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ɺʚʝʜʝʥʠʝ 

ɸʢʪʫʘʣʴʥʦʩʪʴ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʘʢʪʠʚʥʦ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʥʦʚʳʝ ʫʩʪʨʦʡʩʪʚʘ ʭʨʘʥʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ, ʚ 

ʦʩʥʦʚʝ ʢʦʪʦʨʳʭ ʣʝʞʠʪ ʷʚʣʝʥʠʝ ʙʠʩʪʘʙʠʣʴʥʦʩʪʠ [1]. ɺ ʦʧʨʝʜʝʣʝʥʥʳʭ ʚʥʝʰʥʠʭ ʫʩʣʦʚʠʷʭ ʢʘʞʜʳʡ 

ʵʣʝʤʝʥʪ ʫʩʪʨʦʡʩʪʚʘ ʥʘʭʦʜʠʪʩʷ ʚ ʦʜʥʦʤ ʠʟ ʜʚʫʭ ʩʦʩʪʦʷʥʠʡ (ʩ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ çʚʚʝʨʭè ʠʣʠ 

çʚʥʠʟè, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʢʦʜʠʨʦʚʘʪʴ ç1è ʠʣʠ ç0è ʚ ʢʦʤʧʴʶʪʝʨʥʦʡ ʣʦʛʠʢʝ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʭʨʘʥʠʪʴ 

1 ʙʠʪ ʠʥʬʦʨʤʘʮʠʠ. ʋʩʠʣʠʷ ʥʘʫʯʥʦʛʦ ʩʦʦʙʱʝʩʪʚʘ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʫʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʦʚ ʵʣʝʤʝʥʪʦʚ 

ʭʨʘʥʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʫʩʪʨʦʡʩʪʚʦ ʢʘʢ ʤʦʞʥʦ ʤʝʥʴʰʝʛʦ ʨʘʟʤʝʨʘ ʤʦʛʣʦ ʩʦʜʝʨʞʘʪʴ 

ʚ ʩʝʙʝ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʠʥʬʦʨʤʘʮʠʠ [2-4]. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʟʘʜʘʯʠ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ 

ʤʦʣʝʢʫʣʷʨʥʳʝ ʤʘʛʥʝʪʠʢʠ (ʘʥʛʣ. single-molecule magnets, SMM [5,6]), ʢʦʪʦʨʳʝ ʩʦʭʨʘʥʷʶʪ 

ʦʩʪʘʪʦʯʥʫʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʜʘʞʝ ʚ ʦʪʩʫʪʩʪʚʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʝ ʚʨʝʤʷ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʭ ʜʣʷ ʭʨʘʥʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ. 

ɼʣʷ SMM ʜʦʩʪʠʛʘʝʪʩʷ ʤʠʥʠʤʘʣʴʥʳʡ ʨʘʟʤʝʨ ʙʠʪʘ ʠʥʬʦʨʤʘʮʠʠ ï 1 ʤʦʣʝʢʫʣʘ. 

ʅʘʠʙʦʣʝʝ ʧʨʠʩʪʘʣʴʥʦʝ ʚʥʠʤʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ SMM ʧʨʠʚʣʝʢʘʶʪ ʢ ʩʝʙʝ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ 

ʩʦʝʜʠʥʝʥʠʷ (ʂʉ) ʣʘʥʪʘʥʠʜʦʚ. ʇʦʜʘʚʣʷʶʱʝʝ ʙʦʣʴʰʠʥʩʪʚʦ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʝʜʣʝʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʢʘʢ ʦʩʥʦʚʥʦʛʦ ʩʚʦʡʩʪʚʘ SMM ʩʢʦʥʮʝʥʪʨʠʨʦʚʘʥʳ ʥʘ ʂʉ DyIII  [7-14]. ʊʘʢʘʷ 

ʨʘʩʩʪʘʥʦʚʢʘ ʧʨʠʦʨʠʪʝʪʦʚ ʩʚʷʟʘʥʘ ʩ ʪʝʤ, ʯʪʦ DyIII  ʷʚʣʷʝʪʩʷ ʢʨʘʤʝʨʩʦʚʳʤ ʠʦʥʦʤ (ʠʤʝʝʪ ʥʝʯʝʪʥʦʝ 

ʯʠʩʣʦ ʵʣʝʢʪʨʦʥʦʚ) ʠ ʦʙʣʘʜʘʝʪ ʙʠʩʪʘʙʠʣʴʥʳʤ ʦʩʥʦʚʥʳʤ ʩʦʩʪʦʷʥʠʝʤ, ʯʪʦ ʜʝʣʘʝʪ ʧʝʨʩʧʝʢʪʠʚʥʳʤ 

ʩʦʟʜʘʥʠʝ ʥʘ ʝʛʦ ʦʩʥʦʚʝ SMM ʩ ʥʘʠʙʦʣʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʙʘʨʴʝʨʦʚ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ (ȹeff) ʠ 

ʪʝʤʧʝʨʘʪʫʨ ʙʣʦʢʠʨʦʚʢʠ (TB) [1]. ʄʦʣʝʢʫʣʷʨʥʳʝ ʤʘʛʥʝʪʠʢʠ ʥʘ ʦʩʥʦʚʝ ErIII  ʠ YbIII  ʪʘʢʞʝ ʷʚʣʷʶʪʩʷ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʝʣʠʯʠʥʳ ʠʭ ȹeff, ʦʜʥʘʢʦ ʦʥʠ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʝʝ ʠʩʩʣʝʜʦʚʘʥʳ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ SMM ʥʘ ʦʩʥʦʚʝ DyIII  [15,16].  

ɼʣʷ ʧʨʦʷʚʣʝʥʠʷ ʤʝʜʣʝʥʥʦʡ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʠ ʫʣʫʯʰʝʥʠʷ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ SMM ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʦʜʠʬʠʢʘʮʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʠʦʥʘ ʣʘʥʪʘʥʠʜʘ, 

ʩʦʟʜʘʚʘʝʤʦʝ ʣʠʛʘʥʜʘʤʠ. ɻʝʦʤʝʪʨʠʷ ʩʦʟʜʘʚʘʝʤʦʛʦ ʣʠʛʘʥʜʘʤʠ ʂʇ ʤʦʞʝʪ ʚʣʠʷʪʴ ʥʘ ʤʘʛʥʠʪʥʫʶ 

ʘʥʠʟʦʪʨʦʧʠʶ ʠʦʥʘ ʚ ʯʘʩʪʥʦʩʪʠ ʠ ʤʝʜʣʝʥʥʫʶ ʨʝʣʘʢʩʘʮʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʮʝʣʦʤ. ʆʜʥʘʢʦ 

ʚʣʠʷʥʠʝ ʧʨʠʨʦʜʳ ʜʦʥʦʨʥʳʭ ʮʝʥʪʨʦʚ ʠ ʠʭ ʚʟʘʠʤʦʨʘʩʧʦʣʦʞʝʥʠʷ ʚ ʂʇ ʥʝ ʙʳʣʦ ʜʝʪʘʣʴʥʦ ʠʟʫʯʝʥʦ 

ʥʘ ʧʨʠʤʝʨʝ ʩʝʨʠʡ ʢʦʤʧʣʝʢʩʦʚ ErIII  ʠ YbIII  ʚ ʤʠʨʦʚʦʡ ʣʠʪʝʨʘʪʫʨʝ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʣʘʥʪʘʥʠʜʦʚ ʦʪʢʨʳʚʘʝʪ 

ʧʝʨʩʧʝʢʪʠʚʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʫʩʪʨʦʡʩʪʚ ʭʨʘʥʝʥʠʷ ʠ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ ʥʘ ʠʭ ʦʩʥʦʚʝ, 

ʬʫʥʢʮʠʦʥʠʨʫʶʱʠʭ ʫʞʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʢʠʧʝʥʠʷ ʞʠʜʢʦʛʦ ʘʟʦʪʘ, ʘ ʥʝ ʞʠʜʢʦʛʦ ʛʝʣʠʷ, ʢʦʪʦʨʳʡ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʙʳ ʫʜʝʰʝʚʠʣʦ ʦʙʩʣʫʞʠʚʘʥʠʝ ʧʦʜʦʙʥʳʭ 

ʫʩʪʨʦʡʩʪʚ [17].  
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʨʘʙʦʪʢʘ ʧʨʠʥʮʠʧʦʚ ʩʦʟʜʘʥʠʷ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ ʥʘ ʦʩʥʦʚʝ 

ʢʦʤʧʣʝʢʩʦʚ ʣʘʥʪʘʥʠʜʦʚ ʠ ʚʳʷʚʣʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʠʟʤʝʥʝʥʠʷ ʠʭ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʷʚʣʷʝʪʩʷ 

ʘʢʪʫʘʣʴʥʦʡ ʠ ʚʦʩʪʨʝʙʦʚʘʥʥʦʡ ʟʘʜʘʯʝʡ ʩʦʚʨʝʤʝʥʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʥʘʫʢʠ. 

ʎʝʣʴ ʠ ʟʘʜʘʯʠ ʨʘʙʦʪʳ 

ʎʝʣʴ ʨʘʙʦʪʳ: ʫʩʪʘʥʦʚʠʪʴ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʢʦʥʬʠʛʫʨʘʮʠʝʡ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ 

ʦʢʨʫʞʝʥʠʷ ʠ ʨʝʣʘʢʩʘʮʠʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʨʷʜʘ ʢʦʤʧʣʝʢʩʦʚ DyIII, ErIII ʠ YbIII ʩ ʭʝʣʘʪʠʨʫʶʱʠʤʠ 

N-ʜʦʥʦʨʥʳʤʠ ʣʠʛʘʥʜʘʤʠ ʠ ʘʥʠʦʥʘʤʠ Clī, CNī ʠ SCNī. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʨʝʰʠʪʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

1. ʆʧʨʝʜʝʣʠʪʴ ʥʘʣʠʯʠʝ ʤʝʜʣʝʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʫʯʘʩʪʚʫʶʱʠʝ ʤʝʭʘʥʠʟʤʳ 

ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʜʥʦʬʘʟʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ 

ʢʦʤʧʣʝʢʩʦʚ ʠʟ ʩʝʨʠʡ: ʭʣʦʨʠʜʦʚ DyIII, ErIII ʠ YbIII ʩ 2,2'-ʙʠʧʠʨʠʜʠʥʦʤ ʠ 2,2ǋ:6ǋ,2ǋǋ-ʪʝʨʧʠʨʠʜʠʥʦʤ, 

ʪʠʦʮʠʘʥʘʪʦʚ ErIII ʠ YbIII c 2,2'-ʙʠʧʠʨʠʜʠʥʦʤ ʠ 1,10-ʬʝʥʘʥʪʨʦʣʠʥʦʤ, ʪʠʦʮʠʘʥʘʪʦʚ DyIII, ErIII ʠ YbIII 

ʩ 3,4,7,8-ʪʝʪʨʘʤʝʪʠʣ-1,10-ʬʝʥʘʥʪʨʦʣʠʥʦʤ, ʪʠʦʮʠʘʥʘʪʦʚ DyIII ʩ 2,4,6-ʪʨʠʩ(2-ʧʠʨʠʜʠʣ)-s-

ʪʨʠʘʟʠʥʦʤ, ʘ ʪʘʢʞʝ 3D-ʧʦʣʠʤʝʨʥʳʭ ʮʠʘʥʦʢʦʙʘʣʴʪʘʪʦʚ DyIII, ErIII ʠ YbIII.  

2. Cʨʘʚʥʝʥʠʪ ɹʧʘʨʘʤʝʪʨ rʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʧʦ ʜʘʥʥʳʤ 

ʠʟʤʝʨʝʥʠʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ. 

3. ʋʩʪʘʥʦʚʠʪʴ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʩʪʨʫʢʪʫʨʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ (ʚʟʘʠʤʦʨʘʩʧʦʣʦʞʝʥʠʝʤ ʜʦʥʦʨʥʳʭ ʮʝʥʪʨʦʚ ʣʠʛʘʥʜʦʚ ʠ ʛʝʦʤʝʪʨʠʝʡ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ 

ʧʦʣʠʵʜʨʘ ʤʘʛʥʠʪʥʦʛʦ ʮʝʥʪʨʘ) ʠ ʚʝʣʠʯʠʥʘʤʠ ʠʭ ʙʘʨʴʝʨʦʚ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʚ ʢʘʞʜʦʡ ʩʝʨʠʠ 

ʢʦʤʧʣʝʢʩʦʚ. 

ʉʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʄʦʣʝʢʫʣʷʨʥʳʝ ʤʘʛʥʝʪʠʢʠ ʥʘ ʦʩʥʦʚʝ Dy ʠ Tb ʠʩʩʣʝʜʦʚʘʥʳ ʜʦʩʪʘʪʦʯʥʦ ʦʙʰʠʨʥʦ [15,16], 

ʪʦʛʜʘ ʢʘʢ ʜʣʷ Er ʠ, ʦʩʦʙʝʥʥʦ, Yb ʢʦʣʠʯʝʩʪʚʦ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʧʨʦʷʚʣʷʶʱʠʭ ʤʝʜʣʝʥʥʫʶ 

ʨʝʣʘʢʩʘʮʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʚʩʸ ʝʱʸ ʦʩʪʘʸʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʦ. ɼʣʷ Dy ʠ Tb ʙʦʣʴʰʘʷ ʯʘʩʪʴ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʦʩʨʝʜʦʪʦʯʝʥʘ ʥʘ ʧʦʣʫʯʝʥʠʠ ʩʦʝʜʠʥʝʥʠʡ ʩ ʚʳʨʘʞʝʥʥʦ-ʘʢʩʠʘʣʴʥʳʤ ʦʢʨʫʞʝʥʠʝʤ, 

ʪʝʨʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʢʦʪʦʨʳʭ ʦʢʘʟʳʚʘʝʪʩʷ ʥʠʟʢʦʡ. ɼʣʷ ʚʳʙʨʘʥʥʳʭ ʥʘʤʠ ʩʦʝʜʠʥʝʥʠʡ 

ʪʝʨʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʧʨʝʠʤʫʱʝʩʪʚ. 

N-ʜʦʥʦʨʥʳʝ ʣʠʛʘʥʜʳ ʷʚʣʷʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʫʜʦʙʥʳʤʠ ʜʣʷ ʧʨʦʩʪʦʛʦ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʣʝʢʩʦʚ 

ʣʘʥʪʘʥʠʜʦʚ ʠ ʧʨʠ ʵʪʦʤ ʧʦʟʚʦʣʷʶʪ, ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ, ʩʦʟʜʘʚʘʪʴ ʵʬʬʝʢʪ ʵʢʨʘʥʠʨʦʚʘʥʠʷ 

ʵʣʝʢʪʨʦʥʥʦʡ ʦʙʦʣʦʯʢʠ ʠ ʩʧʝʮʠʬʠʯʝʩʢʫʶ ʬʦʨʤʫ ʂʆ ʠ ʂʇ ʜʣʷ ʩʦʟʜʘʥʠʷ ʭʦʨʦʰʠʭ ʫʩʣʦʚʠʡ ʜʣʷ 

ʧʨʦʷʚʣʝʥʠʷ ʤʝʜʣʝʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ [18,19]. ʉʦʭʨʘʥʷʶʪʩʷ ʛʣʦʙʘʣʴʥʳʝ 

ʧʨʦʙʣʝʤʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʟʘʢʦʥʦʤʝʨʥʦʩʪʷʤʠ ʧʨʦʷʚʣʝʥʠʷ ʤʝʜʣʝʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʂʆ, ʩʦʟʜʘʚʘʝʤʦʛʦ N-ʜʦʥʦʨʥʳʤʠ ʣʠʛʘʥʜʘʤʠ ʠ ʠʦʥʘ ʣʘʥʪʘʥʠʜʘ, ʢʦʪʦʨʳʝ 
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ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʠʪʴ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʩʠʥʪʝʟ ʧʦʩʣʝʜʫʶʱʠʭ SMM ʙʳʣ ʙʦʣʝʝ ʦʩʦʟʥʘʥʥʳʤ ʠ 

ʥʘʧʨʘʚʣʝʥʥʳʤ. 

ɺʳʙʦʨ ʧʨʦʪʠʚʦʠʦʥʦʚ ʙʳʣ ʦʙʫʩʣʦʚʣʝʥ ʜʦʩʪʫʧʥʦʩʪʴʶ ʠʩʭʦʜʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʩʣʫʯʘʝ 

ʘʥʠʦʥʦʚ Clī, ʥʘʣʠʯʠʝʤ ʧʨʝʜʳʜʫʱʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʘʰʝʡ ʣʘʙʦʨʘʪʦʨʠʠ ʠ ʩʭʦʞʝʡ ʧʨʠʨʦʜʦʡ ʩ 

ʭʣʦʨʠʜ ʘʥʠʦʥʘʤʠ ʜʣʷ SCNī ʠ ʚʦʟʤʦʞʥʦʩʪʴʶ ʩʦʟʜʘʥʠʷ MOF (metal-organic frameworks) ʚ ʩʣʫʯʘʝ 

CNī [20].  

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʟʥʘʯʝʥʠʡ ȹeff ʜʣʷ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ 

DyIII , ErIII  ʠ YbIII, ʢʦʪʦʨʳʝ ʧʨʦʷʚʣʷʶʪ ʤʝʜʣʝʥʥʫʶ ʨʝʣʘʢʩʘʮʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʥʘ ʦʩʥʦʚʘʥʠʠ 

ʜʘʥʥʳʭ ʤʘʛʥʝʪʦʤʝʪʨʠʠ ʚ ʧʝʨʝʤʝʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ɹʳʣʠ ʚʳʚʝʜʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʞʜʫ 

ʩʪʨʫʢʪʫʨʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ (ʛʝʦʤʝʪʨʠʝʡ ʂʇ ʠ ʚʟʘʠʤʦʨʘʩʧʦʣʦʞʝʥʠʝʤ ʜʦʥʦʨʥʳʭ ʮʝʥʪʨʦʚ 

ʣʠʛʘʥʜʦʚ) ʠ ʤʝʜʣʝʥʥʦʡ ʨʝʣʘʢʩʘʮʠʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʢʦʤʧʣʝʢʩʦʚ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ 

ʦʧʨʝʜʝʣʠʪʴ ʥʘʠʣʫʯʰʝʝ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʝ ʦʢʨʫʞʝʥʠʝ ʤʝʪʘʣʣʦʮʝʥʪʨʘ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ 

ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʩʠʥʪʝʟʘ ʥʦʚʳʭ ʵʬʬʝʢʪʠʚʥʳʭ SMM, ʩʦʜʝʨʞʘʱʠʭ ʠʦʥʳ DyIII , ErIII , YbIII . 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ ʨʘʟʨʘʙʦʪʢʠ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ ʥʘ ʦʩʥʦʚʝ DyIII , ErIII , YbIII, ʢʦʪʦʨʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʚʳʩʦʢʫʶ 

ʪʝʨʤʠʯʝʩʢʫʶ ʠ ʭʠʤʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ ʪʨʝʙʦʚʘʥʠʝʤ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʫʩʪʨʦʡʩʪʚ ʭʨʘʥʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ. ɺ ʨʘʤʢʘʭ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ 

ʚ ʧʝʨʝʤʝʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʙʳʣʘ ʚʳʷʚʣʝʥʘ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʧʨʠʨʦʜʦʡ ʭʝʣʘʪʠʨʫʶʱʝʛʦ N-

ʜʦʥʦʨʥʦʛʦ ʣʠʛʘʥʜʘ ʚ ʩʦʩʪʘʚʝ ʢʦʤʧʣʝʢʩʦʚ DyIII , ErIII , YbIII  ʠ ʥʘʙʣʶʜʘʝʤʳʤʠ ʚʝʣʠʯʠʥʘʤʠ ȹeff, ʩ 

ʫʯʝʪʦʤ ʚʣʠʷʥʠʷ ʛʝʦʤʝʪʨʠʠ ʂʇ ʠ ʚʟʘʠʤʦʨʘʩʧʦʣʦʞʝʥʠʷ ʜʦʥʦʨʥʳʭ ʮʝʥʪʨʦʚ ʚ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ 

ʩʬʝʨʝ.  

ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʣʝʢʩʦʚ DyIII , ErIII  ʠ YbIII  ʧʨʠʤʝʥʷʣʠʩʴ ʠʟʚʝʩʪʥʳʝ ʩʠʥʪʝʪʠʯʝʩʢʠʝ 

ʤʝʪʦʜʳ: ʨʘʩʪʚʦʨʝʥʠʝ ʠʩʭʦʜʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʦʜʥʦʤ ʠʣʠ ʥʝʩʢʦʣʴʢʠʭ ʨʘʩʪʚʦʨʠʪʝʣʷʭ, ʩʤʝʰʠʚʘʥʠʝ 

ʧʦʣʫʯʝʥʥʳʭ ʨʘʩʪʚʦʨʦʚ, ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʧʫʪʝʤ ʤʝʜʣʝʥʥʦʛʦ ʠʩʧʘʨʝʥʠʷ ʨʘʩʪʚʦʨʠʪʝʣʷ ʠ 

ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʠʝ ʨʝʘʢʮʠʦʥʥʳʭ ʨʘʩʪʚʦʨʦʚ ʧʨʠ ʧʦʥʠʞʝʥʥʦʤ ʜʘʚʣʝʥʠʠ. ʏʠʩʪʦʪʘ ʦʙʨʘʟʮʦʚ 

ʩʦʝʜʠʥʝʥʠʡ ʙʳʣʘ ʜʦʢʘʟʘʥʘ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ (ʈʌɸ). ʉʪʨʦʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ ʧʦ ʜʘʥʥʳʤ ʈʌɸ ʠʭ ʧʦʨʦʰʢʦʚ ʩ ʫʪʦʯʥʝʥʠʝʤ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ, 

ʩʦʩʪʘʚ ʩʦʝʜʠʥʝʥʠʡ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʦʜʪʚʝʨʞʜʝʥ ʤʝʪʦʜʘʤʠ ʠʥʬʨʘʢʨʘʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʀʂ-

ʅʇɺʆ) ʠ ʵʣʝʤʝʥʪʥʦʛʦ CHN-ʘʥʘʣʠʟʘ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʢʦʤʧʣʝʢʩʦʚ 

ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʤʝʪʘʣʣʦʚ ʧʨʦʚʦʜʠʣʠʩʴ ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚ ʩʪʘʪʠʯʝʩʢʦʤ 

(dc) (ʧʦʩʪʦʷʥʥʦʝ ʧʦʣʝ H = 5000 ʕ, ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʠʥʪʝʨʚʘʣ 2-300 ʂ) ʠ ʜʠʥʘʤʠʯʝʩʢʦʤ (ac) ʨʝʞʠʤʝ 
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(ʧʝʨʝʤʝʥʥʦʝ ʧʦʣʝ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 1, 3 ʠ 5 ʕ, ʚ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ 10ï100, 100ï1000 ʠ 1000ï

10000 ɻʮ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʠ ʚ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʦʪ 0 ʜʦ 5000 ʕ). 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʧʨʦʚʝʜʝʥʠʝʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʷʜʘ ʩʦʚʨʝʤʝʥʥʳʭ ʚʟʘʠʤʦʜʦʧʦʣʥʷʶʱʠʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ, 

ʧʦʩʪʘʥʦʚʢʦʡ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʫʩʣʦʚʠʷʭ, ʦʪʩʫʪʩʪʚʠʝʤ 

ʧʨʦʪʠʚʦʨʝʯʠʡ ʩ ʜʘʥʥʳʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʜʨʫʛʠʤʠ ʘʚʪʦʨʘʤʠ. 

ʈʝʟʫʣʴʪʘʪʳ ʚʳʧʦʣʥʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʢʦʥʬʝʨʝʥʮʠʷʭ 

ʚʩʝʨʦʩʩʠʡʩʢʦʛʦ ʠ ʤʝʞʜʫʥʘʨʦʜʥʦʛʦ ʫʨʦʚʥʷ: 

IX, X, XI ʠ XIII  ʂʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ ʧʦ ʦʙʱʝʡ ʠ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ 

(ʄʦʩʢʚʘ, 2019, 2020, 2021 ʠ 2023 ʛʛ.); XXVI ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ 

ʠ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ çʃʆʄʆʅʆʉʆɺè (ʄʦʩʢʚʘ, 2019 ʛ.); XVI, XVII ʠ XIX ʄʝʞʜʫʥʘʨʦʜʥʘʷ 

ʢʦʥʬʝʨʝʥʮʠʷ çʉʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡè (ʊʫʘʧʩʝ, 2019, 2020 ʠ 2022 ʛʛ.); 

The 13th Japanese-Russian Workshop on Open Shell Compounds and Molecular Spin Devices (ʦ. 

ɸʚʘʜʟʠ, ʗʧʦʥʠʷ, 2019 ʛ.); XXVIII ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʏʫʛʘʝʚʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ 

ʭʠʤʠʠ (ʊʫʘʧʩʝ 2021 ʛ.); X International conference "High-Spin Molecules And Molecular 

Magnets"(ʅʦʚʦʩʠʙʠʨʩʢ, 2023). 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ ʩʦʩʪʦʠʪ ʚ ʘʥʘʣʠʟʝ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʠ ʚʳʧʦʣʥʝʥʠʠ ʚʩʝʛʦ ʦʙʲʝʤʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʨʘʙʦʪʳ, ʚ ʯʘʩʪʥʦʩʪʠ ʩʠʥʪʝʟʝ, ʚʳʜʝʣʝʥʠʠ ʠ ʦʯʠʩʪʢʝ ʦʙʨʘʟʮʦʚ, 

ʧʨʦʙʦʧʦʜʛʦʪʦʚʢʝ, ʚʳʧʦʣʥʝʥʠʠ ʠ ʦʙʨʘʙʦʪʢʝ ʜʘʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʙʦʣʴʰʝʡ ʯʘʩʪʠ 

ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ, ʘ ʪʘʢʞʝ ʚ ʫʯʘʩʪʠʠ ʚ ʧʦʩʪʘʥʦʚʢʝ ʟʘʜʘʯ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʘʥʘʣʠʟʝ ʠ 

ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ. 

ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʜʚʠʛʘʝʤʳʝ ʥʘ ʟʘʱʠʪʫ. 

1. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ DyIII , ErIII  ʠ YbIII  ʩ 

ʭʝʣʘʪʠʨʫʶʱʠʤʠ N-ʜʦʥʦʨʥʳʤʠ ʣʠʛʘʥʜʘʤʠ ʠ ʘʥʠʦʥʘʤʠ Clī, CNī ʠ SCNī ʚ ʧʦʩʪʦʷʥʥʦʤ ʠ 

ʧʝʨʝʤʝʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ɺʩʝʩʪʦʨʦʥʥʷʷ ʭʘʨʘʢʪʝʨʠʟʘʮʠʷ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʜʣʷ 

ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ. 

2. ɺʳʷʚʣʝʥʠʝ ʵʤʧʠʨʠʯʝʩʢʠʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ, ʢʦʪʦʨʳʝ ʚʧʦʩʣʝʜʩʪʚʠʠ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʜʣʷ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʩʠʥʪʝʟʘ ʥʦʚʳʭ SMM ʥʘ ʦʩʥʦʚʝ ʢʦʤʧʣʝʢʩʦʚ ʣʘʥʪʘʥʠʜʦʚ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ ErIII  ʠ 

YbIII . 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ ʠ ʧʫʙʣʠʢʘʮʠʠ 

IX, X, XI, XIII  ʠ XV ʂʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ ʧʦ ʦʙʱʝʡ ʠ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ 

(ʄʦʩʢʚʘ, 2019, 2020, 2021, 2023 ʠ 2025 ʛʛ.); XXVI ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ, 

ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ çʃʆʄʆʅʆʉʆɺè (ʄʦʩʢʚʘ, 2019 ʛ.); XVI, XVII ʠ XIX 

ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʉʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡè (ʊʫʘʧʩʝ, 2019, 
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2020 ʠ 2022 ʛʛ.); The 13th Japanese-Russian Workshop on Open Shell Compounds and Molecular Spin 

Devices (ʦ. ɸʚʘʜʟʠ, ʗʧʦʥʠʷ, 2019 ʛ.); XXVIII ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʏʫʛʘʝʚʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʭʠʤʠʠ (ʊʫʘʧʩʝ 2021 ʛ.); X International conference "High-Spin Molecules and 

Molecular Magnets" (ʅʦʚʦʩʠʙʠʨʩʢ, 2023). 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ 15 ʧʝʯʘʪʥʳʭ ʨʘʙʦʪʘʭ, ʚ ʪʦʤ ʯʠʩʣʝ 6 ʩʪʘʪʴʷʭ 

ʚ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ, ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʭ ɺɸʂ ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ, ʠ 12 ʪʝʟʠʩʘʭ ʜʦʢʣʘʜʦʚ.  

ʆʙʲʝʤ ʠ ʩʪʨʫʢʪʫʨʘ ʢʚʘʣʠʬʠʢʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ (ʜʠʩʩʝʨʪʘʮʠʠ): ʜʠʩʩʝʨʪʘʮʠʷ ʠʟʣʦʞʝʥʘ ʥʘ 

157 ʩʪʨʘʥʠʮʘʭ, ʩʦʜʝʨʞʠʪ 116 ʨʠʩʫʥʢʦʚ ʠ 27 ʪʘʙʣʠʮ. ʉʧʠʩʦʢ ʮʠʪʠʨʫʝʤʦʡ ʣʠʪʝʨʘʪʫʨʳ ʩʦʜʝʨʞʠʪ 

180 ʥʘʠʤʝʥʦʚʘʥʠʡ ʠʟ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠ ʟʘʨʫʙʝʞʥʳʭ ʠʩʪʦʯʥʠʢʦʚ. ʈʘʙʦʪʘ ʩʦʩʪʦʠʪ ʠʟ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʯʘʩʪʠ, ʦʙʩʫʞʜʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ, ʢʨʘʪʢʦʛʦ ʦʙʟʦʨʘ ʦʩʥʦʚʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ 

ʚʳʚʦʜʦʚ, ʩʧʠʩʢʘ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʨʘʙʦʪ, ʘ ʪʘʢʞʝ ʩʧʠʩʢʘ ʮʠʪʠʨʫʝʤʳʭ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ. 

ʇʝʨʩʧʝʢʪʠʚʳ ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠʪʠʷ ʪʝʤʘʪʠʢʠ 

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʭ ʠ ʠʥʪʝʨʝʩʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ 

ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ, ʩʦʚʤʝʱʘʶʱʠʭ ʜʚʘ ʠ ʙʦʣʝʝ ʪʠʧʦʚ ʩʚʦʡʩʪʚ: 

ʤʘʛʥʠʪʥʳʝ, ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ, ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʦʧʪʠʯʝʩʢʠʝ. ʂ ʜʘʥʥʦʤʫ ʤʦʤʝʥʪʫ ʧʦ DyIII -

ʩʦʜʝʨʞʘʱʠʤ SMM ʚ ʤʠʨʦʚʦʡ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʥʘʢʦʧʣʝʥ ʦʛʨʦʤʥʳʡ ʦʙʲʝʤ ʤʘʪʝʨʠʘʣʘ. ɺ ʪʦ ʞʝ 

ʚʨʝʤʷ, ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ ErIII  ʠ YbIII, ʦʙʣʘʜʘʶʱʠʭ ʚʳʩʦʢʠʤ ʧʦʪʝʥʮʠʘʣʦʤ ʩʦʚʤʝʱʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʠ 

ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʩʚʦʡʩʪʚ, ʦʧʫʙʣʠʢʦʚʘʥʦ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʟʘʪʨʘʛʠʚʘʶʱʠʭ ʤʦʣʝʢʫʣʷʨʥʳʡ ʤʘʛʥʝʪʠʟʤ.  

ɹʣʘʛʦʜʘʨʥʦʩʪʠ 

ɸʚʪʦʨ ʩʝʨʜʝʯʥʦ ʙʣʘʛʦʜʘʨʠʪ ʘʢʘʜʝʤʠʢʘ ɺ.ʄ. ʅʦʚʦʪʦʨʮʝʚʘ, ʘʢʘʜʝʤʠʢʘ ʀ.ʃ. ɽʨʝʤʝʥʢʦ, ʜ.ʭ.ʥ. 

ʉ.ʇ. ʇʝʪʨʦʩʷʥʮ, ʢ.ʭ.ʥ. ɸ.ɺ. ɻʘʚʨʠʢʦʚʘ, ʜ.ʭ.ʥ. ɸ.ɹ. ʀʣʶʭʠʥʘ, ʢ.ʭ.ʥ. ɽ.ɺ. ɹʝʣʦʚʫ, ʢ.ʭ.ʥ. ʇ.ʉ. 

ʂʦʨʦʪʝʝʚʘ, ʢ.ʭ.ʥ. ʄ.ɸ. ɿʳʢʠʥʘ, ʢ.ʭ.ʥ. ɽ.ʅ. ɿʦʨʠʥʫ-ʊʠʭʦʥʦʚʫ, ʢ.ʭ.ʥ. ɽ.ʉ. ɹʘʞʠʥʫ, ʢ.ʭ.ʥ. ʅ.ɺ. 

ɻʦʛʦʣʝʚʫ, ʜ.ʭ.ʥ. ʄ.ɸ. ʂʠʩʢʠʥʘ, ʢ.ʭ.ʥ. ʉ.ɸ. ʅʠʢʦʣʘʝʚʩʢʦʛʦ ʠ ʢ.ʭ.ʥ. ʅ.ʅ. ɽʬʠʤʦʚʘ. 
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1. ʆʙʟʦʨ ʣʠʪʝʨʘʪʫʨʳ 

1.1. ʄʝʪʦʜʳ ʩʠʥʪʝʟʘ ʢʦʤʧʣʝʢʩʦʚ Ln ʩ N-ʜʦʥʦʨʥʳʤʠ ʣʠʛʘʥʜʘʤʠ 

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʨʦʩʪʳʭ ʩʧʦʩʦʙʦʚ ʩʠʥʪʝʟʘ N-ʜʦʥʦʨʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʣʘʥʪʘʥʠʜʦʚ 

ʷʚʣʷʝʪʩʷ ʦʜʥʦʨʝʘʢʪʦʨʥʳʡ (one-pot) ʩʠʥʪʝʟ. ɺ ʨʘʙʦʪʝ [21] ʪʘʢʠʤ ʤʝʪʦʜʦʤ ʙʳʣ ʧʦʣʫʯʝʥ ʢʦʤʧʣʝʢʩ 

Eu ʩ ʤʘʢʨʦʮʠʢʣʦʤ. ʉʤʝʩʴ 2,9-ʜʠʬʦʨʤʠʣ-1,10-ʬʝʥʘʥʪʨʦʣʠʥʘ (4.50 ʛ, 19.05 ʤʤʦʣʴ), 

ʜʠʵʪʠʣʦʢʩʘʣʘʪʘʮʝʪʘʪʘ (4.30 ʛ, 22.86 ʤʤʦʣʴ) ʠ ʘʮʝʪʘʪʘ ʘʤʤʦʥʠʷ (1.76 ʛ, 22.86 ʤʤʦʣʴ) ʚ C2H5OH 

(300 ʤʣ) ʥʘʛʨʝʚʘʣʠ ʩ ʦʙʨʘʪʥʳʤ ʭʦʣʦʜʠʣʴʥʠʢʦʤ ʧʨʠ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʚ ʪʝʯʝʥʠʝ ʥʦʯʠ, ʧʦʣʫʯʘʷ 

ʪʝʤʥʦ-ʢʦʨʠʯʥʝʚʫʶ ʩʫʩʧʝʥʟʠʶ. ʈʝʘʢʮʠʦʥʥʫʶ ʩʤʝʩʴ ʦʭʣʘʞʜʘʣʠ ʜʦ -20 ÁC, ʪʚʝʨʜʦʝ ʚʝʱʝʩʪʚʦ 

ʩʦʙʠʨʘʣʠ ʬʠʣʴʪʨʘʮʠʝʡ ʠ ʧʨʦʤʳʚʘʣʠ ʥʝʩʢʦʣʴʢʠʤʠ ʧʦʨʮʠʷʤʠ EtOH. ʂʦʨʠʯʥʝʚʦʝ ʪʚʝʨʜʦʝ ʚʝʱʝʩʪʚʦ 

ʩʫʩʧʝʥʜʠʨʦʚʘʣʠ ʚ ʘʮʝʪʦʥʝ (100 ʤʣ), ʠ ʩʫʩʧʝʥʟʠʶ ʢʠʧʷʪʠʣʠ ʚ ʪʝʯʝʥʠʝ å1 ʯ, ʟʘʪʝʤ ʦʭʣʘʞʜʘʣʠ ʜʦ -

20 ÁC, ʠ ʢʦʨʠʯʥʝʚʦ-ʞʝʣʪʦʝ ʤʠʢʨʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʪʚʝʨʜʦʝ ʚʝʱʝʩʪʚʦ ʩʦʙʠʨʘʣʠ ʬʠʣʴʪʨʘʮʠʝʡ. 

ʂʦʨʠʯʥʝʚʦ-ʞʝʣʪʳʝ ʢʨʠʩʪʘʣʣʳ ʜʚʘʞʜʳ ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʦʚʳʚʘʣʠ ʠʟ ʢʠʧʷʱʝʛʦ N-ʤʝʪʠʣ-2-

ʧʠʨʨʦʣʠʜʦʥʘ, ʧʦʣʫʯʘʷ MCLH2 (ʙʠʩ(1,10-ʬʝʥʘʥʪʨʦʣʠʥʠʣ-2,5-ʧʠʨʨʦʣ) ʤʘʢʨʦʮʠʢʣ) ʚ ʚʠʜʝ ʢʨʫʧʥʳʭ 

ʷʨʢʦ-ʞʝʣʪʳʭ ʠʛʣ (1.50 ʛ, 20%). ʈʝʘʢʮʠʷ MCLH2 ʩ Eu(NO3)3Ŀ5H2O ʚ ʧʠʨʠʜʠʥʝ ʩ ʧʦʩʣʝʜʫʶʱʝʡ 

ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ ʠʟ ʧʠʨʠʜʠʥʘ/ʚʦʜʳ ʧʦʟʚʦʣʠʣʘ ʧʦʣʫʯʠʪʴ ʯʨʝʟʚʳʯʘʡʥʦ ʪʦʥʢʠʝ ʦʨʘʥʞʝʚʳʝ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʧʣʘʩʪʠʥʢʠ ʜʠʤʝʨʘ [(NO3)(MCL)Eu(Õ-OH)Eu(MCL)(H2O)2]Ŀ2py. 

ʉ ʮʝʣʴʶ ʠʟʙʝʞʘʪʴ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʠ ʩʣʘʙʦ ʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʛʠʜʨʦ- ʠʣʠ 

ʩʦʣʴʚʦʪʝʨʤʘʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʚ ʨʘʙʦʪʝ [22] ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʨʦʩʪʫʶ ʧʨʦʮʝʜʫʨʫ ʩʠʥʪʝʟʘ 

ʩʦʝʜʠʥʝʥʠʡ [Ln2(2-FBz)4(NO3)2(Phen)2] (Ln = Nd, Eu, Gd, Tb, Dy, Er) ʠ [Yb2(2-FBz)6(Phen)2] ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʇʦʣʫʯʝʥʠʝ ʚʩʝʭ ʫʢʘʟʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ ʨʝʘʢʮʠʝʡ 2-

ʬʪʦʨʙʝʥʟʦʡʥʦʡ ʢʠʩʣʦʪʳ (H-2-FBz, 3 ʤʤʦʣʴ) ʠ 1,10-ʬʝʥʘʥʪʨʦʣʠʥʘ (Phen, 0.6 ʤʤʦʣʴ), 

ʨʘʩʪʚʦʨʝʥʥʳʭ ʚ EtOH/H2O (20 ʤʣ, 50:50) ʩ ʨʘʩʪʚʦʨʦʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʩʦʣʠ Ln(NO3)3Ŀ6H2O (0.5 

ʤʤʦʣʴ). ʉʤʝʩʴ ʧʝʨʝʤʝʰʠʚʘʣʠ ʚ ʪʝʯʝʥʠʝ 1 ʯ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʂʨʠʩʪʘʣʣʳ, ʧʨʠʛʦʜʥʳʝ 

ʜʣʷ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʩʦʝʜʠʥʝʥʠʡ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʦʩʣʝ 5ï10 ʜʥʝʡ ʤʝʜʣʝʥʥʦʛʦ 

ʠʩʧʘʨʝʥʠʷ. ʇʨʠ ʩʠʥʪʝʟʝ ʧʨʦʠʟʚʦʜʥʦʛʦ Yb3+ ʚ ʘʥʘʣʦʛʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʧʦʣʫʯʝʥʥʳʡ ʢʦʤʧʣʝʢʩ ʠʤʝʝʪ 

ʬʦʨʤʫʣʫ [Yb2(2-FBz)6(Phen)2] [23].  

ɼʣʷ ʩʠʥʪʝʟʘ N-ʜʦʥʦʨʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʢʨʦʤʝ ʦʙʳʯʥʦʛʦ çʤʦʢʨʦʛʦè ʩʠʥʪʝʟʘ ʤʦʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʤʝʪʦʜʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʩʣʝʜʫʶʱʠʝ: 

ʩʦʣʴʚʦʪʝʨʤʘʣʴʥʳʡ, ʦʩʘʞʜʝʥʠʝ, ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʠʡ, ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʡ, ʩʦʥʦʭʠʤʠʯʝʩʢʠʡ. 

ʄʝʭʘʥʦʭʠʤʠʯʝʩʢʠʡ ʩʧʦʩʦʙ ʩʠʥʪʝʟʘ ʟʘʯʘʩʪʫʶ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʭʠʤʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʩʣʦʞʥʳʭ ʦʢʩʠʜʦʚ 3d-ʤʝʪʘʣʣʦʚ ʠ ʣʘʥʪʘʥʠʜʦʚ. ʆʜʥʘʢʦ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʝʛʦ ʤʦʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʂʉ, ʢʘʢ ʚ ʨʘʙʦʪʝ [24] ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʣʝʢʩʘ [Eu(TTA)3(Phen)]. 

ʇʷʪʴ ʛʨʘʤʤʦʚ ʩʤʝʩʠ EuCl3Ŀ6H2O ï HTTA (2-ʪʝʥʦʠʣʪʨʠʬʪʦʨʘʮʝʪʦʥ) ï Phen (1,10-ʬʝʥʘʥʪʨʦʣʠʥ) ʚ 

ʤʦʣʴʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ 1:3:1 ʩ 0.02 ʛ NaOH ʧʦʜʚʝʨʛʘʣʠ ʤʝʭʘʥʦʘʢʪʠʚʘʮʠʠ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ ʧʨʠ 
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800 ʤʠʥï1 ʚ ʧʣʘʥʝʪʘʨʥʦʡ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ. ʉʦʩʫʜʳ ʠʟ ʮʠʨʢʦʥʠʷ ʦʙʲʝʤʦʤ 45 ʤʣ ʟʘʧʦʣʥʷʣʠ ʥʘ 

2/3 ʦʙʲʝʤʘ ʰʘʨʘʤʠ ʜʠʘʤʝʪʨʦʤ 5 (ʚ ʦʩʥʦʚʥʦʤ) ʠ 10 ʤʤ ʠʟ ʪʦʛʦ ʞʝ ʤʘʪʝʨʠʘʣʘ. ʀʟʤʝʣʴʯʝʥʥʳʡ 

ʧʨʦʜʫʢʪ ʦʙʨʘʙʘʪʳʚʘʣʠ ʧʨʠ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʚ ʙʦʣʴʰʦʤ ʠʟʙʳʪʢʝ ʩʤʝʩʠ ʵʪʘʥʦʣʘ ʠ ʚʦʜʳ (ʦʙʲʝʤʥʦʝ 

ʩʦʦʪʥʦʰʝʥʠʝ 1:1) ʚ ʪʝʯʝʥʠʝ 6 ʯ. ʂʦʤʧʣʝʢʩ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʯʠʱʘʣʠ ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ ʠʟ 200 

ʤʣ ʨʘʩʪʚʦʨʘ ʵʪʘʥʦʣʘ/ʘʮʝʪʦʥʘ (ʦʙʲʝʤʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ 1:3). ʇʦʩʣʝ ʠʩʧʘʨʝʥʠʷ 3/4 ʦʙʲʝʤʘ ʧʨʠ å50ÁC 

ʠ ʦʭʣʘʞʜʝʥʠʷ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʦʩʪʘʪʦʢ ʬʠʣʴʪʨʦʚʘʣʠ ʠ ʚʳʩʫʰʠʚʘʣʠ ʧʨʠ 40ÜC ʧʨʠ 

ʘʪʤʦʩʬʝʨʥʦʤ ʠʣʠ ʧʦʥʠʞʝʥʥʦʤ ʜʘʚʣʝʥʠʠ (Ò133 ʇʘ). 

ɻʠʜʨʦʪʝʨʤʘʣʴʥʳʡ ʩʠʥʪʝʟ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʠʤ ʤʝʪʦʜʦʤ ʧʦʣʫʯʝʥʠʷ ʥʦʚʳʭ ʢʦʤʧʣʝʢʩʦʚ 

ʣʘʥʪʘʥʠʜʦʚ. ʉʠʥʪʝʟ [Eu(PAA)2(Phen)(NO3)]2 (ʛʜʝ PAA - ʬʝʥʠʣʫʢʩʫʩʥʘʷ ʢʠʩʣʦʪʘ, Phen = 1,10-

ʬʝʥʘʥʪʨʦʣʠʥ) ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʣʝʜʫʶʱʠʭ ʨʝʘʛʝʥʪʦʚ Eu(NO3)36H2O (0.3 ʤʤʦʣʴ), 

PAA (0.45 ʤʤʦʣʴ) ʠ Phen (0.3 ʤʤʦʣʴ), ʢʦʪʦʨʳʝ ʩʤʝʰʠʚʘʣʠ ʚ 10 ʤʣ ʜʝʠʦʥʠʟʠʨʦʚʘʥʥʦʡ ʚʦʜʳ. ʇʦʩʣʝ 

ʧʦʣʫʯʘʩʦʚʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʧʦʣʫʯʝʥʥʫʶ ʩʤʝʩʴ ʧʦʤʝʱʘʣʠ ʚ ʨʝʘʢʪʦʨ ʩ ʪʝʬʣʦʥʦʚʳʤ ʧʦʢʨʳʪʠʝʤ 

ʝʤʢʦʩʪʴʶ 15 ʤʣ ʠ ʥʘʛʨʝʚʘʣʠ ʧʨʠ 433 ʂ ʚ ʧʝʯʠ ʚ ʪʝʯʝʥʠʝ 3 ʜʥʝʡ, ʟʘʪʝʤ ʤʝʜʣʝʥʥʦ ʦʭʣʘʞʜʘʣʠ ʜʦ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʞʝʣʪʳʝ ʢʨʠʩʪʘʣʣʳ ʫʢʘʟʘʥʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ, ʧʨʠʛʦʜʥʳʝ ʜʣʷ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ [25].  

ʉʦʣʴʚʦʪʝʨʤʘʣʴʥʳʡ ʤʝʪʦʜ ʜʣʷ ʧʦʣʫʯʝʥʠʷ SMM ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʨʘʙʦʪʝ [26]. 

ɻʝʢʩʘʛʠʜʨʘʪ ʥʠʪʨʘʪʘ Dy3+ Dy(NO3)3Ŀ6H2O (1.95 ʛ, 5.6 ʤʤʦʣʴ) ʠ ʮʠʢʣʦʙʫʪʘʥ-1,1ǋ-ʜʠʢʘʨʙʦʥʦʚʫʶ 

ʢʠʩʣʦʪʫ (0.40 ʛ, 2.8 ʤʤʦʣʴ) ʨʘʩʪʚʦʨʷʣʠ ʚ 10 ʤʣ ʬʦʨʤʘʤʠʜʘ. ʇʨʦʟʨʘʯʥʳʡ ʨʘʩʪʚʦʨ ʧʝʨʝʥʦʩʠʣʠ ʚ 

ʘʚʪʦʢʣʘʚ ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ ʩ ʪʝʬʣʦʥʦʚʳʤ ʧʦʢʨʳʪʠʝʤ, ʛʝʨʤʝʪʠʯʥʦ ʟʘʢʨʳʚʘʣʠ ʠ ʥʘʛʨʝʚʘʣʠ 

ʧʨʠ 130 ÁC ʚ ʪʝʯʝʥʠʝ 24 ʯ ʧʦʜ ʘʚʪʦʛʝʥʝʨʘʪʦʨʥʳʤ ʥʘʜʜʫʚʦʤ. ʇʦʩʣʝ ʤʝʜʣʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʚ 

ʪʝʯʝʥʠʝ ʥʦʯʠ ʩʦʙʠʨʘʣʠ ʙʝʩʮʚʝʪʥʳʝ ʢʨʠʩʪʘʣʣʳ Dy(NO3)3Ŀ6H2O, ʧʨʦʤʳʚʘʣʠ ʵʪʘʥʦʣʦʤ (4 ʨʘʟʘ ʧʦ 

10 ʤʣ), ʧʝʪʨʦʣʝʡʥʳʤ ʵʬʠʨʦʤ (4 ʨʘʟʘ ʧʦ 10 ʤʣ) ʠ, ʥʘʢʦʥʝʮ, ʚʳʩʫʰʠʚʘʣʠ ʚ ʧʦʪʦʢʝ ʘʟʦʪʘ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɺʳʭʦʜ [(Fmd)Ln(HCOO)4]n, ʛʜʝ Fmd
+ = NH2-CH+-NH2 ʩʦʩʪʘʚʠʣ 48% ʥʘ 

ʠʦʥ Dy3+. ʆʜʥʦʬʘʟʥʦʩʪʴ ʧʨʦʚʝʨʷʣʠ ʩ ʧʦʤʦʱʴʶ ʧʦʨʦʰʢʦʚʦʛʦ ʈʌɸ, ʩʨʘʚʥʠʚʘʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫʶ ʜʠʬʨʘʢʪʦʛʨʘʤʤʫ ʩ ʨʘʩʩʯʠʪʘʥʥʦʡ ʠʟ ʩʪʨʫʢʪʫʨʳ ʤʦʥʦʢʨʠʩʪʘʣʣʘ. 

ɿʘʜʘʯʘ ʧʦʣʫʯʝʥʠʷ ʦʧʪʠʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʜʣʷ ʩʠʥʪʝʟʘ ʤʝʪʦʜʦʤ ʦʩʘʞʜʝʥʠʷ ʙʳʣʘ ʨʝʰʝʥʘ 

ʛʨʫʧʧʦʡ ɸʣʝʤʘʡʝʭʫ [27]. ɹʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʝʨʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʜʝʥʠʷ 

ʨʘʟʣʠʯʥʳʭ ʠʦʥʦʚ ʣʘʥʪʘʥʦʠʜʦʚ ʩ ʦʢʩʘʤʦʚʦʡ ʢʠʩʣʦʪʦʡ (NH2C(O)COOH). ɺ ʢʨʫʛʣʦʜʦʥʥʦʡ ʢʦʣʙʝ 

ʦʙʲʝʤʦʤ 50 ʤʣ ʥʘʭʦʜʠʣʦʩʴ 25 ʤʣ ʧʨʦʟʨʘʯʥʦʛʦ ʨʘʩʪʚʦʨʘ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 0.2 ʤʦʣʴ/ʣ (5 ʤʤʦʣʴ) 

ʦʢʩʘʤʦʚʦʡ ʢʠʩʣʦʪʳ, ʢʦʪʦʨʫʶ ʥʘʛʨʝʚʘʣʠ ʜʦ 40 ÁC ʩ ʮʝʣʴʶ ʣʫʯʰʝʛʦ ʨʘʩʪʚʦʨʝʥʠʷ ʦʢʩʘʤʦʚʦʡ 

ʢʠʩʣʦʪʳ. ʋʢʘʟʘʥʥʳʡ ʨʘʩʪʚʦʨ ʩʤʝʰʠʚʘʣʠ ʩ 10 ʤʣ 0.2 ʤʦʣʴ/ʣ ʨʘʩʪʚʦʨʘ (2 ʤʤʦʣʴ) Ln(NO3)3 (Ln = 

Ce, Pr, Gd, Er ʠ Yb). ʇʨʠ ʩʤʝʰʠʚʘʥʠʠ ʨʘʩʪʚʦʨʦʚ ʦʩʘʜʦʢ ʥʝ ʦʙʨʘʟʦʚʳʚʘʣʩʷ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣ 

ʧʦʣʫʯʝʥ ʧʨʦʟʨʘʯʥʳʡ ʨʘʩʪʚʦʨ. ʈʘʩʪʚʦʨ ʧʝʨʝʤʝʰʠʚʘʣʠ ʤʘʛʥʠʪʥʦʡ ʤʝʰʘʣʢʦʡ ʩʦ ʩʢʦʨʦʩʪʴʶ 500 

ʦʙ/ʤʠʥ, ʟʘʪʝʤ ʨʘʩʪʚʦʨ ʥʘʛʨʝʚʘʣʠ ʜʦ 100 ÁC ʠ ʚʳʜʝʨʞʠʚʘʣʠ ʧʨʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʪʝʯʝʥʠʝ 2 ʯ. ʉ 

ʮʝʣʴʶ ʧʨʝʜʦʪʚʨʘʪʠʪʴ ʠʩʧʘʨʝʥʠʝ ʨʘʩʪʚʦʨʠʪʝʣʷ, ʩʠʥʪʝʟ ʧʨʦʚʦʜʠʣʠ ʩʦ ʩʪʝʢʣʷʥʥʳʤ ʚʦʟʜʫʰʥʳʤ 
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ʭʦʣʦʜʠʣʴʥʠʢʦʤ. ʇʦʩʣʝ ʦʢʦʥʯʘʥʠʷ ʨʝʘʢʮʠʠ ʧʦʣʫʯʝʥʥʳʡ ʦʩʘʜʦʢ ʜʚʘʞʜʳ ʧʨʦʤʳʚʘʣʠ 

ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ ʠ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʣʠ ʚ ʪʝʯʝʥʠʝ 5 ʤʠʥ ʧʨʠ 5000 ʦʙ/ʤʠʥ. ʆʩʘʜʦʢ ʩʫʰʠʣʠ 

ʚ ʪʝʯʝʥʠʝ ʥʦʯʠ ʚ ʧʝʯʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 40 ÁC. 

ʉʦʥʦʭʠʤʠʯʝʩʢʠʡ ʤʝʪʦʜ ʩʠʥʪʝʟʘ ʠʩʧʦʣʴʟʫʝʪʩʷ, ʚ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʘʥʦʨʘʟʤʝʨʥʳʭ 

ʯʘʩʪʠʮ ʩʦʝʜʠʥʝʥʠʡ ʣʘʥʪʘʥʠʜʦʚ [28]. ɼʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʥʘʥʦʨʘʟʤʝʨʥʦʛʦ [Nd2(Me-HQ)4(NO3)6] 

(ʛʜʝ Me-HQ - 8-ʛʠʜʨʦʢʩʠ-2-ʤʝʪʠʣʭʠʥʦʣʠʥ) ʨʘʩʪʚʦʨ 0.22 ʛ ʥʠʪʨʘʪʘ Nd3+ (0.50 ʤʤʦʣʴ) ʚ 10 ʤʣ 

ʤʝʪʘʥʦʣʘ ʙʳʣ ʧʦʤʝʱʝʥ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʟʦʥʜ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ. ʂ ʧʦʣʫʯʝʥʥʦʡ ʩʤʝʩʠ ʙʳʣ 

ʜʦʙʘʚʣʝʥ ʧʦ ʢʘʧʣʷʤ ʨʘʩʪʚʦʨ 0.16 ʛ 8-ʛʠʜʨʦʢʩʠ-2-ʤʝʪʠʣʭʠʥʦʣʠʥʘ (1.0 ʤʤʦʣʴ) ʚ 10 ʤʣ ʤʝʪʘʥʦʣʘ. 

ʇʦʣʫʯʝʥʥʳʝ ʦʩʘʜʢʠ ʙʳʣʠ ʦʪʬʠʣʴʪʨʦʚʘʥʳ, ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʨʦʤʳʪʳ ʤʝʪʘʥʦʣʦʤ ʠ ʟʘʪʝʤ 

ʚʳʩʫʰʝʥʳ ʥʘ ʚʦʟʜʫʭʝ (ʚʳʭʦʜ 85 %). 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʣʝʢʩʦʚ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʠ ʚʳʙʨʘʥʳ ʚʘʨʠʘʮʠʠ ʧʨʦʩʪʦʛʦ ʤʦʢʨʦʛʦ 

ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ, ʩ ʮʝʣʴʶ ʠʟʙʝʞʘʪʴ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʠ ʩʣʘʙʦ ʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʧʨʦʮʝʩʩʦʚ, 

ʢʦʪʦʨʳʝ ʤʦʛʣʠ ʧʦʚʣʠʷʪʴ ʥʘ ʚʳʭʦʜ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ, ʝʛʦ ʤʦʣʝʢʫʣʷʨʥʫʶ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ 

ʩʪʨʫʢʪʫʨʫ.  

1.2. ʄʦʣʝʢʫʣʷʨʥʳʡ ʤʘʛʥʝʪʠʟʤ 

ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʂʉ ʦʙʫʩʣʘʚʣʠʚʘʶʪʩʷ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʢʦʣʠʯʝʩʪʚʦʤ ʥʝʩʧʘʨʝʥʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ ʚʦ ʚʥʝʰʥʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʦʙʦʣʦʯʢʝ ʤʝʪʘʣʣʦʮʝʥʪʨʘ ʠ ʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦ 

ʦʨʙʠʪʘʣʷʤ. ʇʨʠ ʧʦʤʝʱʝʥʠʠ ʢʦʤʧʣʝʢʩʘ ʚʦ ʚʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʩʧʠʥʳ ʥʝʩʧʘʨʝʥʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ ʦʨʠʝʥʪʠʨʫʶʪʩʷ ʚ ʦʜʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ɺ ʩʣʫʯʘʝ ʧʘʨʘ- ʠʣʠ ʩʫʧʝʨʧʘʨʘʤʘʛʥʝʪʠʢʦʚ ʧʦʩʣʝ 

ʚʳʢʣʶʯʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʩʝ ʩʧʠʥʳ ʙʳʩʪʨʦ ʨʝʣʘʢʩʠʨʫʶʪ ʚ ʠʩʭʦʜʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʪ.ʝ. ʩʧʠʥʳ 

ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʘʪʦʤʦʚ ʙʫʜʫʪ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʥʘʧʨʘʚʣʝʥʳ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʦʜʥʘʢʦ ʚ 

ʤʦʣʝʢʫʣʷʨʥʦʤ ʤʘʛʥʝʪʠʢʝ ʨʝʣʘʢʩʘʮʠʷ ʩʧʠʥʦʚ ʟʘʤʝʜʣʝʥʘ. ʉʢʦʨʦʩʪʴ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, 

ʢʨʦʤʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʠʨʦʜʳ ʤʘʛʥʠʪʥʦʛʦ ʮʝʥʪʨʘ, ʪʘʢʞʝ ʟʘʚʠʩʠʪ ʦʪ ʤʦʣʝʢʫʣʷʨʥʦʡ ʠ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʘ. ʏʝʤ ʩʠʣʴʥʝʝ ʟʘʤʝʜʣʝʥʘ ʨʝʣʘʢʩʘʮʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

(ʙʦʣʴʰʝ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, Ű), ʪʝʤ ʙʣʠʞʝ ʧʦ ʩʚʦʡʩʪʚʘʤ ʤʦʣʝʢʫʣʷʨʥʳʤ ʤʘʛʥʠʪ 

ʦʢʘʟʳʚʘʝʪʩʷ ʢ ʬʝʨʨʦʤʘʛʥʝʪʠʢʫ. ʈʘʟʤʝʨ ʜʦʤʝʥʘ, ʢʦʪʦʨʳʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʤʝʨ ʷʯʝʡʢʠ ʧʘʤʷʪʠ, ʚ 

ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʦʢʘʟʳʚʘʝʪʩʷ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ ʤʝʥʴʰʝ ʯʝʤ ʚ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ ʠ ʤʥʦʛʠʝ 

ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʧʨʠʤʝʥʝʥʠʷ SMM, ʪʘʢʠʝ ʢʘʢ ʚʳʩʦʢʦʧʣʦʪʥʦʝ ʭʨʘʥʝʥʠʝ ʠʥʬʦʨʤʘʮʠʠ, ʘ ʪʘʢʞʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʣʦʛʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ ʢʚʘʥʪʦʚʳʭ ʢʦʤʧʴʶʪʝʨʦʚ ʷʚʣʷʶʪʩʷ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʫʤʝʥʴʰʝʥʠʷ ʨʘʟʤʝʨʘ ʜʦʤʝʥʘ [29]. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ çʨʘʙʦʯʠʤʠè 

ʪʝʤʧʝʨʘʪʫʨʘʤʠ SMM ʷʚʣʷʝʪʩʷ ʜʠʘʧʘʟʦʥ ʜʦ 80 ʂ [17], ʧʨʠ ʢʦʪʦʨʳʭ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʩʦʭʨʘʥʷʝʪʩʷ 

ʚ ʪʝʯʝʥʠʠ ʜʦʩʪʘʪʦʯʥʦʛʦ ʚʨʝʤʝʥʠ ʜʣʷ ʝʛʦ ʨʝʛʠʩʪʨʘʮʠʠ ʩʦʚʨʝʤʝʥʥʳʤʠ ʧʨʠʙʦʨʘʤʠ. 

