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ʆɹʑɸʗ ʍɸʈɸʂʊɽʈʀʉʊʀʂɸ ʈɸɹʆʊʓ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ 

ɿʘ ʧʦʩʣʝʜʥʠʝ ʪʨʠ ʜʝʩʷʪʠʣʝʪʠʷ ʥʘʥʦʪʝʭʥʦʣʦʛʠʠ ʩʪʘʣʠ ʩʪʨʘʪʝʛʠʯʝʩʢʠʤ 

ʠʥʜʫʩʪʨʠʘʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ. ʉʦʚʨʝʤʝʥʥʦʝ ʨʘʟʚʠʪʠʝ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʪʝʩʥʦ 

ʩʚʷʟʘʥʦ ʩ ʫʩʧʝʭʘʤʠ ʚ ʨʘʟʨʘʙʦʪʢʝ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʦʢʘʟʘʪʴ ʚ 

ʙʣʠʞʘʡʰʝʝ ʚʨʝʤʷ ʦʧʨʝʜʝʣʷʶʱʝʝ ʚʣʠʷʥʠʝ ʥʘ ʪʝʭʥʠʯʝʩʢʠʡ ʧʨʦʛʨʝʩʩ. ʂ 

ʥʘʥʦʩʪʨʫʢʪʫʨʘʤ ʧʨʦʷʚʣʷʝʪʩʷ ʦʛʨʦʤʥʳʡ ʠʥʪʝʨʝʩ ʚ ʩʚʷʟʠ ʩ ʨʝʘʣʴʥʦʡ 

ʚʦʟʤʦʞʥʦʩʪʴʶ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʠʭ ʫʥʠʢʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʚ 

ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʦʙʣʘʩʪʷʭ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ. ʇʨʠʯʠʥʦʡ ʵʪʦʛʦ ʷʚʣʷʶʪʩʷ ʫʥʠʢʘʣʴʥʳʝ 

ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʨʘʟʤʝʨʥʳʤʠ ʵʬʬʝʢʪʘʤʠ, 

ʭʘʨʘʢʪʝʨʥʳʤʠ ʜʣʷ ʥʘʥʦʩʪʨʫʢʪʫʨ. ʇʨʠ ʵʪʦʤ ʥʝʤʘʣʦʚʘʞʥʫʶ ʨʦʣʴ ʠʛʨʘʶʪ ʪʘʢʞʝ 

ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʵʬʬʝʢʪʳ ʠ ʤʦʨʬʦʣʦʛʠʷ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ. ʈʘʟʣʠʯʥʳʝ ʩʧʦʩʦʙʳ 

ʩʠʥʪʝʟʘ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʘʪʴ ʥʘʥʦʯʘʩʪʠʮʳ, ʥʘʥʦʜʠʩʢʠ, ʥʘʥʦʪʨʫʙʢʠ, 

ʥʘʥʦʧʨʦʚʦʣʦʢʠ, ʥʘʥʦʧʦʷʩʘ ʠ ʥʘʥʦʧʣʝʥʢʠ [1ï10]. ʉʨʝʜʠ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʚʠʜʦʚ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʚʳʰʝʥʥʳʡ ʠʥʪʝʨʝʩ ʢ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʥʘʥʦʪʨʫʙʦʢ. 

ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʵʪʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʡ ʘʩʧʝʢʪ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʤʠʥʠʘʪʶʨʥʳʤʠ 

ʨʘʟʤʝʨʘʤʠ ʠ ʫʥʠʢʘʣʴʥʳʤʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʥʘʥʦʪʨʫʙʦʢ. 

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ ï ʰʠʨʦʢʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ 

ʥʘʥʦʪʨʫʙʦʢ. ʈʦʩʪ ʯʠʩʣʘ ʧʦʜʦʙʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʚʷʟʘʥ ʝʱʝ ʠ ʩ ʪʝʤ, ʯʪʦ ʤʥʦʛʠʝ 

ʩʚʦʡʩʪʚʘ ʥʘʥʦʪʨʫʙʦʢ ʟʘʚʠʩʷʪ ʦʪ ʚʘʨʴʠʨʫʝʤʳʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ: 

ʜʣʠʥʳ, ʚʥʫʪʨʝʥʥʝʛʦ ʠ ʚʥʝʰʥʝʛʦ ʜʠʘʤʝʪʨʘ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʦʢʩʠʜʥʳʤ ʥʘʥʦʩʪʨʫʢʪʫʨʘʤ 

ʥʘ ʦʩʥʦʚʝ ʤʝʪʘʣʣʦʚ: ʞʝʣʝʟʘ, ʢʦʙʘʣʴʪʘ, ʮʠʥʢʘ, ʤʝʜʠ ʠ ʜʨ. ʀʥʪʝʨʝʩ ʢ ʪʘʢʠʤ 

ʥʘʥʦʩʪʨʫʢʪʫʨʘʤ ʦʙʫʩʣʦʚʣʝʥ ʥʝ ʪʦʣʴʢʦ ʠʭ ʫʥʠʢʘʣʴʥʳʤʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤʠ 

ʩʚʦʡʩʪʚʘʤʠ, ʙʦʣʴʰʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʭʦʨʦʰʝʡ ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʢ 

ʚʥʝʰʥʠʤ ʚʦʟʜʝʡʩʪʚʠʷʤ, ʥʦ ʠ ʦʛʨʦʤʥʳʤʠ ʧʦʪʝʥʮʠʘʣʴʥʳʤʠ ʚʦʟʤʦʞʥʦʩʪʷʤʠ ʠʭ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʙʠʦʤʝʜʠʮʠʥʝ, ʵʥʝʨʛʝʪʠʢʝ, ʬʦʪʦʢʘʪʘʣʠʟʝ, ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ, 

ʭʨʘʥʝʥʠʠ ʠʥʬʦʨʤʘʮʠʠ ʠ ʪ. ʜ. [11ï19]. 

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ ʷʚʣʷʶʪʩʷ ʥʘʥʦʯʘʩʪʠʮʳ ʦʢʩʠʜʘ ʞʝʣʝʟʘ ʚ ʨʘʟʣʠʯʥʳʭ ʝʛʦ 

ʤʦʜʠʬʠʢʘʮʠʷʭ [14ï19], ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʝ ʪʦʣʴʢʦ ʧʨʝʢʨʘʩʥʳʤʠ 

ʩʪʨʫʢʪʫʨʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʥʦ ʠ ʙʦʣʴʰʠʤ ʥʘʙʦʨʦʤ ʤʘʛʥʠʪʥʳʭ ʠ ʧʨʦʚʦʜʷʱʠʭ 

ʩʚʦʡʩʪʚ. ʇʨʠ ʵʪʦʤ ʘʢʪʫʘʣʴʥʦʡ ʷʚʣʷʝʪʩʷ ʟʘʜʘʯʘ ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ 

ʞʝʣʝʟʘ ʜʣʷ ʥʘʥʦʯʘʩʪʠʮ, ʩʦʜʝʨʞʘʱʠʭ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʥʳʡ ʤʘʛʥʝʪʠʪ Fe3-gO4, 

ʧʦʩʢʦʣʴʢʫ ʦʪ ʵʪʦʛʦ ʚ ʩʫʱʝʩʪʚʝʥʥʦʡ ʤʝʨʝ ʟʘʚʠʩʷʪ ʠʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʠʭ ʧʨʠʤʝʥʝʥʠʝ. 

ʄʝʩʩʙʘʫʵʨʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʥʘ ʷʜʨʘʭ 57Fe ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ 

ʤʝʪʦʜʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʠʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʬʘʟʦʚʦʤ ʩʦʩʪʘʚʝ, ʘʪʦʤʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʧʦ ʧʦʟʠʮʠʷʤ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʬʘʟ, ʠʭ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʝ, ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ, ʨʘʟʤʝʨʝ ʦʙʣʘʩʪʝʡ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ, ʩʢʦʨʦʩʪʠ 

ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ, ʣʦʢʘʣʴʥʦʤ ʩʪʨʫʢʪʫʨʥʦʤ, ʚʘʣʝʥʪʥʦʤ ʠ 

ʩʧʠʥʦʚʦʤ ʩʦʩʪʦʷʥʠʷʭ ʘʪʦʤʦʚ ʞʝʣʝʟʘ. 



4 

ʎʝʣʴ ʨʘʙʦʪʳ  

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʥʘʥʦʪʨʫʙʦʢ ʠ 

ʥʘʥʦʯʘʩʪʠʮ ʤʝʪʦʜʘʤʠ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʥʘ ʷʜʨʘʭ 57Fe ʩ 

ʧʨʠʚʣʝʯʝʥʠʝʤ ʜʘʥʥʳʭ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ, ʘ ʪʘʢʞʝ 

ʩʢʘʥʠʨʫʶʱʝʡ ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. 

