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1. ɺʚʝʜʝʥʠʝ 

ɸʢʪʫʘʣʴʥʦʩʪʴ. 

ʆʩʥʦʚʦʡ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ ʢʘʢ ʵʤʧʠʨʠʯʝʩʢʦʡ ʥʘʫʢʠ ʤʦʞʥʦ ʥʘʟʚʘʪʴ 

ʧʦʠʩʢ ʥʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʢʦʪʦʨʳʡ ʩʦʧʨʷʞʝʥ ʢʘʢ ʩ ʠʟʫʯʝʥʠʝʤ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ, 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʠ ʢʠʥʝʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʳ, ʪʘʢ ʠ ʩ ʤʦʜʠʬʠʢʘʮʠʝʡ 

ʩʦʝʜʠʥʝʥʠʡ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʥʝʦʙʭʦʜʠʤʳʭ ʧʨʠʢʣʘʜʥʳʭ ʩʚʦʡʩʪʚ, 

ʥʘʧʨʠʤʝʨ, ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʵʣʝʢʪʨʦʥʠʢʝ, ʵʥʝʨʛʝʪʠʢʝ, ʦʧʪʠʢʝ ʠ ʤʘʛʥʠʪʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ. ʉʨʝʜʠ 

ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʦʩʦʙʦʝ ʤʝʩʪʦ ʟʘʥʠʤʘʶʪ ʩʦʝʜʠʥʝʥʠʷ ʩʦ ʩʣʦʠʩʪʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, 

ʥʘʣʠʯʠʝ ʢʦʪʦʨʦʡ ʧʨʠʚʦʜʠʪ ʢ ʤʥʦʛʦʛʨʘʥʥʳʤ ʧʨʠʣʦʞʝʥʠʤ̫, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʢʘʯʝʩʪʚʝ ʩʦʨʙʝʥʪʦʚ ʜʣʷ 

ʦʯʠʩʪʢʠ ʠ ʩʝʣʝʢʪʠʚʥʦʛʦ ʚʳʜʝʣʝʥʠʷ, ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʘʢʢʫʤʫʣʷʪʦʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ʜʚʫʤʝʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ. ʆʩʥʦʚʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʩʣʦʠʩʪʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ 

ʷʚʣʷʝʪʩʷ ʣʝʛʢʘʷ ʤʝʭʘʥʠʯʝʩʢʘʷ ʵʢʩʬʦʣʠʘʮʠʷ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʩʪʘʙʠʣʠʟʘʮʠʠ ʥʠʟʢʠʭ ʩʪʝʧʝʥʝʡ 

ʦʢʠʩʣʝʥʠʷ ʢʘʪʠʦʥʦʚ ʟʘ ʩʯʝʪ ʥʝʚʳʩʦʢʦʡ ɻʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʩʪʠ ʘʥʠʦʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ. ʂʨʦʤʝ 

ʪʦʛʦ, ʩʪʨʫʢʪʫʨʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʢʨʫʧʥʳʭ ʙʣʦʢʦʚ, ʦʢʘʟʳʚʘʶʪʩʷ ʫʩʪʦʡʯʠʚʳʤʠ ʧʨʠ ʠʟʤʝʥʝʥʠʠ 

ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʛʨʫʙʫʶ ʠ ʪʦʥʢʫʶ 

çʥʘʩʪʨʦʡʢʫè ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠʣʠ ʩʦʟʜʘʚʘʪʴ ʥʦʚʳʝ ʤʝʞʢʣʘʩʩʦʚʳʝ ʦʙʲʝʢʪʳ ï ʩʪʨʫʢʪʫʨʳ 

ʩʨʘʩʪʘʥʠʷ ʠʣʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ ʙʣʦʢ-ʩʦʧʦʣʠʤʝʨʳ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʝʢʦʪʦʨʳʝ ʥʠʟʢʦʨʘʟʤʝʨʥʳʝ 

ʜʚʫʤʝʨʥʳʝ ʤʘʛʥʝʪʠʢʠ ʩ ʠʥʪʝʨʝʩʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʫʞʝ ʠʟʫʯʘʶʪ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʩʦʟʜʘʥʠʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʵʬʬʝʢʪʘ ʪʫʥʥʝʣʴʥʦʛʦ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʜʣʷ 

ʩʧʠʥʪʨʦʥʠʢʠ, ʥʘʧʨʠʤʝʨ, CrI , Fe GeTe. ʊʘʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʟʜʘʶʪ ʧʝʨʩʧʝʢʪʠʚʳ ʜʘʣʴʥʝʡʰʝʡ 

ʠʥʪʝʛʨʘʮʠʠ ʤʘʪʝʨʠʘʣʦʚ ʚ ʥʘʥʦʨʘʟʤʝʨʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ʩ ʧʨʠʣʦʞʝʥʠʝʤ ʜʣ ̫ɻ ʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʛʦ 

ʭʨʘʥʝʥʠʷ ʜʘʥʥʳʭ ʠ ʩʦʟʜʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʝʥʩʦʨʦʚ ʠ ʢʚʘʥʪʦʚʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ. 

ʉʨʝʜʠ ʩʣʦʠʩʪʳʭ ʛʘʣʦʛʝʥʠʜʦʚ ʠ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʫʱʝʩʪʚʫʶʪ ʩʝʤʝʡʩʪʚʘ ʪʨʦʡʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

AIIX-BIII2X3: AB2X4, A2B2X5 (ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʠʦʥʦʚ A ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʜʚʫʭʟʘʨʷʜʥʳʝ Mg, Mn, Fe, Co, 

Ni, Zn, Pb ʠ ʜʨ., ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʠʦʥʦʚ B ï ʪʨʝʭʟʘʨʷʜʥʳʝ Al, Ga, In, Sb, Bi), ʢ ʧʨʝʜʩʪʘʚʠʪʝʣʷʤ 

ʢʦʪʦʨʳʭ ʦʪʥʦʩʷʪʩʷ FeGa2S4, MnBi2Te4, Pb2Bi2Te5 ʠ ʜʨʫʛʠʝ ʩʦʝʜʠʥʝʥʠʷ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, 

ʧʨʝʜʩʪʘʚʠʪʝʣʠ ʵʪʠʭ ʩʝʤʝʡʩʪʚ ʦʙʣʘʜʘʶʪ ʠʥʪʝʨʝʩʥʳʤʠ ʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʥʘʧʨʠʤʝʨ, 

PbBi2Te4 ̫ ʚʣʷʝʪʩʷ ʪʦʧʦʣʦʛʠʯʝʩʢʠʤ ʠʟʦʣʷʪʦʨʦʤ, ʩ ʜʨʫʛʦʡ ï ʜʘʥʥʳʝ ʩʝʤʝʡʩʪʚʘ ʥʘʩʯʠʪʳʚʘʶʪ ʚʩʝʛʦ 

ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ ʩʦʝʜʠʥʝʥʠʡ ʠ ʚ ʥʠʭ ʚʦʟʤʦʞʝʥ ʭʠʤʠʯʝʩʢʠʡ ʧʦʠʩʢ ʥʦʚʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʢʪʫʘʣʴʥʳʤ ʦʢʘʟʳʚʘʝʪʩʷ ʢʘʢ ʧʦʠʩʢ ʥʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠʭ 

ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʪʘʢ ʠ ʠʟʫʯʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʡ ʠ ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ, ʧʦʚʳʰʝʥʠʝ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʢ ʚʥʝʰʥʠʤ ʚʦʟʜʝʡʩʪʚʠʷʤ, ʧʦʣʫʯʝʥʠʝ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ, ʨʘʟʨʘʙʦʪʢʘ 

ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ ʠ ʧʦʩʪʩʠʥʪʝʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʩ ʧʦʪʝʥʮʠʘʣʦʤ ʧʨʦʤʳʰʣʝʥʥʦʡ 

ʤʘʩʪhʘʙʠʨʫʝʤʦʩʪʠ. 
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ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚ AB2X4 (ç124è) ʠ A2B2X5 (ç225è) ʤʦʞʥʦ 

ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ ʧʣʦʪʥʝʡʰʠʝ ʫʧʘʢʦʚʢʠ ʘʥʠʦʥʦʚ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʯʝʨʝʜʫʶʱʠʭʩʷ ʩʣʦʝʚ, 

ʚʥʫʪʨʠ ʢʦʪʦʨʳʭ ʧʦʩʣʦʡʥʦ ʟʘʧʦʣʥʷʶʪʩʷ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ ʠʣʠ ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʫʩʪʦʪʳ. ɹʣʦʢ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʪʘʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʦʙʳʯʥʦ ʩʦʩʪʦʠʪ ʠʟ 1-2 ʩʣʦʝʚ ʢʘʪʠʦʥʦʚ ʚ 

ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ, ʢʦʪʦʨʳʝ ʩʥʘʨʫʞʠ ʦʛʨʘʥʠʯʝʥʳ ʩʣʦʷʤʠ ʢʘʪʠʦʥʦʚ ʜʨʫʛʦʛʦ ʪʠʧʘ ʚ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʤ ʠʣʠ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ, ʭʦʪʷ ʤʦʛʫʪ ʥʘʙʣʶʜʘʪʴʩʷ ʠ ʩʤʝʰʘʥʥʳʝ 

ʟʘʩʝʣʝʥʥʦʩʪʠ ʢʘʪʠʦʥʥʳʭ ʧʦʟʠʮʠʡ. ʄʝʞʜʫ ʙʣʦʢʘʤʠ ʨʘʩʧʦʣʦʞʝʥʘ ʚʘʥʜʝʨʚʘʘʣʴʩʦʚʘ ʱʝʣʴ, ʟʘ ʩʯʝʪ 

ʥʘʣʠʯʠʷ ʢʦʪʦʨʦʡ ʠ ʧʨʦʷʚʣʷʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʥʠʟʢʦʨʘʟʤʝʨʥʳʝ ʵʬʬʝʢʪʳ. ɺʳʙʦʨ ʜʘʥʥʳʭ ʦʙʲʝʢʪʦʚ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʘʢʞʝ ʦʙʫʩʣʦʚʣʝʥ ʚʦʟʤʦʞʥʦʩʪʴʶ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʜʚʫʤʝʨʥʳʭ ʤʘʛʥʠʪʥʳʭ 

ʧʦʜʨʝʰʝʪʦʢ, ʦʩʥʦʚʦʡ ʜʣʷ ʢʦʪʦʨʳʭ ʤʦʛʫʪ ʙʳʪʴ ʢʘʪʠʦʥʳ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʩ ʙʦʣʴʰʠʤ ʯʠʩʣʦʤ 

ʥʝʩʧʘʨʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʥʘʧʨʠʤʝʨ ʚʳʩʦʢʦʩʧʠʥʦʚʳʝ Mn2+, Fe3+. 

ɺʚʠʜʫ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʠ ʠʟʫʯʝʥʠʷ ʫʢʘʟʘʥʥʳʭ ʩʝʤʝʡʩʪʚ, ʜʘʥʥʘʷ ʨʘʙʦʪʘ ʥʘʧʨʘʚʣʝʥʘ ʥʘ ʧʦʠʩʢ 

ʥʦʚʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʪʨʦʡʥʳʭ ʩʣʦʠʩʪʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʤʘʨʛʘʥʮʘ, ʠʟʫʯʝʥʠʝ ʠʭ ʭʠʤʠʯʝʩʢʠʭ ʠ 

ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʫʩʪʘʥʦʚʣʝʥʠʝ ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʠʭ ʩʦʩʪʘʚʦʤ, ʩʪʨʫʢʪʫʨʦʡ ʠ ʩʚʦʡʩʪʚʘʤʠ. 

ʎʝʣ.ɹ ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʦʚʳʭ ʪʨʦʡʥʳʭ ʩʣʦʠʩʪʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ 

ʤʘʨʛʘʥʮʘ ʠʟ ʩʝʤʝʡʩʪʚ ç124è ʠ ç225è, ʜʝʤʦʥʩʪʨʘʮʠʷ ʠʭ ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʥʘ ʚʦʟʜʫʭʝ ʠ 

ʵʢʩʬʦʣʠʘʮʠʠ; ʫʩʪʘʥʦʚʣʝʥʠʝ ʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʠ ʪʠʧʦʚ ʤʘʛʥʠʪʥʳʭ ʫʧʦʨʷʜʦʯʝʥʠʡ; 

ʩʠʥʪʝʪʠʯʝʩʢʠʡ ʧʦʠʩʢ ʠʭ ʚʳʩʰʠʭ çʛʦʤʦʣʦʛʦʚè, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʠʝ ʦʙʣʘʩʪʝʡ ʩʫʱʝʩʪʚʦʚʘʥʠʷ 

ʩʪʨʫʢʪʫʨ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ. 

ɿʘʜʘʯʠ.  

1. ʉʠʩʪʝʤʘʪʠʯʝʩʢʠʡ ʧʦʠʩʢ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠʟ ʩʝʤʝʡʩʪʚ ç124è ʠ ç225è ʙʘʟʦʚʳʭ 

ʩʦʩʪʘʚʦʚ MnA2B4, Mn2A2B5 (A = Al, Ga, In, B = S, Se, Te). ʇʦʠʩʢ ʚʳʩʰʠʭ çʛʦʤʦʣʦʛʦʚè 

ʜʘʥʥʳʭ ʩʝʤʝʡʩʪʚ Mn3Ga2S6, Mn4Ga2S7, Mn5Al2S8. ʆʧʪʠʤʠʟʘʮʠʷ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ 

ʮʝʣʝʚʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʋʩʪʘʥʦʚʣʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ 

ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ. 

2. ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʠ ʭʘʨʘʢʪʝʨʠʟʘʮʠʷ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʧʦʤʦʱʴʶ ʨʘʟʣʠʯʥʳʭ 

ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ: ʦʧʨʝʜʝʣʝʥʠʝ ʬʘʟʦʚʦʛʦ ʠ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ, 

ʩʪʘʙʠʣʴʥʦʩʪʠ ʥʘ ʚʦʟʜʫʭʝ; ʚʦʟʤʦʞʥʦʩʪʠ ʚʳʧʦʣʥʝʥʠʷ ʞʠʜʢʦʩʪʥʦʡ ʵʢʩʬʦʣʠʘʮʠʠ ʜʣ ̫

ʧʦʣʫʯʝʥʠ ̫ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʨʘʟʣʠʯʥʦʡ ʤʦʨʬʦʣʦʛʠʠ; ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʧʦ ʜʘʥʥʳʤ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠ ʧʦʣʝʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. 

3. ʄʦʜʠʬʠʢʘʮʠʷ ʩʦʩʪʘʚʘ ʠʟʚʝʩʪʥʦʛʦ ʧʨʝʜʩʪʘʚʠʪʝʣʷ ʠʟ ʩʝʤʝʡʩʪʚʘ ç225è 

ʤʘʛʥʠʪʦʘʢʪʠʚʥʳʤʠ ʢʘʪʠʦʥʘʤʠ: ʧʦʠʩʢ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ (ʬʘʟ) Mn2(Ga2-xCrx)S5, 

(Mn2-xCrx)Ga2S5 (x = 0.25, 0.50, 0.75); ʆʧʨʝʜʝʣʝʥʠʝ ʦʙʣʘʩʪʠ ʛʦʤʦʛʝʥʥʦʩʪʠ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚ ç124è ʠ ç225è ʚ ʩʠʩʪʝʤʝ Mn-Al-S ʩ 

ʧʨʝʜʧʦʣʘʛʘʝʤʳʤʠ ʩʦʩʪʘʚʘʤʠ Mn1-xAl2+xS4 ʠ Mn2-xAl2+xS5 (x = -0.4, -0.2, 0, 0.2, 0.4). 
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4. ʆʧʨʝʜʝʣʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʦʧʨʝʜʝʣʝʥʠʝ 

ʦʙʣʘʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʣʦʠʩʪʳʭ ʩʪʨʫʢʪʫʨ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ. ɺʳʷʚʣʝʥʠʝ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʚ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʠ ʩʦʝʜʠʥʝʥʠʡ ʤʘʨʛʘʥʮʘ ʩ ʪʨʝʭʟʘʨʷʜʥʳʤʠ 

ʢʘʪʠʦʥʘʤʠ (Al3+, Ga3+, In3+) ʠ ʭʘʣʴʢʦʛʝʥʠʜ-ʘʥʠʦʥʘʤʠ (S2-, Se2-, Te2-). 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʳ ʥʦʚʳʝ ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ ʠ 

ʦʧʨʝʜʝʣʝʥʳ ʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ: MnAl2Se4, Mn2Al2Se5, Mn2Al2S5, ʘ ʪʘʢʞʝ ʥʦʚʘʷ 

ʩʣʦʠʩʪʘʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ Mn2In2Se5; ʧʨʝʜʣʦʞʝʥʘ ʥʦʚʘʷ ʤʦʜʝʣʴ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ MnAl2S4 ʠ ʫʪʦʯʥʝʥʘ ʩʪʨʫʢʪʫʨʘ ʠʟʚʝʩʪʥʦʛʦ ʚʝʱʝʩʪʚʘ Mn2Ga2S5. 

ɺʧʝʨʚʳʝ ʧʨʦʠʟʚʝʜʝʥʦ ʟʘʤʝʱʝʥʠʝ ʚ ʢʘʪʠʦʥʥʦʤ ʙʣʦʢʝ ʜʘʥʥʳʭ ʩʪʨʫʢʪʫʨ. ɺʧʝʨʚʳʝ ʫʢʘʟʘʥʘ 

ʭʠʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʥʘ ʚʦʟʜʫʭʝ ʜʣʷ Mn2Ga2S5 ʠ Mn2In2Se5, ʘ ʪʘʢʞʝ ʚʧʝʨʚʳʝ ʜʣʷ ʜʘʥʥʳʭ 

ʩʝʤʝʡʩʪʚ ʧʦʣʫʯʝʥʳ ʵʢʩʬʦʣʠʘʮʠʝʡ ʠ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʳ ʥʘʥʦʩʚʝʨʪʢʠ ʠ ʥʘʥʦʧʣʘʩʪʠʥʳ. ɺʧʝʨʚʳʝ 

ʠʩʩʣʝʜʦʚʘʥʳ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ Mn2In2Se5, ʘ ʪʘʢʞʝ 

ʘʥʠʟʦʪʨʦʧʥʳʝ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ Mn2Ga2S5. ʆʧʨʝʜʝʣʝʥʘ 

ʦʙʣʘʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ MgAl2Se4 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ. 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʠ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʨʘʟʣʠʯʥʦʡ ʤʦʨʬʦʣʦʛʠʠ: ʥʘʥʦʩʚʝʨʪʢʠ ʠ ʥʘʥʦʧʣʘʩʪʠʥʳ, ʥʘ ʦʩʥʦʚʝ ʢʦʪʦʨʳʭ 

ʤʦʛʫʪ ʙʳʪʴ ʩʬʦʨʤʠʨʦʚʘʥʳ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʩ ʧʨʠʣʦʞʝʥʠʝʤ ʚ ʦʙʣʘʩʪʠ ʩʧʠʥʪʨʦʥʠʢʠ. ʇʦʢʘʟʘʥʥʘʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʩʪʘʷ ʤʝʭʘʥʠʯʝʩʢʘʷ ʞʠʜʢʦʩʪʥʘʷ ʵʢʩʬʦʣʠʘʮʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʨʘʩʪʚʦʨʠʪʝʣʷʭ ʠ 

ʭʠʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʥʘ ʚʦʟʜʫʭʝ ʚ ʪʝʯʝʥʠʝ ʥʝʜʝʣʠ ʠ ʜʦ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ (500 ÁC) 

ʫʚʝʣʠʯʠʚʘʝʪ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʧʨʠʣʦʞʝʥʠʷ ʜʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʜʘʣʴʥʝʡʰʝʤ. 

ɼʘʥʥʳʝ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʟʚʦʣʷʶʪ ʩʫʜʠʪʴ ʦ ʚʦʟʤʦʞʥʦʤ 

ʧʨʠʤʝʥʝʥʠʠ ʠ ʦʙʲʝʤʥʳʭ ʬʘʟ ʟʘ ʩʯʝʪ ʵʬʬʝʢʪʦʚ ʤʘʛʥʠʪʥʦʡ ʧʦʜʨʝʰʝʪʢʠ, ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ 

ʜʚʫʤʝʨʥʦʡ ʚ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ, ʧʨʠ ʵʪʦʤ ʥʘ ʤʘʛʥʠʪʥʳʭ ʜʘʥʥʳʭ ʥʘʙʣʶʜʘʶʪʩʷ ʵʬʬʝʢʪʳ, 

ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʤʘʛʥʠʪʥʦʡ ʧʦʜʩʠʩʪʝʤʳ ï ʬʨʫʩʪʨʘʮʠʠ. 

ʉʪʨʫʢʪʫʨʥʳʝ ʜʘʥʥʳʝ ʧʦʟʚʦʣʷʶʪ ʦʮʝʥʠʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʥʝʠʟʚʝʩʪʥʳʭ ʢʘʥʜʠʜʘʪʦʚ ʚ 

ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ ʧʦ ʨʘʟʤʝʨʫ ʠʦʥʦʚ ʜʣʷ ʩʪʨʫʢʪʫʨʥʳʭ ʪʠʧʦʚ MgAl2Se4, Mg2Al2Se5. ʋʩʧʝʰʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʪʚʝʨʜʳʤʠ ʨʘʩʪʚʦʨʘʤʠ ʟʘʤʝʱʝʥʠʷ ʧʦʟʚʦʣʷʶʪ ʨʘʩʰʠʨʠʪʴ ʦʙʣʘʩʪʴ ʧʦʠʩʢʘ ʚ 

ʙʦʣʴʰʦʤ ʠʥʪʝʨʚʘʣʝ ʭʠʤʠʯʝʩʢʠʭ ʩʦʩʪʘʚʦʚ, ʢʦʪʦʨʘʷ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʰʠʨʦʢʠʝ ʨʘʤʢʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʤʘʪʝʨʠʘʣʦʚ ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ ʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʥʘʧʨʠʤʝʨ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ 

ʠʣʠ ʤʘʛʥʠʪʥʳʤʠ.  

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ. 

1. ʅʦʚʳʝ ʧʦʣʫʯʝʥʥʳʝ ʩʦʝʜʠʥʝʥʠ ̫MnAl2S4, MnAl2Se4, Mn2Al2S5, Mn2Al2Se5, Mn2Ga2S5, ʠ 

Mn2In2Se5 ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʩʪʨʫʢʪʫʨʥʳʭ ʪʠʧʘʭ MgAl2Se4 ʠ Mg2Al2Se5, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨʘʭ ʚʩʝʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘʙʣʶʜʘʝʪʩʷ 

ʩʤʝʰʘʥʥʘʷ ʟʘʩʝʣʝʥʥʦʩʪʴ ʢʘʪʠʦʥʥʳʭ ʧʦʟʠʮʠʡ. ɼʦʣʷ ʪʨʝʭʟʘʨʷʜʥʦʛʦ ʠʦʥʘ ʚ 
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ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ ʜʣʷ ʚʩʝʭ ʮʝʣʝʚʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʦʩʪʘʚʣʷʝʪ 75-80%. ʆʙʣʘʩʪʴ 

ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ MgAl2Se4 ʦʛʨʘʥʠʯʝʥʘ ʟʥʘʯʝʥʠʷʤʠ 

ʨʘʟʤʝʨʥʦʛʦ ʬʘʢʪʦʨʘ t (ʬʘʢʪʦʨʘ ʪʦʣʝʨʘʥʪʥʦʩʪʠ) ʦʪ 0.54 ʜʦ 0.66.  

2. ʉʦʝʜʠʥʝʥʠʷ Mn2Ga2S5 ʠ Mn2In2Se5 ̫ʚʣʷʶʪʩʷ ʭʠʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʳʤʠ ʥʘ ʚʦʟʜʫʭʝ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ MnAl2S4, MnAl2Se4, Mn2Al2S5, Mn2Al2Se5 ʛʠʜʨʦʣʠʟʫʶʪʩʷ. ɾʠʜʢʦʩʪʥʘʷ 

ʵʢʩʬʦʣʠʘʮʠʷ MnAl2S4, MnAl2Se4 ʠ Mn2Ga2S5 ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʥʘʥʦʤʘʪʝʨʠʘʣʳ ʩ 

ʨʘʟʣʠʯʥʦʡ ʤʦʨʬʦʣʦʛʠʝʡ: ʥʘʥʦʣʠʩʪʳ ʠ ʥʘʥʦʩʚʝʨʪʢʠ, ʦʙʣʘʜʘʶʱʠʝ ʩʪʘʙʠʣʴʥʦʡ ʘʪʦʤʘʨʥʦ 

ʛʣʘʜʢʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʠ ʧʨʠʛʦʜʥʳʝ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʩʦʟʜʘʥʠʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʠ 

ʫʩʪʨʦʡʩʪʚ ʩʧʠʥʪʨʦʥʠʢʠ. 

3.  ɺ ʨʝʟʫʣʴʪʘʪʝ ʯʘʩʪʠʯʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʤʘʨʛʘʥʮʘ ʥʘ ʭʨʦʤ ʚ ʩʦʝʜʠʥʝʥʠʠ Mn2Ga2S5 

ʦʙʨʘʟʫʝʪʩʷ ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ ʟʘʤʝʱʝʥʠʷ, ʩʦʜʝʨʞʘʱʠʡ ʥʝ ʤʝʥʝʝ 37.5% ʭʨʦʤʘ, 

ʧʨʠʛʦʜʥʳʡ ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ ʤʦʜʠʬʠʢʘʮʠʠ ʤʘʛʥʠʪʥʳʭ ʠ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʚʦʡʩʪʚ 

ʩʦʝʜʠʥʝʥʠʷ. ɺ ʩʠʩʪʝʤʝ Mn-Al-S ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʦʪʷʞʝʥʥʦʡ ʦʙʣʘʩʪʠ ʛʦʤʦʛʝʥʥʦʩʪʠ 

ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʦʦʪʥʦʰʝʥʠʷ ʢʘʪʠʦʥʦʚ ʚ ʮʝʣʝʚʳʭ ʩʦʝʜʠʥʝʥʠʷʭ. 

4. ʀʦʥʳ ʤʘʨʛʘʥʮʘ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʩʦʝʜʠʥʝʥʠʡ Mn2Ga2S5 ʠ Mn2In2Se5 

ʧʨʦʷʚʣʷʶʪ ʩʠʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʪʠʧʘ ʚ ʧʘʨʘʤʘʛʥʠʪʥʦʤ 

ʩʦʩʪʦʷʥʠʠ, ʧʨʠ ʵʪʦʤ ʩʦʧʨʷʞʝʥʥʘʷ ʩʠʩʪʝʤʘ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʷʚʣʷʝʪʩʷ ʚ 

ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʬʨʫʩʪʨʠʨʦʚʘʥʥʦʡ. 

ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ. ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʩ 

ʧʦʤʦʱʴʶ ʚʳʩʦʢʦʪʦʯʥʳʭ ʤʝʪʦʜʦʚ ʩ ʢʘʣʠʙʨʦʚʢʘʤʠ (ʦʙʨʘʟʮʘʤʠ ʩʨʘʚʥʝʥʠʷ), ʥʝʟʘʚʠʩʠʤʳʤʠ 

ʠʟʤʝʨʝʥʠʷʤʠ ʚʝʣʠʯʠʥ ʨʘʟʣʠʯʥʦʡ ʬʠʟʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʝʪʦʜʳ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʧʦʨʦʰʢʦʚʦʡ ʜʠʬʨʘʢʮʠʠ, ʧʨʦʠʟʚʝʜʝʥʥʳʝ ʚ ʨʘʟʣʠʯʥʳʭ ʛʝʦʤʝʪʨʠʷʭ (ɹʨʵʛʛʘ-

ɹʨʝʥʪʘʥʦ ʠ ɼʝʙʘʷ-ʐʝʨʨʝʨʘ) ʩ ʨʘʟʣʠʯʥʳʤʠ ʜʝʨʞʘʪʝʣʷʤʠ (ʢʘʧʠʣʣʷʨʳ, ʧʣʝʥʢʠ, ʣʘʢ) ʠ ʚ ʨʘʟʣʠʯʥʦʡ 

ʩʨʝʜʝ (ʚʦʟʜʫʭ, ʘʨʛʦʥ), ʠʟ ʢʦʪʦʨʳʭ ʠʟʚʣʝʢʘʣʘʩʴ ʦʩʥʦʚʥʘʷ ʩʪʨʫʢʪʫʨʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʩʦʝʜʠʥʝʥʠʷʭ. 

ɼʘʥʥʳʡ ʤʝʪʦʜ ʜʦʧʦʣʥʷʣʘ ʵʣʝʢʪʨʦʥʥʘʷ ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʤʠʢʨʦʩʢʦʧʠʷ, ʢʦʪʦʨʘʷ ʪʘʢʞʝ ʧʦʟʚʦʣʷʣʘ 

ʥʝʟʘʚʠʩʠʤʦ ʧʦʜʪʚʝʨʜʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʮʝʣʝʚʳʭ ʩʪʨʫʢʪʫʨ ʠʟ ʩʝʤʝʡʩʪʚ ç124è ʠ ç225è. ʈʘʩʪʨʦʚʘʷ 

ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʠ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʧʦʟʚʦʣʷʣʠ 

ʦʧʨʝʜʝʣʠʪʴ ʩʦʩʪʘʚ ʠ ʦʜʥʦʨʦʜʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ, ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʷ ʚ ʚʦʟʜʫʰʥʦʡ 

ʩʨʝʜʝ ʪʘʢʞʝ ʧʦʟʚʦʣʠʣʘ ʧʦʜʪʚʝʨʜʠʪʴ ʩʦʩʪʘʚ ʩʦʝʜʠʥʝʥʠʡ. ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʘʷ ʩʢʘʥʠʨʫʶʱʘʷ 

ʢʘʣʦʨʠʤʝʪʨʠʷ ʚʤʝʩʪʝ ʩ ʛʨʘʚʠʤʝʪʨʠʝʡ ʧʦʟʚʦʣʠʣʠ ʦʧʨʝʜʝʣʠʪʴ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ, ʢʦʪʦʨʳʝ 

ʧʦʜʪʚʝʨʞʜʘʣʠʩʴ ʜʘʥʥʳʤʠ ʪʝʨʤʦʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. ʄʦʨʬʦʣʦʛʠʷ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ, 

ʦʧʨʝʜʝʣʝʥʥʘʷ ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʧʦʜʪʚʝʨʞʜʘʣʘʩʴ ʵʬʬʝʢʪʘʤʠ, 

ʥʘʙʣʶʜʘʝʤʳʤʠ ʩ ʧʦʤʦʱʴʶ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ʉʪʨʫʢʪʫʨʥʳʝ ʜʘʥʥʳʝ ʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʤʘʛʥʠʪʦʘʢʪʠʚʥʳʭ ʢʘʪʠʦʥʦʚ ʢʘʯʝʩʪʚʝʥʥʦ ʧʦʜʪʚʝʨʞʜʘʣʠʩʴ ʜʘʥʥʳʤʠ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠ ʧʦʣʝʚʳʭ ʤʘʛʥʠʪʥʳʭ ʠʟʤʝʨʝʥʠʡ. ʂʨʦʤʝ ʪʦʛʦ, ʯʘʩʪʴ ʵʪʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 
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ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ ʧʦ ʩʭʦʞʠʤ ʠʣʠ ʠʜʝʥʪʠʯʥʳʤ ʦʙʲʝʢʪʘʤ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ʈʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʚʠʜʝ ʜʦʢʣʘʜʦʚ ʥʘ ʨʦʩʩʠʡʩʢʠʭ ʠ 

ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ, ʘ ʪʘʢʞʝ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʨʝʮʝʥʟʠʨʫʝʤʳʭ 

ʞʫʨʥʘʣʘʭ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʩʦʠʩʢʘʪʝʣʷ. ʈʘʙʦʪʘ ʚʳʧʦʣʥʷʣʘʩʴ ʩʦʠʩʢʘʪʝʣʝʤ ʚ ʧʝʨʠʦʜ ʩ 2021 ʧʦ 2025 ʛʦʜ. 

ɸʚʪʦʨʦʤ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʨʘʟʨʘʙʦʪʢʘ ʠ ʦʧʪʠʤʠʟʘʮʠʷ ʫʩʣʦʚʠʡ ʚʩʝʭ ʧʨʦʠʟʚʝʜʝʥʥʳʭ ʚ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʩʠʥʪʝʟʦʚ, ʘ ʠʤʝʥʥʦ, ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ, ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ʠ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ, 

ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʥʠʭ. ʉʤʦʜʝʣʠʨʦʚʘʥʦ ʠ ʚʳʧʦʣʥʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ. 

ɺʳʧʦʣʥʝʥʳ ʚʩʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʠ ʦʙʨʘʙʦʪʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʠ 

ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ʇʨʠʥʷʪʦ ʫʯʘʩʪʠʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʥʘ ʧʨʦʩʚʝʯʠʚʘʶʱʝʤ 

ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ ʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʤ ʤʠʢʨʦʩʢʦʧʝ, ʚʳʧʦʣʥʝʥʘ ʦʙʨʘʙʦʪʢʘ ʚʩʝʭ ʜʘʥʥʳʭ, 

ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʜʘʥʥʳʭ ʤʝʪʦʜʦʚ; ʦʙʨʘʙʦʪʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ. 

ɺ ʯʘʩʪʥʦʩʪʠ, ʧʨʦʠʟʚʝʜʝʥʳ ʫʪʦʯʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʩʪʨʫʢʪʫʨ, ʚʳʧʦʣʥʝʥʳ ʨʘʩʯʝʪʳ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʰʝʨʦʭʦʚʘʪʦʩʪʠ, ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʤʘʛʥʠʪʥʳʭ 

ʢʨʠʚʳʭ. ʉʠʩʪʝʤʘʪʠʟʠʨʦʚʘʥʳ ʠ ʦʙʨʘʙʦʪʘʥʳ ʜʘʥʥʳʝ ʦ ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʪʠʧʘʭ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʦʙʣʘʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ. ʅʘʧʠʩʘʥʳ 

ʩʦʚʤʝʩʪʥʦ ʩ ʩʦʘʚʪʦʨʘʤʠ ʥʘʫʯʥʳʝ ʩʪʘʪʴʠ ʚ ʞʫʨʥʘʣʘʭ ʧʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ. 

ʇʫʙʣʠʢʘʮʠʠ ʠ ʘʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ. ʆʩʥʦʚʥʳʝ ʠʜʝʠ ʠ ʧʦʣʦʞʝʥʠʷ ʨʘʙʦʪʳ ʠʟʣʦʞʝʥʳ ʚ 

3 ʩʪʘʪʴʷʭ (ʦʙʲʝʤʦʤ 2,3125 ʧ.ʣ.) ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʥʘʫʯʥʳʭ ʠʟʜʘʥʠʷʭ, ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʭ ʜʣʷ 

ʟʘʱʠʪʳ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʤ ʩʦʚʝʪʝ ʄɻʋ ʧʦ ʩʧʝʮʠʘʣʴʥʦʩʪʠ ʠ ʦʪʨʘʩʣʠ ʥʘʫʢ. ʇʦ ʤʘʪʝʨʠʘʣʘʤ ʜʘʥʥʦʡ 

ʨʘʙʦʪʳ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʦʢʣʘʜʳ ʥʘ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʩʪʫʜʝʥʪʦʚ, 

ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ çʃʦʤʦʥʦʩʦʚè (2022-2024, ʄʦʩʢʚʘ, ʛʨʘʤʦʪʘ ʧʨʠʟʝʨʘ), 

ʚʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ çɸʢʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠè 

(2022, 2023, ʂʨʘʩʥʦʚʠʜʦʚʦ, ʄʦʩʢʦʚʩʢʘʷ ʦʙʣ., ʜʠʧʣʦʤ ʧʦʙʝʜʠʪʝʣʷ), ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ 

ʧʦ ʦʙʱʝʡ ʠ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ (2023, 2024, ʄʦʩʢʚʘ, ʜʠʧʣʦʤ ʧʦʙʝʜʠʪʝʣʷ), ʥʘʮʠʦʥʘʣʴʥʦʡ 

ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ (2024, ʅʘʣʴʯʠʢ), ʚʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʍʠʤʠʷ 

ʪʚʸʨʜʦʛʦ ʪʝʣʘ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳè (2024, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ). 
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ʅʘʫʯʥʳʝ ʩʪʘʪʴʠ, ʦʧʫʙʣʠʢʦʚʘʥʥʳʝ ʚ ʞʫʨʥʘʣʘʭ, ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʭ ʜʣʷ ʟʘʱʠʪʳ ʚ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʤ ʩʦʚʝʪʝ ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ ʧʦ ʩʧʝʮʠʘʣʴʥʦʩʪʠ ʠ ʦʪʨʘʩʣʠ ʥʘʫʢ: 

1. Verchenko, V. Yu., Kanibolotskiy, A. V., Chernoukhov, I. V. , Cherednichenko K. A., 

Bogach A. V., Znamenkov K. O., Sobolev A. V., Glazkova Ia. S., Presniakov I. A., 

Shevelkov A. V. Layered van der Waals chalcogenides FeAl2Se4, MnAl2S4, and 

MnAl2Se4: Atomically thin triangular arrangement of transition-metal atoms // Inorganic 

Chemistry. ï 2023. ï vol. 62. ï ̄. 19. ï pp. 7557-7565.  

ʀʤʧʘʢʪ ʬʘʢʪʦʨ 4.3 (JIF) ï 0,56 ʧ.ʣ. ɼʦʣʷ ʫʯʘʩʪʠʷ 30%. 

EDN: NVPZMZ https://doi.org/10.1021/acs.inorgchem.3c00912 

2. Chernoukhov I. V., Bogach A. V., Cherednichenko K. A., Gashigullin R. A., 

Shevelkov A. V., Verchenko V. Yu. Mn2Ga2S5 and Mn2Al2Se5 van der Waals 

Chalcogenides: A Source of Atomically Thin Nanomaterials // Molecules. ï 2024. ï 

vol. 29. ï ̄. 9. ï P. 2026.  

ʀʤʧʘʢʪ ʬʘʢʪʦʨ 4.2 (JIF) ï 0,75 ʧ.ʣ. ɼʦʣʷ ʫʯʘʩʪʠʷ 75%. 

EDN: GMOCGO https://doi.org/10.3390/molecules29092026 

3. Chernoukhov, I. V., Pyreu, A. D., Azarevich, A. N., Samarin A. N., Bogach A. V., 

Znamenkov K. O., Shevelkov A. V., Verchenko V. Yu. High-Temperature Layered 

Modification of Mn2In2Se5 // Molecules. ï 2025. ï vol. 30. ï ̄. 9. ï P. 1904.  

ʀʤʧʘʢʪ ʬʘʢʪʦʨ 4.2 (JIF) ï 1 ʧ.ʣ. ɼʦʣʷ ʫʯʘʩʪʠʷ 75%. 

EDN: CTOTOS https://doi.org/10.3390/molecules30091904 

ʆʙʲʝʤ ʠ ʩʪʨʫʢʪʫʨʘ ʨʘʙʦʪʳ. ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʦʙʟʦʨʘ 

ʣʠʪʝʨʘʪʫʨʳ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʯʘʩʪʠ, ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠ ̫(ʚ ʪʦʤ ʯʠʩʣʝ ʟʘʢʣʶʯʝʥʠ)̫, 

ʚʳʚʦʜʦʚ, ʙʣʘʛʦʜʘʨʥʦʩʪʝʡ, ʩʧʠʩʢʘ ʩʦʢʨʘʱʝʥʠʡ ʠ ʫʩʣʦʚʥʳʭ ʦʙʦʟʥʘʯʝʥʠʡ, ʩʧʠʩʢʘ ʮʠʪʠʨʫʝʤʦʡ 

ʣʠʪʝʨʘʪʫʨʳ ʠ ʧʨʠʣʦʞʝʥʠʡ (A, B, C, D, E). ʄʘʪʝʨʠʘʣʳ ʠʟʣʦʞʝʥ rʥʘ 157 ʩʪʨʘʥʠʮʘʭ ʤʘʰʠʥʦʧʠʩʥʦʛʦ 

ʪʝʢʩʪʘ, ʩʦʜʝʨʞʘʪ 72 ʨʠʩʫʥʢʘ (ʚ ʪʦʤ ʯʠʩʣʝ 9 ʚ ʧʨʠʣʦʞʝʥʠʷʭ) ʠ 49 ʪʘʙʣʠʮ (ʚ ʪʦʤ ʯʠʩʣʝ 9 ʚ 

ʧʨʠʣʦʞʝʥʠʷʭ). ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ ʚʢʣʶʯʘʝʪ 195 ʠʩʪʦʯʥʠʢʦʚ. 

 

  

https://doi.org/10.1021/acs.inorgchem.3c00912
https://doi.org/10.3390/molecules29092026
https://doi.org/10.3390/molecules30091904
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2. ʃʠʪʝʨʘʪʫʨʥʳʡ ʦʙʟʦʨ 

2.1. ʅʝʦʨʛʘʥʠʯʝʩʢʠʝ ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ 

2.1.1. ʆʧʨʝʜʝʣʝʥʠʝ ʠ ʩʚʦʡʩʪʚʘ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʉʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ ï ʚʝʱʝʩʪʚʘ ʩ ʩʠʣʴʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʭʠʤʠʯʝʩʢʦʡ 

ʩʚʷʟʠ, ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʙʣʦʢʦʚ, ʧʨʦʪʷʞʝʥʥʳʭ ʚ 

ʙʘʟʠʩʥʦʡ ʧʣʦʩʢʦʩʪʠ ʠ ʯʝʨʝʜʫʶʱʠʭʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʜʝʣʝʥʥʦʛʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ 

ʥʘʧʨʘʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʩʦʜʝʨʞʘʱʠʭ ʥʝʩʢʦʣʴʢʦ ʘʪʦʤʥʳʭ ʩʣʦʝʚ ʩ ʧʨʦʯʥʳʤʠ ʭʠʤʠʯʝʩʢʠʤʠ ʩʚʷʟʷʤʠ, 

ʢʘʢ ʧʨʘʚʠʣʦ, ʢʦʚʘʣʝʥʪʥʦʛʦ ʠʣʠ ʠʦʥʥʦʛʦ ʭʘʨʘʢʪʝʨʘ, ʧʨʠ ʵʪʦʤ ʥʘ ʛʨʘʥʠʮʝ ʙʣʦʢʦʚ ʚʦʟʥʠʢʘʶʪ ʤʝʥʝʝ 

ʧʨʦʯʥʳʝ ʭʠʤʠʯʝʩʢʠʝ ʩʚʷʟʠ. ʇʨʠ ʜʝʩʪʨʫʢʮʠʠ ʤʘʪʝʨʠʘʣʘ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʝʥ ʨʘʟʨʳʚ ʩʚʷʟʝʡ ʥʘ 

ʛʨʘʥʠʮʝ ʙʣʦʢʦʚ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʣʦʩʢʦʡ ʬʦʨʤʳ, ʟʘ ʩʯʝʪ ʯʝʛʦ ʩʦʝʜʠʥʝʥʠʷ ʠ 

ʧʦʣʫʯʠʣʠ ʩʚʦʝ ʥʘʟʚʘʥʠʝ. 

ʄʝʥʝʝ ʧʨʦʯʥʳʝ ʩʚʷʟʠ ʥʘ ʛʨʘʥʠʮʝ ʙʣʦʢʦʚ ʠʤʝʶʪ ʙʦʣʴʰʫʶ ʜʣʠʥʫ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʤʝʞʘʪʦʤʥʳʤʠ ʨʘʩʩʪʦʷʥʠʷʤʠ ʚʥʫʪʨʠ ʙʣʦʢʘ. ʕʪʠ ʩʚʷʟʠ ʦʙʨʘʟʫʶʪʩʷ ʟʘ ʩʯʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ 

ʩʣʘʙʦʟʘʨʷʞʝʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ ʩ ʙʣʠʟʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʟʘʨʷʜʘ ʠʣʠ ʤʝʞʜʫ ʥʝʡʪʨʘʣʴʥʳʤʠ 

ʯʘʩʪʠʮʘʤʠ. ʊʘʢʠʤ ʢʨʠʪʝʨʠʷʤ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʧʨʦʩʪʳʝ ʚʝʱʝʩʪʚʘ ʥʝʤʝʪʘʣʣʦʚ, ʩʦʝʜʠʥʝʥʠʷ ʚʠʜʘ 

ʥʝʤʝʪʘʣʣ-ʥʝʤʝʪʘʣʣ, ʘ ʪʘʢʞʝ ʠʭ ʩʦʝʜʠʥʝʥʠʷ ʩ d- ʠʣʠ f-ʤʝʪʘʣʣʘʤʠ. ʕʣʝʤʝʥʪʳ ʩ ʚʳʩʦʢʦʡ 

ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴʶ, ʥʘʧʨʠʤʝʨ, ʬʪʦʨ, ʢʘʢ ʠ ʵʣʝʤʝʥʪʳ ʩ ʥʠʟʢʠʤ ʧʦʪʝʥʮʠʘʣʦʤ ʠʦʥʠʟʘʮʠʠ, ʚ 

ʯʘʩʪʥʦʩʪʠ, s-ʤʝʪʘʣʣʳ, ʦʩʦʙʝʥʥʦ ʱʝʣʦʯʥʳʝ, ʦʙʨʘʟʫʶʪ ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʨʝʞʝ, 

ʧʦʩʢʦʣʴʢʫ ʜʣʷ ʥʠʭ ʭʘʨʘʢʪʝʨʥʳ ʩʠʣʴʥʦ ʧʦʣʷʨʥʳʝ ʩʚʷʟʠ, ʧʨʠ ʢʦʪʦʨʳʭ ʩʦʟʜʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʡ 

ʢʫʣʦʥʦʚʩʢʠʡ ʙʘʨʴʝʨ ʥʘ ʛʨʘʥʠʮʝ ʩʪʨʫʢʪʫʨʥʳʭ ʙʣʦʢʦʚ. 

ʉʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ ʠʥʪʝʨʝʩʥʳ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʪʨʝʤ ʦʩʥʦʚʥʳʤ ʧʨʠʯʠʥʘʤ: 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ, ʧʦʣʫʯʝʥʠʝ ʜʚʫʤʝʨʥʳʭ ʠ ʧʩʝʚʜʦʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚʦʟʤʦʞʥʦʩʪʴ 

ʠʟʤʝʥʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʦʙʱʝʛʦ ʤʦʪʠʚʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ.  

ʈʘʩʩʤʦʪʨʠʤ ʚʦʟʤʦʞʥʦʩʪʠ ʭʠʤʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ. ɿʘ ʩʯʝʪ 

ʩʣʦʠʩʪʦʛʦ ʩʪʨʦʝʥʠʷ, ʟʘʯʘʩʪʫʶ, ʯʝʨʝʜʫʶʱʠʝʩʷ ʙʣʦʢʠ ʤʦʞʥʦ ʩʜʚʠʥʫʪʴ ʠ ʧʦʤʝʩʪʠʪʴ ʤʝʞʜʫ ʥʠʤʠ 

ʘʪʦʤʳ, ʤʦʣʝʢʫʣʳ ʠʣʠ ʙʦʣʝʝ ʢʨʫʧʥʳʝ ʬʨʘʛʤʝʥʪʳ: 

¶ ʂ ʧʨʦʩʪʝʡʰʝʡ (ʟʘʯʘʩʪʫʶ ʦʙʨʘʪʠʤʦʡ) ʠʥʪʝʨʢʘʣʷʮʠʠ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʚʘʞʥʫʶ ʜʣʷ ʣʠʪʠʡ-

ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʨʝʘʢʮʠʶ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʣʠʪʠʷ ʩ ʛʨʘʬʠʪʦʤ ʠʣʠ ʥʘʪʨʠʷ ʩ 

ʜʠʩʫʣʴʬʠʜʦʤ ʤʦʣʠʙʜʝʥʘ (ʈʠʩʫʥʦʢ 1) [1,2] 

ὒὭφὅ ὒὭὅ  (1) 

ὼὔὥὓέὛ ὔὥὓέὛ ὼ ρ (2) 
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ʈʠʩʫʥʦʢ 1 ï ʉʪʨʫʢʪʫʨʘ ʩʦʝʜʠʥʝʥʠʡ NaxMoS2 [2]. ɾʝʣʪʳʤ ʦʪʤʝʯʝʥʳ ʘʪʦʤʳ S, ʢʦʨʠʯʥʝʚʳʤ ï 

Na, ʨʦʟʦʚʳʤ ï Mo 

¶ ɹʦʣʝʝ ʩʣʦʞʥʳʡ ʚʘʨʠʘʥʪ ï ʚʥʝʜʨʝʥʠʝ ʢʘʪʠʦʥʦʚ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʨʘʟʤʝʨʘ ʚ ʩʪʨʫʢʪʫʨʫ. 

ʊʘʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʦʟʚʦʣʷʝʪ ʩʝʣʝʢʪʠʚʥʦ ʨʘʟʜʝʣʷʪʴ ʩʤʝʩʠ ʠʣʠ ʚʳʜʝʣʷʪʴ ʨʝʜʢʠʝ 

ʵʣʝʤʝʥʪʳ, ʨʘʜʠʦʘʢʪʠʚʥʳʝ ʧʨʠʤʝʩʠ ʠʣʠ ʵʢʦʣʦʛʠʯʝʩʢʠ ʦʧʘʩʥʳʝ ʚʝʱʝʩʪʚʘ, ʥʘʧʨʠʤʝʨ ʚ 

ʩʪʦʯʥʳʭ ʚʦʜʘʭ. ʉʣʦʠʩʪʳʝ ʜʚʦʡʥʳʝ ʛʠʜʨʦʢʩʠʜʳ ʩʧʦʩʦʙʥʳ ʩʚʷʟʳʚʘʪʴ ʪʘʢʠʝ ʠʦʥʳ ʢʘʢ 

Pb+2, Cd+2, Cu+2 ʠʟ ʨʘʩʪʚʦʨʦʚ[3]. ɻʨʫʧʧʘ ʩʣʦʠʩʪʳʭ ʦʢʩʦʛʘʣʦʛʝʥʠʜʦʚ ʧʦʟʚʦʣʷʝʪ 

ʩʦʨʙʠʨʦʚʘʪʴ ʠ ʦʢʠʩʣʷʪʴ ʢʠʩʣʦʨʦʜʦʤ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʫʣʴʪʨʘʬʠʦʣʝʪʘ ʦʨʛʘʥʠʯʝʩʢʠʝ 

ʟʘʛʨʷʟʥʠʪʝʣʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʬʦʪʦʦʢʠʩʣʝʥʠ ̫[4]. 

¶ ʅʝʢʦʪʦʨʳʝ ʚʥʝʜʨʝʥʠʷ ʚ ʩʪʨʫʢʪʫʨʫ ʧʦʟʚʦʣʷʶʪ ʦʨʛʘʥʠʟʦʚʘʪʴ ʥʦʚʳʡ ʬʫʥʢʮʠʦʥʘʣʴʥʳʡ 

ʩʪʨʫʢʪʫʨʥʳʡ ʢʣʘʩʩ, ʥʘʧʨʠʤʝʨ ʜʦʙʘʚʣʝʥʠʝ ʞʝʣʝʟʘ ʚ ʩʣʦʠʩʪʳʡ ʪʝʣʣʫʨʠʜ ʛʝʨʤʘʥʠʷ 

ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ ʩʦʩʪʘʚʘ FenGeTe2(n 

= 3-5)[5ï7]. ɺʥʝʜʨʝʥʠʝ ʣʠʪʠʷ ʚ ʩʣʦʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ CoO2 ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ 

ʥʦʚʦʡ ʬʘʟ rLiCoO2, ʢʦʪʦʨʫʶ ʠʩʧʦʣʴʟʫʶʪ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ Li-ʠʦʥʥʳʭ 

ʘʢʢʫʤʫʣʷʪʦʨʘʭ [8]. ʆʨʛʘʥʠʟʘʮʠʷ çʛʠʙʨʠʜʥʳʭè ʩʣʦʠʩʪʳʭ ʧʝʨʦʚʩʢʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʠʦʜʠʜʘ 

ʩʚʠʥʮʘ ʟʘ ʩʯʝʪ ʚʥʝʜʨʝʥʠʷ ʢʨʫʧʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʢʘʪʠʦʥʦʚ, ʥʘʧʨʠʤʝʨ CH3NH3
+ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨ, ʩʭʦʞʠʭ ʩ ʬʘʟʘʤʠ ɼʠʦʥʘïʗʢʦʙʩʦʥʘ, ʘʢʪʠʚʥʦ ʠʟʫʯʘʝʪʩʷ ʫʞʝ 

ʥʝʩʢʦʣʴʢʦ ʣʝʪ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʦʟʜʘʥʠʷ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ ʧʦʚʳʰʝʥʥʳʤ 

ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʝʤʥʠʝʚʳʭ ʷʯʝʝʢ [9].  

ɿʘʯʘʩʪʫʶ ʢʨʫʧʥʳʝ ʙʣʦʢʠ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ̫ʚʣʷʪʁʩʷ ʫʩʪʦʡʯʠʚʳʤʠ ʩʪʨʫʢʪʫʨʥʳʤʠ 

ʬʨʘʛʤʝʥʪʘʤʠ, ʢʦʪʦʨʳʝ ʥʝ ʨʘʟʨʫʰʘʪʁʩʷ ʜʘʞʝ ʧʨʠ ʩʠʣʴʥʦʤ ʠʩʢʘʞʝʥʠʠ, ʧʦʵʪʦʤʫ ʥʘ ʠʭ ʦʩʥʦʚʝ ʤʦʛʫʪ 

ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʠ ʦʪʜʝʣʴʥʳʝ ʬʘʟʳ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʟʘʤʝʱʝʥʠʷ, ʚʥʝʜʨʝʥʠʷ 

ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʜʝʬʝʢʪʦʚ: 

¶ ʇʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʳʝ ʢʫʧʨʘʪʳ (ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʠ), ʥʘʧʨʠʤʝʨ 

YBa2Cu3O7-ŭ[10].  

¶ ʅʝʠʟʦʵʣʝʢʪʨʦʥʥʳʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʚ ʩʪʨʫʢʪʫʨʝ çBaFe2As2è, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʠʣʠ 

ʧʦʚʳʩʠʪʴ ʢʨʠʪʠʯʝʩʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʠ ʩ ʤʘʢʩʠʤʫʤʦʤ ʚ ʩʦʝʜʠʥʝʥʠʠ 

Ba0.6K0.4Fe2As2[11].  
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¶ ʉʣʦʠʩʪʳʡ ʧʝʨʦʚʩʢʠʪ Bi4Ti3O12: ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʧʨʦʯʥʦʛʦ ʬʨʘʛʤʝʥʪʘ ʧʦʟʚʦʣʷʝʪ 

ʩʦʭʨʘʥʷʪʴ ʩʪʨʫʢʪʫʨʫ ʩ ʢʠʩʣʦʨʦʜʥʳʤʠ ʜʝʬʝʢʪʘʤʠ ʠ ʦʩʫʱʝʩʪʚʣʷʪʴ ʠʦʥʥʳʡ ʪʨʘʥʩʧʦʨʪ, 

ʢʨʦʤʝ ʪʦʛʦ, ʧʦʜʦʙʥʳʝ ʠʩʢʘʞʝʥʠʷ ʚ ʩʪʨʫʢʪʫʨʝ ʧʦʟʚʦʣʷʶʪ ʧʦʚʳʰʘʪʴ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ[12]. 

¶ ʅʝʢʦʪʦʨʳʝ ʪʨʦʡʥʳʝ ʭʘʣʴʢʦʛʝʥʠʜʳ ʠ ʦʢʩʠʜʳ, ʥʘʧʨʠʤʝʨ, Sr2FeO4 ʠ CrSiTe3, ʚ ʢʦʪʦʨʳʭ 

ʟʘ ʩʯʝʪ ʧʨʦʯʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʚʦʟʤʦʞʥʘ ʩʪʘʙʠʣʠʟʘʮʠʷ ʥʝʩʪʘʥʜʘʨʪʥʳʭ ʧʦʚʳʰʝʥʥʳʭ 

(Fe+4 ) ʠ ʧʦʥʠʞʝʥʥʳʭ (Si+3) ʩʪʝʧʝʥʝʡ ʦʢʠʩʣʝʥʠʷ[13,14]. 

ɿʘ ʩʯʝʪ ʥʘʣʠʯʠʷ ʙʣʦʢʦʚ ʩ ʜʚʫʤʝʨʥʳʤ ʩʪʨʦʝʥʠʝʤ ʚʦʟʤʦʞʥʦ ʠʭ ʯʝʨʝʜʦʚʘʥʠʝ ʚʜʦʣʴ 

ʚʳʜʝʣʝʥʥʦʛʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ (ʧʨʠ ʫʩʣʦʚʠʷʭ ʩʦʨʘʟʤʝʨʥʦʩʪʠ ʨʝʰʝʪʦʢ ʠ 

ʥʝʙʦʣʴʰʦʤ ʠʟʤʝʥʝʥʠʠ ʵʥʝʨʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ) ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʪʨʫʢʪʫʨ ʩʨʘʩʪʘʥʠʷ. ʂ ʧʨʠʤʝʨʘʤ 

ʪʘʢʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʦʞʥʦ ʦʪʥʝʩʪʠ: 

¶ ʅʝʠʟʦʩʪʨʫʢʪʫʨʥʳʝ ʩʣʦʠʩʪʳʝ ʭʘʣʴʢʦʛʝʥʠʜ rMX + MX2[15]: 

ρȢρχὛὲὛὔὦὛᴼ ὛὲὛȢὔὦὛ (3) 

¶ ɻʨʫʧʧ rʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʧʥʠʢʪʠʜʦʚ (ʈʠʩʫʥʦʢ 2)[16]: 

ὄὥὝὭὃίὕ ὄὥὊὩὃίᴼὄὥὝὭὊὩὃίὕ (4) 

 

ʈʠʩʫʥʦʢ 2 ï ʉʭʝʤʘ ʦʙʨʘʟʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʩʨʘʩʪʘʥʠʷ Ba2Ti2Fe2As4O[16] 

¶ ʆʢʩʠʜʥʳʝ ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠ,̫ ʥʘʧʨʠʤʝʨ ʬʘʟ rɸʫʨʠʚʠʣʣʠʫʩʘ ʠ ʬʘʟʘʤʠ ʉʠʣʝʥʘ[17]: 

ὄὭὝὭὕ ὖὦὄὭὕὅὰO ὖὦὄὭὝὭὕ ὅὰ (5) 
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ɿʘ ʩʯʝʪ ʙʣʦʯʥʦʡ ʩʪʨʫʢʪʫʨʳ ʫ ʤʥʦʛʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʦʷʚʣʷʝʪʩʷ ʘʥʠʟʦʪʨʦʧʠʷ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ, ʧʦʵʪʦʤʫ ʪʘʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʤʦʛʫʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʠ ʢʘʢ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʤʘʪʝʨʠʘʣʳ, ʘ ʟʘ ʩʯʝʪ ʪʘʢʦʛʦ ʨʘʟʥʦʦʙʨʘʟʠʷ ʚʘʨʴʠʨʦʚʘʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

ʤʦʞʥʦ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʫʧʨʘʚʣʷʪʴ h ʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʠ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʥʦʩʠʪʝʣʝʡ 

ʟʘʨʷʜʘ[18]. 

