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ʂʈʆʉʉ-ʈɽʃɸʂʉɸʎʀʆʅʅʓɽ ʕʌʌɽʂʊʓ ɺ ʕʇʈ Gd
3+

 ɺ 
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ɺ ʨʘʙʦʪʝ [1] ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʢʨʠʩʪʘʣʣʦʚ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ Pb5(Ge1-ʭSiʭ)3O11 ʩ ʧʨʠʤʝʩʴʶ ʛʘʜʦʣʠʥʠʷ ʙʳʣʦ 

ʦʙʥʘʨʫʞʝʥʦ ʨʘʩʱʝʧʣʝʥʠʝ ʪʨʠʛʦʥʘʣʴʥʦʛʦ ʕʇʈ ʩʧʝʢʪʨʘ ʦʜʠʥʦʯʥʳʭ 

ʠʦʥʦʚ Gd
3+
, ʥʘʙʣʶʜʘʝʤʦʛʦ ʚ Pb5Ge3O11, ʥʘ ʯʝʪʳʨʝ ʩʧʝʢʪʨʘ ʩ 

ʩʠʣʴʥʦ ʫʰʠʨʝʥʥʳʤʠ ʣʠʥʠʷʤʠ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʵʪʠ ʩʧʝʢʪʨʳ 

ʦʙʫʩʣʦʚʣʝʥʳ ʪʨʠʢʣʠʥʥʳʤʠ ʜʠʤʝʨʥʳʤʠ ʢʦʤʧʣʝʢʩʘʤʠ Gd
3+

-Si, ʠʦʥ 

Gd
3+

 ʵʪʠʭ ʢʦʤʧʣʝʢʩʦʚ ʟʘʤʝʱʘʝʪ Pb
2+
, ʘ ʠʦʥʳ Si

4+
 ʣʦʢʘʣʠʟʦʚʘʥʳ ʚ 

ʧʦʟʠʮʠʷʭ ʙʣʠʞʘʡʰʠʭ ʛʝʨʤʘʥʠʝʚʳʭ ʩʬʝʨ.  

ɸʚʪʦʨʘʤʠ [1] ʥʝ ʦʙʨʘʱʘʣʦʩʴ ʚʥʠʤʘʥʠʷ ʥʘ ʪʦ, ʯʪʦ ʕʇʈ 

ʩʠʛʥʘʣ ʚ ʨʘʡʦʥʝ ʧʝʨʝʭʦʜʦʚ 2/12/1 +ª-  ʮʝʥʪʨʦʚ Gd
3+

-Si ʚʙʣʠʟʠ 

ɺ||ʉ3 (ɺ ï ʠʥʜʫʢʮʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ) ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʘʥʦʤʘʣʴʥʦ 

ʘʩʠʤʤʝʪʨʠʯʥʫʶ ʬʦʨʤʫ (ʨʠʩ. 1), ʘ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʦʢʨʝʩʪʥʦʩʪʠ 

ʩʦʚʧʘʜʝʥʠʷ ʧʝʨʝʭʦʜʦʚ 2/32/1 °ª°  ʥʘʙʣʶʜʘʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ 

ʩʠʛʥʘʣ ʍ (ʨʠʩ .2). 

ʇʦʜʦʙʥʳʡ ʩʠʛʥʘʣ ʚ ʩʧʝʢʪʨʝ ʪʨʠʛʦʥʘʣʴʥʦʛʦ ʮʝʥʪʨʘ Gd
3+

 ʚ 

Pb5Ge3O11, ʣʝʛʠʨʦʚʘʥʥʦʤ ʪʦʣʴʢʦ ʛʘʜʦʣʠʥʠʝʤ, ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʠ 

ʠʩʩʣʝʜʦʚʘʥ ʚ ʨʘʙʦʪʘʭ [2-5]. ɽʛʦ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʦʙʲʷʩʥʷʣʦʩʴ 

ʩʝʣʝʢʪʠʚʥʳʤ ʫʩʨʝʜʥʝʥʠʝʤ ʩʧʠʥʦʚʳʭ ʧʘʢʝʪʦʚ ʜʚʫʭ ʩʠʛʥʘʣʦʚ 

( 2/32/1 °ª° ) Gd
3+

 ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʧʠʥ-ʨʝʰʝʪʦʯʥʳʭ ʧʝʨʝʭʦʜʦʚ 

ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʷʤʠ, ʫʯʘʩʪʚʫʶʱʠʤʠ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʵʪʠʭ 

ʨʝʟʦʥʘʥʩʦʚ. 

ɹʦʣʴʰʦʡ ʫʛʣʦʚʦʡ ʜʠʘʧʘʟʦʥ ʥʘʙʣʶʜʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ 

ʩʠʛʥʘʣʘ X ʚ ( ) 1130.150.855 OSiGePb  ʥʝ ʫʜʠʚʠʪʝʣʝʥ. ʆʥ ʦʙʫʩʣʦʚʣʝʥ 

ʙʦʣʴʰʦʡ ʥʝʦʜʥʦʨʦʜʥʦʡ ʰʠʨʠʥʦʡ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʩʠʛʥʘʣʦʚ 

2/32/1 °ª° , ʘ ʪʘʢʞʝ ʩʫʱʝʩʪʚʦʚʘʥʠʝʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

ʩʦʚʧʘʜʝʥʠʡ ʵʪʠʭ ʧʝʨʝʭʦʜʦʚ ʪʨʝʭ ʮʝʥʪʨʦʚ GdSi1, GdSi2, GdSi3. 

  ʇʨʠ ɺ||ʉ3 ʧʝʨʝʭʦʜʳ 2/12/1 +ª-  ʚʩʝʭ ʮʝʥʪʨʦʚ GdSi1, GdSi2, 

GdSi3, GdSi4 ʩʦʙʠʨʘʶʪʩʷ ʚ ʫʟʢʦʤ ʜʠʘʧʘʟʦʥʝ ʧʦʣʝʡ, ʘ ʩʠʛʥʘʣʳ ʦʪ 
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʚʠʜʘ ʩʧʝʢʪʨʘ (ʧʝʨʚʘʷ ʧʨʦʠʟʚʦʜʥʘʷ ʩʠʛʥʘʣʘ ʧʦʛʣʦʱʝʥʠʷ) ʚ 

ʦʙʣʘʩʪʠ ʧʝʨʝʭʦʜʦʚ 2/12/1 +ª-  ʦʪʧʦʣʷʨʥʦʛʦ ʫʛʣʘ q ʧʦʣʷʨʠʟʫʶʱʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʧʣʦʩʢʦʩʪʠ zy ʧʨʠ 300K ʠ z||ʉ3 

 

ʵʢʚʠʚʘʣʝʥʪʥʳʭ, ʥʦ ʨʘʟʣʠʯʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʮʝʥʪʨʦʚ 

ʚʳʨʦʞʜʘʶʪʩʷ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚʦʟʥʠʢʘʝʪ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ 

ʘʥʦʤʘʣʴʥʳʡ ʚʠʜ ʩʧʝʢʪʨʘ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʦʙʫʩʣʦʚʣʝʥ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʠʤʝʶʱʠʭʩʷ ʨʝʟʦʥʘʥʩʦʚ. ʇʦʩʢʦʣʴʢʫ 

ʦʙʩʫʞʜʘʝʤʳʝ ʨʝʟʦʥʘʥʩʳ ʧʨʠʥʘʜʣʝʞʘʪ ʨʘʟʣʠʯʥʳʤ ʮʝʥʪʨʘʤ, ʪʦ 

ʵʪʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʦʞʝʪ ʙʳʪʴ ʢʨʦʩʩ-ʨʝʣʘʢʩʘʮʠʦʥʥʘʷ 

ʧʝʨʝʜʘʯʘ ʚʦʟʙʫʞʜʝʥʠʷ, ʘ ʥʝ ʩʧʠʥ-ʨʝʰʝʪʦʯʥʘʷ ʨʝʣʘʢʩʘʮʠʷ, ʢʘʢ ʚ 

ʩʣʫʯʘʝ ʩʦʚʧʘʜʝʥʠʷ ʧʝʨʝʭʦʜʦʚ 2/32/1 °ª° . 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʦʪ 

ʧʦʣʷʨʥʦʛʦ ʫʛʣʘ q ʚʠʜʘ ʕʇʈ 

ʩʧʝʢʪʨʘ ʚ ʨʘʡʦʥʝ ʧʝʨʝʩʝʯʝʥʠʷ 

ʧʝʨʝʭʦʜʦʚ 
2/32/1 °ª°  ʧʨʠ 300K. 

ʉʠʛʥʘʣʳ ʧʝʨʝʭʦʜʦʚ 

2/32/1 -ª-  ʥʝ ʥʘʙʣʶʜʘʝʤʳ 

ʠʟ-ʟʘ ʜʦʤʠʥʠʨʫʶʱʠʭ ʧʦ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʠʛʥʘʣʦʚ 

2/12/1 +ª-  
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ʈʠʩ. 3. ʕʇʈ ʩʧʝʢʪʨ ʚ ʨʘʡʦʥʝ 

ʧʝʨʝʭʦʜʦʚ 

2/12/1 +ª-  ʧʨʠ 300K ʠ q = 1̄ . 

a ï ʵʢʩʧʝʨʠʤʝʥʪ, b ï ʨʘʩʯʝʪ ʙʝʟ 

ʫʯʝʪʘ ʢʨʦʩʩ-ʨʝʣʘʢʩʘʮʠʠ, c - 

ʩʠʤʫʣʷʮʠʷ ʩ ʫʯʝʪʦʤ 

ʢʨʦʩʩ-ʨʝʣʘʢʩʘʮʠʠ. ʂʘʞʜʳʡ ʕʇʈ 

ʩʠʛʥʘʣ ʬʦʨʤʠʨʫʝʪʩʷ 13 

ʩʧʠʥʦʚʳʤʠ ʧʘʢʝʪʘʤʠ ʩ 

ʠʥʪʝʥʩʠʚʥʦʩʪʷʤʠ,  

ʦʧʨʝʜʝʣʷʝʤʳʤʠ ʬʫʥʢʮʠʝʡ 

ɻʘʫʩʩʘ. ʌʦʨʤʘ ʩʧʠʥʦʚʦʛʦ ʧʘʢʝʪʘ 

ï ʣʦʨʝʥʮʠʘʥ 

 

 

 ʅʘʤʠ ʧʨʝʜʧʨʠʥʷʪʘ ʧʦʧʳʪʢʘ ʦʧʠʩʘʥʠʷ ʥʘʙʣʶʜʘʝʤʦʛʦ ʩʧʝʢʪʨʘ 

ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʤʝʞʜʫ ʧʝʨʝʭʦʜʘʤʠ 2/12/1 +ª-  

ʯʝʪʳʨʝʭ ʮʝʥʪʨʦʚ Gd-Si ʢʨʦʩʩ-ʨʝʣʘʢʩʘʮʠʠ. ʈʘʩʯʸʪ ʧʨʦʠʟʚʦʜʠʣʩʷ 

ʧʨʠ ʧʦʤʦʱʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ LabView 8.6. ɺ 

ʧʨʦʮʝʜʫʨʝ ʢʦʤʧʴʶʪʝʨʥʦʡ ʩʠʤʫʣʷʮʠʠ ʩʧʝʢʪʨʘ  ʠʩʧʦʣʴʟʦʚʘʣʩ ̫

ʧʦʜʭʦʜ [6, 7] ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʧʝʢʪʨʘ ʩʧʠʥʦʚʦʡ ʩʠʩʪʝʤʳ, ʠʤʝʶʱʝʡ 

ʥʝʩʢʦʣʴʢʦ ʙʣʠʟʢʠʭ ʨʝʟʦʥʘʥʩʦʚ ʠ ʩʦʚʝʨʰʘʶʱʝʡ ʧʝʨʝʭʦʜʳ ʤʝʞʜʫ 

ʥʠʤʠ. 

ʈʝʟʫʣʴʪʘʪʳ ʩʠʤʫʣʷʮʠʠ ʩʧʝʢʪʨʘ ʩ ʫʯʝʪʦʤ ʧʘʨʥʦʛʦ ʢʨʦʩʩ-

ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʩʧʠʥʦʚʳʤʠ ʧʘʢʝʪʘʤʠ 12 

ʧʝʨʝʭʦʜʦʚ 2/12/1 +ª- , ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʯʝʪʳʨʝʤ ʪʨʠʢʣʠʥʥʳʤ 

ʮʝʥʪʨʘʤ Gd
3+

-Si, ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ 3-4. 

ʈʠʩ. 4. ʌʦʨʤʘ ʕʇʈ ʩʧʝʢʪʨʘ ʚ 

ʨʘʡʦʥʝ ʧʝʨʝʭʦʜʦʚ 2/12/1 +ª-  

(300K, q = 10̄ ).  a ï ʢɻʩʧʝʨʠʤʝʥʪ, 

b ï ʢʦʤʧʴʶʪʝʨʥʘʷ ʩʠʤʫʣʷʮʠʷ ʩ 

ʫʩʣʦʚʠʷʤʠ ʨʠʩ. 3 
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ʉʠʤʫʣʷʮʠʷ ʩʧʝʢʪʨʘ ʟʘʪʨʫʜʥʝʥʘ ʦʪʩʫʪʩʪʚʠʝʤ ʥʘʜʝʞʥʦʡ 

ʠʥʬʦʨʤʘʮʠʠ ʦʙ ʠʩʭʦʜʥʳʭ ʧʦʣʦʞʝʥʠʷʭ ʕʇʈ ʩʠʛʥʘʣʦʚ ʠ ʩʣʠʰʢʦʤ 

ʙʦʣʴʰʠʤ ʚʨʝʤʝʥʝʤ ʨʘʙʦʪʳ ʧʨʦʛʨʘʤʤʳ ʚ ʩʣʫʯʘʝ ʚʚʝʜʝʥʠʷ ʧʨʠ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʕʇʈ ʩʠʛʥʘʣʦʚ ʙʦʣʴʰʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʩʧʠʥʦʚʳʭ 

ʧʘʢʝʪʦʚ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʥʘ ʥʘʰ ʚʟʛʣʷʜ, 

ʷʚʣʷʶʪʩʷ ʚʝʩʦʤʳʤ ʘʨʛʫʤʝʥʪʦʤ ʚ ʧʦʣʴʟʫ ʥʘʙʣʶʜʝʥʠʷ ʚ  

Pb5(Ge1-ʭSiʭ)3O11 ʢʨʦʩʩ-ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʵʬʬʝʢʪʦʚ.  

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʦʤ ʢʦʥʢʫʨʩʘ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ 

ʋʨʘʣʴʩʢʦʛʦ ʬʝʜʝʨʘʣʴʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ. 
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ɺ PbWO4:Mn  
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ʄʦʥʦʢʨʠʩʪʘʣʣʳ ʚʦʣʴʬʨʘʤʘʪʘ ʩʚʠʥʮʘ ʠʟʚʝʩʪʥʳ ʢʘʢ 

ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʠʝ ʩʮʠʥʪʠʣʣʷʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʫʩʧʝʰʥʦ 

ʧʨʠʤʝʥʷʝʤʳʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩʦʚʨʝʤʝʥʥʦʡ ʬʠʟʠʢʠ ʚʳʩʦʢʠʭ 

ʵʥʝʨʛʠʡ [1-4]. ɺ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʘʭ PbWO4 ʥʘʨʷʜʫ ʩ 

ʠʥʪʝʥʩʠʚʥʳʤ ʪʝʪʨʘʛʦʥʘʣʴʥʳʤ ʮʝʥʪʨʦʤ Mn
2+

 [5, 6] ʥʘʤʠ 

ʦʙʥʘʨʫʞʝʥʳ ʦʯʝʥʴ ʩʣʘʙʳʝ ʩʧʝʢʪʨʳ ʪʨʝʭ ʮʝʥʪʨʦʚ (a, b, c), 

ʧʦʢʘʟʘʥʥʳʝ ʥʘ ʬʨʘʛʤʝʥʪʝ ʕʇʈ ʩʧʝʢʪʨʘ (ʨʠʩ. 1), ʧʦʣʫʯʝʥʥʦʤ ʥʘ 

ʩʧʝʢʪʨʦʤʝʪʨʝ EMX Plus (Bruker) ʧʨʠ ɺ||c||S4 (ɺ ï ʠʥʜʫʢʮʠʷ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ) ʠ 100K ʥʘ ʯʘʩʪʦʪʝ 9423MHz. 

 
ʈʠʩ. 1. ʉʧʝʢʪʨ ʕʇʈ (ʧʨʦʠʟʚʦʜʥʘʷ ʩʠʛʥʘʣʦʚ ʧʦʛʣʦʱʝʥʠʷ) PbWO4: Mn ʧʨʠ ɺ||S4 ʠ 100K. 

ʀʥʪʝʥʩʠʚʥʳʝ ʩʠʛʥʘʣʳ ʚ ʜʠʘʧʘʟʦʥʝ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ (284õ386)mT ʧʨʠʥʘʜʣʝʞʘʪ 

ʧʝʨʝʭʦʜʘʤ (|DM|=1) ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ ʮʝʥʪʨʘ Mn
2+
, ʣʦʢʘʣʠʟʦʚʘʥʥʦʛʦ ʚ ʧʦʟʠʮʠʠ Pb

2+ 
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ʉʝʢʩʪʝʪ a (ʨʠʩ. 1) ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʝʛʦ ʭʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʷʚʣʷʝʪʩʷ 

ʨʘʩʱʝʧʣʝʥʠʝ ʚʩʝʭ ʩʠʛʥʘʣʦʚ ʧʨʠ ʫʭʦʜʝ ʦʪ ɺ||S4 ʥʘ ʯʝʪʳʨʝ 

ʢʦʤʧʦʥʝʥʪʳ (ʨʠʩ. 2). ʌʘʢʪ ʩʣʠʷʥʠʷ ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʦʤ ʢʨʠʩʪʘʣʣʝ 

I41/a ( 6

4hC ) ʧʨʠ ɺ||S4 ʯʝʪʳʨʝʭ ʕʇʈ ʩʧʝʢʪʨʦʚ ʦʜʥʦʟʥʘʯʥʦ ʛʦʚʦʨʠʪ ʦ 

ʪʦʤ, ʯʪʦ ʩʠʤʤʝʪʨʠʷ ʵʪʠʭ ʮʝʥʪʨʦʚ ʉ1. ʊʘʢʦʛʦ ʪʠʧʘ ʮʝʥʪʨʳ ʚ 

ʜʘʥʥʦʤ ʢʨʠʩʪʘʣʣʝ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʤʧʝʥʩʘʮʠʠ 

ʠʟʙʳʪʦʯʥʦʛʦ ʟʘʨʷʜʘ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʠʦʥʘ ʟʘʨʷʞʝʥʥʳʤ ʜʝʬʝʢʪʦʤ, 

ʣʦʢʘʣʠʟʦʚʘʥʥʳʤ ʚ ʙʣʠʟʢʦʡ ʧʦʟʠʮʠʠ. 

 
ʈʠʩ. 2. ʈʘʩʱʝʧʣʝʥʠʝ ʩʧʝʢʪʨʘ a ʧʨʠ ʫʭʦʜʝ ʦʪ ʦʨʠʝʥʪʘʮʠʠ ɺ||S4 ʚ ʨʘʟʣʠʯʥʳʭ ʧʣʦʩʢʦʩʪʷʭ 

ʧʨʠ T =100K. a ï ʩʧʝʢʪʨ ʧʨʠ ɺ||S4, b ï ʩʧʝʢʪʨ ʧʨʠ q = 6̄ , j = 40̄ ,  c ïʩʧʝʢʪʨ ʧʨʠ q = 5.5̄ , 

j = 0̄ . ʆʩʠ ʩʬʝʨʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʩʦʚʧʘʜʘʶʪ ʩ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤʠ 

ʦʩʷʤʠ. ʉʪʨʝʣʢʘʤʠ ʧʦʢʘʟʘʥʳ ʩʠʛʥʘʣʳ, ʥʝ ʦʪʥʦʩʷʱʠʝʩʷ ʢ a-ʮʝʥʪʨʫ 

 

ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʚʝʣʠʯʠʥʝ ʩʚʝʨʭʪʦʥʢʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ,  ʘ 

ʪʘʢʞʝ ʥʘ ʭʘʨʘʢʪʝʨʝ ʨʘʩʱʝʧʣʝʥʠʷ ʩʝʢʩʪʝʪʘ ʧʨʠ ʫʭʦʜʝ ʦʪ ɺ||S4 ʚ 

ʨʘʟʣʠʯʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ (ʨʠʩ. 2) ʩʜʝʣʘʥ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʮʝʥʪʨ a 

ʦʙʫʩʣʦʚʣʝʥ ʠʦʥʘʤʠ Mn
4+

 (S=3/2, I=5/2), ʟʘʤʝʩʪʠʚʰʠʤʠ ʠʦʥʳ W
6+

 

ʠ ʠʤʝʶʱʠʤʠ ʚ ʙʣʠʞʘʡʰʝʤ ʦʢʨʫʞʝʥʠʠ ʚʘʢʘʥʩʠʶ ʢʠʩʣʦʨʦʜʘ. 

ʉʧʝʢʪʨ ʮʝʥʪʨʘ c ʚ PbWO4 ʧʨʝʜʩʪʘʚʣʝʥ ʜʚʫʤʷ ʥʝʧʦʣʥʳʤʠ 

ʩʝʢʩʪʝʪʘʤʠ (ʧʦʤʝʯʝʥʳ ʥʘ ʨʠʩ.1 ʩʪʨʝʣʢʘʤʠ), ʢʦʤʧʦʥʝʥʪʳ ʢʦʪʦʨʳʭ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʵʢʩʪʨʝʤʫʤʳ ʨʝʟʦʥʘʥʩʥʳʭ ʧʦʣʦʞʝʥʠʡ ʧʨʠ ɺ||S4, ʠ, 
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ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʠʥʘʜʣʝʞʠʪ ʪʝʪʨʘʛʦʥʘʣʴʥʦʤʫ ʮʝʥʪʨʫ. 

ʂʦʤʧʴʶʪʝʨʥʘʷ ʦʧʪʠʤʠʟʘʮʠʷ ʧʘʨʘʤʝʪʨʦʚ ʩʧʠʥʦʚʦʛʦ 

ʛʘʤʠʣʴʪʦʥʠʘʥʘ ʮʝʥʪʨʘ c (ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ S=3/2) ʩ ʫʯʝʪʦʤ 

ʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʢʦʤʧʦʥʝʥʪ ʩʝʢʩʪʝʪʦʚ, ʦʪʥʝʩʝʥʥʳʭ ʢ 

ʵʣʝʢʪʨʦʥʥʳʤ ʧʝʨʝʭʦʜʘʤ °1/2 ª °3/2, ʧʨʠʚʝʣʘ ʢ ʚʝʣʠʯʠʥʘʤ: g = 

1.983(2), b20 = ï815(5)MHz, A = ï253(3)MHz (z||S4, ʊ = 100K, 

ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ 10 MHz). 

ʇʘʨʘʤʝʪʨ ʥʘʯʘʣʴʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ b20 c-ʮʝʥʪʨʘ ʚ 5.7 ʨʘʟʘ 

ʙʦʣʴʰʝ, ʯʝʤ ʫ ʦʩʥʦʚʥʦʛʦ ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ ʮʝʥʪʨʘ Mn
2+

 [5, 6]. 

ɹʣʠʟʦʩʪʴ ʵʪʦʡ ʚʝʣʠʯʠʥʳ ʢ ʦʪʥʦʰʝʥʠʶ ʧʘʨʘʤʝʪʨʦʚ 

b20(Mn
4+

)/b20(Mn
2+
) å 9 ʚ Al2O3 [7] ʠ b20(Mn

4+
)/b20(Mn

2+
) å 5.3 ʚ 

LaGaO3 [8, 9] ʜʣʷ ʠʦʥʦʚ ʤʘʨʛʘʥʮʘ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ 

ʧʦʟʠʮʠʠ ʢʨʠʩʪʘʣʣʘ, ʷʚʣʷʝʪʩʷ ʚʝʩʦʤʳʤ ʘʨʛʫʤʝʥʪʦʤ ʚ ʧʦʣʴʟʫ 

ʣʦʢʘʣʠʟʘʮʠʠ c-ʮʝʥʪʨʘ ï ʠʦʥʘ Mn
4+

 ʚ ʧʦʟʠʮʠʠ Pb
2+

 ʩ ʥʝʣʦʢʘʣʴʥʦʡ 

ʢʦʤʧʝʥʩʘʮʠʝʡ ʠʟʙʳʪʦʯʥʦʛʦ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʟʘʨʷʜʘ. 

