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ʉʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʦʙʦʟʥʘʯʝʥʠʡ 

 

ʊʕ ï ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ (ʤʘʪʝʨʠʘʣʳ) 

ZT ï ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʜʦʙʨʦʪʥʦʩʪʴ 

kʦʙ ɦï ʦʙʱʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ 

ů ï ɻʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ 

S ï ʢʦʵʬʬʠʮʠʝʥʪ ɿʝʝʙʝʢʘ (ʪʝʨʤʦʕɼʉ) 

ʂʇɼ ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ 

TAGS ï (GeTe)0.85(AgSbTe2)0.15 

 

 

P3HT ï                          

 

 

LASTT ï Ag(PbSn)mSbTe2+m 

LAST ï AgPb18+xSbTe20 

ʈɿʕ ï ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʵʣʝʤʝʥʪʳ 

ʈʌɸ ï ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

h ï ɻʬʬʝʢʪʠʚʥʦʩʪʴ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ (ʂʇɼ) 

lʬ ï ʜʣʠʥʘ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʥʦʥʦʚ  

ʂʈʉ ï ʢʦʤʙʠʥʘʮʠʦʥʥʦʝ ʨʘʩʩʝʷʥʠʝ ʩʚʝʪʘ 

EXAFS ï ʜʘʣʴʥʷʷ ʪʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ ʧʦʛʣʦʱʝʥʠʷ 

SEM ï ʩʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʫʶ ʤʠʢʨʦʩʢʦʧʠʶ 

HRTEM ï ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ 

ɟ ï ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 

ʕɼɸ ï ɻʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʘʥʘʣʠʟ 

ʕɼʉ ï ɻʣʝʢʪʨʦʜʚʠʞʫʱʘʷ ʩʠʣʘ  

ʊʕʋ ï ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʝ ʫʩʪʨʦʡʩʪʚʦ 

sʪ ɻï ʢʦʵʬʬʠʮʠʝʥʪ ʩʦʚʤʝʩʪʠʤʦʩʪʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 

kʨʝ hï ʨʝʰʝʪʦʯʥʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ  

S
2
/ɟ ï ʬʘʢʪʦʨ ʤʦʱʥʦʩʪʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ 

n ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ  

m
* 
ï ɻʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 

m ï ʧʦʜʚʠʞʥʦʩʪ ɹʥʦʩʠʪʝʣʝʡ ʪʦʢʘ  

ʉp ï ʪʝʧʣʦʝʤʢʦʩʪ ɹ

VLn ï ʚʘʢʘʥʩʠʷ ʈɿʕ 

Vs ï ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ 

ɟʢʝʨ ï ʧʣʦʪʥʦʩʪʴ ʢʝʨʘʤʠʢʠ 

kɻ ʣ ï ɻʣʝʢʪʨʦʥʥʳʡ ʚʢʣʘʜ ʚ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ 

kʦʧ  ï ʦʧʪʠʯʝʩʢʠʡ ʚʢʣʘʜ ʚ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ 

kʙʧ ï ʙʠʧʦʣʷʨʥʳʡ ʚʢʣʘʜ ʚ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ 

Eg ï ʦʧʪʠʯʝʩʢʘʷ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ  

PGEC ï ʢʦʥʮʝʧʮʠʷ ʬʦʥʦʥʥʦʝ ʩʪʝʢʣʦ ʵʣʝʢʪʨʦʥʥʳʡ ʢʨʠʩʪʘʣʣ, ʧʨʝʜʣʦʞʝʥʥʘʷ ɻ.ɸ. ʉʣʵʢʦʤ 

lc ï ʜʣʠʥʘ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 

D ï ʦʙʣʘʩʪʴ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʢʨʠʩʪʘʣʣʠʪʦʚ (ʆʂʈɻʢʩ) 

l ï ʜʣʠʥʘ ʚʦʣʥʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 



 

