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1 ɺʚʝʜʝʥʠʝ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ. ʌʦʩʬʘʪʳ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ Ca9R(PO4)7 (R ï 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʡ ʵʣʝʤʝʥʪ (ʈɿʕ), Cr, Fe, Ga, In), Ca8M
2+R(PO4)7 (R =  ʈɿʕ, Y3+, 

M2+ =  Mg, Zn), ʘ ʪʘʢʞʝ ʠʭ ʚʘʨʠʘʮʠʠ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ɓ-Ca3(PO4)2 (ɓ-TCP, 

ʚʠʪʣʦʢʠʪ) ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʨʠʮ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [1] ʠ ʪʚʝʨʜʦ-ʪʝʣʴʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ [2]. 

ʀʥʪʝʨʝʩ ʠʤʝʥʥʦ ʢ ʜʘʥʥʳʤ ʚʝʱʝʩʪʚʘʤ ʦʙʫʩʣʘʚʣʠʚʘʝʪʩʷ ʠʭ ʩʪʘʙʠʣʴʥʳʤʠ ʠ 

ʠʥʪʝʥʩʠʚʥʳʤʠ ʤʫʣʴʪʠʬʫʥʢʮʠʦʥʘʣʴʥʤrʠ ʩʚʦʡʩʪʚʘʤʠ: ʣʶʤʠʥʝʩʮʝʥʪʥʳʤʠ, 

ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʤʠ, ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ. 

ʉʝʤʝʡʩʪʚʦ ɓ-Ca3(PO4)2 ʙʳʣʦ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʰʠʨʝʥʦ ʧʦʩʨʝʜʩʪʚʦʤ ʩʠʥʪʝʟʘ 

ʨʘʟʣʠʯʥʳʭ ʢʘʪʠʦʥ- [3-5] ʠ ʘʥʠʦʥ-ʟʘʤʝʱʝʥʥʳʭ [6, 7] ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ. ʊʘʢʠʝ 

ʟʘʤʝʱʝʥʠʷ ʧʨʦʚʦʜʷʪʩʷ ʩ ʮʝʣʴʶ ʤʦʜʠʬʠʢʘʮʠʠ ʩʚʦʡʩʪʚ, ʦʜʥʘʢʦ ʚʝʜʫʪ ʢ 

ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. ɹʘʟʦʚʘʷ ʩʪʨʫʢʪʫʨʘ ɓ-Ca3(PO4)2 (Z = 21) 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʦʣʷʨʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ (ʧʨ. ʛʨ.) R3c (C3v). 

ʕʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ɓ-Ca3(PO4)2, ʘ ʪʘʢʞʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʥʘ ʝʛʦ ʦʩʥʦʚʝ, 

ʩʦʜʝʨʞʠʪ 5 ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ ʄ1ïʄ5 ʠ 

ʧʦʣʥʦʩʪʴʶ ʚʘʢʘʥʪʥʫʶ ʧʦʟʠʮʠʶ ʄ6 (ʚ ʥʝʢʦʪʦʨʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ 

ʚʘʢʘʥʩʠʷ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʚ ʄ4). ʂʘʪʠʦʥʳ ʚ ʧʦʟʠʮʠʷʭ ʄ1-ʄ5, ʧʦʩʨʝʜʩʪʚʦʤ 

ʪʝʪʨʘʵʜʨʦʚ PO4, ʩʚʷʟʘʥʳ ʚ 3D ʢʘʨʢʘʩ. ʆʩʦʙʝʥʥʦʩʪʠ ʩʪʨʦʝʥʠʷ (ʥʘʣʠʯʠʝ ʧʷʪʠ 

ʨʘʟʥʳʭ ʧʦ ʨʘʟʤʝʨʫ ʧʦʣʠʵʜʨʦʚ) ʩʦʟʜʘʝʪ ʧʨʝʜʧʦʩʳʣʢʠ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʚ 

ʩʪʨʫʢʪʫʨʝ ʠʟʦ- ʠ ʛʝʪʝʨʦʚʘʣʝʥʪʥʳʭ ʟʘʤʝʱʝʥʠʡ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʦʚʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʢʦʪʦʨʳʝ ʦʙʣʘʜʘʶʪ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ 

ʩʚʦʡʩʪʚʘʤʠ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʝ ʟʘʤʝʱʝʥʠʝ Ca2+ Ÿ R3+, ʛʜʝ R ï ʢʘʪʠʦʥ r ʈɿʕ, ʢʦʪʦʨʳʝ 

ʦʙʣʘʜʘʶʪ ʣʶʤʠʥʝʩʮʝʥʮʠʝʡ, ʩʚʷʟʘʥʥʦʡ ʩ ʚʥʫʪʨʝʮʝʥʪʨʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ d ï f 

ʠʣʠ f ï f. ʂʘʪʠʦʥʳ Sm3+[8], Eu3+[9, 10], Dy3+[11] , Tb3+[12], Ce3+[13, 14], Eu2+[15-

18], ʘ ʪʘʢʞʝ ʠʭ ʧʘʨʳ Eu2+/Tb3+[19], Tm3+/Dy3+[20], Eu2+/Ce3+[21, 22], 

Tb3+/Eu3+[23], Eu2+/Mn2+[24, 25] ʤʦʛʫʪ ʙʳʪʴ ʠʥʪʝʨʝʩʥʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʠʟʣʫʯʝʥʠʷ ʚ ʚʠʜʠʤʦʡ ʦʙʣʘʩʪʠ. ɺ ʩʪʨʫʢʪʫʨʥʦʤ ʩʝʤʝʡʩʪʚʝ ɓ-Ca3(PO4)2 



6 

 

ʢʘʪʠʦʥʥʳʝ ʧʘʨʳ ʈɿʕ ʠʟʫʯʝʥʳ ʥʝ ʧʦʣʥʦʩʪʴʶ, ʭʦʪʷ ʠʟʚʝʩʪʥʦ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʩʣʦʞʥʳʭ ʜʚʦʡʥʳʭ ʠ ʪʨʦʡʥʳʭ ʬʦʩʬʘʪʦʚ ʩ ʟʘʤʝʱʝʥʠʷʤʠ ʜʣʷ ʚʩʝʛʦ 

ʨʷʜʘ ʈɿʕ Ca9R(PO4)7, Ca8M
2+R(PO4)7 (R = ʢʘʪʠʦʥ ʈɿʕ, ʄ2+ = Zn2+, Mg2+, Sr2+, 

Pb2+), ʥʦ ʚʟʘʠʤʦʚʣʠʷʥʠʷ ʢʘʪʠʦʥʦʚ ʈɿʕ ʥʘ ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ, 

ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠʩʩʣʝʜʦʚʘʥʦ ʥʝ ʙʳʣʦ. 

ʂʨʦʤʝ ʪʦʛʦ, ʨʘʟʣʠʯʥʳʝ ʢʦʤʙʠʥʘʮʠʠ ʠʟʦʚʘʣʝʥʪʥʳʭ ʟʘʤʝʱʝʥʠʡ Ca2+ Ÿ M2+ 

ʥʘ ʢʘʪʠʦʥʳ, ʥʝ ʦʙʣʘʜʘʶʱʠʭ ʣʶʤʠʥʝʩʮʝʥʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ 

ʩʦ-ʜʦʧʘʥʪʦʚ, ʪʘʢʠʭ ʢʘʢ Mg2+ [13, 16, 25], Zn2+ [8, 10, 13, 26], Sr2+ [17, 18, 24, 25] 

ʠ ʜʨ., ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʬʘʟʥʳʭ ʬʦʩʬʘʪʦʚ ʩ 

ʫʣʫʯʰʝʥʥʳʤʠ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʟʘ ʩʯʝʪ ʪʨʘʥʩʬʦʨʤʘʮʠʠ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. ʇʨʠ ʟʘʤʝʱʝʥʠʠ ʠʦʥʘ ʉʘ2+ ʚ ʩʪʨʫʢʪʫʨʝ ɓ-Ca3(PO4)2 ʥʘ 

ʢʘʪʠʦʥ ʩ ʙʦʣʴʰʠʤ ʠʦʥʥʳʤ ʨʘʜʠʫʩʦʤ [27], ʥʘʧʨʠʤʝʨ, Sr2+ ʠʣʠ Pb2+ ʥʘʙʣʶʜʘʝʪʩʷ 

ʚʦʟʨʘʩʪʘʥʠʝ ʩʠʤʤʝʪʨʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. ʊʘʢ, ʚ ʨʷʜʫ [28]  

Ca3ïxSrx(PO4)2 ʥʘʙʣʶʜʘʝʪʩʷ ʚʦʟʨʘʩʪʘʥʠʝ ʩʠʤʤʝʪʨʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ 

ʠ ʧʦʩʪʝʧʝʥʥʳʡ ʧʝʨʝʭʦʜ R3c Ÿ Rσm ʯʝʨʝʟ 2-ʭ ʬʘʟʥʫʶ ʦʙʣʘʩʪʴ. ʇʨʠ ʚʚʝʜʝʥʠʠ ʚ 

ʩʪʨʫʢʪʫʨʫ ʢʘʪʠʦʥʘ ʩ ʤʝʥʴʰʠʤ ʠʦʥʥʳʤ ʨʘʜʠʫʩʦʤ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Ca2+, 

ʥʘʧʨʠʤʝʨ, Mg2+, ʧʨ. ʛʨ. ʜʦʣʞʥʘ ʠʟʤʝʥʷʝʪʩʷ ʧʦ ʩʭʝʤʝ R3c Ÿ Rσc [29], 

ʧʦʩʢʦʣʴʢʫ, ʫʞʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʝʨʠʠ ʬʦʩʬʘʪʦʚ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ 

Ca8M
2+R(PO4)7 (ʛʜʝ M2+ ï Zn, Mg, Cd; R ï ʢʘʪʠʦʥ ʈɿʕ) [30, 31] ʠ ʘʚʪʦʨʘʤʠ ʧʨ. ʛʨ. 

ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ Rσc. ʅʦ ʩʝʨʠʡ Ca9-xMxR(PO4)7 ʧʦ 

ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤʫ ʚʣʠʷʥʠʶ ʥʘ ʧʝʨʝʭʦʜʫ R3c Ÿ Rσc ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ 

ʦʧʠʩʘʥʦ ʥʝ ʙʳʣʦ. ʂʦʥʪʨʦʣʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʠʤʤʝʪʨʠʠ ʚʘʞʝʥ ʩ ʧʨʘʢʪʠʯʝʩʢʦʡ 

ʪʦʯʢʠ ʟʨʝʥʠʷ: ʠʟʤʝʥʝʥʠʝ ʩʠʤʤʝʪʨʠʠ ʚʣʠʷʝʪ ʥʘ ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ. 

ɹʳʣʦ ʦʪʤʝʯʝʥʦ [29], ʯʪʦ ʚʝʱʝʩʪʚʘ, ʢʨʠʩʪʘʣʣʠʟʫʶʱʠʝʩʷ ʚ ʧʨ. ʛʨ. ʩ ʚʳʩʦʢʦʡ 

ʩʠʤʤʝʪʨʠʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʦʙʣʘʜʘʣʠ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳʤ 

ʩʚʝʯʝʥʠʝʤ. ʅʝʩʤʦʪʨʷ ʥʘ ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʧʫʙʣʠʢʘʮʠʡ ʧʦ ʩʠʥʪʝʟʫ ʠ 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʬʦʩʬʘʪʦʚ ʠʟ ʩʝʤʝʡʩʪʚʘ ɓ-Ca3(PO4)2, ʦʩʥʦʚʥʳʭ 

ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʭ ʧʨʝʜʧʦʩʳʣʦʢ, ʘ ʪʘʢʞʝ ʚʣʠʷʥʠʝ ʦʙʱʝʡ ʩʠʤʤʝʪʨʠʠ 
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ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʠ ʣʦʢʘʣʴʥʦʛʦ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʛʦ ʦʢʨʫʞʝʥʠʷ ʚ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʚʦʡʩʪʚ ʜʦ ʩʠʭ ʧʦʨ ʥʝ ʫʩʪʘʥʦʚʣʝʥʦ. 

ʎʝʣʴ ʨʘʙʦʪʳ ï ʫʩʪʘʥʦʚʣʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʚʣʠʷʥʠʷ ʩʦʩʪʘʚʘ, ʦʙʱʝʡ 

ʠ ʣʦʢʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ ʥʘ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʈɿʕ ʬʦʩʬʘʪʦʚ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʝʤʝʡʩʪʚʘ ɓ-Ca3(PO4)2.  

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʦʡ ʮʝʣʠ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʨʝʰʠʪʴ 

ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ:  

1. ʉʠʥʪʝʟ ʮʝʥʪʨʦ- ʠ ʥʝʮʝʥʪʨʦʩʠʤʤʝʪʨʠʯʥʳʭ ʬʦʩʬʘʪʦʚ Ca8MR1ïxEux(PO4)7  

(M = Ca2+, Mg2+, Zn2+; R = Sm3+, Gd3+, Tb3+), Ca8MGd1-xDyx(PO4)7 (M = Ca2+, Mg2+, 

Zn2+), 0 Ò x Ò 1.  

2. ʋʩʪʘʥʦʚʣʝʥʠʝ ʚʣʠʷʥʠʷ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ ʬʦʩʬʘʪʦʚ Sr8MSm1-xEux(PO4)7  

(M = Mg2+, Zn2+; 0 Ò x Ò 1) ʥʘ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ.  

3. ʉʠʥʪʝʟ ʩʤʝʰʘʥʥʳʭ ʬʦʩʬʘʪʦʚ Ca9-xMxR(PO4)7 (M = Mg2+, Zn2+; R = Eu3+, Dy3+), 

Ca9-xMgxLa(PO4)7:Eu3+, Ca9.5-1.5xZnEux(PO4)7, 0 Ò x Ò 1.  

4. ʋʩʪʘʥʦʚʣʝʥʠʝ ʩʠʤʤʝʪʨʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʦʙʣʘʩʪʝʡ 

ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʬʘʟ ʤʝʪʦʜʘʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, 

ʛʝʥʝʨʘʮʠʠ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ (ɻɺɻ), ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ ʣʶʤʠʥʝʩʮʝʥʪʥʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʩʢʘʥʠʨʫʶʱʝʡ ʢʘʣʦʨʠʤʝʪʨʠʠ (ɼʉʂ).   

5. ɺʳʷʚʣʝʥʠʝ ʢʦʨʨʝʣʷʮʠʡ ʤʝʞʜʫ ʩʦʩʪʘʚʦʤ, ʩʠʤʤʝʪʨʠʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʤʠ, ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʤʠ ʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ.  

ʆʙʲʝʢʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ: ʩʣʦʞʥʳʝ ʬʦʩʬʘʪʳ Ca8MSm1ïxEux(PO4)7 (M = Mg2+, 

Ca2+); Ca8MTb1ïxEux(PO4)7 (M = Mg2+, Ca2+, Zn2+); Ca8MGd1ïxEux(PO4)7  

(M = Mg2+, Ca2+); Ca8MGd1-xDyx(PO4)7 (M = Mg2+, Ca2+, Zn2+), 0 Ò x Ò 1;  

Ca9-xMxR(PO4)7 (M = Mg2+, Zn2+; R = Eu3+, Dy3+), Ca9-xMgxLa(PO4)7:Eu3+,  

Ca9.5-1.5xZnEux(PO4)7. 
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ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ.  

1) ʉʠʥʪʝʟʠʨʦʚʘʥʳ ʥʦʚʳʝ ʪʨʦʡʥʳʝ ʬʦʩʬʘʪʳ Sr8MSm1ïxEux(PO4)7 

(M = Mg2+, Zn2+; 0 Ò x Ò 1) ʟʦʣʴ-ʛʝʣʴ, ʪʚʝʨʜʦʬʘʟʥʳʤ ʠ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ 

ʤʝʪʦʜʘʤʠ. ʋʩʪʘʥʦʚʣʝʥʦ ʚʣʠʷʥʠʝ ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ ʥʘ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ 

ʩʚʦʡʩʪʚʘ.  

2) ʉʠʥʪʝʟʠʨʦʚʘʥʳ ʥʦʚʳʝ ʪʨʦʡʥʳʝ ʬʦʩʬʘʪʳ Ca8MSm1ïxEux(PO4)7 

(M = Mg2+, Ca2+); Ca8MTb1ïxEux(PO4)7 (M = Mg2+, Ca2+, Zn2+);  

Ca8MGd1ïxEux(PO4)7 (M = Mg2+, Ca2+); Ca8MGd1-xDyx(PO4)7 (M = Mg2+, Ca2+, 

Zn2+), 0 Ò x Ò 1. ʀʟʫʯʝʥʳ ʠʭ ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʝ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ. ʆʧʨʝʜʝʣʝʥʘ ʩʠʤʤʝʪʨʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʬʘʟ. ʋʩʪʘʥʦʚʣʝʥʘ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʩʦʩʪʘʚʦʤ 

ʬʘʟ ʠ ʧʨʦʷʚʣʷʝʤʳʤʠ ʩʚʦʡʩʪʚʘʤʠ.  

3) ɺʧʝʨʚʳʝ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʩʝʨʠʠ ʬʦʩʬʘʪʦʚ Ca9-xMxR(PO4)7 

 (M = Mg2+, Zn2+; R = Eu3+, Dy3+). ʈʝʥʪʛʝʥʦʛʨʘʬʠʯʝʩʢʠʤʠ, ʥʝʣʠʥʝʡʥʦ-

ʦʧʪʠʯʝʩʢʠʤʠ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʧʦʢʘʟʘʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʚʫʭ 

ʦʙʣʘʩʪʝʡ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩ ʮʝʥʪʨʦ- ʠ ʥʝʮʝʥʪʨʦʩʠʤʤʝʪʨʠʯʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ 

ʦʙʣʘʩʪʴʶ ʩʪʨʫʢʪʫʨʥʦʛʦ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʷ ʤʝʞʜʫ ʥʠʤʠ. ʋʩʪʘʥʦʚʣʝʥʦ ʚʣʠʷʥʠʝ 

ʢʘʪʠʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʥʘ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʝ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʬʦʩʬʘʪʦʚ.  

4) ɺʧʝʨʚʳʝ ʧʦʣʫʯʝʥʳ ʠ ʠʩʩʣʝʜʦʚʘʥʘ ʩʝʨʠʷ Ca9.5-1.5xZnEux(PO4)7 (0 Ò x Ò 1) 

ʧʨʠ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʤ ʟʘʤʝʱʝʥʠʠ Ca2+ ʥʘ Eu3+. ʋʩʪʘʥʦʚʣʝʥʳ ʦʙʣʘʩʪʠ 

ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʠ ʠʟʫʯʝʥʳ ʠʭ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ, 

ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ.  

5) ɺʧʝʨʚʳʝ ʫʩʪʘʥʦʚʣʝʥʳ ʦʙʣʘʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʠ 

ʦʙʣʘʩʪʠ ʩʦ ʩʪʨʫʢʪʫʨʥʳʤ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʝʤ ʚ ʪʨʦʡʥʳʭ ʬʦʩʬʘʪʘʭ  

Ca9-xMgxLa(PO4)7:Eu3+ (0 Ò x Ò 1). ʄʝʪʦʜʘʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, ɼʉʂ, 

ɻɺɻ ʠ ʣʶʤʠʥʝʩʮʝʥʪʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʦʢʘʟʘʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʪʨʝʭ ʦʙʣʘʩʪʝʡ 

ʬʦʩʬʘʪʦʚ.  
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ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ.  

ʉʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʬʦʩʬʘʪʳ ʦʙʣʘʜʘʶʪ ʩʪʘʙʠʣʴʥʳʤʠ ʬʦʪʦʣʶʤʠʥʝʩ-

ʮʝʥʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʣʶʤʠʥʦʬʦʨʦʚ. ʅʘʧʨʠʤʝʨ, ʢʚʘʥʪʦʚʳʡ ʚʳʭʦʜ (QY = 49.5% (ʭ = 0.75) 

ʠ 48.9%, ʭ = 1.0) ʜʣʷ ʬʦʩʬʘʪʦʚ Ca8MgSm1ïʭ(PO4)7:xEu3+ ʚ 1.6 ʨʘʟʘ ʙʦʣʴʰʝ, ʯʝʤ 

ʫ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʢʨʘʩʥʦʛʦ ʣʶʤʠʥʦʬʦʨʘ Y2O3:Eu3+ (QY = 29.5%). ʈʝʟʫʣʴʪʘʪʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʦʚʳʭ ʬʦʩʬʘʪʦʚ ʧʦʟʚʦʣʠʣʠ ʫʩʪʘʥʦʚʠʪʴ ʚʣʠʷʥʠʝ ʩʦʩʪʘʚʘ, 

ʣʦʢʘʣʴʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʠ ʦʙʱʝʡ ʩʠʤʤʝʪʨʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ, ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʬʘʟ 

ʩʦ ʩʪʨʫʢʪʫʨʥʦʡ ɓ-Ca3(PO4)2. ʇʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʤʦʛʫʪ 

ʩʣʫʞʠʪʴ ʦʩʥʦʚʦʡ ʜʣʷ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʩʠʥʪʝʟʘ ʤʘʪʝʨʠʘʣʦʚ, ʩ ʟʘʜʘʥʥʳʤʠ 

ʧʦʣʠʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʦʚ 

ʈʌʌʀ (ˉ18- 33-00221) ʠ ʈʅʌ (ˉ19-77-10013, ˉ19-77-10013-ʇ,  

ˉ 16-13-10340, ˉ 17-03-01297). 

ʄʝʪʦʜʦʣʦʛʠʷ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʳʭ ʮʝʣʝʡ ʠ ʟʘʜʘʯ ʙʫʜʝʪ ʧʨʦʚʝʜʝʥ 

ʪʚʝʨʜʦʬʘʟʥʳʡ ʩʠʥʪʝʟ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʆʙʲʝʢʪʳ ʙʫʜʫʪ ʠʩʩʣʝʜʦʚʘʪʴʩʷ 

ʢʦʤʧʣʝʢʩʦʤ ʤʝʪʦʜʦʚ, ʪʘʢʠʤʠ ʢʘʢ ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ (ʈʌɸ), ɻɺɻ, 

ʣʘʟʝʨʥʘʷ ʜʠʬʨʘʢʮʠʷ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ, ʣʶʤʠʥʝʩʮʝʥʪʥʘʷ ʠ ʤʩyʩʙʘʫʵʨʦʚʢʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʘ ̫ʩʢʘʥʠʨʫʶʱʘʷ ʢʘʣʦʨʠʤʝʪʨʠʷ, ʭʠʤʠʯʝʩʢʠʡ 

ʘʥʘʣʠʟ. 

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ.  

- ʩʠʥʪʝʟ, ʩʦʩʪʘʚ, ʩʠʤʤʝʪʨʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚʘ 

(ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ, ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʝ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ) ʬʦʩʬʘʪʦʚ  

Sr8MSm1ïxEux(PO4)7 (M = Mg2+, Zn2+), Ca8MR1ïxEux(PO4)7 (M = Mg2+, Ca2+, Zn2+;  

R = Sm3+, Gd3+, Tb3+), Ca8MGd1-xDyx(PO4)7 (M = Mg2+, Ca2+, Zn2+), Ca9-xMxR(PO4)7  

(M = Mg2+, Zn2+; R = Eu3+, Dy3+), Ca9-xMgxLa(PO4)7:Eu3+, Ca9.5-1.5xZnEux(PO4)7 

0 Ò x Ò 1. 
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- ʫʩʪʘʥʦʚʣʝʥʥʘʷ ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʤʝʪʦʜʦʤ ʩʠʥʪʝʟʘ, ʢʘʪʠʦʥʥʳʤ ʩʦʩʪʘʚʦʤ 

ʠ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ Sr8MSm1ïxEux(PO4)7 (M = Mg2+, Zn2+). 

- ʚʳʷʚʣʝʥʥʘʷ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʢʘʪʠʦʥʥʳʤ ʩʦʩʪʘʚʦʤ ʠ ʩʠʤʤʝʪʨʠʝʡ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʠʭ ʚʟʘʠʤʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ 

ʩʚʦʡʩʪʚʘ Ca8MR1ïxEux(PO4)7, Ca8MGd1-xDyx(PO4)7 (M = Mg2+, Ca2+, Zn2+; R = 

Sm3+, Gd3+, Tb3+; 0 Ò x Ò 1).  

- ʫʩʪʘʥʦʚʣʝʥʠʝ ʛʨʘʥʠʮ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʮʝʥʪʨʦ- ʠ ʥʝʮʝʥʪʨʦʩʠʤʤʝʪʨʠʯʥʳʭ 

ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʚ ʬʦʩʬʘʪʘʭ Ca9-xMxR(PO4)7 (M = Mg2+, Zn2+; R = Eu3+, Dy3+),  

Ca9-xMgxLa(PO4)7:Eu3+, Ca9.5-1.5xZnEux(PO4)7. 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ ʠ ʧʫʙʣʠʢʘʮʠʠ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 8 

ʥʘʫʯʥʳʭ ʩʪʘʪʴʷʭ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ, ʘ ʪʘʢʞʝ ʚ ʪʝʟʠʩʘʭ 11 

ʜʦʢʣʘʜʦʚ ʥʘ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʠ ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʢʦʥʬʝʨʝʥʮʠʷʭ. 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʥʘ ʩʣʝʜʫʶʱʠʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: 

ʄʝʞʜʫʥʘʨʦʜʥʳʭ ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ 

ʫʯʝʥʳʭ "ʃʦʤʦʥʦʩʦʚ ï 2019", "ʃʦʤʦʥʦʩʦʚ ï 2020" (ʄʦʩʢʚʘ, ʈʦʩʩʠʷ); XIX 

ʄʝʞʜʫʥʘʨʦʜʥʦʤ ʩʦʚʝʱʘʥʠʠ ʧʦ ʢʨʠʩʪʘʣʣʦʭʠʤʠʠ, ʨʝʥʪʛʝʥʦʛʨʘʬʠʠ ʠ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʤʠʥʝʨʘʣʦʚ 2019 (ɸʧʘʪʠʪʳ, ʈʦʩʩʠʷ); ʄʝʞʜʫʥʘʨʦʜʥʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ "ʌʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ, ʢʨʠʪʠʯʝʩʢʠʝ ʠ ʥʝʣʠʥʝʡʥʳʝ ʷʚʣʝʥʠʷ ʚ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʨʝʜʘʭ" 2019 (ʄʘʭʘʯʢʘʣʘ, ʈʦʩʩʠʷ); XVIII ɺʩʝʨʦʩʩʠʡʩʢʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ "ɸʢʪʫʘʣʴʥʳʝ 

ʧʨʦʙʣʝʤʳ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ. ʂ 150-ʣʝʪʠʶ ʇʝʨʠʦʜʠʯʝʩʢʦʛʦ ʟʘʢʦʥʘ  

ɼ.ʀ. ʄʝʥʜʝʣʝʝʚʘ" 2019 (ɿʚʝʥʠʛʦʨʦʜ, ʈʦʩʩʠʷ); XII ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʤʦʣʦʜʝʞʥʦʡ 

ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ "ʄʠʥʝʨʘʣʳ: ʩʪʨʦʝʥʠʝ, ʩʚʦʡʩʪʚʘ, ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ" 

2021 (ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʷ); X ʅʘʮʠʦʥʘʣʴʥʦʡ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ 2021 (ʇʨʠʵʣʴʙʨʫʩʴʝ, ʈʦʩʩʠʷ); ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ 

"ʌʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ, ʢʨʠʪʠʯʝʩʢʠʝ ʠ ʥʝʣʠʥʝʡʥʳʝ ʷʚʣʝʥʠʷ ʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ 

ʩʨʝʜʘʭ" 2021 (ʄʘʭʘʯʢʘʣʘ, ʈʦʩʩʠʷ); ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʜʣʷ 

ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ "ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʝ ʘʩʧʝʢʪʳ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ: 
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ʪʝʦʨʠʷ ʠ ʧʨʘʢʪʠʢʘ" 2021 (ʄʦʩʢʚʘ, ʈʦʩʩʠʷ); XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ 

ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ "ɸʢʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ: ʤʘʪʝʨʠʘʣʳ ʩ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦ ʘʢʪʠʚʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ" 2021 (ʂʨʘʩʥʦʚʠʜʦʚʦ, ʈʦʩʩʠʷ); 

ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ "ʈʝʜʢʠʝ ʤʝʪʘʣʣʳ ʠ 

ʤʘʪʝʨʠʘʣʳ ʥʘ ʠʭ ʦʩʥʦʚʝ: ʪʝʭʥʦʣʦʛʠʠ, ʩʚʦʡʩʪʚʘ ʠ ʧʨʠʤʝʥʝʥʠʝ" (ʈʝʜʄʝʪ-2021) 

2021 (ʄʦʩʢʚʘ, ʈʦʩʩʠʷ). 

ɹʣʘʛʦʜʘʨʥʦʩʪʠ. ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʜ.ʬ.-ʤ.ʥ. 

ʉʪʝʬʘʥʦʚʠʯʫ ʉ.ʖ. (ʭʠʤʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ) ʟʘ 

ʧʦʤʦʱʴ ʚ ʠʟʤʝʨʝʥʠʷʭ ɻɺɻ, ʢ.ʬ.-ʤ.ʥ. ʄʦʩʫʥʦʚʫ ɸ.ɺ. (ʭʠʤʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ 

ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ) ʟʘ ʧʦʤʦʱʴ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʷʭ, 

ɹʳʢʦʚʫ ʄ.ɸ. ʟʘ ʧʦʤʦʱʴ ʚ ʧʨʦʚʝʜʝʥʠʠ ʠʟʤʝʨʝʥʠʡ ʤʝʪʦʜʦʤ ɼʉʂ (ʭʠʤʠʯʝʩʢʠʡ 

ʬʘʢʫʣʴʪʝʪ ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ), ʜ.ʭ.ʥ. ʄʦʨʦʟʦʚʫ ɺ.ɸ. (ʭʠʤʠʯʝʩʢʠʡ 

ʬʘʢʫʣʴʪʝʪ ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ) ʠ ʢ.ʛʝʦʣ.-ʤʠʥ.ʥ. ɸʢʩʝʥʦʚʫ ʉ.ʄ. 

(ʂʅʎ ʈɸʅ) ʟʘ ʧʦʤʦʱʴ ʚ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʩʪʨʫʢʪʫʨʥʳʭ ʜʘʥʥʳʭ, ʢ.ʬ.-ʤ.ʥ. 

ʉʧʘʩʩʢʦʤʫ ɼ.ɸ. (ʅʀʀʗʌ ʠʤʝʥʠ ɼ.ɺ. ʉʢʦʙʝʣʴʮʳʥʘ) ʠ ʢ.ʬ.-ʤ.ʥ.  

ʃʝʦʥʠʜʦʚʫ ʀ.ʀ. (ʀʍʊʊʄ ʉʆ ʈɸʅ) ʟʘ ʧʦʤʦʱʴ ʚ ʧʨʦʚʝʜʝʥʠʠ ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ɸʚʪʦʨ ʙʣʘʛʦʜʘʨʠʪ ʟʘ ʮʝʥʥʳʝ ʩʦʚʝʪʳ ʠ ʧʦʤʦʱʴ ʚ ʧʦʩʪʘʥʦʚʢʝ ʟʘʜʘʯʠ ʩʚʦʠʭ 

ʥʘʫʯʥʳʭ ʨʫʢʦʚʦʜʠʪʝʣʝʡ ʢ.ʭ.ʥ., ʜʦʮ. ɼʝʡʥʝʢʦ ɼʠʥʫ ɺʘʣʝʨʴʝʚʥʫ ʠ ʜ.ʭ.ʥ., ʧʨʦʬ. 

ʃʘʟʦʨʷʢʘ ɹʦʛʜʘʥʘ ʀʦʩʠʧʦʚʠʯʘ. 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ. ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʩʦʩʪʦʠʪ ʠʟ 

ʚʚʝʜʝʥʠʷ, ʣʠʪʝʨʘʪʫʨʥʦʛʦ ʦʙʟʦʨʘ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʯʘʩʪʠ, ʦʙʩʫʞʜʝʥʠʷ 

ʨʝʟʫʣʴʪʘʪʦʚ, ʦʩʥʦʚʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʚʳʚʦʜʦʚ, ʩʧʠʩʢʘ ʮʠʪʠʨʫʝʤʦʡ ʣʠʪʝʨʘʪʫʨʳ 

(134 ʠʩʪʦʯʥʠʢʘ) ʠ ʧʨʠʣʦʞʝʥʠʷ. ɼʠʩʩʝʨʪʘʮʠʷ ʠʟʣʦʞʝʥʘ ʥʘ 157 ʩʪʨʘʥʠʮʘʭ, 

ʩʦʜʝʨʞʠʪ 96 ʨʠʩʫʥʢʦʚ ʠ 31 ʪʘʙʣʠʮʫ (ʠʟ ʥʠʭ 10 ʪʘʙʣʠʮ ʧʨʠʣʦʞʝʥʠʷ). 
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2 ʆʙʟʦʨ ʣʠʪʝʨʘʪʫʨʳ 

2.1  ʌʦʩʬʘʪʳ ʢʘʣʴʮʠʷ  

ʌʦʩʬʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥ rʨʷʜʦʤ ʩʪʨʫʢʪʫʨʥʳʭ ʩʝʤʝʡʩʪʚ ʪʘʢʠʭ, ʢʘʢ, ʙʨʫʰʠʪ 

[32], ʘʧʘʪʠʪ [33, 34], ʤʝʨʨʠʣʣʠʪ [35], ʚʦʧʤʘʡʠʠʪ [36], ʘʣʶʦʜʠʪ [37], ʚʠʪʣʦʢʠʪ 

[38, 39] ʠ ʜʨ. 

ʌʦʩʬʘʪ ʢʘʣʴʮʠʷ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʚʠʪʣʦʢʠʪʘ ʚ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ ɓ-Ca3(PO4)2 ʠʤʝʝʪ ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʘʥʘʣʦʛʦʚ [40, 

41], ʢʨʠʩʪʘʣʣʠʟʫʶʱʠʭʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʧʨ. ʛʨ.: R3ʩ, Rσʩ, R3m, Rσάȟ R3, Rσ [42], 

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ ʢʘʪʠʦʥʘ, ʚʚʦʜʠʤʦʛʦ ʚ ʤʘʪʨʠʮʫ. ɼʘʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ 

ʦʪʣʠʯʘʶʪʩʷ ʧʦ ʩʚʦʝʤʫ ʩʪʨʦʝʥʠʶ ʠ ʩʚʦʡʩʪʚʘʤ [43]. ʇʝʨʝʭʦʜ ʠʟ ʦʜʥʦʡ ʧʨ. ʛʨ. ʚ 

ʜʨʫʛʫʶ ʤʦʞʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʢʘʢ ʧʨʠ ʧʦʤʦʱʠ ʥʘʛʨʝʚʘʥʠʷ [44], ʪʘʢ ʠ 

ʧʦʩʨʝʜʩʪʚʦʤ ʢʘʪʠʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ [28]. ɼʠʘʛʨʘʤʤʘ ʩʚʷʟʠ ʧʨ. ʛʨ. ʚ ʩʝʤʝʡʩʪʚʝ 

ʚʠʪʣʦʢʠʪʘ ʙʳʣʘ ʦʧʠʩʘʥʘ ʘʚʪʦʨʘʤʠ [44] (ʈʠʩʫʥʦʢ 2.1). ʇʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʩʫʱʝʩʪʚʫʝʪ ʙʘʟʦʚʘʷ ɓ-Ca3(PO4)2 (Z = 21) ʩʪʨʫʢʪʫʨʘ ʩ ʧʨ. ʛʨ. R3ʩ ʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ a ~ 10¡ ʠ ʩ ~ 38¡. ʇʨʠ ʫʚʝʣʠʯʝʥʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ Tc ʨʘʚʥʦʡ 923 ʂ, ʧʨʦʠʩʭʦʜʠʪ ʪʨʘʥʩʬʦʨʤʘʮʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʠ a' =īa, b' =īb ʠ 2c' = c ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʟʫʝʪʩʷ ʚʳʩʰʘʷ ʛʨʫʧʧʘ Rσm  

(Z = 3). ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʠʥʠʤʘʶʪ ʟʥʘʯʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ a ~ 10¡ ʠ ʩ ~ 19¡. ʇʦʩʢʦʣʴʢʫ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʠ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʤʦʜʠʬʠʢʘʮʠʠ ʜʣʷ Ca3(PO4)2
 ʷʚʣʷʶʪʩʷ ʩʭʦʞʠʤʠ, ʪʦ ʠʭ 

ʦʙʦʟʥʘʯʘʶʪ ʢʘʢ ɓ ʠ ɓô, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʛʘʩʘʥʠʷ ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʭ ʜʣʷ 

ʧʨ. ʛʨ. Rσc ʠ R3c, Rσm ʠ Rσ ʷʚʣʷʶʪʩʷ ʩʭʦʞʠʤʠ, ʧʦʵʪʦʤʫ ʥʝʣʴʟʷ ʨʘʟʣʠʯʠʪʴ 

ʧʨ. ʛʨ. Rσc, R3c ʠ Rσm ʤʝʞʜʫ ʩʦʙʦʡ [45].  
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ʈʠʩʫʥʦʢ 2.1. ɼʠʘʛʨʘʤʤʘ ʛʨʫʧʧʘ-ʧʦʜʛʨʫʧʧʘ ʚ ʩʝʤʝʡʩʪʚʝ ʚʠʪʣʦʢʠʪ ʥʘ ʧʨʠʤʝʨʝ -

Ca9Fe(PO4)7; i-s ʵʪʦ ʠʟʦʤʦʨʬʥʘʷ ʧʦʜʛʨʫʧʧʘ ʩʘʤʦʛʦ ʥʠʟʢʦʛʦ ʫʨʦʚʥʷ; n-s 

ʥʝʠʟʦʤʦʨʬʥʘʷ ʧʦʜʛʨʫʧʧʘ; ʥʘʧʨʘʚʣʝʥʠʝ ʩʪʨʝʣʢʠ ʧʦʢʘʟʳʚʘʝʪ ʧʦʜʛʨʫʧʧʫ [44].  

2.2 ʉʪʨʫʢʪʫʨʘ ɓ-Ca3(PO4)2. 

 ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʬʦʩʬʘʪʘ ʢʘʣʴʮʠʷ ʩʣʦʞʥʘ ʠ ʧʦʜʨʦʙʥʦ 

ʦʧʠʩʳʚʘʝʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʨʘʙʦʪʘʭ. ɺ ɓ-Ca3(PO4)2 (Z = 21) ʢʘʪʠʦʥ rʢʘʣʴʮʠʷ 

ʤʦʛʫʪ ʟʘʥʠʤʘʪʴ ʧʷʪʴ ʨʘʟʣʠʯʥʳʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ: ʄ1, ʄ2, ʄ3 

ʠ ʄ5, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʧʦʣʥʦʩʪʴʶ ʟʘʥʷʪʳʤʠ, ʠ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʥʘʧʦʣʦʚʠʥʫ 

ʟʘʩʝʣʝʥʥʫ  ʁʧʦʟʠʮʠʶ ʄ4 (0.5ʉʘ2+ + 0.5 , ʛʜʝ  ï ʵʪʦ ʚʘʢʘʥʩʠʷ ʚ ʩʪʨʫʢʪʫʨʝ). ɺ 

ʩʪʨʫʢʪʫʨʝ ʪʘʢʞʝ ʠʤʝʝʪʩʷ ʧʦʟʠʮʠʷ ʄ6, ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ ʚʩʝʛʜʘ ʚʘʢʘʥʪʥʦʡ [5] 

(ʈʠʩʫʥʦʢ 2.2). ʉ ʫʯʝʪʦʤ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʩʪʨʫʢʪʫʨʥʘʷ 

ʬʦʨʤʫʣʘ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 Ca3(1)Ca3(2)Ca3(3)Ca(5)Ca0.5(4) 0.5(4)(PO4)7 (Z = 6).  
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ʈʠʩʫʥʦʢ 2.2. ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ ʚ ɓ-Ca3(PO4)2 [46]. 

 ʉʪʨʫʢʪʫʨʫ ʪʠʧʘ ʚʠʪʣʦʢʠʪʘ ʤʦʞʥʦ ʪʘʢʞʝ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʩ ʧʦʟʠʮʠʠ 

ʢʦʣʦʥʦʢ ʠʣʠ ʩ ʧʦʟʠʮʠʠ ʩʣʦʝʚ. ʈʘʟʣʠʯʘʶʪ ʜʚʘ ʪʠʧʘ ʢʦʣʦʥʦʢ: ɸ ʠ ɺ, ʢʦʪʦʨʳʝ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʟ ʩʝʙʷ ʯʝʨʝʜʫʶʱʠʝʩʷ ʧʦʣʠʵʜʨʳ [é.ïP1O4ïM4O15ïM5O6ï

M6O13ïé] ʠ [éïM1O8ïM3O8ïM2O8ïP2O4ïP3O4ïé], ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

(ʈʠʩʫʥʦʢ 2.3). ʉʣʦʡ I ʩʦʩʪʦʠʪ ʪʦʣʴʢʦ ʠʟ ʢʦʣʦʥʦʢ ʪʠʧʘ ɺ, ʩʣʦʡ II  ʩʦʩʪʦʠʪ ʠʟ 

ʯʝʨʝʜʫʶʱʠʭʩʷ ʢʦʣʦʥʦʢ ɸ ʠ ɺ [47]. 
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ʈʠʩʫʥʦʢ 2.3. (a) ab ʧʨʦʝʢʮʠʷ ʩʪʨʫʢʪʫʨʳ ɓ-Ca3(PO4)2; (b) ʉʣʦʡ I, ʩʦʩʪʦʷʱʠʡ 

ʪʦʣʴʢʦ ʠʟ ʢʦʣʦʥʦʢ ɺ, ʠ (c) ʩʣʦʡ II ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʢʦʣʦʥʢʘʤʠ ɸ ʠ ɺ. ʇʦʟʠʮʠʷ 

M4 ʷʚʣʷʝʪʩʷ ʟʘʥʷʪʦʡ ʥʘʧʦʣʦʚʠʥʫ [47]. 

ɺ ʩʪʨʫʢʪʫʨʝ ɓ-Ca3(PO4)2 ʥʘʧʦʣʦʚʠʥʫ ʟʘʥʷʪʘ ̫ ʧʦʟʠʮʠ ̫ ʄ4 ʜʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʝʜʧʦʣʘʛʘʪʴ ʦ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʩʦʝʜʠʥʝʥʠʡ, ʚ ʢʦʪʦʨʳʭ ʜʘʥʥʘʷ 

ʧʦʟʠʮʠʷ ʷʚʣʷʝʪʩʷ ʣʶʙʦ ʧʦʣʥʦʩʪʴʶ ʟʘʥʷʪʦʡ, ʣʠʙʦ ʧʦʣʥʦʩʪʴʶ ʩʚʦʙʦʜʥʦʡ [48]. 

ʅʠʞʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʟʣʠʯʥʳʝ ʛʝʪʝʨʦʚʘʣʝʥʪʥʳʝ ʩʭʝʤʳ ʟʘʤʝʱʝʥʠʷ, 

ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʟʘʩʝʣʝʥʠʷ ʠʣʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʘʢʘʥʩʠʠ ʚ ʩʪʨʫʢʪʫʨʝ: 

1. 3Ca2+ Ÿ 2R3++  (R3+ = ʢʘʪʠʦʥ ʈɿʕ [20, 46, 49-55], Al 3+ [56], Cr3+ [57])        (C1) 

2. 3Ca2+ +  Ÿ R3+ + 3A+ (A ï Li, Na, K) [58-63]                   (C2) 

3. Ca2+ +  Ÿ 2A+ (A ï Li, Na, K) [64, 65]                     (C3) 
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ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚʳʰʝ ʩʭʝʤʳ ʥʝ ʷʚʣʷʶʪʩʷ ʠʩʯʝʨʧʳʚʘʶʱʠʤʠ. ʀʟʚʝʩʪʝʥ 

ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʠ ʠʟʦʚʘʣʝʥʪʥʳʭ ʟʘʤʝʱʝʥʠʡ, ʘ ʪʘʢʞʝ ʢʦʤʙʠʥʘʮʠʠ 

ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʛʦʤʦ- ʠ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʛʦ ʟʘʤʝʱʝʥʠ:̫   

1. Ca2+ Ÿ M2+ (M2+ = Mg, Sr [18, 28, 66, 67], Pb2+ [68] , Cd2+ , Zn2+ [69])    (C4) 

2. 4Ca2+ Ÿ M2+ +  + 2R3+ [15, 69-71]                                              (C5) 

3. 2Ca2+ +   Ÿ M2+ + 2A+ [72, 73]                                              (C6) 

4. 5Ca2+ Ÿ M2+ + 2A+ + 2R3+, ʩ ʧʨʠʤʝʩʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ R3+ [74-77]            (C7) 

ʊʘʢ, ʧʨʠ ʦʩʫʱʝʩʪʚʣʝʥʠʠ ʟʘʤʝʱʝʥʠʡ ʧʦ ʩʭʝʤʘʤ ʉ1 ï ʉ3 ʠ ʉ5 ï ʉ7 

ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʟʘʩʝʣʝʥʥʦʩʪʠ ʧʦʟʠʮʠʠ ʄ4. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʘʥʥʘʷ 

ʧʦʟʠʮʠʷ ʤʦʞʝʪ ʙʳʪʴ, ʢʘʢ ʧʦʣʥʦʩʪʴʶ ʟʘʩʝʣʝʥʥʦʡ, ʪʘʢ ʧʦʣʥʦʩʪʴʶ ʚʘʢʘʥʪʥʦʡ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʨʝʘʣʠʟʘʮʠʠ ʪʘʢʠʭ ʟʘʤʝʱʝʥʠʡ ʦʯʝʚʠʜʥʦ ʠʟʤʝʥʷʝʪʩʷ 

ʩʪʨʦʝʥʠʝ, ʯʪʦ ʚʝʜʝʪ ʢ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʧʨ. ʛʨ., ʠ ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʦʢʘʟʳʚʘʝʪ 

ʚʣʠʷʥʠʝ ʥʘ ʥʘʙʣʶʜʘʝʤʳʝ ʩʚʦʡʩʪʚʘ, ʧʦʣʫʯʘʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ.  

2.3 ʉʪʨʫʢʪʫʨʘ ʜʚʦʡʥʳʭ ʬʦʩʬʘʪʦʚ. 

