʦʩʣʽʜʦʚʥʽʩʪʴ 

ʧʦʷʩʥʶʻʪʴʩʷ ʧʘʨʘʤʝʪʨʦʤ ʩʧʽʥ-ʦʨʙʽʪʘʣʴʥʦʛʦ ʨʦʟʱʝʧʣʝʥʥʷ, ʷʢʠʡ ʻ ʥʝʛʘʪʠʚʥʠʤ ʚ 
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ʨʝʟʫʣʴʪʘʪʽ ʛʽʙʨʠʜʠʟʘʮʽʾ ʟ d-ʩʪʘʥʘʤʠ Zn. ɺ ʨʦʙʦʪʽ [8] ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʩʧʝʢʪʨʽʚ 

ʧʦʛʣʠʥʘʥʥʷ ʪʘ ʚʽʜʙʠʚʘʥʥʷ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʥʘʩʪʫʧʥʠʡ ʧʦʨʷʜʦʢ ʟʦʥ: ɻ9v, ɻ7v  ʽ ɻ7v. 

ʊʘʢʠʡ ʧʦʨʷʜʦʢ ʧʽʜʪʚʝʨʜʞʝʥʦ ʽ ʨʦʙʦʪʘʤʠ [9, 10] ʧʽʩʣʷ ʘʥʘʣʽʟʫ ʧʦʣʷʨʠʟʦʚʘʥʠʭ 

ʩʧʝʢʪʨʽʚ ʚʽʜʙʠʚʘʥʥʷ ʪʘ ʤʘʛʥʝʪʦʬʦʪʦʣʶʤʽʥʝʩʮʝʥʮʽʾ. ɺʩʫʧʝʨʝʯ ʮʴʦʤʫ, 

ʝʢʩʧʝʨʠʤʝʥʪʠ ʟ ʤʘʛʥʽʪʦʦʧʪʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʚôʷʟʘʥʠʭ ʝʢʩʠʪʦʥʽʚ [11, 12] 

ʩʚʽʜʯʘʪʴ ʧʨʦ ɻ7 ʩʠʤʝʪʨʽʶ ʚʝʨʭʥʴʦʾ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ. 

ɹʽʣʴʰʝ ʪʦʛʦ, ʚʠʩʥʦʚʢʠ ʧʨʦ ʧʦʨʷʜʦʢ ʟʦʥ ɻ9v, ɻ7v  ʽ ɻ7v ʧʽʜʜʘʶʪʴ ʩʫʤʥʽʚʫ ʚ 

ʪʝʦʨʝʪʠʯʥʠʭ ʨʦʙʦʪʘʭ [5, 13], ʦʩʥʦʚʘʥʠʭ ʥʘ ʧʝʨʰʦʧʨʠʥʮʠʧʥʠʭ ʨʦʟʨʘʭʫʥʢʘʭ ʚ 

ʤʝʞʘʭ ʪʝʦʨʽʾ ʬʫʥʢʮʽʦʥʘʣʫ ʛʫʩʪʠʥʠ (ʊʌɻ, density functional theory (DFT)) ʽ 

ʘʚʪʦʨʠ ʩʪʚʝʨʜʞʫʶʪʴ, ʱʦ ʚʠʭʽʜʥʘ ʧʦʩʣʽʜʦʚʥʽʩʪʴ, ʟʘʧʨʦʧʦʥʦʚʘʥʘ ʊʦʤʘʩʦʤ [6] ʽ 

ʍʦʧʬʽʣʜʦʤ [7], ʻ ʧʨʘʚʠʣʴʥʦʶ. ɺʢʘʟʫʻʪʴʩʷ, ʱʦ ʝʣʝʢʪʨʦʥʥʘ ʩʪʨʫʢʪʫʨʘ ʧʦʙʣʠʟʫ 

ʚʝʨʰʠʥʠ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ ʚ ZnO ʽ, ʪʘʢʠʤ ʯʠʥʦʤ, ʡʦʛʦ ʦʧʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʧʦʙʣʠʟʫ ʢʨʘʶ ʧʦʛʣʠʥʘʥʥʷ ʟʘʟʥʘʶʪʴ ʩʠʣʴʥʦʛʦ ʚʧʣʠʚʫ ʚʽʜ ʛʽʙʨʠʜʠʟʘʮʽʾ ʟ 3d-

ʩʪʘʥʘʤʠ Zn. 

 

ʈʠʩ. 1.3. ʉʧʝʢʪʨʠ ʦʧʪʠʯʥʦʛʦ ʚʽʜʙʠʚʘʥʥʷ (OR), ʬʦʪʦʤʦʜʫʣʴʦʚʘʥʦʛʦ ʚʽʜʙʠʚʘʥʥʷ (PR) ʽ 

ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʮʽʾ (PL) ʢʨʠʩʪʘʣʽʚ ZnO ʜʣʷ ʨʽʟʥʠʭ ʧʦʣʷʨʠʟʘʮʽʡ ʩʚʽʪʣʘ [14]. 
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ʇʘʨʘʤʝʪʨʠ ʛʨʘʪʢʠ ʟʤʽʥʶʶʪʴʩʷ ʟ ʪʝʤʧʝʨʘʪʫʨʦʶ, ʚʽʜʧʦʚʽʜʥʦ, ʟʘʟʥʘʻ ʟʤʽʥ 

ʰʠʨʠʥʘ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ. ɿʤʝʥʰʝʥʥʷ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʟ ʨʦʩʪʦʤ 

ʪʝʤʧʝʨʘʪʫʨʠ ʦʧʠʩʫʻʪʴʩʷ ʝʤʧʽʨʠʯʥʦʶ ʬʦʨʤʫʣʦʶ [15]: 

                 
2

( ) ( 0)g g

T
E T E T

T

a

b
= = -

+
                          (1.1). 

ʜʝ Ŭ = ï
45,05 10-Ö  ʝɺ/ʂ, ɓ = ï900 ʂ ʜʣʷ ʜʽʘʧʘʟʦʥʫ ʪʝʤʧʝʨʘʪʫʨ ʜʦ 300 ʂ. 

ɽʢʩʠʪʦʥʥʽ ʧʝʨʝʭʦʜʠ, ʧʦʚôʷʟʘʥʽ ʟ ʚʝʨʭʥʽʤʠ ʚʘʣʝʥʪʥʠʤʠ ʟʦʥʘʤʠ A, B ʪʘ C 

ʧʦʢʘʟʫʶʪʴ ʧʦʜʽʙʥʫ ʟʘʣʝʞʥʽʩʪʴ ʽʟ ʧʘʨʘʤʝʪʨʘʤʠ Ŭ = ï
47,2 10-Ö  ʝɺ/ʂ, ɓ = ï1077 ʂ. 

ʄʦʞʣʠʚʽʩʪʴ ʧʣʘʚʥʦʾ ʟʤʽʥʠ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʫ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʫ ʻ ʜʫʞʝ 

ʚʘʞʣʠʚʦʶ ʧʨʠ ʨʦʟʨʦʙʮʽ ʦʧʪʠʢʦ-ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ. ʋʪʚʦʨʝʥʥʷ ʪʚʝʨʜʠʭ 

ʨʦʟʯʠʥʽʚ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ ʟ ʨʽʟʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ 

ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʤʘʪʝʨʽʘʣ ʟ ʥʘʧʝʨʝʜ ʟʘʜʘʥʦʶ ʰʠʨʠʥʦʶ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʽ, 

ʚʽʜʧʦʚʽʜʥʦ, ʟʤʽʥʶʚʘʪʠ ʜʦʚʞʠʥʫ ʭʚʠʣʽ ʝʢʩʠʪʦʥʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. ʋ ʚʠʧʘʜʢʫ 

ZnO ʩʠʥʪʝʟ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʽʟ MgO ʯʠ ʟ CdO ʜʘʻ ʟʤʦʛʫ ʦʪʨʠʤʘʪʠ ʩʠʩʪʝʤʠ ʽʟ 

ʙʽʣʴʰʦʶ ʯʠ ʤʝʥʰʦʶ ʰʠʨʠʥʦʶ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ. 

ɼʣʷ ʦʙʯʠʩʣʝʥʥʷ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ ʪʘ ʜʠʩʧʝʨʩʽʾ ʝʣʝʢʪʨʦʥʥʠʭ ʟʦʥ ʚ ZnO 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʨʽʟʥʽ ʪʝʦʨʝʪʠʯʥʽ ʧʽʜʭʦʜʠ [16-21]. ʇʝʨʰʽ ʦʧʫʙʣʽʢʦʚʘʥʽ 

ʜʦʩʣʽʜʞʝʥʥʷ ʟʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ZnO ʙʘʟʫʚʘʣʠʩʴ ʥʘ ʂʂʈ ʤʝʪʦʜʽ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʬʫʥʢʮʽʡ ɻʨʽʥʘ [16]. ʋ ʨʦʙʦʪʽ [17] ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʝʤʧʽʨʠʯʥʠʭ 

ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ 3d ʝʣʝʢʪʨʦʥʠ ʮʠʥʢʫ ʨʦʟʛʣʷʜʘʣʠ ʷʢ ʦʩʪʦʚʥʽ. ʋ ʧʦʜʘʣʴʰʠʭ 

ʨʦʙʦʪʘʭ, ʟʦʢʨʝʤʘ [18], ʙʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʪʘʢʠʡ ʧʽʜʭʽʜ ʜʘʻ ʥʝʟʘʜʦʚʽʣʴʥʽ 

ʨʝʟʫʣʴʪʘʪʠ. ʗʢʱʦ d-ʝʣʝʢʪʨʦʥʠ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʷʢ ʝʣʝʢʪʨʦʥʠ ʦʩʪʦʚʘ, ʨʦʟʨʘʭʦʚʘʥʽ 

ʧʝʨʽʦʜʠ ʛʨʘʪʢʠ ʻ ʥʘ 18% ʤʝʥʰʠʤʠ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ 

ʟʥʘʯʝʥʥʷʤʠ, ʪʦʜʽ ʷʢ ʚʢʣʶʯʝʥʥʷ d-ʝʣʝʢʪʨʦʥʽʚ ʫ ʚʘʣʝʥʪʥʫ ʟʦʥʫ ʜʘʻ ʜʫʞʝ ʪʦʯʥʽ 

ʩʪʘʣʽ ʛʨʘʪʢʠ. ʇʨʦʪʝ, ʪʝʦʨʝʪʠʯʥʽ ʨʦʟʨʘʭʫʥʢʠ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʘʙʣʠʞʝʥʥʷ LDA 

ʜʘʶʪʴ ʜʦʩʠʪʴ ʥʝʪʦʯʥʽ ʨʝʟʫʣʴʪʘʪʠ, ʧʦʚôʷʟʘʥʽ ʟʽ ʟʥʘʯʥʠʤ ʟʘʥʠʞʝʥʥʷʤ ʟʥʘʯʝʥʥʷ 

ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʪʘ ʥʝʫʟʛʦʜʞʝʥʥʷ ʚ ʨʦʟʪʘʰʫʚʘʥʥʽ ʟʦʥ d-ʝʣʝʢʪʨʦʥʽʚ. 

ʋ ʨʦʙʦʪʽ [19] ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʘʣʴʪʝʨʥʘʪʠʚʥʠʡ ʧʽʜʭʽʜ ʜʦ ʜʦʩʣʽʜʞʝʥʴ 

ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʩʧʦʣʫʢ ɸ
2
ɺ

6
  ʽʟ ʚʨʘʭʫʚʘʥʥʷʤ ʩʘʤʦʫʟʛʦʜʞʝʥʠʭ ʧʦʧʨʘʚʦʢ 

(SIC) ʚ ʦʧʠʩʽ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʫ (ʨʠʩ. 1.4.). ɹʘʯʠʤʦ, ʱʦ ʽʟ ʚʨʘʭʫʚʘʥʥʷʤ 
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ʩʘʤʦʫʟʛʦʜʞʝʥʠʭ ʧʦʧʨʘʚʦʢ ʫ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣ d ʟʦʥʠ ʮʠʥʢʫ ʟʩʫʚʘʶʪʴʩʷ ʧʦ 

ʝʥʝʨʛʝʪʠʯʥʽʡ ʰʢʘʣʽ ʚʥʠʟ, ʩʠʣʴʥʦ ʟʨʦʩʪʘʻ ʰʠʨʠʥʘ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ, ʟʤʽʥʶʶʪʴʩʷ 

ʜʠʩʧʝʨʩʽʷ  ʽ ʰʠʨʠʥʘ 2p-ʟʦʥʠ ʦʢʩʠʛʝʥʫ. 

ʊʘʢʦʞ ʜʣʷ ʫʩʫʥʝʥʥʷ ʥʝʜʦʣʽʢʽʚ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʫ LDA ʟʘʩʪʦʩʦʚʫʶʪʴ 

ʧʦʧʨʘʚʢʠ ʍʘʙʘʨʜʘ ʚ ʢʫʣʦʥʽʚʩʴʢʫ ʚʟʘʻʤʦʜʽʶ ʤʽʞ ʝʣʝʢʪʨʦʥʘʤʠ (ʤʝʪʦʜ LDA+U) 

[22, 23]. ʂʨʽʤ ʪʦʛʦ, ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʝʥʝʨʛʽʾ ʟʚôʷʟʢʫ ʚʽʣʴʥʠʭ ʝʢʩʠʪʦʥʽʚ A, B ʪʘ C, 

ʷʢʽ ʜʦʙʨʝ ʫʟʛʦʜʞʫʶʪʴʩʷ ʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ 67-68 ʤʝɺ. 

ʋ ʨʦʙʦʪʽ [24] ʧʨʦʚʝʜʝʥʦ ʦʙʯʠʩʣʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ZnO (ʨʠʩ. 1.5.), 

ʧʨʦʝʢʪʫʶʯʠ ʤʝʪʦʜ ʢʚʘʟʽʯʘʩʪʠʥʦʢ (QP) ʥʘ ʨʝʟʫʣʴʪʘʪʠ ʦʪʨʠʤʘʥʽ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʤʝʪʦʜʫ GGA+U, ʘ ʪʘʢʦʞ ʽʟ ʧʦʻʜʥʘʥʥʷ ʛʽʙʨʠʜʥʦʛʦ ʬʫʥʢʮʽʦʥʘʣʫ HSE03 ʽʟ ʦʜʥʦ-

ʯʘʩʪʠʥʢʦʚʦʶ ʬʫʥʢʮʽʻʶ ɻʨʽʥʘ ʪʘ ʝʢʨʘʥʦʚʘʥʦʶ ʢʫʣʦʥʽʚʩʴʢʦʶ ʚʟʘʻʤʦʜʽʻʶ (GW). 

 

ʈʠʩ. 1.4. ɿʦʥʥʘ ʩʪʨʫʢʪʫʨʘ ZnO. ɿʣʽʚʘ ï ʩʪʘʥʜʘʨʪʥʠʡ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣ (ʜʣʷ ʦʧʠʩʫ 

ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʦʛʦ ʧʦʪʝʥʮʽʘʣʫ ʚʠʢʦʨʠʩʪʘʥʦ ʤʝʪʦʜ ʘʧʨʦʢʩʠʤʘʮʽʾ ʣʦʢʘʣʴʥʦʾ 

ʛʫʩʪʠʥʠ (LDA)), ʩʧʨʘʚʘ - ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣ ʽʟ ʚʨʘʭʫʚʘʥʥʷʤ ʩʘʤʦʫʟʛʦʜʞʝʥʠʭ ʧʦʧʨʘʚʦʢ 

(LDA-SIC). 

 

ɿ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʪʦʯʢʠ ʟʦʨʫ ʝʣʝʢʪʨʦʥʥʫ ʟʦʥʥʫ ʩʪʨʫʢʪʫʨʫ ʤʦʞʥʘ 

ʚʠʤʽʨʷʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʦʪʦʝʤʽʩʽʡʥʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ ʟ ʢʫʪʦʚʠʤ ʨʦʟʜʽʣʝʥʥʷʤ 
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(ARPES), ʨʝʥʪʛʝʥʽʚʩʴʢʦʾ ʘʙʩʦʨʙʮʽʡʥʦʾ ʪʘ ʝʤʽʩʽʡʥʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ (XAS ʽ XES) ʽ 

ʨʝʟʦʥʘʥʩʥʦʛʦ ʥʝʧʨʫʞʥʦʛʦ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʨʦʟʩʽʶʚʘʥʥʷ (RIXS). 

ʆʜʥʘʢ ʚʠʟʥʘʯʝʥʥʷ ʢʽʣʴʢʽʩʥʠʭ ʟʥʘʯʝʥʴ, ʪʘʢʠʭ ʷʢ ʝʥʝʨʛʝʪʠʯʥʝ ʧʦʣʦʞʝʥʥʷ 

ʩʤʫʛ Zn (3d), ʥʝʣʝʛʢʝ ʯʝʨʝʟ ʦʙʤʝʞʝʥʫ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ ʽ ʧʝʨʝʢʨʠʪʪʷ ʟʦʥ, ʱʦ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʘʯʝʥʴ ʧʽʚʰʠʨʠʥʠ ʩʧʝʢʪʨʘʣʴʥʠʭ ʧʽʢʽʚ ʙʽʣʴʰʝ 200-300 ʤʝɺ. 

ʇʨʦʪʝ ʮʽ ʚʠʤʽʨʶʚʘʥʥʷ ʤʦʞʫʪʴ ʩʧʨʠʷʪʠ ʧʦʣʽʧʰʝʥʥʶ ʪʝʦʨʝʪʠʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʽ 

ʩʧʨʠʷʪʠ ʙʽʣʴʰ ʪʦʯʥʦʤʫ ʦʧʠʩʫ ʟʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ. ɼʣʷ ZnO ʙʫʣʦ ʦʧʫʙʣʽʢʦʚʘʥʦ 

ʜʝʢʽʣʴʢʘ ʜʦʩʣʽʜʞʝʥʴ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʤʝʪʦʜʽʚ ARPES [25], XAS ʽ XES [26] ʽ 

RIXS [27]. 

 

ʈʠʩ. 1.5. ʂʚʘʟʽʯʘʩʪʠʥʢʦʚʽ ʟʦʥʥʽ ʩʪʨʫʢʪʫʨʠ (ʣʽʚʦʨʫʯ) ʽ ʨʦʟʧʦʜʽʣʠ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ 

(ʧʨʘʚʦʨʫʯ) ZnO, ʨʦʟʨʘʭʦʚʘʥʽ ʚ ʤʝʞʘʭ ʤʝʪʦʜʽʚ GGA+U+ȹ (ʯʦʨʥʽ ʣʽʥʽʾ) ʽ HSE03+GW 

(ʯʝʨʚʦʥʽ ʣʽʥʽʾ) [24]. 

ʅʘ ʨʠʩ. 1.6. ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʬʦʪʦʝʤʽʩʽʡʥʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ ʟ ʢʫʪʦ-

ʚʠʤ ʨʦʟʜʽʣʝʥʥʷʤ [25] ʜʣʷ ʚʝʨʭʥʽʭ ʚʘʣʝʥʪʥʠʭ ʟʦʥ ZnO ʧʦʨʽʚʥʶʶʪʴʩʷ ʽʟ ʨʝʟʫʣʴ-

ʪʘʪʘʤʠ ʪʝʦʨʝʪʠʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʟʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʤʝʪʦʜʦʤ HSE+G0W0 [28].  

ɹʫʣʦ ʜʦʩʷʛʥʫʪʦ ʜʫʞʝ ʜʦʙʨʝ ʫʟʛʦʜʞʝʥʥʷ ʤʽʞ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ 

ʜʘʥʠʤʠ ʽ ʪʝʦʨʝʪʠʯʥʠʤʠ ʨʦʟʨʘʭʫʥʢʘʤʠ ʷʢ ʜʣʷ ʝʥʝʨʛʽʡ ʟʦʥ, ʪʘʢ ʽ ʜʣʷ ʜʠʩʧʝʨʩʽʾ 

ʟʦʥ. ʇʨʦʪʝ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʪʘʢʦʞ ʜʝʤʦʥʩʪʨʫʶʪʴ, ʱʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʚʠʟʥʘʯʝʥʽ ʟʦʥʥʽ ʩʪʨʫʢʪʫʨʠ ʱʝ ʥʝ ʻ ʜʦʩʪʘʪʥʴʦ ʪʦʯʥʠʤʠ, ʱʦʙ ʦʪʨʠʤʘʪʠ ʟʦʥʥʽ 
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ʧʘʨʘʤʝʪʨʠ, ʪʘʢʽ ʷʢ ʝʬʝʢʪʠʚʥʽ ʤʘʩʠ ʘʙʦ ʨʦʟʱʝʧʣʝʥʥʷ ʫ ʢʨʠʩʪʘʣʽʯʥʦʤʫ ʧʦʣʽ ʙʝʟ 

ʧʝʨʰʦʧʨʠʥʮʠʧʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ. 

  

ʈʠʩ. 1.6. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʬʦʪʦʝʤʽʩʽʡʥʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ ʟ ʢʫʪʦʚʠʤ 

ʨʦʟʜʽʣʝʥʥʷʤ [25] ʜʣʷ ʚʝʨʭʥʽʭ ʚʘʣʝʥʪʥʠʭ ʟʦʥ ZnO ʫ ʧʦʨʽʚʥʷʥʥʽ ʽʟ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʪʝʦʨʝʪʠʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʟʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ (ʯʝʨʚʦʥʽ ʣʽʥʽʾ) [28]. 

 

1.3. ʄʝʪʦʜʠ ʦʜʝʨʞʘʥʥʷ ʦʢʩʠʜʫ ʮʠʥʢʫ 

ʆʜʥʠʤ ʟ ʧʝʨʰʠʭ ʩʧʦʩʦʙʽʚ ʦʜʝʨʞʘʥʥʷ ʥʘʥʦʯʘʩʪʠʥʦʢ ʻ ʛʘʟʦʬʘʟʥʠʡ ʤʝʪʦʜ 

ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʤʘʪʝʨʽʘʣʫ ʪʚʝʨʜʦʪʽʣʴʥʦʾ ʤʽʰʝʥʽ ʚ ʘʪʤʦʩʬʝʨʽ ʽʥʝʨʪʥʦʛʦ ʛʘʟʫ ʟ 

ʥʘʩʪʫʧʥʦʶ ʢʦʥʜʝʥʩʘʮʽʻʶ ʥʘ ʧʦʚʝʨʭʥʽ ʧʽʜʢʣʘʜʢʠ. ʇʨʠ ʮʴʦʤʫ, ʨʦʟʨʽʜʞʝʥʠʡ 

ʽʥʝʨʪʥʠʡ ʛʘʟ ʟʤʝʥʰʫʻ ʢʽʥʝʪʠʯʥʫ ʝʥʝʨʛʽʶ ʚʠʧʘʨʫʚʘʥʠʭ ʘʪʦʤʽʚ ʪʘ ʧʨʠʰʚʠʜʰʫʻ 

ʬʦʨʤʫʚʘʥʥʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ [29, 30]. ɸʣʴʪʝʨʥʘʪʠʚʥʠʤ ʩʧʦʩʦʙʦʤ ʢʦʥʜʝʥʩʘʮʽʾ 

ʧʘʨʽʚ ʤʽʰʝʥʽ ʻ ʤʝʪʦʜ ʜʠʩʧʝʨʛʫʚʘʥʥʷ ʤʝʪʘʣʫ ʟ ʜʦʧʦʤʦʛʦʶ ʝʣʝʢʪʨʠʯʥʦʾ ʜʫʛʠ ʚ 

ʨʽʜʠʥʽ [31]. 

ʇʦʰʠʨʝʥʠʤ ʭʽʤʽʯʥʠʤ ʤʝʪʦʜʦʤ ʦʜʝʨʞʘʥʥʷ ʥʘʥʦʧʦʨʦʰʢʽʚ ʢʘʨʙʽʜʽʚ, 

ʥʽʪʨʠʜʽʚ, ʪʘ ʦʢʩʠʜʽʚ ʻ ʧʣʘʟʤʦʭʽʤʽʯʥʠʡ ʩʠʥʪʝʟ [32, 33]. ɺʽʥ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ 

ʧʨʦʪʽʢʘʥʥʷʤ ʨʝʘʢʮʽʡ ʟʘ ʤʝʞʘʤʠ ʨʽʚʥʦʚʘʛʠ ʪʘ ʚʠʩʦʢʦʶ ʰʚʠʜʢʽʩʪʶ ʬʦʨʤʫʚʘʥʥʷ 

ʟʘʨʦʜʢʽʚ ʥʦʚʦʾ ʬʘʟʠ ʧʨʠ ʤʘʣʽʡ ʰʚʠʜʢʦʩʪʽ ʾʭʥʴʦʛʦ ʨʦʩʪʫ. ɿʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ 
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ʦʭʦʣʦʜʞʝʥʥʷ ʧʦʪʦʢʫ (ʥʘʧʨʠʢʣʘʜ ʧʨʦʜʫʚ ʧʦʚʽʪʨʷ) ʧʣʘʟʤʠ ʚʝʜʝ ʜʦ ʟʤʝʥʰʝʥʥʷ 

ʨʦʟʤʽʨʫ ʯʘʩʪʠʥʦʢ ʽ ʧʨʠʛʥʽʯʝʥʥʷ ʨʦʩʪʫ ʯʘʩʪʠʥʦʢ ʰʣʷʭʦʤ ʾʭʥʴʦʛʦ ʟʣʠʪʪʷ ʧʨʠ 

ʟʽʪʢʥʝʥʥʷʭ. ʇʨʠ ʮʴʦʤʫ, ʜʘʥʠʡ ʤʝʪʦʜ ʚʠʢʦʨʠʩʪʦʚʫʻ ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʫ 

(ʘʨʛʦʥʥʫ, ʘʟʦʪʥʫ, ʢʠʩʥʝʚʫ) ʧʣʘʟʤʫ ʜʫʛʦʚʦʛʦ ʯʠ ʚʠʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʨʦʟʨʷʜʽʚ. 

ʉʝʨʡʦʟʥʠʤʠ ʥʝʜʦʣʽʢʘʤʠ ʜʘʥʦʛʦ ʤʝʪʦʜʫ ʻ ʚʝʣʠʢʠʡ ʨʦʟʢʠʜ ʯʘʩʪʠʥʦʢ ʟʘ ʨʦʟʤʽʨʘʤʠ 

ʪʘ ʥʘʷʚʥʽʩʪʴ ʚʠʩʦʢʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʬʦʥʦʚʠʭ ʜʦʤʽʰʦʢ. 

ɼʝʪʘʣʴʥʠʡ ʦʧʠʩ ʤʝʪʦʜʫ ʪʝʨʤʽʯʥʦʛʦ ʨʦʟʢʣʘʜʫ ʨʽʟʥʠʭ ʩʦʣʝʡ ʜʣʷ ʦʜʝʨʞʘʥʥʷ 

ʚʠʩʦʢʦʜʠʩʧʝʨʩʥʠʭ ʧʦʨʦʰʢʽʚ ʥʘʚʝʜʝʥʦ ʫ [34]. ʊʝʨʤʽʯʥʠʡ ʨʦʟʢʣʘʜ ʽ ʢʦʥʜʝʥʩʘʮʽʷ 

ʧʨʠ ʥʘʜʟʚʫʢʦʚʦʤʫ ʚʠʭʦʜʽ ʛʘʟʫ ʽʟ ʢʘʤʝʨʠ ʜʦʟʚʦʣʷʻ ʨʝʘʣʽʟʫʚʘʪʠ ʧʝʨʝʥʘʩʠʯʝʥʥʷ 

ʧʘʨʠ ʪʘ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʬʦʨʤʫʚʘʥʥʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ[35]. ʄʽʥʫʩʦʤ ʪʝʨʤʽʯʥʦʛʦ 

ʨʦʟʢʣʘʜʫ ʻ ʥʠʟʴʢʘ ʩʝʣʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ ʪʘ ʥʘʷʚʥʽʩʪʴ ʫ ʧʨʦʜʫʢʪʘʭ ʨʝʘʢʮʽʾ 

ʥʝʙʘʞʘʥʠʭ ʩʧʦʣʫʢ. 

ʄʝʭʘʥʦʩʠʥʪʝʟ ʻ ʦʜʥʠʤ ʽʟ ʤʝʭʘʥʽʯʥʠʭ ʤʝʪʦʜʽʚ ʩʠʥʪʝʟʫ ʥʘʥʦʧʦʨʦʰʢʽʚ ʚ 

ʷʢʦʤʫ, ʤʘʶʪʴ ʤʽʩʮʝ ʨʦʟʤʝʣʶʚʘʥʥʷ ʽ ʧʣʘʩʪʠʯʥʘ ʜʝʬʦʨʤʘʮʽʷ ʪʘ ʘʢʪʠʚʘʮʽʷ ʭʽʤʽʯʥʦʾ 

ʚʟʘʻʤʦʜʽʾ ʪʚʝʨʜʠʭ ʢʦʤʧʦʥʝʥʪ [36, 37]. ʈʦʟʤʝʣʶʚʘʥʥʷ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʦʜʝʨʞʘʥʥʷ  

ʤʽʢʨʦʢʨʠʩʪʘʣʽʯʥʠʭ ʙʣʦʢʽʚ ʨʦʟʤʽʨʦʤ ʜʦ 10 ʥʤ ʽ ʤʝʥʰʝ. ʎʝʡ ʤʝʪʦʜ ʜʦʟʚʦʣʷʻ 

ʦʜʝʨʞʫʚʘʪʠ ʷʢ ʢʨʠʩʪʘʣʽʯʥʽ, ʪʘʢ ʽ ʘʤʦʨʬʥʽ ʨʝʯʦʚʠʥʠ. ʄʝʭʘʥʦʩʠʥʪʝʟ ʚʽʜʥʦʩʷʪʴ ʜʦ 

ʥʘʡʧʨʦʩʪʽʰʠʭ ʪʘ ʥʘʡʙʽʣʴʰ ʧʨʦʜʫʢʪʠʚʥʠʭ ʤʝʪʦʜʽʚ ʦʜʝʨʞʘʥʥʷ ʥʘʥʦʧʦʨʦʰʢʽʚ 

ʰʠʨʦʢʦʛʦ ʢʣʘʩʫ ʤʘʪʝʨʽʘʣʽʚ. 

ʄʝʭʘʥʽʯʥʘ ʜʽʷ ʫʜʘʨʥʦʾ ʭʚʠʣʽ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʘ ʷʢ ʜʣʷ ʩʠʥʪʝʟʫ 

ʥʘʥʦʤʘʪʝʨʽʘʣʫ ʪʘʢ ʽ ʡʦʛʦ ʜʠʩʧʝʨʛʫʚʘʥʥʷ. ʄʝʪʦʜʦʤ ʫʜʘʨʥʦ-ʭʚʠʣʴʦʚʦʾ ʦʙʨʦʙʢʠ 

ʩʫʤʽʰʝʡ ʛʨʘʬʽʪʫ ʟ ʤʝʪʘʣʘʤʠ ʧʨʠ ʪʠʩʢʫ ʚ ʫʜʘʨʥʽʡ ʭʚʠʣʽ, ʷʢʠʡ ʜʣʩʷʛʘʻ ʢʽʣʴʢʦʭ 

ʜʝʩʷʪʢʽʚ ɻʇʘ ʦʜʝʨʞʫʶʪʴ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʽ ʘʣʤʘʟʥʽ ʧʦʨʦʰʢʠ ʟʽ ʩʝʨʝʜʥʽʤ 

ʨʦʟʤʽʨʦʤ ʯʘʩʪʠʥʦʢ 4 ʥʤ [38]. ɹ̔ ʣʴʰ ʪʝʭʥʦʣʦʛʽʯʥʠʤ ʻ ʤʝʪʦʜ ʦʜʝʨʞʘʥʥʷ ʘʣʤʘʟʥʠʭ 

ʧʦʨʦʰʢʽʚ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʝʯʦʚʠʥ, ʷʢʽ ʤʘʶʪʴ ʚʠʩʦʢʠʡ ʚʤʽʩʪ ʚʫʛʣʝʮʶ ʪʘ 

ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʠʡ ʢʠʩʥʶ. ʆʜʥʠʤ ʟ ʥʘʡʰʚʠʜʰʠʭ ʤʝʭʘʥʽʯʥʠʭ ʤʝʪʦʜʽʚ ʦʜʝʨʞʘʥʥʷ 

ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʠʭ ʥʘʥʦʧʦʨʦʰʢʽʚ ʻ ʜʝʪʦʥʘʮʽʡʥʠʡ ʩʠʥʪʝʟ, ʷʢʠʡ ʜʘʻ ʟʤʦʛʫ 

ʦʜʝʨʞʫʚʘʪʠ ʪʦʥʢʦʜʠʩʧʝʨʩʥʽ ʧʦʨʦʰʢʠ ʚ ʜʠʥʘʤʽʯʥʠʭ ʫʤʦʚʘʭ, ʢʦʣʠ ʚʘʞʣʠʚʫ ʨʦʣʴ 

ʚʽʜʽʛʨʘʶʪʴ ʢʽʥʝʪʠʯʥʽ ʧʨʦʮʝʩʠ. 

ɼʝʪʘʣʴʥʠʡ ʦʧʠʩ ʦʜʥʦʛʦ ʽʟ ʜʝʪʦʥʘʮʽʡʥʠʭ ʩʧʦʩʦʙʽʚ ʩʠʥʪʝʟʫ ʥʘʥʦʧʦʨʦʰʢʽʚ (ʚ 
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ʪ.ʯ. ʦʢʩʠʜʽʚ) ʦʧʠʩʘʥʠʡ ʚ ʨʦʙʦʪʽ [39]. ʋ ʜʘʥʦʤʫ ʤʝʪʦʜʽ, ʜʣʷ ʫʜʘʨʥʦ-ʭʚʠʣʴʦʚʦʾ 

ʦʙʨʦʙʢʠ ʤʽʰʝʥʽ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʢʦʥʪʘʢʪʥʠʡ ʟʘʨʷʜ ʚʠʙʫʭʦʚʦʾ ʨʝʯʦʚʠʥʠ. 

ʋʜʘʨʥʘ ʭʚʠʣʷ ʩʧʨʠʯʠʥʷʻ ʩʪʠʩʢʘʥʥʷ ʪʘ ʥʘʛʨʽʚ ʚʠʩʦʢʦʧʦʨʠʩʪʦʛʦ ʤʝʪʘʣʫ ʪʘ 

ʧʨʦʪʽʢʘʥʥʷ ʨʝʘʢʮʽʾ ʨʦʟʢʣʘʜʫ ʚʠʭʽʜʥʦʾ ʩʧʦʣʫʢʠ ʜʦ ʦʢʩʠʜʫ ʟ ʥʘʩʪʫʧʥʦʶ 

ʩʪʘʙʽʣʽʟʘʮʽʻʶ ʦʢʩʠʜʥʠʭ ʬʘʟ. ɺʠʭʽʜʥʠʤ ʟʨʘʟʢʦʤ ʤʦʞʫʪʴ ʙʫʪʠ ʤʝʪʘʣʠ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʘʢʪʠʚʥʦʛʦ ʢʠʩʥʝʚʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. ʆʩʥʦʚʥʠʤ ʧʨʦʮʝʩʦʤ ʪʫʪ ʻ 

ʛʦʨʽʥʥʷ ʤʝʪʘʣʫ ʥʘ ʩʪʘʜʽʾ ʨʦʟʣʴʦʪʫ ʟ ʬʦʨʤʫʚʘʥʥʷʤ ʜʠʩʧʝʨʩʥʦʛʦ ʦʢʩʠʜʫ. ʇʨʠ 

ʮʴʦʤʫ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʫʛʣʝʚʤʽʩʥʦʾ ʘʪʤʦʩʬʝʨʠ ʉʆ2 ʜʘʻ ʟʤʦʛʫ ʩʠʥʪʝʟʫʚʘʪʠ 

ʥʘʥʦʪʨʫʙʢʠ ʽ ʥʘʥʦʧʦʨʦʰʢʦʚʠʡ ʚʫʛʣʝʮʴ. 

ʑʝ ʦʜʥʠʤ ʤʝʪʦʜʦʤ ʦʜʝʨʞʘʥʥʷ ʥʘʥʦʧʦʨʦʰʢʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʤʦʞʝ ʙʫʪʠ 

ʝʣʝʢʪʨʠʯʥʠʡ ʚʠʙʫʭ ʜʨʦʪʠʥ (d = 0,1-1 ʤʤ) ʧʨʠ ʧʨʦʭʦʜʞʝʥʥʽ ʧʦ ʥʴʦʤʫ ʧʦʪʫʞʥʦʛʦ 

ʽʤʧʫʣʴʩʫ ʩʪʨʫʤʫ ʟ ʛʫʩʪʠʥʦʶ 10
4
-10

6
 ɸ/ʤʤ

2
 ʪʘ ʪʨʠʚʘʣʦʩʪʽ 10

-5
-10

-7
 ʩ [40, 41]. 

ʄʝʪʘʣ ʧʝʨʝʛʨʽʚʘʻʪʴʩʷ ʟʥʘʯʥʦ ʚʠʱʝ ʪʝʤʧʝʨʘʪʫʨʠ ʧʣʘʚʣʝʥʥʷ ʯʝʨʝʟ ʧʨʦʭʦʜʞʝʥʥ ̫

ʩʪʨʫʤʫ ʯʝʨʝʟ ʜʨʦʪʠʥʫ, ʥʘʩʣʽʜʢʦʤ ʯʦʛʦ ʻ ʨʽʟʢʝ ʨʦʟʰʠʨʝʥʥʷ ʚʠʧʘʨʫʚʘʥʦʾ 

ʨʝʯʦʚʠʥʠ ʜʦ ʰʚʠʜʢʦʩʪʝʡ 5Ā10
3
 ʤ/ʩ ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʠʭ ʧʦʨʦʰʢʽʚ. 

ʇʨʠ ʮʴʦʤʫ, ʧʽʜ ʯʘʩ ʢʦʥʜʝʥʩʘʮʽʾ ʚ ʧʦʪʦʮʽ ʧʘʨʠ, ʱʦ ʽʥʪʝʥʩʠʚʥʦ ʨʦʟʰʠʨʷʻʪʴʩʷ, 

ʬʦʨʤʫʶʪʴʩʷ ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʽ ʯʘʩʪʠʥʢʠ ʨʦʟʤʽʨ ʷʢʠʭ ʚʠʟʥʘʯʘʻʪʴʩʷ ʫʤʦʚʘʤʠ ʪʘ 

ʧʘʨʘʤʝʪʨʘʤʠ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ. ɿʙʽʣʴʰʝʥʥʷ ʛʫʩʪʠʥʠ ʩʪʨʫʤʫ ʪʘ 

ʟʤʝʥʰʝʥʥʷ ʪʨʠʚʘʣʦʩʪʽ ʽʤʧʫʣʴʩʫ ʚʧʣʠʚʘʶʪʴ ʥʘ ʩʝʨʝʜʥʽʡ ʨʦʟʤʽʨ ʯʘʩʪʠʥʦʢ. ʇʨʠ 

ʮʴʦʤʫ, ʚʚʝʜʝʥʥʷ ʚ ʨʝʘʢʪʦʨ ʨʝʘʢʪʠʚʥʦʛʦ ʛʘʟʫ (ʆ2, N2 ʪʦʱʦ) ʜʦʟʚʦʣʠʪʴ ʬʦʨʤʫʚʘʪʠ 

ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʽ ʥʘʥʦʧʦʨʦʰʢʠ ʦʢʩʠʜʽʚ, ʥʽʪʨʠʜʽʚ ʪʘ ʾʭʥʽʭ ʩʫʤʽʰʝʡ. ɸʚʪʦʨʠ 

ʨʦʙʦʪʠ [42] ʧʦʚʽʜʦʤʣʷʶʪʴ ʧʨʦ ʟʘʧʘʩ ʚʝʣʠʢʦʾ ʥʘʜʣʠʰʢʦʚʦʾ ʝʥʝʨʛʽʾ 

ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʠʤʠ ʧʦʨʦʰʢʘʤʠ, ʱʦ ʥʘ ʜʫʤʢʫ ʘʚʪʦʨʽʚ [43], ʤʦʞʝ ʙʫʪʠ 

ʨʝʟʫʣʴʪʘʪʦʤ ʥʘʢʦʧʠʯʝʥʥʷ ʝʥʝʨʛʽʾ ʧʦʚʝʨʭʥʽ, ʚʥʫʪʨʽʰʥʽʭ ʜʝʬʝʢʪʽʚ ʽ ʟʘʨʷʜʦʚʠʭ 

ʩʪʘʥʽʚ. ʇʨʠ ʮʴʦʤʫ, ʥʘʥʦʛʨʘʥʫʣʠ ʦʜʝʨʞʘʥʽ ʜʘʥʠʤ ʤʝʪʦʜʦʤ ʤʘʶʪʴ ʧʝʨʝʚʘʞʥʦ 

ʩʬʝʨʠʯʥʫ ʬʦʨʤʫ, ʘ ʨʦʟʧʦʜʽʣ ʯʘʩʪʠʥʦʢ ʟʘ ʨʦʟʤʽʨʘʤʠ ʻ ʥʦʨʤʘʣʴʥʦ ʣʦʛʘʨʠʬʤʽʯʥʠʤ 

ʟ ʤʘʢʩʠʤʫʤʦʤ ʨʦʟʧʦʜʽʣʫ ʚ ʦʙʣʘʩʪʽ 10-500 ʥʤ. 

 

 

 



36 

   

1.4. ʄʘʩ-ʩʧʝʢʪʨʦʩʢʦʧʽʷ ʧʨʦʜʫʢʪʽʚ ʣʘʟʝʨʥʦʾ ʘʙʣʷʮʽʾ 

ɽʢʩʧʝʨʠʤʝʥʪ ʟ ʣʘʟʝʨʥʦʾ ʘʙʣʷʮʽʾ ʧʦʨʦʰʢʦʚʦʛʦ ʧʝʨʦʢʩʠʜʫ ʮʠʥʢʫ ʟʤʽʰʘʥʦʛʦ 

ʟ ʪʨʠʬʪʦʨʦʮʪʦʚʦʶ ʢʠʩʣʦʪʦʶ ʽ ʥʽʪʨʦʙʝʥʟʝʥʦʤ, ʪʘ ʜʦʜʘʚʘʥʥʷʤ ʪʦʣʫʦʣʫ ʪʘ 

ʧʦʜʘʣʴʰʦʶ ʤʘʩ-ʩʧʝʢʪʨʦʩʢʦʧʽʻʶ (time-of-flight mass spectroscopy) ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʚ ʨʦʙʦʪʘʭ [44,45]. ʋ ʤʘʩ-ʩʧʝʢʪʨʽ ʢʽʣʴʢʘ ñʤʘʛʽʯʥʠʭ ʢʣʘʩʪʝʨʽʚò, ʘ ʩʘʤʝ (ZnO)34, 

(ZnO)60 ʽ (ZnO)78 ʧʦʢʘʟʘʣʠ ʚʠʥʷʪʢʦʚʫ ʚʽʜʥʦʩʥʫ ʧʦʰʠʨʝʥʽʩʪʴ ʽʟ ʧʽʜʚʠʱʝʥʦʶ 

ʩʪʘʙʽʣʴʥʽʩʪʶ (ʨʠʩ. 1.7). ʋ ʩʧʝʢʪʨʽ ʤʝʥʰʝ 2000 ʘ.ʦ.ʤ. ʚʠʜʽʣʷʶʪʴʩʷ ʧʦʰʠʨʝʥʦʩʪʽ 

(ZnO)12, (ZnO)14, (ZnO)22, ʘʣʝ ʷʢʱʦ ʟʤʽʰʫʚʘʪʠ ʧʝʨʦʢʩʠʜ ʟ ODA (octadecylamine). 

ʊʘʢʦʞ ʚʘʨʪʦ ʟʘʫʚʘʞʠʪʠ ʱʦ ʧʽʢ (ZnO)168 ʷʩʢʨʘʚʽʰʝ ʚʠʜʽʣʷʻʪʴʩʷ ʚ ʩʧʝʢʪʨʽ 

ʥʝʛʘʪʠʚʥʦ ʟʘʨʷʜʞʝʥʠʭ ʢʣʘʩʪʝʨʽʚ, ʱʦ ʩʚʽʜʯʠʪʴ ʧʨʦ ʡʦʛʦ ʙʽʣʴʰʫ ʝʣʝʢʪʨʦʥʥʫ 

ʩʧʦʨʽʜʥʝʥʽʩʪʴ, ʪʘʢʦʞ ʚʘʨʪʦ ʟʘʫʚʘʞʠʪʠ ʧʝʨʝʜʙʘʯʝʥʫ ʚʠʩʦʢʫ ʝʣʝʢʪʨʦʥʥʫ 

ʩʧʦʨʽʜʥʝʥʽʩʪʴ (ZnO)60.  

ʄʘʩ-ʩʧʝʢʪʨʦʩʢʦʧʽʷ ʜʘʻ ʣʠʰʝ ʢʽʣʴʢʽʩʪʴ ʘʪʦʤʽʚ ʫ ʢʣʘʩʪʝʨʽ, ʢʚʘʥʪʦʚʦ-

ʤʝʭʘʥʽʯʥʽ ʨʦʟʨʘʭʫʥʢʠ ʟʘʟʚʠʯʘʡ ʟʘʩʪʦʩʦʚʫʶʪʴ ʷʢ ʜʨʫʛʠʡ ʢʨʦʢ, ʜʣʷ ʦʪʨʠʤʘʥʥʷ 

ʩʪʨʫʢʪʫʨʠ. ɿʘ ʘʥʘʣʦʛʽʻʶ ʽʟ ʜʦʙʨʝ ʚʽʜʦʤʦʶ ʢʘʨʢʘʩʥʦʶ ʩʪʨʫʢʪʫʨʦʶ ʢʣʘʩʪʝʨʽʚ 

(CdSe)34 ʥʘʡʙʽʣʴʰ ʩʪʘʙʽʣʴʥʦʶ ʩʪʨʫʢʪʫʨʦʶ ʜʣʷ (ZnO)34 ʙʫʣʦ ʟʘʧʨʦʧʦʥʦʚʘʥʦ 

ʤʦʜʝʣʴ ʚʢʣʘʜʝʥʠʭ ʦʜʠʥ ʚ ʦʜʥʠʡ ʧʦʨʦʞʥʠʩʪʠʭ ʢʣʘʩʪʝʨʽʚ (ZnO)6@(ZnO)28. ɼʣʷ 

ʢʣʘʩʪʝʨʽʚ (ZnO)60 ʟʘʧʨʦʧʦʥʦʚʘʥʫ ʧʦʜʽʙʥʫ ʤʦʜʝʣʴ, ʘ ʩʘʤʝ (ZnO)12 ʫ (ZnO)48. 

ʊʝʦʨʝʪʠʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʢʣʘʩʪʝʨʽʚ ZnO ʘʢʪʠʚʽʟʫʚʘʣʠʩʷ ʧʽʩʣʷ ʚʽʜʢʨʠʪʪʷ 

ʢʘʨʙʦʥʦʚʠʭ ʬʫʣʝʨʝʥʽʚ. ɺʧʝʨʰʝ ʚʠʩʦʢʫ ʩʪʘʙʽʣʴʥʽʩʪʴ (ZnO)12 ʢʣʘʩʪʝʨʽʚ 

ʧʝʨʝʜʙʘʯʠʣʠ ʚ 1994 ʨʦʮʽ [46] ʽ ʮʝ ʧʝʨʝʜʙʘʯʝʥʥʷ ʙʫʣʦ ʧʽʟʥʽʰʝ ʧʽʜʪʚʝʨʜʞʝʥʝ 

ʪʝʦʨʝʪʠʯʥʠʤʠ ʨʦʟʨʘʭʫʥʢʘʤʠ [47]. ʋʚʘʞʥʦ ʧʨʠʜʠʚʠʚʰʠʩʴ ʜʦ ʝʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʦʛʦ ʩʧʝʢʪʨʫ ʦʪʨʠʤʘʥʦʛʦ ʚ ʩʪʘʪʪʷʭ [48, 49] ʤʦʞʥʘ ʧʦʤʽʪʠʪʠ ʥʝʟʥʘʯʥʝ 

ʟʙʽʣʴʰʝʥʥʷ ʧʦʰʠʨʝʥʦʩʪʽ ʢʣʘʩʪʝʨʫ (ZnO)12 ʩʝʨʝʜ ʥʘʡʙʣʠʞʯʠʭ ʩʫʩʽʜʽʚ (ZnO)11, 

(ZnO)13, ʙʽʣʴʰʝ ʪʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ɼʤʠʪʨʫʢʘ (ʨʠʩ.1.7) ʪʘʢʦʞ ʧʽʜʪʚʝʨʜʞʫʻ ʮʝʡ 

ʬʘʢʪ. ɹʽʣʴʰʽ ʬʫʣʝʨʝʥʦʧʦʜʽʙʥʽ ʢʣʘʩʪʝʨʠ (ZnO)60 ʪʘʢʦʞ ʙʫʣʦ ʪʝʦʨʝʪʠʯʥʦ 

ʦʙˇʨʫʥʪʦʚʘʥʦ ʷʢ ʩʪʘʙʽʣʴʥʽ [50]. ɯʥʰʽ ʪʝʦʨʝʪʠʯʥʽ ʨʦʙʦʪʠ [51, 52] ʥʝ ʧʝʨʝʜʙʘʯʘʣʠ 

ʬʫʣʝʨʝʥʦʧʦʜʽʙʥʫ ʩʪʨʫʢʪʫʨʫ ʥʘʡʙʽʣʴʰ ʩʪʘʙʽʣʴʥʦʶ, ʘ ʩʭʠʣʷʣʠʩʷ ʜʦ ʩʪʨʫʢʪʫʨʠ 

ʚʢʣʘʜʝʥʦʛʦ ʢʣʘʩʪʝʨʫ ʧʦʙʫʜʦʚʘʥʦʛʦ ʥʘ ʦʩʥʦʚʽ (ZnO)12  ̔(ZnO)48 , ʧʦ ʘʥʘʣʦʛʽʾ ʜʦ 

ʢʣʘʩʪʝʨʽʚ ʫʪʚʦʨʝʥʠʭ ʥʘ ʦʩʥʦʚʽ GaN ʪʘ SiC. ʅʝʱʦʜʘʚʥʷ ʩʪʘʪʪʷ [53] ʧʨʦʧʦʥʫʻ 
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ʪʝʦʨʽʶ ʧʨʦ ʦʜʥʦʰʘʨʦʚʽ (n = 12, 16, 36), ʜʚʦʰʘʨʦʚʽ (n=60, 78, 100), ʪʘ ʪʨʠʰʘʨʦʚʽ 

ʬʫʣʝʨʝʥʦʧʦʜʽʙʥʽ ʢʣʘʩʪʝʨʠ (n = 132, 168). ʇʨʦʪʝ ʣʠʰʝ ʜʝʷʢʽ ʟ ʥʠʭ ʧʨʠʩʫʪʥʽ ʚ 

ʤʘʩ-ʩʧʝʢʪʨʽ (ʨʠʩ. 1.7.). 

 

 

ʈʠʩ 1.7. ʇʦʰʠʨʝʥʽʩʪʴ (ʚ.ʦ.) ʤʦʣʝʢʫʣʷʨʥʠʭ ʩʧʦʣʫʢ ʫ ʤʘʩ-ʩʧʝʢʪʨʽ ʢʣʘʩʪʝʨʽʚ ZnO [45]. 

 

1.5. ʄʝʪʦʜ ʽʤʧʫʣʴʩʥʦʾ ʣʘʟʝʨʥʦʾ ʘʙʣʷʮʽʾ ʤʝʪʘʣʽʯʥʠʭ ʤʽʰʝʥʝʡ 

ʄʝʭʘʥʽʟʤʠ ʬʦʨʤʫʚʘʥʥʷ ʥʘʥʦʯʘʩʪʠʥʦʢ ʧʨʠ ʣʘʟʝʨʥʽʡ ʘʙʣʷʮʽʾ ʧʨʠ ʨʽʟʥʽʡ 

ʪʨʠʚʘʣʦʩʪʽ ʣʘʟʝʨʥʠʭ ʽʤʧʫʣʴʩʽʚ ʽʥʪʝʥʩʠʚʥʦ ʦʙʛʦʚʦʨʶʻʪʴʩʷ ʚ ʣʽʪʝʨʘʪʫʨʽ ʥʘ 

ʧʨʦʪʷʟʽ ʦʩʪʘʥʥʽʭ ʨʦʢʽʚ [54]. ɼʦ ʮʠʭ ʧʨʦʮʝʩʽʚ ʚʽʜʥʦʩʷʪʴ, ʥʘʩʘʤʧʝʨʝʜ, ʧʦʯʘʪʢʦʚʫ 

ʩʪʘʜʽʶ ʜʝʩʦʨʙʮʽʾ ʤʘʪʝʨʽʘʣʫ, ʪʝʨʤʽʯʥʝ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʧʦʚʝʨʭʥʽ, ʫʪʚʦʨʝʥʥʷ 

ʤʦʥʦʰʘʨʽʚ, ʢʦʘʛʫʣʷʮʽʶ ʽ ʢʦʘʣʝʩʮʝʥʮʽʶ. ʇʨʠ ʮʴʦʤʫ, ʚʽʜʩʫʪʥʽ ʜʝʪʘʣʴʥʽ 

ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʧʘʨʘʤʝʪʨʽʚ ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʥʘ ʤʘʩʦʚʠʡ ʪʘ 

ʛʝʦʤʝʪʨʠʯʥʠʡ ʨʦʟʧʦʜʽʣ ʥʘʥʦʯʘʩʪʠʥʦʢ ʜʣʷ ʤʝʪʘʣʦʦʢʩʠʜʽʚ, ʚ ʪ.ʯ. ʽ ZnO. 

ʃʘʟʝʨʥʘ ʘʙʣʷʮʽʷ ʧʦʚʝʨʭʥʽ ʤʽʰʝʥʽ ʥʘʥʦʩʝʢʫʥʜʥʠʤʠ ʽʤʧʫʣʴʩʘʤʠ 

ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʮʽʣʦʶ ʥʠʟʢʦʶ ʩʢʣʘʜʥʠʭ ʧʨʦʮʝʩʽʚ, ʷʢʽ ʚʽʜʙʫʚʘʶʪʴʩʷ ʧʽʜ ʜʽʻʶ 

ʣʘʟʝʨʥʦʛʦ ʽʤʧʫʣʴʩʫ. ʆʩʥʦʚʥʽ ʧʨʦʮʝʩʠ ʚʢʣʶʯʘʶʪʴ ʚ ʩʝʙʝ ʧʦʛʣʠʥʘʥʥʷ ʧʦʚʝʨʭʥʝʶ 

ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʟʤʽʥʫ ʬʘʟʠ ʽ ʚʠʢʠʜ ʤʘʩʠ ʫ ʨʽʜʢʦʤʫ ʽ ʛʘʟʦʧʦʜʽʙʥʦʤʫ 
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ʩʪʘʥʘʭ ʟ ʫʪʚʦʨʝʥʥʷʤ ʧʣʘʟʤʠ, ʧʨʠʩʢʦʨʝʥʥʷ ʧʘʨʦ-ʧʣʘʟʤʦʚʦʛʦ ʬʘʢʝʣʫ ʜʦ 

ʛʽʧʝʨʟʚʫʢʦʚʠʭ ʰʚʠʜʢʦʩʪʝʡ ʟ ʧʦʜʘʣʴʰʦʶ ʰʚʠʜʢʦʶ ʢʦʘʛʫʣʷʮʽʻʶ ʽ ʢʦʘʣʝʩʮʝʥʮʽʻʶ 

ʯʘʩʪʠʥʦʢ ʥʘ ʧʦʚʝʨʭʥʽ. ʅʘ ʩʪʘʜʽʾ ʨʦʟʰʠʨʝʥʥʷ ʬʨʦʥʪʫ ʬʘʢʝʣʫ, ʧʨʠ ʽʥʪʝʥʩʠʚʥʦʩʪʽ 

ʣʘʟʝʨʥʦʛʦ ʽʤʧʫʣʴʩʫ 10
9
 ɺʪ/ʩʤ

2
 ʰʚʠʜʢʽʩʪʴ ʨʦʟʰʠʨʝʥʥʷ ʤʦʞʝ ʩʪʘʥʦʚʠʪʠ 10

8
 ʩʤ/ʩ, 

ʪʦʙʪʦ, ʢʽʥʝʪʠʯʥʘ ʝʥʝʨʛʽʷ ʩʪʘʻ ʙʽʣʴʰʦ  ʁ1 ʢʝɺ. ʇʦʻʜʥʘʥʥʷ ʧʨʦʮʝʩʽʚ ʧʝʨʝʥʦʩʫ 

ʪʝʧʣʘ ʚ ʤʝʞʘʭ ʢʦʥʪʘʢʪʫ ʤʽʞ ʧʘʨʦ-ʧʣʘʟʤʦʚʠʤ ʬʘʢʝʣʦʤ ʪʘ ʥʘʚʢʦʣʠʰʥʽʤ ʛʘʟʦʤ ʟ 

ʘʜʽʘʙʘʪʥʠʤ ʨʦʟʰʠʨʝʥʥʷʤ ʥʘʩʠʯʝʥʠʭ ʧʘʨʽʚ, ʚʝʜʝ ʜʦ ʜʫʞʝ ʨʽʟʢʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ, 

ʷʢʝ ʤʦʞʝ ʚʽʜʙʫʚʘʪʠʩʷ ʰʚʠʜʰʝ, ʥʽʞ ʢʦʥʜʝʥʩʘʮʽʷ, ʱʦ ʩʧʨʠʯʠʥʷʻ ʟʥʘʯʥʝ 

ʧʝʨʝʥʘʩʠʯʝʥʥʷ ʧʘʨʠ. 

ɺʥʘʩʣʽʜʦʢ ʨʦʩʪʫ ʛʫʩʪʠʥʠ ʝʥʝʨʛʽʾ ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʪʘ 

ʟʙʽʣʴʰʝʥʥʷ ʚʠʧʘʨʫʚʘʥʦʾ ʤʘʩʠ ʤʽʰʝʥʽ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʽ Tʧ ʜʦʩʷʛʘʻ 

ʤʘʢʩʠʤʫʤʫ ʱʝ ʜʦ ʩʝʨʝʜʠʥʠ ʣʘʟʝʨʥʦʛʦ ʽʤʧʫʣʴʩʫ. ʎʝ ʚʢʘʟʫʻ ʥʘ ʪʝ, ʱʦ ʽʥʪʝʥʩʠʚʥʝ 

ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʤʘʪʝʨʽʘʣʫ ʤʽʰʝʥʽ ʤʘʻ ʤʽʩʮʝ ʱʝ ʥʘ ʧʦʯʘʪʢʫ ʣʘʟʝʨʥʦʛʦ ʽʤʧʫʣʴʩʫ, ʘ 

ʰʘʨ ʧʣʘʟʤʠ ʟʥʘʯʥʦ ʝʢʨʘʥʫʻ ʤʽʰʝʥʴ ʚʽʜ ʣʘʟʝʨʥʦʛʦ ʽʤʧʫʣʴʩʫ ʱʝ ʜʦ ʜʦʩʷʛʥʝʥʥʷ 

ʡʦʛʦ ʤʘʢʩʠʤʫʤʫ, ʱʦ ʚʝʜʝ ʜʦ ʟʤʝʥʰʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʧʦʚʝʨʭʥʽ ʤʽʰʝʥʽ ʽ, 

ʚʽʜʧʦʚʽʜʥʦ, ʟʥʠʞʝʥʥʷ ʩʪʫʧʝʥʷ ʾʾ ʚʠʧʘʨʦʚʫʚʘʥʥʷ. ʆʜʥʘʢ, ʷʢ ʧʦʢʘʟʘʥʦ ʚ ʨʦʙʦʪʘʭ 

[55, 56] ʦʧʨʦʤʽʥʝʥʥʷ ʤʽʰʝʥʽ ʽʤʧʫʣʴʩʦʤ ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚʝʜʝ ʜʦ 

ʧʽʜʧʦʚʝʨʭʥʝʚʦʛʦ ʾʾ ʧʝʨʝʛʨʽʚʫ, ʱʦ ʪʘʢʦʞ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʽ ʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʨʦʙʦʪʘʭ [57, 58], ʚʠʷʚʣʝʥʥʷʤ ʧʦʨ ʥʘ ʛʣʠʙʠʥʽ ʨʦʟʧʣʘʚʫ ʤʽʰʝʥʽ. ʇʨʦʮʝʩʠ 

ʧʦʛʣʠʥʘʥʥʷ ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ.ʧʦʚʝʨʭʥʝʶ ʪʘ ʦʭʦʣʦʜʞʝʥʥʷ ʧʦʚʝʨʭʥʽ 

ʤʽʰʝʥʽ ʚʥʘʩʣʽʜʦʢ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʚʝʜʫʪʴ ʜʦ ʧʨʦʩʪʦʨʦʚʦʛʦ ʨʦʟʧʦʜʽʣʫ 

ʪʝʤʧʝʨʘʪʫʨʠ ʟʘ ʛʣʠʙʠʥʦʶ ʤʽʰʝʥʽ, ʊʘʢʠʤ ʯʠʥʦʤ, ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʰʚʠʜʢʦʩʪʽ 

ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʙʽʣʴʰ ʚʠʨʘʞʝʥʠʠʤ ʩʪʘʻ ʧʽʜʧʦʚʝʨʭʥʝʚʠʡ ʧʝʨʝʛʨʽʚ ʤʽʰʝʥʽ. 

ʅʘʩʪʫʧʥʠʡ çʚʠʧʣʝʩʢè ʨʽʜʢʦʾ ʬʘʟʠ ʟ ʧʝʨʝʛʨʽʪʦʛʦ ʧʽʜʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʬʦʨʤʫʚʘʥʥʷ ʢʨʘʧʝʣʴʥʦʾ ʬʨʘʢʮʽʾ ʪʘ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʠʡ ʜʣʷ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʥʘʥʦʧʦʨʦʰʢʽʚ. 

ʇʨʠ ʥʠʟʴʢʠʭ ʽʥʪʝʥʩʠʚʥʦʩʪʷʭ ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʤʘʻ ʤʽʩʮʝ 

ʬʦʨʤʫʚʘʥʥʷ ʢʨʘʧʝʣʴ, ʥʘʚʽʪʴ ʢʦʣʠ ʛʣʠʙʠʥʘ ʘʙʣʷʮʽʾ ʧʦʨʽʚʥʷʥʦ ʤʘʣʘ. ʊʫʪ ʤʘʻ 

ʤʽʩʮʝ ʧʨʦʷʚ ʪʠʩʢʫ ʚʽʜʜʘʯʽ ʚʠʧʘʨʫʚʘʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʥʘ ʨʦʟʧʣʘʚʣʝʥʠʡ ʰʘʨ ʟ 

ʧʦʜʘʣʴʰʠʤ ʨʦʟʢʠʜʦʤ ʢʨʘʧʝʣʴ ʚ ʨʘʜʽʘʣʴʥʦʤʫ ʥʘʧʨʷʤʢʫ [59]. ʇʨʠ ʮʴʦʤʫ, 



39 

   

ʧʦʜʘʣʴʰʠʡ ʨʽʩʪ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʩʧʨʠʯʠʥʷʻ ʧʝʨʝʭʽʜ ʜʦ 

ʬʘʟʦʚʦʛʦ ʚʠʙʫʭʫ, ʢʦʣʠ ʚʽʜʙʫʚʘʻʪʴʩʷ çʨʦʟʨʠʚè ʨʦʟʧʣʘʚʫ ʟ ʬʦʨʤʫʚʘʥʥʷʤ ʩʫʤʽʰʽ 

ʧʘʨʠ ʽ ʢʨʘʧʝʣʴ. 

ɯʥʪʝʥʩʠʚʥʝ ʢʠʧʽʥʥʷ ʧʦʚʝʨʭʥʽ ʨʦʟʧʦʯʠʥʘʪ̒ʴʩʷ ʪʦʜʽ, ʢʦʣʠ ʪʝʤʧʝʨʘʪʫʨʘ 

ʨʽʜʠʥʠ ʜʝʱʦ ʧʝʨʝʚʠʱʫʻ ʪʝʤʧʝʨʘʪʫʨʫ ʢʠʧʽʥʥʷ. ʎʝ ʚʝʜʝ ʜʦ ʬʦʨʤʫʚʘʥʥʷ 

çʙʫʣʴʙʘʰʦʢè ʥʘ ʧʦʚʝʨʭʥʽ ʤʽʰʝʥʽ ʪʘ ʾʭʥʴʦʛʦ ʨʦʩʪʫ ʘʞ ʜʦ ʚʠʙʫʭʦʚʦʛʦ ʢʠʧʽʥʥʷ. 

ʇʨʠ ʮʴʦʤʫ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʥʘʛʨʽʚ ʧʨʠʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʨʽʜʠʥʠ ʘʞ ʜʦ 

ʽʥʪʝʥʩʠʚʥʦʛʦ ʧʘʨʦʫʪʚʦʨʝʥʥʷ ʽ ʟʣʠʪʪʷ ʩʬʦʨʤʦʚʘʥʠʭ çʙʫʣʴʙʘʰʦʢè ʧʘʨʠ, ʷʢʽ 

ʫʪʚʦʨʶʶʪʴ ʧʘʨʦʚʫ ʧʣʽʚʢʫ, ʱʦ ʚʽʜʜʽʣʷʻ ʾʾ ʚʽʜ ʦʩʥʦʚʥʦʛʦ ʦʙôʻʤʫ ʨʽʜʠʥʠ [60]. 

ʉʭʝʤʘʪʠʯʥʦ ʢʘʨʪʠʥʘ ʨʦʟʚʠʪʢʫ ʚʠʙʫʭʦʚʦʛʦ ʢʠʧʽʥʥʷ ʥʘʚʝʜʝʥʘ ʥʘ ʨʠʩ.1.8. ʅʘ 

ʛʣʠʙʠʥʽ ʤʽʰʝʥʽ (ʨʠʩ. 1.8. ʘ), ʤʘʻ ʤʽʩʮʝ ʬʦʨʤʫʚʘʥʥʷ ʤʽʢʨʦʙʫʣʴʙʘʰʦʢ ʫ ʪʦʯʮʽ 

ʤʘʢʩʠʤʘʣʴʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ, ʷʢʽ ʧʨʠ ʧʦʜʘʣʴʰʦʤʫ ʧʝʨʝʛʨʽʚʽ ʟʣʠʚʘʶʪʴʩʷ ʚ ʦʙôʻʤʽ 

ʧʘʨʦʚʦ ʾʦʙʣʘʩʪʽ (ʨʠʩ. 1.8.ʙ) ʟ ʧʦʜʘʣʴʰʠʤ ʾʭʥʽʤ ʨʦʩʪʦʤ ʚ ʧʨʦʮʝʩʽ ʚʠʧʘʨʦʚʫʚʘʥʥʷ 

(ʨʠʩ. 1.8.ʚ). ʇʦʜʘʣʴʰʝ ʨʦʟʰʠʨʝʥʥʷ ʣʘʟʝʨʥʦʛʦ ʬʘʢʝʣʫ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʨʽʟʢʦʛʦ 

ʧʘʜʽʥʥʷ ʪʠʩʢʫ ʥʘʜ ʧʦʚʝʨʭʥʝʶ ʤʽʰʝʥʽ ʪʘ ʧʦʜʘʣʴʰʠʡ ʨʽʩʪ ʧʘʨʦʚʦʛʦ ʧʫʟʠʨʷ ʘʞ ʜʦ 

ʨʦʟʨʠʚʫ ʧʣʽʚʢʠ (ʨʠʩ. 1.8.ʛ) ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʛʣʠʙʦʢʠʭ ʢʨʘʪʝʨʽʚ ʥʘ ʤʽʰʝʥʽ [61]. 

 

ʈʠʩ.1.8. ʉʭʝʤʘʪʠʯʥʝ ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʨʦʟʚʠʪʢʫ ʧʨʦʮʝʩʫ ʢʠʧʽʥʥʷ ʧʨʠ 

ʽʤʧʫʣʴʩʥʽʡ ʣʘʟʝʨʥʽʡ ʘʙʣʷʮʽʾ. 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʜʽʾ ʧʦʪʫʞʥʦʛʦ ʽʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʥʘ 

ʤʝʪʘʣʽʯʥʫ ʤʽʰʝʥʴ ʫ ʭʽʤʽʯʥʦ-ʘʢʪʠʚʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ ʬʦʨʤʫʶʪʴʩʷ ʥʘʥʦʢʣʘʩʪʝʨʠ, 

ʨʦʟʤʽʨʠ ʷʢʠʭ ʧʝʨʝʚʘʞʥʦ ʚʠʟʥʘʯʘʶʪʴʩʷ ʛʫʩʪʠʥʦʶ ʝʥʝʨʛʽʾ ʣʘʟʝʨʥʦʛʦ 
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ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʪʘ ʪʨʠʚʘʣʽʩʪʶ ʽʤʧʫʣʴʩʽʚ. ʅʘʥʦʯʘʩʪʠʥʢʠ ʱʦ ʬʦʨʤʫʶʪʴʩʷ ʚ 

ʧʨʦʮʝʩʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ ʟ ʤʽʰʝʥʽ, ʦʜʝʨʞʫʶʪʴʩʷ ʟʘʚʜʷʢʠ ʜʚʦʤ ʧʨʦʮʝʩʘʤ: 

ʢʦʘʛʫʣʷʮʽʾ ʽ ʢʣʘʩʪʝʨʥʽʡ ʢʦʘʣʝʩʮʝʥʮʽʾ ʚ ʧʘʨʦʧʣʘʟʤʦʚʦʤʫ ʬʘʢʝʣʽ. ʆʙʠʜʚʘ ʧʨʦʮʝʩʠ 

ʚʽʜʙʫʚʘʶʪʴʩʷ ʧʽʜ ʯʘʩ ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʪʘ ʯʠʩʝʣʴʥʠʭ ʟʽʪʢʥʝʥʴ ʦʩʥʦʚʥʦʾ ʤʘʩʠ 

ʚʠʧʘʨʫʚʘʥʦʾ ʨʝʯʦʚʠʥʠ ʟ ʥʘʚʢʦʣʠʰʥʽʤ ʛʘʟʦʤ. ʇʨʠ ʮʴʦʤʫ, ʭʘʨʘʢʪʝʨ ʨʦʩʪʫ 

ʯʘʩʪʠʥʦʢ ʪʘ ʾʭʥʽ ʨʦʟʤʽʨʠ ʚʠʟʥʘʯʘʶʪʴʩʷ ʢʦʥʮʝʥʪʨʘʮʽʻʶ ʢʦʘʛʫʣʶʶʯʠʭ ʢʣʘʩʪʝʨʽʚ 

ʪʘ ʚʝʣʠʯʠʥʦʶ ʝʥʝʨʛʽʾ ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ.  

