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ɺʚʝʜʝʥʠʝ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʕʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʤʠʥʝʨʘʣʦʚ, ʧʦʨʦʜ ʠ ʨʫʜ ï 

ʦʙʲʝʢʪ ʜʝʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʘʢ ʚ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠ, ʪʘʢ ʠ ʚ ʦʙʣʘʩʪʠ ʬʠʟʠʢʠ ɿʝʤʣʠ 

[ʇʘʨʭʦʤʝʥʢʦ, 1984, Dai et al., 2020]. ʀʥʪʝʨʝʩ ʢ ʧʦʜʦʙʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʩʪʠʤʫʣʠʨʫʝʪʩʷ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤʠ ʠ ʧʨʘʢʪʠʯʝʩʢʠʤʠ ʟʘʜʘʯʘʤʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʣʫʯʘʝʤʳʭ ʜʘʥʥʳʭ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʚ ʛʝʦʬʠʟʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ ʧʨʠ ʟʦʥʜʠʨʦʚʘʥʠʠ ʣʠʪʦʩʬʝʨʳ ʠ ʤʘʥʪʠʠ, ʧʨʠ ʵʣʝʢʪʨʦʨʘʟʚʝʜʢʝ 

ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ ʠ ʜʨ. [Naif et al., 2021; Yoshino, 2019]. ɻʨʫʧʧʘ ʛʨʘʥʘʪʦʚ 

ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ R2+
3R

3+
2(SiO4)3 (R2+=Mg, Fe, Mn, Ca; R3+=Al, Fe, Cr) ï ʠʥʪʝʨʝʩʥʳʡ ʠ 

ʘʢʪʫʘʣʴʥʳʡ ʦʙʲʝʢʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʩʚʷʟʠ ʩ ʠʭ ʰʠʨʦʢʦʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴʶ ʚ ʟʝʤʥʦʡ ʢʦʨʝ 

[Romano et al., 2006; Dai et al., 2020; Naif et al., 2021]. ɻʨʘʥʘʪʳ (ʧʠʨʦʧ, ʘʥʜʨʘʜʠʪ, ʘʣʴʤʘʥʜʠʥ) 

ʩʪʘʙʠʣʴʥʳ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ pT-ʫʩʣʦʚʠʡ, ʯʪʦ ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴ ʚ ʦʙʣʘʩʪʠ 

ʦʪ ʥʠʞʥʝʡ ʯʘʩʪʠ ʟʝʤʥʦʡ ʢʦʨʳ ʜʦ ʤʘʥʪʠʠ. ʆʙʨʘʟʮʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʚʘʨʠʘʮʠʷʤʠ 

ʢʘʢ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ, ʪʘʢ ʠ ʥʘʣʠʯʠʝʤ ʠ ʚʘʨʠʘʮʠʷʤʠ ʪʠʧʘ ʬʘʟʦʚʳʭ ʧʨʠʤʝʩʝʡ.  

ʄʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʛʨʘʥʘʪʘ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʞʝʣʝʟʦ-ʠʪʪʨʠʝʚʦʛʦ Y3Fe5O12 - 

ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʬʝʨʨʠʤʘʛʥʝʪʠʢʠ, ʪʝʨʤʦʠʟʦʣʠʨʫʶʱʠʝ ʤʘʪʝʨʠʘʣʳ ʩ ʚʳʩʦʢʦʡ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʠ ʫʤʝʨʝʥʥʳʤʠ ʂʊʈ, ʤʘʪʝʨʠʘʣʳ ʩ ʚʳʩʦʢʠʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʥʠʟʢʠʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ ʠ ʚʳʩʦʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ 

[Mallmann et al., 2013]. ʕʰʠʥʠʪ ï ʛʨʫʧʧʘ ʤʠʥʝʨʘʣʦʚ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ RE(Ti,Nb)2(O,OH)6 (RE = 

ʈɿʕ); ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʳ ʵʰʠʥʠʪʘ ï ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʤʠʢʨʦʚʦʣʥʦʚʳʝ ʢʝʨʘʤʠʢʠ, 

ʤʘʪʝʨʠʘʣʳ ʩ ʚʳʩʦʢʠʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʪʚʝʨʜʦʪʝʣʴʥʳʝ ʣʘʟʝʨʳ, 

ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʠ ʨʘʜʠʘʮʠʦʥʥʦ-ʩʪʦʡʢʠʝ ʤʘʪʝʨʠʘʣʳ [Zhang, Zuo, 2018]. ʕʣʝʢʪʨʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʛʨʘʥʘʪʦʚ ʠ ʵʰʠʥʠʪʦʚ ʰʠʨʦʢʦ ʚʦʩʪʨʝʙʦʚʘʥʳ ʚ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠ 

ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʢʦʤʧʦʥʝʥʪʦʚ ʜʣʷ ʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ, ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ 

ʝʤʢʦʩʪʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠ ʜʨ. [Lunkenheimer et al., 2010; Huang et al., 2017]. ɺ 

ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʧʨʠʚʣʝʯʝʥʦ ʢ ʚʦʧʨʦʩʫ ʤʦʜʠʬʠʢʘʮʠʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʩʣʦʞʥʳʭ ʦʢʩʠʜʦʚ ʩ ʧʦʤʦʱʴʶ ʪʘʢ 

ʥʘʟʳʚʘʝʤʦʛʦ çʤʫʣʴʪʠʵʣʝʤʝʥʪʥʦʛʦè ʟʘʤʝʱʝʥʠʷ ʩʪʨʫʢʪʫʨʥʦ-ʦʙʨʘʟʫʶʱʝʛʦ ʵʣʝʤʝʥʪʘ ʚ 

ʦʧʨʝʜʝʣʝʥʥʦʡ ʧʦʟʠʮʠʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʘ ʧʷʪʴ ʠ ʙʦʣʝʝ ʨʘʟʣʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [Rost et al., 2015]. ʎʠʪʠʨʦʚʘʥʥʳʝ ʧʫʙʣʠʢʘʮʠʠ 

ʩʪʠʤʫʣʠʨʫʶʪ ʠʥʪʝʨʝʩ ʢ ʧʦʣʫʯʝʥʠʶ ʥʦʚʳʭ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʞʝʣʝʟʥʳʭ ʛʨʘʥʘʪʦʚ ʠ ʪʠʪʘʥʦ-

ʥʠʦʙʘʪʦʚ ʈɿʕ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ʨʘʟʥʦʦʙʨʘʟʥʦʛʦ ʩʦʩʪʘʚʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ 

ʤʝʪʦʜʠʢ ʩʠʥʪʝʟʘ.  

ʆʙʲʝʢʪ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ (ʩʠʥʪʝʪʠʯʝʩʢʠʡ ʤʘʪʝʨʠʘʣ, ʤʠʥʝʨʘʣ, ʧʦʨʦʜʘ, 

ʨʫʜʘ) ʤʦʞʝʪ ʙʳʪʴ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥ ʢʘʢ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʭ ʩʚʦʡʩʪʚ (ʫʜʝʣʴʥʦʛʦ 
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ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠʣʠ ʫʜʝʣʴʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ), ʦʧʠʩʳʚʘʶʱʠʭ ʧʦʜʚʠʞʥʦʩʪʴ ʨʘʟʥʦʦʙʨʘʟʥʳʭ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʤʘʪʝʨʠʘʣʝ, ʪʘʢ ʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʝʛʦ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʦʧʠʩʳʚʘʶʱʠʭ 

ʨʝʘʢʮʠʶ ʦʙʲʝʢʪʘ ʥʘ ʚʥʝʰʥʝʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʧʦʣʝ (ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, 

ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʤʦʜʫʣʴ). ʇʦʩʪʦʷʥʥʦʪʦʢʦʚʳʡ ʤʝʪʦʜ ʠʟʫʯʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ 

ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʦʙʱʝʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʠʣʠ ʦʙʱʫʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ çʦʙʨʘʟʝʮ-ʵʣʝʢʪʨʦʜʳè; ʠʤʧʝʜʘʥʩʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʜʦʧʦʣʥʷʝʪ 

ʠʟʤʝʨʝʥʠʷ ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ; ʦʥʘ ʠʩʧʦʣʴʟʫʝʪ ʧʝʨʝʤʝʥʥʳʡ ʪʦʢ ʤʘʣʦʡ ʘʤʧʣʠʪʫʜʳ ʚ ʯʘʩʪʦʪʥʦʤ 

ʜʠʘʧʘʟʦʥʝ 10ï6ï108 ɻʮ. ʄʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ; 

ʫʩʪʘʥʘʚʣʠʚʘʪʴ ʤʝʭʘʥʠʟʤ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ; ʠʟʫʯʘʪʴ ʘʜʩʦʨʙʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʦʚ; ʠʩʩʣʝʜʦʚʘʪʴ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʵʣʝʢʪʨʦʜ-ʵʣʝʢʪʨʦʣʠʪ; ʚʳʷʚʣʷʪʴ 

ʦʙʲʝʤʥʫʶ, ʟʝʨʥʦʛʨʘʥʠʯʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʠ ʧʨʦʚʦʜʠʤʦʩʪʴ ʥʘ ʨʘʟʜʝʣʝ ʵʣʝʢʪʨʦʜ-ʦʙʨʘʟʝʮ.  

ʅʝʩʤʦʪʨʷ ʥʘ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʨʘʙʦʪʳ ʚ ʦʙʣʘʩʪʠ ʠʤʧʝʜʘʥʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʤʠʥʝʨʘʣʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ ʠ ʵʰʠʥʠʪʘ ʠʭ ʘʢʪʫʘʣʴʥʦʩʪʴ 

ʩʦʭʨʘʥʷʝʪʩʷ ʠ ʩʝʛʦʜʥʷ. ʆʥʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʚʦʝʡ ʥʘʧʨʘʚʣʝʥʥʦʩʪʴʶ (1) ʥʘ ʨʘʟʚʠʪʠʝ ʩʭʝʤ ʩʠʥʪʝʟʘ 

ʞʝʣʝʟʦ-ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʠ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ ʈɿʕ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ʨʘʟʣʠʯʥʦʛʦ 

ʩʦʩʪʘʚʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ (ʤʥʦʛʦʵʣʝʤʝʥʪʥʳʭ); (2) ʥʘ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ 

ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟ ʩʦʝʜʠʥʝʥʠʡ ʩ ʟʘʷʚʣʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ; ʠʟʫʯʝʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʠʭ ʩʪʨʫʢʪʫʨʳ, 

ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ, ʦʧʪʠʯʝʩʢʠʭ, ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ; (3) ʥʘ 

ab initio ʨʘʩʯʝʪʳ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʚʦʡʩʪʚ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ; (4) ʥʘ ʘʥʘʣʠʟ ʩʚʷʟʠ çʩʦʩʪʘʚ ï 

ʪʝʨʤʠʯʝʩʢʘʷ ʠʩʪʦʨʠʷ ï ʩʚʦʡʩʪʚʘè ʤʠʥʝʨʘʣʦʚ ʠʟ ʛʨʫʧʧʳ ʛʨʘʥʘʪʘ. 

ʎʝʣʴ ʨʘʙʦʪʳ ï ʦʧʨʝʜʝʣʝʥʠʝ ʩʚʷʟʠ çʩʦʩʪʘʚ ï ʩʪʨʫʢʪʫʨʘ ï ʩʚʦʡʩʪʚʘè ʤʠʥʝʨʘʣʦʚ ʠ ʥʦʚʳʭ 

ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ ʠ ʵʰʠʥʠʪʘ; ʫʩʪʘʥʦʚʣʝʥʠʝ ʭʘʨʘʢʪʝʨʘ ʚʣʠʷʥʠʷ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʦʩʪʘʚʘ ʠ ʢʨʠʩʪʘʣʣʦʭʠʤʠʠ ʥʘ ʠʭ ʦʧʪʠʯʝʩʢʠʝ, ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ 

(ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʝ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ) ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ.  

ɿʘʜʘʯʠ ʨʘʙʦʪʳ: 

1. ʦʪʨʘʙʦʪʢʘ ʤʝʪʦʜʠʢ ʩʠʥʪʝʟʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʭʥʠʢ ʧʠʨʦʣʠʟʘ, ʩʦʦʩʘʞʜʝʥʠʷ ʠ 

ʪʚʝʨʜʦʬʘʟʥʳʭ ʨʝʘʢʮʠʡ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʡ ʚʳʙʦʨʢʠ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʞʝʣʝʟʥʳʭ 

ʛʨʘʥʘʪʦʚ ʠ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ RE3Fe5O12, (RE10.2RE20.2RE30.2RE40.2RE50.2)3 

Fe5O12, RETiNbO6, (RE10.2RE20.2 RE30.2RE40.2RE50.2)TiNbO6, ʘ ʪʘʢʞʝ ʜʚʦʡʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

ʩʦʩʪʘʚʘ RE1-xMxTi1-xNb1+xO6 (ʟʜʝʩʴ RE ʠ RE1-5=Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, Y; M=Ca, 

Sr); 

2. ʘʥʘʣʠʟ ʫʩʣʦʚʠʡ ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟ ʩʦʝʜʠʥʝʥʠʡ ʟʘʷʚʣʝʥʥʳʭ ʩʝʤʝʡʩʪʚ, ʠʟʫʯʝʥʠʝ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʦʩʪʘʚʘ, ʩʪʨʫʢʪʫʨʳ ʠ ʤʦʨʬʦʣʦʛʠʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʠʭ ʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʩʚʦʡʩʪʚ ʧʦ ʜʘʥʥʳʤ ʦʧʪʠʯʝʩʢʦʡ, 57Fe-ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʠ pTïʟʘʚʠʩʠʤʦʡ 

ʨʘʤʘʥʦʚʩʢʦʡ in situ ʩʧʝʢʪʨʦʩʢʦʧʠʠ; ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
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ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʠ ʧʝʨʚʦʧʨʠʥʮʠʧʥʳʭ ʨʘʩʯʝʪʦʚ; ʘʥʘʣʠʟ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʩʦʝʜʠʥʝʥʠʡ ʧʦ ʜʘʥʥʳʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʠʤʧʝʜʘʥʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ; ʦʧʨʝʜʝʣʝʥʠʝ ʩʚʷʟʠ 

çʩʦʩʪʘʚ, ʪʠʧ ʩʠʥʪʝʟʘ ï ʩʪʨʫʢʪʫʨʘ ï ʩʚʦʡʩʪʚʘè ʥʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ;  

3. ʠʩʩʣʝʜʦʚʘʥʠʝ ʭʠʤʠʯʝʩʢʦʛʦ ʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ, ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʭ, 

ʦʧʪʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʨʷʜʘ ʧʨʠʨʦʜʥʳʭ ʛʨʘʥʘʪʦʚ; ʘʥʘʣʠʟ ʩʚʷʟʠ çʩʦʩʪʘʚ ï 

ʪʝʨʤʠʯʝʩʢʘʷ ʠʩʪʦʨʠʷ ï ʩʚʦʡʩʪʚʘè. 

ʆʙʲʝʢʪʳ ʠ ʧʨʝʜʤʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ  

ʆʙʲʝʢʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʢʝʨʘʤʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ 

ʠ ʵʰʠʥʠʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ, ʘ ʪʘʢʞʝ ʜʚʦʡʥʳʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʩʦʩʪʘʚʘ RE1-xMxTi1-xNb1+xO6 

ʠ ʨʷʜ ʧʨʦʙ ʧʨʠʨʦʜʥʳʭ ʛʨʘʥʘʪʦʚ (ʘʣʴʤʘʥʜʠʥʘ, ʘʥʜʨʘʜʠʪʘ, ʜʝʤʘʥʪʦʠʜʘ, ʛʨʦʩʩʫʣʷʨʘ, ʧʠʨʦʧʘ) 

ʨʘʟʣʠʯʥʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠ ʪʠʧʘ ʬʘʟʦʚʳʭ ʧʨʠʤʝʩʝʡ; ʚʩʝʛʦ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʦ ʙʦʣʝʝ 60 

ʦʙʨʘʟʮʦʚ. 

ʇʨʝʜʤʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠ 

ʤʠʥʝʨʘʣʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ ʠ ʵʰʠʥʠʪʘ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ; ʦʧʨʝʜʝʣʝʥʠʝ ʩʚʷʟʠ 

çʩʦʩʪʘʚ ï ʩʪʨʫʢʪʫʨʘ ï ʩʚʦʡʩʪʚʘè; ʫʩʪʘʥʦʚʣʝʥʠʝ ʭʘʨʘʢʪʝʨʘ ʚʣʠʷʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʦʩʪʘʚʘ ʠ 

ʢʨʠʩʪʘʣʣʦʭʠʤʠʠ ʥʘ ʦʧʪʠʯʝʩʢʠʝ, ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ (ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʝ ʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ) ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʨʘʟʮʦʚ.  

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ ʩʦʩʪʦʷʣ ʚ ʦʪʨʘʙʦʪʢʝ ʦʧʪʠʤʘʣʴʥʳʭ ʤʝʪʦʜʠʢ ʩʠʥʪʝʟʘ ʛʨʘʥʘʪʦʚ ʠ 

ʵʰʠʥʠʪʦʚ ʠ ʧʦʣʫʯʝʥʠʠ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʡ ʚʳʙʦʨʢʠ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʠ 

ʵʰʠʥʠʪʦʚ. ɺʩʝʛʦ ʘʚʪʦʨʦʤ ʩʠʥʪʝʟʠʨʦʚʘʥʦ 54 ʦʙʨʘʟʮʘ ʠʟ ʥʠʭ 41 ʦʙʨʘʟʝʮ ʧʦʣʫʯʝʥ ʠ ʦʧʠʩʘʥ ʚʧʝʨʚʳʝ; 

ʦʪʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʠ ʧʦʣʫʯʝʥʳ ʢʝʨʘʤʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʠʟ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ; ʠʟʫʯʝʥ ʠʭ 

ʭʠʤʠʯʝʩʢʠʡ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ; ʧʦʣʫʯʝʥʳ ʠ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʳ ʠʤʧʝʜʘʥʩʥʳʝ ʩʧʝʢʪʨʳ 

ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʨʷʜʘ ʧʨʠʨʦʜʥʳʭ ʛʨʘʥʘʪʦʚ. ɸʚʪʦʨʦʤ ʚʳʧʦʣʥʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʛʨʘʥʘʪʦʚ ʠ ʵʰʠʥʠʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ 

ʤʝʪʦʜʦʚ; ʧʨʠ ʫʯʘʩʪʠʠ ʘʚʪʦʨʘ ʚʳʧʦʣʥʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʝ, 

ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʝ ʠ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʦʣʫʯʝʥʳ ʩʧʝʢʪʨʳ ʜʠʬʬʫʟʥʦʛʦ 

ʩʚʝʪʦʨʘʩʩʝʷʥʠʷ ʠ ʨʘʤʘʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ; DFT ʨʘʩʯʝʪʳ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ 

ʩʚʦʡʩʪʚ ʩʦʝʜʠʥʝʥʠʡ. ɸʚʪʦʨʦʤ ʚʳʧʦʣʥʝʥ ʘʥʘʣʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ ʜʘʥʥʳʭ, 

ʦʙʦʙʱʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʜʛʦʪʦʚʢʘ ʠ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʠʭ ʚ ʧʝʯʘʪʴ. 

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ  

ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ XRD-7000; ʘʥʘʣʠʟ 

ʧʨʦʬʠʣʷ ʧʦʨʦʰʢʦʚʳʭ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʧʨʦʚʝʜʝʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʃʝ 

ɹʝʡʣʘ ʠ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ (ʤʝʪʦʜ ʈʠʪʚʝʣʴʜʘ); ʦʧʨʝʜʝʣʝʥʠʝ ʤʦʨʬʦʣʦʛʠʠ ʠ ʭʠʤʠʯʝʩʢʦʛʦ 

ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ ʚʳʧʦʣʥʝʥʳ ʥʘ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʤ ʨʝʥʪʛʝʥʦʬʣʶʦʨʝʩʮʝʥʪʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ 
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EDX-8000, ʉʕʄ Jeol JSM6390LV ʠ ʵʣʝʢʪʨʦʥʥʦ-ʟʦʥʜʦʚʦʤ ʤʠʢʨʦʘʥʘʣʠʟʘʪʦʨʝ ʉameca SX100. 

ɼʘʥʥʳʝ ʜʠʣʘʪʦʤʝʪʨʠʠ ʧʦʣʫʯʝʥʳ ʥʘ ʧʨʠʙʦʨʝ DIL 402C ʩ ʚʘʢʫʫʤ-ʧʣʦʪʥʦʡ ʧʝʯʴʶ; 

ʜʝʥʩʠʪʦʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ï ʤʝʪʦʜʦʤ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʚʝʰʠʚʘʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ; 

ʜʘʥʥʳʝ ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʠ ʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ - ʥʘ ʧʨʠʙʦʨʝ NETZSCH 

STA 449 F5 Jupiter ʚ ʜʠʘʧʘʟʦʥʝ 20ï1300 ÜC (ʩʠʥʪʝʪʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ) ʠ 20ï1000 ÜC (ʧʨʠʨʦʜʥʳʝ 

ʧʨʦʙʳ). ʉʧʝʢʪʨʳ ʜʠʬʬʫʟʥʦʛʦ ʩʚʝʪʦʨʘʩʩʝʷʥʠʷ ʧʦʣʫʯʝʥʳ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ Thermo Scientific 

Evolution 300, ʜʘʥʥʳʝ pT-ʟʘʚʠʩʠʤʦʡ ʨʘʤʘʥʦʚʩʢʦʡ in situ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ï ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ Horiba 

LabRam HR800 Evolution ʩ ʪʝʨʤʦʩʪʦʣʠʢʦʤ Linkam THMS 600 ʠ ʷʯʝʡʢʦʡ Evolution Diacell 

ÕScopeDAC-HT(G), ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʝ ʜʘʥʥʳʝ ï ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ ʚʳʩʦʢʦʛʦ ʩʢʦʨʦʩʪʥʦʛʦ 

ʨʘʟʨʝʰʝʥʠʷ ʉʄ-2201 ʩ ʠʩʪʦʯʥʠʢʦʤ 57ʉʦ(Rh) ʠ ʩʮʠʥʪʠʣʣʷʮʠʦʥʥʳʤ ʨʝʟʦʥʘʥʩʥʳʤ ʜʝʪʝʢʪʦʨʦʤ 

ɹɼɻʈʉ-2. ʀʤʧʝʜʘʥʩʥʳʝ ʩʧʝʢʪʨʳ ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 200ï900 Áʉ ʠ ʯʘʩʪʦʪ 1ï106 ɻʮ ʧʦʣʫʯʝʥʳ 

ʥʘ ʜʚʫʭʵʣʝʢʪʨʦʜʥʦʡ ʷʯʝʡʢʝ ʠ ʧʦʪʝʥʮʠʦʩʪʘʪʝ P-45X (Elins) ʩ ʤʦʜʫʣʝʤ ʠʤʧʝʜʘʥʩʘ FRA-24M ʚ 

ʨʝʞʠʤʝ ʦʭʣʘʞʜʝʥʠʷ ʜʣʷ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʧʨʦʙ ʩ Pt ʵʣʝʢʪʨʦʜʘʤʠ, ʥʘʥʝʩʝʥʠʝ ʢʦʪʦʨʳʭ ʪʨʝʙʦʚʘʣʦ 

ʦʪʞʠʛ ʧʨʠ 600 Áʉ, ʠ ʚ ʨʝʞʠʤʝ ʥʘʛʨʝʚʘʥʠʷ-ʦʭʣʘʞʜʝʥʠʷ ʜʣʷ ʧʨʠʨʦʜʥʳʭ ʧʨʦʙ ʩ ʵʣʝʢʪʨʦʜʘʤʠ 

La0.5Sr0.5CoO3-ŭ (LSC05), ʥʘʥʝʩʝʥʠʝ ʧʦʩʣʝʜʥʠʭ ʦʪʞʠʛʘ ʥʝ ʪʨʝʙʦʚʘʣʦ. ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʩʧʝʢʪʨʦʚ 

ʠʤʧʝʜʘʥʩʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʩʭʝʤ ʠ ʤʝʪʦʜ ʦʪʩʝʯʝʢ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ 

1. ʆʧʪʠʤʠʟʠʨʦʚʘʥʳ ʤʝʪʦʜʠʢʠ ʩʠʥʪʝʟʘ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʞʝʣʝʟʥʳʭ 

ʛʨʘʥʘʪʦʚ ʠ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʭʥʠʢ ʧʠʨʦʣʠʟʘ, 

ʩʦʦʩʘʞʜʝʥʠʷ ʠ ʪʚʝʨʜʦʬʘʟʥʳʭ ʨʝʘʢʮʠʡ; ʧʦʣʫʯʝʥʦ ʜʚʘ ʧʘʪʝʥʪʘ ʥʘ ʩʧʦʩʦʙʳ ʩʠʥʪʝʟʘ ʨʷʜʘ ʤʦʥʦ- ʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʞʝʣʝʟʥʳʭ ʛʨʘʥʘʪʦʚ. 

2. ɺʧʝʨʚʳʝ ʤʝʪʦʜʘʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʠ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʚʳʷʚʣʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ɺʧʝʨʚʳʝ 

ʚʳʧʦʣʥʝʥ ʘʥʘʣʠʟ ʜʠʥʘʤʠʢʠ ʨʝʰʝʪʦʢ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ -190 - +500 Áʉ ʠ ʜʘʚʣʝʥʠʠ ʜʦ 13 ɻʇʘ; 

ʨʘʩʩʤʦʪʨʝʥʦ ʚʣʠʷʥʠʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʥʘ ʦʙʱʠʡ ʘʥʛʘʨʤʦʥʠʟʤ ʩʠʩʪʝʤʳ.  

3. ɺʧʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʥʳ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ, 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ Ea ʧʨʦʚʦʜʠʤʦʩʪʠ; ʨʘʩʩʤʦʪʨʝʥʳ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ 

ʧʨʦʮʝʩʩʳ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʦʙʨʘʟʮʦʚ; ʚʳʷʚʣʝʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʠʟʤʝʥʝʥʠʷ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʨʷʜʘʭ ʩʪʨʫʢʪʫʨʥʦ-ʨʦʜʩʪʚʝʥʥʳʭ ʦʙʨʘʟʮʦʚ.  

4. ɼʣʷ ʨʷʜʘ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ RE3Fe5O12 (RE=Eu, Gd, Dy, Er, Y) ʚʧʝʨʚʳʝ 

ʧʨʦʚʝʜʝʥʳ DFT ʨʘʩʯʝʪʳ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʚʦʡʩʪʚ. ɺʧʝʨʚʳʝ ʚʳʧʦʣʥʝʥʦ 

ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʦʝ ʘʪʦʤʠʩʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʛʨʘʥʘʪʦʚ ʠ ʵʰʠʥʠʪʦʚ.  

5. ɺʧʝʨʚʳʝ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʦʙʨʘʟʮʳ ʩʦʩʪʘʚʘ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12, 

(Y0.2Nd0.2Sm0.2 Ho0.2Er0.2)3Fe5O12 ʠ (Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6 ʩ ʚʳʩʦʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 
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ʢʦʥʩʪʘʥʪʦʡ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ; ʚʳʧʦʣʥʝʥ ʘʥʘʣʠʟ ʠʭ 

ʭʠʤʠʯʝʩʢʠʭ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʢʘʢ ʦʩʥʦʚʳ ʜʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʭ ʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

6. ɼʣʷ ʨʷʜʘ ʧʨʠʨʦʜʥʳʭ ʛʨʘʥʘʪʦʚ ʚʳʷʚʣʝʥʳ ʠ ʦʙʦʩʥʦʚʘʥʳ ʢʦʨʨʝʣʷʮʠʠ çʩʦʩʪʘʚ ï 

ʪʝʨʤʠʯʝʩʢʘʷ ʠʩʪʦʨʠʷ ῐ ʩʚʦʡʩʪʚʘè; ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʛʨʘʥʘʪʦʚ ʵʬʬʝʢʪʠʚʥʳ ʜʣʷ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʥʘʯʘʣʴʥʳʭ ʩʪʘʜʠʡ ʠʭ ʬʘʟʦʚʦʛʦ ʨʘʟʣʦʞʝʥʠʷ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʩ ʚʳʜʝʣʝʥʠʝʤ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʦʢʩʠʜʦʚ ʞʝʣʝʟʘ. 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ  

1. ʈʘʙʦʪʘ ʩʦʜʝʨʞʠʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʦʙʲʸʤ ʥʦʚʳʭ ʜʘʥʥʳʭ ʧʦ ʬʠʟʠʢʝ, ʢʨʠʩʪʘʣʣʦʭʠʤʠʠ ʠ 

ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ (ʪʠʧʫ ʠ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ɽʘ, ʟʥʘʯʝʥʠʷʤ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ) ʨʷʜʘ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ ʠ ʵʰʠʥʠʪʘ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʚʦʩʪʨʝʙʦʚʘʥʳ ʚ ʢʘʯʝʩʪʚʝ ʩʧʨʘʚʦʯʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʚ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠ ʧʨʠ ʧʦʠʩʢʝ ʥʦʚʳʭ ʨʝʰʝʥʠʡ ʚ ʩʬʝʨʝ ʵʣʝʢʪʨʦʪʝʭʥʠʢʠ. 

2. ʈʘʩʩʤʦʪʨʝʥʳ ʚʦʧʨʦʩʳ ʚʣʠʷʥʠʷ ʟʘʤʝʱʝʥʠʡ ʈɿʕ, Ti, Nb ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʡʩʪʚʘ 

ʜʚʦʡʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ RE1-xMxTi1-xNb1+xO6, ʘ ʪʘʢʞʝ ʤʦʜʠʬʠʢʘʮʠʠ 

ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩ ʧʦʤʦʱʴʶ ʤʫʣʴʪʠʵʣʝʤʝʥʪʥʦʛʦ 

ʟʘʤʝʱʝʥʠʷ ʚ ʧʦʜʨʝʰʝʪʢʝ ʈɿʕ ʛʨʘʥʘʪʦʚ ʠ ʚ ʩʝʤʝʡʩʪʚʝ RETiNbO6 ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ. 

ʄʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʛʨʘʥʘʪʳ ʠ ʵʰʠʥʠʪʳ ʫʩʪʦʡʯʠʚʳ ʧʨʠ ʊ ʜʦ 1300 Áʉ, ʛʨʘʥʘʪʳ ʫʩʪʦʡʯʠʚʳ ʧʨʠ 

ʨ ʜʦ 13 ɻʇʘ, ʯʪʦ ʧʝʨʩʧʝʢʪʠʚʥʦ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʭ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ; ʧʨʝʜʣʦʞʝʥʳ 

ʦʙʨʘʟʮʳ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʠ (Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6 ʜʣʷ ʉɺʏ-ʫʩʪʨʦʡʩʪʚ ʩ 

ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ.  

3. ʈʘʙʦʪʘ ʩʦʜʝʨʞʠʪ ʥʦʚʳʝ ʜʘʥʥʳʝ ʧʦ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ 

(ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʢʦʵʬʬʠʮʠʝʥʪʫ ʧʨʦʚʦʜʠʤʦʩʪʠ ɽ, ʟʥʘʯʝʥʠʷʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ) ʨʷʜʘ ʧʨʠʨʦʜʥʳʭ ʛʨʘʥʘʪʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʚʦʩʪʨʝʙʦʚʘʥʳ ʧʨʠ 

ʛʝʦʬʠʟʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ ʚ ʢʘʯʝʩʪʚʝ ʩʧʨʘʚʦʯʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʛʝʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʤʦʜʝʣʝʡ. 

4. ʅʘ ʧʨʠʤʝʨʝ ʛʨʘʥʘʪʦʚ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʝʪʦʜ ʠʤʧʝʜʘʥʩʥʦʡ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʬʠʢʩʘʮʠʠ ʠ ʠʟʫʯʝʥʠʷ ʥʘʯʘʣʴʥʳʭ ʩʪʘʜʠʡ 

ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʤʠʥʝʨʘʣʦʚ ʠ ʠʭ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʘʥʘʣʦʛʦʚ. 

ɿʘʱʠʱʘʝʤʳʝ ʧʦʣʦʞʝʥʠʷ  

1. ʄʝʪʦʜ ʧʠʨʦʣʠʟʘ - ʦʧʪʠʤʘʣʴʥʳʡ ʩʧʦcʦʙ ʩʠʥʪʝʟʘ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʛʨʘʥʘʪʦʚ; ʧʦʣʫʯʝʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʫʩʪʦʡʯʠʚʳ ʜʦ 1300 Üʉ ʠ 13 ɻʇʘ; ʠʭ ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʴ 

ʠʤʝʝʪ ʘʢʪʠʚʘʮʠʦʥʥʳʡ ʭʘʨʘʢʪʝʨ; ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 600ï 900 ÜC ʥʘʙʣʶʜʘʝʪʩʷ ʩʤʝʰʘʥʥʘʷ 

(ʵʣʝʢʪʨʦʥʥʘʷ ʠ ʢʠʩʣʦʨʦʜʥʦ-ʠʦʥʥʘʷ) ʧʨʦʚʦʜʠʤʦʩʪʴ; ʚ ʦʙʣʘʩʪʠ 200ï550 ÜC ï ʤʘʣʦʧʦʣʷʨʦʥʥʘʷ. 

ʇʨʦʚʦʜʠʤʦʩʪʴ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʙʣʠʟʢʘ ʠʣʠ ʚʳʰʝ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʘʜʜʠʪʠʚʥʦ 
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ʚʳʯʠʩʣʝʥʥʦʡ ʧʦ ʟʥʘʯʝʥʠʷʤ ʜʣʷ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ; ʝʝ ʧʦʚʳʰʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʚ 

ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 600ï900 ÜC ʦʙʫʩʣʦʚʣʝʥʦ ʩʪʨʫʢʪʫʨʥʳʤʠ ʠʩʢʘʞʝʥʠʷʤʠ ʞʝʣʝʟʦ-ʢʠʩʣʦʨʦʜʥʳʭ 

ʧʦʣʠʵʜʨʦʚ ʚ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʘʭ; ʚʚʝʜʝʥʠʝ Er, Yb, Nd ʧʦʚʳʰʘʝʪ ʠʭ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʘ 

Sm ʠ Pr ʩʥʠʞʘʝʪ. ʄʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʝ ʟʘʤʝʱʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʚʘʨʴʠʨʦʚʘʪʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʢʦʥʩʪʘʥʪʳ ʛʨʘʥʘʪʦʚ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʷʭ.  

2. ʄʝʪʦʜ ʧʠʨʦʣʠʟʘ - ʦʧʪʠʤʘʣʴʥʳʡ ʩʧʦcʦʙ ʩʠʥʪʝʟʘ ʤʦʥʦ-, ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ ʠ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ RE1-xMxTi1-xNb1+xO6 ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ; 

ʩʦʝʜʠʥʝʥʠʷ ʫʩʪʦʡʯʠʚʳ ʜʦ 1300 Üʉ; ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ɻ ʰʠʥʠʪʳ ʩ ʤʝʥʴʰʠʤ ʩʨʝʜʥʠʤ ʠʦʥʥʳʤ 

ʨʘʜʠʫʩʦʤ ʈɿʕ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʤʝʥʴʰʠʤʠ ʠʩʢʘʞʝʥʠʷʤʠ ʩʪʨʫʢʪʫʨʳ; ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʴ 

ʵʰʠʥʠʪʦʚ ʠʤʝʝʪ ʘʢʪʠʚʘʮʠʦʥʥʳʡ ʭʘʨʘʢʪʝʨ; ʤʝʭʘʥʠʟʤ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ - ʢʠʩʣʦʨʦʜʥʦ-ʠʦʥʥʳʡ; ʜʣʷ 

ʉʝ-ʩʦʜʝʨʞʘʱʠʭ ʩʦʩʪʘʚʦʚ ï ɻ ʣʝʢʪʨʦʥʥʳʡ. ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʜʦʧʘʥʪʘ ʄ=Ca, Sr; ʜʣʷ La, Nd-ʩʦʩʪʘʚʦʚ ʧʦʚʳʰʝʥʠʝ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʦʙʫʩʣʦʚʣʝʥʦ ʩʪʨʫʢʪʫʨʥʳʤʠ ʠʩʢʘʞʝʥʠʷʤʠ; ʝʝ ʩʥʠʞʝʥʠʝ ʜʣʷ Ce-ʩʦʩʪʘʚʦʚ - 

ʫʤʝʥʴʰʝʥʠʝʤ ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʤʧʦʥʝʥʪʳ; ʜʣʷ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩ ʤʝʥʝʝ ʠʩʢʘʞʝʥʥʦʡ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʥʘʙʣʶʜʘʝʪʩʷ ʩʥʠʞʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ. 

ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʩʪʘʚʦʚ, ʥʝ ʩʦʜʝʨʞʘʱʠʝ Ce ʚ 

ʩʦʩʪʘʚʝ, ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʧʦʥʠʞʝʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʦʧʪʠʤʘʣʴʥʳʤʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. 

3. ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ɽ, ʟʥʘʯʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ) ʧʨʠʨʦʜʥʳʭ ʛʨʘʥʘʪʦʚ ʚ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʣʘʩʪʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʥʝ ʪʦʣʴʢʦ ʠʭ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ (ʚ ʧʝʨʚʫʶ 

ʦʯʝʨʝʜʴ ʩʦʜʝʨʞʘʥʠʝʤ Fe), ʥʘʣʠʯʠʝʤ ʠ ʪʠʧʦʤ ʬʘʟʦʚʳʭ ʧʨʠʤʝʩʝʡ, ʥʦ ʠ ʪʝʨʤʠʯʝʩʢʦʡ ʠʩʪʦʨʠʝʡ ʧʨʦʙ 

ï ʣʘʙʦʨʘʪʦʨʥʦʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʦʡ ʠ ʨʝʞʠʤʦʤ ʵʢʩʧʝʨʠʤʝʥʪʘ - ʥʘʛʨʝʚʘʥʠʝʤ ʠʣʠ ʦʭʣʘʞʜʝʥʠʝʤ ʧʨʠ 

ʧʦʣʫʯʝʥʠʠ ʩʧʝʢʪʨʦʚ ʠʤʧʝʜʘʥʩʘ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʛʨʘʥʘʪʦʚ 

ʵʬʬʝʢʪʠʚʥʳ ʜʣʷ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʥʘʯʘʣʴʥʳʭ ʩʪʘʜʠʡ ʠʭ ʬʘʟʦʚʦʛʦ ʨʘʟʣʦʞʝʥʠʷ, ʚ ʯʘʩʪʥʦʩʪʠ, ʩ 

ʚʳʜʝʣʝʥʠʝʤ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʦʢʩʠʜʦʚ ʞʝʣʝʟʘ. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʚʳʚʦʜʦʚ  

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʦʙʫʩʣʦʚʣʝʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʚʨʝʤʝʥʥʦʡ ʘʧʧʘʨʘʪʫʨʳ ʠ 

ʩʝʨʪʠʬʠʮʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʠʢ; ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴʶ ʨʝʟʫʣʴʪʘʪʦʚ; ʢʦʤʧʣʝʢʩʥʳʤ ʧʦʜʭʦʜʦʤ ʢ 

ʨʝʰʝʥʠʶ ʧʦʩʪʘʚʣʝʥʥʳʭ ʟʘʜʘʯ; ʦʙʩʫʞʜʝʥʠʝʤ ʨʝʟʫʣʴʪʘʪʦʚ ʩʦ ʩʧʝʮʠʘʣʠʩʪʘʤʠ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʝʡ.  

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʘʚʪʦʨʦʤ ʚ ʬʦʨʤʝ ʫʩʪʥʳʭ ʠ 

ʩʪʝʥʜʦʚʳʭ ʩʦʦʙʱʝʥʠʡ ʥʘ 10 ʨʦʩʩʠʡʩʢʠʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: VII ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʥʘʫʯʥʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ çʍʠʤʠʯʝʩʢʠʝ ʧʨʦʙʣʝʤʳ ʩʦʚʨʝʤʝʥʥʦʩʪʠ 2023è (ɼʦʥʝʮʢ); XIII-XV ɺʩʝʨʦʩʩʠʡʩʢʠʭ 

ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ çʄʠʥʝʨʘʣʳ: ʩʪʨʦʝʥʠʝ, ʩʚʦʡʩʪʚʘ, ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ (2023- 2025, 

ɽʢʘʪʝʨʠʥʙʫʨʛ); XXXIII ɿʠʤʥʝʡ ʰʢʦʣʝ ʧʦ ʭʠʤʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ (2024, ʇʝʨʚʦʫʨʘʣʴʩʢ); XX 
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ʄʝʞʜʫʥʘʨʦʜʥʦʤ ʩʦʚʝʱʘʥʠʠ ʧʦ ʢʨʠʩʪʘʣʣʦʭʠʤʠʠ, ʨʝʥʪʛʝʥʦʛʨʘʬʠʠ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʤʠʥʝʨʘʣʦʚ 

(2024, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ); XXX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʋʨʘʣʴʩʢʘʷ 

ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʘʷ ʰʢʦʣʘ ï 2024è (ɽʢʘʪʝʨʠʥʙʫʨʛ); X ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ çʍʠʤʠʷ: ʜʦʩʪʠʞʝʥʠʷ ʠ ʧʝʨʩʧʝʢʪʠʚʳè (ʈʦʩʪʦʚ-ʥʘ-ɼʦʥʫ); IX ʄʝʞʜʫʥʘʨʦʜʥʦʡ 

ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʍʠʤʠʯʝʩʢʠʝ ʧʨʦʙʣʝʤʳ ʩʦʚʨʝʤʝʥʥʦʩʪʠ 2025è (ɼʦʥʝʮʢ); XXXV 

ʈʦʩʩʠʡʩʢʦʡ ʤʦʣʦʜʝʞʥʦʡ ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ çʇʨʦʙʣʝʤʳ 

ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʭʠʤʠʠè (2025, ɽʢʘʪʝʨʠʥʙʫʨʛ).  

ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʳ 7 ʨʘʙʦʪ, ʠʟ ʥʠʭ ï 5 ʩʪʘʪʝʡ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʥʘʫʯʥʳʭ 

ʞʫʨʥʘʣʘʭ, 2 ʧʘʪʝʥʪʘ. 

ʆʙʲʸʤ ʠ ʩʪʨʫʢʪʫʨʘ ʨʘʙʦʪʳ. ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʧʷʪʠ ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ ʠ 

ʜʚʫʭ ʧʨʠʣʦʞʝʥʠʡ. ʆʥʘ ʩʦʜʝʨʞʠʪ 144 ʩʪʨʘʥʠʮʳ ʪʝʢʩʪʘ, 65 ʨʠʩʫʥʢʦʚ, 13 ʪʘʙʣʠʮ, ʩʧʠʩʦʢ 

ʣʠʪʝʨʘʪʫʨʳ, ʩʦʩʪʦʷʱʠʡ ʠʟ 270 ʠʩʪʦʯʥʠʢʦʚ, ʜʚʘ ʧʨʠʣʦʞʝʥʠʷ, ʚʢʣʶʯʘʶʱʠʭ 29 ʨʠʩʫʥʢʦʚ ʠ 24 

ʪʘʙʣʠʮʳ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʙʶʜʞʝʪʥʦʡ ʪʝʤʳ ˉ 123011800012-9 ʥʘʫʯʥʦ-

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʨʘʙʦʪ ʣʘʙʦʨʘʪʦʨʠʠ ʬʠʟʠʯʝʩʢʠʭ ʠ ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʀʥʩʪʠʪʫʪʘ ʛʝʦʣʦʛʠʠ ʠ ʛʝʦʭʠʤʠʠ ʠʤ. ʘʢʘʜ. ɸ.ʅ. ɿʘʚʘʨʠʮʢʦʛʦ ʋʨʆ ʈɸʅ. 

ɹʣʘʛʦʜʘʨʥʦʩʪʠ. ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʛʣʫʙʦʢʫʶ ʧʨʠʟʥʘʪʝʣʴʥʦʩʪʴ ʥʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʷʤ 

ʉ.ʃ. ɺʦʪʷʢʦʚʫ ʠ ɿ.ɸ. ʄʠʭʘʡʣʦʚʩʢʦʡ ʟʘ ʧʨʝʜʣʦʞʝʥʥʫʶ ʪʝʤʫ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʨʫʢʦʚʦʜʩʪʚʦ ʠ 

ʧʦʜʜʝʨʞʢʫ ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ. ɸʚʪʦʨ ʧʨʠʟʥʘʪʝʣʝʥ ʢʦʣʣʝʛʘʤ, ʩʦʚʤʝʩʪʥʦ ʩ ʢʦʪʦʨʳʤʠ ʚʳʧʦʣʥʷʣʠʩʴ 

ʠʩʩʣʝʜʦʚʘʥʠʷ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ ɽ.ɸ. ʇʘʥʢʨʫʰʠʥʦʡ, ɸ.ɼ. ʈʷʥʩʢʦʡ, ʆ.ɺ. ɻʘʣʘʭʦʚʦʡ, ʊ.ʗ. ɻʫʣʷʝʚʦʡ, 

ʅ.ʉ. ʏʝʙʳʢʠʥʫ, ʅ.ʉ. ʋʧʦʨʦʚʦʡ, ɽ.ʄ. ʈʦʛʠʥʩʢʦʤʫ, ʢʦʣʣʝʛʘʤ-ʛʝʦʣʦʛʘʤ ɸ.ʖ. ʂʠʩʠʥʫ, ɽ.ʉ. 

ʐʘʛʘʣʦʚʫ, ɽ.ɺ. ʇʫʰʢʘʨʝʚʫ. ʆʪʜʝʣʴʥʫʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʘʚʪʦʨ ʚʳʨʘʞʘʝʪ ʉʦʚʝʪʫ ʧʦ ʚʦʧʨʦʩʘʤ 

ʥʘʟʥʘʯʝʥʠʷ ʠ ʚʳʧʣʘʪʳ ʩʪʠʧʝʥʜʠʠ ʇʨʝʟʠʜʝʥʪʘ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʟʘ ʧʦʜʜʝʨʞʘʥʠʝ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ (ʇʨʠʢʘʟ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ ʦʪ 3 ʠʶʣʷ 2024 

ʛ. ˉ 428). 
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ɻʣʘʚʘ 1. ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ, ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʴ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʤʠʥʝʨʘʣʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ ʠ 

ʵʰʠʥʠʪʘ 

1.1 ʉʠʥʪʝʪʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʠ ʤʠʥʝʨʘʣʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ 

1.1.1 ʆʩʥʦʚʥʳʝ ʧʦʜʩʝʤʝʡʩʪʚʘ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʛʨʘʥʘʪʦʚ 

ʆʪʢʨʳʪʠʝ ʩʪʨʫʢʪʫʨʳ ʛʨʘʥʘʪʦʚ [Menzer, 1929] ʧʦʣʦʞʠʣʦ ʦʩʥʦʚʫ ʜʘʣʴʥʝʡʰʝʛʦ ʠʟʫʯʝʥʠ ̫ʝʛʦ 

ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʘʥʘʣʦʛʦʚ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʪʨʦʛʦʡ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʛʨʘʥʘʪʦʚ ʥʝ 

ʩʫʱʝʩʪʚʫʶʪ, ʦʜʥʘʢʦ ʝʩʪʴ ʪʝʥʜʝʥʮʠʷ ʚʳʜʝʣʷʪʴ ʥʝʢʦʪʦʨʳʝ ʠʩʪʦʨʠʯʝʩʢʠ ʩʣʦʞʠʚʰʠʝʩʷ ʩʝʤʝʡʩʪʚʘ. 

ɸʣʶʤʠʥʠʝʚʳʝ (RE3Al5O12) ʠ ʛʘʣʣʠʝʚʳʝ (RE3Ga5O12) ʛʨʘʥʘʪʳ ï ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʢʝʨʘʤʠʢʠ ʜʣʷ 

ʣʘʟʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [Geusic et al., 1964]. ʇʦʣʫʯʝʥʥʳʝ ʚ 1956 ʛ. ʞʝʣʝʟʥʳʝ ʛʨʘʥʘʪʳ (RE3Fe5O12) 

[Bertaut, Forrat, 1956] ï ʦʙʲʝʢʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʈʘʙʦʪʳ ʚ ʦʙʣʘʩʪʠ 

ʠʦʥʥʳʭ ʧʨʦʚʦʜʥʠʢʦʚ ʩʪʠʤʫʣʠʨʦʚʘʣʠ ʠʟʫʯʝʥʠʝ ʩʦʝʜʠʥʝʥʠʡ Li 7La3Zr2O12 ʩ ʛʨʘʥʘʪʦʚʦʡ ʩʪʨʫʢʪʫʨʦʡ 

[Muragan et al., 2007]. ʈʘʙʦʪʳ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ ʩʦʭʨʘʥʷʪʁ 

ʩʚʦʶ ʘʢʪʫʘʣʴʥʦʩʪʴ ʠ ʩʝʛʦʜʥʷ [Alam, Das, 2024; Aleksandrov et al., 2022]. 

1.1.2 ʆʩʦʙʝʥʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʣʘʥʪʘʥʦʠʜ-ʞʝʣʝʟʥʳʭ ʛʨʘʥʘʪʦʚ 

ʉʠʥʪʝʪʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʩʦʩʪʘʚʘ RE3Fe5O12 (RE = Y3+, Sm3+, Eu3+, Gd3+, Tb3+, Dy3+, Ho3+, 

Er3+, Tm 3+, Yb3+, Lu3+) ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʢʫʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ, ʧʨ. ʛʨ. Ia-

3d. ʕʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ʩʦʜʝʨʞʠʪ 8 ʬʦʨʤʫʣʴʥʳʭ ʝʜʠʥʠʮ. RE3+ ʟʘʥʠʤʘʶʪ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʫʶ 

ʧʦʟʠʮʠʶ 24(ʩ), Fe3+ ʟʘʥʠʤʘʶʪ ʦʢʪʘʵʜʨʠʯʝʩʢʫʶ ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʫʶ ʧʦʟʠʮʠʠ 16(ʘ) ʠ 24 (d), ʆ - 

ʧʦʟʠʮʠʶ 96 (h). ʂʘʞʜʳʡ ʠʦʥ ʆ ʨʘʩʧʦʣʦʞʝʥ ʚ ʚʝʨʰʠʥʝ ʜʚʫʭ ʜʦʜʝʢʘʵʜʨʦʚ, ʦʜʥʦʛʦ ʦʢʪʘʵʜʨʘ ʠ 

ʦʜʥʦʛʦ ʪʝʪʨʘʵʜʨʘ. ʇʦʣʠʵʜʨʳ ʚ ʩʪʨʫʢʪʫʨʝ ʛʨʘʥʘʪʘ ʠʩʢʘʞʝʥʳ, ʨʘʩʧʦʣʦʞʝʥʠʝ ʠʦʥʦʚ ʢʠʩʣʦʨʦʜʘ ʧʦ 

ʦʩʷʤ ʢʦʦʨʜʠʥʘʪ ʥʝ ʧʦʣʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʢʫʙʠʯʝʩʢʦʡ ʩʠʤʤʝʪʨʠʠ, ʦʜʥʘʢʦ ʦʪʢʣʦʥʝʥʠʝ ʤʘʣʦ ʠ 

ʦʮʝʥʠʚʘʝʪʩʷ ʯʝʨʝʟ ʠʩʢʘʞʝʥʠʝ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʣʠʵʜʨʦʚ. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 

ʩʪʨʫʢʪʫʨʘ ʠʪʪʨʠʡ-ʞʝʣʝʟʥʦʛʦ ʛʨʘʥʘʪʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.1. 

 
ʈʠʩ. 1.1. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʠʪʪʨʠʡ-ʞʝʣʝʟʥʦʛʦ ʛʨʘʥʘʪʘ ʩʦʛʣʘʩʥʦ [Barron-Lopez et al., 

2021] 

ʇʘʨʘʤʝʪʨ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʨʘʜʠʫʩʘ ʈɿʕ. ɺ ʨʘʙʦʪʝ [Espinosa, 1962] 

ʦʧʨʝʜʝʣʝʥʳ ʦʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ ʛʨʘʥʘʪʦʚ; ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʦʥʳ La3+, Pr3+ ʠ Nd3+ ʥʝ 
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ʦʙʨʘʟʫʶʪ ʛʨʘʥʘʪʦʚʫʶ ʩʪʨʫʢʪʫʨʫ ʚʚʠʜʫ ʠʭ ʙʦʣʴʰʦʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ. ʇʨʠ ʵʪʦʤ ʚ ʨʘʙʦʪʝ [Guo et 

al., 2011] ʚ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʩʦʩʪʘʚʳ Pr3Fe5O12 ʠ Nd3Fe5O12, ʧʘʨʘʤʝʪʨ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʦʢʘʟʘʣʩʷ ʙʣʠʟʦʢ, ʧʨʝʜʩʢʘʟʘʥʥʳʡ ʚ ʨʘʙʦʪʝ [Espinosa, 

1962]. 

ʆʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʥʘʣʠʯʠʝ ʧʨʠʤʝʩʝʡ ʠ/ʠʣʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʥʘʛʨʝʚ ʩʧʦʩʦʙʩʪʚʫʶʪ 

ʦʙʨʘʟʦʚʘʥʠʶ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ ʚ ʩʪʨʫʢʪʫʨʝ ʛʨʘʥʘʪʘ. ʆʜʥʘʢʦ ʢʦʥʮʝʥʪʨʘʮʠʷ ʜʝʬʝʢʪʦʚ 

ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʘ ï 0.01-0.03 ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ ʚ ʦʪʣʠʯʠʝ, ʥʘʧʨʠʤʝʨ, ʦʪ ʩʪʨʫʢʪʫʨʳ 

ʧʝʨʦʚʩʢʠʪʘ [Larsen, Metselaar, 1975]. ʄʦʞʥʦ ʢʦʥʩʪʘʪʠʨʦʚʘʪʴ, ʯʪʦ ʩʠʥʪʝʪʠʯʝʩʢʠʝ ʛʨʘʥʘʪʳ ï 

ʫʜʦʙʥʳʝ ʤʘʪʨʠʮ rʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʟʘʤʝʱʝʥʠʡ.  

1.1.3 ʀʟʦʤʦʨʬʠʟʤ ʚ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʞʝʣʝʟʥʳʭ ʛʨʘʥʘʪʘʭ 

ʉʪʨʫʢʪʫʨʘ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʞʝʣʝʟʥʳʭ ʛʨʘʥʘʪʦʚ ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ 

ʟʘʤʝʱʝʥʠʡ, ʚ ʯʘʩʪʥʦʩʪʠ, Y3Al 5O12 ʠ Y3Ga5O12 ʦʙʨʘʟʫʶʪ ʩ Y3Fe5O12 ʥʝʧʨʝʨʳʚʥʳʡ ʨʷʜ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ [Rodic et al., 2001; Nakatsuka et al., 1995]; ʩʦʝʜʠʥʝʥʠʷ RE3Fe5O12 ʪʘʢʞʝ ʬʦʨʤʠʨʫʶʪ 

ʥʝʧʨʝʨʳʚʥʳʡ ʨʷʜ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ: ʚ [ʉunningham, Anderson, 1960] ʵʪʦ ʧʦʢʘʟʘʥʦ ʥʘ ʧʨʠʤʝʨʝ 

Sm3Fe5O12. ʀʪʪʨʠʡ-ʞʝʣʝʟʥʳʡ ʛʨʘʥʘʪ ʦʙʨʘʟʫʝʪ ʦʛʨʘʥʠʯʝʥʥʳʡ ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ ʩ La3Fe5O12, 

Pr3Fe5O12, Nd3Fe5O12, ʧʨʠʯʝʤ ʦʙʣʘʩʪʴ ʛʦʤʦʛʝʥʥʦʩʪʠ ʨʘʩʪʝʪ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ ʈɿʕ 

[Espinosa, 1962]. ɺ ʩʪʨʫʢʪʫʨʫ ʛʨʘʥʘʪʘ ʤʦʛʫʪ ʚʩʪʨʘʠʚʘʪʴʩʷ ʠ ʜʨʫʛʠʝ ʠʦʥʳ, ʦʙʨʘʟʫʷ ʦʛʨʘʥʠʯʝʥʥʳʝ 

ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨ r [Geller, 1967]. ɺ ʪʘʙʣʠʮʝ 1.1 ʧʨʠʚʝʜʝʥ ʜʘʣʝʢʦ ʥʝ ʧʦʣʥʳʡ ʩʧʠʩʦʢ ʨʘʙʦʪ, 

ʧʦʩʚʷʱʝʥʥʳʭ ʨʘʟʣʠʯʥʳʤ ʩʦʝʜʠʥʝʥʠʷʤ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ. 

ʊʘʙʣʠʮʘ 1.1. ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʞʝʣʝʟʥʳʭ ʛʨʘʥʘʪʦʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʠ 

ʠʩʩʣʝʜʦʚʘʥʥʳʝ ʚ ʧʝʨʠʦʜ 2015-2025 ʛʛ. 

ʉʦʩʪʘʚ ɼʦʧʘʥʪʳ ʄʝʪʦʜ ʩʠʥʪʝʟʘ ʀʩʪʦʯʥʠʢ 

Y3-xCaxFe5O12 (xÒ0.2) Ca2+ ʪ/ʬ* [Wu et al., 2021] 

Y3Fe5-xMnxO12 (xÒ0.25) Mn2+ ʧʠʨʦʣʠʟ [Khanduri et al., 2024] 

Y2BiFe5O12 Bi3+ ʟʦʣʴ-ʛʝʣʴ [Bhargavi et al., 2023] 

(Y0.82La0.18)3Fe5O12-x La3+ ʟʦʥʥʘʷ ʧʣʘʚʢʘ [Shkerin et al., 2024] 

Y3-xCexFe5O12 (xÒ0.36) Ce3+ ʪ/ʬ [Tao et al., 2022] 

Y3-xNdxFe5O12 (xÒ0.36) Nd3+ -ç- [Zhang et al., 2021] 

Y3-xBixFe5O12 (xÒ0.1) Bi3+ ʧʠʨʦʣʠʟ [Raja et al., 2021] 

Y3Fe5-xAl xO12 (xÒ0.25) Al 3+ -ç- [Zhou et al., 2022] 

Y2.85R0.15Fe5O12 (R=Ce, La, Nd) Ce3+; La3+; Nd3+ ʪ/ʬ [Sharma, Kuanr, 2018] 

Dy3Fe5-xAl xO12 (xÒ0.5) Al 3+ -ç- [Dhilip et al., 2019] 

Y3Fe5-xInxO12 (xÒ0.7) In3+ ʟʦʣʴ-ʛʝʣʴ [Huong et al., 2018] 

Y3Fe5-xCrxO12 (xÒ0.6) Cr3+ ʪ/ʬ [Modi et al, 2016] 

Y3Fe5-xNixO12 (xÒ0.08) Ni2+ ʧʠʨʦʣʠʟ [Puspitasari et al., 2022] 

Y2.8Gd0.2Fe5-xCrxO12 (xÒ0.5) Gd3+, Cr3+ ʟʦʣʴ-ʛʝʣʴ [Hossain et al., 2024] 

Y3-xSmxFe5O12 (xÒ3) Sm3+ -ç- [Li, 2020] 

ʇʨʠʤʝʯʘʥʠʝ: *ʪ/ʬ ï ʪʚʝʨʜʦʬʘʟʥʳʡ ʤʝʪʦʜ (ʩʪʘʥʜʘʨʪʥʘʷ ʢʝʨʘʤʠʯʝʩʢʘʷ ʪʝʭʥʦʣʦʛʠʷ). 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʫʣʴʪʠʵʣʝʤʝʥʪʥʳʭ (ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ) ʦʢʩʠʜʦʚ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʥʘʠʙʦʣʝʝ ʙʳʩʪʨʦʨʘʟʚʠʚʘʶʱʠʭʩʷ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʩʦʚʨʝʤʝʥʥʦʤ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠ. ʇʦʚʳʰʝʥʥʳʡ 

ʠʥʪʝʨʝʩ ʢ ʠʟʫʯʝʥʠʶ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚʳʟʚʘʥ ʥʝ ʪʦʣʴʢʦ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴʶ ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʛʦ 
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ʧʨʠʤʝʥʝʥʠʷ, ʥʦ ʪʘʢʞʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʟʥʘʯʠʤʦʩʪʴʶ ʧʨʦʙʣʝʤʳ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʦʩʦʙʝʥʥʦʩʪʠ 

ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʤʫʣʴʪʠʵʣʝʤʝʥʪʥʳʭ ʩʠʩʪʝʤʘʭ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʧʷʪʠ ʠ ʙʦʣʝʝ ʵʣʝʤʝʥʪʦʚ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʚ ʵʢʚʠʘʪʦʤʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ, ʦʙʫʩʣʦʚʣʝʥʳ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚʳʩʦʢʠʤ ʟʥʘʯʝʥʠʝʤ 

ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʡ ʵʥʪʨʦʧʠʠ. ʊʝʤ ʥʝ ʤʝʥʝʝ ʤʥʦʛʠʝ ʚʦʧʨʦʩ rʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʦʩʪʘʶʪʩʷ ʦʪʢʨʳʪʳʤʠ [Rost et al., 2015].  

ʈʷʜ ʧʫʙʣʠʢʘʮʠʡ ʧʦʩʚʷʱʝʥ ʩʠʥʪʝʟʫ ʠ ʠʩʩʣʝʜʦʚʘʥʠʶ ʤʫʣʴʪʠʵʣʝʤʝʥʪʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ: ʚ ʪʘʙʣʠʮʝ 1.2 ʧʨʠʚʝʜʝʥʳ ʦʩʥʦʚʥʳʝ ʧʦʣʫʯʝʥʥʳʝ ʩʦʩʪʘʚʳ. ɺʦʟʤʦʞʥʦʩʪʴ 

ʚʚʝʜʝʥʠʷ çʣʝʛʢʠʭè ʈɿʕ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʞʝʣʝʟʥʦʛʦ ʛʨʘʥʘʪʘ ï 

ʧʝʨʩʧʝʢʪʠʚʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʦʩʪʘʚʦʚ ʩ ʥʦʚʳʤʠ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. ɺʦʟʤʦʞʥʦʩʪʴ ʚʥʝʩʝʥʠʷ ʦʪʣʠʯʥʳʭ ʦʪ ʈɿʕ ʵʣʝʤʝʥʪʦʚ [Zhang et al., 2025] 

ʨʘʩʰʠʨʷʝʪ ʦʙʣʘʩʪʴ ʚʳʙʦʨʘ ʠʦʥʦʚ. 

ʊʘʙʣʠʮʘ 1.2. ʄʫʣʴʪʠʵʣʝʤʝʥʪʥʳʝ ʩʦʩʪʘʚʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ, ʠʩʩʣʝʜʦʚʘʥʥʳʝ ʚ 2021-2025 ʛʛ. 

ʉʦʩʪʘʚ 
ʄʝʪʦʜ 

ʩʠʥʪʝʟʘ 
ʀʩʪʦʯʥʠʢ 

(Y0.2Gd0.2Dy0.2Ho0.2Er0.2)3Fe5O12 ʟʦʣʴ-ʛʝʣʴ [Dabrowa et al., 2021] 

(Y0.2Sm0.2Gd0.2Dy0.2Ho0.2)3Fe5O12 -ç- [Dabrowa et al., 2021] 

(Y0.2Sm0.2Eu0.2Gd0.2Dy0.2) 3Fe5O12 ʪ/ʬ [Zhang et al., 2024] 

(Y0.2Eu0.2Dy0.2Er0.2Lu0.2)3(Al xFe1-x)5O12 -ç- [Liu et al., 2023] 

(Y0.2Gd0.2Dy0.2Er0.2RE0.2)3Fe5O12 (RE=Sm, Eu, Tm, Yb) -ç- [Chen et al., 2023] 

(Y0.2Nd0.2Gd0.2Dy0.2RE0.2)3Fe5O12 (RE=Sm, Er, Sm) -ç- [Verma, Ravi, 2024] 

(Y0.2Bi0.2Gd0.2Ho0.2RE0.2)3Fe5O12 (RE=Dy, Er, Tm, Yb) -ç- [Zhang et al., 2025] 

(Y0.2Sm0.2Eu0.2Yb0.2RE0.2)3Fe5O12 (RE=Nd, Gd, Dy, Er, Tm, Lu) -ç- [Chen et al., 2024] 

 

1.1.4 ʄʝʪʦʜʳ ʩʠʥʪʝʟʘ  

ʐʠʨʦʢʠʡ ʩʧʝʢʪʨ ʤʝʪʦʜʦʚ ʨʝʘʣʠʟʦʚʘʥ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʞʝʣʝʟʥʳʭ ʛʨʘʥʘʪʦʚ 

ʚ ʤʦʥʦ- [Kimura, Shido, 1977; Laudise, Kolb, 1962] ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʦʨʤʝ [Ristic et al., 

2003; Agarwal et al., 2020], ʚ ʚʠʜʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ [Mezin et al., 2017]. ʆʪʤʝʪʠʤ ʥʝʢʦʪʦʨʳʝ ʤʝʪʦʜʠʢʠ 

ʩʠʥʪʝʟʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ.  

ʉʪʘʥʜʘʨʪʥʘʷ ʢʝʨʘʤʠʯʝʩʢʘʷ ʪʝʭʥʦʣʦʛʠʷ ʦʩʪʘʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʛʨʘʥʘʪʦʚʳʭ 

ʩʪʨʫʢʪʫʨ [Sirvetz, Zheimer, 1958, Sharma et al., 2017, Abdulvakhidov et al., 2021]. ʊʝʭʥʠʢʘ ʩʠʥʪʝʟʘ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʠʩʭʦʜʥʳʭ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʚ 

ʩʨʝʜʝ ʨʘʩʪʚʦʨʠʪʝʣʷ (ʚʦʜʘ, ʵʪʠʣʦʚʳʡ ʩʧʠʨʪ). ʇʝʨʝʤʝʰʠʚʘʥʠʝ ʧʨʦʚʦʜʷʪ ʢʘʢ ʚʨʫʯʥʫʶ [Sharma et al., 

2017; Abdulvakhidov et al., 2021], ʪʘʢ ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʰʘʨʦʚʳʭ ʤʝʣʴʥʠʮ [Van Uitert et al., 1959; 

Liu et al., 2023]. ʇʦʩʣʝ ʪʱʘʪʝʣʴʥʦʛʦ ʩʤʝʰʠʚʘʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʠʭ ʧʦʜʚʝʨʛʘʶʪ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʦʪʞʠʛʫ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʰʘʨʦʚʳʭ ʤʝʣʴʥʠʮ ʩʥʠʞʘʝʪ ʚʨʝʤʷ ʩʧʝʢʘʥʠʷ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʨʫʯʥʳʤ ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ. ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʷʚʣʷʝʪʩʷ ʝʝ 

ʧʨʦʩʪʦʪʘ ʧʨʠ ʧʨʦʙʦʧʦʜʛʦʪʦʚʢʝ ʦʙʨʘʟʮʦʚ. 
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ʄʝʪʦʜʦʤ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʧʦʣʫʯʝʥʳ ʤʦʥʦ- ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ 

ʛʨʘʥʘʪʦʚ [Laudise, Kolb, 1962; Cho et al., 1997]. ʄʝʪʦʜʠʢʘ ʩʠʥʪʝʟʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʤʝʰʠʚʘʥʠʠ 

ʩʦʣʝʡ ʤʝʪʘʣʣʦʚ ʚ ʪʝʬʣʦʥʦʚʦʤ ʩʦʩʫʜʝ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʜʦʙʘʚʣʝʥʠʝʤ ʘʤʤʠʘʢʘ ʠʣʠ ʛʠʜʨʦʢʩʠʜʘ 

ʥʘʪʨʠʷ ʜʦ pH=11.5. ʇʦʩʣʝ ʵʪʦʛʦ ʩʦʩʫʜ ʧʣʦʪʥʦ ʛʝʨʤʝʪʠʟʠʨʫʶʪ ʠ ʚʳʜʝʨʞʠʚʘʶʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

200ï250 Üʉ ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʯʘʩʦʚ. 

ʇʦʣʫʯʠʣʠ ʨʘʟʚʠʪʠʝ ʠ ʨʘʩʪʚʦʨʥʳʝ ʤʝʪʦʜʠʢʠ ʩʠʥʪʝʟʘ ʛʨʘʥʘʪʦʚ. ʄʝʪʦʜ ʩʦʦʩʘʞʜʝʥʠʷ ʘʢʪʠʚʥʦ 

ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʩʠʥʪʝʟʘ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʞʝʣʝʟʥʳʭ ʛʨʘʥʘʪʦʚ [Ristic et al., 2003; Yang et al., 2021; 

Ahn et al. 1996] ʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʤʝʰʠʚʘʥʠʠ ʠʩʭʦʜʥʳʭ ʩʦʣʝʡ ʤʝʪʘʣʣʦʚ (ʯʘʱʝ ʚʩʝʛʦ ʚ ʚʠʜʝ 

ʥʠʪʨʘʪʦʚ) ʠ ʜʦʙʘʚʣʝʥʠʝ ʢ ʥʠʤ ʦʩʘʜʠʪʝʣʷ (ʘʤʤʠʘʢʘ ʠʣʠ ʛʠʜʨʦʢʩʠʜʘ ʥʘʪʨʠʷ). ɺʳʙʨʘʥʥʳʡ 

ʦʩʘʜʠʪʝʣʴ ʜʦʙʘʚʣʷʶʪ ʜʦ ʧʦʣʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʦʩʘʜʢʘ, ʢʘʢ ʧʨʘʚʠʣʦ, ʜʦ pH=11ï12. ɿʘʪʝʤ ʨʘʩʪʚʦʨ 

ʬʠʣʴʪʨʫʶʪ, ʦʩʘʜʦʢ ʧʨʦʤʳʚʘʶʪ, ʩʫʰʘʪ ʠ ʦʪʞʠʛʘʶʪ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʀʥʪʝʨʝʩʥʳʤ 

ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʦʙʨʘʪʥʦʝ ʩʦʦʩʘʞʜʝʥʠʝ, ʢʦʛʜʘ ʚ ʦʩʘʜʠʪʝʣʴ ʧʨʠʣʠʚʘʶʪ ʥʠʪʨʘʪʳ 

ʤʝʪʘʣʣʦʚ [Hirazawa et al., 2015; Zhang et al., 2011].  

ɿʦʣʴ-ʛʝʣʴ ʤʝʪʦʜ ʜʦʩʪʘʪʦʯʥʦ h ʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ ʩʠʥʪʝʟʝ ʛʨʘʥʘʪʦʚ [Yarici et al., 2016, 

Akhtar et al., 2017; Fopase et al., 2020; Zhang et al., 2019;]. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʨʝʘʢʪʠʚʦʚ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʥʠʪʨʘʪʳ ʩʦʣʝʡ [Chen et al., 2018]; ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʛʝʣʷ ʢ ʨʘʩʪʚʦʨʫ ʥʠʪʨʘʪʦʚ 

ʜʦʙʘʚʣʷʶʪ ʦʨʛʘʥʠʯʝʩʢʦʝ ʩʦʝʜʠʥʝʥʠʝ, ʥʘʧʨʠʤʝʨ ʣʠʤʦʥʥʫʶ ʢʠʩʣʦʪʫ, ʚ ʩʦʦʪʥʦʰʝʥʠʠ ʢ ʥʠʪʨʘʪʘʤ 

ʤʝʪʘʣʣʦʚ 1:1; ʧʦʣʫʯʝʥʥʫʶ ʥʠʪʨʘʪ-ʦʨʛʘʥʠʯʝʩʢʫʶ ʩʤʝʩʴ ʧʝʨʝʤʝʰʠʚʘʶʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 80ï100 

Üʉ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʛʝʣʷ, ʢʦʪʦʨʳʡ ʟʘʪʝʤ ʚʳʩʫʰʠʚʘʶʪ ʠ ʧʦʜʚʝʨʛʘʶʪ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤʫ 

ʦʪʞʠʛʫ. 

ʄʝʪʦʜʳ ʧʠʨʦʣʠʟʘ ʞʠʜʢʠʭ ʧʨʝʢʫʨʩʦʨʦʚ ʪʘʢʞʝ ʜʦʚʦʣʴʥʦ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ 

ʧʦʣʫʯʝʥʠ ̫ʛʨʘʥʘʪʦʚ [Agarwal et al., 2020; Zhou et al., 2022; Kiseleva et al., 2022; Kiseleva et al., 

2023]. ɺ ʢʘʯʝʩʪʚʝ ʨʝʘʛʝʥʪʦʚ ʚʳʩʪʫʧʘʶʪ ʥʠʪʨʘʪʳ ʤʝʪʘʣʣʦʚ ʠ ʪʦʧʣʠʚʦ ï ʦʨʛʘʥʠʯʝʩʢʠʡ 

ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʪʝʣʴ, ʚ ʯʘʩʪʥʦʩʪʠ, ʣʠʤʦʥʥʘʷ ʢʠʩʣʦʪʘ [Agarwal et al., 2020] ʠʣʠ ʛʣʠʮʠʥ 

[Kiseleva et al., 2023]. ʊʝʭʥʠʢʘ ʩʠʥʪʝʟʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʤʝʰʠʚʘʥʠʠ ʥʠʪʨʘʪʦʚ ʠ ʪʦʧʣʠʚʘ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʥʘʛʨʝʚʦʤ ʠʭ ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ ʩʠʨʦʧʦʦʙʨʘʟʥʦʡ ʞʠʜʢʦʩʪʠ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ ʩʞʠʛʘʥʠʝʤ ʢʦʤʧʦʥʝʥʪʦʚ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʜʠʩʧʝʨʩʥʦʛʦ ʧʦʨʦʰʢʘ; 

ʧʦʣʫʯʝʥʥʳʡ ʧʦʣʫʧʨʦʜʫʢʪ ʧʦʜʚʝʨʛʘʶʪ ʜʘʣʴʥʝʡʰʝʤʫ ʦʪʞʠʛʫ.  

ʆʩʥʦʚʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʤʦʢʨʳʭ ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʧʝʨʝʜ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʝʡ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʦʥʠ ʥʝ ʪʨʝʙʫʶʪ ʪʨʫʜʦʝʤʢʦʛʦ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʠʟʤʝʣʴʯʝʥʠʷ ʠ ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʩʤʝʰʠʚʘʥʠʝ ʧʨʝʢʫʨʩʦʨʦʚ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ [Sodhiya et al., 2021]. 

1.1.5 ʆʙʨʘʟʦʚʘʥʠʝ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʬʘʟʳ ʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʞʝʣʝʟʥʦʛʦ ʛʨʘʥʘʪʘ 

ɺʩʝ ʤʝʪʦʜ rʩʠʥʪʝʟʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ ʚʢʣʶʯʘʪʁ ʚ 

ʩʝʙʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʦʪʞʠʛ ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʣʫʧʨʦʜʫʢʪʘ ʨʝʘʢʮʠʡ; ʠʩʢʣʶʯʝʥʠʷ ʩʦʩʪʘʚʣʷʶʪ 
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ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʝ ʤʝʪʦʜʳ, ʠʩʧʦʣʴʟʫʶʱʠʝ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ 

ʥʘ ʨʝʘʢʮʠʦʥʥʫʶ ʩʤʝʩʴ [Cho et al., 1997].  

ʌʘʟʘ ʠʪʪʨʠʡ-ʞʝʣʝʟʥʦʛʦ ʛʨʘʥʘʪʘ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ï ʥʘʯʘʣʦ ʝʝ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʯʠʥʘʝʪʩʷ ʚʳʰʝ 750 Áʉ [Ristic et al., 2003; Opuchovich et al., 2015; Sanchez-De 

Jesus et al., 2012]. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ ʪʝʤʧʝʨʘʪʫʨʘ ʦʪʞʠʛʘ ʤʦʞʝʪ ʟʥʘʯʠʤʦ 

ʨʘʟʣʠʯʘʪʴʩʷ. ɼʝʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʠʥʝʪʠʢʠ ʪʚʝʨʜʦʬʘʟʥʦʡ ʨʝʘʢʮʠʠ ʤʝʞʜʫ Y2O3 ʠ Fe2O3 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʨʘʙʦʪʝ [Wan Ali  et al., 2016]; ʧʦʢʘʟʘʥʦ, ʯʪʦ ʣʠʤʠʪʠʨʫʶʱʠʤ ʬʘʢʪʦʨʦʤ ʚ 

ʦʙʨʘʟʦʚʘʥʠʠ ʬʘʟʳ Y3Fe5O12 ̫ ʚʣʷʝʪʩʷ ʜʠʬʬʫʟʠʷ ʠʦʥʦʚ Fe3+; ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʘʥʥʦʡ ʬʘʟʳ ʧʨʦʭʦʜʠʪ 

ʯʝʨʝʟ ʩʪʘʜʠʶ ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʘʟʳ ʦʨʪʦʬʝʨʨʠʪʘ ʠʪʪʨʠʷ, ʘ ʧʝʨʝʭʦʜ ʢ ʬʘʟʝ ʛʨʘʥʘʪʘ ʧʨʦʠʩʭʦʜʠʪ 

ʚʳʰʝ 1150 Áʉ. ɼʘʥʥʳʝ ʨʘʙʦʪʳ [Kitayama et al., 2004] ʧʦʜʪʚʝʨʞʜʘʶʪ ʵʪʠ ʚʳʚʦʜʳ: ʬʘʟʦʚʳʝ 

ʨʘʚʥʦʚʝʩʠʷ ʚ ʩʠʩʪʝʤʝ Y-Fe-O ʧʨʠ 1100 Üʉ ʠ ʨʘʟʣʠʯʥʦʤ ʜʘʚʣʝʥʠʠ ʢʠʩʣʦʨʦʜʘ ʧʦʢʘʟʘʣʠ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʬʘʟ Y2O3, Fe, FeO, Fe3O4, Fe2O, YFeO3 ʠ Y3Fe5O12, ʧʨʠ ʵʪʦʤ ʬʘʟʳ Fe3O4, YFeO3 ʠ 

Y3Fe5O12 ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʥʳ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʜʘʚʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ. 

ɺ ʨʘʙʦʪʝ [Sanchez-De Jesus et al., 2012] ʫʩʪʘʥʦʚʣʝʥʦ ʚʣʠʷʥʠʝ ʤʝʭʘʥʦʘʢʪʠʚʘʮʠʠ ʧʨʠ 

ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʠʩʭʦʜʥʳʭ ʦʢʩʠʜʦʚ Y2O3 ʠ Fe2O3. ʅʘ ʊɻ-ɼʊɸ ʜʘʥʥʳʭ ʜʣʷ ʧʦʨʦʰʢʦʚ, 

ʧʝʨʝʤʝʰʘʥʥʳʭ ʚ ʪʝʯʝʥʠʝ 5 ʯ, ʬʠʢʩʠʨʫʶʪʩʷ ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʝ ʧʠʢʠ ʧʨʠ 615 Üʉ (ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠ ̫

ʬʘʟʳ ʦʨʪʦʬʝʨʨʠʪʘ), ʧʨʠ 752 Üʉ (ʥʘʯʘʣʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʛʨʘʥʘʪʦʚʦʡ ʬʘʟʳ) ʠ ʧʨʠ 890 Üʉ 

(ʦʢʦʥʯʘʪʝʣʴʥʦʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʜʥʦʬʘʟʥʦʛʦ ʩʦʩʪʘʚʘ). ʍʦʪʷ ʘʚʪʦʨʳ ʫʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʧʦ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʤ ʜʘʥʥʳʤ ʧʨʠ 900 Üʉ ʬʦʨʤʠʨʫʝʪʩʷ ʦʜʥʦʬʘʟʥʳʡ ʩʦʩʪʘʚ, ʥʘ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ 

ʚ ʨʘʙʦʪʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ ʬʠʢʩʠʨʫʝʪʩʷ ʬʘʟʘ ʦʨʪʦʬʝʨʨʠʪʘ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʝʜʦʩʪʘʪʦʯʥʦ 

ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʥʝʯʥʦʛʦ ʦʪʞʠʛʘ.  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʦ [Opuchovich et al., 2015; Kiseleva et al., 2023], ʯʪʦ 

ʨʘʩʪʚʦʨʥʳʝ ʤʝʪʦʜʳ ʧʦʜʛʦʪʦʚʢʠ ʧʦʣʫʧʨʦʜʫʢʪʘ ʚʣʠʷʶʪ ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ ʢʦʥʝʯʥʦʛʦ ʦʪʞʠʛʘ. 

ʆʪʤʝʪʠʤ ʨʘʙʦʪʫ [Ristic et al., 2003], ʚ ʢʦʪʦʨʦʡ ʚʳʧʦʣʥʝʥʦ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʜʚʫʭ ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ ï 

ʩʪʘʥʜʘʨʪʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ (ʧʨʠ ʨʫʯʥʦʤ ʧʝʨʝʪʠʨʘʥʠʠ ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʰʘʨʦʚʳʭ 

ʤʝʣʴʥʠʮ) ʠ ʩʦʦʩʘʞʜʝʥʠ.̫ ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʧʦʣʫʧʨʦʜʫʢʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ, 

ʥʘʯʘʣʦ ʬʦʨʤʠʨʦʚʘʥʠ ̫ʬʘʟʳ ʛʨʘʥʘʪʘ ʠ ʝʝ ʦʢʦʥʯʘʥʠʝ ʧʨʦʠʩʭʦʜʷʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 900 ʠ 1200 Üʉ, 

ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʧʦʣʫʧʨʦʜʫʢʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʝʡ, ï ʧʨʠ 1000 ʠ 1300 Üʉ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɸʚʪʦʨʳ ʪʘʢʞʝ ʚʳʜʝʣʷʶʪ ʤʝʭʘʥʦʘʢʪʠʚʘʮʠ,ʁ ʢʘʢ ʦʜʠʥ ʠʟ ʬʘʢʪʦʨʦʚ ʚʣʠʷʥʠʷ ʥʘ 

ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ; ʧʨʠ ʵʪʦʤ ʚ ʨʘʙʦʪʝ ʦʪʤʝʯʘʝʪʩʷ ʥʘʣʠʯʠʝ ʧʨʠʤʝʩʝʡ ʦʨʪʦʬʝʨʨʠʪʘ ʠʪʪʨʠʷ (~1-10 %) 

ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʤʝʪʦʜʘ ʧʦʣʫʯʝʥʠ ̫ʧʦʣʫʧʨʦʜʫʢʪʘ.  

ɺ ʨʘʙʦʪʝ [Akhtar et al., 2014] ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʩʪʚʦʨʥʳʭ ʤʝʪʦʜʦʚ 

ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʦʜʥʦʬʘʟʥʦʩʪʠ ʛʨʘʥʘʪʦʚʦʡ ʩʪʨʫʢʪʫʨ rʧʨʠ 1150 Üʉ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʩʤʝʰʠʚʘʥʠʠ 

ʧʦʨʦʰʢʦʚ ʩ ʧʦʤʦʱʴʶ ʤʝʭʘʥʦʘʢʪʠʚʘʮʠʠ ʪʨʝʙʫʶʪʩʷ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 1350 Üʉ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʩʢʘʟʘʥʥʦʝ ʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ ʬʠʢʩʠʨʫʝʪʩʷ ʥʘʣʠʯʠʝ ʧʠʢʦʚ ʦʨʪʦʬʝʨʨʠʪʘ. ʇʨʠʯʠʥʘ 
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ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʷ ʜʚʫʭ ʬʘʟ ʩʚʷʟʘʥʘ ʩ ʫʟʢʦʡ ʦʙʣʘʩʪʴʶ ʛʦʤʦʛʝʥʥʦʩʪʠ ʬʘʟʳ Y3Fe5O12 ʥʘ ʜʠʘʛʨʘʤʤʝ 

ʩʦʩʪʦʷʥʠʷ Fe2O3-YFeO3 (ʩʤ. ʨʠʩʫʥʦʢ 1.2) [Van Hook, 1962]. 

 
ʈʠʩ. 1.2. ʌʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʩʦʩʪʦʷʥʠʷ Fe2O3-YFeO3 ʩʦʛʣʘʩʥʦ [Van Hook, 1962] 

ʄʝʪʦʜ ʦʙʨʘʪʥʦʛʦ ʩʦʦʩʘʞʜʝʥʠʷ ʥʝʩʢʦʣʴʢʦ ʚʳʜʝʣʷʝʪʩʷ ʦʪ ʚʩʝʭ ʨʘʩʪʚʦʨʥʳʭ ʤʝʪʦʜʠʢ ʚʚʠʜʫ 

ʟʥʘʯʠʤʦʛʦ ʩʥʠʞʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʥʝʯʥʦʛʦ ʦʪʞʠʛʘ. ɺ ʨʘʙʦʪʝ [Zhang et al., 2011] ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʤʤʠʘʢʘ ʚ ʢʘʯʝʩʪʚʝ ʦʩʘʜʠʪʝʣʷ ʫʜʘʣʦʩʴ ʩʥʠʟʠʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʦʪʞʠʛʘ ʜʦ 750 Üʉ; 

ʪʘʢʞʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ ʥʘʣʠʯʠʝ ʧʨʠ 650ï700 Üʉ ʬʘʟʳ ʛʨʘʥʘʪʘ ʩ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ 

ʩʦʚʤʝʩʪʥʦ ʩ ʢʫʙʠʯʝʩʢʦʡ. ʇʨʠʯʠʥʦʡ ʩʥʠʞʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʷʚʣʷʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʙʦʣʝʝ 

ʛʦʤʦʛʝʥʥʦʛʦ ʦʩʘʜʢʘ ʧʨʠ ʚʣʠʚʘʥʠʠ ʢʦʤʧʦʥʝʥʪʦʚ ʩʤʝʩʠ ʥʠʪʨʘʪʦʚ ʚ ʦʩʘʜʠʪʝʣʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʦʙʳʯʥʳʤ ʪʨʘʜʠʮʠʦʥʥʳʤ ʚʣʠʚʘʥʠʝʤ ʦʩʘʜʠʪʝʣʷ ʚ ʨʘʩʪʚʦʨ ʥʠʪʨʘʪʦʚ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʦʩʘʜʢʘ ʩ 

ʣʦʢʘʣʴʥʳʤʠ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʥʳʤʠ ʦʙʣʘʩʪʷʤʠ. 

ʇʦʜʛʦʪʦʚʢʘ ʧʦʣʫʧʨʦʜʫʢʪʘ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ ʪʘʢʞʝ ʚʳʟʳʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨ r

ʢʦʥʝʯʥʦʛʦ ʩʠʥʪʝʟʘ, ʧʨʠʯʝʤ ʚʣʠʷʥʠʝ ʦʢʘʟʳʚʘʝʪ ʢʘʢ ʧʨʠʨʦʜʘ ʛʝʣʝʦʙʨʘʟʦʚʘʪʝʣʷ, ʪʘʢ ʠ ʪʝʭʥʠʢʘ 

ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ. ʊʘʢ ʚ ʨʘʙʦʪʝ [Opuchovic et al., 2015] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ ʛʝʣʝʦʙʨʘʟʦʚʘʪʝʣʷ 1,2-ʵʪʘʥʜʠʦʣ ʩʤʝʰʘʥʥʳʝ ʦʢʩʠʜʳ ʠʪʪʨʠʷ ʠ ʞʝʣʝʟʘ 

ʥʘʯʠʥʘʶʪ ʬʦʨʤʠʨʦʚʘʪʴʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 764 Üʉ, ʘ ʧʨʠ 1000 Üʉ ï ʪʦʣʴʢʦ ʬʘʟʘ ʛʨʘʥʘʪʘ. ɺ ʨʘʙʦʪʝ 

[Yahya et al., 2009] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʥʠʪʨʘʪ-ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʧʨʝʢʫʨʩʦʨʘ ʚ ʪʝʯʝʥʠʝ 3 

ʤʝʩʷʮʝʚ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʢʦʥʝʯʥʦʛʦ ʦʪʞʠʛʘ ʜʦ 700 Üʉ. ʄʝʪʦʜʳ ʧʠʨʦʣʠʟʘ ʪʘʢʞʝ 

ʧʦʟʚʦʣʷʶʪ ʩʥʠʞʘʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʢʦʥʝʯʥʦʛʦ ʦʪʞʠʛʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʝʡ 

[Kiseleva et al., 2022; Kiseleva et al., 2023; Zhou et al., 2022] 

ʇʦʜʚʦʜʷ ʠʪʦʛʠ, ʦʪʤʝʪʠʤ, ʯʪʦ ʪʨʘʜʠʮʠʦʥʥʦ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʝ ʛʨʘʥʘʪʦʚʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʩʪʘʜʠʶ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʨʪʦʬʝʨʨʠʪʘ ʈɿʕ, ʪʝʤʧʝʨʘʪʫʨʘ ʥʘʯʘʣʘ ʝʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ï 

750ï775 Üʉ. ʅʘ ʢʦʥʝʯʥʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʩʧʝʢʘʥʠʷ ʚʣʠʷʝʪ ʮʝʣʳʡ ʨʷʜ ʬʘʢʪʦʨʦʚ: ʤʝʪʦʜ ʧʦʜʛʦʪʦʚʢʠ 
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ʧʦʣʫʧʨʦʜʫʢʪʘ, ʤʝʭʘʥʦʘʢʪʠʚʘʮʠʷ, ʪʝʭʥʠʢʘ ʩʤʝʰʠʚʘʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʜʨ. ʅʝʢʦʡ ʫʥʠʚʝʨʩʘʣʴʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʥʝʯʥʦʛʦ ʦʪʞʠʛʘ ʥʝ ʫʩʪʘʥʦʚʣʝʥʦ ʚʚʠʜʫ ʚʣʠʷʥʠʷ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʬʘʢʪʦʨʦʚ; 

ʧʨʝʜʣʘʛʘʝʤʘʷ ʚ ʨʘʟʣʠʯʥʳʭ ʧʫʙʣʠʢʘʮʠʷʭ ʪʝʤʧʝʨʘʪʫʨʘ ʟʥʘʯʠʤʦ ʚʘʨʴʠʨʫʝʪ; ʝʝ ʧʦʜʙʦʨ ʦʩʪʘʝʪʩʷ 

ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 

ʀʟʚʝʩʪʥʘ [Gavriliuk et al., 2006; Lyubutin et al., 2005; Stan et al, 2015; Aksenov et al., 2021] 

ʚʳʩʦʢʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʬʘʟʳ ʛʨʘʥʘʪʘ ʧʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ; ʚ ʮʠʪʠʨʦʚʘʥʥʳʭ ʨʘʙʦʪʘʭ ʤʝʪʦʜʘʤʠ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ, ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʠ ʨʘʤʘʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ 

ʜʘʚʣʝʥʠʷ ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʡʩʪʚʘ Y3Fe5O12; ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʪʦʣʴʢʦ ʧʨʠ ʜʘʚʣʝʥʠʠ ʚ 50 ɻʇʘ 

ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʨʫʰʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʛʨʘʥʘʪʘ, ʠʩʯʝʟʘʝʪ ʩʚʝʨʭʪʦʥʢʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʥʘ ʷʜʨʘʭ 57Fe; 

ʚʙʣʠʟʠ ʪʦʯʢʠ ʘʤʦʨʬʠʟʘʮʠʠ ʦʙʲʝʤ ʷʯʝʡʢʠ ʠʟʤʝʥʷʝʪʩʷ, ʯʪʦ ʤʦʞʝʪ ʛʦʚʦʨʠʪʴ ʦ ʧʝʨʝʭʦʜʝ ʠʦʥʦʚ Fe3+ 

ʠʟ ʚʳʩʦʢʦʩʧʠʥʦʚʦʛʦ ʚ ʥʠʟʢʦʩʧʠʥʦʚʦʝ ʩʦʩʪʦʷʥʠʝ, ʪʘʢʞʝ ʠʟʤʝʥʷʝʪʩʷ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 

ʚʧʣʦʪʴ ʜʦ ʝʝ ʠʩʯʝʟʥʦʚʝʥʠʷ ʧʨʠ 54 ɻʇʘ. 

1.1.6 ʉʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʞʝʣʝʟʥʳʭ 

ʛʨʘʥʘʪʦʚ 

ʉʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʰʠʨʦʢʦ ʧʨʠʚʣʝʢʘʣʠʩʴ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ; ʧʨʠ ʵʪʦʤ ʨʘʤʘʥʦʚʩʢʠʝ ʠ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʝ ʜʘʥʥʳʝ ʜʣʷ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ ʚʝʩʴʤʘ ʦʛʨʘʥʠʯʝʥʳ. 

ɺʧʝʨʚʳʝ ʨʘʤʘʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʢʨʠʩʪʘʣʣʦʚ Y3Fe5O12, Tb3Fe5O12 ʠ Gd3Fe5O12 ʧʨʠʚʝʜʝʥʳ ʚ 

ʨʘʙʦʪʝ [Grunberg et al., 1971]; ʘʚʪʦʨʘʤʠ ʟʘʬʠʢʩʠʨʦʚʘʥʦ 16 ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ. ɺ ʨʘʙʦʪʝ [Song et 

al., 1973] ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ Y3Fe5O12, Er3Fe5O12, Dy3Fe5O12 ʠ Yb3Fe5O12 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʤʘʥʦʚʩʢʠʝ 

ʜʘʥʥʳʝ ʧʨʠ 80 ʂ ʧʨʠ ʨʘʟʣʠʯʥʦʡ ʛʝʦʤʝʪʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘ (ʨʘʟʣʠʯʥʳʭ ʧʦʣʷʨʠʟʘʮʠʷʭ); ʘʚʪʦʨʘʤʠ 

ʥʘʙʣʶʜʘʣʘʩʴ 21 ʠʟ 25 ʘʢʪʠʚʥʳʭ ʨʘʤʘʥʦʚʩʢʠʭ ʤʦʜ (3A1g+8Eg+14 T2g), ʧʨʝʜʩʢʘʟʳʚʘʝʤʳʭ ʪʝʦʨʠʝʡ 

ʛʨʫʧʧ; ʧʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʦ ʩʠʤʤʝʪʨʠʠ ʢʦʣʝʙʘʥʠʡ; ʧʨʠ ʵʪʦʤ ʘʚʪʦʨʘʤ ʥʝ ʫʜʘʣʦʩʴ 

ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʦʪʜʝʣʴʥʳʝ ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʤʦʜʳ. ɺ ʨʘʙʦʪʝ [Suchomski et al., 2013] 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʧʦ ʨʘʤʘʥʦʚʩʢʠʤ ʩʧʝʢʪʨʘʤ ʧʣʝʥʦʢ Y3Fe5O12; ʦʥʠ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʪʘʢʦʚʳʤʠ 

ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ. ɸʢʪʠʚʥʦ ʠʩʩʣʝʜʫʶʪʩʷ ʦʙʨʘʟʮʳ Y3Fe5O12 ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʟʘʤʝʱʝʥʠʷʤʠ [Chen et al., 2005; Pena-Garcia et al., 2018; Raja et al., 2021; Sharma et al., 2018; Wu et 

al., 2021]; ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʟʘʤʝʱʝʥʠʝ YŸRE ʚ ʜʦʜʝʢʘʵʜʨʝ ʚʳʟʳʚʘʶʪ ʩʤʝʱʝʥʠʝ ʨʘʤʘʥʦʚʩʢʠʭ 

ʧʠʢʦʚ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʫʶ ʦʙʣʘʩʪʴ, ʧʨʠʯʝʤ ʚʝʣʠʯʠʥʘ ʩʤʝʱʝʥʠʷ ʟʘʚʠʩʠʪ ʦʪ 

ʟʘʤʝʱʘʶʱʝʛʦ ʵʣʝʤʝʥʪʘ; ʟʘʤʝʱʝʥʠʝ YŸBi ʪʘʢʞʝ ʚʳʟʳʚʘʝʪ ʩʤʝʱʝʥʠʝ ʣʠʥʠʡ ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʫʶ 

ʦʙʣʘʩʪʴ, ʧʨʠʯʝʤ ʦʥʦ ʥʘʠʙʦʣʝʝ ʟʥʘʯʠʤʦ ʜʣʷ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʣʠʥʠʡ ʠʟ ʦʙʣʘʩʪʠ ʥʠʞʝ 300 ʩʤ-1. 