2.3.1 ʉʪʨʫʢʪʫʨʘ ʜʚʦʡʥʳʭ ʬʦʩʬʘʪʦʚ Ca10ɸ
+(PO4)7 

ɺ ʨʘʙʦʪʝ [64] ʧʦʜʨʦʙʥʦ ʦʧʠʩʳʚʘʝʪʩʷ ʟʘʤʝʱʝʥʠʝ ʧʦ ʩʭʝʤʝ ʉ3: Ca2+ ʥʘ A+, 

ʛʜʝ ɸ ï ʵʪʦ ʱʝʣʦʯʥʦʡ ʤʝʪʘʣʣ. ɼʚʦʡʥʳʝ ʬʦʩʬʘʪʳ Ca10ɸ(PO4)7 (ɸ = Li , Na, K) 

ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʪʨʠʛʦʥʘʣʴʥʦʡ ʩʠʥʛʦʥʠʠ ʠ ʷʚʣʷʶʪʩʷ ʠʟʦʩʪʨʫʢʪʫʨʥʳʤʠ  

ɓ-Ca3(PO4)2. ɼʣʷ ʫʪʦʯʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʘʚʪʦʨʘʤʠ ʙʳʣʘ ʚʳʙʨʘʥʘ ʧʨ. ʛʨ. R3c. 

ʑʝʣʦʯʥʳʝ ʤʝʪʘʣʣʳ ʚ ʩʪʨʫʢʪʫʨʝ ʟʘʥʠʤʘʶʪ ʙʦʣʴʰʫʶ ʧʦ ʨʘʟʤʝʨʫ ʧʦʟʠʮʠʶ 

M(4)O15, ʫʜʣʠʥʝʥʥʫ  ʁʚʜʦʣʴ ʦʩʠ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʫʪʦʯʥʝʥʠʷ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʦʢʘʟʘʣʦʩʴ, ʯʪʦ ʧʦʟʠʮʠʷ ʄ4 ʷʚʣʷʝʪʩʷ 

ʨʘʩʱʝʧʣʝʥʥʦʡ ʥʘ ʜʚʝ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʝ ʧʦʟʠʮʠʠ: M(41) ʠ M(42) (ʈʠʩʫʥʦʢ 2.4), 

ʚ ʩʣʫʯʘʝ ʢʘʪʠʦʥʦʚ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ ʩ ʤʘʣʝʥʴʢʠʤ ʠʦʥʥʳʤ ʨʘʜʠʫʩʦʤ (Li , Na). 

ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʢʘʪʠʦʥʳ Li ʠ Na ʥʘʯʠʥʘʶʪ ʤʠʛʨʠʨʦʚʘʪʴ ʚʥʫʪʨʠ 

ʧʦʟʠʮʠʠ ʄ4 ʧʦ ʢʘʥʘʣʫ M(41) ï M(42) ʠ ʚ ʦʙʨʘʪʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ʇʦʩʢʦʣʴʢʫ 

ʨʘʜʠʫʩ ʢʘʪʠʦʥʘ K+ ʙʦʣʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʩʪʘʣʴʥʳʤʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʤʠ 

ʢʘʪʠʦʥʘʤʠ ʱʝʣʦʯʥʳʤʠ ʤʝʪʘʣʣʘʤʠ, ʪʦ ʧʦʜʦʙʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ.  
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ʈʠʩʫʥʦʢ 2.4. (a) M41 ʠ M42 ʧʦʣʠʵʜʨʳ ʚ ʧʦʟʠʮʠʠ M4O15, ʚʳʪʷʥʫʪʳʝ ʚʜʦʣʴ ʦʩʠ 

3-ʛʦ ʧʦʨʷʜʢʘ ʠ (b) ab ʧʨʦʝʢʮʠʷ [64]. 

ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʥʘʭʦʜʷʪʩʷ ʚ ʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʢʘʪʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ ʱʝʣʦʯʥʦʛʦ ʤʝʪʘʣʣʘ (ʈʠʩʫʥʦʢ 2.5). ɺ ʦʪʣʠʯʠʠ ʦʪ ʧʘʨʘʤʝʪʨʘ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ a ʠ ʦʙʲʝʤʘ V, ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ʩ ʣʠʥʝʡʥʦ 

ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʜʚʠʞʝʥʠʠ ʦʪ Li ʢ K, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʙʦʣʝʝ ʚʳʪʷʥʫʪʦʡ ʧʦʟʠʮʠʝʡ 

ʄ4 ʚʜʦʣʴ ʦʩʠ ʩ ʚ ʩʣʫʯʘʝ ʩ Li, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʂ, ʠ ʦʙʲʷʩʥʷʝʪʩʷ ʩʫʱʝʩʪʚʦʚʘʥʠʝʤ 

ʢʘʪʠʦʥʥʦʡ ʤʠʛʨʘʮʠʝʡ ʧʦ ʢʘʥʘʣʘʤ ʄ41 ï ʄ42, ʧʨʠʚʦʜʷʱʝʡ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʧʘʨʘʤʝʪʨʘ ʩ. ɸʥʘʣʠʟ ʜʣʠʥʳ ʩʚʷʟʠ ɸïO (ɸ = Li , Na, K) ʠ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʨʝʰʝʪʢʠ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ, ʥʝ ʜʘʝʪ ʚʦʟʤʦʞʥʳʤ 

ʦʧʨʝʜʝʣʠʪʴ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʝ ʯʠʩʣʦ (ʂʏ) ʢʘʪʠʦʥʘ Na, ʧʦʵʪʦʤʫ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ 

ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʜʣʷ ʜʚʫʭ ʂʏ ʢʘʪʠʦʥʘ 

Na. 
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ʈʠʩʫʥʦʢ 2.5. ɿʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʨʝʰʝʪʢʠ, ʢʘʢ ʬʫʥʢʮʠʷ ʦʪ 

ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ ʱʝʣʦʯʥʦʛʦ ʤʝʪʘʣʣʘ ʚ ʜʚʦʡʥʦʤ ʬʦʩʬʘʪʝ Ca10A(PO4)7 (A = Li , 

Na, K) [64].  

2.3.2 ʉʪʨʫʢʪʫʨʘ ʜʚʦʡʥʳʭ ʬʦʩʬʘʪʦʚ Ca9.5M
2+(PO4)7  

ɻʦʤʦʚʘʣʝʥʪʥʦʝ ʟʘʤʝʱʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʩʭʝʤʝ ʉ4, ʧʨʠ ʵʪʦʤ ʥʝ 

ʫʯʘʩʪʚʫʝʪ ʚʘʢʘʥʩʠʷ ʚ ʩʪʨʫʢʪʫʨʝ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʟʠʮʠʷ ʄ4 ʙʫʜʝʪ ʠʤʝʪʴ 

ʟʘʩʝʣʝʥʥʦʩʪʴ 0.5 [66]. ʇʨʠ ʵʪʦʤ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʘʪʠʦʥʘ, ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ 

ʠ ʧʝʨʝʭʦʜ ʠʟ ʦʜʥʦʡ ʧʨ. ʛʨ. ʚ ʜʨʫʛʫʶ, ʥʘʧʨʠʤʝʨ ʠʟ R3c ʚ Rσm. ʉ ʵʪʦʡ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʜʚʫʭʚʘʣʝʥʪʥʳʝ ʢʘʪʠʦʥʳ, ʧʦ ʟʥʘʯʝʥʠʶ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ ʦʪʥʦʩʠʪʝʣʴʥʦ 

Ca2+, ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʝ ʛʨʫʧʧʳ: 1) r > r(Ca2+), ʢ ʢʦʪʦʨʳʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ 

ʢʘʪʠʦʥʳ Sr, Ba, Pb ʠ ʜʨ.; 2) r < r(Ca2+), ʢ ʢʦʪʦʨʳʤ ʦʪʥʦʩʷʪʩʷ Mg, Cd, Zn, Cu 

[27]. 

ɺ ʨʘʙʦʪʝ [28] ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʟʘʤʝʱʝʥʠʷ Sr2+ ʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ 

ʩʪʨʫʢʪʫʨʫ ʠ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʝ ʚ Ca3-xSrx(PO4)2. ʌʦʩʬʘʪʳ ʩ 0 Ò x Ò 12/7 

ʩʦʭʨʘʥʷʶʪ ʩʪʨʫʢʪʫʨʫ ʪʠʧʘ ʚʠʪʣʦʢʠʪ ʠ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʧʨ. ʛʨ. R3c (a å 10 ¡, 

c å 38 ¡). ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ Sr2+ 13/7 Ò x Ò 16/7 ʚ ʥʝʢʦʪʦʨʦʤ ʨʦʜʝ 
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ʦʙʨʘʟʫʝʪʩʷ ʠʥʘʷ ʩʪʨʫʢʪʫʨʘ: ʧʨ. ʛʨ. Rσm (a å 10 ¡, c å 19 ¡). ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ 

ʧʦʟʠʮʠʠ ʄ1-ʄ3 ʟʘʩʝʣʷʶʪ ʩʦʚʤʝʩʪʥʦ ʢʘʪʠʦʥʳ Ca ʠ Sr, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʦʟʠʮʠʶ 

ʄ5 ʟʘʩʝʣʷʝʪ ʪʦʣʴʢʦ ʢʘʪʠʦʥ Ca2+. ʆʩʥʦʚʥʘʷ ʩʪʨʫʢʪʫʨʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʵʪʠʭ ʬʘʟ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʢʦʣʦʥʢʝ ʪʠʧʘ ɸ ʠ ʩʣʦʝ II  (ʈʠʩʫʥʦʢ 2.6). ʂʦʣʦʥʢʘ ʪʠʧʘ ɸ ʚ 

ʩʪʨʫʢʪʫʨʝ ɓ-Ca3(PO4)2 ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʢʦʣʦʥʢʠ ɸ ʚ ɓ-Ca5/7Sr16/7(PO4)2 ʚ 

ʦʨʠʝʥʪʘʮʠʠ ʪʝʪʨʘʵʜʨʘ P1O4 ʠ ʟʘʩʝʣʸʥʥʦʩʪʠ ʧʦʟʠʮʠʡ ʄ4 ʠ ʄ6.  

 

ʈʠʩʫʥʦʢ 2.6. ʇʨʦʝʢʮʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʜʣʷ (a) ɓ-Ca3(PO4)2, (b) ɓ¡-

Ca5/7Sr16/7(PO4)2 ʚʜʦʣʴ [001]. ʉʣʦʠ I ʠ II  ʠ ʢʦʣʦʥʢʠ A ʠ B ʦʪʤʝʯʝʥʳ ʩʪʨʝʣʢʘʤʠ ʠ 

ʬʠʛʫʨʥʳʤʠ ʩʢʦʙʢʘʤʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [28]. 

ɿʘʤʝʱʝʥʠʷ ʥʘ ʢʘʪʠʦʥ ʤʝʥʴʰʝʛʦ ʨʘʜʠʫʩʘ, ʥʘʧʨʠʤʝʨ, Cu2+ ʦʧʠʩʳʚʘʝʪʩʷ ʚ 

[78]. ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʝ ʩʪʨʦʝʥʠʝ ʜʣʷ Ca9Cu1.5(PO4)7 ʙʳʣʦ ʫʪʦʯʥʝʥʦ 

ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ: ʧʨ. ʛʨ.  R3c, a = 10.3379(1) ¡, c = 37.1898(3) ¡, Z = 6. 

ɼʚʦʡʥʦʡ ʬʦʩʬʘʪ Ca9Cu1.5(PO4)7 ʷʚʣʷʝʪʩʷ ʠʟʦʩʪʨʫʢʪʫʨʥʳʤ ɓ-Ca3(PO4)2 ʠ 

Ca9.5Cu(PO4)7. ʇʦʟʠʮʠʷ M5 ʧʦʣʥʦʩʪʴʶ ʟʘʩʝʣʝʥʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ M4 ʷʚʣʷʝʪʩʷ 

ʥʘʧʦʣʦʚʠʥʫ ʟʘʩʝʣʝʥʥʦʡ ʢʘʪʠʦʥʦʤ Cu2+. ʇʦʟʠʮʠʠ M1-M3 ʧʦʣʥʦʩʪʴʶ ʟʘʥʷʪʳ 

ʢʘʪʠʦʥʦʤ Ca2+. ʉʭʦʞʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʜʣʷ Ca3-xMgx(PO4)2 [79, 80]. 

ʂʠʩʣʦʨʦʜʥʦʝ ʦʢʨʫʞʝʥʠʝ ʢʘʪʠʦʥʘ Cu2+ ʚ ʧʦʟʠʮʠʷʭ ʄ4 ʠ ʄ5 (ʈʠʩʫʥʦʢ 2.7) 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 8ʤʠ ʚʝʨʰʠʥʥʠʢ ʠ ʠʩʢʘʞʝʥʥʳʡ ʦʢʪʘʵʜʨ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
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ʅʘʙʣʶʜʘʝʪʩʷ ʩʤʝʱʝʥʠʝ Cu2+ ʚ ʧʦʟʠʮʠʠ ʄ4 ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʪʨʝʪʴʝʛʦ 

ʧʦʨʷʜʢʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʢʘʪʠʦʥ Ca2+ ʨʘʩʧʦʣʦʞʝʥ ʥʘ ʦʩʠ ʚ ʧʦʟʠʮʠʠ ʄ4.  

 

ʈʠʩʫʥʦʢ 2.7. ʌʨʘʛʤʝʥʪ ʩʪʨʫʢʪʫʨʳ Ca9Cu1.5(PO4)7 ʠ ʢʠʩʣʦʨʦʜʥʦʝ ʦʢʨʫʞʝʥʠʝ ʜʣʷ 

ʧʦʟʠʮʠʡ ʄ4 ʠ ʄ5.  

ʇʨʠ ʟʘʤʝʱʝʥʠʠ Ca2+ ʥʘ Cu2+/Mg2+ ʧʨʦʠʩʭʦʜʠʪ ʫʤʝʥʴʰʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. ʂʘʢ ʜʣʷ ʤʝʜ,ɹ ʪʘʢ ʠ ʜʣʷ ʤʘʛʥʠʡ ʟʘʤʝʱʝʥʥʳʭ ʬʦʩʬʘʪʦʚ 

ʥʘʙʣʶʜʘʝʪʩʷ ʣʠʥʝʡʥʦʝ ʫʤʝʥʴʰʝʥʠʝʤ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʧʦ 

ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʢʘʪʠʦʥʘ-ʟʘʤʝʩʪʠʪʝʣʷ (ʈʠʩʫʥʦʢ 2.8) [81].  
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ʈʠʩʫʥʦʢ 2.8. ɿʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʦʚ a = b ʠ c ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʦʜʝʨʞʘʥʠʷ Mg2+ ʠ Cu2+ ʚ ɓ-Ca3(PO4)2 [81].  

 ɿʘʤʝʱʝʥʠʝ Ca2+ ʥʘ Zn2+ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [82]. ʅʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʭ 

ʚʠʜʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ Zn2+ ʚʝʱʝʩʪʚʘ ʧʨʦʜʦʣʞʘʶʪ 

ʧʨʠʥʘʜʣʝʞʘʪʴ ʩʪʨʫʢʪʫʨʥʦʤʫ ʪʠʧʫ ʚʠʪʣʦʢʠʪ. ʅʘʙʣʶʜʘʝʪʩʷ ʩʤʝʝɦʥʠʝ ʧʠʢʦʚ ʥʘ 

ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʭ ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʫʛʣʦʚ, ʠʟ-ʟʘ ʫʤʝʥʴʰʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (ʈʠʩʫʥʦʢ 2.9).  

 

ʈʠʩʫʥʦʢ 2.9. ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʜʣʷ Ca3-xZnx(PO4)2 (x = 0, 600, 2900, 4100, 7000, 

9300, 101000 ppm ʩʦʜʝʨʞʘʥʠʝ Zn2+) [82]. 
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2.3.3 ʉʪʨʫʢʪʫʨʘ ʩ ʜʚʦʡʥʳʭ ʬʦʩʬʘʪʦʚ Ca9R
3+(PO4)7.  

ɺ ʨʘʙʦʪʘʭ [46, 83] ʧʦʜʨʦʙʥʦ ʦʧʠʩʳʚʘʝʪʩʷ ʩʪʨʫʢʪʫʨʘ, ʘ ʪʘʢ ʞʝ ʨʘʩʩʯʠʪʘʥʳ 

ʟʘʩʝʣʝʥʥʦʩʪʠ ʧʦʟʠʮʠʡ ʚ Ca9R(PO4)7 (R ï ʢʘʪʠʦʥ ʈɿʕ). ʂʘʢ ʦʪʤʝʯʘʣʦʩʴ ʚʳʰʝ, 

ʧʨʠ ʟʘʤʝʱʝʥʠʠ Ca2+ ʥʘ R3+ ʧʦ ʩʭʝʤʝ ʉ2 ʧʦʟʠʮʠʷ ʄ4 ʩʪʘʥʦʚʠʪʩʷ ʧʦʣʥʦʩʪʴʶ 

ʚʘʢʘʥʪʥʦʡ [55], ʯʪʦ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʘʚʪʦʨʘʤʠ [46]. ʈʠʩʫʥʦʢ 2.10 

ʧʦʢʘʟʳʚʘʝʪ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʘʪʠʦʥʦʚ ʈɿʕ, ʢʘʢ ʧʨʦʮʝʥʪ ʦʪ ʦʙʱʝʛʦ ʢʦʣʠʯʝʩʪʚʘ 

ʈɿʕ ʚ Ca9Ln(PO4)7, ʤʝʞʜʫ ʧʦʟʠʮʠʷʤʠ ʩʪʨʫʢʪʫʨ.r ʅʘ ʜʘʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʥʘʙʣʶʜʘʝʪʩʷ ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʨʘʟʤʝʨʦʤ ʧʦʟʠʮʠʠ, ʢʘʪʠʦʥʥʳʤ ʨʘʜʠʫʩʦʤ ʠ 

ʟʘʩʝʣʝʥʥʦʩʪʴʶ ʧʦʟʠʮʠʠ: ʢʘʪʠʦʥʳ ʥʘʯʘʣʘ ʨʷʜʘ ʈɿʕ ʩ ʥʘʠʙʦʣʴʰʠʤ ʠʦʥʥʳʤ 

ʨʘʜʠʫʩʦʤ (La-Nd) ʧʦʢʘʟʳʚʘʶʪ ʪʝʥʜʝʥʮʠʶ ʥʘ ʟʘʩʝʣʝʥʠʝ ʩʘʤʦʡ ʙʦʣʴʰʦʡ 

ʧʦʟʠʮʠʠ (ʄ3), ʪʦʛʜʘ ʢʘʢ ʠʦʥʳ ʢʦʥʮʘ ʨʷʜʘ ʈɿʕ ʩ ʥʘʠʤʝʥʴʰʠʤ ʨʘʜʠʫʩʦʤ (Lu, 

Yb) ʧʨʝʜʧʦʯʠʪʘʶʪ ʚ ʦʩʥʦʚʥʦʤ ʦʢʪʘʵʜʨʠʯʝʩʢʫʶ ʧʦʟʠʮʠʶ (ʄ5). ʂʘʪʠʦʥʳ 

ʩʝʨʝʜʠʥʳ ʨʷʜʘ ʈɿʕ (Sm-Tm) ʟʘʩʝʣʷʶʪ ʩʨʝʜʥʠʝ ʧʦ ʨʘʟʤʝʨʫ ʧʦʟʠʮʠʠ ʄ1 ʠ ʄ2 ʚ 

ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʦʤ ʩʦʦʪʥʦʰʝʥʠʠ, ʥʦ ʩʫʱʝʩʪʚʝʥʥʘʷ ʨʘʟʥʠʮʘ ʚ ʟʘʩʝʣʝʥʥʦʩʪʠ 

ʵʪʠʭ ʧʦʟʠʮʠʡ ʧʨʦʷʚʣʷʝʪʩʷ ʪʦʣʴʢʦ ʤʝʞʜʫ Sm ʠ Tm. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʢʘʞʜʘʷ 

ʠʟ ʧʦʟʠʮʠʡ ʄ1-ʄ3 ʠ ʄ5 ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʟʣʠʯʘʶʪʩʷ, ʚʩʝ ʢʘʪʠʦʥʳ, ʢʨʦʤʝ La3+, 

ʟʘʩʝʣʷʶʪ ʤʠʥʠʤʫʤ ʜʚʝ ʨʘʟʣʠʯʥʳʝ ʧʦʟʠʮʠʠ ʚ ʩʪʨʫʢʪʫʨʝ. ʇʨʠʯʝʤ, ʥʠ ʦʜʠʥ ʠʟ 

ʵʪʠʭ ʢʘʪʠʦʥʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʥʝ ʦʪʣʠʯʘʝʪʩʷ ʧʦ ʨʘʟʤʝʨʫ ʦʪ ʢʘʪʠʦʥʘ ʢʘʣʴʮʠʷ 

(ʨʘʟʥʠʮʘ ʚ ʠʦʥʥʳʭ ʨʘʜʠʫʩʘʭ ʩʦʩʪʘʚʣʷʝʪ ʤʝʥʴʰʝ 20%), ʯʪʦ ʤʦʞʝʪ ʦʙʲʷʩʥʠʪʴ 

ʠʤʝʥʥʦ ʪʘʢʦʡ ʪʠʧ ʨʘʩʧʨʝʜʝʣʝʥʠʷ.   
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ʈʠʩʫʥʦʢ 2.10. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʢʘʪʠʦʥʦʚ Ln3+, ʢʘʢ ʧʨʦʮʝʥʪ ʦʪ ʦʙʱʝʛʦ ʢʦʣʠʯʝʩʪʚʘ 

Ln3+ ʚ Ca9Ln(PO4)7, ʤʝʞʜʫ ʧʦʟʠʮʠʷʤʠ M1, M2, M3 ʠ M5. ʉʪʘʥʜʘʨʪʥʦʝ 

ʦʪʢʣʦʥʝʥʠʝ ʚʳʯʠʩʣʝʥʠʷ ʟʘʩʝʣʝʥʥʦʩʪʠ ʩʦʩʪʘʚʣʷʝʪ 3% [46]. 

ʆʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʨʝʰʝʪʢʠ ʧʨʠ ʟʘʤʝʱʝʥʠʠ 3Ca2+ Ÿ 2Ln3+ +  

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠ ʜʚʠʞʝʥʠʠ ʧʦ ʨʷʜʫ ʦʪ Lu ʢ La ʠ ʥʘʭʦʜʷʪʩʷ ʚ ʧʨʷʤʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ ʚʚʦʜʠʤʦʛʦ ʢʘʪʠʦʥʘ (ʈʠʩʫʥʦʢ 2.11). ʉʪʦʠʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʫʪʦʯʥʝʥʠʠ ʩʪʨʫʢʪʫʨʳ ʘʚʪʦʨʘʤʠ [46, 83, 84] ʚʳʙʠʨʘʝʪʩʷ 

ʧʨ. ʛʨ. R3c.  

 

ʈʠʩʫʥʦʢ 2.11. ɿʘʚʠʩʠʤʦʩʪʴ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʜʣʷ Ca9Ln(PO4)7 ʦʪ 

ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ Ln3+ [46]. 

ɺ ʨʘʙʦʪʝ [85] ʠʩʩʣʝʜʫʝʪʩʷ ʩʪʨʫʢʪʫʨʘ ʩʦʝʜʠʥʝʥʠʷ Ca9R(PO4)7, ʛʜʝ R ï Al , 

ʪ.ʝ. ʪʨʝʭʚʘʣʝʥʪʥʳʡ ʢʘʪʠʦʥ, ʥʝ ʦʪʥʦʩʷʱʠʡʩʷ ʢ ʨʷʜʫ ʈɿʕ. ʅʘ ʨʠʩʫʥʢʝ 2.12 

ʧʨʠʚʦʜʠʪʩʷ ʩʭʝʤʘʪʠʯʥʦʝ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʝ ʩʪʨʦʝʥʠʝ ʜʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ. 

ɸʚʪʦʨʘʤʠ [85] ʦʪʤʝʯʘʝʪʩʷ ʯʪʦ ʜʘʥʥʳʡ ʪʠʧ ʩʪʨʫʢʪʫʨʳ ʩʭʦʞ ʩ Ca9Lu(PO4)7, 
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ʦʜʥʘʢʦ ʠʟ-ʟʘ ʩʚʦʝʛʦ ʤʘʣʝʥʴʢʦʛʦ ʨʘʜʠʫʩʘ ʪʘʢʠʝ ʢʘʪʠʦʥʳ ʢʘʢ Al 3+, In3+, Fe3+ ʙʫʜʫʪ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʟʘʩʝʣʷʪʴ ʧʦʟʠʮʠʶ ʄ5 ʚ ʩʪʨʫʢʪʫʨʝ. ʀʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʧʨʠ 

ʟʘʤʝʱʝʥʠʠ ʢʘʣʴʮʠʷ ʥʘ ʪʨʝʭʚʘʣʝʥʪʥʳʡ ʵʣʝʤʝʥʪ ʜʦʣʞʥʘ ʦʙʨʘʟʦʚʘʪʴʩʷ ʚʘʢʘʥʩʠʷ, 

ʪʦ ʧʦʟʠʮʠʷ ʄ4 ʚ ʩʪʨʫʢʪʫʨʝ ʙʫʜʝʪ ʧʦʣʥʦʩʪʴʶ ʚʘʢʘʥʪʥʦʡ (ʥʝ ʟʘʢʨʘʰʝʥʥʳʝ ʢʨʫʛʠ 

ʥʘ ʨʠʩʫʥʢʝ 2.12), ʢʘʢ ʚ ʩʣʫʯʘʝ ʟʘʤʝʱʝʥʠʷ Ca2+ ʥʘ Ln3+. 

 

ʈʠʩʫʥʦʢ 2.12. ʇʨʦʝʢʮʠʷ, ʚʜʦʣʴ ʦʩʠ ʩ, ʩʪʨʫʢʪʫʨʳ Ca9R(PO4)7 (R = Al , Lu). ʅʝ 

ʟʘʢʨʘʰʝʥʥʳʝ ʢʨʫʛʠ ʵʪʦ ʧʫʩʪʘʷ ʧʦʟʠʮʠʷ Ca(4) [85]. 

2.4 ʉʪʨʫʢʪʫʨʘ ʧʨʠ ʩʦʚʤʝʩʪʥʦʤ ʛʦʤʦ- ʠ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʤ ʟʘʤʝʱʝʥʠʠ. 

 ʉʦʚʤʝʩʪʥʦʝ ʟʘʤʝʱʝʥʠʝ Ca2+ ʥʘ ʛʦʤʦ- ʠ ʛʝʪʝʨʦʚʘʣʝʥʪʥʳʝ ʢʘʪʠʦʥʳ ʧʦ 

ʩʭʝʤʘʤ ʉ5 ï 7 ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʠʪʴ ʥʦʚʳʝ ʩʦʝʜʠʥʝʥʠʷ ʩ ʨʘʟʥʳʤ 

ʩʪʨʦʝʥʠʝʤ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ.  

 ɺ ʨʘʙʦʪʝ [86] ʦʧʠʩʳʚʘʝʪʩʷ ʩʪʨʫʢʪʫʨʘ ʠ ʩʚʦʡʩʪʚʘ Ca9La(PO4)7:Ce3+, Tb3+, 

Mn2+ (CLPO). ɺ ʩʦʝʜʠʥʝʥʠʠ ʧʨʦʠʩʭʦʜʠʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʜʚʘ ʪʠʧʘ ʟʘʤʝʱʝʥʠʷ, 

ʧʨʠ ʵʪʦʤ ʚʩʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʬʦʩʬʘʪʳ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ 

ʚʠʪʣʦʢʠʪʘ, ʯʪʦ ʚʠʜʥʦ ʧʦ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʤ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ 

(ʈʠʩʫʥʦʢ 2.13). ʉʣʦʞʥʳʡ ʬʦʩʬʘʪ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʧʨ. ʛʨ. R3c. ɺ ʩʪʨʫʢʪʫʨʝ 

ʥʘʙʣʶʜʘʶʪʩʷ ʧʷʪʴ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʢʘʪʠʦʥʥʳʭ ʧʦʟʠʮʠʡ (M1, M2, M3, M4 ʠ 

M5) ʠ ʪʨʠ ʘʥʠʦʥʥʳʭ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʠ ʜʣʷ ʈ5+ (ʈ1, ʈ2 ʠ ʈ3). ʇʦʟʠʮʠʷ 
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ʄ5 ʧʦʣʥʦʩʪʴʶ ʟʘʩʝʣʝʥʘ ʢʘʪʠʦʥʦʤ Ca2+, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʄ4 ʷʚʣʷʝʪʩʷ ʚʘʢʘʥʪʥʦʡ. 

ʂʘʪʠʦʥʳ Ca2+, La3+, Ce3+, Tb3+ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʨʘʩʧʨʝʜʝʣʝʥʳ ʤʝʞʜʫ ʧʦʟʠʮʠʷʤʠ 

ʄ1 ï ʄ3. ʆʜʥʘʢʦ Mn2+ ʢʦʥʢʫʨʠʨʫʝʪ ʚ ʟʘʩʝʣʝʥʥʦʩʪʠ ʩ Ca2+ ʪʦʣʴʢʦ ʚ ʧʦʟʠʮʠʷʭ 

ʄ1 ʠ ʄ2. 

 

ʈʠʩʫʥʦʢ 2.13. ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʜʣʷ CLPO:0.15Ce3+; CLPO:0.30Tb3+; 

CLPO:0.15Ce3+, 0.50Tb3+; CLPO:0.15Ce3+, 0.10Mn2+; CLPO:0.15Ce3+, 0.02Tb3+, 

0.05Mn2+ [86]. 

 ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʟʘʩʝʣʝʥʥʦʩʪʴ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ 

ʧʦʟʠʮʠʡ ʧʦ ʩʭʝʤʝ ʉ5 ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʥʘ ʧʨʠʤʝʨʝ ʩʦʝʜʠʥʝʥʠʡ Ca8MgR(PO4)7, ʛʜʝ 

R ï ʢʘʪʠʦʥ ʈɿʕ [30]. ɸʚʪʦʨʘʤʠ ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʧʨʠ ʪʘʢʦʤ ʪʠʧʝ ʟʘʤʝʱʝʥʠʷ 

ʧʦʟʠʮʠʷ ʄ4 ʚ ʩʪʨʫʢʪʫʨʝ ʩʪʘʥʦʚʠʪʩʷ ʧʦʣʥʦʩʪʴʶ ʚʘʢʘʥʪʥʦʡ. ʂʘʪʠʦʥ Mg2+, ʚ ʚʠʜʫ 

ʩʚʦʝʛʦ ʤʘʣʝʥʴʢʦʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ, ʟʘʥʠʤʘʝʪ ʦʩʪʘʚʰʫʶʩʷ, ʠʟ ʚʦʟʤʦʞʥʳʭ ʜʣʷ 

ʥʝʛʦ ʧʦʟʠʮʠʡ, ʘ ʠʤʝʥʥʦ ʄ5. ʇʨʠ ʪʘʢʦʤ ʨʦʜʝ ʟʘʤʝʱʝʥʠʷ ʧʦʟʠʮʠʷ ʄ5 

ʦʢʘʟʳʚʘʝʪʩʷ ʚ ʮʝʥʪʨʝ ʩʠʤʤʝʪʨʠʠ ʠ ʢʘʪʠʦʥʥʳʝ ʧʦʟʠʮʠʠ ʄ1 ʠ ʄ2 ʩʪʘʥʦʚʷʪʩʷ 

ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ. ʇʦʵʪʦʤʫ ʜʣʷ ʢʘʪʠʦʥʦʚ ʈɿʕ ʦʩʪʘʶʪʩʷ ʚʩʝʛʦ ʜʚʝ ʚʦʟʤʦʞʥʳʝ 

ʧʦʟʠʮʠʠ: ʄ1 ʠ ʄ3. ʂʘʪʠʦʥʳ ʦʪ La ʜʦ Ho ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʨʘʩʧʨʝʜʝʣʷʶʪʩʷ ʤʝʞʜʫ 

ʄ1 ʠ ʄ3 ʧʦʟʠʮʠʷʤʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ Er-Lu ʪʦʣʴʢʦ ʚ ʦʜʥʦʡ ʄ1 (ʈʠʩʫʥʦʢ 2.14).  
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ʈʠʩʫʥʦʢ 2.14. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʢʘʪʠʦʥʦʚ R3+ ʤʝʞʜʫ ʧʦʟʠʮʠʷʤʠ ʄ1 ʠ ʄ3 ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʭ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ, ʧʨʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʤ ʯʠʩʣʝ 8 [30]. 

 ɺ ʩʝʨʠʠ Ca9.5-1.5xMgEux(PO4)7 ʧʨʠ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʤ ʟʘʤʝʱʝʥʠʠ Ca2+ Ÿ 

Eu3+ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʠʤʤʝʪʨʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʢʨʫʞʝʥʠʷ ʧʦʟʠʮʠʡ ʄ1 

ʠ ʄ2 ʚʳʰʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʄ3. ʉʨʝʜʥʠʝ ʨʘʩʩʪʦʷʥʠʷ ʄ1-ʆ ʠ ʄ2-ʆ 

ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʚʚʝʜʝʥʠʝʤ Eu3+, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʄ3-ʆ ʨʘʩʪʝʪ (ʊʘʙʣʠʮʘ 2.2). 

ʊʘʢʞʝ, ʵʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʘʩʯʝʪʦʤ ʠʥʜʝʢʩʘ ʠʩʢʘʞʝʥʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ 

ʧʦʣʠʵʜʨʘ (distortion index, DI) ʜʣʷ ʨʘʟʥʳʭ ʂʏ:  

ὈὍ 
ρ

ὲ

ȿὰ  ὰȿ

ὰ
 

, ʛʜʝ n ʵʪʦ ʂʏ ʮʝʥʪʨʘʣʴʥʦʛʦ ʘʪʦʤʘ, l i ʵʪʦ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʮʝʥʪʨʘʣʴʥʦʛʦ ʘʪʦʤʘ ʜʦ 

ʘʪʦʤʘ ʆ ʠ lav ʵʪʦ ʩʨʝʜʥʝʝ ʨʘʩʩʪʦʷʥʠʝ. ɼʣʷ ʩʚʷʟʝʡ ʄ3-ʆ ʠʥʜʝʢʩ DI ʨʘʩʪʝʪ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʧʦʣʠʵʜʨʦʚ ʄ1 ʠ ʄ2 ʠʟʤʝʥʷʝʪʩʷ ʥʝ ʟʥʘʯʠʪʝʣʴʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʩʦʜʝʨʞʘʥʠʷ Eu3+ (ʊʘʙʣʠʮʘ 2.1). 
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ʊʘʙʣʠʮʘ 2.2. ʄʝʞʘʪʦʤʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʠ ʠʥʜʝʢʩʳ 

ʠʩʢʘʞʝʥʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʧʦʣʠʵʜʨʦʚ DI ʜʣʷ Ca9.5-1.5xMgEux(PO4)7 [87]. 

ʉʦʜʝʨʞʘʥʠʝ, 

x 

0.12 0.22 0.30 0.53 0.67 0.72 1.00* 

M1ïO 2.481 2.482 2.480 2.471 2.466 2.474 2.464 

DI <M1ïO> 0.038 0.041 0.040 0.038 0.035 0.039 0.037 

M2ïO 2.469 2.461 2.456 2.455 2.455 2.458 - 

DI <M2ïO> 0.038 0.037 0.040 0.038 0.036 0.036  

M3ïO 2.511 2.519 2.520 2.531 2.527 2.536 2.829 

DI <M3ïO> 0.024 0.029 0.028 0.027  0.023 0.046 0.052 

M4ïO 2.594 2.582 2.621 2.621 2.688 2.743 - 

MgïO 2.083 2.100 2.087 2.112 2.114 2.090 2.097 

P1ïO 1.548 1.575 1.599 1.569 1.571 1.585 1.518 

P2ïO 1.551 1.554 1.560 1.552 1.553 1.541 1.525 

P3ïO 1.538 1.531 1.526 1.539 1.545 1.538 - 

*ʈʝʟʫʣʴʪʘʪʳ ʠʟ [30]. 

ʇʦʜʪʚʝʨʞʜʝʥʠʝʤ ʪʦʛʦ, ʯʪʦ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʟʘʤʝʱʝʥʠʠ Ca2+ ʥʘ ʜʚʫʭ- 

ʠ ʪʨʸʭʚʘʣʝʥʪʥʳʡ ʢʘʪʠʦʥ ʦʢʪʘʵʜʨʠʯʝʩʢʫʶ ʧʦʟʠʮʠʶ (ʄ5) ʟʘʩʝʣʷʝʪ ʤʝʥʴʰʠʡ ʧʦ 

ʠʦʥʥʦʤʫ ʨʘʜʠʫʩʫ ʢʘʪʠʦʥ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Ca2+, ̫ ʚʣʷʝʪʩʷ ʨʷʜ ʨʘʙʦʪ [88, 89]. ʊʘʢ 

ʧʨʠ ʧʨʠʤʝʩʥʦʤ ʚʚʝʜʝʥʠʠ Eu3+/Tb3+ ʚ Ca9Zn1.5(PO4)7 ʬʦʩʬʘʪ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ 

ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪ, ʘ ʢʘʪʠʦʥ Zn2+ ʟʘʥʠʤʘʝʪ ʝʜʠʥʩʪʚʝʥʥʫʶ ʚʦʟʤʦʞʥʫʶ 

ʜʣʷ ʩʝʙʷ ʧʦʟʠʮʠʶ ʄ5. ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʦʢʘʟʳʚʘʶʪʩʷ ʥʠʞʝ, 

ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʩ ʯʠʩʪʳʤ ɓ-TCP. ɺ ʨʘʙʦʪʝ [13] ʩʨʘʚʥʠʚʘʝʪʩʷ ʚʣʠʷʥʠʝ Zn2+ ʠ 

Mg2+ ʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ. ɸʚʪʦʨʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʨʷʜ ʬʦʩʬʘʪʦʚ 

Ca7.9(Mg1īxZnx)Ce(PO4)7:0.1Eu2+ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪ, 

ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʧʦʣʫʯʝʥʥʳʤʠ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʤʠ (ʈʠʩʫʥʦʢ 2.15ʘ), ʘ ʪʘʢʞʝ 

ʦʙʘ ʢʘʪʠʦʥʘ ʩʦʚʤʝʩʪʥʦ ʟʘʩʝʣʷʶʪ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʫʶ ʧʦʟʠʮʠʶ ʄ5, ʧʨʠ 

ʥʘʣʠʯʠʠ ʚʘʢʘʥʩʠʠ ʚ ʄ4. ʂʘʪʠʦʥ Ce3+ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʨʘʩʧʨʝʜʝʣʷʝʪʩʷ ʤʝʞʜʫ 

ʦʩʪʘʚʰʠʤʠʩʷ ʧʦʟʠʮʠʷʤʠ (ʄ1-ʄ3). ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʚ ʩʠʩʪʝʤʝ 
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Ca7.9(Mg1īxZnx)Ce(PO4)7:0.1Eu2+ ʤʝʥʷʶʪʩʷ ʣʠʥʝʡʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ 

Zn2+, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʥʝʧʨʝʨʳʚʥʦʡ ʩʝʨʠʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ.  

 

ʈʠʩʫʥʦʢ 2.15. (ʘ) ʈʝʥʪʛʝʥʦʛʨʘʤʤ r Ca7.9(Mg1īxZnx)Ce(PO4)7:0.1Eu2+ ʠ 

ɹʨʝʛʛʦʚʩʢʠʝ ʨʝʬʣʝʢʩʳ ʜʣʷ PDF JCPD no. 46ï0409; (ʙ) ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 

ʩʪʨʫʢʪʫʨʘ Ca8(Mg,Zn)Ce(PO4)7:Eu2+ ʚʜʦʣʴ ʦʩʠ a ʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʝ ʦʢʨʫʞʝʥʠʝ 

ʢʘʪʠʦʥʦʚ Ca2+,Ce3+,Mg2+ ʠ Zn2+ ʚ ʩʪʨʫʢʪʫʨʝ [13]. 

 ɺ ʨʘʙʦʪʝ [42] ʠʩʩʣʝʜʫʝʪʩʷ ʩʦʩʪʘʚ Ca9-xZnxLa(PO4)7:Er3+. ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ 

ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚʩʝ ʚʝʱʝʩʪʚʘ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ 

ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪ (ʈʠʩʫʥʦʢ 2.16). ʅʘ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ 

ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ ʚ ʦʙʣʘʩʪʠ 0.4 ï 0.6 ʥʘʙʣʶʜʘʝʪʩʷ ʠʟʣʦʤ, ʯʪʦ ʩʦʛʣʘʩʥʦ 

ʟʘʢʦʥʫ ɺʝʛʘʨʜʘ [90], ʛʦʚʦʨʠʪ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʥʝʧʨʝʨʳʚʥʦʡ ʩʝʨʠʠ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʩʦʩʪʘʚʝ (ʈʠʩʫʥʦʢ 2.16). ʇʦʜʦʙʥʦʝ ʧʦʚʝʜʝʥʠʝ ʥʘ 

ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʚ ʩʠʩʪʝʤʝ  

Ca9-xZnxLa0.9(PO4)7:0.1Tm3+ [29]. ʈʘʥʝʝ [69], ʜʣʷ Ca9-xMgxR(PO4)7 ʙʳʣʦ 

ʦʪʤʝʯʝʥʦ, ʯʪʦ ʧʨʠ ʭ = 1 ʦʪʩʫʪʩʪʚʫʝʪ ʩʠʛʥʘʣ ɻɺɻ, ʚ ʦʪʣʠʯʠʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʭ = 

0, ʛʜʝ ʩʠʛʥʘʣ ɻɺɻ ʩʦʩʪʘʚʣʷʝʪ ~0.5 ï 0.9 ʝʜʠʥʠʮ ʢʚʘʨʮʝʚʦʛʦ ʵʪʘʣʦʥʘ ʚʥʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʘʪʠʦʥʘ ʈɿʕ. ʕʪʦ ʛʦʚʦʨʠʪ ʦ ʬʦʨʤʠʨʦʚʘʥʠʠ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʧʦ 

ʩʚʦʝʤʫ ʩʪʨʦʝʥʠʶ ʬʘʟ: ʥʝʮʝʥʪʨʦʩʠʤʤʝʪʨʠʯʥʦʡ (ʥʮʩ) R3c ʠ 

ʮʝʥʪʨʦʩʠʤʤʝʪʨʠʯʥʦʡ (ʮʩ) Rσc ʧʨʠ ʩʦʜʝʨʞʘʥʠʷʭ Mg2+ ʭ = 0 ʠ ʭ = 1.0, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚ ʩʠʩʪʝʤʝ ʬʦʩʬʘʪʦʚ. 
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ʈʠʩʫʥʦʢ 2.16. (ʘ) ʌʨʘʛʤʝʥʪ ʨʝʥʪʛʝʥʦʛʨʘʤʤ ʠ (ʙ) ʟʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʦʚ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʜʣʷ Ca9-xZnxLa(PO4)7:Er3+ [42]. 

 ʆʧʨʝʜʝʣʝʥʠʝ ʧʨ. ʛʨ. ʚ ʩʠʩʪʝʤʝ ʬʦʩʬʘʪʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʚʠʪʣʦʢʠʪʘ 

ʷʚʣʷʝʪʩʷ ʥʝ ʪʨʠʚʠʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. ʊʘʢ ʚ ʨʘʙʦʪʝ [87] ʫʪʦʯʥʷʝʪʩʷ ʩʪʨʫʢʪʫʨʘ  

Ca9-1.5xMgEux(PO4)7 ʭ = 0.75 ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ ʚ ʜʚʫʭ ʧʨ. ʛʨ.: ʥʮʩ R3c ʠ ʮʩ Rσc. 

ɺʩʝ ʧʘʨʘʤʝʪʨʳ ʫʪʦʯʥʝʥʠʷ ʷʚʣʷʶʪʩʷ ʜʦʧʫʩʪʠʤʳʤʠ, ʦʜʥʘʢʦ, ʚʳʚʦʜ ʦʙ 

ʫʪʦʯʥʝʥʠʠ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʪʦʣʴʢʦ ʧʦ ʨʘʩʩʪʦʷʥʠʷʤ ʈ-ʆ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʩʣʫʞʠʪʴ 

ʠʥʜʠʢʘʪʦʨʦʤ ʢʦʨʨʝʢʪʥʦʩʪʠ ʫʪʦʯʥʝʥʠʷ [31], ʧʦʩʢʦʣʴʢʫ ʨʘʩʩʪʦʷʥʠʝ ʈ-ʆ ʜʦʣʞʥʦ 

ʩʦʩʪʘʚʣʷʪʴ ~1.5¡. ʂʘʢ ʚʠʜʥʦ (ʊʘʙʣʠʮʘ 2.3), ʧʨʠ ʚʳʙʦʨʝ ʜʣʷ ʫʪʦʯʥʝʥʠʷ ʮʩ 

ʧʨ. ʛʨ. Rσc ʨʘʩʩʪʦʷʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ 

ʠʩʩʣʝʜʫʝʤʦʝ ʚʝʱʝʩʪʚʦ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʧʨ. ʛʨ. R3c. 
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ʊʘʙʣʠʮʘ 2.3. ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʜʣʷ x = 0.75 ʧʨʠ ʫʪʦʯʥʝʥʠʠ ʚ 

ʤʦʜʝʣʷʭ R3c ʠ Rσc ʠʩʧʦʣʴʟʫʷ ʪʦʣʴʢʦ f ʢʨʠʚʳʝ ʜʣʷ Ca2+ (M1ïM4 ʧʦʟʠʮʠʠ) ʠ 

Mg2+ (M5 ʧʦʟʠʮʠʷ). 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ:  R3c  R c 

R ʠ Rw (%) ʜʣʷ ɹʨʝʛʛʦʚʩʢʠʭ 

ʨʝʬʣʝʢʩʦʚ (Rall/Robs) 

3.36/3.24 ʠ 3.38/3.37 5.03/4.87 ʠ 5.62/5.58 

RP, RwP; Rexp (%) 2.19, 2.87, 1.70 3.09, 4.07, 1.70 

Goodness of fit (ChiQ) 1.69  2.40 

Max./min. ʦʩʪʘʪʦʯʥʘʷ 

ʧʣʦʪʥʦʩʪʴ 

0.55/-0.57 1.10/-1.05 

 

ɼʘʥʥʳʝ ʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ: 
nf-Ca M1 1.215(9) 1.231(8) 

nf-Ca M2 1.160(9)  

nf-Ca M3 1.149(9) 0.544(5) 

nf-Ca M4/Uiso 0.1494/0.08(3)  

nf-Ca M5 ~1 ~1 

Uiso(P1) 0.018(3) 0.10(1) 
P1-O1 1.55(2) 1.42(2) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʟʘʤʝʱʝʥʠʠ ʢʘʣʴʮʠʷ ʥʘ ʈɿʕ ʠ ʥʘ 

ʜʚʫʭʚʘʣʝʥʪʥʳʡ ʢʘʪʠʦʥ ʤʝʥʴʰʝʛʦ ʨʘʜʠʫʩʘ (Zn2+, Mg2+) ʜʦʣʞʥʦ ʧʨʦʠʩʭʦʜʠʪ ɹ

ʬʦʨʤʠʨʦʚʘʥʠʝ ʮʩ ʧʨ. ʛʨ. Rσc. 