ɼʣʷ ʞʝʣʝʟʥʳʭ (Fe), ʞʝʣʝʟʦ-ʢʦʙʘʣʴʪʦʚʳʭ (Fe-Co) ʠ ʞʝʣʝʟʦ-ʥʠʢʝʣʝʚʳʭ (Fe-

Ni) ʥʘʥʦʪʨʫʙʦʢ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤ ʦʩʘʞʜʝʥʠʝʤ ʚ 

ʧʦʣʠʤʝʨʥʳʭ ʠʦʥʥʦ-ʪʨʝʢʦʚʳʭ ʤʝʤʙʨʘʥʘʭ: 

- ʠʟʫʯʠʪʴ ʚʣʠʷʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʥʘ 

ʨʝʟʫʣʴʪʘʪ ʩʠʥʪʝʟʘ ʞʝʣʝʟʥʳʭ ʥʘʥʦʪʨʫʙʦʢ; 

- ʦʧʨʝʜʝʣʠʪʴ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ Fe-Co ʠ Fe-Ni ʥʘʥʦʪʨʫʙʦʢ ʠ 

ʧʦʣʫʯʠʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʘʪʦʤʦʚ ʧʦ ʧʦʟʠʮʠʷʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ; 

- ʫʩʪʘʥʦʚʠʪʴ ʩʪʝʧʝʥʴ ʚʣʠʷʥʠʷ ʘʪʦʤʦʚ Co ʠ Ni ʥʘ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ 

ʠ ʩʚʝʨʭʪʦʥʢʠʝ ʧʘʨʘʤʝʪʨʳ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ ʷʜʝʨ 57Fe ʚ Fe-Co ʠ Fe-Ni 

ʥʘʥʦʪʨʫʙʢʘʭ; 

- ʧʦʣʫʯʠʪʴ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʩʚʝʨʭʪʦʥʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʧʝʢʪʨʦʚ ʷʜʝʨ 57Fe ʚ Fe-Co ʠ Fe-Ni ʥʘʥʦʪʨʫʙʢʘʭ. 

ɼʣʷ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʥʘʥʦʯʘʩʪʠʮ (Fe3O4; Fe3O4@Au; Fe3O4, ʧʦʢʨʳʪʳʭ 

ʢʘʨʙʦʨʘʥʦʤ; a-Fe2O3; Fe-Ni / Fe-Ni-O), ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ 

ʩʦʦʩʘʞʜʝʥʠʷ: 

- ʩʦʟʜʘʪʴ ʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʦʜʝʣʴ ʦʙʨʘʙʦʪʢʠ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ 
ʥʘʥʦʯʘʩʪʠʮ ʦʢʩʠʜʦʚ ʞʝʣʝʟʘ ʧʨʠ ʥʘʣʠʯʠʠ ʙʳʩʪʨʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʦʙʤʝʥʘ ʤʝʞʜʫ 

ʜʚʫʭ- ʠ ʪʨʝʭʚʘʣʝʥʪʥʳʤʠ ʘʪʦʤʘʤʠ Fe ʚ ʩʪʨʫʢʪʫʨʝ ʤʘʛʥʝʪʠʪʘ ʩ ʫʯʝʪʦʤ 

ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ; 

- ʦʧʨʝʜʝʣʠʪʴ ʤʦʣʷʨʥʫʶ ʢʦʥʮʝʥʪʨʘʮʠʶ ʤʘʛʛʝʤʠʪʘ ʚ ʩʤʝʩʠ ʬʘʟ ʤʘʛʥʝʪʠʪʘ 

Fe3O4 ʠ ʤʘʛʛʝʤʠʪʘ g-Fe2O3 ʠ ʩʪʝʧʝʥʴ ʥʝʩʪʝʭʠʦʤʝʪʨʠʠ ʤʘʛʥʝʪʠʪʘ Fe3-gO4 ʚ 

ʥʘʥʦʯʘʩʪʠʮʘʭ ʦʢʩʠʜʦʚ ʞʝʣʝʟʘ;  

- ʦʧʨʝʜʝʣʠʪʴ ʤʦʨʬʦʣʦʛʠʶ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʥʘʥʦʯʘʩʪʠʮ, ʘ ʪʘʢʞʝ ʨʘʟʤʝʨʳ 

ʦʙʣʘʩʪʝʡ ʩʪʨʫʢʪʫʨʥʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʡ; 

- ʫʩʪʘʥʦʚʠʪʴ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʠ ʠʟʤʝʥʝʥʠʝ 
ʤʦʨʬʦʣʦʛʠʠ Fe3O4, Fe3O4@Au ʠ Fe-Ni / Fe-Ni-O ʥʘʥʦʯʘʩʪʠʮ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ; 

- ʠʩʩʣʝʜʦʚʘʪʴ ʪʨʘʥʩʬʦʨʤʘʮʠʶ Fe3O4 ʥʘʥʦʯʘʩʪʠʮ ʚ ʧʨʦʮʝʩʩʝ ʤʦʜʠʬʠʢʘʮʠʠ 

ʝʝ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʠʤʤʦʙʠʣʠʟʘʮʠʠ ʢʘʨʙʦʨʘʥʘ; 

- ʠʟʫʯʠʪʴ ʚʣʠʷʥʠʝ ʜʦʟʳ ʵʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʫʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʛʝʤʘʪʠʪʘ a-

Fe2O3 ʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʠ ʤʘʛʥʠʪʥʫʶ ʩʪʨʫʢʪʫʨʫ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʚʳʙʦʨʦʤ ʨʘʥʝʝ 

ʤʘʣʦʠʟʫʯʝʥʥʳʭ ʠʣʠ ʚʦʚʩʝ ʥʝʠʟʫʯʝʥʥʳʭ ʤʝʪʦʜʘʤʠ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʥʘʥʦʪʨʫʙʦʢ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤ ʦʩʘʞʜʝʥʠʝʤ ʚ ʧʦʣʠʤʝʨʥʳʭ ʠʦʥʥʦ-ʪʨʝʢʦʚʳʭ ʤʝʤʙʨʘʥʘʭ, ʠ 

ʥʘʥʦʯʘʩʪʠʮ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʦʩʘʞʜʝʥʠʷ.  
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ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ Fe-Co ʠ Fe-Ni ʥʘʥʦʪʨʫʙʦʢ 

ʤʝʪʦʜʘʤʠ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚʧʝʨʚʳʝ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ: 

- ʟʘʤʝʱʝʥʠʝ ʘʪʦʤʘ Fe ʥʘ ʘʪʦʤ Co ʠʣʠ Ni ʚ ʙʣʠʞʘʡʰʝʤ ʦʢʨʫʞʝʥʠʠ ʘʪʦʤʘ 

Fe ʚ Fe-Co ʠ Fe-Ni ʥʘʥʦʪʨʫʙʢʘʭ ʩ ʆʎʂ ʩʪʨʫʢʪʫʨʦʡ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʷʜʨʘʭ 57Fe ʥʘ 8 ï 12 ʢʕ ʠ 6 ï 9 ʢʕ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ ʚ Fe-Ni ʥʘʥʦʪʨʫʙʢʘʭ ʩ ɻʎʂ ʩʪʨʫʢʪʫʨʦʡ ï ʢ ʫʤʝʥʴʰʝʥʠʶ ʥʘ 

11 ï 16 ʢʕ; 

- ʩʫʱʝʩʪʚʫʶʪ ʜʚʘ ʤʝʭʘʥʠʟʤʘ ʠʟʤʝʥʝʥʠʷ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ʩʚʝʨʭʪʦʥʢʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʩʜʚʠʛʘ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ ʷʜʝʨ 57Fe ʚ Fe-Co 

ʥʘʥʦʯʘʩʪʠʮʘʭ ʩ ʠʟʤʝʥʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʪʦʤʦʚ Co, ʦʙʫʩʣʦʚʣʝʥʥʳʝ 

ʟʘʤʝʱʝʥʠʝʤ ʘʪʦʤʦʚ Fe ʘʪʦʤʘʤʠ Co ʚ ʙʣʠʞʘʡʰʝʤ ʦʢʨʫʞʝʥʠʠ ʘʪʦʤʘ Fe ʠ 

ʠʟʤʝʥʝʥʠʝʤ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʘʪʦʤʦʤ ʞʝʣʝʟʘ ʠ ʘʪʦʤʘʤʠ ʝʛʦ ʙʣʠʞʘʡʰʝʛʦ 

ʦʢʨʫʞʝʥʠʷ; ʧʨʦʚʝʜʝʥʦ ʨʘʟʜʝʣʝʥʠʝ ʚʢʣʘʜʦʚ ʦʪ ʵʪʠʭ ʜʚʫʭ ʤʝʭʘʥʠʟʤʦʚ. 

ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʠ ʘʥʘʣʠʟʘ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʥʘʥʦʯʘʩʪʠʮ ʦʢʩʠʜʦʚ 

ʞʝʣʝʟʘ ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥʘ ʠ ʨʝʘʣʠʟʦʚʘʥʘ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ SpectrRelax 

ʤʦʜʝʣʴ, ʢʦʪʦʨʘʷ ʧʨʠ ʥʘʣʠʯʠʠ ʙʳʩʪʨʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʦʙʤʝʥʘ ʤʝʞʜʫ ʜʚʫʭ- ʠ 

ʪʨʝʭʚʘʣʝʥʪʥʳʤʠ ʘʪʦʤʘʤʠ Fe ʚ ʩʪʨʫʢʪʫʨʝ ʤʘʛʥʝʪʠʪʘ ʫʯʠʪʳʚʘʝʪ 

ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʫʶ ʨʝʣʘʢʩʘʮʠʶ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʥʘʥʦʯʘʩʪʠʮ. ʊʘʢʘʷ 

ʤʦʜʝʣʴ ʧʦʟʚʦʣʠʣʘ ʦʧʨʝʜʝʣʠʪʴ ʤʦʣʷʨʥʫʶ ʢʦʥʮʝʥʪʨʘʮʠʶ ʤʘʛʛʝʤʠʪʘ ʠ ʤʘʛʥʝʪʠʪʘ, 

ʩʪʝʧʝʥʴ ʥʝʩʪʝʭʠʦʤʝʪʨʠʠ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʤʘʛʥʝʪʠʪʘ, ʘ ʪʘʢʞʝ ʵʥʝʨʛʠʶ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʨʘʟʤʝʨʳ ʦʙʣʘʩʪʝʡ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ ʘʪʦʤʦʚ 