ɺʚʝʜʝʥʠʝ Ca ʚ ʩʪʨʫʢʪʫʨʫ Y3Fe5O12 ʚʳʟʳʚʘʝʪ ʫʰʠʨʝʥʠʝ ʣʠʥʠʡ ʠʟ ʦʙʣʘʩʪʠ ʥʠʞʝ 300 ʩʤ
-1, ʩʜʚʠʛ ʚ 

ʥʠʟʢʦʯʘʩʪʦʪʥʫʶ ʦʙʣʘʩʪʴ ʣʠʥʠʡ ʠʟ ʦʙʣʘʩʪʠ 400õ800 ʩʤ-1, ʘ ʪʘʢʞʝ ʧʦʷʚʣʝʥʠʝ ʣʠʥʠʠ 831 ʩʤ-1, 

ʩʚʷʟʘʥʥʦʡ, ʢʘʢ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʘʚʪʦʨʘʤʠ, ʩ ʢʦʣʝʙʘʥʠʝʤ ʩʚʷʟʠ Ca-O; ʧʦʩʣʝʜʥʝʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʪʦʤ, ʯʪʦ ʉʘ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʤʦʞʝʪ ʚʭʦʜʠʪʴ ʥʝ ʪʦʣʴʢʦ ʚ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʫʶ ʧʦʜʨʝʰʝʪʢʫ, ʥʦ ʠ ʚ 
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ʦʢʪʘʵʜʨʠʯʝʩʢʫʶ, ʟʘʤʝʱʘʷ Fe. ɿʘʤʝʱʝʥʠʝ FeŸCo (Al) ʪʘʢʞʝ ʚʳʟʳʚʘʝʪ ʩʤʝʱʝʥʠʝ ʠ ʧʦʷʚʣʝʥʠʝ 

ʥʦʚʳʭ ʤʦʜ; ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʩʚʷʟʴ ʩ ʟʘʤʝʱʘʶʱʠʤ ʵʣʝʤʝʥʪʦʤ Co ʠʣʠ Al. ɺ ʨʘʙʦʪʘʭ [Siao et al., 

2017; Aakansha et al., 2018; Sharma et al., 2018] ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʤʘʥʦʚʩʢʠʝ ʜʘʥʥʳʝ ʜʣʷ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ Y3-xRExFe5O12 (RE= La, Ce, Nd, Sm, Tb, Lu); ʣʠʥʠʠ ʥʘ ʩʧʝʢʪʨʘʭ ʚ 

ʦʙʣʘʩʪʠ ʥʠʞʝ 300 ʩʤ-1
 ʩʚʷʟʳʚʘʶʪʩʷ ʘʚʪʦʨʘʤʠ ʩ ʨʘʟʣʠʯʥʳʤʠ ʪʠʧʘʤʠ ʩʤʝʱʝʥʠʡ ʚ REO8, FeO4 ʠ 

FeO6-ʧʦʣʠʵʜʨʘʭ; ʨʘʤʘʥʦʚʩʢʠʝ ʣʠʥʠʠ ʚʳʰʝ 300 ʩʤ
-1 - ʩ ʚʘʣʝʥʪʥʳʤʠ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʤʠ 

ʢʦʣʝʙʘʥʠʷʤʠ FeO4-ʧʦʜʨʝʰʝʪʢʠ. ɺ ʨʘʙʦʪʝ [Fechine et al., 2009] ʚʳʧʦʣʥʝʥʦ ʢʦʤʧʣʝʢʩʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʢʦʤʧʦʟʠʪʦʚ ʩʦʩʪʘʚʘ (Gd3Fe5O12)x:(Y3Fe5O12)1-x 

ʧʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʧʦ 19 ʢʦʣʝʙʘʪʝʣʴʥʳʤ ʤʦʜʘʤ ʠʟ 25; ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʧʨʦʩʳ ʠʭ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ 

ʢ ʨʘʟʣʠʯʥʳʤ ʪʠʧʘʤ ʢʦʣʝʙʘʥʠʡ - ʪʨʘʥʩʣʷʮʠʦʥʥʳʤ ʠ ʣʠʙʨʘʮʠʦʥʥʳʤ MeO8 ʠ FeO4-ʧʦʣʠʵʜʨʦʚ; 

ʚʘʣʝʥʪʥʳʤ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʤ FeO4-ʧʦʣʠʵʜʨʦʚ. ɺ ʨʘʙʦʪʝ [Hsu et al., 2020] ʚʳʧʦʣʥʝʥ ʘʥʘʣʠʟ 

ʨʘʤʘʥʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ Y3Fe5O12 ʚ ʣʠʥʝʡʥʦʤ ʠ ʮʠʨʢʫʣʷʨʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʦʤ 

ʩʚʝʪʝ; ʥʘʙʣʶʜʘʣʦʩʴ ʠ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʦ 23 ʤʦʜʳ ʠʟ 25 ʘʢʪʠʚʥʳʭ; ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʘʨʘʤʝʪʨʦʚ ʣʠʥʠʡ ʠʟ ʦʙʣʘʩʪʠ 240 - 270 ʩʤ-1. 

ʊʠʧʠʯʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ ʜʠʬʬʫʟʥʦʛʦ ʩʚʝʪʦʨʘʩʩʝʷʥʠʷ ʠʪʪʨʠʡ-ʞʝʣʝʟʥʦʛʦ ʛʨʘʥʘʪʘ 

ʩʦʩʪʦʷʪ ʠʟ ʧʦʣʦʩʳ ʩ ʤʘʢʩʠʤʫʤʦʤ ʦʢʦʣʦ 357 ʥʤ, ʜʚʫʭ ʧʝʨʝʛʠʙʦʚ ʧʨʠ 323 ʠ 274 ʥʤ; ʪʘʢʞʝ 

ʥʘʙʣʶʜʘʶʪʩʷ ʩʣʘʙʦʠʥʪʝʥʩʠʚʥʳʝ ʧʦʣʦʩʳ ʦʢʦʣʦ 303 ʠ 274 ʥʤ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʝʨʝʭʦʜʳ ʚʳʰʝ 

285 ʥʤ ʦʪʥʦʩʷʪʩʷ ʢ ʠʦʥʥʦʡ ʧʘʨʝ Fe3+, ʘ ʧʦʣʦʩʘ ʦʢʦʣʦ 281 ʥʤ ï ʢ ʧʝʨʝʥʦʩʫ ʟʘʨʷʜʘ ʤʝʞʜʫ 

ʢʠʩʣʦʨʦʜʦʤ ʠ ʞʝʣʝʟʦʤ [Scott, Page, 1977]. ʇʦʩʣʝʜʥʠʝ ʨʘʙʦʪʳ ʧʦ ʦʧʪʠʯʝʩʢʠʤ ʩʧʝʢʪʨʘʤ ʛʨʘʥʘʪʦʚ 

[Serier-Brault et al., 2014; Wang et al, 2018] ʧʦʜʪʚʝʨʞʜʘʶʪ ʜʘʥʥʳʝ ʚʳʚʦʜʳ. ɺ ʧʫʙʣʠʢʘʮʠʷʭ 

ʧʦʩʣʝʜʥʠʭ ʣʝʪ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʣʦʩʘ ʧʦʛʣʦʱʝʥʠʷ ʛʨʘʥʘʪʘ Y3Fe5O12 ʩ ʤʘʢʩʠʤʫʤʦʤ ʚ ʦʙʣʘʩʪʠ 900 

ʥʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʧʪʠʯʝʩʢʦʤʫ ʧʝʨʝʭʦʜʫ 6A1 Ÿ 4T1 ʠʦʥʦʚ 
VIFe3+ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ; 

ʧʦʣʦʩʘ ʩ ʤʘʢʩʠʤʫʤʦʤ ʧʨʠ 600 ʠ ʧʣʝʯʦ ʧʨʠ 700 ʥʤ ï ʧʝʨʝʭʦʜʫ 6A1Ÿ 4T2 ʠʦʥʦʚ 
VIFe3+ ʩ ʥʘʣʦʞʝʥʠʝʤ 

ʧʦʛʣʦʱʝʥʠʷ, ʩʚʷʟʘʥʥʦʛʦ ʩ ʧʝʨʝʭʦʜʦʤ 6A1 Ÿ 4T1, 
4T2 ʠʦʥʦʚ 

IVFe3+ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ; 

ʧʦʣʦʩʘ ʧʨʠ 485 ʥʤ - ʧʝʨʝʭʦʜʫ ʩ ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ ʩ 2p-ʦʨʙʠʪʘʣʝʡ ʢʠʩʣʦʨʦʜʘ ʥʘ ʧʫʩʪʳʝ 3d-

ʦʨʙʠʪʘʣʠ ʠʦʥʦʚ Fe3+ (O2- + Fe3+ Ÿ O- + Fe2+). 

ɺʧʝʨʚʳʝ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʨʠ 

ʧʠʨʦʣʠʟʝ Y3Fe5O12, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʨʘʙʦʪʝ [Popma et al., 1974]: ʩʧʝʢʪʨ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʦʙʨʘʟʮʦʚ, ʦʪʦʞʞʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 650 Üʉ, ʠʤʝʝʪ ʬʦʨʤʫ ʦʜʥʦʛʦ ʜʫʙʣʝʪʘ, 

ʢʦʪʦʨʳʡ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥ ʢʘʢ ʩʚʷʟʘʥʥʳʡ ʩ ʠʦʥʘʤʠ Fe3+ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ; ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʞʠʜʢʦʛʦ ʛʝʣʠʷ ʚʳʜʝʣʷʶʪʩʷ ʜʚʘ ʥʘʣʦʞʝʥʥʳʭ ʩʝʢʩʪʝʪʘ ʦʪ Fe3+ ʚ ʪʝʪʨʘʵʜʨʘʭ ʠ 

ʦʢʪʘʵʜʨʘʭ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʧʝʢʪʨ ʘʤʦʨʬʥʦʛʦ Y3Fe5O12 ʧʨʠ 4.2 ʂ ʠ ʝʛʦ ʤʦʜʝʣʴʥʳʝ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʨʘʙʦʪʝ [Eibschutz et al., 1982]; ʦʥʠ ʠʤʝʶʪ ʚʠʜ ʦʜʥʦʛʦ ʩʝʢʩʪʝʪʘ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʠʦʥʘʤ Fe3+; ʘʚʪʦʨʘʤʠ ʚʳʧʦʣʥʝʥʳ ʦʮʝʥʢʠ ʧʘʨʘʤʝʪʨʦʚ ʩʝʢʩʪʝʪʘ. ʉʦʛʣʘʩʥʦ 

ʨʘʙʦʪʝ [Widatallah et al., 2008] ʩʧʝʢʪʨ ʦʜʥʦʬʘʟʥʦʛʦ Y3Fe5O12 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʚʘ ʤʘʛʥʠʪʥʳʭ 
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ʩʝʢʩʪʝʪʘ ʩ ʦʪʥʦʰʝʥʠʝʤ ʧʣʦʱʘʜʝʡ 2:3, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʠʦʥʘʤʠ Fe3+ ʚ ʦʢʪʘʵʜʨʘʭ ʠ ʪʝʪʨʘʵʜʨʘʭ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʨʘʙʦʪʝ [Motlagh et al., 2010] ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʜʣʷ ʛʨʘʥʘʪʘ ʩʦʩʪʘʚʘ 

Y3Fe5īxAl xO12; ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ FeŸAl ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʯʠʩʣʦ 

ʤʘʛʥʠʪʥʳʭ ʢʦʤʧʦʥʝʥʪ ʚ ʩʧʝʢʪʨʝ, ʘ ʪʘʢʞʝ ʫʤʝʥʴʰʘʶʪʩʷ ʟʥʘʯʝʥʠʷ ʩʚʝʨʭʪʦʥʢʠʭ ʧʦʣʝʡ ʜʣʷ ʜʚʫʭ 

ʧʦʜʨʝʰʝʪʦʢ ʠʦʥʦʚ Fe3+; ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʭ=0.5 ʠʦʥʳ Al 3+ ʟʘʤʝʱʘʶʪ Fe3+ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 

ʚ ʦʢʪʘʵʜʨʘʭ; ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ Al ʬʠʢʩʠʨʫʝʪʩʷ ʫʰʠʨʝʥʠʝ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʣʠʥʠʡ, 

ʩʚʷʟʘʥʥʦʝ ʩ ʨʘʟʙʨʦʩʦʤ ʟʥʘʯʝʥʠʡ ʩʚʝʨʭʪʦʥʢʠʭ ʧʦʣʝʡ ʠʟ-ʟʘ ʩʣʫʯʘʡʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Al 3+ ʤʝʞʜʫ 

ʪʝʪʨʘʵʜʨʘʤʠ ʠ ʦʢʪʘʵʜʨʘʤʠ. ɺ ʨʘʙʦʪʝ [Lataifeh et al., 1996] ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʝ ʜʘʥʥʳʝ 

ʜʣʷ ʛʨʘʥʘʪʦʚ (Ho0.01Y0.99)IG, (Hʦ0.5Y0.5)3Fe5O12, Ho3Fe5O12 ʠ (Ho0.01Gd0.99)3Fe5O12; ʩʧʝʢʪʨʳ ʚʩʝʭ 

ʦʙʨʘʟʮʦʚ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʜʚʘ ʤʘʛʥʠʪʥʳʭ ʩʝʢʩʪʝʪʘ ʩ ʥʝʙʦʣʴʰʠʤ ʢʚʘʜʨʫʧʦʣʴʥʳʤ ʩʤʝʱʝʥʠʝʤ; 

ʟʥʘʯʝʥʠʝ ʩʚʝʨʭʪʦʥʢʠʭ ʧʦʣʝʡ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ YŸLn; ʧʦʩʣʝʜʥʝʝ, ʧʦ-

ʚʠʜʠʤʦʤʫ, ʩʚʷʟʘʥʦ ʩ ʨʦʩʪʦʤ ʧʨʠ ʜʘʥʥʦʤ ʟʘʤʝʱʝʥʠʠ ʩʨʝʜʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʩʦʝʜʠʥʝʥʠʷ. 

ʅʘʧʨʦʪʠʚ, ʩʦʛʣʘʩʥʦ ʨʘʙʦʪʝ [Lataifeh et al., 2018] ʟʘʤʝʱʝʥʠʝ YŸDy ʥʝ ʚʳʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʳʭ 

ʠʟʤʝʥʝʥʠʡ ʩʚʝʨʭʪʦʥʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʯʪʦ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʨʘʟʣʠʯʥʦʤ ʚʣʠʷʥʠʠ 

ʣʘʥʪʘʥʦʠʜʦʚ ʥʘ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ. ɺ ʨʘʙʦʪʝ [Kuila et al., 2021] 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʝ ʜʘʥʥʳʝ ʜʣʷ ʛʨʘʥʘʪʦʚ Y3Fe5O12, Tm3Fe5O12, Gd3Fe5O12, Ho3Fe5O12, 

Yb3Fe5O12 ʧʨʠ 5 ʂ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 50 ʢʕ ʠ ʙʝʟ ʥʝʛʦ; ʥʘʙʣʶʜʘʝʤʳʝ ʧʘʨʘʤʝʪʨʳ 

ʩʚʝʨʭʪʦʥʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʘʥʝʝ ʦʧʫʙʣʠʢʦʚʘʥʥʳʤʠ ʜʘʥʥʳʤʠ; ʦʪʤʝʯʝʥʦ, ʯʪʦ 

ʩʧʝʢʪʨʳ Y3Fe5O12 ʠ Tm3Fe5O12 ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʦʩʪʘʣʴʥʳʭ, ʧʨʠ ʵʪʦʤ ʜʣʷ ʦʪʤʝʯʝʥʥʳʭ ʛʨʘʥʘʪʦʚ ʥʝ 

ʭʘʨʘʢʪʝʨʥʘ ʪʝʤʧʝʨʘʪʫʨʘ çʢʦʤʧʝʥʩʘʮʠʠè, ʧʨʠ ʢʦʪʦʨʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʙʣʠʟʢʘ ʢ ʥʫʣʶ. ɺ ʨʘʙʦʪʝ 

[Dabrowa et al., 2021] ʧʨʝʜʩʪʘʚʣʝʥʦ ʢʦʤʧʣʝʢʩʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ 

(Dy0.2Er0.2Gd0.2Ho0.2Y0.2)3Fe5O12 ʠ (Dy0.2Gd0.2Ho0.2Sm0.2Y0.2)3Fe5O12; ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʝ ʩʧʝʢʪʨʳ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʚ ʤʦʜʝʣʠ ʪʨʝʭ ʠ ʯʝʪʳʨʝʭ ʩʝʢʩʪʝʪʦʚ ʦʪ ʠʦʥʦʚ Fe3+ ʚ ʦʢʪʘʵʜʨʘʭ ʠ ʪʝʪʨʘʵʜʨʘʭ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʦʪʣʠʯʠʝ ʦʪ Y3Fe5O12 ʥʘʙʣʶʜʘʶʪʩʷ ʣʦʢʘʣʴʥʳʝ ʠʩʢʘʞʝʥʠʷ 

ʧʦʜʨʝʰʝʪʦʢ Fe3+, ʧʨʠʯʝʤ ʥʘʠʙʦʣʝʝ ʠʩʢʘʞʝʥʘ ʦʢʪʘʵʜʨʠʯʝʩʢʘʷ. 

1.1.7 ʄʘʛʥʠʪʥʳʝ ʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʞʝʣʝʟʥʳʭ ʛʨʘʥʘʪʦʚ 

ʉ ʧʦʣʫʯʝʥʠʝʤ ʧʝʨʚʳʭ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʞʝʣʝʟʥʳʭ ʛʨʘʥʘʪʦʚ [Bertaut, Forrat, 1956] ʚʥʠʤʘʥʠʝ 

ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʩʚʷʟʘʥʦ ʩ ʠʭ ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ [Krinchik, Chetkin, 1969; Chukalkin et al., 

1989; Rodic et al., 1999]. ʀʪʪʨʠʡ-ʞʝʣʝʟʥʳʡ ʛʨʘʥʘʪ ʩʦʜʝʨʞʠʪ ʚ ʩʝʙʝ ʞʝʣʝʟʦ ʚ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ 

ʦʢʨʫʞʝʥʠʷʭ, ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʢʦʪʦʨʳʭ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦ ʩʚʷʟʘʥ ʠ ʦʨʠʝʥʪʠʨʦʚʘʥ ʚʜʦʣʴ 

ʜʠʘʛʦʥʘʣʠ ʢʫʙʠʯʝʩʢʦʡ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʣʘʥʪʘʥʦʠʜ-ʞʝʣʝʟʥʳʭ ʛʨʘʥʘʪʦʚ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʤʘʛʥʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ʙʣʠʟʢʘ ʢ ʪʘʢʦʚʦʡ ʚ Y3Fe5O12, ʘ 

ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ RE3+ ʘʥʪʠʧʘʨʘʣʣʝʣʝʥ ʦʙʱʝʤʫ ʤʘʛʥʠʪʥʦʤʫ ʤʦʤʝʥʪʫ ʞʝʣʝʟʥʦʡ ʧʦʜʨʝʰʝʪʢʠ. 

ʊʘʢʞʝ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʤʘʛʥʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ʤʝʥʷʝʪʩʷ ʜʣʷ ʪʷʞʝʣʳʭ 

ʈɿʕ (ʤʘʛʥʠʪʥʘʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ R3c), ʘ ʜʣʷ Ho3Fe5O12 ʠ Tb3Fe5O12 ʫʩʪʘʥʦʚʣʝʥʦ 
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ʠʟʤʝʥʝʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʳ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ R3 [Rodic et al., 1999]. 

ɿʘ ʩʯʝʪ ʤʠʥʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʦʙʣʘʩʪʠ Y3Fe5O12 

ʚʦʩʪʨʝʙʦʚʘʥ ʢʘʢ ʤʘʪʝʨʠʘʣ ʨʝʟʦʥʘʪʦʨʦʚ, ʦʩʮʠʣʣʷʪʦʨʦʚ, ʬʘʟʦʚʨʘʱʘʪʝʣʝʡ [Fernandez-Garcia et al., 

2010] 

ɹʦʣʴʰʦʝ ʯʠʩʣʦ ʧʫʙʣʠʢʘʮʠʡ ʧʦʩʚʷʱʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ, ʪʦʥʢʠʭ ʧʣʝʥʦʢ [Barron-Lopez et al., 2021; Bhargavi et al., 2023]. 

ʇʨʠ ʵʪʦʤ ʠʟʫʯʝʥʠʶ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʩʚʷʱʝʥʦ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝʝ ʯʠʩʣʦ ʧʫʙʣʠʢʘʮʠʡ, 

ʥʘ ʯʪʦ ʦʙʨʘʪʠʣʠ ʚʥʠʤʘʥʠʝ ʚ ʨʘʙʦʪʝ [Lal et al., 1982]. ɸʚʪʦʨʳ ʦʪʤʝʯʘʶʪ, ʯʪʦ ʛʨʘʥʘʪʳ ʷʚʣʷʶʪʩʷ 

ʵʣʝʢʪʨʦʥʥʳʤʠ ʧʨʦʚʦʜʥʠʢʘʤʠ, ʘ ʠʦʥʥʳʡ ʚʢʣʘʜ ʤʝʥʴʰʝ 9%. ɻʨʘʥʘʪʳ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʷʚʣʷʶʪʩʷ ʜʠʵʣʝʢʪʨʠʢʘʤʠ; ʥʘ ʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʬʠʢʩʠʨʫʝʪʩʷ 

ʠʟʤʝʥʝʥʠʝ ʥʘʢʣʦʥʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 287ï305 Áʉ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʧʝʨʝʭʦʜʦʤ ʚʝʱʝʩʪʚʘ ʠʟ 

ʬʝʨʨʦ- ʚ ʧʘʨʘʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʘ ʪʘʢʞʝ ʧʨʠ 727 Áʉ, ʚʝʨʦʷʪʥʦ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʩʤʝʥʦʡ ʪʠʧʘ 

ʧʨʦʚʦʜʠʤʦʩʪʠ, ʩʚʷʟʘʥʥʦʛʦ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʜʳʨʦʢ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʥʘ ʠʦʥʘʭ Fe3+, ʠ ʠʭ ʜʚʠʞʝʥʠʝʤ 

ʧʦ ʧʨʳʞʢʦʚʦʤʫ ʤʝʭʘʥʠʟʤʫ. ɺ ʨʘʙʦʪʘʭ ʧʦʩʣʝʜʥʠʭ ʣʝʪ ʧʦ ʠʟʫʯʝʥʠʶ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʛʨʘʥʘʪʦʚ [Aakansha et al., 2017, 2019] ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʥʘʣʠʯʠʝ ʠʟʣʦʤʘ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ ʚʙʣʠʟʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ. 

ɺ ʨʘʙʦʪʝ [Shkerin et al., 2024] ʦʙʦʩʥʦʚʳʚʘʝʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʵʣʝʢʪʨʦʥʥʳʡ ʚʢʣʘʜ ʚ 

ʧʨʦʚʦʜʠʤʦʩʪʴ ʛʨʘʥʘʪʦʚ. ʀʦʥʥʳʡ ʚʢʣʘʜ ʦʩʪʘʝʪʩʷ ʤʘʣʳʤ ʚʚʠʜʫ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʧʨʠ 

ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʆʜʥʘʢʦ ʧʨʠ ʚʳʩʦʢʠʭ (ʚʳʰʝ 850 Üʉ) ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʘʙʣʶʜʘʝʪʩʷ 

ʥʝʩʪʝʭʠʦʤʝʪʨʠʷ ʩʦʩʪʘʚʘ Y3Fe5O12-ŭ [Jacob, Ratjitha, 2012]. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʦʜʝʣʴ 

ʤʝʞʜʦʫʟʝʣʴʥʳʭ ʢʘʪʠʦʥʦʚ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʦʙʲʷʩʥʷʝʪ ʥʘʣʠʯʠʝ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ ʧʨʠ 

ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʊʘʢʞʝ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʠʦʥʥʳʡ ʚʢʣʘʜ ʤʦʞʥʦ ʫʚʝʣʠʯʠʪʴ ʧʫʪʝʤ 

ʚʚʝʜʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʜʦʧʘʥʪʦʚ. ʊʘʢ ʚ ʨʘʙʦʪʝ [Bhosale et al., 2019] ʫʩʪʘʥʦʚʣʝʥʘ ʩʤʝʰʘʥʥʘʷ ʧʨʠʨʦʜʘ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʙʨʘʟʮʘ CaxY3-xFe5O12-ŭ ʧʫʪʝʤ ʠʟʫʯʝʥʠʷ ʥʝʡʪʨʦʥʥʦ-ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʩʧʝʢʪʨʦʚ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 27ï450 Áʉ; ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʢʘʨʪʘ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʛʦ ʧʝʨʝʤʝʱʝʥʠʷ ʠʦʥʦʚ 

ʢʠʩʣʦʨʦʜʘ ʯʝʨʝʟ ʦʙʨʘʟʝʮ. ʕʣʝʢʪʨʦʥʥʳʡ ʚʢʣʘʜ ʚ ʜʘʥʥʦʤ ʦʙʨʘʟʮʝ ʦʙʫʩʣʦʚʣʝʥ ʦʢʠʩʣʝʥʠʝʤ ʞʝʣʝʟʘ 

ʜʦ +4, ʚʚʠʜʫ ʵʪʦʛʦ ʦʙʨʘʟʫʝʪʩʷ ʵʣʝʢʪʨʦʥʥʘʷ ʧʘʨʘ Fe3+ïFe4+. ʇʦʣʫʯʝʥʥʳʝ ʚʳʚʦʜʳ ʧʦʜʪʚʝʨʞʜʘʶʪʩʷ 

ʚʳʩʦʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʦʙʨʘʟʮʘ.  

ʏʠʩʣʦ ʧʫʙʣʠʢʘʮʠʡ, ʧʦʩʚʷʱʝʥʥʳʭ ʘʥʘʣʠʟʫ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʛʨʘʥʘʪʦʚ, ʦʛʨʘʥʠʯʝʥʦ. 

ɺ ʨʘʙʦʪʝ [Wu et al., 2009] ʜʣʷ ʩʦʩʪʘʚʘ Lu3Fe5O12, ʧʦʣʫʯʝʥʥʦʛʦ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʝʡ, 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘ ̫ʢʦʥʩʪʘʥʪʘ ʧʨʠ 1 ʄɻʮ ʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʦʮʝʥʝʥʘ ʢʘʢ 280. ɼʣʷ Ho3Fe5O12 

ʧʨʠ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ ʢʦʥʩʪʘʥʪʘ ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ 50 [Su et al., 2012]. ɺ ʪʚʝʨʜʦʤ ʨʘʩʪʚʦʨʝ Y3-

xSmxFe5O12 ʩ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦʧʘʥʪʘ ʥʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ [Aakansha et al., 2017]. ɼʣʷ ʢʝʨʘʤʠʢʠ Y3Fe5-xMnxO12 ʥʘʙʣʶʜʘʝʪʩʷ 

ʦʙʨʘʪʥʘʷ ʪʝʥʜʝʥʮʠʷ [Aakansha et al., 2019]. ɺ ʦʙʟʦʨʝ [Mallmann et al., 2013] ʦʪʤʝʯʝʥʳ ʚʳʩʦʢʠʝ 
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ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ (ὑr) ʠ ʥʠʟʢʦʝ ʟʥʘʯʝʥʠʝ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ (tanŭ) 

ʜʣʷ Y3Fe5O12 ʠ Gd3Fe5O12 (9.189 ʠ 0.001) ʠ (14.473 ʠ 0.012), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʣʷ ʢʦʤʧʦʟʠʪʘ 

(Gd3Fe5O12)x:(Y3Fe5O12)1-x ʩ ʨʦʩʪʦʤ x ʦʪʤʝʯʝʥʦ ʧʦʚʳʰʝʥʠʝ ʟʥʘʯʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ. 

ɺ ʨʘʙʦʪʝ [Dabrowa et al., 2021] ʦʪʤʝʯʝʥʦ, ʯʪʦ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʩʦʩʪʘʚʳ 

(Y0.2Gd0.2Dy0.2Ho0.2Er0.2)3Fe5O12 ʠ (Y0.2Sm0.2Gd0.2Dy0.2Ho0.2)3Fe5O12 ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʦʙʣʘʜʘʶʪ ʙʣʠʟʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʩ Y3Fe5O12, ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 600 Áʉ ʠʭ 

ʧʨʦʚʦʜʠʤʦʩʪʴ ʥʠʞʝ. ɺʝʨʦʷʪʥʘʷ ʧʨʠʯʠʥʘ ʧʦʜʦʙʥʦʛʦ ʨʘʟʣʠʯʠʷ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʘ ʩ 

ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ ʣʦʢʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʠʩʢʘʞʝʥʠʡ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʟʘʪʨʫʜʥʝʥʠʝʤ ʧʝʨʝʥʦʩʘ 

ʟʘʨʷʜʘ. ʉʦʩʪʘʚ (Y0.2Sm0.2Eu0.2Gd0.2Dy0.2)3Fe5O12 ʪʘʢʞʝ ʦʙʣʘʜʘʝʪ ʧʦʥʠʞʝʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ Y3Fe5O12, ʧʨʠʯʝʤ ʚʦ ʚʩʝʡ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 250ï750 Áʉ [Zhang et al., 2024]. ɺ 

ʨʘʙʦʪʝ [Liu et al., 2023] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʘʨʴʠʨʦʚʘʥʠʝ FeïAl  ʩʦʩʪʘʚʘ ʚ ʛʨʘʥʘʪʝ 

(Y0.2Eu0.2Dy0.2Er0.2Lu0.2)3(Al xFe1-x)5O12 ʧʦʟʚʦʣʷʝʪ ʤʝʥʷʪʴ ʟʥʘʯʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʠ 

ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ, ʩʦʩʪʘʚ ʩ ʥʘʠʣʫʯʰʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ (4000 ʠ 0.93 ʧʨʠ 

100 ɻʮ) ʨʝʘʣʠʟʫʝʪʩʷ ʧʨʠ ʭ=0.4. ɺʚʝʜʝʥʠʝ Bi ʚ ʩʦʩʪʘʚ (Y0.2Bi0.2Gd0.2Ho0.2RE0.2)3Fe5O12 (RE=Dy, Er, 

Tm, Yb) ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʁ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪ r[Zhang et al., 2025]. 

1.1.8. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʩʚʦʡʩʪʚ ʛʨʘʥʘʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʝʨʚʦʧʨʠʥʮʠʧʥʳʭ ʠ 

ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʯʝʪʥʳʭ ʤʝʪʦʜʦʚ (DFT) ʚʳʧʦʣʥʝʥʳ ʨʘʩʯʝʪʳ 

ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʞʝʣʝʟʥr ʭ ʛʨʘʥʘʪʦʚ [Wan Ali  et al., 2017; Bouguerra et al., 

2007; Wang et al., 2019; Nakamoto et al., 2017]. ɺ ʨʘʙʦʪʝ [Li et al., 2021] ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʯʝʪʳ 

ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ, ʵʣʝʢʪʨʦʥʥʳʭ, ʦʧʪʠʯʝʩʢʠʭ, ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ Y3Fe5O12 ʠ 

Bi3Fe5O12; ʨʘʩʩʯʠʪʘʥʳ ʧʦʣʥʳʝ ʠ ʧʘʨʮʠʘʣʴʥʳʝ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʜʣʷ Y3Fe5O12: ʚ ʚʝʨʭʥʠʭ 

ʚʘʣʝʥʪʥʳʭ ʧʦʣʦʩʘʭ ʦʪ -4.0 ʜʦ 0.0 ʵɺ ʜʦʤʠʥʠʨʫʶʪ p-ʦʨʙʠʪʘʣʠ O ʩ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤʠ ʚʢʣʘʜʘʤʠ d-

ʦʨʙʠʪʘʣʝʡ Fe, ʘ ʪʘʢʞʝ d-ʦʨʙʠʪʘʣʝʡ Y; ʥʠʞʥʷʷ ʧʦʣʦʩʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1.8 ʜʦ Ḑ3.9 

ʵɺ ʦʙʫʩʣʦʚʣʝʥʘ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ d-ʦʨʙʠʪʘʣʷʤʠ Fe ʧʨʠ ʥʝʙʦʣʴʰʦʤ ʚʢʣʘʜʝ p-ʦʨʙʠʪʘʣʝʡ O. ɺ 

ʨʘʙʦʪʝ [Nakamoto et al., 2017] ʧʨʦʚʝʜʝʥʳ ʧʝʨʚʦʧʨʠʥʮʠʧʥʳʝ ʨʘʩʯʝʪʳ ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʤʘʛʥʠʪʥʳʭ 

ʩʚʦʡʩʪʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ; ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʣʠʷʥʠʝ 4f-ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʧʦʩʪʦʷʥʥʫʶ 

ʨʝʰʝʪʢʠ, ʚʥʫʪʨʝʥʥʠʝ ʢʦʦʨʜʠʥʘʪʳ ʠ ʜʣʠʥʳ ʩʚʷʟʝʡ ʚʝʩʴʤʘ ʥʝʟʥʘʯʠʪʝʣʴʥʦ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʠʤʝʶʱʠʤʠʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. ʆʜʥʘʢʦ ʚʢʣʘʜ 4f-ʵʣʝʢʪʨʦʥʦʚ ʤʦʞʝʪ ʚʣʠʷʪʴ ʥʘ 

ʦʙʱʫʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʝʢʦʪʦʨʳʭ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʧʨʠ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɺ ʨʘʙʦʪʝ 

[Widatallah et al., 2018] ʧʨʠʚʝʜʝʥ ʨʘʩʯʝʪ ʜʝʬʝʢʪʥʦʡ ʩʪʨʫʢʪʫʨʳ Y3Fe5O12 ʧʨʠ ʝʛʦ ʜʦʧʠʨʦʚʘʥʠʠ 

Al 3+/Cr3+, ʘ ʪʘʢʞʝ ʧʨʠ ʠʭ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʚʭʦʞʜʝʥʠʠ ʚ ʩʪʨʫʢʪʫʨʫ. ɺ ʨʘʙʦʪʝ [Plucinski et al., 2011] 

ʧʨʠʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʨʘʩʯʝʪʥʳʝ ʜʘʥʥʳʝ ʧʣʝʥʦʢ Y3Fe5O12 ʧʦ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʝ 

ʠ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ, ʦʙʥʘʨʫʞʝʥʳ ʨʘʟʣʠʯʠʷ ʤʝʞʜʫ ʧʣʦʪʥʦʩʪʴʶ ʩʦʩʪʦʷʥʠʡ ʪʝʪʨʘ- ʠ 

ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ ʠʦʥʦʚ Fe, ʨʘʩʩʯʠʪʘʥʘ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʨʘʚʥʘ 1.8 ʵɺ ʚ 
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ʧʨʦʪʠʚʦʚʝʩ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ 2.85 ʵɺ. ʍʦʪʷ ʟʥʘʯʠʤʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ 

ʧʦʩʚʷʱʝʥʦ ʧʝʨʚʦʧʨʠʥʮʠʧʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʩʚʦʡʩʪʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʞʝʣʝʟʥr ʭ ʛʨʘʥʘʪʦʚ 

(ʧʣʦʪʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ DOS ʨʘʩʩʯʠʪʘʥʘ ʜʣʷ Y3Fe5O12, Gd3Fe5O12, Tm3Fe5O12 [Redies et al., 2022] ʠ 

Nd3Fe5O12 [Nakamoto et al., 2017]), ʥʝ ʧʨʦʚʦʜʠʣʠʩʴ ʨʘʩʯʝʪʳ DOS ʜʣʷ Er3Fe5O12, Dy3Fe5O12, 

Eu3Fe5O12 ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ (ʙʦʣʴʰʦʡ ʨʘʟʤʝʨ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʟʘʪʨʫʜʥʷʝʪ 

ʨʘʩʯʝʪ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʪ ʠʥʬʦʨʤʘʮʠʠ ʦ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʤ ʨʘʩʧʦʣʦʞʝʥʠʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʠʦʥʦʚ 

[Pianassola et al., 2020]). ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʝʨʩʧʝʢʪʠʚʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ 

[ɽʨʝʤʠʥ, 2009]; ʧʨʠ ʵʪʦʤ ʩʥʠʞʘʝʪʩʷ ʚʨʝʤʷ ʨʘʩʯʝʪʦʚ ʠ ʧʦʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʘ ʨʘʩʯʝʪʘ ʩʪʨʫʢʪʫʨ 

ʠ ʩʚʦʡʩʪʚ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʈʘʥʝʝ ʚ ʨʘʙʦʪʝ [Tovstopyat et al., 2023] ʜʣʷ 

ʛʨʘʥʘʪʦʚ ʙʳʣ ʚʳʧʦʣʥʝʥ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʡ ʨʘʩʯʝʪ ʚ ʧʨʦʛʨʘʤʤʝ Gulp; ʧʦʣʫʯʝʥʳ ʧʦʪʝʥʮʠʘʣʳ 

ʄʦʨʟʝ; ʦʥʠ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʠ ʜʣʷ ʨʘʩʯʝʪʘ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʛʨʘʥʘʪʦʚ. 

ʇʦʣʫʯʝʥʥʳʝ ʤʦʜʝʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ. 

1.2 ʉʠʥʪʝʪʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʠ ʤʠʥʝʨʘʣʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ 

1.2.1 ʆʩʥʦʚʥʳʝ ʧʦʜʩʝʤʝʡʩʪʚʘ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʘʥʘʣʦʛʦʚ 

ʉʦʝʜʠʥʝʥʠʷ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ʜʘʣʠ ʥʘʯʘʣʦ ʧʦʣʫʯʝʥʠ ʁ ʥʦʚʳʭ ʩʠʥʪʝʪʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʩ ʦʧʪʠʤʘʣʴʥʳʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʠ ʣʶʤʠʥʝʩʮʝʥʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ [Jacob et al., 

2007; Hirano et al., 2019]. ʂ ʜʘʥʥʦʤʫ ʢʣʘʩʩʫ ʩʦʝʜʠʥʝʥʠʡ ʦʪʥʦʩʷʪʩ ̫ʪʠʪʘʥʦ-ʪʘʥʪʘʣʘʪʳ ʠ ʪʠʪʘʥʦ-

ʥʠʦʙʘʪʳ ʈɿʕ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ RETiTaO6 ʠ RETiNbO6 (ʛʜʝ RE = La, Ce, Pr, Nd, Sm, Eu), ʘ ʪʘʢʞʝ 

ʚʦʣʴʬʨʘʤʘʪʳ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʠ ʈɿʕ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ REBWO6 (ʛʜʝ B = V, Fe, Cr) [Yanda, 

Sundaresan, 2019; Mishra et al., 2023]. ɼʘʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʦʙʣʘʜʘʶʪ ʧʦʚʳʰʝʥʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ, 

ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʤʠ ʠ ʤʘʛʥʠʪʦʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

1.2.2 ʆʩʦʙʝʥʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʡ RETiNbO6 

ʄʘʪʝʨʠʘʣʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ʦʪʥʦʩʷʪʩʷ ʢ ʨʦʤʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ, ʧʨ. ʛʨ. Pnma; 

ʯʠʩʣʦ ʬʦʨʤʫʣʴʥʳʭ ʝʜʠʥʠʮ ʥʘ ʵʣʝʤʝʥʪʘʨʥʫʶ ʷʯʝʡʢʫ ʨʘʚʥʦ ʯʝʪʳʨʝʤ. ʀʦʥʳ Ti ʠ Nb ʦʢʨʫʞʝʥʳ 

ʠʦʥʘʤʠ ʢʠʩʣʦʨʦʜʘ, ʢʦʪʦʨʳʝ ʬʦʨʤʠʨʫʶʪ ʠʩʢʘʞʝʥʥʳʝ ʦʢʪʘʵʜʨʳ. ɼʘʥʥʳʝ ʧʦʣʠʵʜʨʳ ʩʦʝʜʠʥʷʶʪʩʷ 

ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʯʝʨʝʟ ʨʝʙʨʦ, ʦʙʨʘʟʫʷ ʧʘʨʫ. ʕʪʠ ʜʠʦʢʪʘʵʜʨʳ ʩʦʝʜʠʥʷʶʪʩʷ ʩ ʜʨʫʛʠʤʠ ʯʝʨʝʟ ʚʝʨʰʠʥʳ. 

ʀʦʥʳ ʈɿʕ ʟʘʥʠʤʘʝʪ ʩʚʦʙʦʜʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʤʝʞʜʫ ʦʢʪʘʵʜʨʠʯʝʩʢʠʤʠ ʧʦʣʠʵʜʨʘʤʠ. ʂʘʞʜʳʡ ʈɿʕ 

ʦʢʨʫʞʝʥ ʚʦʩʝʤʴʶ ʠʦʥʘʤʠ ʢʠʩʣʦʨʦʜʘ, ʬʦʨʤʠʨʫʷ ʠʩʢʘʞʝʥʥʳʡ ʜʦʜʝʢʘʵʜʨ ʩ ʜʣʠʥʘʤʠ ʩʚʷʟʠ ʦʪ 2.12 

ʜʦ 2.46 ¡. ɼʦʜʝʢʘʵʜʨʠʯʝʩʢʠʝ ʧʦʣʠʵʜʨʳ ʩʦʝʜʠʥʝʥʳ ʯʝʨʝʟ ʨʝʙʨʘ ʚ ʮʝʧʦʯʢʠ ʚ ʥʘʧʨʘʚʣʝʥʠʠ [010]. 

ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʈɿʕ ʩʦʩʪʘʚʣʷʝʪ 3.90 ¡ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ ʮʝʧʦʯʢʠ ʠ 6.00 ¡ ʤʝʞʜʫ ʮʝʧʦʯʢʘʤʠ [Qi 

et al., 1996]. 

ʆʩʦʙʝʥʥʦʩʪʴ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ï ʟʘʚʠʩʠʤʦʩʪʴ ʪʠʧʘ ʩʪʨʫʢʪʫʨʳ ʦʪ ʈɿʕ. ʉʦʝʜʠʥʝʥʠʷ 

RETiTaO6 ʠ RETiNbO6 ʩ RE = La, éEu ʠʤʝʶʪ ʩʪʨʫʢʪʫʨʥʳʡ ʪʠʧ ʵʰʠʥʠʪʘ, ʘ ʩ RE = Gd,éLu, Y - 

ʵʚʢʩʝʥʠʪʘ (ʧʨ. ʛʨ. Pbcn) [Zhang, Zuo, 2017]. ʅʘ ʨʠʩʫʥʢʝ 1.3, ʛʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʦʜʝʣʠ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ, ʚʠʜʥʦ, ʯʪʦ ʜʣʷ ʵʚʢʩʝʥʠʪʘ ʠʦʥʳ ʈɿʕ ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʧʣʦʪʥʦ-
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ʫʧʘʢʦʚʘʥʥʳʭ ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʣʦʩʢʦʩʪʷʭ [Qi et al., 1996]. ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1.3. 

 

ʈʠʩ. 1.3. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʵʰʠʥʠʪʘ (a) ʠ ʵʚʢʩʝʥʠʪʘ (b) [Qi et al., 1996] 

ʊʘʙʣʠʮʘ 1.3. ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ʩʦʛʣʘʩʥʦ 

[Sebastian et al., 2001; Ma et al., 2007]. 

ʉʦʝʜʠʥʝʥʠʝ 
ʇʘʨʘʤʝʪʨ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, ¡ 

a b c 

LaTiNbO6 10.93 7.57 5.45 

CeTiNbO6 11.01 7.58 5.42 

PrTiNbO6 11.01 7.45 5.39 

NdTiNbO6 10.95 7.47 5.34 

SmTiNbO6 11.01 7.47 5.31 

EuTiNbO6 10.94 7.41 5.25 

 

ɼʣʷ ʵʰʠʥʠʪʘ ʩʦʩʪʘʚʘ LaTiNbO6 ʠʟʚʝʩʪʥʘ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʤʦʥʦʢʣʠʥʥʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʝʨʝʭʦʜʘ ʚʳʰʝ 1300 Áʉ (ʧʨ. ʛʨ. C2/c) ʠ ʧʘʨʘʤʝʪʨʘʤʠ a = 11.195 ¡, 

b = 8.842 ¡, c = 5.268 ¡, ɔ = 115.332Á [Ma et al., 2014; Surendran et al., 2003]. ʅʘ ʨʠʩʫʥʢʝ 1.4 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʤʦʥʦʢʣʠʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʚ ʩʦʧʦʩʪʘʚʣʝʥʠʠ ʩ 

ʨʦʤʙʠʯʝʩʢʦʡ [Zhang, Zuo, 2018]. ɺ ʨʘʙʦʪʝ [Ma et al., 2007] ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʦʥʦʢʣʠʥʥʘʷ ʬʘʟʘ 

ʤʦʞʝʪ ʦʙʨʘʟʦʚʘʪʴʩʷ ʠ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ: ʤʝʪʦʜʦʤ ʊɻ-ɼʊɸ ʙʳʣ ʟʘʬʠʢʩʠʨʦʚʘʥ 

ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʡ ʧʠʢ ʧʨʠ 728 Áʉ, ʯʪʦ ʤʦʞʝʪ ʛʦʚʦʨʠʪʴ ʦ ʥʘʯʘʣʝ ʝʝ ʬʦʨʤʠʨʦʚʘʥʠʷ. ɼʣʷ ʜʨʫʛʠʭ 

ʪʠʪʘʥʦʥʠʦʙʘʪʦʚ ʈɿʕ ʘʥʘʣʦʛʠʯʥʳʭ ʧʝʨʝʭʦʜʦʚ ʥʝ ʦʙʥʘʨʫʞʝʥʦ. 

ʋʪʦʯʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʵʰʠʥʠʪʦʚ LaTiNbO6 ʠ PrTiNbO6 ʧʨʦʚʝʜʝʥʦ ʚ ʨʘʙʦʪʘʭ [Li et al., 2018; 

Zhang, Zuo, 2016]. ʆʪʤʝʪʠʤ ʨʘʙʦʪʫ [Zhang, Zuo, 2017], ʚ ʢʦʪʦʨʦʡ ʦʮʝʥʝʥʳ ʧʘʨʘʤʝʪʨʳ 

ʤʦʥʦʢʣʠʥʥʦʡ ʠ ʨʦʤʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ; ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʤʝʥʥʦ ʦʢʪʘʵʜʨʠʯʝʩʢʦʝ ʠʩʢʘʞʝʥʠʝ, ʘ ʥʝ 

ʩʨʝʜʥʷʷ ʜʣʠʥʘ ʩʚʷʟʠ ʠ ʠʦʥʥʳʡ ʨʘʜʠʫʩ ʈɿʕ ʦʢʘʟʳʚʘʶʪ ʨʝʰʘʶʱʝʝ ʚʣʠʷʥʠʝ ʥʘ ʬʘʟʦʚʫʶ ʠ 

ʩʪʨʫʢʪʫʨʥʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ. ʉʨʝʜʥʷʷ ʜʣʠʥʘ ʩʚʷʟʠ ʚ (Ti, Nb)ïʫʟʣʝ ʦʜʠʥʘʢʦʚʘ ʚ ʦʙʝʠʭ ʩʪʨʫʢʪʫʨʘʭ, 

ʦʜʥʘʢʦ ʠʩʢʘʞʝʥʠʝ ʦʢʪʘʵʜʨʘ ʚ ʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟʝ ʦʢʘʟʘʣʦʩʴ ʚ ʧʷʪʴ ʨʘʟ ʚʳʰʝ, ʯʝʤ ʚ ʤʦʥʦʢʣʠʥʥʦʡ.  
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ʈʠʩ. 1.4. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʤʦʥʦʢʣʠʥʥʦʡ (ʘ) ʠ ʨʦʤʙʠʯʝʩʢʦʡ (ʙ) ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʥʘ 

ʧʨʠʤʝʨʝ ʩʦʝʜʠʥʝʥʠʷ LaTiNbO6, ʩʦʛʣʘʩʥʦ [Zhang, Zuo, 2018]. A - La/RE; B - Ti/Nb 

1.2.3 ʀʟʦʤʦʨʬʠʟʤ ʚ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʵʰʠʥʠʪʘʭ (ʥʘ ʧʨʠʤʝʨʝ ʪʠʪʘʥ-ʥʠʦʙʠʝʚʳʭ 

ʵʰʠʥʠʪʦʚ RETiNbO6)  

ɸʥʘʣʠʟ ʧʫʙʣʠʢʘʮʠʡ, ʧʦʩʚʷʱʝʥʥʳʭ ʧʦʣʫʯʝʥʠʶ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ, 

ʧʦʢʘʟʘʣ, ʯʪʦ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʟʫʯʘʣʠʩʴ ʩʦʩʪʘʚʳ ʩ ʟʘʤʝʱʝʥʠʝʤ ʦʜʥʦʛʦ ʈɿʕ ʥʘ ʜʨʫʛʦʡ. ʀʥʪʝʨʝʩ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʧʦʣʫʯʝʥʠʝ ʵʰʠʥʠʪʦʚʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʠʦʥʦʤ, ʢʦʪʦʨʳʡ ʚ ʠʥʜʠʚʠʜʫʘʣʴʥʦʤ ʩʦʝʜʠʥʝʥʠʠ 

ʬʦʨʤʠʨʫʝʪ ʵʚʢʩʝʥʠʪʦʚʫʶ ʤʦʜʠʬʠʢʘʮʠʶ: ʚ ʨʘʙʦʪʝ [Solomon et al., 2001] ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʚʦʡʥʳʝ 

ʩʠʩʪʝʤʳ [RE1-xREËx]TiNbO6 (RE=Nd, Pr, Sm; REË=Dy, Gd, Y); ʧʦʢʘʟʘʥʦ, ʯʪʦ ʵʰʠʥʠʪʦʚʘʷ ʩʪʨʫʢʪʫʨʘ 

ʚ ʩʠʩʪʝʤʘʭ Pr1-xGdxTiNbO6 ʠ Sm1-xYxTiNbO6 ʦʙʨʘʟʫʝʪʩʷ ʧʨʠ ʭÒ0.2; ʚ ʩʠʩʪʝʤʝ Nd1-xDyxTiNbO6 ï 

ʧʨʠ ʭ Ò0.3. ɺ ʨʘʙʦʪʝ [Zhang, Zuo, 2017] ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1300ï1450 Áʉ ʧʦʣʫʯʝʥʳ ʩʦʩʪʘʚʳ ʩ ʦʙʱʝʡ 

ʬʦʨʤʫʣʦʡ La1-xRexTiNbO6 (RE=Ce, Sm); ʜʣʷ ʥʠʭ ʥʘʙʣʶʜʘʣʩ ̫ ʧʝʨʝʭʦʜ ʠʟ ʤʦʥʦʢʣʠʥʥʦʡ ʚ 

ʨʦʤʙʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ, ʧʨʠʯʝʤ ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʜʦʧʘʥʪʘ ʭ=0.05ï0.3 ʜʣʷ Ce ʠ 0.05ï0.2 ʜʣʷ 

Sm ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʝ ʧʦʣʠʤʦʨʬʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ. ɺ ʨʘʙʦʪʝ [Ma et al., 2014] ʧʦʣʫʯʝʥʳ ʢʝʨʘʤʠʢʠ 

ʩʦʩʪʘʚʘ LaTiNbO6:RE3+ (RE=Tb, Dy, Ho); ʦʙʱʝʝ ʩʦʜʝʨʞʘʥʠʝ ʜʦʧʘʥʪʦʚ ʥʝ ʧʨʝʚʳʰʘʣʦ 5%; 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʦʜʥʦʬʘʟʥʳ. ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ 

RE0.8Er0.2TiNbO6 (RE=Ce, Pr, Nd, Sm) ʠʤʝʶʪ ʵʰʠʥʠʪ-ʵʚʢʩʝʥʠʪʦʚʳʡ ʩʦʩʪʘʚ [John et al., 2022].  

ʈʷʜ ʧʫʙʣʠʢʘʮʠʡ ʧʦʩʚʷʱʝʥ ʚʚʝʜʝʥʠʶ ʥʝʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʜʦʧʘʥʪʘ ʚ ʩʪʨʫʢʪʫʨʫ ʵʰʠʥʠʪʘ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʚ ʨʘʙʦʪʝ [Solomon et al., 2006] ʠʩʩʣʝʜʦʚʘʥʳ SmTiNbO6 ʠ DyTiNbO6, ʜʦʧʠʨʦʚʘʥʥʳʝ 

ZnO; ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʩ SmTiNbO6 ʦʜʥʦʬʘʟʥʳ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ ZnO ʤʝʥʝʝ 2%; 

ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʠʢʩʠʨʫʝʪʩʷ ʧʨʠʤʝʩʥʘʷ ʬʘʟʘ. ɺ ʨʘʙʦʪʝ [Zhang et al., 

2017] ʧʦʣʫʯʝʥʳ ʩʦʩʪʘʚʳ La0.995TiNbO6-ŭ; LaTiNbO6+ZnO ʠ La1-xZnxTiNbO6; ʬʠʢʩʠʨʫʝʪʩʷ ʥʘʣʠʯʠʝ 

ʨʦʤʙʠʯʝʩʢʦʡ ʠ ʤʦʥʦʢʣʠʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʡ ʧʦʩʣʝ ʦʪʞʠʛʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 1050 ʜʦ 1350 Áʉ: 

ʤʦʥʦʢʣʠʥʥʘʷ ʬʘʟʘ ʥʘʯʠʥʘʝʪ ʬʦʨʤʠʨʦʚʘʪʴʩʷ ʧʨʠ 1200 Áʉ. ʉʠʥʪʝʟ ʧʨʠ 1200 Áʉ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʬʦʨʤʠʨʫʝʪʩʷ ʩʦʝʜʠʥʝʥʠʝ ʨʦʤʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʩʦʜʝʨʞʘʱʝʝ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟ.r ʉ ʨʦʩʪʦʤ x ʚ ʩʦʩʪʘʚʝ La1-xZnxTiNbO6 ʩʦʜʝʨʞʘʥʠʝ ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳ 



26 

 

ʫʤʝʥʴʰʘʝʪʩʷ ʠ ʧʦʣʥʦʩʪʴʶ ʠʩʯʝʟʘʝʪ ʧʨʠ ʭ=0.03. ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʭ 

ʜʦʧʘʥʪʘ ʧʦʷʚʣʷʝʪʩʷ ʬʘʟʘ TiO2, ʯʪʦ ʚʳʟʚʘʥʦ ʜʝʩʪʘʙʠʣʠʟʘʮʠʝʡ ʨʝʰʝʪʢʠ. 

ʇʦʤʠʤʦ ʟʘʤʝʱʝʥʠʷ ʚ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʫʶ ʧʦʜʨʝʰʝʪʢʫ ʨʝʘʣʠʟʦʚʘʥʳ ʟʘʤʝʱʝʥʠʷ ʚ 

ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ. ɺ ʨʘʙʦʪʝ [Zhang, Zuo, 2017] ʧʦʣʫʯʝʥʳ ʩʦʩʪʘʚʳ LaTi1-ʭZrxNbO6, LaTiNb1-

xTaxO6 ʠ LaTiNb1-x(W0.5Ti0.5)xO6 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1250ï1450 Áʉ; ʦʥʠ ʠʤʝʶʪ ʤʦʥʦʢʣʠʥʥʫʶ 

ʩʪʨʫʢʪʫʨʫ; ʩ ʨʦʩʪʦʤ ʭ ʥʘʯʠʥʘʝʪ ʧʦʷʚʣʷʪʴʩʷ ʨʦʤʙʠʯʝʩʢʘʷ ʬʘʟʘ; ʦʥʘ ʩʪʘʥʦʚʠʪʩʷ ʜʦʤʠʥʠʨʫʶʱʝʡ 

ʧʨʠ ʭ=0.2. ɺ ʨʘʙʦʪʝ [Joseph et al., 2010] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʦʩʪʘʚʳ RETiNb1-xSbxO6 (RE=Ce, Pr, xÒ0.25) 

ʬʦʨʤʠʨʫʶʪ ʨʦʤʙʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʚʦ ʚʩʝʡ ʠʩʩʣʝʜʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʡ ʜʦʧʘʥʪʘ; ʠʦʥ 

Nb (0.64 ¡) ʙʦʣʴʰʝ, ʯʝʤ Sb (0.60 ¡), ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʤʳʭ ʩʪʝʨʠʯʝʩʢʠʭ 

ʟʘʪʨʫʜʥʝʥʠʡ. ɺ ʨʘʙʦʪʝ [Oishi et al., 2005] ʦʪʤʝʯʝʥʦ, ʯʪʦ ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ CeTiNb1-xTaxO6 ̫ ʚʣʷʝʪʩʷ 

ʥʝʦʛʨʘʥʠʯʝʥʥʳʤ ʚʦ ʚʩʝʤ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤ ʜʠʘʧʘʟʦʥʝ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʣʠʪʝʨʘʪʫʨʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʫʙʣʠʢʘʮʠʠ, ʚ ʢʦʪʦʨʳʭ ʚ ʦʩʥʦʚʥʦʤ 

ʨʝʘʣʠʟʦʚʘʥʳ ʟʘʤʝʱʝʥʠʷ ʦʜʥʦʛʦ ʈɿʕ ʥʘ ʜʨʫʛʦʡ, ʟʘʤʝʱʝʥʠʷ ʜʨʫʛʠʤʠ ʵʣʝʤʝʥʪʘʤʠ ʝʜʠʥʠʯʥʳ; ʤʘʣʦ 

ʨʘʙʦʪ ʧʦ ʟʘʤʝʱʝʥʠʶ ʠʦʥʦʚ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ; ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʥʘ 

ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʳ ʵʰʠʥʠʪʘ ʨʘʥʝʝ ʥʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ. 

1.2.4. ʄʝʪʦʜʳ ʩʠʥʪʝʟʘ ʵʰʠʥʠʪʦʚ ʩʝʤʝʡʩʪʚʘ RETiNbO6 

ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʨʘʙʦʪ ʧʦ ʧʦʣʫʯʝʥʠʶ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʩʦʩʪʘʚʦʚ ʩʝʤʝʡʩʪʚʘ ʵʰʠʥʠʪʦʚ 

ʨʝʘʣʠʟʦʚʘʥʘ ʢʝʨʘʤʠʯʝʩʢʘʷ ʪʝʭʥʦʣʦʛʠʷ [Solomon et al., 2001; Solomon et al., 2006; Zhang, Zuo, 

2017]. ʉʦʛʣʘʩʥʦ ʧʦʩʣʝʜʥʝʡ ʮʠʪʠʨʦʚʘʥʥʦʡ ʨʘʙʦʪʳ, ʠʩʭʦʜʥʳʝ ʦʢʩʠʜʳ RE2O3, TiO2 ʠ Nb2O5, ʚʟʷʪʳʝ 

ʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ, ʧʝʨʝʤʝʰʠʚʘʶʪ ʩ ʧʦʤʦʱʴʶ ʰʘʨʦʚʳʭ ʤʝʣʴʥʠʮ ʚ ʩʨʝʜʝ 

ʵʪʠʣʦʚʦʛʦ ʩʧʠʨʪʘ ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʯʘʩʦʚ. ʇʦʣʫʯʝʥʥʫʶ ʩʫʩʧʝʥʟʠʶ ʚʳʩʫʰʠʚʘʶʪ, ʦʪʞʠʛʘʶʪ 

ʧʨʠ 1250 Áʉ, ʧʦʩʣʝ ʵʪʦʛʦ ʧʦʚʪʦʨʥʦ ʧʝʨʝʪʠʨʘʶʪ ʠ ʦʪʞʠʛʘʶʪ ʧʨʠ 1300ï1450 Áʉ. ʈʫʯʥʦʝ 

ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʪʘʢʞʝ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʣʫʯʝʥʠʶ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ [Solomon et al., 2006]. 

ɻʠʜʨʦʪʝʨʤʘʣʴʥʳʤ ʤʝʪʦʜʦʤ ʧʦʣʫʯʝʥr ʦʩʥʦʚʥʳʝ ʩʦʝʜʠʥʝʥʠ ̫ RETiNbO6 [ʂʦʤʢʦʚ, 1972, 

Hirano et al., 2016]. ʄʝʪʦʜʠʢʘ ʩʠʥʪʝʟʘ ʚ ʨʘʙʦʪʝ [Hirano et al., 2016] ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʧʝʨʝʥʦʩʝ 

ʨʘʩʪʚʦʨʦʚ ʩʦʣʝʡ ʤʝʪʘʣʣʦʚ (EuCl3, TiOSO4, NbCl5) ʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʚ 

ʪʝʬʣʦʥʦʚʳʡ ʢʦʥʪʝʡʥʝʨ; pH ʨʘʩʪʚʦʨʘ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʘʤʤʠʘʢʘ; ʢʦʥʪʝʡʥʝʨ 

ʛʝʨʤʝʪʠʟʠʨʦʚʘʣʠ ʠ ʚʳʜʝʨʞʠʚʘʣʠ ʧʨʠ 180ï240 Áʉ ʜʦ ʧʦʣʫʯʝʥʠʷ ʢʦʥʝʯʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ. 

ʄʝʪʦʜʠʢʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʞʠʜʢʠʭ ʧʨʝʢʫʨʩʦʨʦʚ ʥʝ ʪʘʢ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʩʠʥʪʝʟʘ 

ʵʰʠʥʠʪʦʚ. ʄʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ ʩʦʩʪʘʚ EuTiNbO6 ʧʦʣʫʯʝʥ ʚ ʨʘʙʦʪʝ [Hirano et al., 2016]; ʪʝʭʥʠʢʘ 

ʩʠʥʪʝʟʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʤʝʰʠʚʘʥʠʠ ʠʩʭʦʜʥʳʭ ʩʦʣʝʡ ʤʝʪʘʣʣʦʚ, ʜʦʙʘʚʣʝʥʠʠ ʨʘʩʪʚʦʨʘ ʘʤʤʠʘʢʘ ʜʦ 

ʧʦʣʥʦʛʦ ʛʠʜʨʦʣʠʟʘ ʚʩʝʭ ʩʦʣʝʡ. ɿʘʪʝʤ ʧʦʣʫʧʨʦʜʫʢʪ ʧʦʜʚʝʨʛʘʶʪ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʦʪʞʠʛʫ. 

ɿʦʣʴ-ʛʝʣʴ ʤʝʪʦʜ ʨʝʘʣʠʟʦʚʘʥ ʜʣʷ ʩʦʩʪʘʚʘ LaTiNbO6 ʚ ʨʘʙʦʪʝ [Ma et al., 2007]. ʇʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʧʦʜʛʦʪʘʚʣʠʚʘʶʪ ʨʝʘʢʪʠʚ Nb2O5 ʢ ʩʠʥʪʝʟʫ: ʜʣʷ ʵʪʦʛʦ ʧʨʦʚʦʜʷʪ ʨʘʩʪʚʦʨʝʥʠʝ Nb2O5 ʚ ʧʣʘʚʠʢʦʚʦʡ 

ʢʠʩʣʦʪʝ, ʥʘʛʨʝʚ ʧʦʣʫʯʝʥʥʦʛʦ ʨʘʩʪʚʦʨʘ, ʧʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ ʜʦʙʘʚʣʷʶʪ ʘʤʤʠʘʢ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ 
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ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʜʦ ʧʦʣʫʯʝʥʠʷ ʦʩʘʜʢʘ Nb2O5ÅnH2O, ʢʦʪʦʨʳʡ ʦʪʜʝʣʷʶʪ, ʧʨʦʤʳʚʘʶʪ 

ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ ʜʦ ʠʩʯʝʟʥʦʚʝʥʠʷ ʠʦʥʦʚ F-; La2O3 ʧʝʨʝʚʦʜʷʪ ʚ ʥʠʪʨʘʪ. ʇʦʣʫʯʝʥʥʳʝ 

ʧʨʝʢʫʨʩʦʨʳ Nb2O5ÅnH2O, La(NO3)3 ʠʩʧʦʣʴʟʫʶʪ ʚ ʜʘʣʴʥʝʡʰʝʤ ʩʠʥʪʝʟʝ. ʃʠʤʦʥʥʫʶ ʢʠʩʣʦʪʫ 

ʠʩʧʦʣʴʟʫʶʪ ʢʘʢ ʢʦʤʧʣʝʢʩʦ- ʠ ʛʝʣʝʦʙʨʘʟʦʚʘʪʝʣʴ. ʈʝʘʢʪʠʚʳ Nb2O5ÅnH2O ʠ ʣʠʤʦʥʥʫʶ ʢʠʩʣʦʪʫ 

ʨʘʩʪʚʦʨʷʶʪ ʚ ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ ʚʦʜʝ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʥʘʛʨʝʚʝ, ʟʘʪʝʤ ʠʭ ʩʤʝʰʠʚʘʶʪ ʚʤʝʩʪʝ ʩ 

La(NO3)3, Ti(C4H9O)4 ʠ ʠʟʙʳʪʢʦʤ NH4NO3 ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʠ ʥʘʛʨʝʚʘʶʪ ʜʦ 100 

Áʉ. ʇʦʩʣʝ ʠʩʧʘʨʝʥʠʷ ʚʦʜʳ ʥʘʯʠʥʘʝʪ ʬʦʨʤʠʨʦʚʘʪʴʩʷ ʞʝʣʪʳʡ ʛʝʣʴ. ɼʘʥʥʳʡ ʛʝʣʴ ʦʪʞʠʛʘʶʪ ʧʨʠ 550 

Áʉ ʚ ʪʝʯʝʥʠʝ 15 ʤʠʥʫʪ ʜʦ ʧʦʣʫʯʝʥʠʷ ʧʦʨʦʰʢʘ, ʢʦʪʦʨʳʡ ʟʘʪʝʤ ʧʦʜʚʝʨʛʘʶʪ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤʫ 

ʦʪʞʠʛʫ. 

ʄʝʪʦʜ ʧʠʨʦʣʠʟʘ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʨʘʙʦʪʝ [John et al., 2017]. ʊʝʭʥʠʢʘ ʩʠʥʪʝʟʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʧʝʨʝʚʦʜʝ ʦʢʩʠʜʘ ʈɿʕ (CeO2, Pr6O11, Nd2O3, Sm2O3) ʚ ʥʠʪʨʘʪʳ, ʩʤʝʰʠʚʘʥʠʠ RE(NO3)3 c 

ʧʝʥʪʘʭʣʦʨʠʜʦʤ ʥʠʦʙʠʷ NbCl5, ʠʟʦʧʨʦʧʦʢʩʠʜʦʤ ʪʠʪʘʥʘ Ti[OCH(CH3)2]4. ɺ ʜʘʥʥʳʡ ʨʘʩʪʚʦʨ 

ʜʦʙʘʚʣʷʶʪ ʣʠʤʦʥʥʫʶ ʢʠʩʣʦʪʫ ʢʘʢ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʪʝʣʴ ʠ ʤʦʯʝʚʠʥʫ ï ʦʨʛʘʥʠʯʝʩʢʦʝ ʪʦʧʣʠʚʦ ʚ 

ʨʝʘʢʮʠʠ ʧʠʨʦʣʠʟʘ, ʠ ʪʱʘʪʝʣʴʥʦ ʧʝʨʝʤʝʰʠʚʘʶʪ. ʉʦʦʪʥʦʰʝʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ ʤʝʪʘʣʣʦʚ ʢ 

ʦʨʛʘʥʠʯʝʩʢʠʤ ʨʝʘʛʝʥʪʘʤ ʥʝ ʫʢʘʟʘʥ. ɼʘʥʥʳʡ ʥʠʪʨʘʪ-ʦʨʛʘʥʠʯʝʩʢʠʡ ʧʨʝʢʫʨʩʦʨ ʥʘʛʨʝʚʘʶʪ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨ ~250 Áʉ, ʧʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʠʩʧʘʨʝʥʠʝ ʨʘʩʪʚʦʨʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʨʦʮʝʩʩʦʤ 

ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ ʧʦʨʦʰʢʘ, ʢʦʪʦʨʳʡ ʟʘʪʝʤ ʧʦʜʚʝʨʛʘʶʪ ʦʪʞʠʛʫ. 

ʆʛʨʘʥʠʯʝʥʥʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʠ ʤʝʪʦʜʠʢ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʞʠʜʢʠʭ ʧʨʝʢʫʨʩʦʨʦʚ, 

ʩʢʦʨʝʝ ʚʩʝʛʦ ʩʚʷʟʘʥʘ ʩ ʟʘʪʨʫʜʥʝʥʥʳʤ ʧʝʨʝʚʦʜʦʤ ʦʢʩʠʜʘ ʥʠʦʙʠʷ ʚ ʨʘʩʪʚʦʨʥʫʶ ʬʦʨʤʫ. ɺ ʨʘʙʦʪʝ 

[Hirano et al., 2016] ʪʘʢʞʝ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʥʝʯʥʦʛʦ ʦʪʞʠʛʘ ʧʦʣʫʧʨʦʜʫʢʪʘ, 

ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ, ʧʨʠʤʝʨʥʦ ʪʘʢʠʝ ʞʝ, ʢʘʢ ʠ ʚ ʩʪʘʥʜʘʨʪʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ 

ʪʝʭʥʦʣʦʛʠʠ. 

1.2.5. ʌʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ ʚ ʩʝʤʝʡʩʪʚʝ RETiNbO6 

ʉʠʩʪʝʤʘ RETiNbO6 ʯʘʩʪʦ ʧʨʠʚʣʝʢʘʣʘ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ, ʪʘʢ ʚ ʨʘʙʦʪʝ [ʂʦʤʢʦʚ, 

1972] ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʦ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʝ ʧʨʠ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʤ ʩʠʥʪʝʟʝ ʩʦʝʜʠʥʝʥʠʡ ʧʨʠ 500 - 

550 Áʉ ʠ ʜʘʚʣʝʥʠʠ 50ï80 ʢʛ/ʩʤ2; ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫ ʩʦʝʜʠʥʝʥʠʡ ʩ ʣʝʛʢʠʤʠ ʠ ʪʷʞʝʣʳʤʠ ʈɿʕ, 

ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ, ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʬʦʨʤʠʨʫʝʪʩʷ ʩʪʨʫʢʪʫʨʘ 

ʵʰʠʥʠʪʘ. ʇʨʠ ʥʘʛʨʝʚʝ ʜʦ 750ï950 Áʉ ʫ ʩʦʝʜʠʥʝʥʠʡ ʩ ZRE=64ï71 ʦʙʥʘʨʫʞʝʥ ʧʝʨʝʭʦʜ ʪʠʧʘ ʵʰʠʥʠʪ-

ʵʚʢʩʝʥʠʪ, ʪʦʛʜʘ ʢʘʢ ʫ ʩʦʝʜʠʥʝʥʠʡ ʩ ZRE=57ï63 ʜʘʥʥʦʛʦ ʧʝʨʝʭʦʜʘ ʥʝ ʦʙʥʘʨʫʞʝʥʦ ï ʩʪʨʫʢʪʫʨʘ 

ʩʪʘʙʠʣʴʥʘ ʚʧʣʦʪʴ ʜʦ 1300 Áʉ. ʕʰʠʥʠʪʦʚʘʷ ʩʪʨʫʢʪʫʨʘ ʚ ʩʦʝʜʠʥʝʥʠʷʭ EuTiNbO6 ʠ SmTiNbO6 

ʷʚʣʷʝʪʩʷ ʫʩʪʦʡʯʠʚʦʡ ʚʧʣʦʪʴ ʜʦ ʠʭ ʪʝʤʧʝʨʘʪʫʨʳ ʠʥʢʦʥʛʨʫʵʥʪʥʦʛʦ ʧʣʘʚʣʝʥʠʷ ʧʨʠ ~1500 Áʉ ʜʦ 

RENbO4 ʠ TiO2. ʆʭʣʘʞʜʝʥʠʝ ʨʘʩʧʣʘʚʦʚ ʦʪ 1500 Áʉ ʜʦ 20 Áʉ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʵʚʢʩʝʥʠʪʦʚʦʡ 

ʩʪʨʫʢʪʫʨʳ. ʆʜʥʘʢʦ ʦʥʘ ʷʚʣʷʝʪʩʷ ʥʝʫʩʪʦʡʯʠʚʦʡ: ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 900ï1100 Áʉ ʧʨʦʠʩʭʦʜʠʪ 

ʧʝʨʝʭʦʜ ʚ ʵʰʠʥʠʪʦʚʫʶ ʤʦʜʠʬʠʢʘʮʠʶ. ʇʦʵʪʦʤʫ ʵʚʢʩʝʥʠʪʦʚʫʶ ʬʘʟʫ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ EuTiNbO6 ʠ 

SmTiNbO6 ʧʨʠʥʠʤʘʶʪ ʢʘʢ ʤʝʪʘʩʪʘʙʠʣʴʥʫʶ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ ʩ ZRE=57-63 ʥʘ ʥʘʣʠʯʠʝ 
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ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ ʵʚʢʩʝʥʠʪʦʚʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʪʘʢʞʝ ʧʦʢʘʟʘʣʦ ʝʝ ʩʫʱʝʩʪʚʦʚʘʥʠʝ. ʆʜʥʘʢʦ 

ʪʝʤʧʝʨʘʪʫʨʘ ʧʝʨʝʭʦʜʘ ʵʚʢʩʝʥʠʪ-ʵʰʠʥʠʪ ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʘʪʦʤʥʦʛʦ ʥʦʤʝʨʘ RE: ʫ 

EuTiNbO6 ï ~1100 Áʉ, ʫ SmTiNbO6 ï 950 Áʉ, ʫ NdTiNbO6 ï 750 Áʉ, ʫ PrTiNbO6 ʠ CeTiNbO6 ï ʥʠʞʝ 

650Áʉ. ʇʦʜʦʙʥʳʝ ʪʝʥʜʝʥʮʠʠ ʭʘʨʘʢʪʝʨʥʳ ʠ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ RETiTaO6. 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʚ ʮʝʣʦʤ, ʩʦʚʧʘʜʘʶʪ ʩ ʪʘʢʦʚʳʤʠ, ʧʨʠʚʝʜʝʥʥʳʤʠ ʚ ʨʘʙʦʪʝ ʧʦ 

ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʤʫ ʩʠʥʪʝʟʫ EuTiNbO6 [Hirano et al., 2016]. ʉʪʨʫʢʪʫʨʘ ʵʰʠʥʠʪʘ ʩʪʘʙʠʣʴʥʘ ʚʧʣʦʪʴ 

ʜʦ ʪʝʤʧʝʨʘʪʫʨ r1400 Áʉ. ʆʜʥʘʢʦ ʚ ʨʘʙʦʪʝ ʪʘʢʞʝ ʧʨʠʚʦʜʷʪʩʷ ʜʘʥʥʳʝ ʧʦ ʦʙʨʘʟʮʘʤ, ʧʦʣʫʯʝʥʥʳʤ 

ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ, ʠ ʪʘʤ ʢʘʨʪʠʥʘ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ ʥʝʩʢʦʣʴʢʦ ʠʥʘʷ: ʧʨʠ 1000 Áʉ ʬʦʨʤʠʨʫʝʪʩʷ 

ʵʚʢʩʝʥʠʪʦʚʘʷ ʠ ʤʘʣʘʷ ʜʦʣʷ ʵʰʠʥʠʪʦʚʦʡ ʬʘʟʳ; ʧʨʠ 1200 Áʉ ʥʘʙʣʶʜʘʝʪʩʷ ʜʦʤʠʥʠʨʫʶʱʘʷ 

ʵʰʠʥʠʪʦʚʘʷ ʬʘʟʘ ʩ ʩʦʩʫʱʝʩʪʚʫʶʱʝʡ ʬʘʟʦʡ ʵʚʢʩʝʥʠʪʘ; ʧʨʠ 1400 Áʉ ʚ ʦʙʨʘʟʮʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʪʦʣʴʢʦ 

ʬʘʟʘ ʵʰʠʥʠʪʘ.  

ʀʥʪʝʨʝʩʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʷʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʧʦʣʠʤʦʨʬʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʫ 

ʩʦʝʜʠʥʝʥʠʷ LaTiNbO6: ʘʥʘʣʠʟ ʩʠʩʪʝʤʳ LaNbO4-TiO2 ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ 1150 Áʉ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʨʦʤʙʠʯʝʩʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʦʙʨʘʟʮʦʚ, ʩʧʝʯʝʥʥʳʭ ʥʠʞʝ 1250 

Áʉ; ʜʘʥʥʳʝ ʊɻ-ɼʊɸ ʧʦʜʪʚʝʨʜʠʣʠ ʥʘʣʠʯʠʝ ʦʙʨʘʪʠʤʦʛʦ ʧʦʣʠʤʦʨʬʥʦʛʦ ʧʝʨʝʭʦʜʘ ʧʨʠ 1230 Áʉ, 

ʦʪʥʦʩʷʱʝʛʦʩʷ ʢ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʘʤ ʩ ʨʘʟʨʳʚʦʤ ʩʚʷʟʠ, ʧʦʩʢʦʣʴʢʫ ʩʧʝʢʘʥʠʝ ʚ ʦʙʣʘʩʪʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʭʦʜʘ ʩʦʧʨʦʚʦʞʜʘʣʦʩʴ ʨʝʟʢʠʤ ʫʚʝʣʠʯʝʥʠʝʤ ʦʙʲʝʤʘ ʦʙʨʘʟʮʘ ʠ ʝʛʦ 

ʨʘʩʪʨʝʩʢʠʚʘʥʠʝʤ, ʘ ʪʘʢʞʝ ʩʤʝʥʦʡ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ. ʉʦʝʜʠʥʝʥʠʝ LaTiNbO6 ʧʣʘʚʠʪʩʷ ʙʝʟ 

ʨʘʟʣʦʞʝʥʠʷ ʧʨʠ 1560 Áʉ [ʉʪʨʘʭʦʚ ʠ ʜʨ., 1991]. 

ɺʣʠʷʥʠʝ ʥʘ ʧʦʣʠʤʦʨʬʥʳʡ ʧʝʨʝʭʦʜ ʦʢʘʟʳʚʘʶʪ ʠ ʟʘʤʝʱʘʶʱʠʝ ʠʦʥʳ. ɺ ʨʘʙʦʪʝ [Zhang, Zuo, 

2017] ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʩʦʝʜʠʥʝʥʠʷʭ La1-xRExTiNbO6 (RE=Ce, Sm) ʧʦʣʠʤʦʨʬʥʳʡ ʧʝʨʝʭʦʜ ʠʟ 

ʨʦʤʙʠʯʝʩʢʦʡ ʚ ʤʦʥʦʢʣʠʥʥʫ  ʁʩʪʨʫʢʪʫʨʫ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1300ï1450 Áʉ, ʧʨʠʯʝʤ 

ʪʝʤʧʝʨʘʪʫʨʘ ʧʝʨʝʭʦʜʘ ʨʘʩʪʝʪ ʩ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦʧʘʥʪʘ. ɼʘʥʥʳʡ ʬʘʢʪ ʩʚʷʟʳʚʘʶʪ ʩ 

ʫʤʝʥʴʰʝʥʠʝʤ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ (ʠʦʥʥʳʝ ʨʘʜʠʫʩʳ La3+, Ce3+ ʠ Sm3+ 

ʨʘʚʥʳ 1.032, 1.01 ʠ 0.958 ¡, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʆʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʧʨʠ ʟʘʤʝʱʝʥʠʠ Sm ʬʘʟʦʚʳʡ 

ʧʝʨʝʭʦʜ ʨʦʤʙʠʯʝʩʢʘʷźʤʦʥʦʢʣʠʥʥʘʷ ʬʠʢʩʠʨʫʝʪʩʷ ʚʧʣʦʪʴ ʜʦ ʭ=0.2, ʧʨʠ ʟʘʤʝʱʝʥʠʠ Ce ï ʚʧʣʦʪʴ 

ʜʦ ʭ=0.3. ɸʚʪʦʨʳ ʧʨʝʜʣʦʞʠʣʠ ʵʤʧʠʨʠʯʝʩʢʦʝ ʧʨʘʚʠʣʦ, ʩʚʷʟʘʥʥʦʝ ʩʦ ʩʨʝʜʥʠʤ ʠʦʥʥʳʤ ʨʘʜʠʫʩʦʤ 

ʢʘʪʠʦʥʦʚ ʚ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ: ʝʩʣʠ ʝʛʦ ʟʥʘʯʝʥʠʝ ʣʝʞʠʪ ʦʪ 0.945 ʜʦ 1.027 ¡, ʪʦ ʦʙʨʘʟʫʝʪʩʷ 

ʨʦʤʙʠʯʝʩʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ, ʝʩʣʠ ʦʪ 1.027 ʜʦ 1.032 ¡ ï ʤʦʥʦʢʣʠʥʥʘʷ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʤʦʥʦʢʣʠʥʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʩʯʠʪʘʝʪʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ, ʚ ʨʘʙʦʪʝ 

[Ma et al., 2007] ʦʪʤʝʯʝʥʦ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 728 Áʉ ʥʘʯʠʥʘʝʪ ʬʦʨʤʠʨʦʚʘʪʴʩʷ ʤʦʥʦʢʣʠʥʥʘʷ 

ʬʘʟʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 1000 Áʉ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʠʟ ʤʦʥʦʢʣʠʥʥʦʡ ʚ 

ʨʦʤʙʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ. ʆʪʤʝʪʠʤ, ʯʪʦ ʜʣʷ ʩʠʩʪʝʤʳ LaTiNbO6 ʨʷʜ ʚʦʧʨʦʩʦʚ ʧʦ ʚʣʠʷʥʠʶ ʤʝʪʦʜʘ 

ʩʠʥʪʝʟʘ ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ ʧʦʣʠʤʦʨʬʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ, ʧʨʠʨʦʜʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʤʦʥʦʢʣʠʥʥʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ ʦʩʪʘʪʁʩʷ ʦʪʢʨʳʪʳʤʠ. 
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1.2.6. ʉʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʝʤʝʡʩʪʚʘ RETiNbO6 

ʉʠʥʪʝʪʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ï ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣ r ʜʣʷ 

ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʣʘʟʝʨʦʚ. ɺ ʨʘʙʦʪʝ [Qi et al., 1996] ʠʩʩʣʝʜʦʚʘʥʳ ʢʨʠʩʪʘʣʣʳ PrTiNbO6; NdTiNbO6 ʠ 

ErTiNbO6. ʆʧʪʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ NdTiNbO6 ʩʦʩʪʦʷʪ ʠʟ ʩʝʨʠʠ ʵʣʝʢʪʨʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ ʠʦʥʦʚ Nd3+, 

ʚ ʯʠʩʣʝ ʢʦʪʦʨʳʭ 4I9/2 Ÿ
4D1/2 + 2I11/2 + 4D3/2 (355 ʥʤ),

 2D5/2 (421 ʥʤ),
 2P1/2 (434 ʥʤ),

 2D3/2 + 4G11/2 (474 

ʥʤ), 4G7/2 + 2G9/2 (525 ʥʤ),
 4G5/2 + 2G7/2 (585 ʥʤ),

 4F9/2 (685 ʥʤ), 
2H11/2 (630 ʥʤ),

 4F7/2 + 4S3/2 (751 ʥʤ), 

4F5/2 + 2H9/2 (806 ʥʤ), 
4F3/2 (880 ʥʤ). ʊʘʢʞʝ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ ʦʜʠʥʦʯʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʣʠʥʠʠ ʚ 

ʧʝʨʝʭʦʜʝ 4I9/2 Ÿ
2P1/2 ʠ ʜʚʫʭ ʣʠʥʠʡ ʚ 

4I9/2 Ÿ
4F3/2 ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʝʜʠʥʩʪʚʝʥʥʦʩʪʠ ʧʦʟʠʮʠʠ, 

ʢʦʪʦʨʫʶ ʟʘʥʠʤʘʝʪ ʠʦʥ Nd3+. ʆʜʥʘʢʦ ʬʠʢʩʠʨʫʝʪʩʷ ʙʦʣʴʰʝʝ ʯʠʩʣʦ ʣʠʥʠʡ ʚ ʧʝʨʝʭʦʜʝ 4I9/2 Ÿ
4F3/2, 

ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʥʘʣʠʯʠʝʤ ʜʚʫʭ ʧʦʟʠʮʠʡ Nd3+ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ. ʉʧʝʢʪʨ PrTiNbO6 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʘʣʠʯʠʝʤ ʩʣʝʜʫʶʱʠʭ ʧʝʨʝʭʦʜʦʚ ʠʦʥʦʚ Pr3+: 3H4Ÿ
1G4 (1030 ʥʤ), 3H4Ÿ

1D2 (600 

ʥʤ) ʠ 3H4Ÿ
3P0 (490 ʥʤ) [Qi et al., 1996]. 

ʆʧʪʠʢʦ-ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ EuTiNbO6 ʧʨʠʚʝʜʝʥʳ ʚ ʨʘʙʦʪʝ [Hirano et al., 2016]. 

ʃʠʥʠʠ ʦʧʪʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʵʣʝʢʪʨʦʥʥʳʤ f-f ʧʝʨʝʭʦʜʘʤ Eu3+: 7F0Ÿ
5L6 (395 ʥʤ), 

7F0Ÿ
5D2 (466 ʥʤ), 

7F0Ÿ
5D1 (532 ʥʤ), 

7F0Ÿ
5D0 (590 ʥʤ). ʐʠʨʦʢʘʷ ʧʦʣʦʩʘ ʧʨʠ 230-300 ʥʤ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʥʝʨʛʠʠ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ; ʝʝ ʟʥʘʯʝʥʠʝ ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ, ʠ ʧʨʠ T=240 Áʉ ʦʥʘ ʨʘʚʥʘ 3.55 ʵɺ. ʃʶʤʠʥʝʩʮʝʥʪʥʳʝ 

ʩʧʝʢʪʨʳ ʩʦʩʪʦʷʪ ʠʟ ʫʟʢʦʡ ʣʠʥʠʠ ʦʢʦʣʦ 612 ʥʤ ʠ ʫʰʠʨʝʥʥʳʭ ʣʠʥʠʡ ʦʢʦʣʦ 590 ʥʤ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʨʘʩʥʦʡ (5D0Ÿ
7F2) ʠ ʦʨʘʥʞʝʚʦʡ (

5D0Ÿ
7F1) ʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʉʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʣʘʥʪʘʥʦʚʦʡ ʩʝʨʠʠ ʩ ʨʘʟʣʠʯʥʳʤʠ ʜʦʧʘʥʪʘʤʠ ʠʟʫʯʝʥʳ ʚ ʨʘʙʦʪʘʭ [Ma 

et al., 2007; Ma et al., 2013]; ʦʥʠ ʩʦʩʪʦʷʪ ʠʟ ʰʠʨʦʢʦʡ ʧʦʣʦʩʳ ʧʨʠ 380 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ 

ʧʝʨʝʥʦʩʫ ʟʘʨʷʜʘ ʦʪ ʢʠʩʣʦʨʦʜʘ ʢ ʥʠʦʙʠʶ ʠ ʪʠʪʘʥʫ. ɼʦʧʠʨʦʚʘʥʠʝ Ho ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʣʠʥʠʡ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʧʝʨʝʭʦʜʘʤ 5I8Ÿ
5F1 (451 ʥʤ), 

5I8Ÿ
5S2+

5F4 (539 ʥʤ) ʠ 
5I8Ÿ

5F5 (644 ʥʤ). ʕʥʝʨʛʠʷ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʚ ʩʦʝʜʠʥʝʥʠʷʭ LaTiNbO6:0.04Tb3+ ï 3.48 ʵɺ; LaTiNbO6:0.05Dy3+ ï 3.54 ʵɺ; 

LaTiNbO6:0.04Ho3+ ï 3.44 ʵɺ; LaTiNbO6 ï 3.27 ʵɺ. 

ʉʦʛʣʘʩʥʦ ʨʘʙʦʪʘʤ [Paschoal et al., 2003; Zhang et al., 2018] ʩʧʝʢʪʨ ʨʦʤʙʠʯʝʩʢʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ ʵʰʠʥʠʪʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 54 ʨʘʤʘʥ-ʘʢʪʠʚʥʳʤʠ ʤʦʜʘʤʠ (ɻR=15Ag 

+12B1g+15B2g+12B3g) ʠ 39 ʀʂ-ʘʢʪʠʚʥʳʤʠ ʤʦʜʘʤʠ (14B1u+11B2u+14B3u). ɺ ʨʘʤʘʥʦʚʩʢʦʤ ʩʧʝʢʪʨʝ 

ʚr ʜʝʣʷʶʪʩʷ ʯʝʪʳʨʝ (I-IV) ʬʨʘʛʤʝʥʪʘ: ʣʠʥʠʠ ʬʨʘʛʤʝʥʪʘ I ʚ ʦʙʣʘʩʪʠ 60ï170 ʩʤ-1 ʤʦʛʫʪ ʙʳʪʴ 

ʩʦʦʪʥʝʩʝʥʳ ʩ ʢʦʣʝʙʘʥʠʷʤʠ ʩʚʷʟʠ RE-O ʚ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ; ʣʠʥʠʠ ʬʨʘʛʤʝʥʪʘ II 170ï 

340 ʩʤ-1 ï ʩ ʜʝʬʦʨʤʘʮʠʦʥʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ ʠʦʥʦʚ Nb(Ti) ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ; ʣʠʥʠʠ ʬʨʘʛʤʝʥʪʘ III  

340ï520 ʩʤ-1 ï ʩ ʥʘʢʣʦʥʘʤʠ ʦʢʪʘʵʜʨʦʚ (Nb/Ti)O6; ʣʠʥʠʠ ʬʨʘʛʤʝʥʪʘ IV 520ï880 ʩʤ-1 ï ʩ 

ʚʘʣʝʥʪʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ ʦʢʪʘʵʜʨʦʚ (Nb/Ti)O6. ɺ ʩʧʝʢʪʨʘʭ RETiNbO6 ʥʘʙʣʶʜʘʪʁʩ,̫ ʢʘʢ ʧʨʘʚʠʣʦ, 

ʧʦʨʷʜʢʘ 22ï26 ʰʠʨʦʢʠʭ ʧʦʣʦʩ, ʧʦʩʣʝʜʥʝʝ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʠʩʢʘʞʝʥʠʝʤ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ 
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ʧʦʣʠʵʜʨʦʚ ʠ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʝʤ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʢʘʪʠʦʥʦʚ. ʆʩʥʦʚʥʦʝ ʨʘʟʣʠʯʠʝ ʨʘʤʘʥʦʚʩʢʠʭ 

ʩʧʝʢʪʨʦʚ ʜʣʷ ʵʰʠʥʠʪʘ ʠ ʵʚʢʩʝʥʠʪʘ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʦʙʣʘʩʪʠ 200ï550 ʩʤ-1. 

ɼʝʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʨʘʤʘʥʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʜʚʫʭ ʧʦʣʠʤʦʨʬʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ LaTiNbO6 

[Zhang, Zuo, 2018] ʧʦʢʘʟʘʣʦ ʥʘʣʠʯʠʝ çʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭè ʤʦʜ ʜʣʷ ʨʦʤʙʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʠ 

ʧʨʠ 659, 856 ʠ ʥʠʞʝ 90 ʩʤ-1 (ʜʣʷ ʤʦʥʦʢʣʠʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʦʥʠ ʦʪʩʫʪʩʪʚʫʶʪ). ɿʘʤʝʪʠʤ, ʯʪʦ 

ʣʠʥʠʷ 659 ʩʤ-1 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʘʣʝʥʪʥʳʤ ʢʦʣʝʙʘʥʠʷʤ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʧʦʣʠʵʜʨʝ ʠ ʷʚʣʷʝʪʩʷ 

ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʨʦʤʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. ʂ ʘʥʘʣʦʛʠʯʥʳʤ ʚʳʚʦʜʘʤ ʧʨʠʰʣʠ ʠ ʘʚʪʦʨʳ ʨʘʙʦʪ r

[Moreira et al., 2017] ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ RETiTaO6. ɼʦʧʠʨʦʚʘʥʠʝ ʤʦʥʦʢʣʠʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʥʝ 

ʚʳʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʳʭ ʩʜʚʠʛʦʚ ʤʦʜ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʨʦʤʙʠʯʝʩʢʦʡ ʧʨʦʠʩʭʦʜʠʪ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʝ 

ʩʤʝʱʝʥʠʝ. 