 
ʈʠʩ. 3. ʆʨʠʝʥʪʘʮʠʦʥʥʦʝ ʧʦʚʝʜʝʥʠʝ ʧʦʣʦʞʝʥʠʡ ʩʠʛʥʘʣʦʚ ʩʧʝʢʪʨʘ b ʚ ʧʣʦʩʢʦʩʪʠ ca, 

ʪʦʯʢʠ ʠ ʢʚʘʜʨʘʪʳ ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʚ ʨʘʟʥʳʭ ʮʠʢʣʘʭ ʠʟʤʝʨʝʥʠʡ, ʢʨʠʚʳʝ 

ï ʨʘʩʯʝʪ 

 

ʉʠʛʥʘʣʳ ʕʇʈ ʪʠʧʘ b, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʧʨʠ ʛʝʣʠʝʚʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʙʣʠʟʢʫʶ ʩʫʧʝʨʩʚʝʨʭʪʦʥʢʫʶ ʩʪʨʫʢʪʫʨʫ, ʩʣʝʜʫʝʪ 
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ʦʪʥʝʩʪʠ ʢ ʧʝʨʝʭʦʜʘʤ ʦʜʥʦʛʦ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʮʝʥʪʨʘ. ʍʘʨʘʢʪʝʨʥʦʡ 

ʦʩʦʙʝʥʥʦʩʪʴʶ ʵʪʦʛʦ ʩʧʝʢʪʨʘ ʷʚʣʷʶʪʩʷ ʝʛʦ ʠʩʯʝʟʥʦʚʝʥʠʝ ʧʨʠ ʊ > 

130K ʠ ʨʘʩʱʝʧʣʝʥʠʝ ʝʛʦ ʩʠʛʥʘʣʦʚ ʧʨʠ ʫʭʦʜʝ ʦʪ ɺ||S4 ʥʘ ʯʝʪʳʨʝ 

ʢʦʤʧʦʥʝʥʪʳ.  

 
ʈʠʩ. 4. ʋʛʣʦʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʨʝʟʦʥʘʥʩʥʳʭ ʧʦʣʦʞʝʥʠʡ ʧʝʨʝʭʦʜʦʚ ʮʝʥʪʨʘ b ʚ  ʧʣʦʩʢʦʩʪʠ 

ab, ʪʦʯʢʠ ï ʵʢʩʧʝʨʠʤʝʥʪ, ʢʨʠʚʳʝ ï ʨʘʩʯʝʪ 

 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, b-ʮʝʥʪʨ, ʠʤʝʶʱʠʡ ʩʠʤʤʝʪʨʠʶ ʉ1, ʢʘʢ ʠ 

ʮʝʥʪʨ a, ʦʙʫʩʣʦʚʣʝʥ ʣʦʢʘʣʴʥʦʡ ʢʦʤʧʝʥʩʘʮʠʝʡ ʠʟʙʳʪʦʯʥʦʛʦ 

ʟʘʨʷʜʘ ʧʨʠʤʝʩʠ. ʋʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʟʦʥʘʥʩʥʳʭ ʧʦʣʦʞʝʥʠʡ 

ʧʝʨʝʭʦʜʦʚ ʮʝʥʪʨʘ b ʚ ʜʚʫʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʣʦʩʢʦʩʪʷʭ  

ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 3 ʠ 4. 

ʋʯʠʪʳʚʘʷ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʘʚʪʦʨʘʤʠ [10, 13] 

ʮʝʥʪʨʦʚ Fe
3+

 ʚ ʰʝʝʣʠʪʝ CaWO4 ʥʘʤʠ ʩʜʝʣʘʥ ʚʳʚʦʜ, ʯʪʦ b-ʮʝʥʪʨ ʚ 

ʚʦʣʴʬʨʘʤʘʪʝ ʩʚʠʥʮʘ ʦʙʫʩʣʦʚʣʝʥ ʠʦʥʘʤʠ Fe
3+

 (S = 5/2), 

ʣʦʢʘʣʠʟʦʚʘʥʥʳʤʠ ʚ ʧʦʟʠʮʠʠ ʩ ʩʠʤʤʝʪʨʠʝʡ ʉ1. ʂʨʠʚʳʝ ʥʘ ʨʠʩ. 4 ʠ 

5 ʧʨʝʜʩʪʘʚʣʷʶʪ ʨʘʩʯʝʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʝ ʩ 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʩʧʠʥʦʚʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ:  

g = 2, b20 = 21950, b21 = 93560 , b22 = 20400,  

c21 = -7180, c22 = -13510  

(ʧʘʨʘʤʝʪʨʳ bnm ʠ cnm ʚ ʦʧʨʝʜʝʣʝʥʠʠ [7] ʧʨʠʚʝʜʝʥʳ ʚ MHz, z||S4, 

ʭ||ʘ). ɼʦʙʘʚʣʝʥʠʝ ʚ ʛʘʤʠʣʴʪʦʥʠʘʥ ʯʣʝʥʦʚ ʯʝʪʚʝʨʪʦʛʦ ʨʘʥʛʘ 
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ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʝʪ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ. 

ɺʦʟʤʦʞʥʳ ʜʚʘ ʚʘʨʠʘʥʪʘ ʤʦʜʝʣʠ b-ʮʝʥʪʨʘ.  

1) Fe
3+

 ʟʘʤʝʱʘʝʪ ʠʦʥ Pb
2+
, ʘ ʢʦʤʧʝʥʩʘʮʠʷ ʟʘʨʷʜʘ ʧʨʦʠʩʭʦʜʠʪ ʟʘ 

ʩʯʝʪ ʦʙʨʘʟʦʚʘʥʠʷ ʚʘʢʘʥʩʠʠ ʠʦʥʘ ʩʚʠʥʮʘ VPb (R = 4.055¡, q = 42̄ , 

j = 0̄  ï ʢʦʦʨʜʠʥʘʪʳ ʠʦʥʘ Pb
2+

 ʠʟ ʙʣʠʞʘʡʰʝʛʦ ʩʚʠʥʮʦʚʦʛʦ 

ʪʝʪʨʘʵʜʨʘ). 2) Fe
3+
, ʣʦʢʘʣʠʟʦʚʘʥʥʳʡ ʚ ʧʦʟʠʮʠʠ W

6+
, ʘʩʩʦʮʠʠʨʦʚʘʥ 

ʩ ʚʘʢʘʥʩʠʝʡ ʠʦʥʘ ʢʠʩʣʦʨʦʜʘ VO (R = 1.775¡, q = 56.15̄ , j = 31̄  ï 

ʢʦʦʨʜʠʥʘʪʳ ʠʦʥʘ ʆ
2-

, ʚʭʦʜʷʱʝʛʦ ʚ ʙʣʠʞʘʡʰʠʡ ʢʠʩʣʦʨʦʜʥʳʡ 

ʪʝʪʨʘʵʜʨ).  

ʇʦʚʦʨʦʪ ʦʩʠ z ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ b-ʮʝʥʪʨʘ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʩ 

ʢʦʦʨʜʠʥʘʪʘʤʠ q = 32.8̄ , j = ï9.2̄  ʜʝʣʘʝʪ ʪʝʥʟʦʨ ʥʘʯʘʣʴʥʦʛʦ 

ʨʘʩʱʝʧʣʝʥʠʷ ʚʪʦʨʦʛʦ ʨʘʥʛʘ ʧʨʘʢʪʠʯʝʩʢʠ ʜʠʘʛʦʥʘʣʴʥʳʤ, ʘ 

ʚʝʣʠʯʠʥʘ ʧʘʨʘʤʝʪʨʘ b20 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʨʠ ʵʪʦʤ ʤʘʢʩʠʤʫʤ. 

ʋʢʘʟʘʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ, ʷʚʣʷʷʩʴ ʤʘʛʥʠʪʥʦʡ ʦʩʴʶ b-ʮʝʥʪʨʘ, 

ʩʢʦʨʝʝ ʚʩʝʛʦ, ʦʙʫʩʣʦʚʣʝʥʦ ʣʦʢʘʣʠʟʘʮʠʝʡ ʟʘʨʷʜʦ- 

ʢʦʤʧʝʥʩʠʨʫʶʱʝʛʦ ʜʝʬʝʢʪʘ. ʂʘʢ ʚʠʜʥʦ, ʵʪʦ ʥʘʧʨʘʚʣʝʥʠʝ ʟʘʤʝʪʥʦ 

ʣʫʯʰʝ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʦʩʠ  ʜʠʤʝʨʘ ʚ ʧʝʨʚʦʤ ʚʘʨʠʘʥʪʝ 

ʤʦʜʝʣʠ b-ʮʝʥʪʨʘ, ʪʦ ʝʩʪʴ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʧʦʟʠʮʠʷ Pb
2+

 - ʚʘʢʘʥʩʠʷ 

ʠʦʥʘ Pb
2+

. 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʄʠʥʠʩʪʝʨʩʪʚʦʤ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ 

ʈʦʩʩʠʠ ʧʦ ʢʦʥʪʨʘʢʪʘʤ ˉ 14.740.11.0048 ʠ ˉ 16.513.12.3007; 

ʧʨʦʛʨʘʤʤʘʤʠ ʈɸʅ "ʉʧʠʥʦʚʳʝ ʷʚʣʝʥʠʷ ʚ ʪʚʝʨʜʦʪʝʣʴʥʳʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨʘʭ ʠ ʩʧʠʥʪʨʦʥʠʢʘ", "ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʦʩʥʦʚʳ 

ʪʝʭʥʦʣʦʛʠʡ ʥʘʥʦʩʪʨʫʢʪʫʨ ʠ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ". 
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 ɼʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʦʣʴʬʨʘʤʘʪʘ ʩʚʠʥʮʘ (PbWO4) ʚ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʷʭ ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʥʠʝ ʧʨʠʨʦʜʳ ʠ 

ʩʪʨʫʢʪʫʨʳ ʜʝʬʝʢʪʦʚ, ʘ ʪʘʢʞʝ ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʧʨʠʤʝʩʝʡ. 

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ  ʕʇʈ ʧʘʨʘʤʘʛʥʠʪʥʳʭ 

ʮʝʥʪʨʦʚ ʠʦʥʦʚ Bi
2+
, ʦʙʥʘʨʫʞʝʥʥʳʭ ʚ PbWO4 ʚʧʝʨʚʳʝ. 

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ X-ʜʠʘʧʘʟʦʥʘ EMX Plus (Bruker) ʚ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ (100·170)K. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ  

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʢʨʠʩʪʘʣʣʳ ʚʦʣʴʬʨʘʤʘʪʘ ʩʚʠʥʮʘ ʩ ʤʘʨʛʘʥʮʝʤ (ʧʨʠ 

ʚʳʨʘʱʠʚʘʥʠʠ ʢʨʦʤʝ ʤʘʨʛʘʥʮʘ ʚʚʦʜʠʣʠʩʴ ʥʝʙʦʣʴʰʠʝ ʜʦʙʘʚʢʠ 

ʦʣʦʚʘ ʠ ʚʠʩʤʫʪʘ), ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 

(4·300)ʂ ʠʥʪʝʥʩʠʚʥʳʡ ʕʇʈ ʩʧʝʢʪʨ ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ ʮʝʥʪʨʘ ʠʦʥʘ 

Mn
2+

[1-2]. 

 ʆʙʣʫʯʝʥʠʝ ʦʙʨʘʟʮʦʚ ʩʚʝʪʦʤ  ʢʩʝʥʦʥʦʚʦʡ ʠʣʠ ʨʪʫʪʥʦʡ ʣʘʤʧ 

ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʥʦʚʦʛʦ ʕʇʈ ʩʧʝʢʪʨʘ, ʧʦʢʘʟʘʥʥʦʛʦ ʥʘ 

ʨʠʩ.1. ʂʘʢ ʚʠʜʥʦ, ʥʘ ʨʠʩʫʥʢʝ ʜʦʤʠʥʠʨʫʝʪ ʩʧʝʢʪʨ ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ 

ʮʝʥʪʨʘ Mn
2+
, ʧʠʢʦʚʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʪʦʨʦʛʦ ʙʦʣʝʝ ʯʝʤ ʥʘ ʪʨʠ 

ʧʦʨʷʜʢʘ ʧʨʝʚʳʰʘʝʪ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʥʦʚʦʛʦ ʩʧʝʢʪʨʘ. ʅʘʙʣʶʜʘʝʤʳʡ 

ʜʝʩʷʪʠ ʢʦʤʧʦʥʝʥʪʥʳʡ ʩʧʝʢʪʨ, ʦʯʝʚʠʜʥʦ, ʦʙʫʩʣʦʚʣʝʥ ʩʚʝʨʭʪʦʥʢʠʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʮʝʥʪʨʘ ʩ ʩʦʙʩʪʚʝʥʥʳʤ ʷʜʝʨʥʳʤ 

ʩʧʠʥʦʤ ʨʘʚʥʳʤ 9/2. ʈʦʩʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʦʚʦʛʦ ʩʧʝʢʪʨʘ ʧʨʠ 

ʦʙʣʫʯʝʥʠʠ ʧʨʦʠʩʭʦʜʠʪ ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥʫʪ. ɿʘʤʝʪʥʦʝ ʫʤʝʥʴʰʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʧʝʢʪʨʘ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʦʙʨʘʟʮʘ ʜʦ 

170K. ɼʨʫʛʠʭ ʠʟʤʝʥʝʥʠʡ ʚ ʩʧʝʢʪʨʝ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʠ ʧʦʚʳʰʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʥʝ ʟʘʤʝʯʝʥʦ. 
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ʈʠʩ. 1. ʌʨʘʛʤʝʥʪ ʕʇʈ ʩʧʝʢʪʨʘ PbWO4:Mn ʧʨʠ 110K. ɺ ʮʝʥʪʨʝ ʥʘʙʣʶʜʘʶʪʩʷ 

ʠʥʪʝʥʩʠʚʥʳʝ ʩʠʛʥʘʣʳ ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ ʮʝʥʪʨʘ Mn
2+
. ʆʪʣʠʯʠʝ ʦʨʠʝʥʪʘʮʠʠ ʦʪ ɺ||S4 (B ï 

ʠʥʜʫʢʮʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ) ʤʝʥʴʰʝ 0.5.̄ 1 ï ʜʦ ʦʙʣʫʯʝʥʠʷ, 2 -  ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ.  

ʉʪʨʝʣʢʘʤʠ ʧʦʢʘʟʘʥʳ ʧʦʣʦʞʝʥʠʷ ʜʝʩʷʪʠ ʩʚʝʨʭʪʦʥʢʠʭ ʢʦʤʧʦʥʝʥʪ ʠʦʥʦʚ Bi
2+

 

 

ʆʨʠʝʥʪʘʮʠʦʥʥʦʝ ʧʦʚʝʜʝʥʠʝ ʧʦʣʦʞʝʥʠʡ ʢʦʤʧʦʥʝʥʪ 

ʩʚʝʨʭʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ (ʉʊʉ) ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩ. 2. ʊʘʤ ʞʝ 

ʧʨʠʚʝʜʝʥʳ ʨʘʩʯʝʪʥʳʝ ʫʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ 

ʦʩʥʦʚʝ ʘʢʩʠʘʣʴʥʦʛʦ ʩʧʠʥʦʚʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ (ʵʣʝʢʪʨʦʥʥʳʡ ʩʧʠʥ 

S = 1/2, ʷʜʝʨʥʳʡ ʩʧʠʥ I = 9/2, z||S4)  

)ISI(SAISA)SBSɓ(BgSɓBg
yyxxzz||yyxxzz||

+++++=
^^sp

H ,  

ʛʜʝ g ï ʵʣʝʢʪʨʦʥʥʳʡ g-ʬʘʢʪʦʨ, b - ʤʘʛʥʝʪʦʥ ɹʦʨʘ, Bx, By, Bz ï 

ʢʦʤʧʦʥʝʥʪʳ ʠʥʜʫʢʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, Sx, Sy, Sz, Ix, Iy, Iz - 

ʦʧʝʨʘʪʦʨʳ ʧʨʦʝʢʮʠʡ ʵʣʝʢʪʨʦʥʥʦʛʦ ʠ ʷʜʝʨʥʦʛʦ ʩʧʠʥʦʚ. ʇʘʨʘʤʝʪʨʳ 

ʩʧʠʥʦʚʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ ʦʧʨʝʜʝʣʝʥʳ ʚ ʧʨʦʮʝʜʫʨʝ ʤʠʥʠʤʠʟʘʮʠʠ 

ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʨʘʩʯʝʪʥʳʭ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʯʘʩʪʦʪ. ɺʝʣʠʯʠʥʳ ʧʘʨʘʤʝʪʨʦʚ ʩʣʝʜʫʶʱʠʝ:  

g||    = 1.740(2),   |A|||  = 857(6)MHz = 35.2mT, 

g  ̂  = 1.923(2),   |A |̂ = 382(4)MHz = 14.2mT. 
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ʈʠʩ. 2. ʆʨʠʝʥʪʘʮʠʦʥʥʦʝ ʧʦʚʝʜʝʥʠʝ ʧʦʣʦʞʝʥʠʡ ʧʝʨʝʭʦʜʦʚ ʩʧʝʢʪʨʘ Bi

2+
 ʚ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʧʣʦʩʢʦʩʪʠ ʩa ʧʨʠ 110K ʥʘ ʯʘʩʪʦʪʝ 9423MHz 

 

ʉʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ 85 ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʦʥʘʥʩʥʳʭ ʯʘʩʪʦʪ ʩʦʩʪʘʚʣʷʝʪ 15 MHz. 

ɺʣʠʷʥʠʷ ʷʜʝʨʥʦʛʦ ʟʝʝʤʘʥʦʚʩʢʦʛʦ ʠ ʢʚʘʜʨʫʧʦʣʴʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʥʘ ʦʨʠʝʥʪʘʮʠʦʥʥʦʝ ʧʦʚʝʜʝʥʠʝ ʩʧʝʢʪʨʘ ʥʝ 

ʟʘʤʝʯʝʥʦ. 

ɺʚʦʜʠʤʳʝ ʚ ʢʨʠʩʪʘʣʣ ʠʦʥʳ ʚʠʩʤʫʪʘ Bi
3+

 (ʩʦʩʪʦʷʥʠʝ 6s
2
) 

ʠʤʝʶʪ ʚ ʚʦʩʴʤʠʢʨʘʪʥʦʤ ʦʢʨʫʞʝʥʠʠ ʠʦʥʥʳʡ ʨʘʜʠʫʩ Ri = 1.17¡ ʠ, 

ʩʢʦʨʝʝ ʚʩʝʛʦ, ʟʘʤʝʱʘʶʪ ʠʦʥʳ Pb
2+

 (Ri = 1.29¡, ʣʦʢʘʣʴʥʘʷ 

ʩʠʤʤʝʪʨʠʷ ïS4). ɺ ʩʣʫʯʘʝ ʟʘʭʚʘʪʘ ʠʦʥʘʤʠ ʚʠʩʤʫʪʘ ʵʣʝʢʪʨʦʥʦʚ, 

ʛʝʥʝʨʠʨʫʝʤʳʭ ʦʙʣʫʯʝʥʠʝʤ, ʚ ʢʨʠʩʪʘʣʣʝ ʤʦʛʫʪ ʧʦʷʚʣʷʪʴʩʷ ʠʦʥʳ 

Bi
2+

. ʅʘʣʠʯʠʝ ʚ PbWO4 ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʠʦʥʦʚ ʥʠʦʙʠʷ ʠ ʠʥʜʠʷ, 

ʪʘʢʞʝ ʠʤʝʶʱʠʭ I = 9/2 ʠ ʚʳʩʦʢʫʶ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴ, 

ʩʦʚʝʨʰʝʥʥʦ ʥʝʚʝʨʦʷʪʥʦ. ʋʯʠʪʳʚʘʷ ʵʪʠ ʬʘʢʪʳ, ʥʘʤʠ ʙʳʣ ʩʜʝʣʘʥ 

ʚʳʚʦʜ ʦ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʩʧʝʢʪʨʘ, ʚʦʟʥʠʢʘʶʱʝʛʦ ʧʨʠ ʦʙʣʫʯʝʥʠʠ, 

ʠʦʥʫ Bi
2+

 ʚ ʧʦʟʠʮʠʠ Pb
2+
. ɿʘʤʝʱʝʥʠʝ ʧʦʟʠʮʠʠ ʠʦʥʘ W

6+
 ʩ Ri = 

0.42¡, ʪʦʞʝ ʠʤʝʶʱʝʡ ʩʠʤʤʝʪʨʠʶ S4, ʢʨʘʡʥʝ ʤʘʣʦʚʝʨʦʷʪʥʦ. 

ɺʩʝ ʢʦʤʧʦʥʝʥʪʳ ʉʊʉ ʩʧʝʢʪʨʘ Bi
2+

 ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

ʩʫʧʝʨʩʚʝʨʭʪʦʥʢʫʶ ʩʪʨʫʢʪʫʨʫ (ʉʉʊʉ) (ʨʠʩ. 3), ʤʝʥʷʶʱʫʶ ʩʚʦʡ 

ʚʠʜ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʦʨʠʝʥʪʘʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ.  

ʌʦʨʤʠʨʦʚʘʥʠʝ ʵʪʦʡ ʩʪʨʫʢʪʫʨʳ ʚʦʟʤʦʞʥʦ ʟʘ ʩʯʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʣʠʙʦ ʩ ʷʜʨʘʤʠ 
207

Pb (I = 1/2, ʝʩʪʝʩʪʚʝʥʥʘʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴ ï 
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22.1%) ʠʟ ʙʣʠʞʘʡʰʝʛʦ ʩʚʠʥʮʦʚʦʛʦ ʪʝʪʨʘʵʜʨʘ (R = 4.055¡, 

ʧʦʣʷʨʥʳʡ ʫʛʦʣ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ 

ʢʦʦʨʜʠʥʘʪ q = 42.2̄ ), ʣʠʙʦ ʩ ʷʜʨʘʤʠ 
183

W (I = 1/2, ʝʩʪʝʩʪʚʝʥʥʘʷ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴ ï 14.3%), ʚʭʦʜʷʱʠʤʠ ʚ ʦʢʨʫʞʘʶʱʠʡ  

ʚʦʣʴʬʨʘʤʦʚʳʡ ʢʚʘʜʨʘʪ ʩ q = 90̄  ʠ R = 3.852¡. ʂʘʢ ʚʠʜʥʦ (ʨʠʩ. 3) 

ʩʠʤʫʣʷʮʠʷ ʉʉʊʉ ʧʨʠ ɺ||S4, ʫʯʠʪʳʚʘʶʱʘʷ ʝʩʪʝʩʪʚʝʥʥʫʶ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴ ʠʟʦʪʦʧʦʚ, ʧʦʢʘʟʘʣʘ ʩʫʱʝʩʪʚʝʥʥʦ ʣʫʯʰʝʝ 

ʩʦʛʣʘʩʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʤʦʜʝʣʠ ʩʫʧʝʨʩʚʝʨʭʪʦʥʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʷʜʨʘʤʠ 
207

Pb (ʵʬʬʝʢʪʠʚʥʳʡ ʧʘʨʘʤʝʪʨ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ å0.68mT).  