ɺʩʪʘʥʦʚʣʝʥʦ ʭʘʨʘʢʪʝʨ ʟʤʽʥʠ ʨʦʟʤʽʨʫ ʥʘʥʦʯʘʩʪʠʥʦʢ ʧʨʠ ʦʜʥʘʢʦʚʠʭ ʫʤʦʚʘʭ 

ʚʠʧʘʨʦʚʫʚʘʥʥʷ, ʢʦʥʜʝʥʩʘʮʽʾ ʪʘ ʪʠʩʢʘʭ ʛʘʟʽʚ. ɺʠʷʚʣʝʥʦ, ʱʦ ʤʝʪʘʣʠ ʟ ʙʽʣʴʰ 

ʚʠʩʦʢʦʶ ʪʝʤʧʝʨʘʪʫʨʦʶ ʧʣʘʚʣʝʥʥʷ ʬʦʨʤʫʶʪʴ ʥʘʥʦʯʘʩʪʠʥʢʠ ʤʝʥʰʦʛʦ ʨʦʟʤʽʨʫ, ʘ 

ʧʝʨʝʭʽʜ ʚʽʜ He ʜʦ Ar ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʨʦʩʪʦʤ ʨʦʟʤʽʨʫ ʥʘʥʦʯʘʩʪʠʥʦʢ. 

ʅʘʥʦʯʘʩʪʠʥʢʠ ZnO ʬʦʨʤʫʶʪʴʩʷ ʚʥʘʩʣʽʜʦʢ ʭʽʤʽʯʥʦʾ ʨʝʘʢʮʽʾ ʦʢʩʠʛʝʥʫ ʥʘ 

ʧʦʚʝʨʭʥʽ ʮʠʥʢʦʚʠʭ ʯʘʩʪʠʥʦʢ, ʧʨʠ ʮʴʦʤʫ, ʥʘʩʪʫʫʧʥʽ ʰʘʨʠ ʧʨʦʜʫʢʪʫ ʨʝʘʢʮʽʾ 

ʦʢʠʩʥʝʥʥʷ ʦʙʤʝʞʫʶʪʴ ʨʽʩʪ ʥʘʥʦʯʘʩʪʠʥʦʢ. ɺʝʣʠʯʠʥʠ ʪʝʧʣʦʪʠ ʫʪʚʦʨʝʥʥʷ 

ʭʽʤʽʯʥʦʾ ʩʧʦʣʫʢʠ ʽ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʤʝʪʘʣʽʯʥʦʾ ʤʽʰʝʥʽ ʜʦʟʚʦʣʠʣʠ ʚʩʪʘʥʦʚʠʪʠ, ʱʦ 

ʥʘʥʦʯʘʩʪʠʥʢʠ ZnO  ʫʪʚʦʨʶʶʪʴʩʷ ʚ ʧʘʨʦ ʬʘʟʥʽʡ ʦʙʣʘʩʪʽ ZnO ʘʙʦ ʥʘ ʧʦʚʝʨʭʥʽ 

ʥʘʥʦʯʘʩʪʠʥʦʢ, ʯʝʨʝʟ ʜʠʬʫʟʽʶ ʘʢʪʠʚʥʦʾ ʢʦʤʧʦʥʝʥʪʠ ʢʠʩʥʶ.  

ɽʣʝʢʪʨʦʥʥʦ-ʤʽʢʨʦʩʢʦʧʽʯʥʠʡ ʘʥʘʣʽʟ ʩʠʥʪʝʟʦʚʘʥʦʛʦ ʥʘʥʦʧʦʨʦʰʢʫ ʧʦʢʘʟʘʚ, 

ʱʦ ʥʘʥʦʯʘʩʪʠʥʢʠ ʨʝʘʣʽʟʫʶʪʴʩʷ ʫ ʨʽʟʥʽ ʬʦʨʤʠ ʦʙôʻʤʥʦʾ ʩʪʨʫʢʪʫʨʠ, ʟʦʢʨʝʤʘ, 

ʙʣʦʯʥʘ ʽ ʬʨʘʢʪʘʣʴʥʘ ʩʪʨʫʢʪʫʨʠ ʘʛʣʦʤʝʨʘʪʽʚ. ʇʨʠ ʮʴʦʤʫ, ʦʙôʻʤʥʘ ʯʘʩʪʠʥʘ 

ʤʝʪʘʣʽʯʥʠʭ ʯʘʩʪʠʥʦʢ ʤʦʞʝ ʤʽʩʪʠʪʠ ʜʝʬʝʢʪʠ ʫʧʘʢʦʚʢʠ, ʜʠʩʣʦʢʘʮʽʾ, ʘ ʪʘʢʦʞ 

ʜʚʽʡʥʠʢʠ ʩʬʦʨʤʦʚʘʥʽ ʚ ʧʨʦʮʝʩʽ ʢʦʘʛʫʣʷʮʽʾ ʪʘ ʢʦʥʜʝʥʩʘʮʽʾ. 

ʂʨʠʩʪʘʣʽʯʥʠʡ ʰʘʨ ʦʢʩʠʜʥʦʾ ʬʘʟʠ ʚ ʢʦʥʪʘʢʪʽ ʟ ʤʝʪʘʣʽʯʥʦʶ ʬʘʟʦʶ ʤʦʞʝ 

ʨʦʟʤʽʩʪʠʪʠʩʴ ʥʘ ʧʦʚʝʨʭʥʽ ʧʘʩʠʚʦʚʘʥʦʾ ʯʘʩʪʠʥʢʠ ʮʠʥʢʫ. ʇʨʠ ʮʴʦʤʫ, ʧʦʚʝʨʭʥʝʚʠʡ 

ʰʘʨ ʦʢʩʠʜʫ ʥʘʥʦʛʨʘʥʫʣʠ ʤʦʞʝ ʙʫʪʠ ʥʝʦʜʥʦʨʽʜʥʠʤ ʟʘ ʪʦʚʱʠʥʦʶ ʪʘ ʤʘʪʠ 

ʧʦʣʽʢʨʠʩʪʘʣʽʯʥʫ ʩʪʨʫʢʪʫʨʫ. ʍʘʨʘʢʪʝʨʥʠʤ ʜʣʷ ʦʙôʻʤʥʦʾ ʯʘʩʪʠʥʠ ʥʘʥʦʛʨʘʥʫʣʠ ʻ 

ʤʝʥʰ ʜʝʬʝʢʪʥʘ ʩʪʨʫʢʪʫʘʠ ʽ ʙʽʣʴʰʘ ʦʜʥʦʨʽʜʥʽʩʪʴ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʯʝ 

ʪʝʤʧʝʨʘʪʫʨʠ ʧʣʘʚʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ, ʯʝʨʟ ʧʨʦʷʚ ʨʦʟʤʽʨʥʠʭ ʝʬʝʢʪʽʚ ʤʦʞʝ 

ʚʽʜʙʫʚʘʪʠʩʴ ʢʦʘʛʫʣʷʮʽʷ ʥʘʥʦʯʘʩʪʠʥʦʢ. 
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ʈʠʩ.1.9. ʇʨʦʮʝʩʠ ʬʦʨʤʫʚʘʥʥʷ ʥʘʥʦʯʘʩʪʠʥʦʢ ʧʨʠ ʣʘʟʝʨʥʽʡ ʘʙʣʷʮʽʾ ʚ ʛʘʟʦʚʽʡ 

ʘʪʤʦʩʬʝʨʽ. 

 

ʇʨʠ ʮʴʦʤʫ, ʩʧʢ̔ʘʥʥʷ ʧʦʯʠʥʘʻʪʴʩʷ ʟ ʥʘʡʙʽʣʴʰ ʜʨʽʙʥʦʾ ʬʨʘʢʮʽʾ ʪʘ 

ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷʤ ʩʧʘʾʚ ʤʽʞ ʯʘʩʪʠʥʢʘʤʠ, ʘ ʚʠʜʽʣʝʥʘ ʧʨʠ ʮʴʦʤʫ 

ʪʝʧʣʦʪʘ ʦʢʠʩʥʝʥʥʷ ʩʧʨʠʷʻ ʩʧʽʢʘʥʥʶ ʥʘʥʦʯʘʩʪʠʥʦʢ ʽ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʨʦʩʪʫ ʾʭʥʽʭ 

ʨʦʟʤʽʨʽʚ. 

ɺ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʨʦʟʤʽʨʽʚ ʥʘʥʦʛʨʘʥʫʣ, ʾʭʥʷ ʛʝʦʤʝʪʨʽʷ ʤʦʞʝ ʟʤʽʥʶʚʘʪʠʩʴ 

ʪʘ ʤʦʞʫʪʴ ʫʪʚʦʨʶʚʘʪʠʩʴ ʥʘʥʦʛʨʘʥʫʣʠ ʷʢ ʩʬʝʨʠʯʥʦʾ ʪʘʢ ʽ ʥʝʧʨʘʚʠʣʴʥʦʾ ʬʦʨʤʠ. 

ɺʠʷʚʣʝʥʠʡ ʭʘʨʘʢʪʝʨ ʚʧʣʠʚʫ ʛʫʩʪʠʥʠ ʝʥʝʨʛʽʾ ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, 

ʪʨʠʚʘʣʦʩʪʽ ʽʤʧʫʣʴʩʫ, ʪʠʩʢʫ ʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʨʝʘʢʪʠʚʥʦʛʦ ʛʘʟʫ ʪʘ ʛʝʦʤʝʪʨʽʾ ʟʙʦʨʫ 

ʥʘʥʦʧʦʨʦʰʢʫ ʥʘ ʨʦʟʤʽʨ ʯʘʩʪʠʥʦʢ ʽ ʚʤʽʩʪ ʢʠʩʥʶ ʚ ʥʘʥʦʛʨʘʥʫʣʽ, ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ 

ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʢʦʥʮʝʥʪʨʘʮʽʾ ʢʠʩʥʶ ʚ ʽʥʝʨʪʥʽʡ ʘʪʤʦʩʬʝʨʽ ʪʘ ʟʙʽʣʴʰʝʥʥʶ ʪʠʩʢʫ, 

ʤʘʻ ʤʽʩʮʝ ʨʽʩʪ ʥʘʥʦʯʘʩʪʠʥʦʢ. ɺʠʷʚʣʝʥʦ, ʱʦ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʢʦʥʮʝʥʪʨʘʮʽʾ ʢʠʩʥʶ ʚ 

ʛʘʟʽ ʚ ʜʽʘʧʘʟʦʥʽ ʚʽʜ 10% ʜʦ 20% ʩʝʨʝʜʥʽʡ ʨʦʟʤʽʨ ʯʘʩʪʠʥʦʢ ʟʨʦʩʪʘʻ ʟ 40 ʜʦ 60 ʥʤ, 

ʘ ʧʨʠ ʧʽʜʚʠʱʝʥʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʢʠʩʥʶ ʚ ʽʥʝʨʪʥʽʡ ʘʪʤʦʩʬʝʨʽ ʜʦ å30% ʚʤʽʩʪ ʦʢʩʠʜʫ 

ʮʠʥʢʫ ʚ ʩʬʦʨʤʦʚʘʥʦʤʫ ʧʦʨʦʰʢʫ ʩʪʘʥʦʚʠʪʴ 100% . 

ɿʨʦʩʪʘʥʥʷ ʝʥʝʨʛʽʾ ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʥʘ ʧʦʚʝʨʭʥʽ ʤʝʪʘʣʽʯʥʦʾ 
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ʤʽʰʝʥʽ ʧʨʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪ̔ ʨʦʟʣʴʦʪʫ ʧʨʦʜʫʢʪʽʚ ʚʠʜʘʣʝʥʥʷ, 

ʢʦʥʮʝʥʪʨʘʮʽʷ ʢʦʘʛʫʣʶʶʯʠ ʢʣʘʩʪʝʨʽʚ ʨʽʟʢʦ ʟʤʝʥʰʫʻʪʴʩʷ, ʘ ʪʘʢʦʞ ʩʝʨʝʜʥʽʡ 

ʨʦʟʤʽʨ ʩʬʦʨʤʦʚʘʥʠʭ ʯʘʩʪʠʥʦʢ ʩʪʘʻ ʤʝʥʰʠʤ. ʇʨʠ ʮʴʦʤʫ, ʨ̔ʩʪ ʪʠʩʢʫ ʛʘʟʦʚʦʛʦ 

ʩʝʨʝʜʦʚʠʱʘ ʧʨʠʰʚʠʜʰʫʻ ʦʭʦʣʦʜʞʝʥʥʷ ʧʨʦʜʫʢʪʽʚ ʚʠʧʘʨʦʚʫʚʘʥʥʷ, ʦʜʥʘʢ 

ʢʦʥʮʝʥʪʨʘʮʽʷ ʢʦʘʛʫʣʶʶʯʠʭ ʢʣʘʩʪʝʨʽʚ ʪʘʢʦʞ ʟʨʦʩʪʘʻ. ɹʽʣʴʰʝ ʯʠʩʣʦ ʢʣʘʩʪʝʨʽʚ 

ʦʙôʻʜʥʫʻʪʴʩʷ ʽ ʩʝʨʝʜʥʽʡ ʨʦʟʤʽʨ ʯʘʩʪʠʥʦʢ ʟʨʦʩʪʘʻ ʟʘʚʜʷʢʠ ʨʦʩʪʫ ʪʠʩʢʫ, ʧʨʠ 

ʮʴʦʤʫ, ʧʨʦʮʝʩ ʢʦʘʛʫʣʷʮʽʾ ʟʥʠʞʫʻ ʢʦʥʮʝʥʪʨʘʮʽʶ ʢʦʘʛʫʣʶʶʯʠʭ ʯʘʩʪʠʥʦʢ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʥ̔ʪʝʥʩʠʚʥʝ ʦʭʦʣʦʜʞʝʥʥʷ ʧʨʦʜʫʢʪʽʚ ʚʠʟʥʘʯʘʻʪʴʩʷ ʪʘʢʦʞ ʽ 

ʪʨʠʚʘʣʽʩʪʶ ʣʘʟʝʨʥʦʛʦ ʽʤʧʫʣʴʩʫ. ʊʨʠʚʘʣʽʩʪʴ ʣʘʟʝʨʥʦʛʦ ʽʤʧʫʣʴʩʫ ʚʧʣʠʚʘʻ ʥʘ 

ʰʚʠʜʢʽʩʪʴ ʦʭʦʣʦʜʞʝʥʥʷ ʧʨʦʜʫʢʪʽʚ ʚʠʧʘʨʦʚʫʚʘʥʥʷ, ʱʦ ʚʝʜʝ ʥʝ ʪʽʣʴʢʠ ʜʦ 

ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʢʦʘʛʫʣʷʮʽʾ ʢʣʘʩʪʝʨʽʚ ʘʣʝ ʽ ʜʦ ʟʤʝʥʰʝʥʥʷ ʨʦʟʤʽʨʫ 

ʦʜʝʨʞʘʥʠʭ ʥʘʥʦʯʘʩʪʠʥʦʢ. 

 

1.6. ʅʘʥʦʧʦʨʫʚʘʪʽ ʬʘʟʠ ZnO 

ʇʦʣʽʤʦʨʬʠ ʘʙʦ ʬʘʟʠ ï ʨʽʟʥʽ ʥʝʦʨʛʘʥʽʯʥʽ ʩʪʨʫʢʪʫʨʠ ʦʜʥʦʛʦ ʽ ʪʦʛʦ ʞ ʩʢʣʘʜʫ, 

ʷʢ ʧʨʘʚʠʣʦ, ʤʘʶʪʴ ʨʽʟʥʦʤʘʥʽʪʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷ, ʪʠʤ ʩʘʤʠʤ ʩʠʥʪʝʟ 

ʘʙʦ ʧʨʦʛʥʦʟ ʥʦʚʠʭ ʢʣʘʩʽʚ ʧʦʣʽʤʦʨʬʽʚ ʜʣʷ ʧʝʚʥʦʾ ʩʧʦʣʫʢʠ ʤʘʻ ʚʝʣʠʢʝ ʟʥʘʯʝʥʥʷ. 

ɿ ʯʘʩʫ ʚʠʷʚʣʝʥʥʷ ʚʽʜʤʽʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘ ʤʦʞʣʠʚʦʩʪʝʡ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʘʣʶʤʦʩʠʣʽʢʘʪʥʠʭ ʮʝʦʣʽʪʽʚ ʚ ʦʙʣʘʩʪʷʭ ʽʦʥʦʦʙʤʽʥʫ, ʨʦʟʜʽʣʝʥʥʷ ʪʘ ʢʘʪʘʣʽʟʫ, ʧʦʰʫʢ 

ʥʝʦʨʛʘʥʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟ ʚʽʜʢʨʠʪʠʤ ʢʘʨʢʘʩʦʤ ʩʪʘʚ ʦʜʥʠʤ ʽʟ ʧʨʽʦʨʠʪʝʪʥʠʭ 

ʜʦʩʣʽʜʥʠʮʴʢʠʭ ʥʘʧʨʷʤʽʚ. ʆʜʥʽʻʶ ʟ ʦʩʥʦʚʥʠʭ ʮʽʣʝʡ ʜʦʩʣʽʜʞʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʟ 

ʚʽʜʢʨʠʪʠʤʠ ʢʘʨʢʘʩʘʤʠ ʻ ʧʦʰʫʢ ʪʘʢʠʭ, ʷʢʽ ʤʽʩʪʷʪʴ ʢʘʥʘʣʠ ʪʘ ʽʥʰʽ ʦʩʦʙʣʠʚʦʩʪʽ, 

ʷʢʽ ʨʦʙʣʷʪʴ ʾʭ ʧʦʨʫʚʘʪʠʤʠ ʘʙʦ ʥʘʥʦʧʦʨʫʚʘʪʠʤʠ. ɼʣʷ ʧʨʦʩʫʚʘʥʥʷ ʚ ʧʦʪʦʯʥʦʤʫ 

ʧʦʰʫʢʫ ʥʦʚʠʭ ʽ ʮʽʢʘʚʠʭ ʥʘʥʦʧʦʨʫʚʘʪʠʭ ʤʘʪʝʨʽʘʣʽʚ ʻ ʥʝʦʙʭʽʜʥʠʤʠ 

ʧʝʨʝʜʙʘʯʫʚʘʥʽʩʪʴ ʾʭ ʩʪʨʫʢʪʫʨʠ ʪʘ ʨʦʟʤʽʨʥʦʩʪʽ. 

ɺʣʘʩʪʠʚʦʩʪʽ ʧʦʨʦʞʥʠʩʪʠʭ ʩʪʨʫʢʪʫʨ ʚʠʟʥʘʯʘʶʪʴ ʾʭ ʧʨʠʜʘʪʥʽʩʪʴ ʜʣʷ ʨʽʟʥʠʭ 

ʟʘʩʪʦʩʫʚʘʥʴ, ʪʽʩʥʦ ʧʦʚôʷʟʘʥʽ ʟ ʾʭʥʽʤʠ ʩʪʨʫʢʪʫʨʘʤʠ. ʊʦʤʫ ʚʘʞʣʠʚʠʡ ʻ ʩʠʥʪʝʟ 

ʧʝʚʥʦʾ ʘʨʭʽʪʝʢʪʫʨʠ, ʷʢʠʡ ʚ ʙʽʣʴʰʦʩʪʽ ʚʠʧʘʜʢʽʚ ʟʘʣʠʰʘʻʪʴʩʷ ʩʢʣʘʜʥʠʤ 

ʟʘʚʜʘʥʥʷʤ. ɽʢʩʧʝʨʠʤʝʥʪʠ ʥʘʡʯʘʩʪʽʰʝ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʧʽʜʭʽʜ ñʟʚʝʨʭʫ ʚʥʠʟò, 
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ʱʦ ʚʢʣʶʯʘʻ ʨʦʟʙʠʨʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʙʘʪʴʢʽʚʩʴʢʦʛʦ ʮʝʦʣʽʪʫ, ʱʦʙ ʜʦʩʷʛʪʠ ʮʽʣʴʦʚʠʭ 

ʪʦʧʦʣʦʛʽʡ. 

ʋ ʪʝʦʨʝʪʠʯʥʠʭ ʨʦʙʦʪʘʭ [62, 63] ʥʝʱʦʜʘʚʥʦ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʤʦʞʣʠʚʽʩʪʴ 

ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʥʦʚʽ ʬʘʟʠ ʥʘʜʥʠʟʴʢʦʾ ʱʽʣʴʥʦʩʪʽ ʤʝʪʘʣ-ʦʢʩʠʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʰʣʷ-

ʭʦʤ ʧʨʠʡʥʷʪʪʷ ʤʘʣʠʭ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʷʢ ʙʫʜʽʚʝʣʴʥʠʭ ʙʣʦʢʽʚ ʜʣʷ ʤʦʞʣʠʚʠʭ ʥʦʚʠʭ 

ʬʘʟ ʥʘʧʨʠʢʣʘʜ SOD, LTA ʽ FAU. ʎʽ ʘʙʨʝʚʽʘʪʫʨʠ ï ʢʦʜʠ ʢʘʨʢʘʩʥʠʭ ʮʝʦʣʽʪʥʠʭ 

ʩʪʨʫʢʪʫʨ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʥʦʤʝʥʢʣʘʪʫʨʠ ʄʽʞʥʘʨʦʜʥʦʾ ʘʩʦʮʽʘʮʽʾ ʮʝʦʣʽʪʽʚ (IZA). 

ɹʽʥʘʨʥʽ ʪʝʪʨʘʝʜʨʠʯʥʽ ʩʧʦʣʫʢʠ ʥʘ ʦʩʥʦʚʽ ZnO, ʩʪʽʡʢʽ ʟʘ ʢʽʤʥʘʪʥʦʾ 

ʪʝʤʧʝʨʘʪʫʨʠ, ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʪʨʴʦʭ ʢʦʦʨʜʠʥʦʚʘʥʠʭ ʘʪʦʤʽʚ, ʤʥʦʞʠʥʠ ʷʢʠʭ 

ʫʪʚʦʨʶʶʪʴ ʧʘʨʥʝ ʯʠʩʣʦ ʘʪʦʤʥʠʭ ʢʽʣʝʮʴ, ʪʦʙʪʦ ʢʦʞʝʥ Zn/O ʘʪʦʤ ʧʦʚôʷʟʘʥʠʡ 

ʪʨʴʦʤʘ ʘʪʦʤʘʤʠ O/Zn ʽʦʥʥʦ-ʢʦʚʘʣʝʥʪʥʠʤ ʟʚôʷʟʢʦʤ. ɺʽʜʦʤʦ, ʱʦ ʢʦʥʬʽʛʫʨʘʮʽʾ 

ʢʣʘʩʪʝʨʘ ʽʟ ʚʠʱʦʶ ʩʠʤʝʪʨʽʻʶ ʟʘʟʚʠʯʘʡ ʚʠʷʚʣʷʶʪʴʩʷ ʙʽʣʴʰ ʩʪʽʡʢʠʤʠ, ʥʽʞ 

ʧʦʜʽʙʥʽ ʢʣʘʩʪʝʨʠ ʦʜʥʘʢʦʚʠʭ ʪʘ/ʘʙʦ ʽʥʰʠʭ ʨʦʟʤʽʨʽʚ. ʊʦʤʫ ʚʠʩʦʢʦʩʠʤʝʪʨʠʯʥʽ 

ʢʣʘʩʪʝʨʥʽ ʩʪʨʫʢʪʫʨʠ ʤʦʞʣʠʚʽ ʣʠʰʝ ʜʣʷ ʧʝʚʥʠʭ ʨʦʟʤʽʨʽʚ, ʥʘʧʨʠʢʣʘʜ 9, 12, 16, 18, 

24, ..., ʷʢʽ ʯʘʩʪʦ ʥʘʟʠʚʘʶʪʴ ñʤʘʛʽʯʥʠʤʠò ʢʣʘʩʪʝʨʘʤʠ. 

 

ʈʠʩ. 1.11. ɿʣʽʚʘ ʥʘʧʨʘʚʦ: ʦʧʪʠʤʽʟʦʚʘʥʠʡ ʢʣʘʩʪʝʨ - ʦʧʪʠʤʽʟʦʚʘʥʘ ʢʨʠʩʪʘʣʽʯʥʘ 

ʨʝʰʽʪʢʘ ï ʧʦʨʦʞʥʠʩʪʘ ʦʙôʻʤʥʘ ʩʪʨʫʢʪʫʨʘ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʥʘʥʦʧʦʨʫʚʘʪʠʭ ʩʪʨʫʢʪʫʨ 

SOD, FAU, LTA. 
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ʅʘ ʧʽʜʩʪʘʚʽ ʧʽʜʭʦʜʫ ñʟʥʠʟʫ ʚʛʦʨʫò, ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʥʘʜʽʡʥʠʡ ʰʣʷʭ 

ʧʦʙʫʜʦʚʠ ʥʦʚʠʭ ʩʪʨʫʢʪʫʨ ʚʽʜ ʚʽʣʴʥʠʭ ʢʣʘʩʪʝʨʽʚ ʜʦ ʪʚʝʨʜʠʭ ʬʘʟ, ʘʚʪʦʨʠ [62, 63] 

ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʨʝʟʫʣʴʪʘʪʠ ʧʝʨʰʦʧʨʠʥʮʠʧʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʪʨʴʦʭ ʮʝʦʣʽʪʦʚʠʭ 

ʩʪʨʫʢʪʫʨ (SOD, LTA, FAU), ʚ ʷʢʠʭ ʙʫʜʽʚʝʣʴʥʠʤʠ ʙʣʦʢʘʤʠ ʻ ʥʘʥʦʢʣʘʩʪʝʨʠ 

(ZnO)12.  

ʅʘʧʨʠʢʣʘʜ, ʫ ʚʠʧʘʜʢʫ ʩʪʨʫʢʪʫʨʠ ʪʠʧʫ ʩʦʜʘʣʽʪʫ (SOD), ʝʣʝʤʝʥʪʘʨʥʘ 

ʢʦʤʽʨʢʘ ʤʽʩʪʠʪʴ ʩʪʨʫʢʪʫʨʫ ʟʨʽʟʘʥʦʛʦ ʦʢʪʘʝʜʨʘ (ʨʠʩ. 1.11.) ï ʩʪʨʫʢʪʫʨʘ ʤʽʩʪʠʪʴ 

ʚʽʩʽʤ 6-ʯʣʝʥʥʠʭ ʢʽʣʝʮʴ ʽ ʰʽʩʪʴ ʯʦʪʠʨʠʯʣʝʥʥʠʭ ʢʽʣʝʮʴ, ʧʽʜʢʦʨʷʶʯʠʩʴ ʧʨʘʚʠʣʫ 

ʽʟʦʣʴʦʚʘʥʠʭ ʯʦʪʠʨʠʢʫʪʥʠʢʽʚ, ʟ ʜʚʦʤʘ ʪʠʧʘʤʠ ʟʚôʷʟʢʽʚ Zn-O, ʜʦʚʰʠʤ ʚ 

ʯʦʪʠʨʠʯʣʝʥʥʦʤʫ ʢʽʣʴʮʽ ʽ ʢʦʨʦʪʰʠʡ, ʱʦ ʟôʻʜʥʫʻ ʜʚʘ ʩʫʩʽʜʥʽ ʯʦʪʠʨʠʯʣʝʥʥʽ ʢʽʣʴʮʷ. 

ʉʪʨʫʢʪʫʨʘ SOD ʙʫʜʫʻʪʴʩʷ ʟôʻʜʥʘʥʥʷʤ ʮʠʭ ʯʦʪʠʨʠʯʣʝʥʥʠʭ ʢʽʣʝʮʴ, ʪʦʜʽ ʷʢ FAU ï 

ʟôʻʜʥʘʥʥʷʤ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʰʝʩʪʠʯʣʝʥʥʠʤʠ ʢʽʣʴʮʷʤʠ (ʨʠʩ. 1.11.). ʉʪʨʫʢʪʫʨʘ LTA 

ʙʫʜʫʻʪʴʩʷ ʟ ʰʽʩʪʴʤʘ ʧʦʜʚʽʡʥʠʤʠ ʯʦʪʠʨʠʢʫʪʥʠʤʠ ʣʘʥʢʘʤʠ (ʢʫʙʽʯʥʠʤʠ 

ʟʚôʷʟʢʘʤʠ). 

ɿ ʤʝʪʦʶ ʚʩʪʘʥʦʚʣʝʥʥʷ ʥʦʚʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʧʦʨʫʚʘʪʠʭ ʬʘʟ ZnO, ʙʫʣʦ 

ʨʦʟʨʘʭʦʚʘʥʦ ʾʭʥʽ ʝʣʝʢʪʨʦʥʥʽ ʩʪʨʫʢʪʫʨʠ. ʎʽʢʘʚʦ, ʱʦ ʨʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʫʶʪʴ, ʱʦ 

ʚʦʥʠ ʚʩʽ ʻ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘʤʠ ʟ ʧʨʷʤʦʶ ʝʥʝʨʛʝʪʠʯʥʦʶ ʱʽʣʠʥʦʶ, ʙʽʣʴʰʦʶ, ʥʽʞ ʫ 

ʢʨʠʩʪʘʣʘʭ ZnO ʪʠʧʫ ʚʶʨʮʠʪʫ. 

 

ʋ ʨʦʟʜʽʣʽ ʧʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʘʥʠʭ ʱʦʜʦ ʢʨʠʩʪʘʣʽʯʥʦʾ 

ʩʪʨʫʢʪʫʨʠ ʪʘ ʦʩʦʙʣʠʚʦʩʪʝʡ ʟʦʥʥʦʛʦ ʩʧʝʢʪʨʫ ZnO. ʆʢʩʠʜ ʮʠʥʢʫ ʚʦʣʦʜʽʻ 

ʨʽʟʥʦʤʘʥʽʪʥʠʤʠ ʦʨʠʛʽʥʘʣʴʥʠʤʠ ʬʽʟʠʯʥʠʤʠ ʽ ʭʽʤʽʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ, ʪʘʢʠʤʠ 

ʷʢ, ʘʥʽʟʦʪʨʦʧʽʷ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʪ, ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚ ̔ ʚʣʘʩʪʠʚʦʩʪ ̔ ʧʨʠ 

ʚʝʣʠʢʽʡ ʰʠʨʠʥʽ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ, ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʡ ʩʢʣʘʜ ʩʧʦʣʫʢʠ ʟ ʜʦʙʨʝ 

ʚʠʨʘʞʝʥʦʶ ʚʣʘʩʥʦʜʝʬʝʢʪʥʦʶ ʩʪʨʫʢʪʫʨʦʶ, ʬʦʪʦʛʘʣʴʚʘʥʽʯʥʽ ʪʘ ʬʦʪʦʭʽʤʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ, ʣʶʤʽʥʝʩʮʝʥʪʥʽ ʪʘ ʬʦʪʦʧʨʦʚʽʜʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʣʘʟʝʨʥʠʡ ʽ 

ʝʣʝʢʪʨʦʦʧʪʠʯʥʠʡ ʝʬʝʢʪʠ, ʚʠʩʦʢʘ ʚʽʜʙʠʚʥʘ ʟʜʘʪʥʽʩʪʴ ʫ ʚʠʜʠʤʽʡ ʦʙʣʘʩʪʽ ʪʘ 

ʽʥʪʝʥʩʠʚʥʝ ʧʦʛʣʠʥʘʥʥʷ ʚ ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʽʡ ʜʽʣʷʥʮʽ ʩʧʝʢʪʨʫ, ʥʘʷʚʥʽʩʪʴ ʩʠʣʴʥʦʛʦ 

ʧôʻʟʦ- ʽ ʧʽʨʦʝʬʝʢʪʽʚ. 
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ʇʨʦʚʝʜʝʥʦ ʦʧʠʩ ʤʝʪʦʜʽʚ ʦʜʝʨʞʘʥʥʷ ʥʘʥʦʯʘʩʪʠʥʦʢ ʦʢʩʠʜʫ ʮʠʥʢʫ, ʟʦʢʨʝʤʘ 

ʜʝʪʘʣʴʥʦ ʨʦʟʛʣʷʥʫʪʦ ʤʝʪʦʜ ʽʤʧʫʣʴʩʥʦʾ ʣʘʟʝʨʥʦʾ ʘʙʣʷʮʽʾ ʤʝʪʘʣʽʯʥʠʭ ʤʽʰʝʥʝʡ. 

ʈʦʟʛʣʷʥʫʪʦ ʤʦʞʣʠʚʽʩʪʴ ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʥʦʚʽ ʬʘʟʠ ʥʘʜʥʠʟʴʢʦʾ ʱʽʣʴʥʦʩʪʽ ʤʝʪʘʣ-

ʦʢʩʠʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʰʣʷʭʦʤ ʧʨʠʡʥʷʪʪʷ ʤʘʣʠʭ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʷʢ ʙʫʜʽʚʝʣʴʥʠʭ 

ʙʣʦʢʽʚ ʜʣʷ ʤʦʞʣʠʚʠʭ ʥʦʚʠʭ ʬʘʟ. 

ʄʘʩ-ʩʧʝʢʪʨʦʩʢʦʧʽʷ ʧʨʦʜʫʢʪʽʚ ʣʘʟʝʨʥʦʾ ʘʙʣʷʮʽʾ ʜʘʻ ʣʠʰʝ ʢʽʣʴʢʽʩʪʴ ʘʪʦʤʽʚ ʫ 

ʢʣʘʩʪʝʨʽ, ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʽʯʥʽ ʨʦʟʨʘʭʫʥʢʠ ʟʘʟʚʠʯʘʡ ʟʘʩʪʦʩʦʚʫʶʪʴ ʷʢ ʜʨʫʛʠʡ ʢʨʦʢ, 

ʜʣʷ ʚʩʪʘʥʦʚʣʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʘʪʦʤʥʦʾ ʩʪʨʫʢʪʫʨʠ. ɼʘʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʜʝʤʦʥʩʪʨʫʶʪʴ, ʱʦ ʝʤʧʽʨʠʯʥʦ ʚʠʟʥʘʯʝʥʽ ʟʦʥʥʽ ʩʪʨʫʢʪʫʨʠ ʱʝ ʥʝ ʻ 

ʜʦʩʪʘʪʥʴʦ ʪʦʯʥʠʤʠ, ʱʦʙ ʦʪʨʠʤʘʪʠ ʟʦʥʥʽ ʧʘʨʘʤʝʪʨʠ, ʪʘʢʽ ʷʢ ʝʬʝʢʪʠʚʥʽ ʤʘʩʠ ʘʙʦ 

ʨʦʟʱʝʧʣʝʥʥʷ ʫ ʢʨʠʩʪʘʣʽʯʥʦʤʫ ʧʦʣʽ ʙʝʟ ʨʦʟʨʘʭʫʥʢʽʚ ʽʟ ʧʝʨʰʠʭ ʧʨʠʥʮʠʧʽʚ. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʜʣʷ ʘʜʝʢʚʘʪʥʦʛʦ ʪʝʦʨʝʪʠʯʥʦʛʦ ʦʧʠʩʫ ʝʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʫ ZnO ʽ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʡʦʛʦ ʦʩʥʦʚʽ ʥʝʦʙʭʽʜʥʦ ʨʦʟʛʣʷʜʘʪʠ d-ʝʣʝʢʪʨʦʥʠ Zn ʷʢ ʚʘʣʝʥʪʥʽ. 

ʇʨʦʪʝ, ʪʝʦʨʝʪʠʯʥʽ ʨʦʟʨʘʭʫʥʢʠ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʣʘʩʠʯʥʦʛʦ ʥʘʙʣʠʞʝʥʥʷ LDA 

ʜʣʷ ʦʧʠʩʫ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʦʾ ʚʟʘʻʤʦʜʽʾ ʝʣʝʢʪʨʦʥʽʚ ʜʘʶʪʴ ʜʦʩʠʪʴ ʥʝʪʦʯʥʽ 

ʨʝʟʫʣʴʪʘʪʠ ʧʦʚôʷʟʘʥʽ ʟʽ ʟʥʘʯʥʠʤ ʟʘʥʠʞʝʥʥʷʤ ʟʥʘʯʝʥʥʷ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ 

ʟʦʥʠ ʪʘ ʥʝʫʟʛʦʜʞʝʥʥʷ ʚ ʨʦʟʪʘʰʫʚʘʥʥʽ ʟʦʥ d-ʝʣʝʢʪʨʦʥʽʚ. ɼʣʷ ʫʩʫʥʝʥʥʷ ʥʝʜʦʣʽʢʽʚ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʫ LDA ʜʦʮʽʣʴʥʦ ʟʘʩʪʦʩʫʚʘʪʠ ʧʦʧʨʘʚʢʠ ʍʘʙʘʨʜʘ ʚ 

ʢʫʣʦʥʽʚʩʴʢʫ ʚʟʘʻʤʦʜʽʶ ʤʽʞ ʝʣʝʢʪʨʦʥʘʤʠ (ʤʝʪʦʜ LDA+U). 

 

ʃʽʪʝʨʘʪʫʨʘ ʜʦ ʨʦʟʜʽʣʫ: 

1-63. 
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ʈʆɿɼɯʃ 2.  

ʄɽʊʆɼʀʂɸ ʈʆɿʈɸʍʋʅʂɯɺ ɯ ʊɽʍʅɯʂɸ ɽʂʉʇɽʈʀʄɽʅʊʋ 

ʆʜʥʠʤ ʽʟ ʝʬʝʢʪʠʚʥʠʭ ʧʽʜʭʦʜʽʚ ʜʦ ʧʦʰʫʢʫ ʥʦʚʠʭ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʩʪʨʫʢʪʫʨ ʽ 

ʧʨʦʛʥʦʟʫ ʾʭʥʽʭ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʘʩʥʦʚʘʥʠʡ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʽ 

ʩʫʯʘʩʥʠʭ ʤʝʪʦʜʽʚ ʪʝʦʨʝʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʽ ʦʙʯʠʩʣʶʚʘʣʴʥʦʛʦ ʤʘʪʝʨʽʘʣʦ-

ʟʥʘʚʩʪʚʘ [64, 65]. 

ʋʩʽ ʦʙʯʠʩʣʶʚʘʣʴʥʽ ʤʝʪʦʜʠ ʤʦʞʥʘ ʨʦʟʜʽʣʠʪʠ ʥʘ ʜʚʽ ʚʝʣʠʢʽ ʛʨʫʧʠ ï 

ʢʣʘʩʪʝʨʥʽ, ʷʢʽ ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʦʙôʻʢʪʽʚ, ʷʢʽ ʤʽʩʪʷʪʴ ʚʽʜʥʦʩʥʦ ʤʘʣʝ 

ʯʠʩʣʦ ʘʪʦʤʽʚ (ʤʦʣʝʢʫʣʠ, ʢʣʘʩʪʝʨʠ ʪʦʱʦ), ʽ ʟʦʥʥʽ ï ʜʣʷ ʤʘʢʨʦʩʢʦʧʽʯʥʠʭ ʩʠʩʪʝʤ, 

ʷʢʽ ʚʦʣʦʜʽʶʪʴ ʪʨʘʥʩʣʷʮʽʡʥʦʶ ʩʠʤʝʪʨʽʻʶ. ʆʙʠʜʚʘ ʮʽ ʧʽʜʭʦʜʠ ʫʩʧʽʰʥʦ 

ʟʘʩʪʦʩʦʚʫʶʪʴ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʦʙôʻʢʪʽʚ. ɼʦ ʥʝʜʦʣʽʢʽʚ 

ʢʣʘʩʪʝʨʥʠʭ ʧʽʜʭʦʜʽʚ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʚ ʦʧʠʩʘʥʥʽ ʝʣʝʢʪʨʦʥʥʦʛʦ ʩʪʘʥʫ 

ʪʚʝʨʜʦʛʦ ʪʽʣʘ, ʚʽʜʥʦʩʷʪʴʩʷ ʧʨʦʙʣʝʤʠ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ʽ ʚʨʘʭʫʚʘʥʥʷ ʜʘʣʴʥʴʦʛʦ 

ʧʦʨʷʜʢʫ. ʅʘ ʧʨʘʢʪʠʮʽ ʚʠʙʽʨ ʟʦʥʥʦʾ ʯʠ ʢʣʘʩʪʝʨʥʦʾ ʤʦʜʝʣʽ, ʷʢ ʧʨʘʚʠʣʦ, ʜʠʢʪʫʻʪʴʩʷ 

ʷʢ ʪʠʧʦʤ ʜʦʩʣʽʜʥʠʮʴʢʠʭ ʦʙôʻʢʪʽʚ, ʪʘʢ ʽ ʪʠʤ ʢʨʫʛʦʤ ʾʭʥʽʭ ʧʘʨʘʤʝʪʨʽʚ ʽ 

ʚʣʘʩʪʠʚʦʩʪʝʡ, ʦʧʠʩʘʥʥʷ ʷʢʠʭ ʩʢʣʘʜʘʻ ʟʘʜʘʯʫ ʢʦʥʢʨʝʪʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ.  

ʇʨʠʨʦʜʥʦ ʢʣʘʩʪʝʨʥʽ ʤʝʪʦʜʠ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʬʫʣʝʨʝʥʦʧʦʜʽʙʥʠʭ 

ʢʣʘʩʪʝʨʽʚ ʽ ʩʧʦʨʽʜʥʝʥʠʭ ʥʘʥʦʯʘʩʪʠʥʦʢ. ɺ ʪʦʤʫ ʚʠʧʘʜʢʫ, ʢʦʣʠ ʘʪʦʤʠ ʨʦʟʪʘʰʦʚʘʥʽ 

ʚ ʧʨʦʩʪʦʨʽ ʩʪʨʦʛʦ ʧʝʨʽʦʜʠʯʥʦ (ʥʘʧʨʠʢʣʘʜ, ʩʢʣʘʜʘʶʪʴ ʢʨʠʩʪʘʣʽʯʥʫ ʛʨʘʪʢʫ 

ʽʜʝʘʣʴʥʦʛʦ ʢʨʠʩʪʘʣʘ), ʤʦʞʥʘ ʩʬʦʨʤʫʚʘʪʠ ʟʦʥʥʫ ʤʦʜʝʣʴ ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ, 

ʷʢʘ ʚʠʢʦʨʠʩʪʦʚʫʻ ʚʣʘʩʪʠʚʽʩʪʴ ʧʝʨʽʦʜʠʯʥʦʩʪʽ ʩʠʩʪʝʤʠ. ɻʦʣʦʚʥʦʶ ʧʝʨʝʚʘʛʦʶ 

ʟʦʥʥʦʾ ʪʝʦʨʽʾ ʻ ʾʾ ʭʦʨʦʰʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʣʷ ʦʧʠʩʫ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʚʝʨʜʠʭ ʪʽʣ, 

ʦʙʫʤʦʚʣʝʥʠʭ ʜʝʣʦʢʘʣʽʟʦʚʘʥʠʤʠ ʝʣʝʢʪʨʦʥʥʠʤʠ ʩʪʘʥʘʤʠ (ʜʠʩʧʝʨʩʽʷ ʟʦʥ E(k), 

ʝʥʝʨʛʝʪʠʯʥʽ ʱʽʣʠʥʠ, ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ, ʪʝʧʣʦʻʤʥʽʩʪʴ, ʪʦʱʦ). ʇʨʦʪʷʞʥʽ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠ ï ʥʘʥʦʪʨʫʙʢʠ, ʘʪʦʤʥʘ ʩʪʨʫʢʪʫʨʘ ʩʪʽʥʦʢ ʢʦʪʨʠʭ ʚʦʣʦʜʽʻ 

ʢʚʘʟʽʦʜʥʦʚʠʤʽʨʥʦʶ ʧʝʨʽʦʜʠʯʥʽʩʪʶ, ʦʪʨʠʤʫʶʪʴ ʙʽʣʴʰ ʘʜʝʢʚʘʪʥʠʡ ʦʧʠʩ ʫ ʨʘʤʢʘʭ 

ʤʝʪʦʜʽʚ, ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʬʦʨʤʫʣʶʚʘʥʥʷʭ ʟʦʥʥʦʾ ʪʝʦʨʽʾ. 

ʋ ʟʛʘʜʘʥʠʭ ʧʽʜʭʦʜʘʭ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʥʘʧʽʚʝʤʧʽʨʠʯʥʽ ʩʭʝʤʠ, ʚ 

ʷʢʠʭ ʩʠʣʠ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʘʪʦʤʘʤʠ ʧʘʨʘʤʝʪʨʠʟʦʚʘʥʽ ʧʦ ʨʷʜʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 
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ʜʘʥʠʭ, ʪʘʢʠʭ ʷʢ ʨʽʚʥʦʚʘʞʥʘ ʛʝʦʤʝʪʨʽʷ, ʦʙôʻʤʥʽ ʤʦʜʫʣʽ ʘʙʦ ʯʘʩʪʦʪʠ ʢʦʣʠʚʘʥʴ 

ʛʨʘʪʢʠ (ʬʦʥʦʥʠ). ʎʽ ʩʭʝʤʠ ʜʦʩʷʛʣʠ ʚʠʩʦʢʦʛʦ ʨʽʚʥʷ ʜʦʩʢʦʥʘʣʦʩʪʽ ʽ ʯʘʩʪʦ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʤʘʪʝʨʽʘʣʽʚ ʨʽʟʥʠʭ ʢʣʘʩʽʚ, ʜʣʷ ʷʢʠʭ ʧʝʨʝʨʘʭʦʚʘʥʽ 

ʧʘʨʘʤʝʪʨʠ ʚʞʝ ʚʽʜʦʤʽ. ʆʜʥʘʢ, ʷʢʱʦ ʪʘʢʽ ʧʘʨʘʤʝʪʨʠ ʥʝʜʦʩʪʫʧʥʽ, ʘʙʦ ʷʢʱʦ 

ʩʠʩʪʝʤʘ ʜʝʤʦʥʩʪʨʫʻ ʷʢʽʩʴ ʥʝʟʚʠʯʘʡʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʷʢʽ ʱʝ ʥʝ ʚʠʚʯʝʥʽ, ʧʦʪʨʽʙʥʦ 

ʧʦʢʣʘʜʘʪʠʩʷ ʪʽʣʴʢʠ ʥʘ ʥʝʝʤʧʽʨʠʯʥʽ, ʪʦʙʪʦ ʧʝʨʰʦʧʨʠʥʮʠʧʥʽ (ab initio, first 

principles) ʨʦʟʨʘʭʫʥʢʠ. ʇʝʨʝʚʘʛʘ ʤʝʪʦʜʽʚ çʟ ʧʝʨʰʠʭ ʧʨʠʥʮʠʧʽʚè ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, 

ʱʦ ʚʦʥʠ ʥʝ ʧʦʪʨʝʙʫʶʪʴ ʙʫʜʴ-ʷʢʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ 

ʨʦʟʨʘʭʫʥʢʽʚ.  

ʋ ʮʴʦʤʫ ʨʦʟʜʽʣʽ ʨʦʟʛʣʷʥʫʪʽ ʬʦʨʤʫʣʶʚʘʥʥʷ ʽ ʦʩʥʦʚʥʽ ʥʘʙʣʠʞʝʥʥʷ 

ʨʦʟʨʘʭʫʥʢʦʚʠʭ ab initio ʤʝʪʦʜʽʚ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʜʘʥʽʡ ʨʦʙʦʪʽ. 

 

2.1. ʄʝʪʦʜʠ ʨʦʟʨʘʭʫʥʢʽʚ 

2.1.1. ʌʦʨʤʘʣʽʟʤ ɻʘʨʪʨʽ-ʌʦʢʘ ʽ ʪʝʦʨʽʾ ʬʫʥʢʮʽʦʥʘʣʘ ʝʣʝʢʪʨʦʥʥʦʾ 

ʛʫʩʪʠʥʠ 

ɯʥʬʦʨʤʘʮʽʷ ʧʨʦ ʝʣʝʢʪʨʦʥʥʫ ʩʪʨʫʢʪʫʨʫ ʻ ʢʣʶʯʝʤ ʜʣʷ ʨʦʟʫʤʽʥʥʷ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʽʚ ʽ ʷʚʠʱ, ʷʢʽ ʚ ʥʠʭ ʚʽʜʙʫʚʘʶʪʴʩʷ. ɽʣʝʢʪʨʦʥʠ ʥʝ ʪʽʣʴʢʠ 

ʩʣʫʞʘʪʴ ʪʠʤ ʟôʻʜʥʫʚʘʣʴʥʠʤ ʩʝʨʝʜʦʚʠʱʝʤ, ʱʦ ʟʚôʷʟʫʻ ʷʜʨʘ ʚ ʪʚʝʨʜʠʭ ʪʽʣʘʭ, 

ʨʽʜʠʥʘʭ ʽ ʤʦʣʝʢʫʣʘʭ, ʘʣʝ ʪʘʢʦʞ ʚʽʜʧʦʚʽʜʘʶʪʴ ʟʘ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʝʣʝʢʪʨʠʯʥʠʭ, 

ʦʧʪʠʯʥʠʭ ʽ ʤʘʛʥʽʪʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʝʯʦʚʠʥ. ʆʩʥʦʚʥʠʡ ʩʪʘʥ ʝʣʝʢʪʨʦʥʥʦʾ 

ʩʠʩʪʝʤʠ ʚʠʟʥʘʯʘʻ ʪʘʢʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʷʢ ʝʥʝʨʛʽʷ ʟʚôʷʟʢʫ, ʨʽʚʥʦʚʘʞʥʘ ʘʪʦʤʥʘ 

ʛʝʦʤʝʪʨʽʷ, ʧʨʫʞʥʽ ʧʦʩʪʽʡʥʽ, ʟʘʨʷʜʦʚʘ ʛʫʩʪʠʥʘ, ʤʘʛʥʽʪʥʠʡ ʧʦʨʷʜʦʢ, ʩʪʘʪʠʯʥʽ 

ʜʽʝʣʝʢʪʨʠʯʥʽ ʽ ʤʘʛʥʽʪʥʽ ʩʧʨʠʡʥʷʪʣʠʚʦʩʪʽ, ʘʪʦʤʥʽ ʢʦʣʠʚʘʥʥʷ ʪʘ ʽʥ. ɿʙʫʜʞʝʥʽ 

ʝʣʝʢʪʨʦʥʥʽ ʩʪʘʥʠ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʚʠʟʥʘʯʘʶʪʴ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ, 

ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ, ʦʧʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʦʱʦ. ʊʘʢʠʤ ʯʠʥʦʤ, ʫʤʽʥʥʷ 

ʦʙʯʠʩʣʶʚʘʪʠ ʝʣʝʢʪʨʦʥʥʫ ʩʪʨʫʢʪʫʨʫ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʥʠʟʢʫ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʩʠʩʪʝʤ. 

ɼʣʷ ʨʦʟʚôʷʟʢʫ ʩʢʣʘʜʥʦʾ ʙʘʛʘʪʦʝʣʝʢʪʨʦʥʥʦʾ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʽʯʥʦʾ 

ʟʘʜʘʯʽ ʽʩʥʫʻ ʜʚʘ ʪʠʧʠ ʧʽʜʭʦʜʽʚ: ʤʝʪʦʜ ɻʘʨʪʨʽ-ʌʦʢʘ (ɻʌ) ʽ ʪʝʦʨʽʷ ʬʫʥʢʮʽʦʥʘʣʫ 

ʛʫʩʪʠʥʠ (ʊʌɻ). ʊʨʘʜʠʮʽʡʥʘ ʩʭʝʤʘ ʤʝʪʦʜʫ ɻʌ ʦʩʥʦʚʘʥʘ ʥʘ ʧʦʚʥʽʡ ʭʚʠʣʴʦʚʽʡ 
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ʬʫʥʢʮʽʾ ʫ ʚʠʛʣʷʜʽ ʦʜʥʦʛʦ ʜʝʪʝʨʤʽʥʘʥʪʘ ʉʣʝʡʪʝʨʘ. ʆʙʤʽʥʥʘ ʚʟʘʻʤʦʜʽʷ 

ʪʨʘʢʪʫʻʪʴʩʷ ʪʦʯʥʦ, ʘʣʝ ʢʦʨʝʣʷʮʽʡʥʽ ʝʬʝʢʪʠ ʥʝ ʚʨʘʭʦʚʫʶʪʴʩʷ. ʆʩʪʘʥʥʽ ʤʦʞʫʪʴ 

ʙʫʪʠ ʚʢʣʶʯʝʥʽ ʚ ʙʽʣʴʰ ʩʢʣʘʜʥʠʭ ʧʽʜʭʦʜʘʭ, ʪʘʢʠʭ ʷʢ ʢʦʥʬʽʛʫʨʘʮʽʡʥʘ ʚʟʘʻʤʦʜʽʷ, 

ʘʣʝ ʚʦʥʠ ʚʠʤʘʛʘʶʪʴ ʥʘʙʘʛʘʪʦ ʙʽʣʴʰʝ ʟʘʪʨʘʪ ʤʘʰʠʥʥʦʛʦ ʯʘʩʫ. ʗʢ ʥʘʩʣʽʜʦʢ, 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʮʴʦʛʦ ʤʝʪʦʜʫ ʤʦʞʣʠʚʝ ʪʽʣʴʢʠ ʜʣʷ ʚʠʚʯʝʥʥʷ ʤʘʣʠʭ ʩʠʩʪʝʤ, ʷʢʽ 

ʤʽʩʪʷʪʴ ʢʽʣʴʢʘ ʜʝʩʷʪʢʽʚ ʘʪʦʤʽʚ. ɸʣʴʪʝʨʥʘʪʠʚʥʦʶ ʩʭʝʤʦʶ ʻ ʊʌɻ, ʷʢʘ ʟʘʟʚʠʯʘʡ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʩʢʣʘʜʥʠʭ ʩʠʩʪʝʤ, ʱʦ 

ʤʽʩʪʷʪʴ ʙʘʛʘʪʦ ʘʪʦʤʽʚ, ʪʘʢʠʭ ʷʢ ʚʝʣʠʢʽ ʤʦʣʝʢʫʣʠ ʘʙʦ ʪʚʝʨʜʽ ʪʽʣʘ.  

ʊʌɻ ʦʩʥʦʚʘʥʘ ʥʘ ʝʣʝʢʪʨʦʥʥʽʡ ʛʫʩʪʠʥʽ, ʘ ʥʝ ʥʘ ʭʚʠʣʴʦʚʠʭ ʬʫʥʢʮʽʷʭ, ʽ 

ʥʘʙʣʠʞʝʥʦ ʨʦʟʛʣʷʜʘʻ ʷʢ ʦʙʤʽʥʥʽ, ʪʘʢ ʽ ʢʦʨʝʣʷʮʽʡʥʽ ʚʟʘʻʤʦʜʽʾ. ɯʜʝʘʣʴʥʠʡ ʢʨʠʩʪʘʣ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʝʣʝʤʝʥʪʘʨʥʦʶ ʢʦʤʽʨʢʦʶ, ʷʢʘ ʤʦʞʝ ʤʽʩʪʠʪʠ ʢʽʣʴʢʘ ʘʪʦʤʽʚ ʽ 

ʧʦʚʪʦʨʶʻʪʴʩʷ ʥʝʩʢʽʥʯʝʥʥʦ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʪʨʘʥʩʣʷʮʽʡʥʦʾ ʩʠʤʝʪʨʽʾ. ʂʨʠʩʪʘʣ, ʱʦ 

ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʦʩʥʦʚʥʦʤʫ ʨʽʚʥʦʚʘʞʥʦʤʫ ʩʪʘʥʽ, ʦʧʠʩʫʶʪʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʽʚʥʷʥʥʷ 

ʐʨʝʜʽʥʛʝʨʘ, ʚ ʷʢʦʤʫ ʚʨʘʭʦʚʘʥʦ ʨʫʭ ʫʩʽʭ ʝʣʝʢʪʨʦʥʽʚ ʪʘ ʷʜʝʨ,  ̔ʚʟʘʻʤʦʜʽʶ ʤʽʞ 

ʷʜʨʘʤʠ ʪʘ ʝʣʝʢʪʨʦʥʘʤʠ. ʅʘ ʧʨʘʢʪʠʮʽ ʜʣʷ ʨʦʟʚôʷʟʢʫ ʮʴʦʛʦ ʨʽʚʥʷʥʥʷ ʨʦʙʣʷʪʴ 

ʥʠʟʢʫ ʧʨʠʧʫʱʝʥʴ ʪʘ ʥʘʙʣʠʞʝʥʴ: 

¶ ʦʩʢʽʣʴʢʠ ʤʘʩʠʚʥʽ ʷʜʨʘ ʨʫʭʘʶʪʴʩʷ ʟʥʘʯʥʦ ʧʦʚʽʣʴʥʽʰʝ ʫ ʧʦʨʽʚʥʷʥʥʽ ʽʟ 

ʥʝʧʝʨʝʨʚʥʦʶ ʟʤʽʥʦʶ ʧʨʦʩʪʦʨʦʚʦʛʦ ʨʦʟʧʦʜʽʣʫ ʝʣʝʢʪʨʦʥʽʚ ʫ ʧʨʦʩʪʦʨʽ, 

ʨʽʚʥʷʥʥʷ ʐʨʝʜʽʥʛʝʨʘ ʨʦʟʜʽʣʷʶʪʴ ʥʘ ʦʢʨʝʤʽ ʯʘʩʪʠʥʠ ʜʣʷ ʷʜʝʨ ʪʘ ʝʣʝʢʪʨʦʥʽʚ; 

¶ ʨʫʭ ʫʩʽʭ ʝʣʝʢʪʨʦʥʽʚ ʤʦʞʥʘ ʧʨʝʜʩʪʘʚʠʪʠ ʫ ʚʠʛʣʷʜʽ ʨʫʭʫ ʫʩʝʨʝʜʥʝʥʦʛʦ 

ʝʣʝʢʪʨʦʥʘ, ʷʢʠʡ ʨʫʭʘʻʪʴʩʷ ʚ ʝʬʝʢʪʠʚʥʦʤʫ ʧʦʣʽ ʫʩʽʭ ʽʥʰʠʭ ʝʣʝʢʪʨʦʥʽʚ ʪʘ 

ʷʜʝʨ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʦʜʥʦʝʣʝʢʪʨʦʥʥʫ ʭʚʠʣʴʦʚʫ ʬʫʥʢʮʽʶ ʤʦʞʥʘ ʧʨʝʜʩʪʘʚʠʪʠ 

ʯʝʨʝʟ ʭʚʠʣʴʦʚʽ ʬʫʥʢʮʽʾ ʦʢʨʝʤʠʭ ʝʣʝʢʪʨʦʥʽʚ iy . 

ʅʘ ʧʦʪʝʥʮʽʘʣ, ʱʦ ʜʽʻ ʚ ʢʨʠʩʪʘʣʽ, ʥʘʢʣʘʜʘʶʪʴ ʫʤʦʚʫ ʧʝʨʽʦʜʠʯʥʦʩʪʽ: 

( ) ()rVtrV =+n                                               (2.1) 

ʜʝ nt  ï ʪʨʘʥʩʣʷʮʽʡʥʠʡ ʚʝʢʪʦʨ. 

ʌʦʨʤʘʣʽʟʤ ʬʫʥʢʮʽʦʥʘʣʫ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ ʨʦʟʨʦʙʣʝʥʦ ʚ ʨʦʙʦʪʘʭ 

ʍʦʝʥʙʝʨʛʘ ʽ ʂʦʥʘ, ʂʦʥʘ ʽ ʐʝʤʘ [66, 67]. 
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ɺ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ ʜʘʥʠʡ ʬʦʨʤʘʣʽʟʤ ʧʨʠ ʟʘʜʘʥʦʤʫ ʥʘʙʣʠʞʝʥʽ ʜʣʷ 

ʦʙʤʽʥʥʦʛʦ ʽ ʢʦʨʝʣʷʮʽʡʥʦʛʦ ʧʦʪʝʥʮʽʘʣʽʚ ʚʠʟʥʘʯʘʻ ʝʣʝʢʪʨʦʥʥʫ ʛʫʩʪʠʥʫ ʽ ʧʦʚʥʫ 

ʝʥʝʨʛʽʶ ʩʠʩʪʝʤʠ.  

ɻʘʤʽʣʴʪʦʥʽʘʥ ʩʠʩʪʝʤʠ ʝʣʝʢʪʨʦʥʽʚ ʟʘʧʠʩʫʻʪʴʩʷ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

UVTH ĔĔĔĔ ++= ,                                            (2.2) 

ʜʝ -T ʢʽʥʝʪʠʯʥʘ ʝʥʝʨʛʽʷ ʝʣʝʢʪʨʦʥʽʚ, -V ʟʦʚʥʽʰʥʽʡ ʧʦʪʝʥʮʽʘʣ ʷʜʝʨ, 

-U ʝʥʝʨʛʽʷ ʝʣʝʢʪʨʦʥïʝʣʝʢʪʨʦʥʥʦʾ ʚʟʘʻʤʦʜʽʾ. 

ɿʥʘʭʦʜʠʤʦ ʝʥʝʨʛʽʶ ʦʩʥʦʚʥʦʛʦ ʩʪʘʥʫ ʩʠʩʪʝʤʠ (ʰʫʢʘʶʯʠ ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ 

ʛʘʤʽʣʴʪʦʥʽʘʥʘ H  ʟʘ ʭʚʠʣʴʦʚʠʤʠ ʬʫʥʢʮʽʷʤʠ 
0y ): 

rdHE 3

0

*

0 yyñ= ,                                          (2.3) 

ɽʥʝʨʛʽʷ ʻ ʬʫʥʢʮʽʦʥʘʣʦʤ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ ɟ(r): 

() () () () ()rrrrr xcee EEVTE +++= ,                           (2.4) 

ʜʝ ʚʠʨʘʟ ʜʣʷ ()-reeE  ʩʝʨʝʜʥʴʦʾ ʝʥʝʨʛʽʾ ʢʫʣʦʥʽʚʩʴʢʦʾ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʝʣʝʢʪʨʦʥʘʤʠ  

()
()()

rrdd
rr

rr
Eee

¡
¡-

¡
= ññ

33

2

1 rr
r ,                               (2.5) 

ɺʠʨʘʟ ʜʣʷ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʦʾ ʝʥʝʨʛʽʾ ()xcE r  ʟʘʧʠʰʝʤʦ ʫ ʧʫʥʢʪʽ 2.3. 

ɿʦʚʥʽʰʥʽʡ ʧʦʪʝʥʮʽʘʣ ʷʜʝʨ 

() ()() rdrrvV 3rr ñ= ,                                     (2.6) 

ʜʝ ()-rv ʝʬʝʢʪʠʚʥʠʡ ʧʦʪʝʥʮʽʘʣ, ʚ ʧʦʣʽ ʷʢʦʛʦ ʨʦʟʛʣʷʜʘʶʪʴ ʨʫʭ ʢʦʞʥʦʛʦ ʟ 

ʝʣʝʢʪʨʦʥʽʚ. 

ɿʘʩʪʦʩʦʚʫʶʯʠ ʜʦ ʮʴʦʛʦ ʢʦʥʮʝʧʮʽʶ ʩʘʤʦʫʟʛʦʜʞʝʥʦʛʦ ʧʦʣʷ ʝʣʝʢʪʨʦʥʥʫ 

ʛʫʩʪʠʥʫ ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

()
2

ä=
i

ir yr ,                                         (2.7) 

ʜʝ ʧʽʜʩʫʤʦʚʫʚʘʥʥʷ ʽʜʝ ʧʦ ʦʜʥʦʯʘʩʪʠʥʢʦʚʠʭ ʩʪʘʥʘʭ. ɺʠʛʣʷʜ 
iy  ʟʥʘʭʦʜʠʤʦ 

ʟʘʩʪʦʩʫʚʘʚʰʠ ʥʘʩʪʫʧʥʽ ʫʤʦʚʠ: 

¶ ʥʦʨʤʫʚʘʥʥʷ ï 13
2

=ñ rdiy  
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¶ ʚʘʨʽʘʮʽʾ ʬʫʥʢʮʽʦʥʘʣʘ ()rE , ʟʛʽʜʥʦ ʷʢʦʾ ʧʨʠ ʪʦʯʥʦʤʫ ʟʥʘʯʝʥʥʽ ()rr  ʧʦʚʥʘ 

ʝʥʝʨʛʽʷ ʻ ʤʽʥʽʤʘʣʴʥʦʶ ʽ ʜʦʨʽʚʥʶʻ ʝʥʝʨʛʽʾ ʦʩʥʦʚʥʦʛʦ ʩʪʘʥʫ. 

ɿ ʜʨʫʛʦʾ ʫʤʦʚʠ ʤʘʻʤʦ, ʱʦ ʧʨʠ ʪʦʯʥʦʤʫ ʟʥʘʯʝʥʥʽ ʛʫʩʪʠʥʠ ()rr  ʧʦʚʥʘ 

ʝʥʝʨʛʽʷ ʻ ʤʽʥʽʤʘʣʴʥʦ  ʁʽ ʜʦʨʽʚʥʶʻ ʝʥʝʨʛʽʾ ʦʩʥʦʚʥʦʛʦ ʩʪʘʥʫ: 

()( ) 03 =- ñ rdrEE n rd ,                                      (2.8) 

ʜʝ -nE  ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʽʾ ʦʜʥʦʯʘʩʪʠʥʢʦʚʠʭ ʩʪʘʥʽʚ. 

ʇʦʭʽʜʥʫ ʚʽʜ ʬʫʥʢʮʽʦʥʘʣʘ ʢʽʥʝʪʠʯʥʦʾ ʝʥʝʨʛʽʾ ()rT  ʟʘʤʽʥʷʻʤʦ ʦʧʝʨʘʪʦʨʦʤ 

ʢʽʥʝʪʠʯʥʦʾ ʝʥʝʨʛʽʾ: 

() 2
2

2
Ð-=

m

T h

dr

rd
.                                         (2.9) 

ʉʘʤʦʫʟʛʦʜʞʝʥʠʡ ʨʦʟʚôʷʟʦʢ ʥʘʙʦʨʫ ʦʜʥʦʯʘʩʪʠʥʢʦʚʠʭ ʨʽʚʥʷʥʴ (2.8) 

ʟʘʧʠʰʝʤʦ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

()
()

() nnnxci Erd
rr

r
rV yyrm

r
=ö

ö

÷

õ

æ
æ

ç

å
+¡

¡-
++

Ð
- ñ

3
2

2
,                 (2.10) 

ʜʝ 
()
dr

rd
m xc

xc

E
=  ï ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʠʡ ʧʦʪʝʥʮʽʘʣ ʦʜʥʦʨʽʜʥʦʛʦ ʛʘʟʫ. 

ʆʪʞʝ, ʦʧʠʩʘʥʽ ʫʟʘʛʘʣʴʥʝʥʥʷ ʻ ʥʘʩʪʫʧʥʠʤʠ: 

Å ɹʘʛʘʪʦʝʣʝʢʪʨʦʥʥʘ ʩʠʩʪʝʤʘ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʷʢ ʩʠʩʪʝʤʘ ʥʝʚʟʘʻʤʦʜʽʶʯʠʭ 

ʝʣʝʢʪʨʦʥʽʚ, ʚ ʷʢʽʡ ʢʦʞʝʥ ʝʣʝʢʪʨʦʥ ʨʫʭʘʻʪʴʩʷ ʚ ʝʬʝʢʪʠʚʥʦʤʫ ʧʦʪʝʥʮʽʘʣʽ, 

ʩʪʚʦʨʶʚʘʥʦʤʫ ʽʥʰʠʤʠ ʝʣʝʢʪʨʦʥʘʤʠ. 

Å ʌʽʟʠʯʥʠʡ ʩʝʥʩ ʤʘʻ ʪʽʣʴʢʠ ʤʽʥʽʤʫʤ ʬʫʥʢʮʽʦʥʘʣʫ E[ɟ], ʧʦʚôʷʟʘʥʠʡ ʟ 

ʦʩʥʦʚʥʠʤ ʩʪʘʥʦʤ ʩʠʩʪʝʤʠ. 

 

2.1.2. ʄʝʪʦʜ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʫ ʚ ʙʘʟʠʩʽ ʧʣʦʩʢʠʭ ʭʚʠʣʴ 

ʊʝʦʨʽʷ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʫ ʚʢʘʟʫʻ, ʱʦ ʩʠʣʴʥʦʟʤʽʥʥʠʡ ʧʦʙʣʠʟʫ ʷʜʨʘ ʽʦʥʥʠʡ 

ʧʦʪʝʥʮʽʘʣ ʤʦʞʥʘ ʟʘʤʽʥʠʪʠ ʟʥʘʯʥʦ ʩʣʘʙʰʠʤ ʧʦʪʝʥʮʽʘʣʦʤ ï ʪʘʢ ʟʚʘʥʠʤ 

ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʦʤ, ʱʦ ʘʜʝʢʚʘʪʥʦ ʦʧʠʩʫʻ ʚʣʘʩʪʠʚʦʩʪʽ ʨʫʭʫ ʩʠʩʪʝʤʠ ʚʘʣʝʥʪʥʠʭ 

ʝʣʝʢʪʨʦʥʽʚ ʫ ʢʨʠʩʪʘʣʽ. ɹʘʛʘʪʦʝʣʝʢʪʨʦʥʥʫ ʟʘʜʘʯʫ ʩʧʨʦʱʫʶʪʴ ʜʦ ʟʘʜʘʯ ̔ ʧʨʦ 

ʩʘʤʦʫʟʛʦʜʞʝʥʝ ʧʦʣʝ, ʚ ʷʢʽʡ ʚʩʽ ʝʣʝʢʪʨʦʥʥʽ ʩʪʘʥʠ ʧʦʜʽʣʷʶʪʴ ʥʘ ʦʩʪʦʚʥʽ (ʛʣʠʙʦʢʽ 
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ʩʪʘʥʠ ʧʦʙʣʠʟʫ ʷʜʨʘ) ʪʘ ʚʘʣʝʥʪʥʽ. ʆʩʪʦʚʥʽ ʝʣʝʢʪʨʦʥʠ ʚʠʢʣʶʯʘʶʪʴʩʷ ʽʟ 

ʨʦʟʨʘʭʫʥʢʽʚ ʥʘ ʦʩʥʦʚʽ ʧʨʠʧʫʱʝʥʥʷ, ʱʦ ʾʭʥʽʡ ʨʦʟʧʦʜʽʣ ʥʝ ʨʝʘʛʫʻ ʥʘ ʟʤʽʥʠ 

ʭʽʤʽʯʥʦʛʦ ʦʪʦʯʝʥʥʷ. ʇʩʝʚʜʦʧʦʪʝʥʮʽʘʣ ʚʦʣʦʜʽʻ ʥʘʩʪʫʧʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ: 

¶ ʚ ʦʩʪʦʚʥʽʡ ʦʙʣʘʩʪʽ ʚʽʥ ʟʥʘʯʥʦ ʩʣʘʙʰʠʡ ʥʽʞ ʢʫʣʦʥʽʚʩʴʢʠʡ ʧʦʪʝʥʮʽʘʣ 

ʷʜʝʨ ʽ ʥʝ ʚʦʣʦʜʽʻ ʩʠʥʛʫʣʷʨʥʦʩʪʷʤʠ ʥʘ ʧʦʟʠʮʽʷʭ ʷʜʝʨ; 

¶ ʜʽʡʩʥʽ ʭʚʠʣʴʦʚʽ ʬʫʥʢʮʽʾ ʽ ʧʩʝʚʜʦʭʚʠʣʴʦʚʽ ʬʫʥʢʮʽʾ ʩʧʽʚʧʘʜʘʶʪʴ ʧʦʟʘ 

ʤʝʞʘʤʠ ʚʠʙʨʘʥʦʛʦ ñʨʘʜʽʫʩʘ ʦʩʪʦʚʘò; 

¶ ʩʘʤ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣ ʽ ʧʩʝʚʜʦʭʚʠʣʴʦʚʽ ʬʫʥʢʮʽʾ ʤʦʞʥʘ ʨʦʟʢʣʘʩʪʠ ʫ 

ʙʘʟʠʩʽ ʧʣʦʩʢʠʭ ʭʚʠʣʴ. 