5 

 

b ï hʠʨʠʥʘ ʥʘ ʧʦʣʫʚʳʩʦʪʝ ʨʝʬʣʝʢʩʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ 

q ï ʫʛʦʣ ʜʠʬʨʘʢʮʠʠ  

e ï ʚʢʣʘʜ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʦ ʫʨʘʚʥʝʥʠʶ ʍʦʣʣʘï ɺʠʣʴʷʤʩʦʥʘ 

d ï ʧʣʦʪʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʡ 

ɟʨʝʥ ï ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʧʣʦʪʥʦʩʪʴ 

ɟʧʠʢ ï ʧʠʢʥʦʤʝʪʨʠʯʝʩʢʘ ̫ʧʣʦʪʥʦʩʪʴ 

Sʫʜ ï ʫʜʝʣʴʥʘʷ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ 

Dʢʨ ï ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ 

NC ï ʫʜʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʳʭ ʚʘʢʘʥʩʠʡ 

NV ï ʫʜʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ 

ʕʗ ï ɻʣʝʤʝʥʪʘʨʥʘʷ ̫ʯʝʡʢʘ 

Ŭ ï ʩʪʝʧʝʥʴ ʧʨʝʚʨʘʱʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ 

ɼʇʊ ï ʜʫʛʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ 

ɻʇ ï ʛʨʘʬʠʪʦʚʳʡ ʧʦʨʦʰʦʢ 

Dʯ ï ʨʘʟʤʝʨ ʯʘʩʪʠʮ 

ʆʂʈʩʨ,Ů ï ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʚʢʣʘʜ ʚ ʚʝʣʠʯʠʥʫ ʆʂʈɻʢʩ 

ʆʂʈʛʝʦ ï ʛʝʦʤʝʪʨʠʯʝʩʢʠʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʘ 

ɢʊ ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʠ  

Aʧ ï ʧʨʝʜʵʢʩʧʦʥʝʥʪ ʨʝʘʢʮʠʠ 

shkl ï ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʵʥʝʨʛʠʷ ʛʨʘʥʠ {hkl} 

Shkl ï ʧʣʦʱʘʜʴ ʛʨʘʥʠ ʢʨʠʩʪʘʣʣʠʪʘ 

Dʜʠʩ ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʜʠʩʣʦʢʘʮʠʷʤʠ 

b ï ʜʣʠʥʘ ʚʝʢʪʦʨʘ ɹʶʨʛʝʨʩʘ,  

x ï ʫʛʦʣ ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʠʪʦʚ 

Sʢʨ ï ʧʣʦʱʘʜʴ ʢʨʠʩʪʘʣʣʠʪʘ 

Vʉ ï ʮʝʥʪʨʳ ʜʝʬʦʨʤʘʮʠʡ ʢʘʪʠʦʥʥʳʭ ʫʟʣʦʚ 

ɢM ï ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ 

mɻ ʬʬ ï ɻʬʬʝʢʪʠʚʥʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ 

ʉm ï ʢʦʥʩʪʘʥʪʘ ʂʶʨʠ 

ŪC ï ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠïɺʝʡʩʘ 

A0 ï ʜʠʘʤʘʛʥʠʪʥʳʡ ʚʢʣʘʜ 

q ï ʚʝʢʪʦʨ ʤʦʜʫʣʷʮʠʠ 

d ï ʤʝʞʩʣʦʝʚʦʝ ʨʘʩʩʪʦʷʥʠʝ  

L ï ʦʨʙʠʪʘʣʴʥʳʡ ʤʦʤʝʥʪ  

ʂʏ ï ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʝ ʯʠʩʣʦ 

GNS ï ʩʦʝʜʠʥʝʥʠʝ ʩʦʩʪʘʚʘ (GdS)1.200NbS2 

DNS ï ʩʦʝʜʠʥʝʥʠʝ ʩʦʩʪʘʚʘ (DyS)1.220NbS2 

GDNS-01 ï ʩʦʝʜʠʥʝʥʠʝ ʩʦʩʪʘʚʘ (Gd0.1Dy0.9S)1.218NbS2 

GDNS-02 ï ʩʦʝʜʠʥʝʥʠʝ ʩʦʩʪʘʚʘ (Gd0.2Dy0.8S)1.216NbS2 

GDNS-05 ï ʩʦʝʜʠʥʝʥʠʝ ʩʦʩʪʘʚʘ (Gd0.5Dy0.5S)1.210NbS2 

GNS-06 ï ʩʦʝʜʠʥʝʥʠʝ ʩʦʩʪʘʚʘ (GdS)0.600NbS2 
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ɺʚʝʜʝʥʠʝ 

