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ɺʚʝʜʝʥʠʝ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʆʢʩʠʜʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ ʠʟʚʝʩʪʥʳ 

ʩʚʦʠʤʠ ʤʥʦʛʦʦʙʨʘʟʥʳʤʠ ʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʪʘʢʠʤʠ, ʢʘʢ ʩʝʛʥʝʪʦ- ʠ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʪʚʦ, ʚʳʩʦʢʦʝ ʩʚʝʪʦʧʦʛʣʦʱʝʥʠʝ ʠ ʧʨʦʪʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ, 

ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪ ʧʨʠʤʝʥʝʥʠʝ ʚ ʚʦʜʦʨʦʜʥʦʡ ʠ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʝʪʠʢʝ, ʘ ʪʘʢʞʝ 

ʤʠʢʨʦ- ʠ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʝ [1ï3]. ʐʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʧʝʨʦʚʩʢʠʪʦʚ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʠʭ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʦʛʫʪ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ 

ʫʧʨʘʚʣʷʪʴʩʷ ʨʘʟʣʠʯʥʳʤʠ ʚʦʟʜʝʡʩʪʚʠʷʤʠ ʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʩʪʨʦʝʥʠʝ, ʪʘʢʠʤʠ 

ʢʘʢ ʠʟʤʝʥʝʥʠʝ ʩʪʝʭʠʦʤʝʪʨʠʠ, ʜʝʬʦʨʤʘʮʠʷ, ʣʝʛʠʨʦʚʘʥʠʝ, ʩʦʟʜʘʥʠʝ ʜʝʬʝʢʪʦʚ, 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʦʨʠʩʪʳʭ ʩʪʨʫʢʪʫʨ ʠ ʪ.ʜ., ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʦʪʢʨʳʚʘʝʪ ʙʦʣʴʰʦʡ 

ʩʧʝʢʪʨ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ [4,5]. ɺʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʝʨʦʚʩʢʠʪʦʚ ʢ ʧʦʜʦʙʥʳʤ ʚʦʟʜʝʡʩʪʚʠʷʤ ʧʨʠʚʦʜʠʪ, ʩ 

ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʢ ʩʦʟʜʘʥʠʶ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʫʥʠʢʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʘ ʩ 

ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʢ ʫʩʣʦʞʥʝʥʠʶ ʧʦʥʠʤʘʥʠʷ ʚʣʠʷʥʠʷ ʩʪʨʫʢʪʫʨʳ ʥʘ ʩʚʦʡʩʪʚʘ ʠ 

ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʧʦʩʣʝʜʥʠʭ. 

ʊʦʥʢʦʧʣʝʥʦʯʥʳʝ ʢʦʤʧʦʟʠʮʠʠ ʥʘ ʦʩʥʦʚʝ ʮʠʨʢʦʥʘʪʘ-ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ 

Pb(Zr0.52Ti0.48)O3 (PZT) ʫʜʝʨʞʠʚʘʶʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʥʘ 

ʧʨʦʪʷʞʝʥʠʠ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʠʣʝʪʠʡ ʠ ʫʞʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ, ʪʘʢʠʭ ʢʘʢ 

ʵʥʝʨʛʦʥʝʟʘʚʠʩʠʤʳʝ ʟʘʧʦʤʠʥʘʶʱʠʝ ʫʩʪʨʦʡʩʪʚʘ, ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʫʩʪʨʦʡʩʪʚ 

ʤʠʢʨʦʤʝʭʘʥʠʢʠ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʧʨʷʤʦʤ ʠ ʦʙʨʘʪʥʦʤ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʤ 

ʵʬʬʝʢʪʝ, ʧʠʨʦʵʬʬʝʢʪʝ ʠ ʜʨʫʛʠʭ ʥʝʣʠʥʝʡʥʳʭ ʩʚʦʡʩʪʚʘʭ ʘʢʪʠʚʥʳʭ ʜʠʵʣʝʢʪʨʠʢʦʚ 

[6,7]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʝ ʨʘʙʦʪʳ ʚ ʜʘʥʥʦʡ 

ʦʙʣʘʩʪʠ ʚʝʜʫʪʩʷ ʠʥʪʝʥʩʠʚʥʦ ʠ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʠʤʝʥʝʥʠʷ ʧʣʝʥʦʢ, ʠʤʝʶʪ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʜʚʘ ʥʘʧʨʘʚʣʝʥʠʷ: 1) ʫʣʫʯʰʝʥʠʝ ʩʚʦʡʩʪʚ ʠ ʦʧʪʠʤʠʟʘʮʠʷ 

ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ (ʩ ʪʦʣʱʠʥʦʡ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʩʣʦʷ ʜʦ 200 ʥʤ) ʜʣʷ ʢʦʤʧʦʥʝʥʪʦʚ ʤʠʢʨʦ- ʠ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ, 
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ʥʘʧʨʠʤʝʨ, ʵʥʝʨʛʦʥʝʟʘʚʠʩʠʤʦʡ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ 

(FRAM) [6,8,9]; 2) ʧʦʣʫʯʝʥʠʝ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʭ ʩʪʨʫʢʪʫʨ ʠ ʩʚʦʡʩʪʚ [6,10,11].  

ɺ ʧʝʨʚʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʙʦʣʴʰʦʡ ʦʙʲʝʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʩʚʷʱʝʥ ʧʦʠʩʢʫ 

ʥʦʚʳʭ ʵʣʝʢʪʨʦʜʦʚ ʜʣʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ, ʧʦʚʳʰʘʶʱʠʭ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʢʦʤʧʦʟʠʮʠʡ ʠ ʫʜʝʰʝʚʣʷʶʱʠʭ ʠʭ ʩʝʙʝʩʪʦʠʤʦʩʪʴ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʣʘʪʠʥʦʚʳʝ ʵʣʝʢʪʨʦʜʳ, ʢʦʪʦʨʳʝ, ʥʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʫʶ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ, ʧʨʠʚʦʜʷʪ ʢ ʧʨʝʞʜʝʚʨʝʤʝʥʥʳʤ ʫʭʫʜʰʝʥʠʷʤ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʮʠʡ (ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʫʩʪʘʣʦʩʪʠ) 

ʠʟ-ʟʘ ʧʦʚʳʰʝʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʜʝʬʝʢʪʦʚ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ çʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢ ï 

ʵʣʝʢʪʨʦʜè. ʅʘʨʷʜʫ ʩ ʜʨʫʛʠʤʠ ʦʢʩʠʜʘʤʠ, ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʥʠʢʝʣʘʪ ʣʘʥʪʘʥʘ LaNiO3 (LNO), ʢʦʪʦʨʳʡ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʦʚʦʜʷʱʠʡ ʦʢʩʠʜ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ ʠ ʚʳʟʳʚʘʝʪ 

ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ ʚ ʢʘʯʝʩʪʚʝ ʧʨʦʟʨʘʯʥʦʛʦ ʧʨʦʚʦʜʷʱʝʛʦ ʩʣʦʷ ʠʣʠ ʵʣʝʢʪʨʦʜʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʚ ʤʥʦʛʦʩʣʦʡʥʳʭ ʢʦʥʜʝʥʩʘʪʦʨʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʥʘ ʦʩʥʦʚʝ ʧʝʨʦʚʩʢʠʪʦʚ 

ʠʟ-ʟʘ ʩʭʦʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʦʪʩʫʪʩʪʚʠʷ ʙʘʨʴʝʨʘ ʜʣʷ 

ʪʨʘʥʩʧʦʨʪʘ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ, ʧʨʦʟʨʘʯʥʦʩʪʠ ʚ ʚʠʜʠʤʦʤ ʩʧʝʢʪʨʝ ʠ ʚʳʩʦʢʦʡ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ [12ï16]. ʂʨʦʤʝ ʪʦʛʦ, ʚ 

ʧʦʣʥʦʩʪʴʶ ʧʝʨʦʚʩʢʠʪʥʳʭ ʩʪʨʫʢʪʫʨʘʭ LNO ʠʛʨʘʝʪ ʥʝ ʪʦʣʴʢʦ ʨʦʣʴ ʵʣʝʢʪʨʦʜʘ, ʥʦ ʠ 

ʩʣʫʞʠʪ ʟʘʪʨʘʚʦʯʥʳʤ ʩʣʦʝʤ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ ʢʦʥʪʨʦʣʠʨʫʝʤʳʡ ʨʦʩʪ 

ʧʝʨʦʚʩʢʠʪʥʳʭ ʧʣʝʥʦʢ [17,18]. ʊʘʢʠʝ ʩʚʦʡʩʪʚʘ LNO ʧʨʠʚʦʜʷʪ ʢ ʧʦʚʳʰʝʥʠʶ 

ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ, ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, 

ʩʥʠʞʝʥʠʶ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʫʩʪʘʣʦʩʪʠ ʠ ʫʤʝʥʴʰʝʥʠʶ ʪʦʢʘ ʫʪʝʯʢʠ 

ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨ [6,19]. ʂʨʦʤʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ 

ʵʣʝʢʪʨʦʜʘ, LNO  ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʠ ʚ ʜʨʫʛʠʭ ʦʙʣʘʩʪʷʭ, ʥʘʧʨʠʤʝʨ, 

ʠʟ-ʟʘ ʩʧʦʩʦʙʥʦʩʪʠ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʢʠʩʣʦʨʦʜ ʜʘʥʥʳʡ ʦʢʩʠʜ ʥʘʭʦʜʠʪ ʧʨʠʤʝʥʝʥʠʝ 

ʚ ʢʘʪʘʣʠʟʘʪʦʨʘʭ, ʪʦʧʣʠʚʥʳʭ ʷʯʝʡʢʘʭ, ʛʘʟʦʚʳʭ ʩʝʥʩʦʨʘʭ ʠ ʩʫʧʝʨʢʦʥʜʝʥʩʘʪʦʨʘʭ 

[20ï22], ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʠʟ-ʟʘ ʚʦʟʤʦʞʥʦʩʪʠ ʩʦʟʜʘʥʠʷ ʙʦʣʴʰʦʡ ʦʨʙʠʪʘʣʴʥʦʡ 

ʧʦʣʷʨʠʟʘʮʠʠ Ni, LNO ʧʨʝʜʩʪʘʚʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ [23ï27]. 



6 
 

ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʪʨʫʢʪʫʨʘ ʠ ʩʦʩʪʘʚ ʧʣʝʥʦʢ ʟʘʚʠʩʷʪ ʦʪ ʦʩʦʙʝʥʥʦʩʪʝʡ ʠʭ 

ʠʟʛʦʪʦʚʣʝʥʠʷ [12,28ï32]. ʕʧʠʪʘʢʩʠʘʣʴʥʳʝ ʧʣʝʥʢʠ LNO ʚʳʩʦʢʦʛʦ ʢʘʯʝʩʪʚʘ ʤʦʛʫʪ 

ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʥʘ ʧʦʜʣʦʞʢʘʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ LaAlO3 ʠ SrTiO3 ʨʘʟʣʠʯʥʳʤʠ 

ʤʝʪʦʜʘʤʠ: ʤʘʛʥʝʪʨʦʥʥʳʤ ʥʘʧʳʣʝʥʠʝʤ ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ, ʤʦʣʝʢʫʣʷʨʥʦ-

ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʝʡ, ʠʤʧʫʣʴʩʥʳʤ ʣʘʟʝʨʥʳʤ ʥʘʧʳʣʝʥʠʝʤ ʠ ʜʨ. [33ï36]. ʊʘʢʠʝ 

ʧʣʝʥʢʠ ʠʤʝʶʪ ʥʠʟʢʦʝ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʚ ʜʠʘʧʘʟʦʥʝ 100-500 ʤʢʆʤĿʩʤ. 

ʆʜʥʘʢʦ, ʬʠʟʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʪʨʝʙʫʶʪ ʜʦʨʦʛʦʩʪʦʷʱʝʛʦ ʚʘʢʫʫʤʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, 

ʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʝʨʦʚʩʢʠʪʦʚrʭ ʧʦʜʣʦʞʝʢ ʝʱʸ ʙʦʣʴʰʝ 

ʧʦʚʳʰʘʝʪ ʩʪʦʠʤʦʩʪʴ ʧʨʦʠʟʚʦʜʩʪʚʘ ʧʣʝʥʦʢ ʠ ʦʛʨʘʥʠʯʠʚʘʝʪ ʨʘʟʤʝʨ ʧʦʣʫʯʘʝʤʦʛʦ 

ʠʟʜʝʣʠʷ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʦʩʦʙʝʥʥʦ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʦʩʪʦʪʳ ʠ 

ʵʢʦʥʦʤʠʯʥʦʩʪʠ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʭʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ ʠʟ ʨʘʩʪʚʦʨʦʚ (CSD) ʥʘ 

ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʝ ʢʨʝʤʥʠʝʚʳʝ ʧʦʜʣʦʞʢʠ. ʇʦʤʠʤʦ ʩʪʦʠʤʦʩʪʠ ʦʙʦʨʫʜʦʚʘʥʠʷ, 

CSD ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʯʠʩʪʦʪʫ ʧʣʝʥʦʢ ʠ ʙʦʣʴʰʫʶ ʧʣʦʱʘʜʴ ʧʦʢʨʳʪʠʷ, ʯʪʦ 

ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʧʨʠ ʩʝʨʠʡʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʧʨʠʙʦʨʦʚ 

[18,37]. ʂʨʦʤʝ ʪʦʛʦ, ʧʦʣʥʦʩʪʴʶ ʧʝʨʦʚʩʢʠʪʥʳʝ ʪʦʥʢʦʧʣʝʥʦʯʥʳʝ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ 

ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ ʚ ʨʘʤʢʘʭ ʪʦʣʴʢʦ ʤʝʪʦʜʘ CSD ʧʫʪʝʤ ʩʤʝʥʳ ʨʘʩʪʚʦʨʦʚ 

ʧʨʝʢʫʨʩʦʨʦʚ [15].  

ʆʜʥʘʢʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʩʚʦʡʩʪʚʘ ʧʣʝʥʦʢ LNO, ʧʦʣʫʯʝʥʥʳʭ 

ʤʝʪʦʜʦʤ CSD, ʯʨʝʟʚʳʯʘʡʥʦ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʧʘʨʘʤʝʪʨʘʤ. 

ʆʩʦʙʦʝ ʚʣʠʷʥʠʝ ʤʦʛʫʪ ʦʢʘʟʳʚʘʪʴ ʩʦʩʪʘʚ ʨʘʩʪʚʦʨʘ ʧʨʝʢʫʨʩʦʨʘ, ʧʦʜʣʦʞʢʠ, 

ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʠ ʚʨʝʤʝʥʥʦʡ ʨʝʞʠʤʳ ʩʫʰʢʠ ʠ ʦʪʞʠʛʘ [18,38ï40].  ʇʣʝʥʢʠ LNO, 

ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ CSD, ʯʘʩʪʦ ʠʤʝʶʪ ʧʦʨʠʩʪʫʶ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ 

ʩʪʨʫʢʪʫʨʫ ʩ ʨʘʚʥʦʦʩʥʳʤʠ ʟʝʨʥʘʤʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʚ ʧʦʜʩʣʦʷʭ, ʚʤʝʩʪʦ 

ʞʝʣʘʝʤʦʡ ʩʪʦʣʙʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ [37,41ï43]. ɺ ʦʪʣʠʯʠʝ ʦʪ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʧʝʨʦʚʩʢʠʪʦʚʳʭ ʧʦʜʣʦʞʝʢ ʢʨʝʤʥʠʝʚʳʝ ʧʣʘʩʪʠʥʳ ʠʤʝʶʪ ʩʫʱʝʩʪʚʝʥʥʳʝ 

ʩʪʨʫʢʪʫʨʥʳʝ ʦʪʣʠʯʠʷ ʦʪ LNO ʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʘʤʦʨʬʥʳʡ ʧʨʠʨʦʜʥʳʡ ʦʢʩʠʜ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʧʨʝʧʷʪʩʪʚʫʶʱʠʡ ʵʧʠʪʘʢʩʠʘʣʴʥʦʤʫ ʨʦʩʪʫ ʟʝʨʝʥ LNO 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʧʦʜʣʦʞʢʝ. ʆʜʥʘʢʦ ʙʣʘʛʦʜʘʨʷ ʦʩʦʙʦʡ ʩʢʣʦʥʥʦʩʪʠ LNO ʢ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʟʘʪʨʘʚʦʯʥʦʛʦ ʩʣʦʷ, ʘ ʪʘʢʞʝ ʪʱʘʪʝʣʴʥʦʤʫ ʧʦʜʙʦʨʫ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʨʷʜʫ ʘʚʪʦʨʦʚ ʫʞʝ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ 
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ʦʨʠʝʥʪʠʨʦʚʘʥʥʫʶ ʩʪʦʣʙʯʘʪʫʶ ʩʪʨʫʢʪʫʨʫ ʟʝʨʝʥ LNO ʤʝʪʦʜʦʤ ʠʤʧʫʣʴʩʥʦʛʦ 

ʣʘʟʝʨʥʦʛʦ ʦʩʘʞʜʝʥʠʷ [33] ʠ CSD [18,44]. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʤʝʭʘʥʠʟʤ ʨʦʩʪʘ ʟʝʨʝʥ 

LNO ʚ ʧʣʝʥʢʘʭ CSD ʜʦ ʢʦʥʮʘ ʥʝ ʠʟʫʯʝʥ.  

ɺʦ ʚʪʦʨʦʡ ʚʝʪʚʠ ʨʘʟʨʘʙʦʪʦʢ ï ʩʦʟʜʘʥʠʠ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʫʥʠʢʘʣʴʥʳʤʠ 

ʩʚʦʡʩʪʚʘʤʠ ï ʦʩʦʙʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʧʦʨʠʩʪʳʭ ʠ ʢʦʤʧʦʟʠʪʥʳʭ 

ʧʣʸʥʦʢ ʥʘ ʦʩʥʦʚʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ. ʉʦʟʜʘʥʠʝ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ ʧʣʝʥʦʢ 

ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʦʙʝʩʧʝʯʠʚʘʷ 

ʧʦʣʫʯʝʥʠʝ ʢʘʯʝʩʪʚʝʥʥʳʭ ʧʣʝʥʦʢ ʙʝʟ ʨʘʩʪʨʝʩʢʠʚʘʥʠʷ ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 1 ʤʢʤ ʜʣʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʭ ʚ ʩʦʩʪʘʚʝ ʨʘʟʣʠʯʥʳʭ ʤʠʢʨʦʵʣʝʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ 

(MEMS) [45ï47].  

ʈʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʩʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʧʦʨʠʩʪʦʡ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʠ, ʪʘʢʠʝ ʢʘʢ ʜʦʙʘʚʣʝʥʠʝ ʠ ʧʦʩʣʝʜʫʶʱʝʝ 

ʚʳʞʠʛʘʥʠʝ ʧʦʣʠʤʝʨʥʳʭ ʩʬʝʨ, 3D-ʧʝʯʘʪʴ ʠ ʪ. ʜ. [48]. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʦʣʫʯʝʥʠʝ 

ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʣʝʥʢʘʭ ʤʦʞʝʪ ʙʳʪʴ ʣʝʛʢʦ 

ʦʩʫʱʝʩʪʚʣʝʥʦ ʟʦʣʴ-ʛʝʣʴ ʪʝʭʥʦʣʦʛʠʷʤʠ [49ï51], ʧʨʠ ʵʪʦʤ ʚ ʨʘʩʪʚʦʨ ʧʨʝʢʫʨʩʦʨʦʚ 

ʜʦʙʘʚʣʷʶʪ ʦʨʛʘʥʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʫʶʱʠʝ ʘʛʝʥʪʳ ï ʧʦʨʦʛʝʥʳ, ʢʦʪʦʨʳʝ 

ʚʚʦʜʷʪʩʷ ʚ ʧʣʝʥʦʯʥʫʶ ʤʝʪʘʣʣʦʦʢʩʠʜʥʫʶ ʩʝʪʴ, ʬʦʨʤʠʨʫʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ 

ʩʪʨʫʢʪʫʨʫ ʧʦʨ, ʠ ʨʘʟʨʫʰʘʶʪʩʷ ʧʨʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ, ʦʩʪʘʚʣʷʷ ʧʫʩʪʳʝ ʧʦʨʳ. ʇʨʠ 

ʩʦʟʜʘʥʠʠ ʩʚʷʟʘʥʥʦʡ ʩʠʩʪʝʤʳ ʧʦʨ ʪʘʢʠʝ ʧʣʝʥʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ ʠ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ, ʚ ʢʦʪʦʨʳʭ ʤʘʪʨʠʮʘ ʧʣʝʥʢʠ ʟʘʧʦʣʥʷʝʪʩʷ ʜʨʫʛʠʤ 

ʤʘʪʝʨʠʘʣʦʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʢʦʤʙʠʥʠʨʦʚʘʪʴ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ (ʘ ʪʘʢʞʝ ʧʠʨʦ- ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʢʦʚ), ʜʠʵʣʝʢʪʨʠʢʦʚ ʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʧʦʣʫʯʘʪʴ ʫʥʠʢʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʠʪʦʛʦʚʦʛʦ 

ʫʩʪʨʦʡʩʪʚʘ [11]. ʄʥʦʞʝʩʪʚʦ ʨʘʙʦʪ ʧʦʩʚʷʱʝʥʦ ʧʦʠʩʢʫ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʭ 

ʧʦʨʦʛʝʥʦʚ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʦʧʪʠʤʘʣʴʥʦʡ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʧʦʷʚʣʷʶʪʩʷ ʦʪʜʝʣʴʥʳʝ 

ʨʘʙʦʪʳ ʧʦ ʧʦʣʫʯʝʥʠʶ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʨʘʟʣʠʯʥʦʡ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʧʦʣʫʯʝʥʠʝ 

ʫʧʦʨʷʜʦʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ [52,53].  
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ʆʙʘ ʥʘʧʨʘʚʣʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʣʸʥʦʯʥʳʭ ʢʦʤʧʦʟʠʮʠʡ ʥʘ ʦʩʥʦʚʝ PZT 

ʦʙʲʝʜʠʥʷʝʪ ʦʪʩʫʪʩʪʚʠʝ ʜʦʩʪʘʪʦʯʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʅʘʧʨʠʤʝʨ, 

ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʶʪ ʩʚʝʜʝʥʠʷ ʦ ʣʦʢʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʭ 

ʚ ʜʘʥʥʳʭ ʧʣʝʥʢʘʭ ʠ ʦ ʤʝʭʘʥʠʟʤʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʦʣʙʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ ʚ LNO. 

ʊʘʢʞʝ ʥʝʪ ʜʘʥʥʳʭ ʦ ʪʨʝʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʝ ʧʦʨ ʚ ʧʣʝʥʢʘʭ PZT, ʧʦʣʫʯʝʥʥʳʭ 

ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʨʘʩʪʚʦʨʦʚ. ʇʨʠ ʵʪʦʤ ʢʦʩʚʝʥʥʳʝ ʤʝʪʦʜʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʠʟʤʝʨʝʥʠʠ ʨʘʟʣʠʯʥʳʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ, ʥʝ 

ʧʦʟʚʦʣʷʶʪ ʩʬʦʨʤʠʨʦʚʘʪʴ ʧʦʣʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʣʝʞʘʱʠʭ ʚ ʦʩʥʦʚʝ ʬʠʟʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʘʭ ʠ ʫʩʪʘʥʦʚʠʪʴ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʩʪʨʫʢʪʫʨʦʡ ʠ ʩʚʦʡʩʪʚʘʤʠ 

ʧʝʨʦʚʩʢʠʪʦʚ, ʧʦʵʪʦʤʫ ʧʨʷʤʘʷ ʚʠʟʫʘʣʠʟʘʮʠʷ ʩʪʨʫʢʪʫʨʳ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʜʘʤʠ 

ʨʘʩʪʨʦʚʦʡ ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʢʨʘʡʥʝ ʘʢʪʫʘʣʴʥʳ ʜʣʷ 

ʜʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ.  

ʎʝʣʴʁ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʫʩʪʘʥʦʚʣʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʩʣʦʝʚ LNO ʠ PZT-LNO ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʦʚ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʠʝ 

ʩʪʨʫʢʪʫʨʳ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT ʠ ʢʦʤʧʦʟʠʪʦʚ PZT/Ti-O ʥʘ ʠʭ ʦʩʥʦʚʝ, 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʤʠʢʨʦ- ʠ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʝ.  

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʨʝʰʠʪʴ ʩʣʝʜʫʶʱʠʝ 

ʟʘʜʘʯʠ: 

1) ɺʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ, ʬʘʟʦʚʦʛʦ ʠ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ 

ʢʦʤʧʦʟʠʮʠʡ LNO-SiO2-Si, PZT-LNO-SiO2-Si, PZT/Ti-O ʠ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT ʠ 

ʤʝʪʦʜʘʤʠ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʵʣʝʢʪʨʦʥʥʦʡ ʜʠʬʨʘʢʮʠʠ ʠ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ. 

2) ʋʩʪʘʥʦʚʠʪʴ ʨʦʣʴ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʢʘʞʜʦʤ ʵʪʘʧʝ ʩʠʥʪʝʟʘ 

ʧʣʝʥʦʢ LNO ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʨʘʩʪʚʦʨʦʚ. 

3) ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʢʠʥʝʪʠʢʫ ʧʦʩʣʦʡʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʣʝʥʦʢ LNO ʠ 

ʫʩʪʘʥʦʚʠʪʴ ʤʝʭʘʥʠʟʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʦʣʙʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ ʧʣʝʥʦʢ LNO ʥʘ 

ʧʦʜʣʦʞʢʘʭ Si-SiO2 ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ. 

4) ʆʧʨʝʜʝʣʠʪʴ ʚʟʘʠʤʥʦʝ ʚʣʠʷʥʠʝ ʩʣʦʝʚ ʚ ʢʦʤʧʦʟʠʮʠʷʭ PZT-LNO-SiO2-Si ʠ 

ʫʩʪʘʥʦʚʠʪʴ ʦʧʪʠʤʘʣʴʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʩʪʦʣʙʯʘʪʦʡ 

ʩʪʨʫʢʪʫʨʳ ʩʣʦʷ LNO. 
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5) ʆʮʝʥʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʚʠʟʫʘʣʠʟʘʮʠʠ ʪʨʝʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʝʟʦʧʦʨʠʪʩʳʭ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʣʝʥʦʢ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʠ ʧʦʜʦʙʨʘʪʴ ʦʧʪʠʤʘʣʴʥʳʝ 

ʧʘʨʘʤʝʪʨʳ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

6) ʅʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʧʨʝʜʝʣʠʪʴ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʝ 

ʧʦʨʠʩʪʳʝ ʧʣʝʥʢʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʢʦʤʧʦʟʠʪʦʚ PZT/Ti-O ʧʫʪʝʤ ʟʘʧʦʣʥʝʥʠʷ ʧʦʨ 

ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ ʦʩʘʞʜʝʥʠʷ (ALD) ʠ ʚr̫ ʚʠʪʴ ʩʪʨʫʢʪʫʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ 

ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʤʝʪʦʜʘʤʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

ʠ ʌʀʇ-ʈʕʄ ʥʘʥʦʪʦʤʦʛʨʘʬʠʠ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ: 

1) ɺʧʝʨʚʳʝ ʧʨʠ ʠʟʫʯʝʥʠʠ ʵʚʦʣʶʮʠʠ ʧʨʦʮʝʩʩʦʚ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʥʘ 

ʥʘʥʦʫʨʦʚʥʝ ʚʳʷʚʣʝʥʘ ʭʠʤʠʯʝʩʢʘʷ ʠ ʬʘʟʦʚʘʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʚ ʚʠʜʝ ʨʘʩʩʣʦʝʥʠʷ 

ʚ ʧʣʝʥʢʘʭ LNO, ʧʦʣʫʯʝʥʥʳʭ ʤʥʦʛʦʩʣʦʡʥʳʤ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ 

ʨʘʩʪʚʦʨʦʚ ʩ ʜʚʫʭʵʪʘʧʥʦʡ ʩʫʰʢʦʡ ʠ ʧʦʩʣʝʜʫʶʱʠʤ ʦʪʞʠʛʦʤ. ʈʘʩʩʣʦʝʥʠʝ 

ʦʙʫʩʣʦʚʣʝʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʧʨʝʢʫʨʩʦʨʦʚ ʩ ʚʥʝʰʥʝʡ ʩʨʝʜʦʡ. 

2) ɺʧʝʨʚʳʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʝʭʘʥʠʟʤ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ LNO ʥʘ ʧʦʜʣʦʞʢʘʭ Si-

SiO2 ʠʤʝʝʪ ʛʦʤʦʛʝʥʥʳʡ ʭʘʨʘʢʪʝʨ ʟʘʨʦʞʜʝʥʠʷ ʟʝʨʝʥ ʦʜʥʦʡ ʬʘʟʳ ʩ ʧʦʩʣʝʜʫʶʱʝʡ 

ʩʪʘʜʠʝʡ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʇʨʝʧʷʪʩʪʚʠʝʤ ʜʣʷ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʟʘʨʦʞʜʝʥʠʷ ʚ 

ʤʥʦʛʦʩʣʦʡʥʦʤ ʧʨʦʮʝʩʩʝ ʦʩʘʞʜʝʥʠʷ ʷʚʣʷʶʪʩʷ ʣʦʢʘʣʴʥʳʝ ʠʩʢʘʞʝʥʠʷ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʚʳʟʚʘʥʥʳʝ ʬʣʫʢʪʫʘʮʠʷʤʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

ʧʣʝʥʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʣʦʝʚ. ʉ ʫʯʝʪʦʤ ʤʝʭʘʥʠʟʤʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚʳʷʚʣʝʥʳ 

ʫʩʣʦʚʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʦʣʙʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ ʟʝʨʝʥ. 

3) ʀʩʩʣʝʜʦʚʘʥʘ ʩʪʨʫʢʪʫʨʘ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʨʘʟʣʠʯʥʳʭ 

ʧʦʨʦʛʝʥʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʧʦʨʦʛʝʥʦʚ ʚʧʝʨʚʳʝ ʠʩʧʦʣʴʟʦʚʘʥʳ ʙʣʦʢ-ʩʦʧʦʣʠʤʝʨʥʳʝ 

ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʝ ʚʝʱʝʩʪʚʘ ʪʠʧʘ Brij: ʧʦʣʠʵʪʠʣʝʥʛʣʠʢʦʣʴ ʜʦʜʝʮʠʣʦʚʳʡ 

ʵʬʠʨ (Brij  30) ʠ ʧʦʣʠʦʢʩʠʵʪʠʣʝʥ (10) ʩʪʝʘʨʠʣʦʚʳʡ ʵʬʠʨ (Brij  76). 

ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʨʘʟʣʠʯʠʷ ʚ ʩʪʨʫʢʪʫʨʝ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʧʣʝʥʦʢ ʩ 

ʧʦʨʦʛʝʥʘʤʠ ʪʠʧʘ Brij  ʠ ʨʘʥʝʝ ʠʩʧʦʣʴʟʫʝʤʳʤ ʧʦʣʠʚʠʥʠʣʧʠʨʨʦʣʠʜʦʥʦʤ (PVP).  

4) ɺʧʝʨʚʳʝ ʧʨʠʤʝʥʝʥʳ ʤʝʪʦʜʳ ʌʀʇ-ʈʕʄ ʥʘʥʦʪʦʤʦʛʨʘʬʠʠ ʜʣʷ 

ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʩʪʨʫʢʪʫʨʳ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT ʚ ʦʙʲʝʤʝ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ 
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ʪʘʢʠʝ ʧʣʝʥʢʠ ʦʙʣʘʜʘʶʪ ʫʥʠʢʘʣʴʥʦʡ ʩʚʷʟʘʥʥʦʡ ʩʠʩʪʝʤʦʡ ʧʦʨ, ʯʪʦ ʷʚʣʷʝʪʩʷ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ. 

5) ɺʧʝʨʚʳʝ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʢʦʤʧʦʟʠʪʳ PZT/Ti-O ʧʫʪʝʤ ʟʘʧʦʣʥʝʥʠʷ ʧʦʨʠʩʪʳʭ 

ʧʣʝʥʦʢ ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʘ ʠʭ ʩʪʨʫʢʪʫʨʘ ʠ 

ʩʚʦʡʩʪʚʘ. 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ. ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ 

ʜʘʥʥʳʭ ʦ ʧʦʨʠʩʪʳʭ ʧʣʝʥʢʘʭ PZT ʩʧʨʦʛʥʦʟʠʨʦʚʘʥʳ ʧʝʨʩʧʝʢʪʠʚʳ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʟʘʧʦʣʥʝʥʠʝʤ ʧʦʨʠʩʪʳʭ ʩʠʩʪʝʤ 

ʨʘʟʣʠʯʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ. 

ʆʧʠʩʘʥʥʳʡ ʤʝʭʘʥʠʟʤ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ LNO ʠ ʧʦʜʦʙʨʘʥʥʳʝ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʧʦʟʚʦʣʷʪ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ 

ʧʣʝʥʦʢ ʩʦ ʩʪʦʣʙʯʘʪʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʫʜʝʪ ʜʦʩʪʠʛʥʫʪʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʩʪʨʫʢʪʫʨʦʡ ʧʣʝʥʦʢ ʚ ʨʘʤʢʘʭ ʧʨʦʩʪʦʛʦ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʠ ʵʢʦʥʦʤʠʯʝʩʢʠ ʚʳʛʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ. 

ʇʦʥʠʤʘʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʪʨʦʝʥʠʷ ʵʣʝʢʪʨʦʜʦʚ LNO, 

ʢʦʤʧʦʟʠʮʠʡ PZT-LNO, ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT, ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ, ʠ 

ʩʪʨʫʢʪʫʨʥʦʡ ʦʙʫʩʣʦʚʣʝʥʥʦʩʪʠ ʠʭ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʟʚʦʣʠʪ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʜʘʥʥʳʝ ʢʦʤʧʦʟʠʮʠʠ ʢʘʢ ʦʩʥʦʚʫ ʜʣʷ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʡ 

ʢʦʤʧʦʥʝʥʪʥʦʡ ʙʘʟʳ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʚ ʈʦʩʩʠʠ. 

ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ: 

1) ʂʨʠʩʪʘʣʣʠʟʘʮʠʷ LNO ʥʘ ʧʦʜʣʦʞʢʘʭ Si-SiO2 ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦ 

ʤʝʭʘʥʠʟʤʫ ʛʦʤʦʛʝʥʥʦʛʦ ʟʘʨʦʞʜʝʥʠʷ ʟʝʨʝʥ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ.  

2) ʆʜʥʦʬʘʟʥʘʷ ʩʪʦʣʙʯʘʪʘʷ ʩʪʨʫʢʪʫʨʘ ʩʣʦʷ LNO ʬʦʨʤʠʨʫʝʪʩʷ ʧʨʠ 

ʩʦʙʣʶʜʝʥʠʠ ʩʣʝʜʫʶʱʠʭ ʫʩʣʦʚʠʡ: ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʩʫʰʢʘ ʧʨʠ ʊ=200  ʠ 

ʦʪʞʠʛ ʢʘʞʜʦʛʦ ʩʣʦʷ ʥʝ ʤʝʥʝʝ 10 ʤʠʥʫʪ ʧʨʠ ʊ=650 . 

3) ʅʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ ʧʣʝʥʦʢ PZT ʚʣʠʷʝʪ ʚʠʜ 

ʧʦʨʦʛʝʥʦʚ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʠʭ ʨʘʩʧʘʜʘ.  

4) ʄʝʪʦʜ ʌʀʇ-ʈʕʄ ʥʘʥʦʪʦʤʦʛʨʘʬʠʠ ʵʬʬʝʢʪʠʚʝʥ ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʠ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʩʪʨʫʢʪʫʨʳ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT.  
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5) ʉʚʷʟʥʦʩʪʴ ʧʦʨ ʚ ʧʣʝʥʢʘʭ PZT+6,6 ʤʘʩ.% PVP ʠ PZT+30 ʤʘʩ.% Brij76 

ʧʦʟʚʦʣʷʝʪ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʢʦʤʧʦʟʠʪʳ ʧʫʪʝʤ ʠʭ ʟʘʧʦʣʥʝʥʠʷ ʦʢʩʠʜʦʤ ʪʠʪʘʥʘ 

ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ ʦʩʘʞʜʝʥʠʷ. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ɼʦʩʪʦʚʝʨʥʦʩʪʴ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʨʘʙʦʪʝ ʨʝʟʫʣʴʪʘʪʦʚ ʦʙʫʩʣʦʚʣʝʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʦʚʨʝʤʝʥʥʦʛʦ ʘʪʪʝʩʪʦʚʘʥʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʧʨʦʛʨʘʤʤ ʦʙʨʘʙʦʪʢʠ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ, ʘ ʪʘʢʞʝ 

ʧʫʙʣʠʢʘʮʠʷʤʠ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʥʘʫʯʥʳʭ ʠʟʜʘʥʠʷʭ ʠ ʜʦʢʣʘʜʘʤʠ ʥʘ ʨʘʟʣʠʯʥʳʭ 

ʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ. 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ 

ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ 8 ʩʪʘʪʴʷʭ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ, ʠʥʜʝʢʩʠʨʫʝʤʳʭ 

ʤʝʞʜʫʥʘʨʦʜʥʳʤʠ ʙʘʟʘʤʠ (ʈʀʅʎ, Scopus, Web of Science) ʠ ʚʢʣʶʯʝʥʥʳʭ ʚ 

ʧʝʨʝʯʝʥʴ ʚʝʜʫʱʠʭ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʠʟʜʘʥʠʡ ɺɸʂ ʈʌ. ʄʘʪʝʨʠʘʣʳ ʨʘʙʦʪʳ 

ʜʦʣʦʞʝʥʳ ʚ 15 ʜʦʢʣʘʜʘʭ ʠ ʦʙʩʫʞʜʝʥʳ ʥʘ ʩʣʝʜʫʶʱʠʭ ʥʘʮʠʦʥʘʣʴʥʳʭ ʠ 

ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: XXIX ʈʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʏʝʨʥʦʛʦʣʦʚʢʘ, 29-31 ʘʚʛʫʩʪʘ 2022), XXII 

ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʬʠʟʠʢʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ (ʋʈʌʋ, 

ɽʢʘʪʝʨʠʥʙʫʨʛ, 25-28 ʘʚʛʫʩʪʘ 2021),  IEEE International Symposium on Applications 

of Feeroelectric (ISAF) (Virtual Conference, May 16-21, 2021), ɺʩʝʨʦʩʩʠʡʩʢʘʷ 

ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ çʉʪʫʜʝʥʯʝʩʢʘʷ ʥʘʫʯʥʘʷ ʚʝʩʥʘ: 

ʄʘʠhʥʦʩʪʨʦʠʪʝʣʴʥʳʝ ʪʝʭʥʦʣʦʛʠʠè (ʄɻʊʋ ʠʤ. ʅ.ʕ. ɹʘʫʤʘʥʘ, 04-08 ʘʧʨʝʣʷ, 2022 

ʠ 06-09 ʘʧʨʝʣʷ, 2021), ɼʝʚʷʪʘʷ ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʂʨʠʩʪʘʣʣʦʬʠʟʠʢʘ 

ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʝ ʧʦʚʝʜʝʥʠʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚè (ʄʀʉʠʉ, ʄʦʩʢʚʘ, 

22ï26 ʥʦʷʙʨʷ 2021), Virtual Early Career European Microscopy Congress (2020, 

November 24-26), ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʦʥʣʘʡʥ-ʢʦʥʬʝʨʝʥʮʠ ̫ çʀʩʩʣʝʜʦʚʘʥʠʝ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʨʦʩʩʠʡʩʢʠʤʠ ʫʯʝʥʳʤʠ. ʉʪʦʣʝʪʠʝ ʦʪʢʨʳʪʠʷ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʪʚʘè (ʉʕ-100) (ɽʢʘʪʝʨʠʥʙʫʨʛ, ʋʨʌʋ, 17-19 ʘʚʛʫʩʪʘ 2020), 

XXVIII ʈʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ VI ʰʢʦʣʘ 

ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ (ʏʝʨʥʦʛʦʣʦʚʢʘ, 5-6 ʩʝʥʪʷʙʨʷ 2020), Mechanisms and non-linear 

problems of nucleation and growth of crystals and thin films (Saint-Petersburg, 01 ï 
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05 July 2019), XXVI ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ ʠ 

ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ çʃʦʤʦʥʦʩʦʚè (ʄʦʩʢʚʘ, 8 -12 ʘʧʨʝʣʷ 2019ʛ), XXIII 

ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ ʧʦ ʥʝʦʨʛʘʥʠʯʝʩʢʠʤ ʠ 

ʦʨʛʘʥʦʩʠʣʠʢʘʪʥʳʤ ʧʦʢʨʳʪʠʷʤ (ʀʍʉ ʈɸ, 7 - 9 ʦʢʪʷʙʨʷ 2019 ʛ). 

ɼʦʢʣʘʜʳ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʙʦʪʳ ʙʳʣ ʫʜʦʩʪʦʝʥʳ ʠʤʝʥʥʦʡ (2022ʛ.) ʠ ʧʝʨʚʦʡ 

(2019) ʧʨʝʤʠʡ ʥʘ ʤʦʣʦʜʸʞʥʦʤ ʢʦʥʢʫʨʩʝ ʀʥʩʪʠʪʫʪʘ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʠ ʠʤ. ɸ.ɺ. 

ʐʫʙʥʠʢʦʚʘ ʈɸʅ, ʠ ʦʪʤʝʯʝʥʳ ʥʦʤʠʥʘʮʠʝʡ çʣʫʯʰʠʡ ʜʦʢʣʘʜè ʚ ʩʝʢʮʠʠ 

çʌʫʥʜʘʤʝʥʪʘʣʴʥʦʝ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ ʠ ʥʘʥʦʤʘʪʝʨʠʘʣʳè ʥʘ ʤʝʞʜʫʥʘʨʦʜʥʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ çʃʦʤʦʥʦʩʦʚ-2019ʛè. 

ʉʪʘʪʴʷ [A6] ʧʦ ʤʘʪʝʨʠʘʣʘʤ ʨʘʙʦʪʳ ʦʪʤʝʯʝʥʘ ʢʘʢ ʣʫʯʰʘʷ ʩʪʘʪʴʷ ʛʦʜʘ ʚ ʞʫʨʥʘʣʝ 

Journal of American Ceramic Society. ʈʘʙʦʪʘ ʙʳʣʘ ʧʦʜʜʝʨʞʘʥʘ ʈʦʩʩʠʡʩʢʠʤ 

ʬʦʥʜʦʤ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʛʨʘʥʪ çɸʩʧʠʨʘʥʪʳè ˉ20-32-90056). 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʠʟʣʦʞʝʥʥʳʝ ʚ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ, ʧʦʣʫʯʝʥʳ ʣʠʯʥʦ ʩʦʠʩʢʘʪʝʣʝʤ: ʘʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʳ, 

ʧʨʦʙʦʧʦʜʛʦʪʦʚʢʘ ʦʙʨʘʟʮʦʚ ʩ ʧʦʤʦʱʴʶ ʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʠʦʥʥʦʛʦ ʧʫʯʢʘ, 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʧʝʨʝʯʥʳʭ ʩʨʝʟʦʚ ʠʩʩʣʝʜʫʝʤʳʭ ʧʣʝʥʦʢ, ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ, ʦʪʨʘʙʦʪʢʘ ʤʝʪʦʜʘ ʌʀʇ-ʈʕʄ ʥʘʥʦʪʦʤʦʛʨʘʬʠʠ ʠ ʝʛʦ ʨʝʘʣʠʟʘʮʠʷ ʩ 

ʧʦʩʣʝʜʫʶʱʝʡ ʨʝʢʦʥʩʪʨʫʢʮʠʝʡ ʠ ʧʦʜʩʯʝʪʦʤ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʩʪʨʫʢʪʫʨ. ɸʚʪʦʨ ʜʠʩʩʝʨʪʘʮʠʠ ʧʨʠʥʠʤʘʣ ʫʯʘʩʪʠʝ ʚ ʧʦʩʪʘʥʦʚʢʝ ʮʝʣʝʡ ʠ ʟʘʜʘʯ 

ʠʩʩʣʝʜʦʚʘʥʠʷ, ʥʘʧʠʩʘʥʠʠ ʩʪʘʪʝʡ ʠ ʧʦʜʛʦʪʦʚʢʝ ʜʦʢʣʘʜʦʚ, ʚ ʧʦʣʫʯʝʥʠʠ ʠ ʘʥʘʣʠʟʝ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʠ ʜʘʥʥʳʭ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʣʝʥʦʢ LNO. 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ. ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, 

ʯʝʪʳʨʝʭ ʛʣʘʚ ʠ ʟʘʢʣʶʯʝʥʠʷ. ʇʦʣʥʳʡ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ ʩʦʩʪʘʚʣʷʝʪ 213 ʩʪʨʘʥʠʮ 

ʧʝʯʘʪʥʦʛʦ ʪʝʢʩʪʘ, ʚʢʣʶʯʘʷ 80 ʨʠʩʫʥʢʦʚ, 12 ʪʘʙʣʠʮ ʠ 17 ʬʦʨʤʫʣ. ʉʧʠʩʦʢ 

ʣʠʪʝʨʘʪʫʨʳ ʩʦʜʝʨʞʠʪ 243 ʥʘʠʤʝʥʦʚʘʥʠ.̫ 
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ɻʣʘʚʘ 1. ʃʠʪʝʨʘʪʫʨʥʳʡ ʦʙʟʦʨ  

1.1. ʆʩʦʙʝʥʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʦʢʩʠʜʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ 

ʄʘʪʝʨʠʘʣʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ ï ʦʙʰʠʨʥʳʡ ʢʣʘʩʩ ʤʠʥʝʨʘʣʦʚ ʠ 

ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʦʙʱʝʡ ʩʪʨʫʢʪʫʨʥʦʡ ʬʦʨʤʫʣʦʡ ABX 3, ʛʜʝ A ʠ B ï 

ʢʘʪʠʦʥʳ, ɸ>B, X ï ʘʥʠʦʥ (O, F, Cl, As ʠ ʜʨ.). ɼʘʥʥʳʡ ʢʣʘʩʩ ʤʘʪʝʨʠʘʣʦʚ ʧʦʣʫʯʠʣ 

ʥʘʟʚʘʥʠʝ ʧʦ ʦʜʥʦʠʤʝʥʥʦʤʫ ʤʠʥʝʨʘʣʫ ï CaTiO3, ʢʦʪʦʨʳʡ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʙʳʣ 

ʥʘʟʚʘʥ ʚ ʯʝʩʪʴ ʤʠʥʝʨʘʣʦʛʘ ʃ.ɸ. ʇʝʨʦʚʩʢʦʛʦ.  

 

 

1.1.1. ʉʪʨʫʢʪʫʨʘ ʧʝʨʦʚʩʢʠʪʦʚ 

ʀʜʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ ï ʘʨʠʩʪʦʪʠʧʦʤ ï ʧʨʠʥʷʪʦ ʩʯʠʪʘʪʴ 

ʢʫʙʠʯʝʩʢʫʶ ʨʝʰʝʪʢʫ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ ὖάσά (ʈʠʩʫʥʦʢ 1) [54]. 

ʏʝʪʳʨʝ ʢʘʪʠʦʥʘ ɸ ʩ ʠʦʥʥʳʤ ʨʘʜʠʫʩʦʤ ὶ ʥʘʭʦʜʷʪʩʷ ʚ ʧʦʣʦʞʝʥʠʷʭ ʫʛʣʦʚ ʢʫʙʘ. 

ʂʘʪʠʦʥ B ʩ ʠʦʥʥʳʤ ʨʘʜʠʫʩʦʤ ὶ, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʚ ʮʝʥʪʨʝ ʷʯʝʡʢʠ, 

ʢʦʦʨʜʠʥʠʨʫʝʪʩʷ ʩ ʰʝʩʪʴʶ ʘʥʠʦʥʘʤʠ ʨʘʜʠʫʩʦʤ ὶ, ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʚ 

ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʳʭ ʧʦʟʠʮʠʷʭ, ʦʙʨʘʟʫʷ ʦʢʪʘʵʜʨʠʯʝʩʢʫʶ ʝʜʠʥʠʮʫ BX6. 

ʆʢʪʘʵʜʨʠʯʝʩʢʠʝ ʝʜʠʥʠʮʳ ʬʦʨʤʠʨʫʶʪ ʪʨʝʭʤʝʨʥʫʶ ʩʝʪʴ ʩ ʦʙʱʠʤʠ ʫʛʣʘʤʠ, ʚ 

ʢʦʪʦʨʦʡ ʢʘʪʠʦʥʳ A ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʧʦʣʦʩʪʷʭ ʠ ʦʢʨʫʞʝʥʳ 12 ʘʥʠʦʥʘʤʠ. 

ʇʦʣʫʯʝʥʥʘʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʪʨʫʢʪʫʨʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʦʯʝʥʴ ʩʪʘʙʠʣʴʥʘ, 

ʘ ʚ ʫʟʣʘʭ A ʠ B ʤʦʞʝʪ ʨʘʩʧʦʣʘʛʘʪʴʩʷ ʠ ʧʦʜʜʝʨʞʠʚʘʪʴ ʟʘʤʝʱʝʥʠʝ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ 

ʵʣʝʤʝʥʪʦʚ, ʦʙʦʛʘʱʘʷ ʵʪʦ ʩʝʤʝʡʩʪʚʦ ʤʘʪʝʨʠʘʣʦʚ ʤʥʦʞʝʩʪʚʦʤ ʩʚʦʡʩʪʚ.  

ʉʦʝʜʠʥʝʥʠʝ SrTiO3 ʦʙʳʯʥʦ ʩʯʠʪʘʝʪʩʷ ʘʨʭʝʪʠʧʦʤ ʢʫʙʠʯʝʩʢʦʛʦ ʧʝʨʦʚʩʢʠʪʘ, 

ʭʦʪʷ ʧʦ ʤʥʝʥʠʶ ʘʚʪʦʨʦʚ [55] KMgF3 ̫ ʚʣʷʝʪʩʷ ʣʫʯʰʝʡ ʘʣʴʪʝʨʥʘʪʠʚʦʡ, ʧʦʩʢʦʣʴʢʫ, 

ʚ ʦʪʣʠʯʠʝ ʦʪ SrTiO3, ʦʥ ʦʩʪʘʝʪʩʷ ʢʫʙʠʯʝʩʢʠʤ ʦʪ 3,6 ʂ ʜʦ ʪʦʯʢʠ ʧʣʘʚʣʝʥʠʷ, ʘ ʥʘ 
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ʝʛʦ ʩʪʨʫʢʪʫʨʫ ʥʝ ʚʣʠʷʝʪ ʜʘʚʣʝʥʠʝ ʜʦ 50 ɻʧʘ. ɼʣʷ ʠʜʝʘʣʴʥʳʭ ʧʝʨʦʚʩʢʠʪʦʚ 

ʧʘʨʘʤʝʪʨ ʨʝʰʝʪʢʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

 

ὥ  Ѝςὶ ὶ ςὶ ὶ                                                       ρ 

 

 

ʈʠʩʫʥʦʢ 1. ʀʜʝʘʣʴʥʘʷ ʢʫʙʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʧʝʨʦʚʩʢʠʪʘ [54] 

 

ɺ ʨʝʘʣʴʥʳʭ ʧʝʨʦʚʩʢʠʪʘʭ, ʪʘʢʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ ʯʘʩʪʦ ʥʝ 

ʩʦʙʣʶʜʘʝʪʩʷ, ʠ ʚʦʟʥʠʢʘʶʪ ʠʩʢʘʞʝʥʠʷ ʨʝʰʝʪʢʠ, ʩʪʘʙʠʣʠʟʠʨʫʶʱʠʝ ʷʯʝʡʢʫ ʧʨʠ 

ʧʦʥʠʞʝʥʠʠ ʩʠʤʤʝʪʨʠʠ. ʉʪʘʙʠʣʴʥʦʩʪʴ ʩʪʨʫʢʪʫʨʳ ʧʝʨʦʚʩʢʠʪʘ ʤʦʞʝʪ ʙʳʪʴ 

ʦʮʝʥʝʥʘ ʯʝʨʝʟ ʬʘʢʪʦʨ ʪʦʣʝʨʘʥʪʥʦʩʪʠ, ʠʣʠ ʬʘʢʪʦʨ ɻʦʣʴʜʰʤʠʜʪʘ (t): 

ὸ  
ὶ ὶ

Ѝςὶ ὶ
                                                                  ς 

ʌʘʢʪʦʨ ʪʦʣʝʨʘʥʪʥʦʩʪʠ ʧʦʢʘʟʳʚʘʝʪ, ʥʘʩʢʦʣʴʢʦ ʩʠʣʴʥʦ ʦʪ ʠʜʝʘʣʴʥʦʡ 

ʫʧʘʢʦʚʢʠ ʤʦʛʫʪ ʦʪʣʠʯʘʪʴʩʷ ʠʦʥʥʳʝ ʨʘʜʠʫʩʳ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʩʪʨʫʢʪʫʨʳ 

ʧʝʨʦʚʩʢʠʪʘ. ʆʥ ʦʪʨʘʞʘʝʪ ʩʪʨʫʢʪʫʨʥʳʝ ʠʩʢʘʞʝʥʠʷ, ʩʠʣʳ ʩʚʷʟʠ, ʚʨʘʱʝʥʠʝ ʠ 

ʥʘʢʣʦʥ ʦʢʪʘʵʜʨʦʚ ʠ ʪ. ʜ. [56]. ʋʩʣʦʚʠʝ t=1 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ çʧʣʦʪʥʫʶ 

ʫʧʘʢʦʚʢʫè ʚ ʩʪʨʫʢʪʫʨʝ ʧʝʨʦʚʩʢʠʪʘ, ʧʨʠ ʢʦʪʦʨʦʡ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʘʙʣʶʜʘʝʪʩʷ 

ʠʜʝʘʣʴʥʘʷ ʢʫʙʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ. ʆʜʥʘʢʦ, ʧʨʠ ʦʪʢʣʦʥʝʥʠʠ ʬʘʢʪʦʨʘ 

ʪʦʣʝʨʘʥʪʥʦʩʪʠ ʦʪ ʝʜʠʥʠʮʳ ʩʪʨʫʢʪʫʨʘ ʧʝʨʦʚʩʢʠʪʘ ʩʪʘʥʦʚʠʪʩʷ ʥʝʩʪʘʙʠʣʴʥʦʡ ʠ 

ʧʦʷʚʣʷʶʪʩʷ ʠʩʢʘʞʝʥʠʷ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʧʦʥʠʞʝʥʠʶ ʩʠʤʤʝʪʨʠʠ ʨʝʰʝʪʢʠ. ʊʘʢ, ʧʨʠ 

t<1 ʨʘʟʤʝʨ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʦʥʦʤ B-ʧʦʟʠʮʠʠ, ʠ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʠʦʥʳ A-ʧʦʟʠʮʠʠ ʠʤʝʶʪ ʩʣʠʰʢʦʤ ʤʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʜʣʷ ʢʦʣʝʙʘʥʠʡ. ʇʨʠ ʪʘʢʦʤ 
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ʩʦʦʪʥʦʰʝʥʠʠ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ ʧʨʦʠʩʭʦʜʠʪ ʚʨʘʱʝʥʠʝ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʝʜʠʥʠʮ ʠ 

ʥʘʙʣʶʜʘʝʪʩʷ ʠʩʢʘʞʝʥʠʝ ʢʫʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʜʦ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ʠʣʠ 

ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ. ʇʨʠ t>1 ʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʪʥʘʷ 

ʩʠʪʫʘʮʠʷ, ʪ. ʝ. ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʠʦʥʳ B-ʧʦʟʠʮʠʠ ʠʤʝʶʪ ʩʣʠʰʢʦʤ ʤʥʦʛʦ 

ʧʨʦʩʪʨʘʥʩʪʚʘ ʜʣʷ ʢʦʣʝʙʘʥʠʡ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʧʝʨʦʚʩʢʠʪʳ ʦʙʳʯʥʦ ʠʩʧʳʪʳʚʘʶʪ 

ʧʦʣʷʨʥʳʝ (ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ) ʠʩʢʘʞʝʥʠʷ ʠ ʥʘʙʣʶʜʘʝʪʩʷ ʩʜʚʠʛ ʘʪʦʤʦʚ ʠʟ 

ʩʚʦʠʭ ʧʦʟʠʮʠʡ [4,56,57]. ɺ ʮʝʣʦʤ, ʧʦʥʠʞʝʥʠʝ ʩʠʤʤʝʪʨʠʠ ʠʜʝʘʣʴʥʦʡ ʢʫʙʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʠ ʧʝʨʦʚʩʢʠʪʘ ʤʦʞʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʧʫʪʝʤ ʩʤʝʱʝʥʠ ̫ ʢʘʪʠʦʥʦʚ ɸ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʜʝʘʣʴʥʳʭ ʧʦʟʠʮʠʡ, ʘ ʪʘʢʞʝ ʚʨʘʱʝʥʠʝʤ, ʥʘʢʣʦʥʦʤ, ʜʝʬʦʨʤʘʮʠʝʡ 

ʦʢʪʘʵʜʨʦʚ ɺʆ6 ʠʣʠ ʢʦʤʙʠʥʘʮʠʝʡ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʬʘʢʪʦʨʦʚ [4]. ʊʘʢʞʝ ʥʘ 

ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʡʩʪʚʘ ʧʝʨʦʚʩʢʠʪʦʚ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʫʧʦʨʷʜʦʯʝʥʠʝ ʢʘʪʠʦʥʦʚ ʠ 

ʦʙʨʘʟʦʚʘʥʠʝ ʚʘʢʘʥʩʠʡ ʚ ɸ, ɺ, ʠʣʠ ʍ ʧʦʟʠʮʠʠ [55]. ʏʘʩʪʦ ʜʝʬʦʨʤʘʮʠʶ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʧʝʨʦʚʩʢʠʪʘ ʦʮʝʥʠʚʘʶʪ ʯʝʨʝʟ ʫʛʦʣ ɺ-ʆ-ɺ. 

ʅʝʟʘʚʠʩʠʤʦ ʦʪ ʪʦʛʦ, ʢʘʢʠʝ ʠʩʢʘʞʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ 

ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʢʦʥʢʨʝʪʥʦʤ ʤʘʪʝʨʠʘʣʝ, ʯʘʩʪʦ ʧʝʨʦʚʩʢʠʪʳ ʦʧʠʩʳʚʘʶʪ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʷʪʠʘʪʦʤʥʦʡ ʧʩʝʚʜʦʢʫʙʠʯʝʩʢʦʡ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, ʢʦʪʦʨʘʷ 

ʷʚʣʷʝʪʩʷ ʦʙʱʝʡ ʜʣʷ ʚʩʝʭ ʩʦʝʜʠʥʝʥʠʡ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʠʩʧʦʣʴʟʫʶʪ, ʥʘʧʨʠʤʝʨ, ʜʣʷ 

ʩʨʘʚʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʩʝʚʜʦʢʫʙʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʚ ʨʘʟʥʳʭ ʧʝʨʦʚʩʢʠʪʘʭ ʜʣʷ 

ʫʩʪʘʥʦʚʣʝʥʠʷ ʠʭ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʭʦʜʩʪʚʘ.   

 

 

1.1.2. ʄʥʦʛʦʦʙʨʘʟʠʝ ʠ ʧʨʠʤʝʥʝʥʠʝ ʧʝʨʦʚʩʢʠʪʦʚ 

ʂʣʘʩʩ ʧʝʨʦʚʩʢʠʪʦʚ ʦʯʝʥʴ ʦʙʰʠʨʝʥ, ʠ ʧʨʝʜʩʪʘʚʣʝʥ ʢʘʢ ʩʠʥʪʝʪʠʯʝʩʢʠʤʠ 

ʤʘʪʝʨʠʘʣʘʤʠ, ʪʘʢ ʠ ʤʠʥʝʨʘʣʘʤʠ. ɺ ʧʨʠʨʦʜʝ ʧʝʨʦʚʩʢʠʪʳ ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʚʠʜʝ 

ʦʢʩʠʜʦʚ, ʬʪʦʨʠʜʦʚ, ʭʣʦʨʠʜʦʚ, ʛʠʜʨʦʢʩʠʜʦʚ, ʘʨʩʝʥʠʜʦʚ, ʘʥʪʠʤʦʥʠʜʦʚ, 

ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʩʠʣʠʢʘʪʦʚ [55]. ʂʨʦʤʝ ʧʨʠʨʦʜʥʳʭ 

ʧʝʨʦʚʩʢʠʪʦʚ, ʫʞʝ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʠʣʝʪʠʡ ʘʢʪʠʚʥʦ ʚʝʜʫʪʩʷ ʨʘʙʦʪʳ ʧʦ ʩʠʥʪʝʟʫ, 

ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʧʝʨʦʚʩʢʠʪʦʚ ʠ ʨʦʜʩʪʚʝʥʥʳʭ 
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ʩʦʝʜʠʥʝʥʠʡ. ʕʪʘ ʨʘʙʦʪʘ ʦʙʫʩʣʦʚʣʝʥʘ ʬʘʢʪʠʯʝʩʢʠʤ ʠ ʧʦʪʝʥʮʠʘʣʴʥʳʤ 

ʧʨʦʤʳʰʣʝʥʥʳʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʪʝʨʠʘʣʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ ʚ ʩʘʤʳʭ 

ʨʘʟʥʳʭ ʦʙʣʘʩʪʷʭ: ʦʪ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʠ, ʫʩʪʨʦʡʩʪʚ 

ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʛʠʛʘʥʪʩʢʦʛʦ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʜʦ 

ʬʦʪʦʛʘʣʴʚʘʥʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ [6]. ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʵʪʦʡ ʨʘʙʦʪʳ ʙʳʣʘ ʦʩʥʦʚʘʥʘ ʥʘ 

ʥʘʙʣʶʜʝʥʠʠ, ʯʪʦ ʩʪʨʫʢʪʫʨʘ ʧʝʨʦʚʩʢʠʪʘ ʯʨʝʟʚʳʯʘʡʥʦ ʛʠʙʢʘ ʚ ʦʪʥʦʰʝʥʠʠ 

ʢʘʪʠʦʥʥʳʭ ʠ ʘʥʠʦʥʥʳʭ ʟʘʤʝʱʝʥʠʡ ʠ ʫʩʪʦʡʯʠʚʘ ʢ ʠʦʥʥʳʤ ʜʝʬʝʢʪʘʤ. ɺ ʦʪʣʠʯʠʝ 

ʦʪ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʩʪʨʫʢʪʫʨʥʳʭ ʪʠʧʦʚ, ʢʘʞʜʳʡ ʵʣʝʤʝʥʪ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʪʘʙʣʠʮʳ, 

ʚʢʣʶʯʘʷ ʙʣʘʛʦʨʦʜʥʳʝ ʛʘʟʳ [58,59], ʤʦʞʝʪ ʙʳʪʴ ʦʙʥʘʨʫʞʝʥ ʚ ʪʦʤ ʠʣʠ ʠʥʦʤ 

ʚʘʨʠʘʥʪʝ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ [55]. 