ʋ ʮʽʡ ʨʦʙʦʪʽ ʤʠ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʫʣʴʪʨʘʤôʷʢʽ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʠ 

ɺʘʥʜʝʨʙʽʣʴʪʘ [68]. ʗʢ ʚʢʘʟʫʻ ʥʘʟʚʘ, ʫʣʴʪʨʘʤôʷʢʽ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʠ ʜʦʩʷʛʘʶʪʴ 

ʟʥʘʯʥʦ ʛʣʘʜʰʠʭ ʧʩʝʚʜʦʭʚʠʣʴʦʚʠʭ ʬʫʥʢʮʽʡ, ʥʽʞ ʥʦʨʤʦʟʙʝʨʽʛʘʶʯʽ 

ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʠ, ʥʘʧʨʠʢʣʘʜ, ɹʘʯʝʣʝʪʘ-ʍʘʤʘʥʘ-ʐʣʶʪʝʨʘ [69]. ʇʝʨʝʚʘʛʦʶ ʮʠʭ 

ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ ʻ, ʟʦʢʨʝʤʘ, ʪʦʡ ʬʘʢʪ, ʱʦ ʜʣʷ ʾʭ ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʧʨʠ 

ʟʙʝʨʝʞʝʥʥʽ ʪʦʯʥʦʩʪʽ ʨʦʟʨʘʭʫʥʢʽʚ ʧʦʪʨʽʙʥʦ ʤʝʥʰʠʡ ʙʘʟʠʩ ʧʣʦʩʢʠʭ ʭʚʠʣʴ.  

ʇʨʠ ʧʦʙʫʜʦʚʽ ʫʣʴʪʨʘʤôʷʢʠʭ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ ʧʦʚʥʘ ʛʫʩʪʠʥʘ ʝʣʝʢʪʨʦʥʽʚ 

ɟ(r) ʧʦʜʽʣʷʻʪʴʩʷ ʥʘ ʞʦʨʩʪʢʫ ʽ ʤôʷʢʫ ʩʢʣʘʜʦʚʽ,: 

() () () ()
, ,

n n ij ji

n i j

Qr f f r*= +ä äk k

k

r r r r  (2.11) 

ʜʝ  

,

ij i n n j

n

r b f f b=ä k k

k

 (2.12) 

() () () ()()ij i j i jQ y y f f* *= -r r r r r  (2.13) 

| ib  ï ʣʦʢʘʣʴʥʽ ʭʚʠʣʴʦʚʽ ʬʫʥʢʮʽʾ, ʷʢʽ ʟʘʣʝʞʘʪʴ ʚʽʜ ʧʦʟʠʮʽʡ ʽʦʥʽʚ r , ()iy r  ï 

ʜʽʡʩʥʽ ʭʚʠʣʴʦʚʽ ʬʫʥʢʮʽʾ ʝʣʝʢʪʨʦʥʽʚ, ()if r  ï ʧʩʝʚʜʦʭʚʠʣʴʦʚʽ (ʫʣʴʪʨʘʤôʷʢʽ) 

ʬʫʥʢʮʽʾ ʧʦʙʫʜʦʚʘʥʽ ʙʝʟ ʚʨʘʭʫʚʘʥʥʷ ʫʤʦʚʠ ʟʙʝʨʝʞʝʥʥʷ ʥʦʨʤʠ () 0ijQ =r .  

ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʧʩʝʚʜʦʭʚʠʣʴʦʚʠʭ ʬʫʥʢʮʽʡ ʚʚʦʜʷʪʴ ʥʝʣʦʢʘʣʴʥʠʡ ʦʧʝʨʘʪʦʨ 

ʧʝʨʝʢʨʠʪʪʷ: 
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,

1 ij i j

i j

S Q b b= +ä  (2.14) 

i j i jR R
Sf f y y=  (2.15) 

ʷʢʠʡ ʟʘʤʽʥʷʻ ʥʝʣʦʢʘʣʴʥʠʡ ʦʧʝʨʘʪʦʨ ʧʦʪʝʥʮʽʘʣʫ. 

ʅʝʭʪʫʚʘʥʥʷ ʫʤʦʚʦʶ ʟʙʝʨʝʞʝʥʥʷ ʥʦʨʤʠ () 0ijQ =r  ʦʟʥʘʯʘʻ, ʱʦ ʜʽʡʩʥʘ 

ʭʚʠʣʴʦʚʘ ʬʫʥʢʮʽʷ ()iy r  ʝʣʝʢʪʨʦʥʘ ʫ ʪʚʝʨʜʦʤʫ ʪʽʣʽ ʦʧʠʩʫʻʪʴʩʷ 

ʧʩʝʚʜʦʭʚʠʣʴʦʚʦʶ ʬʫʥʢʮʽʻʶ ()if r , ʥʘ ʷʢʫ ʥʘʢʣʘʜʝʥʘ ʣʠʰʝ ʫʤʦʚʘ ʩʧʽʚʧʘʜʽʥʥʷ ʟ 

()iy r  ʧʦʟʘ ʤʝʞʘʤʠ ʨʘʜʽʫʩʘ ʦʩʪʦʚʘ rc.  

ʉʧʽʚʧʘʜʽʥʥʷ ʘʤʧʣʽʪʫʜʥʠʭ ʟʥʘʯʝʥʴ ʜʽʡʩʥʦʾ ʪʘ ʧʩʝʚʜʦʭʚʠʣʴʦʚʦʾ ʬʫʥʢʮʽʡ 

ʟʘʙʝʟʧʝʯʫʻ ʫʤʦʚʘ ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʽ ʭʚʠʣʴʦʚʠʭ ʬʫʥʢʮʽʡ: 

n n nnSf f d¡ ¡=k k  (2.16) 

ʈʽʚʥʷʥʥʷ ʂʦʥʘ-ʐʝʤʘ ʜʣʷ ʫʣʴʪʨʘʤôʷʢʠʭ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ ɺʘʥʜʝʨʙʽʣʴʪʘ 

ʟʘʧʠʩʫʶʪʴ ʫ ʚʠʛʣʷʜʽ  

i i iR R
H Sf e f=  (2.17) 

ʜʝ H ʻ ʩʫʤʦʶ ʢʽʥʝʪʠʯʥʦʾ ʝʥʝʨʛʽʾ ʽ ʣʦʢʘʣʴʥʦʛʦ ʧʦʪʝʥʮʽʘʣʫ.  

ʊʦʜʽ ʧʦʚʥʘ ʝʥʝʨʛʽʷ ʝʣʝʢʪʨʦʥʥʦʾ ʧʽʜʩʠʩʪʝʤʠ ʙʫʜʝ 

[ ] [ ]

,

ion ion

tot n lok ij i j n

n ij

H xc c

E T V D

E Eu u

f b b f

r r r

è ø
= + +é ù

ê ú

+ + +

ä äk k

k  
         

(2.18) 

ʂʦʝʬʽʮʽʻʥʪʠ D  ʜʣʷ ʫʣʴʪʨʘʤôʷʢʠʭ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ 

() ()3ion

ij ion ijD d rV Q=ñ r r  

         

(2.19) 

ʇʦʙʫʜʦʚʘ ʫʣʴʪʨʘʤôʷʢʠʭ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʥʘʩʪʫʧʥʠʤ 

ʘʣʛʦʨʠʪʤʦʤ. ʇʨʦʚʦʜʠʪʴʩʷ ʧʦʚʥʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʨʦʟʨʘʭʫʥʦʢ ʚʽʣʴʥʦʾ ʘʪʦʤʥʦʾ 

ʢʦʥʬʽʛʫʨʘʮʽʾ, ʚ ʨʝʟʫʣʴʪʘʪʽ ʷʢʦʛʦ ʦʪʨʠʤʫʶʪʴ ʝʢʨʘʥʦʚʘʥʠʡ ʧʦʪʝʥʮʽʘʣ VAE. ɼʘʣʽ 

ʨʦʟʚôʷʟʫʶʪʴ ʨʽʚʥʷʥʥʷ ʐʨʝʜʽʥʛʝʨʘ ʜʣʷ ʥʘʙʦʨʫ ʚʠʧʘʜʢʦʚʠʭ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ 
ne  

() () ()AE i i iT V r y ey+ =è øê ú r r  (2.20) 

ʘʙʦ  
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( )AE i iT V e y+ - =0 (2.21) 

ʇʦʪʽʤ ʙʫʜʫʶʪʴ ʧʩʝʚʜʦʭʚʠʣʴʦʚʽ ʪʘ ʣʦʢʘʣʴʥʽ ʬʫʥʢʮʽʾ  

( )i i loc iT Vc e f= - -  (2.22) 

ij i jB f c=  (2.23) 

( )ä -=
j

jjii B cb 1  (2.24) 

ʌʫʥʢʮʽʾ nf  ʧʽʜʩʪʘʚʣʷʶʪʴ ʫ ʩʝʢʫʣʷʨʥʝ ʨʽʚʥʷʥʥʷ  

1ion

loc ij i j n i ij i j n

ij ij

T V D Qb b f e b b f
è ø è ø
+ + = +é ù é ù

ê ú ê ú
ä äk k  (2.25) 

ij ij j ijD B Qe= +  (2.26) 

ʅʘ ʟʘʚʝʨʰʝʥʥʷ ʧʨʦʚʦʜʷʪʴ ʧʨʦʮʝʜʫʨʫ ñʨʦʟʝʢʨʘʥʫʚʘʥʥʷò ʣʦʢʘʣʴʥʦʛʦ 

ʧʦʪʝʥʮʽʘʣʫ ʽ ʥʝʣʦʢʘʣʴʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ: 

( )
( ) ( ) ( )

| |

ion

loc loc xcV V d
r

m
¡

¡= - -
¡-ñ

r
r r r r

r r
          (2.27) 

0 ( ) ( )ij ij loc ijD D d V Q= -ñr r r           (2.28) 

 

ʋ ʮʽʡ ʨʦʙʦʪʽ ʙʘʟʠʩʥʦʶ ʩʠʩʪʝʤʦʶ ʬʫʥʢʮʽʡ  ̒ʧʣʦʩʢʽ ʭʚʠʣʽ, ʨʦʟʢʣʘʜ ʟʘ ʷʢʠʤʠ 

ʬʫʥʢʮʽʡ ɹʣʦʭʘ ʤʘʻ ʚʠʛʣʷʜ: 

() ( )( )
ä

+

W
n

n

G

rGki

nnk ekGar
,

,
1

y ,                              (2.29) 

ʜʝ ( )kGa n,  ï ʚʘʨʽʘʮʽʡʥʽ ʢʦʝʬʽʮʽʻʥʪʠ ʨʦʟʢʣʘʜʫ ʬʫʥʢʮʽʡ ɹʣʦʭʘ ʟʘ ʙʘʟʠʩʦʤ 

ʧʣʦʩʢʠʭ ʭʚʠʣʴ, kï ʢʚʘʟʽʽʤʧʫʣʴʩʠ ʝʣʝʢʪʨʦʥʽʚ, nG ï ʚʝʢʪʦʨʠ ʦʙʝʨʥʝʥʦʾ ˇʨʘʪʢʠ, 

Wï ʦʙôʻʤ ʦʩʥʦʚʥʦʾ ʦʙʣʘʩʪʽ ʢʨʠʩʪʘʣʘ, ʷʢʘ ʤʽʩʪʠʪʴ N ʝʣʝʤʝʥʪʘʨʥʠʭ ʢʦʤʽʨʦʢ. 

ʈʽʚʥʷʥʥʷ (2.10) ʫ ʙʘʟʠʩʽ ʧʣʦʩʢʠʭ ʭʚʠʣʴ ʥʘʙʫʚʘʻ ʚʠʛʣʷʜʫ: 

2

Ĕ| | ( ) ( )
2 i j

i
i j i i j H xcH S V V Vk k

k

d= + , + + ,äk k

k
k k q k k               (2.30) 

ʜʝ ii = +k k G , jj = +k k G , ii
-= Gq G . 

ʉʪʨʫʢʪʫʨʥʠʡ ʬʘʢʪʦʨ ʦʧʠʩʫʻʤʦ ʥʘʩʪʫʧʥʠʤ ʚʠʨʘʟʦʤ:  
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1

( ) exp( )
s

S
N

k
kn

n

t= ,äq qʯ                             (2.31) 

ʜʝ Űəɜ ï ʚʝʢʪʦʨ, ʱʦ ʤʽʩʪʠʪʴ ʢʦʦʨʜʠʥʘʪʠ n-ʛʦ ʽʦʥʘ ʩʦʨʪʫ k ʚ ʝʣʝʤʝʥʪʘʨʥʽʡ 

ʢʦʤʽʨʮʽ ʟ sN  ʽʦʥʘʤʠ. 

ʇʦʪʝʥʮʽʘʣ ʍʘʨʪʨʽ ʦʧʠʩʫʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤ ʇʫʘʩʩʦʥʘ: 

()reVH rp24=D                                              (2.32) 

ɿʚʽʜʢʠ: 

()r
q

VH r
p

2

4
=                                           (2.33) 

ʜʝ                                   () ()rVredqV H

iqr

H

-

W¡

ñW¡
= 31

,                                (2.34) 

                                () ()rredq iqrrr -

W¡

ñW¡
= 31

.                                    (2.35) 

ʆʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʠʡ ʧʦʪʝʥʮʽʘʣ: 

()ñ= rdreV xc

iqr

xc m .                                       (2.36) 

 

2.1.3. ɸʧʨʦʢʩʠʤʘʮʽʾ ʜʣʷ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʦʛʦ ʧʦʪʝʥʮʽʘʣʫ 

ɺʠʷʚʣʷʻʪʴʩʷ ʤʦʞʣʠʚʠʤ ʜʦʚʝʩʪʠ, ʱʦ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʠʡ ʧʦʪʝʥʮʽʘʣ ʻ 

ʫʥʽʢʘʣʴʥʠʤ ʬʫʥʢʮʽʦʥʘʣʦʤ, ʩʪʨʦʛʠʤ ʜʣʷ ʚʩʽʭ ʩʠʩʪʝʤ. ʆʜʥʘʢ ʪʦʯʥʠʡ ʚʠʜ ʮʴʦʛʦ 

ʧʦʪʝʥʮʽʘʣʫ ʥʝʚʽʜʦʤʠʡ. ʈʽʟʥʽ ʤʝʪʦʜʠ ʊʌɻ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʦʜʠʥ ʚʽʜ ʦʜʥʦʛʦ ʚ ʪʦʤʫ 

ʯʠʩʣʽ ʚʠʙʦʨʦʤ ʬʦʨʤʠ ʮʴʦʛʦ ʬʫʥʢʮʽʦʥʘʣʫ, ʥʘʷʚʥʽʩʪʶ ʨʽʟʥʠʭ ʥʘʙʦʨʽʚ ʧʽʜʛʽʥʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ. 

ɿʚʠʯʘʡʥʠʤ ʧʽʜʭʦʜʦʤ ʻ ʧʦʜʘʥʥʷ  ʫ ʚʠʛʣʷʜʽ ʩʫʤʠ ʦʙʤʽʥʥʦʛʦ  ʽ 

ʢʦʨʝʣʷʮʽʡʥʦʛʦ  ʧʦʪʝʥʮʽʘʣʽʚ, ʭʦʯʘ ʩʪʨʦʛʽʩʪʴ ʪʘʢʦʛʦ ʧʦʜʽʣʫ ʥʝ ʚʩʪʘʥʦʚʣʝʥʘ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʜʝʢʽʣʴʢʘ ʚʘʨʽʘʥʪʽʚ ʢʦʥʢʨʝʪʥʦʛʦ ʚʠʜʫ ʬʫʥʢʮʽʦʥʘʣʽʚ  ʪʘ . 

ʅʘʡʙʽʣʴʰ ʧʨʦʩʪʠʡ, ʥʘʙʣʠʞʝʥʥʷ ʣʦʢʘʣʴʥʦʾ ʛʫʩʪʠʥʠ (ʘʙʦ ʙʽʣʴʰ ʟʘʛʘʣʴʥʠʡ 

ʚʠʧʘʜʦʢ ï ʣʦʢʘʣʴʥʦʾ ʩʧʽʥʦʚʦʾ ʛʫʩʪʠʥʠ), ʧʝʨʝʜʙʘʯʘʻ, ʱʦ ʣʦʢʘʣʴʥʦ ʝʣʝʢʪʨʦʥʥʘ 

ʛʫʩʪʠʥʘ ʷʚʣʷʻ ʩʦʙʦʶ ʦʜʥʦʨʽʜʥʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʛʘʟ, ʱʦ ʝʢʚʽʚʘʣʝʥʪʥʦ ʧʦʚʽʣʴʥʦ 

ʟʤʽʥʥʽʡ ʬʫʥʢʮʽʾ ʛʫʩʪʠʥʠ. 
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ʅʘʙʣʠʞʝʥʥʷ ʣʦʢʘʣʴʥʦʾ ʛʫʩʪʠʥʠ (local density approximation, LDA) ʙʫʣʦ 

ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʂʦʥʦʤ ʽ ʐʝʤʦʤ ʽ ʻ ʥʘʡʙʽʣʴʰ ʧʨʦʩʪʠʤ ʨʽʰʝʥʥʷʤ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ 

ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʦʛʦ ʬʫʥʢʮʽʦʥʘʣʫ. ʆʩʥʦʚʥʘ ʽʜʝʷ LDA [70] ʧʦʣʷʛʘʻ ʚ ʟʘʤʽʥʽ 

ʨʝʘʣʴʥʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ ʚ ʜʘʥʽʡ ʪʦʯʮʽ ʛʫʩʪʠʥʦʶ ʦʜʥʦʨʽʜʥʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ 

ʛʘʟʫ. 

 ɼʣʷ ʥʘʙʣʠʞʝʥʥʷ ʣʦʢʘʣʴʥʦʾ ʛʫʩʪʠʥʠ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʠʡ ʬʫʥʢʮʽʦʥʘʣ 

ʥʘʙʫʜʝ ʚʠʛʣʷʜʫ: 

     (2.37) 

ʜʝ  ï ʝʥʝʨʛʽʷ ʦʙʤʽʥʫ ʽ ʢʦʨʝʣʷʮʽʾ ʥʘ ʝʣʝʢʪʨʦʥ ʦʜʥʦʨʽʜʥʦʛʦ ʥʝʧʦʣʷʨʠʟʦʚʘʥʦʛʦ 

ʝʣʝʢʪʨʦʥʥʦʛʦ ʛʘʟʫ ʛʫʩʪʠʥʦʶ . 

 ɼʦʜʘʚʘʥʥʷ ʩʧʽʥʦʚʦʾ ʧʦʣʷʨʠʟʘʮʽʾ ʜʦʟʚʦʣʷʻ ʧʝʨʝʡʪʠ ʜʦ ʥʘʙʣʠʞʝʥʥʷ 

ʣʦʢʘʣʴʥʦʛʦ ʩʧʽʥʦʚʦʾ ʛʫʩʪʠʥʠ (local spin density approximation, LSDA): 

    (2.38) 

ʪʝʧʝʨ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʠʡ ʬʫʥʢʮʽʦʥʘʣ ʷʚʥʦ ʚʨʘʭʦʚʫʻ ʩʧʽʥ, ʧʨʠʯʦʤʫ 

. 

 ʅʘʙʣʠʞʝʥʥʷ LSDA ʚʦʣʦʜʽʻ ʜʝʢʽʣʴʢʦʤʘ ʧʝʨʝʚʘʛʘʤʠ ʥʘʜ ʙʽʣʴʰ ʧʽʟʥʽʤʠ 

ʥʘʙʣʠʞʝʥʥʷʤʠ. ɼʣʷ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʦʾ ʝʥʝʨʛʽʾ ʷʢ ʜʣʷ ʝʣʝʢʪʨʦʩʪʘʪʠʯʥʦʾ 

ʚʟʘʻʤʦʜʽʾ ʥʘ ʜʝʷʢʦʤʫ ʚʽʜʜʘʣʝʥʥʽ ʚʽʜ ʜʘʥʦʾ ʪʦʯʢʠ  ʨʽʚʥʦʤʫ  ʩʧʨʘʚʝʜʣʠʚʝ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ : 

    (2.39) 

ʆʙʣʘʩʪʴ  ʥʘʟʠʚʘʻʪʴʩʷ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʦʶ ʜʽʨʦʶ. ɼʣʷ ʤʝʪʦʜʫ LSDɸ 

ʛʫʩʪʠʥʘ ʚ ʮʽʡ ʦʙʣʘʩʪʽ ʦʧʠʩʫʻʪʴʩʷ ʷʢ: 

    (2.40) 

ʜʝ  ï ʛʫʩʪʠʥʘ ʝʣʝʢʪʨʦʥʥʦʛʦ ʛʘʟʫ ʚ ʬʦʨʤʽ, ʜʣʷ ʷʢʦʾ 

ʽʩʥʫʻ ʪʦʯʥʘ ʘʥʘʣʽʪʠʯʥʘ ʤʦʜʝʣʴ. ɼʣʷ ʥʘʙʣʠʞʝʥʥʷ ʣʦʢʘʣʴʥʦʾ ʩʧʽʥʦʚʦʾ ʛʫʩʪʠʥʠ 

ʪʘʢʦʞ ʩʧʨʘʚʝʜʣʠʚʽ ʥʘʩʪʫʧʥʽ ʧʨʘʚʠʣʘ: 
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ʱʦ ʥʘʢʣʘʜʘʻ ʦʙʤʝʞʝʥʥʷ ʥʘ ʽʥʪʝʛʨʘʣ ʝʥʝʨʛʽʾ. 

ɯʥʰʠʤ ʥʘʙʣʠʞʝʥʥʷʤ ʜʣʷ ʦʧʠʩʫ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʦʾ ʚʟʘʻʤʦʜʽʾ 

ʝʣʝʢʪʨʦʥʽʚ ʻ ʘʧʨʦʢʩʠʤʘʮʽʷ ʫʟʘʛʘʣʴʥʝʥʦʛʦ ʛʨʘʜʽʻʥʪʘ (GGA ï Generalized gradient 

approximation) [71]. ʋ ʮʴʦʤʫ ʥʘʙʣʠʞʝʥʥʽ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʠʡ ʬʫʥʢʮʽʦʥʘʣ 

ʟʘʣʝʞʠʪʴ ʥʝ ʪʽʣʴʢʠ  ʚʽʜ ʛʫʩʪʠʥʠ, ʘ  ʡ ʚʽʜ ʾʾ ʧʝʨʰʦʾ ʧʨʦʩʪʦʨʦʚʦʾ ʧʦʭʽʜʥʦʾ: 

[ ( )] ( ) ( ( ),| ( ) |)GGA GGA

XC xcE r r r r drr r m r r= Ðñ .
                  (2.41) 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʛʨʘʜʽʻʥʪʥʠʭ ʧʦʧʨʘʚʦʢ ʧʨʠʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ 

ʦʯʠʩʣʶʚʘʣʴʥʠʭ ʟʘʪʨʘʪ, ʧʨʦʪʝ ʽʩʪʦʪʥʦ ʧʦʢʨʘʱʫʻ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ 

ʧʘʨʘʤʝʪʨʽʚ ʧʦʚʝʨʭʦʥʴ ʧʦʪʝʥʮʽʘʣʴʥʦʾ ʝʥʝʨʛʽʾ ʪʚʝʨʜʦʪʽʣʴʥʠʭ ʩʠʩʪʝʤ, ʽ ʚʠʧʨʘʚʣʷʻ 

ʙʽʣʴʰʽʩʪʴ ʥʝʜʦʣʽʢʽʚ LDA, ʥʘʧʨʠʢʣʘʜ ʪʘʢʠʭ ʷʢ ʟʘʥʠʞʝʥʥʷ ʜʦʚʞʠʥ ʟʚôʷʟʢʽʚ, 

ʥʝʜʦʦʮʽʥʢʘ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʱʽʣʠʥʠ, ʪʦʱʦ. ɼʣʷ ʤʝʪʦʜʫ GGA ʽʩʥʫʻ ʨʷʜ 

ʚʜʘʣʠʭ ʧʘʨʘʤʝʪʨʠʟʘʮʽʡ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʟʙʽʣʴʰʠʪʠ ʪʦʯʥʽʩʪʴ ʥʘʙʣʠʞʝʥʥʷ. 

ʅʘʡʙʽʣʴʰ ʯʘʩʪʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʽ ʚ ʩʫʯʘʩʥʽʡ ʣʽʪʝʨʘʪʫʨʽ ʧʘʨʘʤʝʪʨʠʟʘʮʽʾ PW91 ʽ 

PBE [72], ʷʢʽ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʜʘʥʽʡ ʨʦʙʦʪʽ. 

ʇʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ ʝʣʝʢʪʨʦʥʥʠʭ ʽ ʩʪʨʫʢʪʫʨʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ZnO ʥʘʙʣʠʞʝʥʴ LDA ʽ GGA, 3d-ʝʣʝʢʪʨʦʥʠ Zn ʨʦʟʛʣʷʜʘʶʪʴ ʷʢ 

ʝʣʝʢʪʨʦʥʠ ʚʘʣʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʫ. ʎ ̔ʥʘʙʣʠʞʝʥʥʷ ʜʘʶʪʴ ʜʫʞʝ ʪʦʯʥʽ ʟʥʘʯʝʥʥʷ 

ʧʦʩʪʽʡʥʠʭ ˇʨʘʪʢʠ, ʧʨʦʪʝ, ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʠʣʴʥʦ ʟʘʥʠʞʫʻ ʦʙʯʠʩʣʝʥʽ ʟʥʘʯʝʥʥʷ 

ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ, ʘ ʪʘʢʦʞ ʟʘʚʠʱʫ ̒ʝʥʝʨʛʝʪʠʯʥʝ ʧʦʣʦʞʝʥʥʷ 3d-ʟʦʥ Zn. 

ɼʣʷ ʧʦʜʦʣʘʥʥʷ ʮʽʻʾ ʧʨʦʙʣʝʤʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʥʘʙʣʠʞʝʥʥʷ LDA+U, ʜ̔ʝʷ ʷʢʦʛʦ 

ʧʦʣʷʛʘʻ ʚ ʦʧʠʩʽ ñʩʠʣʴʥʦ ʢʦʨʝʣʴʦʚʘʥʠʭò ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʩʠʩʪʝʤʠ 

(ʣʦʢʘʣʽʟʦʚʘʥʠʭ d- ʘʙʦ f- ʝʣʝʢʪʨʦʥʥʠʭ ʦʨʙʽʪʘʣʝʡ) ʫ ʤʦʜʝʣʽ ʍʘʙʘʨʜʘ [73], ʫ ʪʦʡ 

ʯʘʩ ʷʢ ʽʥʰʫ ʯʘʩʪʠʥʫ ʝʣʝʢʪʨʦʥʽʚ ʚʘʣʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʫ ʦʧʠʩʫʶʪʴ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ñʩʪʘʥʜʘʨʪʥʠʭò ʥʘʙʣʠʞʝʥɹ ʊʌɻ. 

ɼʣʷ ʢʦʨʝʢʪʥʽʰʦʛʦ ʦʧʠʩʫ ʟʙʫʜʞʝʥʠʭ ʽ ʣʦʢʘʣʽʟʦʚʘʥʠʭ ʩʪʘʥʽʚ ʜʦ ʦʙʤʽʥʥʦ-

ʢʦʨʝʣʷʮʽʡʥʦʾ ʝʥʝʨʛʽʾ ʜʦʜʘʻʪʴʩʷ [74] ʧʦʧʨʘʚʢʘ ʍʘʙʘʨʜʘ 

      (2.42) 

ʋ ʮʴʦʤʫ ʚʠʨʘʟʽ  ï ʟʘʩʝʣʝʥʽʩʪʴ ʘʪʦʤʥʦʾ ʦʙʦʣʦʥʢʠ, ʘ  ï ʟʥʘʯʝʥʥʷ 

ʧʘʨʘʤʝʪʨʘ ʍʘʙʘʨʜʘ  ʜʣʷ ʮʽʻʾ ʦʙʦʣʦʥʢʠ. ɽʥʝʨʛʽʷ  ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʥʘ ʥʫʣʴ ʜʣʷ 
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ʧʦʚʥʽʩʪʶ ʟʘʡʥʷʪʦʾ ʘʙʦ ʞ ʧʦʨʦʞʥʴʦʾ ʦʙʦʣʦʥʢʠ, ʧʨʦʪʝ, ʥʘʙʫʚʘʻ ʧʦʟʠʪʠʚʥʦʛʦ 

ʟʥʘʯʝʥʥʷ ʜʣʷ ʯʘʩʪʢʦʚʦ ʟʘʧʦʚʥʝʥʦʾ ʦʙʦʣʦʥʢʠ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʧʦʚʥʘ ʝʥʝʨʛʽʷ 

ʟʥʠʞʫʻʪʴʩʷ ʜʣʷ ʧʦʚʥʽʩʪʶ ʟʘʧʦʚʥʝʥʠʭ ʩʪʘʥʽʚ ʽ ʧʽʜʚʠʱʫʻʪʴʩʷ ʜʣʷ ʧʦʚʥʽʩʪʶ 

ʧʦʨʦʞʥʽʭ. ʉʪʘʥʠ ʚʽʜʜʘʣʷʶʪʴʩʷ ʚʽʜ ʨʽʚʥʷ ʌʝʨʤʽ ʟʙʽʣʴʰʫʶʯʠ ʰʠʨʠʥʫ 

ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ . ɿʥʘʯʝʥʥʷ  ʜʣʷ ʮʽʻʾ ʘʪʦʤʥʦʾ ʦʙʦʣʦʥʢʠ ʤʦʞʥʘ ʨʦʟʛʣʷʜʘʪʠ 

ʷʢ ʝʤʧʽʨʠʯʥʠʡ ʧʘʨʘʤʝʪʨ, ʱʦ ʜʦʟʚʦʣʷʻ ʧʦʢʨʘʱʠʪʠ ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʦʚʠʭ 

ʟʥʘʯʝʥʴ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ. 

ʏʘʩʪʦ, ʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʪʘʢʦʞ ʽʥʰʠʡ ʢʣʘʩ ʬʫʥʢʮʽʦʥʘʣʽʚ, 

ʷʢʽ ʥʘʟʠʚʘʶʪʴʩʷ ʛʽʙʨʠʜʥʠʤʠ [75]. ɿʦʢʨʝʤʘ, ʧʦʧʫʣʷʨʥʠʡ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʠʡ  

ʬʫʥʢʮʽʦʥʘʣ B3LYP (Becke, three-parameter, Lee-Yang-Parr) ʟʘʧʠʩʫʶʪʴ 

ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ [76]: 

 

    (2.43) 

ʜʝ   =0,20,   = 0,72  ʪʘ    = 0,81. 

ɯʥʰʠʡ ʬʫʥʮʽʦʥʘʣ PBE0 [77] ʟʤʽʰʫʻ ʦʙʤʽʥʥʫ ʝʥʝʨʛʽʶ PBE ʪʘ ʦʙʤʽʥʥʫ 

ʝʥʝʨʛʽʶ ɻʘʨʪʨʽ-ʌʦʢʘ ʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʽ 3 ʜʦ 1, ʚʨʘʭʦʚʫʶʯʠ ʪʘʢʦʞ ʧʦʚʥʫ 

ʢʦʨʝʣʷʮʽʡʥʫ ʝʥʝʨʛʽʶ PBE : 

          (2.44) 

ʜʝ  ï ʪʦʯʥʠʡ ʦʙʤʽʥʥʠʡ ʬʫʥʢʮʽʦʥʘʣ ɻʘʨʪʨʽ-ʌʦʢʘ,  ï ʦʙʤʽʥʥʠʡ 

ʬʫʥʢʮʽʦʥʘʣ PBE, ʘ  ï ʢʦʨʝʣʷʮʽʡʥʠʡ ʬʫʥʢʮʽʦʥʘʣ PBE 

 

2.1.4. ʉʘʤʦʫʟʛʦʜʞʝʥʘ ʧʨʦʮʝʜʫʨʘ ʨʦʟʚôʷʟʢʫ ʨʽʚʥʷʥʴ ʂʦʥʘ-ʐʝʤʘ 

ʄʘʪʨʠʯʥʽ ʝʣʝʤʝʥʪʠ ʩʪʘʨʪʦʚʦʛʦ ʛʘʤʽʣʴʪʦʥʽʘʥʫ ʟʘʧʠʩʫʻʤʦ ʫ ʥʘʩʪʫʧʥʦʤʫ 

ʚʠʛʣʷʜʽ:  

 
2

Ĕ| | ( ) ( )
2 i j

i
i j i i jH S Va a

a

d= + , .äk k

k
k k q k k  (2.45) 

ɿʘ ʨʦʟʨʘʭʦʚʘʥʠʤʠ ʧʦʯʘʪʢʦʚʠʤʠ ʭʚʠʣʴʦʚʠʤʠ ʬʫʥʢʮʽʷʤʠ ʚʘʣʝʥʪʥʠʭ ʩʪʘʥʽʚ 

nyk  ʦʙʯʠʩʣʶʚʘʣʠ ʝʣʝʢʪʨʦʥʥʫ ʛʫʩʪʠʥʫ r, ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʠʡ ʧʦʪʝʥʮʽʘʣ xcV  ʪʘ 
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ʢʫʣʦʥʽʚʩʴʢʠʡ ʧʦʪʝʥʮʽʘʣ 
HV . ʈʝʟʫʣʴʪʘʪʠ ʦʙʯʠʩʣʝʥʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʜʣʷ ʥʦʚʦʛʦ 

ʝʪʘʧʫ ʚʠʟʥʘʯʝʥʥʷ ʷʜʝʨʥʦʛʦ ʧʦʪʝʥʮʽʘʣʫ ʽ ʪʘʢ ʘʞ ʜʦ ʜʦʩʷʛʥʝʥʥʷ ʩʘʤʦʫʟʛʦʜʞʝʥʥʷ.  

ʆʩʢʽʣʴʢʠ ʚ ʊʌɻ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʶ ʚʘʨʽʡʦʚʘʥʦʶ ʬʫʥʢʮʽʻʶ ʻ ʛʫʩʪʠʥʘ 

ʝʣʝʢʪʨʦʥʽʚ( )rr , ʢʨʠʪʝʨʽʡ ʩʘʤʦʫʟʛʦʜʞʝʥʥʷ ʧʦʣʷʛʘʻ ʚ ʟʘʜʦʚʦʣʝʥʥʽ ʫʤʦʚʠ 

m m

ʚʠʭ ʚʭr r e- <. ʆʜʥʘʢ ʚ ʨʝʘʣʴʥʠʭ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʢʦʜʘʭ ʚ ʷʢʦʩʪʽ ʢʨʠʪʝʨʽʶ 

ʩʘʤʦʫʟʛʦʜʞʝʥʥʷ ʚʠʢʦʨʠʩʪʦʚʫʻʤʦ ʨʽʟʥʠʮʶ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ ( )E k  ʜʣʷ ʢʦʞʥʦʾ ʟʽ 

ʩʧʝʮʽʘʣʴʥʠʭ ʪʦʯʦʢ ʧʽʩʣʷ mïʪʦʾ (1m- )ïʦʾ ʽʪʝʨʘʮʽʡ. ɽʣʝʢʪʨʦʥʥʫ ʛʫʩʪʠʥʫ ʥʘ m-ʪʽʡ 

ʽʪʝʨʘʮʽʾ ʟʦʙʨʘʞʘʻʤʦ ʫ ʚʠʛʣʷʜʽ: 

( ) 111 --+-= m

ʚʠʭ

m

ʚʭ

m

ʚʭ mrrmr ,                                      (2.46) 

ʜʝ ʟʥʘʯʝʥʥʷ ʦʧʪʠʤʽʟʫʶʯʦʛʦ ʧʘʨʘʤʝʪʨʘ m ʟʘʛʘʣʦʤ ʟʘʜʘʻʪʴʩʷ ʘʧʨʽʦʨʽ ʡ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʩʠʩʪʝʤʠ. ʋ ʨʦʟʨʘʭʫʥʢʘʭ ʧʨʦʚʝʜʝʥʠʭ ʫ 

ʜʘʥʽʡ ʨʦʙʦʪʽ ʟʥʘʯʝʥʥʷ m ʚʠʟʥʘʯʘʣʠ ʥʘ ʦʩʥʦʚʽ ʟʥʘʯʝʥʴ r ʽʟ ʜʚʦʭ ʧʦʧʝʨʝʜʥʽʭ 

ʽʪʝʨʘʮʽʡ, ʫʤʦʚʦʶ ʤʽʥʽʤʽʟʘʮʽʾ ʨʽʟʥʠʮʽ: 

( )( ) ( )( )emrrmmrrm p2121 11 ---- +--+- m

ʚʠʭ

m

ʚʠʭ

m

ʚʭ

m

ʚʭ .                     (2.47) 

ʅʘ ʙʣʦʢ-ʩʭʝʤʽ ʧʦʢʘʟʘʥʦ ʘʣʛʦʨʠʪʤ ʨʦʟʨʘʭʫʥʢʫ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ 

ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʥʘʥʦʩʠʩʪʝʤ ʤʝʪʦʜʦʤ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʫ (ʨʠʩ. 2.1). 

ɺ ʧʨʦʮʝʩʽ ʩʘʤʦʫʟʛʦʜʞʝʥʥʷ ʦʙʯʠʩʣʶʚʘʣʠ ʧʦʚʥʫ ʝʥʝʨʛʽʶ ʟ ʨʦʟʨʘʭʫʥʢʫ ʥʘ 

ʝʣʝʤʝʥʪʘʨʥʫ ʢʦʤʽʨʢʫ ʢʨʠʩʪʘʣʘ:  
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        (2.48) 

ʜʝ ( )na ,G k  ï ʢʦʝʬʽʮʽʻʥʪʠ ʨʦʟʢʣʘʜʫ ʬʫʥʢʮʽʡ ɹʣʦʭʘ ʥʘ ʧʣʦʩʢʽ ʭʚʠʣʽ, ¡W  ï 

ʦʙôʻʤ ʝʣʝʤʝʥʪʘʨʥʦʾ ʢʦʤʽʨʢʠ, G  ï ʚʝʢʪʦʨʠ ʦʙʝʨʥʝʥʦʾ ˇʨʘʪʢʠ, 
st ï ʧʦʟʠʮʽʾ ʘʪʦʤʽʚ 

ʚ ʝʣʝʤʝʥʪʘʨʥʽʡ ʢʦʤʽʨʮʽ, 
Ewg  ï ʝʥʝʨʛʽʷ ʄʘʜʝʣʫʥʛʘ ʪʦʯʢʦʚʠʭ ʽʦʥʽʚ, ʝʢʨʘʥʦʚʘʥʠʭ 

ʦʜʥʦʨʽʜʥʠʤ ʥʝʛʘʪʠʚʥʠʤ ʟʘʨʷʜʦʤ. 
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ʈʠʩ. 2.1 ɹʣʦʢ-ʩʭʝʤʘ ʘʣʛʦʨʠʪʤʫ ʨʦʟʨʘʭʫʥʢʫ ʚ ʨʘʤʢʘʭ ʊʌɻ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʬʦʨʤʘʣʽʟʤʫ ʂʦʥʘ-ʐʝʤʘ (ʣʽʚʦʨʫʯ) ʪʘ ʪʠʧʦʚʠʡ ʭʽʜ ʽʪʝʨʘʮʽʡʥʦʛʦ ʧʨʦʮʝʩʫ, ʟʦʢʨʝʤʘ, 

ʨʦʟʨʘʭʫʥʦʢ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ ʢʣʘʩʪʝʨʘ (ZnO)34 (ʧʨʘʚʦʨʫʯ). 

 

 ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ 
Ewg  ʦʙʯʠʩʣʶʻʪʴʩʷ ʟʘ ʤʝʪʦʜʦʤ ɽʚʘʣʴʜʘ:  

 

2

42
2

0

1 4

2

i

Ew s

s

e e
Z e

h

tp
g

| |
-

¸

= | | ,
¡W | |
ä ä

G

sG

G G
 (2.49) 

ʜʝ h ï ʧʘʨʘʤʝʪʨ, ʷʢʠʡ ʚʠʟʥʘʯʘʻ ʟʙʽʞʥʽʩʪʴ ʨʷʜʫ.  

ʇʦʭʽʜʥʫ ʝʣʝʢʪʨʦʩʪʘʪʠʯʥʦʾ ʝʥʝʨʛʽʾ ʚʟʘʻʤʦʜʽʾ ʽʦʥʽʚ ʦʙʯʠʩʣʶʚʘʣʠ ʟʘ 

ʚʠʨʘʟʦʤ:  
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 (2.50) 

ʇʦʭʽʜʥʘ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ ʟʘ ʦʜʥʦʨʽʜʥʦʶ ʜʝʬʦʨʤʘʮʽʻʶ ʟʘʜʘʻ ʪʝʥʟʦʨ 

ʽʥʪʝʛʨʘʣʴʥʦʛʦ ʥʘʧʨʫʞʝʥʥʷ ʢʨʠʩʪʘʣʘ (ʫʩʽ ʧʦʟʠʮʽʾ ʘʪʦʤʽʚ ʟʤʽʥʶʶʪʴʩʷ ʟʘ ʩʭʝʤʦʶ 

( ) ( ) ( )s s sm a m a ab m bb
t t e t+ ­ + + +äR R R  ʜʝ e - ʩʠʤʝʪʨʠʯʥʘ ʤʘʪʨʠʮʷ 3 3³ ):  
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2.1.5. ʄʝʪʦʜʠ ʽʥʪʝʛʨʫʚʘʥʥʷ ʟʘ ʭʚʠʣʴʦʚʠʤ ʚʝʢʪʦʨʦʤ ʫ ʟʦʥʽ ɹʨʽʣʣʶʝʥʘ 

ʈʦʟʧʦʜʽʣ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ ʨʦʟʨʘʭʦʚʫʻʤʦ ʥʘ ʦʩʥʦʚʽ ʭʚʠʣʴʦʚʠʭ ʬʫʥʢʮʽʡ 

ʚʘʣʝʥʪʥʠʭ ʩʪʘʥʽʚ ( )nyk r  ʦʪʨʠʤʘʥʠʭ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʟʦʥʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ:  

 
2

( ) | ( ) |
vbN

n

n ɿɹ

e
dr y= ,

W
äñ kr r k  (2.52) 

ʜʝ W ï ʦʙôʻʤ ʟʦʥʠ ɹʨʽʣʣʶʝʥʘ, ʘ Nvb ïʟʘʛʘʣʴʥʘ ʢʽʣʴʢʽʩʪʴ ʚʘʣʝʥʪʥʠʭ ʟʦʥ. 

ɹʝʟʧʦʩʝʨʝʜʥʻ ʦʙʯʠʩʣʝʥʥʷ ʽʥʪʝʛʨʘʣʫ (2.52) ʚʠʤʘʛʘʻ ʟʥʘʯʥʠʭ 

ʦʯʠʩʣʶʚʘʣʴʥʠʭ ʟʘʪʨʘʪ, ʪʦʤʫ ʜʣʷ ʥʘʙʣʠʞʝʥʦʛʦ ʨʦʟʨʘʭʫʥʢʫ ( )rr  ʜʦʮʽʣʴʥʦ 

ʚʠʢʦʨʠʩʪʘʪʠ ʩʭʝʤʫ ʏʝʜʽ-ʂʦʝʥʘ [78] ʘʙʦ ʄʦʥʭʨʦʩʪʘ-ʇʘʢʘ [79], ʷʢʽ 

ʟʘʧʨʦʧʦʥʫʚʘʣʠ ʤʝʪʦʜʠ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʨʦʟʨʘʭʦʚʫʚʘʪʠ ʩʝʨʝʜʥʻ ʧʦ ʟʦʥʽ 

ɹʨʽʣʣʶʝʥʘ ʟʥʘʯʝʥʥʷ f  ʜʣʷ ʬʫʥʢʮʽʾ ( )f k . 

ʋ ʙʽʣʴʰʦʩʪʽ ʨʦʙʽʪ, ʱʦ ʩʧʠʨʘʶʪʴʩʷ ʥʘ ʤʝʪʦʜʠʢʫ ʏʝʜʽïʂʦʝʥʘ, ʥʘʚʦʜʷʪʴʩʷ 

ʩʫʢʫʧʥʦʩʪʽ ʩʧʝʮʽʘʣʴʥʠʭ ʪʦʯʦʢ ʜʣʷ ʢʫʙʽʯʥʠʭ ʪʘ ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ ˇʨʘʪʦʢ. 

ɹʝʟʧʦʩʝʨʝʜʥʽ ʦʙʯʠʩʣʝʥʥʷ ʧʨʦʚʦʜʠʣʠʩʴ ʟʘ ʬʦʨʤʫʣʦʶ: 
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ʜʝ a(Gn, k) ï ʚʘʨʽʘʮʽʡʥʽ ʢʦʝʬʽʮʽʻʥʪʠ ʨʦʟʢʣʘʜʫ ʬʫʥʢʮʽʡ ɹʣʦʭʘ ʟʘ ʙʘʟʠʩʦʤ ʧʣʦʩʢʠʭ 

ʭʚʠʣ,ɹ tR ï ʜʨʦʙʦʚʘ ʪʨʘʥʩʣʷʮʽʷ, Nsp ï ʢʽʣʴʢʽʩʪʴ ʩʧʝʮʽʘʣʴʥʠʭ ʪʦʯʦʢ, nT ï ʧʦʨʷʜʦʢ 

ʬʘʢʪʦʨ-ʛʨʫʧʠ ʟʘ ʧʽʜʛʨʫʧʦʶ ʪʨʘʥʩʣʷʮʽʡ ʧʨʦʩʪʦʨʦʚʦʾ ʛʨʫʧʠ. 

ʋ ʤʝʪʦʜʽ ʄʦʥʭʨʦʩʪʘ-ʇʘʢʘ ʩʧʝʮʽʘʣʴʥʽ ʪʦʯʢʠ ʫ ʟʦʥʽ ɹʨʽʣʣʶʝʥʘ 

ʨʦʟʧʦʜʽʣʷʶʪʴ ʨʽʚʥʦʤʽʨʥʦ, ʨʷʜʢʠ ʘʙʦ ʩʪʦʚʧʮʽ k-ʪʦʯʦʢ ʨʦʟʤʽʱʫʶʪʴ ʧʘʨʘʣʝʣʴʥʦ ʜʦ 

ʚʝʢʪʦʨʽʚ ʦʙʝʨʥʝʥʦʾ ˇʨʘʪʢʠ. ʉʭʝʤʘ ʧʦʙʫʜʦʚʠ ʩʽʪʢʠ ʪʘʢʠʭ ʪʦʯʦʢ ʥʘʩʪʫʧʥʘ: 

ʚʠʟʥʘʯʠʤʦ ʧʦʩʣʽʜʦʚʥʽʩʪʴ ʯʠʩʝʣ 

    (2.54) 

ʜʝ q ï ʮʽʣʝ ʯʠʩʣʦ, ʷʢʝ ʚʠʟʥʘʯʘʻ ʢʽʣʴʢʽʩʪʴ ʩʧʝʮʽʘʣʴʥʠʭ ʪʦʯʦʢ.  

ɿʘ ʜʦʧʦʤʦʛʦʶ ur ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ q
3
 ʨʽʟʥʠʭ ʪʦʯʦʢ ʨʽʚʥʦʤʽʨʥʦ 

ʨʦʟʪʘʰʦʚʘʥʠʭ ʚ ʟʦʥʽ ɹʨʽʣʣʶʝʥʘ 

    (2.55) 

ʜʝ  ï ʚʝʢʪʦʨʠ ʦʙʝʨʥʝʥʦʾ ʛʨʘʪʢʠ. 

ɻʫʩʪʠʥʫ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʧʨʝʜʩʪʘʚʣʷʻʤʦ ʫ ʚʠʛʣʷʜʽ: 

 () ()( ),
1 3

ñ -
W
= kEEkdEN d  (2.56) 

ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʨʦʟʧʦʜʽʣʽʚ N(E) ʧʦʻʜʥʫʻʤʦ ʤʝʪʦʜ ʪʝʪʨʘʝʜʨʽʚ ʪʘ 

ʢʚʘʜʨʘʪʠʯʥʠʡ ʤʝʪʦʜ ʽʥʪʝʨʧʦʣʷʮʽʾ. ɺ ʤʝʪʦʜʽ ʪʝʪʨʘʝʜʨʽʚ ʟʦʥʘ ʧʦʜʽʣʷʻʪʴʩʷ ʥʘ 

ʪʝʪʨʘʝʜʨʠ, ʜʣʷ ʚʩʽʭ ʚʝʨʰʠʥ ʷʢʠʭ ʦʙʯʠʩʣʶʶʪʴ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʽʡ. 

ɺʩʝʨʝʜʠʥʽ ʢʦʞʥʦʛʦ ʟ ʥʠʭ E(k) ʟʘʜʘʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʣʽʥʽʡʥʦʛʦ ʨʦʟʢʣʘʜʫ: 

() ( )( ) () ,
0

00 kkk kkkkk
=

Ð-+= EEE                           (2.57) 

ʜʝ k0 ï ʭʚʠʣʴʦʚʠʡ ʚʝʢʪʦʨ ʮʝʥʪʨʫ ʪʝʪʨʘʝʜʨʘ. ʊʦʜʽ ʧʦʚʝʨʭʥʷ ʧʦʩʪʽʡʥʦʾ 

ʝʥʝʨʛʽʾ  ̒ ʧʣʦʱʠʥʦʶ, ʷʢʘ ʧʦ-ʨʽʟʥʦʤʫ ʧʝʨʝʪʠʥʘʻ ʪʝʪʨʘʝʜʨʠ. ʗʢʱʦ ʟʥʘʯʝʥʥʷ 

ʝʥʝʨʛʽʡ ʚ ʚʝʨʰʠʥʘʭ ʪʝʪʨʘʝʜʨʽʚ ʨʦʟʤʽʩʪʠʪʠ ʚ ʧʦʩʣʽʜʦʚʥʦʩʪʽ 3210 EEEE ¢¢¢ , ʪʦ 
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ʤʦʞʣʠʚʽ ʪʨʠ ʚʠʧʘʜʢʠ ʽ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʦʛʦ, ʷʢʠʡ ʚʠʧʘʜʦʢ ʨʝʘʣʽʟʫʻʪʴʩʷ, 

ʫʟʘʛʘʣʴʥʝʥʘ ʬʫʥʢʮʽʷ: 

() () ()( ) () ()( ),
11
ää -Q=-=

k

kkkk EEA
dE

d

N
EEA

N
ENA d  (2.58) 

ʜʝ Q(x) ï ʩʪʫʧʽʥʯʘʪʘ ʬʫʥʢʮʽʷ ʍʝʚʽʩʘʡʜʘ, A(k) ï ʬʫʥʢʮʽʷ ʚʝʢʪʦʨʘ k, ʷʢʘ 

ʧʨʠʡʤʘʻ ʪʨʠ ʘʥʘʣʽʪʠʯʥʽ ʬʦʨʤʠ.  

ʗʢʱʦ ( )A k  ʻ ʢʚʘʜʨʘʪʠʯʥʠʤ ʨʦʟʢʣʘʜʦʤ ʭʚʠʣʴʦʚʦʾ ʬʫʥʢʮʽʾ ʟʘ ʦʨʙʽʪʘʣʴʥʠʤ 

ʢʚʘʥʪʦʚʠʤ ʯʠʩʣʦʤ l , ʪʦ ʟʘ ʚʠʨʘʟʦʤ (2.58) ʦʙʯʠʩʣʶʻʤʦ ʧʘʨʮʽʘʣʴʥʫ ʛʫʩʪʠʥʫ 

ʩʪʘʥʽʚ, ʘ ʧʨʠ ( ) 1A =k  ï ʧʦʚʥʫ ʛʫʩʪʠʥʫ ʩʪʘʥʽʚ. ʇʦʚʥʫ ʘʙʦ ʧʘʨʮʽʘʣʴʥʫ ʛʫʩʪʠʥʫ 

ʩʪʘʥʽʚ ʦʪʨʠʤʫʻʤʦ ʩʫʤʫʚʘʥʥʷʤ ʟʘ ʚʩʽʤʘ ʪʝʪʨʘʝʜʨʘʤʠ. 

 

2.1.6. ʂʣʘʩʪʝʨʥʽ ʤʝʪʦʜʠ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʚʝʨʭʦʥʴ ʢʨʠʩʪʘʣʽʚ ʪʘ 

ʥʘʥʦʩʪʨʫʢʪʫʨ 

ʇʨʦʜʫʢʪʠʚʥʦʶ ʻ ʽʜʝʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʢʨʠʩʪʘʣʽʚ ʧʦʨʽʚʥʥ̫ʦ 

ʥʝʚʝʣʠʢʠʭ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʽʯʥʠʭ ʢʣʘʩʪʝʨʽʚ, ʱʦ ʨʦʟʨʘʭʦʚʫʶʪʴʩʷ ʧʨʠ ʥʘʢʣʘʜʝʥʥʽ 

ʩʧʝʮʽʘʣʴʥʠʭ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ, ʷʢʽ ʤʦʜʝʣʶʶʪʴ ʢʨʠʩʪʘʣʽʯʥʝ ʦʪʦʯʝʥʥʷ. ʅʘʢʣʘʜʝʥʥʷ 

ʪʘʢʠʭ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ʧʦʢʨʘʱʫʻ ʣʦʢʘʣʽʟʘʮʽʶ ʭʚʠʣʴʦʚʠʭ ʬʫʥʢʮʽʡ ʚʩʝʨʝʜʠʥʽ 

ʢʣʘʩʪʝʨʥʦʾ ʦʙʣʘʩʪʽ, ʱʦ ʻ ʦʩʥʦʚʥʠʤ ʧʨʠʥʮʠʧʦʤ, ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʘʜʝʢʚʘʪʥʽʩʪʴ 

ʢʣʘʩʪʝʨʥʦʾ ʤʦʜʝʣʽ. ʎʝ ʦʩʦʙʣʠʚʦ ʘʢʪʫʘʣʴʥʦ ʧʨʠ ʤʦʜʝʣʶʚʘʥʥʽ ʽʦʥʥʠʭ ʩʧʦʣʫʢ, ʜʝ 

ʚʧʣʠʚ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʢʨʠʩʪʘʣʘ ʩʢʣʘʜʘʻ ʜʘʣʝʢʦ ʜʽʶʯʝ ʝʣʝʢʪʨʦʩʪʘʪʠʯʥʝ ʧʦʣʝ, ʽ 

ʧʨʦʩʪʝ ʟʙʽʣʴʰʝʥʥʷ ʨʦʟʤʽʨʫ ʢʣʘʩʪʝʨʘ ʯʘʩʪʦ ʥʝ ʜʘʻ ʧʦʤʽʪʥʦʛʦ ʧʦʣʽʧʰʝʥʥʷ ʥʘ ʬʦʥʽ 

ʟʙʽʣʴʰʝʥʥʷ ʚʠʪʨʘʪʥʦʩʪʽ ʢʦʤʧôʶʪʝʨʥʠʭ ʨʝʩʫʨʩʽʚ.  

ʇʨʦʩʪʝ ʚʨʘʭʫʚʘʥʥʷ ʚʧʣʠʚʫ ʦʪʦʯʝʥʥʷ ʻ ʥʝʜʦʩʪʘʪʥʽʤ ʜʣʷ ʚʠʨʽʰʝʥʥʷ 

ʩʫʯʘʩʥʠʭ ʟʘʚʜʘʥʴ ʦʧʠʩʫ ʨʷʜʫ ʙʽʣʴʰ ʩʢʣʘʜʥʠʭ ʩʠʩʪʝʤ, ʱʦ ʚʠʤʘʛʘʶʪʴ ʚʨʘʭʫʚʘʥʥʷ 

ʝʬʝʢʪʽʚ ʨʝʣʘʢʩʘʮʽʾ ʢʨʠʩʪʘʣʽʯʥʦʛʦ ʦʪʦʯʝʥʥʷ ʧʨʠ ʤʦʜʝʣʶʚʘʥʥʽ ʧʦʚʝʨʭʥʝʚʠʭ ʽ 

ʜʝʬʝʢʪʥʠʭ ʩʪʨʫʢʪʫʨ, ʱʦ ʚʢʣʶʯʘʶʪʴ ʟʘʨʷʜʞʝʥʽ ʜʝʬʝʢʪʠ, ʧʦʣʷʨʥʽ ʧʦʚʝʨʭʥʽ, ʘ 

ʪʘʢʦʞ ʘʜʩʦʨʙʮʽʡʥʽ ʩʠʩʪʝʤʠ ʟ ʧʦʤʽʪʥʠʤ ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʫ ʘʜʩʦʨʙʘʪïʩʫʙʩʪʨʘʪ. 

ɺʘʞʣʠʚʽʩʪʴ ʦʙʣʽʢʫ ʜʘʥʦʛʦ ʯʠʥʥʠʢʘ ʥʝʟʘʧʝʨʝʯʥʘ ʦʩʦʙʣʠʚʦ ʧʨʠ ʨʦʟʛʣʷʜʽ ʤʦʜʝʣʝʡ 

ʽʦʥʥʠʭ ʽ ʩʠʣʴʥʦʧʦʣʷʨʥʠʭ ʩʧʦʣʫʢ, ʱʦ ʤʘʶʪʴ ʟʥʘʯʥʠʡ ʛʨʘʜʽʻʥʪ ʢʨʠʩʪʘʣʽʯʥʦʛʦ 
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ʧʦʣʷ ʥʘ ʤʝʞʽ ʨʦʟʜʽʣʫ ʬʘʟ, ʚʝʣʠʯʠʥʘ ʷʢʦʛʦ ʤʦʞʝ ʧʦʤʽʪʥʦ ʟʤʽʥʶʚʘʪʠʩʷ ʧʨʠ 

ʧʦʨʽʚʥʷʥʦ ʥʝʚʝʣʠʢʠʭ ʩʪʨʫʢʪʫʨʥʠʭ ʟʤʽʥʘʭ. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ, ʦʩʦʙʣʠʚʠʡ ʽʥʪʝʨʝʩ 

ʥʘʙʫʚʘʶʪʴ ʛʽʙʨʠʜʥʽ ʩʭʝʤʠ ʨʦʟʨʘʭʫʥʢʽʚ, ʚ ʷʢʠʭ ʢʦʤʙʽʥʫʶʪʴʩʷ ʢʚʘʥʪʦʚʦ-

ʤʝʭʘʥʽʯʥʠʡ ʟʦʥʥʠʡ ʦʧʠʩ ʮʝʥʪʨʘʣʴʥʦʾ ʦʙʣʘʩʪʽ ʟ ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʽʯʥʠʤʠ (ʄʄ) 

ʤʦʜʝʣʷʤʠ ʦʪʦʯʝʥʥʷ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʘʜʝʢʚʘʪʥʦ ʚʨʘʭʫʚʘʪʠ ʨʝʣʘʢʩʘʮʽʡʥʽ ʝʬʝʢʪʠ. 

ʋʩʧʽʭʠ ʚ ʨʦʟʚʠʪʢʫ ʧʦʜʽʙʥʠʭ ʢʣʘʩʪʝʨʥʠʭ ʤʦʜʝʣʝʡ ʜʦʟʚʦʣʷʪʴ ʝʬʝʢʪʠʚʥʦ 

ʜʦʩʣʽʜʞʫʚʘʪʠ ʘʢʪʠʚʥʽ ʮʝʥʪʨʠ ʧʦʚʝʨʭʦʥʴ ʰʠʨʦʢʦʛʦ ʢʦʣʘ ʩʧʦʣʫʢ, ʘʜʩʦʨʙʮʽʡʥʽ 

ʧʦʚʝʨʭʥʝʚʽ ʢʦʤʧʣʝʢʩʠ ʷʢ ʧʦʯʘʪʢʦʚʽ ʬʘʟʠ ʬʦʨʤʫʚʘʥʥʷ ʛʝʪʝʨʦʛʝʥʥʠʭ 

ʢʘʪʘʣʽʟʘʪʦʨʽʚ. 

ʋ ʢʣʘʩʪʝʨʥʠʭ ʤʦʜʝʣʷʭ ʚʠʭʦʜʷʪʴ ʽʟ ʤʦʞʣʠʚʦʩʪʽ ʤʦʜʝʣʶʚʘʪʠ ʧʦʚʝʨʭʥʶ 

ʢʨʠʩʪʘʣʘ ʩʠʩʪʝʤʦʶ ʽʟ ʢʽʥʮʝʚʦʛʦ (ʟʚʠʯʘʡʥʦ ʥʝʚʝʣʠʢʦʛʦ) ʯʠʩʣʘ ʘʪʦʤʽʚ, ʷʢʽ 

ʥʘʣʝʞʘʪʴ ʩʘʤʽʡ ʧʦʚʝʨʭʥʽ ʽ ʙʣʠʞʯʠʤ ʜʦ ʥʝʾ ʘʪʦʤʥʠʤ ʧʣʦʱʠʥʘʤ. ʎʝʡ ʧʨʠʡʦʤ 

ʜʫʞʝ ʧʦʧʫʣʷʨʥʠʡ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʚʝʨʭʥʽ ʟʘʚʜʷʢʠ ʧʨʦʩʪʦʪʽ ʪʘ ʛʥʫʯʢʦʩʪʽ 

ʤʦʜʝʣʽ ʡ ʤʦʞʣʠʚʦʩʪʽ ʾʾ ʚʠʢʦʨʠʩʪʘʥʥʷ ʫ ʩʪʘʥʜʘʨʪʥʠʭ ʤʝʪʦʜʘʭ ʤʦʣʝʢʫʣʷʨʥʦʾ 

ʢʚʘʥʪʦʚʦʾ ʬʽʟʠʢʠ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʚʨʘʭʫʚʘʥʥʷ ʢʦʨʝʣʷʮʽʡʥʠʭ ʝʬʝʢʪʽʚ. 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʢʣʘʩʪʝʨʥʦʾ ʤʦʜʝʣʽ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʧʦʪʫʞʥʽ 

ʢʦʤʧôʶʪʝʨʥʽ ʧʨʦʛʨʘʤʠ, ʨʦʟʨʦʙʣʝʥʽ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʤʦʣʝʢʫʣ, ʦʜʥʘʢ ʧʦʪʨʝʙʫʻ 

ʙʝʟʜʦʛʘʥʥʦʛʦ ʚʠʙʦʨʫ ʷʢ ʩʘʤʦʛʦ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʢʣʘʩʪʝʨʘ, ʪʘʢ ʽ ʡʦʛʦ ʦʪʦʯʝʥʥʷ. 

ɼʣʷ ʚʠʜʘʣʝʥʥʷ ʛʨʘʥʠʯʥʠʭ ʝʬʝʢʪʽʚ ʨʦʟʽʨʚʘʥʽ ʟʚôʷʟʢʠ ʥʘʩʠʯʫʶʪʴʩʷ ʯʠ ʚʦʜʥʝʚʠʤʠ 

ʘʪʦʤʘʤʠ, ʯʠ ʧʩʝʚʜʦʘʪʦʤʘʤʠ, ʧʨʠ ʮʴʦʤʫ ʩʘʤ ʢʣʘʩʪʝʨ ʧʦʤʽʱʘʻʪʴʩʷ ʫ ʟʦʚʥʽʰʥʻ 

ʢʫʣʦʥʽʚʩʴʢʝ ʧʦʣʝ, ʷʢʝ ʤʦʜʝʣʶʻ ʚʧʣʠʚ ʽʥʰʦʾ ʯʘʩʪʠʥʠ ʢʨʠʩʪʘʣʘ (ʨʠʩ. 2.2). ʗʢ ʥʝ 

ʧʨʠʢʨʦ, ʘʣʝ ʨʝʟʫʣʴʪʘʪʠ, ʦʪʨʠʤʘʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʣʘʩʪʝʨʥʦʾ ʤʦʜʝʣʽ, ʢʨʠʪʠʯʥʦ 

ʟʘʣʝʞʘʪʴ ʚʽʜ ʨʦʟʤʽʨʫ ʢʣʘʩʪʝʨʘ, ʡʦʛʦ ʩʪʝʭʽʦʤʝʪʨʽʾ ʽ ʬʦʨʤʠ. ʊʠʤ ʧʘʯʝ, ʢʣʘʩʪʝʨʥʘ 

ʤʦʜʝʣʴ ʤʦʞʝ ʜʘʚʘʪʠ ʢʦʨʠʩʥʫ ʽʥʬʦʨʤʘʮʽʶ, ʷʢʱʦ ʛʨʫʧʘ ʚʢʣʶʯʝʥʠʭ ʚ ʢʣʘʩʪʝʨ 

ʘʪʦʤʽʚ ʚʠʙʨʘʥʘ ʧʦʪʨʽʙʥʠʤ ʯʠʥʦʤ ʽ ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʨʦʟʤʽʨʫ ʢʣʘʩʪʝʨʘ ʥʘ 

ʦʜʝʨʞʘʥʽ ʨʝʟʫʣʴʪʘʪʠ. 

ɺ ʷʢʦʩʪʽ ʧʨʠʢʣʘʜʫ ʤʦʞʥʘ ʧʨʠʚʝʩʪʠ ʢʣʘʩʪʝʨʥʫ ʤʦʜʝʣʴ, ʨʦʟʚʠʥʝʥʫ ʚ ʨʦʙʦʪʽ 

[78] ʜʣʷ ʽʦʥʥʠʭ ʯʠ ʯʘʩʪʢʦʚʦ ʢʦʚʘʣʝʥʪʥʠʭ ʢʨʠʩʪʘʣʽʚ. ʋ ʜʘʥʽʡ ʤʦʜʝʣʽ 

ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʪʨʠ ʨʽʚʥʽ ʤʦʣʝʢʫʣʷʨʥʠʭ ʚʟʘʻʤʦʜʽʡ ʽ ʧʝʚʥʠʤ ʯʠʥʦʤ ʚʨʘʭʦʚʫʶʪʴʩʷ 

ʚʢʣʘʜʠ ʜʘʣʝʢʦʜʽʶʯʠʭ ʢʫʣʦʥʽʚʩʴʢʠʭ ʢʦʥʪʘʢʪʽʚ. ʎʝʥʪʨʘʣʴʥʘ ʯʘʩʪʠʥʘ ʢʣʘʩʪʝʨʘ 
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ʚʤʠʢʘʻʪʴʩʷ ʚ ʥʝʝʤʧʽʨʠʯʥʠʡ ʨʦʟʨʘʭʫʥʦʢ. ɼʣʷ ʥʘʩʠʯʝʥʥʷ ʨʦʟʽʨʚʘʥʠʭ ʟʚôʷʟʢʽʚ ʫ 

ʥʝʝʤʧʽʨʠʯʥʠʡ ʨʦʟʨʘʭʫʥʦʢ ʚʤʠʢʘʻʪʴʩʷ ʪʘʢʦʞ ʜʦʜʘʪʢʦʚʽ ʦʩʪʦʚʠ ʘʪʦʤʽʚ 

(ʧʩʝʚʜʦʘʪʦʤʠ).  

 

ʈʠʩ.2.2. ɻʝʦʤʝʪʨʠʯʥʽ ʩʪʨʫʢʪʫʨʠ ʢʣʘʩʪʝʨʽʚ ZnO [78]: (ʘ) ʦʙôʻʤʥʠʡ ZnO, (b-c) 

ʛʽʜʨʦʛʝʥʽʟʦʚʘʥʽ ʧʦʣʷʨʥʽ ʧʦʚʝʨʭʥʽ ZnO, (d) ʥʝʡʪʨʘʣʴʥʘ ʥʝʧʦʣʷʨʥʘ ʧʦʚʝʨʭʥʷ ZnO. 

 

ʋʩʷ ʚʢʘʟʘʥʘ ʩʠʩʪʝʤʘ ʘʪʦʤʽʚ ʪʘ ʦʩʪʦʚʽʚ ʧʽʜʪʨʠʤʫʻ ʚʠʤʦʛʠ 

ʝʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʽ. ɼʣʷ ʚʨʘʭʫʚʘʥʥʷ ʚʧʣʠʚʫ ʽʥʰʦʾ ʯʘʩʪʠʥʠ ʽʦʥʥʦʛʦ ʢʨʠʩʪʘʣʫ 

ʙʫʜʫʻʪʴʩʷ ʩʧʝʮʽʘʣʴʥʘ ʤʥʦʞʠʥʘ ʟʘʨʷʜʞʝʥʠʭ ʪʦʯʦʢ, ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʝʥʠʭ ʥʘ 

ʟʘʤʢʥʫʪʽʡ ʧʦʚʝʨʭʥʽ ʥʘʚʢʦʣʦ ʢʣʘʩʪʝʨʘ, ʱʦ ʚʽʜʪʚʦʨʶʻ ʤʘʜʝʣʫʥʛʽʚʩʴʢʠʡ ʧʦʪʝʥʮʽʘʣ 

ʮʽʻʾ ʯʘʩʪʠʥʠ ʢʨʠʩʪʘʣʫ. 

