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ɺʚʝʜʝʥʠʝ 

ʆʙʱʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʘʙʦʪʳ 

 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ 

ɼʦʩʪʠʞʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʨʘʟʚʠʪʠʷ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ, ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ 

ʨʘʜʠʦʣʦʢʘʮʠʦʥʥʳʭ ʠ ʨʘʜʠʦʥʘʚʠʛʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʚʠʜʦʚ 

ʨʘʜʠʦʫʧʨʘʚʣʷʝʤʳʭ ʘʧʧʘʨʘʪʦʚ, ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʵʬʬʝʢʪʦʚ ʚ ʥʘʫʯʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʛʝʦʣʦʛʦʨʘʟʚʝʜʢʝ ʠ ʩʝʡʩʤʦʣʦʛʠʠ, ʚʥʝʜʨʝʥʠʝ ʠʭ ʚ ʧʨʦʤʳʰʣʝʥʥʳʝ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʠ ʤʝʜʠʮʠʥʫ ʧʨʠʚʝʣʠ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʨʦʩʪʫ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʘʢ 

ʩʘʤʠʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʠʟʣʫʯʝʥʠʡ (ʕʄʀ) ʚ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʝʟʥʳʭ ʮʝʣʷʭ, ʪʘʢ ʠ ʵʣʝʢʪʨʦʥʥʳʭ 

ʧʨʠʙʦʨʦʚ ʠ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ, ʚʳʟʳʚʘʶʱʠʭ ʪʘʢʠʝ ʠʟʣʫʯʝʥʠʷ ʚ ʚʠʜʝ ʧʦʙʦʯʥʳʭ 

ʵʬʬʝʢʪʦʚ. ɺʩʝ ʵʪʦ, ʚ ʢʦʥʝʯʥʦʤ ʩʯʝʪʝ, ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʦʩʦʙʦʛʦ ʚʠʜʘ ʟʘʛʨʷʟʥʝʥʠʷ 

ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ï ʧʘʨʘʟʠʪʥʦʛʦ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʵʣʝʢʪʨʦʥʥʦʛʦ ʰʫʤʘ ʠ ʪ. ʧ. 

[1ï3], ʯʪʦ ʦʙʳʯʥʦ ʦʧʨʝʜʝʣʷʶʪ ʢʘʢ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʧʦʤʝʭʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʥʘ ʨʘʜʠʦʯʘʩʪʦʪʘʭ 

[4]. 

ʀʪʦʛʦʤ ʙʫʨʥʦʛʦ ʧʨʦʛʨʝʩʩʘ ʨʘʜʠʦʵʣʝʢʪʨʦʥʥʳʭ ʩʨʝʜʩʪʚ ʷʚʣʷʝʪʩʷ ʥʝʞʝʣʘʪʝʣʴʥʦʝ 

ʚʦʟʜʝʡʩʪʚʠʝ ʠʭ ʜʨʫʛ ʥʘ ʜʨʫʛʘ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʨʘʙʦʪʝ. ʊʘʢ, ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʚʦʣʥʳ 

(ʕʄɺ), ʩʦʟʜʘʚʘʝʤʳʝ ʵʣʝʢʪʨʦʥʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ, ʤʦʛʫʪ ʦʪʨʘʞʘʪʴʩʷ ʦʪ ʦʢʨʫʞʘʶʱʠʭ 

ʧʨʝʜʤʝʪʦʚ ʠʣʠ ʠʥʪʝʨʬʝʨʠʨʦʚʘʪʴ ʩ ʚʦʣʥʘʤʠ, ʠʩʭʦʜʷʱʠʤʠ ʦʪ ʩʦʩʝʜʥʠʭ ʵʣʝʢʪʨʦʥʥʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ. ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʪʘʢʦʛʦ ʚʟʘʠʤʦʚʣʠʷʥʠʷ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ 

ʩʦʛʣʘʩʦʚʘʥʥʳʝ ʧʨʘʚʠʣʘ, ʩʪʘʥʜʘʨʪʳ ʠ ʧʨʦʮʝʜʫʨʳ, ʧʨʠʟʚʘʥʥʳʝ ʟʘʣʦʞʠʪʴ ʦʩʥʦʚʳ ʜʣʷ 

ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʣʦʚʠʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʩʦʚʤʝʩʪʠʤʦʩʪʠ ʨʘʜʠʦʵʣʝʢʪʨʦʥʥʳʭ ʩʨʝʜʩʪʚ, ʜʘʶʱʝʡ 

ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʥʘʜʣʝʞʘʱʝʛʦ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʚ ʨʝʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʘʞʥʳʤ, ʯʪʦʙʳ ʨʘʟʨʘʙʦʪʢʘ ʧʨʠʙʦʨʦʚ ʠ ʫʩʪʨʦʡʩʪʚ ʚʝʣʘʩʴ ʩ ʫʯʝʪʦʤ ʵʪʠʭ 

ʪʨʝʙʦʚʘʥʠʡ, ʠ ʦʥʠ ʤʦʛʣʠ ʥʦʨʤʘʣʴʥʦ ʦʩʫʱʝʩʪʚʣʷʪʴ ʩʚʦʠ ʬʫʥʢʮʠʠ  ʥʝʟʘʚʠʩʠʤʦ ʦʪ 

ʤʝʩʪʦʧʦʣʦʞʝʥʠʷ ʠʣʠ ʜʘʞʝ ʩʪʨʘʥʳ ʧʨʝʙʳʚʘʥʠʷ [5]. ɼʣʷ ʵʪʦʛʦ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ 

ʦʢʨʫʞʘʶʱʫʶ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʫʶ ʦʙʩʪʘʥʦʚʢʫ ʧʫʪʝʤ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʟʘʱʠʪʥʳʭ ʤʝʨ ʠ/ʠʣʠ 

ʩʥʠʞʘʷ ʚʨʝʜʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʩʨʝʜʫ. ɺ ʯʘʩʪʥʦʩʪʠ, ʩʧʦʩʦʙʘʤʠ, ʧʦʤʦʛʘʶʱʠʤʠ ʠʟʙʝʞʘʪʴ 

ʚʤʝʰʘʪʝʣʴʩʪʚ ʪʘʢʦʛʦ ʨʦʜʘ, ʷʚʣʷʶʪʩʷ ʦʪʨʘʞʝʥʠʝ ʠʣʠ ʧʦʛʣʦʱʝʥʠʝ ʥʝʞʝʣʘʪʝʣʴʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, 

ʠʩʭʦʜʷʱʝʛʦ ʦʪ ʠʩʪʦʯʥʠʢʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʤʝʭ [6,7]. 

ʉʧʦʩʦʙʥʦʩʪʴ ʨʘʜʠʦʵʢʨʘʥʠʨʫʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ ʢ ʦʪʨʘʞʝʥʠʶ ʠ ʧʦʛʣʦʱʝʥʠʶ ʠʟʣʫʯʝʥʠʷ 

ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʚ ʪʝʨʤʠʥʘʭ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʵʢʨʘʥʠʨʦʚʘʥʠʷ (SE), ʠʟʤʝʨʷʝʤʦʡ ʚ ʜʝʮʠʙʝʣʘʭ. 
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ʆʙʱʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʢʨʘʥʠʨʦʚʘʥʠʷ (SET) ʚʳʨʘʞʘʝʪ ʩʧʦʩʦʙʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʦʪʨʘʞʘʪʴ, 

ʧʦʛʣʦʱʘʪʴ ʠ ʧʝʨʝʜʘʚʘʪʴ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʠʟʣʫʯʝʥʠʝ [8,9]:  

ὛὉὨὄ ρπὰέὫ ςπὰέὫ ςπὰέὫȟ                                   (1) 

 ὛὉὨὄ ὛὉ ὛὉ ὛὉȟ                                                                  (2) 

ʛʜʝ P, E, ʠ H ʧʨʝʜʩʪʘʚʣʷʶʪ ʤʦʱʥʦʩʪʴ, ʘʤʧʣʠʪʫʜʥʳʝ ʟʥʘʯʝʥʠʷ ʚʝʢʪʦʨʦʚ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʕʄɺ, ʘ t  ʠ i ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʦʪʥʦʩʷʪʩʷ ʢ ʧʨʦʰʝʜʰʝʡ ʠ 

ʧʘʜʘʶʱʝʡ ʯʘʩʪʠ ʠʟʣʫʯʝʥʠʷ. SEM, SER, ʠ SEA ï ʵʪʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʢʨʘʥʠʨʦʚʘʥʠʷ, 

ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʤʥʦʛʦʢʨʘʪʥʳʤʠ ʧʝʨʝʦʪʨʘʞʝʥʠʷʤʠ ʚ ʤʘʪʝʨʠʘʣʝ, ʦʪʨʘʞʝʥʠʝʤ ʠ ʧʦʛʣʦʱʝʥʠʝʤ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺʝʣʠʯʠʥʦʡ SEM ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ, ʝʩʣʠ SET ʠʣʠ SEA Ó10 dB ʠʣʠ ʝʩʣʠ ʟʥʘʯʝʥʠʷ 

SEA ʙʣʠʟʢʠ ʢ ʥʫʣʶ. ʇʦʵʪʦʤʫ SET ʦʙʳʯʥʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʫʤʤʦʡ ʣʠʰʴ ʜʚʫʭ ʯʣʝʥʦʚ [10,11]: 

ὛὉὨὄ ὛὉ ὛὉȢ                                                                               (3) 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʫʩʪʨʘʥʝʥʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʤʝʭ ʤʦʞʥʦ ʦʩʫʱʝʩʪʚʠʪʴ ʧʫʪʝʤ 

ʦʧʪʠʤʠʟʘʮʠʠ ʧʘʨʘʤʝʪʨʘ SET ʟʘ ʩʯʝʪ ʚʘʨʴʠʨʦʚʘʥʠʷ ʟʥʘʯʝʥʠʡ SEA ʠʣʠ SER [12]. ʅʦ ʝʩʣʠ ʧʘʨʘʤʝʪʨ 

SEA ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ů ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ µr, ʪʦ 

ʚʝʣʠʯʠʥʘ SER ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ů ʠ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ µr [13]: 

ὛὉὨὄ ψȢφψὸ σȢστὸὪ„‘ȟ                                                 (4) 

ὛὉὨὄ ρπÌÏÇ ȟ                                                                          (5) 

ʛʜʝ ɤ ï ʫʛʣʦʚʘʷ ʯʘʩʪʦʪʘ (ɤ =2 f́), ʘ Ңo ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʩʚʦʙʦʜʥʦʛʦ 

ʧʨʦʩʪʨʘʥʩʪʚʘ (ʚʦʟʜʫʭʘ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʠʜʝʘʣʝ ʤʦʞʥʦ ʜʦʩʪʠʯʴ ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʨʘʜʠʦʦʪʨʘʞʝʥʠʷ ʠʣʠ ʨʘʜʠʦʧʦʛʣʦʱʝʥʠʷ ʟʘ ʩʯʝʪ ʥʘʜʣʝʞʘʱʝʛʦ ʚʳʙʦʨʘ (ʠʣʠ ʨʘʟʨʘʙʦʪʢʠ) 

ʤʘʪʝʨʠʘʣʘ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʩʦʯʝʪʘʥʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ.  

ʇʦʵʪʦʤʫ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚʦ ʚʩʝʤ ʤʠʨʝ ʥʘʙʣʶʜʘʝʪʩʷ ʠʥʪʝʥʩʠʚʥʘʷ ʜʝʷʪʝʣʴʥʦʩʪʴ ʚ 

ʦʙʣʘʩʪʠ ʧʦʠʩʢʘ, ʨʘʟʨʘʙʦʪʢʠ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʪʝʥʮʠʘʣʴʥʦ ʧʨʠʛʦʜʥʳʭ ʜʣʷ ʵʪʦʡ 

ʮʝʣʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʛʝʢʩʘʬʝʨʨʠʪʳ ʧʝʨʝʞʠʚʘʶʪ ʥʘʩʪʦʷʱʠʡ ʙʫʤ ʘʢʪʠʚʥʦʩʪʠ, ʦʩʦʙʝʥʥʦ ʚ ʩʚʝʪʝ 

ʥʝʜʘʚʥʦ ʦʙʥʘʨʫʞʝʥʥʳʭ ʫ ʥʠʭ ʥʝʦʞʠʜʘʥʥʳʭ ʩʚʦʡʩʪʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʠ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʦʙʳʯʥʦ ʧʨʠʩʫʱʠʭ ʤʘʪʝʨʠʘʣʘʤ, ʥʘʟʳʚʘʝʤʳʤ ʤʫʣʴʪʠʬʝʨʨʦʠʢʘʤʠ, ʦʜʥʘʢʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ 

ʠʤʝʶʱʝʡ ʤʝʩʪʦ ʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʂʘʢ ʚʳʷʩʥʷʝʪʩʷ, ʛʝʢʩʘʬʝʨʨʠʪʳ ʄ-ʪʠʧʘ 
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(ʛʝʢʩʘʬʝʨʨʠʪʳ ʙʘʨʠʷ), ʠʟʫʯʝʥʠʶ ʢʦʪʦʨʳʭ ʠʟʜʘʚʥʘ ʧʦʩʚʷʱʝʥʦ ʤʥʦʞʝʩʪʚʦ ʨʘʙʦʪ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ 

ʜʘʥʥʘʷ ʜʠʩʩʝʨʪʘʮʠʷ, ʜʘʣʝʢʦ ʥʝ ʠʩʯʝʨʧʘʣʠ ʩʚʦʝʛʦ ʧʦʪʝʥʮʠʘʣʘ. 

ʉʦʛʣʘʩʥʦ ʧʨʝʜʳʜʫʱʠʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ, ʯʠʩʪʳʡ ʠ ʟʘʤʝʱʝʥʥʳʡ ʛʝʢʩʘʬʝʨʨʠʪ ʙʘʨʠʷ ʚ 

ʦʩʥʦʚʥʦʤ ʙʳʣ ʠʟʫʯʝʥ ʚ ʦʙʣʘʩʪʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪ (8,2 ï 75 ɻɻʮ, ʪ.ʝ. ʦʪ X- ʜʦ V-ʜʠʘʧʘʟʦʥʘ), 

ʚ ʦʩʥʦʚʥʦʤ ʠʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʠʤʝʥʥʦ ʟʜʝʩʴ ʥʘʭʦʜʠʪʩʷ ʯʘʩʪʦʪʘ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ 

ʨʝʟʦʥʘʥʩʘ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. ʉʠʣʴʥʦ ʩʪʠʤʫʣʠʨʦʚʘʣʦ ʠʥʪʝʨʝʩ ʢ ʛʝʢʩʘʬʝʨʨʠʪʘʤ ʠ ʩʪʨʝʤʣʝʥʠʝ ʢ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʚʩʝ ʙʦʣʝʝ ʩʚʝʨʭʚʳʩʦʢʠʭ ʯʘʩʪʦʪ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤʘʭ. ʀʟʳʩʢʘʥʠʷ ʚʝʜʫʪʩʷ ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʮʝʣʷʭ ʧʨʠʤʝʥʝʥʠʷ 

ʛʝʢʩʘʬʝʨʨʠʪʦʚ ʜʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʠ ʘʥʪʝʥʥʳʭ ʧʨʠʣʦʞʝʥʠʡ. ʇʦʣʫʯʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʷʚʠʣʠʩʴ ʚʝʩʴʤʘ ʤʥʦʛʦʦʙʝʱʘʶʱʠʤʠ ʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʛʝʢʩʘʬʝʨʨʠʪ Baʄ 

ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʵʪʠʭ ʜʠʘʧʘʟʦʥʘʭ ʠ ʚ ʥʘʟʚʘʥʥʦʤ ʢʘʯʝʩʪʚʝ. ʆʜʥʘʢʦ ʥʝ ʤʝʥʴʰʠʡ 

ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʜʣʷ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʠ ʦʙʣʘʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʭ ʯʘʩʪʦʪ, ʚ ʯʘʩʪʥʦʩʪʠ, 

ʦʪ 1 ʜʦ 8,2 ɻɻʮ (L, S, C ʠ J-ʜʠʘʧʘʟʦʥʳ), ʧʦʩʢʦʣʴʢʫ ʚ ʥʝʡ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʝ 

ʠ ʧʨʦʯʠʝ ʧʨʠʣʦʞʝʥʠʷ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʠʥʜʫʩʪʨʠʘʣʴʥʳʭ, ʤʝʜʠʮʠʥʩʢʠʭ, ʥʘʫʯʥʳʭ ʠ ʤʥʦʛʠʭ 

ʜʨʫʛʠʭ ʦʪʨʘʩʣʷʭ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʥʘʭʦʞʜʝʥʠʷ ʦʧʪʠʤʘʣʴʥʳʭ ʧʨʝʜʝʣʦʚ ʨʝʛʫʣʠʨʦʚʘʥʠʷ 

ʢʨʠʪʠʯʝʩʢʠ ʟʥʘʯʠʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʤʘʪʝʨʠʘʣʘ (ʧʨʦʚʦʜʠʤʦʩʪʴ ů, ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ 

µr, ʪʦʣʱʠʥʘ t) ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦʛʦ ʫʨʦʚʥʷ ʟʘʱʠʪʳ ʦʪ ʕʄʀ (ʟʘ ʩʯʝʪ ʧʦʚʳʰʝʥʠʷ 

ʦʪʨʘʞʘʪʝʣʴʥʦʡ ʠʣʠ ʧʦʛʣʦʱʘʪʝʣʴʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ) ʷʚʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʚʝʩʴʤʘ ʘʢʪʫʘʣʴʥʳʤ, ʥʦ ʠ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʧʦʣʥʝ ʚʦʟʤʦʞʥʳʤ. 

ʎʝʣʴ ʨʘʙʦʪʳ  

ʈʘʟʨʘʙʦʪʢʘ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʦʚʳʭ ʪʠʧʦʚ ʤʘʛʥʠʪʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ï 

ʟʘʤʝʱʝʥʥʦʛʦ ʛʝʢʩʘʬʝʨʨʠʪʘ ʄ-ʪʠʧʘ ʠ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʝʛʦ ʦʩʥʦʚʝ, ʘ ʪʘʢʞʝ ʘʥʘʣʠʟ ʠʭ 

ʧʨʠʤʝʥʠʤʦʩʪʠ ʜʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʠ ʚ ʘʥʪʝʥʥʳʭ ʩʠʩʪʝʤʘʭ ʪʝʭʥʦʣʦʛʠʷʭ. 

ʆʩʥʦʚʥʳʝ ʟʘʜʘʯʠ:  

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʫʢʘʟʘʥʥʦʡ ʮʝʣʠ ʚ ʨʘʙʦʪʝ ʨʝʰʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʢʦʥʢʨʝʪʥʳʝ ʟʘʜʘʯʠ: 

1.  ʇʦʣʫʯʝʥʠʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ: ʢʝʨʘʤʠʯʝʩʢʠʭ  ʛʝʢʩʘʬʝʨʨʠʪʦʚ ʪʨʸʭ ʩʠʩʪʝʤ                 

BaFe12-xSnxO19, BaFe12-xZrxO19, BaFe12-xAl xO19 (x = 0,1, 0,3, 0,6, 0,9, 1,2) ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʳʭ 

ʨʝʘʢʮʠʡ ʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʩʠʩʪʝʤʳ çBaFe11,7Al0,3O19 ï ʇɺɼʌ ï 

ʵʢʩʬʦʣʠʠʨʦʚʘʥʥʳʡ ʛʨʘʬʠʪè ʩ ʚʘʨʴʠʨʫʝʤʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʤʘʛʥʠʪʥʦʛʦ ʠ ʫʛʣʝʨʦʜʥʦʛʦ 

ʥʘʧʦʣʥʠʪʝʣʝʡ ï ʤʝʪʦʜʦʤ ʪʝʨʤʦʧʨʝʩʩʦʚʘʥʠʷ. 
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2. ʋʩʪʘʥʦʚʣʝʥʠʝ ʚʣʠʷʥʠʷ ʛʝʪʝʨʦʚʘʣʝʥʪʥʳʭ ʟʘʤʝʱʝʥʠʡ ʥʘ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠ ʩʪʨʫʢʪʫʨʥʳʝ 

ʧʘʨʘʤʝʪʨʳ ʢʝʨʘʤʠʯʝʩʢʠʭ ʩʦʩʪʘʚʦʚ ʛʝʢʩʘʬʝʨʨʠʪʦʚ BaFe12-xSnxO19 ʠ BaFe12-xZrxO19 (x = 0,1, 0,3, 

0,6, 0,9, 1,2) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʝʧʝʥʠ ʜʠʘʤʘʛʥʠʪʥʦʛʦ ʟʘʤʝʱʝʥʠʷ. 

3.  ʀʟʫʯʝʥʠʝ ʠʟʤʝʥʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʠ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ 

ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʪʘʥʛʝʥʩʦʚ ʫʛʣʘ ʧʦʪʝʨʴ ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 

ʯʘʩʪʦʪ 700 ʄɻʮ ï 7 ɻɻʮ) ʛʝʢʩʘʬʝʨʨʠʪʦʚ BaFe12-xSnxO19 ʠ        BaFe12-xZrxO19 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ (x = 0,1, 0,3, 0,6, 0,9, 1,2). 

4. ʋʩʪʘʥʦʚʣʝʥʠʝ ʚʣʠʷʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ ʤʘʛʥʠʪʥʦʡ (BaFe11,7Al 0,3O19) ʠ ʧʦʣʠʤʝʨʥʦʡ 

(ʧʦʣʠʚʠʥʠʣʠʜʝʥʬʪʦʨʠʜ, ʇɺɼʌ) ʬʘʟ ʚ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʪʠʧʘ 

çʛʝʢʩʘʬʝʨʨʠʪ/ʇɺɼʌè (ʦʪ 5 ʜʦ 20 ʤʘʩʩ.% ʇɺɼʌ) ʥʘ ʠʭ ʤʘʛʥʠʪʥʳʝ ʠ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʆʮʝʥʢʘ ʧʝʨʩʧʝʢʪʠʚ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʘʥʪʝʥʥʳʭ 

ʪʝʭʥʦʣʦʛʠʷʭ. 

5. ʋʩʪʘʥʦʚʣʝʥʠʝ ʚʣʠʷʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʫʛʣʝʨʦʜʥʦʛʦ ʥʘʧʦʣʥʠʪʝʣʷ ʥʘ ʤʘʛʥʠʪʥʳʝ ʠ 

ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʩʦʜʝʨʞʘʱʝʛʦ 15 ʤʘʩʩ.% 

ʇɺɼʌ + 85 ʤʘʩʩ.% BaFe11,7Al0,3O19. ʆʮʝʥʢʘ ʧʝʨʩʧʝʢʪʠʚ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ 

ʧʦʛʣʦʪʠʪʝʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʉɺʏ-ʜʠʘʧʘʟʦʥʝ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ  

ʇʦʷʚʣʝʥʠʝ ʩʦʚʨʝʤʝʥʥʳʭ ʬʦʨʤ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʟʘʛʨʷʟʥʝʥʠʷ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ 

ʚʳʟʚʘʣʦ ʨʘʩʪʫʱʫʶ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ï ʢʘʢ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʢʘʯʝʩʪʚʝ 

ʟʘʱʠʪʥʳʭ (ʨʘʜʠʦʵʢʨʘʥʠʨʫʶʱʠʭ), ʪʘʢ ʠ ʧʦʟʚʦʣʷʶʱʠʭ ʩʦʟʜʘʚʘʪʴ ʫʩʪʨʦʡʩʪʚʘ, ʵʬʬʝʢʪʠʚʥʦ 

ʬʫʥʢʮʠʦʥʠʨʫʶʱʠʭ ʚ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ. ʆʜʥʘʢʦ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ 

ʜʦʩʪʠʞʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ ʉɺʏ 

ʜʠʘʧʘʟʦʥʘ (ʥʠʞʝ 7-8 ɻɻʮ), ʯʪʦ ʪʨʝʙʫʝʪ ʦʧʪʠʤʠʟʘʮʠʠ ʪʘʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʪʝʨʠʘʣʘ, ʢʘʢ 

ʢʦʤʧʣʝʢʩʥʳʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʠ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ 

ʵʢʨʘʥʠʨʫʶʱʝʛʦ ʤʘʪʝʨʠʘʣʘ.  

ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʥʘʤ ʠʟʚʝʩʪʥʦ ʣʠʰʴ ʦʛʨʘʥʠʯʝʥʥʦʝ ʯʠʩʣʦ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ 

ʠʟʫʯʝʥʠʶ ʛʝʢʩʘʬʝʨʨʠʪʘ M -ʪʠʧʘ ʚ ʮʝʣʷʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʷ, ʨʝʟʫʣʴʪʘʪʳ 

ʢʦʪʦʨʳʭ ʦʩʪʘʚʣʷʣʠ ʞʝʣʘʪʴ ʣʫʯʰʝʛʦ. ʇʦʵʪʦʤʫ ʚʳʙʦʨ ʪʝʤʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʩʚʷʟʘʥʥʦʛʦ ʩ ʧʦʣʫʯʝʥʠʝʤ ʠ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʤ ʠʟʫʯʝʥʠʝʤ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʙʘʟʝ ʛʝʢʩʘʬʝʨʨʠʪʘ M -ʪʠʧʘ ʩ ʜʠʘʤʘʛʥʠʪʥʳʤʠ ʟʘʤʝʱʝʥʠʷʤʠ 

ʢʘʪʠʦʥʦʚ ʞʝʣʝʟʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʥʝʩʦʤʥʝʥʥʳʡ ʠʥʪʝʨʝʩ ʠ ʦʙʣʘʜʘʝʪ ʥʦʚʠʟʥʦʡ. 



8 
 
 

ɺ ʨʘʙʦʪʝ ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʨʝʘʢʮʠʡ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʢʝʨʘʤʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ 

ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xMexO19 ʩ ʪʨʝʤʷ ʪʠʧʘʤʠ ʜʠʘʤʘʛʥʠʪʥʳʭ ʟʘʤʝʱʝʥʠʡ ï ʦʜʥʦʛʦ 

ʠʟʦʚʘʣʝʥʪʥʦʛʦ (Al3+) ʠ ʜʚʫʭ ʛʝʪʝʨʦʚʘʣʝʥʪʥʳʭ (Sn4+ ʠ Zr4+), ʦʙʣʘʜʘʶʱʠʭ ʠʦʥʥʳʤʠ ʨʘʜʠʫʩʘʤʠ 

ʥʠʞʝ ʠ ʚʳʰʝ ʟʘʤʝʱʘʝʤʦʛʦ ʢʘʪʠʦʥʘ Fe3+.  

ɺʧʝʨʚʳʝ ʚ ʜʠʘʧʘʟʦʥʝ ʟʘʤʝʱʝʥʠʡ 0 ¢ x ¢ 1,2 ʧʨʦʚʝʜʝʥʦ ʧʦʜʨʦʙʥʦʝ ʠʟʫʯʝʥʠʝ ʠʭ ʬʘʟʦʚʦʛʦ 

ʩʦʩʪʘʚʘ, ʩʪʨʫʢʪʫʨʥʳʭ, ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ, ʤʘʛʥʠʪʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ. ʇʦʩʣʝʜʥʝʝ ʷʚʣʷʝʪʩʷ ʚʝʩʴʤʘ ʚʘʞʥʳʤ ʜʣʷ ʚʳʷʚʣʝʥʠʷ ʬʘʢʪʦʨʦʚ, ʩʠʣʴʥʦ 

ʚʣʠʷʶʱʠʭ ʠ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ.  

ɼʣʷ ʚʳʷʚʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʳʭ ʧʫʪʝʡ ʧʦʣʫʯʝʥʠʷ ʥʦʚʳʭ ʨʘʜʠʦʵʢʨʘʥʠʨʫʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʙʳʣ ʧʨʦʚʝʜʝʥ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʳʡ ʧʦʠʩʢ ʥʝ ʠʟʫʯʝʥʥʳʭ ʨʘʥʝʝ ʩʦʩʪʘʚʦʚ ʢʦʤʧʦʟʠʪʦʚ, ʩʦʜʝʨʞʘʱʠʭ 

ʬʝʨʨʠʪ ʄ-ʪʠʧʘ. ʊʘʢ, ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʤʝʪʦʜʦʤ ʢʦʤʧʨʝʩʩʠʦʥʥʦʛʦ 

ʬʦʨʤʦʚʘʥʠʷ ʥʘ ʦʩʥʦʚʝ ʦʜʥʦʛʦ ʠʟ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʠ ʩʦʧʦʣʠʤʝʨʦʚ 

ʧʦʣʠʚʠʥʠʣʠʜʝʥʬʪʦʨʠʜʘ (ʇɺɼʌ) ʙʳʣ ʧʨʠʛʦʪʦʚʣʝʥ ʨʷʜ ʧʦʣʠʤʝʨʥʳʭ ʤʘʪʨʠʯʥʳʭ ʢʦʤʧʦʟʠʪʦʚ, 

ʯʪʦ ʢʨʦʤʝ ʥʦʚʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʨʠʦʙʨʝʪʝʥʠʝ ʤʘʪʝʨʠʘʣʦʤ 

ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʡ ʛʠʙʢʦʩʪʠ ʠ ʠʟʙʘʚʣʷʝʪ ʦʪ ʪʘʢʦʛʦ ʥʝʜʦʩʪʘʪʢʘ, ʢʘʢ ʭʨʫʧʢʦʩʪʴ, ʦʙʳʯʥʦ 

ʧʨʠʩʫʱʝʛʦ ʢʝʨʘʤʠʯʝʩʢʠʤ ʬʝʨʨʠʪʘʤ.  

ɺ ʨʘʙʦʪʝ ʦʩʫʱʝʩʪʚʣʝʥʘ ʧʝʨʚʘʷ ʧʦʧʳʪʢʘ ʧʦʢʘʟʘʪʴ, ʯʪʦ ʛʝʢʩʘʬʝʨʨʠʪ M -ʪʠʧʘ ʠ ʢʦʤʧʦʟʠʪʳ 

ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʢʘʯʝʩʪʚʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʠ ʥʘʡʪʠ ʧʨʠʤʝʥʝʥʠʝ ʚ ʘʥʪʝʥʥʘʭ ʜʣʷ ʫʢʘʟʘʥʥʳʭ ʚʳʰʝ 

ʯʘʩʪʦʪʥʳʭ ʜʠʘʧʘʟʦʥʦʚ L, S, C ʠ J, ʘ ʪʘʢʞʝ ʜʦʢʘʟʘʪʴ ʧʨʠʥʮʠʧʠʘʣʴʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ 

ʝʛʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʚ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ. 

ɺ ʯʘʩʪʥʦʩʪʠ, ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʛʝʢʩʘʬʝʨʨʠʪ ʙʘʨʠʷ, ʟʘʤʝʱʝʥʥʳʡ ʪʨʝʭʚʘʣʝʥʪʥʳʤʠ 

ʢʘʪʠʦʥʘʤʠ ʪʠʧʘ Al3+, ʩʘʤ ʧʦ ʩʝʙʝ ʥʝ ʤʦʞʝʪ ʜʘʪʴ ʭʦʨʦʰʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ 

ʩʠʩʪʝʤʘʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʷ, ʥʦ ʚ ʩʦʩʪʘʚʝ ʢʦʤʧʦʟʠʪʘ ʩ PVDF ʦʥ ʧʨʠʦʙʨʝʪʘʝʪ 

ʥʝʦʙʭʦʜʠʤʳʝ ʢʘʯʝʩʪʚʘ. 

 ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʣʷ ʟʘʤʝʱʝʥʠʷ  ʞʝʣʝʟʘ ʚ BaM  

ʯʝʪʳʨʝʭʚʘʣʝʥʪʥʳʭ ʢʘʪʠʦʥʦʚ Sn4+ ʠ Zr4+ ʤʦʞʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʪʴ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ 

ʧʦʛʣʦʱʝʥʠʝ ʟʘ ʩʯʝʪ ʜʨʫʛʠʭ ʤʝʭʘʥʠʟʤʦʚ. ʊʘʢ, ʫʚʝʣʠʯʝʥʠʝ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʧʦʛʣʦʱʝʥʠʶ ʧʘʜʘʶʱʝʛʦ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʊʘʢʞʝ ʚʧʝʨʚʳʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʩʥʠʞʝʥʠʝ ʚʝʣʠʯʠʥʳ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʤʦʞʝʪ ʷʚʠʪʴʩʷ ʦʜʥʦʡ ʠʟ ʧʨʠʯʠʥ, ʧʦʟʚʦʣʷʶʱʠʭ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʛʝʢʩʘʬʝʨʨʠʪʳ ʄ-ʪʠʧʘ ʚ ʫʢʘʟʘʥʥʦʡ ʧʦʣʦʩʝ ʯʘʩʪʦʪ (L, S, C ʠ J-ʜʠʘʧʘʟʦʥʘʭ). 

ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʦʙʨʘʟʝʮ ʢʦʤʧʦʟʠʪʘ ʥʘ ʦʩʥʦʚʝ Al-ʟʘʤʝʱʝʥʥʦʛʦ 

ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ ʠ ʇɺɼʌ, ʧʦʣʫʯʝʥʥʳʡ ʤʝʪʦʜʦʤ ʢʦʤʧʨʝʩʩʠʦʥʥʦʛʦ ʬʦʨʤʦʚʘʥʠʷ, ʤʦʞʝʪ 
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ʚʳʩʪʫʧʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʢʠ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʘʥʪʝʥʥ ʠ ʦʙʣʘʜʘʝʪ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʝʛʦ ʢʦʤʤʝʨʯʝʩʢʠʤ ʘʥʘʣʦʛʦʤ FR4, ʘ ʪʘʢʞʝ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʢʘʢ ʨʘʜʠʦʦʪʨʘʞʘʶʱʠʡ ʤʘʪʝʨʠʘʣ ʚʙʣʠʟʠ ʯʘʩʪʦʪʳ 2,45 ɻɻʮ. 

ʇʦʢʘʟʘʥʦ ʪʘʢʞʝ, ʯʪʦ ʵʪʦʪ ʞʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ ʤʦʞʝʪ ʧʨʠʦʙʨʝʩʪʠ 

ʨʘʜʠʦʧʦʛʣʦʱʘʶʱʠʝ ʩʚʦʡʩʪʚʘ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʝʛʦ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʫʪʝʤ 

ʚʚʝʜʝʥʠʷ ʚ ʝʛʦ ʩʦʩʪʘʚ ʤʘʣʳʭ ʜʦʟ ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ (ʵʢʩʬʦʣʠʠʨʦʚʘʥʥʳʡ ʛʨʘʬʠʪ). ʇʨʠ ʵʪʦʤ 

ʰʠʨʠʥʫ ʧʦʣʦʩʳ ʠ ʫʨʦʚʝʥʴ ʧʦʛʣʦʱʝʥʠʷ ʤʦʞʥʦ ʵʬʬʝʢʪʠʚʥʦ ʨʝʛʫʣʠʨʦʚʘʪʴ ʩʦʜʝʨʞʘʥʠʝʤ 

ʛʨʘʬʠʪʦʚʦʛʦ ʥʘʧʦʣʥʠʪʝʣʷ. 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ 

ʀʟʙʘʚʣʝʥʠʝ ʦʪ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʠʟʣʫʯʝʥʠʡ ʠʣʠ ʠʭ ʵʢʨʘʥʠʨʦʚʘʥʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ  

ʩʣʦʞʥʫʶ ʧʨʦʙʣʝʤʫ, ʚʣʠʷʶʱʫʶ ʥʘ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʠ 

ʧʨʝʜʩʪʘʚʣʷʶʱʫʶ ʫʛʨʦʟʫ ʜʣʷ ʟʜʦʨʦʚʴʷ ʯʝʣʦʚʝʢʘ. ʇʦʵʪʦʤʫ ʚ ʝʝ ʨʝʰʝʥʠʠ ʟʥʘʯʠʪʝʣʴʥʫʶ ʨʦʣʴ 

ʠʛʨʘʝʪ ʨʘʟʨʘʙʦʪʢʘ ʧʦʛʣʦʱʘʶʱʠʭ ʠ\ʠʣʠ ʦʪʨʘʞʘʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʧʨʠʥʷʪʘ ʧʦʧʳʪʢʘ ʨʝʰʠʪʴ ʵʪʫ ʧʨʦʙʣʝʤʫ ʧʫʪʝʤ ʨʘʟʨʘʙʦʪʢʠ ʠ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʧʨʠʣʦʞʝʥʠʷʭ ʜʣʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʠ ʘʥʪʝʥʥʳʭ ʩʠʩʪʝʤʘʭ, ʨʘʙʦʪʘʶʱʠʭ ʚ L, S, C ʠ J-

ʧʦʜʜʠʘʧʘʟʦʥʘʭ ʉɺʏ ʠʟʣʫʯʝʥʠʷ. ʇʦʢʘʟʘʥʳ ʧʫʪʠ ʜʦʩʪʠʞʝʥʠʷ ʥʝʦʙʭʦʜʠʤʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʥʘ 

ʧʨʠʤʝʨʝ ʟʘʤʝʱʝʥʥʳʭ ʛʝʢʩʘʬʝʨʨʠʪʦʚ M-ʪʠʧʘ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ ʚʦʟʤʦʞʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ 

ʩʚʦʡʩʪʚʘʤʠ ʤʘʪʝʨʠʘʣʘ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʚʘʨʠʘʮʠʝʡ ʝʛʦ ʩʦʩʪʘʚʘ ʠ ʩʦʟʜʘʥʠʝʤ ʥʘ ʝʛʦ ʦʩʥʦʚʝ 

ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʪʦʚ. ɺʩʝ ʪʠʧʳ ʠʟʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʝʨʩʧʝʢʪʠʚʥʳ ʜʣʷ ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʦʣʦʩʝ ʯʘʩʪʦʪ ~2-4 ɻɻʮ. 

ɺ ʯʘʩʪʥʦʩʪʠ:  

- ʧʨʝʜʣʦʞʝʥʳ ʠ ʠʟʫʯʝʥʳ ʩʦʩʪʘʚʳ ʢʝʨʘʤʠʯʝʩʢʠʭ ʛʝʢʩʘʬʝʨʨʠʪʦʚ ʜʚʫʭ ʩʠʩʪʝʤ:             

BaFe12-xSnxO19, BaFe12-xZrxO19; 

- ʨʘʟʨʘʙʦʪʘʥʳ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʧʦʨʦʰʢʦʦʙʨʘʟʥʦʛʦ ʛʝʢʩʘʬʝʨʨʠʪʘ 

BaFe11,7Al0,3O19 ʚ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʝ ʩ ʚʘʨʴʠʨʫʝʤʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʤʘʛʥʠʪʥʦʡ ʠ ʧʦʣʠʤʝʨʥʦʡ 

ʬʘʟ (ɻʌ/ʇɺɼʌ), ʢʦʪʦʨʳʝ ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ ʧʨʝʠʤʫʱʝʩʪʚ ʧʝʨʝʜ ʤʘʪʝʨʠʘʣʦʤ-ʘʥʘʣʦʛʦʤ FR4, 

ʠʩʧʦʣʴʟʫʝʤʳʤ ʚ ʘʥʪʝʥʥʳʭ ʩʠʩʪʝʤʘʭ; 

- ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʦʤʧʦʟʠʪʝ ɻʌ/ʇɺɼʌ ʜʦʙʘʚʦʢ ʵʢʩʬʦʣʠʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʠʪʘ ʧʦʟʚʦʣʷʝʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʛʦ ʚ ʢʘʯʝʩʪʚʝ ʨʘʜʠʦʵʢʨʘʥʠʨʫʶʱʝʛʦ ʤʘʪʝʨʠʘʣʘ. ʅʘʠʙʦʣʴʰʝʝ ʦʩʣʘʙʣʝʥʠʝ ʵʥʝʨʛʠʠ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʦʙʣʘʩʪʠ ʯʘʩʪʦʪ 2,4 ɻɻʮ. 
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ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ ʠ ʨʝʟʫʣʴʪʘʪʳ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ:  

1. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʦʚ BaM  ʩ ʜʚʫʤʷ ʪʠʧʘʤʠ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʛʦ ʟʘʤʝʱʝʥʠʷ 

ʜʠʘʤʘʛʥʠʪʥʳʤʠ ʢʘʪʠʦʥʘʤʠ ï ʩ ʠʦʥʥʳʤ ʨʘʜʠʫʩʦʤ ʥʠʞʝ ʠ ʚʳʰʝ ʟʘʤʝʱʘʝʤʳʭ ʢʘʪʠʦʥʦʚ ʞʝʣʝʟʘ 

(BaFe12-xSnxO19 ʠ BaFe12-xZrxO19, 0,1ÒxÒ1,2). ɺ ʜʠʘʧʘʟʦʥʝ ʟʘʤʝʱʝʥʠʡ xÒ0,3 ʩʦʩʪʘʚʳ ʷʚʣʷʶʪʩʷ 

ʦʜʥʦʬʘʟʥʳʤʠ ʠ ʦʧʠʩʳʚʘʶʪʩʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ P63/mmc. ʋʚʝʣʠʯʝʥʠʝ ʩʪʝʧʝʥʠ 

ʟʘʤʝʱʝʥʠʷ ʚʳʰʝ x=0,6 ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʧʨʠʤʝʩʥʳʭ ʬʘʟ SnO2 ʠ ZrO2. ʆʩʦʙʝʥʥʦʩʪʴʶ 

ʧʦʚʝʜʝʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ (ʪʘʢʠʭ ʢʘʢ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʟʝʨʝʥ ʠ 

ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ) ʥʦʩʠʪ ʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʨʘʟʥʦʥʘʧʨʘʚʣʝʥʥʳʡ ʭʘʨʘʢʪʝʨ.  

2. ʂʦʨʨʝʣʷʮʠʷ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ Sn ʠ Zr-ʟʘʤʝʱʝʥʥʳʭ ʛʝʢʩʘʬʝʨʨʠʪʦʚ ʙʘʨʠʷ 

ʩ ʠʭ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ ʦʙʫʩʣʦʚʣʝʥʘ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʦʩʣʘʙʣʝʥʠʝʤ ʩʚʷʟʝʡ ʤʝʞʜʫ 

ʤʘʛʥʠʪʦʘʢʪʠʚʥʳʤʠ ʠʦʥʘʤʠ Fe3+ ʠ ʠʟʤʝʥʝʥʠʝʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʧʨʠ ʜʠʘʤʘʛʥʠʪʥʳʭ 

ʟʘʤʝʱʝʥʠʷʭ. ʆʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʦʩʣʘʙʣʝʥʠʝ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚʥʦʩʷʪ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ.  

3. ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʧʦʨʦʰʢʦʦʙʨʘʟʥʦʛʦ ʛʝʢʩʘʬʝʨʨʠʪʘ 

BaFe11,7Al0,3O19 ʚ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʝ ʩ ʚʘʨʴʠʨʫʝʤʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʤʘʛʥʠʪʥʦʡ ʠ ʧʦʣʠʤʝʨʥʦʡ 

ʬʘʟ (ɻʌ/ʇɺɼʌ) ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ ʧʨʝʠʤʫʱʝʩʪʚ ʧʝʨʝʜ ʤʘʪʝʨʠʘʣʦʤ-ʘʥʘʣʦʛʦʤ FR4, 

ʠʩʧʦʣʴʟʫʝʤʳʤ ʚ ʘʥʪʝʥʥʘʭ. ʊʘʢ, ʤʘʪʝʨʠʘʣ ʩ 10 ʤʘʩʩ.% ʇɺɼʌ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʙʦʣʝʝ ʚʳʩʦʢʠʤʠ 

ʧʦʢʘʟʘʪʝʣʷʤʠ ʧʦ ʢʦʵʬʬʠʮʠʝʥʪʫ ʫʩʠʣʝʥʠʷ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʟʘ ʩʯʝʪ ʙʦʣʝʝ ʥʠʟʢʦʛʦ 

ʫʨʦʚʥʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ, ʜʝʤʦʥʩʪʨʠʨʫʷ ʧʨʠ ʵʪʦʤ ʨʘʚʥʦʤʝʨʥʫʶ ʜʠʘʛʨʘʤʤʫ 

ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ, ʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʟʘ ʩʯʝʪ 

ʦʪʨʘʞʝʥʠʷ ʥʘ ʫʨʦʚʥʝ 32 ʜɹ. 

4. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʦʤʧʦʟʠʮʠʦʥʥʦʤ ʤʘʪʝʨʠʘʣʝ ɻʌ/ʇɺɼʌ ʜʦʙʘʚʦʢ ʵʢʩʬʦʣʠʠʨʦʚʘʥʥʦʛʦ 

ʛʨʘʬʠʪʘ (ʕɻ) ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʘʢʠʝ ʢʦʤʧʦʟʠʪʳ ʚ ʢʘʯʝʩʪʚʝ ʨʘʜʠʦʵʢʨʘʥʠʨʫʶʱʠʭ 

ʤʘʪʝʨʠʘʣʦʚ. ʅʘʠʙʦʣʴʰʝʝ ʦʩʣʘʙʣʝʥʠʝ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʚ 

ʦʙʣʘʩʪʠ ʯʘʩʪʦʪ 2,4 ɻɻʮ. ʄʘʢʩʠʤʘʣʴʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʢʨʘʥʠʨʦʚʘʥʠʷ (>|-50| ʜɹ) ʜʦʩʪʠʛʥʫʪʘ ʚ 

ʦʙʨʘʟʮʝ ʩ ʩʦʜʝʨʞʘʥʠʝʤ 5% ʕɻ.  

5. ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ ʚʦʟʤʦʞʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʩʚʦʡʩʪʚʘʤʠ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʛʝʢʩʘʬʝʨʨʠʪʦʚ 

M -ʪʠʧʘ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʚʘʨʠʘʮʠʝʡ ʝʛʦ ʩʦʩʪʘʚʘ ʟʘ ʩʯʝʪ ʜʠʘʤʘʛʥʠʪʥʳʭ ʟʘʤʝʱʝʥʠʡ ʚ 

ʩʪʨʫʢʪʫʨʝ ʠ ʩʦʟʜʘʥʠʝʤ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʪʦʚ. 
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6. ɺʩʝ ʪʠʧʳ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʤʝʶʪ ʩʝʨʴʝʟʥʳʝ ʧʝʨʩʧʝʢʪʠʚʳ ʧʨʘʢʪʠʯʝʩʢʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ, ʧʦʩʢʦʣʴʢʫ ʠʭ ʨʘʙʦʯʠʡ ʜʠʘʧʘʟʦʥ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʦʩʝ ʯʘʩʪʦʪ ~2-4 ɻɻʮ, ʢʦʪʦʨʳʡ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʢʦʤʤʫʥʠʢʘʮʠʡ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʥʘʫʯʥʦʡ ʠ ʤʝʜʠʮʠʥʩʢʦʡ ʩʬʝʨʘʭ, ʧʨʠ ɻ ʪʦʤ 

ʠʩʧʳʪʳʚʘʝʪʩʷ ʜʝʬʠʮʠʪ ʤʘʪʝʨʠʘʣʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʧʨʠʝʤʣʝʤʦʡ ʰʠʨʦʢʦʧʦʣʦʩʥʦʩʪʴʶ ʚ 

ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ ʉɺʏ-ʜʠʘʧʘʟʦʥʘ. ʇʦʪʝʥʮʠʘʣ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ 

ʤʘʪʝʨʠʘʣʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ ʵʢʨʘʥʠʨʦʚʘʥʠʷ, ʩʣʝʜʫʝʪ ʠʩʢʘʪʴ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʚ ʧʦʚʳʰʝʥʠʠ 

ʨʦʣʠ ʤʘʛʥʠʪʥʦʡ ʧʦʜʩʠʩʪʝʤʳ. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʙʦʪʳ: 

ʈʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʫʯʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʚʨʝʤʝʥʥʦʛʦ 

ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʠ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. 

ʄʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʠʩʩʣʝʜʦʚʘʥʘ ʩʪʨʫʢʪʫʨʘ ʠ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ 

ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʠ ʝʛʦ ʢʦʤʧʦʟʠʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʠʬʨʘʢʪʦʤʝʪʨʘ 

Empyrean (PANalytical) ʧʨʠ 300 K (ʠʟʣʫʯʝʥʠʝ Cu-KŬ, ɚ = 1,54 ¡), ʨʘʙʦʪʘʶʱʝʛʦ ʚ ʜʠʘʧʘʟʦʥʝ 

ʫʛʣʦʚ ʜʠʬʨʘʢʮʠʠ 2ɗ ʦʪ 20o ʜʦ 80o. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʪʨʦʝʥʠʷ ʥʝʢʦʪʦʨʳʭ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʢʦʤʧʦʟʠʪʥʳʭ 

ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ FTIR-ʩʧʝʢʪʨʦʤʝʪʨ Nicolet 380 (Thermo Scientific, Waltham, MA, USA), 

ʩʧʝʢʪʨʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ 4000-400 ʩʤ-1, ʨʘʟʨʝʰʝʥʠʝ 1 ʩʤ-1. ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʠʟʫʯʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʨʘʤʘʥʦʚʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Thermo DXR3 (Thermo Fisher 

Scientific, Waltham, MA, USA), ʩʧʝʢʪʨʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ ʩʦʩʪʘʚʣʷʣ ʦʪ 100 ʜʦ 3500 ʩʤ-1 ʧʨʠ ʜʣʠʥʝ 

ʚʦʣʥʳ ʣʘʟʝʨʘ 532 ʥʤ ʠ ʤʦʱʥʦʩʪʠ 10 ʄɺʪ.  

ʄʠʢʨʦʩʪʨʫʢʪʫʨʫ ʧʦʚʝʨʭʥʦʩʪʠ ʦʪʜʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʠʩʩʣʝʜʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ 

ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Zeiss EVO 10 (Zeiss, ɻʝʨʤʘʥʠʷ) ʩ 

ʤʠʢʨʦʘʥʘʣʠʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʦʡ AZtecLive Advanced with Ultim Max 40 (Oxford Instruments, 

ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ). 

ʇʨʦʚʦʜʠʤʦʩʪʴ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʯʘʩʪʦʪʳ ʜʦ 1 ʄɻʮ ʩ ʧʦʤʦʱʴʶ ʜʚʫʭʟʦʥʜʦʚʦʛʦ ʤʝʪʦʜʘ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʨʠʪʝʣʷ 

RLC. ʇʦʚʝʨʭʥʦʩʪʠ ʢʘʞʜʦʛʦ ʜʠʩʢʦʦʙʨʘʟʥʦʛʦ ʦʙʨʘʟʮʘ ʙʳʣʠ ʧʦʢʨʳʪʳ ʩʝʨʝʙʨʷʥʦʡ ʧʘʩʪʦʡ ʜʣʷ 

ʫʣʫʯʰʝʥʠʷ ʢʦʥʪʘʢʪʘ ʩ ʜʚʫʤʷ ʵʣʝʢʪʨʦʜʘʤʠ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʚʩʝʭ ʧʦʜʛʦʪʦʚʣʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ 

ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʤʘʛʥʠʪʦʤʝʪʨʘ (Cryogenic Ltd., 

ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ, ʃʦʥʜʦʥ) ʚʧʣʦʪʴ ʜʦ ʤʘʢʩʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʧʦʣʝʡ (2 ʊʣ). 
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ʇʘʨʘʤʝʪʨʳ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʨʘʩʯʝʪʘ ʧʦʢʘʟʘʪʝʣʝʡ ʕʄʉ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 

700 ʄɻʮ ʜʦ 7 ɻɻʮ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ, ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʭʝʤʘ ʢʦʪʦʨʦʡ 

ʧʦʩʪʨʦʝʥʘ ʥʘ ʦʩʥʦʚʝ ʚʝʢʪʦʨʥʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ ʮʝʧʝʡ Rohde & Schwarz ZVL-13 ʩ ʷʯʝʡʢʦʡ ʚ 

ʢʦʘʢʩʠʘʣʴʥʦʡ ʣʠʥʠʝʡ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʢʦʣʴʮʝʚʳʭ ʦʙʨʘʟʮʦʚ.  ʅʘʩʪʨʦʡʢʘ ʧʨʠʙʦʨʘ ʚʝʣʘʩʴ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʣʥʦʡ ʜʚʫʭʧʦʨʪʦʚʦʡ ʢʘʣʠʙʨʦʚʢʠ (ʧʦʣʥʘʷ ʢʘʣʠʙʨʦʚʢʘ ʜʣʷ ʚʩʝʭ S-ʧʘʨʘʤʝʪʨʦʚ 

S11, S22, S12 ʠ S21). ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʨʝʟʫʣʴʪʘʪʦʚ ʠʟʤʝʨʝʥʠʡ ʧʨʦʧʫʩʢʘʥʠʷ ʠ ʦʪʨʘʞʝʥʠʷ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʅʠʢʦʣʩʦʥʘ-ʈʦʩʩʘ-ɺʝʡʨʘ. 

ɸʫʪʝʥʪʠʯʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʠʭ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʫʯʘʩʪʠʝʤ 

ʘʚʪʦʨʘ ʚ ʢʦʥʬʝʨʝʥʮʠʷʭ, ʘ ʪʘʢʞʝ ʧʫʙʣʠʢʘʮʠʷʤʠ ʚ ʠʟʚʝʩʪʥʳʭ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʠʟʜʘʥʠʷʭ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ: 

ɸʚʪʦʨ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʫʯʘʩʪʚʦʚʘʣ ʚ ʠʟʛʦʪʦʚʣʝʥʠʠ ʠ ʧʦʜʛʦʪʦʚʢʝ ʦʙʨʘʟʮʦʚ ʢ 

ʠʟʤʝʨʝʥʠʷʤ, ʧʨʦʚʦʜʠʣ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ, ʤʘʛʥʠʪʥʳʭ ʠ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʩʝʭ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʦʩʫʱʝʩʪʚʣʷʣ ʩʠʩʪʝʤʘʪʠʟʘʮʠʶ, ʦʙʨʘʙʦʪʢʫ, ʘʥʘʣʠʟ 

ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʛʦʪʦʚʠʣ ʤʘʪʝʨʠʘʣʳ ʥʘʫʯʥʳʭ ʧʫʙʣʠʢʘʮʠʡ ʧʦ 

ʪʝʤʝ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɹʦʣʴʰʠʥʩʪʚʦ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʣʫʯʝʥʦ ʠ ʦʧʫʙʣʠʢʦʚʘʥʦ ʚ 

ʩʦʘʚʪʦʨʩʪʚʝ ʩ ʩʦʪʨʫʜʥʠʢʘʤʠ ʢʘʬʝʜʨʳ ʊʄʕ ʅʀʊʋ çʄʀʉʠʉè.  
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ɻʃɸɺɸ 1. ɸʅɸʃʀʊʀʏɽʉʂʀʁ ʆɹɿʆʈ ʃʀʊɽʈɸʊʋʈʓ 

 

1.1 ʌʝʨʨʠʪʳ ʩ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ  

ɺ ʧʦʩʣʝʜʥʝʝ ʜʝʩʷʪʠʣʝʪʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʚʳʰʝʥʥʦʝ ʚʥʠʤʘʥʠʝ ʢ ʬʝʨʨʠʪʦʚʳʤ 

ʤʘʪʝʨʠʘʣʘʤ ʢʘʢ ʢ ʦʩʥʦʚʝ ʤʥʦʞʝʩʪʚʘ ʪʝʭʥʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ ʚʦʦʙʱʝ ʠ ʚʟʨʳʚʥʦʡ ʨʦʩʪ 

ʠʥʪʝʨʝʩʘ ʢ ʛʝʢʩʘʬʝʨʨʠʪʘʤ (ɻʌ), ʚ ʯʘʩʪʥʦʩʪʠ. ɺ ʥʘʠʙʦʣʴʰʝʡ ʤʝʨʝ ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ 

ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʨʝʜ ʜʣʷ ʩʦʟʜʘʥʠʷ ʵʣʝʢʪʨʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ 

ʤʦʙʠʣʴʥʦʡ ʠ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʚʷʟʠ ʥʘ ʤʠʢʨʦʚʦʣʥʦʚʳʭ ʯʘʩʪʦʪʘʭ (ɻɻʮ), ʧʦʛʣʦʪʠʪʝʣʝʡ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ (ʕʄɺ) ʚ ʙʝʟʵʭʦʚʳʭ ʢʘʤʝʨʘʭ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ 

ʩʦʚʤʝʩʪʠʤʦʩʪʠ (ʕʄʉ), ʨʘʜʠʦʦʪʨʘʞʘʶʱʠʭ ʠ ʨʘʜʠʦʧʦʛʣʦʱʘʶʱʠʭ, ʨʘʜʠʦʵʢʨʘʥʠʨʫʶʱʠʭ 

ʤʘʪʝʨʠʘʣʦʚ (ʈʆʄ, ʈʇʄ, ʈʕʄ), ʥʘʧʨʠʤʝʨ, ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʪʝʭʥʦʣʦʛʠʷʭ ʩʢʨʳʪʥʦʩʪʠ ʠ 

ʤʘʣʦʟʘʤʝʪʥʦʩʪʠ (ʩʪʝʣʩ). ʅʘ ʙʘʟʝ ʛʝʢʩʘʬʝʨʨʠʪʦʚ ʨʘʟʨʘʙʘʪʳʚʘʶʪ ʪʘʢʞʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʩ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʧʨʠʤʝʥʝʥʠʡ. 

ʉ ʪʝʭ ʧʦʨ ʢʘʢ ʣʶʜʠ ʵʧʦʭʠ ʥʝʦʣʠʪʘ ʚʧʝʨʚʳʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʦʜʚʝʰʝʥʥʳʡ ʢʫʩʦʢ ʞʝʣʝʟʥʦʡ 

ʨʫʜʳ (ʧʨʠʨʦʜʥʳʡ ʤʠʥʝʨʘʣ ʧʦʜ ʥʘʟʚʘʥʠʝʤ ʤʘʛʥʝʪʠʪ, ʜʚʦʡʥʦʡ ʦʢʩʠʜ, ʠʤʝʶʱʠʡ ʭʠʤʠʯʝʩʢʫʶ 

ʬʦʨʤʫʣʫ Fe3O4) ʚ ʥʘʚʠʛʘʮʠʠ, ʯʝʣʦʚʝʯʝʩʪʚʦ ʩʪʘʣʦ ʧʨʠʤʝʥʷʪʴ ʨʘʟʥʦʦʙʨʘʟʥʳʝ ʤʘʛʥʠʪʥʳʝ 

ʚʝʱʝʩʪʚʘ ʜʣʷ ʤʥʦʞʝʩʪʚʘ ʧʨʠʢʣʘʜʥʳʭ ʮʝʣʝʡ. ʆʜʥʘʢʦ ʧʦʥʠʤʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʷʚʣʝʥʠʡ ʠ 

ʩʚʷʟʘʥʥʳʭ ʩ ʥʠʤʠ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʩʪʘʣʦ ʧʨʠʭʦʜʠʪʴ ʣʠʰʴ ʩ ʥʘʯʘʣʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʵʣʝʢʪʨʠʯʝʩʪʚʘ.  

ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʫʞʝ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʤʘʛʥʝʪʠʪ ʦʪʥʦʩʠʪʩʷ ʢ ʩʪʨʫʢʪʫʨʥʦʤʫ ʢʣʘʩʩʫ 

ʩʦʝʜʠʥʝʥʠʡ, ʠʟʚʝʩʪʥʳʭ ʢʘʢ ʰʧʠʥʝʣʠ, ʠ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ 

ʬʝʨʨʠʤʘʛʥʝʪʠʢʦʚ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʘ ʞʝʣʝʟʘ (III), ʥʘʟʳʚʘʝʤʳʭ ʬʝʨʨʠʪʘʤʠ. ʌʝʨʨʠʪʳ-ʰʧʠʥʝʣʠ 

ʠʤʝʶʪ ʦʙʱʫʶ ʬʦʨʤʫʣʫ MeFe2O4, ʛʜʝ Me ʚ ʩʣʫʯʘʝ ʤʘʛʥʝʪʠʪʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʜʚʫʭʚʘʣʝʥʪʥʳʡ ʢʘʪʠʦʥ Fe2+, ʦʙʣʘʜʘʷ ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʢʫʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ. ɺ ʚʠʜʝ 

ʤʘʛʥʠʪʥʦʡ ʢʝʨʘʤʠʢʠ ʬʝʨʨʠʪʳ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʩʦʩʪʘʚʦʚ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʨʘʜʠʦʪʝʭʥʠʢʝ, ʉɺʏ-

ʵʣʝʢʪʨʦʥʠʢʝ, ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʠ ʤʠʢʨʦʩʠʩʪʝʤʥʦʡ ʪʝʭʥʠʢʝ, ʤʝʜʠʮʠʥʝ ʠ ʪ.ʧ. 

