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ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʌʝʜʝʨʘʣʴʥʦʤ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʤ ʙʶʜʞʝʪʥʦʤ ʫʯʨʝʞʜʝʥʠʠ ʥʘʫʢʠ 

ʌʝʜʝʨʘʣʴʥʦʤ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʤ ʮʝʥʪʨʝ çʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʬʠʟʠʢʠ ʠʤ. ɸ.ʄ. 
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ʬʦʪʦʥʠʢʠ ʅʎʃʄʊ ʀʆʌ ʈɸʅ 

ʆʬʠʮʠʘʣʴʥʳʝ 

ʦʧʧʦʥʝʥʪʳ: 
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ʜʦʢʪʦʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ʦʙʱʝʡ ʬʠʟʠʢʠ, 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʄʦʨʜʦʚʩʢʠʡ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʇ. ʆʛʘʨʸʚʘ 

ʂʣʠʤʠʥ ʉʝʨʛʝʡ ɸʥʘʪʦʣʴʝʚʠʯ 

ʢʘʥʜʠʜʘʪ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʟʘʚ. ʣʘʙʦʨʘʪʦʨʠʝʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʨʝʜ, ʀʥʩʪʠʪʫʪ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ (ʀʉɸʅ)  

ɺʝʜʫʱʘʷ 

ʦʨʛʘʥʠʟʘʮʠʷ:  

ɸʆ çʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ çʇʦʣʶʩè ʠʤʝʥʠ 

ʄ.ʌ. ʉʪʝʣʴʤʘʭʘè 
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ʆɹʑɸʗ ʍɸʈɸʂʊɽʈʀʉʊʀʂɸ ʈɸɹʆʊʓ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʩʚʦʡʩʪʚ 

ʬʪʦʨʠʜʦʚ ʱʝʣʦʯʥʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ, ʣʝʛʠʨʦʚʘʥʥʳʭ ʠʦʥʘʤʠ Tm
3+

 ʠ Ho
3+
. ɼʘʥʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʘʢʪʠʚʥʳʤʠ ʩʨʝʜʘʤʠ ʜʣʷ ʪʚʝʨʜʦʪʝʣʴʥʳʭ 

ʣʘʟʝʨʦʚ 2-ʤʢʤ ʜʠʘʧʘʟʦʥʘ. ʃʘʟʝʨʥʘʷ ʛʝʥʝʨʘʮʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ ʥʘ ʠʦʥʘʭ Tm
3+

 

ʠ Ho
3+ 
ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʚ ʢʨʠʩʪʘʣʣʘʭ ʠ ʢʝʨʘʤʠʢʘʭ CaF2, SrF2, CaF2ïSrF2, CaF2ïYF3, 

CaF2ïLaF3 ʠ ʜʨ. ʄʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʬʪʦʨʠʜʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʢʦʨʦʪʢʠʤ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʢʩʠʜʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ, ʬʦʥʦʥʥʳʤ 

ʩʧʝʢʪʨʦʤ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʩʣʘʙʦʡ ʤʥʦʛʦʬʦʥʦʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ, 

ʧʦʟʚʦʣʷʷ ʧʦʣʫʯʘʪʴ ʵʬʬʝʢʪʠʚʥʫʶ ʛʝʥʝʨʘʮʠʶ ʩ ʤʠʥʠʤʘʣʴʥʳʤʠ ʪʝʧʣʦʚʳʤʠ 

ʧʦʪʝʨʷʤʠ. ɹʦʣʴʦhʝ ʚʨʝʤʷ ʞʠʟʥʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʠʦʥʦʚ ʚʦ ʬʪʦʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʘʭ 

ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ ʫʧʨʦʩʪʠʪʴ ʨʘʟʨʘʙʦʪʢʫ ʠʤʧʫʣʴʩʥʳʭ ʣʘʟʝʨʥʳʭ ʫʩʠʣʠʪʝʣʝʡ ʠ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʙʦʣʝʝ ʜʝʰʝʚʳʝ ʣʘʟʝʨʥʳʝ ʜʠʦʜʳ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʦʚ ʥʘʢʘʯʢʠ. 