ɻʝʦʤʝʪʨʠʷ ʦʢʨʫʞʝʥʠʷ ʮʝʥʪʨʘʣʴʥʦʛʦ ʘʪʦʤʘ ʚ ʩʪʨʫʢʪʫʨʝ ʤʦʣʝʢʫʣʳ SMM ʜʦʣʞʥʘ 

ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʧʦʷʚʣʝʥʠʶ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ (ʪʦ ʝʩʪʴ ʥʘʙʣʶʜʘʪʴʩʷ ʤʘʛʥʠʪʥʘʷ 
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ʘʥʠʟʦʪʨʦʧʠʷ), ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʜʚʫʭ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʭ ʦʨʠʝʥʪʘʮʠʡ ʩʧʠʥʘ. ʄʘʛʥʠʪʥʫʶ 

ʘʥʠʟʦʪʨʦʧʠʶ ʢʦʤʧʣʝʢʩʦʚ ʦʙʳʯʥʦ ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʧʘʨʘʤʝʪʨʘʤʠ D ʠ E. ɺʝʣʠʯʠʥʘ ʧʘʨʘʤʝʪʨʘ D 

(ʨʘʩʱʝʧʣʝʥʠʝ ʚ ʥʫʣʝʚʦʤ ʧʦʣʝ) ʧʦʢʘʟʳʚʘʝʪ, ʥʘʩʢʦʣʴʢʦ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʘ ʦʨʠʝʥʪʘʮʠʷ ʩʧʠʥʘ ʚʜʦʣʴ 

(D < 0) ʠʣʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ (D > 0) ʚʳʜʝʣʝʥʥʦʡ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ.  

ʇʘʨʘʤʝʪʨ E ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʩʪʝʧʝʥʴ ʦʪʣʠʯʠʷ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʧʣʦʩʢʦʩʪʠ ʣʝʛʢʦʛʦ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ, ʧʨʠ E = 0 ʧʣʦʩʢʦʩʪʴ ʦʢʘʟʳʚʘʝʪʩʷ ʠʟʦʪʨʦʧʥʦʡ. ʅʘʠʙʦʣʝʝ ʚʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ 

ʩʨʘʚʥʝʥʠʷ SMM ʷʚʣʷʝʪʩʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʙʘʨʴʝʨ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʤʦʣʝʢʫʣʳ (ȹeff), ʢʦʪʦʨʳʡ 

ʥʝʦʙʭʦʜʠʤʦ ʧʨʝʦʜʦʣʝʪʴ ʜʣʷ ʧʝʨʝʭʦʜʘ ʠʟ ʩʦʩʪʦʷʥʠʷ ʩʦ ʩʧʠʥʦʤ, ʥʘʧʨʘʚʣʝʥʥʳʤ ʚ ʦʜʥʫ ʩʪʦʨʦʥʫ ʚ 

ʩʦʩʪʦʷʥʠʝ ʩʦ ʩʧʠʥʦʤ, ʥʘʧʨʘʚʣʝʥʥʳʤ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʫʶ ʩʪʦʨʦʥʫ. ʊʦʣʴʢʦ ʜʣʷ D < 0 ʚ ʥʫʣʝʚʦʤ 

ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʜʣʷ ʚʝʱʝʩʪʚʘ ʙʫʜʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʙʘʨʴʝʨ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ. 

 

ʈʠʩ. 1 ʕʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʨʦʚʥʠ ʜʚʫʭ ʟʘʩʝʣʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʜʣʷ SMM ʩ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʚʝʣʠʯʠʥʦʡ 

ʧʘʨʘʤʝʪʨʘ ZFS. 

ʇʨʠ ʥʘʜʙʘʨʴʝʨʥʦʤ ʤʝʭʘʥʠʟʤʝ ʨʝʣʘʢʩʘʮʠʠ ʧʝʨʝʭʦʜ ʠʟ ʩʦʩʪʦʷʥʠʷ Ms = +S ʚ ʩʦʩʪʦʷʥʠʝ Ms = 

īS ʙʫʜʝʪ ʩʦʧʨʦʚʦʞʜʘʪʴʩʷ ʧʨʝʦʜʦʣʝʥʠʝʤ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʙʘʨʴʝʨʘ ȹeff = |D|S2. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʥʘʠʙʦʣʝʝ ʚʘʞʥʦʡ ʮʝʣʴʶ ʤʦʜʠʬʠʢʘʮʠʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ ʤʦʞʥʦ ʥʘʟʚʘʪʴ ʫʚʝʣʠʯʝʥʠʝ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʙʘʨʴʝʨʘ, ʯʪʦ ʜʦʣʞʥʦ ʧʨʠʚʝʩʪʠ ʢ ʫʚʝʣʠʯʝʥʠʶ ʠʭ ʨʘʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨ ʚʩʣʝʜʩʪʚʠʝ 

ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʧʨʝʦʜʦʣʝʪʴ ʙʘʨʴʝʨ ʟʘ ʩʯʝʪ ʪʝʨʤʠʯʝʩʢʠʭ ʬʣʫʢʪʫʘʮʠʡ.  

ʋʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʤʘʛʥʠʪʥʳʭ ʮʝʥʪʨʦʚ ʚ ʤʦʣʝʢʫʣʝ ʤʦʞʝʪ ʧʦʣʦʞʠʪʝʣʴʥʦ ʚʣʠʷʪʴ ʥʘ 

ʙʘʨʴʝʨ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ. ʅʘʧʨʠʤʝʨ, ʚ ʩʣʫʯʘʝ ʢʦʤʧʣʝʢʩʦʚ Dy ʫʚʝʣʠʯʝʥʠʝ ʙʘʨʴʝʨʘ 

ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʣʠʯʝʩʪʚʘ ʤʘʛʥʠʪʥʳʭ ʮʝʥʪʨʦʚ, ʝʩʣʠ ʦʩʠ 

ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʤʘʛʥʠʪʥʳʭ ʮʝʥʪʨʦʚ ʙʫʜʫʪ ʩʦʥʘʧʨʘʚʣʝʥʳ, ʯʪʦ ʤʦʞʝʪ 

ʧʨʠʚʝʩʪʠ ʢ ʫʚʝʣʠʯʝʥʠʶ ʘʥʠʟʦʪʨʦʧʠʠ ʩʠʩʪʝʤʳ [30,31]. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʘʭ [32,33] ʧʨʦʩʪʦʝ 

ʫʚʝʣʠʯʝʥʠʝ ʩʧʠʥʘ ʩʠʩʪʝʤʳ ʥʠʢʘʢ ʥʝ ʚʣʠʷʝʪ ʥʘ ʙʘʨʴʝʨ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ, ʪʘʢ ʢʘʢ ʚ ʫʨʘʚʥʝʥʠʠ 

ȹeff å |D|ĿS
2 ʧʘʨʘʤʝʪʨ ʨʘʩʱʝʧʣʝʥʠʷ ʚ ʥʫʣʝʚʦʤ ʧʦʣʝ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ 

ʢʚʘʜʨʘʪʫ ʩʧʠʥʘ ʩʠʩʪʝʤʳ D ~ 1/S2 [33]. ʇʦʜʭʦʜ ʢ ʧʦʣʫʯʝʥʠʶ ʧʦʣʠʷʜʝʨʥʳʭ SMM ʪʘʢʞʝ 

ʦʩʣʦʞʥʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝʤ ʢʦʤʧʣʝʢʩʦʚ ʩ ʩʦʥʘʧʨʘʚʣʝʥʥʳʤʠ ʦʩʷʤʠ ʣʝʛʢʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ɺ 

ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʥʘʣʠʯʠʝ ʜʚʫʭ ʠ ʙʦʣʝʝ ʷʜʝʨ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʪʥʦʤʫ ʵʬʬʝʢʪʫ ï ʩʥʠʞʝʥʠʶ 
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ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʜʘʞʝ ʧʦʣʥʦʤʫ ʠʩʯʝʟʥʦʚʝʥʠʶ ʨʝʣʘʢʩʘʮʠʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ [34]. 

ʇʨʠʣʦʞʝʥʠʝ ʧʦʩʪʦʷʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʢ SMM ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʤʦʞʝʪ 

ʧʨʠʚʦʜʠʪʴ ʢ ʩʦʭʨʘʥʝʥʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʧʦʷʚʣʝʥʠʶ 

ʛʠʩʪʝʨʝʟʠʩʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ɺʝʱʝʩʪʚʘ, ʢʦʪʦʨʳʝ ʧʨʦʷʚʣʷʶʪ ʤʝʜʣʝʥʥʫʶ ʤʘʛʥʠʪʥʫʶ ʨʝʣʘʢʩʘʮʠʶ 

ʪʦʣʴʢʦ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʧʦʩʪʦʷʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘʟʳʚʘʶʪʩʷ ʠʥʜʫʮʠʨʦʚʘʥʥʳʤʠ 

ʧʦʣʝʤ ʤʦʣʝʢʫʣʷʨʥʳʤʠ ʤʘʛʥʝʪʠʢʘʤʠ ʠʣʠ field-induced SMMs. 

1.2.1. ʄʝʪʦʜʳ ʠʟʫʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʢʦʤʧʣʝʢʩʦʚ 4f-ʵʣʝʤʝʥʪʦʚ 

ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʣʝʢʩʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʧʘʨʘʤʘʛʥʠʪʥʳʝ ʠʦʥʳ ʤʦʛʫʪ ʙʳʪʴ ʠʟʤʝʨʝʥʳ 

ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʢʘʢ ʦʪ ʧʨʠʨʦʜʳ ʩʦʝʜʠʥʝʥʠʡ, ʪʘʢ ʠ ʦʪ ʩʧʝʮʠʬʠʢʠ 

ʧʦʣʫʯʘʝʤʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʘʥʥʳʭ. ʂʘʢ ʠ ʚ 

ʧʦʜʘʚʣʷʶʱʝʤ ʙʦʣʴʰʠʥʩʪʚʝ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʥʘʠʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ 

ʤʘʛʥʝʪʦʤʝʪʨʠʠ ʚ ʧʝʨʝʤʝʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʠʣʠ, ʜʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʠʟʤʝʨʝʥʠʷʤ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ. ʂʨʦʤʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʜʣʷ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʤʘʛʥʠʪʥʦʡ 

ʨʝʣʘʢʩʘʮʠʠ ʤʝʪʦʜʘ ʠʟʤʝʨʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʩʫʱʝʩʪʚʫʝʪ ʨʷʜ 

ʤʝʪʦʜʦʚ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʧʨʷʤʦ ʠʣʠ ʢʦʩʚʝʥʥʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʧʨʦʮʝʩʩʳ ʨʝʣʘʢʩʘʮʠʠ ʚ 

ʠʩʩʣʝʜʫʝʤʦʤ ʚʝʱʝʩʪʚʝ. 

1.2.1.1. ʄʘʛʥʝʪʦʤʝʪʨʠʷ ʚ ʧʝʨʝʤʝʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

ʀʟʤʝʨʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ (ac-magnetic susceptibility) 

ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʤʝʪʦʜʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʤʘʛʥʠʪʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚʝʱʝʩʪʚ ʠ 

ʤʘʪʝʨʠʘʣʦʚ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ. ʉʫʪʴ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʤʝʱʝʥʠʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʚ 

ʧʝʨʝʤʝʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʥʘʧʨʘʚʣʝʥʠʝ ʢʦʪʦʨʦʛʦ ʠʟʤʝʥʷʝʪʩʷ ʧʦ ʛʘʨʤʦʥʠʯʝʩʢʦʤʫ ʟʘʢʦʥʫ 

Hac(t) = H0cos(ɤt), ʛʜʝ t ï ʚʨʝʤʷ; ʅ0 ï ʘʤʧʣʠʪʫʜʘ ʤʦʜʫʣʷʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ; ɤ ï ʮʠʢʣʠʯʝʩʢʘʷ 

ʯʘʩʪʦʪʘ ʠʟʤʝʥʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (ɤ = 2ˊɜ). ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʦʙʨʘʟʮʘ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʪʘʢʞʝ 

ʙʫʜʝʪ ʠʟʤʝʥʷʪʴʩʷ ʧʦ ʛʘʨʤʦʥʠʯʝʩʢʦʤʫ ʟʘʢʦʥʫ ʄʘʩ = M0cos(ɤt-ű), ʛʜʝ ʄ0 ï ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ 

ʦʙʨʘʟʮʘ; ű ï ʦʪʩʪʘʚʘʥʠʝ ʧʦ ʬʘʟʝ ʠʟʤʝʨʝʥʥʦʛʦ ʩʠʛʥʘʣʘ ʦʪ ʧʨʠʣʦʞʝʥʥʦʛʦ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ. ɼʠʥʘʤʠʯʝʩʢʘʷ ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ ɢac = dM/dH, ʪ.ʝ. 

ʷʚʣʷʝʪʩʷ ʪʘʥʛʝʥʩʦʤ ʫʛʣʘ ʥʘʢʣʦʥʘ ʢʘʩʘʪʝʣʴʥʦʡ ʢ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M(H) ʧʨʠ ʟʥʘʯʝʥʠʠ H, ʨʘʚʥʦʤ 

ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʩʪʦʷʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ Hdc. ʉ ʫʯʝʪʦʤ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʢʦʩʠʥʫʩʘ 

ʩʫʤʤʳ cos(Ŭ+ɓ) = cos(Ŭ)Ŀcos(ɓ) - sin(Ŭ)Ŀsin(ɓ) ʠ ʢʦʩʠʥʫʩʘ ʨʘʟʥʦʩʪʠ ʫʛʣʦʚ cos(Ŭ-ɓ) = cos(Ŭ)Ŀcos(ɓ) + 

sin(Ŭ)Ŀsin(ɓ), ʄʘʩ ʤʦʞʥʦ ʧʝʨʝʧʠʩʘʪʴ: ʄʘʩ = M0cos(ɤt-ű) = M0cos(ɤt)Ŀcos(ű) + M0sin(ɤt)Ŀsin(ű) = 

(M0/H0)cos(ű)ĿH0cos(ɤt) + (M0/H0)sin(ű)ĿH0sin(ɤt) = ɢ'ĿH0cos(ɤt) + ɢ''ĿH0sin(ɤt), ʛʜʝ 

ɢ' = (M0/H0)cos(ű); ɢ'' = (M0/H0)sin(ű). ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʟʤʝʨʝʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʧʝʨʝʤʝʥʥʦʤ 

ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʧʦʣʫʯʘʶʪ ʜʚʘ ʟʥʘʯʝʥʠʷ: ʚʝʣʠʯʠʥʫ ʘʤʧʣʠʪʫʜʳ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʩʜʚʠʛ ʧʦ ʬʘʟʝ 
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ʠʟʤʝʨʷʝʤʦʛʦ ʩʠʛʥʘʣʘ, ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ű. ʇʦ ʚʝʣʠʯʠʥʝ ʘʤʧʣʠʪʫʜʳ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʩʜʚʠʛʫ ʩʠʛʥʘʣʘ ʧʦ ʬʘʟʝ ʧʨʦʠʩʭʦʜʠʪ ʚʳʯʠʩʣʝʥʠʝ ʟʥʘʯʝʥʠʡ ɢ' ʠ ɢ''. 

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʷʪ ʜʣʷ ʦʙʨʘʟʮʦʚ, ʦʨʠʝʥʪʘʮʠʦʥʥʦʝ ʚʨʘʱʝʥʠʝ ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ 

ʢʦʪʦʨʳʭ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʦ ʪʝʤ ʠʣʠ ʠʥʳʤ ʩʧʦʩʦʙʦʤ. ɺ 

ʩʣʫʯʘʝ ʂʉ ʧʨʝʜʧʦʯʪʝʥʠʝ ʩʣʝʜʫʝʪ ʦʪʜʘʚʘʪʴ ʛʝʨʤʝʪʠʯʥʦʤʫ ʫʧʘʢʦʚʳʚʘʥʠʶ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ, 

ʩʤʦʯʝʥʥʦʛʦ ʬʪʦʨʠʨʦʚʘʥʥʳʤ (ʤʠʥʠʤʘʣʴʥʦ ʧʦʜʚʝʨʞʝʥʥʦʤʫ ʥʝʛʘʪʠʚʥʦʤʫ ʚʣʠʷʥʠʶ ʦʢʨʫʞʘʶʱʝʡ 

ʩʨʝʜʳ ʠ ʤʘʢʩʠʤʘʣʴʥʦ ʠʥʝʨʪʥʦʤʫ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʦʙʨʘʟʮʘʤ) ʤʠʥʝʨʘʣʴʥʳʤ ʤʘʩʣʦʤ. ʇʨʠ 

ʠʟʤʝʨʝʥʠʷʭ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʦʙʨʘʟʝʮ ʥʘʭʦʜʠʪʩʷ ʚ ʢʘʤʝʨʝ, ʚ ʢʦʪʦʨʦʡ ʩʦʟʜʘʸʪʩʷ ʨʘʟʨʝʞʝʥʥʘʷ 

ʛʝʣʠʝʚʘʷ ʘʪʤʦʩʬʝʨʘ (ʜʘʚʣʝʥʠʝ å 1-10 ʤʤ.ʨʪ.ʩʪ.). ɻʝʨʤʝʪʠʯʥʦʩʪʴ ʫʧʘʢʦʚʢʠ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʘ ʜʣʷ 

ʩʦʝʜʠʥʝʥʠʡ, ʩʦʜʝʨʞʘʱʠʭ ʚ ʩʚʦʝʤ ʩʦʩʪʘʚʝ ʩʦʣʴʚʘʪʥʳʝ ʤʦʣʝʢʫʣʳ ʨʘʩʪʚʦʨʠʪʝʣʷ.  

ʇʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ ʥʝʦʙʭʦʜʠʤʦ ʫʯʝʩʪʴ ʚʢʣʘʜ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʧʨʦʙʦʧʦʜʛʦʪʦʚʢʝ 

ʢʦʤʧʦʥʝʥʪʦʚ, ʚʳʯʠʪʘʷ ʠʭ ʤʘʛʥʠʪʥʳʡ ʚʢʣʘʜ ʠʟ ʦʙʱʠʭ ʟʥʘʯʝʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʙʨʘʟʮʘ. 

ʆʙʳʯʥʦ ʧʦʣʠʵʪʠʣʝʥ ʠ ʩʤʘʯʠʚʘʶʱʠʡ ʘʛʝʥʪ (ʤʠʥʝʨʘʣʴʥʦʝ ʤʘʩʣʦ) ʥʝ ʩʦʜʝʨʞʘʪ ʩʠʛʥʘʣʦʚ ʚ 

ʧʝʨʝʤʝʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʠ ʠʭ ʚʢʣʘʜ ʤʦʞʥʦ ʥʝ ʫʯʠʪʳʚʘʪʴ.  

 

1.2.2.2. ʄʘʛʥʝʪʦʤʝʪʨʠʷ ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

ʇʨʦʠʟʚʦʜʠʪʩʷ ʠʟʤʝʨʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ ʨʘʟʥʳʭ ʟʥʘʯʝʥʠʷʭ ʧʨʠʣʦʞʝʥʥʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʘ. ɼʣʷ ʜʚʫʭʫʨʦʚʥʝʚʦʡ ʩʠʩʪʝʤʳ ʩʦ ʩʧʠʥʦʤ İ ʧʨʠ 

ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚʩʣʝʜʩʪʚʠʝ ʨʘʩʱʝʧʣʝʥʠʷ ʩʧʠʥʦʚʳʭ ʫʨʦʚʥʝʡ ʚʩʣʝʜʩʪʚʠʝ ʵʬʬʝʢʪʘ 

ɿʝʝʤʘʥʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʦʟʥʠʢʘʝʪ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʦʙʨʘʟʮʘ ʦʪ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʨʘʩʱʝʧʣʝʥʠʝ ʫʨʦʚʥʝʡ ɿʝʝʤʘʥʘ ʠ ʨʘʟʥʠʮʘ ʚ ʠʭ ʟʘʩʝʣʝʥʥʦʩʪʠ. 

ʋʚʝʣʠʯʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʟʘʟʦʨʘ ʧʨʦʠʩʭʦʜʠʪ ʜʦ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʤʦʤʝʥʪʘ, ʧʦʢʘ ʨʘʟʥʠʮʘ ʤʝʞʜʫ 

ʫʨʦʚʥʷʤʠ ʥʝ ʩʪʘʥʦʚʠʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʡ, ʯʪʦʙʳ ʧʦʩʣʝʜʫʶʱʝʝ ʟʘʩʝʣʝʥʠʝ ʚʝʨʭʥʝʛʦ ʫʨʦʚʥʷ, ʘ, 

ʟʥʘʯʠʪ, ʠ ʫʚʝʣʠʯʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʥʝ ʦʩʪʘʥʦʚʠʣʦʩʴ. ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʥʘʟʳʚʘʝʪʩʷ ʤʘʛʥʠʪʥʳʤ 

ʥʘʩʳʱʝʥʠʝʤ. ɺ ʤʘʣʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʤʘʛʥʠʪʥʦʛʦ 

ʥʘʩʳʱʝʥʠʷ ʦʙʳʯʥʦ ʥʝ ʧʨʦʠʩʭʦʜʠʪ, ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞʜʫ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʠ ʧʦʣʝʤ ʣʠʥʝʡʥʘʷ. 

ʋʛʦʣ ʥʘʢʣʦʥʘ ʢʘʩʘʪʝʣʴʥʦʡ ʢ ʫʢʘʟʘʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʟʳʚʘʶʪ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴʶ ɢ. 

ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʟʘʩʝʣʝʥʥʦʩʪʷʤʠ ʫʨʦʚʥʝʡ ɢ ʪʘʢʞʝ ʙʫʜʝʪ ʟʘʚʠʩʝʪʴ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʚ ʩʘʤʦʤ ʧʨʦʩʪʦʤ 

ʩʣʫʯʘʝ ï ʧʦ ʟʘʢʦʥʫ ʂʶʨʠ ï ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʟʘʚʠʩʠʤʦʩʪʠ ɢT ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʧʨʠ ʫʩʣʦʚʠʠ ʚʳʧʦʣʥʝʥʠʷ ʜʘʥʥʦʛʦ ʟʘʢʦʥʘ, ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʯʠʩʣʦ ʥʝʩʧʘʨʝʥʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ ʚ ʤʦʣʝʢʫʣʝ ʧʘʨʘʤʘʛʥʝʪʠʢʘ. ɼʣʷ ʨʝʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʥʘʙʣʶʜʘʶʪʩʷ ʦʪʢʣʦʥʝʥʠʷ ʦʪ 

ʟʘʢʦʥʘ ʂʶʨʠ, ʩʚʷʟʘʥʥʳʝ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ ʠʣʠ ʩʫʱʝʩʪʚʝʥʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ.  
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ʅʘʠʙʦʣʝʝ ʠʩʧʦʣʴʟʫʝʤʳʤ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʦʜʭʦʜʦʤ ʢ ʠʟʤʝʨʝʥʠʶ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ 

SMM ̫ ʚʣʷʝʪʩʷ ʧʨʷʤʦʝ ʠʟʤʝʨʝʥʠʝ ʚʨʝʤʝʥʠ ʩʧʠʥ-ʨʝʰʝʪʦʯʥʦʡ ʨʝʣʘʢʩʘʮʠʠ. ʉʫʱʝʩʪʚʫʶʪ ʨʘʟʥʳʝ ʝʛʦ 

ʤʦʜʠʬʠʢʘʮʠʠ: ʚ ʦʜʥʦʡ ʦʙʨʘʟʝʮ ʩʥʘʯʘʣʘ ʦʭʣʘʞʜʘʶʪ ʚ ʩʠʣʴʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦ 

ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʦʤ ʩ ʮʝʣʴʶ ʧʦʣʥʦʛʦ ʥʘʩʳʱʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, 

ʟʘʪʝʤ ʧʦʩʣʝ ʚʳʢʣʶʯʝʥʠʷ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠʟʤʝʨʷʶʪ ʚʝʣʠʯʠʥʫ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʦʙʨʘʟʮʘ ʢʘʢ ʬʫʥʢʮʠʶ ʦʪ ʚʨʝʤʝʥʠ. ɺ ʜʨʫʛʦʤ ʚʘʨʠʘʥʪʝ ʦʙʨʘʟʝʮ ʩʥʘʯʘʣʘ ʦʭʣʘʞʜʘʶʪ ʚ ʦʪʩʫʪʩʪʚʠʝ 

ʧʨʠʣʦʞʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʘ ʟʘʪʝʤ ʧʨʠʢʣʘʜʳʚʘʶʪ ʥʝʙʦʣʴʰʦʝ ʧʦʩʪʦʷʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʠ 

ʠʟʤʝʨʷʶʪ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʦʙʨʘʟʮʘ ʢʘʢ ʬʫʥʢʮʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ. ʇʦʩʢʦʣʴʢʫ ʩʨʘʟʫ 

ʧʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ ʚ ʥʫʣʝʚʦʤ ʧʦʣʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʦʙʨʘʟʮʘ ʨʘʚʥʘ ʥʫʣʶ, ʧʦʚʳʰʝʥʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠʚʝʜʝʪ ʢ ʧʦʩʪʝʧʝʥʥʦʤʫ ʥʘʤʘʛʥʠʯʠʚʘʥʠʶ ʦʙʨʘʟʮʘ 

ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʝ ʜʦʩʪʠʛʥʝʪ ʨʘʚʥʦʚʝʩʥʦʛʦ ʟʥʘʯʝʥʠʷ ʧʨʠ ʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, 

ʧʦʩʣʝ ʯʝʛʦ ʜʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʝʜʝʪ ʫʞʝ ʢ ʫʤʝʥʴʰʝʥʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. 

ʇʦʚʳʰʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʘ ʟʘʪʝʤ ʠ ʥʘʩʳʱʝʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʧʦʚʪʦʨʥʦʤ ʦʭʣʘʞʜʝʥʠʠ 

ʦʙʨʘʟʮʘ. ʀʥʦʛʜʘ ʪʘʢʞʝ ʧʨʦʠʟʚʦʜʷʪ ʠʟʤʝʨʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ 

ʥʫʣʝʚʦʤ ʧʦʣʝ. ʊʘʢʦʡ ʤʝʪʦʜ, ʥʘʟʳʚʘʝʤʳʡ ZFC/FC, ʚʢʣʶʯʘʝʪ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʭʣʘʞʜʝʥʠʝ ʚ 

ʥʫʣʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ (zero field cooled, ʘ ʟʘʪʝʤ ʦʭʣʘʞʜʝʥʠʝ ʚ ʧʨʠʣʦʞʝʥʥʦʤ ʧʦʣʝ (field cooled). 

ʊʝʤʧʝʨʘʪʫʨʦʡ ʙʣʦʢʠʨʦʚʢʠ (TB) ʥʘʟʳʚʘʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʘ, ʧʨʠ ʢʦʪʦʨʦʡ ʜʦʩʪʠʛʘʝʪʩʷ ʤʘʢʩʠʤʫʤ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʦʙʨʘʟʮʘ ʚ ʧʨʠʣʦʞʝʥʥʦʤ ʧʦʣʝ. 

ɺ ʨʘʙʦʪʝ [29] ʧʨʝʜʣʦʞʝʥʦ ʧʨʠʥʷʪʴ TB ʪʝʤʧʝʨʘʪʫʨʦʡ, ʧʨʠ ʢʦʪʦʨʦʡ ʚʨʝʤʷ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ 

ʨʘʚʥʦ 100 ʩ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʢʦʣʠʯʥʝʩʪʚʦ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʭ ʚʨʝʤʷ 

ʨʝʣʘʢʩʘʮʠʠ 100 ʩ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʦ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʯʠʥʘʶʪ ʧʨʝʦʙʣʘʜʘʪʴ ʜʨʫʛʠʝ 

ʤʝʭʘʥʠʟʤʳ ʨʝʣʘʢʩʘʮʠʠ, ʠʟ-ʟʘ ʯʝʛʦ TB ʩʪʘʥʦʚʠʪʩʷ ʥʝ ʙʦʣʝʝ ʯʝʤ ʛʠʧʦʪʝʪʠʯʝʩʢʦʡ ʚʝʣʠʯʠʥʦʡ. 

ɼʨʫʛʠʤ ʦʧʨʝʜʝʣʝʥʠʝʤ TB ʤʦʞʝʪ ʙʳʪʴ: ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, ʧʨʠ ʢʦʪʦʨʦʡ ʥʘʙʣʶʜʘʝʪʩʷ 

ʦʪʢʨʳʪʘʷ ʧʝʪʣʷ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʚʝʣʠʯʠʥʘ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʅʩ 

ʜʦʣʞʥʘ ʙʳʪʴ ʙʦʣʴʰʝ 0 [8]. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ TB ʦʢʘʟʳʚʘʝʪʩʷ ʟʘʚʠʩʠʤʘ ʦʪ ʩʢʦʨʦʩʪʠ ʨʘʟʚʝʨʪʢʠ ʧʦʣʷ. 

ʊʘʢʞʝ TB ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ ʪʝʤʧʝʨʘʪʫʨʘ, ʧʨʠ ʢʦʪʦʨʦʡ ʧʝʨʝʩʪʘʶʪ ʥʘʢʣʘʜʳʚʘʪʴʩʷ ʟʘʚʠʩʠʤʦʩʪʠ ZFC 

(zero-field cooling, ʦʭʣʘʞʜʝʥʠʝ ʚ ʥʫʣʝʚʦʤ ʧʦʣʝ) ʠ FC (field cooling, ʦʭʣʘʞʜʝʥʠʝ ʚ ʧʦʣʝ). ɺ ʨʘʙʦʪʝ 

[13] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʵʪʘ ʪʝʤʧʝʨʘʪʫʨʘ ʩʦʚʧʘʜʘʝʪ ʩ TB, ʧʨʠ ʢʦʪʦʨʦʡ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʨʘʚʥʷʝʪʩʷ 100 ʩ ʧʨʠ ʫʩʣʦʚʠʠ ʨʘʚʝʥʩʪʚʘ TB = 60 K.  

ɼʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʩʚʦʡʩʪʚ SMM ʣʫʯʰʠʤ ʠʟ ʚʩʝʭ ʤʝʪʦʜʦʚ ʤʘʛʥʝʪʦʤʝʪʨʠʠ ʚ ʧʦʩʪʦʷʥʥʦʤ 

ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʷʚʣʷʝʪʩʷ ʠʟʤʝʨʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʙʨʘʟʮʘ ʦʪ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʚʥʝʰʥʝʛʦ ʧʦʣʷ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ, ʯʝʤ ʪʝʤʧʝʨʘʪʫʨʘ ʙʣʦʢʠʨʦʚʢʠ, ʚ ʜʘʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʤʦʞʝʪ ʚʦʟʥʠʢʘʪʴ ʛʠʩʪʝʨʝʟʠʩ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʱʠʡ ʦ ʥʘʣʠʯʠʠ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʂʘʢ ʠ 

ʚ ʩʣʫʯʘʝ ZFC/FC ʵʢʩʧʝʨʠʤʝʥʪʘ, ʟʥʘʯʝʥʠʝ TB ʟʘʚʠʩʠʪ ʪʘʢʞʝ ʦʪ ʫʩʣʦʚʠʡ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ. 
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ʆʙʥʘʨʫʞʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʩʘʤʳʭ ʫʙʝʜʠʪʝʣʴʥʳʭ ʩʚʠʜʝʪʝʣʴʩʪʚ 

SMM-ʧʨʠʨʦʜʳ ʧʦʣʫʯʝʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ. ʅʝʜʦʩʪʘʪʦʢ ʤʝʪʦʜʦʚ ʤʘʛʥʝʪʦʤʝʪʨʠʠ ʚ ʧʦʩʪʦʷʥʥʦʤ 

ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʙʦʣʴʰʠʭ ʚʨʝʤʝʥ ʨʝʣʘʢʩʘʮʠʠ ʦʙʨʘʟʮʘ, ʯʪʦ 

ʜʦʩʪʠʞʠʤʦ ʧʨʠ ʦʯʝʥʴ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʘ, ʟʥʘʯʠʪ, ʩʪʘʥʦʚʠʪʩʷ ʥʝʚʦʟʤʦʞʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʙʳʩʪʨʦʡ ʩʧʠʥʦʚʦʡ ʜʠʥʘʤʠʢʠ [46]. 

ʀʟʤʝʨʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʚʝʣʠʯʠʥʳ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʦʟʚʦʣʷʝʪ ʥʘʡʪʠ 

ʟʥʘʯʝʥʠʝ ʧʦʣʥʦʛʦ ʩʧʠʥʦʚʦʛʦ ʯʠʩʣʘ ʩʠʩʪʝʤʳ. ʆʧʨʝʜʝʣʝʥʠʝ ʧʦʣʥʦʛʦ ʩʧʠʥʘ ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʝʩʣʠ 

ʜʦʩʪʫʧʥʳʝ ʥʘ ʠʩʧʦʣʴʟʫʝʤʦʤ ʦʙʦʨʫʜʦʚʘʥʠʠ ʚʝʣʠʯʠʥʳ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ/ʠʣʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʢʘʟʳʚʘʶʪʩʷ ʜʦʩʪʘʪʦʯʥʳʤʠ, ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʘʩʳʱʝʥʠʷ, ʪʦ ʝʩʪʴ ʧʦʣʥʦʩʪʴʶ 

ʟʘʩʝʣʝʥʥʦʝ ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ Ms = -S ʠ ʦʪʩʫʪʩʪʚʠʝ ʥʝʩʧʘʨʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʚʦʟʙʫʞʜʝʥʥʳʭ 

ʩʦʩʪʦʷʥʠʷʭ, ʯʪʦ ʙʳʚʘʝʪ ʥʝʜʦʩʪʠʞʠʤʦ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʢʦʤʧʣʝʢʩʦʚ ʩʠʣʴʥʦ ʘʥʠʟʦʪʨʦʧʥʳʭ ʠʦʥʦʚ, 

ʥʘʧʨʠʤʝʨ Dy. ʇʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʥʘ ʢʘʯʝʩʪʚʝʥʥʦʤ ʫʨʦʚʥʝ: 

ʥʘʧʨʠʤʝʨ ʧʦ ʟʘʚʠʩʠʤʦʩʪʠ M(H/T) ʤʦʞʥʦ ʩʫʜʠʪʴ ʦ ʚʝʣʠʯʠʥʝ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ D 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʥʘʣʠʯʠʠ ʩʠʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʟʘʚʠʩʠʤʦʩʪʠ M(H/T) ʧʨʠ ʨʘʟʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʠʟʤʝʨʝʥʠʷ ʙʫʜʫʪ ʩʠʣʴʥʦ ʨʘʩʭʦʜʠʪʩʷ ʠ ʥʘʦʙʦʨʦʪ. ɼʣʷ ʥʝʢʦʪʦʨʳʭ SMM ʪʘʢʞʝ ʤʦʞʝʪ 

ʥʘʙʣʶʜʘʪʴʩʷ ʛʠʩʪʝʨʝʟʠʩ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. 

 

1.2.2.3. ɼʨʫʛʠʝ ʤʝʪʦʜʳ 

ʉʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʝ ʤʝʪʦʜʳ 

ɻʣʘʚʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʘʣʴʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʨʷʤʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʵʥʝʨʛʠʠ ʧʝʨʚʦʛʦ ʚʦʟʙʫʞʜʝʥʥʦ ʩʦʩʪʦʷʥʠʷ SMM. ʆʙʣʫʯʘʷ ʦʙʨʘʟʝʮ 

ʠʟʣʫʯʝʥʠʝʤ ʩ ʯʘʩʪʦʪʦʡ 10-700 ʩʤī1, ʚʦʟʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʵʥʝʨʛʠʠ ʨʘʩʱʝʧʣʝʥʠʷ ʚ ʥʫʣʝʚʦʤ ʧʦʣʝ, 

ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ SMM, ʯʪʦ ʧʦʤʦʛʘʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʨʘʩʱʝʧʣʝʥʠʝ ʫʨʦʚʥʝʡ ʩʧʠʥʘ ʦʩʥʦʚʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʧʝʢʪʨʳ ʧʦʣʫʯʘʶʪ ʧʨʠ ʥʝʩʢʦʣʴʢʠʭ ʟʥʘʯʝʥʠʷʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ 

ʜʣʷ ʠʩʢʣʶʯʝʥʠʷ ʠʟ ʨʘʩʩʤʦʪʨʝʥʠʷ ʣʠʥʠʡ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʧʝʨʝʭʦʜʦʚ [47]. 

ʆʧʪʠʯʝʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʦʭʚʘʪʳʚʘʝʪ ʫʯʘʩʪʦʢ ʩʧʝʢʪʨʘ ʦʪ ʙʣʠʞʥʝʛʦ ʀʂ ʜʦ ʋʌ 

ʜʠʘʧʘʟʦʥʘ. ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʩʦʚʦʢʫʧʥʦʩʪʴ ʜʘʥʥʳʭ ʤʝʪʦʜʦʚ ʜʘʝʪ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʵʣʝʢʪʨʦʥʥʳʭ 

ʫʨʦʚʥʷʭ SMM, ʦʜʥʠʤ ʠʟ ʧʨʝʠʤʫʱʝʩʪʚ ʷʚʣʷʶʪʩʷ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʙʣʠʟʢʠʝ 

ʢ ʢʦʤʥʘʪʥʦʡ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʦʡʩʪʚ SMM ʠʩʧʦʣʴʟʫʶʪʩʷ ʣʶʤʠʥʝʩʮʝʥʪʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ, 

ʵʣʝʢʪʨʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʤʘʛʥʠʪʥʦʛʦ ʢʨʫʛʦʚʦʛʦ ʜʠʭʨʦʠʟʤʘ [48]. ʃʘʥʪʘʥʠʜʳ 

ʠʟʚʝʩʪʥʳ ʩʚʦʠʤʠ ʥʝ ʪʨʠʚʠʘʣʴʥʳʤʠ ʣʶʤʠʥʝʩʮʝʥʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʧʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʦʧʪʠʯʝʩʢʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ SMM ʥʘ ʦʩʥʦʚʝ f-ʵʣʝʤʝʥʪʦʚ. ɺ ʧʨʦʮʝʩʩʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦʚʳʰʘʶʪ ʟʘʩʝʣʝʥʥʦʩʪʴ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʦʪʦʢʦʤ ʠʟʣʫʯʝʥʠʷ ʚ ʚʠʜʠʤʦʤ 

ʠ/ʠʣʠ ʀʂ-, ʋʌ-ʜʠʘʧʘʟʦʥʘʭ, ʧʦʩʣʝ ʯʝʛʦ ʩʠʩʪʝʤʘ ʨʝʣʘʢʩʠʨʫʝʪ ʩ ʠʩʧʫʩʢʘʥʠʝʤ ʬʦʪʦʥʘ, ʢʦʪʦʨʳʡ ʠ 

ʧʦʧʘʜʘʝʪ ʥʘ ʜʝʪʝʢʪʦʨ. ʇʦ ʩʧʝʢʪʨʫ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚʦʟʤʦʞʥʦ ʦʮʝʥʠʪʴ ʨʘʩʱʝʧʣʝʥʠʝ ʫʨʦʚʥʝʡ 
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ʵʥʝʨʛʠʠ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʦʧʨʝʜʝʣʷʶʱʝʝ ʥʘʣʠʯʠʝ ʤʝʜʣʝʥʥʦʡ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ. 

ɼʘʥʥʳʝ, ʧʦʣʫʯʘʝʤʳʝ ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʜʦʧʦʣʥʷʶʪ ʧʨʝʜʳʜʫʱʠʡ ʤʝʪʦʜ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʥʠʟʢʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ f Ÿ f ʧʝʨʝʭʦʜʦʚ, ʠʭ ʤʦʞʥʦ ʜʝʪʝʢʪʠʨʦʚʘʪʴ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʚ 

ʜʝʪʘʣʷʭ ʠʟʫʯʠʪʴ ʩʪʨʫʢʪʫʨʫ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ [48]. 

ɽʱʝ ʦʜʥʠʤ ʤʝʪʦʜʦʤ ʦʧʪʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʚʘʞʥʳʤ ʜʣʷ ʠʟʫʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ 

ʩʦʝʜʠʥʝʥʠʡ, ʷʚʣʷʝʪʩʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʤʘʛʥʠʪʥʦʛʦ ʢʨʫʛʦʚʦʛʦ ʜʠʭʨʦʠʟʤʘ. ʄʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ 

ʵʬʬʝʢʪʝ ʌʘʨʘʜʝʷ: ʧʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʣʠʥʝʡʥʦ-ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ ʯʝʨʝʟ ʦʧʪʠʯʝʩʢʠ 

ʥʝʘʢʪʠʚʥʦʝ ʚʝʱʝʩʪʚʦ, ʥʘʭʦʜʷʱʝʝʩʷ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʥʘʙʣʶʜʘʝʪʩʷ ʚʨʘʱʝʥʠʝ ʧʣʦʩʢʦʩʪʠ 

ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ. ɺ ʧʨʠʩʫʪʩʪʚʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʧʫʯʢʫ ʩʚʝʪʘ, ʚ ʩʧʝʢʪʨʝ 

ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʨʘʟʥʠʮʘ ʚ ʧʦʛʣʦʱʝʥʠʠ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ. ʄʝʪʦʜ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʤʘʛʥʠʪʥʦʛʦ ʢʨʫʛʦʚʦʛʦ ʜʠʭʨʦʠʟʤʘ ï ʦʜʠʥ ʠʟ ʥʝʤʥʦʛʠʭ, ʙʣʘʛʦʜʘʨʷ ʢʦʪʦʨʦʤʫ ʤʦʞʥʦ 

ʠʟʫʯʘʪʴ ʠ ʦʩʥʦʚʥʳʝ, ʠ ʚʦʟʙʫʞʜʝʥʥʳʝ ʩʦʩʪʦʷʥʠʷ. ɻʣʘʚʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʤʘʛʥʠʪʥʦʛʦ ʢʨʫʛʦʚʦʛʦ ʜʠʭʨʦʠʟʤʘ ʩʦʩʪʦʠʪ ʚ ʚʦʟʤʦʞʥʦʩʪʠ ʦʮʝʥʢʠ ʧʨʠʤʝʥʠʤʦʩʪʠ SMM ʚ ʢʘʯʝʩʪʚʝ 

ʧʨʠʢʨʝʧʣʝʥʥʳʭ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʣʝʢʫʣ, ʘ ʪʘʢʞʝ ʚ ʨʘʩʪʚʦʨʝ [49]. 

ʇʘʨʘʤʘʛʥʠʪʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʗʄʈ. ʅʘʣʠʯʠʝ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʠʦʥʘ ʚ ʭʠʤʠʯʝʩʢʦʤ 

ʩʦʝʜʠʥʝʥʠʠ ʧʨʠʚʦʜʠʪ ʢ ʩʠʣʴʥʦʤʫ ʩʤʝʱʝʥʠʶ ʩʠʛʥʘʣʦʚ ʝʛʦ ʷʜʝʨ ʚ ʩʧʝʢʪʨʘʭ ʗʄʈ ʟʘ ʩʯʝʪ ʠʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʥʝʩʧʘʨʝʥʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʚʠʜʝ ʜʚʫʭ 

ʩʣʘʛʘʝʤʳʭ: ʠʟʦʪʨʦʧʥʦʛʦ ʢʦʥʪʘʢʪʥʦʛʦ ʚʢʣʘʜʘ, ʚʦʟʥʠʢʘʶʱʝʛʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʥʝʩʧʘʨʝʥʥʦʛʦ ʵʣʝʢʪʨʦʥʘ (ʩʧʠʥʦʚʦʡ ʧʣʦʪʥʦʩʪʠ) ʩ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʷʜʨʘ ʥʘ 

ʜʨʫʛʠʝ ʷʜʨʘ ʤʦʣʝʢʫʣʳ, ʠ ʧʩʝʚʜʦʢʦʥʪʘʢʪʥʦʛʦ ʚʢʣʘʜʘ, ʦʙʫʩʣʦʚʣʝʥʥʦʛʦ ʜʠʧʦʣʴïʜʠʧʦʣʴʥʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʷʜʨʘ ʠ ʥʝʩʧʘʨʝʥʥʦʛʦ ʵʣʝʢʪʨʦʥʘ. ʀʟʦʪʨʦʧʥʦʝ ʢʦʥʪʘʢʪʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ (ʪʘʢʞʝ ʥʘʟʳʚʘʝʤʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʌʝʨʤʠ) ʧʨʠʚʦʜʠʪ ʢ ʢʦʥʪʘʢʪʥʦʤʫ ʩʜʚʠʛʫ 

 ʂʘʢ ʧʨʘʚʠʣʦ, ʢʦʥʪʘʢʪʥʳʡ ʩʜʚʠʛ ʜʦʩʪʘʪʦʯʥʦ ʙʳʩʪʨʦ ʟʘʪʫʭʘʝʪ ʧʨʠ ʫʜʘʣʝʥʠʠ ʦʪ .(ὅὛ‏)

ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʮʝʥʪʨʘ ʠ ʩʪʘʥʦʚʠʪʩʷ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣ ʧʨʠ ʥʘʣʠʯʠʠ ʙʦʣʝʝ ʯʝʤ ʧʷʪʠ 

ʢʦʚʘʣʝʥʪʥʳʭ ʩʚʷʟʝʡ ʤʝʞʜʫ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʷʜʨʦʤ ʠ ʧʘʨʘʤʘʛʥʠʪʥʳʤ ʠʦʥʦʤ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, 

ʜʠʧʦʣʴïʜʠʧʦʣʴʥʘʷ ʧʨʠʨʦʜʘ ʧʩʝʚʜʦʢʦʥʪʘʢʪʥʦʛʦ ʩʜʚʠʛʘ (‏ὖὅὛ) ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʙʦʣʴʰʠʤ 

ʠʟʤʝʥʝʥʠʷʤ ʭʠʤʠʯʝʩʢʠʭ ʩʜʚʠʛʦʚ ʥʘ ʟʥʘʯʠʪʝʣʴʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʦʪ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʠʦʥʘ, ʧʨʠʯʝʤ 

 ὖὅὛ ʟʘʚʠʩʠʪ ʦʪ ʨʘʩʧʦʣʦʞʝʥʠʷ ʷʜʝʨ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝʩʝʪ ʚ ʩʝʙʝ ʠʥʬʦʨʤʘʮʠʶ ʦ‏

ʩʪʨʫʢʪʫʨʝ. 

ʆʩʥʦʚʥʳʤ ʧʘʨʘʤʝʪʨʦʤ, ʦʧʨʝʜʝʣʷʶʱʠʤ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ȹ… (ʠʟʤʝʥʝʥʠʝ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ), ʷʚʣʷʝʪʩʷ ʵʥʝʨʛʠʷ ʨʘʩʱʝʧʣʝʥʠʷ ʚ ʥʫʣʝʚʦʤ ʧʦʣʝ D. ʇʦʩʢʦʣʴʢʫ ʚ 

ʩʣʫʯʘʝ SMM ʧʦʩʣʝʜʥʷʷ ʥʘʧʨʷʤʫʶ ʩʚʷʟʘʥʘ ʩ ʙʘʨʴʝʨʦʤ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ (ȹeff), ʜʣʷ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʦʥʦʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʠʪʦʚ ʜʦʣʞʥʳ ʥʘʙʣʶʜʘʪʴʩʷ ʦʯʝʥʴ ʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ 

ʧʩʝʚʜʦʢʦʥʪʘʢʪʥʳʭ ʩʜʚʠʛʦʚ ʚ ʩʧʝʢʪʨʘʭ ʗʄʈ. ʇʨʠʙʣʠʞʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ 

ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ȹ… ʚʳʨʘʞʝʥʠʝʤ ʜʣʷ ‏ὖὅὛ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 
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ʟʥʘʯʝʥʠʷ ȹeff. ɼʣʷ ʙʳʩʪʨʦʡ ʦʮʝʥʢʠ ʧʝʨʩʧʝʢʪʠʚ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʦʚʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ SMM 

ʥʝʦʙʭʦʜʠʤʦ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʫʩʪʘʥʦʚʠʪʴ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ 

ʧʩʝʚʜʦʢʦʥʪʘʢʪʥʳʭ ʩʜʚʠʛʦʚ ‏ὖὅὛ(T), ʢʦʪʦʨʘʷ ʟʘʪʝʤ ʧʦʟʚʦʣʷʝʪ ʥʘʡʪʠ …Ὕ, ʝʩʣʠ ʠʟʚʝʩʪʥʦ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʩʪʨʦʝʥʠʝ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ (ʥʘʧʨʠʤʝʨ, ʠʟ ʜʘʥʥʳʭ ʈʉɸ ʠʣʠ ʢʚʘʥʪʦʚʦ-

ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ). ʇʦʤʠʤʦ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʢʦʥʪʘʢʪʥʳʭ ʠ ʧʩʝʚʜʦʢʦʥʪʘʢʪʥʳʭ ʚʢʣʘʜʦʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʳʝ ʟʥʘʯʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʩʜʚʠʛʦʚ ʪʘʢʞʝ ʩʦʜʝʨʞʘʪ ʜʠʘʤʘʛʥʠʪʥʳʡ 

ʚʢʣʘʜ (‏ʜʠʘ). ɽʛʦ ʤʦʞʥʦ ʥʘʡʪʠ ʠʟ ʩʧʝʢʪʨʦʚ ʗʄʈ ʧʦʜʭʦʜʷʱʝʛʦ ʜʠʘʤʘʛʥʠʪʥʦʛʦ ʘʥʘʣʦʛʘ ʠʟʫʯʘʝʤʦʛʦ 

ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʨʘʚʥʝʥʠʝʤ 1: 

ɻ‏ ʢʩʧ = ‏ʜʠʘ + ‏ὅὛ + ‏ὖὅὛ (ʋʨʘʚʥʝʥʠʝ 1) 

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʜʘʥʥʦʛʦ ʚʳʨʘʞʝʥʠʷ, ʟʥʘʯʝʥʠʷ ʢʦʥʪʘʢʪʥʳʭ ʩʜʚʠʛʦʚ ʟʘʚʠʩʷʪ ʦʪ ʠʟʦʪʨʦʧʥʦʡ 

ʢʦʥʩʪʘʥʪʳ ʩʚʝʨʭʪʦʥʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (ʉʊʉ) ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʦʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʧʠʥʦʚʦʡ 

ʧʣʦʪʥʦʩʪʠ, ʢʦʪʦʨʦʝ ʣʝʛʢʦ ʧʦʣʫʯʠʪʴ ʠʟ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ (DFT). ʈʝʛʠʩʪʨʘʮʠʷ ʩʧʝʢʪʨʦʚ ʗʄʈ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʚ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ (ʥʘʧʨʠʤʝʨ, ʦʪ 220 ʜʦ 320 ʂ), ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʘʥʘʣʠʟʦʤ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʩʜʚʠʛʦʚ ʧʫʪʝʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩ ʫʯʝʪʦʤ 

ʜʠʘʤʘʛʥʠʪʥʦʛʦ ʠ ʢʦʥʪʘʢʪʥʦʛʦ ʚʢʣʘʜʦʚ ʧʦʟʚʦʣʷʝʪ ʫʩʪʘʥʦʚʠʪʴ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ȹ…(Ὕ), 

ʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ï ʵʥʝʨʛʠʶ ʨʘʩʱʝʧʣʝʥʠʷ ʚ ʥʫʣʝʚʦʤ ʧʦʣʝ D ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʙʘʨʴʝʨ 

ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ȹeff [50]. 

ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʕʇʈ) ï ʥʝ ʨʘʟʨʫʰʘʶʱʠʡ, 

ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʠ ʵʢʩʧʨʝʩʩʥʳʡ ʤʝʪʦʜ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʚʝʱʝʩʪʚ ʠ 

ʤʘʪʝʨʠʘʣʦʚ. ʅʘʚʝʩʢʘ ʦʙʨʘʟʮʘ ʤʦʞʝʪ ʩʦʩʪʘʚʣʷʪʴ ʥʝʩʢʦʣʴʢʦ ʤʠʣʣʠʛʨʘʤʤ. ʆʜʥʠʤ ʠʟ ʫʩʣʦʚʠʡ 

ʥʘʙʣʶʜʝʥʠʷ ʕʇʈ ʷʚʣʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝ ʫ ʦʙʨʘʟʮʘ ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʠ. ʈʝʛʠʩʪʨʘʮʠʷ ʩʧʝʢʪʨʦʚ 

ʕʇʈ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʦʙʨʘʟʮʘ ʨʘʜʠʦʯʘʩʪʦʪʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʤ 

ʜʠʘʧʘʟʦʥʝ ʚ ʠʟʤʝʥʷʶʱʝʤʩʷ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ (ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ CW-ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʷ).  

ʇʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʩ ʯʘʩʪʦʪʦʡ ɜ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ 

ʨʝʟʦʥʘʥʩʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʵʥʝʨʛʠʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʨʘʚʥʝʥʠʝʤ 2: 

hɜ = gɓH (ʋʨʘʚʥʝʥʠʝ 2) 

ʛʜʝ h ï ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ, ɜ ï ʯʘʩʪʦʪʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 1, Ὣ - g-ʬʘʢʪʦʨ, ʢʦʪʦʨʳʡ ʟʘʚʠʩʠʪ 

ʦʪ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʷ ʠ ʥʘʣʠʯʠʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ (ʟʥʘʯʝʥʠʝ g-ʬʘʢʪʦʨʘ 

ʩʚʦʙʦʜʥʦʛʦ ʵʣʝʢʪʨʦʥʘ ʨʘʚʥʦ ge = 2.0023), ɓ ï ʤʘʛʥʠʪʥʘʷ ʠʥʜʫʢʮʠʷ, H ï ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ 2. ʆʩʦʙʝʥʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʝʪʦʜʦʤ ʕʇʈ ʩʦʩʪʦʠʪ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʦʪʢʣʦʥʝʥʠʷ g-ʬʘʢʪʦʨʘ 

ʠʩʩʣʝʜʫʝʤʦʡ ʩʠʩʪʝʤʳ ʦʪ ge, ʯʪʦ ʧʨʦʠʩʭʦʜʠʪ ʚʩʣʝʜʩʪʚʠʝ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʮʝʥʪʨʘʣʴʥʦʛʦ ʘʪʦʤʘ.  

ɺ ʧʨʠʩʫʪʩʪʚʠʠ ʷʜʝʨ, ʦʙʣʘʜʘʶʱʠʭ ʥʝʥʫʣʝʚʳʤ ʟʥʘʯʝʥʠʝʤ ʷʜʝʨʥʦʛʦ ʩʧʠʥʘ, ʤʦʞʝʪ 

ʥʘʙʣʶʜʘʪʴʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ. ʈʝʟʫʣʴʪʘʪ ʪʘʢʦʛʦ 
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ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʣʫʯʠʣ ʥʘʟʚʘʥʠʝ ʩʚʝʨʭʪʦʥʢʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ. ʈʘʩʱʝʧʣʝʥʠʝ ʚ ʥʫʣʝʚʦʤ ʧʦʣʝ 

(ʭʘʨʘʢʪʝʨʠʟʫʝʤʦʝ ʧʘʨʘʤʝʪʨʦʤ D), ʧʨʠ ʫʩʣʦʚʠʠ ʥʘʣʠʯʠʷ ʥʝʩʢʦʣʴʢʠʭ ʥʝʩʧʘʨʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ 

ʮʝʥʪʨʘʣʴʥʦʛʦ ʘʪʦʤʘ, ʚʣʠʷʝʪ ʠ ʥʘ ʧʦʣʦʞʝʥʠʝ ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʠ. ʀʩʭʦʜʷ ʠʟ ʚʳʰʝʩʢʘʟʘʥʥʦʛʦ, 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʕʇʈ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʦʧʠʩʳʚʘʝʪ ʩʧʠʥʦʚʫʶ ʩʪʨʫʢʪʫʨʫ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ.  

ɼʣʷ ʤʥʦʛʠʭ SMM ʧʨʠʤʝʥʝʥʠʝ ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʦʩʣʦʞʥʝʥʦ ʦʪʩʫʪʩʪʚʠʝʤ ʩʠʛʥʘʣʘ ʕʇʈ 

ʚ ʩʚʷʟʠ ʩ ʙʦʣʴʰʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʠ ʙʦʣʴʰʠʤ ʟʥʘʯʝʥʠʝʤ Ms ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʮʝʥʪʨʘʣʴʥʦʛʦ ʘʪʦʤʘ. ɼʣʷ SMM ʩ ʤʝʥʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ D ʨʝʛʠʩʪʨʘʮʠʷ ʩʧʝʢʪʨʦʚ ʕʇʈ ʚʦʟʤʦʞʥʘ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʕʇʈ, ʚ ʯʘʩʪʥʦʩʪʠ ʕʇʈ ʚ ʪʝʨʨʘʛʝʨʮʦʚʦʤ ʜʠʘʧʘʟʦʥʝ (THz-

EPR).  

ʅʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʝ SMM, ʜʣʷ ʢʦʪʦʨʳʭ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ D ʩʣʠʰʢʦʤ ʙʦʣʴʰʠʝ, 

ʦʢʘʟʳʚʘʶʪʩʷ ʥʝʧʨʠʛʦʜʥʳʤʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʠ ʧʦʤʦʱʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʕʇʈ [51]. ʊʘʢ ʚ 

ʧʨʝʜʳʜʫʱʠʭ ʨʘʙʦʪʘʭ ʥʘʰʝʡ ʣʘʙʦʨʘʪʦʨʠʠ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʭʦʨʦʰʛʝʝ ʩʦʚʧʘʜʝʥʠʢʝ ʙʘʨʴʝʨʘ 

ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʠ ʧʘʨʘʤʠʝʪʨʘ ʨʘʩʱʝʧʣʝʥʠʷ ʚ ʥʫʣʜʝʚʦʤ ʧʦʣʝ ʜʣʷ ʢʦʤʧʣʝʢʩʘ Yb 

[Ln(PyrCOO)(acac)2(H2O)2], ʛʜʝ PyrCOO- - ʧʠʨʘʟʠʥ-2-ʢʘʨʙʦʢʩʠʣʘʪ ʘʥʠʦʥ ʠ acac- ï 

ʘʮʝʪʠʣʘʮʝʪʦʥʘʪ-ʘʥʠʦʥ ʨʘʟʱʥʠʮʝʡ ʤʝʞʜʫ ʟʥʘʯʝʥʠʝʤ, ʧʦʣʫʯʝʥʥʳʤ THZ-EPR ʠ ʤʘʛʥʝʪʦʤʝʪʨʠʝʡ ʚ 

ʧʝʨʝʤʝʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʦʢʦʣʦ 7%. [95] 

1.2.2. ʄʝʭʘʥʠʟʤʳ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʈʝʣʘʢʩʘʮʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʣʝ ʚʳʢʣʶʯʝʥʠʷ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, 

ʚʦʟʜʝʡʩʪʚʫʶʱʝʛʦ ʥʘ SMM. ʆʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ SMM ʷʚʣʷʝʪʩʷ ʩʧʠʥ-

ʬʦʥʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ʉʫʱʝʩʪʚʫʶʪ ʥʝʬʦʥʦʥʥʳʝ (ʢʚʘʥʪʦʚʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ), ʦʜʥʦʬʦʥʦʥʥʳʝ (ʧʨʷʤʦʡ) ʠ ʜʚʫʭʬʦʥʦʥʥʳʝ (ʆʨʙʘʭʘ ʠ ʈʘʤʘʥʘ) ʧʨʦʮʝʩʩʳ 

ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ɼʚʫʭʬʦʥʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤʠ ʧʨʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʥʠʟʢʠʭ T ʜʦʤʠʥʠʨʫʶʪ ʧʨʷʤʦʡ ʧʨʦʮʝʩʩ ʠ ʢʚʘʥʪʦʚʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʠʟʤʝʨʝʥʠʡ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʧʨʦʚʦʜʷʪ ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʜʘʥʥʳʭ Ű(T). ɼʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʠʩʧʦʣʴʟʫʶʪ ʬʦʨʤʫʣʳ, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷʤʠ 

ʨʘʟʣʠʯʥʳʭ ʧʫʪʝʡ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩʠʩʪʝʤʳ ʠʣʠ ʩʦʚʦʢʫʧʥʦʩʪʠ ʥʝʩʢʦʣʴʢʠʭ 

ʚʦʟʤʦʞʥʳʭ ʧʫʪʝʡ ʨʝʣʘʢʩʘʮʠʠ. ʆʙʳʯʥʦ ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʩʣʝʜʫʶʱʠʝ ʤʝʭʘʥʠʟʤʳ ʨʝʣʘʢʩʘʮʠʠ: 

ʤʝʭʘʥʠʟʤ ʆʨʙʘʭʘ, ʤʝʭʘʥʠʟʤ ʈʘʤʘʥʘ, ʧʨʷʤʦʡ ʤʝʭʘʥʠʟʤ ʨʝʣʘʢʩʘʮʠʠ ʠ ʢʚʘʥʪʦʚʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ (ʂʊʅ).  