ɹʣʘʛʦʜʘʨʷ ʥʠʟʢʦʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʤʝʞʜʫ ʙʣʦʢʘʤʠ ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ 

ʢʘʢ ʫʜʦʙʥʳʝ ʢʘʥʜʠʜʘʪʳ ʜʣʷ ʵʢʩʬʦʣʠʘʮʠʠ ʠ ʧʦʣʫʯʝʥʠʷ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʟ ʦʙʲʝʤʥʳʭ ʬʘʟ. 

ɺʝʱʝʩʪʚʘ ʩ ʥʝʟʘʨʷʞʝʥʥʳʤʠ ʠʣʠ ʩʣʘʙʦʟʘʨʷʞʝʥʥʳʤʠ ʙʣʦʢʘʤʠ ʦʢʘʟʳʚʘʶʪʩʷ ʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ 

ʜʣʷ ʵʢʩʬʦʣʠʘʮʠʠ, ʪʘʢ ʢʘʢ ʜʣʷ ʥʠʭ ʥʝ ʪʨʝʙʫʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʟʘʨʷʜʦʚʘʷ ʩʪʘʙʠʣʠʟʘʮʠʷ 

ʧʦʚʝʨʭʥʦʩʪʠ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʤʠ ʠʦʥʘʤʠ, ʯʪʦ ʪʘʢʞʝ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʠ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ 

ʚ ʧʣʝʥʦʯʥʦʤ ʚʠʜʝ. ʇʦʣʫʯʝʥʠʝ ʧʣʝʥʦʢ ʚ ʩʣʘʙʦʟʘʨʷʞʝʥʥʳʭ ʭʘʣʴʢʦʛʝʥʠʜʥʳʭ (S, Se, Te) ʠ 

ʧʥʠʢʪʠʜʥʳʭ ʩʠʩʪʝʤʘʭ ʦʢʘʟʳʚʘʝʪʩʷ ʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʢʩʠʜʥʳʤʠ ʠʣʠ 

ʛʘʣʦʛʝʥʠʜʥʳʤʠ (F, Cl) ʩʠʩʪʝʤʘʤʠ. ɺʳʩʦʢʠʡ ʠʥʪʝʨʝʩ ʢ ʜʚʫʤʝʨʥʳʤ ʤʘʪʝʨʠʘʣʘʤ ʦʙʫʩʣʦʚʣʝʥ ʠ 

ʧʦʠʩʢʦʤ ʨʘʟʣʠʯʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʧʦʜʦʙʥʳʭ ʩʠʩʪʝʤʘʭ ʦʞʠʜʘʶʪʩʷ ʫʣʫʯʰʝʥʥʳʝ 

ʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʥʘʧʨʠʤʝʨ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ/ʪʦʢʘ ʧʨʦʙʦʷ, ʢʦʪʦʨʳʝ 

ʤʦʛʫʪ ʧʦʟʚʦʣʠʪʴ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʩʦʚʨʝʤʝʥʥʳʝ ʪʨʘʥʟʠʩʪʦʨʥʳʝ ʪʝʭʥʦʣʦʛʠʠ, ʘ ʥʦʚʳʝ ʬʠʟʠʯʝʩʢʠʝ 

ʵʬʬʝʢʪʳ, ʧʨʠʩʫʱʠʝ ʥʘʥʦʤʘʪʝʨʠʘʣʘʤ, ʤʦʛʫʪ ʧʦʟʚʦʣʠʪ ɹʧʦʣʫʯʠʪʴ ʢʘʯʝʩʪʚʝʥʥʦ ʥʦʚʳʝ ʤʘʪʝʨʠʘʣʳ, 

ʥʘʧʨʠʤʝʨ ʜʣʷ ʪʝʭʥʦʣʦʛʠʡ ʩʧʠʥʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʪʦʢʘ (ʩʧʠʥʪʨʦʥʠʢʠ)[19,20]. 

2.1.2. ʂʣʘʩʩʠʬʠʢʘʮʠʷ ʩʦʝʜʠʥʝʥʠʡ ʧʦ ʩʦʩʪʘʚʫ 

ʆʙʲʝʤʥʳʝ ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ ʠʟʚʝʩʪʥʳ ʚ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʩʝʤʝʡʩʪʚʘʭ. ʂ ʧʨʦʩʪʳʤ 

ʚʝʱʝʩʪʚʘʤ ʩʦ ʩʣʦʠʩʪʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʘʣʣʦʪʨʦʧʥʫʶ ʤʦʜʠʬʠʢʘʮʠʶ 

ʫʛʣʝʨʦʜʘ ï ʛʨʘʬʠʪ (C-a,hP4,194), ʩʪʨʫʢʪʫʨʘ ʢʦʪʦʨʦʛʦ ʩʦʩʪʦʠʪ ʠʟ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʩʣʦʝʚ ʘʪʦʤʦʚ 

ʫʛʣʝʨʦʜʘ, ʯʝʨʝʜʫʶʱʠʭʩʷ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ [001] ʩʦ ʩʜʚʠʛʦʤ: ʧʦʣʦʚʠʥʘ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ 

ʨʘʩʧʦʣʦʞʝʥʘ ʧʦʜ ʮʝʥʪʨʘʤʠ ʰʝʩʪʠʫʛʦʣʴʥʠʢʦʚ ʩʦʩʝʜʥʝʛʦ ʩʣʦʷ[21]. ʊʘʢʞʝ ʠʟʚʝʩʪʥʘ ʩʣʦʠʩʪʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ ʢʨʝʤʥʠʷ (Si-4H), ʧʦʩʪʨʦʝʥʥʘʷ ʥʘʣʦʞʝʥʠʝʤ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʩʣʦʝʚ ʘʪʦʤʦʚ ʢʨʝʤʥʠʷ 

ʜʨʫʛ ʥʘʜ ʜʨʫʛʦʤ[22]. ʉʣʦʠʩʪʳʝ ʧʦʣʠʤʦʨʬʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ʝʩʪʴ ʠ ʫ ʧʥʠʢʪʦʛʝʥʦʚ: ʯʝʨʥʳʡ 

ʬʦʩʬʦʨ ï ʛʦʬʨʠʨʦʚʘʥʥʳʝ ʛʝʢʩʘʛʦʥʘʣʴʥʳʝ ʩʣʦʠ ʘʪʦʤʦʚ ʬʦʩʬʦʨʘ (P,oS8,64) ʚ ʢʦʥʬʦʨʤʘʮʠʠ 

çʢʨʝʩʣʦè, ʨʘʩʧʦʣʘʛʘʶʱʠʝʩʷ ʜʨʫʛ ʥʘʜ ʜʨʫʛʦʤ; ʩʝʨʳʡ ʤʳʰʴʷʢ (As,hR6,166) ï ʛʨʘʬʠʪʦʧʦʜʦʙʥʘʷ 

ʩʪʨʫʢʪʫʨʘ ʩ ʛʦʬʨʠʨʦʚʘʥʥʳʤʠ h ʝʩʪʠʫʛʦʣʴʥʠʢʘʤʠ ʚ ʢʦʥʬʦʨʤʘʮʠʠ çʢʨʝʩʣʦè; ʩʫʨʴʤʘ ʠ ʚʠʩʤʫʪ 

ʠʟʦʩʪʨʫʢʪʫʨʥʳʝ ʩʝʨʦʤʫ ʤʳʰʴʷʢʫ (ʈʠʩʫʥʦʢ 3)[23ï25].  
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ʈʠʩʫʥʦʢ 3 ï ʉʪʨʫʢʪʫʨʘ ʛʨʘʬʠʪʘ (ʩʣʝʚʘ), ʯʝʨʥʦʛʦ ʬʦʩʬʦʨʘ (ʧʦ ʮʝʥʪʨʫ) ʠ ʩʝʨʦʛʦ ʤʳʰʴʷʢʘ 

(ʩʧʨʘʚʘ) 

ʉʨʝʜʠ ʙʠʥʘʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʥʝʤʝʪʘʣʣʦʚ ʤʦʞʥʦ ʥʘʡʪʠ ʛʨʘʬʠʪʦʧʦʜʦʙʥʫ  ʁʩʪʨʫʢʪʫʨʫ 

ʥʠʪʨʠʜʘ ʙʦʨʘ BN (BN-b,hP4,194) ʩ ʟʘʤʝʥʦʡ ʩʦʩʝʜʥʠʭ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʥʘ B ʠ N, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʘ ʪʘʢʞʝ ʧʦʜʦʙʥʫʶ ʩʝʨʦʤʫ ʤʳʰʴʷʢʫ ʤʦʜʠʬʠʢʘʮʠʶ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ SiC (ZnO,hP4,186) (ʩ ʟʘʤʝʥʦʡ 

ʩʦʩʝʜʥʠʭ ʘʪʦʤʦʚ ʤʳʰʴʷʢʘ ʥʘ Si ʠ C, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʪ.ʝ. ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʚʶʨʮʠʪʘ)[26,27]. ɺ SiC 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʤʝʞʩʣʦʝʚʘʷ ʢʦʚʘʣʝʥʪʥʘʷ ʩʚʷʟʴ C-Si, ʢʦʪʦʨʘʷ ʧʨʠʚʦʜʠʪ ʢ çʩʰʠʚʘʥʠʶè ʩʣʦʝʚ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʙʦʣʝʝ ʧʨʦʯʥʳʭ ʤʝʞʙʣʦʯʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ʇʨʠʤʝʨ SiC ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 

ʫʤʝʥʴʰʝʥʠʝ ʘʥʠʟʦʪʨʦʧʠʠ ʭʠʤʠʯʝʩʢʦʡ ʩʚʷʟʠ ʚʥʫʪʨʠ ʠ ʚʥʝ ʙʣʦʢʘ ʧʨʠʚʦʜʠʪ ʢ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʝ, ʧʨʦʪʷʞʝʥʥʦʡ ʧʦ ʚʩʝʤ ʪʨʝʤ ʥʘʧʨʘʚʣʝʥʠʷʤ (ʈʠʩʫʥʦʢ 4). 

 

ʈʠʩʫʥʦʢ 4 ï ʉʣʦʠʩʪʘ ̫ʤʦʜʠʬʠʢʘʮʠʠ BN (ʩʣʝʚʘ) ʠ ʪʨʝʭʤʝʨʥʘʷ ʧʨʦʪʷʞʝʥʥʘʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 

ʩʪʨʫʢʪʫʨʘ SiC (ʩʧʨʘʚʘ) 

ʉʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʩʣʦʠʩʪʳʭ ʩʪʨʫʢʪʫʨ ʩʫʱʝʩʪʚʫʝʪ ʫ ʙʠʥʘʨʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʩ ʤʝʪʘʣʣʘʤʠ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʦʙʨʘʟʫʝʪʩʷ ʦʜʥʘ ʠʟ ʪʨʝʭ 

ʩʪʝʭʠʦʤʝʪʨʠʡ: MX, MX2, MX3 (M ï ʤʝʪʘʣʣ, X ï ʥʝʤʝʪʘʣʣ ʠʣʠ ʙʦʣʝʝ ʢʨʫʧʥʳʡ ʘʥʠʦʥʥʳʡ ʙʣʦʢ, 

ʥʘʧʨʠʤʝʨ OH-ʛʨʫʧʧʘ). ʆʜʥʠʤ ʠʟ ʧʨʦʪʦʪʠʧʦʚ ʩʪʨʫʢʪʫʨʳ ʩʦ ʩʪʝʭʠʦʤʝʪʨʠʝʡ MX ̫ ʚʣʷʝʪʩʷ ʣʠʪʘʨʛʠʪ 

PbO (PbO,tP4,129) ï ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʘʷ ʢʫʙʠʯʝʩʢʘʷ ʨʝʰʝʪʢʘ ʠʟ ʘʪʦʤʦʚ ʩʚʠʥʮʘ ʩ ʧʦʩʣʦʡʥʳʤ 
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ʟʘʧʦʣʥʝʥʠʝʤ ʧʦʣʦʚʠʥʳ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʫʩʪʦʪ ʘʪʦʤʘʤʠ ʢʠʩʣʦʨʦʜʘ (ʈʠʩʫʥʦʢ 5 ʩʣʝʚʘ), ʘ ʪʘʢʞʝ ʝʛʦ 

ʠʥʚʝʨʪʠʨʦʚʘʥʥʳʡ ʘʥʘʣʦʛ ï LiOH, ʢ ʥʠʤ ʦʪʥʦʩʷʪʩʷ ʪʘʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʢʘʢ FeS, FeSe [28ï30]. 

ɼʨʫʛʠʤ ʠʟʚʝʩʪʥʳʤ ʧʨʦʪʦʪʠʧʦʤ ʩʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʡ MX ̫ ʚʣʷʝʪʩʷ Ŭ-GaS (GaS-a,hP8,194), 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʪʦʨʦʛʦ ʩʦʜʝʨʞʠʪ ʙʣʦʢʠ ʠʟ ʜʚʦʡʥʳʭ ʛʦʬʨʠʨʦʚʘʥʥʳʭ ʩʣʦʝʚ ʢʘʢ ʚ 

ʩʝʨʦʤ ʤʳʰʴʷʢʝ ʩ ʟʘʤʝʥʦʡ ʩʦʩʝʜʥʠʭ ʘʪʦʤʦʚ ʥʘ Ga ʠ S, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʈʠʩʫʥʦʢ 5 ʩʧʨʘʚʘ). ʉʨʝʜʠ 

ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʜʘʥʥʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ ʠʟʚʝʩʪʥʳ ʪʘʢʠʝ ʩʦʝʜʠʥʝʥʠʷ, ʢʘʢ InSe, GaTe[31ï33].  

 

ʈʠʩʫʥʦʢ 5 ï ʉʪʨʫʢʪʫʨʘ ʩʦʝʜʠʥʝʥʠʡ MX: PbO ʩʣʝʚʘ ʠ Ŭ-GaS ʩʧʨʘʚʘ 

ɼʣ ̫ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ MX2 ʚʘʞʥʳʤ ʩʣʦʠʩʪʳʤ ʩʪʨʫʢʪʫʨʥʳʤ ʪʠʧʦʤ ̫ʚʣʷʝʪʩʷ CdI2 

(CdI2,hP3,164) ï ɻʇʋ ʠʦʜʠʜ-ʠʦʥʦʚ ʩ ʧʦʩʣʦʡʥʳʤ ʟʘʧʦʣʥʝʥʠʝʤ ʧʦʣʦʚʠʥʳ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʫʩʪʦʪ 

ʢʘʪʠʦʥʘʤʠ ʤʝʪʘʣʣʘ, ʩʨʝʜʠ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʢʦʪʦʨʦʛʦ PtS2, CrSe2, MnBr2, CoO2 (ʈʠʩʫʥʦʢ 6 

ʩʣʝʚʘ)[34ï38]. ɼʨʫʛʠʤ ʩʪʨʫʢʪʫʨʥʳʤ ʪʠʧʦʤ ̫ ʚʣʷʝʪʩʷ CdCl2 (CdCl2,hR9,166) ï ɻʎʂ ʨʝʰʝʪʢʘ 

ʭʣʦʨʠʜ-ʘʥʠʦʥʦʚ, ʚ ʢʦʪʦʨʦʡ ʢʘʪʠʦʥʳ ʢʘʜʤʠʷ ʧʦʩʣʦʡʥʦ ʟʘʧʦʣʥʷʶʪ ʧʦʣʦʚʠʥʫ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ 

ʧʫʩʪʦʪ (ʈʠʩʫʥʦʢ 6 ʧʦ ʮʝʥʪʨʫ), ʚʢʣʶʯʘʶʱʠʡ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ CoCl2, Ca2N, TaSe2 [39ï42]. ɽʱʝ ʦʜʥʘ 

ʢʨʫʧʥʘ ̫ʛʨʫʧʧʘ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ 2H-MoS2 

(MoS2,hP6,194), ʩʪʨʫʢʪʫʨʫ ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ ʯʝʨʝʜʫʶʱʠʝʩʷ ʛʝʢʩʘʛʦʥʘʣʴʥʳʝ ʩʣʦʠ, 

ʛʜʝ ʦʜʠʥ ʠʟ ʩʣʦʝʚ ʩʦʩʪʦʠʪ ʠʟ ʘʪʦʤʦʚ Mo, ʘ ʜʨʫʛʠʝ ʜʚʘ ï ʠʟ ʘʪʦʤʦʚ ʩʝʨʳ ʩ ʠʜʝʥʪʠʯʥʦʡ ʪʨʝʫʛʦʣʴʥʦʡ 

ʨʝʰʝʪʢʦʡ ʩʚʝʨʭʫ ʠ ʩʥʠʟʫ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʣʦʷ ʤʦʣʠʙʜʝʥʘ (ʈʠʩʫʥʦʢ 6 ʩʧʨʘʚʘ). ʇʨʝʜʩʪʘʚʠʪʝʣʷʤʠ 

ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʷʚʣʷʶʪʩʷ NbSe2, WS2[43ï45]. ɿʘ ʩʯʝʪ ʨʘʟʣʠʯʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʩʣʦʝʚ ʤʦʞʥʦ 

ʜʦʙʠʪʴʩʷ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝʛʦ ʯʠʩʣʘ ʢʦʤʙʠʥʘʮʠʡ ʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨ, ʥʝʢʦʪʦʨʳʝ ʠʟ ʢʦʪʦʨʳʭ 

ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʚ ʨʝʘʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ[46].  
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ʈʠʩʫʥʦʢ 6 ï ʆʩʥʦʚʥʳʝ ʩʪʨʫʢʪʫʨʥʳʝ ʪʠʧʳ ʩʦʝʜʠʥʝʥʠʡ MX2: CdI2 (ʩʣʝʚʘ), CdCl2 (ʧʦ ʮʝʥʪʨʫ), 

MoS2 (ʩʧʨʘʚʘ) 

ɼʣʷ ʩʦʦʪʥʦʰʝʥʠʷ ʵʣʝʤʝʥʪʦʚ MX3 ʚʘʞʥʝʡʰʠʤ ʩʪʨʫʢʪʫʨʥʳʤ ʪʠʧʦʤ ̫ ʚʣʷʝʪʩʷ BiI3 

(BiI3,hR24,148), ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʪʦʨʦʛʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ɻʇʋ ʘʥʠʦʥʦʚ, ʚ ʢʦʪʦʨʦʡ 

ʧʦʩʣʦʡʥʦ ʟʘʧʦʣʥʷʝʪʩʷ 2/3 ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʫʩʪʦʪ ʢʘʪʠʦʥʘʤʠ ʧʦ ʤʦʪʠʚʫ ʢʦʨʫʥʜʘ (ʈʠʩʫʥʦʢ 7). ʂ 

ʯʠʩʣʫ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʵʪʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʤʥʦʛʠʝ ʛʘʣʦʛʝʥʠʜʳ ʧʝʨʝʭʦʜʥʳʭ ʠ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ, ʥʘʧʨʠʤʝʨ, FeCl3, CrCl3[47ï49]. ʅʝʙʦʣʴʰʘ ̫ʛʨʫʧʧʘ ʩʣʦʠʩʪʳʭ 

ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʦ ʩʪʝʭʠʦʤʝʪʨʠʝʡ MX3 ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ 

NbSe3(NbSe3,mP24,11). ɼʘʥʥʳʡ ʧʨʦʪʦʪʠʧ ʦʙʣʘʜʘʝʪ ʥʝʩʢʦʣʴʢʦ ʙʦʣʝʝ ʩʣʦʞʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʦʡ: ʙʣʦʢ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʢʘʪʠʦʥʥʳʭ ʩʣʦʝʚ, ʧʦʩʪʨʦʝʥʥʳʭ ʠʟ ʠʩʢʘʞʝʥʥʳʭ ʧʦʣʠʵʜʨʦʚ ʚ 

ʬʦʨʤʝ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʘʥʪʠʧʨʠʟʤʳ (ʪʨʠʛʦʥʘʣʴʥʘʷ ʧʨʠʟʤʘ ʠʟ ʩʝʣʝʥʠʜ-ʘʥʠʦʥʦʚ, ʜʚʝ ʚʝʨʰʠʥʳ 

ʢʦʪʦʨʦʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʠʤʝʨʘʤʠ Se2), ʘ ʩʘʤʠ ʢʘʪʠʦʥʥʳʝ ʩʣʦʠ ʩʦʩʪʦʷʪ ʠʟ 4-ʘʪʦʤʥʳʭ 

ʣʠʪʘʨʛʠʪʦʧʦʜʦʙʥʳʭ ʬʨʘʛʤʝʥʪʦʚ, ʩʦʝʜʠʥʝʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ ʜʠʤʝʨʘʤʠ Nb-Nb, ʧʨʠʯʝʤ ʪʘʢʠʝ 

ʮʝʧʦʯʢʠ ʚ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʧʣʦʩʢʦʩʪʠ ʥʘʭʦʜʷʪʩʷ ʪʦʯʥʦ ʜʨʫʛ ʧʦʜ ʜʨʫʛʦʤ. ʂ ʧʨʝʜʩʪʘʚʠʪʝʣʷʤ 

ʜʘʥʥʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ ʤʦʞʥʦ ʦʪʥʝʩʪʠ NbSe3, TaS3[50,51].  
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ʈʠʩʫʥʦʢ 7 ï ʉʪʨʫʢʪʫʨʘ ʧʨʦʪʦʪʠʧʦʚ MX3: ʩʣʝʚʘ BiI3, ʩʧʨʘʚʘ NbSe3 

ʄʝʥʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʘʷ ʛʨʫʧʧʘ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠʤʝʝʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚ 

M2X3. ʂ ʥʝʡ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʧʨʦʪʦʪʠʧ Bi2Te3 (Bi2Te3,hR15,166), ʙʣʦʢ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ 

ʢʦʪʦʨʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥ ʇʐʋ ʘʪʦʤʦʚ ʪʝʣʣʫʨʘ ʩ ʜʚʫʤʷ ʩʣʦʷʤʠ ʢʘʪʠʦʥʦʚ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ 

ʦʢʨʫʞʝʥʠʠ, ʧʨʠ ʵʪʦʤ ʚ ʩʦʩʝʜʥʠʭ ʙʣʦʢʘʭ ʢʘʪʠʦʥʳ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʜʨʫʛ ʥʘʜ ʜʨʫʛʦʤ (ʈʠʩʫʥʦʢ 8). 

ʇʨʝʜʩʪʘʚʠʪʝʣʷʤʠ ʜʘʥʥʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ ̫ ʚʣʷʶʪʩʷ ʭʘʣʴʢʦʛʝʥʠʜʳ ʵʣʝʤʝʥʪʦʚ 15-ʦʡ ʛʨʫʧʧʳ, 

ʪʘʢʠʝ ʢʘʢ Sb2Te3 [52,53]. 

 

ʈʠʩʫʥʦʢ 8 ï ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʦʜʥʦʛʦ ʠʟ ʧʨʦʪʦʪʠʧʦʚ M2X3: Bi2Te3 

ʉʨʝʜʠ ʪʨʦʡʥʳʭ (ʠ ʙʦʣʝʝ ʩʣʦʞʥʳʭ) ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ 

ʨʘʟʣʠʯʥʳʭ ʩʝʤʝʡʩʪʚ, ʚ ʢʦʪʦʨʳʭ ʟʘʯʘʩʪʫʶ ʧʨʦʩʣʝʞʠʚʘʶʪʩʷ ʩʪʨʦʠʪʝʣʴʥʳʝ ʙʣʦʢʠ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ 

ʙʠʥʘʨʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʉʨʝʜʠ ʥʠʭ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʣʝʜʫʶʱʠʝ ʛʨʫʧʧʳ: 

¶ ɻʣʠʥʳ, ʩʣʦʠʩʪʳʝ ʙʦʢʩʠʪʳ, ʩʣʶʜʳ, ʩʝʨʧʝʥʪʠʥʳ (ʈʠʩʫʥʦʢ 9). ʆʙʱʝʝ ʥʘʠʤʝʥʦʚʘʥʠʝ 

ʤʠʥʝʨʘʣʦʚ ʠ ʧʨʠʨʦʜʥʳʭ ʦʙʲʝʢʪʦʚ, ʩʦʩʪʘʚ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʬʦʨʤʘʣʴʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ 
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ʥʘʙʦʨ ʠʟ ʦʩʥʦʚʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ SiO2, Al2O3, H2O, ʩ ʚʦʟʤʦʞʥʳʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ 

ʘʥʠʦʥʥʳʤ ʩʦʩʪʘʚʦʤ ʚ ʚʠʜʝ OH-, Cl-, CO3
2- ʠ ʢʘʪʠʦʥʥʳʤ ʠʟ ʱʝʣʦʯʥʳʭ, 

ʱʝʣʦʯʥʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʞʝʣʝʟʘ ʠ ʜʨʫʛʠʭ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʚ ʟʝʤʥʦʡ ʢʦʨʝ 

ʵʣʝʤʝʥʪʦʚ (Na+, K+, Mg2+, Ca2+, NH4
+, Fe2+/3+). ɺ ʢʘʯʝʩʪʚʝ ʩʪʨʫʢʪʫʨʥʦʛʦ ʙʣʦʢʘ ʚʳʩʪʫʧʘʝʪ 

ʣʠʙʦ ʩʣʦʡ ʪʝʪʨʘʵʜʨʦʚ ʢʨʝʤʥʠʷ, ʣʠʙʦ ʦʢʪʘʵʜʨʦʚ ʘʣʶʤʠʥʠʷ/ʤʘʛʥʠʷ, ʚ ʚʝʨʰʠʥʘʭ ʢʦʪʦʨʳʭ 

ʥʘʭʦʜʷʪʩʷ ʘʪʦʤʳ ʢʠʩʣʦʨʦʜʘ, ʛʠʜʨʦʢʩʠʣʴʥʳʝ ʛʨʫʧʧ rʠʣʠ ʘʪʦʤʳ ʛʘʣʦʛʝʥʘ. ʆʩʥʦʚʥʳʤ 

ʧʨʝʜʩʪʘʚʠʪʝʣʝʤ ʛʣʠʥ ʷʚʣʷʝʪʩʷ ʢʘʦʣʠʥʠʪ Al2Si2O5(OH)4 (Al2Si2O5[OH]4,aP13,1), ʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʢʦʪʦʨʦʛʦ ʙʣʦʢ ʩʦʩʪʦʠʪ ʠʟ ʦʜʥʦʛʦ ʢʨʝʤʥʠʝʚʦʛʦ ʠ ʦʜʥʦʛʦ 

ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʣʦʷ, ʘ ʩʘʤ ʢʘʪʠʦʥʥʳʡ ʤʦʪʠʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ h ʝʩʪʠʫʛʦʣʴʥʫʶ 

ʛʦʬʨʠʨʦʚʘʥʥʫʶ ʩʝʪʢʫ, ʧʨʠ ʵʪʦʤ ʢʘʞʜʳʡ ʙʣʦʢ ʦʛʨʘʥʠʯʝʥ ʛʠʜʨʦʢʩʠʣʴʥʳʤʠ 

ʛʨʫʧʧʘʤʠ[54,55]. ʗʨʢʠʤ ʧʨʝʜʩʪʘʚʠʪʝʣʝʤ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʣʦʠʩʪʦʛʦ ʤʘʪʝʨʠʘʣʘ 

(ʩʣʦʠʩʪʦʛʦ ʙʦʢʩʠʪʘ) ̫ ʚʣʷʝʪʩʷ ʛʠʙʙʩʠʪ ɔ-Al(OH)3 (Al[OH]3-b,mP32,14), ʩʪʨʫʢʪʫʨʫ 

ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʯʝʨʝʜʫʶʱʠʭʩʷ ʙʣʦʢʦʚ, ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ 

ʧʨʝʜʩʪʘʚʣʝʥ ʦʜʥʠʤ ʩʣʦʝʤ ʢʘʪʠʦʥʦʚ Al3+ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ ʛʠʜʨʦʢʩʠʣʴʥʳʭ 

ʛʨʫʧʧ[56]. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʩʣʦʠʩʪʳʭ ʩʠʣʠʢʘʪʥʳʭ ʤʠʥʝʨʘʣʦʚ 

ʷʚʣʷʝʪʩʷ ʣʠʟʘʨʜʠʪ Mg3Si2O5(OH)4 (Mg3Si2O5[OH]4,hP20,157), ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 

ʩʪʨʫʢʪʫʨʘ ʢʦʪʦʨʦʛʦ ʩʭʦʞʘ ʩ ʢʘʦʣʠʥʠʪʦʤ, ʛʜʝ ʩʪʨʫʢʪʫʨʥʳʡ ʙʣʦʢ ʩʦʩʪʦʠʪ ʠʟ ʩʣʦʝʚ 

ʢʘʪʠʦʥʦʚ ʤʘʛʥʠʷ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ ʠ ʘʪʦʤʦʚ ʢʨʝʤʥʠʷ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʤ 

ʦʢʨʫʞʝʥʠʠ ʢʠʩʣʦʨʦʜʘ ʠ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ[57].  

 

ʈʠʩʫʥʦʢ 9 ï ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʤʠʥʝʨʘʣʦʚ ï ʦʩʥʦʚʥʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʩʣʦʠʩʪʳʭ 

ʛʣʠʥ: (ʩʣʝʚʘ ʥʘʧʨʘʚʦ) ʣʠʟʘʨʜʠʪ Mg3Si2O5(OH)4 ʠ ʢʘʦʣʠʥʠʪ Al2Si2O5(OH)4 (ʘʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ 

ʧʦʢʘʟʘʥʳ), ʛʠʙʙʩʠʪ ɔ-Al(OH)3 

¶ ʉʣʦʠʩʪʳʝ ʛʠʜʨʦʢʩʠʜʳ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ (ʈʠʩʫʥʦʢ 10). ʆʙʱʠʤ ʜʣʷ ʜʘʥʥʦʡ ʛʨʫʧʧ r

ʩʦʝʜʠʥʝʥʠʡ ̫ ʚʣʷʝʪʩʷ ʚʠʜ ʯʝʨʝʜʫʶʱʝʛʦʩʷ ʙʣʦʢʘ: ʚʥʫʪʨʠ ʥʝʛʦ ʥʘʭʦʜʷʪʩʷ ʢʘʪʠʦʥʳ ʚ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʤ (ʜʚʫʭʟʘʨʷʜʥʳʝ) ʠʣʠ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ (ʪʨʝʭʟʘʨʷʜʥʳʝ) ʦʢʨʫʞʝʥʠʠ 
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ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʦʚ. ʂ ʜʘʥʥʳʤ ʩʦʝʜʠʥʝʥʠʷʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʘʥʠʦʥʥʳʝ ʛʣʠʥʳ ʩʦʩʪʘʚʘ 

MII1-xM
III
x(OH)2(An

-)x/nĿyH2O, ʩ ʪʠʧʠʯʥʳʤʠ ʢʘʪʠʦʥʘʤʠ MII=Mg, MIII=Al. ɺʥʫʪʨʝʥʥʠʡ 

ʙʣʦʢ ʩʦʚʤʝʩʪʥʦ ʟʘʥʠʤʘʶʪ ʨʘʟʥʦʟʘʨʷʜʥʳʝ ʢʘʪʠʦʥʳ, ʘ ʯʝʨʝʜʫʶʱʠʝʩʷ ʙʣʦʢʠ ʨʘʟʜʝʣʝʥʳ 

ʢʨʫʧʥʳʤʠ, ʟʘʯʘʩʪʫʶ ʢʦʤʧʣʝʢʩʥʳʤʠ, ʘʥʠʦʥʘʤʠ A ʠ ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʳ, ʥʘʧʨʠʤʝʨ 

Mg4Al2(OH)12(CO3)Ŀ3H2O[58,59]. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʩʣʦʠʩʪʳʭ ʛʠʜʨʦʢʩʠʜʦʚ ʠ 

ʛʠʜʨʦʢʩʦ-ʩʦʣʝʡ ʜʚʫʭʟʘʨʷʜʥʳʭ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʦʙʳʯʥʦ ʩʦʩʪʦʠʪ ʠʟ ʦʜʥʦʩʣʦʡʥʳʭ 

ʢʘʪʠʦʥʥʳʭ ʙʣʦʢʦʚ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ ʠʣʠ ʜʨʫʛʠʭ 

ʘʥʠʦʥʦʚ (ʨʝʞʝ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʤ, ʢʚʘʜʨʘʪʥʦʤ ʠʣʠ ʧʠʨʘʤʠʜʘʣʴʥʦʤ). ʉʦʩʪʘʚ ʪʘʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʦʙʱʠʤʠ ʬʦʨʤʫʣʘʤʠ MII(OH)2, M
II(OH)X, MII2(OH)3X ʠ ʪ.ʜ. 

(MII = Mn, Co, Ni, Cu, Zn, X = Cl-, NO3
-, CO3

2-, CH3COO
-), ʥʘʧʨʠʤʝʨ, Cu(OH)2 

(Cu[OH]2,oS12,36), Zn(OH)(NO3) (Zn[NO3][OH][H2O],mP56,14), Co2(OH)3Cl 

(Co2Cl[OH]3,hR36,166), Zn5(OH)6(CO3)2[60ï63].  

 

ʈʠʩʫʥʦʢ 10 ï ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʩʣʦʠʩʪʳʭ ʛʠʜʨʦʢʩʠʜʦʚ ʠ ʦʩʥʦʚʥʳʭ ʩʦʣʝʡ: (ʩʣʝʚʘ 

ʥʘʧʨʘʚʦ) Cu(OH)2, Zn(OH)NO3ĀH2O (ʘʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ ʧʦʢʘʟʘʥʳ) ʠ ʧʩʝʚʜʦʩʣʦʠʩʪʦʛʦ 

Co2(OH)3Cl (ʘʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ ʧʦʢʘʟʘʥʳ) 

¶ ʉʣʦʠʩʪʳʝ ʛʠʜʨʦʢʩʠʜʳ f-ɻ ʣʝʤʝʥʪʦʚ (ʈʠʩʫʥʦʢ 11). ʂ ʩʣʦʠʩʪʳʤ ʛʠʜʨʦʢʩʠʜʘʤ ʈɿʕ 

ʦʪʥʦʩʷʪʩʷ 3 ʛʨʫʧʧʳ ʩʦʝʜʠʥʝʥʠʡ: Ln2(OH)5(A
m-)1/mĿnH2O, Ln(OH)2(A

m-)1/mĿnH2O, 

Ln2(OH)5-x(A
m-)(1+x)/mĿnH2O (Ln=ʈɿʕ, A

m- ï ʘʥʠʦʥ, ʦʙʳʯʥʦ ʛʘʣʦʛʝʥʠʜ, ʥʠʪʨʘʪ, ʢʘʨʙʦʥʘʪ, 

n = 0-2, 0 < x < 1)[64]. ʉʪʨʦʝʥʠʝ ʙʣʦʢʘ ʫ ʚʩʝʭ ʛʨʫʧʧ ʩʭʦʞʝʝ: ʢʘʪʠʦʥʳ ʥʘʭʦʜʷʪʩʷ ʚʥʫʪʨʠ 

ʧʦʣʠʵʜʨʦʚ ʩ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʤ ʯʠʩʣʦʤ 7-9, ʚ ʚʝʨʰʠʥʘʭ ʢʦʪʦʨʳʭ ʨʘʩʧʦʣʦʞʝʥʳ ʘʥʠʦʥʳ 

ɸ, ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʠʣʠ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʳ, ʧʨʠ ʵʪʦʤ ʧʦʣʠʵʜʨʳ ʩʦʝʜʠʥʷʶʪʩʷ ʤʝʞʜʫ 

ʩʦʙʦʡ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʙʱʠʤʠ ʨʝʙʨʘʤʠ, ʦʙʨʘʟʫʷ ʩʣʦʠ. ɺ ʧʝʨʚʦʡ ʛʨʫʧʧʝ ʙʣʠʞʘʡʰʝʝ 

ʦʢʨʫʞʝʥʠʝ ʢʘʪʠʦʥʘ ʦʙʨʘʟʫʶʪ ʛʠʜʨʦʢʩʠʣʴʥʳʝ ʛʨʫʧʧʳ ʠ ʚʦʜʘ ʩ ʩʫʤʤʘʨʥʳʤ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʤ ʯʠʩʣʦʤ = 8-9, ʧʨʠʤʝʨʦʤ ʩʦʝʜʠʥʝʥʠʷ ʩ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʷʚʣʷʝʪʩʷ 

Eu2(OH)5ClĿ1.6H2O (oP40, 18)[65]. ɺʦ ʚʪʦʨʦʡ ʛʨʫʧʧʝ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʤ ʧʦʣʠʵʜʨʦʤ 
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ʢʘʪʠʦʥʘ ʈɿʕ ʷʚʣʷʝʪʩʷ ʜʚʫʭʰʘʧʦʯʥʘʷ ʪʨʠʛʦʥʘʣʴʥʘʷ ʧʨʠʟʤʘ ʠʟ ʰʝʩʪʠ ʛʠʜʨʦʢʩʠʜ-

ʘʥʠʦʥʦʚ ʠ ʜʚʫʭ ʘʥʠʦʥʦʚ ʚ ʚʠʜʝ çʚʝʨʰʠʥ-h ʘʧʦʢè ʫ ʩʤʝʞʥʳʭ ʛʨʘʥʝʡ (ʈʠʩʫʥʦʢ 11, ʧʦ 

ʮʝʥʪʨʫ). ʇʨʝʜʩʪʘʚʠʪʝʣʝʤ ʪʘʢʦʡ ʛʨʫʧʧʳ ʩʦʝʜʠʥʝʥʠʡ ̫ʚʣʷʝʪʩʷ Eu(OH)2Cl (mP8, 11) [66]. 

ʆʩʦʙʝʥʥʦʩʪʴʶ ʪʨʝʪʴʝʡ ʛʨʫʧʧʳ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʥʝʟʘʚʠʩʠʤʳʭ 

ʢʘʪʠʦʥʥʳʭ ʧʦʟʠʮʠʡ ʩ ʢ.ʯ. ʦʪ 7 ʜʦ 9 ʩ ʧʦʣʠʵʜʨʘʤʠ: ʧʷʪʠʫʛʦʣʴʥʘʷ ʙʠʧʠʨʘʤʠʜʘ, 

ʠʩʢʘʞʝʥʥʘʷ ʪʝʪʨʘʛʦʥʘʣʴʥʘʷ ʘʥʪʠʧʨʠʟʤʘ ʠ ʪʨʝʭʰʘʧʦʯʥʘʷ ʪʨʠʛʦʥʘʣʴʥʘʷ ʧʨʠʟʤʘ, 

ʧʨʠʤʝʨʦʤ ʪʘʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʷʚʣʷʝʪʩʷ Y3(OH)7A (aP82, 2) (A = ʥʘʬʪʘʣʠʥ-1,5-

ʜʠʩʫʣʴʬʘʪ-ʘʥʠʦʥ)[67]. 

 

ʈʠʩʫʥʦʢ 11 ï ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʩʣʦʠʩʪʳʭ ʛʠʜʨʦʢʩʠʜʦʚ ʈɿʕʛʨʫʧʧ I, II, III: (ʩʣʝʚʘ 

ʥʘʧʨʘʚʦ) Eu2(OH)5ClĀ1.6H2O ʠ Eu(OH)2Cl (ʘʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ ʧʦʢʘʟʘʥʳ), Y3(OH)7(ʥʘʬʪʘʣʠʥ-

1,5-ʜʠʩʫʣʴʬʘʪ-ʘʥʠʦʥ) 

¶ ʌʘʟ rʉʠʣʝʥʘ (ʈʠʩʫʥʦʢ 12) ï ʛʨʫʧʧʘ ʦʢʩʦʛʘʣʦʛʝʥʠʜʦʚ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ [M2O2]Xn ʠ 

[M3O4]Xn (M = Li
+, Na+, K+, Cd2+, Ca2+, Sr2+, Ba2+, Pb2+, Bi3+, X = Cl-, Br-, I-, n = 1-3). 

ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʬʘʟ ʉʠʣʝʥʘ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ ʯʝʨʝʜʦʚʘʥʠʝ ʙʣʦʢʦʚ 

ʠʟ 2-3 ʣʠʪʘʨʛʠʪʦʧʦʜʦʙʥʳʭ ʩʣʦʝʚ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʩʣʦʷʤʠ ʘʥʠʦʥʦʚ. ʉʨʝʜʠ 

ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʜʘʥʥʦʛʦ ʩʝʤʝʡʩʪʚʘ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ [PbBiO2]Cl (PbSbClO2,oS20,63), 

[Bi2O2]Cl2 (PbClF,tP6,129), [Bi2LaO4]Cl (NdBi2ClO4,tP8,123)[68ï70]. ʂʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʦʡ, ʧʦʜʦʙʥʦʡ [Bi2O2]Cl2, ʦʙʣʘʜʘʝʪ ʠ ʛʨʫʧʧʘ ʩʦʝʜʠʥʝʥʠʡ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ 

FeOCl (FeOCl,oP6,59), ʦʜʥʘʢʦ ʚ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʭʣʦʨʠʜ-ʘʥʠʦʥ ʨʘʩʧʦʣʦʞʝʥ ʙʣʠʞʝ 

ʢ ʢʘʪʠʦʥʫ ʠ ʦʙʨʘʟʫʝʪ ʩ ʥʠʤ ʧʨʦʯʥʫʶ ʩʚʷʟʴ. ʇʨʝʜʩʪʘʚʠʪʝʣʝʤ ʜʘʥʥʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ 

ʷʚʣʷʝʪʩʷ TiNCl[71,72]. 



22 

 

 

ʈʠʩʫʥʦʢ 12 ï ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʬʘʟ ʉʠʣʝʥʘ ʠ FeOCl: (ʩʣʝʚʘ ʥʘʧʨʘʚʦ) PbBiO2Cl, 

Bi2O2Cl2, [Bi2LaO4]Cl, FeOCl 

¶ ʌʘʟʳ ʈʘʜʜʣʝʩʜʝʥʘ-ʇʦʧʧʝʨʘ, ɸʫʨʠʚʠʣʣʠʫʩʘ, ɼʠʦʥʘ-ʗʢʦʙʩʦʥʘ ï ʢʨʫʧʥʳʝ ʩʝʤʝʡʩʪʚʘ 

ʦʢʩʠʜʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʦʙʱʠʤ ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʳʤ ʙʣʦʢʦʤ (ʈʠʩʫʥʦʢ 13). 

ʆʩʦʙʝʥʥʦʩʪʴ ʁʜʘʥʥʳʭ ʩʝʤʝʡʩʪʚ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʩʪʨʫʢʪʫʨʥʳʭ 

ʛʦʤʦʣʦʛʦʚ. ʉʪʨʫʢʪʫʨʥʳʡ ʙʣʦʢ ʠʤʝʝʪ ʧʝʨʦʚʩʢʠʪʥʳʡ ʤʦʪʠʚ ʨʘʩʧʦʣʦʞʝʥʠʷ ʘʪʦʤʦʚ ABX3 

(A ï ʢʨʫʧʥʳʡ ʢʘʪʠʦʥ, ʥʘʧʨʠʤʝʨ Sr2+, Ba2+, B ï ʥʝʙʦʣʴʰʦʡ ʢʘʪʠʦʥ, ʯʘʱʝ ʚʩʝʛʦ, 

ʧʝʨʝʭʦʜʥʦʛʦ ʤʝʪʘʣʣʘ, ʥʘʧʨʠʤʝʨ, Ti4+, Nb5+, X ï ʘʥʠʦʥ, ʯʘʱʝ ʚʩʝʛʦ O2-, ʚʩʪʨʝʯʘʝʪʩʷ F-) 

ʙʝʟ ʮʝʥʪʨʘʣʴʥʦʛʦ ʘʪʦʤʘ ʥʘ ʛʨʘʥʠʮʝ ʙʣʦʢʘ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʘʥʠʦʥʦʤ, ʟʘʚʝʨʰʘʶʱʠʤ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʫʶ ʩʬʝʨʫ ʢʘʪʠʦʥʦʚ B: [An-1BnX3n+1] (ʈʠʩʫʥʦʢ 13 ʩʣʝʚʘ). ʌʘʟʳ 

ʈʘʜʜʣʝʩʜʝʥʘ-ʇʦʧʧʝʨʘ ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ [A2][An-1BnX3n+1] (ʯʝʨʝʜʦʚʘʥʠʝ 

ʢʘʪʠʦʥʦʚ ʧʦ ʤʦʪʠʚʫ Ŭ-Fe ʩ ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʳʤ ʙʣʦʢʦʤ), ʥʘʧʨʠʤʝʨ Sr2TiO4, Sr3Ru2O7 

[73,74]. ʇʨʝʜʩʪʘʚʠʪʝʣʷʤʠ ʬʘʟ ɸʫʨʠʚʠʣʣʠʫʩʘ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ [Bi2O2][An-1BnX3n+1] 

(ʯʝʨʝʜʦʚʘʥʠʝ ʣʠʪʘʨʛʠʪʦʧʦʜʦʙʥʦʛʦ ʙʣʦʢʘ ʩ ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʳʤ ʙʣʦʢʦʤ) ̫ ʚʣʷʶʪʩʷ 

Bi2WO6, Bi3TiNbO9, Bi4Ti3O12 [75ï77]. ʂ ʬʘʟʘʤ ɼʠʦʥʘ-ʗʢʦʙʩʦʥʘ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ 

[Aô][An-1BnX3n+1] (ʯʝʨʝʜʦʚʘʥʠʝ ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʶʱʠʭʩʷ ʧʦ ʨʘʟʤʝʨʘʤ ʢʘʪʠʦʥʦʚ A ï 

Aô, ʥʘʧʨʠʤʝʨ, Rb+, Cs+, Pb2+, CH3NH2
+, ʛʜʝ ʢʘʪʠʦʥ A ʚʭʦʜʠʪ ʚ ʩʦʩʪʘʚ 

ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʦʛʦ ʙʣʦʢʘ) ʦʪʥʦʩʷʪʩʷ AgLaTiO4, CsBiNb2O7, CsLa2Ti2NbO10 [78ï80]. 

ʂ ʜʘʥʥʳʤ ʩʝʤʝʡʩʪʚʘʤ ʪʘʢʞʝ ʦʪʥʦʩʷʪ ʛʠʙʨʠʜʥʳʝ ʧʝʨʦʚʩʢʠʪʳ, ʥʘʧʨʠʤʝʨ, 

(BA)2(MA)2Pb3I10 (BA ï ʙʫʪʠʣʘʤʠʥ, MA ï ʤʝʪʠʣʘʤʠʥ), ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ 

ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʩʦʣʥʝʯʥʦʡ ɻʥʝʨʛʝʪʠʢʝ[81]. 
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ʈʠʩʫʥʦʢ 13 ï ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʩʣʦʠʩʪʳʭ ʧʝʨʦʚʩʢʠʪʦʚ ʪʨʝʭ ʢʨʫʧʥʳʭ ʦʢʩʠʜʥʳʭ 

ʩʝʤʝʡʩʪʚ (ʩʣʝʚʘ ʥʘʧʨʘʚʦ) ʈʘʜʜʣʝʩʜʝʥʘ-ʇʦʧʧʝʨʘ, ɸʫʨʠʚʠʣʣʠʫʩʘ, ɼʠʦʥʘ-ʗʢʦʙʩʦʥʘ: Sr3Ru2O7, 

Bi4Ti3O12, CsLa2Ti2NbO10 

¶ ʉʣʦʠʩʪʳʝ ʪʨʦʡʥʳʝ ʭʘʣʴʢʦʛʝʥʠʜʳ (ʈʠʩʫʥʦʢ 14) ʩʦʩʪʘʚʘ ABX3 (A = Mg, Cr, Mn, Fe, Co, 

Ni, Cd, In, B = Si, Ge, P, X = S, Se). ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʧʦʩʪʨʦʝʥʘ ʙʣʦʢʦʚ, ʚ ʢʦʪʦʨʳʭ ʘʥʠʦʥʳ ʦʙʨʘʟʫʶʪ ʇʐʋ, ʠ ʢʘʪʠʦʥʳ A ʟʘʧʦʣʥʷʶʪ ʯʘʩʪʴ 

ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʫʩʪʦʪ, ʘ ʜʠʤʝʨʳ B2 ʥʘʭʦʜʷʪʩʷ ʚ ʮʝʥʪʨʝ ʰʝʩʪʠʫʛʦʣʴʥʠʢʦʚ ʚʜʦʣʴ 

ʥʘʧʨʘʚʣʝʥʠʷ [001] (ʘʥʘʣʦʛʠʯʥʦ S2 ʚ MoS2). ʊʘʢʠʝ ʙʣʦʢʠ ʤʦʛʫʪ ʨʘʩʧʦʣʘʛʘʪʴʩʷ ʜʨʫʛ ʥʘʜ 

ʜʨʫʛʦʤ, ʢʘʢ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ FePS3 (FePS3,mS20,12), ʣʠʙʦ ʦʙʨʘʟʦʚʳʚʘʪʴ 

ʪʨʝʭʩʣʦʡʥʫʶ ʇʐʋ ABCAé ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ FePSe3 (FePSe3,hR30,148)[82,83]. ʂ 

ʧʝʨʚʦʡ ʛʨʫʧʧʝ ʦʪʥʦʩʷʪʩʷ MnPS3, NiPS3, PdPS3, Ag0.5Cr0.5PSe3[83ï86]. 

ʇʨʝʜʩʪʘʚʠʪʝʣʷʤʠ ʚʪʦʨʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ ̫ ʚʣʷʶʪʩʷ CrGeTe3, CrSiTe3, MnPSe3, 

Cu0.5Al0.5PSe3[82,87ï90]. 
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ʈʠʩʫʥʦʢ 14 ï ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ABX3: 

(ʩʣʝʚʘ ʥʘʧʨʘʚʦ) FePS3 ʠ FePSe3 

¶ ɻʨʫʧʧʘ ʩʝʤʝʡʩʪʚ ʩʣʦʠʩʪʳʭ ʧʥʠʢʪʠʜʦʚ-ʭʘʣʴʢʦʛʝʥʠʜʦʚ, ʩʪʨʫʢʪʫʨʥʳʡ ʙʣʦʢ ʤʥʦʛʠʭ 

ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʢʦʪʦʨʳʭ ʚʢʣʶʯʘʝʪ ʬʨʘʛʤʝʥʪ ʩʣʦʠʩʪʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʠʣʠ ʧʥʠʢʪʠʜʦʚ 

MX (ʄ = Fe2+/3+, Cu2+, Mn2+, ʍ = S2-, As3-, P3-), ʩ ʫʩʣʦʚʥʳʤʠ ʥʘʟʚʘʥʠʷʤʠ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʩʪʝʭʠʦʤʝʪʨʠʠ ʩʦʝʜʠʥʝʥʠʡ: ç1111è, ç122è, ç2322è (ʈʠʩʫʥʦʢ 15). 

ʆʙʲʝʜʠʥʷʝʪ ʵʪʠ ʩʝʤʝʡʩʪʚʘ ʦʙʱʠʡ ʩʪʨʦʠʪʝʣʴʥʳʡ ʙʣʦʢ MX, ʦʨʛʘʥʠʟʦʚʘʥʥʳʡ ʧʦ ʤʦʪʠʚʫ 

ʘʥʪʠʬʣʶʦʨʠʪʘ, ʢʦʪʦʨʳʡ ʨʘʟʜʝʣʷʝʪʩʷ ʦʜʠʥʦʯʥʳʤʠ ʘʪʦʤʘʤʠ ʧʦ ʪʠʧʫ CsCl ʚ ç1111è, 

ʣʠʪʘʨʛʠʪʦʧʦʜʦʙʥʳʤʠ ʙʣʦʢʘʤʠ ʚ ç122è, ʠ ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʳʤ ʬʨʘʛʤʝʥʪʦʤ ʙʝʟ 

ʮʝʥʪʨʘʣʴʥʦʛʦ ʘʪʦʤʘ ʚ ç2322è [91,92]. ʇʨʦʪʦʪʠʧʦʤ ʩʝʤʝʡʩʪʚʘ ç1111è ʤʦʞʥʦ ʩʯʠʪʘʪʴ 

AgLaSO (AgLaSO,tP8,129) ʩ ʧʨʝʜʩʪʘʚʠʪʝʣʷʤʠ LaOFeAs, BaCuSF, CuEuSF[93ï95]. 