ʅʠʟʢʠʝ ʣʠʥʝʡʥʳʡ ʠ ʥʝʣʠʥʝʡʥʳʡ ʧʦʢʘʟʘʪʝʣʠ ʧʨʝʣʦʤʣʝʥʠʷ ʚʦ ʬʪʦʨʠʜʘʭ ʪʘʢʞʝ 

ʠʛʨʘʶʪ ʯʨʝʟʚʳʯʘʡʥʦ ʚʘʞʥʫʶ ʨʦʣʴ ʧʨʠ ʩʦʟʜʘʥʠʠ ʤʦʱʥʳʭ ʣʘʟʝʨʦʚ. 

ʆʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʬʪʦʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʣʝʛʠʨʦʚʘʥʥʳʭ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʤʠ (ʈɿ) ʠʦʥʘʤʠ, ʷʚʣʷʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʚ ʥʠʭ ʨʷʜʘ ʨʘʟʣʠʯʥʳʭ ʧʦ 

ʩʠʤʤʝʪʨʠʠ ʦʧʪʠʯʝʩʢʠʭ ʮʝʥʪʨʦʚ (ʆʎ). ʉʠʤʤʝʪʨʠʷ ʮʝʥʪʨʘ, ʦʧʨʝʜʝʣʷʝʤʘʷ ʣʦʢʘʣʴʥʳʤ 

ʦʢʨʫʞʝʥʠʝʤ ʠʦʥʘ ʚ ʢʨʠʩʪʘʣʣʝ, ʚʣʠʷʝʪ ʢʘʢ ʥʘ ʚʠʜ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʠ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʘʥʥʦʛʦ ʮʝʥʪʨʘ, ʪʘʢ ʠ ʥʘ ʚʝʨʦʷʪʥʦʩʪʴ ʧʝʨʝʭʦʜʘ. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʈɿ 

ʠʦʥʘ ʧʦ ʮʝʥʪʨʘʤ ʨʘʟʣʠʯʥʦʡ ʩʠʤʤʝʪʨʠʠ ʟʘʚʠʩʠʪ, ʚ ʦʩʥʦʚʥʦʤ, ʦʪ ʩʦʩʪʘʚʘ ʤʘʪʨʠʮʳ, 

ʪʠʧʘ ʘʢʪʠʚʥʦʛʦ ʠʦʥʘ, ʢʦʥʮʝʥʪʨʘʮʠʠ ʈɿ ʧʨʠʤʝʩʠ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ ʨʦʩʪʘ 

ʢʨʠʩʪʘʣʣʘ. ʎʝʥʪʨʦʚʦʡ ʩʦʩʪʘʚ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʦʧʨʝʜʝʣʷʝʪ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʝ ʠ 

ʛʝʥʝʨʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʢʨʠʩʪʘʣʣʘ ʚ ʮʝʣʦʤ. ʀʟʤʝʥʝʥʠʝ ʮʝʥʪʨʦʚʦʛʦ ʩʦʩʪʘʚʘ 

ʢʨʠʩʪʘʣʣʘ ʟʘ ʩʯʝʪ ʜʦʙʘʚʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠ ʥʝʘʢʪʠʚʥʦʡ ʧʨʠʤʝʩʠ ʠʣʠ ʧʦʚʳʰʝʥʠʷ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʢʪʠʚʥʦʛʦ ʠʦʥʘ ʤʦʞʝʪ ʧʦʚʣʠʷʪʴ ʥʘ ʩʧʝʢʪʨ ʛʝʥʝʨʘʮʠʠ, ʚʠʜ 

ʧʝʨʝʩʪʨʦʝʯʥʦʡ ʢʨʠʚʦʡ ʠ ʜʨʫʛʠʝ ʣʘʟʝʨʥʳʝ ʧʘʨʘʤʝʪʨʳ. ʆʙʨʘʟʦʚʘʥʠʝ ʥʦʚʳʭ ʆʎ ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʠʟʤʝʥʝʥʠʝ ʩʧʝʢʪʨʘʣʴʥʳʭ ʠ ʛʝʥʝʨʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ 