ʄʝʭʘʥʠʟʤ ʆʨʙʘʭʘ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʤ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʟʥʘʯʠʤʳʤ ʤʝʭʘʥʠʟʤʦʤ 

ʨʝʣʘʢʩʘʮʠʠ. ʄʝʭʘʥʠʟʤ ʆʨʙʘʭʘ - ʜʚʫʭʬʦʥʦʥʥʳʡ ʧʨʦʮʝʩʩ, ʢʦʪʦʨʳʡ ʧʨʦʠʩʭʦʜʠʪ ʩ ʧʦʛʣʦʱʝʥʠʝʤ 
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ʬʦʥʦʥʘ ʩʧʠʥʦʚʦʡ ʩʠʩʪʝʤʦʡ ʩ ʧʝʨʝʭʦʜʦʤ ʚ ʚʦʟʙʫʞʜʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠ ʧʦʩʣʝʜʫʶʱʠʤ ʠʩʧʫʩʢʘʥʠʝʤ 

ʬʦʥʦʥʘ ʩ ʚʦʟʚʨʘʱʝʥʠʝʤ ʚ ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ. ʇʝʨʝʭʦʜʳ ʯʝʨʝʟ ʥʝʩʢʦʣʴʢʦ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʫʨʦʚʥʝʡ ʤʘʣʦʚʝʨʦʷʪʥʳ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʦʠʩʭʦʜʷʪ ʪʦʣʴʢʦ ʧʝʨʝʭʦʜʳ ʜʣʷ MS = Ñ1. ʉʧʠʥʦʚʘʷ 

ʩʠʩʪʝʤʘ ʧʨʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʧʦʛʣʦʱʝʥʠʠ S ʢʚʘʥʪʦʚ ʤʦʞʝʪ ʧʝʨʝʡʪʠ ʠʟ ʩʦʩʪʦʷʥʠʷ MS = ïS ʚ 

ʩʦʩʪʦʷʥʠʝ MS = 0, ʧʦʩʣʝ ʯʝʛʦ ʚ ʥʫʣʝʚʦʤ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʧʨʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ 

ʠʩʧʫʩʢʘʥʠʠ S ʬʦʥʦʥʦʚ ʤʦʞʝʪ ʧʨʦʠʟʦʡʪʠ ʨʘʚʥʦʚʝʨʦʷʪʥʳʡ ʧʝʨʝʭʦʜ ʚ ʩʦʩʪʦʷʥʠʷ MS = ÑS.  

ɼʣʷ ʦʧʠʩʘʥʠʷ ʧʝʨʝʭʦʜʘ ʠʟ ʩʦʩʪʦʷʥʠʷ MS = ïS ʚ ʩʦʩʪʦʷʥʠʝ MS = 0 ʠʩʧʦʣʴʟʫʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦ ʟʘʢʦʥʫ ɸʨʨʝʥʠʫʩʘ. 

ʐ  ʐÅØÐ ɝ ȾË4, (ʋʨʘʚʥʝʥʠʝ 3) 

ʛʜʝ kB ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ, Ű0 ï ʥʘʠʤʝʥʴʰʝʝ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ, ʊ ï ʪʝʤʧʝʨʘʪʫʨʘ, ȹeff ï

ʚʝʣʠʯʠʥʘ ʵʬʬʝʢʪʠʚʥʦʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʙʘʨʴʝʨʘ ʧʝʨʝʭʦʜʘ MS:-S Ÿ 0, ʨʘʚʥʘʷ |D|S2 ʜʣʷ ʩʠʩʪʝʤ ʩ 

ʮʝʣʳʤ ʩʧʠʥʦʤ ʠ |D|(S2-1/4) ʜʣʷ ʩʠʩʪʝʤ ʩ ʧʦʣʫʮʝʣʳʤ ʩʧʠʥʦʤ. 

ɺʝʣʠʯʠʥʘ Ű0 ʨʘʚʥʘ:  

†
ᴐ

ȿ ȿ
, (ʋʨʘʚʥʝʥʠʝ 4) 

 ʛʜʝ ɟ ï ʧʣʦʪʥʦʩʪʴ, ʩ ï ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ, V10 ï ʚʝʣʠʯʠʥʘ ʩʧʠʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʣʷ 

ʧʝʨʝʭʦʜʘ ʠʟ ʩʦʩʪʦʷʥʠʷ ʩ MS = Ñ1 ʚ ʩʦʩʪʦʷʥʠʝ ʩ MS = 0.  

ɺʝʣʠʯʠʥʘ Ű0 ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 10
ï12 ʜʦ 10ï10 ʩ, ʯʪʦ ʚʘʞʥʦ ʫʯʠʪʳʚʘʪʴ ʧʨʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ [52]. ʇʦ ʚʝʣʠʯʠʥʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʙʘʨʴʝʨʘ 

ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ, ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʠʟ ʫʨʘʚʥʝʥʠʷ ɸʨʨʝʥʠʫʩʘ, ʦʧʠʩʳʚʘʶʱʝʛʦ ʤʝʭʘʥʠʟʤ ʆʨʙʘʭʘ 

(ʫʨʘʚʥʝʥʠʝ 3) ʜʝʣʘʶʪ ʚʳʚʦʜʳ ʦ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʠ ʜʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʢʘʢ SMM. ʇʨʠ 

ʠʩʩʣʝʜʦʚʘʥʠʠ SMM ʠ ʥʘʣʠʯʠʠ ʧʨʦʮʝʩʩʘ ʆʨʙʘʭʘ, ʦʪ ʘʙʩʪʨʘʢʪʥʦʛʦ ʙʘʨʴʝʨʘ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ 

ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʷʤʠ ÑMs ʧʝʨʝʭʦʜʷʪ ʢ ʵʬʬʝʢʪʠʚʥʦʤʫ ʘʥʠʟʦʪʨʦʧʥʦʤʫ ʵʥʝʨʛʝʪʠʯʝʩʢʦʤʫ ʙʘʨʴʝʨʫ, 

ʨʘʩʩʯʠʪʳʚʘʝʤʦʤʫ ʠʟ ʫʨʘʚʥʝʥʠʷ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦ ʧʨʦʮʝʩʩ ʆʨʙʘʭʘ. 

ʈʘʤʘʥʦʚʩʢʠʡ ʧʨʦʮʝʩʩ ʨʝʣʘʢʩʘʮʠʠ, ʪʘʢʞʝ, ʢʘʢ ʠ ʧʨʦʮʝʩʩ ʆʨʙʘʭʘ ʷʚʣʷʝʪʩʷ 

ʜʚʫʭʬʦʥʦʥʥʳʤ. ʆʪʣʠʯʠʝ ʦʪ ʤʝʭʘʥʠʟʤʘ ʨʝʣʘʢʩʘʮʠʠ ʆʨʙʘʭʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʚʦʟʙʫʞʜʝʥʥʳʝ 

ʩʦʩʪʦʷʥʠʷ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʷʚʣʷʶʪʩʷ ʚʠʨʪʫʘʣʴʥʳʤʠ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʫʯʘʩʪʚʫʶʪ ʚ ʦʙʤʝʥʝ 

ʵʥʝʨʛʠʠ ʪʦʣʴʢʦ ʚʠʨʪʫʘʣʴʥʳʝ ʩʦʩʪʦʷʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʠʣʠ ʚʠʨʪʫʘʣʴʥʳʝ ʩʦʩʪʦʷʥʠʷ 

ʨʝʰʝʪʢʠ ʠ ʩʧʠʥʦʚʦʡ ʩʠʩʪʝʤʳ, ʨʘʟʣʠʯʘʶʪ ʈʘʤʘʥʦʚʩʢʠʝ ʧʨʦʮʝʩʩʳ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʨʦʜʘ. 

ɿʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʈʘʤʘʥʦʚʩʢʦʛʦ ʧʨʦʮʝʩʩʘ 

ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ 5: 

†  ὅὝ , (ʋʨʘʚʥʝʥʠʝ 5) 

ʛʜʝ C ï ʧʘʨʘʤʝʪʨ ʈʘʤʘʥʦʚʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʨʝʣʘʢʩʘʮʠʠ [Kïn_Ramanʩï1], nRaman [-] ï ʧʦʨʷʜʦʢ 

ʈʘʤʘʥʦʚʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʨʝʣʘʢʩʘʮʠʠ. 
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ɺ ʣʠʪʝʨʘʪʫʨʝ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚʝʣʠʯʠʥʘ nRaman ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʷ ʦʪ 2 ʜʦ 9, ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʧʨʠʨʦʜʳ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʠʦʥʘ, ʥʘʣʠʯʠʷ ʥʠʟʢʦʣʝʞʘʱʠʭ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʠ ʫʯʝʪʘ 

ʦʧʪʠʯʝʩʢʠʭ ʬʦʥʦʥʦʚ. ʅʝʩʢʦʣʴʢʦ ʯʘʩʪʥʳʭ ʩʣʫʯʘʝʚ ʟʥʘʯʝʥʠʡ nRaman ʷʚʣʷʶʪʩʷ: nRaman = 2 (ʫʟʢʦʝ 

ʬʦʥʦʥʥʦʝ ʛʦʨʣʦ), 5 (ʙʣʠʟʢʦ ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʜʫʙʣʝʪʳ), 7 (ʜʣʷ ʥʝ ʂʨʘʤʝʨʩʦʚʳʭ ʤʘʛʥʠʪʥʳʭ ʠʦʥʦʚ), 

9 (ʜʣʷ ʂʨʘʤʝʨʩʦʚʳʭ ʤʘʛʥʠʪʥʳʭ ʠʦʥʦʚ). 

 

ʇʨʷʤʦʡ ʧʨʦʮʝʩʩ ʨʝʣʘʢʩʘʮʠʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʧʝʨʝʭʦʜ ʩʠʩʪʝʤʳ ʠʟ ʥʝʨʘʚʥʦʚʝʩʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʚʩʣʝʜʩʪʚʠʝ ʢʦʣʝʙʘʥʠʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʚ ʨʘʚʥʦʚʝʩʥʦʝ 

ʩʦʩʪʦʷʥʠʝ MS = ÑS ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʦʜʥʦʛʦ ʬʦʥʦʥʘ ʩ ʵʥʝʨʛʠʝʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʤʫ ʟʘʟʦʨʫ ʤʝʞʜʫ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʫʨʦʚʥʷʤʠ. ɿʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʧʨʷʤʦʛʦ ʤʝʭʘʥʠʟʤʘ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ ʬʦʨʤʫʣʳ ʜʣʷ ʂʨʘʤʝʨʩʦʚʳʭ 

ʠʦʥʦʚ (n_direct = 4): 

†  ὃὌὝ (ʋʨʘʚʥʝʥʠʝ 6) 

ɼʣʷ ʥʝ ʂʨʘʤʝʨʩʦʚʳʭ ʠʦʥʦʚ (n_direct = 2): 

†  ὃὌὝ, (ʋʨʘʚʥʝʥʠʝ 7) 

ʛʜʝ Adirect [K
ī1ʕīn_directʩī1] ï ʧʘʨʘʤʝʪʨ ʧʨʷʤʦʛʦ ʧʨʦʮʝʩʩʘ ʨʝʣʘʢʩʘʮʠʠ, ndirect [-] ï ʧʦʨʷʜʦʢ ʧʨʷʤʦʛʦ 

ʧʨʦʮʝʩʩʘ ʨʝʣʘʢʩʘʮʠʠ. 

ɺʝʨʦʷʪʥʦʩʪʴ ʧʨʷʤʦʛʦ ʧʨʦʮʝʩʩʘ ʨʝʣʘʢʩʘʮʠʠ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʚʥʝʰʥʝʛʦ ʧʦʩʪʦʷʥʥʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʟʥʘʯʠʪʝʣʴʥʦ ʚʦʟʨʘʩʪʘʝʪ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʙʦʣʴʰʦʡ 

ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʜʘʥʥʳʡ ʤʝʭʘʥʠʟʤ ʨʝʣʘʢʩʘʮʠʠ ʦʙʳʯʥʦ ʩʪʘʥʦʚʠʪʩʷ ʦʩʥʦʚʥʳʤ (ʫʨʘʚʥʝʥʠʷ 6,7).  

ʂʚʘʥʪʦʚʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ (ʂʊʅ) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʙʝʟʙʘʨʴʝʨʥʳʡ 

ʧʝʨʝʭʦʜ ʤʝʞʜʫ ʫʨʦʚʥʷʤʠ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩ ʦʜʠʥʘʢʦʚʳʤ ʟʥʘʯʝʥʠʝʤ Ms ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺʩʣʝʜʩʪʚʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʘʛʥʠʪʥʳʭ ʮʝʥʪʨʦʚ ʩ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʤ 

ʦʢʨʫʞʝʥʠʝʤ (ʂʆ) ʚʳʨʦʞʜʝʥʠʝ ʫʨʦʚʥʝʡ ʧʦ ʵʥʝʨʛʠʠ ʯʘʩʪʠʯʥʦ ʩʥʠʤʘʝʪʩʷ, ʠ ʂʊʅ ʦʢʘʟʳʚʘʝʪʩʷ 

ʟʘʪʨʫʜʥʝʥʦ. ʂʚʘʥʪʦʚʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʩʪʘʥʦʚʠʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʤ ʧʨʠ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʭ ʥʘʭʦʜʷʱʠʭʩʷ ʨʷʜʦʤ ʤʘʛʥʠʪʥʳʭ ʮʝʥʪʨʦʚ. ɼʠʘʤʘʛʥʠʪʥʦʝ ʨʘʟʙʘʚʣʝʥʠʝ ʧʦʟʚʦʣʷʝʪ 

ʟʘʤʝʪʥʦ ʫʤʝʥʴʰʠʪʴ ʚʢʣʘʜ ʂʊʅ [ʩʩʳʣʢʠ].  

ʈʝʟʦʥʘʥʩʥʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ, ʢʘʢ ʧʦʥʷʪʥʦ ʠʟ ʥʘʟʚʘʥʠʷ, ʚʦʟʥʠʢʘʝʪ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʪʘʢʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʧʨʠ ʢʦʪʦʨʦʤ ʥʘʯʠʥʘʶʪ ʩʦʚʧʘʜʘʪʴ ʧʦ ʵʥʝʨʛʠʠ ʫʨʦʚʥʠ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʘʙʩʦʣʶʪʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ Ms. ɺʨʝʤʝʥʘ ʨʝʣʘʢʩʘʮʠʠ ʧʨʠ ʢʚʘʥʪʦʚʦʤ ʪʫʥʥʝʣʠʨʦʚʘʥʠʠ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝ ʟʘʚʠʩʷʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʘ ʘʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʚʨʝʤʝʥ ʨʝʣʘʢʩʘʮʠʠ ʛʦʨʘʟʜʦ ʤʝʥʴʰʝ ʧʨʠ 

ʦʜʠʥʘʢʦʚʳʭ ʫʩʣʦʚʠʷʭ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʚʨʝʤʝʥʘʤʠ ʨʝʣʘʢʩʘʮʠʠ ʜʣʷ ʤʝʭʘʥʠʟʤʘ ʆʨʙʘʭʘ. 

ʉʫʱʝʩʪʚʫʝʪ ʪʝʨʤʠʯʝʩʢʠ-ʘʢʪʠʚʠʨʫʝʤʦʝ ʢʚʘʥʪʦʚʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ. ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ 

ʥʘʟʚʘʥʠʷ, ʜʘʥʥʳʡ ʧʨʦʮʝʩʩ ʠʛʨʘʝʪ ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʚ ʨʝʣʘʢʩʘʮʠʠ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʇʨʦʠʩʭʦʜʠʪ ʙʝʟʙʘʨʴʝʨʥʳʡ ʧʝʨʝʭʦʜ ʤʝʞʜʫ ʫʨʦʚʥʷʤʠ ʩ ʦʜʠʥʘʢʦʚʳʤ ʟʥʘʯʝʥʠʝʤ Ms ʚʦʟʙʫʞʜʸʥʥʳʭ 
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ʩʦʩʪʦʷʥʠʡ, ʟʘ ʩʯʸʪ ʪʦʛʦ, ʯʪʦ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʯʘʩʪʴ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ 

ʦʢʘʟʳʚʘʝʪʩʷ ʚʳʨʦʞʜʝʥʘ. 

ʂʚʘʥʪʦʚʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ 

ʝʛʦ ʚʢʣʘʜ ʚ ʨʝʣʘʢʩʘʮʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʧʦ-ʨʘʟʥʦʤʫ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʫʨʘʚʥʝʥʠʝʤ 8: 

† ὄ ʠʣʠ †   ʠʣʠ †   (ʋʨʘʚʥʝʥʠʝ 8), ʛʜʝ B1 [c
ï1], B2 [ʕ

ï2], B3[ʕ
ï

2] ï ʧʘʨʘʤʝʪʨʳ ʂʊʅ. ʈʘʟʣʠʯʥʳʝ ʚʘʨʠʘʥʪʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʝʩʪʴ ʣʠ ʠ 

ʥʘʩʢʦʣʴʢʦ ʩʣʦʞʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʊʘʢ ʢʘʢ ʧʨʦʮʝʩʩʳ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʧʨʦʷʚʣʷʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʪʦʣʴʢʦ ʚ ʦʪʩʫʪʩʪʚʠʠ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʘ ʧʨʷʤʦʡ ʧʨʦʮʝʩʩ ʪʦʣʴʢʦ ʚ ʙʦʣʴʰʠʭ ʧʦʣʷʭ, ʪʦ ʩʫʱʝʩʪʚʫʝʪ ʠʥʪʝʨʚʘʣ 

ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʟʥʘʯʝʥʠʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʚ ʢʦʪʦʨʦʤ ʚʣʠʷʥʠʝ ʢʘʢ ʂʊʅ, ʪʘʢ ʠ 

ʧʨʤ̫ʦʛʦ ʧʨʦʮʝʩʩʘ ʥʝ ʙʫʜʝʪ ʩʫʱʝʩʪʚʝʥʥʳʤ. ɺ ʪʘʢʠʭ ʦʧʪʠʤʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʚʨʝʤʝʥʘ 

ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʙʫʜʫʪ ʤʘʢʩʠʤʘʣʴʥʳ.  

ʉʦʚʤʝʩʪʥʘʷ ʨʝʣʘʢʩʘʮʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʊʘʢ ʢʘʢ ʚʩʝ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ, ʢʨʦʤʝ ʤʝʭʘʥʠʟʤʘ ʆʨʙʘʭʘ, ʩʥʠʞʘʶʪ ʥʘʙʣʶʜʘʝʤʳʡ 

ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʙʘʨʴʝʨ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ, ʚʘʞʥʦ ʦʮʝʥʠʪʴ ʚʢʣʘʜ ʢʘʞʜʦʛʦ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʫʩʣʦʚʠʡ, ʧʨʠ ʢʦʪʦʨʳʭ ʦʥ ʤʠʥʠʤʘʣʝʥ. ʅʝʦʙʭʦʜʠʤʦ ʨʘʩʩʤʦʪʨʝʪʴ ʫʨʘʚʥʝʥʠʝ, 

ʦʪʨʘʞʘʶʱʝʝ ʩʫʤʤʘʨʥʦʝ ʚʣʠʷʥʠʝ ʚʩʝʭ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʦʧʠʩʳʚʘʶʪʩʷ ʩʫʤʤʦʡ ʥʝ ʙʦʣʝʝ ʯʝʤ ʜʚʫʭ 

ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ. ʋʜʦʙʥʝʝ ʚʩʝʛʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ 

(ʚʝʣʠʯʠʥʘ ʦʙʨʘʪʥʘʷ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ) ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʪʘʢ ʢʘʢ ʦʥʘ ʷʚʣʷʝʪʩʷ ʘʜʜʠʪʠʚʥʦʡ 

ʚʝʣʠʯʠʥʦʡ, ʢʘʢ ʚ ʫʨʘʚʥʝʥʠʠ 9 

† †  ÅØÐ ὃὌ Ὕ  ὅὝ   (ʋʨʘʚʥʝʥʠʝ 9) 

ɼʣʷ ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ, ʢʦʪʦʨʳʝ ʟʘʚʠʩʷʪ ʦʪ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ (ʧʨʷʤʦʡ ʤʝʭʘʥʠʟʤ ʠ ʂʊʅ) ʠʤʝʝʪ ʩʤʳʩʣ ʧʨʦʚʦʜʠʪʴ ʦʜʥʦʚʨʝʤʝʥʥʦ ʘʧʧʨʦʢʩʠʤʘʮʠʶ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʦʪ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʩ ʮʝʣʴʶ ʫʚʝʣʠʯʝʥʠʷ ʪʦʯʥʦʩʪʠ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʵʢʚʠʚʘʣʝʥʪʝʥ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʪʦʯʝʢ ʚ ʪʨʝʭʤʝʨʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʪʝʤʧʝʨʘʪʫʨʘ-ʧʦʣʝ-ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ. 

ʀʥʪʝʨʝʩʥʳʡ ʧʨʠʤʝʨ ʨʘʩʩʫʞʜʝʥʠʡ ʥʘ ʪʝʤʫ ʨʝʘʣʠʟʘʮʠʠ ʨʘʟʣʠʯʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ ʚ 

ʠʩʩʣʝʜʫʝʤʳʭ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʧʨʠʚʝʜʝʥ ʚ ʩʦʧʨʦʚʦʜʠʪʝʣʴʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʨʘʙʦʪʳ [53].  

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʦʙʦʩʥʦʚʘʥʥʦʛʦ ʚʳʙʦʨʘ ʤʝʭʘʥʠʟʤʘ ʠʣʠ ʩʫʤʤʳ ʤʝʭʘʥʠʟʤʦʚ 

ʨʝʣʘʢʩʘʮʠʠ ʥʝʦʙʭʦʜʠʤʦ ʠʤʝʪʴ ʨʝʟʫʣʴʪʘʪʳ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ, ʩ ʮʝʣʴʶ ʩʨʘʚʥʝʥʠʷ 

ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʥʘʧʨʠʤʝʨ ʧʦ ʙʘʨʴʝʨʫ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ, ʩ 

ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʦʣʦʞʝʥʠʷ ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʠ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʠʦʥʘ. 
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1.2.3. ʆʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ SMM 

ʄʦʣʝʢʫʣʷʨʥʳʝ ʤʘʛʥʝʪʠʢʠ ʧʦʪʝʥʮʠʘʣʴʥʦ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʫʩʪʨʦʡʩʪʚ ʭʨʘʥʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ, [54] ʚ ʢʚʘʥʪʦʚʳʭ ʚʳʯʠʩʣʝʥʠʷʭ [55], ʘ ʪʘʢʞʝ 

ʚ ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʧʠʥʪʨʦʥʠʢʝ [3]. ɺ ʦʙʣʘʩʪʠ ʠʟʫʯʝʥʠʷ ʩʧʠʥʪʨʦʥʠʢʠ ʚʝʩʦʤʳʡ ʚʢʣʘʜ ʚʥʸʩ ʅʦʚʠʢʦʚ 

ʩ ʩʦʘʚʪʦʨʘʤʠ [56], ʦʜʥʘʢʦ ʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʩʥʦʚʥʦʤ ʙʳʣʠ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʠʟʫʯʝʥʠʠ 

ʨʘʟʣʠʯʥʳʭ ʩʦʝʜʠʥʝʥʠʡ Co2+. ɺʩʣʝʜʩʪʚʠʝ ʪʦʛʦ, ʯʪʦ ʜʘʥʥʘʷ ʪʝʤʘʪʠʢʘ ʯʨʝʟʚʳʯʘʡʥʦ ʪʨʫʜʦʸʤʢʘ, ʥʘ 

ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʧʦʧʳʪʢʘʭ ʧʦʣʫʯʠʪʴ 

ʨʘʙʦʪʦʩʧʦʩʦʙʥʫʶ ʩʠʩʪʝʤʫ ʜʣʷ ʦʜʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ, ʯʪʦ ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʚ ʩʪʘʪʴʝ [57] 

ʜʣʷ ʩʠʩʪʝʤʳ TbPc2. ɸʚʪʦʨʳ ʦʪʩʣʝʞʠʚʘʣʠ ʠʟʤʝʥʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʷ ʩʧʠʥʘ ʚ ʤʦʥʦʤʦʣʝʢʫʣʷʨʥʦʤ 

ʩʧʠʥʦʚʦʤ ʪʨʘʥʟʠʩʪʦʨʝ TbPc2 ʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠʣʦʞʝʥʠʝ ʤʠʢʨʦʚʦʣʥʦʚʳʭ ʠʤʧʫʣʴʩʦʚ ʤʦʞʝʪ 

ʩʪʠʤʫʣʠʨʦʚʘʪʴ ʠʟʤʝʥʝʥʠʝ ʩʧʠʥʘ ʤʝʞʜʫ ʜʚʫʤʷ ʝʛʦ ʩʘʤʳʤʠ ʥʠʟʢʠʤʠ ʧʦ ʵʥʝʨʛʠʠ ʩʦʩʪʦʷʥʠʷʤʠ ʩʦ 

ʩʢʦʨʦʩʪʴʶ, ʢʦʪʦʨʘʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠ ʤʦʱʥʦʩʪʠ ʠʤʧʫʣʴʩʦʚ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤ, ʩʚʷʟʘʥʥʳʭ ʩ ʢʚʘʥʪʦʚʳʤʠ ʚʳʯʠʩʣʝʥʠʷʤʠ, ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ 

ʟʥʘʯʠʤʳʝ ʨʝʰʝʥʠʷ ʚ ʨʘʙʦʪʝ ʂʦʨʦʥʘʜʦ ʩ ʢʦʣʣʝʛʘʤʠ [58]. ʉʧʠʥʳ ʚ ʤʦʣʝʢʫʣʘʭ ʦʙʣʘʜʘʶʪ 

ʜʠʩʢʨʝʪʥʳʤʠ ʫʨʦʚʥʷʤʠ ʵʥʝʨʛʠʠ, ʘ ʩʚʷʟʘʥʥʳʝ ʩ ʥʠʤʠ ʢʚʘʥʪʦʚʳʝ ʩʦʩʪʦʷʥʠʷ ʤʦʞʥʦ ʥʘʩʪʨʘʠʚʘʪʴ ʩ 

ʧʦʤʦʱʴʶ ʚʥʝʰʥʠʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ ʩʧʠʥʳ ʧʨʝʜʦʩʪʘʚʣʷʶʪ ʦʜʥʫ ʠʟ 

ʩʘʤʳʭ ʧʨʦʩʪʳʭ ʦʩʥʦʚ ʜʣʷ ʢʦʜʠʨʦʚʘʥʠʷ ʢʫʙʠʪʘ, ʵʣʝʤʝʥʪʘʨʥʦʡ ʝʜʠʥʠʮʳ ʢʚʘʥʪʦʚʳʭ ʢʦʤʧʴʶʪʝʨʦʚ. 

ɺʳʯʠʩʣʝʥʠʷ ʪʨʝʙʫʶʪ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʢʫʙʠʪʦʚ ʠ ʥʘʜʝʞʥʦʛʦ ʩʧʦʩʦʙʘ ʠʭ ʠʥʪʝʛʨʘʮʠʠ ʚ 

ʩʣʦʞʥʫʶ ʩʠʩʪʝʤʫ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʭʨʘʥʠʪʴ ʠ ʦʙʨʘʙʘʪʳʚʘʪʴ ʠʥʬʦʨʤʘʮʠʶ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ 

ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʡ ʩʠʩʪʝʤʳ ʢʫʙʠʪʦʚ ʣʫʯʰʝ ʚʩʝʛʦ ʧʦʜʭʦʜʠʪ ʭʠʤʠʯʝʩʢʠʡ ʧʦʜʭʦʜ çʩʥʠʟʫ ʚʚʝʨʭè. 

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʭ ʚʳʚʦʜʦʚ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʛʦʨʘʟʜʦ ʧʨʦʱʝ ʦʢʘʟʳʚʘʝʪʩʷ ʧʦʣʫʯʠʪʴ 

ʤʦʥʦʤʦʣʝʢʫʣʷʨʥʳʡ SMM, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʨʘʙʦʪʘʪʴ, ʢʘʢ ʢʫʙʠʪ, ʯʝʤ ʨʝʘʣʠʟʦʚʘʪʴ ʢʫʙʠʪʳ ʥʘ ʦʩʥʦʚʝ 

ʧʦʣʠʷʜʝʨʥʦʡ ʤʦʣʝʢʫʣʳ ʩ ʙʦʣʴʰʠʤ ʩʧʠʥʦʤ, ʚʩʣʝʜʩʪʚʠʝ ʩʣʦʞʥʦʩʪʝʡ, ʩʚʷʟʘʥʥʳʭ ʩ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʩʧʠʥʦʚ. 

ʂʨʦʤʝ ʪʦʛʦ, SMM ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʠʟʫʯʝʥʠʷ ʠʥʪʝʨʝʩʥʳʭ ʬʠʟʠʯʝʩʢʠʭ 

ʷʚʣʝʥʠʡ, ʪʘʢʠʭ ʢʘʢ ʢʚʘʥʪʦʚʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ (ʂʊʅ) [59], ʠʥʪʝʨʬʝʨʝʥʮʠʷ ʬʘʟʳ 

ɹʝʨʨʠ [4], ʢʚʘʥʪʦʚʘʷ ʢʦʛʝʨʝʥʪʥʦʩʪʴ [60] ʠ ʜʨʫʛʠʝ.  

1.3. SMMïʢʦʤʧʣʝʢʩʳ ʣʘʥʪʘʥʠʜʦʚ ʩ ʠʟʦʣʠʨʦʚʘʥʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʮʝʥʪʨʘʤʠ 

ʀʥʪʝʨʝʩ ʢ ʤʦʣʝʢʫʣʷʨʥʳʤ ʤʘʛʥʝʪʠʢʘʤ ʥʘ ʦʩʥʦʚʝ ʣʘʥʪʘʥʠʜʦʚ ʦʩʥʦʚʘʥ ʥʘ ʪʦʤ, ʯʪʦ ʜʣʷ 

ʢʦʤʧʣʝʢʩʦʚ ʣʘʥʪʘʥʠʜʦʚ ʭʘʨʘʢʪʝʨʥʳ ʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚʩʣʝʜʩʪʚʠʝ 

ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ ÑMJ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʢʨʘʤʝʨʩʦʚʳʭ ʠʦʥʦʚ (ʩʠʩʪʝʤ ʩ ʧʦʣʫʮʝʣʳʤ ʩʧʠʥʦʤ) 

ʭʘʨʘʢʪʝʨʥʦ ʙʠʩʪʘʙʠʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ. ʀʟ-ʟʘ ʙʠʩʪʘʙʠʣʴʥʦʩʪʠ ʢʦʤʧʣʝʢʩʳ ʥʘ ʦʩʥʦʚʝ ʢʨʘʤʝʨʩʦʚʳʭ 

ʠʦʥʦʚ, ʧʨʦʷʚʣʷʶʪ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʣʷ ʣʠʛʘʥʜʦʚ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, 

ʜʣʷ Dy3+ ʚʩʝʛʜʘ ʙʫʜʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʜʚʘʞʜʳ ʚʳʨʦʞʜʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʘ ʜʣʷ ʠʦʥʘ Tb3+ ʜʣʷ 
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ʧʦʷʚʣʝʥʠʷ ʜʚʘʞʜʳ ʚʳʨʦʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʫʞʥʘ ʦʩʝʚʘʷ ʩʠʤʤʝʪʨʠʷ. ʀʩʭʦʜʷ ʠʟ ʪʝʦʨʝʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ, ʠʟʣʦʞʝʥʥʦʡ ʚ ʨʘʙʦʪʝ [81], ʵʣʝʢʪʨʦʥʥʳʝ ʧʣʦʪʥʦʩʪʠ f-ʵʣʝʤʝʥʪʦʚ ʠʤʝʶʪ ʩʠʣʴʥʫʶ ʫʛʣʦʚʫʶ 

ʟʘʚʠʩʠʤʦʩʪʴ ʠ ʤʦʛʫʪʴ ʧʨʠʦʙʨʝʪʘʪʴ ʩʪʘʙʠʣʴʥʳʝ ʩʧʣʶʩʥʫʪʳʝ, ʚʳʪʷʥʫʪʳʝ ʠʣʠ ʩʬʝʨʠʯʝʩʢʠʝ ʬʦʨʤʳ 

(ʈʠʩ. 2ʘ). ʅʘ ʨʠʩʫʥʢʝ 2ʙ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʨʫʛʠʝ ʚʘʨʠʘʥʪʳ ʵʣʝʢʪʨʦʥʥʳʭ ʦʙʦʣʦʯʝʢ Ln3+, ʚʦʟʤʦʞʥʳʝ 

ʜʣʷ ʨʘʟʥʳʭ ʟʥʘʯʝʥʠʡ MJ. 

 

ʈʠʩ. 2. ʂʚʘʜʨʫʧʦʣʴʥʳʝ ʧʨʠʙʣʠʞʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ 4f-ʦʙʦʣʦʯʢʠ ʜʣʷ Ln3+. (ʘ) [81]. 

ɸʧʧʨʦʢʩʠʤʘʮʠʠ ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʥʦʡ ʧʣʦʪʥʦʩʪʠ ʟʘʨʷʜʘ 4f ʜʣʷ MJ-ʩʦʩʪʦʷʥʠʡ, 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʥʠʟʰʝʝ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦ ʩʚʷʟʘʥʥʦʝ (J) ʩʦʩʪʦʷʥʠʝ ʜʣʷ ʢʘʞʜʦʛʦ ʣʘʥʪʘʥʠʜʘ. ɺ 

ʦʪʩʫʪʩʪʚʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚʩʝ MJ-ʩʦʩʪʦʷʥʠʷ ʜʣʷ ʢʘʞʜʦʛʦ ʠʦʥʘ ʣʘʥʪʘʥʠʜʘ ʚʳʨʦʞʜʝʥʳ (ʙ). 

(ʘ) (ʙ) 

ʈʠʩ. 3. ʅʠʟʢʦ- ʠ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ f-ʦʨʙʠʪʘʣʝʡ, 

ʧʦʤʝʱʝʥʥʳʭ ʚ ʧʦʣʝ ʣʠʛʘʥʜʦʚ ʜʣʷ ʩʧʣʶʩʥʫʪʦʡ (ʘ) ʠ ʚʳʪʷʥʫʪʦʡ (ʙ) ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ. 

ɿʝʣʝʥʘʷ ʩʪʨʝʣʢʘ ʧʦʢʘʟʳʚʘʝʪ ʦʨʠʝʥʪʘʮʠʶ ʩʧʠʥʦʚʦʛʦ ʫʛʣʦʚʦʛʦ ʤʦʤʝʥʪʘ, ʩʧʘʨʝʥʥʦʛʦ ʩ 

ʦʨʙʠʪʘʣʴʥʳʤ ʤʦʤʝʥʪʦʤ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʥʘʠʙʦʣʴʰʝʡ ʘʥʠʟʦʪʨʦʧʠʠ çʩʧʣʶʩʥʫʪʳʝè ʠʦʥʳ ʩʪʦʠʪ ʧʦʤʝʱʘʪʴ ʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʧʦʣʝ, ʩʦʟʜʘʚʘʝʤʦʝ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʴʶ, ʩʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʥʘʜ ʠ ʧʦʜ 

ʧʣʦʩʢʦʩʪʴʶ xy, ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʩʵʥʜʚʠʯʝʚʳʭ ʩʪʨʫʢʪʫʨʘʭ. ɼʣʷ çʚʳʪʷʥʫʪʳʭè ʠʦʥʦʚ, ʥʘʦʙʦʨʦʪ, 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʘ ʢʦʦʨʜʠʥʘʮʠʷ ʚ ʵʢʚʘʪʦʨʠʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʦʥʬʠʛʫʨʘʮʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʨʫʞʝʥʠʷ, ʘ ʠʤʝʥʥʦ ʛʝʦʤʝʪʨʠʷ, ʘ ʪʘʢʞʝ 

ʢʘʯʝʩʪʚʝʥʥʳʡ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʩʦʩʪʘʚ ʧʦʣʠʵʜʨʘ, ʨʝʰʘʶʱʠʤ ʦʙʨʘʟʦʤ ʚʣʠʷʝʪ ʥʘ ʧʘʨʘʤʝʪʨʳ 

ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʢʦʤʧʣʝʢʩʦʚ ʣʘʥʪʘʥʦʠʜʦʚ [81]. 

1.3.1. Tb-ʩʦʜʝʨʞʘʱʠʝ SMM 

Tb3+ (4f8, S = 3, L = 3, 7F6, g = 3/2, ɢT = 11.82 ʩʤ3K/ʤʦʣʴ) 
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ɺ ʨʘʙʦʪʝ [81] ʙʳʣʠ ʚʳʷʚʣʝʥʳ ʦʧʪʠʤʘʣʴʥʳʝ ʛʝʦʤʝʪʨʠʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʨʫʞʝʥʠʷ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʤʠʥʠʤʠʟʘʮʠʶ ʵʥʝʨʛʠʠ ʩʦʩʪʦʷʥʠʷ ʩ ʤʘʢʩ MJ(Ln3+). ɺ ʯʘʩʪʥʦʩʪʠ, ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ, 

ʯʪʦ ʛʝʦʤʝʪʨʠʷ ʣʠʛʘʥʜʘ ʩʵʥʜʚʠʯʝʚʦʛʦ ʪʠʧʘ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʙʣʘʛʦʧʨʠʷʪʥʦʡ ʜʣʷ ʩʧʣʶʱʝʥʥʦʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʦʙʦʣʦʯʢʠ Tb3+. ʆʜʥʠʤʠ ʠʟ ʢʦʤʧʣʝʢʩʦʚ ʩ ʥʘʠʙʦʣʴʰʠʤʠ ʙʘʨʴʝʨʘʤʠ 

ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʬʪʘʣʦʮʠʘʥʠʥʦʧʦʜʦʙʥʳʝ ʣʠʛʘʥʜʳ ʚ ʪʦʤ ʯʠʩʣʝ ʚʩʣʝʜʩʪʚʠʝ ʪʦʛʦ, ʯʪʦ 

ʦʙʣʘʜʘʶʪ ʛʝʦʤʝʪʨʠʝʡ ʩ ʯʝʪʢʦ ʚʳʨʘʞʝʥʥʳʤʠ ʩʵʥʜʚʠʯʝʚʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʩʠʤʤʝʪʨʠʠ, ʪ.ʝ. 

ʢʚʘʜʨʘʪʥʦ-ʘʥʪʠʧʨʠʟʤʘʪʠʯʝʩʢʠʤʠ ʠ/ʠʣʠ ʢʫʙʠʯʝʩʢʠʤʠ [83-87]. 

(ʘ)  (ʙ) 

ʈʠʩ. 4. ʄʦʥʦʤʦʣʝʢʫʣʷʨʥʳʡ ʤʘʛʥʝʪʠʢ Tb_crown ʥʘ ʦʩʥʦʚʝ ʬʪʘʣʦʮʠʘʥʠʥʘʪʘ Tb3+, ʩʦʜʝʨʞʘʱʠʡ 

ʯʝʪʳʨʝ ʬʨʘʛʤʝʥʪʘ 15-ʢʨʘʫʥ-5 ʚ ʥʠʞʥʝʤ ʣʠʛʘʥʜʝ (ʘ). ɿʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ 1/T ʜʣʷ ʢʦʤʧʣʝʢʩʘ Tb_crown ʚ ʥʫʣʝʚʦʤ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʠ ʧʦʣʝ 

2000 ʕ (ʙ). ʇʘʨʘʤʝʪʨʳ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʨʘʚʥʳ: ȹeff/kB = 504 ʂ, Ű0 = 1.93Ĭ10
ī9 ʩ ʚ ʥʫʣʝʚʦʤ 

ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ȹeff/kB = 570 ʂ, Ű0 = 8.82Ĭ10
ī10 ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 2000 ʕ [85]. 

 ʅʘʧʨʦʪʠʚ, ʢʦʤʧʣʝʢʩʳ, ʩʦʜʝʨʞʘʱʠʝ ʣʠʛʘʥʜʳ, ʢʦʪʦʨʳʝ ʥʘʨʫʰʘʶʪ ʩʵʥʜʚʠʯʝʚʫʶ ʛʝʦʤʝʪʨʠʶ 

ʠʣʠ ʜʘʣʝʢʠ ʦʪ ʥʝʸ [88-91], ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʪʫʧʘʶʪ ʧʦ ʧʘʨʘʤʝʪʨʘʤ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. 

(ʘ) (ʙ) 

ʈʠʩ. 5. ʇʩʝʚʜʦʙʠʷʜʝʨʥʘʷ ʩʪʨʫʢʪʫʨʘ [Ln(hfac)3(NITPh-2-OCH2Ph)(IMHPh-2-OCH2Ph)], ʚ ʢʦʪʦʨʦʡ 

ʤʦʣʝʢʫʣʳ ʢʦʤʧʣʝʢʩʦʚ ʩʚʷʟʘʥʳ ʧʨʠ ʧʦʤʦʱʠ ʥʝʢʦʚʘʣʝʥʪʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ OéO. ɸʪʦʤʳ 

ʚʦʜʦʨʦʜʘ ʠ ʘʪʦʤʳ ʬʪʦʨʘ ʥʝ ʧʦʢʘʟʘʥʳ. ʂʦʦʨʜʠʥʠʨʦʚʘʥʥʳʝ ʣʠʛʘʥʜʳ: hfac = 

ʛʝʢʩʘʬʪʦʨʘʮʝʪʠʣʘʮʝʪʦʥʘʪ, NITPh-2-OCH2Ph = 2-(2-ʙʝʥʟʠʣʦʢʩʠʬʝʥʠʣ)-4,4,5,5-

ʪʝʪʨʘʤʝʪʠʣʠʤʠʜʘʟʦʣʠʥ-1-ʦʢʩʠʣ-3-ʦʢʩʠʜ, IMHPh-2-O-CH2Ph = ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʝ ʧʨʦʠʟʚʦʜʥʦʝ 

NITPh-2-OCH2Ph (ʘ). ɿʘʚʠʩʠʤʦʩʪʴ ln (ɢ''/ɢ') ʦʪ 1/T ʜʣʷ ʢʦʤʧʣʝʢʩʘ [Ln(hfac)3(NITPh-2-
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OCH2Ph)(IMHPh-2-OCH2Ph)]. ʃʠʥʠʠ ï ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ɼʝʙʘʷ (ʙ). 

ʇʘʨʘʤʝʪʨʳ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʨʘʚʥʳ: ȹeff/kB = 3.97 ʂ, Ű0 = 1.38Ĭ10ī6 ʩ [88]. 

ɽʱʝ ʦʜʥʠʤ ʚʘʞʥʳʤ ʬʘʢʪʦʨʦʤ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʙʘʨʴʝʨʘ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʜʣʷ Tb3+ SMM 

ʷʚʣʷʝʪʩʷ ʭʠʤʠʯʝʩʢʦʝ ʧʦʜʦʙʠʝ ʜʦʥʦʨʥʳʭ ʮʝʥʪʨʦʚ ʟʘ ʩʯʝʪ ʩʦʧʨʷʞʝʥʠʷ ʚ ʧʨʝʜʝʣʘʭ 

ʬʪʘʣʦʮʠʘʥʠʥʦʚʳʭ ʮʠʢʣʦʚ. ʊʘʢʞʝ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʩʫʪʩʪʚʠʝ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʘʢʩʠʘʣʴʥʦʛʦ ʠʩʢʘʞʝʥʠʷ 

ʦʢʨʫʞʝʥʠʷ Tb ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʩʦʝʜʠʥʝʥʠʡ. ɺ ʯʘʩʪʥʦʩʪʠ ʜʣʷ [(obPc)Tb(Fused-Pc)Tb(obPc)]Ŀ4CHCl3 

ʠ [TbPc(crownPc)] ʩ ȹeff/kB 847 ʂ ʠ 504 ʂ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, [85,87] ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʦʩʥʦʚʘʥʠʷʤʠ 

ʘʥʪʠʧʨʠʟʤʘʪʠʯʝʩʢʦʛʦ ʦʢʨʫʞʝʥʠʷ Tb3+ ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʦ ʜʣʠʥʝ ʨʝʙʝʨ ʦʩʥʦʚʘʥʠʡ (å2.8  ʚ ʦʙʦʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʷʭ). ʅʝʚʳʧʦʣʥʝʥʠʝ ʣʶʙʦʛʦ ʠʟ ʚʳʰʝʦʙʦʟʥʘʯʝʥʥʳʭ ʫʩʣʦʚʠʡ ʧʨʠʚʦʜʠʪ ʢ 

ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʩʢʦʨʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʢʫʙʠʯʝʩʢʠʝ ʠ 

ʢʚʘʜʨʘʪʥʦ-ʘʥʪʠʧʨʠʟʤʘʪʠʯʝʩʢʠʝ ʢʦʤʧʣʝʢʩʳ, ʦʙʨʘʟʦʚʘʥʥʳʝ ʭʠʤʠʯʝʩʢʠ ʨʘʟʣʠʯʥʳʤʠ 

ʣʠʛʘʥʜʘʤʠ/ʞʝʩʪʢʠʤʠ ʧʦʣʠʜʝʥʪʘʪʥʳʤʠ ʣʠʛʘʥʜʘʤʠ, ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʛʦʨʘʟʜʦ ʤʝʥʝʝ ʚʧʝʯʘʪʣʷʶʱʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ SMM [94] ʚʧʣʦʪʴ ʜʦ ʦʪʩʫʪʩʪʚʠʷ ʤʝʜʣʝʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ Tb3+, ʩ 

ʫʯʸʪʦʤ ʝʸ ʥʘʣʠʯʠʷ ʜʣʷ Dy3+[92,93] ʠ Er3+[92] ʧʨʦʠʟʚʦʜʥʳʭ. 

(ʘ)  (ʙ) 

ʈʠʩ. 6. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ [Tb(ntbi)2]5Ŀ15ClĿ27H2O, ʛʜʝ ntbi -  

ʪʨʠʩ(ʙʝʥʟʠʤʠʜʘʟʦʣ-2-ʠʣʤʝʪʠʣ)ʘʤʠʥ (ʘ). ɿʘʚʠʩʠʤʦʩʪʴ ln (ɢ''/ɢ') ʦʪ 1/T ʜʣʷ ʢʦʤʧʣʝʢʩʘ 

[Tb(ntbi)2]5Ŀ15ClĿ27H2O. ʂʨʘʩʥʳʝ ʣʠʥʠʠ ï ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ɼʝʙʘʷ (ʙ). 

ʇʘʨʘʤʝʪʨʳ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʨʘʚʥʳ: ȹeff/kB = 3.6 ʂ, Ű0 = 3.6Ĭ10ī5 ʩ [94]. 

ʉʦʝʜʠʥʝʥʠʷ, ʥʝ ʦʙʣʘʜʘʶʱʠʝ ʩʵʥʜʚʠʯʝʚʦʡ ʛʝʦʤʝʪʨʠʝʡ ʦʢʨʫʞʝʥʠʷ Tb, ʪʘʢʞʝ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʤʝʥʴʰʠʝ ʟʥʘʯʝʥʠʷ ʙʘʨʴʝʨʦʚ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ [44,48,88-90,95].  

1.3.2. Dy-ʩʦʜʝʨʞʘʱʠʝ SMM 

Dy3+ (4f9, S = 5/2, L = 5, 6H15/2, g = 4/3, ɢT = 14.17 ʩʤ3K/ʤʦʣʴ)  

ɸʢʩʠʘʣʴʥʦʩʪʴ ʠʦʥʦʚ Dy3+, ʥʘʣʠʯʠʝ ʢʦʪʦʨʦʡ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʂʆ ʩʦʝʜʠʥʝʥʠʷ, ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ 

ʦʩʦʙʝʥʥʦʩʪʴʶ, ʧʦʟʚʦʣʷʶʱʝʡ ʢʦʤʧʣʝʢʩʘʤ Dy3+ ʬʫʥʢʮʠʦʥʠʨʦʚʘʪʴ ʢʘʢ SMM ʠ ʦʪʚʝʯʘʶʱʝʡ ʟʘ 

ʥʝʦʙʳʯʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ. ʇʨʠʤʝʨʦʤ ʥʝʦʙʳʯʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ 

ʤʥʦʞʝʩʪʚʝʥʥʳʝ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʩʧʠʥʦʚʘʷ ʭʠʨʘʣʴʥʦʩʪʴ ʚʩʣʝʜʩʪʚʠʝ 

ʥʝʢʦʣʣʠʥʝʘʨʥʦʩʪʠ ʦʩʝʡ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʠʦʥʦʚ Dy3+ ʚ ʧʦʣʠʷʜʝʨʥʳʭ ʢʦʤʧʣʝʢʩʘʭ [96-98]. 
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(ʘ) (ʙ) 

ʈʠʩ. 7. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʪʝʪʨʘʷʜʝʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ [Dy4(L)4(MeOH)6]Ŀ2MeOH, ʛʜʝ H3L = 

2-ʛʠʜʨʦʢʩʠ-3-ʤʝʪʦʢʩʠʙʝʥʟʦʡʥʦʡ ʢʠʩʣʦʪʳ ʛʠʜʨʘʟʠʜ (ʘ). ɿʘʚʠʩʠʤʦʩʪʴ ʂʦʫʣʘ-ʂʦʫʣʘ ʜʣʷ 

[Dy4(L)4(MeOH)6]Ŀ2MeOH, ʜʝʤʦʥʩʪʨʠʨʫʶʱʘʷ ʥʘʣʠʯʠʝ ʜʚʫʭ ʧʨʦʮʝʩʩʦʚ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ 

(ʙ). ʇʘʨʘʤʝʪʨʳ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʨʘʚʥʳ: ȹeff/kB = 19.7 ʂ, Ű0 = 7.8Ĭ10ī6 ʩ ʜʣʷ ʙʳʩʪʨʦʛʦ 

ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ, ȹeff/kB = 173 ʂ, Ű0 = 1.2Ĭ10ī7 ʩ ʜʣʷ ʤʝʜʣʝʥʥʦʛʦ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ 

ʧʨʦʮʝʩʩʘ [96].   

ʂʦʤʧʣʝʢʩ [(Pc(OEt)8)2Dy]+ ʙʳʣ ʧʦʣʫʯʝʥ ʚ 2008 ʛʦʜʫ, ʠ ʜʣʷ ʥʝʛʦ ʙʳʣ ʦʙʥʘʨʫʞʝʥ 

ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʠʡ ʙʘʨʴʝʨ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʢʦʤʧʣʝʢʩʘʤʠ ʩ 

ʬʪʘʣʦʮʠʘʥʠʥʦʤ, ʚʩʣʝʜʩʪʚʠʝ ʧʨʦʜʦʣʴʥʦʛʦ ʩʞʘʪʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʧʦʣʠʵʜʨʘ [99]. ɺ ʫʢʘʟʘʥʥʦʡ 

ʩʪʘʪʴʝ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʘʷ ʨʝʘʢʮʠʷ ʩ ʣʠʛʘʥʜʦʤ, ʯʪʦ ʧʨʠʚʝʣʦ ʢ 

ʩʞʘʪʠʶ ʢʚʘʜʨʘʪʥʦ-ʘʥʪʠʧʨʠʟʤʘʪʠʯʝʩʢʦʛʦ ʂʆ. ʉʞʘʪʠʝ ʂʇ ʫʩʠʣʠʚʘʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʠʦʥʘ ʣʘʥʪʘʥʠʜʘ ʠ ʂʇ (ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʧʦʣʝʤ), ʫʚʝʣʠʯʠʚʘʷ 

ʨʘʩʱʝʧʣʝʥʠʝ ʤʝʞʜʫ ʦʩʥʦʚʥʳʤ ʠ ʧʝʨʚʳʤ ʚʦʟʙʫʞʜʝʥʥʳʤ ʵʥʝʨʛʠʪʠʯʝʩʢʠʤʠ ʫʨʦʚʥʷʤʠ. ʀʥʪʝʨʝʩʥʦ, 

ʯʪʦ ʵʬʬʝʢʪʠʚʥʘʷ ʚʳʩʦʪʘ ʙʘʨʴʝʨʘ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʢʘʪʠʦʥʘ ȹeff/kB ([(Pc(OEt)8)2Dy]+) = 83.3 ʂ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʚ ʜʚʘ ʨʘʟʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʘʨʴʝʨʦʤ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʘʥʠʦʥʘ 

ȹeff/kB ([(Pc(OEt)8)2Dy] ī) = 45.5 ʂ.  

(ʘ) (ʙ) 

ʈʠʩ. 8. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ([(Pc(OEt)8)2Dy]+ ʠ [(Pc(OEt)8)2Dy] ï (ʘ). ɿʘʚʠʩʠʤʦʩʪʴ 

ʥʘʪʫʨʘʣʴʥʦʛʦ ʣʦʛʘʨʠʬʤʘ ʦʙʨʘʪʥʦʡ ʚʝʣʠʯʠʥʳ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ Ű ʦʪ ʦʙʨʘʪʥʦʡ ʚʝʣʠʯʠʥʳ 

ʪʝʤʧʝʨʘʪʫʨʳ T ʜʣʷ [(Pc(OEt)8)2Dy] ī (ʢʨʫʛʠ) ʠ [(Pc(OEt)8)2Dy]+ (ʢʚʘʜʨʘʪʳ). ʇʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ - 

ʵʪʦ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ ʜʘʥʥʳʭ ʦʪ 5 ʜʦ 10 ʂ ʜʣʷ [(Pc(OEt)8)2Dy] ī  ʠ 

ʦʪ 10 ʜʦ 25 ʂ ʜʣʷ [(Pc(OEt)8)2Dy]+ ʧʦ ʫʨʘʚʥʝʥʠʶ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤʫ ʤʝʭʘʥʠʟʤʫ ʤʘʛʥʠʪʥʦʡ 

ʨʝʣʘʢʩʘʮʠʠ ʆʨʙʘʭʘ (ʙ) [99]. 
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ʎʟʷʥ ʩ ʢʦʣʣʝʛʘʤʠ ʩʠʥʪʝʟʠʨʦʚʘʣʠ ʩʤʝʰʘʥʥʳʝ ʜʚʫʭʧʘʣʫʙʥʳʝ ʢʦʤʧʣʝʢʩʳ 

(ʬʪʘʣʦʮʠʘʥʠʥʘʪʦ)(ʧʦʨʬʠʨʠʥʘʪʦ) Dy3+ [100]. ʊʨʠ ʢʦʤʧʣʝʢʩʘ: [Dy(Pc)(TClPP)] (ȹeff/kB = 21 K, 

Ű0 = 2.5Ĭ10ï7 c), [Dy(Pc(Ŭ-OC5H11)4)(TClPP)] (ȹeff/kB = 41 K, Ű0 = 7.4Ĭ10ï8 c) ʠ [DyH(Pc(Ŭ-

OC5H11)4)(TClPP)] (ȹeff/kB = 55 K, Ű0 = 3.9Ĭ10ï8 c), (ʛʜʝ Pc = ʥʝʟʘʤʝʱʝʥʥʳʡ ʬʪʘʣʦʮʠʘʥʠʥʘʪ, Pc(Ŭ-

OC5H11)4 = 1,8,15,22-ʪʝʪʨʘʢʠʩ(3-ʧʝʥʪʠʣʦʢʩʠ)ʬʪʘʣʦʮʠʘʥʠʥʘʪ ʠ TClPP = ʤʝʟʦ-ʪʝʪʨʘʢʠʩ-(4-

ʭʣʦʨʬʝʥʠʣ)ʧʦʨʬʠʨʠʥʘʪ), ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʤʝʜʣʝʥʥʫʶ ʤʘʛʥʠʪʥʫʶ ʨʝʣʘʢʩʘʮʠʶ ʚ ʩʭʦʞʠʭ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʜʠʘʧʘʟʦʥʘʭ. ʇʨʠ ʵʪʦʤ ʚʣʠʷʥʠʝ ʂʊʅ ʥʘ ʤʘʛʥʠʪʥʫʶ ʨʝʣʘʢʩʘʮʠʶ ʛʦʨʘʟʜʦ ʩʠʣʴʥʝʝ ʚ 

ʢʦʤʧʣʝʢʩʘʭ ʩʦʜʝʨʞʘʱʠʭ ʟʘʤʝʱʝʥʥʳʡ ʬʪʘʣʦʮʠʘʥʠʥʘʪ. ɸʚʪʦʨʳ ʦʙʲʷʩʥʷʶʪ ʫʩʠʣʝʥʠʝ ʚʣʠʷʥʠʷ ʂʊʅ 

ʪʝʤ ʬʘʢʪʦʤ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʯʝʪʳʨʝʭ 3-ʧʝʥʪʠʣʦʢʩʠʛʨʫʧʧ ʚ ʥʝʧʝʨʠʬʝʨʠʡʥʳʝ ʧʦʣʦʞʝʥʠʷ 

ʬʪʘʣʦʮʠʘʥʠʥʘ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʴʰʝʤʫ ʦʪʢʣʦʥʝʥʠʶ ʦʪ ʠʜʝʘʣʴʥʦʡ ʢʚʘʜʨʘʪʥʦʡ ʘʥʪʠʧʨʠʟʤʘʪʠʯʝʩʢʦʡ 

ʩʠʤʤʝʪʨʠʠ [100].  

(ʘ)  (ʙ) 

ʈʠʩ. 9. ɺʠʜ ʩʙʦʢʫ ʥʘ ʤʦʣʝʢʫʣʷʨʥʫʶ ʩʪʨʫʢʪʫʨʫ ʢʦʤʧʣʝʢʩʘ [Dy(Pc)(TClPP)]. ɸʪʦʤʳ Dy, C, N, O 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʦʟʦʚʳʤʠ, ʩʝʨʳʤʠ, ʩʠʥʠʤʠ ʠ ʟʝʣʝʥʳʤʠ ʩʬʝʨʘʤʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʘ). ɿʘʚʠʩʠʤʦʩʪʴ 

ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ [Dy(Pc)(TClPP)] (ʙ) [100].  