ʅʘ ʨʠʩʫʥʢʝ 2, ʟʘʠʤʩʪʚʦʚʘʥʥʦʤ ʠʟ ʨʘʙʦʪʳ ʈ. ʈʦʷ  [60], ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʠʧʳ 

ʤʥʦʞʝʩʪʚʝʥʥʦʛʦ ʠʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʚ ʨʝʰʝʪʢʝ ʧʝʨʦʚʩʢʠʪʘ ʠ ʨʝʘʣʴʥʳʝ ʧʨʠʤʝʨʳ 

ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ. ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʠʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʷʚʣʷʝʪʩʷ 

ʪʦ, ʯʪʦ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʩʪʨʫʢʪʫʨ ʛʨʘʥʘʪʘ ʠ ʰʧʠʥʝʣʠ, ʥʝʙʦʣʴʰʠʝ ʠʦʥʳ <å0,6 ¡ ʥʝ 

ʤʦʛʫʪ ʙʳʪʴ ʨʘʟʤʝʱʝʥʳ, ʧʦʩʢʦʣʴʢʫ ʚ ʩʪʨʫʢʪʫʨʝ ʧʝʨʦʚʩʢʠʪʘ ʥʝʪ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ 

ʧʦʟʠʮʠʡ [56]. ʂʨʦʤʝ ʟʘʤʝʱʝʥʠʷ, ʫʧʨʘʚʣʝʥʠʝ ʩʪʨʫʢʪʫʨʦʡ ʠ ʩʚʦʡʩʪʚʘʤʠ 

ʧʝʨʦʚʩʢʠʪʦʚ ʚʦʟʤʦʞʥʦ ʩʦʟʜʘʥʠʷ ʢʘʪʠʦʥʥʳʭ ʠʣʠ ʘʥʠʦʥʥʳʭ ʚʘʢʘʥʩʠʡ [61,62], 

ʫʧʦʨʷʜʦʯʝʥʠʷ ʠʦʥʦʚ [56,63], ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʣʦʠʩʪʳʭ ʩʪʨʫʢʪʫʨ [64]. ʊʘʢʘʷ 

ʚʘʨʠʘʪʠʚʥʦʩʪʴ ʚʦʟʜʝʡʩʪʚʠʡ ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ ʧʦʣʫʯʘʝʤʳʭ ʩʚʦʡʩʪʚ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʥʝʫʛʘʩʘʝʤʳʡ ʠʥʪʝʨʝʩ ʫʯʝʥʳʭ ʢ ʠʟʫʯʝʥʠʶ ʩʘʤʳʭ ʨʘʟʣʠʯʥʳʭ ʧʝʨʦʚʩʢʠʪʦʚ.  

ʉʧʦʩʦʙʥʦʩʪʴ ʧʝʨʦʚʩʢʠʪʦʚ ʦʙʨʘʟʦʚʳʚʘʪʴ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʝ ʩʦʝʜʠʥʝʥʠʷ 

ʧʫʪʝʤ ʟʘʤʝʱʝʥʠʷ ʢʘʪʠʦʥʦʚ ʩ ʧʦʟʠʮʠʡ ɸ ʠ ɺ ʚʝʜʝʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʨʘʟʣʠʯʥʳʭ 

ʩʣʦʞʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʦʙʣʘʜʘʶʱʠʭ ʦʩʦʙʳʤʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ, ʦʧʪʠʯʝʩʢʠʤʠ, 

ʤʘʛʥʠʪʥʳʤʠ, ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ, ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ, 

ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ, ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚʳʤʠ, ʩʝʛʥʝʪʦʤʘʛʥʝʪʠʯʝʩʢʠʤʠ,  ʠ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ [54,65]. ʅʝʢʦʪʦʨʳʝ ʚʳʜʘʶʱʠʝʩʷ ʩʚʦʡʩʪʚʘ 

ʦʪʜʝʣʴʥʳʭ ʧʝʨʦʚʩʢʠʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3  [56].   
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ʈʠʩʫʥʦʢ 2. ʊʠʧʳ ʤʥʦʞʝʩʪʚʝʥʥʦʛʦ ʠʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʚ ʨʝʰʝʪʢʝ 

ʧʝʨʦʚʩʢʠʪʘ [60] 

 

ʈʠʩʫʥʦʢ 3. ʆʩʦʙʳʝ ʩʚʦʡʩʪʚʘ ʥʝʢʦʪʦʨʳʭ ʧʝʨʦʚʩʢʠʪʦʚ. ɸʜʘʧʪʠʨʦʚʘʥʦ ʠʟ [56] 

 

ʄʥʦʛʦʦʙʨʘʟʥʳʝ ʩʚʦʡʩʪʚʘ ʧʝʨʦʚʩʢʠʪʦʚ ʦʧʨʝʜʝʣʷʶʪ ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʚ ʩʬʝʨʝ 

ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ, ʢʘʪʘʣʠʟʝ, ʵʥʝʨʛʝʪʠʢʝ ʠ ʤʥʦʛʠʭ ʜʨʫʛʠʭ.  

ʇʨʷʤʦʡ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʥʘʙʣʶʜʘʝʤʳʡ ʚʦ ʤʥʦʛʠʭ 

ʧʝʨʦʚʩʢʠʪʘʭ, ʣʝʞʠʪ ʚ ʦʩʥʦʚʝ ʥʝʢʦʪʦʨʳʭ ʫʩʪʨʦʡʩʪʚ ʩʙʦʨʘ ʵʥʝʨʛʠʠ, 

ʧʨʝʦʙʨʘʟʫʶʱʠʭ ʤʝʭʘʥʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ ʚ ʵʣʝʢʪʨʠʯʝʩʢʫʶ [48], ʪʦʛʜʘ ʢʘʢ 
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ʦʙʨʘʪʥʳʡ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ  ʧʨʠ ʩʦʟʜʘʥʠʠ ʘʢʪʶʘʪʦʨʦʚ, ʛʜʝ ʪʨʝʙʫʶʪʩʷ 

ʙʦʣʴʰʠʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʤʝʱʝʥʠʷ ʚ ʦʪʚʝʪ ʥʘ ʧʨʠʢʣʘʜʳʚʘʝʤʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ 

ʧʦʣʝ. ʇʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʠʥʪʝʛʨʘʮʠʠ ʚ ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ (ʄʕʄʉ) ʠʟ-

ʟʘ ʠʭ ʧʨʝʚʦʩʭʦʜʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ ʤʝʞʜʫ 

ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʦʙʣʘʩʪʷʤʠ ʜʘʞʝ ʚ ʤʠʢʨʦʤʘʩʰʪʘʙʝ. ʇʨʠʥʠʤʘʷ 

ʚʦ ʚʥʠʤʘʥʠʝ ʦʙʳʯʥʳʝ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ ʠʣʠ ʝʤʢʦʩʪʥʳʝ ʄʕʄʉ, 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʩʧʝʮʠʬʠʯʝʩʢʠʤʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘʤʠ ʠ 

ʨʝʘʣʠʟʫʝʪʩʷ ʪʝʭʥʦʣʦʛʠʷʤʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʨʝʤʥʠʷ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʝʩʣʠ 

ʠʥʪʝʛʨʠʨʦʚʘʪʴ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʤʘʪʝʨʠʘʣ ʚ ʄʕʄʉ, ʧʦʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ 

ʨʝʘʣʠʟʦʚʘʪʴ ʥʦʚʳʝ ʬʫʥʢʮʠʠ ʚ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʧʨʦʩʪʦʡ ʩʪʨʫʢʪʫʨʝ, ʪʘʢʦʡ ʢʘʢ 

ʢʘʥʪʠʣʝʚʝʨ ʠʣʠ ʜʠʘʬʨʘʛʤʘ.  

ʄʘʪʝʨʠʘʣʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ 

ʧʨʦʚʦʜʠʤʦʩʪʠ: ʩʨʝʜʠ ʥʠʭ ʥʘʭʦʜʷʪʩʷ ʜʠʵʣʝʢʪʨʠʢʠ (ʥʘʧʨʠʤʝʨ, SrTiO3), 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ (BaTiO3), ʘʥʪʠʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ (NaNbO3), ʧʨʦʚʦʜʥʠʢʠ 

(La(Cr,Mn,Ni)O3) ʠ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʠ (YBCO) [56]. ʍʦʪʷ ʚ ʪʝʯʝʥʠʝ 30 ʣʝʪ 

ʧʝʨʦʚʩʢʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ʜʦʤʠʥʠʨʦʚʘʣʘ ʚ ʤʠʨʝ ʜʠʵʣʝʢʪʨʠʢʦʚ, ʚʩʢʦʨʝ ʙʳʣʦ 

ʟʘʤʝʯʝʥʦ, ʯʪʦ ʢʦʤʙʠʥʘʮʠʷ ʠʦʥʦʚ 4f ʚ ʧʦʟʠʮʠʠ ɸ ʠ ʠʦʥʦʚ 3d ʚ ʧʦʟʠʮʠʠ ɺ ʜʘʝʪ 

ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʚʦʜʷʱʠʝ ʬʘʟʳ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʧʨʠ ʦʯʝʥʴ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ [56].  

ʉʨʝʜʠ ʧʝʨʦʚʩʢʠʪʦʚ ʪʘʢʞʝ ʚʳʜʝʣʷʝʪʩʷ ʛʨʫʧʧʘ ʥʠʢʝʣʘʪʦʚ ʥʘ ʦʩʥʦʚʝ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ, ʢʦʪʦʨʳʝ ʦʙʣʘʜʘʶʪ ʚ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʜʠʘʧʘʟʦʥʘʭ ʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ [4]. ʉʪʨʫʢʪʫʨʘ ʠ 

ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʥʠʢʝʣʘʪʦʚ RNiO3, ʛʜʝ R ï ʪʨʝʭʚʘʣʝʥʪʥʳʝ ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ 

ʤʝʪʘʣʣʳ La, Pr, Nd, Sm ʠ ʜʨ., ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʬʘʢʪʦʨʘ ʪʦʣʝʨʘʥʪʥʦʩʪʠ, 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʫʛʣʘ Ni-O-Ni ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4. ʆʜʥʠʤ ʠʟ ʛʣʘʚʥʳʭ 

ʩʚʦʡʩʪʚ ʥʠʢʝʣʘʪʦʚ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʥʠʢʝʣʘʪʘ ʣʘʥʪʘʥʘ LaNiO3, ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ 

ʨʝʟʢʦʛʦ ʧʝʨʝʭʦʜʘ ʤʝʪʘʣʣ-ʜʠʵʣʝʢʪʨʠʢ, ʪʝʤʧʝʨʘʪʫʨʘ ʢʦʪʦʨʦʛʦ ʫʤʝʥʴʰʘʝʪʩʷ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʢʘʪʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ (ʪʘʢ ʞʝ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʬʘʢʪʦʨʘ ʪʦʣʝʨʘʥʪʥʦʩʪʠ 

ʠ ʫʛʣʘ Ni-O-Ni). ʇʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ RNiO3 ʧʨʦʷʚʣʷʶʪ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʠ 
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ʧʘʨʘʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ 

ʥʘʙʣʶʜʘʶʪʩʷ ʪʘʢʞʝ ʠ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ [4]. 

 

 

ʈʠʩʫʥʦʢ 4. ʌʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʩʝʤʝʡʩʪʚʘ RNiO3, ʦʙʦʙʱʘʶʱʘʷ ʵʚʦʣʶʮʠʶ 

ʩʪʨʫʢʪʫʨʳ, ʘ ʪʘʢʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʭʦʜʘ ʤʝʪʘʣʣ-ʜʠʵʣʝʢʪʨʠʢ ʠ ʅʝʝʣʷ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʦʣʝʨʘʥʪʥʦʩʪʠ t (ʥʠʞʥʷʷ ʦʩʴ x) ʠ ʫʛʣʘ <Ni-O-Ni> 

(ʚʝʨʭʥʷʷ ʦʩʴ x). BD ʫʢʘʟʳʚʘʝʪ ʥʘ ʜʠʩʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʩʚʷʟʠ [4] 

 

ʂʨʦʤʝ ʪʦʛʦ, ʦʛʨʦʤʥʘʷ ʨʘʙʦʪʘ ʧʨʦʚʝʜʝʥʘ ʫʯʝʥʳʤʠ ʧʦ ʧʦʠʩʢʫ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʩʨʝʜʠ ʧʝʨʦʚʩʢʠʪʦʚ [56]. ʀʟ-ʟʘ 

ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʧʝʨʦʚʩʢʠʪʘ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʝʡ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ 

ʧʨʦʚʦʜʠʤʦʩʪʠ, ʩʦʝʜʠʥʝʥʠʷ ʵʪʦʛʦ ʩʝʤʝʡʩʪʚʘ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ 

ʜʣʷ ʫʩʪʨʦʡʩʪʚ ʚ ʦʙʣʘʩʪʠ ʵʣʝʢʪʨʦʢʝʨʘʤʠʢʠ (ʊʘʙʣʠʮʘ 1). 
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ʊʘʙʣʠʮʘ 1. ʆʩʥʦʚʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʫʩʪʨʦʡʩʪʚ ʥʘ ʦʩʥʦʚʝ 

ʵʣʝʢʪʨʦʢʝʨʘʤʠʢʠ [56] 

ʆʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʄʘʪʝʨʠʘʣʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ 

ʄʠʢʨʦʚʦʣʥʦʚʳʝ ʜʠʵʣʝʢʪʨʠʢʠ Ba(Zn1/3Nb2/3)O3, Ba(Mg1/3Ta2/3)O3 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʩʦʩʪʘʚʳ 

ʄʠʢʨʦʚʦʣʥʦʚʳʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʧʦʜʣʦʞʢʠ ʜʣʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ 

LaAlO3, NdGaO3, Sr(Al0,5Ta0,5)O3, Sr(Al0,5Nb0,5)O3 

NOx ʩʝʥʩʦʨʳ LaFeO3 

ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʨʝʟʦʥʘʪʦʨʳ BaZrO3 

ʈʝʟʠʩʪʦʨʳ BaRuO3 

ʇʨʦʚʦʜʷʱʠʝ ʵʣʝʢʪʨʦʜʳ SrRuO3, LaCoO3 

ʉʚʝʨʭʧʨʦʚʦʜʥʠʢʠ YBCO, BiSCO, Ba(Pb,Bi)O3 

ʄʘʪʝʨʠʘʣʳ ʜʣʷ ʣʘʟʝʨʦʚ YAlO3 

ʌʝʨʨʦʤʘʛʥʝʪʠʢʠ (Ca,La)MnO3 

 

ʇʨʦʠʩʭʦʞʜʝʥʠʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʪʚʘ ʚ ʧʝʨʦʚʩʢʠʪʘʭ ʩʚʷʟʘʥʦ ʩ 

ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʢʠʩʣʦʨʦʜʥʦʛʦ ʦʢʪʘʵʜʨʠʯʝʩʢʦʛʦ ʟʚʝʥʘ. ɺ ʧʨʦʩʪʳʭ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʭ (ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʠʞʝ Tc) ʧʨʦʠʩʭʦʞʜʝʥʠʝ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʪʚʘ ʚ ʚʳʩʦʢʦʩʠʤʤʝʪʨʠʯʥʦʤ ʧʘʨʘʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʝʨʦʚʩʢʠʪʝ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʚʫʤʷ ʥʝʨʘʚʥʳʤʠ ʨʘʩʩʪʦʷʥʠʷʤʠ ʩʚʷʟʠ Ti-O(1) ʠ Ti-O(2) (ʠ, ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʫʤʝʥʴʰʝʥʠʝʤ ʩʠʤʤʝʪʨʠʠ άσά ʜʦ τάά). ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʧʝʨʝʭʦʜʘ Tc, 

ʢʦʛʜʘ Ti-O(1)=Ti-O(2), ʠʩʢʘʞʝʥʥʳʡ ʧʝʨʦʚʩʢʠʪ ʩʥʦʚʘ ʧʝʨʝʭʦʜʠʪ ʚ 

ʚʳʩʦʢʦʩʠʤʤʝʪʨʠʯʥʫʶ ʢʫʙʠʯʝʩʢʫʶ ʬʘʟʫ άσά [56]. 

ʇʦʚʳʰʝʥʥʳʡ ʠʥʪʝʨʝʩ ʢ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʤ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ ʚ 

ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʯʘʩʪʠʯʥʦ ʩʚʷʟʘʥ ʩ ʪʝʤ, ʯʪʦ ʦʥʠ ʩʯʠʪʘʶʪʩʷ ʭʦʨʦʰʠʤʠ 

ʢʘʥʜʠʜʘʪʘʤʠ ʜʣʷ ʫʩʪʨʦʡʩʪʚ ʵʥʝʨʛʦʥʝʟʘʚʠʩʠʤʦʡ ʧʘʤʷʪʠ ʩ ʧʨʦʠʟʚʦʣʴʥʳʤ 

ʜʦʩʪʫʧʦʤ (FRAM) ʠʟ-ʟʘ ʠʭ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ 

ʛʠʩʪʝʨʝʟʠʩʘ ʠʭ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ɼʚʘ 

ʩʦʩʪʦʷʥʠʷ ʩʧʦʥʪʘʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʘʢ ʣʦʛʠʯʝʩʢʠʝ ʩʦʩʪʦʷʥʠʷ 

ʟʘʧʦʤʠʥʘʶʱʝʛʦ ʫʩʪʨʦʡʩʪʚʘ, ʥʝ ʪʨʝʙʫʶʱʝʛʦ ʨʝʟʝʨʚʥʦʛʦ ʧʠʪʘʥʠʷ ʜʣʷ ʩʦʭʨʘʥʝʥʠʷ 

ʭʨʘʥʠʤʦʡ ʠʥʬʦʨʤʘʮʠʠ. ʌʘʢʪʠʯʝʩʢʠ, ʚʩʪʨʘʠʚʘʝʤʳʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʟʘʧʦʤʠʥʘʶʱʠʝ ʫʩʪʨʦʡʩʪʚʘ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʚ ʢʦʤʤʝʨʯʝʩʢʠʭ 

ʫʩʪʨʦʡʩʪʚʘʭ, ʪʘʢʠʭ ʢʘʢ ʩʦʪʦʚʳʝ ʪʝʣʝʬʦʥʳ ʠ ʩʤʘʨʪ-ʢʘʨʪʳ. ɼʣʷ ʵʪʦʡ ʦʙʣʘʩʪʠ 

ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʨʘʟʣʠʯʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ, ʪʘʢʠʝ ʢʘʢ 
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ʪʘʥʪʘʣʘʪ ʩʪʨʦʥʮʠʷ-ʚʠʩʤʫʪʘ SrBi2Ta2O9 (SBT), ʪʠʪʘʥʘʪ ʙʘʨʠʷ-ʩʪʨʦʥʮʠʷ BaxSr1-

xTiO3 (BST), La-ʟʘʤʝʱʝʥʥʳʡ ʪʠʪʘʥʘʪ ʚʠʩʤʫʪʘ Bi4-xLaxTi3O12 (BLT) ʠ ʮʠʨʢʦʥʘʪ-

ʪʠʪʘʥʘʪ ʩʚʠʥʮʘ PbZrxTi1-xO3 (PZT). ʉʨʝʜʠ ʵʪʠʭ ʧʝʨʦʚʩʢʠʪʥʳʭ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʪʦʣʴʢʦ ʜʚʘ ð SBT ʠ PZT ð ʙʳʣʠ ʩʝʨʴʝʟʥʦ 

ʨʘʩʩʤʦʪʨʝʥʳ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ FRAM. ʆʜʥʘʢʦ ʩʫʱʝʩʪʚʫʶʪ ʦʧʨʝʜʝʣʝʥʥʳʝ 

ʧʨʝʧʷʪʩʪʚʠʷ ʥʘ ʧʫʪʠ ʢ ʠʭ ʧʝʨʝʭʦʜʫ ʚ ʧʨʦʠʟʚʦʜʩʪʚʦ. ʅʘʧʨʠʤʝʨ, ʢʦʥʜʝʥʩʘʪʦʨʳ 

SBT ʩ Pt-ʵʣʝʢʪʨʦʜʘʤʠ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʝʟʥʘʯʠʪʝʣʴʥʫʶ ʫʩʪʘʣʦʩʪʴ, ʥʦ ʚʳʩʦʢʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʠʥʪʝʟʘ SBT (750ï850 ), ʧʨʝʚʳʰʘʶʪ ʧʨʝʜʝʣʳ ʩʪʘʙʠʣʴʥʦʩʪʠ 

ʢʨʝʤʥʠʷ ʠ ʥʠʞʝʣʝʞʘʱʠʭ ʙʘʨʴʝʨʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʥʪʝʥʩʠʚʥʦʡ ʚʟʘʠʤʥʦʡ 

ʜʠʬʬʫʟʠʠ ʠ ʦʢʠʩʣʝʥʠʶ ʢʨʝʤʥʠʝʚʦʡ ʧʣʘʩʪʠʥʳ, ʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʠ ʢ ʧʣʦʭʦʡ 

ʨʘʙʦʪʝ ʫʩʪʨʦʡʩʪʚʘ. PZT ʩ ʵʪʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ 

ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ FRAM, ʪʘʢ ʢʘʢ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʳʝ ʩʣʦʠ PZT ʤʦʛʫʪ ʙʳʪʴ 

ʚʳʨʘʱʝʥʳ ʙʦʣʴʰʠʥʩʪʚʦʤ ʤʝʪʦʜʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 500ï650 , ʯʪʦ ʜʝʣʘʝʪ 

ʚʦʟʤʦʞʥʳʤ ʝʛʦ ʠʥʪʝʛʨʘʮʠʶ ʚ ʢʨʝʤʥʠʝʚʫʶ ʪʝʭʥʦʣʦʛʠʶ. ʂʨʦʤʝ ʪʦʛʦ, PZT 

ʦʙʣʘʜʘʝʪ ʧʨʝʚʦʩʭʦʜʥʳʤʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ ʙʦʣʝʝ 

ʚʳʩʦʢʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʙʦʣʝʝ ʥʠʟʢʦʝ ʢʦʵʨʮʠʪʠʚʥʦʝ ʧʦʣʝ ʠ 

ʙʦʣʝʝ ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ BST, ʘ ʪʘʢʞʝ ʚʳʜʘʶʱʠʤʠʩʷ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʢʦʪʦʨʳʝ ʫʞʝ ʥʘʰʣʠ ʧʨʠʤʝʥʝʥʠʝ ʚʦ ʤʥʦʛʠʭ 

ʦʙʣʘʩʪʷʭ [56]. ʄʠʢʨʦʥʘʩʦʩʳ ʜʣʷ ʛʦʣʦʚʦʢ ʩʪʨʫʡʥʳʭ ʧʨʠʥʪʝʨʦʚ ʠ 

ʤʠʢʨʦʛʠʨʦʩʝʥʩʦʨʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʪʦʥʢʠʭ ʧʣʝʥʦʢ PZT ʫʞʝ ʧʦʩʪʫʧʠʣʠ ʚ ʧʨʦʜʘʞʫ 

[66]. ʂʨʦʤʝ ʪʦʛʦ, ʚ 2017 ʛʦʜʫ ʚ ʢʦʤʤʝʨʯʝʩʢʠʝ ʞʝʩʪʢʠʝ ʜʠʩʢʠ ʙʳʣʠ ʫʩʪʘʥʦʚʣʝʥʳ 

ʜʚʫʭʩʪʫʧʝʥʯʘʪʳʝ ʧʨʠʚʦʜʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʝʨʝʥʝʩʝʥʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ PZT. 

ʏʪʦ ʢʘʩʘʝʪʩʷ ʜʨʫʛʠʭ ʧʨʠʣʦʞʝʥʠʡ ʧʨʠʚʦʜʦʚ, ʧʨʠʣʘʛʘʣʠʩʴ ʧʦʩʪʦʷʥʥʳʝ ʫʩʠʣʠʷ ʜʣʷ 

ʨʘʟʨʘʙʦʪʢʠ ʟʝʨʢʘʣ ʄʕʄʉ-ʩʢʘʥʝʨʘ ʠ ʧʨʠʚʦʜʦʚ ʘʚʪʦʬʦʢʫʩʠʨʦʚʢʠ ʚ ʢʘʤʝʨʘʭ 

[67,68]. ʂʨʦʤʝ ʪʦʛʦ, ʨʦʙʦʪʳ ʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʤʘʩʰʪʘʙʘ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤ ʠʟ 

ʥʘʠʙʦʣʝʝ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʭ ʙʫʜʫʱʠʭ ʧʨʠʤʝʥʝʥʠʡ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʪʦʥʢʠʭ 

ʧʣʝʥʦʢ ʥʘ ʦʩʥʦʚʝ PZT [69], ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʤʠʢʨʦʤʘʰʠʥʥʳʝ 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ (pMUT) ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʥʘʢʦʧʠʪʝʣʠ 

ʵʥʝʨʛʠʠ ʚʠʙʨʘʮʠʠ (PVEH) ʷʚʣʷʶʪʩʷ ʤʥʦʛʦʦʙʝʱʘʶʱʠʤʠ ʧʨʠʣʦʞʝʥʠʷʤʠ 
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ʜʘʪʯʠʢʦʚ ʠʣʠ ʛʝʥʝʨʘʪʦʨʦʚ ʵʥʝʨʛʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʪʦʥʢʠʭ 

ʧʣʝʥʦʢ [3,70].  

ɹʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʩʚʦʡʩʪʚʘʤ ʠ ʰʠʨʦʢʦʤʫ ʢʨʫʛʫ ʧʨʠʤʝʥʝʥʠʡ PZT 

ʟʘʩʣʫʞʠʚʘʝʪ ʦʪʜʝʣʴʥʦʛʦ ʚʥʠʤʘʥʠʷ ʠ ʨʘʩʩʤʦʪʨʝʥ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʚ ʩʣʝʜʫʶʱʠʭ 

ʛʣʘʚʘʭ.  

 

 

1.1.3. ʎʠʨʢʦʥʘʪ-ʪʠʪʘʥʘʪ ʩʚʠʥʮʘ 

ʎʠʨʢʦʥʘʪ-ʪʠʪʘʥʘʪ ʩʚʠʥʮʘ (Pb(TixZr1-x)O3, PZT) ï ʩʤʝʰʘʥʥʳʡ ʦʢʩʠʜ 

ʩʠʩʪʝʤʳ PbTiO3-PbZrO3 ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ ʠ ̫ ʨʢʦ ʚʳʨʘʞʝʥʥʳʤʠ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. ɺ ʩʣʫʯʘʝ PZT ʧʦʟʠʮʠʠ A (ʫʛʣʳ ʢʫʙʘ) ʟʘʥʷʪʳ 

ʠʦʥʘʤʠ Pb2+, ʧʦʟʠʮʠʠ B (ʮʝʥʪʨ ʢʫʙʘ) ð ʠʦʥʘʤʠ Zr4+ ʠʣʠ Ti4+, ʘ ʠʦʥʳ Oī2 

ʟʘʥʠʤʘʶʪ ʮʝʥʪʨʳ ʛʨʘʥʝʡ [6].  ɼʠʘʛʨʘʤʤʘ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ PbTiO3ïPbZrO3 

ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 5. 

 

  

ʈʠʩʫʥʦʢ 5. ɼʠʘʛʨʘʤʤʘ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ  PbTiO3ïPbZrO3 
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PbTiO3 ʠʤʝʝʪ ʪʝʤʧʝʨʘʪʫʨʫ ʂʶʨʠ 490 , ʧʨʠ ʢʦʪʦʨʦʡ ʦʥ ʧʨʝʪʝʨʧʝʚʘʝʪ 

ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʧʝʨʚʦʛʦ ʨʦʜʘ ʠʟ ʢʫʙʠʯʝʩʢʦʡ ʧʘʨʘʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟʳ ʚ 

ʪʝʪʨʘʛʦʥʘʣʴʥʫʶ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʬʘʟʫ ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʨʝʰʝʪʢʠ c = 4,153 ¡ 

ʠ a = 3,899 ¡. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, PbZrO3 (a = 5,886 ¡, b = 11,749 ¡, c = 8,248 ¡) ð 

ʘʥʪʠʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʪʦʯʢʦʡ ʂʶʨʠ, ʨʘʚʥʦʡ 230 , 

ʛʜʝ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʢʫʙʠʯʝʩʢʦʡ ʧʘʨʘʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟʳ ʚ 

ʦʨʪʦʨʦʤʙʠʯʝʩʢʫʶ ʘʥʪʠʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʫʶ. ɺʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ PZT 

ʠʤʝʝʪ ʢʫʙʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʩʦʩʪʘʚʦʚ [6]. ɹʦʣʴʰʠʥʩʪʚʦ 

ʩʦʩʪʘʚʦʚ ʷʚʣʷʶʪʩʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʤʠ. ʆʢʦʣʦ ʤʦʨʬʦʪʨʦʧʥʦʡ ʬʘʟʦʚʦʡ ʛʨʘʥʠʮʳ 

(ʄʌɻ, Zr/Ti=52/48), ʛʜʝ ʩʦʩʝʜʩʪʚʫʶʪ ʜʚʝ ʬʘʟʳ (ʪʝʪʨʘʛʦʥʘʣʴʥʘʷ ʠ 

ʨʦʤʙʦʵʜʨʠʯʝʩʢʘʷ), ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʨʦʷʚʣʷʶʪʩʷ ʤʘʢʩʠʤʘʣʴʥʦ ʠ 

ʪʨʘʜʠʮʠʦʥʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ. ʅʘʧʨʘʚʣʝʥʠʝ ʚʝʢʪʦʨʘ 

ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʨʝʰʝʪʢʝ ï ππρ, ʚ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ï ρρρ. ɺ 

ʩʣʫʯʘʝ ʪʦʥʢʠʭ ʧʣʸʥʦʢ, ʩʦʩʪʘʚʳ, ʦʙʦʛʘʱʝʥʥʳʝ ʪʠʪʘʥʦʤ (ʪʝʪʨʘʛʦʥʘʣʴʥʳʝ, 

ʈ/4mmm), ʦʙʥʘʨʫʞʠʚʘʶʪ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ. 

ʉʦʩʪʘʚʳ, ʦʙʦʛʘʱʸʥʥʳʝ ʮʠʨʢʦʥʠʝʤ (ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʝ, R3c ʠ R3m), ʤʦʛʫʪ ʠʤʝʪʴ 

ʤʠʥʠʤʘʣʴʥʦʝ ʢʦʵʨʮʠʪʠʚʥʦʝ ʧʦʣʝ, ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʩʧʦʥʪʘʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ (20 

ʤʢʂʣ/ʩʤ2) ʠ ʦʩʪʘʪʦʯʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ (45 ʢɺʪ/ʩʤ), ʠ ʤʠʥʠʤʘʣʴʥʫʶ ʩʢʦʨʦʩʪʴ 

ʜʝʛʨʘʜʘʮʠʠ ʩʚʦʡʩʪʚ [71]. ʈʘʥʝʝ ʩʯʠʪʘʣʦʩʴ, ʯʪʦ ʧʦʚʳʰʝʥʥʘʷ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ PZT ʚʙʣʠʟʠ ʄʌɻ ʦʙʫʩʣʦʚʣʝʥʘ 

ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝʤ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʠ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ʬʘʟ, ʦʜʥʘʢʦ ʙʦʣʝʝ 

ʧʦʟʜʥʠʝ ʩʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ PZT ʧʦʢʘʟʳʚʘʶʪ ʚʦʟʤʦʞʥʦʝ ʩʫʱʝʩʪʚʦʚʘʥʠʝ 

ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳ ʚʙʣʠʟʠ ʄʌɻ, ʦʪʚʝʪʩʪʚʝʥʥʦʡ ʟʘ ʥʝʦʙʳʯʥʦ ʚʳʩʦʢʠʡ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ PZT [72]. ʉʫʱʝʩʪʚʦʚʘʥʠʝ ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳ, 

ʦʜʥʘʢʦ, ʥʝ ʷʚʣʷʝʪʩʷ ʧʦʣʥʦʩʪʴʶ ʜʦʢʘʟʘʥʥʳʤ, ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʚʙʣʠʟʠ ʄʌɻ ʚʩʝ 

ʝʱʝ ʘʢʪʠʚʥʦ ʦʙʩʫʞʜʘʝʪʩʷ [6]. 

ʂʘʢ ʧʨʘʚʠʣʦ, ʚ PZT ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʝʨʦʚʩʢʠʪʥʦʡ ʬʘʟʳ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ 

ʦʙʨʘʟʦʚʘʥʠʝ ʧʠʨʦʭʣʦʨʦʧʦʜʦʙʥʳʭ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʥʝʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʬʘʟ [71]. ʅʝʙʦʣʴʰʠʝ ʢʦʣʠʯʝʩʪʚʘ ʪʘʢʦʡ ʦʩʪʘʪʦʯʥʦʡ ʚʪʦʨʠʯʥʦʡ 

ʬʘʟʳ ʤʦʛʫʪ ʠʛʨʘʪʴ ʦʪʨʠʮʘʪʝʣʴʥʫʶ ʨʦʣʴ ʚ ʧʨʦʮʝʩʩʝ ʠʥʪʝʛʨʘʮʠʠ ʧʣʸʥʦʢ [73]. 
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ʂʘʢ ʙʳʣʦ ʫʢʘʟʘʥʦ ʨʘʥʝʝ ʚ ʧ. 1.1.2, PZT ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ 

ʧʦʣʷʨʠʟʘʮʠʠ, ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʠ 

ʠʩʧʦʣʴʟʫʝʪʩʷ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʬʝʨʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʟʘʧʦʤʠʥʘʶʱʠʭ 

ʫʩʪʨʦʡʩʪʚ (FRAM), ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʨʠʚʦʜʦʚ, ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʢʦʧʠʪʝʣʝʡ 

ʵʥʝʨʛʠʠ ʠ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʥʘʥʦʛʝʥʝʨʘʪʦʨʦʚ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʙʝʩʧʨʦʚʦʜʥʳʤʠ 

ʩʝʥʩʦʨʥʳʤʠ ʩʝʪʷʤʠ [5,6,48]. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʧʨʠʣʦʞʝʥʠʡ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ 

ʦʢʩʠʜʳ ʜʦʣʞʥʳ ʙʳʪʴ ʠʥʪʝʛʨʠʨʦʚʘʥʳ ʚ ʚʠʜʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ, ʯʘʩʪʦ ʚ ʩʦʯʝʪʘʥʠʠ ʩ 

ʥʠʞʥʠʤ ʠ ʚʝʨʭʥʠʤ ʵʣʝʢʪʨʦʜʘʤʠ, ʘ ʪʘʢʞʝ ʚʦʟʤʦʞʥʳʤʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ 

ʩʣʦʷʤʠ, ʬʦʨʤʠʨʫʷ ʢʦʥʜʝʥʩʘʪʦʨʥʫʶ ʩʪʨʫʢʪʫʨʫ.  

 ʆʜʥʘʢʦ ʧʨʦʙʣʝʤʦʡ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʦʤʧʦʟʠʮʠʡ ʥʘ ʦʩʥʦʚʝ PZT ʷʚʣʷʝʪʩʷ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʫʩʪʘʣʦʩʪʴ ï ʫʭʫʜʰʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩ 

ʢʦʣʠʯʝʩʪʚʦʤ ʮʠʢʣʦʚ ʧʝʨʝʧʦʣʷʨʠʟʘʮʠʠ ï ʢʦʪʦʨʘʷ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝ ʥʘʰʣʘ 

ʨʝʰʝʥʠʷ [6]. ʇʨʠʨʦʜʘ ʫʩʪʘʣʦʩʪʠ ʥʝ ʩʦʚʩʝʤ ʷʩʥʘ, ʥʦ ʩʯʠʪʘʝʪʩʷ, ʯʪʦ ʦʥʘ ʚʦʟʥʠʢʘʝʪ 

ʠʟ-ʟʘ ʩʢʦʧʣʝʥʠʷ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 

ʵʣʝʢʪʨʦʜʘ ʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʚʥʫʪʨʝʥʥʝʛʦ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʧʨʝʧʷʪʩʪʚʫʶʱʝʛʦ ʧʝʨʝʢʣʶʯʝʥʠʶ ʜʦʤʝʥʦʚ. ʉʨʝʜʠ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʵʣʝʢʪʨʦʜʦʚ ʧʨʝʜʧʦʯʪʝʥʠʝ ʦʪʜʘʝʪʩʷ ʧʣʘʪʠʥʝ, ʧʦʩʢʦʣʴʢʫ ʦʥʘ 

ʫʩʪʦʡʯʠʚʘ ʢ ʦʢʠʩʣʝʥʠʶ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ. ʆʜʥʘʢʦ, 

ʢʦʥʜʝʥʩʘʪʦʨʳ Pt/PZT/Pt ʪʝʨʷʶʪ ʙʦʣʝʝ 50% ʩʚʦʝʡ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʪʝʯʝʥʠʝ 108ï1010 

ʮʠʢʣʦʚ, ʯʪʦ ʥʝʧʨʠʝʤʣʝʤʦ ʜʣʷ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ, ʛʜʝ ʪʨʝʙʫʝʪʩʷ ʫʩʪʘʣʦʩʪʥʘʷ 

ʜʦʣʛʦʚʝʯʥʦʩʪʴ ʙʦʣʝʝ 1014 ʮʠʢʣʦʚ [6]. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʘʢʪʠʚʥʦ ʚʝʜʫʪʩʷ ʨʘʙʦʪʳ ʧʦ 

ʧʦʠʩʢʫ ʥʦʚʳʭ ʵʣʝʢʪʨʦʜʦʚ ʜʣʷ ʢʦʤʧʦʟʠʮʠʡ ʥʘ ʦʩʥʦʚʝ PZT. 

 

 

1.1.4. ʕʣʝʢʪʨʦʜʳ ʜʣʷ PZT 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʦʜʣʦʞʝʢ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ 

ʚʳʨʘʱʠʚʘʥʠʷ ʧʣʝʥʦʢ ʜʣʷ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ, ʧʨʦʚʦʜʷʱʠʝ ʥʠʞʥʠʝ 

ʵʣʝʢʪʨʦʜʳ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʨʦʩʪʘ ʧʝʨʦʚʩʢʠʪʥʳʭ ʦʢʩʠʜʦʚ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ 
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ʢʘʯʝʩʪʚʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʥʜʝʥʩʘʪʦʨʦʚ, ʥʘʧʨʠʤʝʨ, ʚ FRAM [6].ʊʘʢʦʡ 

ʢʦʥʜʝʥʩʘʪʦʨ ʬʦʨʤʠʨʫʝʪʩʷ ʥʘ ʧʦʜʣʦʞʢʝ (ʢʘʢ ʧʨʘʚʠʣʦ, Si) ʠ ʩʦʩʪʦʠʪ ʠʟ ʥʠʞʥʝʛʦ ʠ 

ʚʝʨʭʥʝʛʦ ʵʣʝʢʪʨʦʜʦʚ ʠ ʩʣʦʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘ ʤʝʞʜʫ ʥʠʤʠ.  

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʠ ʟʝʨʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ PZT-ʧʣʝʥʢʠ ʠʛʨʘʶʪ 

ʚʘʞʥʫʶ ʨʦʣʴ ʜʣʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ  [6]. ʆʧʪʠʤʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ 

ʟʝʨʝʥ PZT ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʦʣʫʯʝʥʠʷ ʩʚʦʡʩʪʚ ʩʯʠʪʘʝʪʩʷ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 

(ʵʧʠʪʘʢʩʠʘʣʴʥʳʝ ʧʣʝʥʢʠ) ʠʣʠ ʩʪʦʣʙʯʘʪʘ.̫ ʇʨʠ ʵʪʦʤ ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʡʩʪʚʘ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʣʝʥʦʢ ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʦʢʘʟʳʚʘʶʪ 

ʥʠʞʝʣʝʞʘʱʠʝ ʩʣʦʠ, ʪʦ ʝʩʪʴ ʵʣʝʢʪʨʦʜʳ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪ ʫʩʣʦʚʠʷ 

ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʨʦʩʪʘ ʟʝʨʝʥ PZT. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʜʣʷ ʩʦʟʜʘʥʠʷ ʫʩʪʨʦʡʩʪʚ ʭʦʨʦʰʝʛʦ ʢʘʯʝʩʪʚʘ ʵʣʝʢʪʨʦʜ 

ʜʦʣʞʝʥ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʩʣʝʜʫʶʱʠʤ ʪʨʝʙʦʚʘʥʠʷʤ [6]:  

1. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʘʨʘʤʝʪʨ ʨʝʰʝʪʢʠ ʵʣʝʢʪʨʦʜʘ ʜʦʣʞʝʥ ʙʳʪʴ ʙʣʠʟʦʢ ʢ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʤʫ 

ʤʘʪʝʨʠʘʣʫ, ʠʤʝʪʴ ʩʭʦʞʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʩʦʚʤʝʩʪʠʤʫʶ ʭʠʤʠʶ. 

2. ʕʣʝʢʪʨʦʜ ʜʦʣʞʝʥ ʙʳʪʴ ʥʝʧʨʦʥʠʮʘʝʤ ʜʣʷ ʢʦʤʧʦʥʝʥʪʦʚ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ ʩ ʮʝʣʴʶ ʧʨʝʧʷʪʩʪʚʠʷ ʚʟʘʠʤʥʦʡ ʜʠʬʬʫʟʠʠ ʚ ʧʨʦʮʝʩʩʝ 

ʨʦʩʪʘ ʠ ʧʦʩʣʝ ʦʪʞʠʛʘ.  

3. ʕʣʝʢʪʨʦʜ ʜʦʣʞʝʥ ʦʙʝʩʧʝʯʠʚʘʪʴ ʥʠʟʢʠʝ ʪʦʢʠ ʫʪʝʯʢʠ. 

ʏʪʦʙʳ ʫʜʦʚʣʝʪʚʦʨʠʪʴ ʵʪʠʤ ʪʨʝʙʦʚʘʥʠʷʤ ʠ ʫʣʫʯʰʠʪʴ ʢʘʯʝʩʪʚʦ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʣʝʥʢʠ ʠ ʝʝ ʩʚʦʡʩʪʚʘ, 

ʨʘʟʨʘʙʘʪʳʚʘʶʪ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʵʣʝʢʪʨʦʜʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʨʘʟʜʝʣʝʥʳ ʥʘ 

ʜʚʝ ʦʩʥʦʚʥʳʝ ʛʨʫʧʧʳ: ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʠ ʦʢʩʠʜʥʳʝ [6].  

 

1.1.4.1. ʄʝʪʘʣʣʠʯʝʩʢʠʝ ʵʣʝʢʪʨʦʜʳ 

ʉʨʝʜʠ ʤʝʪʘʣʣʦʚ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʤ ʥʠʞʥʠʤ ʵʣʝʢʪʨʦʜʦʤ ʜʣʷ 

ʪʦʥʢʠʭ ʧʣʝʥʦʢ PZT ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʥʜʝʥʩʘʪʦʨʘʭ ̫ ʚʣʷʝʪʩʷ ʧʣʘʪʠʥʘ (Pt) 

ʚ ʩʚʷʟʠ ʩ ʤʘʣrʤ ʥʝʩʦʦʪʚʝʪʩʪʚʠʝʤ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʦʢ ʧʣʘʪʠʥʳ ʠ PZT (~3%), 

ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʢ ʦʢʠʩʣʝʥʠʶ, ʘ ʪʘʢʞʝ ʚʳʩʦʢʠʤ ʙʘʨʴʝʨʦʤ ʐʦʪʪʢʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ 

ʢ ʥʠʟʢʦʤʫ ʪʦʢʫ ʫʪʝʯʢʠ. ɼʣʷ ʫʣʫʯʰʝʥʠʷ ʘʜʛʝʟʠʠ Pt ʩ SiO2 ʠ ʧʨʝʧʷʪʩʪʚʠʷ 
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ʦʙʨʘʟʦʚʘʥʠʷ ʩʠʣʠʮʠʜʦʚ Pt ʧʨʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʦʪʞʠʛʝ ʠʩʧʦʣʴʟʫʶʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʙʫʬʝʨʥʳʝ ʩʣʦʠ, ʪʘʢʠʝ ʢʘʢ Ti, TiO2, TiN, Ta, Zr, ZrO2, ʠ Ru 

[74,75]. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ, ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʘʷ ʦʨʠʝʥʪʘʮʠʷ (ʪʝʢʩʪʫʨʘ) ʠ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ PZT-ʧʣʝʥʦʢ, ʚʳʨʘʱʝʥʥʳʭ ʥʘ ʥʠʞʥʝʤ Pt 

ʵʣʝʢʪʨʦʜʝ, ʩʠʣʴʥʦ ʟʘʚʠʩʷʪ ʦʪ ʘʜʛʝʟʠʦʥʥʦʛʦ ʩʣʦʷ ʧʦʜ Pt-ʩʣʦʝʤ, ʘ ʪʘʢʞʝ ʦʪ ʫʩʣʦʚʠʡ 

ʠʟʛʦʪʦʚʣʝʥʠʷ Pt-ʵʣʝʢʪʨʦʜʦʚ [76].   

ʉʘʤʘʷ ʚʘʞʥʘʷ ʧʨʦʙʣʝʤʘ ʚ PZT ʢʦʥʜʝʥʩʘʪʦʨʘʭ ʩ ʥʠʞʥʠʤ ʵʣʝʢʪʨʦʜʦʤ ʠʟ Pt 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʠʟʢʦʡ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ (ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʡ) ʫʩʪʘʣʦʩʪʠ. 

ʇʦʩʢʦʣʴʢʫ ʦʩʪʘʪʦʯʥʘʷ ʧʦʣʷʨʠʟʘʮʠʷ ʚ ʢʦʥʜʝʥʩʘʪʦʨʝ Pt/PZT/Pt ʦʙʳʯʥʦ ʨʝʟʢʦ 

ʩʥʠʞʘʝʪʩʷ ʧʦʩʣʝ 1010 ʮʠʢʣʦʚ ʧʝʨʝʢʣʶʯʝʥʠʷ, ʩʪʨʫʢʪʫʨʘ ʢʦʥʜʝʥʩʘʪʦʨʘ ʩ Pt-

ʵʣʝʢʪʨʦʜʘʤʠ ʥʝ ʧʦʜʭʦʜʠʪ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʵʥʝʨʛʦʥʝʟʘʚʠʩʠʤʦʡ ʧʘʤʷʪʠ ʩ 

ʧʨʦʠʟʚʦʣʴʥʳʤ ʜʦʩʪʫʧʦʤ [77].  

ɼʨʫʛʠʤʠ ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʜʦʚ ʤʝʪʘʣʣʘʤʠ ʷʚʣʷʪʁʩʷ 

ʠʨʠʜʠʡ (Ir) ʠ ʨʫʪʝʥʠʡ (Ru). ʀʨʠʜʠʡ ʪʘʢʞʝ ʦʙʣʘʜʘʝʪ ʤʘʣrʤ ʥʝʩʦʦʪʚʝʪʩʪʚʠʝʤ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʩ PZT (~5,1%) ʠ ʩʘʤ ʧʦ ʩʝʙʝ ʷʚʣʷʝʪʩʷ ʜʠʬʬʫʟʠʦʥʥʳʤ 

ʙʘʨʴʝʨʦʤ, ʧʨʝʜʦʪʚʨʘʱʘʶʱʠʤ ʜʠʬʬʫʟʠʶ ʢʠʩʣʦʨʦʜʘ ʠ ʧʦʩʣʝʜʫʶʱʝʝ ʦʢʠʩʣʝʥʠʝ 

ʥʠʞʥʠʭ ʩʣʦʝʚ. ɹʦʣʴʰʠʥʩʪʚʦ ʧʣʝʥʦʢ PZT, ʚʳʨʘʱʝʥʥʳʭ ʥʘ Ir- ʠ Ru- ʵʣʝʢʪʨʦʜʘʭ, 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʨʝʟʢʦʝ ʫʣʫʯʰʝʥʠʝ ʫʩʪʘʣʦʩʪʥʳʭ ʩʚʦʡʩʪʚ (ʜʦ 1011-1012 

ʮʠʢʣʦʚ[78]). ʆʜʥʘʢʦ ʧʣʝʥʢʠ PZT ʥʘ ʠʨʠʜʠʝʚʦʤ ʵʣʝʢʪʨʦʜʝ ʠʤʝʣʠ ʩʣʫʯʘʡʥʫʶ 

ʦʨʠʝʥʪʘʮʠʶ, ʩʦʩʪʦʷʱʫʶ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʟ ʧʝʨʦʚʩʢʠʪʘ, ʥʦ ʪʘʢʞʝ ʩʦʜʝʨʞʘʱʫʶ 

ʬʘʟʫ ʧʠʨʦʭʣʦʨʘ [79]. ɺʝʨʦʷʪʥʦ, ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ IrO2 ʥʘ ʛʨʘʥʠʮʝ 

ʨʘʟʜʝʣʘ PZT/Ir, ʢʦʪʦʨʳʡ ʚʣʠʷʝʪ ʥʘ ʦʨʠʝʥʪʘʮʠʶ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʧʣʝʥʦʢ PZT. 

ɺʤʝʩʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʳʰʝʫʧʦʤʷʥʫʪʳʭ ʙʣʘʛʦʨʦʜʥʳʭ ʤʝʪʘʣʣʦʚ (Pt, Ir, 

Ru), ʪʘʢʦʡ ʙʘʟʦʚʳʡ ʤʝʪʘʣ ʢʘʢ Cu ʪʘʢʞʝ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʢʦʥʜʝʥʩʘʪʦʨʘʭ. ɻʣʘʚʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʝʜʥʦʛʦ 

ʵʣʝʢʪʨʦʜʘ ï ʝʛʦ ʵʢʦʥʦʤʠʯʥʦʩʪʴ ʠ ʙʦʣʝʝ ʥʠʟʢʦʝ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ (1,7 

ʤʢʆʤĿʩʤ), ʯʪʦ ʦʪʢʨʳʚʘʝʪ ʧʫʪʴ ʜʣʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʧʨʠʤʝʥʝʥʠʡ, ʘ ʪʘʢʞʝ ʜʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʠʥʪʝʛʨʘʮʠʠ PZT ʧʣʝʥʦʢ ʩ Cu ʚ ʧʨʠʤʝʥʝʥʠʷʭ, ʛʜʝ ʪʨʝʙʫʝʪʩʷ ʚʳʩʦʢʘʷ 

ʧʣʦʪʥʦʩʪʴ ʧʘʤʷʪʠ [80]. ʂʦʤʧʦʟʠʮʠʠ PZT-Cu ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʠʤʠ ʫʩʪʘʣʦʩʪʥʳʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʦʜʥʘʢʦ, ʠʟ-ʟʘ ʙʦʣʴʰʦʛʦ ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 



27 
 

ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʤʝʞʜʫ PZT ʠ Cu ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʧʦʷʚʣʷʣʠʩʴ 

ʤʠʢʨʦʪʨʝʱʠʥʳ, ʢʦʪʦʨʳʝ ʤʦʛʣʠ ʙʳʪʴ ʧʨʠʯʠʥʦʡ ʚʳʩʦʢʦʛʦ ʪʦʢʘ ʫʪʝʯʢʠ ʦʢʦʣʦ 10-6 

ɸ [6].  

 

1.1.4.2. ʆʢʩʠʜʥʳʝ ʵʣʝʢʪʨʦʜʳ 

ɺ ʥʘʯʘʣʝ 1990-ʭ ʛʦʜʦʚ ʤʥʦʛʠʝ ʛʨʫʧʧʳ ʠʥʠʮʠʠʨʦʚʘʣʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʧʨʦʚʦʜʷʱʠʭ ʦʢʩʠʜʦʚ ʚ ʢʘʯʝʩʪʚʝ ʘʣʴʪʝʨʥʘʪʠʚʳ ʵʣʝʢʪʨʦʜʘʤ ʠʟ 

ʙʣʘʛʦʨʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʥʜʝʥʩʘʪʦʨʘʭ, ʯʪʦʙʳ ʨʝʰʠʪʴ 

ʩʝʨʴʝʟʥʫʶ ʧʨʦʙʣʝʤʫ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʡ ʫʩʪʘʣʦʩʪʠ, ʢʦʪʦʨʘʷ ʦʙʳʯʥʦ ʚʦʟʥʠʢʘʝʪ ʚ 

ʢʦʥʜʝʥʩʘʪʦʨʘʭ ʩ Pt. ʕʣʝʢʪʨʦʜʳ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʠʥʪʝʥʩʠʚʥʦ ʠʟʫʯʘʣʠʩʴ ʠʟ-ʟʘ ʠʭ 

ʩʦʦʪʚʝʪʩʪʚʠʷ ʨʝʰʝʪʢʝ, ʩʪʨʫʢʪʫʨʥʦʡ ʠ ʭʠʤʠʯʝʩʢʦʡ ʩʦʚʤʝʩʪʠʤʦʩʪʠ, ʚʳʩʦʢʦʛʦ 

ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʙʘʨʴʝʨʘ ʜʣʷ ʢʠʩʣʦʨʦʜʘ, ʬʘʟʦʚʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʨʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʧʨʝʚʦʩʭʦʜʥʳʭ ʫʩʪʘʣʦʩʪʥʳʭ ʩʚʦʡʩʪʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʵʣʝʢʪʨʦʜʘʤʠ 

ʠʟ Pt. ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʢʠʩʣʦʨʦʜʥʳʝ ʚʘʢʘʥʩʠʠ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ PZT ʤʦʛʫʪ ʙʳʪʴ 

ʣʝʛʢʦ ʟʘʧʦʣʥʝʥʳ ʢʠʩʣʦʨʦʜʦʤ ʠʟ ʦʢʩʠʜʥʳʭ ʵʣʝʢʪʨʦʜʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʢʦʣʠʯʝʩʪʚʘ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʥʘ ʛʨʘʥʠʮʘʭ 

ʨʘʟʜʝʣʘ, ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʢ ʫʤʝʥʴʰʝʥʠʶ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʫʩʪʘʣʦʩʪʠ [6]. 

ʉʨʝʜʠ ʦʢʩʠʜʥʳʭ ʵʣʝʢʪʨʦʜʦʚ ʥʘʠʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʧʨʠʚʣʝʢʘʶʪ IrO2 ʠ RuO2, ʘ 

ʪʘʢʞʝ ʧʨʦʚʦʜʷʱʠʝ ʦʢʩʠʜʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ. 

ʋʩʧʝʰʥʦʝ ʧʨʝʜʦʪʚʨʘʱʝʥʠʝ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʡ ʫʩʪʘʣʦʩʪʠ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʵʣʝʢʪʨʦʜʦʚ  IrO2 ʠ RuO2 [80ï82]. ɼʘʥʥʦʝ ʫʣʫʯʰʝʥʠʝ ʙʳʣʦ 

ʩʚʷʟʘʥʦ [80] ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Pt-

ʵʣʝʢʪʨʦʜʘʤʠ, ʚʳʩʦʢʠʤʠ ʜʠʬʬʫʟʠʦʥʥʳʤʠ ʙʘʨʴʝʨʘʤʠ ʦʢʩʠʜʦʚ, 

ʧʨʝʜʦʪʚʨʘʱʘʶʱʠʤʠ ʜʠʬʬʫʟʠʶ Pb, O ʠ Si, ʘ ʪʘʢʞʝ ʭʦʨʦʰʝʡ ʪʝʨʤʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʦʢʩʠʜʥʳʭ ʵʣʝʢʪʨʦʜʦʚ ʚ ʢʠʩʣʦʨʦʜʥʦʡ ʘʪʤʦʩʬʝʨʝ. 

ʆʜʥʘʢʦ, ʧʣʝʥʢʠ PZT ʧʣʝʥʢʠ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʥʘ IrO2 ʠ RuO2 ʵʣʝʢʪʨʦʜʘʭ, 

ʧʦʢʘʟʳʚʘʣʠ ʙʦʣʝʝ ʥʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʦʩʪʘʪʦʯʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʩʨʘʚʥʝʥʠʠ ʩ 

ʢʦʤʧʦʟʠʮʠʷʤʠ ʥʘ Pt. ʋʭʫʜʰʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʚʷʟʳʚʘʶʪ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ ʥʝʦʨʠʝʥʪʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ PZT [81]. ɼʨʫʛʦʡ 

ʧʨʦʙʣʝʤʦʡ ʷʚʣʷʝʪʩʷ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʚʳʩʦʢʦʛʦ ʪʦʢʘ ʫʪʝʯʢʠ. ʊʘʢ ʢʘʢ ʵʪʠ 
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ʥʝʜʦʩʪʘʪʢʠ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʩʚʷʟʘʥʳ ʩʦ ʩʪʨʫʢʪʫʨʥʳʤ ʥʝʩʦʦʪʚʝʪʩʪʚʠʝʤ 

ʜʘʥʥʳʭ ʦʢʩʠʜʥʳʭ ʵʣʝʢʪʨʦʜʦʚ ʠ PZT, ʬʦʢʫʩ ʚ ʧʦʠʩʢʝ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʩʤʝʩʪʠʣʩʷ ʥʘ ʛʨʫʧʧʫ ʧʨʦʚʦʜʷʱʠʭ ʧʝʨʦʚʩʢʠʪʥʳʭ ʦʢʩʠʜʦʚ [6]. 

ʉʨʝʜʠ ʦʢʩʠʜʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʜʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʠʩʩʣʝʜʦʚʘʣʠ YBa2Cu3O7-ŭ (YBCO), SrRuO3, LaNiO3, BaPbO3,  

La1īxSrxMnO3 (LSMO) ʠ ʜʨ. [6]. ɼʘʥʥʳʝ ʧʝʨʦʚʩʢʠʪʥʳʝ ʵʣʝʢʪʨʦʜʳ ʥʝ ʪʦʣʴʢʦ 

ʦʙʣʘʜʘʶʪ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ Pt-ʵʣʝʢʪʨʦʜʦʚ (ʵʪʦ ʩʭʦʞʠʝ ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ), ʥʦ ʠ 

ʧʦʢʘʟʳʚʘʶʪ ʚʳʩʦʢʠʝ ʧʦʢʘʟʘʪʝʣʠ ʧʦ ʩʦʧʨʦʪʠʚʣʝʥʠʶ ʫʩʪʘʣʦʩʪʠ, ʨʝʰʘʷ ʦʩʥʦʚʥʫʶ 

ʧʨʦʙʣʝʤʫ Pt-ʵʣʝʢʪʨʦʜʦʚ.  

ʉʨʝʜʠ ʜʘʥʥʳʭ ʦʢʩʠʜʦʚ ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʭ ʢʘʥʜʠʜʘʪʦʚ ʜʣʷ 

ʵʣʝʢʪʨʦʜʦʚ ʧʦʣʥʦʩʪʴʶ ʧʝʨʦʚʩʢʠʪʥʳʭ ʤʠʢʨʦʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʦʩʦʙʝʥʥʦ 

ʚʳʜʝʣʷʶʪʩʷ SrRuO3 ʠ LaNiO3. ʆʜʥʘʢʦ ʩʦʦʙʱʘʝʪʩʷ, ʯʪʦ SrRuO3 ʠʤʝʝʪ ʪʝʥʜʝʥʮʠʶ 

ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʙʦʣʝʝ ʛʨʫʙʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʣʠʙʦ ʧʨʠ ʤʘʣʦʡ (<30 ʥʤ), ʣʠʙʦ ʧʨʠ 

ʙʦʣʴʰʦʡ ʪʦʣʱʠʥʝ (> 100 ʥʤ) [83]. ɺ ʪʘʢʠʭ ʩʣʫʯʘʷʭ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʦʤ ʠ 

ʘʢʪʠʚʥʳʤ ʩʣʦʝʤ ʤʦʞʝʪ ʦʙʨʘʟʦʚʘʪʴʩʷ ʩʠʣʴʥʦ ʧʦʚʨʝʞʜʝʥʥʘʷ ʛʨʘʥʠʮʘ, ʢʦʪʦʨʘʷ 

ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʫʭʫʜʰʝʥʠʶ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. LaNiO3 ʠʤʝʝʪ 

ʪʝʥʜʝʥʮʠʶ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʪʨʝʱʠʥ ʪʦʣʴʢʦ ʧʨʠ ʦʯʝʥʴ ʙʦʣʴʰʦʡ ʪʦʣʱʠʥʝ (> 300 

ʥʤ), ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʵʣʝʢʪʨʦʜʥʳʤ ʤʘʪʝʨʠʘʣʦʤ. 

ʂʨʦʤʝ ʪʦʛʦ, LaNiO3 ʠʤʝʝʪ ʙʦʣʝʝ ʥʠʟʢʫʶ ʩʪʦʠʤʦʩʪʴ, ʯʝʤ SrRuO3 [4]. ɺ ʩʚʷʟʠ ʩ 

ʵʪʠʤ, LaNiO3 ʟʘʩʣʫʞʠʚʘʝʪ ʦʪʜʝʣʴʥʦʛʦ ʚʥʠʤʘʥʠʷ ʢʘʢ ʢʘʥʜʠʜʘʪ ʜʣʷ ʵʣʝʢʪʨʦʜʦʚ ʠ 

ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʨʘʩʩʤʦʪʨʝʥ ʥʠʞʝ.  

 

1.1.4.3. LNO 

ʅʠʢʝʣʘʪ ʣʘʥʪʘʥʘ LaNiO3 (LNO) ð ʧʨʦʚʦʜʷʱʠʡ ʦʢʩʠʜ ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ʧʝʨʦʚʩʢʠʪʘ ABO3. ʉʧʦʩʦʙʥʦʩʪʴ LNO ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʢʠʩʣʦʨʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʝʛʦ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʘʪʘʣʠʟʝ, ʪʦʧʣʠʚʥʳʭ ʵʣʝʤʝʥʪʘʭ, ʛʘʟʦʚʳʭ ʩʝʥʩʦʨʘʭ ʠ 

ʩʫʧʝʨʢʦʥʜʝʥʩʘʪʦʨʘʭ [20ï22]. LNO ʧʨʝʜʩʪʘʚʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʚ ʩʚʷʟʠ ʩ 

ʚʦʟʤʦʞʥʦʩʪʴʶ ʩʦʟʜʘʥʠʷ ʙʦʣʴʰʦʡ ʦʨʙʠʪʘʣʴʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ Ni [23ï27]. 

ʅʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʳʤ ʩʚʦʡʩʪʚʦʤ ʥʠʢʝʣʘʪʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ RNiO3 
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ʷʚʣʷʝʪʩʷ ʠʭ ʧʝʨʝʭʦʜ ʤʝʪʘʣʣ-ʠʟʦʣʷʪʦʨ, ʢʦʪʦʨʳʡ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ 

ʠʥʪʝʨʝʩʥʳʭ ʧʨʠʣʦʞʝʥʠʡ, ʧʦʩʢʦʣʴʢʫ ʠʤ ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ ʩ ʧʦʤʦʱʴʶ ʚʥʝʰʥʝʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ [4]. ʅʘʧʨʠʤʝʨ, Marshall ʠ ʜʨ. ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʧʦʣʝʚʦʡ 

ʪʨʘʥʟʠʩʪʦʨ ʩ LNO-ʢʘʥʘʣʦʤ, ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʠʟʤʝʥʷʪʴ ʩ 

ʧʦʤʦʱʴʶ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʟʘʪʚʦʨʘ PZT [84]. ʂʨʦʤʝ ʪʦʛʦ, LNO ʷʚʣʷʝʪʩʷ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʧʘʩʩʠʚʥʳʭ ʠ ʘʢʪʠʚʥʳʭ 

ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ ʚ ʊɻʮ ʯʘʩʪʦʪʘʭ [85]. 

ʆʜʥʘʢʦ ʥʘʠʙʦʣʴʰʝ ʚʥʠʤʘʥʠʝ LNO ʧʦʣʫʯʠʣ, ʢʘʢ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʡ 

ʵʣʝʢʪʨʦʜʥʳʡ ʤʘʪʝʨʠʘʣ ʜʣʷ ʦʢʩʠʜʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʙʣʘʛʦʜʘʨʷ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʠʟʢʦʤʫ ʫʜʝʣʴʥʦʤʫ ʵʣʝʢʪʨʠʯʝʩʢʦʤʫ ʩʦʧʨʦʪʠʚʣʝʥʠʶ (ʦʢʦʣʦ 100 ʤʢʆʤĿʩʤ) ʠ 

ʧʘʨʘʤʝʪʨʘʤ ʨʝʰʝʪʢʠ, ʙʣʠʟʢʠʤ ʢ ʧʘʨʘʤʝʪʨʘʤ ʤʥʦʛʠʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ 

ʤʫʣʴʪʠʬʝʨʨʦʠʜʥʳʭ ʧʝʨʦʚʩʢʠʪʦʚ [12ï15]. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ/LNO-ʩʪʨʫʢʪʫʨʳ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʢʦʥʜʝʥʩʘʪʦʨʦʚ ʩ ʫʣʫʯʰʝʥʥʳʤʠ ʢʦʥʩʪʨʫʢʪʠʚʥʳʤʠ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʥʘ ʦʩʥʦʚʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʝʨʦʚʩʢʠʪʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʮʠʨʢʦʥʘʪ-ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ (PZT), ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ-ʩʪʨʦʥʮʠʷ (BST) ʠ ʜʨ. [17,18]. 

ʕʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ LNO ʯʨʝʟʚʳʯʘʡʥʦ ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ ʩʦʩʪʘʚʫ ʠ 

ʩʪʨʫʢʪʫʨʝ ʧʣʝʥʦʢ. ʇʣʝʥʢʠ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʧʦʚʝʜʝʥʠʝʤ ʚʦ ʚʩʝʤ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ 

ʜʝʬʠʮʠʪʝ ʢʠʩʣʦʨʦʜʘ ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʝʭʦʜ ʦʪ ʧʨʦʚʦʜʷʱʝʛʦ ʩʦʩʪʦʷʥʠʷ ʢ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʤʫ [37,86]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 

ʦʙʲʝʤʥʳʭ ʢʠʩʣʦʨʦʜ-ʜʝʬʠʮʠʪʥʳʭ ʦʙʨʘʟʮʦʚ LaNiO3-ŭ ʠʟʤʝʥʷʝʪʩʷ ʦʪ 790 ʜʦ 5350 

ʤʢʆʤĿʩʤ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ŭ ʦʪ 0,02 ʜʦ 0,14 [87]. ɿʘʚʠʩʠʤʦʩʪʴ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʪ 

ʜʝʬʠʮʠʪʘ ʢʠʩʣʦʨʦʜʘ ŭ ʦʙʲʷʩʥʷʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʚʘʣʝʥʪʥʦʩʪʠ ʥʠʢʝʣʷ ʦʪ Ni3+ ʜʦ 

Ni2+ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ŭ [37,88,89]. ʂʨʦʤʝ ʪʦʛʦ, ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ LNO ʦʯʝʥʴ 

ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʥʘʧʨʷʞʝʥʠʷʤ ʚ ʧʣʝʥʢʝ, ʘ ʪʘʢʞʝ ʢ ʪʘʢʠʤ ʜʝʬʝʢʪʘʤ, ʢʘʢ ʛʨʘʥʠʮʳ 

ʟʝʨʝʥ ʠ ʧʦʨʳ [44]. ʋʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʣʝʥʦʢ LNO ʤʦʞʝʪ ʚʘʨʴʠʨʦʚʘʪʴʩʷ ʦʪ 

10-2 ʜʦ 10-4 ʆʤĿʩʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʝʪʦʜʘ ʠ ʢʦʥʢʨʝʪʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ [31,32,42,90]. ʂʘʢ ʧʨʘʚʠʣʦ, ʥʘʠʣʫʯʰʠʝ ʩʚʦʡʩʪʚʘ ʜʦʩʪʠʛʘʶʪʩʷ ʚ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʠʣʠ ʩʪʦʣʙʯʘʪʦ-ʟʝʨʥʠʩʪʳʭ ʧʣʝʥʢʘʭ. 
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ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʪʨʫʢʪʫʨʘ ʠ ʩʦʩʪʘʚ ʧʣʝʥʦʢ ʟʘʚʠʩʷʪ ʦʪ ʤʘʪʝʨʠʘʣʘ ʧʦʜʣʦʞʢʠ 

ʠ ʤʝʪʦʜʦʚ ʦʩʘʞʜʝʥʠʷ [12,28ï32]. ɺʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʳʝ ʵʧʠʪʘʢʩʠʘʣʴʥʳʝ ʧʣʝʥʢʠ 

LNO ʩ ʥʠʟʢʠʤ ʫʜʝʣʴʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ (100-500 ʤʢʆʤĿʩʤ) ʤʦʛʫʪ ʙʳʪʴ 

ʧʦʣʫʯʝʥʳ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʦʜʣʦʞʢʘʭ ʩ ʙʣʠʟʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʨʝʰʝʪʢʠ 

(LaAlO3, SrTiO3) ʤʝʪʦʜʘʤʠ ʬʠʟʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ (PVD), 

ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ (MBE) ʠʣʠ ʠʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʦʩʘʞʜʝʥʠʷ 

(PLD) [29]ï[32]. ʆʜʥʘʢʦ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʪʘʢʠʭ ʧʣʝʥʦʢ ʦʛʨʘʥʠʯʝʥʦ 

ʥʝʙʦʣʴʰʠʤʠ ʨʘʟʤʝʨʘʤʠ ʦʙʨʘʟʮʦʚ ʠ ʚʳʩʦʢʦʡ ʩʝʙʝʩʪʦʠʤʦʩʪʴʶ ʧʨʦʠʟʚʦʜʩʪʚʘ. ɺ 

ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʪʨʝʙʫʝʪʩʷ ʥʘʥʝʩʝʥʠʝ ʧʣʝʥʢʠ LNO ʥʘ ʧʦʜʣʦʞʢʫ ʨʘʟʣʠʯʥʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʘʤʦʨʬʥʫʶ, ʥʘʧʨʠʤʝʨ Si-SiO2. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ 

ʭʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ ʠʟ ʨʘʩʪʚʦʨʦʚ (CSD) ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʩʘʞʜʝʥʠʷ 

ʧʣʝʥʦʢ LNO ʥʘ ʧʦʜʣʦʞʢʠ ʠʟ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʨʘʟʤʝʨʦʚ ʠ ʬʦʨʤ, ʚʢʣʶʯʘʷ 

ʩʪʘʥʜʘʨʪʥʳʝ ʢʨʝʤʥʠʝʚʳʝ ʧʣʘʩʪʠʥʳ [18,37,91]. 

ʏʘʩʪʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʧʦʩʚʷʱʝʥʘ ʠʟʫʯʝʥʠʶ ʧʣʝʥʦʢ LNO, ʧʦʣʫʯʝʥʥʳʭ 

ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʨʘʩʪʚʦʨʦʚ, ʢʘʢ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʵʣʝʢʪʨʦʜʦʚ ʜʣʷ ʢʦʤʧʦʟʠʮʠʡ ʥʘ ʦʩʥʦʚʝ PZT. 

 

 

1.1.5. ʉʦʟʜʘʥʠʝ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT ʠ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ 

ɺʚʝʜʝʥʠʝ ʧʦʨʠʩʪʦʩʪʠ ʠʣʠ ʜʨʫʛʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʜʠʵʣʝʢʪʨʠʢʠ ʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʫʩʠʣʝʥʠʶ ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ 

[92ï94], ʫʤʝʥʴʰʝʥʠʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʩʪʦʷʥʥʦʡ k (low-k ʜʠʵʣʝʢʪʨʠʢʠ) 

[95,96], ʛʝʥʝʨʘʮʠʠ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ [97,98], ʚʦʟʥʠʢʥʦʚʝʥʠʶ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʧʦʨʠʩʪʦʤ ʢʨʝʤʥʠʠ [99], ʠʟʤʝʥʝʥʠʶ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʩʝʛʥʝʪʦʤʘʛʥʝʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ [11,100] ʠ ʜʨ., ʠ ʧʦʪʦʤʫ 

ʘʢʪʠʚʥʦ ʠʩʩʣʝʜʫʝʪʩʷ.  

ɺ ʩʣʫʯʘʝ ʧʴʝʟʦ- ʠ ʧʠʨʦʵʣʝʢʪʨʠʢʦʚ, ʧʦʜʦʙʥʦʝ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ 

ʧʦʟʚʦʣʷʝʪ ʨʝʛʫʣʠʨʦʚʘʪʴ ʥʝʟʘʚʠʩʠʤʦ ʚ ʥʝʢʦʪʦʨʦʤ ʜʠʘʧʘʟʦʥʝ ʪʘʢʠʝ ʩʚʷʟʘʥʥʳʝ 
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ʩʚʦʡʩʪʚʘ, ʢʘʢ ʧʨʦʜʦʣʴʥʳʡ ʠ ʧʦʧʝʨʝʯʥʳʡ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ, 

ʧʦʚʳʰʘʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ ʧʨʠʤʝʥʝʥʠʡ ʚ 

ʦʙʣʘʩʪʠ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʠ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʩʝʥʩʦʨʦʚ 

[48,101,102], ʩʥʠʞʘʪʴ ʘʢʫʩʪʠʯʝʩʢʠʡ ʠʤʧʝʜʘʥʩ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʣʫʯʰʝʛʦ ʢʦʥʪʘʢʪʘ 

ʤʝʞʜʫ ʧʴʝʟʦʵʣʝʢʪʨʠʢʦʤ ʠ ʩʨʝʜʦʡ [103,104] ʠ ʫʤʝʥʴʰʘʪʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫ  ʁ

ʧʨʦʥʠʮʘʝʤʦʩʪ ɹ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ [105] ʠ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ [106]. ʉʦʟʜʘʥʠʝ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ ʪʘʢʞʝ 

ʧʦʟʚʦʣʷʝʪ ʠʟʛʦʪʘʚʣʠʚʘʪʴ ʪʦʣʩʪʳʝ ʧʣʝʥʢʠ ʙʝʟ ʨʘʩʪʨʝʩʢʠʚʘʥʠʷ [51,107], ʯʪʦ 

ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʜʣʷ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, 

ʧʦʩʢʦʣʴʢʫ ʚʳʭʦʜʥʦʡ ʩʠʛʥʘʣ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ ʪʦʣʱʠʥʳ ʧʣʝʥʢʠ, 

ʘ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʫʩʠʣʠʚʘʝʪʩʷ ʟʘ ʩʯʝʪ ʣʦʢʘʣʴʥʦʡ ʫʧʨʫʛʦʡ 

ʨʝʣʘʢʩʘʮʠʠ [107ï110].  

ɿʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʟʜʘʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʧʣʝʥʦʢ, 

ʩʦʩʪʦʷʱʠʭ ʠʟ ʜʚʫʭ ʠ ʙʦʣʝʝ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʦʙʣʘʜʘʶʱʠʭ ʫʥʠʢʘʣʴʥʳʤʠ 

ʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʅʘʧʨʠʤʝʨ, ʘʢʪʠʚʥʦ ʠʩʩʣʝʜʫʶʪʩʷ ʢʦʤʧʦʟʠʪʳï

ʤʫʣʴʪʠʬʝʨʨʦʠʢʠ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ ʠ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ, ʢʦʪʦʨʳʝ 

ʥʘʭʦʜʷʪ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ ʜʘʪʯʠʢʘʭ, ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʭ ʠ ʫʩʪʨʦʡʩʪʚʘʭ 

ʩʧʠʥʪʨʦʥʠʢʠ [111]. Matavģ A. ʠ ʜʨ. [100] ʧʨʝʜʣʦʞʠʣʠ ʚʘʨʠʘʥʪ ʩʠʥʪʝʟʘ 

ʢʦʤʧʦʟʠʪʘ-ʤʫʣʴʪʠʬʝʨʨʦʠʢʘ ʥʘ ʦʩʥʦʚʝ ʧʦʨʠʩʪʦʛʦ PZT ʟʘʧʦʣʥʝʥʥʦʛʦ ʤʘʛʥʠʪʥʳʤ 

ʤʘʪʝʨʠʘʣʦʤ NiFe2O4, ʠʩʧʦʣʴʟʫʷ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜ. ʉ ʧʦʤʦʱʴʶ ʧʨʦʧʠʪʢʠ PZT 

ʨʘʩʪʚʦʨʦʤ NFO ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʧʣʝʥʢʠ, ʦʙʣʘʜʘʶʱʠʝ ʩʣʘʙʦʡ ʛʠʩʪʝʨʝʟʠʩʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʴʶ ʧʦʣʷʨʠʟʘʮʠʠ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ. ɺ ʨʘʙʦʪʘʭ J.Chang ʠ S.Tobert [112,113] ʧʦʨʳ ʧʣʝʥʦʢ CoFe2O4 ʟʘʧʦʣʥʷʣʠ PZT 

ʩ ʧʦʤʦʱʴʶ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ ʦʩʘʞʜʝʥʠʷ. ɼʨʫʛʠʝ ʢʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʘ 

ʙʘʨʠʷ-ʩʪʨʦʥʮʠʷ-ʪʠʪʘʥʘ (BSTO) ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʥʝʵʣʝʢʪʨʠʯʝʩʢʠ ʘʢʪʠʚʥʦʡ 

ʦʢʩʠʜʥʦʡ ʢʝʨʘʤʠʢʦʡ (ʦʢʩʠʜʳ ʤʘʛʥʠʷ, ʘʣʶʤʠʥʠʷ, ʮʠʨʢʦʥʠʷ) ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ 

ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʘʥʪʝʥʥʘʭ ʩ ʬʘʟʠʨʦʚʘʥʥʦʡ ʨʝʰʝʪʢʦʡ [114]. 

ʎʠʨʢʦʥʘʪ-ʪʠʪʘʥʘʪ ʩʚʠʥʮʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʨʝʚʦʩʭʦʜʥʳʝ ʩʝʛʥʝʪʦ-, ʧʴʝʟʦ- ʠ 

ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ ʧʦʵʪʦʤʫ ʩʦʟʜʘʥʠʝ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ ʠ ʢʦʤʧʦʟʠʪʦʚ 

ʥʘ ʠʭ ʦʩʥʦʚʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʨʠʤʝʥʝʥʠʡ, 
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ʠʩʧʦʣʴʟʫʶʱʠʭ ʵʪʠ ʵʬʬʝʢʪʳ, ʚ ʯʘʩʪʥʦʩʪʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʫʩʪʨʦʡʩʪʚ ʩʙʦʨʘ ʵʥʝʨʛʠʠ 

ʥʘ ʦʩʥʦʚʝ ʧʴʝʟʦ- ʠʣʠ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ [48], ʨʘʟʣʠʯʥʳʭ ʘʢʪʶʘʪʦʨʦʚ 

ʠ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ [48], ʛʠʜʨʦʬʦʥʦʚ [103], ʙʣʦʢʦʚ ʧʠʪʘʥʠʷ ʥʘ ʵʬʬʝʢʪʝ 

ʜʝʧʦʣʷʨʠʟʘʮʠʠ ʧʨʠ ʫʜʘʨʥʦʤ ʩʞʘʪʠʠ [115], ʜʝʪʝʢʪʦʨʦʚ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

[105].  

ʈʘʟʨʘʙʦʪʘʥʦ ʤʥʦʞʝʩʪʚʦ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʧʦʨʠʩʪʦʡ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʠ ʩ ʨʘʟʣʠʯʥʦʡ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʦʡ, ʪʘʢʠʭ ʢʘʢ 

ʚʳʞʠʛʘʥʠʝ ʧʦʣʠʤʝʨʥʳʭ ʩʬʝʨ, ʤʝʪʦʜ ʧʦʣʠʤʝʨʥʦʡ ʛʫʙʢʠ,  ʪʨʝʭʤʝʨʥʘʷ ʧʝʯʘʪʴ ʠ ʜʨ. 

[48,116,117]. ʂʨʦʤʝ ʪʦʛʦ, ʧʦʨʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʣʝʥʢʘʭ 

ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ [6,118,119]. ʆʨʛʘʥʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ, 

ʠʟʚʝʩʪʥʳʝ ʢʘʢ ʧʦʨʦʛʝʥʳ, ʜʦʙʘʚʣʷʶʪʩʷ ʚ ʨʘʩʪʚʦʨ ʧʨʝʢʫʨʩʦʨʘ ʠ ʚʧʦʩʣʝʜʩʪʚʠʠ 

ʚʩʪʨʘʠʚʘʶʪʩʷ ʚ ʨʘʩʪʫʱʫʶ ʩʝʪʴ ʤʝʪʘʣʣ-ʦʢʩʠʜ-ʤʝʪʘʣʣ ʚʦ ʚʨʝʤʷ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʧʣʝʥʢʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʬʘʟʦʚʦʡ ʩʝʛʨʝʛʘʮʠʠ. ɺ ʧʨʦʮʝʩʩʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʧʦʨʦʛʝʥʳ 

ʨʘʟʨʫʰʘʶʪʩʷ, ʦʩʪʘʚʣʷʷ ʧʫʩʪʳʝ ʧʦʨʳ. ɺ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʚ ʢʘʯʝʩʪʚʝ ʧʦʨʦʛʝʥʦʚ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʝ ʚʝʱʝʩʪʚʘ (ʇɸɺ), ʪʦʛʜʘ ʥʝʢʦʚʘʣʝʥʪʥʳʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʤʦʣʝʢʫʣʘʤʠ ʇɸɺ ʟʘʧʫʩʢʘʶʪ ʩʘʤʦʩʙʦʨʢʫ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʦʙʨʘʟʦʚʘʥʠʶ ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʧʦʨ. 

ʆʜʠʥ ʠʟ ʥʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʭ ʧʦʨʦʛʝʥʦʚ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʦʨʠʩʪʳʭ 

ʧʣʝʥʦʢ PZT ï ʧʦʣʠʚʠʥʠʣʧʠʨʨʦʣʠʜʦʥ (PVP) [51,120]. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, 

ʯʪʦ ʪʦʣʱʠʥʘ ʧʣʝʥʢʠ ʥʝʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʩʦʜʝʨʞʘʥʠʷ PVP ʚ ʩʚʷʟʠ ʩ ʫʩʘʜʢʦʡ 

ʧʣʝʥʢʠ [121], ʧʨʠ ʵʪʦʤ ʚʳʷʚʣʝʥʦ ʩʥʠʞʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ 

ʦʩʪʘʪʦʯʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ [122]. ʅʝʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ 

ʪʘʢʠʭ ʧʣʝʥʦʢ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʨʘʟʤʝʨ ʧʦʨ ʠ ʨʘʟʤʝʨ ʟʝʨʥʘ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʩʩʳ PVP, ʧʨʠ ʵʪʦʤ ʪʘʢʞʝ ʫʩʠʣʠʚʘʝʪʩʷ ʠ 

ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ [120,123]. ʆʜʥʘʢʦ ʜʝʪʘʣʴʥʦʝ ʦʧʠʩʘʥʠʝ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʵʪʠʭ ʧʣʝʥʦʢ ʧʦʢʘ ʥʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʣʠʪʝʨʘʪʫʨʝ. ʀʥʪʝʨʝʩ ʪʘʢʞʝ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʧʦʨʦʛʝʥʦʚ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʥʘʧʨʠʤʝʨ, 

ʜʦʜʝʮʠʣʦʚʳʡ ʵʬʠʨ ʧʦʣʠʵʪʠʣʝʥʛʣʠʢʦʣʷ, ʠʟʚʝʩʪʥʳʡ ʧʦʜ ʤʘʨʢʦʡ Brij. ʕʪʦ 

ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʦʝ ʚʝʱʝʩʪʚʦ, ʢʦʪʦʨʦʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 
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ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʧʦʨʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ [124], ʦʜʥʘʢʦ 

ʩʪʨʫʢʪʫʨʘ ʧʦʨʠʩʪʳʭ PZT ʩ ʜʘʥʥʳʤ ʧʦʨʦʛʝʥʦʤ ʚʧʝʨʚʳʝ ʠʟʫʯʝʥʘ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ.  

ʆʪʥʦʩʠʪʝʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʘʟʣʠʯʥʳʭ ʧʦʨʠʩʪʳʭ ʪʚʝʨʜʳʭ ʪʝʣ ʚ 

ʚʳʰʝʫʧʦʤʷʥʫʪʳʭ ʧʨʠʣʦʞʝʥʠʷʭ ʩʠʣʴʥʦ ʟʘʚʠʩʷʪ ʦʪ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ ʧʦʨ 

ʢʘʞʜʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʯʪʦʙʳ ʣʫʯʰʝ ʧʦʥʷʪʴ ʢʦʥʢʨʝʪʥʳʡ 

ʬʠʟʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ, ʧʨʦʠʩʭʦʜʷʱʠʡ ʚ ʧʦʨʠʩʪʦʡ ʩʨʝʜʝ, ʥʝʦʙʭʦʜʠʤʦ ʧʦʣʥʦʩʪʴʶ 

ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʩʚʦʡʩʪʚʘ ʧʦʨʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʪʘʢʠʝ ʢʘʢ  

ʛʝʦʤʝʪʨʠʷ ʠ ʨʘʟʤʝʨ ʧʦʨ, ʠʭ ʩʚʷʟʥʦʩʪʴ ʠ ʪ. ʜ. [125].  

 

 

1.1.6. ʆʧʠʩʘʥʠʝ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ 

ʆʧʠʩʘʥʠʝ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ ʯʘʩʪʦ ʠʤʝʝʪ ʚʦʣʴʥʳʡ ʭʘʨʘʢʪʝʨ ʠ ʧʦʪʦʤʫ 

ʚʥʦʩʠʪ ʥʝʢʦʪʦʨʫʶ ʥʝʷʩʥʦʩʪʴ ʚ ʨʘʙʦʪʳ ʠ ʥʝʜʦʧʦʥʠʤʘʥʠʝ ʤʝʞʜʫ ʘʚʪʦʨʘʤʠ. ɺ 

ʩʚʷʟʠ ʩ ʵʪʠʤ, ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʜʚʫʩʤʳʩʣʝʥʥʦʩʪʠ, ʥʠʞʝ ʧʨʠʚʝʜʝʥʳ ʦʩʥʦʚʥʳʝ 

ʧʦʥʷʪʠʷ ʧʦ ʦʧʠʩʘʥʠʶ ʧʦʨʠʩʪʳʭ ʪʚʝʨʜʳʭ ʪʝʣ, ʧʨʝʜʣʦʞʝʥʥʳʝ ʚ 1994 ʛʦʜʫ 

ʄʝʞʜʫʥʘʨʦʜʥʳʤ ʩʦʶʟʦʤ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʧʨʠʢʣʘʜʥʦʡ ʭʠʤʠʠ (ʀʖʇɸʂ) ʚ 

ʪʝʭʥʠʯʝʩʢʦʤ ʦʪʯʝʪʝ çʈʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʦʧʠʩʘʥʠʶ ʧʦʨʠʩʪʳʭ ʪʚʝʨʜʳʭ ʚʝʱʝʩʪʚè 

[126]. 

ʇʦʨʳ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʠʭ ʜʦʩʪʫʧʥʦʩʪʴʶ ʜʣʷ ʚʥʝʰʥʝʡ ʩʨʝʜʳ, ʨʘʟʜʝʣʷʶʪ ʥʘ 

ʟʘʢʨʳʪʳʝ ʠ ʦʪʢʨʳʪʳʝ.  ʂ ʟʘʢʨʳʪʳʤ ʧʦʨʘʤ ʦʪʥʦʩʷʪ ʧʦʣʦʩʪʠ, ʧʦʣʥʦʩʪʴʶ 

ʠʟʦʣʠʨʦʚʘʥʥʳʝ ʦʪ ʩʚʦʠʭ ʩʦʩʝʜʝʡ, ʥʘʧʨʠʤʝʨ, ʢʘʢ ʚ ʦʙʣʘʩʪʠ (ʘ) ʥʘ ʨʠʩʫʥʢʝ 6. ʆʥʠ 

ʚʣʠʷʶʪ ʥʘ ʪʘʢʠʝ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʢʘʢ ʥʘʩʳʧʥʘʷ ʧʣʦʪʥʦʩʪʴ, 

ʤʝʭʘʥʠʯʝʩʢʘʷ ʧʨʦʯʥʦʩʪʴ ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ, ʥʦ ʤʘʣʦʘʢʪʠʚʥʳ ʚ ʪʘʢʠʭ 

ʧʨʦʮʝʩʩʘʭ, ʢʘʢ ʪʝʯʝʥʠʝ ʞʠʜʢʦʩʪʠ ʠ ʘʜʩʦʨʙʮʠʷ ʛʘʟʦʚ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʦʨʳ, 

ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʥʝʧʨʝʨʳʚʥʳʡ ʢʘʥʘʣ ʩʚʷʟʠ ʩ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʪʝʣʘ, ʪʘʢʠʝ 

ʢʘʢ (b), (c), (d), (e) ʠ (f), ʦʧʠʩʳʚʘʶʪʩʷ ʢʘʢ ʦʪʢʨʳʪʳʝ ʧʦʨʳ. ʅʝʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ 

ʦʪʢʨʳʪʳ ʪʦʣʴʢʦ ʩ ʦʜʥʦʛʦ ʢʦʥʮʘ ï ʥʘʧʨʠʤʝʨ, (b) ʠ (f), ʪʦʛʜʘ ʦʥʠ ʦʧʠʩʳʚʘʶʪʩʷ ʢʘʢ 

ʩʣʝʧʳʝ ʧʦʨʳ. ɼʨʫʛʠʝ ʤʦʛʫʪ ʙʳʪʴ ʦʪʢʨʳʪʳ ʩ ʜʚʫʭ ʢʦʥʮʦʚ (ʩʢʚʦʟʥʳʝ ʧʦʨʳ), ʢʘʢ, 
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ʥʘʧʨʠʤʝʨ, (e). ɹʣʠʟʢʦʡ ʢ ʧʦʨʠʩʪʦʩʪʠ, ʥʦ ʦʪʣʠʯʥʦʡ ʦʪ ʥʝʝ ʷʚʣʷʝʪʩʷ ʰʝʨʦʭʦʚʘʪʦʩʪʴ 

ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʚ ʦʙʣʘʩʪʠ (g). ʏʪʦʙʳ ʧʨʦʚʝʩʪʠ ʨʘʟʣʠʯʠʝ, 

ʫʜʦʙʥʦʝ ʠ ʧʨʦʩʪʦʝ ʩʦʛʣʘʰʝʥʠʝ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦʙʳ ʩʯʠʪʘʪʴ, ʯʪʦ ʰʝʨʦʭʦʚʘʪʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ ʥʝ ʷʚʣʷʝʪʩʷ ʧʦʨʠʩʪʦʡ, ʝʩʣʠ ʥʘ ʥʝʡ ʥʝʪ ʥʝʨʦʚʥʦʩʪʝʡ, ʛʣʫʙʠʥʘ 

ʢʦʪʦʨʳʭ ʧʨʝʚʳʰʘʝʪ ʠʭ ʰʠʨʠʥʫ [126]. 

 

ʈʠʩʫʥʦʢ 6. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʨʠʩʪʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩ ʨʘʟʣʠʯʥʳʤ 

ʚʠʜʦʤ ʧʦʨ [126] 

 

ʅʘ ʧʨʘʢʪʠʢʝ ʜʣʷ ʨʘʟʜʝʣʝʥʠʷ ʧʦʨ ʥʘ ʦʪʢʨʳʪʳʝ ʠ ʟʘʢʨʳʪʳʝ ʯʘʩʪʦ 

ʧʨʠʚʷʟʳʚʘʶʪʩʷ ʢ ʬʠʟʠʯʝʩʢʦʤʫ ʤʝʪʦʜʫ ʠʟʤʝʨʝʥʠʷ. ɺ ʨʘʙʦʪʝ Ruike ʠ ʜʨ. [127] 

ʪʝʨʤʠʥ çʟʘʢʨʳʪʘʷ ʧʦʨʘè ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʙʦʟʥʘʯʝʥʠʷ ʧʦʨ, ʯʝʨʝʟ ʢʦʪʦʨʳʝ ʘʪʦʤʳ 

ʛʝʣʠʷ ʥʝ ʤʦʛʫʪ ʧʨʦʥʠʢʥʫʪʴ ʧʨʠ 303 K. ɼʨʫʛʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʪʝʨʤʠʥʘ çʟʘʢʨʳʪʘʷ 

ʧʦʨʘè ð ʵʪʦ ʦʪʢʨʳʪʘʷ ʧʦʨʘ, ʰʠʨʠʥʘ ʢʦʪʦʨʦʡ ʤʝʥʴʰʝ ʨʘʟʤʝʨʘ ʤʦʣʝʢʫʣʳ ʟʦʥʜʘ. 

ʊʘʢʠʝ ʵʬʬʝʢʪʠʚʥʦ ʟʘʢʨʳʪʳʝ ʧʦʨʳ ʠ ʭʠʤʠʯʝʩʢʠ ʟʘʢʨʳʪʳʝ ʧʦʨʳ ʩʣʝʜʫʝʪ 

ʦʙʦʟʥʘʯʘʪʴ ʢʘʢ ʣʘʪʝʥʪʥʳʝ ʧʦʨʳ [128].  

ʇʦʨʳ ʪʘʢʞʝ ʤʦʞʥʦ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʪʴ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʭ ʬʦʨʤʳ 

(ʈʠʩʫʥʦʢ 6): ʦʥʠ ʤʦʛʫʪ ʙʳʪʴ ʮʠʣʠʥʜʨʠʯʝʩʢʠʤʠ (ʦʪʢʨʳʪʳʤʠ (ʩ) ʠʣʠ ʩʣʝʧʳʤʠ (f)), 

ʚ ʬʦʨʤʝ ʯʝʨʥʠʣʴʥʠʮʳ (b), ʚʦʨʦʥʢʦʦʙʨʘʟʥʳʝ (ʠʣʠ ʢʦʥʠʯʝʩʢʠʝ) (d) ʠʣʠ 
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ʱʝʣʝʚʠʜʥʳʝ [126,128]. ʆʜʥʘʢʦ, ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʧʦ ʬʦʨʤʝ ʧʦʨ ʤʝʥʝʝ ʦʜʥʦʟʥʘʯʥʘʷ 

ʠ ʧʦʣʥʘʷ, ʠ ʯʘʩʪʦ ʥʝ ʦʧʠʩʳʚʘʝʪ ʚʩʝʛʦ ʤʥʦʛʦʦʙʨʘʟʠʷ ʧʦʨʠʩʪʳʭ ʩʪʨʫʢʪʫʨ, ʚ ʩʚʷʟʠ 

ʩ ʯʝʤ ʘʚʪʦʨʳ ʠʩʧʦʣʴʟʫʶʪ ʩʚʦʠ ʦʧʠʩʘʥʠʷ, ʙʦʣʝʝ ʪʦʯʥʦ ʦʪʨʘʞʘʶʱʠʝ ʬʦʨʤʫ ʧʦʨ ʚ 

ʢʦʥʢʨʝʪʥʦʤ ʩʣʫʯʘʝ. ʊʘʢʞʝ ʦʧʠʩʘʥʠʝ ʤʥʦʛʠʭ ʨʝʘʣʴʥʳʭ ʧʦʨʠʩʪʳʭ ʪʚʝʨʜʳʭ ʪʝʣ 

ʦʩʣʦʞʥʷʝʪʩʷ ʥʘʣʠʯʠʝʤ ʨʘʟʣʠʯʥʳʭ ʬʦʨʤ ʧʦʨ ʚ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ ʤʘʪʝʨʠʘʣʝ; 

ʩʦʝʜʠʥʝʥʠʝʤ ʧʦʨ ʨʘʟʥʦʛʦ ʨʘʟʤʝʨʘ, ʬʦʨʤʳ ʠ ʨʘʩʧʦʣʦʞʝʥʠ;̫ ʰʠʨʦʢʠʤ ʜʠʘʧʘʟʦʥʦʤ 

ʨʘʟʤʝʨʦʚ ʧʦʨ. 

ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʠʩʪʳʭ ʪʝʣ ʷʚʣʷʝʪʩʷ 

ʧʦʨʠʩʪʦʩʪʴ Ů (3) ï ʦʪʥʦʰʝʥʠʝ ʦʙʱʝʛʦ ʦʙʲʝʤʘ ʧʦʨ ʢ ʢʘʞʫʱʝʤʫʩʷ ʦʙʲʝʤʫ ʯʘʩʪʠʮʳ 

ʠʣʠ ʧʦʨʦʰʢʘ (ʪʦ ʝʩʪʴ ʙʝʟ ʫʯʸʪʘ ʧʫʩʪʦʪ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ). ɺ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ 

ʚʳʜʝʣʷʶʪ ʦʪʢʨʳʪʫʶ ʧʦʨʠʩʪʦʩʪʴ ï ʦʙʲʝʤ ʧʦʨ, ʜʦʩʪʫʧʥʳʭ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʤʝʪʦʜʦʤ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʨʝʜʝʣʸʥʥʳʭ ʤʦʣʝʢʫʣ, ʠ ʟʘʢʨʳʪʫʶ ʧʦʨʠʩʪʦʩʪʴ. ʇʨʠ ʵʪʦʤ 

ʜʦʣʞʥʳ ʙʳʪʴ ʫʢʘʟʘʥʳ ʤʝʪʦʜʳ ʠʟʤʝʨʝʥʠʷ ʧʦʨʠʩʪʦʩʪʠ. 

‐
ὠ

 ὠ
                                                                            σ 

ʆʙʲʝʤ ʧʦʨ ὠ, ʠʩʧʦʣʴʟʫʝʤʳʡ ʚ ʧʨʠʚʝʜʝʥʥʦʤ ʚʳʰʝ ʩʦʦʪʥʦʰʝʥʠʠ, ʤʦʞʝʪ 

ʙʳʪʴ ʣʠʙʦ ʦʙʲʝʤʦʤ ʦʪʢʨʳʪʳʭ ʧʦʨ (ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ çʦʪʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʠè), ʣʠʙʦ 

ʦʙʲʝʤʦʤ ʟʘʢʨʳʪʳʭ ʧʦʨ (ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ çʟʘʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʠè), ʣʠʙʦ ʦʙʲʝʤʦʤ 

ʦʙʦʠʭ ʪʠʧʦʚ ʧʦʨ ʚʤʝʩʪʝ ( ʧʨʠʚʦʜʠʪ ʢ çʦʙʱʝʡ ʧʦʨʠʩʪʦʩʪʠè) [126]. ɿʥʘʯʝʥʠʝ Ů 

ʟʘʚʠʩʠʪ ʦʪ ʤʝʪʦʜʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʢʘʞʫʱʝʛʦʩʷ ʦʙʲʝʤʘ V ʠ ʦʙʲʝʤʘ ʧʦʨ ὠ: 

ʥʝʢʦʪʦʨʳʝ ʤʝʪʦʜʳ ʠʤʝʶʪ ʜʦʩʪʫʧ ʪʦʣʴʢʦ ʢ ʦʪʢʨʳʪʳʤ ʧʦʨʘʤ (ʥʘʧʨʠʤʝʨ, 

ʘʜʩʦʨʙʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʠ ʤʝʪʦʜʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʞʠʜʢʦʩʪʠ), ʪʦʛʜʘ ʢʘʢ ʜʨʫʛʠʝ 

ʤʦʛʫʪ ʧʦʟʚʦʣʷʶʪ ʦʧʨʝʜʝʣʷʪʴ ʦʙʱʫʶ ʧʦʨʠʩʪʦʩʪʴ (ʥʘʧʨʠʤʝʨ, ʤʝʪʦʜʳ 

ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ). ʊʘʢʞʝ ʧʦʣʫʯʘʝʤʳʝ ʟʥʘʯʝʥʠʷ ʦʙʲʝʤʦʚ ʧʦʨ ʠ 

ʤʘʪʝʨʠʘʣʘ ʟʘʚʠʩʪ̫ ʦʪ ʨʘʟʤʝʨʘ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʟʦʥʜʘ ʠ ʜʨʫʛʠʭ 

ʧʘʨʘʤʝʪʨʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʧʦʨʠʩʪʦʩʪʠ ʙʫʜʝʪ ʦʪʨʘʞʘʪʴ ʥʝ 

ʪʦʣʴʢʦ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ, ʥʦ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʤʝʪʦʜ, 

ʠʩʧʦʣʴʟʦʚʘʥʥʳʡ ʜʣʷ ʝʝ ʦʧʨʝʜʝʣʝʥʠʷ [126]. 

ɼʨʫʛʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʧʦʨʠʩʪʳʭ ʪʝʣ ʷʚʣʷʝʪʩʷ ʫʜʝʣʴʥʘʷ ʧʣʦʱʘʜʴ 

ʧʦʚʝʨʭʥʦʩʪʠ S, ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʜʦʩʪʫʧʥʘʷ (ʠʣʠ ʦʙʥʘʨʫʞʠʚʘʝʤʘʷ) 
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ʧʣʦʱʘʜʴ ʪʚʝʨʜʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʝʜʠʥʠʮʫ ʤʘʩʩʳ ʠʣʠ ʦʙʲʝʤʘ ʤʘʪʝʨʠʘʣʘ. ʕʪʦʪ 

ʧʘʨʘʤʝʪʨ ʟʘʚʠʩʠʪ ʦʪ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʤʝʪʦʜʘ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʣʦʚʠʡ, ʘ 

ʪʘʢʞʝ ʦʪ ʨʘʟʤʝʨʘ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʟʦʥʜʘ (ʥʘʧʨʠʤʝʨ, ʨʘʟʤʝʨʘ ʤʦʣʝʢʫʣʳ ʘʜʩʦʨʙʘʪʘ, 

ʜʣʠʥʳ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ ʠ ʪ. ʜ.). ʆʜʥʘʢʦ, ʧʦʩʢʦʣʴʢʫ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʪʘʢʠʭ 

ʠʟʤʝʨʝʥʠʡ ʦʙʳʯʥʦ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʫʧʨʦʱʝʥʥʳʭ ʤʦʜʝʣʷʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ 

ʧʨʦʮʝʩʩʦʚ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ʤʦʞʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʟʘʚʠʩʝʪʴ ʦʪ 

ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʜʦʧʫʱʝʥʠʡ, ʧʨʠʩʫʱʠʭ ʤʦʜʝʣʠ. 

ʆʪʜʝʣʴʥʳʤ ʜʠʩʢʫʩʩʠʦʥʥʳʤ ʚʦʧʨʦʩʦʤ ʷʚʣʷʝʪʩʷ ʨʘʟʤʝʨ ʧʦʨ. ʉʦʛʣʘʩʥʦ 

ʀʖʇɸʂ [126], ʨʘʟʤʝʨ ʧʦʨʳ (ʠʣʠ ʰʠʨʠʥʘ ʧʦʨʳ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʨʘʩʩʪʦʷʥʠʝ 

ʤʝʞʜʫ ʜʚʫʤʷ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʤʠ ʩʪʝʥʢʘʤʠ ʧʦʨʳ (ʜʠʘʤʝʪʨ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʧʦʨ, 

ʰʠʨʠʥʘ ʱʝʣʝʚʠʜʥʳʭ ʧʦʨ). ʆʜʥʘʢʦ ʧʨʠ ʥʝʜʦʩʪʘʪʢʝ ʚʦʟʤʦʞʥʦʩʪʝʡ ʧʨʷʤʦʡ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʧʦʨ, ʚʤʝʩʪʦ ʨʝʘʣʴʥʦʛʦ ʨʘʟʤʝʨʘ ʧʦʨ ʠʩʧʦʣʴʟʫʶʪ ʛʠʜʨʘʚʣʠʯʝʩʢʠʡ 

ʨʘʜʠʫʩ ï ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʧʦʨʠʩʪʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ, ʧʦʣʫʯʝʥʥʦʝ ʧʦ ʤʝʪʦʜʫ 

ɹʨʫʥʘʫʵʨʘïʕʤʤʝʪʘïʊʝʣʣʝʨʘ (ɹʕʊ), ʪʦ ʝʩʪʴ ʧʦ ʩʦʦʪʥʦʰʝʥʠʶ: 

ή
ὠ

ὃ
                                                                            τ 

ʛʜʝ q ï ʛʠʜʨʘʚʣʠʯʝʩʢʠʡ ʨʘʜʠʫʩ, ὠ ï ʦʙʲʝʤ ʧʦʨ, ʦʧʨʝʜʝʣʝʥʥʳʡ ʧʨʠ ʥʘʩʳʱʝʥʠʠ, 

A ï ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ.   

ʇʦ ʨʘʟʤʝʨʫ ʧʦʨʳ ʫʩʣʦʚʥʦ ʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʤʘʢʨʦʧʦʨʳ > 50 ʥʤ, ʤʝʟʦʧʦʨʳ ʚ 

ʜʠʘʧʘʟʦʥʝ 2,0õ50 ʥʤ ʠ ʤʠʢʨʦʧʦʨʳ <2,0 ʥʤ [126]. 

ʇʨʦʙʣʝʤʳ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʘ ʧʦʨ ʫʩʣʦʞʥʷʶʪʩʷ ʪʝʤ, ʯʪʦ ʬʦʨʤʘ ʧʦʨ 

ʦʙʳʯʥʦ ʥʝʧʨʘʚʠʣʴʥʘʷ ʠ ʥʝʦʜʥʦʨʦʜʥʘʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʤʥʦʞʝʩʪʚʫ ʦʧʨʝʜʝʣʝʥʠʡ 

çʨʘʟʤʝʨʘè. ʂʨʦʤʝ ʪʦʛʦ, ʧʦʨʠʩʪʳʝ ʩʠʩʪʝʤʳ ʦʙʳʯʥʦ ʩʦʩʪʦʷʪ ʠʟ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʭ 

ʩʝʪʝʡ, ʠ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʯʘʩʪʦ ʟʘʚʠʩʷʪ ʦʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʚ ʢʦʪʦʨʦʡ 

ʚʩʪʨʝʯʘʶʪʩʷ ʧʦʨʳ ʚ ʨʘʤʢʘʭ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʤʝʪʦʜʘ (ʥʘʧʨʠʤʝʨ, ʚʥʝʜʨʝʥʠʝ ʨʪʫʪʠ). 

ʇʦ ʵʪʠʤ ʧʨʠʯʠʥʘʤ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʦʧʠʩʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʦʨ ʯʘʩʪʦ ʦʩʥʦʚʳʚʘʶʪʩʷ 

ʥʘ ʤʦʜʝʣʴʥʳʭ ʩʠʩʪʝʤʘʭ [126]. ʇʨʠ ʵʪʦʤ, ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʧʦʨʠʩʪʳʭ ʪʚʝʨʜʳʭ ʪʝʣ ʨʘʟʤʝʨ ʧʦʨ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʠ ʧʦʪʦʤʫ 

ʘʢʪʠʚʥʦ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʤʝʪʦʜʳ, ʮʝʣʴʶ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʧʨʦʚʝʜʝʥʠʝ ʘʥʘʣʠʟʘ 

ʨʘʟʤʝʨʘ ʧʦʨ.  
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ɺ ʮʝʣʦʤ, ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ 

ʢʦʩʚʝʥʥʳʝ ʤʝʪʦʜʳ (ʤʝʪʦʜʳ ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ; ʧʠʢʥʦʤʝʪʨʠʷ ï 

ʠʟʤʝʨʝʥʠʷ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʚʳʪʝʩʥʝʥʠʠ ʞʠʜʢʦʩʪʠ, ʘʜʩʦʨʙʮʠʦʥʥʳʝ ʤʝʪʦʜʳ, 

ʨʪʫʪʥʘʷ ʧʦʨʦʤʝʪʨʠʷ, ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʝ ʤʝʪʦʜʳ), ʘ ʪʘʢʞʝ ʤʝʪʦʜʳ ʧʨʷʤʦʛʦ 

ʥʘʙʣʶʜʝʥʠʷ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ (ʩʪʝʨʝʦʣʦʛʠʯʝʩʢʠʝ ʧʦʜʭʦʜ,r ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ 

ʦʧʪʠʯʝʩʢʦʡ ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʘ ʪʘʢʞʝ ʨʘʟʣʠʯʥʳʝ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʝ 

ʤʝʪʦʜʳ ʚʠʟʫʘʣʠʟʘʮʠʠ ʪʨʝʭʤʝʨʥʦʛʦ ʦʙʲʝʤʘ) [126].  ɺʩʝ ʤʝʪʦʜʳ ʥʘʭʦʜʷʪ ʩʚʦʶ 

ʦʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʦʩʪʦʪʳ ʤʝʪʦʜʘ, ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ 

ʩʪʨʫʢʪʫʨʫ (ʨʘʟʨʫʰʘʶʱʠʝ ʠ ʥʝʨʘʟʨʫʰʘʶʱʠʝ), ʠʟʤʝʨʷʝʤʦʛʦ ʜʠʘʧʘʟʦʥʘ ʧʦʨ, 

ʠʟʤʝʨʷʝʤʦʡ ʧʦʨʠʩʪʦʩʪʠ: ʦʪʢʨʳʪʦʡ, ʟʘʢʨʳʪʦʡ ʠʣʠ ʦʙʱʝʡ ʠ ʜʨ. ʇʨʠ ʩʠʥʪʝʟʝ ʥʦʚʳʭ 

ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ, ʪʘʢʠʭ ʢʘʢ ʧʦʨʠʩʪʳʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʣʝʥʢʠ ʠ ʢʦʤʧʦʟʠʪʳ, 

ʙʘʟʠʨʫʶʱʠʝʩʷ ʥʘ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʝ, ʦʩʦʙʝʥʥʦ ʚʘʞʥʳʤ ʩʪʘʥʦʚʠʪʩʷ 

ʦʧʨʝʜʝʣʝʥʠʝ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʨ ʠ ʧʦʪʦʤʫ ʥʘ ʧʝʨʚʦʝ ʤʝʩʪʦ ʚʳʭʦʜʷʪ ʧʨʷʤʳʝ 

ʤʝʪʦʜʳ ʥʘʙʣʶʜʝʥʠʷ ʩʪʨʫʢʪʫʨʳ.  

 

 

1.2. ʆʩʦʙʝʥʥʦʩʪʠ ʩʠʥʪʝʟʘ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʤʝʪʦʜʦʤ CSD 

ʊʝʭʥʦʣʦʛʠʷ ʧʦʣʫʯʝʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʪʨʝʙʫʝʪ ʦʪʜʝʣʴʥʦʛʦ ʚʥʠʤʘʥʠʷ, ʪʘʢ 

ʢʘʢ ʨʝʟʫʣʴʪʠʨʫʶʱʠʝ ʩʚʦʡʩʪʚʘ ʤʦʛʫʪ ʩʠʣʴʥʦ ʦʪʣʠʯʘʪʴʩʷ ʦʪ ʩʚʦʡʩʪʚ ʦʙʲʝʤʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ [3,5]. ʂʘʢ ʙʳʣʦ ʫʧʦʤʷʥʫʪʦ ʨʘʥʝʝ, ʵʣʝʢʪʨʦʜʳ LNO ʜʣʷ ʢʦʥʜʝʥʩʘʪʦʨʥʳʭ 

ʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ PZT, ʢʘʢ ʠ ʩʘʤʠ ʧʣʝʥʢʠ PZT, ʚ ʪʦʤ ʯʠʩʣʝ ʧʦʨʠʩʪʳʝ, ʤʦʛʫʪ 

ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʚ ʨʘʤʢʘʭ ʦʜʥʦʛʦ ʤʝʪʦʜʘ ï ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʨʘʩʪʚʦʨʦʚ 

(CSD). ɼʘʥʥʳʡ ʤʝʪʦʜ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʫʩʧʝʰʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʠ ʧʝʨʩʧʝʢʪʠʚʝʥ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʦʙʣʘʜʘʷ ʪʘʢʠʤʠ ʜʦʩʪʦʠʥʩʪʚʘʤʠ, ʢʘʢ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴ, ʥʠʟʢʘʷ 

ʩʪʦʠʤʦʩʪʴ ʥʝʦʙʭʦʜʠʤʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴ, ʚʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ 

ʦʩʘʞʜʝʥʠʷ, ʧʨʦʩʪʦʪʘ ʢʦʥʪʨʦʣʷ ʩʪʝʭʠʦʤʝʪʨʠʠ ʠ ʪ. ʜ. [129]. ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʙʦʣʝʝ 
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ʧʦʜʨʦʙʥʦ ʦʩʚʝʱʝʥʳ ʘʩʧʝʢʪʳ ʧʦʣʫʯʝʥʠʷ ʧʣʝʥʦʢ LNO ʠ PZT ʤʝʪʦʜʦʤ 

ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʨʘʩʪʚʦʨʦʚ.  

 

 

1.2.1. ʇʨʠʥʮʠʧ ʤʝʪʦʜʘ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʨʘʩʪʚʦʨʦʚ 

ʄʝʪʦʜ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʩʦʩʪʦʠʪ ʠʟ ʩʣʝʜʫʶʱʠʭ ʦʩʥʦʚʥʳʭ ʵʪʘʧʦʚ: 

ʩʠʥʪʝʟ ʨʘʩʪʚʦʨʘ ʧʨʝʢʫʨʩʦʨʦʚ, ʦʩʘʞʜʝʥʠʝ, ʩʫʰʢʘ ʠ ʦʪʞʠʛ ʩ ʮʝʣʴʶ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

(ʈʠʩʫʥʦʢ 7) [16]. 

ɼʣʷ ʩʠʥʪʝʟʘ ʨʘʩʪʚʦʨʦʚ ʧʨʝʢʫʨʩʦʨʦʚ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʦʣʠ, 

ʢʘʨʙʦʢʩʠʣʘʪʳ ʠʣʠ ʜʨʫʛʠʝ ʤʝʪʘʣʣʦʦʨʛʘʥʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ 

ʘʣʢʦʢʩʠʜʳ ʤʝʪʘʣʣʦʚ ʠ ɓ-ʜʠʢʝʪʦʥʘʪʳ ʤʝʪʘʣʣʦʚ. ʏʘʩʪʦ ʚʦ ʚʨʝʤʷ ʩʠʥʪʝʟʘ ʚʢʣʶʯʘʶʪ 

ʪʘʢʠʝ ʜʦʙʘʚʢʠ, ʢʘʢ ʭʠʤʠʯʝʩʢʠʝ ʩʪʘʙʠʣʠʟʘʪʦʨʳ, ʯʪʦʙʳ ʨʝʛʫʣʠʨʦʚʘʪʴ ʩʚʦʡʩʪʚʘ 

ʢʦʥʝʯʥʦʛʦ ʨʘʩʪʚʦʨʘ ʧʦʢʨʳʪʠʷ. ʆʙʳʯʥʦ ʨʘʩʪʚʦʨʳ ʩʦʜʝʨʞʘʪ ʞʝʣʘʝʤʫʶ 

ʩʪʝʭʠʦʤʝʪʨʠʶ ʪʦʥʢʦʡ ʧʣʝʥʢʠ, ʦʜʥʘʢʦ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʦʙʩʪʦʷʪʝʣʴʩʪʚʘʭ 

ʪʨʝʙʫʶʪʩʷ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʩʦʩʪʘʚʘ ʚ ʦʪʥʦʰʝʥʠʠ ʪʦʯʥʦʡ ʩʪʝʭʠʦʤʝʪʨʠʠ ʦʢʩʠʜʘ 

ʤʝʪʘʣʣʘ. ʂ ʥʠʤ ʦʪʥʦʩʷʪʩʷ [16]: 

ī ʇʦʪʝʨʠ ʠʟ-ʟʘ ʣʝʪʫʯʝʩʪʠ ʢʦʤʧʦʥʝʥʪʘ (ʥʘʧʨʠʤʝʨ, PbO ʚ ʧʣʝʥʢʘʭ PZT) 

ī ʇʦʪʝʨʠ ʠʟ-ʟʘ ʜʠʬʬʫʟʠʠ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʧʦʜʣʦʞʢʫ (ʥʘʧʨʠʤʝʨ, ʧʦʪʝʨʠ Bi ʠʟ 

ʪʘʥʪʘʣʘʪʘ ʩʪʨʦʥʮʠʷ-ʚʠʩʤʫʪʘ ð SBT). 

ī ʇʨʝʜʥʘʤʝʨʝʥʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʠ ʜʣʷ ʞʝʣʘʝʤʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ 

ʚʪʦʨʠʯʥʳʭ ʬʘʟ ʠʣʠ ʝʩʪʝʩʪʚʝʥʥʳʭ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ. 

ɼʘʣʝʝ ʨʘʩʪʚʦʨ ʧʦʢʨʳʪʠʷ ʥʘʥʦʩʠʪʩʷ ʥʘ ʧʦʜʣʦʞʢʫ ʦʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ. 

ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʷʚʣʷʶʪʩʷ ʤʝʪʦʜʳ ʥʘʥʝʩʝʥʠʷ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʝʤ 

ʠ ʧʦʛʨʫʞʝʥʠʝʤ. ʂʨʦʤʝ ʪʦʛʦ, ʠʥʦʛʜʘ ʠʩʧʦʣʴʟʫʶʪ ʘʵʨʦʟʦʣʴʥʦʝ ʥʘʧʳʣʝʥʠʝ (ʯʘʩʪʦ 

ʥʘʟʳʚʘʝʤʦʝ ʨʘʩʧʳʣʝʥʠʝʤ) ʠ, ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ, ʩʪʨʫʡʥʫʶ ʧʝʯʘʪʴ ð ʙʦʣʝʝ 

ʩʣʦʞʥʳʝ ʤʝʪʦʜʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʥʘʥʦʩʠʪʴ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʝ ʧʦʢʨʳʪʠʝ ʩ 

ʤʝʥʴʰʠʤ ʨʘʩʭʦʜʦʤ ʤʘʪʝʨʠʘʣʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʥʘʥʝʩʝʥʠʷ ʥʘ ʧʦʜʣʦʞʢʝ ʦʙʨʘʟʫʝʪʩʷ 

ʤʝʪʘʣʣʦʦʨʛʘʥʠʯʝʩʢʘʷ ʧʣʝʥʢʘ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʫʛʣʝʨʦʜʥʳʭ ʦʩʪʘʪʢʦʚ ʠ 
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ʞʠʜʢʠʤ ʨʘʩʪʚʦʨʠʪʝʣʝʤ, ʟʘʭʚʘʯʝʥʥʳʤ ʚ ʧʦʨʳ ʧʣʝʥʢʠ.  ɿʘʪʝʤ ʦʩʘʞʜʝʥʥʘʷ ʧʣʝʥʢʘ 

ʚʳʩʫʰʠʚʘʝʪʩʷ, ʧʦʜʚʝʨʛʘʝʪʩʷ ʧʠʨʦʣʠʟʫ (ʨʘʟʣʦʞʝʥʠʶ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʢʦʤʧʦʥʝʥʪʦʚ), ʦʪʞʠʛʫ ʩ ʮʝʣʴʶ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ (ʥʝʦʙʷʟʘʪʝʣʴʥʦ) 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʤʫ ʛʦʤʦʛʝʥʠʟʠʨʫʶʱʝʤʫ ʦʪʞʠʛʫ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʫʧʣʦʪʥʝʥʠʷ ʠʣʠ 

ʫʧʨʘʚʣʝʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ. ɽʩʣʠ ʟʘ ʦʜʠʥ ʮʠʢʣ ʥʘʥʝʩʝʥʠʷ ʥʝ ʫʜʘʝʪʩʷ ʧʦʣʫʯʠʪʴ 

ʪʨʝʙʫʝʤʫʶ ʪʦʣʱʠʥʫ ʧʣʝʥʢʠ, ʪʦ ʦʩʘʞʜʝʥʠʝ ʧʨʦʚʦʜʷʪ ʧʦʩʣʦʡʥʦ, ʧʨʠ ʵʪʦʤ ʧʦʩʣʝ 

ʢʘʞʜʦʛʦ ʩʣʦʷ ʤʦʛʫʪ ʙʳʪʴ ʵʪʘʧʳ ʩʫʰʢʠ ʠ ʦʪʞʠʛʘ (ʧʦʩʣʦʡʥʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ) ʠʣʠ 

ʞʝ ʪʦʣʴʢʦ ʩʫʰʢʠ, ʩ ʧʨʦʚʝʜʝʥʠʝʤ ʦʪʞʠʛʘ ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʧʦʩʣʝʜʥʝʛʦ ʩʣʦʷ 

(ʦʙʲʝʤʥʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ). 

 

 

ʈʠʩʫʥʦʢ 7. ɹʣʦʢ-ʩʭʝʤʘ ʪʠʧʠʯʥʦʛʦ ʧʨʦʮʝʩʩʘ CSD. ɸʜʘʧʪʠʨʦʚʘʥʦ ʠʟ [16] 
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ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ ʚʣʘʞʥʦʡ ʧʣʝʥʢʠ ʧʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʚ ʞʝʣʘʝʤʫʶ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʧʣʝʥʢʫ ʠʥʜʫʮʠʨʫʝʪʩʷ ʢʦʥʪʨʦʣʠʨʫʝʤʳʤʠ ʪʝʨʤʠʯʝʩʢʠʤʠ 

ʧʨʦʮʝʩʩʘʤʠ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ ~200Áʉ ʜʦ 800Áʉ, ʢʦʪʦʨʳʝ ʜʦʣʞʥʳ ʙʳʪʴ 

ʘʜʘʧʪʠʨʦʚʘʥʳ ʢ ʭʘʨʘʢʪʝʨʫ ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʷ ʠ ʨʦʩʪʘ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʤʘʪʝʨʠʘʣʘ. ʆʙʳʯʥʦ ʜʣʷ ʵʪʦʛʦ ʵʪʘʧʘ ʠʩʧʦʣʴʟʫʶʪʩʷ ʛʦʨʷʯʠʝ ʧʣʠʪʳ, ʦʙʳʯʥʳʝ ʧʝʯʠ 

ʠʣʠ ʧʝʯʠ ʜʣʷ ʙʳʩʪʨʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʦʪʞʠʛʘ. ɺ ʩʣʫʯʘʷʭ ʦʩʘʞʜʝʥʠʷ ʥʘ ʦʩʦʙʦ 

ʪʝʨʤʦʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʧʦʜʣʦʞʢʠ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʣʘʟʝʨʥʳʡ ʦʪʞʠʛ [16]. ʉ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ ɻʠʙʙʩʘ ȹGv ʘʤʦʨʬʥʦʡ 

ʪʦʥʢʦʡ ʧʣʝʥʢʠ ʙʦʣʴʰʝ, ʯʝʤ ʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ [130], ʠ ʝʝ ʫʤʝʥʴʰʝʥʠʝ ʟʘ ʩʯʝʪ 

ʦʙʨʘʟʦʚʘʥʠʷ ʥʦʚʦʡ ʬʘʟʳ ʷʚʣʷʝʪʩʷ ʜʚʠʞʫʱʝʡ ʩʠʣʦʡ ʟʘʨʦʞʜʝʥʠʷ ʠ ʨʦʩʪʘ 

ʢʨʠʩʪʘʣʣʠʪʦʚ. ɿʘʨʦʞʜʝʥʠʝ ʚ ʘʤʦʨʬʥʦʡ ʧʣʝʥʢʝ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʛʦʤʦʛʝʥʥʦ ʧʦ 

ʚʩʝʤʫ ʦʙʲʝʤʫ ʧʣʝʥʢʠ ʠʣʠ ʛʝʪʝʨʦʛʝʥʥʦ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘ ʛʨʘʥʠʮʝ ʧʣʝʥʢʘ-

ʧʦʜʣʦʞʢʘ. ʅʘʧʨʠʤʝʨ, ʧʣʝʥʢʠ PZT, ʥʘʥʝʩʝʥʥʳʝ ʥʘ Pt ʠʣʠ ʘʥʘʣʦʛʠʯʥʫʶ ʧʦʜʣʦʞʢʫ, 

ʜʝʤʦʥʩʪʨʠʨʫʪʁ ʪʠʧʠʯʥʳʝ ʩʪʦʣʙʯʘʪʳʝ ʟʝʨʥʘ ʧʝʨʦʚʩʢʠʪʘ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʛʦ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ Pt 

[131,132]. ɺ ʦʪʣʠʯʠʝ ʦʪ ʥʠʭ, ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʣʝʥʢʠ (BaxSr1-x)TiO3 ʦʙʳʯʥʦ 

ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʤʝʣʢʦʟʝʨʥʠʩʪʫʶ ʨʘʚʥʦʦʩʥʫʶ ʩʪʨʫʢʪʫʨʫ [38,133].  