ʉ ʫʯʘʩʪʠʝʤ ʰʧʠʥʝʣʴʥʳʭ ʙʣʦʢʦʚ ʩʪʨʦʷʪʩʷ ʪʘʢʞʝ ʥʝʢʦʪʦʨʳʝ ʩʦʩʪʘʚʳ ʠʟ ʛʨʫʧʧʳ ʬʝʨʨʠʪʦʚ, 

ʦʙʣʘʜʘʶʱʠʭ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʠʟʚʝʩʪʥʳʭ ʪʘʢʞʝ ʧʦʜ ʥʘʟʚʘʥʠʝʤ 

ʛʝʢʩʘʬʝʨʨʠʪʦʚ. ʇʦʩʣʝʜʥʠʝ ʷʚʣʷʶʪʩʷ ʯʨʝʟʚʳʯʘʡʥʦ ʚʘʞʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʩ ʢʦʤʤʝʨʯʝʩʢʦʡ ʠ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʪʦʯʝʢ ʟʨʝʥʠʷ, ʧʨʠʯʝʤ ʦʙʲʝʤʳ ʧʨʦʠʟʚʦʜʩʪʚʘ ʦʜʥʦʛʦ ʪʦʣʴʢʦ ʛʝʢʩʘʬʝʨʨʠʪʘ 

ʙʘʨʠʷ (BaM) ʩʦʩʪʘʚʣʷʶʪ 50% ʦʪ ʚʩʝʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚʳʧʫʩʢʘʝʤʳʭ ʚʦ ʚʩʝʤ ʤʠʨʝ [14]. 

ʉ ʤʦʤʝʥʪʘ ʦʪʢʨʳʪʠʷ ʛʝʢʩʘʬʝʨʨʠʪʦʚ ʚ 1950-ʭ ʛʦʜʘʭ ʠʥʪʝʨʝʩ ʢ ʥʠʤ ʧʨʦʜʦʣʞʘʝʪ ʨʘʩʪʠ. ʊʘʢ, 

ʢʘʞʜʳʡ ʛʦʜ ʧʫʙʣʠʢʫʝʪʩʷ ʦʛʨʦʤʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʪʘʪʝʡ, ʧʦʩʚʷʱʝʥʥʳʭ ʨʘʟʨʘʙʦʪʢʝ ʠ 
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ʠʩʩʣʝʜʦʚʘʥʠʶ ʢʘʢ ʩʘʤʠʭ ʛʝʢʩʘʬʝʨʨʠʪʦʚ, ʪʘʢ ʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ (ʂʄ) ʥʘ ʠʭ ʦʩʥʦʚʝ 

ʜʣʷ ʩʦʟʜʘʥʠʷ ʵʣʝʢʪʨʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʜʠʘʧʘʟʦʥʝ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ 

ʤʦʱʥʦʩʪʠ ʠ ʯʘʩʪʦʪʳ, ʘ ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʧʦʩʪʨʦʝʥʠʠ ʩʠʩʪʝʤ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ. ʂʨʦʤʝ 

ʪʦʛʦ, ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʥʘʙʣʶʜʘʝʪʩʷ ʚʟʨʳʚʥʦʡ ʚʩʧʣʝʩʢ ʠʥʪʝʨʝʩʘ ʢ ʥʘʥʦʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ 

ʘʩʧʝʢʪʘʤ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʬʝʨʨʠʪʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʢ ʧʨʠʤʝʥʝʥʠʶ ʛʝʢʩʘʬʝʨʨʠʪʦʚ ʩʦʚʤʝʩʪʥʦ ʩ 

ʫʛʣʝʨʦʜʥʳʤʠ ʥʘʥʦʪʨʫʙʢʘʤʠ (ʋʅʊ), ʤʥʦʛʦʩʣʦʡʥʳʤʠ ʋʅʊ, ʛʨʘʬʝʥʦʤ ʠ ʪ. ʜ.  

ɻʝʢʩʘʬʝʨʨʠʪʳ (ɻʌ) ʷʚʣʷʶʪʩʷ ʬʝʨʨʠʤʘʛʥʠʪʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ, ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ 

ʢʦʪʦʨʳʭ ʥʝʨʘʟʨʳʚʥʦ ʩʚʷʟʘʥʳ ʩ ʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ. ɺʩʝ ʦʥʠ ʦʙʣʘʜʘʶʪ 

ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ (MʂA), ʪ.ʝ. ʠʭ ʩʧʦʥʪʘʥʥʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʠʤʝʝʪ 

ʥʝʢʦʪʦʨʫʶ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʫʶ ʦʨʠʝʥʪʘʮʠʶ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʥʘʧʨʘʚʣʝʥʠʡ 

ʩʪʨʫʢʪʫʨʳ. ʇʦ ʵʪʦʤʫ ʧʨʠʟʥʘʢʫ ʠʭ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʝ ʦʩʥʦʚʥʳʝ ʛʨʫʧʧʳ: ʦʜʥʦʦʩʥʳʝ ɻʌ, 

ʠʤʝʶʱʠʝ ʝʜʠʥʩʪʚʝʥʥʫʶ ʦʩʴ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ (ʆʃʅ), ʠ ɻʌ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝʩʷ  

ʘʥʠʟʦʪʨʦʧʠʝʡ ʩ ʧʣʦʩʢʦʩʪʴʶ ʠʣʠ ʢʦʥʫʩʦʤ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ (ʃʇʅ ʠ ʂʃʅ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). 

1.2 ʂʨʠʩʪʘʣʣʦʭʠʤʠʷ ʛʝʢʩʘʬʝʨʨʠʪʦʚ 

ɺʩʝ ʛʝʢʩʘʬʝʨʨʠʪʳ ʠʤʝʶʪ ʚʝʩʴʤʘ ʩʣʦʞʥʳʝ ʪʠʧʳ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ [15], ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʳ ʧʦ-ʨʘʟʥʦʤʫ, ʥʦ ʚ ʧʝʨʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ 

ʤʦʛʫʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ çʤʦʣʝʢʫʣʷʨʥʳʝè ʢʦʤʙʠʥʘʮʠʠ ʪʨʝʭ ʩʦʨʪʦʚ ʬʝʨʨʠʪʦʚʳʭ ʠʦʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ: S (ʰʧʠʥʝʣʴ, MeFe2O4), M  (BaFe12O19) ʠ ʅ (Ba2Me2Fe12O22). W-ʬʝʨʨʠʪ 

(BaMe2Fe16O27) ʤʦʞʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ ʢʦʤʙʠʥʘʮʠʷ M  + 2S, X-ʬʝʨʨʠʪ (Ba2Me2Fe28O46) = 

W + M  = 2M  + 2S, Z-ʬʝʨʨʠʪ (Ba3Me2Fe24O41) = M  + Y, U-ʬʝʨʨʠʪ (Ba4Me2Fe36O60) = Z + M  = 

2M  + Y.  

ʅʘ ʨʠʩʫʥʢʘʭ 1.1 ʠ 1.2 ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʦʢʘʟʘʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ 

ʛʝʢʩʘʬʝʨʨʠʪʘ ʄ-ʪʠʧʘ. ʀʟʦʙʨʘʞʝʥʠʷ ʫʢʣʘʜʢʠ ʝʛʦ ʩʣʦʝʚ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ, ʙʳʣʠ ʦʧʫʙʣʠʢʦʚʘʥʳ 

Sudakar ʠ ʜʨ. [16]. ɼʨʫʛʠʝ, ʙʦʣʝʝ ʩʣʦʞʥʳʝ ʛʝʢʩʘʬʝʨʨʠʪʳ, ʩʦʩʪʘʚʣʝʥʳ ʧʦʜʦʙʥʳʤ ʦʙʨʘʟʦʤ. 
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ʈʠʩʫʥʦʢ 1.1 ï ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ M-ʪʠʧʘ BaFe12O19. ʂʨʘʩʥʳʝ, 

ʣʠʣʦʚʳʝ, ʩʝʨʳʝ, ʩʠʥʠʝ ʠ ʞʝʣʪʳʝ ʰʘʨʠʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʢʘʪʠʦʥʳ ʞʝʣʝʟʘ ʚ ʫʟʣʘʭ 2a, 4f1, 

12k, 4f2 ʠ 2b ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʄʘʣʝʥʴʢʠʝ ʟʝʣʝʥʳʝ ʰʘʨʠʢʠ ï ʘʥʠʦʥʳ ʢʠʩʣʦʨʦʜʘ, ʘ ʙʦʣʴʰʠʝ 

ʛʦʣʫʙʳʝ ʰʘʨʠʢʠ ï ʢʘʪʠʦʥʳ ʙʘʨʠʷ [17] 

 

ʈʠʩʫʥʦʢ 1.2 ï ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨ rʛʝʢʩʘʬʝʨʨʠʪʘ  

M-ʪʠʧʘ (Ba,Sr)Fe12O19 [18] 
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ʂʘʪʠʦʥ Ba2+ ʧʦʜʦʙʥʦ ʘʥʠʦʥʫ O2ï ʷʚʣʷʝʪʩʷ ʢʨʫʧʥʳʤ ʠʦʥʦʤ, ʧʦʵʪʦʤʫ ʙʘʨʠʡ ʦʙʳʯʥʦ 

ʟʘʤʝʱʘʝʪ ʢʠʩʣʦʨʦʜ ʛʜʝ-ʣʠʙʦ ʚ ʢʠʩʣʦʨʦʜʥʦʡ ʨʝʰʝʪʢʝ. ʅʦ ʧʦʩʢʦʣʴʢʫ ʦʥ ʚʩʝ ʞʝ ʥʝʤʥʦʛʦ ʤʝʥʴʰʝ 

ʠʦʥʘ ʢʠʩʣʦʨʦʜʘ, ʪʦ ʠʩʢʘʞʘʝʪ ʨʝʰʝʪʢʫ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ ʦʪ ʩʝʙʷ. ʀʦʥ ʙʘʨʠʷ ʤʦʞʝʪ 

ʙʳʪʴ ʟʘʤʝʥʝʥ ʜʨʫʛʠʤ ʜʚʫʭʚʘʣʝʥʪʥʳʤ ʤʝʪʘʣʣʦʤ ʙʝʟ ʦʩʦʙʳʭ ʠʩʢʘʞʝʥʠʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʫʩʣʦʚʠʠ, 

ʯʪʦ ʠʦʥ-ʟʘʤʝʩʪʠʪʝʣʴ ʠʤʝʝʪ ʜʦʩʪʘʪʦʯʥʳʡ ʨʘʟʤʝʨ (ʥʘʧʨʠʤʝʨ, ʩʪʨʦʥʮʠʡ ʠʣʠ ʩʚʠʥʝʮ). ʂʘʪʠʦʥʳ 

Fe3+ ʠ Me+2, ʠʤʝʶʱʠʝ ʛʦʨʘʟʜʦ ʤʝʥʴʰʠʡ ʨʘʟʤʝʨ, ʚʥʝʜʨʷʶʪʩʷ ʚ ʧʨʦʤʝʞʫʪʢʠ ʤʝʞʜʫ ʘʥʠʦʥʘʤʠ 

ʢʠʩʣʦʨʦʜʘ. ʀ ʜʚʫʭʚʘʣʝʥʪʥʳʝ, ʠ ʪʨʝʭʚʘʣʝʥʪʥʳʝ ʢʘʪʠʦʥʳ ʤʦʛʫʪ ʥʘʭʦʜʠʪʴʩʷ ʢʘʢ ʚ 

ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ, ʪʘʢ ʠ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ ʢʠʩʣʦʨʦʜʥʦʛʦ ʢʘʨʢʘʩʘ, ʧʦʜʦʙʥʦ ʩʠʪʫʘʮʠʠ, 

ʠʤʝʶʱʝʡ ʤʝʩʪʦ ʚ ʦʙʨʘʱʝʥʥʳʭ ʰʧʠʥʝʣʷʭ, ʘ ʪʘʢʞʝ ʚ ʪʨʠʛʦʥʘʣʴʥʦ-ʙʠʧʠʨʘʤʠʜʘʣʴʥʳʭ ʧʫʩʪʦʪʘʭ, 

ʢʦʪʦʨʳʝ ʦʙʨʘʟʫʶʪʩʷ ʚ ʛʝʢʩʘʬʝʨʨʠʪʘʭ, ʩʦʜʝʨʞʘʱʠʭ ʙʣʦʢ R. ɼʣʷ ʦʧʠʩʘʥʠʷ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʠʩʧʦʣʴʟʫʶʪʩʷ ʯʝʪʳʨʝ ʠʥʜʝʢʩʘ ʄʠʣʣʝʨʘ h, j, k, l. ɻʣʘʚʥʘʷ (ʛʝʢʩʘʛʦʥʘʣʴʥʘʷ) ʦʩʴ 

ʦʨʠʝʥʪʠʨʦʚʘʥʘ ʚ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʤ ʥʘʧʨʘʚʣʝʥʠʠ [0001], ʘ ʪʨʠ ʜʨʫʛʠʝ ʦʩʠ ʧʨʦʭʦʜʷʪ ʯʝʨʝʟ 

ʙʘʟʠʩʥʫʶ ʧʣʦʩʢʦʩʪʴ (0001) ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʤʥʦʛʦʛʨʘʥʥʠʢʘ ʧʦʜ ʫʛʣʘʤʠ 120Á ʜʨʫʛ ʢ ʜʨʫʛʫ. 

ɻʣʘʚʥʘʷ ʦʩʴ ʥʘʟʳʚʘʝʪʩʷ c-ʦʩʴʶ, ʘ ʨʘʟʤʝʨ ʨʝʰʝʪʢʠ ʚ ʝʝ ʥʘʧʨʘʚʣʝʥʠʠ ï ʧʘʨʘʤʝʪʨʦʤ ʨʝʰʝʪʢʠ c. ɺ 

ʛʝʢʩʘʬʝʨʨʠʪʘʭ ʚʩʝ ʪʨʠ ʦʩʠ ʙʘʟʠʩʥʦʡ ʧʣʦʩʢʦʩʪʠ ʨʘʚʥʳ ʤʝʞʜʫ ʩʦʙʦʡ, ʧʦʵʪʦʤʫ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʧʨʘʚʠʣʴʥʦʛʦ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʪʨʝʙʫʝʪʩʷ ʣʠʰʴ ʦʜʠʥ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʧʘʨʘʤʝʪʨ ï 

ʜʣʠʥʘ ʦʜʥʦʡ ʠʟ ʩʪʦʨʦʥ ʙʘʟʠʩʥʦʛʦ ʰʝʩʪʠʫʛʦʣʴʥʠʢʘ ʷʯʝʡʢʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʛʝʢʩʘʬʝʨʨʠʪʘ ʜʦʩʪʘʪʦʯʥʦ ʟʥʘʪʴ ʪʦʣʴʢʦ ʜʚʘ ʧʘʨʘʤʝʪʨʘ 

ʨʝʰʝʪʢʠ ï c ʠ a. 

1.3 ɻʝʢʩʘʬʝʨʨʠʪ M-ʪʠʧʘ ʠ ʝʛʦ ʩʪʨʫʢʪʫʨʘ 

ʉʦʝʜʠʥʝʥʠʝ ʪʠʧʘ ʛʝʢʩʘʬʝʨʨʠʪʘ BaM  (BaFe12O19) ʠʟʚʝʩʪʥʦ ʠʟʜʘʚʥʘ, ʟʥʘʯʝʥʠʝ ʝʛʦ ʪʦʯʢʠ 

ʧʣʘʚʣʝʥʠʷ 1390 C̄ ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʚ 1936 ʛʦʜʫ [19,20]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩʪʨʫʢʪʫʨʘ BaM  ʜʦʣʛʦʝ 

ʚʨʝʤʷ ʥʝ ʧʦʜʪʚʝʨʞʜʘʣʘʩʴ ʢʘʢ ʠʟʦʤʦʨʬʥʘʷ ʛʝʢʩʘʛʦʥʘʣʴʥʦʤʫ ʤʠʥʝʨʘʣʫ ʤʘʛʥʝʪʦʧʣʶʤʙʠʪʫ ʜʦ ʪʝʭ 

ʧʦʨ, ʧʦʢʘ ʚ ʥʘʯʘʣʝ 1950-ʭ ʛʦʜʦʚ ʥʝ ʙʳʣʘ ʚʧʝʨʚʳʝ ʠʟʫʯʝʥʘ ʠ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʘ ʚ ʤʘʛʥʠʪʥʦʤ 

ʦʪʥʦʰʝʥʠʠ ʚ ʣʘʙʦʨʘʪʦʨʠʠ ʬʠʨʤʳ Philips [21]. BaM  ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʙʳʣ ʥʘʟʚʘʥ ʬʝʨʨʦʢʩʜʶʨʦʤ 

(ferroxdure) ʚ ʦʪʣʠʯʠʝ ʦʪ ʬʝʨʨʠʪʘ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʰʧʠʥʝʣʠ ʧʦʜ ʥʘʟʚʘʥʠʝʤ ʬʝʨʨʦʢʩʢʫʙ 

(ferroxcube) [22]. ʌʦʨʤʫʣʴʥʘʷ (çʤʦʣʝʢʫʣʷʨʥʘʷè) ʝʜʠʥʠʮʘ ʬʝʨʨʠʪʘ ʪʠʧʘ M  ʩʦʩʪʦʠʪ ʠʟ ʦʜʥʦʛʦ S 

ʠ ʦʜʥʦʛʦ R ʙʣʦʢʦʚ, ʩ ʧʝʨʝʢʨʳʪʠʝʤ ʛʝʢʩʘʛʦʥʘʣʴʥʦ ʠ ʢʫʙʠʯʝʩʢʠ ʫʧʘʢʦʚʘʥʥʳʭ ʩʣʦʝʚ. ɹʘʟʠʩʥʘʷ 

ʧʣʦʩʢʦʩʪʴ, ʩʦʜʝʨʞʘʱʘʷ ʢʘʪʠʦʥ ʙʘʨʠʷ, ʷʚʣʷʝʪʩʷ ʧʣʦʩʢʦʩʪʴʶ ʟʝʨʢʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʜʚʘ S ʙʣʦʢʘ, ʣʝʞʘʱʠʝ ʚʳʰʝ ʠ ʥʠʞʝ ʙʣʦʢʘ R, ʷʚʣʷʶʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʧʦʚʦʨʦʪʘ ʥʘ 

180o ʚʦʢʨʫʛ c-ʦʩʠ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ. ɼʣʷ ʧʨʦʜʦʣʞʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʟʘʪʝʤ ʪʨʝʙʫʝʪʩʷ 

ʟʝʨʢʘʣʴʥʳʡ ʢ R ʙʣʦʢ R*, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʪʨʝʙʫʶʪʩʷ ʜʚʝ 

ʬʦʨʤʫʣʴʥʳʝ ʝʜʠʥʠʮʳ M. ɺ ʨʝʟʫʣʴʪʘʪʝ ʬʦʨʤʫʣʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʧʨʠʦʙʨʝʪʘʝʪ ʚʠʜ 
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SRS*R* , ʛʜʝ * ʦʟʥʘʯʘʝʪ ʧʦʚʦʨʦʪ ʙʣʦʢʘ ʥʘ 180o ʚʦʢʨʫʛ c-ʦʩʠ. ʇʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ BaM  

ʩʦʩʪʘʚʣʷʶʪ 23.17 ¡ ʚʜʦʣʴ ʦʩʠ c ʠ 5.89 Å ʚʜʦʣʴ ʦʩʠ a ʚ ʙʘʟʠʩʥʦʡ ʧʣʦʩʢʦʩʪʠ, ʧʨʠʯʝʤ ʧʘʨʘʤʝʪʨ a 

ʦʢʘʟʘʣʩʷ ʧʦʩʪʦʷʥʥʳʤ ʜʣʷ ʚʩʝʭ ʛʝʢʩʘʬʝʨʨʠʪʦʚ ʙʘʨʠʷ [15]. ʇʦʩʢʦʣʴʢʫ ʦʪʥʦʰʝʥʠʝ ʚʳʩʦʪʳ ʠ 

ʰʠʨʠʥʳ ʷʯʝʡʢʠ ʩʦʩʪʘʚʣʷʝʪ 3,94, ʪʦ BaM  ʦʙʣʘʜʘʝʪ ʙʦʣʴʰʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ, 

ʢʦʪʦʨʘʷ ʚ ʜʨʫʛʠʭ ʛʝʢʩʘʬʝʨʨʠʪʘʭ ʩʪʘʥʦʚʠʪʩʷ ʝʱʝ ʚʳʰʝ. 

1.4 ʌʘʟʦʦʙʨʘʟʦʚʘʥʠʝ ʚ ʩʠʩʪʝʤʝ BʘO ï Fe2O3. ʌʝʨʨʠʪ ʪʠʧʘ Bʘʄ 

ʉʠʩʪʝʤʘ BʘO ï Fe2O3 ʙʳʣʘ ʚʧʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʥʘ ʝʱʝ ʚ 1946 ʛʦʜʫ [23], ʥʦ ʚ ʫʢʘʟʘʥʥʦʡ ʠ 

ʜʨʫʛʠʭ ʨʘʥʥʠʭ ʨʘʙʦʪʘʭ ʧʨʠʚʦʜʠʣʦʩʴ ʤʥʦʞʝʩʪʚʦ ʧʨʦʪʠʚʦʨʝʯʠʚʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ʊʘʢ, ʠʥʦʛʜʘ 

ʩʦʦʙʱʘʣʦʩʴ ʦ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʬʘʟʝ BaFe2O4 ʢʘʢ ʩʦʩʫʱʝʩʪʚʫʶʱʝʡ ʥʘʨʷʜʫ ʩ Ŭ-Fe2O3 ʚʧʣʦʪʴ ʜʦ 

1400 oC, ʘ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ï ʢʘʢ ʬʘʟʝ, ʚʦʚʩʝ ʥʝ ʬʦʨʤʠʨʫʶʱʝʡʩʷ. ʇʫʪʘʥʠʮʘ, ʚʦʟʤʦʞʥʦ, 

ʚʦʟʥʠʢʣʘ ʠʟ-ʟʘ ʜʨʫʛʠʭ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʬʘʟ, ʢʦʪʦʨʳʝ ʟʘ ʚʨʝʤʷ, ʧʨʦʰʝʜʰʝʝ ʩ ʪʝʭ ʧʦʨ, ʫʜʘʣʦʩʴ-

ʪʘʢʠ ʦʧʨʝʜʝʣʠʪʴ. BaM  ʠ BaFe2O4 ʚ ʚʠʜʝ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʚʟʘʠʤʥʦ ʥʝʨʘʩʪʚʦʨʠʤʳ ʜʨʫʛ ʚ ʜʨʫʛʝ 

[24], ʠ ʦʙʝ ʬʦʨʤʠʨʫʶʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʪ 650 ʜʦ 1000 oC, ʚʳʰʝ ʢʦʪʦʨʦʡ ʤʦʞʝʪ ʪʘʢʞʝ 

ʨʘʟʚʠʚʘʪʴʩʷ ʪʨʝʪʴʷ ʬʘʟʘ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʪʝʨʥʘʨʥʘʷ ʩʤʝʩʴ ʥʝ ʜʦʩʪʠʛʥʝʪ ʩʚʦʝʡ ʪʦʯʢʠ ʣʠʢʚʠʜʫʩʘ 

1175 oC. ʋʢʘʟʘʥʥʘʷ ʪʨʝʪʴʷ ʬʘʟʘ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʢʘʢ ʤʝʪʘʩʪʘʙʠʣʴʥʘʷ ʛʝʢʩʘʛʦʥʘʣʴʥʘʷ ʬʘʟʘ 

Ba2Fe6O11, ʫʩʪʦʡʯʠʚʘʷ ʜʦ ʪʦʯʢʠ ʝʝ ʧʣʘʚʣʝʥʠʷ (1350 oC) ʠ ʚʦʟʚʨʘʱʘʶʱʘʷʩʷ ʢ BaM  ʠ Ba2Fe6O11 

ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ [25]. ɺ ʩʪʘʥʜʘʨʪʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʷʭ ʛʝʢʩʘʛʦʥʘʣʴʥʳʝ BaFe ʬʘʟʳ 

ʩʫʱʝʩʪʚʫʶʪ ʥʠʞʝ 1000 oC [26], ʥʦ ʝʩʪʴ ʪʘʢʞʝ ʜʚʝ ʨʘʟʣʠʯʥʳʝ ʬʘʟʳ BaFe4O7, ʢʦʪʦʨʳʝ ʤʦʛʫʪ 

ʩʦʩʫʱʝʩʪʚʦʚʘʪʴ ʩ BaM ʠ BaFe2O4 ʚ ʚʠʜʝ ɓ-BaFe2O4, ʩʫʱʝʩʪʚʫʶʱʝʡ ʜʦ 1000 oC, ʠ Ŭ-BaFe2O4 ï 

ʚʳʰʝ 1000 oC [27]. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ BaM  ʦʙʣʘʜʘʝʪ ʵʥʝʨʛʠʝʡ ʘʢʪʠʚʘʮʠʠ 

73,2 ʢʢʘʣ/ʤʦʣʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 735 oC [28,29]. 

ʇʨʠ ʧʨʠʛʦʪʦʚʣʝʥʠʠ ʬʝʨʨʠʪʘ ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʘ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ BaCO3, ʢʦʪʦʨʳʡ 

ʠʥʦʛʜʘ ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʤʘʪʝʨʠʘʣʝ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʦʨʤʝ, ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ʠʣʠ ʧʨʦʜʫʢʪʘ ʨʘʟʣʦʞʝʥʠʷ, ʢʦʪʦʨʳʝ ʜʦʣʞʥʳ ʨʘʟʣʘʛʘʪʴʩʷ ʜʦ 700 oC, ʪ.ʝ. ʧʨʝʞʜʝ, ʯʝʤ ʤʦʛʫʪ 

ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʬʝʨʨʠʪʳ ʙʘʨʠʷ [30]. ɺ 1973 ʛʦʜʫ ʙʳʣʦ ʪʱʘʪʝʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʦ ʧʦʚʝʜʝʥʠʝ 

ʩʤʝʩʝʡ BaCO3 ʠ Fe2O3 ʚ ʨʘʟʣʠʯʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ Fe:Ba (2ï12) ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʥʘʛʨʝʚʘ ʜʦ 750ï

1200 oC. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʟʥʘʯʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʩʠʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʩʦʩʪʘʚ ʢʦʥʝʯʥʳʭ 

ʧʨʦʜʫʢʪʦʚ. ʅʠʞʝ 1000 oC ʧʨʠ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ ʩʦʩʫʱʝʩʪʚʦʚʘʣʠ ʬʘʟʳ BaM  ʠ 

BaFe2O4 ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʦʥʠ ʥʝ ʧʨʦʨʝʘʛʠʨʫʶʪ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ Ba2Fe6O11 ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʧʨʠ ʵʪʦʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 1000 ʜʦ 1150 oC ʧʨʦʜʫʢʪʘʤʠ ʨʝʘʢʮʠʠ ʙʳʣʠ 

Ba2Fe6O11 ʠ BaFe2O11 ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʷʭ Fe:Ba ʚ ʧʨʝʜʝʣʘʭ 2ï3 ʠ BaM  ʠ Ba2Fe6O11 ʚʧʣʦʪʴ ʜʦ 

ʩʦʦʪʥʦʰʝʥʠʷ Fe:Ba = 12. ʌʘʟʘ BaFe4O7 ʥʠʢʦʛʜʘ ʥʝ ʥʘʙʣʶʜʘʣʘʩʴ, ʠ ʚʳʰʝ 1150 oC ʚʩʝ ʩʤʝʩʠ 

ʨʘʟʣʘʛʘʣʠʩʴ, ʚʦʟʚʨʘʱʘʷʩʴ ʦʙʨʘʪʥʦ ʢ ʬʘʟʘʤ BaM  ʠ BaFe2O4 [27].  
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ʆʩʪʘʝʪʩʷ ʤʥʦʛʦ ʥʝʷʩʥʦʩʪʝʡ ʧʦ ʧʦʚʦʜʫ ʪʦʯʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʩʦʩʪʘʚʦʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, 

ʚ ʢʦʪʦʨʦʤ ʤʦʞʝʪ ʩʫʱʝʩʪʚʦʚʘʪʴ BaM  ʚ ʯʠʩʪʦʤ ʚʠʜʝ. ʊʘʢ, ʠʤʝʶʱʠʝʩʷ ʫʪʚʝʨʞʜʝʥʠʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʜʭʦʜʷʱʠʭ ʟʥʘʯʝʥʠʡ ʩʦʦʪʥʦʰʝʥʠʷ Fe:Ba ʚʘʨʴʠʨʫʶʪʩʷ ʦʪ 10ï12 [26] ʜʦ 11,4ï2, 

[24,31], 11,6ï12 [32] ʠʣʠ ʜʘʞʝ ʩʦʩʪʘʚʣʷʶʱʝʛʦ ʨʦʚʥʦ 12 [33]. ʂʘʞʝʪʩʷ, ʯʪʦ ʠʟ ʠʩʭʦʜʥʳʭ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʧʨʝʢʫʨʩʦʨʦʚ ʣʝʛʯʝ ʩʦʟʜʘʪʴ ʛʝʢʩʘʬʝʨʨʠʪ ʙʦʣʝʝ ʩʣʦʞʥʦʛʦ ʩʦʩʪʘʚʘ, ʯʝʤ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʩʪʳʝ ʬʝʨʨʠʪʳ M -ʪʠʧʘ. ɺ [34] ʚ ʜʠʘʧʘʟʦʥʝ ʤʝʞʜʫ 600 ʠ 950 oC ʙʳʣʘ ʚʳʷʚʣʝʥʘ 

ʜʨʫʛʘʷ ʬʘʟʘ, ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʘʷ ʢʘʢ BaO·nFe2O3 (n = 4ï5,8), ʢʦʪʦʨʘʷ ʠʤʝʝʪ ʩʧʝʢʪʨ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, ʦʯʝʥʴ ʧʦʭʦʞʠʡ ʥʘ M -ʬʝʨʨʠʪ, ʠ ʵʪʦ, ʚʦʟʤʦʞʥʦ, ʧʦʟʚʦʣʠʪ ʚ 

ʜʘʣʴʥʝʡʰʝʤ ʦʙʲʷʩʥʠʪʴ ʥʝʢʦʪʦʨʳʝ ʠʟ ʫʢʘʟʘʥʥʳʭ ʚʳʰʝ ʦʯʝʚʠʜʥʳʭ ʨʘʩʭʦʞʜʝʥʠʡ.  

ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʜʘʥʥʳʭ ʄʸʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, Lipka ʠ ʜʨ. ʫʪʚʝʨʞʜʘʣʠ, ʯʪʦ 

ʦʧʪʠʤʘʣʴʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ Fe:Ba ʜʣʷ ʮʠʪʨʘʪʥʦʛʦ ʛʝʣʷ ʩʦʩʪʘʚʣʷʝʪ 10,8, ʧʨʠ ʵʪʦʤ ʬʝʨʨʠʪ 

ʥʘʯʠʥʘʝʪ ʬʦʨʤʠʨʦʚʘʪʴʩʷ ʧʨʠ 600 oC, ʦʙʨʘʟʝʮ ʷʚʣʷʝʪʩʷ ʦʜʥʦʬʘʟʥʳʤ ʚ ʜʠʘʧʘʟʦʥʝ 950-1100 oC, ʘ 

ʢʦʛʜʘ ʩʦʦʪʥʦʰʝʥʠʝ Fe:Ba ʦʢʘʟʳʚʘʝʪʩʷ ʚʳʰʝ ʠʣʠ ʥʠʞʝ ʫʢʘʟʘʥʥʦʛʦ ʟʥʘʯʝʥʠʷ, ʬʘʟʳ Ŭ-Fe2O3 ʠ Ŭ-

BeFe2O4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʢʘʯʝʩʪʚʝ ʚʪʦʨʠʯʥʳʭ ʬʘʟ [35].  

Pullar ʠ ʜʨ. ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ, ʯʪʦ ʦʜʥʦʬʘʟʥʳʡ BaM  ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥ ʠʟ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʚʦʜʥʳʭ ʟʦʣʴ-ʛʝʣʝʚʳʭ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ, ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʳʭ 

ʛʘʣʦʛʝʥʠʜʥʳʤʠ ʠʣʠ ʥʠʪʨʘʪʥʳʤʠ ʧʨʦʪʠʚʦʠʦʥʘʤʠ [36ï38]. ʂʨʦʤʝ ʪʦʛʦ, ʦʥʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʠ 

BaFe2O4, ʥʠ ɔ-Fe2O3 ʥʝ ʷʚʣʷʶʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤʠ ʚ ʢʘʯʝʩʪʚʝ ʬʘʟʳ ʧʨʝʢʫʨʩʦʨʦʚ, ʧʦʩʢʦʣʴʢʫ 

ʘʤʦʨʬʥʳʝ ʟʦʣʠ ʥʘ ʦʩʥʦʚʝ FeOOH ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ Ŭ-Fe2O3 ʧʨʠ 400 ÁC, ʢʦʪʦʨʳʡ ʟʘʪʝʤ 

ʧʨʝʚʨʘʱʘʝʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʬʝʨʨʠʪ M  ʧʨʠ 600ï700 ÁC, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ 

ʦʜʥʦʬʘʟʥʦʛʦ BaM  ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʪ 700 ʜʦ 1000 ÁC [39]. ɹʳʩʪʨʳʡ ʨʦʩʪ ʟʝʨʝʥ ʧʨʦʠʩʭʦʜʠʪ 

ʚʳʰʝ 1200 oC, ʯʪʦ ʚʝʜʝʪ ʢ ʧʨʝʨʳʚʠʩʪʦʤʫ ʨʦʩʪʫ ʟʝʨʥʘ, ʘ BaM  ʧʣʘʚʠʪʩʷ ʦʢʦʣʦ 1500 ÁC, 

ʜʠʩʩʦʮʠʠʨʫʷ ʥʘ ʬʘʟʳ W ʠ X [40].  

 ʇʦʩʢʦʣʴʢʫ BaM  ʚ ʢʦʤʤʝʨʯʝʩʢʦʤ ʦʪʥʦʰʝʥʠʠ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʤ 

ʛʝʢʩʘʛʦʥʘʣʴʥʳʤ ʬʝʨʨʠʪʦʤ ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʝʛʦ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʚ ʪʚʝʨʜʦʤ ʩʦʩʪʦʷʥʠʠ 

ʠʟʫʯʝʥ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ, ʯʝʤ ʫ ʜʨʫʛʠʭ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʬʝʨʨʠʪʦʚ. ʇʨʠ ʵʪʦʤ ʨʘʟʣʠʯʠʷ ʚ 

ʧʨʦʪʝʢʘʶʱʠʭ ʨʝʘʢʮʠʷʭ ʠ ʢʦʥʝʯʥʦʤ ʧʨʦʜʫʢʪʝ ʩʠʣʴʥʦ ʟʘʚʠʩʷʪ ʦʪ ʠʩʧʦʣʴʟʫʝʤʦʛʦ 

ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʛʦ ʧʨʦʮʝʩʩʘ.  

1.5 ɿʘʤʝʱʝʥʥʳʝ ʬʝʨʨʠʪ  rM-ʪʠʧʘ 

ʉʦʛʣʘʩʥʦ [41] ʚ ʬʝʨʨʠʪʝ BaM  ʞʝʣʝʟʦ ʤʦʞʝʪ ʙʳʪʴ ʟʘʤʝʱʝʥʦ ʢʘʪʠʦʥʘʤʠ Al 3+ ʚʧʣʦʪʴ ʜʦ 

ʧʦʣʫʯʝʥʠʷ ʩʦʩʪʘʚʘ BaFe4,2Al7,8O19. ɺ [42] ʩʦʦʙʱʘʣʦʩʴ ʦ ʬʝʨʨʠʪʘʭ ʩ ʟʘʤʝʱʝʥʠʷʤʠ ʜʦ ʩʦʩʪʘʚʘ 

BaFe5Al 7O19; ʧʨʠʯʝʤ ʥʝʦʙʳʯʥʳʤ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʜʰʝʩʪʚʫʶʱʝʡ ʬʘʟʳ ʧʨʠ         

500 oC ʙʳʣ ʟʘʤʝʯʝʥ ʦʢʩʠʜ Fe3O4, ʩʤʝʥʷʶʱʠʡʩʷ ʟʘʪʝʤ ʧʨʠ 850 oC ʥʘ ʩʤʝʩʴ ʜʚʫʭ ʬʘʟ (Ŭ-Fe2O3 ʠ 
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ʬʝʨʨʠʪ M -ʪʠʧʘ), ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʤ ʭʘʨʘʢʪʝʨʦʤ ʧʨʦʮʝʩʩʘ ʛʦʨʝʥʠʷ. 

Liu ʠ ʜʨ. ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʤ ʩʠʥʪʝʟʝ BaFe12-xAl xO19 (ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ 

ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʝʥʴʰʝ Ba), ʚʦʟʤʦʞʥʦ ʜʦʩʪʠʯʴ ʩʪʝʧʝʥʝʡ ʟʘʤʝʱʝʥʠʷ xÓ6, ʭʦʪʷ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʵʪʦʛʦ ʤʝʪʦʜʘ ʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʤ ʧʨʦʜʫʢʪʝ ʧʨʠ ʭ>0,9 ʙʳʣʦ ʟʘʤʝʯʝʥʦ 

ʧʨʠʩʫʪʩʪʚʠʝ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ BaCO3 [43]. ɸʚʪʦʨʳ ʫʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʠʜʝʘʣʴʥʦʝ 

ʩʦʦʪʥʦʰʝʥʠʝ (Fe+Al):Ba ʙʳʣʦ ʩʥʠʞʝʥʦ ʜʦ 9,5, ʘ ʬʘʟʘ M  ʥʝ ʬʦʨʤʠʨʫʝʪʩʷ ʜʦ 230 oC ʠ ʚ 

ʜʘʣʴʥʝʡʰʝʤ ʥʝ ʷʚʣʷʝʪʩʷ ʝʜʠʥʩʪʚʝʥʥʦʡ ʬʘʟʦʡ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʧʨʠ 250 oC ʥʝ ʧʨʦʠʟʦʡʜʝʪ 

ʨʝʘʢʮʠʷ ʚ ʪʝʯʝʥʠʝ 4 ʯ. ɺʳʷʩʥʠʣʦʩʴ ʪʘʢʞʝ, ʯʪʦ ʧʨʠ ʟʘʤʝʱʝʥʠʷʭ Fe3+ ʥʘ Al 3+ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʫʨʦʚʥʠ ʩʦʜʝʨʞʘʥʠʷ Fe2+ ʫ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ, ʠ ʚ ʪʦʡ ʞʝ ʤʝʨʝ, ʯʪʦ ʠ ʜʣʷ ʦʙʨʘʟʮʘ 

ʩ x = 6, ʧʨʝʢʫʨʩʦʨ ʩʦʩʪʦʷʣ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʠʟ ʠʦʥʦʚ Fe2+ ʠ Al3+, ʧʨʠʯʝʤ ʚ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ ʚʩʝ 

ʢʘʪʠʦʥʳ Fe2+ ʧʨʝʦʙʨʘʟʦʚʘʣʠʩʴ ʚ Fe3+. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ɔ-Al 2O3 ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʰʧʠʥʝʣʴʶ 

ʠ ʩʧʦʩʦʙʩʪʚʫʝʪ ʬʦʨʤʠʨʦʚʘʥʠʶ M -ʬʘʟʳ. ʇʦʩʢʦʣʴʢʫ ʪʨʝʭʚʘʣʝʥʪʥʳʝ ʣʘʥʪʘʥʠʜʳ, ʘ ʪʘʢʞʝ Ga3+ ʠ 

La3+ ʠʤʝʶʪ ʩʘʤʳʡ ʚʳʩʦʢʠʡ ʧʨʝʜʝʣ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʚ BaM , ʵʪʦ ʧʦʟʚʦʣʠʣʦ ʧʦʣʫʯʠʪʴ 

ʛʝʢʩʘʬʝʨʨʠʪʳ ʩ ʧʦʣʥʦʡ ʟʘʤʝʥʦʡ ʞʝʣʝʟʘ ʣʘʥʪʘʥʦʤ [44] (ʥʝʩʤʦʪʨʷ ʥʘ ʙʦʣʴʰʦʡ ʠʦʥʥʳʡ ʨʘʜʠʫʩ 

La3+) ʠ ʛʘʣʣʠʝʤ [45]. ɿʘʤʝʱʝʥʠʝ ʞʝʣʝʟʘ ʢʘʪʠʦʥʘʤʠ In3+ ʠ Sc3+ ʚ ʬʝʨʨʠʪʘʭ ʄ-ʪʠʧʘ ʫʜʘʣʦʩʴ 

ʜʦʚʝʩʪʠ ʣʠʰʴ ʜʦ ʩʦʩʪʘʚʦʚ BaIn3,4Fe8,6O19 ʠ BaSc1,8Fe10,2O19 [46]. 

1.6 ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʬʝʨʨʠʪʦʚ 

ʐʠʨʦʢʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʧʦ ʩʚʦʠʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ ʬʝʨʨʠʪʳ ʦʪʥʦʩʷʪʩʷ ʢ ʢʣʘʩʩʫ 

ʤʘʛʥʠʪʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ (ʘ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ï ʜʘʞʝ ʜʠʵʣʝʢʪʨʠʢʦʚ), ʦʩʦʙʝʥʥʦ ʝʩʣʠ ʚ 

ʠʭ ʩʦʩʪʘʚʝ ʠʤʝʶʪʩʷ ʢʘʪʠʦʥʳ ʧʝʨʝʤʝʥʥʦʡ ʚʘʣʝʥʪʥʦʩʪʠ (ʥʘʧʨʠʤʝʨ, ʥʘʨʷʜʫ ʩ ʪʨʝʭʚʘʣʝʥʪʥʳʤʠ 

ʢʘʪʠʦʥʘʤʠ ʞʝʣʝʟʘ Fe3+ ʥʘʭʦʜʷʪʩʷ ʜʘʞʝ ʚ ʥʝʙʦʣʴʰʠʭ ʢʦʣʠʯʝʩʪʚʘʭ ʜʚʫʭʚʘʣʝʥʪʥʳʝ ʢʘʪʠʦʥʳ Fe2+). 

ʕʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʝʪʩʷ ʟʘ ʩʯʝʪ ʦʙʣʝʛʯʝʥʠʷ ʧʨʦʮʝʩʩʘ ʦʙʤʝʥʘ 

ʵʣʝʢʪʨʦʥʘʤʠ, ʧʨʦʠʩʭʦʜʷʱʝʛʦ çʩʢʘʯʢʘʤʠè ʤʝʞʜʫ ʨʘʟʥʦʚʘʣʝʥʪʥʳʤʠ ʠʦʥʘʤʠ. ʂʦʥʮʝʥʪʨʘʮʠʷ 

ʵʣʝʢʪʨʦʥʦʚ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʦʙʤʝʥʝ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʠ ʠʭ ʤʦʞʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʧʨʦʪʝʢʘʥʠʝ ʪʦʢʘ ʧʦ ʪʘʢ ʥʘʟʳʚʘʝʤʦʤʫ 

ʧʨʳʞʢʦʚʦʤʫ ʤʝʭʘʥʠʟʤʫ ʧʨʦʚʦʜʠʤʦʩʪʠ [47ï49]. ʀʤʝʥʥʦ ʧʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʚʝʩʴʤʘ ʚʳʩʦʢʦʡ ʜʣʷ 

ʦʢʩʠʜʦʚ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ ʦʙʣʘʜʘʝʪ ʤʘʛʥʝʪʠʪ. ɺ ʬʝʨʨʠʪʘʭ ʤʦʛʫʪ ʨʝʘʣʠʟʦʚʳʚʘʪʴʩʷ ʜʚʘ 

ʚʦʟʤʦʞʥʳʭ ʤʝʭʘʥʠʟʤʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ï ʵʣʝʢʪʨʦʥʥʳʡ (n-ʪʠʧʘ) ʠ ʜʳʨʦʯʥʳʡ (p-ʪʠʧʘ). ɺ 

ʤʘʪʝʨʠʘʣʘʭ ʩ ʚʳʩʦʢʠʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ ʧʨʠ ʟʘʤʝʥʝ ʦʜʥʦʛʦ ʢʘʪʠʦʥʘ ʜʨʫʛʠʤ ʩ ʙʦʣʝʝ ʥʠʟʢʠʤ 

ʫʨʦʚʥʝʤ ʚʘʣʝʥʪʥʦʩʪʠ ʚʦʟʥʠʢʘʝʪ ʧʨʦʚʦʜʠʤʦʩʪʴ ʨ-ʪʠʧʘ; ʝʩʣʠ ʞʝ ʢʘʪʠʦʥ-ʟʘʤʝʩʪʠʪʝʣʴ 

ʧʨʝʜʧʦʯʠʪʘʝʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʚʘʣʝʥʪʥʦʩʪʴ, ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ n-ʪʠʧʫ ʧʨʦʚʦʜʠʤʦʩʪʠ. ɺ ʬʝʨʨʠʪʘʭ 

ʠʟʙʳʪʦʢ ʞʝʣʝʟʘ (ʠʣʠ ʜʝʬʠʮʠʪ ʢʠʩʣʦʨʦʜʘ ʚʦ ʚʨʝʤʷ ʠʭ ʩʧʝʢʘʥʠʷ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ) 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʦʙʨʘʟʦʚʘʥʠʶ ʢʘʪʠʦʥʦʚ Fe2+, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʧʨʦʚʦʜʠʤʦʩʪʠ n-ʪʠʧʘ. ɺ 
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ʩʣʫʯʘʝ ʜʝʬʠʮʠʪʘ ʞʝʣʝʟʘ ʥʘʙʣʶʜʘʝʪʩʷ ʨ-ʪʠʧ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʢʦʪʦʨʳʡ, ʚʧʨʦʯʝʤ, ʨʝʜʢʦ 

ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʬʝʨʨʠʪʘʭ [50]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʣʠ ʬʝʨʨʠʪʦʚʳʡ ʤʘʪʝʨʠʘʣ ʜʦʣʞʝʥ ʠʤʝʪʴ ʢʘʢʠʝ-

ʣʠʙʦ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʨʠʤʝʥʝʥʠʷ, ʪʦ ʚ ʩʦʩʪʘʚʝ ʩʣʝʜʫʝʪ ʠʟʙʝʛʘʪʴ ʠʟʙʳʪʢʘ ʞʝʣʝʟʘ. ʂʨʦʤʝ ʪʦʛʦ, ʚ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʬʝʨʨʠʪʘʭ ʟʝʨʥʘ ʩ ʥʠʟʢʠʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ ʨʘʟʜʝʣʝʥʳ 

ʚʳʩʦʢʦʦʤʥʳʤʠ ʧʨʦʩʣʦʡʢʘʤʠ (ʛʨʘʥʠʮʘʤʠ), ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʩʦʟʜʘʝʪʩʷ ʤʝʞʛʨʘʥʠʯʥʘʷ 

ʧʦʣʷʨʠʟʘʮʠʷ, ʢʦʪʦʨʘʷ ʪʘʢʞʝ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘ ʧʝʨʝʤʝʥʥʦʤ ʪʦʢʝ. ɺ ʙʦʣʝʝ 

ʢʨʫʧʥʦʟʝʨʥʠʩʪʳʭ ʬʝʨʨʠʪʘʭ ʨʦʣʴ ʜʘʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʩʥʠʞʘʝʪʩʷ [51]. 

ɼʣʷ ʬʝʨʨʠʪʦʚ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʥʳʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʢʦʪʦʨʘʷ ʟʘʚʠʩʠʪ ʥʝ ʪʦʣʴʢʦ ʦʪ ʩʦʩʪʘʚʘ ʤʘʪʝʨʠʘʣʘ, ʥʦ ʠ ʦʪ 

ʯʘʩʪʦʪʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʚ ʢʦʪʦʨʦʝ ʦʥʠ ʧʦʤʝʱʝʥʳ, ʦʥʘ ʧʘʜʘʝʪ ʩ ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ. 

ʆʙʲʷʩʥʝʥʠʝ ʚʳʩʦʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʯʘʩʪʦʪ ʦʩʥʦʚʘʥʦ ʥʘ 

ʦʩʥʦʚʝ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʤʦʜʝʣʠ çʟʝʨʥʦ-ʧʨʦʩʣʦʡʢʘè, ʚʧʝʨʚʳʝ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʂʫʧʩʦʤ [52]. ɺʢʣʘʜ 

ʚ ʟʥʘʯʝʥʠʝ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ů ʤʦʞʝʪ ʚʥʦʩʠʪʴ ʠ ʤʝʭʘʥʠʟʤ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʜʠʧʦʣʴʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ ʨʘʟʥʦʚʘʣʝʥʪʥʳʭ ʠʦʥʦʚ ʞʝʣʝʟʘ. 

ʏʪʦ ʢʘʩʘʝʪʩʷ ʬʝʨʨʠʪʦʚ ʩ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʪʦ, ʥʘʧʨʠʤʝʨ, ʘʚʪʦʨʳ [53] 

ʦʪʤʝʯʘʣʠ ʚ ʬʝʨʨʠʪʝ ʩʪʨʦʥʮʠʷ ʥʘʣʠʯʠʝ ʢʦʣʦʩʩʘʣʴʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚ 

ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʯʘʩʪʦʪ. ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ ʦʥʠ ʦʙʲʷʩʥʷʣʠ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ çʟʝʨʥʦ-ʧʨʦʩʣʦʡʢʘè ʠ 

ʧʦʣʷʨʠʟʘʮʠʠ ʄʘʢʩʚʝʣʣʘ-ɺʘʛʥʝʨʘ ʚ ʢʝʨʘʤʠʯʝʩʢʦʡ ʩʨʝʜʝ. 

ɺ ʨʘʙʦʪʝ [54] ʤʘʛʥʠʪʥʘʷ ʠ ʵʣʝʢʪʨʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʬʝʨʨʠʪʦʚ (Ba,Sr)Fe12O19 ʠ SrFe12O19 

ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʣʦʢʘʣʴʥʦʡ 

ʩʧʠʥʦʚʦʡ ʧʣʦʪʥʦʩʪʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʦʥʳ ʞʝʣʝʟʘ ʧʦʯʪʠ ʧʦʣʥʦʩʪʴʶ ʩʧʠʥ-ʧʦʣʷʨʠʟʦʚʘʥʳ ʠ 

ʥʘʭʦʜʷʪʩʷ ʚ ʚʳʩʦʢʦʩʧʠʥʦʚʦʤ ʩʦʩʪʦʷʥʠʠ (S = 5/2). ʄʘʛʥʠʪʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ ʦʢʘʟʳʚʘʝʪ ʩʠʣʴʥʦʝ 

ʚʣʠʷʥʠʝ ʥʘ ʵʣʝʢʪʨʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʧʠʥ-ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ʧʦʯʪʠ 

ʧʦʩʪʦʷʥʥʦ. ʕʪʠ ʛʝʢʩʘʬʝʨʨʠʪʳ ʚʙʣʠʟʠ 0 K ʷʚʣʷʶʪʩʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʤʠ n-ʪʠʧʘ ʩ ʰʠʨʠʥʦʡ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ Eg ʦʢʦʣʦ 0,63 ʵɺ ʯʪʦ ʜʘʞʝ ʥʠʞʝ, ʯʝʤ ʫ çʢʣʘʩʩʠʯʝʩʢʠʭè ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ Si 

ʠ Ge (ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 1,17 ʠ 0,75 ʵɺ ʚʙʣʠʟʠ 0 K, 1,11 ʠ 0,67 ʵɺ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ). 

ɼʨʫʛʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ BaFe12O19, ʠ SrFe12O19 ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʤʘʛʥʠʪʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʠʤʝʶʪ ʚʜʦʣʴ ʦʩʠ ʩ ʢʦʣʣʠʥʝʘʨʥʦʝ ʬʝʨʨʠʤʘʛʥʠʪʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ 

ʅʝʝʣʷ ~720 K [55] ʠ 737 K [56] ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʀ ʪʘʢʘʷ ʩʧʠʥʦʚʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʩʦʭʨʘʥʷʝʪʩʷ 

ʚʧʣʦʪʴ ʜʦ ʩʘʤʦʡ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʙʝʟ ʢʘʢʦʛʦ-ʣʠʙʦ ʤʘʛʥʠʪʥʦʛʦ ʧʝʨʝʭʦʜʘ [57].  

ɸʚʪʦʨʳ [58] ʝʱʝ ʚ 2015 ʛʦʜʫ ʫʢʘʟʘʣʠ ʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʥʝʪʨʠʚʠʘʣʴʥʦʛʦ ʦʩʥʦʚʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʜʠʧʦʣʝʡ ʚ ʩʠʩʪʝʤʘʭ ʪʠʧʘ BaM  ʩ ʛʝʦʤʝʪʨʠʯʝʩʢʠ ʬʨʫʩʪʨʠʨʦʚʘʥʥʳʤʠ 

ʢʚʘʥʪʦʚʳʤʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʜʠʧʦʣʷʤʠ (çʜʝʬʝʢʪ ʜʠʧʦʣʝʡè), ʚʳʩʢʘʟʘʚ ʫʙʝʞʜʝʥʠʝ ʚ 
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ʚʦʟʤʦʞʥʦʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʥʝʦʙʳʯʥʦʡ ʞʠʜʢʦʧʦʜʦʙʥʦʡ ʢʚʘʥʪʦʚʦʡ ʬʘʟʳ ʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʜʠʧʦʣʝʡ (ʥʘʧʦʜʦʙʠʝ ʩʧʠʥʦʚʦʡ ʞʠʜʢʦʩʪʠ), ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡʩʷ ʙʣʫʞʜʘʶʱʠʤʠ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʚʦʟʙʫʞʜʝʥʠʷʤʠ ʩ ʥʝʙʦʣʴʰʠʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʟʘʟʦʨʦʤ. ʇʦ ʠʭ ʤʥʝʥʠʶ, 

ʬʨʫʩʪʨʠʨʦʚʘʥʥʳʝ ʤʘʛʥʝʪʠʢʠ ʷʚʣʷʶʪʩʷ ʫʥʠʢʘʣʴʥʦʡ ʩʠʩʪʝʤʦʡ, ʢʦʪʦʨʘʷ ʝʱʝ ʧʦʩʣʫʞʠʪ ʧʦʠʩʪʠʥʝ 

ʥʝʠʩʯʝʨʧʘʝʤʳʤ ʠʩʪʦʯʥʠʢʦʤ ʤʥʦʞʝʩʪʚʘ ʦʞʠʜʘʝʤʳʭ ʵʢʟʦʪʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ. 

1.7 ʄʘʛʥʝʪʠʟʤ ʛʝʢʩʘʬʝʨʨʠʪʦʚ 

ɺʩʝ ʛʝʢʩʘʬʝʨʨʠʪʳ ʩʦʜʝʨʞʘʪ ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ ʦʜʠʥ ʙʦʣʴʰʦʡ ʢʘʪʠʦʥ ʤʝʪʘʣʣʘ ʩ ʟʘʨʷʜʦʤ 

+2 (ʦʙʳʯʥʦ Ba2+ ʠʣʠ Sr2+), ʢʦʪʦʨʳʡ ʚʳʟʳʚʘʝʪ ʥʝʙʦʣʴʰʦʝ ʠʩʢʘʞʝʥʠʝ ʚ ʨʝʰʝʪʢʝ ʠʟ-ʟʘ ʨʘʟʣʠʯʠʡ 

ʚ ʨʘʟʤʝʨʘʭ ʠ ʦʪʚʝʯʘʝʪ ʟʘ ʧʦʷʚʣʝʥʠʝ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ (MʂA) ʚ 

ʛʝʢʩʘʬʝʨʨʠʪʝ. ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʝ ʛʝʢʩʘʬʝʨʨʠʪʳ ʠʤʝʶʪ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʝ 

ʥʘʧʨʘʚʣʝʥʠʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʚʜʦʣʴ ʦʩʠ ʩ, ʠ ʢʨʠʩʪʘʣʣʠʪʳ ʚ ʩʚʦʙʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚ 

ʧʨʠʣʦʞʝʥʥʦʤ ʧʦʣʝ ʚʳʩʪʨʘʠʚʘʶʪʩʷ ʵʪʠʤʠ ʩʚʦʠʤʠ ʦʩʷʤʠ ʧʘʨʘʣʣʝʣʴʥʦ ʧʦʣʶ. ʇʦʵʪʦʤʫ ʚ 

ʤʘʪʝʨʠʘʣʘʭ ʩʦ ʚʟʘʠʤʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤʠ ʢʨʠʩʪʘʣʣʠʪʘʤʠ ʢʘʨʪʠʥʳ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ 

ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʪʝʭ, ʚ ʢʦʪʦʨʳʭ ʢʨʠʩʪʘʣʣʠʪʳ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ. ʄʘʛʥʠʪʥʳʝ 

ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ ʟʘʚʠʩʷʪ ʥʘʧʨʘʚʣʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʪʝʢʩʪʫʨʳ: ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ 

ʥʘʩʳʱʝʥʠʷ Ms ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʦʤ ʟʥʘʯʝʥʠʠ ʚʥʝʰʥʝʛʦ ʧʦʣʷ, ʘ ʟʥʘʯʝʥʠʷ 

ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ Hc ʚʳʰʝ, ʝʩʣʠ ʧʦʣʝ ʧʨʠʣʦʞʝʥʦ ʧʘʨʘʣʣʝʣʴʥʦ ʦʩʠ c, ʯʝʤ ʢʦʛʜʘ ʦʥʦ 

ʥʘʧʨʘʚʣʝʥʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʣʝʛʢʦʡ ʦʩʠ (ʆʃʅ). ʕʪʦ ʦʪʨʘʞʘʝʪʩʷ ʠ ʥʘ ʬʦʨʤʝ ʢʨʠʚʦʡ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ. ʊʠʧʠʯʥʳʡ ʚʠʜ ʧʝʪʣʠ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʠ ʝʝ ʦʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.3. 
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ʈʠʩʫʥʦʢ 1.3 ï ʇʝʪʣʷ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ [59,60] 

 

ʆʪʥʦʰʝʥʠʝ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʢ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ Mr/Ms ʜʣʷ 

ʠʟʦʪʨʦʧʥʳʭ ʥʝʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ ʧʦʣʦʚʠʥʳ ʟʥʘʯʝʥʠʷ, ʜʦʩʪʠʛʘʝʤʦʛʦ 

ʚ ʭʦʨʦʰʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ [61], ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ Hc ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ 

ʪʘʢʞʝ ʚʳʰʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ c [62]. ʉʪʝʧʝʥʴ ʄʂɸ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʚʝʣʠʯʠʥʦʡ ʢʦʥʩʪʘʥʪ 

ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ K1 ʠ K2, ʷʚʣʷʶʱʠʭʩʷ ʤʝʨʦʡ ʵʥʝʨʛʠʠ, ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʷ 

ʧʦʚʦʨʦʪʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʆʃʅ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ ʢ ʥʘʧʨʘʚʣʝʥʠʶ 

ʪʨʫʜʥʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ (ʆʊʅ), ʪ.ʝ. ʢ ʩʦʩʪʦʷʥʠʶ ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʵʥʝʨʛʠʝʡ, ʠʣʠ ʟʥʘʯʝʥʠʝʤ 

ʧʦʣʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ HA (ɸĿʤ-1). 

ɼʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʩʠʥʛʦʥʠʠ ʦʙʱʝʝ ʚʳʨʘʞʝʥʠʝ 

ʵʥʝʨʛʠʠ ʘʥʠʟʦʪʨʦʧʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʫʤʤʦʡ Ὁ ὑ ὑίὭὲɲ ὑίὭὲɲȢȢȢȟ ʛʜʝ K0 ï ɻ ʥʝʨʛʠʷ 

ʧʨʠ ʦʨʠʝʥʪʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚʜʦʣʴ ʆʃʅ, ʘ  ɲ ï ʫʛʦʣ ʤʝʞʜʫ ʥʘʧʨʘʚʣʝʥʠʝʤ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʦʩʴʶ c [63]. ɺ ʤʘʛʥʠʪʦʦʜʥʦʦʩʥʳʭ ʬʝʨʨʠʪʘʭ ʯʣʝʥʳ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ 

ʦʙʳʯʥʦ ʥʝ ʠʛʨʘʶʪ ʙʦʣʴʰʦʡ ʨʦʣʠ, ʧʦʵʪʦʤʫ ʢʦʵʬʬʠʮʠʝʥʪʳ ʚʳʰʝ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʯʘʩʪʦ ʥʝ 

ʫʯʠʪʳʚʘʶʪ ʚʚʠʜʫ ʠʭ ʤʘʣʦʩʪʠ; K0 ʪʘʢʞʝ ʦʙʳʯʥʦ ʦʧʫʩʢʘʶʪ, ʪ.ʢ. ʆʃʅ ʷʚʣʷʝʪʩʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠ 

ʥʘʠʙʦʣʝʝ ʚʳʛʦʜʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ, ʠ ʧʦʪʦʤʫ ʥʘʯʘʣʦ ʦʪʩʯʝʪʘ ʵʥʝʨʛʠʠ ʤʦʞʥʦ ʧʨʠʥʷʪʴ ʨʘʚʥʳʤ 

ʥʫʣʶ. ɺʳʩʦʢʘʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ ʫʩʣʦʚʠʝʤ ʜʣʷ 

ʜʦʩʪʠʞʝʥʠʷ ʚʳʩʦʢʦʡ ʢʦʵʨʮʠʪʠʚʥʦʩʪʠ ʬʝʨʨʠʪʘ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʢʦʥʩʪʘʥʪʳ ʘʥʠʟʦʪʨʦʧʠʠ ʜʣʷ 
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BaM  ʩʦʩʪʘʚʣʷʶʪ K1 > 300000 ɼʞĿʤ
-3 ʠ K2 = 0, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʚʝʩʴʤʘ ʤʘʛʥʠʪʦʪʚʝʨʜʳʤ 

ʤʘʪʝʨʠʘʣʦʤ, ʧʦʜʭʦʜʷʱʠʤ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʦʚ [61]. ʄʘʛʥʠʪʥʘʷ 

ʘʥʠʟʦʪʨʦʧʠʷ ʟʜʝʩʴ ʦʙʫʩʣʦʚʣʝʥʘ ʚʢʣʘʜʦʤ ʩʧʠʥʘ ʞʝʣʝʟʘ, ʥʘʭʦʜʷʱʝʛʦʩʷ ʚ ʪʨʠʛʦʥʘʣʴʥʦ-

ʙʠʧʠʨʘʤʠʜʘʣʴʥʳʭ ʧʦʟʠʮʠʷʭ, ʯʪʦ ʚʳʟʳʚʘʝʪ ʚʳʩʦʢʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʤʘʛʥʠʪʦʦʜʥʦʦʩʥʳʭ 

ʬʝʨʨʠʪʦʚ [64].  

ʕʬʬʝʢʪʠʚʥʦʝ ʧʦʣʝ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ HA ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʢʦʥʩʪʘʥʪʝ 

ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ. ʇʦʩʢʦʣʴʢʫ ʚ 

ʛʝʢʩʘʬʝʨʨʠʪʝ ʙʘʨʠʷ K1 > 0, ʦʥ ʷʚʣʷʝʪʩʷ ʤʘʛʥʠʪʦʦʜʥʦʦʩʥʳʤ ʤʘʪʝʨʠʘʣʦʤ, ʠ ʜʣʷ ʥʝʛʦ  

HA = 2K1/Is,                                                                              (1.1) 

ʛʜʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ Is ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʝʜʠʥʠʮʳ ʦʙʲʝʤʘ ʠ ʩʚʷʟʘʥʘ ʩ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʝʜʠʥʠʮʳ ʤʘʩʩʳ (ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ) ʩʦʦʪʥʦʰʝʥʠʝʤ Is = Ms/r,         

ʘ r ï ʧʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ. 

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʚ ʤʘʪʝʨʠʘʣʘʭ ʩ K1 < 0 ʚʦʟʥʠʢʘʝʪ ʜʨʫʛʦʡ ʪʠʧ ʘʥʠʟʦʪʨʦʧʠʠ ï ʩ 

ʥʘʠʤʝʥʴʰʠʤ ʟʥʘʯʝʥʠʝʤ ʵʥʝʨʛʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʣʝʞʘʱʝʡ ʚ 

ʦʧʨʝʜʝʣʝʥʥʦʡ ʧʣʦʩʢʦʩʪʠ ʠʣʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʫʩʘ, (ʪʠʧʘ çʣʝʛʢʘʷ ʦʩʴè ʠʣʠ çʣʝʛʢʠʡ ʢʦʥʫʩè). 

ʇʦʩʢʦʣʴʢʫ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʚʦ ʚʩʝʭ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʬʝʨʨʠʪʘʭ ʦʙʳʯʥʦ 

ʚʳʩʦʢʘ, ʪʦ ʦʥʘ ʧʨʝʚʘʣʠʨʫʝʪ ʥʘʜ ʘʥʠʟʦʪʨʦʧʠʝʡ ʬʦʨʤʳ, ʠ ʦʨʠʝʥʪʘʮʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʦʣʴʢʦ ʩʦʦʪʥʦʰʝʥʠʝʤ ʤʝʞʜʫ ʟʥʘʯʝʥʠʷʤʠ ʢʦʥʩʪʘʥʪ K1 ʠ K2. ɺ ʯʘʩʪʥʦʩʪʠ, ʩʨʝʜʠ 

ʤʘʛʥʝʪʠʢʦʚ ʩ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ ʤʘʛʥʝʪʦʧʣʶʤʙʠʪʘ ʚʳʜʝʣʷʝʪʩʷ 

ʬʝʨʨʠʪʳ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʙʘʟʠʩʥʦʡ ʧʣʦʩʢʦʩʪʠ, ʚ ʢʦʪʦʨʦʡ ʦʥʘ ʤʦʞʝʪ ʩʚʦʙʦʜʥʦ 

ʚʨʘʱʘʪʴʩʷ. ɺ ʵʪʦʤ ʩʦʩʪʦʠʪ ʠʭ ʢʦʨʝʥʥʦʝ ʦʪʣʠʯʠʝ ʦʪ ʬʝʨʨʠʪʦʚ ʩ ʢʫʙʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ, ʧʦʵʪʦʤʫ 

ʠʭ ʥʘʟʚʘʣʠ ʬʝʨʨʦʢʩʧʣʘʥʘʤʠ (ferroxplane). ʂʨʦʤʝ ʪʦʛʦ, ʠ ʩʨʝʜʠ ʛʝʢʩʘʬʝʨʨʠʪʦʚ ʪʠʧʘ Y, W ʠ Z 

ʚʩʪʨʝʯʘʶʪʩʷ ʢʘʢ ʩʦʝʜʠʥʝʥʠʷ ʩ ʝʜʠʥʩʪʚʝʥʥʦʡ ʆʃʅ, ʩʦʚʧʘʜʘʶʱʝʡ ʩ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʦʩʴʶ, ʪʘʢ ʠ 

ʩʦʝʜʠʥʝʥʠʷ, ʫ ʢʦʪʦʨʳʭ ʩʦʚʦʢʫʧʥʦʩʪʴ ʥʘʧʨʘʚʣʝʥʠʡ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 

ʧʣʦʩʢʦʩʪʴ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʫʶ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʦʩʠ ï ʇʃʅ. 

ɺ ʩʠʣʫ ʩʢʘʟʘʥʥʦʛʦ ʚʳʰʝ, ʬʝʨʨʦʢʩʧʣʘʥʳ ʥʝ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʭʦʨʦʰʠʭ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʦʚ. ʆʜʥʘʢʦ ʩʦʯʝʪʘʥʠʝ ʚʳʩʦʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʥʠʟʢʦʡ 

ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʜʝʣʘʝʪ ʠʭ ʧʨʝʚʦʩʭʦʜʥʳʤ ʤʘʛʥʠʪʦʤʷʛʢʠʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ 

ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʦʙʣʘʜʘʶʱʠʤʠ ʥʠʟʢʠʤ ʫʨʦʚʥʝʤ ʤʘʛʥʠʪʥʳʭ ʧʦʪʝʨʴ ʥʘ ʚʳʩʦʢʠʭ 

ʯʘʩʪʦʪʘʭ. ɺ ʬʝʨʨʦʢʩʧʣʘʥʘʭ ʧʝʨʚʘʷ ʢʦʥʩʪʘʥʪʘ ʘʥʠʟʦʪʨʦʧʠʠ ʜʦʤʠʥʠʨʫʝʪ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ, ʘ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʘʞʥʫʶ ʨʦʣʴ ʥʘʯʠʥʘʝʪ ʠʛʨʘʪʴ ʚʪʦʨʘʷ 

ʢʦʥʩʪʘʥʪʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʘʙʣʶʜʘʝʤʳʤ ʠʟʤʝʥʝʥʠʷʤ ʭʘʨʘʢʪʝʨʘ ʘʥʠʟʦʪʨʦʧʠʠ [65]. 
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ʇʨʝʩʩʦʚʘʥʠʝʤ ʤʝʣʢʦʛʦ ʧʦʨʦʰʢʘ ʚ ʩʠʣʴʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ ʤʘʛʥʠʪʥʦ-

ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʬʝʨʨʦʢʩʧʣʘʥʦʚ ʩ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ 

ʘʥʠʟʦʪʨʦʧʥʳʭ ʩʚʦʡʩʪʚ. ʇʨʦʤʳʰʣʝʥʥʦʩʪʴʶ ʚʳʧʫʩʢʘʶʪʩʷ ʢʘʢ ʠʟʦʪʨʦʧʥʳʝ ʬʝʨʨʦʢʩʧʣʘʥʳ ʩ 

ʧʣʦʩʢʦʩʪʷʤʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ, ʙʝʩʧʦʨʷʜʦʯʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʚ ʤʘʪʝʨʠʘʣʝ, ʪʘʢ ʠ 

ʚʳʩʦʢʦʘʥʠʟʦʪʨʦʧʥʳʝ ʤʘʪʝʨʠʘʣʳ ï ʩ ʧʘʨʘʣʣʝʣʴʥʳʤʠ ʇʃʅ ʢʨʠʩʪʘʣʣʠʪʦʚ.  

MʂA ʚ ʬʝʨʨʠʪʘʭ ʚʳʟʳʚʘʝʪʩʷ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ, ʢʦʪʦʨʳʝ ʦʙʳʯʥʦ 

ʤʦʛʫʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥʳ ʩ ʫʯʝʪʦʤ ʦʙʱʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʨʝʰʝʪʢʠ ʠ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʚ ʢʦʪʦʨʦʤ ʥʘʧʨʘʚʣʝʥʠʝ ʩʧʠʥʘ ʢʘʪʠʦʥʘ ʩʚʷʟʘʥʦ ʩ ʨʝʰʝʪʢʦʡ ʯʝʨʝʟ ʝʛʦ 

ʦʨʙʠʪʘʣʴʥʳʡ ʤʦʤʝʥʪ ʠʤʧʫʣʴʩʘ. ʆʜʥʘʢʦ ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʦʨʙʠʪʘʣʴʥʳʝ ʤʦʤʝʥʪʳ ʦʩʥʦʚʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʠʦʥʦʚ Fe3+ ʠʟʚʝʩʪʥʳ, ʚ ʩʣʫʯʘʝ BaM  ʪʘʢʠʝ ʨʘʩʯʝʪʳ ʟʘʪʨʫʜʥʝʥʳ ʠʟ-ʟʘ ʧʨʠʤʝʰʠʚʘʥʠʷ 

ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʢʘʪʠʦʥʘ ʢ ʝʛʦ ʦʩʥʦʚʥʦʤʫ ʩʦʩʪʦʷʥʠʶ, ʯʪʦ ʚʳʟʚʘʥʦ ʚʦʟʤʫʱʝʥʠʷʤʠ, 

ʩʦʟʜʘʚʘʝʤʳʤʠ ʚ ʩʠʣʫ ʥʝʦʙʳʯʥʦʡ ʧʷʪʠʢʨʘʪʥʦʡ ʩʠʤʤʝʪʨʠʠ ʪʨʠʛʦʥʘʣʴʥʦ-ʙʠʧʠʨʘʤʠʜʘʣʴʥʳʭ 

ʧʦʟʠʮʠʡ ʠ ʜʘʶʱʠʤʠ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʢʦʥʩʪʘʥʪʳ ʘʥʠʟʦʪʨʦʧʠʠ [61]. ɽʩʣʠ ʚ ʩʪʨʫʢʪʫʨʝ ʬʝʨʨʠʪʘ 

ʠʦʥ La3+ ʟʘʤʝʩʪʠʪʴ ʜʚʫʭʚʘʣʝʥʪʥʳʤ ʙʘʨʠʝʤ, ʯʪʦʙʳ ʧʦʣʫʯʠʪʴ ʩʦʩʪʘʚ LaM , ʦʜʠʥ ʠʟ ʠʦʥʦʚ ʞʝʣʝʟʘ 

ʜʦʣʞʝʥ ʧʝʨʝʡʪʠ ʚ ʩʦʩʪʦʷʥʠʝ Fe2+, ʜʣʷ ʢʦʤʧʝʥʩʘʮʠʠ ʟʘʨʷʜʘ ʪʨʝʭʚʘʣʝʥʪʥʦʛʦ ʠʦʥʘ. ʇʦʩʢʦʣʴʢʫ 

Fe2+ ʠʤʝʝʪ ʙʦʣʴʰʦʡ ʦʨʙʠʪʘʣʴʥʳʡ ʤʦʤʝʥʪ, ʪʦ ʵʪʦ ʧʨʠʚʦʜʠʪ ʠ ʢ ʙʦʣʝʝ ʩʠʣʴʥʦʤʫ ʩʧʠʥ-

ʦʨʙʠʪʘʣʴʥʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʢʦʥʩʪʘʥʪʘ ʘʥʠʟʦʪʨʦʧʠʠ ʚ LaM  ʚʳʰʝ, ʯʝʤ ʚ 

BaM  [66]. ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʠʦʥʳ Co2+ ʚʳʟʳʚʘʶʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʘʥʠʟʦʪʨʦʧʠʠ 

ʚ ʰʧʠʥʝʣʷʭ ʠʟ-ʟʘ ʫʩʠʣʝʥʠʷ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʡ ʩʚʷʟʠ, ʠ ʵʪʦ ʦʙʲʷʩʥʷʝʪ, ʧʦʯʝʤʫ ʢʦʥʩʪʘʥʪʳ 

ʘʥʠʟʦʪʨʦʧʠʠ ʬʝʨʨʠʪʦʚ ʢʦʙʘʣʴʪʘ ʥʘʩʪʦʣʴʢʦ ʚʝʣʠʢʠ [67,68]. ɼʨʫʛʠʤ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʤ ʚʢʣʘʜʦʤ 

ʚ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʛʝʢʩʘʬʝʨʨʠʪʦʚ ʷʚʣʷʝʪʩʷ ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ ʦʜʥʦʦʩʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ, 

ʜʦʩʪʠʛʘʝʤʘʷ ʧʫʪʝʤ ʚʦʟʜʝʡʩʪʚʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʤʘʪʝʨʠʘʣ ʩʦ 

ʩʣʫʯʘʡʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʟʝʨʝʥ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʯʝʨʝʟ ʪʦʯʢʫ ʂʶʨʠ ʚ ʧʨʦʮʝʩʩʝ ʝʛʦ ʦʭʣʘʞʜʝʥʠʷ. 

ʊʘʢʦʡ ʧʨʦʮʝʩʩ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʤʘʛʥʠʪʥʦ-ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʬʝʨʨʠʪʦʚʳʭ 

ʠʟʜʝʣʠʡ, ʦʜʥʘʢʦ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʜʠʬʬʫʟʠʠ ʠʦʥʘ ʠʣʠ ʜʳʨʢʠ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʤʘʪʝʨʠʘʣ 

ʦʙʣʘʜʘʣ ʚʳʩʦʢʠʤ ʟʥʘʯʝʥʠʝʤ Tc. ɺʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʤʘʛʥʠʪʥʦ-ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ 

ʬʝʨʨʠʪʦʚ ʪʠʧʘ ʬʝʨʨʦʢʩʧʣʘʥʘ ʦʙʫʩʣʦʚʣʝʥʘ ʪʝʤ, ʯʪʦ ʚ ʥʠʭ MʂA, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘʷ ʦʩʠ c, 

ʥʘʤʥʦʛʦ ʚʳʰʝ, ʯʝʤ ʘʥʠʟʦʪʨʦʧʠʷ ʬʦʨʤʳ ʟʝʨʝʥ ʚ ʙʘʟʠʩʥʦʡ ʧʣʦʩʢʦʩʪʠ c [15]. ɺ ʬʝʨʨʦʢʩʧʣʘʥʦʚʳʭ 

ʢʦʙʘʣʴʪʦʚʳʭ ʬʝʨʨʠʪʘʭ ʧʨʝʜʣʘʛʘʝʤʳʡ ʤʝʭʘʥʠʟʤ ʦʙʫʩʣʦʚʣʝʥ ʘʥʠʟʦʪʨʦʧʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ 

ʢʘʪʠʦʥʦʚ ʠ ʚʘʢʘʥʪʥʳʭ ʢʘʪʠʦʥʥʳʭ ʫʟʣʦʚ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʧʦʣʫʯʘʝʪʩʷ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʡ 

ʧʨʦʜʫʢʪ, ʚ ʢʦʪʦʨʦʤ ʙʘʟʠʩʥʳʝ ʧʣʦʩʢʦʩʪʠ ʚʩʝʭ ʯʘʩʪʠʮ ʷʚʣʷʶʪʩʷ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤʠ [69ï71]. 

ɻʝʢʩʘʬʝʨʨʠʪ ʪʠʧʘ BaM  ʠʤʝʝʪ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʬʦʨʤʫʣʴʥʦʡ ʝʜʠʥʠʮʳ, ʨʘʚʥʳʡ 20 ɛB, 

ʯʪʦ ʦʧʨʝʜʝʣʷʝʪ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʪʦʯʢʠ ʂʶʨʠ. ʆʥ ʪʘʢʞʝ ʠʤʝʝʪ 
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ʚʳʩʦʢʫʶ ʢʦʥʩʪʘʥʪʫ ʘʥʠʟʦʪʨʦʧʠʠ K1, ʢʦʪʦʨʘʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʨʠʝʥʪʘʮʠʶ ʆʃʅ ʚʜʦʣʴ ʦʩʠ c [61]. 

ʄʘʛʥʠʪʦʦʜʥʦʦʩʥʳʡ ʭʘʨʘʢʪʝʨ ʘʥʠʟʦʪʨʦʧʠʠ ʜʦʣʞʝʥ ʙʳ ʧʦ ʠʜʝʝ ʧʨʠʚʦʜʠʪʴ ʢ ʤʘʢʩʠʤʘʣʴʥʦʤʫ 

ʪʝʦʨʝʪʠʯʝʩʢʦʤʫ ʟʥʘʯʝʥʠʶ ʢʦʵʨʮʠʪʠʚʥʦʩʪʠ BaM, ʦʜʥʘʢʦ ʧʨʠʚʦʜʠʤʳʝ ʚ ʣʠʪʝʨʘʪʫʨʝ ʟʥʘʯʝʥʠʷ Hc 

ʜʣʷ ʦʙʨʘʟʮʦʚ BaM , ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʩʪʘʥʜʘʨʪʥʳʤʠ ʢʝʨʘʤʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ, ʷʚʣʷʶʪʩʷ 

ʥʠʟʢʠʤʠ ʠʟ-ʟʘ ʙʦʣʴʰʠʭ ʨʘʟʤʝʨʦʚ ʟʝʨʥʘ ʚ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʘʭ, ʚʝʣʠʯʠʥʘ ʞʝ ʫʜʝʣʴʥʦʡ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ Ms = 70 ɸÖʤ2Öʢʛ-1 ʙʣʠʟʢʘ ʢ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʧʨʝʜʩʢʘʟʘʥʥʦʤʫ ʟʥʘʯʝʥʠʶ [21]. 

ʂʘʢ ʧʨʘʚʠʣʦ, ʩʫʱʝʩʪʚʫʶʪ ʨʘʟʥʦʛʣʘʩʠʷ ʧʦ ʧʦʚʦʜʫ ʢʨʠʪʠʯʝʩʢʦʛʦ ʨʘʟʤʝʨʘ ʦʜʥʦʜʦʤʝʥʥʦʩʪʠ ʜʣʷ 

BaM . ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʩʦʦʙʱʘʣʦʩʴ, ʯʪʦ ʦʥ ʩʦʩʪʘʚʣʷʝʪ 1,3 ʤʢʤ [61], ʦʜʥʘʢʦ ʧʦʩʣʝʜʫʶʱʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʦʮʝʥʢʠ ʦʜʥʠʭ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʜʘʶʪ ʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ 1,8 ʤʢʤ [72], ʜʨʫʛʠʝ 

ʞʝ ʩʦʦʙʱʘʶʪ, ʯʪʦ ʦʥ ʛʦʨʘʟʜʦ ʤʝʥʴʰʝ 460 ʥʤ [73]. ʇʦ ʨʘʩʯʝʪʘʤ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʝʦʨʠʝʡ 

ʂʠʪʪʝʣʷ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʯʘʩʪʠʮ ʵʪʦʪ ʨʘʟʤʝʨ ʜʦʣʞʝʥ ʣʝʞʘʪʴ ʤʝʞʜʫ 0,3 ʠ 

0,9 ʤʢʤ [74], ʠ ʦʙʳʯʥʦ ʧʨʠʥʠʤʘʶʪ, ʯʪʦ ʦʥ ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 0,5 - 1 ʤʢʤ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚʩʝ 

ʵʪʠ ʟʥʘʯʝʥʠʷ ʚʝʣʠʢʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʟʥʘʯʝʥʠʷʤʠ 0,24 ʤʢʤ ʜʣʷ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʙʘʣʴʪʘ ʠ 28 

ʥʤ ʜʣʷ ʞʝʣʝʟʘ. ʅʝʦʙʳʯʥʳʤ ʷʚʣʷʝʪʩʷ ʪʘʢʞʝ ʪʦ, ʯʪʦ ʨʘʟʤʝʨʳ ʜʦʤʝʥʘ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʩ 

ʪʝʤʧʝʨʘʪʫʨʦʡ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʤʥʦʛʦʜʦʤʝʥʥʦʝ ʟʝʨʥʦ ʙʫʜʝʪ 

ʠʤʝʪʴ ʤʝʥʴʰʝ ʙʣʦʭʦʚʩʢʠʭ ʩʪʝʥʦʢ. ʇʦʵʪʦʤʫ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʤʘʪʝʨʠʘʣʝ ʢʦʵʨʮʠʪʠʚʥʘʷ 

ʩʠʣʘ Hc ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʩ 135 ʢɸ/ʤ ʧʨʠ ï200 oC ʜʦ 225 ʢɸ/ʤ ʧʨʠ 25 oC, ʜʦʩʪʠʛʘʷ 

ʧʠʢʘ 380 ʢɸ/ʤ ʧʨʠ 250 oC, ʧʦʩʣʝ ʯʝʛʦ ʫʙʳʚʘʝʪ. ʕʪʦ ʩʧʨʘʚʝʜʣʠʚʦ ʜʣʷ ʟʝʨʝʥ ʨʘʟʤʝʨʦʤ 3 ʤʢʤ, 

ʦʜʥʘʢʦ ʟʥʘʯʝʥʠʝ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʜʣʷ ʟʝʨʝʥ ʨʘʟʤʝʨʦʤ ʜʦ 1 ʤʤ ʤʦʞʝʪ ʙʳʪʴ ʚ 40 ʨʘʟ ʤʝʥʴʰʝ.  

1.8 ʄʠʢʨʦʚʦʣʥʦʚʳʝ ʩʚʦʡʩʪʚʘ ʛʝʢʩʘʬʝʨʨʠʪʦʚ 

1.8.1 ʄʝʭʘʥʠʟʤʳ ʧʦʪʝʨʴ ʚ ʬʝʨʨʠʪʘʭ 

ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʚʦʟʥʠʢʘʶʪ ʚ ʤʘʪʝʨʠʘʣʘʭ ʠʟ-ʟʘ ʜʝʤʧʬʠʨʦʚʘʥʠʷ (ʟʘʪʫʭʘʥʠʷ) 

ʢʦʣʝʙʘʥʠʡ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʜʠʧʦʣʝʡ. ʇʦʤʠʤʦ ʚʥʫʪʨʝʥʥʠʭ ʧʦʪʝʨʴ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʧʦʪʝʨʠ, ʚʳʟʚʘʥʥʳʝ ʥʘʣʠʯʠʝʤ ʧʨʠʤʝʩʝʡ, ʧʦʨʠʩʪʦʩʪʠ ʠ ʛʨʘʥʠʮ 

ʟʝʨʥʘ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʘʭ ʤʦʞʥʦ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʢʘʢ ʚʥʝʰʥʠʝ; ʦʥʠ 

ʜʦʤʠʥʠʨʫʶʪ ʥʘ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ, ʚʳʟʳʚʘʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʤʠʢʨʦʚʦʣʥʦʚʳʭ ʯʘʩʪʦʪʘʭ. ʇʨʠ ʵʪʦʤ ʵʬʬʝʢʪʠʚʥʘʷ 

ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ɛeff ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʯʘʩʪʦʪʳ ʜʦ ʥʝʢʦʪʦʨʦʛʦ ʢʨʠʪʠʯʝʩʢʦʛʦ 

ʟʥʘʯʝʥʠʷ fc, ʚʳʰʝ ʢʦʪʦʨʦʛʦ ɛeff ʙʳʩʪʨʦ ʫʙʳʚʘʝʪ ʢʘʢ ʬʫʥʢʮʠʷ f -1 ʠʟ-ʟʘ ʧʦʪʝʨʴ ʥʘ ʚʠʭʨʝʚʳʝ ʪʦʢʠ. 

ʇʦʩʣʝʜʥʠʝ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʤʝʶʪ ʙʦʣʝʝ ʥʠʟʢʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʤʘʪʝʨʠʘʣʦʚ ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ, ʥʦ ʦʥʠ ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʩʚʷʟʘʥʳ ʩ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝʤ ʠ ʪʦʣʱʠʥʦʡ 

ʤʘʪʝʨʠʘʣʘ. ʂʨʠʪʠʯʝʩʢʘʷ ʯʘʩʪʦʪʘ ʟʘʜʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ:  
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ʛʜʝ r ï ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʤʘʪʝʨʠʘʣʘ, µi ï ʥʘʯʘʣʴʥʘʷ ʤʘʛʥʠʪʥʘʷ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ, d ï ʪʦʣʱʠʥʘ ʦʙʨʘʟʮʘ. ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʬʝʨʨʠʪʳ ʷʚʣʷʶʪʩʷ 

ʭʦʨʦʰʠʤʠ ʜʠʵʣʝʢʪʨʠʢʘʤʠ, ʦʥʠ ʚʩʝ ʞʝ ʠʤʝʶʪ ʧʨʝʜʝʣʴʥʫʶ ʯʘʩʪʦʪʫ ʜʣʷ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ [75]. 

ʕʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʚ ʬʝʨʨʠʪʘʭ ʚʝʣʠʯʠʥʘ fc ʪʘʢʞʝ ʩʚʷʟʘʥʘ ʩ ʤʘʛʥʠʪʥʳʤʠ ʩʧʠʥʦʚʳʤʠ 

ʵʬʬʝʢʪʘʤʠ, ʘ ʧʦʪʦʤʫ ʩʫʱʝʩʪʚʫʝʪ ʛʠʨʦʤʘʛʥʠʪʥʘʷ ʢʨʠʪʠʯʝʩʢʘʷ ʯʘʩʪʦʪʘ fg, ʪʘʢʞʝ ʠʟʚʝʩʪʥʘʷ ʢʘʢ 

ʯʘʩʪʦʪʘ ʩʧʠʥʦʚʦʡ ʨʝʣʘʢʩʘʮʠʠ  

Ὢ
Ȣ

.             (1.3) 

ɿʥʘʯʝʥʠʝ ʵʪʦʡ ʯʘʩʪʦʪʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʪʘʢ ʥʘʟʳʚʘʝʤʳʤ ʛʠʨʦʤʘʛʥʠʪʥʳʤ 

ʦʪʥʦʰʝʥʠʝʤ ɔ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʤ ʩʦʙʦʡ ʦʪʥʦʰʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʢ ʤʦʤʝʥʪʫ ʠʤʧʫʣʴʩʘ 

ʵʣʝʢʪʨʦʥʘ, ʢʦʪʦʨʦʝ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʦʚ ʦʙʨʘʟʮʘ (ɔ = 0,22 ʄɻʮÖʤÖA-1) [76]. ɺʳʨʘʞʝʥʠʝ (1.2) 

ʭʦʨʦʰʦ ʩʦʙʣʶʜʘʝʪʩʷ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʬʝʨʨʦ- ʠ ʬʝʨʨʠʤʘʛʥʝʪʠʢʦʚ, ʥʦ ʚ ʤʘʪʝʨʠʘʣʘʭ ʩ ʚʳʩʦʢʦʡ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ ʫʢʘʟʘʥʥʳʝ ʤʝʭʘʥʠʟʤʳ ʧʝʨʝʢʨʳʚʘʶʪʩʷ ʚʣʠʷʥʠʝʤ ʵʬʬʝʢʪʦʚ ʚʠʭʨʝʚʳʭ 

ʪʦʢʦʚ [77]. ʇʦʩʣʝʜʥʠʝ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ, ʥʦ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʤʘʪʝʨʠʘʣʘʭ ʩ ʚʳʩʦʢʠʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ, ʪʘʢʠʭ ʢʘʢ ʙʦʣʴʰʠʥʩʪʚʦ 

ʛʝʢʩʘʬʝʨʨʠʪʦʚ, ʦʥʠ ʥʝʟʥʘʯʠʪʝʣʴʥʳ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʪʝʭ ʠʟ ʥʠʭ, ʢʦʪʦʨʳʝ ʩʦʜʝʨʞʘʪ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʜʚʫʭʚʘʣʝʥʪʥʦʛʦ ʞʝʣʝʟʘ Fe2+ [78].  

1.8.2 ʌʝʨʨʦʤʘʛʥʠʪʥʳʡ ʨʝʟʦʥʘʥʩ (ʌʄʈ) 

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʧʨʦʮʝʩʩ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʘ ʩʯʝʪ 

ʧʨʦʮʝʩʩʦʚ ʩʤʝʱʝʥʠʷ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ ʠ/ʠʣʠ ʧʨʦʮʝʩʩʦʚ ʧʦʚʦʨʦʪʘ ʚʝʢʪʦʨʦʚ ʤʘʛʥʠʪʥʳʭ 

ʤʦʤʝʥʪʦʚ ʚ ʩʘʤʠʭ ʜʦʤʝʥʘʭ. ɽʩʣʠ ʥʘʤʘʛʥʠʯʠʚʘʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʚ ʧʝʨʝʤʝʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ, 

ʪʦ ʥʘ ʛʨʘʬʠʢʝ ʟʘʚʠʩʠʤʦʩʪʠ fg ʦʪ Is/µi ʚ ʥʝʢʦʪʦʨʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʥʘʙʣʶʜʘʶʪʩʷ ʠʟʤʝʥʝʥʠʷ, 

ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʨʝʟʦʥʘʥʩʥʳʤʠ ʷʚʣʝʥʠʷʤʠ ʚ ʩʠʩʪʝʤʝ. ʇʨʠʯʝʤ ʨʝʟʦʥʘʥʩʳ, ʩʚʷʟʘʥʥʳʝ 

ʩ ʢʦʣʝʙʘʪʝʣʴʥʳʤ ʜʚʠʞʝʥʠʝʤ ʩʪʝʥʦʢ ɹʣʦʭʘ ʠ ʩ ʢʦʣʝʙʘʥʠʷʤʠ ʚʝʢʪʦʨʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, 

ʦʙʫʩʣʦʚʣʝʥʥʳʤʠ ʢʦʛʝʨʝʥʪʥʦʡ ʧʨʝʮʝʩʩʠʝʡ ʦʙʤʝʥʥʦʩʚʷʟʘʥʥʳʭ ʩʧʠʥʦʚ, ʨʘʟʥʝʩʝʥʳ ʧʦ ʯʘʩʪʦʪʝ. 

ʂʘʢ ʧʨʘʚʠʣʦ, ʨʝʟʦʥʘʥʩ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʦʡ ʯʘʩʪʦʪʝ, ʯʝʤ ʨʝʟʦʥʘʥʩ, 

ʚʳʟʚʘʥʥʳʡ ʚʨʘʱʝʥʠʝʤ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ. ɺ ʦʜʥʦʜʦʤʝʥʥʳʭ ʯʘʩʪʠʮʘʭ ʜʦʤʝʥʦʚ ʨʘʟʥʦʡ 

ʧʦʣʷʨʥʦʩʪʠ ʥʝʪ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʵʬʬʝʢʪʳ ʨʝʟʦʥʘʥʩʘ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ (ʈɼʉ) ʦʪʩʫʪʩʪʚʫʶʪ. 

ʇʦʵʪʦʤʫ ʚ ʤʘʪʝʨʠʘʣʘʭ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʩʦʙʦʡ ʩʠʩʪʝʤʫ ʦʜʥʦʜʦʤʝʥʥʳʭ ʯʘʩʪʠʮ, ʤʦʞʥʦ 

ʥʘʠʙʦʣʝʝ ʦʪʯʝʪʣʠʚʦ ʥʘʙʣʶʜʘʪʴ, ʢʘʢ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʯʘʩʪʦʪʳ ʚʦʟʙʫʞʜʝʥʠʷ ʚʙʣʠʟʠ 

ʦʧʨʝʜʝʣʝʥʥʦʡ ʪʦʯʢʠ ʟʥʘʯʝʥʠʝ ɛi ʩʥʘʯʘʣʘ ʩʣʝʛʢʘ ʚʦʟʨʘʩʪʘʝʪ, ʠ ʟʘʪʝʤ ʧʘʜʘʝʪ, ʜʝʤʦʥʩʪʨʠʨʫʷ 
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ʚʙʣʠʟʠ ʯʘʩʪʦʪʳ fg ʨʝʟʦʥʘʥʩ, ʥʘʟʳʚʘʝʤʳʡ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʨʝʟʦʥʘʥʩʦʤ, ʠʣʠ ʌʄʈ [77]. ʇʨʠ 

ʥʘʣʠʯʠʠ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʨʘʟʤʳʪʳʡ (ʜʠʬʬʫʟʥʳʡ) ʧʠʢ ʌʄʈ ʠʣʠ 

ʥʝʩʢʦʣʴʢʦ ʧʠʢʦʚ.  

ʌʝʨʨʦʤʘʛʥʠʪʥʳʡ ʨʝʟʦʥʘʥʩ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʥʘ ʛʨʘʬʠʢʝ ʢʦʤʧʣʝʢʩʥʦʡ ʤʘʛʥʠʪʥʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʜʚʫʭ ʢʦʤʧʦʥʝʥʪ ï ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɛ ̀ ʠ ʤʥʠʤʦʡ ɛ`` ʯʘʩʪʝʡ 

(ʨʠʩʫʥʦʢ 1.4). ɺ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ɛ`` ʥʠʞʝ, ʯʝʤ ɛ,̀ ʠ ʠʭ ʟʥʘʯʝʥʠʷ ʦʩʪʘʶʪʩʷ ʙʦʣʝʝ ʠʣʠ 

ʤʝʥʝʝ ʧʦʩʪʦʷʥʥʳʤʠ ʥʘ ʥʠʟʢʠʭ ʠ ʩʨʝʜʥʠʭ ʯʘʩʪʦʪʘʭ, ʧʣʘʚʥʦ ʧʦʜʥʠʤʘʷʩʴ ʜʦ ʧʠʢʘ. ʅʘ ʙʦʣʝʝ 

ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʧʦʪʝʨʴ ɛ̀ ʠʩʧʳʪʳʚʘʝʪ ʨʝʟʢʦʝ ʩʥʠʞʝʥʠʝ, ʧʨʠ 

ʵʪʦʤ ɛ̀̀  ʩʦʭʨʘʥʷʝʪ ʪʝʥʜʝʥʮʠʶ ʠʣʠ ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʳʤ, ʠ ʟʘʪʝʤ ʥʘ ʥʝʩʢʦʣʴʢʦ ʙʦʣʝʝ ʚʳʩʦʢʦʡ 

ʯʘʩʪʦʪʝ ʪʘʢʞʝ ʧʘʜʘʝʪ. ɼʦ ʧʘʜʝʥʠʷ ɛ`,̀ ʝʛʦ ʚʝʣʠʯʠʥʘ ʠʩʧʳʪʳʚʘʝʪ ʥʝʙʦʣʴʰʦʡ ʨʦʩʪ, ʩʚʷʟʘʥʥʳʡ ʩ 

ʌʄʈ ʚʙʣʠʟʠ ʢʨʠʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ fg, ʠ ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʧʨʠ ʪʦʡ ʞʝ ʯʘʩʪʦʪʝ, 

ʥʘ ʢʦʪʦʨʦʡ ɛ ̀ʩʥʠʞʘʝʪʩʷ ʜʦ ʧʦʣʦʚʠʥʳ ʩʚʦʝʛʦ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʧʝʨʝʜ ʧʘʜʝʥʠʝʤ; ɻ ʪʦ ʠ 

ʝʩʪʴ ʯʘʩʪʦʪʘ ʌʄʈ fr, ʢʦʪʦʨʘʷ ʩʦʚʧʘʜʘʝʪ ʩ ʚʝʣʠʯʠʥʦʡ fg ʠʣʠ ʥʘʭʦʜʠʪʩʷ ʦʯʝʥʴ ʙʣʠʟʢʦ ʢ ʥʝʡ. 

 

ʈʠʩʫʥʦʢ 1.4 ï ʊʠʧʠʯʥʳʝ ʤʘʛʥʠʪʥʳʝ ʩʧʝʢʪʨʳ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʝʨʨʠʪʦʚ: Co2Z (1) ʠ 

ʰʧʠʥʝʣʠ NiFe2O4 (2) [79] 

 

ʉʧʦʩʦʙʥʦʩʪʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚʨʘʱʘʪʴʩʷ ʚ ʣʝʛʢʦʡ ʧʣʦʩʢʦʩʪʠ ʚ ʬʝʨʨʠʪʘʭ ʪʠʧʘ 

ʬʝʨʨʦʢʩʧʣʘʥʘ ʧʨʠʚʦʜʠʪ ʢ ʚʳʩʦʢʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʜʘʞʝ ʥʘ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ, ʛʜʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʬʝʨʨʠʪʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʰʧʠʥʝʣʠ ʙʝʩʧʦʣʝʟʥʦ ʠʟ-ʟʘ ʚʳʩʦʢʠʭ ʧʦʪʝʨʴ ʵʥʝʨʛʠʠ. 

ʌʝʨʨʦʢʩʧʣʘʥ rʠʤʝʶʪ ʙʦʣʝʝ ʥʠʟʢʫʶ ʤʘʛʥʠʪʥʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʯʝʤ ʦʜʥʦʦʩʥʳʝ ʬʝʨʨʠʪʳ, ʥʦ 

ʦʥʠ ʧʦ-ʧʨʝʞʥʝʤʫ ʠʤʝʶʪ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʯʘʩʪʦʪʳ ʜʠʩʧʝʨʩʠʠ ʜʦ 100 ʄɻʮ, ʠ ʌʄʈ ʚ ʦʙʣʘʩʪʠ 
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ɻɻʮ. ʇʦʩʢʦʣʴʢʫ ʚ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʘʭ ʩʧʠʥʳ ʤʦʛʫʪ ʚʨʘʱʘʪʴʩʷ ʚ ʧʨʝʜʝʣʘʭ ʙʘʟʠʩʥʦʡ ʧʣʦʩʢʦʩʪʠ, 

ʥʦ ʥʝ ʤʦʛʫʪ ʚʳʡʪʠ ʠʟ ʥʝʝ, ʠʭ ʧʨʝʮʝʩʩʠʷ ʟʘʪʨʫʜʥʝʥʘ, ʯʪʦ ʩʥʠʞʘʝʪ ʛʠʨʦʤʘʛʥʠʪʥʦʝ ʦʪʥʦʰʝʥʠʝ ʠ 

ʩʤʝʱʘʝʪ ʯʘʩʪʦʪʫ ʨʝʟʦʥʘʥʩʘ ʚ ʩʪʦʨʦʥʫ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ 

ʬʝʨʨʠʪʘʤʠ, ʠʤʝʶʱʠʤʠ ʩʦʧʦʩʪʘʚʠʤʫʶ ʧʦ ʚʝʣʠʯʠʥʝ ʤʘʛʥʠʪʥʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ. ʇʨʠ ʵʪʦʤ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʧʦʩʦʙʘ ʠʟʛʦʪʦʚʣʝʥʠʷ ʩʚʦʡʩʪʚʘ ʬʝʨʨʦʢʩʧʣʘʥʦʚ ʤʦʞʥʦ ʚʘʨʴʠʨʦʚʘʪʴ ʚ ʰʠʨʦʢʠʭ 

ʧʨʝʜʝʣʘʭ (ʨʠʩʫʥʦʢ 1.5). 

 

ʈʠʩʫʥʦʢ 1.5 ï ʏʘʩʪʦʪʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʦʤʧʣʝʢʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

(ɛ̀ @ m ʠ ɛ̀̀  = mÖtandM) ʢʦʙʘʣʴʪʦʚʦʛʦ ʬʝʨʨʦʢʩʧʣʘʥʘ ʩʦʩʪʘʚʘ (ɺʘʆ)0,177-(ʉʦʆ)0,117-(Fe2ʆ3)0,706 

(ʧʫʥʢʪʠʨ ï ʠʟʦʪʨʦʧʥʳʡ, ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ ï ʘʥʠʟʦʪʨʦʧʥʳʡ ʬʝʨʨʠʪ) [80] 

 

ʇʦʚʳʩʠʪʴ ʤʘʛʥʠʪʥʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʤʦʞʥʦ ʧʫʪʝʤ ʩʦʯʝʪʘʥʠʷ ʥʝʩʢʦʣʴʢʠʭ 

ʨʘʟʥʦʨʦʜʥʳʭ ʚʝʱʝʩʪʚ, ʪ.ʝ. ʩʦʟʜʘʚʘʷ ʠʩʢʫʩʩʪʚʝʥʥʳʝ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ 

ʤʘʪʝʨʠʘʣʳ (ʂʄ). ʅʘʧʨʠʤʝʨ, ʬʝʨʨʠʪʦʚʳʝ ʯʘʩʪʠʮʳ ʚ ʬʦʨʤʝ ʧʣʘʩʪʠʥ, ʠʛʣ ʠʣʠ ʚʦʣʦʢʦʥ ʤʦʛʫʪ 

ʙʳʪʴ ʨʘʩʧʨʝʜʝʣʝʥʳ ʚ ʩʚʷʟʫʶʱʝʡ ʤʘʪʨʠʮʝ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʠʣʠ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʚ ʢʘʢʦʤ-ʪʦ 

ʚʳʜʝʣʝʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʩ ʪʝʤ, ʯʪʦʙʳ ʧʨʠʜʘʪʴ ʢʦʤʧʦʟʠʪʫ ʚʳʩʦʢʫʶ ʤʘʛʥʠʪʥʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ 

ʚʦʦʙʱʝ ʠʣʠ ʞʝ ʜʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʦʧʨʝʜʝʣʝʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. ɺʳʨʘʞʝʥʠʝ ʜʣʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʤʧʝʜʘʥʩʘ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʦ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  

ὤ
Ⱦ

ȟ                                                                                     (1.4)    

ʛʜʝ ɛ ʠ Ң ï ʤʘʛʥʠʪʥʘʷ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʂʦʵʬʬʠʮʠʝʥʪ 

ʦʪʨʘʞʝʥʠʷ ʕʄɺ ʦʪ ʜʦʩʪʘʪʦʯʥʦ ʪʦʣʩʪʦʛʦ ʩʣʦʷ ʤʘʪʝʨʠʘʣʘ ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ ʧʘʜʝʥʠʠ ʚʳʨʘʞʘʝʪʩʷ 

ʬʦʨʤʫʣʦʡ: 
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Ὑ  Ȣ                                                                              (1.5) 

ʂʘʢ ʥʝʪʨʫʜʥʦ ʟʘʤʝʪʠʪʴ, ʩ ʨʦʩʪʦʤ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʪʨʘʞʘʪʝʣʴʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ 

ʤʘʪʝʨʠʘʣʘ ʩʥʠʞʘʝʪʩʷ, ʧʦʵʪʦʤʫ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʩʪʝʧʝʥʠ ʪʝʢʩʪʫʨʳ ʂʄ ʠ ʘʩʧʝʢʪʥʦʛʦ 

ʦʪʥʦʰʝʥʠʷ (ʬʦʨʤʳ) ʯʘʩʪʠʮ ʥʘʧʦʣʥʠʪʝʣʷ, ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ ʟʥʘʯʝʥʠʷʤʠ ɛ ʠ R [41].  

ʄʘʛʥʠʪʥʘʷ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʷʚʣʷʶʪʩʷ ʯʘʩʪʦʪʥʦ-ʟʘʚʠʩʠʤʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ, ʥʦ ʝʩʣʠ ɛ ʙʳʩʪʨʦ ʧʘʜʘʝʪ ʚʳʰʝ ʢʨʠʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ, ʪʦ ʥʘ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ 

ʟʥʘʯʝʥʠʝ Ң ʫʤʝʥʴʰʘʝʪʩʷ ʚ ʛʦʨʘʟʜʦ ʤʝʥʴʰʝʡ ʩʪʝʧʝʥʠ, ʯʝʤ ɛ. ʇʦʵʪʦʤʫ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʣʫʯʰʝʛʦ 

ʩʦʛʣʘʩʦʚʘʥʠʷ ʠʤʧʝʜʘʥʩʦʚ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʚʝʜʝʥʠʝ ʚ 

ʢʦʤʧʦʟʠʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʚʠʜʝ ʚʦʣʦʢʦʥ ʠʣʠ ʥʘʧʦʣʥʠʪʝʣʝʡ 

ʠʥʦʛʦ ʪʠʧʘ.  

1.8.3 ʇʦʪʝʨʠ ʚ ʬʝʨʨʠʪʘʭ M-ʪʠʧʘ 

ɺ ʧʝʨʚʦʤ ʫʧʦʤʠʥʘʥʠʠ ʦ ʥʘʙʣʶʜʝʥʠʠ ʌʄʈ ʚ BaM  [61] ʝʛʦ ʯʘʩʪʦʪʘ ʙʳʣʘ 

ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʘ ʢʘʢ ʥʘʭʦʜʷʱʘʷʩʷ ʚʙʣʠʟʠ 50 ɻɻʮ, ʠ ʩ ʪʝʭ ʧʦʨ ʧʦʷʚʣʷʣʠʩʴ ʩʦʦʙʱʝʥʠʷ ʦ 

ʟʥʘʯʝʥʠʷʭ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʚ ʦʪʩʫʪʩʪʚʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʨʘʚʥʳʭ 43 ɻɻʮ [81] ʠʣʠ 46 ɻɻʮ 

[82]; ʧʨʠ ʵʪʦʤ ʧʦ ʤʝʨʝ ʨʦʩʪʘ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʣʷ ʦʥʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʩʣʫʯʘʷ, 

ʢʦʛʜʘ ʦʥʦ ʧʨʠʣʦʞʝʥʦ ʧʦʜ ʫʛʣʦʤ ʙʦʣʝʝ 70o ʢ c-ʦʩʠ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʦʙʨʘʟʮʘ. ʅʘʠʤʝʥʴʰʝʝ ʠʟ 

ʥʘʙʣʶʜʘʚʰʠʭʩʷ ʟʥʘʯʝʥʠʡ ʰʠʨʠʥʳ ʣʠʥʠʠ ʌʄʈ ʚ ʩʦʚʝʨʰʝʥʥʦʤ ʩʬʝʨʠʯʝʩʢʦʤ ʦʙʨʘʟʮʝ BaM  

ʩʦʩʪʘʚʠʣʦ 1,2 ʢɸÖʤ-1, ʘ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʦʙʨʘʟʮʝ ï ʜʝʩʷʪʢʠ ʢɸÖʤ-1 [83]. 

 ɺ ʨʘʙʦʪʝ [84] ʩʦʦʙʱʘʣʦʩʴ ʦ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʘʭ ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ, ʢʦʪʦʨʳʝ 

ʩʦʩʪʦʷʣʠ ʠʟ ʧʦʣʳʭ ʤʫʣʣʠʪ-ʢʚʘʨʮʝʚʳʭ ʤʠʢʨʦʩʬʝʨ ʜʠʘʤʝʪʨʦʤ 2-3 ʤʢʤ, ʧʦʢʨʳʪʳʭ ʩʥʘʯʘʣʘ ʩʣʦʝʤ 

TiO2 ʦʩʘʞʜʝʥʠʝʤ ʠʟ ʨʘʩʪʚʦʨʘ, ʘ ʟʘʪʝʤ ʩ ʧʦʤʦʱʴʶ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʘ ʩʣʦʝʤ BaM  (ʦʙʱʘʷ ʪʦʣʱʠʥʘ 

ʧʦʢʨʳʪʠʷ ~100 ʥʤ). ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʪʘʢʦʤ ʤʘʪʝʨʠʘʣʝ ʟʥʘʯʝʥʠʝ fr ʩʥʠʞʘʣʦʩʴ ʜʦ 8,2ï8,5 

ɻɻʮ. ʄʝʪʦʜʦʤ ʅʠʢʦʣʩʦʥʘ ʠ ʈʦʩʩʘ, ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʥʦʤ ʚ ʨʘʙʦʪʝ [85], Pullar ʠ ʜʨ. [37] ʠʟʫʯʘʣʠ 

ʩʚʦʡʩʪʚʘ ʬʝʨʨʠʪʦʚ BaM  ʠ SrM, ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʚ ʚʠʜʝ ʠʟʤʝʣʴʯʝʥʥʳʭ ʚʦʣʦʢʦʥ, ʩʣʫʯʘʡʥʳʤ 

ʦʙʨʘʟʦʤ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʚ ʧʘʨʘʬʠʥʦʚʦʤ ʪʦʨʦʠʜʝ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 30 vol.%. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, 

ʯʪʦ ʦʙʘ ʪʠʧʘ ʬʝʨʨʠʪʦʚ ʠʤʝʣʠ ʥʠʟʢʫʶ ʤʘʛʥʠʪʥʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ (<2), ʘ ʌʄʈ ʚ ʥʠʭ ʥʘʙʣʶʜʘʣʩʷ 

ʧʨʠ ʯʘʩʪʦʪʝ fr, ʨʘʚʥʦʡ 43,5 ɻɻʮ ʠ 50 ɻɻʮ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

1.9 ʂʦʤʧʦʟʠʪʳ ʜʣʷ ʟʘʱʠʪʳ ʦʪ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʤʝʭ 

ʕʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʠʟʣʫʯʝʥʠʝ (ʕʄʀ), ʧʨʦʷʚʣʷʶʱʝʝʩʷ ʢʘʢ ʧʦʤʝʭʠ ʚ ʚʠʜʝ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʟʘʛʨʷʟʥʝʥʠʷ, ʩʪʘʣʦ ʩʝʨʴʝʟʥʦʡ ʧʨʦʙʣʝʤʦʡ ʠʟ-ʟʘ ʙʫʨʥʦʛʦ ʨʘʟʚʠʪʠʷ 

ʪʝʣʝʨʘʜʠʦʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʰʠʨʦʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ 

[86ï88]. ʇʦʤʝʭʠ, ʚʳʟʳʚʘʝʤʳʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʰʫʤʦʤ ʠ ʚʦʟʥʠʢʘʶʱʠʝ ʣʠʙʦ ʠʟ ʝʩʪʝʩʪʚʝʥʥʳʭ 
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ʠʩʪʦʯʥʠʢʦʚ (ʦʩʚʝʱʝʥʠʝ, ʧʦʣʷʨʥʳʝ ʩʠʷʥʠʷ, ʛʨʦʟʳ, ʩʦʣʥʝʯʥʳʝ ʚʩʧʳʰʢʠ ʠ ʪ.ʜ.), ʣʠʙʦ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʯʝʣʦʚʝʯʝʩʢʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ (ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʣʠʥʠʠ, ʵʣʝʢʪʨʦʥʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ʠ ʪ.ʜ.), 

ʚ ʧʨʝʜʝʣʘʭ ʯʘʩʪʦʪʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʢʦʥʢʨʝʪʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ (ʨʠʩʫʥʦʢ 1.6) ʤʦʛʫʪ ʚʣʠʷʪʴ 

ʥʘ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʠʣʠ ʫʭʫʜʰʘʪʴ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʜʨʫʛʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ 

ʠʣʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʮʝʧʠ, ʧʨʠʚʦʜʠʪʴ ʢ ʠʩʢʘʞʝʥʠʶ ʠʣʠ ʧʦʪʝʨʝ ʧʝʨʝʜʘʚʘʝʤʳʭ ʠ ʭʨʘʥʠʤʳʭ 

ʜʘʥʥʳʭ [89]. ʅʘʨʫʰʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʦ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ, 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʝʡ ʠʣʠ ʧʨʦʚʦʜʠʤʦʩʪʴʶ. ɸʥʪʨʦʧʦʛʝʥʥʳʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʡ ʰʫʤ 

ʪʘʢʞʝ ʚʦʟʜʝʡʩʪʚʫʝʪ ʥʘ ʞʠʟʥʝʜʝʷʪʝʣʴʥʦʩʪʴ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ, ʥʘʨʫʰʘʷ ʠʭ ʙʠʦʣʦʛʠʯʝʩʢʠʝ 

ʧʨʦʮʝʩʩʳ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚʣʠʷʷ ʥʘ ʟʜʦʨʦʚʴʝ ʯʝʣʦʚʝʢʘ [90,91]. 

 

ʈʠʩʫʥʦʢ 1.6 ï ʀʩʪʦʯʥʠʢʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʤʝʭ [92] 

 

ʕʪʠ ʚʘʞʥʳʝ ʧʨʦʙʣʝʤʳ ʧʦʙʫʜʠʣʠ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʢ ʨʘʟʨʘʙʦʪʢʝ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʟʘʱʠʪʳ 

ʦʪ ʕʄʀ ʧʫʪʝʤ ʝʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʠʣʠ ʧʦʛʣʦʱʝʥʠʷ, ʠʤʝʶʱʠʭ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʧʨʠʤʝʥʝʥʠʡ, ï 

ʦʪ ʵʣʝʢʪʨʦʥʥʳʭ ʜʦ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʚʢʣʶʯʠʪʝʣʴʥʦ [93ï96]. ʏʪʦʙʳ ʠʟʙʝʞʘʪʴ ʩʝʨʴʝʟʥʳʭ 
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ʧʨʦʙʣʝʤ, ʚʳʟʚʘʥʥʳʭ ʕʄʀ, ʤʥʦʛʠʤʠ ʦʨʛʘʥʠʟʘʮʠʷʤʠ ʙʳʣʠ ʚʳʨʘʙʦʪʘʥʳ ʠ ʩʪʘʥʜʘʨʪʠʟʦʚʘʥʳ 

ʧʨʘʚʠʣʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʩʦʚʤʝʩʪʠʤʦʩʪʠ (ʕʄC) [97]. ʊʘʢ, ʥʘ ʫʨʦʚʥʝ ɽʚʨʦʧʝʡʩʢʦʛʦ ʩʦʶʟʘ ʚ 

ʨʘʤʢʘʭ ʛʘʨʤʦʥʠʟʘʮʠʠ ʟʘʢʦʥʦʜʘʪʝʣʴʩʪʚ, ʛʦʩʫʜʘʨʩʪʚ-ʯʣʝʥʦʚ, ʢʘʩʘʶʱʠʭʩʷ ʕʄʉ, ʧʨʠʥʷʪʘ 

ɼʠʨʝʢʪʠʚʘ [5]: ɼʠʨʝʢʪʠʚʘ 2004/108/ɽʉ ð ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ ʩʦʚʤʝʩʪʠʤʦʩʪʴ (EMC ɼʠʨʝʢʪʠʚʘ) 

(89/336/EEC 92/31/EC 93/68/EEC) Directive 2004/108/EC Electromagnetic compatibility (Directive 

EMC, ʥʘ ʨʫʩʩʢʦʤ ʷʟʳʢʝ ð ɼʠʨʝʢʪʠʚʘ 2014/30/ɽʉ)], ʚʩʪʫʧʠʚʰʘʷ ʚ ʩʠʣʫ 20 ʘʧʨʝʣʷ 2016 ʛʦʜʘ. ɺ 

ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʥʘ ʫʨʦʚʥʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʧʦʣʠʪʠʢʘ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʩʪʘʥʜʘʨʪʘʤʠ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʠ ʊʘʤʦʞʝʥʥʦʛʦ ʩʦʶʟʘ 

(ʥʘʧʨʠʤʝʨ, ʊʈ ʊʉ 020 2011 (ʊʝʭʥʠʯʝʩʢʠʡ ʨʝʛʣʘʤʝʥʪ ʦʙ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʩʦʚʤʝʩʪʠʤʦʩʪʠ 

ʪʝʭʥʠʯʝʩʢʠʭ ʩʨʝʜʩʪʚ); ɻʆʉʊ ʈ 50397-2011 (ʄʕʂ 60050-161:1990). ʉʦʚʤʝʩʪʠʤʦʩʪʴ 

ʪʝʭʥʠʯʝʩʢʠʭ ʩʨʝʜʩʪʚ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ. ʊʝʨʤʠʥʳ ʠ ʦʧʨʝʜʝʣʝʥʠʷ; ɻʆʉʊ 30804.4.7-2013. 

ʉʦʚʤʝʩʪʠʤʦʩʪʴ ʪʝʭʥʠʯʝʩʢʠʭ ʩʨʝʜʩʪʚ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ. ʆʙʱʝʝ ʨʫʢʦʚʦʜʩʪʚʦ ʧʦ ʩʨʝʜʩʪʚʘʤ 

ʠʟʤʝʨʝʥʠʡ ʠ ʠʟʤʝʨʝʥʠʷʤ ʛʘʨʤʦʥʠʢ ʠ ʠʥʪʝʨʛʘʨʤʦʥʠʢ ʜʣʷ ʩʠʩʪʝʤ ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʷ ʠ 

ʧʦʜʢʣʶʯʘʝʤʳʭ ʢ ʥʠʤ ʪʝʭʥʠʯʝʩʢʠʭ ʩʨʝʜʩʪʚ, 2013; ɿʘʢʦʥ ʈʌ "ʆ ʩʚʷʟʠ" ˉ 126-ʌɿ 2003 ʛ.). 

ʕʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ ʩʦʚʤʝʩʪʠʤʦʩʪʴ ʦʪʥʦʩʠʪʩʷ ʢ ʩʧʦʩʦʙʥʦʩʪʠ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠʣʠ 

ʤʘʪʝʨʠʘʣʘ ʵʢʨʘʥʠʨʦʚʘʪʴ ʕʄʀ, ʯʪʦʙʳ ʦʥʦ ʥʝ ʚʣʠʷʣʦ ʥʘ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʣʶʙʦʛʦ 

ʦʙʦʨʫʜʦʚʘʥʠʷ (ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʥʘ ʩʚʦʶ ʩʦʙʩʪʚʝʥʥʫʶ) [98,99]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʨʘʜʠʮʠʦʥʥʳʭ 

ʤʝʪʘʣʣʦʚ ʠʣʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʪʦʚ ʚ ʢʘʯʝʩʪʚʝ ʟʘʱʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʕʄʀ ʦʛʨʘʥʠʯʝʥʦ 

ʠʟ-ʟʘ ʠʭ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ, ʥʠʟʢʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʛʠʙʢʦʩʪʠ, ʢʦʨʨʦʟʠʠ, ʨʫʪʠʥʥʳʭ ʠ 

ʜʦʨʦʛʦʩʪʦʷʱʠʤʠ ʦʧʝʨʘʮʠʡ ʧʦ ʠʭ ʦʙʨʘʙʦʪʢʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʠʙʦʣʝʝ ʩʦʚʝʨʰʝʥʥʳʝ 

ʨʘʜʠʦʵʢʨʘʥʠʨʫʶʱʠʝ ʤʘʪʝʨʠʘʣʳ (ʈʕʄ) ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʦʩʥʦʚʥʦʤ ʩʦʟʜʘʶʪʩʷ ʥʘ ʦʩʥʦʚʝ 

ʢʦʤʧʦʟʠʪʦʚ ʚ ʫʛʣʝʨʦʜʥʳʭ, ʧʦʣʠʤʝʨʥʳʭ ʠʣʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʨʠʮʘʭ [100ï105]. ʅʝʦʙʭʦʜʠʤʳʤʠ 

ʜʣʷ ʩʪʘʥʜʘʨʪʥʦʛʦ ʟʘʱʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʷʚʣʷʶʪʩʷ ʚʳʩʦʢʘʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ, ʦʪʣʠʯʥʘʷ 

ʪʝʨʤʦʩʪʦʡʢʦʩʪʴ ʠ ʥʠʟʢʘʷ ʧʣʦʪʥʦʩʪʴ [106,107]. ʋʛʣʝʨʦʜʥʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʨʘʩʰʠʨʠʣʠ ʦʙʣʘʩʪʴ 

ʧʨʠʤʝʥʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʘʣʣʘʤʠ ʠʟ-ʟʘ ʠʭ ʭʦʨʦʰʝʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ, 

ʢʦʨʨʦʟʠʦʥʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʛʠʙʢʦʩʪʠ [108,109]. ɼʘʞʝ ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʫʛʣʝʨʦʜʥʳʝ 

ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʧʨʦʠʛʨʳʚʘʶʪ ʧʦ ʩʪʦʠʤʦʩʪʠ, ʪʨʝʙʫʶʪ ʩʣʦʞʥʳʭ ʧʨʦʮʝʜʫʨ ʩʠʥʪʝʟʘ ʠ ʦʙʣʘʜʘʶʪ 

ʥʝʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʤ ʫʨʦʚʥʝʤ ʧʦʛʣʦʱʝʥʠʷ ʕʄʀ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʚ ʥʠʭ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʦʣʷʨʠʟʘʮʠʝʡ ʵʣʝʢʪʨʦʥʦʚ, ʘ ʥʝ ʝʩʪʝʩʪʚʝʥʥʳʤ ʨʝʟʦʥʘʥʩʦʤ ʠ ʜʠʧʦʣʴʥʦʡ 

ʨʝʣʘʢʩʘʮʠʝʡ ɼʝʙʘʷ, ʠ ʟʘ ʩʯʝʪ ʵʪʦʛʦ ʵʢʨʘʥʠʨʫʶʱʠʝ ʩʚʦʡʩʪʚʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʥʳʤ ʤʝʭʘʥʠʟʤʦʤ. 

ʂʨʦʤʝ ʪʦʛʦ, ʚʳʩʦʢʘʷ ʧʦʜʚʠʞʥʦʩʪʴ ʵʣʝʢʪʨʦʥʦʚ ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʚ ʥʠʭ ʟʥʘʯʠʪʝʣʴʥʦʝ ʧʨʦʷʚʣʝʥʠʝ 

ʩʢʠʥ-ʵʬʬʝʢʪʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʦʙʣʫʯʝʥʠʷ ʕʄ ʚʦʣʥʘʤʠ. ʀʤʝʶʪʩʷ ʪʘʢʞʝ ʩʦʦʙʱʝʥʠʷ, ʯʪʦ 

ʧʨʝʦʜʦʣʝʪʴ ʠʟʣʦʞʝʥʥʳʝ ʚʳʰʝ ʦʛʨʘʥʠʯʝʥʠʷ ʠ ʫʣʫʯʰʠʪʴ ʫʨʦʚʝʥʴ ʨʘʜʠʦʧʦʛʣʦʱʝʥʠʷ ʤʦʞʥʦ 
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ʪʘʢʞʝ ʟʘ ʩʯʝʪ ʜʦʙʘʚʣʝʥʠʷ ʧʦʣʠʤʝʨʦʚ ʚ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ [110,111]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʟʘʯʘʩʪʫʶ ʦʢʘʟʳʚʘʝʪʩʷ ʦʧʨʘʚʜʘʥʥʳʤ ʩʦʚʤʝʩʪʥʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʩʦʩʪʘʚʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʩʦʩʪʘʚʣʷʶʱʠʭ ʥʘ ʦʩʥʦʚʝ ʫʛʣʝʨʦʜʥʳʭ ʩʪʨʫʢʪʫʨ ʠ ʧʦʣʠʤʝʨʦʚ.  

ʅʘʧʨʠʤʝʨ, Yu ʠ ʜʨ. ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ, ʯʪʦ ʦʩʘʞʜʝʥʠʝ ʧʦʣʠʘʥʠʣʠʥʦʚʳʭ ʥʘʥʦʨʝʰʝʪʦʢ 

ʥʘ ʛʨʘʬʝʥ ʫʣʫʯʰʘʝʪ ʧʦʛʣʦʱʝʥʠʝ ʕʄʀ [112]. Bera ʠ ʜʨ. ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʦʛʣʦʱʝʥʠʝ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ ʤʘʪʝʨʠʘʣʦʤ, ʩʦʩʪʦʷʱʠʤ ʠʟ ʯʘʩʪʠʮ Fe3O4, ʧʦʢʨʳʪʳʭ 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʤ ʦʢʩʠʜʦʤ ʛʨʘʬʝʥʘ (RGO, ɺʆʉ) ʠ ʦʜʥʦʩʪʝʥʥʳʤʠ ʫʛʣʝʨʦʜʥʳʤʠ ʥʘʥʦʭʦʨʥʘʤʠ, 

ʫʚʝʣʠʯʠʚʘʣʘʩʴ ʧʦʩʣʝ ʠʭ ʚʥʝʜʨʝʥʠʷ ʚ ʤʘʪʨʠʮʫ ʧʦʣʠʜʠʤʝʪʠʣʩʠʣʦʢʩʘʥʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

ʫʩʠʣʝʥʥʦʤʫ ʧʦʛʣʦʱʝʥʠʶ ʕʄʀ ʥʘʨʷʜʫ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʦʪʨʘʞʘʪʝʣʴʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠʟ-ʟʘ ʩʢʠʥ-ʵʬʬʝʢʪʘ ʩʧʦʩʦʙʩʪʚʫʶʪ ʜʠʧʦʣʴʥʘʷ ʠ ʤʝʞʛʨʘʥʠʯʥʘʷ ʧʦʣʷʨʠʟʘʮʠʷ [113]. 

ɺ ʵʪʦʤ ʢʦʥʪʝʢʩʪʝ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʨʘʟʨʘʙʦʪʢʝ ʢʦʤʤʝʨʯʝʩʢʠ ʞʠʟʥʝʩʧʦʩʦʙʥʳʭ ʈʕʄ ʠʛʨʘʶʪ 

ʧʨʦʚʦʜʷʱʠʝ ʧʦʣʠʤʝʨʳ (ʇʇ) ʠ ʧʨʦʚʦʜʷʱʠʝ ʧʦʣʠʤʝʨʥʳʝ ʢʦʤʧʦʟʠʪʳ (ʇʇʂ) (ʠʟʦʣʠʨʫʶʱʠʝ 

ʧʦʣʠʤʝʨʳ, ʟʘʧʦʣʥʝʥʥʳʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʤʠ ʥʘʧʦʣʥʠʪʝʣʷʤʠ) [114,115]. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʇʇ ʠ ʇʇʂ ʦʙʣʘʜʘʶʪ ʢʦʨʨʦʟʠʦʥʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʠ ʥʠʟʢʦʡ ʤʘʩʩʦʡ, 

ʠʤʝʶʪ ʞʝʣʘʝʤʳʝ ʟʥʘʯʝʥʠʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʧʦʛʣʦʱʝʥʠʷ ʠʣʠ ʦʪʨʘʞʝʥʠʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ [116,117]. ʂ ʪʦʤʫ ʞʝ ʧʦʣʠʤʝʨʳ, 

ʦʙʲʝʜʠʥʝʥʥʳʝ ʚ ʢʦʤʧʦʟʠʪʳ ʩ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ, ʪʘʢʞʝ ʫʣʫʯʰʘʶʪ ʠʭ 

ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ ʧʨʝʜʦʪʚʨʘʱʘʶʪ ʘʛʣʦʤʝʨʘʮʠʶ, ʥʝ ʚʣʠʷʷ ʧʨʠ ʵʪʦʤ ʥʘ ʫʨʦʚʝʥʴ ʟʘʱʠʪʳ ʦʪ 

ʕʄʀ [118ï120]. ɿʘ ʧʦʩʣʝʜʥʠʝ 7 ʣʝʪ ʢʦʣʠʯʝʩʪʚʦ ʧʫʙʣʠʢʘʮʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʨʦʙʣʝʤʦʡ ʕʄC, 

ʧʦʢʘʟʳʚʘʝʪ ʚʝʩʴʤʘ ʟʘʤʝʪʥʫʶ ʪʝʥʜʝʥʮʠʶ ʢ ʨʦʩʪʫ. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʚʘʞʥʦʩʪʴ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʳʭ 

ʪʠʧʦʚ ʈʕʄ. ʀʤʝʝʪʩʷ ʪʘʢʞʝ ʤʥʦʞʝʩʪʚʦ ʦʙʟʦʨʦʚ, ʧʦʩʚʷʱʝʥʥʳʭ ʚʣʠʷʥʠʶ ʧʘʨʘʤʝʪʨʦʚ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʧʦʣʫʯʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʇʇ ʠ ʇʇʂ ʥʘ ʠʭ ʬʠʟʠʯʝʩʢʠʝ ʠ 

ʨʘʜʠʦʵʢʨʘʥʠʨʫʶʱʠʝ ʩʚʦʡʩʪʚʘ [121ï123].  

ʂʦʤʧʦʟʠʪ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʥʝ 

ʤʝʥʝʝ ʜʚʫʭ ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʦʙʣʘʜʘʶʱʝʛʦ ʩʚʦʡʩʪʚʘʤʠ, ʢʦʪʦʨʳʝ ʚʝʩʴʤʘ 

ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʩʚʦʡʩʪʚ ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦ ʦʪʜʝʣʴʥʦʩʪʠ, ʩʦʯʝʪʘʷ ʠʭ ʜʦʩʪʦʠʥʩʪʚʘ, ʘ ʠʥʦʛʜʘ 

ʠ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʦʩʭʦʜʷ ʠʭ. ʄʘʪʨʠʮʘ, ʠʣʠ ʧʨʠʥʠʤʘʶʱʠʡ ʤʘʪʝʨʠʘʣ, ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʠʤʝʨʦʤ, 

ʤʝʪʘʣʣʦʤ, ʩʪʝʢʣʦʤ ʠʣʠ ʢʝʨʘʤʠʢʦʡ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʥʘʧʦʣʥʠʪʝʣʴ ʠʣʠ ʘʨʤʠʨʫʶʱʠʡ ʤʘʪʝʨʠʘʣ 

ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥ ʯʘʩʪʠʮʘʤʠ, ʚʦʣʦʢʥʘʤʠ, ʣʝʥʪʘʤʠ, ʭʣʦʧʴʷʤʠ, ʣʠʩʪʘʤʠ, ʧʣʘʩʪʠʥʢʘʤʠ ʠʣʠ 

ʪʨʫʙʢʘʤʠ [124,125]. ʇʦʣʠʤʝʨʥʳʝ ʢʦʤʧʦʟʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʨʷʜʝ 

ʧʨʦʤʳʰʣʝʥʥʳʭ ʧʨʠʣʦʞʝʥʠʡ, ʚ ʦʩʥʦʚʥʦʤ ʪʘʢʠʭ ʢʘʢ ʪʨʘʥʩʧʦʨʪ, ʘʵʨʦʢʦʩʤʠʯʝʩʢʘʷ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ, ʵʥʝʨʛʝʪʠʢʘ, ʩʧʦʨʪʠʚʥʳʝ ʪʦʚʘʨʳ, ʘʚʪʦʤʦʙʠʣʴʥʘʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ, ʦʙʦʨʦʥʘ 

ʠ ʠʥʬʨʘʩʪʨʫʢʪʫʨʘ ʠʟ-ʟʘ ʠʭ ʣʝʛʢʦʩʪʠ, ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʠ ʠ ʜʦʣʛʦʚʝʯʥʦʩʪʠ, ʧʨʦʩʪʦʡ 
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ʦʙʨʘʙʘʪʳʚʘʝʤʦʩʪʠ ʠ ʚʳʩʦʢʦʡ ʛʠʙʢʦʩʪʠ [126]. ʇʦʣʠʤʝʨʥʘʷ ʤʘʪʨʠʮʘ, ʩʦʜʝʨʞʘʱʘʷ ʧʨʦʚʦʜʷʱʠʝ 

ʥʘʧʦʣʥʠʪʝʣʠ (ʪʘʢʞʝ ʠʟʚʝʩʪʥʳʝ ʢʘʢ ʧʦʣʠʤʝʨʥʳʝ ʤʘʪʨʠʯʥʳʝ ʢʦʤʧʦʟʠʪʳ (ʇʄʂ), ʭʦʨʦʰʦ 

ʧʦʜʭʦʜʠʪ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʈʕʄ ʠʟ-ʟʘ ʧʨʦʩʪʦʪʳ ʦʙʨʘʙʦʪʢʠ (ʠʣʠ ʬʦʨʤʦʚʘʥʠʷ) ʠ 

ʚʦʟʤʦʞʥʦʩʪʠ ʩʚʝʩʪʠ ʢ ʤʠʥʠʤʫʤʫ ʠʣʠ ʚʦʚʩʝ ʠʟʙʝʞʘʪʴ ʥʘʣʠʯʠʷ ʰʚʦʚ ʚ ʵʢʨʘʥʝ ʠʣʠ ʢʦʨʧʫʩʝ. ɺ 

ʵʪʦʤ ʩʦʩʪʦʠʪ ʠʭ ʧʨʝʠʤʫʱʝʩʪʚʦ ʧʝʨʝʜ ʈʕʄ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʣʠʩʪʦʚ, ʚ ʢʦʪʦʨʳʭ 

ʥʘʙʣʶʜʘʝʪʩʷ ʫʪʝʯʢʘ ʕʄʀ, ʯʪʦ ʫʭʫʜʰʘʝʪ ʦʙʱʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʢʨʘʥʠʨʦʚʘʥʠʷ. ʇʄʂ ʚʝʩʴʤʘ 

ʧʨʠʚʣʝʢʘʪʝʣʴʥʳ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʙʣʘʛʦʜʘʨʷ ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʜʭʦʜʷʱʝʡ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ů ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʵʢʨʘʥʠʨʫʶʱʠʤ 

ʤʘʪʝʨʠʘʣʦʤ. ɺʳʙʨʘʥʥʳʡ ʪʠʧ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʳ (ʠʟʦʣʠʨʫʶʱʠʡ ʠʣʠ ʧʨʦʚʦʜʷʱʠʡ ʧʦʣʠʤʝʨ) 

ʪʘʢʞʝ ʟʥʘʯʠʪʝʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʦʙʱʫʶ ʧʨʠʤʝʥʠʤʦʩʪʴ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʇʦʣʠʤʝʨʳ, 

ʢʦʪʦʨʳʝ ʧʦ ʩʚʦʝʡ ʩʫʪʠ ʥʝ ʧʨʦʚʦʜʷʪ ʪʦʢ, ʪʘʢʠʝ ʢʘʢ ʧʦʣʠʚʠʥʠʣʦʚʳʡ ʩʧʠʨʪ (ʇɺʉ), 

ʧʦʣʠʚʠʥʠʣʠʜʝʥʬʪʦʨʠʜ (ʇɺɼʌ), ʧʦʣʠʣʘʢʪʠʜ-ʧʣʘʩʪʠʢ, ʧʦʣʠʫʨʝʪʘʥ, ʧʦʣʠʵʪʠʣʝʥʘʤʠʥ ʠ ʪ.ʜ. 

ʤʦʛʫʪ ʙʳʪʴ ʩʜʝʣʘʥʳ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʳʤʠ ʧʫʪʝʤ ʚʚʝʜʝʥʠʷ ʚ ʠʭ ʩʦʩʪʘʚ ʨʘʟʣʠʯʥʳʭ ʤʝʪʘʣʣʦʚ ʠʣʠ 

ʚʥʝʜʨʝʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʧʦʣʥʠʪʝʣʝʡ. 

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʇʇ, ʧʦ ʩʚʦʝʡ ʩʫʪʠ ʷʚʣʷʶʪʩʷ ʭʦʨʦʰʠʤʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ 

ʧʨʦʚʦʜʥʠʢʘʤʠ ʧʦ ʩʚʦʝʡ ʧʨʠʨʦʜʝ, ʩʝʛʦʜʥʷ ʰʠʨʦʢʦ ʜʦʩʪʫʧʥʳ. ʅʝʢʦʪʦʨʳʝ ʠʟ ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʇʇ ʜʣʷ ʕʄʀ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʧʨʠʣʦʞʝʥʠʡ ʚʢʣʶʯʘʶʪ ʧʦʣʠʘʥʠʣʠʥ, ʧʦʣʠʪʠʦʬʝʥ, 

ʧʦʣʠʘʮʝʪʠʣʝʥ, ʧʦʣʠʧʠʨʨʦʣ ʠ ʪ.ʜ. ʇʇ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʴʶ ʠ ʢʦʨʨʦʟʠʦʥʥʦʡ 

ʩʪʦʡʢʦʩʪʴʶ, ʥʠʟʢʦʡ ʤʘʩʩʦʡ ʠ ʦʪʣʠʯʥʦʡ ʩʦʚʤʝʩʪʠʤʦʩʪʴʶ ʩ ʜʨʫʛʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ 

ʩ ʤʝʪʘʣʣʘʤʠ ʠ ʫʛʣʝʨʦʜʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ.  

ɺ ʦʪʣʠʯʠʝ ʦʪ ʤʝʪʘʣʣʦʚ ʠ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʫʛʣʝʨʦʜʘ, ʢʦʪʦʨʳʝ ʚ ʦʩʥʦʚʥʦʤ ʧʨʦʷʚʣʷʶʪ 

ʤʝʭʘʥʠʟʤ ʦʪʨʘʞʝʥʠʷ, ʇʇ ʦʙʣʘʜʘʶʪ ʫʥʠʢʘʣʴʥʳʤʠ ʵʢʨʘʥʠʨʫʶʱʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʟʘ ʩʯʝʪ ʦʙʦʠʭ 

ʤʝʭʘʥʠʟʤʦʚ ï ʦʪʨʘʞʝʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ. ʉʦʙʩʪʚʝʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʧʨʠʩʫʱʘʷ ʩʦʧʨʷʞʝʥʥʳʤ 

ʧʦʣʠʤʝʨʘʤ, ʚ ʨʘʜʠʦʯʘʩʪʦʪʥʳʭ ʠ ʉɺʏ ʜʠʘʧʘʟʦʥʘʭ (100 ʄɻʮ-20 ɻɻʮ), ʜʝʣʘʝʪ ʠʭ ʣʫʯʰʠʤ 

ʢʘʥʜʠʜʘʪʦʤ ʜʣʷ ʕʄʀ-ʵʢʨʘʥʠʨʦʚʘʥʠʷ. ʊʱʘʪʝʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʚʦʡʩʪʚ ʫʞʝ ʩʫʱʝʩʪʚʫʶʱʠʭ 

ʵʢʨʘʥʠʨʫʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʨʦʩʪʳʝ (ʦʜʠʥʦʯʥʳʝ) ʤʘʪʝʨʠʘʣʳ ʚ ʯʠʩʪʦʤ ʚʠʜʝ ʥʝ 

ʤʦʛʫʪ ʦʙʝʩʧʝʯʠʪʴ ʚʩʝ ʘʩʧʝʢʪʳ ʵʢʨʘʥʠʨʦʚʘʥʠʷ, ʩ ʫʯʝʪʦʤ ʪʨʝʙʦʚʘʥʠʡ ʧʦ ʪʦʣʱʠʥʝ, 

ʰʠʨʦʢʦʧʦʣʦʩʥʦʩʪʠ, ʤʘʩʩʦʛʘʙʘʨʠʪʥʳʤ ʧʦʢʘʟʘʪʝʣʷʤ, ʫʨʦʚʥʶ ʧʦʛʣʦʱʝʥʠʷ ʠ ʪ. ʜ., ʥʝʦʙʭʦʜʠʤʳʤ 

ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʘʠʣʫʯʰʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʧʨʠʤʝʥʝʥʠʷ ʠ ʫʩʣʦʚʠʷʭ 

ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. ʇʦʵʪʦʤʫ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ ʧʨʝʜʧʨʠʥʠʤʘʝʪʩʷ ʤʥʦʛʦ ʫʩʠʣʠʡ ʧʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ ʇʇ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʨʘʟʣʠʯʥʳʤʠ ʜʦʙʘʚʢʘʤʠ, ʢʦʤʧʦʟʠʪʘʤʠ, 

ʩʤʝʩʷʤʠ ʠ ʪ. ʜ. ʂʦʤʧʦʟʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʩʦʜʝʨʞʘʱʠʝ ʇʇ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʨʠʮʳ (ʭʦʟʷʠʥ) ʩ 

ʦʨʛʘʥʠʯʝʩʢʠʤ ʠʣʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʤ ʥʘʧʦʣʥʠʪʝʣʝʤ (ʛʦʩʪʴ) ʠʣʠ ʇʇ (ʚ ʢʘʯʝʩʪʚʝ ʛʦʩʪʷ) ʚ 
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ʠʟʦʣʠʨʫʶʱʝʡ ʤʘʪʨʠʮʝ-ʭʦʟʷʠʥʝ, ʠʤʝʶʪ ʤʥʦʞʝʩʪʚʦ ʪʝʭʥʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ. ɺ ʧʦʩʣʝʜʥʝʝ 

ʚʨʝʤʷ ʥʘʥʦʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʧʨʦʚʦʜʷʱʠʭ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʧʨʠʦʙʨʝʪʘʶʪ ʚʩʝ 

ʙʦʣʴʰʫʶ ʧʦʧʫʣʷʨʥʦʩʪʴ ʙʣʘʛʦʜʘʨʷ ʧʨʦʩʪʦʪʝ ʫʧʨʘʚʣʝʥʠʷ ʠʭ ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʠ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʚ ʪʦʤ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʵʢʨʘʥʠʨʦʚʘʥʠʷ [122,127ï131]. ʕʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ (ů) ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʦʣʞʥʘ 

ʧʨʝʚʳʰʘʪʴ 10-2 ʉʤ/ʤ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʮʝʣʷʭ ʕʄ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʠ ʦʪ 10-3 ʜʦ 10-7 ʉʤ/ʤ ʜʣʷ 

ʧʨʠʤʝʥʝʥʠʡ ʫʩʪʨʦʡʩʪʚʘʭ ʚ ʢʘʯʝʩʪʚʝ ʠʟʦʣʠʨʫʶʱʝʛʦ ʤʘʪʝʨʠʘʣʘ (ʥʘʧʨʠʤʝʨ, ʢʦʥʜʝʥʩʘʪʦʨʘʭ, 

ʘʢʢʫʤʫʣʷʪʦʨʘʭ, ʫʩʪʨʦʡʩʪʚʘʭ ʩʙʦʨʘ ʠ ʥʘʢʦʧʣʝʥʠʷ ʵʥʝʨʛʠʠ ʠ ʪ.ʧ.) [9]. 

1.10 ɻʝʢʩʘʬʝʨʨʠʪ rʠ ʢʦʤʧʦʟʠʪʳ ʥʘ ʠʭ ʦʩʥʦʚʝ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʘʥʪʝʥʥʦʡ ʪʝʭʥʠʢʝ 

ɸʥʪʝʥʥʘ ʷʚʣʷʝʪʩʷ ʥʝʟʘʤʝʥʠʤʳʤ ʫʩʪʨʦʡʩʪʚʦʤ ʚ ʦʙʦʨʫʜʦʚʘʥʠʠ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʤ ʜʣʷ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʨʘʜʠʦʯʘʩʪʦʪʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʚ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʚʦʣʥʳ, ʠ 

ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʝʨʝʜʘʯʠ ʠ ʧʨʠʝʤʘ ʩʠʛʥʘʣʦʚ ʚ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤʘʭ 

ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʚʷʟʠ [132]. ʉʦʚʨʝʤʝʥʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ʠ ʩʠʩʪʝʤʳ ʤʦʙʠʣʴʥʦʡ ʩʚʷʟʠ 

ʚʩʝ ʯʘʱʝ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʨʘʜʠʦʚʝʱʘʥʠʠ (AM/FM), ʩʧʫʪʥʠʢʦʚʦʡ ʠ ʩʦʪʦʚʦʡ ʩʚʷʟʠ, 

ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʠʩʪʝʤʘʭ ʠ ʪ. ʜ.  

ʈʘʟʥʦʦʙʨʘʟʠʝ ʦʙʣʘʩʪʝʡ, ʪʨʝʙʫʶʱʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʬʝʨʨʠʪʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʘʥʪʝʥʥʳʭ 

ʩʠʩʪʝʤʘʭ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʯʘʩʪʦʪʥʳʭ ʜʠʘʧʘʟʦʥʘʭ, ʦʪʨʘʞʝʥʦ ʚ ʪʘʙʣʠʮʝ 1.1. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʥʘ ʨʠʩʫʥʢʝ 1.7 ʧʨʠʚʝʜʝʥʘ ʠʣʣʶʩʪʨʘʮʠʷ ʧʨʠʤʝʥʝʥʠʷ ʘʥʪʝʥʥ ʚ ʩʝʪʷʭ ʩʧʫʪʥʠʢʦʚʦʡ 

ʩʚʷʟʠ. ɼʨʫʛʠʤ ʙʳʩʪʨʦʨʘʩʪʫʱʠʤ ʠ ʸʤʢʠʤ ʨʳʥʢʦʤ ʷʚʣʷʝʪʩʷ ʩʬʝʨʘ ʤʦʙʠʣʴʥʳʭ ʤʫʣʴʪʠʤʝʜʠʡʥʳʭ 

ʧʨʠʣʦʞʝʥʠʡ. ʇʨʠ ʵʪʦʤ ʚʦ ʚʩʝʭ ʤʦʙʠʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚʩʪʨʦʝʥʥʳʝ 

ʨʘʜʠʦʯʘʩʪʦʪʥʳʝ ʘʥʪʝʥʥʳ.  
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ʈʠʩʫʥʦʢ 1.7 ï ɼʠʘʧʘʟʦʥʳ ʨʘʙʦʯʠʭ ʯʘʩʪʦʪ ʘʥʪʝʥʥ ʩʧʫʪʥʠʢʦʚʦʡ ʩʚʷʟʠ, ʧʨʠʤʝʥʷʝʤʳʭ ʚ 

ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ [133] 
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ʊʘʙʣʠʮʘ 1.1 ï ʏʘʩʪʦʪʥʳʝ ʜʠʘʧʘʟʦʥʳ ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ ʙʝʩʧʨʦʚʦʜʥʦʡ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʦʡ 

ʩʚʷʟʠ 

ʏʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ ʆʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ 
ʇʦʣʦʩʘ ʯʘʩʪʦʪ 

(ʄɻʮ) 

ʋʣʴʪʨʘʢʦʨʦʪʢʠʝ ʚʦʣʥʳ (ʋʂɺ), ʠʣʠ 

ʦʯʝʥʴ ʚʳʩʦʢʘʷ ʯʘʩʪʦʪʘ (ʆɺʏ), VHF 

ʋʂɺ-ʨʘʜʠʦʚʝʱʘʥʠʝ 

(FM, ʯʘʩʪʦʪʥʘʷ ʤʦʜʫʣʷʮʠʷ) 
87,5ï108 

ʋʂɺ ʠ ʉɺʏ, VHF+UHF 
ɽʚʨʦʧʝʡʩʢʠʡ ʩʪʘʥʜʘʨʪ ʥʘʟʝʤʥʦʛʦ 

ʮʠʬʨʦʚʦʛʦ ʪʝʣʝʚʠʜʝʥʠʷ 
110ï270 

ʉɺʏ, UHF GSM 850 350ï870 

L PCS 1900 824ï894 

ʉɺʏ, L + S 

LTE ʠʣʠ 4G LTE (long-term evolution, 

ʜʦʣʛʦʚʨʝʤʝʥʥʦʝ ʨʘʟʚʠʪʠʝ ʩʝʪʝʡ 

ʩʚʷʟʠ) ï ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʡ 

ʩʪʘʥʜʘʨʪ ʙʝʩʧʨʦʚʦʜʥʦʡ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ 

ʜʣʷ ʤʦʙʠʣʴʥʳʭ ʪʝʣʝʬʦʥʦʚ ʠ ʜʨʫʛʠʭ 

ʪʝʨʤʠʥʘʣʦʚ 

704ï746 

746ï787 

1710ï1880 

1710ï2155 

1920ï2170 

L, S, C 

 

K, Ka, V, W 

5G (fifth generation) ï ʩʪʘʥʜʘʨʪ 

ʧʷʪʦʛʦ ʧʦʢʦʣʝʥʠʷ ʤʦʙʠʣʴʥʦʡ ʩʚʷʟʠ ʠ 

ʩʪʘʥʜʘʨʪʦʚ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʡ, 

ʩʣʝʜʫʶʱʠʭ ʟʘ 4G 

600-6000 

(FR1), 

24000-100000 

(FR2) 

L 
GPS (global position system, 

ʩʧʫʪʥʠʢʦʚʘʷ ʥʘʚʠʛʘʮʠʦʥʥʘʷ ʩʠʩʪʝʤʘ) 
1574ï1576 

S ʉʧʫʪʥʠʢʦʚʦʝ ʨʘʜʠʦ(ʚʝʱʘʥʠʝ) 2332,5ï2345 

S, C 

WLAN (wireless local area network) ï 

ʙʝʩʧʨʦʚʦʜʥʘʷ ʣʦʢʘʣʴʥʘʷ ʩʝʪʴ (ɹʃʉ, 

ɹʃɺʉ), ʥʘʧʨʠʤʝʨ, ʪʝʭʥʦʣʦʛʠʷ Wi-Fi 

2400ï2483 

5150ï5250 

C 

DSRC (dedicated short-range 

communication) ï ʚʳʜʝʣʝʥʥʘʷ ʩʚʷʟʴ 

ʙʣʠʞʥʝʛʦ ʜʝʡʩʪʚʠʷ 

5850ï5925 
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ʌʝʨʨʠʪʦʚʳʝ ʘʥʪʝʥʥʳ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʙʦʣʴʰʦʡ ʧʦʪʝʥʮʠʘʣ ʧʨʠʤʝʥʝʥʠʷ ʚ 

ʤʠʥʠʘʪʶʨʥʳʭ ʠ ʰʠʨʦʢʦʧʦʣʦʩʥʳʭ ʘʥʪʝʥʥʳʭ ʩʠʩʪʝʤʘʭ [134ï136], ʧʦʩʢʦʣʴʢʫ ʜʣʠʥʘ ɚ ʧʘʜʘʶʱʝʡ 

ʚʦʣʥʳ ʚ ʬʝʨʨʠʪʝ ʫʤʝʥʴʰʘʝʪʩʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ɚo ʚ ʩʚʦʙʦʜʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ: 

ʇ ȟ ȟ                                                                            (1.6) 

ʘ ʩʘʤ ʬʝʨʨʠʪ ʦʙʣʘʜʘʝʪ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʤʘʛʥʠʪʥʦʡ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ. 

ʂʨʦʤʝ ʪʦʛʦ, ʧʦʣʦʩʘ ʧʨʦʧʫʩʢʘʥʠʷ ʬʝʨʨʠʪʦʚʦʡ ʘʥʪʝʥʥʳ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ. ɹʣʘʛʦʜʘʨʷ ʵʪʦʤʫ ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʫʤʝʥʴʰʝʥʠʷ ʨʘʟʤʝʨʘ ʘʥʪʝʥʥʳ ʠ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ. ʀʥʳʤʠ ʩʣʦʚʘʤʠ, ʢʦʤʧʘʢʪʥʘʷ ʘʥʪʝʥʥʘ ʥʘ ʦʩʥʦʚʝ 

ʛʝʢʩʘʬʝʨʨʠʪʘ ʠʤʝʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʙʦʪʘʪʴ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʟʘ ʩʯʝʪ ʧʦʜʭʦʜʷʱʝʡ 

ʜʠʩʧʝʨʩʠʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʧʦʟʚʦʣʷʶʱʝʡ ʧʦʜʜʝʨʞʠʚʘʪʴ ʜʣʠʥʫ ʕʄɺ ʚ ʘʥʪʝʥʥʝ ʥʘ 

ʧʨʠʝʤʣʝʤʦʤ ʫʨʦʚʥʝ. ɾʝʣʘʪʝʣʴʥʦ ʪʘʢʞʝ ʩʥʠʞʘʪʴ ʤʘʛʥʠʪʥʳʝ ʧʦʪʝʨʠ, ʧʦʪʦʤʫ ʯʪʦ ʦʥʠ ʫʭʫʜʰʘʶʪ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʘʥʪʝʥʥʳ. [137,138]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʩʦʢʘʷ ʦʪʥʦʩʠʪʝʣʴʥʘʷ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ ɛr ʠ ʥʠʟʢʠʝ ʤʘʛʥʠʪʥʳʝ ʧʦʪʝʨʠ (tanŭM = ɛ̀̀ /ɛ̀) ʷʚʣʷʶʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ ʫʩʣʦʚʠʝʤ 

ʜʦʩʪʠʞʝʥʠʷ ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ ʠ ʚʳʩʦʢʦʛʦ ʟʥʘʯʝʥʠʷ ʢ.ʧ.ʜ. ʘʥʪʝʥʥ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʩʠʩʪʝʤʘʭ 

ʤʦʙʠʣʴʥʦʡ ʩʚʷʟʠ. ʇʨʝʜʧʨʠʥʠʤʘʶʪʩʷ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʫʩʠʣʠʷ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʨʘʜʠʦʯʘʩʪʦʪʥʳʭ 

ʬʝʨʨʠʪʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʥʠʟʢʠʤ ʫʨʦʚʥʝʤ ʧʦʪʝʨʴ [139ï143]. 

ɼʣʷ ʩʠʥʪʝʟʘ ʬʝʨʨʠʪʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʝʪʦʜʳ ʭʠʤʠʯʝʩʢʦʡ ʠ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ, ʚ 

ʪʦʤ ʯʠʩʣʝ ʧʨʦʮʝʩʩʳ ʪʚʝʨʜʦʬʘʟʥʳʭ ʨʝʘʢʮʠʡ, coʦʩʘʞʜʝʥʠʷ, ʟʦʣʴ-ʛʝʣʴ, ʮʠʪʨʘʪʥʳʡ ʩʧʦʩʦʙ ʠ ʪ. ʧ. 

ɺ ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʘʭ [142] ʠʩʭʦʜʥʳʝ ʨʝʘʛʝʥʪʳ ʚʟʚʝʰʠʚʘʶʪ ʚ ʪʨʝʙʫʝʤʦʤ ʤʦʣʷʨʥʦʤ 

ʩʦʦʪʥʦʰʝʥʠʠ ʠ ʪʱʘʪʝʣʴʥʦ ʨʘʩʪʚʦʨʷʶʪ. ʇʨʠʛʦʪʦʚʣʝʥʥʳʡ ʨʘʩʪʚʦʨ ʥʘʛʨʝʚʘʶʪ ʠ ʚʳʧʘʨʠʚʘʶʪ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʦʙʨʘʟʫʝʪʩʷ ʤʘʪʝʨʠʘʣ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢ (ʧʨʝʢʫʨʩʦʨ). ɿʘʪʝʤ ʝʛʦ ʧʦʜʚʝʨʛʘʶʪ 

ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʣʷ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʬʘʟʳ ʬʝʨʨʠʪʘ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʚ ʧʨʦʮʝʩʩʝ ʧʦʣʫʯʝʥʠʷ ʬʝʨʨʠʪʦʚ ʢʝʨʘʤʠʯʝʩʢʠʤ 

ʩʧʦʩʦʙʦʤ [140,141] ʠʩʭʦʜʥʳʝ ʦʢʩʠʜʳ ʠ/ʠʣʠ ʢʘʨʙʦʥʘʪʳ ʤʝʪʘʣʣʦʚ ʩʤʝʰʠʚʘʶʪ ʚ hʘʨʦʚʦʡ 

ʤʝʣʴʥʠʮʝ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʦʡ ʩʤʝʩʠ. ʂʘʞʜʳʡ ʠʟ ʧʨʦʮʝʩʩʦʚ ʠʤʝʝʪ ʩʚʦʠ 

ʦʩʦʙʝʥʥʦʩʪʠ ʠ ʧʦ-ʨʘʟʥʦʤʫ ʚʣʠʷʝʪ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ. ʊʘʢ, ʤʥʦʛʠʝ 

ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʝ ʠ ʤʘʛʥʠʪʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘʚʠʩʷʪ ʦʪ ʨʘʟʤʝʨʘ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ, ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʬʝʨʨʠʪʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʥʘ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʠʣʴʥʦ ʚʣʠʷʝʪ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ, ʨʘʟʤʝʨ ʟʝʨʥʘ ʠ 

ʧʣʦʪʥʦʩʪʴ ʩʧʝʯʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ [144]. ʋʤʝʥʴʰʝʥʠʶ ʧʦʪʝʨʴ ʚ ʬʝʨʨʠʪʘʭ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʩʥʠʞʝʥʠʝ ʨʘʟʤʝʨʘ ʟʝʨʝʥ ʠ ʚʳʩʦʢʘʷ ʧʣʦʪʥʦʩʪʴ, ʯʪʦ ʦʙʳʯʥʦ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʝʪ ʦʧʪʠʤʠʟʘʮʠʠ 

ʧʨʦʮʝʩʩʦʚ ʧʦʤʦʣʘ ʠ ʩʧʝʢʘʥʠʷ. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʩʦʩʪʘʚʘ BaFe9.6Co1.2Ti1.2O19 
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ʢʝʨʘʤʠʯʝʩʢʠʤ ʩʧʦʩʦʙʦʤ ʛʝʢʩʘʬʝʨʨʠʪʦʚʳʡ ʧʦʨʦʰʦʢ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʝʨʝʜ 

ʧʨʦʮʝʩʩʦʤ ʩʧʝʢʘʥʠʷ ʙʳʣ ʧʦʜʚʝʨʛʥʫʪ ʚʠʙʨʦʧʦʤʦʣʫ [145]. ɺ ʧʨʦʮʝʩʩʝ ʚʩʪʨʷʭʠʚʘʥʠʷ ʨʘʟʤʝʨ 

ʯʘʩʪʠʮ ʬʝʨʨʠʪʘ ʫʤʝʥʴʰʘʝʪʩʷ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʧʦʣʫʯʠʪʴ ʤʝʣʢʦʟʝʨʥʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʚʳʩʦʢʫʶ 

ʧʣʦʪʥʦʩʪʴ ʩʧʝʯʝʥʥʳʭ ʠʟʜʝʣʠʡ. ʉ ʧʦʤʦʱʴʶ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʤʦʞʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʨʦʩʪ 

ʟʝʨʝʥ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʫʧʨʘʚʣʷʪʴ ʠʭ ʨʘʟʤʝʨʦʤ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ ʬʝʨʨʠʪʘ. ʂʨʦʤʝ ʪʦʛʦ, 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ 

ʤʘʛʥʠʪʥʳʭ ʧʦʪʝʨʴ ʦʪ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʙʦʣʝʝ ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʧʝʢʘʥʠʷ 

ʧʨʠʚʦʜʠʪ ʠ ʢ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʟʥʘʯʝʥʠʷʤ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʪ.ʢ. 

ʦʥʘ ʩʧʦʩʦʙʩʪʚʫʝʪ ʨʦʩʪʫ ʟʝʨʝʥ ʬʝʨʨʠʪʘ ʠ ʫʚʝʣʠʯʠʚʘʝʪ ʠʭ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ. ʂʨʦʤʝ ʪʦʛʦ, ʦʪʤʝʯʝʥʦ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʧʦʪʝʨʴ ʚ ʛʝʢʩʘʬʝʨʨʠʪʝ ʧʦʩʣʝ 8-ʯʘʩʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʧʦʨʦʰʢʘ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʜʦʩʪʠʛʥʫʪʳʤʠ ʧʦʩʣʝ 1,5-ʯʘʩʦʚʦʡ ʦʙʨʘʙʦʪʢʠ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ 

ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʩʧʝʯʝʥʥʳʭ ʬʝʨʨʠʪʦʚ ʠ ʥʝʙʦʣʴʰʠʤʠ ʨʘʟʤʝʨʘʤʠ ʟʝʨʥʘ ʚ ʥʠʭ. ɸʥʪʝʥʥʘ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʧʠʨʘʣʴʥʫʶ ʦʙʤʦʪʢʫ ʥʘ ʧʦʜʣʦʞʢʝ ʛʝʢʩʘʬʝʨʨʠʪʘ ʠ ʩʦʝʜʠʥʝʥʘ ʩ 

ʧʦʣʫʞʝʩʪʢʠʤ ʢʦʘʢʩʠʘʣʴʥʳʤ ʢʘʙʝʣʝʤ 50 ʆʤ . ʂ.ʧ.ʜ. ʠʟʣʫʯʝʥʠʷ ʘʥʪʝʥʥʳ ʙʳʣ ʧʦʣʫʯʝʥ ʧʫʪʝʤ 

ʠʟʤʝʨʝʥʠʷ ʢʦʤʧʣʝʢʩʥʦʛʦ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ (S11) ʩ ʘʥʪʝʥʥʳʤ ʢʦʣʧʘʯʢʦʤ 

(ʦʙʪʝʢʘʪʝʣʝʤ) ʠ ʙʝʟ ʦʥʦʛʦ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ 

ʠʛʨʘʝʪ ʨʝʰʘʶʱʫʶ ʨʦʣʴ ʚ ʩʥʠʞʝʥʠʠ ʯʘʩʪʦʪʳ ʨʝʟʦʥʘʥʩʘ ʘʥʪʝʥʥʳ fr.  

ʌʝʨʨʠʪʦʚʳʝ ʘʥʪʝʥʥʳ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʤʦʙʠʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ, ʠʩʧʦʣʴʟʫʶʱʠʭ:  

- ʩʪʘʥʜʘʨʪ ʮʠʬʨʦʚʦʛʦ ʪʝʣʝʚʠʟʠʦʥʥʦʛʦ ʚʝʱʘʥʠʷ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʡ ʜʣʷ ʪʨʘʥʩʣʷʮʠʠ 

ʮʠʬʨʦʚʦʛʦ ʚʠʜʝʦ ʥʘ ʤʦʙʠʣʴʥʳʝ ʪʝʨʤʠʥʘʣʳ (TDMB) [146,147],  

- ʮʠʬʨʦʚʦʝ ʪʝʣʝʚʠʟʠʦʥʥʦʝ ʚʝʱʘʥʠʝ ʚ ʧʦʨʪʘʪʠʚʥʦʤ ʠʩʧʦʣʥʝʥʠʠ (DVB-H) [148],  

- ʩʪʘʥʜʘʨʪ ʙʝʩʧʨʦʚʦʜʥʦʡ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʜʣʷ ʤʦʙʠʣʴʥʳʭ ʪʝʣʝʬʦʥʦʚ ʠ 

ʜʨʫʛʠʭ ʪʝʨʤʠʥʘʣʦʚ (LTE) [149],  

- ʛʣʦʙʘʣʴʥʘʷ ʩʠʩʪʝʤʘ ʩʧʫʪʥʠʢʦʚʦʛʦ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ (ʩʧʫʪʥʠʢʦʚʘʷ ʥʘʚʠʛʘʮʠʦʥʥʘʷ 

ʩʠʩʪʝʤʘ GPS) [135],  

- ʙʝʩʧʨʦʚʦʜʥʳʝ ʣʦʢʘʣʴʥʳʝ ʩʝʪʠ (WLAN).  

ʂʨʦʤʝ ʪʦʛʦ, ʬʝʨʨʠʪʦʚʳʝ ʘʥʪʝʥʥʳ ʠʤʝʶʪ ʙʦʣʴʰʦʡ ʧʦʪʝʥʮʠʘʣ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ 

ʛʨʘʞʜʘʥʩʢʠʭ ʠ ʚʦʝʥʥʳʭ ʦʪʨʘʩʣʷʭ [150,151], ʚʢʣʶʯʘʷ ʙʝʩʧʠʣʦʪʥʳʝ ʣʝʪʘʪʝʣʴʥʳʝ ʘʧʧʘʨʘʪʳ 

(ɹʇʃɸ), ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʚʦʟʜʫʰʥʳʤ ʜʚʠʞʝʥʠʝʤ (ʋɺɼ) ʠ ʘʚʪʦʤʦʙʠʣʴʥʳʝ ʩʠʩʪʝʤʳ ʩʚʷʟʠ. 

ʅʘʧʨʠʤʝʨ, ʘʥʪʝʥʥʳ ʥʘ ʦʩʥʦʚʝ ʛʝʢʩʘʬʝʨʨʠʪʘ Co2Z (Co2Ba3Fe24O41) ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʥʘʟʝʤʥʦʤ 

ʮʠʬʨʦʚʦʤ ʤʫʣʴʪʠʤʝʜʠʡʥʦʤ ʚʝʱʘʥʠʠ (TDMB) ʚ ʧʦʣʦʩʝ ʯʘʩʪʦʪ 174-216 ʄɻʮ. ʊ.ʢ. ʜʣʠʥʘ ʚʦʣʥʳ 

ʥʘ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʦʪʝ 195 ʄɻʮ ʩʦʩʪʘʚʣʷʝʪ 153 ʩʤ, ʘ ʯʝʪʚʝʨʪʴ ʜʣʠʥʳ ʚʦʣʥʳ ï 38 ʩʤ, ʪʦ ʘʥʪʝʥʥʘ 

ʚ ʦʙʳʯʥʦʤ ʠʩʧʦʣʥʝʥʠʠ ʙʳʣʘ ʙʳ ʩʣʠʰʢʦʤ ʚʝʣʠʢʘ, ʯʪʦʙʳ ʙʳʪʴ ʚʩʪʨʦʝʥʥʦʡ ʚ ʤʦʙʠʣʴʥʳʝ 
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ʫʩʪʨʦʡʩʪʚʘ. ʇʦʵʪʦʤʫ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʨʘʟʤʝʨʘ ʘʥʪʝʥʥʳ ʚ ʢʘʯʝʩʪʚʝ ʘʥʪʝʥʥʦʡ ʧʦʜʣʦʞʢʠ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ Co2Z ʛʝʢʩʘʬʝʨʨʠʪ, ʠʤʝʶʱʠʡ ʟʥʘʯʝʥʠʷ ɛr = 8,4 ʠ tanɛM = 0,074.  

ɿʥʘʯʠʪʝʣʴʥʳʝ ʫʩʠʣʠʷ ʧʨʝʜʧʨʠʥʠʤʘʶʪʩʷ ʨʘʟʨʘʙʦʪʯʠʢʘʤʠ ʩ ʮʝʣʴʶ ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʫʩʪʨʦʡʩʪʚ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʠʥʪʝʛʨʘʮʠʠ ʠ ʢʦʨʧʫʩʠʨʦʚʘʥʠʠ 

ʤʠʢʨʦʵʣʝʢʪʨʦʥʥʳʭ ʩʭʝʤ [152,153]. ʊʘʢ, ʚʩʪʨʘʠʚʘʥʠʝ ʘʥʪʝʥʥ ʚ ʧʠʣʦʪʠʨʫʝʤʳʝ ʣʝʪʘʪʝʣʴʥʳʝ 

ʘʧʧʘʨʘʪʳ ʚʩʪʫʧʘʝʪ ʚ ʧʨʦʪʠʚʦʨʝʯʠʝ ʩ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʠʭ ʢʦʥʩʪʨʫʢʮʠʡ, ʠ ʩ 

ʥʘʩʪʫʧʣʝʥʠʝʤ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʵʨʳ ʙʝʩʧʠʣʦʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ (ɹʇʃɸ) ʠʥʪʝʨʝʩ ʢ 

ʧʨʝʦʜʦʣʝʥʠʶ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʚʳʨʦʩ ʤʥʦʛʦʢʨʘʪʥʦ [154ï156]. ʂʘʥʘʣ ʩʚʷʟʠ ʠ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʩ 

ɹʇʃɸ ʠʩʧʦʣʴʟʫʝʪ ʯʘʩʪʦʪʳ ʦʪ 3 ʄɻʮ ʜʦ 18 ɻɻʮ, ʧʨʦʩʪʠʨʘʷʩʴ ʦʪ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪ (ɺʏ) ʜʦ Ku 

ʜʠʘʧʘʟʦʥʘ [154]. ʀʥʪʝʛʨʘʮʠʷ ʘʥʪʝʥʥ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʦʚ ɹʇʃɸ, ʯʪʦ ʷʚʣʷʝʪʩʷ 

ʩʫʱʝʩʪʚʝʥʥʳʤ ʜʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʜʠʘʧʘʟʦʥʦʚ, ʪʘʢʠʭ ʢʘʢ ɺʏ ʠ ʦʯʝʥʴ ʚʳʩʦʢʠʭ 

ʯʘʩʪʦʪ (ʆɺʏ), ʠʟ-ʟʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʜʣʠʥʳ ʚʦʣʥʳ. ɼʣʷ ʚʩʪʨʘʠʚʘʥʠʷ ʘʥʪʝʥʥ ʚ ʵʣʝʢʪʨʦʥʥʳʝ 

ʫʩʪʨʦʡʩʪʚʘ ʩ ʦʛʨʘʥʠʯʝʥʥʳʤ ʧʨʦʩʪʨʘʥʩʪʚʦʤ ʚ ʢʘʯʝʩʪʚʝ ʘʥʪʝʥʥʳʭ ʧʦʜʣʦʞʝʢ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʤʘʪʝʨʠʘʣʳ ʩ ʚʳʩʦʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ ʠ ʥʠʟʢʠʤʠ ʧʦʪʝʨʷʤʠ [153]. ʕʪʦʪ 

ʧʦʜʭʦʜ ʙʳʣ ʧʨʠʥʷʪ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʚʳʧʫʢʣʦʡ ʥʝʩʫʱʝʡ ʢʦʥʩʪʨʫʢʮʠʠ ʘʥʪʝʥʥʳ ʜʣʷ ʣʝʪʘʪʝʣʴʥʳʭ 

ʘʧʧʘʨʘʪʦʚ, ʚʢʣʶʯʘʷ ɹʇʃɸ, ʚ ʢʦʪʦʨʳʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʠʢʨʦʚʦʣʥʦʚʳʝ ʜʠʘʧʘʟʦʥʳ ʯʘʩʪʦʪ, 

ʚʢʣʶʯʘʷ ʋʂɺ ʠ ʩʚʝʨʭʚʳʩʦʢʠʝ ʯʘʩʪʦʪʳ (ʉɺʏ), ʘ ʪʘʢʞʝ ʚ ʠʤʧʣʘʥʪʠʨʫʝʤʳʭ ʘʥʪʝʥʥʘʭ ʜʣʷ 

ʙʠʦʪʝʣʝʤʝʪʨʠʠ ʥʘ ʢʦʨʦʪʢʠʝ ʨʘʩʩʪʦʷʥʠʷ, 402ï405 ʄɻʮ [157,158]. 

ʆʜʥʘʢʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʣʠʰʴ ʯʠʩʪʦ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʜʣʦʞʝʢ ʠʤʝʝʪ ʥʝʜʦʩʪʘʪʢʠ. 

ʂʦʥʮʝʥʪʨʘʮʠʷ ʧʦʣʷ ʚʦʢʨʫʛ ʦʙʣʘʩʪʠ ʩ ʚʳʩʦʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ ʧʨʠʚʦʜʠʪ ʢ 

ʫʟʢʦʡ ʧʦʣʦʩʝ ʧʨʦʧʫʩʢʘʥʠʷ ʠ ʥʠʟʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʘʥʪʝʥʥʳ, ʘ ʪʘʢʞʝ ʢ ʥʠʟʢʦʤʫ ʟʥʘʯʝʥʠʶ 

ʚʦʣʥʦʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʩʦʛʣʘʩʦʚʘʥʠʝ ʠʤʧʝʜʘʥʩʦʚ [159]. ʇʨʝʦʜʦʣʝʪʴ ʵʪʠ 

ʪʨʫʜʥʦʩʪʠ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʘʛʥʠʪʦʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ (ʄɼ) ʤʘʪʝʨʠʘʣʦʚ ʠʣʠ 

ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʯʘʩʪʴʶ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ 

ʚʳʰʝ ʝʜʠʥʠʮʳ [159,160]. ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʤʥʦʛʠʝ ʤʘʛʥʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʬʝʨʨʠʪʳ-

ʰʧʠʥʝʣʠ ʪʠʧʘ MeFe2O4, ʠʤʝʶʪ ʯʘʩʪʦʪʫ ʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʥʠʞʝ 100 ʄɻʮ [161,162], ʫ 

ʛʝʢʩʘʬʝʨʨʠʪʦʚ ʵʪʘ ʯʘʩʪʦʪʘ ʧʨʝʚʳʰʘʝʪ ʧʨʝʜʝʣ ʉʥʫʢʘ ʜʣʷ ʠʟʦʪʨʦʧʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [161]. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʛʝʢʩʘʬʝʨʨʠʪʳ ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʪʠʧʦʚ [163] ʠ ʤʫʣʴʪʠʬʝʨʨʦʠʢʠ [164] 

ʦʙʥʘʨʫʞʠʚʘʶʪ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʠ ʩʚʷʟʘʥʥʳʝ ʩ ʥʠʤʠ ʟʥʘʯʝʥʠʷ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʧʦʛʣʦʱʝʥʠʷ 

ʠ ʧʨʦʧʫʩʢʘʥʠʷ, ʧʨʠʛʦʜʥʳʝ ʜʣʷ ʘʥʪʝʥʥʳʭ ʧʨʠʤʝʥʝʥʠʡ. ʊʘʢ, ʘʚʪʦʨʘʤʠ [159] ʙʳʣʦ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʫʩʧʝʰʥʦʝ ʧʨʠʤʝʥʝʥʠʝ ʛʝʢʩʘʬʝʨʨʠʪʦʚʦʡ ʢʝʨʘʤʠʢʠ Ba3Z (Ba3Co2Fe24O41, ʩ 

ɛr = Ңr = 16) ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʝʯʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʘʥʪʝʥʥʳ, ʨʘʙʦʪʘʶʱʝʡ ʥʘ ʯʘʩʪʦʪʝ 277 ʄɻʮ. 

ɺ [165] ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ Sr-ʟʘʤʝʱʝʥʥʳʡ Ba3Z-ʛʝʢʩʘʬʝʨʨʠʪ (Ba1.5Sr1.5Co2Fe24O41) ʚ ʚʠʜʝ 
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ʦʙʲʝʤʥʦʛʦ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʠʤʝʶʱʠʡ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʯʘʩʪʦʪʫ ʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ 

(ʦʢʦʣʦ 400 ʄɻʮ) ʠ ʙʦʣʝʝ ʥʠʟʢʠʝ ʤʘʛʥʠʪʥʳʝ ʧʦʪʝʨʠ, ʯʝʤ ʫ ʯʠʩʪʦʛʦ Ba3Z. ʆʜʥʘʢʦ ʥʝʜʦʩʪʘʪʢʦʤ 

ʦʢʩʠʜʥʳʭ ʩʪʨʫʢʪʫʨ ʷʚʣʷʝʪʩʷ ʠʭ ʫʷʟʚʠʤʦʩʪʴ ʜʣʷ ʨʘʟʨʫʰʝʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʚʦʟʜʝʡʩʪʚʠʡ, ʧʦʵʪʦʤʫ ʛʠʙʢʠʝ ʧʦʜʣʦʞʢʠ ʙʳʣʠ ʙʳ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʝʝ ʬʝʨʨʠʤʘʛʥʠʪʥʳʭ ʦʢʩʠʜʦʚ 

ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʘʥʪʝʥʥʘʭ, ʧʦʜʚʝʨʞʝʥʥʳʭ ʥʘʛʨʫʟʢʘʤ [156,166] ʠʣʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʩʠʩʪʝʤʘʭ 

ʙʝʩʢʦʥʪʘʢʪʥʦʡ/ʜʠʩʪʘʥʮʠʦʥʥʦʡ ʨʘʜʠʦʯʘʩʪʦʪʥʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ (ʈʏʀ, RFID) [167,168]. 