 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ. ɺ ʩʚʷʟʠ ʩ ʦʛʨʦʤʥʳʤʠ ʟʘʧʘʩʘʤʠ ʪʝʧʣʦʚʳʭ ʨʝʩʫʨʩʦʚ ʚ ʥʝʜʨʘʭ ɿʝʤʣʠ ʠ 

ʫʚʝʣʠʯʝʥʠʝʤ ʩʧʨʦʩʘ ʥʘ ʧʦʪʨʝʙʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʡ, ʤʝʭʘʥʠʯʝʩʢʦʡ ʠ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ 

ʨʘʟʨʘʙʦʪʢʘ ʠ ʦʧʪʠʤʠʟʘʮʠʷ ʥʦʚʳʭ ʫʩʪʨʦʡʩʪʚ, ʛʝʥʝʨʠʨʫʶʱʠʭ ʵʣʝʢʪʨʦʵʥʝʨʛʠʶ ʠʟ ʧʨʠʨʦʜʥʦʛʦ 

ʠ ʪʝʭʥʦʛʝʥʥʦʛʦ ʪʝʧʣʘ, ̫ʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤ ʨʝʰʝʥʠʝʤ ʧʨʦʙʣʝʤʳ ɻ ʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʢʨʠʟʠʩʘ [1ï9]. 

ʂʨʦʤʝ ʪʦʛʦ, ʫʪʠʣʠʟʘʮʠʷ ʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʙʦʣʴʰʦʛʦ ʦʙʲʝʤʘ ʪʝʧʣʘ (ʦʢʦʣʦ 70% ʤʠʨʦʚʦʡ ʵʥʝʨʛʠʠ), 

ʪʝʨʷʝʤʦʛʦ ʚ ʘʚʪʦʤʦʙʠʣʷʭ ʠ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʟʘʚʦʜʩʢʠʭ ʧʨʦʮʝʩʩʘʭ, ʧʦʤʦʞʝʪ ʧʨʝʜʦʪʚʨʘʪʠʪʴ 

ʚʦʟʤʦʞʥʳʝ ʛʣʦʙʘʣʴʥʳʝ ʢʣʠʤʘʪʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ [8,10ï12]. ʈʝʰʝʥʠʝ ʧʦʜʦʙʥʳʭ ʟʘʜʘʯ 

ʦʩʫʱʝʩʪʚʠʤʦ ʩ ʧʦʤʦʱʴʶ ʵʬʬʝʢʪʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʪʚʘ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʪʦʨʦʛʦ ʧʨʠʚʝʜʝʪ 

ʢ ʵʢʦʥʦʤʠʠ ʠ ʘʢʢʫʤʫʣʠʨʦʚʘʥʠʶ ʤʠʨʦʚʳʭ ʟʘʧʘʩʦʚ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ.  

ɺ ʧʦʩʣʝʜʥʠʝ ʥʝʩʢʦʣʴʢʦ ʣʝʪ ʚ ʦʙʣʘʩʪʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʘʢʪʠʚʥʦ ʠʟʫʯʘʶʪʩʷ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ (ʊʕ) ʤʘʪʝʨʠʘʣʳ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʧʦʚʳʰʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ 

ʜʦʙʨʦʪʥʦʩʪʠ (ZT), ʦʧʨʝʜʝʣʷʶʱʝʛʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ [1,12,13]: 

                                                                   ZT = 
k̏ ̂̚
 ,                                                                                           (1) 

ʛʜʝ S ï ʢʦʵʬʬʠʮʠʝʥʪ ɿʝʝʙʝʢʘ, ů ï ɻʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ, kʦʙ ɦï ʦʙʱʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ. 