 
ʈʠʩ. 3. ʉʫʧʝʨʩʚʝʨʭʪʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ ʥʠʟʢʦʧʦʣʝʚʦʡ ʢʦʤʧʦʥʝʥʪʳ ʕʇʈ ʩʧʝʢʪʨʘ ʠʦʥʘ Bi

2+
 

ʧʨʠ ɺ||S4 ʠ 110K.  1 - ʵʢʩʧʝʨʠʤʝʥʪ, 2 ï ʩʠʤʫʣʷʮʠʷ ʩʪʨʫʢʪʫʨʳ ʟʘ ʩʯʝʪ  ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ 

ʯʝʪʳʨʴʤʷ  ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ ʷʜʨʘʤʠ ʩʚʠʥʮʘ,  3 - ʩʠʤʫʣʷʮʠʷ ʩʪʨʫʢʪʫʨʳ ʟʘ ʩʯʝʪ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʯʝʪʳʨʴʤʷ ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ ʷʜʨʘʤʠ ʚʦʣʴʬʨʘʤʘ 

 

ʉʯʠʪʘʷ, ʯʪʦ ʦʩʴ ʩʚʷʟʠ Bi
2+ 

- 
207

Pb ʩʦʩʪʘʚʣʷʝʪ ʩ S4 ʫʛʦʣ º 42̄  ʠ 

ʵʣʝʢʪʨʦʥʥʦ-ʷʜʝʨʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ ʣʦʢʘʣʴʥʦʡ ʩʠʩʪʝʤʝ 

ʢʦʦʨʜʠʥʘʪ (zloc|| ʦʩʠ ʩʚʷʟʠ Bi
2+

 - 
207

Pb) ʷʚʣʷʝʪʩʷ ʘʢʩʠʘʣʴʥʳʤ, ʘ 

ʪʘʢʞʝ ʧʨʝʥʝʙʨʝʛʘʷ ʘʥʠʟʦʪʨʦʧʠʝʡ g ï ʬʘʢʪʦʨʘ, ʧʦʣʫʯʝʥʳ 

ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ ʉʉʊɺ: 

|ʘ||| = 0.93(7)mT,  |ʘ|̂ = 0.35(5)mT.     (3) 

ʇʨʠ ʩʠʤʫʣʷʮʠʠ ʚʠʜʦʚ ʉʉʊʉ ʝʩʪʝʩʪʚʝʥʥʦ ʩʯʠʪʘʣʦʩʴ, ʯʪʦ ʧʨʠ 

ɺ||S4 ʯʝʪʳʨʝ ʷʜʨʘ ʩʚʠʥʮʘ ʵʢʚʠʚʘʣʝʥʪʥʳ (qloc º 42̄ ), ʧʨʠ q = 90̄  

ʠʤʝʝʪʩʷ ʜʚʝ ʧʘʨʳ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʷʜʝʨ (qloc º 48̄  ʠ qloc º 90̄ ), ʧʨʠ 
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q = 42̄  ʜʣʷ ʦʜʥʦʛʦ ʷʜʨʘ qloc º 0 ,̄ ʜʣʷ ʚʪʦʨʦʛʦ qloc º 84̄ , ʜʣʷ ʜʚʫʭ 

ʦʩʪʘʚʰʠʭʩʷ qloc º 123̄ . ʇʨʠ ʵʪʦʤ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʬʦʨʤʘ ʣʠʥʠʠ, 

ʧʨʦʤʝʞʫʪʦʯʥʘʷ ʤʝʞʜʫ ʛʘʫʩʩʠʘʥʦʤ ʠ ʣʦʨʝʥʮʠʘʥʦʤ, ʩ ʰʠʨʠʥʦʡ 

0.2·0.25mT. 

 

ʃʠʪʝʨʘʪʫʨʘ  

1. S.V. Nistor, M. Stefan, E. Goovaerts, M. Nikl , P. Bohacek. 

Radiat. Meas. 38, 655 (2004). 

2. M. Stefan, S.V. Nistor, E. Goovaerts, M. Nikl , P. Bohacek. J. 

Phys.: Cond. Mat. 17, 719 (2005). 
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ʃʆʂɸʃʔʅʆ ʂʆʄʇɽʅʉʀʈʆɺɸʅʅʓɽ ʊʈʀʂʃʀʅʅʓɽ 

ʎɽʅʊʈʓ Fe
3+

 ɺ ɻɽʈʄɸʅɸʊɽ ʉɺʀʅʎɸ 

 
ɺʘʞʝʥʠʥ ɺ.ɸ., ʇʦʪʘʧʦʚ ɸ.ʇ., ʌʦʢʠʥ ɸ.ɺ., ɸʨʪʸʤʦʚ ʄ.ʖ. 

 

ʅʀʀ ʬʠʟʠʢʠ ʠ ʧʨʠʢʣʘʜʥʦʡ ʤʘʪʝʤʘʪʠʢʠ ʋʨʘʣʴʩʢʦʛʦ ʬʝʜʝʨʘʣʴʥʦʛʦ 

ʫʥʠʚʝʨʩʠʪʝʪʘ,  620002, ɽʢʘʪʝʨʠʥʙʫʨʛ, ʫʣ. ʄʠʨʘ, 19 

e-mail: alexander.potapov@usu.ru 

 

ʊʨʠʛʦʥʘʣʴʥʳʡ ʮʝʥʪʨ Fe
3+

 (S=5/2) ʚ ʦʜʥʦʦʩʥʦʤ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʝ Pb5Ge3O11  ʙʳʣ ʠʩʩʣʝʜʦʚʘʥ ʘʚʪʦʨʘʤʠ [1], 

ʢʦʪʦʨʳʝ ʧʨʠʰʣʠ ʢ ʚʳʚʦʜʫ, ʯʪʦ ʦʥ ʦʙʫʩʣʦʚʣʝʥ ʦʪʜʝʣʴʥʳʤ ʠʦʥʦʤ 

Fe
3+
, ʣʦʢʘʣʠʟʦʚʘʥʥʳʤ ʚ ʧʦʟʠʮʠʠ Pb7[2], ʘ ʢʦʤʧʝʥʩʘʮʠʷ 

ʠʟʙʳʪʦʯʥʦʛʦ ʟʘʨʷʜʘ ʠʦʥʘ ʞʝʣʝʟʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʝʣʦʢʘʣʴʥʦ. 

 ʀʟʤʝʨʝʥʥʳʝ ʥʘʤʠ ʧʦʣʷʨʥʳʝ ʫʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʨʝʟʦʥʘʥʩʥʳʭ ʧʦʣʦʞʝʥʠʡ ʜʚʫʭ ʨʘʟʨʝʰʝʥʥʳʭ ʠ ʧʷʪʠ ʟʘʧʨʝʱʝʥʥʳʭ 

ʧʨʠ B||C3 (ɺ ï ʠʥʜʫʢʮʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ) ʧʝʨʝʭʦʜʦʚ 

ʪʨʠʛʦʥʘʣʴʥʦʛʦ ʮʝʥʪʨʘ Fe
3+

 (ʫʨʦʚʥʠ ʵʥʝʨʛʠʠ ʧʨʠ B||C3 ʠʟʦʙʨʘʞʝʥʳ 

ʥʘ ʨʠʩ.1),  ʧʦʟʚʦʣʠʣʠ ʦʧʨʝʜʝʣʠʪʴ ʧʘʨʘʤʝʪʨʳ ʩʧʠʥʦʚʦʛʦ 

ʛʘʤʠʣʴʪʦʥʠʘʥʘ (ʩʤ. ʪʘʙʣʠʮʫ), ʦʧʠʩʳʚʘʶʱʠʝ ʩʧʝʢʪʨ ʧʨʠ 170K. 

 
ʈʠʩ.1. ʋʨʦʚʥʠ ʵʥʝʨʛʠʠ 1-6 ʪʨʠʛʦʥʘʣʴʥʦʛʦ ʮʝʥʪʨʘ Fe

3+
 ʧʨʠ B||C3. ɺʝʨʪʠʢʘʣʴʥʳʝ ʣʠʥʠʠ 

ʧʦʢʘʟʳʚʘʶʪ ʧʦʣʦʞʝʥʠʝ ʧʝʨʝʭʦʜʦʚ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʩʧʠʥʦʚʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ (ʞʠʨʥʳʝ ï ʨʘʟʨʝʰʝʥʥʳʝ, ʩʣʘʙʳʝ ï  ʟʘʧʨʝʱʝʥʥʳʝ, ʯʘʩʪʦʪʘ 

9400 MHz) 

 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʦʨʠʝʥʪʘʮʠʦʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʪʨʠʛʦʥʘʣʴʥʦʛʦ 
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ʮʝʥʪʨʘ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚʳʩʦʢʦʧʦʣʝʚʦʡ ʧʝʨʝʭʦʜ 5-6 

ʦʪʜʝʣʴʥʦʛʦ ʠʦʥʘ Fe
3+

  ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʩʣʘʙʳʤʠ ʩʠʛʥʘʣʘʤʠ-

ʩʘʪʝʣʣʠʪʘʤʠ (ʨʠʩ. 2.ʘ), ʨʘʩʱʝʧʣʷʶʱʠʤʠʩʷ ʧʨʠ ʫʭʦʜʝ ʦʪ B||C3 ʚ 

ʤʦʥʦʜʦʤʝʥʥʦʤ ʢʨʠʩʪʘʣʣʝ ʥʘ ʪʨʠ ʢʦʤʧʦʥʝʥʪʳ. ɺ ʧʨʦʠʟʚʦʣʴʥʦʡ 

ʦʨʠʝʥʪʘʮʠʠ ʧʦʭʦʞʠʝ ʩʘʪʝʣʣʠʪʳ ʠʤʝʶʪ ʤʝʩʪʦ ʠ ʚ ʦʢʨʝʩʪʥʦʩʪʠ 

ʟʘʧʨʝʱʝʥʥʳʭ ʧʨʠ B||C3 ʧʝʨʝʭʦʜʦʚ. 

 
ʈʠʩ. 2. ʕʇʈ ʩʧʝʢʪʨ ʦʙʣʘʩʪʠ  ʧʝʨʝʭʦʜʘ 5-6 (ʩʤ. ʨʠʩ. 1) ʦʪʜʝʣʴʥʦʛʦ ʠʦʥʘ  Fe

3+
 ʧʨʠ B||C3 ʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ: a ï ʜʦ ʦʪʞʠʛʘ, ʯʘʩʪʦʪʘ 9829MHz, b ï ʧʦʩʣʝ ʦʪʞʠʛʘ, ʯʘʩʪʦʪʘ 

9864 MHz 

 

ʅʝʩʦʤʥʝʥʥʦ, ʫʢʘʟʘʥʥʳʝ ʩʘʪʝʣʣʠʪʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʧʝʨʝʭʦʜʳ 

ʣʦʢʘʣʴʥʦ ʢʦʤʧʝʥʩʠʨʦʚʘʥʥʳʭ ʮʝʥʪʨʦʚ Fe
3+
, ʠʤʝʶʱʠʭ ʩʠʤʤʝʪʨʠʶ 

ʉ1. ʊʨʠʛʦʥʘʣʴʥʳʡ ʢʨʠʩʪʘʣʣ ʚʩʝʛʜʘ ʩʦʜʝʨʞʠʪ ʪʨʠ ʩʪʨʫʢʪʫʨʥʦ 

ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʮʝʥʪʨʘ ʩ ʩʠʤʤʝʪʨʠʝʡ ʉ1, ʧʝʨʝʭʦʜʷʱʠʭ ʜʨʫʛ ʚ 

ʜʨʫʛʘ ʧʨʠ ʧʦʚʦʨʦʪʝ ʚʦʢʨʫʛ ʉ3 ʥʘ ʫʛʦʣ 120.̄  

ʆʪʞʠʛ ʦʙʨʘʟʮʦʚ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ZnCl2, ʫʚʝʣʠʯʠʚʘʶʱʠʡ 

ʢʦʥʮʝʥʪʨʘʮʠʶ ʚ  ʢʨʠʩʪʘʣʣʝ ʠʦʥʦʚ ʭʣʦʨʘ, ʧʨʠʚʦʜʠʪ ʢ 
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ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʨʦʩʪʫ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʘʪʝʣʣʠʪʦʚ (ʨʠʩ. 2.b); ʩʘʤʳʝ 

ʠʥʪʝʥʩʠʚʥʳʝ ʦʙʦʟʥʘʯʝʥʳ C1-1, C1-2, C1-3.  ʕʪʠ ʩʠʛʥʘʣʳ, ʩʢʦʨʝʝ 

ʚʩʝʛʦ, ʦʙʫʩʣʦʚʣʝʥʳ ʧʝʨʝʭʦʜʘʤʠ ʪʨʠʢʣʠʥʥʳʭ ʜʠʤʝʨʦʚ  Fe
3+

-Cl
-
, 

ʘʥʘʣʦʛʠʯʥʳʭ ʜʠʧʦʣʴʥʳʤ ʢʣʘʩʪʝʨʘʤ Gd
3+

-Cl
-
, ʦʙʥʘʨʫʞʝʥʥʳʤ ʠ 

ʠʩʩʣʝʜʦʚʘʥʥʳʤ ʚ [3-4], ʛʜʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʦʥʳ ʭʣʦʨʘ 

ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚ ʙʣʠʞʘʡʰʠʭ ʢ ʛʘʜʦʣʠʥʠʶ ʢʘʥʘʣʘʭ ʩʪʨʫʢʪʫʨʳ 

ʛʝʨʤʘʥʘʪʘ ʩʚʠʥʮʘ[2], ʧʨʦʭʦʜʷʱʠʭ ʚʜʦʣʴ ʦʩʠ ʉ3  ʠ ʬʦʨʤʠʨʫʝʤʳʭ 

ʪʨʝʫʛʦʣʴʥʠʢʘʤʠ ʠʦʥʦʚ ʩʚʠʥʮʘ. ʉʫʱʝʩʪʚʦʚʘʥʠʝ ʮʝʥʪʨʦʚ Gd
3+

-Cl
-
 ʠ 

Fe
3+

-Cl
-
 ʚ ʥʝʦʪʦʞʞʝʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʦʙʲʷʩʥʷʝʪʩʷ ʥʘʣʠʯʠʝʤ ʚ 

ʠʩʧʦʣʴʟʫʝʤʦʡ ʜʣʷ ʚʳʨʘʱʠʚʘʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʰʠʭʪʝ 

ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʧʨʠʤʝʩʠ ʭʣʦʨʠʜʦʚ. 

ʆʨʠʝʥʪʘʮʠʦʥʥʦʝ ʧʦʚʝʜʝʥʠʝ ʩʘʪʝʣʣʠʪʦʚ ʧʝʨʝʭʦʜʦʚ 

ʪʨʠʛʦʥʘʣʴʥʦʛʦ ʮʝʥʪʨʘ Fe
3+

 ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚ ʧʣʦʩʢʦʩʪʷʭ ZX, 

ZY ʠ XY ʥʘ ʦʪʦʞʞʝʥʥʳʭ ʚ ʭʣʦʨʥʦʡ ʘʪʤʦʩʬʝʨʝ  ʦʙʨʘʟʮʘʭ. 

ʉʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ ʪʘ ʞʝ, ʯʪʦ ʠ ʜʣʷ ʪʨʠʛʦʥʘʣʴʥʦʛʦ ʮʝʥʪʨʘ: Z||C3, 

X ʦʨʪʦʛʦʥʘʣʴʥʘ ʛʨʘʥʠ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʠʣʠ ʙʦʢʦʚʦʡ ʛʨʘʥʠ 

ʢʨʠʩʪʘʣʣʘ, ʠʤʝʶʱʝʛʦ ʬʦʨʤʫ ʰʝʩʪʠʛʨʘʥʥʦʡ ʧʨʠʟʤʳ. ɼʣʷ ʦʮʝʥʢʠ 

ʧʘʨʘʤʝʪʨʦʚ ʩʧʠʥʦʚʳʭ ʛʘʤʠʣʴʪʦʥʠʘʥʦʚ ʪʨʠʢʣʠʥʥʳʭ ʮʝʥʪʨʦʚ 

ʥʝʦʙʭʦʜʠʤʦ ʦʪʥʝʩʝʥʠʝ ʥʘʙʣʶʜʘʝʤʳʭ ʩʠʛʥʘʣʦʚ ʢ ʧʝʨʝʭʦʜʘʤ 

ʜʝʚʷʪʠ ʦʙʥʘʨʫʞʝʥʥʳʭ ʮʝʥʪʨʦʚ, ʧʦʩʢʦʣʴʢʫ ʢʘʞʜʳʡ ʠʟ C1-1, C1-2, 

C1-3 ʜʠʤʝʨʦʚ ʧʨʝʜʩʪʘʚʣʝʥ ʪʨʝʤʷ ʨʘʟʣʠʯʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤʠ 

ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ ʢʣʘʩʪʝʨʘʤʠ. ʇʨʦʙʣʝʤʫ ʩʦʦʪʥʝʩʝʥʠʷ, ʚ ʧʝʨʚʫʶ 

ʦʯʝʨʝʜʴ, ʧʦʤʦʛʣʠ ʨʝʰʠʪʴ ʨʝʟʫʣʴʪʘʪ r ʠʟʤʝʨʝʥʠʡ ʘʟʠʤʫʪʘʣʴʥʦʡ 

ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʝʨʝʭʦʜʦʚ 3-4 ʧʨʠ B Ĉ3 (ʨʠʩ. 3). 

ʂʘʢ ʭʦʨʦʰʦ ʚʠʜʥʦ ʥʘ ʨʠʩ. 3 ʠʤʝʶʪ ʤʝʩʪʦ ʪʨʠ ʮʝʥʪʨʘ, 

ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʝʥ ʪʨʝʤʷ  ʩʜʚʠʥʫʪʳʤʠ ʥʘ 120 ̄

ʩʠʥʫʩʦʠʜʘʣʴʥʳʤʠ ʟʘʚʠʩʠʤʦʩʪʷʤʠ. ʇʦʣʦʞʝʥʠʝ ʩʠʛʥʘʣʘ 

ʪʨʠʛʦʥʘʣʴʥʦʛʦ  ʩʧʝʢʪʨʘ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʫʛʣʘ j, ʝʛʦ ʧʨʠʩʫʪʩʪʚʠʝ (ʠʟ-

ʟʘ ʙʦʣʴʰʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ ʰʠʨʠʥʳ) ʥʝ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʨʠʪʴ 

ʧʦʣʦʞʝʥʠʷ ʩʠʛʥʘʣʦʚ ʪʨʠʢʣʠʥʥʳʭ ʮʝʥʪʨʦʚ ʚ ʧʦʣʷʭ 620õ670mT. 

ɸʤʧʣʠʪʫʜʘ ʠ ʬʘʟʘ ʘʟʠʤʫʪʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʝʣʠʯʠʥʦʡ ʧʘʨʘʤʝʪʨʦʚ b22, c22. 
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ʈʠʩ. 3. ɸʟʠʤʫʪʘʣʴʥʘʷ ʫʛʣʦʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʝʨʝʭʦʜʦʚ 3-4 ʧʨʠ B Ĉ3 ʠ 170K. 

ʊʦʯʢʠ ï ʵʢʩʧʝʨʠʤʝʥʪ, ʩʧʣʦʰʥʘʷ ʢʨʠʚʘʷ ï ʨʘʩʯʝʪ ʜʣʷ ʪʨʠʛʦʥʘʣʴʥʦʛʦ ʮʝʥʪʨʘ, ʰʪʨʠʭʦʚʳʝ 

ï ʨʘʩʯʝʪ ʜʣʷ ʉ1-1, ʧʫʥʢʪʠʨ - ʜʣʷ ʉ1-2, ʰʪʨʠʭ-ʧʫʥʢʪʠʨ - ʜʣʷ ʉ1-3 

 

ʀʤʝʥʥʦ ʵʪʠ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʟʚʦʣʠʣʠ ʩʚʷʟʘʪʴ ʧʦʣʷʨʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ, ʧʨʠʥʘʜʣʝʞʘʱʠʝ ʢʘʞʜʦʤʫ ʮʝʥʪʨʫ, ʠ ʦʮʝʥʠʪʴ ʜʨʫʛʠʝ 

ʧʘʨʘʤʝʪʨʳ ʩʧʠʥʦʚʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ. ʆʢʦʥʯʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʪʨʝʭ ʪʨʠʢʣʠʥʥʳʭ ʮʝʥʪʨʦʚ ʧʨʠ g|| = g  ̂= 2, ʧʦʣʫʯʝʥʥʳʝ 

ʤʠʥʠʤʠʟʘʮʠʝʡ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ ʯʘʩʪʦʪ, ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ. 

ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʧʝʢʪʨʦʚ ʪʨʠʢʣʠʥʳʭ ʮʝʥʪʨʦʚ 

ʜʦʩʪʘʪʦʯʥʦ ʧʘʨʘʤʝʪʨʦʚ ʪʦʣʴʢʦ ʚʪʦʨʦʛʦ ʨʘʥʛʘ.   

 
ʊʘʙʣʠʮʘ. ʇʘʨʘʤʝʪʨʳ ʩʧʠʥʦʚʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ S (ʚ 

MHz) ʪʨʠʛʦʥʘʣʴʥʦʛʦ  (ʉ3) ʠ ʪʨʠʢʣʠʥʥʳʭ ʮʝʥʪʨʦʚ Fe
3+

 ʧʨʠ T=170K 

 ʉ3 ʉ1-1 ʉ1-2 ʉ1-3 
b20 -

25320(1

1) 

-

24233(1

1) 

-

25142(1

5) 

-

25342(1

3) 

b21  -

680(100

) 

210(100

) 

-

503(100

) 

b22  416(18) 1025(12

) 

1072(13

) 

c21  -

19(100) 

-

204(100

) 

26(100) 
c22  15(18) -

1053(12

) 

-21(13) 
b40 -80(5)    
b43 200(100

) 

   
S 63 68 69 75 



22 

 

ʉʢʦʨʝʝ ʚʩʝʛʦ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʜʠʤʝʨʥʳʭ ʢʦʤʧʣʝʢʩʦʚ Gd
3+

-Cl
-

[3-4], ʢʦʤʧʝʥʩʠʨʫʶʱʠʝ ʠʟʙʳʪʦʯʥʳʡ ʟʘʨʷʜ Fe
3+

 ʠʦʥʳ Cl
-
 ʜʣʷ 

ʮʝʥʪʨʦʚ C1-1, C1-2, C1-3 ʣʦʢʘʣʠʟʦʚʘʥʳ ʚ ʙʣʠʞʘʡʰʠʭ ʤʝʞʜʦʫʟʣʠʷʭ 

ʢʘʥʘʣʘ.  ɹʦʣʝʝ ʜʘʣʝʢʠʝ ʢʦʤʧʝʥʩʘʪʦʨʳ ʧʨʠʚʦʜʷʪ ʣʠʰʴ ʢ ʫʰʠʨʝʥʠʶ 

ʥʘʙʣʶʜʘʝʤʳʭ ʩʠʛʥʘʣʦʚ.  

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʦʤ ʢʦʥʢʫʨʩʘ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ 

ʋʨʌʋ. 
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ʀʉʉʃɽɼʆɺɸʅʀɽ ʄɽʊʆɼɸʄʀ ʕʇʈ ʀ ʆʇʊʀʏɽʉʂʆʁ 
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ɺʚʝʜʝʥʠʝ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʨʠʨʦʜʥʳʭ ʘʣʤʘʟʦʚ ʩ ʥʠʟʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʧʨʠʤʝʩʥʦʛʦ ʘʟʦʪʘ, 

ʧʨʠʯʠʥʦʡ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʚ ʨʦʩʪʦʚʦʡ ʩʨʝʜʝ ʛʝʪʪʝʨʦʚ 

ʘʟʦʪʘ. ʆʩʦʙʝʥʥʦʩʪʴʶ ʜʘʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʷʚʣʷʝʪʩʷ ʚʭʦʞʜʝʥʠʝ 

ʩʘʤʠʭ ʘʪʦʤʦʚ ʛʝʪʪʝʨʦʚ ʘʟʦʪʘ ʚ ʘʣʤʘʟʥʫʶ ʨʝʰʝʪʢʫ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʦʙʨʘʟʦʚʘʥʠʶ ʨʦʩʪʦʚʳʭ ʜʝʬʝʢʪʦʚ ʚ ʚʠʜʝ ʪʝʩʥʳʭ ʧʘʨ Ti-N ʚ 

ʩʦʩʝʜʥʠʭ ʫʛʣʝʨʦʜʥʳʭ ʧʦʣʦʞʝʥʠʷʭ ʠ ʚ ʚʠʜʝ ʨʘʩʱʝʧʣʝʥʥʦʡ 

ʤʝʞʫʟʝʣʴʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʧʦ <100>, ʘ ʪʘʢʞʝ ʜʝʬʝʢʪʘ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʜʚʦʡʥʦʡ ʧʦʣʫʚʘʢʘʥʩʠʠ, ʠʤʝʶʱʝʛʦ ʚ ʩʚʦʝʡ ʩʪʨʫʢʪʫʨʝ 

ʘʪʦʤ ʪʠʪʘʥʘ ʠ ʦʜʠʥ ʘʪʦʤ ʘʟʦʪʘ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʜʝʬʝʢʪ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʜʚʦʡʥʦʡ ʧʦʣʫʚʘʢʘʥʩʠʠ ʦʙʨʘʟʫʝʪʩʷ ʧʨʠ ʘʛʨʝʛʠʨʦʚʘʥʠʠ 

ʧʨʠʤʝʩʥʦʛʦ ʘʟʦʪʘ ʩ ʪʠʪʘʥʦʤ ʚ ʧʨʦʮʝʩʩʝ ʜʣʠʪʝʣʴʥʦʛʦ ʧʨʝʙʳʚʘʥʠʷ 

ʧʨʠ ʚʳʩʦʢʦʤ ʜʘʚʣʝʥʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʝ. 