ɸʚʪʦʨʳ [169] ʨʘʟʨʘʙʘʪʳʚʘʣʠ ʤʘʛʥʠʪʥʳʝ ʢʦʤʧʦʟʠʪʳ, ʩʦʜʝʨʞʘʱʠʝ ʯʘʩʪʠʮʳ ʛʝʢʩʘʬʝʨʨʠʪʘ 

Ba1.5Sr1.5Z  ʚ ʛʠʙʢʦʤ ʧʦʣʠʤʝʨʝ, ʜʣʷ ʧʨʦʚʝʨʢʠ ʚʦʟʤʦʞʥʦʩʪʠ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ 

ʘʥʪʝʥʥʳʭ ʧʦʜʣʦʞʝʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʥʘ ʋʂɺ ʠʣʠ ʚ ʥʠʞʥʝʡ ʦʙʣʘʩʪʠ ʉɺʏ 

ʜʠʘʧʘʟʦʥʘ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʘʥʪʝʥʥʘʤ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʘʥʪʝʥʥʳ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʤʘʛʥʠʪʦʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʛʝʢʩʘʬʝʨʨʠʪʦʚʳʝ ʢʦʤʧʦʟʠʪʳ ʠʤʝʶʪ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʝʨʝʜ ʯʠʩʪʦ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʭ 

ʰʠʨʦʢʦʧʦʣʦʩʥʦʩʪʠ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʛʝʢʩʘʬʝʨʨʠʪʦʚʳʝ ʢʦʤʧʦʟʠʪʳ ʦʙʣʘʜʘʶʪ ʙʦʣʝʝ ʰʠʨʦʢʠʤ 

ʜʠʘʧʘʟʦʥʦʤ ʨʘʙʦʯʠʭ ʯʘʩʪʦʪ ʠ ʤʝʥʴʰʝʡ ʧʣʦʱʘʜʴʶ ʘʥʪʝʥʥʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʘʪʝʨʠʘʣʦʤ, 

ʠʩʧʦʣʴʟʫʶʱʠʤ ʚ ʩʚʦʝʤ ʩʦʩʪʘʚʝ ʪʦʣʴʢʦ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʢʦʤʧʦʥʝʥʪ. ʂʨʦʤʝ ʪʦʛʦ, ʢʘʢ 

ʦʞʠʜʘʝʪʩʷ, ʉɺʏ-ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ ʤʦʛʫʪ ʙʳʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʧʪʠʤʠʟʠʨʦʚʘʥʳ ʧʫʪʝʤ 

ʫʧʨʘʚʣʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʠ ʤʘʛʥʠʪʥʳʤʠ ʧʦʪʝʨʷʤʠ ʯʘʩʪʠʮ ʥʘʧʦʣʥʠʪʝʣʷ ʠ ʧʦʣʠʤʝʨʘ, 

ʧʦʩʢʦʣʴʢʫ ʧʦʣʠʫʨʝʪʘʥ, ʠʩʧʦʣʴʟʫʝʤʳʡ ʚ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ, ʦʙʣʘʜʘʣ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʚʳʩʦʢʠʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʧʦʣʠʤʝʨʘʤʠ ʦʙʱʝʛʦ 

ʥʘʟʥʘʯʝʥʠʷ ʠʣʠ ʦʙʳʯʥʦ ʧʨʠʤʝʥʷʝʤʳʤʠ ʧʦʣʠʤʝʨʘʤʠ ʩ ʥʠʟʢʠʤʠ ʧʦʪʝʨʷʤʠ. ɺ 

ʤʘʛʥʠʪʦʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʢʣʶʯʝʥʠʷʤʠ ʛʝʢʩʘʬʝʨʨʠʪʦʚ Z-ʪʠʧʘ ʤʦʞʝʪ ʨʘʩʰʠʨʠʪʴ 

ʦʙʣʘʩʪʴ ʧʨʦʝʢʪʥʳʭ ʨʝʰʝʥʠʡ ʚ ʦʙʣʘʩʪʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʷ ʧʣʘʥʘʨʥʳʭ ʘʥʪʝʥʥ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʠʟʫʯʝʥʠʷ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʣʠʪʝʨʘʪʫʨʳ ʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʥʘʣʠʟʘ 

ʩʦʩʪʦʷʥʠʷ ʜʝʣ ʚ ʦʙʣʘʩʪʠ ʨʘʟʨʘʙʦʪʦʢ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʛʝʢʩʘʬʝʨʨʠʪʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʢʘʯʝʩʪʚʝ 

ʧʨʝʜʤʝʪʘ ʠ ʦʙʲʝʢʪʘ ʠʟʳʩʢʘʥʠʡ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʚʳʙʨʘʣʠ ʛʝʢʩʘʬʝʨʨʠʪʳ M -ʪʠʧʘ ʩ ʨʘʟʣʠʯʥʦʡ 

ʩʪʝʧʝʥʴʶ ʠ ʚʠʜʘʤʠ ʜʠʘʤʘʛʥʠʪʥʳʭ ʟʘʤʝʱʝʥʠʡ, ʘ ʪʘʢʞʝ ʢʦʤʧʦʟʠʪʳ ʥʘ ʠʭ ʦʩʥʦʚʝ, ʦʨʠʝʥʪʠʨʫʷʩʴ 

ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʥʘ ʧʨʦʚʝʜʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ (ʕʄʀ), ʧʦʩʢʦʣʴʢʫ ʵʪʠ ʤʘʪʝʨʠʘʣʳ ʦʙʝʩʧʝʯʠʚʘʶʪ ʧʨʝʚʦʩʭʦʜʥʦʝ ʵʢʨʘʥʠʨʦʚʘʥʠʝ ʕʄʀ 

ʥʝ ʪʦʣʴʢʦ ʟʘ ʩʯʝʪ ʦʪʨʘʞʝʥʠʷ, ʥʦ ʠ ʦʙʣʘʜʘʶʪ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʧʦʛʣʦʱʝʥʠʷ ʕʄɺ. ʉʦʛʣʘʩʥʦ 

ʣʠʪʝʨʘʪʫʨʥʦʤʫ ʦʙʟʦʨʫ, ʚʦ ʤʥʦʛʠʭ ʨʘʙʦʪʘʭ ʜʦʢʘʟʘʥʦ, ʯʪʦ ʛʝʢʩʘʬʝʨʨʠʪ ʠ ʝʛʦ ʢʦʤʧʦʟʠʪʳ ʤʦʛʫʪ 

ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 8 ɻɻʮ ʜʦ 60 ɻɻʮ. ɺ 

ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʠ ʠʟʫʯʘʶʪʩʷ ʵʢʨʘʥʠʨʫʶʱʠʝ ʩʚʦʡʩʪʚʘ ʛʝʢʩʘʬʝʨʨʠʪʦʚ M -ʪʠʧʘ ʠ ʢʦʤʧʦʟʠʪʦʚ 

ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʚ ʜʠʘʧʘʟʦʥʘʭ ʯʘʩʪʦʪ L, S, C ʠ J (ʪ.ʝ. ʤʝʥʝʝ 8 ɻɻʮ) ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʡ 
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ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʷ, ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ 

ʨʘʟʣʠʯʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ, ʪʘʢʠʭ ʢʘʢ ʤʦʙʠʣʴʥʳʝ ʪʝʣʝʬʦʥʳ, ʙʝʩʧʨʦʚʦʜʥʳʝ ʩʝʪʠ, ʨʘʜʘʨʳ, LAN, 

GPS, Wi-Fi, Bluetooth, ʙʝʩʧʨʦʚʦʜʥʳʝ ʪʝʣʝʬʦʥʳ, ʪʝʣʝʚʠʜʝʥʠʝ, ʩʧʫʪʥʠʢʦʚʘʷ ʩʚʷʟʴ ʠ ʪ.ʧ. 
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ɻʃɸɺɸ 2. ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸ 

 

2.1 ʇʦʣʫʯʝʥʠʝ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ 

2.1.1 ʆʙʱʠʝ ʧʨʠʥʮʠʧʳ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʬʝʨʨʠʪʦʚ  

ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʠʟʚʝʩʪʥʦ ʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʥʦʞʝʩʪʚʦ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʛʝʢʩʘʬʝʨʨʠʪʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʩʪʘʥʜʘʨʪʥʳʡ ʢʝʨʘʤʠʯʝʩʢʠʡ ʤʝʪʦʜ, ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜ, 

ʤʝʪʦʜʳ ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ 

ʠ ʪ.ʜ. ʍʦʪʷ ʜʦ ʩʠʭ ʧʦʨ ʫʩʣʦʚʠʷ ʠ ʭʦʜ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʡ ʩʠʥʪʝʟʘ ʜʦʩʪʘʪʦʯʥʦ ʥʝ ʠʟʫʯʝʥʳ ʠ ʥʝ 

ʧʦʣʫʯʠʣʠ ʘʜʝʢʚʘʪʥʦʛʦ ʦʧʠʩʘʥʠʷ, ʤʥʦʛʠʝ ʤʝʪʦʜʳ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʠ ʧʨʦʤʳʰʣʝʥʥʦʤ 

ʠʟʛʦʪʦʚʣʝʥʠʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʝʨʨʠʪʦʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣ ʢʝʨʘʤʠʯʝʩʢʠʡ ʤʝʪʦʜ, ʜʘʶʱʠʡ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʠʟʚʦʜʠʪʴ ʠʟʜʝʣʠʷ ʚ 

ʤʘʩʩʦʚʳʭ ʤʘʩʰʪʘʙʘʭ ʠ ʦʙʣʘʜʘʶʱʠʡ ʧʨʠ ʵʪʦʤ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʜʝʰʝʚʠʟʥʦʡ.  

ʂʣʘʩʩʠʯʝʩʢʘʷ ʢʝʨʘʤʠʯʝʩʢʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʦʣʫʯʝʥʠʷ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʬʝʨʨʠʪʦʚ ʩʦʩʪʦʠʪ ʠʟ 

ʨʷʜʘ ʵʪʘʧʦʚ. ʇʝʨʚʳʡ ʵʪʘʧ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʠ ʠʟʤʝʣʴʯʝʥʠʝ ʠʩʭʦʜʥʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʚʦ ʚʣʘʞʥʦʤ ʩʦʩʪʦʷʥʠʠ ʩ ʧʦʤʦʱʴʶ ʩʪʘʣʴʥʦʡ ʰʘʨʦʚʦʡ ʚʠʙʨʘʮʠʦʥʥʦʡ ʤʝʣʴʥʠʮʳ 

ʜʦ ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʨʦʜʥʦʡ ʩʤʝʩʠ (ʰʠʭʪʳ). ʇʦʩʣʝ ʝʝ ʚʳʩʫʰʠʚʘʥʠʷ ʩʦʙʩʪʚʝʥʥʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʨʝʘʢʮʠʷ ʩʠʥʪʝʟʘ ʬʝʨʨʠʪʘ (ʩʧʝʢʘʥʠʝ), ʢʦʪʦʨʫʶ ʦʙʳʯʥʦ ʧʨʦʚʦʜʷʪ ʚ ʜʚʘ ʵʪʘʧʘ: ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʡ 

ʦʙʞʠʛ (pre-sintering), ʧʨʠ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʪʚʝʨʜʦʬʘʟʥʘʷ ʨʝʘʢʮʠʷ ʢʦʤʧʦʥʝʥʪʦʚ, ʠ ʙʦʣʴʰʘʷ 

ʯʘʩʪʴ ʩʳʨʴʷ ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʬʘʟʫ ʬʝʨʨʠʪʘ, ʘ ʟʘʪʝʤ ʧʦʚʪʦʨʥʘʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʦʙʨʘʙʦʪʢʘ. 

ʇʦʵʪʦʤʫ ʩʥʘʯʘʣʘ ʧʦʨʦʰʦʢ ʚʳʩʫʰʝʥʥʦʡ ʰʠʭʪʳ ʩʧʨʝʩʩʦʚʳʚʘʝʪʩʷ ʠ ʧʦʜʚʝʨʛʘʝʪʩʷ ʧʝʨʚʠʯʥʦʤʫ 

ʦʙʞʠʛʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ~1000 ÁC ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʬʝʨʨʠʪʠʟʘʮʠʠ. ɼʘʣʝʝ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʛʦʤʦʛʝʥʥʦʩʪʠ ʦʙʨʘʟʮʘ ʧʦʨʦʰʦʢ ʩʥʦʚʘ 

ʠʟʤʝʣʴʯʘʶʪ, ʜʦʙʘʚʣʷʶʪ ʚ ʥʝʛʦ ʩʚʷʟʫʶʱʝʝ ʚʝʱʝʩʪʚʦ, ʚʥʦʚʴ ʧʝʨʝʤʝʰʠʚʘʶʪ ʠ ʟʘʛʨʫʞʘʶʪ ʚ 

ʧʨʝʩʩ-ʬʦʨʤʫ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʨʝʩʩ-ʟʘʛʦʪʦʚʦʢ ʟʘʜʘʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ. ʆʢʦʥʯʘʪʝʣʴʥʳʡ ʧʨʦʮʝʩʩ 

ʩʧʝʢʘʥʠʷ ʧʨʦʚʦʜʠʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1200ï1400 ÁC. ʂʨʦʤʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʚʘʞʥʫʶ 

ʨʦʣʴ ʠʛʨʘʝʪ ʘʪʤʦʩʬʝʨʘ ʛʘʟʘ ʚ ʧʝʯʠ, ʚʣʠʷʶʱʘʷ ʥʘ ʩʢʦʨʦʩʪʴ ʧʨʦʪʝʢʘʥʠʷ ʧʨʦʮʝʩʩʦʚ, ʩʪʝʧʝʥʴ 

ʦʢʠʩʣʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ, ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʘ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʘʝʤʳʭ ʦʙʨʘʟʮʦʚ 

ʬʝʨʨʠʪʦʚ. 
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2.1.2. ʇʦʣʫʯʝʥʠʝ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ ʩ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʴʶ ʟʘʤʝʱʝʥʠʷ ʞʝʣʝʟʘ 

ʆʙʨʘʟʮʳ ʛʝʢʩʘʬʝʨʨʠʪʦʚʦʡ ʢʝʨʘʤʠʢʠ ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʘʚʦʚ (BaFe12-xAl xO19,                   

BaFe12-xSnxO19, ʠ BaFe12-xZrxO19) ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠʟ ʚʳʩʦʢʦʯʠʩʪʦʛʦ ʩʳʨʴʷ (BaCO3, Fe2O3, Al2O3, 

SnO2, ʠ ZrO2) ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ, ʧʨʦʪʝʢʘʶʱʝʛʦ ʩʦʛʣʘʩʥʦ ʩʣʝʜʫʶʱʠʤ 

ʭʠʤʠʯʝʩʢʠʤ ʨʝʘʢʮʠʷʤ: 

"Á#/ φ Ø
ς &Å/

Ø
ς !Ì/ ᴼ"Á&Å !Ì/ #/  ᴻ                            (2.1) 

"Á#/  &Å/ Ø 3Î/ ᴼ"Á&Å 3Î/ #/ᴻ ὕ ᴻ                       (2.2) 

"Á#/  &Å/ Ø :Ò/ ᴼ"Á&Å :Ò/ #/  ᴻ ὕ  ᴻ                       (2.3) 

ʛʜʝ x = 0,1, 0,3, 0,6, 0,9, 1,2.  

 

ʀʩʭʦʜʥʳʝ ʬʝʨʨʠʪʦʦʙʨʘʟʫʶʱʠʝ ʢʦʤʧʦʥʝʥʪʳ, ʚʟʷʪʳʝ ʚ ʥʝʦʙʭʦʜʠʤʦʤ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ, ʪʱʘʪʝʣʴʥʦ ʧʝʨʝʤʝʰʠʚʘʣʠ ʜʦ ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʨʦʜʥʦʡ ʩʤʝʩʠ 

ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʵʪʠʣʦʚʦʛʦ ʩʧʠʨʪʘ ʠ ʚ ʪʝʯʝʥʠʝ ʧʦʣʫʯʘʩʘ ʠʟʤʝʣʴʯʘʣʠ ʩ ʧʦʤʦʱʴʶ ʩʪʘʣʴʥʦʡ 

ʰʘʨʦʚʦʡ ʚʠʙʨʘʮʠʦʥʥʦʡ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʳ. ʇʦʣʫʯʝʥʥʫʶ ʚʳʩʫʰʝʥʥʫʶ ʰʠʭʪʫ ʩʧʨʝʩʩʦʚʳʚʘʣʠ 

ʚ ʚʠʜʝ ʢʨʫʛʣʳʭ ʪʘʙʣʝʪʦʢ (Å10 ʤʤ ³ 5 ʤʤ), ʦʙʞʠʛʘʣʠ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1473 ʂ ʚ 

ʪʝʯʝʥʠʝ 6 ʯ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʧʝʨʚʠʯʥʦʡ ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʨʝʘʢʮʠʠ, ʧʨʦʚʦʜʠʣʠ ʧʦʚʪʦʨʥʳʡ 

ʧʦʤʦʣ ʚ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ ʠ ʧʦʩʣʝ ʜʦʙʘʚʣʝʥʠʷ ʩʚʷʟʢʠ ʩ ʧʦʤʦʱʴʶ ʧʨʝʩʩʦʚʘʥʠʷ ʠʟʛʦʪʘʚʣʠʚʘʣʠ 

ʟʘʛʦʪʦʚʢʠ. ʇʨʠʜʘʚʘʝʤʘʷ ʦʙʨʘʟʮʘʤ ʬʦʨʤʘ (ʜʠʩʢʠ ʜʠʘʤʝʪʨʦʤ 13 ʤʤ ʠ ʪʦʣʱʠʥʦʡ 4 ʤʤ ʠʣʠ ʢʦʣʴʮʘ 

ʜʠʘʤʝʪʨʦʤ 16/7 ʤʤ ʠ ʚʳʩʦʪʦʡ 7-10 ʤʤ) ʦʧʨʝʜʝʣʷʣʘʩʴ ʪʨʝʙʦʚʘʥʠʷʤʠ, ʧʨʝʜʲʷʚʣʷʝʤʳʤʠ ʢ ʥʠʤ 

ʩʧʝʮʠʬʠʢʦʡ ʧʦʩʣʝʜʫʶʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ, ʤʘʛʥʠʪʥʳʭ ʠ ʤʠʢʨʦʚʦʣʥʦʚʳʭ 

ʩʚʦʡʩʪʚ. ʇʦʣʫʯʝʥʥʳʝ ʧʨʝʩʩ-ʟʘʛʦʪʦʚʢʠ ʦʢʦʥʯʘʪʝʣʴʥʦ ʩʧʝʢʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1573 K ʚ ʪʝʯʝʥʠʝ 

6 ʯ ʠ ʟʘʪʝʤ ʤʝʜʣʝʥʥʦ (~100 K/ʯ) ʦʭʣʘʞʜʘʣʠ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʀʩʧʦʣʴʟʫʝʤʘʷ ʥʘʤʠ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʩʭʝʤʘ ʠʟʛʦʪʦʚʣʝʥʠʷ ʬʝʨʨʠʪʦʚʳʭ ʦʙʨʘʟʮʦʚ ʠ ʧʦʨʦʰʢʦʚ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 

2.1.   
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ʈʠʩʫʥʦʢ 2.1 ï ʊʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʩʭʝʤʘ ʠʟʛʦʪʦʚʣʝʥʠʷ ʬʝʨʨʠʪʦʚʳʭ ʦʙʨʘʟʮʦʚ ʠ ʧʦʨʦʰʢʦʚ 

ʩʪʘʥʜʘʨʪʥʳʤ ʢʝʨʘʤʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ 

 

2.2 ʇʦʣʫʯʝʥʠʝ ʦʙʨʘʟʮʦʚ ʬʝʨʨʠʪ-ʩʦʜʝʨʞʘʱʠʭ ʢʦʤʧʦʟʠʪʦʚ 

2.2.1 ʇʦʜʛʦʪʦʚʢʘ ʛʝʢʩʘʬʝʨʨʠʪʘ, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʢʦʤʧʦʟʠʪʦʚ 

ʆʙʨʘʟʮ  r ʛʝʢʩʘʬʝʨʨʠʪʘ (ɻʌ) ʩʦʩʪʘʚʘ BaFe11.7Al0.3O19 ʙʳʣʠ ʧʦʣʫʯʝʥ r ʤʝʪʦʜʦʤ 

ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʨʝʘʢʮʠʠ ʠʟ ʚʳʩʦʢʦʯʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ (BaCO3, Fe2O3 ʠ Al2O3) ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʭʠʤʠʯʝʩʢʠʤ ʫʨʘʚʥʝʥʠʝʤ: 

"Á#/ υȢψυ &Å/ πȢρυ !Ì/ ᴼ"Á&ÅȢ!ÌȢ/ #/  ᴻ                          (2.4) 

ʀʩʭʦʜʥʳʝ ʨʝʘʢʪʠʚʳ ʩʤʝʰʠʚʘʣʠʩʴ ʚ ʥʫʞʥʦʡ ʧʨʦʧʦʨʮʠʠ ʠ ʠʟʤʝʣʴʯʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ 

ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʳ. ɺ ʮʝʣʦʤ ʧʨʦʮʝʜʫʨʘ ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʘʙʣʝʪʦʢ ɻʌ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʧʠʩʘʥʥʦʡ ʚ 

ʨʘʟʜʝʣʝ 2.2. ʆʜʥʘʢʦ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʦʢʦʥʯʘʪʝʣʴʥʦʡ ʦʧʝʨʘʮʠʝʡ ʷʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʧʦʤʦʣ 

ʩʧʝʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʦʨʦʰʢʘ, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʟʘʪʝʤ ʚ ʧʨʠʛʦʪʦʚʣʝʥʠʠ 

ʢʦʤʧʦʟʠʪʦʚ. 
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2.2.2 ʇʦʣʫʯʝʥʠʝ ʢʦʤʧʦʟʠʪʦʚ ʇɺɼʌ/ɻʌ ʤʝʪʦʜʦʤ ʪʝʨʤʦʧʨʝʩʩʦʚʘʥʠʷ 

ʇʦʣʠʚʠʥʠʣʠʜʝʥʬʪʦʨʠʜ ʇɺɼʌ ʷʚʣʷʝʪʩʷ ʮʝʥʥʳʤ ʧʦʣʫʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʠ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʳʤ ʧʦʣʠʤʝʨʦʤ, ʧʦʣʫʯʘʝʤʳʤ ʧʦʣʠʤʝʨʠʟʘʮʠʝʡ ʚʠʥʠʣʠʜʝʥʬʪʦʨʠʜʘ (CH2=CF2),  

ʙʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʡ ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ, ʚʳʩʦʢʦʡ ʛʠʙʢʦʩʪʠ, ʩʪʦʡʢʦʩʪʠ ʢ ʦʨʛʘʥʠʯʝʩʢʠʤ 

ʨʘʩʪʚʦʨʠʪʝʣʷʤ, ʧʨʦʯʥʦʩʪʠ ʠ ʚʳʩʦʢʦʤʫ ʤʦʜʫʣʶ ʫʧʨʫʛʦʩʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ 

ʧʦʣʠʤʝʨʘʤʠ, ʦʪʣʠʯʥʦʡ ʪʝʨʤʦ- ʠ ʦʛʥʝʩʪʦʡʢʦʩʪʴʶ, ʘ ʪʘʢʞʝ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ 

ʚ ʨʘʜʠʦ- ʠ ʤʠʢʨʦʩʠʩʪʝʤʥʦʡ ʪʝʭʥʠʢʝ, ʥʘʣʠʯʠʶ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ ʛʣʘʚʝ 1, ʇɺɼʌ ʧʦʢʘʟʘʣ ʩʝʙʷ ʚʝʩʴʤʘ ʧʦʣʝʟʥʳʤ 

ʢʦʤʧʦʥʝʥʪʦʤ ʚ ʤʘʪʝʨʠʘʣʘʭ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʤʝʭ. 

ʇʦʵʪʦʤʫ ʦʥ ʙʳʣ ʚʳʙʨʘʥ ʠ ʥʘʤʠ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʤʘʪʨʠʯʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʜʣʷ ʧʨʝʦʜʦʣʝʥʠʷ 

ʪʘʢʠʭ ʥʝʜʦʩʪʘʪʢʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʢʘʢ ʭʨʫʧʢʦʩʪʴ ʠ ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʜʘʥʠʷ ʠʟʜʝʣʠʷʤ ʞʝʣʘʝʤʦʡ 

ʬʦʨʤʳ. ʇʨʠ ʵʪʦʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʥʢʨʝʪʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʝ ʯʠʩʪʳʡ ʇɺɼʌ, ʘ ʝʛʦ ʩʦʧʦʣʠʤʝʨʳ, ʥʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʠʟ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʩʦʧʦʣʠʤʝʨ ʇɺɼʌ ʩ ʪʝʪʨʘʬʪʦʨʵʪʠʣʝʥʦʤ (ʊʌʕ). ʅʘʤʠ 

ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʢʦʤʧʦʟʠʪʦʚ ʚ ʢʘʯʝʩʪʚʝ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʳ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʦʧʦʣʠʤʝʨ 

ʤʘʨʢʠ ʌ2ʄ (ʚ ʜʘʣʴʥʝʡʰʝʤ ʧʨʦʩʪʦ ʇɺɼʌ).  

ʉʤʝʩʴ ʧʦʨʦʰʢʦʚ ɻʌ ʠ ʇɺɼʌ, ʚʟʷʪʳʭ ʚ ʥʝʦʙʭʦʜʠʤʳʭ ʧʨʦʧʦʨʮʠʷʭ, ʨʘʩʪʠʨʘʣʠ ʚ ʘʛʘʪʦʚʦʡ 

ʩʪʫʧʢʝ ʜʦ ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʨʦʜʥʦʡ ʩʤʝʩʠ. ɿʘʪʝʤ ʩʤʝʩʴ ʧʦʤʝʱʘʣʠ ʚ ʧʨʝʩʩ-ʬʦʨʤʫ ʠ ʧʦʜʚʝʨʛʘʣʠ 

ʜʘʚʣʝʥʠʶ ~50 ʄʇʘ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʥʘʛʨʝʚʝ ʜʦ ~190 oC ʚ ʪʝʯʝʥʠʝ 15 ʤʠʥ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ 

ʨʠʩʫʥʢʝ 2.2 (ʤʝʪʦʜ ʪʝʨʤʦʧʨʝʩʩʦʚʘʥʠʷ). ʇʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʬʦʨʤʦʚʘʥʠʷ ʦʙʨʘʟʝʮ ʙʳʩʪʨʦ 

ʦʭʣʘʞʜʘʣʠ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʆʜʥʠʤ ʠ ʪʝʤ ʞʝ ʩʧʦʩʦʙʦʤ ʙʳʣ ʧʨʠʛʦʪʦʚʣʝʥ ʨʷʜ 

ʦʙʨʘʟʮʦʚ ʇɺɼʌ/ɻʌ, ʦʪʣʠʯʘʶʱʠʭʩʷ ʤʘʩʩʦʚʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʇɺɼʌ (5, 10, 15 ʠ 20 ʤʘʩʩ. %) ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʬʦʨʤʦʡ. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ, ʤʘʛʥʠʪʥʳʭ ʠ ʤʠʢʨʦʚʦʣʥʦʚʳʭ 

ʠʟʤʝʨʝʥʠʡ ʦʙʨʘʟʮʳ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʚ ʪʦʨʦʠʜʦʚ (ʢʦʣʝʮ ʩ ʚʥʝʰʥʠʤ ʠ ʚʥʫʪʨʝʥʥʠʤ ʜʠʘʤʝʪʨʘʤʠ 

16 ʠ 7 ʤʤ ʠ ʚʳʩʦʪʦʡ 7 ʤʤ). 

 



46 
 
 

 ʈʠʩʫʥʦʢ 2.2 ï ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʨʦʮʝʩʩʘ ʧʦʣʫʯʝʥʠʷ ʪʦʨʦʠʜʘʣʴʥʳʭ  

ʦʙʨʘʟʮʦʚ ʢʦʤʧʦʟʠʪʦʚ   

 

2.2.3 ʇʦʣʫʯʝʥʠʝ ʵʢʩʬʦʣʠʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʠʪʘ 

ʂʘʢ ʫʢʘʟʳʚʘʣʦʩʴ ʚ ʛʣ.1, ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʝ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʦʚ ʧʫʪʝʤ ʚʚʝʜʝʥʠʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʥʘʧʦʣʥʠʪʝʣʝʡ ʚ ʚʠʜʝ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ, ʢʦʪʦʨʘʷ ʚʥʦʩʠʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚ ʧʦʚʳʰʝʥʠʝ ʩʧʦʩʦʙʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ 

ʢ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʤʫ ʧʦʛʣʦʱʝʥʠʶ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʦʜʥʠʤ ʠʟ ʚʠʜʦʚ ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʭ ʥʘʤʠ 

ʤʘʪʝʨʠʘʣʦʚ ʙʳʣ ʢʦʤʧʦʟʠʪ, ʩʦʜʝʨʞʘʱʠʡ ʚ ʩʚʦʝʤ ʩʦʩʪʘʚʝ ʵʢʩʬʦʣʠʠʨʦʚʘʥʥʳʡ (ʨʘʩʰʝʣʫʰʝʥʥʳʡ) 

ʛʨʘʬʠʪ (ʕɻ), ʢʦʪʦʨʳʡ ʙʳʣ ʧʨʠʛʦʪʦʚʣʝʥ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʩʭʝʤʦʡ, ʧʨʠʚʝʜʝʥʥʦʡ ʥʘ ʨʠʩʫʥʢʘʭ 

2.3 ʠ 2.4: 

1- ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʥʘʪʨʠʡ (15 ʛ) ʨʘʩʪʚʦʨʷʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ï33 Áʉ ʚ ʞʠʜʢʦʤ ʘʤʤʠʘʢʝ (100 

ʤʣ) ʩ ʧʦʣʫʯʝʥʠʝʤ ʨʘʩʪʚʦʨʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʠʦʥr ʥʘʪʨʠʷ ʠ ʵʣʝʢʪʨʦʥʳ; 

2- ʧʨʠʛʦʪʦʚʣʝʥʥʳʤ ʨʘʩʪʚʦʨʦʤ ʦʙʨʘʙʘʪʳʚʘʣʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʛʨʘʬʠʪ ʜʣʷ ʨʘʩʱʝʧʣʝʥʠʷ 

ʛʨʘʬʠʪʦʚʳʭ ʩʣʦʝʚ ʧʫʪʝʤ ʠʭ ʨʘʟʲʝʜʠʥʝʥʠʷ ʜʦ ʩʦʩʪʦʷʥʠʷ ʛʨʘʬʠʪʦʚʳʭ ʭʣʦʧʴʝʚ (ʨʠʩʫʥʦʢ 2.3); 

3- ʜʘʣʴʥʝʡʰʝʝ ʨʘʟʜʝʣʝʥʠʝ ʜʦʩʪʠʛʘʝʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʦʙʨʘʙʦʪʢʠ ʚʦʜʦʡ ʠ ʢʠʩʣʦʨʦʜʦʤ 

ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. ɼʘʚʣʝʥʠʝ ʛʘʟʦʚ, ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʝʘʢʮʠʡ ʨʘʟʣʦʞʝʥʠʷ, 

ʧʨʠʚʦʜʠʪ ʢ ʜʘʣʴʥʝʡʰʝʤʫ ʨʘʟʜʝʣʝʥʠʶ ʧʣʘʩʪʠʥʦʢ ʛʨʘʬʠʪʘ ʥʘ ʦʪʜʝʣʴʥʳʝ ʯʝʰʫʡʢʠ, ʢʘʢ ʧʦʢʘʟʘʥʦ 

ʥʘ ʨʠʩʫʥʢʝ 2.4. 
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ʈʠʩʫʥʦʢ 2.3 ï ʀʥʪʝʨʢʘʣʠʨʦʚʘʥʠʝ ʩʣʦʝʚ ʛʨʘʬʠʪʘ 

 

 

 

ʈʠʩʫʥʦʢ 2.4 ï ʈʘʩʰʠʨʝʥʠʝ ʠ ʨʘʟʨʳʚ ʠʥʪʝʨʢʘʣʠʨʦʚʘʥʥʦʛʦ ʛʠʜʨʦʣʠʟʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʠʪʘ 

 

2.2.4 ʇʦʣʫʯʝʥʠʝ ʢʦʤʧʦʟʠʪʦʚ ʇɺɼʌ/ɻʌ ʩ ʜʦʙʘʚʢʘʤʠ ʵʢʩʬʦʣʠʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʠʪʘ  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʵʢʩʬʦʣʠʠʨʦʚʘʥʥʳʡ ʛʨʘʬʠʪ (ʇɺɼʌ/ɻʌ/ʕɻ), 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʦʨʦʰʢʠ ʇɺɼʌ ʠ ɻʌ, ʚʟʷʪʳʝ ʚ ʥʝʦʙʭʦʜʠʤʦʤ ʩʦʦʪʥʦʰʝʥʠʠ (15 ʠ 85 ʤʘʩʩ. % 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʦʙʱʝʡ ʤʘʩʩʦʡ 4 ʛ. ʉʤʝʩʴ ʠʟʤʝʣʴʯʘʣʠ ʜʦ ʦʜʥʦʨʦʜʥʦʡ ʩʤʝʩʠ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ, 

ʟʘʪʝʤ ʜʦʙʘʚʣʷʣʠ ʕɻ ʚ ʢʦʣʠʯʝʩʪʚʝ 0,1 ʛ (2,5 ʤʘʩʩ. % ʦʪ ʦʙʱʝʡ ʤʘʩʩʳ ʩʤʝʩʠ) ʠ ʝʱʝ ʨʘʟ 

ʠʟʤʝʣʴʯʘʣʠ. ɿʘʪʝʤ ʩʤʝʩʴ ʧʦʤʝʱʘʣʠ ʚ ʧʨʝʩʩ-ʬʦʨʤʫ ʜʣʷ ʪʝʨʤʦʧʨʝʩʩʦʚʘʥʠ ̫ ʧʨʠ 190 oC ʠ 

ʜʘʚʣʝʥʠʠ ʦʢʦʣʦ 50 ʄʇʘ ʚ ʪʝʯʝʥʠʝ 15 ʤʠʥʫʪ). ɸʥʘʣʦʛʠʯʥʘʷ ʧʨʦʮʝʜʫʨʘ ʧʦʚʪʦʨʷʣʘʩʴ ʧʨʠ ʜʨʫʛʦʤ 

ʩʦʜʝʨʞʘʥʠʠ ʛʨʘʬʠʪʦʚʦʛʦ ʥʘʧʦʣʥʠʪʝʣʷ: 0,2 ʛ (5 ʤʘʩʩ.%) ʠ 0,3 ʛ (7,5 ʤʘʩʩ.%) ʕɻ. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ, ʤʘʛʥʠʪʥʳʭ ʠ ʤʠʢʨʦʚʦʣʥʦʚʳʭ ʠʟʤʝʨʝʥʠʡ ʦʙʨʘʟʮʳ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʚ 

ʪʦʨʦʠʜʦʚ (ʢʦʣʝʮ ʩ ʚʥʝʰʥʠʤ ʠ ʚʥʫʪʨʝʥʥʠʤ ʜʠʘʤʝʪʨʘʤʠ 16 ʠ 7 ʤʤ ʠ ʚʳʩʦʪʦʡ 7 ʤʤ) ʠ ʜʠʩʢʦʚ 

(ʜʠʘʤʝʪʨʦʤ 13 ʤʤ ʠ ʪʦʣʱʠʥʦʡ 4 ʤʤ). ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʠʩʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʦʙʨʘʟʮʳ, ʩʦʜʝʨʞʘʱʠʝ 5%, 10%, 15%, 20%, 40%, 60% ʠ 80 ʤʘʩʩ.% ʇɺɼʌ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ 
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ʚʳʙʦʨʘ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʇɺɼʌ/ɻʌ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʚʳʩʦʢʦʝ ʧʦʛʣʦʱʝʥʠʝ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʪʘʢʦʚʳʤ ʦʢʘʟʘʣʩʷ ʩʦʩʪʘʚ, ʩʦʜʝʨʞʘʱʠʡ 15 

ʤʘʩʩ.% ʇɺɼʌ+85 ʤʘʩʩ.% ɻʌ. 

ɺ ʜʘʣʴʥʝʡʰʝʤ ʪʨʠ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ (15 ʤʘʩʩ.% ʇɺɼʌ+85 ʤʘʩʩ.% ɻʌ+0,1 ʛ ʕɻ, 15 

ʤʘʩʩ.% ʇɺɼʌ+85 ʤʘʩʩ.% ɻʌ +0,2 ʛ ʕɻ, 15 ʤʘʩʩ.% ʇɺɼʌ+85 ʤʘʩʩ.% ɻʌ +0,3 ʛ ʕɻ) ʙʫʜʫʪ 

ʦʙʦʟʥʘʯʘʪʴʩʷ ʢʘʢ C1, C2 ʠ C3 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

2.3 ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʦʙʨʘʟʮʦʚ 

ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʜʠʬʨʘʢʮʠʷ ʠ ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

ʄʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʩʪʨʫʢʪʫʨʘ, ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠ ʨʘʟʤʝʨ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʠ ʝʛʦ ʢʦʤʧʦʟʠʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʜʠʬʨʘʢʪʦʤʝʪʨʘ Empyrean (PANalytical) ʧʨʠ 300 K (ʠʟʣʫʯʝʥʠʝ CuKŬ, ɚ = 1,54 Å), ʨʘʙʦʪʘʶʱʝʛʦ 

ʚ ʜʠʘʧʘʟʦʥʝ ʫʛʣʦʚ ʜʠʬʨʘʢʮʠʠ 2ɗ ʦʪ 20o ʜʦ 80o. 

ʀʥʬʨʘʢʨʘʩʥʘʷ ʌʫʨʴʝ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʪʨʦʝʥʠʷ ʦʪʜʝʣʴʥʳʭ ʢʦʤʧʦʟʠʪʥʳʭ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʠʥʬʨʘʢʨʘʩʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʥʘ ʦʩʥʦʚʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ (ʀʂʌʉ): FTIR-ʩʧʝʢʪʨʦʤʝʪʨ 

Nicolet 380 (Thermo Scientific, Waltham, MA, USA), ʩʧʝʢʪʨʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ 4000-400 ʩʤ-1, 

ʨʘʟʨʝʰʝʥʠʝ 1 ʩʤ-1.  

ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ 

ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʨʘʤʘʥʦʚʩʢʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ Thermo DXR3 (Thermo Fisher Scientific, Waltham, MA, USA). ʉʧʝʢʪʨʘʣʴʥʳʡ 

ʜʠʘʧʘʟʦʥ ʩʦʩʪʘʚʣʷʣ ʦʪ 100 ʜʦ 3500 ʩʤ-1 ʧʨʠ ʜʣʠʥʝ ʚʦʣʥʳ ʣʘʟʝʨʘ 532 ʥʤ ʠ ʤʦʱʥʦʩʪʠ 10 ʄɺʪ.  

ʉʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʫ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʩʣʝʜʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ Zeiss EVO 10 (Zeiss, ɻʝʨʤʘʥʠʷ) ʩ ʤʠʢʨʦʘʥʘʣʠʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʦʡ AZtecLive 

Advanced with Ultim Max 40 (Oxford Instruments, ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ). 

ʀʟʤʝʨʝʥʠʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ 

ʇʨʦʚʦʜʠʤʦʩʪʴ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʯʘʩʪʦʪʳ ʜʦ 1 ʄɻʮ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʧʦʤʦʱʴʶ ʜʚʫʭʟʦʥʜʦʚʦʛʦ ʤʝʪʦʜʘ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʨʠʪʝʣ ̫ RLC          

(E7-20). ʇʦʚʝʨʭʥʦʩʪʠ ʢʘʞʜʦʛʦ ʜʠʩʢʦʦʙʨʘʟʥʦʛʦ ʦʙʨʘʟʮʘ ʙʳʣʠ ʧʦʢʨʳʪʳ ʩʝʨʝʙʨʷʥʦʡ ʧʘʩʪʦʡ ʜʣʷ 

ʫʣʫʯʰʝʥʠʷ ʢʦʥʪʘʢʪʘ ʩ ʜʚʫʤʷ ʵʣʝʢʪʨʦʜʘʤʠ. 
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ʄʘʛʥʠʪʥʳʝ ʠʟʤʝʨʝʥʠʷ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʚʩʝʭ ʧʦʜʛʦʪʦʚʣʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ 

ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʤʘʛʥʠʪʦʤʝʪʨʘ (ɺʄ, VSM,  

Cryogenic Ltd., ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ, ʃʦʥʜʦʥ) ʚʧʣʦʪʴ ʜʦ ʤʘʢʩʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʧʦʣʝʡ (2 ʊʣ). 

ʀʟʤʝʨʝʥʠʝ ʫʨʦʚʥʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʷ  

ʇʘʨʘʤʝʪʨʳ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʨʘʩʯʝʪʘ ʧʦʢʘʟʘʪʝʣʝʡ ʕʄʉ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 

700 ʄɻʮ ʜʦ 7 ɻɻʮ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ, ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʭʝʤʘ ʢʦʪʦʨʦʡ 

ʧʦʩʪʨʦʝʥʘ ʥʘ ʦʩʥʦʚʝ ʚʝʢʪʦʨʥʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ ʮʝʧʝʡ Rohde & Schwarz ZVL-13 (ɺɸʎ, VNA) ʩ 

ʷʯʝʡʢʦʡ ʚ ʢʦʘʢʩʠʘʣʴʥʦʡ ʣʠʥʠʝʡ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʢʦʣʴʮʝʚʳʭ ʦʙʨʘʟʮʦʚ (ʙʣʠʟʢʠʭ ʢ 

ʪʦʨʦʠʜʘʣʴʥʦʡ ʬʦʨʤʝ), ʠʤʝʶʱʠʭ ʚʥʝʰʥʠʡ ʠ ʚʥʫʪʨʝʥʥʠʡ ʜʠʘʤʝʪʨʳ 16 ʠ 7 ʤʤ.  ʀʩʧʳʪʫʝʤʳʡ 

ʦʙʨʘʟʝʮ ʧʦʣʥʦʩʪʴʶ ʟʘʧʦʣʥʷʝʪ ʧʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ ʚʦʣʥʦʚʦʜʘ, ʩ ʦʙʝʠʭ ʩʪʦʨʦʥ ʢʦʪʦʨʦʛʦ 

ʧʦʜʢʣʶʯʝʥʳ ʢʦʘʢʩʠʘʣʴʥʦ-ʚʦʣʥʦʚʦʜʥʳʝ ʧʝʨʝʭʦʜʳ, ʘ ʢʦʘʢʩʠʘʣʴʥʳʝ ʧʣʝʯʠ ʧʝʨʝʭʦʜʦʚ ʩʦʝʜʠʥʝʥʳ 

ʩ ʧʦʨʪʘʤʠ ʘʥʘʣʠʟʘʪʦʨʘ. ʅʘʩʪʨʦʡʢʘ ʧʨʠʙʦʨʘ ʚʝʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʣʥʦʡ ʜʚʫʭʧʦʨʪʦʚʦʡ 

ʢʘʣʠʙʨʦʚʢʠ (ʧʦʣʥʘʷ ʢʘʣʠʙʨʦʚʢʘ ʜʣʷ ʚʩʝʭ S-ʧʘʨʘʤʝʪʨʦʚ S11, S22, S12 ʠ S21). 

ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʨʝʟʫʣʴʪʘʪʦʚ ʠʟʤʝʨʝʥʠʡ ʧʨʦʧʫʩʢʘʥʠʷ ʠ ʦʪʨʘʞʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ 

ʅʠʢʦʣʩʦʥʘ-ʈʦʩʩʘ-ɺʝʡʨʘ, ʧʦʟʚʦʣʷʶʱʠʡ ʧʦ ʠʟʤʝʨʝʥʥʳʤ S-ʧʘʨʘʤʝʪʨʘʤ ʧʨʷʤʳʤ ʨʘʩʯʸʪʦʤ 

ʚʳʯʠʩʣʠʪʴ ʢʘʢ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ, ʪʘʢ ʠ ʤʘʛʥʠʪʥʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʧʦʢʘʟʘʪʝʣʠ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʢʨʘʥʠʨʦʚʘʥʠʷ: ʟʘ ʩʯʝʪ ʧʦʛʣʦʱʝʥʠʷ (SEA), ʟʘ ʩʯʝʪ ʦʪʨʘʞʝʥʠʷ 

(SER), ʠ ʦʙʱʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ (SET).  

ʕʪʠ ʧʦʢʘʟʘʪʝʣʠ ʤʦʛʫʪ ʙʳʪʴ ʚʳʯʠʩʣʝʥʳ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʚʳʨʘʞʝʥʠʷʤʠ: 

ὛὉὨὄ ρπÌÏÇ ρ Ὑ ,     (2.5) 

ὛὉὨὄ ρπÌÏÇ ,     (2.6) 

ὛὉὨὄ ρπÌÏÇ ,                                                         (2.7) 

Ὑ ȿὛ ȿ ȿὛ ȿ   ȟ      Ὕ ȿὛ ȿ ȿὛ ȿ,                                     (2.8) 

ʛʜʝ R ʠ T ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ ʠ ʧʨʦʧʫʩʢʘʥʠʷ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʂʨʦʤʝ ʪʦʛʦ, ʩʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ S11=S22 ʠ S12=S21, ʧʦʩʢʦʣʴʢʫ ʠʩʧʳʪʫʝʤʳʝ ʦʙʨʘʟʮʳ ʦʜʥʦʨʦʜʥʳ.  

ɼʨʫʛʠʤ ʧʦʢʘʟʘʪʝʣʝʤ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʤ ʫʨʦʚʝʥʴ ʧʦʛʣʦʱʝʥʠʷ ʤʠʢʨʦʚʦʣʥ ʤʘʪʝʨʠʘʣʦʤ, 

ʟʘʱʠʱʘʶʱʠʤ ʦʪ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʤʝʭ, ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʡ ʧʦʢʘʟʘʪʝʣʴ 

ʧʦʪʝʨ ɹ ʥʘ ʦʪʨʘʞʝʥʠʝ (ʚʳʨʘʞʝʥʥʳʡ ʚ ʜʝʮʠʙʝʣʘʭ), ʢʦʪʦʨʳʡ ʨʘʩʩʯʠʪʳʚʘʣʠ ʩ ʧʦʤʦʱʴʶ 

ʩʦʦʪʥʦʰʝʥʠʷ: 

Ὑὒ ̅ ˎ ςπὰέὫ ȟ  (2.9) 
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ɿʜʝʩʴ Zo ï ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, Zin ï ʚʭʦʜʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 

ʵʢʨʘʥʠʨʫʶʱʝʛʦ ʤʘʪʝʨʠʘʣʘ, ʚʳʨʘʞʘʝʤʦʝ ʢʘʢ 

ὤ ὤ ὸὥὲὬὮ Ѝ‘‐ ȟ                                        (2.10) 

ʛʜʝ µr ʠ Ңr ï ʢʦʤʧʣʝʢʩʥʳʝ ʤʘʛʥʠʪʥʘʷ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʤʘʪʝʨʠʘʣʘ, 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʢʘʯʝʩʪʚʝ ʧʦʛʣʦʪʠʪʝʣʴʥʦʛʦ ʵʢʨʘʥʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, d ï ʪʦʣʱʠʥʘ ʦʙʨʘʟʮʘ 

ʤʘʪʝʨʠʘʣʘ, ʘ c ï ʩʢʦʨʦʩʪʴ ʩʚʝʪʘ ʚ ʚʦʟʜʫʭʝ. 
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ɻʃɸɺɸ 3. ɺʃʀʗʅʀɽ ɼʀɸʄɸɻʅʀʊʅʓʍ ɿɸʄɽʑɽʅʀʁ ʅɸ ʌɸɿʆɺʓʁ ʉʆʉʊɸɺ, 

Cʊʈʋʂʊʋʈʅʓɽ, ʄɸɻʅʀʊʅʓɽ ʀ ʕʃɽʂʊʈʆɼʀʅɸʄʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ 

ʇʆʃʀʂʈʀʉʊɸʃʃʀʏɽʉʂʆɻʆ ɻɽʂʉɸʌɽʈʈʀʊɸ BaFe12-x(Sn,Zr)xO19  

 

3.1 ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ, ʩʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʤʘʛʥʠʪʥʳʝ ʠ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xSnxO19 

 

3.1.1 ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xSnxO19 

ʂʘʯʝʩʪʚʝʥʥʳʡ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19 (0,1ÒxÒ1,2) 

ʙʳʣ ʧʨʦʚʝʜʝʥ ʧʦ ʜʘʥʥʳʤ ʜʠʬʨʘʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʧʫʪʝʤ ʩʦʧʦʩʪʘʚʣʝʥʠʷ 

ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʠʭ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʩʪʨʫʢʪʫʨʝ ʪʠʧʘ 

ʤʘʛʥʝʪʦʧʣʶʤʙʠʪʘ (ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ P63/mmc). ʂʦʣʠʯʝʩʪʚʝʥʥʳʡ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19 (0,1<x<1,2) ʙʳʣ ʧʨʦʚʝʜʝʥ ʧʦʩʣʝ 

ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʫʪʦʯʥʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ. ʈʘʩʯʝʪ 

ʤʘʩʩʦʚʦʡ ʜʦʣʠ Wp ʬʘʟʳ p ʚ ʩʠʩʪʝʤʝ, ʩʦʩʪʦʷʱʝʡ ʠʟ N ʬʘʟ, ʧʨʦʚʦʜʠʣʩʷ ʧʦ ʬʦʨʤʫʣʝ:    

 

ὡ
В

ȟ                                                                (3.1) 

ʛʜʝ  Sp ï ʤʘʩʰʪʘʙʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʬʘʟʳ p, ʧʦʣʫʯʝʥʥʳʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʫʪʦʯʥʝʥʠʷ ʤʝʪʦʜʦʤ 

ʈʠʪʚʝʣʴʜʘ;  

Zp ï ʢʦʣʠʯʝʩʪʚʦ ʬʦʨʤʫʣʴʥʳʭ ʝʜʠʥʠʮ ʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ; 

Mp ï ʤʦʣʝʢʫʣʷʨʥʘʷ ʤʘʩʩʘ ʬʘʟʳ p (ʤʘʩʩʘ ʬʦʨʤʫʣʴʥʦʡ ʝʜʠʥʠʮʳ);  

Vp ï ʦʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ,  

N ï ʢʦʣʠʯʝʩʪʚʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ʚ ʦʙʨʘʟʮʝ. 

ʅʘ ʨʠʩʫʥʢʘʭ 3.1 ï 3.5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʦʚ 

ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19 (0,1<x<1,2) ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ 

ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʢʝʪʘ ʧʨʦʛʨʘʤʤ FullProf.  
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ʈʠʩʫʥʦʢ 3.1 ï ʉʧʝʢʪʨ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʘ BaFe12-xSnxO19 (x=0,1) ʧʦʩʣʝ 

ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ  
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ʈʠʩʫʥʦʢ 3.2 ï ʉʧʝʢʪʨ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʘ BaFe12-xSnxO19 (x=0,3) ʧʦʩʣʝ 

ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ 

 

ʆʙʨʘʟʮʳ ʩʦ ʩʪʝʧʝʥʴʶ ʟʘʤʝʱʝʥʠʷ x=0,1 ʠ 0,3 ʷʚʣʷʶʪʩʷ ʦʜʥʦʬʘʟʥʳʤʠ (ʨʠʩʫʥʢʠ 3.1 ʠ 3.2), 

ʘ ʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʪʨʫʢʪʫʨʝ ʧʨʠʨʦʜʥʦʛʦ ʤʠʥʝʨʘʣʘ 

ʤʘʛʥʝʪʦʧʣʶʤʙʠʪʘ (ʩʪʨʫʢʪʫʨʝ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʬʝʨʨʠʪʘ ʄ-ʪʠʧʘ). ʆʙʨʘʟʮʳ ʤʦʛʫʪ ʙʳʪʴ 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʦʧʠʩʘʥʳ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ P63/mmc (ˉ 194). ɺ ʦʙʨʘʟʮʘʭ      

BaFe12-xSnxO19 ʩʦ ʩʪʝʧʝʥʴʶ ʟʘʤʝʱʝʥʠʷ x>0,6 ʦʪʤʝʯʝʥʦ ʧʦʷʚʣʝʥʠʝ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ (ʨʠʩʫʥʢʠ 

3.3-3.5), ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʠʩʭʦʜʥʦʤʫ ʢʦʤʧʦʥʝʥʪʫ ʦʢʩʠʜʫ ʦʣʦʚʘ (IV) ï SnO2.  
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ʈʠʩʫʥʦʢ 3.3 ï ʉʧʝʢʪʨ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʘ BaFe12-xSnxO19 (x=0,6) ʧʦʩʣʝ 

ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ 
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ʈʠʩʫʥʦʢ 3.4 ï ʉʧʝʢʪʨ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʘ BaFe12-xSnxO19 (x=0,9) ʧʦʩʣʝ 

ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ 

 

ʅʘʠʙʦʣʝʝ ʭʘʨʘʢʪʝʨʥʳʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʤʘʢʩʠʤʫʤʳ ʜʣʷ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ SnO2 ʦʪʤʝʯʝʥʳ 

ʥʘ ʨʠʩʫʥʢʝ 3.5 ʟʥʘʢʦʤ ç#». ʉ ʨʦʩʪʦʤ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʦʪ x=0,6 ʜʦ x=1,2 ʢʦʣʠʯʝʩʪʚʦ 

ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ ʦʢʩʠʜʘ ʦʣʦʚʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. 
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ʈʠʩʫʥʦʢ 3.5 ï ʉʧʝʢʪʨ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʘ BaFe12-xSnxO19 (x=1,2) ʧʦʩʣʝ 

ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʯʝʪʘ ʧʦ ʬʦʨʤʫʣʝ (3.1) ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ ʩʦʜʝʨʞʘʥʠʝ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ 

ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʘʭ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 3.6, ʢʦʣʠʯʝʩʪʚʦ ʚʪʦʨʦʡ ʬʘʟʳ SnO2 

ʤʦʥʦʪʦʥʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ 3% ʜʦ 10% ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ (x) ʠʦʥʦʚ Sn ʩ 0,6 ʜʦ 

1,2. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʥʝʩʢʦʣʴʢʠʤʠ ʧʨʠʯʠʥʘʤʠ. ɺʦ-ʧʝʨʚʳʭ, ʵʪʦ ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ 

ʚʢʣʘʜʦʤ ʥʠʟʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʬʬʫʟʠʠ ʠʦʥʦʚ Sn4+ ʚ ʩʪʨʫʢʪʫʨʝ ʛʝʢʩʘʬʝʨʨʠʪʘ. ɺʦ-ʚʪʦʨʳʭ, 

ʧʨʠʯʠʥʦʡ ʥʘʣʠʯʠʷ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ ʜʦʩʪʠʞʝʥʠʝ ʧʨʝʜʝʣʘ ʠʟʦʤʦʨʬʥʦʛʦ 

ʚʭʦʞʜʝʥʠʷ ʠʦʥʦʚ Sn4+ ʧʨʠ ʟʘʤʝʱʝʥʠʠ ʠʦʥʦʚ Fe3+. ɺ-ʪʨʝʪʴʠʭ, ʵʪʦ ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ ʩʣʝʜʩʪʚʠʝʤ 

ʢʦʥʢʫʨʝʥʮʠʠ ʬʘʢʪʦʨʘ ʩʦʭʨʘʥʝʥʠʷ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ ʬʦʨʤʫʣʴʥʦʡ ʝʜʠʥʠʮʳ ʛʝʢʩʘʬʝʨʨʠʪʘ ʠ 

ʟʘʨʷʜʦʚʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ ʠʦʥʦʚ ʞʝʣʝʟʘ ʧʨʠ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʤ ʟʘʤʝʱʝʥʠʠ ʚ BaFe12-xSnxO19 

(0,1<x<1,2). ʆʜʥʦʟʥʘʯʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʧʨʠʨʦʜʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ ʥʝ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ. ʆʜʥʘʢʦ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʤ ʷʚʣʷʝʪʩʷ 

ʧʝʨʚʦʝ ʦʙʲʷʩʥʝʥʠʝ (ʥʠʟʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ ʠʦʥʦʚ Sn4+), ʪ.ʢ. ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʩʥʦʡ 

ʬʘʟʳ ʦʪʤʝʯʝʥ ʠʩʭʦʜʥʳʡ ʦʢʩʠʜ SnO2. ʂʘʢ ʧʨʘʚʠʣʦ, ʚʦ ʚʪʦʨʦʤ ʠ ʚ ʪʨʝʪʴʝʤ ʩʣʫʯʘʝ ʤʦʞʥʦ ʙʳʣʦ 

ʙʳ ʥʘʙʣʶʜʘʪʴ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʧʨʠʤʝʩʥʳʭ ʬʘʟ ʧʝʨʝʤʝʥʥʦʛʦ ʩʦʩʪʘʚʘ, ʷʚʣʷʶʱʠʭʩʷ 

ʧʨʦʜʫʢʪʘʤʠ ʨʝʘʢʮʠʠ, ʘ ʥʝ ʠʩʭʦʜʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ.  

 



55 
 
 

0.0 0.3 0.6 0.9 1.2
0

20

40

60

80

100
5% 10%

 

 

ʬ
ʘ
ʟ
ʦ
ʚ
ʳ
ʡ
 
ʩ
ʦ
ʩ
ʪ
ʘ
ʚ

 (
%

)

x

 BaFe
12

O
19

   

 SnO
2

3%

 

ʈʠʩʫʥʦʢ 3.6 ï ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xSnxO19 

 

ʇʘʨʘʤʝʪʨʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ (ʧʘʨʘʤʝʪʨʳ ʠ ʦʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ) ʜʣʷ 

ʦʙʨʘʟʮʦʚ BaFe12-xSnxO19 (0,1<x<1,2) ʦʧʨʝʜʝʣʷʣʠ ʩ ʧʦʤʦʱʴʶ ʩʦʦʪʥʦʰʝʥʠʷ 

 

ẗ  ȟ                              (3.2) 

 

ʛʜʝ  d  ï ʤʝʞʧʣʦʩʢʦʩʪʥʦʝ ʨʘʩʩʪʦʷʥʠʝ; 

h,k,l ï ʠʥʜʝʢʩʳ ʄʠʣʣʝʨʘ. 

ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (ʘ ʠ ʩ) ʠ ʦʙʲʝʤʘ (V) 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.7.  
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ʈʠʩʫʥʦʢ 3.7 ï ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʘ ʠ ʩ 

(ʣʝʚʘʷ ʰʢʘʣʘ) ʠ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ V (ʧʨʘʚʘʷ ʰʢʘʣʘ) ʜʣʷ ʦʙʨʘʟʮʦʚ  

ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19 

 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

ʠ ʦʙʲʝʤʘ ʦʪʤʝʯʝʥʦ ʜʣʷ ʩʦʩʪʘʚʦʚ ʩ x=0,1; 0,3 ʠ 0,6 (ʨʠʩʫʥʦʢ 3.7, ʪʘʙʣʠʮʘ 3.1). ʊʘʢ ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʠʦʥʘʤʠ Sn4+ ʦʪ ʭ=0,1 ʜʦ ʭ=0,6 ʧʘʨʘʤʝʪʨ a ʫʚʝʣʠʯʠʚʘʣʩʷ ʦʪ 

5,8992 ʜʦ 5,9068 Å, ʧʘʨʘʤʝʪʨ c ʫʚʝʣʠʯʠʚʘʣʩʷ ʦʪ 23,242 ʜʦ 23,2802 ¡, ʘ ʦʙʲʝʤ ʷʯʝʡʢʠ 

ʫʚʝʣʠʯʠʚʘʣʩʷ ʦʪ 700,47 ʜʦ 703,42 Å3 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʉʢʦʨʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʠ ʦʙʲʝʤʘ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʚ ʵʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʩʦʩʪʘʚʣʷʣʘ: da/dx = 0,0152 ¡ ʠ dc/dx 

= 0,0764 Å; dV/dx = 5,9 Å3.  