ʀʟ ʫʨʘʚʥʝʥʠʷ ʩʣʝʜʫʝʪ, ʯʪʦ ʦʜʥʦʡ ʠʟ ʚʘʞʥʝʡʰʠʭ ʟʘʜʘʯ ʦʩʚʦʝʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʪʚʘ 

ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʤʘʪʝʨʠʘʣʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʥʠʟʢʫʶ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ (kʦʙ)ɦ ʧʨʠ 

ʦʧʪʠʤʘʣʴʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ (ů) ʠ ʧʦʚʳʰʝʥʥʦʤ ʢʦʵʬʬʠʮʠʝʥʪʝ ʪʝʨʤʦʕɼʉ (S).  

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʦʦʪʥʦʰʝʥʠʝʤ, ʩʚʷʟʘʥʥʳʤ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ (ʂʇɼ) ʪʝʧʣʦʚʳʭ ʤʘʰʠʥ, 

ʩʦʛʣʘʩʥʦ ʪʝʦʨʝʤʝ ʂʘʨʥʦ [1,2]: 

                                                       h
ʊʛʦʨʊ̖ ̏̌

ʊ̄ ̏̑
ˇ
Ѝ

Ѝ ʭʦʣ

ʊʛʦʨ

,                                                  (2) 

ʛʜʝ h ï ʂʇɼ, ʊʛʦʨ ï ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʷʯʝʛʦ ʢʦʥʮʘ, ʊʭʦʣ ï ʪʝʤʧʝʨʘʪʫʨʘ ʭʦʣʦʜʥʦʛʦ ʢʦʥʮʘ. ʏʝʤ ʚʳʰʝ 

ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʷʯʝʡ ʟʦʥʳ ʠ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʘ ʭʦʣʦʜʠʣʴʥʠʢʘ, ʪʝʤ ʂʇɼ ʚʳʰʝ: ʢ ʯʝʤʫ 

ʞʝʣʘʪʝʣʴʥʦ ʩʪʨʝʤʠʪʴʩʷ [3]. 

ɺ ʀʥʩʪʠʪʫʪʝ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ ʠʤ. ɸ.ɺ. ʅʠʢʦʣʘʝʚʘ ʉʠʙʠʨʩʢʦʛʦ ʦʪʜʝʣʝʥʠʷ ʈʦʩʩʠʡʩʢʦʡ 

ʘʢʘʜʝʤʠʠ ʥʘʫʢ ʩʦʚʤʝʩʪʥʦ ʩ ʅʘʮʠʦʥʘʣʴʥʳʤ ʠʥʩʪʠʪʫʪʦʤ ʩʦʚʨʝʤʝʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ  

ʠ ʪʝʭʥʦʣʦʛʠʠ (National Institute of Advanced Industrial Science and Technology, AIST, ʛ. ʎʫʢʫʙʘ, 

ʗʧʦʥʠʷ) ʧʨʦʚʦʜʷʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʩʦʟʜʘʥʠʶ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʵʬʬʝʢʪʠʚʥʳʭ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʥʘ ʦʩʥʦʚʝ ʩʫʣʴʬʠʜʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʈɿʕ) 

ʩʦ ʩʪʨʫʢʪʫʨʥʳʤ ʪʠʧʦʤ Th3P4. ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʪʘʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ̫ ʚʣʷʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʳʭ ʚʘʢʘʥʩʠʡ  

ʠ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʢʘʪʠʦʥʥʳʭ ʟʘʤʝʱʝʥʠʡ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ ʢʫʙʠʯʝʩʢʦʡ 



 

7 

 

ʨʝʰʝʪʢʠ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʚʣʠʷʥʠʝ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʦʡ ʢʘʪʠʦʥʥʦʡ ʚʘʢʘʥʩʠʦʥʥʦʡ ʩʠʩʪʝʤʳ 

ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʩʦ ʩʪʨʫʢʪʫʨʦʡ Th3P4, ʢʘʢ ʠ ʜʨʫʛʠʭ ʪʠʧʦʚ ʜʝʬʝʢʪʦʚ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ï 

