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ʅʘʫʯʥʦʝ ʩʩʦʜʝʨʞʘʥʠʝ ʨʘʙʦʪʳ: 

1. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

 ʉʦʟʜʘʥʠʝ ʠ ʨʘʟʚʠʪʠʝ ʣʠʪʠʡ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʩʪʘʣʦ ʨʝʚʦʣʶʮʠʦʥʥʳʤ ʚʦ ʚʩʝʭ ʩʬʝʨʘʭ 

ʞʠʟʥʠ ʯʝʣʦʚʝʢʘ. ɹʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʡ ʛʨʘʚʠʤʝʪʨʠʯʝʩʢʦʡ ʠ ʦʙʲʝʤʥʦʡ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ, ʚʳʩʦʢʦʡ ʫʜʝʣʴʥʦʡ 

ʤʦʱʥʦʩʪʠ, ʜʣʠʪʝʣʴʥʦʤʫ ʩʨʦʢʫ ʩʣʫʞʙʳ ʠ ʥʠʟʢʦʤʫ ʩʘʤʦʨʘʟʨʷʜʫ ʣʠʪʠʡ-ʠʦʥʥʳʝ ʘʢʢʫʤʫʣʷʪʦʨʳ ʩʝʛʦʜʥʷ 

ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʚʘʞʥʝʡʰʠʭ ʚʦʟʦʙʥʦʚʣʷʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ [1-9]. ɹʦʣʝʝ ʪʦʛʦ, ʦʥʠ ʷʚʣʷʶʪʩʷ 

ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤʠ ʚʪʦʨʠʯʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʵʥʝʨʛʠʠ ʜʣʷ ʧʦʨʪʘʪʠʚʥʳʭ ʠ ʤʦʙʠʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ [10-

16], ʘ ʪʘʢʞʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʵʣʝʢʪʨʦʪʨʘʥʩʧʦʨʪʝ [17-20]. ʆʜʥʘʢʦ ʚ ʩʚʷʟʠ ʩ ʨʘʩʪʫʱʠʤ ʩʧʨʦʩʦʤ 

ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʳʭ ʪʠʧʦʚ ʘʢʢʫʤʫʣʷʪʦʨʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʙʦʣʝʝ ʚʳʩʦʢʠʤʠ 

ʧʦʢʘʟʘʪʝʣʷʤʠ ʛʨʘʚʠʤʝʪʨʠʯʝʩʢʦʡ ʠʣʠ ʦʙʲʝʤʥʦʡ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʡ ʠ/ʠʣʠ ʠʭ ʙʦʣʝʝ ʜʦʩʪʫʧʥʳʭ ʘʥʘʣʦʛʦʚ [7, 

14, 21-23]. ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʧʦʜʭʦʜʦʤ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʥʘʠʙʦʣʴʰʠʭ ʧʣʦʪʥʦʩʪʝʡ ʵʥʝʨʛʠʠ, ʘ ʪʘʢʞʝ ʣʫʯʰʝʡ 

ʮʠʢʣʠʯʥʦʩʪʠ ʠ ʙʝʟʦʧʘʩʥʦʩʪʠ ʩʯʠʪʘʝʪʩʷ ʧʝʨʝʭʦʜ ʢ ʧʦʣʥʦʩʪʴʶ ʪʚʝʨʜʦʪʝʣʴʥʳʤ ʘʢʢʫʤʫʣʷʪʦʨʘʤ, ʚ ʢʦʪʦʨʳʭ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʚʝʨʜʳʡ ʵʣʝʢʪʨʦʣʠʪ [24]. ɻʣʘʚʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʪʚʝʨʜʳʭ ʵʣʝʢʪʨʦʣʠʪʦʚ ʩʯʠʪʘʝʪʩʷ ʠʭ 

ʧʦʚʳʰʝʥʥʘʷ ʪʝʨʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʜʝʥʜʨʠʪʦʦʙʨʘʟʦʚʘʥʠʶ, ʙʣʘʛʦʜʘʨʷ ʢʦʪʦʨʳʤ, ʦʥʠ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʙʦʣʴʰʫʶ ʮʠʢʣʠʨʫʝʤʦʩʪʴ ʠ ʙʝʟʦʧʘʩʥʦʩʪʴ, ʚ ʯʘʩʪʥʦʩʪʠ, ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ 

ʘʢʢʫʤʫʣʷʪʦʨʳ ʩ ʪʚʝʨʜʳʤ ʵʣʝʢʪʨʦʣʠʪʦʤ ʧʦʯʪʠ ʥʝ ʪʝʨʷʶʪ ʝʤʢʦʩʪʴ ʪʦʢʘ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʙʦʣʝʝ ʯʝʤ 10000 

ʮʠʢʣʦʚ [25].  

 ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʩ ʦʧʪʠʤʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ, 

ʪʦʢʘ, ʮʠʢʣʠʨʫʝʤʦʩʪʠ ʠ ʜʦʣʛʦʚʝʯʥʦʩʪʠ ʪʚʝʨʜʳʝ ʵʣʝʢʪʨʦʣʠʪʳ ʜʦʣʞʥʳ ʦʙʣʘʜʘʪʴ ʨʷʜʦʤ ʩʚʦʡʩʪʚ: ʙʳʪʴ 

ʪʝʨʤʠʯʝʩʢʠ, ʵʣʝʢʪʨʦ-ʭʠʤʠʯʝʩʢʠ ʠ ʤʝʭʘʥʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʳʤʠ, ʦʙʣʘʜʘʪʴ ʚʳʩʦʢʦʡ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ 

ʠ ʥʠʟʢʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʷʚʣʷʝʪʩʷ 

ʧʦʠʩʢ ʩʦʝʜʠʥʝʥʠʡ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʭ ʟʘʜʘʥʥʳʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ, ʚ ʯʘʩʪʥʦʩʪʠ ʦʙʣʘʜʘʶʱʠʭ ʚʳʩʦʢʠʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ [26-28].  

 ʊʨʘʜʠʮʠʦʥʥʦ ʘʢʢʫʤʫʣʷʪʦʨʳ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʣʠʪʠʝʤ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʘ [14, 29] ʠʣʠ 

ʘʢʢʫʤʫʣʷʪʦʨʳ ʩ  ʘʥʦʜʦʤ ʩ ʱʝʣʦʯʥʳʤʠ ʤʝʪʘʣʣʘʤʠ (Na+, K+) [24, 30-31] ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʥʘʠʙʦʣʝʝ 

ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʘʣʴʪʝʨʥʘʪʠʚʳ ʣʠʪʠʡ-ʠʦʥʥʳʤ ʘʢʢʫʤʫʣʷʪʦʨʘʤ. ɸʥʦʜ ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʪʠʷ ʩʯʠʪʘʝʪʩʷ 

ʦʜʥʠʤ ʠʟ ʩʘʤʳʭ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʙʣʘʛʦʜʘʨʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʝʤʢʦʩʪʠ ʘʥʦʜʘ (3860 

ʤɸĿʯĿʛï̂1 ʠʣʠ 2064 ʤɸĿʯĿʩʤ^ï3) ʩʨʝʜʠ ʚʩʝʭ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʩʘʤʳʤ ʥʠʟʢʠʤ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤ 

ʧʦʪʝʥʮʠʘʣʦʤ (ï3,04 ɺ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤ ʚʦʜʦʨʦʜʥʳʤ ʵʣʝʢʪʨʦʜʦʤ) [14, 29], ʦʜʥʘʢʦ ʩʫʱʝʩʪʚʫʝʪ 

ʨʷʜ ʩʝʨʴʝʟʥʳʭ ʧʨʦʙʣʝʤ ʚ ʣʠʪʠʝʚʳʭ ʘʢʢʫʤʫʣʷʪʦʨʘʭ ʩ ʞʠʜʢʠʤʠ ʦʨʛʘʥʠʯʝʩʢʠʤʠ ʵʣʝʢʪʨʦʣʠʪʘʤʠ, ʚʢʣʶʯʘʷ 

ʙʝʟʦʧʘʩʥʦʩʪʴ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʚʪʦʨʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʠʪʴ, ʧʨʝʞʜʝ ʯʝʤ 

ʩʠʩʪʝʤʳ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʣʠʪʠʝʤ ʩʪʘʥʫʪ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ. ʕʪʠ ʪʨʫʜʥʦʩʪʠ ʚ ʦʩʥʦʚʥʦʤ ʩʚʷʟʘʥʳ ʩ 

ʨʦʩʪʦʤ ʣʠʪʠʝʚʳʭ ʜʝʥʜʨʠʪʦʚ ʧʨʠ ʧʦʚʪʦʨʷʶʱʠʭʩʷ ʧʨʦʮʝʩʩʘʭ ʟʘʨʷʜʘ/ʨʘʟʨʷʜʘ ʠ ʥʠʟʢʦʡ ʢʫʣʦʥʦʚʩʢʦʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ [29]. ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʪʚʝʨʜʦʛʦ ʵʣʝʢʪʨʦʣʠʪʘ, ʦʜʥʘʢʦ ʪʘʢʠʝ ʘʢʢʫʤʫʣʷʪʦʨʳ ʜʦ ʩʠʭ ʧʦ ʥʝ ʢʦʤʤʝʨʮʠʘʣʠʟʠʨʦʚʘʥʳ [32]. 

 ɺ ʣʠʪʠʝʚʳʭ ʘʢʢʫʤʫʣʷʪʦʨʘʭ ʥʘʠʣʫʯʰʠʝ ʧʦʢʘʟʘʪʝʣʠ ʠʦʥʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ, ʩʨʘʚʥʠʤʳʝ ʩ 

ʞʠʜʢʠʤʠ ʦʨʛʘʥʠʯʝʩʢʠʤʠ ʵʣʝʢʪʨʦʣʠʪʘʤʠ, ʜʦʩʪʠʛʘʶʪʩʷ ʚ ʩʣʦʞʥʳʭ ʪʨʝʭ ʠ ʯʝʪʳʨʝʭ ʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤʘʭ, 

ʩʦʜʝʨʞʘʱʠʭ ʘʪʦʤʳ ʩʝʨʳ ʠ ʬʦʩʬʦʨʘ. ʊʘʢ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʩʦʝʜʠʥʝʥʠʷʭ Li3PO4-Li3PS4, Li6PS5X (X 

= F, Cl, Br), Li2S-P2S5, Li7P3S11, Li7P2S8I, LiSO3F ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʠʦʥʦʚ ʣʠʪʠʷ ʜʦʩʪʠʛʘʝʪ ʟʥʘʯʝʥʠʡ 

10 -̂4-10 -̂3 ʉʤ/ʩʤ  ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (300ʂ) [33-38]. ɼʨʫʛʦʡ ʧʝʨʩʧʝʢʪʠʚʥʳʡ ʢʣʘʩʩ ʪʚʝʨʜʳʭ 

ʵʣʝʢʪʨʦʣʠʪʦʚ - ʛʝʨʤʘʥʠʡ ʩʦʜʝʨʞʘʱʠʝ ʪʚʝʨʜʳʝ ʵʣʝʢʪʨʦʣʠʪʳ, ʪʘʢʠʝ ʢʘʢ Li10GeP2S12, Li4GeS4, ʪʘʢʞʝ 

ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʜʦʩʪʠʛʘʶʱʝʡ ʟʥʘʯʝʥʠʡ 10^-4 ʉʤ/ʩʤ  [39-44].  

 ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʢʘʣʠʝʚʳʭ ʠ ʥʘʪʨʠʝʚʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʵʪʠ ʤʝʪʘʣʣʳ 

ʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʝ ʯʝʤ ʣʠʪʠʡ, ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ ʟʥʘʯʠʪʝʣʴʥʦ ʜʝʰʝʚʣʝ. ʆʜʥʘʢʦ ʠʭ ʢʦʤʤʝʨʯʝʩʢʦʝ 

ʧʨʠʤʝʥʝʥʠʝ, ʪʘʢʞʝ ʢʘʢ ʠ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʣʠʪʠʝʤ, ʦʩʣʦʞʥʝʥʦ ʚʚʠʜʫ ʦʪʩʫʪʩʪʚʠʷ 

ʦʧʪʠʤʘʣʴʥʳʭ ʪʚʝʨʜʳʭ ʵʣʝʢʪʨʦʣʠʪʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʤʠ ʷʚʣʷʶʪʩʷ ʦʢʥʘ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ ʩʦʚʤʝʩʪʠʤʦʩʪʠ ʩ ʵʣʝʢʪʨʦʜʘʤʠ [45]. ɿʘ ʧʦʩʣʝʜʥʝʝ ʜʝʩʷʪʠʣʝʪʠʝ 

ʥʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʤʠ ʪʚʝʨʜʳʤʠ ʵʣʝʢʪʨʦʣʠʪʘʤʠ ʚ ʥʘʪʨʠʝʚʳʭ ʘʢʢʫʤʫʣʷʪʦʨʘʭ ʫ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʩʯʠʪʘʶʪʩʷ 

ʩʦʝʜʠʥʝʥʠʷ ʩʦʩʪʘʚʘ Na-P-S, Na-Ge-S, Na-Sb-S, Na-Se-P ʠ ʘʥʘʣʦʛʠʯʥʳʝ [45-52]. ɺ ʵʪʠʭ ʪʚʝʨʜʳʭ 

ʵʣʝʢʪʨʦʣʠʪʘʭ ʠʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʟʥʘʯʝʥʠʡ 10^-4-10 -̂3 



ʉʤ/ʩʤ, ʦʜʥʘʢʦ ʠʭ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ ʧʦʚʝʜʝʥʠʝ  ʪʚʝʨʜʳʭ ʤʝʞʬʘʟʥʳʭ ʩʣʦʝʚ ʚ ʢʦʥʪʘʢʪʝ ʩ ʵʣʝʢʪʨʦʜʘʤʠ 

ʚʩʝ ʝʱʝ ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ [45]. ʇʨʠʤʝʥʝʥʠʝ ʪʚʝʨʜʳʭ ʵʣʝʢʪʨʦʣʠʪʦʚ ʜʣʷ ʢʘʣʠʝʚʳʭ 

ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʨʘʩʧʨʦʩʪʨʘʥʝʥʦ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʤʝʥʴʰʝ, ʯʝʤ ʜʣʷ ʣʠʪʠʝʚʳʭ ʠ ʥʘʪʨʠʝʚʳʭ 

ʘʢʢʫʤʫʣʷʪʦʨʦʚ. ʂ ʪʘʢʠʤ ʵʣʝʢʪʨʦʣʠʪʘʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ɓ-Al2O3, K3Sb4O10(BO3), K2Fe4O7, K2CdO2 ʠ 

K2Mg2TeO6 [53-57].   

ʅʝʩʤʦʪʨʷ ʥʘ ʨʝʛʫʣʷʨʥʦʝ ʧʦʷʚʣʝʥʠʝ ʧʫʙʣʠʢʘʮʠʡ ʩ ʥʦʚʳʤʠ ʵʣʝʢʪʨʦʣʠʪʘʤʠ ʠ ʙʦʣʝʝ ʜʝʪʘʣʴʥʳʤʠ 

ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʫʞʝ ʦʪʢʨʳʪʳʭ ʪʚʝʨʜʳʭ ʵʣʝʢʪʨʦʣʠʪʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʩʦʩʪʘʚʦʚ ʄ-P-S ʠ ʄ-Ge-S (ʄ = Li, Na, 

K), ʠʥʬʦʨʤʘʮʠʷ ʦ ʵʣʝʢʪʨʦʣʠʪʘʭ ʪʘʢʦʛʦ ʩʦʩʪʘʚʘ ʚʩʝ ʝʱʝ ʦʩʪʘʝʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʝ 

ʩʠʩʪʝʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʠ ʨʘʟʨʦʟʥʝʥʥʦʡ.  ʇʨʠʤʝʥʝʥʠʝ ʩʦʚʨʝʤʝʥʥʦʛʦ ʠ ʚʳʩʦʢʦʪʦʯʥʦʛʦ ʤʝʪʦʜʘ ʧʨʝʜʩʢʘʟʘʥʠʷ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ USPEX [58-60], ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʥʘʢʦʧʣʝʥʥʳʤʠ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ, 

ʧʦʟʚʦʣʠʪ ʩʠʩʪʝʤʘʪʠʟʠʨʦʚʘʪʴ ʩʚʝʜʝʥʠʷ ʦ  ʫʞʝ ʠʤʝʶʱʠʭʩʷ ʪʚʝʨʜʳʭ ʵʣʝʢʪʨʦʣʠʪʘʭ, ʘ ʪʘʢʞʝ ʧʨʝʜʩʢʘʟʘʪʴ 

ʥʦʚʳʝ, ʝʱʝ ʥʝ ʠʩʩʣʝʜʦʚʘʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʩʦʩʪʘʚʦʚ M-P-S ʠ M-Ge-S, ʛʜʝ M = Li, Na, K, ʘ ʤʝʪʦʜʳ ʢʚʘʥʪʦʚʦʡ 

ʭʠʤʠʠ ʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʟʚʦʣʷʪ ʧʨʝʜʩʢʘʟʘʪʴ ʠ ʦʙʲʷʩʥʠʪʴ ʠʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ, 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʢʠʥʝʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. 
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2. ʉʦʚʨʝʤʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʦʙʣʝʤʳ 

 Li -ʠʦʥʥʳʝ ʘʢʢʫʤʫʣʷʪʦʨʳ ʰʠʨʦʢʦ ʠʟʫʯʘʶʪʩʷ ʩ 1970-ʭ ʛʦʜʦʚ ʠ ʧʦʣʫʯʠʣʠ ʰʠʨʦʢʦʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʩ 1990-ʭ ʙʣʘʛʦʜʘʨʷ ʧʝʨʚʳʤ ʢʦʤʤʝʨʯʝʩʢʠʤ ʘʢʢʫʤʫʣʷʪʦʨʘʤ, ʧʨʦʠʟʚʝʜʝʥʥʳʭ Sony. 

ɿʥʘʯʝʥʠʝ ʵʪʦʛʦ ʥʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʨʳʚʘ ʙʳʣʦ ʦʪʨʘʞʝʥʦ ʚ ʅʦʙʝʣʝʚʩʢʦʡ ʧʨʝʤʠʠ ʧʦ ʭʠʤʠʠ 2019 

ʛʦʜʘ, ʧʨʠʩʫʞʜʝʥʥʦʡ ʟʘ ʨʘʟʨʘʙʦʪʢʫ ʣʠʪʠʡ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ (ʃʀɸ). ʆʜʥʘʢʦ ʥʝʩʤʦʪʨʷ ʥʘ 

ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʧʨʠʤʝʥʝʥʠʷ Li-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ, ʦʪ ʧʦʨʪʘʪʠʚʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʜʦ ʵʣʝʢʪʨʦʤʦʙʠʣʝʡ, 

ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʥʠ ʥʝ ʤʦʛʫʪ ʫʜʦʚʣʝʪʚʦʨʠʪʴ ʨʘʩʪʫʱʠʡ ʩʧʨʦʩ ʥʘ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʧʣʦʪʥʦʩʪʴ ʭʨʘʥʝʥʠʷ 

ʵʥʝʨʛʠʠ, ʩʢʦʨʦʩʪʴ ʟʘʨʷʜʢʠ ʠ ʩʥʠʞʝʥʠʝ ʩʪʦʠʤʦʩʪʠ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʜʘʣʴʥʝʡʰʝʝ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʠʭ 

ʢʦʥʩʪʨʫʢʮʠʠ ʠ ʨʘʙʦʪʳ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʦʙʣʝʤʫ [1,2].  

 ʆʜʥʠʤ ʠʟ ʥʘʧʨʘʚʣʝʥʠʡ ʨʘʟʚʠʪʠʷ ʣʠʪʠʡ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʷʚʣʷʝʪʩʷ ʧʝʨʝʭʦʜ ʢ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʘ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʪʠʷ ʚʤʝʩʪʦ ʛʨʘʬʠʪʘ. ʄʝʪʘʣʣʠʯʝʩʢʠʡ ʣʠʪʠʡ ʦʙʣʘʜʘʝʪ 

ʩʘʤʦʡ ʚʳʩʦʢʦʡ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʛʨʘʚʠʤʝʪʨʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʠʠ (3860 ʤɸĿʯĿʛï1 ʠʣʠ 2064 ʤɸĿʯĿʩʤï

3) ʠ ʩʘʤʳʤ ʥʠʟʢʠʤ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤ ʧʦʪʝʥʮʠʘʣʦʤ, ʠ ʧʦʵʪʦʤʫ ʪʨʘʜʠʮʠʦʥʥʦ ʩʯʠʪʘʝʪʩʷ ʣʫʯʰʠʤ 

ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʘʥʦʜʘ [3,4]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩʫʱʝʩʪʚʫʝʪ ʨʷʜ ʬʘʢʪʦʨʦʚ, ʩʫʱʝʩʪʚʝʥʥʦ ʦʛʨʘʥʠʯʠʚʘʶʱʠʭ ʝʛʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʠ ʧʨʝʧʷʪʩʪʚʫʶʱʠʭ ʢʦʤʤʝʨʮʠʘʣʠʟʘʮʠʠ. ʂ ʪʘʢʠʤ ʬʘʢʪʦʨʘʤ ʦʪʥʦʩʷʪʩʷ ʚʦʧʨʦʩʳ 

ʙʝʟʦʧʘʩʥʦʩʪʠ, ʠ ʮʠʢʣʠʨʫʝʤʦʩʪʠ, ʚʦʟʥʠʢʘʶʱʠʝ ʠʟ-ʟʘ ʜʝʥʜʨʠʪʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʭʦʜʝ ʟʘʨʷʜʘ/ʨʘʟʨʷʜʘ ʠ ʥʠʟʢʦʡ 

ʢʫʣʦʥʦʚʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ [4]. ʅʠʟʢʘʷ ʢʫʣʦʥʦʚʩʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʧʦʩʪʝʧʝʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝ 

ʧʝʨʝʥʘʧʨʷʞʝʥʠʷ ʣʠʪʠʝʚʦʛʦ ʘʥʦʜʘ ʧʨʠʚʦʜʷʪ ʢ ʧʦʩʪʝʧʝʥʥʦʤʫ ʩʥʠʞʝʥʠʶ ʝʤʢʦʩʪʠ ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ, ʘ ʨʦʩʪ 

ʜʝʥʜʨʠʪʦʚ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʢʦʨʦʪʢʠʤ ʟʘʤʳʢʘʥʠʷʤ, ʪʝʨʤʠʯʝʩʢʦʡ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ, ʘ ʟʘʯʘʩʪʫʶ ʜʝʣʘʝʪ 

ʪʘʢʠʝ ʘʢʢʫʤʫʣʷʪʦʨʳ ʚʟʨʳʚʦʦʧʘʩʥʳʤʠ. ʆʩʥʦʚʥʳʤ ʩʧʦʩʦʙʦʤ ʨʝʰʝʥʠʷ ʵʪʠʭ ʧʨʦʙʣʝʤ ʩʯʠʪʘʝʪʩʷ ʧʝʨʝʭʦʜ ʦʪ 

ʞʠʜʢʠʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʵʣʝʢʪʨʦʣʠʪʦʚ ʢ ʧʦʣʥʦʩʪʴʶ ʪʚʝʨʜʳʤ ʥʝʦʨʛʘʥʠʯʝʩʢʠʤ ʵʣʝʢʪʨʦʣʠʪʘʤ [3,4]. 

 ɹʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ, ʪʚʝʨʜʳʝ ʵʣʝʢʪʨʦʣʠʪʳ ʩʧʦʩʦʙʥʳ ʵʬʬʝʢʪʠʚʥʦ 

ʧʨʝʧʷʪʩʪʚʦʚʘʪʴ ʜʝʥʜʨʠʪʦʦʙʨʘʟʦʚʘʥʠʶ ʠ ʚʳʟʚʘʥʥʳʤ ʠʤʠ ʢʦʨʦʪʢʠʤ ʟʘʤʳʢʘʥʠʷʤ, ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ 

ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʰʘʝʪ ʙʝʟʦʧʘʩʥʦʩʪʴ ʠ ʮʠʢʣʠʨʫʝʤʦʩʪʴ ʘʢʢʫʤʫʣʷʪʦʨʦʚ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ [5-

8], ʚ ʧʦʣʥʦʩʪʴʶ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʘʭ, ʪʘʢ ʞʝ ʢʘʢ ʚ ʘʢʢʫʤʫʣʷʪʦʨʘʭ ʩ ʞʠʜʢʠʤ ʦʨʛʘʥʠʯʝʩʢʠʤ 

ʵʣʝʢʪʨʦʣʠʪʦʤ, ʠʤʝʝʪ ʤʝʩʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʪʚʝʨʜʦʛʦ ʤʝʞʬʘʟʥʦʛʦ ʩʣʦʷ, ʢʦʪʦʨʳʡ ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ 

ʦʙʨʘʟʦʚʘʥʠʠ ʜʝʥʜʨʠʪʦʚ, ʮʠʢʣʠʨʫʝʤʦʩʪʠ ʘʢʢʫʤʫʣʷʪʦʨʘ ʠ ʧʦʢʘʟʘʪʝʣʷʭ ʝʛʦ ʧʨʝʜʝʣʴʥʳʭ ʪʦʢʦʚ. ʊʚʝʨʜʳʡ 

ʤʝʞʬʘʟʥʳʡ ʩʣʦʡ (solid electrolyte interphase, SEI) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʦʥʢʫʶ ʧʣʝʥʢʫ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʘʥʦʜʘ, ʦʙʨʘʟʦʚʘʥʥʫʶ ʧʨʦʜʫʢʪʘʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʘʥʦʜʘ ʠ ʵʣʝʢʪʨʦʣʠʪʘ [9-13]. SEI ʠʛʨʘʶʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ 

ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʠ ʮʠʢʣʠʨʦʚʘʥʠʠ ʜʝʥʜʨʠʪʦʚ. ɺʦ ʚʨʝʤʷ ʧʦʚʪʦʨʷʶʱʠʭʩʷ ʮʠʢʣʦʚ ʟʘʨʷʜʘ/ʨʘʟʨʷʜʘ ʣʠʪʠʡ 

ʦʩʘʞʜʘʝʪʩʷ ʥʘ ʘʥʦʜʝ ʠʣʠ ʧʦʢʠʜʘʝʪ ʘʥʦʜʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʟʘʨʷʜʘ/ʨʘʟʨʷʜʘ ʚʦʟʥʠʢʘʝʪ ʙʦʣʴʰʦʝ 

ʠʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ ʘʥʦʜʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʤʝʭʘʥʠʯʝʩʢʠʤ ʜʝʬʦʨʤʘʮʠʷʤ ʠ ʚʦʟʥʠʢʥʦʚʝʥʠʶ 

ʪʨʝʱʠʥ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʞʬʘʟʥʦʛʦ ʩʣʦʷ. ʅʘ ʩʣʝʜʫʶʱʠʭ ʮʠʢʣʘʭ ʟʘʨʷʜʘ/ʨʘʟʨʷʜʘ ʚ ʦʙʨʘʟʦʚʘʥʥʳʭ ʪʨʝʱʠʥʘʭ 

ʤʝʞʩʣʦʷ ʤʦʛʫʪ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʥʦʚʳʝ ʬʘʟʳ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʪʠʷ, ʚʝʜʫʱʠʝ ʢ ʨʦʩʪʫ ʜʝʥʜʨʠʪʦʚ. 

ʆʙʨʘʟʦʚʘʥʥʳʝ ʬʘʟʳ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʪʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʦʢ SEI ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʦʙʨʘʟʦʚʘʥʠʶ 

ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʣʠʪʠʝʚʳʭ ʬʘʟ, ʯʪʦ ʚʝʜʝʪ ʫʤʝʥʴʰʝʥʠʶ ʜʦʣʠ ʘʢʪʠʚʥʦʛʦ ʣʠʪʠʷ, ʩʥʠʞʝʥʠʶ ʝʤʢʦʩʪʠ 

ʘʢʢʫʤʫʣʷʪʦʨʘ ʠ ʜʘʣʴʥʝʡʰʝʡ ʜʝʩʪʨʫʢʮʠʠ ʘʥʦʜʘ ʠ ʵʣʝʢʪʨʦʣʠʪʘ. ʊʚʝʨʜʳʡ ʤʝʞʬʘʟʥʳʡ ʩʣʦʡ ʤʦʞʝʪ ʦʢʘʟʳʚʘʪʴ 



ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʮʠʢʣʠʨʫʝʤʦʩʪʴ ʠ ʩʨʦʢ ʞʠʟʥʠ ʵʣʝʢʪʨʦʣʠʪʘ [14]. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʘʠʤʝʥʴʰʝʛʦ 

ʜʝʥʜʨʠʪʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ, ʚʳʩʦʢʦʡ ʮʠʢʣʠʨʫʝʤʦʩʪʠ, ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʚʝʨʜʳʝ ʤʝʞʬʘʟʥʳʝ ʵʣʝʢʪʨʦʣʠʪʥʳʝ 

ʩʣʦʠ ʜʦʣʞʥʳ ʙʳʪʴ ʭʦʨʦʰʠʤʠ ʧʨʦʚʦʜʥʠʢʘʤʠ ʣʠʪʠʷ, ʥʝ ʧʨʦʚʦʜʠʪʴ ʵʣʝʢʪʨʦʥʳ, ʙʳʪʴ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠ 

ʫʩʪʦʡʯʠʚʳʤʠ ʚ ʢʦʥʪʘʢʪʝ ʩ ʣʠʪʠʝʤ, ʪʝʨʤʠʯʝʩʢʠ ʫʩʪʦʡʯʠʚʳʤʠ, ʘ ʪʘʢʞʝ ʠʤʝʪʴ ʦʧʪʠʤʘʣʴʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ, ʙʳʪʴ ʫʧʨʫʛʠʤʠ ʠ ʞʝʩʪʢʠʤʠ [14]. ʊʘʢ ʞʝ ʢʘʢ ʜʣʷ SEI, ʝʩʪʴ ʨʷʜ ʦʛʨʘʥʠʯʝʥʠʡ ʥʘʢʣʘʜʳʚʘʝʤʳʝ ʥʘ 

ʪʚʝʨʜʳʝ ʵʣʝʢʪʨʦʣʠʪʳ ʜʣʷ ʠʭ ʦʧʪʠʤʘʣʴʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʧʦʣʥʦʩʪʴʶ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʣʠʪʠʝʚʳʭ 

ʘʢʢʫʤʫʣʷʪʦʨʦʚ. ʊʚʝʨʜʳʝ ʵʣʝʢʪʨʦʣʠʪʳ, ʪʘʢ ʞʝ ʢʘʢ ʠ ʤʝʞʬʘʟʥʳʝ ʧʣʝʥʢʠ, ʜʦʣʞʥʳ ʙʳʪʴ ʭʦʨʦʰʠʤʠ ʠʦʥʥʳʤʠ 

ʧʨʦʚʦʜʥʠʢʘʤʠ ʠ ʥʝ ʧʨʦʚʦʜʠʪʴ ʵʣʝʢʪʨʦʥʳ, ʙʳʪʴ ʪʝʨʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʳʤʠ, ʘ ʚ ʢʦʥʪʘʢʪʝ ʩ ʘʥʦʜʦʤ ʜʦʣʞʥʳ 

ʦʙʨʘʟʦʚʳʚʘʪʴ ʩʪʘʙʠʣʴʥʳʝ ʪʚʝʨʜʳʝ ʤʝʞʬʘʟʥʳʝ ʩʣʦʠ [14]. 

 ɿʘ ʧʦʩʣʝʜʥʠʝ ʜʚʘ ʜʝʩʷʪʠʣʝʪʠʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ ʙʳʣʦ ʧʦʩʚʷʱʝʥʦ ʠʟʫʯʝʥʠʶ ʠ ʩʠʥʪʝʟʫ 

ʪʚʝʨʜʳʭ ʵʣʝʢʪʨʦʣʠʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ, ʦʧʠʩʘʥʠʶ ʠʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ, ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʠʦʥʥʳʭ 

ʪʨʘʥʩʧʦʨʪʥʳʭ, ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʤʝʞʬʘʟʥʳʭ ʩʚʦʡʩʪʚ. ʂ ʩʦʝʜʠʥʝʥʠʷʤ ʩ ʦʧʪʠʤʘʣʴʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ 

ʧʨʠʥʷʪʦ ʦʪʥʦʩʠʪʴ ʩʦʝʜʠʥʝʥʠʷ ʩʦʩʪʘʚʦʚ Li-P-S, Li-P-S-O, Li-P-S-X (X = F, Cl, Br, I), Li-B-H, Li-B-C-H, ʘ 

ʪʘʢʞʝ ʢʝʨʘʤʠʢʠ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ, ʪʘʢʠʝ ʢʘʢ LATP, LLTO, LAGP, LISICON, LIPON, LLZO, LGSP ʠ ʜʨ.  

 ʅʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʩʯʠʪʘʶʪʩʷ ʩʦʝʜʠʥʝʥʠʷ ʩʦʩʪʘʚʘ Li-P-S, ʪʘʢ ʚ ʩʪʘʪʴʝ [15] ʙʳʣ ʩʦʙʨʘʥ 

ʠ ʧʨʦʪʝʩʪʠʨʦʚʘʥ ʧʦʣʥʦʩʪʴʶ ʪʚʝʨʜʦʪʝʣʴʥʳʡ ʘʢʢʫʤʫʣʷʪʦʨ ʩ ʪʚʝʨʜʳʤ ʵʣʝʢʪʨʦʣʠʪʦʤ Li2P-P2S5 ʠ 

ʵʣʝʢʪʨʦʜʘʤʠ: ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʣʠʪʠʝʤ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʘ ʠ LiCoO2 ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʦʜʘ. ɺ ʨʘʙʦʪʝ [16] ʙʳʣ 

ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʞʬʘʟʥʳʝ ʩʚʦʡʩʪʚʘ ʪʚʝʨʜʦʛʦ ʵʣʝʢʪʨʦʣʠʪʘ Li2P-P2S5 ʚ ʢʦʥʪʘʢʪʝ ʩ ʢʘʪʦʜʦʤ LiCoO2 ʩ 

ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ɺ ʩʪʘʪʴʷʭ [15, 16] ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, 

ʯʪʦ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʘʢʢʫʤʫʣʷʪʦʨʘ ʤʦʛʫʪ ʙʳʪʴ ʫʣʫʯʰʝʥʳ ʥʘʧʳʣʝʥʠʝʤ ʪʦʥʢʦʡ ʧʣʝʥʢʠ Li2SiO3 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʢʘʪʦʜʘ. ʄʝʭʘʥʠʟʤʳ ʨʘʩʪʚʦʨʝʥʠʷ ʠ ʦʩʘʞʜʝʥʠʷ ʣʠʪʠʷ ʚ ʪʚʝʨʜʦʤ ʵʣʝʢʪʨʦʣʠʪʝ Li2S-P2S5 

ʙʳʣʠ ʠʟʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʚ ʨʘʙʦʪʝ [17], ʚ ʢʦʪʦʨʦʡ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʪʦʢʘʭ ʧʨʝʚʳʰʘʶʱʠʭ 1 ʤɸ ʩʤ-2 ʥʘʯʠʥʘʝʪʩʷ ʨʦʩʪ ʜʝʥʜʨʠʪʦʚ, ʧʨʠʚʦʜʷʱʠʭ ʢ ʢʦʨʦʪʢʦʤʫ 

ʟʘʤʳʢʘʥʠʶ, ʧʨʠ ʵʪʦʤ, ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʦʢʘʭ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ ʥʝ ʧʨʦʠʩʭʦʜʠʪ. ɺ ʨʘʙʦʪʝ [18] ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ  ɓ-ʬʘʟʳ Li3PS4 ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ 

ʠʦʥʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʧʨʠʤʝʥʝʥʠʶ ʪʘʢʠʭ ʵʣʝʢʪʨʦʣʠʪʦʚ ʚ ʘʢʢʫʤʫʣʷʪʦʨʘʭ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ. ɺ ʨʘʙʦʪʝ [19] ʤʝʪʦʜʘʤʠ ʢʚʘʥʪʦʚʦʡ-ʭʠʤʠʠ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʞʬʘʟʥʳʝ ʩʣʦʠ Li3PS4, 

Li3PO4, Li2O, Li2S ʪʚʝʨʜʦʛʦ ʵʣʝʢʪʨʦʣʠʪʘ Li3PS4-Li3PO4 ʩ ʘʥʦʜʦʤ ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʪʠʷ, ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʩʝ ʤʝʞʬʘʟʥʳʝ ʩʣʦʠ ʢʨʦʤʝ Li3PO4  ʩʪʘʙʠʣʴʥʳ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʳ ʤʝʭʘʥʠʟʤʳ ʤʝʞʬʘʟʥʳʭ 

ʨʝʘʢʮʠʡ. ɺ ʙʦʣʝʝ ʥʦʚʳʭ ʨʘʙʦʪʘʭ [20-23] ʠʩʩʣʝʜʦʚʘʥʳ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʤʝʭʘʥʠʟʤʳ 

ʦʙʨʘʟʦʚʘʥʠʷ ʪʚʝʨʜʳʭ ʤʝʞʬʘʟʥʳʭ ʩʣʦʝʚ, ʠʭ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʩʪʘʙʠʣʴʥʦʩʪʴ ʪʚʝʨʜʳʭ ʵʣʝʢʪʨʦʣʠʪʦʚ. ɺ ʙʦʣʝʝ 

ʩʣʦʞʥʳʭ ʩʠʩʪʝʤʘʭ, ʪʘʢʠʭ ʢʘʢ Li7P3S11 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʦʨʬʦʣʦʛʠʠ ʠʦʥʥʘʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ 

ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 10-5 ʜʦ 10-3 ʉʤ/ʩʤ [24], ʘ ʟʘʤʝʱʝʥʠʝ ʘʪʦʤʘʤʠ ʡʦʜʘ [25] ʠʣʠ ʜʨʫʛʠʭ ʛʘʣʦʛʝʥʦʚ [26] ʤʦʞʝʪ 

ʧʨʠʚʦʜʠʪʴ ʢ ʫʚʝʣʠʯʝʥʠʶ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʧʦʚʳʰʝʥʠʶ ʩʪʘʙʠʣʴʥʦʩʪʠ ʜʘʥʥʳʭ ʪʚʝʨʜʳʭ 

ʵʣʝʢʪʨʦʣʠʪʦʚ. 

 ɻʝʨʤʘʥʠʡ-ʩʦʜʝʨʞʘʱʠʝ ʪʚʝʨʜʳʝ ʵʣʝʢʪʨʦʣʠʪʳ ʩʦʩʪʘʚʘ Li-Ge-S ʠʣʠ Li-Ge-S-P ʪʘʢʞʝ ʩʯʠʪʘʶʪʩʷ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ, ʪʘʢ ʥʘʧʨʠʤʝʨ ʩʦʝʜʠʥʝʥʠʝ Li10GeP2S12 ʦʙʣʘʜʘʝʪ ʰʠʨʦʢʠʤ ʦʢʥʦʤ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʴʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʠʤ ʧʨʦʚʦʜʥʠʢʦʤ ʠʦʥʦʚ ʣʠʪʠʷ [27]. ɺ ʨʘʙʦʪʝ [27] ʤʝʪʦʜʘʤʠ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ  ʠʩʩʣʝʜʦʚʘʥʳ ʧʨʦʮʝʩʩʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʚʝʨʜʦʛʦ 

ʵʣʝʢʪʨʦʣʠʪʘ Li10GeP2S12 ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʣʠʪʠʝʚʳʤ ʘʥʦʜʦʤ ʠ ʧʦʜʯʝʨʢʥʫʪʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʜʦʣʛʦʩʨʦʯʥʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʜʣʷ ʧʦʠʩʢʘ ʠ ʦʮʝʥʢʠ ʥʦʚʳʭ ʪʚʝʨʜʦʪʝʣʴʥʳʭ 

ʵʣʝʢʪʨʦʣʠʪʦʚ. ɺ ʨʘʙʦʪʘʭ [28, 29] ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʪ 

ʜʦʧʠʨʦʚʘʥʠʷ ʠ ʚʘʨʴʠʨʦʚʘʥʠʷ ʩʦʩʪʘʚʘ ʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʪʘʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʚʦʟʤʦʞʥʦ ʜʦʩʪʠʞʝʥʠʝ 

ʟʥʘʯʝʥʠʡ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ~1.5 * 10-2 ʉʤ/ʩʤ.  

 ʊʚʝʨʜʳʝ ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ ʥʘʪʨʠʡ-ʧʨʦʚʦʜʷʱʠʝ ʵʣʝʢʪʨʦʣʠʪʳ ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ ʩʣʝʜʫʶʱʠʝ 

ʩʦʝʜʠʥʝʥʠʷ: ɓ/ɓ`` - Na2O-Al2O3 [30]; Na3.4Zr2Si2.4P0,6O12 (NZSPO), Na3.4Zr1.6Sc0.4Si2O12 [31,32]; 

Na3PSe4, Na3SbS4, Na3PS4, Na2.9Sb0.9W0.1S4 [33-36]; Na11Sn2PS12, Na10SnP2S12 [37,38]; 

Na2(B12H12), Na2(B10H10), Na(CB11H12), Na2(CB9H10)(CB11H12) [39-42]; Na3OBr, Na3OBH4 [43,44]. 

 ʆʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʵʣʝʢʪʨʦʣʠʪʦʚ ʜʣʷ ʢʘʣʠʝʚʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʧʦ 

ʧʨʝʞʥʝʤʫ ʧʨʠʢʦʚʘʥʦ ʢ ʦʨʛʘʥʠʯʝʩʢʠʤ ʠʣʠ ʧʦʣʠʤʝʨʥʳʤ ʵʣʝʢʪʨʦʣʠʪʘʤ [45]. ʀʩʩʣʝʜʦʚʘʥʠʡ ʪʚʝʨʜʳʭ 

ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʵʣʝʢʪʨʦʣʠʪʦʚ ʧʨʦʚʦʜʠʪʩʷ ʤʝʥʴʰʝ, ʯʝʤ ʜʣʷ ʣʠʪʠʝʚʳʭ ʠʣʠ ʥʘʪʨʠʝʚʳʭ, ʪʝʤ ʥʝ ʤʝʥʝʝ, ʟʘ 

ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʧʦʷʚʠʣʠʩʴ ʨʘʙʦʪʳ, ʚ ʢʦʪʦʨʳʭ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʚʝʨʜʳʝ ʢʘʣʠʝʚʳʝ ʵʣʝʢʪʨʦʣʠʪʳ ʦʙʣʘʜʘʶʪ 

ʙʦʣʴʰʝʡ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʯʝʤ ʥʘʪʨʠʝʚʳʝ ʪʚʝʨʜʳʝ ʵʣʝʢʪʨʦʣʠʪʳ. ʊʘʢ, ʚ ʨʘʙʦʪʝ [45] ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʠʦʥʥʘʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 0.056 ʠ 0.01 ʉʤ/ʩʤ ʧʨʠ 300 ʠ 150 ʛʨ. ʎʝʣʴʩʠʷ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ʚ ʪʚʝʨʜʦʤ ʵʣʝʢʪʨʦʣʠʪʝ ɓ-Al2O3. ʂʘʢ ʠ ʠʦʥʳ ʥʘʪʨʠʷ ʠ ʣʠʪʠʷ, ʠʦʥʳ ʢʘʣʠʷ ʦʙʣʘʜʘʶʪ ʧʦʚʳʰʝʥʥʦʡ 

ʤʦʙʠʣʴʥʦʩʪʴʶ ʚ ʤʘʪʝʨʠʘʣʘʭ ʩ ʧʦʜʭʦʜʷʱʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʦʜʥʦʤʝʨʥʦʡ (1D), 

ʜʚʫʤʝʨʥʦʡ (2D) ʠʣʠ ʪʨʝʭʤʝʨʥʦʡ (3D) ʩʝʪʢʦʡ ʤʦʙʠʣʴʥʳʭ ʠʦʥʦʚ. ʊʘʢ, ʩʦʝʜʠʥʝʥʠʝ K3Sb4O10(BO3) ʦʙʣʘʜʘʝʪ 

1D-ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʢʦʪʦʨʘʷ ʜʦʩʪʠʛʘʝʪ ~1.5*10-4 ʉʤ/ʩʤ ʧʨʠ 400Áʉ [47]. ɼʨʫʛʦʡ ʠʦʥʥʳʡ ʧʨʦʚʦʜʥʠʢ 

K2Fe4O7 ʦʙʣʘʜʘʝʪ ʥʝʩʢʦʣʴʢʠʤʠ ʢʘʥʘʣʘʤʠ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ: 2D ʢʘʥʘʣʦʤ ʚ ʧʣʦʩʢʦʩʪʠ, ʧʘʨʘʣʣʝʣʴʥʦʡ 

a- ʠ b- ʚʝʢʪʦʨʘʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʠ 1D ʢʘʥʘʣʦʤ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ c- ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʘ 



ʟʥʘʯʝʥʠʷ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʜʦʩʪʠʛʘʶʪ 5*10-2 ʉʤ/ʩʤ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ [48,49]. ʉʦʝʜʠʥʝʥʠʷ 

K2Mg2TeO6 ʠʣʠ K2CdO2 ʪʘʢʞʝ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʠʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʘ ʜʦʧʠʨʦʚʘʥʠʝ 

ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʘʣʣʘʤʠ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʫʚʝʣʠʯʝʥʠʶ ʜʦʣʠ ʚʘʢʘʥʩʠʡ ʢʘʣʠʷ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, 

ʫʚʝʣʠʯʝʥʠʶ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʢʘʣʠʷ [50,51]. 
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3. ʇʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʨʘʙʦʪʳ, ʚʢʣʶʯʘʷ ʠʩʧʦʣʴʟʫʝʤʳʝ ʘʣʛʦʨʠʪʤʳ 

 ʇʨʝʜʩʢʘʟʘʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʥʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʟʘʜʘʯʫ 

ʥʘʭʦʞʜʝʥʠʝ ʛʣʦʙʘʣʴʥʦʛʦ ʤʠʥʠʤʫʤʘ (ʠʣʠ ʥʝʩʢʦʣʴʢʠʭ ʩʘʤʳʭ ʛʣʫʙʦʢʠʭ ʣʦʢʘʣʴʥʳʭ ʤʠʥʠʤʫʤʦʚ) ʥʘ 



ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʩʨʝʜʠ ʦʛʨʦʤʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʚʦʟʤʦʞʥʳʭ ʩʪʨʫʢʪʫʨ ʨʘʟʣʠʯʥʦʛʦ 

ʩʦʩʪʘʚʘ. ɼʣʷ ʧʦʠʩʢʘ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʙʫʜʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʵʚʦʣʶʮʠʦʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʨʝʜʩʢʘʟʘʥʠʷ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ USPEX [1ï3] (ʜʦʩʪʫʧʝʥ ʧʦ ʩʩʳʣʢʝ https://uspex-team.org/). ɺ ʭʦʜʝ ʧʦʠʩʢʘ 

ʢʘʞʜʘʷ ʠʟ ʩʪʨʫʢʪʫʨ ʢʘʥʜʠʜʘʪʦʚ ʧʨʠʚʦʜʠʪʩʷ ʚ ʨʘʚʥʦʚʝʩʥʦʝ ʩʦʩʪʦʷʥʠʝ (ʨʝʣʘʢʩʠʨʫʝʪʩʷ), ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʥʘʭʦʞʜʝʥʠʶ ʙʣʠʞʘʡʰʝʛʦ ʣʦʢʘʣʴʥʦʛʦ ʤʠʥʠʤʫʤʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʝʦʨʝʪʠʯʝʩʢʠ ʛʘʨʘʥʪʠʨʫʝʪʩʷ 

ʩʪʘʙʠʣʴʥʦʩʪʴ (ʠʣʠ ʤʝʪʘʩʪʘʙʠʣʴʥʦʩʪʴ) ʧʨʝʜʩʢʘʟʳʚʘʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʨʠ ʥʫʣʝʚʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. USPEX 

ʟʘʨʝʢʦʤʝʥʜʦʚʘʣ ʩʝʙʷ, ʢʘʢ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʡ ʤʝʪʦʜ ʜʣʷ ʧʦʠʩʢʘ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʉ 

ʧʦʤʦʱʴʶ ʥʝʛʦ ʧʨʝʜʩʢʘʟʘʥʦ ʠ ʟʘʪʝʤ ʩʠʥʪʝʟʠʨʦʚʘʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ 

ʨʷʜ ʪʚʸʨʜʳʭ ʠ ʩʚʝʨʭʪʚʸʨʜʳʭ ʤʘʪʝʨʠʘʣʦʚ (ʩʤ., ʥʘʧʨʠʤʝʨ, [4ï6]), ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʠ [7ï11] ʠ ʜʨʫʛʠʝ 

ʥʝʦʙʳʯʥʳʝ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ [12ï14].  

 ɺʘʞʥʦʡ ʯʘʩʪʴʶ ʧʨʝʜʩʢʘʟʘʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʘʷ ʨʝʣʘʢʩʘʮʠʷ 

ʩʪʨʫʢʪʫʨ ʠ ʚʳʯʠʩʣʝʥʠʝ ʠʭ ʩʚʦʡʩʪʚ. ʆʩʥʦʚʥʳʤ ʤʝʪʦʜʦʤ ʜʣʷ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʫʜʝʪ ʚʳʙʨʘʥʘ 

ʪʝʦʨʠʷ ʬʫʥʢʮʠʦʥʘʣʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ (DFT). ɼʣʷ ʨʘʩʯʝʪʦʚ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʬʫʥʢʮʠʦʥʘʣʳ 

GGA (ʤʝʪʦʜ ʦʙʦʙʱʸʥʥʦʛʦ ʛʨʘʜʠʝʥʪʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ) ʚ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ PBE (Perdew-Burke-Ernzerhof) ʠ 

ʨʷʜʘ ʝʛʦ ʦʙʦʙʱʝʥʠʡ, ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʚ ʧʨʦʛʨʘʤʤʥʳʭ ʧʘʢʝʪʘʭ VASP  ʠ Quantum ESPRESSO. ʄʝʪʦʜ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʦʟʚʦʣʷʝʪ ʩ ʭʦʨʦʰʝʡ ʪʦʯʥʦʩʪʴʶ ʨʘʩʩʯʠʪʳʚʘʪʴ ʥʝʦʙʭʦʜʠʤʳʝ 

ʩʚʦʡʩʪʚʘ ʢʨʠʩʪʘʣʣʦʚ, ʷʚʣʷʝʪʩʷ ʟʘʨʝʢʦʤʝʥʜʦʚʘʥʥʳʤ ʠ ʩʪʘʥʜʘʨʪʥʳʤ ʤʝʪʦʜʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʩʦʚʨʝʤʝʥʥʦʤ 

ʪʝʦʨʝʪʠʯʝʩʢʦʤ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠ. ʄʝʪʦʜ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʦʟʚʦʣʷʝʪ 

ʠʩʩʣʝʜʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʩʚʦʡʩʪʚʘ ʢʨʠʩʪʘʣʣʦʚ ʩ ʭʦʨʦʰʝʡ ʪʦʯʥʦʩʪʴʶ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʘʪʦʤʥʫʶ ʩʪʨʫʢʪʫʨʫ ʤʘʪʝʨʠʘʣʘ ʩ ʦʰʠʙʢʦʡ ʧʦʨʷʜʢʘ 1%. ʕʣʝʢʪʨʦʥʥʳʝ ʠ ʬʦʥʦʥʥʳʝ 

ʩʧʝʢʪʨʳ ʢʨʠʩʪʘʣʣʦʚ ʪʘʢʞʝ ʚʦʩʧʨʦʠʟʚʦʜʷʪʩʷ ʩ ʦʯʝʥʴ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʩʨʘʚʥʝʥʠʝʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʜʘʥʥʳʭ. 

 ʅʘ ʥʘʯʘʣʴʥʦʤ, ʧʦʜʛʦʪʦʚʠʪʝʣʴʥʦʤ ʵʪʘʧʝ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʙʫʜʝʪ ʧʨʦʚʝʜʝʥ ʧʦʠʩʢ ʚʩʝʭ ʠʟʚʝʩʪʥʳʭ 

ʩʪʘʙʠʣʴʥʳʭ ʠ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠʥʪʝʨʝʩʫʶʱʠʭ ʥʘʩ ʩʠʩʪʝʤ ʚ ʙʘʟʘʭ ʜʘʥʥʳʭ: OQMD [15], 

Materials Project [16]  ʠ AFLOW [17]. ɹʘʟʘ ʜʘʥʥʳʭ Materials Project ʙʳʣʘ ʩʦʟʜʘʥʘ ʚ 2011 ʛʦʜʫ ʩ ʫʧʦʨʦʤ ʥʘ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʢʢʫʤʫʣʷʪʦʨʦʚ, ʥʦ ʩʝʡʯʘʩ ʚ ʵʪʦʡ ʙʘʟʝ ʜʘʥʥʳʭ ʩʦʜʝʨʞʠʪʩʷ ʙʦʣʝʝ 130 000 ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ. ɹʘʟʘ ʜʘʥʥʳʭ OQMD ʥʘʩʯʠʪʳʚʘʝʪ ʙʦʣʝʝ 1 ʤʠʣʣʠʦʥʘ ʩʪʨʫʢʪʫʨ. ɹʘʟʘ ʜʘʥʥʳʭ AFLOW ʩʦʜʝʨʞʠʪ 

3 492 768 ʩʦʝʜʠʥʝʥʠʡ ʤʘʪʝʨʠʘʣʦʚ ʩ ʙʦʣʝʝ ʯʝʤ 726 495 744 ʨʘʩʩʯʠʪʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ɺʩʝ ʠʟʚʝʩʪʥʳʝ 

ʩʪʨʫʢʪʫʨʳ (ʠʩʩʣʝʜʫʝʤʳʭ ʥʘʤʠ ʩʦʝʜʠʥʝʥʠʡ) ʠʟ ʜʘʥʥʳʭ ʙʘʟ ʜʘʥʥʳʭ ʙʫʜʫʪ ʜʦʙʘʚʣʝʥʳ ʚʦ ʚʭʦʜʥʳʝ ʬʘʡʣʳ ʥʘ 

ʧʝʨʚʦʤ ʧʦʢʦʣʝʥʠʠ ʨʘʩʯʝʪʘ USPEX.  

 ʊʘʢʞʝ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ CrystalGAN (GAN-Generative Adversarial Networks) [18-20] ʙʫʜʫʪ 

ʩʛʝʥʝʨʠʨʦʚʘʥʳ ʪʨʦʡʥʳʝ ʠ ʜʚʦʡʥʳʝ ʩʦʝʜʠʥʝʥʠʷ (ʠʟʫʯʘʝʤʳʭ ʥʘʤʠ ʩʠʩʪʝʤ) ʠ ʜʦʙʘʚʣʝʥʳ ʚʦ ʚʭʦʜʥʳʝ ʬʘʡʣʳ 

ʥʘ ʧʝʨʚʦʤ ʧʦʢʦʣʝʥʠʠ ʨʘʩʯʝʪʘ USPEX. ʅʘ ʢʘʞʜʦʤ ʧʦʢʦʣʝʥʠʠ USPEX ʙʫʜʫʪ ʛʝʥʝʨʠʨʦʚʘʪʴʩʷ ʠ 

ʨʘʩʩʯʠʪʳʚʘʪʴʩʷ 300 ʩʪʨʫʢʪʫʨ, ʜʣʷ ʢʘʞʜʦʡ ʩʠʩʪʝʤʳ ʙʫʜʝʪ ʨʘʩʩʯʠʪʘʥʦ 100 ʧʦʢʦʣʝʥʠʡ USPEX. ʉ ʫʯʝʪʦʤ 

ʜʦʙʘʚʣʝʥʥʳʭ ʥʘ ʧʝʨʚʦʤ ʧʦʢʦʣʝʥʠʠ ʚʩʝʭ ʠʟʚʝʩʪʥʳʭ ʩʪʘʙʠʣʴʥʳʭ ʠ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʠʟ ʙʘʟ ʜʘʥʥʳʭ 

(~ 50-300) ʠ ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʤ CrystalGAN (1000 ʩʪʨʫʢʪʫʨ) ʜʣʷ ʢʘʞʜʦʡ ʩʠʩʪʝʤʳ ʙʫʜʝʪ ʧʨʦʚʝʜʝʥ 

ʨʘʩʯʝʪ ʙʦʣʝʝ 30 000 ʩʪʨʫʢʪʫʨ, ʯʪʦ ʩ ʙʦʣʴʰʦʡ ʜʦʣʝʡ ʚʝʨʦʷʪʥʦʩʪʠ ʧʦʟʚʦʣʠʪ ʥʘʡʪʠ ʥʦʚʳʝ ʩʦʝʜʠʥʝʥʠʷ.  

 ʇʦʩʣʝ ʥʘʭʦʞʜʝʥʠʷ ʥʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ ʙʫʜʝʪ ʧʨʦʚʝʜʝʥ ʨʘʩʯʝʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʬʬʫʟʠʠ 

ʤʦʙʠʣʴʥʳʭ ʠʦʥʦʚ. ɼʣʷ ʢʘʞʜʦʡ ʩʠʩʪʝʤʳ ʙʫʜʝʪ ʩʛʝʥʝʨʠʨʦʚʘʥ ʧʦʪʝʥʮʠʘʣ ʤʝʞʘʪʦʤʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʤʝʪʦʜʘʤʠ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ MLIP (MLIP-Machine Learning Interatomic Potentials) [21, 22]. ʈʘʩʯʝʪ 

ʜʠʬʬʫʟʠʠ ʙʫʜʝʪ ʧʨʦʚʦʜʠʪʴʩʷ ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʚ ʧʘʢʝʪʝ LAMMPS [23].  ɼʝʪʘʣʴʥʦ ʙʫʜʫʪ 

ʠʟʫʯʝʥ ʚʦʧʨʦʩ ʚʣʠʷʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʘʢʘʥʩʠʡ ʚ ʤʘʪʝʨʠʘʣʝ ʥʘ ʠʦʥʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ. ʇʨʦʚʝʜʝʥʠʝ ʪʘʢʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʧʦʣʫʯʝʥʠʝ ʜʦʩʪʦʚʝʨʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʚʦʟʤʦʞʥʦ ʟʘ ʩʯʝʪ ʪʦʛʦ, ʯʪʦ ʧʨʠ ʩʦʟʜʘʥʠʠ 

ʤʝʞʘʪʦʤʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʤʝʪʦʜʦʤ MLIP ʦʙʫʯʝʥʠʝ ʧʦʪʝʥʮʠʘʣʘ ʙʫʜʝʪ ʧʨʦʚʦʜʠʪʴʩʷ ʚ ʪʦʤ ʯʠʩʣʝ ʥʘ 

ʩʪʨʫʢʪʫʨʘʭ ʠʤʝʶʱʠʭ ʨʘʟʣʠʯʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʘʢʘʥʩʠʡ ʠ ʜʦʧʦʣʥʝʥʦ ʘʢʪʠʚʥʳʤ ʦʙʫʯʝʥʠʝʤ [24].  
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4. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

1 ʏʘʩʪʴ I. 

ʏʪʦʙʳ ʧʨʦʚʝʨʠʪʴ ʧʨʦʮʝʜʫʨʫ ʧʦʩʪʨʦʝʥʠʷ ʤʘʰʠʥʥʦ-ʦʙʫʯʘʝʤʳʭ ʧʦʪʝʥʮʠʘʣʦʚ ʠ ʧʨʦʚʘʣʠʜʠʨʦʚʘʪʴ 

ʧʦʜʭʦʜ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ, ʘʢʪʠʚʘʮʠʦʥʥʳʭ ʙʘʨʴʝʨʦʚ ʠ 

ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ ʚ ʪʚʝʨʜʳʭ ʵʣʝʢʪʨʦʣʠʪʘʭ, ʤʳ ʨʘʩʩʤʦʪʨʝʣʠ ʠʟʚʝʩʪʥʳʝ ʨʘʥʝʝ 

ʪʚʝʨʜʳʝ ʵʣʝʢʪʨʦʣʠʪʳ Li2B12H12 ʠ LiCB11H12. ɼʘʥʥʳʝ ʪʚʝʨʜʳʝ ʵʣʝʢʪʨʦʣʠʪʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʤʦʣʝʢʫʣʷʨʥʳʝ ʢʨʠʩʪʘʣʣʳ ʢʣʦʟʦʙʦʨʘʥʘ [B12H12]2- ʠ ʢʘʨʙʦʨʘʥʘ [CB11H12]-. ʆʥʠ ʷʚʣʷʶʪʩʷ ʭʦʨʦʰʦ 

ʠʟʫʯʝʥʥʳʤʠ ʢʘʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʪʘʢ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠ (ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ (ʊʌʇ), 

ab-initio Molecular Dynamics (AIMD) ʠ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ (MD) ʩ ʵʤʧʠʨʠʯʝʩʢʠʤʠ 

ʧʦʪʝʥʮʠʘʣʘʤʠ), ʦʜʥʘʢʦ ʧʨʝʞʥʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ [1-3] ʨʘʩʭʦʜʷʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, 

ʪʘʢ ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [2] ʤʝʪʦʜʘʤʠ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʙʳʣ ʧʨʝʜʩʢʘʟʘʥ ʬʘʟʦʚʳʡ 

ʧʝʨʝʭʦʜ ʩ ʨʘʩʭʦʞʜʝʥʠʷʤʠ ~200K ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ [4]; ʚ ʨʘʙʦʪʝ [1] ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ (ʩ ʧʦʤʦʱʴʶ AIMD), ʯʪʦ ʚ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʬʘʟʝ ʦʪʩʫʪʩʪʚʫʝʪ ʜʠʬʬʫʟʠʷ, ʥʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ. ɹʦʣʝʝ ʪʦʛʦ, ʨʘʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʨʘʩʯʝʪʘʭ ʩʦʝʜʠʥʝʥʠʡ ʢʣʦʟʦʙʦʨʘʥʦʚ 

ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʧʦʧʨʘʚʢʠ, ʯʪʦ ʥʝ ʙʳʣʦ ʫʯʪʝʥʦ ʚ ʩʫʱʝʩʪʚʦʚʘʚʰʠʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʷʭ [5]. ʅʘʰʠ ʨʘʩʯʝʪʳ (ʩʤ. ʪʘʙʣʠʮʫ 1) ʪʘʢʞʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʬʘʢʪ ʪʦʛʦ, ʯʪʦ ʥʘʠʙʦʣʝʝ 

ʧʦʧʫʣʷʨʥʳʡ PBE ʬʫʥʢʮʠʦʥʘʣ ʧʨʝʜʩʢʘʟʳʚʘʝʪ ʙʦʣʝʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʦʡ ʬʘʟʫ P21/c ʚʤʝʩʪʦ Pa-

3. ʇʨʠ ʵʪʦʤ, ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʩʪʨʦʝʥʠʷ ʧʦʪʝʥʮʠʘʣʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ ʢʚʘʥʪʦʚʦ-

ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ, ʚʢʣʶʯʘʶʱʠʭ ʜʠʩʧʝʨʩʠʦʥʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ (ʩʠʣʳ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ), ʥʝ ʙʳʣʘ ʨʘʥʝʝ 

ʠʟʫʯʝʥʘ. 