ʂʦʦʨʜʠʥʘʪʳ ʠʦʥʦʚ, ʧʘʨʘʤʝʪʨʳ ʠ ʦʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, ʫʪʦʯʥʝʥʥʳʝ ʤʝʪʦʜʦʤ 

ʈʠʪʚʝʣʴʜʘ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 3.1. ɿʜʝʩʴ ʞʝ ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʬʘʢʪʦʨʦʚ, 

ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʦʮʝʥʢʫ ʫʨʦʚʥʷ ʩʦʦʪʚʝʪʩʪʚʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʤʦʜʝʣʴʥʦʡ ʨʝʥʪʛʝʥʦʛʨʘʤʤ 

(R-ʬʘʢʪʦʨ r ʨʘʩʭʦʜʠʤʦʩʪʠ/ʜʦʩʪʦʚʝʨʥʦʩʪʠ). ʅʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʢʨʠʪʝʨʠʝʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ 

ʪʦʯʥʦʩʪʴ ʧʨʠʙʣʠʞʝʥʠʷ (ʧʘʨʘʤʝʪʨʦʚ ʚʟʚʝʰʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʧʨʦʬʠʣʴʥʦʛʦ Rwp ʠ ʦʞʠʜʘʝʤʦʛʦ Rexp 

ʬʘʢʪʦʨʦʚ) ʠ ʢʘʯʝʩʪʚʦ ʫʪʦʯʥʝʥʥʦʡ ʩʪʨʫʢʪʫʨʥʦʡ ʤʦʜʝʣʠ (ʙʨʵʛʛʦʚʩʢʦʛʦ ʬʘʢʪʦʨʘ ʜʦʩʪʦʚʝʨʥʦʩʪʠ 

RB ʠ ɢ2-ʢʨʠʪʝʨʠ ̫ʇʠʨʩʦʥʘ), ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʦʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʮʠʠ, ʧʨʦʚʝʜʝʥʥʘʷ ʤʝʪʦʜʦʤ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ, ʷʚʣʷʝʪʩʷ ʨʝʣʝʚʘʥʪʥʦʡ. 
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ʊʘʙʣʠʮʘ 3.1 ï ʂʦʦʨʜʠʥʘʪʳ ʠʦʥʦʚ, ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʠ ʬʘʢʪʦʨʳ ʩʦʦʪʚʝʪʩʪʚʠʡ 

ʜʣʷ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19 (0,1<x<1,2) 

 

 

                                  x 

ʇʘʨʘʤʝʪʨʳ 

ʩʪʨʫʢʪʫʨʳ 

0,1 0,3 0,6 0,9 1,2 

a, (Å) 5,8992 5,9038 5,9068 5,907 5,909 

c, (Å) 23,242 23,273 23,2802 23,2792 23,2867 

V, (Å3) 700,47 702,49 703,42 703,45 704,14 

Fe3 (4fIV )      

z 0,0297 0,0299 0,0281 0,0271 0,0271 

Fe4 (4fVI )      

z 0,18928 0,1886 0,1877 0,1903 0,1903 

Fe5/Sn5 (12k)      

x 0,1676 0,168 0,166 0,1713 0,1713 

z 0,60838 0,6082 0,6069 0,6084 0,6084 

O1 (4e)      

z 0,15182 0,159 0,156 0,145 0,145 

O2 (4f)      

z 0,5529 0,558 0,563 0,5545 0,5545 

O3 (6h)      

x 0,1811 0,186 0,191 0,1864 0,1864 

O4 (12k)      

x 0,17196 0,173 0,175 0,1583 0,1583 

z 0,05319 0,053 0,0522 0,0514 0,0514 

O5 (12k)      

x 0,5223 0,5223 0,5223 0,5223 0,5223 

z 0,153 0,153 0,153 0,1542 0,1542 

Rwp, % 2,142 2,319 2,315 2,38567 2,665 

Rexp, % 2,132 2,188 2,219 2,24842 2,254 

RB, % 0,694 1,115 1,313 1,95698 2,948 

ɢ2 1,01 1,06 1,04 1,06 1,18 

 

ʋʚʝʣʠʯʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ  BaFe12-xSnxO19 ʩ ʨʦʩʪʦʤ ʩʪʝʧʝʥʠ 

ʟʘʤʝʱʝʥʠʷ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʨʘʟʣʠʯʠʝʤ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ Fe3+ ʠ Sn4+. ʊʘʢ, ʠʦʥʥʳʝ ʨʘʜʠʫʩʳ 

Fe3+ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ, ʧʝʥʪʘʵʜʨʠʯʝʩʢʦʡ ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ ʢʦʦʨʜʠʥʘʮʠʷʭ ʥʝʤʥʦʛʦ ʤʝʥʴʰʝ, 

ʯʝʤ ʫ Sn4+ (CN=IV: rFe
3+=0,49 Å, rSn

4+=0,55 Å, CN=V: rFe
3+=0,58 Å, rSn

4+=0,62 Å; CN=VI: 

rFe
3+=0,64 Å, rSn

4+=0,69 Å). ʂʨʦʤʝ ʪʦʛʦ, ʠʩʭʦʜʷ ʠʟ ʪʨʝʙʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ 

ʬʦʨʤʫʣʴʥʦʡ ʝʜʠʥʠʮʳ, ʧʨʠ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʤ ʟʘʤʝʱʝʥʠʠ ʜʦʣʞʥʘ ʥʘʙʣʶʜʘʪʴʩʷ ʯʘʩʪʠʯʥʘʷ 
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ʟʘʨʷʜʦʚʘʷ ʪʨʘʥʩʬʦʨʤʘʮʠʷ ï ʧʝʨʝʭʦʜ ʯʘʩʪʠ ʠʦʥʦʚ ʞʝʣʝʟʘ ʠʟ ʩʦʩʪʦʷʥʠʷ Fe3+ ʚ ʩʦʩʪʦʷʥʠʝ Fe2+ ʩ 

ʙʦʣʝʝ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ (CN=IV, rFe
2+=0,63 Å; CN=V, rFe

2+=0,64 Å, 

CN=VI, rFe
2+=0,78 Å). ʇʦʷʚʣʝʥʠʝ ʚʪʦʨʦʡ ʬʘʟʳ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʫʚʝʣʠʯʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ 

ʠ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19. ʉʢʦʨʦʩʪʴ 

ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʠ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʚ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ x=0,6 

ʜʦ x=1,2 ʩʦʩʪʘʚʠʣʘ: da/dx = 0,0037 Å; dc/dx = 0,0108 Å; dV/dx = 1,2 Å3, ï ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ 

ʤʝʥʴʰʝ, ʯʝʤ ʚ ʜʠʘʧʘʟʦʥʝ 0,1<x<0,6. ɼʘʥʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʘʨʘʤʝʪʨʦʚ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʬʘʟʦʚʳʤ ʩʦʩʪʘʚʦʤ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ.   

3.1.2 ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʟʘʤʝʱʝʥʥʦʛʦ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʝʨʝʥ ʧʦ ʨʘʟʤʝʨʫ ʜʣʷ ʦʙʨʘʟʮʦʚ 

ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xSnxO19 (0,1<x<1,2) ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.8. ɻʠʩʪʦʛʨʘʤʤʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʙʳʣʠ ʥʘʣʦʞʝʥʳ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʟʦʙʨʘʞʝʥʠʷ 

ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ) ʜʣʷ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ. 

ɺʳʷʩʥʠʣʦʩʴ, ʯʪʦ ʟʝʨʥʘ ʦʩʥʦʚʥʦʡ ʬʘʟʳ ʚʦ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ BaFe12-xSnxO19 

(0,1<x<1,2) ʠʤʝʶʪ ʬʦʨʤʫ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʧʣʘʩʪʠʥʦʢ.  

ɼʣʷ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʠʩʧʦʣʴʟʦʚʘʣʠ, ʧʦ 

ʤʝʥʴʰʝʡ ʤʝʨʝ, ʪʨʠ ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 50000³. ʀʟʤʝʨʝʥʠʷ 

ʨʘʟʤʝʨʦʚ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʬʦʨʤʘ ʯʘʩʪʠʮ ʦʢʨʫʛʣʘʷ. ɼʦʣʷ ʯʘʩʪʠʮ ʩ ʨʘʟʤʝʨʦʤ  

di ʚʳʯʠʩʣʷʣʘʩʴ ʢʘʢ 

 

ὖ  ȟ                   (3.3) 

 

ʛʜʝ       di ï ʨʘʟʤʝʨ (ʵʢʚʠʚʘʣʝʥʪʥʳʡ ʜʠʘʤʝʪʨ ʜʠʩʢʘ) ʚʳʙʨʘʥʥʦʡ ʯʘʩʪʠʮʳ;  

S ï ʧʦʣʥʘʷ ʧʣʦʱʘʜʴ ʚʩʝʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʯʘʩʪʠʮ;  

ni ï ʯʠʩʣʦ ʯʘʩʪʠʮ ʩ ʚʳʙʨʘʥʥʳʤ ʨʘʟʤʝʨʦʤ. 
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 ʈʠʩʫʥʦʢ 3.8 ï ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʩ ʫʢʘʟʘʥʠʝʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʫ 

ʜʣʷ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19: 

a) x = 0,1; b) x = 0,3; c) x = 0,6; d) x = 0,9; e) x = 1,2 

 

ʇʦʩʢʦʣʴʢʫ ʟʝʨʥʘ ʠʤʝʶʪ ʬʦʨʤʫ ʧʣʘʩʪʠʥʦʢ, ʫ ʢʦʪʦʨʳʭ ʜʠʘʤʝʪʨ ʛʦʨʘʟʜʦ ʙʦʣʴʰʝ ʪʦʣʱʠʥʳ 

ʧʣʘʩʪʠʥʳ, ʪʦ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʚʳʙʨʘʥʥʦʛʦ ʟʝʨʥʘ ʟʘ ʝʛʦ ʜʠʘʤʝʪʨ ʧʨʠʥʠʤʘʣʘʩʴ ʩʘʤʘʷ ʜʣʠʥʥʘʷ 

ʩʪʦʨʦʥʘ. ɼʣʷ ʘʜʝʢʚʘʪʥʦʡ ʦʮʝʥʢʠ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʙʦʢʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, 

ʜʠʘʤʝʪʨ ʠʟʤʝʨʷʣʠ ʚ ʩʘʤʦʤ ʜʣʠʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ʇʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʟʘʢʦʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠ ̫

ʟʝʨʝʥ ʧʦ ʨʘʟʤʝʨʫ ʦʥʠ ʙʳʣʠ ʨʘʟʜʝʣʝʥʳ ʥʘ 20 ʬʨʘʢʮʠʡ ʩ ʰʘʛʦʤ 50 ʥʤ. ɹʳʣʦ ʟʘʤʝʯʝʥʦ, ʯʪʦ ʦʥʦ 

ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪʩʷ ʬʫʥʢʮʠʝʡ ʛʘʫʩʩʦʚʩʢʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ. ɼʣʷ ʦʙʨʘʟʮʦʚ, ʚ ʢʦʪʦʨʳʭ 

ʧʨʠʩʫʪʩʪʚʦʚʘʣʘ ʚʪʦʨʘʷ ʬʘʟʘ (SnO2), ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʝʨʝʥ ʧʦ ʨʘʟʤʝʨʫ ʦʧʠʩʳʚʘʣʦʩʴ ʜʚʫʤʷ 
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ʛʘʫʩʩʦʚʩʢʠʤʠ ʬʫʥʢʮʠʷʤʠ. ʄʘʢʩʠʤʫʤ ʬʫʥʢʮʠʠ ʧʦʟʚʦʣʠʣ ʦʧʨʝʜʝʣʠʪʴ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ (ʚ 

ʥʘʰʠʭ ʦʙʨʘʟʮʘʭ ʚʝʩʴʤʘ ʙʣʠʟʢʠʡ ʢ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦʤʫ) ʜʣʷ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ ʛʝʢʩʘʬʝʨʨʠʪʘ 

BaFe12-xSnxO19 (0,1<x<1,2). ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.9. 
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ʈʠʩʫʥʦʢ 3.9 ï ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʜʣʷ ʜʚʫʭ ʬʘʟ ʚ ʦʙʨʘʟʮʘʭ:  

BaFe12-xSnxO19 (ʥʠʞʥʠʡ ʨʷʜ ʪʦʯʝʢ) ʠ SnO2 (ʚʝʨʭʥʠʡ ʨʷʜ) 

 

ʆʙʨʘʟʮʳ BaFe12-xSnxO19 ʩ x=0,1 ʠ 0,3 ʠʤʝʶʪ ʰʠʨʦʢʠʡ ʨʘʟʙʨʦʩ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ ʩ ʦʜʥʠʤ 

ʯʝʪʢʦ ʚʳʨʘʞʝʥʥʳʤ ʤʘʢʩʠʤʫʤʦʤ (ʨʠʩʫʥʦʢ 3.8 ʘ ʠ b). ʅʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʝ ʨʘʟʤʝʨʳ ʟʝʨʝʥ 

ʩʦʩʪʘʚʣʷʶʪ 433 ʠ 424 ʥʤ ʜʣʷ BaFe12-xSnxO19 ʩ x=0,1 ʠ 0,3 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʈʘʟʤʝʨ ʟʝʨʝʥ 

ʚʘʨʴʠʨʦʚʘʣʩʷ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ (ʦʪ 50 ʥʤ ʜʦ 1 ʤʢʤ), ʠ ʬʫʥʢʮʠʷ ɻʘʫʩʩʘ ʦʧʠʩʳʚʘʣʘ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩ ʥʠʟʢʠʤ ʧʘʨʘʤʝʪʨʦʤ ʧʦʜʛʦʥʢʠ (0,92 ʜʣʷ x=0,1 ʠ 0,90 ʜʣʷ x=0,3). ʋʚʝʣʠʯʝʥʠʝ 

ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʜʦ x=0,6 ʠ ʙʦʣʝʝ ʧʨʠʚʝʣʦ ʢ ʧʦʷʚʣʝʥʠʶ ʚʪʦʨʦʛʦ ʧʠʢʘ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʷʭ 

ʨʘʟʤʝʨʦʚ (ʨʠʩʫʥʦʢ 3,8 ʩ,d,e). ʇʨʠʯʠʥʦʡ ʵʪʦʛʦ ʤʦʞʝʪ ʙʳʪʴ ʧʦʷʚʣʝʥʠʝ ʚʪʦʨʦʡ ʬʘʟʳ (SnO2) ʚ 

ʩʪʨʫʢʪʫʨʝ BaFe12-xSnxO19. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʫʱʝʩʪʚʫʶʪ ʜʚʘ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʭ ʨʘʟʤʝʨʘ ʟʝʨʝʥ 

ʜʣʷ BaFe12-xSnxO19 ʩ x=0,6 ï 386 ʠ 646 ʥʤ (ʧʝʨʚʳʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʩʥʦʚʥʦʡ ʬʘʟʝ ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ʤʘʛʥʝʪʦʧʣʶʤʙʠʪʘ, ʘ ʚʪʦʨʦʡ ï ʧʨʠʤʝʩʥʦʡ ʬʘʟʝ ʦʢʩʠʜʘ ʦʣʦʚʘ). ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ 

ʦʙʨʘʟʮʘ ʩ x=0,6 ʭʦʨʦʰʦ ʚʠʜʥʘ ʛʝʢʩʘʛʦʥʘʣʴʥʘʷ ʩʪʨʫʢʪʫʨʘ ʟʝʨʝʥ. ɼʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ 

ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦʛʦ ʨʘʟʤʝʨʘ ñʤʝʣʢʦʡ ʬʨʘʢʮʠʠò 

(ʦʩʥʦʚʥʘʷ ʬʘʟʘ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʬʝʨʨʠʪʘ): ʜʦ 342 ʥʤ ʜʣʷ ʦʙʨʘʟʮʘ ʩ x=0,9 ʠ 272 ʥʤ ʜʣʷ ʦʙʨʘʟʮʘ 

ʩ x=1,2. ʆʜʥʦʚʨʝʤʝʥʥʦ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʡ ʜʠʘʤʝʪʨ ʯʘʩʪʠʮ ñʢʨʫʧʥʦʡ ʬʨʘʢʮʠʠò (ʧʨʠʤʝʩʥʘʷ 
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ʬʘʟʘ ʦʢʩʠʜʘ ʦʣʦʚʘ) ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ 682 ʥʤ ʜʣʷ ʦʙʨʘʟʮʘ ʩ ʭ =  0,9 ʠ 730 ʥʤ ʜʣʷ ʦʙʨʘʟʮʘ ʩ             

ʭ=1,2.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʨʘʚʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʤʘʢʩʠʤʫʤʦʚ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ 

ʩʤʝʥʘ ʪʝʥʜʝʥʮʠʠ ʧʨʠ ʨʦʩʪʝ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʩ x=0,6 ʜʦ x=1,2 ï ʫʚʝʣʠʯʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʟʝʨʝʥ ʠʟ ñʤʝʣʢʦʡ ʬʨʘʢʮʠʠò ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʘʩʪʠʮʘʤʠ ʠʟ ñʢʨʫʧʥʦʡ ʬʨʘʢʮʠʠò. ʕʪʦ 

ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ ʟʘʪʨʫʜʥʝʥʠʝʤ ʨʦʩʪʘ ʟʝʨʝʥ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ Sn4+, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʬʦʨʤʠʨʦʚʘʪʴ ʣʦʢʘʣʴʥʳʝ ʜʝʬʝʢʪʳ ʠ 

ʧʨʝʧʷʪʩʪʚʦʚʘʪʴ ʨʦʩʪʫ ʟʝʨʝʥ. 

3.1.3 ʄʘʛʥʠʪʥʳʝ ʠ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xSnxO19  

ʅʘ ʨʠʩʫʥʢʝ 3.10 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʣʝʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʜʣʷ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xSnxO19 (0,1<x<1,2), ʧʦʣʫʯʝʥʥʳʝ 

ʤʝʪʦʜʦʤ ʚʠʙʨʘʮʠʦʥʥʦʡ ʤʘʛʥʠʪʦʤʝʪʨʠʠ. ɺ ʪʘʙʣʠʮʝ 3.2 ʧʨʠʚʝʜʝʥʳ ʧʦʜʨʦʙʥʳʝ ʩʚʝʜʝʥʠʷ ʦ 

ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ, ʚʢʣʶʯʘʷ ʦʩʪʘʪʦʯʥʫʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ (Mr), ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ 

ʥʘʩʳʱʝʥʠʷ (Ms) ʠ ʢʦʵʨʮʠʪʠʚʥʫʶ ʩʠʣʫ (Hc), ʢʦʪʦʨʳʝ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʠʟ ʜʘʥʥʳʭ ʨʠʩʫʥʢʘ 3.10. 

ʇʝʪʣʷ ʛʠʩʪʝʨʝʟʠʩʘ ʠʣʠ ʟʘʚʠʩʠʤʦʩʪʴ M(H) ʦʪʦʙʨʘʞʘʝʪ ʵʪʠ ʤʘʛʥʠʪʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʜʣʷ 

ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ. ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ Sn-ʟʘʤʝʱʝʥʥʦʛʦ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʟʘʤʝʥʦʡ ʢʘʪʠʦʥʦʚ Fe3+ ʢʘʪʠʦʥʘʤʠ Sn4+. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ 

ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʪ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʥʝ ʷʚʣʷʝʪʩʷ ʤʦʥʦʪʦʥʥʦʡ, ʯʪʦ 

ʤʦʞʥʦ ʦʙʲʷʩʥʠʪ ɹʢʘʢ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʨʘʩʧʨʝʜʝʣʝʥʠ ̫ʠʦʥʦʚ-ʟʘʤʝʩʪʠʪʝʣʝʡ ʧʦ ʧʦʜʨʝʰʝʪʢʘʤ, ʪʘʢ 

ʠ ʦʩʦʙʝʥʥʦʩʪʴʶ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʤʘʛʥʠʪʥʳʤʠ ʢʘʪʠʦʥʘʤʠ Fe3+ ʯʝʨʝʟ ʢʠʩʣʦʨʦʜ 

(Fe3+-O2--Fe3+) ʠ ʦʙʤʝʥʘ ʵʣʝʢʪʨʦʥʘʤʠ ʤʘʛʥʠʪʥʳʭ ʢʘʪʠʦʥʦʚ Fe3+ ʯʝʨʝʟ ʜʠʘʤʘʛʥʠʪʥʳʝ ʢʘʪʠʦʥr 

Sn4+ ʠ ʢʠʩʣʦʨʦʜʘ (Fe3+-O2--Sn4+-O2-...) ʚ ʨʘʟʣʠʯʥʳʭ ʢʠʩʣʦʨʦʜʥʳʭ ʢʦʦʨʜʠʥʘʮʠʷʭ, 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ (ɸ) ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ (B).   
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ʈʠʩʫʥʦʢ 3.10 ï ʇʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʙʨʘʟʮʦʚ 

ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19 

 

ʊʘʙʣʠʮʘ 3.2 ï ʆʩʥʦʚʥʳʝ ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xSnxO19 

(0,1<x<1,2) 

 

Mr (ɸ·ʤ2Ŀʢʛ-1) Hc (ʢʕ) Ms (ɸ·ʤ2Ŀʢʛ-1) x 

31,55 1,87 61,46 0,1 

30,72 0,85 61,81 0,3 

23,39 0,82 54,95 0,6 

19,69 0,44 54,66 0,9 

15,33 0,4 49,8 1,2 

 

ʀʟ ʜʘʥʥʳʭ ʨʠʩʫʥʢʘ 3.10 ʚʠʜʥʦ, ʯʪʦ ʚʩʝ ʠʩʩʣʝʜʫʝʤʳʝ ʦʙʨʘʟʮʳ ʚʳʭʦʜʷʪ ʚ ʩʦʩʪʦʷʥʠʝ 

ʤʘʛʥʠʪʥʦʛʦ ʥʘʩʳʱʝʥʠʷ ʚʦ ʚʥʝʰʥʠʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʦ 5 ʊʣ. ʇʦ ʜʘʥʥʳʤ ʪʘʙʣʠʮʳ 3.2 ʤʦʞʥʦ 

ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʠʦʥʘʤʠ ʦʣʦʚʘ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ 

ʫʤʝʥʴʰʝʥʠʶ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʠ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʢ ʥʝʤʦʥʦʪʦʥʥʦʤʫ 

ʠʟʤʝʥʝʥʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ. ʊʘʢ, ʚ ʨʷʜʫ ʩʦʩʪʘʚʦʚ BaFe12-xSnxO19 ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʦʪ x=0,1 ʜʦ x=1,2 ʦʪʤʝʯʝʥʦ ʩʥʠʞʝʥʠʝ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʙʦʣʝʝ ʯʝʤ ʚ 4,6 

ʨʘʟʘ ʦʪ 1,87 ʜʦ 0,4 ʢʕ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʋʤʝʥʴʰʝʥʠʝ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪʤʝʯʝʥʦ 
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ʧʨʘʢʪʠʯʝʩʢʠ ʚ 2 ʨʘʟʘ ʦʪ 31,55 ʜʦ 15,33 ɸ·ʤ2Ŀʢʛ-1 ʚ ʪʦʤ ʞʝ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤ ʜʠʘʧʘʟʦʥʝ. 

ʋʤʝʥʴʰʝʥʠʝ ʦʙʱʝʡ ʤʘʛʥʠʪʥʦʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ (ʩʥʠʞʝʥʠʝ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʠ ʦʩʪʘʪʦʯʥʦʡ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ) ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ ʬʨʫʩʪʨʘʮʠʝʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ BaFe12-xSnxO19 

ʟʘ ʩʯʝʪ ʨʘʟʨʳʚʘ ʦʙʤʝʥʥʳʭ ʩʚʷʟʝʡ Fe3+-O2--Fe3+ ʧʨʠ ʟʘʤʝʱʝʥʠʠ ʠʦʥʦʚ ʞʝʣʝʟʘ ʜʠʘʤʘʛʥʠʪʥʳʤʠ 

ʠʦʥʘʤʠ ʦʣʦʚʘ. ʋʚʝʣʠʯʝʥʠʝ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʦʣʦʚʦʤ ʥʝʣʠʥʝʡʥʦ ʠʟʤʝʥʷʝʪ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ 

ʥʘʩʳʱʝʥʠʷ. ʊʘʢ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʟʘʤʝʱʝʥʠʷ ʩ x=0,1 ʜʦ x=0,3 ʚʝʣʠʯʠʥʘ Ms ʥʝʟʥʘʯʠʪʝʣʴʥʦ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʪ 61,46 ʜʦ 61,81 ɸ·ʤ2Ŀʢʛ-1. ɺ ʜʘʣʴʥʝʡʰʝʤ ʩ ʨʦʩʪʦʤ ʟʘʤʝʱʝʥʠʷ ʦʪ x=0,3 ʜʦ x=1,2 

ʚʝʣʠʯʠʥʘ Ms ʤʦʥʦʪʦʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʦʪ 61,81 ʜʦ 49,8 ɸ·ʤ2Ŀʢʛ-1. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ 

ʥʝʩʢʦʣʴʢʠʤʠ ʬʘʢʪʦʨʘʤʠ. ʉʥʠʞʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʠ ʟʘʤʝʱʝʥʠʠ ʜʠʘʤʘʛʥʠʪʥʳʤʠ 

ʠʦʥʘʤʠ ʧʨʝʞʜʝ ʚʩʝʛʦ ʦʙʫʩʣʦʚʣʝʥʦ ʩʥʠʞʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʘʛʥʠʪʦʘʢʪʠʚʥʳʭ ʠʦʥʦʚ ʞʝʣʝʟʘ ʠ 

ʦʩʣʘʙʣʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ Fe3+-O2--Fe3+. ʊʘʢʞʝ ʥʘ ʤʘʛʥʠʪʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘʤʝʱʝʥʥʦʛʦ ʛʝʢʩʘʬʝʨʨʠʪʘ ʤʦʛʫʪ ʚʣʠʷʪʴ ʠ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʦʥʦʚ-

ʟʘʤʝʩʪʠʪʝʣʝʡ ʧʦ ʢʠʩʣʦʨʦʜʥʳʤ ʢʦʦʨʜʠʥʘʮʠʷʤ, ʯʪʦ ʤʦʞʝʪ ʦʙʫʩʣʦʚʣʠʚʘʪʴ ʦʩʦʙʝʥʥʦʩʪʠ 

ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ (ʦʩʣʘʙʣʝʥʠʝ ʦʜʥʦʡ ʠʟ ʤʘʛʥʠʪʥʳʭ ʧʦʜʨʝʰʝʪʦʢ ʠʣʠ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʢʦʣʣʠʥʝʘʨʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ 

ʚʝʢʪʦʨʦʚ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ). ʉʚʦʡ ʚʢʣʘʜ ʪʘʢʞʝ ʤʦʞʝʪ ʚʥʦʩʠʪʴ ʠ ʫʚʝʣʠʯʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʚ ʩʣʦʞʥʳʭ ʦʢʩʠʜʘʭ ʠʦʥʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʦʙʫʩʣʦʚʣʝʥʘ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʜʣʠʥʘʤʠ ʩʚʷʟʝʡ 

ʤʘʛʥʠʪʥʦʛʦ ʠʦʥʘ ʩ ʢʠʩʣʦʨʦʜʦʤ (Fe3+-O2-) ʠ ʟʥʘʯʝʥʠʝʤ ʚʘʣʝʥʪʥʦʛʦ ʫʛʣʘ ʩʚʷʟʠ ʤʝʞʜʫ 

ʤʘʛʥʠʪʥʳʤʠ ʠʦʥʘʤʠ. ʇʘʨʘʤʝʪʨʳ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ (ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʟʝʨʥʘ, ʧʦʨʠʩʪʦʩʪʴ) ʠ 

ʥʘʣʠʯʠʝ ʧʨʠʤʝʩʥʳʭ ʬʘʟ ʪʘʢʞʝ ʤʦʛʫʪ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʠʟʤʝʥʷʪʴ ʤʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʠʩʩʣʝʜʫʝʤʳʭ ʩʦʩʪʘʚʦʚ. 

ɼʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xSnxO19 (0,1<x<1,2) ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 700 ʄɻʮ 

ï 7 ɻɻʮ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʨʘʩʩʯʠʪʘʥʳ 

ʜʝʡʩʪʚʠʪʝʣʴʥʳʝ ʠ ʤʥʠʤʳʝ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ. 

ɼʝʡʩʪʚʠʪʝʣʴʥʳʝ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ (Ң̀, ɛ̀) ʦʪʚʝʪʩʪʚʝʥʥʳ ʟʘ 

ʥʘʢʦʧʣʝʥʠʝ ʵʥʝʨʛʠʠ ʦʪ ʚʥʝʰʥʠʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʚ ʤʘʪʝʨʠʘʣʝ ʟʘ ʩʯʝʪ 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ ʤʥʠʤʳʝ ʯʘʩʪʠ ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ (Ң̀̀, ɛ̀̀ ) 

ʦʧʠʩʳʚʘʶʪ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ (ʜʠʩʩʠʧʘʮʠʶ) ʚʥʝʰʥʠʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʤʘʪʝʨʠʘʣʦʤ. ʅʘ ʨʠʩʫʥʢʝ 3.11 ʧʨʝʜʩʪʘʚʣʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xSnxO19 

(0,1<x<1,2) ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 700 ʄɻʮ ï 7 ɻɻʮ. 
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ʈʠʩʫʥʦʢ 3.11 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19 

 

ʆʪʤʝʯʝʥʦ, ʯʪʦ ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʚʝʣʠʯʠʥʘ Ң̀ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʨʦʩʪʦʤ 

ʯʘʩʪʦʪʳ. ʅʘʠʙʦʣʝʝ ʟʘʤʝʪʥʳʤ ʩʥʠʞʝʥʠʝ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʷʚʣʷʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 700 ʄɻʮ 

ï 3 ɻɻʮ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʜʠʘʧʘʟʦʥʝ 3 ɻɻʮ ï 7 ɻɻʮ ʦʥʦ ʥʝ ʩʪʦʣʴ ʚʳʨʘʞʝʥʦ. ɺʳʩʦʢʦʝ ʟʥʘʯʝʥʠʝ Ң̀ 

ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʦʨʠʝʡ ʂʫʧcʘ [52]; ɽʩʣʠ ʭʘʨʘʢʪʝʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʦʩʠʪʝʣʝʡ 

ʟʘʨʷʜʘ ʚ ʛʨʘʥʠʮʝ ʟʝʨʥʘ ʥʦʩʠʪ ʩʢʘʯʢʦʦʙʨʘʟʥʳʡ ʭʘʨʘʢʪʝʨ, ʪʦ ʚ ʩʠʩʪʝʤʝ ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ 

ʫʩʠʣʝʥʠʝ ʤʝʞʬʘʟʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ (ʠʟ-ʟʘ ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʟʘʨʷʜʘ ʥʘ ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ). 

ʇʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʟʥʘʯʝʥʠ ̫ Ң̀ [170ï172]. ʄʝʭʘʥʠʟʤʳ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʣʷʨʠʟʘʮʠʠ ʠ ʘʢʪʠʚʘʮʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʛʝʢʩʘʬʝʨʨʠʪʘʭ ʪʝʩʥʦ ʚʟʘʠʤʦʩʚʷʟʘʥʳ 

[173ï175]. ɽʩʣʠ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʘʩʪʦʪʳ ʠʟʣʫʯʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ Ң̀ ʜʦ ʧʦʩʪʦʷʥʥʦʡ 

ʚʝʣʠʯʠʥʳ, ʤʦʞʥʦ ʫʪʚʝʨʞʜʘʪʴ ʦ ʜʦʩʪʠʞʝʥʠʠ ʧʨʝʜʝʣʘ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʧʦʪʝʨʴ [173]. ʉʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʯʘʩʪʦʪʳ ʠʟʣʫʯʝʥʠʷ, ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ (ʵʣʝʢʪʨʦʥʳ) ʤʦʛʫʪ ʠʟʤʝʥʷʪʴ 

ʪʨʘʝʢʪʦʨʠʶ ʜʚʠʞʝʥʠʷ, ʩʥʠʞʘʷ ʚʝʨʦʷʪʥʦʩʪʴ ʧʨʠʙʣʠʞʝʥʠʷ ʢ ʛʨʘʥʠʮʝ ʟʝʨʝʥ ʠ ʫʚʝʣʠʯʠʚʘʷ ʚʢʣʘʜ 

ʚ ʦʙʱʫʶ ʧʦʣʷʨʠʟʘʮʠʶ. ʕʪʦ ʨʝʟʢʦ ʩʥʠʞʘʝʪ ʦʙʱʫʶ ʧʦʣʷʨʠʟʘʮʠʶ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʘʙʣʶʜʘʝʤʦʤʫ 

ʧʘʜʝʥʠʶ Ң̀ [172,174]. ʀʟʤʝʥʝʥʠʷ ʚ ʚʝʣʠʯʠʥʝ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʣʷ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xSnxO19 (0,1<x<1,2) ʥʝ ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʳʤ ʠ 

ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʚʢʣʘʜʦʤ ʚʪʦʨʦʡ ʬʘʟʳ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʦʜʥʦʟʥʘʯʥʫʶ ʠʥʪʝʨʧʨʝʪʘʮʠʶ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʚ ʦʜʥʦʬʘʟʥʳʭ ʩʦʩʪʘʚʘʭ ʦʪ x=0,1 ʜʦ 
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x=0,3 ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ ʩʥʠʞʝʥʠʶ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʧʨʦʥʠʮʘʝʤʦʩʪʠ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ 

ʦʙʫʩʣʦʚʣʝʥʦ ʩʥʠʞʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʝʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʧʨʠ 

ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʤ ʟʘʤʝʱʝʥʠʠ. 

ʅʘ ʨʠʩʫʥʢʝ 3.12 ʧʨʝʜʩʪʘʚʣʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʥʠʤʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xSnxO19 (0,1<x<1,2) ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 700 ʄɻʮ 

ï 7 ɻɻʮ. 
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ʈʠʩʫʥʦʢ 3.12 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʥʠʤʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19 

 

ʇʦ ʜʘʥʥʳʤ ʨʠʩʫʥʢʘ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʯʘʩʪʦʪʳ ʧʨʠʚʦʜʠʪ ʢ 

ʩʥʠʞʝʥʠʶ ʤʥʠʤʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ. ʀʟʤʝʥʝʥʠʷ ʚ 

ʚʝʣʠʯʠʥʝ ʤʥʠʤʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʣʷ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ        

BaFe12-xSnxO19 (0,1<x<1,2) ʥʝ ʷʚʣʷʶʪʩʷ ʣʠʥʝʡʥʳʤʠ ʠ ʤʦʛʫʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʳ ʚʢʣʘʜʦʤ ʚʪʦʨʦʡ 

ʬʘʟʳ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʦʜʥʦʟʥʘʯʥʫʶ ʠʥʪʝʨʧʨʝʪʘʮʠʶ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʩʪʝʧʝʥʠ 

ʟʘʤʝʱʝʥʠʷ ʚ ʦʜʥʦʬʘʟʥʳʭ ʩʦʩʪʘʚʘʭ ʦʪ x=0,1 ʜʦ x=0,3 ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ ʩʥʠʞʝʥʠʶ ʤʥʠʤʦʡ 

ʯʘʩʪʠ ʧʨʦʥʠʮʘʝʤʦʩʪʠ. ʇʦʣʷʨʠʟʘʮʠʦʥʥʳʡ ʦʪʢʣʠʢ ʜʦʣʞʝʥ ʫʚʝʣʠʯʠʚʘʪʴʩʷ ʧʦ ʤʝʨʝ ʪʦʛʦ, ʢʘʢ 

ʯʘʩʪʦʪʘ ʠʟʣʫʯʝʥʠʷ ʧʨʝʚʳʰʘʝʪ ʯʘʩʪʦʪʫ ʨʝʣʘʢʩʘʮʠʠ. ɺ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ ʜʦ 3 ɻɻʮ ʫʜʝʣʴʥʦʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʠʤ ʠʟ-ʟʘ ʚʣʠʷʥʠʷ ʛʨʘʥʠʮ ʟʝʨʝʥ, ʵʣʝʢʪʨʦʥʥʳʡ ʦʙʤʝʥ ʤʝʞʜʫ 

ʠʦʥʘʤʠ Fe3+ ʠ Fe2+ ʟʘʪʨʫʜʥʝʥ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʨʘʩʪʫʪ ʧʦʪʝʨʠ ʵʥʝʨʛʠʠ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʯʘʩʪʦʪʳ ʩʚʳʰʝ 3 ɻɻʮ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʩʥʠʞʘʝʪʩʷ. ɼʣʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʦʙʤʝʥʘ ʤʝʞʜʫ 
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Fe3+ ʠ Fe2+ ʚ ʟʝʨʥʘʭ ʪʨʝʙʫʝʪʩʷ ʤʝʥʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʵʥʝʨʛʠʠ, ʧʦʵʪʦʤʫ ʧʦʪʝʨʠ ʵʥʝʨʛʠʠ ʥʘ ʥʝʛʦ 

ʥʝʚʝʣʠʢʠ. ʇʦʛʣʦʱʝʥʠʝ ʵʥʝʨʛʠʠ ʦʙʫʩʣʦʚʣʝʥʦ ʪʘʢʞʝ ʠʟʤʝʥʝʥʠʝʤ ʦʨʠʝʥʪʘʮʠʠ ʜʠʧʦʣʝʡ, ʯʪʦ 

ʚʳʟʳʚʘʝʪ ʥʘʛʨʝʚ ʤʘʪʝʨʠʘʣʘ ʠ ʧʨʠʚʦʜʠʪ ʢ ʧʦʪʝʨʝ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ.   

ʅʘ ʨʠʩʫʥʢʝ 3.13 ʧʨʝʜʩʪʘʚʣʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʤʘʛʥʠʪʥʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xSnxO19 (0,1<x<1,2) ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 700 ʄɻʮ 

ï 7 ɻɻʮ. 
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ʈʠʩʫʥʦʢ 3.13 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19 

 

ʇʦʢʘʟʘʪʝʣʠ ʢʦʤʧʣʝʢʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ɛ̀ ʠ ɛ̀̀  ʪʘʢʞʝ ʷʚʣʷʶʪʩʷ ʚʘʞʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ, ʦʪʨʘʞʘʶʱʠʤʠ ʧʨʠʨʦʜʫ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʦʙʨʘʟʮʦʚ. ɿʥʘʯʝʥʠʷ ɛ̀ 

ʚʘʨʴʠʨʫʶʪʩʷ ʦʪ 1,09 ʜʦ 1,42, ʧʨʠ ʵʪʦʤ ʚ ʜʠʘʧʘʟʦʥʝ ʜʦ 2 ɻɻʮ ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʩʥʠʞʝʥʠʝ ʚʝʣʠʯʠʥʳ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ. ɺ ʦʙʣʘʩʪʠ ʯʘʩʪʦʪ 2-3 

ɻɻʮ ʦʪʤʝʯʘʶʪʩʷ ʣʦʢʘʣʴʥʳʝ ʤʠʥʠʤʫʤʳ ʯʘʩʪʦʪʥʳʭ ʜʠʩʧʝʨʩʠʡ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʨʦʩʪʦʤ ʚʝʣʠʯʠʥʳ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʥʘʯʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʣʷ ʦʙʨʘʟʮʦʚ 

BaFe12-xSnxO19 ʩ ʥʠʟʢʠʤ ʫʨʦʚʥʝʤ ʟʘʤʝʱʝʥʠʷ (x=0,1 ʠ x=0,3) ʚ ʩʨʝʜʥʝʤ ʥʠʞʝ, ʯʝʤ ʜʣʷ ʦʙʨʘʟʮʦʚ 

ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʟʘʤʝʱʝʥʠʷ ʭ>0,3. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʤʦʞʝʪ ʦʙʫʩʣʦʚʣʠʚʘʪʴ ʧʦʛʣʦʱʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ 

ʠʟʣʫʯʝʥʠʷ (ʤʘʛʥʠʪʥʳʝ ʧʦʪʝʨʠ) ʚ ʜʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ.  
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ʅʘ ʨʠʩʫʥʢʝ 3.14 ʧʨʝʜʩʪʘʚʣʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʥʠʤʦʡ ʯʘʩʪʠ ʤʘʛʥʠʪʥʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xSnxO19 (0,1<x<1,2) ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 700 ʄɻʮ 

ï 7 ɻɻʮ. 
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ʈʠʩʫʥʦʢ 3.14 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʥʠʤʦʡ ʯʘʩʪʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʙʨʘʟʮʦʚ  

ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19 

 

ʀʟʤʝʥʝʥʠʷ ʚʝʣʠʯʠʥʳ ʤʥʠʤʦʡ ʯʘʩʪʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ɛ̀̀  ʚʘʨʴʠʨʫʶʪʩʷ ʦʪ -0,16 

ʜʦ 0,3, ʧʨʠʥʠʤʘ ̫ ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ. ʆʪʨʠʮʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ɛ̀̀  ʦʙʫʩʣʦʚʣʝʥʳ 

ʟʘʪʫʭʘʥʠʝʤ ʤʘʛʥʠʪʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʯʝʨʝʟ ʤʘʪʝʨʠʘʣ, ʦʜʥʘʢʦ ʵʪʦ 

ʟʘʪʫʭʘʥʠʝ ʥʝ ʩʣʝʜʫʝʪ ʘʩʩʦʮʠʠʨʦʚʘʪʴ ʩ ʧʦʛʣʦʱʝʥʠʝʤ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ [176]. ɺ [177] 

ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʵʬʬʝʢʪʳ ʟʘʪʫʭʘʥʠʷ ʵʥʝʨʛʠʠ ʠʟʣʫʯʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʳ 

ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʟʘʨʷʜʘʤʠ ʚ ʩʪʨʫʢʪʫʨʝ. ɺ ʥʝʢʦʪʦʨʳʭ ʠʩʪʦʯʥʠʢʘʭ ʧʨʠ 

ʦʙʩʫʞʜʝʥʠʠ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʚʝʣʠʯʠʥ ʫʪʚʝʨʞʜʘʝʪʩʷ, ʯʪʦ ʚ ʤʘʛʥʠʪʥʳʭ ʛʨʘʥʫʣʠʨʦʚʘʥʥʳʭ 

ʤʘʪʝʨʠʘʣʘʭ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʨʝʟʦʥʘʥʩʥʳʝ ʷʚʣʝʥʠʷ, ʩʧʦʩʦʙʩʪʚʫʶʱʠʝ ʟʘʪʫʭʘʥʠʶ ʚʦʣʥʳ ʟʘ ʩʯʝʪ 

ʩʫʧʝʨʧʦʟʠʮʠʠ ʧʘʜʘʶʱʝʡ ʠ ʦʪʨʘʞʝʥʥʦʡ ʚʦʣʥʳ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ ɛ̀̀  

[178]. ɿʥʘʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ (ɛ̀ ʠ ɛ̀̀) ʠʤʝʶʪ ʙʦʣʝʝ ʥʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ (Ң̀ ʠ Ң̀̀), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʪʦʤ, ʯʪʦ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʤʘʪʝʨʠʘʣʝ ʚʥʦʩʷʪ 

ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ. 
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ʇʨʠ ʵʪʦʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʤʘʛʥʠʪʥʳʝ ʧʦʪʝʨʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʟʥʘʯʝʥʠʷʤʠ ʪʘʥʛʝʥʩʦʚ 

ʧʦʪʝʨʴ tanŭE ʠ tanŭM [179]: 

 

ὸὥὲ‏
ǬǬ

Ǭ                  (3.4) 

 

ὸὥὲ‏
ǬǬ

Ǭ                   (3.5) 

 

ʀʟʤʝʥʝʥʠʝ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʪʝʨʴ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʯʘʩʪʦʪʳ ʜʣʷ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xSnxO19 (0,1<x<1,2) ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 700 ʄɻʮ ï 

7 ɻɻʮ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʢʘʭ 3.15 ʠ 3.16. ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ 

ʫʤʝʥʴʰʘʶʪʩʷ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʯʘʩʪʦʪʳ. ʆʙʲʷʩʥʝʥʠʝ ʧʦʜʦʙʥʦʛʦ ʧʦʚʝʜʝʥʠʷ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʚ ʬʝʨʨʠʪʘʭ ʦʩʥʦʚʘʥʦ ʥʘ ʤʦʜʝʣʠ ʄʘʢʩʚʝʣʣʘ-ɺʘʛʥʝʨʘ [180,181] ʠ 

ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʂʫʧʩʘ [182], ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʳʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʬʝʨʨʠʪʘ 

ʷʚʣʷʶʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʜʚʫʭ ʷʚʣʝʥʠʡ: 1) ʥʘʢʦʧʣʝʥʠʝ ʜʝʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʟʝʨʝʥ ʠ 2) ʜʝʬʝʢʪʳ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʜʠʧʦʣʝʡ. ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʚ 

ʥʠʟʢʦʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʧʝʨʚʳʡ ʤʝʭʘʥʠʟʤ, ʘ ʚ ʙʦʣʝʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʤ 

ʜʠʘʧʘʟʦʥʝ ʦʥʠ ʚ ʦʩʥʦʚʥʦʤ ʩʚʷʟʘʥʳ ʩ ʦʪʢʣʠʢʦʤ ʜʝʬʝʢʪʥʳʭ ʜʠʧʦʣʝʡ ʥʘ ʧʨʠʣʦʞʝʥʥʦʝ ʧʦʣʝ.  

ɺ ʧʨʦʮʝʩʩʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʜʠʧʦʣʠ ʚ ʬʝʨʨʠʪʝ ʬʦʨʤʠʨʫʶʪʩʷ ʠʟ-ʟʘ 

ʠʟʤʝʥʝʥʠʷ ʟʘʨʷʜʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠʦʥʦʚ ʞʝʣʝʟʘ Fe3+/Fe2+. ʈʝʣʘʢʩʘʮʠʷ ʜʠʧʦʣʝʡ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ 

ʧʦʣʝ ʫʤʝʥʴʰʘʝʪʩʷ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ 

[183]. ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʚ ʧʨʠʣʦʞʝʥʥʦʤ ʧʦʣʝ ʚʦʟʥʠʢʘʶʪ ʠʟ-ʟʘ ʧʨʠʤʝʩʝʡ ʠ ʜʝʬʝʢʪʦʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ [184]. ʊʘʥʛʝʥʩ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʪʘʢʞʝ ʟʘʚʠʩʠʪ ʦʪ 

ʩʪʨʫʢʪʫʨʳ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʦʙʨʘʟʮʦʚ, ʥʘʧʨʠʤʝʨ, ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʠ, ʩʦʜʝʨʞʘʥʠʷ Fe2+ ʠ 

ʩʪʨʫʢʪʫʨʥʦʡ ʦʜʥʦʨʦʜʥʦʩʪʠ [185].  
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ʈʠʩʫʥʦʢ 3.15 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʚ ʦʙʨʘʟʮʘʭ  

ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19 
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ʈʠʩʫʥʦʢ 3.16 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʤʘʛʥʠʪʥʳʭ ʧʦʪʝʨʴ ʚ ʦʙʨʘʟʮʘʭ  

ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19 

 

ʀʟ ʨʠʩʫʥʢʦʚ 3.15 ʠ 3.16 ʚʠʜʥʦ, ʯʪʦ ʚ ʮʝʣʦʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ 

ʦʙʨʘʟʮʦʚ ʙʦʣʝʝ ʟʥʘʯʠʪʝʣʴʥʳ, ʯʝʤ ʤʘʛʥʠʪʥʳʝ ʧʦʪʝʨʠ, ʠ ʧʦʵʪʦʤʫ ʩʫʤʤʘʨʥʳʝ ʧʦʪʝʨʠ ʵʥʝʨʛʠʠ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʤʘʪʝʨʠʘʣʘ ʩ ʠʟʣʫʯʝʥʠʝʤ ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʪ ʠʟ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ. 
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ɿʥʘʯʝʥʠʷ ʪʘʥʛʝʥʩʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʚʘʨʴʠʨʫʶʪʩʷ ʦʪ 0,35 ʜʦ 0,74, ʘ ʪʘʥʛʝʥʩʘ ʤʘʛʥʠʪʥʳʭ 

ʧʦʪʝʨʴ ʥʝ ʧʨʝʚʳʰʘʶʪ 0,23 ʠ ʠʤʝʶʪ ʦʙʱʫʶ ʪʝʥʜʝʥʮʠʶ ʢ ʩʥʠʞʝʥʠʶ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʧʨʦʮʝʩʩʳ ʧʦʛʣʦʱʝʥʠʷ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʚʦ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʘʭ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19 (0,1<x<1,2) 

ʦʙʫʩʣʦʚʣʝʥ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ. ɼʦʤʠʥʠʨʦʚʘʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʚ 

ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʘʭ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ ʫʚʝʣʠʯʝʥʠʝʤ ʧʨʦʚʦʜʠʤʦʩʪʠ (ʟʘ ʩʯʝʪ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʦʥʥʳʭ ʧʘʨ Fe3+/Fe2+ ʧʨʠ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʤ ʟʘʤʝʱʝʥʠʠ) ʠ ʩʥʠʞʝʥʠʝʤ ʚʢʣʘʜʘ 

ʤʘʛʥʠʪʥʦʡ ʧʦʜʩʠʩʪʝʤʳ (ʟʘ ʩʯʝʪ ʬʨʫʩʪʨʘʮʠʠ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʨʘʟʨʳʚʝ ʦʙʤʝʥʥʳʭ 

ʩʚʷʟʝʡ Fe3+-O2-- Fe3+ ʚ ʫʩʣʦʚʠʷʭ ʫʚʝʣʠʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ Sn4+ [186]. 

ʅʘ ʦʩʥʦʚʝ ʠʟʤʝʨʝʥʠʷ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ ʤʘʛʥʠʪʥʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʦʪʝʨʴ ʥʘ ʦʪʨʘʞʝʥʠʝ, ʚʳʨʘʞʝʥʥʳʝ ʚ 

ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʡ ʬʦʨʤʝ, (RL) ʜʣʷ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19 (0,1<x<1,2) ʚ 

ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 700 ʄɻʮ ï 7 ɻɻʮ. ʅʘ ʨʠʩʫʥʢʝ 3.17 ʧʨʝʜʩʪʘʚʣʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʧʦʢʘʟʘʪʝʣʷ RL (ʚ ʜɹ). ɼʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʦʪʤʝʯʝʥʘ ʦʙʣʘʩʪʴ ʧʦʛʣʦʱʝʥʠʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʵʥʝʨʛʠʠ ʩʦ ʟʥʘʯʝʥʠʝʤ ʧʘʨʘʤʝʪʨʘ RL, ʣʝʞʘʱʠʤ ʥʠʞʝ ʫʨʦʚʥʷ -10 ʜɹ. ʕʪʦ 

ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚ ʥʝʡ ʦʥʠ ʤʦʛʫʪ ʧʦʛʣʦʱʘʪʴ ʜʦ 90% ʵʥʝʨʛʠʠ ʧʘʜʘʶʱʝʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ. 
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ʈʠʩʫʥʦʢ 3.17 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʢʘʟʘʪʝʣʷ ʦʪʨʘʞʝʥʠʷ ʚ ʦʙʨʘʟʮʘʭ   

ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xSnxO19 

 

ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʢʘʟʘʪʝʣʷ ʦʪʨʘʞʝʥʠʷ ʜʣʷ ʦʙʨʘʟʮʦʚ ʩ x=0,3 ʠ x=0,3 

ʧʨʘʢʪʠʯʝʩʢʠ ʠʜʝʥʪʠʯʥʳ. ɼʣʷ ʦʙʨʘʟʮʦʚ ʩ x=0,3, x=0,9 ʠ x=1,2 ʦʪʤʝʯʝʥʦ ʥʘʣʠʯʠʝ ʰʠʨʦʢʦʡ 
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ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ (~2 ɻɻʮ) ʩʦ ʟʥʘʯʝʥʠʷʤʠ RL < -10 ʜɹ. ʄʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ (ʧʦ ʤʦʜʫʣʶ) 

ʧʦʢʘʟʘʪʝʣʷ ʦʪʨʘʞʝʥʠʷ (ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʤʘʢʩʠʤʘʣʴʥʦʡ ʧʦʛʣʦʱʝʥʥʦʡ ʵʥʝʨʛʠʠ) ʦʪʤʝʯʝʥʦ ʜʣʷ 

ʦʙʨʘʟʮʘ ʩʦ ʩʪʝʧʝʥʴʶ ʟʘʤʝʱʝʥʠʷ x=1,2 (RL å -41 ʜɹ) ʥʘ ʯʘʩʪʦʪʝ ʦʢʦʣʦ 2,8 ɻɻʮ.  

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʩʪʝʧʝʥʠ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʠʦʥʘʤʠ ʦʣʦʚʘ ʤʦʞʝʪ 

ʢʦʥʪʨʦʣʠʨʫʝʤʦ ʠʟʤʝʥʷʪʴ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ 

BaFe12-xSnxO19 (0,1<x<1,2). ʇʦʪʝʨʠ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ 

ʩ ʦʙʨʘʟʮʘʤʠ ʚ ʦʩʥʦʚʥʦʤ ʦʙʫʩʣʦʚʣʝʥʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ. 
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3.2 ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ, ʩʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʤʘʛʥʠʪʥʳʝ ʠ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xZr xO19 

 

3.2.1 ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xZr xO19 

ʂʘʯʝʩʪʚʝʥʥʳʡ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xZrxO19 (0,1<x<1,2) 

ʙʳʣ ʧʨʦʚʝʜʝʥ ʧʦ ʜʘʥʥʳʤ ʜʠʬʨʘʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʧʫʪʝʤ ʩʦʧʦʩʪʘʚʣʝʥʠʷ 

ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʠʭ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʩʪʨʫʢʪʫʨʝ ʪʠʧʘ 

ʤʘʛʥʝʪʦʧʣʶʤʙʠʪʘ (ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ P63/mmc). ʂʦʣʠʯʝʩʪʚʝʥʥʳʡ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʙʳʣ 

ʧʨʦʚʝʜʝʥ ʧʦʩʣʝ ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʫʪʦʯʥʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ 

ʘʥʘʣʦʛʠʯʥʦ ʦʧʠʩʘʥʥʦʤʫ ʨʘʥʝʝ ʚ ʨʘʟʜʝʣʝ 3.1.1 ʧʦʜʭʦʜʫ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʨʘʚʥʝʥʠʝʤ (3.1). ʅʘ 

ʨʠʩʫʥʢʘʭ 3.18 ï 3.22 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ 

ʙʘʨʠʷ BaFe12-xZrxO19 (0,1<x<1,2) ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ 

ʈʠʪʚʝʣʴʜʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʢʝʪʘ ʧʨʦʛʨʘʤʤ FullProf.   
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ʈʠʩʫʥʦʢ 3.18 ï ʉʧʝʢʪʨ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʘ BaFe12-xZrxO19 (x=0,1) ʧʦʩʣʝ 

ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ  
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ʈʠʩʫʥʦʢ 3.19 ï ʉʧʝʢʪʨ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʘ BaFe12-xZrxO19 (x=0,3) ʧʦʩʣʝ 

ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ 

 

ʆʙʨʘʟʮʳ Zr-ʟʘʤʝʱʝʥʥʦʛʦ ɻʌ ʩʦ ʩʪʝʧʝʥʴʶ ʟʘʤʝʱʝʥʠʷ x=0,1 ʠ 0,3, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ Sn-

ʟʘʤʝʱʝʥʥʳʤʠ ʦʙʨʘʟʮʘʤʠ, ʷʚʣʷʶʪʩʷ ʦʜʥʦʬʘʟʥʳʤʠ (ʨʠʩʫʥʢʠ 3.18 ʠ 3.19), ʘ ʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 

ʩʪʨʫʢʪʫʨʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʪʨʫʢʪʫʨʝ ʧʨʠʨʦʜʥʦʛʦ ʤʠʥʝʨʘʣʘ ʤʘʛʥʝʪʦʧʣʶʤʙʠʪʘ (ʪ.ʝ. 

ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʬʝʨʨʠʪʘ ʄ-ʪʠʧʘ). ʆʙʨʘʟʮʳ ʤʦʛʫʪ ʙʳʪʴ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʦʧʠʩʘʥʳ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ P63/mmc (ˉ 194). ɺ ʦʙʨʘʟʮʘʭ BaFe12-xZrxO19 ʩʦ ʩʪʝʧʝʥʴʶ ʟʘʤʝʱʝʥʠʷ 

x>0,6 ʦʪʤʝʯʝʥʦ ʧʦʷʚʣʝʥʠʝ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ (ʨʠʩʫʥʢʠ 3.3-3.5), ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʠʩʭʦʜʥʦʤʫ 

ʢʦʤʧʦʥʝʥʪʫ ï ʦʢʩʠʜʫ ʮʠʨʢʦʥʠʷ (IV) ï ZrO2. ʅʘʠʙʦʣʝʝ ʭʘʨʘʢʪʝʨʥʳʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ 

ʤʘʢʩʠʤʫʤʳ ʜʣʷ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ ZrO2 ʦʪʤʝʯʝʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 3.20, 3.21 ʠ 3.22 ʟʥʘʢʦʤ ç#è. ʉ 

ʨʦʩʪʦʤ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʦʪ x=0,6 ʜʦ x=1,2 ʢʦʣʠʯʝʩʪʚʦ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ ʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʪ 8 ʜʦ 17 %. 
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ʈʠʩʫʥʦʢ 3.20 ï ʉʧʝʢʪʨ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʘ BaFe12-xZrxO19 (x=0,6) ʧʦʩʣʝ 

ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ 
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ʈʠʩʫʥʦʢ 3.21 ï ʉʧʝʢʪʨ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʘ BaFe12-xZrxO19 (x=0,9) ʧʦʩʣʝ 

ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ 
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ʈʠʩʫʥʦʢ 3.22 ï ʉʧʝʢʪʨ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʘ BaFe12-xZrxO19 (x=1,2) ʧʦʩʣʝ 

ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ 

 

ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 3.23, ʢʦʣʠʯʝʩʪʚʦ ʚʪʦʨʦʡ ʬʘʟʳ ZrO2 ʤʦʥʦʪʦʥʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʩ 8% ʜʦ 17% ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ (x) ʠʦʥʦʚ Zr ʩ 0,6 ʜʦ 1,2.  
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ʈʠʩʫʥʦʢ 3.23 ï ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xZrxO19 

 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ ʦʙʨʘʟʮʘʤʠ BaFe12-xSnxO19 (0,1ÒxÒ1,2), 

ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʢʘʢ ʥʠʟʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʜʠʬʬʫʟʠʠ ʠʦʥʦʚ Zr4+ ʚ ʩʪʨʫʢʪʫʨʝ 
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ʛʝʢʩʘʬʝʨʨʠʪʘ, ʜʦʩʪʠʞʝʥʠʝʤ ʧʨʝʜʝʣʘ ʠʟʦʤʦʨʬʥʦʛʦ ʚʭʦʞʜʝʥʠʷ ʠʦʥʦʚ Zr4+ ʧʨʠ ʟʘʤʝʱʝʥʠʠ ʠʦʥʦʚ 

Fe3+, ʪʘʢ ʠ ʢʦʥʢʫʨʝʥʮʠʝʡ ʬʘʢʪʦʨʘ ʩʦʭʨʘʥʝʥʠʷ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ ʬʦʨʤʫʣʴʥʦʡ ʝʜʠʥʠʮʳ 

ʛʝʢʩʘʬʝʨʨʠʪʘ ʠ ʟʘʨʷʜʦʚʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ ʠʦʥʦʚ ʞʝʣʝʟʘ ʧʨʠ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʤ ʟʘʤʝʱʝʥʠʠ. 

ʆʜʥʘʢʦ, ʤʦʞʥʦ ʪʘʢʞʝ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʤ ʷʚʣʷʝʪʩʷ ʬʘʢʪʦʨ ʥʠʟʢʦʛʦ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʬʬʫʟʠʠ ʠʦʥʦʚ Zr4+, ʪ.ʢ. ʧʨʠʤʝʩʥʘʷ ʬʘʟʘ ʧʦ ʩʦʩʪʘʚʫ ʠ ʩʪʨʫʢʪʫʨʝ ʠʜʝʥʪʠʯʥʘ 

ʠʩʭʦʜʥʦʤʫ ʦʢʩʠʜʫ ZrO2.  

ʇʘʨʘʤʝʪʨʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʜʣʷ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xZrxO19 

(0,1ÒxÒ1,2) ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʦʪʥʦʰʝʥʠʷ (3.2). ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (ʘ ʠ ʩ) ʠ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (V) 

ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.24.   
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ʈʠʩʫʥʦʢ 3.24 ï ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʘ ʠ ʩ (ʣʝʚʘʷ 

ʰʢʘʣʘ) ʠ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ V (ʧʨʘʚʘʷ ʰʢʘʣʘ) ʜʣʷ ʦʙʨʘʟʮʦʚ   

ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xZrxO19 

 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʟʘʤʝʪʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

ʠ ʦʙʲʝʤʘ ʦʪʤʝʯʝʥʦ ʜʣʷ ʩʦʩʪʘʚʦʚ ʩ x=0,1; 0,3 ʠ 0,6 (ʨʠʩʫʥʦʢ 3.24, ʪʘʙʣʠʮʘ 3.3). ʂʦʦʨʜʠʥʘʪʳ 

ʠʦʥʦʚ, ʧʘʨʘʤʝʪʨʳ ʠ ʦʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, ʫʪʦʯʥʝʥʥʳʝ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ, ʘ ʪʘʢʞʝ 

ʬʘʢʪʦʨʳ ʩʦʦʪʚʝʪʩʪʚʠʷ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 3.3. ʅʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʢʨʠʪʝʨʠʝʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ 

ʪʦʯʥʦʩʪʴ ʧʨʠʙʣʠʞʝʥʠʷ, ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʦʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, 

ʧʨʦʚʝʜʝʥʥʘʷ ʤʝʪʦʜʦʤ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ, ʷʚʣʷʝʪʩʷ ʨʝʣʝʚʘʥʪʥʦʡ. 
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ʊʘʙʣʠʮʘ 3.3 ï ʂʦʦʨʜʠʥʘʪʳ ʠʦʥʦʚ, ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʠ ʬʘʢʪʦʨʳ ʩʦʦʪʚʝʪʩʪʚʠ ̫ʜʣʷ 

ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xZrxO19 

 

x 

ʇʘʨʘʤʝʪʨʳ 

ʩʪʨʫʢʪʫʨʳ 

0,1 0,3 0,6 0,9 1,2 

a, (Å) 5,8969 5,9011 5,9047 5,9052 5,9056 

c, (Å) 23,237 23,2695 23,299 23,3030 23,3059 

V, (Å3) 699,76 701,75 703,49 703,75 703,92 

Fe3 (4fIV)      

z 0,0265 0,0288 0,027 0,0283 0,0276 

Fe4 (4fVI)      

z 0,1896 0,1894 0,1893 0,1889 0,1888 

Fe5/Zr5 (12k)      

x 0,170 0,168 0,167 0,170 0,169 

z 0,6081 0,6082 0,6073 0,6073 0,6073 

O1 (4e)      

z 0,150 0,155 0,158 0,149 0,153 

O2 (4f)      

z 0,555 0,559 0,557 0,553 0,552 

O3 (6h)      

x 0,183 0,185 0,180 0,185 0,192 

O4 (12k)      

x 0,167 0,172 0,173 0,167 0,163 

z 0,054 0,054 0,053 0,052 0,052 

O5 (12k)      

x 0,5223 0,5230 0,5232 0,5213 0,5234 

z 0,152 0,153 0,154 0,153 0,151 

Rwp, % 2,291 1,984 2,523 2,014 2,118 

Rexp, % 2,108 2,032 2,380 2,029 2,048 

RB, % 0,776 0,885 1,209 0,728 0,829 

ɢ2 1,0863 0,976 1,060 0,993 1,034 

 

ʊʘʢ, ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʠʦʥʘʤʠ Zr4+ ʦʪ x=0,1 ʜʦ x=0,6 ʧʘʨʘʤʝʪʨ ʘ 

ʫʚʝʣʠʯʠʚʘʣʩʷ ʦʪ 5,8969 ʜʦ 5,9047 Å, ʧʘʨʘʤʝʪʨ ʩ ʫʚʝʣʠʯʠʚʘʣʩʷ ʦʪ 23,237 ʜʦ 23,299 ¡, ʘ ʦʙʲʝʤ 

ʷʯʝʡʢʠ ʫʚʝʣʠʯʠʚʘʣʩʷ ʦʪ 699,76 ʜʦ 703,49 Å3 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʉʢʦʨʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʠ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʚ ʵʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʩʦʩʪʘʚʠʣʘ:                         

da/dx = 0,0156 Å; dc/dx = 0,124 Å; dV/dx = 7,46 Å3. ʉʢʦʨʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ʘ ʚ ʜʘʥʥʦʤ 

ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʭʦʨʦʰʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʨʝʟʫʣʴʪʘʪʦʤ, ʧʦʣʫʯʝʥʥʳʤ ʜʣʷ ʦʙʨʘʟʮʦʚ 

BaFe12-xSnxO19 (0,1<x<0,6), ʛʜʝ da/dx = 0,0152 ¡. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʩʢʦʨʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʘ 

c ʠ ʦʙʲʝʤʘ ʷʯʝʡʢʠ ʦʢʘʟʘʣʘʩʴ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ ʜʣʷ ʦʙʨʘʟʮʦʚ BaFe12-xZrxO19 (0,1<x<0,6), ʯʝʤ 
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ʜʣʷ Sn-ʟʘʤʝʱʝʥʥʳʭ ʘʥʘʣʦʛʦʚ. ʋʚʝʣʠʯʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʜʣʷ ʦʙʨʘʟʮʦʚ  

BaFe12-xZrxO19 ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ Sn-ʟʘʤʝʱʝʥʥʳʤʠ ʩʦʩʪʘʚʘʤʠ, ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʨʘʟʣʠʯʠʝʤ 

ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ Fe3+ ʠ Zr4+. ʊʘʢ, ʠʦʥʥʳʝ ʨʘʜʠʫʩʳ Fe3+ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ, ʧʝʥʪʘʵʜʨʠʯʝʩʢʦʡ ʠ 

ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ ʢʦʦʨʜʠʥʘʮʠʷʭ ʥʝʤʥʦʛʦ ʤʝʥʴʰʝ, ʯʝʤ ʫ Zr4+ (CN=IV: rFe
3+=0,49 Å, rZr

4+=0,59Å, 

CN=V: rFe
3+=0,58 Å, rZr

4+=0,66 Å; CN=VI: rFe
3+=0,64 Å, rZr

4+=0,72 Å). ʈʘʟʣʠʯʠʝʤ ʠʦʥʥʳʭ 

ʨʘʜʠʫʩʦʚ Sn4+ ʠ Zr4+ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʠ ʨʘʟʣʠʯʠʝ ʚ ʩʢʦʨʦʩʪʷʭ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. ʇʦʩʢʦʣʴʢʫ ʟʥʘʯʝʥʠʷ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ ʮʠʨʢʦʥʠʷ ʚʳʰʝ, ʯʝʤ ʫ 

ʦʣʦʚʘ ʜʣʷ ʚʩʝʭ ʢʦʦʨʜʠʥʘʮʠʡ, ʟʘʤʝʱʝʥʠʝ ʢʘʪʠʦʥʦʚ Fe3+ ʥʘ Zr4+ ʟʘʢʦʥʦʤʝʨʥʦ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ 

ʚʳʩʦʢʠʤ ʠʟʤʝʥʝʥʠʷʤ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ ʚ ʜʠʘʧʘʟʦʥʝ 0,1<x<0,6. ʂʨʦʤʝ ʪʦʛʦ, ʠʩʭʦʜʷ ʠʟ 

ʪʨʝʙʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ ʬʦʨʤʫʣʴʥʦʡ ʝʜʠʥʠʮʳ, ʧʨʠ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʤ ʟʘʤʝʱʝʥʠʠ 

ʜʦʣʞʥʘ ʥʘʙʣʶʜʘʪʴʩʷ ʯʘʩʪʠʯʥʘʷ ʟʘʨʷʜʦʚʘʷ ʪʨʘʥʩʬʦʨʤʘʮʠʷ ï ʧʝʨʝʭʦʜ ʯʘʩʪʠ ʠʦʥʦʚ ʞʝʣʝʟʘ ʠʟ 

ʩʦʩʪʦʷʥʠʷ Fe3+ ʚ ʩʦʩʪʦʷʥʠʝ Fe2+ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ (CN=IV, 

rFe
2+=0,63 Å; CN=V, rFe

2+=0,64 Å, CN=VI, rFe
2+=0,78 Å). 

ʇʦʷʚʣʝʥʠʝ ʚʪʦʨʦʡ ʬʘʟʳ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʫʚʝʣʠʯʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʠ ʦʙʲʝʤʘ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xZrxO19. ʉʢʦʨʦʩʪʴ ʠʟʤʝʥʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʠ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʚ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ x=0,6 ʜʦ x=1,2 

ʩʦʩʪʘʚʠʣʘ: da/dx = 0,0015 Å; dc/dx = 0,0115 Å; dV/dx = 0,717 Å3, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ, ʯʝʤ 

ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʜʠʘʧʘʟʦʥʘ 0,1<x<0,6 ʮʠʨʢʦʥʠʡ-ʟʘʤʝʱʝʥʥʳʭ ʦʙʨʘʟʮʦʚ. ɼʘʥʥʳʝ 

ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ 

ʬʘʟʦʚʳʤ ʩʦʩʪʘʚʦʤ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ. ɿʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʠʝ ʚʝʣʠʯʠʥʳ ʩʢʦʨʦʩʪʠ 

ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʷʯʝʡʢʠ BaFe12-xZrxO19 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ BaFe12-xSnxO19 (ʚʝʣʠʯʠʥʳ da/dx ʠ 

dV/dx ʧʨʘʢʪʠʯʝʩʢʠ ʚ 2 ʨʘʟʘ ʤʝʥʴʰʝ), ʚ ʜʠʘʧʘʟʦʥʝ 0,6<x<1,2 ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʙʦʣʝʝ 

ʠʥʪʝʥʩʠʚʥʳʤ ʧʨʠʤʝʩʥʳʤ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʝʤ ʜʣʷ Zr-ʟʘʤʝʱʝʥʥʳʭ ʩʦʩʪʘʚʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Sn-

ʟʘʤʝʱʝʥʥʳʤʠ ʩʦʩʪʘʚʘʤʠ. 

3.2.2 ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xZr xO19 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʝʨʝʥ ʧʦ ʨʘʟʤʝʨʫ ʜʣʷ ʦʙʨʘʟʮʦʚ 

ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xZrxO19 (0,1ÒxÒ1,2) ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.25. ɼʣʷ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ 

ʛʠʩʪʦʛʨʘʤʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʙʳʣʠ ʥʘʣʦʞʝʥʳ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʉʕʄ-

ʠʟʦʙʨʘʞʝʥʠʷ. ɺʠʜʥʦ, ʯʪʦ ʟʝʨʥʘ ʦʩʥʦʚʥʦʡ ʬʘʟʳ ʚʦ ʚʩʝʭ ʦʙʨʘʟʮʘʭ BaFe12-xZrxO19 (0,1ÒxÒ1,2) 

ʠʤʝʶʪ ʬʦʨʤʫ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʧʣʘʩʪʠʥʦʢ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʮʠʨʢʦʥʠʷ ʛʝʢʩʘʛʦʥʘʣʴʥʘʷ ʬʦʨʤʘ ʯʘʩʪʠʮ ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʝʝ ʚʳʨʘʞʝʥʥʦʡ. ʌʦʨʤʘ ʯʘʩʪʠʮ ʜʣʷ 

ʦʙʨʘʟʮʘ ʛʝʢʩʘʬʝʨʨʠʪʘ ʩ ʭ=1,2 ʩʠʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ; ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ 



79 
 
 

ʛʝʢʩʘʛʦʥʘʣʴʥʳʝ, ʨʦʤʙʠʯʝʩʢʠʝ ʠ ʢʫʙʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ, ʘ ʪʘʢʞʝ ʯʘʩʪʠʮʳ ʥʝʦʧʨʝʜʝʣʝʥʥʦʡ 

ʩʣʦʞʥʦʡ ʬʦʨʤʳ (ʨʠʩʫʥʦʢ 3.25ʝ). 

 

ʈʠʩʫʥʦʢ 3.25 ï ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʩ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʫ ʜʣʷ ʦʙʨʘʟʮʦʚ  

ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xZrxO19: a) x = 0,1; b) x = 0,3; c) x = 0,6; d) x = 0,9; e) x = 1,2 

 

ɼʣʷ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʦ 

ʤʝʥʴʰʝʡ ʤʝʨʝ ʪʨʠ ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 50000³. ʀʟʤʝʨʝʥʠʷ 

ʨʘʟʤʝʨʦʚ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʦʢʨʫʛʣʦʡ ʬʦʨʤʳ ʯʘʩʪʠʮ. ʄʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ 

ʨʘʟʤʝʨʘ ʟʝʨʥʘ ʠ ʨʘʟʙʠʝʥʠʷ ʚʳʙʦʨʢʠ ʧʦ ʬʨʘʢʮʠʷʤ ʦʧʠʩʘʥʘ ʚ ʨʘʟʜʝʣʝ 3.1.2. ɺʳʷʚʣʝʥʦ, ʯʪʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʝʨʝʥ ʧʦ ʨʘʟʤʝʨʫ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪʩʷ ʬʫʥʢʮʠʝʡ ʛʘʫʩʩʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ. 

ɼʣʷ ʦʙʨʘʟʮʦʚ, ʚ ʢʦʪʦʨʳʭ ʝʩʪʴ ʚʪʦʨʘʷ ʬʘʟʘ (ZrO2), ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʝʨʝʥ ʧʦ ʨʘʟʤʝʨʫ ʙʳʣʦ 

ʦʧʠʩʘʥʦ ʜʚʫʤʷ ʛʘʫʩʩʦʚʳʤʠ ʬʫʥʢʮʠʷʤʠ. ʄʘʢʩʠʤʫʤ ʛʘʫʩʩʦʚʦʡ ʬʫʥʢʮʠʠ ʧʦʟʚʦʣʠʣ ʦʧʨʝʜʝʣʠʪʴ 

ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʜʣʷ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ, ʢʦʪʦʨʳʡ ʚ ʥʠʭ ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʝʪ 

ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ.  
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ɺ ʨʝʟʫʣʴʪʘʪʝ ʘʥʘʣʠʟʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʩʪʘʥʦʚʠʪʩʷ ʦʯʝʚʠʜʥʳʤ, ʯʪʦ ʧʨʠ 

x > 0,6 ʧʦʷʚʣʷʝʪʩʷ ʥʦʚʘʷ ʬʨʘʢʮʠʷ ʯʘʩʪʠʮ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ x = 0,1 ʠ 0,3 ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ 

ʨʘʟʤʝʨʘʤ ʷʚʣʷʝʪʩʷ ʫʥʠʤʦʜʘʣʴʥʳʤ ʠ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪʩʷ ʬʫʥʢʮʠʝʡ ɻʘʫʩʩʘ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʞʝʣʝʟʘ ʮʠʨʢʦʥʠʝʤ ʜʦ x=0,6 ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʨʘʟʤʝʨʘʤ ʩʪʘʥʦʚʠʪʩʷ 

ʙʠʤʦʜʘʣʴʥʳʤ. ʂʘʞʜʦʝ ʠʟ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʪʘʢʞʝ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪʩʷ ʦʪʜʝʣʴʥʦʡ ʛʘʫʩʩʦʚʦʡ 

ʬʫʥʢʮʠʝʡ. ɹʠʤʦʜʘʣʴʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʷʚʣʷʝʪʩʷ ʩʚʠʜʝʪʝʣʴʩʪʚʦʤ ʧʦʷʚʣʝʥʠʷ ʚ ʩʦʩʪʘʚʝ 

ʛʝʢʩʘʬʝʨʨʠʪʘ ʚʪʦʨʦʡ ʬʘʟʳ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʟʝʨʥʘ ʜʣʷ ʠʩʩʣʝʜʫʝʤʳʭ 

ʦʙʨʘʟʮʦʚ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.26. 
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ʈʠʩʫʥʦʢ 3.26 ï ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʜʣʷ ʜʚʫʭ ʬʘʟ ʚ ʦʙʨʘʟʮʘʭ:  

BaFe12-xZrxO19 (ʚʝʨʭʥʠʡ ʨʷʜ ʪʦʯʝʢ) ʠ ZrO2 (ʥʠʞʥʠʡ ʨʷʜ) 

 

ʆʙʨʘʟʝʮ ʩ x=0,1 ʠʤʝʝʪ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʟʝʨʥʘ 262 ʥʤ. ʋʚʝʣʠʯʝʥʠʝ Zr-ʟʘʤʝʱʝʥʠʷ ʜʦ x=0,3 

ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʨʘʟʤʝʨʘ ʜʦ 297 ʥʤ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ 

ʧʦʢʘʟʘʣʠ ʥʘʣʠʯʠʝ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ ZrO2, ʥʘʯʠʥʘʷ ʩ x=0,6 ʠ ʚʳʰʝ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʥʘ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷʭ ʧʨʠ ʭ =  0,6, 0,9 ʠ 1,2 ʧʦʷʚʣʷʝʪʩʷ ʬʨʘʢʮʠʷ ʩ ʤʝʥʴʰʠʤ ʨʘʟʤʝʨʦʤ ʟʝʨʝʥ. ʇʦ ʵʪʠʤ 

ʧʨʠʯʠʥʘʤ ʙʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ, ʯʪʦ ʙʦʣʝʝ ʤʝʣʢʘʷ ʬʨʘʢʮʠʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʜʠʦʢʩʠʜʘ 

ʮʠʨʢʦʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠʯʝʥʠʠ ʜʦ x=0,6 ʨʘʟʤʝʨ ʟʝʨʥʘ ʪʘʢʞʝ 

ʫʚʝʣʠʯʠʣʩʷ ʜʦ 311 ʥʤ, ʘ ʨʘʟʤʝʨ ʟʝʨʥʘ ʜʣʷ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ ZrO2 ʩʦʩʪʘʚʠʣ 189 ʥʤ. ɼʘʣʴʥʝʡʰʝʝ 

ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ Zr4+ ʜʦ x=0,9 ʠ x=1,2 ʚʳʟʚʘʣ ʩʥʠʞʝʥʠʝ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʟʝʨʥʘ 

ʦʩʥʦʚʥʦʡ ʬʘʟʳ ʜʦ 298 ʠ 289 ʥʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʟʝʨʥʘ ʧʨʠʤʝʩʥʦʡ 

ʬʘʟʳ ʧʨʠ ʭ =  0,9 ʠ ʭ =  1,2 ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʣʩʷ ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʜʦ 207 ʠ 211 ʥʤ. 
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ʇʦʢʘʟʘʥʦ, ʯʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ ZrO2 ʚ ʩʪʨʫʢʪʫʨʝ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ           

BaFe12-xZrxO19 (0,6<x<1,2) ʤʦʞʝʪ ʧʨʝʧʷʪʩʪʚʦʚʘʪʴ ʨʦʩʪʫ ʯʘʩʪʠʮ ʦʩʥʦʚʥʦʡ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʬʘʟʳ. 

ʀʟ-ʟʘ ʨʘʟʣʠʯʠʡ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ Fe3+ ʠ Zr4+ ʠ ʠʟʤʝʥʝʥʠʷ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʟʝʨʥʘ ʧʦʨʠʩʪʦʩʪʴ 

ʦʙʨʘʟʮʦʚ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ. ʌʝʨʨʠʪʳ ʩ ʙʦʣʴʰʠʤ ʨʘʟʤʝʨʦʤ ʟʝʨʝʥ 

ʧʨʠʦʙʨʝʪʘʶʪ ʙʦʣʝʝ ʨʝʛʫʣʷʨʥʫʶ ʩʪʨʫʢʪʫʨʫ ʨʘʩʧʦʣʦʞʝʥʠʷ (ʧʝʨʠʦʜʠʯʥʦʩʪʴ) ʠ ʧʦʜʭʦʜʷʪ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʩ ʤʠʢʨʦʚʦʣʥʦʚʳʤ ʧʦʛʣʦʱʝʥʠʝʤ [187]. ʀʟ ʩʢʘʟʘʥʥʦʛʦ ʚʳʰʝ ʤʦʞʥʦ 

ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ 

ʩ ʤʝʪʦʜʦʤ ʩʠʥʪʝʟʘ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ [188] ʩʦʦʙʱʘʣʦʩʴ, ʯʪʦ ʧʨʠ ʥʝʢʦʪʦʨʳʝ ʤʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ 

ʬʝʨʨʠʪʦʚ ʧʨʝʜʧʦʣʘʛʘʶʪ ʙʳʩʪʨʳʡ ʨʦʩʪ ʢʨʠʩʪʘʣʣʦʚ, ʧʨʠʚʦʜʷʱʠʡ ʢ ʨʘʟʣʠʯʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ 

ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ. 

3.2.3 ʄʘʛʥʠʪʥʳʝ ʠ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xZr xO19 

ʅʘ ʨʠʩʫʥʢʝ 3.27 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʣʝʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʜʣʷ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xZrxO19 (0,1ÒxÒ1,2). ɺ ʪʘʙʣʠʮʝ 

3.4 ʧʨʠʚʝʜʝʥʳ ʧʦʜʨʦʙʥʳʝ ʩʚʝʜʝʥʠʷ ʦ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ, ʚʢʣʶʯʘʷ ʦʩʪʘʪʦʯʥʫʶ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ (Mr), ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ (Ms) ʠ ʢʦʵʨʮʠʪʠʚʥʫʶ ʩʠʣʫ (Hc), ʢʦʪʦʨʳʝ 

ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʠʟ ʢʨʠʚʳʭ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ. ʀʟʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ Zr-ʟʘʤʝʱʝʥʥʦʛʦ 

ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ ʦʙʫʩʣʦʚʣʝʥʦ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʟʘʤʝʥʦʡ ʠʦʥʦʚ Fe3+ ʠʦʥʘʤʠ Zr4+. ʍʘʨʘʢʪʝʨ 

ʠʟʤʝʥʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ x, ʥʝ ʷʚʣʷʝʪʩʷ 

ʤʦʥʦʪʦʥʥʳʤ, ʯʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʦʥʦʚ-ʟʘʤʝʩʪʠʪʝʣʝʡ ʠ 

ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʤʘʛʥʠʪʥʳʤʠ ʢʘʪʠʦʥʘʤʠ Fe3+ ʯʝʨʝʟ ʢʠʩʣʦʨʦʜ 

(Fe3+-O2--Fe3+) ʠ ʤʘʛʥʠʪʥʳʤʠ ʠʦʥʘʤʠ Fe3+ ʚ ʨʘʟʣʠʯʥʳʭ ʢʠʩʣʦʨʦʜʥʳʭ ʢʦʦʨʜʠʥʘʮʠʷʭ ʯʝʨʝʟ 

ʢʘʪʠʦʥʳ ʢʠʩʣʦʨʦʜʘ ʠ ʜʠʘʤʘʛʥʠʪʥʳʡ ʠʦʥ Zr4+.    
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ʈʠʩʫʥʦʢ 3.27 ï ʇʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʙʨʘʟʮʦʚ  

ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xZrxO19 

 

ʊʘʙʣʠʮʘ 3.4 ï ʆʩʥʦʚʥʳʝ ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xZrxO19 

(0,1ÒxÒ1,2) 

Sq =Mr/Ms Mr (ɸ·ʤ2Ŀʢʛ-1) Hc (ʢʕ) Ms (ɸ·ʤ2Ŀʢʛ-1) x 

0,58 31,37 0,96 54,42 0,1 

0,52 30 0,98 57,72 0,3 

0,56 30,4 1,46 54,58 0,6 

0,52 27,27 2,26 52,52 0,9 

0,51 26,17 2,37 50,82 1,2 

 

ʀʟ ʜʘʥʥʳʭ ʨʠʩʫʥʢʘ 3.27 ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʚʩʝ ʠʩʩʣʝʜʫʝʤʳʝ ʦʙʨʘʟʮʳ ʥʝ ʚʳʭʦʜʷʪ 

ʥʘ ʩʦʩʪʦʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʥʘʩʳʱʝʥʠʷ ʜʘʞʝ ʚʦ ʚʥʝʰʥʠʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʦ 2 ʊʣ. ʇʦ ʜʘʥʥʳʤ 

ʪʘʙʣʠʮʳ 3.4 ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʠʦʥʘʤʠ ʮʠʨʢʦʥʠʷ 

ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ 

ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ʊʘʢ, ʚ ʨʷʜʫ ʩʦʩʪʘʚʦʚ BaFe12-xZrxO19 ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʦʪ x=0,1 ʜʦ x=1,2 ʦʪʤʝʯʝʥʦ ʫʚʝʣʠʯʝʥʠʝ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʙʦʣʝʝ ʯʝʤ ʚ 2 

ʨʘʟʘ (ʦʪ 0,96 ʜʦ 2,37 ʢʕ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ɿʥʘʯʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠʟʤʝʥʷʶʪʩʷ 

ʥʝʤʦʥʦʪʦʥʥʦ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʦʪʤʝʯʝʥʦ ʫʚʝʣʠʯʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʥʘʩʳʱʝʥʠʷ ʦʪ 54,42 ɸĿʤ2Ŀʢʛ-1 (ʜʣʷ x=0,1) ʜʦ 57,72 ɸĿʤ2Ŀʢʛ-1 (ʜʣʷ x=0,3) ʠ 55,58 ɸĿʤ2Ŀʢʛ-1 (ʜʣʷ 
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x=0,6). ɼʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʦʪ x=0,6 ʜʦ x=1,2 ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʦʪ 54,58 ɸĿʤ2Ŀʢʛ-1 ʜʦ ɸĿʤ2Ŀʢʛ-1. ɿʥʘʯʝʥʠʝ ʦʩʪʘʪʦʯʥʦʡ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʤʦʥʦʪʦʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʦʪ 31,37 ɸĿʤ2Ŀʢʛ-1 ʜʦ 26,17 ɸĿʤ2Ŀʢʛ-1 ʚʦ ʚʩʝʤ 

ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʩ ʨʦʩʪʦʤ ʩʦʜʝʨʞʘʥʠʷ ʮʠʨʢʦʥʠʷ. ʋʚʝʣʠʯʝʥʠʝ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ 

ʠ ʥʝʤʦʥʦʪʦʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ 

ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʦʥʦʚ-ʟʘʤʝʩʪʠʪʝʣʝʡ ʧʦ ʘʥʠʦʥʥʳʤ ʢʦʦʨʜʠʥʘʮʠʷʤ ʚ ʩʪʨʫʢʪʫʨʝ 

ʛʝʢʩʘʬʝʨʨʠʪʘ.  

ɼʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xZrxO19 (0,1ÒxÒ1,2) ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 700 ʄɻʮ 

ï 7 ɻɻʮ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʨʘʩʩʯʠʪʘʥʳ 

ʜʝʡʩʪʚʠʪʝʣʴʥʳʝ ʠ ʤʥʠʤʳʝ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ. 

ɼʝʡʩʪʚʠʪʝʣʴʥʳʝ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ (Ң̀, ɛ̀) ʦʪʚʝʪʩʪʚʝʥʥʳ ʟʘ 

ʥʘʢʦʧʣʝʥʠʝ ʵʥʝʨʛʠʠ ʦʪ ʚʥʝʰʥʠʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʚ ʤʘʪʝʨʠʘʣʝ ʟʘ ʩʯʝʪ 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ ʤʥʠʤʳʝ ʯʘʩʪʠ ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ (Ң̀̀, ɛ̀̀ ) 

ʦʧʠʩʳʚʘʶʪ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ (ʜʠʩʩʠʧʘʮʠʶ) ʚʥʝʰʥʠʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʧʨʠ ʠʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʤʘʪʝʨʠʘʣʦʤ. ʅʘ ʨʠʩʫʥʢʝ 3.28 ʧʨʝʜʩʪʘʚʣʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xZrxO19 

(0,1ÒxÒ1,2) ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 700 ʄɻʮ ï 7 ɻɻʮ. ʆʪʤʝʯʝʥʦ, ʯʪʦ ʚʝʣʠʯʠʥʘ Ң` ʫʤʝʥʴʰʘʝʪʩʷ ʩ 

ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ. ɺ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 700 ʄɻʮ ï 5 ɻɻʮ 

ʩʥʠʞʝʥʠʝ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʥʘʠʙʦʣʝʝ ʟʘʤʝʪʥʦ, ʚ ʪʦ ʚʨʝʤʷ, ʢʘʢ ʜʣʷ ʜʠʘʧʘʟʦʥʘ ʯʘʩʪʦʪ 5 ɻɻʮ ï 7 

ɻɻʮ ʫʤʝʥʴʰʝʥʠʝ ʚʝʣʠʯʠʥʳ ʥʝ ʩʪʦʣʴ ʟʥʘʯʠʪʝʣʴʥʦʝ. 
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ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xZrxO19 
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ɺʳʩʦʢʦʝ ʟʥʘʯʝʥʠʝ Ң̀ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʩʚʷʟʘʥʦ ʩ ʤʝʭʘʥʠʟʤʘʤʠ, ʦʧʠʩʳʚʘʝʤʳʤʠ ʪʝʦʨʠʝʡ 

ʂʫʧʩʘ [52]. ɽʩʣʠ ʭʘʨʘʢʪʝʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʛʨʘʥʠʮʝ ʟʝʨʥʘ ʥʦʩʠʪ 

ʩʢʘʯʢʦʦʙʨʘʟʥʳʡ ʭʘʨʘʢʪʝʨ, ʪʦ ʠʟ-ʟʘ ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʟʘʨʷʜʘ ʥʘ ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ ʚ 

ʩʠʩʪʝʤʝ ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʫʩʠʣʝʥʠʝ ʤʝʞʬʘʟʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. ʇʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʟʥʘʯʝʥʠʷ Ң̀. ɽʩʣʠ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʘʩʪʦʪʳ ʠʟʣʫʯʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ 

ʫʤʝʥʴʰʝʥʠʝ Ң̀ ʜʦ ʧʦʩʪʦʷʥʥʦʡ ʚʝʣʠʯʠʥʳ, ʤʦʞʥʦ ʫʪʚʝʨʞʜʘʪʴ ʦ ʜʦʩʪʠʞʝʥʠʠ ʧʨʝʜʝʣʘ 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʧʦʪʝʨʴ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʯʘʩʪʦʪʳ ʠʟʣʫʯʝʥʠʷ, ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ (ʵʣʝʢʪʨʦʥʳ) 

ʤʦʛʫʪ ʠʟʤʝʥʷʪʴ ʪʨʘʝʢʪʦʨʠʶ ʜʚʠʞʝʥʠʷ, ʩʥʠʞʘʷ ʚʝʨʦʷʪʥʦʩʪʴ ʧʨʠʙʣʠʞʝʥʠʷ ʢ ʛʨʘʥʠʮʝ ʟʝʨʝʥ ʠ 

ʫʚʝʣʠʯʠʚʘʷ ʚʢʣʘʜ ʚ ʦʙʱʫʶ ʧʦʣʷʨʠʟʘʮʠʶ. ʕʪʦ ʨʝʟʢʦ ʩʥʠʞʘʝʪ ʦʙʱʫʶ ʧʦʣʷʨʠʟʘʮʠʶ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʥʘʙʣʶʜʘʝʤʦʤʫ ʧʘʜʝʥʠʶ Ң̀. ʀʟʤʝʥʝʥʠʷ ʚ ʚʝʣʠʯʠʥʝ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʣʷ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xZrxO19 (0,6<x<1,2) ʥʝ 

ʷʚʣʷʶʪʩʷ ʣʠʥʝʡʥʳʤʠ ʠ ʤʦʛʫʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʳ ʚʢʣʘʜʦʤ ʚʪʦʨʦʡ ʬʘʟʳ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ 

ʦʜʥʦʟʥʘʯʥʫʶ ʠʥʪʝʨʧʨʝʪʘʮʠʶ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʦʜʥʦʬʘʟʥʳʭ ʩʦʩʪʘʚʘʭ ʫʚʝʣʠʯʝʥʠʝ 

ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʦʪ x=0,1 ʜʦ x=0,3 ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ ʨʦʩʪʫ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʧʨʠ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʤ 

ʟʘʤʝʱʝʥʠʠ ʩʠʣʴʥʦʡ ʢʦʚʘʣʝʥʪʥʦʡ ʩʚʷʟʠ Zr-O. 

ʅʘ ʨʠʩʫʥʢʝ 3.29 ʧʨʝʜʩʪʘʚʣʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʥʠʤʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xZrxO19 (0,1ÒxÒ1,2) ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 700 ʄɻʮ 

ï 7 ɻɻʮ. 
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ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xZrxO19 
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ʇʦ ʜʘʥʥʳʤ ʨʠʩʫʥʢʘ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʯʘʩʪʦʪʳ ʧʨʠʚʦʜʠʪ ʢ 

ʩʥʠʞʝʥʠʶ ʤʥʠʤʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʣʷ ʚʩʝʭ ʩʦʩʪʘʚʦʚ. ʀʟʤʝʥʝʥʠʷ ʚ 

ʚʝʣʠʯʠʥʝ ʤʥʠʤʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʣʷ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ        

BaFe12-xZrxO19 (0,1ÒxÒ1,2) ʥʝ ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʳʤ ʠ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʚʢʣʘʜʦʤ ʚʪʦʨʦʡ 

ʬʘʟʳ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʦʜʥʦʟʥʘʯʥʫʶ ʠʥʪʝʨʧʨʝʪʘʮʠʶ. ʋʚʝʣʠʯʝʥʠʝ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʦʪ x=0,1 

ʜʦ x=0,3 ʚ ʦʜʥʦʬʘʟʥʳʭ ʩʦʩʪʘʚʘʭ ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʤʥʠʤʦʡ ʯʘʩʪʠ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ.   

ʅʘ ʨʠʩʫʥʢʝ 3.30 ʧʨʝʜʩʪʘʚʣʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʤʘʛʥʠʪʥʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xZrxO19 (0,1ÒxÒ1,2) ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 700 ʄɻʮ 

ï 7 ɻɻʮ. 

 

 

 

ʈʠʩʫʥʦʢ 3.30 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xZrxO19 

 

ʏʘʩʪʦʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʢʦʤʧʣʝʢʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ɛ̀ ʠ ɛ̀̀  ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ 

ʧʘʨʘʤʝʪʨʦʤ ʜʣʷ ʦʙʲʷʩʥʝʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʦʙʨʘʟʮʦʚ. ɿʥʘʯʝʥʠʷ 

ɛ̀ ʚʘʨʴʠʨʫʶʪʩʷ ʦʪ 1,07 ʜʦ 1,275. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʜʠʘʧʘʟʦʥʝ ʜʦ 1,5 ɻɻʮ ʥʘʙʣʶʜʘʝʪʩʷ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʚʝʣʠʯʠʥʳ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ. ɺ ʩʨʝʜʥʝʤ 

ʟʥʘʯʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʣʷ ʦʙʨʘʟʮʘ BaFe12-xZrxO19 ʩ x=0,1 ʥʠʞʝ, ʯʝʤ ʜʣʷ ʦʙʨʘʟʮʦʚ 

ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʟʘʤʝʱʝʥʠʷ ʭ>0,3. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʤʦʞʝʪ 
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ʦʙʫʩʣʦʚʣʠʚʘʪʴ ʧʦʛʣʦʱʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʠʟʣʫʯʝʥʠʷ ʚ ʜʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 

(ʤʘʛʥʠʪʥʳʝ ʧʦʪʝʨʠ). 

ʅʘ ʨʠʩʫʥʢʝ 3.31 ʧʨʝʜʩʪʘʚʣʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʥʠʤʦʡ ʯʘʩʪʠ ʤʘʛʥʠʪʥʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xZrxO19 (0,1ÒxÒ1,2) ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 700 ʄɻʮ 

ï 7 ɻɻʮ. ɿʥʘʯʝʥʠʷ ʤʥʠʤʦʡ ʯʘʩʪʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ɛ̀̀  ʚʘʨʴʠʨʫʶʪʩʷ ʦʪ ï0,1 ʜʦ 0,2. 

ʆʪʨʠʮʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ɛ̀̀  ʚʳʟʚʘʥʳ ʟʘʪʫʭʘʥʠʝʤ ʤʘʛʥʠʪʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʠʟʣʫʯʝʥʠʷ ʧʨʠ 

ʧʨʦʭʦʞʜʝʥʠʠ ʯʝʨʝʟ ʤʘʪʝʨʠʘʣ, ʦʜʥʘʢʦ ʵʪʦ ʟʘʪʫʭʘʥʠʝ ʥʝ ʩʣʝʜʫʝʪ ʘʩʩʦʮʠʠʨʦʚʘʪʴ ʩ ʧʦʛʣʦʱʝʥʠʝʤ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ [176]. ʊʘʢʠʝ ʵʬʬʝʢʪʳ ʟʘʪʫʭʘʥʠʷ ʵʥʝʨʛʠʠ ʠʟʣʫʯʝʥʠʷ, ʧʦ ʤʥʝʥʠʶ 

ʘʚʪʦʨʦʚ [177], ʤʦʛʫʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʳ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʕʄɺ ʩ ʟʘʨʷʜʘʤʠ ʚ 

ʩʪʨʫʢʪʫʨʝ. ɺ ʥʝʢʦʪʦʨʳʭ ʠʩʪʦʯʥʠʢʘʭ ʧʨʠ ʦʙʩʫʞʜʝʥʠʠ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʚʝʣʠʯʠʥ ʫʪʚʝʨʞʜʘʝʪʩʷ, 

ʯʪʦ ʚ ʤʘʛʥʠʪʥʳʭ ʛʨʘʥʫʣʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʨʝʟʦʥʘʥʩʥʳʝ ʷʚʣʝʥʠʷ, 

ʩʧʦʩʦʙʩʪʚʫʶʱʠʝ ʟʘʪʫʭʘʥʠʶ ʚʦʣʥʳ ʟʘ ʩʯʝʪ ʩʫʧʝʨʧʦʟʠʮʠʠ ʧʘʜʘʶʱʝʡ ʠ ʦʪʨʘʞʝʥʥʦʡ ʚʦʣʥ, ʯʪʦ ʠ 

ʧʨʠʚʦʜʠʪ ʢ ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ ɛ̀̀  [178]. ɿʥʘʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ (ɛ̀ ʠ ɛ̀̀ ) 

ʠʤʝʶʪ ʙʦʣʝʝ ʥʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

(Ң̀ ʠ Ң̀̀), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʦʩʥʦʚʥʳʤ ʚʢʣʘʜʦʤ ʚ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʚ 

ʠʩʩʣʝʜʫʝʤʦʤ ʤʘʪʝʨʠʘʣʝ ʷʚʣʷʶʪʩʷ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ. 
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ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʤʘʛʥʠʪʥʳʝ ʧʦʪʝʨʠ tanŭE ʠ tanŭM ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʧʦ ʬʦʨʤʫʣʘʤ (3.4) 

ʠ (3.5) [179]. ʀʟʤʝʥʝʥʠʝ ʪʘʥʛʝʥʩʦʚ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ (tanŭE) ʠ ʫʛʣʘ ʤʘʛʥʠʪʥʳʭ 

ʧʦʪʝʨʴ (tanŭM) ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 700 ʄɻʮ ï 7 ɻɻʮ ʜʣʷ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe12-xZrxO19 

(0,1ÒxÒ1,2) ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʢʘʭ 3.32 ʠ 3.33 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.   
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ʈʠʩʫʥʦʢ 3.32 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʚ ʦʙʨʘʟʮʘʭ  

ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xZrxO19 
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ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʫʤʝʥʴʰʘʶʪʩʷ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ 

ʯʘʩʪʦʪʳ. ʆʙʲʷʩʥʝʥʠʝ ʪʘʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʚ ʬʝʨʨʠʪʘʭ ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʝʜʩʪʘʚʣʝʥʦ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ ʟʘʤʝʱʝʥʠʝʤ ʦʣʦʚʦʤ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʤʦʜʝʣʠ ʄʘʢʩʚʝʣʣʘ-ɺʘʛʥʝʨʘ 

[180,181] ʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʂʫʧʩʘ [182]. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʵʪʠʤ, 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʚ ʬʝʨʨʠʪʝ ʷʚʣʷʶʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʜʚʫʭ ʷʚʣʝʥʠʡ: 1) ʥʘʢʦʧʣʝʥʠʝ 

ʜʝʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʟʝʨʝʥ ʠ 2) ʜʝʬʝʢʪʳ ʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʜʠʧʦʣʝʡ. ɺ ʥʠʟʢʦʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʦʙʫʩʣʦʚʣʝʥʳ ʜʝʡʩʪʚʠʝʤ 

ʧʝʨʚʦʛʦ ʤʝʭʘʥʠʟʤʘ. ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʚ ʙʦʣʝʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ ʚ ʦʩʥʦʚʥʦʤ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʦʪʢʣʠʢʦʤ ʜʝʬʝʢʪʥʳʭ ʜʠʧʦʣʝʡ ʥʘ ʧʨʠʣʦʞʝʥʥʦʝ ʧʦʣʝ.  

ɺ ʨʷʜʝ ʨʘʙʦʪ ʧʨʝʜʣʘʛʘʝʪʩʷ ʩʣʝʜʫʶʱʘʷ ʪʨʘʢʪʦʚʢʘ ʥʘʙʣʶʜʘʝʤʳʭ ʷʚʣʝʥʠʡ. ɺ ʧʨʦʮʝʩʩʝ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʠʟ-ʟʘ ʠʟʤʝʥʝʥʠʷ ʟʘʨʷʜʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠʦʥʦʚ ʞʝʣʝʟʘ Fe3+/Fe2+ ʚ ʬʝʨʨʠʪʝ 

ʬʦʨʤʠʨʫʶʪʩʷ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʜʠʧʦʣʠ. ʈʝʣʘʢʩʘʮʠʷ ʜʠʧʦʣʝʡ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʫʤʝʥʴʰʘʝʪʩʷ 

ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ [183]. 

ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʚ ʧʨʠʣʦʞʝʥʥʦʤ ʕʄ ʧʦʣʝ ʚʦʟʥʠʢʘʶʪ ʠʟ-ʟʘ ʧʨʠʤʝʩʝʡ ʠ ʜʝʬʝʢʪʦʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ [184]. ʊʘʥʛʝʥʩ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʪʘʢʞʝ ʟʘʚʠʩʠʪ ʦʪ 

ʩʪʨʫʢʪʫʨʳ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʦʙʨʘʟʮʦʚ, ʥʘʧʨʠʤʝʨ, ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʠ, ʩʦʜʝʨʞʘʥʠʷ Fe2+ ʠ 

ʩʪʨʫʢʪʫʨʥʦʡ ʦʜʥʦʨʦʜʥʦʩʪʠ [185].  

ʀʟ ʨʠʩʫʥʢʦʚ 3.32 ʠ 3.33 ʚʠʜʥʦ, ʯʪʦ ʚ ʮʝʣʦʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ 

ʦʙʨʘʟʮʦʚ ʙʦʣʝʝ ʟʥʘʯʠʪʝʣʴʥʳ, ʯʝʤ ʤʘʛʥʠʪʥʳʝ ʧʦʪʝʨʠ, ʠ ʧʦʵʪʦʤʫ ʩʫʤʤʘʨʥʳʝ ʧʦʪʝʨʠ ʵʥʝʨʛʠʠ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʠʟʣʫʯʝʥʠʝʤ ʚ ʤʘʪʝʨʠʘʣʝ ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʪ ʠʟ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ. 

ɿʥʘʯʝʥʠʷ ʪʘʥʛʝʥʩʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʚʘʨʴʠʨʫʶʪʩʷ ʦʪ 0,12 ʜʦ 0,58, ʘ ʪʘʥʛʝʥʩʘ ʤʘʛʥʠʪʥʳʭ 

ʧʦʪʝʨʴ ʥʝ ʧʨʝʚʳʰʘʶʪ 0,18 ʠ ʠʤʝʶʪ ʦʙʱʫʶ ʪʝʥʜʝʥʮʠʶ ʢ ʩʥʠʞʝʥʠʶ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʧʨʦʮʝʩʩʳ ʧʦʛʣʦʱʝʥʠʷ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʚʦ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʘʭ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xZrxO19 (0,1ÒxÒ1,2) ʚʥʦʩʷʪ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ. ɼʦʤʠʥʠʨʫʶʱʠʡ ʚʢʣʘʜ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʚ ʠʩʩʣʝʜʫʝʤʳʭ 

ʦʙʨʘʟʮʘʭ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥ ʫʚʝʣʠʯʝʥʠʝʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʟʘ ʩʯʝʪ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʦʥʥʳʭ 

ʧʘʨ Fe3+/Fe2+ ʧʨʠ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʤ ʟʘʤʝʱʝʥʠʠ ʠ ʩʥʠʞʝʥʠʝʤ ʚʢʣʘʜʘ ʤʘʛʥʠʪʥʦʡ ʧʦʜʩʠʩʪʝʤʳ ʟʘ 

ʩʯʝʪ ʬʨʫʩʪʨʘʮʠʠ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʨʘʟʨʳʚʝ ʦʙʤʝʥʥʳʭ ʩʚʷʟʝʡ Fe3+-O2--Fe3+ ʚ ʫʩʣʦʚʠʷʭ 

ʫʚʝʣʠʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ Zr4+. 

ʅʘ ʦʩʥʦʚʝ ʠʟʤʝʨʝʥʠʷ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ ʤʘʛʥʠʪʥʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʟʥʘʯʝʥʠʷ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʧʦʪʝʨʴ ʥʘ 

ʦʪʨʘʞʝʥʠʝ (RL) ʜʣʷ ʦʙʨʘʟʮʦʚ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xZrxO19 (0,1ÒxÒ1,2) ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 

700 ʄɻʮ ï 7 ɻɻʮ. ʅʘ ʨʠʩʫʥʢʝ 3.34 ʧʨʝʜʩʪʘʚʣʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʢʘʟʘʪʝʣʷ RL. ʅʘ ʥʝʤ 
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ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʦʪʤʝʯʝʥʘ ʦʙʣʘʩʪʴ ʧʦʛʣʦʱʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʵʥʝʨʛʠʠ ʩʦ 

ʟʥʘʯʝʥʠʝʤ ʧʘʨʘʤʝʪʨʘ RL, ʣʝʞʘʱʠʤ ʥʠʞʝ ʫʨʦʚʥʷ -10 ʜɹ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚ ʥʝʡ ʦʥʠ ʤʦʛʫʪ 

ʧʦʛʣʦʱʘʪʴ ʜʦ 90% ʵʥʝʨʛʠʠ ʧʘʜʘʶʱʝʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ. ɼʣʷ ʦʙʨʘʟʮʦʚ ʩ x=0,6, x=0,9 ʠ 

x=1,2 ʥʘʙʣʶʜʘʝʪʩʷ ʰʠʨʦʢʘʷ ʧʦʣʦʩʘ ʧʦʛʣʦʱʝʥʠʷ (~1,75 ɻɻʮ), ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʟʥʘʯʝʥʠʷʤ RL 

< -10 ʜɹ. ʅʘʠʙʦʣʴʰʝʝ (ʧʦ ʤʦʜʫʣʶ) ʟʥʘʯʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʦʪʨʘʞʝʥʠʷ (ʦʪʚʝʯʘʶʱʝʝ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʧʦʛʣʦʱʝʥʥʦʡ ʵʥʝʨʛʠʠ) ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ ʚ ʦʙʨʘʟʮʝ ʩʦ ʩʪʝʧʝʥʴʶ ʟʘʤʝʱʝʥʠʷ x=1,2 (RL å -55 ʜɹ) 

ʥʘ ʯʘʩʪʦʪʝ ʦʢʦʣʦ 2,4 ɻɻʮ, ʯʪʦ ʧʨʝʚʳʰʘʝʪ ʩʦʧʦʩʪʘʚʠʤʦʝ ʟʥʘʯʝʥʠʝ, ʧʦʣʫʯʝʥʥʦʝ ʘʚʪʦʨʘʤʠ ʚ 

ʨʘʙʦʪʝ [189] (RL = -30,2 ʜɹ). ɺ ʦʙʨʘʟʮʝ ʩ ʟʘʤʝʱʝʥʠʝʤ x=0,1 ʥʘ ʢʨʠʚʦʡ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʛʦ 

ʧʦʢʘʟʘʪʝʣʷ RL ʦʪʤʝʯʘʶʪʩʷ ʜʚʘ ʣʦʢʘʣʴʥʳʭ ʤʠʥʠʤʫʤʘ ʥʘ ʯʘʩʪʦʪʘʭ 1,9 ʠ 3,25 ɻɻʮ. 
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ʈʠʩʫʥʦʢ 3.34 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʢʘʟʘʪʝʣʷ ʦʪʨʘʞʝʥʠʷ ʚ ʦʙʨʘʟʮʘʭ   

ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ BaFe12-xZrxO19 

 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝʤ ʩʪʝʧʝʥʠ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʠʦʥʘʤʠ ʮʠʨʢʦʥʠʷ 

ʤʦʞʥʦ ʢʦʥʪʨʦʣʠʨʫʝʤʦ ʫʧʨʘʚʣʷʪʴ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʛʝʢʩʘʬʝʨʨʠʪʘ 

ʙʘʨʠʷ BaFe12-xZrxO19 (0,1ÒxÒ1,2). ʇʦʪʝʨʠ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʤʘʪʝʨʠʘʣʦʤ ʦʙʫʩʣʦʚʣʝʥʳ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ. 
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ɻʃɸɺɸ 4. Cʊʈʋʂʊʋʈʅʓɽ, ʄɸɻʅʀʊʅʓɽ ʀ ʕʃɽʂʊʈʆɼʀʅɸʄʀʏɽʉʂʀɽ 

ʉɺʆʁʉʊɺɸ ʂʆʄʇʆɿʀʎʀʆʅʅʓʍ ʄɸʊɽʈʀɸʃʆɺ ʅɸ ʆʉʅʆɺɽ ɿɸʄɽʑɽʅʅʆɻʆ 

ɻɽʂʉɸʌɽʈʈʀʊɸ BaFe11,7Al0,3O19 

 

4.1 ʉʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʤʘʛʥʠʪʥʳʝ ʠ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ BaFe11,7Al0,3O19 ʠ ʇɺɼʌ (ɻʌ/ʇɺɼʌ) 

 ʂʨʦʤʝ ʩʦʩʪʘʚʦʚ ɻʌ, ʦʧʠʩʘʥʥʳʭ ʚ 3 ʛʣʘʚʝ, ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʤʝʪʦʜʦʤ 

ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ ʙʳʣʠ ʪʘʢʞʝ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʠ ʠʩʩʣʝʜʦʚʘʥʳ ʦʙʨʘʟʮʳ ʛʝʢʩʘʬʝʨʨʠʪʦʚʦʡ 

ʢʝʨʘʤʠʢʠ ʚ ʩʠʩʪʝʤʝ BaFe12-xAl xO19 ʩ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʴʶ ʟʘʤʝʱʝʥʠʷ ʞʝʣʝʟʘ ʘʣʶʤʠʥʠʝʤ ʚ 

ʜʠʘʧʘʟʦʥʝ 0¢x¢1,2. ʇʨʠ ʵʪʦʤ ʥʠʢʘʢʦʡ ʠʟ ʠʟʫʯʝʥʥʳʭ ʥʘʤʠ ʨʘʥʝʝ ʩʦʩʪʘʚʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʠʟ 

ʩʠʩʪʝʤʳ Alπʟʘʤʝʱʝʥʥʳʭ ɻʌ, ʥʝ ʜʘʣ ʜʦʩʪʘʪʦʯʥʦ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦ ʦʙʱʝʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʷ, ʚ ʦʩʥʦʚʥʦʤ ʟʘ ʩʯʝʪ ʥʠʟʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ. 

ɺ ʧʨʝʜʰʝʩʪʚʫʶʱʠʭ ʨʘʙʦʪʘʭ, ʥʘʧʨʠʤʝʨ, ʚ [190ï193], ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ 

ʢʘʨʜʠʥʘʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʬʝʨʨʠʪ-ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʢʦʤʧʦʟʠʪʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʥʜʠʚʠʜʫʘʣʴʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʬʝʨʨʠʪʦʚʦʡ 

ʩʦʩʪʘʚʣʷʶʱʝʡ. ʊʘʢ, ʚ ʯʘʩʪʥʦʩʪʠ, ʨʦʩʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʤʦʛ ʧʨʝʚʳhʘʪʴ 

ʠʩʭʦʜʥʳʝ ʟʥʘʯʝʥʠʷ ʥʘ ʧʦʨʷʜʦʢ ʚʝʣʠʯʠʥʳ. ɺ [185] ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʧʨʦʷʚʣʝʥʠʝ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʭʘʨʘʢʪʝʨʘ ʧʦʚʝʜʝʥʠʷ ʚ ʧʦʜʦʙʥʳʭ ʢʦʤʧʦʟʠʪʘʭ ï ʫʚʝʣʠʯʝʥʠʝ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʵʬʬʝʢʪʠʚʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʫʚʝʣʠʯʝʥʠʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʩʥʠʞʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩ ʯʘʩʪʦʪʦʡ. 

ʇʦʵʪʦʤʫ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʈʕʄ ʥʘ ʦʩʥʦʚʝ ʛʝʢʩʘʬʝʨʨʠʪʦʚ ʤʳ ʚʳʙʨʘʣʠ ʦʜʠʥ 

ʠʟ ʥʠʭ, ʘ ʠʤʝʥʥʦ ʦʙʣʘʜʘʶʱʠʡ ʩʘʤʳʤ ʥʠʟʢʠʤ ʫʨʦʚʥʝʤ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʦ ʧʦʛʣʦʱʝʥʠʶ 

(ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʟʥʘʯʝʥʠʶ x=0,3), ʩ ʪʝʤ, ʯʪʦʙʳ ʥʘʠʙʦʣʝʝ ʦʪʯʝʪʣʠʚʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ 

ʚʦʟʤʦʞʥʦʩʪʠ ʫʣʫʯʰʝʥʠʷ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʟʘ ʩʯʝʪ ʩʦʟʜʘʥʠʷ ʥʘ ʦʩʥʦʚʝ ɻʌ ʠ ʇɺɼʌ ʧʦʣʠʤʝʨʥʳʭ 

ʢʦʤʧʦʟʠʪʦʚ ʠ ʚʚʝʜʝʥʠʷ ʚ ʩʦʩʪʘʚ ʢʦʤʧʦʟʠʪʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ. 

4.1.1 ʉʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ ʛʝʢʩʘʬʝʨʨʠʪʘ BaFe11,7Al0,3O19 

ʉʧʝʢʪʨʳ ʜʠʬʨʘʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʜʣʷ ʧʦʨʦʰʢʦʦʙʨʘʟʥʦʛʦ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ 

ɻʌ ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 4.1.  
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ʈʠʩʫʥʦʢ 4.1 ï ʉʧʝʢʪʨ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʘ ɻʌ ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ 

ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ 

  

ʂʘʯʝʩʪʚʝʥʥʳʡ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʦʙʨʘʟʮʘ ɻʌ ʙʳʣ ʧʨʦʚʝʜʝʥ ʧʦ ʜʘʥʥʳʤ ʜʠʬʨʘʢʮʠʠ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʧʦ ʩʦʧʦʩʪʘʚʣʝʥʠʶ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ ʠ ʠʭ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ 

ʩʪʨʫʢʪʫʨʝ ʪʠʧʘ ʤʘʛʥʝʪʦʧʣʶʤʙʠʪʘ (ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ P63/mmc). ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʜʠʬʨʘʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʩʨʘʚʥʠʚʘʣʠ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʠʟ ʙʘʟr ʜʘʥʥʳʭ ʜʣʷ 

BaFe12O19 (ʢʘʨʪʳ ICDD ˉ 00-007-0276 ʠ 00-027-1029) [194]. ʆʙʨʘʟʝʮ ʷʚʣʷʣʩʷ ʦʜʥʦʬʘʟʥʳʤ 

ʩʦʩʪʘʚʦʤ, ʩʦʜʝʨʞʘʱʠʤ ʜʚʝ ʬʦʨʤʫʣʴʥʳʝ ʝʜʠʥʠʮʳ ɻʌ ʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ (Z=2). ʇʘʨʘʤʝʪʨʳ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ a = 5,8854 Å, c = 23,1756 Å, ʦʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ V = 695,21 Å3. 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʝʨʝʥ ʧʦ ʨʘʟʤʝʨʫ ʜʣʷ ʦʙʨʘʟʮʘ ɻʌ ʧʨʝʜʩʪʘʚʣʝʥ r

ʥʘ ʨʠʩʫʥʢʝ 4.2. 
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ʈʠʩʫʥʦʢ 4.2 ï ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʜʣʷ ʦʙʨʘʟʮʘ ɻʌ 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʦʨʤʫʣʳ (3.3) 

ʘʥʘʣʦʛʠʯʥʦ ʩʧʦʩʦʙʫ, ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʥʦʤʫ ʚ ʨʘʟʜʝʣʝ 3.1.2. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʟʝʨʝʥ ʧʦ ʨʘʟʤʝʨʫ 

ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪʩʷ ʬʫʥʢʮʠʝʡ ɻʘʫʩʩʦʚʩʢʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ. ʈʘʟʤʝʨ ʟʝʨʝʥ ʚʘʨʴʠʨʦʚʘʣʩʷ ʚ 

ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 310 ʥʤ ʜʦ 1,7 ʤʢʤ, ʠ ʬʫʥʢʮʠʷ ɻʘʫʩʩʘ ʦʧʠʩʳʚʘʣʘ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩ ʥʠʟʢʠʤ 

ʧʘʨʘʤʝʪʨʦʤ ʧʦʜʛʦʥʢʠ. ʅʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʡ ʨʘʟʤʝʨ ʟʝʨʥʘ ʩʦʩʪʘʚʠʣ 758 ʥʤ. 

4.1.2 ʉʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ ʢʦʤʧʦʟʠʪʦʚ ɻʌ/ʇɺɼʌ 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʤʘʛʥʠʪʥʳʭ ʠ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ 

ʩʦʩʪʘʚʳ ʥʘ ʦʩʥʦʚʝ ʧʦʨʦʰʢʘ ɻʌ, ʜʠʩʧʝʨʛʠʨʦʚʘʥʥʦʛʦ ʚ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʝ ʇɺɼʌ. ʆʙʨʘʟʮʳ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦʣʫʯʘʣʠʩʴ ʚ ʨʝʟʫʣʴʪʘʪʝ ʪʝʨʤʦʧʨʝʩʩʦʚʘʥʠʷ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ ʩ 

ʨʘʟʣʠʯʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʬʘʟ: 5 ʤʘʩʩ.% ʇɺɼʌ + 95 ʤʘʩʩ.% ɻʌ; 10 ʤʘʩʩ.% ʇɺɼʌ + 90 ʤʘʩʩ.% 

ɻʌ; 15 ʤʘʩʩ.% ʇɺɼʌ + 85 ʤʘʩʩ.% ɻʌ ʠ 20 ʤʘʩʩ.% ʇɺɼʌ + 80 ʤʘʩʩ.% ɻʌ. 