1.2.7. ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʝʤʝʡʩʪʚʘ RETiNbO6 

ʉʦʝʜʠʥʝʥʠʷ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ʦʙʣʘʜʘʶʪ ʦʧʪʠʤʘʣʴʥʳʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ɼʣʷ ʩʦʝʜʠʥʝʥʠ ̫SmTiNbO6 ʧʦʢʘʟʘʥʦ, ʯʪʦ ʝʛʦ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʢʦʥʩʪʘʥʪʘ ʧʨʠ 

ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ (~5 ɻɻʮ) ʨʘʚʥʘ 45 [Sebastian et al., 1997]. ɺ ʨʘʙʦʪʝ [Sebastian et al., 2001] 

ʧʨʠʚʝʜʝʥʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʜʣʷ ʦʙʨʘʟʮʦʚ RETiNbO6 ʩ ʨʘʟʣʠʯʥʳʤʠ RE (Ce, Pr, Nd, 

Sm, Eu, Gd, Tb, Dy, Y ʠ Yb). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʟʥʘʯʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʤʦʥʦʪʦʥʥʦ 

ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʘʪʦʤʥʦʡ ʤʘʩʩʳ RE. ɺ ʨʘʙʦʪʝ [Solomon et al., 2001] ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʜʣʷ ʜʚʦʡʥʳʭ ʩʠʩʪʝʤ [RE1-xREËx]TiNbO6 (RE=Nd, Pr, Sm; REË=Dy, Gd, 

Y); ʠʟʤʝʥʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʈɿʕ ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʝʭʦʜʫ ʵʰʠʥʠʪ-ʵʚʢʩʝʥʠʪ, ʧʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ 

ʫʤʝʥʴʰʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ: ʜʣʷ Pr1-xGdxTiNbO6 ʩ ʨʦʩʪʦʤ ʭ ʝʝ ʟʥʘʯʝʥʠʝ ʤʝʥʷʝʪʩʷ ʦʪ 

53 ʜʦ 20. ɺ ʨʘʙʦʪʝ [Oishi et al., 2005] ʦʪʤʝʯʝʥʦ ʫʤʝʥʴʰʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʩ ʨʦʩʪʦʤ 

ʭ ʜʣʷ ʢʝʨʘʤʠʢʠ Ce1-xDyxTiNb0.5Ta0.5O6. ɼʦʧʠʨʦʚʘʥʠʝ ZnO ʩʦʝʜʠʥʝʥʠʡ SmTiNbO6 ʠ DyTiNbO6 

ʧʨʠʚʦʜʠʪ ʢ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤʫ ʧʦʚʳʰʝʥʠʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ: ʧʨʠ ʠʟʤʝʥʝʥʠʠ 

ʩʦʜʝʨʞʘʥʠʷ ʦʪ 0 ʜʦ 2 % ʟʥʘʯʝʥʠʝ ʠʟʤʝʥʷʪʩʷ ʦʪ 44.05 ʜʦ 47.90 ʜʣʷ SmTiNbO6 ʠ ʦʪ 21.01 ʜʦ 21.84 

ʜʣʷ DyTiNbO6 [Solomon et al., 2006]. ɼʣʷ ʢʝʨʘʤʠʢʠ LaTiNbO6 ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʨʦʤʙʠʯʝʩʢʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ ʦʙʣʘʜʘʝʪ ʙʦʣʴʰʝʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʦʡ (48.7) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʤʦʥʦʢʣʠʥʥʦʡ (22.5) [Zhang, Zuo, 2016]. ʊʝʥʜʝʥʮʠ ̫ʧʦʚʳʰʝʥʠ ̫ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʜʣʷ 

ʨʦʤʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʭʘʨʘʢʪʝʨʥʘ ʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʣʘʥʪʘʥʦʚʦʛʦ ʩʝʤʝʡʩʪʚʘ: 

ʚ ʨʘʙʦʪʝ [Zhang, Zuo, 2017] ʦʪʤʝʯʝʥʦ, ʯʪʦ ʧʨʠ ʜʦʧʠʨʦʚʘʥʠʠ ʩʦʝʜʠʥʝʥʠʷ LaTi1-xZrxNbO6 

ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʠʟ ʤʦʥʦʢʣʠʥʥʦʡ ʚ ʨʦʤʙʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʧʨʠ ʭ=0.2 ʟʥʘʯʝʥʠʝ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʥʘʠʙʦʣʴʰʝʝ (56.2). ɼʣʷ LaTiNb1-xTaxO6 ʠ LaTiNb1-x(W0.5Ti0.5)xO6 

(ʩʦʝʜʠʥʝʥʠʷ ʩ ʤʦʥʦʢʣʠʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ) ʩ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦʧʘʥʪʘ ʧʦʣʠʤʦʨʬʥʦʛʦ 

ʧʝʨʝʭʦʜʘ ʥʝ ʧʨʦʠʩʭʦʜʠʪ, ʚʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʢʦʥʩʪʘʥʪʘ ʜʣʷ ʜʘʥʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘʠʤʝʥʴʰʘʷ. 

ʇʦʜʦʙʥʘʷ ʪʝʥʜʝʥʮʠʷ ʦʪʤʝʯʝʥʘ ʠ ʚ ʨʘʙʦʪʘʭ [Zhang, Zuo, 2017; Zhang, Zuo, 2017]. 
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ʅʝʩʤʦʪʨʷ ʥʘ ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʧʫʙʣʠʢʘʮʠʡ, ʧʦʩʚʷʱʝʥʥʳʭ ʠʟʫʯʝʥʠʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ 

ʩʚʦʡʩʪʚ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ, ʚʦʧʨʦʩʳ ʤʝʭʘʥʠʟʤʘ ʠ ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʜʘʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʦʩʪʘʶʪʩʷ ʦʪʢʨʳʪʳʤʠ. ɸʥʘʣʠʟ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ ʤʝʪʦʜʦʤ ʠʤʧʝʜʘʥʩʥʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʧʦʟʚʦʣʷʝʪ ʠʟʫʯʘʪʴ ʧʦʩʣʝʜʥʠʝ ʚ ʰʠʨʦʢʦʤ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ 

[Hauff et al., 2022; Susneha et al., 2024; John et al., 2022]. ɺ ʨʘʙʦʪʝ [Sumi et al., 2010] ʧʦʣʫʯʝʥʳ 

ʠʤʧʝʜʘʥʩʥʳʝ ʩʧʝʢʪʨʳ ʜʣʷ ʢʝʨʘʤʠʢ ʩʦʩʪʘʚʘ CeTiMʝO6 (Mʝ=Nb, Ta). ʇʨʦʚʦʜʠʤʦʩʪʴ ʩʦʝʜʠʥʝʥʠʡ 

ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʘʷ (ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʠ 30 Áʉ ʨʘʚʥʳ ~1.8Å105 ʆʤ), ʫʜʘʣʦʩʴ ʦʧʨʝʜʝʣʠʪʴ 

ʚʥʫʪʨʠʟʝʨʝʥʥʳʡ ʠ ʟʝʨʥʦʛʨʘʥʠʯʥʳʡ ʚʢʣʘʜʳ. ʇʨʦʮʝʩʩ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩʚʷʟʘʥ ʩ ʧʝʨʝʥʦʩʦʤ ʵʣʝʢʪʨʦʥʘ 

ʤʝʞʫ Ce3+ ʠ Ce4+; ʧʦʜʦʙʥʳʡ ʤʝʭʘʥʠʟʤ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥ ʠ ʩ ʠʦʥʘʤʠ Ti4+ ʠ Nb5+ ʧʨʠ ʠʭ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʜʦ Ti3+ ʠ Nb4+, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɸʥʘʣʠʟ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʦ ʟʘʢʦʥʫ ʁʦʥʰʝʨʘ 

ʧʦʢʘʟʘʣ, ʯʪʦ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʨʝʦʙʣʘʜʘʝʪ ʩʢʘʯʦʢ ʤʘʣʳʭ ʧʦʣʷʨʦʥʦʚ ʚ ʦʙʨʘʟʮʝ, ʟʘʪʝʤ 

ʧʦʩʣʝ 300 Áʉ ʥʘʯʠʥʘʶʪ ʬʦʨʤʠʨʦʚʘʪʴʩʷ ʙʦʣʴʰʠʝ ʧʦʣʷʨʦʥʳ, ʢʦʪʦʨʳʝ ʣʝʛʢʦ ʨʘʩʩʝʠʚʘʶʪʩʷ ʠʦʥʘʤʠ 

ʠ ʬʦʥʦʥʘʤʠ, ʦʙʫʩʣʦʚʣʠʚʘʷ ʚʳʩʦʢʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʥʠʦʙʘʪʘʭ Ce ʟʘʯʘʩʪʫʶ ʧʨʦʷʚʣʷʝʪ ʩʤʝʰʘʥʥʫʶ ʩʪʝʧʝʥʴ ʦʢʠʩʣʝʥʠʷ, 

ʧʨʠ ʵʪʦʤ ʢʦʤʧʝʥʩʘʮʠʷ ʟʘʨʷʜʘ ʨʝʘʣʠʟʫʝʪʩʷ ʟʘ ʩʯʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʤʝʞʜʦʫʟʝʣʴʥʳʭ ʧʦʟʠʮʠʡ 

ʢʠʩʣʦʨʦʜʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʨʘʙʦʪʝ [Packer et al., 2006] ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʟʘʤʝʱʝʥʠʠ ʚ 

ʧʨʘʢʪʠʯʝʩʢʠ ʯʠʩʪʦʤ ʢʠʩʣʦʨʦʜ-ʠʦʥʥʦʤ ʧʨʦʚʦʜʥʠʢʝ LaNbO4 [Cao et al., 2016] La ʥʘ ʉʝ 

ʬʦʨʤʠʨʫʝʪʩʷ ʢʠʩʣʦʨʦʜʥʦ-ʠʟʙʳʪʦʯʥʳʡ ʩʦʩʪʘʚ Ce1-xLaxNbO4+ŭ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʯʠʩʣʦ ʧʝʨʝʥʦʩʘ 

tO2 ʩʥʠʞʘʝʪʩʷ ʜʦ 0.3 - 0.4, ʘ ʦʙʱʘʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʚʦʟʨʘʩʪʘʝʪ ʥʘ ~3 ʧʦʨʷʜʢʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʜʨʫʛʠʤʠ ʥʠʦʙʘʪʘʤʠ ʈɿʕ, ʚ ʯʘʩʪʥʦʩʪʠ, (La/Nd/Gd)NbO4 [Packer et al., 2006; Wang et al., 1965]. 

ɸʥʘʣʦʛʠʯʥʦ ʥʝʣʴʟʷ ʠʩʢʣʶʯʠʪʴ, ʯʪʦ ʦʧʠʩʘʥʥʳʡ ʚ ʨʘʙʦʪʝ [Sumi et al., 2010] CeTiNbO6 ʠʤʝʝʪ 

ʧʦʜʦʙʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʘ ʟʥʘʯʠʪ, ʷʚʣʷʝʪʩʷ ʩʤʝʰʘʥʥʳʡ ʧʨʦʚʦʜʥʠʢʦʤ ʠ ʥʝ ʦʪʨʘʞʘʝʪ ʩʚʦʡʩʪʚ 

ʜʨʫʛʠʭ ʵʰʠʥʠʪʦʚ RETiNbO6. ʇʦʵʪʦʤʫ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʤʦʩʪʠ ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʘʚʦʚ ʵʰʠʥʠʪʦʚ 

ʦʩʪʘʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤ. 

1.3 ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʨʠʨʦʜʥʳʭ ʤʠʥʝʨʘʣʦʚ ʛʨʫʧʧʳ ʛʨʘʥʘʪʘ 

1.3.1 ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʠʥʝʨʘʣʴʥʳʭ ʦʙʲʝʢʪʦʚ  

ʕʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʠʥʝʨʘʣʦʚ, ʧʦʨʦʜ ʠ ʨʫʜ ï ʦʙʲʝʢʪ ʜʝʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ 

ʦʙʣʘʩʪʠ ʬʠʟʠʢʠ ɿʝʤʣʠ (ʩʤ. ʥʘʧʨʠʤʝʨ [ʇʘʨʭʦʤʝʥʢʦ, 1965, 1984; Dai et al., 2020; Glover, 2015]). 

ʀʥʪʝʨʝʩ ʢ ʧʦʜʦʙʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʩʪʠʤʫʣʠʨʫʝʪʩʷ ʢʘʢ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤʠ, ʪʘʢ ʠ 

ʧʨʘʢʪʠʯʝʩʢʠʤʠ ʟʘʜʘʯʘʤʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʣʫʯʘʝʤʳʭ ʜʘʥʥʳʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʛʝʦʬʠʟʠʯʝʩʢʠʭ 

ʨʘʙʦʪʘʭ ʧʨʠ ʟʦʥʜʠʨʦʚʘʥʠʠ ʣʠʪʦʩʬʝʨʳ ʠ ʤʘʥʪʠʠ, ʧʨʠ ʵʣʝʢʪʨʦʨʘʟʚʝʜʢʝ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʧʦʣʝʟʥʳʭ 

ʠʩʢʦʧʘʝʤʳʭ ʠ ʜʨ. [Fullea, 2017; Naif et al., 2021; Yoshino, 2019; Zhang, 2017]. ɺ ʨʘʙʦʪʝ 

[ʇʘʨʭʦʤʝʥʢʦ, 1984] ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʧʦ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ ʤʠʥʝʨʘʣʦʚ ʠ ʛʦʨʥʳʭ ʧʦʨʦʜ 

ʙʳʣʠ ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʳ ʛʝʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʟʝʤʥʦʡ ʢʦʨʳ ʠ 
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ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʳ ʘʥʦʤʘʣʠʠ ʩʚʦʡʩʪʚ ʥʝʢʦʪʦʨʳʭ ʤʠʥʝʨʘʣʦʚ ʠ ʛʦʨʥʳʭ ʧʦʨʦʜ. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ 

ʥʘ ʫʨʘʣʴʩʢʦʤ ʤʘʪʝʨʠʘʣʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʧʦʟʚʦʣʷʶʪ ʨʘʟʜʝʣʷʪʴ 

ʛʦʨʥʳʝ ʧʦʨʦʜʳ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʨʘʟʥʳʤ ʬʦʨʤʘʮʠʷʤ, ʘ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʫʜ 

ʤʦʛʫʪ ʙʳʪʴ ʦʩʥʦʚʦʡ ʠʭ ʢʣʘʩʩʠʬʠʢʘʮʠʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʩʣʫʞʠʪʴ ʠʥʜʠʢʘʪʦʨʦʤ ʭʨʦʤʠʪʦʚʳʭ 

ʤʝʩʪʦʨʦʞʜʝʥʠʡ [ɹʘʭʪʝʨʝʚ, 2004-2021]. ɺ ʦʩʥʦʚʝ ʧʦʜʦʙʥʦʡ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʜʘʥʥʳʭ ʣʝʞʘʪ 

ʣʘʙʦʨʘʪʦʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʟʥʘʯʝʥʠʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʧʨʠʨʦʜʥʳʭ ʦʙʲʝʢʪʦʚ 

(ʤʠʥʝʨʘʣʦʚ, ʨʫʜ ʠ ʧʦʨʦʜ) ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʛʝʥʝʟʠʩʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʣʘʙʦʨʘʪʦʨʥʳʭ ʨʊï

ʫʩʣʦʚʠʷʭ.  

ʄʠʥʝʨʘʣʴʥʳʡ ʦʙʲʝʢʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥ ʢʘʢ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʝʛʦ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʭ ʩʚʦʡʩʪʚ (ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ/ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ), ʪʘʢ ʠ ʩ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʝʛʦ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʤʦʜʫʣʷ). ʅʘʠʙʦʣʝʝ ʧʨʦʩʪʦʡ ʩʧʦʩʦʙ ʠʟʫʯʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʠʥʝʨʘʣʦʚ ʦʩʥʦʚʘʥ ʥʘ 

ʧʦʩʪʦʷʥʥʦʪʦʢʦʚʳʭ ʤʝʪʦʜʠʢʘʭ, ʧʦʟʚʦʣʷʶʱʠʭ ʦʧʨʝʜʝʣʷʪʴ ʦʙʱʝʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ (ʦʙʱʫʶ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ) ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ çʦʙʨʘʟʝʮ-ʵʣʝʢʪʨʦʜʳè. ʆʜʥʘʢʦ 

ʜʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʥʝ ʫʯʠʪʳʚʘʝʪ ʚʢʣʘʜ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʵʣʝʢʪʨʦʜ-ʵʣʝʢʪʨʦʣʠʪʥʳʭ ʛʨʘʥʠʮ, ʥʝ 

ʧʦʟʚʦʣʷʝʪ ʚʳʜʝʣʷʪʴ ʚʢʣʘʜ ʛʨʘʥʠʮ ʠ ʦʙʲʝʤʘ ʟʝʨʝʥ ʚ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʧʦʣʫʯʘʪʴ ʟʥʘʯʝʥʠʷ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʢʦʤʧʣʝʢʩʥʦʡ ʬʦʨʤʝ, ʥʝʩʫʱʠʭ ʠʥʬʦʨʤʘʮʠʶ ʦ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʜʠʧʦʣʴʥʳʭ ʝʜʠʥʠʮ ʚʥʫʪʨʠ ʦʙʨʘʟʮʘ. ʄʝʪʦʜ, ʜʦʧʦʣʥʷʶʱʠʡ ʠʟʤʝʨʝʥʠʷ ʥʘ 

ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ, ï ʠʤʧʝʜʘʥʩʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʠʩʧʦʣʴʟʫʝʪ ʧʝʨʝʤʝʥʥʳʡ ʪʦʢ ʤʘʣʦʡ ʘʤʧʣʠʪʫʜʳ, 

ʠʟʤʝʥʷʶʱʠʡʩʷ ʧʦ ʛʘʨʤʦʥʠʯʝʩʢʦʤʫ ʟʘʢʦʥʫ ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ (ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ 

ʦʪ 10ï6 ʜʦ 108 ɻʮ) [Huebner, Dillenburg, 1995; Karato, Wang, 2013; Sun et al., 2019]. ɸʥʘʣʠʟ ʜʘʥʥʳʭ 

ʠʤʧʝʜʘʥʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʘʝʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʚʦʡʩʪʚʘʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʤʝʭʘʥʠʟʤʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, ʧʨʦʮʝʩʩʘʭ ʥʘ ʛʨʘʥʠʮʝ ʵʣʝʢʪʨʦʜ ï 

ʵʣʝʢʪʨʦʣʠʪ ʠ ʪ. ʜ.  

ʀʤʧʝʜʘʥʩʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʤʠʥʝʨʘʣʦʛʠʠ (ʩʤ. 

ʥʘʧʨʠʤʝʨ [Zhu et al., 2001; Jones et al., 2010; Schlechter et al., 2012; Dai et al., 2020]); ʚ 

ʮʠʪʠʨʦʚʘʥʥʳʭ ʨʘʙʦʪʘʭ ʜʝʪʘʣʴʥʦ ʠʟʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʠʥʝʨʘʣʴʥʳʭ 

ʦʙʲʝʢʪʦʚ ʢʘʢ ʦʪ ʨʷʜʘ ʚʥʝʰʥʠʭ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʡ, ʪʘʢ ʠ ʧʘʨʘʤʝʪʨʦʚ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ: 

(1) ʪʝʤʧʝʨʘʪʫʨʳ, ʯʪʦ ʜʘʝʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʟʥʘʯʝʥʠʷʭ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʮʝʩʩʘ 

ʧʨʦʚʦʜʠʤʦʩʪʠ; (2) ʜʘʚʣʝʥʠʷ ʠ ʬʫʛʠʪʠʚʥʦʩʪʠ (ʧʘʨʮʠʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ) ʢʠʩʣʦʨʦʜʘ; (3) ʯʘʩʪʦʪʳ ʠ 

ʘʤʧʣʠʪʫʜʳ ʚʦʟʤʫʱʘʶʱʝʛʦ ʩʠʛʥʘʣʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʢʦʥʩʪʘʥʪʳ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ 

ʧʨʦʮʝʩʩʦʚ ʠ ʦʙʣʘʩʪʴ ʣʠʥʝʡʥʦʩʪʠ ʟʘʢʦʥʘ ʆʤʘ; (4) ʩʦʜʝʨʞʘʥʠʷ ʚ ʦʙʨʘʟʮʝ ʚʦʜʳ; (5) ʨʘʟʤʝʨʘ ʠ 

ʤʦʨʬʦʣʦʛʠʠ ʟʝʨʝʥ ʦʙʨʘʟʮʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʥʘʣʠʟʘ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʢʦʤʧʣʝʢʩʥʦʛʦ ʟʥʘʯʝʥʠʷ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʤʠʥʝʨʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʤʦʞʥʦ ʩʦʦʪʥʝʩʪʠ ʯʘʩʪʦʪʥʳʝ 

ʜʠʘʧʘʟʦʥʳ ʩ ʦʙʣʘʩʪʷʤʠ ʧʨʦʷʚʣʝʥʠʷ ʦʙʲʝʤʥʦʡ, ʟʝʨʥʦʛʨʘʥʠʯʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘ 
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ʨʘʟʜʝʣʝ ʵʣʝʢʪʨʦʜ-ʦʙʨʘʟʝʮ [Roberts, Tuburczy, 1993]. ʈʷʜʦʤ ʘʚʪʦʨʦʚ ʙʳʣʦ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ 

ʵʪʠʭ ʢʦʤʧʦʥʝʥʪ ʚ ʤʠʥʝʨʘʣʴʥʳʭ ʦʙʨʘʟʮʘʭ, ʚ ʪʦʤ ʯʠʩʣʝ çʧʘʨʘʟʠʪʥʦʡè ʢʦʤʧʦʥʝʥʪʳ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

ʥʘ ʛʨʘʥʠʮʝ ʦʙʨʘʟʝʮ-ʵʣʝʢʪʨʦʜ ʩʪʘʚʠʪ ʧʦʜ ʩʦʤʥʝʥʠʝ ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ 

ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ ʠʣʠ ʥʘ ʧʝʨʝʤʝʥʥʦʤ ʪʦʢʝ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʯʘʩʪʦʪʝ [Huebner, Dillenburg, 1995]. 

ʇʦʵʪʦʤʫ, ʜʘʞʝ ʧʨʠ ʥʘʣʠʯʠʠ ʠʥʬʦʨʤʘʮʠʠ ʦʙ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʭ ʩʚʦʡʩʪʚʘʭ ʤʠʥʝʨʘʣʦʚ, 

ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ, ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʤʧʝʜʘʥʩʥʫʶ ʩʧʝʢʪʨʦʩʢʦʧʠʶ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʜʘʥʥʳʭ ʦ ʧʨʠʨʦʜʝ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʚʢʣʘʜʝ ʵʣʝʢʪʨʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 

ʩʠʩʪʝʤʳ, ʝʤʢʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʠ ʪ. ʜ. ʕʪʠ ʜʘʥʥʳʝ ʧʦʟʚʦʣʷʶʪ ʥʘʠʙʦʣʝʝ ʧʦʣʥʦ ʦʧʠʩʘʪʴ 

ʧʨʠʨʦʜʫ ʤʠʥʝʨʘʣʴʥʦʛʦ ʦʙʨʘʟʮʘ ʠ/ʠʣʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, ʧʨʦʠʩʭʦʜʷʱʠʝ ʚ ʥʝʤ ʧʨʠ 

ʟʘʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʥʘʣʠʯʠʝ ʚʦʜʳ ʠ ʧʨʠʤʝʩʥʳʭ ʬʘʟʦʚʳʭ ʚʢʣʶʯʝʥʠʡ ʤʦʞʝʪ 

ʚʣʠʷʪʴ ʥʘ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʝ ʩʚʦʡʩʪʚʘ ʤʠʥʝʨʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ, ʧʦʵʪʦʤʫ ʚʘʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʢʦʤʧʣʝʢʩʥʳʡ ʧʦʜʭʦʜ ʢ ʠʭ ʠʟʫʯʝʥʠʶ, ʪ.ʝ. ʠʭ ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʦʣʞʥʦ ʙʳʪʴ ʦʩʥʦʚʘʥʦ ʥʘ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʘʢ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ, ʪʘʢ ʠ ʜʨʫʛʠʭ ʤʘʪʝʨʠʘʣʦʚʝʜʯʝʩʢʠʭ ʤʝʪʦʜʠʢ. ʂʦʤʧʣʝʢʩʥʳʡ 

ʧʦʜʭʦʜ ʢ ʠʟʫʯʝʥʠʶ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʠʥʝʨʘʣʦʚ 

ʨʘʩʰʠʨʷʝʪ ʧʦʥʠʤʘʥʠʝ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʶ ʛʝʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʟʝʤʥʦʡ ʢʦʨʳ. ʅʘʯʘʣʴʥʳʡ 

ʵʪʘʧ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʘʢʦʡ-ʣʠʙʦ ʤʦʜʝʣʠ ʠʣʠ ʢʦʤʧʣʝʢʩʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦʚʝʜʝʥʠʷ ʛʦʨʥʳʭ ʧʦʨʦʜ ʠ ʨʫʜ 

ʩʦʩʪʦʠʪ ʚ ʘʥʘʣʠʟʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʩʣʘʛʘʶʱʠʭ ʠʭ ʤʠʥʝʨʘʣʦʚ. ɺ ʩʠʣʫ ʧʝʨʤʘʥʝʥʪʥʦʛʦ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʝʪʦʜʠʢ ʠʟʫʯʝʥʠʝ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʠʥʝʨʘʣʦʚ, ʘ ʪʘʢʞʝ ʨʘʟʚʠʪʠʝ 

ʤʦʜʝʣʝʡ, ʦʩʥʦʚʳʚʘʶʱʠʭʩʷ ʥʘ ʘʢʪʫʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʧʨʦʜʦʣʞʘʝʪʩʷ ʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ. 

ʇʨʦʜʦʣʞʝʥʠʝ ʢʦʤʧʣʝʢʩʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʜʨʫʛʠʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʤʠʥʝʨʘʣʦʚ ʦʩʪʘʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ; ʜʣʷ ʤʥʦʛʠʭ ʤʠʥʝʨʘʣʦʚ ʥʝ ʠʟʫʯʝʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ 

ʚʣʠʷʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʥʘ ʠʭ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʝ ʩʚʦʡʩʪʚʘ; 

ʦʪʢʨʳʪʳʤʠ ʦʩʪʘʶʪʩʷ ʚʦʧʨʦʩʳ ʚʣʠʷʥʠʷ ʦʪʜʝʣʴʥʳʭ ʤʠʥʝʨʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʠ ʚʭʦʜʷʱʠʭ ʚ ʥʠʭ 

ʚʢʣʶʯʝʥʠʡ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ ʟʝʤʥʦʡ ʢʦʨʳ ʠ ʚʝʨʭʥʝʡ ʟʦʥʳ ʤʘʥʪʠʠ [Yang, 2011; Naif et al., 2021]. 

1.3.2 ʆʩʥʦʚʥʳʝ ʧʨʝʜʩʪʘʚʠʪʝʣʠ ʛʨʫʧʧʳ ʛʨʘʥʘʪʦʚ 

ɻʨʫʧʧʘ ʛʨʘʥʘʪʦʚ ʦʪʥʦʩʠʪʩʷ ʢ ʧʦʜʢʣʘʩʩʫ ʩʠʣʠʢʘʪʦʚ ʩ ʠʟʦʣʠʨʦʚʘʥʥʳʤʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʤʠ 

ʛʨʫʧʧʠʨʦʚʢʘʤʠ SiO4. ɼʘʥʥʳʝ ʛʨʫʧʧʠʨʦʚʢʠ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʠʟʦʣʠʨʦʚʘʥʥʦ, ʪ.ʝ. ʥʠ ʦʜʠʥ ʠʟ 

ʢʠʩʣʦʨʦʜʥʳʭ ʠʦʥʦʚ, ʦʢʨʫʞʘʶʱʠʭ ʠʦʥ Si, ʥʝ ʷʚʣʷʝʪʩʷ ʦʙʱʠʤ ʜʣʷ ʜʨʫʛʠʭ ʩʤʝʞʥʳʭ ʩ ʥʠʤ 

ʢʨʝʤʥʝʢʠʩʣʦʨʦʜʥʳʭ ʪʝʪʨʘʵʜʨʦʚ [ɹʝʪʝʭʪʠʥ, 2007]. ʆʙʱʘʷ ʬʦʨʤʫʣʘ ʤʠʥʝʨʘʣʦʚ ʜʘʥʥʦʡ ʛʨʫʧʧʳ 

A3B2[SiO4]3, ʛʜʝ A=Mg, Fe2+, Mn, Ca, ʠ B=Al , Fe3+, Cr. ʈʘʩʧʨʦʩʪʨʘʥʝʥʳ ʤʠʥʝʨʘʣʴʥʳʝ ʚʠʜʳ, 

ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʜʚʫʤ ʠʟʦʤʦʨʬʥʳʤ ʨʷʜʘʤ: ʘʣʴʤʘʥʜʠʥʦʚʳʡ (Me, Fe, Mn)3Al 2[SiO4]3), ʢ ʢʦʪʦʨʦʤʫ 

ʦʪʥʦʩʪ̫ʩʷ ʤʠʥʝʨʘʣʳ ʧʠʨʦʧ (Mg3Al 2[SiO4]3), ʘʣʴʤʘʥʜʠʥ (Fe3Al 2[SiO4]3) ʠ ʩʧʝʩʩʘʨʪʠʥ 

(Mn3Al 2[SiO4]3), ʠ ʘʥʜʨʘʜʠʪʦʚʳʡ ʨʷʜ, ʢʦʪʦʨʳʡ ʦʙʨʘʟʫʶʪ ʤʠʥʝʨʘʣʳ ʛʨʦʩʩʫʣʷʨ (Ca3Al 2[SiO4]3), 

ʘʥʜʨʘʜʠʪ (Ca3Fe2[SiO4]3) ʠ ʫʚʘʨʦʚʠʪ (Ca3Cr2[SiO4]3). ʀʦʥʳ Mg2+, Fe2+, Fe3+, Mn2+ ʥʝʦʛʨʘʥʠʯʝʥʥʦ 

ʟʘʤʝʱʘʶʪʩʷ ʜʨʫʛ ʜʨʫʛʦʤ, ʨʝʟʫʣʴʪʠʨʫʷ ʥʝʦʛʨʘʥʠʯʝʥʥʳʡ ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ [ɹʝʪʝʭʪʠʥ, 2007]. ʊʘʢʞʝ 
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ʢ ʜʘʥʥʦʡ ʛʨʫʧʧʝ ʦʪʥʦʩʷʪʩʷ ʤʠʥʝʨʘʣʳ ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʧʨʠʤʝʩʷʤʠ. ʂ ʪʘʢʠʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ 

ʜʝʤʘʥʪʦʠʜ ï ʨʘʟʥʦʚʠʜʥʦʩʪʴ ʤʠʥʝʨʘʣʘ ʘʥʜʨʘʜʠʪʘ ʩ ʧʨʠʤʝʩʴʶ Cr2O3; ʝʛʦ ʦʢʨʘʩʢʘ ʚʘʨʴʠʨʫʝʪʩ ̫ʦʪ 

ʞʝʣʪʦ-ʟʝʣʝʥʦʡ ʜʦ ʟʝʣʝʥʦʡ [Adamo et al., 2009]. 

1.3.3 ʕʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʠʥʝʨʘʣʦʚ ʛʨʫʧʧʳ ʛʨʘʥʘʪʦʚ 

ɻʨʫʧʧʘ ʛʨʘʥʘʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ, ʚʢʣʶʯʘʶʱʘʷ ʧʠʨʦʧ, ʘʣʴʤʘʥʜʠʥ, ʩʧʝʩʩʘʨʪʠʥ, 

ʛʨʦʩʩʫʣʷʨ, ʘʥʜʨʘʜʠʪ, ʜʝʤʘʥʪʦʠʜ, ʤʝʣʘʥʠʪ, ʫʚʘʨʦʚʠʪ ï ʠʥʪʝʨʝʩʥʳʡ ʠ ʘʢʪʫʘʣʴʥʳʡ ʦʙʲʝʢʪ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʩʚʷʟʠ ʩ ʠʭ ʰʠʨʦʢʦʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴʶ ʚ ʟʝʤʥʦʡ ʢʦʨʝ [Dai et al., 2020; Naif et 

al., 2021]. ʇʨʠʨʦʜʥʳʝ ʛʨʘʥʘʪʳ ʩʪʘʙʠʣʴʥʳ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ pTïʫʩʣʦʚʠʡ, ʯʪʦ ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʭ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴ ʚ ʦʙʣʘʩʪʠ ʦʪ ʥʠʞʥʝʡ ʯʘʩʪʠ ʟʝʤʥʦʡ ʢʦʨʳ ʜʦ ʤʘʥʪʠʠ. ʇʨʦʚʦʜʠʤʦʩʪʴ 

ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʛʨʘʥʘʪʦʚ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʟʘʚʠʩʠʪ ʦʪ ʢʘʪʠʦʥʦʚ Fe2+ ʠ Fe3+ [ʇʘʨʭʦʤʝʥʢʦ, 

1984]. ʇʨʦʚʝʜʝʥʳ ʨʘʙʦʪʳ ʧʦ ʠʟʤʝʨʝʥʠʶ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʧʨʠʨʦʜʥʳʭ ʠ ʩʠʥʪʝʪʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʦʚ ʤʠʥʝʨʘʣʘ ʧʠʨʦʧʘ ʠ ʚʣʠʷʥʠʶ ʥʘ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʩʠʛʥʘʣ ʜʘʚʣʝʥʠʷ, ʪʝʤʧʝʨʘʪʫʨʳ, 

ʩʦʜʝʨʞʘʥʠʷ ʚʦʜʳ [Dai et al., 2020]. ʇʦʜʦʙʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥʳ ʠ ʩ ʦʙʨʘʟʮʘʤʠ ʘʣʴʤʘʥʜʠʥʘ 

[Dai et al., 2013, Romano et al., 2006]. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʦʚʦʜʠʤʦʩʪʴ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʠ ʧʨʠʨʦʜʥʳʭ 

ʘʣʴʤʘʥʜʠʥ-ʩʦʜʝʨʞʘʱʠʭ ʤʠʥʝʨʘʣʦʚ ʚʳʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʠʨʦʧʦʚʳʤʠ ʛʨʘʥʘʪʘʤʠ; ʥʘʨʷʜʫ ʩ 

ʜʘʚʣʝʥʠʝʤ, ʪʝʤʧʝʨʘʪʫʨʦʡ ʥʘ ʟʥʘʯʝʥʠʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʚʣʠʷʝʪ ʠ ʘʢʪʠʚʥʦʩʪʴ ʢʠʩʣʦʨʦʜʘ. ʈʘʥʝʝ 

ʩ ʧʦʤʦʱʴʶ ʧʦʩʪʦʷʥʥʦʪʦʢʦʚʳʭ ʠʟʤʝʨʝʥʠʡ ʙʳʣʠ ʠʟʫʯʝʥʳ ʦʙʨʘʟʮʳ ʧʠʨʦʧʘ ʠ ʘʣʴʤʘʥʜʠʥʘ ʚ ʨʝʞʠʤʝ 

ʥʘʛʨʝʚʘʥʠʷ ʠ ʦʭʣʘʞʜʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 200 ï 1000 Áʉ [Lastovickova, 1982]. ʊʝʤʧʝʨʘʪʫʨʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ɸʨʨʝʥʠʫʩʘ ʜʣʷ ʧʠʨʦʧʘ ʦʜʠʥʘʢʦʚʳ ʢʘʢ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ, 

ʪʘʢ ʠ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ. ʅʘʧʨʦʪʠʚ, ʜʣʷ ʘʣʴʤʘʥʜʠʥʘ ʦʥʠ ʦʪʣʠʯʥʳ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ɹʳʣʠ ʠʟʫʯʝʥʳ 

ʚʨʝʤʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʥʝʩʢʦʣʴʢʠʭ ʮʠʢʣʘʭ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ 

ʜʘʞʝ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʦʷʥʥʦʛʦ ʟʥʘʯʝʥʠʷ ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʫʞʥʦ 

ʚʳʜʝʨʞʠʚʘʪʴ ʦʙʨʘʟʝʮ ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʦʩʪʘʪʦʯʥʦ ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ (ʥʝ ʤʝʥʝʝ 4 ʯ). 

ʉʦʦʙʱʘʣʦʩʴ, ʯʪʦ ʧʨʠ ʥʝʦʜʥʦʢʨʘʪʥʦʤ ʧʦʚʪʦʨʝ ʮʠʢʣʦʚ çʥʘʛʨʝʚʘʥʠʝ-ʦʭʣʘʞʜʝʥʠʝè ʪʝʤʧʝʨʘʪʫʨʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʚ ʨʝʞʠʤʝ ʥʘʛʨʝʚʘ ʦʪʣʠʯʥʳ ʜʨʫʛ ʦʪ ʜʨʫʛʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʢʨʠʚʳʝ 

ʦʭʣʘʞʜʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʤʝʥʥʳ; ʧʨʠ ʵʪʦʤ ʟʥʘʯʝʥʠʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʝ ʚ 

ʨʝʞʠʤʝ ʥʘʛʨʝʚʘ, ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʙʦʣʝʝ ʚʳʩʦʢʠʝ [Lastovickova, 1982]. ʄʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ 

ʘʥʘʣʠʟʘ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʦ 800 Áʉ ʥʝ ʧʨʦʠʩʭʦʜʠʪ ʟʥʘʯʠʤʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ, ʪʦʛʜʘ 

ʢʘʢ ʜʣʷ ʜʠʘʧʘʟʦʥʘ 800ï1000 Áʉ ʚʝʨʦʷʪʥʦʩʪʴ ʪʘʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʩʫʱʝʩʪʚʫʝʪ [Lastovickova, 

1982]. ɺʦʧʨʦʩ ʦ ʧʨʠʯʠʥʘʭ ʦʪʣʠʯʠʷ ʢʨʠʚʳʭ ʥʘʛʨʝʚʘʥʠʷ ʠ ʦʭʣʘʞʜʝʥʠʷ ʦʩʪʘʶʪʩʷ ʦʪʢʨʳʪʳʤʠ; 

ʚʦʟʤʦʞʥʘʷ ʧʨʠʯʠʥʘ ï ʚʣʠʷʥʠʝ ʠʦʥʦʚ ʞʝʣʝʟʘ Fe2+, Fe3+ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ ʘʣʴʤʘʥʜʠʥʘ. 

ʊʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʦʢʠʩʣʝʥʠʝ FeO ʧʨʠ 900ï980 Áʉ [ʀʚʘʥʦʚʘ ʠ ʜʨ., 

1974] c ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʘʛʥʝʪʠʪʘ, ʛʝʤʘʪʠʪʘ. ʋʯʠʪʳʚʘʷ ʜʘʥʥʳʝ ʧʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ 

ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʠʟʤʝʨʝʥʠʷʤ, ʧʨʦʮʝʩʩ ʦʢʠʩʣʝʥʠʷ ʞʝʣʝʟʘ ʚʦʟʤʦʞʝʥ ʠ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ 
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ʪʝʤʧʝʨʘʪʫʨʘʭ. ʈʘʥʝʝ ʜʘʥʥʳʡ ʚʦʧʨʦʩ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʘʣʴʤʘʥʜʠʥʘ ʧʦʜʨʦʙʥʦ ʥʝ 

ʠʟʫʯʘʣʩʷ ʠ ʦʩʪʘʝʪʩʷ ʦʪʢʨʳʪʳʤ. 

ʕʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʘʥʜʨʘʜʠʪʘ ʚ ʣʠʪʝʨʘʪʫʨʝ ʦʧʠʩʘʥʳ ʦʛʨʘʥʠʯʝʥʥʦ; ʨʘʥʝʝ ʦ ʜʘʥʥʳʭ 

ʠʤʧʝʜʘʥʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʣʷ ʦʙʨʘʟʮʦʚ ʘʥʜʨʘʜʠʪʘ ʥʝ ʩʦʦʙʱʘʣʦʩʴ; ʠʟʚʝʩʪʥʳ ʣʠʰʴ ʨʝʟʫʣʴʪʘʪʳ, 

ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʦʩʪʦʷʥʥʦʪʦʢʦʚʳʭ ʤʝʪʦʜʠʢ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʨʘʙʦʪʝ [ʇʘʨʭʦʤʝʥʢʦ, 

1984] ʧʨʝʜʩʪʘʚʣʝʥʳ ɸʨʨʝʥʠʫʩʦʚʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʘʥʜʨʘʜʠʪʘ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 200 ʜʦ 1000 Áʉ. ɼʣʷ ʜʝʤʘʥʪʦʠʜʘ ʦʧʠʩʘʥʠʝ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʦʪʩʫʪʩʪʚʫʝʪ; ʧʨʠ ʵʪʦʤ ʩʨʘʚʥʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʚʫʭ ʫʢʘʟʘʥʥʳʭ ʨʘʟʥʦʚʠʜʥʦʩʪʝʡ ʛʨʘʥʘʪʘ 

ʠʥʪʝʨʝʩʥʦ ʚ ʩʚʷʟʠ ʩ ʘʥʘʣʠʟʦʤ ʚʣʠʷʥʠʷ ʨʘʟʣʠʯʠʡ ʠʭ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʥʘ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʠʟʫʯʝʥʠʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʝʤʘʥʪʦʠʜʘ, ʘ ʪʘʢʞʝ 

ʢʦʤʧʣʝʢʩʥʦʝ ʩʨʘʚʥʝʥʠʝ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʙʣʠʟʢʠʭ 

ʝʤʫ ʧʦ ʩʦʩʪʘʚʫ ʦʙʨʘʟʮʦʚ ʘʥʜʨʘʜʠʪʘ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʤʝʪʦʜʠʯʝʩʢʦʡ ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ. 

1.4. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ  

ʎʠʪʠʨʦʚʘʥʥʳʝ ʚʳʰʝ ʧʫʙʣʠʢʘʮʠʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʘʢʪʫʘʣʴʥʦʩʪʴ ʧʨʦʜʦʣʞʝʥʠʷ ʨʘʙʦʪ ʚ 

ʦʙʣʘʩʪʠ ʧʦʣʫʯʝʥʠ ̫ʥʦʚʳʭ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʠ ʵʰʠʥʠʪʦʚ ʨʘʟʥʦʦʙʨʘʟʥʦʛʦ ʩʦʩʪʘʚʘ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʠʢ ʩʠʥʪʝʟʘ; ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟ 

ʩʦʝʜʠʥʝʥʠʡ ʩ ʟʘʷʚʣʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ; ʠʟʫʯʝʥʠ ̫ʦʩʦʙʝʥʥʦʩʪʝʡ ʠʭ ʩʪʨʫʢʪʫʨʳ, ʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʫʩʪʦʡʯʠʚʦʩʪʠ, ʦʧʪʠʯʝʩʢʠʭ, ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ (ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʭ ʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ) ʩʚʦʡʩʪʚ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʧʨʦʩʳ ʦʧʨʝʜʝʣʝʥʠʷ ʩʚʷʟʠ çʩʦʩʪʘʚ 

ï ʩʪʨʫʢʪʫʨʘ ï ʩʚʦʡʩʪʚʘè ʥʦʚʳʭ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʤʠʥʝʨʘʣʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ ʠ 

ʵʰʠʥʠʪʘ; ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ ʠ ʢʨʠʩʪʘʣʣʦʭʠʤʠʠ ʥʘ ʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʠʤʝʶʱʠʝ ʟʥʘʯʝʥʠʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʢʘʢ ʥʦʚʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʨʘʙʦʪʝ ʨʝʰʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ 

ʟʘʜʘʯʠ: 

1. ʦʪʨʘʙʦʪʢʘ ʤʝʪʦʜʠʢ ʩʠʥʪʝʟʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʭʥʠʢ ʧʠʨʦʣʠʟʘ, ʩʦʦʩʘʞʜʝʥʠʷ ʠ 

ʪʚʝʨʜʦʬʘʟʥʳʭ ʨʝʘʢʮʠʡ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʡ ʚʳʙʦʨʢʠ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʞʝʣʝʟʥʳʭ 

ʛʨʘʥʘʪʦʚ ʠ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ RE3Fe5O12, (RE10.2RE20.2RE30.2RE40.2RE50.2)3 

Fe5O12, RETiNbO6, (RE10.2RE20.2 RE30.2RE40.2RE50.2)TiNbO6, ʘ ʪʘʢʞʝ ʜʚʦʡʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

ʩʦʩʪʘʚʘ RE1-xMxTi1-xNb1+xO6 (ʟʜʝʩʴ RE ʠ RE1-5=Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, Y; M=Ca, 

Sr); 

2. ʘʥʘʣʠʟ ʫʩʣʦʚʠʡ ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟ ʩʦʝʜʠʥʝʥʠʡ ʟʘʷʚʣʝʥʥʳʭ ʩʝʤʝʡʩʪʚ, ʠʟʫʯʝʥʠʝ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʦʩʪʘʚʘ, ʩʪʨʫʢʪʫʨʳ ʠ ʤʦʨʬʦʣʦʛʠʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʠʭ ʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʩʚʦʡʩʪʚ ʧʦ ʜʘʥʥʳʤ ʦʧʪʠʯʝʩʢʦʡ, 57Fe-ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʠ pTïʟʘʚʠʩʠʤʦʡ 

ʨʘʤʘʥʦʚʩʢʦʡ in situ ʩʧʝʢʪʨʦʩʢʦʧʠʠ; ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʠ ʧʝʨʚʦʧʨʠʥʮʠʧʥʳʭ ʨʘʩʯʝʪʦʚ; ʘʥʘʣʠʟ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 
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ʩʦʝʜʠʥʝʥʠʡ ʧʦ ʜʘʥʥʳʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʠʤʧʝʜʘʥʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ; ʦʧʨʝʜʝʣʝʥʠʝ ʩʚʷʟʠ 

çʩʦʩʪʘʚ, ʪʠʧ ʩʠʥʪʝʟʘ ï ʩʪʨʫʢʪʫʨʘ ï ʩʚʦʡʩʪʚʘè ʥʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ;  

3. ʠʩʩʣʝʜʦʚʘʥʠʝ ʭʠʤʠʯʝʩʢʦʛʦ ʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ, ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʭ, 

ʦʧʪʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʨʷʜʘ ʧʨʠʨʦʜʥʳʭ ʛʨʘʥʘʪʦʚ; ʘʥʘʣʠʟ ʩʚʷʟʠ çʩʦʩʪʘʚ ï 

ʪʝʨʤʠʯʝʩʢʘʷ ʠʩʪʦʨʠʷ ï ʩʚʦʡʩʪʚʘè.  
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ɻʣʘʚʘ 2. ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɺ ʛʣʘʚʝ 2 ʦʧʠʩʘʥʳ ʤʝʪʦʜʠʢʠ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʩʪʘʚʘ, ʩʪʨʫʢʪʫʨʳ ʠ 

ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʠʥʝʨʘʣʦʚ ʠ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʢʝʨʘʤʠʢ, ʨʘʩʯʝʪʥʳʝ ʤʝʪʦʜʳ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ ʠ ʵʰʠʥʠʪʘ ʚ ʨʘʤʢʘʭ 

ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʦʛʦ ʘʪʦʤʠʩʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʧʝʨʚʦʧʨʠʥʮʠʧʥʳʭ ʨʘʩʯʝʪʦʚ ʠʭ 

ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʬʦʥʦʥʥʳʭ ʩʧʝʢʪʨʦʚ, ʘ ʪʘʢʞʝ ʩʧʦʩʦʙʳ ʩʠʥʪʝʟʘ ʤʦʥʦ- ʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ  ʞʝʣʝʟʥʳʭ ʛʨʘʥʘʪʦʚ RE3Fe5O12 ʠ (RE10.2RE20.2RE30.2RE40.2RE50.2)3Fe5O12, 

ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ RETiNbO6 ʠ (RE10.2 

RE20.2RE30.2RE40.2RE50.2)TiNbO6 ʠ ʜʚʦʡʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦʩʪʘʚʘ RE1-xMxTi1-xNb1+xO6. 

2.1. ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʩʪʘʚʘ, ʩʪʨʫʢʪʫʨʳ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ  

2.1.1. ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʧʦʨʦʰʢʦʚʘʷ ʜʠʬʨʘʢʮʠʷ 

ɸʪʪʝʩʪʘʮʠʶ ʠ ʢʦʥʪʨʦʣʴ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʦʤ ʧʦʨʦʰʢʦʚʦʛʦ ʈʌɸ 

ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ XRD-7000 Shimadzu (CuKa ʠʟʣʫʯʝʥʠʝ, ʛʝʦʤʝʪʨʠʷ q/q). ɸʥʘʣʠʟ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ 

ʦʩʫʱʝʩʪʚʣʷʣʠ ʧʨʠ ʧʦʤʦʱʠ ʙʘʟʳ ʜʘʥʥʳʭ PDF-2 ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ Match DEMO. 

ɸʥʘʣʠʟ ʧʨʦʬʠʣʷ ʨʝʥʪʛʝʥʦʛʨʘʤʤ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʃʝ ɹʝʡʣʘ ʠ 

ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ (ʤʝʪʦʜ ʈʠʪʚʝʣʴʜʘ). ʕʪʠ ʤʝʪʦʜʳ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʫʪʦʯʥʝʥʠʷ 

ʩʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʡ [Sharma et al., 2018; Zhang, Zuo, 2016]. ɼʣʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʠ 

ʙʝʩʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ, ʩʥʷʪʳʝ ʚ ʜʠʘʧʘʟʦʥʝ ʫʛʣʦʚ 2q ʦʪ 15 ʜʦ 120Ü 

ʩ ʰʘʛʦʤ ʚ 0.02Ü. ʇʦʣʥʦʧʨʦʬʠʣʴʥʳʡ ʩʪʨʫʢʪʫʨʥʳʡ ʠ ʙʝʩʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ ʚʳʧʦʣʥʷʣʠ ʚ 

ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ Fullprof_Suite. ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʬʠʣʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʧʨʠʤʝʥʷʣʘʩʴ 

ʬʫʥʢʮʠʷ ʧʩʝʚʜʦ-ɺʦʡʪʘ, ʘ ʜʣʷ ʫʯʝʪʘ ʬʦʥʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʣʠʥʝʡʥʘʷ ʠʥʪʝʨʧʦʣʷʮʠʷ ʤʝʞʜʫ ʪʦʯʢʘʤʠ. 

ɼʣʷ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ ʫʪʦʯʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ɢ-ʬʘʢʪʦʨ ʠ ʩʦʚʦʢʫʧʥʦʩʪʴ R-ʬʘʢʪʦʨʦʚ. 

2.1.2. ɼʝʥʩʠʪʦʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʣʦʪʥʦʩʪʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʤʝʪʦʜʦʤ 

ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʚʝʰʠʚʘʥʠʷ. ɼʣʷ ʵʪʦʛʦ ʪʘʙʣʝʪʢʠ ʦʙʨʘʟʮʦʚ ʚʟʚʝʰʠʚʘʣʠ ʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʚʝʩʘʭ, 

ʟʘʪʝʤ ʚʳʤʘʯʠʚʘʣʠ ʚ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʝ ʥʝʩʢʦʣʴʢʦ ʯʘʩʦʚ ʧʨʠ ʚʘʢʫʫʤʠʨʦʚʘʥʠʠ, ʧʦʩʣʝ ʯʝʛʦ ʙʳʣʘ 

ʠʟʤʝʨʝʥʘ ʤʘʩʩʘ ʪʘʙʣʝʪʦʢ ʚ ʚʦʜʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʮʠʘʣʴʥʦʛʦ ʰʪʘʪʠʚʘ.  

ɻʠʜʨʦʩʪʘʪʠʯʝʩʢʫʶ ʧʣʦʪʥʦʩʪʴ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʦ ʬʦʨʤʫʣʝ: 

 ʍ̞ ̋̒̐
  

, (2.1) 

ʛʜʝ ɟʵʢʩʧ ï ʧʦʣʫʯʝʥʥʘʷ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʧʣʦʪʥʦʩʪʴ, ʛ/ʩʤ3; m1 ï ʤʘʩʩʘ ʢʝʨʘʤʠʯʝʩʢʦʛʦ 

ʦʙʨʘʟʮʘ ʥʘ ʚʦʟʜʫʭʝ, ʛ; m2 ï ʤʘʩʩʘ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ ʚ ʚʦʜʝ, ʛ; ”  ï ʧʣʦʪʥʦʩʪʴ ʚʦʜʳ, 1 ʛ/ʩʤ3. 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʙʳʣ ʚʳʧʦʣʥʝʥ ʨʘʩʯʝʪ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʧʣʦʪʥʦʩʪʠ 

ʦʜʥʦʬʘʟʥʳʭ ʦʙʨʘʟʮʦʚ. 
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2.1.3. ɼʠʣʘʪʦʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʣʠʥʝʡʥʦʛʦ ʂʊʈ ʙʳʣʠ ʩʧʨʝʩʩʦʚʘʥʳ ʧʨʷʤʦʫʛʦʣʴʥʳʝ ʙʨʠʢʝʪʳ ʠʟ 

ʦʜʥʦʬʘʟʥʳʭ ʦʙʨʘʟʮʦʚ, ʦʪʦʞʞʸʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʩʧʝʢʘʥʠʷ ʚ ʪʝʯʝʥʠʝ 8 ʯ. ɼʠʣʘʪʦʤʝʪʨʠʯʝʩʢʠʝ 

ʠʟʤʝʨʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʥʘ ʧʨʠʙʦʨʝ DIL 402 C ʩ ʚʘʢʫʫʤʥʦʡ ʧʝʯʴʶ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 20ï1200 

Üʉ ʧʨʠ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ 5 Üʉ/ʤʠʥ; ʜʣʷ ʫʯʝʪʘ ʨʘʩʰʠʨʝʥʠʷ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʯʘʩʪʠ 

ʷʯʝʡʢʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʪʘʥʜʘʨʪʥʳʡ ʦʙʨʘʟʝʮ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ Al2O3. ʀʥʪʝʛʨʘʣʴʥʳʡ (ʩʨʝʜʥʠʡ) 

ʢʦʵʬʬʠʮʠʝʥʪ ʣʠʥʝʡʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 

ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʦ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʝ: 

 ‌  (2.2) 

ʛʜʝ L0 ï ʥʘʯʘʣʴʥʘʷ ʜʣʠʥʘ ʦʙʨʘʟʮʘ, ʤʢʤ; dT ï ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʠʥʪʝʨʚʘʣ, ʂ; dL ï ʠʟʤʝʥʝʥʠʝ ʜʣʠʥʳ 

ʦʙʨʘʟʮʘ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ dT, ʤʢʤ. 

2.1.4. ʈʝʥʪʛʝʥʦʬʣʶʦʨʝʩʮʝʥʪʥʳʡ ʘʥʘʣʠʟ 

ʈʝʥʪʛʝʥʦʬʣʶʦʨʝʩʮʝʥʪʥʳʡ ʘʥʘʣʠʟ ʚʳʧʦʣʥʝʥ ʥʘ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ EDX-

8000. ʉʧʝʢʪʨʳ ʧʨʦʙ ʧʦʣʫʯʝʥʳ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 15 ʢɺ (ʜʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʣʠʥʠʡ çʣʝʛʢʠʭè ʵʣʝʤʝʥʪʦʚ, 

ʥʘʯʠʥʘʷ ʦʪ Na) ʠ 50 ʢɺ. ʉʠʥʪʝʪʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʚ ʚʠʜʝ ʧʣʦʪʥʦ ʩʧʝʯʝʥʥʦʡ 

ʢʝʨʘʤʠʢʠ, ʙʝʩʩʪʘʥʜʘʨʪʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ; ʧʨʠʨʦʜʥʳʝ 

ʦʙʨʘʟʮʳ ï ʚ ʚʠʜʝ ʛʦʤʦʛʝʥʥʦʛʦ ʧʦʨʦʰʢʘ, ʤʝʪʦʜʦʤ ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʛʨʘʬʠʢʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʪʘʥʜʘʨʪʥʳʭ ʦʙʨʘʟʮʦʚ ʩʠʣʠʢʘʪʥʳʭ ʛʦʨʥʳʭ ʧʦʨʦʜ. 

2.1.5. ʉʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʠ ʵʣʝʢʪʨʦʥʥʦ-ʟʦʥʜʦʚʳʡ ʤʠʢʨʦʘʥʘʣʠʟ  

ʉʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʦʙʨʘʟʮʦʚ ʚʳʧʦʣʥʝʥʘ ʥʘ ʧʨʠʙʦʨʝ JEOL-6390LV, 

ʦʙʦʨʫʜʦʚʘʥʥʦʤ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʤ ʩʧʝʢʪʨʦʤʝʪʨʦʤ Oxford Instruments EDS X-max80. 

ʇʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ʧʦʢʨʳʚʘʣʘʩʴ ʫʛʣʝʨʦʜʦʤ ʤʝʪʦʜʦʤ ʚʘʢʫʫʤʥʦʛʦ ʥʘʧʳʣʝʥʠʷ. Sɽ- ʠ BSE-

ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʨʘʟʮʦʚ ʧʦʣʫʯʝʥʳ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 20 ʢɺ, ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ 

ʩʥʠʤʘʣʠʩʴ ʥʘ ʧʣʦʱʘʜʠ ʦʙʨʘʟʮʘ 100 ʭ100 ʤʢʤ, ʦʩʥʦʚʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʣʠʥʠʠ: O Ka, Ca Ka, Fe Ka, 

Ti Ka, Sr Ka, Y Ka, Nb La, Ln La (ʛʜʝ Ln ï La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb). 

ɼʣʷ ʭʠʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʦʚʦʜʠʣʦʩʴ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʘ ʵʣʝʢʪʨʦʥʥʦ-ʟʦʥʜʦʚʦʤ ʤʠʢʨʦʘʥʘʣʠʟʘʪʦʨʝ Cameca SX100, ʦʙʦʨʫʜʦʚʘʥʥʦʤ ʧʷʪʴʶ 

ʚʦʣʥʦʚʳʤʠ ʩʧʝʢʪʨʦʤʝʪʨʘʤʠ ʩ ʢʨʠʩʪʘʣʣ-ʘʥʘʣʠʟʘʪʦʨʘʤʠ PC3, PC2, PC1, LPC0, TAP, PET, LIF. 

ʉʲʝʤʢʘ ʧʨʦʚʝʜʝʥʘ ʧʨʠ 15 ʢɺ ʠ ʪʦʢʝ ʟʦʥʜʘ 10 ʥɸ; ʚ ʢʘʯʝʩʪʚʝ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʣʠʥʠʠ 

Fe Ka, Y Ka, Gd La, Ho La, Er La, Eu La ʠ Dy Lb. ɺ ʢʘʯʝʩʪʚʝ ʩʪʘʥʜʘʨʪʥʳʭ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʦʙʨʘʟʮʳ Y3Fe5O12, Eu3Fe5O12, Gd3Fe5O12, Ho3Fe5O12, Er3Fe5O12, ʠ Dy3Fe5O12. 

2.1.6. ʊʝʨʤʦʛʨʘʚʠʤʝʪʨʠʷ ʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʡ ʪʝʨʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ 

ʊɻ-ɼʊɸ ʜʘʥʥʳʝ ʧʦʣʫʯʝʥʳ ʥʘ ʧʨʠʙʦʨʝ NETZSCH STA 449 F5 Jupiter. ɼʣʷ ʩʠʥʪʝʪʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʦʚ ʚʳʧʦʣʥʝʥʘ ʩʲʝʤʢʘ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 20-1300 ÜC, ʜʣʷ ʧʨʠʨʦʜʥʳʭ ʦʙʨʘʟʮʦʚ ï 20-1000 
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ÜC. ɼʣʷ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʚ ʢʘʯʝʩʪʚʝ ʩʪʘʥʜʘʨʪʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʦʢʩʠʜ 

ʘʣʶʤʠʥʠʷ Al2O3. 

2.1.7. ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʜʠʬʬʫʟʥʦʛʦ ʩʚʝʪʦʨʘʩʩʝʷʥʠʷ 

ʉʧʝʢʪʨʳ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʧʦʣʫʯʝʥʳ ʚ ʦʙʣʘʩʪʠ 210ï1100 ʥʤ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ Thermo Scientific Evolution 300 (20 Áʉ; ʩʪʘʥʜʘʨʪ  ʩʫʣʴʬʘʪ ʙʘʨʠʷ). ɺ 

ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʨʦʰʢʠ, ʢʦʪʦʨʳʝ ʧʦʤʝʱʘʣʠʩʴ ʚ ʢʶʚʝʪʫ ʠ 

ʧʝʨʝʥʦʩʠʣʠʩʴ ʚ ʷʯʝʡʢʫ ʧʨʠʙʦʨʘ. ʉʧʝʢʪʨʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʧʦʣʫʯʝʥʳ ʧʨʠ 

ʘʥʘʣʠʟʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʂʫʙʝʣʢʠ-ʄʫʥʢʘ [Kubelka, Munk, 

1931]: 

 ὊὙ , (2.3) 

ʛʜʝ F(R) ï ʬʫʥʢʮʠʷ ʂʫʙʝʣʢʠ-ʄʫʥʢʘ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘʷ ʢʦʵʬʬʠʮʠʝʥʪʫ ʧʦʛʣʦʱʝʥʠʷ; R ï 

ʩʧʝʢʪʨʘʣʴʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ. ɼʣʷ ʦʮʝʥʢʠ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ Eg ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʩʪʝʧʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ʦʪ ʵʥʝʨʛʠʠ ʧʘʜʘʶʱʠʭ ʬʦʪʦʥʦʚ [Aydin, 2019]: 

 ὃϽὬὺ Ὁ , (2.4) 

ʛʜʝ t ï ʪʦʣʱʠʥʘ ʦʙʨʘʟʮʘ; ɸ ï ʢʦʥʩʪʘʥʪʘ, ʧʨʠʥʷʪʘʷ ʨʘʚʥʦʡ 1; hv ï ɻ ʥʝʨʛʠʷ ʬʦʪʦʥʘ, ʵɺ; n ï ʧʦʢʘʟʘʪʝʣʴ 

ʩʪʝʧʝʥʠ, ʦʧʨʝʜʝʣʷʶʱʠʡ ʪʠʧ ʤʝʞʟʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ (1/2 ʠ 2 - ʜʣʷ ʥʝʧʨʷʤʳʭ ʠ ʧʨʷʤʳʭ ʧʝʨʝʭʦʜʦʚ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ɼʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʣʠʥʝʡʥʳʡ 

ʫʯʘʩʪʦʢ ʬʫʥʢʮʠʠ ʂʫʙʝʣʢʠ-ʄʫʥʢʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʟʥʘʯʝʥʠʶ n=2.  

ɼʣʷ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʧʦ ʧʨʠʨʦʜʥʳʤ ʦʙʨʘʟʮʘʤ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʠʤʝʥʷʣʘʩʴ ʤʝʪʦʜʠʢʘ 

çʧʨʦʠʟʚʦʜʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠè [Torrent, Barron, 2002]. ʇʨʦʮʝʜʫʨʘ ʩʛʣʘʞʠʚʘʥʠʷ ʧʦʣʫʯʝʥʥʳʭ 

ʬʫʥʢʮʠʡ, ʩʦʜʝʨʞʘʱʠʭ ʞʝʣʝʟʦ ʚ ʨʘʟʣʠʯʥʳʭ ʩʪʝʧʝʥʷʭ ʦʢʠʩʣʝʥʠʷ, ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʦ ʤʝʪʦʜʠʢʝ, 

ʦʧʠʩʘʥʥʦʡ ʚ ʮʠʪʠʨʦʚʘʥʥʦʡ ʨʘʙʦʪʝ. 

2.1.8. ʄʝʩʩʙʘʫʵʨʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʚʳʧʦʣʥʝʥʳ ʥʘ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ ʩ ʚʳʩʦʢʠʤ ʩʢʦʨʦʩʪʥʳʤ 

ʨʘʟʨʝʰʝʥʠʝʤ ʉʄ-2201 ʚ ʀʌʄ ʋʨʆ ʈɸʅ ʩʦ ʩʮʠʥʪʠʣʣʷʮʠʦʥʥʳʤ ʨʝʟʦʥʘʥʩʥʳʤ ʜʝʪʝʢʪʦʨʦʤ ɹɼɻʈʉ-

2. ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʚʳʩʪʫʧʘʣ ʄʉʦ7.124 57ʉʦ(Rh) ʩ ʘʢʪʠʚʥʦʩʪʴʶ 50 ʤʂʠ. ɼʠʘʧʘʟʦʥ ʩʢʦʨʦʩʪʝʡ 

ʜʦʧʣʝʨʦʚʩʢʦʡ ʤʦʜʫʣʷʮʠʠ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʘ ï +/-10 ʤʤ/ʩ. ɼʣʷ ʢʘʣʠʙʨʦʚʢʠ ʩʢʦʨʦʩʪʥʦʡ ʰʢʘʣʳ 

ʩʧʝʢʪʨʦʤʝʪʨʘ ʠʩʧʦʣʴʟʦʚʘʥ ʩʧʝʢʪʨ ʵʪʘʣʦʥʥʦʡ ʬʦʣʴʛʠ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ a-Fe ʪʦʣʱʠʥʦʡ 10 ʤʢʤ ʩ 

ʵʬʬʝʢʪʠʚʥʦʡ ʪʦʣʱʠʥʦʡ ʧʦ ʩʦʜʝʨʞʘʥʠʶ Fe ʚ ʝʩʪʝʩʪʚʝʥʥʦʡ ʩʤʝʩʠ ʠʟʦʪʦʧʦʚ 7 ʤʛ Fe/ʩʤ2. ʏʠʩʣʦ 

ʢʘʥʘʣʦʚ ʜʣʷ ʥʘʢʦʧʣʝʥʠʷ ʩʧʝʢʪʨʘ (ʯʠʩʣʦ ʪʦʯʝʢ ʚ ʩʧʝʢʪʨʝ) ʩʦʩʪʘʚʣʷʣʦ 4096. ʇʝʨʝʜ ʧʨʦʚʝʜʝʥʠʝʤ 

ʠʟʤʝʨʝʥʠʡ ʦʙʨʘʟʝʮ ʚʟʚʝʰʠʚʘʣʠ ʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʚʝʩʘʭ, ʧʦʩʣʝ ʯʝʛʦ ʧʦʤʝʱʘʣʠ ʝʛʦ ʥʘ ʜʠʩʢ ʠʟ 

ʘʣʶʤʠʥʠʝʚʦʡ ʬʦʣʴʛʠ ʠ ʟʘʢʨʝʧʣʷʣʠ ʩ ʧʦʤʦʱʴʶ ʢʣʝʷ. ʕʬʬʝʢʪʠʚʥʘʷ ʪʦʣʱʠʥʘ ʧʦʜʛʦʪʦʚʣʝʥʥʳʭ ʧʨʦʙ 

ʩʦʩʪʘʚʣʷʣʘ 5 ʤʛ Fe/ʩʤ2. ɸʥʘʣʠʟ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʚʦʜʠʣʠ ʚ ʧʨʦʛʨʘʤʤʝ UnivemMS.  
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2.1.9. ʈʘʤʘʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʈʘʤʘʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʠʟʤʝʨʝʥʳ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 30ï1000 ʩʤ-1 ʚ ʛʝʦʤʝʪʨʠʠ ʦʙʨʘʪʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʢʪʨʦʤʝʪʨʘ Horiba LabRam HR800 Evolution ʩ ʜʠʬʨʘʢʮʠʦʥʥʦʡ 

ʨʝʰʝʪʢʦʡ 1800 ʰʪ/ʤʤ, ʦʩʥʘʱʝʥʥʦʛʦ ʢʦʥʬʦʢʘʣʴʥʳʤ ʤʠʢʨʦʩʢʦʧʦʤ Olympus BX-FM ʠ Si CC-

ʜʝʪʝʢʪʦʨʦʤ, ʦʭʣʘʞʜʘʝʤʳʤ ʵʬʬʝʢʪʦʤ ʇʝʣʴʪʴʝ ʜʦ 200 ʂ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ Ar-ʣʘʟʝʨ (ʜʣʠʥʘ ʚʦʣʥʳ 514 ʠʣʠ 488 ʥʤ, ʤʦʱʥʦʩʪʴ 3 ʤɺʪ) ʠʣʠ He-Ne-ʣʘʟʝʨ (633 ʥʤ, 

5 ʤɺʪ). ʅʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʘʭ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʥʝ ʦʙʥʘʨʫʞʝʥʦ. ʉʧʝʢʪʨʳ 

ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʦʙʲʝʢʪʠʚʘ Olympus 50 Ĭ (ʯʠʩʣʦʚʘʷ ʘʧʝʨʪʫʨʘ = 0.7) ʧʫʪʝʤ ʩʙʦʨʘ 

ʜʘʥʥʳʭ ʚ ʪʝʯʝʥʠʝ 20ï30 ʩ ʩ ʜʚʫʤʷ ʥʘʢʦʧʣʝʥʠʷʤʠ ʥʘ ʩʧʝʢʪʨʘʣʴʥʳʡ ʩʝʛʤʝʥʪ. ʉʧʝʢʪʨʦʤʝʪʨ 

ʢʘʣʠʙʨʦʚʘʣʩʷ ʧʫʪʝʤ ʫʩʪʘʥʦʚʢʠ ʧʦʣʦʞʝʥʠʷ ʣʠʥʠʠ ʈʵʣʝʷ ʩ ʧʦʤʦʱʴʶ ʥʝʦʥʦʚʦʡ ʣʘʤʧʳ. ʇʦʣʦʞʝʥʠʝ 

ʨʘʤʘʥʦʚʩʢʠʭ ʣʠʥʠʡ ʦʧʨʝʜʝʣʷʣʦʩʴ ʚ ʧʨʝʜʝʣʘʭ ʜʦʚʝʨʠʪʝʣʴʥʦʛʦ ʠʥʪʝʨʚʘʣʘ Ñ0.2 ʩʤ-1 [ʑʘʧʦʚʘ ʠ ʜʨ., 

2020]. ʆʙʨʘʙʦʪʢʘ ʨʘʤʘʥʦʚʩʢʠʭ ʜʘʥʥʳʭ ʚʳʧʦʣʥʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʘʢ ʪʨʘʜʠʮʠʦʥʥʦʡ ʧʨʦʮʝʜʫʨʳ 

peak fitting, ʪʘʢ ʠ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ, ʚ ʦʩʥʦʚʫ ʢʦʪʦʨʦʛʦ ʧʦʣʦʞʝʥʘ ʘʚʪʦʢʦʨʨʝʣʷʮʠʦʥʥʘʷ 

ʬʫʥʢʮʠʷ ʠ ʩʚʷʟʘʥʥʳʡ ʩ ʥʝʡ ʧʘʨʘʤʝʪʨ ȹcorr. ʇʦʜʨʦʙʥʳʡ ʘʣʛʦʨʠʪʤ ʨʘʩʯʝʪʘ ʧʦʩʣʝʜʥʝʛʦ ʧʨʝʜʩʪʘʚʣʝʥ ʚ 

ʨʘʙʦʪʘʭ [Salje et.al. 2000; Pankrushina et al., 2020; ʑʘʧʦʚʘ ʠ ʜʨ., 2020]. 

ʊʝʨʤʦʨʘʤʘʥʦʚʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʝʜʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʨʤʦʩʪʦʣʠʢʘ Linkam THMS 

600 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʪ -190 ʜʦ 500 Áʉ. ɺʨʝʤʷ ʚʳʜʝʨʞʢʠ ʧʨʠ ʢʘʞʜʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠʟʤʝʨʝʥʠʡ 

ʩʦʩʪʘʚʣʷʣʦ 5 ʤʠʥ. 

ɹʘʨʦʨʘʤʘʥʦʚʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʜʦ 13 ɻʇʘ ʧʨʦʚʝʜʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʷʯʝʡʢʠ ʩ ʘʣʤʘʟʥʳʤʠ 

ʥʘʢʦʚʘʣʴʥʷʤʠ Evolution Diacell ÕScopeDAC-HT[G], ʫʧʨʘʚʣʷʝʤʦʡ ʛʘʟʦʚʳʤʠ ʤʝʤʙʨʘʥʘʤʠ. 

ʇʨʦʢʣʘʜʢʘ, ʠʩʧʦʣʴʟʫʝʤʘʷ ʚ DAC, ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ ʧʣʝʥʢʫ Inconel ʪʦʣʱʠʥʦʡ 250 ʤʢʤ, ʩʞʘʪʫʶ 

ʜʦ ʪʦʣʱʠʥʳ 80 ʤʢʤ, ʩ ʦʪʚʝʨʩʪʠʝʤ ʜʠʘʤʝʪʨʦʤ 150 ʤʢʤ. ɼʘʚʣʝʥʠʝ ʚ ʷʯʝʡʢʝ ʦʧʨʝʜʝʣʷʣʦʩʴ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʳʭ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʣʠʥʠʠ R1 ʠ R2) ʨʫʙʠʥʘ (ʪʦʯʥʦʩʪʴ Ñ0.05 ɻʇʘ). ɺ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʚ ʢʘʯʝʩʪʚʝ ʢʦʤʧʨʝʩʩʠʨʫʶʱʝʡ ʩʨʝʜʳ ʙʳʣʘ ʚʳʙʨʘʥʘ ʩʤʝʩʴ ʤʝʪʘʥʦʣʘ ʠ ʵʪʘʥʦʣʘ [Chen 

et al., 2021]. 

2.1.10. ʀʤʧʝʜʘʥʩʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʇʦʜʛʦʪʦʚʢʘ ʦʙʨʘʟʮʦʚ ʜʣʷ ʠʟʤʝʨʝʥʠʡ. ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʩʠʥʪʝʪʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʦʚ ʢʝʨʘʤʠʯʝʩʢʫʶ ʪʘʙʣʝʪʢʫ ʰʣʠʬʦʚʘʣʠ, ʜʣʷ ʠʟʤʝʨʝʥʠʡ ʩ ʧʣʘʪʠʥʦʚʳʤʠ ʵʣʝʢʪʨʦʜʘʤʠ 

ʪʦʨʮʝʚʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʪʘʙʣʝʪʦʢ ʧʦʢʨʳʚʘʣʠ ʩʫʩʧʝʥʟʠʝʡ ʛʝʢʩʘʭʣʦʨʦʧʣʘʪʠʥʘʪʘ ʘʤʤʦʥʠʷ 

(NH4)2[PtCl6], ʢʦʪʦʨʳʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 400 Áʉ ʨʘʟʣʘʛʘʝʪʩʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʝʣʢʦʟʝʨʥʠʩʪʦʡ 

ʧʣʘʪʠʥʳ ʧʦ ʨʝʘʢʮʠʠ: 

 (NH4)2[PtCl6] Ÿ 2NH3 + 2HCl+ Cl2 +Pt (2.5) 

ʇʦʢʨʳʪʳʝ ʧʣʘʪʠʥʦʡ ʪʘʙʣʝʪʢʠ ʦʪʞʠʛʘʣʠʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 600 Áʉ ʚ ʪʝʯʝʥʠʝ 2 ʯ. 

ɼʣʷ ʧʨʠʨʦʜʥʳʭ ʧʨʦʙ ʬʨʘʛʤʝʥʪ ʢʨʠʩʪʘʣʣʘ ʢʫʙʠʯʝʩʢʦʡ ʬʦʨʤʳ ʠʣʠ ʠʤʝʶʱʠʡ ʬʦʨʤʫ 

ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʘ ʦʙʨʘʙʘʪʳʚʘʣʩʷ ʥʘʞʜʘʯʥʦʡ ʙʫʤʘʛʦʡ. ʇʣʘʪʠʥʦʚʳʝ ʵʣʝʢʪʨʦʜʳ ʥʘʥʦʩʠʣʠʩʴ ʪʘʢʞʝ, 
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ʢʘʢ ʠ ʜʣʷ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ; ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʪʘʢʞʝ ʵʣʝʢʪʨʦʜʳ ʠʟ ʦʢʩʠʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ - 

ʢʦʙʘʣʴʪʠʪʘ ʣʘʥʪʘʥʘ-ʩʪʨʦʥʮʠʷ (La0.5Sr0.5CoO3-ŭ, ʜʘʣʝʝ  LSC05), ʧʨʦʷʚʣʷʶʱʝʛʦ ʩʚʦʡʩʪʚʘ 

ʩʤʝʰʘʥʥʦʛʦ (ʠʦʥʥʦ-ʵʣʝʢʪʨʦʥʥʦʛʦ) ʧʨʦʚʦʜʥʠʢʘ ʩ ʤʘʣʳʤ ʩʦʙʩʪʚʝʥʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ ʚ ʰʠʨʦʢʦʤ 

ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ. ʇʨʠ ʩʦʟʜʘʥʠʷ ʵʪʠʭ ʵʣʝʢʪʨʦʜʦʚ ʥʘ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ 

ʥʘʥʦʩʠʣʘʩʴ ʩʫʩʧʝʥʟʠʷ ʢʦʙʘʣʴʪʠʪʘ LSC05. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʦʛʦ ʵʣʝʢʪʨʦʜʘ ʧʦʟʚʦʣʷʣʦ ʜʦʙʠʪʴʩʷ 

ʧʣʦʪʥʦʛʦ ʥʘʥʝʩʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʦʪʞʠʛʘ ʦʙʨʘʟʮʘ. 

ʀʟʤʝʨʝʥʠʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʀʤʧʝʜʘʥʩʥʳʝ 

ʩʧʝʢʪʨʳ ʧʦʣʫʯʝʥʳ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨ 200ï900 Áʉ ʠ ʯʘʩʪʦʪʥʦʛʦ ʜʠʘʧʘʟʦʥʘ 1ï106 ɻʮ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʦʪʝʥʮʠʦʩʪʘʪʘ P-45X (Elins) ʩ ʤʦʜʫʣʝʤ ʠʤʧʝʜʘʥʩʘ FRA-24M ʥʘ ʜʚʫʭʵʣʝʢʪʨʦʜʥʦʡ ʷʯʝʡʢʝ ʩ 

ʵʣʝʢʪʨʦʜʘʤʠ ʠʟ ʧʣʘʪʠʥʳ ʠʣʠ ʢʦʙʘʣʴʪʠʪʘ. ʉʧʝʢʪʨʳ ʠʤʧʝʜʘʥʩʘ ʩʥʠʤʘʣʠʩʴ ʚ ʨʝʞʠʤʝ ʦʭʣʘʞʜʝʥʠʷ ʩ 

ʧʣʘʪʠʥʦʚʳʤʠ ʵʣʝʢʪʨʦʜʘʤʠ; ʚ ʨʝʞʠʤʝ ʥʘʛʨʝʚʘʥʠʷ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʦʭʣʘʞʜʝʥʠʷ ʩ ʢʦʙʘʣʴʪʠʪʦʚʳʤʠ 

ʵʣʝʢʪʨʦʜʘʤʠ. ɹʦʣʴʰʠʥʩʪʚʦ ʠʟʤʝʨʝʥʠʡ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʚʦʟʜʫʭʝ; ʜʣʷ ʠʟʙʨʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʚ ʩʨʝʜʝ ʘʨʛʦʥʘ (ʩʤ. ʛʣʘʚʫ 4). ʊʦʯʥʦʩʪʴ ʧʦʜʜʝʨʞʘʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʳ Ñ2Áʉ; ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʦʪʳ 0.1 %. ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʩʧʝʢʪʨʦʚ ʠʤʧʝʜʘʥʩʘ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʦʜ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʩʭʝʤ ʚ ʧʨʦʛʨʘʤʤʝ ZView2. ʋʜʝʣʴʥʫʶ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ 

ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʦ ʬʦʨʤʫʣʝ: 

 „
Ͻ

, (2.6) 

ʛʜʝ ů ï ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʉʤ/ʤ; S ï ʧʣʦʱʘʜʴ ʵʣʝʢʪʨʦʜʦʚ, ʤ2, l ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʜʚʫʤʷ ʵʣʝʢʪʨʦʜʘʤʠ, ʤ, R ï ʦʙʱʝʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʦʙʨʘʟʮʘ, ʆʤ. 

ʇʦ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʢʨʠʚʳʝ ɸʨʨʝʥʠʫʩʘ ʚ ʢʦʦʨʜʠʥʘʪʘʭ (ů Ā T) ï 

(1000/T)). ʀʟ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘ ʧʨʷʤʦʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʘʭ ʙʳʣʠ 

ʨʘʩʩʯʠʪʘʥʳ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ Ea, ʵɺ: 

 „ Ὕ „ Ὡ ȟ (2.7) 

ʛʜʝ ů ï ɻ ʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ, ʉʤ/ʤ; k ï ʢʦʥʩʪʘʥʪʘ ɹʦʣʴʮʤʘʥʘ, ʵɺ/ʂ. ʊʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ Ea 

ʩʦʩʪʘʚʣʷʣʘ Ñ0.03 ʵɺ. 

ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʠʟ ʩʧʝʢʪʨʦʚ ʠʤʧʝʜʘʥʩʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʨʦʛʨʘʤʤʳ ZView2. ʇʨʠ ʚʳʙʨʘʥʥʦʡ ʯʘʩʪʦʪʝ f ʨʘʩʯʝʪ ʧʨʦʚʦʜʠʣʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

 ‐ , (2.8) 

 ‐ , (2.9) 

ʛʜʝ Ů' ʠ Ů'' ï ʜʝʡʩʪʚʠʪʝʣʴʥʘʷ ʠ ʤʥʠʤʘʷ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; w 

ï ʢʨʫʛʦʚʘʷ ʯʘʩʪʦʪʘ, ʨʘʜ/ʩ; Z' ï ʜʝʡʩʪʚʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʠʤʧʝʜʘʥʩʘ, ʆʤ; Z'' ï ʤʥʠʤʘʷ ʯʘʩʪʴ ʠʤʧʝʜʘʥʩʘ, 

ʆʤ; ɻʮ; C0 ï ʢʦʥʩʪʘʥʪʘ ʷʯʝʡʢʠ, ʯʠʩʣʝʥʥʦ ʨʘʚʥʘʷ: 



42 

 

 ˞
Ͻ

, (2.10) 

ʛʜʝ ʀ ï ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷ (8.854Å10ī12 ʌÅʤī1). 

ɼʣʷ ʥʝʢʦʪʦʨʳʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘʙʣʶʜʘʣʩʷ ʩʠʣʴʥʳʡ ʨʘʟʙʨʦʩ ʜʘʥʥʳʭ ʧʨʠ ʯʘʩʪʦʪʘʭ ʥʠʞʝ 3 ʢɻʮ 

ʢʦʪʦʨʦʝ ʩʚʷʟʘʥʦ ʩ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ ʷʯʝʡʢʠ ʠ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʧʘʨʘʟʠʪʠʯʝʩʢʠʤʠ ʠ 

ʘʨʪʝʬʘʢʪʥʳʤʠ ʩʦʩʪʘʚʣʷʶʱʠʤʠ. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʜʣʷ ʢʦʨʨʝʢʪʥʦʡ ʦʙʨʘʙʦʪʢʠ ʩʧʝʢʪʨʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʪʦʯʢʠ ʙʳʣʠ ʧʨʦʚʝʨʝʥʳ ʥʘ ʩʦʦʪʚʝʪʩʪʚʠʝ ʤʥʠʤʦʡ ʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʝʡ 

ʠʤʧʝʜʘʥʩʘ ʦʪʥʦʰʝʥʠʶ ʂʨʘʤʝʨʩʘ-ʂʨʦʥʠʛʘ [Boukamp, 2004], ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʝʢʦʨʨʝʢʪʥʳʝ ʜʘʥʥʳʝ 

ʙʳʣʠ ʦʪʙʨʦʰʝʥʳ. 

2.1.11. ʈʘʩʯʝʪʥʳʝ ʤʝʪʦʜʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʦʙʨʘʟʮʦʚ 

ʇʦʣʫʵʤʧʠʨʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ʇʦʣʫʵʤʧʠʨʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʚ ʨʘʤʢʘʭ 

ʘʪʦʤʠʩʪʠʯʝʩʢʦʛʦ ʩʪʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ GULP [Gale, 

Rohl, 2003]. ɼʣʷ ʦʧʠʩʘʥʠʷ ʤʝʞʘʪʦʤʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʦʪʝʥʮʠʘʣʳ ʄʦʨʟʝ: 

 Ὗὶ  Ὀ ρ ÅØÐ‌ὶ ὶ ρ, (2.11) 

ʛʜʝ De ï ʧʘʨʘʤʝʪʨ, ʩʚʷʟʘʥʥʳʡ ʩ ʵʥʝʨʛʠʝʡ ʩʚʷʟʠ, ʵɺ, r0 ï ʤʝʞʘʪʦʤʥʦʝ ʨʘʩʩʪʦʷʥʠʝ, ¡, ʘ ï ʬʫʥʢʮʠʷ 

ʥʘʢʣʦʥʘ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʷʤʳ, ¡-2. 

ɼʣʷ ʛʨʘʥʘʪʦʚ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʦʪʝʥʮʠʘʣʳ ʄʦʨʟʝ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʨʘʙʦʪʝ [Tovstopyat et al., 

2023]. ʇʦʩʢʦʣʴʢʫ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ʧʘʨʥʳʝ ʧʦʪʝʥʮʠʘʣʳ ʚ ʣʠʪʝʨʘʪʫʨʝ ʥʝ 

ʧʨʝʜʩʪʘʚʣʝʥʳ, ʥʘʤʠ ʧʨʦʚʝʜʝʥʘ ʨʘʙʦʪʘ ʧʦ ʠʭ ʧʦʣʫʯʝʥʠʶ. ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʙʳʣʠ ʦʧʨʦʙʦʚʘʥʳ 

ʧʦʪʝʥʮʠʘʣʳ ɹʫʢʠʥʛʝʤʘ ʠʟ ʨʘʙʦʪʳ [Diniz, 2006] ʥʘ ʨʦʜʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ RETiTaO6, ʦʜʥʘʢʦ ʦʥʠ 

ʧʣʦʭʦ ʦʧʠʩʳʚʘʣʠ ʩʪʨʫʢʪʫʨʫ ʵʰʠʥʠʪʘ, ʧʦʵʪʦʤʫ ʚ ʜʘʣʴʥʝʡʰʝʤ ʜʣʷ ʦʧʠʩʘʥʠʷ ʤʝʞʘʪʦʤʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʪʝʥʮʠʘʣʳ ʄʦʨʟʝ ʠʟ ʨʘʙʦʪ [Pedone et al., 2006; Wang et al., 2023]. 

ʂʦʦʨʜʠʥʘʪʳ ʘʪʦʤʦʚ ʙʳʣʠ ʚʟʷʪʳ ʠʟ ʨʘʙʦʪ [Li et al., 2018; Golobic et al., 2004]. ʉʪʝʧʝʥʴ ʠʦʥʥʦʩʪʠ 

ʩʚʷʟʠ ʙʳʣʘ ʬʠʢʩʠʨʦʚʘʥʘ; ʬʦʨʤʘʣʴʥʳʡ ʟʘʨʷʜ ʚʩʝʭ ʘʪʦʤʦʚ ʙʳʣ ʫʤʥʦʞʝʥ ʥʘ 0.6. ʇʘʨʥʳʡ ʧʦʪʝʥʮʠʘʣ 

O-O ʥʝ ʫʪʦʯʥʷʣʩʷ. ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʦʮʝʥʠʚʘʣʠʩʴ ʧʘʨʘʤʝʪʨʳ ʧʦʪʝʥʮʠʘʣʦʚ ʜʣʷ Nb, Ti ʠ ʪʦʣʴʢʦ ʧʦʪʦʤ 

ʜʣʷ ʈɿʕ. ɺ ʭʦʜʝ ʫʪʦʯʥʝʥʠʷ ʥʘʙʣʶʜʘʣʠʩʴ ʥʝʢʦʪʦʨʳʝ ʦʪʢʣʦʥʝʥʠʷ ʨʘʩʯʝʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. ʂ ʩʦʞʘʣʝʥʠʶ, ʜʣʷ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ 

ʩʦʝʜʠʥʝʥʠʡ ʥʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʢʠʭ-ʣʠʙʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʯʪʦ ʤʦʛʣʦ ʙʳ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʣʫʯʰʝʡ ʧʦʜʛʦʥʢʠ ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʝʥʮʠʘʣʦʚ. ɽʜʠʥʩʪʚʝʥʥʦʝ ʫʪʦʯʥʝʥʠʝ ʙʳʣʦ 

ʦʩʥʦʚʘʥʦ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʠʟ ʨʘʙʦʪʳ [Solomon et al., 2001]. ʇʦʩʣʝʜʥʝʝ 

ʩʧʦʩʦʙʩʪʚʦʚʘʣʦ ʦʧʨʝʜʝʣʝʥʥʦʤʫ ʩʙʣʠʞʝʥʠʶ ʨʘʩʯʝʪʥʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʩʪʨʫʢʪʫʨʳ. ʇʦʣʫʯʝʥʥʳʝ ʥʘʤʠ ʧʘʨʘʤʝʪʨʳ ʧʦʪʝʥʮʠʘʣʦʚ ʄʦʨʟʝ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʚ ʪʘʙʣʠʮʝ 2.1. ɺʝʣʠʯʠʥʘ ʦʪʢʣʦʥʝʥʠʷ ʨʘʩʯʝʪʥʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʥʝ ʧʨʝʚʳʰʘʝʪ 1.5 %. 

ʅʝʩʤʦʪʨʷ ʥʘ ʵʪʦ, ʜʘʥʥʳʝ ʧʦʪʝʥʮʠʘʣʳ ʥʫʞʜʘʶʪʩʷ ʚ ʜʘʣʴʥʝʡʰʝʤ ʫʣʫʯʰʝʥʠʠ. 
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ʇʦʩʣʝ ʘʧʨʦʙʘʮʠʠ ʧʦʪʝʥʮʠʘʣʦʚ ʥʘ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʘʭ ʙʳʣʠ ʦʧʪʠʤʠʟʠʨʦʚʘʥʳ 

ʩʪʨʫʢʪʫʨʳ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʭ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ ʧʨʦʚʝʜʝʥʦ ʚ ʧʨʦʛʨʘʤʤʝ Binar, ʨʘʟʤʝʨ ʷʯʝʡʢʠ ʩʦʩʪʘʚʣʷʣ 2 Ĭ 2 Ĭ 2, ʦʙʱʝʝ ʢʦʣʠʯʝʩʪʚʦ 

ʘʪʦʤʦʚ ʚ ʛʨʘʥʘʪʘʭ ʙʳʣʦ ʨʘʚʥʳʤ 1280, ʚ ʵʰʠʥʠʪʘʭ - 288. ʇʦʩʢʦʣʴʢʫ ʨʘʟʤʝʨ ʷʯʝʡʢʠ ʫʚʝʣʠʯʠʚʘʣʩʷ ʚ 

8 ʨʘʟ, ʦʙʱʝʝ ʩʦʜʝʨʞʘʥʠʝ ʢʘʪʠʦʥʦʚ ʥʝ ʙʳʣʦ ʢʨʘʪʥʳʤ ʧʷʪʠ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [Pianassola et al., 

2020], ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʘʪʠʦʥʦʚ ʦʪ ʮʝʥʪʨʘ ʢ ʢʨʘʷʤ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʦʛʦ ʘʣʶʤʠʥʠʝʚʦʛʦ ʛʨʘʥʘʪʘ 

ʟʘʚʠʩʠʪ ʦʪ ʠʭ ʨʘʜʠʫʩʘ: ʯʝʤ ʤʝʥʴʰʝ ʨʘʜʠʫʩ ʢʘʪʠʦʥʘ ʜʘʥʥʦʛʦ ʩʦʨʪʘ, ʪʝʤ ʙʦʣʴʰʝ ʝʛʦ ʢʦʥʮʝʥʪʨʘʮʠʷ ʚ 

ʮʝʥʪʨʝ ʢʨʠʩʪʘʣʣʘ ʠ ʤʝʥʴʰʝ ʧʦ ʢʨʘʷʤ, ʠ ʥʘʦʙʦʨʦʪ. ʇʦʵʪʦʤʫ ʜʣʷ ʙʦʣʝʝ ʘʜʝʢʚʘʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʢʦʣʠʯʝʩʪʚʦ ʢʘʪʠʦʥʦʚ ʩ ʤʘʣʳʤ ʨʘʜʠʫʩʦʤ ʫʚʝʣʠʯʠʚʘʣʠ ʥʘ ʝʜʠʥʠʮʫ. ʂʨʠʪʝʨʠʝʤ ʩʪʝʧʝʥʠ 

ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ ʢʦʥʬʠʛʫʨʘʮʠʠ ʷʚʣʷʣʘʩʴ ʚʝʣʠʯʠʥʘ ʢʚʘʜʨʘʪʦʚ ʦʪʢʣʦʥʝʥʠʡ ʯʠʩʣʘ ʨʘʟʥʦʨʦʜʥʳʭ 

ʧʘʨ ʘʪʦʤʦʚ ʚʦ ʚʪʦʨʦʡ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʩʬʝʨʝ ʜʣʷ ʩʣʫʯʘʡʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʦʪ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ 

ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʛʠʩʪʦʛʨʘʤʤʳ (ʢʨʠʪʝʨʠʡ ʩʦʛʣʘʩʠʷ ʇʠʨʩʦʥʘ) [ɽʨʝʤʠʥ ʠ ʜʨ., 2024]. ʆʪʢʣʦʥʝʥʠʝ 

ʩʣʫʯʘʡʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʦʪ ʠʜʝʘʣʴʥʦʡ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʛʠʩʪʦʛʨʘʤʤʳ ʯʘʩʪʦʪʳ ʚʩʪʨʝʯʘʝʤʦʩʪʠ 

ʨʘʟʥʦʨʦʜʥʳʭ ʩʦʩʝʜʝʡ ʚ ʠʟʦʤʦʨʬʥʦʡ ʧʦʜʨʝʰʝʪʢʝ ʦʮʝʥʠʚʘʣʩʷ ʧʦ ʢʨʠʪʝʨʠʶ ɢ2. ɼʣʷ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʩʪʘʚʦʚ ʦʥ ʥʝ ʧʨʝʚʳʰʘʣ 5.0. 

ʊʘʙʣʠʮʘ 2.1. ʇʘʨʘʤʝʪʨʳ ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʘʪʦʤʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʵʰʠʥʠʪʘʭ. 

ʉʚʷʟʴ De, ɻ ɺ ʘ, ¡-2 r0, ¡ Rmax, ¡ 

La-O 0.000159 6.052326 3.113401 15.0 

Ce-O 0.000128 6.050011 3.113401 15.0 

Pr-O 0.000111 6.058525 3.11384 15.0 

Nd-O 0.000096 6.061816 3.113807 15.0 

Sm-O 0.000083 6.051814 3.113407 15.0 

Eu-O 0.000063 6.043119 3.113839 15.0 

Ho-O 0.000065 6.042419 3.113425 15.0 

Dy-O 0.000068 6.050011 3.113401 15.0 

Er-O 0.000048 6.054646 3.113755 15.0 

Y-O 0.000051 6.046259 3.114131 15.0 

Ti-O 0.039941 1.640257 2.957521 15.0 

Nb-O 0.417621 1.077065 2.979943 15.0 

O-O 0.042395 1.379316 3.618701 15.0 

 

ʇʝʨʚʦʧʨʠʥʮʠʧʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʬʦʥʦʥʥʳʭ ʩʧʝʢʪʨʦʚ. 