 

ʄʝʪʦʜʠʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʉʧʝʢʪʨʳ ʕʇʈ ʩʥʠʤʘʣʠʩʴ ʥʘ ʕʇʈ ʩʧʝʢʪʨʦʤʝʪʨʝ ɽ-109 ʬʠʨʤʳ 

Varian ʚ  X ʠ Q ʜʠʘʧʘʟʦʥʘʭ ʯʘʩʪʦʪʦʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 77 ʠ 300 

K. ʉʧʝʢʪʨʳ ʌʃ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ ɼʌʉ 24 ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 80ʂ ʠ ʜʣʠʥʝ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʩʚʝʪʘ 313 ʥʤ. ʀʂ 

ʠʟʤʝʨʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʥʘ FTIR BRUKER AIFS-166 ʩʧʝʢʪʨʦʤʝʪʨʝ 

ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ 700-4000 cʤ
-1
, ʧpʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝpʘʪʫpʝ 

c pʘʟpʝʰʝʥʠʝʤ 2 cʤ
-1
 ʠ ʜʠʘʤʝʪpʝ ʧʫʯʢʘ 30 ʤʢʤ. ɺ ʢʘʯʝʩʪʚʝ 

ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʚʟʷʪʳ ʦʢʨʫʛʣʳʝ ʘʣʤʘʟʳ ʠ ʘʣʤʘʟʳ 

ʢʫʙʠʯʝʩʢʦʛʦ ʛʘʙʠʪʫʩʘ ʠʟ ʨʦʩʩʳʧʝʡ ʩʝʚʝʨʦ-ʚʦʩʪʦʢʘ ʗʢʫʪʩʢʦʡ 

ʘʣʤʘʟʦʥʦʩʥʦʡ ʧʨʦʚʠʥʮʠʠ (154 ʰʪ),  ʘʣʤʘʟʳ ʠʟ ʘʣʤʘʟʦʥʦʩʥʦʛʦ 
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ʵʢʣʦʛʠʪʘ (UD-107) ʪʨʫʙʢʠ çʋʜʘʯʥʘʷè [1], ʘ ʪʘʢʞʝ  ʢʨʠʩʪʘʣʣʳ ʠʟ 

ʪʨʫʙʢʠ ʖʙʠʣʝʡʥʘʷ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʪʦʙʨʘʥʥʳʝ ʧʦ  ʥʘʣʠʯʠʶ 

ʞʝʣʪʦʡ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. 

 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʦʙʨʘʟʮʳ, ʠʟʚʣʝʯʝʥʥʳʝ ʠʟ 

ʧʠʨʦʢʩʝʥʦʚʦʛʦ ʵʢʣʦʛʠʪʘ UD-107, ʷʚʣʷʶʱʝʛʦʩʷ ʩʨʝʜʦʡ ʜʣʷ 

ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʨʦʩʪʘ ʘʣʤʘʟʦʚ. ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʤʠʥʝʨʘʣʴʥʳʭ 

ʚʢʣʶʯʝʥʠʡ ʵʪʠʭ ʦʙʨʘʟʮʦʚ ʧʦʤʠʤʦ ʚʢʣʶʯʝʥʠʡ ʤʠʥʝʨʘʣʦʚ ʙʣʠʟʢʠʭ 

ʧʦ ʩʦʩʪʘʚʫ ʤʠʥʝʨʘʣʘʤ ʵʢʣʦʛʠʪʘ ʚ ʘʣʤʘʟʘʭ ʧʨʠʩʫʪʩʪʚʫʶʪ 

ʚʢʣʶʯʝʥʠʷ ʚʳʩʦʢʦʢʨʝʤʥʠʝʚʳʭ ʩʣʶʜ [1]. ʆʜʥʦʡ ʠʟ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʠʭ ʩʦʩʪʘʚʘ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʦʝ ʩʦʜʝʨʞʘʥʠʝ ʦʢʠʩʠ ʪʠʪʘʥʘ (ʜʦ 10 

ʚʝʩʦʚʳʭ %). ɼʘʥʥʳʝ ʧʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʚʢʣʶʯʝʥʠʡ ʚ 

ʘʣʤʘʟʘʭ ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʝ 1. 

 
ʊʘʙʣʠʮʘ 1. ɸʥʘʣʠʟ ʚʢʣʶʯʝʥʠʡ ʢʨʠʩʪʘʣʣʦʚ ʘʣʤʘʟʘ, ʠʟʚʣʝʯʝʥʥʳʭ ʠʟ ʵʢʣʦʛʠʪʘ 

 
 ʀʩʩʣʝʜʦʚʘʥʠʝ ʀʂ ʩʧʝʢʪʨʦʚ ʜʘʥʥʦʡ ʩʝʨʠʠ ʢʨʠʩʪʘʣʣʦʚ 

ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʘʣʤʘʟʦʚ ʩ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʳʤ ʞʝʣʪʳʤ 

ʩʚʝʯʝʥʠʝʤ, ʚ ʩʧʝʢʪʨʝ ʌʃ ʢʦʪʦʨʳʭ ʥʘʙʣʶʜʘʶʪʩʷ  ʠʥʪʝʥʩʠʚʥʳʝ 

ʩʠʩʪʝʤʳ S1 ʠ ʦʩʦʙʝʥʥʦ 440.3 ʥʤ. ʀʂ ʩʧʝʢʪʨ ʠʤʝʝʪ ʚʠʜ, ʦʪʣʠʯʥʳʡ 

ʦʪ ʙʦʣʴʰʠʥʩʪʚʘ ʩʧʝʢʪʨʦʚ ʧʨʠʨʦʜʥʦʛʦ ʘʣʤʘʟʘ. ɼʣʷ ʥʝʛʦ 

ʭʘʨʘʢʪʝʨʥʦ ʧʦʷʚʣʝʥʠʝ ʧʦʣʦʩ ʚ ʦʙʣʘʩʪʠ 1050, 1140, 1240, 1274, 
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1358, 1434 ʩʤ
-1
 (ʈʠʩ.1ʘ). ɸʥʘʣʦʛʠʯʥʫʶ ʬʦʨʤʫ ʀʂ ʩʧʝʢʪʨʘ ʠʤʝʶʪ 

ʦʩʪʘʣʴʥʳʝ ʢʨʠʩʪʘʣʣʳ ʘʣʤʘʟʘ ʠʟ ʵʪʦʛʦ ʢʩʝʥʦʣʠʪʘ ʧʦʩʣʝ ʚʳʯʠʪʘʥʠʷ 

ʀʂ ʩʧʝʢʪʨʦʚ  ɸ, B1, N
+
 ʘʟʦʪʥʳʭ ʮʝʥʪʨʦʚ (ʈʠʩ.1b).  

 
ʈʠʩ.1. ʀʂ ʩʧʝʢʪʨʳ ʘʣʤʘʟʦʚ ʩ ʞʝʣʪʳʤ ʩʚʝʯʝʥʠʝʤ: ʘ) ʩ ʠʥʜʠʚʠʜʫʘʣʴʥʳʤʠ ʩʠʩʪʝʤʘʤʠ 

OK1/S1, N3/440.3 ʥʤ ʚ ʌʃ; ʙ) ʢʨʠʩʪʘʣʣʘ ʘʣʤʘʟʘ ʩ ʥʠʟʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʘʟʦʪʘ ʧʦʩʣʝ 

ʚʳʯʠʪʘʥʠʷ ɸ, ɺ1, N+ ʬʦʨʤ ʘʟʦʪʘ 

 

 ɺ ʩʧʝʢʪʨʘʭ ʦʪʜʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʙʳʣʘ ʟʘʤʝʯʝʥʘ  ʣʠʥʠʷ 1344 

ʩʤ
-1
, ʩʚʷʟʘʥʥʘʷ ʩ ʧʨʦʷʚʣʝʥʠʝʤ ʜʠʩʧʝʨʩʥʦʛʦ ʘʟʦʪʘ ʚ ʘʣʤʘʟʘʭ ʪʠʧʘ 

Ib. ʇʦʣʦʩʘ 1050 ʩʤ
-1
 ʙʳʣʘ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʘ ʨʘʥʝʝ ʚ ʩʧʝʢʪʨʘʭ 

ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʘʣʤʘʟʦʚ, ʚʳʨʘʱʝʥʥʳʭ ʚ ʧʨʠʩʫʪʩʪʚʠʠ Ti ʚ ʢʘʯʝʩʪʚʝ 

ʛʝʪʪʝʨʘ ʘʟʦʪʘ [2].  

ɼʘʥʥʳʝ ʀʂ ʧʦʛʣʦʱʝʥʠʷ ʧʦ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʤʝʩʥʦʛʦ ʘʟʦʪʘ 

ʚ B1, ɸ ʠ N
+
  ʬʦʨʤʝ ʩʦʚʤʝʩʪʥʦ ʩ ʜʘʥʥʳʤʠ ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʦ 

ʩʦʜʝʨʞʘʥʠʶ ʘʟʦʪʘ ʚ ʜʠʩʧʝʨʩʥʦʡ ʬʦʨʤʝ (ʮʝʥʪʨ ʈ1) ʠ ʮʝʥʪʨʦʚ ʆʂ1 

ʠ  N3 (ʕʇʈ ʘʥʘʣʦʛʠ ʮʝʥʪʨʦʚ S1 ʠ 440.3 ʥʤ) ʧʦʟʚʦʣʠʣʠ 

ʠʩʩʣʝʜʦʚʘʪʴ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʩʣʝʜʥʠʭ ʦʪ ʦʙʱʝʛʦ ʩʦʜʝʨʞʘʥʠʷ 

ʧʨʠʤʝʩʠ ʘʟʦʪʘ ʚ ʥʘʪʫʨʘʣʴʥʳʭ ʘʣʤʘʟʘʭ.  

ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩ.2. ʟʘʚʠʩʠʤʦʩʪʠ ʩʣʝʜʫʝʪ, ʯʪʦ 

ʤʘʢʩʠʤʘʣʴʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʮʝʥʪʨʦʚ ʆʂ1 ʠ N3 ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ 

ʩʦʜʝʨʞʘʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʟʦʪʘ ʜʦ 10 ppm. ɼʘʣʴʥʝʡʰʝʝ 

ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʟʦʪʘ ʜʦ 50 ppm ʠ ʙʦʣʴʰʝ ʧʨʠʚʦʜʠʪ ʢ 

ʩʥʠʞʝʥʠʶ ʩʦʜʝʨʞʘʥʠʷ ʮʝʥʪʨʦʚ ʚʧʣʦʪʴ ʜʦ ʠʭ ʧʦʣʥʦʛʦ 

ʠʩʯʝʟʥʦʚʝʥʠʷ. 
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ʈʠʩ.2. ɿʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʀʂ ʮʝʥʪʨʦʚ OK1/S1 + N3/440 ʦʪ ʠʭ ʩʦʜʝʨʞʘʥʠʷ, 

ʦʧʨʝʜʝʣʝʥʥʳʭ ʠʟ ʕʇʈ ʠʟʤʝʨʝʥʠʡ 

 

        ʊʘʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʧʨʠʨʦʜʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, 

ʚʳʨʦʩʰʠʭ ʧʨʠ ʚʘʨʠʘʮʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʛʝʪʪʝʨʘ ʘʟʦʪʘ ʚ ʨʦʩʪʦʚʦʡ 

ʩʨʝʜʝ. ɺ ʨʘʙʦʪʝ [3] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʮʝʥʪʨʳ ʆʂ1 ʠ N3 ʠʤʝʶʪ 

ʦʧʪʠʯʝʩʢʠʝ ʘʥʘʣʦʛʠ ʚ ʣʶʤʠʥʝʩʮʝʥʮʠʠ  (S1 ʠ 440.3 ʥʤ). ɹʌʃ 

440.3 ʥʤ ʠʤʝʝʪ ʬʦʥʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ (ʈʠʩ.3) ʩ ʵʥʝʨʛʠʝʡ ʬʦʥʦʥʘ 

53 meV.  

 
ʈʠʩ.3. ʉʧʝʢʪʨ ʌʃ ʩʠʩʪʝʤʳ 440.3 ʥʤ 

 

        ʀʩʧʦʣʴʟʫʷ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʨʘʩʯʝʪʘ ʢʚʘʟʠʣʦʢʘʣʴʥʳʭ 

ʢʦʣʝʙʘʥʠʡ ʧʨʠʤʝʩʥʦʛʦ ʘʪʦʤʘ ʚ ʨʝʰʝʪʢʝ ʘʣʤʘʟʘ  [4]: 
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hɤQL = hɤD [MC/3(M ï MC)]1/2,    (1) 

ʛʜʝ  hɤD ==150 meV ʷʚʣʷʝʪʩʷ ɼʝʙʘʝʚʩʢʦʡ ʵʥʝʨʛʠʝʡ ʘʣʤʘʟʥʦʡ 

ʨʝʰʝʪʢʠ, ʧʨʦʚʦʜʠʣʩʷ ʨʘʩʯʝʪ ʤʘʩʩʳ ʪʷʞʝʣʦʛʦ ʘʪʦʤʘ ʚ ʩʪʨʫʢʪʫʨʝ 

ʜʝʬʝʢʪʘ. ʇʦʜʩʪʘʚʠʚ ʟʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ ʬʦʥʦʥʘ ʜʣʷ ɹʌʃ 440.3 ʥʤ 

ʥʘʭʦʜʠʤ ʟʥʘʯʝʥʠʝ ʤʘʩʩʳ ʪʷʞʝʣʦʛʦ ʘʪʦʤʘ ʚ ʩʪʨʫʢʪʫʨʝ ʮʝʥʪʨʘ N3 

ʄi = 46, ʢʦʪʦʨʦʝ ʙʣʠʟʢʦ ʢ ʤʘʩʩʝ ʘʪʦʤʘ ʪʠʪʘʥʘ ʄTi = 48. ʕʪʦʪ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʬʘʢʪ ʷʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ 

ʧʦʜʪʚʝʨʞʜʝʥʠʝʤ ʫʯʘʩʪʠʷ ʘʪʦʤʘ ʪʠʪʘʥʘ ʚ ʩʪʨʫʢʪʫʨʝ ʮʝʥʪʨʘ 440.3 

ʥʤ /N3.  

ʉʨʝʜʠ ʠʩʩʣʝʜʫʝʤʳʭ ʢʨʠʩʪʘʣʣʦʚ ʪʨʫʙʢʠ çʖʙʠʣʝʡʥʘʷè 

ʫʜʘʣʦʩʴ ʚʳʙʨʘʪʴ ʘʣʤʘʟ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʧʨʠ ʦʪʞʠʛʝ 600
0
ʉ ʚ 

ʪʝʤʥʦʚʳʭ ʫʩʣʦʚʠʷʭ ʧʦʣʥʦʩʪʴʶ ʠʩʯʝʟʘʝʪ ʩʧʝʢʪʨ ʕʇʈ ʦʪ ʮʝʥʪʨʘ 

OK1/S1. ʉʧʝʢʪʨ ʕʇʈ OK1/S1 ʧʦʣʥʦʩʪʴʶ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʧʦʩʣʝ 

ʦʙʣʫʯʝʥʠʷ ʋʌ ʩʚʝʪʦʤ. ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ 

ʩʚʝʨʭʪʦʥʢʫʶ ʩʪʨʫʢʪʫʨʫ ʦʪ ʤʘʛʥʠʪʥʳʭ ʠʟʦʪʦʧʦʚ ʪʠʪʘʥʘ (
47
Ti  ʠ 

49
Ti) ʮʝʥʪʨʘ N3/440.3 ʥʤ, ʢʦʪʦʨʘʷ ʤʘʩʢʠʨʦʚʘʣʘʩʴ ʩʧʝʢʪʨʦʤ 

OK1/S1. ʅʘ ʈʠʩ.4 ʧʨʠʚʝʜʝʥʘ ʉʊʉ ʦʪ ʪʠʪʘʥʘ ʜʣʷ ʦʨʠʝʥʪʘʮʠʠ H|| 

[100]. 

 
ʈʠʩ.4. ʉʚʝʨʭʪʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ ʦʪ ʠʟʦʪʦʧʦʚ ʪʠʪʘʥʘ 

47
Ti, 

49
Ti ʜʣʷ ʮʝʥʪʨʘ N3 ʧʨʠ H||[100] 

 

ɸʥʘʣʠʟ ʩʧʝʢʪʨʦʚ ʕʇʈ ʜʣʷ ʪʨʝʭ ʦʨʠʝʥʪʘʮʠʡ ([100], [011] ʠ [111]) 

ʦʪ ʪʠʪʘʥʘ ʧʦʢʘʟʘʣ, ʯʪʦ ʩʘʪʝʣʣʠʪʳ ʚʦʢʨʫʛ ʦʩʥʦʚʥʳʭ ʣʠʥʠʡ ʉʊɺ ʦʪ 

ʘʪʦʤʘ ʘʟʦʪʘ ʦʙʫʩʣʦʚʣʝʥʳ ʉʊɺ ʦʪ ʠʟʦʪʦʧʦʚ ʪʠʪʘʥʘ 
47
Ti ʠ 

49
Ti 

{I(
47

Ti)=5/2, I(
49
Ti)=7/2} ʩ ʢʦʥʩʪʘʥʪʘʤʠ ʉʊʉ: ɸ||= 3.4 ɻʩ, ɸ=̂2.6 

ɻʩ. ʇʨʠʯʝʤ, ʘʥʘʣʠʟ ʩʦʦʪʥʦʰʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʩʘʪʝʣʣʠʪʦʚ ʢ 
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ʦʩʥʦʚʥʳʤ ʣʠʥʠʷʤ ʩʧʝʢʪʨʘ N3/440.3 ʥʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʩʦʦʪʥʦʰʝʥʠʶ ʤʘʛʥʠʪʥʳʭ ʠ ʥʝʤʘʛʥʠʪʥʳʭ ʠʟʦʪʦʧʦʚ ʪʠʪʘʥʘ. 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʩʝʨʠʠ ʢʨʠʩʪʘʣʣʦʚ ʠʟ ʢʩʝʥʦʣʠʪʘ ʠ ʨʷʜʘ 

ʢʨʠʩʪʘʣʣʦʚ ʠʟ ʨʘʟʥʳʭ ʪʨʫʙʦʢ ʗʢʫʪʠʠ ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ, 

ʩʦʜʝʨʞʘʱʠʭ ʦʜʥʦʚʨʝʤʝʥʥʦ ʘʟʦʪʥʦ-ʪʠʪʘʥʦʚʳʝ ʮʝʥʪʨʳ  ʆʂ1/S1 ʠ 

N3/440.3 ʥʤ ʚ ʩʧʝʢʪʨʘʭ ʕʇʈ ʦʙʥʘʨʫʞʝʥ ʥʦʚʳʡ ʮʝʥʪʨ ʩʦ 

ʩʚʝʨʭʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʦʪ ʦʜʥʦʛʦ ʘʪʦʤʘ ʘʟʦʪʘ (NU1). ɸʥʘʣʠʟ 

ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʩʧʝʢʪʨʘ ʧʦʢʘʟʘʣ, ʯʪʦ ʮʝʥʪʨ ʠʤʝʝʪ 

ʩʠʤʤʝʪʨʠʶ ʉ2V ʠ ʦʧʠʩʳʚʘʝʪʩʷ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ: 

ʅ = ǡɓHȃ + AȃI,    (2) 

ʛʜʝ S=1/2, I=1, ɸxx(N) = 22.5 G, Ayy(N) = 19.5 G, Azz(N) = 20.55  G, 

gxx = 2.0043, gyy =2.0032, gzz = 2.0020. ʇʨʠʯʝʤ, ʛʣʘʚʥʳʝ ʟʥʘʯʝʥʠʷ 

g- ʬʘʢʪʦʨʘ ʠ ʪʝʥʟʦʨʘ ʉʊɺ ʩʦʚʧʘʜʘʶʪ ʠ ʥʘʧʨʘʚʣʝʥʳ ʧʦ ʦʩʷʤ 

<100>, <011> ʠ <01-1> ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʘʢʘʷ ʩʠʤʤʝʪʨʠʷ ʮʝʥʪʨʘ ʩ 

ʚʳʜʝʣʝʥʥʳʤʠ ʦʩʷʤʠ ʯʝʪʚʝʨʪʦʛʦ ʠ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʩʪʨʫʢʪʫʨʝ ʨʘʩʱʝʧʣʝʥʥʦʡ  ʧʦ <100> ʤʝʞʫʟʝʣʴʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ. 

ʇʨʠʯʝʤ, ʦʜʥʠʤ ʠʟ ʘʪʦʤʦʚ ʚ ʩʪʨʫʢʪʫʨʝ ʪʘʢʦʛʦ ʨʘʩʱʝʧʣʝʥʥʦʛʦ 

ʤʝʞʫʟʣʠʷ ʷʚʣʷʝʪʩʷ ʘʪʦʤ ʘʟʦʪʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʜʣʷ ʦʙʲʷʩʥʝʥʠʷ 

ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩ S=1/2 ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʚʪʦʨʦʡ ʘʪʦʤ ʚ 

ʩʪʨʫʢʪʫʨʝ ʨʘʩʱʝʧʣʝʥʥʦʛʦ ʤʝʞʫʟʣʠʷ ʠʤʝʣ ʥʘ ʚʥʝʰʥʝʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʦʙʦʣʦʯʢʝ ʯʝʪʳʨʝ ʵʣʝʢʪʨʦʥʘ ʠ ʥʝ ʠʤʝʣ ʤʘʛʥʠʪʥʦʛʦ 

ʷʜʝʨʥʦʛʦ ʤʦʤʝʥʪʘ. ʆʜʥʠʤ ʠʟ ʢʘʥʜʠʜʘʪʦʚ ʥʘ ʵʪʦ ʤʦʛ ʙʳ ʙʳʪʴ 

ʫʛʣʝʨʦʜ. ʅʦ ʪʘʢʦʡ ʮʝʥʪʨ ʫʞʝ ʠʟʚʝʩʪʝʥ ʜʣʷ ʘʣʤʘʟʘ ʠ ʠʤʝʝʪ 

ʩʦʚʝʨʰʝʥʥʦ ʜʨʫʛʠʝ g- ʬʘʢʪʦʨʘ ʠ ʢʦʥʩʪʘʥʪʳ ʉʊʉ ʥʘ ʘʟʦʪʝ [5]. 

ʋʯʠʪʳʚʘʷ, ʯʪʦ ʵʪʦʪ ʮʝʥʪʨ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʚ ʪʠʪʘʥ-

ʩʦʜʝʨʞʘʱʠʭ ʘʣʤʘʟʘʭ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚʪʦʨʳʤ ʘʪʦʤʦʤ ʚ 

ʩʪʨʫʢʪʫʨʝ ʨʘʩʱʝʧʣʝʥʥʦʛʦ ʤʝʞʫʟʣʠʷ ʷʚʣʷʝʪʩʷ ʘʪʦʤ ʪʠʪʘʥʘ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʵʪʦʪ ʮʝʥʪʨ ʧʨʦʷʚʣʷʝʪʩʷ ɹʌʃ 485 ʥʤ (ʈʠʩ.5). 