ʊʝʦʨʝʤʘ ɹʣʦʭʘ ʥʝ ʤʦʞʝ ʙʫʪʠ ʟʘʩʪʦʩʦʚʘʥʘ ʥʽ ʜʦ ʩʠʩʪʝʤʠ, ʷʢʘ ʤʘʻ ʜʝʬʝʢʪʠ, ʥʽ 

ʜʦ ʨʽʜʢʠʭ ʢʨʠʩʪʘʣʽʚ ʽ ʢʣʘʩʪʝʨʽʚ. ʆʪʞʝ, ʚ ʪʘʢʠʭ ʚʠʧʘʜʢʘʭ ʙʘʟʠʩ ʧʣʦʩʢʠʭ ʭʚʠʣʴ 

ʩʪʘʻ ʢʦʥʪʠʥʫʫʤʦʤ ʽ ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʪʦʛʦ, ʷʢʦʶ ʙ ʤʠ ʤʘʣʦʶ ʥʝ ʚʠʙʨʘʣʠ ʝʥʝʨʛʽʶ 

ʦʙʨʽʟʘʥʥʷ, ʙʘʟʠʩʥʠʡ ʨʷʜ ʩʪʘʻ ʥʝʩʢʽʥʯʝʥʥʠʤ. ɿ ʮʽʻʾ ʧʨʠʯʠʥʠ ʦʙʯʠʩʣʝʥʥʷ ʚ ʙʘʟʠʩʽ 

ʧʣʦʩʢʠʭ ʭʚʠʣʴ ʤʦʞʫʪʴ ʧʨʦʚʦʜʠʪʠʩʷ ʜʣʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ 

ʧʝʨʽʦʜʠʯʥʠʭ ʩʫʧʝʨʢʦʤʽʨʦʢ. ʉʫʧʝʨʢʦʤʽʨʢʘ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ 

ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 2.3. 

ʉʫʧʝʨʢʦʤʽʨʢʘ ʤʽʩʪʠʪʴ ʜʝʬʝʢʪ, ʦʪʦʯʝʥʠʡ ʦʙʣʘʩʪʶ ʽʜʝʘʣʴʥʦʛʦ ʢʨʠʩʪʘʣʘ. ʅʘ 

ʩʫʧʝʨʢʦʤʽʨʢʫ ʥʘʢʣʘʜʘʶʪʴʩʷ ʧʝʨʽʦʜʠʯʥʽ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ, ʪʘʢ ʱʦ ʩʫʧʝʨʢʦʤʽʨʢʘ, 
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ʙʘʛʘʪʦʨʘʟʦʚʦ ʧʦʚʪʦʨʶʻʪʴʩʷ, ʟʘʧʦʚʥʶʻ ʚʝʩʴ ʧʨʦʩʪʽʨ ʷʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʫ. ɿ 

ʮʽʻʾ ʧʨʠʯʠʥʠ ʝʥʝʨʛʽʷ, ʷʢʘ ʡʜʝ ʥʘ ʦʜʥʫ ʩʫʧʝʨʢʦʤʽʨʢʫ, ʧʨʝʜʩʪʘʚʣʷʻ ʥʝ ʽʩʪʠʥʥʫ 

ʝʥʝʨʛʽʶ ʢʨʠʩʪʘʣʘ ʟ ʦʜʠʥʠʯʥʠʤ ʜʝʬʝʢʪʦʤ, ʘ ʝʥʝʨʛʽʶ ʢʨʠʩʪʘʣʘ ʟ ʥʝʩʢʽʯʝʥʥʦʶ 

ʢʽʣʴʢʽʩʪʶ ʧʝʨʽʦʜʠʯʥʦ ʧʦʚʪʦʨʶʚʘʥʠʭ ʜʝʬʝʢʪʽʚ. 

 

ʈʠʩ. 2.3. ʉʭʝʤʘʪʠʯʥʘ ʽʣʶʩʪʨʘʮʽʷ ʤʦʜʝʣʽ ʩʫʧʝʨʢʦʤʽʨʢʠ ʜʣʷ ʪʦʯʢʦʚʦʛʦ ʜʝʬʝʢʪʫ 

(ʚʘʢʘʥʩʽʾ) ʚ ʢʨʠʩʪʘʣʽ. ʉʫʧʝʨʢʦʤʽʨʢʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʦʙʣʘʩʪʶ, ʦʙʤʝʞʝʥʦʶ ʧʫʥʢʪʠʨʥʠʤʠ 

ʣʽʥʽʷʤʠ 

 

ʆʜʥʘʢ, ʷʢʱʦ ʚʢʣʶʯʠʪʠ ʚ ʩʫʧʝʨʢʦʤʽʨʢʫ ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʠʡ ʦʙôʻʤ 

ʽʜʝʘʣʴʥʦʛʦ ʢʨʠʩʪʘʣʫ, ʪʦ ʮʝ ʜʦʟʚʦʣʠʪʴ ʥʝ ʜʦʧʫʩʪʠʪʠ ʽʩʪʦʪʥʦʾ ʚʟʘʻʤʦʜʽʾ ʤʽʞ 

ʜʝʬʝʢʪʘʤʠ ʚ ʩʫʩʽʜʥʽʭ ʢʦʤʽʨʢʘʭ, ʽ ʜʦʟʚʦʣʠʪʴ ʨʦʟʛʣʷʜʘʪʠ ʾʭ ʷʢ ʥʝʟʘʣʝʞʥʽ. 

ʅʝʟʘʣʝʞʥʽʩʪʴ ʜʝʬʝʢʪʽʚ ʤʦʞʥʘ ʧʝʨʝʚʽʨʠʪʠ ʰʣʷʭʦʤ ʟʙʽʣʴʰʝʥʥʷ ʦʙôʻʤʫ 

ʩʫʧʝʨʢʦʤʽʨʢʠ ʽ ʜʦʙʠʚʘʶʯʠʩʴ ʟʙʽʞʥʦʩʪʽ ʝʥʝʨʛʽʾ ʜʝʬʝʢʪʫ. 

 

2.1.7. ʆʧʪʠʤʽʟʘʮʽʷ ʨʽʚʥʦʚʘʞʥʦʾ ʛʝʦʤʝʪʨʽʾ ʥʘʥʦʩʪʨʫʢʪʫʨ 

ʊʝʨʤʽʥ ʦʧʪʠʤʽʟʘʮʽʷ ʦʟʥʘʯʘʻ ʤʽʥʽʤʽʟʘʮʽʶ ʘʙʦ ʤʘʢʩʠʤʽʟʘʮʽʶ ʬʫʥʢʮʽʾ. 

ɿʘʚʜʘʥʥʷ ʦʧʪʠʤʽʟʘʮʽʾ ʯʘʩʪʦ ʚʠʥʠʢʘʶʪʴ ʫ ʬʽʟʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʽ ʪʝʭʥʽʯʥʠʭ 

ʨʦʟʨʦʙʢʘʭ. 

ʇʽʜ ʦʧʪʠʤʽʟʘʮʽʻʶ ʛʝʦʤʝʪʨʽʾ ʨʦʟʫʤʽʶʪʴ ʧʦʰʫʢ ʪʘʢʦʾ ʩʪʨʫʢʪʫʨʠ ʩʠʩʪʝʤʠ, 

ʪʦʙʪʦ ʢʦʦʨʜʠʥʘʪ ʘʪʦʤʽʚ, ʟʘ ʷʢʠʭ ʩʠʩʪʝʤʘ ʚʦʣʦʜʽʻ ʥʘʡʤʝʥʰʠʤ ʟʥʘʯʝʥʥʷʤ ʧʦʚʥʦʾ 
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ʝʥʝʨʛʽʾ. ʄʝʪʘ ʨʝʣʘʢʩʘʮʽʡʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʦʧʪʠʤʽʟʘʮʽʾ ʛʝʦʤʝʪʨʽʾ, ʷʢ ʧʨʘʚʠʣʦ, 

ʧʦʣʷʛʘʻ ʚ ʟʥʘʭʦʜʞʝʥʥʽ ʩʪʨʫʢʪʫʨʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʥʘʡʙʽʣʴʰ ʩʪʽʡʢʠʭ ʤʦʣʝʢʫʣʷʨʥʠʭ 

ʩʪʨʫʢʪʫʨ ʪʘ ʥʘʥʦʩʪʨʫʢʪʫʨ. ʂʨʽʤ ʪʦʛʦ, ʦʧʪʠʤʽʟʘʮʽʶ ʛʝʦʤʝʪʨʽʾ ʧʨʦʚʦʜʷʪʴ̫ ʧʝʨʝʜ 

ʧʦʯʘʪʢʦʤ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟ ʤʦʣʝʢʫʣʷʨʥʦʾ ʜʠʥʘʤʽʢʠ. 

ʆʧʪʠʤʽʟʘʮʽʷ ʛʝʦʤʝʪʨʽʾ ʜʦʟʚʦʣʷʻ ʚʠʚʯʠʪʠ ʩʪʨʫʢʪʫʨʫ ʥʘʥʦʩʠʩʪʝʤʠ ʪʘ ʾʾ 

ʝʥʝʨʛʽʶ ʫ ʚʽʣʴʥʦʤʫ ʩʪʘʥʽ. ʅʘ ʩʴʦʛʦʜʥʽʰʥʽʡ ʜʝʥʴ ʦʧʪʠʤʽʟʘʮʽʷ ʛʝʦʤʝʪʨʽʾ ʻ 

ʦʩʥʦʚʥʠʤ ʪʠʧʦʤ ʢʦʤʧôʶʪʝʨʥʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʫ. ɺʽʥ ʩʢʣʘʜʘʻʪʴʩʷ ʚ ʧʦʚʪʦʨʥʦʤʫ 

(ʙʘʛʘʪʦʨʘʟʦʚʦʤʫ) ʦʙʯʠʩʣʝʥʽ ʭʚʠʣʴʦʚʦʾ ʬʫʥʢʮʽʾ ʪʘ ʝʥʝʨʛʽʾ ʥʘʥʦʩʠʩʪʝʤʠ ʽ ʚʘʨʽʘʮʽʾ 

ʩʪʨʫʢʪʫʨʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʪʘʢ, ʱʦʙ ʜʦʩʷʛʪʠ ʩʪʨʫʢʪʫʨʠ, ʷʢʘ ʚʽʜʧʦʚʽʜʘʻ ʤʽʥʽʤʫʤʫ 

ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ ʥʘʥʦʩʠʩʪʝʤʠ. ɺʘʨʽʘʮʽʷ ʟʘʟʚʠʯʘʡ ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ ʧʝʨʚʠʥʥʠʡ 

ʨʦʟʨʘʭʫʥʦʢ ʝʥʝʨʛʽʾ ʧʨʠ ʧʦʯʘʪʢʦʚʽʡ (ʟʘʜʘʥʦʾ ʢʦʨʠʩʪʫʚʘʯʝʤ) ʩʪʨʫʢʪʫʨʽ, ʦʮʽʥʢʫ 

ʛʨʘʜʽʻʥʪʘ ʝʥʝʨʛʽʾ ʚ ʜʘʥʽʡ ʪʦʯʮʽ ʧʦʚʝʨʭʥʽ ʧʦʪʝʥʮʽʘʣʴʥʦʾ ʝʥʝʨʛʽʾ (ʇʇɽ), ʚʠʙʽʨ 

ʥʦʚʠʭ ʩʪʨʫʢʪʫʨʥʠʭ ʧʘʨʘʤʝʪʨʽʚ (ʥʦʚʦʾ ʪʦʯʢʠ ʇʇɽ) ʥʘ ʦʩʥʦʚʽ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ 

ʛʨʘʜʽʻʥʪʠ ʪʘ/ʘʙʦ ʛʝʩʩʽʘʥ, ʽ ʧʝʨʝʚʽʨʢʫ ʚʠʢʦʥʘʥʥʷ ʫʤʦʚ ʧʨʠʧʠʥʝʥʥʷ ʧʨʦʮʝʩʫ 

ʦʧʪʠʤʽʟʘʮʽʾ (ʨʠʩ. 2.4). 

ʆʪʨʠʤʘʥʘ ʚ ʭʦʜʽ ʦʧʪʠʤʽʟʘʮʽʾ ʩʪʨʫʢʪʫʨʘ ʥʘʥʦʩʠʩʪʝʤʠ (ʦʧʪʠʤʽʟʦʚʘʥʘ 

ʛʝʦʤʝʪʨʽʷ) ʦʧʠʩʫʻ ʾʾ ʫ ʚʽʣʴʥʦʤʫ ʩʪʘʥʽ, ʥʘʧʨʠʢʣʘʜ ʫ ʚʘʢʫʫʤʽ ʘʙʦ ʨʦʟʨʽʜʞʝʥʦʤʫ 

ʽʜʝʘʣʴʥʦʤʫ ʛʘʟʽ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʘʙʩʦʣʶʪʥʦʛʦ ʥʫʣʷ. ʇʨʠ ʮʴʦʤʫ ʩʣʽʜ ʧʘʤôʷʪʘʪʠ, 

ʱʦ ʧʨʠ ʘʙʩʦʣʶʪʥʦʤʫ ʥʫʣʽ ʷʜʨʘ ʘʪʦʤʽʚ ʟʜʽʡʩʥʶʶʪʴ ʢʚʘʥʪʦʚʽ ʨʫʭʠ (ʪ.ʟʚ. ʥʫʣʴʦʚʽ 

ʢʦʣʠʚʘʥʥʷ), ʷʢʽ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʪʦʛʦ, ʱʦ ʨʝʘʣʴʥʘ ʩʪʨʫʢʪʫʨʘ (ʜʦʚʞʠʥʠ ʟʚôʷʟʢʫ ʪʘ 

ʢʫʪʠ) ʤʦʞʫʪʴ ʜʝʱʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ ʩʪʨʫʢʪʫʨʠ, ʷʢʘ ʚʽʜʧʦʚʽʜʘʻ ʤʽʥʽʤʫʤʫ ʝʥʝʨʛʽʾ 

ʥʘ ʇʇɽ.  

ʋ ʙʽʣʴʰʦʩʪʽ ʚʠʧʘʜʢʽʚ ʦʧʪʠʤʽʟʘʮʽʷ ʛʝʦʤʝʪʨʽʾ ʧʨʠʚʦʜʠʪʴ ʚ ʪʦʯʢʫ ʣʦʢʘʣʴʥʦʛʦ 

ʤʽʥʽʤʫʤʫ. ʇʨʦʪʝ ʚ ʜʝʷʢʠʭ ʚʠʧʘʜʢʘʭ ʧʨʦʮʝʜʫʨʘ ʦʧʪʠʤʽʟʘʮʽʾ ʤʦʞʝ ʧʦʤʠʣʢʦʚʦ 

ʧʨʠʚʦʜʠʪʠ ʜʦ ʽʥʰʠʭ ʪʠʧʽʚ ʩʪʘʮʽʦʥʘʨʥʠʭ ʪʦʯʦʢ, ʥʘʧʨʠʢʣʘʜ, ʧʝʨʝʭʽʜʥʦʛʦ ʩʪʘʥʫ 

ʘʙʦ ʣʦʢʘʣʴʥʦʛʦ ʤʘʢʩʠʤʫʤʫ. ʇʨʠʯʠʥʦʶ ʮʴʦʛʦ ʻ ʪʝ, ʱʦ ʥʦʨʤʘ ʛʨʘʜʽʻʥʪʘ ʫ ʚʩʽʭ 

ʪʠʧʘʭ ʩʪʘʮʽʦʥʘʨʥʠʭ ʪʦʯʦʢ ʜʦʨʽʚʥʶʻ ʥʫʣʶ, ʪʦʙʪʦ ʟʘʜʦʚʦʣʴʥʷʻ ʫʤʦʚʘʤ 

ʦʧʪʠʤʽʟʘʮʽʾ. ɺʥʘʩʣʽʜʦʢ ʮʴʦʛʦ, ʜʣʷ ʧʦʚʥʦʾ ʚʧʝʚʥʝʥʦʩʪʽ ʚ ʧʨʘʚʠʣʴʥʦʩʪʽ ʨʽʰʝʥʥʷ 

ʧʽʩʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʛʝʦʤʝʪʨʽʾ ʚ ʟʥʘʡʜʝʥʽʡ ʩʪʘʮʽʦʥʘʨʥʽʡ ʪʦʯʮʽ ʥʝʦʙʭʽʜʥʦ ʧʨʦʚʦʜʠʪʠ 

ʨʦʟʨʘʭʫʥʦʢ ʛʝʩʩʽʘʥʘ ʽ ʢʦʣʠʚʘʣʴʥʠʭ ʯʘʩʪʦʪ ʜʣʷ ʚʩʪʘʥʦʚʣʝʥʥʷ ʾʭʥʪʦʛʦ ʪʠʧʫ. ʗʢʱʦ 
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ʚ ʦʧʪʠʤʽʟʦʚʘʥʽʡ ʩʪʨʫʢʪʫʨʽ ʻ ʦʜʥʘ ʘʙʦ ʜʝʢʽʣʴʢʘ ʫʷʚʥʠʭ ʯʘʩʪʦʪ, ʩʣʽʜ ʧʦʚʪʦʨʠʪʠ 

ʦʧʪʠʤʽʟʘʮʽʶ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʥʦʚʫ ʧʦʯʘʪʢʦʚʫ ʩʪʨʫʢʪʫʨʫ. ʎʶ ʩʪʨʫʢʪʫʨʫ 

ʨʝʢʦʤʝʥʜʫʻʪʴʩʷ ʚʠʙʨʘʪʠ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ. ɺʟʷʪʠ ʦʧʪʠʤʽʟʦʚʘʥʫ ʩʪʨʫʢʪʫʨʫ ʽ 

ʟʙʫʨʠʪʠ ʾʾ ʧʘʨʘʤʝʪʨʠ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʚʝʢʪʦʨʘ ʥʦʨʤʘʣʴʥʠʭ ʢʦʣʠʚʘʥʴ, ʷʢʘ ʧʽʜʭʦʜʠʪʴ 

ʫʷʚʥʽʡ ʯʘʩʪʦʪʽ. ʗʢʱʦ ʟʙʫʨʝʥʥʷ ʙʫʣʦ ʜʦʩʪʘʪʥʽʤ, ʧʦʜʘʣʴʰʘ ʦʧʪʠʤʽʟʘʮʽʷ ʧʨʠʟʚʝʜʝ 

ʜʦ ʨʫʭʫ ʚʥʠʟ ʧʦ ʝʥʝʨʛʽʾ ʽ, ʚ ʢʽʥʮʝʚʦʤʫ ʧʽʜʩʫʤʢʫ, ʜʦ ʣʦʢʘʣʴʥʦʛʦ ʤʽʥʽʤʫʤʫ. 

 

ʈʠʩ. 2.4. ɸʣʛʦʨʠʪʤ ʦʧʪʠʤʽʟʘʮʽʾ ʨʽʚʥʦʚʘʞʥʦʾ ʛʝʦʤʝʪʨʽʾ ʥʘʥʦʩʪʨʫʢʪʫʨ. 

 

ɼʦʩʪʫʧʥʠʤʠ ʘʣʛʦʨʠʪʤʘʤʠ ʻ: ʤʝʪʦʜ ʥʘʡʰʚʠʜʰʦʛʦ ʩʧʫʩʢʫ (Steepest 

Descent); ʤʝʪʦʜ ʧʨʷʤʫʚʘʥʥʷ ʟʘ ʚʣʘʩʥʠʤ ʚʝʢʪʦʨʦʤ (Eigenvector following); ʤʝʪʦʜ 

ʩʧʨʷʞʝʥʠʭ ʛʨʘʜʽʻʥʪʽʚ ʌʣʝʪʯʝʨʘ-ʈʽʚʩʘ (Fletcher-Reeves Conjugate gradient 

method); ʤʝʪʦʜ ʩʧʨʷʞʝʥʠʭ ʛʨʘʜʽʻʥʪʽʚ ʇʦʣʘʢʘ-ʈʠʙʽʨʽ (Polac-Ribiere Conjugate 

gradient method); ʤʝʪʦʜ ʅʴʶʪʦʥʘ-ʈʘʬʩʦʥʘ (Block-diagonal Newton-Raphson); 

ʢʚʘʟʽʥʴʶʪʦʥʽʚʩʴʢʽ ʤʝʪʦʜʠ ʩʝʨʝʜ ʷʢʠʭ ʤʝʪʦʜ ɹʨʦʡʜʝʥʘ-ʌʣʝʪʯʝʨʘ-ɻʦʣʴʜʬʘʨʙʘ - 

ʐʘʥʥʦ (BroydenïFletcherïGoldfarbïShanno (BFGS) [79]). 

ʄʝʪʦʜʠ ʩʧʨʷʞʝʥʠʭ ʛʨʘʜʽʻʥʪʽʚ ʌʣʝʪʯʝʨʘ-ʈʽʚʩʘ ʪʘ ʇʦʣʘʢʘ-ʈʠʙʽʨʽ ʥʘʣʝʞʘʪʴ 

ʜʦ ʜʚʦʢʨʦʢʦʚʠʭ ʛʨʘʜʽʻʥʪʥʠʭ ʤʝʪʦʜʽʚ. ʇʝʨʝʚʘʛʦʶ ʮʠʭ ʤʝʪʦʜʽʚ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʽʥʬʦʨʤʘʮʽ ʾʧʨʦ ʧʦʚʝʜʽʥʢʫ ʬʫʥʢʮʽʾ ʥʝ ʪʽʣʴʢʠ ʥʘ ʧʦʪʦʯʥʦʤʫ ʢʨʦʮʽ ʽʪʝʨʘʮʽʾ, ʘʣʝ 
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ʪʘʢʦʞ ʽ ʥʘ ʧʦʧʝʨʝʜʥʴʦʤʫ. ʄʝʪʦʜʠ ʩʧʨʷʞʝʥʠʭ ʛʨʘʜʽʻʥʪʽʚ, ʷʢ ʽ ʤʝʪʦʜ 

ʥʘʡʰʚʠʜʰʦʛʦ ʩʧʫʩʢʫ, ʥʘʣʝʞʘʪʴ ʜʦ ʤʝʪʦʜʽʚ ʧʝʨʰʦʛʦ ʧʦʨʷʜʢʫ, ʦʩʢʽʣʴʢʠ ʚ ʦʙʦʭ 

ʚʠʧʘʜʢʘʭ ʚʠʙʽʨ ʥʘʧʨʷʤʢʫ ʨʫʭʫ ʜʦ ʝʢʩʪʨʝʤʫʤʫ ʧʨʦʚʦʜʠʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʧʝʨʰʠʭ 

ʧʦʭʽʜʥʠʭ ʮʽʣʴʦʚʦʾ ʬʫʥʢʮʽʾ. 

ɺ ʤʝʪʦʜʘʭ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ ʥʘʧʨʷʤʦʢ ʧʦʰʫʢʫ ʝʢʩʪʨʝʤʫʤʫ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ 

ʜʨʫʛʠʤʠ ʧʦʭʽʜʥʠʤʠ ʮʽʣʴʦʚʦʾ ʬʫʥʢʮʽʾ. ʎʝ ʩʫʪʪʻʚʦ ʟʙʽʣʴʰʫ ̒ʰʚʠʜʢʽʩʪʴ ʨʫʭʫ ʜʦ 

ʦʧʪʠʤʫʤʫ ʧʦʙʣʠʟʫ ʪʦʯʢʠ ʝʢʩʪʨʝʤʫʤʫ, ʢʦʣʠ ʧʝʨʰʽ ʧʦʭʽʜʥʽ ʤʘʶʪʴ ʥʝʚʝʣʠʢ ̔

ʟʥʘʯʝʥʥʥʷ ʽ ʤʝʪʦʜʠ ʧʝʨʰʦʛʦ ʧʦʨʷʜʢʫ ʩʪʘʶʪʴ ʥʝʝʬʝʢʪʠʚʥʠʤʠ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʝʬʝʢʪʠʚʥʦʛʦ ʧʦʰʫʢʫ ʧʦʪʨʽʙʥʦ ʟʥʘʪʠ ʦʩʦʙʣʠʚʦʩʪ ̔

ʦʧʪʠʤʽʟʘʮʽʡʥʠʭ ʘʣʛʦʨʠʪʤʽʚ  ̔ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʨʽʟʥʽ ʢʨʠʪʝʨʽʾ ʟʘʢʽʥʯʝʥʥʷ ʧʦʰʫʢʫ 

ʧʦʰʫʢʫ ʝʢʩʪʨʝʤʫʤʫ ʚ ʟʘʜʘʯʘʭ, ʱʦ ʧʦʪʨʝʙʫʶʪʴ ʟʥʘʯʥʠʭ ʢʦʤʧôʶʪʝʨʥʠʭ ʨʝʩʫʨʩʽʚ. 

ɿʦʢʨʝʤʘ, ʜʣʷ ʤʽʥʽʤʽʟʘʮʽʾ ʝʥʝʨʛʽʾ ʙʘʛʘʪʦʘʪʦʤʥʦʾ ʩʠʩʪʝʤʠ ʜʦʮʽʣʴʥʦ ʩʧʦʯʘʪʢʫ 

ʟʘʩʪʦʩʫʚʘʪʠ ʤʝʪʦʜ ʥʘʡʰʚʠʜʰʦʛʦ ʩʧʫʩʢʫ ʽ ʚʩʪʘʥʦʚʠʪʠ ʚ ʷʢʦʩʪʽ ʢʨʠʪʝʨʽʶ 

ʟʘʢʽʥʯʝʥʥʷ ʧʦʰʫʢʫ ʟʘʜʘʥʫ ʤʘʢʩʠʤʘʣʴʥʫ ʢʽʣʴʢʽʩʪʴ ʮʠʢʣʽʚ. ɺ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʨʦʟʤʽʨʽʚ ʽ ʧʦʯʘʪʢʦʚʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ ʩʠʩʪʝʤʠ ʚʦʥʘ ʤʦʞʝ ʢʦʣʠʚʘʪʠʩʷ ʚʽʜ ʩʦʪʝʥʴ ʜʦ 

ʪʠʩʷʯ. ɼʘʣʽ ʧʨʦʜʦʚʞʫʶʪʴ ʧʦʰʫʢ ʤʝʪʦʜʦʤ ʩʧʨʷʞʝʥʠʭ ʛʨʘʜʽʻʥʪʽʚ ʘʙʦ 

ʢʚʘʟʽʥʴʶʪʦʥʦʚʠʤ ʤʝʪʦʜʦʤ, ʚʩʪʘʥʦʚʣʶʶʯʠ ʚ ʷʢʦʩʪʽ ʢʨʠʪʝʨʽʶ ʟʘʢʽʥʯʝʥʥʷ ʧʦʰʫʢʫ 

ʟʘʜʘʥʫ ʚʝʣʠʯʠʥʫ ʥʦʨʤʠ ʛʨʘʜʽʻʥʪʘ [81, 82]. ʋ ʢʚʘʟʽʥʴʶʪʦʥʽʚʩʴʢʠʭ ʤʝʪʦʜʘʭ 

ʛʝʩʩʽʘʥ ʬʫʥʢʮʽʾ ʥʝ ʦʙʯʠʩʣʶʻʪʴʩʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ, ʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʨʠʙʣʠʟʥʦ, ʥʘ 

ʦʩʥʦʚʽ ʜʽʡ ʟʨʦʙʣʝʥʠʭ ʜʦ ʮʴʦʛʦ ʟ ʤʘʪʨʠʮʝʶ ɻʝʩʩʽʘʥʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʛʨʘʜʽʻʥʪʥʦʾ 

ʦʮʥ̔ʢʠ. 

ʋ ʊʌɻ ʩʠʣʠ, ʷʢʽ ʜʽʶʪʴ ʥʘ ʘʪʦʤʠ ʚ ʝʣʝʤʝʥʪʘʨʥʽʡ ʢʦʤʽʨʮʽ ʢʨʠʩʪʘʣʘ ʯʠ 

ʤʦʣʝʢʫʣʷʨʥʽʡ ʩʪʨʫʢʪʫʨʽ ʥʘʥʦʢʣʘʩʪʝʨʘ, ʻ ʧʝʨʰʠʤʠ ʧʦʭʽʜʥʠʤʠ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ ʟʘ 

ʤʽʢʨʦʩʢʦʧʽʯʥʠʤʠ ʘʪʦʤʥʠʤʠ ʟʤʽʱʝʥʥʷʤʠ.  

ʇʨʷʤʠʡ ʧʽʜʭʽʜ ʜʦ ʦʜʝʨʞʘʥʥʷ ʧʦʭʽʜʥʦʾ ʝʥʝʨʛʽʾ ʝʣʝʢʪʨʦʥʥʦʾ ʧʽʜʩʠʩʪʝʤʠ 

ʦʩʥʦʚʘʥʠʡ ʥʘ ʪʝʦʨʝʤʽ ɻʝʣʣ-ʄʘʥʘ-ʌʝʡʥʤʘʥʘ, ʷʢʘ ʧʦʢʘʟʫʻ, ʱʦ ʜʣʷ ʦʙʯʠʩʣʝʥʥʷ 

ʧʦʭʽʜʥʦʾ ʝʥʝʨʛʽʾ ʟʘ ʙʫʜʴ-ʷʢʠʤ ʧʘʨʘʤʝʪʨʦʤ l ʫ ʛʘʤʽʣʴʪʦʥʽʘʥʽ ʩʠʩʪʝʤʠ, ʜʦʩʪʘʪʥʴʦ 

ʟʥʘʪʠ ʭʚʠʣʴʦʚʽ ʬʫʥʢʮʽʾ ʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʦʥʽʚ, ʪʦʙʪʦ ʨʦʟʧʦʜʽʣ ʧʦʚʥʦʾ 

ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ:  
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ʜʝ s

m

al ,=u  ï ʮʝ ʟʤʽʱʝʥʥʷ ʘʪʦʤʘ ʫ 
sm t+R  ʟ ʡʦʛʦ ʨʽʚʥʦʚʘʞʥʦʛʦ ʧʦʣʦʞʝʥʥʷ ʫ 

ʥʘʧʨʷʤʢʫ ʧʨʦʩʪʨʦʚʦʾ ʢʦʦʨʜʠʥʘʪʠ a. ʄʠ ʨʦʟʛʣʷʜʘʻʤʦ ʧʝʨʽʦʜʠʯʥʝ ʟʙʫʨʝʥʥʷ 

ˇʨʘʪʢʠ, ʷʢʝ ʦʧʠʩʫʻ ʟʤʽʱʝʥʥʷ ʦʜʥʽʻʾ ʧʽʜˇʨʘʪʢʠ ʚʽʜʥʦʩʥʦ ʽʥʰʠʭ, ʽ ʟʙʝʨʽʛʘʻ 

ʪʨʘʥʩʣʷʮʽʡʥʫ ʽʥʚʘʨʽʘʥʪʥʽʩʪʴ ʩʠʩʪʝʤʠ, ʥʘʚʽʪʴ ʷʢʱʦ ʩʠʤʝʪʨʽʷ ʧʦʥʠʞʫʻʪʴʩʷ.  

ʉʠʣʘ, ʷʢʘ ʜʽʻ ʥʘ ʘʪʦʤ ʻ ʧʦʭʽʜʥʦʶ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ:  
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ɼʣʷ ʙʝʟʧʦʩʝʨʝʜʥʽʭ ʨʦʟʨʘʭʫʥʢʽʚ ʩʠʣ ʚ ʦʙʝʨʥʝʥʦʤʫ ʧʨʦʩʪʦʨʽ ʦʪʨʠʤʫʻʤʦ 

ʚʠʨʘʟ:  

 ( )

1

2 ( ) ( ) ( )
vb

s

N
i

s j n n j

n

i a a e
t¡- -*

,
¡=

¡ ¡= , , - ³äää
G G

k GG

F G k G k G G  

 [ ( ) ( )]core

s s l

l

V V,¡ ¡³ - + D + , + +äG G k G k G  

 ( ) ( ) si Ew
xc j

s j

i V e t

m
m

g
r -*

,

µ
+ - .

µ
ä ä

G

G

G G G
u

 (2.61) 

 

2.2. ʄʝʪʦʜʠ ʩʠʥʪʝʟʫ ʥʘʥʦʩʪʨʫʢʪʫʨ ʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ 

2.2.1. ʄʝʪʦʜ ʽʤʧʫʣʴʩʥʦʾ ʣʘʟʝʨʥʦʾ ʘʙʣʷʮʽʾ ʜʣʷ ʦʜʝʨʞʘʥʥʷ 

ʥʘʥʦʧʦʨʦʰʢʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ 

ɺʽʜʦʤʠʡ ʨʷʜ ʣʘʟʝʨʥʠʭ ʩʧʦʩʦʙʽʚ ʦʜʝʨʞʘʥʥʷ ʥʘʥʦʧʦʨʦʰʢʽʚ [83, 84] ʚ ʪʦʤʫ 

ʯʠʩʣʽ ʟ ʜʦʧʦʤʦʛʦʶ ʉʆ2 ï ʣʘʟʝʨʘ ʧʨʠ ʚʠʧʘʨʦʚʫʚʘʥʥʽ ʤʝʪʘʣʦʢʩʠʜʥʠʭ ʤʽʰʝʥʝʡ 

[85]. ʆʜʥʘʢ, ʫ ʟʛʘʜʘʥʦʤʫ ʤʝʪʦʜʽ ʚʽʜʩʫʪʥʽʡ ʜʦʟʦʚʘʥʠʡ ʢʦʥʪʨʦʣʴ ʪʠʩʢʫ ʽ ʩʢʣʘʜʫ 

ʨʝʘʢʪʠʚʥʦʛʦ ʛʘʟʫ, ʱʦ ʥʝ ʜʘʻ ʟʤʦʛʠ ʬʦʨʤʫʚʘʪʠ ʧʨʠ ʮʴʦʤʫ ʩʢʣʘʜʥʽ 

ʥʘʥʦʧʦʨʦʰʢʦʚʽ ʤʘʪʝʨʽʘʣʠ ʪʘ ʙʘʨôʻʨʥʽ ʩʪʨʫʢʪʫʨʠ ʥʘ ʾʭʥʽʡ ʦʩʥʦʚʽ ʧʨʠ 

ʚʠʧʘʨʦʚʫʚʘʥʥʽ ʤʝʪʘʣʽʯʥʠʭ ʤʽʰʝʥʝʡ. ʇʨʠ ʮʴʦʤʫ, ʜʣʷ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʧʝʨʝʚʘʞʥʦ 

ʧʨʦʟʦʨʠʭ ʤʽʰʝʥʝʡ ʦʢʩʠʜʽʚ ʤʝʪʘʣʽʚ ʥʝʦʙʭʽʜʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʉʆ2- ʯʠ 

ʝʢʩʠʤʝʨʥʽ ʣʘʟʝʨʠ, ʱʦ ʦʙʤʝʞʫʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʣʷ ʮʴʦʛʦ ʜʦʩʪʫʧʥʠʭ ʪʨʘʜʠʮʽʡʥʠʭ 

ʽ ʜʝʰʝʚʠʭ ʪʚʝʨʜʦʪʽʣʴʥʠʭ ʧʦʪʫʞʥʠʭ ʣʘʟʝʨʽʚ, ʷʢʽ ʧʨʘʮʶʶʪʴ ʫ ʚʠʜʠʤʽʡ ʯʠ ʙʣʠʞʥʽʡ 
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ʽʥʬʨʘʯʝʨʚʦʥʽʡ ʦʙʣʘʩʪʷʭ ʩʧʝʢʪʨʫ. 

ɼʦʩʣʽʜʞʫʚʘʥʥʽ ʥʘʥʦʧʦʨʦʰʢʦʚʽ ʟʨʘʟʢʠ ʦʜʝʨʞʫʚʘʣʠ ʤʝʪʦʜʦʤ ʽʤʧʫʣʴʩʥʦʾ 

ʣʘʟʝʨʥʦʾ ʘʙʣʷʮʽʾ ʚ ʭʽʤʽʯʥʦ-ʘʢʪʠʚʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ [86, 87]. ɺ ʟʘʧʨʦʧʦʥʦʚʘʥʦʤʫ 

ʩʧʦʩʦʙʽ ʧʨʦʮʝʩ ʽʤʧʫʣʴʩʥʦʾ ʣʘʟʝʨʥʦʾ ʘʙʣʷʮʽʾ ʤʝʪʘʣʽʯʥʦʾ ʤʽʰʝʥʽ ʧʨʦʚʦʜʠʚʩʷ ʟ 

ʜʦʧʦʤʦʛʦʶ YAG:Nd
3+

 ïʣʘʟʝʨʘ (ɚ=1,06 ʤʢʤ, Ű=10
-7
õ10

-5
 c, q=10

6
õ10

8
 ɺʪ/ʩʤ

2
) ʫ 

ʥʘʧʨʷʤʣʝʥʦʤʫ ʧʦʪʦʮʽ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤʫ ʪʠʩʢʫ ʩʫʤʽʰʽ ʨʝʘʢʪʠʚʥʦʛʦ (ʆ2) ʡ 

ʽʥʝʨʪʥʦʛʦ (ʅʝ, Ar) ʛʘʟʽʚ ʫ ʟʘʜʘʥʽʡ ʧʨʦʧʦʨʮʽʾ (PO2:PHe=0,1õ0,4). ʉʫʤʽʰ ʛʘʟʽʚ 

ʩʢʝʨʦʚʫʻʪʴʩʷ ʧʘʨʘʣʝʣʴʥʦ ʚʠʧʘʨʦʚʫʚʘʥʽʡ ʤʽʰʝʥʽ, ʷʢʘ ʦʙʝʨʪʘʻʪʴʩʷ ʽ ʣʽʥʽʡʥʦ 

ʧʝʨʝʤʽʱʘʻʪʴʩʷ (ʨʠʩ.2.5.). ʅʘʧʨʘʚʣʝʥʠʡ ʟ ʜʦʧʦʤʦʛʦʶ ʚʝʥʪʠʣʷʪʦʨʘ ʟ ʟʘʜʘʥʦʶ 

ʰʚʠʜʢʽʩʪʶ (5-30 ʤ/ʩ) ʧʦʪʽʢ ʩʫʤʽʰʽ ʛʘʟʽʚ ʟʘʙʝʟʧʝʯʫʻ ʧʝʨʝʥʝʩʝʥʥʷ ʽ ʩʝʧʘʨʘʮʽʶ 

ʧʦʨʦʰʢʫ ʟ ʧʦʜʘʣʴʰʠʤ ʡʦʛʦ ʟʙʦʨʦʤ ʥʘ ʚʠʭʦʜʽ ʟ ʨʝʘʢʮʽʡʥʦʾ ʢʘʤʝʨʠ ʟ ʜʦʧʦʤʦʛʦʶ 

ʩʧʝʮʽʘʣʴʥʦʛʦ ʮʠʢʣʦʥʫ ʽ ʬʽʣʴʪʨʽʚ.  

 

ʈʠʩ. 2.5. ɹʣʦʢ-ʩʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʦʜʝʨʞʘʥʥʷ ʥʘʥʦʧʦʨʦʰʢʽʚ: 

ʈʂ ï ʨʝʘʢʮʽʡʥʘ ʢʘʤʝʨʘ, ʄʌ ï ʤʝʭʘʥʽʯʥʽ ʬʽʣʴʪʨʠ, ʄ ï ʤʽʰʝʥʴ,  

ɽʌ ï ʝʣʝʢʪʨʠʯʥʽ ʬʽʣʴʪʨʠ, ʎ ï ʮʠʢʣʦʥ, ʇ ï ʟʙʽʨ ʧʦʨʦʰʢʫ. 

 

ʉʝʧʘʨʘʮʽʷ ʥʘʥʦʧʦʨʦʰʢʽʚ ʨʝʘʣʽʟʫʻʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʥʘ ʝʣʝʢʪʨʠʯʥʦʤʫ 

ʬʽʣʴʪʨʽ, ʱʦ ʧʨʝʜʩʪʘʚʣʷʚ ʩʦʙʦʶ ʜʽʝʣʝʢʪʨʠʯʥʫ ʩʽʪʢʫ, ʷʢʘ ʟʘʨʷʜʞʘʣʘʩʷ ʽ 

ʚʣʦʚʣʶʚʘʣʘ ʥʘʥʦʯʘʩʪʠʥʢʠ ʧʝʚʥʦʛʦ ʨʦʟʤʽʨʫ, ʱʦ ʚʠʟʥʘʯʘʣʦʩʷ ʧʦʚʝʨʭʥʝʚʠʤʠ 

ʟʘʨʷʜʘʤʠ ʥʘ ʧʦʚʝʨʭʥʽ ʥʘʥʦʛʨʘʥʫʣʠ ʧʝʚʥʦʛʦ ʨʦʟʤʽʨʫ ʪʘ ʟʘʜʘʥʦʾ ʰʚʠʜʢʦʩʪʽ 

ʧʨʦʜʫʚʫ ʩʫʤʽʰʽ ʛʘʟʽʚ. ɺ ʧʨʦʮʝʩʽ ʩʠʥʪʝʟʫ ʥʘʥʦʧʦʨʦʰʢʽʚ ʟʘʧʨʦʧʦʥʦʚʘʥʠʤ ʥʘʤʠ 

ʩʧʦʩʦʙʦʤ ʬʦʨʤʫʶʪʴʩʷ ʥʘʥʦʧʦʨʦʰʢʦʚʽ ʤʘʪʝʨʽʘʣʠ ZnO ʘʙʦ ʤʝʪʘʣ-

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʙʘʨôʻʨʥʽ ʩʪʨʫʢʪʫʨʠ Zn-ZnO. ʄʝʪʦʜ ʜʘʻ ʟʤʦʛʫ ʝʬʝʢʪʠʚʥʦ 
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ʧʨʦʜʫʢʫʚʘʪʠ ʥʘʥʦʧʦʨʦʰʢʠ ʟ ʩʝʨʝʜʥʴʦʛʝʦʤʝʪʨʠʯʥʠʤ ʜʽʘʤʝʪʨʦʤ ʜʦ 5-10 ʥʤ ʽ 

ʧʠʪʦʤʦʶ ʧʦʚʝʨʭʥʝʶ ʙʽʣʴʰʝ 80-190 ʤ
2
/ʛ ʧʨʠ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʜʦ 30-50 ʛ/ʛʦʜ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʬʘʟʦʚʦʛʦ ʽ ʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʽʟʽʚ ʥʘʥʦʧʦʨʦʰʢʽʚ ʧʨʦʚʦʜʠʣʠʩʷ 

ʥʘ ʨʝʥʪʛʝʥʽʚʩʴʢʦʤʫ ʜʠʬʨʘʢʪʦʤʝʪʨʽ ɼʈʆʅ-4. ʈʦʟʤʽʨ ʯʘʩʪʠʥʦʢ ʚʠʟʥʘʯʘʚʩʷ ʟʘ 

ʝʣʝʢʪʨʦʥʥʦ-ʤʽʢʨʦʩʢʦʧʽʯʥʠʤ ʘʥʘʣʽʟʦʤ, ʧʨʦʚʝʜʝʥʠʤ ʟ ʜʦʧʦʤʦʛʦʶ ʝʣʝʢʪʨʦʥʥʦʛʦ 

ʤʽʢʨʦʩʢʦʧʘ ʇʕʄ-125ʂ. ʈʝʥʪʛʝʥʦʜʠʬʨʘʢʮʽʡʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʜʝʤʦʥʩʪʨʫʶʪʴ 

ʢʨʠʩʪʘʣʽʯʥʫ ʩʪʨʫʢʪʫʨʫ ʚʶʨʮʠʪʫ ʜʣʷ ʟʨʘʟʢʽʚ ZnO, ʘ ʩʝʨʝʜʥʽʡ ʨʦʟʤʽʨ 

ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʥʘʥʦʧʦʨʦʰʢʽʚ 40õ60 ʥʤ. ʈʦʟʤʽʨ ʥʘʥʦʯʘʩʪʠʥʦʢ ʦʮʽʥʶʚʘʚʩʷ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʬʦʨʤʫʣʠ ʐʝʨʨʝʨʘ:  

()rL r
qb

l

)cos(
=

                                       (2.62.) 

ʜʝ ɓ ï ʧʽʚʰʠʨʠʥʘ ʧʽʢʫ ʚʽʜʙʠʪʦʛʦ ʚʽʜ ʧʣʦʱʠʥʠ (110).  

ʃʝʛʫʚʘʥʥʷ ʥʘʥʦʧʦʨʦʰʢʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʧʨʦʚʦʜʠʣʦʩʴ ʤʝʪʦʜʦʤ ʽʤʧʫʣʴʩʥʦʛʦ 

ʣʘʟʝʨʥʦʛʦ ʥʘʧʠʣʝʥʥʷ ʪʦʥʢʦʾ ʧʣʽʚʢʠ ʥʘ ʥʘʥʦʧʦʨʦʰʢʦʚʠʡ ʤʘʪʝʨʽʘʣ ʽʟ ʧʦʜʘʣʴʰʠʤ 

ʘʢʪʠʚʫʚʘʥʥʷʤ ʣʘʟʝʨʥʠʤ ʚʽʜʧʘʣʦʤ [88, 89]. ʇʨʦʮʝʩ ʽʤʧʫʣʴʩʥʦʛʦ ʚʠʧʘʨʦʚʫʚʘʥʥʷ 

ʤʘʪʝʨʽʘʣʫ ʤʽʰʝʥʽ ʟʜʽʡʩʥʶʚʘʚʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʣʘʟʝʨʘ ʃʊʀ-205-1: YAG:Nd
3+

 

(ɚ=1,06 ʤʢʤ, Ű=10
-3
-10

-8
 ʩ, q=10

5
õ10

8
 ɺʪ/ʩʤĮ, n=14-56 ɻʮ, d=5 ʤʤ, ɽ ̔ =0,005-

0,35 ɼʞ). ʃʘʟʝʨʥʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʬʦʢʫʩʫʚʘʣʦʩʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʣʽʥʟʠ ʥʘ 

ʤʽʰʝʥʽ, ʷʢʘ ʟʥʘʭʦʜʠʪʴʩʷ ʫ ʚʘʢʫʫʤʥʽʡ ʢʘʤʝʨʽ (P=10
-3
 ʇʘ), ʱʦ ʜʦʟʚʦʣʷʣʦ 

ʦʪʨʠʤʫʚʘʪʠ ʭʽʤʽʯʥʦ ʯʠʩʪʽ ʢʦʥʜʝʥʩʘʪʠ ʘʢʪʠʚʘʪʦʨʘ (ʨʠʩ.2.6). ʇʽʜ ʜʽʻʶ 

ʽʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʤʘʪʝʨʽʘʣ ʤʽʰʝʥʽ ʚʠʧʘʨʦʚʫʚʘʚʩʷ, 

ʫʪʚʦʨʶʶʯʠ ʧʘʨʦ-ʧʣʘʟʤʦʚʠʡ ʬʘʢʝʣ, ʱʦ ʟʥʘʭʦʜʠʚʩʷ ʫ ʢʚʘʨʮʦʚʽʡ ʢʶʚʝʪʽ ʽ ʙʫʚ 

ʨʦʟʤʽʱʝʥʠʡ ʩʪʨʦʛʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʜʦ ʧʦʚʝʨʭʥʽ ʨʽʚʥʷ ʥʘʥʦʧʦʨʦʰʢʫ ʽ ʥʝ 

ʟʘʣʝʞʘʚ ʚʽʜ ʢʫʪʘ ʧʘʜʽʥʥʷ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. ɸʪʦʤʠ, ʣʝʛʫʶʯʦʾ ʜʦʤʽʰʢʠ, ʧʨʠ 

ʮʴʦʤʫ, ʢʦʥʜʝʥʩʫʶʪʴʩʷ ʥʘ ʧʦʚʝʨʭʥʽ ʥʘʥʦʧʦʨʦʰʢʦʚʦʛʦ ʦʢʩʠʜʫ ʮʠʥʢʫ, ʬʦʨʤʫʶʯʠ 

ʪʦʥʢʫ ʧʣʽʚʢʫ ʣʝʛʫʶʯʦʾ ʜʦʤʽʰʢʠ. ɼʣʷ ʨʽʚʥʦʤʽʨʥʦʾ ʢʦʥʜʝʥʩʘʮʽʾ ʧʣʽʚʢʠ ʧʦ ʚʩʽʡ 

ʧʦʚʝʨʭʥʽ ʥʘʥʦʧʦʨʦʰʢʫ, ʢʶʚʝʪʫ ʨʦʟʤʽʱʫʚʘʣʠ ʥʘ ʩʧʝʮʽʘʣʴʥʦ ʩʢʦʥʩʪʨʫʡʦʚʘʥʦʤʫ 

ʚʽʙʨʘʮʽʡʥʦʤʫ ʧʨʠʩʪʨʦʾ ʟ ʯʘʩʪʦʪʦʶ ʢʦʣʠʚʘʥʴ ʚ ʤʝʞʘʭ 10-60 ɻʮ. ɿʘʚʜʷʢʠ ʪʘʢʠʤ 

ʚʽʙʨʘʮʽʡʥʠʤ ʢʦʣʠʚʘʥʥʷʤ ʥʘʥʦʧʦʨʦʰʦʢ ʜʦʙʨʝ ʧʝʨʝʤʽʰʫʚʘʚʩʷ, ʱʦ ʜʦʟʚʦʣʷʣʦ 

ʦʪʨʠʤʫʚʘʪʠ ʨʽʚʥʦʤʽʨʥʦ ʥʘʧʠʣʝʥʫ ʧʣʽʚʢʫ ʥʘ ʡʦʛʦ ʧʦʚʝʨʭʥʽ. ɺ ʤʽʨʫ ʥʘʧʠʣʝʥʥʷ 
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ʪʦʥʢʦʾ ʧʣʽʚʢʠ ʥʘ ʥʘʥʦʧʦʨʦʰʦʢ, ʟ ʤʝʪʦʶ ʘʢʪʠʚʘʮʽʾ ʜʦʤʽʰʢʠ ʪʘ ʾʾ ʜʠʬʫʟʥʦ-

ʨʽʚʥʦʤʽʨʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʚ ʦʙôʻʤʽ ʥʘʥʦʛʨʘʥʫʣ, ʧʨʦʚʦʜʠʚʩʷ ʣʘʟʝʨʥʠʡ ʚʽʜʧʘʣ 

ʥʘʥʦʧʦʨʦʰʢʫ. ʇʽʜ ʜʽʻʶ ʽʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʣʝʛʫʶʯʘ 

ʤʝʪʘʣʽʯʥʘ ʜʦʤʽʰʢʘ ʟ ʧʦʚʝʨʭʥʽ ʜʠʬʫʥʜʫʻ ʚʩʝʨʝʜʠʥʫ ʥʘʥʦʛʨʘʥʫʣʠ ʪʘ ʝʣʝʢʪʨʠʯʥʦ 

ʘʢʪʠʚʫʻʪʴʩʷ. ʃʘʟʝʨʥʠʡ ʥʘʛʨʽʚ ʽ ʽʤʧʣʘʥʪʘʮʽʷ ʟʜʽʡʩʥʶʚʘʣʠʩʷ ʧʝʨʝʚʘʞʥʦ ʚ ʦʙʣʘʩʪʽ 

ʧʨʦʟʦʨʦʩʪʽ ʥʘʥʦʧʦʨʦʰʢʫ ʪʘ, ʚʽʜʧʦʚʽʜʥʦ, ʽʥʪʝʥʩʠʚʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʤʝʪʘʣʽʯʥʦʶ ʜʦʤʽʰʢʦʶ ʙʝʟ ʧʦʤʽʪʥʦʛʦ ʥʘʛʨʽʚʫ ʤʘʪʨʠʮʽ.  

 

ʈʠʩ.2.6. ʉʭʝʤʘ ʣʘʟʝʨʥʦʛʦ ʥʘʧʠʣʝʥʥʷ ʣʝʛʫʶʯʦʾ ʜʦʤʽʰʢʠ ʥʘ ʥʘʥʦʧʦʨʦʰʢʦʚʽ ʤʘʪʝʨʽʘʣʠ. 

 

ɺ ʤʽʨʫ ʥʘʧʠʣʝʥʥʷ ʪʦʥʢʦʾ ʧʣʽʚʢʠ ʥʘ ʥʘʥʦʧʦʨʦʰʦʢ, ʟ ʤʝʪʦʶ ʘʢʪʠʚʘʮʽʾ 

ʜʦʤʽʰʢʠ ʪʘ ʾʾ ʜʠʬʫʟʥʦ ʨʽʚʥʦʤʽʨʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʚ ʦʙôʻʤʽ ʥʘʥʦʛʨʘʥʫʣ, ʧʨʦʚʦʜʠʚʩʷ 

ʣʘʟʝʨʥʠʡ ʚʽʜʧʘʣ ʥʘʥʦʧʦʨʦʰʢʫ. ʇʽʜ ʜʽʻʶ ʽʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʣʝʛʫʶʯʘ ʤʝʪʘʣʽʯʥʘ ʜʦʤʽʰʢʘ ʟ ʧʦʚʝʨʭʥʽ ʜʠʬʫʥʜʫʻ ʚʩʝʨʝʜʠʥʫ 

ʥʘʥʦʛʨʘʥʫʣʠ ʪʘ ʝʣʝʢʪʨʠʯʥʦ ʘʢʪʠʚʫʻʪʴʩʷ. ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʩʭʝʤʘ ʣʘʟʝʨʥʦʛʦ 

ʚʽʜʧʘʣʫ ʥʘʥʦʧʦʨʦʰʢʽʚ ʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩ.2.7. 

ʃʘʟʝʨʥʠʡ ʥʘʛʨʽʚ ʽ ʽʤʧʣʘʥʪʘʮʽʷ ʟʜʽʡʩʥʶʚʘʣʠʩʷ ʧʝʨʝʚʘʞʥʦ ʚ ʦʙʣʘʩʪʽ 

ʧʨʦʟʦʨʦʩʪʽ ʥʘʥʦʧʦʨʦʰʢʫ ʪʘ, ʚʽʜʧʦʚʽʜʥʦ, ʽʥʪʝʥʩʠʚʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʤʝʪʘʣʽʯʥʦʶ ʜʦʤʽʰʢʦʶ ʙʝʟ ʧʦʤʽʪʥʦʛʦ ʥʘʛʨʽʚʫ ʤʘʪʨʠʮʽ. 

ɸʥʘʣʦʛʽʯʥʽ ʧʨʦʮʝʩʠ ʤʘʶʪʴ ʤʽʩʮʝ ʽ ʧʨʠ ʣʘʟʝʨʥʦʤʫ ʚʽʜʧʘʣʽ ʚʣʘʩʥʦʜʝʬʝʢʪʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʚ ʦʙʣʘʩʪʽ ʾʭʥʴʦʾ ʧʨʦʟʦʨʦʩʪʽ. 
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ʈʠʩ.2.7. ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʣʘʟʝʨʥʦʛʦ ʚʽʜʧʘʣʫ ʥʘʥʦʧʦʨʦʰʢʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ. 

 

2.2.2. ɺʠʚʯʝʥʥʷ ʦʧʪʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʧʦʨʦʰʢʦʚʠʭ 

ʤʝʪʘʣʦʦʢʩʠʜʽʚ 

ʌʦʪʦʣʶʤʽʥʽʩʮʝʥʪʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʥʘʥʦʧʦʨʦʰʢʦʚʠʭ ʦʢʩʠʜʽʚ ʚ ʛʘʟʦʚʠʭ 

ʩʝʨʝʜʦʚʠʱʘʭ ʧʨʦʚʦʜʠʣʠʩʷ ʥʘ ʟʤʦʥʪʦʚʘʥʽʡ ʢʦʤʧôʶʪʝʨʠʟʦʚʘʥʽʡ ʫʩʪʘʥʦʚʮʽ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʦʜʚʽʡʥʦʛʦ ʤʦʥʦʭʨʦʤʘʪʦʨʘ ɼʄʈ-4 (ʨʠʩ.2.8). ɿʙʫʜʞʝʥʥʷ 

ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʮʽʾ ʧʨʦʚʦʜʠʣʦʩʷ ʟ ʜʦʧʦʤʦʛʦʶ ʋʌ-ʩʚʽʪʣʦʜʽʦʜʽʚ ʟ ɚʤʘʢʩ =355 ʥʤ 

ʯʠ ɚʤʘʢʩ =375 ʥʤ. ʈʝʻʩʪʨʘʮʽʷ ʩʧʝʢʪʨʽʚ ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʮʽʾ ʥʘʥʦʧʦʨʦʰʢʽʚ ZnO 

ʧʨʦʚʦʜʠʣʠʩʷ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ. ɼʣʷ ʟʘʧʠʩʫ ʩʧʝʢʪʨʽʚ 

ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʮʽʾ ʜʦʩʣʽʜʞʫʚʘʥʽ ʟʨʘʟʢʠ ʧʦʤʽʱʘʣʠʩʷ ʚ ʢʚʘʨʮʦʚʫ ʢʶʚʝʪʫ (4) 

ʧʽʜôʻʜʥʘʥʫ ʜʦ ʚʘʢʫʫʤʥʦʾ ʫʩʪʘʥʦʚʢʠ ɺʋʇ-5ʄ (15) ʽ ʙʘʛʘʪʦʢʘʥʘʣʴʥʦʾ ʩʠʩʪʝʤʠ 

ʥʘʧʫʩʢʫ ʛʘʟʫ ʉʅɸ-2, ʱʦ ʜʘʚʘʣʦ ʤʦʞʣʠʚʽʩʪʴ ʧʨʦʚʦʜʠʪʠ ʬʦʪʦʣʶʤʽʥʽʩʮʝʥʪʥʽ 

ʜʦʩʣʽʜʞʝʥʥʷ ʚ ʨʽʟʥʠʭ ʛʘʟʦʚʠʭ ʩʝʨʝʜʦʚʠʱʘʭ ʧʨʠ ʟʘʜʘʥʠʭ ʾʭʥʽʭ ʪʠʩʢʘʭ. 

ʃʶʤʽʥʝʩʮʝʥʪʥʝ ʩʚʽʯʝʥʥʷ ʚʽʜ ʟʨʘʟʢʘ ʬʦʢʫʩʫʚʘʣʦʩʷ ʢʦʥʜʝʥʩʦʨʦʤ ʥʘ ʚʭʽʜʥʫ 

ʱʽʣʠʥʫ ʨʝʻʩʪʨʫʶʯʦʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʧʨʠʣʘʜʫ ʧʦʜʚʽʡʥʦʛʦ ʤʦʥʦʭʨʦʤʘʪʦʨʘ ɼʄʈ-

4 (8). ʈʝʻʩʪʨʘʮʽʷ ʩʠʛʥʘʣʫ ʟʜʽʡʩʥʶʚʘʣʘʩʷ ʟ ʜʦʧʦʤʦʛʦʶ ʬʦʪʦʧʦʤʥʦʞʫʚʘʯʘ ʌʕʋ-

27 (9). ɿʘʧʠʩ ʽ ʥʦʨʤʫʚʘʥʥʷ ʩʧʝʢʪʨʽʚ ʧʨʦʚʦʜʠʣʦʩʷ ʚ ʘʚʪʦʤʘʪʠʯʥʦʤʫ ʨʝʞʠʤʽ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʩʧʝʮʽʘʣʴʥʦ ʨʦʟʨʦʙʣʝʥʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʚ ʷʢʦʤʫ 

ʚʩʪʘʥʦʚʣʶʚʘʣʠ: ʜʽʘʧʘʟʦʥʠ ʚʠʤʽʨʶʚʘʥʠʭ ʜʦʚʞʠʥ ʭʚʠʣʴ, ʢʽʣʴʢʽʩʪʴ ʪʦʯʦʢ ʜʣʷ 

ʫʩʝʨʝʜʥʝʥʥʷ (ʚʽʜ 10 ʜʦ 100) ʪʘ ʯʘʩ ʟʯʠʪʫʚʘʥʥʷ ʩʠʛʥʘʣʫ ʟ ʤʦʞʣʠʚʽʩʪʶ ʘʥʘʣʽʟʫ 
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ʢʽʥʝʪʠʢʠ ʩʚʽʯʝʥʥʷ ʤʘʪʝʨʽʘʣʫ, ʷʢ ʜʣʷ ʟʘʜʘʥʦʛʦ ʪʠʩʢʫ, ʪʘʢ ʽ ʡʦʛʦ ʟʤʽʥʠ ʚ 

ʥʝʦʙʭʽʜʥʦʤʫ ʽʥʪʝʨʚʘʣʽ. 

 

ʈʠʩ.2.8. Cʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʪʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʥʘʥʦʧʦʨʦʰʢʦʚʦʛʦ ZnO ʚ ʛʘʟʘʭ: 1 ï ʋʌ ʜʞʝʨʝʣʦ; 2, 6 ï ʣʽʥʟʠ; 3 ï ʦʧʪʠʯʥʠʡ ʩʚʽʪʣʦ-

ʬʽʣʴʪʨ ʋʌʉ-2; 4 ï ʢʚʘʨʮʦʚʘ ʢʶʚʝʪʘ; 5 ï ʜʦʩʣʽʜʞʫʚʘʥʠʡ ʟʨʘʟʦʢ; 7 ï ʩʚʽʪʣʦʟʘʭʠʩʥʘ 

ʢʘʤʝʨʘ; 8 ï ʤʦʥʦʭʨʦʤʘʪʦʨ ɼʄʈ-4, 9 ï ʬʦʪʦʝʣʝʤʝʥʪ, 10 ï ʙʣʦʢ ʧʽʜʩʠʣʶʚʘʯʘ; 11 ï ʇʂ; 

12 ï ʚʘʢʫʫʤʤʝʪʨ ʀɺ-2; 13 ï ʙʘʣʦʥʠ ʟ ʛʘʟʘʤʠ; 14 ï ʦʙôʻʤ ʜʣʷ ʥʘʧʫʩʢʫ ʛʘʟʽʚ, 15 ï ʚʘʢʫ-

ʫʤʥʘ ʫʩʪʘʥʦʚʢʘ ɺʋʇ-5ʄ. 

 

ʋ ʜʨʫʛʦʤʫ ʨʦʟʜʽʣʽ ʧʨʦʚʝʜʝʥʦ ʦʧʠʩ ʦʩʥʦʚʥʠʭ ʧʦʣʦʞʝʥʴ ʪʝʦʨʽʾ ʬʫʥʢʮʽʦʥʘʣʫ 

ʛʫʩʪʠʥʠ ʜʣʷ ʩʘʤʦʫʟʛʦʜʞʝʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʝʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʘ ʢʨʠʩʪʘʣʽʯʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʟ ʧʝʨʰʠʭ ʧʨʠʥʮʠʧʽʚ. ɹʘʛʘʪʦʝʣʝʢʪʨʦʥʥʘ ʩʠʩʪʝʤʘ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʷʢ 

ʩʠʩʪʝʤʘ ʥʝʚʟʘʻʤʦʜʽʶʯʠʭ ʝʣʝʢʪʨʦʥʽʚ, ʚ ʷʢʽʡ ʢʦʞʝʥ ʝʣʝʢʪʨʦʥ ʨʫʭʘʻʪʴʩʷ ʚ 

ʝʬʝʢʪʠʚʥʦʤʫ ʧʦʪʝʥʮʽʘʣʽ, ʩʪʚʦʨʶʚʘʥʦʤʫ ʽʥʰʠʤʠ ʝʣʝʢʪʨʦʥʘʤʠ. ʌʽʟʠʯʥʠʡ ʩʝʥʩ 

ʤʘʻ ʪʽʣʴʢʠ ʤʽʥʽʤʫʤ ʬʫʥʢʮʽʦʥʘʣʫ E[ɟ], ʧʦʚôʷʟʘʥʠʡ ʟ ʦʩʥʦʚʥʠʤ ʩʪʘʥʦʤ ʩʠʩʪʝʤʠ. 

ʆʧʠʩʘʥʦ ʤʝʪʦʜ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʫ ʫ ʨʘʤʢʘʭ ʊʌɻ ʚ ʙʘʟʠʩʽ ʧʣʦʩʢʠʭ ʭʚʠʣʴ ʟʽ 

ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʫʣʴʪʨʘʤôʷʢʠʭ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ ɺʘʥʜʝʨʙʽʣʴʪʘ. ʈʦʟʛʣʷʥʫʪʦ ʨʽʟʥʽ 

ʥʘʙʣʠʞʝʥʥʷ ʜʣʷ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʦʾ ʝʥʝʨʛʽʾ, ʟʦʢʨʝʤʘ, ʘʧʨʦʢʩʠʤʘʮʽʶ 

ʣʦʢʘʣʴʥʦʾ ʛʫʩʪʠʥʠ (LDA), ʘʧʨʦʢʩʠʤʘʮʽʶ ʫʟʘʛʘʣʴʥʝʥʠʭ ʛʨʘʜʽʻʥʪʽʚ (GGA) ʷʢ ʫ 

ʢʣʘʩʠʯʥʽʡ ʧʘʨʘʤʝʪʨʠʟʘʮʽʾ PBE ʪʘʢ ʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʦʧʨʘʚʦʢ ʍʘʙʘʨʜʘ (GGA + 

U), ʘ ʪʘʢʦʞ ʛʽʙʨʠʜʥʽ ʬʫʥʢʮʽʦʥʘʣʠ B3LYP ʪʘ PBE0. ʆʧʠʩʘʥʦ ʘʣʛʦʨʠʪʤ 

ʽʪʝʨʘʮʽʡʥʦʛʦ ʧʨʦʮʝʩʫ ʩʘʤʦʫʟʛʦʜʞʝʥʦʛʦ ʨʦʟʚôʷʟʢʫ ʨʽʚʥʷʥʴ ʂʦʥʘ-ʐʝʤʘ, 

ʦʙʯʠʩʣʝʥʥʷ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ, ʨʦʟʨʘʭʫʥʢʫ ʽʥʪʝʛʨʘʣʴʥʦʛʦ ʥʘʧʨʫʞʝʥʥʷ ʢʨʠʩʪʘʣʘ ʪʘ 
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ʩʠʣ, ʷʢʽ ʜʽʶʪʴ ʥʘ ʘʪʦʤʠ. ʈʦʟʛʣʷʥʫʪʦ ʤʝʪʦʜʠ ʽʥʪʝʛʨʫʚʘʥʥʷ ʟʘ ʭʚʠʣʴʦʚʠʤ 

ʚʝʢʪʦʨʦʤ ʫ ʟʦʥʽ ɹʨʽʣʣʶʝʥʘ ʜʣʷ ʚʩʪʘʥʦʚʣʝʥʥʷ ʨʦʟʧʦʜʽʣʽʚ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ ʪʘ 

ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ. ʆʧʠʩʘʥʦ ʢʣʘʩʪʝʨʥʽ ʤʝʪʦʜʠ ʤʦʜʝʣʶʚʘʥʥʷ 

ʧʦʚʝʨʭʦʥʴ ʢʨʠʩʪʘʣʽʚ ʪʘ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʘ ʪʘʢʦʞ ʤʝʪʦʜ ʩʫʧʝʨʢʦʤʽʨʢʠ ʜʣʷ 

ʤʦʜʝʣʶʚʘʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʩʠʩʪʝʤ ʚ ʙʘʟʠʩʽ ʧʣʦʩʢʠʭ ʭʚʠʣʴ. ʆʧʠʩʘʥʦ 

ʤʝʪʦʜʠʢʫ ʦʧʪʠʤʽʟʘʮʽʾ ʨʽʚʥʦʚʘʞʥʦʾ ʛʝʦʤʝʪʨʽʾ ʤʦʜʝʣʴʥʠʭ ʦʙôʻʢʪʽʚ ʛʨʘʜʽʻʥʪʥʠʤʠ 

ʤʝʪʦʜʘʤʠ. ʆʧʠʩʘʥʦ ʤʝʪʦʜ ʦʜʝʨʞʘʥʥʷ ʥʘʥʦʧʦʨʦʰʢʦʚʠʭ ʤʝʪʘʣʦʦʢʩʠʜʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʽʤʧʫʣʴʩʥʦʶ ʣʘʟʝʨʥʦʶ ʘʙʣʷʮʽʻʶ ʤʝʪʘʣʽʯʥʠʭ ʤʽʰʝʥʝʡ ʚ ʧʨʦʪʦʯʥʦʤʫ 

ʭʽʤʽʯʥʦ-ʘʢʪʠʚʥʦʤʫ ʛʘʟʦʚʦʤʫ ʩʝʨʝʜʦʚʠʱʽ.  

ʆʧʠʩʘʥʦ ʤʝʪʦʜʠʢʫ ʚʠʚʯʝʥʥʷ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʤʝʪʦʜʦʤ ʍ-

ʧʨʦʤʝʥʝʚʦʛʦ ʜʠʬʨʘʢʮʽʡʥʦʛʦ ʘʥʘʣʽʟʫ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʪʘ ʦʧʠʩʘʥʦ ʤʝʪʦʜʠʢʫ 

ʚʠʚʯʝʥʥʷ ʤʦʨʬʦʣʦʛʽʾ ʨʦʩʪʫ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʟ ʜʦʧʦʤʦʛʦʶ ʩʢʘʥʫʶʯʦʛʦ 

ʝʣʝʢʪʨʦʥʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ. ʆʧʠʩʘʥʦ ʩʧʦʩʽʙ ʣʘʟʝʨʥʦʛʦ ʣʝʛʫʚʘʥʥʷ 

ʥʘʥʦʧʦʨʦʰʢʦʚʠʭ ʩʪʨʫʢʪʫʨ ʤʝʪʦʜʦʤ ʽʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʥʘʧʠʣʝʥʥʷ ʪʦʥʢʦʾ 

ʧʣʽʚʢʠ ʥʘ ʥʘʥʦʧʦʨʦʰʢʦʚʠʡ ʤʘʪʝʨʽʘʣ ʽʟ ʧʦʜʘʣʴʰʠʤ ʘʢʪʠʚʫʚʘʥʥʷʤ ʣʘʟʝʨʥʠʤ 

ʚʽʜʧʘʣʦʤ. ʆʧʠʩʘʥʦ ʤʝʪʦʜʠʢʫ ʜʦʩʣʽʜʞʝʥʥʷ ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʪʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʥʘʥʦʧʦʨʦʰʢʦʚʦʛʦ ZnO. 

 

ʃʪ̔ʝʨʘʪʫʨʘ ʜʦ ʨʦʟʜʽʣʫ: 

64-89. 
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ʈʆɿɼɯʃ 3.  

ʉʊʈʋʂʊʋʈɸ, ɽʃɽʂʊʈʆʅʅɯ ʊɸ ɸɼʉʆʈɹʎɯʁʅɯ ɺʃɸʉʊʀɺʆʉʊɯ 

ʅɸʅʆʉʊʈʋʂʊʋʈ ʅɸ ʆʉʅʆɺɯ ZnO 

ɺʽʜʢʨʠʪʪʷ ʬʫʣʝʨʝʥʽʚ ʩʪʠʤʫʣʶʚʘʣʦ ʧʦʰʫʢ ʾʭ ʥʝʚʫʛʣʝʮʝʚʠʭ ʘʥʘʣʦʛʽʚ. 