ʇʝʨʚʦʧʨʠʥʮʠʧʥʳʝ ʨʘʩʯʝʪʳ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʬʦʥʦʥʥʳʭ ʩʧʝʢʪʨʦʚ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʨʘʤʢʘʭ 

ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ, ʨʝʘʣʠʟʦʚʘʥʥʦʡ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ VASP [Kresse, Hafner, 1994; 

Kresse, Furthmuller, 1996], ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʛʦ ʛʨʘʜʠʝʥʪʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʩ 

ʬʫʥʢʮʠʦʥʘʣʦʤ PBE [Perdew et al., 1996] ʠ ʧʩʝʚʜʦʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʧʦʜʭʦʜʘ. ʕʣʝʢʪʨʦʥʥʳʝ ʩʦʩʪʦʷʥʠʷ 

2s2p ʠ 3p3d4s ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʢʘʢ ʚʘʣʝʥʪʥʳʝ ʜʣʷ ʘʪʦʤʦʚ O ʠ Fe ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ 

ʘʪʦʤʦʚ Y ʧʨʠʧʠʩʳʚʘʣʠʩʴ ʚʘʣʝʥʪʥʳʝ ʩʦʩʪʦʷʥʠʷ 4s4p5s4d ʠ ʜʣʷ ʘʪʦʤʦʚ Er, Dy, Eu Gd 5s6s5p5d. 
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ɺʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʦʩʪʦʚʥʳʤʠ ʠ ʚʘʣʝʥʪʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ ʦʧʠʩʳʚʘʣʠʩʴ ʤʝʪʦʜʦʤ 

ʧʨʦʝʢʮʠʦʥʥʦ-ʧʨʠʩʦʝʜʠʥʝʥʥʳʭ ʚʦʣʥ (PAW) [Blºchl, 1994; Kresse, Joubert, 1999]. ʇʦʣʥʦʪʫ ʙʘʟʠʩʥʦʛʦ 

ʥʘʙʦʨʘ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠ ʧʦ ʵʥʝʨʛʠʠ ʦʪʩʝʯʢʠ, ʨʘʚʥʦʡ 850 ʵɺ. ʀʥʪʝʛʨʠʨʦʚʘʥʠʝ ʟʦʥʳ ɹʨʠʣʣʶʵʥʘ 

ʧʨʦʚʦʜʠʣʦʩʴ ʧʦ 2 Ĭ 2 Ĭ 2 ʩʝʪʢʝ k-ʪʦʯʝʢ, ʚʳʙʨʘʥʥʳʭ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʩʭʝʤʦʡ ʄʦʥʢʭʦʨʩʪʘ-ʇʘʢʘ 

[Monkhorst, Pack, 1976]. ʈʘʤʘʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʤʦʜʝʣʠʨʦʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʚʳʯʠʩʣʝʥʠʡ 

ʈʘʤʘʥʦʚʩʢʦʛʦ ʪʝʥʟʦʨʘ ʜʣʷ ʢʘʞʜʦʡ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʤʦʜʳ ʚ ʨʘʤʢʘʭ ʧʨʠʣʦʞʝʥʠʷ ʩʚʷʟʘʥʥʦʡ 

ʚʦʟʤʫʱʝʥʥʦʡ ʬʫʥʢʮʠʠ ʍʘʨʪʨʠ-ʌʦʢʘ [Ferrero et al., 2008], ʨʝʘʣʠʟʦʚʘʥʥʦʛʦ ʚ ʧʨʦʛʨʘʤʤʝ 

CRYSTAL14 [Dovesi et al., 2018] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʟʠʩʥʳʭ ʥʘʙʦʨʦʚ ʚʘʣʝʥʪʥʦʩʪʠ ʩ ʪʨʝʤʷ ʜʟʝʪʘ- 

ʵʣʝʢʪʨʦʥʘʤʠ [Peintinger et al., 2013] ʠ ʬʫʥʢʮʠʦʥʘʣʘ PBEsol [Perdew et al., 2008]. ʇʝʨʝʜ ʨʘʩʯʝʪʘʤʠ 

ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʚʦʡʩʪʚ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʧʦʣʥʘʷ ʦʧʪʠʤʠʟʘʮʠʠ ʛʝʦʤʝʪʨʠʠ 

ʧʘʨʘʤʝʪʨʦʚ ʷʯʝʡʢʠ ʠ ʧʦʣʦʞʝʥʠʡ ʘʪʦʤʦʚ. ʇʨʠʯʝʤ ʨʝʣʘʢʩʘʮʠʷ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ ʧʨʦʚʦʜʠʣʘʩʴ ʜʦ 

ʪʝʭ ʧʦʨ, ʧʦʢʘ ʟʥʘʯʝʥʠʝ ʦʙʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʝ ʩʪʘʥʦʚʠʣʘʩʴ ʤʝʥʴʰʝ 0.01 ɻʇʘ, ʘ ʦʧʪʠʤʠʟʘʮʠʷ 

ʧʦʣʦʞʝʥʠʡ ʘʪʦʤʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʜʦ ʪʦʛʦ, ʧʦʢʘ ʩʠʣʳ ʥʘ ʘʪʦʤʘʭ ʥʝ ʦʩʪʘʚʘʣʠʩʴ ʥʘ ʫʨʦʚʥʝ 10-3 ʵɺ/¡. 

ɼʣʷ ʨʘʩʯʝʪʘ ʬʦʥʦʥʥʳʭ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʚʝʪʚʝʡ ʙʳʣʘ ʩʦʟʜʘʥʘ ʩʫʧʝʨʷʯʝʡʢʘ ʨʘʟʤʝʨʦʤ 
π ρ ρ
ρ π ρ
ρ ρ π

, ʘ 

ʦʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ ʧʦ ʢʦʣʝʙʘʪʝʣʴʥʳʤ ʩʚʦʡʩʪʚʘʤ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʧʨʦʛʨʘʤʤʝ PHONOPY [Togo et al., 

2023]. 

2.2. ʈʝʘʢʪʠʚʳ ʜʣʷ ʩʠʥʪʝʟʘ ʛʨʘʥʘʪʦʚ ʠ ʵʰʠʥʠʪʦʚ 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʨʝʘʢʪʠʚʦʚ ʜʣʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʢʩʠʜʳ, 

ʢʘʨʙʦʥʘʪʳ, ʥʠʪʨʘʪʳ ʠ ʦʢʩʘʣʘʪʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ. ɼʘʥʥʳʝ ʧʦ ʠʭ ʯʠʩʪʦʪʝ, 

ʧʨʦʠʟʚʦʜʠʪʝʣʶ ʠ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʢʘʣʠʚʘʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʧʨʠʣʦʞʝʥʠʠ ɹ ʚ ʪʘʙʣʠʮʝ ɹ.1. 

ʇʨʦʢʘʣʠʚʘʥʠʝ ʨʝʘʢʪʠʚʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʜʣʷ ʫʜʘʣʝʥʠʷ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ, ʦʙʨʘʟʫʶʱʝʡʩʷ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʜʣʠʪʝʣʴʥʦʛʦ ʭʨʘʥʝʥʠʷ ʨʝʘʢʪʠʚʦʚ ʦʢʩʠʜʦʚ ʠ ʢʘʨʙʦʥʘʪʦʚ, ʘ ʪʘʢʞʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʬʘʢʪʠʯʝʩʢʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʚ ʛʠʜʨʘʪʥʳʭ ʬʦʨʤʘʭ ʜʣʷ ʥʠʪʨʘʪʦʚ ʠ ʦʢʩʘʣʘʪʦʚ. 

2.3. ʉʠʥʪʝʟ ʠ ʘʪʪʝʩʪʘʮʠʷ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ  

ɺ ʥʘʩʪʦʷʱʝʤ ʨʘʟʜʝʣʝ ʦʧʠʩʘʥʦ ʧʦʣʫʯʝʥʠʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʘʥʜʘʨʪʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ 

ʪʝʭʥʦʣʦʛʠʠ, ʤʝʪʦʜʘ ʧʠʨʦʣʠʟʘ ʞʠʜʢʠʭ ʧʨʝʢʫʨʩʦʨʦʚ ʠ ʤʝʪʦʜʘ ʩʦʦʩʘʞʜʝʥʠʷ ʩʝʨʠʠ ʦʙʨʘʟʮʦʚ 

ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʞʝʣʝʟʥʳʭ ʛʨʘʥʘʪʦʚ ʩʦʩʪʘʚʘ Y3Fe5O12, La3Fe5O12, Pr3Fe5O12, Nd3Fe5O12, 

Sm3Fe5O12, Eu3Fe5O12, Gd3Fe5O12, Tb3Fe5O12, Dy3Fe5O12, Ho3Fe5O12, Er3Fe5O12, Yb3Fe5O12 
ʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʩʦʩʪʘʚʘ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12, 

(Y0.2Eu0.2Dy0.2Ho0.2Er0.2)3Fe5O12, (Y0.2Tb0.2Dy0.2Ho0.2Er0.2)3Fe5O12, (Y0.2Eu0.2Gd0.2Dy0.2Yb0.2)3Fe5O12, 

(Y0.2Dy0.2Ho0.2Er0.2Yb0.2)3Fe5O12, (Sm0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12, (Y0.2Nd0.2Sm0.2Ho0.2Er0.2)3Fe5O12, 

(Y0.2Sm0.2Eu0.2Gd0.2Tb0.2)3Fe5O12, (Y0.2Pr0.2Sm0.2Ho0.2Er0.2)3Fe5O12, (Y0.2Nd0.2Sm0.2Gd0.2Ho0.2)3Fe5O12, 

(Y0.2La0.2Nd0.2Sm0.2Eu0.2)3Fe5O12, (Y0.2Ce0.2Eu0.2Gd0.2Er0.2)3Fe5O12, (Tb0.2Dy0.2Ho0.2Er0.2Yb0.2)3Fe5O12 

(ʨʠʩʫʥʦʢ 2.1). 
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ʈʠʩ. 2.1. ʉʦʩʪʘʚʳ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ. ɾʝʣʪʳʤ ʚʳʜʝʣʝʥʳ 

ʵʣʝʤʝʥʪʳ, ʚʭʦʜʷʱʠʝ ʚ ʩʦʩʪʘʚ ʩʦʝʜʠʥʝʥʠʡ; ʪʦʯʢʠ ʨʷʜʦʤ ʩ ʬʦʨʤʫʣʘʤʠ - ʫʩʨʝʜʥʝʥʥʳʝ ʟʥʘʯʝʥʠʷ 

ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ Ὑ ʵʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ 

ʩʦʝʜʠʥʝʥʠʡ; ʩʝʨʳʝ ʧʨʷʤʦʫʛʦʣʴʥʠʢʠ - ʟʥʘʯʝʥʠʷ ʰʠʨʠʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ  Ὑ ʚ ʩʦʝʜʠʥʝʥʠʷʭ; ʪʦʯʢʠ 

ʚʚʝʨʭʫ - ʠʦʥʥʳʝ ʨʘʜʠʫʩʳ ʈɿʕ, ʩʦʛʣʘʩʥʦ [Shannon, 1976]. 

2.3.1. ʉʪʘʥʜʘʨʪʥʘʷ ʢʝʨʘʤʠʯʝʩʢʘʷ ʪʝʭʥʦʣʦʛʠʷ 

ɼʣʷ ʩʠʥʪʝʟʘ ʦʙʨʘʟʮʦʚ ʛʨʘʥʘʪʦʚ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʦʢʩʠʜʳ ʈɿʕ ʠ ʞʝʣʝʟʘ (III ). 

ʉʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʝ ʩʤʝʩʠ ʪʱʘʪʝʣʴʥʦ ʧʝʨʝʪʠʨʘʣʠ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʵʪʠʣʦʚʦʛʦ 

ʩʧʠʨʪʘ ʚ ʢʘʯʝʩʪʚʝ ʛʦʤʦʛʝʥʠʟʘʪʦʨʘ ʚ ʪʝʯʝʥʠʝ 1 ʯ; ʧʝʨʝʥʦʩ ʩʫʭʦʛʦ ʦʩʪʘʪʢʘ ʚ ʢʦʨʫʥʜʦʚʳʡ ʪʠʛʝʣʴ ʠ 

ʦʪʞʠʛʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 500ï1200 Áʉ. ʄʝʞʜʫ ʦʪʞʠʛʘʤʠ ʧʨʠʤʝʥʷʣʠ ʧʨʦʤʝʞʫʪʦʯʥʳʝ 

ʧʝʨʝʪʠʨʘʥʠʷ. ʇʨʦʮʝʩʩ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʱʝʤʫ ʫʨʘʚʥʝʥʠʶ ʨʝʘʢʮʠʠ: 

 (RE)2O3+Fe2O3Ÿ(RE)3Fe5O12 (2.12) 

2.3.2. ʄʝʪʦʜ ʧʠʨʦʣʠʟʘ ʞʠʜʢʠʭ ʧʨʝʢʫʨʩʦʨʦʚ  

ʄʝʪʦʜ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʧʠʨʦʣʠʟʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʛʦʤʦʛʝʥʥʳʡ ʧʦʣʫʧʨʦʜʫʢʪ ʟʘ ʩʯʝʪ 

ʩʤʝʰʠʚʘʥʠʷ ʨʝʘʢʪʠʚʦʚ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ. ɼʘʥʥʳʡ ʬʘʢʪ ʧʦʚʳʰʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ 

ʦʜʥʦʬʘʟʥʳʭ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʩʪʘʚʦʚ. ɼʣʷ ʩʠʥʪʝʟʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʢʩʠʜʳ ʈɿʕ, ʩʦʣʠ 

ʞʝʣʝʟʘ ʚ ʚʠʜʝ ʥʠʪʨʘʪʘ Fe(NO3)3ÅnH2O ʠ ʦʢʩʘʣʘʪʘ FeC2O4. ʆʮʝʥʢʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʩʦʣʝʡ 

ʞʝʣʝʟʘ ʜʣʷ ʩʠʥʪʝʟʘ ʩʦʝʜʠʥʝʥʠʡ ʧʨʠʚʝʜʝʥʘ ʥʠʞʝ. ʉʭʝʤʘ ʩʠʥʪʝʟʘ ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

1. ʧʝʨʝʚʦʜ ʦʢʩʠʜʦʚ ʈɿʕ ʚ ʥʠʪʨʘʪʳ RE(NO3)3, ʩʦʣʴ ʞʝʣʝʟʘ ʨʘʩʪʚʦʨʷʣʠ ʚ 

ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʝ, ʧʦʜʢʠʩʣʝʥʥʦʡ HNO3; 

2. ʩʤʝʰʠʚʘʥʠʝ ʚʩʝʭ ʨʘʩʪʚʦʨʦʚ ʚ ʭʠʤʠʯʝʩʢʦʤ ʩʪʘʢʘʥʝ ʠ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʚ ʪʝʯʝʥʠʝ 30 

ʤʠʥʫʪ (ʙʝʟ ʥʘʛʨʝʚʘ); 

3. ʜʦʙʘʚʣʝʥʠʝ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʛʣʠʮʠʥʘ C2H5NO2 (ʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʢʦʣʠʯʝʩʪʚʝ ʩ 

ʫʯʝʪʦʤ ʚʩʝʭ ʥʠʪʨʘʪʥʳʭ ʬʦʨʤ); ʥʘʛʨʝʚ ʧʦʣʫʯʝʥʥʦʡ ʩʤʝʩʠ ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ ʩʠʨʦʧʦʦʙʨʘʟʥʦʡ ʞʠʜʢʦʩʪʠ 

ʩ ʝʝ ʧʦʩʣʝʜʫʶʱʠʤ ʩʘʤʦʚʦʟʛʦʨʘʥʠʝʤ; 
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4. ʧʝʨʝʥʦʩ ʧʦʣʫʧʨʦʜʫʢʪʘ ʚ ʢʦʨʫʥʜʦʚʳʡ ʪʠʛʝʣʴ ʠ ʦʪʞʠʛ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 500ï1200 Áʉ. 

ɺ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʦʣʴʢʦ ʥʠʪʨʘʪʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ ʢʦʥʝʯʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ 

ʧʨʦʭʦʜʠʪ ʧʦ ʨʝʘʢʮʠʠ (RE1-5 ï ʈɿʕ): 

9RE(NO3)3+15Fe(NO3)3 + 40C2H5NO2 Ÿ 3RE3Fe5O12 + 100H2O + 80CO2 + 56N2 (2.13) 

1.8RE1(NO3)3+1.8RE2(NO3)3+1.8RE3(NO3)3+1.8RE4(NO3)3+1.8RE5(NO3)3+15Fe(NO3)3+ 

+40C2H5NO2= 3(RE10.2RE20.2RE30.2RE40.2RE50.2)3Fe5O12+ 100H2O + 80CO2ŷ+ 56N2ŷ (2.14) 

2.3.3. ʄʝʪʦʜ ʩʦʦʩʘʞʜʝʥʠʷ 

ʄʝʪʦʜ ʩʦʦʩʘʞʜʝʥʠʷ ʦʙʣʘʜʘʝʪ ʪʘʢʠʤʠ ʞʝ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ, ʢʘʢ ʠ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʳʡ 

ʧʠʨʦʣʠʟ; ʚ ʱʝʣʦʯʥʦʤ ʨʘʩʪʚʦʨʝ ʦʙʨʘʟʫʝʪʩʷ ʦʩʘʜʦʢ ʛʠʜʨʦʦʢʩʠʜʥʦʛʦ ʧʦʣʫʧʨʦʜʫʢʪʘ, ʢʦʪʦʨʳʡ ʧʨʠ 

ʜʘʣʴʥʝʡʰʠʭ ʦʪʞʠʛʘʭ ʨʘʟʣʘʛʘʝʪʩʷ ʜʦ ʮʝʣʝʚʦʡ ʬʘʟʳ. ɼʣʷ ʩʠʥʪʝʟʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʢʩʠʜʳ ʈɿʕ ʠ 

ʥʠʪʨʘʪ ʞʝʣʝʟʘ Fe(NO3)3ÅnH2O. ʉʭʝʤʘ ʩʠʥʪʝʟʘ ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

1. ʧʝʨʝʚʦʜ ʦʢʩʠʜʦʚ ʈɿʕ ʚ ʥʠʪʨʘʪʳ RE(NO3)3, ʥʠʪʨʘʪ ʞʝʣʝʟʘ ʨʘʩʪʚʦʨʷʣʠ ʚ 

ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʝ, ʧʦʜʢʠʩʣʝʥʥʦʡ HNO3; 

2. ʩʤʝʰʠʚʘʥʠʝ ʚʩʝʭ ʨʘʩʪʚʦʨʦʚ ʚ ʭʠʤʠʯʝʩʢʦʤ ʩʪʘʢʘʥʝ ʠ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʚ ʪʝʯʝʥʠʝ 30 

ʤʠʥʫʪ; 

3. ʜʦʙʘʚʣʝʥʠʝ ʨʘʩʪʚʦʨʘ ʘʤʤʠʘʢʘ NH3ÅH2O ʜʦ ʟʘʜʘʥʥʦʛʦ pH ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ 

ʧʝʨʝʤʝʰʠʚʘʥʠʠ (ʢʦʥʪʨʦʣʴ pH ʠʦʥʦʤʝʨʦʤ ʀ-160); 

4. ʦʪʜʝʣʝʥʠʝ, ʦʪʤʳʚʢʘ ʠ ʩʫʰʢʘ ʦʩʘʜʢʘ ʛʠʜʨʦʦʢʠʩʥʳʭ ʬʦʨʤ (240 Áʉ ʚ ʪʝʯʝʥʠʝ 8 ʯ); 

5. ʧʝʨʝʪʠʨʘʥʠʝ ʩʫʭʦʛʦ ʦʩʘʜʢʘ ʜʦ ʧʦʣʫʯʝʥʠʷ ʤʝʣʢʦʜʠʩʧʝʨʩʥʦʛʦ ʧʦʨʦʰʢʘ ʠ ʝʛʦ ʧʝʨʝʥʦʩ 

ʚ ʢʦʨʫʥʜʦʚʳʡ ʪʠʛʝʣʴ ʩ ʜʘʣʴʥʝʡʰʠʤ ʦʪʞʠʛʦʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 500ï1200 Áʉ. 

ʆʙʱʠʡ ʧʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ ʢʦʥʝʯʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʧʨʦʭʦʜʠʪ ʧʦ ʨʝʘʢʮʠʠ (RE1-5 ï ʈɿʕ): 

 3RE(NO3)3+5Fe(NO3)3+24NH3ÅH2O ŸRE3Fe5O12+24NH4NO3+12H2O (2.15) 

3RE1(NO3)3 + 3RE2(NO3)3 + 3RE3(NO3)3 + 3RE4(NO3)3 + 3RE5(NO3)3 + 25Fe(NO3)3 + 120NH4OH = 

=5(RE10.2RE20.2RE30.2RE40.2RE50.2)3Fe5O12 + 120NH4NO3 + 60H2O (2.16) 

2.3.4. ʀʟʫʯʝʥʠʝ ʫʩʣʦʚʠʡ ʦʙʨʘʟʦʚʘʥʠʷ ʮʝʣʝʚʦʡ ʬʘʟʳ ʛʨʘʥʘʪʦʚ  

ʆʪʞʠʛ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʩʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ. ʀʩʧʦʣʴʟʦʚʘʥ ʩʣʝʜʫʶʱʠʡ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʠ ʚʨʝʤʝʥʥʦʡ ʨʝʞʠʤ ʦʪʞʠʛʘ: (1) 500 Áʉ / 8 ʯ; 

(2) 800 Áʉ / 8 ʯ; (3) 1000 Áʉ / 8 ʯ; (4) 1200 Áʉ / 20 ʯ. 

ʇʦʩʣʝ ʢʘʞʜʦʛʦ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʦʪʞʠʛʘ ʦʙʨʘʟʝʮ ʧʝʨʝʪʠʨʘʣʠ ʠ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʝʛʦ ʬʘʟʦʚʳʡ 

ʩʦʩʪʘʚ ʤʝʪʦʜʦʤ ʈʌɸ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʬʘʟʳ ʞʝʣʝʟʥʦʛʦ ʛʨʘʥʘʪʘ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʤʝʪʦʜʘ 

ʩʠʥʪʝʟʘ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʩʪʘʜʠʶ ʦʙʨʘʟʦʚʘʥʠʷ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʧʨʦʜʫʢʪʦʚ ï ʦʨʪʦʬʝʨʨʠʪʘ ʈɿʕ ʠ 

ʦʢʩʠʜʘ ʞʝʣʝʟʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʬʘʟʳ ʞʝʣʝʟʦ-ʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʛʨʘʥʘʪʘ ʧʨʠ 1200 Áʉ 

(ʩʤ. ʨʠʩʫʥʦʢ 2.2ʘ). ɺ ʭʦʜʝ ʨʘʙʦʪʳ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʩ ʧʦʤʦʱʴʶ ʩʪʘʥʜʘʨʪʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ 

ʧʨʠ ʦʧʠʩʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʥʝ ʫʜʘʝʪʩʷ ʧʦʣʫʯʠʪʴ ʦʜʥʦʬʘʟʥʳʡ ʧʨʦʜʫʢʪ: ʪʨʝʙʫʪʁʩʷ ʙʦʣʝʝ ʚʳʩʦʢʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʥʝʯʥʦʛʦ ʦʪʞʠʛʘ ʠ ʝʛʦ ʜʣʠʪʝʣʴʥʦʩʪʴ, ʣʠʙʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʰʘʨʦʚʳʭ ʤʝʣʴʥʠʮ ʜʣʷ 
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ʙʦʣʝʝ ʪʱʘʪʝʣʴʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ [Wu et al., 2015; Sharma et al., 2018]. ʅʘʧʨʦʪʠʚ, 

ʤʝʪʦʜʠʢʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʞʠʜʢʠʭ ʧʨʝʢʫʨʩʦʨʦʚ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʠʪʴ ʦʜʥʦʬʘʟʥʳʝ ʦʙʨʘʟʮʳ ʧʨʠ 

ʢʦʥʝʯʥʦʤ ʦʪʞʠʛʝ 1200 Áʉ ʚ ʪʝʯʝʥʠʝ 20 ʯ. ɻʣʠʮʠʥ-ʥʠʪʨʘʪʥʳʡ ʧʠʨʦʣʠʟ ʦʢʘʟʘʣʩʷ ʥʘʠʙʦʣʝʝ ʫʜʘʯʥʳʤ 

ʤʝʪʦʜʦʤ ʟʘ ʩʯʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʳʩʪʨʦʛʦ ʧʦʣʫʯʝʥʠʷ ʢʦʥʝʯʥʦʛʦ ʧʦʣʫʧʨʦʜʫʢʪʘ, ʦʪʩʫʪʩʪʚʠʷ ʧʨʠʤʝʩʝʡ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ, ʘ ʪʘʢʞʝ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʚ 

ʢʝʨʘʤʠʯʝʩʢʦʤ ʦʙʨʘʟʮʝ (ʩʤ. ʥʠʞʝ). 
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ʈʠʩ. 2.2. ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʦʙʨʘʟʮʘ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12, ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ 

ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʧʠʨʦʣʠʟʘ ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ 500 (1), 800 (2), 1000 (3) ʠ 1200 Áʉ (4) (ʘ) ʠ 

ʦʙʨʘʟʮʦʚ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 (5), (Y0.2Tb0.2Dy0.2Ho0.2Er0.2)3Fe5O12 (6), 

(Y0.2Dy0.2Ho0.2Er0.2Yb0.2)3Fe5O12 (7) ʠ (Y0.2Nd0.2Sm0.2Ho0.2Er0.2)3Fe5O12 (8) (ʙ) 

ʈʘʟʣʠʯʥʳʝ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʝ ʧʨʝʢʫʨʩʦʨʳ (Fe(NO3)3 ʠ FeC2O4) ʨʝʟʫʣʴʪʠʨʫʶʪ ʨʘʟʥʫʶ 

ʪʝʤʧʝʨʘʪʫʨʫ ʧʨʠ ʧʠʨʦʣʠʟʝ, ʯʪʦ ʦʪʨʘʞʘʝʪʩʷ ʥʘ ʩʦʩʪʘʚʝ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ FeC2O4, ʧʦ-ʚʠʜʠʤʦʤʫ, ʚʩʣʝʜʩʪʚʠʝ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʠʨʦʣʠʟʘ ʧʦʷʚʣʷʝʪʩʷ 

ʧʨʠʤʝʩʥʘʷ ʬʘʟʘ Fe2O3, ʧʦʵʪʦʤʫ ʚ ʜʘʣʴʥʝʡʰʝʤ ʥʘʤʠ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʪʦʣʴʢʦ Fe(NO3)3. ɺʳʙʦʨ 

ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʬʘʢʪʦʨʦʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʦʜʥʦʬʘʟʥʦʛʦ ʦʙʨʘʟʮʘ. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʬʘʟʦʚʳʝ ʦʪʥʦʰʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 580ï

1550 Áʉ ʚ ʩʠʩʪʝʤʝ Fe-O ʜʦʚʦʣʴʥʦ ʩʣʦʞʥʳʝ [Wriedt, 1991], ʘ ʬʘʟʘ ʠʪʪʨʠʡ-ʞʝʣʝʟʥʦʛʦ ʛʨʘʥʘʪʘ ï 

ʥʝʩʪʘʙʠʣʴʥʘ ʚ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʠ ʨʘʟʣʘʛʘʝʪʩʷ ʥʘ ʙʦʣʝʝ ʩʪʘʙʠʣʴʥʳʡ ʦʨʪʦʬʝʨʨʠʪ ʠʪʪʨʠʷ 

ʠ ʦʢʩʠʜʳ ʞʝʣʝʟʘ [Kitayama, 2004]. ʉʠʥʪʝʟ ʛʨʘʥʘʪʦʚ ʧʨʦʚʦʜʠʣʩʷ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʚ ʦʢʠʩʣʠʪʝʣʴʥʦʡ 

ʘʪʤʦʩʬʝʨʝ ʚʦʟʜʫʭʘ, ʥʦ ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʚ ʧʦʣʫʧʨʦʜʫʢʪʘʭ ʤʦʛʫʪ ʧʨʠʩʫʪʩʪʚʦʚʘʪʴ ʦʨʛʘʥʠʯʝʩʢʠʝ 

ʦʩʪʘʪʢʠ, ʧʨʦʷʚʣʷʶʱʠʝ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʝ ʬʫʥʢʮʠʠ ʣʦʢʘʣʴʥʦ, ʚ ʤʝʩʪʘʭ ʩʢʦʧʣʝʥʠʷ. ɺ ʠʪʦʛʝ ʨʝʞʠʤ 

ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʚʣʠʷʝʪ ʥʝ ʪʦʣʴʢʦ ʥʘ ʩʪʘʙʠʣʠʟʘʮʠʶ ʪʦʡ ʠʣʠ ʠʥʦʡ ʦʢʩʠʜʥʦʡ 

ʬʦʨʤʳ ʞʝʣʝʟʘ, ʥʦ ʠ ʥʘ ʧʦʣʥʦʪʫ ʦʢʠʩʣʝʥʠʷ ʦʨʛʘʥʠʯʝʩʢʠʭ ʦʩʪʘʪʢʦʚ, ʦʙʱʫʶ ʢʘʨʙʦʥʠʟʘʮʠʶ 

ʧʦʣʫʧʨʦʜʫʢʪʘ. ɸʥʘʣʠʟ ʧʨʝʜʳʜʫʱʠʭ ʨʘʙʦʪ [Praveena et al., 2013; Kidkhunthod et al., 2014; Goldwin et 

al., 2019; Wojcienchowski et al., 2021] ʧʦʢʘʟʘʣ, ʯʪʦ ʦʪʞʠʛ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 750 ʜʦ 810 

Áʉ ʚʝʜʝʪ ʢ ʥʘʯʘʣʫ ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʨʘʥʘʪʦʚʦʡ ʬʘʟʳ. ʆʪʢʣʦʥʝʥʠʝ ʦʪ ʫʢʘʟʘʥʥʦʛʦ ʨʝʞʠʤʘ 

ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʦʪʞʠʛʘ ʚʣʝʯʝʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʤʥʦʛʦʬʘʟʥʦʛʦ ʦʙʨʘʟʮʘ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʈʌɸ 



48 

 

ʫʩʪʘʥʦʚʣʝʥʦ ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʦʪʞʠʛʘ ʠʤʝʥʥʦ ʧʨʠ 750 Áʉ ʥʘ ʨʝʟʫʣʴʪʘʪ 

ʩʠʥʪʝʟʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʦʪʞʠʛ ʛʨʘʥʘʪʦʚ ʚʢʣʶʯʘʣ ʚ ʩʝʙʷ ʩʣʝʜʫʶʱʠʝ ʩʪʘʜʠʠ: 

(1) ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʦʪʞʠʛ ʧʨʠ 750 Áʉ (8 ʯ); ʧʝʨʝʪʠʨʘʥʠʝ ʧʦʨʦʰʢʘ ʚ ʩʨʝʜʝ ʵʪʠʣʦʚʦʛʦ ʩʧʠʨʪʘ; (2) 

ʢʦʥʝʯʥʳʡ ʦʪʞʠʛ ʦʙʨʘʟʮʘ ʧʨʠ 1200 Áʉ ʚ ʪʝʯʝʥʠʝ 20 ʯ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʣʠʪʝʣʴʥʳʡ ʧʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ ʢʦʥʝʯʥʦʛʦ ʦʙʨʘʟʮʘ (ʦʢʦʣʦ 37 ʯ) 

ʜʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʩʠʥʪʝʟʘ ʧʨʦʩʪʘ, ʫʜʦʙʥʘ ʚ ʠʩʧʦʣʥʝʥʠʠ, ʥʝ ʪʨʝʙʫʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʰʘʨʦʚʳʭ 

ʤʝʣʴʥʠʮ, ʥʝ ʚʢʣʶʯʘʝʪ ʜʣʠʪʝʣʴʥʳʭ ʧʝʨʝʤʝʰʠʚʘʥʠʡ [Yahya et al., 2009] ʠ ʷʚʣʷʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʦʡ 

ʜʣʷ ʨʘʟʥʳʭ ʈɿʕ. ɺ ʩʨʘʚʥʝʥʠʠ ʩ ʧʨʝʜʳʜʫʱʠʤʠ ʨʘʙʦʪʘʤʠ [Kiseleva et al. 2022], ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ 

ʨʝʘʛʝʥʪʦʚ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥ r ʦʢʩʠʜʳ ʈɿʕ ʚʤʝʩʪʦ ʥʠʪʨʘʪʦʚ, ʘʤʠʥʦʫʢʩʫʩʥʘʷ ʢʠʩʣʦʪʘ ʚʟʷʪʘ ʚ 

ʢʦʣʠʯʝʩʪʚʝ, ʩʪʨʦʛʦ ʦʪʚʝʯʘʶʱʝʤ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʨʝʘʢʮʠʠ (2.14) ʙʝʟ ʠʟʙʳʪʢʘ, ʘ 

ʪʘʢʞʝ ʧʨʦʚʦʜʠʣʘʩʴ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʘʪʪʝʩʪʘʮʠʷ ʩʦʩʪʘʚʘ ʢʨʠʩʪʘʣʣʦʛʠʜʨʘʪʥʳʭ ʬʦʨʤ ʩʦʣʝʡ. ʇʨʠ 

ʫʚʝʣʠʯʝʥʥʦʤ ʢʦʣʠʯʝʩʪʚʝ ʛʣʠʮʠʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʛʝʣʝʦʙʨʘʟʥʳʡ ʧʦʣʫʧʨʦʜʫʢʪ, ʧʠʨʦʣʠʟ ʢʦʪʦʨʦʛʦ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʤʝʥʴʰʝʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʠ ʤʝʥʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʦʢʠʩʣʠʪʝʣʷ ʚ ʨʝʘʢʮʠʠ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʠʩʭʦʜʠʪ ʯʘʩʪʠʯʥʘʷ ʢʘʨʙʦʥʠʟʘʮʠʷ ʧʦʣʫʧʨʦʜʫʢʪʘ ʠ ʧʦʷʚʣʝʥʠʝ ʧʨʠʤʝʩʥʳʭ ʬʘʟ, ʯʪʦ 

ʚʳʥʫʞʜʘʝʪ ʧʨʠʤʝʥʷʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʜʣʠʪʝʣʴʥʳʝ (20 ʯ) ʦʪʞʠʛʠ [Kiseleva et al. 2022]. ʅʘʧʨʦʪʠʚ, 

ʚ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʤ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʩʧʦʩʦʙʝ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʙʦʣʝʝ ʯʠʩʪʳʡ ʧʨʦʜʫʢʪ ʩʦ 

ʩʨʘʚʥʠʪʝʣʴʥʦ ʤʝʥʴʰʠʤʠ ʪʨʫʜʦʚʳʤʠ ʠ ʚʨʝʤʝʥʥʳʤʠ ʟʘʪʨʘʪʘʤʠ. ʆʧʪʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʛʣʠʮʠʥʘ 

ʠ ʦʧʪʠʤʘʣʴʥʳʝ ʨʝʞʠʤʳ ʦʙʝʩʧʝʯʠʚʘʶʪ ʧʦʣʫʯʝʥʠʝ ʜʠʩʧʝʨʛʠʨʦʚʘʥʥʦʛʦ ʪʚʝʨʜʦʛʦ ʧʨʦʜʫʢʪʘ, ʚ 

ʢʦʪʦʨʦʤ ʈɿʕ ʠ ʞʝʣʝʟʦ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦ ʚʩʝʤʫ ʦʙʲʝʤʫ, ʧʨʠ ʤʠʥʠʤʘʣʴʥʦʤ ʢʦʣʠʯʝʩʪʚʝ 

ʩʪʘʜʠʡ ʦʪʞʠʛʘ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʙʦʣʝʝ ʜʝʰʸʚʳʭ ʨʝʘʢʪʠʚʦʚ ï ʦʢʩʠʜʦʚ ʈɿʕ ʚʤʝʩʪʦ ʥʠʪʨʘʪʦʚ. 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʩʠʥʪʝʟʘ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʩʝʨʠʷ ʦʙʨʘʟʮʦʚ (ʩʤ. 

ʨʠʩʫʥʦʢ 2.1 ʠ ʧʨʠʣʦʞʝʥʠʝ ɹ ʪʘʙʣʠʮʫ ɹ.2). ʀʟ ʥʠʭ ʦʜʥʦʬʘʟʥʳ 19 ʦʙʨʘʟʮʦʚ - 9 ʤʦʥʦ- ʠ 10 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ. ʉʨʝʜʠ ʚʩʝʭ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʤʥʦʛʦʬʘʟʥʳʤ ʩʦʩʪʘʚʦʤ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ La3Fe5O12, Pr3Fe5O12, Nd3Fe5O12 (ʚʚʠʜʫ ʙʦʣʴʰʦʛʦ ʨʘʜʠʫʩʘ ʈɿʕ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʩʪʠ ʛʨʘʥʘʪʦʚʦʡ ʩʪʨʫʢʪʫʨʳ [Espinosa et al., 1962]); ʪʘʢʞʝ ʤʥʦʛʦʬʘʟʥʳ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʩʦʝʜʠʥʝʥʠʷ (Y0.2La0.2Nd0.2Sm0.2Eu0.2)3Fe5O12, (Y0.2Ce0.2Eu0.2Gd0.2E0.2)3Fe5O12 ʠ 

(Tb0.2Dy0.2Ho0.2Er0.2Yb0.2)3Fe5O12. ʄʥʦʛʦʬʘʟʥʳʝ ʦʙʨʘʟʮʳ ʚ ʜʘʣʴʥʝʡʰʝʤ ʥʝ ʘʥʘʣʠʟʠʨʦʚʘʣʠʩ.ɹ  

ʇʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʛʨʘʥʘʪʦʚ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʢʫʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ, ʧʨ. ʛʨ. Ia-3d. ʅʘ 

ʨʠʩʫʥʢʝ 2.2ʙ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʨʷʜʘ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ʛʨʘʥʘʪʘ. ɺʠʜʥʦ, ʯʪʦ ʚʳʰʝʫʢʘʟʘʥʥʳʡ ʩʧʦʩʦʙ ʩʠʥʪʝʟʘ ʚʦʩʧʨʦʠʟʚʦʜʠʪ ʧʦʣʫʯʝʥʠʝ ʛʨʘʥʘʪʦʚʦʡ 

ʩʪʨʫʢʪʫʨʳ ʠ ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʧʣʦʪʥʦ ʩʧʨʝʩʩʦʚʘʥʥʦʡ ʢʝʨʘʤʠʢʠ ʦʙʨʘʟʝʮ ʩʤʝʰʠʚʘʣʠ ʩ ʧʦʣʠʚʠʥʠʣʦʚʳʤ 

ʩʧʠʨʪʦʤ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ ʠ ʪʱʘʪʝʣʴʥʦ ʧʝʨʝʪʠʨʘʣʠ. ɿʘʪʝʤ ʩʤʝʩʴ ʧʨʝʩʩʦʚʘʣʠ ʚ ʢʨʫʛʣʦʡ ʧʨʝʩʩʬʦʨʤʝ 

ʩ ʫʩʠʣʠʝʤ ʚ 3 ʪʦʥʥʳ. ʊʘʙʣʝʪʢʫ ʜʠʘʤʝʪʨʦʤ ~10 ʤʤ ʩʧʝʢʘʣʠ ʧʨʠ 1200 Áʉ ʚ ʪʝʯʝʥʠʝ 8 ʯ. 
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2.3.6. ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʠ ʤʦʨʬʦʣʦʛʠʷ 

ʀʟʫʯʝʥʳ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʛʨʘʥʘʪʦʚ, ʘ ʪʘʢʞʝ ʢʘʨʪʳ ʵʣʝʤʝʥʪʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ (ʥʘ ʨʠʩʫʥʢʝ 2.3 ʧʨʝʜʩʪʘʚʣʝʥʳ SE-ʠʟʦʙʨʘʞʝʥʠʷ ʨʷʜʘ ʧʨʦʙ). ʌʠʢʩʠʨʫʶʪʩʷ ʟʝʨʥʘ 

ʨʘʟʤʝʨʦʤ 1-2 ʤʢʤ ʦʢʨʫʛʣʦʡ ʠʣʠ ʩʪʝʨʞʥʝʦʙʨʘʟʥʦʡ ʬʦʨʤʳ. ɿʝʨʥʘ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ 

ʩʧʦʩʦʙʥʳ ʬʦʨʤʠʨʦʚʘʪʴ ʘʛʣʦʤʝʨʘʪʳ, ʨʘʟʤʝʨʳ ʘʛʣʦʤʝʨʘʪʦʚ ʜʦʭʦʜʷʪ ʜʦ ʜʝʩʷʪʢʦʚ ʤʢʤ. ɼʣʷ 

ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʜʘʥʥʳʭ ʷʚʣʝʥʠʡ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ. ʊʘʢʠʝ ʨʘʟʤʝʨʳ ʟʝʨʝʥ ʭʘʨʘʢʪʝʨʥʳ 

ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʨʘʩʪʚʦʨʥʳʤʠ ʤʝʪʦʜʘʤʠ ʩʠʥʪʝʟʘ. ʂʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʚ 

ʨʷʜʝ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʧʨʠʣʦʞʝʥʠʠ ɸ ʥʘ ʨʠʩʫʥʢʝ ɸ.1, ʥʘ ʨʠʩʫʥʢʘʭ 

2.4 ʠ 2.5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʨʪʳ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʘ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12, ʧʦʣʫʯʝʥʥʳʭ 

ʤʝʪʦʜʦʤ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʧʠʨʦʣʠʟʘ ʠ ʩʦʦʩʘʞʜʝʥʠʷ. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʧʝʨʚʦʛʦ ʠʟ ʥʠʭ 

ʜʦʩʪʘʪʦʯʥʦ ʦʜʥʦʨʦʜʥʦ; ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʚʪʦʨʦʛʦ ʥʘʙʣʶʜʘʶʪʩʷ ʦʙʣʘʩʪʠ ʩ ʧʦʚʳʰʝʥʥʳʤ 

ʩʦʜʝʨʞʘʥʠʝʤ Y ʠ Fe. ʅʘ ʢʘʯʝʩʪʚʝʥʥʦʤ ʫʨʦʚʥʝ ʵʪʦ ʥʝ ʧʨʦʪʠʚʦʨʝʯʠʪ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʮʠʠ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʳʤ ʚ ʛʨʘʥʘʪʝ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12, ʧʦʣʫʯʝʥʥʤr ʤʝʪʦʜʦʤ 

ʩʦʦʩʘʞʜʝʥʠʷ, ʩʦʜʝʨʞʘʪʩʷ ʧʨʠʤʝʩʠ REFeO3. ɺ ʮʝʣʦʤ, ʜʣʷ ʚʩʝʭ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ 

ʭʘʨʘʢʪʝʨʥʦ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʩʝʭ ʵʣʝʤʝʥʪʦʚ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʥʘʜʝʞʥʦʩʪʴ ʤʝʪʦʜʘ 

ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʧʠʨʦʣʠʟʘ.  

ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʧʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʦʙʨʘʟʮʦʚ ʧʦʣʫʯʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʬʦʨʤʫʣʳ ʩʦʝʜʠʥʝʥʠʡ (ʪʘʙʣʠʮʘ 2.2); ʦʥʠ ʙʣʠʟʢʠ ʢ ʪʝʦʨʝʪʠʯʝʩʢʠʤ. 

 

 ʈʠʩ. 2.3. SE-ʠʟʦʙʨʘʞʝʥʠʷ ʛʨʘʥʘʪʦʚ Y3Fe5O12 (ʘ), Gd3Fe5O12 (ʙ), Er3Fe5O12 (ʚ) 

 

ʈʠʩ. 2.4. SE-ʠʟʦʙʨʘʞʝʥʠʝ ʠ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ Y, Fe, O, Eu, Er, Gd, Dy ʚ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʤ ʛʨʘʥʘʪʝ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12, ʧʦʣʫʯʝʥʥʤr ʤʝʪʦʜʦʤ ʧʠʨʦʣʠʟʘ. 

ɿʦʥʘ ʢʘʨʪʠʨʦʚʘʥʠʷ ï 100ʭ100 ʤʢʤ 
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ʈʠʩ. 2.5. SE-ʠʟʦʙʨʘʞʝʥʠʝ ʠ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ Y, Fe, O, Eu, Er, Gd, Dy ʚ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʤ ʛʨʘʥʘʪʝ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12, ʧʦʣʫʯʝʥʥʳʤ ʤʝʪʦʜʦʤ 

ʩʦʦʩʘʞʜʝʥʠʷ. ɿʦʥʘ ʢʘʨʪʠʨʦʚʘʥʠʷ ï 100ʭ100 ʤʢʤ. 

ʊʘʙʣʠʮʘ 2.2. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʦʙʨʘʟʮʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ. 

ʆʙʨʘʟʝʮ ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʬʦʨʤʫʣʘ 

(Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 Y
0.60(Ñ0.06)

Eu
0.60(Ñ0.07)

Gd
0.60(Ñ0.06)

Dy
0.60(Ñ0.06)

Er
0.61(Ñ0.09)

Fe
4.99(Ñ0.14)

O
12

 

(Y0.2Tb0.2Dy0.2Ho0.2Er0.2) 3Fe5O12 Y
0.56(Ñ0.07)

Tb
0.57(Ñ0.09)

Dy
0.68(Ñ0.09)

Ho
0.56(Ñ0.07)

Er
0.71(Ñ0.12)

Fe
4.92(Ñ0.12)

O
12

 

(Y0.2Eu0.2Dy0.2Ho0.2Er0.2)3Fe5O12 Y
0.60(Ñ0.07)

Eu
0.62(Ñ0.07)

Dy
0.60(Ñ0.06)

Ho
0.64(Ñ0.08)

Er
0.57(Ñ0.10)

Fe
4.96(Ñ0.13)

O
12

 

(Y0.2Gd0.2Dy0.2Er0.2Yb0.2)3Fe5O12 Y
0.55(Ñ0.07)

Gd
0.70(Ñ0.09)

Dy
0.68(Ñ0.09)

Er
0.59(Ñ0.10)

Yb
0.66(Ñ0.09)

Fe
4.81(Ñ0.11)

O
12

 

(Y0.2Dy0.2Ho0.2Er0.2Yb0.2)3Fe5O12 Y
0.54(Ñ0.06)

Dy
0.65(Ñ0.07)

Ho
0.64(Ñ0.08)

Er
0.61(Ñ0.10)

Yb
0.62(Ñ0.08)

Fe
4.86(Ñ0.11)

O
12

 

(Sm0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 Sm
0.62(Ñ0.08)

Eu
0.59(Ñ0.07)

Gd
0.62(Ñ0.07)

Dy
0.66(Ñ0.07)

Er
0.55(Ñ0.06)

Fe
4.96(Ñ0.13)

O
12

 

(Y0.2Nd0.2Sm0.2Ho0.2Er0.2)3Fe5O12 Y
0.59(Ñ0.07)

Nd
0.62(Ñ0.05)

Sm
0.60(Ñ0.09)

Ho
0.66(Ñ0.08)

Er
0.57(Ñ0.09)

Fe
4.95(Ñ0.12)

O
12

 

(Y0.2Sm0.2Eu0.2Gd0.2Tb0.2)3Fe5O12 Y
0.59(Ñ0.07)

Sm
0.61(Ñ0.09)

Eu
0.58(Ñ0.07)

Gd
0.61(Ñ0.07)

Tb
0.62(Ñ0.09)

Fe
4.99(Ñ0.13)

O
12

 

(Y0.2Pr0.2Sm0.2Ho0.2Er0.2)3Fe5O12 Y
0.59(Ñ0.06)

Pr
0.66(Ñ0.08)

Sm
0.68(Ñ0.10)

Ho
0.62(Ñ0.07)

Er
0.58(Ñ0.09)

Fe
4.86(Ñ0.11)

O
12

 

(Y0.2Nd0.2Sm0.2Gd0.2Ho0.2)3Fe5O12 Y
0.54(Ñ0.06)

Nd
0.63(Ñ0.05)

Sm
0.61(Ñ0.08)

Gd
0.64(Ñ0.07)

Ho
0.65(Ñ0.08)

Fe
4.91(Ñ0.12)

O
12

 

Y3Fe5O12 Y
2.95(Ñ0.02)

Fe
5.04(Ñ0.12)

O
12

 

Sm3Fe5O12 Sm
3.08(Ñ0.09)

Fe
4.91(Ñ0.12)

O
12

 

Eu3Fe5O12 Eu
2.89(Ñ0.11)

Fe
5.09(Ñ0.09)

O
12

 

Gd3Fe5O12 Gd
3.04(Ñ0.07)

Fe
4.95(Ñ0.06)

O
12

 

Tb3Fe5O12 Tb
3.29(Ñ0.15)

Fe
4.70(Ñ0.12)

O
12

 

Dy3Fe5O12 Dy
2.99(Ñ0.02)

Fe
5.00(Ñ0.11)

O
12

 

Ho3Fe5O12 Ho
3.11(Ñ0.12)

Fe
4.88(Ñ0.12)

O
12

 

Er3Fe5O12 Er
2.90(Ñ0.14)

Fe
5.09(Ñ0.13)

O
12

 

Yb3Fe5O12 Yb
3.04(Ñ0.13)

Fe
4.95(Ñ0.11)

O
12

 

2.4. ʉʠʥʪʝʟ ʤʦʥʦ-, ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʠ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʪʠʪʘʥʦ-

ʥʠʦʙʘʪʦʚ RETiNbO 6 ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ 

ɺ ʥʘʩʪʦʷʱʝʤ ʨʘʟʜʝʣʝ ʦʧʠʩʘʥʦ ʧʦʣʫʯʝʥʠʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʠ 

ʤʝʪʦʜʘ ʧʠʨʦʣʠʟʘ ʞʠʜʢʠʭ ʧʨʝʢʫʨʩʦʨʦʚ ʩʝʨʠʠ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ï ʤʦʥʦ- ʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ ʩʦʩʪʘʚʘ LaTiNbO6, CeTiNbO6, PrTiNbO6, NdTiNbO6, 

SmTiNbO6, EuTiNbO6, GdTiNbO6 ʠ (La0.2Ce0.2Nd0.2Sm0.2Eu0.2)TiNbO6, (La0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6, 

(La0.2Ce0.2Nd0.2Eu0.2Ho0.2)TiNbO6, (La0.2Ce0.2Nd0.2Eu0.2Dy0.2)TiNbO6, (Ce0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6, 

(Y0.2La0.2Ce0.2Nd0.2Eu0.2)TiNbO6, (Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6, (La0.2Ce0.2Nd0.2Eu0.2Er0.2)TiNbO6, 
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(La0.2Pr0.2Nd0.2Sm0.2Dy0.2)TiNbO6, (La0.2Ce0.2Nd0.2Eu0.2Yb0.2)TiNbO6, (Ce0.2Nd0.2Eu0.2Dy0.2Ho0.2)TiNbO6, ʘ 

ʪʘʢʞʝ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦʩʪʘʚʘ La0.95Ca0.05Ti0.95Nb1.05O6, La0.9Ca0.1Ti0.9Nb1.1O6, 

La0.85Ca0.15Ti0.85Nb1.15O6, La0.8Ca0.2Ti0.8Nb1.2O6, La0.95Sr0.05Ti0.95Nb1.05O6, Nd0.95Ca0.05Ti0.95Nb1.05O6, 

Nd0.9Ca0.1Ti0.9Nb1.1O6, Nd0.85Ca0.15Ti0.85Nb1.15O6, Nd0.8Ca0.2Ti0.8Nb1.2O6, Nd0.95Sr0.05Ti0.95Nb1.05O6, 

Nd0.9Sr0.1Ti0.9Nb1.1O6, Nd0.85Sr0.15Ti0.85Nb1.15O6, Nd0.8Sr0.2Ti0.8Nb1.2O6, Ce0.95Ca0.05Ti0.95Nb1.05O6, 

Ce0.9Ca0.1Ti0.9Nb1.1O6, Ce0.85Ca0.15Ti0.85Nb1.15O6, Ce0.8Ca0.2Ti0.8Nb1.2O6, Ce0.95Sr0.05Ti0.95Nb1.05O6, 

Ce0.9Sr0.1Ti0.9Nb1.1O6, Ce0.85Sr0.15Ti0.85Nb1.15O6, Ce0.8Sr0.2Ti0.8Nb1.2O6. (ʨʠʩʫʥʦʢ 2.6). 

 
ʈʠʩ. 2.6. ʉʦʩʪʘʚʳ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ (ʘ) ʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

RE1-xMxTi1-xNb1+xO6 (ʙ). ɾʝʣʪʳʤ ʚʳʜʝʣʝʥʳ ʵʣʝʤʝʥʪʳ, ʚʭʦʜʷʱʠʝ ʚ ʩʦʩʪʘʚ ʩʦʝʜʠʥʝʥʠʡ; ʪʦʯʢʠ 

ʨʷʜʦʤ ʩ ʬʦʨʤʫʣʘʤʠ - ʫʩʨʝʜʥʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ Ὑ ʵʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ 

ʧʦʟʠʮʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʩʦʝʜʠʥʝʥʠʡ; ʩʝʨʳʝ ʠ ʪʝʤʥʦ-ʩʝʨʳʝ ʧʨʷʤʦʫʛʦʣʴʥʠʢʠ - 

ʟʥʘʯʝʥʠʷ ʰʠʨʠʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ  Ὑ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʩ ʠʦʥʘʤʠ RE3+ ʠ ʩ RE3+, Ce4+, Eu2+, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; ʪʦʯʢʠ ʚʚʝʨʭʫ - ʠʦʥʥʳʝ ʨʘʜʠʫʩʳ ʈɿʕ, Ca, Sr ʩʦʛʣʘʩʥʦ [Shannon, 1976]. 

2.4.1. ʉʪʘʥʜʘʨʪʥʘʷ ʢʝʨʘʤʠʯʝʩʢʘʷ ʪʝʭʥʦʣʦʛʠʷ 

ʉʠʥʪʝʟ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ʧʨʦʚʦʜʠʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʢʩʠʜʦʚ ʠ 

ʢʘʨʙʦʥʘʪʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ. ʂʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʝʡ ʧʦʣʫʯʘʣʠ ʩʝʨʠʶ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ Nd1-xCaxTi1-xNb1+xO6 (xÒ0.20). ʉʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʝ ʩʤʝʩʠ ʪʱʘʪʝʣʴʥʦ ʧʝʨʝʪʠʨʘʣʠ ʚ 

ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʵʪʠʣʦʚʦʛʦ ʩʧʠʨʪʘ ʚ ʢʘʯʝʩʪʚʝ ʛʦʤʦʛʝʥʠʟʘʪʦʨʘ ʚ ʪʝʯʝʥʠʝ 1 ʯ; 

ʧʝʨʝʥʦʩʠʣʠ ʩʫʭʦʡ ʦʩʪʘʪʦʢ ʚ ʢʦʨʫʥʜʦʚʳʡ ʪʠʛʝʣʴ ʠ ʦʪʞʠʛʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 650-1450 Áʉ. ʄʝʞʜʫ 

ʦʪʞʠʛʘʤʠ ʧʨʠʤʝʥʷʣʠ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʧʝʨʝʪʠʨʘʥʠʷ. ʇʨʦʮʝʩʩ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʣʝʜʫʶʱʠʤ 

ʫʨʘʚʥʝʥʠʷʤ ʨʝʘʢʮʠʠ: 

 Nd2O3+2TiO2+Nb2O5Ÿ2NdTiNbO6 (2.17) 

 (1-x)Nd2O3+2xCaCO3+(2-2x)TiO2+(1+x)Nb2O5Ÿ2Nd1-xCaxTi1-xNb1+xO6+2xCO2 (2.18) 

2.4.2. ʄʝʪʦʜ ʧʠʨʦʣʠʟʘ ʞʠʜʢʠʭ ʧʨʝʢʫʨʩʦʨʦʚ 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʨʝʘʢʪʠʚʦʚ ʧʨʠʤʝʥʷʣʠʩʴ ʦʢʩʠʜʳ ʈɿʕ, ʢʘʨʙʦʥʘʪʳ ʢʘʣʴʮʠʷ ʠ ʩʪʨʦʥʮʠʷ, 

ʘ ʪʘʢʞʝ ʪʝʪʨʘʙʫʪʦʢʩʠʪʠʪʘʥ ʠ ʦʢʩʠʜ ʥʠʦʙʠʷ. ʇʦʩʣʝʜʥʠʡ ʧʝʨʝʚʦʜʠʣʩʷ ʚ ʨʘʩʪʚʦʨʥʫʶ ʬʦʨʤʫ ʚ ʚʠʜʝ 
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ʛʠʜʨʦʦʢʩʘʣʘʪʘ ʥʠʦʙʠʷ Nb(HC2O4)5. ʉʦʜʝʨʞʘʥʠʝ ʦʢʩʠʜʘ ʥʠʦʙʠʷ ʚ ʧʦʣʫʯʝʥʥʦʤ ʨʘʩʪʚʦʨʝ ʚʳʯʠʩʣʷʣʠ 

ʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 700 Áʉ ʚ ʧʷʪʠ ʧʘʨʘʣʣʝʣʷʭ. 

ʇʦʩʣʝ ʧʦʜʛʦʪʦʚʢʠ ʜʘʥʥʦʛʦ ʨʝʘʢʪʠʚʘ ʧʨʦʚʦʜʠʣʠ ʩʠʥʪʝʟ ʦʙʨʘʟʮʦʚ ʤʝʪʦʜʦʤ ʢʘʨʙʘʤʠʜʥʦʛʦ 

ʧʠʨʦʣʠʟʘ. ʉʭʝʤʘ ʩʠʥʪʝʟʘ ʩʣʝʜʫʶʱʘʷ: 

1. ʧʝʨʝʚʦʜ ʦʢʩʠʜʦʚ ʈɿʕ ʚ ʨʘʩʪʚʦʨʳ ʥʠʪʨʘʪʦʚ RE(NO3)3. ɼʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʛʠʜʨʦʣʠʟʘ 

ʚ ʪʝʪʨʘʙʫʪʦʢʩʠʪʠʪʘʥ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʜʦʙʘʚʣʷʶʪ HNO3(ʢʦʥʮ) ʠʟ ʨʘʩʯʝʪʘ 1 ʤʣ ʘʟʦʪʥʦʡ 

ʢʠʩʣʦʪʳ ʥʘ 10ʤʣ ʪʝʪʨʘʙʫʪʦʢʩʠʪʠʪʘʥ; 

2. ʜʦʙʘʚʣʝʥʠʝ ʢʦʤʧʣʝʢʩʦ- ʠ ʛʝʣʝʦʙʨʘʟʦʚʘʪʝʣʷ ï ʣʠʤʦʥʥʦʡ ʢʠʩʣʦʪʳ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 1:1 

ʧʦ ʤʦʣʴʥʦʤʫ ʩʦʦʪʥʦʰʝʥʠʶ ʩ ʤʝʪʘʣʣʘʤʠ ʢ ʨʘʩʪʚʦʨʘʤ; ʩʤʝʰʠʚʘʥʠʝ ʨʘʩʪʚʦʨʦʚ ʠ ʧʝʨʝʤʝʰʠʚʘʥʠʝ 

ʠʪʦʛʦʚʦʛʦ ʨʘʩʪʚʦʨʘ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥʫʪ ʩ ʧʦʤʦʱʴʶ ʤʘʛʥʠʪʥʦʡ ʤʝʰʘʣʢʠ; 

3. ʜʦʙʘʚʣʝʥʠʝ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʤʦʯʝʚʠʥʳ (ʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʢʦʣʠʯʝʩʪʚʝ ʩ ʫʯʝʪʦʤ 

ʚʩʝʭ ʥʠʪʨʘʪʥʳʭ ʬʦʨʤ); ʥʘʛʨʝʚ ʧʦʣʫʯʝʥʥʦʡ ʩʤʝʩʠ ʜʦ ʝʝ ʩʘʤʦʚʦʟʛʦʨʘʥʠʷ; 

4. ʧʝʨʝʥʦʩ ʚʝʱʝʩʪʚʘ ʚ ʢʦʨʫʥʜʦʚʳʡ ʪʠʛʝʣʴ ʠ ʦʪʞʠʛ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 650ï1450 Áʉ. 

ʇʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ ʢʦʥʝʯʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʧʨʦʭʦʜʠʪ ʧʦ ʨʝʘʢʮʠʠ (RE1-5 ï ʈɿʕ): 

RE(NO3)3+ Ti(NO3)4+Nb(NO3)5+ 10(NH2)2CO= RETiNbO6+ 20H2O + 10CO2+ 16N2 (2.19) 

ʫ(1-x)RE(NO3)3 + ʫxCa(NO3)2 + ʫ(1-x)Ti(NO3)4 + ʫ(1+x)Nb(NO3)5 + z(NH2)2CO =  

 =ʫRE1-xCaxTi1-xNb1+xO6 +2zH2O + zCO2 + 1.6zN2 (2.20) 

RE1(NO3)3 + RE2(NO3)3 + RE3(NO3)3 + RE4(NO3)3 + RE5(NO3)3 + 5Ti(NO3)4 + 5Nb(NO3)5 + 

+50(NH2)2CO = 5RE10.2RE20.2RE30.2RE40.2RE50.2TiNbO6 + 100H2O + 50CO2 + 80N2 (2.21) 

2.4.3. ʀʟʫʯʝʥʠʝ ʫʩʣʦʚʠʡ ʦʙʨʘʟʦʚʘʥʠʷ ʮʝʣʝʚʦʡ ʬʘʟʳ ʩʝʤʝʡʩʪʚʘ RETiNbO6 ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ 

ʆʪʞʠʛ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʩʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ. ʀʩʭʦʜʷ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ [Solomon et al., 2001; Sumi et 

al., 2010; Wilkins et al., 2023], ʙʳʣ ʚʳʙʨʘʥ ʩʣʝʜʫʶʱʠʡ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʠ ʚʨʝʤʝʥʥʦʡ ʨʝʞʠʤ ʦʪʞʠʛʘ: 

(1) 650 Áʉ / 8 ʯ; (2) 1250 Áʉ / 8 ʯ; (3) 1300ï1400 Áʉ / 24ï80 ʯ. 

ɺʘʨʠʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʢʦʥʝʯʥʦʛʦ ʦʪʞʠʛʘ ʧʦʜʪʚʝʨʞʜʘʶʪ ʨʘʥʝʝ ʦʧʠʩʘʥʥʫʶ 

[Sebastian et al., 2001; Hirano et al., 2016] ɻ ʤʧʠʨʠʯʝʩʢʫʶ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ: ʯʝʤ ʚʳʰʝ ʤʘʩʩʘ ʈɿʕ ʚ 

ʩʦʝʜʠʥʝʥʠʠ RETiNbO6, ʪʝʤ ʪʝʤʧʝʨʘʪʫʨʘ ʢʦʥʝʯʥʦʛʦ ʦʪʞʠʛʘ ʜʦʣʞʥʘ ʙʳʪʴ ʚʳʰʝ (1300 Áʉ Pr-

ʵʰʠʥʠʪʘ; 1350 ÁC ï ʜʣʷ Ce, Nd-ʵʰʠʥʠʪʦʚ; 1400 Áʉ ï ʜʣʷ Sm, Eu-ʵʰʠʥʠʪʦʚ). ʇʦʩʣʝ ʢʘʞʜʦʛʦ ʦʪʞʠʛʘ 

ʦʙʨʘʟʝʮ ʧʝʨʝʪʠʨʘʣʠ ʠ ʦʧʨʝʜʝʣʷʣʠ ʝʛʦ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ. ʇʨʦʮʝʩʩ ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟ, ʥʝʟʘʚʠʩʠʤʦ ʦʪ 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ, ʚʢʣʶʯʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʠʦʙʘʪʦʚ ʈɿʕ ʠ ʦʢʩʠʜʘ ʪʠʪʘʥʘ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʚʘʥʠʝʤ ʬʘʟʳ ʵʰʠʥʠʪʘ ʧʨʠ 1300ï1350 Áʉ. ɼʣʠʪʝʣʴʥʦʩʪʴ ʚʳʜʝʨʞʢʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʢʦʥʝʯʥʦʛʦ ʦʪʞʠʛʘ ʟʥʘʯʠʤʦ ʟʘʚʠʩʠʪ ʦʪ ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ: ʧʨʠ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ 

ʜʣʠʪʝʣʴʥʦʩʪʴ ʩʦʩʪʘʚʣʷʝʪ 80 ʯ (ʩʤ. ʨʠʩʫʥʦʢ 2.7ʘ), ʜʣʷ ʤʝʪʦʜʘ ʧʠʨʦʣʠʟʘ ï 24 ʯ. ʇʦʩʣʝʜʥʠʡ ʤʝʪʦʜ 

ʚʳʠʛʨʳʚʘʝʪ ʟʘ ʩʯʝʪ ʙʦʣʝʝ ʵʢʩʧʨʝʩʩʥʦʛʦ ʧʦʣʫʯʝʥʠʷ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ, ʢʨʦʤʝ ʪʦʛʦ ʧʨʠ ʝʛʦ 



53 

 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʝʘʣʠʟʫʝʪʩʷ ʩʤʝʰʠʚʘʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ ʨʝʘʢʮʠʠ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ, ʯʪʦ 

ʘʢʪʫʘʣʴʥʦ ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʧʦʵʪʦʤʫ ʚ ʜʘʣʴʥʝʡʰʝʤ ʦʙʨʘʟʮʳ 

ʧʦʣʫʯʘʣʠ ʠʤʝʥʥʦ ʵʪʠʤ ʤʝʪʦʜʦʤ. 

ʆʩʦʙʝʥʥʦʩʪʴ ʣʘʥʪʘʥʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ï ʥʘʣʠʯʠʝ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʤʦʥʦʢʣʠʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ [Zhang, Zuo, 2016]. ʇʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ 1250 Áʉ 

ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʝ ʧʦʣʠʤʦʨʬʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ï ʨʦʤʙʠʯʝʩʢʘʷ ʠ ʤʦʥʦʢʣʠʥʥʘʷ. ʀʩʭʦʜʷ ʠʟ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ [Zhang, Zuo, 2017], ʙʳʣ ʚʳʙʨʘʥ ʩʣʝʜʫʶʱʠʡ 

ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʠ ʚʨʝʤʝʥʥʦʡ ʨʝʞʠʤ ʦʪʞʠʛʘ: (1) 650 Áʉ / 8 ʯ; (2) 1100 Áʉ / 24 ʯ. 
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ʈʠʩ. 2.7. ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʵʰʠʥʠʪʘ NdTiNbO6, ʧʦʣʫʯʝʥʥʦʛʦ ʩʪʘʥʜʘʨʪʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ 

ʪʝʭʥʦʣʦʛʠʝʡ ʧʨʠ ʨʘʟʣʠʯʥʦʡ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʩʧʝʢʘʥʠʷ ʧʨʠ 1350 Üʉ (ʘ); ʵʰʠʥʠʪʦʚ LaTiNbO6 

ʠ (La0.2Ce0.2Nd0.2Eu0.2Ho0.2)TiNbO6, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʧʠʨʦʣʠʟʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʩʧʝʢʘʥʠʷ (ʙ-ʚ) ʠ ʵʰʠʥʠʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʧʠʨʦʣʠʟʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʩʧʝʢʘʥʠʷ 1300ï1350 Áʉ (ʛ) 

ʋʩʪʘʥʦʚʣʝʥʦ (ʩʤ. ʨʠʩʫʥʦʢ 2.7ʙ), ʯʪʦ ʧʨʠ 900 Áʉ ʥʘʙʣʶʜʘʶʪʩʷ ʨʦʤʙʠʯʝʩʢʘʷ ʠ ʤʦʥʦʢʣʠʥʥʘʷ 

ʤʦʜʠʬʠʢʘʮʠʠ ʠ ʧʦʣʫʧʨʦʜʫʢʪʳ (ʥʠʦʙʘʪʳ ʣʘʥʪʘʥʘ ʠ ʦʢʩʠʜʘ ʪʠʪʘʥʘ). ʇʨʠ 1000ï1100 Áʉ ʜʦʤʠʥʠʨʫʝʪ 

ʨʦʤʙʠʯʝʩʢʘʷ ʬʘʟʘ ʠ ʧʦʣʫʧʨʦʜʫʢʪʳ ʥʠʦʙʘʪʘ ʣʘʥʪʘʥʘ ʠ ʦʢʩʠʜʘ ʪʠʪʘʥʘ. ʋʚʝʣʠʯʝʥʠʝ ʜʣʠʪʝʣʴʥʦʩʪʠ 

ʢʦʥʝʯʥʦʛʦ ʦʪʞʠʛʘ ʜʦ 24 ʯ ʧʨʠ 1100 Áʉ ʧʨʠʚʦʜʠʪ ʢ ʧʦʣʫʯʝʥʠʶ ʦʜʥʦʬʘʟʥʦʛʦ ʧʨʦʜʫʢʪʘ. ʊʘʢʠʤ 
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ʦʙʨʘʟʦʤ, ʚ ʭʦʜʝ ʩʠʥʪʝʟʘ ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ ʧʨʠ ʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ 

ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳ, ʢʦʪʦʨʘʷ ʧʨʠ ʜʘʣʴʥʝʡʰʠʭ ʦʪʞʠʛʘʭ ʧʝʨʝʭʦʜʠʪ ʚ ʩʪʘʙʠʣʴʥʫʶ ʨʦʤʙʠʯʝʩʢʫʶ ʬʘʟʫ, 

ʯʪʦ ʩʭʦʞʝ ʩ ʧʦʚʝʜʝʥʠʝʤ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ, ʢʨʠʩʪʘʣʣʠʟʫʶʱʠʭʩʷ ʚ ʩʪʨʫʢʪʫʨʝ ʵʚʢʩʝʥʠʪʘ, ʦʙʨʘʟʦʚʘʥʠʝ 

ʢʦʪʦʨʳʭ ʠʜʸʪ ʯʝʨʝʟ ʩʪʘʜʠʶ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ ʵʰʠʥʠʪʦʚʦʡ ʬʘʟʳ [ʂʦʤʢʦʚ, 1972]. 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʙʨʘʥʥʦʛʦ ʦʧʪʠʤʘʣʴʥʦʛʦ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʝʞʠʤʘ ʠ ʝʛʦ ʜʣʠʪʝʣʴʥʦʩʪʠ 

ʧʦʣʫʯʝʥʳ ʜʚʦʡʥʳʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʩʦʩʪʘʚʘ RE1-xMxTi1-xNb1+xO6 (RE=Ce, La, Nd; M=Ca, Sr) ʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʩʦʝʜʠʥʝʥʠʷ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʙʣʘʩʪʴ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʦʛʨʘʥʠʯʝʥʘ 

ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʜʦʧʘʥʪʘ 0 Ò ʭ Ò 0.20. ʇʨʠ ʭ = 0.25 ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʨʝʞʠʤʘ ʦʪʞʠʛʘ ʟʘʬʠʢʩʠʨʦʚʘʥʘ 

ʧʨʠʤʝʩʥʘʷ ʬʘʟʘ RENbO4. ɼʘʥʥʘʷ ʛʨʘʥʠʮʘ ʦʙʣʘʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ (20% ʠʦʥʘ-

ʟʘʤʝʩʪʠʪʝʣʷ) ʪʠʧʠʯʥʘ ʜʣ ̫ʩʝʤʝʡʩʪʚʘ ʵʰʠʥʠʪʦʚ [Zhang, Zuo, 2017; Zhang, Zuo, 2018]. ʋʚʝʣʠʯʝʥʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʚʝʜʝʪ ʢ ʧʣʘʚʣʝʥʠʶ ʦʙʨʘʟʮʘ. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʙʠʥʘʨʥʳʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ 

ʨʘʩʩʤʦʪʨʝʥʳ ʜʘʣʝʝ ʚ ʜʠʘʧʘʟʦʥʝ ʭ ʦʪ 0 ʜʦ 0.20. ʆʙʨʘʟʮʳ ʩʝʨʠʠ La1-xSrxTi1-xNb1+xO6 ʥʝʟʘʚʠʩʠʤʦ ʦʪ 

ʨʝʞʠʤʦʚ ʦʪʞʠʛʦʚ ʩʦʜʝʨʞʘʪ ʧʨʠʤʝʩʠ ʥʠʦʙʘʪʦʚ ʩʪʨʦʥʮʠʷ, ʪ.ʝ. ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʧʨʠ 

0.05 Ò ʭ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʭʦʪʷ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ Nd1-xSrxTi1-xNb1+xO6 ʩʫʱʝʩʪʚʫʶʪ ʜʦ ʭ Ò 0.20. 

ɼʘʥʥʦʝ ʷʚʣʝʥʠʝ ʚʝʨʦʷʪʥʦ ʩʚʷʟʘʥʦ ʩ ʧʦʢʘʟʘʥʥʳʤ ʚʳʰʝ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʧʨʦʤʝʞʫʪʦʯʥʦʡ 

ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳ, ʚ ʢʦʪʦʨʫʶ ʚ ʩʣʫʯʘʝ Laïɻ ʰʠʥʠʪʘ ʤʦʞʝʪ ʙʳʪʴ ʟʘʪʨʫʜʥʝʥʦ ʚʭʦʞʜʝʥʠʝ ʩʪʨʦʥʮʠʷ. 

ʇʦʵʪʦʤʫ ʜʘʣʝʝ ʵʪʫ ʩʝʨʠʶ La1-xSrxTi1-xNb1+xO6 ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʣʠ. 

ʇʦʩʢʦʣʴʢʫ ʜʣʷ ʣʘʥʪʘʥʦʚʳʭ ʵʰʠʥʠʪʦʚ ʭʘʨʘʢʪʝʨʥʘ ʩʪʘʙʠʣʠʟʘʮʠʷ ʤʦʥʦʢʣʠʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ 

ʧʨʠ ʦʪʞʠʛʘʭ ʚʳʰʝ 1300 Áʉ, ʩʭʦʞʠʝ ʵʬʬʝʢʪʳ ʤʦʛʣʠ ʙʳ ʥʘʙʣʶʜʘʪʴʩʷ ʜʣʷ La-ʩʦʜʝʨʞʘʱʠʭ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ. ɼʣʷ ʦʮʝʥʢʠ ʠʭ ʩʪʘʙʠʣʴʥʦʩʪʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʦʪʞʠʛʠ ʧʨʠ 1300 

ʠ 1350 Áʉ ʚ ʪʝʯʝʥʠʝ 24 ʯ (ʩʤ. ʨʠʩʫʥʦʢ 2.7ʚ). ɿʥʘʯʠʤʳʭ ʠʟʤʝʥʝʥʠʡ ʚ ʬʘʟʦʚʦʤ ʩʦʩʪʘʚʝ ʥʝ ʫʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʤʠʥʠʤʘʣʴʥʦʤ ʚʣʠʷʥʠʠ ʣʘʥʪʘʥʘ ʥʘ ʬʘʟʦʚʦʝ ʨʘʚʥʦʚʝʩʠʝ ʚ ʜʘʥʥʳʭ ʦʙʨʘʟʮʘʭ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʙʳʣ ʧʦʣʫʯʝʥ ʨʷʜ ʩʦʝʜʠʥʝʥʠʷ ʩ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ (ʩʤ. 

ʨʠʩʫʥʦʢ 2.6 ʠ ʧʨʠʣʦʞʝʥʠʝ ɹ ʪʘʙʣʠʮʫ ɹ.3). ʀʟ ʥʠʭ, ʧʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʮʝʥʢʝ, ʦʜʥʦʬʘʟʥʳʤʠ 

ʧʦʣʫʯʠʣʠʩʴ 35 ʦʙʨʘʟʮʦʚ (6 ʤʦʥʦ- ʠ 9 ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ, 20 ʙʠʥʘʨʥʳʭ 

ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦʩʪʘʚʘ RE1-xMxTi1-xNb1+xO6). ʄʥʦʛʦʬʘʟʥʳʝ ʦʙʨʘʟʮʳ ʚ ʜʘʣʴʥʝʡʰʝʤ ʥʝ 

ʘʥʘʣʠʟʠʨʦʚʘʣʠʩ.ɹ ʇʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʨʦʤʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ, ʧʨ. ʛʨ. Pnma. 

ʅʘ ʨʠʩʫʥʢʝ 2.7ʛ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʨʷʜʘ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʝʟʫʣʴʪʘʪʳ ʩʠʥʪʝʟʘ ʤʝʪʦʜʦʤ ʧʠʨʦʣʠʟʘ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳ ʧʨʠ ʤʥʦʛʦʢʨʘʪʥʦʤ 

ʧʦʚʪʦʨʝʥʠʠ ʠ ʫʥʠʚʝʨʩʘʣʴʥʳ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʵʰʠʥʠʪʘʤ, ʩʦʜʝʨʞʘʱʠʤ ʨʘʟʣʠʯʥʳʝ ʈɿʕ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʦʜʥʦʬʘʟʥʳʡ ʦʙʨʘʟʝʮ ʩʤʝʰʠʚʘʣʠ ʩ ʧʦʣʠʚʠʥʠʣʦʚʳʤ 

ʩʧʠʨʪʦʤ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ ʠ ʪʱʘʪʝʣʴʥʦ ʧʝʨʝʪʠʨʘʣʠ. ɿʘʪʝʤ ʜʘʥʥʫʶ ʩʤʝʩʴ ʧʨʝʩʩʦʚʘʣʠ ʚ ʢʨʫʛʣʦʡ 

ʧʨʝʩʩʬʦʨʤʝ ʩ ʫʩʠʣʠʝʤ ʚ 3 ʪʦʥʥʳ. ʂʝʨʘʤʠʯʝʩʢʫʶ ʙʨʠʢʝʪ (ʪʘʙʣʝʪʢʫ) ʜʠʘʤʝʪʨʦʤ ~10 ʤʤ ʩʧʝʢʘʣʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʢʦʥʝʯʥʦʛʦ ʦʪʞʠʛʘ ʚ ʪʝʯʝʥʠʝ 8 ʯ.  
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2.4.4. ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʠ ʤʦʨʬʦʣʦʛʠʷ  

ʀʟʫʯʝʥʳ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʧʦʨʦʰʢʦʚ ʠ ʢʝʨʘʤʠʢʠ, ʘ ʪʘʢʞʝ ʢʘʨʪʳ 

ʵʣʝʤʝʥʪʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ. ɼʣʷ ʧʨʠʤʝʨʘ ʥʘ ʨʠʩʫʥʢʝ 2.8 ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʠʧʠʯʥʳʝ SE-ʠʟʦʙʨʘʞʝʥʠʷ 

ʠ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʢʝʨʘʤʠʢʠ ʩʦʩʪʘʚʘ NdTiNbO6 ʠ 

Nd0.8Ca0.2Ti0.8Nb1.2O6, ʧʦʣʫʯʝʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʝʡ; ʥʘʙʣʶʜʘʶʪʩʷ ʟʝʨʥʘ ʢʝʨʘʤʠʢʠ 

ʨʘʟʣʠʯʥʦʡ ʬʦʨʤʳ, ʨʘʟʤʝʨʘʤʠ ~1ï10 ʤʢʤ. ʅʘ ʢʘʨʪʘʭ ʬʠʢʩʠʨʫʶʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ ʦʙʣʘʩʪʠ, 

ʦʙʦʛʘʱʸʥʥʳʝ Ca ʠ Ti. ɼʘʥʥʳʝ ʟʝʨʥʘ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʤʦʛʫʪ ʦʪʥʦʩʠʪʴʩʷ ʢ ʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟʝ, ʚ 

ʢʦʪʦʨʦʡ ʨʝʘʣʠʟʦʚʘʣʦʩʴ ʥʝʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʦʧʘʥʪʘ ʚʩʣʝʜʩʪʚʠʝ ʟʘʪʨʫʜʥʝʥʥʦʡ ʜʠʬʬʫʟʠʠ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʪʘʥʜʘʨʪʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʩʠʥʪʝʟʘ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, 

ʧʦʚʳʰʝʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʉʘ ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʜʘʥʥʳʭ ʟʝʨʝʥ 

ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʝ, ʩʣʝʜʳ ʢʦʪʦʨʦʡ ʟʘʬʠʢʩʠʨʦʚʘʥʳ ʧʨʠ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʤ ʫʪʦʯʥʝʥʠʠ 

ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʜʘʥʥʳʭ (ʩʤ. ʛʣʘʚʫ 4). ʇʨʠʯʠʥʘ ʵʪʦʛʦ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʚ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʝ ʧʨʝʜʝʣʳ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʟʘʤʝʱʘʶʱʠʭ ʠʦʥʦʚ ʤʦʞʝʪ 

ʦʪʣʠʯʘʪʴʩʷ ʦʪ ʪʘʢʦʚʳʭ ʚ ʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟʝ. 

 

ʈʠʩ. 2.8. SE-ʠʟʦʙʨʘʞʝʥʠʝ ʢʝʨʘʤʠʢ NdTiNbO6 (ʩʣʝʚʘ) ʠ Nd0.8Ca0.2Ti0.8Nb1.2O6 (ʩʧʨʘʚʘ), 

ʧʦʣʫʯʝʥʥʳʭ ʩʪʘʥʜʘʨʪʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʝʡ, ʠ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ 

ʆʙʨʘʟʮʳ ʢʝʨʘʤʠʢʠ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʧʦʨʦʰʢʦʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʤ ʧʠʨʦʣʠʟʘ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʘʣʠʯʠʝʤ ʦʢʨʫʛʣʳʭ ʟʝʨʝʥ ʨʘʟʤʝʨʦʤ ʦʪ 1 ʜʦ 2 ʤʢʤ (ʩʤ. ʨʠʩʫʥʦʢ 2.9 ʠ ʧʨʠʣʦʞʝʥʠʝ 

ɸ ʨʠʩʫʥʦʢ ɸ.2). ɼʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʵʣʝʤʝʥʪʦʚ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ; ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʬʠʢʩʠʨʫʶʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ ʦʙʣʘʩʪʠ, 

ʦʙʦʛʘʱʸʥʥʳʝ Ca ʠ Ti. ɺʝʨʦʷʪʥʘʷ ʧʨʠʯʠʥʘ ʤʦʞʝʪ ʙʳʪʴ ʪʘʢʞʝ ʩʚʷʟʘʥʘ ʩ ʧʦʷʚʣʝʥʠʝʤ ʤʦʥʦʢʣʠʥʥʦʡ 

ʬʘʟʳ. ɼʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʩʪʘʚʦʚ (ʩʤ. ʨʠʩʫʥʦʢ 2.10 ʠ ʧʨʠʣʦʞʝʥʠʝ ɸ ʨʠʩʫʥʦʢ ɸ.3) 

ʥʘʙʣʶʜʘʶʪʩʷ ʘʛʣʦʤʝʨʘʮʠʠ ʟʝʨʝʥ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʙʦʣʝʝ ʜʝʬʝʢʪʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, 

ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʣʦʢʘʣʴʥʳʤʠ ʩʪʨʫʢʪʫʨʥʳʤʠ ʠʩʢʘʞʝʥʠʷʤʠ, ʠ/ʠʣʠ ʙʦʣʝʝ ʥʝʨʘʚʥʦʤʝʨʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʟʘʨʷʜʦʚ. ʕʣʝʤʝʥʪʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʨʘʚʥʦʤʝʨʥʦʝ ʜʣʷ ʚʩʝʭ 

ʦʙʨʘʟʮʦʚ. 

ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʚʩʝʭ ʧʦʨʦʰʢʦʚ ʦʜʥʦʬʘʟʥʳʭ ʦʙʨʘʟʮʦʚ ʨʘʩʩʯʠʪʘʥ ʠʟ ʦʧʨʝʜʝʣʝʥʥʳʭ 

ʤʝʪʦʜʘʤʠ ʈʌʣɸ ʢʦʥʮʝʥʪʨʘʮʠʡ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ. ɺ ʪʘʙʣʠʮʝ 2.3 ʧʨʠʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʬʦʨʤʫʣʳ ʩʦʝʜʠʥʝʥʠʡ, ʢʦʪʦʨʳʝ ʙʣʠʟʢʠ ʢ ʪʝʦʨʝʪʠʯʝʩʢʠʤ, ʦʪʨʘʞʘʷ ʥʘʜʝʞʥʦʩʪʴ ʠʩʧʦʣʴʟʫʝʤʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʩʠʥʪʝʟʘ ʠ ʧʦʣʥʫʶ ʩʪʝʭʠʦʤʝʪʨʠʶ ʚʩʝʭ ʩʠʥʪʝʟʠʨʫʝʤʳʭ ʢʦʤʧʦʥʝʥʪʦʚ. 



56 

 

ʊʘʙʣʠʮʘ 2.3. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʦʙʨʘʟʮʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ. 

ʆʙʨʘʟʝʮ ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʬʦʨʤʫʣʘ 

LaTiNbO6 La1.12Ñ0.20Ti0.96Ñ0.10Nb0.96Ñ0.09O6 

CeTiNbO6 Ce1.05Ñ0.20Ti1.00Ñ0.10Nb0.97Ñ0.09O6 

PrTiNbO6 Pr1.08Ñ0.20Ti0.98Ñ0.10Nb0.96Ñ0.09O6 

NdTiNbO6 Nd
1.11Ñ0.20

Ti
0.98Ñ0.10

Nb
0.95Ñ0.09

O
6
 

SmTiNbO6 Sm0.97Ñ0.20Ti1.00Ñ0.10Nb1.02Ñ0.09O6 

EuTiNbO6 Eu1.12Ñ0.20Ti0.99Ñ0.10Nb0.93Ñ0.09O6 

La0.95Ca0.05Ti0.95Nb1.05O6 La1.09Ñ0.21Ca0.05Ñ0.03Ti0.91Ñ0.09Nb1.00Ñ0.10O6 

La0.90Ca0.10Ti0.90Nb1.10O6 La1.06Ñ0.20Ca0.11Ñ0.03Ti0.89Ñ0.10Nb1.01Ñ0.09O6 

La0.85Ca0.15Ti0.85Nb1.15O6 La0.99Ñ0.20Ca0.15Ñ0.03Ti0.82Ñ0.09Nb1.09Ñ0.09O6 

La0.80Ca0.20Ti0.80Nb1.20O6 La0.90Ñ0.20Ca0.21Ñ0.03Ti0.77Ñ0.09Nb1.16Ñ0.10O6 

Nd0.95Ca0.05Ti0.95Nb1.05O6 Nd
1.04Ñ0.20

Ca
0.05Ñ0.03

Ti
0.89Ñ0.09

Nb
0.96Ñ0.10

O
6
 

Nd0.90Ca0.10Ti0.90Nb1.10O6 Nd
0.99Ñ0.20

Ca
0.09Ñ0.03

Ti
0.84Ñ0.10

Nb
1.10Ñ0.09

O
6
 

Nd0.85Ca0.15Ti0.85Nb1.15O6 Nd
0.92Ñ0.20

Ca
0.12Ñ0.03

Ti
0.76Ñ0.09

Nb
1.09Ñ0.09

O
6
 

Nd0.80Ca0.20Ti0.80Nb1.20O6 Nd
0.90Ñ0.20

Ca
0.17Ñ0.03

Ti
0.73Ñ0.09

Nb
1.11Ñ0.10

O
6
 

Nd0.95Sr0.05Ti0.95Nb1.05O6 Nd
1.01Ñ0.20

Sr
0.05Ñ0.03

Ti
0.92Ñ0.09

Nb
1.04Ñ0.10

O
6
 

Nd0.90Sr0.10Ti0.90Nb1.10O6 Nd
0.97Ñ0.20

Sr
0.10Ñ0.03

Ti
0.90Ñ0.09

Nb
1.06Ñ0.10

O
6
 

Nd0.85Sr0.15Ti0.85Nb1.15O6 Nd
0.91Ñ0.20

Sr
0.15Ñ0.03

Ti
0.86Ñ0.09

Nb
1.11Ñ0.10

O
6
 

Nd0.80Sr0.20Ti0.80Nb1.20O6 Nd
0.86Ñ0.20

Sr
0.20Ñ0.03

Ti
0.81Ñ0.09

Nb
1.15Ñ0.10

O
6
 

Ce0.95Ca0.05Ti0.95Nb1.05O6 Ce
1.03Ñ0.21

Ca
0.05Ñ0.03

Ti
0.92Ñ0.09

Nb
1.02Ñ0.10

O
6
 

Ce0.90Ca0.10Ti0.90Nb1.10O6 Ce
1.01Ñ0.21

Ca
0.09Ñ0.03

Ti
0.89Ñ0.09

Nb
1.04Ñ0.10

O
6
 

Ce0.85Ca0.15Ti0.85Nb1.15O6 Ce
0.93Ñ0.21

Ca
0.14Ñ0.03

Ti
0.86Ñ0.09

Nb
1.10Ñ0.10

O
6
 

Ce0.80Ca0.20Ti0.80Nb1.20O6 Ce
0.87Ñ0.21

Ca
0.21Ñ0.03

Ti
0.81Ñ0.09

Nb
1.15Ñ0.10

O
6
 

Ce0.95Sr0.05Ti0.95Nb1.05O6 Ce
1.04Ñ0.21

Sr
0.05Ñ0.03

Ti
0.95Ñ0.09

Nb
0.99Ñ0.10

O
6
 

Ce0.90Sr0.10Ti0.90Nb1.10O6 Ce
0.97Ñ0.21

Sr
0.10Ñ0.03

Ti
0.90Ñ0.09

Nb
1.05Ñ0.10

O
6
 

Ce0.85Sr0.15Ti0.85Nb1.15O6 Ce
0.90Ñ0.21

Sr
0.15Ñ0.03

Ti
0.86Ñ0.09

Nb
1.12Ñ0.10

O
6
 

Ce0.80Sr0.20Ti0.80Nb1.20O6 Ce
0.87Ñ0.21

Sr
0.21Ñ0.03

Ti
0.81Ñ0.09

Nb
1.15Ñ0.10

O
6
 

(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)TiNbO6 La0.20Ñ0.06Ce0.26Ñ0.06Nd0.26Ñ0.06Sm0.25Ñ0.06Eu0.24Ñ0.06Ti
0.94Ñ0.09

Nb
0.92Ñ0.10

O
6
 

(La0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6 La0.20Ñ0.06Pr0.26Ñ0.06Nd0.21Ñ0.06Sm0.26Ñ0.06Eu0.26Ñ0.06Ti
0.95Ñ0.09

Nb
0.93Ñ0.10

O
6
 

(La0.2Ce0.2Nd0.2Eu0.2Ho0.2)TiNbO6 La0.18Ñ0.06Ce0.19Ñ0.06Nd0.26Ñ0.06Ho0.26Ñ0.06Eu0.26Ñ0.06Ti
0.96Ñ0.09

Nb
0.94Ñ0.10

O
6
 

(La0.2Ce0.2Nd0.2Eu0.2Dy0.2)TiNbO6 La0.20Ñ0.06Ce0.25Ñ0.06Nd0.25Ñ0.06Dy0.24Ñ0.06Eu0.24Ñ0.06Ti
0.96Ñ0.09

Nb
0.93Ñ0.10

O
6
 

(Y0.2La0.2Ce0.2Nd0.2Eu0.2)TiNbO6 Y0.21Ñ0.06La0.19Ñ0.06Ce0.20Ñ0.06Nd0.24Ñ0.06Eu0.22Ñ0.06Ti
0.99Ñ0.09

Nb
0.97Ñ0.10

O
6
 

(Ce0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6 Ce0.22Ñ0.06Pr0.19Ñ0.06Nd0.20Ñ0.06Sm0.24Ñ0.06Eu0.24Ñ0.06Ti
0.96Ñ0.09

Nb
0.98Ñ0.10

O
6
 

(Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6 Y0.20Ñ0.06La0.23Ñ0.06Pr0.25Ñ0.06Nd0.22Ñ0.06Sm0.20Ñ0.06Ti
0.97Ñ0.09

Nb
0.97Ñ0.10

O
6
 

(La0.2Ce0.2Nd0.2Eu0.2Er0.2)TiNbO6 La0.22Ñ0.06Ce0.21Ñ0.06Nd0.23Ñ0.06Er0.22Ñ0.06Eu0.22Ñ0.06Ti
0.97Ñ0.09

Nb
0.97Ñ0.10

O
6
 

(La0.2Pr0.2Nd0.2Sm0.2Dy0.2)TiNbO6 La0.19Ñ0.06Pr0.24Ñ0.06Nd0.21Ñ0.06Sm0.24Ñ0.06Dy0.23Ñ0.06Ti
0.95Ñ0.09

Nb
0.97Ñ0.10

O
6
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ʈʠʩ. 2.9. SE-ʠʟʦʙʨʘʞʝʥʠʝ ʢʝʨʘʤʠʢʠ Nd0.90Sr0.10Ti0.90Nb1.10O6, ʧʦʣʫʯʝʥʥʦʡ ʤʝʪʦʜʦʤ ʧʠʨʦʣʠʟʘ, ʠ 

ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ 

 

ʈʠʩ. 2.10. SE-ʠʟʦʙʨʘʞʝʥʠʝ ʢʝʨʘʤʠʢʠ (Y0.2La0.2Ce0.2Nd0.2Eu0.2)TiNbO6 ʠ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʵʣʝʤʝʥʪʦʚ 

2.5. ɺʳʚʦʜʳ 

1. ʆʪʨʘʙʦʪʘʥʳ ʠ ʟʘʧʘʪʝʥʪʦʚʘʥʳ ʤʝʪʦʜʠʢʠ ʩʠʥʪʝʟʘ ʨʷʜʘ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʞʝʣʝʟʥʳʭ ʛʨʘʥʘʪʦʚ. ɺʳʧʦʣʥʝʥʦ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʩʚʦʡʩʪʚ ʩʦʝʜʠʥʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʪʨʝʭ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʠʢ ʩʠʥʪʝʟʘ - ʢʝʨʘʤʠʯʝʩʢʦʡ, ʧʠʨʦʣʠʟʘ ʞʠʜʢʠʭ ʧʨʝʢʫʨʩʦʨʦʚ ʠ ʩʦʦʩʘʞʜʝʥʠʷ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʤʝʪʦʜ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʧʠʨʦʣʠʟʘ ʦʧʪʠʤʘʣʝʥ ʧʦ ʚʨʝʤʝʥʥʳʤ ʠ ʤʘʪʝʨʠʘʣʴʥʳʤ 

ʟʘʪʨʘʪʘʤ ʠ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʚʩʝʤ ʪʨʝʙʦʚʘʥʠʷʤ ʢ ʯʠʩʪʦʪʝ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʟʘ ʩʯʝʪ ʧʨʦʩʪʦʡ, ʜʦʩʪʫʧʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʠ ʩʤʝʰʠʚʘʥʠʷ ʧʨʝʢʫʨʩʦʨʦʚ ʥʘ 

ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ. ɺʩʝʛʦ ʩʠʥʪʝʟʠʨʦʚʘʥʦ 19 ʦʜʥʦʬʘʟʥʳʭ ʦʙʨʘʟʮʦʚ ï 9 ʤʦʥʦ- ʠ 10 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ. ʆʙʨʘʟʮʳ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʩʪʨʫʢʪʫʨʝ ʛʨʘʥʘʪʘ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʩʦʩʪʘʚʦʚ 

(Y0.2La0.2Nd0.2Sm0.2Eu0.2)3Fe5O12, (Y0.2Ce0.2Eu0.2Gd0.2Er0.2)3Fe5O12 ʠ (Tb0.2Dy0.2Ho0.2Er0.2Yb0.2)3Fe5O12, 

ʧʦʩʣʝʜʥʠʝ ʠʤʝʶʪ ʤʥʦʛʦʬʘʟʥʳʡ ʩʦʩʪʘʚ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʪʠʧʘ ʩʠʥʪʝʟʘ ʠ ʫʩʣʦʚʠʡ ʦʪʞʠʛʘ. 

2. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʩʦʝʜʠʥʝʥʠʡ ʵʰʠʥʠʪʦʚʦʛʦ ʪʠʧʘ ʦʪʨʘʙʦʪʘʥʘ ʢʝʨʘʤʠʯʝʩʢʘʷ ʪʝʭʥʦʣʦʛʠʷ 

ʩʠʥʪʝʟʘ, ʘ ʪʘʢʞʝ ʦʧʪʠʤʠʟʠʨʦʚʘʥʘ ʜʣʷ ʜʘʥʥʦʛʦ ʩʝʤʝʡʩʪʚʘ ʤʝʪʦʜʠʢʘ ʢʘʨʙʘʤʠʜʥʦʛʦ ʧʠʨʦʣʠʟʘ, 

ʧʨʝʚʦʩʭʦʜʷʱʘʷ ʢʝʨʘʤʠʯʝʩʢʫʶ ʪʝʭʥʦʣʦʛʠʶ ʟʘ ʩʯʝʪ ʤʠʥʠʤʠʟʘʮʠʠ ʚʨʝʤʝʥʥʳʭ ʟʘʪʨʘʪ (32 ʯ ʦʪʞʠʛʦʚ 

ʧʨʠ ʤʝʪʦʜʠʢʝ ʢʘʨʙʘʤʠʜʥʦʛʦ ʧʠʨʦʣʠʟʘ ʠ 80 ʯ ʦʪʞʠʛʦʚ ʧʨʠ ʢʝʨʘʤʠʯʝʩʢʦʤ ʩʠʥʪʝʟʝ). ɹʦʣʴʰʠʥʩʪʚʦ 

ʧʦʣʫʯʝʥʥʳʭ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ ʈɿʕ ʠʤʝʶʪ ʨʦʤʙʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʵʰʠʥʠʪʘ (ʆ-ʬʘʟʘ, ʧʨ.ʛʨ. Pnma). 

ɺʩʝʛʦ ʩʠʥʪʝʟʠʨʦʚʘʥʦ 39 ʦʜʥʦʬʘʟʥʳʭ ʦʙʨʘʟʮʦʚ - 20 ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦʩʪʘʚʘ RE1-

xMxTi1-xNb1+xO6, 6 ʤʦʥʦ- ʠ 9 ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʚʝʜʝʥʠʝ La (ʚ 
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ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦ 20%) ʚ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʪʠʪʘʥʦ-ʥʠʦʙʘʪ rʥʝ ʦʢʘʟʳʚʘʝʪ ʟʥʘʯʠʤʦʛʦ ʚʣʠʷʥʠʷ 

ʥʘ ʩʪʘʙʠʣʠʟʘʮʠʶ ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳ ʜʘʞʝ ʧʨʠ ʦʪʞʠʛʘʭ ʚʳʰʝ 1300 Üʉ. ɼʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

ʥʠʟʢʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʜʦʧʘʥʪʘ ʭ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʦʙʨʘʟʮʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʨʦʤʙʠʯʝʩʢʦʡ 

ʬʘʟʳ; ʚʳʩʦʢʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʚʳʟʳʚʘʝʪ ʩʪʨʫʢʪʫʨʥʳʝ ʠʩʢʘʞʝʥʠʷ ʠ ʫʚʝʣʠʯʠʚʘʝʪ ʩʪʘʙʠʣʴʥʦʩʪʴ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳ. ʆʙʨʘʟʮʳ (La0.2Ce0.2Nd0.2Eu0.2Yb0.2)TiNbO6, (Ce0.2Nd0.2 

Eu0.2Dy0.2Ho0.2)TiNbO6 ʠ La0.95Sr0.05Ti0.95Nb1.05O6 ʤʥʦʛʦʬʘʟʥʳ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʨʝʞʠʤʘ ʩʠʥʪʝʟʘ ʠ 

ʫʩʣʦʚʠʡ ʦʪʞʠʛʘ.  

3. ɹʣʠʟʦʩʪʴ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ ʠ ʵʰʠʥʠʪʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʜʘʥʥʳʤʠ ʈʌʣɸ ʠ ʕɿʄɸ. ɼʣʷ ʚʩʝʭ 

ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʦ ʤʝʪʦʜʠʢʘʤ ʩ ʞʠʜʢʠʤʠ ʧʨʝʢʫʨʩʦʨʘʤʠ ʪʠʧʠʯʥʳ ʟʝʨʥʘ ʨʘʟʤʝʨʦʤ 1ï2 ʤʢʤ; 

ʜʣʷ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʦ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ï 1ï10 ʤʢʤ. ʋ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʬʠʢʩʠʨʫʝʪʩʷ ʙʦʣʴʰʘʷ ʘʛʣʦʤʝʨʘʮʠʷ ʟʝʨʝʥ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʘʢʦʚʦʡ ʚ 

ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʩʪʘʚʘʭ. ʕʣʝʤʝʥʪʥʦʝ ʉʕʄ-ʢʘʨʪʠʨʦʚʘʥʠʝ ʧʦʜʪʚʝʨʜʠʣʦ ʛʦʤʦʛʝʥʥʦʩʪʴ 

ʧʦʨʦʰʢʦʚ ʠ ʢʝʨʘʤʠʢʠ ʜʣʷ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʧʠʨʦʣʠʟʘ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ. ʋ ʛʨʘʥʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ, ʥʘʙʣʶʜʘʶʪʩʷ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʤʝʪʦʜ ʙʳʣ ʠʩʢʣʶʯʝʥ ʠʟ ʯʠʩʣʘ 

ʨʘʙʦʯʠʭ.  
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ɻʣʘʚʘ 3. ʉʪʨʫʢʪʫʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ, ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʴ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʛʨʘʥʘʪʦʚ  

ɺ ʛʣʘʚʝ 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʪʨʫʢʪʫʨʳ, ʦʧʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ, ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʠ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʛʨʘʥʘʪʦʚ; ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʭ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʠ ʧʝʨʚʦʧʨʠʥʮʠʧʥʳʭ ʨʘʩʯʝʪʦʚ; ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʜʠʥʘʤʠʢʠ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʦʝʜʠʥʝʥʠʡ ʧʦ ʜʘʥʥʳʤ 

ʠʤʧʝʜʘʥʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ; ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʭ 

ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʩʦʝʜʠʥʝʥʠʡ. 

3.1 ʉʪʨʫʢʪʫʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ 

ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʘ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʛʨʘʥʘʪʦʚ ʠ ʟʥʘʯʝʥʠʷ ʠʭ ʧʣʦʪʥʦʩʪʠ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʧʨʠʣʦʞʝʥʠʠ ɹ ʚ ʪʘʙʣʠʮʝ ɹ.4. ɼʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʟʥʘʯʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʢʝʨʘʤʠʢʠ ʩ ʫʯʝʪʦʤ ʟʘʢʨʳʪʳʭ ʧʦʨ ʙʣʠʟʢʠ ʢ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʧʣʦʪʥʦʩʪʠ; 

ʨʘʟʣʠʯʠʷ ʥʝ ʧʨʝʚʳʰʘʪʁ 4%; ʧʘʨʘʤʝʪʨʳ a ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʙʣʠʟʢʠ ʢ ʪʘʢʦʚʳʤ, 

ʧʦʣʫʯʝʥʥʳʤ ʚ ʨʘʙʦʪʝ [Espinosa et al., 1962]. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʘʨʘʤʝʪʨ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʘ 

ʞʝʣʝʟʦ-ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʠʦʥʥʳʤ ʨʘʜʠʫʩʦʤ ʈɿʕ. ʅʘ ʨʠʩʫʥʢʝ 2.2 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚʘʨʠʘʮʠʠ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ  Ὑ  ʵʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ 

ʧʦʟʠʮʠʠ ʩʪʨʫʢʪʫʨʳ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ, ʚʳʯʠʩʣʝʥʥʳʝ ʢʘʢ: 

 Ὑ
В

, (3.1) 

ʛʜʝ Ri ï ʨʘʜʠʫʩʳ ʈɿʕ ʚ ʜʦʜʝʢʘʵʜʨʝ, ʩʦʛʣʘʩʥʦ [Shannon, 1976]. ʅʘ ʨʠʩʫʥʢʝ 3.1 ʚʠʜʥʦ, ʯʪʦ ʜʣʷ ʚʩʝʭ 

ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʭʘʨʘʢʪʝʨʥʘ ʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʘ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʦʪ ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ Ὑ, ʯʪʦ ʦʪʨʘʞʘʝʪ ʚʣʠʷʥʠʝ ʨʘʟʤʝʨʘ ʠʦʥʦʚ ʈɿʕ ʥʘ 

ʩʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ ʠ ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʪʩʫʪʩʪʚʠʝ ʧʨʠʥʮʠʧʠʘʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ ʩʪʨʫʢʪʫʨʝ ʧʨʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʤ ʟʘʤʝʱʝʥʠʠ. 

ɺ ʨʘʙʦʪʝ [Espinosa et al., 1962] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʨʘʜʠʫʩ ʈɿʕ, ʤʝʥʴʰʠʡ ʠʣʠ ʨʘʚʥʳʡ 1.079 ¡, 

ʷʚʣʷʝʪʩʷ ʣʠʤʠʪʠʨʫʶʱʠʤ ʬʘʢʪʦʨʦʤ ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʞʝʣʝʟʦ-

ʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʛʨʘʥʘʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʫʩʣʦʚʠʷʭ ʘʪʤʦʩʬʝʨʥʦʛʦ ʜʘʚʣʝʥʠʷ. ʉʭʦʞʘʷ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ: ʪʨʠ ʦʙʨʘʟʮʘ 

(Y0.2La0.2Nd0.2Sm0.2Eu0.2)3Fe5O12, (Y0.2Ce0.2Eu0.2Gd0.2Er0.2)3Fe5O12, (Tb0.2Dy0.2Ho0.2Er0.2Yb0.2)3Fe5O12 

ʠʟ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʪʨʠʥʘʜʮʘʪʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝʩʷ ʩʨʝʜʥʠʤ ʠʦʥʥʳʤ ʨʘʜʠʫʩʘʤ Ὑ  ʵʣʝʤʝʥʪʦʚ 

1.087, 1.057 ʠ 1.058 ¡, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʝ ʫʜʘʚʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʦʜʥʦʬʘʟʥʳʤʠ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʚʘʨʴʠʨʦʚʘʥʠʝ ʤʝʪʦʜʦʚ ʠ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʤʘʢʩʠʤʘʣʴʥʳʡ ʩʨʝʜʥʠʡ ʨʘʜʠʫʩ Ὑ, ʨʘʚʥʳʡ 1.055 ¡, ʧʨʠ ʢʦʪʦʨʦʤ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʦʙʨʘʟʮʳ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ, ʭʘʨʘʢʪʝʨʝʥ ʜʣʷ (Y0.2Nd0.2Sm0.2Gd0.2Ho0.2)3Fe5O12 (ʪʘʙʣʠʮʘ ɹ.4 ʧʨʠʣʦʞʝʥʠʷ ɹ). 
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ɿʘʤʝʪʠʤ, ʯʪʦ ʵʤʧʠʨʠʯʝʩʢʠ ʫʩʪʘʥʦʚʣʝʥʥʦʤʫ ʦʛʨʘʥʠʯʝʥʠʶ ὙÒ1.055 ¡ ʦʪʚʝʯʘʶʪ ʪʘʢʞʝ ʩʨʝʜʥʠʝ 

ʠʦʥʥʳʝ ʨʘʜʠʫʩʳ ʜʚʫʭ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ, ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʚ ʨʘʙʦʪʝ [Dabrowa et al., 

2021]. 
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ʈʠʩ. 3.1. ɿʘʚʠʩʠʤʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠ ʨʘʩʯʝʪʥʦʛʦ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʘ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ ʘ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ (ʯʝʨʥʳʝ ʠ ʢʨʘʩʥʳʝ ʟʥʘʢʠ) ʦʪ ʩʨʝʜʥʝʛʦ 

ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ  Ὑ  ʵʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ ʩʪʨʫʢʪʫʨʳ (ʢʚʘʜʨʘʪʳ ï ʵʢʩʧʝʨʠʤʝʥʪ, ʪʨʝʫʛʦʣʴʥʠʢʠ 

ï ʨʘʩʯʝʪ; ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ï ʘʚʪʦʨʩʢʠʝ ʜʘʥʥʳʝ; ʜʣʷ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ - 

ʩʦʛʣʘʩʥʦ [Tovstopyat et al., 2023]) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʣʠ  Ὑ ʚʭʦʜʷʱʠʭ ʈɿʕ ʤʝʥʴʰʝ 1.055 ¡, ʪʦ ʬʦʨʤʠʨʫʝʪʩʷ ʬʘʟʘ ʛʨʘʥʘʪʘ, ʝʩʣʠ 

ʙʦʣʴʰʝ 1.057 ¡, ʪʦ ʦʙʨʘʟʝʮ ʤʥʦʛʦʬʘʟʥʳʡ ʠ ʬʦʨʤʠʨʫʶʪʩʷ ʬʘʟʳ ʦʨʪʦʬʝʨʨʠʪʘ ʠ ʦʢʩʠʜʘ ʞʝʣʝʟʘ. 

ʆʙʣʘʩʪʴ ʤʝʞʜʫ 1.055 ʠ 1.057 ¡ ʦʩʪʘʝʪʩʷ ʜʠʩʢʫʩʩʠʦʥʥʦʡ ʠ ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ɼʘʥʥʦʝ ʵʤʧʠʨʠʯʝʩʢʦʝ ʧʨʘʚʠʣʦ ʥʝ ʧʨʠʤʝʥʠʤʦ ʜʣʷ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ 

(ʜʣʷ ʧʦʩʣʝʜʥʠʭ ʛʨʘʥʠʯʥʦʝ ʟʥʘʯʝʥʠʝ ʩʦʩʪʘʚʣʷʝʪ 1.079 ¡ ʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʦʩʪʘʚʫ Sm3Fe5O12) ʠ 

ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʛʨʘʥʘʪʦʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ ʚʳʩʦʢʦʤ ʜʘʚʣʝʥʠʠ [Cho et al., 1997, Guo et al., 

2011]. ɺ ʩʣʫʯʘʝ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʣʠʤʠʪʠʨʫʶʱʠʡ ʛʝʦʤʝʪʨʠʯʝʩʢʠʡ ʬʘʢʪʦʨ (1.055 

¡) ʙʦʣʝʝ ʞʝʩʪʢʠʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʤʠ ʩʦʩʪʘʚʘʤʠ ʚ ʩʠʣʫ ʙʦʣʝʝ ʟʥʘʯʠʤʳʭ 

ʣʦʢʘʣʴʥʳʭ ʠʩʢʘʞʝʥʠʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ (ʩʤ. ʥʠʞʝ). 

ʉʣʝʜʫʷ ʨʘʙʦʪʝ [Dippo, Vecchio, 2021], ʚʳʧʦʣʥʝʥʳ ʦʮʝʥʢʠ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʡ ʵʥʪʨʦʧʠʠ 

ʛʨʘʥʘʪʦʚ ʥʘ ʦʩʥʦʚʝ ʩʣʝʜʫʶʱʝʛʦ ʩʦʦʪʥʦʰʝʥʠʷ:  

 Ὓ̋̏̎̕ 
В В  

В
, (3.2) 

ʛʜʝ aS ï ʯʠʩʣʦ ʧʦʟʠʮʠʡ ʚ S ʧʦʜʨʝʰʝʪʢʝ, ὼ ï ʩʪʝʧʝʥʴ ʟʘʩʝʣʝʥʥʦʩʪʠ ʧʦʟʠʮʠʠ, R ï ʫʥʠʚʝʨʩʘʣʴʥʘʷ 

ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ (R = 8.314 ɼʞ/(ʤʦʣʴÅʂ)). ɼʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʟʥʘʯʝʥʠʝ 

ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʡ ʵʥʪʨʦʧʠʠ ʩʦʩʪʘʚʣʷʝʪ 0.24R. ɼʣʷ ʦʪʚʝʪʘ ʥʘ ʚʦʧʨʦʩ, ʦʪʥʦʩʪ̫ʩʷ ʣʠ ʵʪʠ 
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ʩʦʝʜʠʥʝʥʠ ̫ ʢ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʤ, ʠʩʧʦʣʴʟʦʚʘʥʳ ʦʮʝʥʢʠ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ EM [Dippo, 

Vecchio, 2021]: 

 Ὁὓ ̎ ́̍̏̌ ̝́̓̏̍̏̃
̋̏̎̕

Ɇὒ,  (3.3) 

ʛʜʝ L ï ʢʦʣʠʯʝʩʪʚʦ ʧʦʜʨʝʰʝʪʦʢ ʚ ʩʦʝʜʠʥʝʥʠʠ. ɿʥʘʯʝʥʠʝ EM ʜʣʷ ʠʟʫʯʝʥʥʳʭ ʥʘʤʠ ʛʨʘʥʘʪʦʚ 

ʩʦʩʪʘʚʣʷʝʪ 0.72, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʠʟʢʦʤ (EM<1) ʟʥʘʯʝʥʠʠ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʡ ʵʥʪʨʦʧʠʠ 

ʩʦʝʜʠʥʝʥʠʡ, ʪ.ʝ. ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʛʨʘʥʘʪʳ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʦʪʥʝʩʝʥʳ ʢ 

ʢʣʘʩʩʫ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʅʝʩʤʦʪʨʷ ʥʘ ʙʦʣʴʰʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʈɿʕ ʚ ʩʦʩʪʘʚʝ, ʠʭ 

ʚʚʝʜʝʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʪʦʣʴʢʦ ʚ ʦʜʥʫ ʠʟ ʪʨʝʭ ʧʦʜʨʝʰʝʪʦʢ ʛʨʘʥʘʪʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʦʙʨʘʟʦʚʘʥʠʝ 

ʞʝʣʝʟʦ-ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʧʨʘʚʠʣʘʤʠ ʠʟʦʤʦʨʬʠʟʤʘ, 

ʘ ʥʝ ʚʳʩʦʢʦʡ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʡ ʵʥʪʨʦʧʠʝʡ. 

3.1.1 ʋʪʦʯʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ  

ʄʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ ʚʳʧʦʣʥʝʥʦ ʫʪʦʯʥʝʥʠʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʧʦʨʦʰʢʦʚʦʡ ʜʠʬʨʘʢʮʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʛʨʘʥʘʪʦʚ. ɺ ʢʘʯʝʩʪʚʝ 

ʩʪʘʨʪʦʚʦʡ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʛʨʘʥʘʪ Y3Fe5O12 ʢʫʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ [Rodic et al., 1999]. 

ʉʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʩʪʘʚʦʚ RE3Fe5O12 ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʘʥʥʠʤʠ 

ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ, ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʚʳʷʚʣʝʥʳ ʨʘʩʭʦʞʜʝʥʠʷ ʩʦ ʩʪʘʨʪʦʚʦʡ ʤʦʜʝʣʴʶ. ɺ 

ʭʦʜʝ ʫʪʦʯʥʝʥʠʷ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʦʠʩʭʦʜʠʪ ʩʤʝʱʝʥʠʝ ʘʪʦʤʘ ʞʝʣʝʟʘ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ 

ʦʢʨʫʞʝʥʠʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʠʟʤʝʥʝʥʠʝ ʧʦʟʠʮʠʠ ʞʝʣʝʟʘ Fe2 (16a) ʥʘ (96h) ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ 

ʩʥʠʞʝʥʠʝʤ ʟʘʩʝʣʸʥʥʦʩʪʠ ʠ ʫʚʝʣʠʯʝʥʠʝʤ ʧʘʨʘʤʝʪʨʦʚ Biso ʞʝʣʝʟʘ ʠ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʭ ʘʪʦʤʦʚ 

ʢʠʩʣʦʨʦʜʘ. ɹʳʣʠ ʧʨʦʚʝʨʝʥʳ ʪʝʪʨʘʛʦʥʘʣʴʥʳʝ [Hock et al., 1991] ʠ ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʝ [Rodic et al., 

1999] ʩʪʨʫʢʪʫʨʥʳʝ ʤʦʜʝʣʠ, ʦʜʥʘʢʦ ʦʥʠ ʥʝ ʜʘʣʠ ʩʫʱʝʩʪʚʝʥʥʳʭ ʫʣʫʯʰʝʥʠʡ ʚ ʨʘʩʯʝʪʘʭ, ʚʩʣʝʜʩʪʚʠʝ 

ʯʝʛʦ ʙʳʣʠ ʦʪʢʣʦʥʝʥʳ. ɺ ʢʦʥʝʯʥʦʤ ʚʘʨʠʘʥʪʝ ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʫʪʦʯʥʝʥʠʝ 

ʚʝʣʦʩʴ ʚ ʨʘʤʢʘʭ ʢʫʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʧʦʟʠʮʠʡ ʈɿʕ ʵʣʝʤʝʥʪʘ (24c) ʠ ʧʦʟʠʮʠʠ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʠ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʛʦ ʞʝʣʝʟʘ Fe1 (24d) ʠ ʚʘʨʴʠʨʦʚʘʥʠʝʤ ʧʦʟʠʮʠʡ ʞʝʣʝʟʘ Fe2 (96h) 

ʠ ʢʠʩʣʦʨʦʜʘ O (96h). ʂʦʥʝʯʥʳʝ ʧʘʨʘʤʝʪʨʳ ʫʪʦʯʥʝʥʠʷ ʢʦʦʨʜʠʥʘʪ ʘʪʦʤʦʚ Fe2 ʠ O ʧʨʠʚʝʜʝʥʳ ʚ 

ʧʨʠʣʦʞʝʥʠʠ ɹ ʪʘʙʣʠʮʝ ɹ.5, ʜʣʷ ʧʨʠʤʝʨʘ ʥʘ ʨʠʩʫʥʢʝ 3.2 ʧʨʝʜʩʪʘʚʣʝʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʛʨʘʥʘʪʘ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12. ʆʢʪʘʵʜʨʠʯʝʩʢʘʷ ʧʦʟʠʮʠʷ Fe2 

(16a) ʨʘʩʱʝʧʣʷʝʪʩʷ ʥʘ ʰʝʩʪʴ ʙʣʠʟʢʠʭ ʧʦʟʠʮʠʡ 96h (ʩʤ. ʨʠʩʫʥʦʢ 3.3). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʛʨʘʥʘʪʘ ʚʦʟʥʠʢʘʝʪ 

ʠʩʢʘʞʝʥʥʳʡ ʦʢʪʘʵʜʨ FeO6 ʠ ʩʣʘʙʦ ʠʩʢʘʞʸʥʥʳʡ ʪʝʪʨʘʵʜʨ FeO4. ɼʘʥʥʳʝ ʠʩʢʘʞʝʥʠʷ ʤʦʛʫʪ ʚʣʠʷʪʴ 

ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʦʝʜʠʥʝʥʠʷ ï ʝʛʦ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʠ 

ʤʘʛʥʠʪʥʫʶ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʙʦʪʳ 

[Dabrowa et al., 2021], ʚ ʢʦʪʦʨʦʡ ʧʦ ʜʘʥʥʳʤ ʨʘʤʘʥʦʚʩʢʦʡ ʠ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʣʠʵʜʨʳ FeO6 ʠ FeO4 ʠʩʢʘʞʝʥʳ ʚ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʘʭ ʩʦʩʪʘʚʘ 
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(Y0.2Gd0.2Dy0.2Ho0.2Er0.2)3Fe5O12 ʠ (Y0.2Sm0.2Gd0.2Dy0.2Ho0.2)3Fe5O12. ʊʘʢʞʝ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ 

ʫʪʦʯʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʘʭ, ʢʘʢ ʠ ʚ 

ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʜʦʜʝʢʘʵʜʨʳ REO8 ʚʢʣʶʯʘʶʪ ʧʦ 4 ʢʦʨʦʪʢʠʭ ʠ 4 ʜʣʠʥʥʳʭ ʩʚʷʟʠ (ʩʤ. ʨʠʩʫʥʦʢ 

3.3ʚ), ʦʜʥʘʢʦ ʨʘʟʥʠʮʘ ʜʣʠʥ ʩʚʷʟʝʡ RE-O (ʢʦʨʦʪʢʦʡ ʠ ʜʣʠʥʥʦʡ) ʙʦʣʝʝ ʩʫʱʝʩʪʚʝʥʥʘ, ʯʝʤ ʚ ʞʝʣʝʟʦ-

ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ RE3Fe5O12 ʩʦʝʜʠʥʝʥʠʷʭ. ʉʪʝʧʝʥʴ ʟʘʧʦʣʥʝʥʠʷ ʧʦʟʠʮʠʠ ʈɿʕ ʥʘʭʦʜʠʪʩʷ ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʭʠʤʠʯʝʩʢʦʡ ʬʦʨʤʫʣʦʡ ʩʦʝʜʠʥʝʥʠʷ. 

20 40 60 80 100 120

80 100 120

2q, ʛʨʘʜ

 

ʈʠʩ. 3.2. ɼʠʬʨʘʢʪʦʛʨʘʤʤʘ ʦʙʨʘʟʮʘ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12, ʫʪʦʯʥʝʥʥʘʷ ʤʝʪʦʜʦʤ 

ʈʠʪʚʝʣʴʜʘ. ʇʘʨʘʤʝʪʨʳ ʫʪʦʯʥʝʥʠʷ Rw=16.3; Rp=10.00; Rex=9.04; RF=3.93, ɢ2=1.23), ʢʨʘʩʥʳʝ 

ʪʦʯʢʠ ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʣʠʥʠʷ ï ʨʘʩʩʯʠʪʘʥʥʳʡ ʧʨʦʬʠʣʴ, ʩʠʥʷʷ ʣʠʥʠʷ ï ʦʪʢʣʦʥʝʥʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦʪ ʨʘʩʩʯʠʪʘʥʥʳʭ, ʟʝʣʝʥʳʝ ʤʝʪʢʠ ï ʧʠʢʠ ʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ. ɺʨʝʟʢʘ 

ï ʬʨʘʛʤʝʥʪ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʥʘ ʙʦʣʴʰʠʭ ʫʛʣʘʭ. 

 

ʈʠʩ. 3.3. ʆʙʱʠʡ ʚʠʜ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʧʦʩʣʝ 

ʫʪʦʯʥʝʥʠ ̫ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ (ʘ), ʰʝʩʪʴ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʦʢʪʘʵʜʨʦʚ FeO6 (ʙ) ʠ ʜʦʜʝʢʘʵʜʨ REO8 

(ʚ; ʜʣʠʥʘ ʞʝʣʪʦʡ ʠ ʨʦʟʦʚʦʡ ʩʚʷʟʠ - 2.308 ʠ 2.806 ¡, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) 

3.1.2 ʊʝʨʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʅʘ ʨʠʩʫʥʢʝ 3.4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʠʧʠʯʥʳʝ ʊɻ-ɼʊɸ ʢʨʠʚʳʝ ʜʣʷ ʛʨʘʥʘʪʘ 

(Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12. ɼʣʷ ʚʩʝʭ ʩʦʩʪʘʚʦʚ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 30ï450 Üʉ 
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ʬʠʢʩʠʨʫʶʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ ʧʦʪʝʨʠ ʤʘʩʩʳ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʩʚʷʟʘʥʥʳʝ ʩ ʠʩʧʘʨʝʥʠʝʤ ʚʦʜʳ; 

ʧʦʪʝʨʠ ʩʦʩʪʘʚʣʷʶʪ ʥʝ ʙʦʣʝʝ 0.30 %. ʆʪʤʝʯʝʥʦ, ʯʪʦ ʧʦʪʝʨʠ ʚʦʜʳ ʧʨʦʠʩʭʦʜʷʪ ʚ ʜʚʝ ʩʪʘʜʠʠ, ʯʪʦ 

ʦʪʯʝʪʣʠʚʦ ʬʠʢʩʠʨʫʝʪʩʷ ʥʘ ʢʨʠʚʳʭ ɼʊɻ ʠ ɼʊɸ ʚ ʚʠʜʝ ʵʥʜʦʪʝʨʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʩ ʤʠʥʠʤʫʤʘʤʠ 

ʧʨʠ ~100 ʠ ~250ï300 Üʉ; ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʥʘʛʨʝʚʘʥʠʠ ʜʦ 1300 Üʉ ʪʝʨʤʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʠ ʧʦʪʝʨ ɹ

ʤʘʩʩʳ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ʇʦʪʝʨʠ ʚʦʜʳ ʥʝ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳ; ʦʥʠ ʥʘʙʣʶʜʘʶʪʩʷ ʪʦʣʴʢʦ ʧʨʠ ʧʝʨʚʦʤ 

ʮʠʢʣʝ ʥʘʛʨʝʚʘ. ʆʧʠʩʘʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʊɻ-ɼʊɸ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʚʩʝʭ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʦʙʨʘʟʮʦʚ ʛʨʘʥʘʪʘ. 
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ʈʠʩ. 3.4. ʊɻ-ɼʊɸ ʜʘʥʥʳʝ ʜʣʷ ʛʨʘʥʘʪʘ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 

ɼʣʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ Y3Fe5O12 ʠ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʟʥʘʯʝʥʠʷ ʂʊʈ, 

ʦʧʨʝʜʝʣʝʥʥʳʝ ʤʝʪʦʜʦʤ ʜʠʣʘʪʦʤʝʪʨʠʠ, ʩʦʩʪʘʚʣʷʶʪ 10.20Å10-6 ʠ 11.07Å10-6 ʂ-1, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʪ.ʝ. 

ʬʠʢʩʠʨʫʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʨʘʟʣʠʯʠʝ ʂʊʈ ʜʣʷ ʞʝʣʝʟʦ-ʠʪʪʨʠʝʚʦʛʦ ʠ ʞʝʣʝʟʦ-

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʛʨʘʥʘʪʘ. ɼʘʥʥʳʝ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʪʘʢʦʚʳʤʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʤʠ ʚ ʨʘʙʦʪʝ 

[Dabrowa et al., 2021]. 

3.1.3 ʄʝʩʩʙʘʫʵʨʦʚʩʢʠʝ ʩʧʝʢʪʨʳ 

ʄʝʩʩʙʘʫʵʨʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʧʦʣʫʯʝʥʳ ʜʣʷ ʦʙʨʘʟʮʘ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12, ʥʘ 

ʨʠʩʫʥʢʝ 3.5ʘ ʧʨʝʜʩʪʘʚʣʝʥ ʪʠʧʠʯʥʳʡ ʩʧʝʢʪʨ ʦʙʨʘʟʮʘ, ʩʦʜʝʨʞʘʱʠʡ 512 ʪʦʯʝʢ. ɿʘ ʚʨʝʤʷ ʥʘʢʦʧʣʝʥʠʷ, 

ʩʦʩʪʘʚʣʷʶʱʝʝ ʜʦ 5 ʥʝʜʝʣʴ, ʜʦʩʪʠʛʥʫʪʦʝ ʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣ/ʰʫʤ ʚ ʩʧʝʢʪʨʝ ʥʘ 4096 ʪʦʯʝʢ 

ʩʦʩʪʘʚʣʷʣʦ ʥʝ ʙʦʣʝʝ 10 ʚʩʣʝʜʩʪʚʠʝ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʈɿʕ ʠ ʥʝʜʦʩʪʘʪʦʯʥʦʡ 

ʩʪʘʪʠʩʪʠʢʠ ʠʟ-ʟʘ ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʚʨʝʤʝʥʠ ʥʘʢʦʧʣʝʥʠʷ, ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʩʧʝʢʪʨʘ 

ʩʣʦʞʝʥʠʝʤ ʩʪʘʪʠʩʪʠʢʠ ʚ ʩʧʝʢʪʨ ʥʘ 512 ʪʦʯʝʢ. ʆʥ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʟ ʩʝʙʷ ʩʫʧʝʨʧʦʟʠʮʠʶ ʥʝʩʢʦʣʴʢʠʭ 

ʩʝʢʩʪʝʪʦʚ ʣʠʥʠʡ ʦʪ ʤʘʛʥʠʪʦʫʧʦʨʷʜʦʯʝʥʥʦʡ ʬʘʟʳ. ʅʘ ʨʠʩʫʥʢʝ 3.5ʙ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʨʘʩʯʸʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ (ʧʣʦʪʥʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʠ) ʚ ʩʧʝʢʪʨʝ ʟʥʘʯʝʥʠʡ ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʈ(ʅ) ʩʝʢʩʪʝʪʦʚ ʣʠʥʠʡ, ʚʳʧʦʣʥʝʥʥʦʛʦ ʧʦ ʧʨʦʛʨʘʤʤʝ DISTRI_M; ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʨʘʩʯʝʪʘ ʥʘʯʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʩʝʢʩʪʝʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʨʘʟʣʦʞʝʥʠʷ ʩʫʧʝʨʧʦʟʠʮʠʦʥʥʳʭ 

ʩʧʝʢʪʨʦʚ ʥʘ ʦʪʜʝʣʴʥʳʝ ʩʝʢʩʪʝʪʳ; ʬʦʨʤʘ ʩʝʢʩʪʝʪʦʚ ʧʨʠʥʠʤʘʣʘʩʴ ʣʦʨʝʥʮʝʚʦ-ʛʘʫʩʩʦʚʦʡ. 
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ʈʠʩ.3.5. ʄʝʩʩʙʘʫʵʨʦʚʩʢʠʡ ʩʧʝʢʪʨ ʛʨʘʥʘʪʘ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʠ ʝʛʦ ʨʘʟʣʦʞʝʥʠʝ ʥʘ 

ʩʝʢʩʪʝʪʳ I-V (ʟʥʘʯʝʥʠʝ c2=2.28) (ʘ); ʨʘʩʯʝʪʥʘʷ ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ - ʧʣʦʪʥʦʩʪʴ ʚʝʨʦʷʪʥʦʩʪʠ 

ʈ(ʅ) ʚ ʩʧʝʢʪʨʝ ʩ ʨʘʟʣʦʞʝʥʠʝʤ ʥʘ ʚʢʣʘʜʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʝʢʩʪʝʪʘʤ I-V (ʙ) 

ɺ ʩʧʝʢʪʨʝ ʦʙʨʘʟʮʘ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʚʳʜʝʣʷʝʪʩʷ ʢʘʢ ʤʠʥʠʤʫʤ ʧʷʪʴ (I-V) 

ʩʝʢʩʪʝʪʦʚ ʣʠʥʠʡ ʣʦʨʝʥʮ-ʛʘʫʩʩʦʚʦʡ ʬʦʨʤʳ ʩ ʦʪʥʦʰʝʥʠʝʤ ʚʢʣʘʜʦʚ ʃʦʨʝʥʮ/ɻʘʫʩʩ=0.19(3), 

ʦʙʨʘʟʫʶʱʠʭ ʜʚʘ ʧʦʜʩʧʝʢʪʨʘ ʦʪ ʠʦʥʦʚ Fe3+ (ʩʤ. ʨʠʩʫʥʦʢ 3.5ʘ-ʙ) ʚ ʜʚʫʭ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʧʦʟʠʮʠʷʭ 

ʩʪʨʫʢʪʫʨʳ. ɿʥʘʯʝʥʠʷ ʩʚʝʨʭʪʦʥʢʦʛʦ ʧʦʣʷ H, ʠʟʦʤʝʨʥʦʛʦ ʩʜʚʠʛʘ IS ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 

Fe, ʢʚʘʜʨʫʧʦʣʴʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ QS ʠ ʧʣʦʱʘʜʠ S ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʧʨʠʣʦʞʝʥʠʠ ɹ ʚ ʪʘʙʣʠʮʝ ɹ.6. 

ʉʦʛʣʘʩʥʦ ʧʨʝʜʳʜʫʱʠʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ [Varouti et al., 2020] ʩʝʢʩʪʝʪʳ ʩ ʧʦʥʠʞʝʥʥʳʤ ʟʥʘʯʝʥʠʝʤ 

ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠʧʠʩʳʚʘʶʪʩʷ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʤʫ Fe3+, ʚ ʪʦ 

ʚʨʝʤʷ ʩʝʢʩʪʝʪʳ ʩ ʧʦʚʳʰʝʥʥʳʤ - ʦʢʪʘʵʜʨʠʯʝʩʢʠ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʤʫ. ɺ ʩʧʝʢʪʨʝ ʦʙʨʘʟʮʘ 

(Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʠʦʥʘʤ Fe3+ ʚ ʦʢʪʘʵʜʨʘʭ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʚʘ ʩʝʢʩʪʝʪʘ, ʘ ʠʦʥʘʤ Fe3+ ʚ 

ʪʝʪʨʘʵʜʨʘʭ - ʪʨʠ; ɻ ʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ Fe3+ ʚ ʵʪʠʭ ʧʦʟʠʮʠʷʭ, ʦʮʝʥʝʥʥʦʝ ʧʦ ʧʣʦʱʘʜʷʤ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʝʢʩʪʝʪʦʚ, ʩʦʩʪʘʚʣʷʝʪ VIFe3+/IVFe3+ = (12.7+28.3)/(32.1+17.1+10.0) = 2/3, ʪ.ʝ. 

ʙʣʠʟʢʦ ʢ ʪʘʢʦʚʦʤʫ ʜʣʷ ʞʝʣʝʟʦ-ʠʪʪʨʠʝʚʦʛʦ ʛʨʘʥʘʪʘ Y3Fe5O12. ʆʪʤʝʯʝʥʦ, ʯʪʦ ʩʧʝʢʪʨʘʣʴʥʳʝ ʣʠʥʠʠ 

ʧʝʨʚʦʛʦ ʠʟ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʩʝʢʩʪʝʪʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʫʰʠʨʝʥʳ; ʥʘ ʦʩʥʦʚʘʥʠʠ ʯʝʛʦ ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚ ʩʧʝʢʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ IVFe3+ ʤʦʞʝʪ ʙʳʪʴ ʨʘʟʨʝʰʝʥ ʝʱʝ ʦʜʠʥ ʯʝʪʚʝʨʪʳʡ 

ʩʝʢʩʪʝʪ, ʠʤʝʶʱʠʡ ʙʣʠʟʢʠʝ ʟʥʘʯʝʥʠʷ H, IS ʠ QS, ʥʦ ʨʘʟʥʳʝ ʫʛʣʳ ʤʝʞʜʫ ʦʩʴʶ z ʛʨʘʜʠʝʥʪʘ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ ʷʜʨʘʭ ʞʝʣʝʟʘ ʠ ʥʘʧʨʘʚʣʝʥʠʝʤ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ [Varouti et al., 2020]. 

ʆʜʥʘʢʦ ʚʳʜʝʣʝʥʠʝ ʦʪʤʝʯʝʥʥʦʛʦ ʯʝʪʚʝʨʪʦʛʦ ʩʝʢʩʪʝʪʘ ʦʩʪʘʝʪʩʷ ʧʦʜ ʚʦʧʨʦʩʦʤ ʠʟ-ʟʘ ʥʠʟʢʦʛʦ 

ʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣ/ʰʫʤ ʚ ʩʧʝʢʪʨʝ, ʢʦʪʦʨʳʡ ʫʜʘʝʪʩʷ ʜʦʩʪʠʯʴ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ. 

ɺ ʧʨʠʣʦʞʝʥʠʠ ɸ ʥʘ ʨʠʩʫʥʢʝ ɸ.4ʘ-ʙ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʧʦ ʚʘʨʠʘʮʠʷʤ ʩʚʝʨʭʪʦʥʢʦʛʦ ʧʦʣʷ 

ʅ ʠ ʠʟʦʤʝʨʥʦʛʦ ʩʜʚʠʛʘ IS ʥʠʟʢʦʧʦʣʝʚʦʛʦ ʩʝʢʩʪʝʪʘ ʦʪ ʠʦʥʦʚ Fe3+ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʘʩʩʳ ʈɿʕ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʩʦʛʣʘʩʥʦ 

ʘʚʪʦʨʩʢʠʭ ʠ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ [Lataifeh et al., 1999; Vandormael et al., 2001; Long et al., 2016; 

Mohaidat et al., 2017; Dabrowa et al., 2021]. ɺʠʜʥʦ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʤʘʩʩʳ ʈɿʕ (ʫʤʝʥʴʰʝʥʠʝʤ ʝʛʦ 
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ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ) ʢʘʢ ʜʣʷ ʤʦʥʦ-, ʪʘʢ ʠ ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʟʥʘʯʝʥʠʝ ʅ ʥʝʩʢʦʣʴʢʦ 

ʚʦʟʨʘʩʪʘʝʪ, ʘ ʚʝʣʠʯʠʥʘ IS ʥʘʧʨʦʪʠʚ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʝʪʩʷ. ʇʨʠ ʵʪʦʤ ʧʘʨʘʤʝʪʨʳ ʅ ʠ IS ʜʣʷ 

ʩʦʩʪʘʚʦʚ Y3Fe5O12, (Y0.2Gd0.2Dy0.2Ho0.2Er0.2)3Fe5O12 ʠ (Y0.2Sm0.2Gd0.2Dy0.2Ho0.2)3Fe5O12 ʥʝʩʢʦʣʴʢʦ 

ʦʪʢʣʦʥʷʶʪʩʷ ʦʪ ʫʢʘʟʘʥʥʦʛʦ ʪʨʝʥʜʘ. ɺ ʧʨʠʣʦʞʝʥʠʠ ɸ ʥʘ ʨʠʩʫʥʢʝ ɸ.4ʚ-ʛ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʘʢʞʝ 

ʜʘʥʥʳʝ ʧʦ ʩʦʦʪʥʦʰʝʥʠʶ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ʅ ʠ IS ʠʦʥʦʚ Fe3+ ʚ ʦʢʪʘ- ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʷʭ 

ʛʨʘʥʘʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ; ʧʦʣʫʯʝʥʥʳʝ ʥʘʤʠ ʜʘʥʥʳʝ ʧʦ ʟʥʘʯʝʥʠʷʤ H ʠ IS ʜʣʷ 

(Y0.2Sm0.2Gd0.2Dy0.2Ho0.2)3Fe5O12 ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʪʘʢʦʚʳʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʜʣʷ 

ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ çʤʦʜʠʬʠʢʘʮʠʷè ʛʨʘʥʘʪʦʚ ʩ ʧʦʤʦʱʴʶ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʥʝ ʚʳʟʳʚʘʝʪ ʟʥʘʯʠʤʳʭ ʠʟʤʝʥʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ 

ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ, ʪ.ʝ. ʩʫʱʝʩʪʚʝʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʝʪʨʘ- ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ 

ʧʦʟʠʮʠʡ ʠʦʥʦʚ Fe3+ ʥʝ ʬʠʢʩʠʨʫʝʪʩʷ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʫʪʦʯʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʧʦ ʜʘʥʥʳʤ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʚʳʷʚʠʣʦ ʠʩʢʘʞʝʥʠʷ ʧʦʣʠʵʜʨʦʚ ʞʝʣʝʟʘ ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʩʤʝʱʝʥʠʝ ʝʛʦ 

ʧʦʣʦʞʝʥʠʷ. ʇʨʝʜʩʪʘʚʣʷʝʪʩʷ, ʯʪʦ ʚ  ʩʚʷʟʠ ʩ ʜʦʩʪʘʪʦʯʥʦ ʥʠʟʢʠʤ ʦʪʥʦʰʝʥʠʝʤ ʩʠʛʥʘʣ/ʰʫʤ ʚ 

ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʤ ʩʧʝʢʪʨʝ (Y0.2Sm0.2Gd0.2Dy0.2Ho0.2)3Fe5O12, ʥʝʩʤʦʪʨʷ ʥʘ ʙʦʣʴʰʫʶ (ʙʦʣʝʝ 35 

ʩʫʪʦʢ) ʜʣʠʪʝʣʴʥʦʩʪʴ ʝʛʦ ʥʘʢʦʧʣʝʥʠʷ, ʥʘʤ ʥʝ ʫʜʘʣʦʩʴ ʫʪʦʯʥʠʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʟʠʮʠʡ ʩʪʨʫʢʪʫʨʳ, 

ʚ ʢʦʪʦʨʳʭ ʨʘʩʧʦʣʦʞʝʥʳ ʠʦʥr VIFe3+ ʠ IVFe3+ ʚ ɻʪʦʤ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʥɹʦʤ ʛʨʘʥʘʪʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ 

ʩ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʤʠ. 

3.2 ɼʘʥʥʳʝ ʤʦʜʝʣʴʥʳʭ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ  

ʈʘʥʝʝ ʚ ʨʘʙʦʪʝ [Tovstopyat et al., 2023] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʩʦʛʣʘʩʦʚʘʥʥʦʛʦ 

ʥʘʙʦʨʘ ʤʝʞʘʪʦʤʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ ʨʘʩʩʯʠʪʘʥʳ ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ 

ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʛʘʣʣʘʪʦʚ, ʬʝʨʨʠʪʦʚ ʠ ʘʣʶʤʠʥʘʪʦʚ ʈɿʕ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʩʝʨʠʠ ʞʝʣʝʟʦ-ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ RE3Fe5O12 (ʛʜʝ RE= Y, Sm, Eu, Gd, Dy, Ho, Tb, Er, Tm, 

Yb, Lu) ʠ ʩʝʨʠʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ (RE11-xRE2x)3Fe5O12 (ʛʜʝ RE1, RE2=Gd, Nd; Ho, Er; Gd, Er; Gd, 

Eu; Ho, Lu; Eu, Lu; Ho, Tm; Ho, Yb) c ʨʘʟʣʠʯʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ RE1 ʠ RE2. ɸʚʪʦʨʘʤʠ ʚʳʧʦʣʥʝʥʳ 

ʦʮʝʥʢʠ ʵʥʝʨʛʠʠ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʠ ʧʦʣʫʯʝʥʳ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʦʪ ʩʦʩʪʘʚʘ ʜʣʷ ʩʠʩʪʝʤʳ (Nd,Gd)3Ga5O12.  

ɸʥʘʣʦʛʠʯʥʳʝ ʨʘʩʯʝʪʳ ʚ ʢʘʯʝʩʪʚʝ ʪʝʩʪʦʚʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʚʝʜʝʥʥʦʛʦ ʚ 

ʮʠʪʠʨʦʚʘʥʥʦʡ ʨʘʙʦʪʝ ʥʘʙʦʨʘ ʤʝʞʘʪʦʤʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ ʧʨʦʚʝʜʝʥʳ ʥʘʤʠ ʜʣʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ (RE10.2RE20.2RE30.2RE40.2RE50.2)3Fe5O12; ʨʘʩʯʝʪʳ ʚʳʧʦʣʥʷʣʠʩʴ 

ʚ ʧʨʦʛʨʘʤʤʝ GULP 3.0.1; ʟʘʨʷʜʳ ʠʦʥʦʚ RE, Fe ʠ O ʧʨʠʥʷʪʳ ʨʘʚʥʳʤʠ 1.8, 1.8 ʠ -1.2 e0, ʩʣʝʜʫʷ 

ʨʘʙʦʪʝ [Tovstopyat et al., 2023]; ʧʨʦʛʨʘʤʤʘ Binar ʧʨʠʤʝʥʷʣʘʩʴ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʚʝʨʜʦʛʦ 

ʨʘʩʪʚʦʨʘ ʩ ʨʘʟʤʝʨʦʤ ʷʯʝʡʢʠ 2ʭ2ʭ2. ʈʘʩʩʯʠʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʩʦʚʧʘʜʘʣʠ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʮʠʪʠʨʦʚʘʥʥʦʡ ʨʘʙʦʪʳ, ʧʦʜʪʚʝʨʞʜʘʷ ʚʝʨʥʦʩʪʴ ʚʳʙʨʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʨʘʩʯʝʪʘ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʘʥʥʳʡ ʥʘʙʦʨ ʤʝʞʘʪʦʤʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʞʝʣʝʟʦ-

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ; ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʠ 
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ʵʥʪʨʦʧʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʧʨʠʣʦʞʝʥʠʠ ɹ ʚ ʪʘʙʣʠʮʝ ɹ.7. ɹʣʠʟʦʩʪʴ ʨʘʩʯʝʪʥʳʭ (ʚ ʦʪʨʝʣʘʢʩʠʨʦʚʘʥʥʦʡ 

ʩʪʨʫʢʪʫʨʝ) ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʷʯʝʡʢʠ ʞʝʣʝʟʦ-ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʛʨʘʥʘʪʦʚ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʘʜʝʢʚʘʪʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʥʦʡ ʤʦʜʝʣʠ ʨʘʩʯʝʪʘ ʠ ʦ ʢʦʨʨʝʢʪʥʦʩʪʠ 

ʠʩʧʦʣʴʟʦʚʘʥʥʦʛʦ ʥʘʙʦʨʘ ʤʝʞʘʪʦʤʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ. 

ʅʘ ʨʠʩʫʥʢʝ 3.6 ʧʨʝʜʩʪʘʚʣʝʥʳ ʚʘʨʠʘʮʠʠ ʨʘʩʯʝʪʥʳʭ ʜʣʠʥ ʩʚʷʟʝʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʨʝʜʥʝʛʦ 

ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ  Ὑ ɻʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ ʛʨʘʥʘʪʘ, ʘ ʪʘʢʞʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʩʦʛʣʘʩʥʦ [Weidenborner, 1961; Euler, Bruce, 1965; Dukhovskaya et 

al., 1973; Hock et al., 1990; Rodic et al., 1999; Bsoul et al., 2019; Zhengyou et al., 2022].  
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ʈʠʩ. 3.6. ʈʘʩʯʝʪʥʳʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ  Ὑ ʵʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ ʩʪʨʫʢʪʫʨʳ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʛʨʘʥʘʪʦʚ (ʯʝʨʥʳʝ ʠ ʢʨʘʩʥʳʝ ʟʥʘʢʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; ʢʚʘʜʨʘʪʳ ï ʵʢʩʧʝʨʠʤʝʥʪ; ʪʨʝʫʛʦʣʴʥʠʢʠ ï 

ʨʘʩʯʝʪ) 

ʅʘʙʣʶʜʘʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʪʨʝʥʜʳ ʠʟʤʝʥʝʥʠʷ ʜʣʠʥ ʩʚʷʟʝʡ: ʜʣʷ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʪʨʝʥʜʳ ʣʠʥʝʡʥʳ, ʠ ʨʘʟʥʠʮʘ ʜʣʠʥ ʢʦʨʦʪʢʦʡ ʠ ʜʣʠʥʥʦʡ ʩʚʷʟʠ ʩʦʩʪʘʚʣʷʝʪ ~10%, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʜʦʜʝʢʘʵʜʨ ʈɿʕ ʩʠʣʴʥʦ ʠʩʢʘʞʝʥ, ʠ ʨʘʟʥʠʮʘ ʚ 

ʜʣʠʥʘʭ ʩʚʷʟʝʡ ʩʫʱʝʩʪʚʝʥʥʦ ʚʳʰʝ. ɼʣʷ ʦʪʨʝʣʘʢʩʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʬʠʢʩʠʨʫʪʁʩʷ ʜʚʘ 

ʨʘʟʣʠʯʥʳʭ ʪʨʝʥʜʘ ʠʟʤʝʥʝʥʠʷ ʜʣʠʥʥʳʭ ʠ ʢʦʨʦʪʢʠʭ ʩʚʷʟʝʡ ʈɿʕïO ʩ ʨʦʩʪʦʤ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ  Ὑ 

ʵʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ ï ʣʠʥʝʡʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʤʝʥʥʦʩʪʴ, ʯʪʦ ʠʣʣʶʩʪʨʠʨʫʝʪ 

ʚʣʠʷʥʠʝ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʟʘʤʝʝɦʥʠʷ. 

ʅʘ ʨʠʩʫʥʢʝ 3.7ʘ ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʦʦʪʥʦʰʝʥʠʝ ʨʘʩʯʝʪʥʦʛʦ ʟʥʘʯʝʥʠʷ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʵʥʪʨʦʧʠʠ 

ʠ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ  Ὑ ɻʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ. ʌʠʢʩʠʨʫʝʪʩʷ ʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʘʢ ʜʣʷ ʤʦʥʦ-

, ʪʘʢ ʠ ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ, ʧʨʠʯʝʤ ʜʣʷ ʧʝʨʚʳʭ ʘʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʡ ʵʥʪʨʦʧʠʠ 

ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ. ʄʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʡ ʛʨʘʥʘʪ ʩʦʩʪʘʚʘ (Sm0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 

ʦʪʢʣʦʥʷʝʪʩʷ ʦʪ ʦʙʱʝʡ ʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʚʩʣʝʜʩʪʚʠʝ ʦʪʩʫʪʩʪʚʠʷ ʚ ʝʛʦ 
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ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ ʧʦʜʨʝʰʝʪʢʝ ʵʣʝʤʝʥʪʘ Y. ɼʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʚʳʧʦʣʥʝʥʦ 

ʩʨʘʚʥʝʥʠʝ ʨʘʩʯʸʪʥʦʛʦ ʟʥʘʯʝʥʠʷ ʵʥʪʨʦʧʠʠ S cʦ ʩʨʝʜʥʝʚʟʚʝʰʝʥʥʳʤ ʟʥʘʯʝʥʠʝʤ Sʩʨ, ʨʘʩʩʯʠʪʘʥʥʳʤ 

ʠʟ ʟʥʘʯʝʥʠʡ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʝʣʠʯʠʥʘ Sʩʨ 

ʚʳʰʝ S ʚ ʧʨʝʜʝʣʘʭ 1 ɼʞ/ʤʦʣʴÅʂ, ʯʪʦ ʩʦʩʪʘʚʣʷʝʪ ʤʝʥʝʝ 0.3%. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʫʯʝʪʦʤ 

ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʛʦ ʚʢʣʘʜʘ, ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʛʨʘʥʘʪʳ ʠʤʝʶʪ ɻʥʪʨʦʧʠʡʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʩʭʦʞʠʝ ʩ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʤʠ. ɹʣʠʟʦʩʪʴ S ʠ Sʩʨ ʠʣʣʶʩʪʨʠʨʫʝʪ çʨʘʚʥʦʟʥʘʯʥʦʝè 

ʚʣʠʷʥʠʝ ʢʘʞʜʦʛʦ ʠʦʥʘ ʈɿʕ ʚ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʤ ʛʨʘʥʘʪʝ ʥʘ ʢʦʣʝʙʘʪʝʣʴʥʫʶ ʵʥʪʨʦʧʠʶ, ʚ 

ʯʘʩʪʥʦʩʪʠ ʧʨʠʩʫʪʩʪʚʠʝ Y ʚ ʩʪʨʫʢʪʫʨʝ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʵʥʪʨʦʧʠʠ. ɺ ʩʚʝʪʝ ʩʢʘʟʘʥʥʦʛʦ ʩʜʚʠʛ 

ʪʨʝʥʜʘ Y-ʩʦʜʝʨʞʘʱʠʭ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʧʘʨʘʣʣʝʣʴʥʦ ʦʙʱʝʤʫ ʪʨʝʥʜʫ ʜʣʷ 

ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʟʘʢʦʥʦʤʝʨʝʥ. 
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ʈʠʩ. 3.7. ɿʘʚʠʩʠʤʦʩʪʠ ʵʥʪʨʦʧʠʠ (ʘ) ʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʝʣʴʤʛʦʣʴʮʘ (ʙ), ʧʦʣʫʯʝʥʥʳʭ ʧʦ 

ʜʘʥʥʳʤ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʛʨʘʥʘʪʦʚ, ʦʪ ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ  Ὑ 

ʵʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ ʩʪʨʫʢʪʫʨʳ 

ʅʘ ʨʠʩʫʥʢʝ 3.7ʙ ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʦʦʪʥʦʰʝʥʠʝ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʝʣʴʤʛʦʣʴʮʘ ʠ ʠʦʥʥʦʛʦ 

ʨʘʜʠʫʩʘ  Ὑ ʵʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ; ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʛʨʘʥʘʪʦʚ ʬʠʢʩʠʨʫʝʪʩʷ ʣʠʥʝʡʥʘʷ 

ʩʚʷʟʴ ʜʘʥʥʳʭ ʚʝʣʠʯʠʥ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ ɻʝʣʤɹʛʦʣʴʮʘ ʜʣʷ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʦʧʨʝʜʝʣʷʪʩʷ ʪʠʧʦʤ ʠ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʚʭʦʜʷʱʠʭ ʚ ʩʪʨʫʢʪʫʨʫ 

ʈɿʕ. 

ʂʘʢ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʚʳʰʝ, ʠʩʩʣʝʜʦʚʘʥʥʳʝ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʥʝ ʤʦʛʫʪ 

ʙʳʪʴ ʦʪʥʝʩʝʥʳ ʢ ʢʣʘʩʩʫ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ, ʧʦʵʪʦʤʫ ʤʦʞʥʦ ʦʞʠʜʘʪʴ ʩʭʦʜʩʪʚʦ ʠʭ ʬʠʟʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʩ ʪʘʢʦʚʳʤʠ ʫ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ ʨʠʩʫʥʢʝ 3.8 ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʚʘʨʠʘʮʠʠ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʠ ʤʦʜʫʣʷ ʩʜʚʠʛʘ ʚ ʛʨʘʥʘʪʘʭ; ʧʨʠ ʵʪʦʤ ʷʚʥʦ ʬʠʢʩʠʨʫʝʪʩʷ ʣʠʥʝʡʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʦʪ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ Ὑ ɻʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ, ʧʨʠʯʝʤ ʨʘʟʣʠʯʠʝ 

ʩʚʦʡʩʪʚ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʥʝ ʥʦʩʠʪ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʭʘʨʘʢʪʝʨʘ.  
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ʇʦʜʚʦʜʷ ʠʪʦʛʠ, ʦʪʤʝʪʠʤ, ʯʪʦ ʚʘʨʠʘʮʠʠ ʩʦʩʪʘʚʘ ʈɿʕ ʢʘʢ ʜʦʧʘʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ 

ʧʦʟʠʮʠʠ ʤʫʣʴʪʠʢʦʤʧʦʥʝʥʪʥʳʭ ʛʨʘʥʘʪʦʚ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. 
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ʈʠʩ. 3.8. ɿʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ (ʘ) ʠ ʩʜʚʠʛʘ (ʙ), ʧʦʣʫʯʝʥʥʳʭ ʧʦ ʜʘʥʥʳʤ 

ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʛʨʘʥʘʪʦʚ, ʦʪ ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ  Ὑ ʵʣʝʤʝʥʪʦʚ ʚ 

ʜʦʜʝʢʘʵʜʨʝ ʩʪʨʫʢʪʫʨʳ 

3.3 ʈʘʤʘʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʠ ʜʠʥʘʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʩʠʤʤʝʪʨʠʡʥʳʤ ʘʥʘʣʠʟʦʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʛʨʘʥʘʪʘ, ʚ 

ʧʨʠʤʠʪʠʚʥʦʡ ʷʯʝʡʢʝ ʢʦʪʦʨʦʛʦ ʥʘʭʦʜʠʪʩʷ 80 ʘʪʦʤʦʚ, ʚʦʟʤʦʞʥʳ 240 ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ. ʇʦʣʥʦʝ 

ʢʦʣʝʙʘʪʝʣʴʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʚ ʮʝʥʪʨʝ ʟʦʥʳ ɹʨʠʣʣʶʵʥʘ ʠʤʝʝʪ ʚʠʜ: ũ=3A1g+5A1u+5A2g+ 

5A2u+10Eu+8Eg+16T2u+14T2g+17T1u+14T1g; ʦʜʥʘʢʦ 55 ʤʦʜ (5A1u+5A2g+5A2u+10Eu +14T1g+16T2u) 

ʥʝ ʘʢʪʠʚʥʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚ ʩʧʝʢʪʨʘʭ ʦʙʨʘʟʮʦʚ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ 17 T1u 

ʘʢʪʠʚʥʳʭ ʀʂ ʤʦʜ ʠ 25 (3A1g+8Eg+14T2g) ʨʘʤʘʥʦʚʩʢʠʭ. 

ɺ ʧʨʠʣʦʞʝʥʠʠ ɹ ʚ ʪʘʙʣʠʮʝ ɹ.8 ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʯʘʩʪʦʪ ʨʘʤʘʥ-ʘʢʪʠʚʥʳʭ A1g, Eg, T2g 

ʤʦʜ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ DFT ʨʘʩʯʝʪʝ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʮʝʥʪʨʝ (ʪʦʯʢʘ ɻ) ʟʦʥʳ ɹʨʠʣʣʶʵʥʘ. ɺ 

ʮʠʪʠʨʦʚʘʥʥʦʡ ʪʘʙʣʠʮʝ ʦʥʠ ʩʦʧʦʩʪʘʚʣʝʥʳ ʩ ʧʦʣʫʯʝʥʥʳʤʠ ʥʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ; 

ʬʠʢʩʠʨʫʝʪʩʷ ʠʭ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ ʩʦʛʣʘʩʠʝ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʢʦʨʨʝʢʪʥʦʩʪʠ ʟʥʘʯʝʥʠʡ 

ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʚ ʩʪʨʫʢʪʫʨʝ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʧʨʠ ʨʘʩʯʝʪʝ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. 

ɺ ʧʨʠʣʦʞʝʥʠʠ ɸ ʥʘ ʨʠʩʫʥʢʝ ɸ.5 ʧʨʠʚʝʜʝʥʘ ʨʘʩʩʯʠʪʘʥʥʘʷ ʜʣʷ ʩʦʩʪʘʚʘ Y3Fe5O12 ʜʠʩʧʝʨʩʠʷ 

ʬʦʥʦʥʥʳʭ ʚʝʪʚʝʡ ʚʜʦʣʴ ʚʳʩʦʢʦʩʠʤʤʝʪʨʠʯʥʳʭ ʪʦʯʝʢ ũ-H-N-ɻ-P-H|P-N); ʘʥʘʣʦʛʠʯʥʳʝ ʨʘʩʯʝʪ r

ʚʳʧʦʣʥʝʥ rʜʣʷ Gd3Fe5O12, Eu3Fe5O12, Dy3Fe5O12 ʠ Er3Fe5O12; ʜʣʷ ʥʠʭ ʥʘʙʣʶʜʘʝʪʩʷ ʙʣʠʟʢʘʷ 

ʜʠʩʧʝʨʩʠʷ ʬʦʥʦʥʥʳʭ ʚʝʪʚʝʡ; ʤʥʠʤʳʭ ʚʝʪʚʝʡ ʥʝ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʜʠʥʘʤʠʯʝʩʢʫʶ 

ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʦʝʜʠʥʝʥʠʡ. 

ɼʣʷ ʣʫʯʰʝʛʦ ʧʦʥʠʤʘʥʠʷ ʚʢʣʘʜʘ ʢʘʞʜʦʛʦ ʘʪʦʤʘ ʚ ʧʨʦʮʝʩʩ ʢʦʣʝʙʘʥʠʷ ʚʳʧʦʣʥʝʥ ʨʘʩʯʝʪ 

ʧʣʦʪʥʦʩʪʠ ʬʦʥʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ; ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ ʚʩʝʭ ʩʦʩʪʘʚʦʚ ʚʩʣʝʜʩʪʚʠʝ ʠʭ ʩʪʨʫʢʪʫʨʥʦʛʦ 

ʩʭʦʜʩʪʚʘ ʧʣʦʪʥʦʩʪʠ ʬʦʥʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʙʣʠʟʢʠ. ʇʨʠ ʵʪʦʤ ʚ ʥʠʟʢʦʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ 

ʬʠʢʩʠʨʫʶʪʩʷ ʥʝʢʦʪʦʨʳʝ ʨʘʟʣʠʯʠʷ, ʚʦʟʥʠʢʘʶʱʠʝ ʠʟ-ʟʘ ʦʪʢʣʦʥʝʥʠʡ ʚ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʚʢʣʘʜʘʭ 
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ʘʪʦʤʦʚ ʈɿʕ, Fe, ʠ O. ʇʘʨʮʠʘʣʴʥʳʝ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʦʪʨʘʞʘʶʪ ʜʠʥʘʤʠʯʝʩʢʠʝ ʚʢʣʘʜʳ ʚ 

ʯʘʩʪʦʪʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʨʘʟʣʠʯʥʳʤʠ ʪʠʧʘʤʠ ʘʪʦʤʦʚ. 

ɺ ʩʧʝʢʪʨʘʭ ʧʣʦʪʥʦʩʪʠ ʬʦʥʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʩʦʝʜʠʥʝʥʠʷ RE3Fe5O12 (RE ï Y, Eu, Gd, Dy, Er) 

ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʣʝʜʫʶʱʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ: ʚ ʜʠʘʧʘʟʦʥʝ 0ï150 ʩʤ-1 ʧʨʝʦʙʣʘʜʘʶʪ ʢʦʣʝʙʘʥʠʷ 

ʈɿʕ; ʚ 150ï190 ʩʤ-1 ʧʨʝʦʙʣʘʜʘʝʪ ʚʢʣʘʜ IVFe; ʜʠʘʧʘʟʦʥ 190ï250 ʩʤ-1 ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʟʥʘʯʠʤʳʤ 

ʚʢʣʘʜʦʤ VIFe ʚ ʧʣʦʪʥʦʩʪʴ ʬʦʥʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ; ʫʟʢʠʡ ʜʠʘʧʘʟʦʥ 250ï290 ʩʤ-1 ʚ ʨʘʚʥʦʡ ʩʪʝʧʝʥʠ 

ʩʬʦʨʤʠʨʦʚʘʥ ʚʢʣʘʜʘʤʠ VIFe ʠ IVFe (ʯʠʩʣʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʛʨʘʥʠʮ ʜʠʘʧʘʟʦʥʦʚ ʫʩʨʝʜʥʝʥʳ). ɺ 

ʜʠʘʧʘʟʦʥʝ ʦʪ 290 ʜʦ 470 ʩʤ-1 ʬʠʢʩʠʨʫʝʪʩʷ ʩʠʣʴʥʳʡ ʚʢʣʘʜ ʢʦʣʝʙʘʥʠʡ O; ʚr ʩʦʢʦʯʘʩʪʦʪʥʳʡ 

ʜʠʘʧʘʟʦʥ 490ï700 ʩʤ-1 ʩʬʦʨʤʠʨʦʚʘʥ ʚ ʨʘʚʥʦʡ ʩʪʝʧʝʥʠ IVFe ʠ ʩʦʩʪʦʷʥʠʷʤʠ O. 

ɼʣʷ ʩʦʝʜʠʥʝʥʠʷ Y3Fe5O12 ʥʠʟʢʦʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ ʜʦ ~200 ʩʤ
-1 ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʩʤʝʰʘʥʥʳʤ ʚʢʣʘʜʦʤ ʦʪ ʩʦʩʪʦʷʥʠʡ Y, VIFe ʠ IVFe (ʩʤ. ʧʨʠʣʦʞʝʥʠʝ ɸ ʨʠʩʫʥʦʢ ɸ.6). ɼʠʘʧʘʟʦʥʳ 

ʚʳʰʝ 200 ʩʤ-1 ʩʬʦʨʤʠʨʦʚʘʥʳ ʧʦʜʦʙʥʦ ʪʘʢʦʚʳʤ ʫ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ. 

ɼʣʷ ʙʦʣʝʝ ʪʦʯʥʦʛʦ ʘʥʘʣʠʟʘ ʨʘʤʘʥ-ʘʢʪʠʚʥʳʭ ʢʦʣʝʙʘʥʠʡ ʚ ʮʝʥʪʨʝ ʟʦʥʳ ɹʨʠʣʣʶʵʥʘ (ɻ) 

ʧʨʦʚʝʜʝʥ ʨʘʩʯʝʪ ʬʦʥʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ JDOS; ʝʛʦ ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ Y3Fe5O12 ʠ Eu3Fe5O12 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.9. ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ ʚ ʜʠʘʧʘʟʦʥʝ ʜʦ 250 ʩʤ-1 ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʳʡ ʚʢʣʘʜ ʢʦʣʝʙʘʥʠʡ YO8 (Y WP 24c) ʠ FeO4 (
IVFe WP 24d); ʘ ʚ ʜʠʘʧʘʟʦʥʝ 250ï

750 ʩʤ-1 ï ʚʢʣʘʜ  ʪʝʪʨʘʵʜʨʦʚ FeO4. ʇʦʜʦʙʥʘʷ ʩʠʪʫʘʮʠʷ ʪʠʧʠʯʥʘ ʜʣʷ ʚʩʝʭ ʠʟʫʯʝʥʥʳʭ ʛʨʘʥʘʪʦʚ, ʯʪʦ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ [Fechine et al., 2009; Siao et al., 2017; Susneha et al., 2024]. 

ʆʜʥʦʟʥʘʯʥʦʝ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʬʦʨʤ ʢʦʣʝʙʘʥʠʡ ʫʜʘʣʦʩʴ ʚʳʧʦʣʥʠʪʴ ʧʫʪʝʤ ʠʭ ʚʠʟʫʘʣʠʟʘʮʠʠ ʚ 

ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ JMOL. ɺ ʧʨʠʣʦʞʝʥʠʠ ɹ ʚ ʪʘʙʣʠʮʝ ɹ.8 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʨʘʤʘʥʦʚʩʢʠʭ 

ʩʧʝʢʪʨʦʚ ʜʣʷ ʚʩʝʭ ʠʟʫʯʝʥʥʳʭ ʥʘʤʠ ʛʨʘʥʘʪʦʚ. 

ʆʙʟʦʨʥʳʝ ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʳʝ ʨʘʤʘʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʛʨʘʥʘʪʦʚ RE3Fe5O12 ʠ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.10. ʀʭ ʘʥʘʣʠʟ 

ʧʦʢʘʟʘʣ ʦʪʩʫʪʩʪʚʠʝ ʣʠʥʠʡ, ʢʦʪʦʨʳʝ ʤʦʛʣʠ ʙʳ ʙʳʪʴ ʦʪʥʝʩʝʥʳ ʢ ʧʨʠʤʝʩʥʳʤ ʬʘʟʘʤ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ 

ʩ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ ʦ ʤʦʥʦʬʘʟʥʦʩʪʠ ʧʨʦʙ. ɼʣʷ ʦʙʨʘʟʮʦʚ RE3Fe5O12 (RE=Gd, Er, 

Eu, Dy) ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʘʪʦʤʥʦʡ ʤʘʩʩʳ ʈɿʕ ʧʠʢʠ ʚ ʦʙʣʘʩʪʠ 80ï300 ʩʤ-1 ʠʩʧʳʪʳʚʘʶʪ 

ʩʤʝʱʝʥʠʝ ʚ ʥʠʟʢʦʯʘʩʪʦʪʥʫʶ ʦʙʣʘʩʪʴ, ʢʦʪʦʨʦʝ ʥʘ ʢʘʯʝʩʪʚʝʥʥʦʤ ʫʨʦʚʥʝ ʠʥʪʝʨʧʨʝʪʠʨʫʝʪʩʷ ʢʘʢ 

ʦʪʨʘʞʘʶʱʝʝ ʫʚʝʣʠʯʝʥʠʝ ʤʘʩʩʳ; ʥʘʧʨʦʪʠʚ, ʧʠʢʠ ʚ ʦʙʣʘʩʪʠ 300ï750 ʩʤ-1 ʧʨʠ ʵʪʦʤ ʩʤʝʱʘʶʪʩʷ ʚ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʫʶ ʦʙʣʘʩʪʴ, ʯʪʦ ʚʝʨʦʷʪʥʦ ʩʚʷʟʘʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʠʣʦʚʦʡ ʧʦʩʪʦʷʥʥʦʡ ʩʚʷʟʠ ʚʚʠʜʫ 

ʫʤʝʥʴʰʝʥʠʷ ʧʦʩʪʦʷʥʥʦʡ ʨʝʰʝʪʢʠ ʚ ʨʷʜʫ ʛʨʘʥʘʪʦʚ Eu3Fe5O12 Ÿ Gd3Fe5O12 Ÿ Dy3Fe5O12 Ÿ 

Er3Fe5O12 ʦʪ 12.498 ʜʦ 12.348 ¡ [Grunberg et al., 1971]. ʇʨʠ ʵʪʦʤ ʧʠʢʠ ʚ ʩʧʝʢʪʨʘʭ Y3Fe5O12 ʠ 

(Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʟʥʘʯʠʤʦ ʦʪʢʣʦʥʷʶʪʩʷ ʦʪ ʟʘʚʠʩʠʤʦʩʪʠ, ʥʘʙʣʶʜʘʝʤʦʡ ʜʣʷ 

RE3Fe5O12, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʚʣʠʷʥʠʝʤ ʢʘʢ ʪʠʧʘ ʩʚʷʟʠ ʢʘʪʠʦʥʘ (ʢʘʪʠʦʥʦʚ) ʩ 

ʣʠʛʘʥʜʘʤʠ, ʪʘʢ ʠ ʝʛʦ ʤʘʩʩʳ. 
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ʈʠʩ. 3.9. ʈʘʩʯʝʪʥʳʝ ʬʦʥʦʥʥʳʝ ʩʧʝʢʪʨʳ ʦʙʨʘʟʮʦʚ Y3Fe5O12 ʠ Eu3Fe5O12 (a-ʙ) ʠ ʚʢʣʘʜʳ ʬʦʥʦʥʥʳʭ 

ʩʦʩʪʦʷʥʠʡ JDOS ʚ ʮʝʥʪʨʝ ʟʦʥʳ ɹʨʠʣʣʶʵʥʘ (ʚ-ʛ) 

 

ʈʠʩ.3.10. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʘʤʘʥʦʚʩʢʠʝ ʠ ʨʘʩʯʝʪʥʳʝ (ʧʦ ʜʘʥʥʳʤ DFT) ʬʦʥʦʥʥʳʝ ʩʧʝʢʪʨʳ 

ʛʨʘʥʘʪʦʚ RE3Fe5O12 (ʘ) ʠ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 (ʙ). ɺʦʟʙʫʞʜʝʥʠʝ ʣʠʥʠʝʡ 514 ʥʤ 

ʅʘ ʨʠʩʫʥʢʝ 3.11 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʦʞʝʥʠʷ ʥʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳʭ ʣʠʥʠʡ ~150 

ʠ 500 ʩʤ-1 ʦʪ ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ  Ὑ  ʵʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʘʭ ʤʦʥʦ- ʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ; ʜʣʷ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʣʠʥʠʠ ʭʘʨʘʢʪʝʨʥʦ ʩʤʝʱʝʥʠʝ ʚ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʫʶ ʦʙʣʘʩʪʴ ʩ ʨʦʩʪʦʤ  Ὑ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʣʠʥʠʠ, ʩʚʷʟʘʥʥʦʡ ʩ 

ʢʦʣʝʙʘʥʠʷʤʠ ʪʝʪʨʘʵʜʨʦʚ FeO4, ʭʘʨʘʢʪʝʨʥʦ ʥʠʟʢʦʯʘʩʪʦʪʥʦʝ. ɼʣʷ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʛʨʘʥʘʪʦʚ ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʘ ʨʘʟʣʠʯʥʳʭ ʪʨʝʥʜʘ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʚʦʡʩʪʚ 

ʧʦʩʣʝʜʥʠʭ ʠ ʦʪʨʘʞʘʝʪ ʨʘʟʣʠʯʠʷ ʢʘʢ ʤʘʩʩʳ ʈɿʕ ʠ ʩʠʣʦʚʦʡ ʧʦʩʪʦʷʥʥʦʡ ʩʚʷʟʠ RE-O, ʪʘʢ ʠ ʩʪʝʧʝʥʠ 

ʠʩʢʘʞʝʥʠʷ ʧʦʣʠʵʜʨʦʚ ʩʪʨʫʢʪʫʨʳ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ. ʇʦʣʦʞʝʥʠʝ ʣʠʥʠʠ ~150 ʩʤ-1 ʚ 

ʩʧʝʢʪʨʝ Y3Fe5O12 ʟʥʘʯʠʤʦ ʦʪʢʣʦʥʷʝʪʩʷ ʦʪ ʫʩʪʘʥʦʚʣʝʥʥʦʡ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ, ʧʦ-ʚʠʜʠʤʦʤʫ, 

ʚʩʣʝʜʩʪʚʠʝ ʚʳʩʦʢʦʛʦ ʟʥʘʯʝʥʠʷ ʩʠʣʦʚʦʡ ʧʦʩʪʦʷʥʥʦʡ, ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʵʪʦʛʦ ʩʦʝʜʠʥʝʥʠʷ [Cottrell, 
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1958]. ɿʥʘʯʝʥʠʷ ʨʘʤʘʥʦʚʩʢʦʛʦ ʩʜʚʠʛʘ ʣʠʥʠʡ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʮʝʜʫʨʳ ʧʠʢ-

ʬʠʪʠʥʛʘ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʧʨʠʣʦʞʝʥʠʠ ɹ ʚ ʪʘʙʣʠʮʘʭ ɹ.9-10. 
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ʈʠʩ. 3.11. ɿʘʚʠʩʠʤʦʩʪʠ ʨʘʤʘʥʦʚʩʢʦʛʦ ʩʜʚʠʛʘ ʣʠʥʠʡ ʚ ʦʙʣʘʩʪʠ 150 ʠ 500 ʩʤ-1 (ʘ-ʙ) ʦʪ ʩʨʝʜʥʝʛʦ 

ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ Ὑ ʵʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ ʩʪʨʫʢʪʫʨʳ. ɿʜʝʩʴ ʯʝʨʥʳʝ ʠ ʢʨʘʩʥʳʝ ʟʥʘʢʠ ï ʤʦʥʦ- ʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʛʨʘʥʘʪʳ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺʦʟʙʫʞʜʝʥʠʝ ʣʠʥʠʝʡ 514 ʥʤ 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʘʨʠʘʮʠʠ ʟʥʘʯʝʥʠʷ ʰʠʨʠʥ ʣʠʥʠʡ FWHM ʜʣʷ ʠʟʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦ; ʰʠʨʠʥʘ ʤʦʜ ʜʣʷ ʚʩʝʭ ʛʨʘʥʘʪʦʚ ʚ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ 80ï300 ʩʤ-1 ʚʘʨʴʠʨʫʝʪ 

ʦʪ 3 ʜʦ 8 ʩʤ-1, ʚ ʩʨʝʜʥʝʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ 300ï750 ʩʤ-1 ï ʦʪ 10 ʜʦ 20 ʩʤ-1. ɼʣʷ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʥʘʙʣʶʜʘʶʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ ʫʰʠʨʝʥʠʷ ʤʦʜ ~ 101, 112, 145, 

168 ʩʤ-1, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʠʩʢʘʞʝʥʠʝʤ ʩʪʨʫʢʪʫʨʥʳʭ ʧʦʣʠʵʜʨʦʚ ʠ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʠʭ ʛʨʫʧʧʠʨʦʚʦʢ, ʚʳʟʳʚʘʶʱʠʭ ʩʫʧʝʨʧʦʟʠʮʠʶ ʙʣʠʟʢʠʭ ʧʦ 

ʯʘʩʪʦʪʝ ʢʦʣʝʙʘʥʠʡ.  

ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʵʬʬʝʢʪʦʚ ʫʰʠʨʝʥʠʷ ʚ ʩʧʝʢʪʨʘʭ ʛʨʘʥʘʪʦʚ 

ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʩʪʘʪʠʩʪʠʯʝʩʢʠʡ ʧʦʜʭʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʨʘʩʯʝʪʝ 

ʘʚʪʦʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ʠ ʧʘʨʘʤʝʪʨʘ ȹcorr; ʧʦʩʣʝʜʥʠʡ ʷʚʣʷʝʪcʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ 

ʩʨʝʜʥʝʚʟʚʝʰʝʥʥʦʡ ʰʠʨʠʥʳ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ ʬʨʘʛʤʝʥʪʘ ʩʧʝʢʪʨʘ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʦʥ ʨʘʩʩʯʠʪʘʥ 

[Salje et.al. 2000; Pankrushina et al., 2020]. ʅʘ ʨʠʩʫʥʢʝ 3.12 ʧʨʝʜʩʪʘʚʣʝʥʘ ʛʠʩʪʦʛʨʘʤʤʘ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ȹcorr, ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʜʣʷ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ 75ï310 ʩʤ-1. ɺʠʜʥʦ, ʯʪʦ 

ʟʥʘʯʝʥʠʷ ʜʣʷ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʟʣʠʯʥʳ. ʋʯʠʪʳʚʘʷ 

ʬʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ ʩʨʝʜʥʝʚʟʚʝʰʝʥʥʦʡ ʰʠʨʠʥʳ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ, ʢʘʢ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʪʝʧʝʥʠ 

ʠʩʢʘʞʝʥʠ ̫ ʩʪʨʫʢʪʫʨʥʳʭ ʧʦʣʠʵʜʨʦʚ, ʦʯʝʚʠʜʥʦ, ʯʪʦ ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʜʦʣʞʥʦ ʥʘʙʣʶʜʘʪʩɹʷ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ȹcorr ʚʚʠʜʫ ʠʩʢʘʞʝʥʠ ̫

ʩʪʨʫʢʪʫʨʥʳʭ ʧʦʣʠʵʜʨʦʚ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʚ ʩʪʨʫʢʪʫʨʝ ʨʘʟʣʠʯʥʳʭ ʧʦ ʩʚʦʡʩʪʚʘʤ ʠʦʥʦʚ ʈɿʕ. 

ʆʪʤʝʯʝʥʦ, ʯʪʦ ʦʙʨʘʟʮʳ Y3Fe5O12 ʠ (Sm0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʦʪʢʣʦʥʷʶʪʩʷ ʦʪ ʦʧʠʩʘʥʥʦʡ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ: ʜʣʷ Y3Fe5O12 ʚʩʣʝʜʩʪʚʠʝ ʪʦʛʦ, ʯʪʦ Y ʦʙʣʘʜʘʝʪ ʤʝʥʴʰʝʡ ʤʘʩʩʦʡ ʠ ʧʦʚʳʰʝʥʥʦʡ 
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ʩʠʣʦʚʦʡ ʧʦʩʪʦʷʥʥʦʡ; ʜʣʷ (Sm0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʚʩʣʝʜʩʪʚʠʝ ʪʦʛʦ, ʯʪʦ ʩʦʝʜʠʥʝʥʠʝ ʥʝ 

ʩʦʜʝʨʞʠʪ Y, ʘ ʩʦʜʝʨʞʠʪ ʪʦʣʴʢʦ ʣʘʥʪʘʥʦʠʜʳ, ʙʣʠʟʢʠʝ ʧʦ ʭʠʤʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ. 
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ʈʠʩ. 3.12. ɻʠʩʪʦʛʨʘʤʤʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʥʘʯʝʥʠʡ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʧʘʨʘʤʝʪʨʘ ʩʧʝʢʪʨʘ ȹcorr, 

ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʜʣʷ ʜʠʘʧʘʟʦʥʘ ʨʘʤʘʥʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ 75ï310 ʩʤ-1 

3.4 ʈʘʤʘʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʈʘʤʘʥʦʚʩʢʠʡ ʵʢʩʧʝʨʠʤʝʥʪ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 83ï773 ʂ ʚʳʧʦʣʥʝʥ ʜʣʷ ʦʙʨʘʟʮʦʚ 

(Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʠ Y3Fe5O12 (ʩʤ. ʨʠʩʫʥʦʢ 3.13). ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ 

ʥʘʙʣʶʜʘʝʪʩʷ ʫʰʠʨʝʥʠʝ ʠ ʩʜʚʠʛ ʙʦʣʴʰʠʥʩʪʚʘ ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ ʚ ʥʠʟʢʦʯʘʩʪʦʪʥʫʶ ʦʙʣʘʩʪʴ, ʘ 

ʪʘʢʞʝ ʠʟʤʝʥʝʥʠʝ ʠʭ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ. ʆʪʤʝʯʝʥʦ, ʯʪʦ ʟʥʘʯʠʤʳʭ ʨʘʟʣʠʯʠʡ ʚ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʧʦʚʝʜʝʥʠʠ ʤʝʞʜʫ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʤ ʛʨʘʥʘʪʦʤ ʥʝ ʬʠʢʩʠʨʫʝʪʩʷ. 

ʄʘʢʩʠʤʘʣʴʥʳʤ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʩʜʚʠʛʦʤ ʚ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʦʙʣʘʜʘʶʪ ʤʘʷʪʥʠʢʦʚʳʝ 

ʤʦʜʳ FeO4 ~342 ʠ 370 ʩʤ
-1, ʘ ʤʘʢʩʠʤʘʣʴʥʳʤ ʫʰʠʨʝʥʠʝʤ ï ʤʘʷʪʥʠʢʦʚʘʷ ʤʦʜʘ FeO4 ~ 370 ʩʤ

-1 ʠ 

ʢʨʫʪʠʣʴʥʘʷ ʤʦʜʘ FeO4 ~501 ʩʤ
-1. ɼʣʷ Y3Fe5O12 ʩʘʤʳʤʠ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʥʝʩʪʘʙʠʣʴʥʳʤʠ ʷʚʣʷʶʪʩʷ 

ʘʥʘʣʦʛʠʯʥʳʝ ʤʦʜʳ (~346 ʠ 379 ʩʤ-1), ʧʨʠ ʵʪʦʤ ʤʘʢʩʠʤʘʣʴʥʳʤ ʫʰʠʨʝʥʠʝʤ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʤʘʷʪʥʠʢʦʚʘʷ ʠ ʢʨʫʪʠʣʴʥʘʷ ʤʦʜʳ FeO4 ~346 ʠ ~275 ʩʤ
-1. 

ɺʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʝ ʧʦʚʝʜʝʥʠʝ ʛʨʘʥʘʪʦʚ, ʢʘʢ ʪʠʧʠʯʥʦʛʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ, 

ʚ ʦʩʥʦʚʥʦʤ, ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ ʨʘʩʩʝʷʥʠʝʤ ʬʦʥʦʥʦʚ ʤʝʞʜʫ ʩʦʙʦʡ. ʂʘʢ ʧʨʘʚʠʣʦ, ʵʪʠ ʧʨʦʮʝʩʩʳ 

ʦʧʠʩʳʚʘʶʪʩʷ ʪʨʝʭʬʦʥʦʥʥʳʤʠ ʠ/ʠʣʠ ʯʝʪʳʨʝʭʬʦʥʦʥʥʳʤʠ ʤʝʭʘʥʠʟʤʘʤʠ ʨʘʩʩʝʷʥʠʷ [Lindsay et al., 

2008; Chen et al., 2018]. ɸʥʘʣʠʟ ʧʨʦʮʝʩʩʦʚ ʨʘʩʩʝʷʥʠʷ ʬʦʥʦʥʦʚ ʚ ʛʨʘʥʘʪʘʭ Y3Fe5O12 ʠ 

(Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12  ʚʳʧʦʣʥʝʥ ʜʣʷ ʩʝʨʠʠ ʤʦʜ (236.0 ʩʤ-1 (T2g), 261.6 ʩʤ-1 (Eg), 506.3 ʩʤ-

1 (Ag), 585.0 ʩʤ-1 (T2g)) ʠ (~237.1 ʩʤ-1 (T2g), 271.8 ʩʤ-1 (Eg), 505.7 ʩʤ-1 (Ag), 593.3 ʩʤ-1 (T2g)), 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
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ʈʠʩ. 3.13. ʈʘʤʘʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʘ-ʙ), 2D-ʢʘʨʪʳ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʠʟʤʝʥʝʥʠʷ ʩʧʝʢʪʨʦʚ (ʚ-ʛ) ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʤʘʥʦʚʩʢʦʛʦ ʩʜʚʠʛʘ ʣʠʥʠʡ (ʜ-ʟ) ʚ 

ʦʙʨʘʟʮʘʭ Y3Fe5O12 (ʘ, ʚ, ʝ, ʜ) ʠ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 (ʙ, ʛ, ʟ, ʞ) 

ɼʣʷ ʦʧʠʩʘʥʠ ̫ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʦʞʝʥʠʷ ʬʦʥʦʥʥʦʡ ʤʦʜʳ ʧʨʠʤʝʥʝʥ ʧʦʜʭʦʜ, 

ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʨʘʩʰʠʨʝʥʥʦʡ ʤʦʜʝʣʠ ʂʣʝʤʝʥʩʘ-ʍʘʨʪʘ-ɸʛʛʘʨʚʘʣʘ-ʃʘʢʩʘ [Klemens 1966; Hart et al., 

1970]. ɺ ʵʪʦʡ ʤʦʜʝʣʠ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʟʘʚʠʩʠʤʘʷ ʨʘʤʘʥʦʚʩʢʘʷ ʤʦʜʘ ʤʦʞʝʪ ʙʳʪʴ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʘ 

ʧʨʦʮʝʩʩʘʤʠ ʨʘʩʧʘʜʘ ʦʧʪʠʯʝʩʢʦʛʦ ʬʦʥʦʥʘ ʥʘ ʜʚʘ (ʪʨʝʭʬʦʥʦʥʥʳʡ ʧʨʦʮʝʩʩ) ʠ/ʠʣʠ ʪʨʠ 

(ʯʝʪʳʨʝʭʬʦʥʦʥʥʳʡ ʧʨʦʮʝʩʩ) ʘʢʫʩʪʠʯʝʩʢʠʭ ʬʦʥʦʥʘ. ʕʪʦ ʷʚʣʝʥʠʝ ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ 

ʢʫʙʠʯʝʩʢʦʡ ʘʥʛʘʨʤʦʥʠʯʥʦʩʪʠ ʠ/ʠʣʠ ʘʥʛʘʨʤʦʥʠʯʥʦʩʪʠ ʯʝʪʚʝʨʪʦʛʦ ʧʦʨʷʜʢʘ ʨʝʰʝʪʦʯʥʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʣʦʞʝʥʠʷ ʬʦʥʦʥʥʦʡ ʤʦʜʳ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʘ 

ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʦʡ [Chen et al., 2018; Balkanski et al., 1983]: 

 ’Ὕ ’ ὃρ ὄρ ,  (3.4) 

ʛʜʝ ὼ ü’ ςὯὝϳ , ώ ü’ σὯὝϳ , ü’ - ɻ ʥʝʨʛʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʬʦʥʦʥʘ, ʵʢʩʪʨʘʧʦʣʠʨʦʚʘʥʥʘʷ ʥʘ T=0 

ʂ; ǩ - ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ; Ὧ  ï ʢʦʥʩʪʘʥʪʘ ɹʦʣʴʮʤʘʥʘ; A ʠ B ï ʘʥʛʘʨʤʦʥʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ. 

ʆʧʠʩʘʥʠʝ ʩʜʚʠʛʘ ʤʦʜʳ ʦʪ ʪʝʤʧʝʨʘʪʫʨ rʤʦʞʝʪ ʙʳʪʴ ʦʩʥʦʚʘʥʦ ʥʘ ʤʦʜʝʣʠ ʪʨʝʭʬʦʥʦʥʥʦʛʦ 

ʧʨʦʮʝʩʩʘ; ʧʨʠ ʵʪʦʤ ʚ ʠʩʩʣʝʜʦʚʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʥʝʣʴʟʷ ʧʨʝʥʝʙʨʝʛʘʪʴ ʠ ʚʢʣʘʜʦʤ 

ʯʝʪʳʨʝʭʬʦʥʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ. ɿʥʘʯʝʥʠʷ ʧʦʜʛʦʥʦʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʠʚʝʜʝʥʳ ʚ ʧʨʠʣʦʞʝʥʠʠ ɹ ʚ 

ʪʘʙʣʠʮʝ ɹ.11. ʆʪʤʝʯʝʥʦ, ʯʪʦ ʚʢʣʘʜ ʢʫʙʠʯʝʩʢʦʛʦ ʘʥʛʘʨʤʦʥʠʟʤʘ ʫʩʠʣʠʚʘʝʪʩʷ ʚ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʘʭ. 

ʇʦʣʫʰʠʨʠʥʘ FWHM ʤʦʜ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʠ Y3Fe5O12 ʠʟʤʝʥʷʝʪʩʷ ʥʝʣʠʥʝʡʥʦ 

ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ; ʵʪʘ ʟʘʚʠʩʠʤʦʩʪʴ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʘ ʫʨʘʚʥʝʥʠʝʤ: 

 ːὝ ː ὅρ Ὀρ ,  (3.5) 

ʛʜʝ ː - ʰʠʨʠʥʘ ʧʠʢʘ ʧʨʠ ʊ=0 ʂ; C ʠ D ï ʘʥʛʘʨʤʦʥʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ. 
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ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ FWHM ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʦʧʠʩʳʚʘʶʪʩʷ ʪʨʝʭʬʦʥʦʥʥʳʤ 

ʧʨʦʮʝʩʩʦʤ, ʘ ʚʢʣʘʜ ʯʝʪʳʨʝʭʬʦʥʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʥʝʟʥʘʯʠʪʝʣʝʥ. ɺ ʨʘʤʢʘʭ ʫʩʣʦʚʠʡ ʢʫʙʠʯʝʩʢʦʛʦ 

ʘʥʛʘʨʤʦʥʠʟʤʘ ʧʨʦʠʩʭʦʜʠʪ ʫʤʝʥʴʰʝʥʠʝ ʯʘʩʪʦʪ, ʘ ʚ ʫʩʣʦʚʠʷʭ ʢʚʘʜʨʘʪʠʯʝʩʢʦʛʦ ï ʠʭ ʫʚʝʣʠʯʝʥʠʝ 

[Lucazeau, 2003; Sanson et al., 2016; Salke et al., 2015]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʢʫʙʠʯʝʩʢʠʡ ʘʥʛʘʨʤʦʥʠʟʤ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʧʨʦʮʝʩʩʘʤ ʪʨʝʭʬʦʥʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʜʦʤʠʥʠʨʫʝʪ ʚ ʬʦʥʦʥʥʳʭ ʤʦʜʘʭ ʦʙʦʠʭ 

ʛʨʘʥʘʪʦʚ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʠ Y3Fe5O12 (B/A<1, C/D<1, ʩʤ. ʧʨʠʣʦʞʝʥʠʝ ɹ ʪʘʙʣʠʮʫ 

ɹ.11). ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʘʥʛʘʨʤʦʥʠʯʝʩʢʠʝ ʬʦʥʦʥ-ʬʦʥʦʥʥʳʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʪʚʝʪʩʪʚʝʥʥʳ ʟʘ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʧʦʚʝʜʝʥʠʝ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ ʚ ʜʘʥʥʳʭ 

ʛʨʘʥʘʪʘʭ. 