ɺ 2010 ʛʦʜʫ ɻʘʦ ʩ ʢʦʣʣʝʛʘʤʠ ʧʨʝʜʩʪʘʚʠʣʠ ʤʘʛʥʠʪʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʝʡʪʨʘʣʴʥʦʛʦ 

ʤʦʥʦʷʜʝʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ [Dy(acac)3(H2O)2] (acac = ʘʮʝʪʠʣʘʮʝʪʦʥʘʪ, ȹeff/kB = 66.1 ʂ ʠ Ű0 = 8.0 Ĭ10ï

7 c), ʯʪʦ ʚʳʟʚʘʣʦ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʢ SMM ʥʘ ʦʩʥʦʚʝ ʩʦʝʜʠʥʝʥʠʡ Dy ʠ ɓ-ʜʠʢʝʪʦʥʦʚ [101]. ɼʣʷ 

[Dy(acac)3(H2O)2] ʚʦʩʝʤʴ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ ʦʙʨʘʟʫʶʪ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʢʚʘʜʨʘʪʥʦ-

ʘʥʪʠʧʨʠʟʤʘʪʠʯʝʩʢʠʡ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʡ ʧʦʣʠʵʜʨ, ʛʜʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʧʦʣʝ ʩ ʙʣʠʟʢʦʡ ʢ D4d 

ʣʦʢʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʝʡ ʩʧʦʩʦʙʩʪʚʫʝʪ ʤʦʥʦʠʦʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ Dy3+. ʀʟʤʝʨʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʢʦʤʧʣʝʢʩ ʧʨʦʷʚʣʷʝʪ ʤʝʜʣʝʥʥʫʶ ʤʘʛʥʠʪʥʫʶ 

ʨʝʣʘʢʩʘʮʠʶ, ʪ.ʝ. ʚʝʜʝʪ ʩʝʙʷ ʢʘʢ ʪʠʧʠʯʥʳʡ SMM, ʥʝʩʤʦʪʨʷ ʥʘ ʟʘʤʝʪʥʳʡ ʚʢʣʘʜ ʢʚʘʥʪʦʚʦʛʦ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ɹʣʘʛʦʜʘʨʷ ʧʨʠʣʦʞʝʥʠʶ ʚʥʝʰʥʝʛʦ ʧʦʩʪʦʷʥʥʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 500 ʕ ʠ ʨʘʟʙʘʚʣʝʥʠʶ (ȹeff/kB = 64.3 ʠ 67.3 K ʜʣʷ ʨʘʟʙʘʚʣʝʥʠʷ ʚ 20 ʠ ʚ 50 ʨʘʟ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʵʬʬʝʢʪ ʢʚʘʥʪʦʚʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʙʳʣ ʵʬʬʝʢʪʠʚʥʦ ʧʦʜʘʚʣʝʥ ʚ ʜʠʘʧʘʟʦʥʝ 

ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ.  

ɻʨʫʧʧʘ ʃʷʦ ʧʨʦʜʚʠʥʫʣʘʩʴ ʜʘʣʴʰʝ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʩʠʩʪʝʤʳ ʘʮʝʪʠʣʘʮʝʪʦʥʘʪʦʚ ʜʠʩʧʨʦʟʠʷ 

[Dy(acac)3(L)] (L = ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʣʠʛʘʥʜʳ) [10,102]. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʦʤʧʣʝʢʩʘʤʠ [DyPc2], 

ʜʣʷ [Dy(acac)3(L)] ʦʢʘʟʘʣʦʩʴ ʜʦʩʪʘʪʦʯʥʦ ʣʝʛʢʦ ʠʟʤʝʥʠʪʴ ʂʆ ʧʫʪʝʤ ʟʘʤʝʥʳ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ 



 29 

ʣʠʛʘʥʜʦʚ. ʅʦʚʳʝ SIM ʩ ʩʠʤʤʝʪʨʠʝʡ ʙʣʠʟʢʦʡ ʢ ʢʚʘʜʨʘʪʥʦ-ʘʥʪʠʧʨʠʟʤʘʪʠʯʝʩʢʦʡ ʙʳʣʠ ʚʳʜʝʣʝʥʳ 

ʧʫʪʝʤ ʟʘʤʝʥʳ ʜʚʫʭ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ ʚʦʜʳ ʥʘ 1,10-ʬʝʥʘʥʪʨʦʣʠʥ (Phen) ʠ 

ʜʠʧʠʨʠʜʦ[3,2-d:20,30-f]ʭʠʥʦʢʩʘʣʠʥ (dpq), ʜʠʧʠʨʠʜʦ[3,2-a:20,30-c]ʬʝʥʘʟʠʥ (dppz). ʂʦʤʧʣʝʢʩʳ 

[Dy(acac)3(dpq)] ʠ [Dy(acac)3(dppz)] ʧʦʢʘʟʳʚʘʶʪ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʙʘʨʴʝʨʳ 

ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ȹeff/kB = 136 ʠ ȹeff/kB = 187 ʂ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ȹeff/kB = 66.1 ʂ ʜʣʷ 

[Dy(acac)3(H2O)2] ʠ ȹeff/kB = 64 ʂ ʜʣʷ [Dy(acac)3(Phen)2]. ɼʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ȹeff ʤʦʛʫʪ 

ʙʳʪʴ ʩʚʷʟʘʥʳ ʩ ʪʝʤ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʙʲʝʤʥʳʭ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʛʨʫʧʧ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ 

ʫʛʣʘ ʤʝʞʜʫ ʦʩʴʶ C4 ʠ ʙʣʠʞʘʡʰʝʛʦ ʘʪʦʤʘ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʛʦ ʣʠʛʘʥʜʘ, ʪʝʤ ʩʘʤʳʤ ʫʩʠʣʠʚʘʷ 

ʢʚʘʜʨʘʪʥʦ-ʧʨʠʟʤʘʪʠʯʝʩʢʦʝ ʧʦʣʝ ʣʠʛʘʥʜʦʚ Dy3+ ʠ ʧʨʠʚʦʜʷ ʢ ʩʠʣʴʥʦʡ ʦʩʝʚʦʡ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʙʦʣʝʝ ʚʳʩʦʢʦʤʫ ʙʘʨʴʝʨʫ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ.  

(ʘ)  (ʙ) 

  (ʚ) (ʛ) 

ʈʠʩ. 10. ʄʦʣʝʢʫʣʷʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʦʚ [Dy(acac)3(dpq)] (ʘ) ʠ [Dy(acac)3(dppz)] (ʙ). ɸʪʦʤʳ 

ʚʦʜʦʨʦʜʘ ʥʝ ʧʦʢʘʟʘʥʳ. ɿʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʦʙʨʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ [Dy(acac)3(dpq)] (ʚ) ʠ [Dy(acac)3(dppz)] (ʛ) ʚ ʥʫʣʝʚʦʤ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ 

ʧʦʣʝ. ʃʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʟʘʢʦʥʫ ɸʨʨʝʥʠʫʩʘ. ɺʩʪʘʚʢʘ: ʛʨʘʬʠʢʠ ʂʦʫʣʘïʂʦʫʣʘ. [102]. 

ʂʦʣʣʝʢʪʠʚ ʘʚʪʦʨʦʚ ʩ ʫʯʘʩʪʠʝʤ ʄʫʨʫʛʝʩʫ ʩʦʦʙʱʠʣ ʦ ʢʦʤʧʣʝʢʩʝ [Dy(COT'')2Li(THF)(DME)] (DME 

- 1,2-ɼʠʤʝʪʦʢʩʠʵʪʘʥ, THF - ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥ, COT'' - 1,4-

ʙʠʩ(ʪʨʠʤʝʪʠʣʩʠʣʠʣ)ʮʠʢʣʦʦʢʪʘʪʝʪʨʘʝʥʠʣʜʠʘʥʠʦʥ), ʜʝʤʦʥʩʪʨʠʨʫʶʱʝʤ ʤʥʦʞʝʩʪʚʝʥʥʳʝ ʧʫʪʠ 

ʨʝʣʘʢʩʘʮʠʠ ʜʣʷ ʦʜʥʦʛʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʮʝʥʪʨʘ [103]. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʧʦʢʘʟʘʣʠ ʟʥʘʯʠʤʳʝ ʩʠʛʥʘʣʳ ʥʠʞʝ 14 ʂ ʚ ʥʫʣʝʚʦʤ ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ, 

ʘ ʟʥʘʯʝʥʠʝ ʙʘʨʴʝʨʘ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ȹeff/kB = 18 ʂ. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʧʨʠʣʦʞʝʥʠʝ ʚʥʝʰʥʝʛʦ 
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ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʚʪʦʨʦʛʦ ʤʘʢʩʠʤʫʤʘ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ ɢ'' ʦʪ ʯʘʩʪʦʪʳ 

ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʥʠʟʢʠʭ ʯʘʩʪʦʪʘʭ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʚʪʦʨʦʛʦ 

ʤʘʢʩʠʤʫʤʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (100 ʕ ï 600 

ʕ) ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʫʤʝʥʴʰʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʤʘʢʩʠʤʫʤʘ, ʧʨʠ ʵʪʦʤ ȹeff/kB 

ʨʘʩʪʸʪ ʦʪ 18 ʜʦ 43 ʂ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʦʪ 0 ʜʦ 600 ʕ.  

(ʘ) (ʙ)  (ʚ) 

ʈʠʩ. 11. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ [Dy(COT'')2Li(THF)(DME)] (ʘ). ʏʘʩʪʦʪʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ɢ'' ʜʣʷ ʢʦʤʧʣʝʢʩʘ Dy(COT'')2Li(THF)(DME)] ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ ʦʪ 2.5 ʜʦ 8 

ʂ ʚ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʦ 600 ʕ (ʙ). ɿʘʚʠʩʠʤʦʩʪʠ ln(Ű) ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʩ 

ʨʘʟʥʳʤʠ ʧʫʪʷʤʠ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ (ʚ) [103]. 

ʉ ʮʝʣʴʶ ʧʦʜʘʚʣʝʥʠʷ ʢʚʘʥʪʦʚʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ, ʚʳʟʚʘʥʥʦʛʦ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʤʠ 

ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ, ʤʝʪʦʜ ʜʠʘʤʘʛʥʠʪʥʦʛʦ ʨʘʟʙʘʚʣʝʥʠʷ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʣʩʷ 

ʚ ʤʦʥʦʷʜʝʨʥʳʭ ʢʦʤʧʣʝʢʩʘʭ ʣʘʥʪʘʥʦʠʜʦʚ, ʪʘʢʠʭ ʢʘʢ [DyPc2] [82], ɓ-ʜʠʢʝʪʦʥʘʭ [101] ʠ 

ʪʨʠʛʦʥʘʣʴʥʦ-ʧʨʠʟʤʘʪʠʯʝʩʢʠʭ ʢʦʤʧʣʝʢʩʘʭ Dy3+ [104]. ɺ ʢʦʤʧʣʝʢʩʝ [Dy(H2BPzMe2
2)3] (H2BPzMe2 - 

ʜʠʛʠʜʨʦʙʠʩ-(ʜʠʤʝʪʠʣʧʠʨʘʟʦʣʠʣ)ʙʦʨʘʪ) ʩ ʩʠʤʤʝʪʨʠʝʡ ʙʣʠʟʢʦʡ ʢ D3h ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ ʤʝʜʣʝʥʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʚ ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ ʥʝʩʢʦʣʴʢʦ ʩʦʪʝʥ ʵʨʩʪʝʜ [104]. ʆʜʥʘʢʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʤʦʣʷʨʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ Dy:Y (1:1, 1:15, 1:65) ʥʘʙʣʶʜʘʣʩʷ ʧʦʩʪʝʧʝʥʥʦ ʫʚʝʣʠʯʠʚʘʶʱʠʡʩʷ 

ʘʤʧʣʠʪʫʜʳ ɢ'', ʢʦʪʦʨʳʡ ʘʚʪʦʨʳ ʩʚʷʟʳʚʘʣʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʪʝʧʝʥʠ ʜʠʘʤʘʛʥʠʪʥʦʛʦ ʨʘʟʙʘʚʣʝʥʠʷ. 

ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʘʤʧʣʠʪʫʜʳ ɢ'' ʜʚʘ ʤʘʢʩʠʤʫʤʘ ʨʝʣʘʢʩʘʮʠʠ ʩʪʘʥʦʚʷʪʩʷ ʣʫʯʰʝ 

ʨʘʟʨʝʰʝʥʳ ʚ ʧʨʝʜʝʣʘʭ ʠʟʤʝʨʝʥʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʯʘʩʪʦʪ. ʄʘʢʩʠʤʘʣʴʥʳʭ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ ȹeff/kB = 23.0 ʂ ʠ Ű0 = 4Ĭ10ï7 c ʫʜʘʣʦʩʴ ʜʦʙʠʪʴʩʷ ʧʨʠ ʨʘʟʙʘʚʣʝʥʠʠ 1:65. ʂʘʢ ʚ ʩʣʫʯʘʝ 

[Dy(H2BPzMe2
2)3], ʪʘʢ ʠ ʜʣʷ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʩʦʝʜʠʥʝʥʠʡ Dy3+ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʦʢʘʟʳʚʘʶʪ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʨʝʣʘʢʩʘʮʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʧʨʠ ʵʪʦʤ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ 

ʤʘʢʩʠʤʫʤʳ ɢ'' ʥʝʩʢʦʣʴʢʠʭ ʧʨʦʮʝʩʩʦʚ ʨʝʣʘʢʩʘʮʠʠ ʤʦʛʫʪ ʙʳʪʴ ʥʝʨʘʟʨʝʰʝʥʳ [44].  
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ʈʠʩ. 12. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ [Dy(H2BPzMe2
2)3]. ɸʪʦʤʳ Dy, N, C ʠ B ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʟʝʣʝʥʳʤʠ, ʩʠʥʠʤʠ, ʩʝʨʳʤʠ ʠ ʬʠʦʣʝʪʦʚʳʤʠ ʩʬʝʨʘʤʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘʪʦʤʳ H ʥʝ ʧʦʢʘʟʘʥʳ (ʘ). 

ɿʘʚʠʩʠʤʦʩʪʠ ln(Ű) ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʢʦʤʧʣʝʢʩʘ [Dy(H2BPzMe2
2)3]. ʏʝʨʥʳʝ ʣʠʥʠʠ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ɸʨʨʝʥʠʫʩʘ. 

1.3.3. Er-ʩʦʜʝʨʞʘʱʠʝ SMM 

Er3+(4f11, S = 3/2, L = 6, 4I15/2, g = 6/5, ɢT = 11.48 ʩʤ3K/ʤʦʣʴ) 

ʅʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤʠ SMM ʥʘ ʦʩʥʦʚʝ Er, ʠʟʚʝʩʪʥʳʤʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ, ʷʚʣʷʶʪʩʷ 

SMM ʩ ʩʵʥʜʚʠʯʝʚʳʤ ʪʠʧʦʤ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʨʫʞʝʥʠʷ. ɺ ʨʘʙʦʪʘʭ [105,106] ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʢʦʤʧʣʝʢʩʳ (8+8 ʩʵʥʜʚʠʯ) [Er2(COTǋǋ)3] ʠ K2(THF)4[Er2(COT)4] ʩ ʙʘʨʴʝʨʘʤʠ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ 

ȹeff/kB = 323 ʠ 286 ʂ ʚ ʥʫʣʝʚʦʤ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

(ʘ) 
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(ʙ)  (ʚ) 

ʈʠʩ. 13. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʦʚ [Er2(COTǋǋ)3] ʠ K2(THF)4[Er2(COT)4] (ʘ). 

ɿʘʚʠʩʠʤʦʩʪʠ ln(Ű) ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʥʫʣʝʚʦʤ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʜʣʷ 

[Er2(COTǋǋ)3] (ʙ) ʠ K2(THF)4[Er2(COT)4] (ʚ) [105]. 

ʂʦʤʧʣʝʢʩ (C5H5BMe)Er(COT) ʩ ʙʘʨʴʝʨʦʤ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ȹeff/kB = 431 ʂ ʚ ʥʫʣʝʚʦʤ 

ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ (6+8 ʩʵʥʜʚʠʯ) ʙʳʣ ʩʠʥʪʝʟʠʨʦʚʘʥ ʚ ʨʘʙʦʪʝ [107]. ɺʳʜʘʶʱʠʝʩʷ 

ʧʘʨʘʤʝʪʨʳ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʦʜʦʙʥʳʭ SMM ʩ ʮʠʢʣʠʯʝʩʢʠʤʠ ʜʠ- ʠ ʧʦʣʠʝʥʦʚʳʤʠ 

ʦʨʛʘʥʠʯʝʩʢʠʤʠ ʣʠʛʘʥʜʘʤʠ ʦʙʳʯʥʦ ʧʨʠʧʠʩʳʚʘʶʪʩʷ ʦʧʪʠʤʘʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʦʩʠ ʘʥʠʟʦʪʨʦʧʠʠ, 

ʥʘ ʧʦʣʦʞʝʥʠʝ ʢʦʪʦʨʦʡ ʤʦʛʫʪ ʚʣʠʷʪʴ ʟʘʤʝʩʪʠʪʝʣʠ ʚ ʮʠʢʣʠʯʝʩʢʠʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʣʠʛʘʥʜʘʭ, 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʩʠʤʤʝʪʨʠʠ ʂʇ [107-109]. 

 

ʈʠʩ. 14. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ (C5H5BMe)Er(COT). ɸʪʦʤʳ Er, C, B, N ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʨʦʟʦʚʳʤʠ, ʪʝʤʥʦ-ʩʝʨʳʤʠ, ʞʝʣʪʳʤʠ, ʩʠʥʠʤʠ ʩʬʝʨʘʤʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ 

ʧʦʢʘʟʘʥʳ (ʘ). ɿʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ (Ű) ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʢʦʤʧʣʝʢʩʘ 

(C5H5BMe)Er(COT) ʚ ʥʫʣʝʚʦʤ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʣʠʥʷʷ ï ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ɸʨʨʝʥʠʫʩʘ. 

 ɺʪʦʨʳʤʠ ʧʦ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, ʩ ʙʦʣʴʰʠʤ ʦʪʨʳʚʦʤ, ʷʚʣʷʶʪʩʷ ʢʦʤʧʣʝʢʩʳ, 

ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʪʨʝʫʛʦʣʴʥʫʶ ʢʦʦʨʜʠʥʘʮʠʶ ʮʝʥʪʨʘʣʴʥʦʛʦ ʘʪʦʤʘ. ʂʦʤʧʣʝʢʩ 

[Er(NHPhiPr2)3(THF)2] (ʂʇ ï ʪʨʠʛʦʥʘʣʴʥʘʷ ʙʠʧʠʨʘʤʠʜʘ, ʂʏ = 5) ʩ ʙʘʨʴʝʨʦʤ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ 

ȹeff/kB = 25 ʂ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 400 ʕ ʠ ʢʦʤʧʣʝʢʩ [Er(N(SiMe3)2)3] (ʂʇ ï ʪʨʝʫʛʦʣʴʥʠʢ, ʂʏ = 3) ʩ 

ʙʘʨʴʝʨʦʤ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ȹeff/kB = 122 ʂ ʚ ʥʫʣʝʚʦʤ ʧʦʣʝ [110,111]. ʅʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ, ʧʦʜʦʙʥʦʝ 
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ʧʨʝʚʦʩʭʦʜʩʪʚʦ ʜʣʷ Er-ʩʦʜʝʨʞʘʱʠʭ SMM ʩʵʥʜʚʠʯʝʚʦʛʦ ʪʠʧʘ ʥʘʜ Er-SMM ʩ ʪʨʝʫʛʦʣʴʥʳʤʠ ʂʆ 

ʤʦʞʝʪ ʧʨʦʪʠʚʦʨʝʯʠʪʴ ʠʟʚʝʩʪʥʦʡ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʢʦʨʨʝʣʷʮʠʠ, ʨʘʟʚʠʪʦʡ ʚ [81], ʢʦʪʦʨʘʷ 

ʧʨʝʜʩʢʘʟʳʚʘʝʪ ʵʢʚʘʪʦʨʠʘʣʴʥʫʶ ʛʝʦʤʝʪʨʠʶ ʢʘʢ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʫʶ ʜʣʷ SMM ʥʘ ʦʩʥʦʚʝ Er. 

ʆʜʥʘʢʦ ʚʦ ʚʩʝʭ ʪʨʝʫʛʦʣʴʥʦ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʭ SMM Er, ʠʟʫʯʝʥʥʳʭ ʚ [110,111], ʧʨʦʠʩʭʦʜʠʪ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʠʦʥʘ Er3+ ʦʪ ʧʣʦʩʢʦʩʪʠ, ʦʙʨʘʟʦʚʘʥʥʦʡ ʜʦʥʦʨʥʳʤʠ ʮʝʥʪʨʘʤʠ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʩʪʨʦʛʦ ʛʦʚʦʨʷ, ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʝ ʠʟʚʝʩʪʥʳ ʩʪʨʦʛʦ-ʵʢʚʘʪʦʨʠʘʣʴʥʦ 

ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʝ ʤʦʥʦʷʜʝʨʥʳʝ SMM ʥʘ ʦʩʥʦʚʝ Er, ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʝʪ ʧʨʦʪʠʚʦʨʝʯʠʷ, 

ʧʦʩʢʦʣʴʢʫ ʪʘʢʠʝ ʢʦʤʧʣʝʢʩʳ ʝʱʝ ʧʨʝʜʩʪʦʠʪ ʠʟʫʯʠʪʴ. ɺʩʝ ʵʨʙʠʡʩʦʜʝʨʞʘʱʠʝ SMM ʩʵʥʜʚʠʯʝʚʦʛʦ 

ʪʠʧʘ, ʢʦʪʦʨʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʘʤʳʝ ʚʳʩʦʢʠʝ ʵʬʬʝʢʪʠʚʥʳʝ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʙʘʨʴʝʨʦʚ, 

ʚʢʣʶʯʘʶʪ ʩʪʨʦʛʦ ʧʣʦʩʢʠʝ ʜʠ- ʠ ʧʦʣʠʜʠʝʥʠʣʴʥʳʝ ʣʠʛʘʥʜʳ (ʢʦʣʴʮʘ Cp ʠʣʠ COT). ɺʦ ʚʩʝʭ 

ʧʦʜʦʙʥʳʭ ʩʠʩʪʝʤʘʭ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʦʯʝʥʴ ʦʜʥʦʨʦʜʥʦʝ ʂʆ Er3+, ʦʙʨʘʟʦʚʘʥʥʦʝ ʜʚʫʤʷ ʞʝʩʪʢʠʤʠ 

ʧʣʦʩʢʠʤʠ ʮʠʢʣʠʯʝʩʢʠʤʠ ʣʠʛʘʥʜʘʤʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʘʢʩʠʘʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʦʩʠ 

ʘʥʠʟʦʪʨʦʧʠʠ [106,108]. 

(ʘ) (ʙ) 

ʈʠʩ. 15. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ [Er(N(SiMe3)2)3]. ɸʪʦʤʳ Er, C, Si, N ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʞʝʣʪʳʤʠ, ʪʝʤʥʦ-ʩʝʨʳʤʠ, ʟʝʣʝʥʳʤʠ, ʩʠʥʠʤʠ ʩʬʝʨʘʤʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ 

ʧʦʢʘʟʘʥʳ (ʘ). ɿʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ (Ű) ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʢʦʤʧʣʝʢʩʘ 

(C5H5BMe)Er(COT) ʚ ʥʫʣʝʚʦʤ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʣʠʥʷʷ ï ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ɸʨʨʝʥʠʫʩʘ. ʅʘ ʚʩʪʘʚʢʝ ï ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ 

ʧʦʩʪʦʷʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (ʙ) [110]. 

ʉʦʝʜʠʥʝʥʠʝ (Cp*)Er(COT) (Cp* = C5Me5
ī; COT = C8H8

2ī) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʵʥʜʚʠʯ, ʚ 

ʢʦʪʦʨʦʤ ʠʦʥ ʣʘʥʪʘʥʠʜʘ ʟʘʞʘʪ ʜʚʫʤʷ ʥʝʧʘʨʘʣʣʝʣʴʥʳʤʠ ʘʨʦʤʘʪʠʯʝʩʢʠʤʠ ʣʠʛʘʥʜʘʤʠ ʩ ʥʝʙʦʣʴʰʠʤ 

ʫʛʣʦʤ ʥʘʢʣʦʥʘ ʤʝʞʜʫ ʧʣʦʩʢʦʩʪʷʤʠ ʣʠʛʘʥʜʦʚ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʨʝʰʘʶʱʠʤ ʬʘʢʪʦʨʦʤ ʚ ʦʧʨʝʜʝʣʝʥʠʠ 

ʚʢʣʘʜʘ ʂʊʅ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʫʛʣʘ ʥʘʢʣʦʥʘ ʤʝʞʜʫ ʧʣʦʩʢʦʩʪʷʤʠ 

ʣʠʛʘʥʜʦʚ, ʚʳʟʚʘʥʥʦʝ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ, ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ ʠʦʥʦʚ ʣʘʥʪʘʥʠʜʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʚʢʣʘʜʘ ʂʊʅ. ʉʦʝʜʠʥʝʥʠʝ 

(Cp*)Er(COT) ʦʢʘʟʳʚʘʝʪʩʷ SIM ʜʚʫʤʷ ʚʳʩʦʢʠʤʠ ʵʬʬʝʢʪʠʚʥʳʤʠ ʙʘʨʴʝʨʘʤʠ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ 

ȹeff/kB = 323 ʠ 197 ʂ [106].  
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 (ʘ) (ʙ) 

ʈʠʩ. 16. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ (Cp*)Er(COT)  (ʘ). ɸʪʦʤʳ Er ʠ C ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʨʦʟʦʚʳʤʠ ʠ ʦʨʘʥʞʝʚʳʤʠ ʩʬʝʨʘʤʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  ɿʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʢʦʤʧʣʝʢʩʘ [(Cp*)Er(COT), ʧʦʣʫʯʝʥʥʳʝ ʠʟ 

ʤʘʛʥʠʪʦʤʝʪʨʠʠ ʚ ʧʝʨʝʤʝʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ (ʢʨʘʩʥʳʝ ʠ ʩʠʥʠʝ ʪʦʯʢʠ) ʠ ʤʘʛʥʠʪʦʤʝʪʨʠʠ ʚ 

ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ (ʬʠʦʣʝʪʦʚʳʝ ʪʦʯʢʠ). ɸʚʪʦʨʳ ʦʙʨʘʱʘʶʪ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʥʠʞʝ 10 ʂ 

ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʩʪʘʥʦʚʠʪʩʷ ʢʦʥʩʪʘʥʪʦʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʧʨʦʮʝʩʩʫ ʢʚʘʥʪʦʚʦʛʦ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ. ʅʘ ʚʩʪʘʚʢʝ: ʫʤʝʥʴʰʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʚ ʥʫʣʝʚʦʤ ʧʦʩʪʦʷʥʥʦʤ 

ʧʦʣʝ [106]. 

ɺ ʩʪʨʫʢʪʫʨʘʭ ʢʦʤʧʣʝʢʩʦʚ ʩ ʥʘʠʙʦʣʴʰʠʤʠ ʙʘʨʴʝʨʘʤʠ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʧʣʦʩʢʠʝ 

ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʝ ʣʠʛʘʥʜʳ Cp/COT ʜʦʩʪʘʪʦʯʥʦ ʫʜʘʣʝʥʳ ʦʪ Er3+ (ʤʠʥʠʤʘʣʴʥʦʝ ʨʘʩʩʪʦʷʥʠʝ Lnï

ʮʝʥʪʨʦʠʜ ʣʠʛʘʥʜʘ 1.85 ¡). ʇʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʩʪʠ ʩʵʥʜʚʠʯʝʚʦʛʦ ʛʦʤʦʛʝʥʥʦʛʦ 

ʧʦʣʷ ʣʠʛʘʥʜʦʚ ʧʝʨʝʜ ʢʚʘʜʨʘʪʥʦ-ʘʥʪʠʧʨʠʟʤʘʪʠʯʝʩʢʠʤ ʜʣʷ SMM ʥʘ ʦʩʥʦʚʝ Er ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʨʘʩʯʝʪʘʤʠ [112]. ɺ ʫʢʘʟʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʘʷ 

ʧʦʧʝʨʝʯʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʚ ʦʩʥʦʚʥʦʤ ʠ ʧʝʨʚʦʤ ʚʦʟʙʫʞʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʷʭ ʢʚʘʜʨʘʪʥʦ-

ʘʥʪʠʧʨʠʟʤʘʪʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʚʝʣʠʯʝʥʠʶ ʚʝʨʦʷʪʥʦʩʪʠ ʢʚʘʥʪʦʚʦʛʦ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ. ʇʦʩʣʝʜʥʝʝ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʠʚʦʜʠʪ ʢʘʢ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʨʠʣʦʞʝʥʠʷ 

ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʣʷ ʧʨʦʷʚʣʝʥʠʷ ʩʚʦʡʩʪʚ SMM, ʪʘʢ ʠ ʢ ʩʥʠʞʝʥʠʶ ʟʥʘʯʝʥʠʡ ȹeff ʜʣʷ 

ʧʦʜʦʙʥʳʭ ʩʠʩʪʝʤ. 

1.3.4. Yb-ʩʦʜʝʨʞʘʱʠʝ SMM 

Yb3+(4f13, S = 1/2, L = 3, 2F7/2, g = 8/7, ɢT = 2.57 ʩʤ3K/ʤʦʣʴ) 

SMM ʥʘ ʦʩʥʦʚʝ Yb3+ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʤʥʦʛʦʯʠʩʣʝʥʥʳ ʠ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʪʫʧʘʶʪ ʚ 

ʢʦʣʠʯʝʩʪʚʝ SMM ʩʦʜʝʨʞʘʱʠʤ Er3+, Tb3+ ʠ ʦʩʦʙʝʥʥʦ Dy3+. ɼʣʷ Yb-ʩʦʜʝʨʞʘʱʠʭ ʢʦʤʧʣʝʢʩʦʚ 

ʤʘʣʦʚʝʨʦʷʪʝʥ ʧʨʦʮʝʩʩ ʨʝʣʘʢʩʘʮʠʠ ʆʨʙʘʭʘ [48,90], ʧʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʩʨʘʚʥʠʚʘʪʴ, ʥʘʩʢʦʣʴʢʦ 

ʧʦʣʦʞʠʪʝʣʴʥʦ ʚʣʠʷʝʪ ʪʦ ʠʣʠ ʠʥʦʝ ʂʆ ʥʘ ʤʝʜʣʝʥʥʫʶ ʨʝʣʘʢʩʘʮʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩʣʦʞʥʝʝ. 

ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʚ ʨʘʙʦʪʘʭ ʥʘʰʝʡ ʥʘʫʯʥʦʡ ʛʨʫʧʧʳ ʤʝʭʘʥʠʟʤ ʆʨʙʘʭʘ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ Yb3+ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʦʮʝʥʦʯʥʦʛʦ [113,114]. 
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ɺ ʦʪʣʠʯʠʝ ʦʪ ʢʦʤʧʣʝʢʩʦʚ Er3+ ʠ Tb3+, ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ Yb3+ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʛʝʦʤʝʪʨʠʠ 

ʧʦʣʠʵʜʨʘ/ʧʦʣʷ ʣʠʛʘʥʜʦʚ, ʛʝʪʝʨʦʛʝʥʥʦʝ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʝ ʦʢʨʫʞʝʥʠʝ, ʦʙʨʘʟʦʚʘʥʥʦʝ ʩʭʦʜʥʳʤʠ 

ʜʦʥʦʨʥʳʤʠ ʮʝʥʪʨʘʤʠ ʙʣʘʛʦʧʨʠʷʪʥʦ ʜʣʷ ʧʨʦʷʚʣʝʥʠʷ ʤʝʜʣʝʥʥʦʡ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʢʦʤʧʣʝʢʩʘ ʩ ʛʦʤʦʛʝʥʥʳʤ ʂʆ ʤʦʞʝʪ ʩʣʫʞʠʪʴ 

[Yb(tta)3(Q)]Ŀ2CH2Cl2. ɼʣʷ ʩʦʝʜʠʥʝʥʠʷ [Yb(tta)3(Q)]Ŀ2CH2Cl2 ʢʚʘʜʨʘʪʥʦ-ʘʥʪʠʧʨʠʟʤʘʪʠʯʝʩʢʘʷ 

ʢʦʦʨʜʠʥʘʮʠʷ ʘʪʦʤʦʚ Yb (ȹeff/kB = 6 K) [115] ʦʙʨʘʟʦʚʘʥʘ ʘʪʦʤʘʤʠ O ʣʠʛʘʥʜʘ tta (ttaï = 2-

ʪʝʥʦʠʣʪʨʠʬʪʦʨʘʮʝʪʦʥʘʪ) ʠ ʘʪʦʤʘʤʠ O ʧʠʨʠʜʠʣ-N-ʦʢʩʠʜʥʳʭ ʬʨʘʛʤʝʥʪʦʚ Q (4,5-ɻ ʪʠʣʝʥʜʠʦʢʩʠ-

4ǋ,5ǋ-ʙʠʩ(ʮʠʘʥʦʵʪʠʣʪʠʦ)ʪʝʪʨʘʪʠʘʬʫʣʴʚʘʣʝʥ), ʧʨʠʯʸʤ ʦʙʘ ʪʠʧʘ ʜʦʥʦʨʥʳʭ ʮʝʥʪʨʦʚ ʷʚʣʷʶʪʩʷ 

ʘʥʠʦʥʥʳʤʠ.  

ʋʚʝʣʠʯʝʥʠʝ ʠʩʢʘʞʝʥʠʷ ʢʚʘʜʨʘʪʥʦ-ʘʥʪʠʧʨʠʟʤʘʪʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ ʤʦʞʝʪ ʥʝʛʘʪʠʚʥʦ 

ʩʢʘʟʘʪʴʩʷ ʠ ʥʘ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʦʜʦʙʥʳʭ ʩʠʩʪʝʤ. ʄʝʞʜʫ ʪʝʤ, ʟʥʘʯʠʪʝʣʴʥʦ 

ʙʦʣʴʰʝʝ ʠʩʢʘʞʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʜʣʷ ʦʩʪʘʣʴʥʳʭ ʢʚʘʜʨʘʪʥʦ-ʘʥʪʠʧʨʠʟʤʘʪʠʯʝʩʢʠʭ SIM, 

ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʭ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʥʠʟʢʠʡ ȹeff ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʭʠʤʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ [115]. 

Yb3+ ʠʤʝʝʪ ʙʦʣʝʝ ʛʝʪʝʨʦʛʝʥʥʦʝ ʦʢʨʫʞʝʥʠʝ ʚ ʨʷʜʝ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʢʚʘʜʨʘʪʥʦ-

ʘʥʪʠʧʨʠʟʤʘʪʠʯʝʩʢʠʭ SMM [12]. ʈʝʟʢʦʝ ʫʤʝʥʴʰʝʥʠʝ ȹeff ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ ʩ ʛʦʤʦʛʝʥʥʳʤ ʂʆ Yb3+ 

ʧʨʦʷʚʣʷʝʪʩʷ ʜʣʷ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ SMM, ʥʘʧʨʠʤʝʨ [Yb(H3L)2]Cl3 5CH3OH 2H2O (ȹeff/kB = 7 K) (ʛʜʝ 

H3L - ʪʨʠʩ(((2-ʛʠʜʨʦʢʩʠ-3-ʤʝʪʦʢʩʠʙʝʥʟʠʣ)ʘʤʠʥʦ)ʵʪʠʣ)-ʘʤʠʥ) [116].  

(ʘ)  (ʙ) 

ʈʠʩ. 17. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ [Yb(tta)3(Q)]Ŀ2CH2Cl2 ʛʜʝ Yb ï ʬʠʦʣʝʪʦʚʘʷ ʩʬʝʨʘ, C 

- ʪʝʤʥʦ-ʩʝʨʘʷ ʩʬʝʨʘ, Cl - ʟʝʣʝʥʘʷ ʩʬʝʨʘ, N - ʩʠʥʷʷ ʩʬʝʨʘ, S ï ʞʝʣʪʘʷ ʩʬʝʨʘ, O ï ʢʨʘʩʥʘʷ ʩʬʝʨʘ. 

ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ ʧʦʢʘʟʘʥʳ (ʘ). ɿʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ 

ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 1000 ʕ ʜʣʷ [Yb(tta)3(Q)]Ŀ2CH2Cl2. ʂʨʘʩʥʘʷ ʣʠʥʠʷ ï ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ɸʨʨʝʥʠʫʩʘ (ʙ) [115]. 

ɼʦʩʪʘʪʦʯʥʦ ʤʘʣʳʝ ʙʘʨʴʝʨʳ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʚ ʩʣʫʯʘʝ ʩʦʝʜʠʥʝʥʠʡ ʩ ʛʦʤʦʛʝʥʥʳʤ ʂʆ 

ʪʘʢʞʝ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʜʝʚʷʪʠʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ Yb3+, ʪʘʢʠʭ ʢʘʢ [Yb(H2O)3(18-ʢʨʘʫʥ-

6)]Ŀ(ClO4)3  (ʤʘʬʬʠʥ, ȹeff/kB = 5.9 ʂ) ʠ [Yb(tp)2(tta)CH3OH]ĿCH3OH (ʦʜʥʦʰʘʧʦʯʥʘʷ ʢʚʘʜʨʘʪʥʘʷ 

ʘʥʪʠʧʨʠʟʤʘ, ȹeff/kB = 30.3 ʂ) [117,118]. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʤʦʣʝʢʫʣʷʨʥʳʡ ʤʘʛʥʝʪʠʢ ʥʘ ʦʩʥʦʚʝ Yb3+ 
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ʩ ʥʘʠʙʦʣʴʰʠʤ ʟʥʘʯʝʥʠʝʤ ȹeff ð ɻ ʪʦ SMM ʩ ʪʨʝʭʰʘʧʦʯʥʳʤ ʪʨʠʛʦʥʘʣʴʥʦ-ʧʨʠʟʤʘʪʠʯʝʩʢʠʤ 

ʦʢʨʫʞʝʥʠʝʤ Yb3+.  

 

(ʘ)  (ʙ) 

ʈʠʩ. 18. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ [Yb(H2O)3(18-ʢʨʘʫʥ-6)](ClO4)3 ʚ ʜʚʫʭ ʧʨʦʝʢʮʠʷʭ, ʛʜʝ 

Yb ï ʩʠʥʷʷ ʩʬʝʨʘ, C - ʪʝʤʥʦ-ʩʝʨʘʷ ʩʬʝʨʘ, O ï ʢʨʘʩʥʘʷ ʩʬʝʨʘ. ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ ʧʦʢʘʟʘʥʳ (ʘ). 

ɿʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 1.8 ʂ (ʙ, ʚʝʨʭ) ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 500 ʕ (ʙ, ʥʠʟ) 

ʜʣʷ [Yb(H2O)3(18-ʢʨʘʫʥ-6)](ClO4)3. ʂʨʘʩʥʘʷ ʣʠʥʠʷ ï ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʩʫʤʤʘʨʥʦʤʫ ʚʢʣʘʜʫ ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ ʆʨʙʘʭʘ, ʈʘʤʘʥʘ ʠ ʂʊʅ (ʙ) [117]. 

ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ ʵʢʚʘʪʦʨʠʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ ʚ SMM ʥʘ ʦʩʥʦʚʝ Yb3+, 

ʙʘʨʴʝʨʳ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʪʘʢʞʝ ʧʦʚʳʰʘʶʪʩʷ. ʅʘʠʤʝʥʴʰʝʝ ʟʘʤʝʜʣʝʥʠʝ ʨʝʣʘʢʩʘʮʠʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʦʷʚʣʷʶʪ ʢʦʤʧʣʝʢʩʳ ʩ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʠʤ, ʤʘʬʬʠʥʦʧʦʜʦʙʥʳʤ ʠ 

ʦʜʥʦʰʘʧʦʯʥʳʤ ʢʚʘʜʨʘʪʥʦ-ʘʥʪʠʧʨʠʟʤʘʪʠʯʝʩʢʠʤ ʦʢʨʫʞʝʥʠʝʤ. ʂʦʤʧʣʝʢʩʳ, ʩʦʜʝʨʞʘʱʠʝ Yb3+ ʚ 

ʛʝʪʝʨʦʣʝʧʪʠʯʝʩʢʦʤ ʜʚʫʰʘʧʦʯʥʦʤ ʪʨʠʛʦʥʘʣʴʥʦ-ʧʨʠʟʤʘʪʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ ʷʚʣʷʶʪʩʷ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ SMM, ʧʦʩʢʦʣʴʢʫ ʟʥʘʯʝʥʠʝ ȹeff ʜʣʷ [Yb(acac)2(PyrCOO)(H2O)2] (ȹeff/kB = 55 ʂ, 

PyrCOOï ï ʧʠʨʘʟʠʥ-2-ʢʘʨʙʦʢʩʠʣʘʪ ʘʥʠʦʥ) [95] ʷʚʣʷʝʪʩʷ ʦʜʥʠʤʠ ʠʟ ʩʘʤʳʭ ʚʳʩʦʢʠʭ ʜʣʷ 

ʥʝʡʪʨʘʣʴʥʳʭ SMM. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʚ ʤʠʨʦʚʦʡ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʧʨʠʤʝʨʳ ʩʪʨʦʛʦ 

ʵʢʚʘʪʦʨʠʘʣʴʥʦ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʭ SMM ʥʘ ʦʩʥʦʚʝ Yb3+ ʦʪʩʫʪʩʪʚʫʶʪ.  
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 (ʘ) (ʙ) 

ʈʠʩ. 19. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ [Yb(acac)2(PyrCOO)(H2O)2]. ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ 

ʧʦʢʘʟʘʥʳ (ʘ). ɿʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʧʦʩʪʦʷʥʥʦʤ 

ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 2000 ʕ ʜʣʷ [Yb(acac)2(PyrCOO)(H2O)2]. ʉʠʥʷʷ ʣʠʥʠʷ - ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ɸʨʨʝʥʠʫʩʘ. ʂʨʘʩʥʘʷ ʣʠʥʠʷ ï ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʫʨʘʚʥʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʩʫʤʤʘʨʥʦʤʫ ʚʢʣʘʜʫ ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ ʆʨʙʘʭʘ, ʈʘʤʘʥʘ ʠ 

ʧʨʷʤʦʛʦ (ʙ) [95]. 

ʀʤʝʶʱʠʝʩʷ ʜʘʥʥʳʝ ʪʘʢʞʝ ʧʦʟʚʦʣʷʶʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʥʝʦʜʥʦʟʥʘʯʥʘʷ ʛʝʦʤʝʪʨʠʷ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʧʦʣʠʵʜʨʘ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʩʥʠʞʝʥʠʶ ʙʘʨʴʝʨʦʚ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ 

ʤʦʥʦʷʜʝʨʥʳʭ SMM ʥʘ ʦʩʥʦʚʝ Yb. ʅʝʟʘʚʠʩʠʤʦ ʦʪ ʣʠʛʘʥʜʦʚ, ʢʘʢ ʚʦʩʴʤʠ (Et3NH)[Yb(3-NO2-salen)2] 

(ȹeff/kB = 7.5 ʂ, 3-NO2-salen = N,N'-ʙʠʩ(3-ʥʠʪʨʦʩʘʣʠʮʠʣʘʣʴʜʝʛʠʜ) ʵʪʠʣʝʥʜʠʘʤʠʥ ʜʠʘʥʠʦʥ) [119], 

ʪʘʢ ʠ ʜʝʚʷʪʠʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʝ [Yb2(FBz[x])6(tpy)2]Ŀ2HFBzĿ2H2O (ȹeff/kB = 25 ʂ, FBz = 2-

ʬʪʦʨʙʝʥʟʦʡʥʘʷ ʢʠʩʣʦʪʘ)[118] ʩʠʩʪʝʤʳ ʩ ʥʝʦʜʥʦʟʥʘʯʥʦʡ ʛʝʦʤʝʪʨʠʝʡ ʂʇ ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

ʜʦʩʪʘʪʦʯʥʦ ʙʳʩʪʨʫʶ ʨʝʣʘʢʩʘʮʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʤʘʣʳʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʙʘʨʴʝʨʳ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʢʦʤʧʣʝʢʩʘʤʠ ʩ ʘʥʘʣʦʛʠʯʥʳʤʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʤʠ ʯʠʩʣʘʤʠ, ʥʦ ʯʝʪʢʦ ʦʧʨʝʜʝʣʝʥʥʳʤ 

ʧʦʣʠʵʜʨʦʤ Yb3+. ʉʥʠʞʝʥʠʝ ʙʘʨʴʝʨʘ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ Yb3+ ʩ 

ʥʝʦʧʨʝʜʝʣʝʥʥʳʤ/ʩʠʣʴʥʦ ʠʩʢʘʞʝʥʥʳʤ ʂʇ, ʚʝʨʦʷʪʥʦ, ʚʦʟʥʠʢʘʝʪ ʚʩʣʝʜʩʪʚʠʝ ʥʝʚʦʟʤʦʞʥʦʩʪʠ 

ʦʙʝʩʧʝʯʠʪʴ ʧʦʣʝ ʣʠʛʘʥʜʘ ʩ ʙʣʘʛʦʧʨʠʷʪʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ. ʅʝʙʣʘʛʦʧʨʠʷʪʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ 

ʢʦʤʧʣʝʢʩʦʚ Yb3+ ʤʦʞʝʪ ʚʦʟʥʠʢʘʪʴ ʚ ʩʚʷʟʠ ʩ ʥʝʚʦʟʤʦʞʥʦʩʪʴʶ ʚʳʜʝʣʠʪʴ ʥʠʢʘʢʠʭ ʢʦʥʢʨʝʪʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʩʠʤʤʝʪʨʠʠ ʜʣʷ ʥʝʦʧʨʝʜʝʣʝʥʥʦʛʦ ʂʇ.  

(ʘ) (ʙ) 
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ʈʠʩ. 20. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ ((Et3NH)[Yb(3-NO2-salen)2], ʛʜʝ Yb ï ʟʝʣʝʥʘʷ ʩʬʝʨʘ, 

C - ʬʠʦʣʝʪʦʚʘʷ ʩʬʝʨʘ, O ï ʞʝʣʪʘʷ ʩʬʝʨʘ, N ï ʩʠʥʷʷ ʩʬʝʨʘ. ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ ʧʦʢʘʟʘʥʳ (ʘ). 

ɿʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʠ ʤʥʠʤʦʡ ʢʦʤʧʦʥʝʥʪʳ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ 

ʯʘʩʪʦʪʳ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʣʷ ʢʦʤʧʣʝʢʩʘ (Et3NH)[Yb(3-NO2-salen)2] (ʙ) [119]. 

ʆʙʱʠʝ ʜʘʥʥʳʝ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ, ʚʢʣʶʯʘʶʱʠʭ ʜʝʚʷʪʠʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʡ Yb3+, 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʙʦʣʝʝ ʥʠʟʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʘʢʠʭ ʩʠʩʪʝʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʠʩʪʝʤʘʤʠ ʩ 

ʤʝʥʴʰʠʤʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʤʠ ʯʠʩʣʘʤʠ. ʕʪʘ ʪʝʥʜʝʥʮʠʷ ʧʨʦʠʩʪʝʢʘʝʪ ʠʟ ʭʠʤʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ 

ʢʦʤʧʣʝʢʩʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʜʝʚʷʪʠʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʡ Yb3+, ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝʛʜʘ ʚʢʣʶʯʘʶʱʠʭ 

ʞʝʩʪʢʠʝ ʧʦʣʠʜʝʥʪʘʪʥʳʝ ʣʠʛʘʥʜʳ, ʥʘʧʨʠʤʝʨ, ʘʨʦʤʘʪʠʯʝʩʢʠʝ N-ʜʦʥʦʨʳ,[118] ʦʩʥʦʚʘʥʠʷ ʐʠʬʬʘ, 

[Yb(mimph)(MeOH)(NO3)3]ĿMeCN (ȹeff/kB = 17.8 ʂ, Ű0 = 8.7 Ĭ 10ī7 ʩ, mimph = (1-ʤʝʪʠʣ-2-((1-

ʤʝʪʠʣ-1H-ʠʤʠʜʘʟʦʣ-2-ʠʣ)ʤʝʪʠʣʝʥ)ʛʠʜʨʘʟʠʥʠʣ)ʧʠʨʠʜʠʥ), ʦʜʥʦʰʘʧʦʯʥʘʷ ʢʚʘʜʨʘʪʥʘʷ ʘʥʪʠʧʨʠʟʤʘ) 

[120] ʘʥʠʦʥʳ ɓ-ʜʠʢʝʪʦʥʘʪʦʚ [Yb(tp)3]ĿCH3OH (ȹeff/kB = 11.7 ʂ, Tp = ʜʝʧʨʦʪʦʥʠʨʦʚʘʥʥʳʡ 2-

(ʪʝʪʨʘʟʦʣ-5-ʠʣ)-1,10-ʬʝʥʘʥʪʨʦʣʠʥ), ʦʜʥʦʰʘʧʦʯʥʘʷ ʢʚʘʜʨʘʪʥʘʷ ʘʥʪʠʧʨʠʟʤʘ) [121] ʠ ʜʨʫʛʠʝ. ɺ 

ʪʘʢʠʭ ʢʦʤʧʣʝʢʩʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʠʩʢʘʞʝʥʠʝ ʛʝʦʤʝʪʨʠʠ ʂʆ ʠ ʥʝʦʜʥʦʟʥʘʯʥʘʷ ʛʝʦʤʝʪʨʠʷ ʧʦʣʠʵʜʨʘ 

Yb3+, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʙʘʨʴʝʨʦʚ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ.  

(ʘ) (ʙ) 

ʈʠʩ. 21. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ [Yb(mimph)(MeOH)(NO3)3]ĿMeCN, ʛʜʝ Yb ï ʟʝʣʝʥʘʷ 

ʩʬʝʨʘ, C ï ʪʝʤʥʦ-ʩʝʨʘʷ ʩʬʝʨʘ, O ï ʢʨʘʩʥʘʷ ʩʬʝʨʘ, N ï ʬʠʦʣʝʪʦʚʘʷ ʩʬʝʨʘ, H ï ʩʚʝʪʣʦ-ʩʝʨʘʷ ʩʬʝʨʘ 

(ʘ). ɿʘʚʠʩʠʤʦʩʪʴ ʥʘʪʫʨʘʣʴʥʦʛʦ ʣʦʛʘʨʠʬʤʘ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ 

ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 1000 ʕ ʜʣʷ [Yb(mimph)(MeOH)(NO3)3]ĿMeCN. ʉʠʥʷʷ ʣʠʥʠʷ - 

ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ɸʨʨʝʥʠʫʩʘ. ʂʨʘʩʥʘʷ ʣʠʥʠʷ ï ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʚʢʣʘʜʫ ʤʝʭʘʥʠʟʤʘ ʨʝʣʘʢʩʘʮʠʠ ʈʘʤʘʥʘ (ʙ) [120]. 

ɺ ʮʝʣʦʤ ʜʣʷ Yb-ʩʦʜʝʨʞʘʱʠʭ ʤʦʥʦʷʜʝʨʥʳʭ SMM ʙʘʨʴʝʨʳ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ 

ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʚ ʨʷʜʫ ʦʪ ʤʘʬʬʠʥʦʚ, ʜʦʜʝʢʘʵʜʨʦʚ ʠ ʢʚʘʜʨʘʪʥʳʭ ʘʥʪʠʧʨʠʟʤ ʢ ʜʚʫʰʘʧʦʯʥʳʤ 

ʪʨʠʛʦʥʘʣʴʥʳʤ ʧʨʠʟʤʘʤ ʠ ʪʨʝʭʰʘʧʦʯʥʳʤ ʪʨʠʛʦʥʘʣʴʥʳʤ ʧʨʠʟʤʘʤ [115-121], ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʚʳʚʦʜʘʤʠ, ʩʜʝʣʘʥʥʳʤʠ ʚ ʨʘʙʦʪʝ [81]. 
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1.3.5. SMM, ʩʦʜʝʨʞʘʱʠʝ ʜʨʫʛʠʝ ʣʘʥʪʘʥʠʜʳ 

ʅʝʩʤʦʪʨʷ ʥʘ ʜʦʤʠʥʠʨʦʚʘʥʠʝ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ Dy3+ ʚ ʢʘʯʝʩʪʚʝ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʤʘʛʥʝʪʠʢʦʚ, ʘ ʪʘʢʞʝ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʡ ʧʨʦʜʝʣʘʥʥʳʡ ʥʘʫʯʥʳʤ ʩʦʦʙʱʝʩʪʚʦʤ ʦʙʲʝʤ ʨʘʙʦʪʳ ʧʦ 

ʠʩʩʣʝʜʦʚʘʥʠʶ SMM, ʩʦʜʝʨʞʘʱʠʭ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʠʦʥʳ Tb3+, ʘ ʪʘʢʞʝ Er3+ ʠ Yb3+, ʤʝʜʣʝʥʥʘʷ 

ʤʘʛʥʠʪʥʘʷ ʨʝʣʘʢʩʘʮʠʷ ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ ʠ ʜʨʫʛʠʭ ʣʘʥʪʘʥʠʜʦʚ. 

 

Gd-SMM 

Gd3+ (S = 7/2, L = 0, 8S7/2, g = 2, ɢT = 7.88 ʩʤ3K/ʤʦʣʴ) 

ʉʦʝʜʠʥʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʛʘʜʦʣʠʥʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʪʘʢʠʭ ʦʙʣʘʩʪʷʭ, ʢʘʢ ʥʝʡʪʨʦʥʥʘʷ 

ʟʘʭʚʘʪʥʘʷ ʪʝʨʘʧʠʷ ʨʘʢʘ [122,123], ʨʘʜʠʦʛʨʘʬʠʷ [124], ʤʘʛʥʠʪʥʦʝ ʦʭʣʘʞʜʝʥʠʝ ʟʘ ʩʯʸʪ 

ʤʘʛʥʝʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ. ʇʦʩʢʦʣʴʢʫ ʜʣʷ Gd3+ ʦʙʦʣʦʯʢʘ ʫʨʦʚʥʷ 4f ʟʘʧʦʣʥʝʥʘ ʥʘʧʦʣʦʚʠʥʫ (S 

= 7/2) ʦʨʙʠʪʘʣʴʥʳʡ ʤʦʤʝʥʪ ʨʘʚʝʥ ʥʫʣʶ, L = 0. Gd3+ ̫ ʚʣʷʝʪʩʷ ʤʘʛʥʠʪʥʦ-ʠʟʦʪʦʧʥʳʤ ʠ, ʚʩʣʝʜʩʪʚʠʝ 

ʦʪʩʫʪʩʪʚʠʷ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʡ ʩʚʷʟʠ, ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʨʦʚʥʠ ʦʢʘʟʳʚʘʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ 

ʚʳʨʦʞʜʝʥʳ. ʉʢʦʨʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʚ ʢʦʤʧʣʝʢʩʘʭ Gd3+ ʦʙʳʯʥʦ ʦʯʝʥʴ ʚʝʣʠʢʠ ʧʦ ʧʨʠʯʠʥʝ 

ʩʠʣʴʥʦʛʦ ʢʚʘʥʪʦʚʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ. ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʠʟʚʝʩʪʥʳʭ ʥʘ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ Gd-SMM 

ʷʚʣʷʶʪʩʷ ʧʦʣʠʤʝʨʘʤʠ ʠʣʠ ʧʦʣʠʷʜʝʨʥʳʤʠ ʢʣʘʩʪʝʨʘʤʠ ʠ ʪʦʣʴʢʦ ʥʝʩʢʦʣʴʢʦ ʩʪʘʪʝʡ ʦ ʤʦʥʦʷʜʝʨʥʳʭ 

SMM ʥʘ ʦʩʥʦʚʝ Gd3+, ʦʙʳʯʥʦ ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʧʦʩʪʦʷʥʥʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʣʠʪʝʨʘʪʫʨʝ [125, 126]. ɺ 2013 ʛʦʜʫ ɻʘʦ ʠ ʝʛʦ ʢʦʣʣʝʛʠ ʩʦʦʙʱʠʣʠ ʦ ʜʚʫʭ ʢʦʤʧʣʝʢʩʘʭ Gd3+ ʥʘ ʦʩʥʦʚʝ 

THD (THD = 2,2,6,6-ʪʝʪʨʘʤʝʪʠʣʛʝʧʪʘʥ-3,5-ʜʠʦʥ), Gd(THD)3X (ʛʜʝ X = 1,10-ʬʝʥʘʥʪʨʦʣʠʥ ʠ 2,2'-

ʙʠʧʠʨʠʜʠʥ) [125]. ʀʦʥ Gd3+ ʚ ʦʙʦʠʭ ʢʦʤʧʣʝʢʩʘʭ ʠʤʝʝʪ ʚʦʩʴʤʠʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʝ ʂʆ ʩ 

ʩʠʤʤʝʪʨʠʝʡ D4d. ʂʦʤʧʣʝʢʩʳ Gd(THD)3X ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʠʥʜʫʮʠʨʦʚʘʥʥʫʶ ʧʦʣʝʤ ʤʘʛʥʠʪʥʫʶ 

ʨʝʣʘʢʩʘʮʠʶ ʠ ʤʘʛʥʝʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ. ʍʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʧʨʠʣʦʞʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʢʦʥʢʫʨʝʥʮʠʠ ʤʝʞʜʫ 

ʧʨʷʤʳʤ ʧʨʦʮʝʩʩʦʤ ʠ ʤʝʭʘʥʠʟʤʦʤ ʨʝʣʘʢʩʘʮʠʠ ʈʘʤʘʥʘ ʩ nRaman = 2. ɿʥʘʯʝʥʠʝ nRaman = 2 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʬʬʝʢʪʫ ʫʟʢʦʛʦ ʬʦʥʦʥʥʦʛʦ ʛʦʨʣʘ. ʄʝʭʘʥʠʟʤ ʈʘʤʘʥʘ ʤʝʭʘʥʠʟʤ ʧʨʝʦʙʣʘʜʘʝʪ, ʢʦʛʜʘ 

ʧʦʩʪʦʷʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʥʠʞʝ 10000 ʕ, ʘ ʧʨʷʤʦʡ ʠʛʨʘʝʪ ʟʥʘʯʠʪʝʣʴʥʫʶ ʨʦʣʴ, ʢʦʛʜʘ ʧʦʣʝ ʙʦʣʴʰʝ 

20000 ʕ.  
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(ʘ) (ʙ) 

(ʚ) (ʛ) 

ʈʠʩ. 22. ʄʦʣʝʢʫʣʷʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʦʚ Gd(THD)3Phen (ʘ) ʠ Gd(THD)3Bpy (ʙ), ʛʜʝ Gd ï 

ʟʝʣʝʥʘʷ ʩʬʝʨʘ, C ï ʩʚʝʪʣʦ-ʩʝʨʘʷ ʩʬʝʨʘ, O ï ʢʨʘʩʥʘʷ ʩʬʝʨʘ, N ï ʩʠʥʷʷ ʩʬʝʨʘ. ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ 

ʧʦʢʘʟʘʥʳ. ɿʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʦʩʪʦʷʥʥʳʭ 

ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʜʣʷ Gd(THD)3Phen (ʚ) ʠ Gd(THD)3Bpy (ʛ) [125]. 