ʉʝʤʝʡʩʪʚʦ ç122è ʦʙʣʘʜʘʝʪ ʩʪʨʫʢʪʫʨʦʡ CeAl2Ga2 (CeAl2Ga2,tI10,139) ʩ 

ʧʨʝʜʩʪʘʚʠʪʝʣʷʤʠ BaAs2Pd2, EuFe2P2, ThCr2Si2[96ï99]. ʉʝʤʝʡʩʪʚʦ ç2322è ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʪʨʫʢʪʫʨʥʳʤ ʪʠʧʦʤ Ba2Mn3As2O2 (Ba2Mn3As2O2,tI18,139) ʩ 

ʧʨʝʜʩʪʘʚʠʪʝʣʷʤʠ Sr2Mn3Sb2O2, Ba2Zn2MnAs2O2[100ï102]. 
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ʈʠʩʫʥʦʢ 15 ï ʇʨʦʪʦʪʠʧʳ ʩʪʨʫʢʪʫʨ ç1111è, ç122è, ç2322è: (ʩʣʝʚʘ ʥʘʧʨʘʚʦ) AgLaOS, 

CeAl2Ga2, Ba2Mn3As2O2, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

¶ ɻʨʫʧʧʘ ʩʣʦʠʩʪʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʦ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʤʠ ʩʦʩʪʘʚʘʤʠ AB2X4 ʠ A2B2X5 

(ʈʠʩʫʥʦʢ 16) ï ç124è ʠ ç225è (A ï ʜʚʫʭʟʘʨʷʜʥʳʡ ʢʘʪʠʦʥ Mg, Mn, Fe, B ï ʪʨʝʭʟʘʨʷʜʥʳʡ 

Al, Ga, In, X ï ʜʚʫʭʟʘʨʷʜʥʳʡ ʘʥʠʦʥ S, Se). ʂʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʜʘʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʯʝʨʝʜʦʚʘʥʠʝʤ ʙʣʦʢʦʚ, ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʦʙʨʘʟʦʚʘʥ 

ʇʐʋ ʘʥʠʦʥʦʚ ʠ ʦʛʨʘʥʠʯʝʥ ʘʪʦʤʘʤʠ ʭʘʣʴʢʦʛʝʥʘ. ɺʥʫʪʨʝʥʥʷʷ ʯʘʩʪʴ ʙʣʦʢʘ ʩʦʩʪʦʠʪ ʠʟ 

ʦʜʥʦʛʦ (ʜʣʷ ç124è) ʠʣʠ ʜʚʫʭ (ʜʣʷ ç225è) ʩʣʦʝʚ ʜʚʫʭʟʘʨʷʜʥʳʭ ʢʘʪʠʦʥʦʚ A ʚ 

ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ, ʘ ʚʥʝʰʥʷʷ ʯʘʩʪʴ ï ʠʟ ʜʚʫʭ ʦʛʨʘʥʠʯʠʚʘʶʱʠʭ ʩʣʦʝʚ 

ʪʨʝʭʟʘʨʷʜʥʳʭ ʢʘʪʠʦʥʦʚ B ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ. ʍʘʣʴʢʦʛʝʥʠʜʳ ç124è ʠ ç225è 

ʷʚʣʷʶʪʩʷ ʯʣʝʥʘʤʠ ʛʦʤʦʣʦʛʠʯʝʩʢʦʛʦ ʨʷʜʘ. ʇʨʦʪʦʪʠʧʘʤʠ ʜʘʥʥʳʭ ʩʪʨʫʢʪʫʨ ̫ ʚʣʷʶʪʩʷ 

FeGa2S4 (FeGa2S4,hP7,164) ʠ Fe2Ga2S5 (Fe2Ga2S5,hP18,194), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩ 

ʧʨʝʜʩʪʘʚʠʪʝʣʷʤʠ CoNb2S4 ʠ Zn2FeInO5[103ï106]. ɹʦʣʝʝ ʧʦʜʨʦʙʥʦ ʵʪʠ ʩʝʤʝʡʩʪʚʘ ʙʫʜʫʪ 

ʨʘʩʩʤʦʪʨʝʥʳ ʚ ʦʜʥʦʡ ʠʟ ʩʣʝʜʫʶʱʠʭ ʛʣʘʚ. 
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ʈʠʩʫʥʦʢ 16 ï ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʩʝʤʝʡʩʪʚ ç124è ʠ ç225è: FeGa2S4 

ʠ Fe2Ga2S5, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

2.2. ʅʝʦʨʛʘʥʠʯʝʩʢʠʝ 2D-ʤʘʪʝʨʠʘʣʳ 

2.2.1. ʄʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʧʣʝʥʦʢ ʠ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʚʝ ʛʨʫʧʧʳ ʤʝʪʦʜʦʚ: 

ʪʨʝʙʫʶʱʠʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʧʦʣʫʯʝʥʠʷ ʮʝʣʝʚʦʡ ʬʘʟʳ ʠ ʠʩʧʦʣʴʟʫʶʱʠʝ ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʦʚ 

ʥʝʢʦʪʦʨʳʝ çʩʪʘʥʜʘʨʪʥʳʝ ʚʝʱʝʩʪʚʘè. ʂ ʛʨʫʧʧʝ, ʜʣʷ ʢʦʪʦʨʦʡ ʥʝʦʙʭʦʜʠʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʡ ʩʠʥʪʝʟ 

ʚʝʱʝʩʪʚʘ, ʦʪʥʦʩʷʪʩʷ ʤʝʪʦʜ ʃʝʥʛʤʶʨʘ-ɹʣʦʜʞʝʪʪ, ʞʠʜʢʦʩʪʥʘʷ ʠ ʪʚʝʨʜʦʪʝʣʴʥʘʷ ʵʢʩʬʦʣʠʘʮʠʷ. ʂ 

ʚʪʦʨʦʡ ʛʨʫʧʧʝ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʫʶ ɻʧʠʪʘʢʩʠ ʁ(ʄʃʕ), ʘʪʦʤʥʦ-ʩʣʦʝʚʦʝ 

ʦʩʘʞʜʝʥʠʝ (ɸʉʆ), ʭʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ (ʍʆɻʌ). ʈʘʩʩʤʦʪʨʠʤ ʜʘʥʥʳʝ ʤʝʪʦʜʳ: 

¶ ʉʫʪʴ ʤʝʪʦʜʘ ʃʝʥʛʤʶʨʘ-ɹʣʦʜʞʝʪʪ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʝʨʝʥʦʩʝ ʤʦʥʦʩʣʦʝʚ ʘʤʬʠʬʠʣʴʥʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʞʠʜʢʦʩʪʠ ʥʘ ʚʝʨʪʠʢʘʣʴʥʫʶ ʧʦʜʣʦʞʢʫ (ʈʠʩʫʥʦʢ 17). ʇʨʠ 

ʥʘʥʝʩʝʥʠʠ ʧʣʝʥʦʢ ʜʘʥʥʳʤ ʤʝʪʦʜʦʤ ʤʦʞʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʪʦʣʱʠʥʫ ʧʣʝʥʦʢ, ʩʦʟʜʘʚʘʪʴ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ, ʧʦʢʨʳʚʘʪʴ ʧʦʚʝʨʭʥʦʩʪʠ ʩʣʦʞʥʦʡ ʬʦʨʤʳ, ʦʜʥʘʢʦ ʤʝʪʦʜ ʃʝʥʛʤʶʨʘ-

ɹʣʦʜʞʝʪʪ ʫʜʦʙʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʣʠʙʦ ʜʣʷ ʚʝʱʝʩʪʚ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʧʝʨʝʚʝʩʪʠ ʚ 

ʘʤʬʠʬʠʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʙʝʟ ʭʠʤʠʯʝʩʢʦʡ ʜʝʛʨʘʜʘʮʠʠ, ʣʠʙʦ ʜʣʷ ʪʝʭ, ʢʦʪʦʨʳʝ 

ʨʘʩʪʚʦʨʠʤʳ ʚ ʛʠʜʨʦʬʠʣʴʥʦʡ ʯʘʩʪʠ. ʇʨʠ ʵʪʦʤ ʤʝʪʦʜ ʪʨʝʙʫʝʪ ʦʧʪʠʤʠʟʘʮʠʠ ʩʢʦʨʦʩʪʠ 

ʥʘʥʝʩʝʥʠʷ, ʚʳʜʝʨʞʠʚʘʥʠʷ ʧʦʩʪʦʷʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ, ʠ ʪʦʯʥʦʛʦ ʟʥʘʯʝʥʠʷ ʩʠʣʳ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ. ɺʘʞʥʳʤ ʫʩʣʦʚʠʝʤ ʷʚʣʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝ ʧʨʠʤʝʩʝʡ ʚ 

ʧʨʝʢʫʨʩʦʨʘʭ, ʘ ʪʘʢʞʝ ʩʣʫʯʘʡʥʳʭ ʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʘʪʦʤʥʦ-ʛʣʘʜʢʠʭ ʧʦʜʣʦʞʝʢ. 

ʇʨʠ ʵʪʦʤ ʤʝʪʦʜ ̫ ʚʣʷʝʪʩʷ ʜʣʠʪʝʣʴʥʳʤ ʠ ʩʣʦʞʥʦ ʤʘʩʰʪʘʙʠʨʫʝʤʳʤ. ʊʘʢʘʷ ʪʝʭʥʦʣʦʛʠʷ 

ʫʜʦʙʥʘ ʜʣʷ ʥʘʥʝʩʝʥʠʷ ʩʣʦʝʚ ʩʪʘʙʠʣʴʥʳʭ ʙʠʥʘʨʥʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʤʝʪʘʣʣʦʚ, 

ʥʘʧʨʠʤʝʨ, CdSe ʠʣʠ ʧʨʦʩʪʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ Cd1-xZnxS, ʥʦ ʨʝʘʣʠʟʦʚʘʪʴ ʩʣʦʞʥʳʝ 
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ʙʣʦʯʥʳʝ ʩʪʘʙʠʣʴʥʳʝ ʩʪʨʫʢʪʫʨʳ ʥʘ ʥʘʥʦʫʨʦʚʥʝ, ʧʨʠ ʵʪʦʤ ʢʦʥʪʨʦʣʠʨʫʷ ʚʠʜ ʫʢʣʘʜʢʠ ʚ 

ʩʣʫʯʘʝ ʥʘʣʠʯʠʷ ʧʦʣʠʪʠʧʦʚ ʧʨʦʙʣʝʤʘʪʠʯʥʦ[107ï109].  

 

 

ʈʠʩʫʥʦʢ 17 ï (ʉʣʝʚʘ)ʊʨʠ ʬʘʟʦʚʳʭ ʩʦʩʪʦʷʥʠʷ ʤʦʥʦʩʣʦʷ ʚ ʪʝʭʥʦʣʦʛʠʠ ʃʵʥʛʤʶʨʘ-ɹʣʦʜʞʝʪʪ: ʘ) 

ʜʚʫʤʝʨʥʳʡ ʛʘʟ, ʙ) ʜʚʫʤʝʨʥʘʷ ʞʠʜʢʦʩʪʴ, ʚ) ʞʠʜʢʠʡ ʢʨʠʩʪʘʣʣ. (ʉʧʨʘʚʘ) ʋʩʪʨʦʡʩʪʚʦ ʜʣʷ 

ʥʘʥʝʩʝʥʠʷ ʧʣʝʥʦʢ ʃʵʥʛʤʶʨʘ-ɹʣʦʜʞʝʪʪ: 1 ï ʚʘʥʥʘ, 2 ï ʫʩʪʦʡʯʠʚʦʝ ʦʩʥʦʚʘʥʠʝ ʥʘ 

ʘʤʦʨʪʠʟʘʪʦʨʘʭ, 3 ï ʟʘʱʠʪʥʳʡ ʢʦʞʫʭ, 4 ï ʤʝʭʘʥʠʟʤ ʧʦʜʲʝʤʘ ʠ ʦʧʫʩʢʘʥʠʷ ʧʦʜʣʦʞʝʢ 9, 5 ï 

ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʚʝʩʳ ɺʠʣʛɹʝʣʴʤʠ, 6 ï ʩʭʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʤʦʪʦʨʦʤ, 7 ï ʤʦʪʦʨ, ʫʧʨʘʚʣʷʶʱʠʡ 

ʧʦʜʚʠʞʥʳʤ ʙʘʨʴʝʨʦʤ 5[110] 

¶ ʈʝʘʣʠʟʘʮʠʷ ʞʠʜʢʦʩʪʥʦʡ ʵʢʩʬʦʣʠʘʮʠʠ (ʈʠʩʫʥʦʢ 18 ʩʚʝʨʭʫ) ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʨʘʟʨʳʚʘ 

ʩʚʷʟʝʡ ʤʝʞʜʫ ʙʣʦʢʘʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʥʝʢʦʪʦʨʳʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ 

ʠʩʪʦʯʥʠʢʦʤ, ʧʨʠ ʵʪʦʤ ʤʘʪʝʨʠʘʣ ʚ ʞʠʜʢʦʩʪʠ ʥʝ ʘʛʨʝʛʠʨʫʝʪ ʠ ʥʝ ʦʢʠʩʣʷʝʪʩʷ ʚ ʧʨʦʮʝʩʩʝ 

ʦʪʩʣʘʠʚʘʥʠʷ. ɺʦʟʤʦʞʥʳ ʚʘʨʠʘʥʪʳ ʤʝʭʘʥʠʯʝʩʢʦʡ, ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ, ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ 

ʠʣʠ ʦʢʠʩʣʠʪʝʣʴʥʦʡ (ʭʠʤʠʯʝʩʢʦʡ) ʵʢʩʬʦʣʠʘʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʦʯʥʦʩʪʠ ʩʚʷʟʝʡ 

ʤʝʞʜʫ ʙʣʦʢʘʤʠ ʠ ʥʝʦʙʭʦʜʠʤʳʤ ʢʘʯʝʩʪʚʦʤ ʜʚʫʤʝʨʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ɾʠʜʢʦʩʪʥʘʷ 

ʵʢʩʬʦʣʠʘʮʠʷ ʫʜʦʙʥʘ ʪʝʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʜʦʙʨʘʪʴ ʣʶʙʦʡ ʠʥʝʨʪʥʳʡ ʨʘʩʪʚʦʨʠʪʝʣʴ, ʥʝ 

ʪʨʝʙʫʝʪ ʥʘʣʠʯʠʷ ʢʨʫʧʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʮʝʣʝʚʦʛʦ ʩʦʝʜʠʥʝʥʠ,̫ ʧʦʟʚʦʣʷʝʪ 

ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʪʦʣʱʠʥʫ ʩʣʦʝʚ ʟʘ ʩʯʝʪ ʩʝʜʠʤʝʥʪʘʮʠʠ, ʧʨʠ ʵʪʦʤ ʦʪʩʫʪʩʪʚʫʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʝ ʠʩʭʦʜʥʦʡ ʬʘʟʳ, ʠ ʪʝʭʥʦʣʦʛʠʷ ʤʦʞʝʪ ʙʳʪʴ ʣʝʛʢʦ 

ʤʘʩʰʪʘʙʠʨʦʚʘʥʘ. ɺ ʢʘʯʝʩʪʚʝ ʥʝʜʦʩʪʘʪʢʦʚ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʥʘʣʠʯʠʝ ʜʠʩʧʝʨʩʠʠ ʢʘʢ 

ʣʘʪʝʨʘʣʴʥʳʭ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ, ʪʘʢ ʠ ʠʭ ʪʦʣʱʠʥʳ. ʂʨʦʤʝ ʪʦʛʦ, ʚʦʟʤʦʞʥʦ ʧʦʚʨʝʞʜʝʥʠʝ 

ʜʚʫʤʝʨʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʩʦʟʜʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʜʝʬʝʢʪʦʚ ʚʦ ʚʨʝʤʷ ʧʨʦʮʝʩʩʘ 

ʵʢʩʬʦʣʠʘʮʠʠ. ɼʘʥʥrʡ ʤʝʪʦʜ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʘʢʪʠʯʝʩʢʠ ʜʣ ̫ʣʶʙʳʭ ʩʣʦʠʩʪʳʭ 
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ʩʦʝʜʠʥʝʥʠʡ ʩ ʥʝʟʘʨʷʞʝʥʥʳʤ ʙʣʦʢʦʤ, ʝʩʣʠ ʩʫʱʝʩʪʚʫʝʪ ʪʦʣʴʢʦ ʦʜʥʦ ʦʩʥʦʚʥʦʝ 

ʥʘʧʨʘʚʣʝʥʠʝ ʨʘʟʨʳʚʘ ʧʣʦʩʢʦʩʪʝʡ, ʥʘʧʨʠʤʝʨ, BN, MoS2, Nax(Mn
+3,Mn+4)O4; ʧʨʦʮʝʩʩ 

ʨʝʘʣʠʟʫʝʤ ʜʘʞʝ ʜʣʷ ʦʯʝʥʴ ʩʣʦʞʥʳʭ ʩʦʩʪʘʚʦʚ, ʥʘʧʦʜʦʙʠʝ ʧʨʠʨʦʜʥʳʭ ʤʠʥʝʨʘʣʦʚ, ʪʘʢʠʭ 

ʢʘʢ ʙʠʦʪʠʪ K[(MgFe)3(Si3Al)O10(OH)2][111,112]. 

 

 

 

ʈʠʩʫʥʦʢ 18 ï ʉʭʝʤʘ ʞʠʜʢʦʩʪʥʦʡ ʵʢʩʬʦʣʠʘʮʠʠ (ʩʚʝʨʭʫ) ʠ ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʩʢʦʪʯʝʤ (ʩʥʠʟʫ)[111] 

¶ ʄʝʪʦʜ ʪʚʝʨʜʦʪʝʣʴʥʦʡ (ʤʝʭʘʥʠʯʝʩʢʦʡ) ʵʢʩʬʦʣʠʘʮʠʠ (ʈʠʩʫʥʦʢ 18 ʩʥʠʟʫ) ʤʦʞʝʪ ʙʳʪʴ 

ʨʝʘʣʠʟʦʚʘʥ ʜʚʫʤʷ ʩʧʦʩʦʙʘʤʠ: ʩ ʧʦʤʦʱʴʶ ʧʦʤʦʣʘ/ʧʝʨʝʪʠʨʘʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʳ, ʠʣʠ ʤʝʪʦʜʦʤ ʩʢʦʪʯʘ. ʆʙʨʘʟʦʚʘʥʠʝ ʜʚʫʤʝʨʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʨʝʘʣʠʟʫʝʪʩʷ ʟʘ ʩʯʝʪ ʨʘʟʨʳʚʘ ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ ʤʝʞʜʫ ʙʣʦʢʘʤʠ ʧʨʠ 

ʤʝʭʘʥʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʝ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʳ ʚʦʟʤʦʞʥʦ 
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ʦʙʨʘʟʦʚʘʥʠʝ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʯʠʩʣʘ ʜʝʬʝʢʪʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʭʠʤʠʯʝʩʢʦʡ 

ʜʝʩʪʨʫʢʮʠʠ, ʥʘʧʨʠʤʝʨ, ʟʘ ʩʯʝʪ ʦʢʠʩʣʝʥʠʷ. ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ 

ʯʘʩʪʠʮʳ ʪʦʣʱʠʥʦʡ ʚ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ ʘʪʦʤʥʳʭ ʩʣʦʝʚ, ʥʦ ʜʣʷ ʵʪʦʛʦ ʪʨʝʙʫʝʪʩʷ 

ʜʣʠʪʝʣʴʥʳʡ ʧʨʦʮʝʩʩ ʵʢʩʬʦʣʠʘʮʠʠ, ʧʨʠ ʢʦʪʦʨʦʤ ʣʘʪʝʨʘʣʴʥʳʡ ʨʘʟʤʝʨ ʜʚʫʤʝʨʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʪʘʢʞʝ ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ ʜʦʣʝʡ ʤʠʢʨʦʤʝʪʨʘ. ʂ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʩʪʦʨʦʥʘʤ 

ʤʝʪʦʜʘ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʤʘʣʫ  ʁʜʠʩʧʝʨʩʠʶ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʫ. ɺ ʤʝʪʦʜʝ 

ʩʢʦʪʯʘ ʥʘ ʤʘʪʝʨʠʘʣ ʥʘʧʳʣʷʶʪ ʩʣʦʡ ʧʦʜʣʦʞʢʠ (ʦʙʳʯʥʦ ʟʦʣʦʪʦ), ʢ ʢʦʪʦʨʦʤʫ 

ʧʨʠʢʨʝʧʣʷʶʪ ʪʝʨʤʦʩʢʦʪʯ, ʚ ʩʣʫʯʘʝ ʧʨʠʣʦʞʝʥʠʷ ʥʘʛʨʫʟʢʠ, ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʨʳʚ 

ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ ʤʝʞʜʫ ʙʣʦʢʘʤʠ ʟʘ ʩʯʝʪ ʙʦʣʴʰʝʡ ʘʜʛʝʟʠʠ ʢ ʥʘʧʳʣʸʥʥʦʡ ʧʦʜʣʦʞʢʝ. 

ʇʦʩʣʝ ʵʪʦʛʦ ʜʚʫʤʝʨʥʳʡ ʤʘʪʝʨʠʘʣ ʧʨʠʢʨʝʧʣʷʶʪ ʢ ʥʦʚʦʡ ʧʦʜʣʦʞʢʝ, ʩ ʧʦʤʦʱʴʶ 

ʥʘʛʨʝʚʘʥʠʷ ʫʜʘʣʷʶʪ ʪʝʨʤʦʩʢʦʪʯ ʠ ʚʳʪʨʘʚʣʠʚʘʶʪ ʥʘʧʳʣʸʥʥʳʡ ʩʣʦʡ (ʚ ʩʣʫʯʘʝ Au ï 

ʨʘʩʪʚʦʨʦʤ KI/I2). ʇʨʝʠʤʫʱʝʩʪʚʘ ʤʝʪʦʜʘ ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ ʩ ʞʠʜʢʦʩʪʥʦʡ 

ʵʢʩʬʦʣʠʘʮʠʝʡ: ʚʦʟʤʦʞʝʥ ʙʳʩʪʨʳʡ ʧʨʦʮʝʩʩ ʦʪʩʣʘʠʚʘʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʣʶʙʳʭ ʩʣʦʠʩʪʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʩ ʥʝʟʘʨʷʞʝʥʥʳʤ ʙʣʦʢʦʤ, ʩʫʱʝʩʪʚʫʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʥʝʩʝʥʠʷ ʜʚʫʤʝʨʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʣʶʙʳʝ ʧʦʜʣʦʞʢʠ. ɺ ʢʘʯʝʩʪʚʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʤʦʞʥʦ 

ʦʪʤʝʪʠʪʴ ʧʦʣʫʯʝʥʠʝ ʩʚʝʨʭʪʦʥʢʠʭ ʦʙʨʘʟʮʦʚ ʵʢʩʬʦʣʠʠʨʦʚʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʆʜʥʘʢʦ 

ʜʘʥʥʳʡ ʤʝʪʦʜ ʦʙʣʘʜʘʝʪ ʠ ʥʝʜʦʩʪʘʪʢʘʤʠ: ʚʦʟʤʦʞʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʜʝʬʝʢʪʦʚ ʧʨʠ 

ʵʢʩʬʦʣʠʘʮʠʠ, ʚ ʤʝʪʦʜʝ ʨʘʩʭʦʜʫʶʪʩʷ ʜʦʨʦʛʠʝ ʨʝʘʢʪʠʚʳ, ʝʩʪʴ ʩʣʦʞʥʦʩʪʠ ʩ 

ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴʶ ʧʨʦʮʝʩʩʘ. ɼʘʥʥʳʤ ʤʝʪʦʜʦʤ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʘʪʦʤʥʦ-ʪʦʥʢʠʝ ʩʣʦʠ 

ʨʘʟʣʠʯʥʳʭ ʦʢʩʠʜʦʚ ʠ ʭʘʣʴʢʦʛʝʥʠʜʦʚ, ʥʘʧʨʠʤʝʨ, MoS2 ʠ Ta3FeS6[113,114]. 

¶ ʄʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʘʷ ʵʧʠʪʘʢʩʠʷ (ʈʠʩʫʥʦʢ 19) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʩʘʞʜʝʥʠʝ ʯʘʩʪʠʮ 

ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʥʘ ʧʦʜʣʦʞʢʫ, ʜʣʷ ʯʝʛʦ ʚʳʧʦʣʥʷʶʪ ʧʦʦʯʝʨʝʜʥʦʝ ʠʣʠ ʩʠʥʭʨʦʥʥʦʝ 

ʪʝʨʤʠʯʝʩʢʦʝ ʠʩʧʘʨʝʥʠʝ ʥʝʦʙʭʦʜʠʤʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʚʠʜʝ ʤʠʰʝʥʝʡ ʚ ʚʳʩʦʢʦʤ 

ʚʘʢʫʫʤʝ. ʄʝʪʦʜ ʪʨʝʙʦʚʘʪʝʣʝʥ ʢ ʯʠʩʪʦʪʝ ʤʠʰʝʥʝʡ, ʜʣʷ ʫʩʧʝʰʥʦʡ ʨʝʘʣʠʟʘʮʠʠ 

ʥʝʦʙʭʦʜʠʤʘ ʘʪʦʤʥʦ-ʛʣʘʜʢʘʷ ʧʦʜʣʦʞʢʘ, ʧʨʠ ʵʪʦʤ ʨʦʩʪ ʧʣʝʥʢʠ ʧʨʦʠʩʭʦʜʠʪ ʢʨʘʡʥʝ 

ʤʝʜʣʝʥʥʦ. ʄʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʢʦʥʪʨʦʣʴ ʩʦʩʪʘʚʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʦ ʚʨʝʤʷ 

ʨʦʩʪʘ, ̫ʚʣʷʝʪʩʷ ʩʣʦʞʥʦ ʤʘʩʰʪʘʙʠʨʫʝʤʳʤ ʠ ʵʢʦʥʦʤʠʯʝʩʢʠ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʟʘʪʨʘʪʥʳʤ. 

ʄʝʪʦʜ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʠ 

ʪʦʯʥʳʭ ʤʝʪʦʜʦʚ, ʢʦʪʦʨʳʤ ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʳʝ ʧʦ ʩʦʩʪʘʚʫ ʩʪʨʫʢʪʫʨʳ, 

ʦʜʥʘʢʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʦʜʦʙʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʪʨʝʙʫʶʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʝ ʨʝʩʫʨʩʳ ʠ 

ʚʨʝʤʷ, ʯʪʦ ʥʝ ʧʦʟʚʦʣʷʝʪ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. ɺ 

ʣʠʪʝʨʘʪʫʨʝ ʠʟʚʝʩʪʥʳ ʧʨʠʤʝʨʳ ʧʦʣʫʯʝʥʠʷ ʩʦʝʜʠʥʝʥʠʡ ʨʘʟʣʠʯʥʳʭ ʢʣʘʩʩʦʚ, ʦʜʥʘʢʦ 

ʥʘʠʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤ ʤʘʪʝʨʠʘʣʘʤ, ʥʘʧʨʠʤʝʨ, ʙʳʣʘ 

ʩʠʥʪʝʟʠʨʦʚʘʥʘ ʤʘʣʦʜʝʬʝʢʪʥʘʷ ʧʣʝʥʢʘ WSe2 ʠ ʪʦʯʥʳʡ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨ ʟʘʤʝʱʝʥʠʷ 

CdxHg1-xTe[18,115]. 
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ʈʠʩʫʥʦʢ 19 ï ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʧʦ ʩʦʟʜʘʥʠʶ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-

ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ[116] 

¶ ɺ ʨʝʘʣʠʟʘʮʠʠ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ ʦʩʘʞʜʝʥʠʷ (ʈʠʩʫʥʦʢ 20) ʥʝʦʙʭʦʜʠʤʘ ʚʦʟʤʦʞʥʦʩʪʴ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʝʢʫʱʝʛʦ ʩʣʦʷ ʧʦʜʣʦʞʢʠ ʩʦ ʩʣʝʜʫʶʱʠʤ. ʇʨʠ ʮʠʢʣʠʯʝʩʢʦʡ ʩʤʝʥʝ 

ʨʝʘʢʪʠʚʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʫʶʪʩʷ ʩʣʦʠ ʪʦʣʱʠʥʦʡ ʚ ʦʜʠʥ ʘʪʦʤ, ʢʦʪʦʨʳʝ 

ʦʛʨʘʥʠʯʠʚʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʘʣʴʥʝʡʰʝʛʦ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ 

ʢʦʥʪʨʦʣʠʨʫʷ ʪʦʣʱʠʥʫ ʧʣʝʥʢʠ. ʆʙʳʯʥʦ ʚ ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʛʘʟʦʦʙʨʘʟʥʳʝ ʧʨʝʢʫʨʩʦʨʳ, ʦʜʥʘʢʦ ʩʫʱʝʩʪʚʫʝʪ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʘʷ ʚʘʨʠʘʮʠʷ, ʚ 

ʢʦʪʦʨʦʡ ʧʨʦʪʝʢʘʥʠʝ ʨʝʘʢʮʠʠ ʩ ʨʘʩʪʚʦʨʦʤ ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ɻ ʣʝʢʪʨʦʜʥʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ. ʇʨʝʠʤʫʱʝʩʪʚʘ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʩʦʩʪʦʷʪ ʚ ʚʦʟʤʦʞʥʦʩʪʠ ʢʦʥʪʨʦʣʷ 

ʪʦʣʱʠʥʳ, ʦʪʩʫʪʩʪʚʠʠ ʜʝʬʝʢʪʦʚ ʚ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʘʭ, ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʠ 

ʨʝʟʫʣʴʪʘʪʘ, ʧʨʠ ʵʪʦʤ ʤʝʪʦʜ ̫ ʚʣʷʝʪʩʷ ʜʣʠʪʝʣʴʥʳʤ ʧʦ ʚʨʝʤʝʥʠ ʠ ʢʨʘʡʥʝ ʦʛʨʘʥʠʯʝʥ 

ʩʦʩʪʘʚʦʤ ʧʦʣʫʯʘʝʤʦʡ ʧʣʝʥʢʠ. ɼʣʷ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ ʦʩʘʞʜʝʥʠʷ ʪʨʝʙʫʝʪʩʷ ʧʦʜʛʦʪʦʚʢʘ 

ʧʨʝʢʫʨʩʦʨʦʚ, ʩʧʦʩʦʙʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ ʤʝʞʜʫ ʩʦʙʦʡ ʩ ʧʘʩʩʠʚʘʮʠʝʡ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʥʘʧʨʠʤʝʨ, ʜʣʷ d-ʤʝʪʘʣʣʦʚ ʠʩʧʦʣʴʟʫʶʪ ʧʘʨʫ ʚʳʩʰʠʡ ʛʘʣʦʛʝʥʠʜ-ʢʘʨʙʦʥʠʣ. ʉ ʧʦʤʦʱʴʶ 
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ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ ʙʠʥʘʨʥʳʝ ʭʘʣʴʢʦʛʝʥʠʜʳ, ʧʥʠʢʪʠʜʳ ʠʣʠ ʤʝʪʘʣʣʳ, 

ʥʘʧʨʠʤʝʨ, Cu, MoS2, CoSx[117ï119]. 

 

ʈʠʩʫʥʦʢ 20 ï ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʧʦ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʤʫ ʦʩʘʞʜʝʥʠʶ. ʇʦʜʣʦʞʢʘ 201 

ʫʜʝʨʞʠʚʘʝʪʩ ̫ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʢʘʤʝʨʝ 210 ʩ ʧʦʤʦʱʴʶ ʜʝʨʞʘʪʝʣ ̫202. ʇʦʜʣʦʞʢʘ 201 ʤʦʞʝʪ 

ʙʳʪʴ ʧʦʤʝʱʝʥʘ ʚ ʨʝʘʢʮʠʦʥʥʫʶ ʢʘʤʝʨʫ 210 ʠ ʠʟʚʣʝʯʝʥʘ ʠʟ ʥʝʝ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʩʪʨʝʣʢʦʡ 231 

ʯʝʨʝʟ ʰʣʶʟ 230, ʧʨʠʩʦʝʜʠʥʝʥʥʳʡ ʢ ʚʥʝʰʥʝʡ ʢʘʤʝʨʝ 220. ʈʝʘʢʮʠʦʥʥʘʷ ʢʘʤʝʨʘ 210 ʠʤʝʝʪ 

ʜʚʝʨʮʫ 215. ʋʩʪʘʥʦʚʢʘ ʚʢʣʶʯʘʝʪ ʧʦ ʤʝʥʴʰʝʡ ʤʝʨʝ ʦʜʥʫ ʣʠʥʠʶ 211 ʧʦʜʘʯʠ ʧʘʨʦʚ ʧʨʝʢʫʨʩʦʨʘ, 

ʚʘʢʫʫʤʥʳʡ ʥʘʩʦʩ 213, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʥʘ ʣʠʥʠʠ ʦʪʢʘʯʢʠ 212 ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʧʦʪʦʢʘ, 

ʠʟʚʣʝʢʘʝʤʦʛʦ ʠʟ ʨʝʘʢʮʠʦʥʥʦʡ ʢʘʤʝʨʳ 210. ʋʩʪʘʥʦʚʢʘ ʩʥʘʙʞʝʥʘ ʠʩʪʦʯʥʠʢʦʤ ʬʦʪʦʥʦʚ 240, 

ʨʘʩʧʦʣʦʞʝʥʥʳʤ ʥʘʜ ʧʦʜʣʦʞʢʦʡ. ʀʩʪʦʯʥʠʢ ʬʦʪʦʥʦʚ 240 ʤʦʞʝʪ ʧʨʝʜʩʪʘʚʣʷʪʴ ʩʦʙʦʡ ʋʌ 

ʣʘʤʧʫ, ʩʚʝʪʦʜʠʦʜʥʫʶ ʣʘʤʧʫ ʠʣʠ ʠʩʪʦʯʥʠʢ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ, ʣʘʟʝʨʥʦʛʦ ʠʣʠ ʠʥʬʨʘʢʨʘʩʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ. ʆʥ ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʠʩʧʫʩʢʘʥʠʷ ʬʦʪʦʥʦʚ 241 ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʦʙʨʘʟʮʦʤ [120] 

¶ ʄʝʪʦʜ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ (ʍʆɻʌ) (ʈʠʩʫʥʦʢ 21) ʚʦʟʤʦʞʝʥ ʟʘ ʩʯʝʪ 

ʨʝʘʢʮʠʠ ʤʝʞʜʫ ʛʘʟʦʦʙʨʘʟʥʳʤʠ (ʨʘʩʧʳʣʝʥʥʳʤʠ) ʧʨʝʢʫʨʩʦʨʘʤʠ, ʢʦʪʦʨʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʬʦʨʤʠʨʫʶʪ 2D-ʤʘʪʝʨʠʘʣʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ. ʅʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʜʚʝ ʚʘʨʠʘʮʠʠ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ: ʪʝʨʤʠʯʝʩʢʦʝ ʨʘʟʣʦʞʝʥʠʝ 

ʤʝʪʘʣʣʦʨʛʘʥʠʯʝʩʢʠʭ ʧʨʝʢʫʨʩʦʨʦʚ (MOCVD) ʠ ʧʣʘʟʤʝʥʥʦ-ʭʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ ʠʟ 

ʛʘʟʦʚʦʡ ʬʘʟʳ (ʇʍʆ, PECVD). ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʣʝʪʫʯʠʝ ʤʝʪʘʣʣʦʨʛʘʥʠʯʝʩʢʠʝ 

ʩʦʝʜʠʥʝʥʠ ̫ʪʝʨʤʠʯʝʩʢʠ ʨʘʩʧʘʜʘʶʪʩʷ, ʣʠʙʦ ʧʨʠ ʢʦʥʪʘʢʪʝ ʩ ʛʦʨʷʯʝʡ ʧʦʜʣʦʞʢʦʡ, ʣʠʙʦ ʟʘ 

ʩʯʝʪ ʩʛʦʨʘʥʠʷ ʚ ʛʘʟʝ-ʥʦʩʠʪʝʣʝ. ɺʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʘʷ ʧʣʘʟʤʘ ʚʳʟʳʚʘʝʪ 

ʜʠʩʩʦʮʠʘʮʠʶ ʨʝʘʛʝʥʪʦʚ, ʠ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʜʣʦʞʢʠ ʙʦʤʙʘʨʜʠʨʫʶʪ ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ 

ʨʘʜʠʢʘʣʳ ʠʣʠ ʠʦʥʳ. ʂ ʧʨʝʠʤʫʱʝʩʪʚʘʤ ʤʝʪʦʜʘ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʚʦʟʤʦʞʥʦʩʪʴ 

ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʠ ʢʦʥʪʨʦʣʷ ʩʦʩʪʘʚʘ ʜʚʫʤʝʨʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩ ʧʦʤʦʱʴʶ ʧʘʨʮʠʘʣʴʥʳʭ 

ʜʘʚʣʝʥʠʡ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ. ʂ ʥʝʜʦʩʪʘʪʢʘʤ ï ʦʙʨʘʟʦʚʘʥʠʝ ʜʝʬʝʢʪʦʚ ʚ ʮʝʣʝʚʦʤ 
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ʤʘʪʝʨʠʘʣʝ ʧʨʠ ʧʣʘʟʤʝʥʥʦʤ ʥʘʥʝʩʝʥʠʠ, ʚʣʠʷʥʠʝ ʧʦʜʣʦʞʢʠ, ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʪʦʣʱʠʥʳ 

ʧʣʝʥʢʠ ʚ ʩʪʘʮʠʦʥʘʨʥʦʤ ʨʝʞʠʤʝ ʥʘʥʝʩʝʥʠʷ, ʩʣʦʞʥʦʩʪʴ ʧʦʜʙʦʨʘ ʙʣʠʟʢʠʭ ʧʦ ʣʝʪʫʯʝʩʪʠ 

ʨʝʘʢʪʠʚʦʚ. ʇʨʝʢʫʨʩʦʨʳ ʤʝʪʘʣʣʦʚ ʧʦʜʙʠʨʘʶʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʚʠʜʝ ʢʘʨʙʦʥʠʣʦʚ, 

ʚʳʩʰʠʭ ʛʘʣʦʛʝʥʠʜʦʚ ʠʣʠ ʘʣʢʠʣ-ʤʝʪʘʣʣʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʥʝʤʝʪʘʣʣʦʚ ï ʚ ʚʠʜʝ 

ʚʦʜʦʨʦʜʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʧʨʠ ʵʪʦʤ ʧʨʠ ʥʘʧʳʣʝʥʠʠ ʚʘʞʥʦ ʚʳʙʨʘʪʴ ʨʝʞʠʤ ʩ ʙʣʠʟʢʠʤʠ 

ʧʘʨʮʠʘʣʴʥʳʤʠ ʜʘʚʣʝʥʠʷʤʠ ʵʪʠʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʠʩʭʦʜʷ ʠʟ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

ʮʝʣʝʚʦʛʦ ʩʦʝʜʠʥʝʥʠʷ, ʯʪʦ ʥʝ ʚʩʝʛʜʘ ʜʦʩʪʠʞʠʤʦ. ʇʨʠ ʧʨʘʚʠʣʴʥʦʤ ʧʦʜʙʦʨʝ ʧʨʝʢʫʨʩʦʨʦʚ 

ʜʘʥʥʳʤ ʤʝʪʦʜʦʤ ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ ʧʣʝʥʢʠ ʠ ʜʚʫʤʝʨʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʧʦʯʪʠ 

ʣʶʙʳʭ ʛʘʣʦʛʝʥʠʜʥʳʭ, ʭʘʣʴʢʦʛʝʥʠʜʥʳʭ ʠ ʧʥʠʢʪʠʜʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʥʘʧʨʠʤʝʨ, CoP2, 

SiNx (x = 1-1.5), Fe3GeTe2 ʠ ʜʘʞʝ ʙʦʣʝʝ ʩʧʝʮʠʬʠʯʥʳʝ ʤʘʪʝʨʠʘʣʳ ï ʫʛʣʝʨʦʜʥʳʝ 

ʥʘʥʦʪʨʫʙʢʠ[121ï125]. 

 

ʈʠʩʫʥʦʢ 21 ï (ʉʚʝʨʭʫ) ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʚʥʫʪʨʠ ʧʣʝʥʢʠ ʧʨʠ ʚʝʨʪʠʢʘʣʴʥʦʤ ʠ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʥʘʥʝʩʝʥʠʠ ʤʝʪʦʜʦʤ ʍʆɻʌ, ʩʭʝʤʘ ʢʦʪʦʨʦʛʦ ʧʦʢʘʟʘʥʘ ʚ ʥʠʞʥʝʡ ʯʘʩʪʠ 

ʨʠʩʫʥʢʘ[123] 
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ʉ ʫʯʝʪʦʤ ʧʨʝʠʤʫʱʝʩʪʚ ʠ ʥʝʜʦʩʪʘʪʢʦʚ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʤʝʪʦʜʦʚ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʩʦ 

ʩʣʦʞʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʠ ʧʨʠ ʥʘʣʠʯʠʠ ʧʦʣʠʤʦʨʬʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʤʠ 

ʷʚʣʷʶʪʩʷ ʤʦʣʝʢʫʣʷʨʥʦ ʣʫʯʝʚʘʷ ʵʧʠʪʘʢʩʠʷ, ʘ ʪʘʢʞʝ ʤʝʭʘʥʠʯʝʩʢʘ ̫ɻʢʩʬʦʣʠʘʮʠ ̫ʩ ʧʦʤʦʱʴʶ ʩʢʦʪʯʘ, 

ʩʦʟʜʘʶʱʠʝ ʥʝʙʦʣʴʰʦʝ ʯʠʩʣʦ ʜʝʬʝʢʪʦʚ. 

2.2.2. ʉʠʥʪʝʟʠʨʦʚʘʥʥʳʝ 2D-ʤʘʪʝʨʠʘʣʳ 

ɿʥʘʯʠʪʝʣʴʥʫʶ ʜʦʣʶ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʦʩʪʘʚʣʷʶʪ ʵʢʩʬʦʣʠʠʨʦʚʘʥʥʳʝ ʠʣʠ 

ʧʦʣʫʯʝʥʥʳʝ ʚ ʚʠʜʝ ʧʣʝʥʦʢ ʦʙʲʝʤʥʳʝ ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ, ʦʜʥʘʢʦ ʝʩʪʴ ʠ ʛʨʫʧʧʘ 2D-ʤʘʪʝʨʠʘʣʦʚ, 

ʜʣʷ ʢʦʪʦʨʳʭ ʥʝ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʦʙʲʝʤʥʳʝ ʬʘʟʳ. ʈʘʩʩʤʦʪʨʠʤ ʩʫʱʝʩʪʚʫʶʱʠʝ ʜʚʫʤʝʨʥʳʝ 

ʤʘʪʝʨʠʘʣʳ.  

ʂ ʧʨʦʩʪʳʤ ʚʝʱʝʩʪʚʘʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʧʣʦʩʢʫʶ ʦʜʥʦʩʣʦʡʥʫ  ʁʤʦʜʠʬʠʢʘʮʠ ʁʫʛʣʝʨʦʜʘ ï 

ʛʨʘʬʝʥ (ʦʜʥʦʩʣʦʡʥʳʡ ʤʦʪʠʚ ʛʨʘʬʠʪʘ) ʠ ʛʨʫʧʧʫ ʩʦʝʜʠʥʝʥʠʡ ʩ ʜʚʦʡʥʳʤʠ/ʪʨʦʡʥʳʤʠ ʢʦʚʘʣʝʥʪʥʳʤʠ 

ʩʚʷʟʤ̫ʠ ï ʛʨʘʬʠʥʳ, ʘ ʪʘʢʞʝ ʦʙʲʝʤʥʳʝ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ, ʤʥʦʛʦʩʣʦʡʥʳʝ 

ʥʘʥʦʪʨʫʙʢʠ/ʥʘʥʦʩʚʝʨʪʢʠ[126]. ɸʥʘʣʦʛʠʯʥʦ ʛʨʘʬʝʥʫ, ʩʫʱʝʩʪʚʫʶʪ ʘʣʣʦʪʨʦʧʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ 

ʜʨʫʛʠʭ ɻ ʣʝʤʝʥʪʦʚ 14, 15 ʛʨʫʧʧʳ, ʘ ʪʘʢʞʝ ʙʦʨʘ ʠ ʟʦʣʦʪʘ, ʥʝ ʠʤʝʶʱʠʝ ʩʪʘʙʠʣʴʥʳʭ ʦʙʲʝʤʥʳʭ 

ʘʥʘʣʦʛʦʚ: ʩʠʣʠʮʝʥ, ʛʝʨʤʘʥʝʥ, ʩʪʘʥʝʥ, ʧʣʶʤʙʝʥ, ʬʦʩʬʦʨʝʥ, ʘʨʩʝʥʝʥ, ʘʥʪʠʤʦʥʝʥ, ʚʠʩʤʫʪʝʥ, 

ʙʦʨʦʬʝʥ, ʛʦʣʜʝʥ[127,128].  

ʆʩʪʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ ʧʦʣʫʯʝʥʳ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʚʠʜʝ ʥʘʥʦʣʠʩʪʦʚ (ʧʣʦʩʢʠʭ 

ʬʨʘʛʤʝʥʪʦʚ). ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʚ ʣʠʪʝʨʘʪʫʨʝ ʤʘʪʝʨʠʘʣʳ ʩʯʠʪʘʶʪʩʷ ʜʚʫʤʝʨʥʳʤʠ, ʝʩʣʠ ʠʭ ʪʦʣʱʠʥʘ 

ʥʝ ʧʨʝʚʳʰʘʝʪ 300-500 ʘʪʦʤʥʳʭ ʩʣʦʝʚ. 

ʉʨʝʜʠ ʙʠʥʘʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʦʙʰʠʨʥʫʶ ʛʨʫʧʧʫ ʩʦʩʪʘʚʣʷʶʪ ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʨʘʥʝʝ 

ʩʣʦʠʩʪʳʝ ʭʘʣʴʢʦʛʝʥʠʜʳ ʩ ʨʘʟʣʠʯʥʦʡ ʩʪʝʭʠʦʤʝʪʨʠʝʡ, TiS2, ZrSe3, NbS2, NbSe3, MoS2, MoSe2, WTe2, 

FeSe, PtS2, GaSe, InSe, Sb2Te3, Bi2Se3, Bi2Te3, ʘ ʪʘʢʞʝ ʩʣʦʠʩʪʳʝ ʦʢʩʠʜʳ WO3, MoO3, TaO3. 

ɿʥʘʯʠʪʝʣʴʥʦʝ ʯʠʩʣʦ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʧʦʣʫʯʝʥʦ ʜʣʷ ʫʧʦʤʷʥʫʪʳʭ ʚʳʰʝ ʦʙʲʝʤʥʳʭ ʩʣʦʠʩʪʳʭ 

ʛʘʣʦʛʝʥʠʜʦʚ: CdI2, CoCl2, CrCl3, RuCl3. ʆʪʜʝʣʴʥʦ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʛʨʫʧʧʫ ʙʠʥʘʨʥʳʭ 

ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʠ ʛʘʣʦʛʝʥʠʜʦʚ d-ʤʝʪʘʣʣʦʚ, ʠʥʪʝʨʝʩʥʳʭ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ, 

ʦʙʲʝʤʥʳʝ ʬʘʟʳ ʜʣʷ ʢʦʪʦʨʳʭ ʥʝ ʚʩʝʛʜʘ ʦʙʣʘʜʘʶʪ ʩʣʦʠʩʪʳʤ ʤʦʪʠʚʦʤ: VTe2, VSe2, V5Se2, VS2, V5S8, 

CrTe2, Cr2Te3, Cr5Te8, Cr3Te4, CrTe, CrSe2, CrSe, CrS2, MnSex, FeTe, FeS2, Co9S8, NiS, Ni3S2, CoS2, 

CrI3, CrBr3, CrCl3, VI3, Ů-Fe2O3, Fe3O4. ɺ ʣʠʪʝʨʘʪʫʨʝ ʪʘʢʞʝ ʧʦʣʫʯʝʥʳ 2D-ʤʘʪʝʨʠʘʣʳ ʩʣʝʜʫʶʱʝʛʦ 

ʩʦʩʪʘʚʘ: MgB2, BN, Ca2N, C3N4, ZrBr [117,128ï132]. 

ʉʨʝʜʠ ʩʦʝʜʠʥʝʥʠʡ ʩ ʪʨʝʤʷ ʠ ʙʦʣʝʝ ɻ ʣʝʤʝʥʪʘʤʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʣʝʜʫʶʱʠʝ ʜʚʫʤʝʨʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʩ ʫʧʦʤʷʥʫʪʳʤʠ ʚʳʰʝ ʩʣʦʠʩʪʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ: FeOCl, TiNCl, ZrNCl, FePS3, MnPS3, 

NiPS3, SnPS3, FePSe3, MnPSe3, AgVP2Se6, CrSiTe3, CrGeTe3, MnSb2Te4, MnBi2Te4. ʊʘʢʞʝ 

ʩʠʥʪʝʟʠʨʦʚʘʥʳ 2-D ʤʘʪʝʨʠʘʣʳ ʠʟ ʭʠʤʠʯʝʩʢʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ: 

Fe3GeTe2, Fe4GeTe2, Fe5GeTe2, FexTaS2, CrPS4 ʠ ʥʝʩʣʦʠʩʪʦʛʦ CoFe2O4. 
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ʆʪʜʝʣʴʥʦ ʤʦʞʥʦ ʨʘʩʩʤʦʪʨʝʪʴ ʛʨʫʧʧʫ ʤʘʢʩʝʥʦʚ (MX-ʬʘʟ,r MXene) ï ʜʚʫʤʝʨʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʢʘʨʙʠʜʦʚ/ʥʠʪʨʠʜʦʚ d-ʤʝʪʘʣʣʦʚ (ʈʠʩʫʥʦʢ 22) ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ Mn+1XnTx (n = 1-3, M = 

Ti, Zr, Hf, V, Nb, Ta, Mo, W, Bi, X = C, N, T = OH, F, Cl)[133,134]. ɼʘʥʥʳʝ ʬʘʟʳ ʧʦʣʫʯʘʶʪ ʠʟ 

ʦʙʲʝʤʥʳʭ ʥʝʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʫʪʝʤ ʚʳʪʨʘʚʣʠʚʘʥʠʷ ʥʝʢʦʪʦʨʦʛʦ ʩʣʦʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʜʚʫʤʝʨʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʘʥʠʦʥʘʤʠ T ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʨʘʩʪʚʦʨʘ ʪʨʘʚʣʝʥʠʷ. 

ʂ ʜʘʥʥʦʤʫ ʢʣʘʩʩʫ ʪʘʢʞʝ ʦʪʥʦʩʷʪ MAX-ʬʘʟ r(A = Si, Al, ʨʝʞʝ ï ʜʨʫʛʠʝ ʵʣʝʤʝʥʪʳ 13, 14 ʛʨʫʧʧ 

ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʪʘʙʣʠʮʳ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ, Cd, P, As, S [135]) ï ʦʙʲʝʤʥʳʝ ʩʦʝʜʠʥʝʥʠʷ, ʚ 

ʢʦʪʦʨʳʭ ʚ ʧʨʦʮʝʩʩʝ ʪʨʘʚʣʝʥʠʷ ʨʘʟʨʳʚʘʝʪʩʷ ʩʚʷʟʴ ʩ ʘʪʦʤʦʤ A ʠ ʦʙʨʘʟʫʝʪʩʷ MX-ʬʘʟʘ. ɼʘʥʥʳʝ ʬʘʟʳ 

ʦʙʣʘʜʘʶʪ ʪʨʝʤʷ ʛʦʤʦʣʦʛʘʤʠ: M2T, M3T2, M4T3. ʉʪʨʫʢʪʫʨʘ ʚʳʪʨʘʚʣʝʥʥʦʛʦ ʙʣʦʢʘ ʩʦʩʪʦʠʪ ʠʟ ʘʪʦʤʦʚ 

ʪʠʧʘ X ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ ʠʟ M, ʛʜʝ ʤʝʞʜʫ ʙʣʦʢʘʤʠ ʚ ʩʪʨʫʢʪʫʨʘʭ MAX ʨʘʩʧʦʣʘʛʘʝʪʩʷ 

ʘʪʦʤ A. ɼʣʷ n = 1 ʤʦʪʠʚ ʨʘʩʧʦʣʦʞʝʥʠʷ ʘʪʦʤʦʚ X ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʇʐʋ ʩ ʧʨʝʜʩʪʘʚʠʪʝʣʝʤ Ti2C, 

ʜʣ ̫n = 2 ʇʐʋ ʩʣʦʝʚ X (ʧʦ 2 ʚ ʢʘʞʜʦʤ ʙʣʦʢʝ) ʩ ʧʨʝʜʩʪʘʚʠʪʝʣʝʤ Ti3C2, ʠ ʜʣʷ n = 3 ʪʨʝʭʩʣʦʡʥʘʷ 

ʇʐʋ ʘʪʦʤʦʚ X ʚʥʫʪʨʠ ʙʣʦʢʘ c ʧʨʠʤʝʨʦʤ ï Ta4C3[133]. 

 

ʈʠʩʫʥʦʢ 22 ï ɻʦʤʦʣʦʛʠ MAX-ʩʪʨʫʢʪʫʨ AlCTi2 (n=1 ʩʣʝʚʘ), AlC2Ti3 (n=2 ʧʦ ʮʝʥʪʨʫ), AlC3Ta4 

(n=3 ʩʧʨʘʚʘ) 

2.2.3. ʌʠʟʠʯʝʩʢʠʝ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ 2D-ʤʘʪʝʨʠʘʣʦʚ 

ʄʥʦʛʠʝ ʜʚʫʤʝʨʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩʦʜʝʨʞʘʪ d- ʠ f-ɻ ʣʝʤʝʥʪʳ, ʦʙʣʘʜʘʶʱʠʝ ʥʝʩʧʘʨʝʥʥʳʤʠ 

ʵʣʝʢʪʨʦʥʘʤʠ, ʧʦʵʪʦʤʫ ʪʘʢʠʝ ʩʠʩʪʝʤʳ ʠʥʪʝʨʝʩʥʳ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʦʷʚʣʝʥʠʷ 

ʤʘʛʥʠʪʦʫʧʦʨʷʜʦʯʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʜʚʫʤʝʨʥʦʤ ʧʨʝʜʝʣʝ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʦʙʲʝʤʥʳʭ ʩʣʦʠʩʪʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʧʩʝʚʜʦʜʚʫʤʝʨʥʦʝ ʧʦʚʝʜʝʥʠʝ, ʪʘʢ ʢʘʢ ʪʦʣʱʠʥʘ ʙʣʦʢʦʚ ʦʙʳʯʥʦ 

ʧʨʝʚʳʰʘʝʪ ʨʘʩʩʪʦʷʥʠʝ, ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ɺ ʪʘʢʠʭ ʚʝʱʝʩʪʚʘʭ ʥʝʨʝʜʢʦ ʥʘʙʣʶʜʘʝʪʩʷ ʬʨʫʩʪʨʠʨʦʚʘʥʥʳʡ ʤʘʛʥʝʪʠʟʤ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʜʦʢʘʟʘʥʦ, ʯʪʦ ʤʘʛʥʠʪʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ ʤʦʞʝʪ ʩʫʱʝʩʪʚʦʚʘʪʴ ʚ ʜʚʫʤʝʨʥʦʡ ʩʠʩʪʝʤʝ, ʠ ʩʨʝʜʠ 

ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʦʙʥʘʨʫʞʝʥʦ ʙʦʣʴʰʠʥʩʪʚʦ ʠʟʚʝʩʪʥʳʭ ʤʘʛʥʠʪʥʦ-ʫʧʦʨʷʜʦʯʝʥʥʳʭ 
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ʩʦʩʪʦʷʥʠʡ: ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ, ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʝ, ʬʝʨʨʠʤʘʛʥʠʪʥʦʝ, ʛʝʣʠʢʦʠʜʘʣʴʥʳʡ ʤʘʛʥʝʪʠʟʤ. 

ʇʨʦʷʚʣʷʶʪʩʷ ʠ ʵʬʬʝʢʪʳ ʙʦʣʝʝ ʩʣʦʞʥʦʛʦ ʧʦʚʝʜʝʥʠʷ, ʥʘʧʨʠʤʝʨ, ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʠʣʠ ʤʫʣʴʪʠʬʝʨʨʦʠʟʤ (ʊʘʙʣʠʮʘ 1, ʊʘʙʣʠʮʘ 2). ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʳʧʦʣʥʝʥʘ ʵʢʩʬʦʣʠʘʮʠʷ ʣʠʰʴ 

ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʡ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʙʘʟʝ ʠʟʫʯʝʥʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ. 

ʊʘʙʣʠʮʘ 1 ï ʊʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ, ʤʝʪʦʜ ʧʦʣʫʯʝʥʠʷ ʠ ʪʦʣʱʠʥʘ 2D-ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʥʝʢʦʪʦʨʳʭ 

ʜʚʫʤʝʨʥʳʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ[131]. ʄʃʕ ï ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʘʷ ʵʧʠʪʘʢʩʠʷ, ʍʆɻʌ ï ʭʠʤʠʯʝʩʢʦʝ 

ʦʩʘʞʜʝʥʠʝ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ, ɾʕ ï ʞʠʜʢʦʩʪʥʘʷ ʵʢʩʬʦʣʠʘʮʠʷ, ʄʕ ï ʤʝʭʘʥʠʯʝʩʢʘʷ 

(ʪʚʝʨʜʦʪʝʣʴʥʘʷ) ʵʢʩʬʦʣʠʘʮʠʷ 

ʄʘʪʝʨʠʘʣ ʄʝʪʦʜ ʩʠʥʪʝʟʘ TC, ʂ 

 ʏʠʩʣʦ ʩʣʦʝʚ  

(ʵʣʝʤʝʥʪʘʨʥʳʝ ʷʯʝʡʢʠ) 

/ʪʦʣʱʠʥʘ (ʥʤ) 

VSe2 ʄʃʕ, ɾʕ >300 1 

V5Se8 ʄʃʕ 14 3 

V5S8 ʍʆɻʌ 7 <5.4 ʥʤ 

CrSiTe3 ʄʕ 17 4.2 ʥʤ 

CrGeTe3 ʄʕ <4.7 2 

CrTe2 ʍʆɻʌ, ʄʃʕ, ʄʕ 200 1 

Cr2Te3 ʍʆɻʌ 280 5.5 ʥʤ 

Cr5Te8 ʍʆɻʌ 50 5 ʥʤ 

Cr3Te4 ʄʃʕ 300 1 

CrTe ɾʕ 300 10 ʥʤ 

CrSe2 ʍʆɻʌ 65 1 

CrSe ʍʆɻʌ 280  

MnSex ʄʃʕ >300 1 

MnSb2Te4 ʄʕ 20 1 

MnBi2Te4 ʄʕ 15.2 1 

Fe3GeTe2 ʄʕ, ʄʃʕ 130 1 

Fe4GeTe2 ʄʕ 270 7 

Fe5GeTe2 ʄʕ, ʍʆɻʌ 170 1 ʥʤ 

Fe3GaTe2 ʄʕ 350 9.5 ʥʤ 

FeTe ʍʆɻʌ 170 4 ʥʤ 

FeS2 ʍʆɻʌ 15 å5 

Fe-TaS2 ʀʥʪʝʨʢʘʣʷʮʠʷ 20 2 
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ʆʢʦʥʯʘʥʠʝ ʪʘʙʣʠʮʳ 1 

ʄʘʪʝʨʠʘʣ ʄʝʪʦʜ ʩʠʥʪʝʟʘ TC, ʂ 

 ʏʠʩʣʦ ʩʣʦʝʚ  

(ʵʣʝʤʝʥʪʘʨʥʳʝ ʷʯʝʡʢʠ) 

/ʪʦʣʱʠʥʘ (ʥʤ) 

CrI3 ʄʕ 45 1 

CrBr3 ʄʕ, ʄʃʕ 34 1 

CrCl3 ʄʕ, ʄʃʕ 13 1 

VI3 ʄʕ 60 1 

AgVP2Se6 ʄʕ 19 6.7 ʥʤ 

CrPS4 ʄʕ 23 1 

Ů-Fe2O3 ʍʆɻʌ >300 7.5 ʥʤ 

Fe3O4 ʍʆɻʌ >400 8.1 ʥʤ 

CoFe2O4 ʍʆɻʌ >300 3.8 ʥʤ 

ʆʜʥʠʤ ʠʟ ʚʦʟʤʦʞʥʳʭ ʧʨʠʤʝʥʝʥʠʡ ʤʘʛʥʠʪʥʳʭ 2D-ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʪʝʭʥʦʣʦʛʠʷ 

ʩʧʠʥʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʪʦʢʘ. ʊʘʢʘʷ ʪʝʭʥʦʣʦʛʠʷ ʚʦʟʤʦʞʥʘ ʚ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʧʨʠ 

ʧʨʦʧʫʩʢʘʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ. ɺ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʧʨʦʠʩʭʦʜʠʪ ʨʘʩʱʝʧʣʝʥʠʝ ɻ ʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʫʨʦʚʥʝʡ ʵʣʝʢʪʨʦʥʦʚ ʩ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦ ʥʘʧʨʘʚʣʝʥʥʳʤʠ ʩʧʠʥʘʤʠ, ʧʦʵʪʦʤʫ ʧʨʠ ʧʨʦʧʫʩʢʘʥʠʠ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʩʪʘʪʠʩʪʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʪʠʧʘ ʠʟʤʝʥʷʝʪʩʷ ʚ ʩʪʦʨʦʥʫ 

ʫʚʝʣʠʯʝʥʠʷ ʜʦʣʠ ɻ ʣʝʢʪʨʦʥʦʚ ʩʦ ʩʧʠʥʦʤ, ʥʘʧʨʘʚʣʝʥʥʳʤ ʧʦ ʧʦʣʶ, ʠ ʧʨʦʠʩʭʦʜʠʪ ʧʨʦʮʝʩʩ 

ʧʦʣʷʨʠʟʘʮʠʠ ɻʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ. ɺʦʟʤʦʞʝʥ ʠ ʦʙʨʘʪʥʳʡ ʵʬʬʝʢʪ, ʢʦʛʜʘ ʩʧʠʥʧʦʣʷʨʠʟʦʚʘʥʥʳʡ ʪʦʢ 

ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʯʝʨʝʟ ʤʘʛʥʠʪʥʳʡ ʤʘʪʝʨʠʘʣ ʩ ʧʨʦʠʟʚʦʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʩʦʟʜʘʝʪ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ ʧʦʣʷʨʠʟʘʮʠʠ. ɼʣʷ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ, ʢʦʪʦʨʳʝ 

ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʠʣʠ ʪʨʠʛʦʥʘʣʴʥʦʡ ʩʠʥʛʦʥʠʠ, ʚʦʟʤʦʞʥʳ ʨʘʟʥʳʝ ʪʠʧʳ 

ʫʧʦʨʷʜʦʯʝʥʠʷ: ʧʦʩʣʦʡʥʦʝ, ʟʠʛʟʘʛʦʦʙʨʘʟʥʦʝ, ʧʦʣʦʩʯʘʪʦʝ ʠ ʥʝʝʣʝʚʩʢʦʝ, ʢʦʪʦʨʳʝ ʦʙʳʯʥʦ ʥʝ 

ʦʙʩʫʞʜʘʶʪʩʷ ʘʢʪʠʚʥʦ ʜʣʷ ʦʙʲʝʤʥʳʭ ʬʘʟ, ʪʘʢ ʢʘʢ ʩʣʘʙʦ ʚʣʠʷʶʪ ʥʘ ʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ. 