ʞʝʣʝʟʘ ʚ ʥʘʥʦʯʘʩʪʠʮʘʭ Fe3O4, Fe3O4@Au ʠ Fe3O4, ʧʦʢʨʳʪʳʭ ʢʘʨʙʦʨʘʥʦʤ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʧʝʨʚʳʝ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʵʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʫʯʝʥʠʷ 

ʥʘʥʦʯʘʩʪʠʮ ʛʝʤʘʪʠʪʘ a-Fe2O3 ʤʝʪʦʜʘʤʠ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ ʜʦʣʷ ʣʦʢʘʣʴʥʦ ʥʝʦʜʥʦʨʦʜʥʳʭ 

ʦʙʣʘʩʪʝʡ ʫʤʝʥʴʰʘʝʪʩʷ, ʧʨʠ ʵʪʦʤ ʣʦʢʘʣʴʥʦ ʦʜʥʦʨʦʜʥʳʝ ʦʙʣʘʩʪʠ ʫʣʫʯʰʘʶʪ ʩʚʦʶ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʠ ʤʘʛʥʠʪʥʫʶ ʩʪʨʫʢʪʫʨʫ ï ʩʥʠʤʘʶʪʩʷ ʥʘʧʨʷʞʝʥʠʷ, ʘ ʟʥʘʯʠʪ ʠ 

ʜʝʬʦʨʤʘʮʠʠ ʨʝʰʝʪʢʠ, ʫʩʠʣʠʚʘʶʪʩʷ ʦʙʤʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ɺʧʝʨʚʳʝ ʧʨʦʚʝʜʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʠ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ ʠʩʩʣʝʜʦʚʘʥʠʷ Fe-Ni / Fe-Ni-O 

ʥʘʥʦʯʘʩʪʠʮ, ʧʦʜʚʝʨʛʥʫʪʳʭ ʪʝʨʤʠʯʝʩʢʦʤʫ ʦʪʞʠʛʫ, ʧʦʟʚʦʣʠʣʠ ʫʩʪʘʥʦʚʠʪʴ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʚ ʥʘʥʦʯʘʩʪʠʮʘʭ ʠ ʪʨʘʥʩʬʦʨʤʘʮʠʶ 

ʬʘʟ ʚ ʧʨʦʮʝʩʩʝ ʦʪʞʠʛʘ. 

ʅʘʫʯʥʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ 

ʈʝʟʫʣʴʪʘʪʳ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ 

ʨʘʙʦʪʝ, ʚʥʦʩʷʪ ʚʢʣʘʜ ʚ ʨʘʟʚʠʪʠʝ ʬʠʟʠʯʝʩʢʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʤʝʭʘʥʠʟʤʘʭ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʚʝʨʭʪʦʥʢʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʦʩʥʦʚʦʡ ʜʣʷ 

ʜʘʣʴʥʝʡʰʠʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʟʨʘʙʦʪʦʢ ʚ ʦʙʣʘʩʪʠ ʬʠʟʠʢʠ ʩʚʝʨʭʪʦʥʢʠʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʪʚʝʨʜʳʭ ʪʝʣʘʭ.  

ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʧʦʩʦʙʩʪʚʫʶʪ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʤʫ 

ʧʨʠʤʝʥʝʥʠʶ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʜʣʷ ʣʠʪʠʡ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ (ʦʪʦʞʞʝʥʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ Fe3O4@Au ʠ Fe-

Ni / Fe-Ni-O, ʦʙʣʫʯʝʥʥʳʝ ʵʣʝʢʪʨʦʥʘʤʠ ʥʘʥʦʯʘʩʪʠʮʳ a-Fe2O3), ʥʦʩʠʪʝʣʝʡ 

ʣʝʢʘʨʩʪʚ ʜʣʷ ʠʭ ʘʜʨʝʩʥʦʡ ʜʦʩʪʘʚʢʠ (ʥʘʥʦʪʨʫʙʢʠ Fe-Co ʠ Fe-Ni), ʥʦʩʠʪʝʣʝʡ ʷʜʝʨ 
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10B ʜʣʷ ʙʦʨ-ʥʝʡʪʨʦʥʦʟʘʭʚʘʪʥʦʡ ʪʝʨʘʧʠʠ ʨʘʢʘ (ʧʦʢʨʳʪʳʝ ʢʘʨʙʦʨʘʥʦʤ 

ʥʘʥʦʯʘʩʪʠʮʳ Fe3O4) ʠ ʛʠʧʝʨʪʝʨʤʠʠ (ʦʪʦʞʞʝʥʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ Fe3O4@Au).  

ʇʨʝʜʣʦʞʝʥʥʘʷ ʠ ʨʝʘʣʠʟʦʚʘʥʥʘʷ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ SpectrRelax ʤʦʜʝʣʴ 

ʦʙʨʘʙʦʪʢʠ ʠ ʘʥʘʣʠʟʘ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʥʘʥʦʯʘʩʪʠʮ 

ʨʘʩʰʠʨʷʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʬʠʟʠʢʦʚ-ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨʦʚ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʤʝʪʦʜʳ 

ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨ. 

ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

ɾʝʣʝʟʦʩʦʜʝʨʞʘʱʠʝ ʥʘʥʦʪʨʫʙʢʠ 

1. ʆʩʥʦʚʥʫʶ ʯʘʩʪʴ ʞʝʣʝʟʥʳʭ (Fe), ʞʝʣʝʟʦ-ʢʦʙʘʣʴʪʦʚʳʭ (Fe-Co) ʠ ʞʝʣʝʟʦ-

ʥʠʢʝʣʝʚʳʭ (Fe-Ni) ʥʘʥʦʩʪʨʫʢʪʫʨ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤ 

ʦʩʘʞʜʝʥʠʝʤ ʚ ʧʦʣʠʤʝʨʥʳʭ ʠʦʥʥʦ-ʪʨʝʢʦʚʳʭ ʤʝʤʙʨʘʥʘʭ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʥʘʥʦʪʨʫʙʢʠ, ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ, ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 

ʩʪʨʫʢʪʫʨʘ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʝʥʳ. 

2. ʋʚʝʣʠʯʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʧʨʠ ʩʠʥʪʝʟʝ Fe 

ʥʘʥʦʪʨʫʙʦʢ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʧʘʨʘʤʘʛʥʠʪʥʳʭ 

ʧʨʠʤʝʩʝʡ, ʫʤʝʥʴʰʝʥʠʶ ʪʦʣʱʠʥʳ ʩʪʝʥʦʢ ʥʘʥʦʪʨʫʙʦʢ ʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʶ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʩʥʦʚʥʦʡ ʬʘʟʳ a-Fe. 

3. ɸʪʦʤʳ ʚ Fe-Co ʠ Fe-Ni ʥʘʥʦʪʨʫʙʢʘʭ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʨʘʩʧʨʝʜʝʣʷʶʪʩʷ 

ʧʦ ʧʦʟʠʮʠʷʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ.  

4. ʅʘʣʠʯʠʝ ʤʘʛʥʠʪʥʦʡ ʪʝʢʩʪʫʨ r ʚʜʦʣʴ ʦʩʠ Fe-Co ʠ Fe-Ni ʥʘʥʦʪʨʫʙʦʢ: 

ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʫʛʣʘ ʤʝʞʜʫ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ ʘʪʦʤʘ Fe ʠ ʦʩʴʶ ʥʘʥʦʪʨʫʙʦʢ 

ʚ ʨʘʤʢʘʭ ʦʜʥʦʡ ʆʎʂ ʠʣʠ ɻʎʂ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʫʤʝʥʴʰʘʝʪʩʷ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʪʦʤʦʚ Co ʠ Ni. 

5. ɿʘʤʝʱʝʥʠʝ ʘʪʦʤʘ Fe ʥʘ ʘʪʦʤ Co ʠʣʠ Ni ʚ ʙʣʠʞʘʡʰʝʤ ʦʢʨʫʞʝʥʠʠ ʘʪʦʤʘ 

Fe ʚ Fe-Co ʠ Fe-Ni ʥʘʥʦʪʨʫʙʢʘʭ ʩ ʆʎʂ ʩʪʨʫʢʪʫʨʦʡ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʷʜʨʘʭ 57Fe ʥʘ 8 ï 12 ʢʕ ʠ 6 ï 9 ʢʕ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ ʚ Fe-Ni ʥʘʥʦʪʨʫʙʢʘʭ ʩ ɻʎʂ ʩʪʨʫʢʪʫʨʦʡ ï ʢ ʫʤʝʥʴʰʝʥʠʶ ʥʘ 

11 ï 16 ʢʕ.  

6. ɼʚʘ ʤʝʭʘʥʠʟʤʘ ʠʟʤʝʥʝʥʠʷ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 
ʧʦʣʷ ʠ ʩʜʚʠʛʘ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ ʷʜʝʨ 57Fe ʩ ʠʟʤʝʥʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʘʪʦʤʦʚ Co, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʟʘʤʝʱʝʥʠʝʤ ʘʪʦʤʦʚ Fe ʘʪʦʤʘʤʠ Co ʚ ʙʣʠʞʘʡʰʝʤ 

ʦʢʨʫʞʝʥʠʠ ʘʪʦʤʘ Fe ʠ ʠʟʤʝʥʝʥʠʝʤ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʘʪʦʤʦʤ ʞʝʣʝʟʘ ʠ ʘʪʦʤʘʤʠ 

ʝʛʦ ʙʣʠʞʘʡʰʝʛʦ ʦʢʨʫʞʝʥʠʷ. ʈʝʟʫʣʴʪʘʪ ʨʘʟʜʝʣʝʥʠ ̫ ʚʢʣʘʜʦʚ ʦʪ ʵʪʠʭ ʜʚʫʭ 

ʤʝʭʘʥʠʟʤʦʚ. 

