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ɺʚʝʜʝʥʠʝ 

 
ʄʥʦʛʠʝ ʩʦʝʜʠʥʝʥʠʷ ʧʨʦʷʚʣʷʶʪ ʠʥʪʝʨʝʩʥʳʝ c ʧʨʘʢʪʠʯʝʩʢʦʡ 

ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʚʦʡʩʪʚʘ ʠ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ 

ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʪʝʭʥʠʢʠ ʫʞʝ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ, 

ʠʤʝʶʱʝʛʦ ʢʦʥʢʨʝʪʥʳʡ ʩʦʩʪʘʚ ʠ ʨʘʟʤʝʨ,  ʦʙʣʘʜʘʶʱʝʛʦ 

ʦʧʨʝʜʝʣʝʥʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ, ʦʜʥʦʨʦʜʥʦʩʪʴʶ ʠ ʪʨʝʙʫʝʤʦʡ 

ʩʪʝʧʝʥʴʶ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʚʝʨʰʝʥʩʪʚʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦʩʷ 

ʥʝʦʙʭʦʜʠʤʳʤ ʥʘʙʦʨʦʤ ʩʚʦʡʩʪʚ ʠ ʧʨʦʛʥʦʟʠʨʫʝʤʳʤ 

ʧʦʚʝʜʝʥʠʝʤ ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʚ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ.  
ʊʨʘʜʠʮʠʦʥʥʳʡ ʧʫʪʴ ʦʪ ʩʦʝʜʠʥʝʥʠʷ ʢ ʤʘʪʝʨʠʘʣʫ ʚʢʣʶʯʘʝʪ ʚ 

ʩʝʙʷ ʤʥʦʞʝʩʪʚʦ ʵʪʘʧʦʚ: ʠʟʫʯʝʥʠʝ ʬʘʟʦʚʳʭ ʜʠʘʛʨʘʤʤ, 

ʨʘʟʨʘʙʦʪʢʫ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ, 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʩʚʦʡʩʪʚ ʠ ʪ. ʜ. ʇʨʠʤʝʥʝʥʠʝ 

ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ, ʢʦʪʦʨʳʡ ʦʩʥʦʚʘʥ ʥʘ 

ʫʩʪʘʥʦʚʣʝʥʠʠ ʩʚʷʟʠ ʤʝʞʜʫ ʩʦʩʪʘʚʦʤ, ʩʪʨʦʝʥʠʝʤ, 

ʩʚʦʡʩʪʚʘʤʠ ʠ ʫʩʣʦʚʠʷʤʠ ʧʦʣʫʯʝʥʠʷ, ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʢʘʞʜʦʝ ʩʦʝʜʠʥʝʥʠʝ ʠʣʠ ʩʝʤʝʡʩʪʚʦ 

ʩʦʝʜʠʥʝʥʠʡ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʭ ʚʦʟʤʦʞʥʦʩʪʝʡ, ʩʚʦʡʩʪʚ ʠ 

ʧʦʚʝʜʝʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʧʦʣʫʯʝʥʠʷ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ, ʘ ʚ 

ʢʦʥʝʯʥʦʤ ʩʯʝʪʝ ʧʦʟʚʦʣʷʝʪ ʩʦʢʨʘʪʠʪʴ ʧʫʪʴ ʦʪ ʩʦʝʜʠʥʝʥʠʷ ʢ 

ʤʘʪʝʨʠʘʣʫ.  

ʇʨʠʤʝʥʝʥʠʝ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʨʘʩʩʤʦʪʨʠʤ 

ʥʘ ʧʨʠʤʝʨʝ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʥʝʩʢʦʣʴʢʠʭ ʩʪʨʫʢʪʫʨʥʳʭ 

ʩʝʤʝʡʩʪʚ, ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʱʠʭʩʷ ʚ ʢʚʘʥʪʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʝ ʚ 

ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʥʳʭ ʣʘʟʝʨʥʳʭ ʩʨʝʜ, ʥʘʩʳʱʘʶʱʠʭʩʷ 

ʧʦʛʣʦʪʠʪʝʣʝʡ ʜʣʷ ʧʘʩʩʠʚʥʳʭ ʣʘʟʝʨʥʳʭ ʟʘʪʚʦʨʦʚ. ɺʳʙʦʨ 

ʢʦʥʢʨʝʪʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʪʠʧʦʚ ʩʚʷʟʘʥ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʩ ʪʝʤ, 

ʯʪʦ ʥʘ ʠʭ ʧʨʠʤʝʨʝ ʤʦʞʥʦ ʨʘʩʩʤʦʪʨʝʪʴ ʨʘʟʣʠʯʥʳʝ ʧʨʦʷʚʣʝʥʠʷ 

ʚʟʘʠʤʦʩʚʷʟʠ ʩʪʨʫʢʪʫʨʳ ʩ ʚʦʧʨʦʩʘʤʠ ʚʳʨʘʱʠʚʘʥʠʷ, 

ʦʙʨʘʟʦʚʘʥʠʷ ʨʦʩʪʦʚʳʭ ʜʝʬʝʢʪʦʚ ʠ ʚʣʠʷʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʩʪʨʫʢʪʫʨʳ ʥʘ ʩʧʝʢʪʨʘʣʴʥʦ-ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ  
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ʤʘʪʝʨʠʘʣʦʚ. ʉʣʦʞʥʳʝ ʦʢʩʠʜʳ ʩʦ ʩʪʨʫʢʪʫʨʘʤʠ ʛʨʘʥʘʪʘ, 

ʤʝʣʠʣʠʪʘ, ʰʝʝʣʠʪʘ ʠ ʠʭ ʩʝʤʝʡʩʪʚ, ʘ ʪʘʢʞʝ ʛʘʣʣʘʪ ʣʠʪʠʷ 

ʠʟʚʝʩʪʥʳ ʢʘʢ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʣʘʟʝʨʥʳʝ ʤʘʪʝʨʠʘʣʳ. ʆʥʠ 

ʜʦʩʪʘʪʦʯʥʦ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʳ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʪʨʦʝʥʠʷ, 

ʧʦʩʢʦʣʴʢʫ ʧʨʠʥʘʜʣʝʞʘʪ ʢ ʨʘʟʣʠʯʥʦʡ ʩʠʤʤʝʪʨʠʠ ʠ ʠʤʝʶʪ 

ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʨʘʟʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʚʚʝʜʝʥʠʝ 

ʨʘʟʥʦʭʘʨʘʢʪʝʨʥʳʭ ʘʢʪʠʚʘʪʦʨʦʚ ʩ ʨʘʟʣʠʯʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʢʦʥʬʠʛʫʨʘʮʠʝʡ: ʨʝʜʢʦʟʝʤʝʣʴʥʳʡ ʠʦʥ Ln
3+
, ʚ ʯʘʩʪʥʦʩʪʠ, Nd

3+
, 

ʦʙʣʘʜʘʶʱʠʡ ʵʢʨʘʥʠʨʦʚʘʥʥʦʡ f-ʦʙʦʣʦʯʢʦʡ ʠ ʧʦʪʦʤʫ ʤʘʣʦ 

ʧʦʜʚʝʨʞʝʥʥʦʡ ʚʣʠʷʥʠʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʣʷ ʤʘʪʨʠʮʳ ʠ 

ʠʦʥʳ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ M, ʚ ʯʘʩʪʥʦʩʪʠ, ʠʦʥʳ ʭʨʦʤʘ ʩ 

ʥʝʟʘʱʠʱʝʥʥʦʡ d-ʦʙʦʣʦʯʢʦʡ, ʯʴʠ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ, ʟʘʨʷʜʦʚʦʝ ʩʦʩʪʦʷʥʠʝ (Cr
3+

 ʠ Cr
4+
) ʠ ʟʘʥʷʪʠʝ 

ʦʧʨʝʜʝʣʝʥʥʳʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ ʩʫʱʝʩʪʚʝʥʥʦ 

ʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʨʝʜʳ. 

ɿʜʝʩʴ ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʨʦʙʣʝʤʳ ʚʳʨʘʱʠʚʘʥʠʷ ʦʜʥʦʨʦʜʥʳʭ 

ʥʦʤʠʥʘʣʴʥʦ-ʯʠʩʪʳʭ ʠ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʠ ʠʭ 

ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ. ʈʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ 

ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʥʝ ʪʦʣʴʢʦ 

ʫʣʫʯʰʝʥʠʝʤ ʢʘʯʝʩʪʚʘ ʠ ʦʧʪʠʤʠʟʘʮʠʝʡ ʩʚʦʡʩʪʚ ʠʟʚʝʩʪʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʥʦ ʠ ʩʦʟʜʘʥʠʝʤ ʥʦʚʳʭ.   

 

I. ʂʨʠʩʪʘʣʣʦʭʠʤʠʷ ʣʘʟʝʨʥʳʭ ʢʨʠʩʪʘʣʣʦʚ 
 

ʃʘʟʝʨ (ʘʥʛʣ. laser, ʩʦʩʪʘʚʣʝʥʥʦʝ ʠʟ ʧʝʨʚʳʭ ʙʫʢʚ Light 

Amplification by Simulated Emission of Radiation, - ʫʩʠʣʝʥʠʝ 

ʩʚʝʪʘ ʩ ʧʦʤʦʱʴʶ ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ) - ʦʧʪʠʯʝʩʢʠʡ 

ʢʚʘʥʪʦʚʳʡ ʛʝʥʝʨʘʪʦʨ (ʆʂɻ) - ʧʨʠʙʦʨ, ʚ ʢʦʪʦʨʦʤ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʛʝʥʝʨʘʮʠʷ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʠʭ 

ʵʣʝʢʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ  ʦʧʪʠʯʝʩʢʦʛʦ ʜʠʘʧʘʟʦʥʘ ʚʩʣʝʜʩʪʚʠʝ 

ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ.  

 

6 

ʆʩʥʦʚʥʦʡ ʯʘʩʪʴʶ ʣʘʟʝʨʘ  ʷʚʣʷʝʪʩʷ ʘʢʪʠʚʥʳʡ ʵʣʝʤʝʥʪ. ɺ 

ʪʚʝʨʜʦʪʝʣʴʥʦʤ ʣʘʟʝʨʝ ʵʪʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʠʣʠ ʩʪʝʢʣʷʥʥʳʡ 

ʩʪʝʨʞʝʥʴ. ʇʦ ʩʫʱʝʩʪʚʫ ʢʨʠʩʪʘʣʣ ʠʣʠ ʩʪʝʢʣʦ ʷʚʣʷʶʪʩʷ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʨʝʜʦʡ, ʚ ʢʦʪʦʨʦʡ ʨʘʟʤʝʱʝʥʳ ʩʦʙʩʪʚʝʥʥʦ 

ʘʢʪʠʚʥʳʝ ʯʘʩʪʠʮʳ (ʠʦʥʳ ʠʣʠ ʠʦʥʥʳʝ ʢʦʤʧʣʝʢʩʳ). ʀʤʝʥʥʦ 

ʦʥʠ, ʥʘʭʦʜʷʩʴ ʚ ʦʧʪʠʯʝʩʢʦʤ ʨʝʟʦʥʘʪʦʨʝ, ʧʨʝʦʙʨʘʟʫʶʪ ʵʥʝʨʛʠʶ 

ʠʟʣʫʯʝʥʠʷ ʠʩʪʦʯʥʠʢʦʚ ʥʘʢʘʯʢʠ ʚ ʣʘʟʝʨʥʦʝ ʢʦʛʝʨʝʥʪʥʦʝ 

ʠʟʣʫʯʝʥʠʝ.  

ʊʨʝʙʦʚʘʥʠʝ ʚʳʩʦʢʦʛʦ ʂʇɼ ʧʨʝʜʲʷʚʣʷʝʪʩʷ ʢ ʣʘʟʝʨʘʤ ʚʩʝʭ 

ʪʠʧʦʚ, ʥʦ ʚ ʩʣʫʯʘʝ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʣʘʟʝʨʦʚ ʩ ʦʧʪʠʯʝʩʢʦʡ 

ʥʘʢʘʯʢʦʡ ʦʥʦ ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴʥʦ, ʪʘʢ ʢʘʢ ʧʨʠ ʣʘʤʧʦʚʦʡ 

ʥʘʢʘʯʢʝ ʠʟ-ʟʘ ʧʣʦʭʦʛʦ ʩʦʛʣʘʩʦʚʘʥʠʷ ʩʧʝʢʪʨʦʚ ʠʩʧʫʩʢʘʥʠʷ 

ʣʘʤʧʳ ʠ ʧʦʛʣʦʱʝʥʠʷ ʘʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ ʂʇɼ ʤʦʞʝʪ 

ʩʦʩʪʘʚʣʷʪʴ ʚʩʝʛʦ 0.01%, ʘ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 12%. 

ɿʘʤʝʪʠʤ, ʯʪʦ ʂʇɼ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʣʘʟʝʨʦʚ ʜʦʩʪʠʛʘʝʪ 

ʧʨʠʤʝʨʥʦ 80%, ʥʦ ʠʟ-ʟʘ ʙʦʣʴʰʦʡ ʨʘʩʭʦʜʠʤʦʩʪʠ ʣʘʟʝʨʥʦʛʦ 

ʧʫʯʢʘ ʧʨʠʤʝʥʝʥʠʝ ʠʭ ʚ ʥʝʢʦʪʦʨʳʭ ʦʙʣʘʩʪʷʭ ʩʠʣʴʥʦ 

ʦʛʨʘʥʠʯʝʥʦ. ɻʘʟʦʚʳʝ ʣʘʟʝʨʳ ʠʤʝʶʪ ʩʣʠʰʢʦʤ ʙʦʣʴʰʠʝ 

ʛʘʙʘʨʠʪʳ, ʠ ʢʘʢ ʤʠʥʠʘʪʶʨʥʳʝ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʪʦʞʝ ʥʝ ʤʦʛʫʪ. 

ɺ ʪʝʭ ʦʙʣʘʩʪʷʭ, ʛʜʝ ʥʝʦʙʭʦʜʠʤʳ ʤʠʥʠʘʪʶʨʥʳʝ ʣʘʟʝʨʳ ʩ 

ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʤʠ ʤʦʱʥʦʩʪʷʤʠ (0.1-10ɺʪ), ʩ ʤʘʣʦʡ 

ʨʘʩʭʦʜʠʤʦʩʪʴʶ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ, ʥʫʞʥʦ ʧʨʠʤʝʥʷʪʴ 

ʪʚʝʨʜʦʪʝʣʴʥʳʝ ʣʘʟʝʨʳ. 

ɺ ʣʘʟʝʨʘʭ ʚʩʝʭ ʪʠʧʦʚ ʠʟʣʫʯʝʥʠʝ ʛʝʥʝʨʠʨʫʝʪ ʘʢʪʠʚʥʘʷ 

(ʨʘʙʦʯʘʷ) ʩʨʝʜʘ ʩ ʠʟʙʳʪʢʦʤ ʘʪʦʤʦʚ ʥʘ ʚʦʟʙʫʞʜʝʥʥʦʤ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʫʨʦʚʥʝ E2 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʣʦʤ ʘʪʦʤʦʚ ʥʘ 

ʦʩʥʦʚʥʦʤ ʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʫʨʦʚʥʝ E1 (ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ ʩʨʝʜʘ ʩ 

ʠʥʚʝʨʩʥʦʡ ʟʘʩʝʣʝʥʥʦʩʪʴʶ ʫʨʦʚʥʝʡ). ʀʟʣʫʯʘʝʤʳʝ ʘʪʦʤʘʤʠ ʧʨʠ 

ʚʳʥʫʞʜʝʥʥʳʭ (ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ) ʧʝʨʝʭʦʜʘʭ E2 E1 ʚʦʣʥʳ ʧʦ 

ʯʘʩʪʦʪʝ ʠ ʥʘʧʨʘʚʣʝʥʠʶ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ, ʧʦʣʷʨʠʟʘʮʠʠ ʠ ʬʘʟʝ 

ʪʦʞʜʝʩʪʚʝʥʥʳ ʧʘʜʘʶʱʝʡ ʚʦʣʥʝ, ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʵʪʠ ʚʦʣʥʳ 

ʢʦʛʝʨʝʥʪʥʳ ʜʨʫʛ ʜʨʫʛʫ  ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʩʧʦʩʦʙʘ ʚʦʟʙʫʞʜʝʥʠʷ 
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ʘʪʦʤʦʚ ʘʢʪʠʚʥʦʡ ʩʨʝʜʳ. ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʢʘʯʝʩʪʚʝ 

ʧʨʠʤʝʨʘ ʯʝʪʳʨʝʭʫʨʦʚʥʝʚʘʷ ʩʭʝʤʘ ʨʘʙʦʪʳ ʣʘʟʝʨʘ, ʛʜʝ ʚ 

ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʥʳʭ ʯʘʩʪʠʮ ʚʳʩʪʫʧʘʶʪ ʠʦʥʳ ʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ 

ʵʣʝʤʝʥʪʘ Nd
3+

. 

 
 

ʈʠʩ. 1 ʏʝʪʳʨʝʭʫʨʦʚʥʝʚʘʷ ʩʭʝʤʘ ʨʘʙʦʪʳ ʣʘʟʝʨʘ 

 

ʇʝʨʝʭʦʜ E1-E4 ʚʦʟʥʠʢʘʝʪ ʚʩʣʝʜʩʪʚʠʝ ʚʥʝʰʥʝʛʦ 

ʚʦʟʙʫʞʜʝʥʠʷ (ʥʘʢʘʯʢʘ), ʟʘʪʝʤ ʧʨʦʠʩʭʦʜʠʪ ʙʳʩʪʨʳʡ 

ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʳʡ ʧʝʨʝʭʦʜ E4-E3, ʘ ʟʘʪʝʤ ʣʘʟʝʨʥʳʡ ʧʝʨʝʭʦʜ 

E3-E2 , ʠ ʩʥʦʚʘ ʙʳʩʪʨʳʡ ʧʝʨʝʭʦʜ E2-E1. ʊʘʢʦʡ ʮʠʢʣ ʨʘʙʦʪʳ 

ʠʦʥʘ Nd
3+

 ʚʦʟʤʦʞʝʥ ʪʦʣʴʢʦ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʦʥ ʥʘʭʦʜʠʪʩʷ 

ʚ ʪʚʝʨʜʦʤ ʪʝʣʝ, ʠʤʝʥʥʦ ʚʦʟʜʝʡʩʪʚʠʝ ʢʨʠʩʪʘʣʣʘ ʨʘʟʨʝʰʘʝʪ 

ʫʧʦʤʷʥʫʪʳʝ ʧʝʨʝʭʦʜʳ. 

ʀʟ ʦʛʨʦʤʥʦʛʦ ʯʠʩʣʘ ʩʦʝʜʠʥʝʥʠʡ, ʨʝʢʦʤʝʥʜʫʝʤʳʭ ʧʦ ʩʚʦʠʤ 

ʩʚʦʡʩʪʚʘʤ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʝ, ʧʦʣʫʯʝʥʦ 

ʙʦʣʝʝ ʯʝʤ 320 ʣʘʟʝʨʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, ʘ ʥʘ ʧʨʘʢʪʠʢʝ 

ʧʨʠʤʝʥʷʶʪʩʷ ʝʜʠʥʠʮʳ.  

ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʢ ʣʘʟʝʨʥʳʤ ʤʘʪʝʨʠʘʣʘʤ 

ʧʨʝʜʲʷʚʣʷʶʪʩʷ ʪʨʝʙʦʚʘʥʠʷ, ʢʦʪʦʨʳʝ ʯʘʩʪʦ ʥʝ ʤʦʛʫʪ ʙʳʪʴ  

8 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʫʜʦʚʣʝʪʚʦʨʝʥʳ ʠʟ-ʟʘ ʩʚʦʝʡ ʧʨʦʪʠʚʦʨʝʯʠʚʦʩʪʠ. 

ʆʩʥʦʚʦʧʦʣʘʛʘʶʱʠʤʠ ʫʩʣʦʚʠʷʤʠ, ʦʧʨʝʜʝʣʷʶʱʠʤʠ 

ʢʦʥʢʫʨʝʥʪʥʦʩʧʦʩʦʙʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʝʛʦ 

ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ, ʷʚʣʷʶʪʩʷ ʦʙʝʩʧʝʯʝʥʠʝ 

ʚʳʩʦʢʦʛʦ ʂʇɼ ʣʘʟʝʨʘ ʠ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ.  

ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʚ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠ ʣʘʟʝʨʦʚ 

ʵʬʬʝʢʪʠʚʝʥ ʜʣʷ ʦʪʙʦʨʘ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʣʘʟʝʨʥʳʭ 

ʤʘʪʨʠʮ ʠ ʩʦʢʨʘʱʝʥʠʷ ʧʫʪʠ ʦʪ ʩʦʝʜʠʥʝʥʠʷ ʢ ʣʘʟʝʨʥʦʤʫ 

ʤʘʪʝʨʠʘʣʫ. ɿʜʝʩʴ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʤʦʪʨʝʪʴ ʪʨʠ ʘʩʧʝʢʪʘ: 

ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʡ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʠ ʩʪʨʫʢʪʫʨʥʳʡ, 

ʧʨʠʯʝʤ ʚ ʧʦʩʣʝʜʥʠʭ ʜʚʫʭ ʘʩʧʝʢʪʘʭ ʧʨʠʩʫʪʩʪʚʫʝʪ 

ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʡ.  

 

ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʡ ʘʩʧʝʢʪ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʠʟʦʪʨʦʧʥʦʩʪʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʪʝʧʣʦʚʳʭ ʩʚʦʡʩʪʚ ʣʘʟʝʨʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦ ʧʨʠʤʝʥʝʥʠʝ ʢʨʠʩʪʘʣʣʦʚ ʚʳʩʰʝʡ 

ʠʣʠ ʩʨʝʜʥʝʡ ʢʘʪʝʛʦʨʠʡ. ɺʚʝʜʝʥʠʝ ʚ ʠʩʭʦʜʥʫʶ ʣʘʟʝʨʥʫʶ 

ʤʘʪʨʠʮʫ ʠʦʥʦʚ ʘʢʪʠʚʘʪʦʨʘ ʪʨʝʙʫʝʪ ʚʳʙʦʨʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʩʪʨʫʢʪʫʨ ʩʦʝʜʠʥʝʥʠʡ, ʩʦʜʝʨʞʘʱʠʭ ʧʦʟʠʮʠʠ, ʢʦʪʦʨʳʝ ʦʥʠ 

ʤʦʛʫʪ ʟʘʥʠʤʘʪʴ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʬʝʨʳ ʧʨʠʤʝʥʝʥʠʷ ʚ 

ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʘʪʦʨʦʚ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʠʦʥʳ Ln
3+
, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʪʨʝʙʫʶʱʠʭ ʚʳʩʦʢʦʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʧʦʟʠʮʠʡ, ʠ 

ʠʦʥʳ ʭʨʦʤʘ, ʧʨʠʯʝʤ ʠʦʥʳ Cr
3+ 
ʠ Cr

4+
 ʦʙʳʯʥʦ ʟʘʥʠʤʘʶʪ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ ʚ 

ʩʪʨʫʢʪʫʨʝ.  

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʦʜʠʥ ʠʟ ʚʘʞʥʳʭ ʥʝʜʦʩʪʘʪʢʦʚ ʚʩʝʭ 

ʥʝʦʜʠʤʦʚʳʭ ʣʘʟʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʤʘʣʳʡ ʩʨʝʜʥʠʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʩʚʝʪʘ ʚ ʪʦʡ ʯʘʩʪʠ ʚʠʜʠʤʦʡ ʦʙʣʘʩʪʠ 

ʩʧʝʢʪʨʘ, ʛʜʝ ʠʟʣʫʯʘʶʪ ʦʙʳʯʥʳʝ ʣʘʤʧʳ ʥʘʢʘʯʢʠ. ʕʪʦʪ 

ʥʝʜʦʩʪʘʪʦʢ ʢʦʤʧʝʥʩʠʨʫʝʪʩʷ ʚʚʝʜʝʥʠʝʤ ʚ ʢʨʠʩʪʘʣʣ 
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ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʨʠʤʝʩʝʡ (ʥʘʧʨʠʤʝʨ, ʠʦʥʳ ʭʨʦʤʘ), ʩʠʣʴʥʦ 

ʧʦʛʣʦʱʘʶʱʠʭ ʩʚʝʪ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʠ ʧʝʨʝʜʘʶʱʠʭ 

ʵʥʝʨʛʠʶ ʨʘʙʦʯʠʤ ʠʦʥʘʤ, ʪ.ʝ.ʠʦʥʘʤ ʥʝʦʜʠʤʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʜʣʷ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʚʚʝʜʝʥʠʷ ʘʢʪʠʚʘʪʦʨʘ (Nd
3+

) ʠ 

ʩʝʥʩʠʙʠʣʠʟʘʪʦʨʘ (Cr
3+
), ʩʧʦʩʦʙʩʪʚʫʶʱʝʛʦ ʧʦʚʳʰʝʥʠʶ ʂʇɼ 

ʣʘʟʝʨʘ, ʥʘʜʦ ʧʨʝʜʫʩʤʦʪʨʝʪʴ ʧʨʠʩʫʪʩʪʚʠʝ ʚ ʩʪʨʫʢʪʫʨʝ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʜʚʫʭ ʧʦʟʠʮʠʡ ʩ ʨʘʟʥʦʡ ʢʦʦʨʜʠʥʘʮʠʝʡ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʘʪʦʤʘʤ ʢʠʩʣʦʨʦʜʘ. 