ʊʘʢʠʝ ʩʦʩʪʦʷʥʠʷ ʨʝʘʣʠʟʫʶʪʩʷ ʚ ʙʣʠʟʢʠʭ ʧʦ ʩʦʩʪʘʚʫ ʩʣʦʞʥʳʭ ʩʫʣʴʬʠʜʘʭ ʬʦʩʬʦʨʘ-ʧʝʨʝʭʦʜʥʦʛʦ 

ʤʝʪʘʣʣʘ: ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʝ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʠ ï ɻʪʦ CoPS3 (ʩʣʦʠ ʙʝʟ ʯʝʨʝʜʦʚʘʥʠʷ) ʠ FePS3 (ʩʣʦʠ 

ʩ ʯʝʨʝʜʦʚʘʥʠʝʤ), ʘ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢ ʅʝʝʣʷ ʨʝʘʣʠʟʫʝʪʩʷ ʚ MnPS3[114,136]. ʇʨʠ ʧʝʨʝʭʦʜʝ ʢ 

ʜʚʫʤʝʨʥʳʤ ʤʘʪʝʨʠʘʣʘʤ ʢʦʥʢʨʝʪʥʳʡ ʪʠʧ ʫʧʦʨʷʜʦʯʝʥʠʷ ʦʢʘʟʳʚʘʝʪʩʷ ʢʨʘʡʥʝ ʚʘʞʥʳʤ. ʊʘʢ, 

ʥʝʝʣʝʚʩʢʠʡ ʪʠʧ ʷʚʣʷʝʪʩʷ ʠʟʦʣʷʪʦʨʦʤ ʠʣʠ ʠʥʝʨʪʥʳʤ ʧʨʦʚʦʜʥʠʢʦʤ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʦʣʷʨʠʟʘʮʠʠ 

ʪʦʢʘ; ʣʠʥʝʡʯʘʪʳʡ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʚʦʜʥʠʢʦʤ ʜʣʷ ʢʘʞʜʦʛʦ ʪʠʧʘ ʩʧʠʥ-

ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʪʦʢʘ, ʘ ʧʦʩʣʦʡʥʳʡ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢ ʩʪʘʥʦʚʠʪʩʷ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʤ ʠ ʤʦʞʝʪ 

ʚʳʩʪʫʧʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʧʨʦʚʦʜʥʠʢʘ ʪʦʣʴʢʦ ʜʣ ̫ʦʜʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʣʷʨʠʟʘʮʠʠ ʩʧʠʥʦʚ (ʠ 

ʠʟʦʣʷʪʦʨʦʤ ʜʣʷ ʜʨʫʛʦʛʦ). ʀʩʧʦʣʴʟʫʷ ʩʧʠʥʧʦʣʷʨʠʟʦʚʘʥʥʳʡ ʪʦʢ, ʤʦʞʥʦ ʩʦʟʜʘʚʘʪʴ ʨʘʟʣʠʯʥʳʝ 

ʥʘʥʦʫʩʪʨʦʡʩʪʚʘ, ʥʘʧʨʠʤʝʨ, ʟʘʪʚʦʨ ʥʘ ʩʧʠʥʧʦʣʷʨʠʟʦʚʘʥʥʦʤ ʪʦʢʝ ʠʟ ʜʚʫʭ ʤʘʛʥʠʪʥʳʭ ʧʣʘʩʪʠʥ, ʥʘ 
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ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ ʤʦʞʝʪ ʙʳʪʴ ʩʦʟʜʘʥ ʪʨʘʥʟʠʩʪʦʨ. ʇʨʠ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ 

ʩʦʩʝʜʥʠʭ ʵʣʝʢʪʨʦʜʦʚ ʟʦʥʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʚʘʣʝʥʪʥʘ ̫ʟʦʥʘ ʨʘʩʧʦʣʦʞʝʥʳ ʦʜʠʥʘʢʦʚʦ, ʦʜʥʘʢʦ ʠʟ-ʟʘ 

ʨʘʟʣʠʯʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ɻ ʣʝʢʪʨʦʥʳ ʩʦ ʩʧʠʥʦʤ ʧʦ ʧʦʣʶ ʙʫʜʫʪ ʨʘʩʧʦʣʘʛʘʪʴʩʷ ʚ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʟʦʥʝ ʦʜʥʦʛʦ ʵʣʝʢʪʨʦʜʘ, ʘ ʚ ʜʨʫʛʦʤ ʚʳʥʫʞʜʝʥʳ ʙʫʜʫʪ ʟʘʥʷʪʴ 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʫʶ ʟʦʥʫ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʠʣʦʞʝʥʠʷ ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʝʢʦʪʦʨʦʡ 

ʢʨʠʪʠʯʝʩʢʦʡ ʚʝʣʠʯʠʥʳ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʨʦʚʥʠ ʩʤʝʱʘʶʪʩʷ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʢʨʳʚʘʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʦʥ ʜʣʷ ʩʧʠʥʦʚ ʦʜʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ, 

[137]. ɺ ʪʘʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʠ ʵʬʬʝʢʪ ʪʫʥʥʝʣʴʥʦʛʦ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ï 

ʷʚʣʝʥʠʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʮʝʧʠ, ʩʦʜʝʨʞʘʱʝʡ ʜʚʘ ʤʘʛʥʠʪʥʳʭ ʵʣʝʢʪʨʦʜʘ, 

ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ ʧʨʦʣʦʞʝʥ ʩʣʦʡ ʜʠʵʣʝʢʪʨʠʢʘ, ʤʝʥʷʝʪʩʷ ʩʢʘʯʢʦʦʙʨʘʟʥʦ ʧʨʠ ʠʟʤʝʥʝʥʠʠ 

ʥʘʧʨʘʚʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ.  

ʊʘʙʣʠʮʘ 2 ï ʉʚʦʡʩʪʚʘ ʥʝʢʦʪʦʨʳʭ ʛʨʫʧʧ 2D-ʤʘʪʝʨʠʘʣʦʚ[128] 

ʏʠʩʣʦ ʢʦʤʧʦʥʝʥʪʦʚ 

(ʩʣʝʚʘ), ʥʘʟʚʘʥʠʝ 

(ʩʧʨʘʚʘ) 

ʌʦʨʤʫʣʘ (ʩʣʝʚʘ), 

ʧʨʠʤʝʨʳ ʩʦʝʜʠʥʝʥʠʡ 

(ʩʧʨʘʚʘ) 

ʉʚʦʡʩʪʚʘ:  

ʠʟʦʣʷʪʦʨ (ʀ), 

ʧʦʣʫʧʨʦʚʦʜʥʠʢ (ʇʇ), 

ʤʝʪʘʣʣ (ʄʝʪ), ʩʠʣʴʥʳʝ 

ʤʘʛʥʠʪʥʳʝ ʢʦʨʨʝʣʷʮʠʠ 

(ʄ), ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴ 

(ʉ) 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ 

N ʅʘʟʚʘʥʠʝ ʌ ʇ ʇʇ ʄ ʉ  

1 

ɻʨʘʬʝʥ 

 
  ʄʝʪ  X ɼʠʨʘʢʦʚʩʢʠʡ ʬʝʨʤʠʦʥ 

Si, Ge, Sn 

 
  ʇʇ   ʅʝʩʪʘʙʠʣʴʥʳ 

P   ʇʇ   ʆʢʠʩʣʷʝʪʩʷ ʥʘ ʚʦʟʜʫʭʝ 

2 

ɹʦʨʠʜʳ  MgB2 ʄʝʪ  X  

ʅʠʪʨʠʜʳ 
 BN ʀ    

 Ca2N ʄʝʪ   ʕʣʝʢʪʨʠʜ 

ʆʢʩʠʜʳ MO3 
MoO3, WO3, 

TaO3 
ʇʇ   

ʄʘʪʝʨʠʘʣʳ ʩ ʩʠʣʴʥʦʡ 

ʢʦʨʨʝʣʷʮʠʝʡ 

ʍʘʣʴʢʦʛʝʥʠʜʳ 

MCh 
GaSe, InSe ʇʇ    

FeSe ʄʝʪ X X  

MCh2 

2H-MoS2, 

2H-NbS2, 

1T-NbS2, 1T-

PtS2 

ʇʇ, 

ʄʝʪ 
 X  

Td-WTe2 ʄʝʪ   

ɻʠʛʘʥʪʩʢʦʝ 

ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʝ 

ɺʝʡʝʣʝʚʩʢʠʡ ʧʦʣʫʤʝʪʘʣʣ 

MCh3 NbSe3, ZrTe3 ʄʝʪ  X 

ʇʩʝʚʜʦ ʦʜʥʦʤʝʨʥʳʡ 

ɺʦʣʥʳ ʟʘʨʷʜʦʚʦʡ 

ʧʣʦʪʥʦʩʪʠ 

M2Ch3 
Bi2Te3, 

Sb2Te3 
ʇʇ   ʊʦʧʦʣʦʛʠʯʝʩʢʠʡ ʠʟʦʣʷʪʦʨ 

ɻʘʣʦʛʝʥʠʜʳ MX ZrBr ʇʇ   
ʂʚʘʥʪʦʚʳʡ ʩʧʠʥʦʚʳʡ 

ʵʬʬʝʢʪ ʍʦʣʣʘ 

 MX2 CdI2, CoCl2 ʇʇ    

 MX3 CrCl3, RuCl3 ʇʇ X  ʉʧʠʥʦʚʳʝ ʮʝʧʦʯʢʠ 
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ʆʢʦʥʯʘʥʠʝ ʪʘʙʣʠʮʳ 2 

N ʅʘʟʚʘʥʠʝ ʌ ʇ ʇʇ ʄ ʉ  

3 

ʆʢʩʦʛʘʣʦʛʝʥʠʜʳ MOX FeOCl ʇʇ X   

ʅʠʪʨʠʜʳ-

ʛʘʣʦʛʝʥʠʜʳ 
MNX 

TiNCl, 

ZrNCl 
  X 

ʂʚʘʥʪʦʚʳʡ ʩʧʠʥʦʚʳʡ 

ʵʬʬʝʢʪ ʍʦʣʣʘ 

ʊʨʠ-

ʭʘʣʴʢʦʛʝʥʠʜʳ 

ʬʦʩʬʦʨʘ 

MPCh3 
FePS3, 

SnPS3 
ʇʇ X   

ʊʨʠʪʝʣʣʫʨʠʜʳ 

ʢʨʝʤʥʠʷ 

M(Si, 

Ge)Te3 
CrSiTe3 ʇʇ X   

ʅʘ ʦʩʥʦʚʝ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʫʱʝʩʪʚʫʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʚʘʪʴ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ, 

ʩʦʩʪʦʷʱʠʝ ʠʟ ʙʣʦʢʦʚ ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ, ʛʝʥʝʨʠʨʫʷ ʨʘʟʣʠʯʥʳʝ ʣʦʛʠʯʝʩʢʠʝ ʥʘʥʦʫʩʪʨʦʡʩʪʚʘ. 

ʉʫʱʝʩʪʚʫʶʪ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʨʘʙʦʪʳ ʧʦ ʨʘʩʯʝʪʫ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʧʦʣʝʚʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ ʥʘ 

ʦʩʥʦʚʝ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʥʘʧʨʠʤʝʨ, ʥʘ ʦʩʥʦʚʝ VSe2[137,138]. ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʫʩʪʨʦʡʩʪʚʘ, 

ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʵʬʬʝʢʪʝ ʪʫʥʥʝʣʴʥʦʛʦ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʠʩʧʦʣʴʟʫʶʪ ʢʦʥʬʠʛʫʨʘʮʠʶ ʠʟ ʜʚʫʭ 

ʤʘʛʥʠʪʥʳʭ ʵʣʝʢʪʨʦʜʦʚ, ʥʘʧʨʘʚʣʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʤʝʥʷʪʴ, ʠʟʤʝʥ̫ ʷ ʧʨʠ ʵʪʦʤ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʮʝʧʠ. ʊʘʢʠʝ ʫʩʪʨʦʡʩʪʚʘ ʙʳʣʠ ʨʝʘʣʠʟʦʚʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ 

ʨʘʟʥʳʭ ʢʣʘʩʩʦʚ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ Fe3GeTe2[137,139]. ɺ ʥʝʢʦʪʦʨʳʭ ʙʦʣʝʝ 

ʩʣʦʞʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʫʜʘʝʪʩʷ ʥʘʙʣʶʜʘʪʴ ʠ ʘʥʪʠʩʠʤʤʝʪʨʠʯʥʳʡ ʵʬʬʝʢʪ ʠʟʤʝʥʝʥʠʷ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, 

ʥʘʧʨʠʤʝʨ, ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ MnPS3/Fe3GeTe2[140]. ɼʨʫʛʠʝ ʢʚʘʥʪʦʚʳʝ ʵʬʬʝʢʪʳ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʧʨʠʨʦʜʳ ʪʦʞʝ ʥʝ ʨʝʜʢʦ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʜʚʫʤʝʨʥʳʭ ʭʘʣʴʢʦʛʝʥʠʜʥʳʭ ʤʘʪʝʨʠʘʣʘʭ, 

ʥʘʧʨʠʤʝʨ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ MnSb2Te4 ̫ ʚʣʷʝʪʩʷ ʪʦʧʦʣʦʛʠʯʝʩʢʠʤ ʠʟʦʣʷʪʦʨʦʤ [141]. 

ʆʧʨʝʜʝʣʝʥʠʝ ʪʦʣʱʠʥʳ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʤʝʝʪ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ, ʪʘʢ ʢʘʢ ʦʪ ʝʝ 

ʚʝʣʠʯʠʥʳ ʟʘʯʘʩʪʫʶ ʟʘʚʠʩʷʪ ʨʘʟʣʠʯʥʳʝ ʩʚʦʡʩʪʚʘ. ʏʠʩʣʦ ʩʣʦʝʚ ʚ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʠʩʩʣʝʜʫʶʪ 

ʩ ʧʦʤʦʱʴʶ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʈʠʩʫʥʦʢ 23 

ʘ)[142]. ɿʘʚʠʩʠʤʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʦʪ ʪʦʣʱʠʥʳ ʤʘʪʝʨʠʘʣʘ ʤʦʞʥʦ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʥʘ ʧʨʠʤʝʨʝ ʥʝʩʢʦʣʴʢʠʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ: ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʥʘʙʣʶʜʘʝʪʩʷ 

ʫʤʝʥʴʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʂʁ ʨʠ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʯʠʩʣʘ ʩʣʦʝʚ (ʈʠʩʫʥʦʢ 23 ʙ)[143]. 

ʇʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʩʚʦʡʩʪʚʘ ʪʘʢʞʝ ʟʘʚʠʩʷʪ ʦʪ ʪʦʣʱʠʥʳ ʤʘʪʝʨʠʘʣʘ, ʧʨʠ ʵʪʦʤ, ʜʚʫʤʝʨʥʳʝ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ, ʥʘʧʨʠʤʝʨ, MnPS3, ʤʦʛʫʪ ʦʙʣʘʜʘʪʴ ʫʣʫʯʰʝʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʥʘ ʦʩʥʦʚʝ ʢʨʝʤʥʠʷ, ʥʘʧʨʠʤʝʨ, 

ʟʥʘʯʝʥʠʷʤʠ ʥʘʧʨʷʞʝʥʠʷ ʧʨʦʙʦʷ E = 5.41Ț106 ɺ/ʩʤ ʠ ʚʳʩʦʪʦʡ ʙʘʨʴʝʨʘ ű=1.31 ɺ ʜʣʷ 9 ʠ ʙʦʣʝʝ ʩʣʦʝʚ 

(ʈʠʩʫʥʦʢ 23 ʚ)[144]. 
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ʈʠʩʫʥʦʢ 23 ï ʘ) ɿʘʚʠʩʠʤʦʩʪʴ ʦʧʪʠʯʝʩʢʦʛʦ ʢʦʥʪʨʘʩʪʘ ʦʪ ʯʠʩʣʘ ʩʣʦʝʚ ʜʚʫʤʝʨʥʦʛʦ ʤʘʪʝʨʠʘʣʘ 

NiPS3 [142]; ʙ) ɿʘʚʠʩʠʤʦʩʪʴ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ ʦʪ ʯʠʩʣʘ ʩʣʦʝʚ ʚ ʥʝʢʦʪʦʨʳʭ 

ʜʚʫʤʝʨʥʳʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ [143]; ʚ) ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

MnPS3 ʦʪ ʯʠʩʣʘ ʩʣʦʝʚ[144] 

ʆʜʥʠʤ ʠʟ ʧʨʠʤʝʨʦʚ ʤʘʪʝʨʠʘʣʦʚ ʩ ʫʧʨʘʚʣʷʝʤʳʤʠ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʩʦʩʪʘʚʘ ʤʘʛʥʠʪʥʳʤʠ 

ʩʚʦʡʩʪʚʘʤʠ ̫ ʚʣʷʶʪʩʷ ʩʦʝʜʠʥʝʥʠʷ FexGeTe2(x = 3, 4, 5) [6,145,146]. ɼʘʥʥʳʝ 2D-ʤʘʪʝʨʠʘʣʳ ï ɻ ʪʦ 

ʬʝʨʨʦʤʘʛʥʝʪʠʢʠ ʩ ʨʝʢʦʨʜʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʪʝʤʧʝʨʘʪʫʨ rʂʶʨʠ ʩʨʝʜʠ ʩʣʦʠʩʪʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ. 

ʂʨʦʤʝ ʪʦʛʦ ʦʥʠ ʦʙʣʘʜʘʶʪ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʧʦʣʷʤʠ ʥʘʩʳʱʝʥʠʷ ʜʦ 700 ʵ.ʤ.ʝ./ʩʤ3. ʇʦ 

ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʘʪʦʤʦʚ ʞʝʣʝʟʘ ʚ ʩʦʩʪʘʚʝ ʩʦʝʜʠʥʝʥʠʷ ʧʨʦʠʩʭʦʜʷʪ ʩʪʨʫʢʪʫʨʥʳʝ 

ʠʟʤʝʥʝʥʠʷ: ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʣʦʷʤʠ Ge ʠ Te ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ ʙʣʦʢʝ GeTe2, ʘ ʚ ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ 

ʧʫʩʪʦʪʳ ʚʥʝʜʨʷʶʪʩʷ ʘʪʦʤʳ ʞʝʣʝʟʘ, ʧʨʠ ʵʪʦʤ ʧʦʣʝ ʥʘʩʳʱʝʥʠʷ ʣʠʥʝʡʥʦ ʨʘʩʪʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʩʦʜʝʨʞʘʥʠ ̫ʞʝʣʝʟʘ (ʈʠʩʫʥʦʢ 24). 
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ʈʠʩʫʥʦʢ 24 ï (ʉʣʝʚʘ) ɿʘʚʠʩʠʤʦʩʪʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʜʚʫʤʝʨʥʳʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ; (ʉʧʨʘʚʘ) ʇʨʦʝʢʮʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ 

ʩʦʝʜʠʥʝʥʠʡ FenGeTe2 ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ [100] ʠ ʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʥʘʩʳʱʝʥʠʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨ rʂʶʨʠ. ɸʪʦʤʳ ʞʝʣʝʟʘ, ʛʝʨʤʘʥʠʷ ʠ ʪʝʣʣʫʨʘ ʧʦʢʘʟʘʥʳ ʢʨʘʩʥʳʤ, 

ʟʝʣʝʥʳʤ ʠ ʩʝʨʳʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.[6][145] 

ʆʜʥʠʤ ʠʟ ʚʦʟʤʦʞʥʳʭ ʧʨʠʤʝʥʝʥʠʡ 2D-ʤʘʪʝʨʠʘʣʦʚ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʢʘʪʘʣʠʟ, ʟʘ ʩʯʝʪ 

ʟʥʘʯʠʪʝʣʴʥʦʡ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʨʝʘʢʮʠʠ ʚʳʜʝʣʝʥʠʷ ʚʦʜʦʨʦʜʘ ʚ ʢʠʩʣʳʭ 

ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʘʭ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʥʘʥʦʧʣʘʩʪʠʥʳ CoO2 ʠʣʠ FeS[147,148]. 

ɼʨʫʛʦʡ ʦʙʣʘʩʪʴʶ ʧʨʠʤʝʥʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʳʩʦʢʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʀʭ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʘʢ ʥʘʧʦʣʥʠʪʝʣʠ ʠ ʯʘʩʪʠ 

ʢʦʤʧʦʟʠʪʦʚ, ʘ ʥʘʨʷʜʫ ʩ ʧʨʦʟʨʘʯʥʦʩʪʴʶ ʠ ʚʳʩʦʢʦʡ ʪʝʧʣʦ- ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ ʧʦʜʦʙʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʤʦʛʫʪ ʩʪʘʪʴ ʫʥʠʢʘʣʴʥʳʤʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʣʝʛʢʠʭ ʠ ʢʦʤʧʘʢʪʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ 

ʠʣʠ ʯʘʩʪʝʡ ʘʢʢʫʤʫʣʠʨʦʚʘʥʠʷ ʵʥʝʨʛʠʠ[149ï151]. 

2.3. ʉʝʤʝʡʩʪʚʘ ʩʣʦʠʩʪʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ç124è ʠ ç225è 

2.3.1. ʉʪʨʫʢʪʫʨʥʳʝ ʪʠʧʳ ʠ ʧʨʝʜʩʪʘʚʠʪʝʣʠ 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʧʦʤʦʱʴʶ ɻʢʩʬʦʣʠʘʮʠʠ ʥʝʦʙʭʦʜʠʤ ʥʝʟʘʨʷʞʝʥʥʳʡ 

ʙʣʦʢ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʦʜʥʘʢʦ ʙʦʣʴʰʠʥʩʪʚʦ ʦʢʩʠʜʥʳʭ ʠ 
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ʦʢʩʦʛʘʣʦʛʝʥʠʜʥʳʭ ʩʣʦʠʩʪʳʭ ʩʠʩʪʝʤ ʥʝ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʜʘʥʥʦʤʫ ʫʩʣʦʚʠʶ. ɺ ʛʘʣʦʛʝʥʠʜʥʳʭ ʠ 

ʭʘʣʴʢʦʛʝʥʠʜʥʳʭ ʩʠʩʪʝʤʘʭ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʥʳ ʙʠʥʘʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ, ʦʩʦʙʝʥʥʦ ʩ d-ʤʝʪʘʣʣʘʤʠ, 

ʘ ʪʘʢʞʝ ʙʦʣʝʝ ʩʣʦʞʥʳʝ ʩʝʤʝʡʩʪʚʘ ç1111è, ç122è, ç2322è. ʉʨʝʜʠ ʦʩʪʘʣʴʥʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ 

ʩʣʦʠʩʪʳʭ ʩʪʨʫʢʪʫʨ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʣʘʙʦ ʠʟʫʯʝʥʥʳʝ ʩʝʤʝʡʩʪʚʘ ç124è ʠ ç225è, 

ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʨʘʥʝʝ ʢʨʘʪʢʦ, ʧʨʠ ʵʪʦʤ ʚʢʣʶʯʘʶʱʠʝ ʥʝʩʢʦʣʴʢʦ ʚʘʨʠʘʥʪʦʚ ʧʦʣʠʪʠʧʦʚ. ʈʘʩʩʤʦʪʨʠʤ 

ʧʦʜʨʦʙʥʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨ rɻ ʪʠʭ ʩʦʝʜʠʥʝʥʠʡ.  

ʉʝʤʝʡʩʪʚʦ ʩʣʦʠʩʪʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʦ ʩʪʝʭʠʦʤʝʪʨʠʝʡ AB2X4 (ç124è) ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʩʣʝʜʫʶʱʠʤʠ ʩʪʨʫʢʪʫʨʥʳʤʠ ʪʠʧʘʤʠ: MgAl2Se4 (MgAl2Se4,hR21,166), FeGa2S4 (FeGa2S4,hP7,164), 

MnBi2Te4 (MnBi2Te4, hR7, 166) ʠ FeIn2Se4 (FeIn2Se4, hR7, 166) (ʊʘʙʣʠʮʘ 3)[106,152ï154]. 

ʉʪʨʫʢʪʫʨʘ ʚʩʝʭ ʯʝʪʳʨʝʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ̫ ʚʣʷʝʪʩʷ ʙʣʦʯʥʦʡ (ʈʠʩʫʥʦʢ 25), ʧʨʠ ʵʪʦʤ ʜʚʫʭʟʘʨʷʜʥʳʡ 

ʢʘʪʠʦʥ ʥʘʭʦʜʠʪʩʷ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ ʭʘʣʴʢʦʛʝʥʘ ʚ ʮʝʥʪʨʝ ʙʣʦʢʘ, ʘ ʜʚʘ ʩʣʦʷ ʠʟ 

ʪʨʝʭʟʘʨʷʜʥʳʭ ʢʘʪʠʦʥʦʚ ʦʛʨʘʥʠʯʠʚʘʶʪ ʙʣʦʢ ʩʥʘʨʫʞʠ, ʧʨʠ ʵʪʦʤ ʚ ʩʣʫʯʘʝ Al ʠ Ga ʠʭ ʦʢʨʫʞʝʥʠʝ 

ʷʚʣʷʝʪʩʷ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʤ, ʘ ʫ ʚʠʩʤʫʪʘ ï ʦʢʪʘʵʜʨʠʯʝʩʢʠʤ. ʅʠʞʥʠʡ ʠ ʚʝʨʭʥʠʡ ʩʣʦʡ ʪʨʝʭʟʘʨʷʜʥʳʭ 

ʢʘʪʠʦʥʦʚ ʦʙʨʘʟʫʶʪ ʇʐʋ, ʪʦʛʜʘ ʦʙʱʝʝ ʩʪʨʦʝʥʠʝ ʙʣʦʢʘ ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʢʘʢ ʦʜʥʦʩʣʦʡʥʫʶ ʇʐʋ 

ʙʣʦʢʦʚ ʚ FeGa2S4, ʠ ʪʨʝʭʩʣʦʡʥʫ  ʁʇʐʋ ʙʣʦʢʦʚ ʚ MgAl2Se4, MnBi2Te4, FeIn2Se4. ɹʦʣʝʝ ʬʦʨʤʘʣʴʥʦ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʘʥʠʦʥʥʦʛʦ ʢʘʨʢʘʩʘ: ʫ FeGa2S4 

ʨʝʘʣʠʟʦʚʘʥʘ ʇʐʋ ʘʥʠʦʥʦʚ ʩʝʨʳ ʩ ʧʦʩʣʦʡʥʳʤ ʟʘʧʦʣʥʝʥʠʝʤ ʢʘʪʠʦʥʦʚ ʧʦ ʤʦʪʠʚʫ AGaBFeAGaBAé 

(ʩʣʦʠ Fe ʠ Ga ʧʨʠ ʵʪʦʤ ʦʨʛʘʥʠʟʦʚʘʥʳ ʧʦ ʤʦʪʠʚʫ ʜʚʫʭʩʣʦʡʥʦʡ ʇʐʋ BABé), ʚ ʩʣʫʯʘʝ MgAl2Se4 

ʘʥʠʦʥʥʳʡ ʤʦʪʠʚ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

AAlBAAlBMgCAlACAlAMgBAlCBAlCMgAé (Al ʠ Mg ʦʙʨʘʟʫʶʪ ʧʨʠ ʵʪʦʤ ʪʨʝʭʩʣʦʡʥʫʶ ʇʐʋ ABCAé ʠ 

ACBAé, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʘʥʠʦʥʥʘʷ ʤʘʪʨʠʮʘ ʚ MnBi2Te4 ʩʦʩʪʦʠʪ ʠʟ ʩʭʦʞʠʭ ʩʣʦʝʚ, ʥʦ 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʜʨʫʛʦʤ ʧʦʨʷʜʢʝ ABiBABiCMnBBiCBBiAMnCBiACBiBMnAé (Mn ʦʙʨʘʟʫʝʪ ʧʨʠ ʵʪʦʤ 

ʪʨʝʭʩʣʦʡʥʫʶ ʇʐʋ ACBAé, ʘ Bi ʩʤʝʰʘʥʥʫʶ CCBBAACé), ʩʭʦʞʠʡ ʤʦʪʠʚ ʠ ʫ FeIn2Se4 

AInBCInAFeCInABInCFeBInCAInBFeAé (Fe ʦʙʨʘʟʫʶʪ ʧʨʠ ʵʪʦʤ ʪʨʝʭʩʣʦʡʥʫʶ ʇʐʋ CBACé, ʘ In 

ʩʤʝʰʘʥʥʫʶ BBAACCBé). ʂ ʧʨʝʜʩʪʘʚʠʪʝʣʷʤ ʜʘʥʥʳʭ ʩʝʤʝʡʩʪʚ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʩʦʝʜʠʥʝʥʠʷ 

FeIn2S2Se2, CuNb2S4, MnSb2Te4[104,155ï157]. ʉʪʨʫʢʪʫʨʫ MnBi2Te4 ʤʦʞʥʦ ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʠʪʴ, 

ʠʩʭʦʜʷ ʠʟ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ In3Te4 (In3Te4,hR21,166) ʩ ʟʘʤʝʥʦʡ 2/3 ʢʘʪʠʦʥʦʚ In ʥʘ Bi ʠ 1/3 ʥʘ Mn. 

ʇʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʜʘʥʥʦʤ ʪʠʧʝ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʪʝʣʣʫʨʠʜʳ ʪʷʞʝʣʳʭ ʤʝʪʘʣʣʦʚ ʠ ʥʝʤʝʪʘʣʣʦʚ 

(Sb3+, Pb2+), ʥʘʧʨʠʤʝʨ PbBi2Te4[158,159]. ɼʣʷ ʩʪʨʫʢʪʫʨʳ FeIn2Se4 ʪʘʢʞʝ ʠʟʚʝʩʪʥʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ 

ʫʧʦʨʷʜʦʯʝʥʠʝ ʧʨʠ ʟʘʤʝʱʝʥʠʠ ʧʦʣʦʚʠʥʳ ʘʪʦʤʦʚ ʠʥʜʠʷ ʥʘ ʛʘʣʣʠʡ ï FeInGaSe4, ʧʨʠʚʦʜʷʱʝʝ ʢ 

ʧʨʦʠʟʚʦʜʥʦʡ ʥʦʚʦʡ ʩʪʨʫʢʪʫʨʝ, ʚ ʢʦʪʦʨʦʡ ʘʪʦʤʳ Ga ʠ In ʫʧʦʨʷʜʦʯʝʥʥʦ ʟʘʥʠʤʘʶʪ ʧʦʟʠʮʠʠ ʚʝʨʭʥʝʛʦ 

ʠ ʥʠʞʥʝʛʦ ʩʣʦʷ ʙʣʦʢʘ[154]. 
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ʈʠʩʫʥʦʢ 25 ï ʉʪʨʫʢʪʫʨʥʳʝ ʪʠʧʳ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ ç124è 

 

ʊʘʙʣʠʮʘ 3 ï ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʳʭ ̫ʯʝʝʢ ʦʩʥʦʚʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʪʠʧʦʚ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚ 

ç124è ʠ ç225è 

ʉʦʩʪʘʚ 
ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ 

ʛʨʫʧʧʘ 

ʏʠʩʣʦ 

ʬʦʨʤʫʣʴʥʳʭ 

ʝʜʠʥʠʮ (Z) 

ʇʘʨʘʤʝʪʨʳ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

ʀʩʪʦʯʥʠʢ 

a, ¡ c, ¡ 

MgAl2Se4 R-3m 3 3.88(1) 38.34(5) [152] 

FeGa2S4 P-3m1 1 3.668(1) 12.093(2) [106] 

MnBi2Te4 R-3m 3 4.3338(2) 40.910(2) [153] 

FeIn2Se4 R-3m 3 4.016(4) 38.975(11) [154] 

Mg2Al2Se5 P-3m1 1 3.88(1) 16.00(3) [152] 

Fe2Ga2S5 R-3m 3 3.6508(7) 44.843(2) [160] 

Mn2In2Se5 R-3m 3 4.016(1) 48.734(9) [161] 

Pb2Bi2Te5 P-3m1 1 4.46(2) 17.5(2) [162] 

ɿʘ ʩʯʝʪ ʨʘʟʥʦʦʙʨʘʟʠʷ ʚ ʯʝʨʝʜʦʚʘʥʠʠ ʩʣʦʝʚ ʤʦʞʥʦ ʩʦʟʜʘʚʘʪʴ ʟʥʘʯʠʪʝʣʴʥʦʝ ʯʠʩʣʦ ʠ ʜʨʫʛʠʭ 

ʩʣʦʠʩʪʳʭ ʧʦʣʠʪʠʧʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʨʦʩʪʝ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʚ 

ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ: ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ MnSb2Te4 ʚ ʦʜʥʦʡ ʠʟ ʨʘʙʦʪ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʜʨʫʛʘʷ ʩʣʦʠʩʪʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ[163]. ɺʦʟʤʦʞʥʦ ʠ ʠʟʤʝʥʝʥʠʝ ʢʘʪʠʦʥʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʦʪ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʛʦ ʢ 

ʦʢʪʘʵʜʨʠʯʝʩʢʦʤʫ ʠ ʥʘʦʙʦʨʦʪ, ʩʤʝʰʘʥʥʦʝ ʟʘʩʝʣʝʥʠʝ ʧʦʟʠʮʠʡ ʠ ʜʘʞʝ ʩʤʝʥʘ ʧʦʨʷʜʢʘ ʯʝʨʝʜʦʚʘʥʠʷ 

ʢʘʪʠʦʥʦʚ, ʧʨʠ ʢʦʪʦʨʦʤ ʩʣʦʡ ʜʚʫʭʟʘʨʷʜʥʳʭ ʢʘʪʠʦʥʦʚ ʧʝʨʝʤʝʱʘʝʪʩʷ ʥʘ ʛʨʘʥʠʮʫ ʙʣʦʢʘ. ʊʘʢʠʝ 

ʵʬʬʝʢʪʳ ʘʢʪʠʚʥʦ ʧʨʦʷʚʣʷʪʁʩʷ ʧʨʠ ʙʣʠʟʢʠʭ ʟʥʘʯʝʥʠʷʭ ʨʘʜʠʫʩʦʚ ʢʘʪʠʦʥʦʚ A ʠ B, ʥʘʧʨʠʤʝʨ ʜʣʷ 

ʢʘʪʠʦʥʦʚ Zn ʠ In ʚ ʩʪʨʫʢʪʫʨʝ ZnIn2S4, ʜʣʷ ʢʦʪʦʨʦʡ ʥʘʙʣʶʜʘʣʠ 16 ʩʣʦʠʩʪʳʭ ʧʦʣʠʪʠʧʦʚ[164]. 
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ʆʙʣʘʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʣʦʠʩʪʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʜʘʥʥʦʛʦ ʩʝʤʝʡʩʪʚʘ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʢʘʟʘʥʘ ʩ 

ʧʦʤʦʱʴʶ ʘʥʘʣʦʛʘ ʬʘʢʪʦʨʘ ʪʦʣʝʨʘʥʪʥʦʩʪʠ, ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʜʣ ̫ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʪʠʧʘ 

ʧʝʨʦʚʩʢʠʪʘ, ʚ ʦʜʥʦʡ ʠʟ ʨʘʙʦʪ ʙʳʣʠ ʧʨʦʠʟʚʝʜʝʥʳ ʪʘʢʠʝ ʨʘʩʯʝʪʳ ʜʣʷ ʩʫʣʴʬʠʜʦʚ AB2S4 (ʊʘʙʣʠʮʘ 4, 

ʈʠʩʫʥʦʢ 26)[165]. ɺ ʢʘʯʝʩʪʚʝ ʢʦʦʨʜʠʥʘʪ ʠʩʧʦʣʴʟʦʚʘʣʠ ʫʩʨʝʜʥʝʥʥʦʝ ʠ ʚʟʚʝʰʝʥʥʦʝ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʠʥʜʝʢʩʦʚ x ʠ y ʢʘʪʠʦʥʦʚ A ʠ B ʟʥʘʯʝʥʠʝ ʜʣʠʥ ʩʚʷʟʝʡ Rů ʠ Ŕ ʚ ʦʙʱʝʤ ʚʠʜʝ: 

Ὑ   (6) 

Ὑ  (7) 

, ʛʜʝ ʜʣʠʥʳ ů- ʠ ́-ʩʚʷʟʝʡ ʚʳʯʠʩʣʷʣʠʩʴ ʜʣʷ s ʠ p ʦʨʙʠʪʘʣʝʡ ʯʝʨʝʟ ʨʘʜʠʫʩʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʦʨʙʠʪʘʣʝʡ rsA, rpA, rsB, rpB: 

Ὑ ὶ ὶ ὶ ὶ   (8) 

Ὑ ὶ ὶ ὶ ὶ   (9) 

ɼʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʦʟʚʦʣʷʶʪ ʧʨʝʜʩʢʘʟʘʪʴ ʚʦʟʤʦʞʥʳʡ ʩʪʨʫʢʪʫʨʥʳʡ ʪʠʧ ʜʣʷ ʥʝʠʟʚʝʩʪʥʳʭ 

ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʩʝʤʝʡʩʪʚʘ ç124è. ʂʘʢ ʚʠʜʥʦ ʠʟ ʜʠʘʛʨʘʤʤʳ (ʈʠʩʫʥʦʢ 26), ʣʠʰʴ ʥʝʙʦʣʴʰʘʷ ʯʘʩʪʴ 

ʩʦʝʜʠʥʝʥʠʡ ʷʚʣʷʝʪʩʷ ʩʣʦʠʩʪʦʡ. 

ʊʘʙʣʠʮʘ 4 ï ʇʨʠʥʘʜʣʝʞʥʦʩʪʴ ʩʦʝʜʠʥʝʥʠʡ ç124è ʢ ʨʘʟʣʠʯʥʳʤ ʩʪʨʫʢʪʫʨʥʳʤ ʪʠʧʘʤ[165] 

Cr3S4-ʪʠʧ ʊʠʦʛʘʣʣʘʪʥʳʡ ʪʠʧ ʊʠʧ ZnIn2S4 

 Rů Ŕ   Rů Ŕ  Rů Ŕ  

Crʊi2S4 1.43 0.31 CdAl2S4 0.75 0.19 ZnIn2S4 0.89 0.21 

FeTi2S4 1.32 0.28 HgAl2S4 0.82 0.20 FeGa2S4 0.73 0.21 

Coʊi2S4 1.29 0.27 ZnGa2S4 0.66 0.22 NiGa2S4 0.76 0.22 

Niʊi2S4 1.35 0.29 CdGa2S4 0.77 0.22 CdGaInS4 0.89 0.22 

CrV2S4 1.33 0.29 HgGa2S4 0.83 0.23 MnGaInS4 0.89 0.21 

FeV2S4 1.22 0.26 CoGa2S4 0.70 0.20 CoGaInS4 0.82 0.19 

CoV2S4 1.19 0.25 MnGa2S4 0.77 0.22 MnGa1.7Cr0.3S4 0.89 0.24 

NiV2S4 1.25 0.27    CoGa1.7Cr0.3S4 0.83 0.22 

Cr3S4 1.34 0.32       

         

ʐʧʠʥʝʣʴʥʳʡ ʪʠʧ 

 Rů Ŕ   Rů Ŕ  Rů Ŕ  

MgIn2S4 0.94 0.21 CdIn2S4 1.00 0.21 HgIn2S4 1.07 0.22 

FeIn2S4 0.97 0.20 CoIn2S4 0.94 0.19 NiIn2S4 0.99 0.22 

MnIn2S4 1.01 0.21 CrIn2S4 1.08 0.23 CuV2S4 1.20 0.28 
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ʆʢʦʥʯʘʥʠʝ ʪʘʙʣʠʮʳ 4 

 Rů Ŕ   Rů Ŕ  Rů Ŕ  

CuTi2S4 1.30 0.30 CuCo2S4 0.93 0.23 CuRh2S4 1.26 0.31 

CuCr2S4 1.21 0.61 ZnCr2S4 1.15 0.30 CdCr2S4 1.26 0.30 

HgCr2S4 1.33 0.31 MnCr2S4 1.27 0.30 FeCr2S4 1.23 0.29 

CoCr2S4 1.20 0.28 ZnSc2S4 1.36 0.31 CdSc2S4 1.47 0.31 

MnSc2S4 1.47 0.31 FeSc2S4 1.44 0.30    

 

 

ʈʠʩʫʥʦʢ 26 ï ʆʙʣʘʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʧʦʣʠʪʠʧʦʚ ç124è. ʆʙʦʟʥʘʯʝʥʠʷ: ʨʦʤʙ ï 

ʰʧʠʥʝʣʴʥʳʡ ʪʠʧ, ʟʚʝʟʜʦʯʢʘ ï ʪʠʧ Cr3S4, ʪʨʝʫʛʦʣʴʥʠʢ ï ʪʠʧ ZnIn2S4, ʧʫʥʢʪʠʨ ï ʦʙʣʘʩʪʠ ʩ 

ʚʦʟʤʦʞʥʳʤ ʥʘʣʠʯʠʝʤ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʪʦʯʝʯʥʳʡ ʧʫʥʢʪʠʨ ï ʦʙʣʘʩʪʴ ʩ ʥʝʥʘʡʜʝʥʥʳʤʠ 

ʩʣʦʠʩʪʳʤʠ ʧʨʝʜʩʪʘʚʠʪʝʣʷʤʠ[165] 

ʂ ʩʝʤʝʡʩʪʚʫ ʩʦʩʪʘʚʘ A2B2X5 (ç225è) ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʯʝʪʳʨʝ ʦʩʥʦʚʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʪʠʧʘ 

ʩʣʦʠʩʪʳʭ ʩʪʨʫʢʪʫʨ: Mg2Al2Se5 (Mg2Al2Se5,hP9,164), Fe2Ga2S5 (Fe2Ga2S5,hP18,194), Mn2In2Se5 

((Mn0.5In0.5)4Se5,hR27,166), Pb2Bi2Te5 (Pb2Bi2Se5,hP9,164) (ʊʘʙʣʠʮʘ 3)[105,161,162]. ʆʙʱʝʝ 

ʩʪʨʦʝʥʠʝ ʙʣʦʢʘ ʚ ʩʪʨʫʢʪʫʨʝ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ̫ ʚʣʷʝʪʩʷ ʪʘʢʠʤ ʞʝ, ʢʘʢ ʠ ʚ ʛʦʤʦʣʦʛʘʭ ʩʝʤʝʡʩʪʚʘ 

ç124è, ʥʦ ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʩʣʦʝʤ AX (ʈʠʩʫʥʦʢ 27). ɺʥʫʪʨʝʥʥʷʷ ʯʘʩʪʴ ʙʣʦʢʘ ʪʝʧʝʨʴ ʩʦʩʪʦʠʪ ʠʟ 

ʜʚʫʭ ʩʣʦʝʚ ʢʘʪʠʦʥʦʚ A ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ (ʚʤʝʩʪʦ ʦʜʥʦʛʦ ʫ ʧʨʝʜʳʜʫʱʝʛʦ ʩʝʤʝʡʩʪʚʘ) ʠ 

ʜʚʫʭ ʩʣʦʝʚ ʢʘʪʠʦʥʦʚ B ʥʘ ʛʨʘʥʠʮʝ ʙʣʦʢʘ (ʢʘʢ ʠ ʫ ʧʨʝʜʳʜʫʱʝʛʦ ʩʝʤʝʡʩʪʚʘ). ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 

ʩʪʨʫʢʪʫʨʘ ʩʦʜʝʨʞʠʪ ʦʜʠʥ ʙʣʦʢ ʥʘ ʵʣʝʤʝʥʪʘʨʥʫʶ ʷʯʝʡʢʫ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʜʥʫ ʬʦʨʤʫʣʴʥʫʶ 

ʝʜʠʥʠʮʫ ʚ ʩʣʫʯʘʝ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ Mg2Al2Se5, ʠ ʪʨʠ ʙʣʦʢʘ ʚ ʦʩʪʘʣʴʥʳʭ ʧʨʦʪʦʪʠʧʘʭ. ʇʦ ʘʥʘʣʦʛʠʠ 

ʩ ʩʝʤʝʡʩʪʚʦʤ ç124è ʘʥʠʦʥʥʘʷ ʧʦʜʨʝʰʝʪʢʘ ʦʙʨʘʟʫʝʪ ʇʐʋ: ʧʦ ʤʦʪʠʚʫ AMgBAlCBAlCMgAé ʚ 
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Mg2Al2Se5 (ʩ ʜʚʫʩʣʦʡʥʳʤʠ ʇʐʋ ʢʘʪʠʦʥʦʚ Mg ʠ Al CBCé ʠ BCBé ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), 

AGaBFeAFeCGaACGaAFeCFeBGaCBGaCFeBFeAGaBAé ʚ Fe2Ga2S5 (ʩ ʪʨʝʭʩʣʦʡʥʦʡ ʇʐʋ BCABé ʜʣʷ Ga ʠ 

ʩʤʝʰʘʥʥʦʡ ʇʐʋ CBBAACCé ʜʣʷ Fe) ʠ AMnBInACInBMnCMnAInCBInAMnBMnCInBAInCMnAé ʚ 

Mn2In2Se5 (ʩ ʪʨʝʭʩʣʦʡʥʦʡ ʇʐʋ CABCé ʜʣʷ Mn ʠ ʩʤʝʰʘʥʥʦʡ ʇʐʋ ʜʣʷ In: BBAACCBé). ɽʩʣʠ 

ʚ ʩʪʨʫʢʪʫʨʝ Mn2In2Se5 ʠʟʤʝʥʠʪʴ ʥʘʯʘʣʦ ʢʦʦʨʜʠʥʘʪ, ʪʦ ʦʥʘ ʙʫʜʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʪʴ ʩ Fe2Ga2S5 

ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʧʦʨʷʜʢʘ ʨʘʩʧʦʣʦʞʝʥʠʷ ʙʣʦʢʦʚ: ABCAé ʟʘʤʝʥʷʝʪʩʷ ʥʘ ACBAé (ʪʦ ʝʩʪʴ, ʩ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʨʘʩʧʦʣʦʞʝʥʠʷ ʙʣʦʢʦʚ ʵʪʠ ʩʦʝʜʠʥʝʥʠʷ ʷʚʣʷʶʪʩʷ ʭʠʨʘʣʴʥʳʤʠ ʩ ʦʩʷʤʠ 31 ʠ 32, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʉʪʨʫʢʪʫʨʥʳʡ ʪʠʧ Pb2Bi2Se5 ̫ ʚʣʷʝʪʩʷ ʛʦʤʦʣʦʛʦʤ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ MnBi2Te4, ʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ Pb2Bi2Se5 ʪʘʢʞʝ ʚʩʝ ʢʘʪʠʦʥʳ ʥʘʭʦʜʷʪʩʷ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ, 

ʘ ʤʦʪʠʚ ʘʥʠʦʥʥʦʡ ʧʦʜʨʝʰʝʪʢʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʇʐʋ APbBBiCBBiCPbAé ʇʨʝʜʩʪʘʚʠʪʝʣʝʤ 

ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ Mg2Al2Se5 ̫ ʚʣʷʝʪʩʷ Mn2Ga2S5[166], ʜʣʷ ʩʪʨʫʢʪʫʨʳ Fe2Ga2S5 ʦʧʠʩʘʥ 

ʧʨʝʜʩʪʘʚʠʪʝʣʴ ʩ ʠʥʚʝʨʩʠʝʡ ʧʦ ʢʘʪʠʦʥʘʤ (ʜʚʫʭʟʘʨʷʜʥʳʝ ʢʘʪʠʦʥʳ ʥʘʭʦʜʷʪʩʷ ʩʥʘʨʫʞʠ ʙʣʦʢʘ, ʘ 

ʪʨʝʭʟʘʨʷʜʥʳʝ ï ʚʥʫʪʨʠ) Zn2FeInO5[103], ʜʣʷ ʧʨʦʪʦʪʠʧʘ Mn2In2Se5 ʜʨʫʛʠʝ ʩʦʝʜʠʥʝʥʠʷ ʚ 

ʣʠʪʝʨʘʪʫʨʝ ʥʝ ʠʟʚʝʩʪʥʳ. ɺ ʩʠʩʪʝʤʝ Zn2In2S5 ʧʦ ʘʥʘʣʦʛʠʠ ʩ ZnIn2S4 ʥʘʡʜʝʥʳ ʥʝʩʢʦʣʴʢʦ ʧʦʣʠʪʠʧʦʚ, 

ʦʜʥʘʢʦ ʠʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʜʘʥʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʥʝ ʦʙʥʘʨʫʞʝʥʦ [167,168]. 

 

ʈʠʩʫʥʦʢ 27 ï ʉʣʦʠʩʪʳʝ ʩʪʨʫʢʪʫʨʥʳʝ ʪʠʧʳ ʚ ʩʝʤʝʡʩʪʚʝ ç225è 

ɺ ʣʠʪʝʨʘʪʫʨʝ ʫʧʦʤʠʥʘʶʪʩʷ ʠ ʜʨʫʛʠʝ ʛʦʤʦʣʦʛʠ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ, ʦʙʨʘʟʦʚʘʥʥʳʝ ʟʘ 

ʩʯʝʪ ʜʦʙʘʚʣʝʥʠʷ ʙʣʦʢʘ AX, ʥʘʧʨʠʤʝʨ, ʚ ʩʠʩʪʝʤʝ MnS-Ga2S3: Mn3Ga2S6, ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦʙ 

ʦʙʨʘʟʦʚʘʥʠʠ ʩʦʝʜʠʥʝʥʠʷ ʦʩʥʦʚʘʥʦ ʥʘ ʠʟʤʝʥʝʥʠʠ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, ʘ ʜʨʫʛʠʭ 

ʜʦʩʪʦʚʝʨʥʳʭ ʧʦʜʪʚʝʨʞʜʝʥʠʡ ʠʭ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʥʝ ʧʨʠʚʦʜʠʪʩʷ[169]. ʍʠʤʠʯʝʩʢʦʝ ʫʩʣʦʞʥʝʥʠʝ 

ʩʪʨʫʢʪʫʨ rʚʦʟʤʦʞʥʦ ʠ ʟʘ ʩʯʝʪ ʜʦʙʘʚʣʝʥʠʷ ʬʨʘʛʤʝʥʪʘ B2X3. ʊʘʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʥʘʙʣʶʜʘʣʠʩ ɹʚ 

ʩʠʩʪʝʤʝ MnS-Ga2S3: MnGa4S7, MnGa6S10, MnGa8S13[170] ʠ ʚ ʩʠʩʪʝʤʝ MnTe-Bi2Te3: MnBi4Te7, 

MnBi6Te10[171]. ʆʜʥʘʢʦ ʧʦ ʩʪʨʦʝʥʠʶ ʠʭ ʢʦʨʨʝʢʪʥʝʝ ʦʪʥʝʩʪʠ ʢ ʩʪʨʫʢʪʫʨʘʤ ʩʨʘʩʪʘʥʠʷ ʠʣʠ ʙʣʦʯʥʳʤ 
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ʩʪʨʫʢʪʫʨʘʤ (ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʙʣʦʢ-ʩʦʧʦʣʠʤʝʨʘʤʠ), ʪʘʢ ʢʘʢ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʧʨʦʠʩʭʦʜʠʪ 

ʥʝ ʨʘʩʰʠʨʝʥʠʝ ʦʜʥʦʛʦ ʯʝʨʝʜʫʶʱʝʛʦʩʷ ʙʣʦʢʘ, ʘ ʜʦʙʘʚʣʝʥʠʝ ʥʦʚʳʭ ʙʣʦʢʦʚ B2X3, ʢʦʪʦʨʳʝ ʪʘʢʞʝ 

ʫʧʦʨʷʜʦʯʝʥʥʦ ʠʣʠ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʨʘʚʥʦʤʝʨʥʦ ʯʝʨʝʜʫʶʪʩʷ ʩ ʦʩʥʦʚʥʳʤ ʙʣʦʢʦʤ ʠ ʩʚʷʟʘʥʳ ʣʠʰʴ 

ʩʠʣʘʤʠ ʚʘʥʜʝʨʚʘʘʣʴʩʘ ʧʦ ʪʠʧʫ -(Bi2Te3)n-(MnBi2Te4)m- (ὲȟά ɴ ᴓ). 

2.3.2. ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʣʦʠʩʪʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ç124è ʠ ç225è 

ɺʚʠʜʫ ʙʣʦʯʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʚʦʟʤʦʞʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʜʚʫʤʝʨʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʧʦʜʨʝʰʝʪʢʠ, ʧʨʠ ʵʪʦʤ, ʪʨʝʫʛʦʣʴʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʘʪʦʤʦʚ d-ʤʝʪʘʣʣʦʚ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪ 

ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʭ (ʬʨʫʩʪʨʠʨʦʚʘʥʥʳʭ) ʤʘʛʥʠʪʥʳʭ ʧʦʜʩʠʩʪʝʤ (ʊʘʙʣʠʮʘ 5). 

ʊʘʙʣʠʮʘ 5 ï ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʩʣʦʠʩʪʳʭ ʩʝʤʝʡʩʪʚ ç124è ʠ ç225è 

ʉʦʝʜʠʥʝʥʠʝ ʊʠʧ 

ʧʝʨʝʭʦʜʘ 

ʊʝʤʧʝʨʘʪʫʨʘ 

ʧʝʨʝʭʦʜʘ, K 

ʕʬʬʝʢʪʠʚʥʳʡ 

ʤʘʛʥʠʪʥʳʡ 

ʤʦʤʝʥʪ, ɛB 

ʄʘʛʥʠʪʥʳʡ 

ʠʦʥ 

ʀʩʪʦʯʥʠʢ 

MnIn2Se4 ʌʄ 7 - Mn2+ [172] 

FeBi2Se4 ʌʄ 125 - Fe2+ [173] 

FeAl2S4 ʌʄ 8.6 4.9 Fe2+ [174] 

FeGa2S4 ɸʌʄ 16 5.45 Fe2+ [160] 

NiGa2S4 ɸʌʄ 10 2.86 Ni2+ [160] 

Mn2Ga2S5 ɸʌʄ  

(ʚʦʟʤʦʞʥʦ 

ʩʧʠʥʦʚʦʝ 

ʩʪʝʢʣʦ) 

14 (12) 6.4 (5.6) Mn2+ [175,176] 

Mn2In2Se5 ɸʌʄ  

(ʚʦʟʤʦʞʥʦ 

ʩʧʠʥʦʚʦʝ 

ʩʪʝʢʣʦ) 

7 6.0 Mn2+ [175] 

Fe2Ga2S5 ɸʌʄ 113 5.00 Fe2+ [160] 

ʈʘʟʥʦʦʙʨʘʟʥʳʝ ʪʠʧʳ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ ʚ ʩʭʦʞʠʭ ʩʠʩʪʝʤʘʭ ʫʢʘʟʳʚʘʶʪ ʥʘ 

ʧʝʨʩʧʝʢʪʠʚʳ ʧʦʠʩʢʘ ʥʦʚʳʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʩʝʤʝʡʩʪʚʘʭ ç124è ʠ ç225è. 