ɺʩʝ ʫʩʣʦʚʠʷ ʩʠʥʪʝʟʘ, ʪʘʢʠʝ ʢʘʢ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʠʩʭʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ, 

ʩʦʩʪʘʚ ʧʣʝʥʢʠ, ʧʦʜʣʦʞʢʘ, ʪʝʤʧʝʨʘʪʫʨʘ ʦʪʞʠʛʘ, ʚʨʝʤʷ ʠ ʩʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ, 

ʘʪʤʦʩʬʝʨʘ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ, ʪʦʣʱʠʥʘ ʧʣʝʥʢʠ, ʤʦʛʫʪ ʚʣʠʷʪʴ ʥʘ ʦʢʦʥʯʘʪʝʣʴʥʫʶ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ. ɸʣʢʦʢʩʠʜʥʳʝ ʟʦʣʴ-ʛʝʣʴ ʩʧʦʩʦʙʳ (ʥʘʧʨʠʤʝʨ, ʚ 

ʩʣʫʯʘʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʣʝʥʦʢ PZT) ʦʩʥʦʚʘʥʳ ʥʘ ʢʦʥʜʝʥʩʘʮʠʠ ʘʣʢʦʢʩʠʜʦʚ 

ʤʝʪʘʣʣʦʚ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʚ ʨʘʩʪʚʦʨʝ ʦʢʩʦʘʣʢʦʢʩʠʜʦʚ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʧʨʝʢʫʨʩʦʨʳ ʦʢʩʠʜʥʳʭ ʬʘʟ [134]. ʂʨʠʩʪʘʣʣʠʟʘʮʠʷ ʚ ʵʪʦʡ 

ʩʠʩʪʝʤʝ ʧʨʦʠʩʭʦʜʠʪ ʠʟ ʚʳʩʢʦʩʚʷʟʘʥʥʦʡ ʩʝʪʠ ʤʝʪʘʣʣ-ʦʢʩʠʜ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʵʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʨʘʥʥʝʤʫ ʥʘʯʘʣʫ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠʟ-ʟʘ 

ʥʠʟʢʠʭ ʟʥʘʯʝʥʠʡ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ȹGv, ʘ ʩ ʜʨʫʛʦʡ ï ʤʦʞʝʪ ʟʘʪʨʫʜʥʠʪʴ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʝʦʙʭʦʜʠʤʦʡ ʬʘʟʳ, ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʪʝʢʩʪʫʨʳ. ʂʨʦʤʝ ʪʦʛʦ, 

ʩʪʨʫʢʪʫʨʥʘʷ ʪʨʘʥʩʬʦʨʤʘʮʠʷ ʪʚʝʨʜʦʡ ʘʤʦʨʬʥʦʡ ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʠ ʯʘʩʪʦ ʤʦʞʝʪ 

ʧʨʠʚʦʜʠʪʴ ʢ ʝʝ ʨʘʩʪʨʝʩʢʠʚʘʥʠʶ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʫʚʝʣʠʯʝʥʠʝ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ 



41 
 

ɻʠʙʙʩʘ ȹGv ʜʣʷ ʟʘʪʦʨʤʘʞʠʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʝʟʥʦʡ 

ʩʪʨʘʪʝʛʠʝʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦʡ ʩʪʨʫʢʪʫʨʳ ʧʣʝʥʢʠ [135]. ʅʘʧʨʠʤʝʨ, 

ʤʝʪʦʜʳ ʤʝʪʘʣʣʦʦʨʛʘʥʠʯʝʩʢʦʛʦ ʨʘʟʣʦʞʝʥʠʷ (MOD) ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤʠ 

ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʨʘʟʣʦʞʝʥʠʷ ʦʨʛʘʥʠʯʝʩʢʠʭ ʦʩʪʘʪʢʦʚ ʚ ʩʣʫʯʘʝ ʧʣʝʥʦʢ BST ʜʘʶʪ 

ʙʦʣʴʰʠʡ ʨʘʟʤʝʨ ʟʝʨʥʘ ʠ ʫʣʫʯʰʘʶʪ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʨʘʩʪʨʝʩʢʠʚʘʥʠʶ ʚ ʦʪʣʠʯʠʝ ʦʪ 

ʘʣʢʦʢʩʠʜʥʦʛʦ ʩʧʦʩʦʙʘ [133,136,137]. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʧʣʝʥʦʢ LNO ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪ ʘʮʝʪʘʪʥʳʝ ʠʣʠ ʥʠʪʨʘʪʥʳʝ 

ʧʨʝʢʫʨʩʦʨʳ [37,129,138ï141]. ɺ ʦʪʣʠʯʠʝ ʦʪ ʘʣʢʦʢʩʠʜʥʦʛʦ ʧʫʪʠ, ʧʨʠ ʢʦʪʦʨʦʤ ʚ 

ʨʘʩʪʚʦʨʝ ʩʦʟʜʘʝʪʩʷ ʩʤʝʰʘʥʥʘʷ ʩʝʪʴ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ, ʩʯʠʪʘʝʪʩʷ, ʯʪʦ ʧʨʝʢʫʨʩʦʨʳ 

ʩʦʣʝʡ ʤʝʪʘʣʣʦʚ ʜʘʶʪ ʩʥʘʯʘʣʘ ʠʟʦʣʠʨʦʚʘʥʥʳʝ ʦʢʩʠʜʳ ʤʝʪʘʣʣʦʚ, ʪʚʝʨʜʦʬʘʟʥʘʷ 

ʨʝʘʢʮʠʷ ʢʦʪʦʨʳʭ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʧʝʨʦʚʩʢʠʪʥʦʡ ʬʘʟʳ [39]. 

ʆʙʨʘʟʦʚʘʥʠʝ ʵʪʠʭ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʬʘʟ ʙʫʜʝʪ ʚʣʠʷʪʴ ʥʘ ʩʚʦʙʦʜʥʫʶ ʵʥʝʨʛʠʶ 

ɻʠʙʙʩʘ ȹGv ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʧʣʝʥʢʠ. 

 

 

1.2.2. ʉʣʦʞʥʦʩʪʠ ʩʠʥʪʝʟʘ ʧʣʝʥʦʢ LNO 

ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʩʚʦʡʩʪʚʘ ʧʣʝʥʦʢ CSD LNO ʯʨʝʟʚʳʯʘʡʥʦ 

ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʫʩʣʦʚʠʷʤ ʩʠʥʪʝʟʘ, ʚʢʣʶʯʘʷ ʧʦʜʣʦʞʢʫ, ʩʦʩʪʘʚ ʨʘʩʪʚʦʨʘ 

ʧʨʝʢʫʨʩʦʨʘ, ʧʘʨʘʤʝʪʨʳ ʦʩʘʞʜʝʥʷ, ʩʫʰʢʠ ʠ ʦʪʞʠʛʘ ʠ ʪ. ʜ. [18,38ï40]. ʇʣʝʥʢʠ 

LNO, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ CSD ʥʘ ʨʘʟʣʠʯʥʳʭ ʧʦ ʩʪʨʫʢʪʫʨʝ ʧʦʜʣʦʞʢʘʭ, ʯʘʩʪʦ 

ʠʤʝʶʪ ʧʦʨʠʩʪʫʶ, ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʩ ʤʝʣʢʠʤʠ ʨʘʚʥʦʦʩʥʳʤʠ 

ʟʝʨʥʘʤʠ [37,41ï43]. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʪʘʢʘʷ ʜʝʬʝʢʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʠʦʙʨʝʪʘʝʪ 

ʧʦʚʳʰʝʥʥʦʝ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʠ ʥʝ ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʦʡ ʜʣʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘ ʥʝʡ ʧʣʝʥʢʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘ [44]. ʅʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʝʡ 

ʩʪʨʫʢʪʫʨʦʡ ʧʣʝʥʦʢ LNO, ʚʳʨʘʱʝʥʥʳʭ ʥʘ ʧʦʜʣʦʞʢʝ, ʨʝʰʝʪʢʘ ʢʦʪʦʨʦʡ ʥʝ 

ʧʦʜʭʦʜʠʪ ʜʣʷ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʨʦʩʪʘ, ʷʚʣʷʝʪʩʷ ʩʪʦʣʙʯʘʪʘʷ ʩʪʨʫʢʪʫʨʘ, ʩʦʩʪʦʷʱʘʷ 

ʠʟ ʟʝʨʝʥ, ʧʨʦʨʦʩʰʠʭ ʚʦ ʚʩʁ ʪʦʣʱʠʥʫ ʧʣʝʥʢʠ. ʈʷʜ ʘʚʪʦʨʦʚ ʧʦʢʘʟʘʣʠ ʚʦʟʤʦʞʥʦʩʪʴ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʦʣʙʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ ʧʣʝʥʦʢ LNO ʧʫʪʝʤ ʪʱʘʪʝʣʴʥʦʛʦ ʧʦʜʙʦʨʘ 
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ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ ʤʝʪʦʜʘʤʠ ʠʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʥʘʧʳʣʝʥʠʷ (PLD) [29] ʠ CSD 

[18,44]. ʆʜʥʘʢʦ ʤʝʭʘʥʠʟʤʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʧʣʝʥʢʘʭ 

LNO ʜʦ ʩʠʭ ʧʦʨ ʥʝ ʷʩʥʳ. 

ʉʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʤʝʭʘʥʠʟʤʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʣʝʥʦʢ 

LNO, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ CSD. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʨʦʩʪ ʵʧʠʪʘʢʩʠʘʣʴʥʦʡ ʠʣʠ 

ʩʪʦʣʙʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ ʚʦʟʤʦʞʝʥ ʧʦ ʦʜʥʦʤʫ ʠʟ ʪʨʝʭ ʤʝʭʘʥʠʟʤʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʩʪʨʫʢʪʫʨʥʳʭ ʨʘʟʣʠʯʠʡ ʤʝʞʜʫ ʧʣʝʥʢʦʡ ʠ ʧʦʜʣʦʞʢʦʡ [38]. ʇʨʠ ʥʝʙʦʣʴʰʠʭ 

ʨʘʟʣʠʯʠʷʭ ʚ ʩʪʨʫʢʪʫʨʝ ʠ ʧʘʨʘʤʝʪʨʘʭ ʨʝʰʝʪʢʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʵʧʠʪʘʢʩʠʘʣʴʥʳʡ ʨʦʩʪ 

ʧʣʝʥʦʢ ʧʨʦʠʩʭʦʜʠʪ ʧʫʪʝʤ ʟʘʨʦʞʜʝʥʠʷ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʟʝʨʝʥ ʥʘ ʛʨʘʥʠʮʝ 

ʧʣʝʥʢʘ/ʧʦʜʣʦʞʢʘ ʠ ʠʭ ʜʘʣʴʥʝʡʰʝʛʦ ʨʦʩʪʘ. ʇʨʠ ʙʦʣʴʰʠʭ ʨʘʟʣʠʯʠʷʭ ʨʦʩʪ 

ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʧʣʝʥʦʢ ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥ ʪʘʢ ʥʘʟʳʚʘʝʤʳʤ ʜʚʫʭʩʪʘʜʠʡʥʳʤ 

ʧʨʦʮʝʩʩʦʤ, ʢʦʛʜʘ ʩʥʘʯʘʣʘ ʦʩʦʙʳʤ ʦʙʨʘʟʦʤ ʬʦʨʤʠʨʫʝʪʩʷ ʟʘʪʨʘʚʦʯʥʳʡ ʩʣʦʡ, 

ʩʦʩʪʦʷʱʠʡ ʠʟ ʦʪʜʝʣʴʥʳʭ ʦʩʪʨʦʚʢʦʚ ʩ ʤʘʣʦʡ ʤʝʞʬʘʟʥʦʡ ʵʥʝʨʛʠʝʡ, ʘ ʟʘʪʝʤ ʥʘ ʥʝʛʦ 

ʦʩʘʞʜʘʝʪʩʷ ʙʦʣʝʝ ʪʦʣʩʪʳʡ ʩʣʦʡ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʦʩʪʨʦʚʢʠ ʩʣʫʞʘʪ ʟʘʪʨʘʚʢʘʤʠ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʦʙʨʘʟʫʝʪʩʷ ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʘʷ ʧʣʝʥʢʘ. ʊʨʝʪʠʡ ʤʝʭʘʥʠʟʤ ð 

ʨʦʩʪ ʵʧʠʪʘʢʩʠʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠʟ ʞʠʜʢʦʡ ʬʘʟʳ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ. ʆʜʥʘʢʦ ʵʪʠ ʤʝʭʘʥʠʟʤʳ ʥʝ ʧʦʣʥʦʩʪʴʶ ʦʧʠʩʳʚʘʶʪ ʨʦʩʪ ʧʣʝʥʦʢ 

LNO, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ CSD.  

ʌʦʨʤʠʨʦʚʘʥʠʝ ʩʣʦʝʚ LNO ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʷʚʣʷʝʪʩʷ 

ʚʝʩʴʤʘ ʥʝʪʨʠʚʠʘʣʴʥʦʡ ʟʘʜʘʯʝʡ, ʪʘʢ ʢʘʢ ʢʦʥʝʯʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʣʝʥʢʠ, ʢʘʢ 

ʧʦʢʘʟʳʚʘʶʪ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʨʘʙʦʪʳ, ʟʘʚʠʩʠʪ ʦʪ ʮʝʣʦʛʦ ʨʷʜʘ ʬʘʢʪʦʨʦʚ, ʧʨʠ ʵʪʦʤ 

ʠʟʦʣʠʨʦʚʘʪʴ ʠʭ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʫʜʘʝʪʩʷ ʜʘʣʝʢʦ ʥʝ ʚʩʝʛʜʘ. ʂʘʢ ʧʨʘʚʠʣʦ, ʧʣʝʥʢʠ LNO 

ʧʦʣʫʯʘʶʪ ʚ ʨʘʤʢʘʭ ʤʥʦʛʦʩʣʦʡʥʦʛʦ ʧʨʦʮʝʩʩʘ ʥʘʥʝʩʝʥʠʷ ʩ ʩʫʰʢʦʡ ʠ ʦʪʞʠʛʦʤ 

ʢʘʞʜʦʛʦ ʩʣʦʷ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʪʩʫʪʩʪʚʠʝ 

ʨʘʟʤʳʪʠʷ ʦʜʥʠʭ ʩʣʦʝʚ ʜʨʫʛʠʤʠ, ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʦʞʠʜʘʝʪʩʷ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ 

ʦʩʘʞʜʝʥʠʷ ʤʥʦʛʦʩʣʦʡʥʦʡ ʧʣʝʥʢʠ ʥʠʞʝʣʝʞʘʱʠʝ ʩʣʦʠ ʙʫʜʫʪ ʩʣʫʞʠʪʴ ʠʜʝʘʣʴʥʦʡ 

ʧʦʜʣʦʞʢʦʡ ʜʣʷ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʟʘʨʦʞʜʝʥʠʷ ʟʝʨʝʥ ʚ ʩʣʝʜʫʶʱʝʤ ʩʣʦʝ. ɺ 

ʙʦʣʴʰʠʥʩʪʚʝ ʨʘʙʦʪ ʘʚʪʦʨʳ ʩʪʨʝʤʷʪʩʷ ʠʟʤʝʥʠʪʴ ʤʝʭʘʥʠʟʤ ʟʘʨʦʞʜʝʥʠʷ ʟʝʨʝʥ ʩ 

ʛʦʤʦʛʝʥʥʦʛʦ ʥʘ ʛʝʪʝʨʦʛʝʥʥʳʡ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ, ʪʘʢʠʭ ʢʘʢ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ ʠ ʩʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ, ʩʦʩʪʘʚ ʧʨʝʢʫʨʩʦʨʘ, ʪʦʣʱʠʥʘ ʝʜʠʥʠʯʥʦʛʦ 
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ʩʣʦʷ [37,44]. ʄʥʦʛʦʯʠʩʣʝʥʥʳʝ ʨʘʙʦʪʳ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʚʳʷʚʣʝʥʠʝ ʬʘʢʪʦʨʦʚ, 

ʚʣʠʷʶʱʠʭ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʨʘʚʥʦʦʩʥʦʡ ʠʣʠ ʩʪʦʣʙʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ.  

ʉʦʩʪʘʚ ʠʩʭʦʜʥʳʭ ʨʘʩʪʚʦʨʦʚ, ʥʝʩʦʤʥʝʥʥʦ, ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʠʩʩʣʝʜʫʝʤʳʭ 

ʬʘʢʪʦʨʦʚ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ Suzuki ʠ ʜʨ. [19], ʨʘʟʣʠʯʥʳʝ ʨʘʩʪʚʦʨʳ 

ʧʨʝʢʫʨʩʦʨʦʚ ʤʦʛʫʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʬʦʨʤʠʨʦʚʘʥʠʶ ʧʣʝʥʦʢ ʪʦʡ ʠʣʠ ʠʥʦʡ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ. ɸʚʪʦʨʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʣʝʥʢʘ, ʧʦʣʫʯʝʥʥʘʷ ʠʟ 

ʧʨʝʢʫʨʩʦʨʘ ʩʦ ʩʤʝʩʴʶ 2-ʤʝʪʦʢʩʠʵʪʘʥʦʣʘ ʠ 2-ʘʤʠʥʦʵʪʘʥʦʣʘ, ʧʨʦʷʚʣʷʝʪ 

ʦʨʠʝʥʪʘʮʠʶ (001), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʣʝʥʢʘ, ʧʦʣʫʯʝʥʥʘʷ ʠʟ ʧʨʝʢʫʨʩʦʨʘ ʩ ʵʪʘʥʦʣʦʤ 

ʚ ʢʘʯʝʩʪʚʝ ʨʘʩʪʚʦʨʠʪʝʣʷ, ʦʙʣʘʜʘʝʪ ʦʨʠʝʥʪʘʮʠʝʡ (011). ʅʝʩʤʦʪʨʷ ʥʘ ʧʦʣʫʯʝʥʠʝ 

ʫʧʨʘʚʣʷʝʤʦʡ ʦʨʠʝʥʪʘʮʠʠ, ʩʪʨʫʢʪʫʨʘ ʧʣʝʥʦʢ ʙʳʣʘ ʜʘʣʝʢʘ ʦʪ ʩʦʚʝʨʰʝʥʩʪʚʘ ï 

ʥʘʙʣʶʜʘʣʠʩʴ ʧʦʨʳ ʠ ʪʨʝʱʠʥʳ. ɺ ʨʘʙʦʪʝ [18] ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʣʠ ʚʣʠʷʥʠʝ ʩʦʩʪʘʚʘ 

ʧʨʝʢʫʨʩʦʨʦʚ ʥʘ ʩʪʨʫʢʪʫʨʫ ʧʣʝʥʦʢ. ɸʚʪʦʨʳ ʨʘʙʦʪʳ ʩʚʷʟʳʚʘʶʪ ʨʘʟʣʠʯʠʝ ʚ ʨʘʟʤʝʨʝ 

ʟʝʨʝʥ ʬʦʨʤʠʨʫʝʤʳʭ ʧʣʝʥʦʢ, ʘ ʪʘʢʞʝ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʪʘʢʠʭ ʜʝʬʝʢʪʦʚ, ʢʘʢ 

ʪʨʝʱʠʥʳ ʠ ʧʦʨʳ, ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʥʝʣʝʪʫʯʝʛʦ ʢʦʤʧʦʥʝʥʪʘ (2-

ʤʝʪʦʢʩʠʵʪʘʥʦʣʘ) ʚ ʨʘʩʪʚʦʨʝ, ʢʦʪʦʨʦʝ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʴʰʦʤʫ ʩʦʜʝʨʞʘʥʠʶ 

ʦʩʪʘʪʦʯʥʦʡ ʦʨʛʘʥʠʢʠ ʚ ʧʦʣʫʯʝʥʥʦʡ ʧʣʝʥʢʝ ʜʦ ʦʪʞʠʛʘ. ɺʦ ʚʨʝʤʷ ʙʳʩʪʨʦʛʦ 

ʫʜʘʣʝʥʠʷ ʦʨʛʘʥʠʢʠ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʵʪʠ ʦʩʪʘʪʢʠ ʧʨʠʚʦʜʷʪ ʢ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʧʦʨ [37,39].  

ɼʨʫʛʠʤ ʘʢʪʠʚʥʦ ʦʙʩʫʞʜʘʝʤʳʤ ʘʩʧʝʢʪʦʤ ʷʚʣʷʝʪʩʷ ʧʨʦʮʝʩʩ ʪʝʨʤʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ ʧʣʝʥʦʢ. ʇʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ ʪʝʤʧʝʨʘʪʫʨʘ ʦʪʞʠʛʘ LNO 

ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 600-750  ʠ ʤʦʞʝʪ ʟʘʚʠʩʝʪʴ ʦʪ ʨʘʩʪʚʦʨʘ ʧʨʝʢʫʨʩʦʨʦʚ. 

ʇʝʨʝʛʨʝʚ ʧʨʝʢʫʨʩʦʨʦʚ LNO ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʜʝʬʠʮʠʪʫ ʢʠʩʣʦʨʦʜʘ ʠ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʝʞʝʣʘʪʝʣʴʥʦʡ ʬʘʟʳ La2Ni2O4 ʚʤʝʩʪʦ ʢʫʙʠʯʝʩʢʦʡ LaNiO3, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʥʝʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʦʪʞʠʛʘ ʧʨʠʚʝʜʝʪ ʢ ʧʨʠʩʫʪʩʪʚʠʶ 

ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʠ/ʠʣʠ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʬʘʟ (NiO, La2O3) [18].  

ʉʧʦʩʦʙ ʠ ʩʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ʪʘʢʞʝ ʦʢʘʟʳʚʘʶʪ ʚʣʠʷʥʠʝ ʥʘ ʩʪʨʫʢʪʫʨʫ LNO. 

ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʩʧʦʩʦʙʦʚ ʥʘʛʨʝʚʘ ʧʣʝʥʢʠ ʜʣʷ ʝʸ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʪʘʢʠʝ 

ʢʘʢ ʧʨʦʩʪʦʡ ʥʘʛʨʝʚ ʚ ʤʫʬʝʣʴʥʦʡ ʧʝʯʠ [142], ʙʳʩʪʨʳʡ ʪʝʨʤʘʣʴʥʳʡ ʦʪʞʠʛ [18,142], 

ʥʘʛʨʝʚ ʤʠʢʨʦʚʦʣʥʦʚʳʤ ʠʟʣʫʯʝʥʠʝʤ [15], ʣʘʟʝʨʥʳʡ ʦʪʞʠʛ [143]. ʇʦ ʤʥʝʥʠʶ 

ʘʚʪʦʨʦʚ ʨʘʙʦʪʳ [18], ʩʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ʚ ʧʨʦʮʝʩʩʝ ʙʳʩʪʨʦʛʦ ʪʝʨʤʘʣʴʥʦʛʦ ʦʪʞʠʛʘ 
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ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʬʘʢʪʦʨʦʤ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʦʨʠʝʥʪʘʮʠʠ ʧʣʝʥʦʢ. ʉʨʘʚʥʝʥʠʝ 

ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʥʘʛʨʝʚʘ ʠ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʥʘʛʨʝʚʘ ʚ ʤʫʬʝʣʴʥʦʡ ʧʝʯʠ ʚ ʨʘʙʦʪʝ 

[15] ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʠ ʤʠʢʨʦʚʦʣʥʦʚʦʤ 

ʚʦʟʜʝʡʩʪʚʠʠ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʝʦʜʥʦʨʦʜʥʳʭ ʧʦ ʨʘʟʤʝʨʫ ʟʝʨʝʥ, 

ʚʳʩʦʢʦʡ ʧʦʨʠʩʪʦʩʪʠ ʠ ʙʦʣʴʰʝʡ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʣʝʥʢʠ.  

ʕʪʘʧ ʩʫʰʢʠ ʧʣʝʥʦʢ LNO ʚʳʟʳʚʘʝʪ ʝʱʸ ʙʦʣʴʰʝ ʩʧʦʨʦʚ. ʄʥʦʛʠʝ ʦʢʩʠʜʥʳʝ 

ʧʣʝʥʢʠ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʨʘʩʪʚʦʨʘ (ʥʘʧʨʠʤʝʨ, 

PZT), ʯʘʩʪʦ ʠʟʛʦʪʘʚʣʠʚʘʶʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʘʢ ʥʘʟʳʚʘʝʤʦʡ ʜʚʫʭʵʪʘʧʥʦʡ 

ʩʫʰʢʠ: ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ. ʇʦʩʣʝʜʥʷʷ ʪʘʢʞʝ ʯʘʩʪʦ 

ʫʧʨʦʱʝʥʥʦ ʥʘʟʳʚʘʝʪʩʷ ʧʠʨʦʣʠʟʦʤ, ʪʘʢ ʢʘʢ ʥʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ 

ʦʢʦʥʯʘʪʝʣʴʥʳʡ ʨʘʩʧʘʜ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠʟ ʨʘʩʪʚʦʨʘ. ɺ ʩʣʫʯʘʝ LNO ʥʝʪ 

ʦʜʥʦʟʥʘʯʥʦʛʦ ʤʥʝʥʠʷ ʦ ʪʦʤ, ʢʘʢ ʚʣʠʷʝʪ ʜʚʫʭʵʪʘʧʥʘʷ ʩʫʰʢʘ ʥʘ ʩʪʨʫʢʪʫʨʫ ʧʣʝʥʦʢ. 

ʄʥʦʛʠʝ ʨʘʙʦʪʳ ʧʦʢʘʟʳʚʘʣʠ ʫʩʧʝʰʥʦʝ ʧʦʣʫʯʝʥʠʝ ʧʣʝʥʦʢ ʩ ʵʪʘʧʦʤ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ [89,144,145]. ɺʚʝʜʝʥʠʝ ʜʚʫʭʵʪʘʧʥʦʡ ʩʫʰʢʠ ʚ 

ʨʘʙʦʪʘʭ ʦʩʥʦʚʳʚʘʣʦʩʴ ʥʘ ʜʘʥʥʳʭ ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʢʦʪʦʨʳʡ 

ʧʦʢʘʟʳʚʘʣ ʥʘʣʠʯʠʝ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʧʠʢʘ ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 250ï400  ʠ 

ʦʧʠʩʳʚʘʣʩʷ ʢʘʢ ʚʳʛʦʨʘʥʠʝ ʦʩʪʘʪʦʯʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. ɼʨʫʛʠʝ 

ʥʘʫʯʥʳʝ ʛʨʫʧʧʳ, ʥʘʦʙʦʨʦʪ, ʩʢʣʦʥʷʣʠʩʴ ʢ ʪʦʤʫ, ʯʪʦ ʵʪʦʪ ʰʘʛ ʫʭʫʜʰʘʝʪ ʩʪʨʫʢʪʫʨʫ 

ʧʣʝʥʦʢ [15]. ɺ ʨʘʙʦʪʝ [37] ʘʚʪʦʨʳ ʧʨʝʜʧʦʣʘʛʘʶʪ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʧʦʨ ʩʚʷʟʘʥʦ ʩ 

ʢʦʥʢʫʨʝʥʮʠʝʡ ʜʚʫʭ ʧʨʦʮʝʩʩʦʚ: ʙʳʩʪʨʦʛʦ ʫʜʘʣʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʠ ʫʩʘʜʢʠ 

ʧʣʝʥʢʠ, ʧʦʵʪʦʤʫ ʩʯʠʪʘʝʪʩʷ, ʯʪʦ ʧʣʝʥʢʠ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʵʪʘʧʦʤ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ, ʜʦʣʞʥʳ ʙʳʪʴ ʙʦʣʝʝ ʧʣʦʪʥʳʤʠ, ʪʘʢ ʢʘʢ ʥʘʣʠʯʠʝ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʪʫʧʝʥʠ ʜʦʣʞʥʦ ʟʘʤʝʜʣʷʪʴ ʦʙʘ ʧʨʦʮʝʩʩʘ. 

ʆʜʥʘʢʦ ʘʥʘʣʠʟ ʩʪʨʫʢʪʫʨʳ ʧʣʝʥʦʢ ʧʦʢʘʟʘʣ, ʯʪʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʩʫʰʢʘ 

ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʙʦʣʝʝ ʚʳʨʘʞʝʥʥʳʭ ʨʘʚʥʦʦʩʥʳʭ ʟʝʨʝʥ, ʥʝ 

ʧʨʦʨʘʩʪʘʶʱʠʭ ʟʘ ʧʨʝʜʝʣʳ ʧʦʜʩʣʦʝʚ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʦʣʴʢʦ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ ʥʘʙʣʶʜʘʶʪʩʷ ʯʘʩʪʠʯʥʦ ʧʨʦʨʦʩʰʠʝ ʟʝʨʥʘ (ʈʠʩʫʥʦʢ 

8). ɸʚʪʦʨʳ ʩʚʷʟʳʚʘʶʪ ʧʦʷʚʣʝʥʠʝ ʩʪʦʣʙʯʘʪʳʭ ʟʝʨʝʥ ʩ ʪʝʤ, ʯʪʦ ʙʳʩʪʨʳʡ ʥʘʛʨʝʚ 

ʧʨʝʧʷʪʩʪʚʫʝʪ ʥʫʢʣʝʘʮʠʠ, ʧʨʠʚʦʜʷ ʢ ʩʥʠʞʝʥʠʶ ʜʚʠʞʫʱʝʡ ʩʠʣʳ ʜʣʷ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʛʝʪʝʨʦʛʝʥʥʦʝ ʟʘʨʦʞʜʝʥʠʝ ʧʨʝʦʙʣʘʜʘʝʪ ʧʨʠ 
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ʧʦʤʝʱʝʥʠʠ ʧʣʝʥʢʠ ʩʨʘʟʫ ʧʦʩʣʝ ʩʫʰʢʠ ʧʨʠ 120  ʚ ʧʝʯʴ ʧʨʠ 700 . ʂʨʦʤʝ ʪʦʛʦ, 

ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʥʫʢʣʝʘʮʠʠ ʚ ʦʙʲʝʤʝ ʧʣʝʥʢʠ ʧʨʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʩʫʰʢʝ ʩʧʦʩʦʙʩʪʚʫʝʪ ʟʘʨʦʞʜʝʥʠʝ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʬʘʟ [38]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʩʥʠʞʝʥʠʝ ʜʚʠʞʫʱʝʡ ʩʠʣʳ ʠ ʧʦʜʘʚʣʝʥʠʝ ʦʙʲʝʤʥʦʡ ʥʫʢʣʝʘʮʠʠ ʩʯʠʪʘʶʪʩʷ ʚ ʨʘʙʦʪʝ 

[37] ʦʪʚʝʪʩʪʚʝʥʥʳʤʠ ʟʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʦʣʙʯʘʪʳʭ ʟʝʨʝʥ.  

 

ʈʠʩʫʥʦʢ 8. ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʧʣʘʥʝ ʠ ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ ʧʣʝʥʦʢ 

LNO:  (ʘ) ʠ (ʚ) ï ʧʣʝʥʢʘ ʩ ʜʚʫʭʵʪʘʧʥʦʡ ʩʫʰʢʦʡ, (ʙ) ʠ (ʛ) ï ʧʣʝʥʢʘ ʪʦʣʴʢʦ ʩ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʦʡ, (ʜ) ʠ (ʫ) ï ʫʚʝʣʠʯʝʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠ 

ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʯʘʩʪʠ (ʛ) [37] 

ʊʦʣʱʠʥʘ ʝʜʠʥʠʯʥʦʛʦ ʩʣʦʷ ʚ ʧʨʦʮʝʩʩʝ ʤʥʦʛʦʩʣʦʡʥʦʛʦ ʥʘʥʝʩʝʥʠʷ ʧʣʝʥʦʢ 

ʪʘʢʞʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʬʘʢʪʦʨ, ʦʢʘʟʳʚʘʶʱʠʡ ʚʣʠʷʥʠʝ ʥʘ ʩʪʨʫʢʪʫʨʫ. ʉ ʦʜʥʦʡ 

ʩʪʦʨʦʥʳ, ʜʣʷ ʤʥʦʛʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʪʘʢʠʭ ʢʘʢ LNO, BaTiO3 ʠ SrTiO3 ʧʦʢʘʟʘʥʦ 

ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʫʤʝʥʴʰʝʥʠʷ ʪʦʣʱʠʥʳ ʝʜʠʥʠʯʥʦʛʦ ʩʣʦʷ ʥʘ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʦʣʙʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ [38,44,146,147].  ʉʣʠʰʢʦʤ ʙʦʣʴʰʘʷ 

ʪʦʣʱʠʥʘ ʝʜʠʥʠʯʥʦʛʦ ʩʣʦʷ ʤʦʞʝʪ ʪʘʢʞʝ ʧʨʠʚʝʩʪʠ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʪʨʝʱʠʥ 
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ʚʩʣʝʜʩʪʚʠʝ ʥʘʧʨʷʞʝʥʠʡ ʚ ʧʨʦʮʝʩʩʝ ʫʜʘʣʝʥʠʷ ʦʨʛʘʥʠʢʠ ʠʣʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʉ 

ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʪʦʣʱʠʥʳ ʝʜʠʥʠʯʥʦʛʦ ʩʣʦʷ ʪʨʝʙʫʝʪ 

ʫʚʝʣʠʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʮʠʢʣʦʚ ʥʘʥʝʩʝʥʠʷ, ʫʚʝʣʠʯʠʚʘʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠ ʚʨʝʤʷ 

ʩʠʥʪʝʟʘ. ʕʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʧʣʝʥʦʢ LNO, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʟʘʚʠʩʠʪ ʦʪ ʪʦʣʱʠʥʳ 

ʠʪʦʛʦʚʦʡ ʧʣʝʥʢʠ (ʈʠʩʫʥʦʢ 9) ʠ ʧʦʪʦʤʫ ʧʦʣʫʯʝʥʠʝ ʩʣʠʰʢʦʤ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

ʥʝʚʦʟʤʦʞʥʦ. ʂʨʦʤʝ ʪʦʛʦ, ʫʤʝʥʴʰʝʥʠʝ ʪʦʣʱʠʥʳ ʩʣʦʷ ʤʦʞʝʪ ʪʘʢʞʝ ʦʪʨʠʮʘʪʝʣʴʥʦ 

ʚʣʠʷʪʴ ʠ ʥʘ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʫʶ ʦʨʠʝʥʪʘʮʠʶ ʟʝʨʝʥ ʧʣʝʥʢʠ [148].  

 

  

ʈʠʩʫʥʦʢ 9. ɿʘʚʠʩʠʤʦʩʪʴ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʪ ʪʦʣʱʠʥʳ 

ʧʣʝʥʢʠ LNO  [142] 

 

ɺ ʨʘʙʦʪʘʭ [44,149] ʧʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʨʘʩʪʚʦʨʘ ʠ ʪʦʣʱʠʥʳ 

ʝʜʠʥʠʯʥʦʛʦ ʩʣʦʷ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ ʩʪʦʣʙʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ. ɸʚʪʦʨʘʤ [44] ʫʜʘʣʦʩʴ 

ʧʦʣʫʯʠʪʴ ʩʪʦʣʙʯʘʪʫʶ ʩʪʨʫʢʪʫʨʫ ʧʣʝʥʦʢ ʠʟ ʨʘʩʪʚʦʨʘ ʥʘ ʙʘʟʝ ʥʠʪʨʘʪʘ ʣʘʥʪʘʥʘ ʠ 

ʘʮʝʪʘʪʘ ʥʠʢʝʣʷ ʚ ʩʤʝʩʠ ʨʘʩʪʚʦʨʠʪʝʣʝʡ 2-ʤʝʪʦʢʩʠʵʪʘʥʦʣʘ ʠ ʤʦʥʦʵʪʘʥʦʣʘʤʠʥʘ 

ʪʦʣʴʢʦ ʚ ʩʣʫʯʘʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʨʘʩʪʚʦʨʘ 0.1 ʤʦʣʴ/ʣ. ʇʨʠ ʪʘʢʦʡ ʞʝ ʪʝʨʤʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʝ ʨʘʩʪʚʦʨ 0.2 ʤʦʣʴ/ʣ ʧʦʟʚʦʣʠʣ ʧʦʣʫʯʠʪʴ ʪʦʣʴʢʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ 

ʧʣʝʥʢʫ ʩ ʨʘʚʥʦʦʩʥʳʤʠ ʟʝʨʥʘʤʠ. ʇʨʠ ʵʪʦʤ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʜʘʥʥʦʛʦ 

ʨʘʩʪʚʦʨʘ ʠ ʩʧʦʩʦʙʘ ʥʘʥʝʩʝʥʠʷ ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ 0.1 ʤʦʣʴ/ʣ ʝʜʠʥʠʯʥʳʡ ʩʣʦʡ 

ʩʦʩʪʘʚʣʷʝʪ 25 ʥʤ, ʘ ʜʣʷ 0.2 ʤʦʣʴ/ʣ ï 40 ʥʤ [44], ʯʪʦ ʤʦʞʝʪ ʦʪʣʠʯʘʪʴʩʷ ʜʣʷ 
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ʨʘʩʪʚʦʨʦʚ ʜʨʫʛʦʛʦ ʩʦʩʪʘʚʘ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʘʚʪʦʨʳ 

ʧʨʝʜʧʦʣʦʞʠʣʠ, ʯʪʦ ʪʦʣʱʠʥʘ ʝʜʠʥʠʯʥʦʛʦ ʩʣʦʷ ʦʧʨʝʜʝʣʷʝʪ ʛʦʤʦʛʝʥʥʦʝ ʠ 

ʛʝʪʝʨʦʛʝʥʥʦʝ ʟʘʨʦʞʜʝʥʠʝ ʟʝʨʝʥ: ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʪʦʣʱʠʥʳ ʦʩʘʞʜʝʥʥʦʛʦ ʩʣʦʷ ʜʦ 

ʥʝʢʦʪʦʨʦʛʦ ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ, ʛʦʤʦʛʝʥʥʘʷ ʥʫʢʣʝʘʮʠʷ ʟʘʪʦʨʤʘʞʠʚʘʝʪʩʷ ʠ 

ʛʝʪʝʨʦʛʝʥʥʘʷ ʥʘʯʠʥʘʝʪ ʜʦʤʠʥʠʨʦʚʘʪʴ, ʩʧʦʩʦʙʩʪʚʫʷ ʵʧʠʪʘʢʩʠʘʣʴʥʦʤʫ ʨʦʩʪʫ 

ʚʳʰʝʣʝʞʘʱʠʭ ʩʣʦʝʚ ʥʘ ʥʠʞʝʣʝʞʘʱʠʭ [44]. Ohya ʠ ʜʨ. [150] ʪʘʢʞʝ ʧʨʠʭʦʜʠʣʠ ʢ 

ʦʧʨʝʜʝʣʷʶʱʝʡ ʨʦʣʠ ʪʦʣʱʠʥʳ ʩʣʦʷ ʚ ʤʝʭʘʥʠʟʤʝ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʥʦ ʧʨʠ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʣʝʥʦʢ ʜʨʫʛʠʭ ʧʣʝʥʦʢ ï TiO2 ʠ ZnO, ʪʘʢʞʝ ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ 

CSD. ɸʚʪʦʨʳ ʧʨʝʜʧʦʣʦʞʠʣʠ, ʯʪʦ ʢʨʠʪʠʯʝʩʢʘʷ ʪʦʣʱʠʥʘ ʩʣʦʷ ï ʵʪʦ ʨʘʟʤʝʨ 

ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʘʨʦʜʳʰʘ. ʆʜʥʘʢʦ, ʢʘʢ ʦʪʤʝʯʘʶʪ ʩʘʤʠ ʘʚʪʦʨʳ ʨʘʙʦʪʳ [44], ʚ ʠʭ 

ʩʣʫʯʘʝ ʨʦʩʪ ʩʪʦʣʙʯʘʪʳʭ ʟʝʨʝʥ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʪʦʣʱʠʥʝ ʩʣʦʷ 25 ʥʤ, ʯʪʦ 

ʦʧʨʝʜʝʣʝʥʥʦ ʚʳʰʝ ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʘʨʦʜʳʰʘ. ʆʜʥʘʢʦ, ʜʨʫʛʦʛʦ ʦʙʲʷʩʥʝʥʠʷ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʩʪʦʣʙʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʩʣʦʝ 25 ʥʤ ʠ ʨʘʚʥʦʦʩʥʦʡ ï ʧʨʠ 40 ʥʤ 

ʘʚʪʦʨʳ ʥʝ ʥʘʭʦʜʷʪ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʝʥʜʝʥʮʠʷ LNO ʢ ʛʦʤʦʛʝʥʥʦʡ ʥʫʢʣʝʘʮʠʠ 

ʜʘʚʥʦ ʥʘʙʣʶʜʘʝʪʩʷ, ʦʜʥʘʢʦ ʥʝʪ ʧʦʣʥʦʛʦ ʧʦʥʠʤʘʥʠʷ, ʢʘʢʠʤ ʦʙʨʘʟʦʤ ʧʨʦʠʩʭʦʜʠʪ 

ʠʟʤʝʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʩ ʨʘʚʥʦʦʩʥʦʡ ʥʘ ʩʪʦʣʙʯʘʪʫʶ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʩʘʤʳʭ 

ʨʘʟʣʠʯʥʳʭ ʬʘʢʪʦʨʦʚ.   

 

 

1.2.3. ɺʣʠʷʥʠʝ LNO ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʡʩʪʚʘ PZT 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ ʯʘʩʪʦ ʥʠʞʝʣʝʞʘʱʠʡ ʩʣʦʡ ʦʢʘʟʳʚʘʝʪ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʩʪʨʫʢʪʫʨʫ ʚʳʰʝʣʝʞʘʱʝʛʦ ʩʣʦʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʢʦʛʜʘ 

ʠʤʝʝʪ ʤʝʩʪʦ ʛʝʪʝʨʦʛʝʥʥʦʝ ʟʘʨʦʞʜʝʥʠʝ ʟʝʨʝʥ ʥʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʝ. ʇʦʵʪʦʤʫ 

ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʦʛʦ ʵʣʝʢʪʨʦʜʘ ʚ ʩʠʩʪʝʤʝ ʩ PZT ʚʳʟʳʚʘʶʪ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʟʘʠʤʥʦʛʦ ʚʣʠʷʥʠʷ ʩʣʦʝʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ.  

ɺ ʨʘʙʦʪʝ [142] ʘʚʪʦʨʳ ʧʨʦʚʦʜʷʪ ʢʦʤʧʣʝʢʩʥʳʡ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ 

ʧʣʝʥʦʢ PZT ʥʘ ʩʪʘʥʜʘʨʪʥʦʤ ʧʣʘʪʠʥʦʚʦʤ ʠ LNO ɻ ʣʝʢʪʨʦʜʝ. ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʟʝʨʝʥ 

PZT ʥʘ LNO ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ ʪʦʣʱʠʥʝ ʧʣʝʥʢʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘ, ʨʘʚʥʦʡ 200 ʥʤ, 
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ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ, ʯʝʤ ʨʘʟʤʝʨ ʟʝʨʝʥ PZT ʥʘ ʧʣʘʪʠʥʝ (58 ʥʤ ʜʣʷ LNO, 100 ʥʤ 

ʜʣʷ Pt) [151]. ɸʚʪʦʨʳ ʨʘʙʦʪʳ [142] ʩʯʠʪʘʶʪ, ʯʪʦ ʪʘʢʦʝ ʫʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʘ ʟʝʨʝʥ 

ʩʚʷʟʘʥʦ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʩ ʙʦʣʴʰʝʡ ʧʣʦʪʥʦʩʪʴʶ ʥʫʢʣʝʘʮʠʠ ʥʘ LNO ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʧʣʘʪʠʥʦʡ. ʇʨʠ ʵʪʦʤ ʙʦʣʴʰʘʷ ʧʣʦʪʥʦʩʪʴ ʥʫʢʣʝʘʮʠʠ ʠ ʫʩʢʦʨʝʥʥʘʷ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ PZT ʥʘ LNO ʦʢʘʟʳʚʘʝʪ ʠ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʵʬʬʝʢʪ, ʟʥʘʯʠʪʝʣʴʥʦ 

ʩʥʠʞʘʷ ʢʦʣʠʯʝʩʪʚʦ ʥʝʞʝʣʘʪʝʣʴʥʦʡ ʧʠʨʦʭʣʦʨʥʦʡ ʬʘʟʳ ʚ PZT. ʊʘʢ, ʥʘ ʨʠʩʫʥʢʝ 10 

ʧʨʠʚʝʜʝʥʳ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ PZT ʧʣʝʥʦʢ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʧʣʘʪʠʥʦʚʦʤ (ʘ) ʠ LNO 

(ʙ) ʵʣʝʢʪʨʦʜʘʭ ʥʘʥʝʩʝʥʠʝʤ ʦʜʠʥʘʢʦʚʦʛʦ ʧʨʝʢʫʨʩʦʨʘ ʩ 10% ʠʟʙʳʪʢʘ PbO [142]. 

ʇʣʝʥʢʘ PZT, ʦʙʨʘʟʦʚʘʥʥʘʷ ʥʘ ʧʣʘʪʠʥʦʚʦʤ ʵʣʝʢʪʨʦʜʝ, ʩʦʩʪʦʠʪ ʥʘ ʙʦʣʝʝ ʯʝʤ 50% 

ʠʟ ʧʠʨʦʭʣʦʨʥʦʡ ʬʘʟʳ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʣʝʥʢʘ ʠʟ ʪʦʛʦ ʞʝ ʧʨʝʢʫʨʩʦʨʘ ʥʘ LNO 

ʧʨʦʷʚʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʦʙʣʘʩʪʝʡ ʧʠʨʦʭʣʦʨʘ. ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʪʘʢʦʡ 

ʨʘʟʥʠʮʳ ʘʚʪʦʨʳ ʨʘʙʦʪʳ [142] ʧʨʠʙʝʛʘʶʪ ʢ ʩʢʦʨʦʩʪʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʀʟʚʝʩʪʥʦ, 

ʯʪʦ ʩʢʦʨʦʩʪʴ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ PZT ʤʦʞʝʪ ʩʠʣʴʥʦ ʚʣʠʷʪʴ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ 

ʧʠʨʦʭʣʦʨʘ [152]. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʧʦʪʝʨʴ PbO, ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʥʠʞʘʝʪ ʩʦʜʝʨʞʘʥʠʝ 

ʧʠʨʦʭʣʦʨʘ ʚ ʧʣʝʥʢʝ. ɺ ʨʘʙʦʪʝ [142] ʧʦʢʘʟʘʥʦ, ʥʘ LNO ʵʣʝʢʪʨʦʜʝ PZT ʤʦʞʝʪ 

ʢʨʠʩʪʘʣʣʠʟʦʚʘʪʴʩʷ ʧʨʠ 500 Üʉ ʟʘ 30 ʤʠʥʫʪ, ʭʦʪʷ ʥʘ Pt ʧʣʝʥʢʘ ʦʩʪʘʝʪʩʷ ʘʤʦʨʬʥʦʡ 

ʜʘʞʝ ʯʝʨʝʟ ʯʘʩ. ʊʘʢʦʝ ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʷʚʣʷʝʪʩʷ ʙʦʣʴʰʠʤ 

ʧʨʝʠʤʫʱʝʩʪʚʦʤ, ʪʘʢ ʢʘʢ ʟʘʤʝʜʣʷʶʪʩʷ ʜʠʬʬʫʟʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʤʝʞʜʫ ʩʣʦʷʤʠ ʠ 

ʩʥʠʞʘʶʪʩʷ ʧʦʪʝʨʠ PbO. ɹʦʣʴʰʘʷ ʩʢʦʨʦʩʪʴ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʥʘ LNO ʜʦʩʪʠʛʘʝʪʩʷ 

ʟʘ ʩʯʝʪ ʙʳʩʪʨʦʡ ʥʫʢʣʝʘʮʠʠ.  

ʉʭʦʞʝʩʪʴ ʩʪʨʫʢʪʫʨ PZT ʠ LNO ʧʨʠʚʦʜʠʪ ʢ ʫʣʫʯʰʝʥʠʶ ʘʜʛʝʟʠʠ ʩʣʦʝʚ ʠ 

ʵʣʝʢʪʨʠʯʝʩʢʦʤʫ ʢʦʥʪʘʢʪʫ ʤʝʞʜʫ ʥʠʤʠ. ʎʠʢʣʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ (ʈʠʩʫʥʦʢ 11) 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʣʝʥʢʠ PZT ʩ 10% ʠʟʙʳʪʦʯʥʦʛʦ PbO, ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʥʘ LNO, 

ʫʚʝʣʠʯʠʣʠ ʧʨʝʜʝʣ ʫʩʪʘʣʦʩʪʠ ʩ 7Ŀ104 ʜʦ 7Ŀ106. ʆʜʥʦʡ ʠʟ ʧʨʠʯʠʥ ʪʘʢʦʛʦ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʫʣʫʯʰʝʥʠʷ ʷʚʣʷʝʪʩʷ ʨʝʟʢʦʝ ʩʥʠʞʝʥʠʝ ʧʠʨʦʭʣʦʨʥʦʡ ʬʘʟʳ 

(ʈʠʩʫʥʦʢ 10), ʢʦʪʦʨʦʝ ʪʘʢʞʝ ʤʦʞʝʪ ʙʳʪʴ ʦʪʤʝʯʝʥʦ ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʧʣʝʥʦʢ ʩ 10% 

ʠ 30% ʠʟʙʳʪʦʯʥʦʛʦ PbO ʥʘ ʧʣʘʪʠʥʝ (7Ŀ104 ʠ 2Ŀ107 ʮʠʢʣʦʚ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʠ ʥʘ 

LNO (6Ŀ106 ʠ 7Ŀ108 ʮʠʢʣʦʚ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʅʘʠʙʦʣʝʝ ʚʳʩʦʢʠʡ ʧʨʝʜʝʣ ʫʩʪʘʣʦʩʪʠ 

ʪʘʢʞʝ ʜʦʩʪʠʛʘʝʪʩʷ ʚ ʩʪʨʫʢʪʫʨʘʭ ʥʘ LNO ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ 15% ʠʟʙʳʪʢʘ PbO [142]. 
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ʈʠʩʫʥʦʢ 10. ʄʦʨʬʦʣʦʛʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ PZT ʚ 10% ʠʟʙʳʪʢʘ PbO ʥʘ Pt (ʘ) 

ʠ ʥʘ LNO (ʙ), ʤʝʪʢʘ ï 200 ʥʤ [142]. ʆʙʣʘʩʪʠ ʧʝʨʦʚʩʢʠʪʘ (Pe) ʠ ʧʠʨʦʭʣʦʨʘ (Py) 

ʫʢʘʟʘʥʳ ʩʪʨʝʣʢʘʤʠ 

  

ʈʠʩʫʥʦʢ 11. ʀʟʤʝʥʝʥʠʝ ʦʩʪʘʪʦʯʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʢʦʣʠʯʝʩʪʚʘ ʮʠʢʣʦʚ; ʧʣʝʥʢʠ ʠʤʝʶʪ ʪʦʣʱʠʥʫ 200 ʥʤ [142] 

 

ʈʘʟʣʠʯʠʝ ʧʨʘʢʪʠʯʝʩʢʠ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ ʤʝʞʜʫ ʢʦʣʠʯʝʩʪʚʦʤ ʮʠʢʣʦʚ ʜʣʷ 

ʧʣʝʥʦʢ ʩ 30% ʠʟʙʳʪʦʯʥʦʛʦ ʦʢʩʠʜʘ ʩʚʠʥʮʘ ʥʘ Pt ʠ ʥʘ LNO ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ ʥʝ 

ʪʦʣʴʢʦ ʧʠʨʦʭʣʦʨʥʘʷ ʬʘʟʘ ʦʢʘʟʳʚʘʝʪ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʫʩʪʘʣʦʩʪʥʳʝ ʩʚʦʡʩʪʚʘ 

ʩʠʩʪʝʤʳ. ʉʫʱʝʩʪʚʫʝʪ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʦʢʩʠʜʥʳʝ ʵʣʝʢʪʨʦʜʳ ʢʦʤʧʝʥʩʠʨʫʶʪ 

ʢʠʩʣʦʨʦʜʥʳʝ ʚʘʢʘʥʩʠʠ, ʦʙʨʘʟʫʶʱʠʝʩʷ ʚ ʧʨʦʮʝʩʩʝ ʮʠʢʣʠʯʝʩʢʦʡ ʨʘʙʦʪʳ. ʕʪʠ 

ʚʘʢʘʥʩʠʠ ʩʧʦʩʦʙʥʳ ʜʠʬʬʫʥʜʠʨʦʚʘʪʴ ʚ ʦʢʩʠʜʥʳʡ ʧʨʦʚʦʜʷʱʠʡ ʩʣʦʡ ʚʤʝʩʪʦ ʪʦʛʦ, 
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ʯʪʦʙʳ ʟʘʜʝʨʞʠʚʘʪʴʩʷ ʥʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʝ, ʫʚʝʣʠʯʠʚʘʷ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʨʦʢ 

ʩʣʫʞʙʳ. ɼʨʫʛʦʡ ʧʨʠʯʠʥʦʡ ʤʦʞʝʪ ʙʳʪʴ ʪʦ, ʯʪʦ ʠʥʞʝʢʪʠʨʦʚʘʥʥʳʝ ʟʘʨʷʜʳ, 

ʧʨʠʚʦʜʷʱʠʝ ʚ ʢʦʥʝʯʥʦʤ ʩʯʝʪʝ ʢ ʫʩʪʘʣʦʩʪʠ, ʨʝʣʘʢʩʠʨʫʶʪ ʦʙʨʘʪʥʦ ʚ ʵʣʝʢʪʨʦʜ ʠʟ-

ʟʘ ʙʦʣʴʰʦʡ ʤʝʞʬʘʟʥʦʡ ʟʦʥʳ [142]. 

ʕʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʣʝʥʦʢ ʪʘʢʞʝ ʫʣʫʯʰʘʶʪʩʷ ʚ ʩʠʩʪʝʤʝ PZT ï LNO ʚ 

ʩʨʘʚʥʝʥʠʠ ʩ PZT ï Pt: ʢʦʵʨʮʠʪʠʚʥʦʝ ʧʦʣʝ ʫʤʝʥʴʰʘʝʪʩʷ ʩ 125 ʢɺ/ʩʤ ʜʣʷ 

ʢʦʤʧʦʟʠʮʠʠ ʩ Pt ʜʦ 100 ʢɺ/ʩʤ ʜʣʷ ʢʦʤʧʦʟʠʮʠʠ ʩ LNO; ʦʩʪʘʪʦʯʥʘʷ ʧʦʣʷʨʠʟʘʮʠʷ 

ʚʦʟʨʘʩʪʘʝʪ ʩ 25 ʤʢʂʣ/ʩʤ2 ʜʦ 40 ʤʢʂʣ/ʩʤ2 ʜʣʷ Pt ʠ LNO, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʋʤʝʥʴʰʝʥʠʝ ʢʦʵʨʮʠʪʠʚʥʦʛʦ ʧʦʣʷ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʫʤʝʥʴʰʝʥʠʝʤ 

ʢʦʣʠʯʝʩʪʚʘ ʧʠʨʦʭʣʦʨʥʦʡ ʬʘʟʳ ʚ ʧʣʝʥʢʝ, ʘ ʪʘʢʞʝ ʩ ʫʣʫʯʰʝʥʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʢʦʥʪʘʢʪʘ ʥʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʝ [142]. 

 

 

ɺʳʚʦʜʳ ʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʠ ʧʦʩʪʘʥʦʚʢʘ ʮʝʣʠ ʠ ʟʘʜʘʯ 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨ PZT-LNO-Si ʷʚʣʷʝʪʩʷ ʢʨʘʡʥʝ ʤʥʦʛʦʩʪʦʨʦʥʥʝʡ, 

ʢʦʤʧʣʝʢʩʥʦʡ ʟʘʜʘʯʝʡ, ʠ ʭʦʪʷ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʫʙʣʠʢʘʮʠʡ 

ʧʦʩʚʷʱʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʢʘʢʠʭ-ʣʠʙʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘ 

ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʡʩʪʚʘ ʧʣʝʥʦʢ, ʧʦʣʫʯʘʝʤʳʝ ʢʦʤʧʦʟʠʮʠʠ ʝʱʸ ʜʘʣʝʢʠ ʦʪ 

ʩʦʚʝʨʰʝʥʩʪʚʘ. 

ʊʘʢ, ʚ ʧʨʠʚʝʜʝʥʥʳʭ ʚr ʰʝ ʨʘʙʦʪʘʭ ʦʩʦʙʦ ʫʢʘʟʘʥʳ ʪʘʢʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ 

ʘʩʧʝʢʪʳ, ʢʘʢ ʩʦʩʪʘʚ ʨʘʩʪʚʦʨʦʚ ʧʨʝʢʫʨʩʦʨʦʚ, ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ 

ʦʧʨʝʜʝʣʝʥʥʫʶ ʪʦʣʱʠʥʫ ʝʜʠʥʠʯʥʦʛʦ ʩʣʦʷ, ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʪʝʨʤʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ. ʇʨʠ ʵʪʦʤ ʦʙʲʝʜʠʥʝʥʠʝ ʚʩʝʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʝʜʠʥʦʤ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʤʦʞʝʪ ʠ ʥʝ ʜʘʪʴ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʵʬʬʝʢʪʘ, ʪʘʢ ʢʘʢ ʚʟʘʠʤʦʩʚʷʟʴ 

ʬʘʢʪʦʨʦʚ ʤʝʞʜʫ ʩʦʙʦʡ ʥʝ ʠʟʫʯʝʥʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʨʘʙʦʪʢʘ ʪʝʭʥʦʣʦʛʠʠ 

ʧʦʣʫʯʝʥʠʷ PZT-LNO-Si ʚʩʝ ʝʱʝ ʪʨʝʙʫʝʪ ʙʦʣʴʰʦʛʦ ʚʥʠʤʘʥʠʷ ʠ ʷʚʣʷʝʪʩʷ 

ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 
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ʌʦʨʤʠʨʦʚʘʥʠʝ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT ʠ ʢʦʤʧʦʟʠʪʦʚ ʚ ʨʘʤʢʘʭ ʤʝʪʦʜʘ CSD 

ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʘʢʪʠʚʥʦ ʠʟʫʯʘʝʤʦʡ ʦʙʣʘʩʪʴʶ, ʦʜʥʘʢʦ ʙʦʣʴʰʠʥʩʪʚʦ ʨʘʙʦʪ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʣʠʰʴ ʩ ʤʠʥʠʤʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʥʦʡ ʭʘʨʘʢʪʝʨʠʟʘʮʠʝʡ. ʊʘʢʞʝ, ʢʘʢ ʠ 

ʩ LNO, ʦʪʩʫʪʩʪʚʠʝ ʧʦʥʠʤʘʥʠʷ ʤʝʭʘʥʠʟʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ 

ʟʘʪʨʫʜʥʷʝʪ ʜʘʣʴʥʝʡʰʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʩʦʟʜʘʥʠʝ ʢʦʤʧʦʟʠʪʦʚ 

ʥʘ ʠʭ ʦʩʥʦʚʝ. ɺ ʯʘʩʪʥʦʩʪʠ, ʥʘʤ ʥʝ ʠʟʚʝʩʪʥʳ ʨʘʙʦʪʳ ʩ ʘʥʘʣʠʟʦʤ ʪʨʝʭʤʝʨʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT, ʘ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ ʩ ʇʕʄ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ 

ʪʘʢʞʝ ʚʝʩʴʤʘ ʦʛʨʘʥʠʯʝʥʦ. ʂʨʦʤʝ ʧʦʜʨʦʙʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʣʝʥʦʢ PZT ʩ ʫʞʝ ʠʟʚʝʩʪʥʳʤʠ ʧʦʨʦʛʝʥʘʤʠ, ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʠʥʪʝʟ 

ʧʣʝʥʦʢ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʣʦʢ-ʩʦʧʦʣʠʤʝʨʥʳʭ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʭ ʚʝʱʝʩʪʚ. 

ɺ ʩʚʷʟʠ ʩ ʚʳʰʝʦʧʠʩʘʥʥʳʤ, ʮʝʣʴʁ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʫʩʪʘʥʦʚʣʝʥʠʝ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʣʦʝʚ LNO ʠ PZT-LNO ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ʧʝʨʦʚʩʢʠʪʦʚ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT ʠ 

ʢʦʤʧʦʟʠʪʦʚ PZT/Ti-O ʥʘ ʠʭ ʦʩʥʦʚʝ, ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʤʠʢʨʦ- ʠ 

ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʝ.  

ɿʘʜʘʯʠ: 

1) ɺʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʠ ʦʧʨʝʜʝʣʠʪʴ ʬʘʟʦʚʳʡ ʠ 

ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʢʦʤʧʦʟʠʮʠʡ LNO-SiO2-Si, LNO-PZT-SiO2-Si, PZT/Ti-O ʠ 

ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT ʠ ʤʝʪʦʜʘʤʠ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʵʣʝʢʪʨʦʥʥʦʡ 

ʜʠʬʨʘʢʮʠʠ ʠ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ. 

2) ʋʩʪʘʥʦʚʠʪʴ ʨʦʣʴ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʢʘʞʜʦʤ ʵʪʘʧʝ ʩʠʥʪʝʟʘ 

ʧʣʝʥʦʢ LNO ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʨʘʩʪʚʦʨʦʚ. 

3) ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʢʠʥʝʪʠʢʫ ʧʦʩʣʦʡʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʣʝʥʦʢ LNO ʠ 

ʫʩʪʘʥʦʚʠʪʴ ʤʝʭʘʥʠʟʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʦʣʙʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ ʧʣʝʥʦʢ LNO ʥʘ 

ʧʦʜʣʦʞʢʘʭ Si-SiO2 ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ. 

4) ʆʧʨʝʜʝʣʠʪʴ ʚʟʘʠʤʥʦʝ ʚʣʠʷʥʠʝ ʩʣʦʝʚ ʚ ʢʦʤʧʦʟʠʮʠʷʭ LNO-PZT-SiO2-Si ʠ 

ʫʩʪʘʥʦʚʠʪʴ ʦʧʪʠʤʘʣʴʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʩʪʦʣʙʯʘʪʦʡ 

ʩʪʨʫʢʪʫʨʳ ʩʣʦʷ LNO. 

5) ʆʮʝʥʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʚʠʟʫʘʣʠʟʘʮʠʠ ʪʨʝʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʝʟʦʧʦʨʠʪʩʳʭ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʣʝʥʦʢ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʠ ʧʦʜʦʙʨʘʪʴ ʦʧʪʠʤʘʣʴʥʳʝ 
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ʧʘʨʘʤʝʪʨʳ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

6) ʅʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʧʨʝʜʝʣʠʪʴ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʝ 

ʧʦʨʠʩʪʳʝ ʧʣʝʥʢʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʢʦʤʧʦʟʠʪʦʚ PZT/Ti-O ʧʫʪʝʤ ʟʘʧʦʣʥʝʥʠʷ ʧʦʨ 

ʤʝʪʦʜʦʤ ALD ʠ ʚʳʷʚʠʪʴ ʩʪʨʫʢʪʫʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʦʟʠʪʦʚ 

ʤʝʪʦʜʘʤʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʌʀʇ-ʈʕʄ 

ʥʘʥʦʪʦʤʦʛʨʘʬʠʠ. 
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ɻʣʘʚʘ 2. ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ 

ɺ ʛʣʘʚʝ ʧʦʜʨʦʙʥʦ ʦʩʚʝʱʝʥ ʩʠʥʪʝʟ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ 

ʨʘʩʪʚʦʨʦʚ ʧʣʝʥʦʢ LNO, ʢʦʤʧʦʟʠʮʠʡ PZT-LNO-Si ʠ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT ʧʨʠ 

ʜʦʙʘʚʣʝʥʠʠ ʨʘʟʣʠʯʥʳʭ ʧʦʨʦʛʝʥʦʚ, ʘ ʪʘʢʞʝ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ. ɼʣʷ 

ʠʟʫʯʝʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʣʝʥʦʢ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʨʘʟʣʠʯʥʳʝ 

ʤʝʪʦʜʳ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ: ʧʦʣʫʯʝʥʠʝ ʠʟʦʙʨʘʞʝʥʠʡ ʩ ʧʦʤʦʱʴʶ 

ʨʘʩʪʨʦʚʦʡ (ʈʕʄ), ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ (ʇʕʄ) ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʨʘʩʪʨʦʚʦʡ 

(ʇʈʕʄ) ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʵʣʝʢʪʨʦʥʥʘʷ ʜʠʬʨʘʢʮʠʷ, ʣʦʢʘʣʴʥʳʡ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʘʥʘʣʠʟ ʠ ʚ ʦʩʦʙʝʥʥʦʩʪʠ ʌʀʇ-ʈʕʄ ʥʘʥʦʪʦʤʦʛʨʘʬʠʷ (ʌʀʇ 

ï ʬʦʢʫʩʠʨʦʚʘʥʥʳʡ ʠʦʥʥʳʡ ʧʫʯʦʢ), ʚʧʝʨʚʳʝ ʠʩʧʦʣʴʟʫʝʤʘʷ ʜʣʷ ʤʝʟʦʧʦʨʠʩʪʳʭ 

ʧʣʝʥʦʢ PZT ʠ ʢʦʤʧʦʟʠʪʦʚ PZT/Ti-O. ʇʦʣʫʯʝʥʥʳʝ ʩʪʨʫʢʪʫʨʥʳʝ ʜʘʥʥʳʝ 

ʜʦʧʦʣʥʝʥʳ ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʤ ʘʥʘʣʠʟʦʤ ʚ ʢʘʯʝʩʪʚʝ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʛʦ ʤʝʪʦʜʘ, ʘ 

ʠʟʫʯʝʥʠʝ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ (ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʣʝʥʦʢ LNO, ʧʝʪʣʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʢʦʤʧʦʟʠʮʠʡ PZT-LNO-Si ʠ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT 

ʥʘ ʧʣʘʪʠʥʠʨʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʜʘʭ, ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ) ʧʦʟʚʦʣʷʝʪ 

ʩʚʷʟʘʪʴ ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʡʩʪʚʘ ʠʩʩʣʝʜʫʝʤʳʭ ʧʣʝʥʦʢ. ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ 

ʟʘʜʝʡʩʪʚʦʚʘʥʦ ʩʦʚʨʝʤʝʥʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʥʘʫʯʥʳʭ ʮʝʥʪʨʦʚ: 

ʀʥʩʪʠʪʫʪʘ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʠ ʠʤ. ɸ.ɺ. ʐʫʙʥʠʢʦʚʘ ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ 

ʬʦʪʦʥʠʢʘè ʈɸʅ, ʄʦʩʢʚʘ (ʩʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʠʟʤʝʨʝʥʠʝ 

ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ), ʈʊʋ ʄʀʈʕɸ, ʄʦʩʢʚʘ (ʩʠʥʪʝʟ ʧʣʝʥʦʢ ʠ ʠʟʤʝʨʝʥʠʝ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ), ʌʊʀ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ ʈɸʅ, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ 

(ʠʟʤʝʨʝʥʠʝ ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ). 
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2.1. ʆʙʲʝʢʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʠʟʫʯʝʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʠ ʟʝʨʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ, 

ʘ ʪʘʢʞʝ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʣʝʥʦʢ LNO ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʦʚ 

ʩʠʥʪʝʟʘ, ʢʘʢ ʚʠʜ ʩʫʰʢʠ, ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʚʨʝʤʷ ʦʪʞʠʛʘ ʩ ʮʝʣʴʶ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, 

ʥʘʣʠʯʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʛʦʤʦʛʝʥʠʟʠʨʫʶʱʝʛʦ ʦʪʞʠʛʘ; ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ 

ʩʪʨʫʢʪʫʨʳ ʵʣʝʢʪʨʦʜʦʚ LNO ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʡʩʪʚʘ PZT ʚ ʢʦʤʧʦʟʠʮʠʷʭ PZT-

LNO-Si. ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʨʘʟʣʠʯʥʳʭ ʧʦʨʦʛʝʥʦʚ ʥʘ ʩʪʨʫʢʪʫʨʫ ʧʦʨʠʩʪʳʭ 

ʧʣʝʥʦʢ PZT ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʟʘʧʦʣʥʝʥʠʷ ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ ʦʩʘʞʜʝʥʠʷ 

ʜʣʷ ʩʦʟʜʘʥʠʷ ʢʦʤʧʦʟʠʪʦʚ. ɺʩʝ ʧʣʝʥʢʠ ʧʦʣʫʯʝʥʳ ʚ ʈʊʋ ʄʀʈʕɸ ʧʦʜ 

ʨʫʢʦʚʦʜʩʪʚʦʤ ʜ.ʪ.ʥ., ʧʨʦʬ. ɺʦʨʦʪʠʣʦʚʘ ʂ.ɸ. 

 

 

2.1.1.  ʈʘʩʪʚʦʨʳ ʧʨʝʢʫʨʩʦʨʦʚ 

ʕʣʝʢʪʨʦʜʳ LNO ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʪʚʦʨʦʚ ʧʨʝʢʫʨʩʦʨʦʚ 

ʥʘ ʦʩʥʦʚʝ ʛʠʜʨʘʪʘ ʘʮʝʪʘʪʘ ʣʘʥʪʘʥʘ (III) (La(CH3CO2)3 Ŀ xH2O, 99,9 %, Sigma-

Aldrich) ʠ ʪʝʪʨʘʛʠʜʨʘʪʘ ʘʮʝʪʘʪʘ ʥʠʢʝʣʷ (II) (Ni(OCOCH3)2 Ŀ 4H2O, 99,998 %, 

Sigma-Aldrich) ʚ ʣʝʜʷʥʦʡ ʫʢʩʫʩʥʦʡ ʢʠʩʣʦʪʝ (CH3COOH, 99,99+%, Sigma-Aldrich). 

ɹʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʨʘʩʪʚʦʨʳ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 0,6 ʤʦʣʴ/ʣ ʠ 0,2 ʤʦʣʴ/ʣ. ʄʦʣʴʥʦʝ 

ʩʦʦʪʥʦʰʝʥʠʝ La:Ni 1:1. 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʦʚ ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʧʣʝʥʢʦʦʙʨʘʟʫʶʱʝʛʦ ʨʘʩʪʚʦʨʘ 

PZT ʠʩʧʦʣʴʟʦʚʘʣʠ ʠʟʦʧʨʦʧʦʢʩʠʜ ʮʠʨʢʦʥʠʷ (IV) ʠʟʦʧʨʦʧʘʥʦʣʴʥʳʡ ʢʦʤʧʣʝʢʩ 

(Zr(OCH(CH3)2)4 (CH3)2CHOH, 99.9%, Sigma-Aldrich), ʠʟʦʧʨʦʧʦʢʩʠʜ ʪʠʪʘʥʘ (IV) 

(Ti(OCH(CH3)2)4, 99.999%, Sigma-Aldrich), ʠ ʙʝʟʚʦʜʥʳʡ ʘʮʝʪʘʪ ʩʚʠʥʮʘ (II ) 

Pb(CH3COO)2, ʧʦʣʫʯʝʥʥʳʡ ʨʘʟʨʘʙʦʪʘʥʥʳʤ ʨʘʥʝʝ ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʦʛʦ 

ʩʠʥʪʝʟʘ [174]. ɺ ʢʘʯʝʩʪʚʝ ʨʘʩʪʚʦʨʠʪʝʣʷ ʠʩʧʦʣʴʟʦʚʘʣʠ 2-ʤʝʪʦʢʩʠʵʪʘʥʦʣ 

(CH3OCH2CH2OH, Ó99,9%, Sigma-Aldrich). ʂʦʥʝʯʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʨʘʩʪʚʦʨʘ ʧʦ 
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ʩʫʤʤʝ ʘʣʢʦʢʩʠʜʦʚ Ti ʠ Zr ʩʦʩʪʘʚʠʣʘ 0.26 ʤʦʣʴ/ʣ. ʉʦʦʪʥʦʰʝʥʠʝ Zr/Ti ʙʳʣʦ 

ʚʳʙʨʘʥʦ ʙʣʠʟʢʠʤ ʢ ʤʦʨʬʦʪʨʦʧʥʦʡ ʛʨʘʥʠʮʝ ʠ ʩʦʩʪʘʚʣʷʣʦ 52/48 [6]. ɼʣʷ 

ʢʦʤʧʝʥʩʘʮʠʠ ʧʦʪʝʨʠ ʩʚʠʥʮʘ ʚ ʧʨʦʮʝʩʩʝ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʙʳʣʦ ʜʦʙʘʚʣʝʥʦ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ 14 ʤʦʣ.% ʩʚʠʥʮʘ ʢ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ [153]. 

ʇʣʝʥʢʠ ʥʘʥʦʩʠʣʠ ʤʝʪʦʜʦʤ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʙʦʨʫʜʦʚʘʥʠʷ Spin-150i NPP (Semiconductor Production Systems) ʠʣʠ WS-650-

8NPP (Laurell, ʉʐɸ). ɺ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʝʢ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʣʘʩʪʠʥʳ ʢʨʝʤʥʠʷ 

ʂɼɹ-10 ʠ ʂɼɹ-12 (çʊʝʣʝʢʦʤ-ʉʊɺè) ʩ ʦʨʠʝʥʪʘʮʠʝʡ (100), ʣʝʛʠʨʦʚʘʥʥʳʝ ʙʦʨʦʤ, ʩ 

ʫʜʝʣʴʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 10-12 ʆʤĿʩʤ, ʩ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʢʩʠʜʦʤ ʦʢʦʣʦ 10 ʥʤ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠʣʠ ʩ ʠʩʢʫʩʩʪʚʝʥʥʦ ʩʦʟʜʘʥʥʳʤ ʪʝʨʤʠʯʝʩʢʠʤ ʦʢʩʠʜʦʤ 500 ʥʤ. 

 

 

2.1.2. ʊʦʥʢʠʝ ʧʣʝʥʢʠ LNO ʠ ʢʦʤʧʦʟʠʮʠʠ PZT-LNO-Si 

ʈʘʩʪʚʦʨ ʧʨʝʢʫʨʩʦʨʦʚ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 0,6 ʤʦʣʴ/ʣ ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʣʷ ʩʝʨʠʠ 

ʧʣʝʥʦʢ ʩ ʚʘʨʠʘʮʠʝʡ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʚ ʠʥʪʝʨʚʘʣʝ 550-800 . ɼʣʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʣʝʥʢʠ LNO ʧʨʝʢʫʨʩʦʨ ʥʘʥʦʩʠʣʠ ʧʦʩʣʦʡʥʦ (ʚʩʝʛʦ 5 ʩʣʦʝʚ), ʩ 

ʧʨʦʚʝʜʝʥʠʝʤ ʩʫʰʢʠ ʠ ʦʪʞʠʛʘ ʧʦʩʣʝ ʢʘʞʜʦʛʦ ʧʦʜʩʣʦʷ. ɼʘʥʥʘʷ ʩʝʨʠʷ ʙʳʣʘ 

ʧʦʜʛʦʪʦʚʣʝʥʘ ʩ ʜʚʫʭʵʪʘʧʥʦʡ ʩʫʰʢʦʡ: ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʩʫʰʢʘ ʊ=200  ʚ 

ʪʝʯʝʥʠʝ ʯʝʪʳʨʝʭ ʤʠʥʫʪ ʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʩʫʰʢʘ ʧʨʠ ʊ=450  ʚ ʪʝʯʝʥʠʝ 10 

ʤʠʥʫʪ. ʆʪʞʠʛ ʧʨʠ ʊ=550, 650 ʠ 800  ʧʨʦʚʦʜʠʣʩ ̫ʚ ʧʝʯʠ ʚ ʪʝʯʝʥʠʝ ʧʷʪʠ ʤʠʥʫʪ 

ʥʘ ʢʘʞʜʳʡ ʩʣʦʡ.  ʊʘʢʞʝ ʦʪʜʝʣʴʥʦ ʙʳʣʘ ʠʟʫʯʝʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʦʙʨʘʟʮʘ ʩʨʘʟʫ 

ʧʦʩʣʝ ʵʪʘʧʘ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ. ʆʙʨʘʟʮʳ ʜʘʥʥʦʡ ʩʝʨʠʠ ʜʘʣʝʝ ʙʫʜʫʪ 

ʦʙʦʟʥʘʯʘʪʴʩʷ LNO-pyr-450 ï LNO-pyr-800, ʛʜʝ pyr ï ʧʦʜʯʝʨʢʠʚʘʝʪ 

ʦʪʣʠʯʠʪʝʣʴʥʫʶ ʦʩʦʙʝʥʥʦʩʪʴ ʩʝʨʠʠ ï ʥʘʣʠʯʠʝ ʵʪʘʧʘ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʩʫʰʢʠ, ʧʨʠ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ ʧʠʨʦʣʠʟ, ʘ ʯʠʩʣʦ ï ʪʝʤʧʝʨʘʪʫʨʫ ʢʦʥʝʯʥʦʡ 

ʦʙʨʘʙʦʪʢʠ. 

ʈʘʩʪʚʦʨ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 0,2 ʤʦʣʴ/ʣ ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʩʝʭ 

ʦʩʪʘʣʴʥʳʭ ʧʣʝʥʦʢ LNO. ʇʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʣʝʥʦʢ ʨʘʩʪʚʦʨʘ ʜʘʥʥʦʡ 
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ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʦʚʦʜʠʣʠ ʥʘ ʢʦʤʧʦʟʠʮʠʷʭ PZT-LNO-(SiOx)-Si, ʛʜʝ ʢʘʞʜʳʡ ʩʣʦʡ 

LNO ʩʫʰʠʣʠ ʊ=200Áʉ ʚ ʪʝʯʝʥʠʝ ʯʝʪʳʨʝʭ ʤʠʥʫʪ ʠ ʢʨʠʩʪʘʣʣʠʟʦʚʘʣʠ ʧʨʠ ʊ=650Áʉ 

ʚ ʪʝʯʝʥʠʝ ʧʷʪʠ ʤʠʥʫʪ. ʇʣʝʥʢʠ ʦʩʘʞʜʘʣʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʢʨʝʤʥʠʝʚʳʝ 

ʧʣʘʩʪʠʥʳ ʩ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʢʩʠʜʦʤ ʪʦʣʱʠʥʦʡ ~10 ʥʤ ʠ ʥʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ 

ʙʫʬʝʨʥʳʡ ʩʣʦʡ ʠʟ ʧʦʨʠʩʪʦʛʦ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ, ʦʙʦʟʥʘʯʘʝʤʦʛʦ ʜʘʣʝʝ ʢʘʢ SiOx. 

ʉʣʦʡ PZT ʩʦʩʪʦʷʣ ʠʟ 8 ʩʣʦʝʚ ʩ ʩʫʰʢʦʡ ʧʨʠ ʊ=200Áʉ ʚ ʪʝʯʝʥʠʝ ʯʝʪʳʨʝʭ ʤʠʥʫʪ ʚ 

ʢʘʯʝʩʪʚʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʩʫʰʢʠ ʧʨʠ 400Áʉ ʧʦ 10 ʤʠʥʫʪ ʥʘ ʢʘʞʜʳʡ ʩʣʦʡ. ʆʪʞʠʛ ʩʣʦʷ PZT ʧʨʦʚʦʜʠʣʠ ʧʦʩʣʝ 

ʥʘʥʝʩʝʥʠʷ ʚʩʝʭ ʩʣʦʝʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 650Áʉ ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥʫʪ.  ʇʦ 

ʘʥʘʣʦʛʠʯʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʘʣʠ ʪʘʢʞʝ ʢʦʥʜʝʥʩʘʪʦʨʥʫʶ ʩʪʨʫʢʪʫʨʫ LNO-PZT-

LNO-SiO2-Si, ʛʜʝ ʚʝʨʭʥʠʡ ʵʣʝʢʪʨʦʜ LNO ʩʦʩʪʦʷʣ ʠʟ ʯʝʪʳʨʝʭ ʩʣʦʝʚ, ʘ ʥʠʞʥʠʡ ï 

ʠʟ ʩʝʤʠ ʩʣʦʝʚ. ʉʣʦʡ PZT ʚ ʢʦʥʜʝʥʩʘʪʦʨʝ ʩʦʩʪʦʷʣ ʠʟ 10 ʩʣʦʝʚ ʠ ʙʳʣ ʧʦʣʫʯʝʥ 

ʘʥʘʣʦʛʠʯʥʦ ʧʨʝʜʳʜʫʱʠʤ ʢʦʤʧʦʟʠʮʠʷʤ, ʥʦ ʩ ʦʪʞʠʛʦʤ ʧʦʩʣʝ ʢʘʞʜʦʛʦ ʧʷʪʦʛʦ ʩʣʦʷ 

ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʨʘʩʪʨʝʩʢʠʚʘʥʠʷ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ ʧʣʝʥʦʢ ʧʦʢʘʟʘʣʦ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʢʠʥʝʪʠʢʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʣʝʥʦʢ LNO, ʠ ʧʦʪʦʤʫ ʙʳʣʘ 

ʧʦʜʛʦʪʦʚʣʝʥʘ ʩʝʨʠʷ ʩ ʚʘʨʴʠʨʦʚʘʥʠʝʤ ʚʨʝʤʝʥʠ ʦʪʞʠʛʘ ʢʘʞʜʦʛʦ ʩʣʦʷ. ʇʣʝʥʢʠ 

ʜʘʥʥʦʡ ʩʝʨʠʠ ʩʦʩʪʦʷʣʠ ʠʟ ʩʝʤʠ ʩʣʦʝʚ, ʢʘʞʜʳʡ ʩʣʦʡ LNO ʩʫʰʠʣʠ ʧʨʠ ʊ=200Áʉ ʚ 

ʪʝʯʝʥʠʝ 4 ʤʠʥʫʪ ʠ ʢʨʠʩʪʘʣʣʠʟʦʚʘʣʠ ʧʨʠ 650Áʉ ʦʪ 2 ʜʦ 20 ʤʠʥʫʪ. ɺ ʢʘʯʝʩʪʚʝ 

ʧʦʜʣʦʞʢʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʢʨʝʤʥʠʝʚʳʝ ʧʣʘʩʪʠʥʳ ʩ ʠʟʦʣʠʨʫʶʱʠʤ ʪʝʨʤʠʯʝʩʢʠʤ 

ʦʢʩʠʜʦʤ SiO2 (~500 ʥʤ) ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʣʝʥʦʢ ʙʝʟ ʚʣʠʷʥʠʷ 

ʧʦʜʣʦʞʢʠ. ʇʣʝʥʢʠ ʜʘʥʥʦʡ ʩʝʨʠʠ ʦʙʦʟʥʘʯʘʶʪʩʷ ʚ ʨʘʙʦʪʝ ʢʘʢ LNO-cryst-

(2/5/7/10/20)min, ʯʪʦʙʳ ʧʦʜʯʝʨʢʥʫʪʴ ʚʘʨʴʠʨʦʚʘʥʠʝ ʚʨʝʤʝʥʠ ʦʪʞʠʛʘ. ʊʘʢʞʝ 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʦʙʨʘʟʮʳ ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʚʨʝʤʝʥʝʤ ʦʪʞʠʛʘ ʦʪ 30 ʜʦ 90 ʤʠʥ 

ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʧʦʩʣʝʜʥʝʛʦ ʩʣʦʷ. ɼʘʥʥʳʝ ʦʙʨʘʟʮʳ ʦʙʦʟʥʘʯʝʥʳ ʚ ʨʘʙʦʪʝ ʢʘʢ 

LNO-anneal-(30/60/90)min. ɺ ʟʘʢʣʶʯʝʥʠʠ ʪʝʤʳ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʧʣʝʥʢʠ PZT, 

ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʵʣʝʢʪʨʦʜʝ LNO ʩ ʦʪʞʠʛʦʤ ʢʘʞʜʦʛʦ ʩʣʦʷ ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥʫʪ ʠ ʩ 

ʜʣʠʪʝʣʴʥʳʤ ʦʪʞʠʛʦʤ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥʫʪ ʧʦʩʣʝ ʧʦʩʣʝʜʥʝʛʦ ʩʣʦʷ, ʦʙʣʘʜʘʶʱʝʤ 

ʩʪʦʣʙʯʘʪʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʆʧʠʩʘʥʠʝ ʦʙʨʘʟʮʦʚ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʊʘʙʣʠʮʝ 2. 
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ʊʘʙʣʠʮʘ 2. ʀʩʩʣʝʜʫʝʤʳʝ ʦʙʨʘʟʮʳ ʥʘ ʦʩʥʦʚʝ ʧʣʝʥʦʢ LNO ʠ PZT  

ɻʨʫʧʧʘ ʦʙʨʘʟʮʦʚ ʆʙʦʟʥʘʯʝʥʠʝ 

ʦʙʨʘʟʮʦʚ 

ʆʧʠʩʘʥʠʝ 

LNO-SiO2(10nm)-Si ʩ 

ʜʚʫʭʵʪʘʧʥʦʡ ʩʫʰʢʦʡ ʠ 

ʚʘʨʴʠʨʦʚʘʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ 

ʦʪʞʠʛʘ 

LNO-pyr-450 ʈʘʩʪʚʦʨ 0,6 ʤʦʣʴ/ʣ, 5 ʩʣʦʝʚ. ʊʆ*: ʩʫʰʢʘ T=200 , 4 

ʤʠʥ + ʩʫʰʢʘ T=450 , 10 ʤʠʥ + ʦʪʞʠʛ ʢʘʞʜʦʛʦ ʩʣʦʷ 

ʧʨʠ T = 550, 650 ʠʣʠ 800, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 5 ʤʠʥ 

(ʧʦʩʣʦʡʥʦ). ʆʙʨʘʟʝʮ LNO-pyr-450 ʙʝʟ ʦʪʞʠʛʘ 

LNO-pyr-550  

LNO-pyr-650  

LNO-pyr-800  

PZT-LNO-SiO2(10nm)-Si ï 

ʧʣʝʥʢʠ LNO ʥʘ ʢʨʝʤʥʠʠ ʩ 

ʥʘʥʝʩʝʥʥʳʤ ʩʚʝʨʭʫ PZT 

PZT-LNO-

SiO2(10nm)-Si 

ʈʘʩʪʚʦʨ LNO 0,2 ʤʦʣʴ/ʣ, 7 ʩʣʦʝʚ. ʉʣʦʡ PZT ï 8 

ʩʣʦʝʚ. ʊʆ LNO: ʩʫʰʢʘ T=200 , 4 ʤʠʥ + ʦʪʞʠʛ 

ʢʘʞʜʦʛʦ ʩʣʦʷ T = 650 , 5 ʤʠʥ. 

ʊʆ PZT: ʩʫʰʢʘ T=200 , 4 ʤʠʥ + ʩʫʰʢʘ T=400 , 10 

ʤʠʥ + ʝʜʠʥʦʚʨʝʤʝʥʥʳʡ ʦʪʞʠʛ ʚʩʝʭ ʩʣʦʝʚ T = 650 , 

10 ʤʠʥ.  

PZT-LNO-SiOx-Si ï ʧʣʝʥʢʠ 

LNO ʥʘ ʙʫʬʝʨʥʦʤ ʩʣʦʝ ʩ 

ʥʘʥʝʩʝʥʥʳʤ ʩʚʝʨʭʫ PZT 

PZT-LNO-SiOx-Si ɸʥʘʣʦʛʠʯʥʦ PZT-LNO-SiO2(10nm)-Si, ʥʦ ʦʩʘʞʜʝʥʠʝ 

LNO ʧʨʦʚʦʜʠʣʠ ʥʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʙʫʬʝʨʥʳʡ ʩʣʦʡ 

ʧʦʨʠʩʪʦʛʦ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ.  

LNO-PZT-LNO-SiO2(500nm)-Si 

 ï ʢʦʥʜʝʥʩʘʪʦʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩ 

ʜʚʫʤʷ ʵʣʝʢʪʨʦʜʘʤʠ 

LNO-PZT-LNO ʈʘʩʪʚʦʨ LNO 0,2 ʤʦʣʴ/ʣ. ʅʠʞʥʠʡ ʵʣʝʢʪʨʦʜ ï 7 ʩʣʦʝʚ, 

PZT ï 10 ʩʣʦʝʚ, ʚʝʨʭʥʠʡ ʵʣʝʢʪʨʦʜ ï 4 ʩʣʦʷ. ʊʆ LNO: 

ʩʫʰʢʘ T=200 , 4 ʤʠʥ + ʦʪʞʠʛ ʢʘʞʜʦʛʦ ʩʣʦʷ T = 650 

. 

ʊʆ PZT: ʩʫʰʢʘ T=200 , 4 ʤʠʥ + ʩʫʰʢʘ T=400 , 10 

ʤʠʥ + ʦʪʞʠʛ ʧʦʩʣʝ ʢʘʞʜʦʛʦ ʧʷʪʦʛʦ ʩʣʦʷ T = 650 , 

10 ʤʠʥ. 

LNO-SiO2(500nm)-Si ʩ 

ʚʘʨʠʘʮʠʝʡ ʚʨʝʤʝʥʠ ʦʪʞʠʛʘ ʚ 

ʜʠʘʧʘʟʦʥʝ 2-20 ʤʠʥ.  

LNO-cryst-2min ʈʘʩʪʚʦʨ LNO 0,2 ʤʦʣʴ/ʣ, 7 ʩʣʦʝʚ.  

ʊʆ LNO: ʩʫʰʢʘ T=200 , 4 ʤʠʥ + ʦʪʞʠʛ ʢʘʞʜʦʛʦ 

ʩʣʦʷ T = 650 , 2, 5, 7, 10 ʠʣʠ 20 ʤʠʥ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

LNO-cryst-5min 

LNO-cryst-7min 

LNO-cryst-10min 

LNO-cryst-20min 

LNO-SiO2(10nm)-Si ʩ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ 

ʛʦʤʦʛʝʥʠʟʠʨʫʶʱʠʤ ʦʪʞʠʛʦʤ 

ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʚʩʝʭ ʩʣʦʝʚ ʚ 

ʪʝʯʝʥʠʝ 30-90 ʤʠʥ.  

LNO-anneal-30min 

 

ʈʘʩʪʚʦʨ LNO 0,2 ʤʦʣʴ/ʣ, 7 ʩʣʦʝʚ.  

ʊʆ LNO: ʩʫʰʢʘ T=200 , 4 ʤʠʥ + ʦʪʞʠʛ ʢʘʞʜʦʛʦ 

ʩʣʦʷ T = 650 , 10 ʤʠʥ. ɿʘʪʝʤ ʦʙʨʘʟʝʮ ʙʳʣ ʨʘʟʜʝʣʝʥ 

ʥʘ ʪʨʠ ʯʘʩʪʠ ʠ ʢʘʞʜʘʷ ʠʟ ʥʠʭ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʦʪʦʞʞʝʥʘ ʧʨʠ 650Áʉ ʚ ʪʝʯʝʥʠʝ 30, 60 ʠ 90 ʤʠʥ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʧʦʩʣʝʜʥʝʛʦ ʩʣʦʷ. 

LNO-anneal-60min 

 

LNO-anneal-90min 

PZT-LNO-SiO2(500nm)-Si PZT-LNO(columnar)-

SiO2-Si 

ʈʘʩʪʚʦʨ LNO 0,2 ʤʦʣʴ/ʣ, 7 ʩʣʦʝʚ.  

ʐʝʩʪʴ ʠʟ ʩʝʤʠ ʩʣʦʝʚ LNO ʩʫʰʠʣʠ ʧʨʠ T=200 ʠ 

ʦʪʞʠʛʘʣʠ ʧʨʠ 650Áʉ ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥ. ʉʝʜʴʤʦʡ ʩʣʦʡ 

ʩʫʰʠʣʠ ʧʨʠ ʊ=200 ʠ ʦʪʞʠʛʘʣʠ ʧʨʠ 650Áʉ ʚ 

ʪʝʯʝʥʠʝ 30 ʤʠʥ. ʉʚʝʨʭʫ ʥʘʥʝʩʝʥ ʩʣʦʡ PZT 

ʘʥʘʣʦʛʠʯʥʦ LNO-PZT-LNO. 

ʊʆ - ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ 

 

 

2.1.3. ʇʦʨʠʩʪʳʝ ʧʣʝʥʢʠ PZT 

ʇʦʨʠʩʪʳʝ ʧʣʝʥʢʠ ʧʦʣʫʯʘʣʠ ʧʫʪʝʤ ʜʦʙʘʚʣʝʥʠʷ ʚ ʨʘʩʪʚʦʨʳ ʧʨʝʢʫʨʩʦʨʦʚ 

ʨʘʟʣʠʯʥʳʭ ʧʦʨʦʛʝʥʦʚ. 
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʪʨʠ ʚʠʜʘ ʧʦʨʦʛʝʥʦʚ, ʜʦʙʘʚʣʷʝʤʳʭ ʚ ʨʘʟʥʳʭ 

ʢʦʣʠʯʝʩʪʚʘʭ ʚ ʨʘʩʪʚʦʨʳ ʧʨʝʢʫʨʩʦʨʦʚ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʣʝʥʦʢ. ʆʜʠʥ ʠʟ ʥʠʭ ïʧʦʣʠʚʠʥʠʣʧʠʨʨʦʣʠʜʦʥ (PVP), ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʝʤʳʡ 

ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʧʣʝʥʦʢ ʙʝʟ ʨʘʩʪʨʝʩʢʠʚʘʥʠʡ [51,120,121,154,155]. 

ʈʘʥʝʝ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʪʦʣʱʠʥʘ ʧʣʝʥʦʢ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʢʦʣʠʯʝʩʪʚʘ PVP, ʪʘʢ ʢʘʢ ʧʨʠ ʵʪʦʤ ʨʘʩʪʝʪ ʚʷʟʢʦʩʪʴ ʨʘʩʪʚʦʨʘ [107,110,121]. 

ɺʚʝʜʝʥʠʝ ʧʦʨʠʩʪʦʩʪʠ ʧʨʠʚʦʜʠʪ ʢ ʨʝʣʘʢʩʘʮʠʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʙʦʣʝʝ ʪʦʣʩʪʘʷ ʧʣʝʥʢʘ ʙʝʟ ʪʨʝʱʠʥ. Matavģ 

ʠ ʜʨ. [107] ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʦʨʠʩʪʳʝ PZT ʧʣʝʥʢʠ ʦʙʣʘʜʘʶʪ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʚʳʩʦʢʠʤ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʦʪʢʣʠʢʦʤ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʧʣʦʪʥʳʤʠ ʧʣʝʥʢʘʤʠ ʟʘ ʩʯʝʪ 

ʨʝʣʘʢʩʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ. ʈʘʟʤʝʨ ʧʦʨ ʠ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʩʩʳ PVP [120,123]. ʋʚʝʣʠʯʝʥʠʝ 

ʩʦʜʝʨʞʘʥʠʷ PVP ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʧʦʨʠʩʪʦʩʪʠ, ʩʥʠʞʝʥʠʶ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʦʩʪʘʪʦʯʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ [51]. ʆʜʥʘʢʦ, 

ʪʨʝʙʫʝʪʩʷ ʜʝʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʦʜʦʙʥʳʭ ʧʣʝʥʦʢ.  

ɼʨʫʛʠʝ ʧʦʨʦʛʝʥʳ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʵʪʦʡ ʨʘʙʦʪʝ, ʦʪʥʦʩʷʪʩʷ ʢ ʥʝʠʦʥʥʳʤ 

ʙʣʦʢ-ʩʦʧʦʣʠʤʝʨʥʳʤ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʤ ʚʝʱʝʩʪʚʘʤ: ʧʦʣʠʵʪʠʣʝʥʛʣʠʢʦʣʴ 

ʜʦʜʝʮʠʣʦʚʳʡ ʵʬʠʨ (Brij  30) ʠ ʧʦʣʠʦʢʩʠʵʪʠʣʝʥ (10) ʩʪʝʘʨʠʣʦʚʳʡ ʵʬʠʨ (Brij  76) 

(ʊʘʙʣʠʮʘ 3). ʕʪʠ ʇɸɺ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʤʝʟʦʧʦʨʠʩʪʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʚ ʧʨʦʮʝʩʩʝ ʩʘʤʦʩʙʦʨʢʠ: ʩʠʣʠʢʘʪʦʚ, ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ, ʮʠʨʢʦʥʠʷ ʠ 

ʛʠʙʨʠʜʥʳʭ ʦʨʛʘʥʠʯʝʩʢʦ-ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ [156ï160]. ʅʘʩʢʦʣʴʢʦ ʥʘʤ 

ʠʟʚʝʩʪʥʦ, ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝʪ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʨʘʙʦʪ ʩ ʦʧʠʩʘʥʠʝʤ ʧʦʣʫʯʝʥʠʷ 

ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʧʦʨʦʛʝʥʦʚ ʪʠʧʘ Brij .  

ɺ ʢʘʯʝʩʪʚʝ ʧʦʨʦʛʝʥʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʦʣʠʚʠʥʠʣʧʠʨʨʦʣʠʜʦʥ ʩ 

ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʩʩʦʡ 360000 (PVP, Merck), ʧʦʣʠʦʢʩʠʵʪʠʣʝʥ (10) ʩʪʝʘʨʠʣʦʚʳʡ 

ʵʬʠʨ ʩ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʩʩʦʡ 711 (Brij  76, Sigma-Aldrich) ʠ ʜʦʜʝʮʠʣʦʚʳʡ ʵʬʠʨ 

ʧʦʣʠʵʪʠʣʝʥʛʣʠʢʦʣʷ ʩ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʩʩʦʡ 362 (Brij  30, Sigma-Aldrich). ɺ 

ʨʘʩʪʚʦʨʳ ʜʦʙʘʚʣʷʣʠ ʨʘʟʣʠʯʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʦʨʦʛʝʥʦʚ: 1 ʠ 6.6 ʤʘʩ. % PVP; 30, 40, 

ʠ 60 ʤʘʩ. % Brij  76; ʘ ʪʘʢʞʝ 30 ʠ 60 ʤʘʩ. % Brij  30 (ʊʘʙʣʠʮʘ 4). ɺʳʙʨʘʥʥʳʝ 

ʟʥʘʯʝʥʠʷ ʧʨʦʮʝʥʪʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʵʤʧʠʨʠʯʝʩʢʠʤ ʧʫʪʝʤ. 
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ʊʘʙʣʠʮʘ 3. ʇʦʨʦʛʝʥʳ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT  

ʇʦʨʦʛʝʥ ʍʠʤʠʯʝʩʢʘʷ ʬʦʨʤʫʣʘ ʉʨʝʜʥʷʷ 

ʤʦʣʝʢʫʣʷʨʥʘʷ 

ʤʘʩʩʘ, ʛ/ʤʦʣʴ 

PVP 

 

(C6H9ON)n 

 

360 000 

Brij 30 

 

(C20H42O5)n 

362 

Brij 76 

 

(C38H78O11)n 

711 

 

ʇʣʝʥʢʠ ʧʦʣʫʯʘʣʠ ʤʝʪʦʜʦʤ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʷ ʥʘ ʧʣʘʪʠʥʠʨʦʚʘʥʥʳʝ 

ʢʨʝʤʥʠʝʚʳʝ ʧʦʜʣʦʞʢʠ Si (690 Õm)ïSiO2 (300 nm)ïTiO2 (10 nm)ïPt (160 nm) 

(Inostek, ʂʦʨʝʷ). ʈʘʩʪʚʦʨʳ ʧʨʝʢʫʨʩʦʨʦʚ ʥʘʥʦʩʠʣʠ ʧʦʩʣʦʡʥʦ, ʜʦ ʧʦʣʫʯʝʥʠʷ 

ʟʘʜʘʥʥʦʡ ʪʦʣʱʠʥʳ. ʂʘʞʜʳʡ ʩʣʦʡ ʧʦʜʚʝʨʛʘʣʠ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʡ ʩʫʰʢʝ ʧʨʠ 200ÁC 

ʠ ʧʨʠ 400ÁC ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥʫʪ ʜʣʷ ʫʜʘʣʝʥʠʷ ʦʨʛʘʥʠʯʝʩʢʠʭ ʦʩʪʘʪʢʦʚ. ʆʪʞʠʛ ʚʩʝʡ 

ʧʣʝʥʢʠ ʩ ʮʝʣʴʶ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʦʚʦʜʠʣʠ ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʧʦʩʣʝʜʥʝʛʦ ʩʣʦʷ ʧʨʠ 

T = 650ÁC ʚ ʪʝʯʝʥʠʝ 15 ʤʠʥʫʪ ʚ ʤʫʬʝʣʴʥʦʡ ʧʝʯʠ.  

ʂʦʥʪʨʦʣʴ ʪʦʣʱʠʥʳ ʧʣʝʥʦʢ d ʠ ʠʭ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ n ʦʮʝʥʠʚʘʣʠ 

ʤʝʪʦʜʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ (Sentech SE-850). ɼʘʥʥʳʝ 

ʵʣʣʠʧʩʦʤʝʪʨʠʠ ʙʳʣʠ ʦʙʨʘʙʦʪʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ 

ɹʨʶʛʛʝʤʘʥʘ ʠ ʊʘʫʢʘ ï ʃʦʨʝʥʮʘ. ʆʧʪʠʯʝʩʢʘʷ ʧʦʨʠʩʪʦʩʪʴ ʧʣʝʥʦʢ V ʦʮʝʥʠʚʘʣʘʩʴ ʠʟ 
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ʩʦʦʪʥʦʰʝʥʠʷ ʃʦʨʝʥʮʘ-ʃʦʨʝʥʮʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ 

ʧʣʦʪʥʦʡ (nd = 2.6) ʠ ʧʦʨʠʩʪʦʡ ʧʣʝʥʦʢ (np) [161]:  

ὠ ρ
ὲ ρẗὲ ς

ὲ ρẗὲ ς
                                      υ 

 

ʊʘʙʣʠʮʘ 4. ʆʙʱʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʝʢʦʪʦʨʳʭ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT  

ʉʦʜʝʨʞʘʥʠʝ 

ʧʦʨʦʛʝʥʘ, 

ʤʘʩ% 

ʂʦʣʠʯʝʩʪʚʦ 

ʩʣʦʝʚ 

ɼʘʥʥʳʝ ʵʣʣʠʧʩʦʤʝʪʨʠʠ 

ʊʦʣʱʠʥʘ d, 

ʥʤ 

ʇʦʢʘʟʘʪʝʣʴ 

ʧʨʝʣʦʤʣʝʥʠʷ, 

n 

ʆʧʪʠʯʝʩʢʘʷ 

ʧʦʨʠʩʪʦʩʪʴ V, % 

1% PVP 11 475 2.434 5.5 

6.6% PVP 7 566 1.85 32 

30% Brij 76 6 408 2.21 14.2 

40% Brij 76 6 357 2.38 7.5 

 

 

 

 

2.1.4. ʂʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT 

 

ʅʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʢʦʤʧʦʟʠʪʦʚ ʙʳʣʠ ʚʳʙʨʘʥʳ ʧʣʝʥʢʠ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʧʦʨʦʛʝʥʦʚ PVP (6,6 ʤʘʩ. %) ʠ 

Brij  76 (30ï60 ʤʘʩ. %), ʪʘʢ ʢʘʢ ʠʭ ʧʦʨʳ ʠʤʝʶʪ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʡ ʨʘʟʤʝʨ ʠ 

ʬʦʨʤʫ. ɼʘʥʥʳʝ ʧʣʝʥʢʠ ʩʠʥʪʝʟʠʨʦʚʘʣʠ ʧʦ ʤʝʪʦʜʠʢʝ, ʦʧʠʩʘʥʥʦʡ ʚ ʧ.2.1.3, ʧʦʩʣʝ 

ʯʝʛʦ ʧʦʜʚʝʨʛʘʣʠ ʟʘʧʦʣʥʝʥʠʶ ʦʢʩʠʜʦʤ ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ ʦʩʘʞʜʝʥʠʷ 

(ALD).  

ʄʝʪʦʜ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ ʦʩʘʞʜʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʩʠʥʪʝʟʠʨʦʚʘʪʴ 

ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʚʸʨʜʳʭ ʪʝʣ ʧʦʩʨʝʜʩʪʚʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ 

ʩʘʤʦʦʛʨʘʥʠʯʝʥʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʤʝʞʜʫ ʧʦʚʝʨʭʥʦʩʪʴʶ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʠ 

ʛʘʟʦʚʦʡ ʬʘʟʦʡ [162]. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʨʝʘʢʮʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ 
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ʧʨʝʜʫʩʤʦʪʨʝʥʦ ʥʘʣʠʯʠʝ ʦʧʨʝʜʝʣʸʥʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ, ʢʦʪʦʨʳʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʥʠʟʢʦʤʦʣʝʢʫʣʷʨʥʳʤ ʨʝʘʛʝʥʪʦʤ ʠ ʧʦʟʚʦʣʷʶʪ ʦʙʨʘʟʦʚʳʚʘʪʴ 

ʫʩʪʦʡʯʠʚʳʝ ʩʦʝʜʠʥʝʥʠʷ [162]. ʇʨʦʮʝʩʩ ʩʠʥʪʝʟʘ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʠʣʠ ʥʝʩʢʦʣʴʢʠʭ 

ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʚ ʦʧʨʝʜʝʣʝʥʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʢʘʞʜʘʷ ʠʟ ʢʦʪʦʨʳʭ 

ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʤʦʥʦʩʣʦʷ ʥʦʚʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ ʠ ʥʘʯʠʥʘʝʪʩʷ 

ʪʦʣʴʢʦ ʧʦʣʥʦʛʦ ʟʘʚʝʨʰʝʥʠʷ ʧʨʝʜʳʜʫʱʝʡ ʨʝʘʢʮʠʠ.   ʕʪʦʪ ʤʝʪʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʧʦʣʫʯʝʥʠʝ ʩʣʦʝʚ ʟʘʜʘʥʥʦʡ ʪʦʣʱʠʥʳ ʩ ʩʫʙʥʘʥʦʤʝʪʨʦʚʦʡ ʪʦʯʥʦʩʪʴʶ, ʦʪʩʫʪʩʪʚʠʝ 

ʧʨʠʤʝʩʝʡ (ʨʝʘʢʮʠʠ ʧʨʦʭʦʜʷʪ ʥʝ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ), ʧʦʟʚʦʣʷʝʪ ʩʠʥʪʝʟʠʨʦʚʘʪʴ 

ʤʥʦʛʦʩʣʦʡʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʨʝʟʢʠʤʠ ʛʨʘʥʠʮʘʤʠ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʠ ʩʪʨʫʢʪʫʨʫ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʧʣʝʥʦʢ 

PZT+Brij  76(30 ʤʘʩ. %) ʠ PZT+PVP(6,6 ʤʘʩ. %), ʟʘʧʦʣʥʝʥʥʳʭ ʦʢʩʠʜʦʤ ʪʠʪʘʥʘ ʧʨʠ 

ʨʘʟʣʠʯʥʦʤ ʢʦʣʠʯʝʩʪʚʝ ʮʠʢʣʦʚ ʟʘʧʦʣʥʝʥʠʷ (ʊʘʙʣʠʮʘ 5). 

 

ʊʘʙʣʠʮʘ 5. ʂʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ PZT 

 ̄ ʆʙʨʘʟʝʮ ʂʦʣʠʯʝʩʪʚʦ ʮʠʢʣʦʚ ALD 

1 PZT+Brij 76(30 ʤʘʩ. %)/TiO2 (ALD)  500 

2 PZT+Brij 76(30 ʤʘʩ. %)/TiO2 (ALD)  300 

3 PZT+PVP(6,6 ʤʘʩ. %)/TiO2 (ALD) 1000 

 

 

 

2.2. ʄʝʪʦʜʳ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

ʄʝʪʦʜʳ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʦʩʥʦʚʘʥʳ ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ ʩ ʠʩʩʣʝʜʫʝʤʳʤ ʤʘʪʝʨʠʘʣʦʤ, ʢʦʪʦʨʦʝ 

ʧʨʠʚʦʜʠʪ ʢ ʛʝʥʝʨʘʮʠʠ ʨʘʟʣʠʯʥʳʭ ʩʠʛʥʘʣʦʚ: ʦʞʝ-ʵʣʝʢʪʨʦʥʳ, ʚʪʦʨʠʯʥʳʝ 

ʵʣʝʢʪʨʦʥʳ, ʦʙʨʘʪʥʦ-ʨʘʩʩʝʷʥʥʳʝ ʵʣʝʢʪʨʦʥʳ, ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ, 

ʧʨʦʰʝʜʰʠʝ ʫʧʨʫʛʦ- ʠ ʥʝʫʧʨʫʛʦʨʘʩʩʝʷʥʥʳʝ ʵʣʝʢʪʨʦʥʳ ʠ ʜʨ. ɸʥʘʣʠʟ ʜʘʥʥʳʭ 

ʩʠʛʥʘʣʦʚ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʪʦʧʦʛʨʘʬʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʠ 
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ʝʛʦ ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ, ʦ ʣʦʢʘʣʴʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʠ ʭʠʤʠʯʝʩʢʦʤ 

ʩʦʩʪʘʚʝ, ʜʝʬʝʢʪʘʭ, ʪʝʢʩʪʫʨʝ.  

ʇʨʠʥʮʠʧʠʘʣʴʥʦ ʨʘʟʣʠʯʘʶʪ ʧʨʦʩʚʝʯʠʚʘʶʱʫʶ (ʇʕʄ) ʠ ʨʘʩʪʨʦʚʫʶ 

ʵʣʝʢʪʨʦʥʥʫʶ ʤʠʢʨʦʩʢʦʧʠʶ (ʈʕʄ). ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʧʫʯʦʢ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʭʦʜʠʪ 

ʪʦʥʢʠʡ ʦʙʨʘʟʝʮ ʥʘʩʢʚʦʟʴ, ʚʦ ʚʪʦʨʦʤ ï ʧʨʦʠʩʭʦʜʠʪ ʩʢʘʥʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʙʨʘʟʮʘ ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʤ ʵʣʝʢʪʨʦʥʥʳʤ ʟʦʥʜʦʤ. ʀʟʥʘʯʘʣʴʥʦ ʚ ʇʕʄ 

ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʦʩʚʝʱʝʥʠʝ ʚʩʝʡ ʦʙʣʘʩʪʠ ʠʥʪʝʨʝʩʘ ʧʘʨʘʣʣʝʣʴʥʳʤ 

ʧʫʯʢʦʤ ʵʣʝʢʪʨʦʥʦʚ (ʢʣʘʩʩʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʇʕʄ), ʦʜʥʘʢʦ ʩʝʡʯʘʩ ʙʦʣʴʰʠʥʩʪʚʦ 

ʧʨʦʩʚʝʯʠʚʘʶʱʠʭ ʤʠʢʨʦʩʢʦʧʦʚ ʦʩʥʘʱʝʥʦ ʧʨʠʩʪʘʚʢʦʡ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ 

ʩʢʘʥʠʨʦʚʘʥʠʷ ʧʣʦʱʘʜʠ ʦʙʨʘʟʮʘ ʩʚʝʜʝʥʥʳʤ ʚ ʪʦʯʢʫ ʧʫʯʢʦʤ (ʤʝʪʦʜʳ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝ-ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʇʈʕʄ). ʀ ʥʘʦʙʦʨʦʪ, ʚ 

ʤʝʪʦʜʘʭ ʈʕʄ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʫʞʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʠʩʪʘʚʢʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʪʦʥʢʠʭ ʦʙʨʘʟʮʦʚ ʥʘ ʧʨʦʩʚʝʪ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʛʣʘʚʥʳʤ ʨʘʟʣʠʯʠʝʤ ʤʝʪʦʜʦʚ ʈʕʄ ʠ 

ʇʕʄ ʩʝʡʯʘʩ ʦʩʪʘʝʪʩʷ ʠʩʧʦʣʴʟʫʝʤʦʝ ʥʘʧʨʷʞʝʥʠʝ ʜʣʷ ʫʩʢʦʨʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ (ʜʦ 

30ʢɺ ʚ ʈʕʄ, ʠ 80-300 ʢɺ ʚ ʇʕʄ) ʠ ʚʦʟʤʦʞʥʳʡ ʦʙʲʝʤ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ, ʘ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʠ ʩʚʷʟʘʥʥʳʝ ʩ ʵʪʠʤ ʢʦʥʩʪʨʫʢʪʠʚʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʠʙʦʨʦʚ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʵʣʝʢʪʨʦʥʥʳʝ ʤʠʢʨʦʩʢʦʧʳ ï ʵʪʦ ʧʨʠʙʦʨʳ ʩʦ ʩʣʦʞʥʦʡ 

ʚʘʢʫʫʤʥʦʡ ʩʠʩʪʝʤʦʡ, ʧʨʠ ʵʪʦʤ ʩʪʝʧʝʥʴ ʚʘʢʫʫʤʘ ʚ ʨʘʟʣʠʯʥʳʭ ʫʟʣʘʭ ʚʘʢʫʫʤʥʦʡ 

ʩʠʩʪʝʤʳ ʟʘʚʠʩʠʪ ʦʪ ʠʩʧʦʣʴʟʫʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʣʝʢʪʨʦʥʦʚ (ʢʘʪʦʜʦʚ), 

ʦʙʝʩʧʝʯʠʚʘʝʤʦʛʦ ʧʨʠʙʦʨʦʤ ʫʩʢʦʨʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ ʨʘʟʨʝʰʝʥʠʷ ʧʨʠʙʦʨʘ. 

ʕʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʝʪʩʷ, ʠ ʫʞʝ ʧʦʟʚʦʣʷʝʪ 

ʠʩʩʣʝʜʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʦʙʲʝʢʪʳ (ʢʨʠʦ-ʇʕʄ, ʢʨʠʦ-ʈʕʄ), 

ʠʟʤʝʨʷʪʴ ʤʝʭʘʥʠʯʝʩʢʠʝ, ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ ʚ 

ʥʘʥʦʤʘʩʰʪʘʙʝ, ʧʨʦʚʦʜʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪʳ in-situ, ʩʦʚʤʝʱʘʪʴ ʨʘʟʣʠʯʥʳʝ ʠʟʣʫʯʝʥʠʷ 

ʚʥʫʪʨʠ ʦʜʥʦʛʦ ʧʨʠʙʦʨʘ, ʠʩʩʣʝʜʦʚʘʪʴ ʪʨʝʭʤʝʨʥʫʶ ʩʪʨʫʢʪʫʨʫ ʦʙʲʝʢʪʦʚ 

ʠʩʩʣʝʜʦʚʘʥʠʷ (ʇʕʄ-ʪʦʤʦʛʨʘʬʠʷ, ʌʀʇ-ʈʕʄ ʥʘʥʦʪʦʤʦʛʨʘʬʠʷ). ʅʠʞʝ ʧʨʠʚʝʜʝʥʳ 

ʢʨʘʪʢʠʝ ʩʚʝʜʝʥʠʷ ʦ ʤʝʪʦʜʘʭ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ. 
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2.2.1. ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ʉʦʚʨʝʤʝʥʥʳʝ ʇʕʄ ʧʦʟʚʦʣʷʪʁ ʧʦʣʫʯʠʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ 

ʫʣʴʪʨʘʪʦʥʢʠʭ (ʥʝ ʙʦʣʝʝ 0,1 ʤʢʤ) ʦʙʨʘʟʮʦʚ ʩ ʩʫʙʘʥʛʩʪʨʝʤʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ, 

ʠʟʫʯʠʪʴ ʠʭ ʤʘʛʥʠʪʥʳʝ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʦʩʦʙʝʥʥʦʩʪʠ ʛʨʘʥʠʮ ʟʝʨʝʥ ʠ 

ʜʨʫʛʠʭ ʜʝʬʝʢʪʦʚ, ʦʧʨʝʜʝʣʠʪʴ ʪʠʧ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʠ ʦʨʠʝʥʪʘʮʠʶ 

ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, ʠʟʫʯʠʪʴ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʤʘʪʝʨʠʘʣʘ ʚʧʣʦʪʴ ʜʦ 

ʘʪʦʤʥʦʛʦ ʫʨʦʚʥʷ, ʠʩʩʣʝʜʦʚʘʪʴ ʧʨʝʚʨʘʱʝʥʠʷ in situ. ʕʪʦʪ ʫʥʠʢʘʣʴʥʳʡ ʧʨʠʙʦʨ 

ʷʚʣʷʝʪʩʷ ʥʝʟʘʤʝʥʠʤʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʚ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠ, ʤʠʢʨʦ- ʠ 

ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʝ, ʙʠʦʣʦʛʠʠ ʠ ʜʨʫʛʠʭ ʦʙʣʘʩʪʷʭ ʥʘʫʢʠ.  

ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʦʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʇʕʄ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʩʚʝʱʝʥʠʷ 

ʦʙʨʘʟʮʘ ʧʘʨʘʣʣʝʣʴʥʳʤ ʧʫʯʢʦʤ ʵʣʝʢʪʨʦʥʦʚ ʠʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 12. 

ʕʣʝʢʪʨʦʥʥʘʷ ʧʫʰʢʘ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʢʘʪʦʜʘ 1, ʬʦʢʫʩʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʜʘ 

(ʮʠʣʠʥʜʨʘ ɺʝʥʝʣʴʪʘ) 2 ʠ ʘʥʦʜʘ 3, ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʢʦʥʜʝʥʩʦʨʥʳʝ ʣʠʥʟʳ 4 

ʬʦʨʤʠʨʫʶʪ ʧʫʯʦʢ ʵʣʝʢʪʨʦʥʦʚ, ʢʦʪʦʨʳʡ ʨʘʩʩʝʠʚʘʝʪʩʷ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʯʝʨʝʟ 

ʦʙʨʘʟʝʮ 5, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʚ ʧʝʨʝʜʥʝʡ ʬʦʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʦʙʲʝʢʪʠʚʥʦʡ ʣʠʥʟʳ 

6. ɺ ʟʘʜʥʝʡ ʬʦʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʦʙʲʝʢʪʠʚʥʦʡ ʣʠʥʟʳ ʬʦʢʫʩʠʨʫʶʪʩʷ ʣʫʯʠ, 

ʨʘʩʩʝʷʥʥʳʝ ʦʙʨʘʟʮʦʤ ʧʦʜ ʦʜʠʥʘʢʦʚʳʤ ʫʛʣʦʤ, ʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʬʦʨʤʠʨʫʝʪʩʷ 

ʜʠʬʨʘʢʮʠʦʥʥʘʷ ʢʘʨʪʠʥʘ. ɺ ʧʣʦʩʢʦʩʪʠ I1 ʬʦʨʤʠʨʫʝʪʩʷ ʧʝʨʚʦʝ ʠʟʦʙʨʘʞʝʥʠʝ. 

ɼʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʠʟʦʙʨʘʞʝʥʠʷ (ʈʠʩʫʥʦʢ 12ʘ) ʠʣʠ ʜʠʬʨʘʢʮʠʦʥʥʦʡ 

ʢʘʨʪʠʥʳ (ʈʠʩʫʥʦʢ 12ʙ) ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʧʨʦʤʝʞʫʪʦʯʥʦʡ 7 ʠ ʧʨʦʝʢʮʠʦʥʥʦʡ 8 

ʣʠʥʟ. ʈʝʞʠʤ ʥʘʙʣʶʜʝʥʠʷ ʠʟʤʝʥʷʝʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʨʝʛʫʣʠʨʦʚʢʠ ʪʦʢʘ, ʘ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠ ʬʦʢʫʩʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ, ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʣʠʥʟʳ [163].  
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ʈʠʩʫʥʦʢ 12. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʦʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʇʕʄ: ʘ) ʚ ʨʝʞʠʤʝ 

ʠʟʦʙʨʘʞʝʥʠʷ, ʙ) ʚ ʨʝʞʠʤʝ ʜʠʬʨʘʢʮʠʠ. 1 ï ʢʘʪʦʜ, 2 ï ʬʦʢʫʩʠʨʫʶʱʠʡ ʵʣʝʢʪʨʦʜ 

(ʮʠʣʠʥʜʨ ɺʝʥʝʣʴʪʘ), 3 ï ʘʥʦʜ, 4 ï ʢʦʥʜʝʥʩʦʨʥʳʝ ʣʠʥʟʳ, 5 ï ʦʙʨʘʟʝʮ, 6 - 

ʦʙʲʝʢʪʠʚʥʘʷ ʣʠʥʟʘ, 7 ï ʧʨʦʤʝʞʫʪʦʯʥʘʷ ʣʠʥʟʘ, 8 ï ʧʨʦʝʢʮʠʦʥʥʘʷ ʣʠʥʟʘ [163] 

 

ʂʦʥʪʨʘʩʪ ʚ ʇʕʄ ʬʦʨʤʠʨʫʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʷʚʣʷʝʪʩʷ ʣʠ ʦʙʲʝʢʪ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʠʣʠ ʘʤʦʨʬʥʳʤ. ɺ ʩʣʫʯʘʝ ʘʤʦʨʬʥʳʭ ʦʙʲʝʢʪʦʚ 

ʦʙʨʘʟʦʚʘʥʠʝ ʢʦʥʪʨʘʩʪʘ ʩʚʷʟʘʥʦ ʩ ʨʘʟʣʠʯʥʦʡ ʪʦʣʱʠʥʦʡ ʠʣʠ/ʠ ʧʣʦʪʥʦʩʪʴʶ ʨʘʟʥʳʭ 

ʫʯʘʩʪʢʦʚ ʦʙʲʝʢʪʘ. ʇʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʵʣʝʢʪʨʦʥʦʚ ʯʝʨʝʟ ʦʙʨʘʟʝʮ ʦʜʥʠ ʠʟ ʥʠʭ 

ʨʘʩʩʝʠʚʘʶʪʩʷ ʠʟ-ʟʘ ʩʪʦʣʢʥʦʚʝʥʠʡ ʩ ʷʜʨʘʤʠ ʘʪʦʤʦʚ ʦʙʨʘʟʮʘ, ʜʨʫʛʠʝ ï ʠʟ-ʟʘ 

ʩʪʦʣʢʥʦʚʝʥʠʡ ʩ ʵʣʝʢʪʨʦʥʘʤʠ ʘʪʦʤʦʚ, ʘ ʪʨʝʪʴʠ ʧʨʦʭʦʜʷʪ, ʥʝ ʧʨʝʪʝʨʧʝʚʘʷ 

ʨʘʩʩʝʷʥʠʷ. ʉʪʝʧʝʥʴ ʨʘʩʩʝʷʥʠʷ ʚ ʢʘʢʦʡ-ʣʠʙʦ ʦʙʣʘʩʪʠ ʦʙʨʘʟʮʘ ʟʘʚʠʩʠʪ ʦʪ ʪʦʣʱʠʥʳ 

ʦʙʨʘʟʮʘ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ, ʝʛʦ ʧʣʦʪʥʦʩʪʠ ʠ ʩʨʝʜʥʝʡ ʘʪʦʤʥʦʡ ʤʘʩʩʳ (ʯʠʩʣʘ ʧʨʦʪʦʥʦʚ) 

ʚ ʜʘʥʥʦʡ ʪʦʯʢʝ. ʕʬʬʝʢʪ ʨʘʩʩʝʷʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʟʘʚʠʩʠʪ ʪʘʢʞʝ ʦʪ ʠʭ ʵʥʝʨʛʠʠ: ʯʝʤ 

ʙʦʣʴʰʝ ʵʥʝʨʛʠʷ (ʪ.ʝ. ʯʝʤ ʙʦʣʴʰʝ ʫʩʢʦʨʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ), ʪʝʤ ʤʝʥʴʰʝ 

ʨʘʩʩʝʷʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʦʙʲʝʢʪʘʤʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʷʨʯʝ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʲʝʢʪʘ ʥʘ 
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ʵʢʨʘʥʝ. ʏʝʤ ʪʦʣʱʝ (ʠʣʠ ʧʣʦʪʥʝʝ) ʫʯʘʩʪʦʢ ʦʙʨʘʟʮʘ, ʪʝʤ ʚ ʙʦʣʴʰʝʤ ʠʥʪʝʨʚʘʣʝ 

ʫʛʣʦʚ ʧʨʦʠʩʭʦʜʠʪ ʨʘʩʩʝʷʥʠʝ ʵʣʝʢʪʨʦʥʦʚ. ʆʙʲʝʢʪʠʚʥʘʷ ʜʠʘʬʨʘʛʤʘ, 

ʨʘʩʧʦʣʦʞʝʥʥʘʷ ʚ ʟʘʜʥʝʡ ʬʦʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʚ ʢʦʣʦʥʥʝ ʤʠʢʨʦʩʢʦʧʘ, 

ʦʛʨʘʥʠʯʠʚʘʝʪ ʰʠʨʦʢʦ ʨʘʩʭʦʜʷʱʠʝʩʷ ʣʫʯʠ, ʠ ʧʦʪʦʤʫ ʦʙʣʘʩʪʠ, ʨʘʩʩʝʠʚʘʶʱʠʝ 

ʵʣʝʢʪʨʦʥʳ ʚ ʙʦʣʴʰʦʤ ʠʥʪʝʨʚʘʣʝ ʫʛʣʦʚ, ʦʢʘʟʳʚʘʶʪʩʷ ʥʘ ʩʚʝʪʣʦʧʦʣʴʥʦʤ 

ʠʟʦʙʨʘʞʝʥʠʠ ʙʦʣʝʝ ʪʝʤʥʳʤʠ [163,164].  

ɽʩʣʠ ʦʙʲʝʢʪ ʠʣʠ ʝʛʦ ʯʘʩʪʠ ʠʤʝʶʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ, ʪʦ ʢʨʦʤʝ 

ʜʠʬʬʫʟʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʥʘ ʢʦʥʪʨʘʩʪ ʠʟʦʙʨʘʞʝʥʠʷ ʙʫʜʝʪ ʚʣʠʷʪʴ ʝʱʝ ʠ 

ʜʠʬʨʘʢʮʠʦʥʥʦʝ ʨʘʩʩʝʷʥʠʝ. ʂʦʥʪʨʘʩʪ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʤʦʞʝʪ ʙʳʪʴ ʘʤʧʣʠʪʫʜʥʳʤ 

ʠʣʠ ʬʘʟʦʚʳʤ (ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʤ). 

ʇʨʠ ʘʤʧʣʠʪʫʜʥʦʤ ʢʦʥʪʨʘʩʪʝ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʧʫʯʢʘ ʦʪ 

ʫʯʘʩʪʢʘ ʦʙʨʘʟʮʘ Iʜ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʝʤ, ʢʘʢ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʧʣʦʩʢʦʩʪʠ (hkl) 

ʨʘʩʧʦʣʦʞʝʥʳ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʧʘʜʘʶʱʝʤʫ ʧʫʯʢʫ ʵʣʝʢʪʨʦʥʦʚ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ I0. 