ʕʢʩʪʨʘʧʦʣʷʮʠʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʥʘʢʣʦʥʘ ɜ(T) ʢ T = 0 ʂ (ʧʫʥʢʪʠʨ ʥʘ ʨʠʩʫʥʢʝ ɸ.7 

ʧʨʠʣʦʞʝʥʠ ̫ɸ) ʜʘʝʪ ʟʥʘʯʝʥʠʝ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ çʟʘʪʨʘʚʦʯʥʦʛʦè ʬʦʥʘ ɋ. ʈʘʟʥʠʮʘ ʤʝʞʜʫ ɋ ʠ ɜ(0) 

ʨʘʚʥʘ ȹph+ȹ0, ʛʜʝ ȹph ʠ ȹ0 ï ʘʥʛʘʨʤʦʥʠʯʝʩʢʠʝ ʚʢʣʘʜʳ ʦʪ ʩʘʤʦʛʦ ʬʦʥʦʥʘ ɜ ʠ çʥʫʣʝʚʦʛʦè ʜʚʠʞʝʥʠʷ 

ʩʦʛʣʘʩʥʦ [Kolesov, 2017]. ʉʫʤʤʘ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ȹph+ȹ0 ʟʘʢʣʶʯʘʝʪ ʚ ʩʝʙʝ ʜʚʘ ʚʢʣʘʜʘ ï 

ʛʘʨʤʦʥʠʯʝʩʢʠʡ ʠ ʘʥʛʘʨʤʦʥʠʯʝʩʢʠʡ, ʨʘʟʜʝʣʠʪʴ ʢʦʪʦʨʳʝ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ. ʈʘʩʯʝʪ 

ȹph+ȹ0 ʜʣʷ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʠ Y3Fe5O12 ʜʘʝʪ ʙʣʠʟʢʠʝ ʨʝʟʫʣʴʪʘʪʳ (ʩʤ. ʪʘʙʣʠʮʫ ɹ.11 

ʧʨʠʣʦʞʝʥʠʷ ɹ); ʪʝʤ ʥʝ ʤʝʥʝʝ ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʛʨʘʥʘʪʘ ʟʥʘʯʝʥʠʷ ȹph+ȹ0 ʥʝʩʢʦʣʴʢʦ 

ʥʠʞʝ ʪʘʢʦʚʳʭ ʜʣʷ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ. 

3.5 ʈʘʤʘʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʧʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ 

ʈʘʤʘʥʦʚʩʢʠʡ ʵʢʩʧʝʨʠʤʝʥʪ ʚ ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ ʜʦ ~13 ɻʇʘ ʚʳʧʦʣʥʝʥ ʜʣʷ ʦʙʨʘʟʮʦʚ 

(Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʠ Y3Fe5O12 (ʩʤ. ʨʠʩʫʥʦʢ 3.14). ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ 

[Stan et al., 2015; Aksenov et al., 2021] ʬʘʟʦʚʦʝ ʧʨʝʚʨʘʱʝʥʠʝ ʜʣʷ Y3Fe5O12 ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ 

ʜʘʚʣʝʥʠʠ ʙʦʣʝʝ 50 ɻʇʘ, ʪ.ʝ. ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʜʠʘʧʘʟʦʥʝ ʜʦ 13 ɻʇʘ ʥʠʢʘʢʠʭ ʩʪʨʫʢʪʫʨʥʳʭ 

ʧʨʝʚʨʘʱʝʥʠʡ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʚʝʜʝʪ ʩʝʙʷ ʠ ʩʦʩʪʘʚ 

(Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12.  

ʇʨʠ ʨʦʩʪʝ ʜʘʚʣʝʥʠʷ ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʤʦʜʳ ʟʘʢʦʥʦʤʝʨʥʦ ʩʤʝʱʘʶʪʩʷ ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʫʶ 

ʦʙʣʘʩʪʴ; ʠʭ ʧʦʚʝʜʝʥʠʝ ʚ Y3Fe5O12, ʚ ʦʩʥʦʚʥʦʤ, ʚʦʩʧʨʦʠʟʚʦʜʠʪʩʷ ʠ ʚ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3 

Fe5O12; ʧʨʠ ʵʪʦʤ ʦʙʣʘʩʪʠ ʢʦʣʝʙʘʥʠʡ ʪʝʪʨʘʵʜʨʘ FeO4 ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚ rʜʣʷ ʦʙʝʠʭ ʧʨʦʙ (ʩʤ. 

ʨʠʩʫʥʦʢ 3.14ʜ-ʟ).  

ʇʨʠ ʧʦʚʳʰʝʥʠʠ ʜʘʚʣʝʥʠʷ ʙʣʠʟʢʦʨʘʩʧʦʣʦʞʝʥʥʳʝ ʨʘʤʘʥʦʚʩʢʠʝ ʣʠʥʠʠ ʨʘʟʨʝʰʘʶʪʩʷ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʚ ʩʧʝʢʪʨʝ Y3Fe5O12 ʧʨʠ ~6 ɻʇʘ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʷʚʣʝʥʠʝ ʤʦʜʳ T2g ~424 ʩʤ
-1, ʧʨʠ 10 ɻʇʘ 

ï ʤʦʜʳ T2g~374 ʩʤ
-1. ɺ ʩʧʝʢʪʨʝ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʧʨʠ ~6 ɻʇʘ ʫʜʘʣʦʩʴ ʚʳʜʝʣʠʪʴ  

ʤʦʜʫ T2g~190 ʩʤ
-1. ʆʪʤʝʯʝʥʦ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʜʘʚʣʝʥʠʷ ʬʠʢʩʠʨʫʝʪʩʷ ʨʦʩʪ ʦʪʥʦʩʠʪʝʣʴʥʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʘʤʳʭ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʣʠʥʠʡ ~741 ʠ 730 ʩʤ-1 (A1g+T2g) ʜʣʷ Y3Fe5O12 ʠ 

(Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
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ʈʠʩ. 3.14. ʈʘʤʘʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʧʨʠ ʨʘʟʥʳʭ ʜʘʚʣʝʥʠʷʭ (ʘ-ʙ), 2D ʢʘʨʪʳ ʠʟʤʝʥʝʥʠʷ ʩʧʝʢʪʨʦʚ ʚ 

ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ 0-13 ɻʇʘ (ʚ-ʛ); ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʘʚʣʝʥʠʷ ʨʘʤʘʥʦʚʩʢʦʛʦ ʩʜʚʠʛʘ ʣʠʥʠʡ (ʜ-ʟ) ʚ 

ʦʙʨʘʟʮʘʭ Y3Fe5O12 (ʘ, ʚ, ʜ, ʝ) ʠ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 (ʙ, ʛ, ʞ, ʟ). ʉʠʥʠʝ ʪʦʯʢʠ - ʤʦʜʳ, 

ʧʨʦʷʚʣʷʶʱʠʝʩʷ ʚ ʧʨʦʮʝʩʩʝ ʥʘʣʦʞʝʥʠʷ ʜʘʚʣʝʥʠʷ 

3.6 ɼʠʥʘʤʠʢʘ ʨʝʰʝʪʢʠ ʧʦ ʜʘʥʥʳʤ pT-ʟʘʚʠʩʠʤʦʡ ʨʘʤʘʥʦʚʩʢʦʡ in situ ʩʧʝʢʪʨʦʩʢʦʧʠʠ  

ʉʦʛʣʘʩʥʦ ʤʥʦʛʦʯʠʩʣʝʥʥʳʤ ʨʘʙʦʪʘʤ (ʩʤ., ʥʘʧʨʠʤʝʨ [Samara, Peercy, 1973; Cerdeira et al., 

1983; Weinstein, Zallen, 1984; Lucazeau 2003]) ʟʘʚʠʩʠʤʦʩʪʴ ʬʦʥʦʥʥʳʭ ʯʘʩʪʦʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʚʢʣʘʜʦʚ: ʥʝʷʚʥʦʛʦ, ʚʦʟʥʠʢʘʶʱʝʛʦ ʠʟ-ʟʘ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʯʝʨʝʟ ʟʘʚʠʩʠʤʦʩʪʴ 

ʯʘʩʪʦʪʳ ʬʦʥʦʥʘ ʦʪ ʦʙʲʝʤʘ, ʠ ʷʚʥʦʛʦ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʠʟʤʝʥʝʥʠʝʤ ʘʤʧʣʠʪʫʜʳ ʢʦʣʝʙʘʥʠʡ 

(ʬʦʥʦʥʥʦʛʦ ʯʠʩʣʘ ʟʘʧʦʣʥʝʥʠʷ), ʩʦʧʨʦʚʦʞʜʘʶʱʠʤ ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ (ʧʦʩʣʝʜʥʝʝ 

ʧʨʦʷʚʠʣʦʩʴ ʙʳ, ʜʘʞʝ ʝʩʣʠ ʙʳ ʦʙʲʝʤ ʦʩʪʘʚʘʣʩʷ ʧʦʩʪʦʷʥʥʳʤ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ). 

ʉʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʵʪʠʤʠ ʚʝʣʠʯʠʥʘʤʠ ʤʦʞʥʦ ʚʳʚʝʩʪʠ, ʨʘʩʩʤʘʪʨʠʚʘʷ ʯʘʩʪʦʪʫ ʟʘʜʘʥʥʦʡ ʤʦʜʳ, 

ɜj, ʢʘʢ ʥʝʧʨʝʨʳʚʥʫʶ ʬʫʥʢʮʠʶ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ V ʠ ʪʝʤʧʝʨʘʪʫʨʳ T: 

 .  (3.6) 

ʇʝʨʚʳʡ ʠ ʚʪʦʨʦʡ ʯʣʝʥʳ ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ ʨʘʚʝʥʩʪʚʘ ʷʚʣʷʶʪʩʷ ʥʝʷʚʥʳʤ (ʦʙʫʩʣʦʚʣʝʥʥʳʤ ʦʙʲʝʤʦʤ) 

ʠ ʷʚʥʳʤ (ʦʙʫʩʣʦʚʣʝʥʥʳʤ ʯʠʩʣʦʤ ʟʘʧʦʣʥʝʥʠʷ) ʚʢʣʘʜʘʤʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʋʨʘʚʥʝʥʠʝ ʤʦʞʥʦ 

ʧʝʨʝʧʠʩʘʪʴ ʚ ʪʝʨʤʠʥʘʭ ʦʙʲʝʤʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ (ɝ) ʠ ʩʞʠʤʘʝʤʦʩʪʠ (k0) 

ʢʘʢ: 

 .  (3.7) 

ʗʚʥʳʡ ʚʢʣʘʜ  ʤʦʞʝʪ ʙʳʪʴ ʚʳʯʠʩʣʝʥ ʢʘʢ ʨʘʟʥʦʩʪʴ, ʝʩʣʠ ʠʤʝʶʪʩʷ ʠʟʚʝʩʪʥʳʝ ʟʥʘʯʝʥʠʷ ʜʚʫʭ 

ʜʨʫʛʠʭ ʯʣʝʥʦʚ, ʚʭʦʜʷʱʠʭ ʚ ʫʨʘʚʥʝʥʠʝ. ʕʪʠ ʟʥʘʯʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʠʟ ʨʘʤʘʥʦʚʩʢʠʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʧʨʦʚʝʜʝʥʥʳʭ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʜʘʚʣʝʥʠʠ, ʘ ʪʘʢʞʝ ʧʨʠ 

ʠʟʤʝʥʝʥʠʠ ʜʘʚʣʝʥʠʷ ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɼʣʷ Y3Fe5O12 ʠ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 

ʟʥʘʯʝʥʠʷ ɝ ʦʧʨʝʜʝʣʝʥʳ ʢʘʢ 1.02Å10-5 ʠ 1.11Å10-5 ʂ-1, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; ʟʥʘʯʝʥʠʝ k0=6.1Ŀ10
-3 ɻʇʘ-1 

ʜʣʷ Y3Fe5O12 ʚʟʷʪʦ ʠʟ ʨʘʙʦʪʳ [Stan et al., 2015]. ʀʟ-ʟʘ ʦʪʩʫʪʩʪʚʠʷ ʜʘʥʥʳʭ ʦ ʟʥʘʯʝʥʠʷʭ 
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ʩʞʠʤʘʝʤʦʩʪʠ k0 ʜʣʷ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʯʘʩʪʴ ʨʘʩʯʸʪʦʚ ʜʣʷ ʵʪʦʛʦ ʩʦʝʜʠʥʝʥʠʷ 

ʧʨʦʚʝʩʪʠ ʥʝ ʫʜʘʝʪʩʷ.  

ʂʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣʠʮʳ ɹ.12 ʚ ʧʨʠʣʦʞʝʥʠʠ ɹ ʜʣʷ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʤʦʜ Y3Fe5O12 ʧʨʠ 303 ʂ 

ʷʚʥʳʡ ʘʥʛʘʨʤʦʥʠʯʝʩʢʠʡ ʚʢʣʘʜ ʜʦʤʠʥʠʨʫʝʪ ʥʘʜ ʥʝʷʚʥʳʤ, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʟʥʘʯʝʥʠʷ 

ʧʘʨʘʤʝʪʨʘ ɖ (ʚʢʣʘʜ ʦʙʲʝʤʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʚ ʦʙʱʠʡ ʘʥʛʘʨʤʦʥʠʟʤ), ʢʦʪʦʨʳʡ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʢʘʢ: 

 ɖ =  (3.8). 

ʆʪʤʝʪʠʤ, ʯʪʦ ɖ ʚ ʢʨʠʩʪʘʣʣʘʭ ʚʘʨʴʠʨʫʝʪ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ ʩʪʨʫʢʪʫʨʳ, ʭʠʤʠʯʝʩʢʦʡ 

ʩʚʷʟʠ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʨ. ɺʢʣʘʜ ʨʘʩʰʠʨʝʥʠʷ ʦʙʲʝʤʘ ʚ ʥʘʙʣʶʜʘʝʤʳʡ ʩʜʚʠʛ ʤʦʜ ʧʨʠ 303 ʂ ʚ ʮʝʣʦʤ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʯʘʩʪʦʪʳ ʢʦʣʝʙʘʥʠʡ ʢʘʢ ʜʣʷ Y3Fe5O12, ʪʘʢ ʠ ʜʣʷ 

(Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12. ʉʦʛʣʘʩʥʦ [Cerdeira 1983], ʜʣʷ ʠʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʜʦʤʠʥʠʨʫʝʪ 

ʪʝʧʣʦʚʦʝ ʨʘʩʰʠʨʝʥʠʝ (ɖ~1), ʪʦʛʜʘ ʢʘʢ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ ʩ 

ʥʠʟʢʦʡ ʠʦʥʥʦʩʪʴ ʁʩʚʷʟʠ ʪʠʧʠʯʥʦ ʟʥʘʯʝʥʠʝ ɖ~0.3. ʇʦʩʣʝʜʥʝʝ ʭʘʨʘʢʪʝʨʥʦ ʠ ʜʣʷ Y3Fe5O12 (ʩʤ. 

ʧʨʠʣʦʞʝʥʠʝ ɹ ʪʘʙʣʠʮʫ ɹ.12), ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩʦ ʩʪʝʧʝʥʴʶ ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʩʪʠ ʩʚʷʟʠ Fe-O. 

ɺ ʮʝʣʦʤ ʟʘʚʠʩʠʤʦʩʪʠ ʩʜʚʠʛʘ ʤʦʜ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ ʢʘʢ ʜʣʷ 

(Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12, ʪʘʢ ʠ ʜʣʷ Y3Fe5O12 ʩʘʤʠ ʧʦ ʩʝʙʝ ʥʝ ʫʢʘʟʳʚʘʶʪ ʥʘ ʢʘʢʫʶ-ʣʠʙʦ 

ʙʦʣʝʝ ʩʠʣʴʥʫʶ, ʯʝʤ ʦʙʳʯʥʦ, ʘʥʛʘʨʤʦʥʠʯʥʦʩʪʴ. 

ʉʜʚʠʛ ʤʦʜ ʧʦʜ ʜʝʡʩʪʚʠʝʤ P ʠ T ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʤʦʜʦʚʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ɻʨʶʥʘʡʟʝʥʘ ï 

ʠʟʦʪʝʨʤʠʯʝʩʢʠʤ ɔiT ʠ ʠʟʦʙʘʨʠʯʝʩʢʠʤ ɔiP (ʧʨʠ ʊ ʠ P=const, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʠʤʝʶʱʠʤʠ ʩʤʳʩʣ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʩʪʠ ʤʝʞʜʫ ʠʟʤʝʥʝʥʠʝʤ ʯʘʩʪʦʪʳ ʠ ʠʟʤʝʥʝʥʠʝʤ ʦʙʲʝʤʘ, ʢʦʪʦʨʳʝ 

ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʢʘʢ:  

 ‎ , (3.9) 

 ‎ .  (3.10) 

ɿʥʘʯʝʥʠʷ ɔiP ʨʘʟʣʠʯʥʳ ʜʣʷ ʢʦʣʝʙʘʥʠʡ ʨʘʟʥʦʛʦ ʪʠʧʘ ʠ ʩʠʤʤʝʪʨʠʠ ʜʣʷ Y3Fe5O12 ʠ 

(Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12. ɿʥʘʯʝʥʠʷ ɔiP ʧʨʠ 303 ʂ ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʠ ʜʣʷ ʤʦʜ ~271 ʠ 261 ʩʤ-1 

(Eg) ʜʣʷ Y3Fe5O12 ʠ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʜʥʘʢʦ ʧʨʠ ʵʪʦʤ ʟʥʘʯʝʥʠʷ ɔiP 

ʚ ʮʝʣʦʤ ʙʣʠʟʢʠ ʜʣʷ ʜʘʥʥʳʭ ʦʙʨʘʟʮʦʚ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʙʣʠʟʦʩʪʠ ʩʚʦʡʩʪʚ FeO4 ʪʝʪʨʘʵʜʨʦʚ. 

ʕʪʦ ʚʳʟʚʘʥʦ ʪʝʤ, ʯʪʦ ʪʠʧ ʠʦʥʘ ʈɿʕ ʚ ʞʝʣʝʟʦ-ʠʪʪʨʠʝʚʳʭ ʛʨʘʥʘʪʘʭ ʥʝ ʦʢʘʟʳʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦʛʦ 

ʚʣʠʷʥʠʷ ʥʘ ʦʙʲʝʤʥʫʶ ʩʞʠʤʘʝʤʦʩʪʴ, ʘ ʠʭ ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʙʲʸʤʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʷʪ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ ʠʦʥʦʚ ʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʜʘʥʥʳʤʠ ʜʠʣʘʪʦʤʝʪʨʠʠ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʣʷ ʩʝʤʝʡʩʪʚʘ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʞʝʣʝʟʥʳʭ ʛʨʘʥʘʪʦʚ ʧʨʠʨʦʜʘ ʠʦʥʘ ʈɿʕ ʥʝ ʦʢʘʟʳʚʘʝʪ ʟʥʘʯʠʤʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʦʙʱʠʡ ʘʥʛʘʨʤʦʥʠʟʤ 

ʩʠʩʪʝʤʳ. ʊʝʤ ʥʝ ʤʝʥʝʝ ʥʝʩʢʦʣʴʢʦ ʟʘʥʠʞʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ȹph+ȹ0 ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʤʦʜ 
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(Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʘʢʦʚʳʤʠ ʜʣʷ Y3Fe5O12 ʤʦʛʫʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ 

ʦ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʚʦʟʤʦʞʥʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʘʥʛʘʨʤʦʥʠʟʤʘ ʛʨʘʥʘʪʦʚ ʧʦʩʨʝʜʩʪʚʦʤ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʟʘʤʝʱʝʥʠʷ. 

3.7. ɼʠʬʬʫʟʥʦʝ ʩʚʝʪʦʨʘʩʩʝʷʥʠʝ ʠ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ  

ʉʧʝʢʪʨʳ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʤʝʣʢʦʜʠʩʧʝʨʩʥʳʭ ʦʙʨʘʟʮʦʚ ʤʦʥʦ- ʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʧʦʣʫʯʝʥʳ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ: ʥʘ ʨʠʩʫʥʢʝ 3.15ʘ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʠʧʠʯʥʳʝ ʩʧʝʢʪʨʳ ʛʨʘʥʘʪʦʚ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʠ Y3Fe5O12; ʩʧʝʢʪʨʳ 

ʜʨʫʛʠʭ ʛʨʘʥʘʪʦʚ ʠʤʝʶʪ ʘʥʘʣʦʛʠʯʥʳʡ ʚʠʜ ʠ ʦʪʣʠʯʘʶʪʩʷ ʣʠʰʴ f-f-ʣʠʥʠʷʤʠ ʧʦʛʣʦʱʝʥʠʷ ʠʦʥʦʚ ʈɿʕ. 

ɼʦʩʪʘʪʦʯʥʦ ʷʚʥʦ ʚʳʜʝʣʷʶʪʩʷ ʰʠʨʦʢʠʝ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʩ ʤʘʢʩʠʤʫʤʘʤʠ, 485, 600, 900 ʠ 1080 

ʥʤ ʰʠʨʠʥʦʡ ʜʦ 100 ʥʤ, ʘ ʪʘʢʞʝ ʧʝʨʝʛʠʙ ʚ ʦʙʣʘʩʪʠ 700 ʥʤ. ʉʦʛʣʘʩʥʦ ʨʘʙʦʪʘʤ [Serier-Brault et al., 

2014; Wang et al, 2018] ʧʦʣʦʩʘ ʧʦʛʣʦʱʝʥʠʷ ʛʨʘʥʘʪʘ Y3Fe5O12 ʩ ʤʘʢʩʠʤʫʤʦʤ ʚ ʦʙʣʘʩʪʠ 900 ʥʤ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʧʪʠʯʝʩʢʦʤʫ ʧʝʨʝʭʦʜʫ 6A1 Ÿ 4T1 ʠʦʥʦʚ 
VIFe3+ ʚ ʦʢʪʘʵʜʨʝ; ʧʦʣʦʩʘ ʩ ʤʘʢʩʠʤʫʤʦʤ 

ʧʨʠ 600 ʠ ʧʣʝʯʦ ʧʨʠ 700 ʥʤ - ʧʝʨʝʭʦʜʫ 6A1Ÿ 4T2 ʠʦʥʦʚ 
VIFe3+ ʩ ʥʘʣʦʞʝʥʠʝʤ ʧʦʛʣʦʱʝʥʠʷ, 

ʩʚʷʟʘʥʥʦʛʦ ʩ ʧʝʨʝʭʦʜʦʤ 6A1 Ÿ 4T1, 
4T2 ʠʦʥʦʚ 

IVFe3+ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ; ʧʦʣʦʩʘ ʧʨʠ 485 

ʥʤ - ʧʝʨʝʭʦʜʫ ʩ ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ ʩ 2p-ʦʨʙʠʪʘʣʝʡ ʢʠʩʣʦʨʦʜʘ ʥʘ ʧʫʩʪʳʝ 3d-ʦʨʙʠʪʘʣʠ ʠʦʥʦʚ Fe3+ 

(O2- + Fe3+ Ÿ O- + Fe2+). ʃʠʥʠʠ ʧʦʛʣʦʱʝʥʠʷ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʈɿʕ, ʤʘʣʦʠʥʪʝʥʩʠʚʥʳ ʥʘ ʬʦʥʝ 

ʠʥʪʝʥʩʠʚʥʳʭ ʠ ʜʠʬʬʫʟʥʳʭ ʣʠʥʠʡ ʧʦʛʣʦʱʝʥʠʷ ʞʝʣʝʟʘ ʠ ʥʝ ʧʦʜʣʝʞʘʪ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʤʫ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʤʫ ʦʧʠʩʘʥʠʶ. ʌʠʢʩʠʨʫʝʪʩʷ ʙʣʠʟʦʩʪʴ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʜʣʷ ʚʩʝʭ ʛʨʘʥʘʪʦʚ, ʯʪʦ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʜʥʦʪʠʧʥʳʡ ʭʘʨʘʢʪʝʨ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʝʨʝʭʦʜʦʚ. 
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ʈʠʩ. 3.15. ʉʧʝʢʪʨʳ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ (ʘ) ʠ ʢʨʠʚʳʝ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʊʘʫʮʘ ʜʣʷ ʦʙʨʘʟʮʦʚ 

Y3Fe5O12 (ʘ, ʢʨʠʚʘʷ 1; ʙ) ʠ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 (ʘ, ʢʨʠʚʘʷ 2; ʚ). ʂʨʘʩʥʳʝ ʧʨʷʤʳʝ ï 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʢ ʦʩʠ ʘʙʩʮʠʩʩ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 

ʉʣʝʜʫʷ ʨʘʙʦʪʘʤ [Audin, 2019; Zhou et al., 2022], ʦʮʝʥʢʠ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ Eg 

ʛʨʘʥʘʪʦʚ ʚʳʧʦʣʥʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʫʥʢʮʠʠ ʂʫʙʝʣʢʠ-ʄʫʥʢʘ, ʚʠʜ ʢʨʠʚʳʭ ʚ ʢʦʦʨʜʠʥʘʪʘʭ 

ʊʘʫʮʘ ʦʙʨʘʟʮʦʚ Y3Fe5O12 ʠ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 3.15ʙ-ʚ. 

ɿʥʘʯʝʥʠʝ Eg ʚʘʨʴʠʨʫʝʪ ʚ ʛʨʘʥʘʪʘʭ ʦʪ 2.2 ʜʦ 2.46 ʵɺ, ʪ.ʝ. ʜʣʷ ʚʩʝʭ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʭʘʨʘʢʪʝʨʥʘ ʙʣʠʟʢʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ; ʧʨʠ ʚʚʝʜʝʥʠʠ ʚ ʩʪʨʫʢʪʫʨʫ ʥʝʩʢʦʣʴʢʠʭ ʈɿʕ ʝʝ 
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ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʥʝ ʧʨʦʠʩʭʦʜʠʪ. ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ ʜʘʥʥʳʭ ʧʦ 

ʚʝʣʠʯʠʥʝ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ Eg ʧʨʠʚʝʜʝʥʦ ʚ ʪʘʙʣʠʮʝ 3.1. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʦʜʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ, 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʚ ʧʨʦʛʨʘʤʤʝ VASP ʜʣʷ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ, ʙʣʠʟʢʠ ʢ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ. 

ʊʘʙʣʠʮʘ 3.1. ɿʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ Eg (ʵɺ) ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠ ʨʘʩʯʝʪʥʳʤ 

ʜʘʥʥʳʤ. 

ʆʙʨʘʟʝʮ ʕʢʩʧʝʨʠʤʝʥʪ ʈʘʩʯʝʪ VASP 

Y3Fe5O12 2.45 2.19 

Gd3Fe5O12 2.45 2.37 

Er3Fe5O12 2.46 2.41 

Eu3Fe5O12 2.43 2.35 

Dy3Fe5O12 2.45 2.41 

 

3.8 ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ  

ʅʘ ʨʠʩʫʥʢʝ 3.16 ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʠʧʠʯʥʳʝ ʩʧʝʢʪʨʳ ʠʤʧʝʜʘʥʩʘ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʅʘʡʢʚʠʩʪʘ ʜʣʷ 

(Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 250ï400 Áʉ. ɻʦʜʦʛʨʘʬ ʠʤʧʝʜʘʥʩʘ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʩʣʝʛʢʘ ʚʜʘʚʣʝʥʥʳʡ ʧʦʣʫʢʨʫʛ. ʀʩʭʦʜʷ ʠʟ ʚʠʜʘ ʛʦʜʦʛʨʘʬʦʚ ʠ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʜʣʷ 

Y3Fe5O12 [Aakansha et al., 2017], ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʵʢʚʠʚʘʣʝʥʪʥʳʝ ʩʭʝʤʳ ʚʠʜʘ R0-R1(CPE1), 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʪʘʢʞʝ ʥʘ ʨʠʩʫʥʢʝ 3.16.  
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ʈʠʩ. 3.16. ʊʠʧʠʯʥʳʝ ʛʦʜʦʛʨʘʬʳ ʠʤʧʝʜʘʥʩʘ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʛʨʘʥʘʪʘ 

(Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 

ɽʤʢʦʩʪʥʳʝ ʟʥʘʯʝʥʠʷ CPE1 (10-10-10-11 ʌ) ʧʦʟʚʦʣʷʶʪ ʦʪʥʝʩʪʠ ʟʥʘʯʝʥʠʝ R1 ʢ 

ʟʝʨʥʦʛʨʘʥʠʯʥʦʤʫ ʩʦʧʨʦʪʠʚʣʝʥʠʶ, ʘ Ro ï ʢ ʚʥʫʪʨʠʟʝʨʝʥʥʦʤʫ (ʦʙʲʝʤʥʦʤʫ) ʩʦʧʨʦʪʠʚʣʝʥʠʶ; ʧʨʠ 

ʵʪʦʤ ʦʙʱʝʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʠʭ ʩʫʤʤʦʡ [Irvine et al., 1990]. ɺʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʚʦ 

ʚʩʝʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʥʝʚʦʟʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʚʥʫʪʨʝʟʝʨʝʥʥʳʡ ʠ ʟʝʨʥʦʛʨʘʥʠʯʥʳʡ 

ʚʢʣʘʜʳ, ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʪʦʣʴʢʦ ʦʙʱʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʚ ʦʙʨʘʟʮʘʭ. ɺ ʮʝʣʦʤ, ʜʣʷ ʚʩʝʭ ʠʟʫʯʝʥʥʳʭ 

ʛʨʘʥʘʪʦʚ ʵʢʚʠʚʘʣʝʥʪʥʳʝ ʩʭʝʤʳ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʦʧʠʩʳʚʘʶʪ ʠʭ ʩʧʝʢʪʨ ʠʤʧʝʜʘʥʩʘ ʚʦ ʚʩʝʤ 

ʠʩʩʣʝʜʦʚʘʥʥʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 200ï900 Üʉ. 
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3.8.1 ʕʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʇʦ ʧʦʣʫʯʝʥʥʳʤ ʩʧʝʢʪʨʘʤ ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ ʦʙʨʘʟʮʦʚ ʠ ʧʦʩʪʨʦʝʥʳ 

ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ, ʠʣʣʶʩʪʨʠʨʫʶʱʠʝ ʘʢʪʠʚʘʮʠʦʥʥʳʡ ʭʘʨʘʢʪʝʨ 

ʧʨʦʮʝʩʩʘ. ʅʘ ʨʠʩʫʥʢʝ 3.17 ʧʨʝʜʩʪʘʚʣʝʥʳ ɸʨʨʝʥʠʫʩʦʚʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ ʤʦʥʦ- ʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ. ɺʩʝ ʦʙʨʘʟʮʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʴ,ʁ ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʘʙʦʪʘʤʠ [Aakansha et al., 2017; Dabrowa et al., 2021]. ɼʣʷ ʚʩʝʭ 

ʦʙʨʘʟʮʦʚ ʪʠʧʠʯʥʳ ʜʚʝ ʦʙʣʘʩʪʠ ʣʠʥʝʡʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʩ 

ʠʟʣʦʤʦʤ, ʢʦʪʦʨʳʡ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʦʙʣʘʩʪʠ 550ï650 Üʉ. ɸʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʧʨʦʚʦʜʠʤʦʩʪʠ ʜʣʷ 

ʚʩʝʭ ʛʨʘʥʘʪʦʚ ʙʣʠʟʢʠ ʤʝʞʜʫ ʩʦʙʦʡ ʚ ʧʨʝʜʝʣʘʭ 1ï1.5 ʧʦʨʷʜʢʘ; ʛʨʘʥʘʪʳ Er3Fe5O12 ʠ Yb3Fe5O12 

ʦʙʣʘʜʘʪʁ ʥʘʠʙʦʣʴʰʝʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ Sm3Fe5O12 ʟʥʘʯʝʥʠʷ ʤʠʥʠʤʘʣʴʥʳ. ɼʣʷ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʦʩʪʘʚʳ, ʩʦʜʝʨʞʘʱʠʝ ʠʦʥʳ Er, Yb, Nd, 

ʦʙʣʘʜʘʶʪ ʥʘʠʙʦʣʴʰʝʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ; Sm ʠ Pr ʩʥʠʞʘʝʪ ʧʨʦʚʦʜʠʤʦʩʪʴ ʩʦʝʜʠʥʝʥʠʡ. ʆʪʤʝʯʝʥʥʳʝ 

ʵʤʧʠʨʠʯʝʩʢʠʝ ʪʝʥʜʝʥʮʠʠ ʠʟʤʝʥʝʥʠʷ ʩʚʦʡʩʪʚ ʧʦʜ ʚʣʠʷʥʠʝʤ ʨʘʟʥʳʭ ʈɿʕ ʧʨʝʜʩʪʘʚʣʷʶʪ ʦʩʦʙʳʡ 

ʠʥʪʝʨʝʩ; ʦʩʦʙʝʥʥʦ ʚʳʜʝʣʷʶʪʩʷ ʠʦʥʳ Nd ʠ Pr, ʥʝ ʦʙʨʘʟʫʶʱʠʝ ʚ ʩʪʘʥʜʘʨʪʥʳʭ ʘʪʤʦʩʬʝʨʥʳʭ 

ʫʩʣʦʚʠʷʭ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʛʠʧʦʪʝʪʠʯʝʩʢʠʡ ʦʙʨʘʟʝʮ 

Nd3Fe5O12 ʙʫʜʝʪ ʦʙʣʘʜʘʪʴ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʥʘʨʘʚʥʝ ʩ Er3Fe5O12 ʠ Yb3Fe5O12, ʘ Pr3Fe5O12 ʙʫʜʝʪ 

ʠʤʝʪʴ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʙʣʠʟʢʫʶ ʢ SmFe5O12. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʟʥʘʯʝʥʠʡ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʩ ʦʞʠʜʘʝʤʳʤʠ, ʘʜʜʠʪʠʚʥʦ ʧʦʣʫʯʝʥʥʳʤʠ ʠʟ ʟʥʘʯʝʥʠʡ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʩʪʘʚʦʚ, ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʭʦʞʝʩʪʴ ʟʥʘʯʝʥʠʡ ʠʣʠ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʧʦʚʳʰʝʥʠʝ ʧʨʦʚʦʜʠʤʦʩʪʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʛʨʘʥʘʪʘ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʦʞʠʜʘʝʤʦʡ ʚʝʣʠʯʠʥʳ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠ ʩʭʦʞʝʩʪʠ ʟʥʘʯʝʥʠʡ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ. 

ɿʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ Ea, ʚʳʯʠʩʣʝʥʥʳʝ ʧʦ ʥʘʢʣʦʥʫ ʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʦʚ 

ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 3.2. ɼʣʷ ʚʩʝʭ ʩʦʩʪʘʚʦʚ 

ʥʘʙʣʶʜʘʪʁʩʷ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ Ea ʚ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ, ʧʨʠʯʝʤ ʜʣʷ ʚʩʝʭ 

ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʦʥʠ ʙʣʠʟʢʠ ʤʝʞʜʫ ʩʦʙʦʡ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʟʣʠʯʠʝ, ʯʪʦ ʦʪʨʘʞʘʝʪ ʠʟʤʝʥʝʥʠʝ ʤʝʭʘʥʠʟʤʘ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ. ʆʪʤʝʪʠʤ, ʯʪʦ 

ʦʩʥʦʚʥʦʡ ʤʝʭʘʥʠʟʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʛʨʘʥʘʪʘʭ ʩʚʷʟʘʥ ʩ ʧʝʨʝʥʦʩʦʤ ɻ ʣʝʢʪʨʦʥʘ ʤʝʞʜʫ ʠʦʥʥʦʡ ʧʘʨʦʡ 

FeïFe, ʧʨʠ ʵʪʦʤ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʨʝʦʙʣʘʜʘʝʪ ʵʣʝʢʪʨʦʥʥʳʡ ʚʢʣʘʜ. ʉ ʨʦʩʪʦʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʷʚʣʷʝʪʩʷ ʢʠʩʣʦʨʦʜʥʦ-ʠʦʥʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʢʦʪʦʨʘʷ ʩʚʷʟʘʥʘ ʩ 

ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ ʟʘ ʩʯʸʪ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠʦʥʦʚ Fe. ɺ ʨʘʙʦʪʝ [Jacob, 

Ratjitha, 2012] ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʩʪʝʭʠʦʤʝʪʨʠʷ ʧʦ ʢʠʩʣʦʨʦʜʫ. ʈʘʟʣʠʯʠʷ ʚ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʚ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʜʠʘʧʘʟʦʥʘʭ ʪʝʤʧʝʨʘʪʫʨ ʜʣʷ ʨʘʟʥʳʭ ʩʦʩʪʘʚʦʚ ʚʝʨʦʷʪʥʦ ʩʚʷʟʘʥʳ ʩ ʨʘʟʣʠʯʥʦʡ 

ʥʝʩʪʝʭʠʦʤʝʪʨʠʝʡ ʧʦ ʢʠʩʣʦʨʦʜʫ. 
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ʈʠʩ. 3.17. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ɸʨʨʝʥʠʫʩʘ ʜʣʷ ʤʦʥʦ- (ʘ) ʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ (ʙ) 

ʊʘʙʣʠʮʘ 3.2. ɿʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʥʘ ʜʚʫʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʫʯʘʩʪʢʘʭ ɸʨʨʝʥʠʫʩʦʚʩʢʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ. 

ʆʙʨʘʟʝʮ Ὁ  Ὁ  

(Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 0.98 0.66 

(Y0.2Tb0.2Dy0.2Ho0.2Er0.2) 3Fe5O12 1.36 1.19 

(Y0.2Eu0.2Dy0.2Ho0.2Er0.2)3Fe5O12 1.17 0.81 

(Y0.2Gd0.2Dy0.2Er0.2Yb0.2)3Fe5O12 0.88 0.81 

(Y0.2Dy0.2Ho0.2Er0.2Yb0.2)3Fe5O12 0.97 0.76 

(Sm0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 1.31 0.73 

(Y0.2Nd0.2Sm0.2Ho0.2Er0.2)3Fe5O12 1.09 0.59 

(Y0.2Sm0.2Eu0.2Gd0.2Tb0.2)3Fe5O12 1.37 0.87 

(Y0.2Pr0.2Sm0.2Ho0.2Er0.2)3Fe5O12 1.29 1.08 

(Y0.2Nd0.2Sm0.2Gd0.2Ho0.2)3Fe5O12 1.07 0.6 

Y3Fe5O12 1.26 0.72 

Sm3Fe5O12 1.36 0.82 

Eu3Fe5O12 1.26 0.76 

Gd3Fe5O12 1.33 1.16 

Tb3Fe5O12 1.26 1.03 

Dy3Fe5O12 1.27 0.82 

Ho3Fe5O12 1.29 1.08 

Er3Fe5O12 1.27 0.71 

Yb3Fe5O12 1.28 0.83 

 

ʇʨʠʯʠʥʘ ʠʟʤʝʥʝʥʠʷ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʚ ʦʙʣʘʩʪʠ ʥʠʞʝ ʪʦʯʢʠ ʠʟʣʦʤʘ ʜʣʷ ʨʘʟʥʳʭ ʧʦ 

ʩʦʩʪʘʚʫ ʛʨʘʥʘʪʦʚ ʜʦ ʢʦʥʮʘ ʥʝ ʷʩʥʘ [Lal et al., 1982]. ʄʘʛʥʠʪʥʘʷ ʧʨʠʨʦʜʘ ʧʝʨʝʭʦʜʘ ʠʩʢʣʶʯʝʥʘ ʚ 

ʩʠʣʫ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ [Dabrowa et al., 2021]. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪ,ɹ ʯʪʦ ʚʝʨʭ ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ 

ʚ RE3Fe5O12 ʚʢʣʶʯʘʝʪ ʩʦʩʪʦʷʥʠʷ 2p, 
IVFe3+ ʠ VIFe3+, ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʝ ʜʦʧʠʨʦʚʘʥʠʝ 

ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʦʣʦʩ ʚʙʣʠʟʠ ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ, ʯʪʦ ʚʳʟʳʚʘʝʪ ʠʟʤʝʥʝʥʠʝ 

ʵʣʝʢʪʨʦʪʨʘʥʩʧʦʨʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʋʩʪʘʥʦʚʣʝʥʥʦʝ ʥʘʤʠ ʠʩʢʘʞʝʥʠʝ ʧʦʣʠʵʜʨʦʚ Fe, 
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ʚʦʟʥʠʢʘʶʱʝʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʟʘʤʝʱʝʥʠʷ, ʪʘʢʞʝ ʚʣʠʷʝʪ ʥʘ ʵʣʝʢʪʨʦʥʥʦʝ 

ʩʪʨʦʝʥʠʝ ʞʝʣʝʟʦ-ʢʠʩʣʦʨʦʜʥʦʡ ʧʦʜʨʝʰʝʪʢʠ, ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʦʧʨʝʜʝʣʷʝʪ ʠʟʤʝʥʝʥʠʝ ʟʥʘʯʝʥʠʷ Ea 

ʛʨʘʥʘʪʦʚ. ʋʚʝʣʠʯʝʥʠʝ ʟʥʘʯʝʥʠʷ Ea ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ 

ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ, ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʦ ʚʳʜʝʣʝʥʠʝʤ ʢʠʩʣʦʨʦʜʘ [Dabrowa et al., 2021]. 

ʉʦʛʣʘʩʥʦ ʮʠʪʠʨʦʚʘʥʥʦʡ ʨʘʙʦʪʝ ʥʝʩʪʝʭʠʦʤʝʪʨʠʷ ʢʠʩʣʦʨʦʜʘ ŭ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ 0.03; ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ ʢʠʩʣʦʨʦʜʥʳʝ ʚʘʢʘʥʩʠʠ ʤʦʛʫʪ 

ʛʝʥʝʨʠʨʦʚʘʪʴ ʵʣʝʢʪʨʦʥʳ (ʩʚʷʟʘʥʥʳʝ ʩʦʩʪʦʷʥʠʷ Fe2+) ʠʣʠ ʦʙʝʩʧʝʯʠʚʘʪʴ ʠʦʥʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʤ ʠʟʤʝʥʝʥʠʷʤ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ. ʆʜʥʘʢʦ ʚ ʨʘʤʢʘʭ ʥʘʰʝʡ ʨʘʙʦʪʳ 

ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʥʦʤ ʜʝʨʠʚʘʪʦʛʨʘʬʝ ʧʦʜʦʙʥʳʝ ʟʥʘʯʝʥʠʷ ʥʝʩʪʝʭʠʦʤʝʪʨʠʠ ʥʝ ʤʦʛʣʠ ʙʳʪʴ 

ʟʘʬʠʢʩʠʨʦʚʘʥʳ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʦʙʱʠʡ ʚʠʜ ʟʘʚʠʩʠʤʦʩʪʝʡ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ɸʨʨʝʥʠʫʩʘ ʚ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʝ, ʠ ʚ [Dabrowa et al., 2021] ʚʦ ʤʥʦʛʦʤ ʧʦʜʦʙʝʥ; ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ 

ʫʢʘʟʘʥʥʳʡ ʤʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ ʧʨʠʤʝʥʠʤ ʠ ʢ ʨʘʩʩʤʦʪʨʝʥʥʦʤʫ ʥʘʤʠ 

ʩʣʫʯʘʶ. 

3.8.2 ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ  

ʆʜʥʠʤ ʠʟ ʚʘʞʥʳʭ ʢʘʯʝʩʪʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ ʤʘʣʳʝ ʠʟʤʝʥʝʥʠʷ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʟʘʜʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʠ ʯʘʩʪʦʪ, ʙʳʣʠ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʯʘʩʪʦʪʥʳʝ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ. ʅʘ ʨʠʩʫʥʢʝ 3.18 ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʪʠʧʠʯʥʳʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʢʦʤʧʣʝʢʩʥʦʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʦʪʘʭ (ʜʝʡʩʪʚʠʪʝʣʴʥʘʷ ʠ ʤʥʠʤʘʷ ʯʘʩʪʴ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʩʦʛʣʘʩʥʦ ʚʳʨʘʞʝʥʠʷʤ (2.8ï2.9)). ʅʘʙʣʶʜʘʝʪʩʷ 

ʠʟʤʝʥʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʩ ʤʘʢʩʠʤʫʤʦʤ ʧʨʠ ʨʘʟʣʠʯʥʦʤ 

ʟʥʘʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʛʨʘʥʘʪʘ: ʜʣʷ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʤʘʢʩʠʤʫʤ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʚ ʦʙʣʘʩʪʠ 475ï500 Üʉ; ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ï ʧʨʠ 350ï375 Üʉ. 

ɺʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʤʦʛʫʪ ʙʳʪʴ 

ʦʙʲʷʩʥʝʥʳ ʧʦʣʷʨʠʟʘʮʠʝʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ ʥʘ ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ, ʢʦʪʦʨʘʷ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ 

ʦʢʩʠʜʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʚ ʢʦʪʦʨʳʭ ʟʝʨʥʦʛʨʘʥʠʯʥʘʷ ʠ ʚʥʫʪʨʠʟʝʨʝʥʥʘʷ (ʦʙʲʝʤʥʘʷ) ʧʨʦʚʦʜʠʤʦʩʪʴ 

ʨʘʟʣʠʯʥ r [Tahir et al., 2024]. ʈʦʩʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʘʨʷʜʦʚ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʠ ʠʟʤʝʥʝʥʠʶ ʧʨʦʚʦʜʷʱʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʟʝʨʝʥ ʠ 

ʛʨʘʥʠʮ ʟʝʨʝʥ, ʩ ʜʨʫʛʦʡ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʘʙʣʶʜʘʝʤʳʡ ʤʘʢʩʠʤʫʤ 

ʩʦʦʪʥʦʩʠʪʩʷ ʩ ʧʨʦʮʝʩʩʦʤ ʩʙʣʠʞʝʥʠʷ ʧʨʦʚʦʜʷʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʟʝʨʥʦʛʨʘʥʠʯʥʳʭ ʠ ʚʥʫʪʨʠʟʝʨʝʥʥʳʭ 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʅʝʟʥʘʯʠʪʝʣʴʥʳʡ ʩʜʚʠʛ ʤʘʢʩʠʤʫʤʘ ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʛʨʘʥʘʪʦʚ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʦʪʨʘʞʘʝʪ ʧʨʦʚʦʜʷʱʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʚʩʣʝʜʩʪʚʠʝ 

ʠʩʢʘʞʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʦʩʣʝʜʥʝʛʦ. ɺ ʵʪʦʤ ʩʚʝʪʝ ʚ ʙʫʜʫʱʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʠʥʪʝʨʝʩ ʤʦʛʣʠ ʙʳ 

ʧʨʝʜʩʪʘʚʣʷʪʴ ʥʘʥʦʨʘʟʤʝʨʥʳʝ ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʩʦʩʪʘʚʦʚ. 
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ʈʠʩ. 3.18. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʦʪʘʭ ʜʣʷ ʛʨʘʥʘʪʦʚ Y3Fe5O12 (ʘ) ʠ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 (ʙ) 

ʅʘ ʨʠʩʫʥʢʝ 3.19 ʧʨʝʜʩʪʘʚʣʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʧʨʠ 

300 Áʉ; ʦʙʱʠʡ ʚʠʜ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩʭʦʞ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʦ ʩʦʩʪʘʚʫ ʛʨʘʥʘʪʦʚ; ʦʥ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʚʘʨʴʠʨʫʝʪ ʚ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʜʠʘʧʘʟʦʥʘʭ (ʩʤ. ʧʨʠʣʦʞʝʥʠʝ ɸ ʨʠʩʫʥʦʢ ɸ.8). 

ʉʪʫʧʝʥʯʘʪʳʡ ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʝʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʝʣʘʢʩʘʮʠʦʥʥʳʤ ʧʨʦʮʝʩʩʦʤ ʟʘʨʷʞʝʥʥʳʭ 

ʯʘʩʪʠʮ [Aakansha et al., 2017]. ʉʜʚʠʛ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʩʪʫʧʝʥʠ ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʫʶ ʦʙʣʘʩʪʴ 

ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 500ï550 Üʉ ʠ ʚʳʰʝ, ʧʦʵʪʦʤʫ ʧʨʠ ʟʘʜʘʥʥʳʭ ʯʘʩʪʦʪʥʳʭ ʫʩʣʦʚʠʷʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʧʝʨʝʭʦʜ ʪʦʣʴʢʦ ʚʳʰʝ ʜʘʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨ (ʩʤ. ʧʨʠʣʦʞʝʥʠʝ ɸ 

ʨʠʩʫʥʦʢ ɸ.8). ʅʘʯʘʣʦ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʤʦʞʝʪ ʙʳʪʴ ʟʘʬʠʢʩʠʨʦʚʘʥʦ ʥʘ ʯʘʩʪʦʪʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʤʥʠʤʦʡ ʯʘʩʪʠ ʠʤʧʝʜʘʥʩʘ (ʩʤ. ʧʨʠʣʦʞʝʥʠʝ ɸ ʨʠʩʫʥʦʢ ɸ.9) [Aakansha et al., 2017] ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʝ fʭʘʨ ʚ ʪʦʯʢʝ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ Zô. ɼʣʷ ʚʩʝʭ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʛʨʘʥʘʪʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 200ï450 Üʉ ʥʘʙʣʶʜʘʝʪʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ 

ʩʜʚʠʛ fʭʘʨ ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʫʶ ʦʙʣʘʩʪʴ (ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʠʢ 

ʥʠʚʝʣʠʨʫʝʪʩʷ ʠʥʜʫʢʪʠʚʥʳʤʠ ʵʬʬʝʢʪʘʤʠ ʪʦʢʦʧʦʜʚʦʜʦʚ). ʇʦʜʦʙʥʳʡ ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʠ fʭʘʨ vs. 

T ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʝʨʤʠʯʝʩʢʠ ʘʢʪʠʚʠʨʦʚʘʥʥʦʤ ʧʨʦʮʝʩʩʝ ʧʝʨʝʥʦʩʘ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ 

[Aakansha et al., 2017], ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʦʧʠʩʘʥʥʳʝ ʚʳʰʝ ʤʦʜʝʣʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʚ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʛʨʘʥʘʪʘʭ. 

ɺ ʩʠʣʫ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʷʨʠʟʫʝʤʦʩʪʠ, ʘ ʟʥʘʯʠʪ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʚʝʱʝʩʪʚʘ ʦʪ 

ʧʨʠʨʦʜʳ ʚʭʦʜʷʱʝʛʦ ʚ ʥʝʛʦ ʠʦʥʘ ʈɿʕ, ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʠ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʨʘʟʮʘ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʟʥʘʯʝʥʠʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʧʦʪʝʨʴ ʦʩʣʦʞʥʝʥʦ. ʆʜʥʘʢʦ ʜʣʷ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʤʦʛʫʪ ʙʳʪʴ ʚʳʷʚʣʝʥʳ 

ʵʤʧʠʨʠʯʝʩʢʠʝ ʪʝʥʜʝʥʮʠʠ ʧʨʠ ʚʚʝʜʝʥʠʠ ʨʘʟʣʠʯʥʳʭ ʠʦʥʦʚ ʈɿʕ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʚʝʜʝʥʠʝ Yb, Er 

ʠ Nd ʟʥʘʯʠʤʦ ʧʦʚʳʰʘʝʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʢʦʥʩʪʘʥʪʫ (ʧʦʩʣʝʜʥʝʝ ʥʘʛʣʷʜʥʦ ʚʠʜʥʦ ʜʣʷ 

(Y0.2Gd0.2Dy0.2Er0.2Yb0.2)3Fe5O12 ʠ (Y0.2Dy0.2Ho0.2Er0.2Yb0.2)3Fe5O12), ʪʦʛʜʘ ʢʘʢ Ho, Tb, Pr ʧʦʥʠʞʘʝʪ; 

ʚʚʝʜʝʥʠʝ Sm ʠ Gd ʥʝ ʦʢʘʟʳʚʘʝʪ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʵʬʬʝʢʪʘ ʥʘ ʟʥʘʯʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ. 
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ʇʨʠ ʦʙʱʝʡ ʦʮʝʥʢʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʜʣʷ ʛʨʘʥʘʪʦʚ 

(Y0.2Nd0.2Sm0.2Ho0.2Er0.2)3Fe5O12 ʠ (Y0.2Nd0.2Sm0.2Gd0.2Ho0.2)3Fe5O12 ʭʘʨʘʢʪʝʨʥʘ ʥʘʠʙʦʣʴʰʘʷ ʩʨʝʜʠ 

ʚʩʝʭ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʩʪʘʚʦʚ ʟʥʘʯʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʥʘ ʯʘʩʪʦʪʘʭ 100ï

10000 ɻʮ, ʘ ʥʘʠʤʝʥʴʰʠʝ ʟʥʘʯʝʥʠʷ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʛʨʘʥʘʪʘ 

(Y0.2Tb0.2Dy0.2Ho0.2Er0.2)3Fe5O12. ʇʨʠ ʩʦʧʦʩʪʘʚʣʝʥʠʠ (Y0.2Nd0.2Sm0.2Ho0.2Er0.2)3Fe5O12 ʠ (Y0.2Pr0.2 

Sm0.2Ho0.2Er0.2)3Fe5O12 ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ Pr ʩʥʠʞʘʝʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʢʦʥʩʪʘʥʪʫ, ʘ 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʝ ʠʥʜʠʚʠʜʫʘʣʴʥʦʝ ʩʦʝʜʠʥʝʥʠʝ, ʢʦʪʦʨʦʝ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʚ ʚʳʩʦʢʦʙʘʨʠʯʝʩʢʠʭ 

ʫʩʣʦʚʠʷʭ [Guo et al., 2011] ʪʘʢʞʝ ʙʫʜʝʪ ʦʙʣʘʜʘʪʴ ʥʠʟʢʠʤ ʟʥʘʯʝʥʠʝʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ. ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʧʦʣʫʯʝʥʥʳʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʪʘʙʣʠʮʝ 

3.3 ʧʨʠʚʝʜʝʥʳ ʠʭ ʟʥʘʯʝʥʠʷ ʧʨʠ 300 Üʉ ʠ ʯʘʩʪʦʪʝ 100 ʢɻʮ. 
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ʈʠʩ. 3.19. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʢʦʥʩʪʘʥʪʳ ʧʨʠ 300 Áʉ ʜʣʷ ʤʦʥʦ- (ʘ) ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ (ʙ) 

ʅʝ ʤʝʥʝʝ ʚʘʞʥʳʤ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʩʦʝʜʠʥʝʥʠʡ, ʚʳʨʘʞʝʥʥʦʤ ʚ 

ʟʥʘʯʝʥʠʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ tgű, ʢʦʪʦʨʦʝ ʚʳʯʠʩʣʷʝʪʩʷ ʧʦ ʩʣʝʜʫʶʱʝʤʫ 

ʩʦʦʪʥʦʰʝʥʠʶ: 

 tgű =Ůôô/Ůô, (3.11) 

ʛʜʝ ʤʥʠʤʘʷ ʯʘʩʪʴ Ůôô ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʦʪʨʘʞʘʝʪ ʚʝʣʠʯʠʥʳ ʨʘʩʩʝʷʥʠʷ 

ʵʥʝʨʛʠʠ. 

ɺ ʧʨʠʣʦʞʝʥʠʠ ɸ ʥʘ ʨʠʩʫʥʢʝ ɸ.10 ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʠʧʠʯʥʳʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʤʥʠʤʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ Ůôô ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʦʪʘʭ. ʈʦʩʪ Ůôô ʩ ʧʦʚʳʰʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠʥʜʫʮʠʨʦʚʘʥ ʨʦʩʪʦʤ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʦʙʨʘʟʮʦʚ, ʚʳʟʳʚʘʶʱʠʤ ʙʦʣʴʰʠʝ 

ʪʝʧʣʦʚʳʝ ʧʦʪʝʨʠ: ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʨʦʩʪ ʧʨʦʚʦʜʠʤʦʩʪʠ ʙʦʣʝʝ ʷʚʥʳʡ, ʯʪʦ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʙʦʣʝʝ ʚʳʨʘʞʝʥʥʦʤʫ ʧʦʚʳʰʝʥʠʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʜʣʷ ʵʪʠʭ ʩʦʩʪʘʚʦʚ.  
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ʊʘʙʣʠʮʘ 3.3. ɿʥʘʯʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʛʨʘʥʘʪʦʚ ʧʨʠ 300 Üʉ ʠ 100 ʢɻʮ. 

ʆʙʨʘʟʝʮ ὑô ὑò tg ű  

(Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 383 130 0.34 

(Y0.2Tb0.2Dy0.2Ho0.2Er0.2) 3Fe5O12 15 3 0.22 

(Y0.2Eu0.2Dy0.2Ho0.2Er0.2)3Fe5O12 35 24 0.68 

(Y0.2Gd0.2Dy0.2Er0.2Yb0.2)3Fe5O12 190 178 0.93 

(Y0.2Dy0.2Ho0.2Er0.2Yb0.2)3Fe5O12 193 85 0.44 

(Sm0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 83 23 0.28 

(Y0.2Nd0.2Sm0.2Ho0.2Er0.2)3Fe5O12 286 89 0.31 

(Y0.2Sm0.2Eu0.2Gd0.2Tb0.2)3Fe5O12 52 17 0.32 

(Y0.2Pr0.2Sm0.2Ho0.2Er0.2)3Fe5O12 24 5 0.19 

(Y0.2Nd0.2Sm0.2Gd0.2Ho0.2)3Fe5O12 356 201 0.57 

Y3Fe5O12 101 16 0.16 

Sm3Fe5O12 55 13 0.23 

Eu3Fe5O12 61 70 1.14 

Gd3Fe5O12 43 3 0.07 

Tb3Fe5O12 34 5 0.14 

Dy3Fe5O12 54 25 0.46 

Ho3Fe5O12 37 6 0.16 

Er3Fe5O12 353 172 0.49 

Yb3Fe5O12 213 62 0.29 

 

ʊʠʧʠʯʥʳʝ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ Ůôô ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʧʨʠʣʦʞʝʥʠʠ ɸ ʥʘ ʨʠʩʫʥʢʝ ɸ.11, ʦʙʱʠʡ ʚʠʜ ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʛʨʘʥʘʪʦʚ ʩʭʦʞ (ʥʘ 

ʨʠʩʫʥʢʝ 3.20 ʧʨʠʚʝʜʝʥʳ ʯʘʩʪʦʪʥʳʝ Ůôô ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 300 Üʉ). ʇʦʷʚʣʝʥʠʝ 

ʥʝʙʦʣʴʰʦʛʦ ʧʝʨʝʛʠʙʘ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪ ʚʳʟʚʘʥʦ ʚʣʠʷʥʠʝʤ ʧʘʨʘʟʠʪʥʳʭ ʠʥʜʫʢʪʠʚʥʦʩʪʝʡ 

ʪʦʢʦʧʦʜʚʦʜʦʚ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʚʳʟʚʘʪʴ LïCïʨʝʟʦʥʘʥʩ [Reji  et al., 2001]. ʆʙʱʠʡ ʭʘʨʘʢʪʝʨ 

ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ Ůôô ʧʦʜʪʚʝʨʞʜʘʝʪ ʵʣʝʢʪʨʦʥʥʳʡ ʤʝʭʘʥʠʟʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʜʘʥʥʳʭ 

ʛʨʘʥʘʪʘʭ ï ʤʘʣʳʡ ʧʦʣʷʨʦʥʥʳʡ ʧʨʳʞʦʢ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʬʝʨʨʠʪʦʚʳʭ ʛʨʘʥʘʪʦʚ [Aakansha et al., 

2017]. ɼʣʷ ʩʝʤʝʡʩʪʚʘ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʬʠʢʩʠʨʫʶʪʩʷ ʧʦʚʳʰʝʥʥʳʝ ʟʥʘʯʝʥʠʷ Ůôô ʜʣʷ 

Er3Fe5O12, Yb3Fe5O12, Eu3Fe5O12 ʠ ʧʦʥʠʞʝʥʥʳʝ ʜʣʷ Gd3Fe5O12, Ho3Fe5O12, Tb3Fe5O12. ʅʠʟʢʠʝ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ï ʥʝʦʙʭʦʜʠʤʦʝ ʫʩʣʦʚʠʝ ʜʣʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʤʘʪʝʨʠʘʣʘ; ʚʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʧʨʠʩʫʪʩʪʚʠʝ Gd, Ho, Tb ʚ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ 

ʷʚʣʷʝʪʩʷ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ, ʥʝʩʤʦʪʨʷ ʥʘ ʠʭ ʙʦʣʝʝ ʥʠʟʢʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʚ 

ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ. ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʧʦʣʫʯʝʥʥʳʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʚ ʪʘʙʣʠʮʝ 3.3 ʪʘʢʞʝ ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʪʘʥʛʝʥʩʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʧʨʠ 300 

Üʉ ʠ ʯʘʩʪʦʪʝ 100 ʢɻʮ. ɺʳʜʝʣʷʝʪʩʷ ʥʝʩʢʦʣʴʢʦ ʩʦʩʪʘʚʦʚ ʩ ʚʳʩʦʢʠʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʢʦʥʩʪʘʥʪʘʤʠ 

- (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12, (Y0.2Nd0.2Sm0.2Ho0.2Er0.2)3Fe5O12, (Y0.2Nd0.2Sm0.2Gd0.2Ho0.2)3 

Fe5O12 ʠ Er3Fe5O12. ʉʦʝʜʠʥʝʥʠʷ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʠ (Y0.2Nd0.2Sm0.2Ho0.2Er0.2)3Fe5O12 
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ʦʙʣʘʜʘʶʪ ʧʦʥʠʞʝʥʥʳʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʜʚʫʤʷ ʦʙʨʘʟʮʘʤʠ ʟʥʘʯʝʥʠʷʤʠ ʪʘʥʛʝʥʩʘ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ - 0.34 ʠ 0.31, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
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ʈʠʩ. 3.20. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʥʠʤʦʡ ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʧʨʠ 

300 Áʉ ʜʣʷ ʤʦʥʦ- (ʘ) ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ (ʙ) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʫʩʪʘʥʦʚʣʝʥʘ ʩʚʷʟʴ ʤʝʞʜʫ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ ʠ ʝʛʦ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ɼʣʷ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʦʙʨʘʟʮʦʚ ʚʠʜ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩʭʦʞ, ʩʪʨʫʢʪʫʨʥʳʝ ʠʩʢʘʞʝʥʠʷ 

ʟʥʘʯʠʪʝʣʴʥʦ ʥʝ ʚʣʠʷʶʪ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ɸʥʘʣʠʟ ʯʘʩʪʦʪʥʳʭ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʢʨʠʚʳʭ ʧʦʜʪʚʝʨʜʠʣ ʘʢʪʠʚʘʮʠʦʥʥʫʶ ʧʨʠʨʦʜʫ ʠ ʤʘʣʦʧʦʣʷʨʦʥʥʳʡ ʤʝʭʘʥʠʟʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘ 

ʤʘʣrʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʝ ʟʘʤʝʱʝʥʠʝ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ 

ʠʥʩʪʨʫʤʝʥʪʦʤ ʚʘʨʴʠʨʦʚʘʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʭ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʷʭ. ɼʘʥʥʳʡ ʬʘʢʪ ʦʪʢʨʳʚʘʝʪ ʧʝʨʩʧʝʢʪʠʚʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12, 

(Y0.2Nd0.2Sm0.2Ho0.2Er0.2)3Fe5O12, ʜʣʷ ʉɺʏ-ʫʩʪʨʦʡʩʪʚ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʧʦʜʙʦʨ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ 

ʫʩʣʦʞʥʝʥ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʚʣʠʷʥʠʝʤ ʈɿʕ ʢʘʢ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʢʦʥʩʪʘʥʪʫ, ʪʘʢ ʠ ʥʘ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ. 

3.9 ɺʳʚʦʜʳ.  

1. ʇʦʣʫʯʝʥʦ ʵʤʧʠʨʠʯʝʩʢʦʝ ʫʩʣʦʚʠʝ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʦʙʨʘʟʮʘ 

ʚ ʩʪʨʫʢʪʫʨʝ ʛʨʘʥʘʪʘ: ʩʨʝʜʥʠʡ ʠʦʥʥʳʡ ʨʘʜʠʫʩ Ὑ ɻʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ ʩʪʨʫʢʪʫʨʳ 

ʥʝ ʜʦʣʞʝʥ ʙʳʪʴ ʚʳʰʝ 1.055 ¡. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʥʘʙʣʶʜʘʝʪʩʷ 

ʠʩʢʘʞʝʥʠʝ ʞʝʣʝʟʦ-ʢʠʩʣʦʨʦʜʥʳʭ ʧʦʣʠʵʜʨʦʚ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ, ʦʢʪʘʵʜʨʠʯʝʩʢʦʛʦ. 

2. ʈʘʩʩʯʠʪʘʥʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʘʷ ʵʥʪʨʦʧʠʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʠʤʝʝʪ 

ʧʦʥʠʞʝʥʥʳʝ ʟʥʘʯʝʥʠʷ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʚʚʝʜʝʥʠʝʤ ʵʣʝʤʝʥʪʦʚ ʪʦʣʴʢʦ ʚ ʦʜʥʫ ʠʟ ʪʨʝʭ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʜʨʝʰʝʪʦʢ ʛʨʘʥʘʪʘ; ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʛʨʘʥʘʪʳ ʥʝ ʤʦʛʫʪ ʙʳʪʴ 

ʦʪʥʝʩʝʥʳ ʢ ʢʣʘʩʩʫ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʂʦʣʝʙʘʪʝʣʴʥʘʷ ʵʥʪʨʦʧʠʷ 
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ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʙʣʠʟʢʘ ʢ ʩʨʝʜʥʝʚʟʚʝʰʝʥʥʦʡ, ʧʦʣʫʯʝʥʥʦʡ ʘʜʜʠʪʠʚʥʦ ʠʟ 

ʟʥʘʯʝʥʠʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʤ ʛʨʘʥʘʪʘʤ. ʈʘʩʯʝʪʥʳʝ ʟʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ 

ɻʝʣʤɹʛʦʣʴʮʘ ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʘʢʞʝ ʤʦʛʫʪ ʙʳʪʴ ʣʠʥʝʡʥʦ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʳ ʧʦ 

ʜʘʥʥʳʤ ʜʣʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ. 

3. ʂʦʣʠʯʝʩʪʚʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʨʘʤʘʥʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʫʢʘʟʳʚʘʶʪ ʥʘ ʩʧʝʮʠʬʠʯʥʦʩʪʴ 

ʩʚʦʡʩʪʚ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ, ʯʪʦ ʦʪʨʘʞʘʝʪ ʨʘʟʣʠʯʠʷ ʢʘʢ ʤʘʩʩʳ ʈɿʕ ʠ ʩʠʣʦʚʦʡ 

ʧʦʩʪʦʷʥʥʦʡ ʩʚʷʟʠ ʈɿʕ-O, ʪʘʢ ʠ ʩʪʝʧʝʥʠ ʠʩʢʘʞʝʥʠʷ ʧʦʣʠʵʜʨʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝʤ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʛʨʘʥʘʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʝʨʚʦʧʨʠʥʮʠʧʥʳʭ ʤʝʪʦʜʦʚ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʜʦ 250 ʩʤ-1 ʥʘʙʣʶʜʘʝʪʩʷ ʚʢʣʘʜ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʢʦʣʝʙʘʥʠʡ ʧʦʣʠʵʜʨʦʚ REO8 ʠ FeO4; ʚ ʦʙʣʘʩʪʠ 250ï750 ʩʤ-1 ï FeO4.  

4.  ʈʘʤʘʥʦʚʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦʙ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʛʨʘʥʘʪʘ (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʚ ʠʟʫʯʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠ 

ʙʘʨʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ; ʬʠʢʩʠʨʫʝʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʪʨʝʭʬʦʥʦʥʥʳʡ ʧʨʦʮʝʩʩ ʧʦʚʝʜʝʥʠʷ ʤʦʜ ʧʨʠ 

ʥʘʣʦʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. ʈʘʩʯʝʪ ʧʘʨʘʤʝʪʨʦʚ ɻʨʶʥʘʡʟʝʥʘ ʧʦʢʘʟʘʣ ʙʣʠʟʦʩʪʴ ʩʪʨʫʢʪʫʨʳ ʪʝʪʨʘʵʜʨʦʚ 

FeO4 ʚ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʤ ʛʨʘʥʘʪʘʭ. 

5. ɿʥʘʯʝʥʠʝ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ Eg ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ, 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʠʟ ʩʧʝʢʪʨʦʚ ʜʠʬʬʫʟʥʦʛʦ ʩʚʝʪʦʨʘʩʩʝʷʥʠʷ, ʙʣʠʟʢʦ ʩ ʨʘʩʯʝʪʥʳʤʠ; ʟʥʘʯʝʥʠʝ Eg 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʪʨʦʝʥʠʝʤ ʞʝʣʝʟʦ-ʢʠʩʣʦʨʦʜʥʳʭ ʧʦʣʠʵʜʨʦʚ ʠ ʤʘʣʦ ʟʘʚʠʩʠʪ ʦʪ ʪʠʧʘ ʈɿʕ. 

6. ɸʥʘʣʠʟʦʤ ʯʘʩʪʦʪʥʳʭ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʧʦʢʘʟʘʥ ʘʢʪʠʚʘʮʠʦʥʥʳʡ ʭʘʨʘʢʪʝʨ ʧʨʦʚʦʜʠʤʦʩʪʠ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʛʨʘʥʘʪʦʚ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʦʙʣʘʩʪʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʥʘʙʣʶʜʘʝʪʩʷ ʩʤʝʰʘʥʥʘʷ 

(ʵʣʝʢʪʨʦʥʥʘʷ ʠ ʢʠʩʣʦʨʦʜʥʦ-ʠʦʥʥʘʷ) ʧʨʦʚʦʜʠʤʦʩʪʴ, ʘ ʚ ʦʙʣʘʩʪʠ ʧʦʥʠʞʝʥʥʳʭ ï ʵʣʝʢʪʨʦʥʥʘʷ, 

ʦʪʚʝʯʘʶʱʘʷ ʤʦʜʝʣʠ ʤʘʣʳʭ ʧʦʣʷʨʦʥʥʳʭ ʧʨʳʞʢʦʚ. 

7. ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʦʚʳʭ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʩ 

ʧʷʪʴʶ ʵʣʝʤʝʥʪʘʤʠ ʚ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ ʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʣʘʩʪʠ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʩʦʩʪʘʚʦʤ ʈɿʕ (ʠʦʥʳ Er, Yb, Nd ʧʦʚʳʰʘʶʪ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʘ Sm ʠ Pr ï ʩʥʠʞʘʶʪ) ʠ ʩʪʨʫʢʪʫʨʥʳʤʠ 

ʦʩʦʙʝʥʥʦʩʪʷʤʠ (ʠʩʢʘʞʝʥʠ ̫ʞʝʣʝʟʦ-ʢʠʩʣʦʨʦʜʥʳʭ ʧʦʣʠʵʜʨʦʚ ʫʚʝʣʠʯʠʚʘʝʪ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ 

ʦʙʨʘʟʮʦʚ). ʇʨʠ ʩʨʘʚʥʝʥʠʠ ʟʥʘʯʝʥʠʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʩ ʘʜʜʠʪʠʚʥʦ 

ʧʦʣʫʯʝʥʥʳʤʠ ʠʟ ʟʥʘʯʝʥʠʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʤ ʩʦʩʪʘʚʘʤ, ʚʳʷʚʣʝʥʘ ʠʭ 

ʩʭʦʞʝʩʪʴ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʘ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ï ʩʭʦʞʝʩʪʴ ʠʣʠ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʨʘʟʣʠʯʠʝ (ʧʦʚʳʰʝʥʠʝ ʬʘʢʪʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ 

ʛʨʘʥʘʪʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʘʜʜʠʪʠʚʥʦ ʚʳʯʠʩʣʝʥʥʦʡ ʚʝʣʠʯʠʥʳ). 

8. ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʛʨʘʥʘʪʦʚ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʩʦʩʪʘʚʦʤ ʈɿʕ; ʩʪʨʫʢʪʫʨʥʳʝ ʠʩʢʘʞʝʥʠʷ ʥʝ ʦʢʘʟʳʚʘʶʪ ʟʥʘʯʠʤʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʠʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʝ ʟʘʤʝʱʝʥʠʝ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ 
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ʠʥʩʪʨʫʤʝʥʪʦʤ ʚʘʨʴʠʨʦʚʘʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʭ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʷʭ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ ʧʝʨʩʧʝʢʪʠʚʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʦʙʨʘʟʮʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, (Y0.2Eu0.2Gd0.2Dy0.2Er0.2)3Fe5O12 ʠ (Y0.2Nd0.2Sm0.2Ho0.2Er0.2)3Fe5O12 ʜʣʷ ʉɺʏ-

ʫʩʪʨʦʡʩʪʚ.  
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ɻʣʘʚʘ 4. ʉʪʨʫʢʪʫʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ, ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʴ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʩʝʤʝʡʩʪʚʘ RETiNbO6 ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ 

ɺ ʛʣʘʚʝ 4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʪʨʫʢʪʫʨʳ ʩʠʥʪʝʪʠʯʝʩʢʠʭ 

ʵʰʠʥʠʪʦʚ, ʠʭ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ, ʦʧʪʠʯʝʩʢʠʭ ʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʚʦʡʩʪʚ (ʚ ʪʦʤ ʯʠʩʣʝ 

ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ), ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ, ʘʥʘʣʠʟ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʦʝʜʠʥʝʥʠʡ ʧʦ ʜʘʥʥʳʤ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʠʤʧʝʜʘʥʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ʈʘʩʩʤʦʪʨʝʥʳ ʚʦʧʨʦʩʳ ʚʣʠʷʥʠʷ ʟʘʤʝʱʝʥʠʡ 

ʈɿʕ, Ti, Nb ʥʘ ʩʚʦʡʩʪʚʘ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ RE1-xMxTi1-xNb1+xO6 

(RE=La, Ce, Nd; M=Ca, Sr), ʘ ʪʘʢʞʝ ʚʦʧʨʦʩʳ ʤʦʜʠʬʠʢʘʮʠʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʝʤʝʡʩʪʚʘ RETiNbO6 ʩ ʧʦʤʦʱʴʶ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʚ ʧʦʜʨʝʰʝʪʢʝ ʈɿʕ.  

4.1 ʉʪʨʫʢʪʫʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ  

ɺ ʧʨʠʣʦʞʝʥʠʠ ɹ ʚ ʪʘʙʣʠʮʝ ɹ.13 ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʥʘʤʠ Ca-, Sr-ʟʘʤʝʱʝʥʥʳʭ, ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ʠ ʟʥʘʯʝʥʠʷ ʠʭ ʧʣʦʪʥʦʩʪʠ. ɼʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʟʥʘʯʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʙʣʠʟʢʦ ʢ ʪʝʦʨʝʪʠʯʝʩʢʦʤʫ (ʨʝʥʪʛʝʥʦʚʩʢʦʤʫ); ʨʘʟʣʠʯʠʷ ʥʝ 

ʧʨʝʚʳʰʘʪʁ 4 %; ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʙʣʠʟʢʠ 

ʪʘʢʦʚʳʤ, ʧʦʣʫʯʝʥʥʳʤ ʚ ʨʘʙʦʪʝ [Sebastian et al., 2001]. 

ɼʣʷ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ RE1-xMxTi1-xNb1+xO6 (RE=La, Ce, Nd; M=Ca, Sr) 

ʬʠʢʩʠʨʫʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʚ ʧʨʝʜʝʣʘʭ ʦʙʣʘʩʪʠ ʛʦʤʦʛʝʥʥʦʩʪʠ (ʩʤ. 

ʨʠʩʫʥʦʢ 4.1): ʥʘʙʣʶʜʘʝʪʩʷ ʣʠʥʝʡʥʳʡ ʪʨʝʥʜ ʩ ʠʟʣʦʤʦʤ ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʭ=0.15. ʇʦʜʦʙʥʳʡ 

ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʠ ʩʚʷʟʘʥ ʩ ʧʦʷʚʣʝʥʠʝ ʤʦʥʦʢʣʠʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʩʦʜʝʨʞʘʥʠʠ ʜʦʧʘʥʪʘ (ʩʤ. ʥʠʞʝ). ʅʘʧʨʘʚʣʝʥʠʝ ʪʨʝʥʜʦʚ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʣɻʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ ʠ ʝʸ ʦʙʲʝʤʘ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʠʟʤʝʥʝʥʠʝʤ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ ʈɿʕ ʦʪ La ʢ Ce ʠ Nd ʠ ʜʦʧʘʥʪʘ 

Ca ʠ Sr, ʘ ʟʘʪʝʤ ʚʳʭʦʜ ʥʘ ʧʣʘʪʦ, ʩʦʧʨʦʚʦʞʜʘʶʱʝʝʩʷ ʧʦʷʚʣʝʥʠʝʤ ʥʝʟʥʘʯʠʪʝʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ 

ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳ. 

ʅʘ ʨʠʩʫʥʢʝ 4.2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʚʘʨʠʘʮʠʠ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʤʦʥʦ- ʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ Ὑ ɻʣʝʤʝʥʪʦʚ ʚ 

ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ, ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʧʦ ʬʦʨʤʫʣʝ (3.1). ɼʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʵʰʠʥʠʪʦʚ ʦʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʤʝʥʷʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ, ʠ ʦʥ ʙʣʠʟʦʢ ʢ ʪʘʢʦʚʦʤʫ ʜʣʷ 

ʩʦʩʪʘʚʘ NdTiNbO6; ʥʘʧʨʦʪʠʚ, ʜʣʷ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ ʦʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

ʚʘʨʴʠʨʫʝʪ ʚ ʜʦʩʪʘʪʦʯʥʦ h ʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ. ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ RE1-xMxTi1-xNb1+xO6 

(RE=La, Ce, Nd; M=Ca, Sr) ʙʣʠʟʢʠ ʢ ʧʘʨʘʤʝʪʨʘʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʤ 
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ʵʰʠʥʠʪʦʚ ʠ ʥʘ ʨʠʩʫʥʢʝ ʥʝ ʧʨʝʜʩʪʘʚʣʝʥʳ. ɿʘʚʠʩʠʤʦʩʪʴ ʙʣʠʟʢʘ ʢ ʣʠʥʝʡʥʦʡ ʜʣʷ ʚʩʝʭ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʝʨʠʡ. 
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ʈʠʩ. 4.1. ʆʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʜʦʧʘʥʪʘ ʭ ʚ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʘʭ La1-xMxTi1-xNb1+xO6 (ʯʝʨʥʳʝ ʪʦʯʢʠ), Ce1-xMxTi1-xNb1+xO6 (ʢʨʘʩʥʳʝ ʪʦʯʢʠ) ʠ Nd1-xMxTi1-

xNb1+xO6 (ʩʠʥʠʝ ʪʦʯʢʠ): ʘ, ʙ ï M=Ca, Sr 

 

ʈʠʩ. 4.2. ʆʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ  Ὑ ʵʣʝʤʝʥʪʦʚ 

ʚ ʜʦʜʝʢʘʵʜʨʝ ʩʪʨʫʢʪʫʨʳ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ (ʯʸʨʥʳʝ ʠ ʢʨʘʩʥʳʝ ʟʥʘʢʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ɿʜʝʩʴ ʢʚʘʜʨʘʪʳ ï ʵʢʩʧʝʨʠʤʝʥʪ, ʪʨʝʫʛʦʣʴʥʠʢʠ ï ʨʘʩʯʝʪ. 

ɺ ʨʘʙʦʪʝ [ʂʦʤʢʦʚ, 1972] ʧʦʢʘʟʘʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ ʈɿʕ ʥʘ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʬʘʟʳ ʵʰʠʥʠʪʘ RETiNbO6: ʚ ʩʪʨʫʢʪʫʨʝ ʵʰʠʥʠʪʘ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʳ 

ʩ ʈɿʕ ʩ ʠʦʥʥʳʤ ʨʘʜʠʫʩʦʤ ʙʦʣʝʝ 1.066¡, ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʬʦʨʤʠʨʫʝʪʩʷ ʬʘʟʘ ʵʚʢʩʝʥʠʪʘ. ʂʘʢ 

ʦʪʤʝʯʝʥʦ ʚ ʛʣʘʚʝ 2, ʥʝ ʚʩʝ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʩʦʩʪʘʚʳ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ ʈɿʕ ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʩʧʦʩʦʙʘ ʩʠʥʪʝʟʘ ʫʜʘʚʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʦʜʥʦʬʘʟʥʳʤʠ. ʅʘʤʠ ʫʩʪʘʥʦʚʣʝʥʦ ʵʤʧʠʨʠʯʝʩʢʦʝ ʧʨʘʚʠʣʦ 

ʟʘʚʠʩʠʤʦʩʪʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ ʦʪ ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ 

ʨʘʜʠʫʩʘ Ὑ  ʵʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ: ʦʙʨʘʟʮʳ ʩ Ὑ 1.096 ¡ ʦʜʥʦʬʘʟʥʳ ʠ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ 

ʩʪʨʫʢʪʫʨʝ ʵʰʠʥʠʪʘ (ʩʤ. ʧʨʠʣʦʞʝʥʠʝ ɹ ʪʘʙʣʠʮʫ ɹ.13), ʧʨʠ Ὑ 1.093 ¡, ʦʙʨʘʟʫʝʪʩʷ ʩʤʝʩʴ ʬʘʟ 
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ʵʰʠʥʠʪʘ ʠ ʵʚʢʩʝʥʠʪʘ. ʆʙʣʘʩʪʴ ʤʝʞʜʫ 1.096 ʠ 1.093 ¡ ʦʩʪʘʝʪʩʷ ʜʠʩʢʫʩʩʠʦʥʥʦʡ ʠ ʪʨʝʙʫʝʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʋʩʪʘʥʦʚʣʝʥʥʘʷ ʵʤʧʠʨʠʯʝʩʢʘ ̫ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ ʥʝ ʧʨʠʤʝʥʠʤʘ ʢ 

ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʤ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʘʤ; ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ 

ʣʠʤʠʪʠʨʫʶʱʠʡ ʛʝʦʤʝʪʨʠʯʝʩʢʠʡ ʬʘʢʪʦʨ ʙʦʣʝʝ ʞʝʩʪʢʠʡ ʚ ʩʠʣʫ ʙʦʣʝʝ ʟʥʘʯʠʤʳʭ ʣʦʢʘʣʴʥʳʭ 

ʠʩʢʘʞʝʥʠʡ ʠʭ ʩʪʨʫʢʪʫʨʳ (ʩʤ. ʥʠʞʝ). 

ʉʣʝʜʫʷ ʨʘʙʦʪʝ [Dippo, Vecchio, 2021], ʚʳʧʦʣʥʝʥʳ ʦʮʝʥʢʠ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʡ ʵʥʪʨʦʧʠʠ 

ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ʧʦ ʬʦʨʤʫʣʘʤ (3.2ï3.3); ʝʝ ʚʝʣʠʯʠʥʘ ʩʦʩʪʘʚʣʷʝʪ 0.18ÅR, ʘ 

ʧʘʨʘʤʝʪʨ EM ʨʘʚʝʥ 0.54, ʪ.ʝ. EM<1. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʵʰʠʥʠʪʳ ʥʝ ʤʦʛʫʪ ʙʳʪʴ 

ʦʪʥʝʩʝʥʳ ʢ ʢʣʘʩʩʫ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. 

4.1.1 ɼʚʦʡʥʳʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ: ʫʪʦʯʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ  

ɸʥʘʣʠʟ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʦʚʝʜʝʥ ʜʣʷ ʜʚʫʭ ʩʝʨʠʡ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ï Nd1-

xCaxTi1-xNb1+xO6 ʠ La1-xCaxTi1-xNb1+xO6. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʦʡ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʘʥʥʳʝ ʨʘʙʦʪ 

[Li  et al., 2018; Golobic et al., 2004]. NdTiNbO6 ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʨʦʤʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ (ʬʘʟʘ ʆ, 

ʧʨ. ʛʨ. Pnma), ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ ʨʘʙʦʪ ʜʣʷ RETiNbO6 [John et al., 2017, 2022]. ɼʣʷ ʩʝʨʠʠ 

Nd1-xCaxTi1-xNb1+xO6 ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʤʘʣʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʜʦʧʘʥʪʘ (x=0ï0.1) ʥʘʙʣʶʜʘʝʪʩʷ 

ʦʙʨʘʟʦʚʘʥʠʝ ʆ-ʬʘʟʳ, ʩʚʦʡʩʪʚʝʥʥʦʡ ʤʘʪʨʠʮʝ. ʇʨʠ ʧʦʚʳʰʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ ʜʦʧʘʥʪʘ x ʜʦ (0.15ï

0.20) ʆ-ʬʘʟʘ ʩʦʭʨʘʥʷʝʪʩʷ, ʦʜʥʘʢʦ ʥʘʙʣʶʜʘʶʪʩʷ ʤʘʣʦʠʥʪʝʥʩʠʚʥʳʝ ʧʨʠʤʝʩʥʳʝ ʧʠʢʠ, ʢʦʪʦʨʳʝ 

ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʧʠʩʘʥʳ ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʝ M (ʧʨ. ʛʨ. C2/c), ʠʟʦʩʪʨʫʢʪʫʨʥʦʡ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʬʘʟʝ LaTiNbO6. ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʧʦʨʦʰʢʦʚʳʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʩʦʩʪʘʚʦʚ ʩ x=0.15 ʠ 0.20 ʙʳʣʠ 

ʩʤʦʜʝʣʠʨʦʚʘʥʳ ʢʘʢ ʩʤʝʩʴ ʆ-ʬʘʟʳ (ʩʪʨʫʢʪʫʨʥʘʷ ʤʦʜʝʣʴ)+M ʬʘʟʳ (ʙʝʩʩʪʨʫʢʪʫʨʥʘʷ ʤʦʜʝʣʴ). ɼʣʷ 

ʧʨʠʤʝʨʘ ʥʘ ʨʠʩʫʥʢʝ 4.3 ʧʨʠʚʝʜʝʥʘ ʠʪʦʛʦʚʘʷ ʨʘʩʯʝʪʥʘʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ 

ʩʦʝʜʠʥʝʥʠʷ NdTiNbO6; ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʠ ʘʪʦʤʥʳʝ ʢʦʦʨʜʠʥʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʪʘʙʣʠʮʝ 4.1 ʠ ʧʨʠʣʦʞʝʥʠʠ ɹ ʪʘʙʣʠʮʝ ɹ.14. ɸʥʘʣʦʛʠʯʥʘʷ ʆ+M ʩʤʝʩʴ ʬʘʟ ʣʘʥʪʘʥʦʚʦʛʦ ʵʰʠʥʠʪʘ 

ʨʘʥʝʝ ʦʧʠʩʘʥʘ ʢʘʢ ʩʪʘʙʠʣʴʥʳʡ çʩʘʤʦʢʦʤʧʦʟʠʪè ʩ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʤʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ [Zhang, Zuo, 2016]. ʇʨʠ ʵʪʦʤ ʩʪʘʙʠʣʴʥʦʩʪʴ M-ʬʘʟʳ ʠ (ʆ+M)-ʢʦʤʧʦʟʠʪʦʚ ʧʨʠ 

ʩʨʝʜʥʠʭ ʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʙʫʩʣʦʚʣʝʥʘ ʢʠʥʝʪʠʯʝʩʢʠʤʠ ʟʘʪʨʫʜʥʝʥʠʷʤʠ ʧʝʨʝʭʦʜʘ OŸM, 

ʧʨʝʦʜʦʣʝʥʠʝ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʨʝʘʣʠʟʦʚʘʪʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʣʠʪʝʣʴʥʦʛʦ ʦʪʞʠʛʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

1100 Áʉ ʯʪʦ ʥʝʩʢʦʣʴʢʦ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ~1200 Áʉ [Zhang, Zuo, 2016] ʠ 

ʜʘʣʴʥʝʡʰʝʛʦ ʤʝʜʣʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ. ʇʝʨʝʭʦʜ MźO, ʧʦ ʤʥʝʥʠʶ [Zhang, Zuo, 2016], ʜʣʷ 

LaTiNbO6 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʠʟʤʝʥʝʥʠʝ ʩʧʦʩʦʙʘ ʩʦʝʜʠʥʝʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʝʜʠʥʠʮ (Nb/Ti)O6: 

ʧʝʨʝʭʦʜ ʦʪ ʦʙʱʠʭ ʨʝʙʝʨ, ʨʝʟʫʣʴʪʠʨʫʶʱʠʭ ʢʦʣʴʮʝʚʳʝ ʧʦʜʩʪʨʫʢʪʫʨʳ ʚ ʄ-ʤʦʜʠʬʠʢʘʮʠʠ ʢ ʦʙʱʠʤ 

ʫʛʣʘʤ ʧʘʨ ʧʦʣʠʵʜʨʦʚ (Nb/Ti)O6 ʚ O-ʤʦʜʠʬʠʢʘʮʠʠ, ʨʝʘʣʠʟʫʶʱʠʡʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʦʥʥʦʡ ʤʠʛʨʘʮʠʠ 

ʚʦ ʚʨʝʤʷ ʦʪʞʠʛʘ. ɼʝʪʘʣʴʥʳʭ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ (1100ï1400 Áʉ) in situ ʠʩʩʣʝʜʦʚʘʥʠʡ ʬʘʟʦʚʦʛʦ 

ʩʦʩʪʘʚʘ RETiNbO6 ʨʘʥʝʝ ʥʝ ʧʨʦʚʦʜʠʣʦʩʴ (ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʪʦʣʴʢʦ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ); ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʙʳʣʠ ʘʪʪʝʩʪʦʚʘʥʳ ʧʨʠ  



91 

 

 

ʈʠʩ. 4.3. ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʜʘʥʥʳʝ ʜʣʷ NdTiNbO6 ʩ ʫʪʦʯʥʝʥʠʝʤ ʈʠʪʚʝʣʴʜʘ 

ʇʘʨʘʤʝʪʨʳ ʫʪʦʯʥʝʥʠʷ Rwp = 9.10, Rw = 9.34, Rex = 8.56, F = 1.07, ɢ2 = 1.07, ʢʨʘʩʥʳʝ ʪʦʯʢʠ ï 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʣʠʥʠʷ ï ʨʘʩʩʯʠʪʘʥʥʳʡ ʧʨʦʬʠʣʴ, ʩʠʥʷʷ ʣʠʥʠʷ ï ʦʪʢʣʦʥʝʥʠʝ. 

ʊʘʙʣʠʮʘ 4.1. ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʧʦʩʣʝ ʫʪʦʯʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʜʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

Nd1-xCaxTi1-xNb1+xO6 (x=0ï0.2). 

ʇʘʨʘʤʝʪʨʳ 

ʉʦʜʝʨʞʘʥʠʝ ʜʦʧʘʥʪʘ x, ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ 

0 0.05 0.10 0.15 0.20 

O O O O+M O+M 

O-ʬʘʟʘ 

a, ¡ 10.969(5) 10.974(9) 10.990(3) 10.990(3) 10.988(7) 

b, ¡ 7.499(0) 7.498(6) 7.499(7) 7.504(0) 7.498(9) 

c, ¡ 5.348(7) 5.349(0) 5.350(2) 5.351(8) 5.352(0) 

Ŭ=ɓ=ɔ, Á 90 90 90 90 90 

V, ¡3 439.98(5) 440.20(3) 440.56(7) 441.38(5) 441.02(9) 

M-ʬʘʟʘ 

a, ¡ - - - 10.833(3) 10.780(9) 

b, ¡ - - - 8.829(3) 8.813(2) 

c, ¡ - - - 5.065(6) 5.073(0) 

Ŭ=ɔ, Á - - - 90 90 

ɓ, Á - - - 114.92(8) 115.20(2) 

V, ¡3 - - - 439.4(1) 436.1(2) 

Rwp 

Rw 

Rexp 

ɢ2 

GoF 

9.10 

9.34 

8.56 

1.07 

1.07 

9.02 

8.97 

8.06 

1.12 

1.10 

7.72 

7.99 

7.65 

1.17 

1.15 

9.42 

9.70 

7.42 

1.27 

1.19 

8.64 

9.50 

7.26 

1.19 

1.10 

 

ʥʠʟʢʠʭ ʠ ʩʨʝʜʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ [Solomon et al., 2001; Dhwajam et al., 2011; Zhang, Zuo, 2017]. 

ʇʦʵʪʦʤʫ, ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʩʫʱʝʩʪʚʝʥʥʳʭ ʢʠʥʝʪʠʯʝʩʢʠʭ ʟʘʪʨʫʜʥʝʥʠʡ ʧʝʨʝʭʦʜʘ ʧʨʠʥʮʠʧʠʘʣʴʥʦ 

ʥʝʣʴʟʷ ʠʩʢʣʶʯʘʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʝ M-ʬʘʟʳ ʢʘʢ ʜʣʷ RETiNbO6 (ʛʜʝ REÍLa), ʪʘʢ ʠ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ 

ʥʘ ʠʭ ʦʩʥʦʚʝ. ʃʠʤʠʪʠʨʫʶʱʠʤ ʬʘʢʪʦʨʦʤ, ʦʙʫʩʣʘʚʣʠʚʘʶʱʠʝ ʢʠʥʝʪʠʯʝʩʢʠʝ ʟʘʪʨʫʜʥʝʥʠʷ ʚ 
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LaTiNbO6, ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦ ʷʚʣʷʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʘʷ ʨʘʟʥʠʮʘ ʧʣʦʪʥʦʩʪʠ ʫʧʘʢʦʚʢʠ LaTiNbO6 ʚ 

ʨʦʤʙʠʯʝʩʢʦʡ ʠ ʤʦʥʦʢʣʠʥʥʦʡ ʬʦʨʤʝ [Zhang, Zuo, 2016], ʚ ʯʘʩʪʥʦʩʪʠ, ʦʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ O-ʬʦʨʤʳ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ, ʯʝʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ M-ʬʦʨʤʳ, ʪ.ʝ. 

ʧʨʠ ʙʣʠʟʦʩʪʠ ʧʣʦʪʥʦʩʪʝʡ M- ʠ O-ʬʘʟ ʧʝʨʝʭʦʜ ʥʝ ʙʫʜʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʟʘʪʨʫʜʥʝʥ ʠ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ M-ʬʘʟʘ ʥʝ ʙʫʜʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠʣʠ ʙʫʜʝʪ 

ʥʘʙʣʶʜʘʪʴʩʷ ʚ ʤʘʣʳʭ ʢʦʣʠʯʝʩʪʚʘʭ. ɼʣʷ ʩʝʨʠʠ ʵʰʠʥʠʪʦʚ La1-xCaxTi1-xNb1+xO6 ʪʘʢʞʝ ʬʠʢʩʠʨʫʝʪʩʷ 

ʥʘʣʠʯʠʝ ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳ ʧʨʠ ʧʦʚʳʰʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦʧʘʥʪʘ. ʅʝʩʤʦʪʨʷ ʥʘ ʵʪʦ, ʫʪʦʯʥʝʥʠʝ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ La0.85Ca0.15Ti0.85Nb1.15O6 ʚ ʤʦʜʝʣʠ ʩʤʝʩʠ ʬʘʟ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʤʦʤʫ 

ʩʥʠʞʝʥʠʶ ʧʘʨʘʤʝʪʨʦʚ ʩʭʦʜʠʤʦʩʪʠ ʫʪʦʯʥʝʥʠʷ, ʧʦʵʪʦʤʫ ʪʦʣʴʢʦ ʜʣʷ ʦʙʨʘʟʮʘ La0.8Ca0.20Ti0.8Nb1.2O6 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʤʦʜʝʣʴ ʩʤʝʩʠ ʆ-ʬʘʟʳ (ʩʪʨʫʢʪʫʨʥʘʷ ʤʦʜʝʣʴ)+M-ʬʘʟʘ (ʙʝʩʩʪʨʫʢʪʫʨʥʘʷ ʤʦʜʝʣʴ). 