ɾʝʣʝʟʦʩʦʜʝʨʞʘʱʠʝ ʥʘʥʦʯʘʩʪʠʮʳ 

1. ʄʦʜʝʣʴ ʨʘʩʰʠʬʨʦʚʢʠ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʦʢʩʠʜʦʚ ʞʝʣʝʟʘ ʚ ʚʠʜʝ 
ʥʘʥʦʯʘʩʪʠʮ ʩʤʝʩʠ ʤʘʛʥʝʪʠʪʘ Fe3O4 ʠ ʤʘʛʛʝʤʠʪʘ ɔ-Fe2O3 ʠʣʠ ʥʘʥʦʯʘʩʪʠʮ 

ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʤʘʛʥʝʪʠʪʘ Fe3ïɔO4 ʧʨʠ ʥʘʣʠʯʠʠ ʙʳʩʪʨʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʦʙʤʝʥʘ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʜʚʫʭ- ʠ ʪʨʝʭʚʘʣʝʥʪʥʳʤʠ ʘʪʦʤʘʤʠ Fe ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ 

ʧʦʟʠʮʠʠ ʩʪʨʫʢʪʫʨʳ ʤʘʛʥʝʪʠʪʘ ʠ ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʤʘʛʥʠʪʥʳʭ 

ʤʦʤʝʥʪʦʚ ʥʘʥʦʯʘʩʪʠʮ. 

2. ʄʦʨʬʦʣʦʛʠʷ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʦʢʩʠʜʦʚ, ʠʭ 

ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠ ʨʘʟʤʝʨʳ ʦʙʣʘʩʪʝʡ ʩʪʨʫʢʪʫʨʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ. 
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3. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʠ ʠʟʤʝʥʝʥʠʝ ʤʦʨʬʦʣʦʛʠʠ 
Fe3O4, Fe3O4@Au ʠ Fe-Ni / Fe-Ni-O ʥʘʥʦʯʘʩʪʠʮ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ 

ʦʪʞʠʛʘ. 

4. ʄʦʣʷʨʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʘʛʛʝʤʠʪʘ ɔ-Fe2O3 ʠ ʤʘʛʥʝʪʠʪʘ Fe3O4, ʩʪʝʧʝʥʴ 

ʥʝʩʪʝʭʠʦʤʝʪʨʠʠ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʤʘʛʥʝʪʠʪʘ Fe3ïɔO4, ʵʥʝʨʛʠʷ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʦʙʣʘʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ ʘʪʦʤʦʚ Fe ʚ 

ʥʘʥʦʯʘʩʪʠʮʘʭ, ʩʦʜʝʨʞʘʱʠʭ ʤʘʛʥʝʪʠʪ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ. 

5. ɼʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʢʩʠʜʦʚ ʞʝʣʝʟʘ ʚ ʚʠʜʝ ʥʘʥʦʯʘʩʪʠʮ ʩʤʝʩʠ 

ʤʘʛʥʝʪʠʪʘ Fe3O4 ʠ ʤʘʛʛʝʤʠʪʘ ɔ-Fe2O3 ʠʣʠ ʥʘʥʦʯʘʩʪʠʮ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ 

ʤʘʛʥʝʪʠʪʘ Fe3ïɔO4 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘʙʣʶʜʘʝʪʩʷ ʤʝʜʣʝʥʥʘʷ 

ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʘʷ ʨʝʣʘʢʩʘʮʠʷ. 

6. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʦʟʳ ʵʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʫʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʛʝʤʘʪʠʪʘ a-

Fe2O3 ʜʦʣʷ ʣʦʢʘʣʴʥʦ ʥʝʦʜʥʦʨʦʜʥʳʭ ʦʙʣʘʩʪʝʡ ʫʤʝʥʴʰʘʝʪʩʷ, ʧʨʠ ʵʪʦʤ ʣʦʢʘʣʴʥʦ 

ʦʜʥʦʨʦʜʥʳʝ ʦʙʣʘʩʪʠ ʫʣʫʯʰʘʶʪ ʩʚʦʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʠ ʤʘʛʥʠʪʥʫʶ ʩʪʨʫʢʪʫʨʫ 

ï ʩʥʠʤʘʶʪʩʷ ʥʘʧʨʷʞʝʥʠʷ, ʘ ʟʥʘʯʠʪ ʠ ʜʝʬʦʨʤʘʮʠʠ ʨʝʰʝʪʢʠ, ʫʩʠʣʠʚʘʶʪʩʷ 

ʦʙʤʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʠ ʦʙʦʩʥʦʚʘʥʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʠ ʦʙʦʩʥʦʚʘʥʥʦʩʪʴ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʚʳʚʦʜʦʚ 

ʦʙʫʩʣʦʚʣʝʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʚʨʝʤʝʥʥʦʛʦ ʥʘʫʯʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, 

ʩʦʚʨʝʤʝʥʥʳʭ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʠ ʧʨʦʛʨʘʤʤʥʳʭ ʩʨʝʜʩʪʚ ʦʙʨʘʙʦʪʢʠ ʠ ʘʥʘʣʠʟʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʠʭ ʭʦʨʦʰʝʡ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴʶ ʠ ʚʥʫʪʨʝʥʥʝʡ 

ʥʝʧʨʦʪʠʚʦʨʝʯʠʚʦʩʪʴʶ, ʘ ʪʘʢʞʝ ʩʦʛʣʘʩʠʝʤ ʩ ʠʟʚʝʩʪʥʳʤʠ ʣʠʪʝʨʘʪʫʨʥʳʤʠ 

ʜʘʥʥʳʤʠ. ʈʝʟʫʣʴʪʘʪʳ, ʠʟʣʦʞʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ, ʤʥʦʛʦʢʨʘʪʥʦ 

ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʥʘ ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ ʠ 

ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʚʳʩʦʢʦʨʝʡʪʠʥʛʦʚʳʭ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ. 

ʇʫʙʣʠʢʘʮʠʠ 

ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʦʧʫʙʣʠʢʦʚʘʥʦ 13 ʩʪʘʪʝʡ ʚ ʞʫʨʥʘʣʘʭ, 

ʠʥʜʝʢʩʠʨʫʝʤʳʭ ʚ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʙʘʟʘʭ Web of Science, Scopus ʠ RSCI [ɸ1-ɸ13], 

2 ʩʪʘʪʴʠ ʚ ʩʙʦʨʥʠʢʘʭ ʪʨʫʜʦʚ [ɹ1,ɹ2] ʠ 7 ʪʝʟʠʩʦʚ ʜʦʢʣʘʜʦʚ ʚ ʤʘʪʝʨʠʘʣʘʭ 

ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʡ. 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʠ ʜʦʣʦʞʝʥʳ ʚ ʚʠʜʝ 11 

ʫʩʪʥʳʭ ʠ ʩʪʝʥʜʦʚʳʭ ʜʦʢʣʘʜʦʚ ʥʘ 9 ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ:  

- XIV International Conference çMºssbauer Spectroscopy and its Applicationsè, 

(Kasan, Russia, 2016); 

- International Scientific Forum çNuclear science and technologiesè (Almaty, 

Republic of Kazakhstan, 2017); 

- International Conference on the Applications of the Mºssbauer Effect (ICAME) 

(St. Petersburg, Russia, 2017); 

- XV International Conference çMºssbauer Spectroscopy and its Applicationsè 

(Sochi, Russia, 2018); 

- XXIII  ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʅʦʚʦʝ ʚ ʤʘʛʥʝʪʠʟʤʝ ʠ ʤʘʛʥʠʪʥʳʭ 

ʤʘʪʝʨʠʘʣʘʭè (ʄʦʩʢʚʘ, ʈʦʩʩʠʷ, 2018); 
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- XXV  ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ 

ʫʯʸʥʳʭ çʃʦʤʦʥʦʩʦʚè (ʄʦʩʢʚʘ, ʈʦʩʩʠʷ, 2018); 

- XXIV  ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʅʦʚʦʝ ʚ ʤʘʛʥʝʪʠʟʤʝ ʠ 

ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʘʭè (ʄʦʩʢʚʘ, ʈʦʩʩʠʷ, 2021); 

- XXVII I ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ 

ʫʯʸʥʳʭ çʃʦʤʦʥʦʩʦʚè (ʄʦʩʢʚʘ, ʈʦʩʩʠʷ, 2021); 

- XVI International Conference çMºssbauer Spectroscopy and its Applicationsè 

(Ekaterinburg, Russia, 2022). 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

ɸʚʪʦʨʦʤ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʩʦʚʤʝʩʪʥʦ ʩ ʥʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʝʤ 

ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʮʝʣʴ ʠ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɺʩʝ ʠʟʣʦʞʝʥʥʳʝ ʚ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ 

ʥʘʥʦʪʨʫʙʦʢ ʠ ʥʘʥʦʯʘʩʪʠʮ ʧʦʣʫʯʝʥʳ ʧʨʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ ʫʯʘʩʪʠʠ ʘʚʪʦʨʘ. 