2.4. ʉʠʥʪʝʟ ʩʣʦʠʩʪʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ 

ʂʨʦʤʝ ʧʨʷʤʦʛʦ ʩʠʥʪʝʟʘ ʜʚʫʤʝʨʥʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ, 

ʥʘʧʨʠʤʝʨ, ʍʆɻʌ, ʩʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʭʠʤʠʯʝʩʢʠʝ ʚʘʨʠʘʥʪʳ ʧʦʣʫʯʝʥʠʷ ʦʙʲʸʤʥʳʭ ʩʣʦʠʩʪʳʭ 

ʭʘʣʴʢʦʛʝʥʠʜʦʚ. ʆʩʦʙʝʥʥʦʩʪʴ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʢʣʘʩʩʘ ʩʦʝʜʠʥʝʥʠʡ ʩʦʩʪʦʠʪ ʚ ʠʭ ʭʠʤʠʯʝʩʢʦʡ 

ʘʢʪʠʚʥʦʩʪʠ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʧʨʦʠʟʚʦʜʠʪʴ ʨʝʘʢʮʠʠ ʥʘʧʦʜʦʙʠʝ ʥʘʧʨʘʚʣʝʥʥʦʡ 
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ʠʥʪʝʨʢʘʣʷʮʠʠ ʠʣʠ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʵʢʩʬʦʣʠʘʮʠʠ, ʥʦ ʠ ʦʩʣʦʞʥʷʝʪ ʨʘʙʦʪʫ ʩ ʣʘʙʦʨʘʪʦʨʥʳʤʠ 

ʦʙʨʘʟʮʘʤʠ: ʤʥʦʛʠʝ ʭʘʣʴʢʦʛʝʥʠʜʳ ʛʠʜʨʦʣʠʟʫʶʪʩʷ ʚʦʜʦʡ ʠʣʠ ʧʘʨʘʤʠ ʚʦʜʳ ʠ ʩʧʦʩʦʙʥʳ ʦʢʠʩʣʷʪʴʩʷ 

ʢʠʩʣʦʨʦʜʦʤ ʚ ʚʦʟʜʫʰʥʦʡ ʩʨʝʜʝ[177]. ʇʨʠ ʵʪʦʤ, ʠʭ ʭʠʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠʩʩʣʝʜʫʝʪʩʷ 

ʜʦʚʦʣʴʥʦ ʨʝʜʢʦ, ʪʘʢ ʢʘʢ ʙʦʣʴʰʠʥʩʪʚʦ ʤʘʥʠʧʫʣʷʮʠʡ ʩ ʦʙʨʘʟʮʘʤʠ ʧʨʦʠʟʚʦʜʠʪʩʷ ʚ ʠʥʝʨʪʥʦʡ 

ʘʪʤʦʩʬʝʨʝ/ʚʘʢʫʫʤʝ[113,178,179]. ʇʨʠʤʝʨ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʩʣʦʠʩʪʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ: 

ὓὫὃὰὛὩ ψὌὕᴼὓὫὕὌ ςAlOH3 ψὌὛὩᴻ  (10) 

ʆʩʥʦʚʥʳʝ ʠʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ ʩʠʥʪʝʟʘ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʧʦʣʫʯʝʥʠʝ ʣʠʙʦ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ, ʣʠʙʦ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ. ʉʠʥʪʝʟ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚʳʧʦʣʥʷʶʪ ʘʤʧʫʣʴʥʳʤ ʤʝʪʦʜʦʤ: ʧʨʝʢʫʨʩʦʨʳ ʟʘʧʘʠʚʘʶʪ ʚ ʢʚʘʨʮʝʚʳʝ ʘʤʧʫʣʳ 

ʚ ʜʠʥʘʤʠʯʝʩʢʦʤ ʚʘʢʫʫʤʝ ʠ ʧʦʜʚʝʨʛʘʶʪ ʪʝʨʤʠʯʝʩʢʦʤʫ ʦʪʞʠʛʫ, ʧʨʠ ɻ ʪʦʤ ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʬʘʟ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʣʠʙʦ ʧʨʦʩʪʳʝ ʚʝʱʝʩʪʚʘ, ʣʠʙʦ ʙʠʥʘʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ[152,170]: 

ὊὩ ςὄὭτὛὩO ὊὩὄὭὛὩ  (11) 

ὓὲὛὋὥὛᴼὓὲὋὥὛ  (12) 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʠʥʪʝʟʦʚ ʧʦʣʫʯʘʶʪʩʷ ʦʜʥʦʬʘʟʥʳʝ ʠʣʠ ʤʥʦʛʦʬʘʟʥʳʝ ʦʙʨʘʟʮʳ, ʠʩʩʣʝʜʫʷ ʢʦʪʦʨʳʝ 

ʩʦʩʪʘʚʣʷʶʪ ʬʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʧʨʦʩʪʳʝ ʚʝʱʝʩʪʚʘ ʪʘʢʞʝ 

ʟʘʧʘʠʚʘʶʪ ʚ ʜʣʠʥʥʳʝ ʘʤʧʫʣʳ, ʦʜʥʘʢʦ ʜʦʙʘʚʣʷʶʪ ʢ ʥʠʤ ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʝʱʝʩʪʚʘ-

ʧʝʨʝʥʦʩʯʠʢʘ, ʦʙʳʯʥʦ ʚ ʢʘʯʝʩʪʚʝ ʥʝʛʦ ʚʳʩʪʫʧʘʝʪ ʩʘʤ ʭʘʣʴʢʦʛʝʥ (S, Se, Te) ʣʠʙʦ I2, ɻʪʦ ʥʝʦʙʭʦʜʠʤʦ 

ʜʣʷ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʦʚ ʭʠʤʠʯʝʩʢʠʤ ʪʨʘʥʩʧʦʨʪʦʤ ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ. ɼʣʷ ʧʝʨʝʥʦʩʘ ʚʝʱʝʩʪʚʘ 

ʘʤʧʫʣʳ ʦʪʞʠʛʘʶʪ ʚ ʛʨʘʜʠʝʥʪʝ ʪʝʤʧʝʨʘʪʫʨ (ʦʙʳʯʥʦ ʩ ʨʘʟʥʠʮʝʡ ʪʝʤʧʝʨʘʪʫʨ ʦʢʦʣʦ 100ÁC) ʚ ʪʝʯʝʥʠʝ 

1-2 ʥʝʜʝʣʴ[113,123]. ʅʘʧʨʠʤʝʨ, ʦʙʨʘʟʦʚʘʥʠʝ FeTa3S6 ʤʦʞʝʪ ʧʨʦʪʝʢʘʪʴ ʧʦ ʩʣʝʜʫʶʱʝʡ ʩʭʝʤʝ: 

ὊὩ σὝὥ φὛ
ȟ
ựựựự ὊὩὍ σὝὥὍ φὛ ựựự ὊὩὝὥὛ Ὅ  (13) 

2.5. ɿʘʢʣʶʯʝʥʠʝ ʠʟ ʣʠʪʝʨʘʪʫʨʥʦʛʦ ʦʙʟʦʨʘ 

ʉʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ ʠ ʜʚʫʤʝʨʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʠʭ ʦʩʥʦʚʝ ʦʙʣʘʜʘʶʪ ʦʛʨʦʤʥʳʤ ʥʘʙʦʨʦʤ 

ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʩʚʦʡʩʪʚ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʧʨʠʤʝʥʷʪʴ ʧʨʘʢʪʠʯʝʩʢʠ ʚ ʣʶʙʳʭ ʩʬʝʨʘʭ, ʥʘʧʨʠʤʝʨ, 

ʤʘʛʥʠʪʥʳʝ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ, ʦʧʪʠʯʝʩʢʠʝ, ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ, ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ, ʘ ʪʘʢʞʝ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ, ʚʢʣʶʯʘʷ ʤʘʛʥʝʪʦʨʝʟʠʩʪʠʚʥʦʩʪʴ, ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴ, ʚʳʩʦʢʫʶ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ, ʤʝʭʘʥʠʯʝʩʢʫʶ ʧʨʦʯʥʦʩʪʴ. ʀʩʭʦʜʷ ʠʟ ʵʪʦʛʦ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʣʦʠʩʪʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʨʘʡʥʝ ʘʢʪʫʘʣʴʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʨʘʟʨʘʙʦʪʘʪʴ 

ʧʫʪʠ ʫʧʨʘʚʣʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʭʠʤʠʯʝʩʢʫʶ 

ʤʦʜʠʬʠʢʘʮʠʶ, ʥʘʧʨʠʤʝʨ, ʩ ʧʦʤʦʱʴʶ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʟʘʤʝʱʝʥʠ ̫ʠʣʠ ʚʥʝʜʨʝʥʠ,̫ ʜʣʷ ʯʝʛʦ 

ʥʝʦʙʭʦʜʠʤʳ ʚʝʱʝʩʪʚʘ ʩ ʧʨʦʯʥʳʤʠ ʙʣʦʢʘʤʠ ʚ ʩʪʨʫʢʪʫʨʝ, ʩʦʩʪʦʷʱʠʤʠ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʩʣʦʝʚ. ʇʦʜ 

ʪʘʢʦʡ ʢʨʠʪʝʨʠʡ ʧʦʜʭʦʜʷʪ ʩʪʨʫʢʪʫʨʳ ʩ ʧʨʦʪʷʞʝʥʥʦʡ ʦʙʣʘʩʪʴʶ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʧʦ ʩʦʩʪʘʚʫ. ʇʨʠ 

ʵʪʦʤ, ʜʣʷ ʚʦʟʤʦʞʥʦʛʦ ʧʦʣʫʯʝʥʠʷ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘʠʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʳʤ ʤʝʪʦʜʦʤ 

ʦʢʘʟʳʚʘʝʪʩʷ ʞʠʜʢʦʩʪʥʘʷ ʵʢʩʬʦʣʠʘʮʠʷ, ʢʦʪʦʨʘʷ ʜʦʩʪʫʧʥʘ ʚ ʦʩʥʦʚʥʦʤ ʜʣʷ ʩʠʩʪʝʤ ʩ ʥʝʟʘʨʷʞʝʥʥʳʤ 
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ʙʣʦʢʦʤ ʚ ʩʪʨʫʢʪʫʨʝ, ʯʪʦ ʩʫʞʘʝʪ ʨʘʤʢʠ ʚʳʙʦʨʘ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʦ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʠʣʠ 

ʛʘʣʦʛʝʥʠʜʦʚ. ɼʣʷ ʵʬʬʝʢʪʠʚʥʳʭ ʧʦʠʩʢʦʚ ʥʝʦʙʭʦʜʠʤʦ ʪʘʢʞʝ, ʯʪʦʙʳ ʚʳʙʨʘʥʥʳʝ ʩʝʤʝʡʩʪʚʘ ʥʝ ʙʳʣʠ 

ʜʦʩʢʦʥʘʣʴʥʦ ʠʟʫʯʝʥʳ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʣʘʩʪʴ ʚʳʙʦʨʘ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʫʞʘʝʪʩʷ ʢ 

ʪʨʦʡʥʳʤ ʩʣʦʠʩʪʳʤ ʩʦʝʜʠʥʝʥʠʷʤ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʧʦʪʝʥʮʠʘʣ ʧʦʠʩʢʘ ʚʝʣʠʢ, ʥʘʧʨʠʤʝʨ, ʚ ʩʝʤʝʡʩʪʚʘʭ 

ç124è ʠ ç225è. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʥʝʦʙʭʦʜʠʤʦ 

ʥʘʣʠʯʠʝ d-ʤʝʪʘʣʣʘ. ɼʣʷ ʚʳʙʦʨʘ ʢʘʪʠʦʥʘ ʧʝʨʝʭʦʜʥʦʛʦ ʤʝʪʘʣʘ ʤʦʞʥʦ ʨʘʩʩʤʦʪʨʝʪʴ ʟʘʧʦʣʥʝʥʠʝ d-

ʧʦʜʫʨʦʚʥʷ, ʚ ʢʦʪʦʨʦʤ ʜʣʷ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʞʝʣʘʪʝʣʴʥʦ ʥʘʣʠʯʠʝ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ 

ʥʝʩʧʘʨʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʪʘʢʦʝ ʚʦʟʤʦʞʥʦ ʜʣʷ ʚʳʩʦʢʦʩʧʠʥʦʚʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ d5. ɼʘʥʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʧʦ d-ʦʨʙʠʪʘʣʷʤ ʩʨʝʜʠ 3-d ʤʝʪʘʣʣʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʫ Mn2+, Fe3+, Co4+é, 

ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʩʨʝʜʠ ʥʠʭ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʚʩʪʨʝʯʘʶʪʩʷ ʢʘʪʠʦʥʳ Mn2+ ʠ Fe3+, ʦʜʥʘʢʦ ʠʩʭʦʜʷ ʠʟ 

ʭʠʤʠʯʝʩʢʦʛʦ ʦʢʨʫʞʝʥʠʷ ʚ ʚʠʜʝ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦ ʦʙʨʘʟʦʚʘʥʠʝ Fe2+, ʧʦ ʩʨʘʚʥʝʥʠʶ 

ʩ Fe3+ ʠʟ ʟʘ ʩʨʘʚʥʠʪʝʣʴʥʦ ʚʳʩʦʢʦʛʦ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ, ʧʦʵʪʦʤʫ ʥʘʠʙʦʣʝʝ ʣʦʛʠʯʥʳʤ 

ʚʳʙʦʨʦʤ ʦʢʘʟʳʚʘʝʪʩʷ ʢʘʪʠʦʥ Mn2+. ʂʨʦʤʝ ʪʦʛʦ, ʜʘʥʥʳʡ ʚʳʙʦʨ ʦʙʫʩʣʦʚʣʝʥ ʠ ʚʦʟʤʦʞʥʦʩʪʴʶ 

ʠʟʦʩʪʨʫʢʪʫʨʥʳʭ ʟʘʤʝʱʝʥʠʡ Fe2+ ʥʘ Mn2+ ʚʚʠʜʫ ʠʭ ʙʣʠʟʢʠʭ ʘʪʦʤʥʳʭ ʨʘʜʠʫʩʦʚ, ʧʨʠ ʵʪʦʤ ʙʦʣʴʰʫʶ 

ʜʦʣʶ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʩʦʩʪʘʚʣʷʶʪ ʠʤʝʥʥʦ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʝ 

ʚʝʱʝʩʪʚʘ.  

ʀʩʭʦʜʷ ʠʟ ʚʳʰʝʩʢʘʟʘʥʥʦʛʦ, ʦʙʲʝʢʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʙʨʘʥʳ ʩʣʦʠʩʪʳʝ ʭʘʣʴʢʦʛʝʥʠʜʳ 

ʤʘʨʛʘʥʮʘ ʩʝʤʝʡʩʪʚ ç124è ʠ ç225è, ʜʣʷ ʢʦʪʦʨʳʭ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʫʜʝʪ ʚʳʧʦʣʥʝʥ ʩʠʥʪʝʟ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʠ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʘʤʧʫʣʴʥʳʤ ʤʝʪʦʜʦʤ, ʫʪʦʯʥʝʥʠʝ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ, ʘ 

ʪʘʢʞʝ ʚʳʷʚʣʝʥʠʝ ʫʩʣʦʚʠʡ ʧʨʦʚʝʜʝʥʠʷ ʞʠʜʢʦʩʪʥʦʡ ʵʢʩʬʦʣʠʘʮʠʠ. 
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3. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ 

3.1. ʉʠʥʪʝʟ 

3.1.1. ʈʝʘʢʪʠʚʳ ʠ ʤʘʪʝʨʠʘʣʳ 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʦʚ ʜʣʷ ʩʠʥʪʝʟʘ ʩʦʝʜʠʥʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʣʝʜʫʶʱʠʝ ʧʨʦʩʪʳʝ 

ʚʝʱʝʩʪʚʘ: Mn (ʧʣʘʩʪʠʥʳ, 99 %, Sigma-Aldrich), Al (ʛʨʘʥʫʣʳ, 99 %, Sigma-Aldrich), Ga (ʛʨʘʥʫʣʳ, 

99 %, ʭʠʤʢʨʘʬʪ), In (ʢʫʩʢʠ, 99.99%, Sigma-Aldrich), S (ʧʦʨʦʰʦʢ, 99.98 %, ʈʫʩʍʠʤ), Se (ʛʨʘʥʫʣʳ, 

99.999%, Sigma-Aldrich), Te (ʧʦʨʦʰʦʢ, 99.99%, Sigma-Aldrich). ɺ ʢʘʯʝʩʪʚʝ ʚʝʱʝʩʪʚ ʜʣʷ ʛʘʟʦʚʦʛʦ 

ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʪʘʢʞʝ ʦʧʠʩʘʥʥʫʶ ʨʘʥʝʝ S (ʧʦʨʦʰʦʢ, 99.98 %, ʈʫʩʍʠʤ), ʘ 

ʪʘʢʞʝ I2 (ʠʛʦʣʢʠ/ʧʣʘʩʪʠʥʳ, 99.99%, Sigma-Aldrich), Hg2Cl2 (ʧʦʨʦʰʦʢ, 99.99%, Sigma-Aldrich) ʠ 

HgI2 (ʧʦʨʦʰʦʢ, 99.99%, Sigma-Aldrich). ʉʝʨʫ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʙʝʟʚʦʞʠʚʘʣʠ ʩ ʧʦʤʦʱʴʶ 

ʜʣʠʪʝʣʴʥʦʛʦ ʧʨʦʛʨʝʚʘʥʠʷ ʚ ʚʘʢʫʫʤʝ, ʡʦʜ ʧʝʨʝʜ ʩʠʥʪʝʟʦʤ ʦʯʠʱʘʣʠ ʚʦʟʛʦʥʢʦʡ. 

ɺ ʢʘʯʝʩʪʚʝ ʩʨʝʜʳ ʜʣʷ ʵʢʩʬʦʣʠʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʣʝʜʫʶʱʠʝ ʨʘʩʪʚʦʨʠʪʝʣʠ: ʛʝʢʩʘʥ (ʯ, 

ʨʫʩʭʠʤ), ʛʝʧʪʘʥ (ʯ, ʨʫʩʭʠʤ), ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥ (ʯ, ʨʝʘʭʠʤ). ɺ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʝʢ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʧʦʣʠʨʦʚʘʥʥʦʝ ʩʪʝʢʣʦ ʠ ʧʦʣʠʨʦʚʘʥʥʦʝ ʩʪʝʢʣʦ ʩ ʥʘʧʳʣʝʥʥʦʡ ʟʦʣʦʪʦʡ ʧʦʜʣʦʞʢʦʡ, ʘ ʪʘʢʞʝ ʤʝʜʥʳʝ 

ʩʝʪʢʠ ʩ ʧʦʜʜʝʨʞʠʚʘʶʱʠʤ ʫʛʣʝʨʦʜʥʳʤ ʩʣʦʝʤ (Ted Pella). 

3.1.2. ʋʩʣʦʚʠʷ ʩʠʥʪʝʟʦʚ 

ʉʠʥʪʝʟ ʩʦʝʜʠʥʝʥʠʡ ʧʨʦʠʟʚʦʜʠʣʠ ʪʨʘʜʠʮʠʦʥʥʳʤ ʘʤʧʫʣʴʥʳʤ ʤʝʪʦʜʦʤ. ɹʘʟʦʚʘʷ ʤʝʪʦʜʠʢʘ 

ʧʨʝʜʧʦʣʘʛʘʝʪ ʚʟʚʝh ʠʚʘʥʠʝ ʚʝʱʝʩʪʚ ʥʘ ʚʦʟʜʫʭʝ ʠʣʠ ʚ ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʝ (ʘʨʛʦʥ) ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ 

ʩʦ ʩʪʝʭʠʦʤʝʪʨʠʝʡ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ 10-4 ʛ, ʧʦʤʝʱʝʥʠʝ ʚ ʢʚʘʨʮʝʚʳʝ ʘʤʧʫʣʳ, ʦʪʢʘʯʠʚʘʥʠʝ ʚʦʟʜʫʭʘ ʥʘ 

ʚʘʢʫʫʤʥʦʡ ʣʠʥʠʠ ʜʦ ʦʩʪʘʪʦʯʥʦʛʦ ʜʘʚʣʝʥʠʷ 5Ŀ10-3 ʤʙʘʨ (0.5 ʇʘ), ʟʘʧʘʠʚʘʥʠʝ ʘʤʧʫʣ ʠ ʦʪʞʠʛ ʚ 

ʧʨʦʛʨʘʤʤʠʨʫʝʤʦʡ ʵʣʝʢʪʨʦʧʝʯʠ. ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʢʠʥʝʪʠʢʠ ʨʝʘʢʮʠʡ ʦʙʨʘʟʮʳ ʧʦʩʣʝ ʧʝʨʚʦʛʦ 

ʦʪʞʠʛʘ ʧʝʨʝʪʠʨʘʣʠ ʚ ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʝ (ʘʨʛʦʥʦʚʦʤ ʧʝʨʯʘʪʦʯʥʦʤ ʙʦʢʩʝ Spectro-systems, p(H2O, 

O2) < 10-6), ʧʦʩʣʝ ʯʝʛʦ ʧʦʚʪʦʨʥʦ ʠʟʦʣʠʨʦʚʘʣʠ ʦʪ ʚʦʟʜʫʰʥʦʡ ʩʨʝʜʳ ʩ ʧʦʤʦʱʴʶ ʢʚʘʨʮʝʚʳʭ ʘʤʧʫʣ ʠ 

ʦʪʞʠʛʘʣʠ. ɼʣʷ ʨʘʟʣʠʯʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʪʘʨʪʦʚʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʚʳʙʠʨʘʣʠ ʨʘʚʥʫʶ 900ÁC ʜʣʷ 

ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ, ʫʤʝʥʴʰʘʷ ʝʝ, ʝʩʣʠ ʢʦʤʧʦʥʝʥʪʳ ʦʙʨʘʟʫʶʪ ʵʚʪʝʢʪʠʢʠ ʠʣʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʤʘʪʝʨʠʘʣʦʤ ʘʤʧʫʣʳ, ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʪʘʢʞʝ ʙʳʣʦ ʩʚʷʟʘʥʦ ʩ 

ʚʦʟʤʦʞʥʳʤʠ ʦʙʣʘʩʪʷʤʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʮʝʣʝʚʳʭ ʩʦʝʜʠʥʝʥʠʡ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʨʘʚʥʦʚʝʩʠʷ ʚ 

ʥʝʢʦʪʦʨʳʭ ʩʠʩʪʝʤʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠ 3 ʠʣʠ 4 ʦʪʞʠʛʘ. ʊʘʢʞʝ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʢʠʥʝʪʠʢʠ ʧʨʝʚʨʘʱʝʥʠʡ 

ʢ ʜʘʥʥʦʡ ʤʝʪʦʜʠʢʝ ʜʦʙʘʚʣʷʣʠ ʧʨʝʩʩʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ ʚ ʪʘʙʣʝʪʢʠ ʜʠʘʤʝʪʨʦʤ 6 ʤʤ ʧʨʠ ʜʘʚʣʝʥʠʠ 

1200 ʢʛʩ/ʩʤ2 (118 ʄʇʘ). ɼʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʧʨʷʤʦʛʦ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ ʚʝʱʝʩʪʚʘʤʠ ʠ ʘʤʧʫʣʦʡ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʢʦʨʫʥʜʦʚʳʝ ʪʠʛʣʠ ʚʥʫʪʨʠ ʘʤʧʫʣʳ. ɽʱʝ ʦʜʥʦʡ ʤʦʜʠʬʠʢʘʮʠʝʡ ʷʚʣʷʝʪʩʷ ʟʘʢʘʣʢʘ 

ʦʙʨʘʟʮʦʚ ʩ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʚʦʜʫ. ɺ ʥʝʢʦʪʦʨʳʭ ʩʠʩʪʝʤʘʭ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʮʝʣʝʚʳʭ 
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ʩʦʝʜʠʥʝʥʠʡ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʙʠʥʘʨʥʳʝ ʧʨʝʢʫʨʩʦʨʳ ʜʣʷ 

ʫʤʝʥʴʰʝʥʠʷ ʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʢʦʤʧʦʥʝʥʪʦʚ. ɺ ʭʦʜʝ ʩʠʥʪʝʟʘ ʧʨʝʢʫʨʩʦʨʦʚ ʠ ʮʝʣʝʚʳʭ ʬʘʟ 

ʚʘʨʴʠʨʦʚʘʣʠ ʪʘʢʠʝ ʫʩʣʦʚʠʷ ʩʠʥʪʝʟʘ ʢʘʢ ʪʝʤʧʝʨʘʪʫʨʫ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʦʪʞʠʛʘ, ʩʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ, ʘ 

ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʧʨʝʢʫʨʩʦʨʦʚ, ʧʨʝʩʩʦʚʘʥʠʷ ʠ ʠʟʦʣʷʮʠʠ ʟʘ ʩʯʝʪ ʢʦʨʫʥʜʦʚʳʭ ʪʠʛʣʝʡ 

(ʊʘʙʣʠʮʘ 6, ʊʘʙʣʠʮʘ 7). 

ʊʘʙʣʠʮʘ 6 ï ʋʩʣʦʚʠʷ ʩʠʥʪʝʟʘ ʙʠʥʘʨʥʳʭ ʧʨʝʢʫʨʩʦʨʦʚ 

ʉʦʝʜʠʥʝʥʠʝ ʊʝʤʧʝʨʘʪʫʨʘ 

ʦʪʞʠʛʘ, ÁC 

ɼʣʠʪʝʣʴʥʦʩʪʴ 

ʦʪʞʠʛʘ, ʯ 

ʉʢʦʨʦʩʪʴ 

ʥʘʛʨʝʚʘ, ÁC/ʯ 

ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʫʩʣʦʚʠʷ 

MnS 775 120 65  

800 100  

900 75  

MnSe 775 120 65  

800 100  

900 75  

Al2S3 750 120 100 ɻʦʨʠʟʦʥʪʘʣʴʥʦʝ 

ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʘʤʧʫʣ 

775 65 ɼʦʧʦʣʥʠʪʝʣʴʥʦʝ 

ʚʳʜʝʨʞʠʚʘʥʠʝ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

500 ÁC ʚ ʪʝʯʝʥʠʝ 

18 ʯʘʩʦʚ 

Al2Se3 750 120 100  

775 65 ɼʦʧʦʣʥʠʪʝʣʴʥʦʝ 

ʚʳʜʝʨʞʠʚʘʥʠʝ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

500 ÁC ʚ ʪʝʯʝʥʠʝ 

18 ʯʘʩʦʚ 

Ga2S3 1100 24 100  

In2Se3 750 120 100  

800 60 100  

ɺʚʠʜʫ ʚʦʟʤʦʞʥʦʩʪʠ ʭʠʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʦʩʪʳʭ ʚʝʱʝʩʪʚ ʠ ʩʦʝʜʠʥʝʥʠʡ ʩʠʩʪʝʤ 

Al-S ʠ Al-Se ʩ SiO2 (ʤʘʪʝʨʠʘʣʦʤ ʘʤʧʫʣ), ʩʠʥʪʝʟ ʩʫʣʴʬʠʜʘ ʠ ʩʝʣʝʥʠʜʘ ʘʣʶʤʠʥʠʷ ʧʨʠʰʣʦʩʴ 

ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ. ʊʝʤʧʝʨʘʪʫʨʫ ʩʠʥʪʝʟʘ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʦʥʠʟʠʣʠ ʜʦ 750-775 ÁC ʪʘʢʞʝ ʠʟ-ʟʘ 
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ʦʙʨʘʟʦʚʘʥʠʷ ʧʣʘʚʘ ʠ ʩʣʦʞʥʦʩʪʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ. ɸʤʧʫʣʳ, 

ʩʦʜʝʨʞʘʱʠʝ ʘʣʶʤʠʥʠʡ ʩ ʩʝʨʦʡ, ʚʟʨʳʚʘʣʠʩʴ ʧʨʠ ʩʠʥʪʝʟʝ ʠʟ-ʟʘ ʨʝʟʢʦʛʦ ʧʦʚʳʰʝʥʠʷ ʧʘʨʮʠʘʣʴʥʦʛʦ 

ʜʘʚʣʝʥʠʷ ʧʘʨʦʚ ʩʝʨʳ ʚʦ ʚʨʝʤʷ ʨʝʘʢʮʠʠ. ɼʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʤʳ ʧʨʝʜʣʦʞʠʣʠ 

ʠʩʢʣʶʯʠʪʴ ʧʨʷʤʦʡ ʪʚʝʨʜʦʬʘʟʥʳʡ ʢʦʥʪʘʢʪ ʤʝʞʜʫ ʩʝʨʦʡ ʠ ʘʣʶʤʠʥʠʝʤ, ʜʣʷ ʵʪʦʛʦ ʨʘʩʧʦʣʘʛʘʣʠ 

ʘʤʧʫʣʳ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʧʦʣʦʞʝʥʠʠ, ʘʣʴʪʝʨʥʘʪʠʚʥʳʤ ʨʝʰʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ 

ʚʳʜʝʨʞʠʚʘʥʠʝ ʘʤʧʫʣʳ ʩ ʨʝʘʛʝʥʪʘʤʠ ʧʨʠ 500 ÁC ʚʦ ʚʨʝʤʷ ʦʪʞʠʛʘ, ʧʨʠ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ 

ʧʝʨʚʠʯʥʘʷ ʨʝʘʢʮʠʷ ʥʘ ʛʨʘʥʠʮʝ ʬʘʟ, ʯʪʦ ʠʩʢʣʶʯʘʝʪ ʜʘʣʴʥʝʡʰʝʝ ʙʫʨʥʦʝ ʧʨʦʪʝʢʘʥʠʝ ʨʝʘʢʮʠʠ ʤʝʞʜʫ 

ʘʣʶʤʠʥʠʝʤ ʠ ʩʝʨʦʡ. 

ɺ ʩʠʩʪʝʤʝ Ga-S ʪʘʢʞʝ ʧʨʠʣhʦʩʴ ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ ʫʩʣʦʚʠʷ ʩʠʥʪʝʟʘ. ɺ ʣʠʪʝʨʘʪʫʨʝ ʠʟʚʝʩʪʥʳ 

ʤʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ Ga2S3 ʠʩʭʦʜʷ ʠʟ ʨʘʟʥʳʭ ʧʨʝʢʫʨʩʦʨʦʚ ʧʦ ʩʣʝʜʫʶʱʠʤ ʨʝʘʢʮʠʷʤ [180]: 

ςὋὥ σὛ̄́ ̈̃ ̓̏̋̆ ὔ
Ј

ựựựựựựựự ὋὥὛ (14) 

Ὃὥὕ σὌὛ Ȣ̄

Ј  ̘
Ј  ̘

ựựựựựựựựựựự ὋὥὛ σὌὕ (15) 

ςὋὥὕὌ ̒̔Ȣ̖ σὌὛ Ȣ̄
Ј  ̘

ựựựựựựự ὋὥὛ φὌὕ (16) 

ɼʘʥʥʳʝ ʨʝʘʢʮʠʠ ʦʧʠʩʘʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʘʚʥʦ, ʧʦʵʪʦʤʫ ʩ ʫʯʝʪʦʤ ʩʦʚʨʝʤʝʥʥʳʭ 

ʚʦʟʤʦʞʥʦʩʪʝʡ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʘʤʧʫʣʴʥʳʡ ʩʠʥʪʝʟ ʠʟ ʧʨʦʩʪʳʭ ʚʝʱʝʩʪʚ ʚʳʛʣʷʜʠʪ ʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʤ. ɼʣʷ ʦʮʝʥʢʠ ʪʝʤʧʝʨʘʪʫʨʳ ʨʝʘʢʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʬʘʟʦʚʫʶ ʜʠʘʛʨʘʤʤʫ Ga-S[181], ʥʘ 

ʢʦʪʦʨʦʡ ʧʨʠʩʫʪʩʪʚʫʝʪ ʵʚʪʝʢʪʠʢʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 900 ÁC ʜʣʷ ʩʦʦʪʥʦʰʝʥʠ ̫ɻʣʝʤʝʥʪʦʚ 1:1, ʘ ʪʘʢʞʝ 

ʢʦʥʛʨʫɻʥʪʥʦʝ ʧʣʘʚʣʝʥʠʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1120 ÁC ʩʦʩʪʘʚʘ Ga2S3. ʀʩʭʦʜʷ ʠʟ ʵʪʠʭ ʜʘʥʥʳʭ, 

ʪʝʤʧʝʨʘʪʫʨʘ ʩʠʥʪʝʟʘ ʙʳʣʘ ʧʦʚʳʰʝʥʘ ʦʪ 900 ÁC ʜʦ 1000-1100 ÁC. 

ʊʘʙʣʠʮʘ 7 ï ʋʩʣʦʚʠʷ ʩʠʥʪʝʟʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʮʝʣʝʚʳʭ ʩʦʝʜʠʥʝʥʠʡ. 

ʉʦʩʪʘʚ ʊʝʤʧʝʨʘʪʫʨʘ 

ʦʪʞʠʛʘ, ÁC 

ɼʣʠʪʝʣʴʥʦʩʪʴ 

ʦʪʞʠʛʘ, ʯ 

ʉʢʦʨʦʩʪʴ 

ʥʘʛʨʝʚʘ, ÁC/ʯ 

ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʫʩʣʦʚʠʷ 

MnAl2S4 900 120Ĭ3 100 ɻʦʨʠʟʦʥʪʘʣʴʥʦʝ 

ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʘʤʧʫʣ 

900 120 100 ɹʠʥʘʨʥʳʝ 

ʧʨʝʢʫʨʩʦʨʳ, 

ʪʠʛʣʠ 

Mn1-xAl2+xS4 

x = -0.4, -0.2, 0, 0.2, 

0.4 

900 120Ĭ3 100 ɻʦʨʠʟʦʥʪʘʣʴʥʦʝ 

ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʘʤʧʫʣ 
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ʇʨʦʜʦʣʞʝʥʠʝ ʪʘʙʣʠʮ r7 

ʉʦʩʪʘʚ ʊʝʤʧʝʨʘʪʫʨʘ 

ʦʪʞʠʛʘ, ÁC 

ɼʣʠʪʝʣʴʥʦʩʪʴ 

ʦʪʞʠʛʘ, ʯ 

ʉʢʦʨʦʩʪʴ 

ʥʘʛʨʝʚʘ, ÁC/ʯ 

ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʫʩʣʦʚʠʷ 

MnAlGaS4 900 120Ĭ3 50 ɻʦʨʠʟʦʥʪʘʣʴʥʦʝ 

ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʘʤʧʫʣ 

MnGa2S4 900 120Ĭ3 100  

900 120 100 ɹʠʥʘʨʥʳʝ 

ʧʨʝʢʫʨʩʦʨʳ 

MnIn2S4 900 120Ĭ2 100  

MnAl2Se4 900 120Ĭ2 100  

120Ĭ3 100 ʊʠʛʣʠ 

120Ĭ2 100 ʇʨʝʩʩʦʚʘʥʠʝ 

900 (950) 120Ĭ2 (72) 100  

750 (775) 120(120) 100 ʊʠʛʣʠ 

MnGa2Se4 900 120Ĭ2 50  

MnIn2Se4 900 120Ĭ2 100  

120Ĭ3 100  

120Ĭ2 100 ʊʠʛʣʠ 

120Ĭ2 100 ʇʨʝʩʩʦʚʘʥʠʝ 

900 (1000) 120Ĭ2 (120) 100  

MnAl2Te4 750 (775) 120(120) 100 750 (775) 

MnGa2Te4 750 (775) 120(120) 100 750 (775) 

MnIn2Te4 750 (775) 120(120) 100 750 (775) 

Mn2Al2S5 900 120Ĭ2 50 ɻʦʨʠʟʦʥʪʘʣʴʥʦʝ 

ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʘʤʧʫʣ 

120Ĭ3 100 ɻʦʨʠʟʦʥʪʘʣʴʥʦʝ 

ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʘʤʧʫʣ 

120Ĭ2 300 ɿʘʢʘʣʢʘ ʚ ʚʦʜʫ 

120 75 ɹʠʥʘʨʥʳʝ 

ʧʨʝʢʫʨʩʦʨʳ, 

ʧʨʝʩʩʦʚʘʥʠʝ 
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ʇʨʦʜʦʣʞʝʥʠʝ ʪʘʙʣʠʮ r7 

ʉʦʩʪʘʚ ʊʝʤʧʝʨʘʪʫʨʘ 

ʦʪʞʠʛʘ, ÁC 

ɼʣʠʪʝʣʴʥʦʩʪʴ 

ʦʪʞʠʛʘ, ʯ 

ʉʢʦʨʦʩʪʴ 

ʥʘʛʨʝʚʘ, ÁC/ʯ 

ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʫʩʣʦʚʠʷ 

Mn2Al2S5 850 120 100 ɹʠʥʘʨʥʳʝ 

ʧʨʝʢʫʨʩʦʨʳ, 

ʧʨʝʩʩʦʚʘʥʠʝ 

750 (775) 120(120) 100 ɼʦʧʦʣʥʠʪʝʣʴʥʦʝ 

ʚʳʜʝʨʞʠʚʘʥʠʝ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

500 ÁC ʚ ʪʝʯʝʥʠʝ 

18 ʯʘʩʦʚ 

Mn2-xAl2+xS5 

x = -0.4, -0.2, 0, 0.2, 

0.4 

900 120Ĭ3 100 ɻʦʨʠʟʦʥʪʘʣʴʥʦʝ 

ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʘʤʧʫʣ 

Mn2Ga2S5 900 120Ĭ2 100  

Mn2-xCrxGa2S5 

x = 0.25, 0.5, 0.75 

900 120Ĭ3 75  

Mn2Ga2-xCrxS5 

x = 0.25, 0.5, 0.75 

900 120Ĭ3 75  

Mn2Cr2S5 900 120Ĭ3 75  

Mn2In2S5 900 120Ĭ3 50  

Mn2Al2Se5 900 120Ĭ2 100  

120Ĭ3 100  

120Ĭ2 100 ʇʨʝʩʩʦʚʘʥʠʝ 

120Ĭ2 50 ʊʠʛʣʠ 

120Ĭ2 100 ɹʠʥʘʨʥʳʝ 

ʧʨʝʢʫʨʩʦʨʳ 

850 120 100 ʇʨʝʩʩʦʚʘʥʠʝ 

ɹʠʥʘʨʥʳʝ 

ʧʨʝʢʫʨʩʦʨʳ 

750 (775) 120(120) 100 ʊʠʛʣʠ 

Mn2Ga2Se5 900 120Ĭ3 50  

Mn2In2Se5 900 120Ĭ2 100  

120Ĭ3 100  
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ʆʢʦʥʯʘʥʠʝ ʪʘʙʣʠʮ r7 

ʉʦʩʪʘʚ ʊʝʤʧʝʨʘʪʫʨʘ 

ʦʪʞʠʛʘ, ÁC 

ɼʣʠʪʝʣʴʥʦʩʪʴ 

ʦʪʞʠʛʘ, ʯ 

ʉʢʦʨʦʩʪʴ 

ʥʘʛʨʝʚʘ, ÁC/ʯ 

ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʫʩʣʦʚʠʷ 

Mn2In2Se5  120Ĭ3 100 ʇʨʝʩʩʦʚʘʥʠʝ 

850 120 100 ʇʨʝʩʩʦʚʘʥʠʝ 

ɹʠʥʘʨʥʳʝ 

ʧʨʝʢʫʨʩʦʨʳ 

750 (775) 120(120) 100  

300 60 100 ɿʘʢʘʣʢʘ ʚ ʚʦʜʫ 

600 

700 

800 

900 

Mn2Al2Te5 750 (775) 120(120) 100  

Mn2Ga2Te5 750 (775) 120(120) 100  

Mn2In2Te5 750 (775) 120(120) 100  

Mn5Al2S8 900 120Ĭ2 50 ɻʦʨʠʟʦʥʪʘʣʴʥʦʝ 

ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʘʤʧʫʣ 

Mn3Ga2S6 900 120Ĭ2 50  

Mn4Ga2S7 900 120Ĭ2 50  

ɼʣʷ ʚʩʝʭ ʪʨʦʡʥʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʤʘʨʛʘʥʮʘ ʩ ʦʙʱʠʤʠ ʬʦʨʤʫʣʘʤʠ MnB2X4 ʠ Mn2B2X5 

(BIII = Al, Ga, In; X = S, Se, Te) ʧʨʦʠʟʚʦʜʠʣʠʩʴ ʧʦʧʳʪʢʠ ʩʠʥʪʝʟʘ. ʊʘʢʞʝ ʧʨʦʠʟʚʦʜʠʣʩʷ ʧʦʠʩʢ 

ʜʘʣʴʥʝʡʰʠʭ çʛʦʤʦʣʦʛʦʚè ʚ ʥʘʠʙʦʣʝʝ ʩʪʘʙʠʣʴʥʳʭ ʩʠʩʪʝʤʘʭ, ʫʧʦʤʠʥʘʥʠʷ ʢʦʪʦʨʳʭ ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ 

ʣʠʪʝʨʘʪʫʨʝ: Mn3Ga2S6(3MnXĿB2X3)[182,183], Mn4Ga2S7(4MnXĿB2X3), Mn5Al2S8(5MnXĿB2X3). 

ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʟʘʤʝʱʝʥʠʷ Mn ʠ Ga ʥʘ Cr Mn2-xCrxGa2S5 ʠ Mn2Ga2-xCrxS5 (x = 0.25, 0.5, 0.75), ʘ 

ʪʘʢʞʝ ʧʦʪʝʥʮʠʘʣʴʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʧʦʣʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʛʘʣʣʠʷ ʥʘ ʭʨʦʤ Mn2Cr2S5, ʚ ʥʘʠʙʦʣʝʝ 

ʭʠʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʦʤ ʩʦʝʜʠʥʝʥʠʠ ʠʟ ʧʨʝʜʣʦʞʝʥʥʳʭ ï Mn2Ga2S5, ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʚʚʠʜʫ 

ʠʥʪʝʨʝʩʥʳʭ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʘʥʘʣʦʛʠʯʥʳʭ ʟʘʤʝʱʝʥʥʳʭ ʬʘʟ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʛʦʤʦʣʦʛʘ ç124è 

[184]. ʉʦʝʜʠʥʝʥʠʝ MnAlGaS4 ʙʳʣʦ ʩʠʥʪʝʟʠʨʦʚʘʥʦ ʜʣʷ ʧʨʦʚʝʨʢʠ ʚʦʟʤʦʞʥʦʡ ʠʟʦʤʦʨʬʥʦʩʪʠ 

MnAl2S4 ʠ MnGa2S4 ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʦʝʜʠʥʝʥʠʷ ʠʟ ʩʝʤʝʡʩʪʚʘ ç124è FeInGaSe4[154]. 

ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʙʠʥʘʨʥʳʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ, ʚ ʪʨʦʡʥʳʭ ʩʠʩʪʝʤʘʭ Mn-Al-S ʠ Mn-Al-Se 

ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʧʨʝʜʦʪʚʨʘʪʠʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʠʩʭʦʜʥʳʭ ʚʝʱʝʩʪʚ ʩ ʤʘʪʝʨʠʘʣʦʤ ʘʤʧʫʣʳ, 

ʧʦʵʪʦʤʫ ʩʠʥʪʝʟ ʪʨʝʙʦʚʘʣ ʣʠʙʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʧʦʣʫʯʝʥʠʷ ʙʠʥʘʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʣʠʙʦ 
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ʩʪʫʧʝʥʯʘʪʦʛʦ ʥʘʛʨʝʚʘ ʥʝʙʦʣʴʰʠʭ ʤʘʩʩ ʨʝʘʛʝʥʪʦʚ, ʣʠʙʦ ʠʩʢʣʶʯʝʥʠʝ ʢʦʥʪʘʢʪʘ ʟʘ ʩʯʝʪ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʘʤʧʫʣ. ʅʝʠʟʙʝʞʥʦ ʯʘʩʪʴ ʩʫʣʴʬʠʜʘ ʘʣʶʤʠʥʠʷ ʚʦʩʩʪʘʥʘʚʣʠʚʘʣʘ 

ʢʨʝʤʥʠʡ, ʧʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʧʨʦʚʝʨʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟ ʩʦ ʩʤʝʱʝʥʥʦʡ 

ʩʪʝʭʠʦʤʝʪʨʠʝʡ ʤʝʞʜʫ ʢʘʪʠʦʥʘʤʠ Mn1-xAl2+xS4 ʠ Mn2-xAl2+xS5 (x = -0.4, -0.2, 0, 0.2, 0.4) ʜʣʷ ʩʝʤʝʡʩʪʚ 

ç124è ʠ ç225è. ʇʨʠ ʵʪʦʤ ʙʦʣʴʰʠʥʩʪʚʦ ʩʠʥʪʝʟʦʚ ʠʟ ʙʠʥʘʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʨʠʰʣʦʩʴ ʚʳʧʦʣʥʷʪʴ 

ʣʠʙʦ ʚ ʪʠʛʣʷʭ ʚʥʫʪʨʠ ʘʤʧʫʣʳ, ʣʠʙʦ ʠʩʧʦʣʴʟʫʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʩʧʨʝʩʩʦʚʘʥʥʳʝ ʪʘʙʣʝʪʢʠ ʜʣʷ 

ʫʤʝʥʴʰʝʥʠʷ ʧʣʦʱʘʜʠ ʩʦʧʨʠʢʦʩʥʦʚʝʥʠʷ ʩ ʢʚʘʨʮʝʤ ʠ ʫʚʝʣʠʯʝʥʠʷ ʢʠʥʝʪʠʢʠ ʮʝʣʝʚʳʭ ʨʝʘʢʮʠʡ. 

ʇʦʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʠʥʪʝʟʘ ʚ ʩʠʩʪʝʤʘʭ Mn-Al-S ʠ Mn-Al-Se ʩʚʷʟʘʥʦ ʩ ʫʤʝʥʴʰʝʥʠʝʤ 

ʣʝʪʫʯʝʩʪʠ ʢʦʤʧʦʥʝʥʪʦʚ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʣʠʷʥʠʝʤ ʧʦʙʦʯʥʳʭ ʨʝʘʢʮʠʡ, ʘ ʪʘʢʞʝ ʚʦ ʠʟʙʝʞʘʥʠʝ 

ʧʣʘʚʣʝʥʠʷ, ʢʦʪʦʨʦʝ ʯʘʩʪʦ ʙʳʚʘʝʪ ʧʝʨʠʪʝʢʪʠʯʝʩʢʠʤ, ʢʘʢ ʚ ʩʠʩʪʝʤʝ Mn-In-Se[175]. 

ʄʦʥʦʢʨʠʩʪʘʣʣ rʮʝʣʝʚʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʦʣʫʯʘʣʠ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʯʝʨʝʟ 

ʛʘʟʦʚʫʶ ʬʘʟʫ. ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʵʪʦʛʦ ʤʝʪʦʜʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʢʚʘʨʮʝʚʳʝ ʘʤʧʫʣʳ ʜʣʠʥʦʡ 25 ʩʤ ʠ 

ʦʙʲʝʤʦʤ 12 ʤʣ, ʚ ʢʦʪʦʨʳʝ ʧʦʤʝʱʘʣʠ 0.3-1.7 ʛ ʮʝʣʝʚʦʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʠ ʜʦʙʘʚʣʷʣʠ 

10-162 ʤʛ ʚʝʱʝʩʪʚʘ-ʛʘʟʦʚʦʛʦ ʧʝʨʝʥʦʩʯʠʢʘ: I2, HgI2, Hg2Cl2, S. ʆʪʞʠʛ ʜʘʥʥʳʭ ʦʙʨʘʟʮʦʚ 

ʧʨʦʠʟʚʦʜʠʣʩʷ ʚ ʪʝʯʝʥʠʝ 7-28 ʜʥʝʡ ʚ ʜʚʫʭʟʦʥʥʳʭ ɻ ʣʝʢʪʨʦʧʝʯʘʭ, ʩʦʟʜʘʶʱʠʭ ʥʘ ʢʨʘʷʭ ʘʤʧʫʣʳ 

ʛʨʘʜʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨ 50-100ÁC. ɹʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʧʨʷʤʦʡ ʭʠʤʠʯʝʩʢʠʡ ʪʨʘʥʩʧʦʨʪ, ʧʨʠ ʢʦʪʦʨʦʤ 

ʠʩʭʦʜʥʦʝ ʚʝʱʝʩʪʚʦ ʥʘʭʦʜʠʪʩʷ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʘ ʟʦʥʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ï ʧʨʠ 

ʧʦʥʠʞʝʥʥʦʡ. ɼʣʷ ʯʘʩʪʠ ʩʦʝʜʠʥʝʥʠʡ ʪʘʢʞʝ ʚʳʧʦʣʥʷʣʠ ʨʦʩʪ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ 

ʫʩʣʦʚʠʷʭ ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʇʨʠ ʩʠʥʪʝʟʝ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʠʟʤʝʥʷʣʠ ʪʘʢʠʝ ʫʩʣʦʚʠʷ ʢʘʢ 

ʪʝʤʧʝʨʘʪʫʨʫ, ʛʨʘʜʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨ, ʤʘʩʩʫ ʚʝʱʝʩʪʚʘ-ʧʝʨʝʥʦʩʯʠʢʘ, ʘ ʪʘʢʞʝ ʜʣʠʪʝʣʴʥʦʩʪʴ ʦʪʞʠʛʘ 

(ʊʘʙʣʠʮʘ 8). 

ʊʘʙʣʠʮʘ 8 ï ʋʩʣʦʚʠʷ ʩʠʥʪʝʟʘ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʮʝʣʝʚʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʉʦʩʪʘʚ ʊʝʤʧʝʨʘʪʫʨʳ 

ʛʦʨʷʯʝʡ ʠ 

ʭʦʣʦʜʥʦʡ 

ʟʦʥʳ ʧʝʯʠ, 

ÁC 

ɻʨʘʜʠʝʥʪ 

ʪʝʤʧʝʨʘʪʫʨʳ, 

ÁC/ʤ 

ʉʦʦʪʥʦʰʝʥʠʝ ʤʘʩʩ 

ʩʦʝʜʠʥʝʥʠʷ ʠ ʚʝʱʝʩʪʚʘ-

ʛʘʟʦʚʦʛʦ ʧʝʨʝʥʦʩʯʠʢʘ, ʤʛ 

ɼʣʠʪʝʣʴʥʦʩʪʴ 

ʦʪʞʠʛʘ, ʜʥ. 

MnAl2S4 850-950 400 899 + 12.7 (HgI2) 14 

MnAl2Se4 850-950 400 663 + 15.5 (HgI2) 14 

900 0 900 + 15 (HgI2) 14 

MnIn2Se4 950-1050 400 300 + 14.9 (I2) 7 

900 0 300 + 15.1 (HgI2) 14 

500 + 15 (HgI2) 14 

Mn2Al2S5 900 0 1696 + 14.9 (HgI2) 14 
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ʆʢʦʥʯʘʥʠʝ ʪʘʙʣʠʮ r8 

ʉʦʩʪʘʚ ʊʝʤʧʝʨʘʪʫʨʳ 

ʛʦʨʷʯʝʡ ʠ 

ʭʦʣʦʜʥʦʡ 

ʟʦʥʳ ʧʝʯʠ, 

ÁC 

ɻʨʘʜʠʝʥʪ 

ʪʝʤʧʝʨʘʪʫʨʳ, 

ÁC/ʤ 

ʉʦʦʪʥʦʰʝʥʠʝ ʤʘʩʩ 

ʩʦʝʜʠʥʝʥʠʷ ʠ ʚʝʱʝʩʪʚʘ-

ʛʘʟʦʚʦʛʦ ʧʝʨʝʥʦʩʯʠʢʘ, ʤʛ 

ɼʣʠʪʝʣʴʥʦʩʪʴ 

ʦʪʞʠʛʘ, ʜʥ. 

Mn2Ga2S5 700-800 400 300 + 53.1 (HgI2)* 14 

300 + 29 (S)* 14 

300 + 11 (Hg2Cl2) 14 

800-850 200 400 + 15 (HgI2) 20 

400 + 30 (HgI2)* 20 

300 + 54 (HgI2)* 20 

300 + 108 (HgI2)* 14 

300 + 162 (HgI2)* 14 

950-1050 400 540 + 10 (HgI2) 7 

900 0 500 + 15.1 (HgI2) 14 

Mn2Al2Se5 850-950 400 1111 + 18.9 (HgI2) 14 

Mn2In2Se5 950-1050 400 300 + 15.4 (I2) 7 

900 0 500 + 15 (HgI2) 14 

*ɿʥʘʯʠʪʝʣʴʥʘʷ ʜʦʣʷ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʘʛʝʥʪʘ (> 5%) ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʦʩʥʦʚʥʦʡ ʬʘʟʝ ʩʚʷʟʘʥʘ ʩ 

ʧʦʠʩʢʦʤ ʦʧʪʠʤʘʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʝʱʝʩʪʚʘ-ʛʘʟʦʚʦʛʦ ʧʝʨʝʥʦʩʯʠʢʘ, ʯʪʦ ʦʧʠʩʘʥʦ ʙʦʣʝʝ 

ʧʦʜʨʦʙʥʦ ʚ ʦʩʥʦʚʥʦʤ ʪʝʢʩʪʝ 

3.2. ʇʨʦʙʦʧʦʜʛʦʪʦʚʢʘ, ʘʥʘʣʠʟ ʭʠʤʠʯʝʩʢʠʭ ʠ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʍʨʘʥʝʥʠʝ ʦʙʨʘʟʮʦʚ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʚ ʘʨʛʦʥʦʚʦʤ ʧʝʨʯʘʪʦʯʥʦʤ ʙʦʢʩʝ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ 

ʧʦʙʦʯʥʳʭ ʨʝʘʢʮʠʡ ʩ ʧʘʨʘʤʠ ʚʦʜʳ ʠʣʠ ʢʠʩʣʦʨʦʜʦʤ ʥʘ ʚʦʟʜʫʭʝ. ɼʣʷ ʠʟʫʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ 

ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʜʠʬʨʘʢʮʠʠ ʩ ʧʦʤʦʱʴʶ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʦʙʨʘʟʮʳ 

ʟʘʧʘʠʚʘʣʠ ʚ ʚʘʢʫʫʤʠʨʦʚʘʥʥʳʝ ʢʚʘʨʮʝʚʳʝ ʘʤʧʫʣʳ ʠ ʚʩʢʨʳʚʘʣʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʝʨʝʜ 

ʠʟʤʝʨʝʥʠʝʤ. ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʥʘ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʧʦʨʦʰʢʦʚʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ ʜʣʷ ʫʪʦʯʥʝʥʠʷ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʳ ʟʘʢʨʝʧʣʷʣʠ ʤʝʞʜʫ ʜʚʫʭ ʤʘʡʣʘʨʦʚʳʭ ʧʣʝʥʦʢ ʚ ʠʥʝʨʪʥʦʡ 

ʘʪʤʦʩʬʝʨʝ ʥʘ ʜʝʨʞʘʪʝʣʝ ʠʣʠ ʟʘʧʘʠʚʘʣʠ ʚ ʪʦʥʢʠʡ ʢʚʘʨʮʝʚʳʡ ʢʘʧʠʣʣʷʨ ʜʠʘʤʝʪʨʦʤ 0.4 ʤʤ, ʜʣʷ 

ʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ï ʟʘʱʠʱʘʣʠ ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʘ ʩ ʧʦʤʦʱʴʶ ʮʘʧʦʥ-ʣʘʢʘ. ʕʢʩʧʝʨʠʤʝʥʪ ʧʦ 

ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʩ ʥʘʛʨʝʚʘʥʠʝʤ in situ (ʜʘʣʝʝ çin situ ɻ ʢʩʧʝʨʠʤʝʥʪè) 

ʧʨʦʚʦʜʠʣʠ ʚ ʪʦʢʝ ʘʨʛʦʥʘ ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʳ. 
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ɾʠʜʢʦʩʪʥʫʶ ʵʢʩʬʦʣʠʘʮʠʶ ʚʳʧʦʣʥʷʣʠ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Mn2Ga2S5. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʪʱʘʪʝʣʴʥʦ ʧʝʨʝʪʝʨʪʳʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʦʙʨʘʟʝʮ 

ʤʘʩʩʦʡ 10 ʤʛ ʧʦʤʝʱʘʣʠ ʚ 10 ʤʣ ʛʝʧʪʘʥʘ, ʜʠʦʢʩʘʥʘ ʠʣʠ ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥʘ, ʧʦʩʣʝ ʯʝʛʦ ʧʦʜʚʝʨʛʘʣʠ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʤʫ ʦʙʣʫʯʝʥʠʶ (ʤʦʱʥʦʩʪʴ 60 ɺʪ, ʯʘʩʪʦʪʘ 40 ʢɻʮ) ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥʫʪ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 40 ÁC, ʜʘʣʝʝ ʚʳʜʝʨʞʠʚʘʣʠ ʦʙʨʘʟʝʮ ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥʫʪ, ʨʘʟʙʘʚʣʷʣʠ ʚ ʦʪʥʦʰʝʥʠʠ 1:25 

ʧʦ ʦʙʲʝʤʫ ʪʝʤ ʞʝ ʨʘʩʪʚʦʨʠʪʝʣʝʤ, ʧʦʩʣʝ ʯʝʛʦ ʧʦʚʪʦʨʷʣʠ ʧʨʦʮʝʜʫʨʫ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 

ʇʦʣʫʯʝʥʥʫʶ ʚʟʚʝʩʴ ʠʣʠ ʢʦʣʣʦʠʜʥʳʡ ʨʘʩʪʚʦʨ ʥʘʢʘʧʳʚʘʣʠ ʧʦʨʮʠʷʤʠ ʧʦ 0.2 ʤʣ ʨʘʟ ʚ ʤʠʥʫʪʫ ʥʘ 

ʧʦʜʣʦʞʢʠ 5 ʨʘʟ. ɸʥʘʣʦʛʠʯʥʘʷ ʧʨʦʙʦʧʦʜʛʦʪʦʚʢʘ ʚʳʧʦʣʥʷʣʘʩʴ ʚ ʩʨʝʜʝ ʛʝʢʩʘʥʘ ʜʣʷ ʦʙʨʘʟʮʦʚ 

MnAl2S4, MnAl2Se4 ʠ Mn2Ga2S5 ʩ ʥʘʥʝʩʝʥʠʝʤ ʥʘ ʤʝʜʥʳʝ ʧʨʦʚʦʜʷʱʠʝ ʩʝʪʢʠ ʩ ʧʦʜʜʝʨʞʠʚʘʶʱʠʤ 

ʫʛʣʝʨʦʜʥʳʤ ʩʣʦʝʤ (Ted Pella) ʜʣʷ ʠʟʫʯʝʥʠʷ ʥʘ ʧʨʦʩʚʝʯʠʚʘʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ. 