 

ʀʩʭʦʜʷ ʠʟ ʚʳʰʝʠʟʣʦʞʝʥʥʦʛʦ, ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ 

ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʩʦʝʜʠʥʝʥʠʷ: 

 

- ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ Ca3Al 2Si3O12 (ʧʨ. ʛʨ. Ia3d, z=8), ʚ 

ʢʦʪʦʨʦʡ ʠʦʥʳ Ca, Al  ʠ Si ʟʘʥʠʤʘʶʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʫʶ (ʂʏ=8-ʂʏ- ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʝ ʯʠʩʣʦ), 

ʦʢʪʘʵʜʨʠʯʝʩʢʫʶ (ʂʏ=6) ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʫʶ (ʂʏ=4) 

ʧʦʟʠʮʠʠ, ʯʪʦ ʙʣʘʛʦʧʨʠʷʪʥʦ ʜʣʷ ʘʢʪʠʚʘʮʠʠ ʠʦʥʘʤʠ Ln
3+

, 

Cr
3+

 ʠ Cr
4+

. 

 

- ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʬʦʨʩʪʝʨʠʪʘ Mg2SiO4 (ʧʨ. ʛʨ. Pnma, z=4), ʚ 

ʢʦʪʦʨʦʡ ʘʪʦʤʳ Mg ʟʘʥʠʤʘʶʪ ʜʚʝ ʨʘʟʥʳʝ 

ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ (ʂʏ=6), ʘ ʘʪʦʤʳ Si ʥʘʭʦʜʷʪʩʷ ʚ 

ʮʝʥʪʨʝ ʪʝʪʨʘʵʜʨʘ (ʂʏ=4), ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʘʢʪʠʚʠʨʦʚʘʪʴ 

ʠʦʥʘʤʠ Cr
3+

 ʠ Cr
4+

. 

 

 

- ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʤʝʣʠʣʠʪʘ Ca2MgSi2O7 (ʧʨ. ʛʨ. P 421m,  

z=4), ʚ ʢʦʪʦʨʦʡ ʠʦʥʳ Ca ʟʘʥʠʤʘʶʪ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʫʶ 

ʧʦʟʠʮʠʶ (ʂʏ=8), Mg ʠ Si- ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ (ʂʏ=4), ʯʪʦ 

ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʘʢʪʠʚʠʨʦʚʘʪʴ ʠʦʥʘʤʠ Ln
3+

 ʠ Cr
4+

. 
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- ʩʦ ʩʪʨʫʢʪʫʨʦʡ LiGaO2 (ʧʨ. ʛʨ. Pna21, z=4) ʩ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ ʢʦʦʨʜʠʥʘʮʠʝʡ ʜʣʷ ʠʦʥʦʚ Li ʠ Ga 

(ʂʏ=4), ʯʪʦ ʙʣʘʛʦʧʨʠʷʪʥʦ ʜʣʷ ʘʢʪʠʚʘʮʠʠ ʠʦʥʘʤʠ Cr
4+

. 

 

- ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʰʝʝʣʠʪʘ CaWO4 (ʧʨ. ʛʨ. I41/a, z=4) ʩ 

ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ ʢʦʦʨʜʠʥʘʮʠʝʡ ʜʣʷ ʠʦʥʦʚ Ca (ʂʏ=8), 

ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʘʢʪʠʚʘʮʠʠ ʠʦʥʘʤʠ Ln
3+

. 

 

ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʘʩʧʝʢʪ. ʅʘʨʷʜʫ ʩ ʨʘʩʩʤʦʪʨʝʥʠʝʤ 

ʩʪʨʫʢʪʫʨʳ ʥʝʦʙʭʦʜʠʤʦ ʫʜʝʣʷʪʴ ʚʥʠʤʘʥʠʝ ʚʦʧʨʦʩʘʤ 

ʚʳʨʘʱʠʚʘʥʠʷ ʢʨʫʧʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʩ ʨʘʚʥʦʤʝʨʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʘʢʪʠʚʘʪʦʨʦʚ ʧʦ ʜʣʠʥʝ ʠ 

ʧʦʧʝʨʝʯʥʦʤʫ ʩʝʯʝʥʠʶ. ʆʢʩʠʜʥʳʝ ʢʨʠʩʪʘʣʣʳ ʜʣʷ 

ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʣʘʟʝʨʦʚ ʧʦʣʫʯʘʶʪ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ ʠʟ ʨʘʩʧʣʘʚʘ. ʈʦʩʪʦʚʦʝ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʠ 

ʧʦʣʫʯʝʥʠʝ ʦʙʨʘʟʮʦʚ ʩ ʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ 

ʢʦʤʧʦʥʝʥʪʦʚ  ʧʦ ʜʣʠʥʝ ʠ ʧʦʧʝʨʝʯʥʦʤʫ ʩʝʯʝʥʠʶ ʥʘʠʙʦʣʝʝ 

ʧʝʨʩʧʝʢʪʠʚʥʦ ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʢʦʥʛʨʫʵʥʪʥʳʤ 

ʧʣʘʚʣʝʥʠʝʤ. ʊʝʭʥʦʣʦʛʠʷ ʧʦʣʫʯʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʠʤʝʝʪ ʮʝʣʳʡ 

ʨʷʜ ʘʩʧʝʢʪʦʚ: ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʡ, ʪʝʧʣʦʚʦʡ, ʢʠʥʝʪʠʯʝʩʢʠʡ, 

ʩʪʨʫʢʪʫʨʥʳʡ ʠ ʜʨ. ʉʨʝʜʠ ʥʠʭ ʩʪʨʫʢʪʫʨʥʳʡ ʘʩʧʝʢʪ ʷʚʣʷʝʪʩʷ 

ʦʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ, ʪʘʢ ʢʘʢ ʤʥʦʛʠʝ ʩʪʦʨʦʥʳ ʨʦʩʪʘ 

ʢʨʠʩʪʘʣʣʦʚ ʩʚʷʟʘʥʳ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʠʭ ʧʨʠʨʦʜʳ ʠ, ʚ ʧʝʨʚʫʶ 

ʦʯʝʨʝʜʴ, ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʩʪʨʫʢʪʫʨʳ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ.  

 

ʉʧʝʢʪʨʘʣʴʥʳʡ ʘʩʧʝʢʪ. ʇʦʚʳʰʝʥʠʝ ʂʇɼ ʪʚʝʨʜʦʪʝʣʴʥʳʭ 

ʣʘʟʝʨʦʚ ʤʦʞʝʪ ʙʳʪʴ ʦʩʫʱʝʩʪʚʣʝʥʦ ʧʫʪʝʤ ʩʦʟʜʘʥʠʷ ʘʢʪʠʚʥʳʭ 

ʩʨʝʜ, ʦʙʣʘʜʘʶʱʠʭ ʵʬʬʝʢʪʠʚʥʳʤ ʧʦʛʣʦʱʝʥʠʝʤ ʚ 

ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʠʟʣʫʯʝʥʠʷ ʠʩʪʦʯʥʠʢʦʚ ʥʘʢʘʯʢʠ. 

ʋʚʝʣʠʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʦʛʣʦʱʝʥʠʷ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ 

ʣʘʤʧʦʚʦʡ ʥʘʢʘʯʢʝ ʩʚʷʟʘʥʦ ʩ ʚʳʩʦʢʠʤʠ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ 
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ʨʘʙʦʯʠʭ ʯʘʩʪʠʮ. ʉ ʮʝʣʴʶ ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ ʘʢʪʠʚʥʦʛʦ 

ʵʣʝʤʝʥʪʘ ʥʝʦʙʭʦʜʠʤʦ ʠʤʝʪʴ ʢʨʠʩʪʘʣʣʳ ʩ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ 

ʘʢʪʠʚʥʳʭ ʯʘʩʪʠʮ ~10
21

-10
22

 cʤ
-3
. ʆʜʥʘʢʦ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ 

ʧʦʚʳʱʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʢʪʠʚʘʪʦʨʦʚ ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ 

ʧʘʜʝʥʠʶ ʚʝʨʦʷʪʥʦʩʪʝʡ ʠʟʣʫʯʘʪʝʣʴʥʳʭ ʧʝʨʝʭʦʜʦʚ, ʘ ʵʪʦ 

ʦʟʥʘʯʘʝʪ, ʯʪʦ ʨʝʟʢʦ ʧʦʚʳʰʘʝʪʩʷ ʧʦʨʦʛ ʛʝʥʝʨʘʮʠʠ ʠ, ʛʣʘʚʥʦʝ, 

ʩʠʣʴʥʦ ʧʘʜʘʝʪ ʂʇɼ. ʕʪʦ ʷʚʣʝʥʠʝ, ʥʘʟʳʚʘʝʤʦʝ 

ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʤ ʪʫʰʝʥʠʝʤ ʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʂʊʃ),  

ʚʦʟʥʠʢʘʝʪ ʠʟ-ʟʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʦʥʦʚ ʘʢʪʠʚʘʪʦʨʦʚ ʤʝʞʜʫ 

ʩʦʙʦʡ. ʇʨʠʯʝʤ ʯʝʤ ʤʝʥʴʰʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʘʢʪʠʚʘʪʦʨʘʤʠ, 

ʪʝʤ ʵʬʬʝʢʪ ʂʊʃ ʩʠʣʴʥʝʝ. ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʚʳʙʦʨʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʨʝʜʳ (ʩʪʨʫʢʪʫʨʳ), ʚ ʢʦʪʦʨʦʡ 

ʚʦʟʤʦʞʥʦ ʨʘʟʤʝʱʝʥʠʝ ʠʦʥʦʚ ʘʢʪʠʚʘʪʦʨʦʚ ʥʘ ʤʘʢʩʠʤʘʣʴʥʦ 

ʙʦʣʴʰʠʭ ʨʘʩʩʪʦʷʥʠʷʭ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. 

 

I.1. ʉʦʝʜʠʥʝʥʠʷ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ. 
ʀʟ ʚʩʝʭ ʘʢʪʠʚʥʳʭ ʩʨʝʜ ʩʝʛʦʜʥʷ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦʝ 

ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʚʘʥʪʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʝ ʥʘʭʦʜʷʪ ʢʨʠʩʪʘʣʣʳ 

ʠʪʪʨʠʡ-ʘʣʶʤʠʥʠʝʚʦʛʦ ʛʨʘʥʘʪʘ Y3Al 5O12, ʘʢʪʠʚʠʨʦʚʘʥʥʦʛʦ 

ʠʦʥʘʤʠ Nd
3+

 - Y3Al5O12:Nd (ʀɸɻ:Nd). ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ 

ʫʜʘʯʥʳʤ ʩʦʯʝʪʘʥʠʝʤ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʭ ʩʧʝʢʪʨʘʣʴʥʦ-

ʛʝʥʝʨʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʩ ʚʳʩʦʢʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʨʦʯʥʦʩʪʴʶ, 

ʪʚʸʨʜʦʩʪʴʶ, ʚʳʩʦʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ ʠ ʧʨʦʟʨʘʯʥʦʩʪʴʶ ʚ 

ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ. ʆʜʥʘʢʦ ʢʨʠʩʪʘʣʣʫ ʀɸɻ: 

Nd
3+

 ʧʨʠʩʫʱ ʨʷʜ ʩʝʨʴʸʟʥʳʭ ʥʝʜʦʩʪʘʪʢʦʚ. ʊʘʢ, ʥʝʜʦʩʪʘʪʦʯʥʦ 

ʚʳʩʦʢʦʡ ʷʚʣʷʝʪʩʷ ʧʦʛʣʦʱʘʪʝʣʴʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʵʪʦʡ ʘʢʪʠʚʥʦʡ 

ʩʨʝʜʳ, ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ Nd
3+ ʩʚʳʰʝ 1% ʘʪ. 

ʧʨʦʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪ ʂʊʃ, ʚʩʣʝʜʩʪʚʠʝ ʥʠʟʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʦʥʦʚ Nd
3+ (kNd=0.18) ʢʘʯʝʩʪʚʝʥʥʳʝ 

ʥʦʥʦʢʨʠʩʪʘʣʣʳ ʀɸɻ:Nd
3+

 ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʣʠʰʴ ʧʨʠ ʥʠʟʢʠʭ 

ʩʢʦʨʦʩʪʷʭ ʚʳʪʷʛʠʚʘʥʠʷ ʧʦʨʷʜʢʘ 1 ʤʤ/ʯʘʩ.  
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ʆʩʦʙʝʥʥʦʩʪʴʶ ʢʫʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʛʨʘʥʘʪʘ, ʚ ʯʘʩʪʥʦʩʪʠ, 

Y3Al 5O12, ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʪʨʸʭ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʧʦʟʠʮʠʡ 

ʜʣʷ ʢʘʪʠʦʥʦʚ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʩ ʠʩʢʘʞʝʥʥʦʡ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ 

(ʜʣʷ Y), ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ (ʜʣʷ Al) ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ (ʜʣʷ Al) 

ʢʦʦʨʜʠʥʘʮʠʝʡ ʘʪʦʤʘʤʠ ʢʠʩʣʦʨʦʜʘ (ʨʠʩ.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

ʈʠʩ. 2. ʉʦʯʣʝʥʝʥʠʝ ʧʦʣʠʵʜʨʦʚ ʚ ʩʪʨʫʢʪʫʨʝ ʛʨʘʥʘʪʘ 

 

ʋʤʝʥʴʰʠʪʴ ʵʬʬʝʢʪ ʂʊʃ ʚʦʟʤʦʞʥʦ ʧʨʠ ʧʝʨʝʭʦʜʝ ʢ 

ʩʦʝʜʠʥʝʥʠʷʤ ʜʨʫʛʦʛʦ ʩʦʩʪʘʚʘ, ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʵʪʫ ʞʝ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ, ʥʦ ʩ ʙʦʣʴʰʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ. ʕʪʦ ʚʧʦʣʥʝ ʦʩʫʱʝʩʪʚʠʤʦ ʜʣʷ 

ʩʢʘʥʜʠʝʚʳʭ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʦʙʱʝʛʦ ʩʦʩʪʘʚʘ 

Ln3Sc2M3O12 (M=Al ,Ga), ʚ ʢʦʪʦʨʳʭ ʂʊʃ ʜʝʡʩʪʚʠʪʝʣʴʥʦ 

ʚʳʨʘʞʝʥʦ ʟʘʤʝʪʥʦ ʩʣʘʙʝʝ, ʯʝʤ ʚ ʀɸɻ. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ 

ʫʚʝʣʠʯʝʥʠʝʤ ʢʨʘʪʯʘʡʰʝʛʦ ʨʘʩʩʪʦʷʥʠʷ Nd
3+

 - Nd
3+
, ʯʪʦ 

ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʙʦʣʴʰʝʛʦ ʧʘʨʘʤʝʪʨʘ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ: aʀɸɻ=12.008¡, aɻʉɸɻ=12.395¡, aɻʉɻɻ=12.567¡ 

(ʀɸɻ- Y3Al 5O12, ɻʉɸɻ- Gd3Sc2Al3O12, ɻʉɻɻ - Gd3Sc2Ga3O12). 
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ʊʨʝʙʫʝʤʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʦʛʣʦʱʝʥʠʷ ʘʢʪʠʚʥʦʡ ʩʨʝʜʳ 

ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʟʘ ʩʯʸʪ ʧʨʠʤʝʥʝʥʠʷ ʵʬʬʝʢʪʘ ʩʝʥʩʠʙʠʣʠʟʘʮʠʠ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʭ 

ʩʝʥʩʠʙʠʣʠʟʘʪʦʨʦʚ ʷʚʣʷʝʪʩʷ ʠʦʥ Cr
3+
, ʠʤʝʶʱʠʡ ʰʠʨʦʢʠʝ ʠ 

ʠʥʪʝʥʩʠʚʥʳʝ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʚ ʚʠʜʠʤʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ. 

ɻʨʘʥʘʪʳ ʩ ʙʦʣʴʰʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

ʪʘʢʞʝ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʵʬʬʝʢʪʠʚʥʦʡ ʤʘʪʨʠʮʝʡ ʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʡ ʛʝʥʝʨʘʮʠʠ ʥʘ ʵʣʝʢʪʨʦʥʥʦ-ʢʦʣʝʙʘʪʝʣʴʥʦʤ 

ʧʝʨʝʭʦʜʝ 
4
ʊ2 

4
ɸ2 ʠʦʥʦʚ Cr

3+
. ɺ ʩʦʝʜʠʥʝʥʠʷʭ ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ʛʨʘʥʘʪʘ ʤʦʛʫʪ ʙʳʪʴ ʦʙʝʩʧʝʯʝʥʳ ʫʩʣʦʚʠʷ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ 

ʧʦʚʳʰʝʥʠʷ ʂʇɼ ʣʘʟʝʨʘ ʟʘ ʩʯʸʪ ʵʬʬʝʢʪʠʚʥʦʡ ʧʝʨʝʜʘʯʠ 

ʵʥʝʨʛʠʠ Cr
3+

Ln
3+

. 

 

I.1.1. ʇʦʠʩʢ ʢʦʥʛʨʫʵʥʪʥʦ-ʧʣʘʚʷʱʝʛʦʩʷ ʩʦʩʪʘʚʘ 

 

ʆʩʥʦʚʥʳʤ ʧʨʝʧʷʪʩʪʚʠʝʤ ʜʣʷ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʦʡ 

ʣʘʟʝʨʥʦʡ ʤʘʪʨʠʮʳ ʥʘ ʦʩʥʦʚʝ ʢʨʠʩʪʘʣʣʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ʛʨʘʥʘʪʘ ʷʚʣʷʶʪʩʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʪʨʫʜʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʚ ʩʚʦʶ 

ʦʯʝʨʝʜʴ ʦʧʨʝʜʝʣʷʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʜʠʘʛʨʘʤʤ ʩʦʩʪʦʷʥʠʷ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʥʘʣʠʯʠʝʤ ʠʣʠ ʦʪʩʫʪʩʪʚʠʝʤ ʢʦʥʛʨʫʵʥʪʥʦ-

ʧʣʘʚʷʱʝʛʦʩʷ ʩʦʩʪʘʚʘ (ʂʇ-ʩʦʩʪʘʚ), ʚʝʣʠʯʠʥʦʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʢʪʠʚʘʪʦʨʥʦʡ ʧʨʠʤʝʩʠ.  

ʇʨʦʙʣʝʤʘ. ʀʟ-ʟʘ ʩʧʝʮʠʬʠʢʠ ʩʪʨʫʢʪʫʨʳ ʛʨʘʥʘʪʘ ʢʘʪʠʦʥʳ 

ʤʦʛʫʪ ʧʝʨʝʨʘʩʧʨʝʜʝʣʷʪʴʩʷ ʧʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠ 

ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʤ ʧʦʟʠʮʠʷʤ (ʩʦʩʪʘʚ ʰʠʭʪʳ-ʨʘʩʧʣʘʚʘ - 

Ln3Sc2M3O12, ʩʦʩʪʘʚ ʢʨʠʩʪʘʣʣʘ {Ln1-xScx } 3[ScyM1-y]2M3O12), 

ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʳʤ ʦʪʣʠʯʠʷʤ ʂʇ-ʩʦʩʪʘʚʘ ʦʪ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ. ʇʦʵʪʦʤʫ ʧʦʠʩʢ ʂʇ-ʩʦʩʪʘʚʦʚ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ ʩʚʷʟʘʥ ʩ ʧʨʦʙʣʝʤʦʡ ʦʧʨʝʜʝʣʝʥʠʷ ʥʝ 

ʪʦʣʴʢʦ ʚʘʣʦʚʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ, ʥʦ ʠ ʩʦʩʪʘʚʘ ʩ ʫʯʝʪʦʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʘʪʠʦʥʦʚ ʧʦ ʧʦʟʠʮʠʷʤ.  
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ɺʚʝʜʝʥʠʝ ʘʢʪʠʚʘʪʦʨʘ ʠ ʩʝʥʩʠʙʠʣʠʟʘʪʦʨʘ (ʠʦʥʳ Nd
3+

 ʠ Cr
3+

), 

ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʪʘʢʞʝ ʚʳʟʳʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʩʦʩʪʘʚʘ ʤʘʪʨʠʮʳ, 

ʯʪʦ ʚʣʠʷʝʪ ʥʘ ʦʜʥʦʨʦʜʥʦʩʪʴ ʧʦʣʫʯʘʝʤʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ. 

ʋʯʠʪʳʚʘʷ ʦʩʥʦʚʦʧʦʣʘʛʘʶʱʝʝ ʟʥʘʯʝʥʠʝ ʂʇ-ʩʦʩʪʘʚʘ ʜʣʷ 

ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʩʦʚʝʨʰʝʥʥʳʭ ʣʘʟʝʨʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ, ʦʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʧʨʠ ʠʟʫʯʝʥʠʠ 

ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ ʪʝʭʥʦʣʦʛʠʠ ʫʜʝʣʷʝʪʩʷ ʠʤʝʥʥʦ 

ʵʪʦʤʫ ʚʦʧʨʦʩʫ. 

ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠ ʩʠʩʪʝʤʘʪʠʟʠʨʦʚʘʪʴ ʜʘʥʥʳʝ ʧʦ 

ʠʟʚʝʩʪʥʳʤ ʂʇ-ʩʦʩʪʘʚʘʤ ʜʣʷ ʩʢʘʥʜʠʡ-ʩʦʜʝʨʞʘʱʠʭ ʛʨʘʥʘʪʦʚ 

ʫʜʦʙʥʝʝ ʚʩʝʛʦ ʩ ʧʦʤʦʱʴʶ ʜʠʘʛʨʘʤʤ: ʩʨʝʜʥʝʚʟʚʝʰʝʥʥʳʡ 

ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʠʡ ʨʘʜʠʫʩ (r
VIII
, ¡) - ʩʨʝʜʥʝʚʟʚʝʰʝʥʥʳʡ 

ʦʢʪʘʵʜʨʠʯʝʩʢʠʡ ʨʘʜʠʫʩ (r
VI
, ¡) (ʜʠʘʛʨʘʤʤʳ r

VIII
 ï r

VI
). 

ɿʥʘʯʝʥʠʷ ʩʨʝʜʥʝʚʟʚʝʰʝʥʥʳʭ ʨʘʜʠʫʩʦʚ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʧʦ 

ʩʣʝʜʫʶʱʠʤ ʬʦʨʤʫʣʘʤ:   

r
VIII

=1/3[xrSc
VIII

+(3-x)rLn
VIII

], 

r
VI

=1/2[yrSc
VI

+(2-y)rM
VI

] 

ʛʜʝ rSc
VIII

, rLn
VIII

- ʠʦʥʥʳʝ ʨʘʜʠʫʩʳ ʢʘʪʠʦʥʦʚ Sc
3+ ʠ Ln

3+
 ʜʣʷ 

ʂʏ=8; rSc
VI

, rM
VI

- ʠʦʥʥʳʝ ʨʘʜʠʫʩʳ Sc
3+

 ʠ M
3+

 (M=Al, Ga) ʜʣʷ 

ʂʏ=6 (ʠʦʥʥʳʝ ʨʘʜʠʫʩʳ ʧʦ ʩʠʩʪʝʤʝ ʐʝʥʥʦʥʘ-ʇʨʝʚʠʪʪʘ). 

 

ʀʪʪʨʠʡ-ʩʢʘʥʜʠʡ ʛʘʣʣʠʝʚʳʡ ʛʨʘʥʘʪ (ʀʉɻɻ). 

 

ʅʘ ʨʠʩ. 3ʘ ʧʨʠʚʝʜʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ r
VIII

 ï r
VI

 ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ 

{Y 3-xScx}[ScyGa2-y]Ga3O12, ʧʦʩʪʨʦʝʥʥʘʷ ʧʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ . 

 

 

 

 



          

          

 
ʘ     ʙ 

 
  ʚ     ʛ 

ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ r
VIII

 ï r
VI

 ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʩʢʘʥʜʠʝʚʳʭ ʛʨʘʥʘʪʦʚ:  

ʘ-{Y 3-xScx}[ScyGa2-y]Ga3O12; ʙ-{Gd3-xScx}[ScyGa2-y]Ga3O12; 

ʚ-{Gd3-xScx}[ScyAl 2-y]Al 3O12; ʛ-{Y 3-xScx}[ScyAl 2-y]Al 3O12.  

- ʦʜʥʦʬʘʟʥʳʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ 

- ʥʝʦʜʥʦʬʘʟʥʳʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ 

- ʥʦʤʠʥʘʣʴʥʦ-ʯʠʩʪʳʝ ʤʦʥʦʢʨʠʩʪʘʣʣʳ 

- ʤʦʥʦʢʨʠʩʪʘʣʣʳ, ʜʦʧʠʨʦʚʘʥʥʳʝ Nd
3+

, Cr
3+
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ʅʘ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʜʠʘʛʨʘʤʤʝ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʪʨʠ 

ʦʩʥʦʚʥʳʝ ʦʙʣʘʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʪʚʸʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ (ʦʙʣʘʩʪʠ I - III), ʧʦʣʫʯʝʥʥʳʭ 

ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ. ʆʙʣʘʩʪʴ I ʦʪʚʝʯʘʝʪ ʦʙʣʘʩʪʠ 

ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

ʩʦʩʪʘʚʘ Y3[ScyGa2-y]Ga3O12 (ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ I). ʆʙʣʘʩʪʴ II 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʘʣʠʯʠʝʤ ʦʜʥʦʬʘʟʥʳʭ ʤʦʥʦ- ʠ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦʩʪʘʚʘ {Y3-

xScx}[ScyGa2-y]Ga3O12 (ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ II), ʘ ʪʘʢʞʝ 

ʤʥʦʛʦʬʘʟʥʳʭ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦʩʪʘʚʘ Y3[Y zScyGa2-y-

z]Ga3O12 (ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ III). ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ 

ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚʳʙʦʨ ʛʨʘʥʠʯʥʳʭ ʧʨʷʤʳʭ (ʧʨʷʤʳʝ 1, 2 ʠ 3, 

ʨʠʩ. 3ʘ) ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʫʩʣʦʚʥʳʤ. ʇʦʣʦʞʝʥʠʝ ʵʪʠʭ 

ʧʨʷʤʳʭ ʤʦʞʝʪ ʙʳʪʴ ʫʪʦʯʥʝʥʦ ʧʨʠ ʧʦʷʚʣʝʥʠʠ ʥʦʚʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. ɺ ʦʙʣʘʩʪʠ III ʨʘʩʧʦʣʘʛʘʶʪʩʷ 

ʤʥʦʛʦʬʘʟʥʳʝ ʠ ʦʜʥʦʬʘʟʥʳʝ ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ III. 

ʇʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʦʙʣʘʩʪʠ II ʥʘ ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ (ʈʉɸ) ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʚ 

ʜʘʥʥʦʡ ʩʠʩʪʝʤʝ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʜʨʫʛʫʶ ʧʨʷʤʫʶ 4, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʫʶ ʧʨʝʜʝʣʴʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ r
VIII

 ʠ r
VI 

ʜʦ ʥʘʯʘʣʘ ʧʨʦʮʝʩʩʘ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ Sc ʧʦ ʧʦʟʠʮʠʷʤ ʚ 

ʦʙʣʘʩʪʠ ʙʦʣʴʰʠʭ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʷʤʦʡ 1 ʩʦʜʝʨʞʘʥʠʡ Sc, 

ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʢʦʪʦʨʦʡ ʨʘʥʝʝ ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ. ʕʪʘ ʧʨʷʤʘʷ 

ʧʦʟʚʦʣʷʝʪ ʚʳʜʝʣʠʪʴ ʥʘ ʜʠʘʛʨʘʤʤʝ r
VIII

 ï r
VI

 ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ 

ʦʙʣʘʩʪʴ IIA , ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʙʳʪʴ ʦʛʨʘʥʠʯʝʥʘ ʚ ʚʝʨʭʥʝʡ ʯʘʩʪʠ 

ʜʠʘʛʨʘʤʤʳ ʧʨʷʤʦʡ 5. ʀʟ ʨʘʩʩʤʦʪʨʝʥʠʷ ʭʘʨʘʢʪʝʨʘ ʚʟʘʠʤʥʦʛʦ 

ʚʣʠʷʥʠʷ ʧʦʣʠʵʜʨʦʚ ʚ ʩʪʨʫʢʪʫʨʝ ʀʉɻɻ ʦʜʥʦʟʥʘʯʥʦ ʩʣʝʜʫʝʪ, 

ʯʪʦ ʢʨʠʩʪʘʣʣʳ, ʨʘʩʧʦʣʘʛʘʶʱʠʝʩʷ ʚ ʦʙʣʘʩʪʠ IIA, ʠʤʝʶʪ ʚ 

ʩʚʦʸʤ ʩʦʩʪʘʚʝ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʧʦʣʠʵʜʨʳ, ʥʘʠʣʫʯʰʠʤ 

ʦʙʨʘʟʦʤ ñʧʦʜʦʛʥʘʥʥʳʝò ʜʨʫʛ ʢ ʜʨʫʛʫ ʠ, ʝʩʣʠ ʂʇ-ʩʦʩʪʘʚ ʜʣʷ 

ʀʉɻɻ ʩʫʱʝʩʪʚʫʝʪ, ʪʦ ʦʥ ʜʦʣʞʝʥ ʣʝʞʘʪʴ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ. 
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ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʂʇ-ʩʦʩʪʘʚ {Y2.93Sc0.07}[Sc1.36Ga0.64]Ga3O12,  

ʥʘʭʦʜʠʪʩʷ ʚ ʦʙʣʘʩʪʠ IIA. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 3ʘ, ʙʦʣʴʰʘʷ ʯʘʩʪʴ 

ʜʦʧʠʨʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʩʦʩʪʘʚʘ Y3[Sc1.4Ga0.6]Ga3O12: Nd
3+

, 

Cr
3+

 ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚʥʝ ʦʙʣʘʩʪʠ IIA.  
 

ɻʘʜʦʣʠʥʠʡ-ʩʢʘʥʜʠʡ ʛʘʣʣʠʝʚʳʡ ʛʨʘʥʘʪ (ɻʉɻɻ) 
 

ʅʘ ʨʠʩ. 3ʙ ʧʨʠʚʝʜʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ r
VIII

 ï r
VI

 ʜʣʷ 

ʥʦʤʠʥʘʣʴʥʦ-ʯʠʩʪʳʭ ʦʙʨʘʟʮʦʚ ɻʉɻɻ. ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ʜʘʥʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʘʥʥʳʝ ʦ ʩʦʩʪʘʚʘʭ ʥʦʤʠʥʘʣʴʥʦ-

ʯʠʩʪʳʭ ʢʨʠʩʪʘʣʣʦʚ, ʦʧʨʝʜʝʣʸʥʥʳʭ ʤʝʪʦʜʦʤ 

ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʠ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʦʚ, 

ʘ ʪʘʢʞʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ. 

ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣʠ ʧʨʠʚʣʝʯʝʥʳ ʜʘʥʥʳʝ ʧʦ ʢʝʨʘʤʠʯʝʩʢʠʤ 

ʦʙʨʘʟʮʘʤ.  

ʅʘ ʦʩʥʦʚʘʥʠʠ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʜʘʥʥʳʭ ʚʳʜʝʣʝʥʳ ʦʙʣʘʩʪʠ 

ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ: ʚ 

ʦʙʣʘʩʪʠ I ʩʫʱʝʩʪʚʫʶʪ ʦʜʥʦʬʘʟʥʳʝ ʢʘʢ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ, 

ʪʘʢ ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ  

Gd3[ScyGa2-y]Ga3O12 (ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ I), ʘ ʪʘʢʞʝ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ Gd3-xScx [ScyGa2-

y]Ga3O12 (ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ II).  ɺ ʦʙʣʘʩʪʠ II ʩʫʱʝʩʪʚʫʶʪ 

ʦʜʥʦʬʘʟʥʳʝ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ II ʠ, 

ʥʘʢʦʥʝʮ, ʚ ʦʙʣʘʩʪʠ III - ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʪʚʸʨʜʳʝ 

ʨʘʩʪʚʦʨʳ I, II ʠ ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ ʩʦʩʪʘʚʘ Gd3[GdzScyGa2-y-

z]Ga3O12 (ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ III). ʆʪʤʝʪʠʤ, ʯʪʦ ʦʙʣʘʩʪʴ II, ʧʦ-

ʚʠʜʠʤʦʤʫ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʙʣʘʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ 

ʩʪʘʙʠʣʴʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ II, ʪ.ʝ. 

ʦʙʣʘʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʂʇ-ʩʦʩʪʘʚʘ, ʘ ʧʨʷʤʘʷ II ʷʚʣʷʝʪʩʷ 

ʚʪʦʨʦʡ ʧʨʝʜʝʣʴʥʦʡ ʧʨʷʤʦʡ, ʦʧʨʝʜʝʣʷʶʱʝʡ ʤʘʢʩʠʤʘʣʴʥʦʝ 

ʩʦʜʝʨʞʘʥʠʝ Sc ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ  

ʂʇ-ʩʦʩʪʘʚ ɻʉɻɻ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʢʘʢ Gd2.957Sc0.043  
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[Sc1.862Ga0.138]Ga3O12 ʠ Gd2.95Sc0.05 [Sc1.85Ga0.15]Ga3O12. ʆʙʘ 

ʵʪʠ ʩʦʩʪʘʚʘ ʩʦʚʧʘʜʘʶʪ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʚ ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ 

ʦʧʨʝʜʝʣʝʥʠʷ. ʅʘ ʜʠʘʛʨʘʤʤʝ r
VIII

 ï r
VI

 ʪʦʯʢʘ, ʦʪʚʝʯʘʶʱʘʷ ʵʪʦʤʫ 

ʩʦʩʪʘʚʫ, ʣʝʞʠʪ ʧʨʷʤʦ ʧʦʩʝʨʝʜʠʥʝ ʦʙʣʘʩʪʠ II. 
 

ɻʘʜʦʣʠʥʠʡ- ʩʢʘʥʜʠʡ ʘʣʶʤʠʥʠʝʚʳʡ ʛʨʘʥʘʪ (ɻʉɸɻ) 
 

ʅʘ ʨʠʩ. 3ʚ ʧʨʠʚʝʜʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ r
VIII

 ï r
VI

 ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ 

ɻʉɸɻ, ʛʜʝ ʩʦʙʨʘʥʳ ʠʟʚʝʩʪʥʳʝ ʜʘʥʥʳʝ ʧʦ ʩʦʩʪʘʚʘʤ 

ʥʦʤʠʥʘʣʴʥʦ-ʯʠʩʪʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ, 

ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ, ʩʦʩʪʘʚʳ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʝʥʳ ʩ 

ʧʨʠʚʣʝʯʝʥʠʝʤ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʠ ʜʘʥʥʳʤ ʈʉɸ. 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʧʨʠ 0 < y  2 ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ 

ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ ʪʠʧʘ Gd3[ScyAl 2-y]Al 3O12 (ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ 

I) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʤʝʩʴ ʜʚʫʭ ʬʘʟ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ ʠ 

ʧʝʨʦʚʩʢʠʪʘ. ʕʪʦ ʜʘʣʦ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʬʘʟʳ, 

ʠʤʝʶʱʠʝ ʩʪʨʫʢʪʫʨʫ ʛʨʘʥʘʪʘ, ʦʪʥʦʩʷʪʩʷ ʢ ʪʚʸʨʜʳʤ ʨʘʩʪʚʦʨʘʤ 

II ʩ ʦʙʱʠʤ ʩʦʩʪʘʚʦʤ {Gd3-xScx}[ScyAl 2-y]Al 3O12. ʆʙʣʘʩʪʴ 

ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʥʦʤʠʥʘʣʴʥʦ-ʯʠʩʪʳʭ 

ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ II ʦʛʨʘʥʠʯʝʥʘ ʧʨʷʤʳʤʠ 1, 2 ʠ 3. ʅʘ 

ʦʩʥʦʚʘʥʠʠ ʠʤʝʶʱʝʛʦʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʥʝ 

ʠʩʢʣʶʯʝʥʦ, ʯʪʦ, ʧʨʷʤʘʷ 1 ʥʝ ʷʚʣʷʝʪʩʷ ʧʨʝʜʝʣʴʥʦʡ ʧʦ 

ʩʦʦʪʥʦʰʝʥʠʶ r
VIII

 ʠ r
VI
. ʂʇ-ʩʦʩʪʘʚ Gd2.88Sc0.12

[Sc1.77Al0.23]Al 3O12, ʦʧʨʝʜʝʣʸʥʥʳʡ ʩ ʧʦʤʦʱʴʶ (d-a-x-y)-

ʜʠʘʛʨʘʤʤʳ (d - ʧʣʦʪʥʦʩʪʴ, a - ʧʘʨʘʤʝʪʨ ʷʯʝʡʢʠ, x ʠ y - 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʩʦʜʝʨʞʘʥʠʝ Sc ʚ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ ʠ 

ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʷʭ),  ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʚʙʣʠʟʠ ʧʨʝʜʝʣʴʥʦʡ 

ʧʨʷʤʦʡ. ʊʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ ʫʟʦʩʪʴ ʦʙʣʘʩʪʠ 

ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʪʘʙʠʣʴʥʦʡ ʩʠʩʪʝʤʳ ʧʦʣʠʵʜʨʦʚ ʥʘ ʦʩʥʦʚʝ ʂʇ-

ʩʦʩʪʘʚʘ ɻʉɸɻ, ʯʪʦ ʚʝʨʦʷʪʥʦ ʩʚʷʟʘʥʦ ʩ ʙʦʣʴʰʠʤ ʨʘʟʣʠʯʠʝʤ 

ʨʘʟʤʝʨʦʚ ʠʦʥʦʚ Gd
3+

 ʠ Al
3+. 
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ʀʪʪʨʠʡ-ʩʢʘʥʜʠʡ ʘʣʶʤʠʥʠʝʚʳʡ ʛʨʘʥʘʪ (ʀʉɸɻ). 

 

ʅʘ ʨʠʩ. 3ʛ ʧʨʠʚʝʜʝʥʘ ʦʙʣʘʩʪʴ r
VIII

 ï r
VI 
ʜʣʷ ʀʉɸɻ. ʅʘ 

ʨʠʩʫʥʢʝ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʧʨʷʤʫʶ I, ʢʦʪʦʨʘʷ ʦʪʚʝʯʘʝʪ 

ʧʨʝʜʝʣʴʥʳʤ ʩʦʦʪʥʦʰʝʥʠʷʤ ʤʝʞʜʫ r
VIII

 ʠ r
VI
. ʇʦʣʦʞʝʥʠʝ 

ʧʨʝʜʝʣʴʥʦʡ ʧʨʷʤʦʡ II ʦʧʨʝʜʝʣʠʪʴ ʩʣʦʞʥʝʝ. ɺ ʩʠʩʪʝʤʝ Y2O3-

Sc2O3-Al 2O3 ʂʇ ï ʩʦʩʪʘʚ ʦʪʩʫʪʩʪʚʫʝʪ, ʯʪʦ ʙʳʣʦ ʟʘʢʣʶʯʝʥʦ 

ʛʨʫʧʧʦʡ ʘʚʪʦʨʦʚ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʝʛʦ ʩ ʧʦʤʦʱʴʶ (d-a-x-y)-

ʜʠʘʛʨʘʤʤʳ. ʆʜʥʘʢʦ ʦʪʤʝʯʘʣʦʩʴ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʳʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Y ʤʦʞʝʪ ʙʳʪʴ ʨʘʚʝʥ ʝʜʠʥʠʮʝ ʧʨʠ 

ʩʦʜʝʨʞʘʥʠʠ ʝʛʦ ʚ ʨʘʩʧʣʘʚʝ ʚ ʠʥʪʝʨʚʘʣʝ 2.88 ï 2.90 

ʬʦʨʤʫʣʴʥʳʭ ʝʜʠʥʠʮ. 

ʀʩʧʦʣʴʟʫʷ ʜʠʘʛʨʘʤʤʫ r
VIII

 ï r
VI

 ʥʘ ʦʩʥʦʚʘʥʠʠ ʧʨʠʚʝʜʸʥʥʳʭ 

ʚʳʰʝ ʨʘʩʩʫʞʜʝʥʠʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʙʬʣʦ 

ʧʨʝʜʧʦʣʦʞʝʥʦ, ʯʪʦ ʝʩʣʠ ʂʇ-ʩʦʩʪʘʚ ʀʉɸɻ ʩʫʱʝʩʪʚʫʝʪ, ʪʦ ʦʥ 

ʜʦʣʞʝʥ ʨʘʩʧʦʣʘʛʘʪʴʩʷ ʤʝʞʜʫ ʜʚʫʤʷ ʧʨʝʜʝʣʴʥʳʤʠ ʧʨʷʤʳʤʠ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ, ʚʳʨʘʱʝʥʥʦʛʦ ʠʟ ʰʠʭʪʳ ʩʦʩʪʘʚʘ 

Y2.91Sc1.19Al3.90O12 (ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʠʤʝʨʥʦ  ʩʝʨʝʜʠʥʝ 

ʦʙʣʘʩʪʠ, ʚ ʢʦʪʦʨʦʡ ʤʦʞʝʪ ʥʘʭʦʜʠʪʴʩʷ ʂʇ-ʩʦʩʪʘʚ),  ʧʦʢʘʟʘʣʠ 

ʦʪʣʠʯʠʝ ʧʘʨʘʤʝʪʨʦʚ ʷʯʝʡʢʠ ʧʦ ʜʣʠʥʝ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʩʣʠʪʢʘ (ʘ=12.159 ¡ ʫ ʟʘʪʨʘʚʢʠ ʠ ʘ=12.181 ¡ ʚ ʢʦʥʮʝ ʩʣʠʪʢʘ), 

ʯʪʦ ʩʚʷʟʘʥʥʦ ʩ ʠʟʤʝʥʝʥʠʝʤ ʩʦʩʪʘʚʘ: Y2.89Sc0.11

[Sc1.0Al1.0]Al 3O12 ʠ Y2.94Sc0.06 [Sc1.09Al0.91]Al 3O12. ʈʘʩʯʸʪ 

ʧʦʢʘʟʘʣ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Y ʠ Sc ʨʘʚʥʳ 0.99 

ʠ 0.93 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʪ.ʝ. ʙʣʠʟʢʠ ʢ ʝʜʠʥʠʮʝ, ʠʟ ʯʝʛʦ ʩʣʝʜʫʝʪ, 

ʯʪʦ ʚʦʟʤʦʞʥʳʡ ʂʇ-ʩʦʩʪʘʚ ʙʣʠʟʦʢ ʢ ʩʦʩʪʘʚʫ Y2.89Sc0.11

[Sc1.05Al0.95]Al 3O12. 

ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʜʠʘʛʨʘʤʤ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʠʟʤʝʥʝʥʠʷ 

ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʧʨʠ ʠʟʦʤʦʨʬʥʳʭ ʟʘʤʝʱʝʥʠʷʭ ʚ 

ʩʪʨʫʢʪʫʨʝ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʀʉɻɻ, ɻʉɻɻ, ʀʉɸɻ ʠ ɻʉɸɻ 

ʧʦʟʚʦʣʷʝʪ ʛʦʚʦʨʠʪʴ ʦ ʧʦʣʥʦʤ ʩʦʦʪʚʝʪʩʪʚʠʠ ʥʘʙʣʶʜʘʝʤʦʡ  
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ʩʤʝʥʳ ʪʠʧʦʚ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩ ʭʘʨʘʢʪʝʨʦʤ ʠʟʤʝʥʝʥʠʷ 

ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʩʚʦʡʩʪʚ ʂʇ-ʩʦʩʪʘʚʦʚ ʩʦʝʜʠʥʝʥʠʡ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ ʩʦʚʤʝʩʪʥʦ ʩ ʜʘʥʥʳʤʠ ʨʠʩ. 3 ʜʘʶʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʨʷʜ ʚʘʞʥʳʭ ʚʳʚʦʜʦʚ: 

 ʩʪʨʫʢʪʫʨʘ ʬʘʟʳ ʩ ʂʇ-ʩʦʩʪʘʚʦʤ ʜʦʣʞʥʘ ʙʳʪʴ ʦʙʨʘʟʦʚʘʥʘ 

ʠʟ ñʨʘʚʥʦʚʝʩʥʳʭ ñ ʧʦʣʠʵʜʨʦʚ, ʥʝ ʪʨʝʙʫʶʱʠʭ ʩʪʘʙʠʣʠʟʘʮʠʠ;  

 ʯʘʩʪʠʯʥʳʤ ʠʟʦʤʦʨʬʥʳʤ ʟʘʤʝʱʝʥʠʝʤ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʪʦʡ 

ʠʣʠ ʠʥʦʡ ʧʦʟʠʮʠʠ ʩʪʨʫʢʪʫʨʳ ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʧʦʣʫʯʝʥʠʷ ʂʇ-

ʩʦʩʪʘʚʘ, ʦʪʩʫʪʩʪʚʫʶʱʝʛʦ ʜʣʷ ʠʩʭʦʜʥʦʡ ʤʘʪʨʠʮʳ ʅʘʧʨʠʤʝʨ, ʚ 

ʩʠʩʪʝʤʝ La,Sc 3[Sc,Ga]2Ga3O12 ʥʝʪ ʂʇ-ʩʦʩʪʘʚʘ, ʦʜʥʘʢʦ 

ʩʦʩʪʘʚ La0.23Gd2.74Sc0.03 [Sc1.88Ga0.12]Ga3O12 ʩ ʯʘʩʪʠʯʥʳʤ 

ʟʘʤʝʱʝʥʠʝʤ ʣʘʥʪʘʥʘ ʥʘ ʛʘʜʦʣʠʥʠʡ ʷʚʣʷʝʪʩʷ ʂʇ ïʩʦʩʪʘʚʦʤ; 

 ʚ ʦʜʥʦʤ ʠʟ ʨʷʜʦʚ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʟʘʤʝʱʝʥʠʷ ʥʘ ʦʩʥʦʚʝ 

ʂʇ-ʩʦʩʪʘʚʘ ʜʦʣʞʝʥ ʙʳʪʴ ʂʇ-ʩʦʩʪʘʚ. ʅʘʧʨʠʤʝʨ, ʪʚʝʨʜʳʡ 

ʨʘʩʪʚʦʨ Gd3-uScu Sc1.9-uGavAl (3.1-u-v))O12, ʜʣʷ ʢʦʪʦʨʦʛʦ 

ʩʧʨʘʚʝʜʣʠʚʳ ʩʦʦʪʥʦʰʝʥʠʷ 3-u=2.880(3)+0.024v, (3.1-u-

v)=3.220(5)-1.025v, ʧʨʠ ʟʥʘʯʝʥʠʷʭ v=0 ʠ v=3.14 ʩʦʩʪʘʚʳ 

ʚʝʩʴʤʘ ʙʣʠʟʢʠ ʢ ʂʇ-ʩʦʩʪʘʚʘʤ Gd2.88Sc0.12 Sc1.78Al 3.22O12 ʠ 

Gd2.96Sc0.04 Sc1.86Ga3.14O12  ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; 

 ʂʇ-ʩʦʩʪʘʚ ʥʦʤʠʥʘʣʴʥʦ ʯʠʩʪʦʛʦ ʠ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʠʦʥʘʤʠ 

Nd
3+ ʠ Cr

3+ ʢʨʠʩʪʘʣʣʘ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʥʝ ʩʦʚʧʘʜʘʝʪ, ʠ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʨʦʜʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʩ Nd
3+

 ʠ Cr
3+ ʤʦʞʥʦ 

ʚʳʨʘʱʠʚʘʪʴ ʠʭ ʠʟ "ʦʧʪʠʤʘʣʴʥʳʭ" ʩʦʩʪʘʚʦʚ. ʇʦʜ ʦʧʪʠʤʘʣʴʥʳʤ 

ʧʦʥʠʤʘʝʪʩʷ ʩʦʩʪʘʚ, ʦʪʣʠʯʘʶʱʠʡʩʷ ʦʪ ʂʇ-ʩʦʩʪʘʚʘ, ʥʦ ʤʘʣʦ 

ʠʟʤʝʥʷʶʱʝʡʩʷ ʧʦ ʜʣʠʥʝ ʚʳʨʘʱʠʚʘʝʤʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʘ. 

ʀʟ ʚʩʝʡ ʩʦʚʦʢʫʧʥʦʩʪʠ ʧʦʜʭʦʜʦʚ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʂʇ-ʩʦʩʪʘʚʦʚ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ʛʨʘʥʘʪʘ, ʩʣʝʜʫʝʪ ʧʨʠʟʥʘʪʴ ʢʦʨʨʝʢʪʥʳʤʠ ʧʦʜʭʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ 

ʥʘ ʩʦʧʦʩʪʘʚʣʝʥʠʠ ʩʦʩʪʘʚʦʚ ñʚʝʨʭʥʝʡò ʠ ñʥʠʞʥʝʡò ʯʘʩʪʝʡ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʣʠʪʢʘ ʩ ʩʦʩʪʘʚʦʤ ʰʠʭʪʳ ʧʨʠ ʧʦʣʥʦʤ  
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ʠʭ ʩʦʦʪʚʝʪʩʪʚʠʠ.  ʇʨʠʯʝʤ, ʩʦʩʪʘʚ ʵʪʠʭ ʦʙʨʘʟʮʦʚ ʜʦʣʞʝʥ 

ʦʧʨʝʜʝʣʷʪʴʩʷ ʣʠʙʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩ ʧʦʤʦʱʴʶ ʨʘʟʣʠʯʥʳʭ 

ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ, ʣʠʙʦ ʢʦʩʚʝʥʥʦ, ʥʘʧʨʠʤʝʨ, ʥʘ ʦʩʥʦʚʝ 

ʠʟʤʝʨʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʷʯʝʡʢʠ ʠ ʧʣʦʪʥʦʩʪʠ.  ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʜʣʷ ʵʪʦʡ ʮʝʣʠ ʩʨʘʚʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʷʯʝʡʢʠ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ, 

ʧʨʠʥʠʤʘʷ ʠʭ ʨʘʚʝʥʩʪʚʦ ʟʘ ʨʘʚʝʥʩʪʚʦ ʩʦʩʪʘʚʦʚ, ʧʨʠʚʦʜʠʪ ʢ 

ʥʝʧʨʘʚʠʣʴʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ. ɻʣʘʚʥʦʡ ʧʨʠʯʠʥʦʡ ʵʪʦʛʦ ʷʚʣʷʝʪʩʷ 

ʦʪʣʠʯʠʝ ʪʠʧʦʚ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʟʘʢʣʶʯʘʶʱʝʝʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʤʝʭʘʥʠʟʤʘʭ 

ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ.   
 