2.5 ʉʠʥʪʝʟ ʬʦʩʬʘʪʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʚʠʪʣʦʢʠʪʘ. 

2.5.1 ʊʚʝʨʜʦʬʘʟʥʳʡ ʩʠʥʪʝʟ. 

ʅʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʤ ʩʧʦʩʦʙʦʤ ʧʦʣʫʯʝʥʠʷ ʬʦʩʬʘʪʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ʚʠʪʣʦʢʠʪʘ ʷʚʣʷʝʪʩʷ ʪʚʝʨʜʦʬʘʟʥʳʡ ʤʝʪʦʜ ʩʠʥʪʝʟʘ. ʇʨʠʯʝʤ ʧʦʣʫʯʘʶʪ ʢʘʢ, 

ʢʘʣʴʮʠʝʚʳʝ, ʪʘʢ ʠ ʩʪʨʦʥʮʠʝʚʳʝ ʬʦʩʬʘʪʳ.  

ɸʚʪʦʨʘʤʠ [78] ʦʧʠʩʳʚʘʝʪʩʷ ʩʠʥʪʝʟ ʩʝʨʠʠ Ca10.5-xCux(PO4)7 ʩ x = 0, 1/6, 1/3, 

1/2, 2/3, 5/6, 1, 7/6, 4/3, ʠ 1.5. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʚʝʱʝʩʪʚ ʠʩʧʦʣʴʟʦʚʘʣʠ 

Ca2P2O7, CaCO3 ʠ CuO. ʉʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʝʘʛʝʥʪʦʚ ʧʝʨʝʪʠʨʘʣʠ 

ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ, ʟʘʪʝʤ ʧʦʜʚʝʨʛʘʣʠ ʦʪʞʠʛʫ ʧʨʠ 1173 K ʚ ʪʝʯʝʥʠʠ 90 ʯʘʩʦʚ. 

ʇʨʦʤʝʞʫʪʦʯʥʘʷ ʛʦʤʦʛʝʥʠʟʘʮʠʷ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʯʝʨʝʟ ʢʘʞʜʳʝ 30 ʯʘʩʦʚ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ.  
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ʊʘʢ ʞʝ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʠ ʩʪʨʦʥʮʠʝʚʳʝ 

ʬʦʩʬʘʪʳ. ʊʘʢ ʚ [91] ʦʧʠʩʳʚʘʝʪʩʷ ʩʠʥʪʝʟ ʩʝʨʠʡ SrFe2(PO4)2, Sr2Fe(PO4)2, 

Sr9Fe1.5(PO4)7 ʠ Sr9.5Fe(PO4)7 ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʠʟ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ 

ʢʦʣʠʯʝʩʪʚ Sr3(PO4)2, FePO4 ʠ Fe (99.999%) ʧʨʠ 1170 ï 1190 K ʚ ʪʝʯʝʥʠʝ 240 

ʯʘʩʦʚ ʩ ʦʜʥʠʤ ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʧʝʨʝʪʠʨʘʥʠʝʤ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 

ʉʠʥʪʝʟ ʧʨʦʚʦʜʠʣʠ ʚ ʘʣʶʤʠʥʠʝʚʳʭ ʪʠʛʣʷʭ ʥʘ ʚʦʟʜʫʭʝ. ʇʦ ʟʘʚʝʨʰʝʥʠʠ ʨʝʘʢʮʠʠ 

ʧʦʣʫʯʠʣʠ ʧʦʨʦʰʦʢ ʙʝʣʦʛʦ ʮʚʝʪʘ.  

 ɺ ʨʘʙʦʪʝ [31] ʧʦʣʫʯʘʣʠ ʩʣʦʞʥʦ-ʟʘʤʝʱʝʥʥʳʝ ʬʦʩʬʘʪʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ʚʠʪʣʦʢʠʪʘ ʩ ʢʘʪʠʦʥʘʤʠ ʈɿʕ Ca8ZnLn(PO4)7 (Ln3+ = La ï Nd, Sm ï Lu). ʉʝʨʠʶ 

ʧʦʣʫʯʘʣʠ ʠʟ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʢʦʣʠʯʝʩʪʚ CaHPO4Ŀ2H2O (99.9%), CaCO3 

(99.9%), ZnO (99.9%) ʠ Ln2O3 (Ln3+ = La ï Nd, Sm ï Lu, CeO2, Pr6O11, Tb4O7) 

(99.9%), ʢʦʪʦʨʳʝ ʙʳʣʠ ʛʦʤʦʛʝʥʠʟʠʨʦʚʘʥʳ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ ʠ ʧʦʜʚʝʨʞʝʥʳ 

ʩʪʫʧʝʥʯʘʪʦʤʫ ʥʘʛʨʝʚʘʥʠʶ ʩʥʘʯʘʣʘ ʜʦ 600 K ʚ ʪʝʯʝʥʠʠ 9 ʯʘʩʦʚ, ʟʘʪʝʤ 

ʚʳʜʝʨʞʠʚʘʣʠʩʴ ʧʨʠ 1273 K ʚ ʪʝʯʝʥʠʝ 10 ʯʘʩʦʚ. ʆʙʨʘʟʮʳ ʦʭʣʘʞʜʘʣʠʩʴ ʜʦ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. 

2.5.2 ɻʠʜʨʦʪʝʨʤʘʣʴʥʳʡ ʤʝʪʦʜ. 

ɺ ʨʘʙʦʪʝ [47] ʦʧʠʩʳʚʘʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʤʦʥʦʢʨʠʩʪʘʣʣʘ 

Ca9(Fe0.63Mg0.37)H0.37(PO4)7 ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ ʤʝʪʦʜʦʤ, ʜʣʷ ʢʦʪʦʨʦʛʦ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʪʘʣʴʥʳʝ ʘʚʪʦʢʣʘʚʳ ʦʙʲʝʤʦʤ 5ʤʣ ʩ ʪʝʬʣʦʥʦʚʳʤʠ ʚʢʣʘʜʳʰʘʤʠ. 

ɿʘʧʦʣʥʝʥʠʝ ʘʚʪʦʢʣʘʚʘ ʧʦʜʙʠʨʘʣʦʩʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʜʘʚʣʝʥʠʝ ʚʩʝʛʜʘ 

ʙʳʣʦ ʧʦʩʪʦʷʥʥʳʤ. ʉʠʥʪʝʟ ʧʨʦʭʦʜʠʣ ʧʨʠ ʜʘʚʣʝʥʠʠ 70 ï 80 ʘʪʤ. ɺ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 543 ï 553 K. ʅʠʞʥʷʷ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʛʨʘʥʠʮʘ ʩʚʷʟʘʥʘ 

ʩ ʢʠʥʝʪʠʢʦʡ ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚʝʨʭʥʷʷ ʪʝʤʧʝʨʘʪʫʨʥʘʷ 

ʛʨʘʥʠʮʘ ʦʙʲʷʩʥʷʝʪʩʷ ʧʨʠʙʦʨʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ɺʨʝʤʷ ʩʠʥʪʝʟʘ 

ʩʦʩʪʘʚʠʣʦ 20 ʜʥʝʡ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʧʦʣʥʳʤ ʟʘʚʝʨʰʝʥʠʝʤ ʨʝʘʢʮʠʠ. 

ʀʩʭʦʜʥʳʤʠ ʨʝʘʛʝʥʪʘʤʠ ʩʣʫʞʠʣʠ: CaCO3, NH4H2PO4, FeCl3Ŀ6H2O, MgCO3, 

H3PO4 ʠ ɓ-TCP, ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʯʠʩʪʦʪʳ. ʀʩʭʦʜʥʳʡ ɓ-TCP ʙʳʣ ʧʦʣʫʯʝʥ ʠʟ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʢʦʣʠʯʝʩʪʚ CaCO3 ʠ NH4H2PO4 ʧʫʪʝʤ ʪʚʝʨʜʦʬʘʟʥʦʛʦ 

ʩʠʥʪʝʟʘ ʧʨʠ 973 K ʚ ʪʝʯʝʥʠʝ 50 ʯʘʩʦʚ. 
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ʉʠʥʪʝʟ ʧʨʦʭʦʜʠʣ ʚ ʦʙʣʘʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʬʦʩʬʘʪʦʚ ʧʨʠ ʩʣʝʜʫʶʱʝʤ 

ʩʦʦʪʥʦʰʝʥʠʠ CaO:P2O5 1: (2-3) ʠ ʤʦʣʷʨʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʢʘʪʠʦʥʦʚ Ca/Fe/Mg 

= 9:1:1, pH = 8. ʆʭʣʘʞʜʝʥʠʝ ʧʦʩʣʝ ʩʠʥʪʝʟʘ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʟʘʥʷʣʦ 

24 ʯʘʩʘ. ʇʨʝʮʠʧʠʪʘʪ ʙʳʣ ʚʳʜʝʣʝʥ ʬʠʣʴʪʨʦʚʘʥʠʝʤ ʦʪ ʨʘʩʪʚʦʨʘ ʠ ʧʨʦʤʳʪ 

ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʛʦʨʷʯʝʡ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ ʠ ʚʳʩʫʰʝʥ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ. ʅʘ ʚʳʭʦʜʝ ʧʦʣʫʯʘʣʠ ʩʤʝʩʴ ʤʘʣʝʥʴʢʠʭ ʙʝʩʮʚʝʪʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʚ 

ʙʝʣʦʤ ʧʦʨʦʰʢʝ. ʂʨʠʩʪʘʣʣʳ ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ.  

2.5.3 ɿʦʣʴ-ʛʝʣʴ ʤʝʪʦʜ.  

ɺ ʨʘʙʦʪʝ [92] ʦʧʠʩʳʚʘʝʪʩʷ ʩʠʥʪʝʟ ʬʦʩʬʘʪʦʚ ʩ ʚʢʣʶʯʝʥʠʝʤ ʚ ʩʦʩʪʘʚ 

ʢʘʪʠʦʥʦʚ ʈɿʕ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ. ʉoʜʦʧʠʨʦʚʘʥʥʳʝ ʬʦʩʬʘʪʳ  

ɓ-Ca3(PO4)2:Ce3+,Gd3+ ʩʠʥʪʝʟʠʨʫʶʪʩʷ ʤʝʪʦʜʦʤ ʩʦ-ʦʩʘʞʜʝʥʠʷ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʦʪʞʠʛʦʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ CO(NH4)2. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ 

ʠʩʧʦʣʴʟʫʶʪʩʷ Ca(NO3)2, (NH4)2HPO4, Gd(NO3)3Ț5H2O ʠ Ce(NO3)3Ț6H2O 

ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʯʠʩʪʦʪʳ. ʀʩʭʦʜʥʳʝ ʨʝʘʛʝʥʪʳ ʩ ʟʘʜʘʥʥʳʤ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʤ 

ʢʦʣʠʯʝʩʪʚʦʤ Gd(NO3)3Ț5H2O (0.5, 1.0, 3.0 ʠ 5.0 ʤʦʣʴ%) ʠ 1.0 ʤʦʣʴ% 

Ce(NO3)3Ț6H2O ʨʘʩʪʚʦʨʷʣʠ ʚ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʝ ʧʨʠ ʠʥʪʝʥʩʠʚʥʦʤ 

ʧʦʤʝhʠʚʘʥʠʠ ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ ʛʫʩʪʦʛʦ ʧʘʩʪʦʦʙʨʘʟʥʦʛʦ ʨʘʩʪʚʦʨʘ. 

ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ɓ-Ca3(PO4)2 ʩʣʝʜʫʶʱʝʝ: 

3Ca(NO3)2 + 2(NH4)2HPO4 + 6CO(NH4)2 Ÿ Ca3(PO4)2 + 6CO2 + 6O2 + 22NH3 

ʇʦʣʫʯʝʥʥʳʡ ʨʘʩʪʚʦʨ ʚʳʜʝʨʞʠʚʘʣʠ ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 600ÁC. 

ʇʨʠ ʵʪʦʤ ʨʘʩʪʚʦʨ ʢʠʧʠʪ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʦʜʚʝʨʛʘʝʪʩʷ ʦʙʝʟʚʦʞʠʚʘʥʠʶ ʠ 

ʨʘʟʣʦʞʝʥʠʶ, ʫʜʘʣʷʶʪʩʷ ʪʘʢʠʝ ʧʘʨʳ, ʢʘʢ CO2, NH3 ʠ H2O. ʉʤʝʩʴ ʦʭʣʘʞʜʘʶʪ ʜʦ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʦʩʪʦʨʦʞʥʦ ʠʟʤʝʣʴʯʘʶʪ ʩ ʧʦʤʦʱʴʶ ʧʝʩʪʠʢʘ ʠ 

ʩʪʫʧʢʠ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʧʦʣʫʯʘʝʪʩʷ ʤʝʣʢʦʜʠʩʧʝʨʩʥʳʡ ʧʦʨʦʰʦʢ. 

ʉʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʚʝʱʝʩʪʚʘ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʙʝʣʳʡ ʧʦʨʦʰʢʠ, ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ɓ-Ca3(PO4)2, ʚ ʢʦʪʦʨʳʭ ʢʦʥʮʝʥʪʨʘʮʠ ̫Gd3+ ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 0.5 ʜʦ 

5.0 ʤʦʣʴ%, ʘ ʢʦʥʮʝʥʪʨʘʮʠ ̫Ce3+ ʧʦʩʪʦʷʥʥʘ ʠ ʨʘʚʥʘ 1.0 ʤʦʣʴ%. ɼʦʧʦʣʥʠʪʝʣʴʥʦ 

ʚʩʝ ʧʦʨʦʰʢʠ ʦʪʞʠʛʘʣʠ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1000ÁC. 
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2.6 ʉʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪ.  

2.6.1 ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. 

ɺ ʨʷʜʝ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʬʦʩʬʘʪʘʤ ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʩʪʨʫʢʪʫʨʥʦʤʫ 

ʪʠʧʫ ʚʠʪʣʦʢʠʪ ʠʩʩʣʝʜʫʶʪʩʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ɸʚʪʦʨʘʤʠ [52] ʙʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʤʝʪʦʜʦʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʬʦʩʬʘʪʦʚ 

Ca9R(PO4)7 (R = ʢʘʪʠʦʥ ʈɿʕ) (ʧʨ. ʛʨ. R3c). ʈʠʩʫʥʦʢ 2.17 ʧʦʢʘʟʳʚʘʝʪ 

ʭʘʨʘʢʪʝʨʥʳʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ (Ů) 

ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʝʪʴ (tanŭ) ʜʣʷ Ca9Pr(PO4)7. ɼʣʷ ʚʩʝʛʦ 

ʨʷʜʘ ʜʚʦʡʥʳʭ ʬʦʩʬʘʪʦʚ ʥʘʙʣʶʜʝʪʩʷ ʘʥʦʤʘʣʠʷ ʥʘ ʟʘʚʠʩʠʤʦʩʪʷʭ. ʊʘʢʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʤʦʞʝʪ ʛʦʚʦʨʠʪʴ ʦ ʥʘʣʠʯʠʠ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʳ 842 K, ʢʦʪʦʨʳʡ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʩʠʤʤʝʪʨʠʠ R3c Ÿ 

Rσc [93]. ɸʥʦʤʘʣʠʷ ʥʘ ʢʨʠʚʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ů ʩʣʝʛʢʘ 

ʫʰʠʨʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʠʣʦʞʝʥʥʦʡ ʯʘʩʪʦʪʳ, ʪʘʢ ʞʝ ʫʤʝʥʴʰʘʝʪʩʷ 

ʚʳʩʦʪʘ ʧʠʢʘ, ʦʜʥʘʢʦ ʝʛʦ ʧʦʣʦʞʝʥʠʝ ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʳʤ. ʇʨʠ ʦʭʣʘʞʜʝʥʠʠ ʠ 

ʥʘʛʨʝʚʘʥʠʠ ʧʦʣʦʞʝʥʠʝ ʧʠʢʘ ʪʘʢ ʞʝ ʥʝ ʠʟʤʝʥʷʝʪʩʷ. ɸʚʪʦʨʘʤʠ [52] ʪʘʢʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʙʳʣʘ ʧʨʠʥʷʪʘ ʟʘ ʪʝʤʧʝʨʘʪʫʨʫ ʂʶʨʠ (ʊʩ) ï ʪʝʤʧʝʨʘʪʫʨʘ ʬʘʟʦʚʦʛʦ 

ʧʝʨʝʭʦʜʘ.  

 

ʈʠʩʫʥʦʢ 2.17. (a) ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ (Ů) (ʙ) ʠ ʪʘʥʛʝʥʩʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ (tanŭ) ʜʣʷ 

Ca9Pr(PO4)7 [93]. 

 ɿʘʚʠʩʠʤʦʩʪʴ ʊʩ ʦʪ ʢʘʪʠʦʥʘ ʈɿʕ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʚ ʨʘʙʦʪʝ [52] (ʈʠʩʫʥʦʢ 

2.18). ʅʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ ʧʨʠ ʧʝʨʝʭʦʜʝ ʦʪ ʥʘʯʘʣʘ ʢ 
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ʢʦʥʮʫ ʨʷʜʘ ʈɿʕ ʚ Ca9R(PO4)7. ɺʩʷ ʩʝʨʠʷ ʬʦʩʬʘʪʦʚ ʭʦʨʦʰʦ ʨʘʟʜʝʣʷʝʪʩʷ ʥʘ 

ʪʝʪʨʘʜʳ. ɺ ʢʘʞʜʦʡ ʦʪʜʝʣʴʥʦʡ ʪʝʪʨʘʜʝ ʟʘʚʠʩʠʤʦʩʪʴ ʊʩ ʦʪ ʨʘʜʠʫʩʘ ʢʘʪʠʦʥʘ ʈɿʕ 

ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʦʡ. ʊʘʢʦʝ ʨʘʟʜʝʣʝʥʠʝ ʥʘ ʩʝʨʠʠ ʪʝʪʨʘʜ ʩʦʝʜʠʥʝʥʠʡ ʩ ʈɿʕ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʭ ʬʠʟʠʯʝʩʢʠʭ ʠ ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʦ [52] ʠ 

ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʦʙʨʘʟʦʚʘʥʠʝʤ ʨʷʜʘ ʠʟʦʩʪʨʫʢʪʫʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ.  

 

ʈʠʩʫʥʦʢ 2.18. ɿʘʚʠʩʠʤʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʦʪ ʨʘʜʠʫʩʘ 

ʢʘʪʠʦʥʘ ʈɿʕ ʜʣʷ ʩʝʨʠʠ Ca9R(PO4)7 [52]. 

 ʇʨʠ ʩʦʚʤʝʩʪʥʦʤ ʩʦ-ʜʦʧʠʨʦʚʘʥʠʠ ʧʦ ʩʭʝʤʝ ʉ5 ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʟʘʚʠʩʠʤʦʩʪʷʭ Ů ʠ tanŭ ʥʘʙʣʶʜʘʶʪʩʷ ʠʟʤʝʥʝʥʠʷ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʟʘʤʝʱʝʥʠʝʤ 

ʧʦ ʩʭʝʤʝ ʉ1. ɺ ʩʠʩʪʝʤʝ Ca8ZnEu(PO4)7 ʥʘ tanŭ(T) ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʘʥʦʤʘʣʠʡ 

(ʈʠʩʫʥʦʢ 2.19), ʚ ʦʪʣʠʯʠʠ ʦʪ Ů(T). ɺʩʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ɚ-ʪʠʧ 

ʤʘʢʩʠʤʫʤ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ ʦʪ 820 ʜʦ 850 ʂ. ʊʘʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʛʦʚʦʨʠʪ ʦ ʩʪʨʫʢʪʫʨʥʦʤ (ʬʘʟʦʚʦʤ) ʧʝʨʝʭʦʜʝ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʪʨʦʡʥʦʤ ʬʦʩʬʘʪʝ 

[31]. ʆʪʩʫʪʩʪʚʠʝ ʘʥʦʤʘʣʠʠ ʥʘ tanŭ(ʊ) ʛʦʚʦʨʠʪ ʦ ʪʠʧʝ ʧʝʨʝʭʦʜʘ, ʩʚʷʟʘʥʥʳʤ ʩʦ 

ʩʣʝʜʫʶʱʠʤ ʠʟʤʝʥʝʥʠʝʤ ʧʨ. ʛʨ. Rσc Ÿ Rσm. ʇʦʜʦʙʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʘʢ ʞʝ 

ʙʳʣʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʜʣʷ Sr9In(PO4)7 [93] ʠ ʚ Ca9īxMxR(PO4)7 (x = 1, 1.5; M = 

Mg, Zn, Cd; R = Ln, Y) [69]. 
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ʈʠʩʫʥʦʢ 2.19. (a) ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ (Ů) ʠ (ʙ) ʪʘʥʛʝʥʩʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ (tanŭ) ʜʣʷ 

Ca8ZnEu(PO4)7 [31]. 

ʅʘ ʟʘʚʠʩʠʤʦʩʪʠ tanŭ(ʊ) (ʈʠʩʫʥʦʢ 2.20ʘ) ʜʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʠʟ ʩʝʨʠʠ  

Ca9.5-1.5xMgEux(PO4)7, ʢʨʦʤʝ ʭ = 1, ʥʘʙʣʶʜʘʝʪʩʷ ʘʥʦʤʘʣʠʷ. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, 

ʯʪʦ ʚʩʝ ʩʣʦʞʥʳʝ ʬʦʩʬʘʪʳ Ca9.5-1.5xMgEux(PO4)7 0 Ò ʭ < 1 ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʥʮʩ 

ʧʨ. ʛʨ. R3c. ʉ ʚʚʝʜʝʥʠʝʤ Eu3+ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʡ ʚ ʩʠʤʤʝʪʨʠʠ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. ɼʣʷ ʦʙʨʘʟʮʘ ʩ ʭ = 1 ʥʘʙʣʶʜʘʝʪʩʷ ʮʩ ʧʨ. ʛʨ. Rσʩ, ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʧʦʣʥʳʤ ʦʪʩʫʪʩʪʚʠʝʤ ʤʘʢʩʠʤʫʤʘ ʥʘ tanŭ(ʊ). ɼʣʷ ʩʦʩʪʘʚʘ  

ʭ = 0.72 ʥʘʙʣʶʜʘʝʪʩʷ ʥʘʠʙʦʣʝʝ ʨʘʩʩʝʷʥʥʳʡ ʩʠʛʥʘʣ. ʍʘʨʘʢʪʝʨʥʳʡ ʤʘʢʩʠʤʫʤ ʥʘ 

ʟʘʚʠʩʠʤʦʩʪʠ Ů(ʊ) (ʈʠʩʫʥʦʢ 2.20ʙ) ʙʳʣ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥ ʜʣʷ ʚʩʝʭ ʚʝʱʝʩʪʚ ʠʟ 

ʩʝʨʠʠ. ʅʘʣʠʯʠʝ ʤʘʢʩʠʤʫʤʘ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ. 

 

ʈʠʩʫʥʦʢ 2.20. (ʘ) ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʧʦʪʝʨʴ Ca9-1.5xMgEux(PO4)7 x = 0.22 (1), 0.30 (2), 0.53 (3), 0.72 (4) ʠ 1.00 (5) ʧʨʠ 

750ʢɻʮ; ʚʩʪʘʚʢʘ ʧʦʢʘʟʳʚʘʝʪ ʜʝʪʘʣʴʥʦ ʧʝʨʝʭʦʜ ʭ = 0.72. (ʙ) ɼʠʵʣʝʢʪʨʠʯʝʩʢʘʷ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʜʣʷ x = 0.72. 
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ɺʳʚʦʜ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ Ů(ʊ) ʜʣʷ ʚʩʝʭ ʬʦʩʬʘʪʦʚ ʩʝʤʝʡʩʪʚʘ 

ʚʠʪʣʦʢʠʪ ʷʚʣʷʶʪʩʷ ʦʜʠʥʘʢʦʚʳʤʠ ʠ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ɚ-ʪʠʧ ʤʘʢʩʠʤʫʤ, ʢʦʪʦʨʳʡ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʩʦʧʨʦʚʦʞʜʘʶʱʝʛʦʩʷ 

ʠʟʤʝʥʝʥʠʝʤ ʧʨ. ʛʨ. ʅʘʣʠʯʠʝ ʠʣʠ ʦʪʩʫʪʩʪʚʠʝ ʘʥʦʤʘʣʠʠ ʥʘ tanŭ(ʊ) ʥʝʩʝʪ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʪʠʧʝ ʪʘʢʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ. ɹʘʟʠʨʫʷʩʴ ʥʘ ʵʪʠʭ ʜʘʥʥʳʭ 

ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʨ. ʛʨ.  

2.6.2 ʅʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

 ʈʘʙʦʪʳ, ʧʦʩʚʷʱʝʥʥʳʝ ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ ʩʦʝʜʠʥʝʥʠʡ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ ʚʠʪʣʦʢʠʪ, ʚ ʦʩʥʦʚʥʦʤ ʩʚʷʟʘʥʳ ʩ ʠʟʫʯʝʥʠʝʤ ʠʟʦʩʪʨʫʢʪʫʨʥʳʭ 

ʚʘʥʘʜʘʪʦʚ, ʚ ʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʩʠʛʥʘʣ ʛʝʥʝʨʘʮʠʠ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ (ɻɺɻ) 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʨʘʚʥʠʪʝʣʴʥʦ ʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ʠʤʝʥʥʦ ʜʣʷ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ 

ʩʦʝʜʠʥʝʥʠʡ [94]. ɿʥʘʯʝʥʠʷ ʩʠʛʥʘʣʘ ɻɺɻ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʣʷ 

ʩʤʝʰʘʥʥʦʛʦ Ca9Y(VO4)7-x(PO4)x ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ (ʊʘʙʣʠʮʘ 2.4) [6]. 

ʆʙʳʯʥʦ ʩʠʛʥʘʣ ɻɺɻ ʠʟʤʝʨʷʶʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʚʘʨʮʝʚʦʛʦ ʵʪʘʣʦʥʘ ʠ ʩʨʘʚʥʠʚʘʶʪ 

ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʚʝʣʠʯʠʥʫ ɻɺɻ = I2ɤ(ʦʙʨʘʟʝʮ)/I2ɤ(SiO2), ʛʜʝ I2ɤ(ʦʙʨʘʟʝʮ) ï ʵʪʦ 

ʩʠʛʥʘʣ ʦʪ ʦʙʨʘʟʮʘ, ʘ I2ɤ(SiO2) ï ʢʚʘʨʮʘ, ʧʨʠʥʷʪʳʡ ʟʘ ʝʜʠʥʠʮʫ.   

ʊʘʙʣʠʮʘ 2.4. ɿʥʘʯʝʥʠʷ ʩʠʛʥʘʣʘ ɻɺɻ ʜʣʷ Ca9Y(VO4)7-x(PO4)x ʧʨʠ ʨʘʟʥʳʭ 

ʨʘʟʤʝʨʘʭ ʯʘʩʪʠʮ [6]. 

ʭ, ʩʦʜʝʨʞʘʥʠʝ PO4
3- ʚ 

Ca9Y(VO4)7-x(PO4)x 

ɻɺɻ ʩʠʛʥʘʣ 

3-5 Õm 40-60 Õm 

0 6 30 

1 5 8 

3 0.5 1.5 

4 0.02 0.02 

7 0.3 1.6 

 ʂʘʢ ʚʠʜʥʦ, ʜʣʷ ʬʦʩʬʘʪʦʚ (ʊʘʙʣʠʮʘ 2.4) ʭʘʨʘʢʪʝʨʝʥ ʥʝʙʦʣʴʰʦʡ ʩʠʛʥʘʣ 

ɻɺɻ ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʦ ʝʜʠʥʠʮ, ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʚʘʨʮʝʚʦʛʦ ʵʪʘʣʦʥʘ. ʇʨʠ 

ʚʚʝʜʝʥʠʠ ʚ ʩʪʨʫʢʪʫʨʫ ʜʚʫʭʚʘʣʝʥʪʥʳʭ ʢʘʪʠʦʥʦʚ Zn/Mg ʩʦʚʤʝʩʪʥʦ ʩ ʢʘʪʠʦʥʘʤʠ 

ʈɿʕ ʧʨʦʠʩʭʦʜʠʪ ʫʤʝʥʴʰʝʥʠʝ ʩʠʛʥʘʣʘ, ʚʧʣʦʪʴ ʜʦ ʝʛʦ ʦʪʩʫʪʩʪʚʠ ̫[69]. ʊʘʢʦʝ 

ʧʦʚʝʜʝʥʠʝ ʩʚʷʟʘʥʦ ʦʙʨʘʟʦʚʘʥʠʝʤ ʮʩ ʩʪʨʫʢʪʫʨʳ (ʧʨ. ʛʨ. Rσc) ʚ ʩʣʫʯʘʝ ʩ 

ʟʘʤʝʱʝʥʠʝʤ Ca2+ ʥʘ Zn2+ ʠʣʠ Mg2+, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʳʤ ɓ-ʊʉʈ. ʉʠʛʥʘʣ ɻɺɻ 



37 

 

ʦʪʩʫʪʩʪʚʫʝʪ ʚ ʩʣʫʯʘʝ ʮʩ ʧʨ. ʛʨ., ʯʪʦ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʝʥʦ ʙʳʣʦ ʜʣʷ ʩʝʨʠʡ 

ʩʦʝʜʠʥʝʥʠʡ Ca9-xZnxLa(PO4)7:Er3+ [42], Ca8ZnEu(PO4)7 [31] ʠ Ca8MgR(PO4)7 

[30]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʘʟʠʨʫʷʩʴ ʥʘ ʠʤʝʨʝʥʠʷʭ ɻɺɻ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʚʝʱʝʩʪʚʘ ʩʦʩʪʘʚʘ Ca8MR(PO4)7 (ʄ ï Zn2+, Mg2+, R ïʢʘʪʠʦʥ ʈɿʕ) 

ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʧʨ. ʛʨ. Rσc. 

 ʀʟʤʝʥʝʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʳ ʤʦʞʝʪ ʙʳʪʴ ʠ ʟʘ ʩʯʝʪ ʥʘʛʨʝʚʘʥʠʷ 

ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ ʊʩ. ʊʘʢ ʜʣʷ Ca9Fe(PO4)7 [44] (ʈʠʩʫʥʦʢ 2.21) ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʜʦ 

ʊʩ ʧʨʦʠʩʭʦʜʠʪ ʨʝʟʢʦʝ ʫʤʝʥʴʰʝʥʠʝ ʩʠʛʥʘʣʘ ɻɺɻ ʜʦ ʟʥʘʯʝʥʠʷ, ʩʦʧʦʩʪʘʚʠʤʦʛʦ ʩ 

ʫʨʦʚʥʝʤ ʬʦʥʘ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʩʪʨʫʢʪʫʨʥʦʤ ʧʝʨʝʭʦʜʝ R3c Ÿ Rσc. ʊʝʤʧʝʨʘʪʫʨʘ 

ʂʶʨʠ ʩʦʛʣʘʩʫʝʪʩʷ ʩʦ ʟʥʘʯʝʥʠʷʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʤʝʪʦʜʦʤ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ʇʦʩʢʦʣʴʢʫ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʥʘʙʣʶʜʘʝʪʩʷ 

ʛʠʩʪʝʨʝʟʠʩ, ʪʦ ʥʘʙʣʶʜʘʝʤʳʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʷʚʣʷʝʪʩʷ ʦʙʨʘʪʠʤʳʤ.  

 

ʈʠʩʫʥʦʢ 2.21. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʠʛʥʘʣʘ ɻɺɻ ʜʣʷ Ca9Fe(PO4)7 ʧʨʠ 

ʥʘʛʨʝʚʘʥʠʠ (1, 3) ʠ ʦʭʣʘʞʜʝʥʠʠ (2) [44]. 

ɺʳʚʦʜ. ɼʣʷ ʬʦʩʬʘʪʦʚ ʥʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʩʠʛʥʘʣʘ ɻɺɻ ʥʝ ʥʝʩʫʪ ʚ ʩʝʙʝ 

ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ. ʊʘʢʦʡ ʪʠʧ ʠʟʤʝʨʝʥʠʡ ʤʦʞʝʪ ʩʣʫʞʠʪʴ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʤʝʪʦʜʦʤ ʜʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʧʨ. ʛʨ. ʚ ʩʝʤʝʡʩʪʚʝ ʬʦʩʬʘʪʦʚ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʚʠʪʣʦʢʠʪʘ.  

2.6.3 ʃʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ 

 ʃʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ. ʆʧʠʩʳʚʘʶʪʩʷ 

ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ ʢʘʢ ʚ ʚʠʜʠʤʦʡ [21, 51, 95], ʪʘʢ ʠ ʚ ʠʥʬʨʘʢʨʘʩʥʦʡ 
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ʦʙʣʘʩʪʠ [29, 96]. ʇʨʦʷʚʣʷʝʤʳʝ ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʢʘʪʠʦʥʦʤ-ʘʢʪʠʚʘʪʦʨʦʤ, ʚʚʝʜʝʥʥʳʤ ʚ ʧʦʜʨʝʰʝʪʢʫ. ʊʘʢʠʤ 

ʢʘʪʠʦʥʦʤ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʢʘʪʠʦʥʳ ʢʘʢ ʈɿʕ, ʪʘʢ ʠ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ.  

2.6.3.1 ʃʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ Eu3+ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪ. 

 ɹʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʣʶʤʠʥʝʩʮʝʥʪʥʳʤ ʩʚʦʡʩʪʚʘʤ ʠʤʝʥʥʦ 

ʢʘʪʠʦʥʘ Eu3+ [97]. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʪʘʢʠʝ ʚʝʱʝʩʪʚʘ ʷʚʣʷʶʪʩʷ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʢʨʘʩʥʦʛʦ ʣʶʤʠʥʦʬʦʨʘ ʧʨʠ 

ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ ʙʣʠʞʥʝʤ ʫʣʴʪʨʘʬʠʦʣʝʪʝ (ʋʌ), ʧʦʩʢʦʣʴʢʫ ʥʘ ʩʧʝʢʪʨʘʭ 

ʚʦʟʙʫʞʜʝʥʠʷ ʠʤʝʶʪʩʷ ʧʝʨʝʭʦʜʳ ʚ ʠʥʪʝʨʚʘʣʝ 350 ï 400 ʥʤ. ʕʪʦ ʜʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʘʢʠʝ ʚʝʱʝʩʪʚʘ ʚ ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʜʠʦʜʘʭ (light-

emitting diode, LED) [63], ʠʤʝʶʱʠʭ ʜʣʠʥʫ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ ʚ ʙʣʠʞʥʝʤ ʋʌ. 

 ʉʧʝʢʪʨʳ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ 

Ca9R(PO4)7:Eu3+ (R = Al, Lu) (ʈʠʩʫʥʦʢ 2.22) ʩʦʩʪʦʷʪ ʠʟ ʭʘʨʘʢʪʝʨʥʳʭ ʧʝʨʝʭʦʜʦʚ 

Eu3+ [85]. ʉʧʝʢʪʨ ʚʦʟʙʫʞʜʝʥʠʷ ʩʦʜʝʨʞʠʪ ʰʠʨʦʢʫ  ʁʧʦʣʦʩʫ ʠ ʫʟʢʠʝ ʣʠʥʠʠ, ʦʪ 

ʭʘʨʘʢʪʝʨʥʳʭ ʚʥʫʪʨʠʮʝʥʪʨʦʚʳʭ 4f ï 4f ʧʝʨʝʭʦʜʦʚ: 395 ʥʤ (7F0 Ÿ 5L6), 464 ʥʤ 

(7F0 Ÿ 5D2). ʐʠʨʦʢʘʷ ʦʙʣʘʩʪʴ ʦʪ 250 ʜʦ 350 ʥʤ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ 300 ʥʤ, ʤʦʞʝʪ 

ʩʦʦʪʥʦʩʠʪʩɹʷ ʩ ʦʙʣʘʩʪʴʶ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʧʦ ʩʚʷʟʷʤ Eu3+ - O2-. ʅʘ ʩʧʝʢʪʨʝ 

ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʥʘʙʣʶʜʘʶʪʩʷ ʣʠʥʠʠ ʧʨʠ 573, 580, 615, 655 ʠ 

700 ʥʤ, ʦʪʚʝʯʘʶʱʠʝ ʚʥʫʪʨʠʮʝʥʪʨʦʚʳʤ ʧʝʨʝʭʦʜʘʤ 5D0 Ÿ 7FJ (J = 0, 1, 2, 3, 4). 

ɸʚʪʦʨʘʤʠ [85] ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʵʣʝʤʝʥʪʘ 

ʢʦʣʠʯʝʩʪʚʦ ʠ ʧʦʣʦʞʝʥʠʝ ʣʠʥʠʡ ʥʘ ʩʧʝʢʪʨʘʭ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʥʝ 

ʠʟʤʝʥʷʝʪʩʷ, ʦʜʥʘʢʦ ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʣʷ Ca9Al(PO4)7:Eu3+ ʚ 1.5 

ʨʘʟʘ ʙʦʣʴʰʝ ʯʝʤ ʜʣʷ Ca9Lu(PO4)7:Eu3+. ʇʦʜʦʙʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ï 

ʫʚʝʣʠʯʝʥʠʝ ʦʙʱʝʡ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʢʘʪʠʦʥʥʦʛʦ 

ʩʦʩʪʘʚʘ ï ʙʳʣʠ ʦʪʤʝʯʝʥʳ ʥʘ ʩʣʝʜʫʶʱʠʭ ʩʠʩʪʝʤʘʭ: Ca19M2(PO4)14:Eu3+ (M = Mg, 

Zn), ʚ ʢʦʪʦʨʦʡ ʮʠʥʢ-ʩʦʜʝʨʞʘʱʠʝ ʚʝʱʝʩʪʚʘ ʠʤʝʣʠ ʙʦʣʴʰʫʶ ʠʥʪʝʛʨʘʣʴʥʫʶ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ [98] ʠʣʠ Ca8MgR(PO4)7 (R = La, Gd, Y), ʛʜʝ ʜʣʷ Gd-ʩʦʜʝʨʞʘʱʝʛʦ 

ʚʝʱʝʩʪʚʘ ʪʘʢʞʝ ʩʫʤʤʘʨʥʘʷ ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʳʰʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ 

ʩ ʦʩʪʘʣʴʥʳʤʠ ʢʘʪʠʦʥʘʤʠ ʩʦ-ʜʦʧʘʥʪʘʤʠ [70]. ɸʚʪʦʨʳ ʩʚʷʟʳʚʘʶʪ ʵʪʦ ʩ 
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ʠʟʤʝʥʝʥʠʝʤ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʜʣʷ ʢʘʪʠʦʥʘ-ʘʢʪʠʚʘʪʦʨʘ ʧʨʠ 

ʚʚʝʜʝʥʠʠ ʚ ʤʘʪʨʠʮʫ ʩʦ-ʜʦʧʠʨʦʚʘʥʥʳʭ ʠʦʥʦʚ.  

 

ʈʠʩʫʥʦʢ 2.22. (ʘ) ʉʧʝʢʪʨʳ ʚʦʟʙʫʞʜʝʥʠʷ (ɚem = 615 ʥʤ) ʠ (ʙ) ʠʟʣʫʯʝʥʠʷ  

(ɚex = 395 ʥʤ) ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ Ca9R(PO4)7 (R = Al, Lu) [85].  

 ʀʟʤʝʥʝʥʠʝ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʦʮʝʥʝʥʦ 

ʬʘʢʪʦʨʦʤ ʘʩʠʤʤʝʪʨʠʠ R/O, ʢʦʪʦʨʳʡ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʢʘʢ ʦʪʥʦʰʝʥʠʝ 

ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʝʨʝʭʦʜʘ ʚ ʢʨʘʩʥʦʡ ʦʙʣʘʩʪʠ (red) 5D0 Ÿ 7F2 ʢ 

ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʝʨʝʭʦʜʘ ʚ ʦʨʘʥʞʝʚʦʡ ʦʙʣʘʩʪʠ (orange) 5D0 Ÿ 7F1 

[71]. ʅʠʟʢʘʷ ʩʠʤʤʝʪʨʠʷ ʣʦʢʘʣʴʥʦʛʦ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʨʫʞʝʥʠʷ, ʪ.ʝ. 

ʥʘʠʙʦʣʝʝ ʠʩʢʘʞʝʥʥʳʡ ʧʦʣʠʵʜʨ, ʢʘʪʠʦʥʘ-ʘʢʪʠʚʘʪʦʨʘ Eu3+ ʧʨʠʚʦʜʠʪ ʢ 

ʫʚʝʣʠʯʝʥʠʶ R/O ʬʘʢʪʦʨʘ. ɼʣʷ Ca8MgLu1-x(PO4)7:xEu3+ ʜʣʷ x = 0.1, 0.3, 0.5, 0.7, 

0.9 ʠ 1, ʟʥʘʯʝʥʠʷ R/O ʨʘʚʥʷʶʪʩʷ 6.16, 6.39, 6.64, 6.95, 7.03 ʠ 7.20 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [71]. ʋʚʝʣʠʯʝʥʠʝ R/O ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʫʩʣʦʚʠʷʭ ʠʟʤʝʨʝʥʠʡ 

ʛʦʚʦʨʠʪ ʦʙ ʠʩʢʘʞʝʥʠʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʨʫʞʝʥʠʷ. ɿʥʘʯʝʥʠʷ ʬʘʢʪʦʨʘ R/O 

ʩʫʱʝʩʪʚʝʥʥʦ ʚʳʰʝ ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʩ ʜʨʫʛʠʤʠ ʤʘʪʨʠʮʘʤʠ, ʘʢʪʠʚʠʨʦʚʘʥʥʳʤʠ 

ʢʘʪʠʦʥʘʤʠ Eu3+: 2.45 ʜʣʷ Sr3La(PO4)3:0.8Eu3+ [99], 4.3 ʜʣʷ Sr9Sc(PO4)7:Eu3+ 

[100].  

 ʊʘʢ ʞʝ ʠʥʪʝʨʝʩʥʳʤ ʷʚʣʷʝʪʩʷ ʠ 5D0 Ÿ 7F0 ʧʝʨʝʭʦʜ ʢʘʪʠʦʥʘ Eu3+, ʢʦʪʦʨʳʡ 

ʤʦʞʝʪ ʜʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʯʠʩʣʝ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʢʠʩʣʦʨʦʜʥʳʭ ʦʢʨʫʞʝʥʠʡ, 

ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ ʢʦʣʠʯʝʩʪʚʝ ʧʦʟʠʮʠʡ ʜʣʷ ʢʘʪʠʦʥʘ Eu3+ ʚ ʩʪʨʢʫʪʫʨʝ [101]. ɺ 

ʨʘʙʦʪʝ [87] ʙʳʣʘ ʠʟʫʯʝʥʘ ʩʝʨʠʷ ʬʦʩʬʘʪʦʚ Ca9.5-1.5xMgEux(PO4)7 (0 Ò ʭ Ò 1). 
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ʇʝʨʝʭʦʜ 5D0 Ÿ 7F0 ʜʣʷ Ca9.5-1.5xMgEux(PO4)7 ʭ = 0.72 ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥ ʩʫʤʤʦʡ 

ʪʨʝʭ ʛʘʫʩʩʦʚʩʢʠʭ ʢʦʤʧʦʥʝʥʪ ʩ ʤʘʢʩʠʤʫʤʘʤʠ ʧʨʠ 579.44 (2.140 ʵɺ), 578.90 

(2.142 ʵɺ) ʠ 578.36 ʥʤ (2.144 ʵɺ) [87]. ʕʪʦ ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ ʢʘʪʠʦʥ rEu3+ 

ʨʘʩʧʨʝʜʝʣʝʥ rʤʝʞʜʫ ʪʨʝʤʷ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʤʠ ʧʦʟʠʮʠʷʤʠ ʚ ʩʪʨʫʢʪʫʨʝ ʄ1 ï 

ʄ3. ʇʦʣʦʞʝʥʠʝ ʣʠʥʠʡ ʥʘ ʧʝʨʝʭʦʜʝ 5D0 Ÿ 
7F0 ʩʚʷʟʘʥʦ ʩ ʜʣʠʥʦʡ ʩʚʷʟʠ Eu-O, ʯʝʤ 

ʜʣʠʥʥʝʝ ʩʚʷʟʴ, ʪʝʤ ʚʳʰʝ ɻ ʥʝʨʛʠʷ ʵʪʦʛʦ ʧʝʨʝʭʦʜʘ [83, 101]. ʇʦʵʪʦʤʫ ʣʠʥʠʷ ʧʨʠ 

2.144 ʵɺ ʩʦʦʪʥʦʩʠʪʩʷ ʩ ʧʦʟʠʮʠʝʡ ʄ3, ʣʠʥʠʷ ʧʨʠ 2.142 ʵɺ ʩ ʧʦʟʠʮʠʝʡ ʄ1 ʠ 

ʣʠʥʠʷ ʧʨʠ 2.140 ʵɺ ʩ ʧʦʟʠʮʠʝʡ ʄ2. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʣʠʥʠʠ, ʦʪʚʝʯʘʶʱʘʷ 

ʧʦʟʠʮʠʠ ʄ1 ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ Eu3+ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʧʝʨʝʭʦʜ ʧʨʠ 2.140 ʵɺ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ 

ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʟʘʩʝʣʸʥʥʦʩʪʠ ʚ ʧʦʟʠʮʠʷʭ ʄ1 ʠ ʄ3. ʆʜʥʘʢʦ, ʧʨʠ ʘʥʘʣʠʟʝ 

ʧʣʦʱʘʜʠ ʧʦʜ ʛʘʫʩʩʦʚʩʢʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʠ ʠʭ ʟʥʘʯʝʥʠʡ ʧʦʣʥʦʡ ʰʠʨʠʥʳ ʥʘ 

ʧʦʣʫʚʳʩʦʪʝ (full width at half maximum, FWHM), ʩʣʝʜʫʝʪ, ʯʪʦ ʝʩʪʴ ʪʦʣʴʢʦ 

ʥʝʙʦʣʴʰʦʝ ʠʟʤʝʥʝʥʠʝ ʚ ʟʘʩʝʣʝʥʥʦʩʪʷʭ ʙʝʟ ʯʝʪʢʦʡ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ (ʈʠʩʫʥʦʢ 

2.24). ʋʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʠʥʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʧʦʟʠʮʠʠ ʄ1, 

ʢʦʤʧʝʥʩʠʨʫʝʪʩʷ ʝʸ ʫʰʠʨʝʥʠʝʤ, ʯʪʦ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʩʠʣʴʥʦʤʫ ʠʟʤʝʥʝʥʠʶ 

ʧʣʦʱʘʜʠ ʧʦʜ ʢʨʠʚʦʡ. ʋʰʠʨʝʥʠʝ ʩʧʝʢʪʨʘʣʴʥʦʡ ʧʦʣʦʩʳ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ 

ʠʩʢʘʞʝʥʠʝʤ ʦʢʨʫʞʝʥʠʷ ʧʦʣʠʵʜʨʘ (ʈʠʩʫʥʦʢ 2.24).  