ʋʪʦʯʥʝʥʥʘʷ ʤʦʜʝʣʴ ʩʪʨʫʢʪʫʨʳ ʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʝ ʦʢʨʫʞʝʥʠʝ ʢʘʪʠʦʥʦʚ ʜʣʷ ʵʰʠʥʠʪʘ 

ʩʦʩʪʘʚʘ Nd1-xCaxTi1-xNb1+xO6 ʧʨʠ x=0 ʠ 0.1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.4. ɺ ʭʦʜʝ ʫʪʦʯʥʝʥʠʷ 

ʦʙʥʘʨʫʞʝʥʦ ʨʘʩʱʝʧʣʝʥʠʝ 4ʩ ʧʦʟʠʮʠʠ Nd (x 0.25 z) ʥʘ 8d (x y z)), ʥʘʙʣʶʜʘʝʤʦʝ ʜʣʷ ʚʩʝʭ ʩʦʩʪʘʚʦʚ 

x=0ï0.2 (ʩʦʭʨʘʥʝʥʠʝ Nd ʥʘ 4ʩ ʧʦʟʠʮʠʠ ʨʝʟʫʣʴʪʠʨʫʝʪ ʩʣʠʰʢʦʤ ʙʦʣʴʰʦʡ Biso, ʨʦʩʪ ɢ2 ʠ ʩʪʝʧʝʥʠ 

ʠʩʢʘʞʝʥʠʷ ʤʝʪʘʣʣ-ʢʠʩʣʦʨʦʜʥʳʭ ʧʦʣʠʵʜʨʦʚ). ʇʦʟʠʮʠʠ Nd ʠ Nb ʙʳʣʠ ʩʤʦʜʝʣʠʨʦʚʘʥʳ ʢʘʢ 

ʩʤʝʰʘʥʥʳʝ (Nd+Ca) ʠ (Nb+Ti), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; ʟʘʩʝʣʝʥʥʦʩʪʠ Ca ʠ Ti ʬʠʢʩʠʨʦʚʘʣʠʩʴ; 

ʟʘʩʝʣʝʥʥʦʩʪʠ Nd ʠ Nb ʚʘʨʴʠʨʦʚʘʣʠʩʴ. ʀʪʦʛʦʚʳʝ ʟʥʘʯʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʚʩʝʭ ʤʝʪʘʣʣʦʚ ʙʣʠʟʢʠ ʢ 

ʬʦʨʤʫʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ. ɼʣʷ ʩʦʩʪʘʚʦʚ x = 0.05ï0.20 ʨʘʩʱʝʧʣʝʥʳ ʧʦʟʠʮʠʠ ʢʠʩʣʦʨʦʜʘ O3 ʠ O4, 

ʯʪʦ ʨʝʟʫʣʴʪʠʨʫʝʪ ʥʘʢʣʦʥʳ NbO6 ʧʦʣʠʵʜʨʦʚ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʚʜʦʣʴ ʦʩʠ y (ʩʤ. ʨʠʩʫʥʦʢ 4.4).  

ʆʪʤʝʯʝʥʦ, ʯʪʦ ʨʘʩʩʯʠʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʄ-ʬʘʟʳ ʜʣʷ Nd1-

xCaxTi1-xNb1+xO6 ʪʘʢʞʝ ʠʟʤʝʥʷʶʪʩʷ ʩ ʨʦʩʪʦʤ x, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʘʨʴʠʨʦʚʘʥʠʠ ʩʦʩʪʘʚʘ 

ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ M-ʬʘʟʳ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦʧʘʥʪʘ. ʇʨʠ ʵʪʦʤ ʦʙʲʝʤ 

ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ O-ʬʘʟʳ ʠ M-ʬʘʟʳ Nd1-xCaxTi1-xNb1+xO6, ʚ ʦʪʣʠʯʠʠ ʦʪ O-ʬʘʟʳ ʠ M-ʬʘʟʳ La1-

xCaxTi1-xNb1+xO6, ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚ. ʊʘʢ, ʧʨʠ ʣʠʥʝʡʥʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ 

ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ ʧʘʨʘʤʝʪʨʳ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʧʦʣʫʯʠʤ, ʯʪʦ ʧʨʠ 

MŸO ʧʝʨʝʭʦʜʝ La1-xCaxTi1-xNb1+xO6 ʜʦʣʞʥʦ ʨʝʘʣʠʟʦʚʘʪʴʩʷ ʠʟʦʪʝʨʤʠʯʝʩʢʦʝ ʩʞʘʪʠʝ ʷʯʝʡʢʠ ʙʦʣʝʝ 

ʯʝʤ ʥʘ ~5%, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʬʘʟ Nd1-xCaxTi1-xNb1+xO6 ʦʙʲʝʤ ʷʯʝʡʢʠ O-ʬʘʟʳ ʠ M-ʬʘʟʳ 

ʦʪʣʠʯʘʝʪʩʷ ʣʠʰʴ ʥʘ ~1 % [Zhang, Zuo, 2018]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʣʠʟʦʩʪʴ ʦʙʲʝʤʦʚ ʵʣʝʤʝʥʪʘʨʥʳʭ 

ʷʯʝʝʢ ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʚʝʣʠʨʦʚʘʪʴ ʟʘʪʨʫʜʥʝʥʠʷ MźO ʧʝʨʝʭʦʜʘ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ 

NdTiNbO6. 
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ʈʠʩ. 4.4. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʵʰʠʥʠʪʦʚ (ʘ) ʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʧʦʣʠʵʜʨʳ AO8 ʠ BO6 (ʙ); 

ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʧʦʣʠʵʜʨʦʚ BO6 (ʩ) (A ï RE/Ca; B ï Ti/Nb) 

ʉ ʫʯʝʪʦʤ ʧʦʣʫʯʝʥʥʳʭ ʢʦʦʨʜʠʥʘʪ ʘʪʦʤʦʚ ʧʦ ʤʝʪʦʜʠʢʝ [Zhang, Zuo, 2018] ʙʳʣʠ ʦʮʝʥʝʥʳ 

ʜʣʠʥʳ ʩʚʷʟʝʡ ʠ ʣʦʢʘʣʴʥʳʝ ʠʩʢʘʞʝʥʠʷ (RE/Ca)O8 ʧʦʣʠʵʜʨʘ. ʅʘ ʨʠʩʫʥʢʝ 4.5 ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʜʣʷ Nd1-xCaxTi1-xNb1+xO6. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʢʘʨʪʠʥʘ ʜʝʬʦʨʤʘʮʠʠ ʧʦʣʠʵʜʨʘ 

ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʨʦʤʙʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʠ, ʟʘʤʝʱʝʥʥʦʡ ʩʢʦʨʝʝ ʧʦ ʧʦʜʨʝʰʝʪʢʝ Ti/Nb, ʯʝʤ ʧʦ 

ʧʦʜʨʝʰʝʪʢʝ RE/Ca, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʦʪʥʦʰʝʥʠʝʤ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ ʤʘʪʨʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠ 

ʜʦʧʘʥʪʦʚ, ʘ ʠʤʝʥʥʦ, ʚ Nd1-xCaxTi1-xNb1+xO ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʫʶ ʧʦʜʨʝʰʝʪʢʫ ʚʥʦʩʠʪʩʷ ʠʦʥ, ʙʦʣʴʰʠʡ 

ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʤʘʪʨʠʯʥʦʤʫ, ʯʝʤ ʚ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʫʶ ʧʦʜʨʝʰʝʪʢʫ: R(VIII Nd3+)=1.109 ¡ ʠ 

R(VIII Ca2+)= 1.12 ¡, ȹ=0.9 %; R(VINb5+)=0.64 ¡ ʠ R(VITi4+)= 0.605 ¡, ȹ=5.7 % [Shannon, 1976]. 

ʉʣʝʜʫʷ ʨʘʙʦʪʝ [Zhang, Zuo, 2017], ʩʪʝʧʝʥʴ ʠʩʢʘʞʝʥʠʷ ʧʦʣʠʵʜʨʦʚ (Ti/Nb)O6 ʠ (RE/Ca)O8, 

ʚʳʯʠʩʣʷʣʘʩʴ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʦ ʩʦʦʪʥʦʰʝʥʠʷʤ: 

 Ў В , (4.1) 

 Ў В , (4.2) 

ʟʜʝʩʴ Ri ïʜʣʠʥʘ i-ʪʦʡ ʩʚʷʟʠ RE-O, R - ʩʨʝʜʥʷʷ ʜʣʠʥʘ ʩʚʷʟʠ. ɺʳʷʚʣʝʥʦ, ʯʪʦ ʚ ʩʝʨʠʠ Nd1-xCaxTi1-

xNb1+xO6 ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ ʩʪʝʧʝʥʠ ʠʩʢʘʞʝʥʠʷ ʦʙʦʠʭ ʚʠʜʦʚ ʧʦʣʠʵʜʨʦʚ (ʩʤ. ʨʠʩʫʥʦʢ 4.5ʙ), 

ʩ ʠʟʣʦʤʦʤ ʧʨʠ x>0.10, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʣʘʩʪʠ ʚʳʜʝʣʝʥʠʷ ʄ-ʬʘʟʳ ʠ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ 

ʥʝʟʥʘʯʠʪʝʣʴʥʳʤʠ ʦʪʢʣʦʥʝʥʠʷʤʠ ʩʦʦʪʥʦʰʝʥʠʷ ʉʘ/Nd ʚ ʆ-ʬʘʟʝ ʠ M-ʬʘʟʝ ʚ ʩʠʣʫ ʩʤʝʱʝʥʠʷ 

ʧʨʝʜʝʣʦʚ ʨʘʩʪʚʦʨʠʤʦʩʪʠ CaNb2O6 ʚ NdTiNbO6. ʅʝʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʜʣʠʥʳ ʩʚʷʟʠ ʚ 

ʜʦʜʝʢʘʵʜʨʝ (RE/Ca)O8 ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʟʘʤʝʱʝʥʠʝʤ ʘʪʦʤʦʤ ʙʦʣʴʰʝʛʦ ʨʘʟʤʝʨʘ. ʉʥʠʞʝʥʠʝ ʩʨʝʜʥʝʡ  
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ʈʠʩ. 4.5 ï ʅʦʨʤʘʣʠʟʦʚʘʥʥʘʷ ʜʣʠʥʘ ʩʚʷʟʠ dA-O ʧʦʣʠʵʜʨʘ (Nd/Ca)O8, (a); ʩʪʝʧʝʥʴ ʠʩʢʘʞʝʥʠʷ ȹ (b-c) 

ʠ ʩʨʝʜʥʠʝ ʜʣʠʥʳ ʩʚʷʟʝʡ R (d-e) ʧʦʣʠʵʜʨʦʚ BO6 ʠ AO8 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʵʰʠʥʠʪʘ Nd1-

xMxTi1-xNb1+xO6 (A-Nd/Ca; B- Ti/Nb). ʀʥʪʝʨʚʘʣʳ 1-2 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʘʨʠʘʮʠʷʤ ʜʣʠʥ ʩʚʷʟʝʡ ʧʨʠ 

ʟʘʤʝʱʝʥʠʠ O-ʬʘʟʳ ʚ ʧʦʜʨʝʰʝʪʢʘʭ A ʠ B; 3 - ʧʨʠ ʟʘʤʝʱʝʥʠʠ ʄ-ʬʘʟʳ, ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ [Zhang, 

Zuo, 2018]. 

ʜʣʠʥʳ ʩʚʷʟʠ ʚ ʦʢʪʘʵʜʨʝ, ʥʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ, ʧʨʦʪʠʚʦʨʝʯʠʪ ʪʝʥʜʝʥʮʠʠ ʜʦʧʠʨʦʚʘʥʠʷ ʙʦʣʴʰʠʤ ʧʦ 

ʨʘʟʤʝʨʫ ʘʪʦʤʦʤ, ʦʜʥʘʢʦ ʦʥʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʦʩʪʦʤ ʢʫʣʦʥʦʚʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʦʥʦʚ ʟʘ ʩʯʝʪ 

ʚʦʟʨʘʩʪʘʥʠʷ ʩʨʝʜʥʝʛʦ ʟʘʨʷʜʘ ʮʝʥʪʨʘʣʴʥʦʛʦ ʠʦʥʘ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʦʪʥʦʰʝʥʠʷ 

ʜʣʠʥʳ çʜʣʠʥʥʦʡ ʩʚʷʟʠè (O3/O4)ï(Ti/Nb) ʢ ʜʣʠʥʝ çʢʦʨʦʪʢʦʡè ʩʚʷʟʠ (O1/O2)ï(Ti/Nb) ʚʠʜʥʘ 

ʪʝʥʜʝʥʮʠʷ ʢ ʫʚʝʣʠʯʝʥʠʶ ʵʪʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʦʪ ~1.10 ʜʦ ~1.23 ʩ ʨʦʩʪʦʤ x. ʇʨʠ ʵʪʦʤ ʦʙʲʝʤ 

ʧʦʣʠʵʜʨʘ (Ti/Nb)O6 ʦʩʪʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʤʝʥʥʳʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʬʘʢʪʠʯʝʩʢʠ ʧʨʦʠʩʭʦʜʠʪ 

ʥʝʢʦʪʦʨʦʝ ʚʳʪʷʛʠʚʘʥʠʝ ʦʢʪʘʵʜʨʠʯʝʩʢʦʛʦ ʧʦʣʠʵʜʨʘ ʚʜʦʣʴ ʦʩʠ y ʧʨʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʤʝʥʥʦʤ ʝʛʦ 

ʦʙʲʝʤʝ (ʩʤ. ʨʠʩʫʥʦʢ 4.4ʚ). ʇʨʝʜʩʪʘʚʣʷʝʪʩʷ, ʯʪʦ ʘʥʘʣʦʛʠʯʥʦʛʦ ʥʝʨʘʚʥʦʤʝʨʥʦʛʦ ʠʟʤʝʥʝʥʠʷ 

ʧʦʣʠʵʜʨʘ ʤʦʞʥʦ ʦʞʠʜʘʪʴ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʚʥʝʰʥʠʭ ʫʩʣʦʚʠʡ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʯʪʦ ʙʫʜʝʪ ʩʢʘʟʳʚʘʪʴʩʷ ʥʘ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʦʙʨʘʟʮʦʚ. ɼʣʷ La1-

xCaxTi1-xNb1+xO6 ʩʝʨʠʠ ʪʘʢʞʝ ʬʠʢʩʠʨʫʶʪʩʷ ʠʩʢʘʞʝʥʠʷ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʠʭ ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ 

ʧʦʣʠʵʜʨʦʚ. ɺ ʧʨʠʣʦʞʝʥʠʠ ɸ ʥʘ ʨʠʩʫʥʢʝ ɸ.12 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʠʩʢʘʞʝʥʠʷ ʧʦʣʠʵʜʨʘ (Ti/Nb)O6. ʊʘʢʞʝ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʧʦ ʩʝʨʠʠ La1-

xBixTiNbO6 (0<xÒ0.20) ʠʟ ʨʘʙʦʪʳ [ʉʦʣʦʤʘʪʦʚ, 2025]. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʜʦʧʘʥʪʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩʪʝʧʝʥʴ ʠʩʢʘʞʝʥʠʷ ʦʢʪʘʵʜʨʠʯʝʩʢʦʛʦ ʧʦʣʠʵʜʨʘ; ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʠʠ x>0.15 

ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʥʘʢʣʦʥʘ ʟʘʚʠʩʠʤʦʩʪʠ. ɼʣʷ ʜʚʫʭ ʩʝʨʠʡ ʦʧʠʩʘʥʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʚʦ ʤʥʦʛʦʤ 

ʧʦʜʦʙʥʘ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʠʜʝʥʪʠʯʥʫʶ ʧʨʠʨʦʜʫ ʧʦʷʚʣʝʥʠʷ ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳ, ʘ ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ 

ʛʦʚʦʨʠʪʴ ʦʙ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʡ ʦʮʝʥʢʝ ʠ ʧʨʝʜʩʢʘʟʘʪʝʣʴʥʦʡ ʚʦʟʤʦʞʥʦʩʪʠ ʧʘʨʘʤʝʪʨʘ ʠʩʢʘʞʝʥʠʷ. 

ʆʜʥʘʢʦ ʜʣʷ ʦʜʥʦʟʥʘʯʥʦʛʦ ʚʳʚʦʜʘ ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʠʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩ ʨʘʩʰʠʨʝʥʥʳʤ ʥʘʙʦʨʦʤ 

ʜʦʧʘʥʪʦʚ ʠ ʩʧʦʩʦʙʘʤʠ ʟʘʤʝʱʝʥʠʷ. 
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4.1.2 ʋʪʦʯʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʨʷʜʘ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ 

ɼʣʷ ʦʮʝʥʢʠ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʚ ʢʘʯʝʩʪʚʝ 

ʠʩʭʦʜʥʦʡ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʘʥʥʳʝ ʠʟ ʨʘʙʦʪ [Li et al., 2018, Golobic et al., 2004]. 

ɼʦʜʝʢʘʵʜʨʠʯʝʩʢʘʷ ʧʦʟʠʮʠʷ ʩʦʜʝʨʞʘʣʘ ʧʷʪʴ ʵʣʝʤʝʥʪʦʚ ʩ ʦʜʠʥʘʢʦʚʳʤʠ ʢʦʦʨʜʠʥʘʪʘʤʠ ʘʪʦʤʦʚ ʠ 

ʩʪʝʧʝʥʴʶ ʟʘʧʦʣʥʝʥʠʷ ʧʦʟʠʮʠʠ 0.2, ʦʜʥʘʢʦ ʚ ʭʦʜʝ ʫʪʦʯʥʝʥʠʷ ʚʳʷʚʣʝʥʦ ʨʘʩʱʝʧʣʝʥʠʝ ʜʘʥʥʦʡ 

ʧʦʟʠʮʠʠ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʟʘʩʝʣʝʥʥʦʩʪʴ ʜʣʷ ʢʘʞʜʦʛʦ ʈɿʕ ʩʦʩʪʘʚʠʣʘ ~0.1. ʇʦʟʠʮʠʷ ʘʪʦʤʦʚ Nb ʠ Ti 

ʩʦʚʤʝʩʪʥʘʷ, ʟʘʩʝʣʝʥʥʦʩʪʴ ʧʦʟʠʮʠʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʦʨʤʫʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ 

ʨʠʩʫʥʢʝ 4.6 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʯʝʪʥʘʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʵʰʠʥʠʪʘ ʩʦʩʪʘʚʘ (La0.2Ce0.2Nd0.2Sm0.2Eu0.2)TiNbO6. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 

ʩʪʨʫʢʪʫʨʘ ʩʦʝʜʠʥʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 4.7, ʘ ʢʦʦʨʜʠʥʘʪʳ ʘʪʦʤʦʚ ʜʣʷ ʚʩʝʭ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʠʚʝʜʝʥʳ ʚ ʧʨʠʣʦʞʝʥʠʠ ɹ ʚ ʪʘʙʣʠʮʝ ɹ.15. 
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ʈʠʩ. 4.6 ï ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʵʰʠʥʠʪʘ (La0.2Ce0.2Nd0.2Sm0.2Eu0.2)TiNbO6 

ʩ ʫʪʦʯʥʝʥʠʝʤ ʈʠʪʚʝʣʴʜʘ. ʇʘʨʘʤʝʪʨʳ ʫʪʦʯʥʝʥʠʷ Rwp=13.0; Rp=11.25; Rex=9.96; RF=3.78, 

ɢ2=1.22), ʢʨʘʩʥʳʝ ʪʦʯʢʠ ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʣʠʥʠʷ ï ʨʘʩʩʯʠʪʘʥʥʳʡ ʧʨʦʬʠʣʴ, ʩʠʥʷʷ 

ʣʠʥʠʷ ï ʦʪʢʣʦʥʝʥʠʝ 

 

ʈʠʩ. 4.7. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʵʰʠʥʠʪʘ 

(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)TiNbO6 
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ʇʦ ʧʦʣʫʯʝʥʥʳʤ ʢʦʦʨʜʠʥʘʪʘʤ ʧʦ ʧʨʦʮʝʜʫʨʝ, ʦʧʠʩʘʥʥʦʡ ʚʳʰʝ, ʙʳʣʠ ʦʮʝʥʝʥʳ ʧʘʨʘʤʝʪʨʳ 

ʠʩʢʘʞʝʥʠʷ. ʅʘ ʨʠʩʫʥʢʝ 4.8 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʩʪʝʧʝʥʠ ʠʩʢʘʞʝʥʠʷ ʧʦʣʠʵʜʨʦʚ (Ti/Nb)O6 ʠ 

(RE/Ca)O8. ʅʘʙʣʶʜʘʶʪʩʷ ʜʚʘ ʪʨʝʥʜʘ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ʠʩʢʘʞʝʥʠʷ, ʧʦʢʘʟʳʚʘʶʱʠʝ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʜʘʥʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʧʨʠ ʤʘʣʳʭ ʠ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʷʭ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ 

ʠ ʝʛʦ ʚʦʟʨʘʩʪʘʥʠʝ ʧʨʠ ʚʳʩʦʢʠʭ. ʆʪʤʝʪʠʤ, ʯʪʦ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʩ ʤʝʥʴʰʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

ʠʩʢʘʞʝʥʠʷ ʭʘʨʘʢʪʝʨʥʦ ʥʘʣʠʯʠʝ ʚ ʩʦʩʪʘʚʝ ʠʦʥʘ, ʥʝ ʦʙʨʘʟʫʶʱʝʛʦ ʚ ʨʝʜʢʦʟʝʤʝʣʴʥʦʤ ʩʦʝʜʠʥʝʥʠʠ 

ʩʪʨʫʢʪʫʨʫ ʵʰʠʥʠʪʘ, ʪ.ʝ. ʵʚʢʩʝʥʠʪ-ʦʙʨʘʟʫʶʱʠʭ ʈɿʕ ʩ ʤʘʣʳʤ ʠʦʥʥʳʤ ʨʘʜʠʫʩʦʤ. ɺʝʨʦʷʪʥʦ, 

ʟʘʤʝʱʝʥʠʝ ʈɿʕ, ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʟʣʠʯʘʶʱʠʤʠʩʷ ʧʦ ʨʘʜʠʫʩʘʤ, ʚʳʟʳʚʘʝʪ ʨʘʟʥʦʥʘʧʨʘʚʣʝʥʥʳʝ 

ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʣʦʢʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʠʩʢʘʞʝʥʠʝ ʤʝʪʘʣʣ-ʢʠʩʣʦʨʦʜʥʳʭ 

ʧʦʣʠʵʜʨʦʚ ʥʝ ʦʨʠʝʥʪʠʨʦʚʘʥʦ ʚʜʦʣʴ ʦʧʨʝʜʝʣʸʥʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ. ʅʘʧʨʦʪʠʚ, ʟʘʤʝʱʝʥʠʝ ʈɿʕ, 

ʩʭʦʞʠʤʠ ʧʦ ʨʘʟʤʝʨʫ, ʤʦʞʝʪ ʨʝʟʫʣʴʪʠʨʦʚʘʪʴ ʠʩʢʘʞʝʥʠʝ ʧʦʣʠʵʜʨʦʚ ʚʜʦʣʴ ʦʧʨʝʜʝʣʸʥʥʦʛʦ 

ʥʘʧʨʘʚʣʝʥʠʷ, ʧʨʠʚʦʜʷʱʝʤʫ, ʥʘʧʨʠʤʝʨ, ʢ ʚʳʪʷʛʠʚʘʥʠʶ MeO6 ʦʢʪʘʵʜʨʦʚ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚ ʧʝʨʚʦʤ 

ʩʣʫʯʘʝ ʠʩʢʘʞʝʥʠʷ ʥʝ ʨʝʛʫʣʷʨʥʳʝ, ʯʠʩʣʝʥʥʦ ʚʳʨʘʞʝʥʳ ʤʘʣʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ȹ ʠ ʙʦʣʴʰʠʤʠ 

ʪʝʧʣʦʚʳʤʠ ʬʘʢʪʦʨʘʤʠ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ, ʘ ʚʦ ʚʪʦʨʦʤ ï ʨʝʛʫʣʷʨʥʳʝ ʠ ʚʳʨʘʞʝʥʳ ʤʘʣʳʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ȹ ʠ ʤʝʥʴʰʠʤʠ ʪʝʧʣʦʚʳʤʠ ʬʘʢʪʦʨʘʤʠ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ. 
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ʈʠʩ. 4.8. ɿʘʚʠʩʠʤʦʩʪʴ ʩʪʝʧʝʥʠ ʠʩʢʘʞʝʥʠʷ ȹ ʧʦʣʠʵʜʨʦʚ REO8 ʠ BO6 ʦʪ ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ 

 Ὑ ɻʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ ʩʪʨʫʢʪʫʨʳ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ (B - Ti/Nb). ʎʠʬʨʘʤʠ 

ʦʙʦʟʥʘʯʝʥʳ 1 - (La0.2Ce0.2Nd0.2Sm0.2Eu0.2)TiNbO6; 2 - (La0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6;  

3 - (La0.2Ce0.2Nd0.2Eu0.2Ho0.2)TiNbO6; 4 - (La0.2Ce0.2Nd0.2Eu0.2Dy0.2)TiNbO6;  

5 - (Y0.2La0.2Ce0.2Nd0.2Eu0.2)TiNbO6; 6 - (Ce0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6;  

7 - (Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6; 8 - (La0.2Ce0.2Nd0.2Eu0.2Er0.2)TiNbO6;  

9 - (La0.2Pr0.2Nd0.2Sm0.2Dy0.2)TiNbO6. 

4.1.3 ʊʝʨʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʆʙʱʠʡ ʚʠʜ ʢʨʠʚʳʭ ʊɻ-ɼʊɸ ʙʣʠʟʦʢ ʜʣʷ ʚʩʝʭ ʠʟʫʯʝʥʥʳʭ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ; ʥʘ ʨʠʩʫʥʢʝ 4.9ʘ-

ʙ ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʜʣʷ LaTiNbO6 ʠ La0.9Ca0.1Ti0.9Nb1.1O6. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʜʣʷ LaTiNbO6 ʥʘʙʣʶʜʘʝʪʩʷ ʵʥʜʦʪʝʨʤʠʯʝʩʢʠʡ ʧʠʢ ʧʨʠ 1300 Áʉ, ʩʚʷʟʘʥʥʳʡ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳ [Zhang, Zuo, 2016]; ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʥʘʙʣʶʜʘʝʪʩʷ ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʡ ʧʠʢ ʧʨʠ 
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1034 Áʉ, ʩʚʷʟʘʥʥʳʡ ʩ ʟʘʪʨʫʜʥʝʥʥʳʤ ʧʝʨʝʭʦʜʦʤ ʠʟ ʤʦʥʦʢʣʠʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʚ ʨʦʤʙʠʯʝʩʢʫʶ. 

ɼʣʷ ʩʦʝʜʠʥʝʥʠʷ La0.9Ca0.1Ti0.9Nb1.1O6 ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʩʭʦʞʠʡ ʵʥʜʦʪʝʨʤʠʯʝʩʢʠʡ ʧʠʢ ʧʨʠ 1230 

Áʉ, ʩʚʷʟʘʥʥʳʡ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʦʥʦʢʣʠʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ; ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʷʚʥʳʭ 

ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʭ ʧʠʢʦʚ ʥʝ ʦʙʥʘʨʫʞʝʥʦ, ʚʝʨʦʷʪʥʦ, ʝʩʣʠ ʧʝʨʝʭʦʜ çʨʘʩʪʷʥʫʪè ʚʦ ʚʨʝʤʝʥʠ, ʪʦ ʧʠʢ 

ʚʳʜʝʣʝʥʠʷ ʪʝʧʣʘ ʩʪʘʥʦʚʠʪʩʷ ʜʠʬʬʫʟʥʳʤ. ɼʣʷ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʘ La0.9Ca0.1Ti0.9Nb1.1O6, ʙʳʣʘ 

ʧʨʦʚʝʜʝʥʘ ʩʝʨʠʷ ʦʪʞʠʛʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1200ï1350 Áʉ ʩ ʰʘʛʦʤ ʚ 50 Áʉ ʩʦ ʩʨʝʜʥʝʡ ʩʢʦʨʦʩʪʴʶ 

ʦʭʣʘʞʜʝʥʠʷ ~80 Áʉ/ʯʘʩ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʝʟʘʚʠʩʠʤʦ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʥʝʯʥʦʛʦ ʦʪʞʠʛʘ ʤʦʥʦʢʣʠʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʝ 

ʬʠʢʩʠʨʫʝʪʩʷ, ʪ.ʝ. ʧʦʣʠʤʦʨʬʥʳʡ ʧʝʨʝʭʦʜ ʠʟ ʨʦʤʙʠʯʝʩʢʦʡ ʚ ʤʦʥʦʢʣʠʥʥʫʶ ʷʚʣʷʝʪʩʷ ʦʙʨʘʪʠʤʳʤ 

ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ La0.9Ca0.1Ti0.9Nb1.1O6, ʟʥʘʯʠʤʳʝ ʢʠʥʝʪʠʯʝʩʢʠʝ ʟʘʪʨʫʜʥʝʥʠʷ ʦʪʩʫʪʩʪʚʫʶʪ, ʯʪʦ, 

ʚʝʨʦʷʪʥʦ, ʦʙʫʩʣʦʚʣʝʥʦ ʙʣʠʟʦʩʪʴʶ ʦʙʲʝʤʦʚ ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ ʜʘʥʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ. 
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ʈʠʩ. 4.9. ʊɻ-ɼʊɸ ʜʘʥʥʳʝ ʵʰʠʥʠʪʦʚ LaTiNbO6 (ʘ), La0.9Ca0.1Ti0.9Nb1.1O6 (ʙ), NdTiNbO6 (ʚ) ʠ 

(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)TiNbO6 (ʛ) 

ɼʣʷ ʠʥʳʭ ʩʦʩʪʘʚʦʚ RETiNbO6 ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ ʪʘʢʞʝ ʙʳʣʠ 

ʟʘʬʠʢʩʠʨʦʚʘʥʳ ʪʝʧʣʦʚʳʝ ʵʬʬʝʢʪʳ, ʚʝʨʦʷʪʥʦ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʆźʄ ʧʝʨʝʭʦʜʫ (ʧʨʠʤʝʨʳ ʥʘ 

ʨʠʩʫʥʢʝ 4.9ʚ-ʛ ʜʣʷ NdTiNbO6 ʠ (La0.2Ce0.2Nd0.2Sm0.2Eu0.2)TiNbO6). ɼʣʷ ʜʘʥʥʳʭ ʩʦʩʪʘʚʦʚ 

ʬʠʢʩʠʨʫʝʪʩʷ ʵʥʜʦʪʝʨʤʠʯʝʩʢʠʡ ʧʠʢ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʦʙʨʘʟʮʘ ʠ ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʡ ʧʠʢ ʧʨʠ 

ʦʭʣʘʞʜʝʥʠʠ ʚ ʦʙʣʘʩʪʠ ~1200ï1300 Áʉ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʣʠʤʦʨʬʥʦʝ ʧʨʝʚʨʘʱʝʥʠʝ 

ʚ ʤʦʥʦʢʣʠʥʥʫʶ ʤʦʜʠʬʠʢʘʮʠʶ ʭʘʨʘʢʪʝʨʥʦ ʥʝ ʪʦʣʴʢʦ ʜʣʷ La-ʵʰʠʥʠʪʦʚ, ʧʨʠʯʝʤ M-ʤʦʜʠʬʠʢʘʮʠʷ 

ʫ ʪʘʢʠʭ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ ʚʝʨʦʷʪʥʦ ʩʫʱʝʩʪʚʫʝʪ ʪʦʣʴʢʦ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʠ ʙʝʟ 

ʟʘʢʘʣʢʠ ʥʝ ʬʠʢʩʠʨʫʝʪʩʷ ʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ. ɺ ʩʣʫʯʘʝ La-ʵʰʠʥʠʪʘ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ 
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ʜʦʧʘʥʪʘ ʢʠʥʝʪʠʯʝʩʢʠʝ ʟʘʪʨʫʜʥʝʥʠʷ ʪʘʢʞʝ ʤʦʛʫʪ ʩʥʠʤʘʪʴʩʷ ʠ ʦʙʨʘʟʝʮ ʩ ʨʦʤʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ 

(ʢʘʢ ʠ La-ʥʝʩʦʜʝʨʞʘʠɦʝ ʵʰʠʥʠʪʳ) ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥ ʜʘʞʝ ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ ʚʳʩʦʢʠʭ (ʜʦ 1350 

Áʉ) ʪʝʤʧʝʨʘʪʫʨ. ʊʝʤ ʥʝ ʤʝʥʝʝ ʜʣʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʵʪʦʛʦ ʚʳʚʦʜʘ ʪʨʝʙʫʶʪʩʷ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. 

4.2 ɼʘʥʥʳʝ ʤʦʜʝʣʴʥʳʭ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ  

ʅʘʙʦʨ ʧʦʪʝʥʮʠʘʣʦʚ ʄʦʨʟʝ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʚ ʛʣʘʚʝ 2, ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʨʘʩʯʝʪʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ; ʨʘʩʯʝʪʳ ʚʳʧʦʣʥʷʣʠʩʴ ʚ ʧʨʦʛʨʘʤʤʝ 

GULP 3.0.1. ɿʘʨʷʜʳ ʠʦʥʦʚ RE, Ti, Nb, ʆ ʧʨʠʥʷʪʳ ʨʘʚʥʳʤʠ 1.8e0, 2.4e0, 3.0e0, -1.2e0 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

[Pedone et al., 2006]; ʧʨʦʛʨʘʤʤʘ Binar ʧʨʠʤʝʥʷʣʘʩʴ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʩ 

ʨʘʟʤʝʨʦʤ ʷʯʝʡʢʠ 2ʭ2ʭ2. ʈʘʩʩʯʠʪʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ ʫʜʦʚʣʝʪʚʦʨʠʤʦ 

ʩʦʛʣʘʩʫʶʪʩʷ ʢʘʢ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʪʘʢ ʠ ʩ ʜʘʥʥʳʤʠ ʨʘʙʦʪʳ [Sebastian et al., 2001]. 

ɸʧʨʦʙʘʮʠʷ ʧʦʣʫʯʝʥʥʦʛʦ ʥʘʙʦʨʘ ʤʝʞʘʪʦʤʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ ʧʨʦʚʝʜʝʥʘ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʩʪʨʫʢʪʫʨʳ ʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ; ʧʦʣʫʯʝʥʥʳʝ 

ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ʷʯʝʡʢʠ ʠ ʵʥʪʨʦʧʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʧʨʠʣʦʞʝʥʠʠ ɹ ʚ ʪʘʙʣʠʮʝ ɹ.16. 

ʇʨʦʩʣʝʞʠʚʘʝʪʩʷ ʥʝʢʦʪʦʨʦʝ ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ ʨʘʩʯʝʪʘʤʠ ʜʣʷ ʠʩʭʦʜʥʦʡ ʠ ʦʪʨʝʣʘʢʩʠʨʦʚʘʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʜʣʷ ʧʘʨʘʤʝʪʨʘ c ʠ ʦʩʦʙʝʥʥʦ b. ɺʝʨʦʷʪʥʦ, ʚʚʠʜʫ ʥʝʜʦʩʪʘʪʢʘ ʜʘʥʥʳʭ ʧʦ ʜʨʫʛʠʤ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʩʦʝʜʠʥʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʥʘʤʠ 

ʧʦʪʝʥʮʠʘʣʳ ʥʫʞʜʘʶʪʩʷ ʚ ʫʪʦʯʥʝʥʠʠ. ʊʝʤ ʥʝ ʤʝʥʝʝ ʟʘʤʝʪʠʤ, ʯʪʦ ʚʝʣʠʯʠʥʘ ʧʦʛʨʝʰʥʦʩʪʠ ʦʮʝʥʢʠ 

ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʩʦʩʪʘʚʣʷʝʪ ʤʝʥʝʝ 1.5 %, ʯʪʦ ʜʦʧʫʩʢʘʝʪ ʜʘʣʴʥʝʡʰʝʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʧʦʪʝʥʮʠʘʣʦʚ ʧʨʠ ʨʘʩʯʝʪʘʭ. ʅʘ ʨʠʩʫʥʢʝ 4.10 ʧʨʝʜʩʪʘʚʣʝʥʳ ʚʘʨʠʘʮʠʠ ʨʘʩʯʝʪʥʳʭ ʜʣʠʥ ʩʚʷʟʝʡ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ  Ὑ ʵʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ ʵʰʠʥʠʪʦʚ. 

ɺ ʮʝʣʦʤ, ʬʠʢʩʠʨʫʝʪʩʷ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ ʩʦʛʣʘʩʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʟʥʘʯʝʥʠʡ, ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʧʦʜʪʚʝʨʞʜʘʷ ʘʜʝʢʚʘʪʥʦʩʪʴ ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʝʥʮʠʘʣʦʚ. ʅʝʩʤʦʪʨʷ ʥʘ ʵʪʦ, ʦʪʤʝʪʠʤ 

ʥʝʜʦʩʪʘʪʦʯʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦ ʨʝʜʢʦʟʝʤʝʣʴʥʳʤ ʩʦʝʜʠʥʝʥʠʷʤ ʜʣʷ ʧʨʦʚʝʨʢʠ 

ʧʦʣʫʯʝʥʥʳʭ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ. 

ʅʘ ʨʠʩʫʥʢʝ 4.11ʘ ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʦʦʪʥʦʰʝʥʠʝ ʨʘʩʯʝʪʥʦʛʦ ʟʥʘʯʝʥʠʷ ʵʥʪʨʦʧʠʠ ʠ ʠʦʥʥʦʛʦ 

ʨʘʜʠʫʩʘ ʵʣʝʤʝʥʪʘ  Ὑ ɻʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ. ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʨʘʩʯʸʪʥʦʛʦ ʟʥʘʯʝʥʠʷ 

ʵʥʪʨʦʧʠʠ S ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ cʦ ʩʨʝʜʥʝʚʟʚʝʰʝʥʥʳʤ ʟʥʘʯʝʥʠʝʤ ʵʥʪʨʦʧʠʠ 

Sʩʨ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʝʤʫ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʩʪʘʚʦʚ, ʨʝʘʣʴʥʦ ʠ ʛʠʧʦʪʝʪʠʯʝʩʢʠ 

ʩʫʱʝʩʪʚʫʶʱʠʭ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʵʥʪʨʦʧʠʷ Sʩʨ ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ (ʚ ʧʨʝʜʝʣʘʭ 1 ɼʞ/ʤʦʣʴÅʂ), ʯʝʤ 

S. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʫʯʝʪʦʤ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʛʦ ʚʢʣʘʜʘ, ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʵʰʠʥʠʪʳ ʠʤʝʶʪ 

ʵʥʪʨʦʧʠʡʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʩʭʦʞʠʝ ʩ ʪʘʢʦʚʳʤʠ ʜʣʷ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ. ɹʣʠʟʦʩʪʴ S ʠ Sʩʨ 

ʠʣʣʶʩʪʨʠʨʫʝʪ ʨʘʚʥʦʟʥʘʯʥʦʝ ʚʣʠʷʥʠʝ ʢʘʞʜʦʛʦ ʠʦʥʘ ʈɿʕ ʚ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʤ ʦʙʨʘʟʮʝ ʥʘ 

ʢʦʣʝʙʘʪʝʣʴʥʫʶ ʵʥʪʨʦʧʠʶ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʠʩʫʪʩʪʚʠʝ Y ʜʦʣʞʥʦ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʩʥʠʞʝʥʠʶ 
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ʵʥʪʨʦʧʠʠ. ɺ ʩʚʝʪʝ ʫʢʘʟʘʥʥʦʛʦ ʧʦʣʦʞʝʥʠʝ ʪʦʯʝʢ Y-ʩʦʜʝʨʞʘʱʠʭ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ 

ʥʘ ʨʠʩʫʥʢʝ 4.11ʘ ʟʘʢʦʥʦʤʝʨʥʦ. 
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ʈʠʩ. 4.10. ʈʘʩʯʝʪʥʳʝ ʟʥʘʯʝʥʠʷ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ 

ʨʘʜʠʫʩʘ  Ὑ ɻʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ ʩʪʨʫʢʪʫʨʳ ʵʰʠʥʠʪʦʚ. ʏʝʨʥʳʝ ʠ ʢʨʘʩʥʳʝ ʟʥʘʢʠ ï ʤʦʥʦ- ʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʵʰʠʥʠʪʳ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʅʘ ʨʠʩʫʥʢʝ 4.11ʙ ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʦʦʪʥʦʰʝʥʠʝ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʝʣʴʤʛʦʣʴʮʘ ʠ ʩʨʝʜʥʝʛʦ 

ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ  Ὑ ɻʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ; ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʵʰʠʥʠʪʦʚ ʬʠʢʩʠʨʫʝʪʩʷ 

ʣʠʥʝʡʥʘʷ ʩʚʷʟʴ ʤʝʞʜʫ ʜʘʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ; ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ ɻʝʣʤɹʛʦʣʴʮʘ 

ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ ʦʧʨʝʜʝʣʷʪʩʷ ʪʠʧʦʤ ʠ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʈɿʕ. ʅʘ 

ʨʠʩʫʥʢʝ 4.12 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʠ ʤʦʜʫʣʷ ʩʜʚʠʛʘ ʦʪ ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ 

ʨʘʜʠʫʩʘ ʵʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ; ʜʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʟʘʚʠʩʠʤʦʩʪʠ ʠʤʝʪʁ ʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ, ʚ ʦʪʣʠʯʠʠ ʦʪ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʚʘʨʠʘʮʠʠ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ ʥʝʟʥʘʯʠʪʝʣʴʥʳ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʪʝʤ, ʯʪʦ ʚʩʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʩʦʩʪʘʚʳ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʦʪʥʝʩʝʥʳ ʢ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʤ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ 

ʠʭ ʩʚʦʡʩʪʚʘ ʥʝ ʜʦʣʞʥʳ ʟʥʘʯʠʤʦ ʦʪʣʠʯʘʪʴʩʷ ʦʪ ʪʘʢʦʚʳʭ ʜʣʷ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ. 

0.98 1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14 1.16 1.18

132.5

133.0

133.5

134.0

134.5

135.0

135.5

1

2

3

45

6

7
8

9 10

11

12

13

14

15

S
,
 
ʢ
ɼ
ʞ
/
(
ʤ
ʦ
ʣ
ʴ

Ŀʂ
)

R, Å

 

 

1-LaTiNbO6

2-CeTiNbO6

3-PrTiNbO6

4-NdTiNbO6

5-SmTiNbO6

6-EuTiNbO6

7-(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)TiNbO6

8-(La0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6

9-(La0.2Ce0.2Nd0.2Eu0.2Ho0.2)TiNbO6

10-(La0.2Ce0.2Nd0.2Eu0.2Dy0.2)TiNbO6

11-(Y0.2La0.2Ce0.2Nd0.2Eu0.2)TiNbO6

12-(Ce0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6

13-(Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6

14-(La0.2Ce0.2Nd0.2Eu0.2Er0.2)TiNbO6

15-(La0.2Pr0.2Nd0.2Sm0.2Dy0.2)TiNbO6

LaCePrNdSmEuDyYHoEr

ʘ

0.98 1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14 1.16 1.18

-13660

-13640

-13620

-13600

-13580

-13560

-13540
1

2

3

4

5

6

78
9 10

111213

14

15

F
,
 
ʢ
ɼ
ʞ
/
ʤ
ʦ
ʣ
ʴ

R, Å

 

1-LaTiNbO6

2-CeTiNbO6

3-PrTiNbO6

4-NdTiNbO6

5-SmTiNbO6

6-EuTiNbO6

7-(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)TiNbO6

8-(La0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6

9-(La0.2Ce0.2Nd0.2Eu0.2Ho0.2)TiNbO6

10-(La0.2Ce0.2Nd0.2Eu0.2Dy0.2)TiNbO6

11-(Y0.2La0.2Ce0.2Nd0.2Eu0.2)TiNbO6

12-(Ce0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6

13-(Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6

14-(La0.2Ce0.2Nd0.2Eu0.2Er0.2)TiNbO6

15-(La0.2Pr0.2Nd0.2Sm0.2Dy0.2)TiNbO6

ʙ

 
LaCePrNdSmEuDyYHoEr

 

ʈʠʩ. 4.11. ɿʘʚʠʩʠʤʦʩʪʠ ʵʥʪʨʦʧʠʠ (ʘ) ʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʝʣʴʤʛʦʣʴʮʘ (ʙ) ʦʪ ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ 

ʨʘʜʠʫʩʘ  Ὑ ʵʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ ʩʪʨʫʢʪʫʨʳ ʵʰʠʥʠʪʦʚ 



100 

 

1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14 1.16 1.18

229

230

231

232

233

234

235

236

237

238

1

2

3

4

5

6

7
89

10

11

12
13

14

15

ʘ

ʄ
ʦ
ʜ
ʫ
ʣ
ʴ
 
ʫ
ʧ
ʨ
ʫ
ʛ
ʦ
ʩ
ʪ
ʠ
,
 
ɻ
ʇ
ʘ

R, Å

1-LaTiNbO6

2-CeTiNbO6

3-PrTiNbO6

4-NdTiNbO6

5-SmTiNbO6

6-EuTiNbO6

7-(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)TiNbO6

8-(La0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6

9-(La0.2Ce0.2Nd0.2Eu0.2Ho0.2)TiNbO6

10-(La0.2Ce0.2Nd0.2Eu0.2Dy0.2)TiNbO6

11-(Y0.2La0.2Ce0.2Nd0.2Eu0.2)TiNbO6

12-(Ce0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6

13-(Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6

14-(La0.2Ce0.2Nd0.2Eu0.2Er0.2)TiNbO6

15-(La0.2Pr0.2Nd0.2Sm0.2Dy0.2)TiNbO6

 
LaCePrNdSmEuDyYHoEr

 

 
1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14 1.16 1.18

108

110

112

114

116

118

1

2

3

4

5

6

78

9

10
11

12

13

14

15

ʄ
ʦ
ʜ
ʫ
ʣ
ʴ
 
ʩ
ʜ
ʚ
ʠ
ʛ
ʘ
,
 
ɻ
ʇ
ʘ

R, Å

 
LaCePrNdSmEuDyYHoEr

1-LaTiNbO6

2-CeTiNbO6

3-PrTiNbO6

4-NdTiNbO6

5-SmTiNbO6

6-EuTiNbO6

7-(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)TiNbO6

8-(La0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6

9-(La0.2Ce0.2Nd0.2Eu0.2Ho0.2)TiNbO6

10-(La0.2Ce0.2Nd0.2Eu0.2Dy0.2)TiNbO6

11-(Y0.2La0.2Ce0.2Nd0.2Eu0.2)TiNbO6

12-(Ce0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6

13-(Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6

14-(La0.2Ce0.2Nd0.2Eu0.2Er0.2)TiNbO6

15-(La0.2Pr0.2Nd0.2Sm0.2Dy0.2)TiNbO6

ʙ

 

 

ʈʠʩ. 4.12. ɿʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ (ʘ) ʠ ʩʜʚʠʛʘ (ʙ) ʦʪ ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ  Ὑ 

ʵʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ ʩʪʨʫʢʪʫʨʳ ʵʰʠʥʠʪʦʚ 

4.3 ʈʘʤʘʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

4.3.1 ɼʚʫʭ- ʠ ʤʦʥʦʟʘʤʝʱʝʥʥʳʝ ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ʵʰʠʥʠʪʘ  

ʉʦʛʣʘʩʥʦ ʨʘʙʦʪʘʤ [Paschoal et al., 2003; Zhang, Zuo 2018] ʩʧʝʢʪʨ ʨʦʤʙʠʯʝʩʢʦʛʦ ʵʰʠʥʠʪʘ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 54 ʨʘʤʘʥ-ʘʢʪʠʚʥʳʤʠ ʤʦʜʘʤʠ (ɻR=15Ag+12B1g+15B2g+12B3g). ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʬʠʢʩʠʨʫʝʪʩʷ ʤʝʥʝʝ 22 ʤʦʜ; ʵʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʢʚʘʟʠʩʣʫʯʘʡʥʳʤ ʚʳʨʦʞʜʝʥʠʝʤ ʚ ʦʙʨʘʟʮʘʭ, ʢʦʛʜʘ 

ʤʘʣʦʠʥʪʝʥʩʠʚʥʳʝ ʣʠʥʠʠ ʙʣʠʟʢʦʡ ʯʘʩʪʦʪʳ ʩʢʨʳʪʳ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳʤʠ ʣʠʥʠʷʤʠ ʜʨʫʛʦʡ 

ʩʠʤʤʝʪʨʠʠ. ʈʘʟʨʝʰʠʪʴ ʨʘʤʘʥʦʚʩʢʠʝ ʤʦʜʳ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʧʦ ʩʠʤʤʝʪʨʠʠ ʥʝ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ. ʅʘ ʨʠʩʫʥʢʝ 4.13ʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʜʣʷ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʦʙʨʘʟʮʦʚ; ʦʪʤʝʯʝʥʦ ʚʣʠʷʥʠʝ ʜʣʠʥʳ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ ʣʘʟʝʨʘ ʥʘ ʚʠʜ ʩʧʝʢʪʨʘ PrTiNbO6: ʧʨʠ 

ʚʦʟʙʫʞʜʝʥʠʠ ʣʠʥʠʝʡ 488 ʥʤ ʬʠʢʩʠʨʫʝʪʩʷ ʫʰʠʨʝʥʠʝ ʣʠʥʠʡ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ 514 ʥʤ ʩʧʝʢʪʨ ʙʣʠʟʦʢ 

ʢ ʪʘʢʦʚʳʤ ʚ ʜʨʫʛʠʭ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʘʭ (ʧʨʠʤʝʨ çʫʰʠʨʝʥʥʦʛʦè ʩʧʝʢʪʨʘ ʧʨʝʜʩʪʘʚʣʝʥ 

ʥʘ ʨʠʩʫʥʢʝ 4.13ʙ). ɺ ʧʨʠʣʦʞʝʥʠʠ ɹ ʚ ʪʘʙʣʠʮʘʭ ɹ.17-18 ʧʨʠʚʝʜʝʥʳ ʧʦʣʦʞʝʥʠʷ ʤʦʜ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ. 
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ʈʠʩ. 4.13. ʈʘʤʘʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʤʦʥʦ- (ʘ) ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ (ʙ) ʵʰʠʥʠʪʦʚ. ɺʦʟʙʫʞʜʝʥʠʝ 

ʣʠʥʠʝʡ 488 ʥʤ (ʜʣʷ PrTiNbO6 ï ʚʦʟʙʫʞʜʝʥʠʝ ʣʠʥʠʝʡ 514 ʥʤ) 
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ɺ ʧʨʠʣʦʞʝʥʠʠ ɸ ʥʘ ʨʠʩʫʥʢʝ ɸ.13 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʤʘʥʦʚʩʢʠʝ ʜʘʥʥʳʝ ʜʣʷ Nd1-xCaxTi1-

xNb1+xO6, ʘ ʪʘʢʞʝ ʬʨʘʛʤʝʥʪʳ ʩʧʝʢʪʨʦʚ ʩ ʠʭ ʨʘʟʣʦʞʝʥʠʝʤ ʥʘ ʵʣʝʤʝʥʪʘʨʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ 

ʛʘʫʩʩʦʚʦ-ʣʦʨʝʥʮʦʚʦʡ ʬʦʨʤʳ. ɼʣʷ ʚʩʝʭ ʩʧʝʢʪʨʦʚ ʬʠʢʩʠʨʫʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʥʘʣʦʞʝʥʠʝ ʣʠʥʠʡ, 

ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʦʜʥʦʟʥʘʯʥʦʝ ʨʘʟʣʦʞʝʥʠʝ ʥʘ ʩʦʩʪʘʚʣʷʶʱʠʝ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʧʝʢʪʨʦʚ ʥʘʙʦʨʦʤ 

ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ ʯʠʩʣʘ ʣʠʥʠʡ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʮʝʜʫʨʳ ʧʠʢ-ʬʠʪʠʥʛʘ ʙʳʣʦ 

ʚʳʜʝʣʝʥʦ ʜʦ 22 ʧʠʢʦʚ; ʧʨʠ ʵʪʦʤ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʪʩʫʪʩʪʚʫʶʪ ʧʠʢʠ ʢʘʢ ʦʪ ʤʦʥʦʢʣʠʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʪʘʢ ʠ ʦʪ ʧʨʠʤʝʩʥʳʭ ʬʘʟ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʪʁ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʜʘʥʥʳʝ. 

ʇʦʚʝʜʝʥʠʝ ʤʦʜ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʜʦʧʘʥʪʘ ʚ ʧʨʝʜʝʣʘʭ ʦʙʣʘʩʪʠ ʛʦʤʦʛʝʥʥʦʩʪʠ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʧʨʠʣʦʞʝʥʠʠ ɸ ʥʘ ʨʠʩʫʥʢʝ ɸ.14; ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʦʜʳ ʥʠʞʝ 520 ʩʤ-1 

ʠʩʧʳʪʳʚʘʶʪ ʥʠʟʢʦʯʘʩʪʦʪʥʦʝ ʩʤʝʱʝʥʠʝ, ʪʦʛʜʘ ʢʘʢ ʤʦʜʳ ʚʳʰʝ 520 ʩʤ-1 ï ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʝ. ʕʪʦ 

ʩʚʷʟʘʥʦ ʩ ʯʘʩʪʠʯʥʳʤ ʟʘʤʝʱʝʥʠʝʤ Ti ʥʘ ʙʦʣʝʝ ʪʷʞʝʣʳʡ Nb ʜʣʷ ʩʧʝʢʪʨʘ ʜʦ 520 ʩʤ-1, ʘ ʪʘʢʞʝ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʩʠʣʦʚʦʡ ʧʦʩʪʦʷʥʥʦʡ ʩʚʷʟʠ ʜʣʷ ʩʧʝʢʪʨʘ ʚʳʰʝ 520 ʩʤ-1: ʟʥʘʯʝʥʠʷ ῳὌὪ ὔὦ ʠ 

ῳὌὪ ὝὭ ʩʦʩʪʘʚʣʷʶʪ 753 ʠ 662 ʢɼʞ/ʤʦʣʴ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [Cottrell , 1958]. ʇʦʜʦʙʥʳʝ ʪʝʥʜʝʥʮʠʠ 

ʘʥʘʣʦʛʠʯʥʳ ʜʣʷ ʚʩʝʭ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʝʨʠʡ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ. 

ʉʦʛʣʘʩʥʦ [Zhang, Zuo, 2018], ʭʘʨʘʢʪʝʨʥʘʷ ʜʣʷ ʨʦʤʙʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʤʦʜʘ ʧʨʠ ~660 

ʩʤ-1 ʦʪʚʝʯʘʝʪ ʟʘ ʢʦʣʝʙʘʥʠʷ ʩʚʷʟʝʡ O-Ti(Nb)-O ʠ Ti(Nb)-O-Ti(Nb), ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʮʝʧʦʯʢʘʭ 

ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʣʠʵʜʨʦʚ. ʅʘ ʨʠʩʫʥʢʘʭ 4.14 ʠ ʚ ʧʨʠʣʦʞʝʥʠʠ ɸ ʥʘ ʨʠʩʫʥʢʝ ɸ.15 ʧʨʠʚʝʜʝʥʳ 

ʜʘʥʥʳʝ ʜʣʷ ʩʝʨʠʡ ʜʚʦʡʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ: ʬʠʢʩʠʨʫʝʪʩʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʡ ʩʜʚʠʛ ʤʦʜʳ, 

ʧʨʠʯʠʥʘ ʢʦʪʦʨʦʛʦ ʦʙʩʫʞʜʝʥʘ ʚʳʰʝ. 
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ʈʠʩ. 4.14. ɿʘʚʠʩʠʤʦʩʪʠ ʧʦʣʦʞʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʤʦʜʳ ~668 ʩʤ-1 ʠ ʧʘʨʘʤʝʪʨʘ ȹcorr, 

ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʜʣʷ ʜʠʘʧʘʟʦʥʘ ʨʘʤʘʥʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ 60ï170 ʩʤ-1, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ 

ʜʦʧʘʥʪʘ ʭ ʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ Nd1-xCaxTi1-xNb1+xO6 (ʘ) ʠ Nd1-xSrxTi1-xNb1+xO6 (ʙ) 

ɺʩʣʝʜʩʪʚʠʝ ʟʥʘʯʠʤʦʡ ʩʫʧʝʨʧʦʟʠʮʠʠ ʧʠʢʦʚ ʥʘ ʩʧʝʢʪʨʘʭ, ʟʘʪʨʫʜʥʷʶʱʝʡ ʚʳʜʝʣʝʥʠʝ ʠ 

ʦʜʥʦʟʥʘʯʥʫʶ ʦʮʝʥʢʫ ʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʠʭ hʠʨʠʥʳ, ʜʣʷ ʘʥʘʣʠʟʘ ʵʬʬʝʢʪʦʚ ʫʰʠʨʝʥʠʷ ʚ 

ʩʧʝʢʪʨʘʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘʤʠ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʩʪʘʪʠʩʪʠʯʝʩʢʠʡ ʧʦʜʭʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʨʘʩʯʝʪʝ ʘʚʪʦʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ʠ ʧʘʨʘʤʝʪʨʘ ȹcorr [Salje et.al. 2000; Pankrushina et al., 2020]. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʟʥʘʯʝʥʠʝ ȹcorr ʤʦʥʦʪʦʥʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦʧʘʥʪʘ ʜʣʷ 
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ʚʩʝʭ ʩʦʩʪʘʚʦʚ (ʩʤ. ʨʠʩʫʥʦʢ 4.14 ʠ ʧʨʠʣʦʞʝʥʠʝ ɸ ʨʠʩʫʥʦʢ ɸ.15). ʇʨʠ ʵʪʦʤ ʜʣʷ Ca-ʩʝʨʠʡ ʙʠʥʘʨʥʳʭ 

ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʠʟʣʦʤ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʠ ʭ=0.10. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʥʘ ʧʨʠʤʝʨʝ 

Nd1-ʭCaxTi1-ʭNb1+ʭO6, ʧʨʠ ʭ>0.10 ʬʠʢʩʠʨʫʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳ, ʪ.ʝ. 

ʧʨʠʯʠʥʘ ʥʘʙʣʶʜʘʝʤʦʛʦ ʠʟʣʦʤʘ ʩʚʷʟʘʥʘ ʩ ʠʟʤʝʥʝʥʠʝʤ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ ʧʨʠ 

ʧʦʚʳʰʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦʧʘʥʪʘ. ʇʨʝʜʩʪʘʚʣʷʝʪʩʷ, ʯʪʦ ʧʘʨʘʤʝʪʨ ȹcorr ʜʦʩʪʘʪʦʯʥʦ 

ʧʝʨʩʧʝʢʪʠʚʝʥ ʜʣʷ ʦʮʝʥʢʠ ʚʘʨʠʘʮʠʡ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ʢʘʢ 

ʠʥʜʠʢʘʪʦʨ ʧʦʷʚʣʝʥʠʷ ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳ. ɼʣʷ Sr-ʩʝʨʠʠ ʜʘʥʥʦʡ ʘʥʦʤʘʣʠʠ ʥʝ ʦʙʥʘʨʫʞʝʥʦ: 

ʧʘʨʘʤʝʪʨ ȹcorr ʤʦʥʦʪʦʥʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦʧʘʥʪʘ; ʠʟʣʦʤʦʚ ʥʝ 

ʬʠʢʩʠʨʫʝʪʩʷ. ʆʪʤʝʪʠʤ ʥʝʢʦʪʦʨʫʶ ʩʧʝʮʠʬʠʢʫ Ce-ʩʝʨʠʠ: ʜʣʷ ʥʝʝ ʭʘʨʘʢʪʝʨʥʳ ʥʠʟʢʦʠʥʪʝʥʩʠʚʥʳʝ 

ʩʧʝʢʪʨʳ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʥʘʙʣʶʜʘʝʪʩʷ ʙʦʣʴʰʘʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʦʙʨʘʟʮʘʤʠ ʧʦʛʨʝʰʥʦʩʪʴ 

ʚʳʯʠʩʣʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ȹcorr (ʩʤ. ʧʨʠʣʦʞʝʥʠʝ ɸ ʨʠʩʫʥʦʢ ɸ.15). 

4.3.2 ʄʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ 

ʉʧʝʢʪʨʳ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʙʣʠʟʢʠ ʢ ʪʘʢʦʚʳʤ ʜʣʷ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ; 

ʚ ʧʨʠʣʦʞʝʥʠʠ ɹ ʚ ʪʘʙʣʠʮʝ ɹ.19 ʧʨʠʚʝʜʝʥʳ ʧʦʣʦʞʝʥʠʷ ʤʦʜ ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ. ʌʠʢʩʠʨʫʝʪʩʷ ʫʰʠʨʝʥʠʝ ʣʠʥʠʡ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʣʘʟʝʨʦʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ 

488 ʥʤ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ, ʩʦʜʝʨʞʘʱʠʭ Pr. ʇʨʠ ʵʪʦʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʚʝʜʝʥʠʝ 

Ce ʠ Pr ʥʝ ʚʳʟʳʚʘʝʪ ʫʰʠʨʝʥʠʷ ʣʠʥʠʡ ʧʨʠ ʪʦʡ ʞʝ ʜʣʠʥʝ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ 

ʥʘ ʨʠʩʫʥʢʝ 4.13ʙ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʧʦ ʪʨʝʤ ʦʙʨʘʟʮʘʤ; ʢʘʢ ʚʠʜʥʦ, ʩʧʝʢʪʨ ʦʙʨʘʟʮʘ 

(La0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6 ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʦʩʪʘʣʴʥʳʭ: ʧʨʠ ʟʘʤʝʱʝʥʠʠ La ʥʘ Ce ʫʰʠʨʝʥʠʝ 

ʣʠʥʠʡ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ʇʨʠʯʠʥʳ ʜʘʥʥʦʡ ʘʥʦʤʘʣʠʠ ʦʩʪʘʪʁʩʷ ʦʪʢʨʳʪʳʤʠ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʥʘʤʠ 

ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʩʧʝʢʪʨʳ ʦʙʨʘʟʮʦʚ (La0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6, 

(Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6 ʠ (La0.2Pr0.2Nd0.2Sm0.2Dy0.2) TiNbO6 ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʣʠʥʠʝʡ 514 

ʥʤ.  

ʅʘ ʨʠʩʫʥʢʝ 4.15ʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʜʣʷ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ 

ʧʦʣʦʞʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʤʦʜʳ ~660 ʩʤ-1 ʦʪ ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ. ʌʠʢʩʠʨʫʝʪʩʷ 

ʣʠʥʝʡʥʘʷ ʢʦʨʨʝʣʷʮʠʷ ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʜʘʥʥʳʭ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ EuTiNbO6. ʀʟʚʝʩʪʥʦ [ʂʦʤʢʦʚ, 

1972; Sebastian et al., 2001], ʯʪʦ ʛʨʘʥʠʮʘ ʤʝʞʜʫ ʵʰʠʥʠʪ-ʵʚʢʩʝʥʠʪʦʚʦʡ ʩʪʨʫʢʪʫʨʦʡ ʚ ʨʷʜʫ 

ʣʘʥʪʘʥʦʠʜʦʚ ʥʘʭʦʜʠʪʩʷ ʤʝʞʜʫ Eu ʠ Gd. ʈʘʥʝʝ ʦʪʤʝʯʘʣʘʩʴ ʩʣʦʞʥʦʩʪʴ ʩʠʥʪʝʟʘ ʪʚʝʨʜʦʬʘʟʥʳʤ 

ʤʝʪʦʜʦʤ ʩʦʝʜʠʥʝʥʠʷ EuTiNbO6; ʜʣʷ ʥʝʛʦ ʬʠʢʩʠʨʫʝʪʩʷ ʥʘʣʠʯʠʝ ʢʘʢ ʵʰʠʥʠʪʦʚʦʡ, ʪʘʢ ʠ 

ʵʚʢʩʝʥʠʪʦʚʦʡ ʬʘʟʳ [Sebastian et al., 2001]. ʇʦʟʞʝ ʙʳʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

EuTiNbO6, ʧʦʣʫʯʝʥʥʳʡ ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ, ʦʙʨʘʟʫʝʪ ʵʰʠʥʠʪʦʚʫʶ ʩʪʨʫʢʪʫʨʫ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 1400 Áʉ [Hirano et al., 2016]. ʅʘʤʠ ʩʦʝʜʠʥʝʥʠʝ ʜʘʥʥʦʛʦ ʩʦʩʪʘʚʘ ʙʳʣʦ 

ʧʦʣʫʯʝʥʦ ʤʝʪʦʜʦʤ ʧʠʨʦʣʠʟʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1410 Áʉ; ʥʘʣʠʯʠʝ ʬʘʟʳ ʵʚʢʩʝʥʠʪʘ ʥʝ 

ʬʠʢʩʠʨʦʚʘʣʦʩʴ. ʅʝʣʴʟʷ ʠʩʢʣʶʯʠʪʴ, ʯʪʦ ʧʨʠʩʫʪʩʪʚʠʝ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʡ ʬʦʨʤʳ Eu2+ ʤʦʛʣʦ 

ʩʢʘʟʳʚʘʪʴʩʷ ʥʘ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʩʚʦʡʩʪʚ EuTiNbO6. 
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ʅʘ ʨʠʩʫʥʢʝ 4.15ʙ ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʘ ȹcorr, ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʜʣʷ ʜʠʘʧʘʟʦʥʘ 

ʩʧʝʢʪʨʘ 60ï170 ʩʤ-1, ʦʪ ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ Ὑ ɻ ʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ. ɺʠʜʥʦ, ʯʪʦ ʧʘʨʘʤʝʪʨ 

ȹcorr (ʩʨʝʜʥʝʚʟʚʝʰʝʥʥʘʷ ʰʠʨʠʥʘ ʧʦʣʦʩ) ʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ Ὑ ʥʝʨʝʛʫʣʷʨʥʦ, ʷʚʥʦʛʦ 

ʚʣʠʷʥʠʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʥʝ ʬʠʢʩʠʨʫʝʪʩʷ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʩʣʦʞʥʦʡ 

ʧʨʠʨʦʜʝ ʟʘʤʝʱʝʥʠʡ ʠ ʠʩʢʘʞʝʥʠʡ ʚ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ ʧʦʜʨʝʰʝʪʢʝ. 
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12-(Ce0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6

13-(Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6

14-(La0.2Ce0.2Nd0.2Eu0.2Er0.2)TiNbO6

15-(La0.2Pr0.2Nd0.2Sm0.2Dy0.2)TiNbO6
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ʈʠʩ. 4.15. ɿʘʚʠʩʠʤʦʩʪʠ ʨʘʤʘʥʦʚʩʢʦʛʦ ʩʜʚʠʛʘ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʤʦʜʳ ~668 ʩʤ-1 (ʘ) ʠ 

ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʧʘʨʘʤʝʪʨʘ ȹcorr, ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʜʣʷ ʜʠʘʧʘʟʦʥʘ ʩʧʝʢʪʨʘ 60ï170 ʩʤ-1 (ʙ), ʦʪ 

ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ  Ὑ ɻʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʝ ʩʪʨʫʢʪʫʨʳ ʵʰʠʥʠʪʦʚ 

4.4. T-ʟʘʚʠʩʠʤʘ ̫ʨʘʤʘʥʦʚʩʢʘ ̫in situ ʩʧʝʢʪʨʦʩʢʦʧʠ ̫ 

ʈʘʤʘʥʦʚʩʢʠʡ ʵʢʩʧʝʨʠʤʝʥʪ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 83ï773 ʂ ʚʳʧʦʣʥʝʥ ʜʣʷ ʦʙʨʘʟʮʦʚ  

NdTiNbO6 ʠ Nd0.9Ca0.1Ti0.9Nb1.1O6; ʥʘ ʨʠʩʫʥʢʝ 4.16ʘ-ʙ ʧʨʝʜʩʪʘʚʣʝʥʘ ʜʠʥʘʤʠʢʘ ʠʟʤʝʥʝʥʠʷ ʠʭ 

ʩʧʝʢʪʨʦʚ: ʥʘʙʣʶʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ, ʫʰʠʨʝʥʠʝ ʠ ʩʜʚʠʛ 

ʙʦʣʴʰʠʥʩʪʚʘ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ ʚ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʫʶ ʦʙʣʘʩʪʴ (ʩʤ. ʨʠʩʫʥʦʢ 4.16ʚ). ɺ ʦʙʣʘʩʪʠ 

ʜʦ 340 ʩʤ-1 ʩʤʝʱʝʥʠʝ ʤʦʜ ʥʝ ʧʨʝʚʳʰʘʝʪ 10 ʩʤ-1; ʚ ʦʙʣʘʩʪʠ 340ï520 ʩʤ-1 ʩʤʝʱʝʥʠʷ ʙʦʣʝʝ 

ʟʥʘʯʠʤʳʝ, ʦʜʥʘʢʦ ʚʚʠʜʫ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʥʘʣʦʞʝʥʠʷ ʣʠʥʠʡ ʪʨʫʜʥʦ ʚʳʷʚʠʪʴ ʢʘʢʫʶ-ʣʠʙʦ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ. ʅʘʙʣʶʜʘʝʪʩʷ ʩʤʝʱʝʥʠʝ ʩʘʤʦʡ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʤʦʜʳ ʧʨʠ ~63 ʩʤ-1, ʯʪʦ 

ʬʠʢʩʠʨʫʝʪʩʷ ʧʦ ʠʟʤʝʥʝʥʠʶ ʬʦʨʤʳ ʬʨʘʛʤʝʥʪʘ ʩʧʝʢʪʨʘ ʜʦ 100 ʩʤ-1. ʊʘʢʞʝ ʫʩʪʘʥʦʚʣʝʥʦ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʰʠʨʝʥʠʝ ʤʦʜʳ ~660 ʩʤ-1. ʄʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʚʘʣʝʥʪʥʳʝ ʢʦʣʝʙʘʥʠʷ ʩʚʷʟʠ 

ʜʘʥʥʳʭ ʧʦʣʠʵʜʨʦʚ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʟʘʚʠʩʠʤʳʤʠ. 

ɺʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʝ ʧʦʚʝʜʝʥʠʝ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ, ʚ ʦʩʥʦʚʥʦʤ, 

ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ ʨʘʩʩʝʷʥʠʝʤ ʬʦʥʦʥʦʚ ʤʝʞʜʫ ʩʦʙʦʡ, ʯʪʦ ʪʠʧʠʯʥʦ ʜʣʷ ʥʦʨʤʘʣʴʥʦʛʦ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ. ʂʘʢ ʧʨʘʚʠʣʦ, ʧʨʦʮʝʩʩʳ ʨʘʩʩʝʷʥʠʷ ʬʦʥʦʥʦʚ ʦʧʠʩʳʚʘʶʪʩʷ 

ʪʨʝʭʬʦʥʦʥʥʳʤʠ ʠ/ʠʣʠ ʯʝʪʳʨʝʭʬʦʥʦʥʥʳʤʠ ʤʝʭʘʥʠʟʤʘʤʠ ʨʘʩʩʝʷʥʠʷ [Chen et al., 2018; Lindsay et 

al., 2008]. ɺ ʩʦʝʜʠʥʝʥʠʷʭ NdTiNbO6 ʠ Nd0.9Ca0.1Ti0.9Nb1.1O6 ʘʥʘʣʠʟ ʧʨʦʮʝʩʩʦʚ ʨʘʩʩʝʷʥʠʷ ʬʦʥʦʥʦʚ 

ʙʳʣ ʧʨʦʚʝʜʝʥ ʜʣʷ ʩʣʝʜʫʶʱʠʭ ʤʦʜ (~120.2, 216.7, 247.6, 309.0, 666.9 ʩʤ-1) ʠ (~126.3, 215.6, 247.8, 

307.0, 670.6 ʩʤ-1), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
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ʈʠʩ. 4.16. ʈʘʤʘʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʘ-ʙ), 2D-ʢʘʨʪʳ ʠʭ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʠʟʤʝʥʝʥʠʷ (ʚ-ʛ) ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʤʘʥʦʚʩʢʦʛʦ ʩʜʚʠʛʘ ʣʠʥʠʡ (ʜ-ʝ) ʚ ʵʰʠʥʠʪʘʭ 

NdTiNbO6 (ʘ, ʚ, ʜ) ʠ Nd0.90Ca0.10Ti0.90Nb1.10O6 (ʙ, ʛ, ʝ) 

ʆʧʠʩʘʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʝʜʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʜʭʦʜʘ, ʦʩʥʦʚʘʥʥʦʛʦ 

ʥʘ ʨʘʩʰʠʨʝʥʥʦʡ ʤʦʜʝʣʠ ʂʣʝʤʝʥʩʘ-ʍʘʨʪʘ-ɸʛʛʘʨʚʘʣʘ-ʃʘʢʩʘ [Klemens 1966; Hart et al., 1970]. ʇʦ 

ʬʦʨʤʫʣʝ (3.4) ʦʮʝʥʝʥʦ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʧʦʚʝʜʝʥʠʝ ʤʦʜ. ʇʨʠ ʘʥʘʣʠʟʝ ʩʜʚʠʛʘ ʯʘʩʪʦʪʳ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʪʨʝʭʬʦʥʦʥʥʳʡ ʧʨʦʮʝʩʩ ʥʘʠʙʦʣʝʝ ʘʜʝʢʚʘʪʥʦ ʧʦʜʭʦʜʠʪ ʜʣʷ 

ʦʧʠʩʘʥʠʷ ʥʘʙʣʶʜʘʝʤʦʡ ʟʘʚʠʩʠʤʦʩʪʠ. ɺ ʧʨʠʣʦʞʝʥʠʠ ɹ ʚ ʪʘʙʣʠʮʝ ɹ.20 ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʦʜʛʦʥʦʯʥʳʝ 

ʧʘʨʘʤʝʪʨʳ. ɺ ʮʝʣʦʤ, ʥʘʙʣʶʜʘʝʪʩʷ ʙʣʠʟʦʩʪʴ ʘʥʛʘʨʤʦʥʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ A ʠ B ʜʣʷ ʦʙʦʠʭ 

ʩʦʝʜʠʥʝʥʠʡ NdTiNbO6 ʠ Nd0.9Ca0.1Ti0.9Nb1.1O6, ʪʝʤ ʥʝ ʤʝʥʝʝ ʜʣʷ ʤʦʜʳ ~660 ʩʤ-1 ʜʘʥʥʳʝ 

ʧʘʨʘʤʝʪʨʳ ʦʪʣʠʯʘʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʟʥʘʯʠʤʦ. ʆʪʥʦʰʝʥʠʝ ʘʥʛʘʨʤʦʥʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ A/B ʜʣʷ 

ʜʘʥʥʦʡ ʤʦʜʳ ʚ NdTiNbO6 ʤʝʥʴʰʝ 1,ʘ  ʚ Nd0.9Ca0.1Ti0.9Nb1.1O6 ʙʦʣʴʰʝ 1, ʯʪʦ ʤʦʞʝʪ ʛʦʚʦʨʠʪʴ ʦ 

ʚʣʠʷʥʠʠ ʚʢʣʘʜʘ ʯʝʪʳʨʝʭʬʦʥʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦʧʘʥʪʘ. 

ʇʦʣʫʰʠʨʠʥʘ FWHM ʤʦʜ NdTiNbO6 ʠ Nd0.9Ca0.1Ti0.9Nb1.1O6 ʠʟʤʝʥʷʝʪʩʷ ʥʝʣʠʥʝʡʥʦ ʩ 

ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʘ ʫʨʘʚʥʝʥʠʝʤ (3.5). ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

FWHM ʙʦʣʴʰʠʥʩʪʚʘ ʤʦʜ ʥʝ ʧʨʦʪʠʚʦʨʝʯʠʪ ʚʳʚʦʜʫ ʦ ʧʨʝʦʙʣʘʜʘʶʱʝʤ ʪʨʝʭʬʦʥʦʥʥʦʤ ʧʨʦʮʝʩʩʝ, ʘ 

ʚʢʣʘʜ ʯʝʪʳʨʝʭʬʦʥʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʞʝ. ɼʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʤʦʜʳ 

ʥʘʙʣʶʜʘʝʪʩʷ ʥʘʠʙʦʣʴʰʝʝ ʠʟʤʝʥʝʥʠʝ ʘʥʛʘʨʤʦʥʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ C ʠ D; ʠʭ ʦʪʥʦʰʝʥʠʝ ʤʝʥʴʰʝ 1, 

ʯʪʦ ʦʪʨʘʞʘʝʪ ʜʦʤʠʥʠʨʫʶʱʠʡ ʪʨʝʭʬʦʥʦʥʥʳʡ ʧʨʦʮʝʩʩ. ɺ ʮʝʣʦʤ ʜʣʷ ʠʟʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʜʦʤʠʥʠʨʫʶʱʠʤ ʚʢʣʘʜʦʤ ʷʚʣʷʝʪʩʷ ʢʫʙʠʯʝʩʢʠʡ ʘʥʛʘʨʤʦʥʠʟʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʧʨʦʮʝʩʩʘʤ 

ʪʨʝʭʬʦʥʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ 

ʘʥʛʘʨʤʦʥʠʯʝʩʢʠʝ ʬʦʥʦʥ-ʬʦʥʦʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʪʚʝʪʩʪʚʝʥʥʳ ʟʘ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʧʦʚʝʜʝʥʠʝ 

ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ. 

ʈʘʩʯʝʪ ȹph+ȹ0 ʜʣʷ NdTiNbO6 ʠ Nd0.9Ca0.1Ti0.9Nb1.1O6 ʜʘʝʪ ʙʣʠʟʢʠʝ ʨʝʟʫʣʴʪʘʪʳ (ʩʤ. 

ʧʨʠʣʦʞʝʥʠʝ ɹ ʪʘʙʣʠʮʫ ɹ.20), ʦʜʥʘʢʦ ʜʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʤʦʜʳ ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʤʦʝ 
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ʨʘʟʣʠʯʠʝ ʜʘʥʥʦʛʦ ʧʘʨʘʤʝʪʨʘ: ʚ ʩʦʝʜʠʥʝʥʠʠ NdTiNbO6 ʦʥ ʩʦʩʪʘʚʣʷʝʪ 0.4, ʘ ʚ Nd0.9Ca0.1Ti0.9Nb1.1O6 

ï 2.1. 

4.5 ɼʠʬʬʫʟʥʦʝ ʩʚʝʪʦʨʘʩʩʝʷʥʠʝ ʠ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 

4.5.1 ʄʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʦʙʨʘʟʮʳ ʠ ʙʠʥʘʨʥʳʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ʵʰʠʥʠʪʘ 

ɼʣʷ ʩʧʝʢʪʨʦʚ ʜʠʬʬʫʟʥʦʛʦ ʩʚʝʪʦʨʘʩʩʝʷʥʠʷ ʚʩʝʭ ʪʠʧʦʚ ʦʙʨʘʟʮʦʚ ʭʘʨʘʢʪʝʨʥʘ ʰʠʨʦʢʘʷ 

ʧʦʣʦʩʘ ʚ ʋʌ-ʜʠʘʧʘʟʦʥʝ (230 ʜʦ 350 ʥʤ), ʩʚʷʟʘʥʥʘʷ, ʩʦʛʣʘʩʥʦ [Ma et al., 2014] ʩ ʵʣʝʢʪʨʦʥʥʳʤ 

ʧʝʨʝʭʦʜʦʤ O2-ŸNb5+ (Ti4+) ʚ ʠʩʢʘʞʝʥʥʳʭ Nb(Ti)O6 ʦʢʪʘʵʜʨʘʭ (ʥʘ ʨʠʩʫʥʢʝ 4.17 ʠ ʚ ʧʨʠʣʦʞʝʥʠʠ ɸ 

ʥʘ ʨʠʩʫʥʢʝ ɸ.16 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʜʣʷ ʠʟʙʨʘʥʥʳʭ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ). ɼʣʷ 

PrTiNbO6 ʠ SmTiNbO6 ʥʘʙʣʶʜʘʝʪʩʷ ʪʘʢʞʝ ʨʷʜ ʫʟʢʠʭ ʣʠʥʠʡ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ f-f ʵʣʝʢʪʨʦʥʥʳʤʠ 

ʧʝʨʝʭʦʜʘʤʠ ʠʦʥʦʚ Pr3+ ʠ Sm3+, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ: 3H4Ÿ
1G4 (1030 ʥʤ); 

3H4Ÿ
1D2 (600 ʥʤ) ʠ 

3H4Ÿ
3P0 

(490 ʥʤ); ʥʘʠʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʣʠʥʠʡ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ NdTiNbO6 ʬʠʢʩʠʨʫʶʪʩʷ ʫʟʢʠʝ ʣʠʥʠʠ, 

ʩʚʷʟʘʥʥʳʝ ʩ ʧʝʨʝʭʦʜʘʤʠ ʠʦʥʘ Nd3+ - 4I9/2 Ÿ
4D1/2 + 2I11/2 + 4D3/2 (355 ʥʤ), 2D5/2 (421 ʥʤ), 2P1/2 (434 

ʥʤ), 2D3/2 + 4G11/2 (474 ʥʤ), 4G7/2 + 2G9/2 (525 ʥʤ), 4G5/2 + 2G7/2 (585 ʥʤ), 4F9/2 (685 ʥʤ), 2H11/2 (630 ʥʤ), 

4F7/2 + 4S3/2 (751 ʥʤ), 4F5/2 + 2H9/2 (806 ʥʤ), 4F3/2 (880 ʥʤ) [Qi et al., 1996; Qi et al., 1997]. ʉʧʝʢʪʨʳ 

ʜʠʬʬʫʟʥʦʛʦ ʩʚʝʪʦʨʘʩʩʝʷʥʠʷ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʙʣʠʟʢʠ ʪʘʢʦʚʳʤ ʜʣʷ 

ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ. ʈʘʥʝʝ [Mondry et al., 1997] ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Na3(Nd(TTHA)]Å2.5NaClO4 

Å7.617H2O ʙʳʣʦ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ ʦʜʠʥʦʯʥʦʡ ʣʠʥʠʠ ʚ ʧʝʨʝʭʦʜʝ 4I9/2 Ÿ
2P1/2 ʠ ʜʚʫʭ ʣʠʥʠʡ ʚ 

4I9/2 Ÿ
4F3/2 ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʝʜʠʥʩʪʚʝʥʥʦʩʪʠ ʧʦʟʠʮʠʠ, ʢʦʪʦʨʫʶ ʟʘʥʠʤʘʝʪ ʠʦʥ Nd3+. ʅʘ 

ʩʧʝʢʪʨʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ Nd1-xCaxTi1-xNb1+xO6, ʚ ʧʝʨʝʭʦʜʝ 
4I9/2 Ÿ

2P1/2 ʬʠʢʩʠʨʫʝʪʩʷ ʦʜʠʥʦʯʥʘʷ 

ʣʠʥʠʷ, ʧʨʠ ʵʪʦʤ ʚ ʧʝʨʝʭʦʜʝ 4I9/2 Ÿ
4F3/2 ʷʚʥʦ ʚʳʜʝʣʷʝʪʩʷ ʙʦʣʝʝ ʜʚʫʭ ʣʠʥʠʡ (ʚʨʝʟʢʘ ʢ ʨʠʩʫʥʢʫ 

4.17ʘ), ʚʝʨʦʷʪʥʦ, ʚʩʣʝʜʩʪʚʠʝ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦʟʠʮʠʠ 4ʩ (x 0.25 z) ʥʘ 2 ʧʦʟʠʮʠʠ 8d (x y z)), ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʝʥʦ ʧʨʠ ʫʪʦʯʥʝʥʠʠ ʩʪʨʫʢʪʫʨʳ ʧʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʧʦʨʦʰʢʦʚʦʡ ʜʠʬʨʘʢʮʠʠ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʩʦʛʣʘʩʥʦ ʨʘʙʦʪʝ [Qi et al., 1996] ʚ Nd-ʵʰʠʥʠʪʝ ʠʦʥ Nd3+ ʪʘʢʞʝ ʟʘʥʠʤʘʝʪ ʜʚʝ 

ʧʦʟʠʮʠʠ. 
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ʇʦ ʜʘʥʥʳʤ ʜʠʬʬʫʟʥʦʛʦ ʩʚʝʪʦʨʘʩʩʝʷʥʠʷ ʵʰʠʥʠʪʦʚ ʧʦʩʪʨʦʝʥʳ ʩʧʝʢʪʨʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʂʫʙʝʣʢʠ-ʄʫʥʢʘ ʠ ʨʘʩʩʯʠʪʘʥʘ ʵʥʝʨʛʠʷ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ Eg. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ CeTiNbO6 

ʭʘʨʘʢʪʝʨʥʦ ʧʦʥʠʞʝʥʥʦʝ (2.07 ʵɺ) ʟʥʘʯʝʥʠʝ Eg, ʜʣʷ NdTiNbO6, LaTiNbO6, SmTiNbO6, PrTiNbO6, 

EuTiNbO6 ï ʧʦʚʳʰʝʥʥʳʝ ʟʥʘʯʝʥʠʷ Eg=3.25ï3.60 ʵɺ. ɺ ʮʝʣʦʤ, ʵʪʦ ʥʝ ʧʨʦʪʠʚʦʨʝʯʠʪ ʜʘʥʥʳʤ ʦ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʧʨʠʨʦʜʝ Cʝ-ʩʦʝʜʠʥʝʥʠʡ. ɼʣʷ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʠʟʤʝʥʝʥʠʝ 

ʵʥʝʨʛʠʠ Eg ʩ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦʧʘʥʪʘ ʥʝʩʫʱʝʩʪʚʝʥʥʦ ʠ ʚʘʨʴʠʨʫʝʪ ʚ ʧʨʝʜʝʣʘʭ Ñ0.15 ʵɺ ʦʪ 

ʥʘʯʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ. 

4.5.2 ʄʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ 

ʉʧʝʢʪʨʳ ʜʠʬʬʫʟʥʦʛʦ ʩʚʝʪʦʨʘʩʩʝʷʥʠʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ ʚʢʣʶʯʘʶʪ 

ʰʠʨʦʢʫʶ ʧʦʣʦʩʫ ʧʦʛʣʦʱʝʥʠʷ ʚ ʙʣʠʞʥʝʤ ʋʌ-ʜʠʘʧʘʟʦʥʝ ʠ ʫʟʢʠʝ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ, ʩʚʷʟʘʥʥʳʭ 

ʩ f-f-ʧʝʨʝʭʦʜʘʤʠ ʠʦʥʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʈɿʕ (ʚ ʧʨʠʣʦʞʝʥʠʠ ɸ ʥʘ ʨʠʩʫʥʢʝ ɸ.17 ʜʣʷ ʧʨʠʤʝʨʘ 

ʧʨʠʚʝʜʝʥʳ ʩʧʝʢʪʨʳ (La0.2Ce0.2Nd0.2Sm0.2Eu0.2)TiNbO6 ʠ (Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6). ɺ 

ʩʧʝʢʪʨʘʭ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ ʜʣʷ Ce- ʠ Pr-ʩʦʜʝʨʞʘʱʠʭ ʦʙʨʘʟʮʦʚ 

ʜʦʤʠʥʠʨʫʶʪ ʣʠʥʠʠ ʜʨʫʛʠʭ ʚʭʦʜʷʱʠʭ ʚ ʩʦʩʪʘʚ ʵʣʝʤʝʥʪʦʚ (Nd, Sm, Eu) (ʩʤ. ʨʠʩʫʥʦʢ 4.17ʘ, ʙ). 

ʅʘʠʙʦʣʴʰʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʨʦʷʚʣʷʶʪ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʥʝʦʜʠʤʘ, ʜʣʷ ʢʦʪʦʨʳʭ ʪʘʢʞʝ 

ʬʠʢʩʠʨʫʝʪʩʷ ʦʩʦʙʝʥʥʦʩʪʴ ʣʠʥʠʡ ʚ ʧʝʨʝʭʦʜʝ 4I9/2 Ÿ
4F3/2, ʦʪʤʝʯʝʥʥʘʷ ʜʣʷ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ 

ʩʦʩʪʘʚʘ NdTiNbO6, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʨʘʩʱʝʧʣʝʥʠʝʤ ʧʦʟʠʮʠʠ Nd. ɿʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ ʟʘʧʨʝʱʝʥʥʦʡ 

ʟʦʥʳ Eg ʟʘʚʠʩʠʪ ʦʪ ʥʘʣʠʯʠʷ/ʦʪʩʫʪʩʪʚʠʷ Ce ʚ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʦʤ ʦʙʨʘʟʮʝ: ʜʣʷ Ce-ʩʦʜʝʨʞʘʱʠʭ 

ʵʰʠʥʠʪʦʚ ʬʠʢʩʠʨʫʶʪʩʷ ʧʦʥʠʞʝʥʥʳʝ (2.73ï3.02 ʵɺ) ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ Eg, ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʦʩʪʘʣʴʥʳʭ 

ʩʦʩʪʘʚʦʚ ʟʥʘʯʝʥʠʷ Eg ʚʳʰʝ (3.19ï3.29 ʵɺ). 

4.6 ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ 

4.6.1 ʉʧʝʢʪʨʳ ʠʤʧʝʜʘʥʩʘ 

ʅʘ ʨʠʩʫʥʢʝ 4.18 ʧʨʠʚʝʜʝʥʳ ʪʠʧʠʯʥʳʝ ʩʧʝʢʪʨʳ ʠʤʧʝʜʘʥʩʘ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʅʘʡʢʚʠʩʪʘ ʜʣʷ 

ʩʦʩʪʘʚʦʚ NdTiNbO6 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 500ï700 Áʉ ʠ (La0.2Ce0.2Nd0.2Eu0.2Ho0.2)TiNbO6 ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 300 Áʉ. ɼʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ ʛʦʜʦʛʨʘʬʳ ʠʤʧʝʜʘʥʩʘ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʦʜʠʥ ʩʣʝʛʢʘ ʚʜʘʚʣʝʥʥʳʡ ʧʦʣʫʢʨʫʛ, ʚʳʭʦʜʷʱʠʡ ʠʟ ʥʘʯʘʣʘ ʢʦʦʨʜʠʥʘʪ, ʯʪʦ ʪʠʧʠʯʥʦ ʜʣʷ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. ʈʘʩʯʝʪ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʦʚʦʜʠʣʩʷ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ 

ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʩʭʝʤ; ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʩʭʝʤʘ, ʚʢʣʶʯʘʶʱʘʷ ʵʣʝʤʝʥʪ ɺʦʡʪʘ R1(CPE1) (ʩʤ. ʨʠʩʫʥʦʢ 

4.18ʘ). ɽʤʢʦʩʪʥʳʝ ʟʥʘʯʝʥʠʷ CPE1 (~10-10-10-11 ʌ) ʧʦʟʚʦʣʷʶʪ ʦʪʥʝʩʪʠ ʟʥʘʯʝʥʠʝ R1 ʦʙʱʝʤʫ 

ʩʦʧʨʦʪʠʚʣʝʥʠʶ ʦʙʨʘʟʮʘ. ʆʜʥʘʢʦ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʩʢʦʣʴʢʦ 

ʧʦʣʫʦʢʨʫʞʥʦʩʪʝʡ (ʩʭʝʤʘ R1(CPE1)-R2(CPE2), ʩʤ. ʨʠʩʫʥʦʢ 4.18ʙ), ʯʘʩʪʴ ʠʟ ʥʠʭ ʦʪʨʘʞʘʣʘ 

ʵʣʝʢʪʨʦʜʥʳʡ ʚʢʣʘʜ (CPE2-T~10-5-10-6 ʌ), ʣʠʙʦ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʧʨʦʚʦʜʷʱʫʶ ʬʘʟʫ, 

ʦʪʣʠʯʘʶʱʫʶʩʷ ʚʨʝʤʝʥʝʤ ʨʝʣʘʢʩʘʮʠʠ (CPE2-T~10-9 ʌ) [Irvine et al., 1990]. ʕʣʝʢʪʨʦʜʥʳʡ ʚʢʣʘʜ ʚ 

ʦʙʱʝʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʤʦʞʥʦ ʙʳʣʦ ʷʚʥʦ ʦʪʣʠʯʠʪʴ ʦʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʨʝʟʠʩʪʠʚʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ 

ʦʙʨʘʟʮʘ ʥʝ ʪʦʣʴʢʦ ʧʦ ʸʤʢʦʩʪʥʦʤʫ ʧʘʨʘʤʝʪʨʫ ʵʣʝʤʝʥʪʘ ɺʦʡʪʘ, ʥʦ ʪʘʢʞʝ ʧʦ ʩʪʝʧʝʥʥʦʤʫ ʧʘʨʘʤʝʪʨʫ 
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CPE2-P, ʙʣʠʟʢʦʤʫ ʢ 0.5 ʠ ʬʘʢʪʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ R2 ʦʪ ʫʩʣʦʚʠʡ ʥʘʥʝʩʝʥʠʷ ʵʣʝʢʪʨʦʜʘ. ʅʘ 

ʨʠʩʫʥʢʝ 4.18ʙ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʚʝ ʧʦʣʫʦʢʨʫʞʥʦʩʪʠ ʦʪʣʠʯʘʶʪʩʷ ʧʦ ʚʝʣʠʯʠʥʝ ʝʤʢʦʩʪʠ ʥʘ ʜʚʘ 

ʧʦʨʷʜʢʘ ʠ ʧʦʩʣʝʜʥʷʷ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʧʠʩʘʥʘ ʵʣʝʢʪʨʦʜʥʦʤʫ ʚʢʣʘʜʫ. ʅʘʠʙʦʣʝʝ ʧʨʦʩʪʳʤʠ 

ʚʘʨʠʘʥʪʘʤʠ ʦʧʠʩʘʥʠʷ ʜʘʥʥʦʡ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ ʤʦʞʝʪ ʙʳʪʴ ʣʠʙʦ ʧʨʠʤʝʩʥʘʷ ʬʘʟʘ ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ʵʚʢʩʝʥʠʪʘ, ʣʠʙʦ ʧʨʠʤʝʩʥʘʷ ʄ-ʬʘʟʘ ʵʰʠʥʠʪʘ. ʇʝʨʚʳʡ ʚʘʨʠʘʥʪ ʠʩʢʣʶʯʝʥ ʧʦ ʧʨʠʯʠʥʝ ʪʦʛʦ, ʯʪʦ 

ʩʧʝʢʪʨʳ ʦʙʨʘʟʮʘ (La0.2Ce0.2Nd0.2Eu0.2Er0.2)TiNbO6, ʩʦʜʝʨʞʘʱʝʛʦ çʪʷʞʝʣʳʡè ʵʣʝʤʝʥʪ, 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʦʣʴʢʦ ʦʜʠʥ ʚʜʘʚʣʝʥʥʳʡ ʧʦʣʫʢʨʫʛ. ɺ ʩʣʫʯʘʝ ʚʪʦʨʦʛʦ ʚʘʨʠʘʥʪʘ ʥʝʣʴʟʷ 

ʠʩʢʣʶʯʘʪʴ ʥʘʣʠʯʠʝ ʧʨʠʤʝʩʥʦʡ ʄ-ʬʘʟ (~Ò1%) ʜʘʞʝ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩ ʫʯʝʪʦʤ ʚʦʟʤʦʞʥʳʭ 

ʢʠʥʝʪʠʯʝʩʢʠʭ ʟʘʪʨʫʜʥʝʥʠʡ ʧʝʨʝʭʦʜʘ. ʀʤʧʝʜʘʥʩʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʜʦʩʪʘʪʦʯʥʦ ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ 

ʥʝʟʥʘʯʠʪʝʣʴʥʳʤ ʢʦʣʠʯʝʩʪʚʘʤ ʧʨʠʤʝʩʝʡ, ʧʦʵʪʦʤʫ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʠʤʝʝʪ ʤʝʩʪʦ 

çʩʘʤʦʢʦʤʧʦʟʠʪʥʳʡè ʩʦʩʪʘʚ, ʚ ʢʦʪʦʨʦʡ ʜʦʤʠʥʠʨʫʝʪ O-ʬʘʟʘ ʵʰʠʥʠʪʘ. ʆʙʱʝʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 

ʦʙʨʘʟʮʘ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʫʤʤʦʡ R1+R2. ɸʥʘʣʦʛʠʯʥʦ ʜʚʝ ʧʦʣʫʦʢʨʫʞʥʦʩʪʠ 

ʥʘʙʣʶʜʘʶʪʩʷ ʠ ʜʣʷ ʩʦʩʪʘʚʦʚ La0.80Ca0.20Ti0.80Nb1.20O6 ʠ Nd0.80Sr0.20Ti0.80Nb1.20O6, ʢʦʪʦʨʳʤ 

ʩʚʦʡʩʪʚʝʥʥʦ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʦʤ ʩʦʜʝʨʞʘʥʠʠ ʜʦʧʘʥʪʘ ʩʪʘʙʠʣʠʟʘʮʠʷ ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳ, 

ʯʪʦ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʘʝʪ ʚʪʦʨʦʝ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʧʨʠʨʦʜʝ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʧʦʣʫʦʢʨʫʞʥʦʩʪʠ ʥʘ 

ʩʧʝʢʪʨʝ. ʅʘ ʩʧʝʢʪʨʘʭ ʠʤʧʝʜʘʥʩʘ ʜʨʫʛʠʭ ʩʝʨʠʡ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʢʦʥʝʯʥʳʝ ʩʦʩʪʘʚʳ 

ʧʨʠ ʭ=0.20 ʜʚʫʭ ʧʦʣʫʦʢʨʫʞʥʦʩʪʝʡ ʥʝ ʧʨʦʷʚʣʷʝʪʩʷ. 
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ʈʠʩ. 4.18. ɻʦʜʦʛʨʘʬʳ ʠʤʧʝʜʘʥʩʘ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʅʘʡʢʚʠʩʪʘ ʜʣʷ ʵʰʠʥʠʪʦʚ NdTiNbO6 (ʘ) ʠ 

(La0.2Ce0.2Nd0.2Eu0.2Ho0.2)TiNbO6 ʧʨʠ 300 Áʉ (ʙ) 

ɺʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʥʝʚʦʟʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʚʥʫʪʨʠʟʝʨʝʥʥʳʡ ʠ ʟʝʨʥʦʛʨʘʥʠʯʥʳʡ ʚʢʣʘʜʳ, ʯʪʦ 

ʪʠʧʠʯʥʦ ʜʣʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʪʦʣʴʢʦ ʦʙʱʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ 

ʦʙʨʘʟʮʦʚ. ʉʧʝʢʪʨʳ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʭʦʞʠ ʩ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʤʠ 

ʩʦʝʜʠʥʝʥʠʷʤʠ. ɺ ʮʝʣʦʤ, ʚʩʝ ʵʰʠʥʠʪʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʜʦʚʦʣʴʥʦ ʥʠʟʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ 

ʧʨʦʚʦʜʠʤʦʩʪʠ (ʢʨʦʤʝ Ce-ʩʦʜʝʨʞʘʱʠʭ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ), ʚʩʣʝʜʩʪʚʠʝ 
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ʯʝʛʦ ʜʠʘʧʘʟʦʥ ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ ʪʝʭʥʠʯʝʩʢʠ ʦʛʨʘʥʠʯʝʥ ʜʣʷ ʥʠʭ ʠ ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʧʨʠ 

300ï350 Üʉ. ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʵʢʚʠʚʘʣʝʥʪʥʳʝ ʩʭʝʤʳ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʦʧʠʩʳʚʘʶʪ ʧʦʚʝʜʝʥʠʝ 

ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʛʦʜʦʛʨʘʬʦʚ ʠʤʧʝʜʘʥʩʘ ʚʦ ʚʩʝʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ. 