I.1.2. ʇʨʦʙʣʝʤʳ ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʷ 
 

 ɺʳʨʘʱʠʚʘʥʠʝ ʢʨʠʩʪʘʣʣʦʚ ʛʨʘʥʘʪʘ ʠʟ ʰʠʭʪʳ ʢʦʥʛʨʫʵʥʪʥʦ-

ʧʣʘʚʷʱʝʛʦʩʷ ʩʦʩʪʘʚʘ ʥʝ ʷʚʣʷʝʪʩʷ ʛʘʨʘʥʪʠʝʡ ʧʦʣʫʯʝʥʠʷ 

ʦʜʥʦʨʦʜʥʳʭ ʠ ʢʘʯʝʩʪʚʝʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ. 

 ʇʨʦʙʣʝʤʘ. ɼʝʬʝʢʪʳ, ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ ʧʨʠ ʚʳʨʘʱʠʚʘʥʠʠ 

ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ, ʚʣʠʷʶʪ ʥʘ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʘʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʥʘʣʠʯʠʝ ʦʙʣʘʩʪʝʡ ñʛʨʘʥʥʦʛʦò ʨʦʩʪʘ ʠ ʨʦʩʪʦʚʦʡ 

ʧʦʣʦʩʯʘʪʦʩʪʠ ʚʳʟʳʚʘʝʪ ʧʦʷʚʣʝʥʠʝ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ 

ʥʘʧʨʷʞʝʥʠʡ, ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʠʟʤʝʥʝʥʠʝ ʧʘʨʘʤʝʪʨʘ 

ʷʯʝʡʢʠ ʧʦ ʜʣʠʥʝ ʠ ʧʦʧʝʨʝʯʥʦʤʫ ʩʝʯʝʥʠʶ ʤʦʥʦʢʨʠʩʪʘʣʣʘ 

ʚʣʠʷʝʪ ʥʘ ʧʘʨʘʤʝʪʨʳ ʬʦʪʦʫʧʨʫʛʦʩʪʠ.  

ʀʩʩʣʝʜʦʚʘʥʠʷ ʚ ʧʦʣʷʨʠʟʦʚʘʥʥʦʤ ʩʚʝʪʝ ʧʦʧʝʨʝʯʥʳʭ ʠ 

ʧʨʦʜʦʣʴʥʳʭ ʩʨʝʟʦʚ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʀʉɻɻ, ʚʳʨʘʱʝʥʥʳʭ ʠʟ 

ʰʠʭʪʳ ʂʇ-ʩʦʩʪʘʚʘ, ʧʦʟʚʦʣʠʣʠ ʚʳʷʚʠʪʴ ʥʘʣʠʯʠʝ ʦʙʣʘʩʪʝʡ 

ñʛʨʘʥʥʦʛʦò ʨʦʩʪʘ. ʇʨʠ ʠʟʤʝʨʝʥʠʠ ʧʘʨʘʤʝʪʨʦʚ ʷʯʝʡʢʠ ʚ 

ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ ʦʙʨʘʟʮʘ ʤʝʪʦʜʦʤ ɹʦʥʜʘ ʦʢʘʟʘʣʦʩʴ, ʯʪʦ 

ʧʨʠ ʫʜʘʣʝʥʠʠ ʦʪ ʮʝʥʪʨʘ  ʢ ʢʨʘʷʤ ʦʙʨʘʟʮʘ ʧʘʨʘʤʝʪʨ ʷʯʝʡʢʠ 

ʠʟʤʝʥʷʝʪʩʷ V-ʦʙʨʘʟʥʦ, ʧʨʠ ʵʪʦʤ ʤʠʥʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ  
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ʧʘʨʘʤʝʪʨʘ  ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʦʙʣʘʩʪʠ ñʛʨʘʥʥʦʛʦò ʜʝʬʝʢʪʘ. 

ʇʦʜʦʙʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʛʦʚʦʨʠʪ ʦ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʧʦ ʧʦʧʝʨʝʯʥʦʤʫ ʩʝʯʝʥʠʶ 

ʢʨʠʩʪʘʣʣʘ. ʊʘʢʞʝ ʜʣʷ ʜʘʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʭʘʨʘʢʪʝʨʥʳʤ 

ʜʝʬʝʢʪʦʤ ʷʚʣʷʝʪʩʷ ʨʦʩʪʦʚʘʷ ʧʦʣʦʩʯʘʪʦʩʪʴ.  

ʈʘʟʣʠʯʠʝ ʚ ʩʦʩʪʘʚʘʭ ʦʙʣʘʩʪʝʡ ñʛʨʘʥʥʦʛʦò ʨʦʩʪʘ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʦʛʨʘʥʸʥʥʳʤʠ ʦʙʣʘʩʪʷʤʠ, ʧʦ-ʚʠʜʠʤʦʤʫ, 

ʩʚʷʟʘʥʦ ʩ ʥʝʦʜʠʥʘʢʦʚʳʤʠ ʤʝʭʘʥʠʟʤʘʤʠ ʨʦʩʪʘ ʥʘ ʛʨʘʥʷʭ ʠ 

ʦʢʨʫʛʣʳʭ ʫʯʘʩʪʢʘʭ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʬʨʦʥʪ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʜʣʷ ʚʝʱʝʩʪʚ ʩ H/ Tʧʣ2-4 ʤʦʞʝʪ ʙʳʪʴ 

ʩʦʩʪʘʚʣʝʥ ʦʜʥʦʚʨʝʤʝʥʥʦ ʠʟ ʩʠʥʛʫʣʷʨʥʳʭ ʠ ʘʪʦʤʥʦ-

ʰʝʨʦʭʦʚʘʪʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʪʨʝʙʫʶʱʠʭ ʧʨʠ ʨʦʩʪʝ ʨʘʟʣʠʯʥʳʭ 

ʧʝʨʝʦʭʣʘʞʜʝʥʠʡ. ɺ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ 

ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʛʨʘʥʝʡ ʪʝʪʨʘʛʦʥʪʨʠʦʢʪʘʵʜʨʘ 

211} ʠ ʨʦʤʙʦʜʦʜʝʢʘʵʜʨʘ 110 , ʧʨʠʯʸʤ ʦʥʠ ʦʙʨʘʟʫʶʪʩʷ ʥʘ 

ʫʯʘʩʪʢʘʭ ʨʘʟʜʝʣʘ ʬʘʟ, ʧʘʨʘʣʣʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ 

ʧʣʦʩʢʦʩʪʷʤ ʵʪʠʭ ʛʨʘʥʝʡ, ʠ ʠʭ ʨʦʩʪ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʸʪ 

ʧʝʨʝʤʝʱʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʣʦʩʢʠʭ ʩʝʪʦʢ. ʅʝ ʠʩʢʣʶʯʝʥʦ, 

ʯʪʦ ʩʝʢʪʦʨʠʘʣʴʥʦʝ ʩʪʨʦʝʥʠʝ ʵʪʠʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʣʠʯʥʦʡ ʘʜʩʦʨʙʠʨʫʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ 

ʛʨʘʥʝʡ 211  ʠ 110  ʠ ʥʝʦʛʨʘʥʸʥʥʳʭ ʦʙʣʘʩʪʝʡ, ʢʦʪʦʨʳʝ 

ʨʘʩʪʫʪ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʥʘʧʨʘʚʣʝʥʠʶ ʚʳʪʷʛʠʚʘʥʠʷ (ʦʙʳʯʥʦ 

ʥʘʧʨʘʚʣʝʥʠʷ [100] ʠ [111]) ʠ ʚʳʟʚʘʥʦ ʨʘʟʣʠʯʘʝʤ ʨʝʘʢʮʠʦʥʥʦʡ 

ʩʧʦʩʦʙʥʦʩʪʠ ʧʣʦʩʢʠʭ ʩʝʪʦʢ ʛʨʘʥʝʡ 211  ʠ 110 , ʩ ʦʜʥʦʡ 

ʩʪʦʨʦʥʳ, ʠ ʛʨʘʥʝʡ 100  ʠ 111  - ʩ ʜʨʫʛʦʡ. 

ʄʝʨʦʡ ʵʪʦʡ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʤʦʞʝʪ ʩʣʫʞʠʪʴ 

ʨʝʪʠʢʫʣʷʨʥʘʷ ʧʣʦʪʥʦʩʪʴ ʧʣʦʩʢʠʭ ʩʝʪʦʢ. ɺ ʀʉɻɻ ʟʘʤʝʱʝʥʠʝ ʥʘ 

Sc ʧʨʦʠʩʭʦʜʠʪ ʚ ʜʚʫʭ ʧʦʟʠʮʠʷʭ - ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ ʠ 

ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ. ʈʝʪʠʢʫʣʷʨʥʘʷ ʧʣʦʪʥʦʩʪʴ ʢʘʪʠʦʥʦʚ,  
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ʟʘʥʠʤʘʶʱʠʭ ʵʪʠ ʧʦʟʠʮʠʠ ʜʣʷ ʛʨʘʥʝʡ 211  ʠ 110 , ʛʦʨʘʟʜʦ 

ʙʦʣʴʰʝ, ʯʝʤ ʜʣʷ ʛʨʘʥʝʡ 100  ʠ 111 . ʇʦʵʪʦʤʫ ʚ ʦʙʣʘʩʪʠ 

ñʛʨʘʥʥʦʛʦò ʜʝʬʝʢʪʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʚʦʙʦʜʥʦʡ ʦʪ ʥʝʛʦ 

ʦʙʣʘʩʪʴʶ ʩʦʜʝʨʞʘʥʠʝ ʢʘʪʠʦʥʦʚ ʚ ʫʢʘʟʘʥʥʳʭ ʧʦʟʠʮʠʷʭ ʙʫʜʝʪ 

ʨʘʟʣʠʯʥʳʤ. ʀʟ ʩʨʘʚʥʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʩʝʪʦʢ ʢʘʪʠʦʥʦʚ ʜʣʷ 

ʛʨʘʥʝʡ 211  ʠ 110  ʚʠʜʥʦ, ʯʪʦ ʧʦʩʣʝʜʥʠʝ ʠʤʝʶʪ ʛʦʨʘʟʜʦ 

ʤʝʥʴʰʫʶ ʨʝʪʠʢʫʣʷʨʥʫʶ ʧʣʦʪʥʦʩʪʴ ʜʣʷ ʦʙʦʠʭ ʪʠʧʦʚ ʢʘʪʠʦʥʦʚ 

ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʘ ʥʠʭ ʙʫʜʫʪ ʧʨʦʠʩʭʦʜʠʪʴ ʤʝʥʝʝ ʩʠʣʴʥʳʝ 

ʠʟʤʝʥʝʥʠʷ ʩʦʩʪʘʚʘ. 

ʇʨʠ ʦʮʝʥʢʝ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʚʝʨʰʝʥʩʪʚʘ ʢʨʠʩʪʘʣʣʦʚ ɻʉɸɻ 

ʤʝʪʦʜʦʤ ʜʚʫʢʨʠʩʪʘʣʴʥʦʛʦ ʪʦʧʦʛʨʘʬʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ 

(ɼʊʉ) ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʥʘ ʢʨʠʚʳʭ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ 

ʦʪʨʘʞʝʥʠʷ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ ʩʢʦʣʴʢʦ-ʥʠʙʫʜʴ ʟʘʤʝʪʥʦʛʦ 

ʫʰʠʨʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʩʩʯʠʪʘʥʥʦʡ ʚʝʣʠʯʠʥʦʡ, ʯʪʦ ʚ 

ʦʙʱʝʤ ʩʣʫʯʘʝ ʜʦʣʞʥʦ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʚʳʩʦʢʦʤ 

ʩʪʨʫʢʪʫʨʥʦʤ ʩʦʚʝʨʰʝʥʩʪʚʝ ʦʙʨʘʟʮʦʚ. ʊʘʢʞʝ ʚ ʜʘʥʥʳʭ 

ʦʙʨʘʟʮʘʭ ʦʪʩʫʪʩʪʚʫʶʪ ʪʘʢʠʝ ʜʝʬʝʢʪʳ ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʨʦʩʪʦʚʘʷ 

ʧʦʣʦʩʯʘʪʦʩʪʴ, ʧʨʠʩʫʱʘʷ ʢʨʠʩʪʘʣʣʘʤ ʛʘʜʦʣʠʥʠʡ-ʛʘʣʣʠʝʚʦʛʦ ʠ 

ʠʪʪʨʠʡ-ʩʢʘʥʜʠʡ-ʛʘʣʣʠʝʚʦʛʦ ʛʨʘʥʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʪʘʢʞʝ 

ʤʝʪʦʜʦʤ ʏʦʭʨʘʣʴʩʢʦʛʦ. ʇʦʜʦʙʥʳʡ ʬʘʢʪ ʩʚʷʟʘʥ ʩ 

ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʤʘʩʩʦʧʝʨʝʥʦʩʘ ʚ ʨʘʩʧʣʘʚʘʭ ʩʢʘʥʜʠʡ-

ʘʣʣʶʤʠʥʠʝʚʳʭ ʛʨʘʥʘʪʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʘʥʘʣʦʛʠʯʥʳʤʠ 

ʛʘʣʣʠʝʚʳʤʠ ʛʨʘʥʘʪʘʤʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʤʠ ʠʭ ʙʦʣʝʝ ʚʳʩʦʢʦʡ 

ʚʷʟʢʦʩʪʴʶ, ʘ ʪʘʢʞʝ ʩ ʪʝʭʥʦʣʦʛʠʝʡ ʚʳʨʘʱʠʚʘʥʠʷ - ʨʘʟʤʝʨʘʤʠ 

ʪʠʛʣʷ, ʩʢʦʨʦʩʪʴʶ ʚʨʘʱʝʥʠʷ ʢʨʠʩʪʘʣʣʘ ʠ ʜʨ. ʆʜʥʘʢʦ ʜʣʷ 

ʜʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʭʘʨʘʢʪʝʨʥʦ ʩʠʣʴʥʦʝ ʨʘʩʪʨʝʩʢʠʚʘʥʠʝ ʢʘʢ ʚ 

ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ, ʪʘʢ ʠ ʥʘ ʧʝʨʠʬʝʨʠʠ ʧʦ ʭʘʨʘʢʪʝʨʥʳʤ 

ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʤ ʦʢʨʫʞʥʦʩʪʷʤ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ 

ñʛʨʘʥʥʦʛʦò ʜʝʬʝʢʪʘ ʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ɻʉɸɻ. 

ʋʣʫʯʰʝʥʠʷ ʦʜʥʦʨʦʜʥʦʩʪʠ ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʯʠʩʪʦ 

ʪʝʭʥʠʯʝʩʢʠʤʠ ʧʨʠʸʤʘʤʠ. ʅʘʧʨʠʤʝʨ, ʩʪʘʙʠʣʠʟʘʮʠʷ  
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ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʬʘʟ ʠ ʩʢʦʨʦʩʪʠ ʚʳʪʷʛʠʚʘʥʠʷ 

ʧʨʝʧʷʪʩʪʚʫʝʪ ʦʙʨʘʟʦʚʘʥʠʶ ʧʦʣʦʩ ʨʦʩʪʘ ʚʜʦʣʴ ʦʩʠ ʢʨʠʩʪʘʣʣʘ, ʘ 

ʧʦʜʙʦʨ ʫʩʣʦʚʠʡ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʨʘʩʧʣʘʚʘ ʚ ʪʠʛʣʝ ʧʦʟʚʦʣʷʝʪ 

ʫʧʨʘʚʣʷʪʴ ʠʭ ʦʙʨʘʟʦʚʘʥʠʝʤ ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ. ʆʪ 

ʩʝʢʪʦʨʠʘʣʴʥʦʛʦ ʨʦʩʪʘ ʤʦʞʥʦ ʠʟʙʘʚʠʪʴʩʷ, ʬʦʨʤʠʨʫʷ ʧʣʦʩʢʠʡ 

ʬʨʦʥʪ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʯʪʦ ʜʦʩʪʘʪʦʯʥʦ ʣʝʛʢʦ ʚʳʧʦʣʥʠʤʦ ʧʨʠ 

ʚʳʨʘʱʠʚʘʥʠʠ ʢʘʢ ʀʉɻɻ, ʪʘʢ ʠ ʜʨʫʛʠʭ ʩʢʘʥʜʠʡ-ʛʘʣʣʠʝʚʳʭ 

ʛʨʘʥʘʪʦʚ. ʉʧʨʷʤʣʝʥʠʝʤ ʬʨʦʥʪʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʦʞʥʦ 

ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʜʘʚʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ñʛʨʘʥʥʦʛʦò ʜʝʬʝʢʪʘ ʜʣʷ 

ʢʨʠʩʪʘʣʣʦʚ ɻʉɸɻ. ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʢʘʞʫʱʫʶʩʷ ʧʨʦʩʪʦʪʫ 

ʨʝʰʝʥʠʷ ʵʪʠʭ ʧʨʦʙʣʝʤ, ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʘ ʩʯʸʪ 

ʤʘʣʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʠʩʪʝʤ Ln2O3- Sc2O3-M2O3 (ʛʜʝ Ln= Gd, 

Y; M= Ga,Al), ʚʳʨʘʞʘʶʱʝʡʩʷ ʚ ʨʝʟʢʦʤ ʠʟʤʝʥʝʥʠʠ ʩʦʩʪʘʚʘ 

ʧʨʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤ ʠʟʤʝʥʝʥʠʠ ʫʩʣʦʚʠʡ ʚʳʨʘʱʠʚʘʥʠʷ, 

ʪʨʝʙʦʚʘʥʠʷ ʢ ʩʪʘʙʠʣʴʥʦʩʪʠ ʵʪʠʭ ʫʩʣʦʚʠʡ ʩʪʘʥʦʚʷʪʩʷ ʦʯʝʥʴ 

ʞʸʩʪʢʠʤʠ. ɺʚʝʜʝʥʠʝ ʘʢʪʠʚʠʨʫʶʱʠʭ ʧʨʠʤʝʩʝʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʙʫʜʝʪ ʚʳʟʳʚʘʪʴ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʜʝʬʝʢʪʳ (ñʣʫʯʝʚʦʡò ʜʝʬʝʢʪ, ʧʦʧʝʨʝʯʥʘʷ 

ʧʦʣʦʩʯʘʪʦʩʪʴ). ʇʦʵʪʦʤʫ, ʧʨʠ ʧʦʜʙʦʨʝ ʫʩʣʦʚʠʡ ʚʳʨʘʱʠʚʘʥʠʷ 

ʢʨʠʩʪʘʣʣʘ, ʘ ʪʘʢʞʝ ʚʳʙʦʨʝ ʩʦʩʪʘʚʘ ʘʢʪʠʚʥʦʡ ʤʘʪʨʠʮʳ 

ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʪʘʢʞʝ ʧʦʚʝʜʝʥʠʝ ʘʢʪʠʚʠʨʫʶʱʝʡ 

ʧʨʠʤʝʩʠ (ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠ ʜʨ. ʧʘʨʘʤʝʪʨʳ).  
 

I.2. ʃʘʟʝʨʥʳʝ ʢʨʠʩʪʘʣʣʳ, ʘʢʪʠʚʠʨʦʚʘʥʥʳʝ ʠʦʥʘʤʠ 

Cr
4+ 

 

ʀʦʥʳ ʭʨʦʤʘ ʩ ʥʝʪʨʘʜʠʮʠʦʥʥʳʤ ʬʦʨʤʘʣʴʥʳʤ ʟʘʨʷʜʦʤ Cr
4+

 

ʚʭʦʜʷʪ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ ʩʪʨʫʢʪʫʨʳ ʠ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʰʠʨʦʢʦʧʦʣʦʩʥʦʝ ʠʟʣʫʯʝʥʠʝ ʚ ʦʙʣʘʩʪʠ 1.3-1.5 

ʤʢʤ, ʧʨʠʤʝʥʷʝʤʦʝ ʜʣʷ ʩʦʟʜʘʥʠʷ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ 

ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʣʘʟʝʨʦʚ. ɼʨʫʛʠʤ ʚʘʞʥʳʤ ʧʨʠʤʝʥʝʥʠʝʤ 

ʢʨʠʩʪʘʣʣʦʚ, ʜʦʧʠʨʦʚʘʥʥʳʭ ʠʦʥʘʤʠ Cr
4+
, ʷʚʣʷʝʪʩʷ ʠʭ 
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ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʧʘʩʩʠʚʥʳʭ ʣʘʟʝʨʥʳʭ ʟʘʪʚʦʨʦʚ ʜʣʷ 

ʫʧʨʘʚʣʝʥʠʷ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʥʝʦʜʠʤʦʚʳʭ ʣʘʟʝʨʦʚ.  

ʇʨʦʙʣʝʤʘ. ʈʘʙʦʪʳ ʧʦ Cr
4+

- ʤʘʪʝʨʠʘʣʘʤ ʩʜʝʨʞʠʚʘʶʪʩʷ 

ʧʨʝʞʜʝ ʚʩʝʛʦ ʪʨʫʜʥʦʩʪʷʤʠ ʧʝʨʝʚʦʜʘ ʭʨʦʤʘ ʚ ʜʘʥʥʦʝ ʟʘʨʷʜʦʚʦʝ 

ʩʦʩʪʦʷʥʠʝ ʠ ʥʠʟʢʠʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʚʭʦʞʜʝʥʠʷ ʚ 

ʩʪʨʫʢʪʫʨʫ. 

ɺ ʢʨʠʩʪʘʣʣʘʭ ʠʦʥʳ Cr
4+

 ʦʙʳʯʥʦ ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ 

ʧʨʠʩʫʪʩʪʚʠʝʤ ʠʦʥʦʚ Cr
3+
, ʘ ʠʥʦʛʜʘ Cr

2+
. ʀʟʚʝʩʪʥʳʝ ʩʝʛʦʜʥʷ 

ʜʦʧʠʨʦʚʘʥʥʳʝ Cr
4+ ʣʘʟʝʨʥʳʝ ʩʨʝʜʳ, ʢʦʪʦʨʳʝ ʨʝʘʣʴʥʦ ʥʘʭʦʜʷʪ 

ʧʨʠʤʝʥʝʥʠʝ ʚ ʧʨʘʢʪʠʢʝ - ʬʦʨʩʪʝʨʠʪ Mg2SiO4 ʠ ʛʨʘʥʘʪ 

Y3Al 5O12 - ʩʦʜʝʨʞʘʪ ʥʘʨʷʜʫ ʩ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʤʠ ʪʘʢʞʝ ʠ 

ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ, ʢʫʜʘ ʦʭʦʪʥʦ ʚʭʦʜʷʪ ʠʦʥʳ ʭʨʦʤʘ ʩ 

ʦʙʳʯʥʳʤ ʬʦʨʤʘʣʴʥʳʤ ʟʘʨʷʜʦʤ Cr
3+
. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ 

ʩʦʜʝʨʞʘʥʠʝ Cr
4+

 ʚ ʢʨʠʩʪʘʣʣʘʭ ʦʙʳʯʥʦ ʦʯʝʥʴ ʥʠʟʢʦ. ʅʘʧʨʠʤʝʨ, 

ʚ ʛʨʘʥʘʪʘʭ ʧʨʠ ʦʙʱʝʤ ʩʦʜʝʨʞʘʥʠʠ ʭʨʦʤʘ ~1% ʘʪ. ʪʠʧʠʯʥʳʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʛʦ Cr
4+

 

ʩʦʩʪʘʚʣʷʶʪ ʣʠʰʴ ʩʦʪʳʝ ʜʦʣʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ Cr
3+

, 

ʟʘʥʠʤʘʶʱʠʭ ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ.  

 

I.2.1. ʉʦʝʜʠʥʝʥʠʷ cʝʤʝʡʩʪʚʘ ʦʣʠʚʠʥʘ. 

 

ʂ ʛʨʫʧʧʝ ʦʣʠʚʠʥʘ (ʧʨ. ʛʨ. Pnma) ʦʪʥʦʩʷʪʩʷ ʤʠʥʝʨʘʣʳ 

ʩʦʩʪʘʚʦʚ Mg2SiO4 -ʬʦʨʩʪʝʨʠʪ, Fe2SiO4 - ʬʘʷʣʠʪ, Mn2SiO4 -

ʪʝʬʨʦʠʪ, CaMgSiO4 - ʤʦʥʪʠʯʝʣʣʠʪ, CaMnSiO4 ï ʛʣʘʫʢʦʭʨʠʪ. 