ɺ ʩʚʷʟʠ ʩ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʤ, ʤʳ ʚʳʙʨʘʣʠ Li2B12H12 ʠ LiCB11H12 ʢʘʢ ʪʝʩʪʦʚʳʝ ʩʠʩʪʝʤʳ ʜʣʷ 

ʚʘʣʠʜʘʮʠʠ ʧʨʦʮʝʜʫʨʳ ʧʦʩʪʨʦʝʥʠʷ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, ʨʘʩʯʝʪʦʚ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʘ ʪʘʢʞʝ ʜʣʷ 

ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʩ ʧʦʧʨʘʚʢʘʤʠ ʥʘ ʩʠʣʳ ɺʘʥ-ʜʝʨ-

ɺʘʣʴʩʘ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʧʦʪʝʥʮʠʘʣʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. ɺ ʥʘʰʝʡ ʨʘʙʦʪʝ (App. Mat. Int. 2023) ʜʣʷ 

Li 2B12H12 ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʪʨʠ ʨʘʟʣʠʯʥʳʭ ʤʝʞʘʪʦʤʥʳʭ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʥʘ ʦʩʥʦʚʝ 

ʬʫʥʢʮʠʦʥʘʣʦʚ PBE, rev-vdW-DF2, ʠ PBE-D3. ɺ ʥʘʰʠʭ ʨʘʩʯʝʪʘʭ ʬʦʥʦʥʥʳʭ ʩʧʝʢʪʨʦʚ ʬʫʥʢʮʠʦʥʘʣ rev-vdW-

DF2 ʦʢʘʟʘʣʩʷ ʥʘʠʙʦʣʝʝ ʙʣʠʟʢʠʤ ʢ ʵʢʩʧʝʨʠʤʝʥʪʫ (ʩʤ. ʨʠʩ I.1 ʠ ʪʘʙʣʠʮʳ I.1 ʠ I.2); PBE-D3ð ʵʪʦ 

ʬʫʥʢʮʠʦʥʘʣ, ʢʦʪʦʨʳʡ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʵʥʝʨʛʠʠ ʠ ʛʝʦʤʝʪʨʠʠ ʚ ʩʠʩʪʝʤʘʭ ʩ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ ʠ, ʢʘʢ ʠʟʚʝʩʪʥʦ, ʜʘʝʪ ʭʦʨʦʰʠʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠ ʜʦʩʪʘʪʦʯʥʦ ʥʠʟʢʠʭ 



ʟʘʪʨʘʪʘʭ; ʧʦʪʝʥʮʠʘʣ ʥʘ ʦʩʥʦʚʝ PBE ʙʳʣ ʧʦʩʪʨʦʝʥ ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʝʛʦ ʩ ʧʦʪʝʥʮʠʘʣʘʤʠ, ʚʢʣʶʯʘʶʱʠʤʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ, ʠ ʦʮʝʥʢʠ ʝʛʦ ʪʦʯʥʦʩʪʠ. ʇʨʦʮʝʜʫʨʘ ʧʦʩʪʨʦʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ 

ʦʙʫʯʝʥʠʷ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. I.1. 

 

ʊʘʙʣʠʮʘ I.1a. ʇʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ P21/c ʬʘʟʳ Li 2B12H12 ʠ ʧʦʣʥʘʷ ʚʥʫʪʨʝʥʥʷʷ ʵʥʝʨʛʠʷ (ʦʪʥʦʩʠʪʝʣʴʥʦ ὖὥσ  
ʬʘʟʳ). 

ʌʫʥʢʮʠʦʥʘʣ a, ¡ b, ¡ c, ¡ ɓ, ʛʨ.. 
ȹE, 

ʵɺ/ʘʪʦʤ 

PBE 10.423 10.019 10.028 94.470 ï0.0043 

PBEsol 9.629 9.292 10.091 94.84 0.0005 

PBE-D2 8.949 8.973 9.749 92.476 0.0081 

zero damp. PBE-D3 9.414 9.247 9.910 93.225 0.0030 

PBE-D3 9.332 9.202 9.887 93.082 0.0036 

PBE-TS 9.067 8.993 9.519 90.128 0.0091 

PBE-TS/HP 9.388 9.243 9.720 92.186 0.0054 

PBE-dDsC 9.280 9.144 9.88 92.990 0.0034 

optB86bvdw 9.444 9.311 9.975 92.798 0.0041 

optB88vwd 9.463 9.327 9.954 92.870 0.0037 

optBPEvdw 9.647 9.427 10.025 93.499 0.0023 

revvdwDF2 9.439 9.294 9.965 92.904 0.0038 

scanrVV10 8.889 8.933 9.595 89.554 0.0076 

vdwDF 9.886 9.598 10.108 94.282 0.0003 

vdwDF2 9.655 9.543 9.966 93.653 0.0015 

 

ʊʘʙʣʠʮʘ I.1b. ʇʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ C2/m ʬʘʟʳ Li 2B12H12 ʠ ʧʦʣʥʘʷ ʚʥʫʪʨʝʥʥʷʷ ʵʥʝʨʛʠʷ (ʦʪʥʦʩʠʪʝʣʴʥʦ ὖὥσ  
ʬʘʟʳ). 

ʌʫʥʢʮʠʦʥʘʣ a, ¡ b, ¡ c, ¡ ɓ, ʛʨ. 
ȹE, 

ʵɺ/ʘʪʦʤ 

PBE 11.091 8.622 8.187 47.138 ï0.0063 

PBEsol 11.038 8.453 7.753 44.022 0.0030 

PBE-D2 11.098 8.011 7.392 41.955 0.0205 

zero damping 

PBE-D3 
11.004 8.261 7.513 43.091 0.0085 

PBE-D3 11.002 8.206 7.501 42.866 0.0101 

PBE-TS 10.851 8.045 7.261 41.666 0.0267 

PBE-TS/HP 10.973 8.201 7.447 42.712 0.0122 

PBE-dDsC 11.004 8.150 7.461 42.628 0.0082 

optB86bvdw 11.169 8.248 7.593 42.719 0.0106 

optB88vwd 11.149 8.258 7.571 42.652 0.0109 

optBPEvdw 11.187 8.348 7.661 43.058 0.0069 

revvdwDF2 11.142 8.250 7.573 42.720 0.0102 

scanrVV10 11.016 7.662 7.335 41.358 0.0186 

vdwDF 11.242 8.508 7.786 43.596 0.0028 

vdwDF2 11.150 8.448 7.599 42.819 0.0087 

 

 



 
ʈʠʩʫʥʦʢ I.1. ʈʘʩʩʯʠʪʘʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʬʫʥʢʮʠʦʥʘʣʦʚ ʊʌʇ ʬʦʥʦʥʥʳʝ ʩʧʝʢʪʨʳ 

Li 2B12H12. 

 



 

 
ʈʠʩʫʥʦʢ I.2. ʈʘʩʩʯʠʪʘʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʬʫʥʢʮʠʦʥʘʣʦʚ ʊʌʇ ʬʦʥʦʥʥʳʝ ʩʧʝʢʪʨʳ 

Li 2B12H12 (ʧʨʦʜʦʣʞʝʥʠʝ). 

  



ʊʘʙʣʠʮʘ I.2. ʇʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ, ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ ʧʦʣʦʞʝʥʠʷ ʧʠʢʦʚ ʚ Li 2B12H12 ʩʦ ʩʪʨʫʢʪʫʨʦʡ ὖὥσ. 

ʌʫʥʢʮʠʦʥʘʣ ʇʘʨʘʤʝʪʨ 

ʨʝʰʝʪʢʠ, 

a=b=c, ¡ 

ʇʦʣʦʞʝʥʠʝ ʧʠʢʦʚ (ʠ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ) ʬʦʥʦʥʥʦʛʦ 

ʩʧʝʢʪʨʘ)a, ʤʵɺ 

PBE  9.603 67 (0.60), 72 (0.56), 83 (0.44), 88 (0.50), 94 (1.0), 100 (0.40), 104 (0.16), 

108 (0.32), 112, (0.73), 115 (0.60), 120 (0.42), 123 (0.32), 127 (0.42), 134 

(0.44) 

PBEsol  9.414 69(0.59), 73(0.56), 84(0.51), 89(0.59), 93(1.0), 101(0.48), 105(0.17), 

110(0.76), 116(0.63), 120(0.48), 127(0.46), 133(0.5) 

PBE-D2  9.052 48(0.56), 69(0.46), 73(1.0), 78(0.45), 88(0.52), 97(0.84), 103(0.78), 

108(0.6), 118(0.94), 127(0.49), 133(0.43), 146(0.4), 150(0.35) 

zero damp. PBE-D3  9.363 69(0.68), 73(0.67), 84(0.6), 89(0.56), 94(1.0), 102(0.53), 105(0.21), 

113(0.91), 117(0.69), 122(0.5), 125(0.42), 129(0.5), 136(0.57) 

PBE-D3  9.306 69(0.69), 73(0.67), 85(0.59), 89(0.56), 95(1.0), 103(0.56), 106(0.22), 

113(0.91), 117(0.68), 122(0.52), 125(0.44), 129(0.52), 136(0.59) 

PBE-TS  9.091 71(0.78), 87(0.62), 95(0.89), 105(0.54), 113(1.0), 117(0.62), 127(0.67), 

130(0.54), 137(0.56) 

PBE-TS/HP  9.321 69(0.74), 73(0.7), 85(0.66), 90(0.6), 94(1.0), 103(0.57), 112(0.88), 

113(0.89), 116(0.75), 123(0.56), 125(0.58), 129(0.55), 136(0.63) 

PBE-dDsC  9.270 69(0.68), 73(0.64), 85(0.59), 90(0.57), 95(1.0), 103(0.56), 106(0.21), 

113(0.88), 117(0.68), 122(0.49), 125(0.4), 130(0.48), 136(0.53) 

optB86bvdw  9.423 67(0.66), 72(0.64), 84(0.57), 89(0.49), 93(1.0), 100(0.48), 104(0.2), 

108(0.4), 112(0.93), 121(0.47), 124(0.42), 127(0.47), 135(0.52) 

optB88vwd  9.432 66(0.59), 71(0.58), 83(0.52), 89(0.43), 94(1.0), 100(0.4), 104(0.18), 

109(0.34), 113(0.85), 121(0.42), 125(0.37), 129(0.42), 136(0.49) 

optBPEvdw  9.526 66(0.6), 71(0.62), 82(0.49), 89(0.43), 94(1.0), 100(0.4), 104(0.18), 

108(0.36), 113(0.85), 121(0.43), 124(0.35), 128(0.43), 136(0.47) 

rev-vdw-DF2  9.407 67(0.65), 72(0.64), 84(0.57), 89(0.5), 93(1.0), 100(0.47), 104(0.2), 109(0.4), 

112(0.92), 121(0.47), 124(0.41), 128(0.46), 135(0.53) 

scan-rVV10  9.085 71(0.65), 74(0.61), 77(0.44), 88(0.63), 93(0.53), 97(0.9), 99(0.85), 

104(0.52), 108(0.22), 113(0.46), 117(1.0), 120(0.67), 126(0.47), 130(0.46), 

134(0.46), 141(0.51) 

vdwDF  9.665 65(0.63), 70(0.6), 81(0.48), 89(0.48), 93(1.0), 99(0.35), 103(0.16), 

108(0.31), 115(0.86), 120(0.42), 125(0.33), 128(0.4), 136(0.44) 

vdwDF2  9.561 65(0.52), 71(0.54), 82(0.45), 89(0.38), 95(1.0), 100(0.32), 105(0.15), 

110(0.3), 117(0.75), 122(0.43), 127(0.31), 131(0.35), 137(0.4) 

exp.  9.5771* 67 (0.27), 72 (0.22), 84 (0.37), 90 (0.53), 95 (0.78), 101 (0.36), 105 

(0.27), 110 (0.48), 115 (1.0), 118 (0.52), 121 (0.59), 129 (0.67), 137 

(0.44) ** 

a ʀʥʪʝʥʩʠʚʥʦʩʪʠ ʧʠʢʦʚ ʥʦʨʤʠʨʦʚʘʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʘʤʦʛʦ ʩʠʣʴʥʦʛʦ ʩʠʛʥʘʣʘ. 

*  ɿʥʘʯʝʥʠʝ ʧʦʣʫʯʝʥʥʦʝ XRPD-ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ, ʥʘʙʣʶʜʘʝʤʦʝ ʧʨʠ 300 ʂ. 

**  ɿʥʘʯʝʥʠʷ ʧʠʢʦʚ ʥʝʡʪʨʦʥʥʦ-ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʠʭ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, 

ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ 4ʂ  

 ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ Li2B12H12 ʤʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʨʦʛʨʘʤʤʳ VASP, 

LAMMPS, MLIP-3. ʉʭʝʤʘ ʧʦʩʪʨʦʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. I.3. ʊʨʝʥʠʨʦʚʢʘ 

ʧʦʪʝʥʮʠʘʣʘ ʧʨʦʠʩʭʦʜʠʪ ʚ ʥʝʩʢʦʣʴʢʦ ʩʪʘʜʠʡ: 

I. ʇʨʝʜʦʙʫʯʝʥʠʝ: 

1. ɼʣʷ ʜʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʦʚʦʜʠʪʩʷ ʨʘʩʯʝʪ ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʠʟ ʧʝʨʚʳʭ 

ʧʨʠʥʮʠʧʦʚ (AIMD) ʚ ʧʨʦʛʨʘʤʤʝ VASP ʩ ʟʘʜʘʥʥʳʤ ʬʫʥʢʮʠʦʥʘʣʦʤ ʥʘ ʧʨʦʪʷʞʝʥʠʠ 1 

ʧʠʢʦʩʝʢʫʥʜʳ ʠ ʚʨʝʤʝʥʥʳʤ ʰʘʛʦʤ 1 ʬʝʤʪʦʩʝʢʫʥʜʘ (ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ 1000 ʢʦʥʬʠʛʫʨʘʮʠʡ).  

2. ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʧʨʝʜʳʜʫʱʝʤ ʰʘʛʝ ʢʦʥʬʠʛʫʨʘʮʠʡ ʚʳʙʠʨʘʝʪʩʷ ʢʘʞʜʘʷ ʜʝʩʷʪʘʷ (ʚ 

ʩʦʚʦʢʫʧʥʦʩʪʠ 100 ʢʦʥʬʠʛʫʨʘʮʠʡ) ʠ ʦʙʫʯʘʝʪʩʷ ʧʝʨʚʦʥʘʯʘʣʴʥʳʡ ʧʦʪʝʥʮʠʘʣ ʤʘʰʠʥʥʦʛʦ 

ʦʙʫʯʝʥʠʷ ʚ ʧʨʦʛʨʘʤʤʝ MLIP-3. 



3. ʊʨʝʥʠʨʦʚʦʯʥʘʷ ʚʳʙʦʨʢʘ ʠʟ 100 ʢʦʥʬʠʛʫʨʘʮʠʡ ʩʝʣʝʢʪʠʚʥʦ ʜʦʧʦʣʥʷʝʪʩʷ ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ, 

ʧʦʣʫʯʝʥʥʳʤʠ ʚ AIMD  ʨʘʩʯʝʪʝ (ʩ ʧʦʤʦʱʴʶ ʬʫʥʢʮʠʠ select-add ʧʨʦʛʨʘʤʤʳ MLIP-3) ʠ 

ʧʦʪʝʥʮʠʘʣ ʧʝʨʝʦʙʫʯʘʝʪʩʷ ʥʘ ʨʘʩʰʠʨʝʥʥʦʤ ʥʘʙʦʨʝ ʜʘʥʥʳʭ. 

 

II. ɸʢʪʠʚʥʦʝ ʦʙʫʯʝʥʠʝ 

1. ʅʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʘʢʪʠʚʥʦʛʦ ʦʙʫʯʝʥʠʷ ʧʨʦʚʦʜʠʪʩʷ ʤʦʣʝʢʫʣʷʨʥʘʷ ʜʠʥʘʤʠʢʘ ʩ ʜʘʥʥʳʭ 

ʧʦʪʝʥʮʠʘʣʦʤ ʚ ʧʨʦʛʨʘʤʤʝ LAMMPS. ɼʣʷ ʢʘʞʜʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʥʘ ʪʨʘʝʢʪʦʨʠʠ 

ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʧʨʦʚʦʜʠʪʩʷ ʨʘʥʞʠʨʦʚʘʥʠʝ ʧʦ ʩʪʝʧʝʥʠ ʵʢʩʪʨʘʧʦʣʷʮʠʠ (ɔ). ɽʩʣʠ 

ʩʪʝʧʝʥʴ ʵʢʩʪʨʘʧʦʣʷʮʠʠ (ɔ) ʧʨʝʚʦʩʭʦʜʠʪ 2, ʪʦ ʜʘʥʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʟʘʧʦʤʠʥʘʝʪʩʷ ʜʣʷ 

ʧʦʩʣʝʜʫʶʱʝʛʦ ʚʳʙʦʨʘ ʚ ʢʘʯʝʩʪʚʝ ʦʙʫʯʘʶʱʝʡ ʚʳʙʦʨʢʠ, ʝʩʣʠ ʩʪʝʧʝʥʴ ʵʢʩʪʨʘʧʦʣʷʮʠʠ (ɔ) 

ʧʨʝʚʦʩʭʦʜʠʪ 11, ʪʦ ʤʦʣʝʢʫʣʷʨʥʘʷ ʜʠʥʘʤʠʢʘ ʦʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʜʣʷ ʜʦʦʙʫʯʝʥʠʷ. ɺ ʩʣʫʯʘʝ 

ʝʩʣʠ ʥʘ ʪʨʘʝʢʪʦʨʠʠ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʥʝ ʙʳʣʦ ʥʠ ʦʜʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʩʦ 

ʩʪʝʧʝʥʴʶ ʵʢʩʪʨʘʧʦʣʷʮʠʠ ʙʦʣʴʰʝ 11, ʪʦ ʘʢʪʠʚʥʦʝ ʦʙʫʯʝʥʠʝ ʧʨʝʢʨʘʱʘʝʪʩʷ, ʧʦʪʝʥʮʠʘʣ 

ʩʯʠʪʘʝʪʩʷ ʦʙʫʯʝʥʥʳʤ ʠ ʧʨʠʛʦʜʥʳʤ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʣʷ ʨʘʩʯʝʪʘ ʠʦʥʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ. 

2. ɼʣʷ ʩʦʙʨʘʥʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʩ 2 < ɔ < 11 ʧʨʦʚʦʜʠʪʩʷ ʩʝʣʝʢʪʠʚʥʳʡ ʚʳʙʦʨ ʢʦʥʬʠʛʫʨʘʮʠʡ 

(ʩ ʧʦʤʦʱʴʶ ʬʫʥʢʮʠʠ select-add ʧʨʦʛʨʘʤʤʳ MLIP-3). ɼʣʷ ʚʳʙʨʘʥʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ 

ʧʨʦʠʟʚʦʜʠʪʩʷ ʨʘʩʯʝʪ ʵʥʝʨʛʠʡ ʠ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʢʘʞʜʳʡ ʘʪʦʤ, ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʚ ʧʨʦʛʨʘʤʤʝ VASP. 

3. ʈʘʩʩʯʠʪʘʥʥʳʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʜʦʙʘʚʣʷʶʪʩʷ ʢ ʪʨʝʥʠʨʦʚʦʯʥʦʤʫ ʥʘʙʦʨʫ ʩ ʧʨʝʜʳʜʫʱʝʛʦ 

ʰʘʛʘ. ʇʦʪʝʥʮʠʘʣ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʪʨʝʥʠʨʫʝʪʩʷ ʟʘʥʦʚʦ. ʇʝʨʝʪʨʝʥʠʨʦʚʘʥʥʳʡ 

ʧʦʪʝʥʮʠʘʣ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ (ʩʤ. ʰʘʛ II .1). 

ɼʝʪʘʣʠ ʨʘʩʯʝʪʦʚ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ: 

1. ʄʦʣʝʢʫʣʷʨʥʘʷ ʜʠʥʘʤʠʢʘ ʚ LAMMPS ʧʨʦʚʦʜʠʪʩʷ ʜʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʡ ʩʪʨʫʢʪʫʨʳ (104 

ʘʪʦʤʘ ʜʣʷ Li 2B12H12), ʩ ʫʯʝʪʦʤ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʷ, ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʠ-

ʠʟʦʙʘʨʠʯʝʩʢʦʤ ʘʥʩʘʤʙʣʝ ʠ ʪʝʨʤʦʩʪʘʪʝ ʅʦʟʝ-ʍʫʚʝʨʘ. ɼʣʷ ʦʧʠʩʘʥʠʷ ʚʦʟʤʦʞʥʳʭ ʬʘʟʦʚʳʭ 

ʧʝʨʝʭʦʜʦʚ ʩʠʩʪʝʤʘ ʩʥʘʯʘʣʘ ʥʘʛʨʝʚʘʝʪʩʷ ʦʪ 0 K ʜʦ 1000 K ʚ ʪʝʯʝʥʠʝ 1 ʥʘʥʦʩʝʢʫʥʜʳ (ʚʨʝʤʝʥʥʦʡ 

ʰʘʛ 1 ʬʝʤʪʦʩʝʢʫʥʜʘ), ʘ ʧʦʩʣʝ ʧʨʦʠʩʭʦʜʠʪ ʦʪʞʠʛ ʧʨʠ 1000 K  ʚ ʪʝʯʝʥʠʝ 10 ʥʘʥʦʩʝʢʫʥʜ.  

2. ʈʘʩʯʝʪʳ ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʚ ʧʨʦʛʨʘʤʤʝ VASP ʚʳʧʦʣʥʷʣʠʩʴ ʩ ʟʘʜʘʥʥʳʤ 

ʬʫʥʢʮʠʦʥʘʣʦʤ (PBE, PBE-D3, rev-vdW-DF2) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ: ENCUT = 600 eV, ISMEAER = 0; SIGMA = 0.2; EDIFF = 

10ï6; EDIFFG = 10ï5; ũ-ʮʝʥʪʨʠʨʦʚʘʥʥʦʝ ʦʙʨʘʪʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʩ ʨʘʟʨʝʰʝʥʠʝʤ 5x5x5 ʙʳʣʦ 

ʠʩʧʦʣʴʟʦʚʘʥʦ.  