 

ʈʠʩʫʥʦʢ 2.23. ʈʘʟʣʦʞʝʥʠʝ ʧʝʨʝʭʦʜʘ 5D0 Ÿ 
7F0 ʥʘ ʛʘʫʩʩʦʚʩʢʠʝ ʢʦʤʧʦʥʝʥʪʳ ʜʣʷ 

Ca9.5-1.5xMgEux(PO4)7 (ʭ = 0.72) ʧʨʠ ɚex = 395 ʥʤ, T = 300 ʂ [87]. 
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ʈʠʩʫʥʦʢ 2.24. ʉʦʦʪʥʦʰʝʥʠʝ ʠʥʪʝʛʨʘʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʛʘʫʩʩʦʚʩʢʠʭ 

ʢʦʤʧʦʥʝʥʪ ʧʨʠ 2.1401, 2.1421, 2.1445 ʵɺ ʚ 5D0 Ÿ 7F0 Ca9.5-1.5xMgEux(PO4)7 [87]. 

 ʅʝ ʤʝʥʝʝ ʚʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʷʚʣʷʝʪʩʷ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʘʪʠʦʥʘ-ʘʢʪʠʚʘʪʦʨʘ ʥʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʪ.ʝ. ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʪʫʰʝʥʠʷ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ. ɸʚʪʦʨʘʤʠ [102] ʦʧʠʩʳʚʘʝʪʩʷ ʜʘʥʥʳʡ ʵʬʬʝʢʪ ʜʣʷ 

ʩʠʩʪʝʤ r ʬʦʩʬʘʪʦʚ Ca9Gd1-ʭEux(PO4)7. ʆʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʥʘ ʩʧʝʢʪʨʝ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʈʠʩʫʥʦʢ 2.2) ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʩʪʘʥʜʘʨʪʥʳʝ 

ʚʥʫʪʨʠʮʝʥʪʨʦʚʳʝ ʧʝʨʝʭʦʜʳ ʜʣʷ ʢʘʪʠʦʥʘ Eu3+, ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʘʪʠʦʥʘ-ʘʢʪʠʚʘʪʦʨʘ. ʆʜʥʘʢʦ, ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʣʷ 

ʧʝʨʝʭʦʜʘ 5D0 Ÿ 7F2 ʤʝʥʷʝʪʩʷ ʥʝ ʣʠʥʝʡʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʢʘʪʠʦʥʘ 

Eu3+ (ʈʠʩʫʥʦʢ 2.12 ʚʢʣʘʜʢʘ). ʄʘʢʩʠʤʫʤ ʧʨʠʭʦʜʠʪʩʷ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ Eu3+ ʭ = 

0.90. ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʦʚʳʰʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʥʝ ʧʨʦʠʩʭʦʜʠʪ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʥʘʣʠʯʠʠ ʵʬʬʝʢʪʘ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʪʫʰʝʥʠʷ, 

ʚʩʣʝʜʩʪʚʠʝ ʫʤʝʥʴʰʝʥʠʷ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʣʶʤʠʥʝʩʮʝʥʪʥʳʤʠ ʮʝʥʪʨʘʤʠ, 

ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ ʦʮʝʥʝʥʦ ʬʦʨʤʫʣʦʡ [103]: 

Ὑ ς
σὠ

τ“ᾀὔ
 

ʛʜʝ V ï ʦʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, N ï ʵʪʦ ʯʠʩʣʦ ʢʘʪʠʦʥʥʳʭ ʧʦʟʠʮʠʡ ʚ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ, ʟʘʩʝʣʝʥʥʳʤʠ ʢʘʪʠʦʥʦʤ-ʘʢʪʠʚʘʪʦʨʦʤ (Eu3+ ʚ 
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ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʨʘʙʦʪʝ), z ï ʵʪʦ ʤʦʣʷʨʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʘʪʠʦʥʘ ʘʢʪʠʚʘʪʦʨʘ 

ʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʨʝʰʝʪʢʝ (ʜʣʷ ʚʝʱʝʩʪʚ ʚ ʩʠʩʪʝʤʝ ʚʠʪʣʦʢʠʪ z = 1/6). 

ʕʬʬʝʢʪ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʪʫʰʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʙʦʣʴʰʠʭ 

ʩʦʜʝʨʞʘʥʠʷʭ ʢʘʪʠʦʥʘ-ʘʢʪʠʚʘʪʦʨʘ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʤʘʪʨʠʮʘʤʠ [104, 

105]. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʨʠʮʳ ɓ-

ʊʉʈ [102]. 

 

ʈʠʩʫʥʦʢ 2.25. ʉʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ɚex = 395 ʥʤ) ʜʣʷ 

Ca9Gd1-ʭEux(PO4)7 ʠ ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʝʭʦʜʘ 
5D0 Ÿ 7F2 (ʚʩʪʘʚʢʘ) 

[102]. 

ɺʳʩʦʢʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʘʪʠʦʥʘ-ʘʢʪʠʚʘʪʦʨʘ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʵʬʬʝʢʪʘ 

ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʪʫʰʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʦʪʤʝʯʝʥʳ ʠ ʥʘ ʩʠʩʪʝʤʝ 

Ca9.5-1.5xMgEux(PO4)7 [87]. ʊʘʢ ʞʝ ʢʘʢ ʠ ʜʣʷ Ca9Gd1-ʭEux(PO4)7 ʥʘ ʩʧʝʢʪʨʝ 

ʠʟʣʫʯʝʥʠʷ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 80 ʂ, (ʈʠʩʫʥʦʢ 2.26) ʜʣʷ  

Ca9.5-1.5xMgEux(PO4)7 ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ 395 ʥʤ ʥʘʙʣʶʜʘʶʪʩʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʳʝ ʚʥʫʪʨʠʮʝʥʪʨʦʚʳʝ f ï f ʧʝʨʝʭʦʜʳ c ʫʨʦʚʥʷ 5D0 ʥʘ 
7FJ (J = 1-

4) ʢʘʪʠʦʥʘ Eu3+. ʍʘʨʘʢʪʝʨʥʳʝ ʧʝʨʝʭʦʜʳ ʜʣʷ ʢʘʪʠʦʥʘ Eu2+ ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ, ʯʪʦ 

ʛʦʚʦʨʠʪ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʡ ʬʦʨʤʳ. ʃʝʚʘʷ ʚʩʪʘʚʢʘ ʧʦʢʘʟʳʚʘʝʪ 

ʥʘʣʠʯʠʝ ʧʝʨʝʭʦʜʘ ʥʠʟʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ 

ʫʨʦʚʥʷ 5D1. ʊʘʢʘʷ ʥʠʟʢʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʥʘʙʣʶʜʘʝʪʩʷ ʠʟ-ʟʘ ʩʫʱʝʩʪʚʦʚʘʥʠʷ 

ʠʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʥʘ 5D0 ʚ ʨʝʟʫʣʴʪʘʪʝ ʙʳʩʪʨʦʛʦ ʬʦʪʦʥʥʦʛʦ ʦʙʤʝʥʘ. 
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ʅʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳʡ ʧʝʨʝʭʦʜ 5D0 Ÿ 
7F2 ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʢʨʘʩʥʦʡ ʦʙʣʘʩʪʠ 

ʚʠʜʠʤʦʛʦ ʩʧʝʢʪʨʘ ʩ ʤʘʢʩʠʤʫʤʦʤ ʧʨʠ 612 ʥʤ. ɺʩʝ ʣʠʥʠʠ ʷʚʣʷʶʪʩʷ ʭʦʨʦʰʦ 

ʨʘʟʨʝʰʝʥʥʳʤʠ. ɺʩʪʘʚʢʘ ʥʘ ʨʠʩʫʥʢʝ 2.26 ʧʦʢʘʟʳʚʘʝʪ ʟʘʚʠʩʠʤʦʩʪʴ 

ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʘʪʠʦʥʘ Eu3+. ʃʠʥʝʡʥʦʝ 

ʫʚʝʣʠʯʝʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʜʦ ʭ = 0.67. ʆʜʥʘʢʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʝʩʪʘʝʪ ʨʘʩʪʠ 

ʧʨʠ ʭ = 0.72. ʕʪʦʪ ʬʘʢʪ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥ ʩ ʫʚʝʣʠʯʝʥʠʝʤ DI ʜʣʷ ʧʦʟʠʮʠʠ ʄ3 

(ʊʘʙʣʠʮʘ 2.2).  

 

ʈʠʩʫʥʦʢ 2.26. ʉʧʝʢʪʨ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ Ca9.5-1.5xMgEux(PO4)7 (ʭ = 0.67) 

ɚex = 395 ʥʤ ʧʨʠ 80 ʂ. ɺʩʪʘʚʢʘ ʧʦʢʘʟʳʚʘʝʪ ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʛʨʘʣʴʥʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʘʪʠʦʥʘ Eu3+ ɚex = 395 ʥʤ, T = 300 K. 

 ʉʧʝʢʪʨ ʚʦʟʙʫʞʜʝʥʠʷ (ɚem = 615 ʥʤ) ʧʦʢʘʟʳʚʘʝʪ ʩʪʘʥʜʘʨʪʥʳʝ ʧʝʨʝʭʦʜʳ 

Eu3+ (ʈʠʩʫʥʦʢ 2.27). ʐʠʨʦʢʘʷ ʣʠʥʠʷ ʦʪ 220 ʜʦ 320 ʥʤ ʩ ʤʘʢʩʠʤʫʤʦʤ ʧʨʠ 255 

ʥʤ ʩʦʦʪʥʦʩʠʪʩʷ ʩ ʵʥʝʨʛʠʝʡ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ (charge transfer band, ʉʊɺ), ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʝʨʝʥʦʩʫ ʵʥʝʨʛʠʠ ʩ ʫʨʦʚʥʝʡ 2ʨ ʦʙʠʪʝʣʝʡ ʆ2- ʥʘ 4f ʫʨʦʚʥʠ 

ʢʘʪʠʦʥʘ Eu3+. ɺ ʦʙʣʘʩʪʠ ʦʪ 300 ʜʦ 500 ʥʤ ʥʘʙʣʶʜʘʝʪʩʷ ʩʝʨʠʷ ʫʟʢʠʭ ʣʠʥʠʡ, 

ʩʦʦʪʥʦʩʷʱʠʭʩʷ ʩ ʚʥʫʪʨʝʮʝʥʪʨʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ 4f - 4f ʢʘʪʠʦʥʘ Eu3+. ʕʪʠ 

ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʝʨʝʭʦʜʘʤ ʩ ʦʩʥʦʚʥʦʛʦ ʫʨʦʚʥʷ 7F0 ʥʘ ʚʦʟʙʫʞʜʝʥʥʳʝ 

ʫʨʦʚʥʠ 7F2, 
5ʅ6, 

5D7, 
5D4, 

5G2,4, 
5L6, 

5D3, 
5D2, ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪʩʷ ʧʨʠ 300, 319, 

328, 362, 383, 395, 416 ʠ 464 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
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 ɺʩʪʘʚʢʘ ʢ ʨʠʩʫʥʢʫ 2.27 ʧʦʢʘʟʳʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʩʧʝʢʪʨʘ ʚʦʟʙʫʞʜʝʥʠʷ ʧʨʠ 

ʨʝʛʠʩʪʨʘʮʠʠ ʥʘ 579.44 ʠ 578.90 ʥʤ. ʇʦʣʦʞʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 4f ʫʨʦʚʥʝʡ 

ʟʘʚʠʩʠʪ ʦʪ ʟʘʩʝʣʝʥʥʦʩʪʠ ʢʘʪʠʦʥʘ Eu3+ ʚ ʨʘʟʣʠʯʥʳʭ ʧʦʟʠʮʠʷʭ, ʯʪʦ ʧʨʦʷʚʣʷʝʪʩʷ 

ʚ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤ ʩʤʝʱʝʥʠʠ ʧʦʣʦʞʝʥʠʷ ʣʠʥʠʡ ʚʦʟʙʫʞʜʝʥʠʷ (ʚʩʪʘʚʢʘ ʈʠʩʫʥʦʢ 

2.27). ʆʜʥʘʢʦ, ʥʘʠʙʦʣʴʰʘʷ ʨʘʟʥʠʮʘ ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʷʭ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ 

ʦʙʣʘʩʪʠ ʉʊɺ, ʧʨʠ ʜʣʠʥʝ ʚʦʣʥʳ ʨʝʛʠʩʪʨʘʮʠʠ ɚem = 578.90 ʥʤ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚ 2 

ʨʘʟʘ ʚʳʰʝ. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʫʨʦʚʥʠ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʩʠʣʴʥʦ ʟʘʚʠʩʷʪ 

ʦʪ ʩʠʤʤʝʪʨʠʠ ʦʢʨʫʞʝʥʠʷ, ʚ ʢʦʪʦʨʦʤ ʨʘʩʧʦʣʦʞʝʥ ʢʘʪʠʦʥ Eu3+. ʇʦʩʢʦʣʴʢʫ ʂʏ = 

8 ʚ ʜʚʫʭ ʧʦʟʠʮʠʷʭ ʄ1 ʠ ʄ2, ʪʦ ʩʫʱʝʩʪʚʫʝʪ ʚʦʩʝʤʴ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʘʪʦʤʦʚ O. 

ɿʥʘʯʝʥʠʷ DI ʜʣʷ ʪʘʢʠʭ ʵʤʠʩʩʠʦʥʥʳʭ ʮʝʥʪʨʦʚ ʥʝ ʩʠʣʴʥʦ ʨʘʟʣʠʯʘʶʪʩʷ. ʆʜʥʘʢʦ, 

ʚʩʝ ʞʝ ʨʘʩʩʪʦʷʥʠʝ ʄ1 ï ʆ ʷʚʣʷʶʪʩʷ ʥʝʤʥʦʛʦ ʙʦʣʴʰʠʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʄ2 ï ʆ 

(ʊʘʙʣʠʮʘ 2.2). ʇʦʵʪʦʤʫ ʧʦʪʝʨʠ, ʢʦʪʦʨʳʝ ʧʨʠʭʦʜʷʪʩʷ ʥʘ ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʳʝ 

ʧʝʨʝʭʦʜʳ, ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʦʧʪʠʯʝʩʢʦʛʦ ʮʝʥʪʨʘ ʄ2 ʯʝʨʝʟ ʦʙʣʘʩʪʴ ʉʊɺ 

ʷʚʣʷʶʪʩʷ ʙʦʣʝʝ ʚʳʩʦʢʠʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʄ1. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʩ ʫʨʦʚʥʝʡ 2ʨ ʆ2- ʥʘ 4f Eu3+ ʜʣʷ ʦʧʪʠʯʝʩʢʠʭ ʮʝʥʪʨʦʚ ʄ2 

ʤʝʥʴʰʝ.   

 

ʈʠʩʫʥʦʢ 2.27. ʉʧʝʢʪʨ ʚʦʟʙʫʞʜʝʥʠʷ ʜʣʷ Ca9.5-1.5xMgEux(PO4)7 ʧʨʠ ʭ = 0.53,  

ɚem = 578.9 ʠ 579.4 ʥʤ. 

 ʆʜʥʦʡ ʠʟ ʚʘʞʥʦʡ ʣʶʤʠʥʝʩʮʝʥʪʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ̫ ʚʣʷʪʁʩʷ ʮʚʝʪʦʚʳʝ 

ʢʦʦʨʜʠʥʘʪʳ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʤʠʩʩʠʠ ʧʦ ʦʩʚʝʱʝʥʠʶ (Commission 
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Internationale de l'®clairage, CIE ʢʦʦʨʜʠʥʘʪʳ), ʧʦʢʘʟʳʚʘʶʱʠʝ ʮʚʝʪ ʩʚʝʯʝʥʠʷ 

ʚʝʱʝʩʪʚʘ. ʇʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ 395 ʥʤ ʮʚʝʪ Eu3+-ʩʦʜʝʨʞʘʱʠʭ ʚʝʱʝʩʪʚ 

ʧʦʧʘʜʘʝʪ ʚ ʢʨʘʩʥʫʶ ʦʙʣʘʩʪʴ ʮʚʝʪʦʚʳʭ ʢʦʦʨʜʠʥʘʪ, ʙʣʠʟʢʫʶ ʢ ʤʝʞʜʫʥʘʨʦʜʥʦʤʫ 

ʪʝʣʝʚʠʟʠʦʥʥʦʤʫ ʩʪʘʥʜʘʨʪʫ (the National Television Standard Committee, NTSC). 

ʇʨʠ ʩʨʘʚʥʝʥʠʠ ʩ ʜʨʫʛʠʤʠ ʤʘʪʨʠʮʘʤʠ Y2O2S:Eu3+ ʠ Sr3La(PO4)3:0.8Eu3+ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʮʚʝʪʦʚʳʝ ʢʦʦʨʜʠʥʘʪʳ ʩʤʝʱʝʥʳ ʚ ʙʦʣʴʰʫʶ ʢʨʘʩʥʫʶ ʦʙʣʘʩʪʴ 

(ʪʦʯʢʠ ɺ ʠ ʉ ʈʠʩʫʥʦʢ 2.28) [71].  

 

ʈʠʩʫʥʦʢ 2.28. ʎʚʝʪʦʚʳʝ ʢʦʦʨʜʠʥʘʪʳ ʜʣʷ NTSC (A), Ca8MgLu(PO4)7:Eu3+ (B), 

Ca9Y(PO4)7:0.13Eu3+ (C), Y2O2S:Eu3+ (D) ʠ Sr3La(PO4)3:0.8Eu3+ (E). ɺʩʪʘʚʢʘ 

ʧʦʢʘʟʳʚʘʝʪ ʮʚʝʪ ʩʚʝʯʝʥʠʷ ʜʣʷ Ca8MgLu(PO4)7:Eu3+ [71]. 

2.6.3.2 ʃʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ Tb3+ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪ. 

 ʀʩʩʣʝʜʦʚʘʥʠʝ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʩʚʦʡʩʪʚ ʜʣʷ ʩʠʩʪʝʤʳ  

Ca3-x(PO4)2:xTb3+ (0.2 Ò x Ò 0.4) ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʨʘʙʦʪʝ [106]. ʅʘ ʩʧʝʢʪʨʝ 

ʚʦʟʙʫʞʜʝʥʠʷ (ʈʠʩʫʥʦʢ 2.29ʘ) ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʦʤ ʧʨʠ 

ɚem = 545 ʥʤ, ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʣʝʜʫʶʱʠʝ ʦʙʣʘʩʪʠ: 200 ï 310 ʥʤ ʠ 310ï500 ʥʤ 

ʦʪʚʝʯʘʶʱʠʝ 4f8 Ÿ 4f75d1 ʠ 4f8 Ÿ 4f8 ʧʝʨʝʭʦʜʘʤ ʢʘʪʠʦʥʘ Tb3+, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʋʟʢʠʝ ʣʠʥʠʠ ʧʨʠ 320, 342, 354, 371, 377 ʠ 486 ʥʤ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʝʨʝʭʦʜʘʤ ʩ 

ʦʩʥʦʚʥʦʛʦ 7F6 ʥʘ ʚʦʟʙʫʞʜʝʥʥʳʝ ʫʨʦʚʥʠ 5D0,1, 
5G2, 

5D2, 
5L10, 

5D3 ʠ 
5D4 ʢʘʪʠʦʥʘ 

Tb3+. ʅʘ ʩʧʝʢʪʨʘʭ ʠʩʧʫʩʢʘʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʈʠʩʫʥʦʢ 2.29ʙ) ʚ ʩʠʥʝʡ 

ʦʙʣʘʩʪʠ 320 ï 470 ʥʤ ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʧʝʨʝʭʦʜʳ ʤʘʣʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ  
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5D3 Ÿ 
7F6,5,4,3. ʀʥʪʝʥʩʠʚʥʳʝ ʣʠʥʠʠ ʚ ʟʝʣʝʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠ 489, 545, 586 ʠ 621 

ʥʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʝʨʝʭʦʜʘʤ 5D4 Ÿ 
7F6,5,4,3 ʢʘʪʠʦʥʘ Tb3+.  

 

ʈʠʩʫʥʦʢ 2.29. (ʘ) ʉʧʝʢʪʨʳ ʚʦʟʙʫʞʜʝʥʠʷ (ɚem = 545 ʥʤ) ʠ (ʙ) ʠʟʣʫʯʝʥʠʷ  

(ɚex = 234 ʥʤ) ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ Ca3-x(PO4)2:xTb3+ (0.2 Ò x Ò 0.4). 

 ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʢʘʪʠʦʥʘ-ʘʢʪʠʚʘʪʦʨʘ ʥʘʙʣʶʜʘʝʪʩʷ ʩ ʦʜʥʦʡ 

ʩʪʦʨʦʥʳ ʫʚʝʣʠʯʝʥʠʝ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʝʨʝʭʦʜʦʚ 5D4 Ÿ 
7F6,5,4,3, ʘ ʩ 

ʜʨʫʛʦʡ ʫʤʝʥʴʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʝʨʝʭʦʜʦʚ ʚ ʩʠʥʝʡ ʦʙʣʘʩʪʠ. ʅʘʧʨʠʤʝʨ, ʚ 

ʩʠʩʪʝʤʝ Ca9Ln(PO4)7:Tb3+ (Ln = Y, La, Gd) [12] ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʚʣʠʷʥʠʝ 

ʧʨʠʤʝʩʥʦʛʦ ʢʦʣʠʯʝʩʪʚʦ ʢʘʪʠʦʥʘ-ʘʢʪʠʚʘʪʦʨʘ. ʅʘ ʩʧʝʢʪʨʝ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ʜʣʷ ʩʝʨʠʠ Ca9Y(PO4)7:Tb3+ ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʤʘʣʳʭ ʩʦʜʝʨʞʘʥʠʷʭ Tb3+ (ʭ = 0.005) 

ʩʫʤʤʘʨʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʝʭʦʜʦʚ ʚ ʩʠʥʝʡ ʙʦʣʴʰʝ, ʯʝʤ ʚ ʟʝʣʝʥʦʡ ʦʙʣʘʩʪʠ 

(ʈʠʩʫʥʦʢ 2.30ʘ). ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ Tb3+ ʚ ʤʘʪʨʠʮʝ ʥʘʙʣʶʜʘʝʪʩʷ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʝʨʝʭʦʜʦʚ 5D3 Ÿ 
7F6,5,4,3 ʚʧʣʦʪʴ ʜʦ 

ʫʨʦʚʥʷ ʰʫʤʘ (ʈʠʩʫʥʦʢ 2.30ʙ), ʚ ʦʪʣʠʯʠʠ ʦʪ ʧʝʨʝʭʦʜʦʚ 5D4 Ÿ 
7F6,5,4,3, ʢʦʪʦʨʳʝ 

ʨʘʩʪʫʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ Tb3+. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʵʬʬʝʢʪʘʤʠ ʢʨʦʩʩ-

ʨʝʣʘʢʩʘʮʠʠ ʥʘ ʢʘʪʠʦʥʘʭ ʪʝʨʙʠʷ ʧʨʠ ʚʳʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ.  
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ʈʠʩʫʥʦʢ 2.30. (ʘ) ʉʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ Ca9Y(PO4)7:Tb3+ 

(ɚex = 222 ʥʤ) ʠ (ʙ) ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʝʨʝʭʦʜʦʚ 
5D3 Ÿ 

7F6 ʠ 
5D4 Ÿ 

7F5 ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ Tb3+ [12]. 

 ɸʚʪʦʨʳ [106] ʠ [12] ʫʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʢʘʪʠʦʥʘ-ʘʢʪʠʚʘʪʦʨʘ, ʥʦ ʨʘʟʥʦʤ ʩʦʩʪʘʚʝ ʢʘʪʠʦʥʥʦʡ ʯʘʩʪʠ ʤʦʞʝʪ ʠʟʤʝʥʷʪʴʩʷ 

ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ. ʊʘʢʦʝ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʚ ʨʘʙʦʪʝ 

[107] ʜʣʷ ʩʠʩʪʝʤ Ca9ïxZnxTb(PO4)7 ʠ Ca9ïxZnxLa0.99(PO4)7:0.01Tb3+ (ʈʠʩʫʥʦʢ 

2.31ʘ). ʇʨʠ ʦʜʠʥʘʢʦʚʦʤ ʩʦʜʝʨʞʘʥʠʠ Tb3+ ʚ ʤʘʪʨʠʮʝ ʩ ʚʚʝʜʝʥʠʝʤ ʚ ʩʪʨʫʢʪʫʨʫ 

ʢʘʪʠʦʥʘ Zn2+ ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ (ʈʠʩʫʥʦʢ 2.31ʙ), 

ʧʨʠʯʝʤ ʢʘʢ ʜʣʷ ʢʦʨʦʪʢʦʚʦʣʥʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʦʙʣʘʩʪʠ 370 ï 480 ʥʤ, ʪʘʢ ʠ ʜʣʷ 

ʜʣʠʥʥʦʚʦʣʥʦʚʳʭ 480 ï 630 ʥʤ. ɼʣʷ Zn2+-ʟʘʤʝʱʝʥʥʳʭ (Ca8ZnTb(PO4)7) 

ʩʦʩʪʘʚʦʚ ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʙʫʜʝʪ ʚʳʰʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

Ca9Tb(PO4)7 (ʈʠʩʫʥʦʢ 2.31ʙ).  

 

ʈʠʩʫʥʦʢ 2.31. (ʘ) ʉʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ  

Ca9ïxZnxLa0.99(PO4)7:0.01Tb3+ (ɚex = 369 ʥʤ); (ʙ) ʉʨʘʚʥʝʥʠʝ ʠʥʪʝʛʨʘʣʴʥʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʣʷ Ca9ïxZnxTb(PO4)7 ʠ Ca9ïxZnxLa0.99(PO4)7:0.01Tb3+ ʧʨʠ ʭ = 0 

(ʙʝʟ ʟʘʤʝʱʝʥʠʷ) ʠ ʭ = 1 (ʧʦʣʥʦʝ ʟʘʤʝʱʝʥʠʝ). 
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 ʋʚʝʣʠʯʝʥʠʝ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʷʟʘʥʳ ʩ ʠʟʤʝʥʝʥʠʝʤ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʨʫʞʝʥʠ ̫ ʢʘʪʠʦʥʘ-ʘʢʪʠʚʘʪʦʨʘ. ʌʘʢʪʦʨ ʘʩʠʤʤʝʪʨʠʠ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʩʪʝʧʝʥʴ ʠʩʢʘʞʝʥʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʨʫʞʝʥʠʷ  

G/B = I(5D4 Ÿ 
7F6)/I(

5D3 Ÿ 
7F6), ʚ ʩʠʩʪʝʤʝ Ca9ïxZnxLa0.99(PO4)7:0.01Tb3+ 

ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʚʚʝʜʝʥʠʝʤ ʢʘʪʠʦʥʘ Zn2+, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʫʚʝʣʠʯʝʥʠʠ 

ʠʩʢʘʞʝʥʠ ̫ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʨʫʞʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʮʩ 

ʩʪʨʫʢʪʫʨʳ ʧʦʣʠʵʜʨʳ ʠʤʝʶʪ ʙʦʣʴʰʝʝ ʠʩʢʘʞʝʥʠʝ. ʀʟʤʝʥʝʥʠʝ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʠ ʚ ʩʠʩʪʝʤʝ Sr8MgY(PO4)7:Tb3+ 

[108], ʛʜʝ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʮʝʥʪʨʦʚ ʥʘʙʣʶʜʘʝʪʩʷ 

ʩʥʠʞʝʥʠʝ G/B ʬʘʢʪʦʨʘ (ʈʠʩʫʥʦʢ 2.32).  

 

ʈʠʩʫʥʦʢ 2.32. ɿʥʘʯʝʥʠʷ ʬʘʢʪʦʨʘ ʘʩʠʤʤʝʪʨʠʠ G/B = I(5D4 Ÿ 
7F6)/I(

5D3 Ÿ 
7F6) 

ʜʣʷ Sr8MgY(PO4)7:ʭTb3+ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʘʪʠʦʥʘ Tb3+. 

2.6.3.3 ʃʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ Dy3+ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪ. 

 ʅʘ ʩʧʝʢʪʨʘʭ ʚʦʟʙʫʞʜʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ Ca9Gd(PO4)7:Dy3+, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʝ 2.33ʘ, ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʜʚʝ ʦʙʣʘʩʪʠ: ʧʝʨʚʘʷ, ʚ 

ʠʥʪʝʨʚʘʣʝ 250 ï 320 ʥʤ, ʩʦʜʝʨʞʠʪ ʣʠʥʠʠ ʩ ʤʘʢʩʠʤʫʤʘʤʠ 273 ʠ 293 ʥʤ, 

ʩʦʦʪʥʦʩʷʱʠʭʩʷ ʩ ʧʝʨʝʭʦʜʘʤʠ 8S7/2 Ÿ 
6I7/2 ʠ 

8S7/2 Ÿ 
6P7/2 ʢʘʪʠʦʥʘ Gd3+, ʠ ʚʪʦʨʘʷ, 

ʚ ʠʥʪʝʨʚʘʣʝ 300 ï 460 ʥʤ, ʩʦʜʝʨʞʘʱʘʷ ʣʠʥʠʠ ʧʨʠ 310, 323, 337, 350, 362, 386, 

425 ʠ 451 ʥʤ, ʢʦʪʦʨʳʝ ʩʦʦʪʥʦʩʷʪʩʷ ʩʦ ʚʥʫʪʨʝʥʥʠʤʠ 4f9 ʧʝʨʝʭʦʜʘʤʠ ʩ ʫʨʦʚʥʷ 

6H15/2 ʥʘ 
4D7/2, 

6P3/2, 
4F5/2, 

6P7/2, 
6P5/2, 

6M21/2, 
4G11/2 ʠ 

4I15/2 ʢʘʪʠʦʥʘ Dy3+ [11].  
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 ʅʘ ʨʠʩʫʥʢʝ 2.33ʙ ʧʨʝʜʩʪʘʚʣʝʥ ʩʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ʜʣʷ Ca9Gd(PO4)7:Dy3+, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʦʤ ʧʨʠ 350 ʥʤ. ʅʘʙʣʶʜʘʝʪʩʷ ʪʨʠ 

ʣʠʥʠʠ ʧʨʠ 480, 570 ʠ 659 ʥʤ, ʢʦʪʦʨʳʝ ʩʦʦʪʥʦʩʷʪʩʷ ʩ ʧʝʨʝʭʦʜʘʤʠ ʩ 

ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʫʨʦʚʥʷ 4F9/2 ʥʘ ʦʩʥʦʚʥʳʝ ʫʨʦʚʥʠ 6H15/2, 
6H13/2 ʠ 

6H11/2 ʢʘʪʠʦʥʘ 

Dy3+, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘ ʚʩʪʘʚʢʝ ʢ ʨʠʩʫʥʢʫ 2.33ʙ ʧʦʢʘʟʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ 

ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʝʨʝʭʦʜʘ 4F9/2 Ÿ 6H15/2 ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʘʪʠʦʥʘ 

Dy3+. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʘʪʠʦʥʘ Dy3+ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠʥʪʝʛʨʘʣʴʥʘʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʦ ʩʦʜʝʨʞʘʥʠʷ ʭ = 0.12, ʯʪʦ ʧʦʢʘʟʳʚʘʝʪ ʦʧʪʠʤʘʣʴʥʫʶ 

ʢʦʥʮʝʥʪʨʘʮʠʶ ʢʘʪʠʦʥʘ-ʘʢʪʠʚʘʪʦʨʘ ʚ ʤʘʪʨʠʮʝ. ʉ ʜʘʣʴʥʝʡʰʠʤ ʫʚʝʣʠʯʝʥʠʝʤ 

ʩʦʜʝʨʞʘʥʠʷ Dy3+ ʧʨʦʠʩʭʦʜʠʪ ʫʤʝʥʴʰʝʥʠʝ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʯʪʦ 

ʩʚʷʟʘʥʦ ʩ ʩʫʱʝʩʪʚʦʚʘʥʠʝʤ ʵʬʬʝʢʪʘ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʪʫʰʝʥʠʷ [11].  

 

ʈʠʩʫʥʦʢ 2.33. (ʘ) ʉʧʝʢʪʨ ʚʦʟʙʫʞʜʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ ɚem = 570 ʥʤ 

(ʚʢʣʘʜʢʘ ʧʦʢʘʟʳʚʘʝʪ ʠʥʪʝʛʨʘʣʴʥʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʩʥʦʚʥʦʛʦ ʧʝʨʝʭʦʜʘ) ʠ (ʙ) 

ʩʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ ɚex = 350 ʥʤ 

(ʚʢʣʘʜʢʘ ʧʦʢʘʟʳʚʘʝʪ ʠʥʪʝʛʨʘʣʴʥʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʩʥʦʚʥʦʛʦ ʧʝʨʝʭʦʜʘ) ʜʣʷ 

Ca9Gd(PO4)7:Dy3+ [11]. 

 ʂʘʪʠʦʥ Dy3+ ʪʘʢʞʝ ʤʦʞʝʪ ʩʣʫʯʠʪʴ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʝʧʝʥʠ ʠʩʢʘʞʝʥʠʷ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʨʫʞʝʥʠʷ. ʊʘʢ ʬʘʢʪʦʨ ʘʩʠʤʤʝʪʨʠʠ, ʦʧʨʝʜʝʣʷʶʱʠʡʩʷ ʢʘʢ 

ʦʪʥʦʰʝʥʠʝ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʞʝʣʪʦʛʦ ʧʝʨʝʭʦʜʘ ʢ ʩʠʥʝʤʫ:  

Y/B = I(4F9/2 Ÿ 
6H13/2)/I(

4F9/2 Ÿ 
6H15/2) ʙʫʜʝʪ ʠʟʤʝʥʷʪʴʩʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʠ 

ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʛʦ ʦʢʨʫʞʝʥʠʷ, ʧʦʩʢʦʣʴʢʫ ʛʠʧʝʨʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʧʝʨʝʭʦʜ 

4F9/2 Ÿ 
6H13/2 ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʠʤʝʥʥʦ ʦʪ ʦʢʨʫʞʝʥʠʷ [109]. ɼʣʷ Ca3-x(PO4)2:xDy3+ 
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ʟʘʚʠʩʠʤʦʩʪʴ ʬʘʢʪʦʨʘ ʘʩʠʤʤʝʪʨʠʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ Dy3+ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 

2.34. ɺʠʜʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ Dy3+ ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ Y/B, ʯʪʦ, 

ʧʦ-ʚʠʜʠʤʦʤʫ, ʩʚʷʟʘʥʦ ʩ ʨʦʩʪʦʤ ʠʩʢʘʞʝʥʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʠʩʢʘʞʝʥʠʷ ʚ 

ʚʚʠʜʫ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʛʦ ʟʘʤʝʱʝʥʠʷ Ca2+ Ÿ Dy3+. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʝʭʦʜʘ ʚ 

ʞʝʣʪʦʡ ʦʙʣʘʩʪʠ ʩʫʱʝʩʪʚʝʥʥʦ ʚʳʰʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʝʨʝʭʦʜʦʤ ʚ ʩʠʥʝʡ, 

ʧʦʵʪʦʤʫ ʟʥʘʯʝʥʠʷ ʬʘʢʪʦʨʘ ʘʩʠʤʤʝʪʨʠʠ ʠʟʤʝʥʷʶʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 1.89 ʠ 2.05, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʢʘʪʠʦʥ Dy3+ ʟʘʥʠʤʘʝʪ ʧʦʟʠʮʠʠ ʙʝʟ 

ʮʝʥʪʨʘ ʠʥʚʝʨʩʠʠ [49].  

 

ʈʠʩʫʥʦʢ 2.34. ɿʘʚʠʩʠʤʦʩʪʴ Y/B ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ Dy3+ ʚ Ca3-x(PO4)2:xDy3+ ʧʨʠ 

ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ 350 ʥʤ. 

 ʉʦʝʜʠʥʝʥʠʷ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪ, ʜʦʧʠʨʦʚʘʥʥʳʝ ʢʘʪʠʦʥʦʤ Dy3+ 

ʠʤʝʶʪ ʨʝʟʫʣʴʪʠʨʫʶʱʝʝ ʠʟʣʫʯʝʥʠʝ ʚ ʙʝʣʦʡ ʦʙʣʘʩʪʠ ʮʚʝʪʦʚʳʭ ʢʦʦʨʜʠʥʘʪ, ʟʘ 

ʩʯʝʪ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʧʝʨʝʭʦʜʦʚ ʚ ʞʝʣʪʦʤ ʠ ʩʠʥʝʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ 

[110]. ʅʘ ʨʠʩʫʥʢʝ 2.35 ʧʨʠʚʦʜʠʪʩʷ ʩʨʘʚʥʝʥʠʝ ʩ ʨʘʟʣʠʯʥʳʤʠ ʢʦʤʤʝʨʯʝʩʢʠʤʠ 

ʙʝʣʳʤʠ ʩʚʝʪʦʜʠʦʜʘʤʠ. ʉʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ Dy-WLED, 

ʩʦʟʜʘʥʥʦʛʦ ʠʟ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʯʠʧʘ ʩ ʣʶʤʠʥʦʬʦʨʦʤ 

Ca8MgY0.85La0.1Dy0.05(PO4)7 (ʈʠʩʫʥʦʢ 2.35ʘ), ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʢʦʤʤʝʨʯʝʩʢʠʭ 

ʙʝʣʳʭ ʩʚʝʪʦʜʠʦʜʦʚ, ʥʘʟʚʘʥʥʳʤʠ WLED1, WLED2, WLED3 ʠ RGBLED 

(ʈʠʩʫʥʦʢ 2.35ʙ). ʊʘʢ WLED1 ï WLED3 ʠʟʣʫʯʘʶʪ ʧʦʯʪʠ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ 

ʚʠʜʠʤʦʛʦ ʩʧʝʢʪʨʘ, ʢʦʛʜʘ ʜʣʷ RGBLED ʭʘʨʘʢʪʝʨʥʳ ʪʨʠ ʠʥʪʝʥʩʠʚʥʳʝ ʧʦʣʦʩʳ ʩ 



51 

 

ʤʘʢʩʠʤʫʤʘʤʠ ʧʨʠ 458, 532 ʠ 643 ʥʤ. ʅʦ, ʠʤʝʥʥʦ ʟʥʘʯʝʥʠʝ ʮʚʝʪʦʚʳʭ CIE 

ʢʦʦʨʜʠʥʘʪ ʜʣʷ ʩʦʟʜʘʥʥʦʛʦ Dy-WLED ʧʦʧʘʜʘʪʁ ʚ ʙʝʣʫʶ ʦʙʣʘʩʪʴ, ʚ ʦʪʣʠʯʠʠ ʦʪ 

ʦʩʪʘʣʴʥʳʭ.  

 

ʈʠʩʫʥʦʢ 2.35. (ʘ) ʉʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ ʩʦʟʜʘʥʥʦʛʦ ʯʠʧʘ 

Dy-WLED ʠ (b) ʢʦʤʤʝʨʯʝʩʢʠʭ LEDs (WLED1, WLED2, WLED3, ʠ RGBLED); 

(c) CIE ʢʦʦʨʜʠʥʘʪʳ ʜʣʷ Dy-WLED, WLED1, WLED2, WLED3, RGBLED, and 

UVLED [110]. 

2.6.3.4 ʃʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʦ-ʜʦʧʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ. 

 ʉʦʚʤʝʩʪʥʦʝ ʚʚʝʜʝʥʠʝ ʚ ʩʪʨʫʢʪʫʨʫ ʚʠʪʣʦʢʠʪʘ ʢʘʪʠʦʥʦʚ-ʘʢʪʠʚʘʪʦʨʦʚ, 

ʦʙʣʘʜʘʶʱʠʭ ʣʶʤʠʥʝʩʮʝʥʮʠʝʡ ʚ ʨʘʟʥʳʭ ʦʙʣʘʩʪʷʭ ʚʠʜʠʤʦʛʦ ʩʧʝʢʪʨʘ, 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʣʫʯʝʥʠʶ ʥʦʚʳʭ ʣʶʤʠʥʦʬʦʨʦʚ [89].  

 ɺ ʩʠʩʪʝʤʝ Ca8MgLu(PO4)7:Tb3+/Eu3+ [111] ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ 378 ʥʤ 

ʩʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʩʦʜʝʨʞʠʪ ʧʝʨʝʭʦʜʳ, ʦʪʚʝʯʘʶʱʠʝ ʢʘʢ 

ʢʘʪʠʦʥʫ Tb3+, ʪʘʢ ʠ Eu3+. ɼʣʷ ʦʙʨʘʟʮʘ, ʥʝ ʩʦʜʝʨʞʘʱʝʛʦ Eu3+, ʥʘ ʩʧʝʢʪʨʝ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʈʠʩʫʥʦʢ 2.36ʘ) ʧʨʠʩʫʪʩʪʚʫʶʪ ʪʦʣʴʢʦ ʭʘʨʘʢʪʝʨʥʳʝ 

ʧʝʨʝʭʦʜʳ ʜʣʷ Tb3+. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ Eu3+ (y = 0.1), ʧʦʤʠʤʦ ʣʠʥʠʡ, 

ʦʪʚʝʯʘʶʱʠʭ ʢʘʪʠʦʥʫ Tb3+, ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʧʝʨʝʭʦʜʳ ʠ ʜʣʷ ʢʘʪʠʦʥʘ Eu3+. ʇʨʠ 

ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ Eu3+ ʚ ʤʘʪʨʠʮʝ Ca8MgLu(PO4)7, 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʝʭʦʜʦʚ ʦʪ ʢʘʪʠʦʥʘ Tb3+ ʥʘʯʠʥʘʝʪ ʫʤʝʥʴʰʘʪʴʩʷ, ʚ ʪʦ ʚʨʝʤʷ 

ʢʘʢ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʝʭʦʜʦʚ ʦʪ ʢʘʪʠʦʥʘ Eu3+ ʧʦʩʪʝʧʝʥʥʦ ʧʨʦʜʦʣʞʘʝʪ ʨʘʩʪʠ, 

ʯʪʦ ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʦʪ Tb3+ ʢ Eu3+. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ 

ʩʠʩʪʝʤʝ Ca8MgLu(PO4)7:Tb3+/Eu3+, ʩ ʚʘʨʴʠʨʦʚʘʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʘʪʠʦʥʦʚ-

ʘʢʪʠʚʘʪʦʨʦʚ, ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʨʝʟʫʣʴʪʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ, 
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ʯʪʦ ʚʝʜʝʪ ʢ ʩʤʝʱʝʥʠʶ CIE ʢʦʦʨʜʠʥʘʪ ʠʟ ʟʝʣʝʥʦʡ ʦʙʣʘʩʪʠ (0.331, 0.592) ʚ 

ʢʨʘʩʥʫʶ (0.644, 0.352) (ʈʠʩʫʥʦʢ 2.36ʙ).  

 

ʈʠʩʫʥʦʢ 2.36. (ʘ) ʉʧʝʢʪʨ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ɚex = 365 ʥʤ) ʩ ʬʦʪʦʛʨʘʬʠʷʤʠ 

ʚʝʱʝʩʪʚ ʠ (ʙ) ʮʚʝʪʦʚʳʝ ʢʦʦʨʜʠʥʘʪʳ ʜʣʷ Ca8MgTb1-y(PO4)7:yEu3+. 

2.6.4 ʄʸʩʩʙʘʫʵʨʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʥʘ 151Eu ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʳʤ ʤʝʪʦʜʦʤ, ʧʦʜʪʚʝʨʞʜʘʶʱʠʤ ʩʪʨʦʝʥʠʝ ʬʦʩʬʘʪʦʚ ʚ 

ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪʘ ʷʚʣʷʝʪʩʷ ʤy ʩʩʙʘʫʵʨʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʥʘ 

ʷʜʨʘʭ 151Eu [87]. ʇʦʣʫʯʝʥʥʳʝ ʩʧʝʢʪʨʳ ʜʣʷ ʩʝʨʠʠ Ca9.5-1.5xMgEux(PO4)7 (ʈʠʩʫʥʦʢ 

2.37 ʠ ʊʘʙʣʠʮʘ 2.5) ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʪʨʝʤʷ ʢʦʤʧʦʥʝʥʪʘʤʠ ʩ ʦʜʠʥʘʢʦʚʦʡ 

ʰʠʨʠʥʦʡ (ʩʠʤʤʝʪʨʠʯʥʳʝ ʩʠʥʛʣʝʪʳ) ʠ ʥʝʙʦʣʴʰʠʤ ʫʰʠʨʝʥʠʝʤ ʦʪ 1.60 ʜʦ 2.01. 

ʅʘʠʙʦʣʴʰʠʡ ʉʠʥʛʣʝʪ1 (~51%) ʜʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʩ ŭ ʦʪ ï1.09 ʜʦ ï1.14 ʤʤ/ʩ 

ʩʦʦʪʥʦʩʠʪʩʷ ʩ Eu3+ ʟʘʥʠʤʘʶʱʠʤ ʧʦʟʠʮʠʶ ʄ1. ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʉʠʥʛʣʝʪ2 

(~36%) ʠ ʤʘʣʝʥʴʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʉʠʥʛʣʝʪ3 (~13%) ʤʦʛʫʪ ʙʳʪʴ ʩʦʦʪʥʝʩʝʥʳ 

ʩ Eu3+ ʚ ʧʦʟʠʮʠʷʭ ʄ2 ʠ ʄ3. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʩʠʥʛʣʝʪʦʚ ʭʦʨʦʰʦ ʩʦʦʪʥʦʩʠʪʩʷ ʩ 

ʨʝʥʪʛʝʥʦʛʨʘʬʠʯʝʩʢʠʤʠ ʜʘʥʥʳʤʠ ʠ ʨʘʩʩʯʠʪʘʥʥʳʤʠ ʟʘʩʝʣʝʥʥʦʩʪʷʤʠ ʧʦʟʠʮʠʡ ʚ 

ʩʝʨʠʠ Ca9.5-1.5xMgEux(PO4)7. ʊʘʢ, ʟʘʩʝʣʝʥʥʦʩʪʴ ʧʦʟʠʮʠʡ ʄ1:ʄ2:ʄ3 ʩʦʩʪʘʚʣʷʝʪ 

48%:35%:18% ʜʣʷ ʭ = 0.12 ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʝʥʪʛʝʥʦʛʨʘʬʠʯʝʩʢʠʤʠ ʜʘʥʥʳʤʠ ʠ 

52%:37%:11% ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤy ʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ. ɿʥʘʯʝʥʠʷ 

ʷʚʣʷʶʪʩʷ ʩʭʦʞʠʤʠ, ʫʯʠʪʳʚʘʷ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʫʶ ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ [87]. 
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ʈʠʩʫʥʦʢ 2.37. ʄʸʩʩʙʘʫʵʨʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʜʣʷ Ca9.5-1.5xMgEux(PO4)7. 