ɸʢʪʠʚʥʦ ʜʦʩʣʽʜʞʫʶʪʴʩʷ ʤʝʪʘʣʽʯʥʽ, ʢʦʚʘʣʝʥʪʥʽ ʪʘ ʽʦʥʥʦ-ʢʦʚʘʣʝʥʪʥʽ ʢʣʘʩʪʝʨʠ, 

ʩʪʘʙʽʣʴʥʽ ʧʨʠ ʜʝʷʢʦʤʫ çʤʘʛʽʯʥʦʤʫè ʯʠʩʣʫ ʘʪʦʤʽʚ n. ʆʩʦʙʣʠʚʠʡ ʽʥʪʝʨʝʩ 

ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʢʣʘʩʪʝʨʠ ʰʠʨʦʢʦʟʦʥʥʠʭ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʩʧʦʣʫʢ, ʪʘʢʠʭ ʷʢ 

BN, SiC, ZnO, GaN [90-93]. ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʥʠʢʣʘ  ʟʘʜʘʯʘ ʚʠʚʯʝʥʥʷ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʮʠʭ ʥʦʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʟʦʢʨʝʤʘ, ʥʘ ʦʩʥʦʚʽ ʦʢʩʠʜʫ ʮʠʥʢʫ. ɿ 

ʽʥʰʦʛʦ ʙʦʢʫ, ʦʜʥʠʤ ʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʢʽʚ ʥʘʥʦʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ 

ʚʠʟʥʘʻʪʴʩʷ ʧʦʰʫʢ ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʟʽʙʨʘʥʠʭ ʽʟ ʢʣʘʩʪʝʨʽʚ ʚ ʟʚôʷʟʘʥʽ ʘʣʦʪʨʦʧʥʽ 

ʬʦʨʤʠ ʟ ʥʝʟʚʠʯʥʠʤʠ ʩʪʨʫʢʪʫʨʦʶ ʽ ʚʣʘʩʪʠʚʦʩʪʷʤʠ. 

ʋ ʜʘʥʦʤʫ ʨʦʟʜʽʣʽ ʥʘʚʝʜʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ʫ ʤʝʞʘʭ ʊʌɻ 

ʧʘʨʘʤʝʪʨʽʚ ʦʩʥʦʚʥʦʛʦ ʩʪʘʥʫ, ʝʣʝʢʪʨʦʥʥʠʭ ʪʘ ʩʝʥʩʦʨʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʣʠʭ 

ʢʣʘʩʪʝʨʽʚ (ZnO)n (n = 2-12), ʷʢ ʽʜʝʘʣʴʥʦʾ ʩʪʨʫʢʪʫʨʠ, ʪʘʢ ʽʟ ʜʦʤʽʰʢʘʤʠ ʪʘ 

ʜʝʬʝʢʪʘʤʠ, ʘ ʪʘʢʦʞ ʨʝʟʫʣʴʪʘʪʠ ʚʩʪʘʥʦʚʣʝʥʥʷ ʘʪʦʤʥʦʾ ʩʪʨʫʢʪʫʨʠ çʤʘʛʽʯʥʠʭè 

ʢʣʘʩʪʝʨʽʚ (ZnO)34 ʽ (ZnO)60. 

 

3.1. ʉʪʨʫʢʪʫʨʘ ʪʘ ʝʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ çʤʘʣʠʭè ʢʣʘʩʪʝʨʽʚ ʦʢʩʠʜʫ 

ʮʠʥʢʫ 

ʆʜʥʠʤ ʽʟ ʛʦʣʦʚʥʠʭ ʟʘʚʜʘʥʴ ʫ ʚʠʚʯʝʥʥʽ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʻ ʨʦʟʰʠʨʝʥʥʷ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʛʦ ʨʦʟʫʤʽʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʷʢʽ ʚʽʜʨʽʟʥʷʶʪʴ ʾʭ ʚʽʜ ʦʙôʻʤʥʠʭ 

ʢʨʠʩʪʘʣʽʚ ʽ ʟʘʣʝʞʘʪʴ ʚʽʜ ʨʦʟʤʽʨʫ ʪʘ ʬʦʨʤʠ ʢʣʘʩʪʝʨʽʚ. ɺʘʞʣʠʚʠʤ ʻ ʚʩʪʘʥʦʚʣʝʥʥʷ 

ʩʪʘʙʽʣʴʥʦʾ ʩʪʨʫʢʪʫʨʠ ʢʣʘʩʪʝʨʘ ʽʟ ʥʘʡʥʠʞʯʦʶ ʝʥʝʨʛʽʻʶ.  

ʋ ʧʝʨʰʦʤʫ ʧʫʥʢʪʽ ʨʦʟʜʽʣʫ ʥʘʚʝʜʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ʫ ʤʝʞʘʭ ʊʌɻ 

ʧʘʨʘʤʝʪʨʽʚ ʦʩʥʦʚʥʦʛʦ ʩʪʘʥʫ ʪʘ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʩʧʝʢʪʨʘ ʤʘʣʠʭ ʢʣʘʩʪʝʨʽʚ (ZnO)n 

(n = 2-12). ɺ ʷʢʦʩʪʽ ʽʦʥʥʠʭ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ ʚʠʢʦʨʠʩʪʘʥʦ ʫʣʴʪʨʘʤôʷʢʽ 

ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʠ ʜʣʷ ʘʪʦʤʽʚ ʮʠʥʢʫ ʽ ʦʢʩʠʛʝʥʫ ʽʟ ʝʣʝʢʪʨʦʥʥʠʤʠ ʢʦʥʬʽʛʫʨʘʮʽʷʤʠ 

3d
10

4s
2
  ̔ 2s

2
2p

4
, ʚʽʜʧʦʚʽʜʥʦ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ ʝʥʝʨʛʝʪʠʯʥʦʾ 

ʩʪʨʫʢʪʫʨʠ ʫʣʴʪʨʘʤôʷʢʠʭ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ ʟʫʤʦʚʣʶʻ ʥʝ ʣʠʰʝ ʢʨʘʱʝ 
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ʫʟʛʦʜʞʝʥʥʷ ʦʪʨʠʤʫʚʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʟ ʜʘʥʠʤʠ ʝʢʩʧʝʨʠʤʝʥʪʫ, ʘʣʝ ʜʣʷ 

ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʮʠʭ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ ʧʦʪʨʽʙʥʦ ʤʝʥʰʠʡ ʙʘʟʠʩ ʧʣʦʩʢʠʭ ʭʚʠʣʴ, 

ʱʦ ʟʫʤʦʚʣʶʻ ʩʢʦʨʦʯʝʥʥʷ ʯʘʩʫ ʢʦʤʧôʶʪʝʨʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ. ɼʣʷ ʦʙʤʽʥʥʦ-

ʢʦʨʝʣʷʮʽʡʥʦʾ ʝʥʝʨʛʽʾ ʟʘʩʪʦʩʦʚʫʚʘʣʘʩʴ ʘʧʨʦʢʩʠʤʘʮʽʷ ʫʟʘʛʘʣʴʥʝʥʠʭ ʛʨʘʜʽʻʥʪʽʚ 

(GGA) ʫ ʧʘʨʘʤʝʪʨʠʟʘʮʽʾ PBE, ʘ ʪʘʢʦʞ ʽʟ ʚʨʘʭʫʚʘʥʥʷʤ ʧʦʧʨʘʚʦʢ ʍʘʙʘʨʜʘ ʥʘ 

ʢʫʣʦʥʽʚʩʴʢʫ ʚʟʘʻʤʦʜʽʶ ʝʣʝʢʪʨʦʥʽʚ (GGA+U).  

ɼʣʷ ʩʪʨʫʢʪʫʨʥʠʭ ʤʦʜʝʣʝʡ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʙʫʣʘ ʧʨʦʚʝʜʝʥʘ ʦʧʪʠʤʽʟʘʮʽʷ 

(ʨʝʣʘʢʩʘʮʽʷ) ʛʝʦʤʝʪʨʽʾ (ʟʥʘʭʦʜʞʝʥʥʷ ʨʽʚʥʦʚʘʞʥʠʭ ʢʦʦʨʜʠʥʘʪ ʽʦʥʽʚ, ʟʘ ʷʢʠʭ 

ʧʦʚʥʘ ʝʣʝʢʪʨʦʥʥʘ ʝʥʝʨʛʽʷ ʩʠʩʪʝʤʠ ʻ ʤʽʥʽʤʘʣʴʥʦʶ). ʆʧʪʠʤʽʟʘʮʽʷ ʟʜʽʡʩʥʶʚʘʣʘʩʴ 

ʟʘ ʝʬʝʢʪʠʚʥʠʤ ʘʣʛʦʨʠʪʤʦʤ ʜʝʣʦʢʘʣʽʟʦʚʘʥʠʭ ʚʥʫʪʨʽʰʥʽʭ ʢʦʦʨʜʠʥʘʪ [94, 95]. ʇ̔ ʜ 

ʯʘʩ ʩʪʨʫʢʪʫʨʥʦʾ ʦʧʪʠʤʽʟʘʮʽʾ ʥʝ ʟʘʩʪʦʩʫʚʘʣʠʩʴ ʞʦʜʥʽ ʩʠʤʝʪʨʽʡʥʽ ʦʙʤʝʞʝʥʥʷ. 

ʂʨʠʪʝʨʽʻʤ ʟʙʽʞʥʦʩʪ̔ ʨʝʣʘʢʩʘʮʽʡʥʦʾ ʧʨʦʮʝʜʫʨʠ ʚʩʪʘʥʦʚʣʝʥʦ ʟʥʘʯʝʥʥʷ ʚʝʣʠʯʠʥʠ 

ʩʠʣ, ʷʢʽ ʜʽʶʪʴ ʥʘ ʘʪʦʤʠ, ʤʝʥʝh 0.02 ʝɺ/¡. 

       

                         1                                     2a         3ʘ 

        

  4ʘ         4b        5ʘ 

        

  6ʘ        6ʩ       12ʘ 

ʈʠʩ. 3.1. ʆʧʪʠʤʽʟʦʚʘʥʽ ʩʪʨʫʢʪʫʨʥʽ ʤʦʜʝʣʽ ʢʣʘʩʪʝʨʽʚ ZnnOn. ɸʪʦʤʠ ʢʠʩʥʶ 

ʟʦʙʨʘʞʝʥʽ ʯʝʨʚʦʥʠʤʠ (ʪʝʤʥʠʤʠ) ʢʫʣʷʤʠ, ʘ ʮʠʥʢʫ ï ʩʽʨʠʤʠ (ʩʚʽʪʣʠʤʠ). 
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ɽʥʝʨʛʽʷ ʟʚôʷʟʢʫ ʢʣʘʩʪʝʨʘ ʚ ʨʦʟʨʘʭʫʥʢʫ ʥʘ ʦʜʥʫ ʤʦʣʝʢʫʣʫ ʦʙʯʠʩʣʶʚʘʣʘʩʴ 

ʟʘ ʬʦʨʤʫʣʦʶ [96]: 

                                        Eʟʚ.=(ɽʧʦʚ.-nEZn-nEO)/n,                                   (3.1) 

ʜʝ n-ʢʽʣʴʢʽʩʪʴ ʤʦʣʝʢʫʣ ZnO ʚ ʢʣʘʩʪʝʨʽ, ɽʧʦʚ ï ʧʦʚʥʘ ʝʥʝʨʛʽʷ ʢʣʘʩʪʝʨʘ. 

ʅʘ ʨʠʩ. 3.1. ʧʦʢʘʟʘʥʦ ʦʧʪʠʤʽʟʦʚʘʥʽ (ʨʝʣʘʢʩʦʚʘʥʽ) ʩʪʨʫʢʪʫʨʠ ʨʽʟʥʠʭ 

ʢʦʥʬʽʛʫʨʘʮʽʡ ZnnOn. ʉʪʨʫʢʪʫʨʥʽ ʢʦʥʬʽʛʫʨʘʮʽʾ ʢʣʘʩʪʝʨʽʚ ʧʦʟʥʘʯʝʥʽ ʣʽʪʝʨʦʶ ñaò 

ʚʦʣʦʜʽʶʪʴ ʥʘʡʥʠʞʯʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ. ʉʪʨʫʢʪʫʨʥʽ ʧʘʨʘʤʝʪʨʠ, 

ʝʥʝʨʛʽʷ ʟʚôʷʟʢʫ ʪʘ ʝʥʝʨʛʝʪʠʯʥʘ ʱʽʣʠʥʘ ʜʣʷ ʨʽʟʥʠʭ ʽʟʦʤʝʨʽʚ ʥʘʚʝʜʝʥʽ ʚ ʪʘʙʣʠʮʽ 

3.1. 

ɿʘʣʝʞʥʦʩʪʽ ʝʥʝʨʛʽʾ ʟʚôʷʟʢʫ ʪʘ ʝʥʝʨʛʝʪʠʯʥʠʭ ʱʽʣʠʥ ʤʽʞ ʥʘʡʚʠʱʦʶ ʟʘʧʦʚ-

ʥʝʥʦʶ (HOMO) ʽ ʥʘʡʥʠʞʯʦʶ ʥʝʟʘʧʦʚʥʝʥʦʶ (LUMO) ʤʦʣʝʢʫʣʷʨʥʠʤʠ ʦʨʙʽʪʘ-

ʣʷʤʠ ʚʽʜ ʨʦʟʤʽʨʫ ʥʘʡʙʽʣʴʰ ʩʪʘʙʽʣʴʥʠʭ ʢʣʘʩʪʝʨʽʚ ZnnOn ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 3.2- 3.3. 

ɸʥʘʣʽʟ ʨʝʟʫʣʴʪʘʪʽʚ ʨʦʟʨʘʭʫʥʢʽʚ ʧʦʢʘʟʫʻ, ʱʦ ʚʥʘʩʣʽʜʦʢ ʧʦʩʠʣʝʥʥʷ ʪʝʥʜʝʥʮʽʾ ʜʦ 

ʫʪʚʦʨʝʥʥʷ ʚ ʢʣʘʩʪʝʨʘʭ ZnO ʢʦʦʨʜʠʥʘʮʽʡʥʠʭ ʩʬʝʨ ʚʠʱʠʭ ʧʦʨʷʜʢʽʚ ʽʩʥʫʚʘʥʥʷ 

ʢʽʣʴʮʝʚʠʭ ʢʣʘʩʪʝʨʽʚ ʩʪʘʻ ʝʥʝʨʛʝʪʠʯʥʦ ʥʝʚʠʛʽʜʥʠʤ ʧʨʠ n Ó 11.  
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ʈʠʩ. 3.2. ʍʘʨʘʢʪʝʨ ʟʤʽʥʠ ʝʥʝʨʛʽʾ ʟʚôʷʟʢʫ ʜʣʷ ʥʘʡʙʽʣʴʰ ʩʪʘʙʽʣʴʥʠʭ ʤʦʜʝʣʝʡ 

ʢʣʘʩʪʝʨʽʚ ZnnOn. 
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ʊʘʙʣʠʮʷ 3.1. 

ʉʪʨʫʢʪʫʨʠ, ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʽʡ ʟʚôʷʟʢʫ ʪʘ ʝʥʝʨʛʝʪʠʯʥʠʭ ʱʽʣʠʥ HOMO-LUMO (ʝɺ) 

ʢʣʘʩʪʝʨʽʚ ZnnOn. 

ɯʟʦʤʝʨ ʉʪʨʫʢʪʫʨʘ ɼʦʚʞʠʥʘ 

ʟʚôʷʟʢʫ Zn-O, 

¡ 

Eʟʚ (ʝɺ) HOMO-

LUMO (ʝɺ) 

(GGA) 

HOMO-

LUMO (ʝɺ) 

(GGA+U) 

1 ʃʽʥʽʡʥʘ 1,74 2,31 0,63  

2a ʈʦʤʙʽʯʥʘ 1,915 4,32 1,28 3,42 

3a ʂʽʣʴʮʝʚʘ 1,85 5,55 2,78 4,57 

4b ʈʦʤʙʦʝʜʨʠʯʥʘ 2,02 5,37 1,70 3,90 

5ʘ ʂʽʣʴʮʝʚʘ 1,805 6,10 2,94 4,82 

6ʘ ʂʽʣʴʮʝʚʘ 1,795 6,15 2,83 4,63 

6ʩ ʇʦʜʚʽʡʥʝ ʢʽʣʴʮʝ 1,92 6,01 2,09 4,20 

12a ɿʨʽʟʘʥʠʡ 

ʦʢʪʘʝʜʨ 

1,93 6,96 2,59 4,39 
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ʈʦʟʤʽʨ ʢʣʘʩʪʝʨʘ ZnO (ʢʽʣʴʢʽʩʪʴ ʬʦʨʤʫʣʴʥʠʭ ʦʜʠʥʠʮʴ n)

 

ʈʠʩ. 3.3. ʍʘʨʘʢʪʝʨ ʟʤʽʥʠ ʝʥʝʨʛʝʪʠʯʥʦʾ ʱʽʣʠʥʠ ʜʣʷ ʥʘʡʙʽʣʴʰ ʩʪʘʙʽʣʴʥʠʭ ʤʦʜʝʣʝʡ 

ʢʣʘʩʪʝʨʽʚ ZnnOn. 
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ɺʽʜ n = 2 ʜʦ n = 6 ʜʦʚʞʠʥʠ ʟʚôʷʟʢʫ ZnïO ʫ ʢʽʣʴʮʝʚʠʭ ʢʣʘʩʪʝʨʘʭ ZnnOn 

ʟʤʝʥʰʫʶʪʴʩʷ ʷʢ ʮʝ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3.4. 
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ʈʠʩ. 3.4. ʍʘʨʘʢʪʝʨ ʟʤʽʥʠ ʜʦʚʞʠʥʠ ʟʚôʷʟʢʫ Zn-O ʫ ʩʪʨʫʢʪʫʨʥʠʭ ʤʦʜʝʣʷʭ 

ʢʽʣʴʮʝʚʠʭ ʢʣʘʩʪʝʨʽʚ ZnnOn.  

 

ʄʦʜʝʣʽ ʪʨʘʜʠʮʽʡʥʠʭ ʚʫʛʣʝʮʝʚʠʭ ʬʫʣʝʨʝʥʽʚ ʤʽʩʪʷʪʴ ʧôʷʪʠʢʫʪʥʽ ʽ 

ʰʝʩʪʠʢʫʪʥʽ ʛʨʘʥʽ. ʗʢʱʦ ʟʘʩʪʦʩʫʚʘʪʠ ʧʦʜʽʙʥʽ ʤʦʜʝʣʽ ʜʣʷ ʢʣʘʩʪʝʨʽʚ ʦʢʩʠʜʫ ʮʠʥʢʫ, 

ʪʦ ʦʪʨʠʤʘʻʤʦ ʤʝʪʘʣʽʯʥʽ ʟʚôʷʟʢʠ ZnïZn ʽ/ʘʙʦ ʟʚôʷʟʢʠ ʆïʆ ʚ ʢʣʘʩʪʝʨʽ. ɼʣʷ ʪʦʛʦ, 

ʱʦʙ ʧʦʚʥʽʩʪʶ ʧʦʟʙʫʪʠʩʴ ʥʝʭʘʨʘʢʪʝʨʥʠʭ ʭʽʤʽʯʥʠʭ ʟʚôʷʟʢʽʚ ʙʫʣʦ ʨʦʟʛʣʷʥʫʪʦ ʣʠʰʝ 

ʪʘʢʽ ʛʨʘʥʽ ʢʣʘʩʪʝʨʘ, ʷʢʽ ʩʢʣʘʜʘʶʪʴʩʷ ʪʽʣʴʢʠ ʟ ʧʘʨʥʦʾ ʢʽʣʴʢʦʩʪʽ ʘʪʦʤʽʚ, ʪʦʙʪʦ ʽʟ 

ʧʝʚʥʦʾ ʢʽʣʴʢʦʩʪʽ ʬʦʨʤʫʣʴʥʠʭ ʦʜʠʥʠʮʴ ZnO. ʆʧʠʰʝʤʦ ʧʦʣʽʝʜʨʠ, ʷʢʽ ʤʽʩʪʷʪʴ n4 

ʯʦʪʠʨʠʢʫʪʥʠʭ ʛʨʘʥʝʡ ʽ n6 ʰʝʩʪʠʢʫʪʥʠʭ ʛʨʘʥʝʡ, ʢʽʣʴʢʽʩʪʴ ʚʝʨʰʠʥ (ʘʪʦʤʽʚ) 

ʧʦʟʥʘʯʠʤʦ V, ʟʘʛʘʣʴʥʫ ʢʽʣʴʢʽʩʪʴ ʟʚôʷʟʢʽʚ ZnïO ʧʦʟʥʘʯʠʤʦ ɽ.  

ʂʽʣʴʢʽʩʪʴ ʟʚ'ʷʟʢʽʚ ʤʦʞʥʘ ʦʙʯʠʩʣʠʪʠ ʥʝ ʪʽʣʴʢʠ ʯʝʨʝʟ ʢʽʣʴʢʽʩʪʴ ʘʪʦʤʽʚ, ʘ ʡ 

ʯʝʨʝʟ ʢʽʣʴʢʽʩʪʴ ʛʨʘʥʝʡ, ʪʦʜʽ ʦʪʨʠʤʘʻʤʦ ʥʘʩʪʫʧʥʝ ʟʥʘʯʝʥʥʷ 4 61 2(4 6 )n n+ . ɿ 

ʦʪʨʠʤʘʥʠʭ ʟʥʘʯʝʥʴ ʚʠʧʣʠʚʘʻ ʥʘʩʪʫʧʥʝ ʨʽʚʥʷʥʥʷ : 

                                                4 64 6 3n n V+ =                                          (3.2) 

ʇʦʜʘʣʴʰʝ ʩʧʨʦʱʝʥʥʷ ʦʜʝʨʞʫʻʪʴʩʷ ʯʝʨʝʟ ʟʘʩʪʦʩʫʚʘʥʥʷ ʬʦʨʤʫʣʠ ɽʡʣʝʨʘ: 

2V F E+ = +         (3.3) 
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ʇʽʩʣʷ ʧʽʜʩʪʘʚʣʝʥʥʷ ʟʥʘʯʝʥʴ ʜʣʷ ʢʽʣʴʢʦʩʪʝʡ ʛʨʘʥʝʡ F ʽ ʨʝʙʝʨ ɽ ʦʪʨʠʤʘʻʤʦ : 

                       4 6 3 2 2V n n V+ + = +     (3.4) 

ʊʘʢʠʤ ʯʠʥʦʤ, ʤʘʻʤʦ ʜʚʘ ʨʽʚʥʷʥʥʷ ʜʣʷ ʪʨʴʦʭ ʟʤʽʥʥʠʭ ʽ ʣʝʛʢʦ ʤʦʞʝʤʦ 

ʦʪʨʠʤʘʪʠ, ʱʦ  

4 6n =  

                                                                                                                   (3.5) 

6 1 2 4n V= - 

ʎʝ ʦʟʥʘʯʘʻ, ʱʦ ʥʝʦʙʭʽʜʥʦʶ ʫʤʦʚʦʶ ʜʣʷ ʧʦʙʫʜʦʚʠ ʟʘʤʢʥʫʪʦʛʦ 

ʙʘʛʘʪʦʛʨʘʥʥʠʢʘ ʟ ʛʨʘʥʷʤʠ ʯʦʪʠʨʠʢʫʪʥʦ ʾ ʽ ʰʝʩʪʠʢʫʪʥʦʾ ʬʦʨʤʠ ʻ ʢʽʣʴʢʽʩʪʴ 

ʯʦʪʠʨʠʢʫʪʥʠʢʽʚ ʨʽʚʥʘ ʰʝʩʪʠ. 

ɿ ʨʽʚʥʷʥʥʷ (3.5) ʚʠʧʣʠʚʘʻ, ʱʦ ʥʘʡʤʝʥʰʝ ʤʦʞʣʠʚʝ ʯʠʩʣʦ ʘʪʦʤʽʚ ʻ ʨʽʚʥʝ 8 

(ʪʦʙʪʦ ʚʩʴʦʛʦ ʰʽʩʪʴ ʯʦʪʠʨʠʢʫʪʥʠʢʽʚ ʽ ʥʽ ʦʜʥʦʛʦ ʰʝʩʪʠʢʫʪʥʠʢʘ, ʪʦʙʪʦ ï ʦʜʥʝ ʟ 

ʧôʷʪʠ ʧʨʘʚʠʣʴʥʠʭ ʪʽʣ, ʢʫʙ, ʷʢʱʦ ʚʩʽ ʘʪʦʤʠ ʝʢʚʽʚʘʣʝʥʪʥʽ). ɯʩʥʫʻ ʱʝ ʦʜʠʥ 

ʫʥʽʢʘʣʴʥʠʡ ʚʠʧʘʜʦʢ ʚ ʩʝʨʽʾ, ʘ ʩʘʤʝ, ʜʣʷ V = 24, ʢʦʣʠ ʤʠ ʤʘʻʤʦ ʩʧʨʘʚʫ (ʜʣʷ 

ʝʢʚʽʚʘʣʝʥʪʥʠʭ ʘʪʦʤʽʚ) ʟ ʦʜʥʠʤ ʽʟ ʪʨʠʥʘʜʮʷʪʠ ʥʘʧʽʚʧʨʘʚʠʣʴʥʠʭ ʙʘʛʘʪʦʛʨʘʥʥʠʢʽʚ: 

ʟʨʽʟʘʥʠʤ ʦʢʪʘʝʜʨʦʤ, ʽ, ʦʪʞʝ, ʟ ʧʨʘʚʠʣʴʥʠʤʠ ʢʚʘʜʨʘʪʘʤʠ ʽ ʧʨʘʚʠʣʴʥʠʤʠ 

ʰʝʩʪʠʢʫʪʥʠʢʘʤʠ. 

ʗʢ ʽ ʚ ʧʨʘʚʠʣʽ ʽʟʦʣʴʦʚʘʥʠʭ ʧôʷʪʠʢʫʪʥʠʢʽʚ, ʷʢʝ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʜʣʷ 

ʬʫʣʝʨʝʥʽʚ ʤʠ ʤʦʞʝʤʦ ʚʚʝʩʪʠ ʧʦʥʷʪʪʷ ʽʟʦʣʴʦʚʘʥʠʭ ʯʦʪʠʨʠʢʫʪʥʠʢʽʚ ʜʣʷ ʢʣʘʩʪʝʨʽʚ 

ʙʽʥʘʨʥʦʾ ʩʧʦʣʫʢʠ ZnO. ʗʢʱʦ ʤʠ ʙʝʨʝʤʦ ʜʦ ʫʚʘʛʠ ʫʤʦʚʫ ʰʝʩʪʠ ʯʦʪʠʨʠʢʫʪʥʠʢʽʚ 

ʧʨʠ ʧʦʙʫʜʦʚʽ ʢʣʘʩʪʝʨʘ, ʪʦ ʮʷ ʫʤʦʚʘ ʧʦʯʠʥʘʻ ʟʘʜʦʚʽʣʴʥʷʪʠʩʴ ʣʠʰʝ ʜʣʷ ʤʦʜʝʣʝʡ ʟ 

ʢʽʣʴʢʽʩʪʶ ʘʪʦʤʽʚ ʨʽʚʥʦʶ ʽ ʙʽʣʴʰʦʶ 24. ʆʯʝʚʠʜʥʦ, ʱʦ ʥʘʡʤʝʥʰʠʤ 

ʙʘʛʘʪʦʛʨʘʥʥʠʢʦʤ, ʷʢʠʡ ʟʘʜʦʚʽʣʴʥʷʻ ʧʨʘʚʠʣʦ ʽʟʦʣʴʦʚʘʥʠʭ ʯʦʪʠʨʠʢʫʪʥʠʢʽʚ ʻ 

ʟʨʽʟʘʥʠʡ ʦʢʪʘʝʜʨ.  

ʊʦʤʫ, ʜʘʣʽ ʙʫʣʦ ʨʦʟʛʣʷʥʫʪʦ ʤʦʜʝʣʴ ʥʘʥʦʢʣʘʩʪʝʨʘ Zn12O12 ï ʟʨʽʟʘʥʦʛʦ 

ʦʢʪʘʝʜʨʘ, ʷʢʠʡ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʚʦʩʴʤʠ ʰʝʩʪʠʢʫʪʥʠʭ ʽ ʰʝʩʪʠ ʯʦʪʠʨʠʢʫʪʥʠʭ ʛʨʘʥʝʡ 

(ʨʠʩ. 3.5). ʋ ʜʘʥʽʡ ʤʦʜʝʣʽ ʢʦʞʥʠʡ ʽʟ 12 ʘʪʦʤʽʚ ʮʠʥʢʫ ʦʪʦʯʝʥʠʡ ʪʨʴʦʤʘ ʘʪʦʤʘʤʠ 

ʦʢʩʠʛʝʥʫ (ʽ ʥʘʚʧʘʢʠ), ʫʩʽ 36 ʟʚôʷʟʢʽʚ Zn-O sp
3
-ʛʽʙʨʠʜʠʟʦʚʘʥʽ. ɺʽʜʩʫʪʥʽʩʪʴ Zn-Zn i 

O-O ʟʚôʷʟʢʽʚ ʟʘʙʝʟʧʝʯʫʻ ʤʦʞʣʠʚʽʩʪʴ ʽʩʥʫʚʘʥʥʷ ʪʘʢʠʭ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʽ, 

ʚʽʜʧʦʚʽʜʥʦ, ʾʭ ʩʪʘʙʽʣʴʥʦʩʪʽ. ʉʠʤʝʪʨʽʷ ʢʣʘʩʪʝʨʽʚ (ZnO)12 ʜʦʟʚʦʣʷʻ ʧʦʙʫʜʫʚʘʪʠ ʽʟ 
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ʥʠʭ ʧʦʨʫʚʘʪʽ ʥʘʜˇʨʘʪʢʠ ʮʝʦʣʽʪʦʚʦʛʦ ʪʠʧʫ. ʋ ʥʠʟʮʽ ʥʝʱʦʜʘʚʥʽʭ ʪʝʦʨʝʪʠʯʥʠʭ 

ʨʦʙʽʪ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʤʦʞʣʠʚʽʩʪʴ ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʥʦʚʽ ʬʘʟʠ ʥʘʜʥʠʟʴʢʦʾ ʱʽʣʴʥʦʩʪʽ 

ʤʝʪʘʣ-ʦʢʩʠʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʰʣʷʭʦʤ ʧʨʠʡʥʷʪʪʷ ʤʘʣʠʭ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʷʢ 

ʙʫʜʽʚʝʣʴʥʠʭ ʙʣʦʢʽʚ ʜʣʷ ʤʦʞʣʠʚʠʭ ʥʦʚʠʭ ʬʘʟ ʥʘʧʨʠʢʣʘʜ SOD, LTA ʽ FAU [62, 

63]. ʊʦʤʫ ʚʠʚʯʝʥʥʷ ʢʣʘʩʪʝʨʽʚ (ZnO)12 ʽ ʛʨʘʪʦʢ ʽʟ ʥʠʭ ʷʚʣʷʻ ʩʦʙʦʶ 

ʧʝʨʩʧʝʢʪʠʚʥʠʡ ʥʘʧʨʷʤʦʢ ʬʽʟʠʢʠ ʪʚʝʨʜʦʛʦ ʪʽʣʘ, ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ ʽ ʮʝʦʣʽʪʽʚ [132, 

133]. 

 

ʈʠʩ. 3.5. ʄʦʜʝʣʴ ʢʣʘʩʪʝʨʘ Zn12O12. 

 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʨʝʣʘʢʩʘʮʽʡʥʦʾ ʧʨʦʮʝʜʫʨʠ ʦʧʪʠʤʽʟʘʮʽʾ ʩʪʨʫʢʪʫʨʘ ʢʣʘʩʪʝʨʘ 

ʧʝʨʝʩʪʘʻ ʙʫʪʠ ʧʨʘʚʠʣʴʥʠʤ ʟʨʽʟʘʥʠʤ ʦʢʪʘʝʜʨʦʤ (ʨʠʩ. 3.6 ʘ). ʋ ʢʣʘʩʪʝʨʽ Zn12O12 ʟʘ 

ʨʘʭʫʥʦʢ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʪʘ ʧʦʷʚʠ ʽʦʥʥʦʾ ʩʢʣʘʜʦʚʦʾ ʤʽʞʘʪʦʤʥʦʛʦ ʟʚôʷʟʢʫ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʛʦʬʨʫʚʘʥʥʷ ʛʨʘʥʝʡ ʤʦʣʝʢʫʣʷʨʥʦʾ ʩʠʩʪʝʤʠ ʽ ʚʽʜʭʠʣʝʥʥʷ ʜʦʚʞʠʥ 

ʟʚôʷʟʢʫ ʚʽʜ ʧʨʘʚʠʣʴʥʠʭ ʛʝʦʤʝʪʨʠʯʥʠʭ. ɯʦʥʠ O
-
 - ʟʤʽʱʫʶʪʴʩʷ ʥʘʟʦʚʥʽ, ʘ ʽʦʥʠ Zn

+
- 

ʟʤʽʱʫʶʪʴʩʷ ʚʩʝʨʝʜʠʥʫ, ʫʪʚʦʨʶʶʯʠ ʧʦʜʚʽʡʥʠʡ ʝʣʝʢʪʨʠʯʥʠʡ ʰʘʨ (ʨʠʩ. 3.6 ʙ). 

          

                                   ʘ                                            ʙ 

ʈʠʩ. 3.6. ɿʨʽʟʘʥʠʡ ʦʢʪʘʝʜʨ ʩʪʨʫʢʪʫʨʠ Zn12O12 (ʘ) ʽ ʡʦʛʦ ʦʧʪʠʤʽʟʦʚʘʥʘ ʩʪʨʫʢʪʫʨʘ 

Zn12O12 (ʙ). 
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ʆʪʨʠʤʘʥʽ ʨʦʟʧʦʜʽʣʠ ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ Zn12O12 ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 

3.7 ʪʘ ʫ ʪʘʙʣʠʮʽ 3.2. 
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  ʘ) 2,594 ʝɺ    ʙ) 4,389 ʝɺ 

ʈʠʩ. 3.7. ɽʣʝʢʪʨʦʥʥʘ ʩʪʨʫʢʪʫʨʘ ʤʦʣʝʢʫʣʷʨʥʠʭ ʦʨʙʽʪʘʣʝʡ Zn12O12 ʚ ʥʘʙʣʠʞʝʥʥʽ 

GGA (ʘ) ʪʘ GGA+U (ʙ). 

 

ɿʘʛʘʣʴʥʦʶ ʚʣʘʩʪʠʚʽʩʪʶ ʨʦʟʨʘʭʫʥʢʽʚ ʫ ʤʝʞʘʭ ʊʌɻ ʽʟ  ʥʘʙʣʠʞʝʥʥʷʤ GGA ʻ 

ʟʘʥʠʞʝʥʥʷ ʟʥʘʯʝʥʥʷ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ, ʘ ʪʘʢʦʞ 

ʥʝʪʦʯʥʠʭ ʟʥʘʯʝʥʴ ʝʥʝʨʛʽʡ ʬʦʨʤʫʚʘʥʥʷ ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ. ʋ ʚʠʧʘʜʢʫ ZnO 

ʘʧʨʦʢʩʠʤʘʮʽʷ GGA ʟʘʥʠʞʫʻ ʝʥʝʨʛʽʶ 3d ʝʣʝʢʪʨʦʥʽʚ Zn ʚʥʘʩʣʽʜʦʢ ʟʚʷʟʫʚʘʥʥʷ d-

ʩʪʘʥʽʚ Zn ʟ ʨ-ʩʪʘʥʘʤʠ ʆ, ʷʢʽ ʫʪʚʦʨʶʶʪʴ ʚʝʨʭʥʶ ʯʘʩʪʠʥʫ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ, 

ʰʪʦʚʭʘʶʯʠ ʾʾ ʚʛʦʨʫ ʪʘ ʝʬʝʢʪʠʚʥʦ ʟʤʝʥʰʫʶʯʠ ʰʠʨʠʥʫ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ. ɼʣʷ 

ʧʦʜʦʣʘʥʥʷ ʧʨʦʙʣʝʤʠ ʧʦʚʥʦʛʦ ʟʚôʷʟʫʚʘʥʥʷ d-cʪʘʥʽʚ Zn ʚʠʢʦʨʠʩʪʦʚʫʻʤʦ 

ʚʢʣʯʁʝʥʥʷ ʧʦʧʨʘʚʢʠ ʍʘʙʘʨʜʘ ʜʣʷ ʢʦʨʝʣʷʮʽʡʥʦʾ ʚʟʘʻʤʦʜʽʾ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʪʘʢ 

ʟʚʘʥʠʡ ʤʝʪʦʜ GGA+U. GGA+U ʢʦʨʠʛʫʻ ʧʦʣʦʞʝʥʥʷ d-ʟʦʥ Zn, ʘ ʪʘʢʦʞ ʚʧʣʠʚʽʚ p-

d-ʛʽʙʨʠʜʠʟʘʮʽʾ ʥʘ ʝʥʝʨʛʝʪʠʯʥʝ ʧʦʣʦʞʝʥʥʷ ʤʘʢʩʠʤʫʤʫ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ ʪʘ 

ʤʽʥʽʤʫʤʫ ʟʦʥʠ ʧʨʦʚʽʜʥʦʩʪʽ [134]. 
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ʇʨʦʩʪʽʰʠʤ ʤʝʪʦʜʦʤ ʚʠʧʨʘʚʣʝʥʥʷ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʻ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʘʢ ʟʚʘʥʦʛʦ ñʦʧʝʨʘʪʦʨʘ ʟʩʫʚʫò (ñscissor operatorò), ʱʦ ʧʨʠʚʦʜʠʪʴ 

ʜʦ ʟʨʦʩʪʘʥʥʷ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʟʩʫʚʦʤ ʟʦʥ ʧʨʦʚʽʜʥʦʩʪʽ (ʥʝʟʘʧʦʚʥʝʥʠʭ 

ʤʦʣʝʢʫʣʷʨʥʠʭ ʦʨʙʽʪʘʣʝʡ) ʚ ʦʙʣʘʩʪʴ ʚʠʱʠʭ ʝʥʝʨʛʽʡ. 

ʊʘʙʣʠʮʷ 3.2. 

ʈʦʟʨʘʭʦʚʘʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʣʘʩʪʝʨʽʚ Zn12O12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ʋ ʢʣʘʩʪʝʨʽ Zn12O12, ʷʢ ʽ ʚ ʽʥʰʠʭ ʤʘʣʠʭ ʢʣʘʩʪʝʨʘʭ ZnnOn, ʤʘʻ ʤʽʩʮʝ 

ʧʝʨʝʨʦʟʧʦʜʽʣ ʝʣʝʢʪʨʦʥʽʚ ʤʽʞ ʽʦʥʘʤʠ Zn
+ 
ʪʘ O

-
, ʱʦ ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʨʦʟʛʣʷʜʦʤ 

ʨʦʟʧʦʜʽʣʽʚ ʜʝʬʦʨʤʘʮʽʡʥʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ [97] (ʨʠʩ. 3.8). ɺʠʥʠʢʘʻ 

ʛʝʪʝʨʦʧʦʣʷʨʥʠʡ ʟʚôʷʟʦʢ ʤʽʞ ʽʦʥʘʤʠ Zn
+
 ʪʘ O

-
 (ʟʚôʷʟʫʶʯʽ ʦʨʙʽʪʘʣʽ) ʽ 

ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ ʽʦʥʽʚ Zn
+
-Zn

+
 ʽ O

-
-O

-
 (ʨʦʟʨʠʭʣʶʶʯʽ ʦʨʙʽʪʘʣʽ). 

ɺ ʢʣʘʩʪʝʨʘʭ Zn12O12 ʟʘʨʷʜʠ ʽʦʥʽʚ ʙʽʣʴʰʝ ʦʜʠʥʠʮʽ, ʬʦʨʤʘ ʭʤʘʨ  ̒

ʩʬʝʨʠʯʥʦ ,ʁ ʟʚôʷʟʦʢ ʤʽʞ ʽʦʥʘʤʠ ʽʦʥʥʦ-ʢʦʚʘʣʝʥʪʥʠʡ ʟ ʚʝʣʠʢʦʶ (ʧʨʠʙʣʠʟʥʦ ʥʘ 

50%) ʯʘʩʪʠʥʦʶ ʽʦʥʥʦʾ ʩʢʣʘʜʦʚʦʾ.  

ʇʘʨʘʤʝʪʨ  

ʅʘʥʦʢʣʘʩʪʝʨ Zn12O12 

ɼʦʚʞʠʥʘ ʟʚôʷʟʢʫ X-Y ʤʽʞ 

ʯʦʪʠʨʠʢʫʪʥʠʢʦʤ ʽ ʰʝʩʪʠʢʫʪʥʠʢʦʤ, ʥʤ 

0,193 

ɼʦʚʞʠʥʘ ʟʚôʷʟʢʫ X-Y ʤʽʞ ʜʚʦʤʘ 

ʰʝʩʪʠʢʫʪʥʠʢʘʤʠ, ʥʤ 

0,186 

ʂʫʪʠ ʤʽʞ ʟʚôʷʟʢʘʤʠ ʚ ʯʦʪʠʨʠʢʫʪʥʠʢʫ,  Ü 92,3 (Zn) 

ʂʫʪʠ ʤʽʞ ʟʚôʷʟʢʘʤʠ ʚ ʰʝʩʪʠʢʫʪʥʠʢʫ,  Ü 124 (Zn) 

115,5 (ʆ) 

ɿʘʨʷʜ ʽʦʥʽʚ 1,183 (Zn) 

-1,183 (ʆ) 

ȹ (HOMO- LUMO), eɺ 2,594 (GGA) 

4,389 (GGA+U) 

ɽʥʝʨʛʽʷ ʦʜʥʽʻʾ ʧʘʨʠ  X-Y ʟʚôʷʟʢʫ, eɺ -2,65 

ɽʥʝʨʛʽʷ ʟʚôʷʟʢʫ ʥʘ ʘʪʦʤ, eɺ
 

-6,97 
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2a     3ʘ 

   

     4ʘ             4b 

ʈʠʩ. 3.8. ʍʘʨʘʢʪʝʨ ʨʦʟʧʦʜʽʣʫ ʜʝʬʦʨʤʘʮʽʡʥʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ ʜʣʷ ʤʘʣʠʭ 

ʢʣʘʩʪʝʨʽʚ (ZnO)n. 

 

ɿ ʤʝʪʦʶ ʧʽʜʪʚʝʨʜʞʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ ʢʣʘʩʪʝʨʽʚ ʥʘʤʠ ʙʫʣʠ ʦʙʯʠʩʣʝʥʽ ʾʭʥʽ 

ʢʦʣʠʚʥʽ ʩʧʝʢʪʨʠ. ɼʣʷ ʢʦʞʥʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʩʪʘʥʫ ʢʣʘʩʪʝʨʘ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ N 

ʘʪʦʤʽʚ ʽ ʢʦʪʨʠʡ ʤʘʻ f = 3N - 6 ʢʦʣʠʚʘʣʴʥʠʭ ʩʪʫʧʝʥʽʚ ʚʽʣʴʥʦʩʪʽ, ʻ f ʥʦʨʤʘʣʴʥʠʭ 

ʢʦʣʠʚʘʥʴ ʟ ʯʘʩʪʦʪʘʤʠ  (i = 1, 2, 3, ..., f). ʅʦʨʤʘʣʴʥʽ ʢʦʣʠʚʘʥʥʷ ʟʘ ʬʦʨʤʦʶ 

ʤʦʞʥʘ ʨʦʟʜʽʣʠʪʠ ʥʘ ʚʘʣʝʥʪʥʽ (ʟʤʽʥʶʶʪʴʩʷ ʜʦʚʞʠʥʠ ʤʽʞʘʪʦʤʥʠʭ ʟʚôʷʟʢʽʚ) ʽ 

ʜʝʬʦʨʤʘʮʽʡʥʽ (ʟʤʽʥʶʶʪʴʩʷ ʚʘʣʝʥʪʥʽ ʢʫʪʠ). ʍʘʨʘʢʪʝʨ ʥʦʨʤʘʣʴʥʠʭ ʢʦʣʠʚʘʥʴ 

ʢʣʘʩʪʝʨʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʡʦʛʦ ʩʠʤʝʪʨʽʾ. ʂʦʞʥʝ ʢʦʣʠʚʘʥʥʷ ʷʚʣʷʻ 

ʩʦʙʦʶ ʢʦʣʠʚʘʥʥʷ ʚʩʴʦʛʦ ʢʣʘʩʪʝʨʘ. ʆʜʥʘʢ ʯʘʩʪʦ ʢʦʣʠʚʘʥʥʷ ʣʦʢʘʣʽʟʦʚʘʥʽ ʚ 

ʦʢʨʝʤʠʭ ʯʘʩʪʠʥʘʭ ʢʣʘʩʪʝʨʘ ʘʙʦ ʚ ʛʨʫʧʘʭ ʘʪʦʤʽʚ ʽ ʟʚôʷʟʢʽʚ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʜʽʣʠʪʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʽ ʛʨʫʧʠ ʢʦʣʠʚʘʥʴ.  

ʅʘ ʨʠʩ. 3.9ï3.12 ʥʘʚʝʜʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ɯʏ ʽ ʂʈ ï ʩʧʝʢʪʨʽʚ (ʨʠʩ. 

3.9, 3.11) ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)12 ʽ ʥʘʡʙʽʣʴʰ ʽʥʪʝʥʩʠʚʥʽ ʢʦʣʠʚʘʣʴʥʽ ʤʦʜʠ (ʨʠʩ. 
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3.10, 3.12). ɼʣʷ ʥʘʡʙʽʣʴʰ ʭʘʨʘʢʪʝʨʥʠʭ ʤʦʜ ʙʫʣʘ ʥʘʚʝʜʝʥʘ ʩʪʨʫʢʪʫʨʘ ʟʩʫʚʽʚ 

ʘʪʦʤʽʚ ʚ ʬʘʟʘʭ ʢʦʣʠʚʘʥʴ +ˊ/2 ʽ -ˊ/2 ʽ ʦʧʠʩʘʥʠʡ ʪʠʧ ʢʦʣʠʚʘʥʥʷ. ɺ ʩʧʝʢʪʨʘʭ 

ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʚʠʨʦʜʞʝʥʽ ʧʦ ʯʘʩʪʦʪʽ ʪʨʠʧʣʝʪʠ, ʦʙʫʤʦʚʣʝʥʽ ʩʠʤʝʪʨʽʻʶ 

ʢʦʣʠʚʘʥʴ ʟʘ ʪʨʴʦʤʘ ʜʝʢʘʨʪʦʚʠʤʠ ʦʩʷʤʠ ʯʝʨʝʟ ʮʝʥʪʨʠ ʪʝʪʨʘʛʦʥʽʚ, ʪʦʤʫ ʜʣʷ 

ʪʨʠʧʣʝʪʽʚ ʢʦʣʠʚʘʥʥʷ ʧʦʢʘʟʘʥʽ ʧʦ ʦʜʥʽʡ ʽʟ ʦʩʝʡ. ɺ ɯʏ-ʩʧʝʢʪʨʽ ʚʩʽ ʦʧʠʩʘʥʽ ʤʦʜʠ 

ʢʦʣʠʚʘʥʴ ʻ ʪʨʠʧʣʝʪʘʤʠ. ɺʽʜʩʪʘʥʴ ʤʽʞ ʪʨʠʧʣʝʪʘʤʠ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʦʮʽʥʠʪʠ 

ʪʦʯʥʽʩʪʴ ʦʙʯʠʩʣʝʥʴ, ʷʢʘ ʩʢʣʘʜʘʻ ʚʽʜ 0,03 ʩʤ
-1
 ʚ ʘʢʫʩʪʠʯʥʽʡ ʦʙʣʘʩʪʽ ʜʦ 0,3 ʩʤ

-1
 ʚ 

ʦʧʪʠʯʥʦʤʫ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ. 
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ʈʠʩ. 3.9. ɯʏ ï ʩʧʝʢʪʨ ʢʣʘʩʪʝʨʽʚ Zn12O12. 1-5 ï ʤʦʜʠ ʢʦʣʠʚʘʥʴ (ʜʠʚ. ʨʠʩ. 3.10). 

 

ʄʦʜʠ ʢʦʣʠʚʘʥʴ ʘʢʪʠʚʥʽ ʚ ɯʏ- ʩʧʝʢʪʨʽ ʻ ʥʘʩʪʫʧʥʠʤʠ: 1 ï ʘʥʪʠʬʘʟʥʽ 

ʢʦʣʠʚʘʥʥʷ ʜʚʦʭ ʧʘʨ ʘʪʦʤʽʚ Zn ʥʘ ʧʨʦʪʠʣʝʞʥʠʭ ʨʦʤʙʽʯʥʠʭ ʛʨʘʥʷʭ ʽ ʘʥʪʠʬʘʟʥʽ 

ʢʦʣʠʚʘʥʥʷ ʜʚʦʭ ʧʘʨ ʘʪʦʤʽʚ ʆ ʥʘ ʨʦʤʙʽʯʥʠʭ ʛʨʘʥʷʭ, ʨʦʟʪʘʰʦʚʘʥʠʭ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʜʦ ʧʝʨʰʠʭ; 2 ï ʢʦʣʠʚʘʥʥʷ ʚʦʩʴʤʠ ʘʪʦʤʽʚ ʥʘ ʜʚʦʭ 

ʧʨʦʪʠʣʝʞʥʠʭ ʨʦʤʙʽʯʥʠʭ ʛʨʘʥʷʭ ʧʘʨʠ ʘʪʦʤʽʚ Zn ʽ ʧʘʨʠ ʘʪʦʤʽʚ ʆ ʢʦʣʠʚʘʶʪʴʩʷ ʫ 

ʬʘʟʽ, ʘ ʧʘʨʠ ʘʪʦʤʽʚ Zn ʽ ʆ ʥʘ ʦʜʥʽʡ ʛʨʘʥʽ ï ʚ ʧʨʦʪʠʬʘʟʽ; 3 ï ʪʘʥʛʝʥʮʽʘʣʴʥʽ 
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ʘʪʠʬʘʟʥʽ ʢʦʣʠʚʘʥʥʷ ʨʷʜʽʚ ʘʪʦʤʽʚ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʠʭ ʦʩʽ ʉ2; 4 ï ʪʘʥʛʝʥʮʽʘʣʴʥʽ 

ʢʦʣʠʚʘʥʥʷ ʫ ʬʘʟʽ ʧʘʨ ʘʪʦʤʽʚ Zn, ʷʢʽ ʟʥʘʭʦʜʷʪʴʩʷ ʥʘ ʧʨʦʪʠʣʝʞʥʠʭ ʨʦʤʙʽʯʥʠʭ 

ʛʨʘʥʷʭ, ʽ ʧʨʦʪʠʬʘʟʥʽ ʜʦ ʥʠʭ ʢʦʣʠʚʘʥʥʷ ʚʽʜʧʦʚʽʜʥʠʭ ʘʪʦʤʽʚ ʆ; 5 ï ʪʘʥʛʝʥʮʽʘʣʴʥʽ 

ʢʦʣʠʚʘʥʥʷ ʧʽʜʩʠʩʪʝʤʠ ʘʪʦʤʽʚ Zn ʽ ʧʨʦʪʠʬʘʟʥʽ ʜʦ ʥʠʭ ʢʦʣʠʚʘʥʥʷ ʧʽʜʩʠʩʪʝʤʠ 

ʘʪʦʤʽʚ ʆ. ɺ ɯʏ- ʩʧʝʢʪʨʽ ʥʘʡʙʽʣʴʰ ʽʥʪʝʥʩʠʚʥʠʤʠ ʻ ʤʦʜʠ 4 ʽ 5, ʷʢʽ ʚʽʜʧʦʚʽʜʘʶʪʴ 

ʪʘʥʛʝʥʮʽʘʣʴʥʠʤ ʟʤʽʱʝʥʥʷʤ (ʰʣʷʭʦʤ ʨʦʟʪʷʛʫ ʽ ʩʪʠʩʢʫ ʟʚôʷʟʢʽʚ Zn-O) ʘʪʦʤʽʚ Zn ʽ 

O ʫ ʬʘʟʽ (4) ʽ ʧʨʦʪʠʬʘʟʽ (5). 

 

                

1) 385 ʩʤ
-1                                                                                                

2) 420.4 ʩʤ
-1

 

                       

3) 453.6 ʩʤ
-1                                                                                                      

4) 554.8 ʩʤ
-1

 

    5) 607.2 ʩʤ
-1

 

ʈʠʩ. 3.10. ʄʦʜʠ ʢʦʣʠʚʘʥʴ ʘʢʪʠʚʥʽ ʚ ɯʏ ï ʩʧʝʢʪʨʽ ʢʣʘʩʪʝʨʽʚ Zn12O12.  

 

ʋ ʩʧʝʢʪʨʽ ʢʦʤʙʽʥʘʮʽʡʥʦʛʦ ʨʦʟʩʽʶʚʘʥʥʷ ʩʚʽʪʣʘ ʥʘʡʙʽʣʴʰ ʽʥʪʝʥʩʠʚʥʽ ʤʦʜʠ 3 

ʽ 6 ʚʽʜʧʦʚʽʜʘʶʪʴ ʥʘʡʙʽʣʴʰ ʩʠʤʝʪʨʠʯʥʠʤ ʢʦʣʠʚʘʥʥʷʤ, ʷʢʽ ʥʘʣʝʞʘʪʴ ʜʦ ʪʘʢ 

ʟʚʘʥʠʭ ʨʘʜʽʘʣʴʥʠʭ "ʜʠʭʘʶʯʠʭ" ʢʦʣʠʚʘʥʴ ʚʩʽʭ ʘʪʦʤʽʚ ʫ ʬʘʟʽ (ʤʦʜʘ 3) ʽ ʘʪʦʤʽʚ Zn ʽ 

ʆ ʫ ʧʨʦʪʠʬʘʟʽ (ʤʦʜʘ 6). 
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ʄʦʜʠ ʢʦʣʠʚʘʥʴ ʘʢʪʠʚʥʽ ʚ ʂʈ-ʩʧʝʢʪʨʽ ʻ ʥʘʩʪʫʧʥʠʤʠ: 1 ï ʨʘʜʽʘʣʴʥʽ 

ʝʣʽʧʪʠʯʥʽ ʜʝʬʦʨʤʘʮʽʾ ʧʦ ʦʩʽ ʉ3 (ʪʨʠʧʣʝʪ); 2 ï ʨʘʜʽʘʣʴʥʽ ʝʣʽʧʪʠʯʥʽ ʜʝʬʦʨʤʘʮʽʾ ʧʦ 

ʦʩʽ ʉ4 (ʜʫʙʣʝʪ); 3 ï ʨʘʜʽʘʣʴʥʽ ʜʠʭʘʶʯʽ ʢʦʣʠʚʘʥʥʷ ʫʩʽʭ ʘʪʦʤʽʚ; 4 ï ʨʘʜʽʘʣʴʥʽ 

ʘʥʪʠʬʘʟʥʽ ʢʦʣʠʚʘʥʥʷ (ʘʪʦʤʠ Zn, ʷʢʽ ʟʥʘʭʦʜʷʪʴʩʷ ʜʽʘʤʝʪʨʘʣʴʥʦ ʧʨʦʪʠʣʝʞʥʦ 

ʟʤʽʱʫʶʪʴʩʷ ʫ ʧʨʦʪʠʬʘʟʽ, ʜʫʙʣʝʪ); 5 ï ʧʦʚʝʨʭʥʝʚʽ ʘʥʪʠʬʘʟʥʽ ʢʦʣʠʚʘʥʥʷ ʘʪʦʤʽʚ ʆ, 

ʷʢʽ ʣʝʞʘʪʴ ʥʘ ʯʦʪʠʨʠʢʫʪʥʠʭ ʛʨʘʥʷʭ, ʽ ʟʚôʷʟʘʥʠʭ ʟ ʥʠʤʠ ʘʪʦʤʽʚ Zn; 6 ï ʨʘʜʽʘʣʴʥʽ 

ʜʠʭʘʶʯʽ ʘʥʪʠʬʘʟʥʽ ʢʦʣʠʚʘʥʥʷ ʧʽʜʩʠʩʪʝʤ ʘʪʦʤʽʚ Zn ʽ ʆ; 7 ï ʚʝʨʪʠʢʘʣʴʥʽ 

ʢʨʫʪʠʣʴʥʽ ʢʦʣʠʚʘʥʥʷ ʜʦʚʢʦʣʘ ʦʩʽ ʉ4 (ʪʨʠʧʣʝʪ); 8 ï ʩʠʥʭʨʦʥʥʝ ʩʪʠʩʢʘʥʥʷ ʽ ʨʦʟʪʷʛ 

ʦʢʨʝʤʠʭ ʟʚôʷʟʢʽʚ (ʪʨʠʧʣʝʪ). 
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ʈʠʩ. 3.11. ʉʧʝʢʪʨ ʢʦʤʙʽʥʘʮʽʡʥʦʛʦ ʨʦʟʩʽʶʚʘʥʥʷ ʩʚʽʪʣʘ ʢʣʘʩʪʝʨʽʚ (ZnO)12.  

1-8 ï ʤʦʜʠ ʢʦʣʠʚʘʥʴ (ʜʠʚ. ʨʠʩ. 3.12). 
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1) 69.5 ʩʤ
-1                                                                         

2) 92.5 ʩʤ
-1

 

               

3) 161.3 ʩʤ
-1                                                            

4) 199.7 ʩʤ
-1

 

      

5) 362.6 ʩʤ
-1                                                                                                    

6) 397.6 ʩʤ
-1

 

                  

7) 433.5 ʩʤ
-1                                                                                                        

8) 613.5 ʩʤ
-1
 

ʈʠʩ. 3.12. ʄʦʜʠ ʢʦʣʠʚʘʥʴ ʘʢʪʠʚʥʽ ʚ ʂʈ-ʩʧʝʢʪʨʽ ʢʣʘʩʪʝʨʽʚ (ZnO)12.  

 

ʆʪʨʠʤʘʥʽ ʯʘʩʪʦʪʠ ʽ ʤʦʜʠ ʫ ʢʦʣʠʚʥʠʭ ʩʧʝʢʪʨʘʭ ʜʦʙʨʝ ʫʟʛʦʜʞʫʶʪʴʩʷ ʽʟ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʧʦʧʝʨʝʜʥʽʭ ʜʦʩʣʽʜʞʝʥʴ, ʟʦʢʨʝʤʘ, [98, 135]. 

ʇʨʦʚʝʜʝʥʦ ʪʘʢʦʞ ʜʦʩʣʽʜʞʝʥʥʷ ʝʣʝʢʪʨʦʥʥʠʭ ʪʘ ʦʧʪʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʢʣʘʩʪʝʨʽʚ ZnO ʽʟ ʜʦʤʽʰʢʘʤʠ 3d ʧʝʨʝʭʽʜʥʠʭ ʝʣʝʤʝʥʪʽʚ (ʇʄ) (Mn, Co, Cu) ʜʣʷ 
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ʥʘʡʙʽʣʴʰ ʩʪʘʙʽʣʴʥʦʛʦ ʤʘʣʦʛʦ ʢʣʘʩʪʝʨʘ (ZnO)12. ɼʽʘʤʝʪʨ ʢʣʘʩʪʝʨʘ ~ 6,35 ¡. ʍʦʯʘ 

ʨʦʟʤʽʨ ʢʣʘʩʪʝʨʘ ʥʘʙʘʛʘʪʦ ʤʝʥʰʠʡ, ʥʽʞ ʥʘʥʦʯʘʩʪʠʥʦʢ, ʩʠʥʪʝʟʦʚʘʥʠʭ ʚ 

ʝʢʩʧʝʨʠʤʝʥʪʽ, ʦʜʥʘʢ, ʪʘʢ ʷʢ ʚʩʽ ʘʪʦʤʠ ʨʦʟʪʘʰʦʚʘʥʽ ʥʘ ʧʦʚʝʨʭʥʽ ʩʬʝʨʠ ʚ ʮʴʦʤʫ 

ʢʣʘʩʪʝʨʽ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʫʥʽʢʘʣʴʥʫ ʤʦʞʣʠʚʽʩʪʴ ʚʠʚʯʘʪʠ ʚ ʜʝʪʘʣʷʭ ʧʦʚʝʨʭʥʝʚʠʡ 

ʚʥʝʩʦʢ ʤʘʛʥʝʪʠʟʤʫ, ʷʢʽ ʙʫʜʫʪʴ ʘʢʪʫʘʣʴʥʽ ʜʣʷ ZnO ʥʘʥʦʯʘʩʪʦʢ. 

 

                        ʘ          ʙ         ʚ 

ʈʠʩ. 3.13. ʉʪʨʫʢʪʫʨʥʽ ʤʦʜʝʣʽ ʢʣʘʩʪʝʨʽʚ Zn12O12 ʟ ʜʦʤʽʰʢʦʚʠʤ ʘʪʦʤʦʤ Co. 

 

ʋ ʚʠʧʘʜʢʫ ʜʦʧʫʚʘʥʥʷ ʢʣʘʩʪʝʨʘ ʦʢʩʠʜʫ ʮʠʥʢʫ ʘʪʦʤʦʤ Co ʨʦʟʛʣʷʥʫʣʠ ʨʽʟʥʽ 

ʛʝʦʤʝʪʨʠʯʥʽ ʢʦʥʬʽʛʫʨʘʮʽʾ: ʘ) ʘʪʦʤ Co ʟʘʤʽʱʫʻ ʦʜʠʥ ʟ ʘʪʦʤʽʚ Zn; ʙ) ʝʥʜʦʝʜʨʘʣʴʥʝ 

ʜʦʧʫʚʘʥʥʷ ʘʪʦʤʘ Co ʧʦʩʝʨʝʜʠʥʽ ʢʣʘʩʪʝʨʘ (ZnO)12; ʚ) ʝʥʜʦʝʜʨʘʣʴʥʝ ʜʦʧʫʚʘʥʥʷ 

ʘʪʦʤʘ Co ʫ (ZnO)12 ʟʙʦʢʫ ʚʽʜ ʮʝʥʪʨʫ ʢʣʘʩʪʝʨʘ. ʂʦʥʬʽʛʫʨʘʮʽʾ ʩʪʨʫʢʪʫʨ , 

ʦʪʨʠʤʘʥʠʭ ʧʽʩʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 3.13. ɸʪʦʤʠ Co ʽʥʜʫʢʫʶʪʴ 

ʝʣʝʢʪʨʦʥʥʽ ʩʪʘʥʠ ʫ ʟʘʙʦʨʦʥʝʥʽʡ ʟʦʥʽ ʢʣʘʩʪʝʨʘ, ʚ ʨʝʟʫʣʴʪʘʪʽ ʯʦʛʦ ʟʥʘʯʝʥʥʷ 

ʝʥʝʨʛʝʪʠʯʥʠʭ ʱʽʣʠʥ ʦʪʨʠʤʘʥʠʭ ʣʝʛʦʚʘʥʠʭ ʢʣʘʩʪʝʨʽʚ ʻ ʤʝʥʰʠʤʠ ʥʽʞ ʫ 

ʥʝʣʝʛʦʚʘʥʦʛʦ ʢʣʘʩʪʝʨʘ (ZnO)12 (ʪʘʙʣ. 3.3).  

ʋ ʪʘʙʣʠʮʽ 3.4 ʧʨʠʚʝʜʝʥʽ ʦʙʯʠʩʣʝʥʽ ʤʘʛʥʽʪʥʽ ʤʦʤʝʥʪʠ ʣʝʛʦʚʘʥʠʭ 

ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʪʘ ʣʦʢʘʣʴʥʽ ʤʘʛʥʽʪʥʽ ʤʦʤʝʥʪʠ ʜʦʤʽʰʢʦʚʠʭ ʘʪʦʤʽʚ ʇʄ  ̔

ʥʘʡʙʣʠʞʯʠʭ ʜʦ ʥʠʭ ʘʪʦʤʽʚ ʦʢʩʠʛʝʥʫ. ʆʩʢʽʣʴʢʠ ʥʝʣʝʛʦʚʘʥʽ ʥʘʥʦʢʣʘʩʪʝʨʠ ʻ 

ʥʝʤʘʛʥʽʪʥʠʤʠ ʩʠʩʪʝʤʘʤʠ, ʪʦ ʥʘʡʙʽʣʴʰʠʡ ʚʥʝʩʦʢ ʚ ʽʥʜʫʢʦʚʘʥʠʡ ʤʘʛʥʽʪʥʠʡ 

ʤʦʤʝʥʪ ʣʝʛʦʚʘʥʦʛʦ ʥʘʥʦʢʣʘʩʪʝʨʘ ʜʘʻ ʜʦʤʽʰʢʦʚʠʡ ʘʪʦʤ ʇʄ. ʇʨʦʪʝ, ʚʥʘʩʣʽʜʦʢ 

ʛʽʙʨʠʜʠʟʘʮʽʾ 3d-ʦʨʙʽʪʘʣʝʡ ʘʪʦʤʘ ʇʄ ʽʟ 2p-ʦʨʙʽʪʘʣʷʤʠ ʘʪʦʤʽʚ ʦʢʩʠʛʝʥʫ, ʫ ʧʝʨʰʽʡ 

ʢʦʦʨʜʠʥʘʮʽʡʥʽʡ ʩʬʝʨʽ ʘʪʦʤʘ ʇʄ ʽʥʜʫʢʫʶʪʴʩʷ ʥʝʚʝʣʠʢʽ ʣʦʢʘʣʴʥʽ ʤʘʛʥʽʪʥʽ 

ʤʦʤʝʥʪʠ.  
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ʆʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʽʾ ʟʚôʷʟʢʫ ʢʣʘʩʪʝʨʽʚ ʚʢʘʟʫʶʪʴ ʥʘ ʪʝ, ʱʦ 

ʟʘʤʽʱʝʥʥʷ ʘʪʦʤʫ ʮʠʥʢʫ ʘʪʦʤʦʤ ʢʦʙʘʣʴʪʫ ʻ ʙʽʣʴʰ ʝʥʝʨʛʝʪʠʯʥʦ ʚʠʛʽʜʥʽʰʝ, ʥʽʞ 

ʝʥʜʦʝʜʨʘʣʴʥʝ ʜʦʧʫʚʘʥʥʷ. ɸʥʘʣʦʛʽʯʥʽ ʤʦʜʝʣʴʥʽ ʝʢʩʧʝʨʠʤʝʥʪʠ ʧʨʦʚʝʜʝʥʽ ʽ ʫ 

ʚʠʧʘʜʢʫ ʜʦʤʽʰʢʦʚʠʭ ʘʪʦʤʽʚ Cu ʪʘ Mn (ʨʠʩ.3.14). 

ʊʘʙʣʠʮʷ 3.3. 

ʉʪʨʫʢʪʫʨʠ, ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʽʡ ʟʚôʷʟʢʫ ʥʘ ʦʜʠʥ ʘʪʦʤ, ʪʘ ʝʥʝʨʛʝʪʠʯʥʠʭ ʱʽʣʠʥ 

HOMO -LUMO (ʝɺ) ʢʣʘʩʪʝʨʽʚ Zn12O12 ʽʟ ʜʦʤʽʰʢʘʤʠ ʘʪʦʤʽʚ Co, Mn, Cu. 

ɯʟʦʤʝʨ ʉʠʤʝʪʨʽʷ 

ʩʪʨʫʢʪʫʨʠ 

Eʟʚ (ʝɺ) HOMO-

LUMO (ʝɺ) 

Zn11O12Co (ʘ) Cs 6,885 1,197 

Zn12O12@Co (ʙ) Th 6,128 1,195 

Zn12O12@Co (ʚ) Cs 6,128 1,193 

Zn11O12Mn (ʘ) Cs 6,654 1,315 

Zn12O12 @Mn (ʙ) Th 6,057 1,301 

Zn12O12@Mn (ʚ) Cs 6,054 1,298 

Zn11O12Cu (ʘ) Cs 6,605 1,743 

Zn12O12@Cu (ʙ) Th 6,184 1,742 

Zn12O12@Cu (ʚ) Cs 6,184 1,744 

 

ʊʘʙʣʠʮʷ 3.4. 

ʇʦʚʥʠʡ ʤʘʛʥʽʪʥʠʡ ʤʦʤʝʥʪ ʜʦʤʽʰʢʦʚʠʭ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ɛ (ɛB), ʤʘʛʥʽʪʥʽ 

ʤʦʤʝʥʪʠ ʜʦʤʽʰʢʦʚʦʛʦ ʘʪʦʤʘ ʇʄ ɛʇʄ (ɛB) ʪʘ ʘʪʦʤʽʚ ʆ, ʷʢʽ ʫʪʚʦʨʶʶʪʴ 

ʟʚôʷʟʢʠ ʟ ʘʪʦʤʦʤ ʇʄ ɛʆ (ɛB) 

ɼʦʤʽʰʢʦʚʠʡ 

ʘʪʦʤ 
ɛ, ɛB ɛʇʄ, ɛB ɛʆ, ɛB 

Mn 4,96 4,48 0,12 

Co 2,86 2,44 0,16 

Cu 1,00 0,52 0,18 
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ʈʠʩ. 3.14. ʉʧʽʥ-ʧʦʣʷʨʠʟʦʚʘʥʽ ʨʦʟʧʦʜʽʣʠ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʫ ʢʣʘʩʪʝʨʽ Zn12O12 ʟ 

ʜʦʤʽʰʢʦʚʠʤʠ ʘʪʦʤʘʤʠ Mn, Co, Cu. ʉʫʮʽʣʴʥʽ ʣʽʥʽʾ ï ʧʦʚʥʘ ʛʫʩʪʠʥʘ ʩʪʘʥʽʚ ʜʝʬʝʢʪʥʦʛʦ 

ʢʣʘʩʪʝʨʘ Zn11O12ʇM, ʟʘʰʪʨʠʭʦʚʘʥʽ ʦʙʣʘʩʪʽ ï d-ʩʪʘʥʠ ʘʪʦʤʘ ʧʝʨʝʭʽʜʥʦʛʦ ʤʝʪʘʣʫ (ʇʄ) 

ʫ ʜʝʬʝʢʪʥʦʤʫ ʢʣʘʩʪʝʨʽ. 
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ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʩʧʽʥ-ʧʦʣʷʨʠʟʦʚʘʥʽ 3d-ʩʪʘʥʠ ʇʄ 

ʬʦʨʤʫʶʪʴ ʜʦʤʽʰʢʦʚʽ ʨʽʚʥʽ ʚ ʟʘʙʦʨʦʥʝʥʽʡ ʟʦʥʽ ZnO, ʷʢʽ ʚʠʥʠʢʘʶʪʴ ʧʨʠ 

ʨʦʟʤʽʱʝʥʥʽ ʘʪʦʤʘ ʇʄ ʥʘ ʧʦʟʠʮʽʾ ʮʠʥʢʫ. ʇʨʠʩʫʪʥʽʩʪʴ ʪʘʢʠʭ ʚʽʣʴʥʠʭ 

ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʟ ʚʠʟʥʘʯʝʥʦʶ ʧʨʦʝʢʮʽʻʶ ʩʧʽʥʫ ʻ ʧʝʨʝʜʫʤʦʚʦʶ ʜʦ 

ʚʠʥʠʢʥʝʥʥʷ ʬʝʨʦʤʘʛʥʽʪʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. ʄʦʞʣʠʚʦʶ ʧʝʨʝʜʫʤʦʚʦʶ ʜʣʷ 

ʤʘʛʥʽʪʥʦʛʦ ʚʧʦʨʷʜʢʫʚʘʥʥʷ  ̒ʩʠʣʴʥʘ p-d ʛʽʙʨʠʜʠʟʘʮʽʷ ʤʽʞ ʨʽʚʥʷʤʠ ʘʪʦʤʘ ʇʄ ʽ 

ʝʣʝʢʪʨʦʥʥʠʤʠ ʦʨʙʽʪʘʣʷʤʠ ʥʘʡʙʣʠʞʯʠʭ ʘʪʦʤʽʚ ʦʢʩʠʛʝʥʫ (ʨʠʩ. 3.14). ʗʢʱʦ 

ʧʽʜʟʦʥʘ d-ʝʣʝʢʪʨʦʥʽʚ ʘʪʦʤʽʚ ʇʄ ʛʽʙʨʠʜʠʟʫʻ ʟ ʚʘʣʝʥʪʥʦʶ ʟʦʥʦʶ ʢʣʘʩʪʝʨʘ ZnO, 

ʪʦ ʚʘʣʝʥʪʥʽ ʝʣʝʢʪʨʦʥʠ ʯʘʩʪʢʦʚʦ ʩʧʽʥ-ʧʦʣʷʨʠʟʫʶʪʴʩʷ ʽʟ ʚʠʥʠʢʥʝʥʷʤ ʟʥʘʯʥʠʭ 

ʤʘʛʥʽʪʥʠʭ ʤʦʤʝʥʪʽʚ. ɺʩʽ ʘʪʦʤʠ ʜʦʤʽʰʢʠ ʟʚôʷʟʫʶʪʴʩʷ ʟʽ ʩʧʽʥ-ʧʦʣʷʨʠʟʦʚʘʥʠʤʠ 

ʝʣʝʢʪʨʦʥʘʤʠ ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ ʩʠʩʪʝʤʠ ʽ ʮʝ ʟʘʙʝʟʧʝʯʫʻ 

ʬʝʨʦʤʘʛʥʽʪʥʝ ʚʧʦʨʷʜʢʫʚʘʥʥʷ ʤʽʞ ʘʪʦʤʘʤʠ ʜʦʤʽʰʢʠ. 