ʪʘʢʞʝ ʚʦʟʤʦʞʥʦ, ʥʘʧʨʠʤʝʨ, ʚ ʧʨʦʮʝʩʩʝ ʛʦʨʷʯʝʛʦ ʬʦʨʤʦʚʘʥʠʷ ʬʪʦʨʠʜʥʦʡ ʣʘʟʝʨʥʦʡ 

ʢʝʨʘʤʠʢʠ. ʇʦʵʪʦʤʫ ʫʩʪʘʥʦʚʣʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʆʎ ʩ 
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ʠʟʤʝʥʝʥʠʝʤ ʩʦʩʪʘʚʘ ʤʘʪʨʠʮʳ, ʢʦʥʮʝʥʪʨʘʮʠʠ ʣʝʛʠʨʫʶʱʝʛʦ ʠʦʥʘ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʩʚʦʡʩʪʚ ʨʘʟʣʠʯʥʳʭ ʧʦ ʩʠʤʤʝʪʨʠʠ ʮʝʥʪʨʦʚ ʥʘ ʣʘʟʝʨʥʦʤ ʧʝʨʝʭʦʜʝ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ ʠ 

ʘʢʪʫʘʣʴʥʦʡ ʥʘʫʯʥʦʡ ʟʘʜʘʯʝʡ. ʆʜʥʘʢʦ ʜʣʷ ʠʦʥʦʚ Tm
3+

 ʠ Ho
3+ 
ʠʟ-ʟʘ ʩʫʱʝʩʪʚʝʥʥʦʛʦ 

ʨʘʩʱʝʧʣʝʥʠʷ ʥʠʞʥʠʭ ʫʨʦʚʥʝʡ, ʧʨʠʚʦʜʷʱʝʛʦ ʢ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʘʣʴʥʳʤ ʣʠʥʠʷʤ ʠ ʠʭ 

ʧʝʨʝʢʨʳʪʠʶ, ʩʣʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʠ ʧʨʠʧʠʩʘʪʴ ʢʦʥʢʨʝʪʥʫʶ ʣʠʥʠʶ ʩʧʝʢʪʨʘ ʪʦʤʫ ʠʣʠ 

ʠʥʦʤʫ ʪʠʧʫ ʮʝʥʪʨʦʚ. ɼʣʷ ʛʦʣʴʤʠʷ, ʢʨʦʤʝ ʪʦʛʦ, ʜʚʫʭʤʠʢʨʦʥʥʳʡ ʧʝʨʝʭʦʜ ʷʚʣʷʝʪʩʷ 

ʤʘʛʥʠʪʦʜʠʧʦʣʴʥʦ ʨʘʟʨʝʰʸʥʥʳʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʥʘʙʣʶʜʘʪʴ ʣʠʥʠʠ ʧʦʛʣʦʱʝʥʠʷ ʠ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʘʞʝ ʚʳʩʦʢʦʩʠʤʤʝʪʨʠʯʥʳʭ ʮʝʥʪʨʦʚ. ʕʪʦ ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ 

ʧʝʨʝʢʨʳʪʠʶ ʩʧʝʢʪʨʦʚ ʨʘʟʣʠʯʥʳʭ ʮʝʥʪʨʦʚ. ʇʦʵʪʦʤʫ ʩʧʝʢʪʨʘʣʴʥʳʝ ʠ ʛʝʥʝʨʘʮʠʦʥʥʳʝ 

ʩʚʦʡʩʪʚʘ ʨʘʟʣʠʯʥʳʭ ʆʎ ʠʦʥʦʚ Tm
3+

 ʠ Ho
3+

 ʚʦ ʬʪʦʨʠʜʘʭ ʥʘ ʜʚʫʭʤʠʢʨʦʥʥʳʭ 

ʣʘʟʝʨʥʳʭ ʧʝʨʝʭʦʜʘʭ 
3
F4Ÿ

3
H6 (Tm

3+
)
 