ʊʘʙʣʠʮʘ 2.5. ʇʘʨʘʤʝʪʨʳ 151Eu ʤy ʩʩʙʘʫʵʨʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ ʜʣʷ  

Ca9.5-1.5xMgEux(PO4)7. 

x ʂʦʤʧʦʥʝʥʪʳ ŭÑ0.02, ʤʤ/ʩ AÑ1, % GÑ0.02, ʤʤ/ʩ 
Eu3+ 

ʧʦʟʠʮʠʠ 
ɢ2 

0.12 

Singlet 1 -1.09 52 1.60 M1 

1.089 Singlet 2 -0.07 37 1.60 M2 

Singlet 3 0.74 11 1.60 M3 

0.22 

Singlet 1 -1.09 51 1.72 M1 

1.029 Singlet 2 -0.08 36 1.72 M2 

Singlet 3 0.68 13 1.72 M3 

0.29 

Singlet 1 -1.12 50 1.75 M1 

1.185 Singlet 2 -0.09 36 1.75 M2 

Singlet 3 0.68 14 1.75 M3 

0.53 

Singlet 1 -1.11 52 1.78 M1 

1.055 Singlet 2 -0.05 35 1.78 M2 

Singlet 3 0.66 13 1.78 M3 

0.67 

Singlet 1 -1.14 49 1.81 M1 

1.083 Singlet 2 -0.11 35 1.81 M2 

Singlet 3 0.69 16 1.81 M3 

0.72 

Singlet 1 -1.14 50 2.01 M1 

1.101 Singlet 2 -0.07 36 2.01 M2 

Singlet 3 0.75 15 2.01 M3 
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2.7 ɺʳʚʦʜ rʠʟ ʦʙʟʦʨʘ ʣʠʪʝʨʘʪʫʨʳ ʠ ʢʦʥʢʨʝʪʠʟʘʮʠʷ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ʀʟ ʦʙʟʦʨʘ ʣʠʪʝʨʘʪʫʨʳ, ʧʦʩʚʷʱʝʥʥʦʛʦ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ 

ɓ-Ca3(PO4)2 ʠ ʩʚʦʡʩʪʚʘʤ ʩʦʝʜʠʥʝʥʠʷʤ ʥʘ ʝʛʦ ʦʩʥʦʚʝ, ʩʣʝʜʫʝʪ, ʯʪʦ ʥʘ ʜʘʥʥʳʡ 

ʤʦʤʝʥʪ ʩʠʥʪʝʟʠʨʦʚʘʥʦ ʠ ʠʟʫʯʝʥʦ ʤʥʦʞʝʩʪʚʦ ʩʦʝʜʠʥʝʥʠʡ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ. 

ʄʦʜʠʬʠʢʘʮʠʷ ʢʘʪʠʦʥʥʦʛʦ ʩʦʩʪʘʚʘ ʚʝʜʝʪ ʢ ʧʦʣʫʯʝʥʠʶ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ, ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʤʠ ʠ 

ʣʶʤʠʥʝʩʮʝʥʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ɺ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʧʫʙʣʠʢʫʝʪʩʷ ʙʦʣʴʰʦʝ 

ʯʠʩʣʦ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʷʤ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ 

ʢʘʯʝʩʪʚʝ ʢʨʘʩʥʦʛʦ ʣʶʤʠʥʦʬʦʨʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʩʝʤʝʡʩʪʚʝ  

ɓ-Ca3(PO4)2, ʜʦʧʠʨʦʚʘʥʥʳʤ Eu3+. ʆʜʥʘʢʦ, ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʨʘʙʦʪ ʧʦʩʚʷʱʝʥʘ 

ʠʟʫʯʝʥʠʶ ʚʣʠʷʥʠʷ ʢʘʪʠʦʥʦʚ ʩʦ-ʜʦʧʘʥʪʦʚ (Sr, Pb, Cd, Cu), ʧʦʵʪʦʤʫ ʠʥʪʝʨʝʩʥʳʤ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʠʟʫʯʠʪʴ ʩʦʚʤʝʩʪʥʦʝ ʚʣʠʷʥʠʝ ʢʘʪʠʦʥʦʚ ʈɿʕ, ʘ ʠʤʝʥʥʦ 

ʠʟʦʚʘʣʝʥʪʥʦʝ ʟʘʤʝʱʝʥʠʝ R3+ Ÿ Eu3+, ʥʘ ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ, ʥʝʣʠʥʝʡʥʦ-

ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʊʘʢʞʝ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʠʟʦʚʘʣʝʥʪʥʦʝ ʟʘʤʝʱʝʥʠʝ ʢʘʪʠʦʥʘ 

Ca2+ ʥʘ ʜʚʫʭʚʘʣʝʥʪʥʳʡ ʢʘʪʠʦʥ ʤʝʥʴʰʝʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ (Mg2+, Zn2+, Cd2+) 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʩʠʤʤʝʪʨʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ 

ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ɓ-Ca3(PO4)2. ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ 

ʦʰʠʙʦʯʥʦ ʦʧʨʝʜʝʣʷʝʪ ʧʨ. ʛʨ. ʜʣʷ ʨʷʜʘ ʬʦʩʬʘʪʦʚ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʩʢʘʟʳʚʘʪʴʩʷ 

ʥʘ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʩʚʦʡʩʪʚ ʧʦʜʦʙʥʳʭ ʬʘʟ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ 

ʬʨʘʛʤʝʥʪʘʨʥʦ ʠʟʫʯʝʥʥʳʤ ʩʦ-ʜʦʧʠʨʦʚʘʥʠʝʤ ʢʘʪʠʦʥʦʚ-ʘʢʪʠʚʘʪʦʨʦʚ ʈɿʕ, ʘ 

ʪʘʢʞʝ ʢʘʪʠʦʥʦʚ ʩʦ-ʜʦʧʘʥʪʦʚ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ɓ-Ca3(PO4)2. ʊʘʢʞʝ 

ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʪʦ, ʯʪʦ ʥʝ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʦʩʚʷʱʝʥʥʳʭ ʠʟʦʚʘʣʝʥʪʥʳʤ 

ʟʘʤʝʱʝʥʠʷʤ ʚ ʢʘʪʠʦʥʥʦʡ ʯʘʩʪʠ, ʧʨʠ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ R3c Ÿ Rσc, 

ʠ ʧʨʝʜʧʦʣʦʞʝʥʠʡ ʦʙʣʘʩʪʝʡ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʪʘʢʠʭ ʩʠʩʪʝʤ. ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʨʘʙʦʪ 

ʙʳʣʘ ʧʦʩʚʷʱʝʥʘ ʠʤʝʥʥʦ ʩʦʝʜʠʥʝʥʠʷʤ ʥʘ ʦʩʥʦʚʘʥʠʠ ʪʨʠʢʘʣʴʮʠʡʬʦʩʬʘʪʘ, 

ʧʦʣʫʯʘʝʤʳʭ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ, ʥʦ ʠʥʪʝʨʝʩʥʳʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʠʟʫʯʠʪʴ 

ʠʟʦʩʪʨʫʢʪʫʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʚ ʩʝʤʝʡʩʪʚʝ ʚʠʪʣʦʢʠʪ, ʥʘ ʦʩʥʦʚʝ ʩʪʨʦʥʮʠʷ, ʘ 

ʪʘʢʞʝ ʧʨʦʩʣʝʜʠʪʴ ʚʣʠʷʥʠʝ ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ ʥʘ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ, 

ʧʦʜʦʙʥʳʭ ʨʘʙʦʪ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʝʱʸ ʥʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ.   



55 

 

3 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ 

3.1 ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

3.1.1 ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ. 

 ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʩʷ ʧʦ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʤ, ʧʦʣʫʯʝʥʥʳʤ 

ʥʘ ʧʦʨʦʰʢʦʚʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ Thermo ARL XôTRA (CuKŬ, ɚ = 1.5418 ¡, 

ʛʝʦʤʝʪʨʠʷ ɹʨʝʛʛʘ-ɹʨʝʥʪʘʥʦ, ʜʝʪʝʢʪʦʨ Peltier-cooled CCD) ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʠʥʪʝʨʚʘʣʝ 5ī65Á ʩ ʰʘʛʦʤ 0.02Á. ʌʘʟʦʚʳʡ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʟʳ ʜʘʥʥʳʭ PDF2. ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ ʫʪʦʯʥʷʣʠ 

ʤʝʪʦʜʦʤ ʃʝ-ɹʵʣʷ (Le-Bail) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ Jana2006. 

3.1.2 ɻʝʥʝʨʘʮʠʷ ʚʪʦʨʦʡ ʦʧʪʠʯʝʩʢʦʡ ʛʘʨʤʦʥʠʢʠ. 

ʀʟʤʝʨʝʥʠʷ ʚʳʧʦʣʥʷʣʠʩʴ ʥʘ ʫʩʪʘʥʦʚʢʝ, ʚ ʢʦʪʦʨʦʡ ʠʩʪʦʯʥʠʢʦʤ ʠʟʣʫʯʝʥʠʷ 

ʷʚʣʷʝʪʩʷ YAG:Nd-ʣʘʟʝʨ Minilite-I (ɚ = 1064 ʥʤ, ʯʘʩʪʦʪʘ ʧʦʚʪʦʨʝʥʠʷ 4 ʠʤʧʫʣʴʩʘ 

ʚ ʩʝʢʫʥʜʫ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ 12 ʥʩ, ʩʲʝʤʢʘ ʥʘ ʦʪʨʘʞʝʥʠʝ). ʇʠʢʦʚʘʷ 

ʤʦʱʥʦʩʪʴ ʧʘʜʘʶʱʝʛʦ ʧʫʯʢʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʘ ʩʦʩʪʘʚʣʷʣʘ ʦʢʦʣʦ 0.1 ʄɺʪ 

ʩ ʧʷʪʥʦʤ ʨʘʜʠʫʩʘ 1.5 ʤʤ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʧʦ ʩʭʝʤʝ ʥʘ ʦʪʨʘʞʝʥʠʝ. 

3.1.3 ʉʧʝʢʪʨʘʣʴʥʦ-ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʡ ʘʥʘʣʠʟ. 

ʉʧʝʢʪʨʳ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʘ ʪʘʢʞʝ ʢʨʠʚʳʝ 

ʟʘʪʫʭʘʥʠʷ ʙʳʣʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʧʨʠ ʧʦʤʦʱʠ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ 

ʩʧʝʢʪʨʦʤʝʪʨʘ Agilent Cary Eclipse ʩ 75 ʢɺ Xe ʣʘʤʧʦʡ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ 

ʚʦʟʙʫʞʜʝʥʠʷ (ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʧʫʣʴʩʘ Ű = 2 Õc, ʯʘʩʪʦʪʘ ʧʫʣʴʩʘ ɜ = 80 ɻʮ; 

PMT Hamamatsu R298). ʉʧʝʢʪʨʳ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ 

ʠʟʤʝʨʷʣʠ ʚ ʦʜʠʥʘʢʦʚʳʭ ʫʩʣʦʚʠʷʭ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ.  

ɿʥʘʯʝʥʠʷ ʢʚʘʥʪʦʚʦʛʦ ʚʳʭʦʜʘ, ʢʦʪʦʨʳʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʯʠʩʣʘ 

ʠʩʧʫʱʝʥʥʳʭ ʢʚʘʥʪʦʚ ʢ ʯʠʩʣʫ ʧʦʛʣʦʱʝʥʥʳʭ, ʠʟʤʝʨʷʣʠʩʴ ʥʘ 

ʩʧʝʢʪʨʦʬʣʫʦʨʠʤʝʪʨʝ Edinburgh Instruments FS5, ʦʩʥʘʱʝʥʥʦʤ ʤʦʜʫʣʝʤ 

ʠʥʪʝʛʨʠʨʫʶʱʝʡ ʩʬʝʨʦʡ SC-30 ʠ ʬʦʪʦʫʤʥʦʞʠʪʝʣʝʤ Hamamatsu R928. ɺʩʝ 
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ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʧʦʧʨʘʚʢʦʡ ʥʘ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʧʨʠʙʦʨʘ.  

3.1.4 ʉʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʩ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʝʡ (ʉʕʄ) 

ʧʨʦʚʝʜʝʥʳ ʧʨʠ ʧʦʤʦʱʠ ʤʠʢʨʦʩʢʦʧʘ Tescan VEGA3 ʩ LaB6 ʢʘʪʦʜʦʤ. 

ʌʦʪʦʛʨʘʬʠʠ ʉʕʄ ʧʦʣʫʯʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʝʪʝʢʪʦʨʘ ʚʪʦʨʠʯʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ. ʂʦʣʠʯʝʩʪʚʝʥʥʳʡ ʵʣʝʤʝʥʪʥʳʡ ʘʥʘʣʠʟ ʧʨʦʚʝʜʝʥ ʥʘ ʪʦʤ ʞʝ 

ʤʠʢʨʦʩʢʦʧʝ ʧʨʠ ʧʦʤʦʱʠ ʧʨʠʩʪʘʚʢʠ ʵʥʝʨʛʦʜʠʩʧʝʨʩʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ. 

3.1.5 ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʘ ̫ʩʢʘʥʠʨʫʶʱʘʷ ʢʘʣʦʨʠʤʝʪʨʠʷ 

ʀʟʤʝʨʝʥʠʷ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʩʢʘʥʠʨʫʶʱʝʡ ʢʘʣʦʨʠʤʝʪʨʠtq (ɼʉʂ) 

ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʚʦʟʜʫʭʝ ʥʘ ʪʝʧʣʦʚʦʤ ʘʥʘʣʠʟʘʪʦʨʝ SDT Q600 V8.1 Build 99 ʩ 

ʪʝʨʤʦʧʘʨʦʡ Pt-Pt/Rh ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 303 ʜʦ 1473 K ʧʨʠ ʩʢʦʨʦʩʪʠ 5 

K/ʤʠʥ ʚ ʮʠʢʣʝ ʥʘʛʨʝʚ/ʦʭʣʘʞʜʝʥʠʝ. 

3.1.6 ʄʸʩʩʙʘʫʨɻʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ.  

ʄʸʩʩʙʘʫʨɻʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʥʘ 151Eu ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ 

MS1104Em. ɻʝʦʤʝʪʨʠʷ ʜʚʠʞʫʱʝʡʩʷ ʚʳʙʦʨʢʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ. ɺ ʢʘʯʝʩʪʚʝ 

ʠʩʪʦʯʥʠʢʘ ɔ ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠʟʦʪʦʧ 151Sm. ɺʩʝ ʠʟʦʤʝʨʥʳʝ ʩʜʚʠʛʠ (ŭ) 

ʧʨʦʚʦʜʷʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ Eu2O3. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʦʙʨʘʙʘʪʳʚʘʣʠʩʴ 

ʩʠʤʤʝʪʨʠʯʥʳʤʠ ʩʠʥʛʣʝʪʘʤʠ ʩ ʦʜʠʥʘʢʦʚʦʡ ʰʠʨʠʥʦʡ ʥʘ ʧʦʣʫʚʳʩʦʪʝ (G) 

ʠʩʧʦʣʴʟʫʷ ʣʠʥʠʠ ʃʦʨʝʥʮʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ 

UnivemMS. 

3.1.7 ʃʘʟʝʨʥʘʷ ʜʠʬʨʘʢʮʠʷ. 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ ʦʧʨʝʜʝʣʷʣʠ, ʠʩʧʦʣʴʟʫʷ CILAS 1180 Laser 

Diffraction Particle Size Analyser (CILAS, Orleans, France) ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 0.04 ʜʦ 2500 
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ʤʤ. ɼʣʷ ʠʟʤʝʨʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠ ʠʟʦʧʨʦʧʠʣʦʚʦ-ʚʦʜʥʫʶ ʩʫʩʧʝʥʟʠʶ. ɺʩʝ ʠʟʤʝʨʝʥʠʷ 

ʧʨʦʚʦʜʠʣʠ ʧʦ ʰʝʩʪʴ ʨʘʟ. 

3.2 ʌʦʩʬʘʪʳ Sr8MSm1ïxEux(PO4)7 (M = Mg2+, Zn2+). 

3.2.1 ʉʠʥʪʝʟ Sr8MSm1ïxEux(PO4)7 (M = Mg2+, Zn2+). 

ʉʝʨʠʷ Sr8MgSm1ïx(PO4)7:xEu3+ (SMSm1ïxEux) ʠ Sr8ZnSm1ïx(PO4)7:xEu3+ 

(SZSm1ïxEux) 0 Ò x Ò 1 ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʪʨʝʤʷ ʤʝʪʦʜʘʤʠ ʩʠʥʪʝʟʘ: 

ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʡ (ht), ʟʦʣʴ-ʛʝʣʴ (sg) ʠ ʪʚʝʨʜʦʬʘʟʥʳʡ (ss). ʀʩʭʦʜʥʳʝ ʨʝʘʛʝʥʪʳ 

(NH4H2PO4 (99.9%), SrCO3 (99.9%), MgO (99.99%), ZnO (99.99%), Sm2O3 

(99.99%) ʠ Eu2O3 (99.9%)) ʙʳʣʠ ʧʨʦʚʝʨʝʥʳ ʤʝʪʦʜʦʤ ʈʌɸ ʠ ʥʝ ʩʦʜʝʨʞʘʣʠ 

ʧʨʠʤʝʩʥʳʭ ʬʘʟ.  

ɼʣʷ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʤʝʪʦʜʘ ʚʩʝ ʠʩʭʦʜʥʳʝ ʨʝʘʛʝʥʪʳ ʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ 

ʢʦʣʠʯʝʩʪʚʝ ʧʝʨʝʪʠʨʘʣʠ ʚ ʩʪʫʧʢʝ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʥʝʩʢʦʣʴʢʠʭ ʤʣ ʘʙʩʦʣʶʪʥʦʛʦ 

ʵʪʘʥʦʣʘ. ʉʤʝʩʴ ʧʦʤʝʱʘʣʠ ʚ ʢʦʨʫʥʜʦʚʳʡ ʪʠʛʝʣʴ. ʆʪʞʠʛ ʧʨʦʠʟʚʦʜʠʣʩʷ ʥʘ 

ʚʦʟʜʫʭʝ ʧʦʩʨʝʜʩʪʚʦʤ ʩʪʫʧʝʥʯʘʪʦʛʦ ʥʘʛʨʝʚʘʥʠʷ ʜʦ 1173 K ʩ ʚʳʜʝʨʞʠʚʘʥʠʝʤ 

ʧʨʠ ʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 50 ʯ. ʅʠʞʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʭʝʤʘ ʨʝʘʢʮʠʠ ʜʣʷ ʢʦʥʝʯʥʳʭ 

ʩʦʩʪʘʚʦʚ:  

16SrCO3 + 14NH4H2PO4 + 2MgO + Eu2O3 Ÿ 2Sr8MgEu(PO4)7 + 16CO2ŷ + 

14NH3ŷ + 21H2Oŷ 

16SrCO3 + 14NH4H2PO4 + 2ZnO + Eu2O3 Ÿ 2Sr8ZnEu(PO4)7 + 16CO2ŷ + 14NH3ŷ 

+ 21H2Oŷ 

ɼʣ ̫ʩʦ-ʜʦʧʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ: 

16SrCO3 + 14NH4H2PO4 + 2MgO + (1-x)Sm2O3 + xEu2O3 Ÿ  

2Sr8MgSm1ïx(PO4)7:xEu3+ + 16CO2ŷ + 14NH3ŷ + 21H2O 

16SrCO3 + 14NH4H2PO4 + 2ZnO + (1-x)Sm2O3 + xEu2O3 Ÿ  

2Sr8ZnSm1ïx(PO4)7:xEu3+ + 16CO2ŷ + 14NH3ŷ + 21H2O 

ʇʨʠ ʩʠʥʪʝʟʝ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ ʚʩʝ ʠʩʭʦʜʥʳʝ ʨʝʘʛʝʥʪʳ ʙʳʣʠ ʪʘʢʠʤʠ ʞʝ. 

ʇʨʝʢʫʨʩʦʨʳ ʨʘʩʪʚʦʨʷʣʠ ʚ HNO3(ʢʦʥʮ.) ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʘʩʪʚʦʨʦʚ 

Sr(NO3)2 yH2O, Mg(NO3)2, Zn(NO3)2, Sm(NO3)3, Eu(NO3)3. ʂ ʨʘʩʪʚʦʨʘʤ 
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ʥʠʪʨʘʪʦʚ ʩʪʨʦʥʮʠʷ, ʮʠʥʢʘ ʠ ʤʘʛʥʠʷ ʜʦʙʘʚʣʷʣʠ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʫʶ ʚʦʜʫ 

ʦʙʲʝʤʦʤ 50 ʤʣ ʠ ʨʘʩʪʚʦʨʳ ʥʠʪʨʘʪʦʚ ʈɿʕ; ʪʘʢʦʡ ʞʝ ʦʙʲʝʤ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ 

ʚʦʜʳ ʠʩʧʦʣʴʟʦʚʘʣʩʷ, ʯʪʦʙʳ ʨʘʩʪʚʦʨʠʪʴ NH4H2PO4. ʇʦʣʫʯʝʥʥʳʡ ʨʘʩʪʚʦʨ 

ʜʠʛʠʜʨʦʬʦʩʬʘʪʘ ʘʤʤʦʥʠʷ ʧʦ ʢʘʧʣʷʤ ʜʦʙʘʚʣʷʣʠ ʢ ʩʤʝʩʠ ʥʠʪʨʘʪʦʚ. ʇʦʣʫʯʝʥʥʳʡ 

ʨʘʩʪʚʦʨ ʧʝʨʝʤʝʰʠʚʘʣʩʷ ʥʘ ʤʘʛʥʠʪʥʦʡ ʤʝʰʘʣʢʝ ʚ ʪʝʯʝʥʠʝ 3 ʯ ʩ ʜʦʙʘʚʣʝʥʠʝʤ 

ʣʠʤʦʥʥʦʡ ʢʠʩʣʦʪʳ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʦʟʨʘʯʥʦʛʦ ʨʘʩʪʚʦʨʘ. ʈʘʩʪʚʦʨ NH3 aq 

ʜʦʙʘʚʣʷʣʠ ʜʦ ʜʦʩʪʠʞʝʥʠʷ ʟʥʘʯʝʥʠʷ pH = 11.0. ʇʦʣʫʯʝʥʥʳʡ ʟʦʣʴ ʥʘʛʨʝʚʘʣʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 353 K ʚ ʪʝʯʝʥʠʝ 24 ʯ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʧʦʤʝʰʠʚʘʥʠʠ ʜʣʷ 

ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʣʦʚʠʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʝʣʷ. ʇʦʣʫʯʝʥʥʳʡ ʛʝʣʴ ʚʳʩʫʰʠʚʘʣʠ ʧʨʠ 

573 K ʚ ʪʝʯʝʥʠʝ 12 ʯ. ʅʠʞʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʭʝʤʳ ʨʝʘʢʮʠʡ: 

8Sr(NO3)2 yH2O + Mg(NO3)2 + (1-x)Eu(NO3)3 + xSm(NO3)3 + 7NH4H2PO4 + 

14NH3 aq Ÿ Sr8MgEu1-xSmx(PO4)7 + 21NH4NO3 + 8yH2O 

8Sr(NO3)2 yH2O + Zn(NO3)2 + (1-x)Eu(NO3)3 + xSm(NO3)3 + 7NH4H2PO4 + 

14NH3 aq Ÿ Sr8ZnEu1-xSmx(PO4)7 + 21NH4NO3 + 8yH2O 

ʇʨʦʜʫʢʪʳ ʨʝʘʢʮʠʠ ʚʳʜʝʨʞʠʚʘʣʠ ʧʨʠ 1173 K ʚ ʪʝʯʝʥʠʝ 8 ʯ ʥʘ ʚʦʟʜʫʭʝ ʜʣʷ 

ʫʜʘʣʝʥʠʷ NH4NO3, ʧʦ ʨʝʘʢʮʠʠ ʥʠʞʝ: 

2NH4NO3 Ÿ 2N2+ O2 +4H2O 

ʇʦʩʣʝ ʦʪʞʠʛʘ ʦʙʨʘʟʮʳ ʦʭʣʘʞʜʘʣʠ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʩʠʥʪʝʟʘ ʧʦʣʫʯʝʥʳ ʧʦʨʦʰʢʠ ʙʝʣʦʛʦ ʮʚʝʪʘ.  

ɻʠʜʨʦʪʝʨʤʘʣʴʥʳʡ ʤʝʪʦʜ ʧʨʦʚʦʜʠʣʩʷ ʚ ʥʝʨʞʘʚʝʶʱʠʭ ʩʪʘʣʴʥʳʭ 

ʘʚʪʦʢʣʘʚʘʭ ʦʙʲʝʤʦʤ 25 ʤʣ ʩ ʪʝʬʣʦʥʦʚʳʤʠ ʚʢʣʘʜʳʰʘʤʠ. ʈʝʘʛʝʥʪʳ 

ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʯʠʩʪʦʪʳ SrCO3, 3MgCO3ĿMg(OH)2Ŀ3H2O, Eu2O3, NH4H2PO4 ʚ 

ʤʦʣʷʨʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ 8 : ı : İ : 7 ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ 

ʚʝʱʝʩʪʚ. ɺʝʩ ʰʠʭʪʳ ʩʦʩʪʘʚʠʣ ʦʢʦʣʦ 3 ʛ. ʇʦʣʫʯʝʥʥʫʶ ʩʤʝʩʴ ʜʦʙʘʚʣʷʣʠ ʚ 

ʘʚʪʦʢʣʘʚ ʩ 10 ʤʣ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ 0.15 ʤʣ H3PO4 (85%) 

ʜʦʙʘʚʣʷʣʠ ʚ ʨʝʘʢʮʠʦʥʥʫʶ ʩʤʝʩʴ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʟʥʘʯʝʥʠʡ pH ʨʘʚʥʳʤ 5. 

ɸʚʪʦʢʣʘʚ ʚʳʜʝʨʞʠʚʘʣʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 463 K ʚ ʪʝʯʝʥʠʝ 4 ʜʥʝʡ ʠ ʦʭʣʘʞʜʘʣʩʷ 
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ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʚʦʟʜʫʭʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʝʘʢʮʠʠ ʧʦʣʫʯʝʥ ʙʝʣʳʡ 

ʧʦʨʦʰʦʢ ʧʦʜ ʩʣʦʝʤ ʞʠʜʢʦʩʪʠ. ʇʦʨʦʰʦʢ ʦʪʬʠʣʴʪʨʦʚʘʣʠ ʥʘ ʚʘʢʫʫʤʥʦʤ 

ʬʠʣʴʪʨʝ, ʧʨʦʤʳʚʘʣʠ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ ʠ, ʟʘʪʝʤ, ʘʙʩʦʣʶʪʥʳʤ 

ʵʪʘʥʦʣʦʤ.  

3.2.2 ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʜʣʷ Sr8MgEu(PO4)7, ʧʦʣʫʯʝʥʥʳʤ ʨʘʟʥʳʤʠ ʤʝʪʦʜʘʤʠ, 

ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.1. ʆʙʨʘʟʮʳ ʦʙʦʟʥʘʯʘʣʠ ʢʘʢ SMEu-ht, SMEu-sg, SMEu-

ss ʧʦʣʫʯʝʥʥʳʝ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤʠ, ʟʦʣʴ-ʛʝʣʴ ʠ ʪʚʝʨʜʦʬʘʟʥʳʤʠ ʤʝʪʦʜʘʤʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʩʨʘʚʥʠʚʘʣʠ ʩ ʨʘʥʝʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʤ 

Sr9Fe1.5(PO4)7 (PDF#2 51-427) [91]. ɺʩʝ ʦʙʨʘʟʮʳ ʙʳʣʠ ʦʜʥʦʬʘʟʥʳʤʠ ʠ 

ʠʟʦʩʪʨʫʢʪʫʨʥʳʤʠ Sr9Fe1.5(PO4)7 (ʩʪʨʫʢʪʫʨʥʳʡ ʪʠʧ ɓ-Ca3(PO4)2). ɿʥʘʯʝʥʠʷ 

FWHM ʛʣʘʚʥʦʛʦ ʨʝʬʣʝʢʩʘ (0 2 10) ʜʣʷ SMEu-ht ʠ SMEu-sg ʙʦʣʝʝ ʫʰʠʨʝʥʥʳ, 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ SMEu-ss (ʈʠʩʫʥʦʢ 3.1, ʚʩʪʘʚʢʘ). ɺʦʟʤʦʞʥʦ, ʵʪʦ ʩʚʷʟʘʥʦ ʩ 

ʤʝʥʴʰʠʤ ʨʘʟʤʝʨʦʤ ʩʘʤʠʭ ʯʘʩʪʠʮ ʠ ʥʝʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ ʧʦ 

ʨʘʟʤʝʨʘʤ ʜʣʷ SMEu-ht ʠ SMEu-sg ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʦʙʨʘʟʮʦʤ ʧʦʣʫʯʝʥʥʳʤ 

ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ. ɿʘʤʝʱʝʥʠʝ Sr2+ Ÿ M2+ (M = Mg2+, Zn2+) ʚ SMEu ʠ 

SZEu, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ ʪʘʢʞʝ Eu3+ Ÿ Sm3+ ʚ SMSm1ïxEux ʠ  

SZSm1ïxEux ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʜʠʬʨʘʢʪʦʛʨʘʤʤ (ʈʠʩʫʥʦʢ 3.2). ɼʣʷ Zn-

ʩʦʜʝʨʞʘʱʠʭ ʬʦʩʬʘʪʦʚ ʟʥʘʯʝʥʠʝ FWHM ʤʝʥʴʰʝʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Mg-

ʜʦʧʠʨʦʚʘʥʥʳʤʠ ʬʦʩʬʘʪʘʤʠ. (ʈʠʩʫʥʦʢ 3.2 ʚʩʪʘʚʢʘ). ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ 

ʣʫʯʰʝʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ Zn-ʜʦʧʠʨʦʚʘʥʥʳʭ ʬʦʩʬʘʪʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʙʳʣʠ 

ʧʦʣʫʯʝʥ rʥʝʧʨʝʨʳʚʥʳʝ ʩʝʨʠʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ SZSm1ïxEux ʠ SMSm1ïxEux.  
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ʈʠʩʫʥʦʢ 3.1. ɼʠʬʨʘʢʪʦʛʨʘʤʤ r ʜʣʷ Sr8MgEu(PO4)7 ʧʦʣʫʯʝʥʥʦʛʦ 

ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ (1), ʟʦʣʴ-ʛʝʣʴ (2) ʠ ʪʚʝʨʜʦʬʘʟʥʳʤ (3) ʤʝʪʦʜʘʤʠ ʠ 

ɹʨʝʛʛʦʚʩʢʠʝ ʨʝʬʣʝʢʩʳ Sr9Fe1.5(PO4)7 (PDF#2 51-427); ɺʩʪʘʚʢʘ ʧʦʢʘʟʳʚʘʝʪ 

ʫʰʠʨʝʥʠʝ ʨʝʬʣʝʢʩʘ (0 2 10) ʜʣʷ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʛʦ (1), ʟʦʣʴ-ʛʝʣʴ (2) ʠ 

ʪʚʝʨʜʦʬʘʟʥʦʛʦ (3) ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ. 

 

ʈʠʩʫʥʦʢ 3.2. ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʜʣʷ Sr8MgEu(PO4)7 (1) ʠ Sr8ZnEu(PO4)7 (2) 

ʧʦʣʫʯʝʥʥʳʤʠ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʠ ɹʨʝʛʛʦʚʩʢʠʝ ʦʪʨʘʞʝʥʠʷ ʜʣʷ 

Sr9Fe1.5(PO4)7 (ICSD no. 93870); ɺʩʪʘʚʢʘ ʧʦʢʘʟʳʚʘʝʪ ʫʰʠʨʝʥʠʝ ʨʝʬʣʝʢʩʘ  

(0 2 10) ʜʣʷ Sr8MgEu(PO4)7 (1) ʠ Sr8ZnEu(PO4)7 (2).  
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ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʟʘʤʝʱʝʥʠʷ ʤʝʞʜʫ ʜʦʧʠʨʫʝʤʳʤ ʠ ʟʘʤʝʱʘʝʤʳʤ 

ʢʘʪʠʦʥʘʤʠ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʧʦ ʨʘʟʥʠʮʝ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ (Dr), ʢʦʪʦʨʘʷ ʜʦʣʞʥʘ 

ʙʳʪʴ ʤʝʥʴʰʝ 30%. ʕʪʦʪ ʧʘʨʘʤʝʪʨ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʝ: 

Ὀ   
 

ρππϷ, 

ʛʜʝ rs ʠ rd ʵʪʦ ʠʦʥʥʳʝ ʨʘʜʠʫʩʳ ʟʘʤʝʱʘʝʤʦʛʦ ʠ ʜʦʧʠʨʫʝʤʦʛʦ ʠʦʥʦʚ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩ ʦʜʠʥʘʢʦʚʳʤ ʂʏ. ʈʘʩʯʝʪʳ Dr ʧʨʦʚʝʜʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ ʧʦ ʐʝʥʥʦʥʫ [27] (ʊʘʙʣʠʮʘ 3.1). ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʘʝʤʳʤ 

ʨʝʟʫʣʴʪʘʪʘʤ ʚ ʩʪʨʫʢʪʫʨʝ Eu3+ ʤʦʞʝʪ ʟʘʤʝʱʘʪʴ ʪʦʣʴʢʦ ʢʘʪʠʦʥʳ Sr2+ (Dr å 15%) 

ʠ Sm3+ (Dr å 1%) ʚ ʩʪʨʫʢʪʫʨʝ. ɼʣʷ Mg2+ ʠ Zn2+ ʧʘʨʘʤʝʪʨ Dr ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʷ 

ʨʘʚʥʳʝ 32% ʠ 28%, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʩʦʛʣʘʩʦʚʳʚʘʶʪʩʷ ʩ 

ʜʘʥʥʳʤʠ ʧʦ ʟʘʩʝʣʝʥʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ [30]. ʂʘʪʠʦʥʳ Mg2+ 

ʠ Zn2+ ʟʘʥʠʤʘʶʪ ʥʘʠʤʝʥʴʰʫʶ ʦʢʪʘʵʜʨʠʯʝʩʢʫʶ ʧʦʟʠʮʠʶ ʄ5, ʘ ʢʘʪʠʦʥʳ Sr2+, 

Sm3+, Eu3+ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʨʘʩʧʨʝʜʝʣʝʥʳ ʤʝʞʜʫ ʧʦʟʠʮʠʷʤʠ ʄ1-ʄ3.  

ʊʘʙʣʠʮʘ 3.1. ɿʥʘʯʝʥʠʷ ʨʘʟʥʠʮʳ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ (Dr) ʜʣʷ Sr8MSm1ïxEux(PO4)7 

(M = Zn, Mg). 

 
ʈʘʜʠʫʩ,  

¡ / ʂʏ 

Dr, % 

Sm3+ 
1.08 ¡ / 8 

Sr2+ 
1.26 ¡ / 8 

Sr2+ 
1.18 ¡ / 6 

Mg2+ 
0.72 ¡ / 6 

Zn2+ 
0.74 ¡ / 6 

Eu3+ 

1.07 ¡ / 8 

[25] 

1 15 ï ï ï 

0.95 ¡ / 6 

[25] 

ï ï 19 32 28 

3.2.3 ʉʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʩ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ. 

ʊʘʙʣʠʮʘ 3.2 ʧʦʢʘʟʳʚʘʝʪ ʩʦʦʪʥʦʰʝʥʠʝ ʢʘʪʠʦʥʥʦʡ ʯʘʩʪʠ (Sr : M : Sm : Eu) 

ʜʣʷ ʧʦʣʫʯʝʥʥʦʛʦ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ Sr8MSm1ïx(PO4)7:xEu3+. ɺʠʜʥʦ, ʯʪʦ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʩʦʩʪʘʚʳ ʠʤʝʶʪ ʟʥʘʯʝʥʠʷ ʙʣʠʟʢʠʝ ʢ ʟʘʢʣʘʜʳʚʘʝʤʦʡ 

ʩʪʝʭʠʦʤʝʪʨʠʠ, ʩ ʧʦʧʨʘʚʢʦʡ ʥʘ ʧʨʠʙʦʨʥʫʶ ʧʦʛʨʝʰʥʦʩʪʴ. ʉʭʦʞʠʝ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʥʘʙʣʶʜʘʶʪʩʷ ʜʣʷ ʜʨʫʛʠʭ ʧʦʣʫʯʝʥʥʳʭ ʩʦʩʪʘʚʦʚ (ʇʨʠʣʦʞʝʥʠʝ 

ˉ1).  
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ʊʘʙʣʠʮʘ 3.2. ʉʦʦʪʥʦʰʝʥʠʝ Sr : M : Sm : Eu ʚ Sr8MSm1ïx(PO4)7:xEu3+, 

ʧʦʣʫʯʝʥʥʳʤ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʜʣʷ ʭ = 0.2, 0.8. 

x M ʉʦʦʪʥʦʰʝʥʠʝ Sr : M : Sm : Eu 

0.2 Zn 8.03Ñ0.21 : 0.98Ñ0.03 : 0.81Ñ0.03 : 0.19Ñ0.05 

 Mg 8.01Ñ0.15 : 0.99Ñ0.07 : 0.79Ñ0.03 : 0.21Ñ0.02 

0.8 Zn 8.05Ñ0.12 : 0.98Ñ0.08 : 0.18Ñ0.03 : 0.82Ñ0.03 

 Mg 8.09Ñ0.19 : 1.03Ñ0.10 : 0.19Ñ0.09 : 0.81Ñ0.06 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʠ ʬʦʨʤʘ ʯʘʩʪʠʮ ʷʚʣʷʶʪʩʷ ʚʘʞʥʳʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʜʣʷ ʚʝʱʝʩʪʚ, ʧʦʣʫʯʝʥʥʳʭ ʨʘʟʥʳʤʠ ʤʝʪʦʜʘʤʠ. ʈʠʩʫʥʦʢ 3.3 

ʧʦʢʘʟʳʚʘʝʪ ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʜʣʷ SMEu, ʧʦʣʫʯʝʥʥʦʛʦ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ, 

ʟʦʣʴ-ʛʝʣʴ ʠ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʘʤʠ. ʌʦʩʬʘʪʳ SMEu-sg ʦʙʣʘʜʘʶʪ 

ʥʝʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ. ʇʦʚʝʨʭʥʦʩʪʴ ʝʛʦ  

ʙʦʣʴʰʠʭ ʯʘʩʪʠʮ ʥʝʨʘʚʥʦʤʝʨʥʘ ʠ ʧʦʢʨʳʪʘ ʚʢʨʘʧʣʝʥʠʷʤʠ ʤʝʣʢʠʭ ʧʦʨʦʰʠʥʦʢ 

(ʈʠʩʫʥʦʢ 3.3a). ʊʘʢʦʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʩʚʷʟʘʥʦ ʩ 

ʚʳʜʝʣʝʥʠʝʤ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʚ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ (CO2, 

NH3 ʠ H2O ʌʦʨʤʘ ʯʘʩʪʠʮ SMEu-ss ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʘ, ʥʦ ʙʝʟ ʯʝʪʢʦʡ ʦʛʨʘʥʢʠ 

(ʈʠʩʫʥʦʢ 3.3ʙ). ʌʦʨʤʘ ʯʘʩʪʠʮ SMEu-ht ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʭʦʨʦʰʝʡ ʦʛʨʘʥʢʦʡ 

(ʈʠʩʫʥʦʢ 3.3ʚ). ʆʜʥʘʢʦ, ʨʘʟʤʝʨ ʩʘʤʠʭ ʯʘʩʪʠʮ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ, ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ SMEu-ss (ʢʘʞʜʘʷ ʧʨʠʤʝʨʥʦ ~5 ɛʤ, ʈʠʩʫʥʦʢ 3.4). ʇʦʩʣʝ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʦʪʞʠʛʘ ʧʨʠ 1373 K ʦʙʨʘʟʮʦʚ SMEu-ht ʧʨʦʠʩʭʦʜʠʪ 

ʫʢʨʫʧʥʝʥʠʝ ʯʘʩʪʠʮ, ʨʘʟʤʝʨ ʠ ʬʦʨʤʘ ʯʘʩʪʠʮ ʩʪʘʥʦʚʪ̫ʩʷ ʧʦʭʦʞʠʤʠ ʥʘ SMEu-ss 

(ʈʠʩʫʥʦʢ 3.3ʛ, ʈʠʩʫʥʦʢ 3.4).  
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ʈʠʩʫʥʦʢ 3.3. ʉʕʄ ʠʟʦʙʨʘʞʝʥʠ ̫ Sr8MgEu(PO4)7 ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ (a) ʟʦʣʴ-

ʛʝʣʴ, (ʙ) ʪʚʝʨʜʦʬʘʟʥʳʤ ʠ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ (ʚ) ʤʝʪʦʜʘʤʠ, ʘ ʪʘʢʞʝ (ʛ) 

ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ ʤʝʪʦʜʦʤ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʪʞʠʛʦʤ ʧʨʠ 1373 K.  
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ʈʠʩʫʥʦʢ 3.4. ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʷ Sr8MgEu(PO4)7 ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ 

ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ ʤʝʪʦʜʦʤ ʜʦ (a) ʠ ʧʦʩʣʝ (ʙ) ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʦʙʨʘʙʦʪʢʠ, ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ (ʚ). ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ (ʛ) ʜʣʷ 

Sr8MgEu(PO4)7 ʧʦʣʫʯʝʥʥʳʤ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ (1), ʟʦʣʴ-ʛʝʣʴ (2) ʠ 

ʪʚʝʨʜʦʬʘʟʥʳʤ (3) ʤʝʪʦʜʘʤʠ ʩʠʥʪʝʟʘ.  

ʃʶʤʠʥʦʬʦʨʳ ʜʦʣʞʥʳ ʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴʩʷ ʫʟʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ 

ʧʦ ʨʘʟʤʝʨʘʤ ʩ ʧʨʝʦʙʣʘʜʘʥʠʝʤ ʙʦʣʴʰʠʭ ʯʘʩʪʠʮ [112, 113]. ʈʘʩʧʨʝʜʝʣʝʥʠʝ 

ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʜʣʷ SMEu-ss ʭʦʨʦʰʦ ʩʦʦʪʥʦʩʠʪʩʷ ʩ ʨʘʥʝʝ ʧʦʣʫʯʝʥʥʳʤʠ 

ʜʘʥʥʳʤʠ ʜʣʷ ʬʦʩʬʘʪʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ɓ-Ca3(PO4)2 [3, 114, 115]. ʆʙʨʘʟʝʮ  

SMEu-ss ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʫʟʢʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʚ ʠʥʪʝʨʚʘʣʝ 

ʦʪ 10 ʜʦ 100 Õʤ ʩ ʤʘʢʩʠʤʫʤʦʤ ʧʨʠ 40 Õʤ. ɿʝʨʥʘ ʜʣʷ SMEu-ss ʩʦʩʪʦʷʪ ʠʟ 

ʦʜʥʦʨʦʜʥʳʭ ʯʘʩʪʠʮ (ʈʠʩʫʥʦʢ 3.4). ɼʣʷ SMEu-sg ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʨʘʚʥʦʤʝʨʥʦʝ 
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ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 0.1 ʜʦ 100 Õʤ ʩ ʙʦʣʴʰʠʤ ʩʦʜʝʨʞʘʥʠʝʤ 

ʤʘʣʝʥʴʢʠʭ ʯʘʩʪʠʮ (ʤʝʥʝʝ 30 Õʤ). ɼʣʷ SMEu-ht ʥʘʙʣʶʜʘʶʪʩʷ ʙʦʣʴʰʠʝ ʯʘʩʪʠʮʳ 

ʧʦ ʨʘʟʤʝʨʫ, ʦʜʥʘʢʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʫ ʰʠʨʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

SMEu-ss (ʈʠʩʫʥʦʢ 3.4). 

ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʜʣʷ SZEu ʠ SMEu ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.5. ɼʣʷ SZEu 

ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʚʥʦʤʝʨʥʘʷ ʬʦʨʤʘ ʟʝʨʝʥ ʩ ʭʦʨʦʰʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. (ʈʠʩʫʥʦʢ 

3.5a). ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ SMEu ʥʘʙʣʶʜʘʶʪʩʷ ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʘʛʨʝʛʘʪʦʚ ʠʟ 

ʤʘʣʝʥʴʢʠʭ ʯʘʩʪʠʮ ʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ (ʈʠʩʫʥʦʢ 3.5ʙ). ʕʪʦ ʭʦʨʦʰʦ ʩʦʯʝʪʘʝʪʩʷ 

ʩ ʨʝʥʪʛʝʥʦʚʩʢʠʤʠ ʜʘʥʥʳʤʠ ʜʣʷ Zn-ʜʦʧʠʨʦʚʘʥʥʳʭ ʬʦʩʬʘʪʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʤʘʛʥʠʝʚʳʤʠ ʘʥʘʣʦʛʘʤʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, Zn2+- ʜʦʧʠʨʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ ʠʤʝʶʪ 

ʣʫʯʰʫʶ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʴ.  

 

ʈʠʩʫʥʦʢ 3.5. ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʜʣʷ Sr8ZnEu(PO4)7 (a) ʠ Sr8MgEu(PO4)7 (ʙ) 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ. 

3.2.4 ʌʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ. 