ɸʚʪʦʨʫ ʧʨʠʥʘʜʣʝʞʠʪ ʦʧʨʝʜʝʣʷʶʱʘʷ ʨʦʣʴ ʚ ʦʙʨʘʙʦʪʢʝ ʠ ʘʥʘʣʠʟʝ ʚʩʝʭ 

ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʦʙʩʫʞʜʝʥʠʝ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʢʦʪʦʨʳʭ 

ʧʨʦʚʦʜʠʣʠʩʴ ʘʚʪʦʨʦʤ ʩʦʚʤʝʩʪʥʦ ʩ ʥʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʝʤ, ʘ ʪʘʢʞʝ ʩ ʜʨʫʛʠʤʠ 

ʩʦʘʚʪʦʨʘʤʠ ʧʫʙʣʠʢʘʮʠʡ. ɸʚʪʦʨ ʧʨʠʥʠʤʘʣ ʘʢʪʠʚʥʦʝ ʫʯʘʩʪʠʝ ʚ ʧʦʜʛʦʪʦʚʢʝ 

ʥʘʫʯʥʳʭ ʜʦʢʣʘʜʦʚ ʠ ʩʪʘʪʝʡ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʨʘʙʦʪʳ 

ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʯʝʪʳʨʝʭ ʛʣʘʚ ʠ ʟʘʢʣʶʯʝʥʠʷ, 

ʩʧʠʩʢʘ ʮʠʪʠʨʫʝʤʦʡ ʣʠʪʝʨʘʪʫʨʳ, ʧʫʙʣʠʢʘʮʠʡ ʘʚʪʦʨʘ ʧʦ ʪʝʤʝ ʨʘʙʦʪʳ. 

ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʩʦʜʝʨʞʠʪ 198 ʩʪʨʘʥʠʮ, ʚʢʣʶʯʘʷ 119 ʨʠʩʫʥʢʦʚ, 8 ʪʘʙʣʠʮ 

ʠ 303 ʙʠʙʣʠʦʛʨʘʬʠʯʝʩʢʠʭ ʥʘʠʤʝʥʦʚʘʥʠʡ. 

ʉʆɼɽʈɾɸʅʀɽ ʈɸɹʆʊʓ 

ɺʦ ʚʚʝʜʝʥʠʠ ʦʙʦʩʥʦʚʘʥʘ ʘʢʪʫʘʣʴʥʦʩʪʴ ʚʳʙʨʘʥʥʦʡ ʪʝʤʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ 

ʨʘʙʦʪʳ, ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʮʝʣʴ ʠ ʟʘʜʘʯʠ ʨʘʙʦʪʳ, ʦʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, 

ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ, ʝʝ ʥʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. 

ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ ʦʧʠʩʘʥʳ ʩʫʱʝʩʪʚʫʶʱʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʧʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʚ ʚʠʜʝ ʦʙʟʦʨʘ ʣʠʪʝʨʘʪʫʨʳ. ɺ ʨʘʟʜʝʣʝ 

1.1 ʧʨʠʚʝʜʝʥʳ ʜʠʘʛʨʘʤʤʳ ʩʦʩʪʦʷʥʠʷ ʙʠʥʘʨʥʳʭ ʩʠʩʪʝʤ Fe-Co ʠ Fe-Ni ʠ ʦʧʠʩʘʥʳ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʵʪʠʭ ʩʠʩʪʝʤ. ʈʘʟʜʝʣ 1.2 

ʧʦʩʚʷʱʝʥ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʤʘʩʩʠʚʥʳʭ ʦʙʨʘʟʮʦʚ ʠ ʥʘʥʦʪʨʫʙʦʢ 

Fe-Co ʠ Fe-Ni. ɺ ʨʘʟʜʝʣʝ 1.3 ʧʨʠʚʝʜʝʥʘ ʜʠʘʛʨʘʤʤʘ ʩʦʩʪʦʷʥʠʷ ʞʝʣʝʟʦ-ʢʠʩʣʦʨʦʜ ʠ 

ʦʧʠʩʘʥʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʦʢʩʠʜʦʚ ʞʝʣʝʟʘ: 

Fe3O4, g-Fe2O3 ʠ a-Fe2O3. ɺ ʧʦʩʣʝʜʥʝʤ ʨʘʟʜʝʣʝ 1.4 ʧʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ 

ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʘʩʩʠʚʥʳʭ ʦʙʨʘʟʮʦʚ ʠ ʥʘʥʦʯʘʩʪʠʮ ʦʢʩʠʜʦʚ 

ʞʝʣʝʟʘ.  

ɺʪʦʨʘʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʦʧʠʩʘʥʠʶ ʩʠʥʪʝʟʘ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʠ 

ʤʝʪʦʜʠʢʝ ʵʢʩʧʝʨʠʤʝʥʪʘ. ɺ ʨʘʟʜʝʣʝ 2.1 ʠʟʣʦʞʝʥʳ ʤʝʪʦʜʠʢʘ ʠ ʫʩʣʦʚʠʷ 

ʪʝʤʧʣʘʪʥʦʛʦ ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʚ ʧʦʣʠʤʝʨʥʳʭ ʠʦʥʥʦ-

ʪʨʝʢʦʚʳʭ ʤʝʤʙʨʘʥʘʭ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʜʚʫʭ ʦʩʥʦʚʥʳʭ ʵʪʘʧʦʚ ï ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʰʘʙʣʦʥʥʳʭ ʤʘʪʨʠʮ ʠʟ ʧʣʝʥʦʢ ʧʦʣʠʵʪʠʣʝʥʪʝʨʝʬʪʘʣʘʪʘ ʠ ɻʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ 

ʦʩʘʞʜʝʥʠʷ ʢʦʤʧʦʥʝʥʪ. ʈʘʟʜʝʣ 2.2 ʩʦʜʝʨʞʠʪ ʦʧʠʩʘʥʠʝ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ ʤʝʪʦʜʦʤ 

ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʦʩʘʞʜʝʥʠʷ ʠ ʤʝʪʦʜʠʢ ʧʦʩʣʝʜʫʶʱʠʭ ʤʦʜʠʬʠʢʘʮʠʡ 



9 

ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ. ɺ ʨʘʟʜʝʣʝ 2.3 ʠʟʣʦʞʝʥʦ ʦʧʠʩʘʥʠʝ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʛʦ 

ʩʧʝʢʪʨʦʤʝʪʨʘ, ʤʝʪʦʜʠʢʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ, ʘ ʪʘʢʞʝ 

ʤʝʪʦʜʦʚ ʦʙʨʘʙʦʪʢʠ ʠ ʘʥʘʣʠʟʘ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ï ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʚʝʨʭʪʦʥʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʧʝʢʪʨʘ, ʤʦʜʝʣʴʥʦʡ ʨʘʩʰʠʬʨʦʚʢʠ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʤʥʦʛʦʫʨʦʚʥʝʚʦʡ ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʦʡ 

ʨʝʣʘʢʩʘʮʠʠ. ɺ ʧʦʩʣʝʜʥʝʤ ʨʘʟʜʝʣʝ 2.4 ʦʧʠʩʘʥʳ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʤʝʪʦʜʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʧʦʨʦʰʢʦʚʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʜʠʬʨʘʢʪʦʤʝʪʨʠʷ (XRD), 

ʩʢʘʥʠʨʫʶʱʘʷ (SEM) ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ (TEM) ʤʠʢʨʦʩʢʦʧʠʠ. 

ɺ ʪʨʝʪʴʝʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʞʝʣʝʟʥʳʭ, ʞʝʣʝʟʦ-ʢʦʙʘʣʴʪʦʚʳʭ ʠ ʞʝʣʝʟʦ-ʥʠʢʝʣʝʚʳʭ ʥʘʥʦʪʨʫʙʦʢ ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ 

ʜʘʥʥʳʭ XRD, ʘ ʪʘʢʞʝ SEM ʠ TEM [ɸ1ïɸ6; ɹ1]. 

ʈʘʟʜʝʣ 3.1 ʧʦʩʚʷʱʝʥ ʠʟʫʯʝʥʠʶ ʚʣʠʷʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ 

ʦʩʘʞʜʝʥʠʷ ʥʘ ʩʚʦʡʩʪʚʘ (ʤʦʨʬʦʣʦʛʠʶ, ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʝʨʭʪʦʥʢʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ) 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʪʨʫʙʦʢ ʧʨʠ ʠʭ ʪʝʤʧʣʘʪʥʦʤ ʩʠʥʪʝʟʝ ʥʘ ʧʨʠʤʝʨʝ ʥʘʥʦʪʨʫʙʦʢ 

ʞʝʣʝʟʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ 

ʧʨʠ ʩʠʥʪʝʟʝ Fe ʥʘʥʦʪʨʫʙʦʢ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ 

ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʧʨʠʤʝʩʝʡ, ʫʤʝʥʴʰʝʥʠʶ ʪʦʣʱʠʥʳ ʩʪʝʥʦʢ ʥʘʥʦʪʨʫʙʦʢ ʠ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʩʥʦʚʥʦʡ ʬʘʟʳ a-

Fe. 

ɺ ʨʘʟʜʝʣʝ 3.2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ Fe100-xCox (0 Ò x Ò 90) 

ʥʘʥʦʪʨʫʙʦʢ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʤʝʪʦʜʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʧʨʝʜʝʣʝʥʳ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ (ʆʎʂ), ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ, ʘ ʪʘʢʞʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ 

ʨʘʟʤʝʨʳ ʥʘʥʦʪʨʫʙʦʢ (ʜʣʠʥʘ 12 ʤʢʤ, ʜʠʘʤʝʪʨ 110 ° 5 ʥʤ ʠ ʪʦʣʱʠʥʘ ʩʪʝʥʢʠ 

17 ° 2 ʥʤ).  