ʀʟʦʤʦʨʬʝʥ ʦʣʠʚʠʥʫ ʭʨʠʟʦʙʝʨʠʣ Al 2BeO4 ʠ LiScSiO4. 

ɸʥʘʣʦʛʠʯʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʥʦ ʥʝʮʝʥʪʨʦʩʠʤʤʝʪʨʠʯʥʫʶ (ʧʨ. ʛʨ. 

Pnm21) ʠʤʝʶʪ ʩʦʝʜʠʥʝʥʠʷ ʩʦʩʪʘʚʦʚ NaYSiO4  ʠ NaYGeO4. ɺʩʝ 

ʵʪʠ ʩʦʝʜʠʥʝʥʠʷ ʦʪʥʝʩʝʥʳ ʢ ʩʝʤʝʡʩʪʚʫ ʦʣʠʚʠʥʘ (ʨʠʩ. 4). 
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ʈʠʩ. 4. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ Mg2SiO4 ( -V-ʚʘʢʘʥʩʠʷ) 

 

ɺʘʞʥʝʡʰʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʩʪʨʦʝʥʠʷ ʵʪʦʡ ʛʨʫʧʧʳ 

ʩʦʝʜʠʥʝʥʠʡ:  

-ʩʪʨʫʢʪʫʨʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʛʝʢʩʘʛʦʥʘʣʴʥʳʡ 

(ʜʚʫʭʩʣʦʡʥʳʡ) ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʡ ʘʥʘʣʦʛ ʢʫʙʠʯʝʩʢʦʡ 

(ʪʨʝʭʩʣʦʡʥʦʡ) ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʰʧʠʥʝʣʠ; 

-ʘʪʦʤʳ ʢʨʝʤʥʠʷ (ʛʝʨʤʘʥʠʷ, ʙʝʨʠʣʣʠʷ) ʠʤʝʶʪ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʫʶ ʢʦʦʨʜʠʥʘʮʠʶ, ʘ ʦʩʪʘʣʴʥʳʝ ʘʪʦʤʳ ï 

ʦʢʪʘʵʜʨʠʯʝʩʢʫʶ; 

-ʩʪʨʫʢʪʫʨʳ, ʢʘʢ ʠ ʩʪʨʫʢʪʫʨʘ ʛʨʘʥʘʪʘ, ʦʪʥʦʩʷʪʩʷ ʢ 

ʦʩʪʨʦʚʥʳʤ ʩʪʨʫʢʪʫʨʘʤ, ʩʦʜʝʨʞʘʱʠʭ "ʠʟʦʣʠʨʦʚʘʥʥʳʝ" 

ʪʝʪʨʘʵʜʨʳ, ʢʦʪʦʨʳʝ ʩʦʝʜʠʥʷʶʪʩʷ  ʤʝʞʜʫ ʩʦʙʦʡ ʥʝ ʚʝʨʰʠʥʘʤʠ, 

ʘ ʩʚʷʟʷʤʠ O-Mg-O. 

ɺ ʩʪʨʫʢʪʫʨʝ Mg2SiO4 ʘʪʦʤʳ ʤʘʛʥʠʷ ʟʘʥʠʤʘʶʪ 

ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ Mg(1) (ʩʠʤʤʝʪʨʠʷ 1) ʠ Mg(2) 
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(ʩʠʤʤʝʪʨʠʷ m), ʧʨʠʯʝʤ ʨʘʟʤʝʨ ʧʝʨʚʦʡ ʧʦʟʠʮʠʠ (r(1)
VI
, ¡) 

ʤʝʥʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʚʪʦʨʦʡ (r(2)
VI
, ¡): r(1)

VI
<r(2)

VI
. 

ɺ ʩʪʨʫʢʪʫʨʝ ʤʦʥʪʠʯʝʣʣʠʪʘ CaMgSiO4 ʙʦʣʝʝ ʢʨʫʧʥʳʝ 

ʢʘʪʠʦʥʳ ʢʘʣʴʮʠʷ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚ ʧʦʟʠʮʠʠ Mg(2) (rCa
VI>rMg

VI). 

ɸʥʘʣʦʛʠʯʥʘʷ ʩʠʪʫʘʮʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʜʣʷ ʬʘʟʳ 

Mn(Mn0.83Mg0.17)SiO4 (rMn
VI>rMg

VI). ʅʘʧʨʦʪʠʚ, ʚ ʩʪʨʫʢʪʫʨʘʭ 

NaYSiO4 ʠ NaYGeO4 ʧʦʟʠʮʠʶ Mg(2) ʟʘʥʠʤʘʝʪ ʘʪʦʤ ʤʝʥʴʰʝʛʦ 

ʨʘʜʠʫʩʘ  (rNa
VI>rY

VI) ʠ ʙʦʣʴʰʝʛʦ ʬʦʨʤʘʣʴʥʦʛʦ ʟʘʨʷʜʘ, ʪ.ʝ. ʜʣʷ 

ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ  r(1)
VI

>r(2)
VI
. ʕʪʠ ʩʪʨʫʢʪʫʨʳ ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʩʦʙʦʡ ʩʚʦʝʦʙʨʘʟʥʳʡ "ʦʙʨʘʱʝʥʥʳʡ" ʤʦʥʪʠʯʝʣʣʠʪ.  

ʈʝʘʣʠʟʫʶʪʩʷ ʠ ʩʪʨʫʢʪʫʨʳ, ʚ ʢʦʪʦʨʳʭ ʘʪʦʤʳ ʤʘʛʥʠʷ ʚ 

ʧʦʟʠʮʠʷʭ Mg(1) ʠ Mg(2) ʩʪʨʫʢʪʫʨʳ Mg2SiO4 ʩʪʘʪʠʩʪʠʯʝʩʢʠ 

ʯʘʩʪʠʯʥʦ ʟʘʤʝʱʘʶʪʩʷ ʜʨʫʛʠʤʠ ʘʪʦʤʘʤʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

"ʥʦʨʤʘʣʴʥʦʛʦ" (ʥʘʧʨʠʤʝʨ, (Mg,Ni)2SiO 4 rNi
VI

<rMg
VI
) ʠʣʠ 

"ʦʙʨʘʱʝʥʥʦʛʦ" (ʥʘʧʨʠʤʝʨ, (Mg,Co)2SiO4, rCo
VI

>rMg
VI

) 

ʬʦʨʩʪʝʨʠʪʘ. ʇʨʠʯʝʤ, ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʝ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʧʦʟʠʮʠʠ Mg(1) ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ 

ʨʘʜʠʫʩʦʚ ʟʘʤʝʱʘʝʤʦʛʦ ʠ ʟʘʤʝʱʘʶʱʝʛʦ ʘʪʦʤʘ.  

ʉʪʝʧʝʥʴ "ʦʙʨʘʱʝʥʥʦʩʪʠ" ʜʣʷ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʤʦʞʥʦ 

ʦʮʝʥʠʪʴ ʘʥʘʣʦʛʠʯʥʦ ʥʦʨʤʘʣʴʥʳʤ ʠ ʦʙʨʘʱʝʥʥʳʤ ʰʧʠʥʝʣʷʤ ʧʦ 

ʬʦʨʤʫʣʝ =N(1)/N, ʛʜʝ N(1) - ʯʠʩʣʦ ʘʪʦʤʦʚ ʩ rmax
VI

 ʚ ʧʦʟʠʮʠʠ 

Mg(1) ʠ N - ʦʙʱʝʝ ʯʠʩʣʦ ʘʪʦʤʦʚ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ (

=0 - "ʥʦʨʤʘʣʴʥʦʝ" ʩʦʝʜʠʥʝʥʠʝ, =1/2 - "ʦʙʨʘʱʝʥʥʦʝ"). 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩʪʨʫʢʪʫʨʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʘʪʠʦʥʦʚ ʧʦ ʦʢʪʘʵʜʨʠʯʝʩʢʠʤ 

ʧʦʟʠʮʠʷʤ (1) ʠ (2) ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʝʤʝʡʩʪʚʘ ʦʣʠʚʠʥʘ 

ʚʳʷʚʣʝʥʘ ʩʚʷʟʴ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ ʷʯʝʡʢʠ (a, b, c, ¡) ʠ 

ʨʘʜʠʫʩʘʤʠ ʢʘʪʠʦʥʦʚ, ʟʘʥʠʤʘʶʱʠʭ ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ 

r(1)
VI(1)

 ʠ r(1)
VI

 (ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʚʳʧʦʣʥʝʥʠʷ ʧʨʘʚʠʣʘ 

ʘʜʜʠʪʠʚʥʦʩʪʠ ʚ ʧʨʝʜʝʣʘʭ ʢʘʞʜʦʡ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ 

ʧʦʟʠʮʠʠ): 
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a= 8.0970 + 2.9796 r(1)
VI

,  

b= 4.4375 + 2.1559 r(1)
VI

,  

c= 4.0752 + 0.9522 r(1)
VI 

 

a= 8.1404 + 2.8662 r(2)
VI

,  

b= 4.6242 + 1.8557 r(2)
VI

,  

c= 4.1625 + 0.8129 r(2)
VI

 

ʜʣʷ "ʥʦʨʤʘʣʴʥʦʛʦ" ʬʦʨʩʪʝʨʠʪʘ (Mg,Ni)2SiO4 

 

a= 7.8225 + 3.2899 r(1)
VI

,  

b= 5.5549 + 0.5887 r(1)
VI

,  

c= 4.1212 + 0.8804 r(1)
VI 

 

a= 7.9854 + 3.1009 r(2)
VI

,  

b= 5.5756 + 0.5665 r(2)
VI

,  

c= 4.1937 + 0.7902 r(2)
VI

 

ʜʣʷ "ʦʙʨʘʱʝʥʥʦʛʦ" ʬʦʨʩʪʝʨʠʪʘ (Mg,Co)2SiO4. 

 

ʉʚʷʟʴ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ ʷʯʝʡʢʠ ʬʦʨʩʪʝʨʠʪʘ Mg2SiO4 ʠ 

ʨʘʜʠʫʩʦʤ ʢʘʪʠʦʥʘ, ʟʘʥʠʤʘʶʱʝʛʦ ʦʢʪʘʵʜʨʠʯʝʩʢʫʶ ʧʦʟʠʮʠʶ 

Mg(2), ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  

a=8.105 + 2.893r(2)
VI

, 

b=5.023+1.321r(2)
VI

, 

c=4.686 +  0.157r(2)
VI 

ʀ, ʥʘʢʦʥʝʮ, ʩʣʝʜʫʶʱʠʤʠ ʫʨʘʚʥʝʥʠʷʤʠ ʚʳʨʘʞʝʥʘ ʩʚʷʟʴ 

ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ ʷʯʝʡʢʠ ʠ ʨʘʜʠʫʩʦʤ ʢʘʪʠʦʥʘ, 

ʟʘʥʠʤʘʶʱʝʛʦ ʪʝʪʨʘʵʜʨʠʯʝʩʢʫʶ ʧʦʟʠʮʠʶ ʚ ʩʪʨʫʢʪʫʨʝ 

LiScSiO4: 

a=9.986 + 1.761r
IV

, 

b=5.933+0.154r
IV

, 

c=4.529 +  1.123r
IV 
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ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ ʤʦʞʥʦ ʚʳʷʚʠʪʴ ʨʷʜ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ: 

 

-ʧʨʠ ʯʘʩʪʠʯʥʦʤ ʟʘʤʝʱʝʥʠʠ ʘʪʦʤʘ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ 

ʧʦʟʠʮʠʠ ʜʦʣʞʥʳ, ʚ ʦʩʥʦʚʥʦʤ, ʤʝʥʷʪʴʩʷ ʧʘʨʘʤʝʪʨʳ ʷʯʝʡʢʠ a ʠ 

c,  

-ʧʨʠ ʯʘʩʪʠʯʥʦʤ ʟʘʤʝʱʝʥʠʠ ʘʪʦʤʘ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ 

ʧʦʟʠʮʠʠ Mg(2) ʙʫʜʫʪ ʠʟʤʝʥʷʪʴʩʷ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, 

ʧʘʨʘʤʝʪʨʳ a ʠ b,  

-ʜʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʬʦʨʩʪʝʨʠʪʘ ʦʩʥʦʚʥʳʝ 

ʠʟʤʝʥʝʥʠʷ ʙʫʜʫʪ ʥʘʙʣʶʜʘʪʴʩʷ ʜʣʷ ʧʘʨʘʤʝʪʨʘ a. 

 

ɺ ʦʢʪʘʵʜʨʝ ʩʪʨʫʢʪʫʨʳ ʬʦʨʩʪʝʨʠʪʘ Mg2SiO4 ʩʨʝʜʥʝʝ 

ʤʝʞʘʪʦʤʥʦʝ ʨʘʩʩʪʦʷʥʠʝ Mg(2)-O (d(2)
VI
=2.126A) ʙʦʣʴʰʝ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʨʝʜʥʠʤ ʨʘʩʩʪʦʷʥʠʝʤ Mg(1)-O (d(1)
VI
=2.097 ¡) 

(K=d(2)
VI

/d(1)
VI

=1.014). ʇʨʠ ʧʝʨʝʭʦʜʝ ʦʪ ʬʦʨʩʪʝʨʠʪʘ Mg2SiO4 
ʢ ʤʦʥʪʠʯʝʣʣʠʪʫ CaMgSiO4 ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʜʠʫʩʘ ʢʘʪʠʦʥʘ ʚ 

ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ Mg(2) ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʨʘʩʩʪʦʷʥʠʝ 

d(2)
VI =2.339 ¡, ʘ ʚʤʝʩʪʝ ʩ ʥʠʤ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʨʘʩʩʪʦʷʥʠʝ ʚ 

ʜʨʫʛʦʡ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ d(1)
VI =2.126 ¡ (K=1.100) ʠ 

ʫʤʝʥʴʰʘʝʪʩʷ ʩʨʝʜʥʝʝ ʨʘʩʩʪʦʷʥʠʝ Si-O ʚ ʪʝʪʨʘʵʜʨʝ (ʧʨʠʤʝʨʥʦ 

ʚ 1.01 ʨʘʟʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʩʩʪʦʷʥʠʝʤ ʢʘʪʠʦʥ-ʘʥʠʦʥ ʚ 

ʩʪʨʫʢʪʫʨʝ ʬʦʨʩʪʝʨʠʪʘ). ʉʫʜʷ ʧʦ ʦʪʥʦʰʝʥʠʶ ʩʨʝʜʥʠʭ 

ʨʘʩʩʪʦʷʥʠʡ ʢʘʪʠʦʥ-ʘʥʠʦʥ ʚ ʦʢʪʘʵʜʨʘʭ ʩʪʨʫʢʪʫʨʳ CaMgSiO4, 

ʦʥʘ ʤʝʥʝʝ ʩʪʨʫʢʪʫʨʥʦ ʫʩʪʦʡʯʠʚʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʬʦʨʩʪʝʨʠʪʦʤ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʯʠʥʦʡ ʝʝ ʠʥʢʦʥʛʨʫʵʥʪʥʦʛʦ 

ʧʣʘʚʣʝʥʠʷ.  

ʋʚʝʣʠʯʝʥʠʝ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʠʦʥʦʚ Cr
4+

 ʚ CaMgSiO4 ( ~6 

ʤʢʩ) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Mg2SiO4 ( ~3 ʤʢʩ) ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ 

ʢʘʢ ʩ ʨʘʟʤʝʨʦʤ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ, ʪʘʢ ʠ ʩʦ ʩʪʝʧʝʥʴʶ ʠ 

ʚʠʜʦʤ ʠʩʢʘʞʝʥʠʷ ʪʝʪʨʘʵʜʨʘ, ʚ ʢʦʪʦʨʳʡ ʚʭʦʜʠʪ ʠʦʥ Cr
4+

. 
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ʅʝ ʠʩʢʣʶʯʝʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʣʘʟʝʨʥʦʡ 

ʤʘʪʨʠʮʳ ʜʨʫʛʠʭ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ ʦʣʠʚʠʥʘ (LiScSiO4, 

LiScGeO4, NaScSiO4, NaScGeO4, NaYSiO4, NaYGeO4) ʠ (ʠʣʠ) 

ʜʨʫʛʠʭ ʜʦʧʘʥʪʦʚ (Ni, V) ʧʦʟʚʦʣʠʪ ʚʘʨʴʠʨʦʚʘʪʴ ʩʧʝʢʪʨʘʣʴʥʦ-

ʣʶʤʠʥʝʩʮʝʥʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ. 

 

I. 2. 2. ʉʦʝʜʠʥʝʥʠʷ cʝʤʝʡʩʪʚʘ ʤʝʣʠʣʠʪʘ. 

 

ʋʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ Cr
4+

 ʚ ʢʨʠʩʪʘʣʣʘʭ ʤʦʞʝʪ ʙʳʪʴ 

ʜʦʩʪʠʛʥʫʪʦ ʧʨʠ ʚʳʙʦʨʝ ʩʦʝʜʠʥʝʥʠʡ, ʩʦʜʝʨʞʘʱʠʭ ʚ ʩʪʨʫʢʪʫʨʝ 

ʣʠʰʴ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ ʠ ʧʨʠ ʚʳʨʘʱʠʚʘʥʠʠ 

ʢʨʠʩʪʘʣʣʦʚ ʚ ʘʪʤʦʩʬʝʨʝ, ʦʙʦʛʘʱʝʥʥʦʡ ʢʠʩʣʦʨʦʜʦʤ, ʯʪʦʙʳ 

ʦʙʝʩʧʝʯʠʪʴ ʵʬʬʝʢʪʠʚʥʦʝ ʦʢʠʩʣʝʥʠʝ Cr
3+

Cr
4+

. 

ʇʨʝʜʩʪʘʚʠʪʝʣʷʤʠ ʪʘʢʦʛʦ ʢʣʘʩʩʘ ʩʦʝʜʠʥʝʥʠʡ ʷʚʣʷʶʪʩʷ 

ʢʨʠʩʪʘʣʣʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʤʝʣʠʣʠʪʘ, ʥʝʜʘʚʥʦ ʧʨʠʚʣʝʢʰʠʝ 

ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ.  

ʂʨʠʩʪʘʣʣʳ ʩʝʤʝʡʩʪʚʘ ʤʝʣʠʣʠʪʘ ʦʙʨʘʟʫʶʪ ʠʟʦʤʦʨʬʥʳʡ ʨʷʜ 

ʤʝʞʜʫ ʢʦʥʝʯʥʳʤʠ ʯʣʝʥʘʤʠ ʘʢʝʨʤʘʥʠʪʦʤ Ca2MgSi2O7 (CMS) ʠ 

ʛʝʣʝʥʠʪʦʤ Ca2Al 2SiO7 (Ca2Al(Al)SiO7, CAS). ɺ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ  ʩʦʝʜʠʥʝʥʠʡ ʛʨʫʧʧʳ ʤʝʣʠʣʠʪʘ 

(ʧʨ. ʛʨ. P 421m)  (ʨʠʩ.5) ʢʨʫʧʥʳʝ ʢʘʪʠʦʥʳ (ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ 

ʵʪʦ ʘʪʦʤʳ ʢʘʣʴʮʠʷ) ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʠʩʢʘʞʝʥʥʳʭ ʜʦʜʝʢʘʵʜʨʘʭ 

(ʉaO8) - ʩʢʨʫʯʝʥʥʳʭ ʪʦʤʩʦʥʦʚʩʢʠʭ ʢʫʙʘʭ. ɸʪʦʤʳ Mg (ʠʣʠ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʘʪʦʤʳ Al) ʟʘʥʠʤʘʶʪ ʮʝʥʪʨʳ ʦʩʦʙʳʭ 

ʪʝʪʨʘʵʜʨʦʚ TO4. ɺ ʩʜʚʦʝʥʥʳʭ ʪʝʪʨʘʵʜʨʘʭ ʊ2ʆ7 

(ʜʠʦʨʪʦʛʨʫʧʧʘ), ʨʘʟʤʝʨ ʢʦʪʦʨʳʭ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ ʨʘʟʤʝʨʘ 

ʪʝʪʨʘʵʜʨʦʚ TO4, ʥʘʭʦʜʷʪʩʷ ʘʪʦʤʳ Si ʚ ʘʢʝʨʤʘʥʠʪʝ ʠ ʘʪʦʤʳ Al 

ʩʦʚʤʝʩʪʥʦ ʩ ʘʪʦʤʘʤʠ Si ʚ ʛʝʣʝʥʠʪʝ. 
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Y: T'=Al (Cr3+), T"=(Be,B);  

 

(Ca,Y) 

 

T" 

T' 
T" 

T" 

T' 

 O(3) 

 O(3) 

O(3) 

O(3) 

O(1) 

O(3) 

O(3) 

O(2) 

O(3) 

O(2) 

O(1) 
O(3) 

O(3) 

O(3) 
 

 

ʈʠʩ. 5. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ  

ʩʦʝʜʠʥʝʥʠʡ ʛʨʫʧʧʳ ʤʝʣʠʣʠʪʘ 

 

ɺ ʩʪʨʫʢʪʫʨʫ Ca2MgSi2O7 ʠʦʥʳ Cr
4+

 ʚʭʦʜʷʪ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚ 

ʩʜʚʦʝʥʥʳʝ ʪʝʪʨʘʵʜʨʳ ï Ca2Mg(Si0.99(1)Cr
4+

0.01)2O7. 

ʃʶʤʠʥʝʩʮʝʥʮʠʷ Cr
4+ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʵʪʦʤ ʢʨʠʩʪʘʣʣʝ ʜʘʞʝ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʞʠʜʢʦʛʦ ʛʝʣʠʷ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ, 

ʥʘʧʨʠʤʝʨ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʚʝʨʦʷʪʥʦʩʪʠ ʚʥʫʪʨʠʮʝʥʪʨʦʚʦʛʦ 

ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʦʛʦ ʧʝʨʝʭʦʜʘ 
3
ʊ2

3
ɸ2 ʠʦʥʦʚ Cr

4+ ʚʩʣʝʜʩʪʚʠʝ 

ʠʟʤʝʥʝʥʠʷ (ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʜʠʥʦʯʥʳʤʠ ʪʝʪʨʘʵʜʨʘʤʠ) 

ʣʦʢʘʣʴʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʠʦʥʦʚ Cr
4+

 (ʚ ʪʦʤ ʯʠʩʣʝ - ʫʤʝʥʴʰʝʥʠʷ 

ʨʘʩʩʪʦʷʥʠʡ Cr
4+

- ʢʠʩʣʦʨʦʜ), ʘ ʪʘʢʞʝ ʩ ʪʫʰʝʥʠʝʤ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ Cr
4+ ʥʘ ʧʨʠʤʝʩʷʭ ʠʣʠ ʜʝʬʝʢʪʘʭ, ʢʦʪʦʨʳʝ 

ʤʦʛʫʪ ʟʘʥʠʤʘʪʴ ʩʦʩʝʜʥʠʝ ʩ Cr
4+

 ʪʝʪʨʘʵʜʨʳ.  

ʈʝʛʫʣʠʨʦʚʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʦʥʦʚ-ʘʢʪʠʚʘʪʦʨʦʚ ʧʦ ʨʘʟʥʳʤ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʤ ʧʦʟʠʮʠʷʤ ʩʪʨʫʢʪʫʨʳ ʠ ʚʘʨʴʠʨʦʚʘʪʴ ʠʭ  

32 

ʩʦʜʝʨʞʘʥʠʝ ʚ ʢʘʞʜʦʡ ʧʦʟʠʮʠʠ ʤʦʞʥʦ ʜʚʫʤʷ ʩʧʦʩʦʙʘʤʠ: 

ʠʟʤʝʥʷʷ ʩʦʩʪʘʚ ʠʩʭʦʜʥʦʡ ʰʠʭʪʳ ʠʣʠ ʜʦʙʘʚʣʷʷ ʚ ʰʠʭʪʫ ʚ 

ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʩʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʦʧʪʠʯʝʩʢʠ ʥʝʘʢʪʠʚʥʳʡ 

"ʙʫʬʝʨʥʳʡ" ʢʦʤʧʦʥʝʥʪ (ʥʘʧʨʠʤʝʨ, Mg
2+

, B
3+

, Ca
2+

, Ga
3+ ʠ ʜʨ.) 

ʩʦʚʤʝʩʪʥʦ ʩ ʠʦʥʘʤʠ ʭʨʦʤʘ ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʦʙʱʝʛʦ ʩʦʩʪʘʚʘ 

ʠʩʭʦʜʥʦʡ ʤʘʪʨʠʮʳ.  

ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʡ ʨʘʩʯʝʪ ʩʦʩʪʘʚʘ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ 

ʧʦʟʠʮʠʡ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ  ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʠ 

ʩʦʦʪʥʦʰʝʥʠʷʭ ʨʘʜʠʫʩʦʚ ʢʘʪʠʦʥʦʚ ʠ ʘʥʠʦʥʦʚ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʟʫʣʴʪʘʪʦʚ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʪʨʝʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʛʝʣʝʥʠʪʘ 

Ca2Al 2SiO7, Ca2Al2SiO7:Cr ʠ Ca2Al2SiO7:Cr, B,  ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 

ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʤ ʩʦʩʪʘʚʦʤ ʘʢʪʠʚʠʨʦʚʘʥʥʦʛʦ ʠʦʥʘʤʠ ʭʨʦʤʘ 

ʢʨʠʩʪʘʣʣʘ ʛʝʣʝʥʠʪʘ ʤʦʞʝʪ ʙʳʪʴ 

Ca2Al(Al 0.5Si0.487(7)Cr
4+

0.013(6))2O7. ɺʭʦʞʜʝʥʠʝ ʠʦʥʦʚ ʭʨʦʤʘ ʠ 

ʙʦʨʘ ʚ ʜʠʦʨʪʦʛʨʫʧʧʳ (AlSi)2O7 ʩʪʨʫʢʪʫʨʳ ʉa2Al(AlSi)O7:Cr,ɺ 

ʤʦʞʝʪ  ʧʨʦʠʩʭʦʜʠʪʴ ʜʚʫʤʷ ʩʧʦʩʦʙʘʤʠ: (Al
3+

0.5-xB
3+

xSi
4+

0.5-

xCr
4+

x) (1) ʠ (Al
3+

0.5B
3+

0.5xSi
4+

0.5-xCr
4+

0.5x) (2) (ʜʣʷ ʧʨʦʩʪʦʪʳ 

ʨʘʩʩʤʦʪʨʝʥʘ ʦʜʠʥʘʢʦʚʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʠʦʥʦʚ ʙʦʨʘ ʠ ʭʨʦʤʘ ʚ 

ʢʨʠʩʪʘʣʣʝ). ɺ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ ʜʣʷ ʩʦʭʨʘʥʝʥʠʷ 

ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ ʩʠʩʪʝʤʳ ʥʝʦʙʭʦʜʠʤʦ ʥʘʣʠʯʠʝ ʚʘʢʘʥʩʠʡ 

ʚ ʘʥʠʦʥʥʳʭ ʧʦʟʠʮʠʷʭ ʩʪʨʫʢʪʫʨʳ Ca2Al 2SiO7:Cr, B. ʕʪʠ ʜʚʘ 

ʩʦʩʪʘʚʘ ʥʝʨʘʚʥʦʮʝʥʥʳ ʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʨʘʟʤʝʨʦʚ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ. ʉʦʩʪʘʚ (2) ʜʦʣʞʝʥ ʧʨʠʚʦʜʠʪʴ ʢ 

ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚʳʤ ʨʘʩʩʪʦʷʥʠʷʤ ʢʘʪʠʦʥ-ʘʥʠʦʥ ʚ 

ʩʜʚʦʝʥʥʳʭ ʪʝʪʨʘʵʜʨʘʭ ʩʪʨʫʢʪʫʨ Ca2Al 2SiO7 ʠ Ca2Al 2SiO7: Cr, 

B (ʵʪʦ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʧʦʣʥʝ ʣʦʛʠʯʥʳʤ, ʝʩʣʠ ʚʩʧʦʤʥʠʪʴ, ʯʪʦ 

ʩʨʝʜʥʝʚʟʚʝʰʝʥʥʳʡ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʡ ʨʘʜʠʫʩ ʠʦʥʦʚ B
3+

 ʠ ʉr
4+

 

r(B3+Cr4+)
IV
=0.26 ¡, rB

IV
=0.11 ¡, rCr4+

IV
=0.41 ¡ ʨʘʚʝʥ ʨʘʜʠʫʩʫ 

ʠʦʥʘ Si
4+

 ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ ʢʦʦʨʜʠʥʘʮʠʠ rSi
IV
=0.26 ¡). ʉʦʩʪʘʚ 

(1) ʜʦʣʞʝʥ ʧʨʠʚʦʜʠʪʴ ʢ ʫʤʝʥʴʰʝʥʠʶ ʨʘʟʤʝʨʘ  
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ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ ʚ ʩʪʨʫʢʪʫʨʝ Ca2Al 2SiO7: Cr, B ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ  ʨʘʟʤʝʨʦʤ ʪʦʡ ʞʝ ʧʦʟʠʮʠʠ ʚ ʩʪʨʫʢʪʫʨʝ 

Ca2Al 2SiO7. ʀʩʭʦʜʷ ʠʟ ʥʘʡʜʝʥʥʦʛʦ ʨʘʚʝʥʩʪʚʘ ʨʘʩʩʪʦʷʥʠʡ 

ʢʘʪʠʦʥ-ʘʥʠʦʥ ʚ ʜʠʦʨʪʦʛʨʫʧʧʘʭ ʩʪʨʫʢʪʫʨ Ca2Al 2SiO7 ʠ 

Ca2Al 2SiO7: Cr, B, ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʩʦʩʪʘʚ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ (2), ʘ ʦʙʱʠʡ ʩʦʩʪʘʚ ʢʨʠʩʪʘʣʣʘ 

Ca2Al(Al
3+

0.5B
3+

0.5xSi
4+0.5-x

Cr
4+

0.5x)2O7-0.5x.  

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʝʩʣʠ ʠʩʭʦʜʠʪʴ ʠʟ ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʳʭ (ʩ 

ʫʯʝʪʦʤ ʧʦʛʨʝʰʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ) ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ 

ʢʘʪʠʦʥ-ʘʥʠʦʥ ʚ ʜʠʦʨʪʦʛʨʫʧʧʘʭ ʩʪʨʫʢʪʫʨ Ca2Al 2SiO7 ʠ 

Ca2Al 2SiO7: Cr, B ʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʦʪʩʫʪʩʪʚʠʷ ʘʥʠʦʥʥʳʭ 

ʚʘʢʘʥʩʠʡ, ʪʦ ʚʦʟʤʦʞʝʥ ʝʱʝ ʦʜʠʥ ʩʧʦʩʦʙ ʚʭʦʞʜʝʥʠʷ ʠʦʥʦʚ 

ʭʨʦʤʘ ʠ ʙʦʨʘ ʚ ʪʝʪʨʘʵʜʨ (AlSi)O4 ʜʠʦʨʪʦʛʨʫʧʧʳ:  

(Al
3+

0.5-yB
3+

ySi
4+

0.5-xCr
4+

x) (3) (ʧʨʠ ʫʩʣʦʚʠʠ ʨʘʟʥʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ ʙʦʨʘ ʠ ʭʨʦʤʘ ʚ ʢʨʠʩʪʘʣʣʝ; y x, x>y, 

ʧʨʦʩʪʦʡ ʨʘʩʯʝʪ ʩ ʫʯʝʪʦʤ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ ʜʘʝʪ ʚʝʣʠʯʠʥʫ 

y~0.54x), ʪʦ ʝʩʪʴ ʩʦʩʪʘʚ ʢʨʠʩʪʘʣʣʘ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʜʦʣʞʝʥ ʙʳʪʴ  

Ca2Al(Al
3+

0.5-0.54xB
3+

0.54xSi
4+

0.5-xCr
4+

x)2O7. ʂʘʢʦʡ ʠʟ ʜʚʫʭ 

ʩʦʩʪʘʚʦʚ (2) ʠʣʠ (3) ʨʝʘʣʠʟʫʝʪʩʷ ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ, ʟʘʚʠʩʠʪ 

ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʩʦʙʦʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʠʦʥʦʚ ʭʨʦʤʘ (ʂCr) ʠ ʙʦʨʘ (KB) (ʂi=ʉʢʨ/ʉh, ʛʜʝ ʉʢʨ ʠ ʉ h
ʢʦʥʮʝʥʪʨʘʮʠʷ ʜʘʥʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚ ʢʨʠʩʪʘʣʣʝ ʠ ʰʠʭʪʝ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ): ʜʣʷ (2) ʩʦʩʪʘʚʘ ʂʉr>KB, ʜʣʷ (3) ʩʦʩʪʘʚʘ ʝʱʝ 

ʙʦʣʴʰʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ (2) ʩʦʩʪʘʚʘ.  

ʀʪʘʢ, ʠʩʭʦʜʷ ʠʟ ʩʪʨʫʢʪʫʨʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ 

ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʦʯʝʚʠʜʥʦ ʥʘʭʦʞʜʝʥʠʝ ʠʦʥʦʚ 

ʉr
4+

 ʠ B
3+

 ʠʤʝʥʥʦ ʚ  ʧʦʟʠʮʠʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ ʜʠʦʨʪʦʛʨʫʧʧʳ. 

Cʦʝʜʠʥʝʥʠʝ CaYAl3O7 (CYA) ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʤʝʣʠʣʠʪʘ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʩʦʝʜʠʥʝʥʠʡ Ca2MgSi2O7  ʠ ʉa2Al(AlSi)O7 ʩ ʪʦʡ 

ʞʝ ʩʪʨʫʢʪʫʨʦʡ ʦʪʩʫʪʩʪʚʠʝʤ ʚ ʝʛʦ ʩʦʩʪʘʚʝ ʢʘʪʠʦʥʘ ʩ 

ʬʦʨʤʘʣʴʥʳʤ ʟʘʨʷʜʦʤ 4+, ʚ ʧʦʟʠʮʠʶ ʢʦʪʦʨʦʛʦ ʚʦʟʤʦʞʥʦ  
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ʚʭʦʞʜʝʥʠʝ ʠʦʥʘ Cr
4+ ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ 

ʩʠʩʪʝʤʳ. ʇʦʵʪʦʤʫ ʧʨʠ ʦʮʝʥʢʝ ʩʦʩʪʘʚʘ ʢʨʠʩʪʘʣʣʘ ʠʟ ʜʘʥʥʳʭ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ CaYAl3O7 ʠ 

CaYAl3O7:Cr(I) ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʭʦʞʜʝʥʠʷ ʚ 

ʩʪʨʫʢʪʫʨʝ ʢʘʢ ʠʦʥʦʚ Cr
3+
, ʪʘʢ ʠ ʠʦʥʦʚ Cr

4+
. 

ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʘʷ ʬʦʨʤʫʣʘ ʩʦʝʜʠʥʝʥʠʷ, ʫʩʪʘʥʦʚʣʝʥʥʘʷ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ CaYAl3O7:Cr(I), 

ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʩʦʩʪʘʚʦʤ, ʨʘʩʩʯʠʪʘʥʥʳʤ ʠʟ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʚ ʪʝʪʨʘʵʜʨʘʭ ʩ 

ʧʨʠʚʣʝʯʝʥʠʝʤ  ʠʦʥʥʦʛʦ  ʨʘʜʠʫʩʘ Cr
3+ ʜʣʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ 

ʯʠʩʣʘ ʰʝʩʪʴ: (Ca1.03(3)Y0.97)(Al0.97(1)Cr
3+

0.03)(Al0.97(2)Cr
3+

0.03)2O7 

(I).  
ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ 

ʢʨʠʩʪʘʣʣʦʚ ʭʨʦʤʩʦʜʝʨʞʘʱʠʭ ʤʝʣʠʣʠʪʦʚ CaYAl3O7, ʤʦʞʥʦ ʩ 

ʫʚʝʨʝʥʥʦʩʪʴʶ ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠ 

ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʝ ʠʦʥʳ Cr
4+

 ʚ ʥʠʭ ʩʦʜʝʨʞʘʪʩʷ, ʦʜʥʘʢʦ ʠʭ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʤʦʞʝʪ ʙʳʪʴ ʦʯʝʥʴ ʤʘʣʘ. ʅʘʧʨʠʤʝʨ, ʚ 

ʢʨʠʩʪʘʣʣʘʭ Y3Al5O12 ʩ ʭʨʦʤʦʤ, ʚʳʨʘʱʝʥʥʳʭ ʤʝʪʦʜʦʤ 

ʏʦʭʨʘʣʴʩʢʦʛʦ ʠ ʦʪʦʞʞʝʥʥʳʭ ʚ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʩʨʝʜʝ, 

ʢʦʥʮʝʥʪʨʘʮʠʷ Cr
4+

 ʩʦʩʪʘʚʣʷʝʪ ʦʙʳʯʥʦ (1 5)x10
17
ʩʤ

-3
, ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ 0.0010.003 ʘʪ.%. ɺ ʤʝʣʠʣʠʪʘʭ, ʧʦʣʫʯʝʥʥʳʭ 

ʦʧʪʠʯʝʩʢʦʡ ʟʦʥʥʦʡ ʧʣʘʚʢʦʡ ʥʘ ʚʦʟʜʫʭʝ, ʵʪʘ ʢʦʥʮʝʥʪʨʘʮʠʷ 

ʜʦʣʞʥʘ ʙʳʪʴ ʩʫʱʝʩʪʚʝʥʥʦ ʚʳʰʝ, ʥʦ ʧʦ-ʧʨʝʞʥʝʤʫ, ʦʜʥʘʢʦ, 

ʙʫʜʝʪ ʩʦʩʪʘʚʣʷʪʴ ʣʠʰʴ ʜʦʣʠ ʧʨʦʮʝʥʪʘ. ʆʪʤʝʪʠʤ, ʯʪʦ ʚ 

ʬʦʨʩʪʝʨʠʪʝ Mg2SiO4, ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʭʨʦʤʦʤ, ʩʦʜʝʨʞʘʥʠʝ Cr
4+

  

ʚ ʢʨʠʩʪʘʣʣʝ ʧʨʠ ʚʳʨʘʱʠʚʘʥʠʠ ʥʘ ʚʦʟʜʫʭʝ ʚʦʟʨʘʩʪʘʝʪ 

ʧʨʠʤʝʨʥʦ ʚ 10 ʨʘʟ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʨʠʩʪʘʣʣʘʤʠ, 

ʚʳʨʘʱʝʥʥʳʤʠ ʚ ʯʠʩʪʦʤ ʘʟʦʪʝ. 

ɺ ʩʚʷʟʠ ʩ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʤʘʣʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ Cr
4+ ʚ 

CaYAl3O7, ʘ ʪʘʢʞʝ ʚ ʩʠʣʫ ʙʣʠʟʦʩʪʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ 

Cr
4+ ʠ ʟʘʤʝʱʘʝʤʦʛʦ ʠʤ Al

3+
, ʨʘʟʣʠʯʠʷ ʚ ʤʝʞʘʪʦʤʥʳʭ  
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ʨʘʩʩʪʦʷʥʠʷʭ ʥʝ ʬʠʢʩʠʨʫʶʪʩʷ. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʜʣʷ 

ʩʦʛʣʘʩʦʚʘʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʙʳʣʦ 

ʥʝʦʙʭʦʜʠʤʦ ʧʨʠ ʨʘʩʯʝʪʝ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʡ ʬʦʨʤʫʣʳ 

ʧʨʠʥʷʪʴ ʭʨʦʤ ʠʤʝʶʱʠʤ ʬʦʨʤʘʣʴʥʳʡ ʟʘʨʷʜ Cr
3+
. ɿʜʝʩʴ 

ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʭʦʪʷ ʣʶʤʠʥʝʩʮʝʥʮʠʷ Cr
3+ (ʧʨʠ 

ʚʦʟʙʫʞʜʝʥʠʠ ʩʚʝʪʦʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 0.532 ʤʢʤ) ʚ 

ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʥʝ ʙʳʣʘ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʘ, ʚʠʜ 

ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʥʝ ʠʩʢʣʶʯʘʝʪ ʧʨʠʥʮʠʧʠʘʣʴʥʦʡ 

ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʩʫʪʩʪʚʠʷ ʚ ʢʨʠʩʪʘʣʣʝ ʠʦʥʦʚ Cr
3+

.  

ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʰʠʭʪʦʚʦʛʦ 

ʩʦʩʪʘʚʘ CaYAl3O7:Cr(II) ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ Cr(II)>Cr(I) 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʭʦʞʜʝʥʠʠ ʠʦʥʦʚ ʭʨʦʤʘ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʚ 

ʩʜʚʦʝʥʥʳʝ ʪʝʪʨʘʵʜʨʳ (ʨʘʩʩʪʦʷʥʠʷ Al(2)-O ʚ ʩʪʨʫʢʪʫʨʝ 

CaYAl3O7: Cr(II) ʙʦʣʴʰʝ, ʯʝʤ ʘʥʘʣʦʛʠʯʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʚ 

ʩʪʨʫʢʪʫʨʘʭ CaYAl3O7 ʠ CaYAl3O7:Cr(I) ʠ ʥʝ ʠʩʢʣʶʯʘʝʪ ʩʦʩʪʘʚ 

ʢʨʠʩʪʘʣʣʘ (Ca,Y)Al(Al0.85(5)Cr
3+

0.14)2O7 (II).  

ɺ ʩʠʣʫ ʩʧʝʮʠʬʠʢʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʪʨʦʝʥʠʷ Cr
3+

 ʦʙʣʘʜʘʝʪ 

ʩʠʣʴʥʳʤ ʧʨʝʜʧʦʯʪʝʥʠʝʤ ʢ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤʫ ʦʢʨʫʞʝʥʠʶ, 

ʧʦʵʪʦʤʫ ʥʝʣʴʟʷ ʧʦʣʥʦʩʪʴʶ ʠʩʢʣʶʯʠʪʴ ʥʠ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʝʨʝʩʪʨʦʡʢʠ ʚ ʩʪʨʫʢʪʫʨʝ ʤʝʣʠʣʠʪʘ ʦʪʜʝʣʴʥʳʭ ʪʝʪʨʘʵʜʨʦʚ ʚ 

ʦʢʪʘʵʜʨʳ, ʥʠ ʩʪʨʝʤʣʝʥʠʷ ʢ ʪʘʢʦʡ ʧʝʨʝʩʪʨʦʡʢʝ, ʥʘ ʯʪʦ 

ʫʢʘʟʳʚʘʝʪ ʧʨʦʚʝʜʝʥʥʳʡ ʘʥʘʣʠʟ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʚ 

ʪʝʪʨʘʵʜʨʘʭ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚ Al(2)O4. ʊʝʪʨʘʵʜʨ Al(1)O4 ʚ 

ʩʪʨʫʢʪʫʨʝ CaYAl3O7 ʷʚʣʷʝʪʩʷ ʧʨʘʚʠʣʴʥʳʤ, ʘ ʚ ʩʪʨʫʢʪʫʨʝ 

CaYAl3O7:Cr(I) ʵʪʦʪ ʧʦʣʠʵʜʨ ʠʩʢʘʞʝʥ, ʩʫʜʷ ʧʦ ʫʛʣʘʤ ʚ 

ʪʝʪʨʘʵʜʨʝ. ʉʜʚʦʝʥʥʳʝ ʪʝʪʨʘʵʜʨʳ Al(2)O4 ʠʩʢʘʞʝʥʳ ʢʘʢ ʚ 

ʩʪʨʫʢʪʫʨʝ ʥʦʤʠʥʘʣʴʥʦ-ʯʠʩʪʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʪʘʢ ʠ ʚ ʩʪʨʫʢʪʫʨʝ 

ʘʢʪʠʚʠʨʦʚʘʥʥʦʛʦ ʭʨʦʤʦʤ ʦʙʨʘʟʮʘ. ʇʨʠʯʝʤ ʚ ʩʪʨʫʢʪʫʨʝ 

CaYAl3O7:Cr(I) ʢʘʪʠʦʥ Al(2) ʙʣʠʞʝ ʨʘʩʧʦʣʦʞʝʥ ʢ ʨʝʙʨʫ ʆ(3)-

ʆ(3) ʪʝʪʨʘʵʜʨʘ Al(2)O4 (ʨʠʩ.6), ʯʝʤ ʪʦʪ ʞʝ ʢʘʪʠʦʥ ʚ ʩʪʨʫʢʪʫʨʝ  
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CaYAl3O7, ʧʨʠʯʠʥʦʡ ʯʝʛʦ ʤʦʞʝʪ ʙʳʪʴ ʩʪʨʝʤʣʝʥʠʝ ʢ 

ʧʝʨʝʩʪʨʦʡʢʝ ʪʝʪʨʘʵʜʨʘ ʚ ʦʢʪʘʵʜʨ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʠʦʥʦʚ ʭʨʦʤʘ. 
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ʈʠʩ. 6. ʀʟʤʝʥʝʥʠʷ ʚ ʩʪʨʫʢʪʫʨʝ ʤʝʣʠʣʠʪʘ ʧʨʠ ʚʭʦʞʜʝʥʠʠ 

ʘʢʪʠʚʥʳʭ ʠ ʙʫʬʝʨʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ 

 

ɺ CaYAl3O7 ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʮʝʥʪʨʘʣʴʥʳʤʠ ʘʪʦʤʘʤʠ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʚ ʩʦʩʝʜʥʠʭ ʩʜʚʦʝʥʥʳʭ ʪʝʪʨʘʵʜʨʘʭ 

ʩʦʩʪʘʚʣʷʝʪ ~3.12 ¡, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʩʣʫʯʘʝ ʦʩʦʙʳʭ ʪʝʪʨʘʵʜʨʦʚ 

ʘʥʘʣʦʛʠʯʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʚʦʟʨʘʩʪʘʝʪ ʜʦ ~5.40 ¡. ʅʝ ʠʩʢʣʶʯʝʥʦ, 

ʯʪʦ ʜʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʭʨʦʤʘ ʩ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʳʤ ʨʘʟʤʝʱʝʥʠʝʤ ʝʛʦ ʚ ʦʩʦʙʳʭ ʪʝʪʨʘʵʜʨʘʭ 
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Al(1)O4 ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʫʣʫʯʰʝʥʠʶ  ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ 

ʩʚʦʡʩʪʚ. ʉ ʵʪʦʡ ʮʝʣʴʶ ʙʳʣ ʚʚʝʜʝʥ ʚ ʩʦʩʪʘʚ ʩʦʝʜʠʥʝʥʠʷ 

CaYAl3O7 ʢʨʦʤʝ ʭʨʦʤʘ, ʜʦʧʦʣʥʠʪʝʣʴʥʦ "ʙʫʬʝʨʥʳʡ" 

ʢʦʤʧʦʥʝʥʪ ʄ ʩ ʠʦʥʥʳʤ ʨʘʜʠʫʩʦʤ rM<rAl<rCr ʠ rM>rCr>rAl. 

ʊʘʢʠʤ ʢʦʤʧʦʥʝʥʪʦʤ M ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʤʦʞʝʪ ʙʳʪʴ ʢʘʪʠʦʥ 

B
3+

 (r
IV

B3+=0.11¡), ʘ ʚʦ  ʚʪʦʨʦʤ  ʩʣʫʯʘʝ  ʢʘʪʠʦʥ Ga
3+

 

(r
IV

Ga3+=0.47¡) . 

ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʢʨʠʩʪʘʣʣʘ, ʚʳʨʘʱʝʥʥʦʛʦ ʠʟ ʰʠʭʪʳ CaYAl3O7:Cr, B, ʩʦʚʤʝʩʪʥʦ 

ʩ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʤ ʨʘʩʯʝʪʦʤ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʮʝʥʠʪʴ 

ʝʛʦ ʩʦʩʪʘʚ ʢʘʢ (Ca,Y)(Al0.97(1)Cr0.03(1))(Al 0.97(1)B0.015Cr0.015)2O7. 

ʉʨʘʚʥʠʚʘʷ ʵʪʦʪ  ʩʦʩʪʘʚ ʩ ʩʦʩʪʘʚʦʤ ʢʨʠʩʪʘʣʣʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʠʟ 

ʰʠʭʪʳ CaYAl3O7:Cr (I), ʣʝʛʢʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʫʤʝʥʴʰʝʥʠʝ ʚ 2 

ʨʘʟʘ ʩʦʜʝʨʞʘʥʠʷ ʭʨʦʤʘ ʚ ʛʨʫʧʧʘʭ (Al2O7), ʚʳʟʚʘʥʥʦʛʦ 

ʧʨʠʩʫʪʩʪʚʠʝʤ ʠʦʥʦʚ B
3+
, ʫʚʝʣʠʯʠʚʘʝʪ ʚ 2 ʨʘʟʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʧʨʠʯʝʤ ʦʥʘ ʩʪʘʥʦʚʠʪʩʷ ʩʨʘʚʥʠʤʦʡ ʩ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʵʪʘʣʦʥʥʦʛʦ Y3Al5O12:Cr
4+

. 