4.6.2 ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʄʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʝr ʪʠʪʘʥʦ-ʥʠʦʙʘʪʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ. ʅʘ ʨʠʩʫʥʢʝ 4.19ʘ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ɸʨʨʝʥʠʫʩʦʚʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ. ɺ 

ʮʝʣʦʤ, ʬʠʢʩʠʨʫʶʪʩʷ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʜʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ, ʢʨʦʤʝ CeTiNbO6; ʜʣʷ 

ʧʦʩʣʝʜʥʝʛʦ ʦʪʤʝʯʝʥʳ ʚʳʩʦʢʠʝ ʧʨʦʚʦʜʷʱʠʝ ʩʚʦʡʩʪʚʘ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʥʘʣʠʯʠʝʤ ʫ ʠʦʥʘ Ce ʦʜʥʦʛʦ 

ʥʝʩʚʷʟʘʥʥʦʛʦ ʵʣʝʢʪʨʦʥʘ ʥʘ f-ʧʦʜʫʨʦʚʥʝ, ʢʦʪʦʨʳʡ ʣʝʛʢʦ ʚʳʩʚʦʙʦʞʜʘʝʪʩʷ ʠ ʦʙʫʩʣʦʚʣʠʚʘʝʪ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʘʨʳ Ce3+ïCe4+ [Sumi et al., 2010]. ʋʩʪʘʥʦʚʣʝʥʦ ʦʪʣʠʯʠʝ ʚ ʥʘʢʣʦʥʝ ʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʟʥʘʯʝʥʠʷʭ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ NdTiNbO6, ʢʦʪʦʨʦʝ, 

ʧʦ-ʚʠʜʠʤʦʤʫ, ʦʙʫʩʣʦʚʣʝʥʦ ʚʣʠʷʥʠʝʤ ʨʘʟʣʠʯʠʡ ʚ ʤʝʪʦʜʠʢʝ ʩʠʥʪʝʟʘ: ʦʙʨʘʟʝʮ NdTiNbO6 ʧʦʣʫʯʝʥ 

ʩʪʘʥʜʘʨʪʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʝʡ. ɼʣʷ ʧʨʦʚʝʨʢʠ ʵʪʦʡ ʛʠʧʦʪʝʟʳ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩʧʝʢʪʨʳ 

ʠʤʧʝʜʘʥʩʘ ʩʦʝʜʠʥʝʥʠʷ NdTiNbO6, ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʧʠʨʦʣʠʟʘ ʧʦ ʤʝʪʦʜʠʢʝ, ʦʧʠʩʘʥʥʦʡ ʚ 

ʛʣʘʚʝ 2 (ʦʙʨʘʟʝʮ NdTiNbO6_pyr). ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʥʘʢʣʦʥ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʧʨʦʚʦʜʠʤʦʩʪʠ NdTiNbO6_pyr ʙʣʠʟʦʢ ʢ ʪʘʢʦʚʳʤ ʜʣʷ ʦʩʪʘʣʴʥʳʭ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

(ʢʨʦʤʝ CeTiNbO6). ɺʦʟʤʦʞʥʘʷ ʧʨʠʯʠʥʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʨʘʟʣʠʯʥʦʡ ʜʝʬʝʢʪʥʦʩʪʠ ʦʙʨʘʟʮʦʚ, 

ʧʦʣʫʯʝʥʥʳʭ ʧʦ ʩʪʘʥʜʘʨʪʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʞʠʜʢʠʭ ʧʨʝʢʫʨʩʦʨʦʚ. 

ɼʣʷ ʵʰʠʥʠʪʦʚ ʤʦʜʝʣʴ ʢʠʩʣʦʨʦʜʥʦ-ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʯʝʪʢʦ ʥʝ ʦʧʠʩʘʥʘ, ʦʜʥʘʢʦ ʧʦ ʘʥʘʣʦʛʠʠ 

ʩ ʨʦʜʩʪʚʝʥʥʳʤʠ ʧʦ ʩʦʩʪʘʚʫ ʥʠʦʙʘʪʘʤʠ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʢʦʣʫʤʙʠʪʘ [Morkhova et al. 2024] ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ ʤʦʜʝʣʴ ʛʝʥʝʨʘʮʠʠ ʚʘʢʘʥʩʠʡ ʢʠʩʣʦʨʦʜʘ ʟʘ ʩʯʝʪ ʯʘʩʪʠʯʥʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʥʠʦʙʠʷ 

ʠʣʠ ʪʠʪʘʥʘ (ʩ ʵʤʠʩʩʠʝʡ ʢʠʩʣʦʨʦʜʘ) ʧʦ ʩʭʝʤʘʤ: Nb5+ Ÿ Nb4+ + O2 ŷ + Ǐ ʠ Ti4+ Ÿ Ti3+ +O2 ŷ + Ǐ, ʛʜʝ 

Ǐ ï ʢʠʩʣʦʨʦʜʥʘʷ ʚʘʢʘʥʩʠʷ. ɼʣʷ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʩʚʦʡʩʪʚʝʥʥʳ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʜʣʠʪʝʣʴʥʳʝ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʦʪʞʠʛʠ (80 ʯ ʧʨʦʪʠʚ 24 ʯ), ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʤʦʞʝʪ ʨʝʘʣʠʟʦʚʘʪʴʩʷ 

ʥʝʢʦʪʦʨʦʝ ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʝʬʝʢʪʦʚ. ʇʨʠ ʩʨʘʚʥʝʥʠʠ ʩʧʝʢʪʨʦʚ ʜʠʬʬʫʟʥʦʛʦ 

ʩʚʝʪʦʨʘʩʩʝʷʥʠʷ ʦʙʨʘʟʮʦʚ NdTiNbO6, ʧʦʣʫʯʝʥʥʳʭ ʧʦ ʨʘʟʥʦʡ ʪʝʭʥʦʣʦʛʠʠ, ʥʝ ʚʳʷʚʣʝʥʦ ʧʦʣʦʩ 

ʧʦʛʣʦʱʝʥʠʷ, ʦʪʚʝʯʘʶʱʠʭ ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʤ ʩʦʩʪʦʷʥʠʷʤ Nb4+ ʠ Ti3+; ʦʜʥʘʢʦ ʚ ʦʙʨʘʟʮʝ, 

ʧʦʣʫʯʝʥʥʤr ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ, ʬʠʢʩʠʨʫʝʪʩʷ ʩʤʝʱʝʥʠʝ ʤʘʢʩʠʤʫʤʘ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʩ 

327 ʜʦ 317 ʥʤ (ʩʤ. ʨʠʩʫʥʦʢ ɸ.18 ʧʨʠʣʦʞʝʥʠʷ ɸ), ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ 

ʩʪʨʦʝʥʠʷ ʥʠʦʙʠʡ/ʪʠʪʘʥ-ʢʠʩʣʦʨʦʜʥʳʭ ʧʦʣʠʵʜʨʦʚ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʜʣʷ ʘʜʝʢʚʘʪʥʦʛʦ ʩʨʘʚʥʝʥʠʷ 

ʩʚʦʡʩʪʚ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʦ ʦʜʠʥʘʢʦʚʦʡ 

ʪʝʭʥʦʣʦʛʠʠ. 

ɹʠʥʘʨʥʳʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ. ʅʘ ʨʠʩʫʥʢʝ 4.19ʙ ʠ ʚ ʧʨʠʣʦʞʝʥʠʠ ʥʘ ʨʠʩʫʥʢʝ ɸ.19 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ. ɼʣʷ ʩʝʨʠʡ La1-ʭCaxTi1-

ʭNb1+ʭO6 ʠ Nd1-xSrxTi1-ʭNb1+ʭO6 ʬʠʢʩʠʨʫʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 
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ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦʧʘʥʪʘ; ʜʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ Ce1-ʭMxTi1-ʭNb1+ʭO6 (M=Ca, Sr) ʧʨʦʚʦʜʠʤʦʩʪʴ 

ʩʥʠʞʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦʧʘʥʪʘ. ɼʣ̫ ʦʩʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ 

ʧʨʦʚʦʜʠʤʦʩʪʴ ʦʪ ʩʦʩʪʘʚʘ ʚʘʨʴʠʨʫʝʪ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʠ ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ ʧʨʠ ʭ=0.05ï0.1. ʉʥʠʞʝʥʠʝ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʜʣʷ ʩʦʩʪʘʚʦʚ ʩ ʉʝ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʩʦʧʨʷʞʝʥʦ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʵʣʝʢʪʨʦʥ-ʛʝʥʝʨʠʨʫʶʱʠʭ ʯʘʩʪʠʮ. ʅʘʙʣʶʜʘʶʪʩʷ ʠʟʣʦʤʳ ʥʘ ʟʘʚʠʩʠʤʦʩʪʷʭ ʜʣʷ Nd ʠ La-ʩʦʝʜʠʥʝʥʠʡ 

ʚ ʦʙʣʘʩʪʠ 475ï550 Üʉ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʩʚʷʟʘʥʥʳʝ ʩ ʤʝʭʘʥʠʟʤʦʤ ʛʝʥʝʨʘʮʠʠ ʠʦʥʥʳʭ ʥʦʩʠʪʝʣʝʡ 

ʟʘʨʷʜʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ Ce-ʩʦʝʜʠʥʝʥʠʡ ʜʘʥʥʦʡ ʦʩʦʙʝʥʥʦʩʪʠ ʥʝ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʢʦʨʨʝʣʠʨʫʝʪ 

ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ ʵʣʝʢʪʨʦʥʥʳʤ ʚʢʣʘʜʦʤ ʚ ʦʙʱʫʶ ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʴ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʇʦ 

ʥʘʢʣʦʥʘʤ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʮʝʥʝʥʳ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ɽʘ ʥʘ 

ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʫʯʘʩʪʢʘʭ (ʩʤ. ʪʘʙʣʠʮʫ 4.2): ʜʣʷ ʉʝ-ʩʦʝʜʠʥʝʥʠʡ ʟʥʘʯʝʥʠʷ ɽʘ ʚʦ ʚʩʝʤ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʙʣʠʟʢʠ; ʜʣʷ Nd- ʠ La-ʩʝʨʠʡ ʧʨʠ ʧʦʥʠʞʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʬʠʢʩʠʨʫʶʪʩʷ ʧʦʥʠʞʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ɽʘ. 
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ʈʠʩ. 4.19. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ɸʨʨʝʥʠʫʩʘ ʜʣʷ ʤʦʥʦ- ʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ (ʘ, ʚ) ʠ ʩʝʨʠʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ (ʙ) 

ʄʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʳ. ʅʘ ʨʠʩʫʥʢʝ 4.19ʚ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ. ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩʦ ʱʝʣʦʯʥʦʟʝʤʝʣʴʥʦʩʦʜʝʨʞʘʱʠʤʠ ʦʙʨʘʟʮʘʤʠ, ʦʪʤʝʯʘʝʪʩʷ  
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ʊʘʙʣʠʮʘ 4.2. ɿʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʵʰʠʥʠʪʦʚ ʜʣʷ ʜʚʫʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʜʠʘʧʘʟʦʥʦʚ. 

ʆʙʨʘʟʝʮ Ea (300-500 Áʉ) Ea (500-900Áʉ) 

(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)TiNbO6 0.47 0.57 

(La0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6 0.80 1.17 

(La0.2Ce0.2Nd0.2Eu0.2Ho0.2)TiNbO6 0.54 0.64 

(La0.2Ce0.2Nd0.2Eu0.2Dy0.2)TiNbO6 0.50 0.70 

(Y0.2La0.2Ce0.2Nd0.2Eu0.2)TiNbO6 0.49 0.80 

(Ce0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6 0.47 0.84 

(Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6 1.14 1.46 

(La0.2Ce0.2Nd0.2Eu0.2Er0.2)TiNbO6 0.51 0.90 

(La0.2Pr0.2Nd0.2Sm0.2Dy0.2)TiNbO6 - 1.45 

LaTiNbO6 - 1.32 

CeTiNbO6 0.40 0.44 

PrTiNbO6 1.21 1.62 

NdTiNbO6 0.77 1.00 

SmTiNbO6 0.94 1.61 

EuTiNbO6 0.77 1.34 

Nd0.95Ca0.05Ti0.95Nb1.05O6 0.76 1.04 

Nd0.90Ca0.10Ti0.90Nb1.10O6 0.77 1.02 

Nd0.85Ca0.15Ti0.85Nb1.15O6 0.77 1.02 

Nd0.80Ca0.20Ti0.80Nb1.20O6 0.79 1.01 

Nd0.95Sr0.05Ti0.95Nb1.05O6 - 1.55 

Nd0.90Sr0.10Ti0.90Nb1.10O6 1.14 1.87 

Nd0.85Sr0.15Ti0.85Nb1.15O6 1.07 1.68 

Nd0.80Sr0.20Ti0.80Nb1.20O6 1.31 1.91 

Ce0.95Ca0.05Ti0.95Nb1.05O6 0.43 0.40 

Ce0.90Ca0.10Ti0.90Nb1.10O6 0.44 0.46 

Ce0.85Ca0.15Ti0.85Nb1.15O6 0.44 0.43 

Ce0.80Ca0.20Ti0.80Nb1.20O6 0.45 0.48 

Ce0.95Sr0.05Ti0.95Nb1.05O6 0.41 0.41 

Ce0.90Sr0.10Ti0.90Nb1.10O6 0.45 0.45 

Ce0.85Sr0.15Ti0.85Nb1.15O6 0.47 0.42 

Ce0.80Sr0.20Ti0.80Nb1.20O6 0.47 0.41 

La0.95Ca0.05Ti0.95Nb1.05O6 0.54 1.36 

La0.90Ca0.10Ti0.90Nb1.10O6 0.69 1.40 

La0.85Ca0.15Ti0.85Nb1.15O6 0.67 1.44 

La0.80Ca0.20Ti0.80Nb1.20O6 0.75 1.47 

 

ʚʳʩʦʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʩʦʝʜʠʥʝʥʠʡ, ʩʦʜʝʨʞʘʱʠʭ Ce; ʜʣʷ ʦʩʪʘʣʴʥʳʭ ʬʠʢʩʠʨʫʶʪʩʷ ʚʳʩʦʢʠʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʜʘʞʝ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ. ʆʪʤʝʯʝʥʦ, ʯʪʦ ʩʦʩʪʘʚ (Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6 ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʥʘʨʘʚʥʝ ʩ Ce-ʩʦʜʝʨʞʘʱʠʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ, ʥʦ ʧʨʠ ʥʠʟʢʠʭ 
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ʪʝʤʧʝʨʘʪʫʨʘʭ ʝʛʦ ʧʨʦʚʦʜʠʤʦʩʪʴ ʜʦʚʦʣʴʥʦ ʥʠʟʢʘʷ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʠʟʤʝʥʝʥʠʝʤ ʩʪʝʧʝʥʠ 

ʦʢʠʩʣʝʥʠʷ Pr ʚ ʭʦʜʝ ʥʘʛʨʝʚʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʚʢʣʘʜʦʚ ʠʦʥʥʦʡ ʠ 

ʵʣʝʢʪʨʦʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʧʨʦʚʦʜʠʤʦʩʪʠ. ɼʣʷ Ce-ʩʦʜʝʨʞʘʱʠʭ ʩʦʩʪʘʚʦʚ ʬʠʢʩʠʨʫʝʪʩʷ ʠʟʣʦʤ ʥʘ 

ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 650ï700 Üʉ, ʪʘʢʞʝ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʩʚʷʟʘʥʥʳʡ ʩ ʠʟʤʝʥʝʥʠʝʤ 

ʚʘʣʝʥʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʤʝʪʘʣʣʦʚ; ʜʣʷ ʦʩʪʘʣʴʥʳʭ ʠʟʣʦʤ ʣʠʙʦ ʩʣʘʙʦ ʚʳʨʘʞʝʥ, ʣʠʙʦ ʚʦʦʙʱʝ 

ʦʪʩʫʪʩʪʚʫʝʪ. ɿʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ɽʘ ʥʘ ʜʚʫʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʫʯʘʩʪʢʘʭ ʧʨʠʚʝʜʝʥʳ ʚ 

ʪʘʙʣʠʮʝ 4.2: ʜʣʷ Ce-ʩʦʜʝʨʞʘʱʠʭ ʦʙʨʘʟʮʦʚ ʬʠʢʩʠʨʫʶʪʩʷ ʥʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ɽʘ, ʥʘʙʣʶʜʘʶʪʩʷ 

ʨʘʟʣʠʯʠʷ ʚ ʥʠʟʢʦ- ʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʣʘʩʪʷʭ. 

4.6.3 ʆʩʦʙʝʥʥʦʩʪʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʅʘ ʧʨʠʤʝʨʝ ʩʦʝʜʠʥʝʥʠʷ Nd1-xCaxTi1-xNb1+xO6 ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʟʤʦʞʥʳʝ ʧʨʠʯʠʥʳ 

ʠʟʤʝʥʝʥʠʷ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ɽʘ ʥʘ ʜʚʫʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʫʯʘʩʪʢʘʭ, 

ʦʙʫʩʣʘʚʣʠʚʘʶʱʠʝ ʠʟʣʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ. ɸʥʘʣʠʟ ʧʦʩʣʝʜʥʝʡ 

ʧʦʟʚʦʣʷʝʪ ʚʳʜʝʣʠʪʴ ʜʚʝ ʦʙʣʘʩʪʠ ʣʠʥʝʡʥʦʩʪʠ: ~300ï450 ʠ 500ï900 Üʉ (ʩʤ. ʨʠʩʫʥʦʢ 4.19ʙ). ʕʥʝʨʛʠʷ 

ɽʘ ʩʦʩʪʘʚʣʷʝʪ ~0.8 ʠ ~1 ʵɺ ʥʘ ʥʠʟʢʦ- ʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʫʯʘʩʪʢʘʭ; ʧʨʠʯʝʤ ʦʥʘ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝ ʠʟʤʝʥʷʝʪʩʷ ʧʨʠ ʚʘʨʠʘʮʠʷʭ ʩʦʩʪʘʚʘ (ʟʥʘʯʝʥʠʠ x). ʕʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ɽʘ ʙʣʠʟʢʘ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʨʘʩʯʝʪʥʳʤ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ ʜʣʷ ʢʠʩʣʦʨʦʜ-ʠʦʥʥʳʭ 

ʧʨʦʚʦʜʥʠʢʦʚ ʥʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʳ ʢʦʣʫʤʙʠʪʘ (Ca/Mg)Nb2O6 [Morkhova et al., 2022] ʠ ʟʘʤʝʪʥʦ 

ʧʨʝʚʳʰʘʶʪ ʪʘʢʦʚʳʝ ʜʣʷ CeTiNbO6 [Sumi et al., 2010], ʧʦʜʪʚʝʨʞʜʘʷ ʨʘʟʥʫʶ ʧʨʠʨʦʜʫ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʥʘ ʦʩʥʦʚʝ NdTiNbO6 ʠ CeTiNbO6. ɺ ʢʦʣʫʤʙʠʪʘʭ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ 

ʩʥʠʞʝʥʠʝ ʵʥʝʨʛʠʠ ɽʘ ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ; ʟʘʤʝʪʠʤ, ʯʪʦ ʨʘʥʝʝ ʵʪʘ ʦʩʦʙʝʥʥʦʩʪʴ ʥʝ 

ʦʙʩʫʞʜʘʣʘʩʴ. ɺʝʨʦʷʪʥʦ, ʧʨʠʯʠʥʦʡ ʩʥʠʞʝʥʠʷ ɽʘ ʚ ʦʙʦʠʭ ʩʝʤʝʡʩʪʚʘʭ ʷʚʣʷʝʪʩʷ ʩʤʝʥʘ ʤʝʭʘʥʠʟʤʘ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʩ ʩʦʙʩʪʚʝʥʥʦʡ ʥʘ ʧʨʠʤʝʩʥʫʶ ʠʣʠ ʦʙʨʘʟʦʚʘʥʠʷ ʜʝʬʝʢʪʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʚʦʟʤʦʞʥʦʡ 

ʩʤʝʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʤʝʪʘʣʣ-ʢʠʩʣʦʨʦʜʥʳʭ ʦʢʪʘʜɻʨʦʚ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. ɼʘʥʥʦʝ 

ʷʚʣʝʥʠʝ ʥʝ ʬʠʢʩʠʨʦʚʘʣʦʩʴ ʨʘʥʝʝ ʜʣʷ ʵʰʠʥʠʪ-ʧʦʜʦʙʥʳʭ ʩʦʝʜʠʥʝʥʠʡ (ʜʘʥʥʳʝ ʧʦ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ ʜʠʬʨʘʢʮʠʦʥʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʵʰʠʥʠʪʦʚ ʦʪʩʫʪʩʪʚʫʶʪ), ʦʜʥʘʢʦ ʦʧʠʩʘʥʦ 

ʜʣʷ ʠʥʳʭ ʩʣʦʞʥʳʭ ʦʢʩʠʜʦʚ ʨʘʟʥʦʦʙʨʘʟʥʦʛʦ ʩʦʩʪʘʚʘ.  

ʇʨʦʚʦʜʠʤʦʩʪʴ, ʠʟʤʝʨʝʥʥʘʷ ʥʘ ʧʝʨʝʤʝʥʥʦʤ ʪʦʢʝ, ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ 

ʁʦʥhʝʨʘ (Jonscherôs power law): 

 „ „ ὃ‫ , (4.3) 

ʛʜʝ ůdc, ůac ï ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʠ ʧʝʨʝʤʝʥʥʦʤ ʪʦʢʝ, ɤ - ʮʠʢʣʠʯʝʩʢʘʷ ʯʘʩʪʦʪʘ [Jonscher, 

1977]. ʕʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʧʘʨʘʤʝʪʨ n ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʥʝ ʧʨʝʚʳʰʘʝʪ 1 (ʩʤ. 

ʧʨʠʣʦʞʝʥʠʝ ɸ ʨʠʩʫʥʦʢ ɸ.20); ʟʥʘʯʝʥʠʝ n ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʦʩʪʫʧʘʪʝʣʴʥʦʝ ʜʚʠʞʝʥʠʝ ʥʦʩʠʪʝʣʝʡ 

ʟʘʨʷʜʘ ʧʦ ʧʨʳʞʢʦʚʦʤʫ ʤʝʭʘʥʠʟʤʫ [Morkhova et al., 2022; Jonscher, 1977].  

ɼʣʷ ʩʦʩʪʘʚʘ Nd0.90Ca0.10Ti0.90Nb1.10O6 ʚʳʧʦʣʥʝʥʳ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʥʘ 

ʧʝʨʝʤʝʥʥʦʤ ʪʦʢʝ ʢʘʢ ʥʘ ʚʦʟʜʫʭʝ, ʪʘʢ ʚ ʩʨʝʜʝ ʘʨʛʦʥʘ; ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʦʧʦʩʪʘʚʣʝʥʳ ʩ 
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ʪʘʢʦʚʳʤʠ ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ (ʩʤ. ʨʠʩʫʥʦʢ 4.20). ʂʨʠʚʘʷ, ʧʦʣʫʯʝʥʥʘʷ ʚ ʘʨʛʦʥʝ ʧʨʠ ʧʘʨʮʠʘʣʴʥʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʠʩʣʦʨʦʜʘ ~10-5 (ʘʨʛʦʥ), ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʣʘʩʪʠ 

ʵʣʝʢʪʨʦʣʠʪʠʯʥʦʩʪʠ (ʧʦʩʪʦʷʥʩʪʚʘ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ) ʜʣʷ ʢʠʩʣʦʨʦʜʥʦ-ʠʦʥʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ; 

ʟʘʤʝʪʠʤ, ʯʪʦ ʜʣʷ ʢʦʣʫʤʙʠʪʦʚ ʦʙʣʘʩʪʴ ʵʣʝʢʪʨʦʣʠʪʠʯʥʦʩʪʠ ʧʨʦʩʪʠʨʘʝʪʩʷ ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ ʜʦ 

ʧʘʨʮʠʘʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʠʩʣʦʨʦʜʘ ~10-14 [Morkhova et al., 2022]. ʏʪʦʙʳ ʦʮʝʥʠʪʴ ʚʢʣʘʜ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʢʩʠʜ-ʠʦʥʦʚ ʚ ʦʙʱʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʦʙʨʘʟʮʘ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʧʦʪʝʥʮʠʦʩʪʘʪʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʭʨʦʥʦʘʤʧʝʨʦʤʝʪʨʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ ʧʨʠ 350, 

500 ʠ 650 ÁC ʚ ʫʢʘʟʘʥʥʳʭ ʘʪʤʦʩʬʝʨʘʭ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 0.5 ɺ (ʧʦʩʣʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʥʠʞʝ 

ʥʘʧʨʷʞʝʥʠʷ ʨʘʟʣʦʞʝʥʠʷ). ɺ ʘʪʤʦʩʬʝʨʝ ʯʠʩʪʦʛʦ Ar ʦʪʩʫʪʩʪʚʫʶʪ ʚʥʝʰʥʠʝ ʠʩʪʦʯʥʠʢʠ ʠʦʥʦʚ O2ī, ʠ 

ʧʨʦʚʦʜʠʤʦʩʪʴ ʚ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʥʘʧʨʷʞʝʥʠʠ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʧʠʩʘʥʘ 

ʪʦʣʴʢʦ ʵʣʝʢʪʨʦʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ; ʧʦʩʣʝʜʥʷʷ ʩʦʩʪʘʚʣʷʝʪ ~2.07Ĭ10-7 ʉʤ/ʩʤ (ʩʤ. ʚʨʝʟʢʫ ʥʘ 

ʨʠʩʫʥʢʝ 4.20). ʇʦʩʢʦʣʴʢʫ ʦʙʱʘʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʧʨʠ 650 ÁC ʩʦʩʪʘʚʣʷʝʪ ~1.89Ĭ10-6 ʉʤ/ʩʤ, ʢʘʢ 

ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 4.20, ʯʠʩʣʦ ʧʝʨʝʥʦʩʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ (te) ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥʦ 

ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʨʘʚʥʝʥʠʝʤ: 

 ὸ „Ⱦ„ , (4.4) 

ʛʜʝ i ï ʚʠʜ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ [Geng et al., 2020]. ʏʠʩʣʦ ʧʝʨʝʥʦʩʘ ʧʦ ʵʣʝʢʪʨʦʥʥʳʤ ʥʦʩʠʪʝʣʷʤ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ ʩʦʩʪʘʚʣʷʝʪ ʧʨʠ 650 ÁC ʥʝ ʙʦʣʝʝ ~ 0.10; ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 500 ʠ 350 Áʉ ʯʠʩʣʦ ʧʝʨʝʥʦʩʘ ʧʦ 

ʵʣʝʢʪʨʦʥʥʳʤ ʥʦʩʠʪʝʣʷʤ - 0.07 ʠ 0.05, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʘʢʦʝ ʥʠʟʢʦʝ ʟʥʘʯʝʥʠʝ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʦʞʠʜʘʝʤʳʤ ʜʣʷ ʤʘʪʝʨʠʘʣʘ ʩ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʠʩʣʦ 

ʧʝʨʝʥʦʩʘ ʧʦ ʠʦʥʥʳʤ ʥʦʩʠʪʝʣʷʤ ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʤʝʥʝʝ ~0.90ï0.95. ʉʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ 

ʩʦʩʪʘʚʣʷʶʱʘʷ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʨʠ ʵʪʦʤ, ʚʝʨʦʷʪʥʦ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʛʝʥʝʨʘʮʠʝʡ ʵʣʝʢʪʨʦʥʦʚ ʟʘ ʩʯʝʪ 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʭ ʬʦʨʤ ʤʝʪʘʣʣʦʚ. 
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ʈʠʩ. 4.20. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʠ ʵʰʠʥʠʪʘ Nd0.9Ca0.1Ti0.9Nb1.1O6 ʚ 

ɸʨʨʝʥʠʫʩʦʚʩʢʠʭ ʢʦʦʨʜʠʥʘʪʘʭ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʘʪʤʦʩʬʝʨʝ ʚʦʟʜʫʭʘ (1) ʠ ʘʨʛʦʥʘ (2). ɺʨʝʟʢʘ ï 

ʟʘʚʠʩʠʤʦʩʪʴ ʩʠʣʳ ʪʦʢʘ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 0.5 ɺ ʦʪ ʚʨʝʤʝʥʠ ʚʳʜʝʨʞʢʠ ʧʨʠ 350, 500 ʠ 650 Üʉ (3-5) 
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4.6.4 ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ɺʳʧʦʣʥʝʥ ʘʥʘʣʠʟ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ (ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ 

ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ) ʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʵʰʠʥʠʪʘʭ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʯʘʩʪʦʪʳ. 

ɼʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʢʦʥʩʪʘʥʪʘ 

ɹʠʥʘʨʥʳʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ. ʅʘ ʨʠʩʫʥʢʝ 4.21ʘ-ʙ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ NdTiNbO6 ʠ 

Nd0.90Ca0.10Ti0.90Nb1.10O6; ʧʨʠ ʚʳʩʦʢʠʭ (100ï500 ʢɻʮ) ʯʘʩʪʦʪʘʭ ʬʠʢʩʠʨʫʶʪʩʷ ʢʨʠʚʳʝ ʩ 

ʪʝʤʧʝʨʘʪʫʨʥʦ-ʩʪʘʙʠʣʴʥʦʡ ʦʙʣʘʩʪʴʶ ʚʧʣʦʪʴ ʜʦ 700 Áʉ, ʧʨʠ ʥʠʟʢʠʭ ʯʘʩʪʦʪʘʭ ʨʦʩʪ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ 

ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʦʙʫʩʣʦʚʣʝʥ ʧʦʚʳʰʝʥʠʝʤ ʚʨʝʤʝʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʨʝʣʘʢʩʘʮʠʠ, 

ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʤʦʜʝʣʷʤ. ɺ ʧʨʠʣʦʞʝʥʠʠ ɸ ʥʘ ʨʠʩʫʥʢʝ ɸ.21ʘ-ʙ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ; ʦʙʱʠʡ ʚʠʜ ʯʘʩʪʦʪʥʳʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʩʭʦʞ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʘʚʦʚ ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʚʘʨʴʠʨʫʝʪ ʚ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʜʠʘʧʘʟʦʥʘʭ, ʬʠʢʩʠʨʫʝʪʩʷ ʝʝ ʩʥʠʞʝʥʠʝ ʩ ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ. ʉʪʫʧʝʥʯʘʪʳʡ ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʝʣʘʢʩʘʮʠʦʥʥʳʤ ʧʨʦʮʝʩʩʦʤ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ. ʉʦʧʦʩʪʘʚʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʜʣʷ ʵʰʠʥʠʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʧʨʦʚʝʜʝʥ ʜʣʷ 

ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ; ʥʘ ʨʠʩʫʥʢʝ 4.22ʘ-ʙ ʧʨʠʚʝʜʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ ʩʝʨʠʠ 

ʧʨʦʙ ʧʨʠ 400 Áʉ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ NdTiNbO6 ʠ SmTiNbO6 

ʤʘʢʩʠʤʘʣʴʥʳ ʚ ʩʝʨʠʠ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʩʪʘʚʦʚ ʠ ʙʣʠʟʢʠ ʜʨʫʛ ʢ ʜʨʫʛʫ. ʆʪʤʝʪʠʤ, ʯʪʦ 

ʩʦʝʜʠʥʝʥʠʝ SmTiNbO6 ʨʘʩʩʤʘʪʨʠʚʘʣʦʩʴ ʨʘʥʝʝ ʢʘʢ ʧʝʨʩʧʝʢʪʠʚʥʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʤʘʪʨʠʮʘ 

[Sebastian et al., 1997]. 
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ʈʠʩ. 4.21. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʜʣʷ ʦʙʨʘʟʮʦʚ NdTiNbO6 (ʘ), 

Nd0.9Ca0.1Ti0.9Nb1.1O6 (ʙ) ʠ (Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6 (ʚ) 

ɼʣʷ ʜʚʦʡʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʠʤʝʥʴʰʠʤʠ ʚʝʣʠʯʠʥʘʤʠ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʦʙʣʘʜʘʶʪ ʩʦʝʜʠʥʝʥʠʷ La0.90Ca0.10 

Ti0.90Nb1.10O6; Nd0.85Ca0.15Ti0.85Nb1.15O6 ʠ Nd0.80Ca0.20Ti0.80Nb1.20O6; ʜʚʘ ʧʦʩʣʝʜʥʠʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʥʘʣʠʯʠʝʤ ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳ, ʢʦʪʦʨʘʷ ʩʥʠʞʘʝʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʦʝʜʠʥʝʥʠʡ 

[Zhang, Zuo, 2017]. ɼʣʷ ʩʦʩʪʘʚʘ La0.90Ca0.10Ti0.90Nb1.10O6 ʠʟ ʩʝʨʠʠ La1-ʭCaxTi1-ʭNb1+ʭO6 

ʬʠʢʩʠʨʫʝʪʩʷ ʥʘʠʙʦʣʴʰʝʝ ʠʟ ʩʝʨʠʠ ʠʩʢʘʞʝʥʠʝ ʧʦʣʠʵʜʨʦʚ (Nb/Ti)O6 (ʩʤ. ʧʨʠʣʦʞʝʥʠʝ ɸ ʨʠʩʫʥʦʢ 
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ɸ.12), ʩʦʧʨʦʚʦʞʜʘʶʱʝʝʩʷ çʚʳʪʷʛʠʚʘʥʠʝʤè ʦʢʪʘʵʜʨʘ (Nb/Ti)O6, ʯʪʦ ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʣʠʷʪʴ 

ʥʘ ʚʝʣʠʯʠʥʳ ʧʦʣʷʨʠʟʘʮʠʠ. ɼʣʷ Nd1-ʭSrxTi1-ʭNb1+ʭO6 ʥʘʠʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʬʠʢʩʠʨʫʝʪʩʷ ʜʣʷ ʩʦʩʪʘʚʘ ʩ ʭ=0.05; ʧʨʠ 0.05<ʭÒ0.20 ʦʥʘ ʫʤʝʥʴʰʘʝʪʩʷ. 

ʇʦʩʣʝʜʥʝʝ, ʘʥʘʣʦʛʠʯʥʦ ʩʝʨʠʠ La1-ʭCaxTi1-ʭNb1+ʭO6, ʚʝʨʦʷʪʥʦ ʩʚʷʟʘʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʪʝʧʝʥʠ 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ ʨʝʰʝʪʢʠ ʧʨʠ ʚʚʝʜʝʥʠʠ ʜʦʧʘʥʪʘ, ʘ ʪʘʢʞʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʦʥʦʢʣʠʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʢʦʪʦʨʦʝ ʥʘʙʣʶʜʘʣʦʩʴ ʜʣʷ ʩʝʨʠʡ Nd1-ʭSrxTi1-ʭNb1+ʭO6 ʠ La1-ʭCaxTi1-ʭNb1+ʭO6. 
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ʈʠʩ. 4.22. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʧʨʠ 400 Áʉ ʜʣʷ ʤʦʥʦ- ʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ (ʘ, ʛ) ʠ ʩʝʨʠʠ ʜʚʦʡʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ (ʙ, ʚ); (ʚ - ʜʣʷ Ce-

ʵʰʠʥʠʪʦʚ ʧʨʠ 200 Áʉ) 

ʏʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 200 Áʉ ʜʣʷ Ce-ʦʙʨʘʟʮʦʚ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 4.22ʚ. ʌʠʢʩʠʨʫʶʪʩʷ ʧʦʚʳʰʝʥʥʳʝ 

ʟʥʘʯʝʥʠʷ ʢʦʥʩʪʘʥʪʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʧʠʩʘʥʥʳʤʠ ʚʳʰʝ ʩʦʩʪʘʚʘʤʠ. ʅʝʩʤʦʪʨʷ ʥʘ ʵʪʦ, Ce-

ʩʦʜʝʨʞʘʱʠʝ ʦʙʨʘʟʮʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʧʦʚʳʰʝʥʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ 

ʦʥʠ ʙʫʜʫʪ ʦʙʣʘʜʘʪʴ ʚʳʩʦʢʠʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ (ʩʤ. ʥʠʞʝ). ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ Ce-

ʩʦʜʝʨʞʘʱʠʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʥʝʧʨʠʛʦʜʥʳ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ (ʘʥʘʣʠʟ ʠʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʜʘʣʝʝ ʥʝ ʧʨʠʚʦʜʠʪʩʷ).  

ʄʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʳ. ɸʥʘʣʠʟ ʪʝʤʧʝʨʘʪʫʨʥʦʡ (ʠ ʯʘʩʪʦʪʥʦʡ) 

ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʥʘ ʧʨʠʤʝʨʝ (Y0.2La0.2Pr0.2Nd0.2 

Sm0.2)TiNbO6 ʠʣʣʶʩʪʨʠʨʫʝʪ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʧʦʚʝʜʝʥʠʝ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ ʩʦ 
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ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ʘʥʘʣʦʛʠʯʥʦ ʢ ʪʘʢʦʚʦʤʫ ʜʣʷ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ (ʩʤ. ʨʠʩʫʥʦʢ 4.21ʚ ʠ 

ʧʨʠʣʦʞʝʥʠʝ ɸ ʨʠʩʫʥʦʢ ɸ.21ʚ). 

ɼʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ ʬʠʢʩʠʨʫʝʪʩʷ ʨʘʟʣʠʯʥʦʝ ʧʦʚʝʜʝʥʠʝ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ (ʩʤ. ʨʠʩʫʥʦʢ 4.21ʚ). ɿʥʘʯʝʥʠʝ ʢʦʥʩʪʘʥʪʳ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʯʘʩʪʦʪʝ 

ʚʘʨʴʠʨʫʝʪ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ: ʜʣʷ ʩʦʩʪʘʚʦʚ (Ce0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6, 

(La0.2Ce0.2Nd0.2Eu0.2Dy0.2)TiNbO6 ʠ (Y0.2La0.2Pr0.2Nd0.2Sm0.2) TiNbO6 ʪʠʧʠʯʥʳ ʥʘʠʙʦʣʴʰʠʝ 

ʟʥʘʯʝʥʠʷ ʢʦʥʩʪʘʥʪʳ. ʆʪʤʝʯʝʥʦ ʚʣʠʷʥʠʝ çʪʷʞʝʣʦʛʦè ʈɿʕ ï ʩʥʠʞʝʥʠʝ ʢʦʥʩʪʘʥʪʳ ʧʨʠ ʩʥʠʞʝʥʠʠ 

ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ ʈɿʕ ʚ ʩʦʝʜʠʥʝʥʠʷʭ (La0.2Ce0.2Nd0.2Eu0.2RE0.2)TiNbO6 ʩ 136 ʜʦ 78 ʠ 26 ʧʨʠ RE=Dy, 

Hʦ, Er, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʚʚʝʜʝʥʠʝ çʪʷʞʝʣʳʭè ʈɿʕ, ʥʝ ʦʙʨʘʟʫʶʱʠʭ ʩʪʨʫʢʪʫʨʫ 

ʵʰʠʥʠʪʘ ʜʣʷ ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ, ʤʦʞʝʪ ʟʥʘʯʠʤʦ ʚʣʠʷʪʴ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʢʦʥʩʪʘʥʪʫ, ʯʪʦ 

ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʚʘʨʴʠʨʦʚʘʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʪʠʪʘʥʦ-ʥʠʦʙʘʪʦʚ. 

ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ 

ɺ ʧʨʠʣʦʞʝʥʠʠ ɸ ʥʘ ʨʠʩʫʥʢʘʭ ɸ.22-23 ʧʨʠʚʝʜʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʠ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʤʥʠʤʦʡ ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʚ ʵʰʠʥʠʪʘʭ NdTiNbO6, 

Nd0.90Ca0.10Ti0.90Nb1.10O6 ʠ (Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6; ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʪʝʨʠ 

ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʚʦ ʚʩʝʭ ʩʦʝʜʠʥʝʥʠʷʭ ʚʩʣʝʜʩʪʚʠʝ ʨʦʩʪʘ ʠʭ ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʠ; ʩ ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ 

ʧʦʪʝʨʠ ʫʤʝʥʴʰʘʶʪʩʷ; ʥʘʙʣʶʜʘʶʪʩʷ ʧʝʨʝʛʠʙʳ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʝ, 

ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʳ ʥʝʩʢʦʣʴʢʠʤʠ ʧʨʠʯʠʥʘʤʠ, ʘʥʘʣʦʛʠʯʥʳʤʠ ʩʦʝʜʠʥʝʥʠʷʤ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ [Reji  et al., 2001], ʚ ʯʘʩʪʥʦʩʪʠ, ʚʣʠʷʥʠʝʤ ʢʦʥʝʯʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

ʵʣʝʢʪʨʦʜʦʚ, ʚʣʠʷʥʠʝʤ ʧʘʨʘʟʠʪʥʳʭ ʠʥʜʫʢʪʠʚʥʦʩʪʝʡ ʢʦʥʪʘʢʪʦʚ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʚʳʟʚʘʪʴ LïCï

ʨʝʟʦʥʘʥʩ. 

ʅʘ ʨʠʩʫʥʢʝ 4.23ʘ-ʙ ʧʨʠʚʝʜʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 400 Üʉ ʤʥʠʤʦʡ 

ʯʘʩʪʠ Ůôô ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ ʜʣʷ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ ʠ 

ʜʚʦʡʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ. ʌʠʢʩʠʨʫʶʪʩʷ ʥʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʜʣʷ NdTiNbO6, ʪʦʛʜʘ ʢʘʢ ʜʣʷ 

ʩʦʩʪʘʚʦʚ Nd0.95Ca0.05Ti0.95Nb1.05O6, Nd0.90Ca0.10Ti0.90Nb1.10O6 ʦʥʠ ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ; ʧʦʩʣʝʜʥʝʝ 

ʦʙʫʩʣʦʚʣʝʥʦ ʧʦʚʳʰʝʥʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ɺ ʮʝʣʦʤ, ʜʣʷ ʚʩʝʭ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʦʩʪʘʚʦʚ ʟʥʘʯʝʥʠʷ Ůôô ʥʝ ʧʨʝʚʳʰʘʶʪ 9, ʘ ʪʘʥʛʝʥʩ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʜʣʷ 

ʠʟʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ, ʢʨʦʤʝ Ce-ʩʦʜʝʨʞʘʱʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʩʦʩʪʘʚʣʷʝʪ ~0.05ï0.2. ɿʘʚʠʩʠʤʦʩʪʠ Ůôô 

ʦʪ ʯʘʩʪʦʪʳ ʜʣʷ Ce-ʵʰʠʥʠʪʦʚ, ʧʨʠʚʝʜʸʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 4.23ʚ, ʠʤʝʶʪ ʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ, ʘ ʪʘʥʛʝʥʩ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʜʦʩʪʠʛʘʝʪ ʟʥʘʯʝʥʠʷ ʚ ʜʝʩʷʪʢʠ, ʦʪʨʘʞʘʷ ʚʳʩʦʢʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʜʘʥʥʳʭ 

ʩʦʩʪʘʚʦʚ ʚʦ ʚʩʝʤ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ ʠ ʚʳʩʦʢʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ Ce-

ʵʰʠʥʠʪʳ ʤʘʣʦʧʝʨʩʧʝʢʪʠʚʥʳ ʚ ʢʘʯʝʩʪʚʝ ʠʟʦʣʷʪʦʨʦʚ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʵʪʦʡ 

ʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ. ɸʥʘʣʦʛʠʯʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʠʧʠʯʥʳ ʠ ʜʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ 

(ʩʤ. ʨʠʩʫʥʦʢ 4.23ʛ). 
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ʈʠʩ. 4.23. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʧʨʠ 400 Áʉ ʜʣʷ ʤʦʥʦ- ʠ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ (ʘ, ʛ) ʠ ʩʝʨʠʠ ʜʚʦʡʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ (ʙ, ʚ); (ʚ - ʜʣʷ Ce-

ʵʰʠʥʠʪʦʚ ʧʨʠ 200 Áʉ) 

ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʪʘʙʣʠʮʝ 4.3 ʧʨʠʚʝʜʝʥʳ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʜʘʥʥʳʝ ʥʘ ʯʘʩʪʦʪʝ 100 ʢɻʮ ʠ ʪʝʤʧʝʨʘʪʫʨʝ 400 Áʉ (ʜʣʷ Ce-ʩʦʜʝʨʞʘʱʠʭ 

ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ï ʧʨʠ 200 Áʉ). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʚʦʡʥʳʝ 

ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʦʙʣʘʜʘʶʪ ʢʦʥʩʪʘʥʪʘʤʠ, ʦʪʣʠʯʥʳʤʠ ʦʪ ʪʘʢʦʚʳʭ ʜʣʷ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ. ʕʪʦ ʧʦʢʘʟʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʚʘʨʴʠʨʦʚʘʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩ 

ʧʦʤʦʱʴʶ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʚ ʩʪʨʫʢʪʫʨʝ ʵʰʠʥʠʪʘ. ɼʣʷ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʦʙʨʘʟʮʦʚ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʦʝʜʠʥʝʥʠʝ (Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6 ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʦʡ ʧʨʠ ʥʠʟʢʠʭ ʧʦʪʝʨʷʭ (Ůô=122 ʠ tgű=0.1 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʯʪʦ 

ʧʦʢʘʟʳʚʘʝʪ ʙʣʘʛʦʧʨʠʷʪʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚʚʝʜʝʥʠʷ ʥʝʩʢʦʣʴʢʠʭ ʈɿʕ. 

ɼʘʥʥʦʝ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʥʠʟʢʠʤ ʟʥʘʯʝʥʠʝʤ ʧʘʨʘʤʝʪʨʘ ʠʩʢʘʞʝʥʠʡ ʧʦʣʠʵʜʨʦʚ ʜʣʷ 

ʵʪʦʛʦ ʩʦʝʜʠʥʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʚʣʠʷʥʠʝ ʭʠʤʠʯʝʩʢʦʛʦ, ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ 

ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʦʙʨʘʟʮʦʚ; ʩʦʩʪʘʚ 

(Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6 ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ. 
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ʊʘʙʣʠʮʘ 4.3. ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ʥʘ ʯʘʩʪʦʪʝ 100 

ʢɻʮ ʠ ʪʝʤʧʝʨʘʪʫʨʝ 400 Áʉ (ʜʣʷ Ce-ʩʦʜʝʨʞʘʱʠʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ ï ʧʨʠ 

200 Áʉ). 

ʆʙʨʘʟʝʮ ὑô ὑò tg◖ 

(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)TiNbO6 79 198 2.51 

(La0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6 28 3 0.10 

(La0.2Ce0.2Nd0.2Eu0.2Ho0.2)TiNbO6 78 755 9.69 

(La0.2Ce0.2Nd0.2Eu0.2Dy0.2)TiNbO6 136 613 4.50 

(Y0.2La0.2Ce0.2Nd0.2Eu0.2)TiNbO6 48 320 6.70 

(Ce0.2Pr0.2Nd0.2Sm0.2Eu0.2)TiNbO6 204 605 2.97 

(Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6 122 12 0.10 

(La0.2Ce0.2Nd0.2Eu0.2Er0.2)TiNbO6 26 89 3.44 

(La0.2Pr0.2Nd0.2Sm0.2Dy0.2)TiNbO6 17 2 0.11 

LaTiNbO6 17 4 0.23 

CeTiNbO6 37 1414 38.13 

PrTiNbO6 26 3 0.10 

NdTiNbO6 41 8 0.19 

SmTiNbO6 44 5 0.11 

EuTiNbO6 21 3 0.14 

Nd0.95Ca0.05Ti0.95Nb1.05O6 41 9 0.21 

Nd0.90Ca0.10Ti0.90Nb1.10O6 45 4 0.10 

Nd0.85Ca0.15Ti0.85Nb1.15O6 22 1 0.06 

Nd0.80Ca0.20Ti0.80Nb1.20O6 25 4 0.15 

Nd0.95Sr0.05Ti0.95Nb1.05O6 56 3 0.05 

Nd0.90Sr0.10Ti0.90Nb1.10O6 47 4 0.08 

Nd0.85Sr0.15Ti0.85Nb1.15O6 40 4 0.09 

Nd0.80Sr0.20Ti0.80Nb1.20O6 44 3 0.08 

Ce0.95Ca0.05Ti0.95Nb1.05O6 66 1959 29.50 

Ce0.90Ca0.10Ti0.90Nb1.10O6 17 648 38.28 

Ce0.85Ca0.15Ti0.85Nb1.15O6 66 1040 15.83 

Ce0.80Ca0.20Ti0.80Nb1.20O6 41 387 9.42 

Ce0.95Sr0.05Ti0.95Nb1.05O6 126 1935 15.40 

Ce0.90Sr0.10Ti0.90Nb1.10O6 38 582 15.18 

Ce0.85Sr0.15Ti0.85Nb1.15O6 47 597 12.67 

Ce0.80Sr0.20Ti0.80Nb1.20O6 53 652 12.19 

La0.95Ca0.05Ti0.95Nb1.05O6 34 3 0.07 

La0.90Ca0.10Ti0.90Nb1.10O6 23 2 0.08 

La0.85Ca0.15Ti0.85Nb1.15O6 38 3 0.08 
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4.7 ɺʳʚʦʜʳ 

1. ʇʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʚʩʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʵʰʠʥʠʪʳ 

ʠ ʙʠʥʘʨʥʳʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ RE1-xMxTi1-xNb1+x O6 (M=Ca, Sr) ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʨʦʤʙʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʦʡ. ʅʘ ʧʨʠʤʝʨʝ ʩʦʝʜʠʥʝʥʠʷ Nd1-ʭCaxTi1-ʭNb1+ʭO6 ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʪʝʨʠʯʝʩʢʠʡ 

(ʛʝʦʤʝʪʨʠʯʝʩʢʠʡ) ʬʘʢʪʦʨ ʚʣʠʷʝʪ ʥʘ ʧʦʣʠʤʦʨʬʥʳʡ ʧʝʨʝʭʦʜ ʠʟ ʤʦʥʦʢʣʠʥʥʦʡ ʚ ʨʦʤʙʠʯʝʩʢʫʶ ʬʘʟʫ. 

ɼʣʷ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ ʬʠʢʩʠʨʫʝʪʩʷ ʠʟʣʦʤ (ʧʝʨʝʛʠʙ) ʧʨʠ ʭ=0.15, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʧʦʷʚʣʝʥʠʝʤ ʤʦʥʦʢʣʠʥʥʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ. ʆʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ 

ʟʥʘʯʝʥʠʶ ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ Ὑ  ʵʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ, ʧʨʠʯʝʤ ʝʛʦ 

ʛʨʘʥʠʯʥʦʝ ʟʥʘʯʝʥʠʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʫʜʘʝʪʩʷ ʧʦʣʫʯʠʪʴ ʦʜʥʦʬʘʟʥʫʶ ʩʪʨʫʢʪʫʨʫ ʵʰʠʥʠʪʦʚ, ʩʦʩʪʘʚʣʷʝʪ 

1.096 ¡. ʋʪʦʯʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʤʝʥʝʝ ʟʥʘʯʠʤʦʤ ʠʩʢʘʞʝʥʠʠ ʧʦʣʠʵʜʨʦʚ ʜʣʷ ʩʦʩʪʘʚʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʈɿʕ, ʥʝ 

ʦʙʨʘʟʫʶʱʠʝ ʵʰʠʥʠʪʦʚʫʶ ʩʪʨʫʢʪʫʨʫ ʚ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʦʤ ʩʦʝʜʠʥʝʥʠʠ. ʆʮʝʥʢʠ 

ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʡ ʵʥʪʨʦʧʠʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʝʝ 

ʧʦʥʠʞʝʥʥʦʤ ʟʥʘʯʝʥʠʠ, ʪ.ʝ. ʧʦʩʣʝʜʥʠʝ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʦʪʥʝʩʝʥʳ ʢ ʢʣʘʩʩʫ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʚʚʝʜʝʥʠʝʤ ʵʣʝʤʝʥʪʦʚ ʪʦʣʴʢʦ ʚ ʦʜʥʫ ʠʟ ʝʛʦ ʪʨʝʭ ʧʦʜʨʝʰʝʪʦʢ. 

ʀʥʪʝʨʝʩʥʳʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʚʦʡʩʪʚ ʵʰʠʥʠʪʦʚ ʩ ʤʫʣʴʪʠʵʣʝʤʝʥʪʥʳʤʠ 

ʟʘʤʝʱʝʥʠʷʤʠ ʠ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʜʨʝʰʝʪʢʘʭ, ʧʦʩʢʦʣʴʢʫ ʟʘʤʝʱʝʥʠʷʤʠ ʪʦʣʴʢʦ ʚ 

ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʦʡ ʧʦʜʨʝʰʝʪʢʝ ʥʝ ʫʜʘʝʪʩʷ ʜʦʙʠʪʴʩʷ ʢʘʯʝʩʪʚʝʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʩʚʦʡʩʪʚ 

ʩʦʝʜʠʥʝʥʠʡ. 

2. ʇʦ ʜʘʥʥʳʤ ʊɻ-ɼʊɸ ʜʣʷ ʦʙʨʘʟʮʦʚ NdTiNbO6, La0.90Ca0.10Ti0.90Nb1.10O6 ʠ 

(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)TiNbO6 ʨʦʤʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʪʠʧʠʯʥʦ ʥʘʣʠʯʠʝ ʚ 

ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ ~1230 ÜC ʵʥʜʦʪʝʨʤʠʯʝʩʢʦʛʦ ʧʠʢʘ (ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ï ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʚ 

ʦʙʣʘʩʪʠ ʙʣʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ); ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʠʢ ʬʠʢʩʠʨʫʝʪ ʦʙʨʘʪʠʤʳʡ 

ʧʦʣʠʤʦʨʬʥʳʡ ʧʝʨʝʭʦʜ ʆźʄ. ʅʘʧʨʦʪʠʚ, ʜʣʷ LaTiNbO6, ʪʘʢʞʝ ʠʤʝʶʱʝʛʦ ʨʦʤʙʠʯʝʩʢʫʶ 

ʩʪʨʫʢʪʫʨʫ, ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʬʠʢʩʠʨʫʝʪʩʷ ʵʥʜʦʪʝʨʤʠʯʝʩʢʠʡ ʧʠʢ ʧʨʠ 1300 ÜC (ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ï 

ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʡ ʧʨʠ 1034 ÜC), ʥʦ ʧʦʩʣʝ ʮʠʢʣʘ ʥʘʛʨʝʚʘʥʠʷïʦʭʣʘʞʜʝʥʠʷ ʩʪʨʫʢʪʫʨʘ ʩʦʝʜʠʥʝʥʠʷ 

ʩʦʭʨʘʥʷʝʪʩʷ ʤʦʥʦʢʣʠʥʥʦʡ.  

4. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʠ ʨʘʩʯʝʪʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʤʦʜʝʣʴʥʳʭ ʤʝʪʦʜʦʚ, ʙʣʠʟʢʠ; ʟʥʘʯʝʥʠʷ ʤʝʞʘʪʦʤʥʳʭ 

ʨʘʩʩʪʦʷʥʠʡ ʤʦʥʦ- ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘʭʦʜʷʪʩʷ ʚ ʧʨʷʤʦʡ ʢʦʨʨʝʣʷʮʠʠ ʩʦ 

ʟʥʘʯʝʥʠʝʤ ʩʨʝʜʥʝʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ Ὑ ɻʣʝʤʝʥʪʦʚ ʚ ʜʦʜʝʢʘʜʨʝ ʩʪʨʫʢʪʫʨʳ.  

5. ɺ ʨʘʤʘʥʦʚʩʢʠʭ ʩʧʝʢʪʨʘʭ ʬʠʢʩʠʨʫʝʪʩʷ ʜʦ 22 ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ ʠʟ 54 (ʩʦʛʣʘʩʥʦ 

ʤʦʜʝʣʴʥʳʤ ʪʝʦʨʝʪʠʢʦ-ʛʨʫʧʧʦʚʳʤ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤ). ʈʘʤʘʥʦʚʩʢʠʡ ʩʜʚʠʛ ʧʠʢʦʚ ʠ ʟʥʘʯʝʥʠʝ ʠʭ 

ʩʨʝʜʥʝʚʟʚʝʰʝʥʥʦʡ ʰʠʨʠʥʳ, ʦʮʝʥʝʥʥʦʝ ʩ ʧʦʤʦʱʴʶ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʧʘʨʘʤʝʪʨʘ ȹcorr, ʫʢʘʟʳʚʘʶʪ 
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ʥʘ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʚʦʡʩʪʚ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʠ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʦʚ, ʯʪʦ 

ʦʪʨʘʞʘʝʪ ʨʘʟʣʠʯʠʷ ʢʘʢ ʤʘʩʩʳ ʠʦʥʦʚ ʈɿʕ ʠ ʩʠʣʦʚʦʡ ʧʦʩʪʦʷʥʥʦʡ ʩʚʷʟʠ RE-O, ʪʘʢ ʠ ʩʪʝʧʝʥʠ 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʷ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʠʭ ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ ʩʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʡ. 

6. ʅʘ ʧʨʠʤʝʨʝ NdTiNbO6 ʠ Nd0.90Ca0.10Ti0.90Nb1.10O6 ʠʩʩʣʝʜʦʚʘʥʘ ʜʠʥʘʤʠʢʘ ʠʟʤʝʥʝʥʠʷ 

ʨʘʤʘʥʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 83ï773 ʂ. ʅʘʠʙʦʣʝʝ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʟʘʚʠʩʠʤʳ 

ʤʦʜʳ ʚ ʦʙʣʘʩʪʠ ʜʦ 100 ʠ 640ï700 ʩʤ-1; ʦʥʠ ʞʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʠ ʤʘʢʩʠʤʘʣʴʥʳʤ ʫʰʠʨʝʥʠʝʤ; ʜʣʷ 

Nd0.90Ca0.10Ti0.90Nb1.10O6 ʭʘʨʘʢʪʝʨʥʳ ʥʝʩʢʦʣʴʢʦ ʙʦʣʴʰʠʝ ʵʬʬʝʢʪʳ ʫʰʠʨʝʥʠʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ; ʨʝʘʣʠʟʫʝʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʳʡ ʪʨʝʭʬʦʥʦʥʥʳʡ ʧʨʦʮʝʩʩ ʧʦʚʝʜʝʥʠʷ ʤʦʜ ʧʨʠ 

ʥʘʣʦʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ.  

7. ɺ ʩʧʝʢʪʨʘʭ ʜʠʬʬʫʟʥʦʛʦ ʩʚʝʪʦʨʘʩʩʝʷʥʠʷ ʦʙʨʘʟʮʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʰʠʨʦʢʘʷ ʧʦʣʦʩʘ 

ʧʦʛʣʦʱʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 230 ʜʦ 350 ʥʤ, ʦʪʥʦʩʷʱʘʷʩʷ ʢ ʵʣʝʢʪʨʦʥʥʦʤʫ ʧʝʨʝʭʦʜʫ O2-ŸNb5+ (Ti4+) 

ʚ ʠʩʢʘʞʝʥʥʳʭ RE(Ti)O6 ʦʢʪʘʵʜʨʘʭ ʠ ʨʷʜ ʫʟʢʠʭ ʣʠʥʠʡ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ f-f ʵʣʝʢʪʨʦʥʥʳʤʠ 

ʧʝʨʝʭʦʜʘʤʠ ʠʦʥʦʚ RE. ʉʧʝʢʪʨʳ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʝʟʥʘʯʠʤʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ 

ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ. ɿʥʘʯʝʥʠʝ Eg ʟʘʚʠʩʠʪ ʦʪ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ: ʜʣʷ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘʠʤʝʥʴʰʠʤ ʟʥʘʯʝʥʠʝʤ ʦʙʣʘʜʘʝʪ CeTiNbO6, ʪʦʛʜʘ ʢʘʢ ʫ ʦʩʪʘʣʴʥʳʭ 

Eg ʧʦʚʳʰʝʥʦ; ʜʣʷ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʦʪʣʠʯʠʝ ʦʪ ʤʦʥʦʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʤʠʥʠʤʘʣʴʥʦ ʠ ʥʝ ʧʨʝʚʳʰʘʝʪ 0.15 ʵɺ ʦʪ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ; Ce-ʩʦʜʝʨʞʘʱʠʝ 

ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʦʙʨʘʟʮʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʤʝʥʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ Eg. 

8. ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʰʠʥʠʪʘ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʭʠʤʠʯʝʩʢʠʤ ʠ ʬʘʟʦʚʳʤ ʩʦʩʪʘʚʦʤ, ʘ ʪʘʢʞʝ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʩʪʨʫʢʪʫʨʳ. ʋʩʪʘʥʦʚʣʝʥ 

ʦʩʥʦʚʥʦʡ ʠʦʥʥʳʡ ʚʢʣʘʜ ʚ ʧʨʦʚʦʜʠʤʦʩʪʴ ʩʦʝʜʠʥʝʥʠʡ ʩʦʩʪʘʚʘ Nd1-xCaxTi1-xNb1+xO6 ʚ ʧʨʦʪʠʚʦʚʝʩ 

ʩʦʝʜʠʥʝʥʠʶ CeTiNbO6, ʚ ʢʦʪʦʨʦʤ ʨʝʘʣʠʟʫʝʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʳʡ ʵʣʝʢʪʨʦʥʥʳʡ ʚʢʣʘʜ ʚ 

ʧʨʦʚʦʜʠʤʦʩʪʴ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ Ce-ʩʦʜʝʨʞʘʱʠʝ ʦʙʨʘʟʮʳ ʚʚʠʜʫ ʠʭ ʚʳʩʦʢʠʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʧʦʪʝʨʴ ʤʘʣʦʧʝʨʩʧʝʢʪʠʚʥʳ ʢʘʢ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣ.r ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʜʦʧʘʥʪʘ ʚ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ ʚʘʨʴʠʨʫʝʪʩʷ ʟʥʘʯʝʥʠʝ ʢʦʥʩʪʘʥʪ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʩʦʩʪʘʚʘ ʩ ʥʫʞʥʳʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʆʪʤʝʯʝʥʦ ʚʣʠʷʥʠʝ 

ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʢʦʥʩʪʘʥʪʫ çʪʷʞʝʣʳʭè ʈɿʕ ʚ ʤʫʣʴʪʠʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʰʠʥʠʪʘʭ. ʆʙʨʘʟʝʮ 

(Y0.2La0.2Pr0.2Nd0.2Sm0.2)TiNbO6 ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʳʩʦʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʦʡ ʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ ʧʝʨʩʧʝʢʪʠʚʳ ʝʛʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ ʠ ʉɺʏ-ʫʩʪʨʦʡʩʪʚʘʭ.   
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ɻʣʘʚʘ 5. ʆʩʦʙʝʥʥʦʩʪʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʨʷʜʘ ʧʨʠʨʦʜʥʳʭ ʛʨʘʥʘʪʦʚ ʧʦ 

ʜʘʥʥʳʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʠʤʧʝʜʘʥʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ: ʚʣʠʷʥʠʝ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

ʠ ʬʘʟʦʚʳʭ ʧʨʠʤʝʩʝʡ 

ɺ ʛʣʘʚʝ 5 ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʧʨʦʩʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʤʧʝʜʘʥʩʥʦʡ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʘʢ ʤʝʪʦʜʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʜʠʥʘʤʠʢʠ ʠʟʤʝʥʝʥʠʷ 

ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʠʥʝʨʘʣʦʚ ʠʟ ʛʨʫʧʧʳ ʛʨʘʥʘʪʦʚ. ʇʨʝʜʩʪʘʚʣʝʥʳ 

ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʝ ʠ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʝ ʜʘʥʥʳʝ ʠʟʫʯʝʥʠʷ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ 

ʦʙʨʘʟʮʦʚ ʘʣʴʤʘʥʜʠʥʘ, ʘʥʜʨʘʜʠʪʘ, ʜʝʤʘʥʪʦʠʜʘ, ʛʨʦʩʩʫʣʷʨʘ ʠ ʧʠʨʦʧʘ ʧʨʠ ʦʪʞʠʛʝ ʠ ʠʭ 

ʩʦʧʦʩʪʘʚʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʠʤʧʝʜʘʥʩʥʦʡ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ 

ʜʠʬʬʫʟʥʦʛʦ ʩʚʝʪʦʨʘʩʩʝʷʥʠʷ.  

5.1. ʍʠʤʠʯʝʩʢʠʡ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʛʨʘʥʘʪʦʚ 

ʀʩʩʣʝʜʦʚʘʥ ʨʷʜ ʦʙʨʘʟʮʦʚ ʧʨʠʨʦʜʥʳʭ ʛʨʘʥʘʪʦʚ: (1) ʘʣʴʤʘʥʜʠʥ (ʧʨʦʙʘ Alm_1) ʪʝʤʥʦ-

ʢʦʨʠʯʥʝʚʦʡ ʦʢʨʘʩʢʠ ʨʘʟʤʝʨʦʤ 10Ĭ8Ĭ6 ʤʤ3 ʠʟ ʙʠʦʪʠʪʦʚʳʭ ʛʥʝʡʩʦʚ ɺʝʨʭʦʣʦʚʩʢʦʡ ʛʨʘʥʘʪʦʚʦʡ ʢʦʧʠ 

(ʉʨʝʜʥʠʡ ʋʨʘʣ, ʈʦʩʩʠʷ); (2) ʘʣʴʤʘʥʜʠʥ (ʧʨʦʙʘ Alm_2) ʢʦʨʠʯʥʝʚʦʡ ʦʢʨʘʩʢʠ ʨʘʟʤʝʨʦʤ 2Ĭ2.5Ĭ4 ʤʤ3 

ʠʟ ʙʠʦʪʠʪʦʚʳʭ ʩʣʘʥʮʝʚ (ʛ. ʂʦʧʘʥʘʷ, ʨʘʡʦʥ ʉʳʩʝʨʪʩʢʦʛʦ ʦʟʝʨʘ, ʋʨʘʣ); (3) ʘʥʜʨʘʜʠʪ (Andr_1) 

ʢʦʨʠʯʥʝʚʦʡ ʦʢʨʘʩʢʠ ʨʘʟʤʝʨʦʤ 4Ĭ3Ĭ2 ʤʤ3 ʠʟ ʩʢʘʨʥʦʚ (ɺʝʨʭʥʠʡ ʋʬʘʣʝʡ, ʉʨʝʜʥʠʡ ʋʨʘʣ); (4) 

ʘʥʜʨʘʜʠʪ (Andr_2) ʯʝʨʥʦʡ ʦʢʨʘʩʢʠ ʨʘʟʤʝʨʦʤ 4Ĭ3Ĭ2 ʤʤ3 ʠʟ ʩʢʘʨʥʦʚ (ʉʦʢʦʣʦʚʩʢʦʝ ʤʝʩʪʦʨʦʞʜʝʥʠʝ, 

ʛ. ʈʫʜʥʳʡ, ʂʘʟʘʭʩʪʘʥ); (5) ʜʝʤʘʥʪʦʠʜ (Dem_1) ʞʝʣʪʦ-ʟʝʣʝʥʦʡ ʦʢʨʘʩʢʠ ʨʘʟʤʝʨʦʤ 2Ĭ2Ĭ1 ʤʤ3 ʠʟ 

ʢʣʠʥʦʧʠʨʦʢʩʝʥʠʪʦʚ (ʇʦʣʜʥʝʚʩʢʦʝ ʤʝʩʪʦʨʦʞʜʝʥʠʝ, ʉʨʝʜʥʠʡ ʋʨʘʣ); (6) ʜʝʤʘʥʪʦʠʜ (Dem_2) 

ʟʝʣʝʥʦʡ ʦʢʨʘʩʢʠ ʨʘʟʤʝʨʦʤ 1.5Ĭ1.5Ĭ3 ʤʤ3 (ʨʦʜʠʥʛʠʪ, ʋʨʘʣ); (7) ʛʨʦʩʩʫʣʷʨ (Gros) ʩʚʝʪʣʦ-ʨʦʟʦʚʦʡ 

ʦʢʨʘʩʢʠ ʨʘʟʤʝʨʦʤ 2.5Ĭ3.5Ĭ6 ʤʤ3 ʠʟ ʨʦʜʠʥʛʠʪʘ (ɹʘʞʝʥʦʚʩʢʦʝ ʤʝʩʪʦʨʦʞʜʝʥʠʝ, ʛ. ɸʩʙʝʩʪ); (8) ʧʠʨʦʧ 

(Pyr) ʪʝʤʥʦ-ʢʨʘʩʥʦʡ ʦʢʨʘʩʢʠ ʨʘʟʤʝʨʦʤ 2Ĭ2Ĭ4 ʤʤ3 (ʵʢʣʦʛʠʪʳ, ʉʐɸ, ʂʦʣʦʨʘʜʦ). ʇʨʦʙʦʧʦʜʛʦʪʦʚʢʘ 

ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʦʪʙʦʨʝ ʥʘʠʙʦʣʝʝ ʛʦʤʦʛʝʥʥʦʛʦ ʫʯʘʩʪʢʘ ʢʨʠʩʪʘʣʣʘ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʜʦʤ 

ʠʤʧʝʜʘʥʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚʳʜʝʣʝʥʥʦʤʫ ʬʨʘʛʤʝʥʪʫ ʢʨʠʩʪʘʣʣʘ ʧʨʠʜʘʚʘʣʘʩʴ ʬʦʨʤʘ 

ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʘ (ʢʫʙʘ) ʩ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʳʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ; ʜʘʥʥʳʝ ʈʌɸ, ʊɻ-ɼʊɸ, 

ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʜʠʬʬʫʟʥʦʛʦ ʩʚʝʪʦʨʘʩʩʝʷʥʠ ̫ ʧʦʣʫʯʝʥʳ ʜʣʷ 

ʧʦʨʦʰʢʦʦʙʨʘʟʥʳʭ ʧʨʦʙ. ɼʘʥʥʳʝ ʧʦ ʩʦʩʪʘʚʫ ʦʙʨʘʟʮʦʚ ʧʦʣʫʯʝʥʳ ʜʣʷ ʩʝʨʠʠ ʪʦʯʝʢ ʢʨʠʩʪʘʣʣʘ ʚ 

ʦʙʣʘʩʪʠ 1Ĭ1 ʤʤ2. 

ʉʦʩʪʘʚ ʛʨʘʥʘʪʦʚ ʠ ʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʬʦʨʤʫʣʳ ʧʨʝʜʩʪʘʚʣʝʥ rʚ ʧʨʠʣʦʞʝʥʠʠ ɹ ʚ 

ʪʘʙʣʠʮʝ ɹ.21: Alm_1 ï (Fe2.54Ca0.21Mg0.43)Ɇ=3.18Al 1.61Si3.03O12; Dem_1 ï (Ca3.14Mn0.01)Ɇ=3.15 (Fe2.23 

Al 0.04 Cr0.0034)Ɇ=2.27Si2.68O12; Dem_2 ï (Ca3.01Mn0.03)Ɇ=3.04(Fe0.26Al1.72Cr0.03)Ɇ=2.01(Si3.04Ti0.06)Ɇ=3.1O12; 

Andr_1 ï (Ca2.82Mg0.24Mn0.04)Ɇ=3.10(Fe1.62Al0.32)Ɇ=1.94(Si2.93Ti0.05)Ɇ=2.98O12; Andr_2 ï (Ca3.22Mn0.04)Ɇ=3.26 

(Fe1.65Al0.47)Ɇ=2.12(Si2.72Ti0.05)Ɇ=2.77O12; Gros ï (Ca2.84Mn0.02)Ɇ=2.86(Al 1.96Fe0.08)Ɇ=2.04 (Si2.99Ti0.01)Ɇ=3.0 

O12.00; Pyr ï (Mg1.58Ca0.58Mn0.03)Ɇ=2.19(Al 1.66Fe0.84)Ɇ=2.50(Si2.96Ti0.03)Ɇ=2.99O12. 
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ʈʝʥʪʛʝʥʦʜʠʬʨʘʢʮʠʦʥʥʳʝ ʜʘʥʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 5.1 ʠ ʚ ʧʨʠʣʦʞʝʥʠʠ ɸ ʥʘ 

ʨʠʩʫʥʢʝ ɸ.24; ʢʨʦʤʝ ʦʩʥʦʚʥʦʡ ʛʨʘʥʘʪʦʚʦʡ ʬʠʢʩʠʨʫʝʪʩʷ ʥʘʣʠʯʠʝ ʧʨʠʤʝʩʥʳʭ ʬʘʟ. ɺ ʦʙʨʘʟʮʝ 

Alm_1 ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠʤʝʩʴ ʢʚʘʨʮʘ (ʜʦ ~25 %), ʘ ʪʘʢʞʝ ʩʣʘʙʳʝ ʨʝʬʣʝʢʩʳ ʞʝʣʝʟʦʘʣʶʤʠʥʠʝʚʦʛʦ 

ʩʠʣʠʢʘʪʘ-ʛʠʜʨʦʢʩʦʛʠʜʨʘʪʘ (PDF #00-053-0844) (ʩʤ. ʨʠʩʫʥʦʢ 5.1 ʘ). ɼʣʷ Alm_2 ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʨʠʤʝʩʴ ʢʚʘʨʮʘ. ɼʣʷ Andr_1 ʫʩʪʘʥʦʚʣʝʥʦ ʥʘʣʠʯʠʝ ʧʨʠʤʝʩʠ ʢʣʠʥʦʭʣʦʨʘ (Mg,Al)6(Si,Al)4O10OH8 

(ʜʦ ~20 %), ʘ ʪʘʢʞʝ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʬʝʨʨʦʙʫʩʪʘʤʠʪʘ (Ca,Fe)Si2O6 (ʩʤ. ʨʠʩʫʥʦʢ 5.1 ʚ). 

ʆʙʨʘʟʝʮ Andr_2 ʧʦʤʠʤʦ ʦʩʥʦʚʥʦʡ ʬʘʟʳ ʩʦʜʝʨʞʠʪ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ (ʥʝ ʙʦʣʝʝ ~8%) ʢʦʣʠʯʝʩʪʚʦ 

ʠʟʦʩʪʨʫʢʪʫʨʥʦʡ ʧʨʠʤʝʩʠ; ʧʦʩʣʝʜʥʷʷ ʦʪʣʠʯʘʝʪʩʷ ʟʥʘʯʝʥʠʷʤʠ ʢʦʥʩʪʘʥʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ 

ʠ ʠʤʝʝʪ ʭʘʨʘʢʪʝʨʥʳʡ ʧʠʢ ʧʨʠ 2ɗ~43.89Á, ʩʧʝʮʠʬʠʯʥʳʡ ʜʣʷ ʚʦʜʦʩʦʜʝʨʞʘʱʠʭ ʛʨʘʥʘʪʦʚ (PDF #00-

075-0553), ʪ.ʝ. ʵʪʘ ʧʨʠʤʝʩʴ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʘ ʢʘʢ ʛʠʜʨʦʘʥʜʨʘʜʠʪ (ʩʤ. ʨʠʩʫʥʦʢ 5.1 ʛ). ɼʣʷ 

ʜʝʤʘʥʪʦʠʜʘ Dem_1 ʧʨʠʤʝʩʥʳʭ ʬʘʟ ʥʝ ʦʙʥʘʨʫʞʝʥʦ, ʦʜʥʘʢʦ ʧʠʢʠ ʛʨʘʥʘʪʦʚʦʡ ʬʘʟʳ ʥʝʩʢʦʣʴʢʦ 

ʘʩʩʠʤʝʪʨʠʯʥʳ (ʨʘʩʱʝʧʣʝʥʳ) (ʩʤ. ʨʠʩʫʥʦʢ 5.1ʙ), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʘʣʠʯʠʠ ʜʚʫʭ 

ʩʦʩʫʱʝʩʪʚʫʶʱʠʭ ʬʘʟ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʘʪʘ ʩ ʥʝʩʢʦʣʴʢʦ ʨʘʟʣʠʯʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʨʝʰʝʪʢʠ, 

ʚʝʨʦʷʪʥʦ, ʚʩʣʝʜʩʪʚʠʝ ʨʘʟʣʠʯʥʦʡ ʟʘʩʝʣʝʥʥʦʩʪʠ ʧʦʟʠʮʠʡ ʘʪʦʤʦʚ ʚ ʠʭ ʩʪʨʫʢʪʫʨʘʭ. ɼʣʷ Dem_2 

ʧʦʜʦʙʥʦʡ ʘʥʦʤʘʣʠʠ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʦʜʥʘʢʦ ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʨʠʤʝʩʥʦʡ 

ʬʘʟʳ, ʧʠʢʠ ʢʦʪʦʨʦʡ ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʧʠʩʘʥʳ ʬʘʟʝ ʥʘʢʨʠʪʘ Al2Si2O5(OH)4 (PDF # 00-076-1781). ɼʣʷ 

ʦʙʨʘʟʮʦʚ Pyr ʠ Gros ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠʤʝʩʴ ʢʚʘʨʮʘ, ʥʦ ʝʝ ʩʦʜʝʨʞʘʥʠʝ ʤʠʥʠʤʘʣʴʥʦ (ʜʦ ~1-2 %) (ʩʤ. 

ʧʨʠʣʦʞʝʥʠʝ ɸ ʨʠʩʫʥʦʢ ɸ.24). 
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ʈʠʩ. 5.1. ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʛʨʘʥʘʪʦʚ Alm_1 (ʘ), Dem_1 (ʙ), Andr_1 (ʚ) ʠ Andr_2 (ʛ) 
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ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʘ ʧʨʠʨʦʜʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʧʨʠʣʦʞʝʥʠʠ ɹ 

ʪʘʙʣʠʮʝ ɹ.21; ʟʥʘʯʝʥʠʷ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ. ʅʘʙʣʶʜʘʝʪʩʷ ʩʥʠʞʝʥʠʝ ʘ ʜʣʷ 

ʦʙʨʘʟʮʘ Dem_2 ʚ ʧʨʝʜʝʣʘʭ Ñ0.2 ¡, ʚʳʟʚʘʥʥʦʝ ʟʘʤʝʱʝʥʠʝʤ Fe ʥʘ Al. 

5.2. ʊʝʨʤʠʯʝʩʢʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʠ ʬʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ ʛʨʘʥʘʪʦʚ ʧʦ ʊɻ-ɼʊɸ 

ʜʘʥʥʳʤ  

ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʦʙʨʘʟʮʦʚ ʠʟʫʯʝʥʘ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 1000 Áʉ (ʩʤ. ʨʠʩʫʥʦʢ 5.2). 

ɼʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʛʨʘʥʘʪʦʚ ʭʘʨʘʢʪʝʨʥʳ ʪʝʨʤʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ ʚ ʜʠʘʧʘʟʦʥʝ 30ï300 Áʉ, ʩʚʷʟʘʥʥʳʝ 

ʩ ʚʳʜʝʣʝʥʠʝʤ ʘʜʩʦʨʙʮʠʦʥʥʦʡ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʚʦʜʳ. ɼʘʣʴʥʝʡʰʝʝ ʪʝʨʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ 

ʦʙʨʘʟʮʦʚ Dem_1, Andr_2, Pyr ʠ Gros ʩʭʦʞʝ: ʧʨʠ ʥʘʛʨʝʚʝ ʦʪ 300 ʜʦ 1000 Áʉ ʢʘʢʠʭ-ʣʠʙʦ ʨʝʘʢʮʠʡ 

ʠʣʠ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʘʙʦʪʦʡ [Palke, Rossman, 2017]. 

ʅʘʧʨʦʪʠʚ, ʜʣʷ ʦʙʨʘʟʮʘ Andr_1 ʥʘʙʣʶʜʘʝʪʩʷ ʧʠʢ ʧʨʠ 858 Áʉ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ, ʧʦ-ʚʠʜʠʤʦʤʫ, 

ʨʘʟʣʦʞʝʥʠʝʤ ʬʘʟʳ ʢʣʠʥʦʭʣʦʨʘ. ɼʣʷ ʦʙʨʘʟʮʘ Dem_2 ʟʘʬʠʢʩʠʨʦʚʘʥ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʧʠʢ ʧʨʠ ~450 

Áʉ, ʩʚʷʟʘʥʥʳʡ ʩ ʚʳʩʚʦʙʦʞʜʝʥʠʝʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʚʦʜʳ, ʠ ʧʨʠ 820 Áʉ, ʚʝʨʦʷʪʥʦ ʦʙʫʩʣʦʚʣʝʥʥʳʡ 

ʩʪʨʫʢʪʫʨʥʦʡ ʧʝʨʝʩʪʨʦʡʢʦʡ ʧʨʠʤʝʩʠ ʥʘʢʨʠʪʘ, ʦʙʥʘʨʫʞʝʥʥʦʡ ʧʦ ʜʘʥʥʳʤ ʈʌɸ, ʠ ʝʝ ʧʝʨʝʭʦʜʦʤ ʚ 

ʤʝʪʘʩʪʘʙʠʣʴʥʫʶ ʬʘʟʫ ï ʤʝʪʘʢʘʦʣʠʥ [Brindley et al., 1955]. 

ɼʣʷ ʦʙʨʘʟʮʘ Alm_1 ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʝʜʝʥʳ ʚ ʪʨʝʭ (IïIII) ʮʠʢʣʘʭ ʥʘʛʨʝʚïʦʭʣʘʞʜʝʥʠʝ. ʅʘ 

ʨʠʩʫʥʢʝ 5.3ʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʊɻ-ɼʊɸ ʜʣʷ ʮʠʢʣʘ I ʥʘʛʨʝʚʘ ʠ ʦʭʣʘʞʜʝʥʠʷ. ʆʙʱʝʝ ʠʟʤʝʥʝʥʠʝ 

ʤʘʩʩʳ ʦʙʨʘʟʮʘ ʥʝ ʧʨʝʚʳʰʘʝʪ 0.5%. ʉʥʠʞʝʥʠʝ ʤʘʩʩʳ ʧʨʦʠʩʭʦʜʠʪ ʚʧʣʦʪʴ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ~810 Áʉ, 

ʠ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʤʝʜʣʝʥʥʦʡ ʧʦʪʝʨʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʚʦʜʳ ʠ/ʠʣʠ ʨʘʟʣʦʞʝʥʠʝʤ ʬʘʟ ʩ 

ʚʳʜʝʣʝʥʠʝʤ ʣʝʛʢʦʣʝʪʫʯʠʭ ʢʦʤʧʦʥʝʥʪʦʚ. ɿʘʪʝʤ ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʙʦʣʴʰʦʡ ʨʦʩʪ, ʚʝʨʦʷʪʥʦ, 

ʚʳʟʚʘʥʥʳʡ ʯʘʩʪʠʯʥʳʤ ʦʢʠʩʣʝʥʠʝʤ ʘʣʴʤʘʥʜʠʥʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʝʛʦ ʨʘʟʣʦʞʝʥʠʷ. ʇʨʠ ʦʭʣʘʞʜʝʥʠʠ  
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ʈʠʩ. 5.2. ʊɻ-ɼʊɸ ʜʘʥʥʳʝ ʛʨʘʥʘʪʦʚ Andr_1 (ʘ), Andr_2 (ʙ), Dem_1 (ʚ) ʠ Dem_1 (ʛ) 



123 

 

 

ʈʠʩ. 5.3. ʊɻ-ɼʊɸ ʜʘʥʥʳʝ ʜʣʷ ʮʠʢʣʘ I ʥʘʛʨʝʚʘ-ʦʭʣʘʞʜʝʥʠʷ ʛʨʘʥʘʪʘ Alm_1 (ʘ); ʠʟʤʝʥʝʥʠʝ ʤʘʩʩʳ 

ʦʙʨʘʟʮʘ ʚ ʢʘʞʜʦʤ ʠʟ ʪʨʝʭ (I-III) ʮʠʢʣʦʚ (ʙ) 

ʦʙʨʘʟʮʘ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʢʘʢʠʭ-ʣʠʙʦ ʠʟʤʝʥʝʥʠʡ ʤʘʩʩʳ. ʕʬʬʝʢʪ ʨʦʩʪʘ ʤʘʩʩʳ ʚʳʰʝ 810 Áʉ 

ʚʦʩʧʨʦʠʟʚʦʜʠʤ ʚʦ ʚʩʝʭ ʪʨʝʭ ʮʠʢʣʘʭ (ʥʘ ʨʠʩʫʥʢʝ 5.3ʙ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʧʦ ʠʟʤʝʥʝʥʠʶ ʤʘʩʩʳ 

ʚ ʢʘʞʜʦʤ ʠʟ ʥʠʭ); ʜʘʥʥʳʡ ʵʬʬʝʢʪ ʥʘʙʣʶʜʘʝʪʩʷ ʪʘʢʞʝ ʠ ʜʣʷ ʦʙʨʘʟʮʘ Alm_2. ɺ ʨʘʙʦʪʝ [Barcova et 

al., 2001] ʧʦ ʜʘʥʥʳʤ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʙʳʣʦ ʟʘʬʠʢʩʠʨʦʚʘʥʦ ʨʘʟʣʦʞʝʥʠʝ 

ʘʣʴʤʘʥʜʠʥʘ ʚ ʦʙʣʘʩʪʠ 750 Áʉ. ʅʘʧʨʦʪʠʚ, ʧʦ ʜʘʥʥʳʤ ʊɻ-ɼʊɸ, ʩʦʛʣʘʩʥʦ [ʀʚʘʥʦʚʘ ʠ ʜʨ., 1974] 

ʨʘʟʣʦʞʝʥʠʝ ʘʣʴʤʘʥʜʠʥʘ ʩ ʚʳʜʝʣʝʥʠʝʤ ʦʢʩʠʜʦʚ ʞʝʣʝʟʘ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ 

ʦʙʣʘʩʪʠ 900ï920 Áʉ, ʘ ʦʪʞʠʛ ʧʨʠ 750 Áʉ ʥʝ ʚʳʟʳʚʘʝʪ ʟʥʘʯʠʤʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʤʘʩʩʳ ʦʙʨʘʟʮʘ 

ʚʩʣʝʜʩʪʚʠʝ ʝʛʦ ʦʢʠʩʣʝʥʠ ̫ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʛʝʤʘʪʠʪʘ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʪʝʨʤʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ 

ʤʝʪʦʜʦʤ ɼʉʂ ʪʘʢʞʝ ʥʝ ʟʘʬʠʢʩʠʨʦʚʘʣʦ ʢʘʢʠʭ-ʣʠʙʦ ʵʬʬʝʢʪʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʬʘʟʦʚʳʤʠ 

ʧʨʝʚʨʘʱʝʥʠʷʤʠ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʣʘʩʪʠ 750 Áʉ [Aparicio et al., 2012]. ʄʘʣʦʝ ʩʦʜʝʨʞʘʥʠʝ 

ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ ʦʢʩʠʜʦʚ ʞʝʣʝʟʘ ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʳʡ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʵʬʬʝʢʪ ʝʸ ʦʙʨʘʟʦʚʘʥʠʷ, ʧʦ-

ʚʠʜʠʤʦʤʫ, ʥʝ ʧʦʟʚʦʣʷʶʪ ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʝʸ ʦʙʨʘʟʦʚʘʥʠʝ ʤʝʪʦʜʘʤʠ ɼʉʂ ʠ ɼʊɸ. 

ɼʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʨʘʟʣʦʞʝʥʠʷ ʣʝʛʢʦʣʝʪʫʯʠʭ ʧʨʠʤʝʩʝʡ 

ʙʳʣ ʧʨʦʚʝʜʝʥ ʦʪʞʠʛ ʧʦʨʦʰʢʦʚ ʤʠʥʝʨʘʣʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 900 Üʉ ʚ ʪʝʯʝʥʠʝ 8 ʯ; ʜʣʷ ʘʣʴʤʘʥʜʠʥʘ 

ʙʳʣ ʧʨʦʚʝʜʝʥ ʪʘʢʞʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʡ ʦʪʞʠʛ ʧʨʠ 750 Üʉ ʚ ʪʝʯʝʥʠʝ 8 ʯ (ʩʤ ʧʨʠʣʦʞʝʥʠʝ ɸ ʨʠʩʫʥʢʠ 

ɸ.25-26). ɼʣʷ Andr_1 ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠʤʝʩʥʘʷ ʬʘʟʘ ʢʣʠʥʦʭʣʦʨʘ ʨʘʟʣʘʛʘʝʪʩʷ, ʧʨʠʯʝʤ ʩʦʛʣʘʩʥʦ 

ʜʘʥʥʳʤ [Han et al., 2024] ʚ ʜʚʘ ʵʪʘʧʘ - ʧʨʠ 500ï650 ʠ 850 Üʉ. ʈʝʬʣʝʢʩʳ ʧʨʦʜʫʢʪʦʚ ʨʘʟʣʦʞʝʥʠʷ, ʚ 

ʯʠʩʣʝ ʢʦʪʦʨʳʭ ʨʘʟʥʦʦʙʨʘʟʥʳʝ ʘʣʶʤʦʩʠʣʠʢʘʪʳ Mg, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʚʳʜʝʣʷʶʪʩʷ ʥʘ ʫʨʦʚʥʝ ʬʦʥʘ 

ʠ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʦʜʥʦʟʥʘʯʥʦ ʧʨʠʧʠʩʘʥʳ ʢʦʥʢʨʝʪʥʳʤ ʬʘʟʘʤ; ʪʘʢʞʝ ʚ ʦʪʦʞʞʸʥʥʦʤ ʘʥʜʨʘʜʠʪʝ ʧʦ-

ʧʨʝʞʥʝʤʫ ʬʠʢʩʠʨʫʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʬʘʟʳ ʬʝʨʨʦʙʫʩʪʘʤʠʪʘ. ɼʣʷ Andr_2 ʧʦʩʣʝ 

ʦʪʞʠʛʘ ʦʙʨʘʟʮʘ ʧʠʢʠ ʛʠʜʨʦʘʥʜʨʘʜʠʪʘ ʥʝ ʬʠʢʩʠʨʫʶʪʩʷ, ʠ ʩʦʩʪʘʚ ʦʪʚʝʯʘʝʪ ʯʠʩʪʦʡ ʬʘʟʝ ʘʥʜʨʘʜʠʪʘ, 

ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʛʠʜʨʦʘʥʜʨʘʜʠʪʦʚʫʶ ʧʨʠʨʦʜʫ ʧʨʠʤʝʩʠ ʚ ʠʩʭʦʜʥʦʤ ʦʙʨʘʟʮʝ (ʩʤ. ʨʠʩʫʥʦʢ 5.1ʛ). 
















































































