ɸʥʘʣʦʛʠʯʥʦ, ʤʳ ʧʦʩʪʨʦʠʣʠ ʧʦʪʝʥʮʠʘʣ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʜʣʷ ʪʚʝʨʜʦʛʦ ʵʣʝʢʪʨʦʣʠʪʘ LiCB11H12. ɼʣʷ 

ʧʦʩʪʨʦʝʥʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʤʳ ʧʨʦʚʝʣʠ ʚʘʣʠʜʘʮʠʶ, ʨʘʩʩʯʠʪʘʚ ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʧʦ 100 ʢʦʥʬʠʛʫʨʘʮʠʡ, ʥʝ ʚʢʣʶʯʝʥʥʳʭ ʚ ʪʨʝʥʠʨʦʚʦʯʥʳʡ ʥʘʙʦʨ. ɺʘʣʠʜʘʮʠʠ 

ʧʦʪʝʥʮʠʘʣʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. I.4-I.6 ʠ ʚ ʪʘʙʣʠʮʝ I.3. 

  



 
ʈʠʩʫʥʦʢ I.3. ʉʭʝʤʘ ʧʦʩʪʨʦʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʜʣʷ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʦʡ ʩʠʩʪʝʤʳ. 

 



 
ʈʠʩʫʥʦʢ I.4a. ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ (1430 ʢʦʥʬʠʛʫʨʘʮʠʡ) ʚ ʵʥʝʨʛʠʷʭ ʥʘ ʘʪʦʤ 

(ʤʵɺ/ʘʪʦʤ) ʨʘʩʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʦʩʥʦʚʝ PBE ʬʫʥʢʮʠʦʥʘʣʘ. AAE ʠ RMSE ʦʟʥʘʯʘʶʪ 

ʘʙʩʦʣʶʪʥʫʶ ʩʨʝʜʥʶʶ ʦʰʠʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ ʨʘʩʯʝʪʘʤʠ 

ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

 

 
ʈʠʩʫʥʦʢ I.4b. ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ (1430 ʢʦʥʬʠʛʫʨʘʮʠʡ) ʚ ʩʠʣʘʭ (ʵɺ/ ) 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʦʩʥʦʚʝ PBE ʬʫʥʢʮʠʦʥʘʣʘ. AAE ʠ RMSE ʦʟʥʘʯʘʶʪ ʘʙʩʦʣʶʪʥʫʶ 

ʩʨʝʜʥʶʶ ʦʰʠʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ ʨʘʩʯʝʪʘʤʠ ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

 

 

 



 
ʈʠʩʫʥʦʢ I.5a ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ (675 ʢʦʥʬʠʛʫʨʘʮʠʡ) ʚ ʵʥʝʨʛʠʷʭ ʥʘ ʘʪʦʤ 

(ʤʵɺ/ʘʪʦʤ) ʨʘʩʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʦʩʥʦʚʝ PBE-D3 ʬʫʥʢʮʠʦʥʘʣʘ. AAE ʠ RMSE ʦʟʥʘʯʘʶʪ 

ʘʙʩʦʣʶʪʥʫʶ ʩʨʝʜʥʶʶ ʦʰʠʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ ʨʘʩʯʝʪʘʤʠ 

ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

 

 
ʈʠʩʫʥʦʢ I.5b ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ (675 ʢʦʥʬʠʛʫʨʘʮʠʡ) ʚ ʩʠʣʘʭ (ʵɺ/ ) 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʦʩʥʦʚʝ PBE-D3 ʬʫʥʢʮʠʦʥʘʣʘ. AAE ʠ RMSE ʦʟʥʘʯʘʶʪ ʘʙʩʦʣʶʪʥʫʶ 

ʩʨʝʜʥʶʶ ʦʰʠʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ ʨʘʩʯʝʪʘʤʠ ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

 

 



 
ʈʠʩʫʥʦʢ I.6a. ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ (1047 ʢʦʥʬʠʛʫʨʘʮʠʡ) ʚ ʵʥʝʨʛʠʷʭ ʥʘ ʘʪʦʤ 

(ʤʵɺ/ʘʪʦʤ) ʨʘʩʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʦʩʥʦʚʝ rev-vdW-DF2 ʬʫʥʢʮʠʦʥʘʣʘ. AAE ʠ RMSE ʦʟʥʘʯʘʶʪ 

ʘʙʩʦʣʶʪʥʫʶ ʩʨʝʜʥʶʶ ʦʰʠʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ ʨʘʩʯʝʪʘʤʠ 

ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

 

 
ʈʠʩʫʥʦʢ I.b. ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ (1047 ʢʦʥʬʠʛʫʨʘʮʠʡ) ʚ ʩʠʣʘʭ (ʵɺ/ ) 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʦʩʥʦʚʝ rev-vdW-DF2 ʬʫʥʢʮʠʦʥʘʣʘ. AAE ʠ RMSE ʦʟʥʘʯʘʶʪ 

ʘʙʩʦʣʶʪʥʫʶ ʩʨʝʜʥʶʶ ʦʰʠʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ ʨʘʩʯʝʪʘʤʠ 

ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

 

  



ʊʘʙʣʠʮʘ I.3. ʆʰʠʙʢʠ ʜʣʷ ʪʨʝʥʠʨʦʚʦʯʥʦʛʦ ʥʘʙʦʨʘ ʜʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, 

ʥʘʪʨʝʥʠʨʦʚʘʥʥʳʭ ʥʘ ʦʩʥʦʚʝ ʨʘʟʣʠʯʥʳʭ ʬʫʥʢʮʠʦʥʘʣʦʚ ʊʌʇ. 

 PBE PBE-D3 rev-vdW-DF2 

ʕʥʝʨʛʠʷ, ʵɺ:    

ʆʪʢʣʦʥʝʥʠʷ ʨʘʩʩʯʠʪʘʥʳ ʜʣʷ 1222 ʢʦʥʬʠʛʫʨʘʮʠʡ 2409 ʢʦʥʬʠʛʫʨʘʮʠʡ 1793 ʢʦʥʬʠʛʫʨʘʮʠʡ 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʘʙʩʦʣʶʪʥʦʝ 

ʦʪʢʣʦʥʝʥʠʝ 
4.61141 2.61493 0.505553 

ʉʨʝʜʥʝʝ ʘʙʩʦʣʶʪʥʦʝ ʦʪʢʣʦʝʥʠʝ 0.536413 0.663894 0.076843 

ʉʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ 0.847469 0.918143 0.102772 

    

ʕʥʝʨʛʠʷ, ɻ ɺ/ʘʪʦʤ:    

ʆʪʢʣʦʥʝʥʠʷ ʨʘʩʩʯʠʪʘʥʳ ʜʣʷ 1222 ʢʦʥʬʠʛʫʨʘʮʠʡ 2409 ʢʦʥʬʠʛʫʨʘʮʠʡ 1793 ʢʦʥʬʠʛʫʨʘʮʠʡ 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʘʙʩʦʣʶʪʥʦʝ 

ʦʪʢʣʦʥʝʥʠʝ 
0.0443405 0.0251435 0.004861 

ʉʨʝʜʥʝʝ ʘʙʩʦʣʶʪʥʦʝ ʦʪʢʣʦʝʥʠʝ 0.00521202 0.00638359 0.000739 

ʉʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ 0.00823391 0.00882829 0.000988 

    

ʉʠʣʘ, ʵɺ/¡ :    

ʆʪʢʣʦʥʝʥʠʷ ʨʘʩʩʯʠʪʘʥʳ ʜʣʷ 126,325 atoms 250,536 atoms 186,470 atoms 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʘʙʩʦʣʶʪʥʦʝ 

ʦʪʢʣʦʥʝʥʠʝ 
3.48457 2.64755 1.07341 

ʉʨʝʜʥʝʝ ʘʙʩʦʣʶʪʥʦʝ ʦʪʢʣʦʝʥʠʝ 0.148275 0.0703212 0.067768 

ʉʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ 0.206642 0.101082 0.083528 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʦʪʥʦʩʠʪʝʣʴʥʦʝ 

ʦʪʢʣʦʥʝʥʠʝ 
0.309303 0.227879 0.049291 

ʆʪʥʦʩʠʪʝʣʴʥʦʝ 

ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ 
0.117969 0.056489 0.045525 

 

ʇʦʩʣʝ ʧʦʩʪʨʦʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʤʳ ʧʨʦʠʟʚʝʣʠ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʠ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʧʨʦʛʨʘʤʤʝ LAMMPS. ɼʣʷ ʨʘʩʯʝʪʦʚ ʚ 

ʩʦʝʜʠʥʝʥʠʷʭ Li2B12H12 ʠ LiCB11H12 ʩʫʧʝʨʷʯʝʡʢʠ 3x3x3 (2808 ʠ 2700 ʘʪʦʤʦʚ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʙʳʣʠ 

ʠʩʧʦʣʴʟʦʚʘʥʳ, ʢʘʢ ʠ ʨʘʥʝʝ ʤʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʠʟʦʪʝʨʤʠʯʝʩʢʠ-ʠʟʦʙʘʨʠʯʝʩʢʡ ʘʥʩʘʤʙʣʴ (NPT) ʠ ʪʝʨʤʦʩʪʘʪ 

ʅʦʟʝ-ʍʫʚʝʨʘ. ʅʘʛʨʝʚ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʦʪ 0 ʜʦ 1000 ʂ ʚ ʪʝʯʝʥʠʝ 1 ʥʘʥʦʩʝʢʫʥʜʳ ʩ ʰʘʛʦʤ ʧʦ ʚʨʝʤʝʥʠ 0.5 

ʬʝʤʪʦʩʝʢʫʥʜ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʜʠʬʬʫʟʠʠ ʧʨʦʚʦʜʠʣʦʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 200 ʜʦ 700 ʂ ʩ ʰʘʛʦʤ ʚ 25 ʂ 

ʜʣʷ ʩʘʤʦʜʠʬʬʫʟʠʠ ʠ 100 ʂ ʜʣʷ ʜʠʬʬʫʟʠʠ ʚ ʤʘʪʝʨʠʘʣʝ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʚʘʢʘʥʩʠʡ, ʚ ʪʝʯʝʥʠ 1 

ʥʘʥʦʩʝʢʫʥʜʳ ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʨʝʣʘʢʩʘʮʠʝʡ ʩʪʨʫʢʪʫʨʳ ʚ ʪʝʯʝʥʠʝ 0.2 ʥʘʥʦʩʝʢʫʥʜ.  

 ʂʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ ʨʘʩʩʯʠʪʳʚʘʣʩʷ ʠʟ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʛʦ ʩʤʝʱʝʥʠʷ ʘʪʦʤʦʚ: 
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ɻʜʝ N ï ʢʦʣʠʯʝʩʪʚʦ ʤʦʙʠʣʴʥʳʭ ʘʪʦʤʦʚ (Li), r ï ʚʝʢʪʦʨ ʢʦʦʨʜʠʥʘʪ ʘʪʦʤʘ j ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t. 

 ʀʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʩʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʶ ʅʝʨʥʩʪʘ-ʕʡʥʰʪʝʡʥʘ: 

„  
ὲήὈ

ὌὯὝ
                                                                      ς 

ʛʜʝ n ï ʧʣʦʪʥʦʩʪʴ ʠʦʥʦʚ Li+, q ʟʘʨʷʜ ʠʦʥʘ Li+ (q = +1), kB ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ, T -ʪʝʤʧʝʨʘʪʫʨʘ, 

ʠ Hr ʧʦʣʘʛʘʝʪʩʷ ʨʘʚʥʳʤ 1. 



ʕʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ï ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ, ʥʝʦʙʭʦʜʠʤʘʷ ʜʣʷ ʜʠʬʬʫʟʠʠ 

ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʧʦ ʬʦʨʤʫʣʝ ɸʨʨʝʥʠʫʩʘ: 

Ὀ ὈÅØÐ ὉȾὯὝ                                                        σ 

ʅʘ ʨʠʩ. I.7 ʦʪʦʙʨʘʞʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ Li 2B12H12 ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʪʝʥʮʠʘʣʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʥʘ ʦʩʥʦʚʝ PBE, PBE-D3 ʠ rev-vdw-

DF2. ʀʟ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 628 K ʧʨʦʠʩʭʦʜʠʪ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʠʟ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ Ŭ-ʬʘʟʳ (Pa-3) ʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ɓ-ʬʘʟʫ. ɺʩʝ ʧʦʪʝʥʮʠʘʣʳ ʤʘʰʠʥʥʦʛʦ 

ʦʙʫʯʝʥʠʷ ʧʨʝʜʩʢʘʟʳʚʘʶʪ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ, ʦʜʥʘʢʦ ʨʘʟʣʠʯʘʶʪʩʷ ʚ ʪʝʤʧʝʨʘʪʫʨʘʭ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ. 

ʇʦʪʝʥʮʠʘʣ ʥʘ ʦʩʥʦʚʝ PBE ʟʥʘʯʠʪʝʣʴʥʦ ʥʝʜʦʦʮʝʥʠʚʘʝʪ ʪʝʤʧʝʨʘʪʫʨʫ ʧʝʨʝʭʦʜʘ (~180 K) ʠ ʜʘʝʪ 

ʟʘʚʳʰʝʥʥʳʝ ʥʘ 2 ï 4 % ʦʮʝʥʢʠ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ. ʇʦʪʝʥʮʠʘʣ ʥʘ ʦʩʥʦʚʝ PBE-D3, ʥʘʧʨʦʪʠʚ, ʟʘʥʠʞʘʝʪ 

ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ (ʥʘ 2-5 %) ʠ ʟʘʚʳʰʘʝʪ ʪʝʤʧʝʨʘʪʫʨʫ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ (~950 K). ʇʦʪʝʥʮʠʘʣ ʥʘ 

ʦʩʥʦʚʝ rew-vdW-DF2 ʜʘʝʪ ʥʘʠʙʦʣʝʝ ʙʣʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ: ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʧʨʠ 

~650 K ʠ ʦʪʢʣʦʥʝʥʠʷ ʚ ʧʘʨʘʤʝʪʨʘʭ ʨʝʰʝʪʢʠ ʥʝ ʙʦʣʝʝ ʯʝʤ ʥʘ 0.5 %. 

 

ʈʠʩʫʥʦʢ I.7. ʇʘʨʘʤʝʪʨ ʨʝʰʝʪʢʠ Li2B12H12 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ: ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʧʦʤʦʱʴʶ 

ʧʦʪʝʥʮʠʘʣʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ: (ʘ) ʥʘ ʦʩʥʦʚʝ PBE (ʢʨʘʩʥʳʡ, ʚʚʝʨʭʫ), ʥʘ ʦʩʥʦʚʝ rev-vdW-DF2 

(ʟʝʣʝʥʳʡ, ʚ ʮʝʥʪʨʝ) ʠ ʥʘ ʦʩʥʦʚʝ PBE-D3 (ʩʠʥʠʡ, ʚʥʠʟʫ) ʚʦ ʚʨʝʤʷ ʥʘʛʨʝʚʘ (1 K/ʧʠʢʦʩʝʢʫʥʜʘ); ʠ (ʙ) ʚʦ 

ʚʨʝʤʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘʛʨʝʚʘ ʠ ʦʭʣʘʞʜʝʥʠʷ (0.1 ʂ/ʧʠʢʦʩʝʢʫʥʜʘ (ʩ ʧʦʤʦʱʴʶ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ 

ʦʙʫʯʝʥʠʷ ʥʘ ʦʩʥʦʚʝ rev-vdW-DF2) ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ. 

ʅʘ ʩʣʝʜʫʶʱʝʡ ʩʪʘʜʠʠ ʤʳ ʧʨʦʚʝʣʠ ʨʘʩʯʝʪ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʩʪʨʫʢʪʫʨʘʭ Li 2B12H12 ʙʝʟ 

ʚʘʢʘʥʩʠʡ ʠ ʩ ʚʘʢʘʥʩʠʷʤʠ (ʨʠʩ. I.8) ʩ ʧʦʤʦʱʴʶ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʥʘ ʦʩʥʦʚʝ rev-vdw-

DF2. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚ ʦʪʩʫʪʩʪʚʠʠ ʚʘʢʘʥʩʠʡ ʚ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʬʘʟʝ ʧʦʯʪʠ 

ʦʪʩʫʪʩʪʚʫʝʪ ʠʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʥʦ ʧʨʠ ʧʝʨʝʭʦʜʝ ʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ʬʘʟʫ ʠʦʥʥʘʷ 

ʧʨʦʚʦʜʠʤʦʩʪʴ ʚʦʟʨʘʩʪʘʝʪ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ. ɼʦʙʘʚʣʝʥʠʝ ʜʘʞʝ ʥʝʙʦʣʴʰʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʚʘʢʘʥʩʠʡ ʚʝʜʝʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʢʘʢ ʚ Ŭ-, ʪʘʢ ʠ ʚ ɓ-ʬʘʟʝ. ɿʥʘʯʝʥʠʷ 

ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʦʩʪʠʛʘʶʪ 10ï4 ï 10ï3 ʉʤ/ʩʤ, ʘ ʙʘʨʴʝʨ ʘʢʪʠʚʘʮʠʠ 

ʜʠʬʬʫʟʠʠ 0.28 ï 0.35 ʤʵɺ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʘʢʘʥʩʠʡ. ɿʥʘʯʝʥʠʷ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʠ ʘʢʪʠʚʘʮʠʦʥʥʳʭ ʙʘʨʴʝʨʦʚ ʥʘʭʦʜʷʪʩʷ ʚ ʭʦʨʦʰʝʤ ʩʦʛʣʘʩʠʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ [6]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʩʪʨʦʝʥʥʳʡ ʥʘʤʠ ʧʦʪʝʥʮʠʘʣ ʥʘ ʦʩʥʦʚʝ rev-vdw-DF2 ʭʦʨʦʰʦ ʚʦʩʧʨʦʠʟʚʦʜʠʪ ʚʩʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ. 



 
ʈʠʩʫʥʦʢ I.8. ɿʘʚʠʩʠʤʦʩʪʴ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʨʘʩʩʯʠʪʘʥʥʘʷ ʩ ʧʦʤʦʱʴʶ ʧʦʪʝʥʮʠʘʣʘ 

ʥʘ ʦʩʥʦʚʝ rev-vdW-DF2 ʜʣʷ: (a) ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʬʘʟʳ ɓ-Li 2B12H12 ʙʝʟ ʚʘʢʘʥʩʠʡ; ʠ (ɓ) ʜʣʷ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʬʘʟʳ Ŭ-Li 2B12H12 (Pa-3) ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʚʘʢʘʥʩʠʡ. 

 

 
ʈʠʩʫʥʦʢ I.9. ɿʘʚʠʩʠʤʦʩʪʴ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʨʘʩʩʯʠʪʘʥʥʘʷ ʩ ʧʦʤʦʱʴʶ ʧʦʪʝʥʮʠʘʣʘ 

ʥʘ ʦʩʥʦʚʝ PBE ʜʣʷ: Li 2B12H12 ʙʝʟ ʚʘʢʘʥʩʠʡ. 

 

 ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʧʦʪʝʥʮʠʘʣ ʥʘ ʦʩʥʦʚʝ PBE ʥʝ ʜʘʝʪ ʩʦʛʣʘʩʠʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ, ʚ ʦʪʣʠʯʠʝ ʦʪ 

ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʩ rev-vdW-DF2 ʬʫʥʢʮʠʦʥʘʣʘʤ, ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʥʘʤ ʩʜʝʣʘʪʴ 

ʜʨʫʛʦʡ ʚʘʞʥʳʡ ʚʳʚʦʜ. ʈʘʩʩʯʠʪʘʥʥʳʝ ʥʘʤʠ ʟʥʘʯʝʥʠʷ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ 

(ʨʠʩ. I.9), ʘ ʪʘʢʞʝ ʙʘʨʴʝʨʳ ʘʢʪʠʚʘʮʠʠ ʜʠʬʬʫʟʠʠ ʥʘʭʦʜʷʪʩʷ ʚ ʭʦʨʦʰʝʤ ʩʦʛʣʘʩʠʠ ʩ ʧʨʝʜʳʜʫʱʠʤʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʨʘʙʦʪʘʤʠ [6], ʚ ʢʦʪʦʨʳʭ ʨʘʩʯʝʪʳ ʚʳʧʦʣʥʷʣʠʩʴ ʪʦʣʴʢʦ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ 



ʧʣʦʪʥʦʩʪʠ ʩ ʬʫʥʢʮʠʦʥʘʣʦʤ PBE. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʩʪʨʦʝʥʥʳʡ ʥʘʤʠ ʧʦʪʝʥʮʠʘʣ ʥʘ ʦʩʥʦʚʝ PBE ʭʦʨʦʰʦ 

ʚʦʩʧʨʦʠʟʚʦʜʠʪ ʨʝʟʫʣʴʪʘʪʳ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʚ ʨʘʤʢʘʭ PBE ʬʫʥʢʮʠʦʥʘʣʘ. 

 
ʈʠʩʫʥʦʢ I.10. (a) ɿʘʚʠʩʠʤʦʩʪʴ ʦʙʲʝʤʘ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ LiCB11H12; (b) ɿʘʚʠʩʠʤʦʩʪʴ ʠʦʥʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʘʢʘʥʩʠʡ ʚ LiCB11H12 (ʘʧʧʨʦʢʩʠʤʘʮʠʷ 

ʧʦʩʪʨʦʝʥʘ ʪʦʣʴʢʦ ʜʣʷ ʪʦʯʝʢ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʬʘʟʳ) 

ʅʘ ʦʩʥʦʚʝ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ rev-vdW-DF2 ʤʳ ʪʘʢʞʝ ʧʦʩʪʨʦʠʣʠ ʧʦʪʝʥʮʠʘʣ ʤʘʰʠʥʥʦʛʦ 

ʦʙʫʯʝʥʠʷ ʜʣʷ ʪʚʝʨʜʦʛʦ ʵʣʝʢʪʨʦʣʠʪʘ LiCB11H12 (ʠʩʧʦʣʴʟʫʷ ʪʦʪ ʞʝ ʘʣʛʦʨʠʪʤ), ʠ ʧʨʦʚʝʣʠ ʨʘʩʯʝʪʳ 

ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʠ ʟʥʘʯʝʥʠʡ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ (ʈʠʩ. I.10). ʇʦʣʫʯʝʥʥʳʝ ʥʘʤʠ ʟʥʘʯʝʥʠʷ 

ʪʘʢʞʝ ʥʘʭʦʜʷʪʩʷ ʚ ʭʦʨʦʰʝʤ ʩʦʛʣʘʩʠʠ ʩ ʠʟʚʝʩʪʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʝʣʠʯʠʥʘʤʠ. 