ʇʨʠʩʫʪʩʪʚʠʝ ʠʦʥʦʚ ʙʦʨʘ ʚ ʪʝʪʨʘʵʜʨʘʭ Al(2)O4 ʧʨʠʚʦʜʠʪ ʢ 

ʜʨʫʛʦʤʫ ʪʠʧʫ ʠʩʢʘʞʝʥʠʷ ʪʝʪʨʘʵʜʨʘ, ʘ ʠʤʝʥʥʦ, ʚ ʩʪʦʨʦʥʫ 

ʪʨʠʛʦʥʘʣʴʥʦʡ ʧʠʨʘʤʠʜʳ (ʨʠʩ.6): ʚʳʨʘʚʥʠʚʘʥʠʝ  ʪʨʝʭ 

ʨʘʩʩʪʦʷʥʠʡ Al-O(1), Al-O(3), Al-O(3) ʧʨʠ ʦʪʣʠʯʥʦʤ ʦʪ ʥʠʭ 

ʨʘʩʩʪʦʷʥʠʠ Al-O(2). ɺʝʨʦʷʪʥʦ, ʫʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʦʚ 

ʩʜʚʦʝʥʥʳʭ ʪʝʪʨʘʵʜʨʦʚ ʠ ʜʨʫʛʦʡ ʭʘʨʘʢʪʝʨ ʠʭ ʠʩʢʘʞʝʥʠʷ ʟʘ ʩʯʝʪ 

ʧʨʠʩʫʪʩʪʚʠʷ ʚ ʥʠʭ ʢʘʪʠʦʥʦʚ B
3+ ʧʨʝʧʷʪʩʪʚʫʝʪ ʚʭʦʞʜʝʥʠʶ 

ʪʫʜʘ ʠʦʥʦʚ ʭʨʦʤʘ. ʌʦʨʤʘ ʪʝʪʨʘʵʜʨʦʚ Al(1)O4 ʚ ʩʪʨʫʢʪʫʨʘʭ 

CaYAl3O7:Cr(I) ʠ CaYAl3O7:Cr, B ʦʪʣʠʯʘʝʪʩʷ: ʚ ʩʪʨʫʢʪʫʨʝ 

CaYAl3O7:Cr, B ʦʥʠ ʩʪʘʥʦʚʷʪʩʷ ʙʦʣʝʝ ʧʨʘʚʠʣʴʥʳʤʠ, ʢʘʢ ʠ ʚ 

ʩʪʨʫʢʪʫʨʝ CaYAl3O7, ʯʪʦ ʥʝ ʠʩʢʣʶʯʘʝʪ ʠ ʚʟʘʠʤʥʦʛʦ ʚʣʠʷʥʠʷ 

ʪʝʪʨʘʵʜʨʦʚ ʜʨʫʛ ʥʘ ʜʨʫʛʘ. ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʧʨʠ 

ʥʘʭʦʞʜʝʥʠʠ ʚ ʧʦʟʠʮʠʠ ʪʨʝʭ ʘʪʦʤʦʚ ʚ ʥʝʡ ʧʨʦʠʩʭʦʜʷʪ  
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ʧʨʦʮʝʩʩʳ, ʥʘʧʨʘʚʣʝʥʥʳʝ ʥʘ ʩʦʭʨʘʥʝʥʠʝ ʩʨʝʜʥʠʭ ʤʝʞʘʪʦʤʥʳʭ 

ʨʘʩʩʪʦʷʥʠʡ.  

ʏʘʩʪʠʯʥʦʝ ʟʘʤʝʱʝʥʠʝ ʠʦʥʦʚ Al
3+

 ʥʘ ʠʦʥʳ Ga
3+

 ʜʦʣʞʥʦ 

ʧʨʦʠʩʭʦʜʠʪʴ ʚ ʦʜʠʥʦʯʥʳʭ  ʪʝʪʨʘʵʜʨʘʭ, ʩʧʦʩʦʙʩʪʚʫʶʱʝʝ 

ʜʘʣʴʥʝʡʰʝʤʫ ʫʚʝʣʠʯʝʥʠʶ ʠʭ ʨʘʟʤʝʨʦʚ, ʯʪʦ ʙʫʜʝʪ, ʚʝʨʦʷʪʥʦ, 

ʫʚʝʣʠʯʠʚʘʪʴ ʚ ʥʠʭ ʩʦʜʝʨʞʘʥʠʝ ʠʦʥʦʚ Cr
3+

 (ʘ ʦʪʩʶʜʘ ʠ ʠʦʥʦʚ 

Cr
4+) ʠʟ-ʟʘ ʩʦʦʪʥʦʰʝʥʠʷ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ ʜʘʥʥʳʭ ʢʘʪʠʦʥʦʚ. 

ɼʣʷ  ʦʙʨʘʟʮʘ CaYAl3O7:Cr,Ga ʥʘʡʜʝʥʘ ʚʳʩʦʢʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠʦʥʦʚ Cr
4+
, ʢʦʪʦʨʘʷ ʦʢʘʟʘʣʘʩʴ ʚ 7 ʨʘʟ ʙʦʣʴʰʝ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʵʪʠʭ ʞʝ 

ʠʦʥʦʚ ʚ ʢʨʠʩʪʘʣʣʘʭ Y3Al 5O12.  

ʋʚʝʣʠʯʝʥʠʶ ʩʦʜʝʨʞʘʥʠʷ ʠʦʥʦʚ Cr
4+

 ʚ ʢʨʠʩʪʘʣʣʘʭ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʤʝʣʠʣʠʪʘ ʩʧʦʩʦʙʩʪʚʫʝʪ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʝ 

ʟʘʤʝʱʝʥʠʝ Y
3+

Ca
2+

 ʠ Al
3+

Mg
2+
, ʢʦʪʦʨʦʝ ʧʨʠʚʝʜʝʪ ʢ 

ʧʝʨʝʭʦʜʫ Cr
3+

Cr
4+

 ʠʟ-ʟʘ ʩʦʭʨʘʥʝʥʠʷ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ 

ʩʠʩʪʝʤʳ. ʇʨʠ ʫʪʦʯʥʝʥʠʠ ʟʘʩʝʣʝʥʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ 

ʧʦʟʠʮʠʡ ʚ ʩʪʨʫʢʪʫʨʘʭ ʩʦʝʜʠʥʝʥʠʡ CaYAl3O7:Cr, Ca ʠ 

CaYAl3O7:Cr, Mg ʦʢʘʟʘʣʦʩʴ, ʯʪʦ ʩʦʩʪʘʚʳ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ 

ʧʦʟʠʮʠʠ ʫ ʥʠʭ ʨʘʟʣʠʯʥʳ: (Ca1.12(3)Y0.88) ʜʣʷ ʧʝʨʚʦʡ ʩʪʨʫʢʪʫʨʳ 

ʠ (ʉaY)  ʜʣʷ ʚʪʦʨʦʡ, ʥʦ ʦʪʣʠʯʠʷ ʚ ʩʦʩʪʘʚʘʭ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ 

ʧʦʟʠʮʠʡ ʪʘʢʠʤ ʩʧʦʩʦʙʦʤ ʚʳʷʚʠʪʴ ʥʝ ʫʜʘʣʦʩʴ ʠʟ-ʟʘ ʦʪʩʫʪʩʪʚʠʷ 

ʦʪʢʣʦʥʝʥʠʡ ʚ ʚʝʣʠʯʠʥʘʭ ʟʘʩʝʣʝʥʥʦʩʪʠ ʵʪʠʭ ʧʦʟʠʮʠʡ ʚ 

ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ. ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ 

ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ Al(1)-O ʚ ʦʜʠʥʦʯʥʳʭ ʪʝʪʨʘʵʜʨʘʭ 

Al(1)O4 ʩʪʨʫʢʪʫʨ CaYAl3O7:Cr,Ca ʠ CaYAl3O7:Cr,Mg, 

ʧʨʦʚʝʜʝʥ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʡ ʨʘʩʯʝʪ ʩʦʩʪʘʚʦʚ ʵʪʠʭ 

ʢʨʠʩʪʘʣʣʦʚ ʩ ʫʯʝʪʦʤ rMg
IV
=0.57¡ ʠ "ʩʨʝʜʥʝʚʟʚʝʰʝʥʥʦʛʦ" 

ʨʘʜʠʫʩʘ ʠʦʥʦʚ Cr
3+ ʠ Cr

4+
 ʜʣʷ ʩʦʭʨʘʥʝʥʠʷ 

ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ ʩʠʩʪʝʤʳ (rCr=0.51 ¡). ʆʥʠ ʦʢʘʟʘʣʠʩʴ 

ʨʘʚʥʳʤʠ (Ca
2+

1.12(3)Y0.88)(Al0.96(3)ʉr0.04(3))Al2O7 ʠ 

(CaY)(Mg
2+

0.08(3)Al 0.88(3)ʉr0.04(3))Al 2O7 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
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ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʙʦʣʴʰʝʝ ʩʦʜʝʨʞʘʥʠʝ ʢʘʪʠʦʥʦʚ ʩ 

ʬʦʨʤʘʣʴʥʳʤ ʟʘʨʷʜʦʤ 2+ ʚ ʩʦʩʪʘʚʝ ʧʝʨʚʦʡ ʬʘʟʳ, ʩʦʜʝʨʞʘʥʠʝ 

ʠʦʥʦʚ Cr
4+

 ʚ ʜʘʥʥʦʡ ʬʘʟʝ ʜʦʣʞʥʦ ʙʳʪʴ ʙʦʣʴʰʝ ʥʝʞʝʣʠ ʚʦ 

ʚʪʦʨʦʡ ʬʘʟʝ.  

ʉʨʘʚʥʠʚʘʷ ʤʝʞʜʫ ʩʦʙʦʡ cʦʩʪʘʚʳ ʠʟʫʯʝʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, 

ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʠʦʥʳ ʭʨʦʤʘ ʚ ʢʨʠʩʪʘʣʣʘʭ CaYAl3O7:Cr, 

Ca ʠ CaYAl3O7:Cr,Mg  ʨʘʩʧʦʣʦʞʝʥʳ ʪʦʣʴʢʦ ʚ ʦʩʦʙʳʭ, 

ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʪʝʪʨʘʵʜʨʘʭ ʩʪʨʫʢʪʫʨʳ;  ʚ ʢʨʠʩʪʘʣʣʘʭ 

CaYAl3O7:Cr(I) ʠ CaYAl3O7:Cr, ɺ - ʠ ʚ ʦʩʦʙʳʭ, ʠ ʚ ʩʜʚʦʝʥʥʳʭ, 

ʧʨʠʯʝʤ ʚ ʢʨʠʩʪʘʣʣʝ CaYAl3O7:Cr(I) ʚ ʨʘʚʥʳʭ ʢʦʣʠʯʝʩʪʚʘʭ, ʘ ʚ 

ʢʨʠʩʪʘʣʣʝ CaYAl3O7:Cr, ɺ ʢʦʥʮʝʥʪʨʘʮʠʷ ʠʦʥʦʚ ʭʨʦʤʘ ʚ 

ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʪʝʪʨʘʵʜʨʘʭ ʙʦʣʴʰʝ, ʯʝʤ ʚ ʩʜʚʦʝʥʥʳʭ. 

ʋʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ ʭʨʦʤʘ ʚ ʢʨʠʩʪʘʣʣʝ  

ʉaYAl3O7:Cr(II) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʨʠʩʪʘʣʣʦʤ CaYAl3O7:Cr(I) 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʤʫ ʚʭʦʞʜʝʥʠʶ ʠʦʥʦʚ 

ʘʢʪʠʚʘʪʦʨʘ ʚ ʦʩʦʙʳʝ ʪʝʪʨʘʵʜʨʳ. ʍʘʨʘʢʪʝʨ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʠʦʥʦʚ ʭʨʦʤʘ ʧʦ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʤ ʧʦʟʠʮʠʷʤ ʩʦʚʤʝʩʪʥʦ ʩ 

ʩʦʜʝʨʞʘʥʠʝʤ ʠʦʥʦʚ Cr
4+

 ʚ ʦʩʦʙʳʭ ʪʝʪʨʘʵʜʨʘʭ ʢʦʨʨʝʣʠʨʫʶʪ ʩ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ɿʘʤʝʪʠʤ, ʯʪʦ ʜʣʷ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ CaYAl3O7:Cr, Mg ʦʙʥʘʨʫʞʝʥʘ 

ʪʘʢʘʷ ʞʝ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʘʢ ʠ ʜʣʷ 

CaYAl3O7:Cr,Ga, ʯʪʦ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʢʦʩʚʝʥʥʳʤ 

ʧʦʜʪʚʝʨʞʜʝʥʠʝʤ ʨʘʚʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʦʜʠʥʘʢʦʚʦʛʦ 

ʭʘʨʘʢʪʝʨʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʦʥʦʚ ʭʨʦʤʘ ʧʦ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʤ 

ʧʦʟʠʮʠʷʤ ʚ ʩʪʨʫʢʪʫʨʘʭ ʵʪʠʭ ʢʨʠʩʪʘʣʣʦʚ.  

ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʦʚ CaYAl3O7, 

CaYAl3O7:Cr, CaYAl3O7:Cr,B, Ca2Al(Al)SiO7, 

Ca2Al(Al)SiO7:Cr, Ca2Al(Al)SiO7:Cr,B, Ca2MgSi2O7 ʠ 

Ca2MgSi2O7:Cr ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʚʭʦʞʜʝʥʠʝ ʠʦʥʦʚ 

ʭʨʦʤʘ ʚ ʪʫ ʠʣʠ ʠʥʫʶ ʪʝʪʨʘʵʜʨʠʯʝʩʢʫʶ ʧʦʟʠʮʠʶ ʩʪʨʫʢʪʫʨʳ ʠ 

ʝʛʦ ʬʦʨʤʘʣʴʥʳʡ ʟʘʨʷʜ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ  
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ʬʦʨʤʘʣʴʥʳʤʠ ʟʘʨʷʜʘʤʠ ʢʘʪʠʦʥʦʚ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʵʪʠʭ 

ʧʦʟʠʮʠʷʭ: ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ Cr
3+ ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ (ʉaY)Al3O7 

ʠ Cr
4+

 ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ Ca2Al(AlSi)O7 ʠ Ca2MgSi2O7. 

ʀʟʦʚʘʣʝʥʪʥʦʝ ʟʘʤʝʱʝʥʠʝ Al
3+

Cr
3+ ʠ Si

4+
Cr

4+ ʦʙʫʩʣʦʚʣʝʥʦ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʩʦʭʨʘʥʝʥʠʷ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ ʩʠʩʪʝʤʳ.  

ʉʫʤʤʠʨʫʷ ʚʳʰʝʠʟʣʦʞʝʥʥʦʝ ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʧʦʣʫʯʝʥʳ 

ʥʦʚʳʝ ʣʘʟʝʨʥʳʝ ʢʨʠʩʪʘʣʣʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʤʝʣʠʣʠʪʘ 

ʉaYAl3O7:Cr, ʢʦʪʦʨʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʠʥʪʝʥʩʠʚʥʫʶ 

ʣʶʤʠʥʝʩʮʝʥʮʠʶ  Cr
4+
, ʩʨʘʚʥʠʤʫʶ ʧʦ ʚʝʣʠʯʠʥʝ ʩ 

ʣʶʤʠʥʝʩʮʝʥʮʠʝʡ Y3Al 5O12:Cr
4+
. ʉʦʚʤʝʩʪʥʦʝ ʚʚʝʜʝʥʠʝ 

"ʙʫʬʝʨʥʳʭ" ʢʦʤʧʦʥʝʥʪʦʚ-ʦʧʪʠʯʝʩʢʠ ʥʝʘʢʪʠʚʥʳʭ ʜʦʧʘʥʪʦʚ -

ʧʦʟʚʦʣʠʣʦ ʧʦʚʣʠʷʪʴ ʥʘ ʧʦʟʠʮʠʦʥʥʦʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʘʢʪʠʚʘʪʦʨʘ Cr
4+

 ʠ ʫʣʫʯʰʠʪʴ ʩʧʝʢʪʨʘʣʴʥʦ-ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʠʘʣʘ. 

ʉʪʨʫʢʪʫʨʫ ʤʝʣʠʣʠʪʘ ʠʤʝʝʪ ʩʦʝʜʠʥʝʥʠʝ Y2SiBe2O7: ʘʪʦʤʳ Y 

ʥʘʭʦʜʷʪʩʷ ʚ ʠʩʢʘʞʝʥʥʳʭ ʚʦʩʴʤʠʚʝʨʰʠʥʥʠʢʘʭ - ʩʢʨʫʯʝʥʥʳʭ 

(ʪʦʤʩʦʥʦʚʩʢʠʭ) ʢʫʙʘʭ, ʘʪʦʤʳ Si ʟʘʥʠʤʘʶʪ ʮʝʥʪʨʳ ʧʨʘʚʠʣʴʥʳʭ 

ʪʝʪʨʘʵʜʨʦʚ, ʘ ʘʪʦʤʳ Be ʥʘʭʦʜʷʪʩʷ ʚ ʜʠʦʨʪʦʛʨʫʧʧʘʭ Be2O7 

(ʨʠʩ.5). ʇʨʝʠʤʫʱʝʩʪʚʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʤʘʪʨʠʮʳ Y2SiBe2O7 
ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʩʦʩʪʘʚʘ ʧʝʨʝʜ ʤʘʪʨʠʮʘʤʠ ʉa2MgSi2O7, 

ʉa2Al(AlSi)O7 ʠ ʉaYAl2O7 ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʠʦʥʳ Cr
4+

 

ʜʦʣʞʥʳ ʠʟʦʚʘʣʝʥʪʥʦ ʟʘʤʝʱʘʪʴ ʠʦʥʳ Si
4+
, ʢʦʪʦʨʳʝ ʚ ʩʣʫʯʘʝ 

Y2SiBe2O7 ʥʘʭʦʜʷʪʩʷ ʚ ʦʜʠʥʦʯʥʳʭ ʪʝʪʨʘʵʜʨʘʭ ʩ ʨʘʩʩʪʦʷʥʠʝʤ 

Si-Si (~5 ¡), ʙʦʣʴʰʠʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʩʩʪʦʷʥʠʝʤ Be-Be (~3 

¡). ʇʨʠʩʫʪʩʪʚʠʝ ʚ ʩʪʨʫʢʪʫʨʝ ʤʝʣʠʣʠʪʘ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ 

ʧʦʟʠʮʠʠ (ʘʥʘʣʦʛʠʯʥʘʷ ʧʦʟʠʮʠʷ ʝʩʪʴ ʚ ʩʪʨʫʢʪʫʨʝ ʛʨʘʥʘʪʘ) 

ʜʝʣʘʝʪ ʚʦʟʤʦʞʥʳʤ ʚʚʝʜʝʥʠʝ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʘʢʪʠʚʘʪʦʨʦʚ 

(ʠʦʥʳ Ln) ʚ ʧʦʟʠʮʠʶ Y, ʘ ʪʘʢʞʝ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚ ʜʚʝ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ: ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʫʶ ʠ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʫʶ. 
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ɺ ʮʝʣʷʭ ʩʤʝʱʝʥʠʷ ʢʨʘʷ ʧʦʣʦʩʳ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʛʦ 

ʧʦʛʣʦʱʝʥʠʷ ʚ ʢʦʨʦʪʢʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ ʩʧʝʢʪʨʘ ʠ 

ʨʘʩʰʠʨʝʥʠʷ ʚʦʟʤʦʞʥʦʩʪʝʡ ʧʦ ʚʥʝʜʨʝʥʠʶ ʠʦʥʦʚ-ʘʢʪʠʚʘʪʦʨʦʚ 

ʨʘʟʣʠʯʥʳʭ ʨʘʟʤʝʨʦʚ ʠ ʨʘʟʥʳʭ ʬʦʨʤʘʣʴʥʳʭ ʟʘʨʷʜʦʚ   ʤʦʞʝʪ 

ʙʳʪʴ ʧʨʝʜʣʦʞʝʥ ʩʦʩʪʘʚ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Y2AlBeBO7 ʥʘ 

ʦʩʥʦʚʝ Y2SiBe2O7. ɼʘʥʥʳʡ ʚʳʙʦʨ ʩʚʷʟʘʥ ʩ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ 

ʩʦʭʨʘʥʝʥʠʷ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ ʩʠʩʪʝʤʳ ʟʘ ʩʯʝʪ ʨʝʘʢʮʠʠ: 

Si
4+ + 2Be

2+ = Al
3+ + Be

2+ + B
3+
. ʊʘʢʘʷ ʟʘʤʝʥʘ ʠʦʥʦʚ ʠʤʝʝʪ ʠ 

ʥʝʢʦʪʦʨʳʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʩʤʳʩʣ, ʟʘʢʣʶʯʘʶʱʠʡʩʷ ʚ 

ʚʦʟʤʦʞʥʦʩʪʠ ʨʘʩʰʠʨʝʥʠʠ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʜʠʘʧʘʟʦʥʘ 

ʧʨʦʟʨʘʯʥʦʩʪʠ ʩʦʝʜʠʥʝʥʠʷ ʚ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʫʶ ʦʙʣʘʩʪʴ 

ʩʧʝʢʪʨʘ ʠ ʥʝʢʦʪʦʨʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʠ 

ʪʚʝʨʜʦʩʪʠ. ʂʨʦʤʝ ʪʦʛʦ, ʚʚʝʜʝʥʠʝ ʠʦʥʦʚ  ʘʣʶʤʠʥʠʷ ʚ ʩʦʩʪʘʚ 

ʢʨʠʩʪʘʣʣʘ ʧʦʟʚʦʣʷʝʪ ʘʢʪʠʚʠʨʦʚʘʪʴ ʵʪʠ ʢʨʠʩʪʘʣʣʳ ʠʦʥʘʤʠ Cr
3+

, 

ʢʦʪʦʨʳʝ ʠʟʦʤʦʨʬʥʦ  ʟʘʤʝʱʘʶʪ ʠʦʥʳ Al
3+

.  

ɺ ʩʪʨʫʢʪʫʨʝ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Y2AlBeBO7 ʚʦʟʤʦʞʥʦ ʜʚʘ 

ʚʘʨʠʘʥʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʘʪʠʦʥʦʚ ʧʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ 

ʧʦʟʠʮʠʷʤ: Y2Al(Be0.5B0.5)2O7 ʠ Y2Be(B0.5Al 0.5)2O7 ʩʦʛʣʘʩʥʦ 

ʫʩʣʦʚʠʶ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ. ʅʦ ʠʟ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʭ 

ʩʦʦʙʨʘʞʝʥʠʡ (ʤʝʥʴʰʘʷ ʨʘʟʥʦʩʪʴ ʤʝʞʜʫ ʨʘʜʠʫʩʘʤʠ Be ʠ B ʧʦ 

ʩʨʘʚʥʝʥʠʶ B ʠ Al: rBe=0.27 ¡, rB=0.11 ¡, rAl=0.39 ¡) ʧʝʨʚʳʡ 

ʩʦʩʪʘʚ ʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʝʥ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ (ʥʘʠʤʝʥʴʰʠʡ R-ʬʘʢʪʦʨ 

ʧʦʣʫʯʝʥ ʠʤʝʥʥʦ ʜʣʷ ʧʝʨʚʦʛʦ ʩʦʩʪʘʚʘ). ʄʝʞʘʪʦʤʥʳʝ 

ʨʘʩʩʪʦʷʥʠʷ Be-O ʠ (Be,B)-O (d, ¡) ʚ ʩʪʨʫʢʪʫʨʘʭ Y2SiBe2O7 ʠ 

Y2Al(Be0.5B0.5)2O7 ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʩʦʩʪʘʚʘʤʠ ʵʪʠʭ ʧʦʟʠʮʠʡ:  

rBe>rB ʠ dBe-O>d(Be,B)-O; ʘʥʘʣʦʛʠʯʥʘʷ ʩʚʷʟʴ ʤʝʞʜʫ ʨʘʜʠʫʩʘʤʠ 

ʠʦʥʦʚ ʠ ʤʝʞʘʪʦʤʥʳʤʠ ʨʘʩʩʪʦʷʥʠʷʤʠ  Si-O ʠ Al-O ʚ 

ʦʜʠʥʦʯʥʳʭ ʪʝʪʨʘʵʜʨʘʭ: rAl>rSi ʠ dAl-O>dSi-O. ʅʘʙʣʶʜʘʝʪʩʷ 

ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʩʨʝʜʥʠʤʠ ʨʘʩʩʪʦʷʥʠʷʤʠ Y-O ʚ ʜʦʜʝʢʘʵʜʨʝ 

ʠ ʨʘʩʩʪʦʷʥʠʷʤʠ ʢʘʪʠʦʥ-ʘʥʠʦʥ ʚ ʪʝʪʨʘʵʜʨʘʭ: ʫʚʝʣʠʯʝʥʠʝ  
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ʩʨʝʜʥʠʭ ʨʘʩʩʪʦʷʥʠʡ ʚ ʪʝʪʨʘʵʜʨʘʭ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ 

ʩʨʝʜʥʝʛʦ ʤʝʞʘʪʦʤʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ Y-O. ʕʪʘ ʩʚʷʟʴ 

ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʤʦʞʝʪ ʦʢʘʟʘʪʴ ʩʫʱʝʩʪʚʝʥʥʦʝ 

ʚʣʠʷʥʠʝ ʥʘ ʚʭʦʞʜʝʥʠʝ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʠʦʥʦʚ-ʜʦʧʘʥʪʦʚ ʚ 

ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʫʶ ʧʦʟʠʮʠʶ.  