ɽʩʣʠ ʫʛʦʣ ʧʘʜʝʥʠʷ ʨʘʚʝʥ ʙʨʝʛʛʦʚʩʢʦʤʫ, ʪʦ Iʜ ʠʤʝʝʪ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ. ʏʝʤ 

ʩʠʣʴʥʝʝ ʧʣʦʩʢʦʩʪʠ (hkl) ʦʪʢʣʦʥʷʶʪʩʷ ʦʪ ʪʦʯʥʦʡ ʙʨʝʛʛʦʚʩʢʦʡ ʦʨʠʝʥʪʠʨʦʚʢʠ, ʪʝʤ 

ʤʝʥʴʰʝ ʚʝʣʠʯʠʥʘ Iʜ [164]. ɽʩʣʠ ʧʨʝʥʝʙʨʝʯʴ ʵʬʬʝʢʪʘʤʠ ʧʦʛʣʦʱʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ 

ʚ ʦʙʨʘʟʮʝ, ʪʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʫʯʢʘ, ʧʨʦʰʝʜʰʝʛʦ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʘʜʘʶʱʝʛʦ ʣʫʯʘ  

Ὅ̐̑  Ὅ  Ὅ̅                                                            φ 

ʉ ʧʦʤʦʱʴʶ ʦʙʲʝʢʪʠʚʥʦʡ ʜʠʘʬʨʘʛʤʳ, ʥʘʭʦʜʷʱʝʡʩʷ ʚ ʬʦʢʘʣʴʥʦʡ 

ʧʣʦʩʢʦʩʪʠ, ʤʦʞʥʦ ʦʪʩʝʯʴ ʧʨʦʰʝʜʰʠʡ ʠʣʠ ʜʠʬʨʘʛʠʨʦʚʘʥʥʳʝ ʣʫʯʠ, ʦʧʨʝʜʝʣʷʷ, 

ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʘʢʠʝ ʣʫʯʠ ʙʫʜʫʪ ʫʯʘʩʪʚʦʚʘʪʴ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʠʟʦʙʨʘʞʝʥʠʷ. ʇʨʠ 

ʚʳʙʦʨʝ ʧʨʦʰʝʜʰʝʛʦ ʣʫʯʘ ʜʠʬʨʘʛʠʨʫʶʱʠʝ ʦʙʣʘʩʪʠ ʦʩʪʘʶʪʩʷ ʟʘʪʝʤʥʝʥʥʳʤʠ ʥʘ 

ʩʚʝʪʣʦʤ ʬʦʥʝ ʦʙʱʝʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ï ʪʘʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʥʘʟʳʚʘʶʪ 

ʩʚʝʪʣʦʧʦʣʴʥʳʤ (ʉʇ). ʇʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʧʫʯʢʘ ʯʝʨʝʟ 

ʘʧʝʨʪʫʨʥʫʶ ʜʠʘʬʨʘʛʤʫ, ʜʠʬʨʘʛʠʨʫʶʱʠʝ ʦʙʣʘʩʪʠ ʙʫʜʫʪ ʩʚʝʪʣʳʤʠ ʥʘ ʪʝʤʥʦʤ 

ʬʦʥʝ ï ʬʦʨʤʠʨʫʝʪʩʷ ʪʝʤʥʦʧʦʣʴʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ (ʊʇ).  

ʇʨʠ ʘʤʧʣʠʪʫʜʥʦʤ ʢʦʥʪʨʘʩʪʝ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʪʦʣʴʢʦ ʦʨʠʝʥʪʘʮʠʶ ʟʝʨʝʥ, 

ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʦʩʦʙʝʥʥʦʩʪʠ ʚʥʫʪʨʝʥʥʝʛʦ ʩʪʨʦʝʥʠʷ ʢʨʠʩʪʘʣʣʘ ʚʳʷʚʣʷʶʪʩʷ ʧʨʠ ʪʘʢ 

ʥʘʟʳʚʘʝʤʦʤ ʜʠʬʨʘʢʮʠʦʥʥʦʤ ʢʦʥʪʨʘʩʪʝ ï ʢʦʥʪʨʘʩʪʝ, ʦʙʫʩʣʦʚʣʝʥʥʦʤ 

ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʜʠʬʨʘʢʮʠʠ ʥʘ ʜʝʬʝʢʪʘʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. 
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ʌʘʟʦʚʳʡ, ʠʣʠ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʡ, ʢʦʥʪʨʘʩʪ ʚ ʠʟʦʙʨʘʞʝʥʠʠ ʢʨʠʩʪʘʣʣʦʚ 

ʩʦʟʜʘʝʪʩʷ ʪʦʛʜʘ, ʢʦʛʜʘ ʠʥʪʝʨʬʝʨʠʨʫʶʪ ʣʫʯʠ, ʜʠʬʨʘʛʠʨʦʚʘʥʥʳʝ ʥʘ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ [164]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʚ ʠʟʦʙʨʘʞʝʥʠʠ ʚʦʟʥʠʢʘʝʪ ʩʠʩʪʝʤʘ 

ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʦʣʦʩ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʪʦʡ ʩʠʩʪʝʤʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ 

ʧʣʦʩʢʦʩʪʝʡ (hkl) ʩ ʤʝʞʧʣʦʩʢʦʩʪʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ dhkl, ʨʘʩʩʝʷʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʥʘ 

ʢʦʪʦʨʦʡ çʧʦʨʦʜʠʣʦè ʜʠʬʨʘʛʠʨʦʚʘʥʥʳʡ. ʏʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ 

ʧʨʦʭʦʜʷʱʠʭ ʣʫʯʝʡ, ʪʦʛʜʘ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʘʷ ʢʘʨʪʠʥʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʘʙʦʨ 

ʧʷʪʝʥ, ʥʘʟʳʚʘʝʤʳʭ ʧʨʷʤʳʤ ʠʟʦʙʨʘʞʝʥʠʝʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. ɼʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʪʘʢʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʝʥʠʝ ʪʨʝʙʦʚʘʥʠʡ ʧʦ 

ʦʛʨʘʥʠʯʝʥʠʶ ʘʙʝʨʨʘʮʠʡ, ʪʦʣʱʠʥʝ ʦʙʨʘʟʮʘ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʧʨʠʙʦʨʘ, ʠ ʧʦʪʦʤʫ 

ʚʳʜʝʣʷʶʪ ʦʩʦʙʳʡ ʤʝʪʦʜ ï ʵʣʝʢʪʨʦʥʥʫʶ ʤʠʢʨʦʩʢʦʧʠʶ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ 

(ɺʈʕʄ). ʀʟʦʙʨʘʞʝʥʠʷ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʠʩʧʦʣʴʟʫʶʪ ʢʘʢ ʜʣʷ ʠʟʫʯʝʥʠʷ 

ʥʝʩʦʚʝʨʰʝʥʩʪʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ: ʜʠʩʣʦʢʘʮʠʡ, ʛʨʘʥʠʮ ʙʣʦʢʦʚ 

(ʩʫʙʟʝʨʝʥ), ʟʝʨʝʥ, ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʨʘʩʧʘʜʝ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ (ʥʘʧʨʠʤʝʨ, ʟʦʥ ɻʠʥʴʝ-ʇʨʝʩʪʦʥʘ), ʪʘʢ ʠ ʜʣʷ ʘʥʘʣʠʟʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʦʩʦʙʝʥʥʦ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠʣʠ ʘʤʦʨʬʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʘʭ. 

ɺ ʧʨʦʩʚʝʯʠʚʘʶʱʝʤ ʨʘʩʪʨʦʚʦʤ ʨʝʞʠʤʝ ʵʣʝʢʪʨʦʥʥʳʡ ʧʫʯʦʢ ʩʚʦʜʠʪʩʷ ʚ 

ʪʦʯʢʫ ʠ ʩʢʘʥʠʨʫʝʪ ʦʙʨʘʟʝʮ ʧʦ ʨʘʩʪʨʫ. ʇʫʯʦʢ ʵʣʝʢʪʨʦʥʦʚ ʧʦ-ʧʨʝʞʥʝʤʫ ʧʨʦʭʦʜʠʪ 

ʥʘʩʢʚʦʟʴ ʦʙʨʘʟʮʘ ʠ ʜʝʪʝʢʪʠʨʫʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʨʘʟʣʠʯʥʳʭ ʜʝʪʝʢʪʦʨʦʚ: ʩʚʝʪʣʦʛʦ 

ʧʦʣʷ, ʪʝʤʥʦʛʦ ʧʦʣʷ, ʚʳʩʦʢʦʫʛʣʦʚʦʛʦ ʜʝʪʝʢʪʦʨʘ ʪʝʤʥʦʛʦ ʧʦʣʷ (HAADF STEM). 

ʂʨʦʤʝ ʠʟʦʙʨʘʞʝʥʠʡ, ʧʨʦʩʚʝʯʠʚʘʶʱʠʡ ʨʘʩʪʨʦʚʳʡ ʨʝʞʠʤ ʧʦʟʚʦʣʷʝʪ ʩʦʙʠʨʘʪʴ 

ʩʧʝʢʪʨʳ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ ʠ, ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʧʦʣʫʯʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʣʦʢʘʣʴʥʦʤ ʵʣʝʤʝʥʪʦʤ ʩʦʩʪʘʚʝ ʩ ʪʦʯʥʦʩʪʴʶ 

ʚʧʣʦʪʴ ʜʦ ʘʪʦʤʥʳʭ ʢʦʣʦʥʦʢ, ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʠʟʤʝʥʝʥʠʝ ʩʦʩʪʘʚʘ ʧʦ ʣʠʥʠʠ, ʩʪʨʦʠʪʴ 

ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʙʨʘʥʥʦʡ ʧʣʦʱʘʜʠ (EDX 

ʣɻʝʤʝʥʪʥʦʝ ʢʘʨʪʠʨʦʚʘʥʠʝ). 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʢʣʘʩʩʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʇʕʄ 

(ʧʦʣʫʯʝʥʠʝ ʩʚʝʪʣʦʧʦʣʴʥʳʭ (ʉʇ)  ʠ ʪʝʤʥʦʧʦʣʴʥʳʭ (ʊʇ) ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʡ, 

ʵʣʝʢʪʨʦʥʥʘʷ ʜʠʬʨʘʢʮʠʷ), ʤʝʪʦʜʳ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʚʳʩʦʢʦʛʦ 
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ʨʘʟʨʝʰʝʥʠʷ (ɺʈʕʄ), ʤʝʪʦʜʳ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ (ʩʚʝʪʣʦʧʦʣʴʥʳʝ (ʉʇ) ʇʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ, ʪʝʤʥʦʧʦʣʴʥʳʝ 

ʠʟʦʙʨʘʞʝʥʠʷ ʩ ʚʳʩʦʢʦʫʛʣʦʚʳʤ ʢʦʣʴʮʝʚʳʤ ʜʝʪʝʢʪʦʨʦʤ ï HAADF STEM), ʤʝʪʦʜʳ 

ʘʥʘʣʠʟʘ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ (ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ (EDX) ʚ ʪʦʯʢʝ, ʧʦ ʣʠʥʠʠ, ʵʣʝʤʝʥʪʥʦʝ ʢʘʨʪʠʨʦʚʘʥʠʝ). 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Tecnai 

Osiris (Thermo Fisher Scientific, ʉʐɸ) ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 200 ʢɺ. 

ɼʘʥʥʳʡ ʧʨʠʙʦʨ ʦʩʥʘʱʝʥ ʵʣʝʢʪʨʦʥʥʦʡ ʧʫʰʢʦʡ XFEG ʠ ʩʚʝʨʭʙʳʩʪʨʳʤ EDX-

ʘʥʘʣʠʟʘʪʦʨʦʤ (Super-X SDD) ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʧʦʩʪʨʦʝʥʠʷ ʢʘʨʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʵʣʝʤʝʥʪʦʚ ʚ ʦʙʨʘʟʮʝ ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʤʝʥʝʝ 1 ʥʤ. ʈʘʟʨʝʰʝʥʠʝ ʤʠʢʨʦʩʢʦʧʘ 

ʩʦʩʪʘʚʣʷʝʪ ʜʦ 0,12 ʥʤ ʚ ʩʚʝʪʣʦʧʦʣʴʥʦʤ ʨʝʞʠʤʝ ʠ ʜʦ 0,18 ʥʤ ʚ ʇʈʕʄ-ʨʝʞʠʤʝ. 

 

 

2.2.2. ʈʘʩʪʨʦʚʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʠ ʵʣʝʢʪʨʦʥʥʦ-ʠʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ɺ ʨʘʩʪʨʦʚʦʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ, 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʚʝʜʝʥʥʳʡ ʚ ʪʦʯʢʫ ʧʫʯʦʢ, ʢʦʪʦʨʳʡ ʩʢʘʥʠʨʫʝʪ ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʘ 

ʧʦ ʨʘʩʪʨʫ. ʉʠʛʥʘʣʳ, ʛʝʥʝʨʠʨʫʝʤʳʝ ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ, ʩʦʙʠʨʘʶʪʩʷ ʨʘʟʣʠʯʥʳʤʠ 

ʜʝʪʝʢʪʦʨʘʤʠ. ʂʦʥʪʨʘʩʪ ʬʦʨʤʠʨʫʝʪʩʷ ʟʘ ʩʯʝʪ ʦʪʣʠʯʠʷ ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʠʛʥʘʣʘ ʦʪ 

2-ʭ ʨʘʟʥʳʭ ʪʦʯʝʢ. ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʷ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪ 

ʚʪʦʨʠʯʥʳʝ ʠ ʦʙʨʘʪʥʦ-ʨʘʩʩʝʷʥʥʳʝ ʵʣʝʢʪʨʦʥʳ, ʬʦʨʤʠʨʫʶʱʠʝ ʪʦʧʦʛʨʘʬʠʯʝʩʢʠʡ ʠ 

ʭʠʤʠʯʝʩʢʠʡ ʢʦʥʪʨʘʩʪ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʉʨʝʜʠ ʜʨʫʛʠʭ ʤʝʪʦʜʠʢ, ʜʦʩʪʫʧʥʳʭ ʥʘ 

ʈʕʄ, ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʫʶ ʨʝʥʪʛʝʥʦʚʩʢʫʶ ʩʧʝʨʢʪʨʦʩʢʦʧʠʶ 

(EDX), ʦʩʥʦʚʘʥʥʫʶ ʥʘ ʘʥʘʣʠʟʝ ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʦʙʨʘʟʮʦʤ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʘ ʪʘʢʞʝ ʜʠʬʨʘʢʮʠʶ ʦʙʨʘʪʥʦ-ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ 

(EBSD). 

ʐʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʧʦʣʫʯʠʣʠ ʨʘʩʪʨʦʚʳʝ ʵʣʝʢʪʨʦʥʥʦ-ʠʦʥʥʳʝ 

ʤʠʢʨʦʩʢʦʧʳ, ʦʩʥʘʱʝʥʥʳʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʢʦʣʦʥʥʦʡ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ 

ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʡ ʠʦʥʥʳʡ ʧʫʯʦʢ (ʌʀʇ). 
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ɼʦʧʦʣʥʠʪʝʣʴʥʘʷ ʢʦʣʦʥʥʘ ʥʘʭʦʜʠʪʩʷ ʧʦʜ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʫʛʣʦʤ ʢ ʚʝʨʪʠʢʘʣʴʥʦʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʣʦʥʝ (52Á ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ Scios 

DualBeam, Thermo Fisher Scientific), ʦʙʝʩʧʝʯʠʚʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʢʦʦʨʜʠʥʘʮʠʠ ʧʦ 

ʪʨʝʤ ʦʩʷʤ. ʊʷʞʝʣʳʝ ʠʦʥʳ (ʢʘʢ ʧʨʘʚʠʣʦ, ʛʘʣʣʠʡ), ʫʩʢʦʨʝʥʥʳʝ ʥʘʧʨʷʞʝʥʠʝʤ 2-

30ʢɺ ʧʦʟʚʦʣʷʶʪ ʥʝ ʪʦʣʴʢʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʥʩʪʨʫʤʝʥʪ ʢʘʢ ʩʨʝʜʩʪʚʦ ʚʠʟʫʘʣʠʟʘʮʠʠ, 

ʥʦ ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ ʦʙʨʘʟʝʮ ʧʫʪʝʤ ʢʦʥʪʨʦʣʠʨʫʝʤʦʛʦ ʪʨʘʚʣʝʥʠʷ. ʉʦʯʝʪʘʥʠʝ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʪʨʘʚʣʝʥʠʷ ʦʙʨʘʟʮʘ ʦʪʢʨʳʚʘʝʪ ʮʝʣʳʡ ʩʧʝʢʪʨ 

ʚʦʟʤʦʞʥʦʩʝʡ, ʥʘʯʠʥʘʷ ʦʪ ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʦʥʢʠʭ ʣʘʤʝʣʝʡ ʜʣʷ ʇʕʄ ʠ ʟʘʢʘʥʯʠʚʘʷ 

ʩʦʟʜʘʥʠʝʤ ʨʝʛʫʣʷʨʥʳʭ ʩʪʨʫʢʪʫʨ.  

ɼʣʷ ʤʘʥʠʧʫʣʷʮʠʠ ʦʙʨʘʟʮʦʤ ʚʥʫʪʨʠ ʢʘʤʝʨʳ ʤʠʢʨʦʩʢʦʧʘ ʪʘʢʠʝ ʜʚʫʭʣʫʯʝʚʳʝ 

ʩʠʩʪʝʤʳ ʦʩʥʘʱʝʥʳ ʤʘʥʠʧʫʣʷʪʦʨʦʤ ʠ ʛʘʟʦʚʦʡ ʠʥʞʝʢʮʠʦʥʥʦʡ ʩʠʩʪʝʤʦʡ (GIS), 

ʧʦʟʚʦʣʷʶʱʝʡ ʥʘʧʳʣʷʪʴ ʨʘʟʣʠʯʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʦʚ (ʢʘʢ 

ʧʨʘʚʠʣʦ, Pt, W, C). ʅʘʧʳʣʝʥʠʝ ʤʘʪʝʨʠʘʣʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʟʘʱʠʪʥʦʛʦ 

ʩʣʦʷ, ʧʨʝʜʦʪʚʨʘʱʘʶʱʝʛʦ ʨʘʩʪʨʘʚʣʠʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʠʧʣʘʥʪʠʨʦʚʘʥʠʝ ʠʦʥʦʚ 

ʚ ʠʩʩʣʝʜʫʝʤʳʡ ʤʘʪʝʨʠʘʣ, ʠ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʩʦʝʜʠʥʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʦʙʲʝʢʪʦʚ ʧʨʠ 

ʤʘʥʠʧʫʣʷʮʠʷʭ ʚʥʫʪʨʠ ʢʘʤʝʨʳ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʦʧʝʨʝʯʥʳʭ ʠ ʧʨʦʜʦʣʴʥʳʭ ʩʨʝʟʦʚ, ʘ 

ʪʘʢʞʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠʩʧʦʣʴʟʦʚʘʣʠ ʨʘʩʪʨʦʚʳʡ 

ʵʣʝʢʪʨʦʥʥʦ-ʠʦʥʥʳʡ ʤʠʢʨʦʩʢʦʧ Scios DualBeam (Thermo Fisher Scientific, ʉʐɸ). 

ɼʘʥʥʳʡ ʤʠʢʨʦʩʢʦʧ ʦʩʥʘʱʝʥ ʢʘʪʦʜʦʤ ʩ ʧʦʣʝʚʦʡ ʵʤʠʩʩʠʝʡ, ʤʠʢʨʦʤʘʥʠʧʫʣʷʪʦʨʦʤ 

ʠ GIS, ʜʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʧʨʠʩʪʘʚʢʘʤʠ EDX, EBSD, ʜʝʪʝʢʪʦʨʦʤ ʕʚʝʨʭʘʨʪʘ-

ʊʦʨʥʣʠ ʠ ʚʥʫʪʨʠʣʠʥʟʦʚʳʤʠ ʜʝʪʝʢʪʦʨʘʤʠ ʚʪʦʨʠʯʥʳʭ ʠ ʦʙʨʘʪʥʦ ʨʘʩʩʝʷʥʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ (T1 ʠ T2). ʈʘʟʨʝʰʝʥʠʝ ʤʠʢʨʦʩʢʦʧʘ ʜʦ 1 ʥʤ ʚ ʵʣʝʢʪʨʦʥʥʦʤ ʧʫʯʢʝ ʠ ʜʦ 

7 ʥʤ ʚ ʠʦʥʥʦʤ ʧʦʟʚʦʣʷʪ ʧʦʣʫʯʠʪʴ ʧʦʣʥʫʶ ʢʘʨʪʠʥʫ ʩʪʨʫʢʪʫʨʳ ʦʙʲʝʢʪʦʚ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʘʥʥʦʡ ʨʘʙʦʪʳ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʌʀʇ-ʈʕʄ 

ʥʘʥʦʪʦʤʦʛʨʘʬʠʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ ʨʘʩʪʨʦʚʦʤ ʵʣʝʢʪʨʦʥʥʦ-ʠʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ 

Helios NanoLab 650 (Thermo Fisher Scientific, ʉʐɸ).  
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2.2.3.1. ʀʟʛʦʪʦʚʣʝʥʠʝ ʧʦʧʝʨʝʯʥʦʛʦ ʦʙʨʘʟʮʘ ʜʣʷ ʇʕʄ 

ɼʚʫʭʣʫʯʝʚʳʝ ʨʘʩʪʨʦʚʳʝ ʤʠʢʨʦʩʢʦʧʳ ʦʪʢʨʳʣʠ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʨʝʮʠʟʠʦʥʥʦʛʦ ʠʟʛʦʪʦʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ ʜʣʷ ʇʕʄ ʠʟ ʤʘʩʩʠʚʥʳʭ ʦʙʨʘʟʮʦʚ. 

ɻʣʘʚʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʷʚʣʷʝʪʩʷ ʪʦʯʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʦʙʣʘʩʪʠ ʠʥʪʝʨʝʩʘ ʚ ʦʪʣʠʯʠʝ 

ʦʪ ʩʪʘʥʜʘʨʪʥʳʭ ʤʝʪʦʜʦʚ. ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʤʝʪʦʜʠʢʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʌʀʇ 

ʢʦʩʥʫʣʘʩʴ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʦʧʝʨʝʯʥʳʭ ʩʨʝʟʦʚ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ, 

ʤʥʦʛʦʬʘʟʥʳʭ ʠ ʥʝʦʜʥʦʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʘ ʪʘʢʞʝ ʥʘʥʦʦʙʲʝʢʪʦʚ, ʜʣʷ ʢʦʪʦʨʳʭ 

ʦʩʦʙʫʶ ʚʘʞʥʦʩʪʴ ʠʤʝʝʪ ʪʦʯʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʨʘʩʧʦʣʦʞʝʥʠʷ ʣʘʤʝʣʠ. 

ɼʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʦʧʝʨʝʯʥʦʛʦ ʩʨʝʟʘ ʥʘ ʚʳʙʨʘʥʥʳʡ ʫʯʘʩʪʦʢ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʙʨʘʟʮʘ ʥʘʥʦʩʷʪ ʟʘʱʠʪʥʦʝ ʧʦʢʨʳʪʠʝ Pt (ʠʣʠ ʜʨʫʛʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ GIS) ʚ ʨʝʞʠʤʘʭ 

ʵʣʝʢʪʨʦʥʥʦʛʦ (e-Pt) ʠ ʠʦʥʥʦʛʦ ʧʫʯʢʘ (ion-Pt). ʀʟ ʦʙʨʘʟʮʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ 

ʧʦʚʝʨʭʥʦʩʪʠ ʚʳʪʨʘʚʣʠʚʘʶʪ ʧʣʘʩʪʠʥʫ ʨʘʟʤʝʨʦʤ 15Ĭ1,5Ĭ7 ʤʢʤ3, ʧʦʚʦʨʘʯʠʚʘʷ ʜʣʷ 

ʵʪʦʛʦ ʩʪʦʣʠʢ ʤʠʢʨʦʩʢʦʧʘ ʥʘ 52Á, ʪʦ ʝʩʪʴ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʠʦʥʥʦʡ ʢʦʣʦʥʥʝ. 

ʉʭʝʤʘ ʚʳʨʝʟʘʥʠʷ ʣʘʤʝʣʠ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 13. ɺʝʨʥʫʚ ʩʪʦʣʠʢ ʥʘ 0Á, ʢ 

ʧʦʣʫʯʝʥʥʦʡ ʧʣʘʩʪʠʥʝ ʧʨʠʚʘʨʠʚʘʶʪ ʤʘʥʠʧʫʣʷʪʦʨ, ʧʦʩʣʝ ʯʝʛʦ ʧʦʜʨʝʟʘʶʪ ʝʸ ʩʥʠʟʫ. 

ɿʘʪʝʤ ʧʣʘʩʪʠʥʫ ʧʝʨʝʥʦʩʷʪ ʩ ʧʦʤʦʱʴʶ ʤʘʥʠʧʫʣʷʪʦʨʘ ʠ ʧʨʠʢʨʝʧʣʷʶʪ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ GIS ʢ ʩʧʝʮʠʘʣʴʥʦʤʫ ʤʝʜʥʦʤʫ ʧʦʣʫʢʦʣʴʮʫ ʩʦ ʩʪʦʡʢʘʤʠ. ɼʘʥʥʦʝ 

ʧʦʣʫʢʦʣʴʮʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʟʘʢʨʝʧʣʝʥʦ ʚ ʚʝʨʪʠʢʘʣʴʥʦʤ ʧʦʣʦʞʝʥʠʠ ʠ 

ʟʘʛʨʫʞʘʝʪʩʷ ʚ ʢʘʤʝʨʫ ʤʠʢʨʦʩʢʦʧʘ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʦʙʨʘʟʮʦʤ. ʇʝʨʝʥʝʩʝʥʥʫʶ ʥʘ 

ʧʦʣʫʢʦʣʴʮʦ ʣʘʤʝʣʴ ʫʪʦʥʷʶʪ ʩ ʧʦʤʦʱʴʶ ʌʀʇ ʜʦ ʪʦʣʱʠʥʳ ~ 50 ʥʤ. ɼʣʷ ʵʪʦʛʦ 

ʩʪʦʣʠʢ ʤʠʢʨʦʩʢʦʧʘ ʧʦʟʠʮʠʦʥʠʨʫʶʪ ʚ ʧʦʣʦʞʝʥʠʝ 52Ñ4Á, ʧʦʧʝʨʝʤʝʥʥʦ ʩʪʨʘʚʣʠʚʘʷ 

ʪʦʥʢʠʝ ʩʣʦʠ ʪʦ ʩ ʦʜʥʦʡ, ʪʦ ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ ʣʘʤʝʣʠ. ʅʘʧʨʷʞʝʥʠʝ ʠʦʥʥʦʛʦ ʧʫʯʢʘ 

ʟʘʚʠʩʠʪ ʦʪ ʤʘʪʝʨʠʘʣʘ ʦʙʨʘʟʮʘ, ʠ ʤʦʞʝʪ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʩʦʩʪʘʚʣʷʪʴ ʜʦ 30 ʢɺ ʩ 

ʧʦʩʪʝʧʝʥʥʳʤ ʩʥʠʞʝʥʠʝʤ ʜʦ 1-5 ʢɺ ʧʦ ʤʝʨʝ ʫʤʝʥʴʰʝʥʠʷ ʪʦʣʱʠʥʳ ʦʙʨʘʟʮʘ. ɺʩʝ 

ʤʘʥʠʧʫʣʷʮʠʠ ʧʨʦʚʦʜʷʪʩʷ ʚ ʢʘʤʝʨʝ ʤʠʢʨʦʩʢʦʧʘ.  
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ʈʠʩʫʥʦʢ 13. ʉʭʝʤʘ ʚʳʨʝʟʘʥʠʷ ʣʘʤʝʣʠ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʦʧʝʨʝʯʥʦʛʦ ʩʨʝʟʘ 

ʦʙʨʘʟʮʘ. ɺʠʜ ʩ ʪʦʥʢʦʡ ʩʪʦʨʦʥʳ ʙʫʜʫʱʝʡ ʣʘʤʝʣʠ 

 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʩʝ ʧʦʧʝʨʝʯʥʳʝ ʩʨʝʟʳ ʧʣʝʥʦʢ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʧʦ 

ʜʘʥʥʦʡ ʤʝʪʦʜʠʢʝ. 

 

2.2.3.2. ʀʟʛʦʪʦʚʣʝʥʠʝ ʦʙʨʘʟʮʘ çʚ ʧʣʘʥʝè ʜʣʷ ʇʕʄ 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʝʢʦʪʦʨʳʭ ʦʙʲʝʢʪʦʚ ʪʨʝʙʫʝʪʩʷ ʩʦʟʜʘʥʠʝ ʥʝ ʧʦʧʝʨʝʯʥʦʛʦ 

ʩʨʝʟʘ, ʘ ʧʨʦʜʦʣʴʥʦʛʦ, ʪʦ ʝʩʪʴ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. ʊʘʢʠʝ ʦʙʨʘʟʮʳ 

ʥʘʟʳʚʘʶʪ çʚ ʧʣʘʥʝè. ɼʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʝʞʝ, ʯʝʤ ʠʟʛʦʪʦʚʣʝʥʠʝ 

ʧʦʧʝʨʝʯʥʳʭ ʩʨʝʟʦʚ, ʪʘʢ ʢʘʢ ʙʦʣʝʝ ʪʨʫʜʦʝʤʢʘ ʠ ʪʨʝʙʫʝʪ ʦʧʨʝʜʝʣʝʥʥʳʭ ʥʘʚʳʢʦʚ 

ʦʧʝʨʘʪʦʨʘ ʤʠʢʨʦʩʢʦʧʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ LNO ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʵʣʝʢʪʨʦʥʥʦʡ 

ʜʠʬʨʘʢʮʠʠ ʩ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʟʝʨʝʥ ʦʜʥʦʚʨʝʤʝʥʥʦ, ʯʪʦ ʥʝʚʦʟʤʦʞʥʦ ʧʨʠ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʦʧʝʨʝʯʥʳʭ ʩʨʝʟʦʚ.  ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʦʙʨʘʟʮʦʚ çʚ ʧʣʘʥʝè ʚ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʚʝ ʤʝʪʦʜʠʢʠ.  

ʇʝʨʚʘʷ ʤʝʪʦʜʠʢʘ ʙʳʣʘ ʘʜʘʧʪʠʨʦʚʘʥʘ ʠʟ ʨʘʙʦʪʳ [165]. ɼʣʷ ʧʦʣʫʯʝʥʠʷ 

ʧʨʦʜʦʣʴʥʦʡ ʣʘʤʝʣʠ, ʚʳʙʨʘʥʥʳʡ ʫʯʘʩʪʦʢ ʦʙʨʘʟʮʘ ʦʢʨʫʞʘʶʪ ʧʦ ʧʝʨʠʤʝʪʨʫ 

ʪʦʥʢʠʤʠ ʟʘʱʠʪʥʳʤʠ ʧʦʣʦʩʘʤʠ Pt, ʬʦʨʤʠʨʫʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ çʢʦʣʦʜʝʮè (ʈʠʩʫʥʦʢ 

14). ɺ ʥʝʢʦʪʦʨʳʭ ʤʝʪʦʜʠʢʘʭ ʥʘʧʳʣʷʝʪʩʷ ʪʦʥʢʠʡ ʩʣʦʡ ʧʣʘʪʠʥʳ ʥʘ ʚʩʶ 

ʧʦʚʝʨʭʥʦʩʪʴ ʚʳʙʨʘʥʥʦʛʦ ʫʯʘʩʪʢʘ, ʦʜʥʘʢʦ ʚ ʪʘʢʦʤ ʩʣʫʯʘʝ ʚʧʦʩʣʝʜʩʪʚʠʠ ʙʫʜʝʪ 
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ʥʝʦʙʭʦʜʠʤʦ ʫʜʘʣʠʪʴ ʜʘʥʥʳʡ ʩʣʦʡ ʧʨʠ ʫʪʦʥʝʥʠʠ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ 

ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ.  

 

 

ʈʠʩʫʥʦʢ 14.  ʉʭʝʤʘ ʚʳʨʝʟʘʥʠʷ ʦʙʨʘʟʮʘ çʚ ʧʣʘʥʝè [165] 

 

ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʠʦʥʥʳʤ ʧʫʯʢʦʤ ʚʳʨʝʟʘʶʪʩʷ ʢʘʥʘʚʢʠ ʩ ʚʥʝʰʥʝʡ 

ʩʪʦʨʦʥʳ ʧʣʘʪʠʥʦʚʦʛʦ ʢʦʣʦʜʮʘ ʧʦ ʚʩʝʤʫ ʧʝʨʠʤʝʪʨʫ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʦʜʥʦʛʦ 

çʤʦʩʪʠʢʘè (ʈʠʩʫʥʦʢ 14ʙ). ɼʘʥʥʳʡ ʤʦʩʪʠʢ ʙʫʜʝʪ ʜʝʨʞʘʪʴ ʙʫʜʫʱʫʶ ʣʘʤʝʣʴ ʚʧʣʦʪʴ 

ʜʦ ʧʨʠʚʘʨʠʚʘʥʠʷ ʝʸ ʢ ʤʘʥʠʧʫʣʷʪʦʨʫ.  

ɼʣʷ ʦʪʜʝʣʝʥʠʷ ʣʘʤʝʣʠ ʦʪ ʦʙʨʘʟʮʘ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʪʨʘʚʠʪʴ ʢʣʠʥʦʚʠʜʥʳʝ 

ʢʘʥʘʚʢʠ ʧʦʜ ʥʘʠʙʦʣʝʝ ʦʩʪʨʳʤ ʫʛʣʦʤ ʢ ʣʘʤʝʣʠ. ɼʣʷ ʵʪʦʛʦ ʩʪʦʣʠʢ ʤʠʢʨʦʩʢʦʧʘ 

ʥʘʢʣʦʥʷʝʪʩʷ ʥʘ ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʳʡ ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʫʛʦʣ ʦʪ ʠʦʥʥʦʛʦ ʧʫʯʢʘ, 

(17Á ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ Scios DualBeam, Thermo Fisher 

Scientific). ʊʘʢʠʝ ʢʣʠʥʦʚʠʜʥʳʝ ʢʘʥʘʚʢʠ ʧʨʦʪʨʘʚʣʠʚʘʶʪʩʷ ʩ ʜʚʫʭ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʩʪʦʨʦʥ ʢʦʣʦʜʮʘ, ʥʝ ʧʦʜʨʝʟʘʷ ʤʦʩʪʠʢ (ʈʠʩʫʥʦʢ 14ʚ,ʛ). ʅʘ 

ʜʘʥʥʦʤ ʵʪʘʧʝ ʩ ʙʦʣʴʰʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ ʙʫʜʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʧʝʨʝʧʳʣʝʥʠʝ 

ʤʘʪʝʨʠʘʣʘ, ʥʝ ʧʦʟʚʦʣʷʶʱʝʝ ʦʪʜʝʣʠʪʴ ʦʙʨʘʟʝʮ. ʇʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʦʚʪʦʨʥʦ 

ʧʨʦʨʝʟʘʶʪʩʷ ʢʘʥʘʚʢʠ ʩʦ ʚʩʝʭ ʩʪʦʨʦʥ, ʢʨʦʤʝ ʤʦʩʪʠʢʘ, ʘ ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚʩʝ 
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ʚʦʟʤʦʞʥʦʩʪʠ ʩʪʦʣʠʢʘ ʤʠʢʨʦʩʢʦʧʘ ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʢʘʥʘʚʦʢ ʧʦʜ ʨʘʟʥʳʤʠ ʫʛʣʘʤʠ. 

ʇʦʩʣʝ ʫʩʧʝʰʥʦʛʦ ʧʦʜʨʝʟʘʥʠʷ ʦʙʨʘʟʮʘ ʢ ʣʘʤʝʣʠ ʧʨʠʚʘʨʠʚʘʝʪʩʷ ʤʘʥʠʧʫʣʷʪʦʨ, 

ʧʦʜʨʝʟʘʝʪʩʷ ʤʦʩʪʠʢ ʠ ʣʘʤʝʣʴ ʧʝʨʝʥʦʩʠʪʩʷ ʥʘ ʩʪʘʥʜʘʨʪʥʦʝ ʧʦʣʫʢʦʣʴʮʦ, 

ʟʘʢʨʝʧʣʝʥʥʦʝ, ʦʜʥʘʢʦ, ʧʘʨʘʣʣʝʣʴʥʦ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. ɺ ʜʘʥʥʦʡ ʤʝʪʦʜʠʢʝ 

ʜʘʣʴʥʝʡʰʝʝ ʫʪʦʥʝʥʠʝ ʣʘʤʝʣʠ (ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʩ ʥʠʞʥʝʡ ʩʪʦʨʦʥʳ) ʪʨʝʙʫʝʪ 

ʧʝʨʝʩʪʘʥʦʚʢʠ ʧʦʣʫʢʦʣʴʮʘ ʚ ʚʝʨʪʠʢʘʣʴʥʦʝ ʧʦʣʦʞʝʥʠʝ ʠ ʧʦʚʪʦʨʥʦʛʦ 

ʚʘʢʫʫʤʠʨʦʚʘʥʠʷ ʢʘʤʝʨʳ.  

ɼʨʫʛʘʷ ʤʝʪʦʜʠʢʘ ʧʦʣʫʯʝʥʠʷ ʣʘʤʝʣʠ çʚ ʧʣʘʥʝè ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ, ʝʩʣʠ 

ʝʩʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʦʚʥʳʡ ʙʦʢʦʚʦʡ ʩʨʝʟ ʦʙʨʘʟʮʘ. ʊʦʛʜʘ 

ʦʙʨʘʟʝʮ ʟʘʢʨʝʧʣʷʝʪʩʷ ʚʝʨʪʠʢʘʣʴʥʦ ʧʦʣʫʯʝʥʥʳʤ ʩʨʝʟʦʤ ʥʘʚʝʨʭ. ɼʘʣʴʥʝʡʰʘʷ 

ʤʝʪʦʜʠʢʘ ʘʥʘʣʦʛʠʯʥʘ ʧʦʣʫʯʝʥʠʶ ʧʦʧʝʨʝʯʥʳʭ ʩʨʝʟʦʚ ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʪʦʛʦ, ʯʪʦ 

ʣʘʤʝʣʴ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʥʘ ʩʘʤʦʤ ʢʨʘʶ ʤʘʩʩʠʚʥʦʛʦ ʦʙʨʘʟʮʘ ʠ ʩʨʝʟʘʝʪʩʷ ʪʦʣʴʢʦ ʩ 

ʦʜʥʦʡ ʩʪʦʨʦʥʳ. ɼʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʨʦʱʝ, ʥʝ ʪʨʝʙʫʝʪ ʧʝʨʝʩʪʘʥʦʚʢʠ ʧʦʣʫʢʦʣʴʮʘ ʩ 

ʧʦʚʪʦʨʥʳʤ ʚʘʢʫʫʤʠʨʦʚʘʥʠʝʤ ʧʨʠʙʦʨʘ, ʦʜʥʘʢʦ ʚʦʟʤʦʞʥʘ ʥʝ ʥʘ ʚʩʝʭ ʦʙʨʘʟʮʘʭ ʠ 

ʥʝ ʧʦʟʚʦʣʷʝʪ ʚʳʙʨʘʪʴ ʣʶʙʫʶ ʠʥʪʝʨʝʩʫʶʱʫʶ ʦʙʣʘʩʪʴ. 

ʆʙʝ ʦʧʠʩʘʥʥʳʝ ʤʝʪʦʜʠʢʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʣʘʤʝʣʝʡ çʚ ʧʣʘʥʝè ʠʟ ʪʦʥʢʠʭ ʧʣʝʥʦʢ LNO. 

 

2.2.3.3. ʌʀʇ-ʈʕʄ ʥʘʥʦʪʦʤʦʛʨʘʬʠʷ 

ʉʣʦʞʥʦʩʪʴʶ ʨʘʟʨʘʙʦʪʢʠ ʧʦʨʠʩʪʳʭ ʧʣʝʥʦʢ ʠ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ 

ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʦʮʝʥʢʠ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʨ. ʂʨʦʤʝ ʦʙʱʠʭ ʦʮʝʥʦʢ, 

ʪʘʢʠʭ ʢʘʢ ʦʙʲʝʤ ʠ ʨʘʟʤʝʨ ʧʦʨ, ʚʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʷʚʣʷʝʪʩʷ ʠʭ ʩʚʷʟʥʦʩʪʴ, 

ʦʧʠʩʳʚʘʶʱʘʷ ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʠʩʪʝʤʳ (ʚ ʩʣʫʯʘʝ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ ï 

ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʟʘʧʦʣʥʝʥʠʷ). ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʵʪʠʭ ʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʢʣʶʯʝʚʳʤʠ ʩʪʘʥʦʚʷʪʩʷ ʧʦʜʭʦʜʳ ʠʟʫʯʝʥʠʷ ʪʨʸʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ [166]. 

ʊʨʝʭʤʝʨʥʘʷ ʌʀʇ-ʈʕʄ ʥʘʥʦʪʦʤʦʛʨʘʬʠʷ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʠʟʫʯʝʥʠʷ ʩʪʨʫʢʪʫʨ ʩ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʤ ʨʘʟʤʝʨʦʤ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ ʜʝʩʷʪʢʦʚ ʜʦ ʩʦʪʝʥ ʥʘʥʦʤʝʪʨʦʚ, 

ʟʘʥʠʤʘʷ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʠʰʫ ʤʝʞʜʫ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʤʠ 

ʤʝʪʦʜʘʤʠ (ʥʘʧʨʠʤʝʨ, ʨʝʥʪʛʝʥʦʚʩʢʘʷ), ʨʘʙʦʪʘʶʱʠʤʠ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ ʝʜʠʥʠʮ 

ʤʠʢʨʦʤʝʪʨʦʚ ʜʦ ʤʠʣʣʠʤʝʪʨʦʚ, ʠ ʇʕʄ ʵʣʝʢʪʨʦʥʥʦʡ ʪʦʤʦʛʨʘʬʠʝʡ, 
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ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʚʳʩʦʢʦʝ ʨʘʟʨʝʰʝʥʠʝ, ʦʜʥʘʢʦ ʧʦʜʭʦʜʷʱʝʡ ʪʦʣʴʢʦ ʜʣʷ ʪʦʥʢʠʭ 

ʦʙʨʘʟʮʦʚ. ʊʘʢ ʢʘʢ ʨʘʟʤʝʨ ʧʦʨ ʚ ʧʦʨʠʩʪʳʭ ʧʣʝʥʢʘʭ PZT ʩʦʩʪʘʚʣʷʝʪ ʥʝʩʢʦʣʴʢʦ 

ʜʝʩʷʪʢʦʚ ʥʘʥʦʤʝʪʨʦʚ, ʌʀʇ-ʈʕʄ ʥʘʥʦʪʦʤʦʛʨʘʬʠʷ ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤ 

ʤʝʪʦʜʦʤ ʜʣʷ ʠʭ ʠʟʫʯʝʥʠʷ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʨʝʭʤʝʨʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʪʠʧʠʯʥʳʭ ʧʣʝʥʦʢ PZT c ʜʦʙʘʚʣʝʥʠʝʤ 6.6 % PVP ʠ 60 ʤʘʩ. % Brij  76, ʘ 

ʪʘʢʞʝ ʠʪʦʛʦʚʦʡ ʢʦʤʧʦʟʠʪʥʦʡ ʧʣʝʥʢʠ PZT+PVP(6,6 ʤʘʩ. %)/TiO2 (ALD) ʤʝʪʦʜʦʤ 

ʌʀʇ-ʈʕʄ ʥʘʥʦʪʦʤʦʛʨʘʬʠʠ. 

ʄʝʪʦʜ ʌʀʇ-ʈʕʄ ʥʘʥʦʪʦʤʦʛʨʘʬʠʠ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʦʩʥʦʚʥʳʭ ʵʪʘʧʦʚ: 

ʧʦʣʫʯʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʠʭ ʦʙʨʘʙʦʪʢʘ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ 3D-

ʤʦʜʝʣʠ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʚ ʢʘʤʝʨʝ ʵʣʝʢʪʨʦʥʥʦ-ʠʦʥʥʦʛʦ ʨʘʩʪʨʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ 

ʧʦʣʫʯʘʶʪ ʥʘʙʦʨʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʩʨʝʟʦʚ ʩʪʨʫʢʪʫʨʳ ʩ ʟʘʜʘʥʥʳʤ 

ʰʘʛʦʤ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ z-ʩʪʝʢʦʚ (z ï ʦʩʴ, ʚʜʦʣʴ ʢʦʪʦʨʦʡ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʨʝʟʢʘ). 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʤʠʢʨʦʩʢʦʧ Scios DualBeam, ʦʩʥʘʱʝʥʥʳʡ ʞʠʜʢʦʤʝʪʘʣʣʠʯʝʩʢʠʤ ʛʘʣʣʠʝʚʳʤ 

ʠʦʥʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʫʰʢʦʡ ʩ ʧʦʣʝʚʦʡ ʵʤʠʩʩʠʝʡ. ʕʣʝʢʪʨʦʥʥʘʷ 

ʢʦʣʦʥʥʘ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʚʝʨʪʠʢʘʣʴʥʦ, ʘ ʠʦʥʥʘʷ ï ʧʦʜ ʫʛʣʦʤ 52Á ʢ ʥʝʡ (ʈʠʩʫʥʦʢ 15). 

ʉʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ ʙʳʣʘ ʚʳʙʨʘʥʘ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʦʩʴ x ʣʝʞʠʪ ʚ ʧʣʦʩʢʦʩʪʠ 

ʧʦʣʫʯʘʝʤʳʭ ʩʨʝʟʦʚ ʠ ʧʘʨʘʣʣʝʣʴʥʘ ʧʦʜʣʦʞʢʝ (ʛʦʨʠʟʦʥʪʘʣʴʥʘʷ ʦʩʴ ʧʦʣʫʯʘʝʤʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ), ʦʩʴ y ʨʘʩʧʦʣʦʞʝʥʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʜʣʦʞʢʝ (ʚʝʨʪʠʢʘʣʴʥʘʷ 

ʦʩʴ), ʘ ʦʩʴ z ʩʦʚʧʘʜʘʝʪ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʝʟʘʥʠʷ ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ ʦʩʷʤ x ʠ y.  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ z-ʩʪʝʢʘ ʦʙʨʘʟʝʮ ʚʳʩʪʘʚʣʷʣʠ ʚ ʵʚʮʝʥʪʨʠʯʝʩʢʦʝ ʧʦʣʦʞʝʥʠʝ, ʚ 

ʢʦʪʦʨʦʤ ʢʘʞʜʘʷ ʪʦʯʢʘ ʠʩʩʣʝʜʫʝʤʦʡ ʦʙʣʘʩʪʠ ʥʝ ʩʤʝʱʘʝʪʩʷ ʠʟ ʩʚʦʝʛʦ ʧʦʣʦʞʝʥʠʷ 

ʧʨʠ ʥʘʢʣʦʥʝ ʦʙʨʘʟʮʘ, ʠ ʥʘʢʣʦʥʷʣʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʧʣʦʩʢʦʩʪʴ ʭz ʙʳʣʘ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ ʠʦʥʥʦʤʫ ʧʫʯʢʫ. ʊʘʢ, ʠʦʥʥʳʤ ʧʫʯʢʦʤ ʤʦʞʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ 

ʧʦʩʣʦʡʥʘʷ ʨʝʟʢʘ çʦʙʣʘʩʪʠ ʠʥʪʝʨʝʩʘè ʩ ʟʘʜʘʥʥʳʤ ʰʘʛʦʤ, ʘ ʚ ʵʣʝʢʪʨʦʥʥʦʤ ʧʫʯʢʝ 

ʧʨʦʚʦʜʠʪʩʷ ʥʘʙʣʶʜʝʥʠʝ ʩʨʝʟʦʚ xy. ʇʨʦʮʝʜʫʨʫ ʧʦʣʫʯʝʥʠʷ z-ʩʪʝʢʦʚ ʚʳʧʦʣʥʷʣʠ ʩ 

ʧʦʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʦʡ ʧʨʦʛʨʘʤʤʳ Slice&View, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ 

ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʧʨʦʚʦʜʠʪʴ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʫʶ ʨʝʟʢʫ ʠ ʩʲʝʤʢʫ, ʘ ʪʘʢʞʝ 

ʦʩʫʱʝʩʪʚʣʷʝʪ ʢʦʨʨʝʢʮʠʶ ʜʨʝʡʬʘ ʠʟʦʙʨʘʞʝʥʠʷ. ʉʭʝʤʘ ʧʨʦʮʝʩʩʘ ʧʦʢʘʟʘʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 15.  
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ʈʠʩʫʥʦʢ 15. ʉʭʝʤʘ ʧʦʣʫʯʝʥʠʷ z-ʩʪʝʢʘ ʤʝʪʦʜʦʤ ʌʀʇ-ʈʕʄ ʥʘʥʦʪʦʤʦʛʨʘʬʠʠ 

 

ɼʣʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʧʦʜʛʦʪʦʚʢʠ ʢ ʧʦʩʣʦʡʥʦʡ ʨʝʟʢʝ ʠʦʥʥʳʤ ʧʫʯʢʦʤ 

ʚʳʙʨʘʥʥʦʛʦ ʫʯʘʩʪʢʘ ʦʙʨʘʟʮʘ ʥʘ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʴ ʥʘʥʦʩʠʣʠ ʟʘʱʠʪʥʳʡ ʩʣʦʡ (Pt, W, 

C ʠ ʜʨ.). ʈʷʜʦʤ ʩ ʚʳʙʨʘʥʥʦʡ ʦʙʣʘʩʪʴʶ ʚʳʪʨʘʚʣʠʚʘʣʠ ʤʝʪʢʫ ʜʣʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ 

ʢʦʨʨʝʢʮʠʠ ʜʨʝʡʬʘ ʚ ʧʣʦʩʢʦʩʪʠ xz, ʨʝʘʣʠʟʫʝʤʦʡ ʦʪ ʩʨʝʟʘ ʢ ʩʨʝʟʫ ʚ ʠʦʥʥʦʡ ʧʫʰʢʝ. 

ɼʣʷ ʦʙʣʝʛʯʝʥʠʷ ʫʜʘʣʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʠ ʫʤʝʥʴʰʝʥʠʷ ʧʝʨʝʦʩʘʞʜʝʥʠʷ ʚ ʧʨʦʮʝʩʩʝ 

ʪʨʘʚʣʝʥʠʷ ʚʦʢʨʫʛ ʟʘʱʠʱʝʥʥʦʡ ʦʙʣʘʩʪʠ ʩ ʧʦʤʦʱʴʶ ʌʀʇ ʚʳʪʨʘʚʣʠʚʘʣʠ ʇ-

ʦʙʨʘʟʥʫ  ʁʢʘʥʘʚʢʫ (ʈʠʩʫʥʦʢ 15). ʉʨʝʜʥʷʷ ʯʘʩʪʴ ʢʘʥʘʚʢʠ ʦʪʢʨʳʚʘʝʪ ʧʣʦʩʢʦʩʪʴ xy 

ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʚ ʵʣʝʢʪʨʦʥʥʦʤ ʧʫʯʢʝ, ʧʦʪɻʦʤʫ ʝʝ ʛʣʫʙʠʥʘ ʠ ʰʠʨʠʥʘ ʜʦʣʞʥʳ 

ʦʙʝʩʧʝʯʠʚʘʪʴ ʥʝʦʙʭʦʜʠʤʳʡ ʦʙʟʦʨ. ʇʦʩʣʝʜʥʠʡ ʵʪʘʧ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʧʦʜʛʦʪʦʚʢʠ 

ï ʯʠʩʪʢʘ ʧʣʦʩʢʦʩʪʠ xy ʤʘʣʳʤ ʪʦʢʦʤ ʚ ʠʦʥʥʦʤ ʧʫʯʢʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʠʥʪʝʨʝʩʫʶʱʝʛʦ ʦʙʲʝʤʘ. ɼʘʣʝʝ 

ʟʘʧʫʩʢʘʝʪʩʷ ʧʨʦʮʝʩʩ ʧʦʩʣʦʡʥʦʡ ʨʝʟʢʠ ʠ ʩʲʝʤʢʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʦʙʨʘʙʘʪʳʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ Fiji  ʩ ʦʪʢʨʳʪʳʤ 

ʠʩʭʦʜʥʳʤ ʢʦʜʦʤ. ɺ Fiji  ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʣʘʛʠʥʳ: StackReg [167] ʠ Template 

Matching [168] ʜʣʷ ʚʳʨʘʚʥʠʚʘʥʠʷ ʩʪʝʢʘ; DenoiseEM [169] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
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ʬʠʣʴʪʨʘ çnon-local meansè ʜʣʷ ʬʠʣʴʪʨʘʮʠʠ ʦʪ ʰʫʤʘ; Nonuniform background 

removal ʜʣʷ ʚʳʨʘʚʥʠʚʘʥʠʷ ʬʦʥʘ; Trainable Weka Segmentation [170] ʜʣʷ 

ʩʝʛʤʝʥʪʘʮʠʠ ʠʟʦʙʨʘʞʝʥʠʡ ʠ 3D ImageJ Suite [171] ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʠ ʘʥʘʣʠʟʘ 

ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ; Skeletonize3D ʠ AnalyzeSkeleton ʜʣʷ ʘʥʘʣʠʟʘ ʩʚʷʟʥʦʩʪʠ ʧʦʨ 

[172]. ʂʨʦʤʝ ʪʦʛʦ, ʯʘʩʪʴ ʩʝʛʤʝʥʪʘʮʠʠ ʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʧʨʦʚʦʜʠʣʠ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʧʨʦʛʨʘʤʤʳ Drishti [173]. 

 

 

2.3. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

ʀʥʪʝʛʨʘʣʴʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʬʘʟʦʚʦʤ ʩʦʩʪʘʚʝ ʧʣʝʥʦʢ LNO ʙʳʣʘ ʧʦʣʫʯʝʥʘ 

ʩ ʧʦʤʦʱʴʶ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʥʘʩʪʦʣʴʥʦʛʦ ʜʠʬʨʘʢʪʦʤʝʪʨʘ Miniflex 600 (Rigaku, ʗʧʦʥʠʷ), ʦʩʥʘʱʝʥʥʦʛʦ 

ʨʝʥʪʝʛʥʦʚʩʢʦʡ ʪʨʫʙʢʦʡ ʩ CuKŬ-ʠʟʣʫʯʝʥʠʝʤ, Ni-ʬʠʣʴʪʨʦʤ ʠ ʢʨʝʤʥʠʝʚʳʤ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʤ ʩʪʨʠʧ-ʜʝʪʝʢʪʦʨʦʤ D/teX Ultra. ʉʲʝʤʢʫ ʜʠʬʨʘʢʪʦʨʛʘʤʤ 

ʧʨʦʚʦʜʠʣʠ ʚ ʛʝʦʤʝʪʨʠʠ ɹʨʝʛʛʘ-ɹʨʝʥʪʘʥʦ ʚ ʜʠʘʧʘʟʦʥʝ ʫʛʣʦʚ 10ï66Á (2ɗ). 

ʀʜʝʥʪʠʬʠʢʘʮʠʶ ʬʘʟ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʧʦʤʦʱʠ ʙʘʥʢʘ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʜʘʥʥʳʭ ICDD 

PDF2 ʚ ʧʨʦʛʨʘʤʤʝ HighScore Plus.  

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩʦʪʨʫʜʥʠʢʘʤʠ ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ 

ʬʦʪʦʥʠʢʘè ʈɸʅ ʀʚʘʥʦʚʦʡ ɸ.ɻ. ʠ ʃʝʚʠʥʳʤ ʕ. ɽ. ʧʨʠ ʫʯʘʩʪʠʠ ʘʚʪʦʨʘ ʜʠʩʩʝʨʪʘʮʠʠ. 

 

 

2.4. ʏʝʪʳʨʝʭʟʦʥʜʦʚʳʡ ʤʝʪʦʜ ʠʟʤʝʨʝʥʠʷ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

ʇʦʚʝʨʭʥʦʩʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʣʝʥʦʢ LNO (ʆʤ/ʢʚʘʜʨʘʪ) ʠʟʤʝʨʷʣʠ ʩ 

ʧʦʤʦʱʴʶ ʧʦʣʫʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʯʝʪʳʨʝʭʟʦʥʜʦʚʦʡ ʩʠʩʪʝʤʳ ʠʟʤʝʨʝʥʠʷ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ/ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ Cresbox (Napson, 

ʗʧʦʥʠʷ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʘʥʜʘʨʪʥʦʛʦ ʯʝʪʳʨʝʭʟʦʥʜʦʚʦʛʦ ʤʝʪʦʜʘ ʧʦʩʪʦʷʥʥʦʛʦ 
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ʪʦʢʘ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʣʝʥʦʢ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ 

ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ, ʪʘʢ ʢʘʢ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʪʦʣʱʠʥʳ ʧʣʝʥʦʢ, ʚʦ 

ʤʥʦʛʠʭ ʨʘʙʦʪʘʭ ʧʨʠʚʦʜʠʪʩʷ ʟʥʘʯʝʥʠʝ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ (ʆʤĿʤ), ʧʦʵʪʦʤʫ 

ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ ʠʟʤʝʨʝʥʥʦʝ ʧʦʚʝʨʭʥʦʩʪʥʦʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʪʘʢʞʝ ʙʳʣʦ ʧʝʨʝʩʯʠʪʘʥʦ ʚ ʫʜʝʣʴʥʦʝ ʧʦ ʬʦʨʤʫʣʝ: 

” ὙϽὨ                                                                  χ  

ʛʜʝ d ï ʩʨʝʜʥʷʷ ʪʦʣʱʠʥʘ ʧʣʝʥʢʠ [174]. 

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩʦʪʨʫʜʥʠʢʘʤʠ ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ 

ʬʦʪʦʥʠʢʘè ʈɸʅ, ɺʦʣʯʢʦʚʳʤ ʀ.ʉ. ʠ ʇʦʜʢʫʨ ʇ.ʃ.  

 

 

2.5. ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʉʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʧʣʝʥʦʢ PZT ʙʳʣʠ ʩʥʷʪʳ ʥʘ 

ʧʨʠʙʦʨʝ AixACCT TF 2000 ʧʨʠ ʯʘʩʪʦʪʝ 100 ɻʮ. ɺʦʣʴʪ-ʬʘʨʘʜʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʣʝʥʦʢ PZT ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ 

ʠʟʤʝʨʠʪʝʣʝ LCR (4284A, Agilent) ʧʨʠ ʯʘʩʪʦʪʝ 100ʢɻʮ. ɼʣʷ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 

ʢʦʥʪʘʢʪʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʨʪʫʪʥʳʡ ʟʦʥʜ (ʤʦʜʝʣʴ 802-150, MDC, ʉʐɸ) ʧʣʦʱʘʜʴʶ 

0,515 ʤʤ2.  

ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʚ ʢʦʤʧʦʟʠʪʥʳʭ ʧʣʝʥʢʘʭ PZT-

TiO2 ʠʩʧʦʣʴʟʦʚʘʣʠ ʫʩʪʘʥʦʚʢʫ Keithley 6487. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʚʝʨʭʥʠʝ ʧʣʘʪʠʥʦʚʳʝ ʵʣʝʢʪʨʦʜʳ ʪʦʣʱʠʥʦʡ 10 ʥʤ ʠ ʧʣʦʱʘʜʴʶ 9Ŀ10-2ʩʤ2 ʥʘʥʦʩʠʣʠ 

ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ.   

ʀʟʤʝʨʝʥʠʝ ʬʦʪʦʪʦʢʘ ʧʨʦʚʦʜʠʣʠ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʉʥʘʯʘʣʘ ʚ 

ʢʦʨʦʪʢʦʟʘʤʢʥʫʪʦʡ ʩʪʨʫʢʪʫʨʝ M/PZT/M ʚ ʪʝʯʝʥʠʝ 10ʩ ʟʘʧʠʩʳʚʘʣʩʷ çʪʝʤʥʦʚʦʡè 

ʪʦʢ, (ʯʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ ʫʨʦʚʝʥʴ ʧʨʦʪʝʢʘʶʱʝʛʦ ʯʝʨʝʟ ʩʪʨʫʢʪʫʨʫ ʪʦʢʘ ʚ ʦʪʩʫʪʩʪʚʠʝ 

ʝʝ ʦʙʣʫʯʝʥʠʷ ʩʚʝʪʦʤ, ʪ.ʝ. ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʫʣʝʚʦʡ ʪʦʢ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʭʝʤʳ). ɿʘʪʝʤ 

ʥʘ ʩʚʝʪʦʜʠʦʜ ʧʦʜʘʚʘʣʦʩʴ ʧʠʪʘʥʠʝ, ʯʪʦ ʚʢʣʶʯʘʣʦ ʦʩʚʝʱʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʩʚʝʪʦʤ 

ʣʠʙʦ ʩʚʝʪʦʜʠʦʜʘ çʛʣʫʙʦʢʠʡ ʛʦʣʫʙʦʡè Depp Blue ï 2.7ɻ ɺ, 456,8 ʥʤ (ʧʨʠʤʝʩʥʦʝ 



77 
 

ʚʦʟʙʫʞʜʝʥʠʝ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ) ïʣʠʙʦ UV ʜʠʦʜ 4.59 ʵɺ, 270 ʥʤ ï ʤʝʞʟʦʥʥʦʝ 

ʚʦʟʙʫʞʜʝʥʠʝ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. ɺ ʤʦʤʝʥʪ ʚʢʣʶʯʝʥʠʷ ʥʘʙʣʶʜʘʣʩʷ ʚʩʧʣʝʩʢ 

ʬʦʪʦʪʦʢʘ, ʢʦʪʦʨʳʡ ʟʘʪʝʤ ʨʝʣʘʢʩʠʨʦʚʘʣ ʢ ʥʝʢʦʡ ʩʪʘʮʠʦʥʘʨʥʦʡ ʚʝʣʠʯʠʥʝ (ʚ 

ʜʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʟʘʧʠʩʴ ʚʝʣʘʩʴ ʜʦ 100 ʩʝʢ., ʥʦ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ 

ʜʦ 2000 ʩʝʢ, ʚ ʢʦʪʦʨʳʭ ʩʪʘʮʠʦʥʘʨʥʳʡ ʪʦʢ ʩʦʭʨʘʥʷʣʩʷ). ɹʣʘʛʦʜʘʨʷ ʩʧʝʮʠʘʣʴʥʳʤ 

ʦʪʨʘʞʘʪʝʣʷʤ ʩʚʝʪʦʜʠʦʜ DB ʬʦʨʤʠʨʦʚʘʣ ʧʘʨʘʣʣʝʣʴʥʳʡ ʧʦʪʦʢ ʠʟʣʫʯʝʥʠʷ, 

ʧʘʜʘʶʱʝʛʦ ʥʘ ʧʣʦʩʢʦʩʪʴ ʩʪʨʫʢʪʫʨʳ, ʯʪʦ ʧʦʟʚʦʣʷʣʦ ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʩʚʝʪʦʚʦʡ 

ʤʦʱʥʦʩʪʠ 120 ʤɺʪ ʦʮʝʥʠʚʘʪʴ ʧʣʦʪʥʦʩʪʴ ʥʘʢʘʯʢʠ ʬʦʪʦʥʦʚ ~ 10 16ʩʤ-2ʩ-1. ʉʚʝʪʦʚʘʷ 

ʤʦʱʥʦʩʪʴ UV ʩʚʝʪʦʜʠʦʜʘ 5 ʤɺʪ, ʦʥʘ ʠʟʣʫʯʘʝʪʩʷ ʚ ʪʝʣʝʩʥʳʡ ʫʛʦʣ 120Á. ʆʮʝʥʢʘ 

ʤʦʱʥʦʩʪʠ, ʧʘʜʘʶʱʝʡ ʥʘ ʧʦʣʫʧʨʦʟʨʘʯʥʳʡ Pt ʢʦʥʪʘʢʪ ʧʣʦʱʘʜʴʶ 0.3ʭ0.3 ʤʤ2 ʥʘ 

ʨʘʩʩʪʦʷʥʠʠ 6-9 ʤʤ ʜʘʝʪ ʚʝʣʠʯʠʥʫ ~ 1.5-4 ʤʢɺʪ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʣʦʪʥʦʩʪʴ ʥʘʢʘʯʢʠ 

ʬʦʪʦʥʦʚ ʩ ʵʥʝʨʛʠʝʡ 4.59ʵɺ ʚ 1 ʩʝʢʫʥʜʫ ʥʘ ʝʜʠʥʠʮʫ ʧʣʦʱʘʜʠ ʨʘʚʥʘ ~10 15ʩʤ-2ʩ-1, 

ʪʦ ʝʩʪʴ ʥʘ ʧʦʨʷʜʦʢ ʤʝʥʴʰʝ, ʯʝʤ ʜʣʷ ʧʨʠʤʝʩʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ. ɺ PZT 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʩʚʝʪʘ 4.59 ʵɺ ʨʘʚʝʥ 36000 ʩʤ-1, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ʛʣʫʙʠʥʘ ʧʦʛʣʦʱʝʥʠʷ ʩʚʝʪʘ ~ 280 ʥʤ, ʪʦ ʝʩʪʴ UV ʩʚʝʪ ʧʦʛʣʦʱʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ 

ʧʦ ʚʩʝʡ ʪʦʣʱʠʥʝ ʧʣʝʥʢʠ. 

ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʚ ʈʊʋ ʄʀʈʕɸ 

ʢʦʣʣʝʢʪʠʚʦʤ ʘʚʪʦʨʦʚ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ɺʦʨʦʪʠʣʦʚʘ ʂ.ɸ. ʆʮʝʥʢʘ 

ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʚ ʢʦʤʧʦʟʠʪʘʭ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʚ ʌʊʀ ʠʤ. ɸ.ʌ. 

ʀʦʬʬʝ ʈɸʅ (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ) ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ɼʝʣʠʤʦʚʦʡ ʃ.ɸ. 
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ɻʣʘʚʘ 3. ʉʪʨʫʢʪʫʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʣʝʥʦʢ LNO ʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ PZT-LNO 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʦʧʠʩʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ, ʬʘʟʦʚʦʛʦ 

ʩʦʩʪʘʚʘ ʠ ʢʠʥʝʪʠʢʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʪʦʥʢʠʭ ʧʣʝʥʦʢ LNO ʥʘ ʧʦʜʣʦʞʢʘʭ Si/SiO2 ʠ 

ʢʦʤʧʦʟʠʮʠʡ PZT-LNO-Si. ʄʘʪʝʨʠʘʣʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ [A1ïA5]. 

 

 

3.1. ʕʚʦʣʶʮʠʷ ʩʪʨʫʢʪʫʨʳ ʧʣʝʥʦʢ LNO ʧʨʠ ʚʘʨʠʘʮʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʣʠʷʥʠʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ, ʪʝʤʧʝʨʘʪʫʨʳ 

ʦʪʞʠʛʘ ʘ ʪʘʢʞʝ ʠʟʫʯʝʥʠʷ ʵʚʦʣʶʮʠʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ LNO ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʘ 

ʧʦʜʛʦʪʦʚʣʝʥʘ ʩʝʨʠʷ ʦʙʨʘʟʮʦʚ ʩ ʦʪʞʠʛʦʤ ʧʨʠ ʊ = 550, 650 ʠ 800  (ʦʙʨʘʟʮʳ LNO-

pyr-550, 650 ʠ 800, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʇʣʝʥʢʠ ʥʘʥʦʩʠʣʠ ʧʦʩʣʦʡʥʦ, ʩ ʧʨʦʚʝʜʝʥʠʝʤ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ (ʊ=200 ) ʚ ʪʝʯʝʥʠʝ ʯʝʪʳʨʝʭ ʤʠʥʫʪ, 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ (ʊ=450) ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥʫʪ ʠ ʦʪʞʠʛʘ ʚ ʪʝʯʝʥʠʝ 

ʧʷʪʠ ʤʠʥʫʪ ʜʣʷ ʢʘʞʜʦʛʦ ʩʣʦʷ. ʉʪʨʫʢʪʫʨʘ ʦʙʨʘʟʮʘ ʧʦʩʣʝ ʵʪʘʧʘ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ ʪʘʢʞʝ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ (LNO-pyr-450). 

 

 

3.1.1. ʉʪʨʫʢʪʫʨʘ ʧʣʝʥʦʢ ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ 

ʉʦʛʣʘʩʥʦ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʤʫ ʘʥʘʣʠʟʫ, ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ 

ʧʣʝʥʢʘ ʠʤʝʝʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʘʤʦʨʬʥʦʝ ʩʪʨʦʝʥʠʝ (ʈʠʩʫʥʦʢ 16). ʇʨʠʩʫʪʩʪʚʠʝ 

ʥʝʩʢʦʣʴʢʠʭ ʫʰʠʨʝʥʥʳʭ ʧʠʢʦʚ, ʠ ʚ ʦʩʦʙʝʥʥʦʩʪʠ ʷʨʢʦ ʚʳʨʘʞʝʥʥʦʛʦ ʧʠʢʘ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʤʝʞʧʣʦʩʢʦʩʪʥʦʤʫ ʨʘʩʩʪʦʷʥʠʶ 6,63 ¡, ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʥʘʣʠʯʠʠ ʥʘʥʦʨʘʟʤʝʨʥʦʡ ʬʘʟʳ, ʦʧʨʝʜʝʣʝʥʠʝ ʢʦʪʦʨʦʡ, ʦʜʥʘʢʦ, ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʤ 



79 
 

ʤʝʪʦʜʦʤ ʚ ʪʘʢʦʡ ʩʠʩʪʝʤʝ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ. ʆʩʪʨʳʝ ʪʦʥʢʠʝ ʧʠʢʠ ʧʨʠʥʘʜʣʝʞʘʪ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʝ. 

  

ʈʠʩʫʥʦʢ 16. ɼʠʬʨʘʢʪʦʛʨʘʤʤʘ ʦʪ ʧʣʝʥʢʠ LNO-pyr-450 

 

ʅʘ ʨʠʩʫʥʢʘʭ 17 ʠ 18 ʧʦʢʘʟʘʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʵʣʝʤʝʥʪʦʚ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʧʣʝʥʢʠ LNO ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ 

(LNO-pyr-450). ʅʘ HAADF-STEM ʠʟʦʙʨʘʞʝʥʠʠ (ʈʠʩʫʥʦʢ 17ʘ) ʥʘʙʣʶʜʘʝʪʩʷ 

ʩʣʦʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ ʧʣʝʥʢʠ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʧʦʨ, ʢʘʢ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʧʦ 

ʚʩʝʤʫ ʦʙʲʝʤʫ ʧʣʝʥʢʠ, ʪʘʢ ʠ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʩʣʦʝʚ. ʇʦʨʳ ʚ 

ʪʦʣʱʝ ʧʦʜʩʣʦʷ ʠʤʝʶʪ ʨʘʟʤʝʨ 2ï10 ʥʤ ʠ ʦʙʣʘʜʘʶʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʨʘʚʥʦʦʩʥʦʡ 

ʬʦʨʤʦʡ, ʘ ʚʙʣʠʟʠ ʛʨʘʥʠʮ ʥʘʙʣʶʜʘʶʪʩʷ ʙʦʣʝʝ ʢʨʫʧʥʳʝ ʧʫʩʪʦʪʳ ʨʘʟʤʝʨʦʤ 10-15 

ʥʤ. EDX-ʢʘʨʪʠʨʦʚʘʥʠʝ ʚʳʷʚʣʷʝʪ ʭʠʤʠʯʝʩʢʫʶ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ, ʚʳʨʘʞʝʥʥʫʶ ʚ 

ʨʘʟʜʝʣʝʥʠʠ ʥʠʢʝʣʷ ʠ ʣʘʥʪʘʥʘ (ʈʠʩʫʥʦʢ 17ʙ-ʜ). ʆʙʨʘʱʘʝʪ ʥʘ ʩʝʙʷ ʚʥʠʤʘʥʠʝ 

ʚʳʩʦʢʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʠʢʝʣʷ ʚ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʢʘʞʜʦʛʦ ʧʦʜʩʣʦʷ, ʧʦʜ ʢʦʪʦʨʳʤ 

ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʦʙʣʘʩʪʴ, ʦʙʦʛʘʱʝʥʥʘʷ ʣʘʥʪʘʥʦʤ. ʅʠʞʝ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʦʙʣʘʩʪʴ 
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ʩʤʝʰʘʥʥʦʛʦ ʩʦʩʪʘʚʘ, ʛʜʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʠ ʣʘʥʪʘʥ, ʠ ʥʠʢʝʣʴ. ʊʘʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ 

ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʦʜʠʥʘʢʦʚʳ ʚ ʢʘʞʜʦʤ ʧʦʜʩʣʦʝ LNO. ʇʨʠ ʩʨʘʚʥʝʥʠʠ 

ʵʣʝʤʝʥʪʥʳʭ ʢʘʨʪ ʩ ʪʝʤʥʦʧʦʣʴʥʳʤ ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʝʤ (ʈʠʩʫʥʦʢ 18ʘ) ʤʦʞʥʦ 

ʚʠʜʝʪʴ, ʯʪʦ ʙʦʛʘʪʘʷ ʥʠʢʝʣʝʤ ʦʙʣʘʩʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʘʤʦʨʬʥʦʡ ʬʘʟʦʡ (ʪʝʤʥʳʝ 

ʨʦʚʥʳʝ ʧʦʣʦʩʳ ʙʝʟ ʢʘʢʦʛʦ-ʣʠʙʦ ʢʦʥʪʨʘʩʪʘ), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʙʦʛʘʪʘʷ ʣʘʥʪʘʥʦʤ 

ʦʙʣʘʩʪʴ ʩʦʩʪʦʠʪ ʠʟ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʫʧʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʨʘʟʤʝʨʦʤ 3-15 ʥʤ 

(ʦʪʤʝʯʝʥʳ ʙʝʣʳʤʠ ʩʪʨʝʣʢʘʤʠ), ʘ ʦʙʣʘʩʪʴ ʩʤʝʰʘʥʥʦʛʦ ʩʦʩʪʘʚʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʯʨʝʟʚʳʯʘʡʥʦ ʤʝʣʢʦʟʝʨʥʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ (ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʤʝʥʝʝ 3 ʥʤ). 

ʅʘʠʙʦʣʴʰʠʝ ʧʦʨʳ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʥʘ ʛʨʘʥʠʮʝ ʣʘʥʪʘʥʦʚʦʡ ʠ ʥʠʢʝʣʝʚʦʡ ʦʙʣʘʩʪʝʡ, 

ʯʪʦ ʚʝʨʦʷʪʥʦ ʩʚʷʟʘʥʦ ʩ ʥʘʧʨʷʞʝʥʠʷʤʠ ʥʘ ʜʘʥʥʦʡ ʛʨʘʥʠʮʝ. ʂʠʩʣʦʨʦʜ ʨʘʩʧʨʝʜʝʣʝʥ 

ʜʦʩʪʘʪʦʯʥʦ ʨʘʚʥʦʤʝʨʥʦ, ʯʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʵʪʠ ʬʘʟʳ ʤʦʛʫʪ ʙʳʪʴ ʦʢʠʜʘʤʠ La-, Ni- 

ʠ (La, Ni) ʠʣʠ ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʷʪʴ ʩʦʙʦʡ ʙʦʣʝʝ ʩʣʦʞʥʳʝ ʬʘʟʳ ʩ ʩʦʜʝʨʞʘʥʠʝʤ 

ʣʝʛʢʠʭ ʵʣʝʤʝʥʪʦʚ, ʥʝ ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʠʣʠ ʩʣʦʞʥʦ ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ EDX. ʅʘ 

ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʝ (ʈʠʩʫʥʦʢ 18ʙ) ʪʘʢʞʝ ʚʠʜʥʦ ʩʦʦʪʚʝʪʩʪʚʠʝ ʜʘʥʥʳʤ ʦʙʣʘʩʪʷʤ:  

ʢʨʠʩʪʘʣʣʳ ʨʘʟʤʝʨʦʤ 3-15 ʥʤ ʜʘʶʪ ʩʣʘʙʦ ʨʘʟʣʠʯʠʤʳʝ ʜʫʛʠ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ 

ʧʨʠʩʫʪʩʪʚʠʠ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ, ʘ 

ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʘʷ ʦʙʣʘʩʪʴ ï ʰʠʨʦʢʠʝ ʢʦʣʴʮʘ. ʅʘʣʠʯʠʝ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʡ 

ʦʨʠʝʥʪʘʮʠʠ ʫ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚʠʜʥʦ ʪʘʢʞʝ ʠ ʥʘ ʠʟʦʙʨʘʞʝʥʠʷʭ ʚʳʩʦʢʦʛʦ 

ʨʘʟʨʝʰʝʥʠʷ ʠ ʩʦʦʪʚʝʪʩʚʫʶʱʝʡ ʌʫʨʴʝ-ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ (ʈʠʩʫʥʦʢ 18ʚ,ʛ). 

ʉʦʛʣʘʩʥʦ ʨʘʩʰʠʬʨʦʚʢʝ ʌʫʨʴʝ-ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ, ʣʘʥʪʘʥ-ʩʦʜʝʨʞʘʱʘʷ ʬʘʟʘ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʦʢʩʠʢʘʨʙʦʥʘʪʦʤ ʣʘʥʪʘʥʘ La2O2CO3 (ʧʨ.ʛʨ. I4/mmm, PDF 00-023-

0320). ʆʙʨʘʟʦʚʘʥʠʝ ʢʘʨʙʦʥʘʪʦʚ, ʦʢʩʠʜʦʚ ʠ ʦʢʩʠʢʘʨʙʦʥʘʪʦʚ ʚ ʢʘʯʝʩʪʚʝ 

ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʬʘʟ ʚ ʵʪʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʞʠʜʘʝʪʩʷ ʜʣʷ ʨʘʩʪʚʦʨʦʚ 

ʥʘ ʦʩʥʦʚʝ ʘʮʝʪʘʪʦʚ ʤʝʪʘʣʣʦʚ (ʥʘʧʨʠʤʝʨ, Ba, Sr) ʚ ʫʢʩʫʩʥʦʡ ʢʠʩʣʦʪʝ [38].  
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ʈʠʩʫʥʦʢ 17. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʚ ʤʥʦʛʦʩʣʦʡʥʦʡ ʧʣʝʥʢʝ LNO-pyr-

450: HAADF-STEM ʠʟʦʙʨʘʞʝʥʠʝ (a), ʦʙʦʙʱʝʥʥʘʷ ʢʘʨʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʵʣʝʤʝʥʪʦʚ La+Ni (ʙ), ʢʘʨʪʳ La (ʚ) ʠ Ni (ʛ) ʧʦ ʦʪʜʝʣʴʥʦʩʪʠ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ 

EDX-ʩʧʝʢʪʨ (ʜ) 

 

ʈʠʩʫʥʦʢ 18. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʤʥʦʛʦʩʣʦʡʥʦʡ ʧʣʝʥʢʠ LNO ʧʦʩʣʝ 

ʜʚʫʭʵʪʘʧʥʦʡ ʩʫʰʢʠ: ʪʝʤʥʦʧʦʣʴʥʦʝ ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʝ (a), ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ (ʙ), 

ʠʟʦʙʨʘʞʝʥʠʝ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ (ʚ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʌʫʨʴʝ-

ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ (ʛ). ʉʪʨʝʣʢʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʝ ʥʘʥʦʢʨʠʩʪʘʣʣʳ 

La2O2CO3 

 



82 
 

3.1.2. ʕʚʦʣʶʮʠʷ ʩʪʨʫʢʪʫʨʳ ʧʣʝʥʦʢ LNO ʚ ʧʨʦʮʝʩʩʝ ʦʪʞʠʛʘ ʚ ʠʥʪʝʨʚʘʣʝ 

ʪʝʤʧʝʨʘʪʫʨ 550ï800 

 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʵʚʦʣʶʮʠʠ ʩʪʨʫʢʪʫʨʳ ʧʣʝʥʦʢ LNO ʚ ʧʨʦʮʝʩʩʝ ʦʪʞʠʛʘ ʚ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 550ï800  ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʨʘʙʦʪʘʭ [A1, A2]. ʆʙʱʠʡ ʚʠʜ 

ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʘ LNO-pyr-550 (ʈʠʩʫʥʦʢ 19) ʩʭʦʞ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʦʙʨʘʟʮʘ ʧʦʩʣʝ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ LNO-pyr-450: ʧʣʝʥʢʘ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʘʤʦʨʬʥʦʡ, ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʩʣʦʝʚ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ Lʘ-

ʩʦʜʝʨʞʘʱʝʡ ʬʘʟʳ ʩ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʚʜʦʣʴ ʦʩʠ [001]. 

ʄʝʞʧʣʦʩʢʦʩʪʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʜʣʷ ʵʪʦʡ ʬʘʟʳ, ʦʜʥʘʢʦ, ʩʣʝʛʢʘ ʦʪʣʠʯʘʶʪʩʷ ʦʪ LNO-

pyr-450: ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʥʘ 2,5% ʤʝʞʧʣʦʩʢʦʩʪʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ 

ʧʣʦʩʢʦʩʪʷʤʠ 002, ʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʠ 004. ʋʤʝʥʴʰʝʥʠʝ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ 

ʨʘʩʩʪʦʷʥʠʡ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʧʦʪʝʨʝʡ ʫʛʣʝʨʦʜʘ ʚ ʨʝʰʝʪʢʝ ʠ ʧʦʩʪʝʧʝʥʥʦʡ 

ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʬʘʟʳ ʠʟ ʦʢʩʠʢʘʨʙʦʥʘʪʘ ʣʘʥʪʘʥʘ ʚ ʦʢʩʠʜ. ʍʠʤʠʯʝʩʢʦʝ ʨʘʩʩʣʦʝʥʠʝ 

ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʜʘʥʥʦʤ ʦʙʨʘʟʮʝ. 

ɺ ʩʨʘʚʥʝʥʠʠ ʩ ʦʙʨʘʟʮʘʤʠ LNO-pyr-450 ʠ LNO-pyr-550, ʦʙʨʘʟʝʮ LNO-pyr-

650 ʠʤʝʝʪ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʧʦʨʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ (ʈʠʩʫʥʦʢ 20ʘ). ʈʘʟʤʝʨ ʧʦʨ 

ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 15ï30 ʥʤ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʩʣʦʷʤ, ʘ ʚ 

ʧʨʦʜʦʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʥʝ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʜʘʞʝ 200 ʥʤ, ʪ.ʢ., ʧʦʨʳ, 

ʦʙʨʘʟʫʶʱʠʝʩʷ ʥʘ ʛʨʘʥʠʮʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʣʦʝʚ, ʘʢʪʠʚʥʦ ʩʣʠʚʘʶʪʩʷ ʚ ʧʦʣʦʩʪʠ, 

ʧʝʨʝʭʦʜʷʱʠʝ ʧʦ ʩʚʦʝʤʫ ʬʦʨʤ-ʬʘʢʪʦʨʫ ʫʞʝ ʚ ʪʨʝʱʠʥʳ ʠ ʨʘʩʩʣʦʝʥʠʷ. ʈʘʟʤʝʨ 

ʟʝʨʝʥ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 12ï26 ʥʤ. 
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ʈʠʩʫʥʦʢ 19. ʉʪʨʫʢʪʫʨʘ ʧʣʝʥʢʠ LNO-pyr-550: ʩʚʝʪʣʦʧʦʣʴʥʦʝ ʇʕʄ-

ʠʟʦʙʨʘʞʝʥʠʝ (ʘ), ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ (ʙ), ʪʝʤʥʦʧʦʣʴʥʦʝ ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ (ʛ), ʘ 

ʪʘʢʞʝ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ: La+Ni+Si (ʚ), O (ʜ), Ni (ʝ), La 

(ʞ), ʠ EDX ʩʧʝʢʪʨ (ʟ) [A2]  

 

ʈʠʩʫʥʦʢ 20. ʉʚʝʪʣʦʧʦʣʴʥʳʝ ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ (ʘ, ʚ) ʠ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʳ 

(ʙ, ʛ) ʩʪʨʫʢʪʫʨʳ ʧʣʝʥʢʠ LNO-pyr-650 (ʘ, ʙ) ʠ LNO-pyr-800 (ʚ, ʛ). ɿʥʘʢʦʤ ç?è 

ʦʙʦʟʥʘʯʝʥʳ ʨʝʬʣʝʢʩʳ, ʥʝ ʧʨʠʥʘʜʣʝʞʘʱʠʝ LNO [A1] 
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ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ T = 800 ÜC ʥʘʙʣʶʜʘʝʪʩʷ ʜʘʣʴʥʝʡʰʝʝ 

ʫʚʝʣʠʯʝʥʠʝ ʧʦʨ ʠ ʟʝʨʝʥ (ʈʠʩʫʥʦʢ 20ʚ). ʅʝʙʦʣʴʰʠʝ ʨʘʚʥʦʦʩʥʳʝ ʧʦʨʳ ʨʘʟʤʝʨʦʤ 

ʤʝʥʝʝ 30 ʥʤ, ʥʘʙʣʶʜʘʝʤʳʝ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪʞʠʛʘ, ʟʜʝʩʴ 

ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʶʪ. ʈʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʜʣʷ ʜʘʥʥʦʛʦ ʦʙʨʘʟʮʘ ʩʦʩʪʘʚʣʷʝʪ 

15ï43 ʥʤ. ɼʠʬʨʘʢʮʠʦʥʥʳʝ ʢʘʨʪʠʥʳ ʦʙʨʘʟʮʦʚ LNO-pyr-650 ʠ LNO-pyr-800 ʩʭʦʞʠ 

ʠ ʠʤʝʶʪ ʯʝʪʢʠʝ ʢʦʣʴʮʘ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʨʠʥʘʜʣʝʞʘʪʴ ʬʘʟʝ LaNiO3 (ὖάσά) ʠʣʠ 

LaNiO3 (Ὑσὧ), ʘ ʪʘʢʞʝ ʬʘʟʝ La2NiO4 (ὍτȾάάά) (ʈʠʩʫʥʦʢ 20ʙ,ʛ). ʂʨʦʤʝ ʪʦʛʦ, 

ʥʘʙʣʶʜʘʶʪʩʷ ʨʝʬʣʝʢʩʳ ʙʦʣʝʝ ʩʣʘʙʳʝ ʠ ʝʜʠʥʠʯʥʳʝ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʦʪ ʬʘʟ 

ʦʢʩʠʜʦʚ La ʠ Ni, ʦʜʥʘʢʦ ʜʘʥʥʳʭ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʳ ʥʝʜʦʩʪʘʪʦʯʥʦ. ɺ ʩʨʘʚʥʝʥʠʠ ʩ 

ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʦʡ ʦʪ ʦʙʨʘʟʮʘ LNO-pyr-650, ʚ ʦʙʨʘʟʮʝ LNO-pyr-800 ʥʘʙʣʶʜʘʝʪʩʷ 

ʜʘʣʴʥʝʡʰʝʝ ʧʦʚʳʰʝʥʠʝ ʬʨʘʛʤʝʥʪʠʨʦʚʘʥʥʦʩʪʠ ʢʦʣʝʮ.  ɺ ʦʙʣʘʩʪʷʭ, ʛʜʝ 

ʧʨʠʩʫʪʩʪʚʦʚʘʣʦ ʛʘʣʦ, ʦʙʨʘʟʦʚʘʣʠʩʴ ʨʝʬʣʝʢʩʳ, ʥʝ ʧʨʠʥʘʜʣʝʞʘʱʠʝ LNO, ʯʪʦ 

ʛʦʚʦʨʠʪ ʦʙ ʫʢʨʫʧʥʝʥʠʠ ʟʝʨʝʥ ʩʪʦʨʦʥʥʠʭ ʬʘʟ. ɿʝʨʥʘ LNO ʚ ʜʘʥʥʦʡ ʛʨʫʧʧʝ 

ʦʩʪʘʶʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʩʣʦʝʚ, ʥʝ ʧʨʦʨʘʩʪʘʷ ʚʦ ʚʩʶ ʰʠʨʠʥʫ ʧʣʝʥʢʠ. ʌʦʨʤʠʨʦʚʘʥʠʝ 

ʨʘʚʥʦʦʩʥʳʭ ʟʝʨʝʥ ʚ ʧʨʝʜʝʣʘʭ ʩʣʦʝʚ ʥʘʙʣʶʜʘʣʠ ʘʚʪʦʨʳ ʨʘʙʦʪʳ [37], ʩʚʷʟʳʚʘʷ 

ʪʘʢʦʡ ʨʦʩʪ ʩ ʵʪʘʧʦʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ.  

ʃʦʢʘʣʠʟʘʮʠʷ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʬʘʟ ʚ ʦʙʨʘʟʮʘʭ ʩ ʦʪʞʠʛʦʤ ʧʨʠ ʊ = 650 ʠ 800  

ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʜʭʦʜʘ, ʚʣʶʯʘʶʱʝʛʦ EDX-

ʢʘʨʪʠʨʦʚʘʥʠʝ ʩ ʚʳʩʦʢʦʡ ʣʦʢʘʣʴʥʦʩʪʴʶ ʠ ʤʝʪʦʜʳ ɺʈʕʄ (ʈʠʩʫʥʦʢ 21). ʉʥʘʯʘʣʘ 

ʙʳʣʘ ʩʥʷʪʘ ʦʙʱʘʷ ʢʘʨʪʠʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 35-50kx, ʯʪʦ 

ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ ʙʳʣʦ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʨʘʟʜʝʣʝʥʠʷʷ ʦʙʣʘʩʪʝʡ ʨʘʟʥʦʛʦ ʩʦʩʪʘʚʘ. 

ɿʘʪʝʤ ʚʳʙʨʘʥʥʳʝ ʦʙʣʘʩʪʠ ʠʩʩʣʝʜʦʚʘʣʠ ʤʝʪʦʜʦʤ EDX-ʵʣʝʤʝʥʪʥʦʛʦ ʢʘʨʪʠʨʦʚʘʥʠʷ 

ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 400-600 kx, ʛʜʝ ʯʝʪʢʦ ʣʦʢʘʣʠʟʦʚʘʣʠʩʴ ʢʨʠʩʪʘʣʣʳ ʨʘʟʤʝʨʦʤ 20 

ʥʤ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʦ ʩʦʩʪʘʚʝ ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʜʘʣʝʝ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʝʪʦʜʘʤʠ ɺʈʕʄ, ʛʜʝ ʩ ʧʦʤʦʱʴʶ ʘʥʘʣʠʟʘ 

ʌʫʨʴʝ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʬʘʟʳ. 
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ʈʠʩʫʥʦʢ 21.  ʂʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʧʣʝʥʢʘʭ LNO-

pyr-650 (ʘ, ʙ) ʠ LNO-pyr-800 (ʚ, ʛ). ʆʪʤʝʯʝʥʳ ʦʙʣʘʩʪʠ ʩʦʩʪʘʚʘ Ni-O (ʢʨʫʛ), La-O 

(ʢʚʘʜʨʘʪ) ʠ La-Ni-O (ʧʨʷʤʦʫʛʦʣʴʥʠʢ) [A2] 

 

ɼʣʷ ʦʙʣʘʩʪʠ, ʦʙʦʛʘʱʝʥʥʦʡ ʥʠʢʝʣʝʤ, ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʬʘʟʘ Ni3O4 (ʧʨ. ʛʨ. 

C2/m), ʘ ʜʣʷ ʦʙʣʘʩʪʠ, ʦʙʦʛʘʱʝʥʥʦʡ ʣʘʥʪʘʥʦʤ, ʦʢʩʠʜ ʙʳʣ ʦʧʨʝʜʝʣʝʥ ʢʘʢ La2O3 ʩ 

ʤʦʥʦʢʣʠʥʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ (ʧʨ. ʛʨ. C2/m) (ʈʠʩʫʥʦʢ 22). ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 650  ʠ ʚʳʰʝ ʚ ʦʙʣʘʩʪʷʭ, ʦʙʦʛʘʱʝʥʥʳʭ La ʠ Ni 

ʬʦʨʤʠʨʫʶʪʩʷ ʠʭ ʦʢʩʠʜʳ [A2].  

ʆʙʣʘʩʪʠ ʩʤʝʰʘʥʥʦʛʦ ʩʦʩʪʘʚʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʚʫʤʷ ʬʘʟʘʤʠ: ʞʝʣʘʝʤʦʡ 

ʢʫʙʠʯʝʩʢʦʡ ʬʘʟʦʡ LaNiO3 (ὖάσά) ʠ ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʦʡ La2Ni2O5 (ʉ2/m) ʩ 

ʜʝʬʠʮʠʪʦʤ ʢʠʩʣʦʨʦʜʘ (ʈʠʩʫʥʦʢ 23). ʇʦʩʣʝʜʥʷʷ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʦʡ 

ʬʘʟʦʡ ʚ ʩʠʩʪʝʤʝ La-Ni-O, ʘ ʧʝʨʝʭʦʜ LaNiO3 ï La2Ni2O5 ʦʙʨʘʪʠʤ ʚ ʨʝʘʢʮʠʷʭ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠ ʦʢʠʩʣʝʥʠʷ [86,175]. ʇʨʦʚʦʜʠʤʦʩʪʴ LNO ʦʯʝʥʴ ʯʫʚʩʪʚʠʪʝʣʴʥʘ 

ʢ ʥʝʭʚʘʪʢʝ ʢʠʩʣʦʨʦʜʘ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʫʜʘʣʝʥʠʝ ʢʠʩʣʦʨʦʜʘ ʚ LNO ʚʳʟʳʚʘʝʪ 

ʧʣʦʩʢʫʶ ʢʚʘʜʨʘʪʥʫʶ ʢʦʦʨʜʠʥʘʮʠʶ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʡ [110] ʩ ʠʟʤʝʥʝʥʠʝʤ 
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ʪʨʝʭʚʘʣʝʥʪʥʦʛʦ Ni3+ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ LaNiO3 ʥʘ ʜʚʫʭʚʘʣʝʥʪʥʳʡ Ni
2+ ʠ 

ʠʟʦʣʠʨʫʶʱʠʭ ʩʚʦʡʩʪʚ ʚ LaNiO2,5 [86]. 

 

 

ʈʠʩʫʥʦʢ 22. ʃʦʢʘʣʠʟʘʮʠʷ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʬʘʟ Ni3O4: ʘïʙ ï ʣʦʢʘʣʴʥʦʝ 

ʵʣʝʤʝʥʪʥʦʝ ʢʘʨʪʠʨʦʚʘʥʠʝ, ʚ ï ɺʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʣʘʩʪʠ ɸ (ʨʠʩ. ʘ), ʛïʜ ï 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʌʫʨʴʝ-ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ 

 

ʇʦʚʝʨʭʥʦʩʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʣʝʥʦʢ ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʨʦʩʪʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ (ʊʘʙʣʠʮʘ 6), ʦʜʥʘʢʦ ʚʝʩʴʤʘ ʚʳʩʦʢʦ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʜʘʥʥʳʭ ʧʣʝʥʦʢ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʜʦʚ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʧʨʠʩʫʪʩʚʠʝʤ ʧʦʨ ʠ 

ʥʝʞʝʣʘʪʝʣʴʥʳʭ ʬʘʟ: Ni3O4, La2O3 ʠ La2Ni2O5. 
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ʈʠʩʫʥʦʢ 23. ɺʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʣʘʩʪʠ La-Ni-O: ʘ) ʬʘʟʘ LaNiO3 

(ὖάσά); ʚ) ʬʘʟʘ La2Ni2O5 (ʉ2/m) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʌʫʨʴʝ-ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ 

(ʙ, ʛ) 

 

ʊʘʙʣʠʮʘ 6. ʕʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʣʝʥʦʢ 

T,   450  550 650  800 

ʇʦʚʝʨʭʥʦʩʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʆʤ/ʢʚʘʜʨʘʪ 6372200,0 2145400,0 576,1 108,6 

ʋʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ (ʨʘʩʯʝʪʥʦʝ) ʆʤĿʩʤ 331,4 110,5 2,8Ŀ10-2 5,0Ŀ10-3 

 

 

3.1.3. ɺʣʠʷʥʠʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ ʥʘ ʩʪʨʫʢʪʫʨʫ LNO 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʩʪʨʫʢʪʫʨʳ ʧʣʝʥʦʢ ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ ʠ 

ʦʪʞʠʛʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʢʘʟʘʣʘ, ʯʪʦ ʩʪʨʫʢʪʫʨʘ ʧʣʝʥʦʢ ʜʘʣʝʢʘ ʦʪ 

ʞʝʣʘʝʤʦʡ ʩʪʦʣʙʯʘʪʦʡ: ʟʝʨʥʘ ʨʘʚʥʦʦʩʥʳʝ ʠ ʥʘʭʦʜʷʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʧʦʜʩʣʦʝʚ, 

ʨʘʟʜʝʣʝʥʥʳʭ ʧʦʨʘʤʠ [A1]. ʕʪʘʧ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ ʚ ʧʣʝʥʢʘʭ LNO 

ʧʨʠʚʦʜʠʪ ʢ ʩʠʣʴʥʦʤʫ ʭʠʤʠʯʝʩʢʦʤʫ ʠ ʬʘʟʦʚʦʤʫ ʨʘʩʩʣʦʝʥʠʶ [A2]. ʋʞʝ ʧʨʠ 450  

ʧʨʦʠʩʭʦʜʠʪ ʘʢʪʠʚʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʣʝʥʦʢ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ, ʧʨʠʚʦʜʷʱʝʝ 

ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʪʦʣʩʪʦʛʦ ʩʣʦʷ ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʩʦʩʪʘʚʘ Ni-O ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʣʦʝʚ 
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(ʈʠʩʫʥʦʢ 17). ɼʠʬʬʫʟʠʷ ʥʠʢʝʣʷ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʩʦʟʜʘʝʪ ʦʙʝʜʥʝʥʥʫʶ ʦʙʣʘʩʪʴ ʚ 

ʥʠʞʝʣʝʞʘʱʝʤ ʩʣʦʝ, ʛʜʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʊ=450  ʨʘʩʪʫʪ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʝ 

ʚʜʦʣʴ ʦʩʠ [001] ʢʨʠʩʪʘʣʣʳ ʦʢʩʠʢʘʨʙʦʥʘʪʘ ʣʘʥʪʘʥʘ. ʇʦʜ ʩʣʦʝʤ ʦʢʩʠʢʘʨʙʦʥʘʪʘ 

ʣʘʥʪʘʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʩʣʦʡ ʩʤʝʰʘʥʥʦʛʦ ʩʦʩʪʘʚʘ. ɺʥʫʪʨʠ ʦʙʣʘʩʪʝʡ ʩʤʝʰʘʥʥʦʛʦ 

ʩʦʩʪʘʚʘ ʬʘʟʦʚʦʛʦ ʠʣʠ ʭʠʤʠʯʝʩʢʦʛʦ ʨʘʩʩʣʦʝʥʠʷ ʥʘ ʨʘʥʥʠʭ ʵʪʘʧʘʭ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʯʪʦ ʩʪʘʚʠʪ ʧʦʜ ʚʦʧʨʦʩ ʧʨʝʜʧʦʣʘʛʘʝʤʳʡ ʚ ʨʘʙʦʪʘʭ [18,39] 

ʤʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ LNO ʯʝʨʝʟ ʜʚʫʭʩʪʘʜʠʡʥʳʡ ʧʨʦʮʝʩʩ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩ 

ʧʝʨʚʦʥʘʯʘʣʴʥʳʤ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʦʢʩʠʜʦʚ NiO ʠ La2O3, ʢʦʪʦʨʳʝ ʟʘʪʝʤ ʫʞʝ 

ʨʝʘʛʠʨʫʶʪ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ LNO. ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʦʪʞʠʛʝ ʧʨʠ ʊ = 650ï800  

ʬʘʟʳ, ʦʙʦʛʘʱʝʥʥʳʝ ʥʠʢʝʣʝʤ ʠ ʣʘʥʪʘʥʦʤ, ʨʘʩʧʘʜʘʶʪʩʷ ʥʘ ʦʢʩʠʜʳ ʥʠʢʝʣʷ ʠ 

ʣʘʥʪʘʥʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ ʚ ʩʤʝʰʘʥʥʦʡ ʦʙʣʘʩʪʠ ʦʙʨʘʟʫʝʪʩʷ LNO [A2]. 

ɺ ʨʘʙʦʪʝ [18] ʥʘ ʙʘʟʝ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦʨʦʰʢʦʚ ʘʚʪʦʨʳ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʢʩʠʜʳ La ʠ Ni ʬʦʨʤʠʨʫʶʪʩʷ ʚ ʠʥʪʝʨʚʘʣʝ 350-500 , ʘ LNO ï 500-

700 , ʧʨʠ ʵʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʤʦʛʫʪ ʥʝʤʥʦʛʦ ʩʜʚʠʛʘʪʴʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʨʘʩʪʚʦʨʘ ʧʨʝʢʫʨʩʦʨʦʚ. ɺ ʥʘʰʝʤ ʞʝ ʩʣʫʯʘʝ, ʦʜʥʘʢʦ, ʬʘʟʘ ʩʦʩʪʘʚʘ Ni-O ʧʨʠ 450  

ʬʦʨʤʠʨʫʝʪʩʷ ʘʤʦʨʬʥʦʡ ʠ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʞʜʦʛʦ ʩʣʦʷ, ʪʦ ʝʩʪʴ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʡ ʩ ʘʪʤʦʩʬʝʨʦʡ ʧʨʠ ʢʘʞʜʦʤ ʮʠʢʣʝ ʩʫʰʢʠ ʠ 

ʦʪʞʠʛʘ. ʇʦʜ ʵʪʦʡ ʦʙʣʘʩʪʴʶ ʧʨʠ 450ï550  ʥʘʭʦʜʠʪʩʷ ʦʢʩʠʢʘʨʙʦʥʘʪ ʣʘʥʪʘʥʘ, 

ʢʦʪʦʨʳʡ ʧʨʠ ʊ=650ï800  ʧʝʨʝʭʦʜʠʪ ʚ ʦʢʩʠʜ ʙʝʟ ʩʦʭʨʘʥʝʥʠʷ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ. ɺ ʵʪʦʤ ʞʝ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʥʠʢʝʣ-ɹ

ʩʦʜʝʨʞʘʱʘʷ ʘʤʦʨʬʥʘʷ ʬʘʟʘ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʙʣʶʜʘʝʤʳʝ 

ʦʢʩʠʜʳ ʣʘʥʪʘʥʘ ʠ  ʥʠʢʝʣʷ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʥʝ ʷʚʣʷʶʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ 

ʜʚʫʭʩʪʘʜʠʡʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʘ ʚʦʟʥʠʢʘʶʪ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʣʦʝʚ.  

ɺ [86] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ La ʠ Ni ʤʦʛʫʪ ʨʝʘʛʠʨʦʚʘʪʴ ʩ 

ʘʪʤʦʩʬʝʨʦʡ ʚ ʧʨʦʮʝʩʩʝ ʦʙʨʘʙʦʪʢʠ ʠ ʦʙʨʘʟʦʚʳʚʘʪʴ ʛʠʜʨʦʢʩʠʜʳ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ 

ʙʳʪʴ ʬʘʟʘʤʠ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘʤʠ ʦʙʨʘʟʫʶʱʠʭʩʷ ʦʢʩʠʜʦʚ. ʊʘʢʠʝ ʨʝʘʢʮʠʠ 

ʠʟʚʝʩʪʥʳ ʜʣʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ Ni [176], ʭʦʪʷ ʝʜʠʥʦʛʦ ʤʥʝʥʠʷ ʧʦ 

ʵʪʦʤʫ ʧʦʚʦʜʫ ʥʝʪ. ʆʢʩʠʜ ʣʘʥʪʘʥʘ ʪʘʢʞʝ ʩʧʦʩʦʙʝʥ ʧʨʠʚʦʜʠʪʴ ʢ ʜʠʩʩʦʮʠʘʮʠʠ ʚʦʜʳ 

[177,178], [179], [180] ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʫʛʣʝʨʦʜʦʤ [181,182]. ʍʠʤʠʯʝʩʢʘʷ 
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ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʤʦʞʝʪ ʥʘʯʘʪʴʩʷ ʩ ʜʠʬʬʫʟʠʠ ʥʠʢʝʣʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʦʙʦʛʘʱʝʥʥʦʡ ʥʠʢʝʣʝʤ ʘʤʦʨʬʥʦʡ ʬʘʟʳ (ʥʘʧʨʠʤʝʨ, ʛʠʜʨʦʢʩʠʜʘ 

ʥʠʢʝʣʷ) ʥʘ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʧʦʜʩʣʦʝʚ ʠ ʜʝʬʠʮʠʪʘ ʥʠʢʝʣʷ ʚ ʦʙʣʘʩʪʷʭ ʧʦʜ ʥʠʤʠ. 

ɼʝʬʠʮʠʪ ʥʠʢʝʣʷ ʩʦʟʜʘʝʪ ʛʨʘʜʠʝʥʪ ʢʦʥʮʝʥʪʨʘʮʠʡ, ʢʦʪʦʨʳʡ ʩʧʦʩʦʙʩʪʚʫʝʪ ʨʦʩʪʫ 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʦʢʩʠʢʘʨʙʦʥʘʪʘ ʣʘʥʪʘʥʘ. ʈʘʩʪʚʦʨ ʧʨʝʢʫʨʦʩʦʨʦʚ 

ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʨʘʮʠʠ (0,6 ʤʦʣʴ/ʣ), ʤʦʞʝʪ ʟʘʪʨʫʜʥʷʪʴ ʚʳʭʦʜ ʧʨʦʜʫʢʪʦʚ ʨʘʩʧʘʜʘ 

ʧʨʝʢʫʨʩʦʨʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʫʛʣʝʨʦʜ-ʩʦʜʝʨʞʘʱʠʭ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʦʙʨʘʟʦʚʘʥʠʠ 

ʦʢʩʠʢʘʨʙʦʥʘʪʦʚ. ɿʘʪʨʫʜʥʝʥʥʳʡ ʚʳʭʦʜ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʪʘʢʞʝ ʤʦʞʝʪ ʙʳʪʴ 

ʦʪʚʝʪʩʚʝʥʝʥ ʟʘ ʦʙʨʘʟʦʚʘʥʠʝ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʧʦʨ ʚ ʠʟʫʯʘʝʤʳʭ ʧʣʝʥʢʘʭ. 

ʇʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʧʨʦʮʝʩʩʦʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʧʨʝʢʫʨʩʦʨʦʚ LNO ʩ ʘʪʤʦʩʬʝʨʦʡ ʥʘʙʣʶʜʘʝʪʩʷ ʚʙʣʠʟʠ ʊ=450, ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʩʪʨʫʢʪʫʨʦʡ ʧʣʝʥʦʢ ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ ʚ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ, ʘ ʪʘʢʞʝ ʨʝʥʛʝʥʦʩʪʨʫʢʪʫʨʥʳʤ ʘʥʘʣʠʟʦʤ, ʨʝʛʠʩʪʨʠʨʫʶʱʠʤ ʬʘʟʦʚʦʝ 

ʨʘʩʩʣʦʝʥʠʝ ʚ ʨʘʙʦʪʝ [18]. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʙʳʣʦ ʩʜʝʣʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ 

ʧʦʜʘʚʣʝʥʠʠ ʘʢʪʠʚʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʦ ʩʨʝʜʦʡ ʧʨʝʢʫʨʩʦʨʦʚ LNO ʧʨʠ ʙʳʩʪʨʦʤ 

ʧʨʦʭʦʞʜʝʥʠʠ ʜʘʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʪʝʤʧʝʨʘʪʫʨ, ʪʦ ʝʩʪʴ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʫʰʢʠ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʪʦʨʦʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʵʪʘʧʘ ʩ ʧʦʩʣʝʜʫʶʱʝʤ 

ʦʪʞʠʛʦʤ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʫʧʨʦʱʝʥʠʷ ʫʜʘʣʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ 

ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʩʥʠʞʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʨʘʩʪʚʦʨʘ ʧʨʝʢʫʨʩʦʨʦʚ. ʊʝʤʧʝʨʘʪʫʨʘ 

ʦʪʞʠʛʘ ʊ=650 , ʩʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ, ʜʦʩʪʘʪʦʯʥʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʣʝʥʢʠ. ʉ ʫʯʝʪʦʤ ʚʳʰʝʫʢʘʟʘʥʥʳʭ ʧʨʦʤʝʞʫʪʦʯʥʳʭ 

ʚʳʚʦʜʦʚ, ʙʳʣʘ ʧʦʜʛʦʪʦʚʣʝʥʘ ʩʝʨʠʷ ʧʣʝʥʦʢ LNO ʧʫʪʝʤ ʤʥʦʛʦʩʣʦʡʥʦʛʦ ʥʘʥʝʩʝʥʠʷ 

ʨʘʩʪʚʦʨʘ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 0,2 ʤʦʣʴ/ʣ ʩ ʩʫʰʢʦʡ ʧʨʠ ʊ=200 ʚ ʪʝʯʝʥʠʝ ʯʝʪʳʨʝʭ 

ʤʠʥʫʪ ʠ ʦʪʞʠʛʦʤ ʧʨʠ ʊ=650  ʚ ʪʝʯʝʥʠʝ ʧʷʪʠ ʤʠʥʫʪ.  
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3.2. ʉʪʨʫʢʪʫʨʘ ʠ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʮʠʡ PZT-LNO-Si, 

PZT-LNO-SiOx-Si, LNO-PZT-LNO-Si  

ɼʣʷ ʠʟʫʯʝʥʠʷ ʧʣʝʥʦʢ LNO, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʙʝʟ ʵʪʘʧʘ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʩʫʰʢʠ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʠʷ ʚʣʠʷʥʠʷ LNO ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ ʙʳʣʠ ʧʦʜʛʦʪʦʚʣʝʥʳ ʢʦʤʧʦʟʠʮʠʠ PZTïLNOïSiOxïSi, 

PZTïLNOïSiO2(10nm)ïSi ʠ ʢʦʥʜʝʥʩʘʪʦʨʥʘʷ ʩʪʨʫʢʪʫʨʘ LNO-PZT-LNO-

SiO2(500nm)-Si [A3, A4]. ʆʩʘʞʜʝʥʠʝ ʧʣʝʥʦʢ LNO ʧʨʦʚʦʜʠʣʠ ʥʘ ʩʪʘʥʜʘʨʪʥʳʝ 

ʢʨʝʤʥʠʝʚʳʝ ʧʦʜʣʦʞʢʠ ʩ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʢʠʩʣʦʤ SiO2(10nm)-Si, ʘ ʪʘʢʞʝ ʥʘ 

ʢʨʝʤʥʠʝʚʳʝ ʧʦʜʣʦʞʢʠ ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʙʫʬʝʨʥʳʤ ʩʣʦʝʤ SiOx, ʚʳʧʦʣʥʷʶʱʠʤ 

ʨʦʣʴ ʠʟʦʣʷʮʠʦʥʥʦʛʦ ʠ ʨʝʣʘʢʩʠʨʫʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ ʩʣʦʷ. 

ʇʘʥʦʨʘʤʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʧʝʨʝʯʥʳʭ ʩʨʝʟʦʚ ʢʦʤʧʦʟʠʮʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 24.  

ʉʣʦʠ PZT ʚ ʦʙʝʠʭ ʢʦʤʧʦʟʠʮʠʷʭ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʤ, 

ʥʘʧʨʘʚʣʝʥʥʳʤ ʨʦʩʪʦʤ ʟʝʨʝʥ ʦʪ ʛʝʪʝʨʦʬʘʟʥʦʡ ʛʨʘʥʠʮʳ LNOïPZT. ɹʦʣʴʰʘʷ ʯʘʩʪʴ 

ʟʝʨʝʥ ʠʤʝʝʪ ʩʪʦʣʙʯʘʪʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʧʨʦʨʘʩʪʘʝʪ ʥʘ ʚʩʶ ʪʦʣʱʠʥʫ ʧʣʝʥʢʠ, ʦʜʥʘʢʦ 

ʥʘʙʣʶʜʘʶʪʩʷ ʪʘʢʞʝ ʙʦʣʝʝ ʤʝʣʢʠʝ ʟʝʨʥʘ, ʥʝ ʜʦʩʪʠʛʰʠʝ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʳ ʧʣʝʥʢʠ 

PZT. ʊʦʣʱʠʥʘ PZT-ʟʝʨʝʥ ʩʦʩʪʘʚʣʷʝʪ 30ï90 ʥʤ ʚ ʦʙʦʠʭ ʦʙʨʘʟʮʘʭ, ʯʪʦ ʦʪʣʠʯʘʝʪʩʷ 

ʦʪ ʢʣʘʩʩʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʮʠʡ ʥʘ ʧʣʘʪʠʥʝ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ ʟʝʨʥʘʤʠ ʪʦʣʱʠʥʦʡ 

150ï200 ʥʤ [183].  

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 24, ʩʪʨʫʢʪʫʨʘ ʩʣʦʷ LNO ʭʦʪʴ ʠ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ 

ʧʣʦʪʥʦʡ ʠ ʦʜʥʦʨʦʜʥʦʡ, ʯʝʤ ʧʨʝʜʳʜʫʱʠʝ ʧʣʝʥʢʠ ʩ ʵʪʘʧʦʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʩʫʰʢʠ, ʥʦ ʪʝʤ ʥʝ ʤʝʥʝʝ ʠʤʝʝʪ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʠ ʧʦʨʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ. 

ʈʘʟʤʝʨ ʧʦʨ ʩʦʩʪʘʚʣʷʝʪ 10ï20 ʥʤ. ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʟʝʨʝʥ dʩʨ 13ï30 ʥʤ ʜʣʷ ʦʙʨʘʟʮʘ 

ʩ ʙʫʬʝʨʥʳʤ ʩʣʦʝʤ ʠ 22ï39 ʥʤ ʜʣʷ ʦʙʨʘʟʮʘ ʙʝʟ ʥʝʛʦ. ɺ ʦʙʨʘʟʮʝ ʩ ʙʫʬʝʨʥʳʤ ʩʣʦʝʤ 

ʤʦʞʥʦ ʦʪʯʝʪʣʠʚʦ ʨʘʟʣʠʯʠʪʴ ʦʪʜʝʣʴʥʳʝ ʧʦʜʩʣʦʠ, ʢʦʪʦʨʳʝ ʥʘʥʦʩʠʣʠ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚ ʧʨʦʮʝʩʩʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʠʞʥʝʛʦ ʵʣʝʢʪʨʦʜʘ, ʪʘʢ ʢʘʢ ʟʝʨʥʘ 

ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʧʦʜʩʣʦʷ ʠʣʠ ʠʤʝʶʪ ʤʝʥʴʰʠʡ ʨʘʟʤʝʨ, ʥʝ ʧʨʦʨʘʩʪʘʶʪ ʚ 

ʩʦʩʝʜʥʠʝ ʧʦʜʩʣʦʠ, ʘ ʧʦʨʳ ʨʘʩʧʦʣʦʞʝʥʳ ʩʪʨʦʯʢʘʤʠ, ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘ 
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ʛʨʘʥʠʮʘʭ ʧʦʜʩʣʦʝʚ [A3]. ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ, ʪʘʢ ʢʘʢ ʚ ʦʙʨʘʟʮʝ PZTïLNOï 

SiO2(10nm)ïSi ʩʣʦʡ LNO ʤʝʥʝʝ ʧʦʨʠʩʪʳʡ, ʢʨʠʩʪʘʣʣʠʪʳ ʠʤʝʶʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʨʦʨʘʩʪʘʪʴ ʟʘ ʧʨʝʜʝʣʳ ʩʚʦʝʛʦ ʧʦʜʩʣʦʷ ʠ ʚ ʮʝʣʦʤ, ʢʘʢ ʵʪʦ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚʳʰʝ, 

ʠʤʝʶʪ ʙʦʣʴʰʠʡ ʨʘʟʤʝʨ. 

 

 

ʈʠʩʫʥʦʢ 24. ʉʪʨʫʢʪʫʨʘ ʧʦʧʝʨʝʯʥʳʭ ʩʨʝʟʦʚ ʢʦʤʧʦʟʠʮʠʡ PZTïLNOïSiOxïSi 

(ʘ, ʙ) ʠ PZTïLNOïSiO2(10nm)ïSi (ʚ, ʛ): ʘ, ʚ ï ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ, ʚ, ʛ ï 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʩʭʝʤʘ ʩʪʨʫʢʪʫʨʳ [A3] 

 

ʅʘ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝ ʩʣʦʷ LNO ʚ ʦʙʨʘʟʮʝ, ʚ ʢʦʪʦʨʦʤ ʵʣʝʢʪʨʦʜ ʩʬʦʨʤʠʨʦʚʘʥ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʢʨʝʤʥʠʠ ʩ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʢʩʠʜʦʤ, ʧʨʠʩʫʪʩʪʚʫʝʪ ʩʪʨʦʯʢʘ ʧʦʨ 

ʥʘ ʛʨʘʥʠʮʝ LNOïSiO2, ʘ ʧʨʠ ʦʩʘʞʜʝʥʠʠ LNO ʥʘ ʙʫʬʝʨʥʳʡ ʩʣʦʡ ʩʢʦʧʣʝʥʠʷ ʧʦʨ ʫ 

ʛʨʘʥʠʮʳ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ɺʝʨʦʷʪʥʦ, ʙʫʬʝʨʥʳʡ ʩʣʦʡ ʦʙʣʝʛʯʘʝʪ ʟʘʨʦʞʜʝʥʠʝ ʟʝʨʝʥ 

LNO, ʦʜʥʘʢʦ ʜʘʣʴʥʝʡʰʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ LNO ʥʘ ʥʝʤ ʧʨʠʚʦʜʠʪ ʢ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʙʦʣʝʝ ʤʝʣʢʦʟʝʨʥʠʩʪʦʡ ʠ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ.  

ɸʥʘʣʠʟ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤ ʠ ʠʟʦʙʨʘʞʝʥʠʡ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ (ʈʠʩʫʥʦʢ 25) 

ʧʦʢʘʟʘʣ, ʯʪʦ ʧʣʝʥʢʘ PZT ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʬʘʟʳ ʧʝʨʦʚʩʢʠʪʘ ʩ 

ʧʝʨʠʦʜʦʤ ʨʝʰʝʪʢʠ a = 4.036 ¡ (ʧʨ. ʛʨ. P4mm, PCPDFWIN v. 1.30, ˉ 33-084). 
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ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ ʪʘʢʞʝ ʦʪʩʫʪʩʪʚʠʝ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ ʥʝ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟʳ ʧʠʨʦʭʣʦʨʘ, ʢʦʪʦʨʘʷ ʦʙʳʯʥʦ ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʚʠʜʝ 

ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʚʢʣʶʯʝʥʠʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʪʞʠʛʘ ʊ = 650Áʉ, ʢʘʢ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʘʭ [183]. ʄʝʞʧʣʦʩʢʦʩʪʥʳʝ ʨʘʩʩʪʦʷʥʠʷ, ʠʟʤʝʨʝʥʥʳʝ ʧʦ 

ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʝ ʦʪ ʦʙʣʘʩʪʠ LNO (ʈʠʩʫʥʦʢ 25ʙ), ʤʦʛʫʪ ʧʨʠʥʘʜʣʝʞʘʪʴ ʢʘʢ 

ʢʫʙʠʯʝʩʢʦʡ ʬʘʟʝ ʩʦ ʩʪʝʭʠʦʤʝʪʨʠʝʡ LaNiO3 (ʧʨ. ʛʨ. ὖάσά), ʪʘʢ ʠ ʪʨʠʛʦʥʘʣʴʥʦʡ 

LaNiO3 (ʧʨ. ʛʨ. Ὑσὧ), ʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʬʘʟʝ La2NiO4 (ʧʨ. ʛʨ. I4/mmm) ʩ ʙʣʠʟʢʠʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷʥʠʡ. ɸʥʘʣʠʟ ʠʟʦʙʨʘʞʝʥʠʡ ʚʳʩʦʢʦʛʦ 

ʨʘʟʨʝʰʝʥʠʷ, ʦʜʥʘʢʦ, ʧʦʜʪʚʝʨʜʠʣ ʧʨʠʩʫʪʩʪʚʠʝ ʢʫʙʠʯʝʩʢʦʡ ʬʘʟʳ LaNiO3 (ʧʨ. ʛʨ. 

ὖάσά) (ʈʠʩʫʥʦʢ 25ʚ,ʛ) [A3].   

 

ʈʠʩʫʥʦʢ 25. ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʩʣʦʝʚ PZT ʠ LNO: ʘ ï ʤʠʢʨʦʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ 

ʩʣʦʷ PZT; ʙ ï ʤʠʢʨʦʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ ʩʣʦʷ LNO; ʚ, ʛ ï ɺʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʌʫʨʴʝ-ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʜʣʷ ʚʳʜʝʣʝʥʥʦʛʦ ʫʯʘʩʪʢʘ ʩ ʦʩʴʶ ʟʦʥʳ 

[001] ʢʨʠʩʪʘʣʣʠʪʘ LNO (ʦʙʨʘʟʝʮ PZTïLNOïSiOxïSi) [A3] 
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ʈʘʩʩʤʦʪʨʠʤ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʩʪʨʫʢʪʫʨʫ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ PZTïLNO. ʅʘ 

ʨʠʩʫʥʢʝ 26 ʧʦʢʘʟʘʥʳ ʩʚʝʪʣʦʧʦʣʴʥʳʝ ʠ ʪʝʤʥʦʧʦʣʴʥʳʝ ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʟʝʨʝʥ 

ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʜʣʷ ʦʙʦʠʭ ʦʙʨʘʟʮʦʚ. ʄʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʨʫʧʥʳʝ ʟʝʨʥʘ 

PZT, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʤʝʶʪ ʩʧʝʮʠʬʠʯʝʩʢʫʶ ʬʦʨʤʫ ʩ ʫʟʢʠʤ ʦʩʥʦʚʘʥʠʝʤ ʠ 

ʨʘʩʰʠʨʷʶʪʩʷ ʧʦ ʤʝʨʝ ʧʨʠʙʣʠʞʝʥʠʷ ʢ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝ ʧʣʝʥʢʠ (ʈʠʩʫʥʦʢ 26ʘ). 

ʊʘʢʘʷ ʬʦʨʤʘ ʦʙʫʩʣʦʚʣʝʥʘ ʟʘʨʦʞʜʝʥʠʝʤ ʟʝʨʝʥ PZT ʥʘ ʢʨʠʩʪʘʣʣʠʪʘʭ LNO ʤʘʣʦʛʦ 

ʨʘʟʤʝʨʘ (ʈʠʩʫʥʦʢ 26ʙ), ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʢʘʢ ʥʘ ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʘʭ 

ʩʣʦʷ (ʈʠʩʫʥʦʢ 26ʘ, ʚ), ʪʘʢ ʠ ʥʘ ʛʨʫʧʧʝ ʢʨʠʩʪʘʣʣʠʪʦʚ LNO ʩ ʙʣʠʟʢʦʡ ʦʨʠʝʥʪʘʮʠʝʡ 

(ʈʠʩʫʥʦʢ 26ʛ).  

 

ʈʠʩʫʥʦʢ 26. ʉʪʨʫʢʪʫʨʘ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ PZTïLNO (ʙʝʣʳʤʠ ʩʪʨʝʣʢʘʤʠ 

ʦʙʦʟʥʘʯʝʥʘ ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ): ʘ, ʙ ï ʪʝʤʥʦʧʦʣʴʥʦʝ ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʩʪʦʣʙʯʘʪʳʭ 

ʟʝʨʝʥ PZT, ʚʳʨʦʩʰʠʭ ʥʘ ʢʨʠʩʪʘʣʣʠʪʘʭ LNO ʚ ʦʙʨʘʟʮʝ PZTïLNOïSiOxïSi; ʚ ï 

ʪʝʤʥʦʧʦʣʴʥʦʝ ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʩʪʦʣʙʯʘʪʦʛʦ ʟʝʨʥʘ PZT, ʚʳʨʦʩʰʝʛʦ ʥʘ 

ʢʨʠʩʪʘʣʣʠʪʝ LNO ʚ ʦʙʨʘʟʮʝ PZTïLNOïSiO2(10nm)ïSi; ʛ ï ɺʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ 

ʦʩʥʦʚʘʥʠʷ ʟʝʨʥʘ PZT, ʚʳʨʦʩʰʝʛʦ ʥʘ ʟʝʨʥʘʭ LNO ʩ ʙʣʠʟʢʦʡ ʦʨʠʝʥʪʘʮʠʝʡ 

(ʧʫʥʢʪʠʨʥʦʡ ʣʠʥʠʝʡ ʦʙʦʟʥʘʯʝʥʳ ʟʝʨʥʘ ʩʣʦʷ LNO) [A3] 
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ʋʚʝʣʠʯʝʥʠʝ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ LNO ʚ ʦʙʨʘʟʮʝ PZTïLNOïSiO2(10nm)ï

Si ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʡ ʦʧʨʝʜʝʣʝʥʥʳʤ ʦʙʨʘʟʦʤ ʧʣʦʱʘʜʢʠ 

ʜʣʷ ʟʘʨʦʞʜʝʥʠʷ ʧʝʨʦʚʩʢʠʪʦʚʦʡ ʬʘʟʳ PZT. ʕʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʩʪʦʣʙʯʘʪʳʭ ʟʝʨʝʥ ʧʝʨʦʚʩʢʠʪʘ ʩ ʙʦʣʝʝ ʰʠʨʦʢʠʤ ʦʩʥʦʚʘʥʠʝʤ, ʯʪʦ 

ʠʣʣʶʩʪʨʠʨʫʝʪ ʪʝʤʥʦʧʦʣʴʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ (ʈʠʩʫʥʦʢ 26ʚ). ʇʨʷʤʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʨʘʟʤʝʨʘ ʟʝʨʝʥ PZT ʦʪ ʨʘʟʤʝʨʘ ʟʝʨʝʥ LNO ʪʘʢʞʝ ʥʘʙʣʶʜʘʣʘʩʴ ʠ ʚ [19]. 