ʈʠʩʫʥʦʢ 3.6 ʧʦʢʘʟʳʚʘʝʪ ʩʧʝʢʪʨʳ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʠʟʣʫʯʝʥʠʷ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ SMEu ʧʦʣʫʯʝʥʥʳʤ ʨʘʟʥʳʤʠ ʤʝʪʦʜʘʤʠ. ʅʘ ʩʧʝʢʪʨʝ 

ʚʦʟʙʫʞʜʝʥʠʷ ʥʘʙʣʶʜʘʶʪʩʷ: ʰʠʨʦʢʘʷ ʣʠʥʠʷ, ʩʦʦʪʥʦʩʷʱʘʷʩʷ ʩ ʦʙʣʘʩʪʴʶ ʉʊɺ (ʩ 

ʫʨʦʚʥʝʡ O2ï ʥʘ Eu3+), ʠ ʩʪʘʥʜʘʨʪʥʳʝ ʧʝʨʝʭʦʜʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʝʨʝʭʦʜʫ ʩ 

ʦʩʥʦʚʥʦʛʦ ʫʨʦʚʥʷ 7F0 ʥʘ ʚʦʟʙʫʞʜʝʥʥʳʝ ʫʨʦʚʥʠ ʢʘʪʠʦʥʘ Eu3+. ʕʪʠ ʣʠʥʠʠ 
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ʥʘʭʦʜʷʪʩʷ ʧʨʠ 319 ʥʤ (7F0 Ÿ 
5H3), 360 ʥʤ (

7F0 Ÿ 
5D4), 375 ʥʤ (

7F0 Ÿ 
5GJ),  

382 ʥʤ (7F0 Ÿ 
5L7), 395 ʥʤ (

7F0 Ÿ 
5L6), 415 ʥʤ (

7F0 Ÿ 
5D3) ʠ 464 ʥʤ (

7F0 Ÿ 
5D2). 

ʅʘ ʩʧʝʢʪʨʝ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʥʘʙʣʶʜʘʶʪʩʷ ʩʪʘʥʜʘʨʪʥʳʝ f-f 

ʧʝʨʝʭʦʜʳ ʢʘʪʠʦʥʘ Eu3+ ʩ ʥʠʞʥʝʛʦ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʫʨʦʚʥʷ 5D0. ʃʠʥʠʠ 

ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʠ 579 ʥʤ (5D0 Ÿ 
7F0), 593 ʥʤ (

5D0 Ÿ 
7F1), 615 ʥʤ (

5D0 Ÿ 
7F2), 

649 ʥʤ (5D0 Ÿ 
7F3) ʠ 696 ʥʤ (

5D0 Ÿ 
7F4). ʄʝʪʦʜ ʩʠʥʪʝʟʘ ʦʢʘʟʳʚʘʝʪ ʩʠʣʴʥʦʝ 

ʚʣʠʷʥʠʝ ʥʘ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ, ʘ ʠʤʝʥʥʦ ʥʘ ʦʙʱʫʶ ʠʥʪʝʛʨʘʣʴʥʫʶ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ. ʏʠʩʣʦ ʠ ʧʦʣʦʞʝʥʠʝ ʣʠʥʠʡ ʥʘ ʩʧʝʢʪʨʘʭ, ʦʪʚʝʯʘʶʱʠʭ 4f-4f 

ʧʝʨʝʭʦʜʘʤʠ ʢʘʪʠʦʥʘ Eu3+, ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ. ʅʘʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ 

ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ SMEu-ss ʧʦ ʩʨʘʚʥʝʥʠ ʁ ʩ  

SMEu-sg ʠ SMEu-ht ʜʣʷ ʚʩʝʭ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʬʦʩʬʘʪʘʭ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʬʦʩʬʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ, ʷʚʣʷʝʪʩʷ ʚ 4 

ʨʘʟʘ ʤʝʥʴʰʝʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ. ʅʘʠʤʝʥʴʰʘʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ SMEu-ht, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʥʘʠʤʝʥʴʰʠʤ ʨʘʟʤʝʨʦʤ 

ʯʘʩʪʠʮ ʚ ʵʪʦʤ ʩʣʫʯʘʝ.  

 

ʈʠʩʫʥʦʢ 3.6. ʉʧʝʢʪʨʳ ʚʦʟʙʫʞʜʝʥʠʷ (a) ɚem = 615 ʥʤ ʠ ʠʟʣʫʯʝʥʠʷ (ʙ) ɚex = 395 ʥʤ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ Sr8MgEu(PO4)7 ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ 

(1), ʟʦʣʴ-ʛʝʣʴ (2), ʪʚʝʨʜʦʬʘʟʥʳʤ (3), ʘ ʪʘʢʞʝ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ ʤʝʪʦʜʦʤ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʦʪʞʠʛʦʤ ʧʨʠ 1373 K (4); ʅʘ ʚʩʪʘʚʢʝ ʧʦʢʘʟʘʥʘ ʠʥʪʝʛʨʘʣʴʥʘ ̫

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʨʘʟʥʳʭ ʦʙʨʘʟʮʦʚ.  

ʏʠʩʣʦ ʠ ʧʦʣʦʞʝʥʠʝ ʣʠʥʠʡ ʥʘ ʩʧʝʢʪʨʘʭ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʪʘʢʞʝ ʥʝ 

ʟʘʚʠʩʠʪ ʠ ʦʪ ʢʘʪʠʦʥʥʦʛʦ ʩʦʩʪʘʚʘ, ʘ ʠʤʝʥʥʦ ʧʨʠʩʫʪʩʪʚʠʷ ʚ ʩʪʨʫʢʪʫʨʝ Zn2+ ʠʣʠ 

Mg2+. ʅʘʙʣʶʜʘʶʪʩʷ ʩʪʘʥʜʘʨʪʥʳʝ ʚʥʫʪʨʠʮʝʥʪʨʦʚʳʝ ʧʝʨʝʭʦʜʳ ʩ ʥʠʟʰʝʛʦ 
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ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʫʨʦʚʥʷ 5D0 ʥʘ ʫʨʦʚʥʠ 
7FJ (J = 0-4). ʄʝʪʦʜ ʩʠʥʪʝʟʘ ʟʘʤʝʪʥʦ 

ʚʣʠʷʝʪ ʥʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ʅʘʠʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʦ ʜʣʷ SZEu-ss. ɺʝʣʠʯʠʥʳ 

ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʣʷ SMEu-ss ʷʚʣʷʶʪʩʷ ʙʣʠʟʢʠʤʠ ʢ SZEu-sg 

(ʈʠʩʫʥʦʢ 3.7). ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʪʝʤ, ʯʪʦ Zn-ʜʦʧʠʨʦʚʘʥʥʳʝ ʬʦʩʬʘʪʳ 

ʠʤʝʶʪ ʙʦʣʴʰʠʝ ʨʘʟʤʝʨʳ ʯʘʩʪʠʮ ʠ ʙʦʣʝʝ ʦʜʥʦʨʦʜʥʫʶ ʬʦʨʤʫ ʚ ʩʨʘʚʥʝʥʠʠ ʩ Mg-

ʩʦʜʝʨʞʘʱʠʤʠ ʚʝʱʝʩʪʚʘʤʠ. ʌʦʩʬʘʪʳ ʩ ʙʦʣʴʰʠʤʠ ʨʘʟʤʝʨʘʤʠ ʯʘʩʪʠʮ ʦʙʣʘʜʘʶʪ 

ʙʦʣʴʰʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʜʣʷ ʣʫʯʰʝʛʦ ʧʦʛʣʦʱʝʥʠʷ ʠ ʤʝʥʴʰʝʛʦ ʦʪʨʘʞʝʥʠʷ, ʠ ʢʘʢ 

ʨʝʟʫʣʴʪʘʪ, ʥʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ [98]. 

ɺ ʦʙʱʝʤ, ʙʦʣʴʰʠʝ ʨʘʟʤʝʨʳ ʯʘʩʪʠʮ ʵʬʬʝʢʪʠʚʥʦ ʫʤʝʥʴʰʘʶʪ ʯʠʩʣʦ ʜʝʬʝʢʪʦʚ ʠ, 

ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʝʨʦʷʪʥʦʩʪʴ ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʳʭ ʧʝʨʝʭʦʜʦʚ, ʯʪʦ ʫʣʫʯʰʘʝʪ 

ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʙʳʣʦ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʦ ʠ ʥʘ ʜʨʫʛʠʭ ʢʣʘʩʩʘʭ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ 

ʣʶʤʠʥʦʬʦʨʦʚ [116]. 

 

ʈʠʩʫʥʦʢ 3.7. ʉʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ Sr8ZnEu(PO4)7 

ʧʦʣʫʯʝʥʥʳʤ ʪʚʝʨʜʦʬʘʟʥʳʤ (1) ʠ ʟʦʣʴ-ʛʝʣʴ (2) ʤʝʪʦʜʘʤʠ, ʠ Sr8MgEu(PO4)7 

ʧʦʣʫʯʝʥʥʳʤ ʪʚʝʨʜʦʬʘʟʥʳʤ (3) ʠ ʟʦʣʴ-ʛʝʣʴ (4) ʤʝʪʦʜʘʤʠ (ɚex = 395 ʥʤ). 

ʈʠʩʫʥʦʢ 3.8 ʧʦʢʘʟʳʚʘʝʪ ʩʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ʚʳʩʦʢʦʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʜʣʷ SZEu ʠ SMEu. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʣʷ Zn-ʩʦʜʝʨʞʘʱʠʭ ʬʦʩʬʘʪʦʚ ʧʨʠʤʝʨʥʦ ʚ ~1.75 
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ʨʘʟ ʚʳʰʝ ʯʝʤ ʜʣʷ Mg-ʜʦʧʠʨʦʚʘʥʥʳʭ. ɺʩʝ ʧʝʨʝʭʦʜʳ ʨʘʟʜʝʣʝʥʳ ʥʘ 

ʐʪʘʨʢʦʚʩʢʠʝ ʢʦʤʧʦʥʝʥʪʳ. ʌʘʢʪʦʨ ʘʩʠʤʤʝʪʨʠʠ R/O = I(5D0 - 
7F2)/I(

5D0 - 
7F1) 

ʩʦʩʪʘʚʣʷʝʪ 3.72 ʜʣʷ SMEu ʠ 3.80 ʜʣʷ SZEu. ʇʦ ʩʨʘʚʥʝʥʠ ʁ ʩ ʜʨʫʛʠʤʠ 

ʬʦʩʬʘʪʘʤʠ ʠʟ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʝʤʝʡʩʪʚʘ ʚʠʪʣʦʢʠʪʘ ʵʪʠ ʚʝʣʠʯʠʥʳ ʤʝʥʴʰʝ ʯʝʤ ʫ 

Ca8MgEu(PO4)7 (R/O = 4.23) ʠ Ca8ZnEu(PO4)7 (R/O = 5.46) (ʩʤ. ʨʘʟʜʝʣ 3.3). ʕʪʦ 

ʩʚʷʟʘʥʦ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʩʠʤʤʝʪʨʠʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ 

ʧʦʣʠʵʜʨʘ ʢʘʪʠʦʥʘ Eu3+ ʚ Sr8MEu(PO4)7 ʯʝʤ ʫ Ca8MgEu(PO4)7 ʠ Ca8ZnEu(PO4)7. 

 

ʈʠʩʫʥʦʢ 3.8. ʉʧʝʢʪʨ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚʳʩʦʢʦʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ 

ʨʘʟʨʝʰʝʥʠʷ ʜʣʷ Sr8ZnEu(PO4)7 ʠ Sr8MgEu(PO4)7 ʧʦʣʫʯʝʥʥʳʭ ʪʚʝʨʜʦʬʘʟʥʳʤ 

ʤʝʪʦʜʦʤ (ɚex = 395 ʥʤ). 

ʈʠʩʫʥʦʢ 3.9ʘ ʧʦʢʘʟʳʚʘʝʪ ʩʧʝʢʪʨʳ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʠʟʣʫʯʝʥʠʷ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ ʩʦ-ʜʦʧʠʨʦʚʘʥʥʦʡ ʩʝʨʠʠ SMSm1ïxEux ʧʦʣʫʯʝʥʥʦʡ 

ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ. ʉʧʝʢʪʨʳ ʚʦʟʙʫʞʜʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ 

SMSm ʠ SMEu, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʧʨʠ ɚem = 600 ʠ 615 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʩʦʜʝʨʞʘʪ ʦʩʥʦʚʥʳʝ ʧʝʨʝʭʦʜʳ ʢʘʪʠʦʥʦʚ Sm3+ ʠ Eu3+. ɼʣʷ ʩʤʝʰʘʥʥʳʭ ʬʦʩʬʘʪʦʚ 

ʰʠʨʦʢʘʷ ʧʦʣʦʩʘ ʚ ʠʥʪʝʨʚʘʣʝ 250ï300 ʥʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ CTB ʩ ʫʨʦʚʥʝʡ O2ī ʥʘ 

Eu3+. ʋʟʢʠʝ ʣʠʥʠʠ ʚ ʠʥʪʝʨʚʘʣʝ 300 ï 500 ʥʤ ʩʦʦʪʥʦʩʷʪʩʷ ʩ fïf ʧʝʨʝʭʦʜʘʤ 

ʢʘʪʠʦʥʦʚ ʈɿʕ. ʉʧʝʢʪʨʳ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʧʨʠ  

ɚem = 615 ʥʤ ʩʦʜʝʨʞʘʪ ʪʦʣʴʢʦ ʧʝʨʝʭʦʜʳ Eu3+. ʅʘ ʩʧʝʢʪʨʘʭ ʚʦʟʙʫʞʜʝʥʠʷ, 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʭ ʧʨʠ ɚem = 602 ʥʤ, ʥʘʙʣʶʜʘʶʪʩʷ ʣʠʥʠʠ, ʦʪʚʝʯʘʶʱʠʝ 
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ʧʝʨʝʭʦʜʘʤ ʢʘʢ Sm3+, ʪʘʢ ʠ Eu3+. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ 

ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ (ET) ʧʦ ʩʭʝʤʝ Sm3+ Ÿ Eu3+. 

ʉʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʜʣʷ SMSm ʠ SMEu ʩʦʜʝʨʞʘʪ ʭʘʨʘʢʪʝʨʥʳʝ ʧʝʨʝʭʦʜʳ 

ʚ ʠʥʪʝʨʚʘʣʝ 550ï750 ʥʤ. ɼʣʷ Sm3+ ʥʘʙʣʶʜʘʶʪʩʷ ʣʠʥʠʠ ʧʨʠ 563, 600, 644 ʠ 704 

ʥʤ ʦʪʚʝʯʘʶʱʠʝ ʧʝʨʝʭʦʜʘʤ 4G5/2 Ÿ 
4HJ/2 (J = 5, 7, 9, 11) ʵʪʦʛʦ ʢʘʪʠʦʥʘ. 

ʅʘʠʙʦʣʴʰʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʤʝʝʪ ʣʠʥʠʷ ʧʨʠ 600 ʥʤ ʦʪʚʝʯʘʶʱʘʷ ʧʝʨʝʭʦʜʫ 

4G5/2 Ÿ 
4H7/2. ʈʝʟʫʣʴʪʠʨʫʶʱʝʝ ʠʟʣʫʯʝʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʦʨʘʥʞʝʚʦʡ ʦʙʣʘʩʪʠ 

ʚʠʜʠʤʦʛʦ ʩʧʝʢʪʨʘ. ɼʣʷ SMEu ʪʠʧʠʯʥʳʝ ʣʠʥʠʠ ʧʨʠ 578, 594, 615, 650 ʠ 697 ʥʤ 

ʥʘʙʣʶʜʘʶʪʩʷ ʥʘ ʩʧʝʢʪʨʝ ʠʟʣʫʯʝʥʠʷ. ʕʪʠ ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʝʨʝʭʦʜʘʤ  

5D0 Ÿ 
7FJ (J = 0, 1, 2, 3, 4) ʢʘʪʠʦʥʘ Eu3+. ʅʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʘʷ ʣʠʥʠʷ ʧʨʠ 

615 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʣʝʢʪʨʦ-ʜʠʧʦʣʴʥʦʤʫ ʧʝʨʝʭʦʜʫ 5D0 Ÿ 
7F2. 

ʈʝʟʫʣʴʪʠʨʫʶʱʝʝ ʠʟʣʫʯʝʥʠʝ ʧʦʧʘʜʘʝʪ ʚ ʢʨʘʩʥʫʶ ʦʙʣʘʩʪʴ ʚʠʜʠʤʦʛʦ ʩʧʝʢʪʨʘ. 

ʉʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʜʣʷ ʩʤʝʰʘʥʥʦʡ ʩʝʨʠʠ SMSm1ïxEux ʩʦʜʝʨʞʘʪ ʧʝʨʝʭʦʜʳ, 

ʦʪʚʝʯʘʶʱʠʝ ʢʘʪʠʦʥʘʤ Sm3+ ʠ Eu3+, ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʝʨʝʭʦʜʘʤ 7F0 Ÿ 
5L6 (395 ʥʤ) ʠ 

6H5/2 Ÿ 
6P3/2 (404 ʥʤ). ʃʠʥʠʠ 

ʥʘ ʩʧʝʢʪʨʘʭ ʷʚʣʷʶʪʩʷ ʫʰʠʨʝʥʥʳʤʠ ʠʟ-ʟʘ ʙʣʠʟʦʩʪʠ ʫʨʦʚʥʝʡ Sm3+ ʠ Eu3+. 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ ʮʝʥʪʨʘʭ Sm3+ ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʞʝ ʯʝʤ ʧʨʠ 

ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ ʮʝʥʪʨʘʭ Eu3+.  

 

ʈʠʩʫʥʦʢ 3.9. (ʘ) ʉʧʝʢʪʨʳ ʚʦʟʙʫʞʜʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ 

Sr8MgSm0.5(PO4)7:0.5Eu3+, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʧʨʠ ɚem = 602 ʠ 615 ʥʤ, (ʙ) 

ʉʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ Sr8MgSm0.5(PO4)7:0.5Eu3+, 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʧʨʠ ɚeʭ =395 ʠ 404 ʥʤ. 
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3.2.5 ʉʧʝʢʪʨʘʣʴʥʦ-ʢʠʥʝʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ.  

ʈʠʩʫʥʦʢ 3.10 ʧʦʢʘʟʳʚʘʝʪ ʩʧʝʢʪʨʘʣʴʥʦ-ʢʠʥʝʪʠʯʝʩʢʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʣʷ ʧʝʨʝʭʦʜʘ Sm3+ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ ɚex = 402 ʥʤ ʠ 

ʨʝʛʠʩʪʨʘʮʠʠ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ɚem = 602 ʥʤ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʭ ʭʦʨʦʰʦ 

ʦʧʠʩʳʚʘʶʪʩʷ ʢʘʢ ʦʜʥʦ-ʵʢʩʧʦʥʝʥʪʥʦʡ, ʪʘʢ ʠ ʜʚʫʭ-ʵʢʩʧʦʥʝʥʪʥʦʡ ʬʫʥʢʮʠʝʡ. ɼʣʷ 

ʦʧʠʩʘʥʠʷ ʙʳʣʘ ʚʳʙʨʘʥʘ ʜʚʫʭ-ʵʢʩʧʦʥʝʥʪʥʘʷ ʘʧʧʨʦʢʩʠʤʘʮʠʷ:  

Ὅὸ  Ὅ ὃὩ  ὃὩ  ȟ  

ʛʜʝ I ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t, I0 ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 

t = 0, A1 ʠ A2 ʵʪʦ ʢʦʥʩʪʘʥʪʳ, Ű1 ʠ Ű2 ï ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʨʝʤʝʥʠ ʟʘʪʫʭʘʥʠʷ. 

ɿʥʘʯʝʥʠʷ ʩʨʝʜʥʝʛʦ ʚʨʝʤʝʥʠ ʞʠʟʥʠ (Ű) ʜʣʷ SMSm1-xEux ʨʘʩʩʯʠʪʳʚʘʣʦʩʴ ʧʦ 

ʬʦʨʤʫʣʝ: 

†  
ὃ † ὃ †

ὃ † ὃ †
 

ɿʥʘʯʝʥʠʷ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʧʝʨʝʭʦʜʘ Sm3+ ʩʦʩʪʘʚʠʣʠ 0.519 Õʩ (x = 0), 0.502 Õʩ  

(x = 0.25), 0.495 Õʩ (x = 0.5) ʠ 0.488 Õʩ (x = 0.75). ʋʤʝʥʴʰʝʥʠʝ ʜʘʥʥʦʛʦ 

ʧʘʨʘʤʝʪʨʘ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ ʢʘʪʠʦʥʘ Eu3+ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ 

ʧʨʦʮʝʩʩʘ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʩ ʫʨʦʚʥʝʡ Sm3+ ʥʘ Eu3+. 

 

ʈʠʩʫʥʦʢ 3.10. ʂʨʠʚʳʝ ʟʘʪʫʭʘʥʠʷ ʜʣʷ Sr8MgSm1ïx(PO4)7:xEu3+ (ɚex = 402 ʥʤ, 

ɚem = 602 ʥʤ).  
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3.2.6 ʎʚʝʪʦʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʮʚʝʪʦʚʳʭ ʢʦʦʨʜʠʥʘʪ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʜʣʷ SMSm  

(ɚex = 404 nm) CIE ʢʦʦʨʜʠʥʘʪʳ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʦʨʘʥʞʝʚʦʡ ʦʙʣʘʩʪʠ (ʈʠʩʫʥʦʢ 

3.11). ʇʨʠ ʟʘʤʝʱʝʥʠʠ Sm3+ ʥʘ Eu3+ (ɚex = 404 nm) ʥʘʙʣʶʜʘʝʪʩʷ ʩʤʝʱʝʥʠʝ ʚ 

ʢʨʘʩʥʫʶ ʦʙʣʘʩʪʴ. CIE ʢʦʦʨʜʠʥʘʪʳ ʥʝ ʟʘʚʠʩʷʪ ʦʪ ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ.  

ʊʘʢʞʝ ʙʳʣ ʩʦʟʜʘʥ ʣʘʙʦʨʘʪʦʨʥʳʡ ʧʨʦʪʦʪʠʧ LED ʫʩʪʨʦʡʩʪʚʘ ʥʘ ʋʌ ʯʠʧʝ 

ʩ ʚʦʟʙʫʞʜʝʥʠʝʤ ʧʨʠ ~395 ʥʤ (ʈʠʩʫʥʦʢ 3.11 ʚʩʪʘʚʢʘ). ʇʦʨʦʰʦʢ SMSm0.25Eu0.75 

ʙʳʣ ʧʝʨʝʤʝʰʘʥ ʩ ʵʧʦʢʩʠʜʥʦʡ ʩʤʦʣʦʡ ʠ ʦʪʚʝʨʜʠʪʝʣʝʤ, ʟʘʪʝʤ ʩʤʝʩʴ ʥʘʥʝʩʝʥʘ ʥʘ 

ʋʌ-ʯʠʧ. ʇʦʩʣʝ ʚʳʩʳʭʘʥʠʷ ʯʠʧ ʙʳʣ ʚʢʣʶʯʝʥ, ʥʘʙʣʶʜʘʣʘʩʴ ʢʨʘʩʥʘʷ 

ʣʶʤʠʥʝʩʮʝʥʮʠʷ ʟʘ ʩʯʝʪ ʧʝʨʝʭʦʜʦʚ ʦʪ ʢʘʪʠʦʥʦʚ Eu3+ ʠ Sm3+. 

 

ʈʠʩʫʥʦʢ 3.11. CIE ʢʦʦʨʜʠʥʘʪʳ Sr8MgSm1-xEux(PO4)7. ɺʩʪʘʚʢʘ ʧʦʢʘʟʳʚʘʝʪ 

ʧʦʣʫʯʝʥʥʦʝ LED ʫʩʪʨʦʡʩʪʚʦ ʥʘ ʦʩʥʦʚʝ ʋʌ ʯʠʧʘ ʠ Sr8MgSm0.25(PO4)7:0.75Eu3+ 

(ʚ ʚʳʢʣʶʯʝʥʥʦʤ (ʩʣʝʚʘ) ʠ ʚʢʣʶʯʝʥʥʦʤ (ʩʧʨʘʚʘ) ʩʦʩʪʦʷʥʠʷʭ). 

ɺʳʚʦʜ ʧʦ ʩʠʩʪʝʤʝ Sr8MSm1ïxEux(PO4)7 (M = Zn2+, Mg2+): ɺʩʝ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʬʦʩʬʘʪʳ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʝʨʠʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ Sr8MSm1ïxEux(PO4)7 

ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʧʨ. ʛʨ. Rσm. ʉʧʝʢʪʨʳ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʩʦʜʝʨʞʘʪ 

ʭʘʨʘʢʪʝʨʥʳʝ ʚʥʫʪʨʠʮʝʥʪʨʦʚʳʝ f-f ʧʝʨʝʭʦʜʳ ʢʘʪʠʦʥʦʚ ʈɿʕ. ʅʘʠʙʦʣʴʰʝʝ 

ʟʥʘʯʝʥʠʝ ʦʙʱʝʡ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʘʝʪ ʪʚʝʨʜʦʬʘʟʥʳʡ ʤʝʪʦʜ 
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ʩʠʥʪʝʟʘ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʫ Zn-ʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ 

ʚʳʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Mg-ʩʦʜʝʨʞʘʱʠʤʠ ʬʦʩʬʘʪʘʤʠ. ʄʝʪʦʜ ʩʠʥʪʝʟʘ ʟʘʤʝʪʥʦ 

ʚʣʠʷʝʪ ʥʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ɺʝʱʝʩʪʚʘ ʦʙʣʘʜʘʶʪ ʠʥʪʝʥʩʠʚʥʦʡ 

ʢʨʘʩʥʦʡ ʣʶʤʠʥʝʩʮʝʥʮʠʝʡ, ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʙʣʠʟʢʠʤ ʋʌ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʢʨʘʩʥʳʭ ʣʶʤʠʥʦʬʦʨʦʚ. 

3.3 ʌʦʩʬʘʪʳ Ca8MSm1ïxEux(PO4)7 (M = Mg2+, Ca2+). 

3.3.1 ʉʠʥʪʝʟ Ca8MSm1ïxEux(PO4)7 (M = Mg2+, Ca2+). 

ʌʦʩʬʘʪ rCa8MSm1ïxEux(PO4)7 (M = Mg2+, Ca2+) (0 Ò x Ò 1) ʧʦʣʫʯʘʣʠ ʚ ʚʠʜʝ 

ʧʦʨʦʰʢʦʚ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʠʟ CaHPO4ĿH2O (99.9 %), CaCO3 (99.99%), 

MgO (99.99%), R2O3 (R = Eu3+, Sm3+; 99.99%). ɺʩʝ ʨʝʘʢʪʠʚʳ ʧʨʦʚʝʨʷʣʠ 

ʤʝʪʦʜʦʤ ʈʌɸ ʠ ʠʭ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʥʝ ʩʦʜʝʨʞʘʣʠ ʧʨʠʤʝʩʥʳʭ ʬʘʟ. 

ʉʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʝ ʢʦʣʠʯʝʩʪʚʘ ʧʝʨʝʪʠʨʘʣʠʩʴ ʚ ʘʣʫʥʜʦʚʳʭ ʩʪʫʧʢʘʭ. ʆʪʞʠʛ 

ʧʨʦʠʟʚʦʜʠʣʩʷ ʚ ʢʦʨʫʥʜʦʚʳʭ ʪʠʛʣʷʭ ʧʫʪʝʤ ʤʝʜʣʝʥʥʦʛʦ ʥʘʛʨʝʚʘ ʜʦ 1373 K ʚ 

ʪʝʯʝʥʠʝ 15 ʯʘʩʦʚ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʚʳʜʝʨʞʢʦʡ ʚ ʪʝʯʝʥʠʝ 40 ʯʘʩʦʚ ʠ ʤʝʜʣʝʥʥʳʤ 

ʦʭʣʘʞʜʝʥʠʝʤ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ.  

3.3.2 ʈʝʥʪʛʝʥʦʛʨʘʬʠʯʝʩʢʠʝ ʜʘʥʥʳʝ.  

ʈʝʥʪʛʝʥʦʛʨʘʤʤ rʜʣʷ Ca8MgSm1-ʭ(PO4)7:xEu3+ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 3.12. 

ɺʠʜʥʦ, ʯʪʦ ʚʩʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʧʠʢʠ ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʨʘʥʝʝ 

ʦʧʠʩʘʥʥʦʤʫ ʬʦʩʬʘʪʫ Ca8MgSm(PO4)7 (PDF2 card no. 46-399), ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʦʜʥʦʬʘʟʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʬʦʩʬʘʪʦʚ ʠ ʠʭ ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʢ ʩʪʨʫʢʪʫʨʥʦʤʫ 

ʪʠʧʫ ʚʠʪʣʦʢʠʪ. ɹʘʟʠʨʫʷʩʴ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ ʠʟʤʝʨʝʥʠʡ ɻɺɻ ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, 

ʯʪʦ ʚʩʝ ʬʦʩʬʘʪʳ Ca8MgSm1-ʭ(PO4)7:xEu3+ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʮʩ ʧʨ. ʛʨ. Rσc. ɼʣʷ 

ʚʩʝʡ ʩʝʨʠʠ ʬʦʩʬʘʪʦʚ Ca8MgSm1-ʭ(PO4)7:xEu3+ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʦʯʝʥʴ ʥʠʟʢʠʡ 

ʩʠʛʥʘʣ ɻɺɻ I2ɤ/I2ɤ(SiO2) < 0.05 (ʊʘʙʣʠʮʘ 3.3) ʩʦʧʦʩʪʘʚʠʤʳʡ ʩ ʫʨʦʚʥʝʤ ʬʦʥʘ. ɺ 

ʪʦʞʝ ʚʨʝʤʷ ʜʣʷ ʧʦʜʦʙʥʦʡ ʩʝʨʠʠ Ca9Sm1-ʭ(PO4)7:xEu3+ ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʩʠʛʥʘʣʳ 

ɻɺɻ ~ 1 ʝʜʠʥʠʮ ʢʚʘʨʮʝʚʦʛʦ ʵʪʘʣʦʥʘ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʮʩ ʧʨ. ʛʨ. R3c. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʟʘʤʝʱʝʥʠʝ ʤʘʛʥʠʷ ʥʘ ʢʘʣʴʮʠʡ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ 

ʩʠʤʤʝʪʨʠʠ ʠʟ ʮʩ ʥʘ ʥʮʩ. ʅʘ ʚʩʪʘʚʢʝ ʢ ʨʠʩʫʥʢʫ 3.12 ʧʦʢʘʟʘʥ ʨʝʬʣʝʢʩ (-1 2 0), 
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ʢʦʪʦʨʳʡ ʩʤʝʱʘʝʪʩʷ ʚ ʩʪʦʨʦʥʫ ʤʝʥʴʰʠʭ ʫʛʣʦʚ ʧʨʠ ʟʘʤʝʱʝʥʠʠ ʢʘʪʠʦʥʘ Sm3+ 

(rVIII  = 1.08 ¡) ʥʘ ʢʘʪʠʦʥ Eu
3+ (rVIII  = 1.07 ¡).  

 

ʈʠʩʫʥʦʢ 3.12. ʌʨʘʛʤʝʥʪʳ ʨʝʥʪʛʝʥʦʛʨʘʤʤ Ca8MgSm1-ʭ(PO4)7:xEu3+ ʩ 

ɹʨʝʛʦʚʩʢʠʤʠ ʨʝʬʣʝʢʩʘʤʠ ʜʣʷ Ca8MgSm(PO4)7 (PDF2 46-399); ʅʘ ʚʩʪʘʚʢʝ 

ʧʦʢʘʟʘʥʦ ʩʤʝʱʝʥʠʝ ʨʝʬʣʝʢʩʘ (-1 2 0). 

ʊʘʙʣʠʮʘ 3.3. ɺʝʣʠʯʠʥʘ ʩʠʛʥʘʣʘ ɻɺɻ ʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ Ca8MSm1 xEux(PO4)7 

(M = Ca2+, Mg2+). 

ʭ 
I2ɤ/I2ɤ(SiO2) 

Ca8MgSm1 xEux(PO4)7 Ca9Sm1 xEux(PO4)7 

0 0.01 Ñ 0.01 1.02 Ñ 0.1 

0.25 0.02 Ñ 0.01 1.05 Ñ 0.1 

0.5 0.02 Ñ 0.01 1.01 Ñ 0.1 

0.75 0.03 Ñ 0.01 1.02 Ñ 0.1 

1.0 0.01 Ñ 0.01 1.04 Ñ 0.1 

ʊʘʙʣʠʮʘ 3.4 ʧʦʢʘʟʳʚʘʝʪ ʥʘʩʢʦʣʴʢʦ ʩʦʦʪʥʦʰʝʥʠʝ ʢʘʪʠʦʥʥʦʡ ʯʘʩʪʠ  

(Ca: Mg : Sm : Eu) ʜʣʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ Ca8MgSm1ïx(PO4)7:xEu3+ ʩʦʚʧʘʜʘʝʪ ʩ 

ʟʘʣʦʞʝʥʥʦʡ ʩʪʝʭʠʦʤʝʪʨʠʝʡ. ɺʠʜʥʦ, ʯʪʦ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʠʤʝʶʪ 

ʟʥʘʯʝʥʠʷ ʙʣʠʟʢʠʝ ʢ ʟʘʢʣʘʜʳʚʘʝʤʦʡ ʩʪʝʭʠʦʤʝʪʨʠʠ, ʩ ʧʦʧʨʘʚʢʦʡ ʥʘ ʧʨʠʙʦʨʥʫʶ 

ʧʦʛʨʝʰʥʦʩʪʴ. ʉʭʦʞʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʥʘʙʣʶʜʘʶʪʩʷ ʜʣʷ ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ 

ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ (ʇʨʠʣʦʞʝʥʠʝ ˉ1). 
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ʊʘʙʣʠʮʘ 3.4. ʉʦʦʪʥʦʰʝʥʠʝ Ca : Mg : Sm : Eu ʚ Ca8MgSm1ïx(PO4)7:xEu3+, 

ʧʦʣʫʯʝʥʥʳʤ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʜʣʷ ʭ = 0.25, 0.75. 

x ʩʪʝʭʠʦʤʝʪʨʠʷ ʉʦʦʪʥʦʰʝʥʠʝ Ca : Mg : Sm : Eu 

0.25 ʩʠʥʪʝʟʠʨʦʚʘʥʥʘʷ 8.04Ñ0.09 : 0.96Ñ0.03 : 0.78Ñ0.03 : 0.28Ñ0.05 

 ʟʘʣʦʞʝʥʥʘʷ  8 : 1 : 0.75 : 0.25 

0.75 ʩʠʥʪʝʟʠʨʦʚʘʥʥʘʷ 8.05Ñ0.12 : 0.98Ñ0.08 : 0.23Ñ0.03 : 0.77Ñ0.03 

 ʟʘʣʦʞʝʥʥʘʷ  8 : 1 : 0.25 : 0.75 

3.3.3 ʌʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ.  

ʉʧʝʢʪʨʳ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ  

Ca8MgSm1-ʭ(PO4)7:xEu3+ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.13. ʉʧʝʢʪʨ ʚʦʟʙʫʞʜʝʥʠʷ  

(ɚem = 611 ʥʤ) ʜʣʷ Ca8MgSm0.75(PO4):0.25Eu3+ ʩʦʜʝʨʞʠʪ (ʈʠʩʫʥʦʢ 3.13ʘ): 

ʰʠʨʦʢʫʶ ʧʦʣʦʩʫ ʚʳʩʦʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 220 ʜʦ 300 ʥʤ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʦʙʣʘʩʪʠ ʉʊɺ ʧʦ ʩʚʷʟʷʤ Eu3+ - O2-, ʠ ʭʘʨʘʢʪʝʨʥʳʝ ʣʠʥʠʠ ʧʨʠ 

362, 378, 394 ʠ 415 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 7F0 Ÿ 5D4, 
7F0 Ÿ 

5G2,4, 
7F0 Ÿ 

5L6 ʠ  

7F0 Ÿ 
5D3 ʧʝʨʝʭʦʜʘʤ ʢʘʪʠʦʥʘ Eu

3+. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʥʘ 365, 406, 448 ʠ 472 ʥʤ 

ʥʘʙʣʶʜʘʶʪʩʷ ʧʝʨʝʭʦʜʳ ʢʘʪʠʦʥʘ Sm3+ c ʫʨʦʚʥʷ 6H5/2 ʥʘ 
4D5/2, 

4G7/2, 
4G9/2, 

5P5/2, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺʩʝ ʣʠʥʠʠ ʷʚʣʷʶʪʩʷ ʫʰʠʨʝʥʥʳʤʠ ʟʘ ʩʯʝʪ ʙʣʠʟʦʩʪʠ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʜʚʫʭ ʢʘʪʠʦʥʦʚ. ʅʘʣʠʯʠʝ ʣʠʥʠʡ, ʦʪʚʝʯʘʶʱʠʭ ʦʙʦʠʤ 

ʢʘʪʠʦʥʘʤ, ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ ʧʝʨʝʭʦʜʘ Eu3+, 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʘʣʠʯʠʠ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʩ ʢʘʪʠʦʥʘ Sm ʥʘ Eu. ʅʘ ʩʧʝʢʪʨʝ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚex = 395 ʥʤ (ʈʠʩʫʥʦʢ 3.13ʙ) 

ʧʨʠʩʫʪʩʪʚʫʶʪ 5D0 Ÿ
7FJ (J = 0, 1, 2, 3, 4) ʧʝʨʝʭʦʜʳ Eu3+. ʍʘʨʘʢʪʝʨʥʳʝ ʣʠʥʠʠ 

ʜʣʷ Sm3+ ʥʝ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʚʚʠʜʫ ʠʭ ʤʘʣʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

Eu3+. ʆʙʱʘʷ ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʣʁ ʤʠʥʝʩʮʝʥʮʠʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʢʘʪʠʦʥʘ Eu3+ (ʈʠʩʫʥʦʢ 3.13ʙ ʚʩʪʘʚʢʘ) ʜʦ ʩʦʩʪʘʚʘ ʩ ʭ 

= 0.75. ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠʯʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ Eu3+ ʨʦʩʪʘ ʠʥʪʝʛʨʘʣʴʥʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʯʪʦ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʩʚʷʟʘʥʦ ʩ ʵʬʬʝʢʪʦʤ 

ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʪʫʰʝʥʠʷ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʙʳʣʦ 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʦ ʠ ʜʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ Ca9Sm1ïxEux(PO4)7.  
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ʈʠʩʫʥʦʢ 3.13. (ʘ) ʉʧʝʢʪʨ ʚʦʟʙʫʞʜʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ɚem = 611 ʥʤ) ʠ 

(ʙ) ʩʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ɚex = 395 ʥʤ)  

Ca8MgSm1-ʭ(PO4)7:xEu3+.  

 ʈʠʩʫʥʦʢ 3.14 ʧʦʢʘʟʳʚʘʝʪ ʧʝʨʝʭʦʜ 5D0 Ÿ 7F0 ʜʣʷ Ca8MgSm1-ʭ(PO4)7:xEu3+, 

ʩ ʤʘʢʩʠʤʫʤʦʤ ʧʨʠ 579 ʥʤ,  ʢʦʪʦʨʳʡ ʦʧʠʩʳʚʘʝʪʩʷ ʦʜʥʦʡ ʛʘʫʩʩʦʚʩʢʦʡ 

ʢʦʤʧʦʥʝʥʪʦʡ. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʦʜʥʦʡ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ 

ʧʦʟʠʮʠʠ ʜʣʷ Eu3+. ʂʘʪʠʦʥʳ ʈɿʕ ʟʘʥʠʤʘʶʪ ʄ1 ʠ ʄ3 ʧʦʟʠʮʠʠ, ʚʤʝʩʪʝ ʩ 

ʢʘʣʴʮʠʝʤ. ɼʘʥʥʳʝ ʧʦʟʠʮʠʠ ʠʤʝʶʪ ʩʭʦʞʠʝ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʧʦʵʪʦʤʫ ʥʝ ʨʘʟʨʝʰʝʥʳ ʥʘ ʧʝʨʝʭʦʜʝ 5D0 Ÿ 7F0, 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʦʤ ʧʨʠ ʤʘʣʦʤ ʨʘʟʨʝʰʝʥʠʠ. ʊʘʢʦʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʝʞʜʫ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤʠ ʧʦʟʠʮʠʷʤʠ ʚ ʩʪʨʫʢʪʫʨʝ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʚ ʮʩ 

ʧʨ. ʛʨ. Rσc. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʦʙʱʘʷ ʩʠʤʤʝʪʨʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʥʝ 

ʠʟʤʝʥʷʝʪʩʷ ʚʦ ʚʩʝʤ ʪʚʝʨʜʦʤ ʨʘʩʪʚʦʨʝ.  

 

ʈʠʩʫʥʦʢ 3.14. ʇʝʨʝʭʦʜ 5D0 Ÿ 7F0 ʜʣʷ Ca8MgSm1-ʭ(PO4)7:xEu3+. 
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ʅʘ ʨʠʩʫʥʢʝ 3.15 ʧʦʢʘʟʘʥ ʧʝʨʝʭʦʜ 5D0 Ÿ 7F0 ʜʣʷ Ca9Sm1-ʭ(PO4)7:xEu3+, 

ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ çʩʫʧʝʨʧʦʟʠʮʠʝʡè ʜʚʫʭ ʣʠʥʠʡ, ʤʘʢʩʠʤʫʤʳ ʢʦʪʦʨʦʛʦ 

ʨʘʩʧʦʣʦʞʝʥʳ ʧʨʠ 577 ʠ 579 ʥʤ. ʉʘʤ ʧʝʨʝʭʦʜ ʦʧʠʩʳʚʘʝʪʩʷ ʪʨʝʤʷ ʛʘʫʩʩʦʚʳʤʠ 

ʢʦʤʧʦʥʝʥʪʘʤʠ, ʧʦʩʢʦʣʴʢʫ ʣʝʚʳʡ ʧʠʢ ʠʤʝʝʪ ʥʝʩʠʤʤʝʪʨʠʯʥʦʝ ʩʪʨʦʝʥʠʝ. ʕʪʦ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʪʨʝʭ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʧʦʟʠʮʠʡ ʢʘʪʠʦʥʘ Eu3+ ʚ 

ʩʪʨʫʢʪʫʨʝ. ʂʘʪʠʦʥʳ Eu3+ ʟʘʥʠʤʘʶʪ ʄ1, ʄ2 ʠ ʄ3 ʧʦʟʠʮʠʠ [83], ʚʤʝʩʪʝ ʩ 

ʢʘʣʴʮʠʝʤ, ʪʘʢʦʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʝʞʜʫ ʧʦʟʠʮʠʷʤʠ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʚ 

ʥʮʩ ʧʨ. ʛʨ. R3c. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʩʠʤʤʝʪʨʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚ 

ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ Ca9Sm1-ʭ(PO4)7:xEu3+ ʥʝ ʠʟʤʝʥʷʝʪʩʷ ʚʦ ʚʩʝʤ ʠʥʪʝʨʚʘʣʝ 

ʩʦʩʪʘʚʦʚ ʠ ʧʨ. ʛʨ. ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʘ ʢʘʢ R3c. 

 

ʈʠʩʫʥʦʢ 3.15. ʇʝʨʝʭʦʜ 5D0 Ÿ 7F0 ʜʣʷ Ca9Sm1-ʭ(PO4)7:xEu3+, ʘ ʪʘʢ ʞʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʘʪʠʦʥʦʚ ʧʦ ʧʦʟʠʮʠʷʤʠ. 

3.3.4 ʉʧʝʢʪʨʘʣʴʥʦ-ʢʠʥʝʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ. 

ʈʠʩʫʥʦʢ 3.16 ʧʦʢʘʟʳʚʘʝʪ ʢʠʥʝʪʠʢʫ ʟʘʪʫʭʘʥʠʷ ʜʣʷ  

Ca8MgSm1-ʭ(PO4)7:xEu3+ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ 394 ʥʤ ʠ ʨʝʛʠʩʪʨʘʮʠʠ ʥʘ 616 ʥʤ. 

ʕʬʬʝʢʪʠʚʥʦʝ ʚʨʝʤʷ ʩʚʝʯʝʥʠʷ ʨʘʩʩʯʠʪʳʚʘʣʦʩʴ ʧʦ ʬʦʨʤʫʣʝ: 
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†
᷿ ὸὍὸὨὸ

᷿ Ὅὸ
  

ʛʜʝ I(t) ʵʪʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t c ʧʦʧʨʘʚʢʦʡ ʥʘ ʬʦʥ, 

ʧʨʦʠʥʪʝʛʨʠʨʦʚʘʥʘ ʚ ʠʥʪʝʨʚʘʣʝ 0< Ű < Űmax, ʛʜʝ Űmax.>> Ű [117]. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʬʦʨʤʫʣʦʡ ʚʳʰʝ ʨʘʩʩʯʠʪʘʥʥʳʝ ʵʬʬʝʢʪʠʚʥʳʝ ʚʨʝʤʝʥʘ ʞʠʟʥʠ ʜʣʷ ʩʦʩʪʦʷʥʠʷ 5D0 

ʫʨʦʚʥʷ ʢʘʪʠʦʥʘ Eu3+ ʚ Ca8MgSm1ïʭ(PO4)7:xEu3+ (0.25 Ò x Ò 1) ʩʦʩʪʘʚʣʷʶʪ 1.297, 

1.404, 1.541 ʠ 1.643 ʤʩ. ʅʘʙʣʶʜʘʝʪʩʷ ʤʦʥʦʪʦʥʥʳʡ ʣʠʥʝʡʥʳʡ ʨʦʩʪ ʟʥʘʯʝʥʠʡ 

ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ Eu3+, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʧʝʨʝʥʦʩʦʤ ʵʥʝʨʛʠʠ 

ʤʝʞʜʫ ʣʶʤʠʥʝʩʮʝʥʪʥʳʤʠ ʮʝʥʪʨʘʤʠ Eu3+ [105, 118, 119]. ʆʪʢʣʦʥʝʥʠʝ ʢʠʥʝʪʠʢ 

ʟʘʪʫʭʘʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʦʪ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ ʭ = 0.25 

ï 0.75, ʫʢʘʟʳʚʘʶʪ ʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʧʨʦʮʝʩʩʘ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʤʝʞʜʫ Sm3+ ʠ 

Eu3+.  

 

ʈʠʩʫʥʦʢ 3.16. ʂʠʥʝʪʠʢʘ ʟʘʪʫʭʘʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠ ʵʬʬʝʢʪʠʚʥʦʝ ʚʨʝʤʷ 

ʞʠʟʥʠ ʚ ʚʦʟʙʫʞʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʜʣʷ Ca8MgSm1ïʭ(PO4)7:xEu3+ (0.25 Ò x Ò 1). 