 
ʈʠʩ. 1. ʈʝʟʫʣʴʪʘʪʳ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ p(Hn) ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ Hn (ʩʣʝʚʘ) ʠ ʤʦʜʝʣʴʥʦʡ ʨʘʩʰʠʬʨʦʚʢʠ (ʩʧʨʘʚʘ) ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ 

ʥʘʥʦʪʨʫʙʦʢ Fe100Co0 ʠ Fe50Co50. 

ʆʙʨʘʙʦʪʢʘ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ Fe100-xCox ʥʘʥʦʪʨʫʙʦʢ (ʈʠʩ. 1) 

ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʤʝʪʦʜʦʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʚʝʨʭʪʦʥʢʦʛʦ 
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ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʷʜʨʘʭ 57Fe (ʧ. 3.2.1) ʠ ʤʦʜʝʣʴʥʦʡ ʨʘʩʰʠʬʨʦʚʢʠ (ʧ. 3.2.2). 

ʈʘʩʰʠʬʨʦʚʢʘ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʩʣʫʯʘʡʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʪʦʤʦʚ 

Fe ʠ Co ʧʦ ʧʦʟʠʮʠʷʤ ʩʪʨʫʢʪʫʨʳ ʠ ʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʩʚʝʨʭʪʦʥʢʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ Ὄ ά  ʠ ʩʜʚʠʛʘ ɿά  ʦʪ ʯʠʩʣʘ m ʘʪʦʤʦʚ Co ʚ ʙʣʠʞʘʡʰʝʤ 

ʦʢʨʫʞʝʥʠʠ ʘʪʦʤʘ Fe. ɼʘʥʥʘʷ ʤʦʜʝʣʴ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʧʝʢʪʨʳ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʪʦʤʦʚ Fe ʠ Co ʧʦ 

ʧʦʟʠʮʠʷʤ ʆʎʂ ʩʪʨʫʢʪʫʨʳ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʙʦʪʢʠ ʩʧʝʢʪʨʦʚ 

ʜʚʫʤʷ ʤʝʪʦʜʘʤʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʨʝʜʥʠʭ 

ʟʥʘʯʝʥʠʡ ʩʚʝʨʭʪʦʥʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ Fe100-xCox 

ʥʘʥʦʪʨʫʙʦʢ (ʈʠʩ. 2), ʢʦʪʦʨʳʝ ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ ʠ ʩʦʛʣʘʩʫʶʪʩʷ ʩ 

ʠʟʚʝʩʪʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ ʤʘʩʩʠʚʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ [20,21]. 

ʍʘʨʘʢʪʝʨ ʥʘʙʣʶʜʘʝʤʳʭ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩʚʝʨʭʪʦʥʢʦʛʦ ʧʦʣʷ ʠ 

ʩʜʚʠʛʘ ʩʧʝʢʪʨʘ ʜʣʷ ʤʘʩʩʠʚʥʳʭ ʦʙʨʘʟʮʦʚ ʦʙʲʷʩʥʷʝʪʩʷ ʚ ʨʘʙʦʪʝ [21] ʠʟʤʝʥʝʥʠʝʤ 

ʟʘʩʝʣʝʥʥʦʩʪʠ 3d ʠ 4s ʵʣʝʢʪʨʦʥʥʳʭ ʦʙʦʣʦʯʝʢ ʘʪʦʤʘ Fe ʧʨʠ ʠʟʤʝʥʝʥʠʠ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʪʦʤʦʚ Co ʚ ʩʧʣʘʚʝ Fe-Co. 

ʈʠʩ. 2. ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ʩʚʝʨʭʪʦʥʢʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ Ὄ  ʠ ʩʜʚʠʛʘ ʩʧʝʢʪʨʘ ŭ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʦʜʝʣʴʥʦʡ 

ʨʘʩʰʠʬʨʦʚʢʠ (ƺ) ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʚʝʨʭʪʦʥʢʠʭ ʧʘʨʘʤʝʪʨʦʚ (³), ʘ 

ʪʘʢʞʝ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʷ Ὄ ά π ʠ ʩʜʚʠʛʘ ŭά π ʜʣʷ 

ʘʪʦʤʦʚ Fe, ʚ ʙʣʠʞʘʡʰʝʤ ʦʢʨʫʞʝʥʠʠ ʢʦʪʦʨʳʭ ʥʝʪ ʘʪʦʤʦʚ Co (¶). 

ʀʩʧʦʣʴʟʫʷ ʦʪʥʦʰʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʨʝʟʦʥʘʥʩʥʳʭ ʣʠʥʠʡ ʟʝʝʤʘʥʦʚʩʢʦʛʦ 

ʩʝʢʩʪʝʪʘ, ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʫʛʣʘ ʤʝʞʜʫ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ 

ʘʪʦʤʘ Fe ʠ ʦʩʴʶ ʥʘʥʦʪʨʫʙʦʢ, ʢʦʪʦʨʦʝ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʘʪʦʤʦʚ Co ʚʧʣʦʪʴ ʜʦ 24.5.̄ ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʙʣʶʜʘʝʪʩʷ ʤʘʛʥʠʪʥʘʷ ʪʝʢʩʪʫʨʘ 

ʚʜʦʣʴ ʦʩʠ Fe100-xCox ʥʘʥʦʪʨʫʙʦʢ.  

ʉ ʧʦʤʦʱʴʶ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ ʨʘʩʰʠʬʨʦʚʢʠ ʩʧʝʢʪʨʦʚ ʫʜʘʣʦʩʴ 

ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ ʟʘʤʝʱʝʥʠʝ ʘʪʦʤʘ Fe ʥʘ ʘʪʦʤ Co ʚ ʙʣʠʞʘʡʰʝʤ ʦʢʨʫʞʝʥʠʠ ʘʪʦʤʘ 

Fe ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʷʜʨʘʭ 57Fe ʥʘ 8ï

12 ʢʕ (ʈʠʩ. 3). ʇʨʠʤʝʥʝʥʠʝ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʧʦʟʚʦʣʠʣʦ ʚʳʷʚʠʪʴ ʜʚʘ ʤʝʭʘʥʠʟʤʘ 

ʠʟʤʝʥʝʥʠʷ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʩʜʚʠʛʘ 

ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ ʷʜʝʨ 57Fe ʩ ʠʟʤʝʥʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʪʦʤʦʚ Co, 

ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʟʘʤʝʱʝʥʠʝʤ ʘʪʦʤʦʚ Fe ʘʪʦʤʘʤʠ Co ʚ ʙʣʠʞʘʡʰʝʤ ʦʢʨʫʞʝʥʠʠ 

ʘʪʦʤʘ Fe ʠ ʠʟʤʝʥʝʥʠʝʤ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʘʪʦʤʦʤ ʞʝʣʝʟʘ ʠ ʘʪʦʤʘʤʠ ʝʛʦ 

ʙʣʠʞʘʡʰʝʛʦ ʦʢʨʫʞʝʥʠʷ, ʘ ʪʘʢʞʝ ʧʨʦʚʝʩʪʠ ʨʘʟʜʝʣʝʥʠʝ ʚʢʣʘʜʦʚ ʦʪ ʜʚʫʭ 

ʚʳʷʚʣʝʥʥʳʭ ʤʝʭʘʥʠʟʤʦʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʢʣʘʜ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʟʘʤʝʱʝʥʠʝʤ 

ʘʪʦʤʦʚ Fe ʥʘ ʘʪʦʤʳ Co, ʧʨʘʢʪʠʯʝʩʢʠ ʣʠʥʝʡʥʦ ʚʦʟʨʘʩʪʘʝʪ ʜʣʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ 
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ʫʙʳʚʘʝʪ ʜʣʷ ʩʜʚʠʛʘ (ʈʠʩ. 4), ʧʨʠ ʵʪʦʤ ʚʢʣʘʜ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʠʟʤʝʥʝʥʠʝʤ 

ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʘʪʦʤʘʤʠ, ʜʣʷ ʧʦʣʷ Ὄ ά π ʫʙʳʚʘʝʪ, ʥʘʯʠʥʘʷ ʩ 

ʢʦʥʮʝʥʪʨʘʮʠʠ Co ~ 30%, ʘ ʜʣʷ ʩʜʚʠʛʘ ŭά π ʤʦʥʦʪʦʥʥʦ ʚʦʟʨʘʩʪʘʝʪ (ʈʠʩ. 3). 

  

ʈʠʩ. 3. ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ȹHn, ʚʳʟʚʘʥʥʦʛʦ ʟʘʤʝʱʝʥʠʝʤ ʘʪʦʤʘ Fe ʥʘ ʘʪʦʤ Co (ʩʣʝʚʘ) ʠʣʠ Ni (ʩʧʨʘʚʘ) ʚ 

ʙʣʠʞʘʡʰʝʤ ʦʢʨʫʞʝʥʠʠ ʘʪʦʤʘ ʞʝʣʝʟʘ ʚ Fe100-xCox ʠ Fe100-xNix ʥʘʥʦʪʨʫʙʢʘʭ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

  
ʈʠʩ. 4. ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʢʣʘʜʘ ʚ ʩʚʝʨʭʪʦʥʢʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ 

(ʩʣʝʚʘ) ʠ ʚ ʩʜʚʠʛ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ (ʩʧʨʘʚʘ), ʚʳʟʚʘʥʥʦʛʦ ʟʘʤʝʱʝʥʠʝʤ 

ʘʪʦʤʦʚ Fe ʥʘ ʘʪʦʤʳ Co ʧʨʠ ʥʝʠʟʤʝʥʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʚ Fe100-xCox 

ʥʘʥʦʪʨʫʙʢʘʭ. 