ʅʘʣʠʯʠʝ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʥʝ ʧʨʦʨʦʩʰʠʭ ʜʦ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʳ ʩʣʦʷ 

PZT ʟʝʨʝʥ ʪʘʢʞʝ ʩʚʷʟʘʥʦ ʩ ʤʝʣʢʦʟʝʨʥʠʩʪʦʩʪʴʶ ʠ ʭʘʦʪʠʯʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʩʣʦʷ 

LNO: ʚ ʧʨʦʮʝʩʩʝ ʥʫʢʣʝʘʮʠʠ ʟʘʨʦʞʜʘʝʪʩʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʢʨʠʩʪʘʣʣʠʪʦʚ, 

ʢʦʪʦʨʳʝ ʚ ʜʘʣʴʥʝʡʰʝʤ ʢʦʥʢʫʨʠʨʫʶʪ ʤʝʞʜʫ ʩʦʙʦʡ ʟʘ ʚʦʟʤʦʞʥʦʩʪʴ ʨʦʩʪʘ, 

ʧʦʜʘʚʣʷʷ ʨʦʩʪ ʥʘʠʤʝʥʝʝ ʚʳʛʦʜʥʳʭ ʟʘʨʦʜʳʰʝʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʤʝʨ, 

ʤʦʨʬʦʣʦʛʠʷ ʠ ʦʨʠʝʥʪʘʮʠʷ ʵʣʝʤʝʥʪʦʚ ʩʪʨʫʢʪʫʨʳ ʥʠʞʥʝʛʦ ʵʣʝʢʪʨʦʜʘ ʥʘʧʨʷʤʫʶ 

ʚʣʠʷʶʪ ʥʘ ʩʪʨʫʢʪʫʨʫ ʧʣʝʥʢʠ PZT [A3]. 

 ʅʘ ʢʘʨʪʘʭ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ (ʈʠʩʫʥʦʢ 27) ʷʚʥʦʛʦ 

ʭʠʤʠʯʝʩʢʦʛʦ ʨʘʩʩʣʦʝʥʠʷ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ.  

 

ʈʠʩʫʥʦʢ 27. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ 

ʦʙʨʘʟʮʘ PZTïLNOïSiOxïSi: ʇʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʩ z-ʢʦʥʪʨʘʩʪʦʤ (ʘ); ʢʘʨʪʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ La (ʙ), Ni (ʚ), Pb (ʛ), Zr (ʜ), Ti (ʝ), O (ʞ) ʚ ʩʣʦʷʭ  
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ʅʘ ʨʠʩʫʥʢʝ 28 ʧʨʝʜʩʪʘʚʣʝʥʳ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʣʝʥʦʢ. ɿʥʘʯʝʥʠʝ 

ʦʩʪʘʪʦʯʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 26 ʠ ï27.4 ʤʢʂʣ/ʩʤ2 ʜʣʷ ʦʙʨʘʟʮʘ PZTï

LNOïSiOxïSi ʠ 29.4 ʠ ï31.0 ʤʢʂʣ/ʩʤ2 ʜʣʷ ʦʙʨʘʟʮʘ PZTïLNOïSiO2(10nm)ïSi, ʘ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʦʩʪʘʚʣʷʝʪ 788 ʜʣʷ 

ʦʙʨʘʟʮʘ PZTïLNOïSiOxïSi ʠ 1019 ʜʣʷ ʦʙʨʘʟʮʘ PZTïLNOïSiO2(10nm)ïSi. 

ɼʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʧʣʝʥʦʢ PZT, ʦʜʥʘʢʦ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʩʪʨʫʢʪʫʨ ʥʘ 

ʧʣʘʪʠʥʦʚʦʤ ʵʣʝʢʪʨʦʜʝ, ʧʝʪʣʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʩʦʜʝʨʞʘʪ ʤʝʥʝʝ 

ʚʳʨʘʞʝʥʥʳʡ ʫʯʘʩʪʦʢ ʥʘʩʳʱʝʥʠʷ, ʦʩʦʙʝʥʥʦ ʚ ʩʣʫʯʘʝ ʩʪʨʫʢʪʫʨʳ ʙʝʟ ʙʫʬʝʨʥʦʛʦ 

ʩʣʦʷ, ʯʪʦ ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦʙ ʫʪʝʯʢʘʭ ʚ ʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨʘʭ [184].  

 

 

ʈʠʩʫʥʦʢ 28. ʉʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʦʙʨʘʟʮʦʚ ʢʦʤʧʦʟʠʮʠʡ PZTï

LNOïSiOxïSi (ʘ, ʙ) ʠ PZTïLNOïSiO2(10nm)ïSi (ʚ, ʛ): ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ (ʘ, ʚ) ʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ (ʙ, ʛ) 

 

ʅʝʩʤʦʪʨʷ ʥʘ ʥʘʣʠʯʠʝ ʧʦʨ ʠ ʨʘʚʥʦʦʩʥʫʶ ʤʝʣʢʦʟʝʨʥʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ ʟʝʨʝʥ, 

ʜʘʥʥʳʝ ʧʣʝʥʢʠ ʷʚʣʷʶʪʩʷ ʚʝʩʴʤʘ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ, 
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ʧʦʵʪʦʤʫ ʧʦ ʪʘʢʦʡ ʞʝ ʪʝʭʥʦʣʦʛʠʠ ʙʳʣʘ ʠʟʛʦʪʦʚʣʝʥʘ ʢʦʥʜʝʥʩʘʪʦʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʥʘ 

ʢʨʝʤʥʠʠ ʩ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʢʩʠʜʦʤ LNO-PZT-LNO-SiO2(500nm)-Si.  

ʅʘ ʨʠʩʫʥʢʝ 29 ʧʨʝʜʩʪʘʚʣʝʥʳ ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʧʝʨʝʯʥʦʛʦ ʩʨʝʟʘ 

ʢʦʥʜʝʥʩʘʪʦʨʥʦʡ ʩʪʨʫʢʪʫʨʳ LNO-PZT-LNO-SiO2(500nm)-Si. ʅʠʞʥʠʡ ʵʣʝʢʪʨʦʜ 

LNO ʠʤʝʝʪ ʪʦʣʱʠʥʫ 120-150 ʥʤ, ʩʣʦʡ PZT ï 365-390 ʥʤ, ʘ ʚʝʨʭʥʠʡ ʵʣʝʢʪʨʦʜ LNO 

ï 70-80 ʥʤ. ɼʦʚʦʣʴʥʦ ʙʦʣʴʰʦʡ ʨʘʟʙʨʦʩ ʚ ʪʦʣʱʠʥʘʭ ʢʘʞʜʦʛʦ ʠʟ ʩʣʦʝʚ ʩʚʷʟʘʥ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʝʨʘʚʥʦʤʝʨʥʦʛʦ ʧʦ ʪʦʣʱʠʥʝ ʩʣʦʷ LNO. ɿʝʨʥʘ PZT ʠʤʝʶʪ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʩʪʦʣʙʯʘʪʫʶ ʬʦʨʤʫ, ʭʦʪʷ ʪʘʢʞʝ ʥʘʙʣʶʜʘʶʪʩʷ ʟʝʨʥʘ, ʨʘʩʪʫʱʠʝ 

ʦʪ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ PZT-LNO (bottom), ʥʦ ʥʝ ʜʦʨʘʩʪʘʶʱʠʝ ʜʦ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʳ 

ʧʣʝʥʢʠ (ʈʠʩʫʥʦʢ 29ʙ). ɿʝʨʥʘ PZT ʠʤʝʶʪ ʰʠʨʠʥʫ 53-111 ʥʤ, ʯʪʦ ʚ ʩʨʝʜʥʝʤ ʚ ʜʚʘ 

ʨʘʟʘ ʤʝʥʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʣʝʥʢʘʤʠ ʥʘ ʪʨʘʜʠʮʠʦʥʥʦ ʠʩʧʦʣʴʟʫʝʤʦʤ 

ʧʣʘʪʠʥʦʚʦʤ ʵʣʝʢʪʨʦʜʝ, ʛʜʝ ʟʝʨʥʘ ʠʤʝʶʪ ʰʠʨʠʥʫ 150-200 ʥʤ [183]. ʅʘ ʛʨʘʥʠʮʝ 

ʨʘʟʜʝʣʘ LNO-Si ʨʘʩʧʦʣʦʞʝʥʘ ʮʝʧʦʯʢʘ ʧʦʨ (ʈʠʩʫʥʦʢ 29ʘ), ʘʥʘʣʦʛʠʯʥʘʷ ʦʙʨʘʟʮʫ 

PZTïLNOïSiO2(10nm)ïSi. ʂʨʦʤʝ ʪʦʛʦ, ʘʥʘʣʦʛʠʯʥʫʶ ʟʦʥʫ ʦʪʤʝʯʘʶʪ ʘʚʪʦʨʳ 

ʨʘʙʦʪʳ [18]. 

ʅʝʦʙʳʯʥʦʡ ʷʚʣʷʝʪʩʷ ʩʪʨʫʢʪʫʨʘ ʥʠʞʥʝʛʦ ʵʣʝʢʪʨʦʜʘ: ʨʘʥʝʝ ʥʘʙʣʶʜʘʝʤʘʷ 

ʥʘʤʠ ʠ ʜʨʫʛʠʤʠ ʘʚʪʦʨʘʤʠ [37] ʩʣʦʠʩʪʦʩʪʴ LNO ʩ ʧʦʨʘʤʠ ʧʦ ʛʨʘʥʠʮʘʤ ʩʣʦʝʚ ʚ 

ʥʠʞʥʝʤ ʵʣʝʢʪʨʦʜʝ ʟʘʤʝʪʥʘ ʥʝ ʧʦ ʚʩʝʡ ʧʣʦʱʘʜʠ ʧʣʝʥʢʠ, ʘ ʪʦʣʴʢʦ ʚ ʥʝʢʦʪʦʨʳʭ 

ʫʯʘʩʪʢʘʭ (ʈʠʩʫʥʦʢ 29ʘ). ʇʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʵʪʠ ʧʦʨʠʩʪʳʝ ʠ ʩʣʦʠʩʪʳʝ ʫʯʘʩʪʢʠ 

ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚ ʤʝʩʪʘʭ ʧʣʝʥʢʠ ʩ ʙʦʣʴʰʝʡ ʪʦʣʱʠʥʦʡ. ɺ ʜʨʫʛʠʭ ʞʝ ʫʯʘʩʪʢʘʭ 

ʧʣʝʥʢʠ ʩʪʨʫʢʪʫʨʘ ʫʧʣʦʪʥʝʥʘ, ʘ ʧʦʨʳ ʤʠʛʨʠʨʦʚʘʣʠ ʚ ʚʳʰʝʣʝʞʘʱʠʡ ʩʣʦʡ PZT. 

ɺʠʜʥʦ, ʯʪʦ ʥʝʢʦʪʦʨʳʝ ʟʝʨʥʘ ʚ ʥʠʞʥʝʤ ʵʣʝʢʪʨʦʜʝ ʧʨʦʨʦʩʣʠ ʟʘ ʧʨʝʜʝʣʳ ʦʜʥʦʛʦ 

ʩʣʦʷ, ʤʝʩʪʘʤʠ ʜʦʩʪʠʛʘʷ ʚʩʝʡ ʰʠʨʠʥʳ ʧʣʝʥʢʠ (ʈʠʩʫʥʦʢ 29ʚ).  

ʉʪʨʫʢʪʫʨʘ ʚʝʨʭʥʝʛʦ ʵʣʝʢʪʨʦʜʘ ʩʣʦʠʩʪʘʷ ʠ ʧʦʨʠʩʪʘʷ, ʩʭʦʞʘʷ ʩ ʥʘʙʣʶʜʘʝʤʦʡ 

ʚ ʩʪʨʫʢʪʫʨʘʭ ʥʘ ʦʩʥʦʚʝ PZT-LNO, ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ. ɻʨʘʥʠʮʘ ʨʘʟʜʝʣʘ LNO(top)-

PZT ʜʦʚʦʣʴʥʦ ʧʣʦʪʥʘʷ, ʚ ʥʝʢʦʪʦʨʳʭ ʦʙʣʘʩʪʷʭ ʟʝʨʥʘ LNO ʨʘʩʪʫʪ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦ 

(ʈʠʩʫʥʦʢ 29ʙ). ʇʨʠ ʵʪʦʤ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʪʝʭʥʦʣʦʛʠʷ ʧʦʣʫʯʝʥʠʷ ʥʠʞʥʝʛʦ ʠ 

ʚʝʨʭʥʝʛʦ ʵʣʝʢʪʨʦʜʘ ʦʜʠʥʘʢʦʚʘʷ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ ʩʣʦʝʚ (ʥʠʞʥʠʡ - 7, 

ʚʝʨʭʥʠʡ ï 4 ʩʣʦʷ). 
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ʈʠʩʫʥʦʢ 29. ʉʪʨʫʢʪʫʨʘ ʧʦʧʝʨʝʯʥʦʛʦ ʩʨʝʟʘ ʢʦʤʧʦʟʠʮʠʠ LNO-PZT-LNO-Si: ʘ) 

HAADF STEM ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʱʝʛʦ ʚʠʜʘ ʩ ʫʢʘʟʘʥʠʝʤ ʣʦʢʘʣʠʟʘʮʠʠ ʧʦʨ ʚ ʩʣʦʷʭ 

ʠ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ LNO-Si, ʙ) ʩʚʝʪʣʦʧʦʣʴʥʦʝ ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʝ, ʩʪʨʝʣʢʘʤʠ 

ʦʙʦʟʥʘʯʝʥʳ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʝ ʟʝʨʥʘ LNO ʚ ʚʝʨʭʥʝʤ ʵʣʝʢʪʨʦʜʝ, ʪʦʯʝʯʥʳʤ 

ʧʫʥʢʪʠʨʦʤ ï ʛʨʘʥʠʮʳ ʥʝʩʢʦʣʴʢʠʭ ʟʝʨʝʥ PZT, ʚ) ʪʝʤʥʦʧʦʣʴʥʦʝ ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʝ 

 

ʈʘʟʣʠʯʠʝ ʚ ʩʪʨʫʢʪʫʨʘʭ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. 

ʅʠʞʥʠʡ ʵʣʝʢʪʨʦʜ ʦʩʘʞʜʘʝʪʩʷ ʩʘʤʳʤ ʧʝʨʚʳʤ ʥʘ ʧʦʜʣʦʞʢʫ, ʠ ʧʦʪʦʤʫ 

ʧʦʜʚʝʨʛʘʝʪʩʷ ʚʳʥʫʞʜʝʥʥʦʡ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʧʨʠ ʦʩʘʞʜʝʥʠʠ 
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ʧʦʩʣʝʜʫʶʱʠʭ ʩʣʦʝʚ PZT ʠ ʚʝʨʭʥʝʛʦ LNO. ʊʘʢ, ʚʝʩʴ ʥʠʞʥʠʡ ʵʣʝʢʪʨʦʜ ʧʦʩʣʝ 

ʥʘʥʝʩʝʥʠʷ ʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʦʪʞʠʛʘʝʪʩʷ ʝʱʸ ʨʘʟ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʣʦʷ PZT 

(650Áʉ, 10 ʤʠʥ.), ʘ ʪʘʢʞʝ ʝʱʸ ʯʝʪʳʨʝ ʨʘʟʘ ʧʨʠ ʦʩʘʞʜʝʥʠʠ ʢʘʞʜʦʛʦ ʩʣʦʷ ʚʝʨʭʥʝʛʦ 

ʵʣʝʢʪʨʦʜʘ LNO (ʩʫhʢʘ 200, 4 ʤʠʥ., ʦʪʞʠʛ ʢʘʞʜʦʛʦ ʩʣʦʷ 650, 10 ʤʠʥ.). ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʟʝʨʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ LNO ʚ ʜʘʥʥʳʭ ʧʣʝʥʢʘʭ ʥʝ ʷʚʣʷʝʪʩʷ ʩʪʘʙʠʣʴʥʦʡ, ʠ 

ʤʦʞʝʪ ʧʦʜʚʝʨʛʘʪʴʩʷ ʠʟʤʝʥʝʥʠʷʤ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʦʪʞʠʛʘ. ɼʣʷ ʠʟʫʯʝʥʠʷ 

ʢʠʥʝʪʠʢʠ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ʧʣʝʥʦʢ LNO ʠ ʦʧʠʩʘʥʠʷ ʤʝʭʘʥʠʟʤʘ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʙʳʣʘ ʩʠʥʪʝʟʠʨʦʚʘʥʘ ʦʪʜʝʣʴʥʘʷ ʩʝʨʠʷ ʧʣʝʥʦʢ ʩ ʚʘʨʠʘʮʠʝʡ 

ʚʨʝʤʝʥʠ ʦʪʞʠʛʘ ʢʘʞʜʦʛʦ ʩʣʦʷ ʦʪ 2 ʜʦ 20 ʤʠʥʫʪ, ʢʦʪʦʨʘʷ ʨʘʩʩʤʦʪʨʝʥʘ ʥʠʞʝ.   

 

 

3.3. ɿʘʚʠʩʠʤʦʩʪʴ ʩʪʨʫʢʪʫʨʳ ʦʪ ʚʨʝʤʝʥʠ ʦʪʞʠʛʘ  

ɼʣʷ ʠʟʫʯʝʥʠʷ ʤʝʭʘʥʠʟʤʘ ʨʦʩʪʘ ʟʝʨʝʥ ʚ ʩʣʦʝ LNO ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʣʝʥʦʢ ʩ ʨʘʟʣʠʯʥʳʤ ʚʨʝʤʝʥʝʤ ʦʪʞʠʛʘ (2, 5, 7, 10 ʠʣʠ 20 ʤʠʥ) ʢʘʞʜʦʛʦ ʩʣʦʷ ʧʨʠ 

ʧʦʩʣʦʡʥʦʤ ʥʘʥʝʩʝʥʠʠ ʥʘ ʢʨʝʤʥʠʝʚʫʶ ʧʦʜʣʦʞʢʫ ʩ ʦʢʠʩʣʦʤ ʢʨʝʤʥʠʷ ʪʦʣʱʠʥʦʡ 

500 ʥʤ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ [A5] . 

ʅʘ ʨʠʩʫʥʢʝ 30 ʧʨʝʜʩʪʘʚʣʝʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʣʝʥʢʠ LNO ʩ ʦʪʞʠʛʦʤ 

ʢʘʞʜʦʛʦ ʩʣʦʷ ʚ ʪʝʯʝʥʠʝ ʜʚʫʭ ʤʠʥʫʪ. ʊʦʣʱʠʥʘ ʧʣʝʥʢʠ ʩʦʩʪʘʚʣʷʝʪ 100ï180 ʥʤ ʠ 

ʠʤʝʝʪ ʟʘʤʝʪʥʳʡ ʨʝʣʴʝʬ. ɺ ʫʯʘʩʪʢʘʭ ʩ ʤʠʥʠʤʘʣʴʥʦʡ ʪʦʣʱʠʥʦʡ ʧʣʝʥʢʠ ʠʤʝʶʪ 

ʥʝʦʨʠʝʥʪʠʨʦʚʘʥʥʫʶ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ 

ʟʝʨʝʥ 6ï22 ʥʤ. ʈʘʚʥʦʦʩʥʳʝ ʟʝʨʥʘ ʥʘʙʣʶʜʘʣʠʩʴ ʥʘʤʠ ʨʘʥʝʝ ʧʨʠ ʦʪʞʠʛʝ ʚ ʪʝʯʝʥʠʝ 

ʧʷʪʠ ʤʠʥʫʪ (ʧ.3.2), ʘ ʪʘʢʞʝ ʜʨʫʛʠʤʠ ʘʚʪʦʨʘʤʠ [15,37,143] ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʫʩʣʦʚʠʷʭ. ʂʨʠʩʪʘʣʣʠʪʳ ʥʘʭʦʜʷʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʧʨʝʜʝʣʘʭ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʣʦʝʚ, ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ ʨʘʩʧʦʣʦʞʝʥʳ ʧʦʨʳ. ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ 

ʫʯʘʩʪʢʠ ʯʝʨʝʜʫʶʪʩʷ ʩ ʘʤʦʨʬʥʳʤʠ ʦʙʣʘʩʪʷʤʠ, ʬʦʨʤʠʨʫʶʱʠʤʠ ʚʳʩʪʫʧʳ ʨʝʣʴʝʬʘ 

(ʈʠʩʫʥʦʢ 30ʙ) [A5] . ʅʘ ʵʣʝʢʪʨʦʥʥʦʛʨʘʤʤʘʭ ʦʪ ʨʘʟʥʳʭ ʦʙʣʘʩʪʝʡ ʧʣʝʥʢʠ ʚʠʜʥʦ, 

ʯʪʦ ʦʪ ʘʤʦʨʬʥʦʡ ʦʙʣʘʩʪʠ ʥʘ ʢʘʨʪʠʥʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʭʘʨʘʢʪʝʨʥʦʝ ʛʘʣʦ (ʈʠʩʫʥʦʢ 

30ʛ), ʢʦʪʦʨʦʛʦ ʥʝʪ ʥʘ ʢʘʨʪʠʥʝ ʦʪ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ (ʈʠʩʫʥʦʢ 30ʜ). 
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ʅʘʣʠʯʠʝ ʨʝʬʣʝʢʩʦʚ ʥʘ ʜʠʬʨʘʢʮʠʠ ʦʪ ʘʤʦʨʬʥʦʡ ʦʙʣʘʩʪʠ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʢʘʢ 

ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʚ ʥʝʡ ʩʘʤʦʡ ʢʨʠʩʪʘʣʣʦʚ, ʪʘʢ ʠ ʟʘʭʚʘʪʦʤ ʩʦʩʝʜʥʠʭ ʦʙʣʘʩʪʝʡ ʚ ʧʦʣʝ 

ʩʝʣʝʢʪʠʚʥʦʡ ʜʠʘʬʨʘʛʤʳ. ɸʤʦʨʬʥʳʝ ʦʙʣʘʩʪʠ ʦʙʨʘʟʫʶʪ ʨʝʣʴʝʬ ʧʣʝʥʢʠ, ʦʪʯʝʪʣʠʚʦ 

ʚʠʜʥʳʡ ʥʘ ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷʭ (ʈʠʩʫʥʦʢ 30ʘ). ʅʘ ʨʠʩʫʥʢʝ 30ʚ ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʩʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʪʨʫʢʪʫʨʳ. 

 

    

ʈʠʩʫʥʦʢ 30. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʦʙʨʘʟʮʘ LNO-cryst-

2min: ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜ ʫʛʣʦʤ 52Á (ʘ); ʩʚʝʪʣʦʧʦʣʴʥʦʝ ʇʕʄ-

ʠʟʦʙʨʘʞʝʥʠʝ (ʙ), ʩʭʝʤʘʪʠʯʝʩʢʠʡ ʨʠʩʫʥʦʢ ʩʪʨʫʢʪʫʨʳ (ʚ), ʘ ʪʘʢʞʝ 

ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʳ ʦʪ ʘʤʦʨʬʥʦʡ (ʛ) ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ (ʜ) ʦʙʣʘʩʪʝʡ [A5]  

 

ɼʣʷ ʘʥʘʣʠʟʘ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʣʝʥʢʠ ʙʳʣ ʧʦʜʛʦʪʦʚʣʝʥ ʦʙʨʘʟʝʮ çʚ ʧʣʘʥʝè, 

ʪʦ ʝʩʪʴ ʧʘʨʘʣʣʝʣʴʥʦ ʧʦʜʣʦʞʢʝ, ʵʣʝʢʪʨʦʥʥʘʷ ʜʠʬʨʘʢʮʠʷ ʦʪ ʢʦʪʦʨʦʛʦ ʩʦʜʝʨʞʠʪ 

ʠʥʬʦʨʤʘʮʠʶ ʦʪ ʙʦʣʴʰʝʛʦ ʦʙʲʝʤʘ ʧʣʝʥʢʠ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʧʦʧʝʨʝʯʥʳʤ ʩʨʝʟʦʤ. ʅʘ 

ʨʠʩʫʥʢʝ 31ʘ ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʚʝʪʣʦʧʦʣʴʥʦʝ ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʧʣʝʥʢʠ çʚ ʧʣʘʥʝè. 

ɺʠʜʥʦ, ʯʪʦ ʦʙʨʘʟʝʮ ʩʦʩʪʦʠʪ ʠʟ ʦʙʣʘʩʪʝʡ ʜʚʫʭ ʪʠʧʦʚ ʩʪʨʫʢʪʫʨ: ʘʤʦʨʬʥʳʝ ʧʦʣʦʩʳ 

ʯʝʨʝʜʫʶʪʩʷ ʩ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʙʫʛʦʨʢʘʤ ʠ ʚʧʘʜʠʥʘʤ 

ʨʝʣʴʝʬʘ ʧʣʝʥʢʠ. ɺ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʣʘʩʪʷʭ ʤʝʞʜʫ ʟʝʨʥʘʤʠ ʚʠʜʥʳ ʧʦʨʳ. 

ʂʦʣʴʮʝʚʘʷ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ (ʈʠʩʫʥʦʢ 31ʙ) ʦʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʫʙʠʯʝʩʢʦʡ ʬʘʟʝ LaNiO3 (ʧʨ.ʛʨ. ὖάσά), ʧʨʠ ʵʪʦʤ ʨʝʬʣʝʢʩʦʚ ʦʪ 

ʜʨʫʛʠʭ ʬʘʟ ʚ ʜʘʥʥʦʤ ʦʙʨʘʟʮʝ ʥʝ ʦʙʥʘʨʫʞʝʥʦ. 
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ʈʠʩʫʥʦʢ 31. ɺʠʜ ʚ ʧʣʘʥʝ ʦʙʨʘʟʮʘ LNO-cryst-2min: ʉʇ ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ 

ʦʙʨʘʟʮʘ (a) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ (ʙ) [A5]  

 

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʵʣʝʤʝʥʪʥʦʛʦ ʢʘʨʪʠʨʦʚʘʥʠʷ (ʈʠʩʫʥʦʢ 32), ʩʦʩʪʘʚ 

ʘʤʦʨʬʥʳʭ ʙʫʛʨʦʚ ʥʝ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʩʦʩʪʘʚʘ ʦʩʥʦʚʥʦʡ ʧʣʝʥʢʠ. ʆʜʥʘʢʦ, ʥʘ ʢʘʨʪʘʭ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʠʜʥʦ ʥʝʙʦʣʴʰʦʝ ʢʦʣʝʙʘʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʣʘʥʪʘʥʘ ʠ ʥʠʢʝʣʷ ʚ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʢ ʧʦʜʣʦʞʢʝ ʥʘʧʨʘʚʣʝʥʠʠ (ʩʣʦʠʩʪʦʩʪʴ). ɼʘʥʥʳʝ ʢʦʣʝʙʘʥʠʷ 

ʢʦʨʨʝʣʠʨʫʶʪ ʩ ʧʦʩʣʦʡʥʳʤ ʥʘʥʝʩʝʥʠʝʤ ʨʘʩʪʚʦʨʦʚ ʧʨʝʢʫʨʩʦʨʦʚ. ʊʘʢ, ʚ ʢʘʞʜʦʤ 

ʩʣʦʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʣʘʩʪʴ, ʯʫʪʴ ʙʦʣʝʝ ʦʙʦʛʘʱʝʥʥʘʷ ʣʘʥʪʘʥʦʤ, ʘ 

ʥʠʞʝ ï ʥʠʢʝʣʝʤ. ʊʘʢʦʡ ʧʦʨʷʜʦʢ ʧʨʦʪʠʚʦʧʦʣʦʞʝʥ ʪʦʤʫ, ʯʪʦ ʥʘʙʣʶʜʘʣʩʷ ʧʨʠ 

ʩʠʣʴʥʦʤ ʭʠʤʠʯʝʩʢʦʤ ʠ ʬʘʟʦʚʦʤ ʨʘʩʩʣʦʝʥʠʠ ʚ ʦʙʨʘʟʮʘʭ ʩ ʵʪʘʧʦʤ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ (ʧ. 3.1). ʆʜʥʘʢʦ ʧʨʠʨʦʜʘ ʪʘʢʠʭ ʢʦʣʝʙʘʥʠʡ, ʧʦ ʚʩʝʡ 

ʚʠʜʠʤʦʩʪʠ, ʙʣʠʟʢʘ ï ʵʪʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ ʧʨʠ ʩʫʰʢʝ ʠ 

ʦʪʞʠʛʝ. 

ʉʧʦʩʦʙʥʦʩʪʴ ʥʠʢʝʣʘʪʘ ʣʘʥʪʘʥʘ ʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʦʢʩʠʜʘ ʣʘʥʪʘʥʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ ʩ ʘʪʤʦʩʬʝʨʦʡ ʠʟʚʝʩʪʥʘ ʜʘʚʥʦ [177,178,180ï182,185]. ɸʚʪʦʨʳ 

[178] ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʦʢ LaNiO3-x ʧʦʩʣʝ ʜʣʠʪʝʣʴʥʦʛʦ 

ʧʨʝʙʳʚʘʥʠʷ ʚ ʘʪʤʦʩʬʝʨʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʛʠʜʨʦʢʩʠʜʳ ʢʘʢ ʣʘʥʪʘʥʘ, ʪʘʢ ʠ ʥʠʢʝʣʷ. 

ʇʦʟʜʥʝʝ ʪʦʡ ʞʝ ʛʨʫʧʧʦʡ ʘʚʪʦʨʦʚ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʛʨʝʚ ʦʙʨʘʟʮʘ ʚʳʰʝ 
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ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʟʣʦʞʝʥʠʷ ʛʠʜʨʦʢʩʠʜʘ ʥʠʢʝʣʷ (ʊʧʣ = 230 ) ʧʨʠʚʦʜʠʪ ʢ ʧʦʪʝʨʷʤ 

ʥʠʢʝʣʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ, ʘ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʝ ʩʦʦʪʥʦʰʝʥʠʝ Ni/La 

ʠʟʤʝʥʷʝʪʩʷ ʦʪ 1,02 ʜʦ 0,34 [181]. ʅʘʙʣʶʜʘʝʤʳʝ ʥʘʤʠ ʢʦʣʝʙʘʥʠʷ ʩʦʩʪʘʚʘ ʪʘʢʞʝ 

ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʧʦʪʝʨʷʤʠ ʥʠʢʝʣʷ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ ʚ ʢʘʞʜʦʤ ʧʦʜʩʣʦʝ 

ʧʨʠ ʪʝʨʤʠʯʝʩʢʦʤ ʨʘʟʣʦʞʝʥʠʠ ʛʠʜʨʦʢʩʠʜʘ ʥʠʢʝʣʷ. ʆʜʥʘʢʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ 

ʙʦʣʴʰʫʶ ʨʘʟʥʠʮʫ ʚ ʩʪʝʧʝʥʠ ʬʣʫʢʪʫʘʮʠʡ ʧʣʝʥʦʢ LNO, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ CSD 

ʩʦ ʩʪʘʜʠʝʡ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ ʠ ʙʝʟ ʥʝʝ. ʉʠʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʧʣʝʥʦʢ ʩ ʘʪʤʦʩʬʝʨʦʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʊ=450  ʧʨʠʚʦʜʠʪ ʢ ʫʪʦʣʱʝʥʠʶ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ ʠ ʦʙʨʘʟʦʚʘʥʠʶ ʧʦʩʣʝ ʦʪʞʠʛʘ ʫʩʪʦʡʯʠʚʳʭ ʦʢʩʠʜʦʚ 

La2O3 ʠ Ni3O4 [A2], ʯʝʛʦ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʦʣʴʢʦ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʫʰʢʠ ʧʨʠ ʊ=200. 

 

ʈʠʩʫʥʦʢ 32. HAADF STEM ʠʟʦʙʨʘʞʝʥʠʝ (a) ʠ ʢʘʨʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ La ʠ Ni 

(ʙ) ʦʙʨʘʟʮʘ LNO-cryst-2min 

 

ɼʣʷ ʚʳʷʩʥʝʥʠʷ ʧʨʠʯʠʥʳ ʦʙʨʘʟʦʚʘʥʠʷ ʨʝʣʴʝʬʘ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʩʨʘʟʫ ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʠ ʧʦʩʣʝ ʩʫʰʢʠ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʇʣʝʥʢʘ ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʠ ʧʦʩʣʝ ʩʫʰʢʠ ʧʨʠ 200 ʚ 

ʪʝʯʝʥʠʝ 10 ʤʠʥ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʧʣʦʩʢʫʶ ʧʦʚʝʨʭʥʦʩʪʴ (ʈʠʩʫʥʦʢ 33ʘ). ʈʝʣʴʝʬ 

ʧʦʷʚʣʷʝʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʫʰʢʠ ʧʨʠ 300Áʉ ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥ (ʈʠʩʫʥʦʢ 33ʙ). ʊʘʢʠʤ 
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ʦʙʨʘʟʦʤ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʨʝʣʴʝʬʘ ʧʨʦʠʩʭʦʜʠʪ ʥʝ ʧʨʠ ʥʘʥʝʩʝʥʠʠ, ʘ ʚ ʧʨʦʮʝʩʩʝ 

ʩʫʰʢʠ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʩʣʦʚʠʷʭ (ʩʫʰʢʘ ʧʨʠ 300Áʉ) [A5] . 

 

 

ʈʠʩʫʥʦʢ 33. ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʦʜʥʦʩʣʦʡʥʳʭ ʧʣʝʥʦʢ LNO 

ʧʦʩʣʝ ʩʫʰʢʠ ʧʨʠ 200Áʉ, 10 ʤʠʥ (ʘ) ʠ ʧʨʠ 300Áʉ, 10 ʤʠʥ (ʙ) 

 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʧʝʨʝʯʥʦʛʦ ʩʨʝʟʘ ʤʥʦʛʦʩʣʦʡʥʦʡ ʧʣʝʥʢʠ ʧʦʩʣʝ ʩʫʰʢʠ 

ʢʘʞʜʦʛʦ ʩʣʦʷ ʧʨʠ 300 ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 34.  ʅʘ HAADF STEM 

ʠʟʦʙʨʘʞʝʥʠʠ (ʈʠʩʫʥʦʢ 34ʘ) ʟʘʤʝʪʥʘ ʨʘʟʥʠʮʘ ʚ ʢʦʥʪʨʘʩʪʝ ʫʯʘʩʪʢʦʚ ʙʫʛʦʨʢʦʚ ʠ 

ʚʧʘʜʠʥ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʢʦʥʪʨʘʩʪ ʚ HAADF STEM ʨʝʞʠʤʝ ʟʘʚʠʩʠʪ ʦʪ ʧʦʨʷʜʢʦʚʦʛʦ 

ʥʦʤʝʨʘ ʵʣʝʤʝʥʪʘ (z-ʢʦʥʪʨʘʩʪ) ʠ ʧʣʦʪʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ. ʉʦʛʣʘʩʥʦ ʢʘʨʪʘʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ (ʈʠʩʫʥʦʢ 34ʙ,ʚ) ʠ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘʤ ʦʪ 

çʚʧʘʜʠʥʳè (ʈʠʩʫʥʦʢ 34ʛ) ʠ çʙʫʛʦʨʢʘè (ʈʠʩʫʥʦʢ 34ʜ), ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʠ 

ʘʤʦʨʬʥʦʝ ʩʪʨʦʝʥʠʝ ʦʜʠʥʘʢʦʚʳ ʚ ʜʘʥʥʳʭ ʦʙʣʘʩʪʷʭ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʥʦʩʪʴ 

ʢʦʥʪʨʘʩʪʘ ʠʤʝʝʪ ʯʠʩʪʦ ʧʣʦʪʥʦʩʪʥʦʡ ʭʘʨʘʢʪʝʨ, ʠ ʧʣʝʥʢʘ ʚ ʦʙʣʘʩʪʠ ʙʫʛʦʨʢʦʚ ʙʦʣʝʝ 

ʧʣʦʪʥʘʷ, ʯʝʤ ʚʦ ʚʧʘʜʠʥʘʭ. ʊʘʢʞʝ ʥʘ ʢʘʨʪʘʭ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ 

ʪʦʥʢʠʝ ʩʣʦʠ, ʦʙʦʛʘʱʝʥʥʳʝ ʥʠʢʝʣʝʤ (ʈʠʩʫʥʦʢ 34ʚ), ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʧʨʝʜʧʦʣʦʞʝʥʠʶ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ ʦʙʦʛʘʱʝʥʥʦʡ ʥʠʢʝʣʝʤ ʬʘʟʳ ʥʘ ʵʪʘʧʘʭ ʩʫʰʢʠ 

[A5] .  
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ʈʠʩʫʥʦʢ 34. ʉʪʨʫʢʪʫʨʘ ʠ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ 

ʤʥʦʛʦʩʣʦʡʥʦʡ ʧʣʝʥʢʠ LNO ʧʦʩʣʝ ʩʫʰʢʠ 300  ʢʘʞʜʦʛʦ ʩʣʦʷ, ʙʝʟ ʦʪʞʠʛʘ: 

HAADF STEM ʠʟʦʙʨʘʞʝʥʠʝ (ʘ), ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʣʘʥʪʘʥʘ (ʙ) ʠ ʥʠʢʝʣʷ (ʚ) ʠ 

ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʳ ʦʪ ʦʙʣʘʩʪʠ çʚʧʘʜʠʥʳè (ʛ) ʠ çʙʫʛʦʨʢʘè (ʜ)  

 

ʇʦʚʝʨʭʥʦʩʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʣʝʥʦʢ ʩ ʦʪʞʠʛʦʤ ʢʘʞʜʦʛʦ ʩʣʦʷ ʚ ʪʝʯʝʥʠʝ 

ʜʚʫʭ ʤʠʥʫʪ ʦʯʝʥʴ ʚʝʣʠʢʦ ʠ ʩʦʩʪʘʚʣʷʝʪ 1078ï2862 ʆʤ/ʢʚʘʜʨʘʪ, ʯʪʦ ʩ ʫʯʝʪʦʤ 

ʪʦʣʱʠʥʳ ʤʦʞʥʦ ʧʝʨʝʚʝʩʪʠ ʚ ʦʙʲʝʤʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʨʘʚʥʦʝ 1,8..3,8Ŀ10-2 

ʆʤĿʩʤ. ʊʘʢʦʝ ʥʝʭʘʨʘʢʪʝʨʥʦʝ ʜʣʷ LNO ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʩʚʷʟʘʥʦ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ 

ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʘʤʦʨʬʥʦʡ ʬʘʟʳ. 

ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʚʨʝʤʝʥʠ ʦʪʞʠʛʘ ʧʣʝʥʦʢ ʩ ʜʚʫʭ ʜʦ ʧʷʪʠ ʤʠʥʫʪ ʢʨʠʩʪʘʣʣʠʪʳ 

LNO ʥʘʯʠʥʘʶʪ ʧʨʦʨʘʩʪʘʪʴ ʟʘ ʧʨʝʜʝʣʳ ʧʦʜʩʣʦʝʚ, ʬʦʨʤʠʨʫʷ ʩʪʦʣʙʯʘʪʳʝ ʟʝʨʥʘ 

ʰʠʨʠʥʦʡ 25ï63 ʥʤ (ʈʠʩʫʥʦʢ 35). ʉʪʦʣʙʯʘʪʳʝ ʟʝʨʥʘ ʨʘʩʪʫʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʦʪ 
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ʧʦʜʣʦʞʢʠ, ʧʨʠ ʵʪʦʤ ʧʨʠʤʝʨʥʦ ʚ ʨʘʚʥʦʤ ʢʦʣʠʯʝʩʪʚʝ ʚʩʪʨʝʯʘʶʪʩʷ ʧʦʣʥʦʩʪʴʶ ʠ 

ʯʘʩʪʠʯʥʦ ʧʨʦʨʦʩʰʠʝ ʟʝʨʥʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʦʙʣʘʩʪʝʡ ʚʩʸ ʝʱʸ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʩʣʦʠ ʩ ʤʝʣʢʦʟʝʨʥʠʩʪʳʤʠ ʥʝʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤʠ ʟʝʨʥʘʤʠ ʨʘʟʤʝʨʦʤ 

7ï19 ʥʤ (ʈʠʩʫʥʦʢ 35ʘ,ʙ). ɺ ʵʪʠʭ ʞʝ ʦʙʣʘʩʪʷʭ ʥʘʭʦʜʷʪʩʷ ʠ ʧʦʨʳ. ʊʦʣʱʠʥʘ ʧʣʝʥʢʠ 

ʩʦʩʪʘʚʣʷʝʪ 100ï160 ʥʤ. ʉʦʛʣʘʩʥʦ ʘʥʘʣʠʟʫ ʠʟʦʙʨʘʞʝʥʠʡ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ 

(ʈʠʩʫʥʦʢ 35ʚ,ʛ) ʧʣʝʥʢʘ ʢʨʠʩʪʘʣʣʠʟʦʚʘʥʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʫʙʠʯʝʩʢʦʡ 

ʧʝʨʦʚʩʢʠʪʥʦʡ ʬʘʟʳ LaNiO3 (ʧʨ.ʛʨ. ὖάσά), ʭʦʪʷ ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʯʘʩʪʴ 

ʌʫʨʴʝ-ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʰʠʬʨʦʚʘʥʘ ʢʘʢ ʩ ʧʦʤʦʱʴʶ ʢʫʙʠʯʝʩʢʦʡ, 

ʪʘʢ ʠ ʩ ʧʦʤʦʱʴʶ ʪʨʠʛʦʥʘʣʴʥʦʡ ʬʘʟʳ LaNiO3 (Ὑσὧ). ʅʘ HAADF STEM 

ʠʟʦʙʨʘʞʝʥʠʷʭ, ʜʣʷ ʢʦʪʦʨʳʭ ʭʘʨʘʢʪʝʨʝʥ z-ʢʦʥʪʨʘʩʪ ʠ ʧʣʦʪʥʦʩʪʥʦʡ ʢʦʥʪʘʩʪ, 

(ʈʠʩʫʥʦʢ 35ʙ) ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʧʦʣʦʩʯʘʪʦʩʪʴ ʧʘʨʘʣʣʝʣʴʥʦ ʧʦʜʣʦʞʢʝ. 

 

  

ʈʠʩʫʥʦʢ 35. ʉʪʨʫʢʪʫʨʘ ʧʣʝʥʢʠ LNO-cryst-5min: ʉʇ ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʝ (a), 

HAADF STEM ʠʟʦʙʨʘʞʝʥʠʝ (ʙ), ɺʈʕʄ ʠʟʦʙʨʘʞʝʥʠʝ (ʚ), ʩʦʦʪʚʝʪʩʚʫʶʱʘʷ 

ʌʫʨʴʝ-ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʦʪ ʚʳʜʝʣʝʥʥʦʡ ʦʙʣʘʩʪʠ (ʛ) ʠ ʩʭʝʤʘʪʠʯʝʩʢʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ ʩʪʨʫʢʪʫʨʳ (ʜ) [A5]  

 

ɼʣʷ ʜʘʥʥʦʡ ʧʣʝʥʢʠ ʪʘʢʞʝ ʭʘʨʘʢʪʝʨʝʥ ʨʝʣʴʝʬ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʨʠ ʵʪʦʤ ʚ 

ʦʙʣʘʩʪʷʭ çʙʫʛʨʦʚè ʯʘʱʝ ʚʩʪʨʝʯʘʶʪʩʷ ʤʝʣʢʠʝ ʟʝʨʥʘ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʥʘʙʣʶʜʘʝʤʦʡ ʚ ʵʪʠʭ ʦʙʣʘʩʪʷʭ ʟʘʜʝʨʞʢʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚ ʦʙʨʘʟʮʝ LNO-cryst-

2min. ɺ ʩʚʷʟʠ ʩ ʧʝʨʝʭʦʜʦʤ ʚ ʧʦʣʥʦʩʪʴʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ, 

ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʣʝʥʦʢ ʧʦʩʣʝ ʦʪʞʠʛʘ ʚ ʪʝʯʝʥʠʝ ʧʷʪʠ ʤʠʥʫʪ ʩʠʣʴʥʦ 
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ʫʤʝʥʴʰʘʝʪʩʷ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʜʚʫʭʤʠʥʫʪʥʳʤ ʦʪʞʠʛʦʤ ʠ ʩʦʩʪʘʚʣʷʝʪ 86Ñ6 

ʆʤ/ʢʚʘʜʨʘʪ (ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 1..1,1 10-3 ʆʤĿʩʤ), ʢʦʪʦʨʦʝ ʫʞʝ ʚʧʦʣʥʝ 

ʧʦʜʭʦʜʠʪ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʜʘʥʥʳʭ ʧʣʝʥʦʢ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʜʦʚ ʠ ʩʦʧʦʩʪʘʚʠʤʦ 

ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ  [37,43]. 

ʈʘʥʝʝ, ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʣʝʥʦʢ LNO, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʧʦ ʪʘʢʦʡ ʞʝ 

ʪʝʭʥʦʣʦʛʠʠ, ʪʦ ʝʩʪʴ ʩ ʦʪʞʠʛʦʤ ʢʘʞʜʦʛʦ ʧʦʜʩʣʦʷ ʚ ʪʝʯʝʥʠʝ ʧʷʪʠ ʤʠʥʫʪ (ʧ.3.2), ʤʳ 

ʪʘʢʞʝ ʥʘʙʣʶʜʘʣʠ ʯʘʩʪʠʯʥʦʝ ʧʨʦʨʘʩʪʘʥʠʝ ʟʝʨʝʥ ʟʘ ʧʨʝʜʝʣʳ ʩʣʦʝʚ, ʦʜʥʘʢʦ ʤʝʥʝʝ 

ʚʳʨʘʞʝʥʥʦʝ (ʈʠʩʫʥʦʢ 24). ʂʨʦʤʝ ʪʦʛʦ, ʧʨʦʨʘʩʪʘʥʠʝ ʧʦʣʥʦʩʪʴʶ ʠʩʯʝʟʘʣʦ ʚ ʩʣʫʯʘʝ 

ʦʩʘʞʜʝʥʠʷ ʧʣʝʥʢʠ ʥʘ ʙʫʬʝʨʥʳʡ ʩʣʦʡ. ʀʟ ʵʪʦʛʦ ʩʣʝʜʫʝʪ, ʯʪʦ ʚʨʝʤʷ ʦʪʞʠʛʘ ʧʣʝʥʢʠ 

ʊ=5 ʤʠʥʫʪ ʷʚʣʷʝʪʩʷ ʥʘʯʘʣʴʥʳʤ ʚ ʧʝʨʝʭʦʜʝ ʦʪ ʨʘʚʥʦʦʩʥʳʭ ʢ ʩʪʦʣʙʯʘʪʳʤ ʟʝʨʥʘʤ. 

ʇʨʠ ʪʘʢʦʤ ʚʨʝʤʝʥʠ ʦʪʞʠʛʘ ʩʪʨʫʢʪʫʨʘ LNO ʢʨʘʡʥʝ ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ ʤʘʣʝʡʰʠʤ 

ʠʟʤʝʥʝʥʠʷʤ ʚ ʪʝʭʥʦʣʦʛʠʠ, ʙʫʜʴ ʪʦ ʥʝʙʦʣʴʰʠʝ ʢʦʣʝʙʘʥʠʷ ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʨʘʩʪʚʦʨʘ (ʦʪ ʩʝʨʠʠ ʢ ʩʝʨʠʠ), ʠʣʠ ʞʝ ʧʦʜʣʦʞʢʘ, ʥʘ ʢʦʪʦʨʫʶ ʦʩʘʞʜʘʣʠ ʨʘʩʪʚʦʨ. 

ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠʯʝʥʠʠ ʚʨʝʤʝʥʠ ʦʪʞʠʛʘ ʜʦ 7 ʤʠʥʫʪ ʩʪʨʫʢʪʫʨʘ ʟʝʨʝʥ 

ʩʪʘʥʦʚʠʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʩʪʦʣʙʯʘʪʦʡ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ, ʦʜʥʘʢʦ, ʥʝʙʦʣʴʰʦʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʙʦʣʝʝ ʤʝʣʢʠʭ ʢʨʠʩʪʘʣʣʠʪʦʚ (ʈʠʩʫʥʦʢ 36ʘ,ʙ). ʈʘʟʤʝʨ ʩʪʦʣʙʯʘʪʳʭ 

ʟʝʨʝʥ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʚʜʦʣʴ ʧʦʜʣʦʞʢʠ ʚ ʩʨʝʜʥʝʤ ʩʦʩʪʘʚʣʷʝʪ 28ï48 ʥʤ, ʘ 

ʨʘʚʥʦʦʩʥʳʝ ʟʝʨʥʘ ʠʤʝʶʪ ʨʘʟʤʝʨ 8ï18 ʥʤ, ʯʪʦ ʩʭʦʞʝ ʩ ʧʣʝʥʢʦʡ ʩ ʦʪʞʛʦʤ ʚ ʪʝʯʝʥʠʝ 

ʧʷʪʠ ʤʠʥʫʪ. ʊʦʣʱʠʥʘ ʧʣʝʥʢʠ ʩʦʩʪʘʚʣʷʝʪ 90ï120 ʥʤ. ʋʤʝʥʴʰʝʥʠʝ ʪʦʣʱʠʥʳ 

ʧʣʝʥʢʠ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʢʦʣʠʯʝʩʪʚʘ ʩʣʦʝʚ ʤʦʞʝʪ ʫʢʘʟʳʚʘʪʴ ʥʘ ʫʧʣʦʪʥʝʥʠʝ 

ʩʪʨʫʢʪʫʨʳ. ʅʘ HAADF STEM ʠʟʦʙʨʘʞʝʥʠʷʭ ʪʘʢʞʝ ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʧʦʣʦʩʯʘʪʦʩʪʴ 

ʧʘʨʘʣʣʝʣʴʥʦ ʧʦʜʣʦʞʢʝ (ʈʠʩʫʥʦʢ 36ʚ). ʊʘʢʦʝ ʠʟʤʝʥʝʥʠʝ ʢʦʥʪʨʘʩʪʘ ʤʦʞʝʪ ʙʳʪʴ 

ʩʚʷʟʘʥʦ ʩ ʠʟʤʝʥʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʠʣʠ ʩʦʩʪʘʚʘ (z-ʢʦʥʪʨʘʩʪ).  

 ʉʦʛʣʘʩʥʦ ʘʥʘʣʠʟʫ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤ ʠ ʠʟʦʙʨʘʞʝʥʠʡ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ 

(ʈʠʩʫʥʦʢ 37), ʦʩʥʦʚʥʦʡ ʬʘʟʦʡ ʷʚʣʷʝʪʩʷ ʢʫʙʠʯʝʩʢʠʡ ʧʝʨʦʚʩʢʠʪ LaNiO3 (ʧʨ.ʛʨ. 

ὖάσά), ʦʜʥʘʢʦ ʥʘ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʨʝʬʣʝʢʩʳ, ʥʝ ʧʨʠʥʘʜʣʝʞʘʱʠʝ 

ʜʘʥʥʦʡ ʬʘʟʝ. ɼʘʥʥʳʝ ʨʝʬʣʝʢʩʳ (dhkl = 3.44, 3.15, 2.44, 1.54 ¡) ʥʝ ʧʨʠʥʘʜʣʝʞʘʪ ʥʠ 

ʧʣʘʪʠʥʝ (ʟʘʱʠʪʥʳʡ ʩʣʦʡ), ʥʠ ʛʘʣʠʶ (ʦʪ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʦʧʝʨʝʯʥʦʛʦ ʩʨʝʟʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʌʀʇ). ʈʝʬʣʝʢʩʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʤʝʞʧʣʦʩʢʦʩʪʥʳʤ dhkl = 2.44, 

1.54 ¡ ʤʦʛʫʪ ʦʪʥʦʩʠʪʴʩʷ ʢ ʦʢʩʠʜʫ ʥʠʢʝʣʷ NiO (ʧʨ.ʛʨ. Ὂάσά), ʪʦʛʜʘ ʢʘʢ ʨʝʬʣʝʢʩʳ 
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dhkl = 3.44, 3.15¡ ʤʦʛʫʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʥʘʣʠʯʠʠ ʬʘʟʳ ʦʢʩʠʜʘ ʣʘʥʪʘʥʘ La2O3 

(ʧʨ.ʛʨ. ὖσάρ, PDF 00-005-0602) ʠʣʠ ʜʨʫʛʠʭ ʬʘʟ. ʂʦʣʠʯʝʩʪʚʦ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʨʝʬʣʝʢʩʦʚ ʩʪʦʨʦʥʥʠʭ ʬʘʟ ʧʦʜʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʵʪʠʭ ʬʘʟ ʤʘʣʦ, ʠ ʟʘʜʝʪʝʢʪʠʨʦʚʘʪʴ ʠʭ 

ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʠʣʠ ʣʦʢʘʣʠʟʦʚʘʪʴ ʩ ʧʦʤʦʱʴʶ EDX ʠʣʠ 

ɺʈʕʄ ʠʟʦʙʨʘʞʝʥʠʡ ʥʝ ʫʜʘʣʦʩʴ. 

 

  

ʈʠʩʫʥʦʢ 36. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʧʝʨʝʯʥʦʛʦ ʩʨʝʟʘ ʦʙʨʘʟʮʘ ʩ ʦʪʞʠʛʦʤ 

ʢʘʞʜʦʛʦ ʩʣʦʷ ʚ ʪʝʯʝʥʠʝ ʩʝʤʠ ʤʠʥʫʪ: (a) ʩʚʝʪʣʦʧʦʣʴʥʦʝ ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʝ, (ʙ) 

ʪʝʤʥʦʧʦʣʴʥʦʝ ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʝ, (ʚ) HAADF STEM ʠʟʦʙʨʘʞʝʥʠʝ ʠ ʩʭʝʤʘ 

ʩʪʨʫʢʪʫʨʳ (ʛ) 

  

ʇʦʚʝʨʭʥʦʩʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʣʝʥʦʢ ʧʦʩʣʝ ʦʪʞʠʛʘ ʚ ʪʝʯʝʥʠʝ ʩʝʤʠ ʤʠʥʫʪ 

ʩʦʩʪʘʚʣʷʝʪ 90,5Ñ4,2 ʆʤ/ʢʚʘʜʨʘʪ (ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 9ï9,9Ŀ10-4 ʆʤĿʩʤ), ʯʪʦ 

ʝʱʸ ʯʫʪʴ ʥʠʞʝ, ʯʝʤ ʚ ʧʨʝʜʳʜʫʱʠʭ ʧʣʝʥʢʘʭ. ʋʣʫʯʰʝʥʠʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ 

ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ ʩʪʦʣʙʯʘʪʳʭ ʟʝʨʝʥ ʠ ʫʤʝʥʴʰʝʥʠʝʤ 

ʨʘʚʥʦʦʩʥʳʭ, ʯʪʦ ʚ ʮʝʣʦʤ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʛʨʘʥʠʮ ʟʝʨʝʥ, ʥʝʛʘʪʠʚʥʦ 

ʩʢʘʟʳʚʘʶʱʠʭʩʷ ʥʘ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ.  
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ʈʠʩʫʥʦʢ 37. ɺʈʕʄ ʠʟʦʙʨʘʞʝʥʠʝ (ʘ), ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʌʫʨʴʝ-

ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʦʪ ʚʳʜʝʣʝʥʥʦʡ ʦʙʣʘʩʪʠ (ʙ) ʠ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ (ʚ) ʜʣʷ ʦʙʨʘʟʮʘ 

LNO-cryst-7min 

 

ʋʚʝʣʠʯʝʥʠʝ ʚʨʝʤʝʥʠ ʦʪʞʠʛʘ ʢʘʞʜʦʛʦ ʩʣʦʷ ʜʦ 10 ʤʠʥʫʪ ʧʨʠʚʦʜʠʪ ʢ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʩʪʦʣʙʯʘʪʳʭ ʟʝʨʝʥ ʨʘʟʤʝʨʦʤ 22ï38 ʥʤ ʚʦ ʚʩʝʭ ʦʙʣʘʩʪʷʭ, ʟʘ 

ʠʩʢʣʶʯʝʥʠʝʤ çʙʫʛʦʨʢʦʚè (ʈʠʩʫʥʦʢ 38). ʊʦʣʱʠʥʘ ʧʣʝʥʢʠ ʩʦʩʪʘʚʣʷʝʪ 65ï90 ʥʤ ʚ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʦʚʥʳʭ ʫʯʘʩʪʢʘʭ ʠ ʜʦʩʪʠʛʘʝʪ 160 ʥʤ ʚ ʤʝʩʪʘʭ ʙʫʛʦʨʢʦʚ. ɺ ʜʘʥʥʦʡ 

ʩʝʨʠʠ ʦʙʨʘʟʮʦʚ ʙʦʣʝʝ ʚʳʨʘʞʝʥʥʳʡ ʨʝʣʴʝʬ ʧʨʠʚʝʣ ʢ ʩʢʦʧʣʝʥʠʶ ʠ ʢʦʘʣʝʩʮʝʥʮʠʠ 

ʧʦʨ ʥʘ ʛʨʘʥʠʮʝ çʙʫʛʦʨʢʦʚè ʠ ʧʣʦʩʢʦʡ ʧʣʝʥʢʠ, ʯʪʦ ʟʘʪʨʫʜʥʠʣʦ ʧʨʦʨʘʩʪʘʥʠʝ 

ʩʪʦʣʙʯʘʪʳʭ ʟʝʨʝʥ ʥʘʩʢʚʦʟʴ. ʅʘ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʝ (ʈʠʩʫʥʦʢ 38ʙ) ʚʩʝ ʢʨʫʧʥʳʝ 

ʨʝʬʣʝʢʩʳ ʧʨʠʥʘʜʣʝʞʘʪ ʬʘʟʝ LaNiO3 ὖάσά, ʦʜʥʘʢʦ ʝʩʪʴ ʧʘʨʘ ʦʯʝʥʴ ʩʣʘʙʳʭ 

ʨʝʬʣʝʢʩʦʚ, ʩʭʦʞʠʭ ʩ ʧʨʝʜʳʜʫʱʝʡ ʧʣʝʥʢʦʡ: 3.44 ʠ 3.17 ¡. ʂʨʦʤʝ ʪʦʛʦ, 

ʥʘʙʣʶʜʘʝʪʩʷ ʧʘʨʘ ʨʝʬʣʝʢʩʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 2.83 ¡. ʄʝʞʧʣʦʩʢʦʩʪʥʳʝ 3.17 ʠ 

2.83 ¡ ʤʦʛʫʪ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʬʘʟʝ La2NiO4 (ὍτȾάάά 00-034-

0314). ʇʦʣʫʯʝʥʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʫʢʘʟʳʚʘʶʪ ʥʘ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʝ ʥʘʣʠʯʠʝ ʢʫʙʠʯʝʩʢʦʡ ʧʝʨʦʚʩʢʠʪʥʦʡ ʬʘʟʳ (ʈʠʩʫʥʦʢ 38). 
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ʈʠʩʫʥʦʢ 38. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʦʙʨʘʟʮʘ LNO-cryst-10min: ʉʇ ʇʕʄ 

ʠʟʦʙʨʘʞʝʥʠʝ (a), ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ (ʙ), ɺʈʕʄ ʠʟʦʙʨʘʞʝʥʠʝ (ʚ) ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʌʫʨʴʝ-ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʦʪ ʚʳʜʝʣʝʥʥʦʡ ʦʙʣʘʩʪʠ (ʛ)  

 

ʇʦʚʝʨʭʥʦʩʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʣʝʥʦʢ ʧʦʩʣʝ ʦʪʞʠʛʘ ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥʫʪ 

ʩʦʩʪʘʚʣʷʝʪ 88,0 Ñ3,3 ʆʤ/ʢʚʘʜʨʘʪ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʜʝʣʴʥʦʤʫ ʩʦʧʨʦʪʠʚʣʝʥʠʶ 

6.8ï7.3Ŀ10-4 ʆʤĿʩʤ ʠ ʷʚʣʷʝʪʩʷ ʦʯʝʥʴ ʭʦʨʦʰʠʤ ʟʥʘʯʝʥʠʝʤ ʜʣʷ ʧʣʝʥʦʢ, ʧʦʣʫʯʝʥʥʳʭ 

ʤʝʪʦʜʦʤ CSD. 

ɺ ʦʙʨʘʟʮʝ ʩ ʦʪʞʠʛʦʤ ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥʫʪ ʘʥʘʣʦʛʠʯʥʦ ʥʘʙʣʶʜʘʝʪʩʷ 

ʩʢʦʧʣʝʥʠʝ ʧʦʨ, ʦʜʥʘʢʦ ʚ ʥʠʞʥʠʭ ʩʣʦʷʭ (ʈʠʩʫʥʦʢ 39). ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʨʦʩʪ ʟʝʨʝʥ 

ʪʘʢʞʝ ʙʳʣ ʟʘʪʨʫʜʥʝʥ ʢʨʫʧʥʳʤʠ ʧʦʨʘʤʠ, ʠ ʩʪʦʣʙʯʘʪʳʝ ʟʝʨʥʘ ʚ ʪʘʢʠʭ ʦʙʣʘʩʪʷʭ 

ʨʦʩʣʠ ʥʝ ʦʪ ʧʦʜʣʦʞʢʠ, ʘ ʦʪ ʧʦʨ (ʈʠʩʫʥʦʢ 39ʘ, ʙ). ʊʦʣʱʠʥʘ ʧʣʝʥʢʠ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 

70 ʥʤ ʚ ʩʘʤʳʭ ʪʦʥʢʠʭ ʤʝʩʪʘʭ ʠ ʜʦ 160 ʥʤ ʚ ʙʫʛʦʨʢʘʭ. ʐʠʨʠʥʘ ʩʪʦʣʙʯʘʪʳʭ ʟʝʨʝʥ 

ʩʦʩʪʘʚʣʷʝʪ 21ï43 ʥʤ. ʇʦʣʦʩʯʘʪʦʩʪʴ ʥʘ HAADF STEM ʠʟʦʙʨʘʞʝʥʠʷʭ ʪʘʢʞʝ 

ʩʦʭʨʘʥʷʝʪʩʷ (ʈʠʩʫʥʦʢ 39ʘ). ɺʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʨʘʩʰʠʬʨʦʚʳʚʘʶʪʩʷ ʢʫʙʠʯʝʩʢʦʡ 




























































































































