ʇʨʠʯʝʤ, ʵʥʝʨʛʠʷ ʬʦʥʦʥʘ ʜʣʷ ʵʪʦʛʦ ʩʧʝʢʪʨʘ ʩʦʩʪʘʚʣʷʝʪ 42 meV. ɺ 

ʩʣʫʯʘʝ ʨʘʩʱʝʧʣʝʥʥʦʛʦ ʤʝʞʫʟʣʠʷ ʘʪʦʤ ʫʛʣʝʨʦʜʘ ʟʘʤʝʱʘʝʪʩʷ ʥʘ 

ʜʚʘ ʘʪʦʤʘ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʵʪʦ ʘʪʦʤ ʘʟʦʪʘ ʠ ʥʝʠʟʚʝʩʪʥʳʡ ʚʪʦʨʦʡ 

ʘʪʦʤ  M = (Mi + Mʭ). ʀʩʧʦʣʴʟʫʷ ʚʳʨʘʞʝʥʠʝ (1) ʥʘʡʜʝʥʘ ʤʘʩʩʘ 

ʚʪʦʨʦʛʦ ʘʪʦʤʘ ʚ ʩʪʨʫʢʪʫʨʝ ʨʘʩʱʝʧʣʝʥʥʦʛʦ ʤʝʞʫʟʣʠʷ ʄi = 49, 

ʢʦʪʦʨʘʷ ʙʣʠʟʢʘ ʢ ʤʘʩʩʝ ʘʪʦʤʘ ʪʠʪʘʥʘ ʄʊi = 48.  
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ʈʠʩ.5. ʉʧʝʢʪʨ ʌʃ ʢʨʠʩʪʘʣʣʘ ʩ ʩʠʩʪʝʤʦʡ 485 ʥʤ 

 

ʀʩʩʣʝʜʫʝʤʳʝ ʢʨʠʩʪʘʣʣʳ ʠʟ ʢʩʝʥʦʣʠʪʘ ʠʤʝʣʠ ʩʣʦʞʥʫʶ 

ʤʦʨʬʦʣʦʛʠʶ. ʍʘʨʘʢʪʝʨʥʳʤʠ ʘʟʦʪʥʳʤʠ ʮʝʥʪʨʘʤʠ ʜʣʷ ʵʪʦʡ ʩʝʨʠʠ 

ʢʨʠʩʪʘʣʣʦʚ ʷʚʣʷʣʠʩʴ ʮʝʥʪʨʳ ʆʂ1/S1, N3/440.3 ʥʤ, ʜʦʥʦʨʥʳʡ ʘʟʦʪ 

ʠ ʚ ʨʷʜʝ ʢʨʠʩʪʘʣʣʦʚ ʮʝʥʪʨ NU1/485 ʥʤ. ʈʘʥʝʝ ʧʨʦʚʝʜʝʥʥʳʝ ʥʘʤʠ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʦʪʞʠʛʫ ʪʘʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʧʨʠ ʚʳʩʦʢʦʤ 

ʜʘʚʣʝʥʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʘʟʦʪʥʦ ï ʪʠʪʘʥʦʚʳʝ ʮʝʥʪʨʳ 

ʩʪʘʙʠʣʴʥʳ ʠ ʥʝ ʧʨʝʦʙʨʘʟʫʶʪʩʷ ʦʜʠʥ ʚ ʜʨʫʛʦʡ. ʇʦʵʪʦʤʫ ʙʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʫʙʦʠʜʦʚ ʠʟ ʨʦʩʩʳʧʝʡ ʠ ʢʠʤʙʝʨʣʠʪʦʚʳʭ 

ʪʨʫʙʦʢ ʗʢʫʪʠʠ. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ ʠʟ ʵʪʦʡ ʩʝʨʠʠ ʠʟ 

ʘʟʦʪʥʦ-ʪʠʪʘʥʦʚʳʭ ʮʝʥʪʨʦʚ ʥʘʙʣʶʜʘʶʪʩʷ ʩʧʝʢʪʨʳ ʕʇʈ ʠ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʪʦʣʴʢʦ ʜʣʷ ʮʝʥʪʨʘ ʆʂ1/S1.  

ɺ ʩʣʫʯʘʷʭ ʢʦʛʜʘ ʮʝʥʪʨ ʆʂ1/S1 ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʢʨʠʩʪʘʣʣʘʭ 

ʘʣʤʘʟʘ, ʠʤʝʶʱʠʭ ʬʦʨʤʫ ʢʫʙʦʦʢʪʘʵʜʨʦʚ, ʪʦ ʚʩʝʛʜʘ ʦʥ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʜʨʫʛʠʤ ʪʠʪʘʥ-ʩʦʜʝʨʞʘʱʠʤ ʮʝʥʪʨʦʤ N3/440.3 ʥʤ. 

ʀ ʪʦʣʴʢʦ ʚ ʨʷʜʝ ʩʣʫʯʘʝ ʩʨʝʜʠ ʵʪʠʭ ʢʨʠʩʪʘʣʣʦʚ ʚʩʪʨʝʯʘʶʪʩʷ 

ʢʨʠʩʪʘʣʣʳ, ʩʦʜʝʨʞʘʱʠʝ ʚʩʝ ʪʨʠ ʪʠʪʘʥ-ʩʦʜʝʨʞʘʱʠʭ ʮʝʥʪʨʘ. ʉ 

ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ  ʮʝʥʪʨʘ N3/440.3 ʥʤ ʚ ʩʧʝʢʪʨʘʭ 

ʕʇʈ ʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʥʠʢʦʛʜʘ ʥʝ ʥʘʙʣʶʜʘʣʩʷ ʮʝʥʪʨ NU1/485 ʥʤ 

ʚ ʚʠʜʝ ʪʝʩʥʦʡ ʘʟʦʪ-ʪʠʪʘʥʦʚʦʡ ʧʘʨʳ ʩ ʩʪʨʫʢʪʫʨʝ ʨʘʩʱʝʧʣʝʥʥʦʛʦ ʧʦ 

<100> ʤʝʞʫʟʣʠʷ. ʕʪʠ ʢʨʠʩʪʘʣʣʳ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʤʝʣʠ ʬʦʨʤʫ 

ʢʫʙʦʚ. 
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ɺʳʚʦʜʳ 

ʂʦʤʧʣʝʢʩʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʝʩʢʦʣʴʢʠʭ ʩʝʨʠʡ ʢʨʠʩʪʘʣʣʦʚ 

ʘʣʤʘʟʘ ʩ ʥʠʟʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʧʨʠʤʝʩʥʦʛʦ ʘʟʦʪʘ ʠʟ ʨʦʩʩʳʧʝʡ ʠ 

ʢʠʙʝʨʣʠʪʦʚʳʭ ʪʨʫʙʦʢ ʗʢʫʪʠʠ ʧʦʟʚʦʣʠʣʠ ʦʙʥʘʨʫʞʠʪʴ ʪʨʠ ʪʠʧʘ 

ʘʟʦʪʥʦ-ʪʠʪʘʥʦʚʳʭ ʮʝʥʪʨʘ, ʢʦʪʦʨʳʝ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʩʧʝʢʪʨʘʭ ʕʇʈ 

ʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʘʟʦʪʥʦ-ʪʠʪʘʥʦʚʳʝ ʮʝʥʪʨʳ ʚ 

ʚʠʜʝ ʪʝʩʥʦʡ ʧʘʨʳ ʘʪʦʤʦʚ ʚ ʩʦʩʝʜʥʠʭ ʟʘʤʝʱʘʶʱʠʭ ʧʦʟʠʮʠʷʭ 

(N3/440.3 ʥʤ) ʠ ʚ ʩʪʨʫʢʪʫʨʝ ʨʘʩʱʝʧʣʝʥʥʦʛʦ ʧʦ [100] ʤʝʞʫʟʣʠʷ 

(NU1/485 ʥʤ) ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʢʫʙʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʘʭ ʠ ʜʣʷ ʥʠʭ 

ʭʘʨʘʢʪʝʨʝʥ ʪʦʣʴʢʦ ʮʝʥʪʨ ʆʂ1/S1 ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʜʚʦʡʥʦʡ 

ʧʦʣʫʚʘʢʘʥʩʠʠ. ɼʣʷ ʢʫʙʦʦʢʪʘʵʜʨʦʚ ʥʘʙʣʶʜʘʶʪʩʷ ʚʩʝ ʪʨʠ ʪʠʧʘ 

ʘʟʦʪʥʦ-ʪʠʪʘʥʦʚʳʭ ʮʝʥʪʨʦʚ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʪʘʢʠʝ 

ʦʩʦʙʝʥʥʦʩʪʠ ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʷ ʩʚʷʟʘʥʳ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ 

ʚʭʦʞʜʝʥʠʷ ʧʨʠʤʝʩʝʡ ʘʟʦʪʘ ʠ ʪʠʪʘʥʘ ʚ ʨʘʟʥʳʝ ʩʝʢʪʦʨʘ ʨʦʩʪʘ 

ʢʨʠʩʪʘʣʣʦʚ ʠ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʠʭ ʘʛʨʝʛʠʨʦʚʘʥʠʷ ʧʨʠ ʚʳʩʦʢʠʭ 

ʜʘʚʣʝʥʠʷʭ ʠ ʪʝʤʧʝʨʘʪʫʨʘʭ. 
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 ʕʇʈ ʆʉʅʆɺʅʆɻʆ ʀ ʊɽʈʄʀʏɽʉʂʀ ɿɸʉɽʃɽʅʅʆɻʆ 

ɺʆɿɹʋɾɼɽʅʅʆɻʆ ʉʆʉʊʆʗʅʀʗ ʀʆʅʆɺ Er
3+

 ɺ 

ɻʈɸʅɸʊɸʍ Ca3(NbGa)5O12  
 

ɸʩʘʪʨʷʥ ɻ.ʈ., ʍʨʘʤʮʦʚ ɺ.ɸ., ʂʨʘʤʫʱʝʥʢʦ ɼ.ɼ.,  
ʈʷʙʦʯʢʠʥʘ ʇ.ɸ.

1
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2 

 

ʌʊʀ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ, ʈʦʩʩʠʷ, 194221, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 

ʋʣ. ʇʦʣʠʪʝʭʥʠʯʝʩʢʘʷ 26, e-mail: hike.asatryan@mail.ioffe.ru 
1 
ʄʦʨʜʦʚʩʢʠʡ ʛʦʩ. ʋʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʇ. ʆʛʘʨʝʚʘ, ʉʘʨʘʥʩʢ, ʈʦʩʩʠʷ 

2 
ʀʆʌ ʠʤ. ɸ.ʄ. ʇʨʦʭʦʨʦʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʩʧʝʢʪʨʳ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʕʇʈ) ʠʦʥʦʚ Er
3+ 
ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʝ 

ʢʘʣʴʮʠʡ-ʥʠʦʙʠʡ-ʛʘʣʣʠʝʚʦʛʦ ʛʨʘʥʘʪʘ Ca3(NbGa)5O12 (ʂʅɻɻ). 

ʀʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʩʪʘʥʜʘʨʪʥʦʤ 

ʨʘʜʠʦʩʧʝʢʪʨʦʤʝʪʨʝ ʬʠʨʤʳ JEOL 3-ʩʤ ʜʠʘʧʘʟʦʥʘ ʚ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 4 ï 40ʂ. ʀʩʩʣʝʜʦʚʘʥʥʳʡ ʥʘʤʠ ʦʙʨʘʟʝʮ, 

ʘʢʪʠʚʠʨʦʚʘʥʥʳʡ ʵʨʙʠʝʤ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 0.1 at.%, ʙʳʣ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥ ʨʝʥʪʛʝʥʦʚʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʠ 

ʚʳʨʝʟʘʥ ʧʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʧʣʦʩʢʦʩʪʷʤ (110) ʠ (001). 

ɺʧʝʨʚʳʝ ʠʦʥʳ Er
3+

 ʚ Y3Al 5O12 ʠ Y3Ga5O12 ʤʝʪʦʜʦʤ ʕʇʈ 

ʦʙʥʘʨʫʞʝʥʳ ʚ ʨʘʙʦʪʝ [1], ʘ ʘʚʪʦʨʘʤʠ [2] ʙʳʣʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ 

ʩʧʝʢʪʨʳ ʕʇʈ ʠʦʥʦʚ ʵʨʙʠʷ ʚ YAG, ʢʘʢ ʦʪ ʦʩʥʦʚʥʦʛʦ (Er0
3+

), ʪʘʢ ʠ 

ʪʝʨʤʠʯʝʩʢʠ ʟʘʩʝʣʝʥʥʦʛʦ ʧʝʨʚʦʛʦ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

(Er1
3+

).  

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘʤʠ ʧʨʠ ʚʨʘʱʝʥʠʠ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʧʣʦʩʢʦʩʪʠ (110) 

ʨʝʰʝʪʢʠ ʛʨʘʥʘʪʘ ʂʅɻɻ. ʉʧʝʢʪʨ ʕʇʈ ʤʦʥʦʢʨʠʩʪʘʣʣʘ 

Ca3(NbGa)5O12, ʘʢʪʠʚʠʨʦʚʘʥʥʦʛʦ ʠʦʥʘʤʠ ʵʨʙʠʷ ʩʦʩʪʦʠʪ ʠʟ ʨʷʜʘ 

ʣʠʥʠʡ ʧʦʛʣʦʱʝʥʠʷ.  ʃʠʥʠʠ ʕʇʈ ʧʨʦʷʚʣʷʶʪ ʨʝʟʢʫʶ ʟʘʚʠʩʠʤʦʩʪʴ 

ʠʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʥʘʙʣʶʜʘʝʪʩʷ 

ʪʘʢʞʝ ʥʘʣʦʞʝʥʠʝ ʦʪʜʝʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʠʭ 

ʧʦʜʨʦʙʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ. ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʳ ʩʧʝʢʪʨʳ ʕʇʈ, 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʦʨʠʝʥʪʘʮʠʠ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ɺ || [001]. 
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ʈʠʩ. 1. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʧʝʢʪʨʦʚ ʕʇʈ ʠʦʥʦʚ Er

3+
 (Er0

3+
 ʠ Er1

3+
) ʚ ʂʅɻɻ ʚ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʧʣʦʩʢʦʩʪʠ (110) ʧʨʠ ʦʨʠʝʥʪʘʮʠʠ ɺ || [001] 

 

ʀʟ ʨʷʜʘ ʥʘʙʣʶʜʘʝʤʳʭ ʣʠʥʠʡ, ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ 

ʦʨʠʝʥʪʘʮʠʷʭ, ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʜʚʘ ʩʠʛʥʘʣʘ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ 

ʦʜʥʦʟʥʘʯʥʦ ʧʨʠʧʠʩʘʪʴ ʢ ʠʦʥʘʤ Er
3+

 ʥʘ ʦʩʥʦʚʘʥʠʠ ʯʝʪʢʦ 

ʥʘʙʣʶʜʘʝʤʦʡ ʤʘʛʥʠʪʥʦʡ ʩʚʝʨʭʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ (ʉʊʉ). 

ɿʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʜʚʝ ʣʠʥʠʠ ʕʇʈ ʧʨʦʷʚʣʷʶʪ ʦʙʨʘʪʥʫʶ 

ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ. ɽʩʣʠ ʣʠʥʠʷ Er1
3+

 ʨʘʩʪʝʪ ʧʨʠ 

ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʪʦ 

ʣʠʥʠʷ Er0
3+

 ʧʨʠ ʵʪʦʤ ʫʙʳʚʘʝʪ. ʕʪʘ ʟʘʚʠʩʠʤʦʩʪʴ ʥʦʩʠʪ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʭʘʨʘʢʪʝʨ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʞʥʦ ʫʪʚʝʨʞʜʘʪʴ, 

ʯʪʦ
 
ʚ ʢʘʣʴʮʠʡ-ʥʠʦʙʠʡ-ʛʘʣʣʠʝʚʦʤ ʛʨʘʥʘʪʝ ʥʘʨʷʜʫ ʩʦ ʩʧʝʢʪʨʦʤ ʕʇʈ 

ʠʦʥʦʚ Er
3+

 ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ Er0
3+

, ʥʘʙʣʶʜʘʝʪʩʷ ʣʠʥʠ ̫ʕʇʈ 

ʦʪ ʪʝʨʤʠʯʝʩʢʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʣʝʜʫʶʱʝʛʦ ʰʪʘʨʢʦʚʩʢʦʛʦ ʫʨʦʚʥʷ 

Er1
3+

. ʇʦ ʦʮʝʥʢʘʤ ʠʟ ʦʪʥʦʰʝʥʠʷ ʠʥʪʝʛʨʘʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ 

ʣʠʥʠʡ Er0
3+

 ʠ Er1
3+

, ʵʥʝʨʛʠ ̫ʧʝʨʚʦʛʦ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʵʨʙʠʷ ʚ ʂʅɻɻ ʦʪʩʪʦʠʪ ʧʨʠʤʝʨʥʦ ʥʘ 20 õ 30 ʩʤ 
ï1

.
 
ʉʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ʜʣʷ Er
3+

 ʚ Y3Al 5O12 ʷʚʣʷʝʪʩʷ 

ʚʦʟʙʫʞʜʝʥʥʳʤ ʜʣʷ Ca3(NbGa)5O12, ʪʘʢ ʞʝ ʢʘʢ ʜʣʷ Y3Ga5O12. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʘʥʥʳʝ ʕʇʈ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʜʚʘ ʥʠʞʥʠʭ 

ʜʫʙʣʝʪʘ ʠʦʥʘ Er
3+

 ʧʨʠ ʧʝʨʝʭʦʜʝ ʦʪ ʢʨʠʩʪʘʣʣʘ YAG ʢ ʂʅɻɻ 

ʤʝʥʷʶʪʩʷ ʤʝʩʪʘʤʠ. ɺʝʩʴʤʘ ʧʨʠʤʝʯʘʪʝʣʴʥʳʤ ʬʘʢʪʦʤ ʚ ʥʘʩʪʦʷʱʝʡ 
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ʨʘʙʦʪʝ ʷʚʣʷʝʪʩʷ ʯʝʪʢʦʝ ʥʘʙʣʶʜʝʥʠʝ ʩʚʝʨʭʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ 

ʩʧʝʢʪʨʘ ʕʇʈ ʢʘʢ ʦʪ ʦʩʥʦʚʥʦʛʦ, ʪʘʢ ʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʵʨʙʠʷ. 

 

 
ʈʠʩ. 2 ʆʨʠʝʥʪʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʧʝʢʪʨʦʚ ʕʇʈ ʠʦʥʦʚ Er

3+
 ʚ ʢʘʣʴʮʠʡ-ʥʠʦʙʠʡ-

ʛʘʣʣʠʝʚʦʤ ʛʨʘʥʘʪʝ ʧʨʠ ʊ = 13ʂ 

 

ɺ ʩʧʝʢʪʨʘʭ ʦʙʦʠʭ ʩʦʩʪʦʷʥʠʡ ʠʦʥʦʚ Er
3+

 (Er0
3+

 ʠ Er1
3+

), 

ʥʘʙʣʶʜʘʶʪʩʷ ʠʥʪʝʥʩʠʚʥʘʷ ʣʠʥʠʠ ʕʇʈ ʦʪ ʯʝʪʥʳʭ ʠʟʦʪʦʧʦʚ ʵʨʙʠʷ 

(ʷʜʝʨʥʳʡ ʩʧʠʥ I = 0, ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴ 77%) ʠ ʥʘʣʦʞʝʥʥʘʷ ʥʘ 

ʥʝʝ ʛʨʫʧʧʘ ʣʠʥʠʡ ʤʘʣʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʢʘʞʜʘʷ ʠʟ ʢʦʪʦʨʳʭ 

ʩʦʩʪʦʠʪ ʠʟ ʚʦʩɹʤʠ ʣʠʥʠʡ ʦʪ ʠʟʦʪʦʧʘ 
167

Er (I = 7/2, 23%). 

ʉʦʦʪʥʦʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪ ʉʊʉ ʠ ʠʥʪʝʥʩʠʚʥʦʡ 

ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʝʩʪʝʩʪʚʝʥʥʦʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʠ ʠʟʦʪʦʧʦʚ 

ʵʨʙʠʷ.  

ʀʟʚʝʩʪʥʦ [3], ʯʪʦ ʠʦʥʳ Er
3+
, ʢʘʢ ʠ ʙʦʣʴʰʠʥʩʪʚʦ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʂʅɻɻ, ʟʘʤʝʱʘʶʪ ʠʦʥʳ ʉʘ
2+

 ʚ 

ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʠʭ ʧʦʣʦʞʝʥʠʷʭ (ʩ ï ʫʟʣʳ). ʀʦʥʳ Nb
5+
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ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʦʩʥʦʚʥʦʤ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʘ ï ʫʟʣʘʭ, ʘ ʠʦʥʳ Ga
3+

 

ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ d ï ʫʟʣʘʭ ʨʝʰʝʪʢʠ. ʇʨʠ ʵʪʦʤ ʢʦʤʧʝʥʩʘʮʠʷ 

ʟʘʨʷʜʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʢʘʪʠʦʥʥʳʤʠ ʚʘʢʘʥʩʠʷʤʠ, 

ʨʘʩʧʦʣʘʛʘʶʱʠʤʠʩʷ ʩ ʦʜʠʥʘʢʦʚʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ ʢʘʢ ʚ ʘ ï ʫʟʣʘʭ, 

ʪʘʢ ʠ ʚ d ï ʫʟʣʘʭ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʶ ʩʪʨʫʢʪʫʨʳ 

ʂʅɻɻ ʠʟ-ʟʘ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʨʘʩʧʦʣʦʞʝʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʚʦ ʚʩʝʭ ʪʠʧʘʭ ʫʟʣʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ.     

ʉʦʛʣʘʩʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʦʨʠʝʥʪʘʮʠʦʥʥʳʤ ʟʘʚʠʩʠʤʦʩʪʷʤ 

ʨʝʟʦʥʘʥʩʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʘ ʪʘʢʞʝ ʭʘʨʘʢʪʝʨʥʳʤ ʜʣʷ ʵʨʙʠʷ ʚ 

YAG ʠ YGG ʟʥʘʯʝʥʠʷʤ g ï ʬʘʢʪʦʨʦʚ ʥʘʙʣʶʜʘʝʤʳʝ ʣʠʥʠʡ ʕʇʈ 

Er0
3+

 ʠ Er1
3+

 ʧʨʠʧʠʩʘʥʳ ʥʘʤʠ ʪʘʢʠʤ ʠʦʥʘʤ ʵʨʙʠʷ, ʥʘʭʦʜʷʱʠʤʩʷ ʚ 

ʥʝʠʩʢʘʞʝʥʥʳʭ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʠʭ ʫʟʣʘʭ (ʩʠʤʤʝʪʨʠʷ D2) ʨʝʰʝʪʢʠ 

ʂʅɻɻ, ʨʷʜʦʤ ʩ ʢʦʪʦʨʳʤʠ ʥʝ ʣʦʢʘʣʠʟʦʚʘʥ ʢʘʢʦʡ-ʣʠʙʦ ʜʝʬʝʢʪ, 

ʢʦʤʧʝʥʩʠʨʫʶʱʠʡ ʟʘʨʷʜ. 