3.3.5 ʎʚʝʪʦʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʢʚʘʥʪʦʚʳʝ ʚʳʭʦʜʳ.  

ɼʣʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʬʦʩʬʘʪʘ Ca8MgSm0.75(PO4):0.25Eu3+ ʮʚʝʪʦʚʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʙʣʠʟʢʠ ʢ ʢʨʘʩʥʦʤʫ ʩʪʘʥʜʘʨʪʫ NTSʉ (0.67; 0.33) ʠ 

ʢʦʤʤʝʨʯʝʩʢʦʤʫ ʣʶʤʠʥʦʬʦʨʫ Y2O3:Eu3+ (0.655; 0.345). ʊʘʢʠʤ ʦʙʨʘʟʦʤ 

ʩʠʥʪʝʟʠʨʫʝʤʳʝ ʚʝʱʝʩʪʚʘ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ ʜʣʷ ʢʦʤʤʝʨʯʝʩʢʠʭ ʢʨʘʩʥʳʭ 

ʣʶʤʠʥʦʬʦʨʦʚ (ʈʠʩʫʥʦʢ 3.17). 
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ɺʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʜʣʷ ʢʨʘʩʥʦʛʦ ʣʶʤʠʥʦʬʦʨʘ ʷʚʣʷʝʪʩʷ ʢʚʘʥʪʦʚʳʡ 

ʚʳʭʦʜ (QY). ɿʥʘʯʝʥʠʷ QY ʜʣʷ Ca8MgSm1ïʭ(PO4)7:xEu3+ ʠʤʝʝʪ ʚʳʩʦʢʦʝ 

ʟʥʘʯʝʥʠʝ 49.5% ʠ 48.9% ʜʣʷ ʭ = 0.75 ʠ 1.0, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʣʫʯʝʥʥʳʝ 

ʟʥʘʯʝʥʠʷ ʧʨʠʤʝʨʥʦ ʚ 1.6 ʨʘʟʘ ʚʳʰʝ, ʯʝʤ ʫ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʢʨʘʩʥʦʛʦ 

ʣʶʤʠʥʦʬʦʨʘ Y2O3:Eu3+, ʜʣʷ ʢʦʪʦʨʦʛʦ QY = 29.5%. ʊʘʢʠʝ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ 

ʜʝʣʘʶʪ ʬʦʩʬʘʪʳ Ca8MgSm1ïʭ(PO4)7:xEu3+ ʧʦʪʝʥʮʠʘʣʴʥʳʤʠ ʢʘʥʜʠʜʘʪʘʤʠ ʚ 

ʢʘʯʝʩʪʚʝ ʢʨʘʩʥʳʭ ʣʶʤʠʥʦʬʦʨʦʚ. 

 

ʈʠʩʫʥʦʢ 3.17. ʎʚʝʪʦʚʳʝ ʢʦʦʨʜʠʥʘʪʳ ʜʣʷ Ca8MgSm0.75(PO4):0.25Eu3+(1) ʠ 

Y2O3:Eu3+ (2). 

ɺʳʚʦʜ ʧʦ ʩʠʩʪʝʤʝ Ca8MSm1ïxEux(PO4)7 (M = Ca2+, Mg2+): ʚʩʝ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʬʦʩʬʘʪʳ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʝʨʠʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ Ca8MgSm1ïxEux(PO4)7 

ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʧʨ. ʛʨ. Rσc, ʘ ʚʩʝ ʬʦʩʬʘʪʳ Ca9Sm1ïxEux(PO4)7 ʚ ʧʨ. ʛʨ. R3c. 

ʉʧʝʢʪʨʳ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʩʦʜʝʨʞʘʪ ʭʘʨʘʢʪʝʨʥʳʝ ʚʥʫʪʨʠʮʝʥʪʨʦʚʳʝ f-f 

ʧʝʨʝʭʦʜʳ ʢʘʪʠʦʥʦʚ ʈɿʕ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʫ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ, ʢʨʠʩʪʘʣʣʠʟʫʶʱʠʭʩʷ ʚ ʮʩ ʧʨ. ʛʨ., ʚʳʰʝ, ʯʝʤ ʫ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩ 

ʧʦʣʷʨʥʦʡ ʥʮʩ ʧʨ. ʛʨ. ʇʦʣʫʯʝʥʥʳʝ ʬʦʩʬʘʪʳ Ca8MgSm1ïʭ(PO4)7:xEu3+ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʠʤ ʢʚʘʥʪʦʚʳʤ ʚʳʭʦʜʦʤ ʠ ʦʙʣʘʜʘʶʪ ʠʥʪʝʥʩʠʚʥʦʡ 
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ʢʨʘʩʥʦʡ ʣʶʤʠʥʝʩʮʝʥʮʠʝʡ, ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʙʣʠʟʢʠʤ ʋʌ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠ ̫ʚ ʢʘʯʝʩʪʚʝ ʢʨʘʩʥʳʭ ʣʶʤʠʥʦʬʦʨʦʚ. 

3.4 ʌʦʩʬʘʪʳ Ca8MTb1-xEux(PO4)7 (M = Mg2+, Ca2+, Zn2+). 

3.4.1 ʉʠʥʪʝʟ Ca8MTb1-xEux(PO4)7 (M = Mg2+, Ca2+, Zn2+). 

ʌʦʩʬʘʪ rCa8MTb1ïxEux(PO4)7 (M = Mg2+, Ca2+, Zn2+) (0 Ò x Ò 1) ʧʦʣʫʯʘʣʠ ʚ 

ʚʠʜʝ ʧʦʨʦʰʢʦʚ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʠʟ CaHPO4ĿH2O (99.9 %), CaCO3 

(99.99%), MO (M = Mg, Zn; 99.99%), Eu2O3 (99.99%), Tb4O7 (99.99%). ɺʩʝ 

ʠʩʭʦʜʥʳʝ ʨʝʘʢʪʠʚʳ ʧʨʦʚʝʨʷʣʠ ʤʝʪʦʜʦʤ ʈʌɸ ʠ ʠʭ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʥʝ 

ʩʦʜʝʨʞʘʣʠ ʧʨʠʤʝʩʥʳʭ ʬʘʟ. ʉʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʝ ʢʦʣʠʯʝʩʪʚʘ ʠʩʭʦʜʥʳʭ ʬʘʟ 

ʧʝʨʝʪʠʨʘʣʠʩʴ ʚ ʘʣʫʥʜʦʚʳʭ ʩʪʫʧʢʘʭ. ʆʪʞʠʛ ʧʨʦʠʟʚʦʜʠʣʩʷ ʚ ʢʦʨʫʥʜʦʚʳʭ ʪʠʛʣʷʭ 

ʧʫʪʝʤ ʤʝʜʣʝʥʥʦʛʦ ʥʘʛʨʝʚʘ ʜʦ 1373 K ʚ ʪʝʯʝʥʠʝ 15 ʯʘʩʦʚ ʩ ʧʦʩʣʝʜʫʶʱʝʡ 

ʚʳʜʝʨʞʢʦʡ ʧʨʠ 40 ʯʘʩʦʚ ʠ ʤʝʜʣʝʥʥʦ ʦʭʣʘʞʜʘʣʠ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. 

ɿʘʣʦʞʝʥʥʘʷ ʩʪʝʭʠʦʤʝʪʨʠʷ ʧʦʜʪʚʝʨʞʜʝʥʘ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ (ʇʨʠʣʦʞʝʥʠʝ ˉ1). 

3.4.2 ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

ɺʩʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʬʦʩʬʘʪʳ Ca8MTb1ïxEux(PO4)7, ʛʜʝ M = Mg2+, Zn2+, 

Ca2+ (0 Ò x Ò 1) ʷʚʣʷʶʪʩʷ ʦʜʥʦʬʘʟʥʳʤʠ ʠ ʧʨʠʥʘʜʣʝʞʘʪ ʩʪʨʫʢʪʫʨʥʦʤʫ ʪʠʧʫ  

ɓ-TCP. ɼʣʷ Ca8MgTb1ïxEux(PO4)7 ʧʦʣʦʞʝʥʠʝ ʚʩʝʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʨʝʬʣʝʢʩʦʚ 

(ʈʠʩʫʥʦʢ 3.18ʘ) ʪʘʢʦʝ ʞʝ ʢʘʢ ʜʣʷ Ca8MgEu(PO4)7 (PDF#2 45-551) ʠ 

Ca8MgTb(PO4)7 (PDF2 No. 48-1130). ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʨʝʰʝʪʢʠ ʜʣʷ 

Ca8MTb1ïxEux(PO4)7 ʣʠʥʝʡʥʦ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʧʨʠ ʟʘʤʝʱʝʥʠʠ Tb3+ (rVIII  =1.04 ¡) 

ʥʘ Eu3+ (rVIII  =1.07 ¡) (ʈʠʩʫʥʦʢ 3.18ʙ). ʠʟʤʝʥʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʧʨʠ ʩʦʙʣʶʜʝʥʠʠ ʧʨʘʚʠʣʘ ɺʝʛʘʨʜʘ [90] ʠ ʫʢʘʟʳʚʘʝʪ 

ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ ʥʝʧʨʝʨʳʚʥʦʡ ʩʝʨʠʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ.  
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ʈʠʩʫʥʦʢ 3.18. (ʘ) ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʜʣʷ Ca8MgTb1 xEux(PO4)7 ʠ ɹʨʝʛʛʦʚʩʢʠʝ 

ʦʪʨʘʞʝʥʠʷ ʜʣʷ Ca8MgTb(PO4)7 (PDF-2, No. 48-1130); (ʙ) ʧʘʨʘʤʝʪʨ a 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʜʣʷ Ca8MTb1 xEux(PO4)7, ʛʜʝ M = Mg2+ (1), Zn2+ (2), Ca2+ 

(3).  

3.4.3 ʅʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. 

ɺ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ Ca9Tb1ïxEux(PO4)7 ʥʘʙʣʶʜʘʣʩʷ ʩʣʘʙʳʡ ʩʠʛʥʘʣ ɻɺɻ 

(ʊʘʙʣʠʮʘ 3.5). ʅʘʣʠʯʠʝ ʩʠʛʥʘʣ ɻɺɻ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʪʩʫʪʩʪʚʠʝ ʮʝʥʪʨʘ 

ʩʠʤʤʝʪʨʠʠ ʫ ʵʪʠʭ ʬʘʟ. ʇʦʩʢʦʣʴʢʫ ʢʨʘʡʥʠʝ ʩʦʩʪʘʚʳ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

Ca9R(PO4)7 (R = Eu, Tb) ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʪʨʠʛʦʥʘʣʴʥʦʡ ʩʠʥʛʦʥʠʠ 

(ʧʨ. ʛʨ. R3c) [46], ʪʦ ʠ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʩʦʩʪʘʚʳ ʙʫʜʫʪ ʠʤʝʪʴ ʘʥʘʣʦʛʠʯʥʫʶ 

ʩʠʤʤʝʪʨʠʶ. ɺʚʝʜʝʥʠʝ ʚ ʩʪʨʫʢʪʫʨʫ ʢʘʪʠʦʥʦʚ Zn2+ ʠ Mg2+ ʧʨʠʚʦʜʠʪ ʢ 

ʠʩʯʝʟʥʦʚʝʥʠʶ ʩʠʛʥʘʣʘ ɻɺɻ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʮʩ ʩʪʨʦʝʥʠʠ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ Ca8MTb1ïxEux(PO4)7. ʅʘ ʦʙʨʘʟʦʚʘʥʠʝ ʧʨ. ʛʨ. ʚʣʠʷʶʪ ʪʦʣʴʢʦ ʢʘʪʠʦʥʳ 

ʟʘʤʝʩʪʠʪʝʣʠ (Mg, Zn), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʨʠ ʟʘʤʝʱʝʥʠʠ ʦʜʥʦʛʦ ʢʘʪʠʦʥʘ ʈɿʕ 

ʜʨʫʛʠʤ ʥʘʙʣʶʜʘʝʪʩʷ ʩʦʭʨʘʥʝʥʠʝ ʧʨ. ʛʨ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʩʝ ʬʦʩʬʘʪʳ ʠʟ ʩʝʨʠʠ 

Ca9Tb1ïxEux(PO4)7 ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʦʜʥʦʡ ʧʨ. ʛʨ. R3c, ʘ Ca8MTb1ïxEux(PO4)7 

(M = Mg2+, Zn2+) ʚ ʧʨ. ʛʨ. Rσc. 
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ʊʘʙʣʠʮʘ 3.5. ɿʥʘʯʝʥʠʷ ʩʠʛʥʘʣʘ ɻɺɻ ʜʣʷ Ca8MTb1 xEux(PO4)7 (M = Mg2+, Ca2+, 

Zn2+). 

ʭ 
I2ɤ/I2ɤ(SiO2) 

Ca9Tb1 xEux(PO4)7 Ca8MgTb1 xEux(PO4)7 Ca8ZnTb1 xEux(PO4)7 

0 0.50 Ñ 0.05 0 0 

0.25 0.60 Ñ 0.06 0 0 

0.5 0.70 Ñ 0.07 0 0 

0.75 0.50 Ñ 0.05 0 0 

1.0 0.60 Ñ 0.06 0 0 

3.4.4 ʌʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ 

ʅʘ ʨʠʩʫʥʢʝ 3.19a ʧʦʢʘʟʘʥʳ ʩʧʝʢʪʨʳ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ Ca8MTb(PO4)7 

(M = Mg2+, Ca2+, Zn2+). ɺʩʝ ʩʧʝʢʪʨʳ ʩʦʜʝʨʞʘʪ ʭʘʨʘʢʪʝʨʥʳʝ ʧʝʨʝʭʦʜʳ ʜʣʷ 

ʢʘʪʠʦʥʘ Tb3+. ɼʣʷ ʬʦʩʬʘʪʘ Ca8MTb0.5Eu0.5(PO4)7 (M = Mg2+, Ca2+, Zn2+), ʧʨʠ 

ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ 377 ʥʤ ʧʨʠʩʫʪʩʪʚʫʶʪ ʧʝʨʝʭʦʜʳ, ʦʪʚʝʯʘʶʱʠʝ ʢʘʢ ʢʘʪʠʦʥʫ 

Tb3+, ʪʘʢ ʠ Eu3+ (ʈʠʩʫʥʦʢ 3.19ʙ). ʎʠʥʢʩʦʜʝʨʞʘʱʠʝ ʚʝʱʝʩʪʚʘ ʦʙʣʘʜʘʶʪ 

ʥʘʠʙʦʣʴʰʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʁ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʘʣʴʮʠʡ ʠ ʤʘʛʥʠʡ-

ʜʦʧʠʨʦʚʘʥʥʳʤʠ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ, ʧʦ-ʚʠʜʠʤʦʤʫ, 

ʙʦʣɹh ʠʤ ʠʩʢʘʞʝʥʠʝʤ ʮʝʥʪʨʦʚ ʵʤʠʩʩʠʠ. ʇʦʜʦʙʥʦʝ ʥʘʙʣʶʜʘʣʦʩʴ ʠ ʚ ʜʨʫʛʠʭ  

ɓ-ʊʉʈ ʤʘʪʨʠʮʘʭ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, Zn2+ ʠʤʝʝʪ ʥʘʠʙʦʣʴʰʫʶ 

ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʩʪʘʣʴʥʳʤʠ (ɢ = 1.0 ʜʣʷ Ca2+, ɢ = 1.2 

ʜʣʷ Mg2+ ʠ ɢ = 1.6 ʜʣʷ Zn2+), ʯʪʦ, ʚʦʟʤʦʞʥʦ, ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ Zn2+-ʩʦʜʝʨʞʘʱʠʭ ʚʝʱʝʩʪʚ ʧʨʠʤʝʨʥʦ ʥʘ 15% ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ Ca2+, Mg2+.  
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ʈʠʩʫʥʦʢ 3.19. ʉʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ex = 377 ʥʤ) ʜʣʷ (ʘ) 

Ca8MTb(PO4)7 ʠ (ʙ) Ca8MTb0.5Eu0.5(PO4)7 (M = Ca2+, Zn2+, Mg2+). 

ʈʠʩʫʥʦʢ 3.20 ʧʦʢʘʟʳʚʘʝʪ ʩʧʝʢʪʨʳ ʚʦʟʙʫʞʜʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ 

Ca8ZnTb1-xEux(PO4)7. ʃʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʣʝʢʪʨʦʥʥʳʤ ʧʝʨʝʭʦʜʘʤ 

ʢʘʪʠʦʥʘ Eu3+ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʧʨʠ 615 ʥʤ ʜʣʷ ʚʩʝʭ ʩʦʩʪʘʚʦʚ (ʈʠʩʫʥʦʢ 3.20ʘ 

ʜʣʷ x = 0.5 ʠ 1). ʐʠʨʦʢʘʷ ʧʦʣʦʩʘ ʩ ʤʘʢʩʠʤʫʤʦʤ ʧʨʠ 260 ʥʤ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʘ 

ʩ ʦʙʣʘʩʪʴʶ CTB, ʢʦʪʦʨʘʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʝʨʝʥʦʩʫ ɻʥʝʨʛʠʠ ʩ 2p ʫʨʦʚʥʝʡ ʠʦʥʘ 

O2ï ʥʘ 4f ʫʨʦʚʥʠ ʢʘʪʠʦʥʘ Eu3+. ʅʝʩʢʦʣʴʢʦ ʫʟʢʠʭ ʣʠʥʠʡ ʦʪʚʝʯʘʶʪ 

ʚʥʫʪʨʠʮʝʥʪʨʦʚʳʤ 4f-4f ʧʝʨʝʭʦʜʘʤ ʢʘʪʠʦʥʘ Eu3+ (ʈʠʩʫʥʦʢ 3.20a) ʩ ʫʨʦʚʥʷ 7F0 ʥʘ
 

5H6 (318 ʥʤ), 5H3 (327 ʥʤ), 5D4 (362 ʥʤ), 5G2 (377 ʥʤ), 5G3 (382 ʥʤ), 5L6 (395 ʥʤ), 

5D3 (415 ʥʤ) ʠ 5D2 (466 ʥʤ) [10, 120]. ʃʠʥʠʠ ʚʦʟʙʫʞʜʝʥʠʷ ʧʨʠ 340 ʥʤ (ʣʠʥʠʷ 

ɸ), 351 ʥʤ (ʣʠʥʠʷ ɺ) ʠ 368 ʥʤ (ʣʠʥʠʷ ʉ) (ʈʠʩʫʥʦʢ 3.20a) ʩʦʦʪʥʦʩʷʪʩʷ ʩ 

ʚʦʟʙʫʞʜʝʥʠʝʤ ʥʘ ʢʘʪʠʦʥʝ Tb3+: 7F6 Ÿ 
5G2, 

5D2, 
5L10, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [23, 121-

124]. ʇʨʠʩʫʪʩʪʚʠʝ ʪʘʢʠʭ ʣʠʥʠʡ ʥʘ ʩʧʝʢʪʨʝ ʚʦʟʙʫʞʜʝʥʠʷ ʢʘʪʠʦʥʘ Eu3+ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʝʨʝʥʦʩ ʵʥʝʨʛʠʠ ʩ Tb3+ ʥʘ Eu3+. 

ʇʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢʪʨʘ ʚʦʟʙʫʞʜʝʥʠʷ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 544 ʥʤ, 

ʦʪʚʝʯʘʶʱʝʡ ʧʝʨʝʭʦʜʫ ʢʘʪʠʦʥʘ Tb3+, ʥʘʙʣʶʜʘʶʪʩʷ 4f8 Ÿ4f75d1 ʧʝʨʝʭʦʜʳ 

(ʈʠʩʫʥʦʢ 3.20ʙ). ɺ ʦʙʣʘʩʪʠ 300 ï 450 ʥʤ ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʫʟʢʠʝ ʣʠʥʠʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʝʨʝʭʦʜʘʤ ʩ ʫʨʦʚʥʷ 7F6 ʥʘ ʫʨʦʚʥʠ 
5H6 (306 ʥʤ), 

5D0 (321 ʥʤ), 

5D1 (329 ʥʤ), 
5G2 (343 ʥʤ), 

5D2 (353 ʥʤ), 
5G5 (362 ʥʤ), 

5L10 (372 ʥʤ), 
5G6 (379 ʥʤ), 
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5D3 (382 ʥʤ) ʢʘʪʠʦʥʘ Tb3+ [12, 125, 126]. ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʣʠʥʠʠ ʧʨʠ 395-420 

ʥʤ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʝʨʝʭʦʜʘʤ ʢʘʪʠʦʥʘ Eu3+. 

 

ʈʠʩʫʥʦʢ 3.20. ʉʧʝʢʪʨʳ ʚʦʟʙʫʞʜʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ 

Ca8ZnTb0.5Eu0.5(PO4)7 (1) ʠ Ca8ZnEu(PO4)7 (2) (ʘ) ɚem = 615 ʥʤ; (ʙ) ɚem = 544 ʥʤ.  

ɿʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʣʷ ʧʝʨʝʭʦʜʦʚ 5D0 Ÿ 
7F2 

(Eu3+) ʠ 5D4 Ÿ 
7F5 (Tb3+) ʜʣʷ Ca8ZnTb1-xEux(PO4)7 ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 3.21. 

ʀʥʪʝʥʩʠʚʥʦʩʪ ɹʣʶʤʠʥʝʩʮʝʥʮʠʠ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʘʪʠʦʥʦʚ Tb3+ ʠ 

Eu3+. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʢʘʪʠʦʥʘ Eu3+ ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʝʨʝʭʦʜʘ 5D0 Ÿ 
7F2, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʝʭʦʜʘ  

5D4 Ÿ 
7F5 ʫʤʝʥʴʰʘʝʪʩʷ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ʥʘʙʣʶʜʘʝʪʩʷ ʪʘʢ ʞʝ ʠ ʜʣʷ ʬʦʩʬʘʪʦʚ Ca8MgTb1ïxEux(PO4)7, Ca9Tb1ïxEux(PO4)7. 

ɺʩʝ ʵʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʧʝʨʝʥʦʩʦʤ ʵʥʝʨʛʠʠ ʦʪ Tb3+ʢ Eu3+.  

 

ʈʠʩʫʥʦʢ 3.21. ɿʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʛʨʘʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʣʠʥʠʡ ʩ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʜʣʷ ʧʝʨʝʭʦʜʦʚ ʢʘʪʠʦʥʘ Eu3+ ʠ Tb3+ ʚ  

Ca8ZnTb1ïxEux(PO4)7.  
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ɺ ʩʣʫʯʘʝ Zn-ʩʦʜʝʨʞʘʱʠʭ ʬʘʟ ʠʟʤʝʥʝʥʠʝ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʟʘʚʠʩʠʪ ʦʪ ʠʩʢʘʞʝʥʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦ ʦʢʨʫʞʝʥʠʷ ʢʘʪʠʦʥʦʚ Eu3+ ʠ Tb3+. 

ʉʪʝʧʝʥʴ ʠʩʢʘʞʝʥʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʧʦʣʠʵʜʨʦʚ ʤʦʞʝʪ ʙʳʪʴ ʦʮʝʥʝʥʘ 

ʬʘʢʪʦʨʘʤʠ ʘʩʠʤʤʝʪʨʠʠ R/O ʠ G/B ʜʣʷ Ca8MEu(PO4)7 ʠ Ca8MTb(PO4)7 (M = Ca, 

Zn, Mg), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʊʘʙʣʠʮʘ 3.6). ʇʨʠ ʟʘʤʝʱʝʥʠʠ ʉa2+ Ÿ M2+ (M = Zn, 

Mg) ʧʨʦʠʩʭʦʜʠʪ ʦʙʱʝʝ ʫʚʝʣʠʯʝʥʠʝ ʩʠʤʤʝʪʨʠʠ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ  

(R3c Ÿ Rσc) ʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠʩʢʘʞʝʥʠʝ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʧʦʣʠʵʜʨʘ R3+. ɺ 

ʬʦʩʬʘʪʘʭ Ca8MR(PO4)7 (M = Ca2+, Zn2+, Mg2+) ʥʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ R/O ʠ 

G/B ʚ ʨʷʜʫ Mg Ÿ Ca Ÿ Zn, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʫʚʝʣʠʯʝʥʠʝ ʠʩʢʘʞʝʥʠʷ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʢʘʪʠʦʥʘ-ʘʢʪʠʚʘʪʦʨʘ. ʅʘʠʙʦʣʴʰʝʝ ʠʩʢʘʞʝʥʠʝ ʚ 

Ca8ZnR(PO4)7 ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʙʦʣʴʰʝʡ ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴʶ 

ʮʠʥʢʘ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʩʪʘʣʴʥʳʤʠ ʢʘʪʠʦʥʘʤʠ. ʀʟ-ʟʘ ʵʪʦʛʦ ʥʘʙʣʶʜʘʝʪʩʷ 

ʫʚʝʣʠʯʝʥʠʝ ʢʦʚʘʣʝʥʪʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʤʝʞʜʫ Zn-O, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ 

ʠʦʥʥʦʤʫ ʭʘʨʘʢʪʝʨʫ ʩʚʷʟʠ ʤʝʞʜʫ ʈɿʕ ʠ ʆ2-, ʧʨʠʚʦʜʷʱʝʤʫ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ. 

ʊʘʙʣʠʮʘ 3.6. ɺʝʣʠʯʠʥʳ ʬʘʢʪʦʨʦʚ ʘʩʠʤʤʝʪʨʠʠ R/O ʠ G/B ʜʣʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʬʦʩʬʘʪʦʚ. 

 G/B    ʧʨ. ʛʨ.  R/O    ʧʨ. ʛʨ. 

Ca8ZnTb(PO4)7 2.63    Rσὧ Ca8ZnEu(PO4)7 5.46    Rσὧ  
Ca9Tb(PO4)7 2.45    R3c Ca9Eu(PO4)7 4.34    R3c  

Ca8MgTb(PO4)7 2.36    Rσὧ Ca8MgEu(PO4)7 4.23    Rσὧ  

 ɼʣʷ ʣʶʤʠʥʦʬʦʨʦʚ ʚʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʷʚʣʷʝʪʩʷ ʠʭ ʪʝʤʧʝʨʘʪʫʨʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ʅʘ ʨʠʩʫʥʢʝ 3.22 ʧʦʢʘʟʘʥʘ ʪʝʤʧʝʨʘʪʫʨʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʩʧʝʢʪʨʦʚ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ Ca8ZnTb0.5Eu0.5(PO4)7 (ɚeʭ = 377 ʥʤ). 

ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʙʣʶʜʘʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʪʫʰʝʥʠʝ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠʟ-ʟʘ ʫʚʝʣʠʯʝʥʠʷ ʙʝʟʠʟʣʫʯʘʪʝʣʴʥʳʭ ʧʝʨʝʭʦʜʦʚ [127]. 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʝʭʦʜʘ 5D0 Ÿ 
7F2 ʢʘʪʠʦʥʘ Eu3+ ʨʘʚʥʦʤʝʨʥʦ ʫʤʝʥʴʰʘʝʪʩʷ, 

ʪʘʢʞʝ, ʢʘʢ ʠ ʦʙʱʘʷ ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʠʩʯʝʟʘʝʪ ʫʞʝ 

ʧʨʠ 500 K. ʇʦʜʦʙʥʘʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʜʣʷ ʚʩʝʭ ʬʦʩʬʘʪʦʚ 

Ca8MTb1ïxEux(PO4)7 (M = Zn, Mg, Ca). 
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ʈʠʩʫʥʦʢ 3.22. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʧʝʢʪʨʘ ʠʟʣʫʯʝʥʠʷ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ Ca8ZnTb0.5Eu0.5(PO4)7 (ɚeʭ = 377 ʥʤ). 

3.4.5 ʉʧʝʢʪʨʘʣʴʥʦ-ʢʠʥʝʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʈʠʩʫʥʦʢ 3.23ʘ ʧʦʢʘʟʳʚʘʝʪ ʢʠʥʝʪʠʢʫ ʟʘʪʫʭʘʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʬʘʟ ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʠʟʣʫʯʝʥʠʷ ʥʘ 544 ʥʤ, ʘ ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ 

377 ʥʤ. ɺʩʝ ʟʘʚʠʩʠʤʦʩʪʠ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʪʁʩʷ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʦʡ 

ʵʢʩʧʦʥʝʥʪʦʡ: 

I(t) = I 0 + A1exp(-t/Ű1) + A2exp(-t/Ű2), 

ʛʜʝ I(t) ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t, I0 ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t = 0, Ű1 ʠ Ű2 

ʢʦʵʬʬʠʮʠʝʥʪʳ ʚʨʝʤʝʥʠ ʞʠʟʥʠ, A1 ʠ A2 ɻ ʪʦ ʢʦʥʩʪʘʥʪʳ. ʉʨʝʜʥʝʝ ʚʨʝʤʷ ʞʠʟʥʠ ʚ 

ʚʦʟʙʫʞʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʨʘʩʩʯʠʪʳʚʘʣʦʩʴ ʧʦ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʝ [23, 128]: 

†
ὃʐ ὃʐ  

ὃ† ὃʐ
 

ɺʩʝ ʬʘʢʪʦʨʳ R2 ʚʳʰʝ 99%, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʭʦʨʦʰʝʝ ʦʧʠʩʘʥʠʝ ʜʚʫʭ 

ʵʢʩʧʦʥʝʥʪʥʦʡ ʬʫʥʢʮʠʝʡ. ɼʣʷ Ca8MTb0.5Eu0.5(PO4)7 Ű ʧʘʨʘʤʝʪʨʳ ʩʦʩʪʘʚʣʷʶʪ 

2.06 (Mg2+), 2.04 (Zn2+) ʠ 1.94 ʤʩ (Ca2+). ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʩʨʝʜʥʝʝ ʚʨʝʤʷ 
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ʞʠʟʥʠ ʥʝ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʜʚʫʭʚʘʣʝʥʪʥʦʛʦ ʢʘʪʠʦʥʘ ʟʘʤʝʩʪʠʪʝʣʷ ʚ  

Ca8MTb1ïxEux(PO4)7. 

 ʬʦʩʬʘʪʦʚ Ca8ZnTb1ïxEux(PO4)7 ʢʠʥʝʪʠʢʘ ʟʘʪʫʭʘʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 3.23ʙ. ʀʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ  ʭʦʨʦʰʦ 

ʦʧʠʩʳʚʘʶʪʩʷ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʦʡ ʵʢʩʧʦʥʝʥʪʦʡ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ 

Eu3+ ʥʘʙʣʶʜʘʝʪʩʷ ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ. ʊʘʢʦʝ 

ʧʦʚʝʜʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝʤ ʧʨʦʮʝʩʩʘ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ 

ʩ Tb3+ ʥʘ Eu3+. 

ʅ.ʮ.

 

ʈʠʩʫʥʦʢ 3.23. ʂʠʥʝʪʠʢʘ ʟʘʪʫʭʘʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʣʷ ʧʝʨʝʭʦʜʘ 
5D4 Tb3+ ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʵʤʠʩʩʠʠ ʥʘ 544 ʥʤ ʠ ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ 377 ʥʤ ʚ (ʘ) 

Ca8MTb0.5Eu0.5(PO4)7 ʠ (ʙ) Ca8ZnTb1ïxEux(PO4)7. 

3.4.6 ʎʚʝʪʦʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʅʘ ʮʚʝʪʦʚʳʭ ʢʦʦʨʜʠʥʘʪʘʭ (ʈʠʩʫʥʦʢ 3.24) ʜʣʷ Ca8ZnTb1ïxEux(PO4)7 

ʥʘʙʣʶʜʘʝʪʩʷ ʩʤʝʱʝʥʠʝ ʠʟ ʟʝʣʝʥʦʡ ʦʙʣʘʩʪʠ (ʜʣʷ Tb3+ ʜʦʧʠʨʦʚʘʥʥʳʭ) ʯʝʨʝʟ 

ʞʝʣʪʦ-ʦʨʘʥʞʝʚʫʶ ʦʙʣʘʩʪʴ ʚ ʢʨʘʩʥʫʶ (ʜʣʷ Eu3+ ʜʦʧʠʨʦʚʘʥʥʳʭ) ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʩʦʜʝʨʞʘʥʠʷ ʢʘʪʠʦʥʘ Eu3+. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ 

ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʧʝʨʝʭʦʜʦʚ Eu3+ ʠ Tb3+, ʘ ʪʘʢʞʝ 

ʩʫʱʝʩʪʚʦʚʘʥʠʝʤ ʧʨʦʮʝʩʩʘ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʧʦ ʩʭʝʤʝ Tb3+ Ÿ Eu3+, ʯʪʦ ʠ 

ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʩʘʤʦʛʦ ʩʧʝʢʪʨʘ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠ ʮʚʝʪʦʚʳʭ 

ʢʦʦʨʜʠʥʘʪ. 



87 

 

 

ʈʠʩʫʥʦʢ 3.24. ʎʚʝʪʦʚʳʝ ʢʦʦʨʜʠʥʘʪʳ ʜʣʷ ʜʦʩʬʘʪʦʚ Ca8ZnTb1ïxEux(PO4)7. 

ɺʳʚʦʜ ʧʦ ʩʠʩʪʝʤʝ Ca8MTb1ïxEux(PO4)7 (M = Ca2+, Mg2+, Zn2+): ʚʩʝ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʬʦʩʬʘʪʳ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪ. 

ɼʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ Ca8MTb1ïxEux(PO4)7 (M = Mg2+, Zn2+) ʧʨ. ʛʨ. 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ Rσc, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ Ca9Tb1ïxEux(PO4)7 ʧʨ. ʛʨ. R3c. ʕʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʠʟʤʝʨʝʥʠʷʤʠ ɻɺɻ. ʊʘʢ Ca8MTb1-xEux(PO4)7 (M = Mg, Zn) 

ʠʤʝʶʪ ʚʝʣʠʯʠʥʫ ʩʠʛʥʘʣʘ ʙʣʠʟʢʦʡ ʢ ʫʨʦʚʥʶ ʬʦʥʘ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʮʩ 

ʩʪʨʦʝʥʠʝ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ Ca9Tb1-xEux(PO4)7 ʠʤʝʝʪ ʩʠʛʥʘʣ ʦʢʦʣʦ ʝʜʠʥʠʮʳ, ʯʪʦ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʮʩ ʩʪʨʦʝʥʠʝ. ʀʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʣʷ  

Ca8ZnTb1-xEux(PO4)7 ʧʨʠʤʝʨʥʦ ʥʘ 15% ʚʳʰʝ, ʯʝʤ ʫ Ca9Tb1-xEux(PO4)7. ʕʪʦ 

ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʙʦʣʴʰʠʤ ʠʩʢʘʞʝʥʠʝʤ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʧʦʣʠʵʜʨʦʚ, 

ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʦʙʱʝʡ ʩʠʤʤʝʪʨʠʠ. ʌʦʩʬʘʪ r Ca8ZnTb1ïxEux(PO4)7 ʦʙʣʘʜʘʪʁ 

ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʮʚʝʪʦʚʳʭ ʢʦʦʨʜʠʥʘʪ, ʢʦʪʦʨʳʡ ʠʟʤʝʥʷʝʪʩʷ ʦʪ ʟʝʣʝʥʦʡ ʚ 

ʢʨʘʩʥʫʶ ʦʙʣʘʩʪʴ. ʊʘʢʦʝ ʩʤʝʱʝʥʠʝ ʩʚʷʟʘʥʦ ʩ ʧʨʦʮʝʩʩʦʤ ɻ ʥʝʨʛʠʠ ʦʪ Tb3+ ʥʘ Eu3+. 
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3.5 ʌʦʩʬʘʪ Ca8MGd1-xEux(PO4)7 (M = Mg2+, Ca2+). 1 

3.5.1 ʉʠʥʪʝʟ Ca8MGd1-xEux(PO4)7 (M = Mg2+, Ca2+). 

ʌʦʩʬʘʪ rCa8MGd1ïxEux(PO4)7 (M = Mg2+, Ca2+) (0 Ò x Ò 1) ʧʦʣʫʯʘʣʠ ʚ ʚʠʜʝ 

ʧʦʨʦʰʢʦʚ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʠʟ CaHPO4ĿH2O (99.9 %), CaCO3 (99.99%), 

MgO (99.99%), Eu2O3 (99.99%), Gd2O3 (99.99%). ɺʩʝ ʨʝʘʢʪʠʚʳ ʥʝ ʩʦʜʝʨʞʘʣʠ 

ʧʨʠʤʝʩʥʳʭ ʬʘʟ, ʧʨʠ ʧʨʦʚʝʨʢʝ ʤʝʪʦʜʦʤ ʈʌɸ. ʉʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʝ ʢʦʣʠʯʝʩʪʚʘ 

ʧʝʨʝʪʠʨʘʣʠʩʴ ʚ ʘʣʫʥʜʦʚʳʭ ʩʪʫʧʢʘʭ. ʆʪʞʠʛ ʧʨʦʠʟʚʦʜʠʣʩʷ ʚ ʢʦʨʫʥʜʦʚʳʭ ʪʠʛʣʷʭ 

ʧʫʪʝʤ ʤʝʜʣʝʥʥʦʛʦ ʥʘʛʨʝʚʘ ʜʦ 1373 K ʚ ʪʝʯʝʥʠʝ 15 ʯʘʩʦʚ ʩ ʧʦʩʣʝʜʫʶʱʝʡ 

ʚʳʜʝʨʞʢʦʡ ʚ ʪʝʯʝʥʠʝ 40 ʯʘʩʦʚ. ɿʘʣʦʞʝʥʥʘʷ ʩʪʝʭʠʦʤʝʪʨʠʷ ʧʦʜʪʚʝʨʞʜʝʥʘ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ (ʇʨʠʣʦʞʝʥʠʝ ˉ1). 

ʅʘʙʣʶʜʘʝʪʩʷ ʭʦʨʦʰʝʝ ʩʦʚʧʘʜʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʠʟʤʝʨʝʥʥʳʭ 

ʟʥʘʯʝʥʠʡ ʩʦʜʝʨʞʘʥʠʷ ʵʣʝʤʝʥʪʦʚ. 

3.5.2 ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

ʇʦʣʫʯʝʥʥʳʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.25. ʂʦʣʠʯʝʩʪʚʦ ʠ 

ʧʦʣʦʞʝʥʠʝ ʨʝʬʣʝʢʩʦʚ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʦʩʬʘʪʫ ʉʘ10.5(PO4)7 (PDF#2 70-2065). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʬʦʩʬʘʪʳ ʷʚʣʷʶʪʩʷ ʦʜʥʦʬʘʟʥʳʤʠ ʠ 

ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪʘ ʚ ʦʙʣʘʩʪʠ ʩʦʩʪʘʚʦʚ ʩ 0 Ò x Ò 1. 

ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨ r Ca9Gd1ïʭEux(PO4)7 ʢʨʠʩʪʘʣʣʠʟʠʨʫʝʪʩʷ ʚ ʧʦʣʷʨʥʦʡ ʧʨ. ʛʨ. 

R3c, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ Ca8MgGd1ïʭEux(PO4)7 ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʝʧʦʣʷʨʥʦʡ ʧʨ. ʛʨ. 

Rσc. ʕʪʦʪ ʚʳʚʦʜ ʩʜʝʣʘʥ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʚʝʣʠʯʠʥʳ ʩʠʛʥʘʣʘ ʚʪʦʨʦʡ 

ʛʘʨʤʦʥʠʢʠ, ʢʦʪʦʨʳʝ ʜʣʷ Ca9Gd1ïʭEux(PO4)7 ʩʦʩʪʘʚʣʷʣʠ å 1ï1.5 ʝʜʠʥʠʮ 

ʢʚʘʨʮʝʚʦʛʦ ʵʪʘʣʦʥʘ, ʘ ʜʣʷ Ca8MgGd1ïʭEux(PO4)7 ʦʪʩʫʪʩʪʚʦʚʘʣʠ. ʈʘʩʩʯʠʪʘʥʥʳʝ 

ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (ʊʘʙʣʠʮʘ 3.7) ʜʣʷ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ 

Ca8MgGd1ïʭEux(PO4)7 ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ  

                                           
1 ʇʨʠ ʧʦʜʛʦʪʦʚʢʝ ʜʘʥʥʦʛʦ ʨʘʟʜʝʣʘ ʜʠʩʩʝʨʪʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʥʘ ʩʪʘʪʴʷ ʘʚʪʦʨʘ: 

ʅʠʢʠʬʦʨʦʚ ʀ. ɺ. , ɼʝʡʥʝʢʦ ɼ. ɺ. , ʉʧʘʩʩʢʠʡ ɼ. ɸ. , ʃʘʟʦʨʷʢ ɹ. ʀ. ʂʨʘʩʥʳʝ ʣʶʤʠʥʦʬʦʨʳ 

(Ca, Mg)9Gd1ïxEux(PO4)7, ʘʢʪʠʚʠʨʦʚʘʥʥʳʝ Gd
3+ʠ Eu3+ // ʅʝʦʨʛʘʥʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ. ð 2019. 

ð ʊ. 55, ˉ 8. ð ʉ. 859ï864.  
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Ca9Gd1ïʭEux(PO4)7, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʟʘʤʝʱʝʥʠʝʤ ʢʘʪʠʦʥʘ Ca2+ (rVIII  = 1.00 ¡) ʥʘ 

Mg2+ ʩ ʤʝʥʴʰʠʤ ʨʘʜʠʫʩʦʤ (rVIII  = 0.89 ¡) [27]. ɺ ʬʦʩʬʘʪʘʭ  

Ca8MgGd1ïʭEux(PO4)7 ʠ Ca9Gd1ïʭEux(PO4)7 ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ 

ʤʝʥʷʶʪʩʷ ʣʠʥʝʡʥʦ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʚ ʦʙʝʠʭ 

ʩʝʨʠʷʭ ʩʦʩʪʘʚʦʚ. 

 

ʈʠʩʫʥʦʢ 3.25. ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʜʣʷ Ca9Gd1ïʭEux(PO4)7 (x = 0.75 (1), 1.00 (2)) 

Ca8MgGd1ïʭEux(PO4)7 (x = 0.75 (3), 1.00 (4)). ʐʪʨʠʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʧʨʠʚʝʜʝʥʘ 

ʜʣʷ ʉʘ10.5(PO4)7 (PDF#2 70-2065). 

ʊʘʙʣʠʮʘ 3.7. ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ ʜʣʷ Ca8MgGd1ïʭEux(PO4)7 ʠ 

Ca9Gd1ïʭEux(PO4)7. 

 Ca8MgGd1ïʭEux(PO4)7 Ca9Gd1ïʭEux(PO4)7 

ʭ a, ¡ c, ¡ V, ¡3 a, ¡ c, ¡ V, ¡3 

0.00 10.358(1) 37.078(4) 3445.1(4) 10.453(1) 37.377(3) 3536.6(2) 

0.25 10.358(5) 37.081(0) 3445.6(2) 10.453(6) 37.384(4) 3537.6(2) 

0.50 10.358(8) 37.083(6) 3446.0(9) 10.454(2) 37.391(5) 3538.6(4) 

0.75 10.359(2) 37.086(1) 3446.5(7) 10.454(7) 37.398(6) 3539.6(5) 

1.00 10.359(5) 37.088(7) 3447.0(4) 10.455(2) 37.405(7) 3540.6(7) 

3.5.3 ʌʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ.  

ʉʧʝʢʪʨʳ ʚʦʟʙʫʞʜʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ ɚem = 615 ʥʤ ʜʣʷ ʩʠʩʪʝʤ 

Ca8MgGd1ïxEux(PO4)7 ʠ Ca9Gd1ïxEux(PO4)7 ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.26ʘ. 

ʐʠʨʦʢʘʷ ʦʙʣʘʩʪʴ ʠʟʣʫʯʝʥʠʷ ʚ ʠʥʪʝʨʚʘʣʝ 220ï300 ʥʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʦʩʝ 
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CTB, ʢʦʪʦʨʘʷ ʦʙʫʩʣʦʚʣʝʥʘ ʵʣʝʢʪʨʦʥʥʳʤ ʧʝʨʝʭʦʜʦʤ ʦʪ ʢʠʩʣʦʨʦʜʘ ʥʘ ʫʨʦʚʥʠ 4f 

ʢʘʪʠʦʥʦʚ ʈɿʕ, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ, ʧʦ ʩʚʷʟʷʤ Eu3+ ï ʆ2- ʠ Gd3+ ï ʆ2-. ʉʝʨʠʷ ʣʠʥʠʡ 

ʧʨʠ 362, 378, 394, ʠ 415 ʥʤ ʦʪʚʝʯʘʶʪ ʵʣʝʢʪʨʦʥʥʳʤ ʧʝʨʝʭʦʜʘʤ 7F0Ÿ
5D4, 

7F0Ÿ
5G2,4, 

7F0Ÿ
5L6, ʠ 

7F0Ÿ
5D3 ʢʘʪʠʦʥʘ Eu3+.  

ʉʧʝʢʪʨʳ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦ, 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʧʨʠ ɚex = 395 ʥʤ (ʈʠʩʫʥʦʢ 3.26ʙ). ɼʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

Ca9Gd1ïxEux(PO4)7 ʠ Ca8MgGd1ïxEux(PO4)7 (x > 0) ʥʘ ʩʧʝʢʪʨʘʭ ʧʨʠʩʫʪʩʪʚʫʶʪ 

ʭʘʨʘʢʪʝʨʥʳʝ ʣʠʥʠʠ ʚ ʢʨʘʩʥʦʡ ʦʙʣʘʩʪʠ ʚʠʜʠʤʦʛʦ ʩʧʝʢʪʨʘ ʧʨʠ 580, 590, 615, 650 

ʠ 695 ʥʤ, ʢʦʪʦʨʳʝ ʩʦʦʪʥʦʩʷʪʩʷ ʩ ʚʥʫʪʨʠʮʝʥʪʨʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ 5D0Ÿ
7FJ  

(J = 0 ï 4) ʢʘʪʠʦʥʘ Eu3+, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʦʤʠʥʠʨʫʶʱʠʡ ʧʠʢ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ 

615 ʥʤ ʜʣʷ ʵʣʝʢʪʨʦ-ʜʠʧʦʣʴʥʦʛʦ ʧʝʨʝʭʦʜʘ 5D0Ÿ
7F2.  

ʅʘ ʛʨʘʬʠʢʘʭ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ (I int) ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʢʘʪʠʦʥʘ Eu3+ (ʈʠʩʫʥʦʢ 3.26ʙ ʚʢʣʘʜʢʘ).  