ʠ 

5
I7Ÿ

5
I8 (Ho

3+
) ʦʩʪʘʶʪʩʷ ʤʘʣʦʠʟʫʯʝʥʥʳʤʠ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʠʟʫʯʝʥʠʝ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʠ ʛʝʥʝʨʘʮʠʦʥʥʳʭ 

ʩʚʦʡʩʪʚ ʆʎ ʠʦʥʦʚ ʪʫʣʠʷ ʠ ʛʦʣʴʤʠʷ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ CaF2 ʠ ʢʝʨʘʤʠʢʘʭ ʛʦʨʷʯʝʛʦ 

ʬʦʨʤʦʚʘʥʠʷ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʣʘʟʝʨʥʳʭ ʜʚʫʭʤʠʢʨʦʥʥʳʭ 

ʧʝʨʝʭʦʜʘʭ (
3
F4Ÿ

3
H6 ʠʦʥʦʚ Tm

3+ 
ʠ 

5
I7Ÿ

5
I8 ʠʦʥʦʚ Ho

3+
), ʘ ʪʘʢʞʝ ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ 

ʥʝʘʢʪʠʚʥʦʡ ʧʨʠʤʝʩʠ (Y
3+
) ʚ ʩʤʝʰʘʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ CaF2ïYF3 ʥʘ ʮʝʥʪʨʦʚʦʡ ʩʦʩʪʘʚ 

ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ Tm
3+

. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʨʝʰʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

1. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʆʎ ʚ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʡ 

ʩʝʨʠʠ ʢʨʠʩʪʘʣʣʦʚ CaF2:Tm
3+
. ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʧʝʢʪʨʘʣʴʥʳʭ ʠ ʛʝʥʝʨʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ 

ʆʎ ʠʦʥʘ Tm
3+

 ʚ ʢʨʠʩʪʘʣʣʘʭ CaF2 ʥʘ 2-ʤʢʤ ʣʘʟʝʨʥʦʤ ʧʝʨʝʭʦʜʝ. 

2. Cʨʘʚʥʝʥʠʝ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʆʎ ʠʦʥʘ Tm
3+

 ʚ ʣʘʟʝʨʥʦʡ ʬʪʦʨʠʜʥʦʡ 

ʢʝʨʘʤʠʢʝ ʛʦʨʷʯʝʛʦ ʬʦʨʤʦʚʘʥʠʷ ʥʘ ʦʩʥʦʚʝ CaF2 ʠ ʚ ʢʨʠʩʪʘʣʣʘʭ ʘʥʘʣʦʛʠʯʥʦʛʦ 

ʩʦʩʪʘʚʘ ʥʘ ʣʘʟʝʨʥʦʤ 2-ʤʢʤ ʧʝʨʝʭʦʜʝ. ʆʧʨʝʜʝʣʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʥʦʚʳʭ ʆʎ ʠʦʥʘ Tm
3+

 ʚ ʢʝʨʘʤʠʢʝ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʛʝʥʝʨʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʆʎ ʠʦʥʘ 

Tm
3+

 ʚ ʢʨʠʩʪʘʣʣʝ CaF2 ʠ ʢʝʨʘʤʠʢʝ ʛʦʨʷʯʝʛʦ ʬʦʨʤʦʚʘʥʠʷ ʥʘ ʝʛʦ ʦʩʥʦʚʝ. 

3. ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʆʎ ʠʦʥʘ Tm
3+

 ʚ ʢʨʠʩʪʘʣʣʘʭ CaF2, 

ʩʦʣʝʛʠʨʦʚʘʥʥʳʭ ʠʪʪʨʠʝʤ (Y
3+
), ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʨʘʟʣʠʯʥʳʭ ʆʎ, ʬʦʨʤʠʨʫʶʱʠʭʩʷ ʚ ʢʨʠʩʪʘʣʣʘʭ CaF2:Y,Tm, ʥʘ ʜʚʫʭʤʠʢʨʦʥʥʦʤ 

ʣʘʟʝʨʥʦʤ ʧʝʨʝʭʦʜʝ. 