ʇʦʜʨʦʙʥʦʝ ʠʟʫʯʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʮʝʥʪʨʦʚ Er
3+

, 

ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʠ ʙʣʠʞʘʡʰʝʛʦ ʦʢʨʫʞʝʥʠʷ ʩ ï  

ʫʟʣʘ ʠʟ-ʟʘ ʟʘʨʷʜʦʚʦʡ ʢʦʤʧʝʥʩʘʮʠʠ ʠ ʥʘʨʫʰʝʥʠʷ, ʚʩʣʝʜʩʪʚʠʝ 

ʵʪʦʛʦ, ʩʠʤʤʝʪʨʠʠ ʙʣʠʞʘʡʰʝʛʦ ʦʢʨʫʞʝʥʠʷ ʪʨʝʙʫʝʪ ʜʘʣʴʥʝʡʰʠʭ 

ʙʦʣʝʝ ʜʝʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ɸʚʪʦʨʳ ʚʳʨʘʞʘʶʪ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʅ.ɸ. ɽʩʴʢʦʚʫ ʟʘ 

ʧʨʝʜʦʩʪʘʚʣʝʥʥʳʝ ʤʦʥʦʢʨʠʩʪʘʣʣʳ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʈʘʙʦʪʘ ʙʳʣʘ ʧʦʜʜʝʨʞʘʥʘ ʄʠʥʠʩʪʝʨʩʪʚʦʤ ʦʙʨʘʟʦʚʘʥʠʷ ʠ 

ʥʘʫʢʠ ʈʦʩʩʠʠ ʧʦ ɻʂ 14.740.11.0048, ɻʂ 16.513.12.3007, 

ʇʨʦʛʨʘʤʤʦʡ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ: çʉʧʠʥ-ʟʘʚʠʩʠʤʳʝ 

ʵʬʬʝʢʪʳ ʚ ʪʚʝʨʜʦʤ ʪʝʣʝ ʠ ʩʧʠʥʪʨʦʥʠʢʘè, ʘ ʪʘʢʞʝ ʛʨʘʥʪʦʤ ʈʌʌʀ 

ˉ 09-02-01409. 
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ɺ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ Y3Al 5O12 ʠʦʥʳ ʉʝ
3+

, ʢʘʢ ʠ ʙʦʣʴʰʠʥʩʪʚʦ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʠʦʥʦʚ ʟʘʤʝʱʘʶʪ ʠʦʥʳ Y
3+
. ɺ ʵʪʦʡ ʧʦʟʠʮʠʠ 

ʠʪʪʨʠʡ ʢʦʦʨʜʠʥʠʨʦʚʘʥ ʚʦʩʝʤʴʶ ʠʦʥʘʤʠ ʆ
2-
 ʩ ʣʦʢʘʣʴʥʦʡ 

ʩʠʤʤʝʪʨʠʝʡ D2 (ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʠʝ ʩ-ʫʟʣʳ). ʇʘʨʘʤʘʛʥʠʪʥʳʡ ʠʦʥ, 

ʣʦʢʘʣʠʟʦʚʘʥʥʳʡ ʚ ʩ-ʫʟʣʘʭ, ʠʤʝʝʪ 6 ʤʘʛʥʠʪʥʦ-ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ 

ʧʦʣʦʞʝʥʠʡ, ʩ ʣʦʢʘʣʴʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʦʩ̫ʤʠ x ʚʜʦʣʴ ʦʜʥʦʛʦ ʠʟ 

ʥʘʧʨʘʚʣʝʥʠʡ [001], ʘ ʦʩʠ y ʠ z ʩʦʚʧʘʜʘʶʪ ʩ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤʠ ʥʘʧʨʘʚʣʝʥʠʷʤʠ ʪʠʧʘ [110]. ʇʨʠ 

ʚʨʘʱʝʥʠʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ B ʚ ʧʣʦʩʢʦʩʪʠ (110) 

ʢʘʨʪʠʥʘ ʫʧʨʦʱʘʝʪʩʷ ʪʝʤ, ʯʪʦ ʚ ʩʧʝʢʪʨʝ ʕʇʈ ʠʦʥʘ ʚ ʩ-ʫʟʣʘʭ, ʠʟ-ʟʘ 

ʧʦʧʘʨʥʦʡ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ, ʚʤʝʩʪʦ 6 ʥʘʙʣʶʜʘʶʪʩʷ ʪʦʣʴʢʦ 4 

ʣʠʥʠʠ. ʕʪʠ ʣʠʥʠʠ ʟʘʪʝʤ ʩʣʠʚʘʶʪʩʷ ʚ 2 ʩʠʛʥʘʣʘ ʧʨʠ BƐ[001] ʠ 

BƐ[111] ʠ ʚ 3 ʩʠʛʥʘʣʘ ʧʨʠ ʦʨʠʝʥʪʘʮʠʠ BƐ[110]. ʕʇʈ ʠʦʥʦʚ ʉʝ
3+

 ʚ 

ʠʪʪʨʠʡ-ʘʣʶʤʠʥʠʝʚʦʤ ʛʨʘʥʘʪʝ ʚʧʝʨʚʳʝ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʚ 

ʨʘʙʦʪʘʭ [1, 2]. ʅʘ ʨʠʩ. 1 a) ʠ b) ʧʨʠʚʝʜʝʥʳ ʦʨʠʝʥʪʘʮʠʦʥʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʟʦʥʘʥʩʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʠʦʥʘ ʉʝ
3+

, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦʣʦʞʝʥʠʷʤ ʣʠʥʠʡ ʧʨʠ ʚʨʘʱʝʥʠʠ ʢʨʠʩʪʘʣʣʘ ʚ 

ʧʣʦʩʢʦʩʪʷʭ (110) ʠ (100). ʕʪʠ ʦʨʠʝʥʪʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʶʪʩʷ ʩʧʠʥʦʚʳʤ ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ ʨʦʤʙʠʯʝʩʢʦʡ 

ʩʠʤʤʝʪʨʠʠ. ʀʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʨʠʝʥʪʘʮʠʦʥʥʳʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʩʧʝʢʪʨʦʚ ʕʇʈ ʥʘʤʠ ʧʦʣʫʯʝʥʳ ʩʣʝʜʫʶʱʠʝ 

ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ g-ʪʝʥʟʦʨʘ: gx = 2.74 ° 0.05, gy = 1.87 ° 0.05 

ʠ gz = 0.91 ° 0.05, ʩʦʚʧʘʜʘʶʱʠʝ ʩ ʜʘʥʥʳʤʠ ʨʘʙʦʪʳ [1]. 
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ʈʠʩ. 1. ʋʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʟʦʥʘʥʩʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʩʧʝʢʪʨʦʚ ʕʇʈ ʠʦʥʦʚ ʉʝ

3+
 ʚ  

            ʠʪʪʨʠʡ-ʘʣʶʤʠʥʠʝʚʦʤ ʛʨʘʥʘʪʝ: a) ʚ ʧʣʦʩʢʦʩʪʠ (110) ʠ b) - (100) ʧʨʠ ʊ = 4.2ʂ 

 

ɺ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ Y3Al 5O12:ʉʝ
3+

 ʚ ʍ-ʜʠʘʧʘʟʦʥʝ ʠ ʧʨʠ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʘʨʷʜʫ ʩ ʦʙʳʯʥʳʤʠ ʩʧʝʢʪʨʘʤʠ ʥʘʤʠ ʦʙʥʘʨʫʞʝʥ ʨʷʜ 

ʥʦʚʳʭ ʣʠʥʠʡ ʤʝʥʴʰʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʧʨʠʤʝʨʥʦ ʥʘ 2 ï 3 

ʧʦʨʷʜʢʘ. ʃʠʥʠʠ ʤʘʣʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʛʨʫʧʧʠʨʦʚʘʥʳ ʚʦʢʨʫʛ 

ʠʥʪʝʥʩʠʚʥʳʭ ʣʠʥʠʡ ʠ ʪʘʢʞʝ ʧʨʠʧʠʩʘʥʳ ʥʘʤʠ ʢ ʠʦʥʘʤ ʉʝ
3+

 ʥʘ 

ʦʩʥʦʚʘʥʠʠ ʧʦʜʦʙʥʳʭ ʦʨʠʝʥʪʘʮʠʦʥʥʳʭ, ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʠ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ g-ʬʘʢʪʦʨʦʚ. ʅʘ ʨʠʩ. 2 ʧʨʠʚʝʜʝʥ 

ʬʨʘʛʤʝʥʪ ʩʧʝʢʪʨʘ ʕʇʈ, ʥʘʙʣʶʜʘʚʰʠʡʩʷ ʚ ʥʠʟʢʠʭ ʤʘʛʥʠʪʥʳʭ 

ʧʦʣʷʭ ʚ ʢʨʠʩʪʘʣʣʝ Y3Al 5O12:ʉʝ
3+

 ʚ ʦʨʠʝʥʪʘʮʠʠ BƐ[001] ʠ ʧʨʠ 

ʊ=4.2K. ɺʠʜʥʘ ʠʥʪʝʥʩʠʚʥʘʷ ʠ ʣʠʥʠʠ ʤʘʣʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, 

ʢʦʪʦʨʳʝ ʧʦ ʠʥʪʝʥʩʠʚʥʦʩʪʷʤ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ, ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ, 

ʥʘ ʜʚʝ ʛʨʫʧʧʳ A ʠ B (ʨʠʩ. 2). ʇʨʠʨʦʜʥʳʡ ʮʝʨʠʡ, ʠʤʝʝʪ ʪʦʣʴʢʦ ʜʚʘ 

ʯʝʪʥʳʭ ʠʟʦʪʦʧʘ 
140
ʉʝ ʠ 

142
ʉʝ ʩ ʷʜʝʨʥʳʤ ʩʧʠʥʦʚʳʤ ʤʦʤʝʥʪʦʤ I = 

0. ʀʥʪʝʥʩʠʚʥʘʷ ʣʠʥʠʷ ʥʘ ʨʠʩ. 2 ʦʙʫʩʣʦʚʣʝʥʘ ʠʤʝʥʥʦ ʵʪʠʤʠ 

ʠʟʦʪʦʧʘʤʠ ʮʝʨʠʷ. ʀʟ-ʟʘ ʦʪʩʫʪʩʪʚʠʷ ʥʝʯʝʪʥʳʭ ʠʟʦʪʦʧʦʚ ʩ I  ̧0 ʚ 

ʩʧʝʢʪʨʘʭ ʕʇʈ ʠʦʥʘ ʉʝ
3+

 ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʩʚʝʨʭʪʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ. 

ʇʦʵʪʦʤʫ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʣʠʥʠʠ ʤʘʣʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʤʦʛʫʪ 

ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʳ ʪʘʢʠʤʠ ʠʦʥʘʤʠ ʮʝʨʠʷ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʤʠ ʚ ʪʝʭ 

ʞʝ ʩ-ʫʟʣʘʭ, ʚ ʙʣʠʞʘʡʰʝʤ ʦʢʨʫʞʝʥʠʠ ʢʦʪʦʨʳʭ ʝʩʪʴ ʥʘʨʫʰʝʥʠʷ 

ʨʝʛʫʣʷʨʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. ʅʘ ʨʠʩ. 3 ʧʦʢʘʟʘʥʳ 

ʫʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʩʝʭ ʣʠʥʠʡ ʕʇʈ ʠʦʥʘ ʉʝ
3+ 
ʚ ʫʚʝʣʠʯʝʥʥʦʤ 

ʤʘʩʰʪʘʙʝ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. 
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ʈʠʩ. 2. ʉʧʝʢʪʨ ʕʇʈ ʠʦʥʦʚ ʉʝ

3+
 ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʠʪʪʨʠʡ-ʘʣʶʤʠʥʠʝʚʦʛʦ 

ʛʨʘʥʘʪʘ ʧʨʠ BƐ[001] ʠ n = 9.23ɻɻʮ 

 

 ɺ Y3Al 5O12 ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʪʘʢʠʤʠ 

ʥʘʨʫʰʝʥʠʷʤʠ ʤʦʛʫʪ ʙʳʪʴ ʥʝʩʚʦʡʩʪʚʝʥʥʳʝ ʟʘʤʝʱʝʥʠʷ ʠʦʥʘʤʠ Y
3+

 

ʠʦʥʦʚ Al
3+

 ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʫʟʣʘʭ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ñʘʥʪʠʩʘʡʪò 

ʜʝʬʝʢʪʳ. ʆ ʚʦʟʤʦʞʥʦʩʪʠ ʪʘʢʠʭ ʟʘʤʝʱʝʥʠʡ ʚ ʧʨʝʜʝʣʘʭ 1 ï 1.5% ʚ 

ʧʨʦʮʝʩʩʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʚʳʨʘʱʠʚʘʥʠʷ ʢʨʠʩʪʘʣʣʦʚ 

ʩʦʦʙʱʘʣʦʩʴ ʚ ʨʘʙʦʪʝ [3]. ʆ ʟʘʤʝʱʝʥʠʠ ʠʦʥʦʚ Y
3+ 
ʠʦʥʘʤʠ Al

3+
 ʚ 

ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʠʭ ʫʟʣʘʭ ʨʝʰʝʪʢʠ ʥʝ ʠʤʝʝʪʩʷ ʜʘʥʥʳʭ, ʪʝʤ ʥʝ 

ʤʝʥʝʝ, ʧʦ ʥʘʰʝʤʫ ʤʥʝʥʠʶ ʚʦʟʤʦʞʥʳ ʪʘʢʞʝ ʪʘʢʠʝ ʟʘʤʝʱʝʥʠʷ. ʀʟ-

ʟʘ ʦʪʣʠʯʠʷ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ (RAl
3+

=0.53Ȕ, RY
3+

=1.02Ȕ), ʵʪʦ 

ʧʨʠʚʝʜʝʪ ʢ ʠʟʤʝʥʝʥʠʶ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʙʫʜʫʪ ʩʤʝʱʘʪʴʩʷ ʠʦʥʳ ʢʠʩʣʦʨʦʜʘ, ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʭʦʜʷʱʠʝ ʚ 

ʩʦʩʪʘʚ ʦʢʨʫʞʝʥʠʷ ʉʝ
3+

 ʠ ʠʩʢʘʞʝʥʥʦʛʦ ʫʟʣʘ (Y
3+

 ʠʣʠ Al
3+

). ʕʪʦ 

ʧʨʠʚʝʜʝʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʥʝʦʜʠʥʘʢʦʚʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʦʣʝʡ 

ʜʣʷ ʪʝʭ ʠʦʥʦʚ ʮʝʨʠʷ, ʚ ʢʘʪʠʦʥʥʦʤ ʦʢʨʫʞʝʥʠʠ ʢʦʪʦʨʳʭ 

ʦʙʨʘʟʦʚʘʣʩʷ ʪʘʢʦʡ ʜʝʬʝʢʪʥʳʡ ʫʟʝʣ. 

 ɺ ʙʣʠʞʘʡʰʝʤ ʢʘʪʠʦʥʥʦʤ ʦʢʨʫʞʝʥʠʠ ʠʦʥʦʚ Y
3+

, 

ʟʘʤʝʱʘʝʤʳʭ ʠʦʥʘʤʠ ʉʝ
3+
, ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ Y3Al 5O12 
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ʥʘʭʦʜʠʪʩʷ ʯʝʪʳʨʝ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʠʦʥʘ Al
3+

 ʥʘ ʨʘʩʩʪʦʷʥʠʷʭ 

3.36Ȕ, ʦʙʨʘʟʫʶʱʠʭ ʪʝʪʨʘʵʜʨ. 

 
 

ʈʠʩ.3 ʇʦʜʨʦʙʥʳʝ ʫʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʟʦʥʘʥʩʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʮʝʥʪʨʦʚ ʮʝʨʠʷ ʚ 

Y3Al 5O12 ʚʙʣʠʟʠ q = 0
0
, [001]. ɾʠʨʥʳʝ ʣʠʥʠʠ ʧʨʠʥʘʜʣʝʞʘʪ ʦʙʳʯʥʳʤ  

ʮʝʥʪʨʘʤ ʉʝ
3+

 ʚ YAG 

 

ʀʤʝʝʪʩʷ ʪʘʢʞʝ ʜʚʘ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʭ ʠʦʥʘ 

Al
3+

 ʥʘ ʨʘʩʩʪʦʷʥʠʷʭ 3.00Ȕ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʥʘʧʨʘʚʣʝʥʠʷʭ [001] 

ʢʨʠʩʪʘʣʣʘ. ɹʣʠʞʘʡʰʝʝ ʠʪʪʨʠʝʚʦʝ ʦʢʨʫʞʝʥʠʝ ʠʪʪʨʠʷ ʪʘʢʞʝ 

ʦʙʨʘʟʫʝʪ ʪʝʪʨʘʵʜʨ ʠʟ ʠʦʥʦʚ Y
3+

 ʩ ʚʝʨʰʠʥʘʤʠ, ʫʜʘʣʝʥʥʳʤʠ ʦʪ 

ʮʝʥʪʨʘ (Y
3+

 ʠʣʠ ʉʝ
3+
) ʥʘ ʨʘʩʩʪʦʷʥʠʷ 3.68Ȕ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʠʩʣʦ 

ʠ ʪʠʧ ʦʙʨʘʟʦʚʘʥʥʳʭ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʮʝʥʪʨʦʚ ʮʝʨʠʷ ʙʫʜʫʪ 

ʟʘʚʠʩʝʪʴ ʦʪ ʪʦʛʦ, ʢʘʢʦʡ ʠʟ ʙʣʠʞʘʡʰʠʭ ʫʟʣʦʚ ʉʝ
3+

 ʟʘʤʝʱʝʥ. 

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʟʘʤʝʱʝʥʠʷʭ Y
3+

 Ÿ Al
3+

 ʠʣʠ Al
3+ 
Ÿ Y

3+
 

ʠʩʢʘʞʝʥʠʷ ʙʣʠʞʘʡʰʝʛʦ ʦʢʨʫʞʝʥʠʷ ʉʝ
3+

 ʙʫʜʫʪ ʦʪʣʠʯʘʪʴʩʷ, 

ʩʞʘʪʠʝʤ ʠ ʨʘʟʞʘʪʠʝʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʵʪʦʤ ʙʫʜʫʪ ʦʪʣʠʯʘʪʴʩʷ 

ʪʘʢʞʝ ʧʘʨʘʤʝʪʨʳ ʩʧʝʢʪʨʦʚ ʕʇʈ ʚ ʪʦʤ ʠʣʠ ʜʨʫʛʦʤ ʩʣʫʯʘʝ. ʇʦ 

ʚʠʜʠʤʦʤʫ, ʩʧʝʢʪʨʳ ɸ ʠ ɺ ʦʙʫʩʣʦʚʣʝʥʳ ʠʤʝʥʥʦ ʪʘʢʠʤ 

ʠʟʤʝʥʝʥʠʷʤ ʦʢʨʫʞʝʥʠʷ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʮʝʥʪʨʘ ʉʝ
3+
. ʂʘʢ 

ʧʦʢʘʟʳʚʘʝʪ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ, ʩʧʝʢʪʨ ɸ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʟʘʤʝʱʝʥʠʷʤ Al
3+ 
Ÿ Y

3+
, ʘ ʟʘʤʝʱʝʥʠʷʤ Y

3+
 Ÿ Al

3+
 ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʩʧʝʢʪʨ ɺ. ʂʦʥʮʝʥʪʨʘʮʠʷ ʮʝʥʪʨʦʚ ʉʝ
3+

AlŸY ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ 

ʮʝʥʪʨʦʚ ʉʝ
3+

YŸAl. ɺʦʟʤʦʞʥʦ ʧʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʘʚʪʦʨʘʤʠ [3] 

ʩʦʦʙʱʘʣʦʩʴ ʪʦʣʴʢʦ ʦ ʟʘʤʝʱʝʥʠʠ Y
3+

 Ÿ Al
3+

 ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ 
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ʫʟʣʘʭ ʛʨʘʥʘʪʘ. ʆʪʤʝʪʠʤ, ʯʪʦ ʧʨʠ ʠʩʢʘʞʝʥʠʠ ʙʣʠʞʘʡʰʝʛʦ 

ʦʢʨʫʞʝʥʠʷ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʮʝʥʪʨʘ ʉʝ
3+
, ʠʟʤʝʥʝʥʠʠ ʟʥʘʯʝʥʠʡ g-

ʬʘʢʪʦʨʦʚ, ʪʝʤ ʥʝ ʤʝʥʝʝ, ʥʘʧʨʘʚʣʝʥʠʝ ʦʩʠ z ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʳʤ. 

ʕʪʦ ʚʠʜʥʦ ʠʟ ʨʠʩ. 3, ʛʜʝ ʧʨʠʚʝʜʝʥʳ ʧʦʜʨʦʙʥʳʝ ʫʛʣʦʚʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʩʧʝʢʪʨʦʚ ʕʇʈ ʢʘʢ ʦʩʥʦʚʥʳʭ, ʪʘʢ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʮʝʥʪʨʦʚ ʠʦʥʦʚ ʉʝ
3+

 ʚ Y3Al 5O12. 

ʈʘʙʦʪʘ ʙʳʣʘ ʧʦʜʜʝʨʞʘʥʘ ʄʠʥʠʩʪʝʨʩʪʚʦʤ ʦʙʨʘʟʦʚʘʥʠʷ ʠ 

ʥʘʫʢʠ ʈʦʩʩʠʠ ʧʦ ʢʦʥʪʨʘʢʪʘʤ ˉ 14.740.11.0048 ʠ ˉ 

16.513.12.3007; ʧʨʦʛʨʘʤʤʘʤʠ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ 

"ʉʧʠʥʦʚʳʝ ʷʚʣʝʥʠʷ ʚ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨʘʭ ʠ 

ʩʧʠʥʪʨʦʥʠʢʘ", "ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʦʩʥʦʚʳ ʪʝʭʥʦʣʦʛʠʡ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʠ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ" ʠ ʛʨʘʥʪʘʤʠ ʈʌʌʀ. 

 

ʃʠʪʝʨʘʪʫʨʘ 

1. H.R. Lewis. J. Appl. Phys., 1966, v.37, N 2, p.739-741. 

2. R.L. White, T.G. Phylips and R.A. Lefever. J. Appl. Phys. 1967,    
v. 38, N 1, p. 408-409. 

3. S. Geller, G.P. Espinoza, L.D. Fullmer, P.B. Grandall. Mater. 

Res. Bull. V. 7, 1219 (1972). 



40 

 

ʐʀʈʆʂʆʇʆʃʆʉʅɸʗ  ʕʇʈ-ʉʇɽʂʊʈʆʉʂʆʇʀʗ 

ʇɸʈʅʓʍ ʎɽʅʊʈʆɺ ɾɽʃɽɿɸ ɺ ʂʈʀʉʊɸʃʃɽ ʂʆʈʋʅɼɸ 

 
ʐʘʢʫʨʦʚ ɻ.ʉ., ʄʠʛʘʯʝʚ ʉ.ɸ. 

 

ʂʘʟʘʥʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʂʘʟʅʎ ʈɸʅ 

ʈʦʩʩʠʷ, 420029 ʂʘʟʘʥʴ, ʉʠʙʠʨʩʢʠʡ ʪʨʘʢʪ 10/7, shakurov@kfti.knc.ru 

 

ʇʘʨʥʳʝ ʮʝʥʪʨʳ Fe
3+

 ʚ Ŭ-Al 2O3 ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʨʘʥʝʝ 

ʤʝʪʦʜʦʤ ʕʇʈ ʚ X- ʠ Q-ʜʠʘʧʘʟʦʥʘʭ ʚ ʰʠʨʦʢʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ 

ʠʥʪʝʨʚʘʣʝ [1,2]. ʇʨʠ ʵʪʦʤ ʚ ʨʘʙʦʪʝ [1] ʙʳʣ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥ 

ʜʠʤʝʨ ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʚʜʦʣʴ ʦʩʠ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ. ʇʦʣʫʯʝʥʥʳʝ 

ʩʧʝʢʪʨʳ ʕʇʈ ʩʦʚʧʘʣʠ ʩ ʨʘʩʯʝʪʥʳʤʠ ʧʨʠ ʫʩʣʦʚʠʠ 

ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʦʙʤʝʥʘ ʩ ʢʦʥʩʪʘʥʪʦʡ ʠʟʦʪʨʦʧʥʦʛʦ 

ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ J=250 (50) ʩʤ
-1
. ɺ ʨʘʙʦʪʝ [2] ʘʚʪʦʨʳ 

ʨʘʩʩʤʦʪʨʝʣʠ ʢʨʦʤʝ çʦʩʝʚʦʡè ʧʘʨʳ ʙʣʠʞʘʡʰʠʭ ʩʦʩʝʜʝʡ ʧʘʨʫ 

ʩʣʝʜʫʶʱʠʭ ʠʦʥʦʚ, ʘ ʪʘʢʞʝ ʜʠʤʝʨʳ ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʧʦʜ ʫʛʣʦʤ ʢ 

ʦʩʠ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ. ɹʳʣʠ ʧʦʣʫʯʝʥʳ ʩʧʝʢʪʨʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʠ ʧʦʩʪʨʦʝʥʳ ʩʠʩʪʝʤʳ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʚ ʥʫʣʝʚʦʤ 

ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʜʣʷ ʚʩʝʭ ʪʠʧʦʚ ʧʘʨ. ʍʦʪʷ ʭʘʨʘʢʪʝʨ ʦʙʤʝʥʘ ʜʣʷ 

ʙʣʠʞʘʡʰʠʭ ʠʦʥʦʚ ʚʜʦʣʴ ʦʩʠ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ ʙʳʣ ʫʩʪʘʥʦʚʣʝʥ 

ʪʘʢʞʝ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʤ, ʢʦʥʩʪʘʥʪʘ ʠʟʦʪʨʦʧʥʦʛʦ ʦʙʤʝʥʘ, 

ʧʦʣʫʯʝʥʥʘʷ ʚ ʭʦʜʝ ʨʘʩʯʝʪʦʚ, ʦʢʘʟʘʣʘʩʴ ʨʘʚʥʦʡ J=1.4 (0.3) ʩʤ
-1
. 