ʅʝʜʘʚʥʦ ʊʦʥʛ ʠ ʢʦʣʣʝʛʠ ʩʦʦʙʱʠʣʠ ʦ ʜʨʫʛʦʤ ʤʦʥʦʷʜʝʨʥʦʤ ʢʦʤʧʣʝʢʩʝ Gd3+, [Gd(bbpen)Cl], 

(H2bbpen = N,N'-ʙʠʩ(2-ʛʠʜʨʦʢʩʠʙʝʥʟʠʣ)N,N'-ʙʠʩ(2-ʧʠʢʦʣʠʣ)ʵʪʠʣʝʥʜʠʘʤʠʥ), ʛʜʝ Gd3+ ʥʘʭʦʜʠʪʩʷ ʚ 

ʧʝʥʪʘʛʦʥʘʣʴʥʦ-ʙʠʧʠʨʘʤʠʜʘʣʴʥʦʡ ʣʦʢʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ [126]. ʆʙʨʘʟʮʳ ʩ 20% ʠ 5% 

[Gd(bbpen)Cl] ʚ ʜʠʘʤʘʛʥʠʪʥʦʡ ʤʘʪʨʠʮʝ ʠʟʦʤʦʨʬʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Y3+ ʥʝ ʧʨʦʷʚʣʷʶʪ ʤʝʜʣʝʥʥʦʡ 

ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʦʪʩʫʪʩʪʚʠʝ ʚʥʝʰʥʝʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʧʦʣʷ ʚʩʣʝʜʩʪʚʠʝ ʥʘʣʠʯʠʷ 

ʙʳʩʪʨʳʭ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠ/ʠʣʠ ʩʠʣʴʥʦʛʦ ʂʊʅ. ʇʨʠ ʧʨʠʣʦʞʝʥʠʠ ʧʦʩʪʦʷʥʥʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (4000 ʕ ʜʣʷ [Gd(bbpen)Cl] ʠ 3000 ʕ ʜʣʷ ʜʠʘʤʘʛʥʠʪʥʦ ʨʘʟʙʘʚʣʝʥʥʳʭ ʦʙʨʘʟʮʦʚ) 

ʤʝʜʣʝʥʥʘʷ ʨʝʣʘʢʩʘʮʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʚʩʝʭ ʢʦʤʧʣʝʢʩʦʚ Gd3+. ʄʝʭʘʥʠʟʤ ʨʝʣʘʢʩʘʮʠʠ ʆʨʙʘʭʘ ʜʣʷ 

SMM ʥʘ ʦʩʥʦʚʝ Gd3+ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʦʚʝʨʦʷʪʝʥ ʠʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʜʣʷ ʠʟʦʪʨʦʧʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʦʙʦʣʦʯʢʠ ʙʘʨʴʝʨ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʤʘʛʥʠʪʥʘʷ ʨʝʣʘʢʩʘʮʠʷ ʧʨʦʠʩʭʦʜʠʪ ʧʫʪʝʤ 

ʤʝʭʘʥʠʟʤʦʚ ʈʘʤʘʥʘ, ʧʨʷʤʦʛʦ ʠ ʂʊʅ. ɺʝʣʠʯʠʥʘ ʩʪʝʧʝʥʠ ʦʙʱʝʛʦ ʧʦʣʠʥʦʤʘ ʫʨʘʚʥʝʥʠʷ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʚʨʝʤʝʥʠ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ (1.27 - 1.89) ʙʣʠʟʢʘ ʢ ʧʨʷʤʦʤʫ ʧʨʦʮʝʩʩʫ (n = 1) 

ʚʤʝʩʪʝ ʩ ʩʫʱʝʩʪʚʝʥʥʳʤ ʚʢʣʘʜʦʤ ʵʬʬʝʢʪʘ ʫʟʢʦʛʦ ʬʦʥʦʥʥʦʛʦ ʛʦʨʣʘ (n = 2) ʠ ʜʘʣʝʢʠ ʦʪ ʚʝʣʠʯʠʥ 

nRaman ʜʣʷ ʤʝʭʘʥʠʟʤʘ ʨʝʣʘʢʩʘʮʠʠ ʈʘʤʘʥʘ (n = 7 ï ʜʣʷ ʥʝ ʂʨʘʤʝʨʩʦʚʳʭ ʠʦʥʦʚ ʠʣʠ 9 ï ʜʣʷ ʠʦʥʦʚ 
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ʂʨʘʤʝʨʩʘ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʢʦʤʧʣʝʢʩʘ [Gd(bbpen)Cl] ʥʘʙʣʶʜʘʝʪʩʷ ʥʘʠʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ 

ʧʨʷʤʦʛʦ ʧʨʦʮʝʩʩʘ ʥʘ ʨʝʣʘʢʩʘʮʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʦʮʝʩʩʘʤʠ ʈʘʤʘʥʘ ʠ ʂʊʅ. 

 (ʘ) (ʙ) 

ʈʠʩ. 23. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ [Gd(bbpen)Cl] (ʘ). ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ Ű ʜʣʷ [Gd(bbpen)Cl] (ʢʨʘʩʥʳʝ ʪʦʯʢʠ) ʠ ʜʠʘʤʘʛʥʠʪʥʦ ʨʘʟʙʘʚʣʝʥʥʦʛʦ 

[Gd(bbpen)Cl] (ʩʠʥʠʝ ʪʦʯʢʠ) ʚ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ 4000 ʕ ʠ 3000 ʕ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʉʧʣʦʰʥʳʝ ʣʠʥʠʠ ʥʘʠʣʫʯʰʠʤ ʦʙʨʘʟʦʤ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʤʝʭʘʥʠʟʤʫ ʨʝʣʘʢʩʘʮʠʠ ʈʘʤʘʥʘ (ʙ) [126]. 

 

Ce-SMM 

Ce3+ (S = 1/2, L = 0, 2F5/2, g = 0.857, ɢT = 0.80 ʩʤ3K/ʤʦʣʴ) 

ɼʣʷ ʠʦʥʘ Ce3+ ʚ 4f-ʦʙʦʣʦʯʢʝ ʝʩʪʴ ʪʦʣʴʢʦ ʦʜʠʥ ʵʣʝʢʪʨʦʥ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʦ ʜʣʷ ʩʦʟʜʘʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʙʘʨʴʝʨʘ. ʇʝʨʚʳʡ ʧʨʠʤʝʨ ʯʠʩʪʦʛʦ Ce3+-SMM, ʘ ʠʤʝʥʥʦ ʢʦʤʧʣʝʢʩ 

Li(DME)3[Ce(COT'')2], ʛʜʝ COT'' - ʙʠʩ(ʪʨʠʤʝʪʠʣʩʠʣʠʣ)ʮʠʢʣʦʦʢʪʘʪʝʪʨʘʝʥʠʣʜʠʘʥʠʦʥ, DME - 

ʜʠʤʝʪʦʢʩʠʵʪʘʥ ʙʳʣ ʦʧʫʙʣʠʢʦʚʘʥ ʚ 2014 ʛʦʜʫ ʄʫʨʫʛʝʩʫ ʩ ʢʦʣʣʝʛʘʤʠ [127]. ʇʣʦʩʢʠʡ ʣʠʛʘʥʜ COT'' 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʪʨʦʛʦ ʘʢʩʠʘʣʴʥʦʡ ʂʆ (ʦʩʴ C8) ʠʦʥʘ Ce3+. ɺ ʥʫʣʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

ʜʣʷ ʜʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ ʤʝʜʣʝʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʪʦʛʜʘ ʢʘʢ 

ʥʝʙʦʣʴʰʦʛʦ ʧʨʠʣʦʞʝʥʥʦʛʦ ʧʦʣʷ (400 ʕ) ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʩʠʣʴʥʦʡ ʯʘʩʪʦʪʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ. ʇʘʨʘʤʝʪʨʳ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʢʘʟʘʣʠʩʴ ʨʘʚʥʳ ȹeff/kB = 30.1 ʂ, Ű0 = 

1.2Ĭ10ï6 ʩ. 
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 (ʘ)  (ʙ) 

ʈʠʩ. 24. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ Li(DME)3[Ce(COT'')2] ʚ ʜʚʫʭ ʨʘʢʫʨʩʘʭ, ʛʜʝ C ï 

ʩʚʝʪʣʦ-ʩʝʨʘʷ ʩʬʝʨʘ. ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ ʧʦʢʘʟʘʥʳ. (ʘ). ɿʘʚʠʩʠʤʦʩʪʴ ʥʘʪʫʨʘʣʴʥʦʛʦ ʣʦʛʘʨʠʬʤʘ 

ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ Li(DME)3[Ce(COT'')2] ʚ ʧʦʩʪʦʷʥʥʦʤ 

ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 400 ʕ. ʂʨʘʩʥʘʷ ʣʠʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʫʨʘʚʥʝʥʠʶ ɸʨʨʝʥʠʫʩʘ (ʤʘʛʥʠʪʥʦʡ 

ʨʝʣʘʢʩʘʮʠʠ ʆʨʙʘʭʘ) (ʙ) [127].  

ɺ 2015 ɹʝʨʥʦʪ ʠ ʜʨ. ʦʧʫʙʣʠʢʦʚʘʣʠ ʚʪʦʨʦʡ ʧʨʠʤʝʨ SMM ʥʘ ʦʩʥʦʚʝ Ce3+ ʩ ʬʦʨʤʫʣʦʡ 

[Ce(DMSO)8][Ce(NO3)2(DMSO)4(Mo8O26)0.5][Mo6O19], ʛʜʝ DMSO - ʜʠʤʝʪʠʣʩʫʣʴʬʦʢʩʠʜ [128]. ɺ 

ʦʙʣʘʩʪʠ 4-5 ʂ (ʥʘʠʙʦʣʴʰʠʝ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʨʠ ʢʦʪʦʨʳʭ ʥʘʙʣʶʜʘʣʘʩʴ ʨʝʣʘʢʩʘʮʠʷ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ) ʥʘʙʣʶʜʘʝʪʩʷ ʤʘʛʥʠʪʥʘʷ ʨʝʣʘʢʩʘʮʠʷ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷʩʷ ʨʝʣʘʢʩʘʮʠʦʥʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ȹeff/kB = 27.12 ʂ ʠ Ű0 = 1.29Ĭ10
ï7 ʩ. ʇʨʦʮʝʩʩ ʈʘʤʘʥʘ (n = 2) ʚʥʦʩʠʣ ʩʫʱʝʩʪʚʝʥʥʳʡ 

ʚʢʣʘʜ ʜʣʷ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ [Ce(DMSO)8][Ce(NO3)2(DMSO)4(Mo8O26)0.5][Mo6O19] ʧʨʠ 200 ʕ 

ʠ ʚ ʦʙʣʘʩʪʠ 4-5 ʂ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʫʯʘʩʪʠʝ ʧʨʷʤʦʛʦ ʧʨʦʮʝʩʩʘ ʙʳʣʦ ʥʝʟʥʘʯʠʪʝʣʴʥʦ. 

(ʘ)  (ʙ) 

ʈʠʩ. 25. ʉʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ [Ce(DMSO)8][Ce(NO3)2(DMSO)4(Mo8O26)0.5][Mo6O19] ʠ ʝʛʦ 

ʩʦʩʪʘʚʥʳʭ ʯʘʩʪʝʡ, ʛʜʝ Mo ï ʟʝʣʝʥʘʷ ʩʬʝʨʘ, Ce ï ʬʠʦʣʝʪʦʚʘʷ ʩʬʝʨʘ, C ï ʩʚʝʪʣʦ-ʩʝʨʘʷ ʩʬʝʨʘ, O ï 

ʢʨʘʩʥʘʷ ʩʬʝʨʘ, N ï ʩʠʨʝʥʝʚʘʷ ʩʬʝʨʘ, S ï ʞʝʣʪʘʷ ʩʬʝʨʘ. ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ ʧʦʢʘʟʘʥʳ (ʘ). 

ɿʘʚʠʩʠʤʦʩʪʴ ʥʘʪʫʨʘʣʴʥʦʛʦ ʣʦʛʘʨʠʬʤʘ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ 
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Ce(DMSO)8][Ce(NO3)2(DMSO)4(Mo8O26)0.5][Mo6O19] ʚ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ 1400 ʕ 

(ʢʚʘʜʨʘʪʳ) ʠ 200 ʕ (ʢʨʫʛʠ ï ʥʠʟʢʦʯʘʩʪʦʪʥʳʡ ʧʨʦʮʝʩʩ, ʪʨʝʫʛʦʣʴʥʠʢʠ  ï ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʡ ʧʨʦʮʝʩʩ). 

ʂʨʘʩʥʳʝ ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʫʨʘʚʥʝʥʠʶ ɸʨʨʝʥʠʫʩʘ (ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʆʨʙʘʭʘ), ʯʝʨʥʘʷ 

ʣʠʥʠʷ ï ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʚʩʝʛʦ ʜʠʘʧʘʟʦʥʘ ʪʝʤʧʝʨʘʪʫʨ ʩ ʫʯʸʪʦʤ ʚʢʣʘʜʦʚ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ 

ʆʨʙʘʭʘ ʠ ʈʘʤʘʥʘ (ʙ) [127]. 

 

Nd-SMM 

Nd3+ (S = 3/2, L = 6, 4I9/2, g = 0.727, ɢT = 1.64 ʩʤ3K/ʤʦʣʴ) 

ʀʦʥ Nd3+ ʦʙʣʘʜʘʝʪ ʩʧʝʮʠʬʠʯʝʩʢʠʤ ʠʟʣʫʯʝʥʠʝʤ ʚ ʙʣʠʞʥʝʤ ʀʂ-ʜʠʘʧʘʟʦʥʝ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ 

ʭʦʨʦʰʠʤ ʢʘʥʜʠʜʘʪʦʤ ʜʣʷ ʧʨʠʤʝʥʝʥʠʡ ʚ in vivo ʙʠʦʚʠʟʫʘʣʠʟʘʮʠʠ [129] ʠ ʜʦʩʪʘʪʦʯʥʦ ʜʦʣʛʦʝ ʚʨʝʤʷ 

ʝʛʦ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʣʠ ʢʘʢ ʦʩʥʦʚʫ ʜʣʷ SMM.  

ʂʦʤʧʣʝʢʩ Nd(Tp)3 (Tp = ʪʨʠʩʧʠʨʘʟʦʣʠʣʙʦʨʘʪ) ʙʳʣ ʦʧʠʩʘʥ ʚ 2012 ʜʦ ʵʪʦʛʦ ʈʘʡʥʭʘʨʪʦʤ ʠ 

ʢʦʣʣʝʛʘʤʠ [131]. ʀʦʥ Nd3+ ʚ ʜʘʥʥʦʤ ʩʦʝʜʠʥʝʥʠʠ ʦʢʨʫʞʝʥ ʜʝʚʷʪʴʶ ʘʪʦʤʘʤʠ ʘʟʦʪʘ ʠ ʝʛʦ ʂʇ - 

ʠʜʝʘʣʴʥʘʷ ʪʨʝʭʰʘʧʦʯʥʘʷ ʪʨʠʛʦʥʘʣʴʥʘʷ ʧʨʠʟʤʘ ʩ ʛʨʫʧʧʦʡ ʩʠʤʤʝʪʨʠʠ D3h. Nd(Tp)3 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʤʝʜʣʝʥʥʫʶ ʤʘʛʥʠʪʥʫʶ ʨʝʣʘʢʩʘʮʠʶ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʨʠʣʦʞʝʥʥʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 100 ʕ. ʕʥʝʨʛʝʪʠʯʝʩʢʠʡ ʙʘʨʴʝʨ, ʦʧʨʝʜʝʣʝʥʥʳʡ ʧʨʠ ʧʦʤʦʱʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ (ȹeff/kB = 4.0 ʂ) ʦʢʘʟʘʣʩʷ ʥʘʤʥʦʛʦ ʥʠʞʝ ʚʝʣʠʯʠʥʳ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʟʘʟʦʨʘ ʤʝʞʜʫ ʦʩʥʦʚʥʳʤ ʠ ʧʝʨʚʳʤ ʚʦʟʙʫʞʜʝʥʥʳʤ ʩʦʩʪʦʷʥʠʝʤ, ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʠʟ 

ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʦʧʨʝʜʝʣʝʥʥʦʡ ʧʫʪʸʤ ʠʟʤʝʨʝʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ (171 ʂ) [132]. ʉ ʮʝʣʴʶ 

ʠʩʢʣʶʯʠʪʴ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʝ ʜʠʧʦʣʴʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʷʜʝʨ ʠ ʩʤʝʰʠʚʘʥʠʝ 

ʥʠʟʢʦʣʝʞʘʱʠʭ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ [133,134], ʘʚʪʦʨʳ ʧʦʣʫʯʠʣʠ ʜʠʘʤʘʛʥʠʪʥʦ ʨʘʟʙʘʚʣʝʥʥʳʡ 

ʠʟʦʩʪʨʫʢʪʫʨʥʳʤ ʩʦʝʜʠʥʝʥʠʝʤ ʣʘʥʪʘʥʘ La(Tp)3 ʢʦʤʧʣʝʢʩ Nd(Tp)3. ʋʜʘʣʦʩʴ ʜʦʙʠʪʴʩʷ ʫʚʝʣʠʯʝʥʠʷ 

ʙʘʨʴʝʨʘ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʜʦ 5.5 ʂ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʞʝ ʦʞʠʜʘʝʤʦʛʦ ʟʥʘʯʝʥʠʷ, ʘ ʟʥʘʯʠʪ, 

ʧʨʦʮʝʩʩ ʆʨʙʘʭʘ ʥʝ ʚʥʦʩʠʪ ʚʢʣʘʜʘ ʚ ʤʝʜʣʝʥʥʫʶ ʤʘʛʥʠʪʥʫʶ ʨʝʣʘʢʩʘʮʠʶ ʠ ʧʨʦʮʝʩʩʘʤʠ ʨʝʣʘʢʩʘʮʠʠ, 

ʢʦʪʦʨʳʝ ʚʥʦʩʷʪ ʥʘʠʙʦʣʴʰʠʡ ʚʢʣʘʜ, ʚʠʜʠʤʦ, ʷʚʣʷʝʪʩʷ ʧʨʦʮʝʩʩ ʈʘʤʘʥʘ. 

(ʘ) (ʙ) 
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ʈʠʩ. 26. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ Nd(Tp)3, ʛʜʝ Nd ï ʦʨʘʥʞʝʚʘʷ ʩʬʝʨʘ, C ï ʬʠʦʣʝʪʦʚʘʷ 

ʩʬʝʨʘ, B ï ʪʝʤʥʦ-ʩʝʨʘʷ ʩʬʝʨʘ, N ï ʩʠʥʷʷ ʩʬʝʨʘ. ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ ʧʦʢʘʟʘʥʳ (ʘ). ɿʘʚʠʩʠʤʦʩʪʴ 

ʥʘʪʫʨʘʣʴʥʦʛʦ ʣʦʛʘʨʠʬʤʘ ʚʨʝʤʝʥʠ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ 

ʨʘʟʣʠʯʥʦʤ ʩʦʜʝʨʞʘʥʠʠ Nd ʚ ʜʠʘʤʘʛʥʠʪʥʦ ʨʘʟʙʘʚʣʝʥʥʦʤ ʦʙʨʘʟʮʝ Nd(Tp)3. ʉʧʣʦʰʥʳʝ ʯʝʨʥʳʝ 

ʣʠʥʠʠ - ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ɸʨʨʝʥʠʫʩʘ. ʇʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʨʘʩʯʸʪʥʫʶ ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʠʟ ʜʘʥʥʳʭ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ (ʙ) [131]. 

ʄʫʨʫʛʝʩʫ ʠ ʢʦʣʣʝʛʠ ʩʦʦʙʱʠʣʠ ʦ ʜʨʫʛʦʤ ʧʨʠʤʝʨʝ ʤʦʥʦʷʜʝʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Nd3+, ʩ 

ʬʦʨʤʫʣʦʡ Li(DME)3[Nd(COT'')2] ʚ 2015 ʛʦʜʫ [130], ʚ ʢʦʪʦʨʦʤ Nd3+ ʥʘʭʦʜʠʪʩʷ ʚ ʘʥʠʦʥʝ ʚ 

ʩʵʥʜʚʠʯʝʚʦʤ ʛʦʤʦʛʝʥʥʦʤ ʂʆ, ʩʦʩʪʦʷʱʝʤ ʠʟ ʘʪʦʤʦʚ C. ɸʚʪʦʨʳ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ, ʯʪʦ, ʢʘʢ ʠ 

ʦʞʠʜʘʣʦʩʴ, Li(DME)3[Nd(COT'')2] ʚʝʜʝʪ ʩʝʙʷ ʢʘʢ ʠʥʜʫʮʠʨʦʚʘʥʥʳʡ ʧʦʩʪʦʷʥʥʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ 

1000 ʕ SMM ʩ Ű0 = 5.5Ĭ10
ï5 ʩ ʠ ȹeff/kB = 21.0 ʂ ʚʩʣʝʜʩʪʚʠʝ ʧʦʜʭʦʜʷʱʝʛʦ ʧʦʣʷ ʣʠʛʘʥʜʘ ʜʣʷ 

ʧʨʦʷʚʣʝʥʠʷ ʤʝʜʣʝʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ.  

(ʘ)  (ʙ) 

ʈʠʩ. 27. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ Li(DME)3[Nd(COT'')2] (ʘ). ɿʘʚʠʩʠʤʦʩʪʴ ʥʘʪʫʨʘʣʴʥʦʛʦ 

ʣʦʛʘʨʠʬʤʘ ʚʨʝʤʝʥʠ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ Li(DME)3[Nd(COT'')2]. 

ʂʨʘʩʥʘʷ ʣʠʥʠʷ - ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ɸʨʨʝʥʠʫʩʘ (ʙ) [131]. 

 

Ho-SMM 

Ho3+(4f10, S = 2, L = 6, 5I8, g = 5/4, ɢT = 13.96 ʩʤ3K/ʤʦʣʴ) 

ʆʜʥʠʤ ʠʟ ʥʝʤʥʦʛʠʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ Ho-SMM ̫ ʚʣʷʝʪʩʷ ʤʦʥʦʷʜʝʨʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʩ 

ʬʦʨʤʫʣʦʡ K12[Ho(H2O)P5W30O110]ĬnH2O ʛʜʝ ʠʦʥʳ Ho3+ ʥʘʭʦʜʷʪʩʷ ʚ ʂʆ, ʦʙʨʘʟʦʚʘʥʥʦʤ ʧʷʪʴʶ 

ʬʦʩʬʘʪʥʳʤʠ ʢʠʩʣʦʨʦʜʘʤʠ, ʧʷʪʴʶ ʤʦʩʪʠʢʦʚʳʤʠ ʢʠʩʣʦʨʦʜʘʤʠ ʤʝʞʜʫ ʜʚʫʤʷ ʘʪʦʤʘʤʠ ʚʦʣʴʬʨʘʤʘ ʠ 

ʦʜʥʦʡ ʘʢʩʠʘʣʴʥʦʡ ʤʦʣʝʢʫʣʦʡ ʚʦʜʳ [135]. ɼʣʷ ʵʪʦʛʦ ʢʦʤʧʣʝʢʩʘ ʂʏ = 11 ʠ ʂʇ(Ho3+) - 

ʤʦʥʦʰʘʧʦʯʥʘʷ ʧʝʥʪʘʛʦʥʘʣʴʥʘʷ ʘʥʪʠʧʨʠʟʤʘ. ʇʘʨʘʤʝʪʨʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʣʷ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ 

ʘʚʪʦʨʘʤʠ [135] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʛʥʝʪʦʤʝʪʨʠʠ ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ʀʩʩʣʝʜʦʚʘʥʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ K12[Ho(H2O)P5W30O110]ĬnH2O 

ʧʦʢʘʟʘʣʦ ʥʘʣʠʯʠʝ ʜʫʙʣʝʪʘ MJ = Ñ8 ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʝʨʚʦʝ 
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ʚʦʟʙʫʞʜʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʜʫʙʣʝʪʘ ʣʦʢʘʣʠʟʦʚʘʥʦ ʥʘ 20.1 ʂ ʚʳʰʝ ʠ ʙʳʣʦ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʦ ʢʘʢ 

ʩʤʝʩʴ MJ = Ñ5 ʠ MJ = 0. ʇʝʨʝʭʦʜʳ ʧʦ ʤʝʭʘʥʠʟʤʫ ʂʊʅ ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʷʤʠ MJ (ʫʛʣʦʚʦʡ 

ʦʨʙʠʪʘʣʴʥʳʡ ʤʦʤʝʥʪ) ʩ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʤ ʟʥʘʢʦʤ ʠʥʜʫʮʠʨʫʶʪʩʷ ʧʝʨʝʩʝʯʝʥʠʷʤʠ ʫʨʦʚʥʝʡ ʤʝʞʜʫ 

ʩʦʩʪʦʷʥʠʷʤʠ ʩ ʦʜʠʥʘʢʦʚʳʤ MI (ʷʜʝʨʥʳʡ ʩʧʠʥ) ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʨʠʣʦʞʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ɸʚʪʦʨʳ ʩʯʠʪʘʶʪ, ʯʪʦ ʦʯʝʥʴ ʙʦʣʴʰʠʝ ʚʨʝʤʝʥʘ ʥʘʠʩʢʦʨʝʡʰʝʡ ʨʝʣʘʢʩʘʮʠʠ (Ű0 = 6Ĭ10
ï3 ʩ) ʩʚʷʟʘʥʳ ʩʦ 

ʚʨʝʤʝʥʝʤ ʞʠʟʥʠ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʷʜʝʨʥʦʛʦ ʩʧʠʥʘ ʠ ʩʦ ʩʣʘʙʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ 

ʷʜʝʨʥʳʤ ʩʧʠʥʦʤ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʟʥʘʯʝʥʠʝ ʙʘʨʴʝʨʘ ʆʨʙʘʭʘ ʧʨʠ ʵʪʦʤ ʙʳʣʦ ʨʘʚʥʦ 

ȹeff/kB = 0.8 ʂ. ʄʘʛʥʠʪʥʘʷ ʙʠʩʪʘʙʠʣʴʥʦʩʪʴ ʥʘʙʣʶʜʘʣʘʩʴ ʧʨʠ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʥʠʞʝ 2 ʂ) ʜʣʷ 

K12[Ho(H2O)P5W30O110]ĬnH2O.  

(ʘ)  (ʙ) 

ʈʠʩ. 28. ʉʪʨʫʢʪʫʨʘ ʘʥʠʦʥʘ [HoP5W30O110]
12ï (ʘ). ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ɢ' ʠ ɢ'' ʜʣʷ 

ʩʦʝʜʠʥʝʥʠʷ K12[Ho(H2O)P5W30O110]ĬnH2O. ʅʘ ʚʩʪʘʚʢʝ: ɿʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʤʘʛʥʠʪʥʦʡ 

ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ K12[Ho(H2O)P5W30O110]ĬnH2O. ʉʠʥʷʷ ʣʠʥʠʷ - 

ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ɸʨʨʝʥʠʫʩʘ (ʙ) [135]. 

 

Tm-SMM 

Tm3+ (S = 1, L = 3, 3H6, g = 1.17, ɢT = 6.75 ʩʤ3K/ʤʦʣʴ) 

ʉʫʱʝʩʪʚʫʝʪ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʦ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʝʜʣʝʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʜʣʷ 

ʩʦʝʜʠʥʝʥʠʡ ʥʝʢʨʘʤʝʨʩʦʚʳʭ ʠʦʥʦʚ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʢʦʤʧʣʝʢʩʦʚ Tb3+ [136,137]. ɺ ʨʘʙʦʪʝ 138 ɻʘʦ 

ʩ ʢʦʣʣʝʛʘʤʠ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʩʦʝʜʠʥʝʥʠʝ ʩ COT (ʮʠʢʣʦʦʢʪʘʪʝʪʨʘʝʥʠʜ) ʚ ʢʘʯʝʩʪʚʝ 

ʵʢʚʘʪʦʨʠʘʣʴʥʦʛʦ ʣʠʛʘʥʜʘ. ɼʚʘ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʣʝʢʩʘ [(Tp)Tm(COT)] (ʛʜʝ Tp = ʛʠʜʨʦʪʨʠʩ(1-

ʧʠʨʘʟʦʣʠʣ)ʙʦʨʘʪ, COT) ʠ [(Tp*)Tm(COT)] (ʛʜʝ Tp* = ʛʠʜʨʦʪʨʠʩ(3,5-ʜʠʤʝʪʠʣ-1-ʧʠʨʘʟʦʣʠʣ)ʙʦʨʘʪ) 

ʷʚʣʷʶʪʩʷ ʧʝʨʚʳʤʠ ʧʨʠʤʝʨʘʤʠ ʤʦʥʦʷʜʝʨʥʳʭ ʢʦʤʧʣʝʢʩʦʚ Tm3+, ʢʦʪʦʨʳʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ 

ʤʝʜʣʝʥʥʫʶ ʤʘʛʥʠʪʥʫʶ ʨʝʣʘʢʩʘʮʠʶ [138]. ɺ ʥʫʣʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʂʊʅ ʥʝ ʧʦʜʘʚʣʝʥ, ʠʟ-ʟʘ ʯʝʛʦ 

ʥʘʙʣʶʜʘʪʴ ʟʥʘʯʠʤʳʝ ʤʘʢʩʠʤʫʤʳ ʥʘ ʟʘʚʠʩʠʤʦʩʪʷʭ ɢ''. ʇʨʠʣʦʞʝʥʠʝ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

2000 ʕ ʧʨʠʚʝʣʦ ʢ ʚʦʟʤʦʞʥʦʩʪʠ ʥʘʙʣʶʜʝʥʠʷ ʤʝʜʣʝʥʥʦʡ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʜʣʷ [(Tp)Tm(COT)] 
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ʠ [(Tp*)Tm(COT)]. ʈʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʜʣʷ [(Tp)Tm(COT)] ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʦʤʙʠʥʘʮʠʠ ʧʨʦʮʝʩʩʦʚ ʈʘʤʘʥʘ ʠ ʆʨʙʘʭʘ, ʯʪʦ ʧʨʠʚʝʣʦ ʢ ʟʥʘʯʝʥʠʶ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ 

ʙʘʨʴʝʨʘ 130.1 ʂ ʠ ʧʨʝʜʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʛʦ ʤʥʦʞʠʪʝʣʷ Ű0 = 4.7Ĭ10
ï7 ʩ. ɼʣʷ ʢʦʤʧʣʝʢʩʘ 

[(Tp*)Tm(COT)] ʧʦʜʭʦʜʷʪ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʢʘʢ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʮʝʩʩʘ ʈʘʤʘʥʘ, ʪʘʢ ʠ ʂʊʅ. 

ɸʚʪʦʨʘʤʠ ʚʳʧʦʣʥʝʥʳ ab-initio ʨʘʩʯʝʪʳ, ʩ ʮʝʣʴʶ ʦʧʨʝʜʝʣʠʪʴ ʚʢʣʘʜ ʨʘʟʣʠʯʥʳʭ ʤʝʭʘʥʠʟʤʦʚ 

ʨʝʣʘʢʩʘʮʠʠ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ Tm3+. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʩʣʝʜʩʪʚʠʝ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʢʣʘʜʘ ʂʊʅ ʜʣʷ 

ʢʦʤʧʣʝʢʩʘ [(Tp*)Tm(COT)] ʨʝʣʘʢʩʘʮʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʦʠʩʭʦʜʠʪ ʟʘʤʝʪʥʦ ʙʳʩʪʨʝʝ, ʯʝʤ ʜʣʷ 

[(Tp)Tm(COT)]. ʇʨʠ ʜʠʘʤʘʛʥʠʪʥʦʤ ʨʘʟʙʘʚʣʝʥʠʠ ʢʦʤʧʣʝʢʩʘ [(Tp)Tm(COT)] ʟʥʘʯʠʤʳʡ ʩʠʛʥʘʣ ɢ'' 

ʤʦʞʥʦ ʙʳʣʦ ʥʘʙʣʶʜʘʪʴ ʚ ʥʫʣʝʚʦʤ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ʇʦʷʚʣʝʥʠʝ ʩʫʱʝʩʪʚʝʥʥʦʛʦ 

ʩʠʛʥʘʣʘ ɢ'' ʧʨʠ ʜʠʘʤʘʛʥʠʪʥʦʤ ʨʘʟʙʘʚʣʝʥʠʠ ʜʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʠʯʠʥʦʡ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ 

ʤʝʭʘʥʠʟʤʘ ʂʊʅ ʥʘ ʤʘʛʥʠʪʥʫʶ ʨʝʣʘʢʩʘʮʠʶ ʚ ʵʪʦʤ ʩʦʝʜʠʥʝʥʠʠ ʷʚʣʷʶʪʩʷ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʳʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ [138]. 

(ʘ)  (ʙ) (ʚ) 

ʈʠʩ. 29. ʄʦʣʝʢʫʣʷʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʦʚ [(Tp)Tm(COT)] (ʘ) ʠ [(Tp*)Tm(COT)] (ʙ) ɸʪʦʤʳ 

ʚʦʜʦʨʦʜʘ ʥʝ ʧʦʢʘʟʘʥʳ. ɿʘʚʠʩʠʤʦʩʪʴ ʥʘʪʫʨʘʣʴʥʦʛʦ ʣʦʛʘʨʠʬʤʘ ʚʨʝʤʝʥʠ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʦʪ 

ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ [(Tp)Tm(COT)] ʠ [(Tp*)Tm(COT)]. ʏʝʨʥʘʷ ʣʠʥʠʷ - ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʩʫʤʤʘʨʥʦʤʫ ʚʢʣʘʜʫ ʤʝʭʘʥʠʟʤʘ ʨʝʣʘʢʩʘʮʠʠ 

ʆʨʙʘʭʘ ʠ ʂʊʅ ʜʣʷ [(Tp)Tm(COT)]. ʃʠʥʠʠ ʜʨʫʛʠʭ ʮʚʝʪʦʚ ʷʚʣʷʶʪʩʷ ʘʧʧʨʦʢʩʠʤʘʮʠʝʡ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʝʤ ɸʨʨʝʥʠʫʩʘ (ʤʝʭʘʥʠʟʤ ʆʨʙʘʭʘ) ʜʣʷ [(Tp*)Tm(COT)] (ʢʨʘʩʥʘʷ), ʜʣʷ 

ʜʠʘʤʘʛʥʠʪʥʦ ʨʘʟʙʘʚʣʝʥʥʦʛʦ ʠʪʪʨʠʝʤ [(Tp)Tm(COT)] ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 0 ʕ (ʟʝʣʝʥʘʷ) 

ʠ 1000 ʕ (ʩʠʥʷʷ) (ʙ) [138]. 

ɼʣʷ ʙʣʴʰʠʥʩʪʚʘ SMM ʥʘ ʦʩʥʦʚʝ Ce3+, Nd3+, Ho3+ ʠ Tm3+ ʧʨʦʮʝʩʩ ʆʨʙʘʭʘ ʥʝ ʷʚʣʷʝʪʩʷ 

ʦʩʥʦʚʥʳʤ ʧʫʪʝʤ ʨʝʣʘʢʩʘʮʠʠ. ʈʝʣʘʢʩʘʮʠʷ ʧʨʦʠʩʭʦʜʠʪ ʩ ʫʯʘʩʪʠʝʤ ʧʨʷʤʦʛʦ ʤʝʭʘʥʠʟʤʘ, ʤʝʭʘʥʠʟʤʘ 

ʈʘʤʘʥʘ ʠ ʢʚʘʥʪʦʚʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʩʭʦʞʜʝʥʠʷ ʤʝʞʜʫ 

ʚʝʣʠʯʠʥʘʤʠ ʵʬʬʝʢʪʠʚʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʙʘʨʴʝʨʦʚ, ʧʦʣʫʯʝʥʥʳʤʠ ʠʟ ʠʟʤʝʨʝʥʠʡ ʤʘʛʥʝʪʦʤʝʪʨʠʠ 

ʚ ʧʦʩʪʦʷʥʥʦʤ ʠ ʧʝʨʝʤʝʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʨʘʩʯʝʪʦʚ ab initio ʠ ʩʧʝʢʪʨʦʚ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ɼʣʷ 

ʙʦʣʝʝ ʧʦʣʥʦʛʦ ʧʦʥʠʤʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʪʘʢʠʭ ʢʦʤʧʣʝʢʩʦʚ ʨʝʰʘʶʱʝʝ ʟʥʘʯʝʥʠʝ ʠʤʝʝʪ 

ʩʦʯʝʪʘʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʤʝʪʦʜʦʚ, ʪʘʢʠʭ ʢʘʢ ʨʘʩʯʝʪʳ ab initio ʠ ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʤʘʛʥʠʪʥʳʤʠ ʠ 

ʣʶʤʠʥʝʩʮʝʥʪʥʳʤʠ ʩʚʦʛʡʩʪʚʘʤʠ. 
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1.4. ʄʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʝ SMM ʢʘʢ ʦʜʠʥ ʠʟ ʧʫʪʝʡ ʨʘʟʚʠʪʠʷ 

ʄʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʦʣʝʢʫʣʷʨʥʳʝ ʤʘʛʥʠʪʳ ð ʦʜʥʘ ʠʟ ʚʘʞʥʳʭ ʩʪʫʧʝʥʝʡ ʨʘʟʚʠʪʠʷ 

ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʘʛʥʝʪʠʟʤʘ. ʈʘʟʨʘʙʦʪʢʘ ʧʝʨʚʳʭ SMM, ʨʘʙʦʪʘʶʱʠʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʙʣʠʟʢʠʭ ʢ 

ʢʦʤʥʘʪʥʦʡ, ʙʳʣʘ ʣʠʰʴ ʧʝʨʚʳʤ ʰʘʛʦʤ, ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʚʰʠʤ ʙʦʣʴʰʦʡ ʧʦʪʝʥʮʠʘʣ ʵʪʦʛʦ ʢʣʘʩʩʘ 

ʩʦʝʜʠʥʝʥʠʡ ʚ ʢʘʯʝʩʪʚʝ ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʧʣʦʪʥʳʭ ʫʩʪʨʦʡʩʪʚ 

ʭʨʘʥʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ. ʇʝʨʩʧʝʢʪʠʚʘʤʠ ʨʘʟʚʠʪʠʷ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʘʛʥʝʪʠʟʤʘ ʤʦʛʫʪ ʩʪʘʪʴ 

ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝʤ, ʧʝʨʝʢʣʶʯʝʥʠʝʤ ʠʣʠ ʩʦʯʝʪʘʥʠʝʤ 

ʤʝʜʣʝʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʜʨʫʛʠʭ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʙʳʣ 

ʧʦʣʫʯʝʥ ʨʷʜ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ, ʢʦʪʦʨʳʝ ʦʙʣʘʜʘʶʪ ʜʚʦʡʥʳʤʠ ʬʫʥʢʮʠʷʤʠ, ʥʘʧʨʠʤʝʨ, 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ SMM [61], ʧʨʦʚʦʜʷʱʠʝ SMM [62] ʠ ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ SMM [63]. 

 

ʄʘʛʥʝʪʦ-ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ SMM 

ɹʦʣʴʰʦʡ ʦʙʲʝʤ ʨʘʙʦʪ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ SMM, ʢʦʪʦʨʳʝ ʧʨʦʷʚʣʷʶʪ ʣʶʤʠʥʝʩʮʝʥʮʠʶ ʙʳʣ 

ʧʨʦʚʝʜʝʥ ʛʨʫʧʧʦʡ ʉʠʤʦʥʘ ʏʦʨʘʟʠ ʠ ʢʦʣʣʝʛ [63-67], ʯʴʠ ʠʥʪʝʨʝʩʳ ʣʝʞʘʪ ʚ ʦʙʣʘʩʪʠ Yb3+ 

ʧʨʦʠʟʚʦʜʥʳʭ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʧʫʙʣʠʢʘʮʠʠ [64] ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʝʜʠʥʝʥʠʡ 

[Yb3+(BpyO)4]
3+ (ʛʜʝ BpyO - ʵʪʦ 2,2ǋ-ʙʠʧʠʨʠʜʠʥ-1,1ǋ-ʜʠʦʢʩʠʜ) ʩʦʜʝʨʞʘʱʠʭ ʨʘʟʣʠʯʥʳʝ 

ʧʨʦʪʠʚʦʠʦʥʳ ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ ab initio ʨʘʩʯʸʪʦʚ. ɺʦʟʙʫʞʜʝʥʥʳʝ ʜʫʙʣʝʪʳ ʜʣʷ ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ 

ʘʚʪʦʨʘʤʠ [64] ʩʦʝʜʠʥʝʥʠʡ Yb3+ ʣʝʞʘʪ ʙʦʣʝʝ ʯʝʤ ʥʘ 120 ʩʤī1 ʚʳʰʝ ʦʩʥʦʚʥʳʭ. ʕʪʦ ʙʳʣʦ 

ʧʦʜʪʚʝʨʞʜʝʥʦ ʩʧʝʢʪʨʘʤʠ ʠʟʣʫʯʝʥʠʷ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ, ʚʦʩʧʨʦʠʟʚʝʜʝʥʥʳʤʠ ʠʟ ʨʘʩʯʝʪʦʚ ab 

initio. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʫʢʘʟʳʚʘʶʪ ʥʘ ʜʦʤʠʥʠʨʦʚʘʥʠʝ ʨʝʣʘʢʩʘʮʠʠ ʈʘʤʘʥʘ ʩʦ ʩʪʝʧʝʥʴʶ n, 

ʠʟʤʝʥʷʶʱʝʡʩʷ ʦʪ 2.93(4) ʜʦ 6.9(2).  

ʏʦʨʘʟʠ ʩ ʩʦʘʚʪʦʨʘʤʠ ʚʥʝʩʣʠ ʩʫʱʝʩʪʚʝʥʥʳʡ ʚʢʣʘʜ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʜʘʪʴ 

ʦʪʚʝʪ ʥʘ ʚʦʧʨʦʩ ʦ ʪʦʤ, ʢʘʢʠʝ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʝ SMM ʚʦʟʤʦʞʥʦ ʩʦʟʜʘʪʴ ʠ ʢʘʢʠʝ ʬʘʢʪʦʨʳ 

ʚʣʠʷʶʪ ʥʘ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʝʥʥʳʭ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ SMM [63]. ʂʦʤʧʣʝʢʩʳ Ln3+ ʦʢʘʟʘʣʠʩʴ 

ʵʬʬʝʢʪʠʚʥʳʤʠ ʤʦʣʝʢʫʣʷʨʥʳʤʠ ʩʪʨʦʠʪʝʣʴʥʳʤʠ ʙʣʦʢʘʤʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʘʛʥʝʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ, ʧʦʩʢʦʣʴʢʫ ʠʭ ʂʆ ʤʦʞʝʪ ʦʙʝʩʧʝʯʠʪʴ ʢʘʢ ʩʠʣʴʥʫʶ ʥʘʩʪʨʘʠʚʘʝʤʫʶ ʣʶʤʠʥʝʩʮʝʥʮʠʶ, 

ʪʘʢ ʠ ʟʥʘʯʠʪʝʣʴʥʫʶ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʘʣʠʯʠʝ ʤʝʜʣʝʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʩʣʝʜʥʠʭ ʥʝʩʢʦʣʴʢʠʭ ʣʝʪ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ SMM 

ʥʘ ʦʩʥʦʚʝ Ln ʤʦʛʫʪ ʙʳʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʳ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚʦʟʤʦʞʥʦ ʩʦʟʜʘʥʠʝ 

ʩʠʩʪʝʤ, ʚ ʢʦʪʦʨʳʭ ʠ ʤʘʛʥʠʪʥʳʝ ʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʦʛʫʪ ʙʳʪʴ ʥʘʩʪʨʦʝʥʳ ʧʨʠ ʧʦʤʦʱʠ 

ʠʟʤʝʥʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʣʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʙʣʫʯʝʥʠʝ 

ʩʚʝʪʦʤ ʵʬʬʝʢʪʠʚʥʦ ʫʣʫʯʰʘʝʪ ʤʘʛʥʝʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʣʝʢʩʦʚ Ln3+, ʦʪʢʨʳʚʘʷ ʧʫʪʴ 

ʢ ʫʥʠʢʘʣʴʥʳʤ ʬʦʪʦʧʝʨʝʢʣʶʯʘʪʝʣʷʤ [68]. ʃʶʤʠʥʝʩʮʝʥʪʥʳʝ Ln-SMM ʪʘʢʞʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ 

ʚ ʢʘʯʝʩʪʚʝ ʦʧʪʠʯʝʩʢʠʭ ʪʝʨʤʦʤʝʪʨʦʚ ʚʩʣʝʜʩʪʚʠʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʩʧʝʢʪʨʘ ʠʟʣʫʯʝʥʠʷ ʢ 

ʠʟʤʝʥʝʥʠʷʤ ʪʝʤʧʝʨʘʪʫʨʳ [69]. ʊʝʨʤʦʤʝʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʤʦʞʥʦ ʨʝʘʣʠʟʦʚʘʪʴ ʜʘʞʝ ʚ ʜʠʘʧʘʟʦʥʝ 
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ʪʝʤʧʝʨʘʪʫʨ, ʙʣʠʟʢʦʤ ʢ ʨʘʙʦʯʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤ SMM. ʉʦʝʜʠʥʝʥʠʝ, ʧʨʦʷʚʣʷʶʱʝʝ 

ʪʝʨʤʦʤʝʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʤʦʞʝʪ ʙʝʟ ʚʥʝʰʥʝʛʦ ʚʤʝʰʘʪʝʣʴʩʪʚʘ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʩʚʦʶ 

ʪʝʤʧʝʨʘʪʫʨʫ, ʯʪʦ ʩʘʤʦ ʧʦ ʩʝʙʝ ʠʥʪʝʨʝʩʥʦ. ɹʳʣʦ ʜʦʢʘʟʘʥʦ, ʯʪʦ ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʷ ʢʦʤʧʣʝʢʩʦʚ Ln3+ 

ʤʝʪʘʣʣʦʣʠʛʘʥʜʘʤʠ ʥʘ ʦʩʥʦʚʝ ʮʠʘʥʠʜʘ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʣʠʛʘʥʜʦʚ, 

ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʧʫʪʝʡ ʜʣʷ ʩʦʟʜʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʵʬʬʝʢʪʦʚ, ʚʢʣʶʯʘʷ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʚʣʘʞʥʦʩʪʠ ʠ ʦʙʤʝʥʫ ʨʘʩʪʚʦʨʠʪʝʣʝʡ, ʦʧʪʠʯʝʩʢʫʶ ʪʝʨʤʦʤʝʪʨʠʶ ʨʘʟʣʠʯʥʳʭ 

ʤʝʭʘʥʠʟʤʦʚ ʠ ʚʳʩʦʢʫʶ ʧʨʦʪʦʥʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ [63,70].  

 

ʄʦʣʝʢʫʣʷʨʥʳʝ ʤʘʛʥʠʪʳ ʩ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ 

ʀʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ï ʵʪʦ ʧʨʦʚʦʜʠʤʦʩʪʴ ʥʝʢʦʪʦʨʳʭ ʚʝʱʝʩʪʚ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ 

ʫʧʦʨʷʜʦʯʝʥʥʦʡ ʤʠʛʨʘʮʠʝʡ ʠʦʥʦʚ (ʪ.ʝ. H+, OHï, Li+, Na+ ʠ ʪ. ʜ.) ʚ ʚʝʱʝʩʪʚʝ. ɺ ʩʣʫʯʘʝ ʪʚʝʨʜʦʡ 

ʚʝʱʝʩʪʚʘ ʧʝʨʝʥʦʩ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʪʦʣʴʢʦ ʝʩʣʠ ʠʤʝʶʪʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʫʪʠ ʜʠʬʬʫʟʠʠ 

ʠʦʥʦʚ ʠ ʢʦʛʜʘ ʠʦʥʳ ʜʦʩʪʘʪʦʯʥʦ ʧʦʜʚʠʞʥʳ ʜʣʷ ʤʠʛʨʘʮʠʠ. ʇʨʦʚʦʜʠʤʦʩʪʴ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ 

ʯʝʨʝʟ ʚʘʢʘʥʩʠʠ ʠʣʠ ʧʫʩʪʦʪʳ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʝ ʚ ʩʪʨʫʢʪʫʨʝ ʠʦʥʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ. ʀʦʥʥʘʷ 

ʧʨʦʚʦʜʠʤʦʩʪʴ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʟʘʨʷʜʘ ʠʦʥʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ. ɺʘʞʥʳʤ ʬʘʢʪʦʨʦʤ 

ʷʚʣʷʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʘ, ʢʦʪʦʨʘʷ ʩʚʷʟʘʥʘ ʩ ʵʥʝʨʛʠʝʡ ʘʢʪʠʚʘʮʠʠ ʧʝʨʝʭʦʜʘ ʠʦʥʦʚ, ʷʚʣʷʶʱʝʛʦʩʷ 

ʪʝʨʤʠʯʝʩʢʠ ʘʢʪʠʚʠʨʫʝʤʳʤ ʧʨʦʮʝʩʩʦʤ. ʉʪʨʫʢʪʫʨʥʳʝ ʧʫʩʪʦʪʳ ʜʦʩʪʘʪʦʯʥʦ ʣʝʛʢʦ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ 

ʚ ʧʦʨʠʩʪʳʭ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʧʦʣʠʤʝʨʘʭ (ʇʂʇ) ʠ ʤʝʪʘʣʣʦʦʨʛʘʥʠʯʝʩʢʠʭ ʢʘʨʢʘʩʥʳʭ ʩʪʨʫʢʪʫʨʘʭ 

(ʄʆʂ, MOF). ɹʣʘʛʦʜʘʨʷ ʧʨʦʜʫʤʘʥʥʦʤʫ ʩʠʥʪʝʟʫ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʇʂʇ ʠ ʄʆʂ, ʨʘʟʣʠʯʥʳʝ 

ʭʠʤʠʯʝʩʢʠʝ ʠ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʦʛʫʪ ʩʦʯʝʪʘʪʴʩʷ ʚ ʦʜʥʦʤ ʤʘʪʝʨʠʘʣʝ. ʊʘʢ ʚ ʨʷʜʝ ʨʘʙʦʪ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ ʠ ʵʣʝʢʪʨʦʥʦʧʨʦʚʦʜʷʱʠʝ SMM [71-74]. ɹʦʣʴʰʫʶ ʨʘʙʦʪʫ ʧʦ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʣʘʥʪʘʥʠʜʦʚ ʧʨʦʜʝʣʘʣ ʇʦʥʪʠʣʣʠʘʨʪ ʩ ʢʦʣʣʝʛʘʤʠ [75]. 

ʇʨʦʪʦʥʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʥʘʨʷʜʫ ʩ ʤʝʜʣʝʥʥʦʡ ʨʝʣʘʢʩʘʮʠʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʠʞʝ 6 ʂ ʫʜʘʣʦʩʴ 

ʥʘʙʣʶʜʘʪʴ ʢʦʣʣʝʢʪʠʚʫ ʫʯʸʥʳʭ [69] ʜʣʷ ʢʦʤʧʣʝʢʩʘ (H5O2
+)2(H

+)[YbIII (hmpa)4][CoIII -(CN)6]2Ŀ0.2H2O 

(hmpa = ʛʝʢʩʘʤʝʪʠʣʬʦʩʬʦʨʘʤʠʜ). 

 

ʆʧʪʠʯʝʩʢʠ-ʘʢʪʠʚʥʳʝ SMM 

ʂʨʠʩʪʘʣʣʳ ʢʦʤʧʣʝʢʩʦʚ, ʜʣʷ ʢʦʪʦʨʳʭ ʥʘʙʣʶʜʘʝʪʩʷ ʭʠʨʘʣʴʥʘʷ ʠʣʠ ʥʝʮʝʥʪʨʦʩʠʤʤʝʪʨʠʯʥʘʷ 

ʩʪʨʫʢʪʫʨʘ, ʤʦʛʫʪ ʧʨʦʷʚʣʷʪʴ ʥʝʪʨʠʚʠʘʣʴʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʠ ʤʘʛʥʝʪʦʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. 

ʅʘʧʨʠʤʝʨ, ʭʠʨʘʣʴʥʳʝ ʤʘʛʥʠʪʳ, ʚʢʣʶʯʘʷ SMM, ʤʦʛʫʪ ʧʨʦʷʚʣʷʪʴ ʝʩʪʝʩʪʚʝʥʥʫʶ ʦʧʪʠʯʝʩʢʫʶ 

ʘʢʪʠʚʥʦʩʪʴ, ʢʦʪʦʨʘʷ ʚʦʟʥʠʢʘʝʪ ʚʩʣʝʜʩʪʚʠʝ ʥʘʨʫʰʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʠʤʤʝʪʨʠʠ [76,77]. ɽʩʣʠ 

ʦʙʘ ʫʢʘʟʘʥʥʳʭ ʪʠʧʘ ʩʠʤʤʝʪʨʠʠ ʥʘʨʫʰʝʥʳ, ʤʦʞʝʪ ʚʦʟʥʠʢʥʫʪʴ ʧʝʨʝʢʨʝʩʪʥʳʡ ʵʬʬʝʢʪ 

ʤʘʛʥʝʪʦʭʠʨʘʣʴʥʦʛʦ ʜʠʭʨʦʠʟʤʘ, ʧʨʠ ʢʦʪʦʨʦʤ ʧʦʛʣʦʱʝʥʠʝ, ʠʩʩʣʝʜʫʝʤʦʝ ʜʣʷ ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ 

ʩʚʝʪʘ ʜʘʥʥʦʡ ʭʠʨʘʣʴʥʦʡ ʤʦʣʝʢʫʣʳ, ʟʘʚʠʩʠʪ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ [78]. 

ʄʘʛʥʝʪʦʭʠʨʘʣʴʥʳʡ ʜʠʭʨʦʠʟʤ ʠʤʝʝʪ ʙʦʣʴʰʦʡ ʧʦʪʝʥʮʠʘʣ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʜʣʷ 
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ʨʘʩʰʠʨʝʥʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʚʳʚʦʜʘ ʤʘʛʥʠʪʥʳʭ ʜʘʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ 

ʩʚʝʪʘ. ʕʬʬʝʢʪ ʤʘʛʥʝʪʦʭʠʨʘʣʴʥʦʛʦ ʜʠʭʨʦʠʟʤʘ ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʜʣʷ ʭʠʨʘʣʴʥʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʤʘʛʥʠʪʦʚ ʠ ʥʝʢʦʪʦʨʳʭ ʢʦʤʧʣʝʢʩʘʭ ʤʘʛʥʠʪʥʳʭ ʤʝʪʘʣʣʦʚ [79], ʥʦ ʜʦ ʥʝʜʘʚʥʝʛʦ ʚʨʝʤʝʥʠ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʥʘʙʣʶʜʘʣʩʷ ʚ Ln-ʩʦʜʝʨʞʘʱʠʭ SMM. ɺ ʥʦʚʝʡʰʝʡ ʩʪʘʪʴʝ [80] ʙʳʣ ʧʦʢʘʟʘʥ ʦʜʠʥ 

ʠʟ ʧʝʨʚʳʭ ʧʨʠʤʝʨʦʚ ʤʘʛʥʝʪʦʭʠʨʘʣʴʥʦʛʦ ʜʠʭʨʦʠʟʤʘ ʚ Ln-ʩʦʜʝʨʞʘʱʝʤ SMM. 

 

ɺʣʠʷʥʠʝ ʚʣʘʞʥʦʩʪʠ ʥʘ SMM 

ʈʘʟʨʘʙʦʪʢʘ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ SMM, ʜʣʷ ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʥʦ ʥʘʧʨʘʚʣʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ 

ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʣʘʞʥʦʩʪʠ ʚʦʟʜʫʭʘ ʠ ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʨʘʙʦʪʘʪʴ ʧʨʠ ʫʩʣʦʚʠʷʭ 

ʙʣʠʟʢʠʭ ʢ 25 ÁC ʠ ʜʘʚʣʝʥʠʠ 1 101.325 ʢʇʘ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ ʠ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʟʘʜʘʯʝʡ ʚ 

ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠ. 

ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʥʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʳʝ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ 

ʧʝʨʝʢʣʶʯʘʪʝʣʝʡ ʧʦ ʚʣʘʞʥʦʩʪʠ ʤʘʪʝʨʠʘʣʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʪʨʝʭʤʝʨʥʦʡ ʪʦʧʦʣʦʛʠʝʡ ʩ 

ʤʥʦʛʦʯʠʩʣʝʥʥʳʤʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʤʠ ʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʦʥʥʳʤʠ ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʳ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʚ ʣʝʛʢʦʜʦʩʪʫʧʥʳʭ ʢʘʥʘʣʘʭ. ʊʨʝʭʤʝʨʥʘʷ ʪʦʧʦʣʦʛʠʷ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʜʦʩʪʘʪʦʯʥʦ 

ʩʠʣʴʥʳʤ ʤʘʛʥʠʪʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ ʮʝʥʪʨʘʤʠ ʯʝʨʝʟ ʮʠʘʥʠʜʥʳʝ 

ʤʦʩʪʠʢʠ ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʢʦʤʧʣʝʢʩʘ ʢ ʚʣʘʞʥʦʩʪʠ. 

ʆʜʥʠʤ ʠʟ ʠʩʢʣʶʯʝʥʠʡ ʠʟ ʵʪʦʛʦ ʧʨʘʚʠʣʘ ʷʚʣʷʶʪʩʷ ʤʦʣʝʢʫʣʷʨʥʳʝ ʢʦʤʧʣʝʢʩʳ ʣʘʥʪʘʥʠʜʦʚ, 

ʩʦʜʝʨʞʘʱʠʝ ʣʠʛʘʥʜʳ H2O, ʢʦʪʦʨʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʠʥʜʫʮʠʨʦʚʘʥʥʦʝ ʚʣʘʞʥʦʩʪʴʶ ʠʟʤʝʥʝʥʠʝ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ. ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʜʦʩʪʦʚʝʨʥʦ ʦʧʨʝʜʝʣʠʪʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʢʦ 

ʚʣʘʞʥʦʩʪʠ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʝ ʪʦʣʴʢʦ ʩʘʤʠʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʥʦ 

ʠ ʜʣʷ ʚʝʱʝʩʪʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʫʰʢʠ ʠʩʭʦʜʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʯʘʩʦʚ 

ʚ ʧʦʪʦʢʝ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ. ʀʩʧʦʣʴʟʫʷ ʛʝʪʝʨʦʤʝʪʘʣʣʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʥʘ ʦʩʥʦʚʝ 

ʧʦʣʠʮʠʘʥʠʜʦʤʝʪʘʣʣʘʪʦʚ ʛʨʫʧʧʦʡ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʉʠʤʦʥʘ ʏʦʨʘʟʠ [70], ʙʳʣ ʩʠʥʪʝʟʠʨʦʚʘʥ 

{[ DyIII(H2O)3(2-ʧʠʨʨʦʣʠʜʦʥ)4][CoIII (CN)6]}ĿnH2O, ʢʦʪʦʨʳʡ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʜʚʝ ʩʪʘʙʠʣʴʥʳʝ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʬʘʟʳ ʩ ʨʘʟʣʠʯʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʢʨʠʩʪʘʣʣʠʟʘʮʠʦʥʥʦʡ ʚʦʜʳ. ʕʪʠ ʜʚʝ ʬʘʟʳ 

ʚʟʘʠʤʦʧʨʝʚʨʘʱʘʶʪʩʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʚʣʘʞʥʦʩʪʠ. ɹʦʣʝʝ ʪʦʛʦ, ʩʫʱʝʩʪʚʫʝʪ 

ʫʥʠʢʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ ʬʘʟʦʚʦʡ ʙʠʩʪʘʙʠʣʴʥʦʩʪʠ ʧʨʠ ʦʛʨʘʥʠʯʝʥʥʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʚʣʘʞʥʦʩʪʠ, ʛʜʝ 

ʦʙʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʬʘʟʳ ʩʦʩʫʱʝʩʪʚʫʶʪ. 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʤʥʦʛʠʭ ʤʦʥʦʷʜʝʨʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʦʩʦʙʝʥʥʦ ʚ ʨʘʙʦʪʘʭ 2010-ʭ 

ʛʦʜʦʚ ʠ ʨʘʥʝʝ ʥʝʪ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʩʦʩʪʘʚʘ ʩʦʝʜʠʥʝʥʠʷ (ʚ ʯʘʩʪʥʦʩʪʠ ʈʌɸ [101,102]). 

2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ 

ʈʝʘʛʝʥʪʳ ʠ ʨʘʩʪʚʦʨʠʪʝʣʠ 



 50 

ɺ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ ʢʦʤʧʣʝʢʩʦʚ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʨʝʘʢʪʠʚʳ: LnCl3Ŀ6H2O (Ln 

= Dy, Er, Yb), Ln2O3 (Ln = Dy, Er, Yb), K3[Co(CN)6], 2,4,6-ʪʨʠʩ(2-ʧʠʨʠʜʠʣ)-s-ʪʨʠʘʟʠʥ (Tptz, 99%, 

Aldrich), 2.2'-ʙʠʧʠʨʠʜʠʥ (Bpy), 1.10-ʬʝʥʘʥʪʨʦʣʠʥ (Phen), 3,4,7,8-ʪʝʪʨʘʤʝʪʠʣ-1,10-ʬʝʥʘʥʪʨʦʣʠʥ 

(Me4Phen, 99%, Aldrich), 3-ʘʤʠʥʦʧʠʨʠʜʠʥ.  