ʉʧʝʢʪʨʳ ʜʠʬʨʘʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʜʣʷ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ɻʌ/ʇɺɼʌ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.3. ɺ ʧʨʦʚʝʜʝʥʠʠ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʥʝ ʙʳʣʦ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ, ʧʦʩʢʦʣʴʢʫ ʪʝʤʧʝʨʘʪʫʨʘ ʪʝʨʤʦʧʨʝʩʩʦʚʘʥʠʷ ʥʠʢʘʢ ʥʝ ʚʣʠʷʝʪ ʥʘ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ 

ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʧʦʨʦʰʢʘ ɻʌ. ɼʠʬʨʘʢʮʠʦʥʥʳʝ ʤʘʢʩʠʤʫʤʳ, ʥʘʙʣʶʜʘʝʤʳʝ ʚ 

ʧʦʨʦʰʢʝ ɻʌ, ʪʘʢʞʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʚʦ ʚʩʝʭ ʦʙʨʘʟʮʘʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʭʘʨʘʢʪʝʨʥʳʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʧʠʢʦʚ ʇɺɼʌ ʚ ʢʦʤʧʦʟʠʪʘʭ 

ʩʣʘʙʝʝ, ʯʝʤ ʚ ʯʠʩʪʦʤ ʧʦʣʠʤʝʨʝ, ʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ɻʌ, ʯʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʜʦʤʠʥʠʨʦʚʘʥʠʝʤ 

ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʳʭ ʧʠʢʦʚ ʦʪ ɻʌ [195,196], ʦʩʦʙʝʥʥʦ ʟʘʤʝʪʥʦʡ ʧʨʠ ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʧʦʣʠʤʝʨʘ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʇɺɼʌ ʠʤʝʝʪ ʥʝʩʢʦʣʴʢʦ ʧʦʣʠʤʦʨʬʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ Ŭ-, ɓ-, ʠ 

ɔ-ʬʘʟʳ. ʇʨʠ ʵʪʦʤ, ʜʚʝ ʠʟ ʥʠʭ (ɓ-, ʠ ɔ-) ʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ɺʩʝ ʪʨʠ ʬʘʟʳ (Ŭ, ɓ ʠ ɔ-ʬʘʟʳ) ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʠʥʪʝʥʩʠʚʥʳʤ ʧʠʢʦʤ ʚ ʦʙʣʘʩʪʠ 20Á.    
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ʈʠʩʫʥʦʢ 4.3 ï ʉʧʝʢʪʨʳ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʦʚ ʇɺɼʌ ʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ɻʌ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʇɺɼʌ 

 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʪʦʣʴʢʦ Ŭ- ʠ ɔ-ʬʘʟʘ ʠʤʝʶʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʠʢʠ ʚ ʦʙʣʘʩʪʠ 18Á, ʘ ɓ-ʬʘʟʘ 

ʠʤʝʝʪ ʯʝʪʢʠʡ ʜʠʬʨʘʢʮʠʦʥʥʳʡ ʤʘʢʩʠʤʫʤ ʚ ʦʙʣʘʩʪʠ 2ɗ å 20,4Á, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʣʝʛʢʦ ʦʪʜʝʣʠʪʴ ʦʪ 

ʥʝʝ ʠʥʪʝʨʝʩʫʶʱʠʝ ʥʘʩ ʤʦʜʠʬʠʢʘʮʠʠ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʠʟʦʩʪʨʫʢʪʫʨʥʘʷ ʙʣʠʟʦʩʪʴ ʠ ʥʘʣʠʯʠʝ 

ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ ʚ ʦʙʣʘʩʪʠ ʫʛʣʦʚ 18-21Á ʟʘʪʨʫʜʥʷʶʪ ʠʜʝʥʪʠʬʠʢʘʮʠʶ ʠ ʦʩʦʙʝʥʥʦ ï 

ʨʘʟʜʝʣʝʥʠʝ Ŭ- ʠ ɔ-ʬʘʟ. ʆʜʥʘʢʦ ʝʝ ʫʜʘʣʦʩʴ ʧʨʦʚʝʩʪʠ, ʠʩʧʦʣʴʟʫʷ ʠʥʬʨʘʢʨʘʩʥʫʶ ʩʧʝʢʪʨʦʩʢʦʧʠʶ ʩ 

ʌʫʨʴʝ-ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ (ʀʂʌʉ, ʠʣʠ FTIR). ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʙʦʠʭ 

ʤʝʪʦʜʦʚ ʜʘʣʦ ʚʦʟʤʦʞʥʦʩʪʴ ʦʜʥʦʟʥʘʯʥʦ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʧʦʣʠʤʦʨʬʥʫʶ ʤʦʜʠʬʠʢʘʮʠʶ 

ʨʘʟʜʝʣʴʥʳʤʠ ʬʘʟʘʤʠ ʇɺɼʌ [197,198]. ʅʘ ʨʠʩʫʥʢʝ 4.4 ʧʦʢʘʟʘʥʳ ʩʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠʷ ʀʂʌʉ 

ʜʣʷ ʦʙʨʘʟʮʦʚ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ɻʌ/ʇɺɼʌ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʇɺɼʌ ʚ 

ʜʠʘʧʘʟʦʥʝ 400-1600 ʩʤ-1. ʍʘʨʘʢʪʝʨʥʳʤʠ ʧʠʢʘʤʠ ʥʘ ʩʧʝʢʪʨʝ ʧʨʦʧʫʩʢʘʥʠʷ ʷʚʣʷʶʪʩʷ ʩʣʝʜʫʶʱʠʝ: 

840, 879, 1072, 1162, 1279, 1402 ʩʤ-1. 
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ɺʦʣʥʦʚʳʝ ʯʠʩʣʘ (ʩʤ
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ʈʠʩʫʥʦʢ 4.4 ï Cʧʝʢʪʨʳ ʀʂʌʉ ʦʙʨʘʟʮʦʚ ʇɺɼʌ ʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʥʘ ʦʩʥʦʚʝ ɻʌ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʇɺɼʌ 

 

ʃʦʢʘʣʴʥʳʝ ʤʠʥʠʤʫʤʳ (ʧʠʢʠ) ʚ ʦʙʣʘʩʪʠ ʧʦʣʦʩ ʧʨʦʧʫʩʢʘʥʠʷ ʧʨʠ 1402 ʠ 1072 ʩʤ-1 

ʦʙʫʩʣʦʚʣʝʥʳ ʢʦʣʝʙʘʪʝʣʴʥʳʤʠ ʤʦʜʘʤʠ -ʉʅ2-ʛʨʫʧʧ [199]. ʇʠʢʠ ʚ ʦʙʣʘʩʪʠ 1162-1277 ʠ              

1402 ʩʤ-1 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʢʦʣʝʙʘʪʝʣʴʥʳʤ ʤʦʜʘʤ ïCïFï ʠ ïCF2ïʛʨʫʧʧ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [195]. ɼʣʷ 

ɓ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟr ʇɺɼʌ ʭʘʨʘʢʪʝʨʥʳ ʣʦʢʘʣʴʥʳʝ ʤʠʥʠʤʫʤʳ ʚ ʦʙʣʘʩʪʠ ʧʦʣʦʩ 840, 1270 

ʠ 1420 ʩʤ-1. ɼʣʷ ɔ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟr ʇɺɼʌ ʭʘʨʘʢʪʝʨʥʳ ʣʦʢʘʣʴʥʳʝ ʤʠʥʠʤʫʤʳ ʚ ʦʙʣʘʩʪʠ 

ʧʦʣʦʩ 810, 835 ʠ 1220 ʩʤ-1 [200]. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʝʪʦʜʦʤ ʀʂʌʉ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝ 

ʢʘʢ ɔ-, ʪʘʢ ʠ ɓ-ʬʘʟʳ ʢʘʢ ʚ ʠʩʭʦʜʥʦʤ ʦʙʨʘʟʮʝ ʇɺɼʌ, ʪʘʢ ʠ ʚ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ 

ɻʌ/ʇɺɼʌ (ʨʠʩʫʥʦʢ 4.4). ʇʦʩʢʦʣʴʢʫ ʜʠʧʦʣʴʥʳʡ ʤʦʤʝʥʪ ʚ ʧʦʣʠʤʝʨʥʦʡ ʮʝʧʠ ʥʝ ʨʘʚʝʥ ʥʫʣʶ, 

ʧʨʠʩʫʪʩʪʚʠʝ ɓ-ʬʘʟʳ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʝʟʥʦ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʤ ʵʢʨʘʥʠʨʦʚʘʥʠʠ 

[13]. ʅʘ ʨʠʩʫʥʢʘʭ 4.5-4.8 ʧʨʝʜʩʪʘʚʣʝʥʳ ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ɻʌ/ʇɺɼʌ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʇɺɼʌ: 10 ʤʘʩʩ.% ʇɺɼʌ + 90 ʤʘʩʩ.% ɻʌ (ʨʠʩʫʥʦʢ 4.5); 
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15 ʤʘʩʩ.% ʇɺɼʌ + 85 ʤʘʩʩ.% ɻʌ (ʨʠʩʫʥʦʢ 4.6) ʠ 20 ʤʘʩʩ.% ʇɺɼʌ + 80 ʤʘʩʩ.% ɻʌ (ʨʠʩʫʥʦʢ 

4.7). ɺʠʜʥʦ, ʯʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ 

ʇɺɼʌ ʠ ɻʌ ʥʠʢʘʢ ʥʝ ʚʣʠʷʝʪ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʧʦʨʦʰʢʘ-ʥʘʧʦʣʥʠʪʝʣʷ, ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʠʟʤʝʥʷʷ 

ʧʨʠ ʵʪʦʤ ʦʙʱʫʶ ʧʣʦʪʥʦʩʪʴ ʦʙʨʘʟʮʘ.  

 

 

ʈʠʩʫʥʦʢ 4.5 ï ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʨʘʟʮʘ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ                                     

10 ʤʘʩʩ.% ʇɺɼʌ + 90 ʤʘʩʩ.% ɻʌ 

 

ʈʠʩʫʥʦʢ 4.6 ï ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʨʘʟʮʘ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ                                     

15 ʤʘʩʩ.% ʇɺɼʌ + 85 ʤʘʩʩ.% ɻʌ 
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ʈʠʩʫʥʦʢ 4.7 ï ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʨʘʟʮʘ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ                                     

20 ʤʘʩʩ.% ʇɺɼʌ + 80 ʤʘʩʩ.% ɻʌ 

 

4.1.3 ʄʘʛʥʠʪʥʳʝ ʠ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʦʟʠʪʦʚ ɻʌ/ʇɺɼʌ 

ʇʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʬʝʨʨʠʪʘ ʠ ʚʩʝʭ 

ʦʙʨʘʟʮʦʚ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ (5 ʤʘʩʩ.% ʇɺɼʌ, 10 ʤʘʩʩ.% ʇɺɼʌ, 15 ʤʘʩʩ.% ʇɺɼʌ 

ʠ 20 ʤʘʩʩ.% ʇɺɼʌ), ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʚʠʙʨʘʮʠʦʥʥʦʡ ʤʘʛʥʠʪʦʤʝʪʨʠʠ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 4.8.  
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ʈʠʩʫʥʦʢ 4.8 ï ʇʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʥʘ ʦʩʥʦʚʝ ɻʌ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʇɺɼʌ 
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ʆʩʥʦʚʥʳʝ ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ Ms, ʦʩʪʘʪʦʯʥʘʷ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ Mr, ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ Hc ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʷʤʦʫʛʦʣʴʥʦʩʪʠ Sq ʠʣʠ 

ʩʦʦʪʥʦʰʝʥʠʝ Mr/Ms) ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 4.1. ʂʘʢ ʠ ʦʞʠʜʘʣʦʩʴ, ʧʦʨʦʰʦʢ ɻʌ ʠʤʝʝʪ ʩʘʤʳʝ 

ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ Ms ʠ Mr ʩʨʝʜʠ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ï 57,9 ʠ 30,2 ɸ·ʤ2Ŀʢʛ-1 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʦʣʠ ʇɺɼʌ ʚ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʩʦʩʪʘʚʘʭ ʦʪ 

5 ʜʦ 20 ʤʘʩʩ.% ʟʥʘʯʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʩʥʠʞʘʶʪʩʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʦʪ 54,4 ʜʦ 46,9 ɸ·ʤ2Ŀʢʛ-1 (ʜʣʷ Ms) ʠ ʦʪ 28,4 ʜʦ 24,4 ɸ·ʤ2Ŀʢʛ-1 (ʜʣʷ 

Mr).  

ʊʘʙʣʠʮʘ 4.1 ï ʆʩʥʦʚʥʳʝ ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʨʘʟʮʦʚ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ 

ʦʩʥʦʚʝ ɻʌ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʇɺɼʌ (5-20 ʤʘʩʩ.%) 

Sq = Mr/Ms Mr (ɸ·ʤ2Ŀʢʛ-1) Hc (ʕ) Ms (ɸ·ʤ2Ŀʢʛ-1) ʆʙʨʘʟʝʮ 

0,52 30,2 2925 57,9 ɻʌ 

0,52 28,4 2749 54,4 5 ʤʘʩʩ.% ʇɺɼʌ + 95 ʤʘʩʩ.% ɻʌ 

0,52 27,4 2661 52,7 10 ʤʘʩʩ.% ʇɺɼʌ + 90 ʤʘʩʩ.% ɻʌ 

0,52 25,3 2457 48,6 15 ʤʘʩʩ.% ʇɺɼʌ + 85 ʤʘʩʩ.% ɻʌ 

0,52 24,4 2369 46,9 20 ʤʘʩʩ.% ʇɺɼʌ + 80 ʤʘʩʩ.% ɻʌ 

 

ʕʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʪʝʤ, ʯʪʦ ʇɺɼʌ ʷʚʣʷʝʪʩʷ ʧʦʣʠʤʝʨʦʤ, ʥʝ ʧʨʦʷʚʣʷʶʱʠʤ ʤʘʛʥʠʪʥʳʭ 

ʩʚʦʡʩʪʚ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ, ʟʥʘʯʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʜʣʷ ʢʦʤʧʦʟʠʪʦʚ ʦʙʫʩʣʦʚʣʝʥʳ ʚʣʠʷʥʠʝʤ ʬʝʨʨʠʤʘʛʥʠʪʥʳʭ ʯʘʩʪʠʮ ɻʌ ʠ ʧʦ ʚʝʣʠʯʠʥʝ ʤʘʛʥʠʪʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳ ʢʦʥʮʝʥʪʨʘʮʠʠ ɻʌ ʚ ʢʦʤʧʦʟʠʮʠʦʥʥʦʤ ʤʘʪʝʨʠʘʣʝ [201]. 

ʂʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʦʙʨʘʟʮʦʚ ʪʘʢʞʝ ʤʘʢʩʠʤʘʣʴʥʘ ʜʣʷ ʧʦʨʦʰʢʘ ɻʌ (2,95 ʢʕ). 

ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʦʣʠ ʇɺɼʌ ʪʘʢʞʝ ʦʪʤʝʯʝʥʘ ʪʝʥʜʝʥʮʠʷ ʫʤʝʥʴʰʝʥʠʷ Hc ʦʪ 2,75 (ʜʣʷ 5 ʤʘʩʩ.% 

ʇɺɼʌ) ʜʦ 2,37 ʢʕ (ʜʣʷ 20 ʤʘʩʩ.% ʇɺɼʌ). ʕʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʩʥʠʞʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʤʝʞʟʝʨʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ [202] ʠ ʫʤʝʥʴʰʝʥʠʝʤ ʧʦʣʷ ʘʥʠʟʦʪʨʦʧʠʠ [171]. ʅʝʩʤʦʪʨʷ ʥʘ 

ʦʙʱʝʝ ʩʥʠʞʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʵʥʝʨʛʠʠ ʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʚʩʝ ʦʙʨʘʟʮʳ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʤʦʛʫʪ ʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴʩʷ ʢʘʢ ʤʘʛʥʠʪʦʞʝʩʪʢʠʝ ʩʦʩʪʘʚʳ [203] ʠ ʤʦʛʫʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʥʘ ʧʨʘʢʪʠʢʝ ʚ ʢʘʯʝʩʪʚʝ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʦʚ [204]. ʋʤʝʥʴʰʝʥʠʝ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʩʦʨʘʟʤʝʨʥʳʤ, ʦ ʯʝʤ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʤʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʢʚʘʜʨʘʪʥʦʩʪʠ ʧʝʪʣʠ. 
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ʇʘʨʘʤʝʪʨ Sq ʚʦ ʚʩʝʭ ʦʙʨʘʟʮʘʭ ʩʦʩʪʘʚʣʷʝʪ 0,52, ʯʪʦ ʦʯʝʥʴ ʙʣʠʟʢʦ ʢ ʥʦʨʤʘʣʴʥʦʤʫ ʩʦʦʪʥʦʰʝʥʠʶ 

ʚ ʢʝʨʘʤʠʯʝʩʢʠʭ ʩʦʩʪʘʚʘʭ ʬʝʨʨʠʪʦʚ (0,5) [194], ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʩʦʭʨʘʥʝʥʠʠ ʨʘʟʤʝʨʦʚ 

ʯʘʩʪʠʮ ʤʘʛʥʠʪʥʦʡ ʬʘʟʳ ʠ ʠʭ ʩʪʘʪʠʩʪʠʯʝʩʢʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʚ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʝ ʙʝʟ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ (ʪʝʢʩʪʫʨʳ). 

ʕʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʠ ʤʘʛʥʠʪʥʘʷ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ) ʦʙʨʘʟʮʦʚ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʨʘʟʣʠʯʥʦʡ ʜʦʣʝʡ ʇɺɼʌ ʙʳʣʠ 

ʠʟʤʝʨʝʥʳ ʥʘ ʯʘʩʪʦʪʝ 2,45 ɻɻʮ. ʉʫʱʝʩʪʚʫʪʁ ʯʝʪʳʨʝ ʦʩʥʦʚʥʳʭ ʚʢʣʘʜʘ ʚ ʩʫʤʤʘʨʥʫʶ 

ʧʦʣʷʨʠʟʘʮʠʶ ʚ ʤʘʪʝʨʠʘʣʝ: ʤʝʞʬʘʟʥʘʷ, ʜʠʧʦʣʴʥʘʷ, ʠʦʥʥʘʷ ʠ ʵʣʝʢʪʨʦʥʥʘʷ ʧʦʣʷʨʠʟʘʮʠʷ. ʀʦʥʥʘʷ 

ʠ ʵʣʝʢʪʨʦʥʥʘʷ ʧʦʣʷʨʠʟʘʮʠʠ ʥʝ ʟʘʚʠʩʷʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʚʥʦʩʷʪ ʥʘʠʙʦʣʴʰʠʡ ʚʢʣʘʜ ʥʘ ʚʳʩʦʢʠʭ 

ʯʘʩʪʦʪʘʭ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʤʝʞʬʘʟʥʘʷ ʠ ʜʠʧʦʣʴʥʘʷ ʧʦʣʷʨʠʟʘʮʠʠ ʟʘʚʠʩʷʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʠʛʨʘʶʪ 

ʜʦʤʠʥʠʨʫʶʱʫʶ ʨʦʣʴ ʥʘ ʙʦʣʝʝ ʥʠʟʢʠʭ ʯʘʩʪʦʪʘʭ [171,203]. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘʠʙʦʣʝʝ 

ʩʫʱʝʩʪʚʝʥʥʳʤ ʚʢʣʘʜʦʤ ʚ ʧʨʦʮʝʩʩʳ ʧʦʛʣʦʱʝʥʠʷ ʠʣʠ ʦʪʨʘʞʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ ʚ 

ʠʩʩʣʝʜʫʝʤʳʭ ʤʘʪʝʨʠʘʣʘʭ ʥʘ ʯʘʩʪʦʪʝ 2,45 ɻɻʮ ʷʚʣʷʝʪʩʷ ʚʢʣʘʜ ʠʦʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ.  

ʅʘ ʨʠʩʫʥʢʝ 4.9 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ (ʣʝʚʘʷ 

ʰʢʘʣʘ) ʠ ʤʥʠʤʦʡ (ʧʨʘʚʘʷ ʰʢʘʣʘ) ʯʘʩʪʝʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʣʷ ʦʙʨʘʟʮʦʚ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ɻʌ/ʇɺɼʌ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʇɺɼʌ 
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ʈʠʩʫʥʦʢ 4.9 ï ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʠ ʤʥʠʤʦʡ ʯʘʩʪʝʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ɻʌ  

ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʇɺɼʌ 
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ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʠʟʤʝʥʷʝʪʩʷ ʥʝʣʠʥʝʡʥʦ ʩ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʇɺɼʌ. ʊʘʢ, ʜʝʡʩʪʚʠʪʝʣʴʥʘʷ ʯʘʩʪʴ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʠʟʤʝʥʷʝʪʩʷ ʚ ʦʙʣʘʩʪʠ ʟʥʘʯʝʥʠʡ 3,79-3,53. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʤʥʠʤʘʷ 

ʯʘʩʪʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʨʝʟʢʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʪ 0,036 (ʜʣʷ 5 ʤʘʩʩ.% ʇɺɼʌ) ʜʦ 

0,069 (ʜʣʷ 15 ʤʘʩʩ.% ʇɺɼʌ) ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤ ʫʚʝʣʠʯʝʥʠʝʤ ʜʦ 0,071 (ʜʣʷ 20 

ʤʘʩʩ.% ʇɺɼʌ).  

ʅʘ ʨʠʩʫʥʢʝ 4.10 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ (ʣʝʚʘʷ 

ʰʢʘʣʘ) ʠ ʤʥʠʤʦʡ (ʧʨʘʚʘʷ ʰʢʘʣʘ) ʯʘʩʪʝʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʣ ̫ ʦʙʨʘʟʮʦʚ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ɻʌ/ʇɺɼʌ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʇɺɼʌ 
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ʈʠʩʫʥʦʢ 4.10 ï ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʠ ʤʥʠʤʦʡ ʯʘʩʪʝʡ ʤʘʛʥʠʪʥʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ɻʌ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʇɺɼʌ 

 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʪʘʢʞʝ ʟʘʚʠʩʠʪ ʦʪ 

ʜʦʣʠ ʇɺɼʌ. ɼʝʡʩʪʚʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠʟʤʝʥʷʝʪʩʷ ʥʝʣʠʥʝʡʥʦ ʦʪ 1,024 

ʜʦ 1,021 ʩ ʨʦʩʪʦʤ ʜʦʣʠ ʇɺɼʌ ʦʪ 5 ʜʦ 20 ʤʘʩʩ.%. ʄʠʥʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ (1,011) ʦʪʤʝʯʝʥʦ ʜʣʷ 

ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ 15 ʤʘʩʩ.% ʇɺɼʌ. ʄʥʠʤʘʷ ʯʘʩʪʴ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʨʝʟʢʦ 

ʫʤʝʥʴʰʘʝʪʩʷ ʦʪ 0,010 (ʜʣʷ 5 ʤʘʩʩ.% ʇɺɼʌ) ʜʦ 0,002 (ʜʣʷ ʚʩʝʭ ʦʩʪʘʣʴʥʳʭ ʩʦʩʪʘʚʦʚ) ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʜʦʣʠ ʇɺɼʌ.  

ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʤ ʬʘʢʪʦʨʦʤ ʜʣʷ ʧʦʥʠʤʘʥʠʷ 

ʧʨʠʨʦʜʳ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʠʣʠ ʦʪʨʘʞʝʥʠʷ. ʉʦʦʪʥʦʰʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʳʭ 
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ʟʥʘʯʝʥʠʡ ʤʘʛʥʠʪʥʦʡ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʩʦʛʣʘʩʦʚʘʥʠʝ ʚʦʣʥʦʚʳʭ ʠʤʧʝʜʘʥʩʦʚ ʥʘ 

ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʩʨʝʜ ʷʚʣʷʶʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ ʫʩʣʦʚʠʝʤ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʘʥʪʝʥʥʳʭ ʫʩʪʨʦʡʩʪʚ 

ʚ ʧʨʠʝʤʦ-ʧʝʨʝʜʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚʘʭ.  

ʅʘ ʨʠʩʫʥʢʝ 4.11 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ (ʣʝʚʘʷ ʰʢʘʣʘ) ʠ ʤʘʛʥʠʪʥʦʡ (ʧʨʘʚʘʷ ʰʢʘʣʘ) ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ ʜʣʷ ʦʙʨʘʟʮʦʚ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ɻʌ/ʇɺɼʌ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʇɺɼʌ 
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ʈʠʩʫʥʦʢ 4.11 ï ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ ʤʘʛʥʠʪʥʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ɻʌ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʇɺɼʌ 

 

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʟʥʘʯʝʥʠʷ Ң` ʠ Ңr, ʘ ʪʘʢʞʝ ɛ ̀ʠ ɛr ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʭʦʞʝʝ ʧʦʚʝʜʝʥʠʝ. ʄʠʥʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ Ңr ʦʪʤʝʯʝʥʦ ʜʣʷ ʦʙʨʘʟʮʘ 

10 ʤʘʩʩ.% ʇɺɼʌ, ʯʪʦ ʚʘʞʥʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʘʢʠʭ ʚʠʜʦʚ ʢʦʤʧʦʟʠʪʦʚ ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʢʠ 

ʜʣʷ ʘʥʪʝʥʥʳʭ ʧʨʠʤʝʥʝʥʠʡ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʩʠʣʝʥʠʷ ʘʥʪʝʥʥʳ. ɺʝʣʠʯʠʥʘ ɛr 

ʠʤʝʝʪ ʥʠʟʢʦʝ ʟʥʘʯʝʥʠʝ, ʢʦʪʦʨʦʝ ʠʛʨʘʝʪ ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʚ ʩʥʠʞʝʥʠʠ ʵʢʨʘʥʠʨʫʶʱʝʛʦ 

ʧʦʛʣʦʱʝʥʠʷ ʧʦʯʪʠ ʜʦ ʥʫʣʷ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 4.12. ʅʘ ʨʠʩʫʥʢʝ 4.12 ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʛʨʘʬʠʢʠ ʟʘʚʠʩʠʤʦʩʪʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʟʘ ʩʯʝʪ ʧʦʛʣʦʱʝʥʠʷ (SEA), ʟʘ ʩʯʝʪ 

ʦʪʨʘʞʝʥʠʷ (SER) ʠ ʩʫʤʤʘʨʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʢʨʘʥʠʨʦʚʘʥʠʷ (SET) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʩʦʜʝʨʞʘʥʠʷ ʇɺɼʌ ʚ ʦʙʨʘʟʮʝ. 
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f=2,45 ɻɻʮ

 

 

 

ʈʠʩʫʥʦʢ 4.12 ï ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ʵʢʨʘʥʠʨʦʚʘʥʠʷ SER, SEɸ ʠ SEʊ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ɻʌ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʇɺɼʌ 

 

ʆʩʥʦʚʥʳʤ ʚʢʣʘʜʦʤ ʚ ʦʙʱʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʢʨʘʥʠʨʦʚʘʥʠʷ (SEʊ) ʷʚʣʷʝʪʩʷ ʦʪʨʘʞʝʥʠʝ ʩ 

ʥʘʠʙʦʣʴʰʠʤ ʟʥʘʯʝʥʠʝʤ ʜʣʷ ʦʙʨʘʟʮʘ 10 ʤʘʩʩ.% ʇɺɼʌ + 90 ʤʘʩʩ.% ɻʌ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʠʩʩʣʝʜʫʝʤʳʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʧʨʠʤʝʥʝʥʠʡ ʚ ʦʙʣʘʩʪʠ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʦʪʨʘʞʘʪʝʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ, ʘ ʪʘʢʞʝ ʚ 

ʦʙʣʘʩʪʠ ʘʥʪʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ (ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʝʢ ʜʣʷ ʘʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʝʨʝʜʘʶʱʠʭ 

ʫʩʪʨʦʡʩʪʚ). 

ʅʘ ʨʠʩʫʥʢʝ 4.13 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ (ʣʝʚʘʷ 

ʰʢʘʣʘ) ʠ ʤʘʛʥʠʪʥʳʭ (ʧʨʘʚʘʷ ʰʢʘʣʘ) ʧʦʪʝʨʴ ʜʣʷ ʠʩʩʣʝʜʫʝʤʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʥʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʧʦʪʝʨʴ ʜʣʷ ʦʙʨʘʟʮʦʚ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʇɺɼʌ, 

ʥʘʯʠʥʘʶʱʝʡʩʷ ʩ 10 ʤʘʩʩ.% ʥʘ ʯʘʩʪʦʪʝ 2,45 ɻɻʮ.  
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ʈʠʩʫʥʦʢ 4.13 ï ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʪʝʨʴ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ɻʌ 

ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʇɺɼʌ ʥʘ ʯʘʩʪʦʪʝ 2,45 ɻɻʮ 

 

ʄʘʛʥʠʪʥʳʝ ʧʦʪʝʨʠ ʚ ʤʘʪʝʨʠʘʣʝ ʦʙʫʩʣʦʚʣʝʥʳ ʧʨʦʮʝʩʩʘʤʠ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ (ʧʦʪʝʨʠ ʥʘ 

ʛʠʩʪʝʨʝʟʠʩ), ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʠ ʨʝʟʦʥʘʥʩʘ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ [205]. 

ʂʨʦʤʝ ʵʪʦʛʦ, ʧʨʠ ʥʘʣʠʯʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʤʘʪʝʨʠʘʣʝ ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ 

ʵʥʝʨʛʠʠ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ ʚʠʭʨʝʚʳʝ ʪʦʢʠ, ʚʥʦʩʷʱʠʝ ʚʢʣʘʜ ʚ ʦʙʱʠʡ ʙʘʣʘʥʩ ʧʦʪʝʨʴ. ʉʥʠʞʝʥʠʝ 

ʚʠʭʨʝʚʳʭ ʪʦʢʦʚ ʚ ʨʘʜʠʦʵʣʝʢʪʨʦʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʩʦʚʨʝʤʝʥʥʦʛʦ 

ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ. ʉʣʝʜʫʶʱʝʝ ʚʳʨʘʞʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʘʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʪʝʨʴ ʥʘ 

ʚʠʭʨʝʚʳʝ ʪʦʢʠ:  

ὑ Ὢ ‘ǬǬ‘Ǭ                                                             (4.1)

   

ʅʘ ʨʠʩʫʥʢʝ 4.14 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʪʝʨʴ ʥʘ ʚʠʭʨʝʚʳʝ ʪʦʢʠ, 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʚʳʨʘʞʝʥʠʝʤ (4.1). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʪʝʨʠ ʥʘ ʚʠʭʨʝʚʳʝ ʪʦʢʠ 

ʥʝʟʥʘʯʠʪʝʣʴʥʳ ʠ ʜʣʷ ʩʦʩʪʘʚʦʚ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʇɺɼʌ, ʥʘʯʠʥʘʷ ʩ 10 ʤʘʩʩ.%, ʧʨʘʢʪʠʯʝʩʢʠ 

ʨʘʚʥʳ ʥʫʣʶ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʦʙʱʝʝ ʦʩʣʘʙʣʝʥʠʝ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥ ʤʘʛʥʠʪʥʳʤʠ ʧʦʪʝʨʷʤʠ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʨʠʨʦʜʘ 

ʤʘʛʥʠʪʥʳʭ ʧʦʪʝʨʴ ʦʙʫʩʣʦʚʣʝʥʘ ʧʨʦʮʝʩʩʘʤʠ ʨʝʟʦʥʘʥʩʘ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ, ʪ.ʢ. ʯʘʩʪʦʪʳ 
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ʧʦʛʣʦʱʘʝʤʦʡ ʵʥʝʨʛʠʠ ʧʨʠ ʝʩʪʝʩʪʚʝʥʥʦʤ ʬʝʨʨʦʤʘʛʥʠʪʥʦʤ ʨʝʟʦʥʘʥʩʝ ʜʣʷ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ 

ʬʝʨʨʠʪʦʚ ʄ-ʪʠʧʘ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ (ʜʣʷ ʥʝʟʘʤʝʝɦʥʥʦʛʦ ɻʌ ʙʘʨʠʷ ʚʙʣʠʟʠ 51 ɻɻʮ). 

 

 

ʈʠʩʫʥʦʢ 4.14 ï ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʘ ̫ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʪʝʨʴ ʥʘ ʚʠʭʨʝʚʳʝ ʪʦʢʠ ʚ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ɻʌ/ʇɺɼʌ ʥʘ ʯʘʩʪʦʪʝ 2,45 ɻɻʮ 

 

ɺ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 700 ʄɻʮ ʜʦ 7 ɻɻʮ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʘʨʘʤʝʪʨʘ 

SEA ʜʣʷ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʇɺɼʌ: 5%, 10%, 15%, 20%, 

40%, 60%, ʠ 80 ʤʘʩʩ.%. ʐʠʨʦʢʠʡ ʚʳʙʦʨ ʢʦʥʮʝʥʪʨʘʮʠʡ ʧʨʦʜʠʢʪʦʚʘʥ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʧʦʠʩʢʘ 

ʠ ʦʙʦʩʥʦʚʘʥʠʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʇɺɼʌ. ʋʨʦʚʝʥʴ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʟʘ 

ʩʯʝʪ ʧʦʛʣʦʱʝʥʠʷ ʨʘʩʩʯʠʪʳʚʘʣʩʷ ʠʟ ʠʟʤʝʨʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ ʠ 

ʧʨʦʧʫʩʢʘʥʠʷ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʝr ʟʥʘʯʝʥʠʷ SEA ʥʘʙʣʶʜʘʣʠʩʴ ʚ ʦʙʣʘʩʪʠ ʯʘʩʪʦʪ 5-

7 ɻɻʮ. ʅʘ ʨʠʩʫʥʢʝ 4.15 ʧʨʝʜʩʪʘʚʣʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʵʪʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʜʣʷ ʚʩʝʭ 

ʠʩʩʣʝʜʫʝʤʳʭ ʩʦʩʪʘʚʦʚ ʢʦʤʧʦʟʠʪʘ.  

 

5 10 15 20 25

-5.0E-4

0.0

5.0E-4

1.0E-3

1.5E-3

2.0E-3

2.5E-3

3.0E-3

3.5E-3

4.0E-3 f=2,45 ɻɻʮ

K
e 

(ʥ
ʩ)

ʂʦʥʮʝʥʪʨʘʮʠʷ ʇɺɼʌ (ʤʘʩʩ.%)

 Ke

 

 



104 
 
 

1 2 3 4 5 6 7
-2

0

2

4

6

8

10

12

14

16

S
E

A
 (
- 
ʜ
ɹ)

f (ɻɻʮ)

 ɻʌ

 ʇɺɼʌ

 5 ʤʘʩʩ.% ʇɺɼʌ

 10 ʤʘʩʩ.% ʇɺɼʌ

 15 ʤʘʩʩ.% ʇɺɼʌ

 20 ʤʘʩʩ.% ʇɺɼʌ

 40 ʤʘʩʩ.% ʇɺɼʌ

 60 ʤʘʩʩ.% ʇɺɼʌ

 80 ʤʘʩʩ.% ʇɺɼʌ

 

 

 

ʈʠʩʫʥʦʢ 4.15 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʢʘʟʘʪʝʣʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʟʘ ʩʯʝʪ 

ʧʦʛʣʦʱʝʥʠʷ ʜʣʷ ʦʙʨʘʟʮʦʚ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ɻʌ 

 

ʅʘʠʙʦʣʝʝ ʚʳʩʦʢʠʝ ʫʨʦʚʥʠ ʧʦʛʣʦʱʝʥʠ ̫ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘʙʣʶʜʘʣʠʩʴ ʚ 

ʦʙʨʘʟʮʘʭ ʩ 5%, 10% ʠ 15 ʤʘʩʩ.% ʇɺɼʌ. ʄʘʢʩʠʤʘʣʴʥʘ ̫ʵʬʬʝʢʪʠʚʥʦʩʪʴ (-15 ʜɹ) ʙʳʣʘ ʦʪʤʝʯʝʥʘ 

ʜʣʷ ʦʙʨʘʟʮʘ 15 ʤʘʩʩ.% ʇɺɼʌ+85 ʤʘʩʩ.% ɻʌ ʥʘ ʯʘʩʪʦʪʝ 5,63 ɻɻʮ. ʀʤʝʥʥʦ ʜʘʥʥʳʡ ʩʦʩʪʘʚ ʙʳʣ 

ʚʳʙʨʘʥ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʢɻʩʬʦʣʠʠʨʦʚʘʥʥʦʛʦ 

ʛʨʘʬʠʪʘ (ʕɻ), ʵʬʬʝʢʪʠʚʥʦ ʧʦʛʣʦʱʘʶʱʝʛʦ ʵʥʝʨʛʠʶ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʈʝʟʫʣʴʪʘʪʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʛʣʦʱʘʶʱʠʭ ʩʚʦʡʩʪʚ ʠʩʩʣʝʜʫʝʤʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʚʳʷʩʥʝʥʠʝ 

ʚʣʠʷʥʠʷ ʕɻ ʥʘ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʚ ʨʘʟʜʝʣʝ 4.2. 

4.1.4 ʇʦʪʝʥʮʠʘʣ ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʢʦʤʧʦʟʠʪʦʚ ɻʌ/ʇɺɼʌ ʥʘ ʧʨʠʤʝʨʝ ʘʥʪʝʥʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ 

ɼʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʧʦʪʝʨʴ ʚ ʢʦʤʧʦʟʠʪʝ ɻʌ/ʇɺɼʌ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʧʦʪʝʥʮʠʘʣʘ 

ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʇɺɼʌ ʚ 

ʢʦʤʧʦʟʠʪʝ, ʧʦʩʢʦʣʴʢʫ ʟʘ ʩʯʝʪ ʚʳʙʦʨʘ ʦʧʪʠʤʘʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʦʞʥʦ ʣʝʛʢʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ 

ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʏʪʦʙʳ ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʪʴ ʚʣʠʷʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʇɺɼʌ ʥʘ ʩʚʦʡʩʪʚʘ 

ʢʦʤʧʦʟʠʪʘ, ʥʘʤʠ ʧʨʦʚʝʜʝʥʦ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʝʛʦ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʘʥʘʣʦʛʘ 

ʤʘʨʢʠ FR4, ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʤʘʪʝʨʠʘʣʦʤ, ʠʩʧʦʣʴʟʫʝʤʳʤ ʚ 

ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʢʠ ʚ ʢʦʥʩʪʨʫʢʮʠʠ ʘʥʪʝʥʥʳ ʪʠʧʘ Bluetooth ʙʣʘʛʦʜʘʨʷ ʝʛʦ ʦʧʪʠʤʘʣʴʥʳʤ 
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ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʠ ʥʠʟʢʦʡ ʩʪʦʠʤʦʩʪʠ. ɺ ʪʘʙʣʠʮʝ 4.2 ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʟʥʘʯʝʥʠʷ tanŭE, tanŭM, Ůr ʠ µr ʜʣʷ ʦʙʦʠʭ ʪʠʧʦʚ ʤʘʪʝʨʠʘʣʦʚ. 

 

ʊʘʙʣʠʮʘ 4.2 ï ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ FR4 ʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ɻʌ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʇɺɼʌ (5-20 ʤʘʩʩ.%) ʥʘ ʯʘʩʪʦʪʝ 2,45 ɻɻʮ 

ʆʙʨʘʟʝʮ tanŭE tanŭM tanŭE+tanŭM Ңr ɛr 

FR4 0,025 0 0,025 3,8 1 

5 ʤʘʩʩ.% ʇɺɼʌ + 95 ʤʘʩʩ.% ɻʌ 0,0103 0,0097 0,020 3,48 1,026 

10 ʤʘʩʩ.% ʇɺɼʌ + 90 ʤʘʩʩ.% ɻʌ 0,0146 0 0,0146 3,418 1,014 

15 ʤʘʩʩ.% ʇɺɼʌ + 85 ʤʘʩʩ.% ɻʌ 0,0185 0 0,0185 3,673 1,01 

20 ʤʘʩʩ.% ʇɺɼʌ + 80 ʤʘʩʩ.% ɻʌ 0,0196 0 0,0196 3,57 1,02 

 

ʇʨʠ ʩʨʘʚʥʝʥʠʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚʠʜʥʦ, ʯʪʦ RF4 ʠʤʝʝʪ ʟʥʘʯʠʪʝʣʴʥʳʡ 

ʫʨʦʚʝʥʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ, ʠ ʧʦ ʧʦʢʘʟʘʪʝʣʶ ʩʫʤʤʘʨʥʳʭ ʧʦʪʝʨʴ ʥʘʠʣʫʯʰʠʝ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʜʦʩʪʠʛʘʶʪʩʷ ʚ ʢʦʤʧʦʟʠʪʘʭ ɻʌ/ʇɺɼʌ ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʠʠ 10 

ʤʘʩʩ.% ʇɺɼʌ. ʆʞʠʜʘʝʪʩʷ, ʯʪʦ ʥʘʠʣʫʯʰʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʘʥʪʝʥʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʢʠ ʢʦʤʧʦʟʠʪʘ ʙʫʜʝʪ ʜʦʩʪʠʛʘʪʴʩʷ ʠʤʝʥʥʦ ʚ ʪʘʢʦʤ ʩʦʩʪʘʚʝ. 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʨʦʚʝʨʢʠ ʧʨʠʛʦʜʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʤʦʜʝʣʴ ʢʨʫʛʣʦʡ 

ʧʘʪʯ-ʘʥʪʝʥʥʳ (ʂʇɸ), ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʘʥʘʣʠʟʘ ʚʣʠʷʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʇɺɼʌ (ʤʘʩʩ.%) ʥʘ 

ʝʝ ʨʘʙʦʯʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʚ ʯʘʩʪʥʦʩʪʠ ʥʘ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ, ʠ ʜʣʷ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʜʣʷ FR4. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʂʇɸ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʝʜʠ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʤʝʪʘʣʣʠʟʘʮʠʠ. ʂʇɸ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʨʘʙʦʪʳ ʚ ʜʠʘʧʘʟʦʥʝ, 

ʦʪʚʝʜʝʥʥʦʤ ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʳʭ, ʥʘʫʯʥʳʭ ʠ ʤʝʜʠʮʠʮʠʥʩʢʠʭ ʮʝʣʝʡ (~2,45 ɻɻʮ). ɸʥʪʝʥʥʘ 

ʩʦʩʪʦʠʪ ʠʟ ʢʨʫʛʣʦʛʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʧʘʪʯʘ (ʧʷʪʥʘ ʚ ʬʦʨʤʝ ʜʠʩʢʘ) ʪʦʣʱʠʥʦʡ t, ʩʦʝʜʠʥʝʥʥʦʛʦ 

50-ʦʤʥʦʡ ʤʠʢʨʦʧʦʣʦʩʢʦʚʦʡ ʣʠʥʠʝʡ ʩ ʜʣʠʥʦʡ Lf ʠ ʰʠʨʠʥʦʡ Wo, ʥʘʧʝʯʘʪʘʥʥʦʡ ʩ ʚʝʨʭʥʝʡ 

ʩʪʦʨʦʥʳ ʧʦʜʣʦʞʢʠ ʠʟ ɻʌ/ʇɺɼʌ, ʠʤʝʶʱʝʡ ʪʦʣʱʠʥʫ h, ʫʩʪʨʦʡʩʪʚʘ, ʠ ʦʪʨʘʞʘʶʱʝʛʦ ʵʣʝʤʝʥʪʘ 

(ʵʢʨʘʥʘ), ʥʘʧʝʯʘʪʘʥʥʦʛʦ ʩ ʝʝ ʦʙʨʘʪʥʦʡ ʩʪʦʨʦʥ.r ʄʦʜʝʣʴ ʂʇɸ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 4.16.  
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ʈʠʩʫʥʦʢ 4.16 ï ʀʟʦʙʨʘʞʝʥʠʝ ʤʦʜʝʣʠ ʂʇɸ 

 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʠʢʨʦʧʦʣʦʩʢʦʚʦʡ ʣʠʥʠʠ ʦʙʫʩʣʦʚʣʝʥʦ ʧʨʦʩʪʦʪʦʡ ʝʝ ʠʟʛʦʪʦʚʣʝʥʠʷ. ɼʣʷ 

ʫʧʨʘʚʣʝʥʠʷ ʩʦʛʣʘʩʦʚʘʥʠʝʤ ʠʤʧʝʜʘʥʩʦʚ ʤʝʞʜʫ ʧʘʪʯʝʤ ʠ ʤʠʢʨʦʧʦʣʦʩʢʦʚʦʡ ʣʠʥʠʝʡ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ, ʠʩʧʦʣʴʟʫʶʱʠʡ ʩʦʛʣʘʩʦʚʘʥʠʝ ʟʘ ʩʯʝʪ ʚʳʙʦʨʘ ʜʣʠʥ rʚʩʪʘʚʢʠ Li. ʀʤʧʝʜʘʥʩ 

ʤʠʢʨʦʧʦʣʦʩʢʦʚʦʡ ʣʠʥʠʠ Zc ʦʧʨʝʜʝʣʷʝʪʩʷ ʝʝ ʰʠʨʠʥʦʡ Wo ʠ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʚʳʨʘʞʝʥʠʷ [206,207]: 

ὤ

ừ
ỬỬ
Ừ

ỬỬ
ứ

ÌÎ ȟ                                     ρ

Ȣ Ȣ Ȣ    
ȟ          ρ

                           (4.2) 

 

ɸʥʪʝʥʥʘ ʧʨʦʝʢʪʠʨʫʝʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʩʣʝʜʫʶʱʠʤʠ ʵʪʘʧʘʤʠ: 

Å ʆʧʨʝʜʝʣʝʥʠʝ ʟʥʘʯʝʥʠʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʩʪʦʷʥʥʦʡ ʧʦʜʣʦʞʢʠ Ңr, ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ fr (ɻʮ) 

ʠ ʚʳʩʦʪ rʧʦʜʣʦʞʢʠ h (ʩʤ); 

Å ʆʧʨʝʜʝʣʝʥʠʝ ʨʘʜʠʫʩʘ R (ʩʤ) ʧʘʪʯʘ ʧʦ ʬʦʨʤʫʣʘʤ [206,207]: 

 

Ὑ
   Ȣ

                                                            (4.3) 

 

Ὂ
Ȣ

Ѝ
 .                                                                           (4.4) 
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ɺ ʪʘʙʣʠʮʝ 4.3 ʧʝʨʝʯʠʩʣʝʥʳ ʚʩʝ ʘʩʧʝʢʪʳ ʧʨʝʜʣʘʛʘʝʤʦʡ ʤʦʜʝʣʠ ʂʇɸ. ʂʨʠʚʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ɻʌ/ʇɺɼʌ ʦʪ ʯʘʩʪʦʪʳ, ʧʨʠʚʝʜʝʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 4.17, 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʦʪʣʠʯʥʦʝ ʩʦʚʧʘʜʝʥʠʝ ʩ ʘʥʘʣʦʛʠʯʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʜʣʷ FR4, ʧʨʠ ʵʪʦʤ ʧʠʢʦʚʦʝ 

ʟʥʘʯʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʯʘʩʪʦʪʝ 2,45 ɻɻʮ. 

ʊʘʙʣʠʮʘ 4.3 ï ɻʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʘʥʪʝʥʥʳ ʚ ʤʦʜʝʣʠ ʂʇɸ 

Ws (ʤʤ) Ls (ʤʤ) Wf  (ʤʤ) Lf (ʤʤ) R (ʤʤ) Li (ʤʤ) h (ʤʤ) t (ʤʤ) 

60 60 3 14 18 5 7 0,035 
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1
1
 (
ʜ
ɹ)

f (ɻɻʮ)

 FR4

 5 ʤʘʩʩ.% ʇɺɼʌ

 10 ʤʘʩʩ.% ʇɺɼʌ

 15 ʤʘʩʩ.% ʇɺɼʌ

 20 ʤʘʩʩ.% ʇɺɼʌ

 

 

 

ʈʠʩʫʥʦʢ 4.17 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʚ ʨʘʤʢʘʭ ʧʨʝʜʣʦʞʝʥʥʦʡ 

ʤʦʜʝʣʠ ʂʇɸ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʢʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ 

ɻʌ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʇɺɼʌ (5-20 ʤʘʩʩ.%) ʠ FR4 

 

ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʜʠʘʛʨʘʤʤʳ ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ ʘʥʪʝʥʥʳ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.18. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʳʡ ʢʦʤʧʦʟʠʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ ʥʘ ʦʩʥʦʚʝ ʇɺɼʌ ʠ ɻʌ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʙʦʣʝʝ ʚʳʩʦʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʜʣʷ ʚʩʝʭ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʇɺɼʌ, ʯʝʤ FR4, ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦ ʫʢʘʟʘʥʥʳʤ ʧʦʢʘʟʘʪʝʣʷʤ ʦʧʪʠʤʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ (5,24 ʜɹ 

ʠ 79,8% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ ʇɺɼʌ 10 ʤʘʩʩ.% (ʨʠʩʫʥʦʢ 4.18, b). ʉʨʘʚʥʝʥʠʝ 

ʧʦʢʘʟʘʪʝʣʝʡ ʜʣʷ ʢʦʤʧʦʟʠʪʘ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʇɺɼʌ ʠ FR4 ʧʨʠʚʝʜʝʥʦ ʪʘʢʞʝ ʚ 

ʪʘʙʣʠʮʝ 4.4.  
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ʈʠʩʫʥʦʢ 4.18 ï ɼʠʘʛʨʘʤʤʳ ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ ʘʥʪʝʥʥʳ ʚ ʨʘʤʢʘʭ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ ʂʇɸ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʢʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ɻʌ ʩ 

ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʇɺɼʌ (5-20 ʤʘʩʩ.%) ʠ FR4 

 

 

                      (a) FR4 

 

     (b) 5 ʤʘʩʩ. % ʇɺɼʌ 

 

      (c) 10 ʤʘʩʩ. % ʇɺɼʌ 

 

(d) 15 ʤʘʩʩ. % ʇɺɼʌ 

 

                                      (e) 20 ʤʘʩʩ. % ʇɺɼʌ 
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ʊʘʙʣʠʮʘ 4.4 ï ʂʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ (ʢ.ʧ.ʜ.) ʧʨʝʜʣʘʛʘʝʤʦʡ 

ʘʥʪʝʥʥʳ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʢʠ 

 

 

 

 

 

 

 

 

 

 

  

ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʘʥʪʝʥʥʳ 
FR4 

5 ʤʘʩʩ.% 

ʇɺɼʌ 

10 ʤʘʩʩ.% 

ʇɺɼʌ 

15 ʤʘʩʩ.% 

ʇɺɼʌ 

20 ʤʘʩʩ.% 

ʇɺɼʌ 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ 

ʠʟʣʫʯʝʥʠʷ (%) 
72,2 76,7 79,8 76,1 76,3 

ʂʦʵʬʬʠʮʠʝʥʪ 

ʫʩʠʣʝʥʠʷ  (ʜɹ) 
4,7 5,02 5,24 4,93 4,98 
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4.2 ʉʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ɻʌ/ʇɺɼʌ ʩ ʜʦʙʘʚʢʘʤʠ 

ʵʢʩʬʦʣʠʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʠʪʘ (ɻʌ/ʇɺɼʌ/ʕɻ) 

 

4.2.1 ʉʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ ʢʦʤʧʦʟʠʪʦʚ ɻʌ/ʇɺɼʌ/ʕɻ 

ʉʦʛʣʘʩʥʦ ʧʨʦʚʝʜʝʥʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ (ʩʤ. ʨʠʩʫʥʦʢ 4.15) ʤʘʢʩʠʤʘʣʴʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʚ 

ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 5-7 ɻɻʮ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʜʣʷ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʩʦʜʝʨʞʘʱʝʛʦ 15 

ʤʘʩʩ.% ʇɺɼʌ+85 ʤʘʩʩ.% ɻʌ. ɼʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʚʣʠʷʥʠʷ ʥʘʥʦʨʘʟʤʝʨʥʦʡ ʬʨʘʢʮʠʠ 

ʧʨʦʠʟʚʦʜʥʦʛʦ ʫʛʣʝʨʦʜʘ (ʕɻ) ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ ʦʙʨʘʟʮʳ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ 

ʥʦʤʠʥʘʣʴʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʨʦʰʢʘ ɻʌ (85 ʤʘʩʩ.%) ʠ ʤʘʪʨʠʮʳ ʇɺɼʌ (15 ʤʘʩʩ.%) 

ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʕɻ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 2,5 ʤʘʩʩ.% (ʉ1), 5 ʤʘʩʩ.% (ʉ2) ʠ 7,5 ʤʘʩʩ.% (ʉ3) ʦʪ ʤʘʩʩʳ 

ɻʌ+ʇɺɼʌ. ʉʧʝʢʪʨʳ ʜʠʬʨʘʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʜʣʷ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ (ʕɻ ʠ ɻʌ) 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 4.18 ʠ 4.1 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
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ʈʠʩʫʥʦʢ 4.18 ï ʉʧʝʢʪʨʳ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʘ ʕɻ  

 

ʇʘʨʘʤʝʪʨʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʜʣʷ ʧʦʨʦʰʢʘ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʬʝʨʨʠʪʘ ʙʳʣʠ 

ʜʝʪʘʣʴʥʦ ʦʙʩʫʞʜʝʥʳ ʚ ʨʘʟʜʝʣʝ 4.1.1. ʅʘ ʨʠʩʫʥʢʝ 4.18 ʧʦʢʘʟʘʥ ʟʘʤʝʪʥʳʡ ʭʘʨʘʢʪʝʨʥʳʡ 

ʜʠʬʨʘʢʮʠʦʥʥʳʡ ʧʠʢ ʛʨʘʬʠʪʘ ʧʨʠ 2ɗ=26.4Á ʜʣʷ ʘʪʦʤʥʦʡ ʧʣʦʩʢʦʩʪʠ (002), ʯʪʦ ʙʳʣʦ 

ʧʦʜʪʚʝʨʞʜʝʥʦ ʙʘʟʦʡ ʜʘʥʥʳʭ (ʢʘʨʪʘ ICDD ˉ 00-056-0159). 

ʅʘ ʩʧʝʢʪʨʘʭ ʜʠʬʨʘʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʜʣʷ ʦʙʨʘʟʮʘ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ʥʘ ʦʩʥʦʚʝ 15 ʤʘʩʩ.% ɻʌ+85 ʤʘʩʩ.% ʇɺɼʌ (ʨʠʩʫʥʦʢ 4.19) ʦʪʯʝʪʣʠʚʦ ʚʠʜʥʳ ʜʠʬʨʘʢʮʠʦʥʥʳʝ 

ʤʘʢʩʠʤʫʤʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʛʝʢʩʘʛʦʥʘʣʴʥʦʤʫ ʬʝʨʨʠʪʫ. 
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ʈʠʩʫʥʦʢ 4.19 ï ʉʧʝʢʪʨ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʘ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, 

ʩʦʜʝʨʞʘʱʝʛʦ 15 ʤʘʩʩ.% ʇɺɼʌ + 85 ʤʘʩʩ.% ɻʌ, ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ 

ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ   

  

ʉʧʝʢʪʨʳ ʜʠʬʨʘʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʜʣʷ ʦʙʨʘʟʮʦʚ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʉ1 (15 ʤʘʩʩ.% ʇɺɼʌ + 85 ʤʘʩʩ.% ɻʌ ʩ ʜʦʙʘʚʣʝʥʠʝʤ 2,5 ʤʘʩʩ.% ʕɻ), ʉ2 (15 ʤʘʩʩ.% ʇɺɼʌ + 

85 ʤʘʩʩ.% ɻʌ ʩ ʜʦʙʘʚʣʝʥʠʝʤ 5 ʤʘʩʩ.% ʕɻ) ʠ ʉ3 (15 ʤʘʩʩ.% ʇɺɼʌ + 85 ʤʘʩʩ.% ɻʌ ʩ 

ʜʦʙʘʚʣʝʥʠʝʤ 7,5 ʤʘʩʩ.% ʕɻ) ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʥʘ ʨʠʩʫʥʢʘʭ 4.20-4.22. ʈʝʟʫʣʴʪʘʪʳ 

ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 4.5. 
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*

 

ʈʠʩʫʥʦʢ 4.20 ï ʉʧʝʢʪʨ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʘ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʉ1 

ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ 
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15 ʤʘʩʩ.% ʇɺɼʌ+85 ʤʘʩʩ.% ɻʌ
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ʈʠʩʫʥʦʢ 4.21 ï ʉʧʝʢʪʨ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʘ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʉ2 

ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ  

 

 

 

 

 

 

 

 

 

 

 

ʈʠʩʫʥʦʢ 4.22 ï ʉʧʝʢʪʨ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʘ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʉ3 

ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ  

 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʭʘʨʘʢʪʝʨʥʳʭ 

ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʧʠʢʦʚ ʇɺɼʌ-ʧʦʣʠʤʝʨʘ ʚ ʢʦʤʧʦʟʠʪʘʭ ʩʣʘʙʝʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ɻʌ, ʯʪʦ ʤʦʞʥʦ 

ʦʙʲʷʩʥʠʪʴ ʜʦʤʠʥʠʨʦʚʘʥʠʝʤ ʠ ʥʘʣʠʯʠʝʤ ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʳʭ ʧʠʢʦʚ ʦʪ ɻʌ.  

ʇʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʝʪʦʜʠʢʠ ʦʙʨʘʙʦʪʢʠ, ʦʧʠʩʘʥʥʦʡ ʚ ʨʘʟʜʝʣʝ 3.1.1, ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʨʘʟʮʦʚ, ʠ ʟʥʘʯʝʥʠʷ ʬʘʢʪʦʨʦʚ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʦʮʝʥʢʫ ʫʨʦʚʥʷ ʩʦʦʪʚʝʪʩʪʚʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʤʦʜʝʣʴʥʦʡ ʨʝʥʪʛʝʥʦʛʨʘʤʤ (ʪʘʙʣʠʮʘ 4.5). ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ 
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ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʦʙʨʘʙʦʪʢʘ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʷʚʣʷʝʪʩʷ 

ʨʝʣʝʚʘʥʪʥʦʡ.  

ʊʘʙʣʠʮʘ 4.5 ï ʂʦʦʨʜʠʥʘʪʳ ʠʦʥʦʚ, ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʠ ʬʘʢʪʦʨʳ ʩʦʦʪʚʝʪʩʪʚʠ ̫ʜʣʷ 

ʦʙʨʘʟʮʦʚ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ 85 ʤʘʩʩ.% ɻʌ + 15 ʤʘʩʩ.% ʇɺɼʌ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʕɻ 

 

                                     x 

ʇʘʨʘʤʝʪʨʳ 

ʩʪʨʫʢʪʫʨʳ 

C1 C2 C3 15 ʤʘʩʩ.% ʇɺɼʌ+85 

ʤʘʩʩ.% ɻʌ 

ɻʌ 

a, (Å) 5,8898 5,8899 5,8917 5,8936 5,8897 

c, (Å) 23,185 23,1874 23,195 23,209 23,1966 

V, (Å3) 696,54 696,634 697,26 698,14 696,85 

      

Fe3/ Al3 (4fIV )      

z 0,030 0,0297 0,028 0,040 0,0262 

Fe4/ Al4 (4fVI )      

z 0,189 0,1901 0,1908 0,199 0,1898 

Fe5/Al5 (12k)      

x 0,172 0,172 0,173 0,168 0,165 

z 0,6102 0,6080 0,6081 0,6107 0,6076 

O1 (4e)      

z 0,157 0,142 0,144 0,132 0,150 

O2 (4f)      

z 0,566 0,564 0,560 0,561 0,550 

O3 (6h)      

x 0,181 0,167 0,169 0,16 0,171 

O4 (12k)      

x 0,159 0,166 0,169 0,188 0,165 

z 0,053 0,055 0,053 0,054 0,0537 

O5 (12k)      

x 0,501 0,494 0,503 0,483 0,5026 

z 0,147 0,148 0,148 0,149 0,151 

      

      

Rwp, % 1,808 2,850 2,893 1,712 2,142 

Rexp, % 2,275 1,813 2,360 1,738 1,865 

RB, % 1,255 1,579 1,101 1,081 1,282 

ɢ2 0,795 1,572 1,226 0,985 1,149 

 

ʅʘ ʨʠʩʫʥʢʝ 4.23 ʧʨʝʜʩʪʘʚʣʝʥʦ ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, 

ʩʦʜʝʨʞʘʱʝʛʦ 15 ʤʘʩʩ.% ʇɺɼʌ + 85 ʤʘʩʩ.% ɻʌ. ʇʦ ʜʘʥʥʳʤ ʨʠʩʫʥʢʘʤ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, 

ʯʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʇɺɼʌ ʠ ɻʌ 
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ʥʠʢʘʢ ʥʝ ʚʣʠʷʝʪ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʧʦʨʦʰʢʘ-ʥʘʧʦʣʥʠʪʝʣʷ, ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʠʟʤʝʥʷʷ ʧʨʠ ʵʪʦʤ 

ʦʙʱʫʶ ʧʣʦʪʥʦʩʪʴ ʦʙʨʘʟʮʘ. ʅʘ ʨʠʩʫʥʢʝ 4.24 ʧʨʝʜʩʪʘʚʣʝʥʦ ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʕɻ. ʌʨʘʢʮʠʷ ʕɻ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʢʘʢ ʪʦʥʢʠʝ ʣʠʩʪʳ ʩ ʪʦʣʱʠʥʦʡ ʦʪ 50 ʜʦ 70 ʥʤ ʠ ʧʣʘʥʘʨʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʜʦ 100 

ʤʢʤ. 

 

 

ʘ 

 

 ͋

ʈʠʩʫʥʦʢ 4.23 ï ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʨʘʟʮʘ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ                                   

15 ʤʘʩʩ.% ʇɺɼʌ + 85 ʤʘʩʩ.% ɻʌ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 500³ (ʘ) ʠ 5000³ (ʙ) 

 

 

ʈʠʩʫʥʦʢ 4.24 ï ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʨʘʟʮʘ ʕɻ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 5000³  

 

ʅʘ ʨʠʩʫʥʢʝ 4.25 ʧʨʝʜʩʪʘʚʣʝʥʦ ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ C1, 

ʩʦʜʝʨʞʘʱʝʛʦ 15 ʤʘʩʩ.% ʇɺɼʌ + 85 ʤʘʩʩ.% ɻʌ ʩ ʜʦʙʘʚʣʝʥʠʝʤ 2,5 ʤʘʩʩ.% ʕɻ. 
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ʈʠʩʫʥʦʢ 4.25 ï ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʨʘʟʮʘ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ C1, ʩʦʜʝʨʞʘʱʝʛʦ     

15 ʤʘʩʩ.% ʇɺɼʌ + 85 ʤʘʩʩ.% ɻʌ ʠ 2,5 ʤʘʩʩ.% ʕɻ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ 500³ (ʘ) ʠ 5000³ (ʙ) 

 

ʅʘ ʨʠʩʫʥʢʝ 4.26 ʧʨʝʜʩʪʘʚʣʝʥʦ ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ C2        

(15 ʤʘʩʩ.% ʇɺɼʌ + 85 ʤʘʩʩ.% ɻʌ ʩ ʜʦʙʘʚʣʝʥʠʝʤ 5 ʤʘʩʩ.% ʕɻ.  

 

 

ʘ 

 

ʙ 

ʈʠʩʫʥʦʢ 4.26 ï ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʨʘʟʮʘ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ C2, ʩʦʜʝʨʞʘʱʝʛʦ     

15 ʤʘʩʩ.% ʇɺɼʌ + 85 ʤʘʩʩ.% ɻʌ ʠ 5 ʤʘʩʩ.% ʕɻ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ 500³ (ʘ) ʠ 5000³ (ʙ) 

 

ʅʘ ʨʠʩʫʥʢʝ 4.27 ʧʨʝʜʩʪʘʚʣʝʥʦ ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ C3        

(15 ʤʘʩʩ.% ʇɺɼʌ + 85 ʤʘʩʩ.% ɻʌ ʩ ʜʦʙʘʚʣʝʥʠʝʤ 7,5 ʤʘʩʩ.% ʕɻ). 

 
























































