ʀʟʤʝʨʝʥʠʷ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʚʳʧʦʣʥʷʣʠ ʥʘ ʯʝʪʳʨʝʭ 

ʜʠʬʨʘʢʪʦʤʝʪʨʘʭ: 

¶ STOE STADI IP (Cu KŬ1 ʠʟʣʫʯʝʥʠʝ ɚ = 1.5406 ¡, Ge111 ʤʦʥʦʭʨʦʤʘʪʦʨ, 2ɗ = 3-85Á, 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʡ ʜʝʪʝʢʪʦʨ image plate, ʛʝʦʤʝʪʨʠʷ ɼʝʙʘʷ-ʐʝʨʨʝʨʘ, ʚʨʘʱʘʶʱʠʡʩʷ 

ʜʝʨʞʘʪʝʣʴ, ʤʦʱʥʦʩʪʴ 40ʢɺĿ30ʤɸ = 1200 ɺʪ) 

¶ STOE STADI P (Co KŬ1 ʠʟʣʫʯʝʥʠʝ ɚ = 1.78892 ¡, Ge111 ʤʦʥʦʭʨʦʤʘʪʦʨ, 2ɗ = 5-110Á, 

ʩʮʠʥʪʠʣʣʷʮʠʦʥʥʳʡ ʜʝʪʝʢʪʦʨ, ʛʝʦʤʝʪʨʠʷ ɼʝʙʘʷ-ʐʝʨʨʝʨʘ, ʚʨʘʱʘʶʱʠʡʩʷ ʜʝʨʞʘʪʝʣʴ, 

ʤʦʱʥʦʩʪʴ 40ʢɺĿ35ʤɸ = 1400 ɺʪ) 

¶ Huber G670 ɻʠʥʴʝ ʢʘʤʝʨʘ (Cu KŬ1 ʠʟʣʫʯʝʥʠʝ ɚ = 1.5406 ¡, Ge111 ʤʦʥʦʭʨʦʤʘʪʦʨ, 2ɗ = 

3-100.3Á, ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʡ ʜʝʪʝʢʪʦʨ image plate, ʢʘʯʘʶʱʠʡʩʷ ʜʝʨʞʘʪʝʣʴ, 

ʤʦʱʥʦʩʪʴ 40ʢɺĿ30ʤɸ = 1200 ɺʪ) 

¶ Bruker D8 Advance (Cu KŬ1,2 ʠʟʣʫʯʝʥʠʝ ɚ = 1.5418 ¡, Kɓ ʬʠʣʴʪʨ ʥʘ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʤ 

ʧʫʯʢʝ, 2ɗ = 5-102Á, ʧʦʟʠʮʠʦʥʥʦ ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʜʝʪʝʢʪʦʨ LYNXEYE, ʛʝʦʤʝʪʨʠʷ 

ɹʨʵʛʛʘ-ɹʨʝʥʪʘʥʦ ʠ ɼʝʙʘʷ-ʐʝʨʨʝʨʘ, ʚʨʘʱʘʶʱʠʡʩʷ ʜʝʨʞʘʪʝʣʴ, ʤʦʱʥʦʩʪʴ 40ʢɺĿ40ʤɸ = 

1600 ɺʪ), ʦʩʥʘʱʝʥʥʳʡ ʧʨʠʩʪʘʚʢʦʡ XRK900 ʜʣʷ çin situ ɻ ʢʩʧʝʨʠʤʝʥʪʘè ʥʘʛʨʝʚʘʥʠʷ 

ʦʙʨʘʟʮʦʚ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 25-900 Áʉ ʚ ʚʳʙʨʘʥʥʦʡ ʛʘʟʦʚʦʡ ʘʪʤʦʩʬʝʨʝ. 

ʀʟʤʝʨʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʨʠʩʪʘʚʢʠ XRK900 ʧʨʦʚʦʜʠʣʠ ʙʝʟ 

ʚʨʘʱʝʥʠʷ ʦʙʨʘʟʮʘ ʚ ʪʦʢʝ ʘʨʛʦʥʘ ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʳ. 

ʈʘʩʪʨʦʚʫʶ ʵʣʝʢʪʨʦʥʥʫʶ ʤʠʢʨʦʩʢʦʧʠʶ ʩ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ ʧʨʦʚʦʜʠʣʠ ʥʘ ʵʣʝʢʪʨʦʥʥʳʭ ʤʠʢʨʦʩʢʦʧʘʭ: 

¶ JSM JEOL6490-LV ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 20, 30 ʢɺ ʩ ʜʝʪʝʢʪʦʨʘʤʠ ʦʪʨʘʞʝʥʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ (SE), ʚʥʫʪʨʠʣʠʥʟʦʚʳʤ (InLense) ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ 

ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʪʦʧʦʛʨʘʬʠʯʝʩʢʦʛʦ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʢʦʥʪʨʘʩʪʘ (BSD), ʘ ʪʘʢʞʝ ʩ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʤ ʜʝʪʝʢʪʦʨʦʤ INCA-xSight ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 
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¶ Carl Zeiss Leo SUPRA 50 VP ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 20, 30 ʢɺ ʩ ʜʝʪʝʢʪʦʨʘʤʠ 

ʦʪʨʘʞʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʜʣʷ ʚʘʢʫʫʤʘ (SE) ʠ ʚ ʩʨʝʜʝ ʘʟʦʪʘ (VPSE), ʚʥʫʪʨʠʣʠʥʟʦʚʳʤ 

(InLense) ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʪʦʧʦʛʨʘʬʠʯʝʩʢʦʛʦ ʠ 

ʭʠʤʠʯʝʩʢʦʛʦ ʢʦʥʪʨʘʩʪʘ (QBSD), ɻʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʤ ʜʝʪʝʢʪʦʨʦʤ INCA 

ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʚʢʣʘʜʘ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʭ ʧʦʛʨʝʰʥʦʩʪʝʡ ʧʨʠ ʨʘʩʯʝʪʝ ʩʦʦʪʥʦʰʝʥʠʷ 

ʵʣʝʤʝʥʪʦʚ ʩ ʧʦʤʦʱʴʶ ʈʉʤɸ ʧʝʨʝʜ ʠʟʤʝʨʝʥʠʝʤ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʩʧʨʝʩʩʦʚʳʚʘʣʠ ʚ 

ʪʘʙʣʝʪʢʠ ʚ ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʝ. ʂʘʣʠʙʨʦʚʢʫ ʵʣʝʢʪʨʦʥʥʦʡ ʪʨʫʙʢʠ ʚʳʧʦʣʥʷʣʠ ʧʦ ʢʦʙʘʣʴʪʦʚʦʤʫ 

ʩʪʘʥʜʘʨʪʫ. ɼʣʷ ʙʦʣʝʝ ʪʦʯʥʳʭ ʠʟʤʝʨʝʥʠʡ ʧʝʨʝʜ ʥʝʢʦʪʦʨʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʩʧʝʢʪʨʳ ʩʪʘʥʜʘʨʪʦʚ Mn, Al2O3, GaP, InAs, FeS2, Se (MAC Analytical) ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ Mn, Al, Ga, In, S, Se ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʚʳʧʦʣʥʷʣʘʩʴ ʥʘ ʤʠʢʨʦʩʢʦʧʝ JEOL JEM-2100 

UHR ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 200 ʢɺ. ɿʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʢʘʨʪʠʥʳ ʜʠʬʨʘʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ 

ʩ ʚʳʙʨʘʥʥʦʡ ʦʙʣʘʩʪʠ (SAD) ʢʘʣʠʙʨʦʚʘʣʠ ʧʦ ʩʪʘʥʜʘʨʪʥʦʤʫ ʦʙʨʘʟʮʫ ʠʟ ʟʦʣʦʪʘ. 

ɸʪʦʤʥʦ-ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʚʳʧʦʣʥʷʣʘʩʴ ʥʘ NTEGRA Aura (ʅʊ-ʄɼʊ) ʚ ʧʦʣʫʢʦʥʪʘʢʪʥʦʤ 

ʨʝʞʠʤʝ. 

ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʘʷ ʩʢʘʥʠʨʫʶʱʘʷ ʢʘʣʦʨʠʤʝʪʨʠʷ (ɼʉʂ) ʠ ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ 

(ʊɻɸ) ʚʳʧʦʣʥʷʣʠ ʥʘ ʩʠʥʭʨʦʥʥʦʤ ʪʝʧʣʦʚʦʤ ʘʥʘʣʠʟʘʪʦʨʝ NETZSCH STA 449 F3 Jupiter ʚ 

ʛʘʟʦʧʨʦʜʫʚʥʦʤ ʪʦʢʝ ʘʨʛʦʥʘ ʩʦ ʩʢʦʨʦʩʪʴʶ 240ʤʣ/ʤʠʥ. ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 400-900 ÁC ʠ 

ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ 3, 10 ÁC/ʤʠʥ. ʆʢʠʩʣʠʪʝʣʴʥʳʡ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʡ ʪʝʨʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ (ɼʊɸ) ʠ 

ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠ ʁ(ʊɻ) ʧʨʦʚʦʜʠʣʠ ʥʘ ʜʝʨʠʚʘʪʦʛʨʘʬʝ Q-1500 D ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 25-900 ÁC 

ʧʨʠ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ 10 ÁC/ʤʠʥ ʥʘ ʚʦʟʜʫʭʝ. 

ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʠʟʤʝʨʷʣʠ ʥʘ 

ʤʘʛʥʠʪʦʤʝʪʨʝ MPMS-XL5 SQUID (Quantum Design). ʄʦʥʦʢʨʠʩʪʘʣʣʳ ʫʩʪʘʥʘʚʣʠʚʘʣʠ ʥʘ 

ʜʝʨʞʘʪʝʣʴ ʚ ʜʚʫʭ ʦʨʠʝʥʪʘʮʠʷʭ ʧʘʨʘʣʣʝʣʴʥʦ ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʤʫ 

ʥʘʧʨʘʚʣʝʥʠʶ [001]. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʚ ʨʝʞʠʤʘʭ ʦʭʣʘʞʜʝʥʠʷ ʚ ʥʫʣʝʚʦʤ ʧʦʣʝ (ZFC) ʠ ʧʨʠ 

ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ (FC). ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʤʝʨʷʣʠ ʦʪ 2K ʜʦ 

300K ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ 0.01, 0.1, 1, 5 ʊʣ, ʘ ʧʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ï ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 2, 6, 10, 20, 

50, 100, 200, 300 K ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʦʪ -5 ʜʦ 5 ʊʣ. 

ʆʙʨʘʙʦʪʢʫ ʜʘʥʥʳʭ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʠ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʠʟʦʙʨʘʞʝʥʠʡ 

ʚʳʧʦʣʥʷʣʠ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤ WinXPow, Jana2006, PCD, Vesta, Diamond 3.2, Excel ʩ VBA. 

ɸʥʘʣʠʟ ʠʟʦʙʨʘʞʝʥʠʡ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʧʨʦʚʦʜʠʣʠ ʚ ʧʨʦʛʨʘʤʤʥʦʤ 

ʧʘʢʝʪʝ ImageJ, ʘ ʦʙʨʘʙʦʪʢʫ ʜʘʥʥʳʭ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ï ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ 

Gwyddion. ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʤʘʛʥʠʪʥʳʭ ʠʟʤʝʨʝʥʠʡ ʚʳʧʦʣʥʷʣʠ ʚ ʧʨʦʛʨʘʤʤʝ Origin-2016. 

ʋʪʦʯʥʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ ʚʳʧʦʣʥʷʣʠ ʚ ʧʨʦʛʨʘʤʤʝ 

Jana2006. ɼʣʷ MnAl2S4 ʠ MnAl2Se4 ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʪʨʫʢʪʫʨʥʳʝ ʜʘʥʥʳʝ MgAl2Se4[152] ʚ ʢʘʯʝʩʪʚʝ 
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ʩʪʘʨʪʦʚʦʡ ʤʦʜʝʣʠ, ʘ ʜʣʷ Mn2Al2S5, Mn2Ga2S5 ʠ Mn2Al2Se5 ï ʩʪʨʫʢʪʫʨʥʳʝ ʜʘʥʥʳʝ Mg2Al2Se5[152]. 

ʋʪʦʯʥʝʥʠʝ ʧʨʦʚʦʜʠʣʠ ʚ ʠʟʦʪʨʦʧʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʪʝʧʣʦʚʳʭ ʢʦʣʝʙʘʥʠʡ ʘʪʦʤʦʚ. ʉʤʝʰʘʥʥʫʶ 

ʟʘʩʝʣʝʥʥʦʩʪʴ ʢʘʪʠʦʥʥʳʭ ʧʦʟʠʮʠʡ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʥʘ ʦʩʥʦʚʝ ʚʝʣʠʯʠʥ ʧʘʨʘʤʝʪʨʦʚ ʪʝʧʣʦʚʦʛʦ 

ʩʤʝʱʝʥʠʷ ʘʪʦʤʦʚ ʚ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ ʩ ʦʢʪʘʵʜʨʠʯʝʩʢʠʤ ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʤ 

ʦʢʨʫʞʝʥʠʝʤ ʘʪʦʤʦʚ ʭʘʣʴʢʦʛʝʥʘ ʠ ʫʪʦʯʥʷʣʠ ʩ ʧʦʤʦʱʴʶ ʦʜʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʟʘʩʝʣʝʥʥʦʩʪʠ, ʬʠʢʩʠʨʫʷ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʩʦʝʜʠʥʝʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʦʬʠʣʴʥʦʡ ʬʫʥʢʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʬʫʥʢʮʠʶ 

ʃʦʨʝʥʮʘ ʠʣʠ ʌʦʛʪʘ. ʌʦʥ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʧʦʣʠʥʦʤʦʚ ʏʝʙʳʰʝʚʘ ʩ 7-15 

ʧʘʨʘʤʝʪʨʘʤʠ. ɸʩʠʤʤʝʪʨʠʶ ʧʠʢʦʚ ʫʪʦʯʥʷʣʠ ʩ ʧʦʤʦʱʴʶ ʢʦʨʨʝʢʮʠʠ ʧʦ ʨʘʩʭʦʞʜʝʥʠʷʤ (correction 

by divergence). ɺʢʣʘʜ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʠʪʦʚ ʫʯʠʪʳʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʦʜʥʦ- 

ʠ ʜʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʄʘʨʯʘ-ɼʦʣʣʘʩʘ, ʚ ʢʦʪʦʨʦʡ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠ (001). 

3.3. ʈʝʟʫʣʴʪʘʪʳ ʩʠʥʪʝʟʦʚ 

3.3.1. ʌʘʟʦʚʳʡ ʘʥʘʣʠʟ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʙʳʣʠ ʫʩʪʘʥʦʚʣʝʥʳ ʦʙʨʘʟʫʶʱʠʝʩʷ ʚ ʭʦʜʝ 

ʩʠʥʪʝʟʘ ʬʘʟʳ (ʊʘʙʣʠʮʘ 9). ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʳʭ ʧʨʠʤʝʩʝʡ ʜʣʷ ʩʝʤʝʡʩʪʚʘ ç124è ʥʘʙʣʶʜʘʣʠʩʴ 

ʙʠʥʘʨʥʳʝ ʭʘʣʴʢʦʛʝʥʠʜʳ MIIX ʠ MIII2X3, ʘ ʜʣʷ ʩʝʤʝʡʩʪʚʘ ç225è ʢʨʦʤʝ ʙʠʥʘʨʥʳʭ ʧʨʠʤʝʩʝʡ ʠʥʦʛʜʘ 

ʥʘʙʣʶʜʘʣʦʩʴ ʩʦʜʝʨʞʘʥʠʝ ʛʦʤʦʣʦʛʘ ç124è. 

ʇʨʠ ʩʠʥʪʝʟʝ ʮʝʣʝʚʳʭ ʩʦʩʪʘʚʦʚ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʥʦʚʳʝ ʩʦʝʜʠʥʝʥʠʷ ʠʣʠ ʧʦʣʠʤʦʨʬʥʳʝ 

ʤʦʜʠʬʠʢʘʮʠʠ ʩʦ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʦʡ: MnAl2S4, MnAl2Se4, Mn2Al2S5, Mn2Ga2S5, Mn2Al2Se5, 

Mn2In2Se5. ʇʨʠ ʵʪʦʤ, ʩʪʨʫʢʪʫʨʘ ʥʝʢʦʪʦʨʳʭ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʫʞʝ ʙʳʣʘ ʠʟʚʝʩʪʥʘ ʚ 

ʣʠʪʝʨʘʪʫʨʝ: MnGa2S4, MnIn2S4, MnGa2Se4, MnIn2Se4, MnGa2Te4, MnIn2Te4. ʅʝʢʦʪʦʨʳʝ ʩʦʝʜʠʥʝʥʠʷ 

ʥʝ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʧʨʠ ʚʳʙʨʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʩʠʥʪʝʟʘ: MnAl2Te4, Mn2Cr2S5, Mn2In2S5, 

Mn2Ga2Se5, Mn2Al2Te5, Mn2Ga2Te5, Mn2In2Te5, Mn5Al2S8, Mn3Ga2S6, Mn4Ga2S7. 

ɼʣʷ ʧʨʝʜʧʦʣʘʛʘʝʤʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʠʣʠ ʪʦʯʝʯʥʳʭ ʬʘʟ Mn1-xAl2+xS4 ʠ Mn2-xAl2+xS5 (x = 

-0.4, -0.2, 0, 0.2, 0.4) ʥʘʠʤʝʥʴʰʝʝ ʯʠʩʣʦ ʧʨʠʤʝʩʝʡ ʥʘʙʣʶʜʘʣʦʩʴ ʧʨʠ x = 0. ʇʨʠ ʩʤʝʱʝʥʠʠ ʩʦʩʪʘʚʘ 

ʚ ʩʪʦʨʦʥʫ ʫʚʝʣʠʯʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʘʣʶʤʠʥʠʷ (x > 0) ʚ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʘʭ ʧʦʚʳʰʘʣʦʩʴ 

ʩʦʜʝʨʞʘʥʠʝ ʬʘʟʳ Al2S3 ʜʣʷ ʩʝʤʝʡʩʪʚʘ ç124è ʠ MnAl2S4 ʜʣʷ ʩʝʤʝʡʩʪʚʘ ç225è. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʩʦʜʝʨʞʘʥʠʷ Mn (x < 0) ʚ ʩʝʤʝʡʩʪʚʝ ç124è ʧʦʷʚʣʷʣʘʩʴ ʬʘʟʘ Mn2Al2S5 ʠ ʚʦʟʨʘʩʪʘʣʦ ʝʝ ʩʦʜʝʨʞʘʥʠʝ, 

ʘ ʚ ʩʝʤʝʡʩʪʚʝ ç225è ï ʫʚʝʣʠʯʠʚʘʣʘʩʴ ʜʦʣʷ ʬʘʟʳ MnS.  

ɺ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ ʟʘʤʝʱʝʥʠʷ Mn2-xCrxGa2S5 ʠ Mn2Ga2-xCrxS5 (x = 0.25, 

0.5, 0.75) ʥʘʙʣʶʜʘʣʦʩʴ ʦʙʨʘʟʦʚʘʥʠʝ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚ ç124è ʠ ç225è, ʩʦʜʝʨʞʘʱʠʭ ʚʩʝ ʯʝʪʳʨʝ 

ʵʣʝʤʝʥʪʘ, ʘ ʪʘʢʞʝ MnS. ʇʨʠ ʵʪʦʤ, ʚ ʦʙʨʘʟʮʘʭ ʩ ʟʘʤʝʱʝʥʠʝʤ Ga ʥʘ Cr ʥʘʙʣʶʜʘʣʘʩʴ ʥʝ ʪʦʣʴʢʦ ʬʘʟʘ 

MnGa2S4, ʥʦ ʠ MnCr2S4, ʩʦʜʝʨʞʘʥʠʝ ʢʦʪʦʨʦʡ ʚʦʟʨʘʩʪʘʣʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʟʥʘʯʝʥʠʷ x. 
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ʉʦʝʜʠʥʝʥʠʷ, ʩʦʜʝʨʞʘʱʠʝ ʘʣʶʤʠʥʠʡ ʠ ʩʝʨʫ ʠʣʠ ʩʝʣʝʥ, ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʳʩʪʨʦ 

ʛʠʜʨʦʣʠʟʦʚʘʣʠʩʴ ʥʘ ʚʦʟʜʫʭʝ, ʯʪʦ ʧʨʦʷʚʣʷʣʦʩʴ ʚ ʚʠʜʝ ʫʤʝʥʴʰʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ ʫʚʝʣʠʯʝʥʠʷ 

ʰʠʨʠʥʳ ʨʝʬʣʝʢʩʦʚ ʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟʳ AlO(OH), ʧʨʠ ʵʪʦʤ ʩʘʤʠ ʦʙʨʘʟʮʳ 

ʦʙʣʘʜʘʣʠ ʭʘʨʘʢʪʝʨʥʳʤ ʟʘʧʘʭʦʤ ʭʘʣʴʢʦʛʝʥʦʚʦʜʦʨʦʜʘ. 

ʊʘʙʣʠʮʘ 9 ï ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ, ʭʠʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʨʝʟʫʣʴʪʘʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʫʯʝʥʥʳʭ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ. 

ʅʦʤʠʥʘʣʴʥʳʡ 

ʩʦʩʪʘʚ 

ʌʘʟʦʚʳʡ 

ʩʦʩʪʘʚ 

ʍʠʤʠʯʝʩʢʘʷ 

ʩʪʘʙʠʣʴʥʦʩʪʴ 

ʈʝʟʫʣʴʪʘʪ 

MnAl2S4 MnAl2S4 ɻʠʜʨʦʣʠʟ ʥʘ 

ʚʦʟʜʫʭʝ 

ʋʪʦʯʥʝʥʘ ʥʦʚʘʷ ʩʣʦʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ 

Mn1-xAl2+xS4 

x = -0.4, -0.2, 0, 

0.2, 0.4 

Al2S3 + MnAl2S4 

+ Mn2Al2S5
* 

ɻʠʜʨʦʣʠʟ ʥʘ 

ʚʦʟʜʫʭʝ 

ʇʦʢʘʟʘʥʦ ʦʪʩʫʪʩʪʚʠʝ ʦʙʣʘʩʪʠ 

ʛʦʤʦʛʝʥʥʦʩʪʠ ʚʜʦʣʴ ʙʠʥʘʨʥʦʛʦ 

ʨʘʟʨʝʟʘ MnS-Al2S3 ʬʘʟʦʚʦʡ 

ʜʠʘʛʨʘʤʤʳ 

MnAlGaS4 MnAlGaS4 ɻʠʜʨʦʣʠʟ ʥʘ 

ʚʦʟʜʫʭʝ 

ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʢʘʪʠʦʥʥʦʛʦ 

ʟʘʤʝʱʝʥʠʷ Al ʥʘ Ga 

MnGa2S4 MnGa2S4 ʉʪʘʙʠʣʝʥ ʇʦʜʪʚʝʨʞʜʝʥʳ ʩʪʨʫʢʪʫʨʥʳʝ ʜʘʥʥʳʝ 

ʠʟ ʣʠʪʝʨʘʪʫʨʳ 

MnIn2S4 MnIn2S4 ʅʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ɺʦʩʧʨʦʠʟʚʝʜʝʥʘ ʥʝʩʣʦʠʩʪʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ 

MnAl2Se4 MnAl2Se4 ɻʠʜʨʦʣʠʟ ʥʘ 

ʚʦʟʜʫʭʝ 

ʋʪʦʯʥʝʥʘ ʥʦʚʘʷ ʩʣʦʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ 

MnGa2Se4 MnGa2Se4 ʅʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ɺʦʩʧʨʦʠʟʚʝʜʝʥʘ ʥʝʩʣʦʠʩʪʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ 

MnIn2Se4 MnIn2Se4 ʉʪʘʙʠʣʝʥ ɺʦʩʧʨʦʠʟʚʝʜʝʥʘ ʩʣʦʠʩʪʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ 

MnAl2Te4 MnAlTe2 + 

MnTe2 + Al + Te 

ʅʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʎʝʣʝʚʘʷ ʬʘʟʘ ʥʝ ʦʙʨʘʟʦʚʘʣʘʩʴ 

MnGa2Te4 MnGa2Te4 ʅʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ɺʦʩʧʨʦʠʟʚʝʜʝʥʘ ʥʝʩʣʦʠʩʪʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ 

MnIn2Te4 MnIn2Te4 ʅʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ɺʦʩʧʨʦʠʟʚʝʜʝʥʳ 2 ʥʝʩʣʦʠʩʪʳʝ 

ʤʦʜʠʬʠʢʘʮʠʠ 

Mn2Al2S5 Mn2Al2S5 + 

MnAl2S4 + MnS
* 

ɻʠʜʨʦʣʠʟ ʥʘ 

ʚʦʟʜʫʭʝ 

ʋʪʦʯʥʝʥʘ ʥʦʚʘʷ ʩʣʦʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ 
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ʆʢʦʥʯʘʥʠʝ ʪʘʙʣʠʮ r9 

ʅʦʤʠʥʘʣʴʥʳʡ 

ʩʦʩʪʘʚ 

ʌʘʟʦʚʳʡ 

ʩʦʩʪʘʚ 

ʍʠʤʠʯʝʩʢʘʷ 

ʩʪʘʙʠʣʴʥʦʩʪʴ 

ʈʝʟʫʣʴʪʘʪ 

Mn2-xAl2+xS5 

x = -0.4, -0.2, 0, 

0.2, 0.4 

MnAl2S4 + MnS 

+ Mn2Al2S5
* 

ɻʠʜʨʦʣʠʟ ʥʘ 

ʚʦʟʜʫʭʝ 

ʇʦʢʘʟʘʥʦ ʦʪʩʫʪʩʪʚʠʝ ʦʙʣʘʩʪʠ 

ʛʦʤʦʛʝʥʥʦʩʪʠ ʚʜʦʣʴ ʙʠʥʘʨʥʦʛʦ 

ʨʘʟʨʝʟʘ MnS-Al2S3 ʬʘʟʦʚʦʡ 

ʜʠʘʛʨʘʤʤʳ 

Mn2Ga2S5 Mn2Ga2S5 ʉʪʘʙʠʣʝʥ ʋʪʦʯʥʝʥʘ ʥʦʚʘʷ ʩʣʦʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ 

Mn2-xCrxGa2S5 

x = 0.25, 0.5, 

0.75 

MnGa2S4 + MnS 

+ Mn(Cr)2Ga2S5 

ɻʠʜʨʦʣʠʟ ʥʘ 

ʚʦʟʜʫʭʝ 

ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʟʘʤʝʱʝʥʠʷ 

ʘʪʦʤʦʚ ʤʘʨʛʘʥʮʘ ʥʘ ʭʨʦʤ 

Mn2Ga2-xCrxS5 

x = 0.25, 0.5, 

0.75 

MnCr2S4 + 

MnGa2S4 + MnS 

+ Mn(Cr)2Ga2S5 

ɻʠʜʨʦʣʠʟ ʥʘ 

ʚʦʟʜʫʭʝ 

ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʤʦʜʠʬʠʢʘʮʠʠ 

ʩʪʨʫʢʪʫʨʥʳʭ ʙʣʦʢʦʚ ʚ ʩʝʤʝʡʩʪʚʘʭ 

ç124è ʠ ç225è ʩ ʧʦʤʦʱʴʶ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ ʟʘʤʝʱʝʥʠ ̫

Mn2Cr2S5 Cr2GaS4 + GaS ʅʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʉʦʝʜʠʥʝʥʠʝ ʥʝ ʦʙʨʘʟʫʝʪʩʷ 

Mn2In2S5 MnIn2S4+ MnS ʅʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʉʦʝʜʠʥʝʥʠʝ ʥʝ ʦʙʨʘʟʫʝʪʩʷ 

Mn2Al2Se5 Mn2Al2Se5 + 

Al2Se3 

ɻʠʜʨʦʣʠʟ ʥʘ 

ʚʦʟʜʫʭʝ 

ʋʪʦʯʥʝʥʘ ʥʦʚʘʷ ʩʣʦʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ 

Mn2Ga2Se5 MnGa2Se4+ 

MnSe 

ʅʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʉʦʝʜʠʥʝʥʠʝ ʥʝ ʦʙʨʘʟʫʝʪʩʷ 

Mn2In2Se5 Mn2In2Se5 ʉʪʘʙʠʣʝʥ ʋʪʦʯʥʝʥʘ ʥʦʚʘʷ ʩʣʦʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ 

Mn2Al2Te5 Mn(Al)Te2 + Te ʅʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʉʦʝʜʠʥʝʥʠʝ ʥʝ ʦʙʨʘʟʫʝʪʩʷ 

Mn2Ga2Te5 MnGa2Te4+ 

MnTe 

ʅʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʉʦʝʜʠʥʝʥʠʝ ʥʝ ʦʙʨʘʟʫʝʪʩʷ 

Mn2In2Te5 MnIn2Te4+ MnTe ʅʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʉʦʝʜʠʥʝʥʠʝ ʥʝ ʦʙʨʘʟʫʝʪʩʷ 

Mn5Al2S8 Mn2Al2S5 + MnS ʅʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʉʦʝʜʠʥʝʥʠʝ ʥʝ ʦʙʨʘʟʫʝʪʩʷ 

Mn3Ga2S6 Mn2Ga2S5 + 

MnS 

ʅʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʉʦʝʜʠʥʝʥʠʝ ʥʝ ʦʙʨʘʟʫʝʪʩʷ 

Mn4Ga2S7 Mn2Ga2S5 + 

MnS 

ʅʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʉʦʝʜʠʥʝʥʠʝ ʥʝ ʦʙʨʘʟʫʝʪʩʷ 

* ɼʘʥʥʳʝ ʪʨʠ ʬʘʟʳ ʥʝ ʩʦʩʫʱʝʩʪʚʫʶʪ ʚ ʦʙʨʘʟʮʘʭ, ʘ ʦʙʨʘʟʫʶʪʩʷ ʧʦʧʘʨʥʦ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʟʥʘʯʝʥʠʷ x (ʧʦʜʨʦʙʥʝʝ ʦʧʠʩʘʥʦ ʚ ʛʣʘʚʝ 4.4.1) 
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3.3.2. ʇʦʣʫʯʝʥʥʳʝ ʤʦʥʦʢʨʠʩʪʘʣʣʳ 

ʉʦʩʪʘʚ ʧʦʣʫʯʝʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʦʧʨʝʜʝʣʷʣʠ ʩ ʧʦʤʦʱʴʶ ʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ 

ʤʠʢʨʦʘʥʘʣʠʟʘ (ʈʉʤɸ). ɼʣʷ ʩʠʥʪʝʟʘ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʩ ʧʦʤʦʱʴʶ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʯʝʨʝʟ 

ʛʘʟʦʚʫʶ ʬʘʟʫ ʧʨʦʚʦʜʠʣʠ ʦʧʪʠʤʠʟʘʮʠʶ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʢʘʢ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʷʯʝʡ ʟʦʥʳ, 

ʛʨʘʜʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨ, ʜʣʠʪʝʣʴʥʦʩʪ ɹʦʪʞʠʛʘ, ʪʠʧ ʚʝʱʝʩʪʚʘ-ʧʝʨʝʥʦʩʯʠʢʘ ʠ ʝʛʦ ʢʦʥʮʝʥʪʨʘʮʠʷ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʦʙʲʝʤʫ ʨʝʘʢʪʦʨʘ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʘʛʝʥʪʘ ʠʩʩʣʝʜʦʚʘʣʠ ʚ ʨʝʘʢʮʠʠ 

ʧʦʣʫʯʝʥʠʷ Mn2Ga2S5. ʅʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤ ʧʝʨʝʥʦʩʯʠʢʦʤ ʦʢʘʟʘʣʩʷ ʠʦʜʠʜ ʨʪʫʪʠ (II) ʠ 

ʵʣʝʤʝʥʪʘʨʥʳʡ ʡʦʜ. ɼʣʷ ʨʘʙʦʪʳ ʚ ʘʨʛʦʥʦʚʦʤ ʧʝʨʯʘʪʦʯʥʦʤ ʙʦʢʩʝ ʠʩʧʦʣʴʟʦʚʘʣʠ HgI2, ʚʚʠʜʫ ʚʳʩʦʢʦʡ 

ʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ I2 ʢ ʤʘʪʝʨʠʘʣʘʤ. ʀʩʭʦʜʥʫ  ʁʢʦʥʮʝʥʪʨʘʮʠ ʁʪʨʘʥʩʧʦʨʪʥʦʛʦ ʘʛʝʥʪʘ 

ʚʳʙʠʨʘʣʠ ʧʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 1.5 ʤʛ/ʤʣ (34 ʤʛ HgI2 ʠʣʠ 18 ʤʛ I2 ʥʘ ʘʤʧʫʣʫ 

ʩ ʚʥʫʪʨʝʥʥʠʤ ʜʠʘʤʝʪʨʦʤ 8 ʤʤ ʠ ʜʣʠʥʦʡ 25 ʩʤ). ʅʘʠʣʫʯʰʠʡ ʨʦʩʪ ʢʨʠʩʪʘʣʣʦʚ ʥʘʙʣʶʜʘʣʩʷ ʧʨʠ 

ʢʦʥʮʝʥʪʨʘʮʠʠ 1.5 ʤʛ/ʤʣ ʠ 0.75 ʤʛ/ʤʣ, ʘ ʧʦʚʳʰʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʚʦʜʠʣʦ ʢ ʫʤʝʥʴʰʝʥʠʶ ʢʘʢ 

ʯʠʩʣʘ ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʢʨʠʩʪʘʣʣʦʚ, ʪʘʢ ʠ ʠʭ ʨʘʟʤʝʨʦʚ. ʇʦʚʳʰʝʥʠʝ ʛʨʘʜʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨ, ʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʷʯʝʡ ʟʦʥr ʪʘʢʞʝ ʩʧʦʩʦʙʩʪʚʦʚʘʣʦ ʨʦʩʪʫ ʢʨʠʩʪʘʣʣʦʚ ʩ ʫʯʝʪʦʤ ʦʙʣʘʩʪʠ 

ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʮʝʣʝʚʳʭ ʬʘʟ. ɼʣʠʪʝʣʴʥʦʩʪʴ ʦʪʞʠʛʘ ʟʘʢʦʥʦʤʝʨʥʦ ʧʨʠʚʦʜʠʣʘ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʠ ʢʨʠʩʪʘʣʣʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʩʠʥʪʝʟʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʩʣʝʜʫʶʱʠʡ ʨʝʞʠʤ: ʪʝʤʧʝʨʘʪʫʨʫ ʛʦʨʷʯʝʡ ʟʦʥʳ ʦʢʦʣʦ 900 ÁC ʩ ʚʝʱʝʩʪʚʦʤ-ʧʝʨʝʥʦʩʯʠʢʦʤ HgI2 ʠʣʠ 

I2 ʤʘʩʩʦʡ 30 ʠ 15 ʤʛ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʦʪʞʠʛʘ 14 ʜʥʝʡ. 

ʂʨʠʩʪʘʣʣʳ ʨʘʥʝʝ ʥʝʠʟʫʯʝʥʥʳʭ ʮʝʣʝʚʳʭ ʬʘʟ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʪʦʣʴʢʦ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ 

Mn2Ga2S5 ʠ Mn2In2Se5 (ʊʘʙʣʠʮʘ 10). ɺ ʥʝʢʦʪʦʨʳʭ ʩʠʥʪʝʟʘʭ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʦʥʦʢʨʠʩʪʘʣʣʳ 

ʩʦʝʜʠʥʝʥʠʡ, ʢʦʪʦʨʳʝ ʫʞʝ ʦʧʠʩʘʥʳ ʚ ʣʠʪʝʨʘʪʫʨʝ: MnIn2Se4 ʠ MnGa2S4. ɺ ʩʠʩʪʝʤʝ Mn-Al-Se 

ʦʙʨʘʟʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʦʚ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ. ɺ ʩʠʩʪʝʤʝ Mn-Al-S ʧʨʦʠʟʦʰʣʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʨʝʘʛʝʥʪʦʚ ʩ ʤʘʪʝʨʠʘʣʦʤ ʘʤʧʫʣʳ ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʚ ʢʨʠʩʪʘʣʣʘʭ ʥʘʙʣʶʜʘʣʘʩʴ ʟʥʘʯʠʪʝʣʴʥʘʷ ʜʦʣʷ 

ʢʨʝʤʥʠʷ. ɺ ʩʠʩʪʝʤʝ Mn-In-Se ʩ ʪʨʘʥʩʧʦʨʪʥʳʤ ʘʛʝʥʪʦʤ HgI2 ʦʙʨʘʟʦʚʘʣʠʩʴ ʢʨʠʩʪʘʣʣʳ, ʩʦʜʝʨʞʘʱʠʝ 

ʘʪʦʤʳ Hg, ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ ʨʘʚʥʦʤʝʨʥʦ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ, ʩʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ 

ʢʘʨʪʠʨʦʚʘʥʠʷ ʩ ʧʦʤʦʱʴʶ ʈʉʤɸ. 

ʊʘʙʣʠʮʘ 10 ï ʈʝʟʫʣʴʪʘʪʳ ʩʠʥʪʝʟʘ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ. 

ʉʦʩʪʘʚ 

ʰʠʭʪʳ 

ʉʦʩʪʘʚ ʬʘʟʳ ʧʦ ʜʘʥʥʳʤ 

ʈʉʄɸ 

ʆʧʠʩʘʥʠʝ ʈʝʟʫʣʴʪʘʪ 

MnAl2S4 Mn1,88(5)Al0,6(1)Si0.99(3)S5,0(1) ɻʝʢʩʘʛʦʥʘʣʴʥʳʝ 

ʢʨʠʩʪʘʣʣʳ, ʜʠʵʣʝʢʪʨʠʢʠ 

ʇʦʣʫʯʝʥʳ ʢʨʠʩʪʘʣʣʳ ʩ 

ʥʝʮʝʣʝʚʳʤ ʩʦʩʪʘʚʦʤ 

MnAl2Se4   ʂʨʠʩʪʘʣʣʳ ʥʝ 

ʦʙʨʘʟʫʶʪʩʷ 
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ʆʢʦʥʯʘʥʠʝ ʪʘʙʣʠʮ r10 

ʉʦʩʪʘʚ 

ʰʠʭʪʳ 

ʉʦʩʪʘʚ ʬʘʟʳ ʧʦ ʜʘʥʥʳʤ 

ʈʉʄɸ 

ʆʧʠʩʘʥʠʝ ʈʝʟʫʣʴʪʘʪ 

MnIn2Se4 Mn0,70(5)In2,2(1)Se4,0(1) ɻʝʢʩʘʛʦʥʘʣʴʥʳʝ 

ʢʨʠʩʪʘʣʣʳ 

ɺʦʩʧʨʦʠʟʚʝʜʝʥʘ 

ʩʣʦʠʩʪʘʷ ʤʦʜʠʬʠʢʘʮʠʷ 

Mn2Al2S5 Mn1,7(1)Al0,4(1)Si1.15(4)S5,0(1) ɻʝʢʩʘʛʦʥʘʣʴʥʳʝ 

ʢʨʠʩʪʘʣʣʳ, ʜʠʵʣʝʢʪʨʠʢʠ 

ʇʦʣʫʯʝʥʳ ʢʨʠʩʪʘʣʣʳ ʩ 

ʥʝʮʝʣʝʚʳʤ ʩʦʩʪʘʚʦʤ 

Mn2Ga2S5 Mn0,87(2)Ga1,65(7)S4,0(1) ʉʪʘʙʠʣʴʥʳʝ 

ʪʝʤʥʦ-ʟʝʣʝʥʳʝ 

ʢʨʠʩʪʘʣʣʳ 

ɺʦʩʧʨʦʠʟʚʝʜʝʥʘ 

ʥʝʩʣʦʠʩʪʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ 

Mn1,81(3)Ga1,76(4)S5,0(1) ʂʨʠʩʪʘʣʣʳ ʩʦ ʩʣʦʠʩʪʦʡ 

ʤʦʨʬʦʣʦʛʠʝʡ, ʦʨʘʥʞʝʚʦ-

ʢʨʘʩʥʳʝ ʥʘ ʧʨʦʩʚʝʪ, 

ʛʠʜʨʦʣʠʟʫʶʪʩʷ ʥʘ 

ʚʦʟʜʫʭʝ 

ʇʦʣʫʯʝʥʳ ʢʨʠʩʪʘʣʣʳ 

ʮʝʣʝʚʦʡ ʬʘʟʳ 

 Mn2,10(2)Ga2,06(3)S5,00(5)*  ʂʨʠʩʪʘʣʣʳ ʩʦ ʩʣʦʠʩʪʦʡ 

ʤʦʨʬʦʣʦʛʠʝʡ ʪʝʤʥʳʝ ʥʘ 

ʧʨʦʩʚʝʪ 

ʇʦʣʫʯʝʥʳ ʢʨʠʩʪʘʣʣʳ 

ʮʝʣʝʚʦʡ ʬʘʟʳ 

Mn2Al2Se5   ʂʨʠʩʪʘʣʣʳ ʥʝ 

ʦʙʨʘʟʫʶʪʩʷ 

Mn2In2Se5 Mn0,69(3)Hg0.32(2)In2.3(1)Se4,0(1) ɻʝʢʩʘʛʦʥʘʣʴʥʳʝ 

ʢʨʠʩʪʘʣʣʳ 

ʇʦʣʫʯʝʥʳ ʢʨʠʩʪʘʣʣʳ ʩ 

ʦʪʢʣʦʥʝʥʠʝʤ ʩʦʩʪʘʚʘ ʦʪ 

ʮʝʣʝʚʦʛʦ 

Mn0,99(3)In1,9(1)Se4,0(1) ɻʝʢʩʘʛʦʥʘʣʴʥʳʝ 

ʢʨʠʩʪʘʣʣʳ 

ɺʦʩʧʨʦʠʟʚʝʜʝʥʳ 

ʢʨʠʩʪʘʣʣʳ 

Mn2,08(6)In2,1(2)Se5,0(2) ʂʨʠʩʪʘʣʣʳ ʩʦ ʩʣʦʠʩʪʦʡ 

ʤʦʨʬʦʣʦʛʠʝʡ, 

ʛʠʜʨʦʣʠʟʫʶʪʩʷ ʥʘ 

ʚʦʟʜʫʭʝ 

ʇʦʣʫʯʝʥʳ ʢʨʠʩʪʘʣʣʳ 

ʮʝʣʝʚʦʡ ʬʘʟʳ 

*ʉʦʩʪʘʚ ʚʳʯʠʩʣʝʥ ʩ ʫʯʝʪʦʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʢʘʣʠʙʨʦʚʢʠ ʜʣʷ ʵʣʝʤʝʥʪʦʚ Mn, Ga ʠ S ʧʦ 

ʩʪʘʥʜʘʨʪʘʤ Mn, GaP, FeS2 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 
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3.3.3. ʋʪʦʯʥʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ 

ʋʪʦʯʥʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʚʳʧʦʣʥʷʣʠ ʧʦ ʜʘʥʥʳʤ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʮʠʠ. ɺ ʢʘʞʜʦʤ ʩʣʫʯʘʝ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ çin situ ɻ ʢʩʧʝʨʠʤʝʥʪʘè, ʫʯʠʪʳʚʘʣʠ ʩʤʝʰʘʥʥʳʝ 

ʟʘʩʝʣʝʥʥʦʩʪʠ ʢʘʪʠʦʥʥʳʭ ʧʦʟʠʮʠʡ, ʧʨʠ ʵʪʦʤ ʬʠʢʩʠʨʦʚʘʣʠ ʩʦʩʪʘʚ ʩʦʝʜʠʥʝʥʠʷ ʩ ʧʦʤʦʱʴʶ 

ʩʦʜʝʨʞʘʥʠʷ ʢʘʞʜʦʛʦ ʢʘʪʠʦʥʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʡ ʬʦʨʤʫʣʦʡ ʠ ʧʦʣʥʦʡ 

ʟʘʩʝʣʝʥʥʦʩʪʴʶ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ (4 ʫʨʘʚʥʝʥʠʷ ʩ ʦʜʥʦʡ ʧʝʨʝʤʝʥʥʦʡ): 

MnII(ʦʢʪʘʵʜʨʠʯʝʩʢʠʡ) + MnII(ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʡ) = 100% (17) 

BIII(ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʡ) + BIII(ʦʢʪʘʵʜʨʠʯʝʩʢʠʡ) = 100% (18) 

BIII(ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʡ) + MnII (ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʡ) = 100% (19) 

MnII(ʦʢʪʘʵʜʨʠʯʝʩʢʠʡ) + BIII (ʦʢʪʘʵʜʨʠʯʝʩʢʠʡ) = 100% (20) 

ɺ ʩʝʤʝʡʩʪʚʝ ç124è ʫʪʦʯʥʠʣʠ ʩʪʨʫʢʪʫʨʫ ʥʦʚʦʛʦ ʩʦʝʜʠʥʝʥʠʷ MnAl2Se4, ʘ ʪʘʢʞʝ ʧʨʦʚʝʣʠ 

ʧʦʚʪʦʨʥʦʝ ʫʪʦʯʥʝʥʠʝ ʜʣʷ MnAl2S4(ʊʘʙʣʠʮʘ 11). ɼʣʷ ʩʦʝʜʠʥʝʥʠʷ MnAl2S4 ʚ ʣʠʪʝʨʘʪʫʨʝ ʙʳʣʘ 

ʠʟʚʝʩʪʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ, ʦʜʥʘʢʦ ʧʨʠ ʫʪʦʯʥʝʥʠʠ ʙʳʣʘ ʧʨʠʩʚʦʝʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ 

ʛʨʫʧʧʘ R3m ʧʦ ʩʭʦʞʠʤ ʩʪʨʫʢʪʫʨʥʳʤ ʧʘʨʘʤʝʪʨʘʤ ʩ ZnIn2S4[185]. ɺ ʥʦʚʦʤ ʫʪʦʯʥʝʥʠʠ ʤʳ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʨʫʛʫʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʛʨʫʧʧʫ R-3m. ʉʦʝʜʠʥʝʥʠʷ MnAl2S4 ʠ MnAl2Se4 

ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ MgAl2Se4. 

ʊʘʙʣʠʮʘ 11 ï ɼʝʪʘʣʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʫʪʦʯʥʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʥʦʚʳʭ ʩʣʦʠʩʪʳʭ 

ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʩʝʤʝʡʩʪʚʘ ç124è ʧʦ ʜʘʥʥʳʤ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. 

ʇʘʨʘʤʝʪʨ ɿʥʘʯʝʥʠʝ 

ʉʦʩʪʘʚ MnAl2S4 MnAl2Se4 

ɺʳʧʦʣʥʝʥʦ ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ 

ʫʪʦʯʥʝʥʘ ʚ ʜʨʫʛʦʡ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʝ 

ʋʪʦʯʥʝʥʘ ʩʪʨʫʢʪʫʨʘ ʥʦʚʦʛʦ 

ʩʦʝʜʠʥʝʥʠ ̫

ʄʦʣʷʨʥʘʷ ʤʘʩʩʘ 

(ʛ/ʤʦʣʴ) 

237.142 424.786 

ɼʠʬʨʘʢʪʦʤʝʪʨ Bruker D8 Advance 

ʉʭʝʤʘ 

ʨʝʛʠʩʪʨʘʮʠʠ 

ɹʨʵʛʛʘ-ɹʨʝʥʪʘʥʦ 

ɼʝʪʝʢʪʦʨ LYNXEYE 

ʀʟʣʫʯʝʥʠʝ CuKŬ1,2 

ɼʣʠʥʘ ʚʦʣʥʳ (¡) 1.5418 

ʉʠʥʛʦʥʠʷ ʊʨʠʛʦʥʘʣʴʥʘʷ 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ 

ʛʨʫʧʧʘ 

Rσm 



65 

 

ʆʢʦʥʯʘʥʠʝ ʪʘʙʣʠʮ r11 

ʇʘʨʘʤʝʪʨ ɿʥʘʯʝʥʠʝ 

ʇʘʨʘʤʝʪʨʳ 

ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ 

 

a (¡) 3.6932(2) 3.87193(6) 

c (¡) 36.303(2) 38.4281(7) 

V (¡3) 428.82(4) 498.924(13) 

Z 3 

ʊʝʤʧʝʨʘʪʫʨʘ (K) 298 

ɟcalc (ʛ/ʩʤ3) 2.75 4.24 

ɛ (ʩʤ-1) 34.22 42.72 

ɼʠʘʧʘʟʦʥ 2ɗ (Á) 5-102 5-100 

Imax (ʠʤʧʫʣʴʩʳ) 27034 19457 

Rp 0.0243 0.0235 

wRp 0.0355 0.0338 

Robs 0.0459 0.0372 

wRobs 0.0415 0.0380 

Rall 0.0530 0.0389 

wRall 0.0420 0.0381 

GOF 1.66 1.77 

ʏʠʩʣʦ ʧʘʨʘʤʝʪʨʦʚ 30 34 

ʋʨʘʚʥʝʥʠʷ ʩʚʷʟʠ 4 4 

ʆʩʪʘʪʦʯʥʘʷ 

ʵʣʝʢʪʨʦʥʥʘʷ 

ʧʣʦʪʥʦʩʪʴ 

(e-/¡3) 

0.42/-0.95 1.35/-0.80 

ɺ ʩʝʤʝʡʩʪʚʝ ç225è ʚʧʝʨʚʳʝ ʫʜʘʣʦʩʴ ʫʪʦʯʥʠʪʴ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʩʣʝʜʫʶʱʠʭ 

ʩʦʝʜʠʥʝʥʠʡ: Mn2Al2S5, Mn2Ga2S5, Mn2Al2Se5, Mn2In2Se5 (ʊʘʙʣʠʮʘ 12). ʉʦʝʜʠʥʝʥʠʝ Mn2Ga2S5 

ʠʟʚʝʩʪʥʦ ʚ ʣʠʪʝʨʘʪʫʨʝ, ʜʣʷ ʥʝʛʦ ʦʧʨʝʜʝʣʝʥʳ ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, ʦʜʥʘʢʦ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʜʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʥʝ ʫʪʦʯʥʷʣʠ, ʘ ʧʦ ʙʣʠʟʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʣʠʰʴ ʧʨʝʜʧʦʣʦʞʠʣʠ ʠʟʦʩʪʨʫʢʪʫʨʥʦʩʪʴ ʩ Mg2Al2Se5. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚ 

ʢʘʯʝʩʪʚʝ ʩʪʘʨʪʦʚʦʡ ʤʦʜʝʣʠ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ Mg2Al2Se5 ʠ ʧʨʦʠʟʚʝʜʝʥʦ 

ʫʪʦʯʥʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. ʉʦʝʜʠʥʝʥʠʷ Mn2Al2S5 ʠ Mn2Al2Se5 ʧʦʣʫʯʝʥʳ ʚʧʝʨʚʳʝ, 
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ʦʥʠ ʪʘʢʞʝ ʠʟʦʩʪʨʫʢʪʫʨʥʳ ʧʨʦʪʦʪʠʧʫ Mg2Al2Se5. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʩʦʝʜʠʥʝʥʠʷ 

Mn2In2Se5 ʠʟʚʝʩʪʥʘ ʚ ʣʠʪʝʨʘʪʫʨʝ, ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʥʦʚʘʷ ʧʦʣʠʤʦʨʬʥʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ ʠʟʦʩʪʨʫʢʪʫʨʥʘʷ Mg2Al2Se5. ʊʘʢ ʢʘʢ ʥʦʚʳʡ ʧʦʣʠʪʠʧ Mn2In2Se5 ʷʚʣʷʝʪʩʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʤʦʜʠʬʠʢʘʮʠʝʡ, ʙʳʣʦ ʧʨʦʠʟʚʝʜʝʥʦ ʜʚʘ ʫʪʦʯʥʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ: ʩ ʧʦʤʦʱʴʶ ʜʘʥʥʳʭ çin situ ɻ ʢʩʧʝʨʠʤʝʥʪʘè ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʮʠʠ ʠ ʜʣ ̫ʦʙʨʘʟʮʘ, ʟʘʢʘʣʝʥʥʦʛʦ ʚ ʚʦʜʫ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 900ÜC. 

ʊʘʙʣʠʮʘ 12 ï ʆʩʥʦʚʥʳʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʦ ʩʪʨʫʢʪʫʨʝ ʥʦʚʳʭ ʩʣʦʠʩʪʳʭ 

ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʩʝʤʝʡʩʪʚʘ ç225è. 

ʇʘʨʘʤʝʪʨ ɿʥʘʯʝʥʠʝ 

ʉʦʩʪʘʚ Mn2Ga2S5 Mn2Al2Se5 Mn2Al2S5 Mn2In2Se5 Mn2In2Se5 

ɺʳʧʦʣʥʝʥʦ ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʋʪʦʯʥʝʥʘ 

ʩʪʨʫʢʪʫʨʘ 

ʋʪʦʯʥʝʥʘ 

ʩʪʨʫʢʪʫʨʘ 

ʥʦʚʦʛʦ 

ʩʣʦʠʩʪʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ 

ʋʪʦʯʥʝʥʘ 

ʩʪʨʫʢʪʫʨʘ 

ʥʦʚʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ 

ʋʪʦʯʥʝʥʘ 

ʩʪʨʫʢʪʫʨʘ 

ʥʦʚʦʛʦ 

ʧʦʣʠʪʠʧʘ 

(ʟʘʢʘʣʝʥʥʳʡ 

ʦʙʨʘʟʝʮ) 

ʋʪʦʯʥʝʥʘ 

ʩʪʨʫʢʪʫʨʘ 

ʥʦʚʦʛʦ 

ʧʦʣʠʪʠʧʘ 

(çin situ 

ʵʢʩʧʝʨʠʤʝʥʪè) 

ʄʦʣʷʨʥʘʷ ʤʘʩʩʘ 

(ʛ/ʤʦʣʴ) 

409.6 558.6 324.1 734.3 734.3 

ɼʠʬʨʘʢʪʦʤʝʪʨ Bruker D8 Advance 

ʉʭʝʤʘ 

ʨʝʛʠʩʪʨʘʮʠʠ 

ɼʝʙʘʷ-

ʐʝʨʨʝʨʘ 

ɼʝʙʘʷ-

ʐʝʨʨʝʨʘ 

ɹʨʵʛʛʘ-

ɹʨʝʥʪʘʥʦ 

ɼʝʙʘʷ-

ʐʝʨʨʝʨʘ 

ɹʨʵʛʛʘ-

ɹʨʝʥʪʘʥʦ 

ɼʝʪʝʢʪʦʨ LYNXEYE  

ʀʟʣʫʯʝʥʠʝ Cu KŬ1,2 

ɼʣʠʥʘ ʚʦʣʥʳ (¡) 1.5418 

ʉʠʥʛʦʥʠʷ ʊʨʠʛʦʥʘʣʴʥʘʷ 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ 

ʛʨʫʧʧʘ 

Pσm1 

ʇʘʨʘʤʝʪʨʳ 

ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ 

 

a (¡) 3.7161(1) 3.8957(2) 3.71392(9) 4.0222(2) 4.0742(1) 

c (¡) 15.2160(7) 15.992(1) 15.1072(4) 16.332(2) 16.4672(5) 

V (¡3) 181.97(1) 210.17(2) 180.459(8) 228.83(3) 236.72(1) 

Z 1 
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ʆʢʦʥʯʘʥʠʝ ʪʘʙʣʠʮ r12 

ʇʘʨʘʤʝʪʨ ɿʥʘʯʝʥʠʝ 

ʊʝʤʧʝʨʘʪʫʨʘ (K) 298 1123 

ɟcalc (ʛ/ʩʤ3) 3.74 4.41 2.98 5.33 5.15 

ɛ (ʩʤ-1) 48.60 50.50 43.50 83.78 81.0 

ɼʠʘʧʘʟʦʥ 2ɗ (Á) 5-90 4-90 5-100 5-90 5-80 

Imax (ʠʤʧʫʣʴʩʳ) 13104 12368 21798 8656 6472 

Rp 0.0298 0.0300 0.0215 0.0387 0.0402 

wRp 0.0394 0.0412 0.0287 0.0521 0.0545 

Robs 0.0426 0.0374 0.0449 0.0442 0.0871 

wRobs 0.0422 0.0303 0.0517 0.0452 0.0810 

Rall 0.0514 0.0436 0.0496 0.0576 0.1051 

wRall 0.0425 0.0305 0.0520 0.0458 0.0829 

GOF 1.33 1.62 1.45 1.54 1.19 

ʏʠʩʣʦ ʧʘʨʘʤʝʪʨʦʚ 28 41 38 36 33 

ʋʨʘʚʥʝʥʠʷ ʩʚʷʟʠ 6 12 10 6 7 

ʆʩʪʘʪʦʯʥʘʷ 

ʵʣʝʢʪʨʦʥʥʘ ̫

ʧʣʦʪʥʦʩʪ ɹ

(e-/¡3) 

1.10/-0.95 1.05/-1.14 0.77/-0.63 1.23/-1.65 1.76/-2.35 

ʇʨʠʤʝʩʥʘʷ ʬʘʟʘ - MnAl2Se4, 

Al2Se3 

MnAl2S4 - - 

ʉʦʜʝʨʞʘʥʠʝ 

ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ 

(%) 

- 13, 7.7 14 - - 

ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨ rʦʩʪʘʣʴʥʳʭ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʫʞʝ ʙʳʣʠ ʠʟʚʝʩʪʥʳ ʚ 

ʣʠʪʝʨʘʪʫʨʝ, ʵʪʠ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʚʦʩʧʨʦʠʟʚʝʜʝʥʳ ʠ ʥʝ ʦʙʣʘʜʘʶʪ ʥʦʚʠʟʥʦʡ: MnGa2S4, MnIn2S4, 

MnGa2Se4, MnIn2Se4, MnGa2Te4, MnIn2Te4. 
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4. ʆʙʩʫʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ 

4.1. Mn2Ga2S5 

4.1.1. ʉʠʥʪʝʟ, ʭʠʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʩʦʩʪʘʚ 

ʉʦʝʜʠʥʝʥʠʝ Mn2Ga2S5 ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʦ ʚ ʦʜʥʦʬʘʟʥʦʤ ʚʠʜʝ ʧʨʠ ʩʠʥʪʝʟʝ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʫʩʣʦʚʠʡ: ʠʟ ʧʨʦʩʪʳʭ ʠ ʙʠʥʘʨʥʳʭ 

ʧʨʝʢʫʨʩʦʨʦʚ, ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 700-1000 ÁC, ʩ ʧʨʝʩʩʦʚʘʥʠʝʤ ʠ ʙʝʟ, ʚ ʪʠʛʣʷʭ ʠ ʙʝʟ. ʇʨʠ ʵʪʦʤ 

ʥʘʠʙʦʣʝʝ ʙʳʩʪʨʳʡ ʩʠʥʪʝʟ ʧʨʦʪʝʢʘʝʪ ʧʨʠ 900ÁC (ʜʚʫʢʨʘʪʥʳʡ ʦʪʞʠʛ ʧʦ 120 ʯʘʩʦʚ). ɺ ʧʨʦʮʝʩʩʝ 

ʩʠʥʪʝʟʘ ʩʦʝʜʠʥʝʥʠʝ ʥʝ ʨʝʘʛʠʨʫʝʪ ʩ ʢʚʘʨʮʝʤ ʚ ʜʘʥʥʦʤ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ. ʆʪʩʫʪʩʪʚʫʶʪ 

ʧʨʠʟʥʘʢʠ ʨʝʘʢʮʠʠ ʩ ʢʠʩʣʦʨʦʜʦʤ ʠʣʠ ʧʘʨʘʤʠ ʚʦʜʳ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʧʨʠ ʵʪʦʤ ʧʨʦʜʫʢʪʳ 

ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʨʝʘʢʮʠʠ ʧʦʩʣʝ ʦʜʥʦʢʨʘʪʥʦʛʦ ʦʪʞʠʛʘ ʤʝʜʣʝʥʥʦ ʛʠʜʨʦʣʠʟʫʶʪʩʷ ʥʘ ʚʦʟʜʫʭʝ. 