ʇʨʠʥʮʠʧʠʘʣʴʥʳʤ ʤʦʤʝʥʪʦʤ ʧʨʦʚʝʜʝʥʥʳʭ ʨʘʥʝʝ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʷʚʣʷʣʦʩʴ ʯʘʩʪʠʯʥʦʝ ʥʘʣʦʞʝʥʠʝ ʩʧʝʢʪʨʦʚ ʕʇʈ ʧʘʨʥʳʭ ʮʝʥʪʨʦʚ ʠ 

ʩʧʝʢʪʨʦʚ ʦʜʠʥʦʯʥʦʛʦ ʠʦʥʘ Fe
3+
, ʧʨʠʯʝʤ ʣʠʥʠʠ ʧʘʨ ʠʤʝʣʠ 

ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ, ʯʪʦ ʦʛʨʘʥʠʯʠʣʦ 

ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʠʟʫʯʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʤʝʶʱʠʝʩʷ ʜʘʥʥʳʝ 

ʧʦʢʘ ʥʝʧʦʣʥʳ ʠ ʧʨʦʪʠʚʦʨʝʯʠʚʳ. ʅʘʤʠ ʧʨʝʜʧʨʠʥʷʪʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʘʨʥʳʭ ʮʝʥʪʨʦʚ ʤʝʪʦʜʦʤ ʰʠʨʦʢʦʧʦʣʦʩʥʦʡ ʕʇʈ-

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 36-850 ɻɻʮ (1.2-28.3 ʩʤ
-1
), ʚ 

ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʦ 1 ʊ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 4.2 ʂ.  ʕʪʦ ʧʦʟʚʦʣʠʣʦ 

ʥʘʙʣʶʜʘʪʴ ʩʧʝʢʪʨʳ ʕʇʈ ʧʘʨ  ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʩʧʝʢʪʨʦʚ 

ʦʜʠʥʦʯʥʦʛʦ ʠʦʥʘ. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʢʨʠʩʪʘʣʣʝ  ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ 

ʩʧʝʢʪʨʳ ʕʇʈ ʦʜʠʥʦʯʥʳʭ ʠʦʥʦʚ Fe
3+

 ʠ ʠʦʥʦʚ Fe
2+
. ʅʘʙʣʶʜʘʣʩʷ 

ʪʘʢʞʝ ʠʦʥ V
3+

 ʚʦʰʝʜʰʠʡ ʚ ʢʘʯʝʩʪʚʝ ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʦʡ 

ʧʨʠʤʝʩʠ. ʂʨʠʩʪʘʣʣ, ʠʩʧʦʣʴʟʦʚʘʚʰʠʡʩʷ ʨʘʥʝʝ ʚ ʦʧʪʠʯʝʩʢʠʭ 
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ʠʟʤʝʨʝʥʠʷʭ, ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʮʠʣʠʥʜʨ ʜʠʘʤʝʪʨʦʤ 5 ʤʤ ʠ 

ʚʳʩʦʪʦʡ 30 ʤʤ. ʊʨʠʛʦʥʘʣʴʥʘʷ ʦʩʴ ʨʘʩʧʦʣʘʛʘʣʘʩʴ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʙʨʘʟʫʶʱʝʡ ʮʠʣʠʥʜʨʘ. ʇʦʣʠʨʦʚʘʥʥʳʝ ʪʦʨʮʳ 

ʮʠʣʠʥʜʨʘ ʙʳʣʠ ʙʣʠʟʢʠ ʢ ʧʣʦʩʢʦʩʪʠ (100) ʩ ʦʪʢʣʦʥʝʥʠʝʤ 8 ʛʨʘʜ. 

ɺʨʘʱʝʥʠʝ ʢʨʠʩʪʘʣʣʘ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʧʣʦʩʢʦʩʪʠ ʪʦʨʮʦʚ. 

ɺ ʜʠʘʧʘʟʦʥʝ 36-850 ɻɻʮ ʚ ʥʫʣʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

ʥʘʙʣʶʜʘʣʦʩʴ ʦʢʦʣʦ 20 ʵʣʝʢʪʨʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ 

ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʩʚʷʟʘʥʥʳʭ ʩ ʧʘʨʥʳʤʠ ʮʝʥʪʨʘʤʠ ʞʝʣʝʟʘ. 

ʇʨʠʤʝʨ ʩʧʝʢʪʨʘ ʕʇʈ ʠʟʤʝʨʝʥʥʳʡ ʥʘ ʯʘʩʪʦʪʝ 240 ɻɻʮ ʧʨʠʚʝʜʝʥ 

ʥʘ ʨʠʩ.1. 
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B, kG

V
3+

Fe
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-Fe
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ʈʠʩ.1 ʉʧʝʢʪʨ ʕʇʈ Al 2O3:Fe  ʚ ʧʨʦʠʟʚʦʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ. ʏʘʩʪʦʪʘ 240 ɻɻʮ 

 

ʅʘʙʣʶʜʘʝʤʳʝ ʣʠʥʠʠ ʕʇʈ ʤʦʞʥʦ ʨʘʟʙʠʪʴ ʥʘ ʪʨʠ ʛʨʫʧʧʳ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ  ʯʠʩʣʘ ʥʘʙʣʶʜʘʝʤʳʭ ʤʘʛʥʠʪʥʦ-ʥʝʵʢʚʠʚʘʣʝʥʥʳʭ 

ʧʦʟʠʮʠʡ ʧʨʠ ʚʨʘʱʝʥʠʠ ʢʨʠʩʪʘʣʣʘ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ɺ ʧʝʨʚʫʶ 

ʛʨʫʧʧʫ ʚʭʦʜʷʪ ʣʠʥʠʠ ʠʤʝʶʱʫʶ ʤʘʛʥʠʪʥʫʶ ʢʨʘʪʥʦʩʪʴ ʨʘʚʥʫʶ 
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KM=1. ʀʟ ʩʚʦʡʩʪʚ ʩʠʤʤʝʪʨʠʠ (ʪʦʯʝʯʥʘʷ ʛʨʫʧʧʘ ʉ3) ʩʣʝʜʫʝʪ, ʯʪʦ 

ʜʘʥʥʳʝ ʣʠʥʠʠ ʧʨʠʥʘʜʣʝʞʘʪ ʧʘʨʘʤ, ʨʘʩʧʦʣʦʞʝʥʥʳʤ ʚʜʦʣʴ ʦʩʠ 

ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ. ɺʦ ʚʪʦʨʫʶ ʛʨʫʧʧʫ ʤʳ ʦʪʥʦʩʠʤ ʣʠʥʠʠ 

ʠʤʝʶʱʫʶ ʤʘʛʥʠʪʥʫʶ ʢʨʘʪʥʦʩʪʴ KM=3. ʊʘʢʦʡ ʤʘʛʥʠʪʥʦʡ 

ʢʨʘʪʥʦʩʪʴʶ ʤʦʛʫʪ ʦʙʣʘʜʘʪʴ ʧʘʨʳ ʩ ʩʠʤʤʝʪʨʠʝʡ ʉ1 ʠ ʉ2, 

ʩʦʩʪʘʚʣʷʶʱʠʝ ʩ ʦʩʴʶ ʉ3 ʫʛʣʳ 80.1 ʠ 58.3 ʛʨʘʜ. ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʂ ʪʨʝʪʴʝʡ ʛʨʫʧʧʝ ʦʪʥʦʩʷʪʩʷ ʩʧʝʢʪʨʳ ʕʇʈ ʠʤʝʶʱʠʝ ʤʘʛʥʠʪʥʫʶ 

ʢʨʘʪʥʦʩʪʴ KM=6, ʩʠʤʤʝʪʨʠʶ ʉ1 ʠ ʧʘʨʥʫʶ ʦʩʴ, ʥʘʢʣʦʥʝʥʥʫʶ ʥʘ  

ʫʛʦʣ 51.7 ʛʨʘʜ. ʢ ʦʩʠ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ [2]. ʉʣʝʜʫʷ ʨʘʥʥʠʤ 

ʧʫʙʣʠʢʘʮʠʷʤ [1,2], ʧʨʠ ʘʥʘʣʠʟʝ ʧʦʣʫʯʝʥʥʳʭ ʩʧʝʢʪʨʦʚ ʤʳ ʪʘʢʞʝ 

ʧʨʝʜʧʦʣʘʛʘʣʠ, ʯʪʦ ʢʦʥʩʪʘʥʪʘ ʠʟʦʪʨʦʧʥʦʛʦ ʦʙʤʝʥʘ ʩʫʱʝʩʪʚʝʥʥʦ 

ʧʨʝʚʳʰʘʝʪ ʚʩʝ ʜʨʫʛʠʝ ʯʣʝʥʳ ʚ ʛʘʤʠʣʴʪʦʥʠʘʥʝ. ɺ ʧʝʨʚʦʡ ʛʨʫʧʧʝ 

ʥʘʙʣʶʜʘʣʦʩʴ ʪʨʠ ʵʣʝʢʪʨʦʥʥʳʭ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʷ, ʢʘʞʜʦʝ 

ʠʟ ʢʦʪʦʨʳʭ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʨʘʩʱʝʧʣʷʝʪʩʷ ʥʘ ʜʫʙʣʝʪ ʩ g-

ʬʘʢʪʦʨʦʤ ʙʣʠʟʢʠʤ ʢ ʜʚʦʡʢʝ. ɺʝʣʠʯʠʥʳ ʨʘʩʱʝʧʣʝʥʠʡ ʚ ʥʫʣʝʚʦʤ 

ʧʦʣʝ ʠ ʟʥʘʯʝʥʠʷ g-ʬʘʢʪʦʨʦʚ ʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, 

ʯʪʦ ʥʘʙʣʶʜʘʝʤʳʝ ʣʠʥʠʠ ʧʨʠʥʘʜʣʝʞʘʪ ʧʘʨʝ, ʩʚʷʟʘʥʥʦʡ 

ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʦʙʤʝʥʦʤ ʩ ʢʦʥʩʪʘʥʪʦʡ ʠʟʦʪʨʦʧʥʦʛʦ 

ʦʙʤʝʥʘ ʦʢʦʣʦ J=4 ʩʤ
-1
. ɺʪʦʨʘʷ ʛʨʫʧʧʘ ʣʠʥʠʡ ʥʘʠʙʦʣʝʝ 

ʤʥʦʛʦʯʠʩʣʝʥʥʘʷ ʠ ʧʦʢʘ ʥʝʪ ʧʦʣʥʦʡ ʢʘʨʪʠʥʳ ʝʝ ʠʜʝʥʪʠʬʠʢʘʮʠʠ. 

ʆʜʥʘʢʦ ʙʦʣʴʰʠʝ ʚʝʣʠʯʠʥʳ ʥʘʙʣʶʜʘʝʤʳʭ g-ʬʘʢʪʦʨʦʚ 

ʦʜʥʦʟʥʘʯʥʦ ʫʢʘʟʳʚʘʶʪ ʥʘ  ʚʝʣʠʯʠʥʫ ʩʫʤʤʘʨʥʦʛʦ ʩʧʠʥʘ S=5. ʀʟ 

ʵʪʦʛʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʦʙʤʝʥ ʠʤʝʝʪ ʬʝʨʨʦʤʘʛʥʠʪʥʳʡ 

ʭʘʨʘʢʪʝʨ, ʘ ʤʥʦʞʝʩʪʚʝʥʥʳʝ ʥʘʙʣʶʜʘʝʤʳʝ ʧʝʨʝʭʦʜʳ ʧʨʦʠʩʭʦʜʷʪ 

ʤʝʞʜʫ ʧʦʜʫʨʦʚʥʷʤʠ ʩʦʩʪʦʷʥʠʷ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤ ʩʧʠʥʦʤ. ʇʨʠ 

ʵʪʦʤ ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘʙʣʶʜʘʶʪʩʷ ʧʝʨʝʭʦʜʳ ʪʠʧʘ 

ʜʫʙʣʝʪ-ʜʫʙʣʝʪ ʠ ʩʠʥʛʣʝʪ-ʩʠʥʛʣʝʪ. ɺʝʣʠʯʠʥʘ ʨʦʤʙʠʯʝʩʢʦʡ 

ʩʦʩʪʘʚʣʷʶʱʝʡ (ɽ) ʚ  ʧʝʨʝʭʦʜʘʭ ʩʠʥʛʣʝʪ-ʩʠʥʛʣʝʪ ʥʝ ʧʦʟʚʦʣʷʝʪ 

ʩʦʚʤʝʩʪʠʪʴ ʵʪʠ ʧʝʨʝʭʦʜʳ ʠ ʧʝʨʝʭʦʜʳ ʜʫʙʣʝʪ-ʜʫʙʣʝʪ ʚ ʦʜʥʫ 

ʩʠʩʪʝʤʫ ʫʨʦʚʥʝʡ. ʊʦ ʝʩʪʴ ʤʳ ʧʨʝʜʧʦʣʘʛʘʝʤ, ʯʪʦ ʨʝʘʣʠʟʫʶʪʩʷ ʜʚʘ 

ʪʠʧʘ ʧʘʨ ʠ ʦʙʘ ʩ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʦʙʤʝʥʦʤ. ʊʨʝʪʴʷ ʛʨʫʧʧʘ 

ʣʠʥʠʡ  ʧʨʝʜʩʪʘʚʣʝʥʘ ʚʩʝʛʦ ʜʚʫʤʷ ʧʝʨʝʭʦʜʘʤʠ. ʆʜʠʥ ʠʟ 

ʧʝʨʝʭʦʜʦʚ ʩʠʥʛʣʝʪ-ʩʠʥʛʣʝʪ, ʚʪʦʨʦʡ ʩʠʥʛʣʝʪ-ʜʫʙʣʝʪ ʩ gc=3.8. 

ɽʩʣʠ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʨʝʘʣʠʟʫʝʪʩʷ 

ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʡ ʦʙʤʝʥ, ʘ ʩʠʥʛʣʝʪ-ʩʠʥʛʣʝʪʥʳʡ ʧʝʨʝʭʦʜ 

ʩʚʷʟʳʚʘʝʪ ʩʦʩʪʦʷʥʠʷ ʩ S=0 ʠ S=1, ʪʦ ʚʝʣʠʯʠʥʘ J ʩʦʩʪʘʚʣʷʝʪ 

ʦʢʦʣʦ 10 ʩʤ
-1
. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʜʣʷ ʣʠʥʠʡ ʕʇʈ, ʠʤʝʶʱʠʭ g-ʬʘʢʪʦʨ 
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ʨʘʚʥʳʡ 3.8 ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʚʣʝʢʘʪʴ ʧʝʨʝʭʦʜʳ ʫʞʝ ʥʘ ʩʠʩʪʝʤʫ 

ʫʨʦʚʥʝʡ ʩ S=2. ʇʦʩʢʦʣʴʢʫ ʨʝʟʦʥʘʥʩʥʳʡ ʧʝʨʝʭʦʜ ʠʤʝʝʪ  

ʨʘʩʱʝʧʣʝʥʠʝ ʚ ʥʫʣʝʚʦʤ ʧʦʣʝ ʦʢʦʣʦ 13 ʩʤ
-1
,
 
ʪʦ

 
ʦʥʦ ʥʝ 

ʚʧʠʩʳʚʘʝʪʩʷ ʚ ʧʨʠʙʣʠʞʝʥʠʝ, ʢʦʛʜʘ ʚʝʣʠʯʠʥʘ J ʤʥʦʛʦ ʙʦʣʴʰʝ 

ʧʘʨʘʤʝʪʨʦʚ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʠ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʨʫʛʫʶ ʤʦʜʝʣʴ. ɼʣʷ ʚʩʝʭ ʪʨʝʭ ʛʨʫʧʧ ʣʠʥʠʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʠʣʴʥʦ ʤʝʥʷʣʘʩʴ ʦʪ ʧʝʨʝʭʦʜʘ ʢ ʧʝʨʝʭʦʜʫ, ʯʪʦ, 

ʩʢʦʨʝʝ ʚʩʝʛʦ, ʩʚʷʟʘʥʦ ʢʘʢ ʩ ʧʨʘʚʠʣʘʤʠ ʦʪʙʦʨʘ, ʪʘʢ ʠ ʩ ʥʘʣʠʯʠʝʤ 

ʧʝʨʝʭʦʜʦʚ ʩ ʚʦʟʙʫʞʜʝʥʥʳʭ ʫʨʦʚʥʝʡ. ʇʦʵʪʦʤʫ ʜʣʷ ʧʨʦʜʦʣʞʝʥʠʷ 

ʥʘʯʘʪʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʣʘʥʠʨʫʝʪʩʷ  ʠʟʫʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʩʧʝʢʪʨʦʚ ʕʇʈ, ʘ ʪʘʢʞʝ ʨʘʩʯʝʪ ʩʧʝʢʪʨʦʚ ʥʘ ʦʩʥʦʚʝ 

ʨʘʟʥʳʭ ʤʦʜʝʣʝʡ. 
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ɺʃʀʗʅʀɽ ʌʆʊʆɺʆɿɹʋɾɼɽʅʀʗ ʅɸ ʉʇɽʂʊʈʓ ʕʇʈ 

ʂʈʀʉʊɸʃʃʆɺ Li 2Zn2(MoO4)3, ʆʊʆɾɽʅʅʓʍ ɺ 

ɸʊʄʆʉʌɽʈɽ CO2 
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ʉʆ ʈɸʅ, ʈʦʩʩʠʷ, 630090, ʅʦʚʦʩʠʙʠʨʩʢ, ʧʨ-ʪ ʘʢ. ʃʘʚʨʝʥʪʴʝʚʘ, 3, 

(383)3309489, dosca@yandex.ru 

 

 ʉʪʨʫʢʪʫʨʘ ʢʨʠʩʪʘʣʣʦʚ Li 2Zn2(MoO4)3 ʠʩʭʦʜʥʦ ʜʦʧʫʩʢʘʝʪ 

ʥʝʩʪʝʭʠʦʤʝʪʨʠʶ ʧʦ ʣʠʪʠʶ ʠ ʮʠʥʢʫ. ʊʘʢ ʢʘʢ ʠʦʥʳ ʣʠʪʠʷ ʠ ʮʠʥʢʘ 

ʨʘʟʥʦʟʘʨʷʜʥʳʝ, ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʢʘʪʠʦʥʥʳʭ ʚʘʢʘʥʩʠʡ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʟʘʨʷʜʦʚʫʶ ʢʦʤʧʝʥʩʘʮʠʶ [1]. ʆʪʞʠʛ ʢʨʠʩʪʘʣʣʦʚ 

Li 2Zn2(MoO4)3 ʧʨʦʚʦʜʠʣʩʷ ʚ ʘʪʤʦʩʬʝʨʝ CO2 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

700
ʦ
C, ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ CO2 ʯʘʩʪʠʯʥʦ 

ʜʠʩʩʦʮʠʠʨʫʝʪ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ CO, ʢʦʪʦʨʳʡ ʠ ʩʦʟʜʘʝʪ 

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʫʶ ʘʪʤʦʩʬʝʨʫ. ʇʦʩʣʝ ʦʪʞʠʛʘ ʢʨʠʩʪʘʣʣʳ 

Li 2Zn2(MoO4)3, ʘʢʪʠʚʠʨʦʚʘʥʥʳʝ ʢʘʢ ʠʦʥʘʤʠ Ce
3+

 ʪʘʢ ʠ ʠʦʥʘʤʠ 

Cu
2+

,
 
ʧʨʠʦʙʨʝʪʘʶʪ ʩʝʨʫʶ ʦʢʨʘʩʢʫ. 

 ɺ ʩʧʝʢʪʨʘʭ ʕʇʈ, ʦʪʦʞʞʝʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ 

Li 2Zn2(MoO4)3:Ce
3+
, ʧʨʠ 77 ʂ ʥʘʙʣʶʜʘʝʪʩʷ ʩʧʝʢʪʨ ʩ ʵʣʝʢʪʨʦʥʥʳʤ 

ʩʧʠʥʦʤ S = 1/2 ʠ ʉʊʉ ʦʪ ʠʟʦʪʦʧʘ ʤʦʣʠʙʜʝʥʘ 
97
ʄʦ (I = 5/2, 

ʝʩʪʝʩʪʚʝʥʥʘʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴ 9.56 %). ʊʘʢʦʝ ʵʣʝʢʪʨʦʥʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʨʝʘʣʠʟʫʝʪʩʷ ʜʣʷ ʠʦʥʦʚ ʤʦʣʠʙʜʝʥʘ ʚ ʩʣʫʯʘʝ ʟʘʨʷʜʦʚʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʄʦ
5+
. ʇʨʠʯʝʤ, ʚ ʩʧʝʢʪʨʘʭ ʕʇʈ ʥʘʙʣʶʜʘʝʪʩʷ ʦʜʥʦ 

ʤʘʛʥʠʪʥʦ-ʥʝʵʢʚʠʚʘʣʝʥʪʥʦʝ ʧʦʣʦʞʝʥʠʝ. ʉʪʨʫʢʪʫʨʥʦʝ ʧʦʣʦʞʝʥʠʝ 

ʄʦ
5+

 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʦʞʝʥʠʶ ʤʦʣʠʙʜʝʥʘ ʚ ʧʦʟʠʮʠʠ ʄʦ1 ʠ 

ʥʘʧʨʘʚʣʝʥʠʷ ʛʣʘʚʥʳʭ ʟʥʘʯʝʥʠʡ A ʠ g ï ʪʝʥʟʦʨʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʥʘʧʨʘʚʣʝʥʠʶ ʄʦ - ʢʠʩʣʦʨʦʜʥʘʷ ʚʘʢʘʥʩʠʷ ï Li, ʥʘʭʦʜʷʱʠʡʩʷ ʚ 

ʧʦʟʠʮʠʠ ʄ3 (ʈʠʩ.1).  