 ʇʦ ʠʪʦʛʘʤ ʵʪʦʡ ʨʘʙʦʪʳ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʘʞʥʳʝ ʚʳʚʦʜʳ, ʘ ʠʤʝʥʥʦ: 

1. ʇʨʦʮʝʜʫʨʘ ʧʦʩʪʨʦʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʧʦʪʝʥʮʠʘʣʳ, 

ʢʦʪʦʨʳʝ ʩ ʭʦʨʦʰʝʡ ʪʦʯʥʦʩʪʴʶ ʚʦʩʧʨʦʠʟʚʦʜʷʪ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ 

ʧʣʦʪʥʦʩʪʠ, ʢʘʢ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʜʘʥʥʳʭ, ʪʘʢ ʠ ʜʣʷ ʨʘʩʩʯʠʪʘʥʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʚʝʣʠʯʠʥ 

(ʪʝʤʧʝʨʘʪʫʨʘ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ, ʘʢʪʠʚʘʮʠʦʥʥʳʝ ʙʘʨʴʝʨʳ 

ʜʠʬʬʫʟʠʠ). ɺʘʞʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʧʦʪʝʥʮʠʘʣʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʨʦʚʦʜʠʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʣʷ ʙʦʣʴʰʠʭ ʩʠʩʪʝʤ (ʥʝʩʢʦʣʴʢʦ ʪʳʩʷʯ ʘʪʦʤʦʚ) ʥʘ ʙʦʣʴʰʠʭ ʚʨʝʤʝʥʥʳʭ 

ʠʥʪʝʨʚʘʣʦʚ (ʥʝʩʢʦʣʴʢʦ ʥʘʥʦʩʝʢʫʥʜ). 

2. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʬʦʥʦʥʥʳʭ ʩʧʝʢʪʨʦʚ ʠ ʨʘʩʩʯʠʪʘʥʥʳʭ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʠʤ ʢʨʠʪʝʨʠʝʤ ʜʣʷ ʚʳʙʦʨʘ ʬʫʥʢʮʠʦʥʘʣʘ, ʥʘ ʦʩʥʦʚʝ 

ʢʦʪʦʨʦʛʦ ʧʨʦʠʟʚʦʜʠʪʩʷ ʦʙʫʯʝʥʠʝ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. ʇʦʪʝʥʮʠʘʣʳ ʤʘʰʠʥʥʦʛʦ 

ʦʙʫʯʝʥʠʷ, ʥʘʪʨʝʥʠʨʦʚʘʥʥʳʝ ʥʘ ʧʦʜʭʦʜʷʱʠʭ ʬʫʥʢʮʠʦʥʘʣʘʭ ʊʌʇ ʧʦʟʚʦʣʷʶʪ ʨʘʩʩʯʠʪʳʚʘʪʴ 

ʬʠʟʠʯʝʩʢʠʝ ʚʝʣʠʯʠʥʳ (ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ, ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ, ʟʥʘʯʝʥʠʷ ʠʦʥʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ, ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ, ʙʘʨʴʝʨʦʚ ʘʢʪʠʚʘʮʠʠ ʜʠʬʬʫʟʠʠ) ʚ ʭʦʨʦʰʝʤ ʩʦʛʣʘʩʠʠ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʦʤ, ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʧʨʝʜʩʢʘʟʘʥʠʷ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ ʠ ʦʙʲʷʩʥʝʥʠʷ 

ʤʝʭʘʥʠʟʤʦʚ ʧʨʦʮʝʩʩʦʚ ʥʘ ʥʘʥʦʫʨʦʚʥʝ. 

3. ʅʘʰʘ ʨʘʙʦʪʘ ʫʩʪʨʘʥʷʝʪ ʩʫʱʝʩʪʚʦʚʘʚʰʠʝ ʨʘʟʥʦʛʣʘʩʠʷ ʤʝʞʜʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʨʘʙʦʪʘʤʠ, ʧʦʩʚʷʱʝʥʥʳʤ ʜʘʥʥʦʤʫ ʢʣʘʩʩʫ ʪʚʝʨʜʳʭ ʵʣʝʢʪʨʦʣʠʪʦʚ.  



ʏʘʩʪʴ 2. ʉʦʝʜʠʥʝʥʠʷ Li-Ge  

 ʄʳ ʥʘʯʘʣʠ ʠʟʫʯʝʥʠʝ ʛʝʨʤʘʥʠʝʚʳʭ ʩʦʝʜʠʥʝʥʠʡ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ ʩ ʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʳ Li-Ge. 

ʇʝʨʝʜ ʨʘʩʯʝʪʘʤʠ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʩʠʩʪʝʤʘʭ LiïGe ʤʳ ʧʨʦʚʝʣʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠʟʚʝʩʪʥʳʭ 

ʩʪʘʙʠʣʴʥʳʭ ʠ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ LiïGe. ɺʳʯʠʩʣʠʪʝʣʴʥʳʝ ʙʘʟʳ ʜʘʥʥʳʭ ʩʦʜʝʨʞʘʪ ʨʘʟʣʠʯʥʫʶ 

ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʪʨʫʢʪʫʨ ʜʘʥʥʦʛʦ ʩʦʩʪʘʚʘ. ʅʘʧʨʠʤʝʨ, ʚ ʙʘʟʝ ʜʘʥʥʳʭ OQMD Li5Ge2 

ʚʳʛʣʷʜʠʪ ʩʪʘʙʠʣʴʥʳʤ, ʘ ʚ ʙʘʟʘʭ ʜʘʥʥʳʭ Materials Project ʠ AFLOW ʵʪʘ ʩʪʨʫʢʪʫʨʘ ʦʪʩʫʪʩʪʚʫʝʪ ʚʦʦʙʱʝ. 

ʏʪʦʙʳ ʧʦʥʷʪʴ, ʢʘʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʷʚʣʷʶʪʩʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʳʤʠ, ʤʳ ʧʨʦʠʟʚʝʣʠ ʢʚʘʥʪʦʚʦ-

ʭʠʤʠʯʝʩʢʠʝ ʚʳʯʠʩʣʝʥʠʷ ʜʣʷ ʚʩʝʭ ʠʟʚʝʩʪʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʦʩʪʘʚʘ LiïGe. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʦʚʝʣʠ ʨʘʩʯʝʪʳ 

USPEX ʩ ʮʝʣʴʶ ʧʨʝʜʩʢʘʟʘʥʠʷ ʨʘʥʝʝ ʥʝʠʟʚʝʩʪʥʳʭ ʩʪʨʫʢʪʫʨ LiïGe. ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʫʶ ʬʘʟʦʚʫʶ 

ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʠʩʪʝʤ ʦʮʝʥʠʚʘʣʠ ʧʦ ʬʘʟʦʚʳʤ ʜʠʘʛʨʘʤʤʘʤ ʚ ʢʦʦʨʜʠʥʘʪʘʭ (ʵʥʝʨʛʠʷ ʦʙʨʘʟʦʚʘʥʠʷïʩʦʩʪʘʚ) 

(ʚʳʧʫʢʣʳʝ ʦʙʦʣʦʯʢʠ, convex hull). ʄʝʞʜʫ ʪʦʯʢʘʤʠ (x, Ef/ʘʪʦʤ) = (0, 0);(1,0) ʧʦʩʪʨʦʝʥʘ ʚʳʧʫʢʣʘʷ ʦʙʦʣʦʯʢʘ. 

ʌʘʟʳ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʥʘ ʚʳʧʫʢʣʦʡ ʦʙʦʣʦʯʢʝ, ʫʩʪʦʡʯʠʚʳ ʢ ʨʘʩʧʘʜʫ ʥʘ ʵʣʝʤʝʥʪʘʨʥʳʝ Li ʠ Ge ʠʣʠ ʜʨʫʛʠʝ 

ʩʦʝʜʠʥʝʥʠʷ LiïGe. ʕʥʝʨʛʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ: 

ῳῴὒὭὋὩ
ὉὒὭὋὩ ὼὉὒὭ ώὉὋὩ

ὼ ώ
                                          τ 

ʛʜʝ ʧʨʠ 0 K, E ï ʧʦʣʥʘʷ ʚʥʫʪʨʝʥʥʷʷ ʵʥʝʨʛʠʷ, ʚʢʣʶʯʘʶʱʘʷ ʵʥʝʨʛʠʶ ʥʫʣʝʚʳʭ ʢʦʣʝʙʘʥʠʡ, ʘ ʧʨʠ ʢʦʥʝʯʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ï ʩʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ ɻʠʙʙʩʘ. 

 ɺʳʧʫʢʣʳʝ ʦʙʦʣʦʯʢʠ, ʧʦʢʘʟʳʚʘʶʱʠʝ ʚʩʝ ʩʪʘʙʠʣʴʥʳʝ ʩʦʝʜʠʥʝʥʠʷ (ʠ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ 

ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ ʬʘʟʳ), ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʫʯʝʪʦʤ ʵʥʝʨʛʠʠ ʥʫʣʝʚʳʭ ʢʦʣʝʙʘʥʠʡ ʠ ʙʝʟ ʫʯʝʪʘ ʵʥʝʨʛʠʡ ʥʫʣʝʚʳʭ 

ʢʦʣʝʙʘʥʠʡ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. II.1 ʠ II.2, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʄʳ ʫʯʣʠ ʵʥʪʨʦʧʠʡʥʳʡ ʚʢʣʘʜ ʚ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ. ɼʣʷ ʵʪʦʛʦ ʤʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʦʜ ʩʫʧʝʨʷʯʝʝʢ ʠ ʢʚʘʟʠʛʘʨʤʦʥʠʯʝʩʢʦʝ 

ʧʨʠʙʣʠʞʝʥʠʝ, (ʤʝʪʦʜ, ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʚ ʧʘʢʝʪʝ Phonopy), ʜʣʷ ʨʘʩʯʝʪʘ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʯʘʩʪʦʪ ʠ ʚʢʣʘʜʘ 

ʵʥʪʨʦʧʠʠ ʚ ʩʚʦʙʦʜʥʫʶ ʵʥʝʨʛʠʶ ɻʠʙʙʩʘ. ɼʠʥʘʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʚʩʝʭ ʩʪʨʫʢʪʫʨ (ʢʘʢ ʩʪʘʙʠʣʴʥʳʭ, ʪʘʢ 

ʠ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ) ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʦʪʩʫʪʩʪʚʠʝʤ ʤʥʠʤʳʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʯʘʩʪʦʪ (ʩʤ. ʨʠʩ. II.3 ʠ II .4). 

ʄʳ ʦʧʨʝʜʝʣʠʣʠ, ʯʪʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʳʤʠ ʷʚʣʷʶʪʩʷ ʩʝʤʴ ʬʘʟ: Ge (Fd-3m), LiGe (I41/a), 

Li 7Ge3 (P3212), Li 13Ge4 (Cmmm), Li 15Ge4 (I-43d), Li 17Ge4 (F-43m), Li  (Im-3m). ʌʘʟʘ Li 5Ge2, ʩʦʛʣʘʩʥʦ ʥʘʰʠʤ 

ʚʳʯʠʩʣʝʥʠʷʤ, ʷʚʣʷʝʪʩʷ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ, ʥʦ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʦʯʝʥʴ ʙʣʠʟʢʦ ʢ ʚʳʧʫʢʣʦʡ ʦʙʦʣʦʯʢʠ (0.8 

ʤʵɺ/ʘʪʦʤ ʧʨʠ 0 K ʠ 1.7 ʤʵɺ/ʘʪʦʤ ʧʨʠ 300 K), ʦʜʥʘʢʦ ʚ ʨʘʩʯʝʪʘʭ ʙʝʟ ʵʥʝʨʛʠʠ ʥʫʣʝʚʳʭ ʢʦʣʝʙʘʥʠʡ 

ʦʢʘʟʳʚʘʝʪʩʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʦʡ. ʌʘʟʘ Li 12Ge7 ʪʘʢʞʝ ʦʢʘʟʳʚʘʝʪʩʷ ʦʯʝʥʴ ʙʣʠʟʢʦʡ ʢ ʚʳʧʫʢʣʦʡ 

ʦʙʦʣʦʯʢʝ (2 ʤʵɺ/ʘʪʦʤ ʠ 15 ʤʵɺ/ʘʪʦʤ ʧʨʠ 0 K ʠ 300 K, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʀʩʧʦʣʴʟʫʷ ʘʣʛʦʨʠʪʤ USPEX, ʤʳ 

ʪʘʢʞʝ ʩʤʦʛʣʠ ʙʦʣʝʝ ʪʦʯʥʦ ʦʧʨʝʜʝʣʠʪʴ ʩʪʨʫʢʪʫʨʫ Li 17Ge4. ʉʦʝʜʠʥʝʥʠʝ Li 7Ge12, ʥʘʡʜʝʥʥʦʝ ʨʘʥʝʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʚ ʥʘʰʠʭ ʨʘʩʯʝʪʘʭ ʷʚʣʷʝʪʩʷ ʤʝʪʘʩʪʘʙʠʣʴʥʳʤ, ʥʦ ʪʘʢʞʝ ʥʘʭʦʜʠʪʩʷ ʦʯʝʥʴ ʙʣʠʟʢʦ ʢ 

ʚʳʧʫʢʣʦʡ ʦʙʦʣʦʯʢʝ (10 ʤʵɺ/ʘʪʦʤ ʠ 5 ʤʵɺ/ʘʪʦʤ ʧʨʠ 0 K ʠ 300 K, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ɺʩʝ ʥʠʟʢʦʣʝʞʘʱʠʝ 

ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ ʬʘʟʳ ʤʦʛʫʪ ʙʳʪʴ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʳ ʢʠʥʝʪʠʯʝʩʢʠ, ʠ ʤʦʛʫʪ ʠʛʨʘʪʴ ʨʦʣʴ ʚ ʦʙʨʘʪʠʤʳʭ 

ʧʨʦʮʝʩʩʘʭ ʮʠʢʣʠʨʦʚʘʥʠʷ (ʣʠʪʠʠʨʦʚʘʥʠʝ-ʜʝʣʠʪʠʠʨʦʚʘʥʠʷ), ʘ ʪʘʢʞʝ ʦʙʨʘʟʦʚʘʪʴʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʘʥʦʜʘ ʚ 

ʪʚʝʨʜʳʭ ʤʝʞʬʘʟʥʳʭ ʩʣʦʷʭ. 

 



 
ʈʠʩʫʥʦʢ II .1. (a) ʈʘʩʩʯʠʪʘʥʥʘʷ ʚʳʧʫʢʣʘʷ ʦʙʦʣʦʯʢʘ ʩʠʩʪʝʤʳ Li-Ge ʧʨʠ T=0 ʂ ʩ ʫʯʝʪʦʤ ʵʥʝʨʛʠʡ ʥʫʣʝʚʳʭ 

ʢʦʣʝʙʘʥʠʡ, ʩʠʥʠʝ ʢʨʫʞʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʪʘʙʠʣʴʥʳʝ ʩʦʝʜʠʥʝʥʠʷ, ʢʨʘʩʥʳʝ ʨʦʤʙʳ ð ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ 

ʩʪʨʫʢʪʫʨʳ. (b) ʌʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʩʦʩʪʘʚ-ʪʝʤʧʝʨʘʪʫʨʘ. (c) ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ 

ʩʦʝʜʠʥʝʥʠʡ Li-Ge, ʟʝʣʝʥʳʝ ʘʪʦʤʳ ʠ ʬʠʦʣʝʪʦʚʳʝ ʘʪʦʤʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ Li ʠ Ge ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 



 
ʈʠʩʫʥʦʢ 11. ʈʘʩʩʯʠʪʘʥʥʘʷ ʚʳʧʫʢʣʘʷ ʦʙʦʣʦʯʢʘ ʩʠʩʪʝʤʳ Li-Ge ʧʨʠ T = 0 ʂ ʙʝʟ ʫʯʝʪʘ ʵʥʝʨʛʠʡ ʥʫʣʝʚʳʭ 

ʢʦʣʝʙʘʥʠʡ. 



 
ʈʠʩʫʥʦʢ 12. ʂʨʠʚʳʝ ʜʠʩʧʝʨʩʠʠ ʬʦʥʦʥʦʚ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ ʩʪʘʙʠʣʴʥʳʭ ʩʪʨʫʢʪʫʨ Li-Ge. 

 



 



ʈʠʩʫʥʦʢ 13. ʂʨʠʚʳʝ ʜʠʩʧʝʨʩʠʠ ʬʦʥʦʥʦʚ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʪʨʫʢʪʫʨ Li-Ge. 

 ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ï ʚʘʞʥʳʡ ʧʘʨʘʤʝʪʨ ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʤʝʪʘʣʣ-ʠʦʥʥʳʭ 

ʘʢʢʫʤʫʣʷʪʦʨʘʭ. ɽʩʣʠ ʜʣʷ ʜʚʫʭ ʩʪʘʙʠʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ Lin1Ge ʠ Lin2Ge ʧʨʦʪʝʢʘʝʪ ʨʝʘʢʮʠʷ ʥʘ ʧʫʪʠ 

ʣʠʪʠʠʨʦʚʘʥʠʷ: 

ὒὭὋὩ ὲ ὲ ὒὭO ὒὭὋὩȟ 

ʊʦʛʜʘ ʩʨʝʜʥʠʡ ʧʦʪʝʥʮʠʘʣ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥ ʧʦ ʬʦʨʤʫʣʝ: 

ὠ
ῳὋ

ήὲ ὲ

ὋὒὭὋὩ ὋὒὭὋὩ

ήὲ ὲ

ὋὒὭ

ή
ȟ                                υ 

ɻʜʝ G = E + pV ï TS ï ʩʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ ɻʠʙʙʩʘ, q ï ʟʘʨʷʜ ʠʦʥʘ ʣʠʪʠʷ. 

ʅʘ ʨʠʩ. II .5 ʧʦʢʘʟʘʥʳ ʨʘʩʩʯʠʪʘʥʥʳʝ ʥʘʤʠ ʩʨʝʜʥʠʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʧʦʪʝʥʮʠʘʣʳ ʜʣʷ ʩʪʘʙʠʣʴʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʚ ʩʠʩʪʝʤʝ Li-Ge. 

 

 
ʈʠʩʫʥʦʢ 14 ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʪʠʷ, ʨʘʩʩʯʠʪʘʥʥʳʡ ʜʣʷ 

ʩʪʘʙʠʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ Li-Ge. 

  



ɼʣʷ ʩʪʘʙʠʣʴʥʳʭ ʠ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʩʠʩʪʝʤʝ Li-Ge ʤʳ ʧʦʩʪʨʦʠʣʠ ʧʦʪʝʥʮʠʘʣ 

ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʠ ʧʨʦʚʝʣʠ ʨʘʩʯʝʪ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʟʥʘʯʝʥʠʡ ʘʢʪʠʚʘʮʠʦʥʥʳʭ ʙʘʨʴʝʨʦʚ. 

ʇʦʩʪʨʦʝʥʠʝ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʜʣʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ ʩʠʩʪʝʤʳ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʥʝʩʢʦʣʴʢʦ ʙʦʣʝʝ ʩʣʦʞʥʫʶ ʧʨʦʮʝʜʫʨʫ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʧʠʩʘʥʥʦʡ ʚʳʰʝ. ʅʘ ʨʠʩ. II.6 ʠʟʦʙʨʘʞʝʥʘ 

ʩʭʝʤʘ ʧʦʩʪʨʦʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʜʣʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ ʩʠʩʪʝʤʳ. ʆʪʣʠʯʠʷ ʜʘʥʥʦʡ 

ʩʭʝʤʳ ʦʪ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʦʡ ʩʭʝʤʳ ʟʘʢʣʶʯʘʶʪʩʷ ʚ ʥʘʙʦʨʝ ʜʘʥʥʳʭ ʜʣʷ ʪʨʝʥʠʨʦʚʦʯʥʦʡ ʚʳʙʦʨʢʠ, ʘ ʠʤʝʥʥʦ: 

ʧʝʨʚʦʧʨʠʥʮʠʧʥʘʷ ʤʦʣʝʢʫʣʷʨʥʘʷ ʜʠʥʘʤʠʢʘ (AIMD) ʜʣʷ ʧʨʝʜʦʙʫʯʝʥʠʷ ʠ ʢʣʘʩʩʠʯʝʩʢʘʷ ʤʦʣʝʢʫʣʷʨʥʘʷ 

ʜʠʥʘʤʠʢʘ ʚʦ ʚʨʝʤʷ ʘʢʪʠʚʥʦʛʦ ʦʙʫʯʝʥʠʷ ʚʳʧʦʣʥʷʝʪʩʷ ʧʘʨʘʣʣʝʣʴʥʦ ʜʣʷ ʚʩʝʭ ʩʪʨʫʢʪʫʨ ʚ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ 

ʩʠʩʪʝʤʝ. ʇʨʦʠʩʭʦʜʠʪ ʦʙʫʯʝʥʠʝ ʦʜʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʦʜʥʦʚʨʝʤʝʥʥʦ ʜʣʷ ʚʩʝʭ ʩʪʨʫʢʪʫʨ ʚ ʩʠʩʪʝʤʝ, ʘ 

ʢʨʠʪʝʨʠʝʤ ʚʳʭʦʜʘ ʠʟ ʮʠʢʣʘ ʘʢʪʠʚʥʦʛʦ ʦʙʫʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝ ʜʣʷ ʚʩʝʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʚʦ ʚʩʝʭ 

ʩʪʨʫʢʪʫʨʘʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʵʢʩʪʨʘʧʦʣʷʮʠʠ ʙʦʣʴʰʝ 11. ʅʘ ʨʠʩ. II.7 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʚʘʣʠʜʘʮʠʠ 

ʜʣʷ ʵʥʝʨʛʠʡ ʠ ʩʠʣ. 