ɺ ʨʘʟʜʝʣʝ 3.3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ Fe100-xNix ʥʘʥʦʪʨʫʙʦʢ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʤʝʪʦʜʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʧʨʝʜʝʣʝʥʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 

ʩʪʨʫʢʪʫʨʘ (ʆʎʂ ʧʨʠ 0 Ò x Ò 40 ʠ ɻʎʂ ʧʨʠ 50 Ò x Ò 90), ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ, ʘ 

ʪʘʢʞʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʥʘʥʦʪʨʫʙʦʢ (ʜʣʠʥʘ 12 ʤʢʤ, ʚʥʝʰʥʠʡ ʜʠʘʤʝʪʨ 

400 Ñ 10 ʥʤ, ʪʦʣʱʠʥʘ ʩʪʝʥʢʠ 120 Ñ 5 ʥʤ). ʆʙʨʘʙʦʪʢʘ ʚʩʝʭ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ 

ʩʧʝʢʪʨʦʚ Fe100-xNix ʥʘʥʦʪʨʫʙʦʢ (ʈʠʩ. 5), ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ Fe100-xCox ʥʘʥʦʪʨʫʙʦʢ 

(ʨʘʟʜʝʣ 3.2), ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʜʚʫʤʷ ʤʝʪʦʜʘʤʠ: ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (ʧ. 3.2.1) ʠ ʤʦʜʝʣʴʥʦʡ ʨʘʩʰʠʬʨʦʚʢʠ (ʧ. 3.2.2), ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʘʪʦʤʳ Fe ʠ Ni ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ 

ʨʘʩʧʨʝʜʝʣʷʶʪʩʷ ʧʦ ʧʦʟʠʮʠʷʤ ʆʎʂ ʠ ɻʎʂ ʩʪʨʫʢʪʫʨ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʥʳʭ Fe100-xNix ʥʘʥʦʪʨʫʙʦʢ ʥʘʙʣʶʜʘʝʪʩʷ ʤʘʛʥʠʪʥʘʷ ʪʝʢʩʪʫʨʘ 

ʚʜʦʣʴ ʠʭ ʦʩʠ. ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʫʛʣʘ ʤʝʞʜʫ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ ʘʪʦʤʘ Fe ʠ 

ʦʩʴʶ ʥʘʥʦʪʨʫʙʦʢ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʪʦʤʦʚ Ni ʩ ~47Ü ʜʦ 

~40Ü ʜʣʷ ʥʘʥʦʪʨʫʙʦʢ ʩ ʆʎʂ ʩʪʨʫʢʪʫʨʦʡ ʠ ʩ ~55Ü ʜʦ ~46Ü ʜʣʷ ʥʘʥʦʪʨʫʙʦʢ ʩ ɻʎʂ 

ʩʪʨʫʢʪʫʨʦʡ.  
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ʈʠʩ. 5. ʈʝʟʫʣʴʪʘʪʳ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ p(Hn) ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ Hn (ʩʣʝʚʘ) ʠ ʤʦʜʝʣʴʥʦʡ ʨʘʩʰʠʬʨʦʚʢʠ (ʩʧʨʘʚʘ) ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ 

ʥʘʥʦʪʨʫʙʦʢ Fe70Ni30 ʠ Fe10Ni90. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ 

ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ Hn ʠ ʩʜʚʠʛʘ d ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ Fe100-xNix 

ʥʘʥʦʪʨʫʙʦʢ (ʈʠʩ. 6) ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʠʟʚʝʩʪʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ ʤʘʩʩʠʚʥʳʭ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ [20,22].  

ʈʠʩ. 6. ɿʘʚʠʩʠʤʦʩʪʠ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ Hn ʠ ʩʜʚʠʛʘ 

d ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ Ni, ʧʦʣʫʯʝʥʥʘʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʡ 

ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (ƺ) ʠ ʤʦʜʝʣʴʥʦʡ ʨʘʩʰʠʬʨʦʚʢʠ (ǒ). 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʟʘʤʝʱʝʥʠʝ ʘʪʦʤʘ Fe ʥʘ ʘʪʦʤ Ni ʚ ʙʣʠʞʘʡʰʝʤ ʦʢʨʫʞʝʥʠʠ 

ʘʪʦʤʘ Fe ʚ Fe-Ni ʥʘʥʦʪʨʫʙʢʘʭ ʩ ʆʎʂ ʩʪʨʫʢʪʫʨʦʡ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ 6 ï 9 ʢʕ, ʘ ʚ ʪʨʫʙʢʘʭ ʩ ɻʎʂ ʩʪʨʫʢʪʫʨʦʡ ï ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ 11 ï 16 ʢʕ (ʈʠʩ. 3). ʇʨʠ ʵʪʦʤ ʦʪ 

ʧʦʣʦʞʝʥʠʷ ʢ ʧʦʣʦʞʝʥʠʶ ʘʪʦʤʦʚ Fe ʚ ʩʪʨʫʢʪʫʨʝ ʥʘʥʦʪʨʫʙʦʢ ʥʘʙʣʶʜʘʝʪʩʷ 

ʢʦʨʨʝʣʠʨʦʚʘʥʥʦʝ ʩʦ ʩʚʝʨʭʪʦʥʢʠʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʠʟʤʝʥʝʥʠʝ ʢʚʘʜʨʫʧʦʣʴʥʦʛʦ 
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ʩʤʝʱʝʥʠʷ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʣʠʥʝʡʥʦʡ ʢʦʨʨʝʣʷʮʠʠ ï(15 Ñ 5)Ŀ10-4 ʤʤ/ʩ/ʢʕ, 

ʚʳʟʚʘʥʥʦʝ ʠʟʤʝʥʝʥʠʝʤ ʯʠʩʣʘ ʘʪʦʤʦʚ Ni ʚ ʙʣʠʞʘʡʰʝʤ ʦʢʨʫʞʝʥʠʠ ʘʪʦʤʘ Fe.  

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʦʚʝʜʝʥʥʳʭ ʚ ʨʘʙʦʪʘʭ [8ï10], ʧʦʢʘʟʘʣʠ 

ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʥʘʤʠ Fe100-xCox ʠ Fe100-xNix 

ʥʘʥʦʪʨʫʙʦʢ ʚ ʢʘʯʝʩʪʚʝ ʥʦʩʠʪʝʣʝʡ ʜʣʷ ʘʜʨʝʩʥʦʡ ʜʦʩʪʘʚʢʠ ʣʝʢʘʨʩʪʚ ʠ ʙʝʣʢʦʚ ʩ 

ʧʦʤʦʱʴʶ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʘ ʪʘʢʞʝ ʥʦʩʠʪʝʣʝʡ ʜʣʷ ʙʦʨ-ʥʝʡʪʨʦʥʦʟʘʭʚʘʪʥʦʡ 

ʪʝʨʘʧʠʠ ʨʘʢʘ.  

ɺ ʨʘʟʜʝʣʝ 3.4 ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʢʨʘʪʢʠʝ ʠʪʦʛʠ ʪʨʝʪʴʝʡ ʛʣʘʚʳ. 

ɺ ʯʝʪʚʝʨʪʦʡ ʛʣʘʚʝ ʧʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʝʪʦʜʘʤʠ 

ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ ʜʘʥʥʳʭ XRD, ʘ ʪʘʢʞʝ SEM ʠ 

TEM, ʪʝʨʤʠʯʝʩʢʦʛʦ ʦʪʞʠʛʘ Fe3O4 ʠ Fe3O4@Au ʥʘʥʦʯʘʩʪʠʮ, ʠʤʤʦʙʠʣʠʟʘʮʠʠ 

ʢʘʨʙʦʨʘʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʯʘʩʪʠʮ Fe3O4, ʵʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʫʯʝʥʠ ̫

ʥʘʥʦʯʘʩʪʠʮ a-Fe2O3 ʠ ʪʝʨʤʠʯʝʩʢʦʛʦ ʦʪʞʠʛʘ Fe-Ni / FeïNiïO ʥʘʥʦʯʘʩʪʠʮ. 

ɺ ʨʘʟʜʝʣʝ 4.1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʩʭʦʜʥʳʭ ʠ 

ʦʪʦʞʞʝʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ Fe3O4 ʠ Fe3O4@Au [ɸ7,ɸ12,ɸ13].  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʙʦʪʢʠ ʩʥʠʤʢʦʚ TEM ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʩʣʝʜʦʚʘʥʥʳʝ 

Fe3O4@Au ʥʘʥʦʯʘʩʪʠʮ rʠʤʝʶʪ ʩʪʨʫʢʪʫʨʫ ʪʠʧʘ "ʷʜʨʦ-ʦʙʦʣʦʯʢʘ" (ñcore-shellò), 

ʛʜʝ ʷʜʨʦ ʩʦʩʪʦʠʪ ʠʟ ʦʢʩʠʜʘ ʞʝʣʝʟʘ, ʘ ʝʝ ʦʙʦʣʦʯʢʘ ï ʠʟ ʟʦʣʦʪʘ ʪʦʣʱʠʥʦʡ 2ï5 ʥʤ. 