ɺ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʥʝʦʜʠʤʦʤ ʦʢʩʠʜʥʳʭ ʣʘʟʝʨʥʳʭ 

ʢʨʠʩʪʘʣʣʘʭ ʚʝʣʠʯʠʥʘ ʧʠʢʦʚʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʚ ʦʢʨʝʩʪʥʦʩʪʠ 807 

ʥʤ ʜʦʩʪʠʛʘʝʪ 30 ʩʤ
-1

 ʧʨʠ ʦʙʲʝʤʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʝʦʜʠʤʘ 4.2 

 4.5ʭ10
20

 ʩʤ
-3
. ʂʨʠʩʪʘʣʣʳ ʩ ʪʘʢʠʤ ʧʠʢʦʚʳʤ ʧʦʛʣʦʱʝʥʠʝʤ 

ʥʘʠʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʳ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʤʠʢʨʦʯʠʧʦʚʳʭ 

ʣʘʟʝʨʘʭ ʩ ʧʨʦʜʦʣʴʥʦʡ ʜʠʦʜʥʦʡ ʥʘʢʘʯʢʦʡ, ʪʘʢ ʢʘʢ ʜʣʠʥʘ 

ʘʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʩʦʩʪʘʚʣʷʝʪ 1 ʤʤ. ʀʩʭʦʜʷ ʠʟ 

ʧʨʠʚʝʜʝʥʥʳʭ ʦʮʝʥʦʢ, ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ 

(Y,Nd)2SiBe2O7 ʠ (Y,Nd)2AlBeBO7 ʚ ʤʠʢʨʦʯʠʧʦʚʳʭ ʣʘʟʝʨʘʭ 

ʜʦʩʪʘʪʦʯʥʦ ʚʚʦʜʠʪʴ Nd ʚ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ~3 ʘʪ%. ʇʨʠ 

ʚʦʟʙʫʞʜʝʥʠʠ ʭʦʨʦʰʝʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʢʘʯʝʩʪʚʘ ʦʙʨʘʟʮʦʚ 

(Y,Nd)2AlBeBO7 ʠʟʣʫʯʝʥʠʝʤ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ ʦʪ Nd:YAG - 

ʣʘʟʝʨʘ ʙʳʣʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʧʠʢʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ 

ʦʢʨʝʩʪʥʦʩʪʠ 870 - 910 ʥʤ (ʧʦʟʠʮʠʠ ʥʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳʭ 

ʧʠʢʦʚ ï 905 ʥʤ ʠ 909 ʥʤ) ʠ ʧʠʢ ʚ ʦʢʨʝʩʪʥʦʩʪʠ 1068 ʥʤ ʩ 

ʭʦʨʦʰʦ ʨʘʟʚʠʪʳʤ ʜʣʠʥʥʦʚʦʣʥʦʚʳʤ ʧʣʝʯʦʤ. ɺʨʝʤʷ ʞʠʟʥʠ 

ʚʝʨʭʥʝʛʦ ʣʘʟʝʨʥʦʛʦ ʫʨʦʚʥʷ 
4
F3/2 ʚ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʤ 

ʧʨʠʙʣʠʞʝʥʠʠ ʩʦʩʪʘʚʣʷʝʪ 120 ʤʢʩ.  

 

ʇʨʦʙʣʝʤʳ ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʷ 

 

ɼʣʷ ʢʨʠʩʪʘʣʣʦʚ Y2AlBeBO7 ʦʙʥʘʨʫʞʝʥʦ ʜʚʦʡʥʠʢʦʚʘʥʠʝ 

(ʨʠʩ. 7), ʧʨʠʯʝʤ ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʜʚʫʭ 

ʤʦʥʦʜʦʤʝʥʦʚ Y2AlBeBO7 ʥʝʩʢʦʣʴʢʦ ʦʪʣʠʯʘʶʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ  

ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʦʪʣʠʯʠʷʤʠ ʠʭ ʩʦʩʪʘʚʦʚ.  
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ʈʠʩ. 7. ɼʚʦʡʥʠʢʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʦʚ Y2AlBeBO7 

 

ʅʘ ʨʠʩ. 8 ʧʨʝʜʩʪʘʚʣʝʥʘ ʛʥʦʤʦʩʪʝʨʝʦʨʛʨʘʬʠʯʝʩʢʘʷ ʧʨʦʝʢʮʠʷ 

ʜʚʫʭ ʢʨʠʩʪʘʣʣʦʚ, ʩʚʷʟʘʥʥʳʭ ʧʣʦʩʢʦʩʪʴʶ ʜʚʦʡʥʠʢʦʚʘʥʠʷ.  

 

100(I)

-100(II)

010(I)

001(II)

001(I)

010(II)

 
 

ʈʠʩ. 8. ɻʥʦʤʦʩʪʝʨʝʦʨʛʨʘʬʠʯʝʩʢʘʷ ʧʨʦʝʢʮʠʷ ʜʚʫʭ ʢʨʠʩʪʘʣʣʦʚ, 

ʩʚʷʟʘʥʥʳʭ ʧʣʦʩʢʦʩʪʴʶ ʜʚʦʡʥʠʢʦʚʘʥʠʷ. 
 

ʄʝʭʘʥʠʟʤ ʜʚʦʡʥʠʢʦʚʘʥʠʝ ʜʣʷ  ʢʨʠʩʪʘʣʣʦʚ ʩʝʤʝʡʩʪʚʘ 

ʤʝʣʠʣʠʪʘ Y2AlBeBO7 ʠ Ca2Al[AlSi]O 7 ʘʥʘʣʦʛʠʯʝʥ. ʅʝ  
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ʠʩʢʣʶʯʝʥʦ, ʯʪʦ ʧʨʠʯʠʥʘ ʦʙʨʘʟʦʚʘʥʠʷ ʜʚʦʡʥʠʢʦʚ ʪʘʢʞʝ 

ʦʜʠʥʘʢʦʚʘ - ʚʦʟʤʦʞʥʳʝ ʢʠʩʣʦʨʦʜʥʳʝ ʚʘʢʘʥʩʠʠ, ʢʦʪʦʨʳʝ 

ʧʨʠʚʦʜʷʪ ʢ ʦʪʣʠʯʠʷʤ ʧʘʨʘʤʝʪʨʦʚ ʷʯʝʡʢʠ ʜʚʫʭ ʤʦʥʦʜʦʤʝʥʦʚ.  

ɿʘʤʝʪʠʤ, ʯʪʦ ʜʣʷ ʧʦʣʫʯʝʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʥʝ ʥʘʙʣʶʜʘʣʘʩʴ 

ʛʝʥʝʨʘʮʠʷ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʮʝʥʪʨʦʩʠʤʤʝʪʨʠʯʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʥʝ ʩʦʛʣʘʩʫʶʱʫʶʩʷ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ. ɼʘʥʥʦʝ 

ʥʝʩʦʦʪʚʝʪʩʪʚʠʝ, ʚʝʨʦʷʪʥʦ, ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ 

ʜʚʦʡʥʠʢʦʚʘʥʠʝʤ ʢʨʠʩʪʘʣʣʦʚ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʛʨʫʧʧʳ ʜʚʦʡʥʠʢʘ 

4'/m'm'm. ʊʘʢʦʝ ʞʝ ʩʚʦʡʩʪʚʦ ʙʳʣʦ ʟʘʬʠʢʩʠʨʦʚʘʥʦ ʠ ʜʣʷ 

ʢʨʠʩʪʘʣʣʦʚ ʩʝʤʝʡʩʪʚʘ ʤʝʣʠʣʠʪʘ ʩʦʩʪʘʚʘ ʉaYAl2O7, ʪʘʢʞʝ 

ʩʢʣʦʥʥʳʭ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʜʚʦʡʥʠʢʦʚ. 

 

I.2.3. ʉʦʝʜʠʥʝʥʠʝ LiGaO2. 

 

ɼʦʧʠʨʦʚʘʥʥʳʝ ʠʦʥʘʤʠ Cr
4+

 ʢʨʠʩʪʘʣʣʳ LiGaO2  ʥʘʨʷʜʫ ʩ 

LiAlO 2 ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʚ ʢʘʯʝʩʪʚʝ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʣʘʟʝʨʥʦʡ 

ʘʢʪʠʚʥʦʡ ʩʨʝʜʳ ʜʣʷ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ ʣʘʟʝʨʦʚ. ɺʤʝʩʪʝ ʩ ʪʝʤ, 

ʧʨʠ ʨʦʩʪʝ ʵʪʠʭ ʢʨʠʩʪʘʣʣʦʚ ʚʦʟʥʠʢʘʶʪ ʩʫʱʝʩʪʚʝʥʥʳʝ 

ʧʨʦʙʣʝʤʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʚʳʩʦʢʦʡ ʣʝʪʫʯʝʩʪʴʶ Li2O, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʥʘʨʫʰʝʥʠʶ ʩʪʝʭʠʦʤʝʪʨʠʠ ʨʘʩʧʣʘʚʘ ʠ ʧʦʷʚʣʝʥʠʶ 

ʚʢʣʶʯʝʥʠʡ ʠ ʮʝʥʪʨʦʚ ʨʘʩʩʝʷʥʠʷ ʚ ʢʨʠʩʪʘʣʣʘʭ. ʉʦʝʜʠʥʝʥʠʝ 

LiGaO2 ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʝʝ ʧʦ ʨʷʜʫ ʧʨʠʯʠʥ: 

- ʙʦʣʝʝ ʥʠʟʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ (1600ʉ ʧʨʦʪʠʚ 1700

ʉ ʜʣʷ LiAlO2), 

- LiGaO2 ʥʝ ʠʤʝʝʪ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʦʣʠʤʦʨʬʥʳʭ ʧʝʨʝʭʦʜʦʚ 

ʢʘʢ LiAlO2, 

 LiGaO2 ʦʙʣʘʜʘʝʪ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʭʨʦʤʘ ʧʨʠ ʨʦʩʪʝ.  

ʈʦʤʙʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ LiGaO2 (ʧʨ. ʛʨ. Pna21) ʧʨʦʠʟʚʦʜʥʘ 

ʦʪ ʩʪʨʫʢʪʫʨʳ ʚʶʨʮʠʪʘ: ʠʦʥʳ Li
1+

 ʠ Ga
3+

 ʟʘʥʠʤʘʶʪ 
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ʫʧʦʨʷʜʦʯʝʥʥʦ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ  (ʩʠʤʤʝʪʨʠʷ 1), ʘ 

ʠʤʝʶʱʠʝʩʷ ʚ ʩʪʨʫʢʪʫʨʝ ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʫʩʪʦʪʳ ʚʘʢʘʥʪʥʳ 

(ʨʠʩ.9).  

O(2) O(1)

Ga

O(1)

O(1) O(1)

O(2)

Ga

O(2)

O(1)

O(2)

O(1) Ga

O(2)

O(2)

O(1)

O(2)

LiGaO2

 
 

ʈʠʩ. 9. ʉʦʯʣʝʥʝʥʠʝ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʧʦʣʠʵʜʨʦʚ ʚ ʩʪʨʫʢʪʫʨʝ 

LiGaO2 

 

ʊʝʪʨʘʵʜʨʳ LiO4 ʠ GaO4,  LiO4 ʠ LiO4, GaO4 ʠ GaO4 ʩʚʷʟʘʥʳ 

ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʚʝʨʰʠʥʘʤʠ, ʦʜʥʘʢʦ ʚʠʜ ʩʦʯʣʝʥʝʥʠʷ ʠʥʦʡ, 

ʥʝʞʝʣʠ ʚ ʩʜʚʦʝʥʥʳʭ ʪʝʪʨʘʵʜʨʘʭ ʩʝʤʝʡʩʪʚʘ ʤʝʣʠʣʠʪʘ (ʨʠʩ.5), 

ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʨʘʩʩʪʦʷʥʠʡ ʢʘʪʠʦʥ-ʢʘʪʠʦʥ ʚ 

ʩʪʨʫʢʪʫʨʝ LiGaO2: dLi -Li=3.125¡, dLi -Ga= 3.057¡, dGa-Ga= 3.105 

¡. 

ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʢʨʠʩʪʘʣʣʘʤʠ Ca2MgSi2O7: Cr
4+

 ʠ CaYAl3O7: 

Cr
3+

 ʩ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʟʦʚʘʣʝʥʪʥʳʤ ʟʘʤʝʱʝʥʠʝʤ 

ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʢʨʠʩʪʘʣʣʘʭ LiGaO2:Cr ʤʦʞʥʦ ʦʞʠʜʘʪʴ  
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ʠʟʦʚʘʣʝʥʪʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʠʦʥʦʚ Ga
3+

 ʠʦʥʘʤʠ Cr
3+

 ʩʦ 

ʩʪʨʝʤʣʝʥʠʝʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʪʝʪʨʘʵʜʨʘ ʚ ʦʢʪʘʵʜʨ. ɺʥʝʜʨʝʥʠʝ 

ʠʦʥʦʚ Cr
3+

 ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʫʩʪʦʪʳ ʩʪʨʫʢʪʫʨʳ LiGaO2 

ʚʦʟʤʦʞʥʦ ʣʠʰʴ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʦʙʨʘʟʦʚʘʥʠʠ ʢʘʪʠʦʥʥʳʭ 

ʚʘʢʘʥʩʠʡ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 2VLi
' +1VGa

''' ʠʣʠ 1VGa
'''+2VLi

'  

(ʦʙʦʟʥʘʯʝʥʠʝ ʧʦ ʂʨʝʛʝʨʫ-ɺʠʥʢʫ) ʠʟ-ʟʘ ʢʦʨʦʪʢʠʭ ʨʘʩʩʪʦʷʥʠʡ 

ʢʘʪʠʦʥ (ʚ ʪʝʪʨʘʵʜʨʝ)-ʢʘʪʠʦʥ (ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ ʧʫʩʪʦʪʝ) (dK(ʊ)-

ʂ(ʆ)1.87¡), ʭʦʪʷ ʨʘʩʩʪʦʷʥʠʝ ʢʘʪʠʦʥ (ʚ ʦʢʪʘʵʜʨʝ)-ʢʠʩʣʦʨʦʜ 

(dʂ(ʆ)-ʆ 2.05¡) ʜʦʧʫʩʢʘʝʪ ʚʭʦʞʜʝʥʠʝ ʠʦʥʦʚ ʭʨʦʤʘ ʚ 

ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ ʙʝʟ ʦʙʨʘʟʦʚʘʥʠʷ ʢʘʪʠʦʥʥʳʭ 

ʚʘʢʘʥʩʠʡ. 

ʅʦʤʠʥʘʣʴʥʦ-ʯʠʩʪʳʝ ʢʨʠʩʪʘʣʣʳ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ 

ʏʦʭʨʘʣʴʩʢʦʛʦ ʢʘʢ ʧʨʦʟʨʘʯʥʳʝ LiGaO2 (I), ʪʘʢ ʠ ʤʦʣʦʯʥʦʛʦ 

ʮʚʝʪʘ LiGaO2 (II). ʆʙʨʘʟʮʳ LiGaO2:V ʠ LiGaO2:Li,V 

ʧʨʦʟʨʘʯʥʳ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʘʢʪʠʚʠʨʦʚʘʥʥʳʝ ʭʨʦʤʦʤ ʢʨʠʩʪʘʣʣʳ 

ʤʦʛʫʪ ʠʤʝʪʴ ʨʘʟʣʠʯʥʫʶ ʦʢʨʘʩʢʫ ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ.  

ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʫʪʦʯʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʤʝʪʦʜʦʤ 

ʈʠʪʚʝʣʜʘ ʠʟʤʝʣʴʯʝʥʥʳʭ ʚ ʧʦʨʦʰʦʢ ʥʦʤʠʥʘʣʴʥʦ-ʯʠʩʪʳʭ 

ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ LiGaO2 (I) ʠ LiGaO2 (II), ʢʦʪʦʨʳʝ ʙʳʣʠ 

ʚʳʨʘʱʝʥʳ ʧʦ ʩʧʦʩʦʙʫ ʏʦʭʨʘʣʴʩʢʦʛʦ, ʧʦʢʘʟʘʣ, ʯʪʦ ʚ 

ʢʨʠʩʪʘʣʣʘʭ LiGaO2 (I) ʚʝʨʦʷʪʥʝʝ ʚʩʝʛʦ ʦʙʨʘʟʦʚʘʥʠʝ 

ʘʥʪʠʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ LiGa
'' GaLi

 (ʯʘʩʪʠʯʥʦʝ 

ʟʘʤʝʱʝʥʠʝ ʘʪʦʤʘʤʠ ʛʘʣʣʠʷ ʘʪʦʤʦʚ ʣʠʪʠʷ ʠ ʥʘʦʙʦʨʦʪ), ʘ ʚ 

ʢʨʠʩʪʘʣʣʘʭ LiGaO2 (II), ʢʨʦʤʝ ʘʥʪʠʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ 

ʚʠʜʘ LiGa
'', ʧʨʠʩʫʪʩʪʚʫʶʪ ʚʘʢʘʥʩʠʠ ʚ ʧʦʟʠʮʠʷʭ ʢʠʩʣʦʨʦʜʘ 

(VO ) ʠ ʛʘʣʣʠʷ (VGa
'''): nLiGa''+mVGa

'''=qVO . 

ʇʨʝʜʣʦʞʝʥʥʳʝ ʪʠʧʳ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ ʜʦʣʞʥʳ ʥʝʩʢʦʣʴʢʦ 

ʫʤʝʥʴʰʠʪʴ ʧʘʨʘʤʝʪʨʳ ʷʯʝʡʢʠ ʚ LiGaO2 (II) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

LiGaO2 (I), ʯʪʦ ʠ ʨʝʘʣʠʟʫʝʪʩʷ ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ. 

 



          

          

47 

ʀʥʪʝʥʩʠʚʥʘʷ ʩʠʥʷʷ ʦʢʨʘʩʢʘ ʦʙʨʘʟʮʘ LiGaO2:Cr (I) ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʛʦʣʫʙʳʤ ʮʚʝʪʦʤ LiGaO2:Cr (II) (ʮʝʥʪʨ - I ʠ 

ʧʝʨʠʬʝʨʠʷ- II) ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʨʘʟʥʦʤ ʩʦʜʝʨʞʘʥʠʠ 

ʘʢʪʠʚʘʪʦʨʦʚ ʚ ʮʝʥʪʨʝ ʢʨʠʩʪʘʣʣʘ ʠ ʥʘ ʧʝʨʠʬʝʨʠʠ (cCr(I)>cCr(II)). 

ʉʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ 

ʩʪʨʫʢʪʫʨ LiGaO2:Cr (I) ʠ LiGaO2:Cr (II),  ʢʦʥʮʝʥʪʨʘʮʠʷ ʠʦʥʦʚ 

ʭʨʦʤʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʚʘʢʘʥʩʠʡ ʚ ʧʦʟʠʮʠʠ 

ʣʠʪʠʷ (VLi
'). ɽʩʣʠ ʫʯʝʩʪʴ ʦʙʷʟʘʪʝʣʴʥʦʝ ʧʨʠʩʫʪʩʪʚʠʝ 

ʥʝʙʦʣʴʰʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ Cr
4+

 ʩʦʚʤʝʩʪʥʦ ʩ ʠʦʥʘʤʠ Cr
3+

 

ʠ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʩʦʭʨʘʥʝʥʠʷ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ ʩʠʩʪʝʤʳ, 

ʪʦ ʚ ʠʟʫʯʝʥʥʳʭ ʩʠʩʪʝʤʘʭ ʢʦʤʧʝʥʩʘʮʠʷ ʟʘʨʷʜʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʧʦ ʩʣʝʜʫʶʱʠʤ ʫʨʘʚʥʝʥʠʷʤ: 

nCrGa +mVO =pLiGa
''+qVLi

' (I.1) ʠʣʠ (ʠ) nCrGa +mVO

=pVGa
'''+qVLi

' (I.2) (ʜʣʷ I ʢʨʠʩʪʘʣʣʘ)  

nCrGa +mVO =pLiGa
''(II.1) ʠʣʠ (ʠ) nCrGa +mVO =pVGa

''' 

(II.2) (ʜʣʷ II ʢʨʠʩʪʘʣʣʘ).  

ʈʘʩʩʯʠʪʘʥʥʳʝ ʤʝʞʘʪʦʤʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʧʦʜʪʚʝʨʞʜʘʶʪ 

ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʝʜʣʦʞʝʥʥʳʭ ʪʠʧʦʚ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ: ʚ 

ʩʪʨʫʢʪʫʨʝ LiGaO2 (II) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʪʨʫʢʪʫʨʦʡ LiGaO2 (I) 

ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʩʨʝʜʥʝʛʦ ʨʘʩʩʪʦʷʥʠʷ Ga-O ʚ 

ʪʝʪʨʘʵʜʨʝ GaO4 ʠʟ-ʟʘ ʦʪʩʫʪʩʪʚʠʷ ʚ ʵʪʦʡ ʧʦʟʠʮʠʠ ʠʦʥʦʚ ʣʠʪʠʷ 

(rLi>rGa) ʠ ʚʦʟʤʦʞʥʦʛʦ ʧʨʠʩʫʪʩʪʚʠʷ ʛʘʣʣʠʝʚʳʭ ʚʘʢʘʥʩʠʡ ʠ 

ʩʚʷʟʘʥʥʦʝ ʩ ʵʪʠʤ ʫʚʝʣʠʯʝʥʠʝ ʩʨʝʜʥʝʛʦ ʨʘʩʩʪʦʷʥʠʷ Li-O ʚ 

ʪʝʪʨʘʵʜʨʝ LiO4.  

ʋʤʝʥʴʰʝʥʠʝ ʦʜʥʦʛʦ ʠʟ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ Li-O(2) ʚ 

ʩʪʨʫʢʪʫʨʝ LiGaO2:Cr(I) (ʢʘʢ, ʚʧʨʦʯʝʤ, ʠ ʫʤʝʥʴʰʝʥʠʝ ʩʨʝʜʥʝʛʦ 

ʨʘʩʩʪʦʷʥʠʷ Li-O) ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʚʘʢʘʥʩʠʷʤʠ ʚ ʧʦʟʠʮʠʷʭ Li 

ʠ O(2). ʏʘʩʪʠʯʥʦʝ ʟʘʤʝʱʝʥʠʝ ʠʦʥʦʚ Ga
3+

 ʥʘ ʠʦʥʳ Cr
3+ 

ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʩʨʝʜʥʝʛʦ ʨʘʩʩʪʦʷʥʠʷ ʢʘʪʠʦʥ- 
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ʢʠʩʣʦʨʦʜ ʚ GaO4 ʪʝʪʨʘʵʜʨʝ (rCr<rGa) ʧʨʝʞʜʝ ʚʩʝʛʦ ʟʘ ʩʯʝʪ 

ʨʘʩʩʪʦʷʥʠʡ Ga-O(1) ʚ LiGaO2:Cr(II) ʠ Ga-O(2) ʚ LiGaO2:Cr(I), 

ʪʘʢ ʢʘʢ ʠʤʝʥʥʦ ʧʦʟʠʮʠʠ ʢʠʩʣʦʨʦʜʘ ʜʝʬʝʢʪʥʳ.  

ʇʨʝʜʩʪʘʚʣʝʥʥʳʡ ʧʨʦʮʝʩʩ ʠʟʤʝʥʝʥʠʷ ʤʝʞʘʪʦʤʥʳʭ 

ʨʘʩʩʪʦʷʥʠʡ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʣʦʞʠʪʴ ʜʣʷ ʩʪʨʫʢʪʫʨ LiGaO2:Cr
3+

 

ʩʣʝʜʫʶʱʫʶ ʤʦʜʝʣʴ ʧʝʨʝʩʪʨʦʡʢʠ ʪʝʪʨʘʵʜʨʘ GaO4 ʚ ʦʢʪʘʵʜʨ: 

ʩʤʝʱʝʥʠʝ ʠʦʥʦʚ Cr
3+ ʚ ʩʪʦʨʦʥʫ O(1) (ʨʠʩ.10-II) ʠʣʠ O(2) 

(ʨʠʩ.10-I) ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʚʘʢʘʥʩʠʡ ʚ ʜʘʥʥʦʡ ʢʠʩʣʦʨʦʜʥʦʡ 

ʧʦʟʠʮʠʠ ʩ ʩʦʦʪʚʝʪʩʪʚʝʥʥʳʤ ʩʤʝʱʝʥʠʝʤ ʠʦʥʦʚ ʣʠʪʠʷ ʚ 

ʪʝʪʨʘʵʜʨʝ LiO4 ʟʘ ʩʯʝʪ ʦʪʪʘʣʢʠʚʘʥʠʷ ʢʘʪʠʦʥʦʚ ʜʚʫʭ 

ʪʝʪʨʘʵʜʨʦʚ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʚ ʩʣʫʯʘʝ I.2 

ʦʙʨʘʟʫʶʪʩʷ ʢʘʪʠʦʥʥʳʝ ʚʘʢʘʥʩʠʠ ʚ ʧʦʟʠʮʠʷʭ ʣʠʪʠʷ ʠ ʛʘʣʣʠʷ, 

ʪʦ ʜʣʷ ʩʪʨʫʢʪʫʨʳ LiGaO2:Cr(I) ʚʦʟʤʦʞʝʥ ʧʝʨʝʭʦʜ ʠʦʥʦʚ ʭʨʦʤʘ 

ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʫʶ ʧʦʟʠʮʠʶ (Ci ) (ʨʠʩ. 10).  

 
 

ʈʠʩ.10. ʇʝʨʝʩʪʨʦʡʢʘ ʪʝʪʨʘʵʜʨʘ ʚ ʦʢʪʘʵʜʨ ʚ ʩʪʨʫʢʪʫʨʝ LiGaO2 

 

ɽʩʣʠ ʧʨʠʯʠʥʦʡ ʧʦʷʚʣʝʥʠʷ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʪʠʧʦʚ ʪʦʯʝʯʥʳʭ 

ʜʝʬʝʢʪʦʚ ʚ ʢʨʠʩʪʘʣʣʘʭ LiGaO2:Cr ʷʚʣʷʝʪʩʷ ʥʝʧʨʝʤʝʥʥʦʝ  