ɹʣʘʛʦʜʘʨʷ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʝ, ʩ ʧʦʩʪʨʦʝʥʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, ʤʳ 

ʦʙʥʘʨʫʞʠʣʠ, ʯʪʦ ʙʦʣʴʰʠʥʩʪʚʦ ʩʪʨʫʢʪʫʨ ʠʤʝʶʪ ʚʳʩʦʢʫʶ ʠʦʥʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʦʢʦʣʦ 10ï2 ï 10ï1 ʉʤ/ʩʤ 

ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʩʤ ʨʠʩ II.8.) . ʆʜʥʘʢʦ ʦʙʝ ʬʘʟʳ LiGe, ʘ ʪʘʢʞʝ Li9Ge4 ʠ Li7Ge12 ʫʩʪʫʧʘʶʪ ʧʦ 

ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʜʨʫʛʠʤ ʩʪʨʫʢʪʫʨʘʤ, ʧʨʠ ʵʪʦʤ ʜʠʬʬʫʟʠʷ ʟʘʚʠʩʠʪ ʦʪ ʥʘʣʠʯʠʷ ʚʘʢʘʥʩʠʡ; ʨʝʘʢʮʠʠ ʩ 

ʵʪʠʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ ʤʦʛʫʪ ʙʳʪʴ ʣʠʤʠʪʠʨʫʶʱʠʤʠ ʚ ʣʠʪʠʠʨʦʚʘʥʠʠ/ʜʝʣʠʪʠʘʮʠʠ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʫʪʝʡ 

ʜʠʬʬʫʟʠʠ ʣʠʪʠʷ ʚ ʣʠʪʠʡ-ʛʝʨʤʘʥʠʝʚʳʭ ʩʦʝʜʠʥʝʥʠʷʭ (ʨʠʩ. II.9) ʧʦʢʘʟʘʣʦ, ʯʪʦ ʢʦʥʮʝʥʪʨʘʮʠʷ ʘʪʦʤʦʚ ʣʠʪʠʷ ʚ 

ʩʪʨʫʢʪʫʨʝ ʦʧʨʝʜʝʣʷʝʪ ʪʦʧʦʣʦʛʠʶ ʩʝʪʠ ʜʠʬʬʫʟʠʦʥʥʳʭ ʢʘʥʘʣʦʚ. ʉʚʷʟʠ ʛʝʨʤʘʥʠʷ ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʚ ʨʘʤʢʘʭ 

ʢʦʥʮʝʧʮʠʠ ʎʠʥʪʣʷ-ʂʣʝʤʤʘ ʠ ʧʨʘʚʠʣʘ 8-N. ʏʠʩʪʳʡ ʛʝʨʤʘʥʠʡ ʠʤʝʝʪ 4 = 8 ï 4 ʢʦʚʘʣʝʥʪʥʳʭ ʩʚʷʟʝʡ. ʂʘʞʜʳʡ 

ʘʪʦʤ ʣʠʪʠʷ ʦʪʜʘʝʪ ʦʜʠʥ ʵʣʝʢʪʨʦʥ ʛʝʨʤʘʥʠʶ, ʧʦʵʪʦʤʫ ʧʨʠ Li/Ge = 1 ʛʝʨʤʘʥʠʡ ʠʤʠʪʠʨʫʝʪ ʬʦʩʬʦʨ, ʧʨʠ Li/P 

= 2 ʛʝʨʤʘʥʠʡ ʠʤʠʪʠʨʫʝʪ ʩʝʨʫ, ʧʨʠ Li/P ʛʝʨʤʘʥʠʡ ʠʤʠʪʠʨʫʝʪ ʛʘʣʦʛʝʥʳ, ʘ ʧʨʠ Li/P = 4 ʛʝʨʤʘʥʠʡ ʠʟʦʣʠʨʦʚʘʥ 

ʦʪ ʜʨʫʛʠʭ ʘʪʦʤʦʚ ʛʝʨʤʘʥʠʷ. ɺ ʩʦʝʜʠʥʝʥʠʷʭ ʩ ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʣʠʪʠʷ ʛʝʨʤʘʥʠʡ ʦʢʨʫʞʝʥ ʘʪʦʤʘʤʠ 

ʣʠʪʠʷ ʠ ʠʟʦʣʠʨʦʚʘʥ ʦʪ ʜʨʫʛʠʭ ʘʪʦʤʦʚ ʛʝʨʤʘʥʠʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʨʝʭʤʝʨʥʦʡ (3D) ʜʠʬʬʫʟʠʠ ʣʠʪʠʷ. ɺ 

ʩʦʝʜʠʥʝʥʠʷʭ ʩʨʝʜʥʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʛʝʨʤʘʥʠʡ ʦʙʨʘʟʫʝʪ ʜʚʫʭʮʝʥʪʨʦʚʳʝ ʛʘʥʪʝʣʠ GeïGe, ʘ ʜʠʬʬʫʟʠʷ 

ʦʩʪʘʝʪʩʷ ʪʨʝʭʤʝʨʥʦʡ, ʥʦ ʧʣʦʩʢʦʩʪʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʝ ʛʘʥʪʝʣʴʥʳʤ ʣʠʥʠʷʤ GeïGe, ʩʪʘʥʦʚʷʪʩʷ ʙʦʣʝʝ 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤʠ. ɺ ʩʦʝʜʠʥʝʥʠʷʭ ʩ ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʣʠʪʠʷ ʛʝʨʤʘʥʠʡ ʥʘʯʠʥʘʝʪ ʦʙʨʘʟʦʚʳʚʘʪʴ 

ʧʷʪʠʯʣʝʥʥʳʝ ʢʦʣʴʮʘ ʠ ʟʚʝʟʜʳ, ʘ ʜʠʬʬʫʟʠʷ ʩʪʘʥʦʚʠʪʩʷ ʜʚʫʤʝʨʥʦʡ (2D) ʩ ʧʨʦʯʥʦ ʩʚʷʟʘʥʥʳʤʠ ʘʪʦʤʘʤʠ 

ʣʠʪʠʷ, ʢʦʪʦʨʳʝ ʥʝ ʜʠʬʬʫʥʜʠʨʫʶʪ ʚ ʦʪʣʠʯʠʝ ʦʪ ʚʥʝʰʥʠʭ ʘʪʦʤʦʚ ʣʠʪʠʷ, ʙʣʠʞʘʡʰʠʭ ʢ ʢʦʣʴʮʘʤ. ʅʘʰʠ 

ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʣʠʪʠʡ-ʛʝʨʤʘʥʠʝʚʳʝ ʩʦʝʜʠʥʝʥʠʷ ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʢʘʥʜʠʜʘʪʘʤʠ ʚ 

ʢʘʯʝʩʪʚʝ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʘʥʦʜʦʚ, ʢʦʤʧʦʟʠʪʥʳʭ ʘʥʦʜʦʚ ʚ ʣʠʪʠʡ-ʠʦʥʥʳʭ ʠʣʠ ʣʠʪʠʡ-ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʙʘʪʘʨʝʷʭ, 

ʛʜʝ ʚʘʞʥʘ ʚʳʩʦʢʘʷ ʜʠʬʬʫʟʠʷ ʣʠʪʠʷ. 

 ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʩʪʘʪʴʝ: Iosimovska A. V. et al. Thermodynamic stability and ionic 

conductivity in lithiumïgermanium binary system //Applied Physics Letters. ï 2024. ï ʊ. 124. ï ˉ. 16. 

 



 
ʈʠʩʫʥʦʢ 15. ʉʭʝʤʘ ʧʦʩʪʨʦʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʜʣʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ ʩʠʩʪʝʤʳ. 

 

 



 
ʈʠʩʫʥʦʢ 16a. ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ (180 ʢʦʥʬʠʛʫʨʘʮʠʡ) ʚ ʵʥʝʨʛʠʷʭ ʥʘ ʘʪʦʤ 

(ʤʵɺ/ʘʪʦʤ) ʨʘʩʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʦʩʥʦʚʝ rev-vdW-DF2 ʬʫʥʢʮʠʦʥʘʣʘ. AAE ʠ RMSE ʦʟʥʘʯʘʶʪ 

ʘʙʩʦʣʶʪʥʫʶ ʩʨʝʜʥʶʶ ʦʰʠʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ ʨʘʩʯʝʪʘʤʠ 

ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

 

 
ʈʠʩʫʥʦʢ II .7b. ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ (180 ʢʦʥʬʠʛʫʨʘʮʠʡ) ʚ ʩʠʣʘʭ (ʵɺ/ ) 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʦʩʥʦʚʝ rev-vdW-DF2 ʬʫʥʢʮʠʦʥʘʣʘ. AAE ʠ RMSE ʦʟʥʘʯʘʶʪ 

ʘʙʩʦʣʶʪʥʫʶ ʩʨʝʜʥʶʶ ʦʰʠʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ ʨʘʩʯʝʪʘʤʠ 

ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

 



 
ʈʠʩʫʥʦʢ 17. ʈʘʩʩʯʠʪʘʥʥʘʷ ʠʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʢʘʢ ʬʫʥʢʮʠʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ: (a) ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ 

ʩʪʘʙʠʣʴʥʳʭ ʠ (b) ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʩʠʩʪʝʤʝ Li-Ge. (ʉʪʘʙʠʣʴʥʳʝ ʠ ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ 

ʩʦʝʜʠʥʝʥʠʷ ʟʜʝʩʴ ʦʧʨʝʜʝʣʝʥʳ ʙʝʟ ʫʯʝʪʘ ʵʥʝʨʛʠʠ ʥʫʣʝʚʳʭ ʢʦʣʝʙʘʥʠʡ). 

 

ʇʦ ʠʪʦʛʘʤ ʵʪʦʡ ʨʘʙʦʪʳ ʧʦʣʫʯʝʥʳ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦʜʳ: 

1. ʄʳ ʧʨʦʚʝʣʠ ʵʢʩʪʝʥʩʠʚʥʳʡ ʧʦʠʩʢ ʙʠʥʘʨʥʳʭ ʩʪʨʫʢʪʫʨ Li -Ge ʠ ʦʧʨʝʜʝʣʠʣʠ ʚʩʝ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʳʝ ʠ ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ ʩʦʝʜʠʥʝʥʠʷ. ʄʳ ʫʯʣʠ ʵʥʪʨʦʧʠʡʥʳʡ 

ʚʢʣʘʜ ʚ ʩʚʦʙʦʜʥʫʶ ʵʥʝʨʛʠʶ ɻʠʙʙʩʘ ʠ ʦʧʨʝʜʝʣʠʣʠ ʦʢʥʘ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʜʣʷ ʚʩʝʭ 

ʬʘʟ ʚ ʜʘʥʥʦʡ ʩʠʩʪʝʤʝ. ʅʘʰʘ ʨʘʙʦʪʘ ʫʩʪʨʘʥʷʝʪ ʚʩʝ ʩʫʱʝʩʪʚʫʶʱʠʝ ʧʨʦʪʠʚʦʨʝʯʠʷ ʤʝʞʜʫ 

ʨʘʥʥʠʤʠ ʨʘʙʦʪʘʤʠ ʠ ʠʥʬʦʨʤʘʮʠʝʡ, ʩʦʜʝʨʞʘʱʝʡʩʷ ʚ ʙʘʟʘʭ ʜʘʥʥʳʭ.  

2. ʄʳ ʧʨʦʚʝʨʠʣʠ ʧʨʦʮʝʜʫʨʫ ʧʦʩʪʨʦʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʜʣʷ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ ʩʠʩʪʝʤʳ ʠ ʧʦʜʪʚʝʨʜʠʣʠ ʥʘʜʝʞʥʦʩʪʴ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ. 

3. ʄʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʩʝ ʩʦʝʜʠʥʝʥʠʷ ʚ ʩʠʩʪʝʤʝ Li-Ge ʦʙʣʘʜʘʶʪ ʧʦʚʳʰʝʥʥʦʡ ʠʦʥʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʯʪʦ ʜʝʣʘʝʪ ʪʘʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʜʣʷ 

ʤʘʪʝʨʠʘʣʦʚ ʚ ʧʦʣʥʦʩʪʴʶ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʣʠʪʠʡ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʘʭ. ʂʨʦʤʝ ʪʦʛʦ, ʤʳ 

ʦʧʨʝʜʝʣʠʣʠ, ʯʪʦ ʠʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʩʦʝʜʠʥʝʥʠʷʭ LiGe, 

Li7Ge12 ʠ Li9Ge4 ʫʩʪʫʧʘʝʪ ʦʩʪʘʣʴʥʳʤ ʬʘʟʘʤ ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ, ʠ ʨʝʘʢʮʠʠ ʩ ʫʯʘʩʪʠʝʤ ʜʘʥʥʳʭ 

ʬʘʟ ʤʦʛʫʪ ʙʳʪʴ ʣʠʤʠʪʠʨʫʶʱʠʤʠ ʚ ʦʙʨʘʪʠʤʦʤ ʧʨʦʮʝʩʩʝ ʣʠʪʠʠʨʦʚʘʥʠʷ-ʜʝʣʠʪʠʠʨʦʚʘʥʠʷ.  



 
ʈʠʩʫʥʦʢ 18. ʊʨʘʝʢʪʦʨʠʠ ʜʠʬʬʫʟʠʠ ʠʦʥʦʚ ʣʠʪʠʷ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ 

ʦʙʫʯʝʥʠʷ. 

 

  



ʏʘʩʪʴ 3. ʉʦʝʜʠʥʝʥʠʷ Na-Ge, K-Ge. 

  ʄʳ ʧʨʦʜʦʣʞʠʣʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʦʝʜʠʥʝʥʠʡ ʛʝʨʤʘʥʠʷ ʠ ʘʥʘʣʦʛʠʯʥʦ ʧʨʦʚʝʣʠ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʙʠʥʘʨʥʳʭ ʩʠʩʪʝʤ Na-Ge ʠ K-Ge. ʅʘ ʨʠʩ. III.1 ʠ ʨʠʩ. III.2 ʠʟʦʙʨʘʞʝʥʳ ʚʳʧʫʢʣʳʝ ʦʙʦʣʦʯʢʠ ʚ ʜʘʥʥʳʭ 

ʙʠʥʘʨʥʳʭ ʩʠʩʪʝʤʘʭ, ʦʪʦʙʨʘʞʘʶʱʠʝ ʩʪʘʙʠʣʴʥʳʝ ʠ ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ ʩʦʝʜʠʥʝʥʠʷ. ɺ ʩʠʩʪʝʤʝ Na-Ge, ʩʦʛʣʘʩʥʦ 

ʥʘʰʠʤ ʨʘʩʯʝʪʘʤ 4 ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʳʝ ʬʘʟʳ: NaGe, Na13Ge6, Na9Ge4 ʠ Na15Ge4. ɺ ʩʠʩʪʝʤʝ K-Ge 

ʩʦʛʣʘʩʥʦ ʨʘʩʯʝʪʘʤ 2 ʩʪʘʙʠʣʴʥʳʭ ʩʪʨʫʢʪʫʨʳ: K3Ge17 ʠ KGe. ʂʘʢ ʠ ʨʘʥʝʝ, ʜʣʷ ʚʩʝʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ 

ʩʪʘʙʠʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʥʠʟʢʦʣʝʪʷʱʠʭ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʬʘʟ ʤʳ ʧʨʦʚʝʣʠ ʨʘʩʯʝʪ ʚ ʢʚʘʟʠʛʘʨʤʦʥʠʯʝʩʢʦʤ 

ʧʨʠʙʣʠʞʝʥʠʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʯʘʩʪʦʪ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʢʣʘʜʘ ʵʥʪʨʦʧʠʠ ʚ ʩʚʦʙʦʜʥʫʶ ʵʥʝʨʛʠʶ ɻʠʙʙʩʘ. ɺ 

ʩʠʩʪʝʤʝ Na-Ge ʙʳʣʦ ʥʘʡʜʝʥʦ ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 350 ʠ 200 ʂ ʩʪʘʥʦʚʷʪʩʷ 

ʤʝʪʘʩʪʘʙʠʣʴʥʳʤʠ ʩʪʨʫʢʪʫʨʳ Na13Ge6 ʠ Na15Ge4, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɸ ʚ ʩʪʨʫʢʪʫʨʝ Na9Ge4 ʧʨʦʠʩʭʦʜʠʪ 

ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ C2/m ï P63/mmc (ʧʦʜʨʦʙʥʦ ʥʘ ʨʠʩʫʥʢʝ III.3). ɺ ʩʠʩʪʝʤʝ K-Ge ʤʳ ʥʘʰʣʠ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ 

KGe: P4-3n ï P1 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 430 K, ʢʨʦʤʝ ʪʦʛʦ, ʤʳ ʥʘʰʣʠ ʯʪʦ ʬʘʟʘ K3Ge17 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 

200 K ʩʪʘʥʦʚʠʪʩʷ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ, ʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 100 K ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʦʡ 

ʩʪʘʥʦʚʠʪʩʷ ʬʘʟʘ K4Ge23 (ʧʦʜʨʦʙʥʦ ʥʘ ʨʠʩʫʥʢʝ III .4).  

 
ʈʠʩʫʥʦʢ III .1. (a) ʈʘʩʩʯʠʪʘʥʥʘʷ ʚʳʧʫʢʣʘʷ ʦʙʦʣʦʯʢʘ ʩʠʩʪʝʤʳ Na-Ge ʧʨʠ T=0 ʂ ʩ ʫʯʝʪʦʤ ʵʥʝʨʛʠʡ ʥʫʣʝʚʳʭ 

ʢʦʣʝʙʘʥʠʡ, ʩʠʥʠʝ ʢʨʫʞʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʪʘʙʠʣʴʥʳʝ ʩʦʝʜʠʥʝʥʠʷ, ʢʨʘʩʥʳʝ ʨʦʤʙʳ ð ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ 

ʩʪʨʫʢʪʫʨʳ. (b) ʌʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʩʦʩʪʘʚ-ʪʝʤʧʝʨʘʪʫʨʘ. (c) ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ 

ʩʦʝʜʠʥʝʥʠʡ Na-Ge, ʞʝʣʪʳʝ ʘʪʦʤʳ ʠ ʬʠʦʣʝʪʦʚʳʝ ʘʪʦʤʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ Na ʠ Ge ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 



 
ʈʠʩʫʥʦʢ III .2. (a) ʈʘʩʩʯʠʪʘʥʥʘʷ ʚʳʧʫʢʣʘʷ ʦʙʦʣʦʯʢʘ ʩʠʩʪʝʤʳ K-Ge ʧʨʠ T=0 ʂ ʩ ʫʯʝʪʦʤ ʵʥʝʨʛʠʡ ʥʫʣʝʚʳʭ 

ʢʦʣʝʙʘʥʠʡ, ʩʠʥʠʝ ʢʨʫʞʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʪʘʙʠʣʴʥʳʝ ʩʦʝʜʠʥʝʥʠʷ, ʢʨʘʩʥʳʝ ʨʦʤʙʳ ð ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ 

ʩʪʨʫʢʪʫʨʳ. (b) ʌʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʩʦʩʪʘʚ-ʪʝʤʧʝʨʘʪʫʨʘ. (c) ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ 

ʩʦʝʜʠʥʝʥʠʡ K-Ge. 

 
ʈʠʩʫʥʦʢ III.3 ʕʥʝʨʛʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟ Na9Ge4. 



 
ʈʠʩʫʥʦʢ III.4 ʕʥʝʨʛʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟ KGe. 

 

ɺ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʤʳ ʟʘʥʠʤʘʝʪʩʷ ʧʦʩʪʨʦʝʥʠʝʤ ʧʦʪʝʥʮʠʘʣʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʚ ʙʠʥʘʨʥʳʭ 

ʩʠʩʪʝʤʘʭ Na-Ge ʠ K-Ge ʜʣʷ ʨʘʩʯʝʪʘ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʠ ʛʦʪʦʚʠʤ ʩʪʘʪʴʶ ʜʣʷ ʧʫʙʣʠʢʘʮʠʠ, ʦʜʥʘʢʦ 

ʤʦʞʝʤ ʩʜʝʣʘʪʴ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʝ ʚʳʚʦʜʳ: 

1. ʄʳ ʠʟʫʯʠʣʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʩ ʫʯʝʪʦʤ ʵʥʪʨʦʧʠʡʥʦʛʦ ʚʢʣʘʜʘ ʚ ʩʚʦʙʦʜʥʫʶ 

ʵʥʝʨʛʠʶ ɻʠʙʙʩʘ ʚ ʙʠʥʘʨʥʳʭ ʩʠʩʪʝʤʘʭ K-Ge ʠ Na-Ge, ʦʧʨʝʜʝʣʠʣʠ ʚʩʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ 

ʩʪʘʙʠʣʴʥʳʝ ʠ ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ ʬʘʟʳ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʠʣʠ ʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʪʝʤʧʝʨʘʪʫʨʦʡ 

ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ.  