ɼʦʜʘʪʢʦʚʦ ʜʦʤʽʰʢʦʚʽ ʘʢʮʝʧʪʦʨʥʽ ʨʽʚʥʽ ʧʦʚʦʜʷʪʴ ʩʝʙʝ ʷʢ ʧʘʩʪʢʘ ʜʣʷ 

ʥʝʨʽʚʥʦʚʘʞʥʠʭ ʜʽʨʦʢ  ̔ʝʣʝʢʪʨʦʥʽʚ. ʋ ʨʘʟʽ ʟʘʭʦʧʣʝʥʥʽ ʥʦʩʽʷ ʫ ʧʘʩʪʮʽ, ʜʦʤʽʰʢʦʚʠʡ 

ʮʝʥʪʨ ʥʘʙʫʚʘʻ ʟʘʨʷʜ ʽ ʚʠʥʠʢʘʻ ʜʘʣʝʢʦʜʽʶʯʝ ʢʫʣʦʥʽʚʩʴʢʝ ʧʦʣʝ ʫ ʜʦʧʦʚʥʝʥʥʷ ʜʦ 

ʢʦʨʦʪʢʦʜʽʶʯʦʛʦ ʧʦʪʝʥʮʽʘʣʫ ʽʟʦʝʣʝʢʪʨʦʥʥʦʾ ʜʦʤʽʰʢʠ. ɺʘʣʝʥʪʥʠʡ ʝʣʝʢʪʨʦʥ 

ʧʝʨʝʭʦʜʠʪʴ ʜʦ d-ʦʨʙʽʪʘʣʽ ʜʦʤʽʰʢʠ, ʝʣʝʢʪʨʦʥʥʘ ʧʽʜʩʠʩʪʝʤʘ ʢʣʘʩʪʝʨʘ ZnO 

ʟʙʫʜʞʫʻʪʴʩʷ ʟ ʣʦʢʘʣʽʟʘʮʽʻʶ ʜʽʨʢʠ ʥʘ ʽʦʥʽ ʇʄ ,̔ ̫ ʢ ʥʘʩʣʽʜʦʢ ʬʦʨʤʫʻʪʴʩʷ ʝʢʩʠʪʦʥ-

ʧʦʜʽʙʥʠʡ ʩʪʘʥ ʥʘ ʜʦʤʽʰʢʦʚʦʤʫ ʮʝʥʪʨʽ. ʋ ʢʽʥʮʝʚʦʤʫ ʨʘʭʫʥʢʫ ʧʦʩʣʘʙʣʶʻʪʴʩʷ 

ʡʤʦʚʽʨʥʽʩʪʴ ʨʝʢʦʤʙʽʥʘʮʽʾ ʝʣʝʢʪʨʦʥʽʚ ʽ ʜʽʨʦʢ, ʪʦʙʪʦ ʩʪʘʶʪʴ ʚʩʝ ʙʽʣʴʰ 

ʧʦʰʠʨʝʥʠʤʠ ʙʝʟʚʠʧʨʦʤʽʥʶʚʘʣʴʥʽ ʝʢʩʠʪʦʥʥʽ ʧʝʨʝʭʦʜʠ ʚʽʜ ʜʝʬʝʢʪʥʠʭ ʩʪʘʥʽʚ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʜʦʧʫʚʘʥʥʷ ʢʣʘʩʪʝʨʽʚ ZnO ʘʪʦʤʘʤʠ ʇʄ ʤʦʞʝ ʝʬʝʢʪʠʚʥʦ 

ʟʙʽʣʴʰʠʪʠ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʫ ʚʠʜʠʤʦʤʫ ʜʽʘʧʘʟʦʥʽ [99, 100]. 

ɿ ʤʝʪʦʶ ʜʦʩʣʽʜʞʝʥʥʷ ʦʧʪʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʦʤʽʰʢʦʚʠʭ ʢʣʘʩʪʝʨʽʚ 

Zn12O12 ʥʘ ʦʩʥʦʚʽ ʨʝʟʫʣʴʪʘʪʽʚ ʟʦʥʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʭʚʠʣʴʦʚʠʭ ʬʫʥʢʮʽʡ ʪʘ ʚʣʘʩʥʠʭ 

ʟʥʘʯʝʥʴ ʝʥʝʨʛʽʾ ʟʘʧʦʚʥʝʥʠʭ ʽ ʥʝʟʘʧʦʚʥʝʥʠʭ ʩʪʘʥʽʚ ʦʙʯʠʩʣʝʥʦ ʩʧʝʢʪʨʠ ʫʷʚʥʦʾ 

ʯʘʩʪʠʥʠ ʜʽʝʣʝʢʪʨʠʯʥʦʾ ʬʫʥʢʮʽʾ Ů2. ɺ ʩʚʦʶ ʯʝʨʛʫ ʟʘ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤʠ ʂʨʘʤʝʨʩʘ-

ʂʨʦʥʽʛʘ ʦʙʯʠʩʣʝʥʦ ʩʧʝʢʪʨʠ ʧʦʛʣʠʥʘʥʥʷ. ʈʦʟʨʘʭʦʚʘʥʽ ʩʧʝʢʪʨʠ ʧʦʛʣʠʥʘʥʥʷ 

ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 3.15. ʇʽʢʠ ʫ ʚʠʜʠʤʽʡ ʦʙʣʘʩʪʽ ʩʧʝʢʪʨʘ ʧʦʚôʷʟʫʶʪʴʩʷ ʽʟ 
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ʧʝʨʝʭʦʜʘʤʠ ʤʽʞ 3d-ʨʽʚʥʷʤʠ ʜʦʤʽʰʢʦʚʠʭ ʘʪʦʤʽʚ ʇʄ ʽ 4s-ʩʪʘʥʘʤʠ ʘʪʦʤʘ Zn ʚ 

ʦʙʣʘʩʪʽ ʥʝʟʘʧʦʚʥʝʥʠʭ ʤʦʣʝʢʫʣʷʨʥʠʭ ʦʨʙʽʪʘʣʝʡ. 
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ʈʠʩ. 3.15. ʊʝʦʨʝʪʠʯʥʽ ʩʧʝʢʪʨʠ ʧʦʛʣʠʥʘʥʥʷ ʢʣʘʩʪʝʨʽʚ Zn12O12  ʽʟ ʜʦʤʽʰʢʘʤʠ . 

 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʫʟʛʦʜʞʫʶʪʴʩʷ ʽʟ ʧʦʧʝʨʝʜʥʽʤʠ ʪʝʦʨʝʪʠʯʥʠʤʠ 

ʜʦʩʣʽʜʞʝʥʥʷʤʠ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʜʘʥʠʤʠ [136, 137]. 

 

3.2. ʉʪʨʫʢʪʫʨʘ ʪʘ ʝʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ çʤʘʛʽʯʥʠʭè ʢʣʘʩʪʝʨʽʚ 

ʦʢʩʠʜʫ ʮʠʥʢʫ 

ɼʣʷ ʩʠʥʪʝʟʫ ʥʘʥʦʩʪʨʫʢʪʫʨ ʦʢʩʠʜʫ ʮʠʥʢʫ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʨʽʟʥʽ ʤʝʪʦʜʠ, 

ʪʘʢʽ ʷʢ ʛʘʟʦʬʘʟʥʝ ʦʩʘʜʞʝʥʥʷ, ʧʽʨʦʣʽʟ ʘʝʨʦʟʦʣʝʡ, ʪʝʨʤʽʯʥʠʡ ʨʦʟʢʣʘʜ ʚʽʜʧʦʚʽʜʥʠʭ 

ʩʦʣʝʡ, ʩʦʣʴʚʦʪʝʨʤʘʣʴʥʠʡ ʩʠʥʪʝʟ, ʣʘʟʝʨʥʘ ʘʙʣʷʮʽʷ ʪʦʱʦ. ʆʩʥʦʚʥʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʽʥʬʦʨʤʘʮʽʷ ʧʦ ʩʢʣʘʜ ʽ ʚʽʜʥʦʩʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ ʽʥʜʠʚʽʜʫʘʣʴʥʠʭ 

ʢʣʘʩʪʝʨʽʚ (ZnO)n ʦʪʨʠʤʘʥʘ ʟ ʜʦʧʦʤʦʛʦʶ ʤʘʩ-ʩʧʝʢʪʨʦʤʝʪʨʽʾ ʧʨʦʜʫʢʪʽʚ ʣʘʟʝʨʥʦʾ 

ʘʙʣʷʮʽʾ ZnO [45]. 

ʇʨʦʪʝ, ʪʦʯʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʧʨʦ ʘʪʦʤʥʫ ʩʪʨʫʢʪʫʨʫ ʢʣʘʩʪʝʨʽʚ 

ʦʢʩʠʜʫ ʮʠʥʢʫ ʧʝʨʝʚʘʞʥʦ ʚʽʜʩʫʪʥʽ, ʱʦ ʦʙʤʝʞʫʻ ʨʦʟʫʤʽʥʥʷ ʧʨʠʨʦʜʠ ʨʦʟʤʽʨʥʠʭ 

ʝʬʝʢʪʽʚ ʫ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʩʪʨʫʢʪʫʨʘʭ.  
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ʅʘ ʩʴʦʛʦʜʥʽʰʥʽʡ ʜʝʥʴ ʥʝ ʽʩʥʫʻ ʪʦʯʥʦʾ ʪʝʦʨʽʾ ʦʧʠʩʫ ʧʽʜʚʠʱʝʥʦʾ 

ʩʪʘʙʽʣʴʥʦʩʪʽ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʟ ñʤʘʛʽʯʥʠʤ ʯʠʩʣʦʤò ʘʪʦʤʽʚ ʯʠ ʤʦʣʝʢʫʣ. 

ʆʩʦʙʣʠʚʽʩʪʶ ʮʠʭ ʤʘʛʽʯʥʠʭ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʻ ʩʪʽʡʢʽʩʪʴ ʾʭʥʴʦʾ ʘʪʦʤʥʦʾ ʘʙʦ 

ʤʦʣʝʢʫʣʷʨʥʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ, ʷʢʘ ʚʽʜʧʦʚʽʜʘʻ ʚʠʤʦʛʘʤ ʱʽʣʴʥʦʾ ʫʧʘʢʦʚʢʠ ʽ 

ʚʽʜʧʦʚʽʜʘʻ ʟʘʢʽʥʯʝʥʠʤ ʛʝʦʤʝʪʨʠʯʥʠʤ ʬʦʨʤʘʤ ʧʝʚʥʠʭ ʚʠʜʽʚ. ɼʣʷ ʮʴʦʛʦ ʚ 

ʩʪʨʫʢʪʫʨʽ ʢʣʘʩʪʝʨʘ ʤʘʻ ʙʫʪʠ ʷʢʦʤʦʛʘ ʙʽʣʴʰʦʶ ʯʘʩʪʢʘ ʪʝʪʨʘʝʜʨʽʚ ï ʥʘʡʤʝʥʰʠʭ 

ʟʘ ʦʙôʻʤʦʤ ʩʪʘʙʽʣʴʥʠʭ ʘʪʦʤʥʠʭ ʢʦʥʬʽʛʫʨʘʮʽʡ. 

ʋ ʩʚʦʾʡ ʨʦʙʦʪʽ ʘʚʪʦʨ ɼʤʠʪʨʫʢ [45] ʧʨʦʧʦʥʫʻ ʥʘʩʪʫʧʥʫ ʤʘʪʝʤʘʪʠʯʥʫ 

ʤʦʜʝʣʴ. ʂʣʘʩʪʝʨʠ (ZnO)60 ʪʘ (ZnO)168 ʩʧʦʩʪʝʨʝʞʝʥʽ ʫ ʤʘʩ-ʩʧʝʢʪʨʽ ʧʨʦʜʫʢʪʽʚ 

ʣʘʟʝʨʥʦʾ ʘʙʣʷʮʽʾ ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʢʦʥʮʝʥʪʨʠʯʥʠʭ ʚʢʣʘʜʝʥʠʭ ʢʣʘʩʪʝʨʽʚ (ZnO)n n = 

12m
2
, m = 1, 2, 3. ʇʝʨʰʠʡ ʰʘʨ m = 1 (ZnO)12 , ʜʨʫʛʠʡ ʰʘʨ m = 2 (ZnO)48 ʪʘ ʪʨʝʪʽʡ 

ʰʘʨ m = 3 (ZnO)108 . ʉʪʨʫʢʪʫʨʘ (ZnO)60 ʻ ʜʚʦʰʘʨʦʚʦʶ (ZnO)12 ʚʩʝʨʝʜʠʥʽ (ZnO)48. 

ɺʽʜʧʦʚʽʜʥʦ (ZnO)168 ʪʨʠʰʘʨʦʚʘ (ZnO)12, (ZnO)48, (ZnO)108 . ʊʘʢʠʤ ʯʠʥʦʤ 

ʤʘʪʝʤʘʪʠʯʥʠʡ ʨʷʜ ʫʪʚʦʨʝʥʠʡ n = 12m
2 
ʧʦʷʩʥʶʻ ʧʦʰʠʨʝʥʽʩʪʴ, ʷʢʫ ʤʦʞʥʘ 

ʩʧʦʩʪʝʨʽʛʘʪʠ ʫ ʤʘʩ ʩʧʝʢʪʨʽ (ʨʠʩ 1.7). ɻʝʦʤʝʪʨʠʯʥʦ ʮʝʡ ʨʷʜ ʤʦʞʝ ʙʫʪʠ 

ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʷʢ ʥʘʙʽʨ ʙʘʛʘʪʦʛʨʘʥʠʢʽʚ ɻʦʣʙʝʨʛʘ G(a,b) ʦʢʪʘʝʜʨʠʯʥʦʾ ʩʠʤʝʪʨʽʾ ʟ 

ʯʦʪʠʨʠʢʫʪʥʠʢʘʤʠ ʟʘʤʽʩʪʴ ʧôʷʪʠʢʫʪʥʠʢʽʚ ʽ a = b: GIV(1,1), GIV(2,2), GIV(3,3) ʪʦʱʦ.  

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʥʘʡʙʽʣʴʰ ʩʪʘʙʽʣʴʥʦʾ ʩʪʨʫʢʪʫʨʠ ʜʣʷ ʤʘʛʽʯʥʠʭ ʢʣʘʩʪʝʨʽʚ 

(ZnO)34 ʽ (ZnO)60 ʙʫʣʦ ʨʦʟʛʣʷʥʫʪʦ ʥʠʟʢʫ ʽʟʦʤʝʨʽʚ. ʉʝʨʝʜ ʥʠʭ ʤʦʜʝʣʶʚʘʣʠʩʴ 

ʧʦʨʦʞʥʠʩʪʽ ʬʫʣʝʨʝʥʦʧʦʜʽʙʥʽ ʩʪʨʫʢʪʫʨʠ ʪʘ ʩʪʨʫʢʪʫʨʠ ʪʠʧʫ çʢʣʽʪʢʠè (çcageè) ʷʢʽ 

ʟʘʜʦʚʦʣʴʥʷʣʠ ʧʨʘʚʠʣʦ ʰʝʩʪʠ ʽʟʦʣʴʦʚʘʥʠʭ ʯʦʪʠʨʠʢʫʪʥʠʢʽʚ. ʊʘʢʦʞ ʙʫʣʦ 

ʧʦʙʫʜʦʚʘʥʽ ʢʘʨʢʘʩʥʽ ʰʘʨʫʚʘʪʽ ʩʪʨʫʢʪʫʨʠ (ZnO)6@(ZnO)28 ʪʘ (ZnO)12@(ZnO)48. 

ɼʘʣʽ ʨʦʟʛʣʷʜʘʣʠ ʩʦʜʘʣʽʪ-ʧʦʜʽʙʥʽ ʩʪʨʫʢʪʫʨʠ ʩʢʣʘʜʝʥʽ ʽʟ ʩʪʨʫʢʪʫʨʥʠʭ ʦʜʠʥʠʮʴ 

(ZnO)12, ʘ ʪʘʢʦʞ ʜʠʩʢʨʝʪʥʽ ʬʨʘʛʤʝʥʪʠ ʦʙôʻʤʥʦʛʦ ʢʨʠʩʪʘʣʫ ʪʠʧʫ ʚʶʨʮʠʪʫ (ʨʠʩ. 

3.16-3.17) [104]. 

ɼʣʷ ʢʦʞʥʦʛʦ ʢʣʘʩʪʝʨʘ ʙʫʣʘ ʧʨʦʚʝʜʝʥʘ ʦʧʪʠʤʽʟʘʮʽʷ ʛʝʦʤʝʪʨʽʾ, ʪʘ 

ʧʨʦʘʥʘʣʽʟʦʚʘʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʟʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ. 

ʋ ʪʘʙʣʠʮʽ 3.5 ʥʘʚʝʜʝʥʽ ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)34 ʪʘ 

(ZnO)60. ɺʦʥʠ ʚʢʣʶʯʘʶʪʴ ʚ ʩʝʙʝ ʤʽʥʽʤʘʣʴʥʽ ʽ ʤʘʢʩʠʤʘʣʴʥʽ ʚʝʣʠʯʠʥʠ ʜʦʚʞʠʥ 

ʟʚôʷʟʢʽʚ ʤʽʞ ʘʪʦʤʘʤʠ ʮʠʥʢʫ ʽ ʦʢʩʠʛʝʥʫ ʚ ʯʦʪʠʨʠʢʫʪʥʠʢʘʭ ʽ ʰʝʩʪʠʢʫʪʥʠʢʘʭ, 
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ʚʽʜʧʦʚʽʜʥʦ, ʜʽʘʤʝʪʨ ʢʣʘʩʪʝʨʽʚ, ʪʘ ʜʽʘʧʘʟʦʥ ʟʥʘʯʝʥʴ ʜʣʷ ʢʫʪʽʚ ʚ ʯʦʪʠʨʠʢʫʪʥʠʢʘʭ ʽ 

ʰʝʩʪʠʢʫʪʥʠʢʘʭ. ɼʣʷ ʚʩʽʭ ʢʣʘʩʪʝʨʽʚ, ʤʘʢʩʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʜʦʚʞʠʥʠ ʟʚôʷʟʢʫ ʤʽʞ 

ʘʪʦʤʘʤʠ Zn ʽ O ʚʽʜʧʦʚʽʜʘʻ ʩʧʽʣʴʥʽʡ ʛʨʘʥʽ ʤʽʞ ʯʦʪʠʨʠʢʫʪʥʠʢʦʤ ʽ ʰʝʩʪʠʢʫʪʥʠʢʦʤ. 

ɼʣʷ ʟʥʘʯʝʥʴ ʢʫʪʘ ʤʠ ʚʩʪʘʥʦʚʠʣʠ, ʱʦ ʤʝʥʰʽ ʢʫʪʠ ʚʽʜʧʦʚʽʜʘʶʪʴ ʘʪʦʤʘʤ ʢʠʩʥʶ, ʘ 

ʙʽʣʴʰʽ ʟʥʘʯʝʥʥʷ ʚʽʜʧʦʚʽʜʘʶʪʴ ʘʪʦʤʘʤ ʮʠʥʢʫ. 

         

                                      (ZnO)34-A                                         (ZnO)34-B              

                     

                                    (ZnO)34-C                                         (ZnO)34-W              

ʈʠʩ. 3.16. ʉʪʨʫʢʪʫʨʥʽ ʤʦʜʝʣʽ ʥʘʡʙʽʣʴʰ ʩʪʘʙʽʣʴʥʠʭ ʢʣʘʩʪʝʨʽʚ (ZnO)34. 

 

ʋ ʪʘʙʣʠʮʽ 3.6 ʧʦʜʘʥʦ ʟʥʘʯʝʥʥʷ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ ʥʘ ʦʜʥʫ ʬʦʨʤʫʣʴʥʫ 

ʦʜʠʥʠʮʶ ʜʣʷ ʢʦʞʥʦʛʦ ʽʟʦʤʝʨʘ, ʝʥʝʨʛʽʶ ʟʚôʷʟʢʫ ʢʣʘʩʪʝʨʘ ʥʘ ʦʜʥʫ ʬʦʨʤʫʣʴʥʫ 

ʦʜʠʥʠʮʶ, ʨʽʟʥʠʮʶ ʟʥʘʯʝʥʴ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ ʤʽʞ ʽʟʦʤʝʨʘʤʠ ʫ ʚʽʜʥʦʰʝʥʥʽ ʜʦ 

ʢʣʘʩʪʝʨʘ ʟ ʥʘʡʤʝʥʰʠʤ ʟʥʘʯʝʥʥʷʤ ʪʘ ʰʠʨʠʥʫ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʢʦʞʥʦʛʦ 

ʢʣʘʩʪʝʨʘ. ɸʥʘʣʽʟ ʟʥʘʯʝʥʴ ʝʥʝʨʛʽʾ ʧʦʢʘʟʫʻ, ʱʦ ʥʘʡʙʽʣʴʰ ʝʥʝʨʛʝʪʠʯʥʦ ʚʠʛʽʜʥʠʤʠ ʫ 
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ʚʠʧʘʜʢʫ ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)34, ʻ ʬʫʣʝʨʝʥʦʧʦʜʦʙʥʽ ʧʦʨʦʞʥʠʩʪʽ ʩʪʨʫʢʪʫʨʠ. ɺʩʽ 

ʪʘʢʽ ʩʪʨʫʢʪʫʨʠ, ʷʢʽ ʟʘʜʦʚʦʣʴʥʷʶʪʴ ʧʨʘʚʠʣʦ ʽʟʦʣʴʦʚʘʥʠʭ ʯʦʪʠʨʠʢʫʪʥʠʢʽʚ ʪʘ 

ʙʣʠʟʴʢʽ ʟʘ ʟʥʘʯʝʥʥʷʤ ʝʥʝʨʛʽʾ ʟʚôʷʟʢʫ. ʈʦʟʨʘʭʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʚʠʱʽ, ʥʽʞ ʟʥʘʯʝʥʥʷ 

ʝʥʝʨʛʽʾ ʟʚôʷʟʢʫ ʜʣʷ ʦʙô̒ ʤʥʦʛʦ ʢʨʠʩʪʘʣʫ ZnO (-7,52 ʝɺ ʥʘ ʬʦʨʤʫʣʴʥʫ ʦʜʠʥʠʮʶ), 

ʯʝʨʝʟ ʚʧʣʠʚ ʧʦʚʝʨʭʥʝʚʠʭ ʝʬʝʢʪʽʚ.  

ʇʽʜʪʚʝʨʜʞʝʥʥʷʤ ʚʠʱʦʾ ʩʪʘʙʽʣʴʥʦʩʪʽ ʬʫʣʝʨʝʥʦʧʦʜʽʙʥʠʭ ʢʣʘʩʪʝʨʽʚ ZnO ʻ 

ʪʘʢʦʞ ʙʽʣʴʰ ʚʠʩʦʢʽ ʟʥʘʯʝʥʥʷ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʤʽʞ ʚʝʨʭʥʴʦʶ ʟʘʡʥʷʪʦʶ 

ʤʦʣʝʢʫʣʷʨʥʦʶ ʦʨʙʽʪʘʣʣʶ (HOMO) ʽ ʥʘʡʥʠʞʯʦʶ ʥʝʟʘʡʥʷʪʦʶ ʤʦʣʝʢʫʣʷʨʥʦʶ 

ʦʨʙʽʪʘʣʣʶ (LUʄʆ), ʦʩʢʽʣʴʢʠ ʪʘʢʽ ʢʣʘʩʪʝʨʠ ʻ ʭʽʤʽʯʥʦ ʽʥʝʨʪʥʠʤʠ (ʨʠʩ. 3.18). 

       

(ZnO)60-S (ʩʦʜʘʣʽʪ)     (ZnO)60-A   

     

      (ZnO)60-B        (ZnO)60-W (ʚʶʨʮʠʪ) 

ʈʠʩ. 3.17. ʉʪʨʫʢʪʫʨʥʽ ʤʦʜʝʣʽ ʥʘʡʙʽʣʴʰ ʩʪʘʙʽʣʴʥʠʭ ʢʣʘʩʪʝʨʽʚ (ZnO)60. 
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ʊʘʙʣʠʮʷ 3.5. 

ɻʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)34 ʪʘ (ZnO)60. 

ɯʟʦʤʝʨ d, ¡ ʫ ʯʦʪʠʨʠ 

ʢʫʪʥʠʢʘʭ 

d, ¡ ʫ ʰʝʩʪʠ 

ʢʫʪʥʠʢʘʭ 

D, ¡  Ŭ, ʫ ʯʦʪʠʨʠ 

ʢʫʪʥʠʢʘʭ 

Ŭ, ʫ ʰʝʩʪʠ 

ʢʫʪʥʠʢʘʭ 

(ZnO)34-ɸ 1,945-1,984 1,886-1,984 14,827 84,761-91,960 
113,612-

132,058 

(ZnO)34-ɺ 1,938-1,994 1,881-1,994 13,013 85,315-93,708 
117,331-

122,628 

(ZnO)34-ʉ 1,938-1,992 1,912-1,992 13,018 84,791-93,952 
107,145-

128,283 

(ZnO)60-

sodalite 

1,931-2,284 1,884-2,284 15,659 83,927-97,183 
106,583-

130,913 

(ZnO)60-ɸ 1,963-1,968 1,896-1,968 16,342 85,782-92,117 
109,977-

120,871 

(ZnO)60-ɺ 1,964-1,970 1,890-1,970 16,112 85,622-92,846 
110,167-

129,060 

 

ʊʘʙʣʠʮʷ 3.6.  

ɿʥʘʯʝʥʥʷ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ Etotal, ʝʥʝʨʛʽʾ ʟʚôʷʟʢʫ ɽʟʚ, ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ Eg, ʜʣʷ 

ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)34 

ɯʟʦʤʝʨ Etotal, ʝɺ ȹE/ZnO, 

eɺ 

Eʟʚ/ZnO, 

eɺ 

Eg, eɺ 

(GGA) 

Eg, eɺ 

(GGA+U) 

(ZnO)34-A -50461,66 0 -6,764 2,275 5,53 

(ZnO)34-B -50461,64 0,02
 

-6,748 2,151 5,27 

(ZnO)34-C -50461,62 0,04 -6,724 2,048 4,87 

(ZnO)34-W -50461,54 0,12 -6,645 1,124 3,74 
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ʉʝʨʝʜ ʩʪʨʫʢʪʫʨ ʫ ʚʠʛʣʷʜʽ ʚʢʣʘʜʝʥʠʭ ʢʣʘʩʪʝʨʽʚ ʙʽʣʴʰ ʩʪʘʙʽʣʴʥʠʤʠ 

ʚʠʷʚʠʣʠʩʴ ʤʦʜʝʣʽ, ʚ ʷʢʠʭ ʚʽʜʜʘʣʽ ʤʽʞ ʟʦʚʥʽʰʥʴʦʶ ʽ ʚʥʫʪʨʽʰʥʴʦʶ ʦʙʦʣʦʥʢʦʶ ʻ 

ʙʽʣʴʰʠʤʠ, ʪʦʙʪʦ ʚʥʫʪʨʽʰʥʴʦʰʘʨʦʚʽ ʚʟʘʻʤʦʜʽʾ ʻ ʩʠʣʴʥʽʰʠʤʠ ʥʽʞ ʤʽʞʰʘʨʦʚʽ. 

 

ʈʠʩ. 3.18. HOMO ʪʘ LUMO ʨʽʚʥʽ ʢʣʘʩʪʝʨʽʚ (ZnO)34. 

 

ʅʘ ʨʠʩ. 3.19. ʧʨʝʜʩʪʘʚʣʝʥʽ ʧʘʨʮʽʘʣʴʥʽ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʚʽʜ ʨʽʟʥʠʭ 

ʦʨʙʽʪʘʣʴʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʜʣʷ ʢʦʞʥʦʛʦ ʥʘʥʦʢʣʘʩʪʝʨʘ (ZnO)34 ʜʣʷ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ 

(ʟʣʽʚʘ) ʽ ʟʦʥʠ ʧʨʦʚʽʜʥʦʩʪʽ (ʧʨʘʚʦʨʫʯ). ɺʘʣʝʥʪʥʘ ʟʦʥʠ ʢʦʞʥʦʛʦ ʢʣʘʩʪʝʨʘ ʚ 

ʝʥʝʨʛʝʪʠʯʥʽʡ ʦʙʣʘʩʪʽ ʤʽʞ - 7,0 ʽ - 4,0 ʝɺ ʩʢʣʘʜʘʻʪʴʩʷ ʚ ʦʩʥʦʚʥʦʤʫ ʟ 3d-ʩʪʘʥʽʚ Zn 

ʽ 2p-ʩʪʘʥʽʚ O. ɿʦʥʠ ʤʽʞ - 4,0 ʽ 0 ʝɺ ʩʢʣʘʜʘʶʪʴʩʷ ʟ 2ʨ-ʩʪʘʥʽʚ ʆ, Zn 3d-ʩʪʘʥʽʚ, ʘ 

ʪʘʢʦʞ ʫ ʤʝʥʰʦʤʫ ʢʽʣʴʢʽʩʥʦʤʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʽ, 3p ʽ 3s ʩʪʘʥʽʚ Zn. ɿʦʥʠ 

ʧʨʦʚʽʜʥʦʩʪʽ, ʟ ʽʥʰʦʛʦ ʙʦʢʫ, ʚ ʦʙʣʘʩʪʽ ʤʽʞ 1 ʽ 5 ʝɺ ʬʦʨʤʫʶʪʴʩʷ ʚ ʦʩʥʦʚʥʦʤʫ ʟ 4s-

ʩʪʘʥʽʚ Zn, 2p ʽ 2s ʩʪʘʥʽʚ ʦʢʩʠʛʝʥʫ. 

ʋ ʚʠʧʘʜʢʫ ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)60 ʤʠ ʧʽʜʪʚʝʨʜʠʣʠ, ʱʦ ʥʘʡʙʽʣʴʰ 

ʩʪʘʙʽʣʴʥʠʤʠ ʩʝʨʝʜ ʥʠʭ ʻ ʩʪʨʫʢʪʫʨʠ ʪʠʧʫ ʩʦʜʘʣʽʪʦʚʦʾ ʛʨʘʪʢʠ, ʷʢʘ ʧʦʙʫʜʦʚʘʥʘ ʟ 7 

ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)12 (ʨʠʩ. 3.20) ʟʽ ʩʧʽʣʴʥʠʤʠ ʯʦʪʠʨʠʢʫʪʥʠʤʠ ʛʨʘʥʷʤʠ 

(ʪʘʙʣ.3.7). ʋ ʧʫʥʢʪʽ 3.1, ʙʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʢʣʘʩʪʝʨʠ (ZnO)12, (ʟʨʽʟʘʥʠʡ ʦʢʪʘʝʜʨ) 

ʚʠʷʚʠʣʘʩʷ ʜʫʞʝ ʩʪʘʙʽʣʴʥʠʤʠ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʽʥʰʠʤʠ ʤʘʣʠʤʠ ʥʘʥʦʢʣʘʩʪʝʨʘʤʠ 
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(ZnO)n, ʪʘ ʙʫʣʦ ʚʠʩʫʥʫʪʦ ʧʨʠʧʫʱʝʥʥʷ, ʱʦ ʾʭ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʘʪʠ ʚ ʷʢʦʩʪʽ 

ʙʫʜʽʚʝʣʴʥʦʛʦ ʙʣʦʢʫ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ZnO ʥʘʥʦʩʪʨʫʢʪʫʨ.  

 

 

ʈʠʩ. 3.19. ʈʦʟʧʦʜʽʣʠ ʧʘʨʮʽʘʣʴʥʦʾ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ (ʟʣʽʚʘ) ʽ ʟʦʥʠ 

ʧʨʦʚʽʜʥʦʩʪʽ (ʩʧʨʘʚʘ) ʢʣʘʩʪʝʨʽʚ (ZnO)34: (ZnO)34-A (ʘ-ʙ); (ZnO)34-B (ʚ-ʛ); (ZnO)34-C. (ʜ-ʝ).  

 

ʊʘʙʣʠʮʷ 3.7. 

ɿʥʘʯʝʥʥʷ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ Etotal, ʝʥʝʨʛʽʾ ʟʚôʷʟʢʫ ɽʟʚ, ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ 

Eg, ʜʣʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)60. 

ɯʟʦʤʝʨ Etotal, ʝɺ ȹE/ZnO, 

eɺ 

Eʟʚ/ZnO, 

eɺ 

Eg, eɺ 

(GGA) 

Eg, eɺ 

(GGA+U) 

(ZnO)60-S -50461,744 0 -6,847 1,93 4,69 

(ZnO)60-A -50461,734 0,01 -6,836 2,184 5,308 

(ZnO)60-B -50461,732 0,012 -6,835 2,42 5,83 

(ZnO)60-W -50461,699 0,045 -6,802 0,982 3,36 
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ʈʠʩ. 3.20. HOMO ʪʘ LUMO ʨʽʚʥʽ ʢʣʘʩʪʝʨʽʚ (ZnO)60. 

 

ʅʘʩʪʫʧʥʦʶ ʫ ʩʧʠʩʢʫ ʩʪʘʙʽʣʴʥʠʭ ʩʪʨʫʢʪʫʨ ʻ ʬʫʣʝʨʝʥʦʧʦʜʽʙʥʘ ʩʪʨʫʢʪʫʨʘ 

ʢʣʘʩʪʝʨʘ ʽʟ ʩʠʤʝʪʨʽʻʶ C1, ʷʢʘ ʟʘʜʦʚʦʣʴʥʷʻ ʧʨʘʚʠʣʦ ʽʟʦʣʴʦʚʘʥʠʭ ʯʦʪʠʨʠʢʫʪʥʠʢʽʚ. 

ʉʪʨʫʢʪʫʨʘ, ʷʢʘ ʦʧʠʩʫʻʪʴʩʷ ʤʦʜʝʣʣʶ ʽʟ ʚʢʣʘʜʝʥʠʭ ʦʜʠʥ ʚ ʦʜʥʦʛʦ ʢʣʘʩʪʝʨʽʚ 

(ZnO)12 ʽ (ZnO)48 ʚʠʷʚʠʣʘʩʴ ʤʝʥʰ ʩʪʘʙʽʣʴʥʦʶ (ʝʥʝʨʛʽʷ ʟʚ'ʷʟʢʫ ʥʘ ʦʜʥʫ 

ʬʦʨʤʫʣʴʥʫ ʦʜʠʥʠʮʶ ʻ ʤʝʥʰʦ  ʁʥʘ 0,21 ʝɺ). 

ʅʘ ʨʠʩ. 3.21 ʧʨʝʜʩʪʘʚʣʝʥʽ ʧʘʨʮʽʘʣʴʥʽ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʚʽʜ ʨʽʟʥʠʭ 

ʦʨʙʽʪʘʣʴʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʜʣʷ ʢʦʞʥʦʛʦ ʥʘʥʦʢʣʘʩʪʝʨʘ (ZnO)60 ʜʣʷ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ 

(ʟʣʽʚʘ) ʽ ʟʦʥʠ ʧʨʦʚʽʜʥʦʩʪʽ (ʧʨʘʚʦʨʫʯ). ɻʨʘʬʽʢʠ I, III ʽ V ʜʝʤʦʥʩʪʨʫʶʪʴ S, P ʽ D 

ʩʪʘʥʠ ʘʪʦʤʽʚ Zn, ʛʨʘʬʽʢʽʚ II, IV ʽ VI, ʚʽʜʧʦʚʽʜʘʶʪʴ s- ʽ ʨ-ʩʪʘʥʽʚ ʘʪʦʤʽʚ O. ʋ 

ʚʠʧʘʜʢʫ ʢʣʘʩʪʝʨʽʚ (ZnO)60 ʨʦʟʧʦʜʽʣʠ ʧʘʨʮʽʘʣʴʥʦʾ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʻ ʧʦʜʽʙʥʠʤʠ ʜʦ 

(ZnO)34. 
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ʈʠʩ. 3.21. ʇʘʨʮʽʘʣʴʥʽ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʜʣʷ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ (ʟʣʽʚʘ), ʪʘ ʟʦʥʠ 

ʧʨʦʚʽʜʥʦʩʪʽ (ʩʧʨʘʚʘ) ʜʣʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)60  

 

3.3. ɺʧʣʠʚ ʜʝʬʝʢʪʽʚ ʥʘ ʝʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʢʣʘʩʪʝʨʽʚ ZnO 

ʉʧʦʯʘʪʢʫ ʤʠ ʨʦʟʛʣʷʥʝʤʦ ʚʧʣʠʚ ʚʘʢʘʥʩʽʡ Zn ʽ ʆ ʥʘ ʬʝʨʦʤʘʛʥʽʪʥʝ 

ʚʧʦʨʷʜʢʫʚʘʥʥʷ ʫ ʜʦʤʽʰʢʦʚʠʭ ʢʣʘʩʪʝʨʘʭ (ZnO)12. 

ʇʽʩʣʷ ʚʠʚʯʝʥʥʷ ʤʦʞʣʠʚʦʩʪʽ ʚʚʝʜʝʥʥʷ ʜʦʤʽʰʦʢ ʇʄ ʚ ʢʣʘʩʪʝʨ, ʤʠ 

ʨʦʟʨʘʭʫʚʘʣʠ ʤʘʛʥʽʪʥʫ ʦʙʤʽʥʥʫ ʚʟʘʻʤʦʜʽʶ ʤʽʞ ʽʦʥʘʤʠ ʇʄ ʚ ʮʽʡ ʩʠʩʪʝʤʽ. ɼʣʷ 

ʚʠʚʯʝʥʥʷ ʦʙʤʽʥʥʦʾ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʽʦʥʘʤʠ ʇʄ ʚʘʞʣʠʚʦ ʟʘʤʽʥʠʪʠ ʱʦʥʘʡʤʝʥʰʝ, 

ʜʚʘ ʽʦʥʘ ʚ ʢʣʘʩʪʝʨʽ (ʨʠʩ. 3.22). 

ʈʦʟʨʘʭʫʥʢʠ ʝʥʝʨʛʽʾ ʘʥʪʠʧʘʨʘʣʝʣʴʥʦʛʦ ʽ ʧʘʨʘʣʝʣʴʥʦʛʦ (ʬʝʨʦʤʘʛʥʽʪʥʦʛʦ) 

ʚʧʦʨʷʜʢʫʚʘʥʥʷ ʩʧʽʥʽʚ ʜʚʦʭ ʜʦʤʽʰʢʦʚʠʭ ʘʪʦʤʽʚ ʫ ʥʘʥʦʢʣʘʩʪʝʨʽ ZnO ʚʢʘʟʫʶʪʴ ʥʘ 

ʪʝ, ʱʦ ʦʙʤʽʥʥʘ ʚʟʘʻʤʦʜʽʷ ʫʩʽʭ ʜʦʤʽʰʢʦʚʠʭ ʘʪʦʤʽʚ ʇʄ ʻ ʘʥʪʠʬʝʨʦʤʘʛʥʽʪʥʦʶ 

(Aʌʄ). 
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ʈʠʩ. 3.22. ʆʧʪʠʤʽʟʦʚʘʥʘ ʩʪʨʫʢʪʫʨʘ ʢʣʘʩʪʝʨʘ (ZnO)12 ʟ ʜʚʦʤʘ ʜʦʤʽʰʢʦʚʠʤʠ 

ʘʪʦʤʘʤʠ Mn. 

 

ʊʠʤ ʥʝ ʤʝʥʰʝ, ʻ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʩʪʘʪʪʽ, ʫ ʷʢʠʭ ʧʦʚʽʜʦʤʣʷʻʪʴʩʷ, ʧʨʦ 

ʬʝʨʦʤʘʛʥʝʪʠʟʤ ʫ ʥʘʥʦʩʪʨʫʢʪʫʨʘʭ ZnO ʽʟ ʜʦʤʽʰʢʘʤʠ Mn, Fe ʽ Co [105, 106]. 

ɺʘʞʣʠʚʫ ʨʦʣʴ ʚ ʩʪʘʙʽʣʽʟʘʮʽʾ ʬʝʨʦʤʘʛʥʝʪʠʟʤʫ ʚ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ ʤʦʞʫʪʴ ʚʽʜʽʛʨʘ-

ʚʘʪʠ ʜʝʬʝʢʪʠ. ʈʽʟʥʽ ʪʠʧʠ ʚʣʘʩʥʠʭ ʜʝʬʝʢʪʽʚ (ʥʘʧʨʠʢʣʘʜ, ʤʽʞʚʫʟʣʷ, ʚʘʢʘʥʩʽʾ ʽ 

ʟʘʤʽʱʝʥʥʷ) ʙʫʣʠ ʚʠʟʥʘʯʝʥʽ ʟʜʝʙʽʣʴʰʦʛʦ ʜʣʷ ʦʙôʻʤʥʠʭ ʢʨʠʩʪʘʣʽʚ ZnO [138, 139].  

ʅʘ ʦʩʥʦʚʽ ʧʝʨʰʦʧʨʠʥʮʠʧʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʥʘʤʠ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ 

ʚʘʢʘʥʩʽʾ Zn ʽ ʆ ʻ ʥʘʡʙʽʣʴʰ ʘʢʪʫʘʣʴʥʠʤʠ ʜʝʬʝʢʪʘʤʠ ʚ ZnO. ʊʦʤʫ, ʤʠ ʧʨʦʚʝʣʠ 

ʜʦʩʣʽʜʞʝʥʥʷ ʜʦʤʽʰʢʦʚʠʭ ʢʣʘʩʪʝʨʽʚ ʽʟ ʧʨʠʩʫʪʥʽʩʪʶ ʮʠʭ ʜʝʬʝʢʪʽʚ. 

ʅʘ ʨʠʩ. 3.23. ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʽʟʥʠʮʶ ʝʥʝʨʛʽʡ ʤʽʞ ʘʥʪʠʬʝʨʦʤʘʛʥʽʪʥʦʶ ʽ 

ʬʝʨʦʤʘʛʥʽʪʥʦʶ ʢʦʥʬʽʛʫʨʘʮʽʻʶ ʢʣʘʩʪʝʨʘ ʽʟ ʜʚʦʤʘ ʽʦʥʘʤʠ Mn ʽʟ ʚʘʢʘʥʩʽʷʤʠ Zn ʪʘ 

O ʫ ʨʽʟʥʠʭ ʟʘʨʷʜʦʚʠʭ ʩʪʘʥʘʭ. ʈʦʟʨʘʭʫʥʢʠ ʧʨʦʚʝʜʝʥʽ ʜʣʷ ʜʝʬʝʢʪʽʚ (ʚʘʢʘʥʩʽʷ Zn 

ʘʙʦ O), ʷʢʽ ʨʦʟʪʘʰʦʚʫʶʪʴʩʷ ʧʦʙʣʠʟʫ ʧʘʨʠ ʽʦʥʽʚ ʇʄ. ɯʟ ʨʠʩ. 3.23 ʙʘʯʠʤʦ, ʱʦ ʧʨʠ 

ʚʽʜʩʫʪʥʦʩʪʽ ʜʝʬʝʢʪʽʚ ʫ ʜʦʤʽʰʢʦʚʦʤʫ ʢʣʘʩʪʝʨʽ ʣʠʰʝ ʩʪʘʥ ʽʟ ʟʘʨʷʜʦʤ +1 

ʧʨʠʚʦʜʠʪʴ ʜʦ ʬʝʨʦʤʘʛʥʽʪʥʦʛʦ ʚʧʦʨʷʜʢʫʚʘʥʥʷ. 

ʋ ʚʠʧʘʜʢʫ ʢʣʘʩʪʝʨʘ ʽʟ ʚʘʢʘʥʩʽʻʶ Zn ʜʦ ʬʝʨʦʤʘʛʥʽʪʥʦʛʦ ʚʧʦʨʷʜʢʫʚʘʥʥʷ 

ʧʨʠʚʦʜʠʪʴ ʪʘʢʦʞ ʩʪʘʥ ʜʝʬʝʢʪʫ ʽʟ ʟʘʨʷʜʦʤ -1. ɺʘʨʪʦ ʚʽʜʟʥʘʯʠʪʠ, ʱʦ ʚ ʦʙʦʭ 

ʚʠʧʘʜʢʘʭ ʜʦʤʽʰʢʘ ʇʄ ʧʝʨʝʙʫʚʘʻ ʫ ʚʘʣʝʥʪʥʦʤʫ ʩʪʘʥʽ +3 ʽ ʮʝ ʻ ʚʠʟʥʘʯʘʣʴʥʠʤ 

ʬʘʢʪʦʨʦʤ ʜʣʷ ʩʪʘʙʽʣʽʟʘʮʽʾ ʬʝʨʦʤʘʛʥʽʪʥʦʛʦ ʚʧʦʨʷʜʢʫʚʘʥʥʷ. ɼʘʥʠʡ ʬʘʢʪ 

ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʧʨʠ ʨʦʟʛʣʷʜʽ ʨʦʟʧʦʜʽʣʽʚ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ d-ʝʣʝʢʪʨʦʥʽʚ ʜʦʤʽʰʦʢ 

Mn ʫ ʢʣʘʩʪʝʨʽ ʽʟ ʚʘʢʘʥʩʽʻʶ ʮʠʥʢʫ ʫ ʟʘʨʷʜʦʚʦʤʫ ʩʪʘʥʽ -1 (ʨʠʩ. 3.24.). 
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ʈʠʩ. 3.23. ʈʽʟʥʠʮʷ ʝʥʝʨʛʽʡ ʘʥʪʠʧʘʨʘʣʝʣʴʥʦʾ (ɸʌʄ) ʽ ʧʘʨʘʣʝʣʴʥʦʾ (ʌʄ) ʦʨʽʻʥʪʘʮʽʾ 

ʜʦʤʽʰʢʦʚʠʭ ʘʪʦʤʽʚ Mn ʢʣʘʩʪʝʨʘ Zn10O12Mn2. ɼʦʜʘʪʥʻ (ʚʽʜôʻʤʥʝ) ʟʥʘʯʝʥʥʷ ʩʚʽʜʯʠʪʴ 

ʧʨʦ ʬʝʨʦʤʘʛʥʽʪʥʠʡ (ʘʥʪʠʬʝʨʦʤʘʛʥʽʪʥʠʡ) ʩʪʘʥ. 
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ʈʠʩ. 3.24. ʈʦʟʧʦʜʽʣ ʧʘʨʮʽʘʣʴʥʦʾ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʜʣʷ 3d-ʦʨʙʽʪʘʣʝʡ Mn ʫ ʢʣʘʩʪʝʨʽ 

Zn11O12Mn. 
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ɹʘʯʠʤʦ, ʱʦ ʫ ʚʘʣʝʥʪʥʽʡ ʟʦʥʽ 3d-ʩʪʘʥʠ Mn ʽʟ ʩʧʽʥʦʤ ʚʥʠʟ ʻ ʧʦʚʥʽʩʪʶ 

ʥʝʟʘʡʥʷʪʠʤʠ, ʪʦʜʽ ʷʢ ʩʪʘʥʠ ʽʟ ʩʧʽʥʦʤ ʚʛʦʨʫ ʻ ʧʦʚʥʽʩʪʶ ʟʘʡʥʷʪʠʤʠ. 

ʅʘʤʠ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʪʘʢʦʞ ʚʧʣʠʚ ʚʘʢʘʥʩʽʡ Zn ʽ ʆ ʥʘ ʚʣʘʩʪʠʚʦʩʪʽ 

ʝʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʫ çʤʘʛʽʯʥʠʭè ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)34 ʽ (ZnO)60 [107]. ʋ ʜʘʥʽʡ 

ʨʦʙʦʪʽ ʙʫʣʦ ʨʦʟʛʣʷʥʫʪʦ ʪʦʯʢʦʚʽ ʜʝʬʝʢʪʠ ʩʪʨʫʢʪʫʨʠ: ʚʘʢʘʥʩʽʷ ʮʠʥʢʫ (VZn), 

ʚʘʢʘʥʩʽʷ ʢʠʩʥʶ (VO), ʘʥʪʠʚʫʟʣʦʚʠʡ ʜʝʬʝʢʪ ʮʠʥʢʫ (ZnO) ʪʘ ʘʥʪʠʚʫʟʣʦʚʠʡ ʜʝʬʝʢʪ 

ʢʠʩʥʶ (OZn), ʫ ʨʽʟʥʠʭ ʪʠʧʘʭ ʽʟʦʤʝʨʽʚ çʤʘʛʽʯʥʠʭè ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)34 ʽ (ZnO)60 

(ʨʠʩ. 3.25, ʨʠʩ. 3.26). 

 

ʈʠʩ. 3.25. ʆʧʪʠʤʽʟʦʚʘʥʽ ʩʪʨʫʢʪʫʨʠ ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)34 ʽʟ ʨʽʟʥʠʤʠ ʪʦʯʢʦʚʠʤʠ 

ʜʝʬʝʢʪʘʤʠ. 

 

ɼʣʷ ʢʦʞʥʦʛʦ ʢʣʘʩʪʝʨʫ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʦʧʪʠʤʽʟʘʮʽʶ ʩʪʨʫʢʪʫʨʠ ʪʘ 

ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʾʭʥʶ ʝʣʝʢʪʨʦʥʥʫ ʩʪʨʫʢʪʫʨʫ. ɼʣʷ ʦʧʠʩʫ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʦʾ 

ʝʥʝʨʛʽʾ ʝʣʝʢʪʨʦʥʥʦʾ ʧʽʜʩʠʩʪʝʤʠ ʚʠʢʦʨʠʩʪʘʥʦ ʬʫʥʢʮʽʦʥʘʣ GGA+U. 

ɽʥʝʨʛʽʶ ʬʦʨʤʫʚʘʥʥʷ ʜʝʬʝʢʪʽʚ ʦʙʯʠʩʣʶʚʘʣʠ ʟʘ ʬʦʨʤʫʣʦʶ [108] 

                                  (3.6) 
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ʜʝ i ʥʫʤʝʨʫʻ ʨʽʟʥʦʚʠʜʠ ʘʪʦʤʽʚ,  ï ʨʽʟʥʠʮʷ ʚ ʢʽʣʴʢʦʩʪʽ ʘʪʦʤʽʚ ʤʽʞ 

ʜʝʬʝʢʪʥʦʶ ʪʘ ʽʜʝʘʣʴʥʦʶ ʢʦʥʬʽʛʫʨʘʮʽʷʤʠ,  ï ʭʽʤʽʯʥʠʡ ʧʦʪʝʥʮʽʘʣ ʘʪʦʤʘ. ɼʣʷ 

ʧʨʠʢʣʘʜʫ, ʷʢʱʦ ʜʝʬʝʢʪʦʤ ʻ ʚʘʢʘʥʩʽʷ, ʪʦ ʧʦʪʨʽʙʥʦ ʚʽʜʥʷʪʠ ʚʽʜ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ 

ʽʜʝʘʣʴʥʦʾ ʩʠʩʪʝʤʠ ʝʥʝʨʛʽʶ ʜʘʥʦʛʦ ʘʪʦʤʘ, ʱʦʙ ʩʪʚʦʨʠʪʠ ʥʝʟʘʧʦʚʥʝʥʠʡ ʚʫʟʦʣ 

ʛʨʘʪʢʠ. ɽʥʝʨʛʽʾ ʬʦʨʤʫʚʘʥʥʷ ʙʫʣʠ ʦʙʯʠʩʣʝʥʽ ʜʣʷ ʥʝʡʪʨʘʣʴʥʠʭ ʜʝʬʝʢʪʽʚ. 

ʋ ʪʘʙʣʠʮʷʭ 3.8 ʪʘ 3.9 ʥʘʚʝʜʝʥʽ ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʽʾ ʬʦʨʤʫʚʘʥʥʷ ʜʝʬʝʢʪʽʚ, 

ʟʥʘʯʝʥʥʷ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʤʽʞ ʟʘʧʦʚʥʝʥʠʤʠ ʽ ʥʝʟʘʧʦʚʥʝʥʠʤʠ 

ʝʣʝʢʪʨʦʥʥʠʤʠ ʩʪʘʥʘʤʠ ʜʣʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)34 ʽ (ZnO)60. 

ʅʠʞʯʽ ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʝʪʠʯʥʦʾ ʱʽʣʠʥʠ HOMO-LUMO (Eg) ʜʣʷ 

ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)34 ʪʘ (ZnO)60 ʟ ʪʦʯʢʦʚʠʤʠ ʜʝʬʝʢʪʘʤʠ ʦʙʫʤʦʚʣʝʥʽ 

ʜʦʜʘʪʢʦʚʠʤʠ ʝʥʝʨʛʝʪʠʯʥʠʤʠ ʩʪʘʥʘʤʠ ʚ ʟʘʙʦʨʦʥʝʥʽʡ ʟʦʥʽ, ʷʢʽ ʙʫʜʫʪʴ ʜʝʪʘʣʴʥʦ 

ʦʧʠʩʘʥʽ ʥʠʞʯʝ. 

 

ʈʠʩ. 3.26. ʆʧʪʠʤʽʟʦʚʘʥʽ ʩʪʨʫʢʪʫʨʠ ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)60 ʽʟ ʨʽʟʥʠʤʠ ʪʦʯʢʦʚʠʤʠ 

ʜʝʬʝʢʪʘʤʠ. 

 

\ 
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ʊʘʙʣʠʮʷ 3.8. 

ɿʥʘʯʝʥʥʷ ʝʥʝʨʛʽʾ ʬʦʨʤʫʚʘʥʥʷ ʚʘʢʘʥʩʽʡ ʮʠʥʢʫ VZn ʪʘ ʦʢʩʠʛʝʥʫ VO, 

ʘʥʪʠʚʫʟʣʦʚʦʛʦ ʜʝʬʝʢʪʫ ʮʠʥʢʫ (ZnO) ʪʘ ʘʥʪʠʚʫʟʣʦʚʦʛʦ ʜʝʬʝʢʪʫ ʢʠʩʥʶ (OZn) 

 

 E
f
, eɺ 

ɯʟʦʤʝʨ VZn VO ZnO OZn 

(ZnO)34-A 5,20 5,09 8,75 9,16 

(ZnO)34-B 5,07 4,93 8,51 8,87 

(ZnO)34-C 4,91 4,80 8,35 8,74 

(ZnO)60-S 5,52 4,89 9,33 9,60 

(ZnO)60-A 5,38 4,78 9,15 9,25 

(ZnO)60-B 5,31 4,71 8,97 9,08 

   

ʊʘʙʣʠʮʷ 3.9. 

ɿʥʘʯʝʥʥʷ ʝʥʝʨʛʝʪʠʯʥʦʾ ʱʽʣʠʥʠ HOMO-LUMO ʜʣʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)34 ʽ 

(ZnO)60   

 Eg, eɺ 

ɯʟʦʤʝʨ ʽʜʝʘʣʴʥʘ 

ʩʪʨʫʢʪʫʨʘ 

VZn VO ZnO OZn 

(ZnO)34-A 3,91 1,86 2,30 1,426 2,184 

(ZnO)34-B 3,72 1,74 2,13 1,238 1,951 

(ZnO)34-C 3,58 1,64 1,99 1,084 1,708 

(ZnO)60-S 3,32 1,63 2,05 1,314 1,882 

(ZnO)60-A 3,78 1,82 2,26 1,627 2,041 

(ZnO)60-B 4,15 1,95 2,39 1,967 2,358 

 

ɺʘʢʘʥʩʽʷ ʮʠʥʢʫ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʪʚʦʨʝʥʥʷ ʯʘʩʪʢʦʚʦ ʟʘʧʦʚʥʝʥʠʭ ʩʪʘʥʽʚ ʫ 

ʟʘʙʦʨʦʥʝʥʽʡ ʟʦʥʽ ʧʦʙʣʠʟʫ ʚʝʨʰʠʥʠ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ. ʎʽ ʩʪʘʥʠ ʧʦʷʩʥʶʶʪʴ 

ʘʢʮʝʧʪʦʨʥʫ ʧʦʚʝʜʽʥʢʫ ʜʘʥʦʛʦ ʜʝʬʝʢʪʫ ʫ ʩʪʨʫʢʪʫʨʽ.  
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ɼʝʬʝʢʪ VZn ʩʪʚʦʨʶʻ ʜʚʘ ʘʢʮʝʧʪʦʨʥʠʭ ʨʽʚʥʽ ʚʠʱʝ ʚʝʨʰʠʥʠ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ 

ʟ ʝʥʝʨʛʽʷʤʠ 1,2 ʝɺ ʪʘ 2 ʝɺ, ʚʽʜʧʦʚʽʜʥʦ. ʇʦʪʨʽʙʥʦ ʚʽʜʟʥʘʯʠʪʠ, ʱʦ ʜʘʥʠʡ ʜʝʬʝʢʪ 

ʤʘʻ ʥʘʡʥʠʞʯʫ ʝʥʝʨʛʽʶ ʬʦʨʤʫʚʘʥʥʷ ʩʝʨʝʜ ʫʩʽʭ ʜʝʬʝʢʪʽʚ ʘʢʮʝʧʪʦʨʥʦʛʦ ʪʠʧʫ. ʅʘ 

ʨʠʩ. 3.27 ʧʨʝʜʩʪʘʚʣʝʥʽ ʧʘʨʮʽʘʣʴʥʽ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʥʘʥʦʢʣʘʩʪʝʨʽʚ çʽʜʝʘʣʴʥʦʾè 

ʩʪʨʫʢʪʫʨʠ ʪʘ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʽʟ ʚʘʢʘʥʩʽʻʶ ʮʠʥʢʫ. ʇʦʤʽʪʥʦ ʥʝʚʝʣʠʢʝ ʟʤʽʱʝʥʥʷ 

ʫʩʽʭ ʩʪʘʥʽʚ ʮʠʥʢʫ ʚ ʙʽʢ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ, ʱʦ ʧʽʜʪʚʝʨʜʞʫʻ ʥʘʰ ʚʠʩʥʦʚʦʢ ʧʨʦ ʪʝ, 

ʱʦ ʚʘʢʘʥʩʽʷ ʮʠʥʢʫ ʻ ʛʣʠʙʦʢʠʤ ʘʢʮʝʧʪʦʨʦʤ. ʇʨʦʮʝʩ ʦʢʩʠʜʘʮʽʾ ʜʣʷ ʨʽʟʥʠʭ ʩʠʩʪʝʤ, 

ʟ ʨʽʟʥʠʤʠ ʧʦʯʘʪʢʦʚʠʤʠ ʫʤʦʚʘʤʠ, ʚʽʜʙʫʚʘʚʩʷ ʧʦ ʨʽʟʥʦʤʫ. 

 

ʈʠʩ. 3.27. ʇʘʨʮʽʘʣʴʥʽ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)34 (ɯ) ʪʘ 

(ZnO)60 (ɯɯ) çʽʜʝʘʣʴʥʦʾè ʩʪʨʫʢʪʫʨʠ (ʯʦʨʥʘ ʢʨʠʚʘ) ʪʘ ʟ ʚʘʢʘʥʩʽʻʶ ʮʠʥʢʫ (ʯʝʨʚʦʥʘ ʢʨʠʚʘ). 

 

ɺʘʢʘʥʩʽʷ ʢʠʩʥʶ ʤʘʻ ʜʦʥʦʨʥʠʡ ʭʘʨʘʢʪʝʨ ʟ ʥʘʡʥʠʞʯʦʶ ʝʥʝʨʛʽʻʶ 

ʬʦʨʤʫʚʘʥʥʷ ʩʝʨʝʜ ʫʩʽʭ ʜʝʬʝʢʪʽʚ ʜʦʥʦʨʥʦʛʦ ʪʠʧʫ. ɼʘʥʠʡ ʜʝʬʝʢʪ ʩʪʚʦʨʶʻ ʦʜʠʥ 

ʛʣʠʙʦʢʠʡ ʦʜʥʦʝʣʝʢʪʨʦʥʥʠʡ ʩʪʘʥ ʥʘ 1,5 ʝɺ ʥʠʞʯʝ ʜʥʘ ʟʦʥʠ ʧʨʦʚʽʜʥʦʩʪʽ ʫ 

ʚʠʧʘʜʢʫ ʦʙʠʜʚʦʭ ʚʠʜʽʚ ʥʘʥʦʢʣʘʩʪʝʨʽʚ. ʅʘ ʨʠʩ. 3.28 ʥʘʚʝʜʝʥʽ ʧʘʨʮʽʘʣʴʥʽ ʛʫʩʪʠʥʠ 

ʩʪʘʥʽʚ ʥʘʥʦʢʣʘʩʪʝʨʽʚ çʽʜʝʘʣʴʥʦʾè ʩʪʨʫʢʪʫʨʠ ʪʘ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʟ ʚʘʢʘʥʩʽʻʶ 
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ʢʠʩʥʶ. ʇʦʤʽʪʥʦ ʟʤʽʱʝʥʥʷ 2ʨ ʩʪʘʥʽʚ ʢʠʩʥʶ ʚ ʚʘʣʝʥʪʥʫ ʟʦʥʫ, ʱʦ ʧʽʜʪʚʝʨʜʞʫʻ 

ʥʘʰ ʚʠʩʥʦʚʦʢ ʧʨʦ ʪʝ, ʱʦ ʚʘʢʘʥʩʽʷ ʮʠʥʢʫ ʻ ʛʣʠʙʦʢʠʤ ʜʦʥʦʨʦʤ. ʇʦʪʨʽʙʥʦ 

ʚʽʜʟʥʘʯʠʪʠ ʱʦ ʚʘʢʘʥʩʽʾ ʢʠʩʥʶ ʪʘ ʮʠʥʢʫ ʤʦʞʥʘ ʨʦʟʛʣʷʜʘʪʠ ʷʢ ʮʝʥʪʨʠ 

ʣʶʤʽʥʝʩʮʝʥʮʽʾ ʫ ʚʠʜʠʤʽʡ ʯʘʩʪʠʥʽ ʩʧʝʢʪʨʫ. 

 

 

ʈʠʩ. 3.28. ʇʘʨʮʽʘʣʴʥʽ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)34 (ɯ) ʪʘ 

(ZnO)60 (ɯɯ) çʽʜʝʘʣʴʥʦʾè ʩʪʨʫʢʪʫʨʠ (ʯʦʨʥʘ ʢʨʠʚʘ) ʪʘ ʟ ʚʘʢʘʥʩʽʻʶ ʢʠʩʥʶ (ʯʝʨʚʦʥʘ 

ʢʨʠʚʘ). 

 

ɸʥʪʠʚʫʟʣʦʚʠʡ ʜʝʬʝʢʪ ʮʠʥʢʫ ï ʮʝ ʜʝʬʝʢʪ ʩʪʨʫʢʪʫʨʠ, ʢʦʣʠ ʽʦʥ ʮʠʥʢʫ 

ʟʥʘʭʦʜʠʪʴʩʷ ʫ ʚʫʟʣʽ ʢʠʩʥʶ. ɼʘʥʠʡ ʜʝʬʝʢʪ ʩʪʚʦʨʶʻ ʷʢ ʛʣʠʙʦʢʽ ʪʘʢ ʽ ʥʝʛʣʠʙʦʢʽ 

ʜʦʥʦʨʥʽ ʨʽʚʥʽ ʫ ʟʦʥʥʽʡ ʩʪʨʫʢʪʫʨʽ ʥʘʥʦʢʣʘʩʪʝʨʫ, ʤʘʻ ʚʠʩʦʢʫ ʝʥʝʨʛʽʶ ʬʦʨʤʫʚʘʥʥʷ 

ʽ ʤʦʞʝ ʪʨʘʢʪʫʚʘʪʠʩʴ ʷʢ ʧʦʻʜʥʘʥʥʷ ʢʠʩʥʝʚʦʾ ʚʘʢʘʥʩʽʾ ʪʘ ʤʽʞʚʫʟʣʦʚʦʛʦ ʮʠʥʢʫ. 

ʇʽʩʣʷ ʧʨʦʚʝʜʝʥʥʷ ʦʧʪʠʤʽʟʘʮʽʾ ʛʝʦʤʝʪʨʽʾ ʩʪʨʫʢʪʫʨʠ ʜʘʥʠʡ ʜʝʬʝʢʪ ʟʤʽʩʪʠʚʩʷ 

ʧʨʠʙʣʠʟʥʦ ʥʘ 1 ¡ ʚʽʜ ʚʫʟʣʘ ʢʠʩʥʶ. ʋ ʥʴʦʛʦ ʛʣʠʙʦʢʠʡ ʧʝʨʝʭʽʜʥʠʡ ʨʽʚʝʥʴ, ʱʦ 

ʟʥʘʭʦʜʠʪʴʩʷ ʥʠʞʯʝ ʩʝʨʝʜʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ. ʋ ʟʚôʷʟʢʫ ʟ ʚʠʩʦʢʦʶ ʝʥʝʨʛʽʻʶ 
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ʬʦʨʤʫʚʘʥʥʷ ʜʘʥʠʡ ʜʝʬʝʢʪ ʻ ʜʫʞʝ ʨʽʜʢʽʩʥʠʤ ʽ ʥʝ ʧʦʚʠʥʝʥ ʤʘʪʠ ʩʝʨʡʦʟʥʦʛʦ 

ʚʧʣʠʚʫ ʥʘ ʦʧʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ZnO. ʅʘ ʨʠʩ. 3.29 ʥʘʚʝʜʝʥʽ 

ʧʘʨʮʽʘʣʴʥʽ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʥʘʥʦʢʣʘʩʪʝʨʽʚ çʽʜʝʘʣʴʥʦʾè ʩʪʨʫʢʪʫʨʠ ʪʘ 

ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʟ ʘʥʪʠʚʫʟʣʦʚʠʤ ʜʝʬʝʢʪʦʤ ʮʠʥʢʫ. 

 

 

ʈʠʩ. 3.29. ʇʘʨʮʽʘʣʴʥʽ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)34 (ɯ) ʪʘ 

(ZnO)60 (ɯɯ) çʽʜʝʘʣʴʥʦʾè ʩʪʨʫʢʪʫʨʠ (ʯʦʨʥʘ ʢʨʠʚʘ) ʪʘ ʟ ʘʥʪʠʚʫʟʣʦʚʠʤ ʜʝʬʝʢʪʦʤ ʮʠʥʢʫ 

(ʯʝʨʚʦʥʘ ʢʨʠʚʘ). 

 

ʆʩʪʘʥʥʽʤ ʟ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʜʝʬʝʢʪʽʚ ʻ ʘʥʪʠʚʫʟʣʦʚʠʡ ʜʝʬʝʢʪ ʢʠʩʥʶ, ʪʦʙʪʦ 

ʘʪʦʤ ʢʠʩʥʶ ʨʦʟʪʘʰʦʚʘʥʠʡ ʫ ʚʫʟʣʽ ʢʣʘʩʪʝʨʘ, ʜʝ ʤʘʚ ʙʠ ʙʫʪʠ ʘʪʦʤ ʮʠʥʢʫ. OZn ʤʘʻ 

ʚʠʩʦʢʫ ʝʥʝʨʛʽʶ ʬʦʨʤʫʚʘʥʥʷ, ʪʘ ʩʪʚʦʨʶʻ ʜʚʘ ʛʣʠʙʦʢʠʭ ʘʢʮʝʧʪʦʨʥʠʭ ʨʽʚʥʷ ʟ 

ʝʥʝʨʛʽʷʤʠ 1,5 ʝɺ ʪʘ 1,9 ʝɺ, ʚʽʜʧʦʚʽʜʥʦ. ʇʽʩʣʷ ʨʝʣʘʢʩʘʮʽʾ ʛʝʦʤʝʪʨʽʾ ʥʘʥʦʢʣʘʩʪʝʨʘ 

ʜʘʥʠʡ ʜʝʬʝʢʪ ʟʤʽʩʪʠʚʩʷ ʪʘ ʩʪʚʦʨʠʚ ʟʚôʷʟʦʢ ʽʟ ʦʜʥʠʤ ʟʽ ʩʚʦʾʭ ʩʫʩʽʜʽʚ. ʅʘ ʨʠʩ. 3.30 

ʥʘʚʝʜʝʥʽ ʧʘʨʮʽʘʣʴʥʽ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʥʘʥʦʢʣʘʩʪʝʨʽʚ çʽʜʝʘʣʴʥʦʾè ʩʪʨʫʢʪʫʨʠ ʪʘ 

ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʟ ʘʥʪʠʚʫʟʣʦʚʠʤ ʜʝʬʝʢʪʦʤ ʢʠʩʥʶ. 
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ʈʠʩ. 3.30. ʇʘʨʮʽʘʣʴʥʽ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʥʘʥʦʢʣʘʩʪʝʨʽʚ (ZnO)34 (ɯ) ʪʘ 

(ZnO)60 (ɯɯ) çʽʜʝʘʣʴʥʦʾè ʩʪʨʫʢʪʫʨʠ (ʯʦʨʥʘ ʢʨʠʚʘ) ʪʘ ʟ ʘʥʪʠʚʫʟʣʦʚʠʤ ʜʝʬʝʢʪʦʤ ʢʠʩʥʶ 

(ʯʝʨʚʦʥʘ ʢʨʠʚʘ). 