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ SEM ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪʞʠʛʘ (100ï400ÁC) 

ʥʝʧʦʢʨʳʪʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʤʘʛʥʝʪʠʪʘ ʩʦ ʩʨʝʜʥʠʤ 

ʨʘʟʤʝʨʦʤ d ~15ï20 ʥʤ ʠ ʬʦʨʤʦʡ, ʙʣʠʟʢʦʡ ʢ ʩʬʝʨʠʯʝʩʢʦʡ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʧʦʢʨʳʪʳʭ 

ʟʦʣʦʪʦʤ, ʩʣʠʧʘʶʪʩʷ, ʦʙʨʘʟʫʷ ʘʛʣʦʤʝʨʘʪʳ ʯʘʩʪʠʮ c ʨʘʟʤʝʨʘʤʠ d ~ 45 ʥʤ; 

ʜʘʣʴʥʝʡʰʝʝ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʧʨʠʚʦʜʠʪ ʢ ʩʣʠʧʘʥʠʶ ʠ 

ʦʙʲʝʜʠʥʝʥʠʶ ʠʩʭʦʜʥʳʭ ʜʠʩʧʝʨʛʠʨʦʚʘʥʥʳʭ ʠ ʥʝ ʜʠʩʧʝʨʛʠʨʦʚʘʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ 

ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʘʥʦʯʘʩʪʠʮ ʙʦʣʴʰʝʛʦ ʨʘʟʤʝʨʘ ï ʚʧʣʦʪʴ ʜʦ ~90 ʥʤ ʧʨʠ 

tann = 800ÁC. ʇʨʦʮʝʩʩ ʦʙʲʝʜʠʥʝʥʠʷ ʯʘʩʪʠʮ ʜʣʷ ʜʠʩʧʝʨʛʠʨʦʚʘʥʥʳʭ ʥʝʧʦʢʨʳʪʳʭ 

ʥʘʥʦʯʘʩʪʠʮ ʥʘʯʠʥʘʝʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʘ 150ÁC ʤʝʥʴʰʝ (ʧʨʠ ~400ÁC) ʯʝʤ ʜʣʷ 

ʧʦʢʨʳʪʳʭ (ʧʨʠ ~550ÁC), ʧʦʩʢʦʣʴʢʫ ʥʘʣʠʯʠʝ ʦʙʦʣʦʯʢʠ ʟʦʣʦʪʘ ʧʨʝʧʷʪʩʪʚʫʝʪ 

ʦʙʲʝʜʠʥʝʥʠʶ ʥʘʥʦʯʘʩʪʠʮ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʙʦʪʢʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʥʘʙʣʶʜʘʝʪʩʷ ʬʘʟʦʚʦʝ ʧʨʝʚʨʘʱʝʥʠʝ 

ʤʘʛʥʝʪʠʪʘ ʚ ʛʝʤʘʪʠʪ a-Fe2O3, ʧʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ ʦʙʣʘʩʪʝʡ 

ʩʪʨʫʢʪʫʨʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ. ɼʣʷ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʤʘʛʥʝʪʠʪʘ Fe3-ɔO4 

ʥʘʙʣʶʜʘʝʪʩʷ ʟʘʤʝʪʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʩ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʦʪʞʠʛʘ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʫʚʝʣʠʯʝʥʠʠ ʩʪʝʧʝʥʠ ʝʛʦ 

ʥʝʩʪʝʭʠʦʤʝʪʨʠʠ g, ʘ ʜʣ ̫ʛʝʤʘʪʠʪʘ a-Fe2O3 ï ʥʝʙʦʣʴʰʦʝ ʫʤʝʥʴʰʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʠ ʠʭ ʦʪʥʦʰʝʥʠʷ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʝʛʦ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. 

ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʥʘʥʦʯʘʩʪʠʮ Fe3O4 ʠ Fe3O4@Au 

ʧʨʝʜʣʦʞʝʥʘ ʠ ʨʝʘʣʠʟʦʚʘʥʘ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ SpectrRelax ʤʦʜʝʣʴ 

ʨʘʩʰʠʬʨʦʚʢʠ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʦʢʩʠʜʦʚ ʞʝʣʝʟʘ ʚ ʚʠʜʝ ʥʘʥʦʯʘʩʪʠʮ 

ʩʤʝʩʠ ʤʘʛʥʝʪʠʪʘ Fe3O4 ʠ ʤʘʛʛʝʤʠʪʘ ɔ-Fe2O3 ʠʣʠ ʥʘʥʦʯʘʩʪʠʮ 

ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʤʘʛʥʝʪʠʪʘ Fe3ïɔO4 ʧʨʠ ʥʘʣʠʯʠʠ ʙʳʩʪʨʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʦʙʤʝʥʘ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʜʚʫʭ- ʠ ʪʨʝʭʚʘʣʝʥʪʥʳʤʠ ʘʪʦʤʘʤʠ Fe ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ 

ʧʦʟʠʮʠʠ ʩʪʨʫʢʪʫʨʳ ʤʘʛʥʝʪʠʪʘ. ʄʦʜʝʣʴ, ʨʝʘʣʠʟʦʚʘʥʥʘʷ ʩ ʫʯʝʪʦʤ ʤʥʦʛʦʫʨʦʚʥʝʚʦʡ 
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ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʜʣʷ ʘʪʦʤʦʚ Fe ʚ ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʠ 

ʟʘʨʷʜʦʚʳʭ ʩʦʩʪʦʷʥʠʷʭ, ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʷʪʴ ʤʦʣʷʨʥʫʶ ʢʦʥʮʝʥʪʨʘʮʠʶ 

ʤʘʛʛʝʤʠʪʘ ʚ ʩʤʝʩʠ ʦʢʩʠʜʦʚ, ʩʪʝʧʝʥʴ ʥʝʩʪʝʭʠʦʤʝʪʨʠʠ ʤʘʛʥʝʪʠʪʘ, ʘ ʪʘʢʞʝ ʵʥʝʨʛʠʶ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʨʘʟʤʝʨ ʦʙʣʘʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ ʘʪʦʤʦʚ 

ʞʝʣʝʟʘ ʚ ʥʘʥʦʯʘʩʪʠʮʘʭ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʙʦʪʢʠ ʩʧʝʢʪʨʦʚ ʠʩʭʦʜʥʳʭ ʥʘʥʦʯʘʩʪʠʮ 

ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʜʘʥʥʦʡ ʤʦʜʝʣʠ (ʈʠʩ. 7) ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʠʩʭʦʜʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ 

Fe3O4 ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʤʝʩʴ ʤʘʛʥʝʪʠʪʘ Fe3O4 ʠ ʤʘʛʛʝʤʠʪʘ ɔ-Fe2O3 ʩ 

ʤʦʣʷʨʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʤʘʛʛʝʤʠʪʘ b ~ 0.49 ʠʣʠ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʡ ʤʘʛʥʝʪʠʪ 

Fe3ïɔO4 ʩ ɔ ~ 0.17, ʘ ̫ʜʨʘ ʠʩʭʦʜʥʳʭ ʥʘʥʦʯʘʩʪʠʮ Fe3-gO4@Au ʩʦʩʪʦʷʪ ʚ ʦʩʥʦʚʥʦʤ 

ʠʟ ʤʘʛʛʝʤʠʪʘ (b ~ 0.98; ɔ ~ 0.33). 

  
ʈʠʩ. 7. ʈʝʟʫʣʴʪʘʪ rʤʦʜʝʣʴʥʦʡ ʨʘʩʰʠʬʨʦʚʢʠ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʠʩʭʦʜʥʳʭ 

ʥʝ ʧʦʢʨʳʪʳʭ (Fe3O4) ʠ ʧʦʢʨʳʪʳʭ ʟʦʣʦʪʦʤ ( Fe3O4@Au) ʥʘʥʦʯʘʩʪʠʮ ʦʢʩʠʜʦʚ ʞʝʣʝʟʘ. 

ʇʨʝʚʨʘʱʝʥʠʝ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʤʘʛʥʝʪʠʪʘ ʚ ʛʝʤʘʪʠʪ ʜʣʷ ʥʘʥʦʯʘʩʪʠʮ ʩ 

ʧʦʢʨʳʪʠʝʤ ʥʘʯʠʥʘʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪʞʠʛʘ ʥʘ ~150ÁC ʚʳʰʝ 

(ʧʨʠ ~450ÁC), ʯʝʤ ʜʣʷ ʯʘʩʪʠʮ ʙʝʟ ʧʦʢʨʳʪʠʷ (ʧʨʠ ~300ÁC) (ʈʠʩ. 8).  

  
ʈʠʩ. 8. ʆʪʥʦʩʠʪʝʣʴʥʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʘʨʮʠʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʨʘʟʣʠʯʥʳʤ ʩʦʩʪʦʷʥʠʷʤ ʘʪʦʤʦʚ Fe ʚ Fe3O4 (ʩʣʝʚʘ) ʠ Fe3O4@Au (ʩʧʨʘʚʘ) 

ʥʘʥʦʯʘʩʪʠʮʘʭ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ tann. 

ʆʧʨʝʜʝʣʝʥʳ ʩʪʝʧʝʥʴ ʥʝʩʪʝʭʠʦʤʝʪʨʠʠ, ʵʥʝʨʛʠʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ 

ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʦʙʣʘʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ ʘʪʦʤʦʚ Fe ʚ ʥʘʥʦʯʘʩʪʠʮʘʭ 

ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʤʘʛʥʝʪʠʪʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ (ʈʠʩ. 9). 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʝʩʫʨʩʥʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʟʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʭ ʠʩʧʳʪʘʥʠʡ 

ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʥʘʤʠ ʠʩʭʦʜʥʳʭ ʥʘʥʦʯʘʩʪʠʮ Fe3O4 ʠ Fe3O4@Au, ʧʨʦʚʝʜʝʥʥʳʭ ʚ 

ʨʘʙʦʪʝ [16], ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʥʦʯʘʩʪʠʮʳ ʥʘ ʦʩʥʦʚʝ ɔ-Fe2O3@Au ʠʤʝʶʪ 

ʧʝʨʩʧʝʢʪʠʚʫ ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʣʠʪʠʡ-ʠʦʥʥʳʭ 

ʘʢʢʫʤʫʣʷʪʦʨʦʚ. 
