ʏʘʩʪʴ 4. Li -Ge-P, Na-Ge-P, K-Ge-P 

 ʊʘʢʞʝ ʤʳ ʨʘʩʩʤʦʪʨʝʣʠ ʪʨʦʡʥʳʝ ʩʠʩʪʝʤʳ Li-Ge-S, Na-Ge-S, K-Ge-S. ʅʘ ʨʠʩ. IV.1 ï IV.3 ʧʦʢʘʟʘʥʳ 

ʬʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤ ʠʟ ʙʘʟ ʜʘʥʥʳʭ Materials project, OQMD ʠ ʥʘʰʠʭ USPEX 

ʨʘʩʯʝʪʦʚ. ɺ ʩʠʩʪʝʤʝ Li-Ge-S, ʩʦʛʣʘʩʥʦ ʥʘʰʠʤ ʨʘʩʯʝʪʘʤ, ʪʦʣʴʢʦ ʩʪʨʫʢʪʫʨʘ Li 4GeS4 ʷʚʣʷʝʪʩʷ ʩʪʘʙʠʣʴʥʦʡ, 

ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ ʠʟ OQMD, ʦʜʥʘʢʦ ʚ Materials project Li 2GeS3 ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʩʪʘʙʠʣʴʥʦʡ. ʄʳ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʘʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʚ ʥʘʰʠʭ ʨʘʩʯʝʪʘʭ, ʠ ʦʥʘ ʦʢʘʟʘʣʘʩʴ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ (ʵʥʝʨʛʠʷ ʥʘʜ ʣʠʥʠʝʡ 

ʜʝʢʦʤʧʦʟʠʮʠʠ 0.03 eV). ɺ ʩʠʩʪʝʤʝ Na-Ge-S ʜʘʥʥʳʝ ʠʟ ʙʘʟ ʜʘʥʥʳʭ ʪʘʢʞʝ ʠʤʝʶʪʩʷ ʨʘʟʣʠʯʠʷ. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʚ OQMD, ʚ ʦʪʣʠʯʠʠ ʦʪ Materials Project ʠʤʝʝʪʩʷ ʩʪʘʙʠʣʴʥʘʷ ʬʘʟʘ Na4GeS4, ʢʦʪʦʨʘʷ ʚ ʥʘʰʠʭ ʨʘʩʯʝʪʘʭ ʪʘʢʞʝ 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʥʘ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʝ. ʈʘʩʯʝʪʳ ʤʝʪʦʜʦʤ USPEX ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʩʠʩʪʝʤʝ Na-Ge-S 

ʩʫʱʝʩʪʚʫʝʪ ʝʱʝ ʦʜʥʘ ʩʪʨʫʢʪʫʨʘ ʢʦʪʦʨʘʷ ʥʝ ʙʳʣʘ ʠʟʚʝʩʪʥʘ ʨʘʥʝʝ, Na10Ge3S10. ɺ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʤʳ ʜʝʪʘʣʴʥʦ 

ʠʟʫʯʘʝʤ ʵʪʫ ʩʪʨʫʢʪʫʨʫ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʝʝ ʧʝʨʩʧʝʢʪʠʚ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʵʣʝʢʪʨʦʣʠʪʘʭ. ɺ 

ʩʠʩʪʝʤʝ K-Ge-S ʜʘʥʥʳʝ ʠʟ Materials project ʠ OQMD ʪʘʢ ʞʝ ʥʝ ʩʦʚʧʘʜʘʶʪ, ʚ OQMD ʠʤʝʝʪʩʷ ʬʘʟʘ K2GeS3, 

ʢʦʪʦʨʘʷ ʚ ʥʘʰʠʭ ʨʘʩʯʝʪʘʭ USPEX ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʩʪʘʙʠʣʴʥʦʡ, ʚ ʦʪʣʠʯʠʠ ʦʪ Materials Project. 

ɺ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʤʳ ʧʣʘʥʠʨʫʝʤ ʧʦʩʪʨʦʝʥʠʝ ʧʦʪʝʥʮʠʘʣʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʠ ʧʨʦʚʝʜʝʥʠʝ 

ʨʘʩʯʝʪʦʚ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʨʘʩʯʝʪʦʚ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʩʦʝʜʠʥʝʥʠʷʭ Na-Ge ʠ 

K-Ge. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʟʫʯʝʥʠʷ ʪʨʦʡʥʳʭ ʩʠʩʪʝʤ Li -Ge-S, Na-Ge-S, K-Ge-S ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ 

ʯʪʦ ʠʥʬʦʨʤʘʮʠʷ ʠʟ ʨʘʟʥʳʭ ʙʘʟ ʜʘʥʥʳʭ ʷʚʣʷʝʪʩʷ ʥʝʧʦʣʥʦʡ, ʠ ʪʨʝʙʫʶʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʨʘʩʯʝʪʳ. 

ʊʘʢʞʝ ʥʘʤʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ USPEX ʥʘʡʜʝʥʘ ʥʦʚʘʷ ʩʪʨʫʢʪʫʨʘ Na10Ge3S10. 

 
ʈʠʩʫʥʦʢ IV.1 ʌʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʦʡ ʩʠʩʪʝʤʳ Li-Ge-S. 

 

 
ʈʠʩʫʥʦʢ IV.2 ʌʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʦʡ ʩʠʩʪʝʤʳ Na-Ge-S. 



 
ʈʠʩʫʥʦʢ IV.3 ʌʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʦʡ ʩʠʩʪʝʤʳ K-Ge-S. 

  



ʏʘʩʪʴ 5. ɻʘʣʦʛʝʥʠʜʳ ʣʠʪʠʷ 

ɻʘʣʦʛʝʥʠʜʳ ʣʠʪʠʷ, ʪʘʢʠʝ ʢʘʢ Li 3YCl6, Li 3YCl6 ʧʨʠʚʣʝʢʘʶʪ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʙʣʘʛʦʜʘʨʷ ʠʭ 

ʚʳʩʦʢʦʡ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ (0.5 ʤʉʤ/ʩʤ ʠ 1.7 ʤʉʤ/ʩʤ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [8]. 

ʈʦʜʩʪʚʝʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʩʦʩʪʘʚʘ Li 3MHal6 (M = In, Ga, La, Y, ʠ ʜʨ.; Hal = F, Cl, Br, I) ʧʨʠʚʣʝʢʘʶʪ ʪʘʢʞʝ 

ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ [8-16]. ʂʨʦʤʝ ʪʦʛʦ, ʥʝʜʘʚʥʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ (ʥʦʷʙʨʴ 2023 ʛ.) ʛʨʫʧʧʳ DeepMind 

ʢʦʤʧʘʥʠʠ Google [17] ʙʳʣ ʧʨʠʤʝʥʝʥ ʠʩʢʫʩʩʪʚʝʥʥʳʡ ʠʥʪʝʣʣʝʢʪ ʜʣʷ ʘʥʘʣʠʟʘ ʧʨʠʤʝʨʥʦ 421 ʪʳʩʷʯʠ 

ʩʪʨʫʢʪʫʨ, ʩʨʝʜʠ ʢʦʪʦʨʳʡ 381 ʪʳʩʷʯʘ ʥʦʚʳʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʩʦʩʪʘʚʘ Li 3MHal6, ʯʪʦ ʪʘʢʞʝ ʧʨʠʚʣʝʢʣʦ ʠ ʥʘʰʝ 

ʚʥʠʤʘʥʠʝ. ʄʥʦʛʠʝ ʠʟ ʥʦʚʳʭ ʩʪʨʫʢʪʫʨ ʩʦʩʪʘʚʘ Li 3MHal6 ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʟʘʤʝʥʳ ʘʪʦʤʘ ʚ ʠʟʚʝʩʪʥʳʭ 

ʨʘʥʝʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨʘʭ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʜʘʥʥʳʝ ʩʦʩʪʘʚʳ ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʟʘʷʚʣʝʥʥʳʤ 

ʨʘʥʝʝ ʚ ʜʘʥʥʦʤ ʧʨʦʝʢʪʝ ʩʦʩʪʘʚʘʤ, ʤʳ ʠʟʫʯʠʣʠ ʠʦʥʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʚ ʜʘʥʥʳʭ ʩʠʩʪʝʤʘʭ, ʪʘʢ ʢʘʢ ʦʥʠ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʫʱʝʩʪʚʝʥʥʳʡ ʠʥʪʝʨʝʩ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʩ ʪʚʝʨʜʳʤ ʵʣʝʢʪʨʦʣʠʪʦʤ ʠ 

ʷʚʣʷʶʪʩʷ ʨʘʥʝʝ ʥʝ ʠʟʫʯʝʥʥʳʤʠ.  

ʄʳ ʨʘʩʩʤʦʪʨʝʣʠ ʩʦʝʜʠʥʝʥʠʷ ʩʦʩʪʘʚʘ Li 3MHal6 ʪʨʝʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʛʨʫʧʧ: C2 (Li 3InCl6; 

Li 3LaBr6; Li 3GaCl6; Li 3InBr3I3); C2m (Li 3LaBr6); P-3c1 (Li 3InI6; Li 3LaBr6; Li 3LaCl6; Li 3InF6). ɼʘʥʥʳʝ 

ʩʦʝʜʠʥʝʥʠʷ ʚʳʙʨʘʥʳ ʥʘʤʠ, ʪ.ʢ. ʥʘ ʦʩʥʦʚʝ ʥʘʰʠʭ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʨʘʩʯʝʪʦʚ ʦʥʠ ʷʚʣʷʶʪʩʷ ʣʠʙʦ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʳʤʠ, ʣʠʙʦ ʷʚʣʷʶʪʩʷ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʤʝʪʘʩʪʘʙʠʣʴʥʳʤʠ ʬʘʟʘʤʠ. ʂʘʢ ʠ 

ʨʘʥʝʝ, ʜʣʷ ʜʘʥʥʳʭ ʩʠʩʪʝʤ ʤʳ ʧʦʩʪʨʦʠʣʠ ʧʦʪʝʥʮʠʘʣʳ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ (ʚʘʣʠʜʘʮʠʠ ʧʦʪʝʥʮʠʘʣʦʚ 

ʦʪʨʘʞʝʥʳ ʥʘ ʨʠʩ. V.4-V.9) ʠ ʧʨʦʚʝʣʠ ʨʘʩʯʝʪʳ ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʟʥʘʯʝʥʠʡ ʠʦʥʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ. ʀʦʥʥʳʝ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʘʢʪʠʚʘʮʠʦʥʥʳʝ ʙʘʨʴʝʨʳ ʜʣʷ ʜʘʥʥʳʭ ʩʪʨʫʢʪʫʨ ʧʦʢʘʟʘʥʳ ʥʘ 

ʨʠʩʫʥʢʘʭ V.1-V.3. ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʦʣʝʢʫʣʷʨʥʦ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʳ ʥʘʰʣʠ, ʯʪʦ ʚʩʝ 

ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʬʘʟʳ ʦʙʣʘʜʘʶʪ ʭʦʨʦʰʝʡ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʧʨʝʚʳʰʘʶʱʝʡ 10ï3  ʉʤ/ʩʤ. ʄʳ ʥʘʰʣʠ, 

ʯʪʦ ʚ ʩʦʝʜʠʥʝʥʠʠ Li 3InF6 ʠʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʴʰʝʡ, ʘ ʘʢʪʠʚʘʮʠʦʥʥʳʡ ʙʘʨʴʝʨ 

ʥʘʠʤʝʥʴʰʠʤ. ʉʦʝʜʠʥʝʥʠʷ Li 3LaBr6, Li 3InBr3I3 ʪʘʢʞʝ ʦʙʣʘʜʘʶʪ ʧʨʠʤʝʯʘʪʝʣʴʥʦʡ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ 

ʩʦʛʣʘʩʥʦ ʥʘʰʠʤ ʨʘʩʯʝʪʘʤ. ɼʘʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʢʘʥʜʠʜʘʪʘʤʠ ʥʘ ʨʦʣʴ ʪʚʝʨʜʦʛʦ 

ʵʣʝʢʪʨʦʣʠʪʘ ʚ ʧʦʣʥʦʩʪʴʶ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʘʭ. ʊʝʤ ʥʝ ʤʝʥʝʝ ʪʨʝʙʫʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʠ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ɺ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʤʳ 

ʧʨʦʜʦʣʞʘʝʤ ʠʟʫʯʘʪʴ ʵʪʦʪ ʢʣʘʩʩ ʩʦʝʜʠʥʝʥʠʡ ʠ ʛʦʪʦʚʠʤ ʩʪʘʪʴʶ ʜʣʷ ʧʫʙʣʠʢʘʮʠʠ, ʦʜʥʘʢʦ ʜʝʣʘʝʤ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʝ ʚʳʚʦʜʳ: 

1. ʄʳ ʚʧʝʨʚʳʝ ʨʘʩʩʤʦʪʨʝʣʠ ʩʦʝʜʠʥʝʥʠʷ ʩʦʩʪʘʚʘ Li 3MHal 6 ʪʨʝʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʛʨʫʧʧ: C2 

(Li 3InCl 6; Li 3LaBr 6; Li 3GaCl6; Li 3InBr 3I3); C2m (Li 3LaBr 6); P-3c1 (Li 3InI 6; Li 3LaBr 6; Li 3LaCl 6; Li 3InF 6). 

ɺʩʝ ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʦʙʣʘʜʘʶʪ ʧʦʚʳʰʝʥʥʦʡ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʠ ʷʚʣʷʶʪʩʷ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʢʘʥʜʠʜʘʪʘʤʠ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʧʦʣʥʦʩʪʴʶ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʘʭ ʩ 

ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʣʠʪʠʝʤ. 

 

ʈʠʩʫʥʦʢ V.1. ʀʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʢʘʢ ʬʫʥʢʮʠʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʘʢʪʠʚʘʮʠʦʥʥʳʝ ʙʘʨʴʝʨʳ (ʫʢʘʟʘʥʳ ʚ 

ʩʢʦʙʢʘʭ) ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ Li 3MHal6 ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ C2. 



 

ʈʠʩʫʥʦʢ V.2. ʀʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʢʘʢ ʬʫʥʢʮʠʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʘʢʪʠʚʘʮʠʦʥʥʳʝ ʙʘʨʴʝʨʳ (ʫʢʘʟʘʥʳ ʚ 

ʩʢʦʙʢʘʭ) ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ Li 3MHal6 ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ C2m. 

 

 

ʈʠʩʫʥʦʢ V.3. ʀʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʢʘʢ ʬʫʥʢʮʠʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʘʢʪʠʚʘʮʠʦʥʥʳʝ ʙʘʨʴʝʨʳ (ʫʢʘʟʘʥʳ ʚ 

ʩʢʦʙʢʘʭ) ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ Li 3MHal6 ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ P-3c1 

 



 
ʈʠʩʫʥʦʢ V.4a. ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ ʚ ʵʥʝʨʛʠʷʭ ʥʘ ʘʪʦʤ (ʤʵɺ/ʘʪʦʤ) 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʦʩʥʦʚʝ PBE-D3 ʬʫʥʢʮʠʦʥʘʣʘ ʜʣʷ ʩʠʩʪʝʤʳ Li-La-Br. AAE ʠ RMSE 

ʦʟʥʘʯʘʶʪ ʘʙʩʦʣʶʪʥʫʶ ʩʨʝʜʥʶʶ ʦʰʠʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ 

ʨʘʩʯʝʪʘʤʠ ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

 

ʈʠʩʫʥʦʢ V.4b. ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ ʚ ʩʠʣʘʭ (ʵɺ/ ) ʨʘʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ 

ʥʘ ʦʩʥʦʚʝ PBE-D3 ʬʫʥʢʮʠʦʥʘʣʘ ʜʣʷ ʩʠʩʪʝʤʳ Li-La-Br. AAE ʠ RMSE ʦʟʥʘʯʘʶʪ ʘʙʩʦʣʶʪʥʫʶ ʩʨʝʜʥʶʶ 

ʦ ʠhʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ ʨʘʩʯʝʪʘʤʠ ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

 



 
ʈʠʩʫʥʦʢ V.5a. ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ ʚ ʵʥʝʨʛʠʷʭ ʥʘ ʘʪʦʤ (ʤʵɺ/ʘʪʦʤ) 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʦʩʥʦʚʝ PBE-D3 ʬʫʥʢʮʠʦʥʘʣʘ ʜʣʷ ʩʠʩʪʝʤʳ Li-La-Cl. AAE ʠ RMSE 

ʦʟʥʘʯʘʶʪ ʘʙʩʦʣʶʪʥʫʶ ʩʨʝʜʥʶʶ ʦʰʠʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ 

ʨʘʩʯʝʪʘʤʠ ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

 
ʈʠʩʫʥʦʢ V.5b. ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ ʚ ʩʠʣʘʭ (ʵɺ/ ) ʨʘʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ 

ʥʘ ʦʩʥʦʚʝ PBE-D3 ʬʫʥʢʮʠʦʥʘʣʘ ʜʣʷ ʩʠʩʪʝʤʳ Li-La-Cl. AAE ʠ RMSE ʦʟʥʘʯʘʶʪ ʘʙʩʦʣʶʪʥʫʶ ʩʨʝʜʥʶʶ 

ʦʰʠʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ ʨʘʩʯʝʪʘʤʠ ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 



 
ʈʠʩʫʥʦʢ V.6a. ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ ʚ ʵʥʝʨʛʠʷʭ ʥʘ ʘʪʦʤ (ʤʵɺ/ʘʪʦʤ) 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʦʩʥʦʚʝ PBE-D3 ʬʫʥʢʮʠʦʥʘʣʘ ʜʣʷ ʩʠʩʪʝʤʳ Li-Ga-Cl. AAE ʠ RMSE 

ʦʟʥʘʯʘʶʪ ʘʙʩʦʣʶʪʥʫʶ ʩʨʝʜʥʶʶ ʦʰʠʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ 

ʨʘʩʯʝʪʘʤʠ ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

 
ʈʠʩʫʥʦʢ V.6b. ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ ʚ ʩʠʣʘʭ (ʵɺ/ ) ʨʘʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ 

ʥʘ ʦʩʥʦʚʝ PBE-D3 ʬʫʥʢʮʠʦʥʘʣʘ ʜʣʷ ʩʠʩʪʝʤʳ Li-Ga-Cl. AAE ʠ RMSE ʦʟʥʘʯʘʶʪ ʘʙʩʦʣʶʪʥʫʶ ʩʨʝʜʥʶʶ 

ʦʰʠʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ ʨʘʩʯʝʪʘʤʠ ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 



 
ʈʠʩʫʥʦʢ V.7a. ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ ʚ ʵʥʝʨʛʠʷʭ ʥʘ ʘʪʦʤ (ʤʵɺ/ʘʪʦʤ) 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʦʩʥʦʚʝ PBE-D3 ʬʫʥʢʮʠʦʥʘʣʘ ʜʣʷ ʩʠʩʪʝʤʳ Li-In-I. AAE ʠ RMSE 

ʦʟʥʘʯʘʶʪ ʘʙʩʦʣʶʪʥʫʶ ʩʨʝʜʥʶʶ ʦʰʠʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ 

ʨʘʩʯʝʪʘʤʠ ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

 
ʈʠʩʫʥʦʢ V.7b. ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ ʚ ʩʠʣʘʭ (ʵɺ/ ) ʨʘʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ 

ʥʘ ʦʩʥʦʚʝ PBE-D3 ʬʫʥʢʮʠʦʥʘʣʘ ʜʣʷ ʩʠʩʪʝʤʳ Li-In-I. AAE ʠ RMSE ʦʟʥʘʯʘʶʪ ʘʙʩʦʣʶʪʥʫʶ ʩʨʝʜʥʶʶ 

ʦʰʠʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ ʨʘʩʯʝʪʘʤʠ ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 



 
ʈʠʩʫʥʦʢ V.8a. ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ ʚ ʵʥʝʨʛʠʷʭ ʥʘ ʘʪʦʤ (ʤʵɺ/ʘʪʦʤ) 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʦʩʥʦʚʝ PBE-D3 ʬʫʥʢʮʠʦʥʘʣʘ ʜʣʷ ʩʠʩʪʝʤʳ Li-In-Cl. AAE ʠ RMSE 

ʦʟʥʘʯʘʶʪ ʘʙʩʦʣʶʪʥʫʶ ʩʨʝʜʥʶʶ ʦʰʠʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ 

ʨʘʩʯʝʪʘʤʠ ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

 
ʈʠʩʫʥʦʢ V.8b. ʆʰʠʙʢʠ ʜʣʷ ʚʘʣʠʜʘʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʩʪʨʫʢʪʫʨ ʚ ʩʠʣʘʭ (ʵɺ/ ) ʨʘʩʯʠʪʘʥʥʳʭ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ 

ʥʘ ʦʩʥʦʚʝ PBE-D3 ʬʫʥʢʮʠʦʥʘʣʘ ʜʣʷ ʩʠʩʪʝʤʳ Li-In-Cl. AAE ʠ RMSE ʦʟʥʘʯʘʶʪ ʘʙʩʦʣʶʪʥʫʶ ʩʨʝʜʥʶʶ 

ʦʰʠʙʢʫ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʞʜʫ ʨʘʩʯʝʪʘʤʠ ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 