ɸʥʘʣʠʟ ʫʛʣʦʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩʧʝʢʪʨʦʚ ʕʇʈ ʠʦʥʦʚ ʄʦ
5+

 ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ [2] ʧʦʟʚʦʣʠʣ ʨʘʩʩʯʠʪʘʪʴ ʧʘʨʘʤʝʪʨʳ 

ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʘ ʜʣʷ ʠʦʥʦʚ ʄʦ
5+
. ʄʦʜʝʣʠʨʦʚʘʥʥʳʝ ʫʛʣʦʚʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʭʦʨʦʰʦ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠ 

ʦʧʠʩʳʚʘʶʪʩʷ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ: 

Ǧ = gxxɓHxSx  + gyyɓHySy + gzzɓHzSz  + AxxSxIx + AyySyIy +AzzSzIz, 
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ʧʨʠ ʩʣʝʜʫʶʱʠʭ ʟʥʘʯʝʥʠʷʭ ʧʘʨʘʤʝʪʨʦʚ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʘ:  

g|| = 1.862, gƍ = 1.933, A ||=71.8 Gs, Aƍ=34.1 Gs 

 

 

ʈʠʩ.1. ʉʪʨʫʢʪʫʨʘ ʢʨʠʩʪʘʣʣʘ Li 2Zn2(MoO4)3. ʅʘʙʣʶʜʘʝʤʳʡ ʩʧʝʢʪʨ ʕʇʈ ʄʦ
5+

 

ʦʪʥʦʩʠʪʩʷ ʢ ʧʦʟʠʮʠʠ ʤʦʣʠʙʜʝʥʘ ʄʦ1 

 

ʂʦʤʧʦʥʝʥʪʳ, ʥʘʙʣʶʜʘʝʤʦʛʦ ʩʧʝʢʪʨʘ ʕʇʈ ʩʚʝʨʭʪʦʥʢʦʡ 

ʩʪʨʫʢʪʫʨʳ ʦʪ ʠʟʦʪʦʧʘ 
97

Mo
 
ʠʤʝʝʪ ʨʘʟʥʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ (ʩʤ. ʈʠʩ. 

2), ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʧʨʝʜʧʦʣʦʞʠʪʴ ʥʘʣʠʯʠʝ ʢʨʦʩʩ-ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ 

ʧʨʦʮʝʩʩʦʚ. ɼʣʷ ʧʨʦʚʝʨʢʠ ʥʘʣʠʯʠʷ ʧʨʦʮʝʩʩʦʚ ʢʨʦʩʩ-ʨʝʣʘʢʩʘʮʠʠ ʚ 

ʜʘʥʥʦʡ ʩʠʩʪʝʤʝ ʧʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʝʤ 

ʦʙʨʘʟʮʘ Li 2Zn2(MoO4)3:Ce
3+ 
ʧʨʠ 77ʂ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ 

ʨʝʟʦʥʘʪʦʨʝ ʕʇʈ ʩʧʝʢʪʨʦʤʝʪʨʘ. ʇʨʠ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʧʝʢʪʨʘ ʕʇʈ ʦʪ ʄʦ
5+

 ʫʤʝʥʴʰʘʝʪʩʷ. ʃʠʥʠʷ ʩʧʝʢʪʨʘ 

ʕʇʈ ʩʪʘʥʦʚʠʪʩʷ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʠʟ-ʟʘ ʧʦʷʚʣʝʥʠʷ ʥʘ 

ʥʠʟʢʦʧʦʣʝʚʦʤ ʢʨʳʣʝ ʣʠʥʠʡ ʜʚʫʭ ʫʟʢʠʭ ʣʠʥʠʡ ʩ ʧʦʣʫʰʠʨʠʥʦʡ æʅ 

= 4  Gs ʠ ʨʘʩʱʝʧʣʝʥʠʝʤ ɸ = 14 Gs. (ʈʠʩ. 4b). ʇʦʩʣʝ ʧʨʝʢʨʘʱʝʥʠʷ 

ʦʙʣʫʯʝʥʠʷ ʩʚʝʪʦʤ ʚ ʪʝʤʥʦʚʳʭ ʫʩʣʦʚʠʷʭ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʩʪʝʧʝʥʥʦʝ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʠʥʠʡ ʩʧʝʢʪʨʘ ʕʇʈ ʧʨʠ 

ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʫʰʠʨʝʥʠʠ ʜʚʫʭ ʫʟʢʠʭ ʣʠʥʠʡ ʚ ʥʠʟʢʦʧʦʣʝʚʦʡ 

ʯʘʩʪʠ ʣʠʥʠʠ ʦʩʥʦʚʥʦʛʦ ʧʝʨʝʭʦʜʘ. ʇʦʩʣʝ ʜʣʠʪʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ 

ʥʘʭʦʞʜʝʥʠʷ ʦʙʨʘʟʮʘ ʚ ʪʝʤʥʦʚʳʭ ʫʩʣʦʚʠʷʭ ʧʨʠ 77ʂ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠ ʩʠʤʤʝʪʨʠʯʥʘʷ ʬʦʨʤʘ ʣʠʥʠʠ ʚʦʩʩʪʘʥʘʚʣʠʚʘʶʪʩʷ. 

ʅʘʛʨʝʚ ʦʙʣʫʯʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʪʘʢʞʝ 

ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪ ʩʧʝʢʪʨ ʕʇʈ ʠʦʥʘ ʤʦʣʠʙʜʝʥʘ ʄʦ
5+

.  

ʅʘʙʣʶʜʘʝʤʦʝ ʫʤʝʥʴʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʧʝʢʪʨʘ ʕʇʈ 

ʠʦʥʦʚ ʄʦ
5+

 ʧʨʠ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʠ ʤʦʞʝʪ ʙʳʪʴ ʠʟ-ʟʘ ʠʟʤʝʥʝʥʠʷ 
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ʟʘʨʷʜʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʤʦʣʠʙʜʝʥʘ ʜʦ ʄʦ
6+ 
ʧʨʠ ʧʝʨʝʭʦʜʝ ʵʣʝʢʪʨʦʥʘ 

ʩ ʫʨʦʚʥʷ ʄʦ
5+

 ʚ ʟʦʥʫ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʟʘʭʚʘʪʦʤ ʝʛʦ ʥʘ ʣʦʚʫʰʢʠ.  

 

 
ʈʠʩ. 2. ʉʧʝʢʪʨ ʕʇʈ ʄʦ

5+
 ʧʨʠ 77ʂ: ʘ- ʜʦ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʷ, ʙ ï ʧʦʩʣʝ 

ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʷ 

 

ʏʪʦ ʢʘʩʘʝʪʩʷ ʧʦʷʚʣʝʥʠʷ ʥʘ ʢʨʳʣʝ ʥʠʟʢʦʧʦʣʝʚʦʡ ʯʘʩʪʠ ʣʠʥʠʠ 

ʩʧʝʢʪʨʘ ʕʇʈ ʜʚʫʭ ʨʘʟʨʝʰʝʥʥʳʭ ʫʟʢʠʭ ʣʠʥʠʡ, ʪʦ ʵʪʠ ʣʠʥʠʠ 

ʷʚʣʷʶʪʩʷ ʯʘʩʪʴʶ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʉʊʉ, ʘ ʨʝʘʣʴʥʦ ʷʚʣʷʶʪʩʷ ʝʝ 

ʧʦʣʦʚʠʥʦʡ, ʧʦʩʢʦʣʴʢʫ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʙʣʠʟʣʝʞʘʱʝʡ ʢ ʮʝʥʪʨʫ 

ʦʩʥʦʚʥʦʡ ʣʠʥʠʠ ʷʚʣʷʝʪʩʷ ʚ ʜʚʘ ʨʘʟʘ ʤʝʥʴʰʝ, ʯʝʤ ʨʘʩʩʪʦʷʥʠʝ 

ʤʝʞʜʫ ʜʚʫʤʷ ʨʘʟʨʝʰʝʥʥʳʤʠ ʣʠʥʠʷʤʠ. ɼʦ ʥʘʩʳʱʝʥʠʷ ʕʇʈ 

ʧʝʨʝʭʦʜʦʚ ʵʪʠ ʣʠʥʠʠ ʥʝ ʨʘʟʨʝʰʘʣʠʩʴ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʥʘ ʬʦʥʝ 

ʥʘʣʦʞʝʥʠʷ ʜʨʫʛʠʭ ʉʊʉ ʩ ʤʝʥʴʰʠʤʠ ʢʦʥʩʪʘʥʪʘʤʠ ʉʊɺ. ʏʝʪʳʨʝ 

ʣʠʥʠʠ ʉʊʉ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʥʘʣʠʯʠʶ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʘʪʦʤʦʤ, 

ʠʤʝʶʱʠʤ ʷʜʝʨʥʳʡ ʤʦʤʝʥʪ I =3/2 ʧʨʠʤʝʨʥʦ ʩʦ 100% 

ʝʩʪʝʩʪʚʝʥʥʦʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴʶ. ʊʘʢʠʤ ʘʪʦʤʦʤ ʚ ʜʘʥʥʦʡ 

ʩʠʩʪʝʤʝ ʷʚʣʷʝʪʩʷ ʣʠʪʠʡ.  

ɺ ʦʪʣʠʯʠʝ ʦʪ ʢʨʠʩʪʘʣʣʦʚ ʣʠʪʠʡ ï ʮʠʥʢʦʚʦʛʦ ʤʦʣʠʙʜʘʪʘ, 

ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʠʦʥʘʤʠ ʮʝʨʠʷ, ʧʦʩʣʝ ʦʪʞʠʛʘ ʢʨʠʩʪʘʣʣʦʚ 

Li 2Zn2(MoO4)3:Cu
2+ 
ʚ ʉʆ2 ʘʪʤʦʩʬʝʨʝ ʚ ʩʧʝʢʪʨʘʭ ʕʇʈ ʥʝ 

ʥʘʙʣʶʜʘʝʪʩʷ ʩʧʝʢʪʨʘ ʕʇʈ ʦʪ ʤʝʜʠ Cu
2+
. ʂʨʦʤʝ ʪʦʛʦ, ʩʧʝʢʪʨ ʦʪ 

ʠʦʥʦʚ ʄʦ
5+

 ʠʤʝʝʪ ʦʯʝʥʴ ʩʣʘʙʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ (ʩʤ. ʈʠʩ. 6). 

ʆʙʣʫʯʝʥʠʝ ʢʨʠʩʪʘʣʣʦʚ ʩʚʝʪʦʤ ʧʨʠ 77 ʂ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ 

ʠʥʪʝʥʩʠʚʥʳʭ ʩʧʝʢʪʨʦʚ ʕʇʈ ʦʪ ʠʦʥʦʚ Cu
2+

 ʠ ʄʦ
5+
. ʇʨʠ ʩʪʦʷʥʠʠ 
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ʦʙʣʫʯʝʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚ ʪʝʤʥʦʚʳʭ ʫʩʣʦʚʠʷʭ ʧʨʦʠʩʭʦʜʠʪ 

ʧʦʩʪʝʧʝʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʙʦʠʭ ʩʧʝʢʪʨʦʚ ʕʇʈ. 

ʇʦʜʦʙʥʫʶ ʧʝʨʝʟʘʨʷʜʢʫ ʠʦʥʦʚ ʤʝʜʠ ʠ ʤʦʣʠʙʜʝʥʘ ʤʦʞʥʦ 

ʦʙʲʷʩʥʠʪʴ ʪʝʤ, ʯʪʦ ʚ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʝ ʠʦʥʳ ʤʝʜʠ Cu
2+

 ʠʤʝʶʪ 

ʫʨʦʚʥʠ ʵʥʝʨʛʠʠ ʥʠʞʝ, ʯʝʤ ʄʦ
5+
.  ʇʦʵʪʦʤʫ ʧʨʦʠʩʭʦʜʠʪ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʩ ʫʨʦʚʥʝʡ ʄʦ
5+

 ʥʘ ʫʨʦʚʥʠ Cu
2+

,  

ʧʝʨʝʚʦʜʷ ʠʭ  ʚ ʩʦʩʪʦʷʥʠʝ ʄʦ
6+

 ʠ Cu
+
 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʌʦʪʦʚʦʟʙʫʞʜʝʥʠʝ ʧʨʠ 77 ʂ  ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʪʥʦʤʫ ʧʨʦʮʝʩʩʫ 

ʯʝʨʝʟ ʚʦʟʙʫʞʜʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʠʟ ʩʦʩʪʦʷʥʠʷ Cu+ ʚ ʟʦʥʫ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʢ ʠʭ ʟʘʭʚʘʪʫ ʥʘ ʫʨʦʚʥʠ ʄʦ
6+
, ʧʝʨʝʚʦʜʷ ʠʦʥʳ 

ʦʙʨʘʪʥʦ ʚ ʩʦʩʪʦʷʥʠʝ Cu
2+

 ʠ ʄʦ
5+

 (ʩʤ. ʩʭʝʤʫ ʈʠʩ. 5ʙ).  

ʊ.ʦ., ʧʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʪʦʞʞʝʥʥʳʭ ʚ ʘʪʤʦʩʬʝʨʝ 

ʉʆ2 ʢʨʠʩʪʘʣʣʦʚ ʣʠʪʠʡ-ʮʠʥʢʦʚʦʛʦ ʤʦʣʠʙʜʘʪʘ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ 

ʪʘʢʦʤ ʦʪʞʠʛʝ ʦʙʨʘʟʫʶʪʩʷ ʢʠʩʣʦʨʦʜʥʳʝ ʚʘʢʘʥʩʠʠ ʩ 

ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʧʝʨʝʚʦʜʦʤ ʠʦʥʦʚ ʤʦʣʠʙʜʝʥʘ ʚ ʩʦʩʪʦʷʥʠʝ ʄʦ
5+

. 

ʆʧʨʝʜʝʣʝʥʳ ʧʘʨʘʤʝʪʨʳ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʘ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʤʦʣʠʙʜʝʥʘ. ʇʨʠ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ 

ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʠ ʢʨʠʩʪʘʣʣʦʚ, ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʠʦʥʘʤʠ ʮʝʨʠʷ, 

ʦʙʥʘʨʫʞʝʥʦ ʥʘʩʳʱʝʥʠʝ ʣʠʥʠʡ ʩʧʝʢʪʨʘ ʕʇʈ ʠʦʥʦʚ ʄʦ
5+

 ʠ 

ʨʘʟʨʝʰʝʥʠʝ ʩʣʘʙʦʛʦ ʉʊɺ ʦʪ ʦʜʥʦʛʦ ʠʦʥʘ ʣʠʪʠʷ.  ʆʪʞʠʛ 

ʢʨʠʩʪʘʣʣʦʚ ʣʠʪʠʡ ʮʠʥʢʦʚʦʛʦ ʤʦʣʠʙʜʘʪʘ, ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ 

ʠʦʥʘʤʠ ʤʝʜʠ, ʥʘʨʷʜʫ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʠʩʣʦʨʦʜʥʦʡ ʚʘʢʘʥʩʠʠ 

ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʝʟʘʨʷʜʢʠ ʠʦʥʦʚ ʤʦʣʠʙʜʝʥʘ ʄʦ
5+

 ʠ Cu
2+

 ʜʦ ʄʦ
6+ 
ʠ 

Cu
+
. ɺ ʨʝʟʫʣʴʪʘʪʝ ʜʣʷ ʧʘʨʳ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʩʦʩʪʦʷʥʠʡ ʉʝ

3+
 ʠ 

ʄʦ
5+

 ʫʜʘʣʦʩʴ ʦʙʥʘʨʫʞʠʪʴ ʚ ʩʧʝʢʪʨʘʭ ʕʇʈ ʵʬʬʝʢʪʳ ʢʨʦʩʩ - 

ʨʝʣʘʢʩʘʮʠʠ ʠ ʧʨʠ ʥʘʩʳʱʝʥʠʠ ʣʠʥʠʡ ʩʧʝʢʪʨʘ ʕʇʈ ʄʦ
5+

 ʫʜʘʣʦʩʴ 

ʨʘʟʨʝʰʠʪʴ ʩʣʘʙʫʶ ʉʊʉ ʦʪ ʦʜʥʦʛʦ ʘʪʦʤʘ ʣʠʪʠʷ ʚʙʣʠʟʠ 

ʢʠʩʣʦʨʦʜʥʦʡ ʚʘʢʘʥʩʠʠ.   
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ʆʢʩʠʜ ʮʠʥʢʘ ï ʰʠʨʦʢʦʟʦʥʥʳʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢ  (DE~3.37 

eV).  ʕʢʩʪʨʝʤʘʣʴʥʦ ʚʳʩʦʢʦʝ ʟʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʵʢʩʠʪʦʥʘ (60 

meV) ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʋʌ-ʣʶʤʠʥʝʩʮʝʥʮʠʠ, 

ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʧʨʷʤʦʡ ʨʝʢʦʤʙʠʥʘʮʠʝʡ ʵʢʩʠʪʦʥʦʚ ʚʧʣʦʪʴ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʳ 550K. ʉʦʛʣʘʩʥʦ [1] ʦʢʩʠʜ ʮʠʥʢʘ ʩʯʠʪʘʝʪʩʷ 

ʤʘʪʝʨʠʘʣʦʤ ʤʘʢʩʠʤʘʣʴʥʦ ʘʜʘʧʪʠʨʦʚʘʥʥʳʤ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʘ ʝʛʦ 

ʦʩʥʦʚʝ ʧʦʣʷʨʠʪʦʥʥʦʛʦ ʣʘʟʝʨʘ. ɺ ʣʠʪʝʨʘʪʫʨʝ ʠʤʝʝʪʩʷ ʣʠʰʴ 

ʥʝʩʢʦʣʴʢʦ ʨʘʙʦʪ, ʚ ʢʦʪʦʨʳʭ ʧʨʦʚʦʜʠʣʠʩʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʧʝʢʪʨʦʚ 

ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʢʩʠʜʘ ʮʠʥʢʘ ʧʨʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ [2,3]. ɺʩʝ ʵʪʠ ʨʘʙʦʪʳ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʥʘ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʢʘʭ, ʚ ʢʦʪʦʨʳʭ ʛʝʥʝʨʘʮʠʷ 

ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʨʝʘʣʠʟʫʝʪʩʷ ʧʦ ʪʠʧʫ I ï 

ʢʣʘʩʩʠʯʝʩʢʠʝ ʩʪʦʭʘʩʪʠʯʝʩʢʠʝ ʣʘʟʝʨʳ. ɺ ʥʘʰʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ 

ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʦʙʲʝʢʪʳ ZnO, ʛʝʥʝʨʠʨʫʶʱʠʝ ʧʦ ʪʠʧʫ II  ï 

ʤʠʢʨʦʣʘʟʝʨʳ [4]. ʇʨʦʚʝʜʝʥʳ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ  

ʦʩʥʦʚʥʳʭ ʧʦʣʦʩ, ʦʙʫʩʣʘʚʣʠʚʘʶʱʠʭ ʋʌ-ʠʟʣʫʯʝʥʠʝ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʘ ʮʠʥʢʘ ï 

ʩʧʦʥʪʘʥʥʦʡ ʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʤʦʜʦʚʦʡ ʩʪʨʫʢʪʫʨʳ ʣʠʥʠʡ 

ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʘ ʪʘʢʞʝ ʧʦʣʦʩʳ ʨʝʢʦʤʙʠʥʘʮʠʠ 

ʵʣʝʢʪʨʦʥʥʦ-ʜʳʨʦʯʥʦʡ ʧʣʘʟʤʳ (ʕɼʇ). 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʣʘʟʝʨʥʦʡ ʛʝʥʝʨʘʮʠʠ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʠʤʝʝʪ ʛʣʫʙʦʢʠʡ ʥʘʫʯʥʳʡ ʠ ʧʨʘʢʪʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ. 

ʊʝʤʧʝʨʘʪʫʨʥʦʝ ʧʦʚʝʜʝʥʠʝ ʧʦʣʦʩ ʚ ʩʧʝʢʪʨʝ ʠʟʣʫʯʝʥʠʷ, ʩʚʷʟʘʥʥʳʭ 

ʩ ʨʘʟʥʳʤʠ ʤʝʭʘʥʠʟʤʘʤʠ ʨʝʢʦʤʙʠʥʘʮʠʠ ʵʢʩʠʪʦʥʦʚ ʚ 

ʚʦʟʙʫʞʜʝʥʥʦʡ ʩʨʝʜʝ, ʧʦʟʚʦʣʠʪ ʫʪʦʯʥʠʪʴ ʠ ʚʳʷʚʠʪʴ ʦʩʥʦʚʥʳʝ  

ʧʨʦʮʝʩʩʳ, ʫʯʘʩʪʚʫʶʱʠʝ ʚ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʣʘʟʝʨʥʦʡ ʛʝʥʝʨʘʮʠʠ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ZnO. ʇʨʘʢʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ 

ʧʣʘʥʠʨʫʝʤʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʚʷʟʘʥʦ ʩ ʫʪʦʯʥʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʨʘʙʦʪʳ ʣʘʟʝʨʘ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʘ ʮʠʥʢʘ, 
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ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʝʜʠʥʩʪʚʝʥʥʳʤ ʥʘ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤ ʣʘʟʝʨʥʳʤ  ʤʘʪʝʨʠʘʣʦʤ, ʨʘʙʦʪʘʶʱʠʤ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʚʳʰʝ ʢʦʤʥʘʪʥʦʡ (ʜʦ 500ʂ). ʀʩʩʣʝʜʦʚʘʥʠʝ 

ʩʧʝʢʪʨʘʣʴʥʦ-ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʠ  ʛʝʥʝʨʘʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ  

ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪʢʨʦʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʤʠʢʨʦ- 

ʥʘʥʦʨʘʟʤʝʨʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʘ ʮʠʥʢʘ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʠʪʳ ZnO (ʨʠʩ.1. ʘ) ʩ ʤʦʨʬʦʣʦʛʠʝʡ ʪʝʪʨʘʧʦʜʦʚ, 

ʛʝʥʝʨʠʨʫʶʱʠʝ ʧʦ ʪʠʧʫ II (ʤʠʢʨʦʣʘʟʝʨʳ) [4]. ʕʪʦ ʧʦʟʚʦʣʠʣʦ 

ʧʨʦʩʣʝʜʠʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʧʦʚʝʜʝʥʠʝ ʨʷʜʘ ʧʘʨʘʤʝʪʨʦʚ, 

ʩʚʷʟʘʥʥʳʭ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʛʝʥʝʨʘʮʠʠ ʤʠʢʨʦʣʘʟʝʨʦʚ, 

ʠʩʩʣʝʜʦʚʘʪʴ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʦʚʦʡ ʩʪʨʫʢʪʫʨʳ ʩʧʝʢʪʨʦʚ 

ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʧʦʣʦʩʳ ʨʝʢʦʤʙʠʥʘʮʠʠ ʕɼʇ, ʘ 

ʪʘʢʞʝ ʚʳʷʚʠʪʴ ʚʟʘʠʤʦʟʘʚʠʩʠʤʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʠʟʤʝʥʝʥʠʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʵʪʠʭ ʣʠʥʠʡ. 

ɺʦʟʙʫʞʜʝʥʠʝ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʪʨʝʪʴʝʡ ʛʘʨʤʦʥʠʢʦʡ 

ʠʤʧʫʣʴʩʥʦʛʦ YAG:Nd
3+

 ʣʘʟʝʨʘ (l=355 ʥʤ, t~5 ʥʩ). ʉʧʝʢʪʨʳ 

ʠʟʣʫʯʝʥʠʷ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ-ʧʦʣʠʭʨʦʤʘʪʦʨʝ 

ʪʠʧʘ ʄʉ-300 (ʨʝʰʝʪʢʘ 1800 ʰʪʨ/ʤʤ, ʨʘʟʨʝʰʝʥʠʝ 0,15 ʥʤ). 

ʅʘ ʨʠʩ.1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ  

 

ʈʠʩ.1 (ʘ) - ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʪʝʪʨʘʧʦʜʘ ZnO [4];  (ʙ) - ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʠʟʤʝʥʝʥʠʝ 

ʤʦʜʦʚʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʩʧʝʢʪʨʝ ʛʝʥʝʨʘʮʠʠ  ʠ (ʚ) - ʢʨʠʚʘʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʤʝʱʝʥʠʷ 

ʦʪʜʝʣʴʥʦʡ ʤʦʜʳ. ʉʪʨʝʣʢʘʤʠ ʫʢʘʟʘʥʳ ʵʢʚʠʜʠʩʪʘʥʪʥʳʝ ʣʠʥʠʠ ʤʦʜʦʚʦʡ ʩʪʨʫʢʪʫʨʳ. ʅʘ 

ʚʨʝʟʢʝ ʧʦʢʘʟʘʥʦ ʩʤʝʱʝʥʠʝ ʦʪʜʝʣʴʥʦʡ ʤʦʜʦʚʦʡ ʣʠʥʠʠ ʨʝʟʦʥʘʪʦʨʘ 

 