Ca9Gd1ïʭEux(PO4)7 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʤʦʥʦʪʦʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝ I int, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

Ca8MgGd1ïʭEux(PO4)7 ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʤʘʢʩʠʤʫʤʦʤ ʧʨʠ ʭ = 0.75. ʇʦ ʚʠʜʠʤʦʤʫ, 

ʧʨʠ ʙʦʣʴʰʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ Eu3+ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʦʮʝʩʩ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ 

ʪʫʰʝʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʟʘ ʩʯʝʪ ʩʦʢʨʘʱʝʥʠʷ ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʮʝʥʪʨʘʤʠ 

ʩʚʝʯʝʥʠʷ, ʚʩʣʝʜʩʪʚʠʝ ʫʤʝʥʴʰʝʥʠʷ ʨʘʟʤʝʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (ʊʘʙʣʠʮʘ 

3.7) ʠʣʠ ʦʙʨʘʟʦʚʘʥʠʷ ʬʨʘʛʤʝʥʪʦʚ ʩʪʨʫʢʪʫʨʳ ʩ ʙʣʠʟʢʠʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ 

ʢʘʪʠʦʥʦʚ ʝʚʨʦʧʠʷ ʚ ʧʦʟʠʮʠʷʭ ʩʪʨʫʢʪʫʨʳ. 
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ʈʠʩʫʥʦʢ 3.26. (ʘ) ʉʧʝʢʪʨ ʚʦʟʙʫʞʜʝʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ 

Ca9Gd0.75Eu0.25(PO4)7 (1) ʠ Ca8Mg Gd0.75Eu0.25(PO4)7 (2) ɚem = 615 ʥʤ; (ʙ) ʉʧʝʢʪʨʳ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ Ca9Gd1ïxEux(PO4)7 (1) ʠ Ca8MgGd1ïxEux(PO4)7 (2)  

ɚeʭ = 395 ʥʤ. 

ɼʣʷ Ca8MgGd1ïxEux(PO4)7 ʟʥʘʯʝʥʠʷ R/O (ʈʠʩʫʥʦʢ 3.27ʘ) ʤʝʥʴʰʝ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ Ca9Gd1ïxEux(PO4)7, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʤʝʥʴʰʝʤ ʠʩʢʘʞʝʥʠʠ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʧʦʣʠʵʜʨʦʚ. ʇʝʨʝʭʦʜ 5D0Ÿ
7F0 ʧʦʢʘʟʳʚʘʝʪ ʯʠʩʣʦ 

ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʧʦʟʠʮʠʡ ʜʣʷ ʢʘʪʠʦʥʘ Eu3+ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ 

(ʈʠʩʫʥʦʢ 3.27ʙ). ɼʣʷ Ca9Gd1ïxEux(PO4)7 ʥʘʙʣʶʜʘʶʪʩʷ 3 ʧʠʢʘ: ʧʝʨʚʳʭ ʜʚʘ, 

ʩʤʝʱʝʥʳ ʚ ʙʦʣʝʝ ʜʣʠʥʥʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ (579-579.5 ʥʤ) ï ʥʝ ʩʠʤʤʝʪʨʠʯʥʳ 

ï çʩʫʧʝʨʧʦʟʠʮʠʷè ʧʝʨʝʭʦʜʦʚ ʢʘʪʠʦʥʘ Eu3+, ʨʘʩʧʦʣʘʛʘʶʱʠʭʩʷ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʚ 

ʧʦʟʠʮʠʷʭ ʄ1 ʠ ʄ2; ʚʪʦʨʦʡ (577 ʥʤ) ï ʦʪʚʝʯʘʝʪ ʧʝʨʝʭʦʜʫ ʚ ʧʦʟʠʮʠʠ ʄ3 ʢʘʢ ʠ 

Ca9Eu(PO4)7 [83]. ɼʣʷ ʚʩʝʡ ʩʝʨʠʠ Ca8MgGd1ïxEux(PO4)7 ʥʘʙʣʶʜʘʪʁʩʷ ʜʚʝ ʣʠʥʠʠ 

ʚ ʦʙʣʘʩʪʠ 579-579.5 ʥʤ. ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʧʦʟʠʮʠʷ ʄ2 ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʮ.ʩ. 

ʩʪʘʥʦʚʠʪʩʷ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʧʦʟʠʮʠʠ ʄ1, ʪʦ ʦʥʘ ʥʝ ʚʥʦʩʠʪ ʚʢʣʘʜ ʚ ʧʝʨʝʭʦʜ 

5D0Ÿ
7F0 ʠ ʜʣʷ ʵʪʠʭ ʧʦʟʠʮʠʡ ʜʦʣʞʝʥ ʥʘʙʣʶʜʘʪʴʩʷ ʦʜʠʥ ʧʠʢ ʚ ʦʙʣʘʩʪʠ  

579-579.5 ʥʤ. ʆʜʥʘʢʦ, ʚ ʩʧʝʢʪʨʝ ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʘ ʧʠʢʘ ʧʨʠ 579 ʥʤ ʠ 579.5 ʥʤ. 

ʇʦʷʚʣʝʥʠʝ ʜʚʫʭ ʧʠʢʦʚ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʚ ʮʩ ʩʪʨʫʢʪʫʨʘʭ ʢʘʪʠʦʥʳ ʚ ʧʦʟʠʮʠʠ 

ʄ3 ʥʝʤʥʦʛʦ ʩʤʝʱʝʥʳ ʠʟ ʮʝʥʪʨʘ ʩʠʤʤʝʪʨʠʠ ʠ ʟʘʥʠʤʘʶʪ ʜʚʝ ʧʦʟʠʮʠʠ ʄ31 ʠ ʄ32, 

ʢʦʪʦʨʳʝ ʤʘʣʦ ʦʪʣʠʯʘʶʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʠʤʝʶʪ ʮʩ ʦʢʨʫʞʝʥʠʝ. 

ɼʣʷ Eu3+ ʚ ʮʩ ʧʦʣʠʵʜʨʝ ʥʝ ʤʦʞʝʪ ʧʨʦʷʚʣʷʪʴʩʷ ʧʝʨʝʭʦʜ 5D0Ÿ
7F0. ɺ ʪʦʞʝ ʚʨʝʤʷ 

ʚ ʮʩ ʩʪʨʫʢʪʫʨʝ ʨʝʘʣʠʟʫʝʪʩʷ ʜʚʘ ʦʢʨʫʞʝʥʠʷ ʢʘʪʠʦʥʦʚ Eu3+ ʚ ʧʦʟʠʮʠʠ ʄ1, ʘ 
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ʠʤʝʥʥʦ ʄ1-ʄ31 ʠ ʄ1-ʄ32. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʚ ʦʙʣʘʩʪʠ 579-579.5 ʥʤ 

ʥʘʙʣʶʜʘʝʪʩʷ ʜʚʘ ʧʠʢʘ.

 

ʈʠʩʫʥʦʢ 3.27. (ʘ) ʂʦʵʬʬʠʮʠʝʥʪ ʘʩʠʤʤʝʪʨʠʠ (R/O) ʜʣʷ Ca9Gd1ïxEux(PO4)7 (1) ʠ 

Ca8MgGd1ïxEux(PO4)7 (2); (ʙ) ʇʝʨʝʭʦʜ 
5D0Ÿ

7F0 ʢʘʪʠʦʥʘ Eu3+ ʚ Ca9Gd1ïxEux(PO4)7 

(1) ʠ Ca8MgGd1ïxEux(PO4)7 (2) ʭ = 0.75. 

3.5.4 ʉʧʝʢʪʨʘʣʴʥʦ-ʢʠʥʝʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ. 

ɺʨʝʤʝʥʘ ʞʠʟʥʠ ʚ ʚʦʟʙʫʞʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʨʘʩʩʯʠʪʘʥʳ ʩ ʧʦʤʦʱʴʶ 

ʢʨʠʚʳʭ ʟʘʪʫʭʘʥʠʷ ʧʦ ʬʦʨʤʫʣʝ:  

†
᷿

᷿
 , 

ʛʜʝ I(t) ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t, ʠʥʪʝʛʨʘʣʳ ʙʝʨʫʪʩʷ 

ʚ ʠʥʪʝʨʚʘʣʝ 0 < t < tmax, ʧʨʠʯʝʤ tmax >> Ű [117]. 

ʅʘ ʨʠʩʫʥʢʝ 3.28 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʜʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʧʨʠ ʭ = 

0.75. ɼʣʷ Ca8MgGd1ïxEux(PO4)7 ʚʨʝʤʝʥʘ ʞʠʟʥʠ ʧʨʠ ɚex = 260 ʥʤ ʠ 395 ʥʤ 

ʩʦʩʪʘʚʣʷʶʪ Ű = 1.804 ʤʩ ʠ Ű = 1.608 ʤʩ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ  

Ca9Gd1ïxEux(PO4)7: Ű = 1.682 ʠ Ű = 1.580 ʤʩ. ʇʨʠ ɚex = 260 ʥʤ ʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ 

Ű ʩʚʷʟʘʥʳ ʩ ʧʨʦʮʝʩʩʘʤʠ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ Gd3+ Ÿ Eu3+ ʠ, ʫʢʘʟʳʚʘʶʪ ʥʘ 

ʵʬʬʝʢʪʠʚʥʳʡ ʧʨʦʮʝʩʩ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʘʨʦʡ Sm3+ Ÿ Eu3+ ʚ 

ʨʘʥʝʝ ʠʟʫʯʝʥʥʳʭ Ca8MgSm1ïxEux(PO4)7 ʬʦʩʬʘʪʘʭ. 
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ʈʠʩʫʥʦʢ 3.28. ʂʨʠʚʳʝ ʟʘʪʫʭʘʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ Ca9Gd0.25Eu0.75(PO4)7 (1ī2) ʠ 

Ca8MgGd0.25Eu0.75(PO4)7 (3ī4). 

3.5.5 ʎʚʝʪʦʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ. 

ɺʩʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʠʤʝʶʪ ʮʚʝʪʦʚʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ʊʘʙʣʠʮʘ 3.8) ʙʣʠʟʢʠʝ ʢ ʢʨʘʩʥʦʤʫ ʩʪʘʥʜʘʨʪʫ (0.67; 0.33) ʠ 

ʢʦʤʤʝʨʯʝʩʢʦʤʫ ʣʶʤʠʥʦʬʦʨʫ Y2O3:Eu3+ (0.655; 0.345). 

ʊʘʙʣʠʮʘ 3.8. ʎʚʝʪʦʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ Ca8MgGd1ïʭEux(PO4)7 ʠ  

Ca9Gd1ïʭEux(PO4)7. 

 Ca8MgGd1ïʭEux(PO4)7 Ca9Gd1ïʭEux(PO4)7 

 ʍ Y X Y 

x = 0.25 0.634 0.356 0.639 0.338 

x = 0.50 0.645 0.348 0.646 0.343 

x = 0.75 0.653 0.343 0.648 0.343 

x = 1.00 0.650 0.342 0.646 0.344 

ɺʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʷʚʣʷʝʪʩʷ ʢʚʘʥʪʦʚʳʡ ʚʳʭʦʜ QY, ʢʦʪʦʨʳʡ ʙʳʣ 

ʠʟʤʝʨʝʥ ʜʣʷ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʘ Ca9Gd0.25Eu0.75(PO4)7 ʠ Ca8MgGd0.25Eu0.75(PO4)7. 

ɿʥʘʯʝʥʠʷ ʢʚʘʥʪʦʚʳʭ ʚʳʭʦʜʦʚ ʩʦʩʪʘʚʠʣʠ QY = 49.5% ʠ QY = 44.8%, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʪʦ ʚ 1.5 ʨʘʟʘ ʚʳʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʦʤʤʝʨʯʝʩʢʠʤ Y2O3:Eu3+ 

QY = 29.5 %. 
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ɺʳʚʦʜ ʧʦ ʩʠʩʪʝʤʝ Ca8MGd1ïxEux(PO4)7 (M = Ca2+, Mg2+): ʚʩʝ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʬʦʩʬʘʪʳ ʦʙʨʘʟʫʶʪ ʥʝʧʨʝʨʳʚʥʳʡ ʨʷʜ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, 

ʢʦʪʦʨʳʝ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪ. ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ 

Ca9Gd1-xEux(PO4)7 ʦʙʨʘʟʫʶʪ ʥʮʩ ʩʪʨʫʢʪʫʨʳ (ʧʨ. ʛʨ. R3c) ʠ ʧʨʦʷʚʣʷʶʪ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ 

Ca8MgGd1-xEux(PO4)7 ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʮʩ ʩʪʨʫʢʪʫʨʝ (ʧʨ. ʛʨ.Rσc) ʠ ʧʨʦʷʚʣʷʶʪ 

ʘʥʪʠʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʀʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ Ca8MgGd1-xEux(PO4)7 ʧʨʠʤʝʨʥʦ ʥʘ 5% ʚʳʰʝ ʯʝʤ ʫ  

Ca9Gd1-xEux(PO4)7. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʙʦʣʴʰʠʤ ʠʩʢʘʞʝʥʠʝʤ ʧʦʣʠʵʜʨʦʚ, ʧʨʠ 

ʧʦʚʳʰʝʥʠʠ ʦʙʱʝʡ ʩʠʤʤʝʪʨʠʠ. ʇʦʣʫʯʝʥʥʳʝ ʬʦʩʬʘʪʳ ʦʙʣʘʜʘʶʪ ʠʥʪʝʥʩʠʚʥʦʡ 

ʢʨʘʩʥʦʡ ʣʶʤʠʥʝʩʮʝʥʮʠʝʡ ʩ ʚʳʩʦʢʠʤʠ ʢʚʘʥʪʦʚʳʤʠ ʚʳʭʦʜʘʤʠ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʢʦʤʤʝʨʯʝʩʢʠʭ ʢʨʘʩʥʳʭ ʣʶʤʠʥʦʬʦʨʦʚ.  

3.6 ʌʦʩʬʘʪʳ Ca8MGd1-xDyx(PO4)7 (M = Mg2+, Ca2+, Zn2+). 

3.6.1 ʉʠʥʪʝʟ Ca8MGd1-xDyx(PO4)7 (M = Mg2+, Ca2+, Zn2+). 

ʌʦʩʬʘʪʦʚ Ca8MGd1-xDyx(PO4)7 (M = Mg2+, Ca2+, Zn2+) (0 Ò x Ò 1) ʧʦʣʫʯʘʣʠ ʚ 

ʚʠʜʝ ʧʦʨʦʰʢʦʚ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʠʟ CaHPO4ĿH2O (99.9 %), CaCO3 

(99.99%), MO (ʄ = Mg, Zn; 99.99%), R2O3 (R = Gd3+, Dy3+; 99.99%). ɺʩʝ 

ʨʝʘʢʪʠʚʳ ʥʝ ʩʦʜʝʨʞʘʣʠ ʧʨʠʤʝʩʥʳʭ ʬʘʟ ʧʨʠ ʧʨʦʚʝʨʢʝ ʤʝʪʦʜʦʤ ʈʌɸ. 

ʉʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʝ ʢʦʣʠʯʝʩʪʚʘ ʧʝʨʝʪʠʨʘʣʠʩʴ ʚ ʘʣʫʥʜʦʚʳʭ ʩʪʫʧʢʘʭ. ʆʪʞʠʛ 

ʧʨʦʠʟʚʦʜʠʣʩʷ ʚ ʢʦʨʫʥʜʦʚʳʭ ʪʠʛʣʷʭ ʧʫʪʝʤ ʤʝʜʣʝʥʥʦʛʦ ʥʘʛʨʝʚʘ ʜʦ 1373 K ʚ 

ʪʝʯʝʥʠʝ 15 ʯʘʩʦʚ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʚʳʜʝʨʞʢʦʡ ʚ ʪʝʯʝʥʠʝ 40 ʯʘʩʦʚ. ɿʘʣʦʞʝʥʥʘʷ 

ʩʪʝʭʠʦʤʝʪʨʠʷ ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ (ʇʨʠʣʦʞʝʥʠʝ ˉ1). ʅʘʙʣʶʜʘʝʪʩʷ ʭʦʨʦʰʝʝ ʩʦʚʧʘʜʝʥʠʝ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. 

3.6.2 ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ Ca8MGd1-xDyx(PO4)7 (M = Mg2+, Ca2+, Zn2+). 

ʅʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʭ (ʈʠʩʫʥʦʢ 3.29) ʢʦʣʠʯʝʩʪʚʦ ʠ ʧʦʣʦʞʝʥʠʝ ʧʠʢʦʚ, ʜʣʷ 

ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʥʝʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʤʫ 

ʉʘ9Dy(PO4)7 (PDF2 49-1081). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ 
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ʷʚʣʷʶʪʩʷ ʦʜʥʦʬʘʟʥʳʤʠ ʠ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪʘ ʚ 

ʦʙʣʘʩʪʠ ʩʦʩʪʘʚʦʚ ʩ 0 Ò x Ò 1.  ɺ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ Ca9Gd1-xDyx(PO4)7 ʚʝʣʠʯʠʥʘ 

ʩʠʛʥʘʣʘ ɻɺɻ ʩʦʩʪʘʚʣʷʝʪ ~1.2 ʝʜʠʥʠʮ ʢʚʘʨʮʝʚʦʛʦ ʵʪʘʣʦʥʘ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʠʭ 

ʧʦʣʷʨʥʫ  ʁʧʨ. ʛʨ. R3c. ɺ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ Ca8MGd1-xDyx(PO4)7 (M = Mg, Zn) 

ʦʪʩʫʪʩʪʚʫʝʪ ʩʠʛʥʘʣ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʝʧʦʣʷʨʥʫ  ʁ 

ʧʨ. ʛʨ. Rσc. 

 

ʈʠʩʫʥʦʢ 3.29. ɼʠʬʨʘʢʪʦʛʨʘʤʤʘ ʜʣʷ Ca9Gd0.5Dy0.5(PO4)7 (1), Ca9Gd0.1Dy0.9(PO4)7 

(2), Ca8MgGd0.5Dy0.5(PO4)7 (3), Ca8MgGd0.1Dy0.9(PO4)7 (4), Ca8ZnGd0.5Dy0.5(PO4)7 

(5), Ca8ZnGd0.1Dy0.9(PO4)7 (6) ʠ ɹʨʝʛʛʦʚʩʢʠʝ ʨʝʬʣʝʢʩʳ ʜʣʷ ʉʘ9Dy(PO4)7  

(PDF2 49-1081).  

ɿʘʤʝʱʝʥʠʷ ʚ ʩʪʨʫʢʪʫʨʝ ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʩʦʦʪʥʦʰʝʥʠʝʤ: 

Ὀ   
 

ρππϷ, 

ʛʜʝ rs ʠ rd ʵʪʦ ʠʦʥʥʳʝ ʨʘʜʠʫʩʳ, ʜʣʷ ʟʘʤʝʱʘʝʤʦʛʦ ʠ ʜʦʧʠʨʫʝʤʦʛʦ ʢʘʪʠʦʥʘ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʦ ʩʭʦʞʠʤ ʂʏ. ɿʥʘʯʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʨʘʟʥʠʮʳ ʠʦʥʥʳʭ 

ʨʘʜʠʫʩʦʚ (Dr) ʥʝ ʜʦʣʞʥʦ ʧʨʝʚʳʰʘʪʴ 30% [129], ʚ ʩʣʫʯʘʝ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʟʘʤʝʱʝʥʠʷ ʢʘʪʠʦʥʦʚ ʚ ʧʦʜʨʝʰʝʪʢʝ. ɿʥʘʯʝʥʠʷ ʜʘʥʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʚ ʪʘʙʣʠʮʝ 3.9. ʂʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣʠʮʳ ʢʘʪʠʦʥ Dy3+ ʩʧʦʩʦʙʝʥ ʟʘʤʝʱʘʪʴ Gd3+ ʠ 
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Ca2+, ʢʦʪʦʨʳʝ ʟʘʩʝʣʷʶʪ ʧʦʟʠʮʠʠ ʄ1-ʄ3. ʇʦʟʠʮʠʷ ʄ5 ʦʩʪʘʝʪʩʷ ʧʦʣʥʦʩʪʴʶ 

ʟʘʩʝʣʸʥʥʘʷ ʢʘʪʠʦʥʘʤʠ Zn2+ ʠ Mg2+, ʘ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʨʘʟʥʠʮʘ ʘʪʦʤʥʳʭ ʨʘʜʠʫʩʦʚ 

ʙʣʠʟʢʘ ʢ 30%. ʀʟ ʧʨʠʚʝʜʝʥʥʳʭ ʜʘʥʥʳʭ ʚ ʪʘʙʣʠʮʝ 3.10 ʩʣʝʜʫʝʪ, ʯʪʦ ʢʘʪʠʦʥ Dy3+ 

ʤʦʞʝʪ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʨʘʩʧʨʝʜʝʣʷʪʩʷ ʤʝʞʜʫ ʪʨʝʤʷ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʤʠ 

ʧʦʟʠʮʠʷʤʠ ʄ1-ʄ3 ʚ ʩʪʨʫʢʪʫʨʝ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ 

[46]. 

ʊʘʙʣʠʮʘ 3.10. ɺʝʣʠʯʠʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʨʘʟʥʠʮʳ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ. 

ɼʦʧʠʨʫʝʤʳʡ  

ʢʘʪʠʦʥ 

ʈʘʜʠʫʩ, 

¡ / ʂʏ 

Dr, % 

Gd3+ Ca2+ Zn2+ Mg2+ 

1.05 ¡ 

/ 8 

0.94 ¡ 

/ 6 

1.12 ¡ 

/ 8 

1.00 ¡ 

/ 6 

0.74 ¡ / 6 0.72 ¡ / 6 

Dy3+ 
0.92 / 6 ï 2.17  ï 8.69  24.3 28.1 

1.04 / 8 0.96 ï 7.69 ï ï ï 

ʀʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʧʦʢʘʟʘʥ ʥʘ 

ʨʠʩʫʥʢʝ 3.30 ʜʣʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ɼʣʷ Ca8MGd1-xDyx(PO4)7 (M = 

Mg2+, Zn2+) ʟʥʘʯʝʥʠʷ ʦʙʲʝʤʦʚ ʥʠʞʝ ʯʝʤ ʜʣʷ Ca9Gd1-xDyx(PO4)7, ʯʪʦ ʫʢʘʟʳʚʘʝʪ 

ʥʘ ʚʭʦʞʜʝʥʠʝ ʚ ʤʘʪʨʠʮʫ ʢʘʪʠʦʥʦʚ ʩ ʤʝʥʴʰʠʤ ʠʦʥʥʳʤ ʨʘʜʠʫʩʦʤ (rVIII (Ca2+) = 

1.00 ¡, rVIII (Mg2+) = 0.72 ¡), rVIII  (Zn2+) = 0.74 [27]). ɺʦ ʚʩʝʭ ʪʨʝʭ ʩʝʨʠʷʭ ʦʙʲʝʤ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʤʝʥʷʝʪʩʷ ʣʠʥʝʡʥʦ, ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ 

ʥʝʧʨʝʨʳʚʥʦʡ ʩʝʨʠʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʩʦʛʣʘʩʥʦ ʧʨʘʚʠʣʫ ɺʝʛʘʨʜʘ [90].  

 

ʈʠʩʫʥʦʢ 3.30. ʆʙʲʝʤʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʜʣʷ Ca9Gd1-xDyx(PO4)7 (1), 

Ca8MgGd1-xDyx(PO4)7 (2) ʠ Ca8ZnGd1-xDyx(PO4)7 (3). 
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3.6.3 ʌʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ. 

ʈʠʩʫʥʦʢ 3.31ʘ ʧʦʢʘʟʳʚʘʝʪ ʩʧʝʢʪʨ rʚʦʟʙʫʞʜʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ 

Ca8ZnGd1-xDyx(PO4)7 (ɚem = 572 ʥʤ). ʐʠʨʦʢʘʷ ʣʠʥʠʷ ʠʟʣʫʯʝʥʠʷ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 

220 ʜʦ 300 ʥʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʣʘʩʪʠ ʉʊɺ, ʩ 2ʨ ʫʨʦʚʥʝʡ ʆ2- ʥʘ 4f ʫʨʦʚʥʠ 

ʢʘʪʠʦʥʦʚ ʈɿʕ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʦ ʩʚʷʟʷʤ O ï Gd. ɼʣʷ Ca8ZnDy(PO4)7 ʜʘʥʥʘʷ 

ʧʦʣʦʩʘ ʦʪʩʫʪʩʪʚʫʝʪ ʧʦʣʥʦʩʪʴʶ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʫʨʦʚʥʠ 4f, ʢʘʪʠʦʥʘ Dy3+ 

ʣʝʞʘʪ ʥʠʞʝ ʯʝʤ ʫʨʦʚʥʠ 2ʨ ʆ2-. ʇʦʜʦʙʥʦʝ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʚ ʩʠʩʪʝʤʝ  

Ca9-xMxDy(PO4)7 (M = Zn2+, Mg2+). ʃʠʥʠʷ ʧʨʠ 274 ʥʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʚʥʫʪʨʠʮʝʥʪʨʦʚʦʤʫ ʧʝʨʝʭʦʜʫ ʢʘʪʠʦʥʘ Gd3+ 6S7/2 Ÿ 6IJ. ʅʘʣʠʯʠʝ ʣʠʥʠʠ, 

ʦʪʚʝʯʘʶʱʝʡ ʢʘʪʠʦʥʫ Gd3+, ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢʪʨʘ ʚʦʟʙʫʞʜʝʥʠʷ ʥʘ ʜʣʠʥʝ 

ʚʦʣʥʳ ɚem = 572 ʥʤ, ʦʪʚʝʯʘʶʱʝʡ ʧʝʨʝʭʦʜʫ ʢʘʪʠʦʥʘ Dy3+, ʛʦʚʦʨʠʪ ʦ 

ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʧʨʦʮʝʩʩʘ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʩ Gd3+ Ÿ Dy3+. ʋʟʢʠʝ ʣʠʥʠʠ ʚ 

ʦʙʣʘʩʪʠ 320 ï 400 ʥʤ ʧʨʠ ʤʘʢʩʠʤʫʤʘʭ ʥʘ 325, 350, 374 ʠ 388 ʦʪʚʝʯʘʶʪ 

ʭʘʨʘʢʪʝʨʥʳʤ ʚʥʫʪʨʠʮʝʥʪʨʦʚʳʤ 4f ï 4f ʧʝʨʝʭʦʜʘʤ H15/2 Ÿ 
4M15/2, 

6H15/2 Ÿ 
4M15/2, 

6P7/2, 
6H15/2 Ÿ 

4I11/2, 
6H15/2 Ÿ 

4I13/2, 
5F7/2 ʢʘʪʠʦʥʘ Dy3+, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʉʭʦʞʠʝ 

ʩʧʝʢʪʨʳ ʠ ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ Ca9Gd1-xDyx(PO4)7 ʠ 

Ca8MgGd1-xDyx(PO4)7. 

ʅʘ ʨʠʩʫʥʢʝ 3.31ʙ ʧʨʝʜʩʪʘʚʣʝʥ rʩʧʝʢʪʨ rʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ʜʣʷ Ca8ZnGd1-xDyx(PO4)7, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʭ ʧʨʠ 350 ʥʤ. ʅʘʙʣʶʜʘʝʪʩʷ 

ʯʝʪʳʨʝ ʣʠʥʠʠ ʧʨʠ 480, 570, 659 ʠ 753 ʥʤ, ʢʦʪʦʨʳʝ ʩʦʦʪʥʦʩʷʪʩʷ ʩ ʧʝʨʝʭʦʜʘʤʠ ʩ 

ʫʨʦʚʥʷ 4F9/2 ʥʘ 
6H15/2, 

6H13/2, 
6H11/2 ʠ 

6H9/2 ʢʘʪʠʦʥʘ Dy3+. ʅʘ ʚʩʪʘʚʢʝ ʢ  

ʨʠʩʫʥʢʫ 3.31ʙ ʧʦʢʘʟʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʝʨʝʭʦʜʘ 

4F9/2 Ÿ 6H15/2 ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʘʪʠʦʥʘ Dy3+. ʉ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʘʪʠʦʥʘ 

Dy3+ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʧʣʦʪʴ ʜʦ ʩʦʜʝʨʞʘʥʠʷ  

ʭ = 1.0, ʪ.ʝ. ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʦʮʝʩʩʦʚ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʪʫʰʝʥʠʷ. ʉʭʦʞʠʝ 

ʩʧʝʢʪʨʳ ʠ ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʥʘʙʣʶʜʘʪʁʩʷ ʜʣʷ Ca9Gd1-xDyx(PO4)7 ʠ 

Ca8MgGd1-xDyx(PO4)7. 
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ʈʠʩʫʥʦʢ 3.31. ʉʧʝʢʪʨʳ (ʘ) ʚʦʟʙʫʞʜʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ɚem = 572 ʥʤ) ʠ 

(ʙ) ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ɚeʭ = 350 ʥʤ) ʜʣʷ Ca8ZnGd1-xDyx(PO4)7. 

 ʂʘʢ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʚʳʰʝ ʯʠʩʣʦ ʠ ʧʦʣʦʞʝʥʠʝ ʣʠʥʠʡ ʥʘ ʩʧʝʢʪʨʘʭ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ ʚʩʝʭ ʩʝʨʠʡ ʚʝʱʝʩʪʚ ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʳʤ. 

ʀʟʤʝʥʷʝʪʩʷ ʪʦʣʴʢʦ ʦʙʱʘʷ ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ. ɼʣʷ Zn-ʩʦʜʝʨʞʘʱʠʭ 

ʚʝʱʝʩʪʚ ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʳʰʝ ʯʝʤ ʜʣʷ ʜʨʫʛʠʭ ʬʦʩʬʘʪʦʚ (ʈʠʩʫʥʦʢ 

3.32ʙ). ɼʣʷ ʚʩʝʭ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʬʦʩʬʘʪʦʚ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʦʮʝʩʩʦʚ 

ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʪʫʰʝʥʠʷ ʚʦ ʚʩʝʡ ʦʙʣʘʩʪʠ ʩʦʩʪʘʚʦʚ ʩ 0 Ò x Ò 1. ʋʚʝʣʠʯʝʥʠʝ 

ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʠ ʟʘʤʝʱʝʥʠʠ Ca2+ ʥʘ Zn2+, ʧʦ-ʚʠʜʠʤʦʤʫ, 

ʩʚʷʟʘʥʦ ʩ ʠʩʢʘʞʝʥʠʝʤ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʧʦʣʠʵʜʨʘ ʢʘʪʠʦʥʘ-ʘʢʪʠʚʘʪʦʨʘ, ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʦʙʱʝʡ ʩʠʤʤʝʪʨʠʠ ʨʝʰʝʪʢʠ. ʇʦʜʪʚʝʨʞʜʝʥʠʝʤ ʵʪʦʛʦ ʚʳʚʦʜʘ 

ʩʣʫʞʠʪ ʨʘʩʯʝʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʘʩʠʤʤʝʪʨʠʠ Y/B = I(4F9/2 Ÿ 6H13/2)/I(
4F9/2 Ÿ 6H15/2). 

ɺʠʜʥʦ (ʈʠʩʫʥʦʢ 3.32ʘ), ʯʪʦ ʧʨʠ ʦʜʠʥʘʢʦʚʦʤ ʩʦʜʝʨʞʘʥʠʠ ʢʘʪʠʦʥʘ-ʘʢʪʠʚʘʪʦʨʘ 

(Dy3+) ʜʣʷ Ca8ZnGd1-xDyx(PO4)7 ʥʘʙʣʶʜʘʪʁʩʷ ʥʘʠʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʷ, ʯʪʦ 

ʛʦʚʦʨʠʪ ʦ ʙʦʣʴʰʝʤ ʠʩʢʘʞʝʥʠʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʧʦʣʠʵʜʨʦʚ ʚ ʵʪʦʤ ʩʣʫʯʘʝ. 

ʅʝʤʦʥʦʪʦʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʘʩʠʤʤʝʪʨʠʠ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ 

ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʢʦʥʢʫʨʝʥʮʠʝʡ ʢʘʪʠʦʥʘʤʠ Ca2+/Gd3+/Dy3+ ʧʨʠ ʟʘʩʝʣʝʥʠʠ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ ʄ1-ʄ3. 



99 

 

 

ʈʠʩʫʥʦʢ 3.32. (ʘ) ʂʦʵʬʬʠʮʠʝʥʪ ʘʩʠʤʤʝʪʨʠʠ Y/B ʠ (ʙ) ʦʙʱʘʷ ʠʥʪʝʛʨʘʣʴʥʘʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʣʷ Ca8ZnGd1-xDyx(PO4)7 (1), Ca9Gd1-xDyx(PO4)7 (2),  

Ca8MgGd1-xDyx(PO4)7 (3). 

3.6.4 ʎʚʝʪʦʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. 

ɺ ʊʘʙʣʠʮʘ 3.11 ʧʨʠʚʝʜʝʥʳ ʮʚʝʪʦʚʳʝ (ʉIE) ʢʦʦʨʜʠʥʘʪʳ ʠ ʮʚʝʪʦʚʘʷ 

ʯʠʩʪʦʪʘ. ɼʣʷ ʚʩʝʡ ʩʝʨʠʠ ʮʚʝʪʦʚʳʝ ʢʦʦʨʜʠʥʘʪʳ ʦʢʘʟʘʣʠʩʴ ʚ ʙʝʣʦʡ ʦʙʣʘʩʪʠ, ʯʪʦ 

ʩʚʷʟʘʥʦ ʩ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʧʝʨʝʭʦʜʦʚ ʚ ʩʠʥʝʡ ʠ ʞʝʣʪʦʡ 

ʦʙʣʘʩʪʷʭ ʚʠʜʠʤʦʛʦ ʩʧʝʢʪʨʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʚʥʫʪʨʠʮʝʥʪʨʦʚʳʤ ʧʝʨʝʭʦʜʘʤ 

ʢʘʪʠʦʥʘ Dy3+. ɼʣʷ ʚʩʝʡ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ Ca8ZnGd1-xDyx(PO4)7 ʟʥʘʯʝʥʠʷ 

ʮʚʝʪʦʚʳʭ ʢʦʦʨʜʠʥʘʪ ʥʝʤʥʦʛʦ ʩʜʚʠʥʫʪʳ ʚ ʢʨʘʩʥʫʶ ʦʙʣʘʩʪʴ, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʠʭ ʧʨʠʤʝʥʝʥʠʶ ʚ ʢʘʯʝʩʪʚʝ ʪʝʧʣʳʭ ʙʝʣʳʭ ʩʚʝʪʦʜʠʦʜʦʚ (ʈʠʩʫʥʦʢ 3.33). ɼʣʷ 

Ca8MgGd1-xDyx(PO4)7 ʦʥʠ ʪʘʢʞʝ ʧʦʧʘʜʘʶʪ ʚ ʦʙʣʘʩʪʴ ʪʝʧʣʦʛʦ ʙʝʣʦʛʦ ʮʚʝʪʘ, ʚ 

ʦʪʣʠʯʠʠ ʦʪ Ca9Gd1-xDyx(PO4)7 ʟʥʘʯʝʥʠʷ ʜʣʷ ʢʦʪʦʨʦʛʦ ʩʜʚʠʥʫʪʳ ʚ ʩʠʥʶʶ 

ʦʙʣʘʩʪʴ. ʎʚʝʪʦʚʘʷ ʯʠʩʪʦʪʘ (color purity) ʩʯʠʪʘʣʘʩʴ ʧʦ ʬʦʨʤʫʣʝ:  

ὧέὰέὶ ὴόὶὭὸώ
ὼ ὼ ώ ώ

ὼ ὼ ώ ώ
ρππϷ 

ʛʜʝ (xs,ys), (xd,yd) ʠ (xi,yi) ʵʪʦ ʮʚʝʪʦʚʳʝ ʢʦʦʨʜʠʥʘʪʳ ʩʘʤʦʛʦ ʦʙʨʘʟʮʘ-

ʣʶʤʠʥʦʬʦʨʘ, ʜʦʤʠʥʠʨʫʶʱʝʡ ʜʣʠʥʳ ʚʦʣʥʳ (0.259, 0.731) ʠ ʙʝʣʦʛʦ ʮʚʝʪʘ ʥʘ 

CIE ʜʠʘʛʨʘʤʤʝ (0.310, 0.316), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʣʷ ʚʩʝʭ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʚʝʱʝʩʪʚ ʮʚʝʪʦʚʘʷ ʯʠʩʪʦʪʘ ʩʦʩʪʘʚʠʣʘ ~ 65%. ʇʦʣʫʯʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ Dy-

ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʣʶʤʠʥʦʬʦʨʦʚ ʙʦʣʴʰʝ, ʯʝʤ ʫ ʜʨʫʛʠʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ 
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ʬʦʩʬʘʪʦʚ ʩʝʤʝʡʩʪʚʘ ʚʠʪʣʦʢʠʪʘ: Sr9Ga(PO4)7:Dy3+ [130] (color purity = 40%), 

Ca3(PO4)2:Dy3+ [49] (color purity = 50%),. 

ʊʘʙʣʠʮʘ 3.11. ʎʚʝʪʦʚʳʝ ʢʦʦʨʜʠʥʘʪʳ (ʍ, Y) ʜʣʷ Ca9Gd1-xDyx(PO4)7,  

Ca8MgGd1-xDyx(PO4)7, Ca8ZnGd1-xDyx(PO4)7. 

 Ca9Gd1-xDyx(PO4)7 Ca8MgGd1-xDyx(PO4)7 Ca8ZnGd1-xDyx(PO4)7 

 X Y X Y X Y 

x = 0.25 0.363 0.418 0.362 0.422 0.363 0.422 

x = 0.5 0.359 0.400 0.362 0.422 0.361 0.423 

x = 0.7 0.366 0.421 0.362 0.422 0.362 0.423 

x = 0.9 0.364 0.417 0.358 0.414 0.361 0.414 

x = 1.0 0.362 0.411 0.364 0.410 0.363 0.413 

 

ʈʠʩʫʥʦʢ 3.33. CIE ʢʦʦʨʜʠʥʘʪʳ ʜʣʷ Ca9Gd0.1Dy0.9(PO4)7 (1), 

Ca8MgGd0.1Dy0.9(PO4)7 (2), Ca8ZnGd0.1Dy0.9(PO4)7 (3). 

ɺʳʚʦʜ ʧʦ ʩʠʩʪʝʤʝ Ca8MGd1ïxDyx(PO4)7 (M = Ca2+, Mg2+, Zn2+): ʚʩʝ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʬʦʩʬʘʪʳ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʚʠʪʣʦʢʠʪ. 

ʌʦʩʬʘʪʳ ʩ M = Mg2+, Zn2+ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʮʝʥʪʨʦʩʠʤʤʝʪʨʠʯʥʦʡ ʧʨ.ʛʨ. Rσc, 

ʘ  Ca9Gd1-xEux(PO4)7 ʚ ʥʝʮʝʥʪʨʦʩʠʤʤʝʪʨʠʯʥʦʡ ʧʨ.ʛʨ. R3c. ɺʩʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ 

ʬʦʩʬʘʪʳ ʦʙʣʘʜʘʶʪ ʠʥʪʝʥʩʠʚʥʦʡ ʣʶʤʠʥʝʩʮʝʥʮʠʝʡ ʙʝʟ ʧʨʦʮʝʩʩʦʚ 

ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʪʫʰʝʥʠʷ. ʅʘʙʣʶʜʘʶʪʩʷ ʧʝʨʝʭʦʜʳ ʚ ʩʠʥʝʡ ʠ ʞʝʣʪʦʡ 
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ʦʙʣʘʩʪʠ ʚʠʜʠʤʦʛʦ ʩʧʝʢʪʨʘ, ʦʪʚʝʯʘʶʱʠʝ ʚʥʫʪʨʠʮʝʥʪʨʦʚʳʤ ʧʝʨʝʭʦʜʘʤ ʢʘʪʠʦʥʘ 

Dy3+. ʀʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʫ Ca8ZnGd1-xEux(PO4)7 

ʚʳʰʝ ʯʝʤ ʫ Ca8MgGd1-xDyx(PO4)7 ʠ Ca9Gd1-xEux(PO4)7. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ 

ʦʙʲʷʩʥʝʥʦ ʙʦʣʴʰʠʤ ʠʩʢʘʞʝʥʠʝʤ ʧʦʣʠʵʜʨʦʚ, ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʦʙʱʝʡ 

ʩʠʤʤʝʪʨʠʠ. ɺʝʱʝʩʪʚʘ ʦʙʣʘʜʘʶʪ ʨʝʟʫʣʴʪʠʨʫʶʱʠʤ ʠʟʣʫʯʝʥʠʝʤ ʚ ʙʝʣʦʡ ʦʙʣʘʩʪʠ 

ʮʚʝʪʦʚʳʭ ʢʦʦʨʜʠʥʘʪ ʩ ʚʳʩʦʢʠʤ ʟʥʘʯʝʥʠʝʤ ʮʚʝʪʦʚʦʡ ʯʠʩʪʦʪʳ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʙʝʣʳʭ ʣʶʤʠʥʦʬʦʨʦʚ.  

3.7 ʌʦʩʬʘʪʳ Ca9-xMxEu(PO4)7 (M = Mg2+, Zn2+). 

3.7.1 ʉʠʥʪʝʟ Ca9-xMxEu(PO4)7 (M = Mg2+, Zn2+). 

ʉʠʩʪʝʤʳ ʬʦʩʬʘʪʦʚ Ca9-xMxEu(PO4)7 (M = Mg2+, Zn2+) (0 Ò x Ò 1) ʧʦʣʫʯʘʣʠ 

ʚ ʚʠʜʝ ʧʦʨʦʰʢʦʚ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʠʟ CaHPO4ĿH2O (99.9 %), CaCO3 

(99.99%), MO (ʄ = Mg, Zn; 99.99%), Eu2O3 (99.99%). ɺʩʝ ʨʝʘʢʪʠʚʳ ʧʨʦʚʝʨʷʣʠ 

ʤʝʪʦʜʦʤ ʈʌɸ, ʠʭ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʥʝ ʩʦʜʝʨʞʘʣʠ ʧʨʠʤʝʩʥʳʭ ʬʘʟ. 

ʉʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʝ ʢʦʣʠʯʝʩʪʚʘ ʠʩʭʦʜʥʳʭ ʚʝʱʝʩʪʚ ʧʝʨʝʪʠʨʘʣʠʩʴ ʚ ʘʣʫʥʜʦʚʳʭ 

ʩʪʫʧʢʘʭ. ʆʪʞʠʛ ʧʨʦʠʟʚʦʜʠʣʩʷ ʚ ʢʦʨʫʥʜʦʚʳʭ ʪʠʛʣʷʭ ʧʫʪʝʤ ʤʝʜʣʝʥʥʦʛʦ ʥʘʛʨʝʚʘ 

ʜʦ 1373 K ʚ ʪʝʯʝʥʠʝ 15 ʯʘʩʦʚ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʚʳʜʝʨʞʢʦʡ ʚ ʪʝʯʝʥʠʝ 40 ʯʘʩʦʚ.  

3.7.2 ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ. 

ʅʘ ʨʠʩʫʥʢʝ 3.34ʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʜʣʷ Ca9-xMgxEu(PO4)7. ɺʩʝ 

ʨʝʬʣʝʢʩʳ ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʨʘʥʝʝ ʦʧʠʩʘʥʥʦʤʫ ʩʦʝʜʠʥʝʥʠʶ 

Ca8MgEu(PO4)7 (PDF#2 70-681). ʅʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʭ ʥʝ ʥʘʙʣʶʜʘʣʠ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʨʝʬʣʝʢʩʦʚ ʧʨʠʤʝʩʥʳʭ ʬʘʟ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʩʝ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʬʦʩʬʘʪʳ ʧʨʠʥʘʜʣʝʞʘʪ ʩʪʨʫʢʪʫʨʥʦʤʫ ʪʠʧʫ ʚʠʪʣʦʢʠʪ. 

ʉʤʝʱʝʥʠʝ ʨʝʬʣʝʢʩʦʚ ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʫʛʣʦʚ ʩʚʷʟʘʥʦ ʩ ʫʤʝʥʴʰʝʥʠʝʤ 

ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʚʩʣʝʜʩʪʚʠʝ ʟʘʤʝʱʝʥʠʷ Ca2+ Ÿ Mg2+. ʊʘʢʦʝ 

ʩʤʝʱʝʥʠʝ (ʈʠʩʫʥʦʢ 3.34ʙ) ʭʦʨʦʰʦ ʟʘʤʝʪʥʦ ʥʘ ʛʣʘʚʥʦʤ ʨʝʬʣʝʢʩʝ (0 2 10).  
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ʈʠʩʫʥʦʢ 3.34. (ʘ) ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʜʣʷ Ca9-xMgxEu(PO4)7 ʠ ɹʨʝʛʦʚʩʢʠʝ 

ʦʪʨʘʞʝʥʠʷ ʜʣʷ Ca8MgEu(PO4)7 (PDF2 card no. 70-681); (ʙ) ɻʣʘʚʥʳʡ ʧʠ (0 2 10) 

ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ ʜʣʷ Ca9-xMgxEu(PO4)7. 

 ʅʘ ʨʠʩʫʥʢʝ 3.35 ʧʨʝʜʩʪʘʚʣʝʥ ʬʨʘʛʤʝʥʪ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʜʣʷ  

Ca9-xZnxEu(PO4)7. ɺʩʝ ʨʝʬʣʝʢʩʳ ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʭ ʪʘʢʠʝ ʞʝ, ʢʘʢ ʠ ʫ 

Ca9Eu(PO4)7 (PDF2 46-399). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʩʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʬʦʩʬʘʪʳ ʩ 

ʮʠʥʢʦʤ ʪʘʢʞʝ ʧʨʠʥʘʜʣʝʞʘʪ ʢ ʩʪʨʫʢʪʫʨʥʦʤʫ ʪʠʧʫ ʚʠʪʣʦʢʠʪ. 

 

ʈʠʩʫʥʦʢ 3.35. ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʜʣʷ Ca9-xZnxEu(PO4)7 ʠ ɹʨʝʛʦʚʩʢʠʝ ʦʪʨʘʞʝʥʠʷ 

ʜʣʷ Ca9Eu(PO4)7 (PDF#2 46-399). 

 ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ ʨʘʩʩʯʠʪʘʥʳ ʜʣʷ ʚʩʝʡ ʩʝʨʠʠ 

ʠʩʩʣʝʜʫʝʤʳʭ ʬʦʩʬʘʪʦʚ. ɺ ʩʝʨʠʷʭ Ca9-xMxR(PO4)7 (M = Mg2+, Zn2+) (ʈʠʩʫʥʦʢ 

3.36). ʅʘʙʣʶʜʘʝʪʩʷ ʧʦʩʪʝʧʝʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʷʯʝʝʢ ʧʨʠ 










































































