ʉ ʮʝʣʴʶ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʦʜʥʦʨʦʜʥʦʩʪʠ ʩʦʩʪʘʚʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ, 

ʩʧʨʝʩʦʚʘʥʥʦʛʦ ʚ ʪʘʙʣʝʪʢʫ, ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʝʪʝʢʪʦʨ ʦʙʨʘʪʥʦʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʚ ʨʝʞʠʤʝ 

ʭʠʤʠʯʝʩʢʦʛʦ ʢʦʥʪʨʘʩʪʘ, ʘ ʜʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ï ʈʉʤɸ (ʇʨʠʣʦʞʝʥʠʝ A 

ʈʠʩʫʥʦʢ A. 1). ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʚ ʨʝʞʠʤʝ ʭʠʤʠʯʝʩʢʦʛʦ ʢʦʥʪʨʘʩʪʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʨʘʚʥʦʤʝʨʥʦʡ 

ʦʜʠʥʘʢʦʚʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʩʠʛʥʘʣʘ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʦʜʥʦʨʦʜʥʦʩʪʴ ʩʦʩʪʘʚʘ ʧʦ ʚʩʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʘ ʬʦʨʤʫʣʘ ʧʦʣʫʯʝʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ Mn2.02(8)Ga1.96(11)S5.00(5) ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ 

ʧʦʛʨʝʰʥʦʩʪʝʡ ʩʦʚʧʘʜʘʝʪ ʩ ʧʨʝʜʧʦʣʘʛʘʝʤʳʤ ʩʦʩʪʘʚʦʤ (ʇʨʠʣʦʞʝʥʠʝ A ʊʘʙʣʠʮʘ A. 1). 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʦʨʦʰʢʦʚʫʶ ʨʝʥʪʛʝʥʦʚʩʢʫʶ 

ʜʠʬʨʘʢʮʠʶ (ʈʠʩʫʥʦʢ 28). ʕʢʩʧʝʨʠʤʝʥʪ ʧʨʝʜʧʦʣʘʛʘʣ ʩʨʘʚʥʝʥʠʝ ʜʚʫʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤ, 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʭ ʚ ʠʜʝʥʪʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʥʘ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ ʦʙʨʘʟʮʝ ʩʨʘʟʫ ʧʦʩʣʝ ʩʠʥʪʝʟʘ ʠ 

ʧʦʩʣʝ ʚʳʜʝʨʞʠʚʘʥʠʷ ʥʘ ʚʦʟʜʫʭʝ ʚ ʪʝʯʝʥʠʝ 7 ʜʥʝʡ (168 ʯʘʩʦʚ). ʇʦʩʣʝ ʜʘʥʥʦʡ ʧʨʦʮʝʜʫʨʳ ʢʘʨʪʠʥʘ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʠʣʘʩʴ: ʰʠʨʠʥʘ ʨʝʬʣʝʢʩʦʚ ʦʩʪʘʣʘʩʴ ʧʨʝʞʥʝʡ, 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʨʝʬʣʝʢʩʦʚ ʩʦʩʪʘʚʠʣʦ 10%, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ Mn2Ga2S5. ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʦʙʨʘʟʝʮ, ʩʦʜʝʨʞʘʱʠʡ 

ʧʨʠʤʝʩʴ MnS, ʥʘʣʠʯʠʝ ʢʦʪʦʨʦʡ ʥʝ ʧʦʚʣʠʷʣʦ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʮʝʣʝʚʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʚ ʚʦʟʜʫʰʥʦʡ 

ʩʨʝʜʝ. 
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ʈʠʩʫʥʦʢ 28 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘ ʦʙʨʘʟʮʘ Mn2Ga2S5 ʜʦ (ʬʠʦʣʝʪʦʚʳʡ) ʠ 

ʧʦʩʣʝ (ʦʨʘʥʞʝʚʳʡ) ʚʳʜʝʨʞʠʚʘʥʠʷ ʥʘ ʚʦʟʜʫʭʝ ʚ ʪʝʯʝʥʠʝ 7 ʜʥʝʡ. ʈʘʟʥʦʩʪʥʘʷ ʢʨʠʚʘʷ ʤʝʞʜʫ 

ʜʚʫʤʷ ʤʘʩʩʠʚʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʘʥʘ ʟʝʣʝʥʳʤ. ɸʩʪʝʨʠʩʢʘʤʠ ʦʪʤʝʯʝʥʳ 

ʧʠʢʠ ʧʨʠʤʝʩʠ MnS 

ʉʠʥʪʝʟ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ Mn2Ga2S5 ʧʨʦʠʟʚʦʜʠʣʩʷ ʩ ʧʦʤʦʱʴʶ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ 

ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ. ʆʧʪʠʤʠʟʘʮʠʷ ʩʠʥʪʝʟʘ ʧʦ ʧʦʣʫʯʝʥʠʶ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʢʨʠʩʪʘʣʣʦʚ ʮʝʣʝʚʦʡ 

ʬʘʟʳ ʧʨʠʚʝʣʘ ʢ ʚʳʙʦʨʫ HgI2 ʚ ʢʘʯʝʩʪʚʝ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʘʛʝʥʪʘ, ʩ ʩʦʦʪʥʦʰʝʥʠʝʤ ʤʘʩʩʳ ʘʛʝʥʪʘ ʢ 

ʤʘʩʩʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ 15 ʤʛ : 500 ʤʛ. ɻʨʘʜʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʳ ȹT = 100 K ʧʨʠʚʦʜʠʣ 

ʢ ʨʦʩʪʫ ʙʦʣʝʝ ʢʨʫʧʥʳʭ ʢʨʠʩʪʘʣʣʦʚ (ʩ ʜʠʘʤʝʪʨʦʤ ʜʦ 5 ʤʤ), ʦʜʥʘʢʦ ʢʨʠʩʪʘʣʣʳ ʥʘʙʣʶʜʘʣʠʩʴ ʠ ʧʨʠ 

ʨʘʟʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 50 K. ɼʣʠʪʝʣʴʥʦʩʪʴ ʩʠʥʪʝʟʘ ʥʘʠʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʘ ʚ ʪʝʯʝʥʠʝ 14 ʜʥʝʡ, 

ʫʤʝʥʴʰʝʥʠʝ ʚʨʝʤʝʥʠ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʩʣʠʰʢʦʤ ʪʦʥʢʠʭ ʢʨʠʩʪʘʣʣʦʚ, ʘ ʫʚʝʣʠʯʝʥʠʝ ï ʢ 

ʦʙʨʘʟʦʚʘʥʠʶ ʩʨʦʩʪʢʦʚ ʠ ʜʚʦʡʥʠʢʦʚ. ʂʦʥʢʫʨʠʨʫʶʱʠʤ ʧʨʦʮʝʩʩʦʤ ʷʚʣʷʝʪʩʷ ʨʦʩʪ ʢʨʠʩʪʘʣʣʦʚ 

ʛʦʤʦʣʦʛʘ ç124è MnGa2S4 ʤʦʥʦʢʣʠʥʥʦʡ ʩʠʥʛʦʥʠʠ, ʢʦʪʦʨʳʝ ʣʝʛʢʦ ʦʪʜʝʣʠʪʴ ʤʝʭʘʥʠʯʝʩʢʠ, 

ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʦʪʣʠʯʘʶʪʩʷ, ʢʘʢ ʬʦʨʤʦʡ, ʪʘʢ ʠ ʦʢʨʘʩʢʦʡ. 

ʅʘ ʠʟʦʙʨʘʞʝʥʠʷʭ ʉʕʄ ʢʨʠʩʪʘʣʣʳ Mn2Ga2S5 ʠʤʝʶʪ ʷʨʢʦ ʚʳʨʘʞʝʥʥʫʶ ʩʣʦʠʩʪʫʶ 

ʤʦʨʬʦʣʦʛʠʶ, ʘ ʢʘʨʪʠʨʦʚʘʥʠʝ ʈʉʤɸ ʧʦʟʚʦʣʷʝʪ ʧʦʜʪʚʝʨʜʠʪʴ ʨʘʚʥʦʤʝʨʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 
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ʵʣʝʤʝʥʪʦʚ ʧʦ ʦʙʨʘʟʮʫ (ʈʠʩʫʥʦʢ 29). ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʦʩʪʘʚ ʜʘʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ï 

Mn2.10(2)Ga2.06(3)S5.00(5) (ʊʘʙʣʠʮʘ 13). 

 

ʈʠʩʫʥʦʢ 29 ï ʘ) ʆʙʱʠʡ ʚʠʜ ʠ ʤʦʨʬʦʣʦʛʠʷ ʢʨʠʩʪʘʣʣʦʚ Mn2Ga2S5 ʧʦ ʜʘʥʥʳʤ ʨʘʩʪʨʦʚʦʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʙ) ʂʘʨʪʠʨʦʚʘʥʠʝ ɻʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʨʠʩʪʘʣʣʦʚ ʤʝʪʦʜʦʤ ʈʉʤɸ 

 

ʊʘʙʣʠʮʘ 13 ï ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʢʨʠʩʪʘʣʣʘ Mn2Ga2S5 (ʘʪ. %) ʩʦʛʣʘʩʥʦ ʪʦʯʝʯʥʳʤ ʩʧʝʢʪʨʘʤ 

ʈʉʤɸ. ʅʦʨʤʠʨʦʚʘʥʥʳʡ ʥʘ ʩʦʜʝʨʞʘʥʠʝ ʩʝʨʳ ʩʦʩʪʘʚ: Mn2.10(2)Ga2.06(3)S5.00(5) 

ʊʦʯʢʘ S Mn Ga 

    

Spectrum 1 54.2 23 22.9 

Spectrum 2 54.4 23 22.6 

Spectrum 3 54.3 23 22.7 

Spectrum 4 54.5 22.9 22.6 

Spectrum 5 54.7 22.9 22.4 

Spectrum 6 55.2 22.8 22.1 

Spectrum 7 53.7 23.3 23 

Spectrum 8 54.9 23.1 22 

Spectrum 9 54.3 23 22.7 

Spectrum 10 56.8 23 22.9 

Spectrum 11 54.4 23 22.7 

Spectrum 12 54.2 22.9 22.8 
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ʆʢʦʥʯʘʥʠʝ ʪʘʙʣʠʮ r13 

ʊʦʯʢʘ S Mn Ga 

Spectrum 13 54.2 23.1 22.8 

Spectrum 14 55.8 22.4 21.8 

Spectrum 15 55.6 22.6 21.9 

    

ʉʨʝʜʥʝʝ 54.6 22.9 22.5 

ʉʪʘʥʜʘʨʪʥʘʷ ʦʰʠʙʢʘ 0.6 0.2 0.4 

 

4.1.2. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ Mn2Ga2S5 

ʉʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʩʦʝʜʠʥʝʥʠʝ Mn2Ga2S5 ʙʳʣʦ 

ʧʦʣʫʯʝʥʦ ʚ ʦʜʥʦʬʘʟʥʦʤ ʚʠʜʝ (ʈʠʩʫʥʦʢ 30). ʂʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʫʪʦʯʥʠʣʠ ʤʝʪʦʜʦʤ 

ʈʠʪʚʝʣʴʜʘ. ɺ ʢʘʯʝʩʪʚʝ ʩʪʘʨʪʦʚʦʡ ʤʦʜʝʣʠ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʘʨʘʤʝʪʨʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ Mg2Al2Se5[152]. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʙʣʠʟʢʠʤ ʧʦ ʩʦʩʪʘʚʫ ʠʟʦʩʪʨʫʢʪʫʨʥʳʤ 

ʩʦʝʜʠʥʝʥʠʝʤ ʪʘʢʞʝ ̫ ʚʣʷʝʪʩʷ Mg2Ga2S5[186]. Mg2Al2Se5 ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 

ʛʨʫʧʧʝ P-3m1 ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ a = 3,88 ¡ ʠ c = 16,00 ¡. ʂʨʠʩʪʘʣʣʠʯʝʩʢʫʶ 

ʩʪʨʫʢʪʫʨʫ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ ʇʐʋ ʘʪʦʤʦʚ Se, ʚ ʢʦʪʦʨʦʡ ʩʣʦʠ ʯʝʨʝʜʫʶʪʩʷ ʚ ʧʦʨʷʜʢʝ 

ABCBCAé. ʄʝʞʜʫ ʩʣʦʷʤʠ A-B ʠ C-A ʟʘʧʦʣʥʝʥʳ ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʫʩʪʦʪʳ ʢʘʪʠʦʥʘʤʠ ʤʘʛʥʠʷ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʤʝʞʜʫ ʩʣʦʷʤʠ B-ʉ ʠ B-C ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʢʘʪʠʦʥʳ ʘʣʶʤʠʥʠʷ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ 

ʧʫʩʪʦʪʘʭ. ʚʘʥʜʝʨʚʘʘʣʴʩʦʚʘ ʱʝʣʴ ʦʙʨʘʟʫʝʪʩʷ ʤʝʞʜʫ ʩʣʦʷʤʠ C-B, ʧʫʩʪʦʪʳ ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ ʥʝ 

ʟʘʥʷʪʳ ʢʘʪʠʦʥʘʤʠ.  
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ʈʠʩʫʥʦʢ 30 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ (ʬʠʦʣʝʪʦʚʳʝ ʪʦʯʢʠ) ʠ ʨʘʩʯʝʪʥʘʷ (ʦʨʘʥʞʝʚʘʷ ʣʠʥʠʷ) 

ʨʝʥʪʛʝʥʦʛʨʘʤʤʘ Mn2Ga2S5. ʇʦʣʦʞʝʥʠʝ ʨʝʬʣʝʢʩʦʚ ʧʦʢʘʟʘʥʦ ʯʝʨʥʳʤʠ ʰʪʨʠʭʘʤʠ, ʘ 

ʨʘʟʥʦʩʪʥʘʷ ʢʨʠʚʘʷ ï ʟʝʣʝʥʦʡ ʣʠʥʠʝʡ 

ʋʪʦʯʥʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨ rMn2Ga2S5 ʚʳʧʦʣʥʝʥʦ ʚ ʥʝʜʘʚʥʝʡ ʨʘʙʦʪʝ[176], 

ʦʜʥʘʢʦ ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʤʦʜʝʣʴ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʥʝ ʫʯʠʪʳʚʘʝʪ ʩʤʝʰʘʥʥʫ  ʁ

ʟʘʩʝʣʝʥʥʦʩʪ ɹʢʘʪʠʦʥʥʳʭ ʧʦʟʠʮʠʡ. ʋʪʦʯʥʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ 

ʦʜʥʦʟʥʘʯʥʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʨʠʩʫʪʩʪʚʠʝ ʢʘʢ ʘʪʦʤʦʚ ʤʘʨʛʘʥʮʘ, ʪʘʢ ʠ ʘʪʦʤʦʚ ʛʘʣʣʠʷ ʚ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ ʩ ʦʢʪʘʵʜʨʠʯʝʩʢʠʤ ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʤ ʦʢʨʫʞʝʥʠʝʤ ʘʪʦʤʦʚ ʩʝʨʳ, 

ʯʪʦ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ. ɼʣʷ Mn2Ga2S5 ʟʘʩʝʣʝʥʥʦʩʪʴ ʜʚʫʭʟʘʨʷʜʥʦʛʦ ʢʘʪʠʦʥʘ ʚ 

ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ ʩʦʩʪʘʚʣʷʝʪ 80 % ʩʦʛʣʘʩʥʦ ʫʪʦʯʥʝʥʠʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʘ 

ʪʨʝʭʟʘʨʷʜʥʦʛʦ ï 20 %, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʪʥʘʷ ʩʠʪʫʘʮʠʷ 

(ʊʘʙʣʠʮʘ 14). ʇʨʝʜʧʦʣʘʛʘʝʤʘ ̫ʚʘʣʝʥʪʥʘ ̫ʢʦʥʬʠʛʫʨʘʮʠʷ Mn2+ ʩ ʵʣʝʢʪʨʦʥʥʦʡ ʦʙʦʣʦʯʢʦʡ 3d5 ʚ 

ʚʳʩʦʢʦʩʧʠʥʦʚʦʤ ʩʦʩʪʦʷʥʠʠ ʧʨʠʚʦʜʠʪ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʪʝʦʨʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʣʷ ʢ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʧʨʠ ʚʳʙʦʨʝ ʤʝʞʜʫ ʦʢʪʘʵʜʨʠʯʝʩʢʠʤ ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʤ 
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ʦʢʨʫʞʝʥʠʝʤ. ʇʦʵʪʦʤʫ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʝ ʦʢʨʫʞʝʥʠʝ, ʚʝʨʦʷʪʥʦ, ʚʥʦʩʠʪ 

ʨʘʟʤʝʨʥʳʡ ʬʘʢʪʦʨ (ʧʦʜʨʦʙʥʝʝ ʦʧʠʩʘʥʦ ʚ ʛʣʘʚʝ 4.7). 

ʊʘʙʣʠʮʘ 14 ï ʇʘʨʘʤʝʪʨʳ ʘʪʦʤʥʳʭ ʧʦʟʠʮʠʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨ rMn2Ga2S5 

ʇʦʟʠʮʠʷ ʉʠʤʤʝʪʨʠʷ x y z ɿʘʩʝʣʝʥʥʦʩʪʴ Uiso (¡2) 

Mn1 3m 1/3 2/3 0.1027(7) 0.80(2)Mn + 0.20(2)Ga 0.0288(17) 

Ga1 3m 1/3 2/3 0.6674(9) 0.80(2)Ga + 0.20(2)Mn 0.0288(17) 

S1 σm 0 0 0 1 0.025(2) 

S2 3m 1/3 2/3 0.395(1) 1 0.025(2) 

S3 3m 1/3 2/3 0.816(1) 1 0.025(2) 

ʆʩʥʦʚʥʳʝ ʧʦʣʠʵʜʨʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ï ʦʢʪʘʵʜʨʳ ʠ ʪʝʪʨʘʵʜʨʳ ʘʪʦʤʦʚ ʩʝʨʳ, 

ʮʝʥʪʨʠʨʦʚʘʥʥʳʝ ʘʪʦʤʘʤʠ ʤʘʨʛʘʥʮʘ ʠ ʛʘʣʣʠʷ, ï ʷʚʣʷʶʪʩʷ ʠʩʢʘʞʝʥʥʳʤʠ. ʂʘʪʠʦʥʳ ʚ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ ʩʤʝʱʝʥʳ ʠʟ ʮʝʥʪʨʘ ʧʦʣʠʵʜʨʘ ʚ ʩʪʦʨʦʥʫ ʚʥʫʪʨʝʥʥʝʡ ʯʘʩʪʠ ʙʣʦʢʘ, 

ʪʦʛʜʘ ʢʘʢ ʢʘʪʠʦʥʳ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ï ʚ ʩʪʦʨʦʥʫ ʚʥʝʰʥʝʡ ʯʘʩʪʠ ʙʣʦʢʘ (ʊʘʙʣʠʮʘ 15, ʈʠʩʫʥʦʢ 31). 

ʊʘʙʣʠʮʘ 15 ï ʆʩʥʦʚʥʳʝ ʤʝʞʘʪʦʤʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ Mn2Ga2S5 

ʇʦʟʠʮʠʷ ʆʢʨʫʞʝʥʠʝ ɼʣʠʥʘ ʩʚʷʟʠ (¡) 

Mn1 S1 (x3) 2.654(7) 

 S3 (x3) 2.47(1) 

Ga1 S2 (x3) 2.343(9) 

 S3 (x1) 2.27(2) 

 

 

ʈʠʩʫʥʦʢ 31 ï ʇʦʣʠʵʜʨʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ Mn2Ga2S5. 

ʉʪʨʝʣʢʘʤʠ ʩʭʝʤʘʪʠʯʥʦ ʦʙʦʟʥʘʯʝʥʦ ʩʤʝʱʝʥʠʝ ʢʘʪʠʦʥʦʚ ʠʟ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʮʝʥʪʨʦʚ 

ʧʦʣʠʵʜʨʦʚ. ʆʢʪʘʵʜʨʳ ʠ ʪʝʪʨʘʵʜʨʳ ʘʪʦʤʦʚ ʩʝʨʳ ʧʦʢʘʟʘʥʳ ʩʠʨʝʥʝʚʳʤ ʠ ʟʝʣʝʥʳʤ ʮʚʝʪʦʤ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʵʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ï ʯʝʨʥʳʤʠ ʣʠʥʠʷʤʠ 
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4.1.3. ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ Mn2Ga2S5 

ʅʘ ʛʨʘʬʠʢʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ 

ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ Mn2Ga2S5 ʥʘʙʣʶʜʘʝʪʩʷ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʦ-ʧʦʜʦʙʥʳʡ ʧʝʨʝʭʦʜ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ 

ʅʝʝʣʷ TN = 12.7 K, ʢʦʪʦʨʳʡ ʧʦʜʘʚʣʷʝʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (ʈʠʩʫʥʦʢ 32). ʕʪʦ 

ʪʘʢʞʝ ʚʠʜʥʦ ʠ ʥʘ ʛʨʘʬʠʢʘʭ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʧʨʠʣʦʞʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ: ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʅʝʝʣʷ ʧʦʷʚʣʷʝʪʩʷ ʛʠʩʪʝʨʝʟʠʩ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩ 

ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʦʡ 1020(20) ʕ. ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʚʝʨʦʷʪʥʦ ʦʙʫʩʣʦʚʣʝʥ ʩʠʣʴʥʦʡ ʬʨʫʩʪʨʘʮʠʝʡ 

ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ, ʢʦʪʦʨʘʷ ʚʧʦʣʥʝ ʚʝʨʦʷʪʥʘ ʜʣʷ 2D-ʤʘʛʥʠʪʥʳʭ ʩʠʩʪʝʤ, ʠ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʝʢʦʣʣʠʥʝʘʨʥʦʛʦ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʘ. 

 

ʈʠʩʫʥʦʢ 32 ï ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ Mn2Ga2S5. ʘ) ʄʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ ʚ ʨʘʟʣʠʯʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ; ʙ) ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʦʙʨʘʪʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5 ʊʣ ʩ 

ʧʦʤʦʱʴʶ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʟʘʢʦʥʘ ʂʶʨʠ-ɺʝʡʩʘ; ʚ) ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʜʣʷ 

ʩʣʫʯʘʷ H || c ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʥʘ ʚʳʥʦʩʢʝ ʫʚʝʣʠʯʝʥʥʳʡ ʬʨʘʛʤʝʥʪ ʧʨʠ 2ʂ; ʛ) 

ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʜʣʷ H || ab ʠ H || c ʚ 

ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 1000 ʕ 

ɸʧʧʨʦʢʩʠʤʘʮʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʦʙʨʘʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʟʘʢʦʥʦʤ ʂʶʨʠ-ɺʝʡʩʘ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠʚʝʣʘ ʢ ʟʥʘʯʝʥʠʶ 

ʪʝʤʧʝʨʘʪʫʨʳ ɺʝʡʩʘ ɗ=-277 K ʠ ʵʬʬʝʢʪʠʚʥʦʤʫ ʤʘʛʥʠʪʥʦʤʫ ʤʦʤʝʥʪʫ = 6.02ɛB ʥʘ ʘʪʦʤ ʤʘʨʛʘʥʮʘ. 
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ɺʳʩʦʢʦʝ ʧʦ ʤʦʜʫʣʶ ʟʥʘʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ɺʝʡʩʘ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʦʤ 

ʦʙʤʝʥʥʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ. ʂʨʦʤʝ ʪʦʛʦ, ʥʘʙʣʶʜʘʝʤʦʝ ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ ʦʪʥʦʰʝʥʠʷ |ɗ|/TN = 22 

ʪʘʢʞʝ ʫʢʘʟʳʚʘʝʪ ʥʘ ʚʳʩʦʢʫʶ ʩʪʝʧʝʥʴ ʤʘʛʥʠʪʥʦʡ ʬʨʫʩʪʨʘʮʠʠ ʚ ʩʠʩʪʝʤʝ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʦ 

ʜʚʫʤʝʨʥʳʤ ʭʘʨʘʢʪʝʨʦʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʪʨʝʫʛʦʣʴʥʳʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʠʦʥʦʚ Mn2+ 

ʤʝʞʜʫ ʛʝʢʩʘʛʦʥʘʣʴʥʳʤʠ ʩʣʦʷʤʠ ʩʝʨʳ ʠ ʩʤʝʰʘʥʥʳʤ ʟʘʧʦʣʥʝʥʠʝʤ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʠ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ, ʢʘʢ ʥʘʙʣʶʜʘʣʦʩʴ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʮʠʠ. ʕʬʬʝʢʪʠʚʥʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ ʦʞʠʜʘʝʤʦʛʦ ʜʣʷ Mn2+ = 5.92 

ÕB[187]. ʅʝʩʦʚʧʘʜʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʦʨʠʝʥʪʘʮʠʷʭ ʢʨʠʩʪʘʣʣʘ (ʧʘʨʘʣʣʝʣʴʥʦ ʦʩʠ c ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʝʡ) ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʥʝʙʦʣʴʰʫ  ʁʤʘʛʥʠʪʥʫ  ʁʘʥʠʟʦʪʨʦʧʠʶ ʢʨʠʩʪʘʣʣʦʚ. ɼʘʥʥʳʝ ʦʪʣʠʯʘʶʪʩʷ ʚʙʣʠʟʠ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʝʨʝʭʦʜʘ, ʦʜʥʘʢʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʦʙʣʘʩʪʴ ʧʨʘʢʪʠʯʝʩʢʠ ʠʜʝʥʪʠʯʥʘ. 

4.1.4. ʕʢʩʬʦʣʠʘʮʠʷ 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʤʝʪʦʜʦʤ ʞʠʜʢʦʩʪʥʦʡ ʵʢʩʬʦʣʠʘʮʠʠ ʚ ʥʝʧʦʣʷʨʥʦʤ 

ʨʘʩʪʚʦʨʠʪʝʣʝ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʦʙʨʘʟʝʮ Mn2Ga2S5. ʅʘ ʠʟʦʙʨʘʞʝʥʠʷʭ, 

ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ɻʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ (ʇʕʄ 

ɺʈ), ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʘ ʚʠʜʘ ʯʘʩʪʠʮ: ʧʣʦʩʢʠʝ ʬʨʘʛʤʝʥʪʳ ʢʨʠʩʪʘʣʣʠʪʦʚ ʪʦʣʱʠʥʦʡ ʚ ʜʝʩʷʪʢʠ 

ʥʘʥʦʤʝʪʨʦʚ ʠ ʥʘʥʦʩʚʝʨʪʢʠ, ʦʙʨʘʟʫʶʱʠʝʩʷ ʧʨʠ ʩʚʦʨʘʯʠʚʘʥʠʠ ʘʪʦʤʥʦ-ʪʦʥʢʠʭ ʧʣʘʩʪʠʥ  

(ʈʠʩʫʥʦʢ 33). ʅʘ ʠʟʦʙʨʘʞʝʥʠʷʭ ʇʕʄ ʥʘʙʣʶʜʘʣʠ ʘʛʣʦʤʝʨʘʪʳ ʵʢʩʬʦʣʠʠʨʦʚʘʥʥʳʭ ʯʘʩʪʠʮ, ʘ ʪʘʢʞʝ 

ʯʘʩʪʠʮʳ ʩ ʥʝʟʘʢʦʥʯʝʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʵʢʩʬʦʣʠʘʮʠʝʡ (ʇʨʠʣʦʞʝʥʠʝ ɽ ʈʠʩʫʥʦʢ ɽ. 1). ʇʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʝʣʝʢʪʦʨʥʦʡ ʜʠʘʬʨʘʛʤʳ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʠʟʦʙʨʘʞʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʜʠʬʨʘʢʮʠʠ 

ʜʣ ̫ʚʳʙʨʘʥʥʦʡ ʦʙʣʘʩʪʠ. ʉ ʧʦʤʦʱʴʶ ʌʫʨʴʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠ ʬʠʣʴʪʨʘ ʙʳʣʠ ʚʳʯʠʩʣʝʥʳ 

ʤʝʞʧʣʦʩʢʦʩʪʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʧʦ ʨʘʜʠʫʩʘʤ ʧʦʩʪʨʦʝʥʥʳʭ ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʭ ʦʢʨʫʞʥʦʩʪʝʡ, 

ʧʨʦʭʦʜʷʱʠʤ ʯʝʨʝʟ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʤʘʢʩʠʤʫʤʳ. ʕʪʠ ʜʘʥʥʳʝ ʩʦʚʧʘʜʘʶʪ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ (ʊʘʙʣʠʮʘ 16). ʇʨʝʠʤʫʱʝʩʪʚʝʥʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʥʘʧʨʘʚʣʝʥʠʶ [001] ʧʦʜʪʚʝʨʞʜʘʝʪ ʩʠʣʴʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʬʦʨʤʳ 

ʯʘʩʪʠʮ. ʄʦʨʬʦʣʦʛʠʷ ʯʘʩʪʠʮ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʣʘʩʪʠʥʘʤʠ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʩʣʦʠʩʪʳʡ ʭʘʨʘʢʪʝʨ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. ʅʘ ʢʘʨʪʠʥʘʭ ʵʣʝʢʪʨʦʥʥʦʡ ʜʠʬʨʘʢʮʠʠ 

ʥʘʥʦʩʚʝʨʪʢʦʚ ʦʪʯʝʪʣʠʚʦ ʚʠʜʥʦ ʨʘʩʱʝʧʣʝʥʠʝ ʨʝʬʣʝʢʩʦʚ 100, ʢʦʪʦʨʦʝ ʩʚʷʟʘʥʦ ʩ 

ʨʘʩʪʷʞʝʥʠʝʤ/ʩʞʘʪʠʝʤ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʧʨʠ ʟʘʢʨʫʯʠʚʘʥʠʠ ʩʚʝʨʪʢʦʚ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ 

ʠʟʫʯʠʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʚʥʫʪʨʠ ʢʨʠʩʪʘʣʣʠʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʢʘʨʪʠʨʦʚʘʥʠʝ ɻ ʣʝʤʝʥʪʥʦʛʦ 

ʩʦʩʪʘʚʘ ʩ ʧʦʤʦʱʴʶ ʈʉʤɸ, ʢʦʪʦʨʦʝ ʧʦʜʪʚʝʨʜʠʣʦ ʦʜʥʦʨʦʜʥʦʩʪʴ ʩʦʩʪʘʚʘ ʥʘʥʦʩʚʝʨʪʢʦʚ. 
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ʈʠʩʫʥʦʢ 33 ï ʇʕʄ ʠ ʈʉʤɸ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ Mn2Ga2S5: ʘ) ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʥʘʥʦʩʚʝʨʪʢʘ ʚ 

ʩʚʝʪʣʦʤ ʧʦʣʝ; ʙ) ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʧʣʦʩʢʦʛʦ ʢʨʠʩʪʘʣʣʠʪʘ ʚ ʩʚʝʪʣʦʤ ʧʦʣʝ; ʚ) ʢʘʨʪʠʥʘ 

ʜʠʬʨʘʢʮʠʠ ɻʣʝʢʪʨʦʥʦʚ ʩ ʚʳʜʝʣʝʥʥʦʡ ʦʙʣʘʩʪʠ, ʦʙʦʟʥʘʯʝʥʥʦʡ ʢʨʘʩʥʳʤ ʢʨʫʛʦʤ ʥʘ ʘ); ʛ) ʢʘʨʪʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʚ ʧʨʝʜʝʣʘʭ ʚʳʙʨʘʥʥʦʛʦ ʢʨʠʩʪʘʣʣʠʪʘ; ʜ) ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʝ 

ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʟʦʥʳ (001); ʥʘ ʚʩʪʘʚʢʝ ʧʦʢʘʟʘʥ ʧʨʦʬʠʣʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʠʛʥʘʣʘ, 

ʠʟʤʝʨʝʥʥʳʡ ʚʜʦʣʴ ʙʝʣʦʡ ʣʠʥʠʠ; ʝ) ʢʘʨʪʠʥʘ ʜʠʬʨʘʢʮʠʠ ɻʣʝʢʪʨʦʥʦʚ ʩ ʚʳʙʨʘʥʥʦʡ ʦʙʣʘʩʪʠ, 

ʦʙʦʟʥʘʯʝʥʥʦʡ ʯʝʨʥʳʤ ʧʨʷʤʦʫʛʦʣʴʥʠʢʦʤ ʥʘ (ʜ), ʜʦʩʪʨʦʝʥʥʳʝ ʙʝʣʳʝ ʦʢʨʫʞʥʦʩʪʠ ʦʙʦʟʥʘʯʘʶʪ 

ʩʝʨʠʶ ʦʪʨʘʞʝʥʠʡ ʩ ʤʝʞʧʣʦʩʢʦʩʪʥʳʤʠ ʨʘʩʩʪʦʷʥʠʷʤʠ, ʧʝʨʝʯʠʩʣʝʥʥʳʤʠ ʜʘʣʝʝ(ʊʘʙʣʠʮʘ 16) 
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ʊʘʙʣʠʮʘ 16 ï ʉʨʘʚʥʝʥʠʝ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʧʦ ʜʘʥʥʳʤ ʜʠʬʨʘʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʚ 

ʨʘʤʢʘʭ ʇʕʄ ʠ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ 

dɻ ʣʝʢʪʨʦʥʥʘʷ ʜʠʬʨʘʢʮʠʷ, ¡ dʨʝʥʪʛʝʥʦʚʩʢʘʷ ʜʠʬʨʘʢʮʠʷ,* ¡ h k l 

3.25 3.22 1 0 0 

1.87 1.86 2 1 0 

1.61 1.61 2 0 0 

1.23 1.22 3 1 0 

1.07 1.07 3 0 0 

0.93 0.93 4 2 0 

0.89 0.89 4 1 0 

0.82 0.80 4 0 0 

*ʇʦʛʨʝʰʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʧʦ ʜʘʥʥʳʤ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʮʠʠ ʩʦʩʪʘʚʣʷʶʪ ʤʝʥʝʝ 0.01 ¡ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʜʣʦʞʝʢ ʩ ʥʘʥʝʩʝʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ Mn2Ga2S5 ʧʨʦʚʦʜʠʣʠ ʩ ʧʦʤʦʱʴʶ 

ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ɸʉʄ). ʏʪʦʙʳ ʧʦʜʪʚʝʨʜʠʪʴ ʥʘʣʠʯʠʝ ʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʙʳʣʘ 

ʨʘʩʩʯʠʪʘʥʘ h ʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʭʦʜʥʦʡ ʩʪʝʢʣʷʥʥʦʡ ʧʦʜʣʦʞʢʠ (ʈʠʩʫʥʦʢ 34 ʘ), ʘ ʪʘʢʞʝ 

çʧʫʩʪʦʛʦè ʬʨʘʛʤʝʥʪʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʦʱʘʜʴʶ 2 Ĭ 2 ʤʢʤ2 ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʯʘʩʪʠʮ (ʛʦʣʫʙʘʷ ʨʘʤʢʘ, 

ʈʠʩʫʥʦʢ 34 ʙ). ʉʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʟʥʘʯʝʥʠʝ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʜʣʷ ʬʨʘʛʤʝʥʪʘ ʨʘʟʤʝʨʦʤ 2 Ĭ 2 ʤʢʤ2 

ʥʘ ʠʩʭʦʜʥʦʡ ʧʦʜʣʦʞʢʝ ʩʦʩʪʘʚʣʷʣʦ 6-8 ʥʤ, ʘ ʜʣʷ ʧʫʩʪʦʡ ʦʙʣʘʩʪʠ ʦʙʨʘʟʮʘ ï 8.2 ʥʤ, ʧʨʠ ʦʙʱʝʡ 

ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʜʣʦʞʢʠ ʩ ʦʙʨʘʟʮʦʤ 30.5 ʥʤ. ʕʪʠ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʧʦʷʚʣʝʥʠʠ ʥʦʚʳʭ 

ʦʙʲʝʢʪʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ. ɺ ʤʠʢʨʦʥʥʦʤ ʤʘʩʰʪʘʙʝ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ 

ʯʘʩʪʠʮʳ ʪʦʣʱʠʥʦʡ ʤʝʥʝʝ 100 ʥʤ, ʢʦʪʦʨʳʝ ʦʙʣʘʜʘʶʪ ʧʣʦʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʧʨʠ ʵʪʦʤ ʧʨʦʬʠʣʴ 

ʩʠʛʥʘʣʘ ɸʉʄ ʷʚʣʷʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʩʪʦʷʥʥʳʤ ʚ ʮʝʥʪʨʝ ʯʘʩʪʠʮʳ ʠ ʫʤʝʥʴʰʘʝʪʩʷ ʢ ʢʨʘʷʤ. 

ʂʦʣʝʙʘʥʠʷ ʟʦʥʜʘ ɸʉʄ ʭʦʨʦʰʦ ʚʠʜʥʳ ʥʘ ʣʠʥʝʡʥʳʭ ʧʨʦʬʠʣʷʭ ʩʠʛʥʘʣʘ (ʈʠʩʫʥʦʢ 34 ʚ). 

ʅʘʙʣʶʜʘʝʤʳʡ ʪʠʧ ʠʩʢʘʞʝʥʠʷ ʩʦʭʨʘʥʷʝʪʩʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʢʦʨʦʩʪʠ ʩʢʘʥʠʨʦʚʘʥʠʷ ʚ ʧʨʝʜʝʣʘʭ 0.2-

1 ʩʪʨʦʢʠ ʚ ʩʝʢʫʥʜʫ ʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʘʟʣʠʯʥʦʡ ʩʠʣr ʜʘʚʣʝʥʠ ̫ʢʘʥʪʠʣʝʚʝʨʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ. 

ʕʪʠ ʢʦʣʝʙʘʥʠʷ, ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʳ ʩʦ ʩʣʘʙʦʡ ʘʜʛʝʟʠʝʡ ʯʘʩʪʠʮ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʝʢʣʘ; ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʯʘʩʪʠʮʳ ʤʦʛʫʪ ʣʝʛʢʦ ʜʝʬʦʨʤʠʨʦʚʘʪʴʩʷ ʢʘʥʪʠʣʝʚʝʨʦʤ ʠ ʨʝʘʛʠʨʦʚʘʪʴ ʥʘ ʥʝʛʦ ʢʘʢ ʥʘ 

ʥʝʞʝʩʪʢʫʶ ʧʦʚʝʨʭʥʦʩʪʴ. ʃʠʥʝʡʥʳʡ ʧʨʦʬʠʣʴ ʩʠʛʥʘʣʘ ɸʉʄ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʪʦʣʱʠʥʘ 

ʥʘʙʣʶʜʘʝʤʳʭ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ ʯʘʩʪʠʮ ʥʝ ʧʨʝʚʳʰʘʝʪ 70 ʥʤ (ʈʠʩʫʥʦʢ 34 ʛ). 
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ʈʠʩʫʥʦʢ 34 ï ɸʉʄ ʠʟʦʙʨʘʞʝʥʠʷ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ Mn2Ga2S5 ʥʘ ʩʪʝʢʣʷʥʥʦʡ ʧʦʜʣʦʞʢʝ: ʘ) 

ʠʩʭʦʜʥʘʷ ʧʦʜʣʦʞʢʘ, ʙ) ʧʦʜʣʦʞʢʘ ʩ ʥʘʥʝʩʝʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ. ʚ) ʠ ʛ) ʃʠʥʝʡʥʳʝ ʧʨʦʬʠʣʠ 

ʩʠʛʥʘʣʘ ɸʉʄ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʚʜʦʣʴ ʦʪʨʝʟʢʦʚ 1 ʠ 2, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʙʦʟʥʘʯʝʥʥʳʭ ʥʘ 

ʙ) 

 

4.2. Mn2In2Se5 

4.2.1. ʇʦʠʩʢ ʥʦʚʦʡ ʬʘʟʳ 

ʄʥʦʛʦʯʠʩʣʝʥʥʳʝ ʩʠʥʪʝʟʳ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ Mn2In2Se5 ʧʨʠʚʦʜʠʣʠ ʢ 

ʦʙʨʘʟʦʚʘʥʠʶ ʤʥʦʛʦʬʘʟʥʦʡ ʩʠʩʪʝʤʳ, ʚ ʩʦʩʪʘʚʝ ʢʦʪʦʨʦʡ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ R-ʬʘʟʫ Mn2In2Se5, 

ʦʧʠʩʘʥʥʫʶ ʚ ʣʠʪʝʨʘʪʫʨʝ[161], ʠʥʦʛʜʘ MnSe (Fm-3m a = 5.462(4) ¡)[188] ʠ ʚʝʨʦʷʪʥʦ ʝʱʝ ʦʜʥʫ 

ʥʝʠʟʚʝʩʪʥʫʶ ʬʘʟʫ. ʂ ʥʝʠʟʚʝʩʪʥʦʡ ʬʘʟʝ ʧʨʠʧʠʩʳʚʘʣʠʩʴ ʧʨʠʤʝʨʥʦ 10 ʥʘʙʣʶʜʘʝʤʳʭ ʨʝʬʣʝʢʩʦʚ ʩ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ 10-30 %, ʪʘʢ ʢʘʢ ʠʭ ʥʝ ʫʜʘʚʘʣʦʩʴ ʦʪʥʝʩʪʠ ʢ ʧʨʦʩʪʳʤ, ʙʠʥʘʨʥʳʤ 

ʠʣʠ ʪʨʦʡʥʳʤ ʩʦʝʜʠʥʝʥʠʷʤ ʚ ʩʠʩʪʝʤʝ Mn-In-Se. ɼʘʥʥʫʶ ʩʤʝʩʴ ʬʘʟ ʩ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʳʤ 

ʩʦʦʪʥʦʰʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʨʝʬʣʝʢʩʦʚ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʧʦ ʜʘʥʥʳʤ ʧʦʨʦʰʢʦʚʦʡ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ. 

ʄʳ ʠʟʤʝʥʷʣʠ ʪʝʤʧʝʨʘʪʫʨʫ ʩʠʥʪʝʟʘ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 700 ʜʦ 1100 Áʉ, ʧʨʝʩʩʦʚʘʣʠ ʦʙʨʘʟʮʳ, ʜʝʣʘʣʠ 

ʜʚʫʭ- ʠ ʪʨʝʭʢʨʘʪʥʳʝ ʦʪʞʠʛʠ ʩ ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʧʝʨʝʪʠʨʘʥʠʝʤ, ʠʩʧʦʣʴʟʦʚʘʣʠ ʘʣʫʥʜʦʚʳʝ ʪʠʛʣʠ 

ʚʥʫʪʨʠ ʘʤʧʫʣʳ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʚʦʟʤʦʞʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʝʱʝʩʪʚ ʩ ʢʚʘʨʮʝʤ, 
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ʠʩʧʦʣʴʟʦʚʘʣʠ ʵʣʝʤʝʥʪʥʳʝ ʠ ʙʠʥʘʨʥʳʝ ʧʨʝʢʫʨʩʦʨʳ ʜʣʷ ʩʠʥʪʝʟʘ ï ʚʩʝ ʧʨʠʚʦʜʠʣʦ ʢ ʦʜʥʦʤʫ ʠ ʪʦʤʫ 

ʞʝ ʨʝʟʫʣʴʪʘʪʫ. ʕʪʠ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʥʘʭʦʜʷʪʩʷ ʚ 

ʩʦʩʪʦʷʥʠʠ, ʙʣʠʟʢʦʤ ʢ ʨʘʚʥʦʚʝʩʥʦʤʫ. ʄʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʧʦʣʫʯʝʥʠʶ ʩʦʝʜʠʥʝʥʠʷ Mn2In2Se5 

ʚ ʦʜʥʦʬʘʟʥʦʤ ʚʠʜʝ ʧʨʝʧʷʪʩʪʚʫʝʪ ʣʠʙʦ ʦʪʢʣʦʥʝʥʠʝ ʩʦʩʪʘʚʘ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ, ʣʠʙʦ 

ʩʫʱʝʩʪʚʫʶʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ ʠʣʠ ʨʝʘʢʮʠʠ, ʧʨʦʠʩʭʦʜʷʱʠʝ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ. 

ʉʦʛʣʘʩʥʦ ʥʝʜʘʚʥʝʤʫ ʠʩʩʣʝʜʦʚʘʥʠʶ [189], R-Mn2In2Se5 ʧʣʘʚʠʪʩʷ ʩ ʨʘʟʣʦʞʝʥʠʝʤ ʧʦ 

ʧʝʨʠʪʝʢʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1193 K. ʇʨʠ ʵʪʦʤ, ʜʨʫʛʠʭ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʜʘʥʥʦʡ 

ʩʠʩʪʝʤʝ ʘʚʪʦʨʳ ʥʝ ʥʘʙʣʶʜʘʣʠ. 

ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʩʪʝʭʠʦʤʝʪʨʠʠ ʵʣʝʤʝʥʪʦʚ ʠ ʦʜʥʦʨʦʜʥʦʩʪʠ ʩʦʩʪʘʚʘ ʚ ʧʨʝʜʝʣʘʭ 

ʦʙʨʘʟʫʶʱʠʭʩʷ ʬʘʟ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʪʦʯʝʯʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʠ ʢʘʨʪʠʨʦʚʘʥʠʝ ʵʣʝʤʝʥʪʥʦʛʦ 

ʩʦʩʪʘʚʘ ʩ ʧʦʤʦʱʴʶ ʈʉʤɸ ʚ ʨʘʤʢʘʭ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʈʠʩʫʥʦʢ 35).  

 

ʈʠʩʫʥʦʢ 35 ï ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʪʘʙʣʝʪʢʠ, ʩʧʨʝʩʩʦʚʘʥʥʦʡ ʠʟ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ Mn2In2Se5, ʠ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʩʦʛʣʘʩʥʦ ʈʉʤɸ 

ʅʘ ʢʘʨʪʘʭ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʩʧʨʝʩʩʦʚʘʥʥʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʦʙʨʘʟʮʘ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʦʙʣʘʩʪʠ ʩ ʧʦʚʳʰʝʥʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʤʘʨʛʘʥʮʘ ʠ ʧʦʥʠʞʝʥʥʳʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʠʥʜʠʷ, ʢʦʪʦʨʳʝ ʫʢʘʟʳʚʘʶʪ ʥʘ ʬʘʟʫ MnSe, ʧʨʠ ʵʪʦʤ, ʚ ʦʩʪʘʣʴʥʦʡ ʯʘʩʪʠ ʦʙʨʘʟʮʘ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʷʚʣʷʝʪʩʷ ʨʘʚʥʦʤʝʨʥʳʤ. ʉʦʩʪʘʚ ʮʝʣʝʚʦʡ ʬʘʟʳ, ʦʧʨʝʜʝʣʝʥʥʳʡ ʢʦʣʠʯʝʩʪʚʝʥʥʦ, ʥʝ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʚ ʧʨʝʜʝʣʘʭ ʪʨʝʭ ʩʪʘʥʜʘʨʪʥʳʭ ʦʪʢʣʦʥʝʥʠʡ Mn2.8(4)In2.2(2)Se5.0(2) 

(ʈʠʩʫʥʦʢ 36, ʊʘʙʣʠʮʘ 17), ʯʪʦ ʦʧʨʦʚʝʨʛʘʝʪ ʛʠʧʦʪʝʟʫ ʦʙ ʠʥʦʡ ʩʪʝʭʠʦʤʝʪʨʠʠ ʵʣʝʤʝʥʪʦʚ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚ ʜʘʥʥʦʡ ʩʠʩʪʝʤʝ ʚ ʧʨʦʮʝʩʩʝ ʦʭʣʘʞʜʝʥʠʷ ʩʫʱʝʩʪʚʫʝʪ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ, 

ʩʚʷʟʘʥʥʳʡ ʩ ʨʘʟʣʦʞʝʥʠʝʤ ʪʝʢʫʱʝʡ ʠ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʦʚʦʡ ʬʘʟʳ Mn2In2Se5. 
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ʈʠʩʫʥʦʢ 36 ï ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʩʧʨʝʩʩʦʚʘʥʥʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ 

Mn2In2Se5 ʠ ʪʦʯʝʯʥʳʝ ʩʧʝʢʪʨʳ ʈʉʤɸ 

 

ʊʘʙʣʠʮʘ 17 ï ʉʦʜʝʨʞʘʥʠʝ ʵʣʝʤʝʥʪʦʚ ʚ ʤʦʣʴʥʳʭ ʜʦʣʷʭ ʧʦ ʜʘʥʥʳʤ ʈʉʤɸ 

ʊʦʯʝʯʥʳʡ ʩʧʝʢʪʨ Mn Se In 

Spectrum 1 22.6 53.6 23.8 

Spectrum 2 27.4 49.4 23.2 

Spectrum 3 26.7 49.4 23.9 

Spectrum 4 26.4 50.1 23.5 

Spectrum 5 31.0 48.3 20.8 

Spectrum 6 26.0 51.6 22.5 

Spectrum 7 33.8 46.7 19.4 

ʉʨʝʜʥʝʝ 27.7 49.9 22.4 

ʆʪʢʣʦʥʝʥʠʝ 3.7 2.2 1.7 

ɼʣʷ ʧʦʠʩʢʘ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʦʙʨʘʟʝʮ ʠʩʩʣʝʜʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ 

ʩʢʘʥʠʨʫʶʱʝʡ ʢʘʣʦʨʠʤʝʪʨʠʠ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʥʘʙʣʶʜʘʣʩʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʢʦʪʦʨʳʡ 

ʷʚʣʷʝʪʩʷ ʵʥʜʦʪʝʨʤʠʯʝʩʢʠʤ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʚʙʣʠʟʠ ʪʝʤʧʝʨʘʪʫʨʳ 722 ÁC (ʈʠʩʫʥʦʢ 37). ʕʬʬʝʢʪ 

ʷʚʣʷʝʪʩʷ ʩʣʘʙʦ ʚʳʨʘʞʝʥʥʳʤ, ʦʜʥʘʢʦ ʦʥ ʚʦʩʧʨʦʠʟʚʦʜʠʪʩʷ ʜʣ ̫ʨʘʟʣʠʯʥʳʭ ʦʙʨʘʟʮʦʚ ʚ ʨʝʞʠʤʝ 

ʥʘʛʨʝʚʘ ʠ ʦʭʣʘʞʜʝʥʠʷ (ʇʨʠʣʦʞʝʥʠʝ B ʈʠʩʫʥʦʢ B. 1). ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘʙʣʶʜʘʝʤʳʡ ʵʬʬʝʢʪ 

ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥ ʩ ʧʦʣʠʤʦʨʬʥʳʤʠ ʧʨʝʚʨʘʱʝʥʠʷʤʠ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ MnSe, ʧʦʩʢʦʣʴʢʫ ʚ 

ʨʘʚʥʦʚʝʩʥʳʭ ʫʩʣʦʚʠʷʭ MnSe ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʪʦʣʴʢʦ ʢʦʥʛʨʫʵʥʪʥʦʝ ʧʣʘʚʣʝʥʠʝ ʧʨʠ 1460 Áʉ[190]. 
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ʈʠʩʫʥʦʢ 37 ï ɿʘʚʠʩʠʤʦʩʪʴ ʦʪʜʘʥʥʦʛʦ/ʧʦʣʫʯʝʥʥʦʛʦ ʪʝʧʣʘ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ Mn2In2Se5 

ʆʙʥʘʨʫʞʝʥʥʳʝ ʬʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ ʙʳʣʠ ʧʦʜʨʦʙʥʦ ʠʟʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʧʦʨʦʰʢʦʚʦʡ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʩ ʥʘʛʨʝʚʘʥʠʝʤ ʦʙʨʘʟʮʘ ʚ ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʝ (çin situ ɻ ʢʩʧʝʨʠʤʝʥʪʘè) 

(ʈʠʩʫʥʦʢ 38). ʇʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚʩʝ ʨʝʬʣʝʢʩʳ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʧʨʠʤʝʩʠ MnSe, 

ʦʧʠʩʳʚʘʶʪʩʷ ʬʘʟʦʡ R-Mn2In2Se5 ((Mn0.5In0.5)4Se5,hR27,166, R-3m, a = 4.016(1) ¡, c = 48.734(9) ¡), 

ʠʟʚʝʩʪʥʦʡ ʚ ʣʠʪʝʨʘʪʫʨʝ [161]. ʇʦ ʤʝʨʝ ʥʘʛʨʝʚʘʥʠʷ ʤʦʞʥʦ ʫʩʪʘʥʦʚʠʪʴ ʥʝʩʢʦʣʴʢʦ ʬʘʟʦʚʳʭ 

ʧʝʨʝʭʦʜʦʚ. ɺ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 200 Áʉ < T < 700 Áʉ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʩʪʝʧʝʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʨʝʬʣʝʢʩʦʚ ʠʩʭʦʜʥʦʡ ʬʘʟʳ R-Mn2In2Se5 ʠ ʧʦʷʚʣʝʥʠʝ ʜʚʫʭ ʬʘʟ: MnSe ʠ MnIn2Se4, 

ʧʦʩʣʝʜʥʷʷ ʠʟ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʛʦʤʦʣʦʛʦʤ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ Mn2In2Se5. ʀʥʪʝʥʩʠʚʥʦʩʪʠ ʨʝʬʣʝʢʩʦʚ 

MnSe ʠ MnIn2Se4 ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʠ ʧʨʠ 700 Áʉ ʦʙʨʘʟʝʮ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝ ʩʦʜʝʨʞʠʪ R-Mn2In2Se5, ʢʦʪʦʨʘʷ ʥʘʭʦʜʠʪʩʷ ʚ ʨʘʚʥʦʚʝʩʠʠ ʪʠʧʘ ʧʝʨʠʪʝʢʪʦʠʜ. ɺ ʜʠʘʧʘʟʦʥʝ 

ʪʝʤʧʝʨʘʪʫʨ 700-800 Áʉ ʦʙʨʘʟʝʮ ʩʦʜʝʨʞʠʪ ʬʘʟʳ MnSe ʠ MnIn2Se4, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʨʘʟʣʦʞʝʥʠʷ R-Mn2In2Se5. ʇʨʠ 850 Áʉ ʚʠʜ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʤʝʥʷʝʪʩʷ, ʠ 

ʧʦʷʚʣʷʶʪʩʷ ʥʦʚʳʝ ʨʝʬʣʝʢʩʳ, ʢʦʪʦʨʳʝ ʥʝ ʥʘʙʣʶʜʘʣʠʩʴ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʇʨʠ ʵʪʦʤ 

ʨʝʬʣʝʢʩʳ ʬʘʟ MnSe ʠ MnIn2Se4 ʧʦʣʥʦʩʪʴʶ ʠʩʯʝʟʘʶʪ, ʘ ʥʦʚʳʝ ʨʝʬʣʝʢʩʳ ʥʝ ʦʧʠʩʳʚʘʶʪʩʷ 

ʠʟʚʝʩʪʥʳʤʠ ʬʘʟʘʤʠ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ ʥʦʚʦʡ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ Mn2In2Se5. 
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ʈʠʩʫʥʦʢ 38 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʦʙʨʘʟʮʘ Mn2In2Se5 ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ (çin situ 

ʵʢʩʧʝʨʠʤʝʥʪè). ʉʠʥʠʤ ʮʚʝʪʦʤ ʦʙʦʟʥʘʯʝʥʘ ʦʙʣʘʩʪʴ ʩʪʘʙʠʣʴʥʦʩʪʠ ʬʘʟ ç225è, ʢʨʘʩʥʳʤ ï 

ʬʘʟʳ ç124è ʠ MnSe, ʬʠʦʣʝʪʦʚʳʤ ï ʧʨʦʤʝʞʫʪʦʯʥʘʷ ʦʙʣʘʩʪʴ. ʐʪʨʠʭʘʤʠ ʦʙʦʟʥʘʯʝʥʳ 

ʧʦʣʦʞʝʥʠʷ ʨʝʬʣʝʢʩʦʚ ʥʘʙʣʶʜʘʝʤʳʭ ʬʘʟ. ʉʠʤʚʦʣʦʤ # ʦʙʦʟʥʘʯʝʥʳ ʨʝʬʣʝʢʩʳ ʥʦʚʦʡ 

ʥʝʠʟʚʝʩʪʥʦʡ ʬʘʟʳ. ɸʩʪʝʨʠʩʢʦʤ ʧʦʢʘʟʘʥ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʡ ʧʠʢ 
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ʅʘ ʧʦʣʫʯʝʥʥʳʭ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʭ ʪʘʢʞʝ ʥʘʙʣʶʜʘʶʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʨʝʬʣʝʢʩʳ. 

ʀʥʩʪʨʫʤʝʥʪʘʣʴʥʳʡ ʧʠʢ ʧʨʠ 2ɗ = 58Á ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 650 Áʉ ʧʦʢʘʟʘʥ ʩ ʧʦʤʦʱʴʶ ʘʩʪʝʨʠʩʢʘ 

ʥʘ ʨʠʩʫʥʢʝ 38. ʇʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʭ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʧʦʷʚʣʝʥʠʝ 

ʥʝʩʢʦʣʴʢʠʭ ʥʦʚʳʭ ʨʝʬʣʝʢʩʦʚ (ʥʘʧʨʠʤʝʨ, ʧʨʠ 2ɗ å 35 ʠ 40Á), ʦʪʤʝʯʝʥʥʳʭ ʩʠʤʚʦʣʦʤ # ʥʘ 

ʨʠʩʫʥʢʝ 38, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʪʦʨʳʭ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʦ ʤʝʨʝ ʧʨʦʜʦʣʞʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

ɺʝʨʦʷʪʥʦ, ɻʪʦ ʧʨʦʜʫʢʪʳ ʦʢʠʩʣʝʥʠʷ/ʛʠʜʨʦʣʠʟʘ ʦʙʨʘʟʮʘ ʟʘ ʩʯʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʧʨʠʤʝʩʷʤʠ, 

ʩʦʜʝʨʞʘʱʠʤʠʩʷ ʚ ʠʥʝʨʪʥʦʤ ʛʘʟʝ ï ʘʨʛʦʥʝ. ɼʣ ̫ɻ ʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʩ 

ʥʘʛʨʝʚʘʥʠʝʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʘʤʝʨʘ, ʢʦʪʦʨʘʷ ʧʦʩʪʦʷʥʥʦ ʧʨʦʜʫʚʘʝʪʩʷ ʧʦʪʦʢʦʤ ʘʨʛʦʥʘ ʚ ʪʝʯʝʥʠʝ 

ʜʣʠʪʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɿʘ ʚʨʝʤʷ ʥʘʢʦʧʣʝʥʠʷ ʩʠʛʥʘʣʘ ʧʨʠʤʝʩʠ ʚʦʜʳ ʠ 

ʢʠʩʣʦʨʦʜʘ ʤʦʛʫʪ ʥʘʢʘʧʣʠʚʘʪʴʩʷ ʠ ʯʘʩʪʠʯʥʦ ʨʘʟʨʫʰʘʪʴ ʮʝʣʝʚʫʶ ʬʘʟʫ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʧʦʙʦʯʥʳʭ 

ʧʨʦʜʫʢʪʦʚ. ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʧʦʩʣʝ ʜʘʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʘʙʣʶʜʘʣʦʩʴ ʩʠʣʴʥʦʝ 

ʠʟʤʝʥʝʥʠʝ ʮʚʝʪʘ (ʩ ʯʝʨʥʦʛʦ ʥʘ ʩʚʝʪʣʦ-ʞʝʣʪʳʡ), ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʛʠʧʦʪʝʟʫ ʦʙʨʘʟʦʚʘʥʠʷ 

ʦʢʠʩʣʝʥʥʦʡ ʬʘʟʳ, ʦʜʥʘʢʦ ʚʥʫʪʨʝʥʥʷʷ ʯʘʩʪʴ ʦʙʨʘʟʮʘ ʦʩʪʘʣʘʩʴ ʙʝʟ ʠʟʤʝʥʝʥʠʡ. ʆʙʨʘʟʝʮ ʧʦʩʣʝ 

çin situ ɻ ʢʩʧʝʨʠʤʝʥʪʘè ʙʳʣ ʠʩʩʣʝʜʦʚʘʥ ʩ ʧʦʤʦʱʴʶ ʈʉʤɸ ʚ ʨʘʤʢʘʭ ʉʕʄ, ʨʝʟʫʣʴʪʘʪʳ ʢʦʪʦʨʦʛʦ 

ʧʦʢʘʟʘʣʠ ʦʪʩʫʪʩʪʚʠʝ ʦʢʠʩʣʝʥʠʷ ʚ ʦʙʲʝʤʝ, ʧʦʩʢʦʣʴʢʫ ʩʫʤʤʘʨʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʢʠʩʣʦʨʦʜʘ ʥʝ 

ʧʨʝʚʳʰʘʣʦ 4 ʘʪ. % (ʈʠʩʫʥʦʢ 39). 

 

ʈʠʩʫʥʦʢ 39 ï ʘ) ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʩʧʨʝʩʩʦʚʘʥʥʦʛʦ ʦʙʨʘʟʮʘ Mn2In2Se5 ʧʦʩʣʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʩ ʥʘʛʨʝʚʘʥʠʝʤ (in situ ɻʢʩʧʝʨʠʤʝʥʪ) ʠ 

ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʩʦʛʣʘʩʥʦ ʈʉʤɸ. ʙ) ʉʫʤʤʘʨʥʳʡ ʩʧʝʢʪʨ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 
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ɼʣʷ ʠʩʢʣʶʯʝʥʠʷ ʚʦʟʤʦʞʥʳʭ ʥʝʪʦʯʥʦʩʪʝʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʦʙʦʯʥʳʤʠ ʭʠʤʠʯʝʩʢʠʤʠ 

ʨʝʘʢʮʠʷʤʠ ʚ çin situ ɻ ʢʩʧʝʨʠʤʝʥʪʝè, ʥʦʚʘʷ ʤʦʜʠʬʠʢʘʮʠʷ Mn2In2Se5 ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʩ ʧʦʤʦʱʴʶ 

ʩʪʘʥʜʘʨʪʥʦʛʦ ʘʤʧʫʣʴʥʦʛʦ ʩʠʥʪʝʟʘ, ʥʦ ʩ ʟʘʢʘʣʢʦʡ ʦʙʨʘʟʮʘ ʚ ʟʘʧʘʷʥʥʦʡ ʢʚʘʨʮʝʚʦʡ ʘʤʧʫʣʝ ʩ ʚʳʩʦʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʚʦʜʫ. ʇʦʧʳʪʢʠ ʟʘʢʘʣʢʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨ 600-800 Áʉ ʥʝ ʧʨʠʚʦʜʠʣʠ ʢ ʠʟʤʝʥʝʥʠʶ 

ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ, ʘ ʜʣ ̫ʪʝʤʧʝʨʘʪʫʨʳ 900 ÁC ʥʘʤ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʬʘʟʫ ʩ ʪʝʤ ʞʝ ʥʘʙʦʨʦʤ 

ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʨʝʬʣʝʢʩʦʚ, ʢʦʪʦʨʳʝ ʥʘʙʣʶʜʘʣʠʩʴ ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ ʦʙʨʘʟʮʘ ʧʨʠ 850 Áʉ. ʅʦʚʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦ ʧʝʨʝʭʦʜʠʪ ʚ ʩʤʝʩʴ R-Mn2In2Se5 ʠ MnSe ʧʨʠ ʧʦʚʪʦʨʥʦʤ ʦʪʞʠʛʝ, ʘ 

ʧʨʠ ʜʣʠʪʝʣʴʥʦʤ ʚʳʜʝʨʞʠʚʘʥʠʠ ʧʨʠ 200 ÁC ʠ 300 ÁC ʧʨʦʜʦʣʞʘʝʪ ʨʘʩʧʘʜʘʪʴʩʷ ʥʘ MnSe ʠ MnIn2Se4, 

ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʥʘʣʠʯʠʝ ʧʝʨʠʪʝʢʪʦʠʜʥʦʡ ʨʝʘʢʮʠʠ ʠʣʠ ʤʝʪʘʩʪʘʙʠʣʴʥʫʶ ʧʨʠʨʦʜʫ R-Mn2In2Se5 . 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʧʦʣʥʦʝ ʨʘʟʣʦʞʝʥʠʝ R-Mn2In2Se5 ʥʝ ʧʨʦʠʩʭʦʜʠʪ, ʚʝʨʦʷʪʥʦ, ʧʦ ʢʠʥʝʪʠʯʝʩʢʠʤ 

ʧʨʠʯʠʥʘʤ. 

ʉ ʮʝʣʴʶ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʦʜʥʦʨʦʜʥʦʩʪʠ ʩʦʩʪʘʚʘ ʜʣʷ ʟʘʢʘʣʝʥʥʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʦʙʨʘʟʮʘ, ʩʧʨʝʩʩʦʚʘʥʥʦʛʦ ʚ ʪʘʙʣʝʪʢʫ, ʪʘʢʞʝ ʧʨʦʠʟʚʦʜʠʣʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʘ ʵʣʝʢʪʨʦʥʥʦʤ 

ʤʠʢʨʦʩʢʦʧʝ. ʀʩʧʦʣʴʟʦʚʘʣʠ ʜʝʪʝʢʪʦʨ ʦʙʨʘʪʥʦʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʚ ʨʝʞʠʤʝ ʭʠʤʠʯʝʩʢʦʛʦ 

ʢʦʥʪʨʘʩʪʘ, ʜʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ï ʈʉʤɸ (ʇʨʠʣʦʞʝʥʠʝ A ʈʠʩʫʥʦʢ A. 2). 

ʀʟʦʙʨʘʞʝʥʠʝ ʚ ʨʝʞʠʤʝ ʭʠʤʠʯʝʩʢʦʛʦ ʢʦʥʪʨʘʩʪʘ ʧʦʢʘʟʳʚʘʝʪ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʠʛʥʘʣʘ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʦʜʥʦʨʦʜʥʦʩʪʴ ʩʦʩʪʘʚʘ ʧʦ ʚʩʝʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʘ ʬʦʨʤʫʣʘ 

ʧʦʣʫʯʝʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ Mn1.88(3)In1.98(12)Se5.00(14) ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʧʦʛʨʝʰʥʦʩʪʝʡ ʩʦʚʧʘʜʘʝʪ ʩ 

ʧʨʝʜʧʦʣʘʛʘʝʤʳʤ ʩʦʩʪʘʚʦʤ (ʇʨʠʣʦʞʝʥʠʝ A ʊʘʙʣʠʮʘ A. 2). 

 

4.2.2. ʆʢʠʩʣʝʥʠʝ ʥʦʚʦʡ ʬʘʟʳ 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʥʦʚʦʡ ʬʘʟʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʢʠʩʣʠʪʝʣʴʥʫʶ 

ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʶ (ʈʠʩʫʥʦʢ 40). 
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ʈʠʩʫʥʦʢ 40 ï ʉʦʚʤʝʱʝʥʥʳʡ ʪʝʨʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʦʙʨʘʟʮʘ Mn2In2Se5 ʥʘ ʚʦʟʜʫʭʝ 

ɼʣʷ ʘʥʘʣʠʟʘ ʧʨʦʮʝʩʩʦʚ ʦʢʠʩʣʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʶ ʥʘ ʚʦʟʜʫʭʝ. ʅʘ 

ʧʦʣʫʯʝʥʥʦʡ ʪʝʨʤʦʛʨʘʤʤʝ ʚʠʜʥʘ ʦʜʥʦʩʪʘʜʠʡʥʘʷ ʧʦʪʝʨʷ ʤʘʩʩʳ ʥʘʯʠʥʘʷ ʩ 500 ÁC ʜʦ 600 ÁC, ʢʦʪʦʨʘʷ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʥʝʙʦʣʴʰʠʤ ʪʝʧʣʦʚʳʤ ʵʬʬʝʢʪʦʤ. ʇʨʠ ʵʪʦʤ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʙʦʣʴʰʦʝ 

ʧʦʚʳʰʝʥʥʦʝ ʧʣʘʪʦ ʩ 400 ʜʦ 500 ÁC, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʧʨʦʮʝʩʩʘʤʠ ʯʘʩʪʠʯʥʦʛʦ 

ʦʢʠʩʣʝʥʠʷ ʠ ʦʙʨʘʟʦʚʘʥʠʝʤ ʬʘʟʳ, ʢʦʪʦʨʘʷ ʥʘʙʣʶʜʘʣʘʩʴ ʨʘʥʝʝ ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʭ ʦʙʨʘʟʮʘ ʧʨʠ 

ʥʘʛʨʝʚʘʥʠʠ (çin situ ɻ ʢʩʧʝʨʠʤʝʥʪè). ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʧʦʪʝʨʷ ʤʘʩʩʳ (41.4%) ʭʦʨʦʰʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ ʫʨʘʚʥʝʥʠʷ ʦʢʠʩʣʝʥʠʷ: 

φὓὲὍὲὛὩ  τχὕ O  τὓὲὕ  φὍὲὕ  σπὛὩὕ  ᴻ (21) 

ɼʣʷ ʘʥʘʣʠʟʘ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʦʨʦʰʢʦʚʫʶ ʨʝʥʪʛʝʥʦʚʩʢʫʶ 

ʜʠʬʨʘʢʮʠʶ (ʈʠʩʫʥʦʢ 41). ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʦʜʥʦʟʥʘʯʥʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʜʚʫʭ ʬʘʟ: 

Mn3O4 ʠ In2O3, ʯʪʦ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʘʝʪ ʧʨʝʜʣʦʞʝʥʥʫʶ ʤʦʜʝʣʴ ʦʢʠʩʣʝʥʠʷ. 
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ʈʠʩʫʥʦʢ 41 ï ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ Mn2In2Se5 ʧʦʩʣʝ ʪʝʨʤʠʯʝʩʢʦʛʦ 

ʘʥʘʣʠʟʘ ʥʘ ʚʦʟʜʫʭʝ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ̫ʨʝʥʪʛʝʥʦʛʨʘʤʤʘ ʧʦʢʘʟʘʥʘ ʬʠʦʣʝʪʦʚʳʤʠ ʪʦʯʢʘʤʠ, 

ʨʘʩʯʝʪʥʘʷ ï ʦʨʘʥʞʝʚʦʡ ʣʠʥʠʝʡ, ʧʦʣʦʞʝʥʠʝ ʨʝʬʣʝʢʩʦʚ ï ʯʝʨʥʳʤʠ ʰʪʨʠʭʘʤʠ, ʨʘʟʥʦʩʪʥʘʷ ï 

ʟʝʣʝʥʦʡ ʣʠʥʠʝʡ 

4.2.3. ʋʪʦʯʥʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʥʦʚʦʡ ʤʦʜʠʬʠʢʘʮʠʠ Mn2In2Se5 

ʋʪʦʯʥʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʥʦʚʦʡ ʤʦʜʠʬʠʢʘʮʠʠ Mn2In2Se5 ʧʨʦʠʟʚʦʜʠʣʠ ʢʘʢ 

ʧʦ ʜʘʥʥʳʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, ʪʘʢ ʠ ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʣʷ ʟʘʢʘʣʝʥʥʦʛʦ ʦʙʨʘʟʮʘ.  

ʉʥʘʯʘʣʘ ʚʳʧʦʣʥʷʣʠ ʧʦʠʩʢ ʥʦʚʦʡ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʩ ʧʦʤʦʱʴʶ ʘʣʛʦʨʠʪʤʘ VISSER ʚ 

WinXPow. ɺʩʝ ʨʝʬʣʝʢʩʳ (ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʦʜʥʦʛʦ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ 3,1%) 

ʠʥʜʠʮʠʨʫʶʪʩʷ ʚ ʧʨʠʤʠʪʠʚʥʦʡ ʪʨʠʛʦʥʘʣʴʥʦʡ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ ʩ ʧʘʨʘʤʝʪʨʘʤʠ 
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a = 4.02535(5) ¡, c = 16.3503(3) ¡ (ʊʘʙʣʠʮʘ 18). ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʦʪʢʣʦʥʝʥʠʷ ʧʦʣʦʞʝʥʠʷ 

ʨʝʬʣʝʢʩʦʚ ʩʦʩʪʘʚʠʣʦ 0.012Á (2ɗ), ʤʘʢʩʠʤʘʣʴʥʦʝ ï 0.036Á, ʧʨʠ ʩʨʝʜʥʝʡ ʰʠʨʠʥʝ ʥʘ ʧʦʣʫʚʳʩʦʪʝ 

0.15Á. ʂʨʠʪʝʨʠʡ F(30) = 55.3, ʢʦʵʬʬʠʮʠʝʥʪ ʘʚʪʦʢʦʨʨʝʣʷʮʠʠ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʜʣʷ ʢʨʠʪʝʨʠʷ 

ɼʘʨʙʠʥʘ-ʋʦʪʩʦʥʘ ɟ1 = 1.048. ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʙʳʣʘ ʚʳʙʨʘʥʘ ʧʨʠʤʠʪʠʚʥʘʷ ʪʨʠʛʦʥʘʣʴʥʘʷ 

ʵʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ʚ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʝ. ɼʘʣʴʥʝʡʰʝʝ ʫʪʦʯʥʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ ʚʳʧʦʣʥʷʣʠ ʚ ʧʨʦʛʨʘʤʤʝ Jana 2006 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

Mg2Al2Se5[152] ʚ ʢʘʯʝʩʪʚʝ ʩʪʘʨʪʦʚʦʡ ʤʦʜʝʣʠ, ʧʦʩʢʦʣʴʢʫ Mg2Al2Se5 ʦʙʣʘʜʘʝʪ ʧʦʭʦʞʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʠ ʩʦʩʪʘʚʦʤ. 

ʊʘʙʣʠʮʘ 18 ï ʈʝʟʫʣʴʪʘʪ rʠʥʜʠʮʠʨʦʚʘʥʠʷ ʨʝʬʣʝʢʩʦʚ ʥʦʚʦʡ ʤʦʜʠʬʠʢʘʮʠʠ Mn2In2Se5 ʧʦ ʜʘʥʥʳʤ 

ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʟʘʢʘʣʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ˉ 2ɗ (Á) h k l ȹ2ɗ ʀʥʪʝʥʩʠʚʥʦʩʪʴ (%) 

1 5.399 0 0 1 -0.0118 1.6 

2 16.271 0 0 3 -0.0108 7.9 

3 21.762 0 0 4 -0.0046 27.8 

4 25.575 1 0 0 0.0159 46.8 

5 26.143 1 0 1 -0.0014 31.6 

6 27.29 0 0 5 -0.0128 3.8 

7 27.842 1 0 2 0.0099 16.3 

8 28.696 - - - - 3.1 

9 30.449 1 0 3 -0.0045 44.6 

10 32.893 0 0 6 -0.0105 3.5 

11 33.796 1 0 4 -0.0185 30.8 

12 37.732 1 0 5 -0.0132 19.2 

13 42.145 1 0 6 0.0238 1.5 

14 45.068 1 1 0 0.0131 100 

15 46.844 1 0 7 -0.0154 38.5 

16 48.238 1 1 3 0.0225 4.9 

17 50.588 1 1 4 0.0178 19.3 

18 51.897 1 0 8 -0.0085 4.4 

19 52.525 2 0 0 0.0114 6.6 

20 52.853 2 0 1 0.0181 5.4 

21 53.49 1 1 5 0.0049 2.7 

22 53.791 2 0 2 0.0008 2.9 
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ʆʢʦʥʯʘʥʠʝ ʪʘʙʣʠʮ r18 

ˉ 2ɗ (Á) h k l ȹ2ɗ ʀʥʪʝʥʩʠʚʥʦʩʪʴ (%) 

23 55.361 2 0 3 0.0046 9.4 

24 56.322 0 0 10 -0.0092 1.4 

25 56.896 1 1 6 -0.0097 4 

26 57.489 2 0 4 -0.0125 7 

27 60.181 2 0 5 -0.006 4.4 

28 67.036 2 0 7 0.0044 11.8 

29 68.754 1 0 11 0.0362 2.7 

30 69.81 1 1 9 0.0217 1.8 

31 71.646 2 1 0 0.007 3.6 

32 71.911 2 1 1 0.0035 3.3 

33 72.713 2 1 2 0.0013 1.3 

34 74.037 2 1 3 -0.0072 5.2 

35 74.864 1 1 10 -0.0172 3.3 

36 75.888 2 1 4 -0.0063 4.3 

37 78.242 2 1 5 -0.0103 2.7 

38 83.14 3 0 0 -0.0085 8.8 

39 84.418 2 1 7 -0.0354 8.1 

ʆʧʠʩʘʪʴ ʧʨʠʤʝʩʥʳʝ ʨʝʬʣʝʢʩʳ ʯʘʩʪʠʯʥʦ ʦʢʠʩʣʝʥʥʦʡ ʬʘʟ,r ʢʦʪʦʨʳʝ ʦʪʤʝʯʝʥʳ ʩʠʤʚʦʣʦʤ # 

ʥʘ ʨʠʩʫʥʢʝ 38, ʠʟʚʝʩʪʥʳʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ ʥʝ ʫʜʘʣʦʩʴ, ʦʜʥʘʢʦ ʙʳʣʠ ʫʩʪʘʥʦʚʣʝʥʳ ʧʘʨʘʤʝʪʨʳ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. ɺʩʝ ʨʝʬʣʝʢʩʳ ʧʨʠʤʝʩʠ ʤʦʛʫʪ ʙʳʪʴ ʧʨʦʠʥʜʠʮʠʨʦʚʘʥʳ ʚ ʧʨʠʤʠʪʠʚʥʦʡ 

ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʠʣʠ ʪʨʠʛʦʥʘʣʴʥʦʡ ʩʠʥʛʦʥʠʠ, ʧʨʠ ʵʪʦʤ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʣʝʜʫʶʱʠʡ ʟʥʘʯʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ̫ ʯʝʡʢʠ: a = 9.0035(6) ¡, c = 6.9702(8) ¡ (ʊʘʙʣʠʮʘ 19). ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʦʪʢʣʦʥʝʥʠʷ 

ʧʦʣʦʞʝʥʠʷ ʨʝʬʣʝʢʩʦʚ ʩʦʩʪʘʚʠʣʦ 0.007Á (2ɗ), ʤʘʢʩʠʤʘʣʴʥʦʝ ï 0.013Á, ʧʨʠ ʩʨʝʜʥʝʡ ʰʠʨʠʥʝ ʥʘ 

ʧʦʣʫʚʳʩʦʪʝ 0.12Á. ʂʨʠʪʝʨʠʡ F(7) = 15.7, ʢʦʵʬʬʠʮʠʝʥʪ ʘʚʪʦʢʦʨʨʝʣʷʮʠʠ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʜʣʷ 

ʢʨʠʪʝʨʠʷ ɼʘʨʙʠʥʘ-ʋʦʪʩʦʥʘ ɟ1 = 1.646. ʇʨʠ ʫʪʦʯʥʝʥʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʥʦʚʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ Mn2In2Se5 ʧʦ ʜʘʥʥʳʤ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʩ ʥʘʛʨʝʚʘʥʠʝʤ 

(çin situ ɻ ʢʩʧʝʨʠʤʝʥʪè) ʧʨʠ 850 Áʉ ʧʨʠʤʝʩʥʫʶ ʬʘʟʫ ʫʯʠʪʳʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʃʝ ɹʵʡʣʘ, 

ʠʩʧʦʣʴʟʫʷ ʧʦʣʫʯʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. 
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ʊʘʙʣʠʮʘ 19 ï ʈʝʟʫʣʴʪʘʪ ʠʥʜʠʮʠʨʦʚʘʥʠʷ ʨʝʬʣʝʢʩʦʚ ʧʨʠʤʝʩʠ ʧʦ ʜʘʥʥʳʤ ʧʦʨʦʰʢʦʚʦʡ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʩ ʥʘʛʨʝʚʘʥʠʝʤ (çin situ ɻʢʩʧʝʨʠʤʝʥʪè) ʧʨʠ 850 Áʉ 

ˉ 2ɗ (Á) h k l ȹ2ɗ ʀʥʪʝʥʩʠʚʥʦʩʪʴ (%) 

1 34.673 2 0 2 -0.01 24.7 

2 40.217 2 1 2 -0.0029 23.7 

3 50.269 2 1 3 0.0133 3.2 

4 58.098 3 2 2 0.0095 11.4 

5 69.36 4 2 2 -0.0057 3.8 

6 72.924 5 1 2 0.0015 3.3 

7 76.667 3 2 4 -0.0057 1.4 

ɺ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʦʡ ʤʦʜʝʣʠ ʜʣʷ ʫʪʦʯʥʝʥʠ ̫ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʥʦʚʦʡ ʩʣʦʠʩʪʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ P-Mn2In2Se5 ʚʳʙʨʘʣʠ ʨʘʩʧʦʣʦʞʝʥʠʝ ʘʪʦʤʦʚ ʚ ʩʪʨʫʢʪʫʨʝ Mg2Al2Se5 ʩ ʟʘʤʝʥʦʡ Mg ʥʘ 

Mn ʠ Al ʥʘ In. ʈʘʩʯʝʪʥʳʝ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 42.  
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ʘ) 

 

ʙ) 

 

ʈʠʩʫʥʦʢ 42 ï ʋʪʦʯʥʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʥʦʚʦʡ ʩʣʦʠʩʪʦʡ ʤʦʜʠʬʠʢʘʮʠʠ P-

Mn2In2Se5 ʘ) ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʣʷ ʟʘʢʘʣʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʠ ʙ) ʧʨʠ 850 Áʉ (çin situ 

ʵʢʩʧʝʨʠʤʝʥʪè). ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘ ʧʦʢʘʟʘʥʘ ʬʠʦʣʝʪʦʚʳʤʠ ʪʦʯʢʘʤʠ, 

ʨʘʩʯʝʪʥʘʷ ï ʦʨʘʥʞʝʚʦʡ ʣʠʥʠʝʡ, ʧʦʣʦʞʝʥʠʝ ʨʝʬʣʝʢʩʦʚ ï ʯʝʨʥʳʤʠ ʰʪʨʠʭʘʤʠ, ʨʘʟʥʦʩʪʥʘʷ ï 

ʟʝʣʝʥʦʡ ʣʠʥʠʝʡ 
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ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʨʝʬʣʝʢʩʦʚ ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ, 

ʧʦʣʫʯʝʥʥʦʡ ʚ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩ ʥʘʛʨʝʚʘʥʠʝʤ (çin situ ɻʢʩʧʝʨʠʤʝʥʪè), ʥʝʩʢʦʣʴʢʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ 

ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʨʝʬʣʝʢʩʦʚ ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ ʟʘʢʘʣʝʥʥʦʛʦ ʦʙʨʘʟʮʘ. ɼʣʷ ʠʟʤʝʨʝʥʠʡ ʧʨʠ 

ʧʦʚʳʰʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʧʝʮʠʘʣʴʥʳʡ ʜʝʨʞʘʪʝʣʴ, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʚʥʫʪʨʠ 

ʪʝʧʣʦʚʦʡ ʧʨʠʩʪʘʚʢʠ, ʢʦʪʦʨʳʡ ʦʙʣʘʜʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʦʛʣʦʱʝʥʠʷ, ʢʨʦʤʝ ʪʦʛʦ, 

ʥʝʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʨʘʱʝʥʠʝ ʦʙʨʘʟʮʘ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʩʪʘʪʠʩʪʠʢʠ, ʯʪʦ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʚʠʜʝ 

ʨʘʟʣʠʯʥʦʡ ʪʝʢʩʪʫʨʳ ʫ ʜʚʫʭ ʦʙʨʘʟʮʦʚ. ʇʨʠ ʫʪʦʯʥʝʥʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʫʯʠʪʳʚʘʣʠ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʫʶ ʦʨʠʝʥʪʘʮʠʶ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ [001]. 

ʅʦʚʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʷʚʣʷʝʪʩʷ ʩʣʦʠʩʪʦʡ (ʈʠʩʫʥʦʢ 43). ʉʪʨʫʢʪʫʨʫ ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʙʣʦʢʘʤʠ, 

ʥʘ ʛʨʘʥʠʮʝ ʢʦʪʦʨʳʭ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʘʪʦʤʳ Se. ʄʝʞʜʫ ʙʣʦʢʘʤʠ ʦʙʨʘʟʫʝʪʩʷ ʚʘʥʜʝʨʚʘʘʣʴʩʦʚʘ ɦ ʝʣʴ. 

ʉʘʤ ʙʣʦʢ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ ʇʐʋ ʘʥʠʦʥʦʚ, ʚ ʢʦʪʦʨʦʡ ʩʣʦʠ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʧʦ ʤʦʪʠʚʫ 

AMnBInCBInCMnAé (ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʙʝʟ ʩʤʝʰʘʥʥʳʭ ʟʘʩʝʣʝʥʥʦʩʪʝʡ) ʩ ʜʚʫʩʣʦʡʥʳʤʠ 

ʇʐʋ ʢʘʪʠʦʥʦʚ Mn ʠ In CBCé ʠ BCBé, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʵʪʦʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ 

R-ʤʦʜʠʬʠʢʘʮʠʠ ʩʪʨʦʠʪʩʷ ʩʭʦʞʠʤ ʦʙʨʘʟʦʤ, ʥʦ ʩ ʙʦʣʝʝ ʩʣʦʞʥʳʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʩʣʦʝʚ: 

AMnBInACInBMnCMnAInCBInAMnBMnCInBAInCMnAé ʩ ʪʨʝʭʩʣʦʡʥʦʡ ʇʐʋ CABCé ʜʣʷ Mn ʠ 

ʩʤʝʰʘʥʥʦʡ ʇʐʋ BBAACCBé ʜʣʷ In. 
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ʈʠʩʫʥʦʢ 43 ï ʇʦʣʠʵʜʨʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʘ) P- ʠ ʙ) R-

ʤʦʜʠʬʠʢʘʮʠʡ Mn2In2Se5. ʕʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ʧʦʢʘʟʘʥʘ ʯʝʨʥʳʤʠ ʣʠʥʠʷʤʠ 

ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʫʪʦʯʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʥʦʚʦʡ ʤʦʜʠʬʠʢʘʮʠʠ P-Mn2In2Se5 ʧʦ ʜʘʥʥʳʤ 

ʜʚʫʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʠʚʝʜʝʥʳ ʩʦʚʤʝʩʪʥʦ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ R-Mn2In2Se5  

(ʊʘʙʣʠʮʘ 20). ʂʘʢ ʚʠʜʥʦ ʠʟ ʫʪʦʯʥʝʥʠʷ ʩʤʝʰʘʥʥʳʭ ʟʘʩʝʣʝʥʥʦʩʪʝʡ ʢʘʪʠʦʥʥʳʭ ʧʦʟʠʮʠʡ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʤʘʨʛʘʥʝʮ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘʭʦʜʠʪʩʷ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ, ʘ 

ʠʥʜʠʡ ï ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʤ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 850 ÁC ʥʝʚʦʟʤʦʞʥʦ ʜʦʩʪʦʚʝʨʥʦ ʫʪʦʯʥʠʪʴ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʘʪʠʦʥʦʚ ʧʦ ʨʘʟʣʠʯʥʳʤ ʧʦʟʠʮʠʷʤ ʚʚʠʜʫ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʪʝʧʣʦʚʦʛʦ 

ʩʤʝʱʝʥʠʷ, ʦʜʥʘʢʦ ʢʘʯʝʩʪʚʝʥʥʦ ʩʦʭʨʘʥʷʝʪʩʷ ʪʘ ʞʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ.  
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ʊʘʙʣʠʮʘ 20 ï ʇʘʨʘʤʝʪʨʳ ʘʪʦʤʥʳʭ ʧʦʟʠʮʠʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ Mn2In2Se5 ʧʦ ʜʘʥʥʳʤ ʘ) 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ çin situ ɻ ʢʩʧʝʨʠʤʝʥʪʘè, ʙ) ʜʣʷ ʟʘʢʘʣʝʥʥʦʛʦ ʦʙʨʘʟʮʘ, ʚ) ʣʠʪʝʨʘʪʫʨʳ ʜʣʷ 

R-ʬʘʟr[161] 

ʘ) P-Mn2In2Se5 (ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ) 

ʇʦʟʠʮʠʷ ʉʠʤʤʝʪʨʠʷ x y z ɿʘʩʝʣʝʥʥʦʩʪʴ Uiso (¡2) 

Mn1 3m 1/3 2/3 0.1081(5) 0.68(1)Mn + 0.32(1)In 0.103(2) 

In1 3m 1/3 2/3 0.6646(6) 0.68(1)In + 0.32(1)Mn 0.103 (2) 

Se1 σm 0 0 0 1 0.050(4) 

Se2 3m 1/3 2/3 0.4040(9) 1 0.050(4) 

Se3 3m 1/3 2/3 0.8162(7) 1 0.050(4) 

 

ʙ) P-Mn2In2Se5 (ʟʘʢʘʣʝʥʥʳʡ ʦʙʨʘʟʝʮ) 

ʇʦʟʠʮʠʷ ʉʠʤʤʝʪʨʠʷ x y z ɿʘʩʝʣʝʥʥʦʩʪʴ Uiso (¡2) 

Mn1 3m 1/3 2/3 0.099(2) 0.76(1)Mn + 0.24(1)In 0.047(5) 

In1 3m 1/3 2/3 0.663(1) 0.76(1)In + 0.24(1)Mn 0.047(5) 

Se1 σm 0 0 0 1 0.041(4) 

Se2 3m 1/3 2/3 0.402(1) 1 0.041(4) 

Se3 3m 1/3 2/3 0.820(1) 1 0.041(4) 

 

ʚ) R-Mn2In2Se5 (ʣʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ) 

ʇʦʟʠʮʠʷ ʉʠʤʤʝʪʨʠʷ x y z ɿʘʩʝʣʝʥʥʦʩʪʴ Uiso (¡2) 

Mn1 3m 0 0 0.70070(2) 0.8Mn + 0.2In 0.0181(1) 

In1 3m 0 0 0.55470(1) 0.8In + 0.2Mn 0.0159(1) 

Se1 σm 0 0 0 1 0.0132(1) 

Se2 3m 0 0 0.63537(2) 1 0.0158(1) 

Se3 3m 0 0 0.89368(2) 1 0.0149(1) 

ʇʦ ʟʥʘʯʝʥʠʷʤ ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʘʪʦʤʘʤʠ Mn-Se ʠ In-Se ʜʣʷ ʜʚʫʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠ 

ʨʝʬʝʨʝʥʩʘ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦʙ ʦʜʥʦʪʠʧʥʦʩʪʠ ʣʦʢʘʣʴʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʘʪʦʤʦʚ ʚ ʧʦʣʠʤʦʨʬʥʳʭ 

ʤʦʜʠʬʠʢʘʮʠʷʭ Mn2In2Se5 (ʊʘʙʣʠʮʘ 21). ʉʨʝʜʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʢʘʪʠʦʥʘ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ: ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ P-ʤʦʜʠʬʠʢʘʮʠʠ ʢʘʪʠʦʥ 

ʥʘʭʦʜʠʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʚ ʮʝʥʪʨʝ ʧʦʣʠʵʜʨʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ R-ʤʦʜʠʬʠʢʘʮʠʠ ʥʘʙʣʶʜʘʝʪʩʷ 

ʥʝʙʦʣʴʰʦʝ ʨʘʟʣʠʯʠʝ ʜʣʠʥ ʩʚʷʟʝʡ. ʇʨʠ ʥʘʛʨʝʚʘʥʠʠ ʩʚʷʟʴ In-Se ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ [001] 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʘ ʪʨʠ ʦʩʪʘʣʴʥʳʝ ï ʫʤʝʥʴʰʘʶʪʩʷ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʮʝʥʪʨʘʣʴʥʳʡ ʘʪʦʤ 

ʩʤʝʱʘʝʪʩʷ ʙʣʠʞʝ ʢ ʢʨʘʶ ʙʣʦʢʘ, ʧʨʠ ʵʪʦʤ ʩʨʝʜʥʷʷ ʜʣʠʥʘ ʩʚʷʟʠ ʦʩʪʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʤʝʥʥʦʡ. 
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ʆʢʪʘʵʜʨʠʯʝʩʢʘʷ ʧʫʩʪʦʪʘ ʨʘʩʰʠʨʷʝʪʩʷ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ, ʦʜʥʘʢʦ ʧʨʦʠʩʭʦʜʠʪ ʵʪʦ ʥʝʨʘʚʥʦʤʝʨʥʦ: 

ʜʣʠʥʘ ʩʚʷʟʠ ʤʝʞʜʫ ʤʘʨʛʘʥʮʝʤ ʠ ʩʝʣʝʥʠʜ-ʠʦʥʘʤʠ ʤʝʞʜʫ ʩʣʦʷʤʠ ʦʢʪʘʵʜʨʦʚ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʠʟʤʝʥʷʝʪʩʷ, ʘ ʤʝʞʜʫ ʦʢʪʘʵʜʨʘʤʠ ʠ ʪʝʪʨʘʵʜʨʘʤʠ ï ʫʚʝʣʠʯʠʚʘʝʪʩʷ. 

ʊʘʙʣʠʮʘ 21 ï ɼʣʠʥʳ ʩʚʷʟʝʡ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ Mn2In2Se5 ʧʦ ʜʘʥʥʳʤ ʘ) 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ çin situ ʵʢʩʧʝʨʠʤʝʥʪʘè, ʙ) ʜʣʷ ʟʘʢʘʣʝʥʥʦʛʦ ʦʙʨʘʟʮʘ, ʚ) ʣʠʪʝʨʘʪʫʨ rʜʣʷ 

R-ʬʘʟr[161] 

ʘ) P-Mn2In2Se5 (ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ) 

ʇʦʟʠʮʠʷ ʆʢʨʫʞʝʥʠʝ ɼʣʠʥʘ ʩʚʷʟʠ (¡) 

Mn1 Se1 (x3) 2.950(5) 

 Se3 (x3) 2.662(7) 

In1 Se2 (x3) 2.610(7) 

 Se3 (x1) 2.50(2) 

 

ʙ) P-Mn2In2Se5 (ʟʘʢʘʣʝʥʥʳʡ ʦʙʨʘʟʝʮ) 

ʇʦʟʠʮʠʷ ʆʢʨʫʞʝʥʠʝ ɼʣʠʥʘ ʩʚʷʟʠ (¡) 

Mn1 Se1 (x3) 2.83(2) 

 Se3 (x3) 2.67(2) 

In1 Se2 (x3) 2.55(1) 

 Se3 (x1) 2.57(3) 

 

ʚ) R-Mn2In2Se5 (ʣʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ) 

ʇʦʟʠʮʠʷ ʆʢʨʫʞʝʥʠʝ ɼʣʠʥʘ ʩʚʷʟʠ (¡) 

Mn1 Se1 (x3) 2.8508(7) 

 Se3 (x3) 2.6496(8) 

In1 Se2 (x3) 2.5840(6) 

 Se3 (x1) 2.516(1) 

4.2.4. ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʜʚʫʭ ʤʦʜʠʬʠʢʘʮʠʡ Mn2In2Se5 

ʀʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ, 

ʚʢʣʶʯʘʷ ʦʜʥʦʬʘʟʥʳʡ ʦʙʨʘʟʝʮ P-Mn2In2Se5 ʠ ʦʙʨʘʟʝʮ R-Mn2In2Se5, ʩʦʜʝʨʞʘʱʠʡ ʧʨʠʤʝʩʴ MnSe. 

ʇʦ ʜʘʥʥʳʤ ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ 

ʥʘʣʠʯʠʠ ʧʝʨʝʭʦʜʘ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʪʠʧʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 6.3 K, ʢʦʪʦʨʳʡ ʧʦʜʘʚʣʷʝʪʩʷ 

ʚʥʝʰʥʠʤ ʧʦʣʝʤ (ʈʠʩʫʥʦʢ 44). ʅʘʣʠʯʠʝ ʤʘʛʥʠʪʥʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʜʘʥʥʳʤʠ 

ʧʦʣʝʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʧʦʩʢʦʣʴʢʫ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʭʦʜʘ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʧʨʠʣʦʞʝʥʥʦʤʫ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ 
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ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ, ʘ ʧʨʠ 2 K ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʙʦʣʴʰʦʡ ʛʠʩʪʝʨʝʟʠʩ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʜʣʷ 

ʢʘʞʜʦʡ ʠʟ ʤʦʜʠʬʠʢʘʮʠʡ. ɺʝʣʠʯʠʥʘ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʩʦʩʪʘʚʣʷʝʪ 420(10) ʕ ʧʨʠ 2 ʂ ʜʣʷ P-

Mn2In2Se5. 

 

ʈʠʩʫʥʦʢ 44 ï ɿʘʚʠʩʠʤʦʩʪʴ ʘ) ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ 

ʧʨʠʣʦʞʝʥʥʦʤ ʧʦʣʝ 100 ʕ, ʙ) ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʚʝʣʠʯʠʥʳ ʧʨʠʣʦʞʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʜʣʷ R- ʠ P-ʤʦʜʠʬʠʢʘʮʠʡ Mn2In2Se5, ʥʘ ʚʳʥʦʩʢʝ ʫʚʝʣʠʯʝʥʥʳʡ ʬʨʘʛʤʝʥʪ P-ʤʦʜʠʬʠʢʘʮʠʠ ʧʨʠ 

2K, ʚ) ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ P-Mn2In2Se5 ʧʨʠ ʚʥʝʰʥʠʭ ʧʦʣʷʭ 100, 

1000 ʠ 50000 ʕ 
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ʄʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ R-ʬʘʟʳ ʠʤʝʝʪ ʩʣʦʞʥʳʡ ʚʠʜ ʠ ʩʦʜʝʨʞʠʪ ʜʚʦʡʥʦʡ ʧʝʨʝʭʦʜ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 100-300 K, ʢʦʪʦʨʳʡ ʢʨʘʡʥʝ ʭʘʨʘʢʪʝʨʝʥ ʜʣʷ MnSe[191]. MnSe ʦʙʨʘʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ 

ʧʨʠʤʝʩʠ ʚ ʭʦʜʝ ʨʘʩʧʘʜʘ ʦʩʥʦʚʥʦʡ ʬʘʟʳ Mn2In2Se5 ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʠ ʥʘʙʣʶʜʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ, ʢʘʢ ʙʳʣʦ ʫʢʘʟʘʥʦ ʨʘʥʝʝ. ɺ ʦʩʪʘʣʴʥʦʤ, ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʠ ʧʦʣʝʚʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʚʣʠʷʥʠʷ ʧʨʠʤʝʩʠ MnSe ʩʦʚʧʘʜʘʶʪ ʜʣʷ ʜʚʫʭ ʧʦʣʠʤʦʨʬʥʳʭ 

ʤʦʜʠʬʠʢʘʮʠʡ Mn2In2Se5. 

ɸʧʧʨʦʢʩʠʤʘʮʠʷ ʦʙʨʘʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5 ʊʣ ʟʘʢʦʥʦʤ 

ʂʶʨʠ-ɺʝʡʩʘ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ 125-300 ʂ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʝʥʠʷʤ ʪʝʤʧʝʨʘʪʫʨʳ ɺʝʡʩʘ 

ɗ = ī178K, ʩ ʧʘʨʘʤʝʪʨʦʤ ʬʨʫʩʪʨʘʮʠʠ |ɗ|/TN = 28, ʢʦʪʦʨʦʝ ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʠʣʴʥʦʝ ʦʙʤʝʥʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʪʠʧʘ ʤʝʞʜʫ ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ ʮʝʥʪʨʘʤʠ (ʈʠʩʫʥʦʢ 45); ɻ ʪʠ 

ʜʘʥʥʳʝ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʤʘʛʥʠʪʥʳʤʠ ʠʟʤʝʨʝʥʠʷʤʠ, ʧʨʦʚʝʜʝʥʥʳʤʠ ʚ ʜʨʫʛʦʡ ʨʘʙʦʪʝ [175]. 

ʕʬʬʝʢʪʠʚʥʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʥʘ ʘʪʦʤ ʤʘʨʛʘʥʮʘ Õeff = 5.82 ÕB ʦʢʘʟʳʚʘʝʪʩʷ ʥʝʩʢʦʣʴʢʦ ʤʝʥʴʰʝ 

ʦʞʠʜʘʝʤʦʛʦ ʜʣʷ Mn2+, ʢʦʪʦʨʳʡ ʩʦʩʪʘʚʣʷʝʪ 5.92 ɛB, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʧʦʛʨʝʰʥʦʩʪʴʶ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʠʣʠ ʚʢʣʘʜʦʤ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʘʪʠʦʥʦʚ Mn+2. 

 

ʈʠʩʫʥʦʢ 45 ï ɸʧʧʨʦʢʩʠʤʘʮʠʷ ʦʙʨʘʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ P-Mn2In2Se5 ʚ 

ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5 ʊʣ ʩ ʧʦʤʦʱʴʶ ʟʘʢʦʥʘ ʂʶʨʠ-ɺʝʡʩʘ 
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4.3. MnAl2Se4 ʠ Mn2Al2Se5 

4.3.1. ʉʠʥʪʝʟ ʠ ʩʪʘʙʠʣʴʥʦʩʪʴ 

ʉʣʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ MnAl2Se4 ʠ Mn2Al2Se5 ʩʦʩʪʦʠʪ ʚ ʙʦʣʴʰʦʡ ʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ 

ʩʦʝʜʠʥʝʥʠʡ. ɼʘʥʥʝr ʚʝʱʝʩʪʚʘ, ʘ ʪʘʢʞʝ ʧʨʦʜʫʢʪʳ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʢʦʪʦʨʳʝ 

ʦʙʨʘʟʫʶʪʩʷ ʧʦʩʣʝ ʧʝʨʚʦʛʦ ʦʪʞʠʛʘ ʩʤʝʩʠ ʧʨʦʩʪʳʭ ʚʝʱʝʩʪʚ, ʧʦʜʚʝʨʛʘʶʪʩʷ ʘʢʪʠʚʥʦʤʫ ʛʠʜʨʦʣʠʟʫ 

ʥʘ ʚʦʟʜʫʭʝ. ʇʨʦʜʫʢʪʳ ʛʠʜʨʦʣʠʟʘ, ʥʘʧʨʠʤʝʨ ʙʸʤʠʪ (ɔ-AlOOH) ʠʣʠ ʢʦʨʫʥʜ (Al2O3), ʤʦʞʥʦ 

ʦʙʥʘʨʫʞʠʪʴ ʩ ʧʦʤʦʱʴʶ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʩʧʫʩʪʷ ʥʝʩʢʦʣʴʢʦ ʤʠʥʫʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ 

ʚʣʘʛʦʡ ʚʦʟʜʫʭʘ, ʢʦʪʦʨʦʝ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʦʷʚʣʝʥʠʝʤ ʭʘʨʘʢʪʝʨʥʦʛʦ ʟʘʧʘʭʘ ʩʝʣʝʥʦʚʦʜʦʨʦʜʘ, ʘ 

ʩʧʫʩʪʷ 60 ʤʠʥʫʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʨʝʬʣʝʢʩʳ ʦʩʥʦʚʥʦʡ ʬʘʟʳ ʧʨʘʢʪʠʯʝʩʢʠ 

ʠʩʯʝʟʘʶʪ (ʈʠʩʫʥʦʢ 46). ɻʠʜʨʦʣʠʟ ʧʨʦʪʝʢʘʝʪ ʧʦ ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦʡ ʨʝʘʢʮʠʠ: 

ὓὲὃὰὛὩ  σὌὕ O  ς-ὲὛὩ  ὃὰὕ σ(ὛὩᴻ (22) 

 

ʈʠʩʫʥʦʢ 46 ï ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʦʙʨʘʟʮʘ Mn2Al2Se5, ʧʦʜʚʝʨʛʰʝʛʦʩʷ ʛʠʜʨʦʣʠʟʫ 

ʂʨʦʤʝ ʪʦʛʦ, ʜʘʥʥʝr ʚʝʱʝʩʪʚʘ ʨʝʘʛʠʨʫʪʁ ʩ ʤʘʪʝʨʠʘʣʦʤ ʢʚʘʨʮʝʚʳʭ ʘʤʧʫʣ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʧʦʣʫʯʝʥʠʝ ʦʜʥʦʬʘʟʥʳʭ ʦʙʨʘʟʮʦʚ. ʋʩʧʝʰʥʳʝ ʩʠʥʪʝʟʳ ʧʦʣʫʯʘʣʠʩʴ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʝ ʚʳʰʝ 850 ÁC, ʧʨʠ ʵʪʦʤ ʥʝʦʙʭʦʜʠʤʦ ʩʦʢʨʘʱʝʥʠʝ ʧʣʦʱʘʜʠ ʢʦʥʪʘʢʪʘ ʩ 

ʢʚʘʨʮʝʚʦʡ ʘʤʧʫʣʦʡ. ʆʙʨʘʟʮʳ ʩ ʥʝʙʦʣʴʰʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʧʨʠʤʝʩʠ ʧʦʣʫʯʠʣʠʩʴ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʩʠʥʪʝʟʘ ʠʟ ʙʠʥʘʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʩʧʨʝʩʩʦʚʘʥʥʳʭ ʪʘʙʣʝʪʢʘʭ ʧʨʠ 850 ÁC ʠ ʠʟ ʧʨʦʩʪʳʭ ʚʝʱʝʩʪʚ ʩ 

ʘʣʫʥʜʦʚʳʤ ʪʠʛʣʝʤ ʚʥʫʪʨʠ ʘʤʧʫʣʳ ʧʨʠ 750 ÁC. ʇʨʝʜʚʘʨʠʪʝʣʴʥʳʡ ʩʠʥʪʝʟ ʙʠʥʘʨʥʳʭ ʧʨʝʢʫʨʩʦʨʦʚ 

ʧʨʦʠʟʚʦʜʠʣʩʷ ʦʜʥʦʢʨʘʪʥʳʤ ʦʪʞʠʛʦʤ ʧʨʦʩʪʳʭ ʚʝʱʝʩʪʚ, ʚʟʷʪʳʭ ʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ 

ʩʦʦʪʥʦʰʝʥʠʠ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 775 ÁC, ʢʦʪʦʨʳʝ ʚ ʜʘʣʴʥʝʡʰʝʤ ʚʟʚʝʰʠʚʘʣʠ ʚ ʥʝʦʙʭʦʜʠʤʦʤ 

ʩʦʦʪʥʦʰʝʥʠʠ ʚ ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʝ ʧʝʨʯʘʪʦʯʥʦʛʦ ʙʦʢʩʘ. ɺ ʧʦʣʫʯʝʥʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʘʭ MnAl2Se4 ʠ Mn2Al2Se5 ʧʨʠʩʫʪʩʪʚʦʚʘʣʘ ʥʝʙʦʣʴʰʘʷ ʧʨʠʤʝʩʴ Al2Se3 ʠʣʠ MnSe. 
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ʉ ʮʝʣʴʶ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʦʜʥʦʨʦʜʥʦʩʪʠ ʠ ʪʦʯʥʦʩʪʠ ʩʦʩʪʘʚʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʨʝʩʩʦʚʘʥʠʝ ʚ ʪʘʙʣʝʪʢʠ ʚ ʠʥʝʨʪʥʦʡ ʩʨʝʜʝ (ʘʨʛʦʥ), ʧʦʩʣʝ ʯʝʛʦ ʦʙʨʘʟʮʳ ʠʩʩʣʝʜʦʚʘʣʠ 

ʥʘ ʩʢʘʥʠʨʫʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ, ʠʩʧʦʣʴʟʫʷ ʜʝʪʝʢʪʦʨ ʦʙʨʘʪʥʦʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʚ 

ʨʝʞʠʤʝ ʭʠʤʠʯʝʩʢʦʛʦ ʢʦʥʪʨʘʩʪʘ ʠ ʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʳʡ ʤʠʢʨʦʘʥʘʣʠʟ  

(ʇʨʠʣʦʞʝʥʠʝ A ʈʠʩʫʥʦʢ A. 3, ʈʠʩʫʥʦʢ A. 4). ʅʘ ʠʟʦʙʨʘʞʝʥʠʠ ʚ ʨʝʞʠʤʝ ʭʠʤʠʯʝʩʢʦʛʦ ʢʦʥʪʨʘʩʪʘ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʠʛʥʘʣʘ ʨʘʩʧʨʝʜʝʣʝʥʘ ʨʘʚʥʦʤʝʨʥʦ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʦʜʥʦʨʦʜʥʦʩʪʴ ʩʦʩʪʘʚʘ ʧʦ 

ʚʩʝʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʉʣʦʞʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʈʉʤɸ ʩʚʷʟʘʥʘ ʩ ʧʦʣʥʳʤ ʧʝʨʝʢʨʳʚʘʥʠʝʤ ʦʩʥʦʚʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʣʠʥʠʡ ʜʣʷ Al ʠ Se (ʇʨʠʣʦʞʝʥʠʝ D ʈʠʩʫʥʦʢ D. 1). ʇʨʠ ʵʪʦʤ ʜʣʷ ʘʣʶʤʠʥʠʷ 

ʥʝʚʦʟʤʦʞʥʦ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʚʳʯʠʩʣʠʪʴ ʩʦʜʝʨʞʘʥʠʝ ʧʦ ʘʣʴʪʝʨʥʘʪʠʚʥʳʤ ʩʧʝʢʪʨʘʣʴʥʳʤ ʣʠʥʠʷʤ 

(ʇʨʠʣʦʞʝʥʠʝ D ʈʠʩʫʥʦʢ D. 1 ʚ). ʋʚʝʣʠʯʝʥʠʝ ʨʘʟʨʝʰʝʥʠʷ ʜʝʪʝʢʪʦʨʘ ʥʝ ʧʦʟʚʦʣʷʝʪ ʨʘʟʨʝʰʠʪʴ 

ʩʧʝʢʪʨʘʣʴʥʳʝ ʣʠʥʠʠ, ʧʦʵʪʦʤʫ ʨʝʘʣʴʥʳʡ ʩʦʩʪʘʚ ʩʦʝʜʠʥʝʥʠʡ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʚʳʯʠʩʣʝʥʥʦʛʦ ʥʘ 

ʚʝʣʠʯʠʥʳ, ʧʨʝʚʳʰʘʶʱʠʝ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʧʦʛʨʝʰʥʦʩʪʠ: Mn1.03(3)Al 2.23(20)Se4.00(17) ʠ 

Mn2.09(4)Al 2.32(16)Se5.00(12) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʇʨʠʣʦʞʝʥʠʝ A ʊʘʙʣʠʮʘ A. 3, ʊʘʙʣʠʮʘ A. 4). 

ʄʦʥʦʢʨʠʩʪʘʣʣʳ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʦʣʫʯʠʪʴ ʥʝ ʫʜʘʣʦʩʴ, ʧʦʩʢʦʣʴʢʫ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʘʛʝʥʪʘ ʟʥʘʯʠʪʝʣʴʥʦ ʘʢʪʠʚʠʨʦʚʘʣʘʩʴ ʧʦʙʦʯʥʘʷ ʨʝʘʢʮʠʷ ʩ ʤʘʪʝʨʠʘʣʦʤ ʘʤʧʫʣ ʜʘʞʝ 

ʧʨʠ ʧʦʥʠʞʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 700 ÁC.  

4.3.2. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ MnAl2Se4 

ʉʦʝʜʠʥʝʥʠʝ MnAl2Se4 ʚʧʝʨʚʳʝ ʧʦʣʫʯʝʥʦ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ. ʇʦ ʜʘʥʥʳʤ ʧʦʨʦʰʢʦʚʦʡ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ MnAl2Se4 ʠʟʦʤʦʨʬʥʘ ʤʘʛʥʠʝʚʦʤʫ ʘʥʘʣʦʛʫ 

MgAl2Se4. ʋʪʦʯʥʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʤʝʰʘʥʥʦʝ 

ʟʘʧʦʣʥʝʥʠʝ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ ʘʪʦʤʘʤʠ Mn ʠ Al, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʩʪʨʫʢʪʫʨʥʦʤʫ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʶ (ʈʠʩʫʥʦʢ 47, ʊʘʙʣʠʮʘ 22). 
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ʈʠʩʫʥʦʢ 47 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ (ʬʠʦʣʝʪʦʚʳʝ ʪʦʯʢʠ) ʠ ʨʘʩʯʝʪʥʘʷ (ʦʨʘʥʞʝʚʘʷ ʣʠʥʠʷ) 

ʨʝʥʪʛʝʥʦʛʨʘʤʤʘ MnAl2Se4. ʇʦʣʦʞʝʥʠʝ ʨʝʬʣʝʢʩʦʚ ʧʦʢʘʟʘʥʦ ʯʝʨʥʳʤʠ ʰʪʨʠʭʘʤʠ, ʨʘʟʥʦʩʪʥʘʷ 

ʢʨʠʚʘʷ ï ʟʝʣʝʥʦʡ ʣʠʥʠʝʡ 

 

ʊʘʙʣʠʮʘ 22 ï ʇʘʨʘʤʝʪʨʳ ʘʪʦʤʥʳʭ ʧʦʟʠʮʠʡ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ MnAl2Se4 

ʇʦʟʠʮʠʷ ʉʠʤʤʝʪʨʠʷ x y z ɿʘʩʝʣʝʥʥʦʩʪʴ Uiso (¡2) 

Mn1 σm 0 0 0 0.48(1)Mn+0.52(1)Al 0.029(2) 

Al1 3m 0 0 0.2347(2) 0.74(1)Al+0.26(1)Mn 0.029(2) 

Se1 3m 0 0 0.12352(7) 1Se 0.031(1) 

Se2 3m 0 0 0.29774(6) 1Se 0.024(1) 

R-ʮʝʥʪʨʠʨʦʚʘʥʥʘʷ ʪʨʠʛʦʥʘʣʴʥʘʷ ʵʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ MnAl2Se4 ʩ Z = 3 ʩʦʜʝʨʞʠʪ ʪʨʠ 

ʯʝʨʝʜʫʶʱʠʭʩʷ ʙʣʦʢʘ ABCDAé, ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʦʜʠʥʘʢʦʚʫʶ ʩʪʨʫʢʪʫʨʫ, ʥʦ ʧʦʚʝʨʥʫʪʳ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ ʚ ʧʣʦʩʢʦʩʪʠ ab (ʈʠʩʫʥʦʢ 48). ɼʘʥʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʦʙʣʘʜʘʝʪ ʩʠʣʴʥʦ 

ʘʥʠʟʦʪʨʦʧʥʦʡ ʩʣʦʠʩʪʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʚ ʢʦʪʦʨʦʡ ʙʣʦʢʠ ʥʘ ʦʩʥʦʚʝ ʇʐʋ ʘʥʠʦʥʦʚ 






















































































