ʇʨʠ ʨʘʙʦʪʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʨʘʩʪʚʦʨʠʪʝʣʠ: ʤʝʪʠʣʦʚʳʡ ʩʧʠʨʪ (CH3OH), 

ʵʪʠʣʦʚʳʡ ʩʧʠʨʪ (C2H5OH), ʜʠʵʪʠʣʦʚʳʡ ʵʬʠʨ ((C2H5)2O), ʘʮʝʪʦʥʠʪʨʠʣ (CH3CN) ʤʘʨʢʠ ñʯò. 

ʈʝʘʢʪʠʚʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʦʯʠʩʪʢʠ. ɺʩʝ ʦʧʝʨʘʮʠʠ ʧʨʦʚʦʜʠʣʠ ʥʘ ʚʦʟʜʫʭʝ. ɼʣʷ 

ʩʠʥʪʝʟʘ 3Er , 3Yb, 6Er , 6Yb, 7Er , 7Yb ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʩʚʝʞʝʧʨʠʛʦʪʦʚʣʝʥʥʘʷ HNCS. 

ʊʘʙʣʠʮʘ 1. ʂʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ, ʠʩʩʣʝʜʦʚʘʥʥʳʝ ʚ ʨʘʙʦʪʝ 1Ln -12Ln . 

ʐʠʬʨ ʌʦʨʤʫʣʘ 
ʉʦʩʪʘʚ 

ʂʇ 

ɻʝʦʤʝʪʨʠʷ 

ʂʇ 

1Ln [Ln(H2O)6Cl2]Cl (Ln = Dy, Er, Yb) LnO6Cl2 SAPR-8a 

2Dy [Dy(Bpy)(H2O)6]Cl3Ŀ0.5BpyĿ2H2O LnN2O6 BTPR-8b 

2Er [Er(Bpy)2(H2O)3Cl]Cl2Ŀ2H2O LnN4O3Cl SAPR-8 

2Yb [Yb(Bpy)(H2O)6] Cl3Ŀ0.5BpyĿ2H2O LnN2O6 BTPR-8 

3Ln [Ln(H2O)5(NCS)3]ĀH2O (Ln = Er, Yb) LnN3O5 BTPR-8 

4Ln [Ln(Bpy)2(H2O)(NCS)3]Ŀ0.5BpyĿH2O (Ln = Er, Yb) LnN7O SAPR-8 

5Ln [Ln(Phen)2(H2O)(NCS)3]ĿPhenĿ0.5H2O (Ln = Er, Yb) LnN7O BTPR-8 

6Ln [HBpy][Ln(Bpy)2(NCS)4]ĿH2O (Ln = Er, Yb) LnN8 SAPR-8 

7Ln [HPhen][Ln(Phen)2(NCS)4] (Ln = Er, Yb) LnN8 SAPR-8 

8Ln 
[Ln(Me4Phen)2(H2O)(NCS)3]ĿMe4PhenĿ0.75EtOH 

(Ln = Dy, Er, Yb) 

LnON7 SAPR-8 

9Dy 

[Dy(Tptz)2(NCS)3]ĿMeCN LnN9 ʩʠʣʴʥʦ 

ʠʩʢʘʞʝʥʥʘʷ 

TTPR-9c 

10Dy 
[Dy(Tptz)(H2O)3(NCS)2](NCS)ĿTptzĿ1.25MeOHĿ1.5H2O LnN5O3 SAPR-8  

BTPR-8 

11Ln [Ln(H2O)2][Co(CN)6]Ā2H2O}n (Ln = Dy, Er, Yb) LnN6O2 BTPR-8 

12Ln 
[Ln(H2O)4(Tpy)Cl]Cl2 (Ln = Dy, Er, Yb) LnN3O4Cl TDD-8d  

BTPR-8 
ʘSAPR-8 ï ʢʚʘʜʨʘʪʥʘʷ ʘʥʪʠʧʨʠʟʤʘ, bBTPR-8 ï ʜʚʫʰʘʧʦʯʥʘʷ ʪʨʠʛʦʥʘʣʴʥʘʷ ʧʨʠʟʤʘ, , 

cTTPR-9 ï ʪʨʝʭʰʘʧʦʯʥʘʷ ʪʨʠʛʦʥʘʣʴʥʘʷ ʧʨʠʟʤʘ, dTDD-8 ï ʪʨʠʛʦʥʘʣʴʥʳʡ ʜʦʜʝʢʘʵʜʨ 

ʉʠʥʪʝʟ ʢʦʤʧʣʝʢʩʦʚ 

ʉʠʥʪʝʟ [Dy(Bpy)(H2O)6]Ŀ0.5BpyĿ2H2OĿ3Cl (2Dy). ʈʘʩʪʚʦʨ DyCl3Ŀ6H2O (0.191 ʛ, 0.506 

ʤʤʦʣʴ) ʚ 15 CH3OH ʚʥʦʩʠʣʠ ʚ ʨʘʩʪʚʦʨ Bpy (0.260 ʛ, 1.66 ʤʤʦʣʴ) ʚ 10 ʤʣ CH3OH. ʇʦʣʫʯʝʥʥʫʶ 

ʚʷʟʢʫʶ ʤʘʩʩʫ ʟʘʣʠʚʘʣʠ (C2H5)2O, ʨʘʩʪʠʨʘʣʠ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ ʜʦ ʦʪʜʝʣʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʬʘʟʳ, ʢʦʪʦʨʫʶ ʚʳʩʫʰʠʚʘʣʠ ʥʘ ʚʦʟʜʫʭʝ. ɺʳʭʦʜ ʩʦʩʪʘʚʠʣ 0.273 ʛ (84% ʚ ʨʘʩʯʝʪʝ ʥʘ Dy).  

ʉʠʥʪʝʟ [Er(Bpy)2(H2O)3Cl]Ŀ2H2OĿ2Cl (2Er). ʈʘʩʪʚʦʨ ErCl3Ŀ6H2O (0.191 ʛ, 0.500 ʤʤʦʣʴ) ʚ 

15 ʤʣ C2H5OH ʚʥʦʩʠʣʠ ʚ ʧʦʜʦʛʨʝʪʳʡ ʜʦ ʊ = 40 ÁC (ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʩʦʩʪʘʚʣʷʣʘ 
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1ÁC) ʨʘʩʪʚʦʨ Bpy (0.160 ʛ, 1.017 ʤʤʦʣʴ) ʚ 20 ʤʣ C2H5OH, ʩʤʝʩʴ ʧʝʨʝʤʝʰʠʚʘʣʠ ʧʦʢʘ ʪʝʤʧʝʨʘʪʫʨʘ 

ʩʤʝʩʠ ʥʝ ʜʦʩʪʠʛʘʣʘ ʢʦʤʥʘʪʥʦʡ. ɻʦʤʦʛʝʥʥʳʡ ʨʘʩʪʚʦʨ ʧʝʨʝʣʠʚʘʣʠ ʚ ʚʳʧʘʨʠʪʝʣʴʥʫʶ ʯʘʰʢʫ ʠ 

ʚʳʜʝʨʞʠʚʘʣʠ ʥʝʜʝʣʶ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʇʦʣʫʯʝʥʥʫʶ ʬʘʟʫ ʦʪʜʝʣʷʣʠ ʥʘ ʬʠʣʴʪʨʝ, 

ʧʨʦʤʳʚʘʣʠ C2H5OH. ɺʳʭʦʜ ʩʦʩʪʘʚʠʣ 0.264 ʛ (78 % ʚ ʨʘʩʯʝʪʝ ʥʘ Er).  

ʉʠʥʪʝʟ [Yb(Bpy)(H2O)6]Ŀ0.5BpyĿ2H2OĿ3Cl (2Yb). ʈʘʩʪʚʦʨ YbCl3Ŀ6H2O (0.193 ʛ, 0.498 

ʤʤʦʣʴ) ʚ 15 ʤʣ C2H5OH ʚʥʦʩʠʣʠ ʚ ʨʘʩʪʚʦʨ Bpy (0.154 ʛ, 0.984 ʤʤʦʣʴ) ʚ 10 ʤʣ C2H5OH ʠ 

ʧʝʨʝʤʝʰʠʚʘʣʠ 30 ʤʠʥ. ʇʦʣʫʯʝʥʥʫʶ ʚʷʟʢʫʶ ʤʘʩʩʫ ʦʙʨʘʙʘʪʳʚʘʣʠ ʘʥʘʣʦʛʠʯʥʦ 1Er. ɺʳʭʦʜ 

ʩʦʩʪʘʚʠʣ 0.273 ʛ (84% ʚ ʨʘʩʯʝʪʝ ʥʘ Yb).  

ʉʠʥʪʝʟ [Ln(H2O)5(NCS)3]ĀH2O: ʢʦʤʧʣʝʢʩʦʚ [Er(H2O)5(NCS)3]ĀH2O (3Er ), 

[Yb(H2O)5(NCS)3]ĀH2O (3Yb) ʙʳʣ ʦʩʫʱʝʩʪʚʣʝʥ ʠʟ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʢʩʠʜʦʚ Ln2O3 ʠ ʚʦʜʥʦʤʫ 

ʨʘʩʪʚʦʨʫ HNCS. ʂ 100 ʤʣ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ H2SO4 (0.4 ʤʦʣʴ/ʣ) ʜʦʙʘʚʣʷʣʠ ʢ Ba(NCS)2Ŀ3H2O (12.30 

ʛ, 40 ʤʤʦʣʴ). ʉʤʝʩʴ ʧʝʨʝʤʝʰʠʚʘʣʠ ʠ ʚʳʜʝʨʞʠʚʘʣʠ ʚ ʪʝʯʝʥʠʝ 2 ʯ ʜʣʷ ʧʦʣʥʦʛʦ ʦʩʘʞʜʝʥʠʷ BaSO4. 

ʈʘʩʪʚʦʨ HNCS ʦʪʬʠʣʴʪʨʦʚʳʚʘʣʠ ʠ ʧʨʠ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʧʦʨʮʠʷʤʠ ʜʦʙʘʚʣʷʣʠ Ln2O3. ʇʦʩʣʝ ʢ 

ʧʦʣʫʯʝʥʥʦʡ ʩʤʝʩʠ ʜʦʙʘʚʣʷʣʠ ʠʟʙʳʪʦʢ ʦʢʩʠʜʘ ʠ ʦʩʪʘʚʣʷʣʠ ʛʝʪʝʨʦʛʝʥʥʫʶ ʩʤʝʩʴ ʥʘ ʥʦʯʴ (pH = 5.5). 

ʆʩʘʜʦʢ ʦʪʜʝʣʷʣʠ ʠ ʦʙʝʟʚʦʞʠʚʘʣʠ ʚ ʪʝʨʤʦʩʪʘʪʝ ʧʨʠ 50 Áʉ. ɺʳʩʫʰʝʥʥʳʡ ʥʘ ʚʦʟʜʫʭʝ ʧʨʦʜʫʢʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʩʫʰʠʣʠ ʚ ʚʘʢʫʫʤʥʦʤ ʵʢʩʠʢʘʪʦʨʝ ʩ ʩʠʣʠʢʘʛʝʣʝʤ [139-141]. 

ʉʠʥʪʝʟ [Ln(Bpy)2(H2O)(NCS)3]Ŀ0.5BpyĿH2O (Ln = Er (4Er ), Yb (4Yb)) ʠ 

[Ln(Phen)2(H2O)(NCS)3]ĿPhenĿ0.5H2O (Ln = Er (5Er ), Yb (5Yb)). ʇʦʩʣʝ 2 ʜʥʝʡ ʚʳʜʝʨʞʢʠ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʵʪʘʥʦʣʴʥʦʛʦ ʨʘʩʪʚʦʨʘ, ʩʦʜʝʨʞʘʱʝʛʦ 0.5 ʤʤʦʣʴ (0.225 ʛ) 3Er  ʠʣʠ 3Yb ʠ 

1.5 ʤʤʦʣʴ Bpy/Phen (0.234 ʛ / 0.270 ʛ), ʪʚʝʨʜʳʝ ʧʨʦʜʫʢʪʳ ʚʳʜʝʣʷʣʠ, ʧʨʦʤʳʚʘʣʠ ʭʦʣʦʜʥʳʤ 

C2H5OH ʠ ʩʫʰʠʣʠ ʥʘ ʚʦʟʜʫʭʝ. ɺʳʭʦʜʳ: 58% (0.222 ʛ) (4Er), (0.310 ʛ) 80% (4Yb), (0.391 ʛ) 86% 

(5Er), (0.371 ʛ) 81% (5Yb) ʚ ʨʘʩʯʝʪʝ ʥʘ Ln.  

ʉʠʥʪʝʟ [HBpy][Ln(Bpy)2(NCS)4]ĿH2O (6Er , 6Yb) ʠ [HPhen][Ln(Phen)2(NCS)4] (7Er , 

7Yb). ʇʦʩʣʝ 2 ʜʥʝʡ ʚʳʜʝʨʞʢʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʨʘʩʪʚʦʨʦʚ, ʩʦʜʝʨʞʘʱʠʭ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʘʢʚʘʪʠʦʮʠʘʥʘʪʳ (3Er, 0.2 ʤʤʦʣʴ (0.090 ʛ), 3Yb, 0.2 ʤʤʦʣʴ (0.091 ʛ)), ʣʠʛʘʥʜʳ 

Bpy/Phen, 0.4 ʤʤʦʣʴ (0.062 ʛ/ 0.072 ʛ), ʘ ʪʘʢʞʝ ʧʦʣʫʯʝʥʥʳʝ in situ ʢʘʪʠʦʥʥʳʝ ʬʦʨʤʳ ʣʠʛʘʥʜʦʚ 

HBpy+/HPhen+, 0.2 ʤʤʦʣʴ (0.031 ʛ), 0.2 ʤʤʦʣʴ (0.036 ʛ), ʙʳʣʠ ʚʳʜʝʣʝʥʳ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ 

ʧʨʦʜʫʢʪʳ. ɺʳʭʦʜʳ: 58% (0.103 ʛ) (6Er ), 87% (0.155 ʛ) (6Yb), 84% (0.158 ʛ) (7Er), 84% (0.159 ʛ) 

(7Yb) ʚ ʨʘʩʯʝʪʝ ʥʘ Ln. 

ʉʠʥʪʝʟ [Ln(Me4Phen)2(H2O)(NCS)3]ĿMe4PhenĿ0.75C2H5OH (Ln = Dy (8Dy), Er (8Er), Yb 

(8Yb). Pʘʩʪʚʦʨ [Ln(H2O)5(NCS)3]ĿH2O ((0.219 ʛ (Dy); 0.220 ʛ (Er); 0.222 ʛ (Yb)) 0.2 ʤʤʦʣʷ ʚ 15 ʤʣ 

C2H5OH) ʜʦʙʘʚʣʷʣʠ ʚ ʨʘʩʪʚʦʨ (0.142 ʛ) 0.6 ʤʤʦʣʷ Me4Phen ʚ 10 ʤʣ C2H5OH, ʧʝʨʝʤʝʰʠʚʘʣʠ 30 

ʤʠʥ, ʦʩʪʘʚʣʷʣʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʣʷ ʧʦʣʥʦʪʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʇʦ ʠʩʪʝʯʝʥʠʠ 3 ʩʫʪʦʢ 

ʪʚʝʨʜʫʶ ʬʘʟʫ ʦʪʜʝʣʷʣʠ ʥʘ ʙʫʤʘʞʥʦʤ ʬʠʣʴʪʨʝ, ʧʨʦʤʳʚʘʣʠ ʵʪʠʣʦʚʳʤ ʩʧʠʨʪʦʤ, ʚʳʩʫʰʠʚʘʣʠ ʧʨʠ 
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ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɺʳʭʦʜ ʜʣʷ 8Dy: 0.16 ʛ (72% ʚ ʨʘʩʯʝʪʝ ʥʘ Dy), 8Er: 0.17 ʛ (77% ʚ ʨʘʩʯʝʪʝ 

ʥʘ Er), ɺʳʭʦʜ 8Yb: 0.14 ʛ (64% ʚ ʨʘʩʯʝʪʝ ʥʘ Yb). 

ʉʠʥʪʝʟ [Dy(Tptz)2(NCS)3]ĿCH3CN (9Dy). Tptz (0.47 ʛ, 1.50 ʤʤʦʣʴ) ʨʘʩʪʚʦʨʷʣʠ ʚ 30 ʤʣ 

ʄʝʆʅ, ʟʘʪʝʤ ʧʨʠ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʜʦʙʘʚʣʷʣʠ ʨʘʩʪʚʦʨ [Dy(H2O)5(NCS)3]ĀH2O (0.451 ʛ, 1.01 ʤʤʦʣʴ) 

ʚ 30 ʤʣ ʄʝʆʅ. ʇʨʘʢʪʠʯʝʩʢʠ ʩʨʘʟʫ ʦʙʨʘʟʦʚʘʣʩʷ ʩʚʝʪʣʦ-ʞʝʣʪʳʡ ʦʩʘʜʦʢ. ʇʦʣʫʯʝʥʥʫʶ ʚʟʚʝʩʴ 

ʧʝʨʝʤʝʰʠʚʘʣʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 30 ʤʠʥ, ʧʦʪʦʤ ʧʝʨʝʥʦʩʠʣʠ ʥʘ ʙʫʤʘʞʥʳʡ ʬʠʣʴʪʨ. 

ʆʪʜʝʣʝʥʥʫʶ ʪʚʝʨʜʫʶ ʬʘʟʫ ʧʨʦʤʳʚʘʣʠ ʤʝʪʘʥʦʣʦʤ, ʘ ʚʧʦʩʣʝʜʩʪʚʠʠ ʚʳʩʫʰʠʚʘʣʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ. ɺʳʭʦʜ ʪʚʝʨʜʦʛʦ ʧʨʝʢʫʨʩʦʨʘ (ʈ) ʩʦʩʪʘʚʠʣ 0.68 ʛ. ʏʘʩʪʴ ʧʨʦʜʫʢʪʘ ʈ (0.34 ʛ.) ʢʠʧʷʪʠʣʠ 

ʩ ʦʙʨʘʪʥʳʤ ʭʦʣʦʜʠʣʴʥʠʢʦʤ ʚ ʄʝCN ʚ ʪʝʯʝʥʠʝ 60 ʤʠʥ. ʀʟ ʧʦʣʫʯʝʥʥʦʡ ʩʫʩʧʝʥʟʠʠ 

ʦʪʬʠʣʴʪʨʦʚʳʚʘʣʠ ʩʦʝʜʠʥʝʥʠʝ 9Dy. ɺʳʭʦʜ 9Dy: 0.556 ʛ (52% ʚ ʨʘʩʯʝʪʝ ʥʘ Dy).  

ʉʠʥʪʝʟ [Dy(Tptz)(H2O)3(NCS)2]ĿTptzĿ1.25CH3OHĿ1.5H2OĿNCS (10Dy). ʏʘʩʪʴ 

ʧʨʝʢʫʨʩʦʨʘ ʈ (0.34 ʛ.) ʨʘʩʪʚʦʨʷʣʠ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʚ 40 ʤʣ ʩʤʝʩʠ ʄʝOHïʄʝCN (1:1). ʇʦʣʫʯʝʥʥʳʡ 

ʟʝʣʝʥʦʚʘʪʦ-ʞʝʣʪʳʡ ʨʘʩʪʚʦʨ ʚʳʜʝʨʞʠʚʘʣʠ ʚ ʪʝʯʝʥʠʝ ʩʫʪʦʢ, ʧʦʩʣʝ ʯʝʛʦ ʦʪʬʠʣʴʪʨʦʚʳʚʘʣʠ 

ʦʙʨʘʟʦʚʘʚʰʫʶʩʷ ʪʚʝʨʜʫʶ ʬʘʟʫ. ʀʟ ʤʘʪʦʯʥʦʛʦ ʨʘʩʪʚʦʨʘ ʚʳʧʘʜʘʣʠ ʢʨʠʩʪʘʣʣʳ 10Dy, 

ʠʟʦʩʪʨʫʢʪʫʨʥʳʝ ʘʥʘʣʦʛʠʯʥʦʤʫ ʢʦʤʧʣʝʢʩʫ ʠʪʪʨʠʷ [142]. ɺʳʭʦʜ, 66 % (0.721 ʛ)  

ʉʠʥʪʝʟ {[Ln(H2O)2][Co(CN)6]Ā2H2O}n (11Dy-11Yb). ʂʦʤʧʣʝʢʩʳ 11Dy-11Yb ʙʳʣʠ 

ʧʨʠʛʦʪʦʚʣʝʥʳ ʧʦ ʩʣʝʜʫʶʱʝʡ ʤʝʪʦʜʠʢʝ. ʈʘʩʪʚʦʨ LnCl3Ŀ6H2O (0.2 ʤʤʦʣʴ: 0.0754 ʛ (Dy); 0.0764 ʛ 

(Er); 0.0775 ʛ (Yb)) ʚ 2.5 ʤʣ H2O ʧʦʨʮʠʷʤʠ ʜʦʙʘʚʣʷʣʠ ʢ ʨʘʩʪʚʦʨʫ 3-ʘʤʠʥʦʧʠʨʠʜʠʥʘ (0.4 ʤʤʦʣʴ, 

0.0376 ʛ) ʚ 2 ʤʣ C2H5OH ʧʨʠ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ. ɺʧʦʩʣʝʜʩʪʚʠʠ ʨʘʩʪʚʦʨ ʚʳʣʠʚʘʣʠ 

ʚ ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ K3[Co(CN)6] (0.2 ʤʤʦʣʴ, 0.0664 ʛ ʚ 2.5 ʤʣ H2O). ʇʦʩʣʝ ʚʳʜʝʨʞʢʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʪʝʯʝʥʠʝ 7 ʜʥʝʡ ʪʚʝʨʜʳʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʧʨʦʜʫʢʪʳ ʙʳʣʠ ʚʳʜʝʣʝʥʳ, 

ʪʱʘʪʝʣʴʥʦ ʧʨʦʤʳʪʳ C2H5OH ʠ ʚʳʩʫʰʝʥʳ ʥʘʜ ʩʠʣʠʢʘʛʝʣʝʤ.  

ɼʣʷ {[ Dy(H2O)2][Co(CN)6]Ā2H2O} n (11Dy): ʚʳʭʦʜ 0.061 ʛ. (0.13 ʤʤʦʣʴ, 69 % ʚ ʨʘʩʯʝʪʝ ʥʘ 

Dy). ɼʣʷ {[ Er(H2O)2][Co(CN)6]Ā2H2O} n (11Er ): ʚʳʭʦʜ 0.068 ʛ. 0.15 ʤʤʦʣʴ, 71 % ʚ ʨʘʩʯʝʪʝ ʥʘ Er). 

ɼʣʷ {[ Yb(H2O)2][Co(CN)6]Ā2H2O} n (11Yb): ʚʳʭʦʜ 0.056 ʛ. (0.12 ʤʤʦʣʴ, 60 % ʚ ʨʘʩʯʝʪʝ ʥʘ Yb).  

ʉʠʥʪʝʟ [Ln(H2O)4(tpy)Cl]Cl 2 (12Dy-12Yb). ʂʦʤʧʣʝʢʩʳ ʧʦʣʫʯʝʥʳ ʧʦ ʩʣʝʜʫʶʱʝʡ 

ʤʝʪʦʜʠʢʝ: LnCl3Ŀ6H2O (0.0935 ʛ., 0.248 ʤʤʦʣʴ (Dy); 0.095 ʛ., 0.249 ʤʤʦʣʴ (Er); 0.1995 ʛ., 0.514 

ʤʤʦʣʴ (Yb)) ʨʘʩʪʚʦʨʷʣʠ ʚ 10 ʤʣ C2H5OH. ʆʙʨʘʟʦʚʘʚʰʠʡʩʷ ʨʘʩʪʚʦʨ ʜʦʙʘʚʣʷʣʠ ʢ ʥʘʛʨʝʪʦʤʫ 

(~50ÁC) ʨʘʩʪʚʦʨʫ 2,2ǋ:6ǋ,2ǌ-ʪʝʨʧʠʨʠʜʠʥʘ (0.1211 ʛ., 0.519 ʤʤʦʣʴ ʜʣʷ Dy; 0.1156 ʛ., 0.495 ʤʤʦʣʴ ʜʣʷ 

Er; 0.2102 ʛ., 0.901 ʤʤʦʣʴ ʜʣʷ Yb) ʚ 40 ʤʣ C2H5OH. ʇʦʣʫʯʝʥʥʫʶ ʩʤʝʩʴ ʧʝʨʝʤʝʰʠʚʘʣʠ 45 ʤʠʥ, 

ʟʘʪʝʤ ʛʦʤʦʛʝʥʥʳʡ ʨʘʩʪʚʦʨ ʧʝʨʝʥʦʩʠʣʠ ʚ ʢʨʠʩʪʘʣʣʠʟʘʪʦʨ ʜʣʷ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʪʚʸʨʜʫʶ ʬʘʟʫ ʦʪʜʝʣʷʣʠ ʥʘ ʬʠʣʴʪʨʝ, ʧʨʦʤʳʚʘʣʠ C2H5OH ʠ ʚʳʩʫʰʠʚʘʣʠ ʥʘ ʚʦʟʜʫʭʝ.  

ɼʣʷ [Dy(H2O)4(tpy)Cl]Cl2 (12Dy) ʚʳʭʦʜ 0.091 ʛ. (58 % ʚ ʨʘʩʯʝʪʝ ʥʘ Dy).  

ɼʣʷ [Er(H2O)4(tpy)Cl]Cl2 (12Er) ʚʳʭʦʜ 0.0872 ʛ. (55 % ʚ ʨʘʩʯʝʪʝ ʥʘ Er).  

ɼʣʷ [Yb(H2O)4(tpy)Cl]Cl2 (12Yb) ʚʳʭʦʜ 0.2216 ʛ. (67.5 % ʚ ʨʘʩʯʝʪʝ ʥʘ Er).  
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ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʈʉɸ ʩʦʝʜʠʥʝʥʠʡ 3Ln -7Ln , 9Dy, 10Dy ʧʨʦʚʦʜʠʣʠ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ Bruker SMART 

APEX2 (MoKŬ-ʠʟʣʫʯʝʥʠʝ, ɚ = 0.71073 ¡, ʛʨʘʬʠʪʦʚʳʡ ʤʦʥʦʭʨʦʤʘʪʦʨ) [143]. ʇʦʛʣʦʱʝʥʠʝ ʫʯʪʝʥʦ 

ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʧʦ ʵʢʚʠʚʘʣʝʥʪʘʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ SADABS [144]. 

ʉʪʨʫʢʪʫʨʳ ʦʧʨʝʜʝʣʝʥʳ ʢʦʤʙʠʥʘʮʠʝʡ ʧʨʷʤʦʛʦ ʤʝʪʦʜʘ ʠ ʌʫʨʴʝ-ʩʠʥʪʝʟʦʚ ʠ ʫʪʦʯʥʝʥʘ 

ʧʦʣʥʦʤʘʪʨʠʯʥʳʤ ʘʥʠʟʦʪʨʦʧʥʦ-ʠʟʦʪʨʦʧʥʳʤ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ. ʇʦʟʠʮʠʠ ʘʪʦʤʦʚ H 

ʚ ʣʠʛʘʥʜʘʭ ʨʘʩʩʯʠʪʘʥʳ ʠʟ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʩʦʦʙʨʘʞʝʥʠʡ ʠ ʫʪʦʯʥʝʥʳ ʚ ʤʦʜʝʣʠ ʥʘʝʟʜʥʠʢʘ, ʧʦʟʠʮʠʠ 

ʘʪʦʤʦʚ H ʤʦʣʝʢʫʣ H2O ʣʦʢʘʣʠʟʦʚʘʥʳ ʠʟ ʌʫʨʴʝ-ʩʠʥʪʝʟʦʚ ʠ ʫʪʦʯʥʝʥʳ ʩ ʥʘʣʦʞʝʥʠʝʤ ʦʛʨʘʥʠʯʝʥʠʷ 

(DFIX 0.90 0.03). ɺʩʝ ʨʘʩʯʝʪʳ ʚʳʧʦʣʥʝʥʳ ʧʦ ʧʨʦʛʨʘʤʤʘʤ SHELXS ʠ SHELXL [145]. ɼʣʷ 

ʢʦʤʧʣʝʢʩʦʚ: 1Ln , 2Ln , 8Ln , 11Ln , 12Ln  ʩʦʦʪʚʝʪʩʪʚʠʝ ʩʪʨʫʢʪʫʨʝ ʦʧʨʝʜʝʣʷʣʠ ʧʦ ʜʘʥʥʳʤ ʈʌɸ. 

ʈʌɸ ʜʣʷ ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ (ʈʠʩ. ʇ1-ʇ12) ʧʨʦʚʦʜʠʣʠ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ Bruker 

D8 ADVANCE (CuKŬ ʠʟʣʫʯʝʥʠʝ, Ni-ʬʠʣʴʪʨ, LYNX EYE ʜʝʪʝʢʪʦʨ, ʛʝʦʤʝʪʨʠʷ ʥʘ ʦʪʨʘʞʝʥʠʝ). 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʫʩʣʦʚʠʷ: 10Á Ò 2ɗ Ò 80Á; ʰʘʛ ʩʢʘʥʠʨʦʚʘʥʠʷ 0.01Á; ʚʨʝʤʷ ʚʳʜʝʨʞʠʚʘʥʠʷ ʦʜʥʦʡ 

ʪʦʯʢʠ 0.6-0.9 ʩ. ʉʦʜʝʨʞʘʥʠʝ ʬʘʟ ʠ ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ ʦʧʨʝʜʝʣʝʥʳ ʫʪʦʯʥʝʥʠʝʤ ʧʦ 

ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ TOPAS [146].  

ʀʂ-ʩʧʝʢʪʨʳ ʥʘʨʫʰʝʥʥʦʛʦ ʧʦʣʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʨʘʞʝʥʠʷ (ʅʇɺʆ) ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʚ 

ʜʠʘʧʘʟʦʥʝ 400-4000 ʩʤï1 ʥʘ ʧʨʠʙʦʨʝ Bruker ALPHA (ʘʣʤʘʟʥʘʷ ʧʨʠʩʪʘʚʢʘ).  

ʕʣʝʤʝʥʪʥʳʡ ʘʥʘʣʠʟ ʚʳʧʦʣʥʷʣʩʷ ʥʘ CHNS ʘʥʘʣʠʟʘʪʦʨʘʭ EUROEA 3000 ʠ ɽɸ1108 85 

(Carlo Erba Instruments). ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʠʩʩʣʝʜʦʚʘʣʠ ʦʙʨʘʟʮʳ, ʚʳʜʝʣʝʥʥʳʝ ʠʟ ʨʝʘʢʮʠʦʥʥʦʡ 

ʩʤʝʩʠ ʠ ʜʣʠʪʝʣʴʥʦ ʚʳʩʫʰʝʥʥʳʝ ʜʦ ʧʦʩʪʦʷʥʥʦʛʦ ʚʝʩʘ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ 

ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ. 

ʄʘʛʥʠʪʥʳʝ ʠʟʤʝʨʝʥʠʷ. ɼʘʥʥʳʝ ʩʪʘʪʠʯʝʩʢʦʡ (dc) ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʠʩʪʝʤʳ ʠʟʤʝʨʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ Quantum Design PPMS-9. 

ʄʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʠʩʩʣʝʜʦʚʘʣʠ ʤʝʪʦʜʘʤʠ ʩʪʘʪʠʯʝʩʢʦʡ ʠ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 2ï300 ʂ ʚ ʧʦʩʪʦʷʥʥʳʭ 

ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ ʜʦ 50000 ʕ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʠʥʘʤʠʯʝʩʢʦʡ (ac) ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʝʨʝʤʝʥʥʳʝ ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 5, 3 ʠ 1 ʕ ʜʣʷ 

ʜʠʘʧʘʟʦʥʦʚ ʯʘʩʪʦʪ ʧʝʨʝʤʝʥʥʦʛʦ ʧʦʣʷ 10ï100, 100ï1000 ʠ 10ï10000 ɻʮ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʘʢʠʝ 

ʫʩʣʦʚʠʷ ʠʟʤʝʨʝʥʠʷ ʧʦʟʚʦʣʠʣʠ ʢʘʢ ʠʟʙʝʞʘʪʴ ʥʘʛʨʝʚʘʥʠʷ ʦʙʨʘʟʮʘ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʤʦʞʝʪ 

ʧʨʦʠʩʭʦʜʠʪʴ ʧʨʠ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʘʤʧʣʠʪʫʜʳ ʠ ʯʘʩʪʦʪʳ ʤʦʜʫʣʷʮʠʠ), ʪʘʢ ʠ ʧʦʣʫʯʠʪʴ 

ʥʘʠʣʫʯʰʝʝ ʩʦʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣ: ʰʫʤ. ɺʩʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʥʘ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠʟʤʝʣʴʯʝʥʥʳʭ ʦʙʨʘʟʮʘʭ, ʟʘʧʘʷʥʥʳʭ ʚ ʧʦʣʠʵʪʠʣʝʥʦʚʳʝ ʧʘʢʝʪʳ ʠ 

ʟʘʤʦʨʦʞʝʥʥʳʭ ʚ ʤʠʥʝʨʘʣʴʥʦʤ ʤʘʩʣʝ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ [147]. ʇʘʨʘʤʘʛʥʠʪʥʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 
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(ɢ) ʦʧʨʝʜʝʣʷʣʠ ʩ ʫʯʝʪʦʤ ʢʘʢ ʜʠʘʤʘʛʥʠʪʥʦʛʦ ʚʢʣʘʜʘ ʩʘʤʦʛʦ ʦʙʨʘʟʮʘ, ʦʮʝʥʝʥʥʦʛʦ ʠʟ ʧʦʩʪʦʷʥʥʦʡ 

ʇʘʩʢʘʣʷ, ʪʘʢ ʠ ʜʠʘʤʘʛʥʠʪʥʳʭ ʚʢʣʘʜʦʚ ʤʠʥʝʨʘʣʴʥʦʛʦ ʤʘʩʣʘ ʠ ʜʝʨʞʘʪʝʣʷ.  

ʄʝʪʦʜʠʢʘ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʜʠʥʘʤʠʢʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʠʟʤʝʨʝʥʠʷ ʯʘʩʪʦʪʥʳʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ (ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ'(ɜ) ʠ ʤʥʠʤʦʡ 

ʢʦʤʧʦʥʝʥʪ ɢ''(ɜ)) ʚ ʥʫʣʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʘ ʪʘʢʞʝ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʨʘʟʣʠʯʥʦʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʧʨʠ ʤʠʥʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʩ ʮʝʣʴʶ ʦʧʪʠʤʠʟʘʮʠʠ 

ʚʨʝʤʝʥʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʷʪ ʧʨʠ ʥʘʧʨʷʞʝʥʥʦʩʪʷʭ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʢʨʘʪʥʳʭ 1000 

ʕ. ʇʨʠ ʦʪʩʫʪʩʪʚʠʠ ʦʪʣʠʯʥʳʭ ʦʪ ʥʫʣʝʚʳʭ ʟʥʘʯʝʥʠʡ ɢ'' ʵʢʩʧʝʨʠʤʝʥʪ ʧʨʝʢʨʘʱʘʶʪ. ʉʣʝʜʫʝʪ ʠʤʝʪʴ 

ʚʚʠʜʫ, ʯʪʦ ʢʨʠʪʝʨʠʝʤ ʦʪʣʠʯʠʷ ʦʪ ʥʫʣʝʚʳʭ ʟʥʘʯʝʥʠʷʤʠ ɢ'' ʩʣʝʜʫʝʪ ʩʯʠʪʘʪʴ ɢ'' Ó ɢ'/10 ʚ ʦʜʠʥʘʢʦʚʳʭ 

ʝʜʠʥʠʮʘʭ ʠʟʤʝʨʝʥʠʷ, ʪ.ʝ. ʚʝʣʠʯʠʥʳ ɢ'', ʢʦʪʦʨʳʝ ʙʳʣʠ ʥʝ ʙʦʣʝʝ ʯʝʤ ʚ 10 ʨʘʟ ʤʝʥʴʰʝ ʟʥʘʯʝʥʠʡ ɢ' 

ʧʨʠ ʪʦʡ ʞʝ ʯʘʩʪʦʪʝ, ʪʝʤʧʝʨʘʪʫʨʝ, ʘʤʧʣʠʪʫʜʝ ʤʦʜʫʣʷʮʠʠ ʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ (ʧʨʠʤʝʨ ɢ' ʠ ɢ'' ʥʘ ʈʠʩ. 30). 
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ʈʠʩ. 30. ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ'(ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʙʨʘʟʮʘ ʢʦʤʧʣʝʢʩʘ 2Er ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ 

ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, T = 2 ʂ [35].  

ɺ ʩʣʫʯʘʝ ʦʙʥʘʨʫʞʝʥʠʷ ʥʝʥʫʣʝʚʳʭ ʟʥʘʯʝʥʠʡ ɢ''(ɜ) ʧʨʦʜʦʣʞʘʣʠ ʠʟʤʝʨʝʥʠʷ ʩ ʤʝʥʴʰʠʤ 

ʰʘʛʦʤ, ʥʘʧʨʠʤʝʨ 500 ʕ. ʎʝʣʴʶ ʜʘʥʥʳʭ ʠʟʤʝʨʝʥʠʡ ʷʚʣʷʣʩʷ ʧʦʠʩʢ ʦʧʪʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ 

ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʢʦʪʦʨʦʝ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ ʧʦʜʘʚʣʷʝʪ ʚʣʠʷʥʠʝ 

ʢʚʘʥʪʦʚʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ (ʂʊʅ). ʆʧʪʠʤʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ Hdc ʚʳʙʠʨʘʣʠ ʪʘʢʦʝ ʟʥʘʯʝʥʠʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʤʘʢʩʠʤʫʤ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ 

ɢ''(ɜ) ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʤʠʥʠʤʘʣʴʥʦʤ ʟʥʘʯʝʥʠʠ ʯʘʩʪʦʪʳ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʘʢʩʠʤʘʣʴʥʦʤʫ 

ʟʥʘʯʝʥʠʶ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʩʠʩʪʝʤʳ. ʇʨʠ ʪʦʯʥʦʤ, ʚ ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ, ʩʦʚʧʘʜʝʥʠʠ 

ʟʥʘʯʝʥʠʡ ʯʘʩʪʦʪʳ, ʧʨʠ ʢʦʪʦʨʦʡ ʥʘʙʣʶʜʘʝʪʩʷ ʤʘʢʩʠʤʫʤ ʥʘ ɢ''(ɜ), ʚ ʢʘʯʝʩʪʚʝ ʦʧʪʠʤʘʣʴʥʦʛʦ Hdc 

ʩʣʝʜʫʝʪ ʚʳʙʠʨʘʪʴ ʤʝʥʴʰʝʝ ʟʥʘʯʝʥʠʝ.  

ɼʘʣʝʝ ʧʨʦʚʦʜʠʣʠ ʠʟʤʝʨʝʥʠʷ ʠʟʦʪʝʨʤ ɢ''(ɜ) ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʦʧʪʠʤʘʣʴʥʦʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʊ > 2 K), ʜʦ ʪʝʤʧʝʨʘʪʫʨ, ʧʨʠ ʢʦʪʦʨʳʭ ʤʘʢʩʠʤʫʤ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ 
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ɢ''(ɜ) ʩʤʝʱʘʝʪʩʷ ʟʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʡ ʧʨʝʜʝʣ ɜ ʩ ʰʘʛʦʤ 1 K. ʂʨʠʪʝʨʠʝʤ ʚʳʙʦʨʘ ʰʘʛʘ ʧʦ 

ʪʝʤʧʝʨʘʪʫʨʝ ʷʚʣʷʣʦʩʴ ʥʘʣʠʯʠʝ ʢʘʢ ʤʠʥʠʤʫʤ ʯʝʪʳʨʝʭ ʠʟʦʪʝʨʤ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩ ʷʚʥʦ 

ʚʳʨʘʞʝʥʥʳʤ ʤʘʢʩʠʤʫʤʦʤ ʥʘ ɢ''(ɜ), ʯʪʦ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ 

ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʝʝ ʜʘʣʴʥʝʡʰʝʡ ʦʙʨʘʙʦʪʢʠ. ʊʘʢ ʢʘʢ ʧʦʣʦʞʝʥʠʝ ʤʘʢʩʠʤʫʤʘ ʥʘ 

ʟʘʚʠʩʠʤʦʩʪʠ ɢ''(ɜ) ʯʫʚʩʪʚʠʪʝʣʴʥʦ ʢ ʤʘʣʝʡʰʝʤʫ ʠʟʤʝʥʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ, ʢʘʞʜʳʡ ʨʘʟ ʧʦʩʣʝ 

ʠʟʤʝʥʝʥʠʷ ʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʚʦʜʠʣʠ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʚʳʜʝʨʞʢʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʠʟʤʝʨʝʥʠʡ ʦʪ ʦʜʥʦʡ ʜʦ ʪʨʝʭ ʤʠʥʫʪ ʩ ʮʝʣʴʶ ʥʠʚʝʣʠʨʦʚʘʪʴ ʚʣʠʷʥʠʝ ʪʝʧʣʦʸʤʢʦʩʪʠ ʦʙʨʘʟʮʘ ʠ 

ʫʧʘʢʦʚʦʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʚʠʜ ʠʩʩʣʝʜʫʝʤʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ. ɸʥʘʣʦʛʠʯʥʳʝ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʷʪ 

ʚ ʥʫʣʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʧʨʠ ʥʘʣʠʯʠʠ ʥʝʥʫʣʝʚʳʭ ʟʥʘʯʝʥʠʡ ɢ''(ɜ) ʚ ʥʝʤ. 

ʆʙʨʘʙʦʪʢʘ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʜʘʥʥʳʭ 

ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʘʥʘʣʠʟʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠʟʤʝʨʝʥʠʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʧʦʣʫʯʘʣʠ ʟʥʘʯʝʥʠʷ ʚʨʝʤʝʥ ʨʝʣʘʢʩʘʮʠʠ ʩʠʩʪʝʤʳ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, 

ʯʪʦ ʤʦʞʥʦ ʩʜʝʣʘʪʴ, ʦʧʨʝʜʝʣʠʚ ʯʘʩʪʦʪʳ, ʧʨʠ ʢʦʪʦʨʦʡ ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʝʛʠʙ ʥʘ ʠʟʦʪʝʨʤʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ɢ'(ɜ) ʠʣʠ ʤʘʢʩʠʤʫʤ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ ɢ''(ɜ). ɸʥʘʣʦʛʠʯʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʤʦʞʥʦ 

ʧʦʣʫʯʠʪʴ ʠʟ ʘʥʘʣʠʟʘ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ɢ'(T) ʠ ɢ''(T), ʠʟʤʝʨʝʥʥʳʭ ʧʨʠ ʧʦʩʪʦʷʥʥʳʭ 

ʯʘʩʪʦʪʘʭ.  

ɼʣʷ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦʛʦ ʘʥʘʣʠʟʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ɢ'(ɜ) ʠ ɢ''(ɜ) ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʦʙʦʙʱʝʥʥʫʶ (ʥʘ ʩʣʫʯʘʡ ʥʝʢʦʪʦʨʦʛʦ ʥʘʙʦʨʘ ʧʫʪʝʡ ʨʝʣʘʢʩʘʮʠʠ ʩʠʩʪʝʤʳ, ʯʪʦ ʦʙʳʯʥʦ ʠ 

ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʨʝʘʣʴʥʳʭ ʩʠʩʪʝʤ) ʤʦʜʝʣʴ ɼʝʙʘʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʫʨʘʚʥʝʥʠʷʤʠ 10 ʠ 11: 

…  ʔ ȟ (ʋʨʘʚʥʝʥʠʝ 10) 

… ȟ (ʋʨʘʚʥʝʥʠʝ 11) 

ʛʜʝ ɢ'Ð - ʘʜʠʘʙʘʪʠʯʝʩʢʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʧʨʠ ɜŰ >> 1 (ʚʳʩʦʢʘʷ ʯʘʩʪʦʪʘ); ɢ'0 ï ʠʟʦʪʝʨʤʠʯʝʩʢʦʝ 

ʟʥʘʯʝʥʠʝ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʧʨʠ ɜŰ << 1 (ʥʠʟʢʘʷ ʯʘʩʪʦʪʘ); ɜ ï ʯʘʩʪʦʪʘ; Ű ïʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ, Ŭ ï

ʧʘʨʘʤʝʪʨ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʨʝʤʝʥ ʨʝʣʘʢʩʘʮʠʠ (Ŭ = 0 ï ʠʜʝʘʣʴʥʦ ʫʟʢʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ; 1 ï 

ʙʝʩʢʦʥʝʯʥʦ ʰʠʨʦʢʦʝ). ʀʩʧʦʣʴʟʦʚʘʣʠ ʢʘʢ ʦʪʜʝʣʴʥʳʡ ʘʥʘʣʠʟ ʜʘʥʥʳʭ ɢ' ʠ ɢ'', ʪʘʢ ʠ ʦʜʥʦʚʨʝʤʝʥʥʫʶ 

ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʦʙʝʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩ ʦʜʠʥʘʢʦʚʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʦʚ, ʥʘʧʨʠʤʝʨ, ʚ 

ʧʨʦʛʨʘʤʤʝ Origin [40].  

ʇʨʠ ʘʥʘʣʠʟʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʨʦʠʟʚʦʜʷʪ ʧʦʩʪʨʦʝʥʠʝ ʜʠʘʛʨʘʤʤ ɸʨʛʘʥʜʘ, 

ʘʥʘʣʦʛ ʜʠʘʛʨʘʤʤʳ ʂʦʫʣʘ-ʂʦʫʣʘ ï ʟʘʚʠʩʠʤʦʩʪʠ ʤʥʠʤʦʡ ʢʦʤʧʦʥʝʥʪʳ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʪ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ"(ɢ') [41,42]. ʇʦʩʪʨʦʝʥʠʝ ʪʘʢʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʦʟʚʦʣʷʝʪ 

ʚʠʟʫʘʣʴʥʦ ʦʮʝʥʠʪʴ ʥʘʣʠʯʠʝ ʜʚʫʭ ʧʫʪʝʡ ʧʨʦʭʦʞʜʝʥʠʷ ʨʝʣʘʢʩʘʮʠʠ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʦʙʨʘʟʮʝ. 

ʅʘʣʠʯʠʝ ʜʚʫʭ ʧʫʪʝʡ ʨʝʣʘʢʩʘʮʠʠ ʦʙʳʯʥʦ ʩʚʷʟʘʥʦ ʩ ʥʘʣʠʯʠʝʤ ʜʚʫʭ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ 

ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʮʝʥʪʨʦʚ ʩ ʙʣʠʟʢʠʤ ʂʆ [43], ʥʝʵʢʚʠʚʘʣʝʥʪʥʦʩʪʴ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʘ ʩ 
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ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʝʤ ʚ ʩʪʨʫʢʪʫʨʝ [35,44]. ɺ ʩʣʫʯʘʝ ʦʙʥʘʨʫʞʝʥʠʷ ʜʚʫʭ ʤʘʢʩʠʤʫʤʦʚ ʥʘ ʟʘʚʠʩʠʤʦʩʪʷʭ 

ɢ"(ɜ), ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩʣʝʜʫʝʪ ʧʨʦʠʟʚʦʜʠʪʴ ʩ ʧʦʤʦʱʴʶ ʩʫʤʤʳ ʜʚʫʭ 

ʚʳʰʝʧʨʠʚʝʜʝʥʥʳʭ ʫʨʘʚʥʝʥʠʡ 10 ʠ 11 [45].  

ʈʝʟʫʣʴʪʘʪʳ ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ 

ʊʘʙʣʠʮʘ 2. ɼʘʥʥʳʝ ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ, %. 

ʂʦʤʧʣʝʢʩ Hʵʢʩʧ Hʪʝʦʨ ʉɻ ʢʩʧ ʉʪʝʦʨ Nʵʢʩʧ Nʪʝʦʨ Sɻ ʢʩʧ Sʪʝʦʨ 

2Dy 4.36 4.36 27.45 27.83 5.99 6.49 - - 

2Er  4.30 3.88 35.45 35.53 7.95 8.28 - - 

2Yb 4.36 4.29 27.45 27.39 5.95 6.38 - - 

3Er  2.62 2.69 7.96 8.01 9.02 9.35 22.02 21.39 

3Yb 2.58 2.66 7.85 7.91 9.00 9.22 21.98 21.12 

4Er  2.76 3.15 43.53 43.79 14.79 14.59 13.12 12.52 

4Yb 2.75 3.12 43.06 43.46 13.65 14.48 13.03 12.43 

5Er  2.69 2.99 51.20 51.52 13.38 13.87 10.35 10.58 

5Yb  2.72 2.97 50.63 51.19 13.53 13.78 10.41 10.51 

6Er  2.64 3.07 45.76 46.02 15.24 15.79 13.96 14.46 

6Yb  2.62 3.05 45.39 45.73 15.10 15.68 14.31 14.36 

7Er  2.98 2.68 51.08 51.04 14.44 14.88 13.04 13.63 

7Yb  2.97 2.66 51.29 50.73 14.73 14.79 12.93 13.54 

8Dy  4.57 5.00 57.63 57.41 11.76 11.48 8.82 8.76 

8Er  4.54 4.98 57.50 57.17 11.95 11.43 8.93 8.72 

8Yb  4.54 4.95 56.72 56.87 11.80 11.36 8.93 8.68 

9Dy  2.46 2.51 47.94 48.22 21.06 22.40 10.04 9.62 

10Dy  3.36 3.53 44.37 44.65 19.99 19.40 9.34 8.88 

11Dy  2.02 1.79 15.85 16.03 18.18 18.69 - - 

11Er  2.19 1.77 15.63 15.86 17.90 18.49 - - 

11Yb  2.18 1.75 15.39 15.66 17.84 18.27 - - 

12Dy 3.75 3.80 27.38 27.14 5.95 6.33   

12Er 3.75 3.98 28.38 28.46 6.80 6.64   

12Yb 3.93 3.94 28.08 28.20 6.99 6.57   

ʈʝʟʫʣʴʪʘʪʳ ʀʂ-ʅʇɺʆ 

3Er : ʩʤï1 3299 ʩ, 3203 ʩʨ, 2084 ʩ, 1640 ʩʨ, 1619 ʩʨ, 1607 ʩʨ, 946 ʩʣ, 785 ʩʣ, 640 [ʩʨ (ʧʣ)], 

606 ʩ, 487 ʩ, 464 ʦʩ, 445 ʦʩ, 426 ʦʩ. 



 57 

3Yb: ʩʤï1 3302 ʩ, 3203 ʩʨ, 2089 ʩ, 1641 ʩʨ, 1620 ʩʨ, 1610 [ʩʨ (ʧʣ)], 945 ʩʣ, 785 ʩʣ, 640 [ʩʨ 

(ʧʣ)], 613 ʩ, 489 ʩ, 466 ʦʩ, 445 ʦʩ, 430 ʦʩ. 

4Er : ʩʤï1 3496 ʩʣ, 3401 ʩʨ, 3105 ʩʨ, 3077 ʩʨ, 3056 ʩʨ, 2090 ʩʨ, 2060 ʩ, 1617 ʩʨ, 1595 ʩ, 1573 

ʩʨ, 1562 ʩʨ, 1493 ʩʨ, 1473 ʩʨ, 1456 ʩʨ, 1434 ʩ, 1314 ʩʨ, 1282 ʩʣ, 1240 ʩʨ, 1219 ʩʨ, 1178 ʩʨ, 1156 ʩʨ, 

1102 ʩʨ, 1065 ʩʨ, 1041 ʩʣ, 1013 ʩ, 969 ʩʨ, 906 ʩʣ, 852 ʩʣ, 813 ʩʣ, 758 ʦʩ, 736 ʦʩ, 644 ʩ, 626 ʩ, 605 ʩʨ, 

553 ʩʨ, 532 ʩʨ, 518 ʩʨ, 476 ʩʨ, 436 ʩʨ, 418 ʩ. 

4Yb: ʩʤï1 3496 ʩʣ, 3401 ʩʨ, 3105 ʩʨ, 3077 ʩʨ, 3056 ʩʨ, 2090 ʩʨ, 2063 ʩ, 1617 ʩʨ, 1595 ʩ, 1573 

ʩʨ, 1561 ʩʨ, 1492 ʩʨ, 1473 ʩʨ, 1456 ʩʨ, 1434 ʩ, 1314 ʩʨ, 1281 ʩʣ, 1242 ʩʨ, 1221 ʩʨ, 1177 ʩʨ, 1156 ʩʨ, 

1102 ʩʨ, 1065 ʩʨ, 1041 ʩʣ, 1014 ʩ, 970 ʩʨ, 908 ʩʣ, 856 ʩʣ, 813 ʩʣ, 758 ʦʩ, 736 ʩ, 646 ʩʨ, 626 ʩʨ, 605 

ʩʨ, 556 ʩʨ, 532 ʩʨ, 517 ʩʨ, 477 ʩʨ, 436 ʩʨ, 419 ʩ. 

5Er : ʩʤï1 3297 ʩʣ, 3060 ʩʣ, 3013 ʩʣ, 2048 ʩ, 2000 ʩʨ (ʧʣ.), 1623 ʩʨ, 1589 ʩʨ, 1575 ʩʨ, 1518 ʩʨ, 

1495 ʩʨ, 1450 ʩʣ, 1419 ʩ, 1342 ʩʨ, 1297 ʩʨ, 1255 ʩʨ, 1221 ʩʨ, 1207 ʩʨ, 1141 ʩʨ, 1103 ʩʨ, 1090 ʩʨ, 

1054 ʩʣ, 1042 ʩʣ, 984 ʩʣ, 970 ʩʣ, 950 ʩʣ, 864 ʩʨ, 843 ʦʩ, 768 ʩʨ, 722 ʦʩ, 637 ʩʨ, 624 ʩʨ, 578 ʩʨ, 554 

ʩʨ, 506 ʩʣ, 486 ʩʨ, 464 ʩʣ, 456 ʩʣ, 416 ʩʨ. 

5Yb: ʩʤï1 3299 ʩʣ, 3054 ʩʣ, 3017 ʩʣ, 2052 ʩ, 2000 ʩʨ (ʧʣ.), 1624 ʩʣ, 1589 ʩʨ, 1575 ʩʨ, 1517 

ʩʨ, 1496 ʩʨ, 1450 ʩʣ, 1420 ʩ, 1342 ʩʨ, 1299 ʩʣ, 1255 ʩʣ, 1222 ʩʣ, 1207 ʩʣ, 1144 ʩʨ, 1103 ʩʨ, 1090 ʩʣ, 

1054 ʩʣ, 1042 ʩʣ, 986 ʩʣ, 971 ʩʣ, 947 ʩʣ, 864 ʩʨ, 843 ʦʩ, 768 ʩʨ, 724 ʦʩ, 637 ʩʨ, 626 ʩʣ, 605 ʩʣ, 554 

ʩʣ, 508 ʩʣ, 486 ʩʨ, 460 ʩʣ, 453 ʩʣ, 418 ʩʨ. 

6Er : ʩʤï1 3530 ʩʣ, 3468 ʩʣ, 3076 ʩʨ, 3055 ʩʨ, 3022 ʩʨ, 2871 ʩʨ, 2052 ʩ, 2000 ʩʨ (ʧʣ.), 1626 ʩʣ, 

1616 ʩʨ, 1593 ʩʨ, 1583 ʩʨ, 1575 ʩʨ, 1524 ʩʨ, 1490 ʩʨ, 1470 ʩʨ, 1457 ʩʨ, 1433 ʩ, 1355 ʩʨ, 1323 ʩʨ, 

1308 ʩʨ, 1273 ʩʨ, 1242 ʩʨ, 1219 ʩʨ, 1171 ʩʨ, 1151 ʩʨ, 1116 ʩʨ, 1099 ʩʨ, 1088 ʩʨ, 1062 ʩʨ, 1044 ʩʨ, 

1013 ʩʨ, 993 ʩʨ, 980 ʩʨ, 971 ʩʨ, 929 ʩʨ, 896 ʩʨ, 879 ʩʨ, 807 ʩʣ, 756 ʦʩ, 735 ʩ, 721 ʩ, 653 ʩʨ, 643 ʩ, 

624 ʩʨ, 609 ʩʨ, 552 ʩʣ, 540 ʩʣ, 513 ʩʣ, 490 ʩʨ, 481 ʩʨ, 438 ʩʨ, 419 ʩ. 

6Yb: ʩʤï1 3536 ʩʣ, 3468 ʩʣ, 3077 ʩʨ, 3053 ʩʨ, 3024 ʩʣ, 2869 ʩʨ, 2053 ʩ, 2005 ʩʨ (ʧʣ.), 1627 

ʩʣ, 1616 ʩʨ, 1595 ʩʨ, 1583 ʩʨ, 1575 ʩʨ, 1524 ʩʨ, 1490 ʩʨ, 1470 ʩʨ, 1457 ʩʨ, 1433 ʩ, 1355 ʩʨ, 1323 ʩʨ, 

1308 ʩʨ, 1273 ʩʨ, 1243 ʩʨ, 1221 ʩʨ, 1171 ʩʨ, 1153 ʩʨ, 1117 ʩʨ, 1100 ʩʨ, 1089 ʩʨ, 1062 ʩʨ, 1045 ʩʨ, 

1012 ʩʨ, 994 ʩʨ, 980 ʩʨ, 973 ʩʨ, 929 ʩʨ, 896 ʩʨ, 878 ʩʨ, 807 ʩʣ, 756 ʦʩ, 735 ʩ, 721 ʩ, 653 ʩʨ, 643 ʩ, 

626 ʩʨ, 610 ʩʨ, 554 ʩʣ, 544 ʩʣ, 507 ʩʣ, 491 ʩʨ, 483 ʩʨ, 440 ʩʨ, 419 ʩ. 

7Er : ʩʤï1 3093 ʩʣ, 3052 ʩʣ, 3015 ʩʣ, 2985 ʩʣ, 2093 ʩʨ, 2050 ʩ, 1626 ʩʣ, 1613 ʩʣ, 1590 ʩʨ, 1573 

ʩʨ, 1536 ʩʨ, 1517 ʩʨ, 1493 ʩʨ, 1466 ʩʨ, 1449 ʩʣ, 1420 ʩ, 1365 ʩʣ, 1340 ʩʣ, 1316 ʩʣ, 1297 ʩʣ, 1280 ʩʣ, 

1252 ʩʣ, 1232 ʩʣ, 1218 ʩʣ, 1184 ʩʣ, 1139 ʩʨ, 1103 ʩʨ, 1092 ʩʣ, 1068 ʩʣ, 1038 ʩʣ, 1027 ʩʣ, 991 ʩʣ, 976 

ʩʣ, 969 ʩʣ, 919 ʩʣ, 885 ʩʣ, 862 ʩʨ, 840 ʦʩ, 823 ʩʨ, 769 ʩʨ, 726 ʩ, 717 ʩ, 637 ʩʨ, 619 ʩʣ, 552 vʩʣ, 538 

ʩʣ, 503 vʩʣ, 486 ʩʨ, 462 ʩʣ, 435 vʩʣ, 418 ʩʣ. 

7Yb: ʩʤï1 3091 ʩʣ, 3053 ʩʣ, 3021 ʩʣ, 2982 ʩʣ, 2097 ʩʨ, 2055 ʩ, 1627 ʩʣ, 1613 ʩʣ, 1590 ʩʨ, 1575 

ʩʨ, 1536 ʩʨ, 1518 ʩʨ, 1494 ʩʨ, 1466 ʩʨ, 1449 ʩʣ, 1420 ʩ, 1365 ʩʣ, 1341 ʩʣ, 1316 ʩʣ, 1299 ʩʣ, 1280 ʩʣ, 
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1252 ʩʣ, 1232 ʩʣ, 1219 ʩʣ, 1184 ʩʣ, 1139 ʩʨ, 1105 ʩʨ, 1093 ʩʣ, 1068 ʩʣ, 1038 ʩʣ, 1027 ʩʣ, 992 ʩʣ, 977 

ʩʣ, 977 ʩʣ, 920 ʩʣ, 885 ʩʣ, 864 ʩʨ, 840 ʦʩ, 823 ʩʨ, 768 ʩʨ, 726 ʦʩ, 717 ʩ, 637 ʩʣ, 619 ʩʣ, 552 vʩʣ, 538 

ʩʣ, 504 vʩʣ, 487 ʩʨ, 462 ʩʣ, 438 vʩʣ, 418 ʩʣ. 