 

3.4. ɽʣʝʢʪʨʦʥʥʘ ʩʪʨʫʢʪʫʨʘ ʥʘʥʦʧʦʨʫʚʘʪʠʭ ʬʘʟ ZnO 

ʅʘ ʧʽʜʩʪʘʚʽ ʧʽʜʭʦʜʫ "ʟʥʠʟʫ ʚʛʦʨʫ", ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʥʘʜʽʡʥʠʡ ʰʣʷʭ 

ʧʦʙʫʜʦʚʠ ʥʦʚʠʭ ʩʪʨʫʢʪʫʨ ʚʽʜ ʚʽʣʴʥʠʭ ʢʣʘʩʪʝʨʽʚ ʜʦ ʪʚʝʨʜʠʭ ʬʘʟ, ʤʠ 

ʧʨʝʜʩʪʘʚʣʷʻʤʦ ʨʝʟʫʣʴʪʘʪʠ ʧʝʨʰʦʧʨʠʥʮʠʧʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʪʨʴʦʭ ʮʝʦʣʽʪʦʚʠʭ 

ʩʪʨʫʢʪʫʨ (SOD, LTA, FAU) [109], ʚ ʷʢʠʭ ʙʫʜʽʚʝʣʴʥʠʤʠ ʙʣʦʢʘʤʠ ʻ ʥʘʥʦʢʣʘʩʪʝʨʠ 

(ZnO)12 (ʜʠʚ. ʧ.1.6). 

ɿ ʤʝʪʦʶ ʚʩʪʘʥʦʚʣʝʥʥʷ ʥʦʚʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʧʦʨʫʚʘʪʠʭ ʬʘʟ ZnO, ʙʫʣʦ 

ʨʦʟʨʘʭʦʚʘʥʦ ʾʭ ʝʣʝʢʪʨʦʥʥʽ ʩʪʨʫʢʪʫʨʠ. ʅʘ ʨʠʩʫʥʢʫ 3.31 ʟʦʙʨʘʞʝʥʦ ʟʦʥʥʫ 

ʜʽʘʛʨʘʤʫ ʬʘʟʠ SOD-ZnO. ʎʽʢʘʚʦ, ʱʦ ʨʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʚʩʽ ʜʦʩʣʽʜʞʫʚʘʥʽ 

ʩʪʨʫʢʪʫʨʠ ʻ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘʤʠ ʟ ʧʨʷʤʦʶ ʝʥʝʨʛʝʪʠʯʥʦʶ ʱʽʣʠʥʦʶ (ʜʠʚ. ʪʘʙʣ. 

3.10), ʙʽʣʴʰʦʶ, ʥʽʞ ʫ ʢʨʠʩʪʘʣʘʭ ZnO ʪʠʧʫ ʚʶʨʮʠʪʫ. 

ɿʨʦʩʪʘʥʥʷ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ Eg ʤʦʞʥʘ ʟʨʦʟʫʤʽʪʠ ʪʠʤ, ʱʦ 

ʝʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ (ʙʽʣʴʰʘ ʝʥʝʨʛʝʪʠʯʥʘ ʱʽʣʠʥʘ HOMO - LUMO) ʦʢʨʝʤʠʭ 
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ʙʫʜʽʚʝʣʴʥʠʭ ʙʣʦʢʽʚ ʟʙʝʨʽʛʘʶʪʴʩʷ ʫ ʚʽʜʧʦʚʽʜʥʽʡ ʟʽʙʨʘʥʽʡ ʬʘʟʽ. ʇʨʦʪʝ, ʫ 

ʧʦʨʽʚʥʷʥʥʽ ʽʟ ʚʠʩʦʢʠʤ ʟʥʘʯʝʥʥʷʤ HOMO ï LUMO ʝʥʝʨʛʝʪʠʯʥʦʾ ʱʽʣʠʥʠ ʜʣʷ 

ʥʘʥʦʢʣʘʩʪʝʨʘ (ZnO)12 (4,25 ʝɺ), ʟʥʘʯʝʥʥʷ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʧʦʨʫʚʘʪʠʭ 

ʧʨʦʩʪʦʨʦʚʠʭ ʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʽ (ZnO)12 ʟʘʟʥʘʶʪʴ ʟʤʝʥʰʝʥʥʷ ʚʥʘʩʣʽʜʦʢ ʚʧʣʠʚʫ 

ʩʫʩʽʜʥʽʭ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʫ ʮʝʦʣʽʪʦʚʽʡ ʩʪʨʫʢʪʫʨʽ. 
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ʈʠʩ.3.31. ɿʦʥʥʘ ʜʽʘʛʨʘʤʠ ʬʘʟʠ SOD-ZnO. 

 

ʊʘʙʣʠʮʷ 3.10.  

ʈʦʟʨʘʭʫʥʢʦʚʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʬʘʟ SOD, FAU, LTA ʪʘ 

ʥʘʡʧʦʰʠʨʝʥʽʰʦʾ ʬʘʟʠ ZnO ʚʶʨʮʠʪʫ (GGA+U). 

 ZnO 

(ʚʶʨʮʠʪ) 

SOD LTA FAU 

ʆʙôʻʤ/ ʘʪʦʤ V,¡
3
 11,9 15,69 18,97 21,93 

ʂʽʣʴʢʽʩʪʴ ʘʪʦʤʽʚ ʚ ʢʦʤʽʨʮʽ 8 12 48 48 

ʇʘʨʘʤʝʪʨʠ ʛʨʘʪʢʠ, ¡ a = 3,249 

c = 5,205 

5,732 10,89 16,15 

ʇʦʚʥʘ ʝʥʝʨʛʽʷ/ʘʪʦʤ, ʝɺ -9,06 -8,91 -8,80 -8,71 

ʐʠʨʠʥʘ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ Eg, ʝɺ 3,27 3,76 4,11 3,85 
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ʌʘʟʘ SOD ʤʘʻ ʥʘʡʥʠʞʯʝ ʟʥʘʯʝʥʥʷ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ, ʱʦ ʚʢʘʟʫʻ ʥʘ ʪʝ, ʱʦ 

ʚʦʥʘ ʻ ʥʘʡʙʽʣʴʰ ʝʥʝʨʛʝʪʠʯʥʦ ʩʪʘʙʽʣʴʥʦʶ ʬʘʟʦʶ ʩʝʨʝʜ ʚʠʚʯʝʥʠʭ ʬʘʟ (ʪʘʙʣ. 3.10). 

ɼʘʣʽ ʚ ʨʷʜʫ ʟʘ ʩʪʘʙʽʣʴʥʽʩʪʶ ʩʪʦʷʪʴ ʬʘʟʠ LTA ʽ FAU. 

 

3.5. ɽʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʥʘʥʦʪʨʫʙʦʢ ZnO 

ɿ ʦʛʣʷʜʫ ʥʘ ʰʠʨʦʢʽ ʧʝʨʩʧʝʢʪʠʚʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʘʥʦʪʨʫʙʦʢ ʚ 

ʥʘʥʦʝʣʝʢʪʨʦʥʽʮʽ, ʨʦʟʫʤʽʥʥʷ ʟʘʣʝʞʥʦʩʪʽ ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʥʘʥʦʪʨʫʙʦʢ ʚʽʜ 

ʾʭʥʴʦʾ ʜʦʚʞʠʥʠ, ʜʽʘʤʝʪʨʫ, ʭʽʨʘʣʴʥʦʩʪʽ ʻ ʚʘʞʣʠʚʦʶ ʽ ʘʢʪʫʘʣʴʥʦʶ ʧʨʦʙʣʝʤʦʶ 

[140, 141]. ʋ ʮʴʦʤʫ ʧʫʥʢʪʽ ʤʠ ʧʨʝʜʩʪʘʚʣʷʻʤʦ ʨʝʟʫʣʴʪʘʪʠ ʧʝʨʰʦʧʨʠʥʮʠʧʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʪʘ ʩʝʥʩʦʨʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʦʜʥʦʩʪʽʥʢʦʚʠʭ 

ʥʘʥʦʪʨʫʙʦʢ ʥʘ ʦʩʥʦʚʽ ʦʢʩʠʜʫ ʮʠʥʢʫ, ʟʦʢʨʝʤʘ ʽʟ ʭʽʨʘʣʴʥʽʩʪʶ (4,4) ʪʘ (8,0). 

ʄʦʜʝʣʽ ʦʜʥʦʩʪʽʥʢʦʚʠʭ ʥʘʥʦʪʨʫʙʦʢ ZnO ʙʫʜʫʚʘʣʠʩʴ ʫ ʚʠʛʣʷʜʽ ʟʛʦʨʪʢʠ 

ʤʦʥʦʰʘʨʫ ʦʢʩʠʜʫ ʮʠʥʢʫ ʪʘʢ, ʱʦʙ ʩʧʽʚʧʘʣʠ ʜʚʘ ʝʢʚʽʚʘʣʝʥʪʥʽ ʤʽʩʮʷ 

ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ ʛʨʘʪʢʠ. ʆʙʯʠʩʣʝʥʥʷ ʧʨʦʚʦʜʠʣʠʩʴ ʫ ʤʝʞʘʭ ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ 

ʩʫʧʝʨʢʦʤʽʨʢʠ 18,5Ĭ18,5Ĭ9,8 ¡ ʫ ʚʠʧʘʜʢʫ ʥʘʥʦʪʨʫʙʢʠ (4,4) ʪʘ 19Ĭ19Ĭ11 ¡ ʜʣʷ 

(8,0). ɿʘ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʽʚ ʩʫʧʝʨʢʦʤʽʨʢʠ ʩʪʽʥʢʠ ʩʫʩʽʜʥʽʭ ʥʘʥʦʪʨʫʙʦʢ ʚʽʜʜʘʣʝʥʽ 

ʦʜʥʘ ʚʽʜ ʦʜʥʦʾ ʥʘ ʚʽʜʩʪʘʥʴ ʙʽʣʴʰʝ 12 ¡, ʱʦ ʜʦʟʚʦʣʷʻ ʥʝʭʪʫʚʘʪʠ ʚʟʘʻʤʦʜʽʻʶ ʤʽʞ 

ʥʠʤʠ. ɿ ʤʝʪʦʶ ʦʪʨʠʤʘʥʥʷ ʨʽʚʥʦʚʘʞʥʠʭ ʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʽ ʧʦʪʝʥʮʽʘʣʴʥʦʾ 

ʝʥʝʨʛʽʾ, ʜʣʷ ʢʦʞʥʦʾ ʤʦʜʝʣʽ ʧʨʦʚʝʜʝʥʦ ʦʧʪʠʤʽʟʘʮʽʶ ʾʾ ʩʪʨʫʢʪʫʨʠ. 

ʈʦʟʛʣʷʜ ʨʦʟʧʦʜʽʣʽʚ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ (ʨʠʩ.3.32ï3.33) ʪʘ ʟʦʥʥʠʭ ʜʽʘʛʨʘʤ 

ʧʦʢʘʟʫʻ, ʱʦ ʥʘʥʦʪʨʫʙʢʠ ʦʢʩʠʜʫ ʮʠʥʢʫ (4,4) ʽ (8,0) ʧʨʦʷʚʣʷʶʪʴ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʚʣʘʩʪʠʚʦʩʪʽ. ɿʥʘʯʝʥʥʷ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʥʘʥʦʪʨʫʙʦʢ 

(4,4) ʽ (8,0) ʻ ʙʽʣʴʰʠʤʠ ʚʽʜ ʟʥʘʯʝʥʥʷ Eg ʜʣʷ ʦʙôʻʤʥʦʛʦ ʢʨʠʩʪʘʣʫ ZnO 

(ʦʙʯʠʩʣʝʥʥʷ ʚ ʤʝʞʘʭ GGA) ʽ ʩʪʘʥʦʚʣʷʪʴ 1,96 ʪʘ 2,01 ʝɺ, ʚʽʜʧʦʚʽʜʥʦ.   

ɺʽʜʦʤʦ, ʱʦ ʟʘʛʘʣʴʥʦʶ ʚʣʘʩʪʠʚʽʩʪʶ ʨʦʟʨʘʭʫʥʢʽʚ ʫ ʤʝʞʘʭ ʊʌɻ  ̒ʟʘʥʠʞʝʥʥʷ 

ʟʥʘʯʝʥʥʷ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ. ʇʨʦʪʝ, ʪʘʢʝ ʟʘʥʠʞʝʥʥʷ 

ʘʙʩʦʣʶʪʥʦʛʦ ʟʥʘʯʝʥʥʷ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʥʝ ʤʘʻ ʚʧʣʠʚʫ ʥʘ ʘʥʘʣʽʟ 

ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʫ ʥʘʰʽʡ ʨʦʙʦʪʽ, ʦʩʢʽʣʴʢʠ ʤʠ ʧʦʨʽʚʥʶʻʤʦ ʨʽʟʥʠʮʽ ʧʦʚʥʦʾ 

ʝʥʝʨʛʽ ʾ ʯʠʩʪʦʾ ʧʦʚʝʨʭʥʽ ʥʘʥʦʪʨʫʙʦʢ ZnO ʽ ʧʦʚʝʨʭʥʽ ʟ ʘʜʩʦʨʙʦʚʘʥʠʤʠ 

ʤʦʣʝʢʫʣʘʤʠ ʛʘʟʽʚ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʧʨʠ ʮʴʦʤʫ ʪʦʡ ʩʘʤʠʡ ʤʝʪʦʜ ʨʦʟʨʘʭʫʥʢʽʚ. 
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ɸʥʘʣʽʟ ʨʦʟʧʦʜʽʣ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ, ʧʦʢʘʟʫʻ, ʱʦ ʧʨʠ ʟʤʽʥʽ ʪʠʧʫ ʥʘʥʦʪʨʫʙʢʠ, ʪʦʙʪʦ ʾʾ 

ʭʽʨʘʣʴʥʦʩʪʽ ʪʘ ʜʽʘʤʝʪʨʫ, ʨʦʟʧʦʜʽʣ ʝʥʝʨʛʝʪʠʯʥʠʭ ʩʪʘʥʽʚ ʥʝ ʟʤʽʥʶʻʪʴʩʷ, 

ʩʧʦʩʪʝʨʽʛʘʻʤʦ ʥʝʟʥʘʯʥʝ ʟʤʽʱʝʥʥʷ 3d-ʩʪʘʥʽʚ ʮʠʥʢʫ ʚ ʝʣʝʢʪʨʦʥʥʦʤʫ ʩʧʝʢʪʨʽ 

ʥʘʥʦʪʨʫʙʢʠ ʚ ʦʙʣʘʩʪʴ ʥʠʞʯʠʭ ʝʥʝʨʛʽʡ ʫ ʧʦʨʽʚʥʷʥʥ ̔ʟ ʦʙôʻʤʥʠʤ ʢʨʠʩʪʘʣʦʤ ZnO. 

 

 

ʈʠʩ.3.32. ʄʦʜʝʣʴ ʩʪʨʫʢʪʫʨʠ (ʘʪʦʤʠ Zn ï ʪʝʤʥʽ ʢʫʣʴʢʠ, ʘʪʦʤʠ ʆ ï ʩʚʽʪʣʽ ʢʫʣʴʢʠ) 

ʪʘ ʨʦʟʧʦʜʽʣ ʧʦʚʥʦʾ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʬʨʘʛʤʝʥʪʫ ʥʘʥʦʪʨʫʙʢʠ ʪʠʧʫ (4,4). 

 

ɸʥʘʣʽʟ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʨʦʟʨʘʭʫʥʢʽʚ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʽʟʥʠʭ 

ʥʘʙʣʠʞʝʥʴ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʦʛʦ ʧʦʪʝʥʮʽʘʣʫ ʜʦʟʚʦʣʷʻ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʫʟʘʛʘʣʴʥʝʥʦʾ ʛʨʘʜʽʻʥʪʥʦʾ ʘʧʨʦʢʩʠʤʘʮʽʾ (GGA) ʜʣʷ ʦʧʠʩʫ 

ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʦʛʦ ʧʦʪʝʥʮʽʘʣʫ, ʩʪʨʫʢʪʫʨʘ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ ʪʘ ʥʠʞʥʽ ʟʦʥʠ 

ʧʨʦʚʽʜʥʦʩʪʽ ʚʽʜʦʙʨʘʞʘʶʪʴʩʷ ʘʜʝʢʚʘʪʥʦ. ɼʣʷ ʧʽʜʪʚʝʨʜʞʝʥʥʷ ʮʴʦʛʦ, ʜʦʜʘʪʢʦʚʦ 

ʧʨʦʚʝʜʝʥʦ ʨʦʟʨʘʭʫʥʢʠ ʝʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʘ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʥʘʥʦʪʨʫʙʦʢ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʫ GGA+U (ʨʠʩ. 3.34-3.35).  
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ʈʠʩ.3.33. ʄʦʜʝʣʴ ʩʪʨʫʢʪʫʨʠ (ʘʪʦʤʠ Zn ï ʪʝʤʥʽ ʢʫʣʴʢʠ, ʘʪʦʤʠ ʆ ï ʩʚʽʪʣʽ ʢʫʣʴʢʠ) 

ʪʘ ʨʦʟʧʦʜʽʣ ʧʦʚʥʦʾ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʬʨʘʛʤʝʥʪʫ ʥʘʥʦʪʨʫʙʢʠ ʪʠʧʫ (8,0). 
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ʈʠʩ. 3.34. ɿʦʥʥʦ-ʝʥʝʨʛʝʪʠʯʥʘ ʜʽʘʛʨʘʤʘ ʥʘʥʦʪʨʫʙʢʠ (4,4) ʦʢʩʠʜʫ ʮʠʥʢʫ ʫ 

ʥʘʙʣʠʞʝʥʥʽ GGA (ʯʦʨʥʽ ʩʫʮʽʣʴʥʽ ʣʽʥʽʾ) ʪʘ GGA+U (ʯʝʨʚʦʥʽ ʧʫʥʢʪʠʨʥʽ ʣʽʥʽʾ). 
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ʈʠʩ. 3.35. ɿʦʥʥʦ-ʝʥʝʨʛʝʪʠʯʥʘ ʜʽʘʛʨʘʤʘ ʥʘʥʦʪʨʫʙʢʠ (8,0) ʦʢʩʠʜʫ ʮʠʥʢʫ ʫ 

ʥʘʙʣʠʞʝʥʥʽ GGA (ʯʦʨʥʽ ʩʫʮʽʣʴʥʽ ʣʽʥʽʾ) ʪʘ GGA+U (ʯʝʨʚʦʥʽ ʧʫʥʢʪʠʨʥʽ ʣʽʥʽʾ). 

 

ʋ ʚʠʧʘʜʢʫ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʫ GGA+U, ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ 

ʥʘʥʦʪʨʫʙʦʢ (4,4) ʽ (8,0) ʩʪʘʥʦʚʣʷʪʴ 3,91 ʪʘ 3,76 ʝɺ, ʚʽʜʧʦʚʽʜʥʦ. 

ʈʦʟʯʠʥʝʥʽ ʤʘʛʥʽʪʥʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʠ (ʈʄʅʇ) ï ʩʧʦʣʫʢʠ, ʱʦ ʦʙôʻʜʥʫʶʪʴ ʚ 

ʩʦʙʽ ʷʢ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ, ʪʘʢ ʽ ʤʘʛʥʽʪʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʷʢʽ ʷʢ ʧʨʘʚʠʣʦ, ʦʪʨʠʤʫʶʪʴ 

ʫ ʨʘʟʽ ʣʝʛʫʚʘʥʥ ̫ ʥʝʤʘʛʥʽʪʥʦʛʦ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘ ʥʝʚʝʣʠʢʦʶ ʢʽʣʴʢʽʩʪʶ ʘʪʦʤʽʚ 

ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ (Cr, Mn, Fe, Co, Ni, Cu, Sc, Ti ʪʘ V). ʈʄʅʇ ʥʘ ʦʩʥʦʚʽ ʦʢʩʠʜʫ 

ʮʠʥʢʫ ʤʦʞʫʪʴ ʧʨʦʷʚʣʷʪʠ ʬʝʨʦʤʘʛʥʽʪʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʚʠʱʽʡ ʟʘ 

ʢʽʤʥʘʪʥʫ.  

ʉʪʚʦʨʝʥʥʷ ʈʄʅʇ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʩʪʨʫʢʪʫʨ, ʷʢʽ ʚʦʣʦʜʽʶʪʴ ʜʦʙʨʠʤʠ 

ʩʚʽʪʣʦʚʠʧʨʦʤʽʥʶʶʯʠʤʠ ʟʜʽʙʥʦʩʪʷʤʠ ʽ ʤʘʛʥʽʪʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʻ 

ʧʝʨʩʧʝʢʪʠʚʥʠʤ, ʪʘʢ ʷʢ ʚʣʘʩʪʠʚʦʩʪʽ ʤʘʪʝʨʽʘʣʽʚ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʽ ʤʘʛʥʽʪʥʽ  ̒

ʯʫʪʣʠʚʠʤʠ ʜʦ ʨʦʟʤʽʨʥʠʭ ʝʬʝʢʪʽʚ. ʄʝʭʘʥʽʟʤ ʾʭʥʽʭ ʟʤʽʥ, ʱʦ ʤʘʶʪʴ ʤʽʩʮʝ ʚ 

ʨʦʟʯʠʥʝʥʠʭ ʤʘʛʥʽʪʥʠʭ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘʭ ï ʥʝ ʦʯʝʚʠʜʥʠʡ, ʪʦʤʫ ʥʝʦʙʭʽʜʥʦ 
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ʟôʷʩʫʚʘʪʠ, ʷʢ ʢʦʥʢʨʝʪʥʦ ʟʤʽʥʶʻʪʴʩʷ ʣʦʢʘʣʴʥʘ ʘʪʦʤʥʘ ʩʪʨʫʢʪʫʨʘ ʈʄʅʇ ʚ ʦʢʦʣʽ 

ʚʧʨʦʚʘʜʞʝʥʠʭ ʘʪʦʤʽʚ. ɺʠʟʥʘʯʝʥʥʷ ʣʦʢʘʣʴʥʦʾ ʘʪʦʤʥʦʾ ʩʪʨʫʢʪʫʨʠ ʥʘʚʢʦʣʦ ʘʪʦʤʽʚ 

ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ (ʇʄ) ʚʘʞʣʠʚʝ ʽ ʜʣʷ ʨʦʟʫʤʽʥʥʷ ʧʨʠʨʦʜʠ ʾʭʥʽʭ ʤʘʛʥʽʪʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ. 

ʇʨʦʚʝʜʝʥʽ ʪʝʦʨʝʪʠʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʣʝʛʫʚʘʥʥʷ ʘʪʦʤʘʤʠ 3d 

ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ (Mn, Co, Cu) ʥʘ ʝʣʝʢʪʨʦʥʥʫ ʩʪʨʫʢʪʫʨʫ ʦʜʥʦʩʪʽʥʢʦʚʠʭ 

ʥʘʥʦʪʨʫʙʦʢ ʦʢʩʠʜʫ ʮʠʥʢʫ (8,0) ʪʠʧʫ ñʟʠʛʟʘʛò [110]. 

ʉʪʨʫʢʪʫʨʥʘ ʤʦʜʝʣʴ ʣʝʛʦʚʘʥʦʾ ʥʘʥʦʪʨʫʙʢʠ (8,0) ʤʽʩʪʠʣʘ ʚ ʩʫʧʝʨʢʦʤʽʨʮʽ 

ʢʣʘʩʪʝʨ Zn31(ʍ)ʆ32 (ʍ = Mn, Co, Cu). ʇʽʩʣʷ ʛʝʦʤʝʪʨʠʯʥʦʾ ʦʧʪʠʤʽʟʘʮʽʾ ʙʘʯʠʤʦ 

ʥʝʟʥʘʯʥʝ ʟʤʽʱʝʥʥʷ ʘʪʦʤʘ ʇʄ ʥʘʟʦʚʥʽ ʚʽʜ ʧʦʚʝʨʭʥʽ ʥʘʥʦʪʨʫʙʢʠ (ʨʠʩ. 3.36). 

 

ʈʠʩ. 3.36. ʄʦʜʝʣʴ ʩʪʨʫʢʪʫʨʠ ʣʝʛʦʚʘʥʦʾ ʥʘʥʦʪʨʫʙʢʠ ʪʠʧʫ (8,0) ʧʽʩʣʷ ʦʧʪʠʤʽʟʘʮʽʾ 

(ʘʪʦʤʠ Zn ï ʩʚʽʪʣʽ ʢʫʣʴʢʠ, ʘʪʦʤʠ ʆ ï ʪʝʤʥʽ ʢʫʣʴʢʠ, ʍ ï ʘʪʦʤ ʜʦʤʽʰʢʠ (Mn, Co, Cu)). 

 

ɯʜʝʥʪʠʯʥʽʩʪʴ ʨʦʟʧʦʜʽʣʽʚ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʜʣʷ ʩʪʘʥʽʚ ʟʽ ʩʧʽʥʦʤ ʚʛʦʨʫ ʽ ʩʧʽʥʦʤ 

ʚʥʠʟ ʥʝʣʝʛʦʚʘʥʠʭ ʥʘʥʦʪʨʫʙʦʢ ʧʦʢʘʟʫʻ, ʱʦ ʜʘʥʽ ʥʘʥʦʩʪʨʫʢʪʫʨʠ ʻ ʥʝʤʘʛʥʽʪʥʠʤʠ 

ʩʠʩʪʝʤʘʤʠ (ʨʠʩ. 3.37). 

ɿ ʤʝʪʦʶ ʚʠʚʯʝʥʥʷ ʩʪʨʫʢʪʫʨʥʦʾ ʩʪʘʙʽʣʴʥʦʩʪʽ ʜʦʤʽʰʢʦʚʠʭ ʥʘʥʦʪʨʫʙʦʢ 

ʦʙʯʠʩʣʝʥʦ ʟʤʽʥʫ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ ȹE (ʪʘʙʣ. 3.11) ʥʘʥʦʪʨʫʙʢʠ ʧʨʠ ʚʭʦʜʞʝʥʥʽ ʫ ʾʾ 

ʩʪʨʫʢʪʫʨʫ ʜʦʤʽʰʢʠ ʟʛʽʜʥʦ ʟ ʚʠʨʘʟʦʤ:  

3ʃʅʊ ʅʊ Zn dE E ɽ ɽ ED = - + -,    (3.7) 

ʜʝ ɽʃʅʊ ï ʧʦʚʥʘ ʝʥʝʨʛʽʷ ʣʝʛʦʚʘʥʦʾ ʥʘʥʦʪʨʫʙʢʠ, ɽʅʊ ï ʧʦʚʥʘ ʝʥʝʨʛʽʷ 

ʥʘʥʦʪʨʫʙʢʠ ʙʝʟ ʣʝʛʫʶʯʦʾ ʜʦʤʽʰʢʠ, ɽZn ʽ ɽ3d ï ʟʥʘʯʝʥʥʷ ʭʽʤʽʯʥʠʭ ʧʦʪʝʥʮʽʘʣʽʚ ʜʣʷ 

ʘʪʦʤʽʚ Zn ʪʘ ʇʄ, ʚʽʜʧʦʚʽʜʥʦ. ʋ ʪʘʙʣʠʮʽ 3.11 ʜʦʜʘʪʢʦʚʦ ʥʘʚʝʜʝʥʽ ʦʪʨʠʤʘʥʽ 

ʟʥʘʯʝʥʥʷ ʤʘʛʥʽʪʥʠʭ ʤʦʤʝʥʪʽʚ ʣʝʛʦʚʘʥʠʭ ʥʘʥʦʪʨʫʙʦʢ ʪʘ ʣʦʢʘʣʴʥʠʭ ʤʘʛʥʽʪʥʠʭ 
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ʤʦʤʝʥʪʽʚ ʜʦʤʽʰʢʦʚʠʭ ʘʪʦʤʽʚ ʇʄ ʪʘ ʥʘʡʙʣʠʞʯʠʭ ʜʦ ʥʠʭ ʘʪʦʤʽʚ ʦʢʩʠʛʝʥʫ. 

ɼʦʤʽʰʢʦʚʠʡ ʘʪʦʤ ʇʄ ʜʘʻ ʥʘʡʙʽʣʴʰʠʡ ʚʥʝʩʦʢ ʚ ʽʥʜʫʢʦʚʘʥʠʡ ʤʘʛʥʽʪʥʠʡ ʤʦʤʝʥʪ 

ʣʝʛʦʚʘʥʦʾ ʥʘʥʦʪʨʫʙʢʠ. ʋ ʧʝʨʰʽʡ ʢʦʦʨʜʠʥʘʮʽʡʥʽʡ ʩʬʝʨʽ ʘʪʦʤʘ ʇʄ ʽʥʜʫʢʫʶʪʴʩʷ 

ʥʝʚʝʣʠʢʽ ʣʦʢʘʣʴʥʽ ʤʦʤʝʥʪʠ ʚʥʘʩʣʽʜʦʢ ʛʽʙʨʠʜʠʟʘʮʽʾ 3d-ʦʨʙʽʪʘʣʝʡ ʘʪʦʤʘ ʇʄ ʽʟ 2p-

ʦʨʙʽʪʘʣʷʤʠ ʘʪʦʤʽʚ ʦʢʩʠʛʝʥʫ. ʊʦʙʪʦ, ʜʦʤʽʰʢʦʚʽ ʘʪʦʤʠ ʩʧʨʠʯʠʥʶʶʪʴ 

ʬʝʨʦʤʘʛʥʽʪʥʫ ʚʟʘʻʤʦʜʽʶ ʩʫʩʽʜʥʽʭ ʜʦ ʥʠʭ ʘʪʦʤʽʚ ʦʢʩʠʛʝʥʫ. 
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ʈʠʩ. 3.37. ʉʧʽʥ-ʧʦʣʷʨʠʟʦʚʘʥʽ ʨʦʟʧʦʜʽʣʠ ʧʦʚʥʦʾ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʥʝʣʝʛʦʚʘʥʠʭ 

ʥʘʥʦʪʨʫʙʦʢ (8,0). 

 

ɸʥʘʣʽʟ ʟʦʙʨʘʞʝʥʠʭ ʥʘ ʨʠʩ. 3.38 ʬʨʘʛʤʝʥʪʽʚ ʟʦʥʥʠʭ ʜʽʘʛʨʘʤ ʯʠʩʪʦʾ ʪʘ 

ʣʝʛʦʚʘʥʠʭ ʘʪʦʤʘʤʠ ʇʄ ʥʘʥʦʪʨʫʙʢʠ (8,0) ZnO ʪʘ ʘʥʘʣʽʟ ʚʜ̔ʧʦʚʽʜʥʠʭ ʩʧʽʥ-

ʧʦʣʷʨʠʟʦʚʘʥʠʭ ʨʦʟʧʦʜʽʣʽʚ ʧʦʚʥʦʾ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ (ʨʠʩ. 3.39 ʘ-3.41 ʘ) ʚʢʘʟʫʶʪʴ 

ʥʘʷʚʥʽʩʪʴ ʫ ʣʝʛʦʚʘʥʠʭ ʥʘʥʦʪʨʫʙʢʘʭ ʩʧʦʥʪʘʥʥʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʤʦʤʝʥʪʫ, ʽ ʧʨʦʷʚ 

ʥʘʧʽʚʤʝʪʘʣʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. 

ʅʘ ʟʦʥʥʽʡ ʜʽʘʛʨʘʤʽ ʣʝʛʦʚʘʥʦʾ ʥʘʥʦʪʨʫʙʢʠ (8,0)+Mn (ʨʠʩ. 3.38 ʙ-ʚ) 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʦʷʚʘ ʜʚʦʭ ʝʥʝʨʛʝʪʠʯʥʠʭ ʨʽʚʥʽʚ ʝʣʝʢʪʨʦʥʽʚ ʽʟ ʩʧʽʥʦʤ ʚʛʦʨʫ 

ʧʦʙʣʠʟʫ ʚʝʨʰʠʥʠ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ (ʨʠʩ. 3.38 ʙ), ʷʢʽ ʽʥʜʫʢʫʶʪʴʩʷ ʛʽʙʨʠʜʠʟʘʮʽʻʶ 

3d- ʦʨʙʽʪʘʣʝʡ Mn ʟ ʪʨʴʦʤʘ 2ʨ- ʦʨʙʽʪʘʣʷʤʠ ʆ (ʨʠʩ. 3.38 ʛ). ɼʣʷ ʝʣʝʢʪʨʦʥʥʦʛʦ 

ʩʧʝʢʪʨʘ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʝʣʝʢʪʨʦʥʥʠʤ ʩʪʘʥʘʤ ʟʽ ʩʧʽʥʦʤ ʚʥʠʟ, ʨʽʚʥʽ 3d- ʦʨʙʽʪʘʣʝʡ 
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Mn ʟôʷʚʣʷʶʪʴʩʷ ʟ ʝʥʝʨʛʝʪʠʯʥʦʾ ʚʽʜʤʽʪʢʠ 1,45 ʝɺ, ʪʦʜʽ ʷʢ ʫ ʚʘʣʝʥʪʥʦʤʫ 

ʢʦʤʧʣʝʢʩʽ ʩʪʘʥʠ 3d- Mn ʧʨʘʢʪʠʯʥʦ ʚʽʜʩʫʪʥʽ. 

ʊʘʙʣʠʮʷ 3.11 

ɿʤʽʥʘ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ ʧʨʠ ʣʝʛʫʚʘʥʥʽ ʥʘʥʦʪʨʫʙʢʠ ȹE (ʝɺ), ʧʦʚʥʠʡ ʤʘʛʥʽʪʥʠʡ 

ʤʦʤʝʥʪ ʣʝʛʦʚʘʥʦʾ ʥʘʥʦʪʨʫʙʢʠ ɛ (ɛB), ʤʘʛʥʽʪʥʽ ʤʦʤʝʥʪʠ ʜʦʤʽʰʢʦʚʦʛʦ ʘʪʦʤʘ 

ʇʄ ɛʇʄ (ɛB) ʪʘ ʘʪʦʤʽʚ ʆ, ʷʢʽ ʫʪʚʦʨʶʶʪʴ ʟʚôʷʟʢʠ ʟ ʘʪʦʤʦʤ ʇʄ ɛʆ (ɛB) 

 

ʅʘʥʦʪʨʫʙʢʘ 
ʃʝʛʫʶʯʠʡ 

ʘʪʦʤ 
ȹE, ʝɺ ɛ, ɛB ɛʇʄ, ɛB ɛʆ, ɛB 

(8,0) 

Mn -5,66 4,92 4,38 0,07 

Co -3,86 2,94 2,48 0,09 

Cu -2,50 0,97 0,54 0,08 
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ʈʠʩ. 3.38. ʉʧʽʥ-ʧʦʣʷʨʠʟʦʚʘʥʽ ʟʦʥʥʽ ʜʽʘʛʨʘʤʠ ʯʠʩʪʦʾ (ʘ) ʪʘ ʣʝʛʦʚʘʥʦʾ ʘʪʦʤʘʤʠ 

ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ ʥʘʥʦʪʨʫʙʢʠ (8,0) (ʙ-ʻ). 
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ʈʠʩ. 3.39. ʅʘʥʦʪʨʫʙʢʘ ZnO (8,0) ʽʟ ʜʦʤʽʰʢʦʶ Mn: ʘ) ʨʦʟʧʦʜʽʣʠ ʧʦʚʥʦʾ ʛʫʩʪʠʥʠ 

ʩʪʘʥʽʚ ʝʣʝʢʪʨʦʥʥʠʭ ʦʨʙʽʪʘʣʝʡ; ʙ) ʧʘʨʮʽʘʣʴʥʽ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ; ʚ) ʨʽʟʥʠʮʝʚʘ ʛʫʩʪʠʥʘ 

ʩʪʘʥʽʚ ʤʽʞ ʩʪʘʥʘʤʠ ʟʽ ʩʧʽʥʦʤ ʚʛʦʨʫ ʽ ʩʧʽʥʦʤ ʚʥʠʟ; ʛ) ʧʘʨʮʽʘʣʴʥʽ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ d ï 

ʦʨʙʽʪʘʣʝʡ Mn ʪʘ ʨ- ʦʨʙʽʪʘʣʝʡ ʩʫʩʽʜʥʽʭ ʽʟ ʥʠʤ ʘʪʦʤʽʚ ʆ. ɺʝʨʪʠʢʘʣʴʥʘ ʰʪʨʠʭʦʚʘ ʣʽʥʽʷ 

ʚʢʘʟʫʻ ʧʦʣʦʞʝʥʥʷ ʨʽʚʥʷ ʌʝʨʤʽ. 

 

ʌʫʥʜʘʤʝʥʪʘʣʴʥʘ ʰʠʨʠʥʘ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʜʣʷ ʣʝʛʦʚʘʥʠʭ Mn ʥʘʥʦʪʨʫʙʦʢ 

(8,0) ʟʤʝʥʰʫʻʪʴʩʷ. ɺʥʝʩʢʠ ʩʪʘʥʽʚ ʝʣʝʢʪʨʦʥʽʚ ʟʽ ʩʧʽʥʘʤʠ ʚʛʦʨʫ ʚ ʦʢʦʣʽ ʨʽʚʥʷ 

ʌʝʨʤʽ ʟʥʘʯʥʦ ʧʝʨʝʚʠʱʫʶʪʴ ʚʥʝʩʦʢ ʩʪʘʥʽʚ ʝʣʝʢʪʨʦʥʽʚ ʟʽ ʩʧʽʥʦʤ ʚʥʠʟ, ʚʥʘʩʣʽʜʦʢ 

ʯʦʛʦ ʚ ʩʠʩʪʝʤʽ ʚʠʥʠʢʘʻ ʩʧʦʥʪʘʥʥʠʡ ʤʘʛʥʽʪʥʠʡ ʤʦʤʝʥʪ (ʨʠʩ. 3.39 ʚ), ʟʥʘʯʝʥʥʷ 

ʷʢʦʛʦ ʩʪʘʥʦʚʠʪʴ 4,92 ɛɺ. 
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ʈʠʩ. 3.40. ʅʘʥʦʪʨʫʙʢʘ ZnO (8,0) ʽʟ ʜʦʤʽʰʢʦʶ Co: ʘ) ʨʦʟʧʦʜʽʣʠ ʧʦʚʥʦʾ ʛʫʩʪʠʥʠ 

ʩʪʘʥʽʚ ʝʣʝʢʪʨʦʥʥʠʭ ʦʨʙʽʪʘʣʝʡ; ʙ) ʧʘʨʮʽʘʣʴʥʽ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ; ʚ) ʨʽʟʥʠʮʝʚʘ ʛʫʩʪʠʥʘ 

ʩʪʘʥʽʚ ʤʽʞ ʩʪʘʥʘʤʠ ʟʽ ʩʧʽʥʦʤ ʚʛʦʨʫ ʽ ʩʧʽʥʦʤ ʚʥʠʟ; ʛ) ʧʘʨʮʽʘʣʴʥʽ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ d ï 

ʦʨʙʽʪʘʣʝʡ Co ʪʘ ʨ- ʦʨʙʽʪʘʣʝʡ ʩʫʩʽʜʥʽʭ ʽʟ ʥʠʤ ʘʪʦʤʽʚ ʆ. ɺʝʨʪʠʢʘʣʴʥʘ ʰʪʨʠʭʦʚʘ ʣʽʥʽʷ 

ʚʢʘʟʫʻ ʧʦʣʦʞʝʥʥʷ ʨʽʚʥʷ ʌʝʨʤʽ. 

 

ʇʨʠ ʚʚʝʜʝʥʥʽ ʫ ʥʘʥʦʪʨʫʙʢʫ (8,0) ʜʦʤʽʰʢʠ Co ʥʘ ʜʽʘʛʨʘʤʽ ʝʣʝʢʪʨʦʥʽʚ ʟʽ 

ʩʧʽʥʦʤ ʚʥʠʟ ʧʦʙʣʠʟʫ ʜʥʘ ʟʦʥʠ ʧʨʦʚʽʜʥʦʩʪʽ ʟôʷʚʣʷʶʪʴʩʷ ʜʦʥʦʨʥʽ ʝʥʝʨʛʝʪʠʯʥʽ 

ʨʽʚʥʽ (ʨʠʩ. 3.40 ʜ). ʎʽ ʨʽʚʥʽ ʟʘʧʦʚʥʝʥʽ ʝʣʝʢʪʨʦʥʘʤʠ ʟ 3d-ʦʨʙʽʪʘʣʝʡ Co ʽʟ 

ʥʝʟʥʘʯʥʠʤ ʚʥʝʩʢʦʤ 2ʨ- ʩʪʘʥʽʚ ʆ (ʨʠʩ. 3.40 ʛ). 

ɺ ʝʣʝʢʪʨʦʥʥʦʤʫ ʩʧʝʢʪʨʽ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʩʪʘʥʘʤ ʟʽ ʩʧʽʥʦʤ ʚʛʦʨʫ d- ʨʽʚʥʽ 

ʘʪʦʤʘ Co ʙʘʯʠʤʦ ʫ ʚʘʣʝʥʪʥʽʡ ʟʦʥʽ ʥʠʞʯʝ ʥʘ 1,2 ʝɺ ʚʽʜ ʨʽʚʥʷ ʌʝʨʤʽ (ʨʠʩ. 3.40 ʛ), 

ʪʦʜʽ ʷʢ 4s- ʩʪʘʥʠ Co ʨʦʟʪʘʰʦʚʘʥʽ ʥʘ 0,7 ʝɺ ʥʠʞʯʝ ʨʽʚʥʷ ʌʝʨʤʽ ʫ ʚʠʧʘʜʢʫ ʩʧʽʥ-

ʚʥʠʟ ʽ ʥʘ 2,2 ʝɺ ï ʜʣʷ ʚʠʧʘʜʢʫ ʩʧʽʥ-ʚʛʦʨʫ.  
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ʈʦʟʛʣʷʜ ʨʽʟʥʠʮʝʚʦʾ ʟʘ ʩʧʽʥʦʤ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ (ʨʠʩ. 3.40 ʚ) ʚʢʘʟʫʻ ʯʽʪʢʫ 

ʘʩʠʤʝʪʨʽʶ ʤʽʞ ʩʪʘʥʘʤʠ ʟʽ ʩʧʽʥʦʤ ʚʛʦʨʫ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʟʘ ʬʦʨʤʫʚʘʥʥʷ 

ʚʝʨʰʠʥʠ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ ʽ ʩʪʘʥʘʤʠ ʩʧʽʥ-ʚʥʠʟ, ʷʢʽ ʬʦʨʤʫʶʪʴ ʝʥʝʨʛʝʪʠʯʥʽ ʨʽʚʥʽ 

ʧʦʙʣʠʟʫ ʨʽʚʥʷ ʌʝʨʤʽ. ɼʣʷ  ʩʪʘʥʽʚ ʽʟ ʧʦʣʷʨʠʟʘʮʽʻʶ ʩʧʽʥ-ʚʛʦʨʫ ʥʘʥʦʪʨʫʙʢʘ ZnO 

(8,0)+Co ʚʠʷʚʣʷʻ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʚʣʘʩʪʠʚʦʩʪʽ ʟʽ ʰʠʨʠʥʦʶ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ 

1,77 ʝɺ, ʪʦʜʽ ʷʢ ʜʣʷ ʧʦʣʷʨʠʟʘʮʽʾ ʩʧʽʥ-ʚʥʠʟ ï ʥʘʧʽʚʤʝʪʘʣʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ. ʇʨʠ 

ʮʴʦʤʫ, ʟʥʘʯʝʥʥʷ ʽʥʜʫʢʦʚʘʥʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʤʦʤʝʥʪʫ ʩʪʘʥʦʚʠʪʴ 2,94 ɛɺ. 

ɺʣʘʩʪʠʚʦʩʪʽ ʝʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʘ ʟʘ ʣʝʛʫʚʘʥʥʷ ʥʘʥʦʪʨʫʙʢʠ (8,0) ʘʪʦʤʘʤʠ 

Cu ʻ ʧʦʜʽʙʥʠʤʠ ʜʦ ʣʝʛʫʚʘʥʥʷ ʘʪʦʤʘʤʠ Mn, ʟ ʪʽʻʶ ʚʽʜʤʽʥʥʽʩʪʶ, ʱʦ ʜʦʤʽʰʢʦʚʽ 

ʝʥʝʨʛʝʪʠʯʥʽ ʨʽʚʥʽ ʬʦʨʤʫʶʪʴʩʷ ʥʘ 0,08 ʝɺ ʚʠʱʝ ʨʽʚʥʷ ʌʝʨʤʽ ʫ ʟʘʙʦʨʦʥʝʥʽʡ ʟʦʥʽ 

ʜʣʷ ʧʦʣʷʨʠʟʘʮʽʾ ʩʧʽʥ-ʚʥʠʟ (ʨʠʩ. 3.38 ʻ). ɼʘʥʽ ʨʽʚʥʽ ʧʦʜʽʙʥʦ ʜʦ ʽʥʰʠʭ ʣʝʛʦʚʘʥʠʭ 

ʥʘʥʦʪʨʫʙʦʢ ʧʦʭʦʜʷʪʴ ʚʽʜ ʛʽʙʨʠʜʠʟʘʮʽʾ 3d- ʦʨʙʽʪʘʣʝʡ Cu ʟ 2ʨ- ʦʨʙʽʪʘʣʷʤʠ ʆ (ʨʠʩ. 

3.41 ʛ). ʋ ʟʘʙʦʨʦʥʝʥʽʡ ʟʦʥʽ ʜʣʷ ʧʦʣʷʨʠʟʘʮʽʾ ʩʧʽʥ-ʚʛʦʨʫ ʜʦʤʽʰʢʦʚʠʡ ʨʽʚʝʥʴ 

ʟôʷʚʣʷʻʪʴʩʷ ʥʘ 0,04 ʝɺ ʚʠʱʝ ʚʝʨʰʠʥʠ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ (ʨʠʩ. 3.41 ʝ), ʪʦʜʽ ʷʢ ʜʥʦ 

ʟʦʥʠ ʧʨʦʚʽʜʥʦʩʪʽ ʦʧʫʩʢʘʻʪʴʩʷ ʚʩʴʦʛʦ ʥʘ 0,02 ʝɺ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʯʠʩʪʦʶ 

ʥʘʥʦʪʨʫʙʢʦʶ. 

ɼʣʷ ʧʦʣʷʨʠʟʘʮʽʾ ʩʧʽʥ-ʚʛʦʨʫ ʥʘʥʦʪʨʫʙʢʘ ZnO (8,0) ʟ ʜʦʤʽʰʢʦʶ Cu 

ʟʘʣʠʰʘʻʪʴʩʷ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʤ (Eg = 1,99 ʝɺ), ʘ ʜʣʷ ʧʦʣʷʨʠʟʘʮʽʾ ʩʧʽʥ-ʚʥʠʟ 

ʧʨʦʷʚʣʷʻ ʝʣʝʢʪʨʦʥʥʫ ʧʨʦʚʽʜʥʽʩʪʴ. 

ɺ ʦʢʦʣʽ ʨʽʚʥʷ ʌʝʨʤʽ ʚʥʝʩʢʠ ʩʪʘʥʽʚ ʝʣʝʢʪʨʦʥʽʚ ʟʽ ʩʧʽʥʦʤ ʚʛʦʨʫ ʥʝʟʥʘʯʥʦ 

ʧʝʨʝʚʠʱʫʶʪʴ ʚʥʝʩʦʢ ʩʪʘʥʽʚ ʝʣʝʢʪʨʦʥʽʚ ʟʽ ʩʧʽʥʦʤ ʚʥʠʟ, ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ ʚ ʩʠʩʪʝʤʽ 

ʚʠʥʠʢʘʻ ʩʧʦʥʪʘʥʥʠʡ ʤʘʛʥʽʪʥʠʡ ʤʦʤʝʥʪ, ʟʥʘʯʝʥʥʷ ʷʢʦʛʦ ʩʪʘʥʦʚʠʪʴ ʚʩʴʦʛʦ 

0,97 ɛɺ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʝʤʦʥʩʪʨʫʶʪʴ ʧʨʦʷʚ ʫ ʣʝʛʦʚʘʥʠʭ ʘʪʦʤʘʤʠ Mn, Co ʪʘ 

Cu ʥʘʥʦʪʨʫʙʦʢ ZnO ʥʘʧʽʚʤʝʪʘʣʽʯʥʠʭ ʪʘ ʤʘʛʥʽʪʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʽ 100% 

ʧʦʣʷʨʠʟʘʮʽʻʶ ʩʧʽʥʫ [110]. 
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ʈʠʩ. 3.41. ʅʘʥʦʪʨʫʙʢʘ ZnO (8,0) ʽʟ ʜʦʤʽʰʢʦʶ Cu: ʘ) ʨʦʟʧʦʜʽʣʠ ʧʦʚʥʦʾ ʛʫʩʪʠʥʠ 

ʩʪʘʥʽʚ ʝʣʝʢʪʨʦʥʥʠʭ ʦʨʙʽʪʘʣʝʡ; ʙ) ʧʘʨʮʽʘʣʴʥʽ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ; ʚ) ʨʽʟʥʠʮʝʚʘ ʛʫʩʪʠʥʘ 

ʩʪʘʥʽʚ ʤʽʞ ʩʪʘʥʘʤʠ ʟʽ ʩʧʽʥʦʤ ʚʛʦʨʫ ʽ ʩʧʽʥʦʤ ʚʥʠʟ; ʛ) ʧʘʨʮʽʘʣʴʥʽ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ d ï 

ʦʨʙʽʪʘʣʝʡ Cu ʪʘ ʨ- ʦʨʙʽʪʘʣʝʡ ʩʫʩʽʜʥʽʭ ʽʟ ʥʠʤ ʘʪʦʤʽʚ ʆ. ɺʝʨʪʠʢʘʣʴʥʘ ʰʪʨʠʭʦʚʘ ʣʽʥʽʷ 

ʚʢʘʟʫʻ ʧʦʣʦʞʝʥʥʷ ʨʽʚʥʷ ʌʝʨʤʽ. 

 

ʆʪʞʝ, ʥʘʥʦʩʪʨʫʢʪʫʨʠ ʦʢʩʠʜʫ ʮʠʥʢʫ ʽʟ ʜʦʤʽʰʢʘʤʠ 3d ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ 

ʧʦʢʘʟʫʶʪʴ ʧʝʨʩʧʝʢʪʠʚʫ ʟʘʩʪʦʩʫʚʘʥʥʷ ʷʢ ʤʘʪʝʨʽʘʣʠ ʜʣʷ ʥʦʚʠʭ ʤʘʛʥʽʪʥʠʭ 

ʥʘʧʽʚʧpʦʚʽʜʥʠʢʽʚ, ʱʦ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʫ ʧʨʠʣʘʜʘʭ ʩʧʽʥʪʨʦʥʽʢʠ. 

 

ʋ ʪʨʝʪʴʦʤʫ ʨʦʟʜʽʣʽ ʧʨʠʚʝʜʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʪʝʦʨʝʪʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥ ɹ ʫ 

ʤʝʞʘʭ ʪʝʦʨʽʾ ʬʫʥʢʮʽʦʥʘʣʘ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ ʧʘʨʘʤʝʪʨʽʚ ʟ ʛʨʘʜʽʻʥʪʥʦʶ 

ʘʧʨʦʢʩʠʤʘʮʽʻʶ GGA ʪʘ GGA+U ʧʨʠ ʦʧʠʩʽ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʦʛʦ ʧʦʪʝʥʮʽʘʣʫ 

ʤʽʞʝʣʝʢʪʨʦʥʥʦʾ ʚʟʘʻʤʦʜʽʾ, ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʩʧʝʢʪʨʘ ʤʘʣʠʭ ʢʣʘʩʪʝʨʽʚ (ZnO)n. 
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ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʽʟ ʟʨʦʩʪʘʥʥʷʤ ʢʽʣʴʢʦʩʪʽ ʬʦʨʤʫʣʴʥʠʭ ʦʜʠʥʠʮʴ n ʝʥʝʨʛʝʪʠʯʥʦ 

ʚʠʛʽʜʥʽʰʦʶ ʫ ʤʘʣʠʭ ʢʣʘʩʪʝʨʘʭ (ZnO)n ʩʪʘʻ ʩʪʘʙʽʣʽʟʘʮʽʷ ʚʽʜ ʢʽʣʴʮʝʚʠʭ ʜʦ 

ʬʫʣʝʨʝʥʦʧʦʜʽʙʥʠʭ ʩʪʨʫʢʪʫʨ, ʷʢʽ ʤʽʩʪʷʪʴ ʯʦʪʠʨʠʢʫʪʥʽ ʽ hʝʩʪʠʢʫʪʥʽ ʛʨʘʥʽ ʪʘ ʫʩʽ 

ʘʪʦʤʠ ʚʦʣʦʜʽʶʪʴ ʢʦʦʨʜʠʥʘʮʽʡʥʠʤ ʯʠʩʣʦʤ ʨʽʚʥʠʤ ʪʨʴʦʤ. ʈʦʟʤʽʨʠ ʢʣʘʩʪʝʨʽʚ 

ʟʘʣʝʞʘʪʴ ʚʽʜ n: ʢʽʣʴʮʝʚʽ ʩʪʨʫʢʪʫʨʠ (n = 2-7) ʤʘʶʪʴ ʜʽʘʤʝʪʨ ʤʝʥʰʝ 0,8 ʥʤ, 

ʬʫʣʝʨʝʥʦʧʦʜʽʙʥʽ ï ʤʝʥʰʝ 1,2 ʥʤ; ʽʟ ʨʦʩʪʦʤ ʯʠʩʣʘ n ʜʦʚʞʠʥʘ ʟʚôʷʟʢʫ Zn-O 

ʟʤʝʥʰʫʻʪʴʩʷ ʚʽʜ 1,892 ʜʦ 1,742 ¡, ʘ ʝʥʝʨʛʽʷ ʟʚôʷʟʢʫ ʢʣʘʩʪʝʨʘ ʽ ʚʝʣʠʯʠʥʘ 

ʝʥʝʨʛʝʪʠʯʥʦʾ ʱʽʣʠʥʠ HOMO-LUMO ʟʨʦʩʪʘʻ.  

ɺʩʪʘʥʦʚʣʝʥʦ ʩʪʨʫʢʪʫʨʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʢʣʘʩʪʝʨʽʚ (ZnO)n n = 12, 34, 60 ʷʢʽ 

ʧʦʢʘʟʘʣʠ ʟʙʽʣʴʰʝʥʫ ʧʦʰʠʨʝʥʽʩʪʴ ʫ ʤʘʩ-ʩʧʝʢʪʨʽ ʧʨʦʜʫʢʪʽʚ ʣʘʟʝʨʥʦʾ ʘʙʣʷʮʽʾ 

ʦʢʩʠʜʫ ʮʠʥʢʫ. ʇʨʦʚʝʣʠ ʜʦʩʣʽʜʞʝʥʥʷ ʤʦʜʝʣʝʡ, ʱʦ ʧʦʷʩʥʶʶʪʴ ʦʩʦʙʣʠʚʫ 

ʩʪʘʙʽʣʴʥʽʩʪʴ ʮʠʭ ʢʣʘʩʪʝʨʽʚ:  

¶ (ZnO)12 ï ʥʘʡʤʝʥʰʠʡ ʦʙôʻʤʥʠʡ ʢʣʘʩʪʝʨ, ʷʢʠʡ ʟʘʜʦʚʦʣʴʥʷʻ ʧʨʘʚʠʣʫ 

ʽʟʦʣʴʦʚʘʥʠʭ ʯʦʪʠʨʠʢʫʪʥʠʢʽʚ, ʱʦ ʩʣʫʞʠʪʴ ʢʨʠʪʝʨʽʻʤ ʡʦʛʦ ʩʪʘʙʽʣʴʥʦʩʪʽ; 

¶ ʜʣʷ (ZnO)34 ʥʘʡʙʽʣʴʰ ʝʥʝʨʛʝʪʠʯʥʦ ʚʠʛʽʜʥʠʤʠ ʻ ʬʫʣʝʨʝʥʦʧʦʜʽʙʥʽ 

ʧʦʨʦʞʥʠʩʪʽ ʩʪʨʫʢʪʫʨʠ; 

¶ ʜʣʷ (ZnO)60 ʥʘʡʙʽʣʴʰ ʝʥʝʨʛʝʪʠʯʥʦ ʚʠʛʽʜʥʦʶ ʚʠʷʚʠʣʘʩʴ ʩʪʨʫʢʪʫʨʘ ʪʠʧʫ 

ʮʝʦʣʽʪʦʚʦʾ ʛʨʘʪʢʠ (ʩʦʜʘʣʽʪ), ʩʢʣʘʜʝʥʦʾ ʽʟ ʚʦʩʴʤʠ ʢʣʘʩʪʝʨʽʚ (ZnO)12, ʷʢʽ 

ʤʘʶʪʴ ʩʧʽʣʴʥʽ ʯʦʪʠʨʠʢʫʪʥʽ ʛʨʘʥʽ. 

ʇʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʝʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʘ ʢʣʘʩʪʝʨʽʚ 

ZnO ʽʟ ʪʦʯʢʦʚʠʤʠ ʜʝʬʝʢʪʘʤʠ. ʆʜʝʨʞʘʥʽ ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʽʡ ʬʦʨʤʫʚʘʥʥʷ ʜʝʬʝʢʪʽʚ, 

ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʪʘ ʨʦʟʧʦʜʽʣʽʚ ʧʘʨʮʽʘʣʴʥʠʭ ʛʫʩʪʠʥ ʩʪʘʥʽʚ ʜʣʷ ʢʦʞʥʦʛʦ 

ʽʟ ʢʣʘʩʪʝʨʽʚ ʪʘ ʚʩʪʘʥʦʚʣʝʥʦ ʚʧʣʠʚ ʜʝʬʝʢʪʽʚ ʥʘ ʝʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʦʢʩʠʜʫ ʮʠʥʢʫ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʩʝʨʝʜ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʜʝʬʝʢʪʽʚ 

ʥʘʡʙʽʣʴʰ ʝʥʝʨʛʝʪʠʯʥʦ ʚʠʛʽʜʥʠʤʠ ʻ ʚʘʢʘʥʩʽʾ ʮʠʥʢʫ ʪʘ ʢʠʩʥʶ. ɼʦʩʣʽʜʞʝʥʥʷ 

ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʢʣʘʩʪʝʨʽʚ (ZnO)12 ʣʝʛʦʚʘʥʠʭ ʘʪʦʤʘʤʠ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ 

(Mn, Co, Cu ) ʧʦʢʘʟʘʣʠ, ʱʦ ʚʥʘʩʣʽʜʦʢ ʛʽʙʨʠʜʠʟʘʮʽʾ 2p-ʦʙʦʣʦʥʢʠ ʘʪʦʤʽʚ ʢʠʩʥʶ ʽʟ 

3d-ʩʪʘʥʘʤʠ ʘʪʦʤʽʚ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ ʜʦʤʽʰʢʦʚʽ ʥʘʥʦʢʣʘʩʪʝʨʠ ʚʦʣʦʜʽʶʪʴ 

ʚʝʣʠʢʠʤʠ ʤʘʛʥʽʪʥʠʤʠ ʤʦʤʝʥʪʘʤʠ. ʋ ʚʠʧʘʜʢʫ ʣʝʛʫʚʘʥʥʷ ʢʣʘʩʪʝʨʘ ʜʚʦʤʘ 

ʘʪʦʤʘʤʠ ʜʦʤʽʰʢʠ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʾʭʥʻ ʘʥʪʠʬʝʨʦʤʘʛʥʽʪʥʝ ʚʧʦʨʷʜʢʫʚʘʥʥʷ, ʷʢʝ 
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ʟʤʽʥʶʻʪʴʩʷ ʥʘ ʬʝʨʦʤʘʛʥʽʪʥʝ ʟʘ ʧʨʠʩʫʪʥʦʩʪʽ ʜʝʬʝʢʪʽʚ ʫ ʢʣʘʩʪʝʨʽ. ʐʠʨʠʥʘ 

ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʜʦʤʽʰʢʦʚʠʭ ʢʣʘʩʪʝʨʽʚ ʟʤʝʥʰʫʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ p-d 

ʛʽʙʨʠʜʠʟʘʮʽʾ ʦʨʙʽʪʘʣʝʡ ʜʦʤʽʰʢʦʚʦʛʦ ʘʪʦʤʘ ʟ ʦʨʙʽʪʘʣʷʤʠ ʘʪʦʤʘ ʢʠʩʥʶ, ʽ, 

ʚʽʜʧʦʚʽʜʥʦ, ʢʨʘʡ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ ʟʩʫʚʘʻʪʴʩʷ ʫ ʚʠʜʠʤʫ ʦʙʣʘʩʪʽ 

ʩʧʝʢʪʨʫ.  

ʅʘ ʧʽʜʩʪʘʚʽ ʧʽʜʭʦʜʫ "ʟʥʠʟʫ ʚʛʦʨʫ", ʧʨʦʚʝʜʝʥʦ ʤʦʜʝʣʶʚʘʥʥʷ ʪʨʴʦʭ 

ʮʝʦʣʽʪʦʚʠʭ ʩʪʨʫʢʪʫʨ (SOD, LTA, FAU), ʚ ʷʢʠʭ ʙʫʜʽʚʝʣʴʥʠʤʠ ʙʣʦʢʘʤʠ ʻ 

ʥʘʥʦʢʣʘʩʪʝʨʠ (ZnO)12. ɼʦʚʝʜʝʥʦ ʩʪʨʫʢʪʫʨʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ ʪʘʢʠʭ ʥʘʥʦʧʦʨʫʚʘʪʠʭ 

ʬʘʟ ʪʘ ʚʩʪʘʥʦʚʣʝʥʦ ʧʘʨʘʤʝʪʨʠ ʾʭʥʴʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʘ. 

 ɼʦʩʣʽʜʞʝʥʦ ʩʪʨʫʢʪʫʨʥʽ ʪʘ ʝʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʦʜʝʣʴʥʠʭ 

ʦʜʥʦʩʪʽʥʢʦʚʠʭ ʥʘʥʦʪʨʫʙʦʢ ZnO ʪʠʧʫ (4, 4) ʪʘ (8, 0) ʽʜʝʘʣʴʥʦʾ ʩʪʨʫʢʪʫʨʠ . 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʘʥʘʣʦʛʽʯʥʠʭ ʚʫʛʣʝʮʝʚʠʭ ʥʘʥʦʪʨʫʙʦʢ ʫʩʽ 

ʜʦʩʣʽʜʞʝʥʽ ʥʘʥʦʪʨʫʙʢʠ ʦʢʩʠʜʫ ʮʠʥʢʫ ʻ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘʤʠ. ʐʠʨʠʥʘ 

ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʥʘʥʦʪʨʫʙʦʢ ZnO ʻ ʙʽʣʴʰʦʶ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʰʠʨʠʥʦʶ 

ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʦʙôʻʤʥʦʛʦ ʢʨʠʩʪʘʣʫ ZnO. ʅʝʣʝʛʦʚʘʥʽ ʥʘʥʦʪʨʫʙʢʠ ZnO ʻ 

ʥʝʤʘʛʥʽʪʥʠʤʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʤʠ ʩʠʩʪʝʤʘʤʠ, ʪʦʜʽ ʷʢ ʥʘʥʦʪʨʫʙʢʠ ʽʟ 

ʜʦʤʽʰʢʘʤʠ ʚʦʣʦʜʽʶʪʴ ʚʝʣʠʢʠʤʠ ʤʘʛʥʽʪʥʠʤʠ ʤʦʤʝʥʪʘʤʠ, ʷʢʽ ʚʠʥʠʢʘʶʪʴ 

ʚʥʘʩʣʽʜʦʢ ʛʽʙʨʠʜʠʟʘʮʽʾ ʝʣʝʢʪʨʦʥʥʠʭ ʦʙʦʣʦʥʦʢ ʘʪʦʤʽʚ ʢʠʩʥʶ (2p-ʦʙʦʣʦʥʢʠ) ʽʟ 3d-

ʩʪʘʥʘʤʠ ʘʪʦʤʽʚ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ. ʅʘʡʙʽʣʴʰʠʡ ʤʘʛʥʽʪʥʠʡ ʤʦʤʝʥʪ 

ʧʨʦʷʚʣʷʻʪʴʩʷ ʜʣʷ ʥʘʥʦʪʨʫʙʦʢ (8, 0) ʣʝʛʦʚʘʥʠʭ ʘʪʦʤʘʤʠ Mn (4,92 ɛB). ʃʝʛʦʚʘʥʽ 

ʥʘʥʦʪʨʫʙʢʠ ZnO ʻ ʥʘʧʽʚʤʝʪʘʣʘʤʠ ʽʟ ʤʘʛʥʽʪʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ, ʷʢʽ ʥʝ ʟʘʣʝʞʘʪʴ 

ʚʽʜ ʭʽʨʘʣʴʥʦʩʪʽ ʥʘʥʦʪʨʫʙʦʢ. ʅʘʥʦʩʪʨʫʢʪʫʨʠ ʦʢʩʠʜʫ ʮʠʥʢʫ ʣʝʛʦʚʘʥʽ ʜʦʤʽʰʢʘʤʠ 

3d ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʜʣʷ ʥʦʚʠʭ ʤʘʛʥʽʪʥʠʭ 

ʥʘʧʽʚʧpʦʚʽʜʥʠʢʽʚ, ʱʦ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʫ ʧʨʠʣʘʜʘʭ ʩʧʽʥʪʨʦʥʽʢʠ. 

 

ʃʽʪʝʨʘʪʫʨʘ ʜʦ ʨʦʟʜʽʣʫ: 

45, 62, 63, 90-100, 104-110, 132-141. 
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ʈʆɿɼɯʃ 4.  

ʃʖʄɯʅɽʉʎɽʅʊʅɯ ɺʃɸʉʊʀɺʆʉʊɯ ʅɸʅʆʇʆʈʆʐʂʆɺʀʍ 

ʄɽʊɸʃʆʆʂʉʀɼɯɺ ʋ ɻɸɿɸʍ 

4.1. ɽʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʢʣʘʩʪʝʨʽʚ Zn12O12 ʧʨʠ ʘʜʩʦʨʙʮʽʾ ʛʘʟʽʚ 

ʋ ʜʘʥʦʤʫ ʧʫʥʢʪʽ ʨʦʟʜʽʣʫ ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʧʝʨʰʦʧʨʠʥʮʠʧʥʠʭ 

ʪʝʦʨʝʪʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʚ ʤʝʞʘʭ ʊʌɻ ʚʟʘʻʤʦʜʽʾ ʤʦʣʝʢʫʣ ʨʽʟʥʠʭ ʛʘʟʽʚ (ʢʠʩʥʶ 

O2, ʚʦʜʷʥʦʾ ʧʘʨʠ H2O, ʯʘʜʥʦʛʦ ʛʘʟʫ CO, ʘʤʽʘʢʫ NH3, ʤʝʪʘʥʦʣʫ CH3OH, ʝʪʘʥʦʣʫ 

C2H5OH ʽ ʘʮʝʪʦʥʫ C3H6O) ʟ ʥʫʣʴ-ʤʽʨʥʠʤʠ ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʠ ʥʘ ʦʩʥʦʚʽ ʦʢʩʠʜʫ 

ʮʠʥʢʫ, ʘ ʩʘʤʝ ʥʘʥʦʢʣʘʩʪʝʨʘʤʠ Zn12O12. 

ɼʣʷ ʩʪʨʫʢʪʫʨʥʠʭ ʤʦʜʝʣʝʡ ʧʨʦʚʝʜʝʥʦ ʦʧʪʠʤʽʟʘʮʽʶ ʛʝʦʤʝʪʨʽʾ, ʘ ʧʦʪʽʤ ʥʘ 

ʧʦʚʝʨʭʥʶ ʜʦʜʘʚʘʣʠʩʴ ʤʦʣʝʢʫʣʠ ʨʽʟʥʠʭ ʛʘʟʽʚ. ɻʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʩʠʩʪʝʤʠ 

ʥʘʥʦʢʣʘʩʪʝʨ-ʘʜʩʦʨʙʘʪ (ʧʦʣʦʞʝʥʥʷ ʘʪʦʤʽʚ) ʟʥʦʚʫ ʦʧʪʠʤʽʟʫʚʘʣʠʩʴ. ʂʨʠʪʝʨʽʻʤ 

ʟʙʽʞʥʦʩʪʽ ʨʝʣʘʢʩʘʮʽʡʥʦʾ ʧʨʦʮʝʜʫʨʠ ʩʣʫʛʫʚʘʣʦ ʟʥʘʯʝʥʥʷ ʚʝʣʠʯʠʥʠ ʩʠʣ, ʷʢʽ ʜʽʶʪʴ 

ʥʘ ʘʪʦʤʠ ʤʝʥʰʝ ʟʘ 0,05 ʝɺ/¡. 

ɼʣʷ ʢʦʞʥʦʛʦ ʪʠʧʫ ʤʦʣʝʢʫʣ ʘʜʩʦʨʙʘʪʫ  ʥʘ ʧʦʚʝʨʭʥʽ ʢʣʘʩʪʝʨʽʚ ʨʦʟʛʣʷʥʫʪʦ 

ʨʽʟʥʽ ʤʦʞʣʠʚʽ ʚʘʨʽʘʥʪʠ ʨʦʟʪʘʰʫʚʘʥʥʷ ʤʦʣʝʢʫʣ ʥʘʜ ʧʦʚʝʨʭʥʝʶ (ʥʘʜ ʘʪʦʤʘʤʠ Zn ʽ 

O, ʥʘʜ ʟʚôʷʟʢʦʤ ZnïO) ʪʘ ʨʽʟʥʠʡ ʭʘʨʘʢʪʝʨ ʘʜʩʦʨʙʮʽʾ: ʬʽʟʠʯʥʫ ʘʜʩʦʨʙʮʽ,ʁ 

ʭʝʤʽʩʦʨʙʮʽ ʁ ʽ ʤʦʣʝʢʫʣʷʨʥʫ ʭʝʤʽʩʦʨʙʮʽ.ʁ ʄʦʣʝʢʫʣʷʨʥʘ ʭʝʤʽʩʦʨʙʮʽʷ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʩʣʘʙʢʠʤ ʧʝʨʝʥʝʩʝʥʥʷʤ ʟʘʨʷʜʫ ʤʽʞ ʘʜʩʦʨʙʦʚʘʥʦʶ ʤʦʣʝʢʫʣʦʶ ʽ 

ʧʦʚʝʨʭʥʝʶ ʘʜʩʦʨʙʝʥʪʘ, ʽ ʟʘʡʤʘʻ ʧʨʦʤʽʞʥʫ ʥʽʰʫ ʤʽʞ ʬʽʟʠʯʥʦʶ ʘʜʩʦʨʙʮʽʻʶ ʽ 

ʭʝʤʽʩʦʨʙʮʽʻʶ. 