9Dy: ʩʤï1 3440 ʦ. ʩʣ, 3063 ʩʣ, 2075 ʩʨ.2055 ʩ, 1587 ʩʣ, 1575 ʩʣ, 1546 ʩ, 1514 ʦ. ʩ, 1491 ʩʨ.1472 

ʩʨ, 1434 ʩʨ, 1402 ʩʣ, 1385 ʩ, 1374 ʩ, 1300 ʩʣ.1253 ʩʨ, 1150 ʩʣ, 1095 ʩʣ, 1080 ʩʣ, 1059 ʩʣ, 1049 

ʩʣ.1008 ʩʨ, 993 ʩʣ, 980 ʩʣ, 909 ʦ.ʩʣ, 861 ʩʣ, 854 ʩʣ.810 ʦ. ʩʣ, 766 ʦ. ʩ, 741 ʩʨ, 707 ʦ. ʩʣ, 674 ʩʨ, 666 

ʩ.633 ʩʨ, 622 ʩʣ, 609 ʩʣ, 490 ʩʨ, 476 ʩʣ, 443 ʩʣ, 416 ʩʨ. 

10Dy: ʩʤï1 3503 ʩʣ, 3360 ʩʣ, 3063 ʩʣ, 2063 ʩʨ, 2002 ʩʣ, 1681 ʩʣ, 1610 ʩʣ, 1596 ʩʣ, 1573 ʩʣ, 

1549 ʩʨ, 1519 ʦ. ʩ, 1493 ʩʨ, 1471 ʩʨ, 1434 ʩʨ, 1386 ʩʨ, 1372 ʩ, 1304 ʩʣ, 1259 ʩʨ, 1178 ʩʣ, 1151 ʩʣ, 

1095 ʩʣ, 1052 ʩʣ, 1007 ʩʨ, 981 ʩʣ, 916 ʩʣ, 852 ʩʣ, 814 ʩʣ, 770 ʦ. ʩ, 739 ʩʨ, 674 ʩʨ (ʧʣ), 666 ʩ, 632 ʩ, 

566 ʩʨ, 549 ʩʨ, 524 ʩʨ, 489 ʩʨ, 479 ʩʨ (ʧʣ), 467 ʩʨ, 456 ʩʨ, 446 ʩʨ (ʧʣ), 419 ʩʨ, 406 ʩʨ. 

11Dy: ʩʤï1 3608 ʩʣ, 3517 ʩʣ, 3372 ʩʣ, 3245 ʩʣ, 2155 ʩʨ, 1681 ʩʨ, 1635 ʩʣ, 1606 ʩʣ, 1520 ʩʣ, 

1398 ʩʣ, 845 ʩʣ, 701 ʩʣ, 589 ʩʨ, 560 ʩʨ, 436 ʦʩ. 

11Er : ʩʤï1 3606 ʩʣ, 3519 ʩʣ, 3373 ʩʣ, 3244 ʩʣ, 2155 ʩʨ, 1681 ʩʨ, 1633 ʩʣ, 1607 ʩʣ, 1520 ʩʣ, 

1399 ʩʣ, 845 ʩʣ, 700 ʩʣ, 587 ʩʨ, 560 ʩʨ, 436 ʦʩ. 

11Yb: ʩʤï1: 3606 ʩʣ, 3519 ʩʣ, 3373 ʩʣ, 3244 ʩʣ, 2155 ʩʨ, 1681 ʩʨ, 1633 ʩʣ, 1607 ʩʣ, 1520 ʩʣ, 

1399 ʩʣ, 845 ʩʣ, 700 ʩʣ, 587 ʩʨ, 560 ʩʨ, 436 ʦʩ. 

 

3. ʈʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

3.1 ʉʠʥʪʝʟ ʢʦʤʧʣʝʢʩʦʚ. ʈʝʟʫʣʴʪʘʪʳ ʈʌɸ ʠ ʈʉɸ. ʈʝʟʫʣʴʪʘʪʳ ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ.  

3.1.1. ʉʠʥʪʝʟ ʠ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʯʠʩʪʦʪʳ ʢʦʤʧʣʝʢʩʦʚ 1Ln ʠ 12Ln 

ʉʦʣʠ LnCl3Ŀ6H2O (1Ln) ʷʚʣʷʶʪʩʷ ʠʟʦʩʪʨʫʢʪʫʨʥʳʤʠ ʠʪʪʨʠʝʚʦʤʫ ʘʢʚʘʭʣʦʨʠʜʫ 

[Y(H2O)6Cl2]Cl [180]. ɺ ʤʦʥʦʷʜʝʨʥʦʤ ʢʘʪʠʦʥʥʦʤ ʘʢʚʘʭʣʦʨʠʜʥʦʤ ʢʦʤʧʣʝʢʩʝ [Ln(H2O)6Cl2]
+ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʝ ʯʠʩʣʦ (ʂʏ) ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʪʝʣʷ ʨʘʚʥʦ 8, ʘ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʡ ʮʝʥʪʨ ï 

LnO6Cl2 (ʈʠʩ. 31ʘ). ʃʠʛʘʥʜʳ ï ʤʦʣʝʢʫʣʷʨʥʳʡ (H2O) ʠ ʘʥʠʦʥʥʳʡ (Clľ) ï ʦʙʨʘʟʫʶʪ ʧʦʣʠʵʜʨ, 

ʙʣʠʟʢʠʡ ʧʦ ʛʝʦʤʝʪʨʠʠ ʢ ʢʚʘʜʨʘʪʥʦʡ ʘʥʪʠʧʨʠʟʤʝ (D4d).  

ʉʘʤʦʦʨʛʘʥʠʟʘʮʠʷ ʘʢʚʘʭʣʦʨʠʜʦʚ ʩ 2,2ǋ:6ǋ,2ǌ-ʪʝʨʧʠʨʠʜʠʥʦʤ ʚ ʚʦʜʥʦ-ʩʧʠʨʪʦʚʳʭ ʨʘʩʪʚʦʨʘʭ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʘʪʠʦʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ [Ln(H2O)4(Tpy)Cl]Cl2Ŀ3H2O (12Ln), 

ʩʦʜʝʨʞʘʱʠʭ ʦʜʥʫ ʤʦʣʝʢʫʣʫ ʣʠʛʘʥʜʘ Tpy. ʂʦʦʨʜʠʥʘʮʠʷ ʪʨʠʜʝʥʪʘʪʥʦʛʦ ʪʝʨʧʠʣʴʥʦʛʦ ʣʠʛʘʥʜʘ ʢ 

ʠʦʥʫ ʣʘʥʪʘʥʠʜʘ ʧʨʦʠʩʭʦʜʠʪ ʩ ʟʘʤʝʱʝʥʠʝʤ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ ʚʦʜʳ ʠ ʦʜʥʦʛʦ ʠʟ 

ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʭ ʭʣʦʨʠʜ-ʠʦʥʦʚ. ɺ ʢʦʤʧʣʝʢʩʘʭ 12Ln ʂʏ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʫʶʱʝʛʦ ʠʦʥʘ ʨʘʚʥʦ 8, 

ʢʘʢ ʠ ʚ ʠʩʭʦʜʥʳʭ ʘʢʚʘʭʣʦʨʠʜʘʭ 1Ln, ʘ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʡ ʫʟʝʣ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ LnO4N3Cl ʩ 

ʛʝʦʤʝʪʨʠʝʡ ʦʢʨʫʞʝʥʠʷ, ʙʣʠʟʢʦʡ ʢ ʪʨʝʫʛʦʣʴʥʦʤʫ ʜʦʜʝʢʘʵʜʨʫ ʠʣʠ ʜʚʫʭʰʘʧʦʯʥʦʡ ʪʨʝʫʛʦʣʴʥʦʡ 
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ʧʨʠʟʤʝ. ʂʦʦʨʜʠʥʘʮʠʦʥʥʘʷ ʩʬʝʨʘ Ln3+ ʟʘʧʦʣʥʝʥʘ ʯʝʪʳʨʴʤʷ ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʳ, ʭʣʦʨʠʜ-ʘʥʠʦʥʦʤ ʠ 

ʪʝʨʧʠʨʠʜʠʥʦʚʳʤ ʣʠʛʘʥʜʦʤ (ʨʠʩ. 31ʙ). ʆʞʠʜʘʝʤʳʡ ʩʦʩʪʘʚ ʩʦʝʜʠʥʝʥʠʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʘʥʥʳʤ 

ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ. 

(ʘ) (ʙ) 

ʈʠʩ. 31. ʄʦʣʝʢʫʣʷʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʦʚ 1Ln ʠ 12Ln. ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ ʧʦʢʘʟʘʥʳ. 

 

3.1.2. ʉʠʥʪʝʟ ʠ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʯʠʩʪʦʪʳ ʢʦʤʧʣʝʢʩʦʚ 2Ln  

ʉʦʝʜʠʥʝʥʠʷ 2Ln  ʦʜʥʦʬʘʟʥʳ, ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʝ ʯʠʩʣʦ ʘʪʦʤʘ Ln ʨʘʚʥʦ 8, ʧʦʣʠʵʜʨʳ ʥʘʠʙʦʣʝʝ 

ʙʣʠʟʢʠ ʢ ʜʚʫʭʰʘʧʦʯʥʦʡ ʪʨʠʛʦʥʘʣʴʥʦʡ ʧʨʠʟʤʝ (2Dy ([Dy(Bpy)(H2O)6]Ŀ0.5BpyĿ2H2OĿ3Cl), 2Yb 

([Yb(Bpy)(H2O)6]Ŀ0.5BpyĿ2H2OĿ3Cl); ʈʠʩ. 32) ʠ ʢʚʘʜʨʘʪʥʦʡ ʘʥʪʠʧʨʠʟʤʝ 

(2Er ([Er(Bpy)2(H2O)3Cl]Ŀ2H2OĿ2Cl); ʈʠʩ. 33).  

 (ʘ)  (ʙ) 

ʈʠʩ. 32. ʄʦʣʝʢʫʣʷʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʦʚ 2Dy ʠ 2Yb (ʘ); 2Er (ʙ).  

 

(ʘ) (ʙ) 

ʈʠʩ. 33. ʂʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʧʦʣʠʵʜʨʳ ʣʘʥʪʘʥʠʜʦʚ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ 2Dy ʠ 2Yb (ʘ); 2Er (ʙ).  
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ʉʠʥʪʝʟ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʚʝʱʝʩʪʚ 

ʛʠʜʨʘʪʠʨʦʚʘʥʥʳʭ ʩʦʣʝʡ ʯʘʩʪʦ ʧʨʦʚʦʜʷʪ ʚ ʩʤʝʰʘʥʥʳʭ ʩʦʣʴʚʦʩʠʩʪʝʤʘʭ ʚʦʜʘïʩʧʠʨʪ, ʯʪʦ 

ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʨʘʟʥʦʦʙʨʘʟʠʠ ʚʳʜʝʣʷʝʤʳʭ ʧʨʦʜʫʢʪʦʚ. ɺ ʩʣʫʯʘʝ ʢʦʤʧʣʝʢʩʦʚ ʩ Bpy ʩʦʩʪʘʚ 

ʧʨʦʜʫʢʪʦʚ ʪʘʢʞʝ ʟʘʚʠʩʠʪ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ ʣʠʛʘʥʜ: ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʪʝʣʴ. ʈʝʘʣʠʟʫʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʚʳʜʝʣʝʥʠʷ ʩʦʝʜʠʥʝʥʠʡ ʩ ʨʘʟʣʠʯʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʙʠʜʝʥʪʘʪʥʦʛʦ ʣʠʛʘʥʜʘ, ʭʣʦʨʠʜ-

ʠʦʥʦʚ ʠ ʤʦʣʝʢʫʣ ʚʦʜʳ ʚʦ ʚʥʫʪʨʝʥʥʝʡ ʠ ʚʥʝʰʥʝʡ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʩʬʝʨʘʭ [148]. ʉʠʣʴʥʘʷ ʩʚʷʟʴ 

ʤʝʞʜʫ ʠʩʭʦʜʥʦʡ ʩʦʣʴʚʦʩʠʩʪʝʤʦʡ ʠ ʧʨʦʜʫʢʪʘʤʠ ʨʝʘʢʮʠʠ ʧʨʠʚʦʜʷʪ ʢ ʪʦʤʫ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʢʘʞʜʦʛʦ 

ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʪʝʣʷ ʧʨʠʭʦʜʠʪʩʷ ʠʥʜʠʚʠʜʫʘʣʴʥʦ ʧʦʜʙʠʨʘʪʴ ʫʩʣʦʚʠʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʯʠʩʪʦʛʦ 

(ʧʦ ʜʘʥʥʳʤ ʈʌɸ) ʦʙʨʘʟʮʘ. ʅʘʧʨʠʤʝʨ, ʩʠʥʪʝʟ ʢʦʤʧʣʝʢʩʘ 2Yb (XEWWUR [149]) ʙʳʣ ʧʨʦʚʝʜʝʥ ʜʣʷ 

ʩʦʦʪʥʦʰʝʥʠʷ ʣʠʛʘʥʜ:ʤʝʪʘʣʣ = Bpy : Yb å 2. ʇʨʠ ʫʚʝʣʠʯʝʥʠʝ ʤʦʣʴʥʦʛʦ ʦʪʥʦʰʝʥʠʷ Bpy : Yb ʜʦ 3 

ʧʨʦʜʫʢʪ ʩʠʥʪʝʟʘ ʥʝ ʠʟʤʝʥʠʣʩʷ. ʂʦʤʧʣʝʢʩ 2Yb ʚʩʝʛʜʘ ʧʨʠʩʫʪʩʪʚʦʚʘʣ ʠ ʚ ʜʨʫʛʠʭ ʩʠʥʪʝʟʘʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 95%-ʥʦʛʦ C2H5OH ʠ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʢʘʢ ʥʘʛʨʝʚʘ, ʪʘʢ ʠ ʧʦʨʷʜʢʘ ʚʚʝʜʝʥʠʷ 

ʨʝʘʛʝʥʪʦʚ, ʥʦ ʧʨʠ ʵʪʦʤ ʥʘʨʷʜʫ ʩ XEWWUR ʧʦʣʫʯʘʣʠ ʢʦʤʧʣʝʢʩ [Yb(Bpy)2(H2O)Cl2]Cl [149]. 

ʉʦʝʜʠʥʝʥʠʷ 2Dy, 2Er, 2Yb ʦʜʥʦʬʘʟʥʳ (ʈʠʩ. ʇ1-ʇ3). ɺʦ ʚʩʝʭ ʩʦʝʜʠʥʝʥʠʷʭ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʝ 

ʯʠʩʣʦ ʘʪʦʤʘ Ln ʨʘʚʥʦ 8, ʧʦʣʠʵʜʨʳ ʥʘʠʙʦʣʝʝ ʙʣʠʟʢʠ ʢ ʜʚʫʰʘʧʦʯʥʦʡ ʪʨʠʛʦʥʘʣʴʥʦʡ ʧʨʠʟʤʝ (ʈʠʩ. 

32) ʠ ʢʚʘʜʨʘʪʥʦʡ ʘʥʪʠʧʨʠʟʤʝ (ʈʠʩ. 33).  

3.1.3. ʉʠʥʪʝʟ ʠ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʯʠʩʪʦʪʳ ʢʦʤʧʣʝʢʩʦʚ 3Ln-7Ln 

ʉʠʥʪʝʟ ʘʢʚʘʪʠʦʮʠʘʥʘʪʦʚ [Er(H2O)5(NCS)3]ĀH2O (3Er ), [Yb(H2O)5(NCS)3]ĀH2O (3Yb) ʙʳʣ 

ʦʩʫʱʝʩʪʚʣʝʥ ʧʦ ʠʟʣʦʞʝʥʥʦʡ ʚ ʧʫʙʣʠʢʘʮʠʠ [139] ʤʝʪʦʜʠʢʝ ʠʟ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʢʩʠʜʦʚ Ln2O3 ʠ 

ʩʚʝʞʝʧʨʠʛʦʪʦʚʣʝʥʥʦʛʦ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ HNCS. ʉʠʥʪʝʟ ʤʦʣʝʢʫʣʷʨʥʳʭ ʢʦʤʧʣʝʢʩʦʚ 4Ln 

([Ln(Bpy)2(H2O)(NCS)3]Ŀ0.5BpyĿH2O, Ln = Er, Yb) ʠ 5Ln ([Ln(Phen)2(H2O)(NCS)3]ĿPhenĿ0.5H2O, 

Ln = Er, Yb) ʠ ʘʥʠʦʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ 6Ln ([HBpy][Ln(Bpy)2(NCS)4]ĿH2O, Ln = Er, Yb) ʠ 7Ln 

([HPhen][Ln(Phen)2(NCS)4], Ln = Er, Yb) [113]. ʄʦʣʝʢʫʣʷʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʦʚ 3Ln-7Ln 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩ. 34ʘ. ʂʇ ʜʣʷ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʧʨʠʚʝʜʝʥʳ ʥʘ ʈʠʩ. 34ʙ. 
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 (ʘ) 

  (ʙ) 

ʈʠʩ. 34. ʄʦʣʝʢʫʣʷʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʦʚ 3Ln-7Ln ʧʦ ʜʘʥʥʳʤ ʜʣʷ ʠʟʦʩʪʨʫʢʪʫʨʥʳʭ 

ʘʥʘʣʦʛʦʚ. ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʚ ʤʦʣʝʢʫʣʘʭ Bpy/Phen ʥʝ ʧʦʢʘʟʘʥʳ (ʘ). ʂʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʧʦʣʠʵʜʨʳ 

ʘʪʦʤʘ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ 3Ln-7Ln ʧʦ ʜʘʥʥʳʤ ʜʣʷ ʠʟʦʩʪʨʫʢʪʫʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ (ʙ). 

ɺʤʝʩʪʝ ʩ ʨʘʥʝʝ ʠʟʚʝʩʪʥʳʤʠ ʘʢʚʘʪʠʦʮʠʘʥʘʪʘʤʠ Ln, 3Er ʠ 3Yb ʷʚʣʷʶʪʩʷ ʯʣʝʥʦʤ 

ʠʟʦʤʦʨʬʥʦʛʦ ʨʷʜʘ [Ln(H2O)5(NCS)3]ĿH2O (Ln = Y,[150] Eu, Tb; [139], ʊʘʙʣ. ʇ1) ʂʆ ʠʦʥʘ ʤʝʪʘʣʣʘ 

ʚ ʢʦʤʧʣʝʢʩʘʭ 3Er ʠ 3Yb ʦʙʨʘʟʦʚʘʥʦ ʪʨʝʤʷ ʤʦʣʝʢʫʣʘʤʠ NCSī ʠ ʧʷʪʴʶ ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʳ, 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʡ ʫʟʝʣ ð LnN3O5 (ʈʠʩ. 34ʘ), ʂʇ ð ʜʚʫʰʘʧʦʯʥʘʷ ʪʨʠʛʦʥʘʣʴʥʘʷ ʧʨʠʟʤʘ (ʈʠʩ. 34ʙ). 
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ʄʦʣʝʢʫʣʷʨʥʳʝ ʢʦʤʧʣʝʢʩʳ ʩ Bpy 4Er ʠ 4Yb ʠʟʦʩʪʨʫʢʪʫʨʥʳ ʘʥʘʣʦʛʘʤ Y [141] ʠ Nd [151], ʪʦʛʜʘ 

ʢʘʢ ʢʦʤʧʣʝʢʩʳ ʩ Phen, 5Er ʠ 5Yb, ʠʟʦʩʪʨʫʢʪʫʨʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʧʨʦʠʟʚʦʜʥʳʤ Eu [141] ʠ Dy 

[140]. ʋʪʦʯʥʝʥʠʝ ʧʦ ʈʠʪʚʝʣʴʜʫ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʈʉɸ ʜʣʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʢʦʤʧʣʝʢʩʘ ʠʪʪʨʠʷ 

(4Er, 4Yb) ʠ ʜʠʩʧʨʦʟʠʷ (5Er, 5Yb) (ʊʘʙʣ. ʇ2-ʇ5, ʈʠʩ. ʇ5) ʧʦʜʪʚʝʨʜʠʣʦ ʦʜʥʦʬʘʟʥʦʝ ʩʦʩʪʦʷʥʠʝ 

ʦʙʨʘʟʮʦʚ. ɸʪʦʤ Ln ʚ 4Er-5Yb ʦʢʨʫʞʝʥ ʪʨʝʤʷ NCSī, ʜʚʫʤʷ ʭʝʣʘʪʠʨʫʶʱʠʤʠ ʤʦʣʝʢʫʣʘʤʠ Bpy/Phen 

ʠ ʦʜʥʦʡ ʤʦʣʝʢʫʣʦʡ H2O. ʂʏ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʚʥʦ 8; ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʡ ʫʟʝʣ ð LnN7O. ʇʦʣʠʵʜʨ 

ʦʪʣʠʯʘʝʪʩʷ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ 4Er ʠ 4Yb ʩ Bpy (ʢʚʘʜʨʘʪʥʘʷ ʘʥʪʠʧʨʠʟʤʘ, ʈʠʩ. 34ʙ) ʠ 5Er ʠ 5Yb ʩ 

Phen (ʜʚʫʰʘʧʦʯʥʘʷ ʪʨʠʛʦʥʘʣʴʥʘʷ ʧʨʠʟʤʘ, ʈʠʩ. 34ʙ). ʇʦʨʦʰʢʦʚʳʝ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʦʙʨʘʟʮʦʚ 6Er 

ʠ 6Yb ʘʥʘʣʦʛʠʯʥʳ ʪʘʢʦʚʳʤ ʜʣʷ [HBpy][Ln(Bpy)2(NCS)4]ĿH2O (ʈʠʩ. ʇ5, Ln = Eu [141] ʠ Dy [140]). 

ʆʜʥʘʢʦ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʧʠʢʦʚ, ʢʦʪʦʨʦʝ ʥʝʣʴʟʷ ʧʨʠʧʠʩʘʪʴ 

ʪʝʢʩʪʫʨʠʨʦʚʘʥʠʶ ʦʙʨʘʟʮʦʚ. ɺ ʩʪʘʪʴʝ [140] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ [HBpy][Dy(Bpy)2(NCS)4]ĿH2O 

ʣʝʛʢʦ ʪʝʨʷʝʪ ʤʦʣʝʢʫʣʫ H2O ʥʘ ʚʦʟʜʫʭʝ ʚ ʫʩʣʦʚʠʷʭ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ (T Ḑ 23 ÁC ʠ ʦʪʥʦʩʠʪʝʣʴʥʘʷ 

ʚʣʘʞʥʦʩʪʴ 70ï80%), ʧʦʩʢʦʣʴʢʫ, ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ 

ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ, ʩʦʩʪʘʚ ʢʦʤʧʣʝʢʩʘ ʧʦʩʣʝ 20 ʯʘʩʦʚ ʵʢʩʧʦʟʠʮʠʠ ʩʦʩʪʘʚʣʷʝʪ 

[HBpy][Dy(Bpy)2(NCS)4]Ŀ0.19H2O. ʆʜʥʦʚʨʝʤʝʥʥʦ ʦʜʠʥ ʠʟ ʘʥʠʦʥʦʚ NCSī ʩʪʘʥʦʚʠʪʩʷ 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʳʤ. ʇʨʠ ʧʦʣʥʦʡ ʜʝʩʦʣʴʚʘʪʘʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʤʝʱʝʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ 

ʝʜʠʥʠʮ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʘʨʘʤʝʪʨʳ ʷʯʝʡʢʠ ʦʩʪʘʶʪʩʷ ʧʨʝʞʥʠʤʠ. ʇʨʦʚʝʜʝʥʦ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʝ 

ʫʪʦʯʥʝʥʠʝ ʧʦʨʦʰʢʦʚʳʭ ʨʝʥʪʛʝʥʦʛʨʘʤʤ 6Er ʠ 6Yb (ʊʘʙʣ. ʇ6, ʇ7, ʈʠʩ. ʇ5). ʀʦʥʥʳʝ ʢʦʤʧʣʝʢʩʳ ʩ 

Phen, ʘ ʠʤʝʥʥʦ 7Er ʠ 7Yb (ʊʘʙʣ. ʇ8, ʇ9), ʠʟʦʩʪʨʫʢʪʫʨʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʧʨʦʠʟʚʦʜʥʳʤ Y [152], 

Ce, [153] Nd [154] ʠ Gd [155]. ʂʘʢ ʠ ʚ ʠʟʚʝʩʪʥʳʭ ʘʥʘʣʦʛʘʭ, ʘʪʦʤ Ln ʚʦ ʚʩʝʭ ʠʦʥʥʳʭ ʢʦʤʧʣʝʢʩʘʭ 

ʦʢʨʫʞʝʥ ʯʝʪʳʨʴʤʷ ʤʦʣʝʢʫʣʘʤʠ NCSī ʠ ʜʚʫʤʷ ʙʠʜʝʥʪʘʪʥʳʤʠ ʭʝʣʘʪʠʨʫʶʱʠʤʠ ʤʦʣʝʢʫʣʘʤʠ 

Bpy/Phen (ʈʠʩ. 34ʘ). ʂʏ ʧʨʠ ʵʪʦʤ ʨʘʚʥʦ 8, ʘ ʂʋ ð LnN8. ʂʇ ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʣʫʯʰʝ ʚʩʝʛʦ 

ʦʧʠʩʳʚʘʝʪʩʷ ʢʘʢ ʢʚʘʜʨʘʪʥʘʷ ʘʥʪʠʧʨʠʟʤʘ, ʦʩʥʦʚʘʥʠʷ ʢʦʪʦʨʦʡ, ʦʜʥʘʢʦ, ʦʙʨʘʟʦʚʘʥʳ ʨʘʟʥʳʤʠ 

ʘʪʦʤʘʤʠ N ʚ 6Er, 6Yb ʠ 7Er, 7Yb (ʈʠʩ. 34ʙ).  

3.1.4. ʉʠʥʪʝʟ ʠ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʯʠʩʪʦʪʳ ʢʦʤʧʣʝʢʩʦʚ 8Ln 

ʉʠʥʪʝʟ ʢʦʤʧʣʝʢʩʦʚ 8Ln ([Ln(Me4Phen)2(H2O)(NCS)3]ĿMe4PhenĿ0.75C2H5OH, Ln = Dy, Er, 

Yb) ʧʨʦʭʦʜʠʣ ʚ ʩʧʠʨʪʦʚʳʭ ʨʘʩʪʚʦʨʘʭ (CH3OH, C2H5OH) ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ Me4Phen : Ln3+ = 3. 

ʊʘʢʦʡ ʩʦʩʪʘʚ ʨʝʘʛʝʥʪʦʚ ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤ, ʯʪʦ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ ʧʨʠ ʩʠʥʪʝʟʝ ʘʥʘʣʦʛʠʯʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ Y, Eu ʠ Tb [156 ʉʪʘʪʴʷ [48]. 
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ʈʠʩ. 35. ʉʪʨʦʝʥʠʝ ʚʥʫʪʨʝʥʥʝʡ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʩʬʝʨʳ ʢʦʤʧʣʝʢʩʘ 8Ln, ʛʜʝ Ln ï ʘʪʦʤ Dy (8Dy), 

Er (8Er), Yb (8Yb). 

ʂʦʦʨʜʠʥʘʮʠʦʥʥʦʝ ʯʠʩʣʦ ʘʪʦʤʘ Ln ʚ ʤʦʣʝʢʫʣʷʨʥʦʤ ʢʦʤʧʣʝʢʩʝ 8Ln (ʈʠʩ. 35) ʨʘʚʥʦ 8, 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʡ ʧʦʣʠʵʜʨ (ʂʇ) ï ʢʚʘʜʨʘʪʥʘʷ ʘʥʪʠʧʨʠʟʤʘ, ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʡ ʫʟʝʣ LnON7. 

ʆʩʥʦʚʘʥʠʷ ʢʚʘʜʨʘʪʥʦʡ ʘʥʪʠʧʨʠʟʤʳ ʩʦʩʪʦʷʪ ʠʟ ʪʨʝʭ ʘʪʦʤʦʚ ʘʟʦʪʘ, ʦʜʠʥ ʠʟ ʢʦʪʦʨʳʭ ʨʘʟʫʧʦʨʷʜʦʯʝʥ 

ʧʦ ʜʚʫʤ ʧʦʟʠʮʠʷʤ ʛʨʫʧʧʳ NCSï ʠ ʘʪʦʤʘ ʢʠʩʣʦʨʦʜʘ, ʠ ʯʝʪʳʨʝʭ ʘʪʦʤʦʚ ʘʟʦʪʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʅʝʢʦʦʨʜʠʥʠʨʦʚʘʥʥʘʷ ʤʦʣʝʢʫʣʘ Me4Phen ʫʯʘʩʪʚʫʝʪ ʚ ʩʪʝʢʠʥʛ-ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʦʜʥʠʤ ʠʟ 

ʣʠʛʘʥʜʦʚ Me4Phen. 

ʉʠʥʪʝʟ ʢʦʤʧʣʝʢʩʦʚ 8Dy, 8Er ʠ 8Yb ʧʨʦʭʦʜʠʣ ʚ ʩʧʠʨʪʦʚʳʭ ʨʘʩʪʚʦʨʘʭ ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ 

ʣʠʛʘʥʜ : ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʪʝʣʴ = 3 : 1. ʊʘʢʦʡ ʩʦʩʪʘʚ ʨʝʘʛʝʥʪʦʚ ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤ, ʯʪʦ ʙʳʣʦ 

ʫʩʪʘʥʦʚʣʝʥʦ ʧʨʠ ʩʠʥʪʝʟʝ ʘʥʘʣʦʛʠʯʥʳʭ ʢʦʤʧʣʝʢʩʦʚ Y, Eu ʠ Tb [157]. ʂʦʤʧʣʝʢʩʳ 8Dy, 8Er ʠ 8Yb 

ʚ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʧʦʣʫʯʝʥʳ ʩ ʚʳʭʦʜʦʤ > 60%. ɼʘʥʥʳʝ ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʭʦʨʦʰʦ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʪʝʦʨʝʪʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ (ʊʘʙʣʠʮʘ 2). ʈʌɸ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʦʜʫʢʪʦʚ 

ʧʦʜʪʚʝʨʜʠʣ ʠʭ ʯʠʩʪʦʪʫ ʠ ʠʟʦʩʪʨʫʢʪʫʨʥʦʩʪʴ ʠʪʪʨʠʝʚʦʤʫ ʘʥʘʣʦʛʫ 

[Y(Me4Phen)2(H2O)(NCS)3]ĿMe4PhenĿ0.75EtOH. ɺʘʨʴʠʨʦʚʘʥʠʝʤ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ ʥʝ ʫʜʘʣʦʩʴ 

ʚʳʨʘʩʪʠʪʴ ʤʦʥʦʢʨʠʩʪʘʣʣʳ, ʧʨʠʛʦʜʥʳʝ ʜʣʷ ʈʉɸ. ʋʪʦʯʥʝʥʠʝ ʩʪʨʫʢʪʫʨ 

[Ln(Me4Phen)2(H2O)(NCS)3]ĿMe4PhenĿ0.75EtOH (Ln = Dy, Er, Yb) ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʧʦ 

ʧʦʨʦʰʢʦʚʳʤ ʜʘʥʥʳʤ ʈʌɸ (ʊʘʙʣ. ʇ10-ʇ12, ʈʠʩ. ʇ6-ʇ8). ʂʦʦʨʜʠʥʘʮʠʦʥʥʦʝ ʯʠʩʣʦ ʘʪʦʤʘ Ln ʚ 

ʤʦʣʝʢʫʣʷʨʥʦʤ ʢʦʤʧʣʝʢʩʝ [Ln(Me4Phen)2(H2O)(NCS)3] (ʈʠʩ. 35) ʨʘʚʥʦ 8, ʂʇ ï ʢʚʘʜʨʘʪʥʘʷ 

ʘʥʪʠʧʨʠʟʤʘ, ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʡ ʫʟʝʣ LnON7. ʆʩʥʦʚʘʥʠʷ ʢʚʘʜʨʘʪʥʦʡ ʘʥʪʠʧʨʠʟʤʳ ʩʦʩʪʦʷʪ ʠʟ 

ʘʪʦʤʦʚ N1N4N5O1 ʠ N2N3N6N7, ʛʜʝ N1 ï ʘʪʦʤ ʘʟʦʪʘ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʡ ʧʦ ʜʚʫʤ ʧʦʟʠʮʠʷʤ 

ʛʨʫʧʧʳ NCSï, N2 ʠ N3 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʨʫʛʠʤ NCSï, N4, N5 ʠ N6, N7 ʧʨʠʥʘʜʣʝʞʘʪ ʧʦʧʘʨʥʦ ʜʚʫʤ 

ʨʘʟʥʳʤ Me4Phen, O1 ï ʢʠʩʣʦʨʦʜ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʡ ʤʦʣʝʢʫʣʳ ʚʦʜʳ. ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʦʩʥʦʚʘʥʠʷʤʠ ʢʚʘʜʨʘʪʥʦʡ ʘʥʪʠʧʨʠʟʤʳ ʨʘʚʥʦ 2.8147 ¡, ʫʛʦʣ ʤʝʞʜʫ ʧʣʦʩʢʦʩʪʷʤʠ ʦʩʥʦʚʘʥʠʡ ʙʣʠʟʦʢ 

ʢ 1.1Á. ʉʨʝʜʥʠʝ ʦʪʢʣʦʥʝʥʠʷ ʘʪʦʤʦʚ ʦʪ ʩʨʝʜʥʠʭ ʧʣʦʩʢʦʩʪʝʡ ʜʚʫʭ ʢʚʘʜʨʘʪʥʳʭ ʦʩʥʦʚʘʥʠʡ 

ʘʥʪʠʧʨʠʟʤʳ ʩʦʩʪʘʚʣʷʶʪ 0.1098 ¡ ʜʣʷ N1N4N5O1 ʠ 0.0186 ¡ ʜʣʷ N2N3N6N7 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʈʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʠʦʥʦʤ Ln3+ ʠ ʘʪʦʤʘʤʠ ʂʇ ʚʘʨʴʠʨʫʶʪʩʷ ʦʪ 2.3610 ¡ ʜʣʷ LnïO ʜʦ 2.5653 ¡ ʜʣʷ 

LnïN7. ʅʝʢʦʦʨʜʠʥʠʨʦʚʘʥʥʘʷ ʤʦʣʝʢʫʣʘ Me4Phen ʫʯʘʩʪʚʫʝʪ ʚ ʩʪʝʢʠʥʛ-ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʦʜʥʠʤ ʠʟ 
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ʣʠʛʘʥʜʦʚ Me4Phen. ʂʨʘʪʯʘʡʰʠʝ ʨʘʩʩʪʦʷʥʠʷ LnéLn ʩʦʩʪʘʚʣʷʶʪ 9.77, 9.75 ʠ 9.70 ¡ ʜʣʷ 8Dy, 8Er 

ʠ 8Yb ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [179] 

3.1.5. ʉʠʥʪʝʟ ʠ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʯʠʩʪʦʪʳ ʢʦʤʧʣʝʢʩʦʚ 9Dy, 10Dy 

ʅʝʡʪʨʘʣʴʥʳʡ ʤʦʥʦʷʜʝʨʥʳʡ ʢʦʤʧʣʝʢʩ Dy ʩ Tptz ʙʳʣ ʚʳʜʝʣʝʥ ʠʟ ʨʘʩʪʚʦʨʘ CH3OH, 

ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ ʩʤʝʰʝʥʠʠ Tptz ʠ [Dy(H2O)5(NCS)3]ĀH2O ʚ ʩʦʦʪʥʦʰʝʥʠʠ 1.5 : 1 ʜʣʷ 9Dy 

([Dy(Tptz)2(NCS)3]ĿCH3CN). ʂʘʪʠʦʥʥʳʡ ʢʦʤʧʣʝʢʩ 10Dy 

([Dy(Tptz)(H2O)3(NCS)2]ĿTptzĿ1.25CH3OHĿ1.5H2OĿNCS) ʙʳʣ ʧʦʣʫʯʝʥ ʧʨʠ ʨʘʩʪʚʦʨʝʥʠʠ ʩ 

ʥʘʛʨʝʚʘʥʠʝʤ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʦʜʫʢʪʘ ʩʠʥʪʝʟʘ 9Dy ʚ ʩʤʝʩʠ CH3OH-CH3CN [158]. ʉʦʛʣʘʩʥʦ 

ʜʘʥʥʳʤ ʈʉɸ, ʩʦʝʜʠʥʝʥʠʷ 9Dy ʠ 10Dy ʠʟʦʤʦʨʬʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʠʪʪʨʠʝʚʳʤ ʘʥʘʣʦʛʘʤ [142]. 

ʄʦʣʝʢʫʣʷʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʦʚ 9Dy ʠ 10Dy ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩ. 36. 

(ʘ)  (ʙ)  

ʈʠʩ. 36. ʄʦʣʝʢʫʣʷʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʦʚ 9Dy (ʘ) ʠ 10Dy (ʙ). ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ ʧʦʢʘʟʘʥʳ. 

ɺ ʥʝʡʪʨʘʣʴʥʦʤ ʢʦʤʧʣʝʢʩʝ 9Dy ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʡ ʫʟʝʣ DyN9 ʦʙʨʘʟʫʶʪ ʪʨʠ ʘʥʠʦʥʘ NCS
ï ʠ 

ʜʚʝ ʪʨʠʜʝʥʪʘʪʥʦ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʝ ʤʦʣʝʢʫʣʳ Tptz. ʈʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ [158], ʘ ʪʘʢʞʝ 

ʣʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʪʠʦʮʠʘʥʘʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʈɿʕ ʩ ʛʝʪʝʨʦʮʠʢʣʠʯʝʩʢʠʤʠ 

ʧʦʣʠʜʝʥʪʘʪʥʳʤʠ N-ʜʦʥʦʨʥʳʤʠ ʣʠʛʘʥʜʘʤʠ [157], ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʝʥʜʝʥʮʠʠ ʪʠʦʮʠʘʥʘʪʦʚ ʈɿʕ 

ʬʦʨʤʠʨʦʚʘʪʴ ʩʦʝʜʠʥʝʥʠʷ ʢʘʢ ʩ ʚʥʫʪʨʠ-, ʪʘʢ ʠ ʩ ʚʥʝʰʥʝʩʬʝʨʥʳʤʠ ʤʦʣʝʢʫʣʘʤʠ Tptz ʠ ʧʦʜʦʙʥʳʭ 

N-ʜʦʥʦʨʥʳʭ ʣʠʛʘʥʜʦʚ. 

3.1.6. ʉʠʥʪʝʟ ʠ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʯʠʩʪʦʪʳ ʢʦʤʧʣʝʢʩʦʚ 11Ln 

ʂʦʤʧʣʝʢʩʳ 11Ln ({[ Ln(H2O)2][Co(CN)6]Ā2H2O} n, Ln = Dy, Er, Yb) ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʩʤʝʰʝʥʠʝʤ ʨʘʩʪʚʦʨʦʚ LnCl3Ŀ6H2O ʚ H2O ʠ 3-ʘʤʠʥʦʧʠʨʠʜʠʥʘ ʚ C2H5OH ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʜʦʙʘʚʣʝʥʠʝʤ ʧʦʣʫʯʝʥʥʦʡ ʩʤʝʩʠ ʢ ʚʦʜʥʦʤʫ ʨʘʩʪʚʦʨʫ K3[Co(CN)6] [114]. 
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(ʘ) (ʙ) 

ʈʠʩ. 37. ʌʨʘʛʤʝʥʪ ʩʪʨʫʢʪʫʨʳ 11Ln (ʘ). ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ 11Ln (ʙ). ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ 

ʧʦʢʘʟʘʥʳ. 

ʉʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʦʚ 11Ln ʧʨʝʜʩʪʘʚʣʷʝʪ 3D-ʢʘʨʢʘʩ (ʈʠʩ. 37) ʠʟ ʯʘʩʪʠʮ [Ln(H2O)2]
3+, 

ʩʦʝʜʠʥʝʥʥʳʭ ʛʝʢʩʘʜʝʥʪʘʪʥʳʤʠ ʩʚʷʟʫʶʱʠʤʠ ʛʨʫʧʧʘʤʠ [Co(CN)6]
3ï, ʚ ʧʦʣʦʩʪʷʭ ʢʦʪʦʨʦʛʦ 

ʥʘʭʦʜʷʪʩʷ ʤʦʣʝʢʫʣʳ H2O. ʇʦʣʠʵʜʨ ʠʦʥʘ Ln3+ - ʢʚʘʜʨʘʪʥʘʷ ʘʥʪʠʧʨʠʟʤʘ ʩ ʧʨʘʢʪʠʯʝʩʢʠ 

ʧʘʨʘʣʣʝʣʴʥʳʤʠ ʦʩʥʦʚʘʥʠʷʤʠ. ʍʠʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʩʠʩʪʝʤ ʩ ʮʠʘʥʦʤʝʪʘʣʣʘʪʥʳʤ ʤʦʩʪʠʢʦʤ 

ʦʪʢʨʳʚʘʝʪ ʧʝʨʩʧʝʢʪʠʚʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ.  

3.2. ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ 

3.2.1. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʚ ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ 

3.2.1.1.ʄʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʚ ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ ʢʦʤʧʣʝʢʩʦʚ 1Ln ʠ 12Ln 

ʄʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʢʦʤʧʣʝʢʩʦʚ ʩʦʩʪʘʚʘ: LnCl3Ŀ6H2O (Ln = Dy (1Dy), Er (1Er), Yb (1Yb)) 

ʠ [Ln(H2O)4(tpy)Cl]Cl2Ŀ3H2O (Ln = Dy (12Dy), Er (12Er), Yb (12Yb)) ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʚ ʠʥʪʝʨʚʘʣʝ 

ʪʝʤʧʝʨʘʪʫʨ 2ï300 ʂ, ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ. ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ɢT(T) ʧʦʢʘʟʘʥʳ 

ʥʘ ʨʠʩʫʥʢʝ 38, ʘ ʭʘʨʘʢʪʝʨʥʳʝ ʟʥʘʯʝʥʠʷ ɢT ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 3. ɿʥʘʯʝʥʠʷ ɢT ʧʨʠ 300 ʂ ʙʣʠʟʢʠ 

ʢ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʟʥʘʯʝʥʠʷʤ ʜʣʷ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʠʦʥʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʣʘʥʪʘʥʦʠʜʦʚ. ɼʣʷ ʚʩʝʭ 

ʢʦʤʧʣʝʢʩʦʚ ʥʘʙʣʶʜʘʶʪʩʷ ʛʨʘʬʠʢʠ ʟʘʚʠʩʠʤʦʩʪʝʡ ɢT(T), ʪʠʧʠʯʥʳʝ ʜʣʷ ʤʦʥʦʷʜʝʨʥʳʭ ʢʦʤʧʣʝʢʩʦʚ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʣʘʥʪʘʥʦʠʜʦʚ. 
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ʈʠʩ. 38. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ɢT ʩʦʝʜʠʥʝʥʠʡ 1Ln (ʘ) ʠ 12Ln (ʙ) ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ 

ʧʦʣʝ 5000 ʕ. 
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ɼʣʷ ʢʦʤʧʣʝʢʩʦʚ Dy ʠ Er ʟʥʘʯʝʥʠʷ ɢT ʦʩʪʘʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʤʝʥʥʳʤʠ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʦʪ 300 

ʜʦ 100 ʂ, ʟʘʪʝʤ ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʤʝʜʣʝʥʥʦʝ, ʥʦ ʫʩʢʦʨʷʶʱʝʝʩʷ ʧʘʜʝʥʠʝ ɢT ʩ 

ʤʠʥʠʤʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ ʧʨʠ 2 ʂ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ ʢʘʢ ʨʘʩʩʝʣʝʥʠʝʤ 

ʧʦʜʫʨʦʚʥʝʡ MJ, ʪʘʢ ʠ ʩʣʘʙʳʤʠ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʤʠ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ 

ʠʦʥʦʚ Dy3+ ʠ Er3+. ɺ ʩʣʫʯʘʝ ʢʦʤʧʣʝʢʩʦʚ Yb ʥʘʙʣʶʜʘʝʪʩʷ ʩʭʦʞʘʷ ʢʘʨʪʠʥʘ: ʧʦʩʪʝʧʝʥʥʦʝ 

ʫʤʝʥʴʰʝʥʠʝ ʟʥʘʯʝʥʠʷ ɢT ʦʪ 300 ʜʦ 4 ʂ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 4 ʜʦ 2 ʂ ʥʘʙʣʶʜʘʝʪʩʷ ʟʘʤʝʪʥʦ ʙʦʣʝʝ 

ʙʳʩʪʨʦʝ ʫʤʝʥʴʰʝʥʠʝ ʟʥʘʯʝʥʠʷ ɢT. ɺ ʮʝʣʦʤ ʫʤʝʥʴʰʝʥʠʝ ɢT ʩ ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʩ ʚʣʠʷʥʠʝʤ ʵʬʬʝʢʪʘ ɿʝʝʤʘʥʘ. 

ʊʘʙʣʠʮʘ 3. ɿʥʘʯʝʥʠʷ ɢT ʢʦʤʧʣʝʢʩʦʚ 1Ln ʠ 12Ln  ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʟʥʘʯʝʥʠʷ ɢT ʜʣʷ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʠʦʥʦʚ Ln3+. 

ʂʦʤʧʣʝʢʩ 

ɢT (300 K) ɢT ʪʝʦʨ ɢT (2 K) 

ʩʤ3Ŀʂ/ʤʦʣʴ 

1Dy 14.44 14.17 7.34 

1Er 12.14 11.48 7.95 

1Yb 2.53 2.57 1.07 

12Dy 15.06 14.17 8.93 

12Er 11.35 11.48 4.94 

12Yb 2.35 2.57 1.33 

3.2.1.2. ʄʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʚ ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ ʢʦʤʧʣʝʢʩʦʚ 2Ln 

ɿʘʚʠʩʠʤʦʩʪʠ ɢT ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ 

2Dy([Dy(Bpy)(H2O)6]Ŀ0.5BpyĿ2H2OĿ3Cl) ʠ 2Er ([Er(Bpy)2(H2O)3Cl]Ŀ2H2OĿ2Cl) ʠʤʝʶʪ ʩʭʦʞʠʡ ʚʠʜ 

(ʈʠʩ. 39). ʇʨʠ ʦʭʣʘʞʜʝʥʠʠ ʦʪ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 2 ʂ ʚ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ 

ʪʝʤʧʝʨʘʪʫʨ ʟʥʘʯʝʥʠʷ ɢT ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʶʪʩʷ ʜʦ 85 ʂ (2Er) ʠ 100 ʂ (2Yb 

([Yb(Bpy)(H2O)6]Ŀ0.5BpyĿ2H2OĿ3Cl)), ʘ ʟʘʪʝʤ ʩʣʝʜʫʝʪ ʜʦʩʪʘʪʦʯʥʦ ʧʣʘʚʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ɢT ʚʧʣʦʪʴ 

ʜʦ 5 ʂ. ɺ ʧʨʦʮʝʩʩʝ ʜʘʣʴʥʝʡʰʝʛʦ ʦʭʣʘʞʜʝʥʠʷ ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ ʥʘʙʣʶʜʘʝʪʩʷ 

ʙʦʣʝʝ ʨʝʟʢʦʝ ʫʤʝʥʴʰʝʥʠʝ ʟʥʘʯʝʥʠʡ ɢT ʜʦ ʤʠʥʠʤʘʣʴʥʳʭ ʧʨʠ 2 ʂ. ɼʣʷ Yb-ʩʦʜʝʨʞʘʱʝʛʦ ʢʦʤʧʣʝʢʩʘ 

2Yb ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʟʥʘʯʝʥʠʡ ɢT ʩ ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʤʝʨʥʦ ʩ ʨʘʚʥʦʡ 

ʩʢʦʨʦʩʪʴʶ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ. ɺʠʜ ʧʦʣʫʯʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ɢT ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ 

ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ ʜʣʷ ʚʩʝʭ ʢʦʤʧʣʝʢʩʦʚ ʭʘʨʘʢʪʝʨʝʥ ʜʣʷ ʤʦʥʦʷʜʝʨʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ ʘʥʘʣʦʛʠʯʥʳʭ ʣʘʥʪʘʥʠʜʦʚ [159], ʘ ʟʥʘʯʝʥʠʷ ɢT(300 ʂ) ʢʦʤʧʣʝʢʩʦʚ 2Dy, 2Er ʠ 2Yb 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʜʣʷ ʤʘʛʥʠʪʥʦ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʠʦʥʦʚ Ln3+ 

(ʪʘʙʣ. 4). ʋʯʠʪʳʚʘʷ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʝ (> 6.5 ¡) ʨʘʩʩʪʦʷʥʠʷ LnéLn ʚ ʢʦʤʧʣʝʢʩʘʭ 2Dy, 2Er ʠ 

2Yb ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦʙ ʦʧʨʝʜʝʣʷʶʱʝʤ ʚʣʠʷʥʠʠ ʥʘ ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʵʪʠʭ ʢʦʤʧʣʝʢʩʦʚ 

ʧʨʠʨʦʜʳ ʠʦʥʘ Ln3+. 

ʊʘʙʣʠʮʘ 4. ɿʥʘʯʝʥʠʷ ɢT ʢʦʤʧʣʝʢʩʦʚ 2Ln ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʝ 

ʟʥʘʯʝʥʠʷ ɢT ʜʣʷ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʠʦʥʦʚ Ln3+. 
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ʂʦʤʧʣʝʢʩ 
ɢT(300 K) ɢT(ʪʝʦʨ.) [1] ɢT(2 K) 

ʩʤ3K/ʤʦʣʴ 

2Dy 14.46 14.17 7.63 

2Er 11.66 11.48 5.16 

2Yb 2.54 2.57 1.12 
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ʈʠʩ. 39. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ɢT ʩʦʝʜʠʥʝʥʠʡ 2Ln ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ.  

3.2.1.3. ʄʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʚ ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ ʢʦʤʧʣʝʢʩʦʚ 3Ln-7Ln 

ɿʘʚʠʩʠʤʦʩʪʠ ɢT ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ ʢʦʤʧʣʝʢʩʦʚ 3Ln-

7Ln (Ln = Er, Yb: 3Ln ([Ln(H2O)5(NCS)3]ĀH2O), 4Ln ([Ln(Bpy)2(H2O)(NCS)3]Ŀ0.5BpyĿH2O), 5Ln 

([Ln(Phen)2(H2O)(NCS)3]ĿPhenĿ0.5H2O), 6Ln ([HBpy][Ln(Bpy)2(NCS)4]ĿH2O), 7Ln 

([HPhen][Ln(Phen)2(NCS)4]) ʧʨʠʚʝʜʝʥʳ ʥʘ ʈʠʩ. 40, ʘ ʥʘʠʙʦʣʝʝ ʧʦʢʘʟʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʧʨʠʚʝʜʝʥʳ 

ʚ ʊʘʙʣ. 5. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ɢT(300 ʂ) ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʙʣʠʟʢʠ ʢ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʜʣʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʛʦ ʠʦʥʘ Ln3+. ɼʣʷ ʢʦʤʧʣʝʢʩʦʚ ʥʘ ʦʩʥʦʚʝ Yb ʥʘʙʣʶʜʘʝʪʩʷ 

ʤʦʥʦʪʦʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ɢT ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʧʨʦʠʩʭʦʜʠʪ ʪʝʤʧʝʨʘʪʫʨʘ ʦʪ 300 ʜʦ 2 ʂ. ɼʣʷ 

ʩʦʝʜʠʥʝʥʠʡ ʵʨʙʠʷ ʟʥʘʯʝʥʠʷ ɢT ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʶʪʩʷ ʜʦ å100 ʂ, ʘ ʟʘʪʝʤ ʧʨʦʠʩʭʦʜʠʪ 

ʤʦʥʦʪʦʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʨʝʟʢʠʤ ʩʥʠʞʝʥʠʝʤ ʚ ʜʠʘʧʘʟʦʥʝ 25ï30 ʂ. ɺʦ ʚʩʝʭ 

ʩʣʫʯʘʷʭ ʫʤʝʥʴʰʝʥʠʝ ɢT ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ 

ʫʤʝʥʴʰʝʥʠʝʤ ʟʘʩʝʣʝʥʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʥʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʧʦʣʝʤ MJ-ʫʨʦʚʥʝʡ, ʚʦʟʤʦʞʥʳʤ 

ʥʘʣʠʯʠʝʤ ʩʣʘʙʳʭ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ Ln3+ ʠʣʠ 

ʵʬʬʝʢʪʦʤ ɿʝʝʤʘʥʘ (ʥʘʩʳʱʝʥʠʷ) ʚ ʧʨʠʣʦʞʝʥʥʦʝ ʚʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ. ɺʠʜ ʚʩʝʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ɢT ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʭʘʨʘʢʪʝʨʝʥ ʜʣʷ ʤʦʥʦʷʜʝʨʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʣʘʥʪʘʥʠʜʦʚ, ʯʪʦ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʨʝʰʘʶʱʝʝ ʚʣʠʷʥʠʝ ʧʨʠʨʦʜʳ ʣʘʥʪʘʥʠʜʘ ʥʘ ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʚ ʧʦʩʪʦʷʥʥʦʤ 

ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ. 
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ʈʠʩ. 40. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ɢT ʩʦʝʜʠʥʝʥʠʡ 3Ln-7Ln ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 

ʕ. 

 
ʊʘʙʣʠʮʘ 5. ɿʥʘʯʝʥʠʷ ɢT ʢʦʤʧʣʝʢʩʦʚ 3Ln-7Ln ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʟʥʘʯʝʥʠʷ ɢT ʜʣʷ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʠʦʥʦʚ Ln3+. 

ʂʦʤʧʣʝʢʩ 
ɢT(300 K) ɢT(ʪʝʦʨ.) [1] ɢT(2 K) 

ʩʤ3K/ʤʦʣʴ 

2Er 11.51 

11.48 

5.27 

4Er 11.78 5.19 

5Er 11.76 4.79 

6Er 11.52 5.77 

7Er 11.52 4.87 

2Yb 2.81 

2.57 

1.03 

4Yb 2.61 1.15 

5Yb 2.49 0.85 

6Yb 2.81 1.09 

7Yb 2.31 1.15 

 

3.2.1.4. ʄʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʚ ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ ʢʦʤʧʣʝʢʩʦʚ 8Ln 

ʇʦʩʢʦʣʴʢʫ ʢʨʘʪʯʘʡʰʠʝ ʨʘʩʩʪʦʷʥʠʷ LnéLn ʚ ʩʦʝʜʠʥʝʥʠʷʭ 8Dy, 8Er ʠ 8Yb 

([Ln(Me4Phen)2(H2O)(NCS)3]ĿMe4PhenĿ0.75C2H5OH, Ln = Dy, Er, Yb) ʩʦʩʪʘʚʣʷʶʪ ʙʦʣʝʝ 9.70 ¡, 

ʠʦʥʳ ʣʘʥʪʘʥʠʜʦʚ ʚ ʥʠʭ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʠʟʦʣʠʨʦʚʘʥʥʳʤʠ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʤʘʛʥʠʪʥʳʤʠ ʮʝʥʪʨʘʤʠ. 

ʀʟʦʣʠʨʦʚʘʥʥʦʩʪʴ ʤʘʛʥʠʪʥʳʭ ʮʝʥʪʨʦʚ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʢʘʢ ʬʦʨʤʦʡ ʟʘʚʠʩʠʤʦʩʪʝʡ ɢT 

ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʤʦʥʦʷʜʝʨʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʣʘʥʪʘʥʠʜʦʚ, ʪʘʢ ʠ ʙʣʠʟʦʩʪʴʶ ʚʝʣʠʯʠʥ ɢT ʧʨʠ 300 ʂ ʢ 

ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʟʥʘʯʝʥʠʷʤ ɢT ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʠʦʥʦʚ Ln3+ (ʈʠʩ. 41, ʊʘʙʣ. 6).  

ɼʣʷ ʢʦʤʧʣʝʢʩʘ 8Dy ʟʥʘʯʝʥʠʷ ɢT ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ ʧʨʠ ʧʦʥʠʞʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 60 ʂ ʫʤʝʥʴʰʘʶʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ, ʘ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʦʭʣʘʞʜʝʥʠʠ ï ʚʩʝ ʙʦʣʝʝ 
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ʟʘʤʝʪʥʦ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 6 ʂ ʧʨʦʠʩʭʦʜʠʪ ʨʝʟʢʠʡ ʩʧʘʜ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ ʧʨʠ 2 K. ɼʣʷ 

ʢʦʤʧʣʝʢʩʘ 8Er ʭʦʜ ʟʘʚʠʩʠʤʦʩʪʠ ʘʥʘʣʦʛʠʯʝʥ 8Dy, ʦʜʥʘʢʦ ʫʤʝʥʴʰʝʥʠʝ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʙʦʣʝʝ ʧʣʘʚʥʦʝ. ɼʣʷ ʢʦʤʧʣʝʢʩʘ 8Yb ʫʤʝʥʴʰʝʥʠʝ ɢT ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ ʦʩʪʘʝʪʩʷ 

ʨʘʚʥʦʤʝʨʥʳʤ ʚʧʣʦʪʴ ʜʦ 4 K, ʧʦʩʣʝ ʯʝʛʦ ʧʨʦʠʩʭʦʜʠʪ ʙʦʣʝʝ ʙʳʩʪʨʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʢ 

ʤʠʥʠʤʘʣʴʥʦʤʫ ʟʥʘʯʝʥʠʶ, ʯʪʦ ʪʠʧʠʯʥʦ ʜʣʷ Yb-ʩʦʜʝʨʞʘʱʠʭ ʢʦʤʧʣʝʢʩʦʚ. 

 

ʊʘʙʣʠʮʘ 6.  ɿʥʘʯʝʥʠʷ ɢT ʢʦʤʧʣʝʢʩʦʚ 8Ln ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʝ 

ʟʥʘʯʝʥʠʷ ɢT ʜʣʷ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʠʦʥʦʚ Ln3+. 

ʂʦʤʧʣʝʢʩ 
ɢT(300 K) ɢT(ʪʝʦʨ.) [1] ɢT(2 K) 

ʩʤ3K/ʤʦʣʴ 

8Dy 15.59 14.17 7.71 

8Er 11.83 11.48 4.93 

8Yb 2.65 2.57 1.18 
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ʈʠʩ. 41. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ɢT ʩʦʝʜʠʥʝʥʠʡ 8Ln ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

5000 ʕ. 

3.2.1.5. ʄʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʚ ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ ʢʦʤʧʣʝʢʩʦʚ 9Dy, 10Dy 

ɿʥʘʯʝʥʠʷ ɢT(300 ʂ) ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ 9Dy ([Dy(Tptz)2(NCS)3]ĿCH3CN) ʠ 10Dy 

([Dy(Tptz)(H2O)3(NCS)2]ĿTptzĿ1.25CH3OHĿ1.5H2OĿNCS) ʦʢʘʟʘʣʠʩʴ ʨʘʚʥʳ 13.81 ʠ 14.16 ʩʤ3K/ʤʦʣʴ 

(ʨʠʩ. 42) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ. ʕʪʠ ʟʥʘʯʝʥʠʷ 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʟʥʘʯʝʥʠʝʤ 14.17 ʩʤ3K/ʤʦʣʴ ʜʣʷ ʦʜʥʦʛʦ 

ʤʘʛʥʠʪʥʦ ʠʟʦʣʠʨʦʚʘʥʥʦʛʦ ʠʦʥʘ Dy3+ [1]. ɺʝʣʠʯʠʥʳ ɢT ʦʙʦʠʭ ʢʦʤʧʣʝʢʩʦʚ ʧʨʠ ʧʦʥʠʞʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 100 ʂ ʫʤʝʥʴʰʘʶʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ, ʘ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʦʭʣʘʞʜʝʥʠʠ ï ʚʩʝ ʙʦʣʝʝ 

ʟʘʤʝʪʥʦ, ʜʦʩʪʠʛʘʷ ʧʨʠ 2ʂ ʤʠʥʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ï 6.97 ʩʤ3K/ʤʦʣʴ ʜʣʷ ʢʦʤʧʣʝʢʩʘ 9Dy ʠ 6.77 

ʩʤ3K/ʤʦʣʴ ʜʣʷ ʢʦʤʧʣʝʢʩʘ 10Dy. ʇʦʜʦʙʥʳʡ ʭʦʜ ʟʘʚʠʩʠʤʦʩʪʝʡ ʪʠʧʠʯʝʥ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ Dy3+ 

[44,95,140,160]. ʉ ʫʯʝʪʦʤ ʙʣʠʟʦʩʪʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ɢT(300 ʂ) ʚ 
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ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ 9Dy ʠ 10Dy 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʨʠʨʦʜʦʡ Dy3+. 
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ʈʠʩ. 42. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ɢT ʩʦʝʜʠʥʝʥʠʡ 9Dy ʠ 10Dy ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

5000 ʕ. 