ɿʥʘʯʝʥʥʷ ʝʥʝʨʛʽ ʾʘʜʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣ ʛʘʟʫ ʥʘ ʧʦʚʝʨʭʥʽ ʥʘʥʦʢʣʘʩʪʝʨʘ Zn12O12 

ʦʙʯʠʩʣʶʚʘʣʠ ʟʘ ʪʘʢʠʤ ʚʠʨʘʟʦʤ [111]: 

Ead = Enm ï (En + Em),            (4.1) 

ʜʝ En ʽ Em ï ʧʦʚʥʽ ʝʥʝʨʛʽ ʾʧʦʚʝʨʭʥʽ ʥʘʥʦʢʣʘʩʪʝʨʘ Zn12O12  ʙʝʟ ʤʦʣʝʢʫʣ ʽ ʚʽʣʴʥʦʾ 

ʤʦʣʝʢʫʣʠ ʛʘʟʫ, ʘ Enm ï ʧʦʚʥʘ ʝʥʝʨʛʽʷ ʩʠʩʪʝʤʠ ʥʘʥʦʢʣʘʩʪʝʨ-ʘʜʩʦʨʙʘʪ. ɹʽʣʴʰ 

ʝʥʝʨʛʝʪʠʯʥʦ ʚʠʛʽʜʥʘ ʢʦʥʬʽʛʫʨʘʮʽ ̫ ʩʠʩʪʝʤʠ ʚʦʣʦʜʽʻ ʚʠʱʠʤ ʟʘ ʤʦʜʫʣʝʤ 

ʟʥʘʯʝʥʥʷʤ ʝʥʝʨʛʽʾ ʘʜʩʦʨʙʮʽʾ. 

ʊʠʧ ʘʜʩʦʨʙʮʽʾ ʚʠʟʥʘʯʘʚʩʷ ʘʥʘʣʽʟʦʤ ʨʦʟʧʦʜʽʣʽʚ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ 

ʽ ʧʨʦʩʪʦʨʦʚʠʤ ʚʠʛʣʷʜʦʤ ʥʘʡʚʠʱʦʾ ʟʘʧʦʚʥʝʥʦʾ ʤʦʣʝʢʫʣʷʨʥʦʾ ʦʨʙʽʪʘʣʽ (HOMO) ʽ 



127 

   

ʥʘʡʥʠʞʯʦʾ ʥʝʟʘʧʦʚʥʝʥʦʾ ʤʦʣʝʢʫʣʷʨʥʦʾ ʦʨʙʽʪʘʣʽ (LUMO) ʤʦʣʝʢʫʣ ʘʜʩʦʨʙʘʪʫ. 

ɼʣʷ ʚʩʪʘʥʦʚʣʝʥʥʷ ʭʘʨʘʢʪʝʨʫ ʘʜʩʦʨʙʮʽʾ ʨʦʟʛʣʷʥʫʪʦ ʜʚʘ ʤʝʭʘʥʽʟʤʠ ʧʝʨʝʥʝʩʝʥʥʷ 

ʟʘʨʷʜʫ: ʘ) ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʚʠʥʠʢʘʻ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʚʽʜʥʦʩʥʦʛʦ ʨʦʟʪʘʰʫ-

ʚʘʥʥʷ ʥʘ ʨʦʟʧʦʜʽʣʽ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʩʠʩʪʝʤʠ HOMO- ʽ LUMO-ʦʨʙʽʪʘʣʝʡ ʘʜʩʦʨ-

ʙʘʪʫ. ɿʦʢʨʝʤʘ, ʷʢʱʦ HOMO ʣʝʞʠʪʴ ʚʠʱʝ ʨʽʚʥʷ ʌʝʨʤʽ ʥʘʥʦʢʣʘʩʪʝʨʘ, ʪʦ ʟʘʨʷʜ 

ʧʝʨʝʥʦʩʠʪʴʩʷ ʜʦ ʘʜʩʦʨʙʦʚʘʥʦʾ ʤʦʣʝʢʫʣʠ; ʙ) ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʤʽʞ ʘʜʩʦʨʙʦʚʘ-

ʥʦʶ ʤʦʣʝʢʫʣʦʶ ʽ ʧʦʚʝʨʭʥʝʶ ʢʣʘʩʪʝʨʘ ZnO ʚʠʟʥʘʯʘʻʪʴʩʷ ʛʽʙʨʠʜʠʟʘʮʽʻʶ ʤʦʣʝ-

ʢʫʣʷʨʥʠʭ HOMO- ʽ LUMO-ʦʨʙʽʪʘʣʝʡ ʽʟ ʢʣʘʩʪʝʨʥʠʤʠ ʝʣʝʢʪʨʦʥʥʠʤʠ ʦʨʙʽʪʘʣʷʤʠ. 

ʇʨʦʚʝʜʝʥʠʡ ʦʧʠʩ ʚʟʘʻʤʦʜʽʾ ʤʦʣʝʢʫʣ ʽʟ ʧʦʚʝʨʭʥʝʶ ʥʘʥʦʢʣʘʩʪʝʨʘ Zn12O12 ʟʘ 

ʩʪʫʧʽʥʥʶ ʟʨʦʩʪʘʥʥʷ ʢʦʤʧʣʝʢʩʥʦʩʪʽ ʤʝʭʘʥʽʟʤʫ ʧʝʨʝʥʦʩʫ ʟʘʨʷʜʫ. ʋ ʪʘʙʣʠʮʽ 4.1. 

ʥʘʚʝʜʝʥʦ ʦʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʽʾ ʘʜʩʦʨʙʮʽʾ ɽad (eɺ), ʝʥʝʨʛʝʪʠʯʥʦʾ ʱʽʣʠʥʠ 

HOMO-LUMO ʩʠʩʪʝʤʠ ʤʦʣʝʢʫʣʘïʥʘʥʦʢʣʘʩʪʝʨ Zn12O12 Eg (ʝɺ), ʧʝʨʝʥʝʩʝʥʥʷ 

ʟʘʨʷʜʫ ȹq (ʝ) ʪʘ ʜʦʚʞʠʥʠ ʟʚôʷʟʢʫ ʤʽʞ ʘʪʦʤʦʤ ʤʦʣʝʢʫʣʠ ʽ ʘʪʦʤʦʤ ʧʦʚʝʨʭʥʽ ʥʘʥʦ-

ʢʣʘʩʪʝʨʘ d (¡) ʜʣʷ ʢʦʥʬʽʛʫʨʘʮʽʡ ʩʠʩʪʝʤʠ ʤʦʣʝʢʫʣʘïʥʘʥʦʢʣʘʩʪʝʨ Zn12O12 ʽʟ 

ʥʘʡʚʠʱʦʶ ʝʥʝʨʛʽʻʶ ʟʚôʷʟʢʫ.  

ʊʘʙʣʠʮʷ 4.1. 

ɽʥʝʨʛʽʷ ʘʜʩʦʨʙʮʽʾ ɽad (eɺ) , h ʠʨʠʥʘ ʝʥʝʨʛʝʪʠʯʥʦʾ ʱʽʣʠʥʠ HOMO-

LUMO  Eg (ʝɺ), ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ȹq (ʝ) ʪʘ ʜʦʚʞʠʥʘ ʟʚ'ʷʟʢʫ d (¡) ʚʽʜ 

ʘʜʩʦʨʙʦʚʘʥʠʭ ʤʦʣʝʢʫʣ ʜʦ ʧʦʚʝʨʭʥʽ ʥʘʥʦʢʣʘʩʪʝʨʘ Zn12O12 

 ɽad (eɺ) Eg (ʝɺ) ȹq (ʝ) d (¡) 

ZnO  2.606   

H2O -0.8 2.612 0.101 2.18 

NH3 -1.11 2.588 0.233 2.13 

ʉO -0.38 2.570 0.050 2.23 

O2 -0.28 2,293 -0,152 2.20 

NO2 (1) -0.25 2.328 -0.204 2.12 

NO2 (2) -0.31 2.367 -0.180 2.27 

NO2 (3) -0.37 2.288 -0.190 2.12 

NO2 (4) -0.40 2.299 -0.212 2.12 

C2H5OH -0.78 2.591 0.126 2.16 

CH3OH -0.74 2.595 0.113 2.17 

C3H6O -0.76 2.594 0.120 2.14 
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ʋ ʨʘʟʽ ʘʜʩʦʨʙʮʽ ʾ ʤʦʣʝʢʫʣ ʛʘʟʽʚ ʥʘ ʧʦʚʝʨʭʥʽ ʢʣʘʩʪʝʨʘ ʟʤʽʥʶʻʪʴʩʷ ʡʦʛʦ 

ʣʦʢʘʣʴʥʘ ʛʝʦʤʝʪʨʠʯʥʘ ʩʪʨʫʢʪʫʨʘ ʫ ʤʽʩʮʽ ʟʚôʷʟʢʫ [112]. ʋ ʚʠʧʘʜʢʫ ʘʜʩʦʨʙʮʽʾ 

ʤʦʣʝʢʫʣʠ H2O ʾʾ HOMO-ʦʨʙʽʪʘʣʴ ʧʦʚʥʽʩʪʶ ʣʦʢʘʣʽʟʫʻʪʴʩʷ ʥʘ ʘʪʦʤʽ ʦʢʩʠʛʝʥʫ, ʫ 

ʪʦʡ ʯʘʩ ʷʢ LUMO-ʦʨʙʽʪʘʣʴ ï ʥʘ ʘʪʦʤʘʭ ʛʽʜʨʦʛʝʥʫ. ɿʘʚʜʷʢʠ ʥʝʚʝʣʠʢʦʤʫ 

ʟʤʽʰʫʚʘʥʥʶ ʽʟ ʝʣʝʢʪʨʦʥʥʠʤʠ ʩʪʘʥʘʤʠ ʥʘʥʦʢʣʘʩʪʝʨʘ ʚʠʱʝ ʨʽʚʥʷ ʌʝʨʤʽ HOMO-

ʦʨʙʽʪʘʣʴ ʚʽʜʽʛʨʘʻ ʚʠʟʥʘʯʘʣʴʥʫ ʨʦʣʴ ʫ ʧʝʨʝʥʝʩʝʥʥʽ ʟʘʨʷʜʫ (ʨʠʩ. 4.1).  

ɼʣʷ ʩʪʘʥʽʚ, ʷʢʽ ʟʥʘʭʦʜʷʪʴʩʷ ʥʠʞʯʝ ʨʽʚʥʷ ʌʝʨʤʽ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʪʘʢʦʞ 

ʩʠʣʴʥʽʰʘ ʛʽʙʨʠʜʠʟʘʮʽʷ, ʧʨʦʪʝ ʚʦʥʘ ʥʝ ʚʠʢʣʠʢʘʻ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ, ʦʩʢʽʣʴʢʠ ʫʩʽ 

ʮʽ ʩʪʘʥʠ ʻ ʟʘʧʦʚʥʝʥʠʤʠ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʤʦʣʝʢʫʣʘ H2O ̒  ʜʦʥʦʨʦʤ ʥʦʩʽʾʚ ʟʘʨʷʜʫ, 

ʧʽʜʚʠʱʫʶʯʠ ʧʨʦʚʽʜʥʽʩʪʴ ʩʠʩʪʝʤʠ. 

ʋ ʨʘʟʽ ʘʜʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣ ʘʤʽʘʢʫ NH3 ʩʠʪʫʘʮʽʷ ʻ ʧʦʜʽʙʥʦʶ. ʄʦʣʝʢʫʣʠ 

ʘʤʽʘʢʫ ʘʜʩʦʨʙʫʶʪʴʩʷ ʟʘ ʪʠʧʦʤ ʤʦʣʝʢʫʣʷʨʥʦʾ ʭʝʤʽʩʦʨʙʮʽʾ ʥʘ ʧʦʚʝʨʭʥʽ 

ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʽ ʩʪʘʶʪʴ ʜʦʥʦʨʘʤʠ ʥʦʩʽʾʚ ʟʘʨʷʜʫ (ʨʠʩ. 4.2). HOMO ʻ ʻʜʠʥʦʶ 

ʦʨʙʽʪʘʣʣʶ, ʷʢʘ ʟʘʟʥʘʻ ʩʫʪʪʻʚʦʛʦ ʧʝʨʝʢʨʠʪʪʷ ʽʟ ʩʪʘʥʘʤʠ ʢʣʘʩʪʝʨʘ ʧʦʙʣʠʟʫ ʨʽʚʥʷ 

ʌʝʨʤʽ. ɸʥʘʣʽʟ ʟʘʩʝʣʝʥʦʩʪʽ ʦʨʙʽʪʘʣʝʡ ʟʘ ʄʘʣʽʢʝʥʦʤ ʚʢʘʟʫʻ, ʱʦ ʽʦʥʠ ʥʽʪʨʦʛʝʥʫ 

ʚʪʨʘʯʘʶʪʴ ʟʘʨʷʜ (ȹqN = 0.249), ʪʦʜʽ ʷʢ ʘʪʦʤʠ ʛʽʜʨʦʛʝʥʫ ʧʨʘʢʪʠʯʥʦ ʥʝ ʟʤʽʥʶʶʪʴ 

ʟʘʨʷʜʫ. 
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ʈʠʩ. 4.1. ʄʦʜʝʣʴ ʘʜʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣ ʅ2ʆ ʥʘ ʧʦʚʝʨʭʥʽ ʥʘʥʦʢʣʘʩʪʝʨʘ Zn12O12 (ʘ), 

ʧʘʨʮʽʘʣʴʥʽ ʨʦʟʧʦʜʽʣʠ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʽʦʥʽʚ ʤʦʣʝʢʫʣʠ ʅ2ʆ ʚ ʦʧʪʠʤʽʟʦʚʘʥʽʡ ʩʠʩʪʝʤʽ 

ʥʘʥʦʢʣʘʩʪʝʨ-ʘʜʩʦʨʙʘʪ (ʯʠʩʝʣʴʥʽ ʟʥʘʯʝʥʥʷ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʜʣʷ ʽʦʥʽʚ ʆ ʪʘ ʅ ʧʦʤʥʦʞʝʥʽ 

ʥʘ 5) (ʙ).  
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ʈʠʩ. 4.2. ʄʦʜʝʣʴ ʘʜʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣ NH3 ʥʘ ʧʦʚʝʨʭʥʽ ʥʘʥʦʢʣʘʩʪʝʨʘ Zn12O12 (ʘ), 

ʧʘʨʮʽʘʣʴʥʽ ʨʦʟʧʦʜʽʣʠ ʛʫʩʪʠʥʠ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʽʦʥʽʚ ʤʦʣʝʢʫʣʠ NH3 ʚ ʦʧʪʠʤʽʟʦʚʘʥʽʡ 

ʩʠʩʪʝʤʽ ʥʘʥʦʢʣʘʩʪʝʨ-ʘʜʩʦʨʙʘʪ (ʯʠʩʝʣʴʥʽ ʟʥʘʯʝʥʥʷ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʜʣʷ ʽʦʥʽʚ N ʪʘ ʅ 

ʧʦʤʥʦʞʝʥʽ ʥʘ 5) (ʙ). 

 

ʉʪʘʙʽʣʴʥʦʶ ʢʦʥʬʽʛʫʨʘʮʽʻʶ ʘʜʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣʠ ʯʘʜʥʦʛʦ ʛʘʟʫ (CO) ʻ ʢʦʥʬʽ-

ʛʫʨʘʮʽʷ ʽʟ ʟʚôʷʟʫʚʘʥʥʷʤ ʘʪʦʤʘ ʚʫʛʣʝʮʶ ʽʟ ʘʪʦʤʦʤ ʮʠʥʢʫ (ʨʠʩ. 4.3), ʪʦʜʽ ʷʢ ʽʥʰʽ 

ʢʦʥʬʽʛʫʨʘʮʽʾ ʻ ʟʥʘʯʥʦ ʤʝʥʰ ʝʥʝʨʛʝʪʠʯʥʦ ʚʠʛʽʜʥʠʤʠ ʘʙʦ ʥʝʩʪʘʙʽʣʴʥʠʤʠ. ʋ ʨʘʟʽ 

ʘʜʩʦʨʙʮʽʾ CO ʚʝʣʠʯʠʥʘ ʜʦʥʦʨʥʦʛʦ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʩʫʪʪʻʚʦ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʦʨʽʻʥʪʘʮʽʾ ʤʦʣʝʢʫʣʠ ʚʽʜʥʦʩʥʦ ʧʦʚʝʨʭʥʽ ʥʘʥʦʢʣʘʩʪʝʨʘ, ʷʢʘ ʚʠʥʠʢʘʻ ʚʥʘʩʣʽʜʦʢ ʨʽʟ-

ʥʦʛʦ ʩʪʫʧʝʥʷ ʧʝʨʝʢʨʠʪʪʷ 5ů HOMO ʦʨʙʽʪʘʣʝʡ ʤʦʣʝʢʫʣʠ CO ʽʟ ʩʪʘʥʘʤʠ ZnO. 

ɺʘʨʪʦ ʚʽʜʟʥʘʯʠʪʠ, ʱʦ LUMO 2ˊ-ʦʨʙʽʪʘʣʴ ʚʽʜʽʛʨʘʻ ʚʠʟʥʘʯʘʣʴʥʫ ʨʦʣʴ ʫ ʪʠʧʽ ʟʚôʷ-

ʟʫʚʘʥʥʷ ʤʦʣʝʢʫʣ CO ʽʟ ʩʝʥʩʦʨʥʦʶ ʧʦʚʝʨʭʥʝʶ ʥʘʥʦʢʣʘʩʪʝʨʘ, ʦʩʢʽʣʴʢʠ ʾʾ ʝʥʝʨʛʝ-

ʪʠʯʥʝ ʨʦʟʪʘʰʫʚʘʥʥʷ ʻ ʙʣʠʞʯʠʤ ʜʦ ʨʽʚʥʷ ʌʝʨʤʽ, ʥʽʞ ʫ HOMO-ʦʨʙʽʪʘʣ ̔(ʨʠʩ. 4.3). 

ʃʽʪʝʨʘʪʫʨʥʽ ʜʘʥʽ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʜʦʚʞʠʥʘ ʟʚôʷʟʢʫ ʜʣʷ ʚʽʣʴʥʦʾ ʤʦʣʝʢʫʣʠ 

CO
+
 ʩʪʘʥʦʚʠʪʴ 1.115 ¡, ʘ ʫ ʚʠʧʘʜʢʫ CO ï 1.128 ¡ [101]. ʊʦʤʫ, ʟʤʝʥʰʝʥʥʷ 

ʜʦʚʞʠʥʠ ʟʚôʷʟʢʫ C-O ʚʽʜ 1.141 ¡ ʜʣʷ ʦʧʪʠʤʽʟʦʚʘʥʦʾ ʚʽʣʴʥʦʾ ʤʦʣʝʢʫʣʠ ʜʦ 1.136 ¡ 

ï ʜʣʷ ʘʜʩʦʨʙʦʚʘʥʦʾ ʤʦʣʝʢʫʣʠ CO  ̒ʽʥʰʠʤ ʧʽʜʪʚʝʨʜʞʝʥʥʷʤ ʜʦʥʦʨʥʦʛʦ ʭʘʨʘʢʪʝʨʫ 

ʟʚôʷʟʫʚʘʥʥʷ ʤʦʣʝʢʫʣʠ CO ʽʟ ʧʦʚʝʨʭʥʝʶ ZnO. 
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ʈʠʩ. 4.3 ʄʦʜʝʣʴ ʘʜʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣʠ CO ʥʘ ʧʦʚʝʨʭʥʽ ʥʘʥʦʢʣʘʩʪʝʨʘ Zn12O12 (ʘ), 

ʧʘʨʮʽʘʣʴʥʽ ʨʦʟʧʦʜʽʣʠ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʽʦʥʽʚ ʤʦʣʝʢʫʣʠ CO ʚ ʦʧʪʠʤʽʟʦʚʘʥʽʡ ʩʠʩʪʝʤʽ 

ʥʘʥʦʢʣʘʩʪʝʨ-ʘʜʩʦʨʙʘʪ (ʯʠʩʝʣʴʥʽ ʟʥʘʯʝʥʥʷ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʜʣʷ ʽʦʥʽʚ C ʪʘ O ʧʦʤʥʦʞʝʥʽ 

ʥʘ 5) (ʙ). 

 

ɼʦʥʦʨʥʠʡ ʪʠʧ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʫʟʛʦʜʞʫʻʪʴʩʷ ʽʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ 

ʜʘʥʠʤʠ, ʟʛʽʜʥʦ ʟ ʷʢʠʤʠ ʢʦʥʮʝʥʪʨʘʮʽʷ ʝʣʝʢʪʨʦʥʽʚ ʫ ʥʘʥʦʩʪʨʫʢʪʫʨʘʭ ʦʢʩʠʜʫ 

ʮʠʥʢʫ n-ʪʠʧʫ ʟʨʦʩʪʘʻ ʧʽʜ ʚʧʣʠʚʦʤ ʧʘʨʽʚ H2O, NH3 [102] ʽ CO [113, 142]. 

ɺʟʘʻʤʦʜʽʷ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʢʠʩʥʶ ʽʟ ʧʦʚʝʨʭʥʝʶ ʥʘʥʦʢʣʘʩʪʝʨʘ ʥʘ ʦʩʥʦʚʽ 

ZnO ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʪʠʧʦʤ ʬʽʟʠʯʥʦʾ ʘʜʩʦʨʙʮʽʾ. ɿʥʘʯʝʥʥʷ ʜʦʚʞʠʥʠ ʤʽʞʘʪʦʤʥʦʛʦ 

ʟʚôʷʟʢʫ ʫ ʚʽʣʴʥʽʡ ʤʦʣʝʢʫʣʽ ʩʪʘʥʦʚʠʪʴ 1.226 ¡, ʘ ʚ ʘʜʩʦʨʙʦʚʘʥʽʡ ʥʘ ʧʦʚʝʨʭʥʽ 

ʧʽʩʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ï 1.255 ¡.  

ʋ ʨʘʟʽ ʚʟʘʻʤʦʜʽ ʾ ʤʦʣʝʢʫʣ O2 ʽʟ ʧʦʚʝʨʭʥʝʶ ʥʘʥʦʢʣʘʩʪʝʨʘ ʽʥʜʫʢʫʶʪʴʩʷ 

ʘʢʮʝʧʪʦʨʥʽ ʜʦʤʽʰʢʦʚʽ ʩʪʘʥʠ ʚʠʱʝ ʨʽʚʥʷ ʌʝʨʤʽ (ʨʠʩ. 4.4), ʱʦ ʩʚʽʜʯʠʪʴ ʧʨʦ 

ʧʝʨʝʥʝʩʝʥʥʷ ʝʣʝʢʪʨʦʥʽʚ ʚʽʜ ʥʘʥʦʢʣʘʩʪʝʨʘ ʜʦ O2. ɸʢʮʝʧʪʦʨʥʠʡ ʭʘʨʘʢʪʝʨ 

ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʥʘʥʦʢʣʘʩʪʝʨ Ÿ ʤʦʣʝʢʫʣʘ O2  ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʝʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥ ̫ ʩʝʥʩʦʨʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʜʨʦʪʠʥ [103, 143] ʪʘ 

ʥʘʥʦʧʦʨʦʰʢʽʚ ZnO [88]. 
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ʈʠʩ. 4.4. ʆʧʪʠʤʽʟʦʚʘʥʘ ʩʪʨʫʢʪʫʨʥʘ ʤʦʜʝʣʴ ʚʟʘʻʤʦʜʽʾ ʤʦʣʝʢʫʣʠ O2 ʽʟ ʧʦʚʝʨʭʥʝʶ 

ʥʘʥʦʢʣʘʩʪʝʨʘ Zn12O12 (ʘ), ʨʦʟʧʦʜʽʣ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʤʦʣʝʢʫʣʠ ʆ2 ʚ ʦʧʪʠʤʽʟʦʚʘʥʽʡ 

ʩʠʩʪʝʤʽ ʥʘʥʦʢʣʘʩʪʝʨ-ʘʜʩʦʨʙʘʪ (ʙ). 

 

ʂʦʥʬʽʛʫʨʘʮʽʡʥʫ ʟʘʣʝʞʥʽʩʪʴ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʠʩʪʝʤʠ ʥʘʥʦʢʣʘʩʪʝʨ-ʘʜʩʦʨʙʘʪ 

ʨʦʟʛʣʷʥʫʪʦ ʥʘ ʧʨʠʢʣʘʜʽ ʘʜʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣʠ NO2. ʆʪʨʠʤʘʥʦ ʯʦʪʠʨʠ ʩʪʘʙʽʣʴʥʽ 

ʛʝʦʤʝʪʨʠʯʥʽ ʢʦʥʬʽʛʫʨʘʮʽʾ ʘʜʩʦʨʙʮʽʾ NO2 ʥʘ ʧʦʚʝʨʭʥʽ ʥʘʥʦʢʣʘʩʪʝʨʘ (ʨʠʩ. 4.5).  

ʋ ʢʦʥʬʽʛʫʨʘʮʽʷʭ 1 (ʤʦʣʝʢʫʣʘ NO2 ʚʽʜʭʠʣʝʥʘ ʚʽʜ ʥʘʥʦʢʣʘʩʪʝʨʘ), 3 

(ʤʦʣʝʢʫʣʘ NO2 ʨʦʟʪʘʰʦʚʘʥʘ ʥʘʜ ʯʦʪʠʨʠʢʫʪʥʠʢʦʤ ʩʬʦʨʤʦʚʘʥʠʤ ʟʚôʷʟʢʘʤʠ Zn-O) 

ʪʘ 4 (ʤʦʣʝʢʫʣʘ NO2 ʨʦʟʪʘʰʦʚʘʥʘ ʥʘʜ ʰʝʩʪʠʢʫʪʥʠʢʦʤ ʩʬʦʨʤʦʚʘʥʠʤ ʟʚôʷʟʢʘʤʠ 

Zn-O) ʧʽʜ ʯʘʩ ʘʜʩʦʨʙʮʽʾ ʩʧʦʩʪʝʨʽʛʘʻʤʦ ʚʟʘʻʤʦʜʽʶ ʦʜʥʦʛʦ ʘʪʦʤʘ O ʤʦʣʝʢʫʣʠ NO2 

ʽʟ ʘʪʦʤʦʤ Zn ʥʘʥʦʢʣʘʩʪʝʨʘ (ʜʦʚʞʠʥʘ ʟʚôʷʟʢʫ ʩʪʘʥʦʚʠʪʴ dZn-O = 2.12 ¡). ɼʣʷ 

ʢʦʥʬʽʛʫʨʘʮʽʾ 2 ʚʞʝ ʜʚʘ ʘʪʦʤʠ O ʤʦʣʝʢʫʣʠ ʘʜʩʦʨʙʘʪʫ ʟʚôʷʟʫʶʪʴʩʷ ʽʟ ʘʪʦʤʘʤʠ Zn 

(ʜʦʚʞʠʥʘ ʟʚôʷʟʢʫ  ʩʪʘʥʦʚʠʪʴ dZn-O = 2.27 ¡). 

ʋ ʧʦʣʦʞʝʥʥʽ 1 ʝʥʝʨʛʽʷ ʘʜʩʦʨʙʮʽʾ NO2 ʩʪʘʥʦʚʠʪʴ ɽad = -0.25 ʝɺ, ʫ ʧʨʦʮʝʩʽ 

ʘʜʩʦʨʙʮʽʾ ʟʤʽʥʶʻʪʴʩʷ ʛʝʦʤʝʪʨʽʷ ʤʦʣʝʢʫʣʠ: ʜʦʚʞʠʥʘ ʟʚôʷʟʢʫ ʫ ʤʦʣʝʢʫʣʽ dN-O 

ʟʨʦʩʪʘʻ ʽʟ 1.21 ¡ ʜʦ 1.27 ¡, ʟʥʘʯʝʥʥʷ ʚʘʣʝʥʪʥʦʛʦ ʢʫʪʘ ʟʤʝʥʰʫʻʪʴʩʷ ʚʽʜ 133.5Ü ʜʦ 

122.5Ü. ɸʥʘʣʽʟ ʟʘʩʝʣʝʥʦʩʪʝʡ ʟʘ ʄʘʣʽʢʝʥʦʤ ʚʢʘʟʫʻ ʥʘ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʚʽʜ 

ʥʘʥʦʢʣʘʩʪʝʨʘ ʜʦ ʤʦʣʝʢʫʣʠ ʘʜʩʦʨʙʘʪʘ (ȹq = -0.204e). ʇʦʜʽʙʥʽ ʟʤʽʥʠ ʛʝʦʤʝʪʨʽʾ 
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ʤʦʣʝʢʫʣʠ ʚʽʜʙʫʚʘʶʪʴʩʷ ʽ ʫ ʚʠʧʘʜʢʫ ʽʥʰʠʭ ʢʦʥʬʽʛʫʨʘʮʽʡ, ʪʦʙʪʦ ʜʦʚʞʠʥʠ 

ʤʽʞʘʪʦʤʥʠʭ ʟʚôʷʟʢʽʚ ʫ ʤʦʣʝʢʫʣʽ ʟʨʦʩʪʘʶʪʴ, ʪʦʜʽ ʷʢ ʚʘʣʝʥʪʥʠʡ ʢʫʪ ʟʤʝʥʰʫʻʪʴʩʷ. 

ɼʣʷ ʢʦʥʬʽʛʫʨʘʮʽʾ 4 ʦʪʨʠʤʘʥʦ ʥʘʡʚʠʱʝ ʟʘ ʤʦʜʫʣʝʤ ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʽʾ ʘʜʩʦʨʙʮʽʾ 

(ɽad = -0.40 ʝɺ), ʘ ʪʘʢʦʞ ʥʘʡʚʠʱʝ ʟʥʘʯʝʥʥʷ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ (ȹq = -0.212ʝ). 
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ʈʠʩ. 4.5. ʄʦʜʝʣʽ ʘʜʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣ ʪʦʢʩʠʯʥʦʛʦ ʛʘʟʫ NO2 ʥʘ ʧʦʚʝʨʭʥʽ ʥʘʥʦʢʣʘʩʪʝʨʘ 

Zn12O12 ʫ ʨʽʟʥʠʭ (1-4) ʢʦʥʬʽʛʫʨʘʮʽʷʭ (ʘ) ʧʽʩʣʷ ʦʧʪʠʤʽʟʘʮʽʾ; ʨʦʟʧʦʜʽʣ ʝʥʝʨʛʝʪʠʯʥʠʭ 

ʨʽʚʥʽʚ ʩʠʩʪʝʤʠ ʥʘʥʦʢʣʘʩʪʝʨ- NO2 ʜʣʷ ʨʽʟʥʠʭ ʢʦʥʬʽʛʫʨʘʮʽʡ ʘʜʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣʠ NO2 (ʙ). 
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ɺ ʝʣʝʢʪʨʦʥʥʦʤʫ ʩʧʝʢʪʨʽ ʩʠʩʪʝʤʠ ʬʽʢʩʫʻʤʦ ʚ̔ ʜʧʦʚʽʜʥʽ ʟʤʽʥʠ: ʽʟ HOMO-

ʦʨʙʽʪʘʣʣʶ ʥʘʥʦʢʣʘʩʪʝʨʘ ʛʽʙʨʠʜʠʟʫʶʪʴʩʷ ʦʨʙʽʪʘʣʽ ʤʦʣʝʢʫʣʠ NO2, ʫ ʟʘʙʦʨʦʥʝʥʽʡ 

ʟʦʥʽ ʽʥʜʫʢʫʻʪʴʩʷ ʘʢʮʝʧʪʦʨʥʠʡ ʨʽʚʝʥʴ NO2, ʘ LUMO-ʦʨʙʽʪʘʣʴ ʥʘʥʦʢʣʘʩʪʝʨʘ 

ʟʩʫʚʘʻʪʴʩʷ ʧʦ ʝʥʝʨʛʝʪʠʯʥʽʡ ʰʢʘʣʽ ʚʛʦʨʫ (ʨʠʩ. 4.5). ɼʣʷ ʥʘʡʙʽʣʴʰ ʝʥʝʨʛʝʪʠʯʥʦ 

ʚʠʛʽʜʥʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ 4 ʘʢʮʝʧʪʦʨʥʠʡ ʨʽʚʝʥʴ ʨʦʟʪʘʰʦʚʘʥʠʡ ʧʦʙʣʠʟʫ 

ʝʥʝʨʛʝʪʠʯʥʦʾ ʤʽʪʢʠ 0.424 ʝɺ. 

ʅʘ ʨʠʩ. 4.6 ʪʘ ʨʠʩ. 4.7 ʟʦʙʨʘʞʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʘʜʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣ ʤʝʪʘʥʦʣʫ 

CH3OH ʪʘ ʝʪʘʥʦʣʫ C2H5OH ʥʘ ʧʦʚʝʨʭʥʽ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ZnO. 

ʋ ʨʘʟʽ ʥʘʙʣʠʞʝʥʥʽ ʤʦʣʝʢʫʣ ʜʦ ʧʦʚʝʨʭʥʽ ʥʘʥʦʢʣʘʩʪʝʨʘ ʧʨʦʭʦʜʠʪʴ ʧʨʦʮʝʩ 

ʭʝʤʽʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣ ʛʘʟʫ ʥʘ ʧʦʚʝʨʭʥʽ. ɸʪʦʤʠ ʦʢʩʠʛʝʥʫ ʤʦʣʝʢʫʣ CH3OH ʽ  

C2H5OH ʟʚô̫ ʟʫʶʪʴʩʷ ʽʟ ʘʪʦʤʦʤ Zn ʥʘʥʦʢʣʘʩʪʝʨʘ, ʪʦʜʽ ʷʢ ʘʪʦʤʠ ʤʝʪʠʣʦʚʦʾ 

(ʝʪʠʣʦʚʦʾ) ʛʨʫʧʠ ʽʟ ʧʦʚʝʨʭʥʝʶ ʥʝ ʚʟʘʻʤʦʜʽʶʪʴ. ɿʥʘʯʝʥʥʷ ʚʽʜʩʪʘʥ ̔ʤʽʞ ʘʪʦʤʘʤʠ 

ʅ (C2H5OH) ʪʘ ʆ (ZnO) ʩʪʘʥʦʚʠʪʴ 1.91 ¡., ʱʦ ʻ ʩʫʪʪʻʚʦ ʤʝʥʰʠʤ ʟʘ ʩʫʤʫ ɺʘʥ-

ʜʝʨ-ɺʘʘʣʴʩʦʚʠʭ ʨʘʜʽʫʩʽʚ ʚʽʜʧʦʚʽʜʥʠʭ ʘʪʦʤʽʚ (2.72 ¡) ʽ ʚʢʘʟʫʻ ʥʘ ʫʪʚʦʨʝʥʥʷ 

ʚʦʜʥʝʚʦʛʦ ʟʚôʷʟʢʫ.  

ʄʽʞʘʪʦʤʥʽ ʚʽʜʩʪʘʥʽ OH-ʛʨʫʧ ʫ ʧʦʨʽʚʥʷʥʥʽ ʽʟ ʚʽʜʧʦʚʽʜʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʜʣʷ 

ʚʽʣʴʥʠʭ ʤʦʣʝʢʫʣ ̔ʧʽʩʣʷ ʟʚô̫ ʟʫʚʘʥʥʷ ʽʟ ʧʦʚʝʨʭʥʝʶ ʟʨʦʩʪʘʶʪʴ ʥʘ 0.06 ¡, ʷʢ ʜʣʷ 

ʤʦʣʝʢʫʣ CH3OH, ʪʘʢ ʽ ʜʣʷ C2H5OH. ʇʨʦʪʝ, ʢʨʽʤ ʪʘʢʦʛʦ ʟʨʦʩʪʘʥʥʷ ʜʦʚʞʠʥʠ 

ʟʚôʷʟʢʫ ʫ OH-ʛʨʫʧʘʭ, ʛʝʦʤʝʪʨʽʷ ʤʦʣʝʢʫʣ CH3OH ʽ  C2H5OH ʧʽʩʣʷ ʘʜʩʦʨʙʮʽʾ ʥʘ 

ʧʦʚʝʨʭʥʽ ʥʘʥʦʢʣʘʩʪʝʨʘ ZnO ʧʨʘʢʪʠʯʥʦ ʥʝ ʟʤʽʥʶʻʪʴʩʷ (ʬʽʢʩʫʻʤʦ ʟʨʦʩʪʘʥʥʷ 

ʟʥʘʯʝʥʥʷ ʢʫʪʘ COH ʣʠʰʝ ʥʘ 1.2Á, ʟʨʦʩʪʘʥʥʷ ʜʦʚʞʠʥ ʟʚôʷʟʢʽʚ CïO ʥʝ ʙʽʣʴʰʝ ʥʽʞ 

ʥʘ 0.015 ¡, ʢʫʪ H-C-H ʟʤʽʥʶʻʪʴʩʷ ʥʝ ʙʽʣʴʰʝ ʥʽʞ ʥʘ 1.3Á). ɼʦʚʞʠʥʠ ʟʚôʷʟʢʽʚ CïH  

ʧʨʘʢʪʠʯʥʦ ʥʝ ʟʤʽʥʶʶʪʴʩʷ. ɼʦʜʘʪʢʦʚʦ ʚʟʘʻʤʦʜʽʷ ʤʽʞ ʤʦʣʝʢʫʣʘʤʠ CH3OH ʽ  

C2H5OH ʪʘ ʘʪʦʤʘʤʠ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʧʨʠʚʦʜʠʪʴ ʜʦ ʧʦʚʝʨʪʘʥʥʷ C-C ʟʚôʷʟʢʫ.  

ɺʠʟʥʘʯʘʣʴʥʫ ʨʦʣʴ ʫ ʧʝʨʝʥʝʩʝʥʥʽ ʟʘʨʷʜʫ ʚʽʜʽʛʨʘʻ HOMO-ʦʨʙʽʪʘʣʴ 

ʘʜʩʦʨʙʘʪʽʚ ʟʘʚʜʷʢʠ ʩʫʪʪʻʚʽʡ ʛʽʙʨʠʜʠʟʘʮʽʾ ʽʟ ʝʣʝʢʪʨʦʥʥʠʤʠ ʦʨʙʽʪʘʣʷʤʠ 

ʥʘʥʦʢʣʘʩʪʝʨʘ ZnO ʚ ʦʢʦʣʽ ʨʽʚʥʷ ʌʝʨʤʽ. 
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ʈʠʩ. 4.6. ʆʧʪʠʤʽʟʦʚʘʥʘ ʩʪʨʫʢʪʫʨʥʘ ʤʦʜʝʣʴ ʘʜʩʦʨʙʮʽʾ ʤʝʪʘʥʦʣʫ ʥʘ ʧʦʚʝʨʭʥʽ 

ʥʘʥʦʢʣʘʩʪʝʨʘ Zn12O12 (ʘ), ʧʘʨʮʽʘʣʴʥʽ ʨʦʟʧʦʜʽʣʠ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʤʦʣʝʢʫʣʠ ʤʝʪʘʥʦʣʫ ʫ 

ʩʠʩʪʝʤʽ ʥʘʥʦʢʣʘʩʪʝʨ- CH3OH (ʙ). 
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ʈʠʩ. 4.7. ʆʧʪʠʤʽʟʦʚʘʥʘ ʩʪʨʫʢʪʫʨʥʘ ʤʦʜʝʣʴ ʘʜʩʦʨʙʮʽʾ  ʝʪʘʥʦʣʫ ʥʘ ʧʦʚʝʨʭʥʽ 

ʥʘʥʦʢʣʘʩʪʝʨʘ Zn12O12 (ʘ), ʧʘʨʮʽʘʣʴʥʽ ʨʦʟʧʦʜʽʣʠ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʤʦʣʝʢʫʣʠ ʝʪʘʥʦʣʫ ʫ 

ʩʠʩʪʝʤʽ ʥʘʥʦʢʣʘʩʪʝʨ-C2H5OH (ʙ). 

 

ʋ ʨʘʟʽ ʘʜʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣ ʘʮʝʪʦʥʫ, ʘʪʦʤ ʦʢʩʠʛʝʥʫ ʤʦʣʝʢʫʣʠ (CH3(CO)CH3) 

ʬʦʨʤʫʻ ʟʚ'ʷʟʦʢ ʟ ʘʪʦʤʦʤ ʮʠʥʢʫ, ʜʦʚʞʠʥʘ ʟʚôʷʟʢʫ Zn(ZnO) ï O(C3H6O) ʩʪʘʥʦʚʠʪʴ 

2,14 ¡ (ʨʠʩ. 4.8). ʇʽʩʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʩʪʨʫʢʪʫʨʥʦʾ ʤʦʜʝʣʽ ʜʦʚʞʠʥʘ ʟʚôʷʟʢʫ ʉ-ʆ 
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ʤʦʣʝʢʫʣʠ ʘʮʝʪʦʥʫ ʟʤʽʥʶʻʪʴʩʷ ʥʘ 0.02 ¡, ʘ ʜʦʚʞʠʥʠ ʤʽʞʘʪʦʤʥʠʭ ʟʚôʷʟʢʽʚ ʉ-ʉ 

ʤʦʣʝʢʫʣʠ ʟʤʝʥʰʫʶʪʴʩʷ ʧʨʠʙʣʠʟʥʦ ʥʘ 0.01-0.02 ¡. ɿʤʽʥʠ ʚ ʜʦʚʞʠʥʘʭ ʟʚôʷʟʢʽʚ ʉ-

ʅ ʻ ʥʝʟʥʘʯʥʠʤʠ, ʟʥʘʯʝʥʥʷ ʢʫʪʽʚ ʆ-ʉ-ʉ ʟʤʽʥʶʶʪʴʩʷ ʚ ʤʝʞʘʭ 2.0Á, ʘ ʟʥʘʯʝʥʥʷ 

ʢʫʪʽʚ ʅʉʅ ī ʚ ʤʝʞʘʭ 1.0Á. ɸʥʘʣʽʟ ʟʘʩʝʣʝʥʦʩʪʝʡ ʦʨʙʽʪʘʣʝʡ ʧʦʢʘʟʫʻ ʚʥʫʪʨʽʰʥʽʡ 

ʧʝʨʝʨʦʟʧʦʜʽʣ ʟʘʨʷʜʦʚʦʾ ʛʫʩʪʠʥʠ ʫ ʤʦʣʝʢʫʣʽ ʪʘ ʯʘʩʪʢʦʚʝ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʚʽʜ 

ʤʦʣʝʢʫʣʠ ʜʦ ʧʦʚʝʨʭʥʽ ʥʘʥʦʢʣʘʩʪʝʨʘ.  
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ʈʠʩ. 4.8. ʈʦʟʧʦʜʽʣʠ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʤʦʣʝʢʫʣ ʘʮʝʪʦʥʫ ʫ ʩʠʩʪʝʤʽ ʥʘʥʦʢʣʘʩʪʝʨ- 

C3H6O. 

 

ɼʣʷ ʧʽʜʪʚʝʨʜʞʝʥʥʷ ʚʘʞʣʠʚʦʩʪʽ ʩʪʨʫʢʪʫʨʥʦʾ ʦʧʪʠʤʽʟʘʮʽʾ ʜʦʩʣʽʜʞʫʚʘʥʠʭ 

ʩʠʩʪʝʤ ʤʦʣʝʢʫʣʘ-ʥʘʥʦʢʣʘʩʪʝʨ ʧʨʝʜʩʪʘʚʣʷʻʤʦ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ʝʥʝʨʛʽʾ 

ʘʜʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣ ʛʘʟʽʚ ʥʘ ʧʦʚʝʨʭʥʽ ʥʘʥʦʢʣʘʩʪʝʨʘ, ʚ ʷʢʦʛʦ ʫʩʽ ʘʪʦʤʠ ʻ 

çʟʘʤʦʨʦʞʝʥʠʤʠè ʫ ʩʚʦʾʭ ʧʦʟʠʮʽʷʭ. ɿʦʢʨʝʤʘ, ʜʣʷ ʤʦʣʝʢʫʣʠ C3H6O ʦʪʨʠʤʘʥʝ 

ʨʦʟʨʘʭʫʥʢʦʚʝ ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʽʽʾ ʘʜʩʦʨʙʮʽʾ ʙʝʟ ʦʧʪʠʤʽʟʘʮʽʾ ʩʠʩʪʝʤʠ ʻ ʤʝʥʰʠʤ ʥʘ 

0.38 ʝɺ ʫ ʧʦʨʽʚʥʷʥʥʽ ʜʘʥʠʤʠ ʦʪʨʠʤʘʥʠʤʠ ʧʽʩʣʷ ʘʣʛʦʨʠʪʤʫ ʦʧʪʠʤʽʟʘʮʽʾ. 
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ɺʽʜʟʥʘʯʠʤʦ, ʱʦ ʘʜʩʦʨʙʮʽʷ ʤʦʣʝʢʫʣ ʩʧʨʠʯʠʥʶʻ ʪʘʢʦʞ ʟʤʝʥʰʝʥʥʷ 

ʝʥʝʨʛʝʪʠʯʥʦʾ ʱʽʣʠʥʠ HOMO-LUMO ʥʘʥʦʢʣʘʩʪʝʨʽʚ. ʉʝʨʝʜ ʘʢʮʝʧʪʦʨʥʠʭ ʤʦʣʝʢʫʣ 

ʥʘʡʚʠʱʫ ʟʤʽʥʫ ʩʧʦʩʪʝʨʽʛʘʻʤʦ ʜʣʷ O2, ʘ ʩʝʨʝʜ ʜʦʥʦʨʥʠʭ ʤʦʣʝʢʫʣ ï NH3 ʪʘ ʉO. 

 

4.2 ɻʘʟʦʩʝʥʩʦʨʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʥʘʥʦʪʨʫʙʦʢ ZnO 

ɺ ʜʘʥʦʤʫ ʧʫʥʢʪʽ ʧʨʝʜʩʪʘʚʣʷʻʤʦ ʨʝʟʫʣʴʪʘʪʠ ʧʨʦʚʝʜʝʥʠʭ ʜʦʩʣʽʜʞʝʥ ɹ ʚ 

ʤʝʞʘʭ ʊʌɻ ʚʟʘʻʤʦʜʽʾ ʤʦʣʝʢʫʣ ʨʽʟʥʠʭ ʛʘʟʽʚ (ʢʠʩʥʶ O2, ʚʦʜʷʥʦʾ ʧʘʨʠ H2O, 

ʯʘʜʥʦʛʦ ʛʘʟʫ CO, ʘʤʽʘʢʫ NH3, ʤʝʪʘʥʦʣʫ CH3OH, ʝʪʘʥʦʣʫ C2H5OH) ʥʘ ʤʦʜʝʣʴʥʠʭ 

ʥʘʥʦʪʨʫʙʢʘʭ ZnO (4,4) ʽ (8,0). ɸʥʘʣʦʛʽʯʥʦ ʜʦ ʥʘʥʦʢʣʘʩʪʝʨʽʚ, ʜʣʷ ʢʦʞʥʦʾ ʤʦʜʝʣʽ 

ʘʜʩʦʨʙʮʽʾ ʨʦʟʛʣʷʥʫʪʦ ʨʽʟʥʽ ʤʦʞʣʠʚʽ ʛʝʦʤʝʪʨʠʯʥʽ ʧʦʣʦʞʝʥʥʷ ʤʦʣʝʢʫʣ ʥʘʜ 

ʧʦʚʝʨʭʥʝʶ (ʥʘʜ ʘʪʦʤʘʤʠ Zn ʽ O, ʥʘʜ ʟʚôʷʟʢʦʘʤʠ ZnïO) ʪʘ ʨʽʟʥʽ ʧʨʦʮʝʩʠ 

ʘʜʩʦʨʙʮʽʾ: ʬʽʟʠʯʥʫ ʘʜʩʦʨʙʮʽ,ʁ ʭʝʤʦʩʦʨʙʮʽʶ, ʘ ʪʘʢʦʞ ʤʦʣʝʢʫʣʷʨʥʫ ʭʝʤʽʩʦʨʙʮʽ.ʁ 

ɺʩʪʘʥʦʚʣʝʥʦ ʨʽʚʥʽ ʟʤʽʥʠ ʣʦʢʘʣʴʥʦʾ ʛʝʦʤʝʪʨʠʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʥʘʥʦʪʨʫʙʢʠ ʫ ʤʽʩʮʽ 

ʟʚôʷʟʢʫ ʧʦʚʝʨʭʥʷ-ʤʦʣʝʢʫʣʘ. 

ɼʣʷ ʦʙʯʠʩʣʝʥʥʷ ʝʥʝʨʛʽ ʾ ʘʜʩʦʨʙʮʽʾ Ead ʤʦʣʝʢʫʣ ʛʘʟʫ ʫ ʨʘʟʽ ʚʟʘʻʤʦʜʽʾ 

ʤʦʣʝʢʫʣʠ ʽʟ ʧʦʚʝʨʭʥʝ  ʁʥʘʥʦʪʨʫʙʢʠ ZnO ʢʦʨʠʩʪʫʚʘʣʠʩʴ ʪʘʢʦʶ ʬʦʨʤʫʣʦʶ [111]: 

Ead = Enm ï (En + Em), 

ʜʝ En ʽ Em ï ʧʦʚʥʽ ʝʥʝʨʛʽ ʾʽʜʝʘʣʴʥʦʾ ʥʘʥʦʪʨʫʙʢʠ ZnO ʽ ʚʽʣʴʥʦʾ ʤʦʣʝʢʫʣʠ 

ʛʘʟʫ, ʘ Enm ï ʧʦʚʥʘ ʝʥʝʨʛʽʷ ʩʠʩʪʝʤʠ ʥʘʥʦʪʨʫʙʢʘ-ʘʜʩʦʨʙʘʪ. 

ɼʣʷ ʦʧʠʩʫ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʟʘʩʪʦʩʦʚʫʚʘʣʠ ʘʥʘʣʽʟ ʟʘʩʝʣʝʥʦʩʪʝʡ 

ʤʦʣʝʢʫʣʷʨʥʠʭ ʦʨʙʽʪʘʣʝʡ ʟʘ ʄʘʣʽʢʝʥʦʤ, ʟʘ ʷʢʠʤ ʨʦʟʨʘʭʦʚʫʚʘʣʘʩʴ ʨʽʟʥʠʮʷ ʟʘʨʷʜʽʚ 

ʽʟʦʣʴʦʚʘʥʦʾ ʤʦʣʝʢʫʣʠ ʪʘ ʤʦʣʝʢʫʣʠ ʘʜʩʦʨʙʦʚʘʥʦʾ ʥʘ ʧʦʚʝʨʭʥʽ ʥʘʥʦʪʨʫʙʢʠ. 

ʍʘʨʘʢʪʝʨ ʤʽʞʤʦʣʝʢʫʣʷʨʥʦʾ ʚʟʘʻʤʦʜʽʾ ʧʦʜʽʙʥʦ, ʷʢ ʽ ʚʠʧʘʜʢʫ ʦʧʠʩʫ 

ʩʝʥʩʦʨʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʫ ʧ.3.2, ʦʙʛʦʚʦʨʶʻʤʦ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʘʥʘʣʽʟʫ ʨʦʟʧʦʜʽʣʽʚ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʽ ʧʨʦʩʪʦʨʦʚʦʛʦ ʚʠʛʣʷʜʫ HOMO ʽ 

LUMO- ʦʨʙʽʪʘʣʝʡ ʤʦʣʝʢʫʣ ʘʜʩʦʨʙʘʪʫ. 

ʋ ʪʘʙʣʠʮʷʭ 4.2 ʽ 4.3 ʥʘʚʝʜʝʥʦ ʦʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʽʾ ʘʜʩʦʨʙʮʽʾ ɽad (eɺ), 

ʝʥʝʨʛʝʪʠʯʥʦʾ ʱʽʣʠʥʠ HOMO-LUMO ʩʠʩʪʝʤʠ ʥʘʥʦʪʨʫʙʢʘ-ʘʜʩʦʨʙʘʪ Eg (ʝɺ), 

ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ȹq (ʚ ʦʜʠʥʠʮʷʭ ʝʣʝʤʝʥʪʘʨʥʦʛʦ ʟʘʨʷʜʫ ʝ), ʜʦʚʞʠʥʠ ʟʚôʷʟʢʫ 
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ʤʽʞ ʧʦʚʝʨʭʥʝ  ʁ ʥʘʥʦʪʨʫʙʢʠ ʪʘ ʘʜʩʦʨʙʦʚʘʥʦʶ ʤʦʣʝʢʫʣʦ  ʁ (¡) ʫ ʥʘʡʙʽʣʴʰ 

ʩʪʘʙʽʣʴʥʠʭ ʢʦʥʬʽʛʫʨʘʮʽʷʭ ʩʠʩʪʝʤʠ ʥʘʥʦʪʨʫʙʢʘ-ʘʜʩʦʨʙʘʪ  [114]. 

 

ʊʘʙʣʠʮʷ 4.2. 

ɽʥʝʨʛʽʷ ʘʜʩʦʨʙʮʽʾ ɽad (eɺ) , ʝʥʝʨʛʝʪʠʯʥʘ ʱʽʣʠʥʘ HOMO -LUMO  Eg (ʝɺ), 

ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ȹq (ʝ) ʪʘ ʜʦʚʞʠʥʘ ʟʚ'ʷʟʢʫ d (¡) ʚ̔ ʜ ʤʦʣʝʢʫʣ-ʘʜʩʦʨʙʘʪʽʚ ʜʦ 

ʧʦʚʝʨʭʥʽ ʥʘʥʦʪʨʫʙʢʠ (4,4) 

 ɽad (eɺ) Eg (ʝɺ) ȹq (ʝ) d (¡) 

CO -0,16 1,96 0.050 2,91 

C2H5OH -0,56 1,96 0,126 2,21 

CH3OH -0,3 1,93 0,113 2,22 

H2O -0,3 1,96 0,101 2,24 

NH3 -1,25 1,94 0,233 2,16 

ZnO (4,4)  1,96   

ʊʘʙʣʠʮʷ 4.3. 

ɽʥʝʨʛʽʷ ʘʜʩʦʨʙʮʽʾ ɽad (eɺ), ʝʥʝʨʛʝʪʠʯʥʘ ʱʽʣʠʥʘ HOMO -LUMO  Eg (ʝɺ), 

ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ȹq (ʝ) ʪʘ ʜʦʚʞʠʥʘ ʟʚ'ʷʟʢʫ d (¡) ʚʽʜ ʤʦʣʝʢʫʣ-ʘʜʩʦʨʙʘʪʽʚ ʜʦ 

ʧʦʚʝʨʭʥʽ ʥʘʥʦʪʨʫʙʢʠ (8,0) 

 ɽad (eɺ) Eg (ʝɺ) ȹq (ʝ) d (¡) 

CO -0,16 2,01 0,052 2,94 

C2H5OH -1,22 2,00 0,093 2,24 

CH3OH -0,79 1,98 0,115 2,23 

H2O -0,79 2,01 0,102 2,26 

ʆ2 -0,08 1,69 -0,152 2,34 

NH3 -1,32 1,98 0,223 2,16 

ZnO (8,0)  2,01   

 

ʇʨʠ ʘʜʩʦʨʙʮʽʾ ʚʦʜʷʥʦʾ ʧʘʨʠ H2O HOMO-ʦʨʙʽʪʘʣʴ ʤʦʣʝʢʫʣʠ ʧʦʚʥʽʩʪʶ 

ʣʦʢʘʣʽʟʦʚʘʥʘ ʥʘ ʘʪʦʤʽ ʦʢʩʠʛʝʥʫ, ʪʦʜʽ ʷʢ LUMO-ʦʨʙʽʪʘʣʴ ï ʥʘ ʘʪʦʤʘʭ ʛʽʜʨʦʛʝʥʫ. 

ɺʠʟʥʘʯʘʣʴʥʫ ʨʦʣʴ ʫ ʧʝʨʝʥʝʩʝʥʥʽ ʟʘʨʷʜʫ (~0,1ʝ)  ʚʽʜ ʤʦʣʝʢʫʣʠ ʜʦ ʧʦʚʝʨʭʥʽ 
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ʥʘʥʦʪʨʫʙʢʠ ʚʽʜʽʛʨʘʻ HOMO-ʦʨʙʽʪʘʣʴ ʟʘʚʜʷʢʠ ʥʝʟʥʘʯʥʦʤʫ ʟʤʽʰʫʚʘʥʥʶ ʽʟ 

ʝʣʝʢʪʨʦʥʥʠʤʠ ʩʪʘʥʘʤʠ ʥʘʥʦʪʨʫʙʢʠ ʚʠʱʝ ʨʽʚʥʷ ʌʝʨʤʽ (ʨʠʩ. 4.9). ɼʝʱʦ ʩʠʣʴʥʽʰʘ 

ʛʽʙʨʠʜʠʟʘʮʽʷ ʽʟ ʩʪʘʥʘʤʠ ʥʠʞʯʝ ʨʽʚʥʷ ʌʝʨʤʽ ʥʝ ʚʠʢʣʠʢʘʻ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ, 

ʪʦʤʫ ʱʦ ʫʩʽ ʮʽ ʩʪʘʥʠ ʻ ʟʘʧʦʚʥʝʥʠʤʠ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʠ ʘʜʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣʠ 

H2O ʚʠʩʪʫʧʘʶʪʴ ʜʦʥʦʨʘʤʠ ʥʦʩʽʾʚ ʟʘʨʷʜʫ, ʟʤʝʥʰʫʶʯʠ ʦʧʽʨ ʽ ʦʪʞʝ ʧʽʜʚʠʱʫʶʯʠ 

ʧʨʦʚʽʜʥʽʩʪʴ ʩʝʥʩʦʨʥʦʾ ʩʠʩʪʝʤʠ. 
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ʈʠʩ. 4.9. ʆʧʪʠʤʽʟʦʚʘʥʽ ʩʪʨʫʢʪʫʨʥʽ ʤʦʜʝʣʽ ʘʜʩʦʨʙʮʽʾ ʅ2ʆ ʥʘ ʧʦʚʝʨʭʥʽ ʥʘʥʦʪʨʫʙʦʢ 

(4,4) ʽ (8,0), ʧʘʨʮʽʘʣʴʥʽ ʨʦʟʧʦʜʽʣʠ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʪʘ ʧʨʦʩʪʦʨʦʚʽ ʨʦʟʧʦʜʽʣʠ HOMO ʽ 

LUMO- ʦʨʙʽʪʘʣʝʡ ʤʦʣʝʢʫʣʠ ʅ2ʆ ʫ ʩʠʩʪʝʤʽ ʥʘʥʦʪʨʫʙʢʘ-ʤʦʣʝʢʫʣʘ. 

 

ʋ ʨʘʟʽ ʘʜʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣ ʯʘʜʥʦʛʦ ʛʘʟʫ CO ʧʦʜʽʙʥʦ ʜʦ ʚʠʧʘʜʢʫ 

ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʚʥʘʩʣʽʜʦʢ ʨʽʟʥʦʛʦ ʩʪʫʧʝʥʷ ʧʝʨʝʢʨʠʪʪʷ 5ů HOMO ʦʨʙʽʪʘʣʝʡ CO ʽʟ 

ʩʪʘʥʘʤʠ ZnO ʚʝʣʠʯʠʥʘ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʟʘʣʝʞʠʪʴ ʚʽʜ ʦʨʽʻʥʪʘʮʽʾ CO ʚʽʜʥʦʩʥʦ 

ʧʦʚʝʨʭʥʽ ʥʘʥʦʪʨʫʙʦʢ. ɸʥʘʣʦʛʽʯʥʦ ʜʦ  ʚʠʧʘʜʢʫ ʥʘʥʦʢʣʘʩʪʝʨʽʚ, ʚʠʟʥʘʯʘʣʴʥʫ ʨʦʣʴ 

ʫ ʜʦʥʦʨʥʦʤʫ ʪʠʧʽ ʟʚôʷʟʫʚʘʥʥʷ ʜʘʥʠʭ ʤʦʣʝʢʫʣ ʽʟ ʧʦʚʝʨʭʥʝʶ ʥʘʥʦʪʨʫʙʢʠ ʚʽʜʽʛʨʘʻ 
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LUMO 2ˊ-ʦʨʙʽʪʘʣʴ ʤʦʣʝʢʫʣʠ CO, ʷʢʘ ʟʥʘʭʦʜʠʪʴʩʷ ʙʣʠʞʯʝ ʜʦ ʨʽʚʥʷ ʌʝʨʤʽ 

ʝʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʫ ʥʘʥʦʪʨʫʙʢʠ, ʥʽʞ HOMO- ʦʨʙʽʪʘʣʴ (ʨʠʩ. 4.10).  
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ʈʠʩ. 4.10. ʆʧʪʠʤʽʟʦʚʘʥʽ ʩʪʨʫʢʪʫʨʥʽ ʤʦʜʝʣʽ ʘʜʩʦʨʙʮʽʾ CO ʥʘ ʧʦʚʝʨʭʥʽ 

ʥʘʥʦʪʨʫʙʦʢ (4,4) ʽ (8,0), ʧʘʨʮʽʘʣʴʥʽ ʨʦʟʧʦʜʽʣʠ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʪʘ ʧʨʦʩʪʦʨʦʚʽ ʨʦʟʧʦʜʽʣʠ 

HOMO ʽ LUMO-ʦʨʙʽʪʘʣʝʡ  ʤʦʣʝʢʫʣʠ Cʆ ʫ ʩʠʩʪʝʤʽ ʥʘʥʦʪʨʫʙʢʘ-ʤʦʣʝʢʫʣʘ. 

 

ʋ ʨʘʟʽ ʘʜʩʦʨʙʮʽʾ ʤʦʣʝʢʫʣ ʘʤʽʘʢʫ NH3 ʟʘ ʪʠʧʦʤ ʤʦʣʝʢʫʣʷʨʥʦʾ ʭʝʤʽʩʦʨʙʮʽʾ 

ʥʘ ʧʦʚʝʨʭʥʽ ʥʘʥʦʪʨʫʙʦʢ ʘʪʦʤʠ ʘʟʦʪʫ ʩʪʘʶʪʴ ʜʦʥʦʨʘʤʠ ʥʦʩʽʾʚ ʟʘʨʷʜʫ (ʨʠʩ. 4.11). 

HOMO ʤʦʣʝʢʫʣʠ NH3 ʟʘʟʥʘʻ ʩʫʪʪʻʚʦʛʦ ʧʝʨʝʢʨʠʪʪʷ ʽʟ ʝʣʝʢʪʨʦʥʥʠʤʠ ʩʪʘʥʘʤʠ 

ʥʘʥʦʪʨʫʙʦʢ ZnO ʧʦʙʣʠʟʫ ʨʽʚʥʷ ʌʝʨʤʽ. ɸʥʘʣʽʟ ʟʘʩʝʣʝʥʦʩʪʽ ʦʨʙʽʪʘʣʝʡ ʚʢʘʟʫʻ, ʱʦ 

ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʧʨʦʭʦʜʠʪʴ ʚʽʜ ʽʦʥʽʚ ʥʽʪʨʦʛʝʥʫ (ȹqN = 0.276e), ʪʦʜʽ ʷʢ ʘʪʦʤʠ 

ʛʽʜʨʦʛʝʥʫ ʫ ʤʦʣʝʢʫʣʽ NH3 ʧʨʘʢʪʠʯʥʦ ʥʝ ʟʤʽʥʶʶʪʴ ʟʘʨʷʜʫ. 
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ʈʠʩ. 4.11. ʆʧʪʠʤʽʟʦʚʘʥʽ ʩʪʨʫʢʪʫʨʥʽ ʤʦʜʝʣʽ ʘʜʩʦʨʙʮʽʾ NH3 ʥʘ ʧʦʚʝʨʭʥʽ 

ʥʘʥʦʪʨʫʙʦʢ (4,4) ʽ (8,0), ʧʘʨʮʽʘʣʴʥʽ ʨʦʟʧʦʜʽʣʠ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʪʘ ʧʨʦʩʪʦʨʦʚʽ ʨʦʟʧʦʜʽʣʠ 

HOMO ʽ LUMO- ʦʨʙʽʪʘʣʝʡ ʤʦʣʝʢʫʣʠ NH3 ʫ ʩʠʩʪʝʤʽ ʥʘʥʦʪʨʫʙʢʘ-ʤʦʣʝʢʫʣʘ. 

 

ʊʘʢʠʡ ʜʦʥʦʨʥʠʡ ʭʘʨʘʢʪʝʨ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʚʽʜ ʤʦʣʝʢʫʣ ʘʜʩʦʨʙʘʪʫ ʜʦ 

ʧʦʚʝʨʭʥʽ ʥʘʥʦʪʨʫʙʦʢ ʫʟʛʦʜʞʫʻʪʴʩʷ ʽʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʜʘʥʠʤʠ, ʟʛʽʜʥʦ ʟ 

ʷʢʠʤʠ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʨʦʩʪʘʥʥʷ ʝʣʝʢʪʨʦʥʥʦ ʾʧʨʦʚʽʜʥʦʩʪ̔ ʫ ʥʘʥʦʜʨʦʪʠʥʘʭ ZnO 

ʧʽʜ ʚʧʣʠʚʦʤ ʧʘʨʽʚ H2O,  CO ʪʘ NH3 [144]. 

ʅʘ ʨʠʩ. 4.12-4.13 ʥʘʚʝʜʝʥʦ ʨʝʟʫʣʴʪʘʪ ʚʟʘʻʤʦʜʽʾ ʤʦʣʝʢʫʣ ʤʝʪʘʥʦʣʫ ʪʘ 

ʝʪʘʥʦʣʫ ʽʟ ʥʘʥʦʪʨʫʙʢʘʤʠ ZnO ʪʠʧʫ (4,4) ʪʘ (8,0). ʇʨʠ ʥʘʙʣʠʞʝʥʥʽ ʤʦʣʝʢʫʣ ʜʦ 

ʧʦʚʝʨʭʥʽ ʥʘʥʦʪʨʫʙʢʠ ʾʭ ʚʟʘʻʤʦʜʽʷ ʧʦʨʫʰʫʻ ʧʦʯʘʪʢʦʚʫ ʛʝʦʤʝʪʨʠʯʥʫ 

ʢʦʥʬʽʛʫʨʘʮʽʶ ʤʦʣʝʢʫʣ (ʧʦʚʝʨʪʘʥʥʷ ʟʚôʷʟʢʫ C-C), ʽʥʜʫʢʫʶʯʠ ʧʨʦʮʝʩ ʭʝʤʽʩʦʨʙʮʽʾ 

ʤʦʣʝʢʫʣ ʛʘʟʫ ʥʘ ʧʦʚʝʨʭʥʽ. ʅʘʡʙʽʣʴʰ ʝʥʝʨʛʝʪʠʯʥʦ ʚʠʛʽʜʥʦʶ ʻ ʢʦʥʬʽʛʫʨʘʮʽʷ, ʢʦʣʠ 

ʘʪʦʤʠ ʦʢʩʠʛʝʥʫ (CH3OH, C2H5OH) ʟʚôʷʟʫʶʪʴʩʷ ʽʟ ʘʪʦʤʦʤ ʮʠʥʢʫ ʥʘʥʦʪʨʫʙʢʠ. 

ʄʽʞʘʪʦʤʥʘ ʚʽʜʩʪʘʥʴ ʅ (CH3OH, C2H5OH) ʪʘ ʆ (ZnO) ʩʢʣʘʜʘʻ å1.9 ¡, ʱʦ ʚʢʘʟʫʻ 

ʥʘ ʧʨʠʩʫʪʥʽʩʪʴ ʚʦʜʥʝʚʦʛʦ ʟʚôʷʟʢʫ. HOMO ʤʦʣʝʢʫʣ ʚʽʜʽʛʨʘʻ ʚʠʟʥʘʯʘʣʴʥʫ ʨʦʣʴ ʫ 
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ʧʝʨʝʥʝʩʝʥʥʽ ʟʘʨʷʜʫ ʟʘʚʜʷʢʠ ʩʫʪʪʻʚʽʡ ʛʽʙʨʠʜʠʟʘʮʽʾ ʽʟ ʝʣʝʢʪʨʦʥʥʠʤʠ ʩʪʘʥʘʤʠ 

ʥʘʥʦʪʨʫʙʦʢ ʧʦʙʣʠʟʫ ʨʽʚʥʷ ʌʝʨʤʽ. ʉʧʦʩʪʝʨʽʛʘʻʤʦ ʨʽʟʥʫ ʚʝʣʠʯʠʥʫ ʧʝʨʝʥʝʩʝʥʥʷ 

ʟʘʨʷʜʫ ȹq ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʭʽʨʘʣʴʥʦʩʪʽ ʥʘʥʦʪʨʫʙʦʢ, ʦʩʦʙʣʠʚʦ ʜʣʷ ʤʦʣʝʢʫʣ 

C2H5OH: 0,126 e ʜʣʷ ʥʘʥʦʪʨʫʙʢʠ (4,4) ʪʘ 0,093 e ʜʣʷ ʥʘʥʦʪʨʫʙʢʠ (8,0). 

     

 

ʈʠʩ. 4.12. ʆʧʪʠʤʽʟʦʚʘʥʽ ʩʪʨʫʢʪʫʨʥʽ ʤʦʜʝʣʽ ʘʜʩʦʨʙʮʽʾ CH3OH ʥʘ ʧʦʚʝʨʭʥʽ 

ʥʘʥʦʪʨʫʙʦʢ (4,4) ʽ (8,0), ʧʘʨʮʽʘʣʴʥʽ ʨʦʟʧʦʜʽʣʠ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʪʘ ʧʨʦʩʪʦʨʦʚʽ ʨʦʟʧʦʜʽʣʠ 

HOMO ʽ LUMO-ʦʨʙʽʪʘʣʝʡ ʤʦʣʝʢʫʣʠ CH3OH ʫ ʩʠʩʪʝʤʽ ʥʘʥʦʪʨʫʙʢʘ-ʤʦʣʝʢʫʣʘ. 

 

     