3.2.1.6. ʄʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʚ ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ ʢʦʤʧʣʝʢʩʦʚ 11Ln 

ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ 11Ln ({[ Ln(H2O)2][Co(CN)6]Ā2H2O} n, Ln = Dy, Er, Yb) ʚ 

ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ ʦʙʫʩʣʦʚʣʝʥʳ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʧʨʠʨʦʜʦʡ ʤʘʛʥʠʪʥʦ 

ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʠʦʥʦʚ Ln3+. ʊʘʢʦʡ ʚʳʚʦʜ ʧʦʟʚʦʣʷʶʪ ʩʜʝʣʘʪʴ ʙʦʣʴʰʠʝ (7.3-8.15 ¡) ʨʘʩʩʪʦʷʥʠʷ 

LnéLn, ʜʠʘʤʘʛʥʝʪʠʟʤ ʩʚʷʟʫʶʱʠʭ ʛʨʫʧʧ [Co(CN)6]
3ï ʠ ʙʣʠʟʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ 

ɢT(300 ʂ) ʢ ʪʝʦʨʝʪʠʯʝʩʢʠʤ (ʈʠʩ. 43). 

 

ʊʘʙʣʠʮʘ 7. ɿʥʘʯʝʥʠʷ ɢT ʢʦʤʧʣʝʢʩʦʚ 11Ln ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʝ 

ʟʥʘʯʝʥʠʷ ɢT ʜʣʷ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʠʦʥʦʚ Ln3+. 

ʂʦʤʧʣʝʢʩ 
ɢT(300 K) ɢT(ʪʝʦʨ.) [1] ɢT(2 K) 

ʩʤ3K/ʤʦʣʴ 

11Dy 15.31 14.17 7.89 

11Er 12.00 11.48 5.97 

11Yb 2.57 2.57 1.20 

 
ɼʣʷ ʢʦʤʧʣʝʢʩʦʚ 11Ln ʟʘʚʠʩʠʤʦʩʪʠ ɢT ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

5000 ʕ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ Ln3+. ɿʥʘʯʝʥʠʷ ɢT(300 K) 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʪʘʢʦʚʳʤʠ ʜʣʷ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ Ln3+ [1]. ɺ ʩʣʫʯʘʝ 

ʢʦʤʧʣʝʢʩʦʚ 11Dy-11Er ʟʥʘʯʝʥʠʷ ɢT ʦʩʪʘʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʩʪʦʷʥʥʳʤʠ ʚʧʣʦʪʴ ʜʦ å100 ʂ 

(11Er) ʠ å60 ʂ (11Dy). ɼʘʣʴʥʝʡʰʝʝ ʧʦʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 

ʕ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʩʥʠʞʝʥʠʶ ɢT ʜʦ ʤʠʥʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʧʨʠ 2 ʂ (ʪʘʙʣ. 7). 

ɼʣʷ 11Yb ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʪʝʧʝʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ɢT ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ 300-2 ʂ, ʧʨʠʚʦʜʷʱʝʝ ʢ 

ʤʠʥʠʤʘʣʴʥʦʤʫ ʟʥʘʯʝʥʠʶ ʧʨʠ 2 ʂ. ʉʥʠʞʝʥʠʝ ɢT, ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ 

ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʟʘʩʝʣʝʥʥʦʩʪʠ MJ-ʫʨʦʚʥʝʡ, ʨʘʩʱʝʧʣʝʥʥʳʭ 



 71 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʧʦʣʝʤ ʠ/ʠʣʠ ʵʬʬʝʢʪ ɿʝʝʤʘʥʘ, ʚʳʟʚʘʥʥʳʡ ʧʨʠʣʦʞʝʥʥʳʤ ʧʦʩʪʦʷʥʥʳʤ 

ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ 5000 ʕ [161-163]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʯʠʪʳʚʘʷ ʜʠʘʤʘʛʥʝʪʠʟʤ ʬʨʘʛʤʝʥʪʦʚ 

[Co(CN)6]
3ï, ʦʙʨʘʟʦʚʘʥʥʳʭ ʥʠʟʢʦʩʧʠʥʦʚʳʤ Co3+ ʠ ʙʦʣʴʰʠʤʠ ʨʘʩʩʪʦʷʥʠʷʤʠ LnéLn, ʤʦʞʥʦ 

ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʨʝʰʘʶʱʝʤ ʚʣʠʷʥʠʠ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʠʦʥʦʚ Ln3+ ʥʘ ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʚ 

ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʜʣʷ 11Ln. 
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ʈʠʩ. 43. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ɢT ʩʦʝʜʠʥʝʥʠʡ 11Ln ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 5000 ʕ. 

 

3.2.2. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʚ ʧʝʨʝʤʝʥʥʦʤ ʧʦʣʝ 

ʉ ʮʝʣʴʶ ʫʩʪʘʥʦʚʣʝʥʠʷ ʥʘʣʠʯʠʷ/ʦʪʩʫʪʩʪʚʠʷ ʫ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʤʝʜʣʝʥʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʚ ʜʠʥʘʤʠʯʝʩʢʦʤ 

ʨʝʞʠʤʝ, ʪ.ʝ. ʚ ʧʝʨʝʤʝʥʥʳʭ ʧʦʣʷʭ ʩ ʨʘʟʣʠʯʥʦʡ ʘʤʧʣʠʪʫʜʦʡ ʤʦʜʫʣʷʮʠʠ ʦʪ 1 ʜʦ 5 ʕ. ʇʨʦʚʦʜʠʣʠ 

ʠʟʤʝʨʝʥʠʷ ʚ ʥʫʣʝʚʦʤ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʜʣʷ ʚʳʷʚʣʝʥʠʷ ʩʨʝʜʠ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

SMM. ɼʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ ʚ ʥʫʣʝʚʦʤ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ 

ʩʠʛʥʘʣʦʚ ʥʘ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʷʭ ɢ'', ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʪʩʫʪʩʪʚʠʶ ʤʝʜʣʝʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʊʘʢʞʝ ʧʨʦʚʦʜʠʣʠ ʠʟʤʝʨʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚ 

ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ ʜʦ 5000 ʕ ʜʣʷ ʩʥʠʞʝʥʠʷ ʚʝʨʦʷʪʥʦʩʪʠ ʂʊʅ ʠ 

ʚʳʷʚʣʝʥʠʷ ʤʘʛʥʠʪʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ SMM (ʈʠʩ. ʇ11-ʇ33). ʆʧʪʠʤʘʣʴʥʦʝ ʧʦʩʪʦʷʥʥʦʝ 

ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʦʧʨʝʜʝʣʷʣʠ ʢʘʢ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʥʘʙʣʶʜʘʣʦʩʴ ʥʘʠʤʝʥʴʰʝʝ ʟʥʘʯʝʥʠʝ 

ʯʘʩʪʦʪʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʧʦʣʦʞʝʥʠʶ ʤʘʢʩʠʤʫʤʘ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ ɢ''(ɜ). ʂʘʢ ʠʟʚʝʩʪʥʦ, 

ʧʨʠʣʦʞʝʥʠʝ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʫʤʝʥʴʰʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʢʚʘʥʪʦʚʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ, ʯʪʦ 

ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʫʤʝʥʴʰʝʥʠʶ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ. ʇʦʩʣʝ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦʛʦ 

ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʦʣʫʯʘʣʠ ʠʟʦʪʝʨʤʳ ɢ''(ɜ) ʚ ʦʧʪʠʤʘʣʴʥʦʤ ʧʦʣʝ (ʈʠʩ. ʇ34-ʇ47) ʠ 

ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʣʠ ʧʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʸʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ, ʧʦ 

ʨʝʟʫʣʴʪʘʪʘʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ Ű(1/ʊ). 

3.2.2.1.ʄʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʢʦʤʧʣʝʢʩʦʚ 1Ln ʠ 12Ln ʚ ʧʝʨʝʤʝʥʥʦʤ ʧʦʣʝ 

ʆʧʪʠʤʘʣʴʥʘʷ ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʣʷ ʢʦʤʧʣʝʢʩʘ 12Dy ʩʦʩʪʘʚʣʷʝʪ 1500 ʕ, 

ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ 1Dy, 1Er, 1Yb, 12Er  ʠ 12Yb ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʟʥʘʯʝʥʠʝ ʩʦʩʪʘʚʣʷʝʪ 1000 
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ʕ. ʇʨʠ ʦʧʪʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʜʠʘʧʘʟʦʥʘʭ. ɼʣʷ ʢʦʤʧʣʝʢʩʘ 1Dy, ʚ 

ʦʪʣʠʯʠʝ ʦʪ ʜʨʫʛʠʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ʟʘʚʠʩʠʤʦʩʪʠ ɢ''(ɜ) ʩ ʨʦʩʪʦʤ 

ʪʝʤʧʝʨʘʪʫʨʳ. ʊʘʢʦʡ ʵʬʬʝʢʪ ʤʦʞʝʪ ʠʤʝʪʴ ʤʝʩʪʦ ʚʩʣʝʜʩʪʚʠʝ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʧʦʚʝʜʝʥʠʷ, 

ʦʙʫʩʣʦʚʣʝʥʥʦʛʦ ʩʣʘʙʳʤʠ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʳʤʠ ʠʣʠ ʦʙʤʝʥʥʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ ʤʝʞʜʫ ʠʦʥʘʤʠ 

Ln3+.  
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ʈʠʩ. 44 ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 1Dy ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 2 K (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 45 ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 1Er ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 2 K (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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 ʈʠʩ. 

46 ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 1Yb ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 2 K (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 47 ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 12Dy ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 2 K (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 48 ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 12Er  ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 2 K (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 49 ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 12Yb ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 2 K (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 50. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ (ʚʝʨʭ) ʠ ʤʥʠʤʦʡ (ʥʠʟ) ʩʦʩʪʘʚʣʷʶʱʠʭ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚ ʧʝʨʝʤʝʥʥʦʤ ʧʦʣʝ ʢʦʤʧʣʝʢʩʘ 1Dy ʚ ʜʠʘʧʘʟʦʥʝ 2ï4 ʂ, ʚ ʦʧʪʠʤʘʣʴʥʦʤ 

ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 1000 ʕ. ʉʧʣʦʰʥʳʝ ʣʠʥʠʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʴʶ ɼʝʙʘʷ. 
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ʈʠʩ. 51. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ (ʚʝʨʭ) ʠ ʤʥʠʤʦʡ (ʥʠʟ) ʩʦʩʪʘʚʣʷʶʱʠʭ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚ ʧʝʨʝʤʝʥʥʦʤ ʧʦʣʝ ʢʦʤʧʣʝʢʩʘ 12Dy ʚ ʜʠʘʧʘʟʦʥʝ 4ï7 ʂ, ʚ ʦʧʪʠʤʘʣʴʥʦʤ 

ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 1500 ʕ. ʉʧʣʦʰʥʳʝ ʣʠʥʠʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʴʶ ɼʝʙʘʷ. 
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ʈʠʩ. 52. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ (ʚʝʨʭ) ʠ ʤʥʠʤʦʡ (ʥʠʟ) ʩʦʩʪʘʚʣʷʶʱʠʭ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚ ʧʝʨʝʤʝʥʥʦʤ ʧʦʣʝ ʢʦʤʧʣʝʢʩʘ 1Er ʚ ʜʠʘʧʘʟʦʥʝ 2.5ï5 ʂ, ʚ ʦʧʪʠʤʘʣʴʥʦʤ 

ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 1000 ʕ. ʉʧʣʦʰʥʳʝ ʣʠʥʠʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʴʶ ɼʝʙʘʷ. 
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ʈʠʩ. 53. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ (ʚʝʨʭ) ʠ ʤʥʠʤʦʡ (ʥʠʟ) ʩʦʩʪʘʚʣʷʶʱʠʭ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚ ʧʝʨʝʤʝʥʥʦʤ ʧʦʣʝ ʢʦʤʧʣʝʢʩʘ 12Er ʚ ʜʠʘʧʘʟʦʥʝ 2ï4 ʂ, ʚ ʦʧʪʠʤʘʣʴʥʦʤ 

ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 1000 ʕ. ʉʧʣʦʰʥʳʝ ʣʠʥʠʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʴʶ ɼʝʙʘʷ. 
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ʈʠʩ. 54. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ (ʚʝʨʭ) ʠ ʤʥʠʤʦʡ (ʥʠʟ) ʩʦʩʪʘʚʣʷʶʱʠʭ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚ ʧʝʨʝʤʝʥʥʦʤ ʧʦʣʝ ʢʦʤʧʣʝʢʩʘ 1Yb ʚ ʜʠʘʧʘʟʦʥʝ 4.5ï9 ʂ, ʚ ʦʧʪʠʤʘʣʴʥʦʤ 

ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 1000 ʕ. ʉʧʣʦʰʥʳʝ ʣʠʥʠʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʴʶ ɼʝʙʘʷ. 
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ʈʠʩ. 55. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ (ʚʝʨʭ) ʠ ʤʥʠʤʦʡ (ʥʠʟ) ʩʦʩʪʘʚʣʷʶʱʠʭ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚ ʧʝʨʝʤʝʥʥʦʤ ʧʦʣʝ ʢʦʤʧʣʝʢʩʘ 12Yb ʚ ʜʠʘʧʘʟʦʥʝ 2.5ï6.5 ʂ, ʚ ʦʧʪʠʤʘʣʴʥʦʤ 

ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 1000 ʕ. ʉʧʣʦʰʥʳʝ ʣʠʥʠʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʴʶ ɼʝʙʘʷ. 

 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ 1Dy, 1Yb ʠ 12Yb 

ʟʘʚʠʩʠʤʦʩʪʠ Ű(1/T), ʧʨʠʚʝʜʝʥʥʳʝ ʥʘ ʨʠʩ. 56, ʙʳʣʠ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʷ, 

ʦʧʠʩʳʚʘʶʱʝʛʦ ʨʝʣʘʢʩʘʮʠʶ ʈʘʤʘʥʘ (ʊʘʙʣ. 8). ʇʨʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ Ű(1/T) ʢʦʤʧʣʝʢʩʘ 1Dy ʩʫʤʤʦʡ ʤʝʭʘʥʠʟʤʦʚ ʈʘʤʘʥʘ ʠ ʧʨʷʤʦʛʦ ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ 

ʧʦʣʫʯʝʥʦ ʭʦʨʦʰʝʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. 

ɸʥʘʣʦʛʠʯʥʦ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ 1Er, 12Dy ʠ 12Er  ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʧʫʪʝʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʫʤʤʳ ʤʝʭʘʥʠʟʤʦʚ ʆʨʙʘʭʘ ʠ ʧʨʷʤʦʛʦ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʥʘʙʦʨʦʚ ʤʝʭʘʥʠʟʤʦʚ, ʦʪʣʠʯʥʳʭ ʦʪ ʫʢʘʟʘʥʥʳʭ, ʧʨʠʚʦʜʠʣʦ ʢ 

ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʤʫ ʩʦʚʧʘʜʝʥʠʶ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ/ʠʣʠ 

ʧʝʨʝʧʘʨʘʤʝʪʨʠʟʘʮʠʠ. 
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ʈʠʩ. 56. ɻʨʘʬʠʢʠ ʟʘʚʠʩʠʤʦʩʪʝʡ Ű(1/T) ʜʣʷ 1Ln (ʘ), 12Ln (ʙ) ʚ ʦʧʪʠʤʘʣʴʥʦʤ ʧʦʩʪʦʷʥʥʦʤ 

ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ʉʠʥʠʝ ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʥʘʠʣʫʯʰʫʶ ʘʧʧʨʦʢʩʠʤʘʮʠʶ 

ʫʨʘʚʥʝʥʠʝʤ ɸʨʨʝʥʠʫʩʘ (ʤʝʭʘʥʠʟʤ ʆʨʙʘʭʘ) ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ɿʝʣʝʥʳʝ ʣʠʥʠʠ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʥʘʠʣʫʯʰʝʝ ʧʨʠʙʣʠʞʝʥʠʝ ʧʦ ʤʝʭʘʥʠʟʤʫ ʈʘʤʘʥʘ (ʜʣʷ 1Yb ʠ 12Yb). ʂʨʘʩʥʳʝ ʣʠʥʠʠ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʥʘʠʣʫʯʰʝʝ ʧʨʠʙʣʠʞʝʥʠʝ ʧʦ ʩʫʤʤʝ ʤʝʭʘʥʠʟʤʦʚ ʆʨʙʘʭʘ ʠ ʧʨʷʤʦʛʦ (ʜʣʷ 1Er, 12Dy 

ʠ 12Er). ʈʦʟʦʚʘʷ ʣʠʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʥʘʠʣʫʯʰʝʝ ʧʨʠʙʣʠʞʝʥʠʝ ʧʦ ʩʫʤʤʝ ʤʝʭʘʥʠʟʤʦʚ ʆʨʙʘʭʘ ʠ 

ʈʘʤʘʥʘ (ʜʣʷ 1Dy). 

ʊʘʙʣʠʮʘ 8. ʈʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʢʦʤʧʣʝʢʩʦʚ 1Ln ʠ 12Ln  ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ Ű(1/T).  

ʂʦʤʧʣʝʢʩ 1Dy 1Er 1Yb 12Dy 12Er 12Yb 

ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʕ 1000 1000 1000 1500 1000 1000 

 T, ʂ 3.5-4 4.5-5.5 8-9 6-7 3-4 5.5-6.5 

ʆʨʙʘʭ ȹeff/kB, ʂ 31 40 78 52 30 29 

 Ű0, ʩ 1.4Ĭ10ï8 5Ĭ10ï9 3.2Ĭ10ï9 1.8Ĭ10ï8 6.1Ĭ10ī10 2.9Ĭ10ī7 

 T, ʂ 2-4 2.5-5.5 4.5-9 4-7 2-4 3.5-6.5 

ʈʘʤʘʥ 

C, ʂïn_RamanĿʩï1 879 - 0.001 - - 3.0 

nRaman 1.1 - 7.9 - - 5.2 

ʇʨʷʤʦʡ 

Adirect, 

ʂī1ʕīn_directʩī1 
 4.7Ĭ10ï11 - 1.1Ĭ10ï11 3.9Ĭ10ï10 - 

ndirect  4 - 4 4 - 

ʆʨʙʘʭ 
ȹeff/kB, ʂ 47 35 - 46 32 - 

Ű0, ʩ 2.9Ĭ10ï10 1.3Ĭ10ï8 - 4.3Ĭ10ï8 2.8Ĭ10ī10 - 

 

3.2.2.2. ʄʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʢʦʤʧʣʝʢʩʦʚ 2Ln ʚ ʧʝʨʝʤʝʥʥʦʤ ʧʦʣʝ 

ɼʣʷ ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʦʪʢʣʦʥʝʥʠʷ ʥʘ ʟʘʚʠʩʠʤʦʩʪʷʭ ɢ''(ɜ) ʦʪ ʥʫʣʝʚʳʭ ʟʥʘʯʝʥʠʡ 

ʦʢʘʟʳʚʘʶʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʝʪʦʤʝʪʨʘ ʠʣʠ ʤʘʢʩʠʤʫʤʳ ʚʳʭʦʜʷʪ ʟʘ 

ʧʨʝʜʝʣʳ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʧʨʠʙʦʨʘ. ʉ ʮʝʣʴʶ ʫʤʝʥʴʰʝʥʠʷ ʚʦʟʤʦʞʥʦʛʦ ʚʣʠʷʥʠʷ ʧʨʦʮʝʩʩʘ 

ʢʚʘʥʪʦʚʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ (ʂʊʅ), ʩʧʦʩʦʙʥʦʛʦ ʫʚʝʣʠʯʠʚʘʪʴ ʩʢʦʨʦʩʪʴ 

ʨʝʣʘʢʩʘʮʠʠ, ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ɢ''(ɜ) ʚʦ ʚʥʝʰʥʠʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʨʘʟʣʠʯʥʦʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ: 

0, 500 ʕ, 1000 ʕ, 1500 ʕ, 2500 ʕ, 5000 ʕ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ 2Dy-2Yb 

([Dy(Bpy)(H2O)6]Ŀ0.5BpyĿ2H2OĿ3Cl, [Er(Bpy)2(H2O)3Cl]Ŀ2H2OĿ2Cl 

[Yb(Bpy)(H2O)6]Ŀ0.5BpyĿ2H2OĿ3Cl) (ʈʠʩ. ʇ11ïʇ13). ʇʨʠʣʦʞʝʥʠʝ ʥʝʥʫʣʝʚʳʭ ʚʥʝʰʥʠʭ 

ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʧʦʟʚʦʣʠʣʦ ʦʙʥʘʨʫʞʠʪʴ ʤʝʜʣʝʥʥʫʶ ʤʘʛʥʠʪʥʫʶ ʨʝʣʘʢʩʘʮʠʶ ʜʣʷ 

ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʆʧʪʠʤʘʣʴʥʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʥʘʠʙʦʣʴʰʠʤ 

ʟʥʘʯʝʥʠʷʤ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ, ʷʚʣʷʝʪʩʷ 1000 ʕ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ 2Dy-2Yb. (ʈʠʩ. ʇ11ïʇ13). ɹʳʣʠ 

ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ (ʈʠʩ. ʇ34) ʠ ʤʥʠʤʦʡ (ʈʠʩ. ʇ35) ʢʦʤʧʦʥʝʥʪ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʪ ʯʘʩʪʦʪʳ ʚ ʨʘʟʣʠʯʥʳʭ ʜʠʘʧʘʟʦʥʘʭ ʪʝʤʧʝʨʘʪʫʨ ʚ ʦʧʪʠʤʘʣʴʥʦʤ ʤʘʛʥʠʪʥʦʤ 

ʧʦʣʝ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʠʟʦʪʝʨʤ ɢ''(ɜ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ 
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ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ Ű(1/ʊ) (ʈʠʩ. 13). ɼʣʷ 

ʩʦʝʜʠʥʝʥʠʷ 2Dy ʥʘ ʟʘʚʠʩʠʤʦʩʪʷʭ ɢ''(ɜ) ʥʘʙʣʶʜʘʝʪʩʷ ʜʚʘ ʤʘʢʩʠʤʫʤʘ (ʈʠʩ. ʇ35ʘ), ʦʜʠʥ ʠʟ ʢʦʪʦʨʳʭ 

ʧʨʠ 5 ʂ ʦʢʘʟʳʚʘʝʪʩʷ ʟʘ ʧʨʘʚʦʡ ʛʨʘʥʠʮʝʡ ʯʘʩʪʦʪʥʦʛʦ ʜʠʘʧʘʟʦʥ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ 

(ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʡ ʤʘʢʩʠʤʫʤ), ʪʦʛʜʘ ʢʘʢ ʚʪʦʨʦʡ, ʤʝʥʝʝ ʠʥʪʝʥʩʠʚʥʳʡ, ʤʦʞʝʪ ʙʳʪʴ 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥ ʚʧʣʦʪʴ ʜʦ 7 ʂ (ʥʠʟʢʦʯʘʩʪʦʪʥʳʡ ʤʘʢʩʠʤʫʤ). 

10 100 1000 10000
0.0

0.5

1.0

1.5

2.0

2.5

3.0

 

 

 

 H=0

 H=1000

 H=1250

 H=2500

 H=5000

T=2K

c
', 
ʩ
ʤ3
/
ʤ
ʦ
ʣ
ʴ

n, ɻʮ (ʘ)
10 100 1000 10000

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 

 

 

T=2K

 H=0

 H=1000

 H=1250

 H=2500

 H=5000

c
', 
ʩ
ʤ3
/
ʤ
ʦ
ʣ
ʴ

n, ɻʮ (ʙ) 

ʈʠʩ. 57. ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʙʨʘʟʮʘ ʢʦʤʧʣʝʢʩʘ 2Dy ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, T = 2 K (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 58. ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʙʨʘʟʮʘ ʢʦʤʧʣʝʢʩʘ 2Er ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, T = 2 K (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 59. ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʙʨʘʟʮʘ ʢʦʤʧʣʝʢʩʘ 2Yb ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, T = 2 K (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 

ʅʘʣʠʯʠʝ ʜʚʫʭ ʤʘʢʩʠʤʫʤʦʚ ʥʘ ʟʘʚʠʩʠʤʦʩʪʷʭ ʤʥʠʤʦʡ ʢʦʤʧʦʥʝʥʪʳ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʪ ʯʘʩʪʦʪʳ ʨʘʥʝʝ ʦʧʠʩʘʥʦ ʜʣʷ ʤʦʥʦʷʜʝʨʥʳʭ SMM [103,164-168]. 

ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʚʪʦʨʦʛʦ ʤʘʢʩʠʤʫʤʘ ʥʘ ɢ''(ɜ) ʚʦʟʤʦʞʥʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʥʫʪʨʠ ʠʣʠ 

ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʠʦʥʘʤʠ ʣʘʥʪʘʥʠʜʦʚ [169]. ʆʜʥʘʢʦ ʤʠʥʠʤʘʣʴʥʦʝ 

ʨʘʩʩʪʦʷʥʠʝ DyïDy = 6.78 ¡, ʯʪʦ ʫʤʝʥʴʰʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʥʘʣʠʯʠʷ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʀʩʭʦʜʷ ʠʟ ʚʳʰʝʩʢʘʟʘʥʥʦʛʦ, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʥʘʣʠʯʠʝ ʜʚʫʭ ʤʘʢʩʠʤʫʤʦʚ, 

ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʝʤ ʠʦʥʘ ʚʦʜʦʨʦʜʘ ʚ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʡ ʤʦʣʝʢʫʣʝ ʚʦʜʳ, ʢʘʢ ʠ 

ʚ ʨʘʥʝʝ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʙʝʥʭʨʦʪʨʝʥʢʘʨʙʦʥʦʚʦʡ ʢʠʩʣʦʪʳ [44]. ɽʱʝ ʦʜʥʦʡ ʚʦʟʤʦʞʥʦʡ 

ʚʝʨʩʠʝʡ ʤʦʞʝʪ ʙʳʪʴ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʚʪʦʨʦʛʦ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʤʘʢʩʠʤʫʤʘ ʚʩʣʝʜʩʪʚʠʝ ʤʘʛʥʠʪʥʦʛʦ 

ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ [170].  
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ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (a, ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ, ʣʠʥʠʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ) ʢʦʤʧʦʥʝʥʪ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 2Dy ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 2-7 ʂ ʚ 

ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ 1000 ʕ.  
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ʈʠʩ. 61. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (a, ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ) ʠ ʤʥʠʤʦʡ ɢ'' 

(ʙ, ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ) 
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ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 2Er ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ 

ʠʥʪʝʨʚʘʣʝ 2-3 ʂ ʚ ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ 1000 ʕ.  
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ʈʠʩ. 62. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (a, ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ) ʠ ʤʥʠʤʦʡ ɢ'' 

(ʙ, ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ) 

ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 2Yb ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ 

ʠʥʪʝʨʚʘʣʝ 3-7 ʂ ʚ ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ 1000 ʕ.  

ʈʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʜʣʷ ʦʙʦʠʭ ʥʘʙʣʶʜʘʝʤʳʭ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ 

ʧʨʦʮʝʩʩʦʚ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʧʨʦʚʦʜʠʣʠ ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʫʯʘʩʪʢʦʚ (ʪʘʙʣ. 9) ʟʘʚʠʩʠʤʦʩʪʝʡ Ű(1/ʊ) 

ʫʨʘʚʥʝʥʠʝʤ ʆʨʙʘʭʘ (ʋʨʘʚʥʝʥʠʝ 4). ʆʧʪʠʤʘʣʴʥʦʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʜʠʘʧʘʟʦʥʦʚ ʪʝʤʧʝʨʘʪʫʨ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʘʙʦʨʦʚ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ 2Dyï1Yb, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʪʘʙʣ. 9. ɼʣʷ 

ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʧʨʦʷʚʣʷʶʱʠʭ ʤʝʜʣʝʥʥʫʶ ʤʘʛʥʠʪʥʫʶ ʨʝʣʘʢʩʘʮʠʶ, ʥʘ 

ʟʘʚʠʩʠʤʦʩʪʷʭ Ű(1/ʊ) ʥʘʙʣʶʜʘʝʪʩʷ ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʣʠʥʝʡʥʦʩʪʠ (pʠʩ. 63). ɺʠʜʠʤʦ, ʚ ʨʝʣʘʢʩʘʮʠʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʪʘʢʞʝ ʫʯʘʩʪʚʫʶʪ ʜʨʫʛʠʝ ʤʝʭʘʥʠʟʤʳ, ʦʧʨʝʜʝʣʠʚ ʢʦʪʦʨʳʝ, ʤʳ ʤʦʞʝʤ ʧʦʣʫʯʠʪʴ 

ʧʦʣʥʦʝ ʨʝʣʘʢʩʘʮʠʦʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʢʦʤʧʣʝʢʩʦʚ. ʅʘʠʣʫʯʰʘʷ ʘʧʧʨʦʢʩʠʤʘʮʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ Ű(1/ʊ) ʜʣʷ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ 2Dy (ʥʠʟʢʦʯʘʩʪʦʪʥʳʡ ʤʘʢʩʠʤʫʤ) 

ʠ 2Yb, ʧʨʦʷʚʣʷʶʱʠʭ ʤʝʜʣʝʥʥʫʶ ʤʘʛʥʠʪʥʫʶ ʨʝʣʘʢʩʘʮʠʶ, ʙʳʣʘ ʜʦʩʪʠʛʥʫʪʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʩʫʤʤʳ ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ ʆʨʙʘʭʘ ʠ ʈʘʤʘʥʘ. ʇʨʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʚʩʝʛʦ ʦʙʲʝʤʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʤʘʢʩʠʤʫʤʘ ʢʦʤʧʣʝʢʩʦʚ 2Dy ʠ 2Er 

ʦʧʪʠʤʘʣʴʥʦʡ ʷʚʣʷʝʪʩʷ ʩʫʤʤʘ ʧʨʦʮʝʩʩʦʚ ʨʝʣʘʢʩʘʮʠʠ ʈʘʤʘʥʘ ʠ ʂʊʅ. ʅʘʠʣʫʯʰʝʝ ʧʨʠʙʣʠʞʝʥʠʝ 

ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʜʣʷ ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 

ʥʘʡʜʝʥʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʪʘʙʣ. 9. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʨʫʛʠʭ ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ ʠ ʠʭ ʩʫʤʤ ʧʨʠʚʦʜʠʪ ʢ ʥʝʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʝʤʫ 

ʩʦʚʧʘʜʝʥʠʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʠ/ʠʣʠ ʠʟʙʳʪʦʯʥʦʡ 

ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʠʜʥʦ, ʯʪʦ ʩʦʝʜʠʥʝʥʠʷ 2Dy-1Yb 

ʧʨʦʷʚʣʷʶʪ ʤʝʜʣʝʥʥʫʶ ʤʘʛʥʠʪʥʫʶ ʨʝʣʘʢʩʘʮʠʶ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. 
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ʈʠʩ. 63. ɿʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʢʦʤʧʣʝʢʩʘ 2Dy (ʘ, ʧʦʣʳʝ ʢʚʘʜʨʘʪʳ ï ʥʠʟʢʦʯʘʩʪʦʪʥʳʡ 

ʤʘʢʩʠʤʫʤ, ʢʨʫʛʠ ï ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʡ ʤʘʢʩʠʤʫʤ), 2Er(ʙ), 2Yb(ʚ) ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 1000 ʕ ʦʪ 

ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ï ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʫʯʘʩʪʢʦʚ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʭʘʥʠʟʤʘ ʆʨʙʘʭʘ; ʂʨʘʩʥʳʝ ʣʠʥʠʠ ï ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʫʤʤʳ 

ʤʝʭʘʥʠʟʤʦʚ ʆʨʙʘʭʘ ʠ ʈʘʤʘʥʘ. ɿʝʣʝʥʳʝ ʣʠʥʠʠ - ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʫʤʤʳ 

ʤʝʭʘʥʠʟʤʦʚ ʈʘʤʘʥʘ ʠ ʂʊʅ. 

 

ʊʘʙʣʠʮʘ 9. ʈʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʢʦʤʧʣʝʢʩʦʚ 2Ln ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ Ű(1/T). 

ʄʝʭʘʥʠʟʤ ʂʦʤʧʣʝʢʩ 
2Dy 2Er 2Yb 

(ʚʳʩ. ʯʘʩʪ.) (ʥʠʟʢ. ʯʘʩʪ.) 

ʆʨʙʘʭ ɼʠʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨ, K 6-7 2.6-3 6-7 

ȹE/kB, K 45 54 20 43 

Ű0, ʩ 4.0Ĭ10ï10 1.5Ĭ10ï8 2.3Ĭ10ï8 1.7Ĭ10ï8 

ʆʨʙʘʭ

+ʈʘʤʘʥ 

ɼʠʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨ, K 2-7 2-3 3-7 

C, Kïn_RamanĿʩï1  0.18  8.6Ĭ10ï4 

nRaman 5.1 9.0 

ȹE/kB, K 60 31 

Ű0, ʩ 7.2Ĭ10ï9 7.0Ĭ10ï7 

ʈʘʤʘʥ+

ʂʊʅ 

ɼʠʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨ, K 2-7 2-3 3-7 

C, Kïn_RamanĿʩï1 7.0Ĭ10ï3  2.26  

nRaman 11 9 

Bʂʊʅ 412 4945 

 

3.2.2.3. ʄʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʚ ʧʝʨʝʤʝʥʥʦʤ ʧʦʣʝ ʢʦʤʧʣʝʢʩʦʚ 3Ln-7Ln 

ʀʦʥʳ ʣʘʥʪʘʥʠʜʦʚ ʚ ʢʦʤʧʣʝʢʩʘʭ 3Ln-7Ln (Ln = Er, Yb: 3Ln ([Ln(H2O)5(NCS)3]ĀH2O), 4Ln 

([Ln(Bpy)2(H2O)(NCS)3]Ŀ0.5BpyĿH2O), 5Ln ([Ln(Phen)2(H2O)(NCS)3]ĿPhenĿ0.5H2O), 6Ln 

([HBpy][Ln(Bpy)2(NCS)4]ĿH2O), 7Ln ([HPhen][Ln(Phen)2(NCS)4]) ʦʢʘʟʳʚʘʶʪʩʷ ʤʘʛʥʠʪʥʦ 

ʠʟʦʣʠʨʦʚʘʥʳ, ʘ ʟʥʘʯʝʥʠʷ ɢT(300 K) ʭʦʨʦʰʦ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʝʦʨʝʪʠʯʝʩʢʠʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ 

ʚʳʚʦʜ ʦ ʥʘʠʙʦʣʴʰʝʤ ʚʣʠʷʥʠʠ ʧʨʠʨʦʜʳ ʣʘʥʪʘʥʠʜʘ ʥʘ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʝʥʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʢʦʤʧʣʝʢʩʳ 3Ln-7Ln (Ln = Er, Yb) ʧʨʦʷʚʣʷʶʪ ʤʝʜʣʝʥʥʫʶ 

ʤʘʛʥʠʪʥʫʶ ʨʝʣʘʢʩʘʮʠʶ ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ɼʣʷ ʚʩʝʭ ʢʦʤʧʣʝʢʩʦʚ, ʢʨʦʤʝ 4Er, 5Er, 7Er 
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ʫʜʘʣʦʩʴ ʦʧʨʝʜʝʣʠʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ 

ʘʧʧʨʦʢʩʠʤʘʮʠʝʡ ʟʘʚʠʩʠʤʦʩʪʝʡ Ű(1/T) (ʈʠʩ. 14). 
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ʈʠʩ. 64. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 3Er ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 2 K (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 65. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 3Yb ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 3 ʂ (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 66. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 4Er ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 2 ʂ (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 67. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 4Yb ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 3.5 ʂ (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 68. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 5Er ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 2 ʂ (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 69. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 5Yb ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 2 ʂ (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 70. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 6Er ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 2 K. (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 71. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 6Yb ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 3.5 K. (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 72. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ'(ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 7Er ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 2 K. (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 73. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ'(ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 7Yb ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 2 K. (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 

 

ʊʘʙʣʠʮʘ 10. ʈʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʢʦʤʧʣʝʢʩʦʚ 3Ln-7Ln ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ Ű(1/T). 

ʄʝʭʘʥʠʟʤ ʂʦʤʧʣʝʢʩ 2Er 2Yb 4Yb 5Yb 6Er 6Yb 7Yb 

ʈʘʤʘʥ ɼʠʘʧʘʟʦʥ 

ʪʝʤʧʝʨʘʪʫʨ, 

K 

2-3 3.5-7 3.5-7 2-5 2-3.5 3.5-6.5 2-7 

C,  

Kïn_RamanĿʩï1 

2.54Ĭ10ï3  440 72.6 0.061 0.014 72.8 0.59 

nRaman 4.62 8.55 7.99 4.53 3.65 7.98 5.16 

ʆʨʙʘʭ ɼʠʘʧʘʟʦʥ 

ʪʝʤʧʝʨʘʪʫʨ, 

K 

2.8-3 5-7 6-7 4-5 2.5-3.5 5.5ï6.5 6-7 

ȹeff/kB, K 14 50 47 22 35 44 37 

Ű0, ʩ 1.5Ĭ10ï

7 

2.3Ĭ10ï8 1.7Ĭ10ï8 4.5Ĭ10ï7 2.0Ĭ10ï9 2.9Ĭ10ï8 8.4Ĭ10ï8 

 

ɼʣʷ ʢʦʤʧʣʝʢʩʦʚ 3Yb-7Yb, ʘ ʪʘʢʞʝ ʜʣʷ 3Er ʠ 6Er ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʜʘʥʥʳʝ ʚʦ ʚʩʝʤ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʙʳʣʠ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʤʝʭʘʥʠʟʤʘ ʨʝʣʘʢʩʘʮʠʠ ʈʘʤʘʥʘ (Űï

1
Raman = CRamanĿT

n_Raman). ʇʦʣʫʯʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 10. 
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ʈʠʩ. 74. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (a) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ, ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 3Er ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 2-3 ʂ ʚ ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ 

1000 ʕ.  
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ʈʠʩ. 75. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (a, ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ) ʠ ʤʥʠʤʦʡ ɢ'' 

(ʙ, ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ) 

ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 3Yb ʤʝʞʜʫ 3.5 ʠ 7 ʂ ʜʣʷ ʚ 

ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ 2500 ʕ.  
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ʈʠʩ. 76. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (a) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ, ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 4Yb ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 3.5-7 ʂ ʜʣʷ ʚ 

ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ 1000 ʕ.  
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ʈʠʩ. 77. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (a) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ, ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 5Yb ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 2-5 ʂ ʚ ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ 

1000 ʕ.  
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ʈʠʩ. 78. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (a) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ, ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 6Er ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 2-3.5 ʂ ʚ ʧʦʩʪʦʷʥʥʦʤ 

ʧʦʣʝ 1000 ʕ.  
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ʈʠʩ. 79. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (a, ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ) ʠ ʤʥʠʤʦʡ ɢ'' 

(ʙ, ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ) 

ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 6Yb ʤʝʞʜʫ 3.5 ʠ 6.5 ʂ ʚ 

ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ 1000 ʕ.  
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ʈʠʩ. 80. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (a, ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ) ʠ ʤʥʠʤʦʡ ɢ'' 

(ʙ, ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ) 

ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 7Yb ʤʝʞʜʫ 2 ʠ 7 ʂ ʚ 

ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ 1000 ʕ.  

 

ɼʣʷ ʩʦʝʜʠʥʝʥʠʡ 3Er, 5Yb, 7Yb ʟʥʘʯʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʵʢʩʧʦʥʝʥʪʳ ʈʘʤʘʥʘ ʧʨʘʢʪʠʯʝʩʢʠ 

ʨʘʚʥʳ ʪʘʢʦʚʳʤ ʜʣʷ ʩʠʩʪʝʤ ʩ ʥʠʟʢʦʣʝʞʘʱʠʤʠ ʪʝʨʤʠʯʝʩʢʠ ʟʘʩʝʣʝʥʥʳʤʠ ʚʦʟʙʫʞʜʝʥʥʳʤʠ 

ʩʦʩʪʦʷʥʠʷʤʠ (nRaman = 5). ɼʣʷ 4Yb ʠ 6Yb ʟʥʘʯʝʥʠʷ nRaman ʩʦʩʪʘʚʣʷʶʪ ʦʢʦʣʦ 8, ʯʪʦ ʥʘʭʦʜʠʪʩʷ ʤʝʞʜʫ 

ʟʥʘʯʝʥʠʷʤʠ, ʭʘʨʘʢʪʝʨʥʳʤʠ ʜʣʷ ʥʝʢʨʘʤʝʨʩʦʚʳʭ (nRaman = 7) ʠ ʢʨʘʤʝʨʩʦʚʳʭ (nRaman = 9) ʠʦʥʦʚ. 

ɿʥʘʯʝʥʠʝ nRaman = 8 ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʚʦʟʤʫʱʝʥʠʷʤʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʣʠʛʘʥʜʦʚ, ʘ ʪʘʢʞʝ ʚʩʣʝʜʩʪʚʠʝ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʦʥʦʨʥʳʭ ʮʝʥʪʨʦʚ. ɼʣʷ ʩʦʝʜʠʥʝʥʠʷ 

3Yb ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ nRaman ʙʣʠʟʢʦ ʢ ʦʞʠʜʘʝʤʦʤʫ ʟʥʘʯʝʥʠʶ 9 ʜʣʷ ʩʠʩʪʝʤ ʂʨʘʤʝʨʩʘ. 

ɼʣʷ ʢʦʤʧʣʝʢʩʦʚ 6Er ʠ 7Yb ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʪʦʣʴʢʦ ʨʘʤʘʥʦʚʩʢʦʛʦ ʤʝʭʘʥʠʟʤʘ ʧʨʠʚʦʜʠʪ ʢ ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ. ɼʣʷ 6Er 

ʥʘʠʣʫʯʰʝʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʦʩʪʠʛʘʝʪʩʷ, ʢʦʛʜʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʫʤʤʘ 

ʤʝʭʘʥʠʟʤʦʚ ʆʨʙʘʭʘ ʠ ʧʨʷʤʦʛʦ (Űdirect
ī1 = AdirectH

4T) ʩʦ ʩʣʝʜʫʶʱʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ: ȹeff/kB = 35 K, 

Ű0 = 1.9Ĭ10
ï9 ʩ; Adirect = 4.5Ĭ10

ï10 ʕï4Kï1ʩï1. ɺ ʩʣʫʯʘʝ 6Yb ʫʯʝʪ ʤʝʭʘʥʠʟʤʘ ʂʊʅ ʚ ʜʦʧʦʣʥʝʥʠʝ ʢ 

ʨʘʤʘʥʦʚʩʢʦʤʫ (ʢʨʘʩʥʘʷ ʣʠʥʠʷ ʥʘ ʈʠʩ. 81) ʜʘʣ ʥʘʠʣʫʯʰʝʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩʦ ʩʣʝʜʫʶʱʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ: CRaman = 0.56 Kïn_Ramanʩï1, nRaman = 5.84, B = 31.3 ʩï1. 
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ʈʠʩ. 81. ɻʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ Ű ʦʪ 1/ʊ ʜʣʷ: ʘ) 3Yb ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 2500 ʕ, 6Yb ʠ 

7Yb ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 1000 ʕ; ʙ) 3Er ʠ 6Er ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 1000 ʕ; ʚ) 

4Yb ʠ 5Yb ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 1000 ʕ ʉʠʥʷʷ ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ - ʘʧʧʨʦʢʩʠʤʘʮʠʷ 



 90 

ʫʨʘʚʥʝʥʠʝʤ ɸʨʨʝʥʠʫʩʘ (ʤʝʭʘʥʠʟʤ ʆʨʙʘʭʘ). ɿʝʣʝʥʘʷ ʣʠʥʠʷ - ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʤʝʭʘʥʠʟʤʦʤ ʈʘʤʘʥʘ. 

ʂʨʘʩʥʘʷ ʣʠʥʠʷ - ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩʫʤʤʦʡ ʤʝʭʘʥʠʟʤʦʚ ʈʘʤʘʥʘ ʠ ʂʊʅ. ʈʦʟʦʚʘʷ ʣʠʥʠʷ - 

ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩʫʤʤʦʡ ʆʨʙʘʭʘ ʠ ʧʨʷʤʦʛʦ ʤʝʭʘʥʠʟʤʘ. 

3.2.2.4. ʄʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʚ ʧʝʨʝʤʝʥʥʦʤ ʧʦʣʝ ʢʦʤʧʣʝʢʩʦʚ 8Ln 

ɼʣʷ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 8Dy, 8Er ʠ 8Yb 

([Ln(Me4Phen)2(H2O)(NCS)3]ĿMe4PhenĿ0.75C2H5OH, Ln = Dy, Er, Yb) ʚ ʥʫʣʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

ʥʘ ʟʘʚʠʩʠʤʦʩʪʷʭ ʤʥʠʤʦʡ ʢʦʤʧʦʥʝʥʪʳ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ɢ''(ɜ) ʟʥʘʯʠʤʳʭ 

ʩʠʛʥʘʣʦʚ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ʆʧʪʠʤʘʣʴʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʥʘʠʙʦʣʴʰʠʤ ʟʥʘʯʝʥʠʷʤ ʚʨʝʤʝʥ ʨʝʣʘʢʩʘʮʠʠ, ʷʚʣʷʶʪʩʷ 1000 ʕ ʜʣʷ 8Dy ʠ 8Er 

ʠ 2500 ʕ ʜʣʷ ʢʦʤʧʣʝʢʩʘ 8Yb. ʈʝʟʫʣʴʪʘʪʦʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ɢ''(ɜ) ʚ 

ʦʧʪʠʤʘʣʴʥʦʤ ʧʦʣʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ, ʩʪʘʣʠ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ 

ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ Ű(1/ʊ) (ʈʠʩ. 15). ʉ ʮʝʣʴʶ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʜʣʷ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʨʦʚʦʜʠʣʠ ʘʧʧʨʦʢʩʠʤʘʮʠʶ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʫʯʘʩʪʢʦʚ ʟʘʚʠʩʠʤʦʩʪʝʡ Ű(1/ʊ) ʫʨʘʚʥʝʥʠʝʤ ɸʨʨʝʥʠʫʩʘ, ʜʘʥʥʳʝ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣ. 11.  
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ʈʠʩ. 82. ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʙʨʘʟʮʘ ʢʦʤʧʣʝʢʩʘ 8Dy ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, T = 2 K. (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 83. ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʩʣʝʚʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʩʧʨʘʚʘ) ʢʦʤʧʦʥʝʥʪ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʙʨʘʟʮʘ ʢʦʤʧʣʝʢʩʘ 8Er ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ 

ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, T = 2 K. (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 84. ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʩʣʝʚʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʩʧʨʘʚʘ) ʢʦʤʧʦʥʝʥʪ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʙʨʘʟʮʘ ʢʦʤʧʣʝʢʩʘ 8Yb ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ 

ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, T = 2 K. (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 

 

ʊʘʙʣʠʮʘ 11. ʈʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʢʦʤʧʣʝʢʩʦʚ 8Ln ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ Ű(1/T). 

ʂʦʤʧʣʝʢʩ 8Dy 8Er 8Yb 

ɼʠʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨ, K 4.5-5.5 2.9-3.1 5.5-6.5 

ʆʨʙʘʭ ȹeff/kB, K 28 15 30 

Ű0, c 1.7Ĭ10ï7 1.2Ĭ10ï7 1.7Ĭ10ï7 

ɼʠʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨ, K 2-5.5 2-3.1 2-6.5 

ʈʘʤʘʥ+ʂʊʅ 

 

C,  

Kïn_RamanĿʩï1 

4.13 149 1.47 

nRaman 5.3 5.1 5.7 

B, cï1 286 7930 1296 
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ʈʠʩ. 85. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (a, ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ) ʠ ʤʥʠʤʦʡ ɢ'' 

(ʙ, ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ) 

ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 8Dy ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ H = 1000 ʕ ʚ ʠʥʪʝʨʚʘʣʝ ʊ = 2ï5.5 ʂ. 
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ʈʠʩ. 86. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (a, ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ) ʠ ʤʥʠʤʦʡ ɢ'' 

(ʙ, ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ) 

ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 8Dy ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ H = 1000 ʕ ʚ ʠʥʪʝʨʚʘʣʝ ʊ = 2ï3.1 ʂ. 
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ʈʠʩ. 87. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (a, ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ) ʠ ʤʥʠʤʦʡ ɢ'' 

(ʙ, ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ) 

ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 8Dy ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ H = 2500 ʕ ʚ ʠʥʪʝʨʚʘʣʝ ʊ = 2ï6.5 ʂ. 

ʇʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʚʦʟʤʦʞʥʳʭ ʧʨʦʮʝʩʩʦʚ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʠʭ ʢʦʤʙʠʥʘʮʠʡ 

ʩʣʝʜʫʝʪ ʠʤʝʪʴ ʚ ʚʠʜʫ, ʯʪʦ ʤʝʭʘʥʠʟʤ ʨʝʣʘʢʩʘʮʠʠ ʆʨʙʘʭʘ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʥʝ ʚʥʦʩʠʪ ʚʢʣʘʜ ʚ 

ʨʝʣʘʢʩʘʮʠʶ, ʯʪʦ ʨʘʥʝʝ ʥʘʙʣʶʜʘʣʦʩʴ ʜʣʷ ʪʠʦʮʠʘʥʘʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ Er ʠ Yb [113]. ʅʘ ʵʪʫ ʤʳʩʣʴ 

ʥʘʚʦʜʠʪ ʩʨʘʚʥʝʥʠʝ ʚʝʣʠʯʠʥ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʙʘʨʴʝʨʦʚ ʠ Ű0. ɼʣʷ ʩʦʝʜʠʥʝʥʠʡ 8Dy ʠ 8Yb Ű0 å 10ï7 ʩ, 

ʧʨʠ ʪʦʤ, ʯʪʦ ʚʨʝʤʝʥʘ ʨʝʣʘʢʩʘʮʠʠ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʤʝʭʘʥʠʟʤʘ ʆʨʙʘʭʘ ʜʦʣʞʥʳ ʠʤʝʪʴ ʟʥʘʯʝʥʠʷ å 

10ï10 ï 10ï12 ʩ [52].  



 93 

ʅʘʠʣʫʯʰʝʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ ʧʨʠ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ Ű(1/ʊ) ʩʫʤʤʦʡ ʤʝʭʘʥʠʟʤʦʚ ʂʊʅ ʠ ʈʘʤʘʥʘ. ɺʝʣʠʯʠʥʳ nRaman ʜʣʷ 8Ln ʙʣʠʟʢʠ ʤʝʞʜʫ 

ʩʦʙʦʡ ʠ ʧʨʠʤʝʨʥʦ ʨʘʚʥʳ 5, ʯʪʦ ʤʦʞʝʪ ʫʢʘʟʳʚʘʪʴ ʥʘ ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʩʦʝʜʠʥʝʥʠʡ 8Ln ʢ ʩʠʩʪʝʤʘʤ 

ʩ ʥʠʟʢʦʣʝʞʘʱʠʤʠ ʪʝʨʤʠʯʝʩʢʠ ʟʘʩʝʣʝʥʥʳʤʠ ʚʦʟʙʫʞʜʝʥʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ [52].  
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ʈʠʩ. 88. ɿʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʢʦʤʧʣʝʢʩʦʚ 8Dy(ʘ), 8Er(ʙ), 8Yb(ʚ) ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ 

1000 ʕ (8Dy, 8Er) ʠ 2500 ʕ (8Yb) ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʉʠʥʠʝ ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ï 

ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʫʯʘʩʪʢʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʭʘʥʠʟʤʘ ʆʨʙʘʭʘ; ʂʨʘʩʥʳʝ 

ʣʠʥʠʠ ï ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʫʤʤʳ ʤʝʭʘʥʠʟʤʦʚ ʈʘʤʘʥʘ ʠ ʂʊʅ.  

3.2.2.5. ʄʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʚ ʧʝʨʝʤʝʥʥʦʤ ʧʦʣʝ ʢʦʤʧʣʝʢʩʦʚ 9Dy, 10Dy 

ʉ ʮʝʣʴʶ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥ ʨʝʣʘʢʩʘʮʠʠ ʚ ʦʧʪʠʤʘʣʴʥʦʤ ʧʦʣʝ 

ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚ ʠʥʪʝʨʚʘʣʘʭ ʪʝʤʧʝʨʘʪʫʨ 2ï

3.6 ʂ (ʈʠʩ. ʇ44) ʠ 2ï5 ʂ (ʈʠʩ. ʇ45) ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ 9Dy ([Dy(Tptz)2(NCS)3]ĿCH3CN) ʠ 10Dy 

([Dy(Tptz)(H2O)3(NCS)2]ĿTptzĿ1.25CH3OHĿ1.5H2OĿNCS) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  
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ʈʠʩ. 89. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪʳ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 9Dy ʧʨʠ ʊ = 2 ʂ ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʨʘʟʣʠʯʥʦʡ 

ʥʘʧʨʷʞʝʥʥʦʩʪʠ. (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 90. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪʳ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 10Dy ʧʨʠ ʊ = 2 ʂ ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʨʘʟʣʠʯʥʦʡ 

ʥʘʧʨʷʞʝʥʥʦʩʪʠ. (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 
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ʈʠʩ. 91. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (a, ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ) ʠ ʤʥʠʤʦʡ ɢ'' 

(ʙ, ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ) 

ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 9Dy ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ H = 1000 ʕ ʚ ʠʥʪʝʨʚʘʣʝ ʊ = 2ï3.6 ʂ. 
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ʈʠʩ. 92. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ, ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ) ʠ ʤʥʠʤʦʡ ɢ'' 

(ʙ, ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ ɼʝʙʘʷ) 

ʢʦʤʧʦʥʝʥʪʳ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 10Dy ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ H = 1000 ʕ ʚ ʠʥʪʝʨʚʘʣʝ ʊ = 2ï5 ʂ. 
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ɸʧʧʨʦʢʩʠʤʘʮʠʝʡ ʛʨʘʬʠʢʦʚ ʟʘʚʠʩʠʤʦʩʪʝʡ ɢ''(ɜ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ 

ɼʝʙʘʷ ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ Ű(1/ʊ) ʜʣʷ 

ʢʦʤʧʣʝʢʩʦʚ 9Dy ʠ 10Dy (ʈʠʩ. 93). ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ (ʊʘʙʣ. 

12) ʚ ʢʦʤʧʣʝʢʩʝ 9Dy ʧʨʦʚʦʜʠʣʠ ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ (3.6ï3.4 ʂ) ʯʘʩʪʠ 

ʟʘʚʠʩʠʤʦʩʪʠ Ű(1/ʊ) ʫʨʘʚʥʝʥʠʝʤ, ʦʧʠʩʳʚʘʶʱʠʤ ʧʨʦʮʝʩʩ ʨʝʣʘʢʩʘʮʠʠ ʆʨʙʘʭʘ.  
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ʈʠʩ. 93. ɿʘʚʠʩʠʤʦʩʪʠ Ű(1/T) ʢʦʤʧʣʝʢʩʦʚ 9Dy (ʘ) ʠ 10Dy (ʙ) ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 1000 ʕ. ʉʠʥʷʷ 

ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ ï ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʫʯʘʩʪʢʘ ʤʝʭʘʥʠʟʤʦʤ ʆʨʙʘʭʘ, ʢʨʘʩʥʘʷ 

ʣʠʥʠʷ ï ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʫʤʤʳ ʧʨʷʤʦʛʦ ʤʝʭʘʥʠʟʤʘ ʨʝʣʘʢʩʘʮʠʠ ʠ ʤʝʭʘʥʠʟʤʘ 

ʆʨʙʘʭʘ. 

 

ʊʘʙʣʠʮʘ 12. ʈʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʢʦʤʧʣʝʢʩʦʚ 9Dy ʠ 10Dy. ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ Ű(1/T). 

ʄʝʭʘʥʠʟʤ ʂʦʤʧʣʝʢʩ 9Dy 10Dy 

ʆʨʙʘʭ ɼʠʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨ, K 3.4-3.6 3-5 

ȹeff/kB, K 21 16.5 

Ű0, ʩ 6.6Ĭ10ï8 1.0Ĭ10ï6 

ʆʨʙʘʭ+ʧʨʷʤʦʡ ɼʠʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨ, K 2-3.6 2-5 

Adirect, K
ï1ʕï4ʩï1 9.7Ĭ10ï10 3.2Ĭ10ï10 

ȹeff/kB, K 20 19 

Ű0, ʩ 1.1Ĭ10ï7 5.9Ĭ10ï7 

 

ʅʘʠʣʫʯʰʝʝ ʧʨʠʙʣʠʞʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ 

ʚʩʝʭ ʪʝʤʧʝʨʘʪʫʨ ʧʦʣʫʯʝʥʳ ʜʣʷ ʩʫʤʤʳ ʧʨʷʤʦʛʦ ʤʝʭʘʥʠʟʤʘ ʨʝʣʘʢʩʘʮʠʠ ʠ ʤʝʭʘʥʠʟʤʘ ʨʝʣʘʢʩʘʮʠʠ 

ʆʨʙʘʭʘ (ʪʘʙʣ. 12). ʅʘʙʣʶʜʘʝʤʳʝ ʜʣʷ ʢʦʤʧʣʝʢʩʘ 10Dy ʤʘʢʩʠʤʫʤʳ ʥʘ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʷʭ 

ʤʥʠʤʦʡ ʢʦʤʧʦʥʝʥʪʳ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʟʘʤʝʪʥʦ ʫʰʠʨʝʥʳ, ʯʪʦ ʤʦʞʝʪ 

ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʥʘʣʠʯʠʠ ʚʪʦʨʦʛʦ ʤʘʢʩʠʤʫʤʘ, ʧʨʠʩʫʪʩʪʚʠʝ ʢʦʪʦʨʦʛʦ, ʚʝʨʦʷʪʥʦ, ʚʳʟʚʘʥʦ 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʝʤ ʧʨʦʪʦʥʦʚ ʚ ʤʦʣʝʢʫʣʝ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʢʦʤʧʣʝʢʩʘ 10Dy.  
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3.2.2.6. ʄʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʚ ʧʝʨʝʤʝʥʥʦʤ ʧʦʣʝ ʢʦʤʧʣʝʢʩʦʚ 11Ln 

ɼʠʥʘʤʠʯʝʩʢʠʝ ʤʘʛʥʠʪʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʝʨʠʠ ʩʦʝʜʠʥʝʥʠʡ 11Ln 

({[ Ln(H2O)2][Co(CN)6]Ā2H2O} n, Ln = Dy, Er, Yb) ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʢʦʤʧʣʝʢʩ 11Yb ̫ ʚʣʷʶʪʩʷ SMM, 

ʠʥʜʫʮʠʨʦʚʘʥʥʳʤʠ ʧʦʣʝʤ. ɼʣʷ 11Dy ʠ 11Er ʥʝ ʦʙʥʘʨʫʞʝʥʦ ʟʘʤʝʜʣʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ 

ʜʘʞʝ ʚʦ ʚʥʝʰʥʠʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ ʜʦ 5000 ʕ. ɿʘʚʠʩʠʤʦʩʪʠ Ű(1/T) ʠ ʜʣʷ 

ʢʦʤʧʣʝʢʩʘ 11Yb ʧʨʠʚʝʜʝʥʳ ʥʘ ʈʠʩ. 17. ʈʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʦʧʨʝʜʝʣʝʥʥʳʝ 

ʘʧʧʨʦʢʩʠʤʘʮʠʝʡ ʩʫʤʤʘʤʠ ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣ. 13. 
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ʈʠʩ. 94. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 11Dy ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 2 K (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 

(ʘ) (ʙ) 

ʈʠʩ. 95. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ' (ʘ) ʠ ʤʥʠʤʦʡ ɢ'' (ʙ) ʢʦʤʧʦʥʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʦʤʧʣʝʢʩʘ 11Er ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ T = 2 K (ʣʠʥʠʠ ï ʧʨʦʚʦʜʥʠʢʠ ʜʣʷ ʛʣʘʟ). 

(ʘ) (ʙ) 


