ʥʫʣʴʤʝʨʥʳʭ: ʢʘʪʠʦʥʥʳʝ ʟʘʤʝʱʝʥʠʷ, ʘ ʪʘʢʞʝ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʳʝ ʚʘʢʘʥʩʠʠ; 

ʦʜʥʦʤʝʨʥʳʭ: ʜʠʩʣʦʢʘʮʠʠ ʠ ʜʚʫʤʝʨʥʳʭ: ʛʨʘʥʠʮʳ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʚʢʣʶʯʝʥʠʡ,  

ʥʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʵʪʠʭ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʤʘʣʦ ʠʟʫʯʝʥʦ. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [14] ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʚ ʩʫʣʴʬʠʜ ʜʠʩʧʨʦʟʠʷ ɔ-ʤʦʜʠʬʠʢʘʮʠʠ ʠʦʥʦʚ ʛʘʜʦʣʠʥʠʷ ʧʦʟʚʦʣʷʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʟʘ ʩʯʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʨʘʩʩʝʷʥʠʷ 

ʪʝʧʣʘ ʥʘ ʨʝʰʝʪʢʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʫʣʴʬʠʜʦʚ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʠʦʥʦʚ ʈɿʕ. ʆʜʥʘʢʦ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʘʷ ʧʨʠʨʦʜʘ ʵʪʦʛʦ ʷʚʣʝʥʠʷ ʥʝ ʙʳʣʘ ʧʦʣʥʦʩʪʴʶ ʨʘʩʢʨʳʪʘ. ʇʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʪʘʢʞʝ 

ʠʟʫʯʠʪʴ ʥʦʚʳʡ ʢʣʘʩʩ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ (GdxDy1-xS)z(NbS2)m (x = 0, 0.1, 0.2, 0.5, 

1.0; z = 1.2 + q; q = 0.000ï0.020; m = 1, 2) ʩ ʪʚʝʨʜʳʤʠ ʨʘʩʪʚʦʨʘʤʠ ʩʫʣʴʬʠʜʦʚ Gd ʠ Dy ʜʣʷ ʦʮʝʥʢʠ ʠʭ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ [15,16].  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʢʪʫʘʣʴʥʦʡ ʩʦʚʨʝʤʝʥʥʦʡ ʟʘʜʘʯʝʡ ʦʩʚʦʝʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʪʚʘ ʷʚʣʷʝʪʩʷ 

ʜʝʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʧʨʠʨʦʜʳ ʚʥʫʪʨʝʥʥʠʭ ʥʘʨʫʰʝʥʠʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʠʭ ʚʣʠʷʥʠʷ 

ʥʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ, ʘ ʪʘʢʞʝ ʦʧʪʠʤʠʟʘʮʠʷ ʤʝʪʦʜʠʢ ʧʦʣʫʯʝʥʠʷ 

ʤʘʪʝʨʠʘʣʦʚ ʩ ʧʦʚʳʰʝʥʥʦʡ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʴ.ʁ ʋʥʠʢʘʣʴʥʦʩʪʴ ʩʫʣʴʬʠʜʦʚ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʩʚʦʡʩʪʚʘʤʠ 

(ʦʧʪʠʤʘʣʴʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ S ʠ ů), ʚʳʟʳʚʘʝʪ ʠʥʪʝʨʝʩ ʢ ʠʭ ʰʠʨʦʢʦʤʫ ʠʟʫʯʝʥʠʶ 

ʢʘʢ ʤʘʪʝʨʠʘʣʦʚ ʵʣʝʢʪʨʦʥʠʢʠ, ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ 

ʥʘʮʝʣʝʥʘ ʥʘ ʠʟʫʯʝʥʠʝ ʧʨʠʨʦʜʳ ʜʝʬʝʢʪʦʚ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʫʣʴʬʠʜʦʚ ʈɿʕ, ʟʥʘʯʠʤʦ 

ʚʣʠʷʶʱʠʭ ʥʘ ʠʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʚ ʜʘʣʴʥʝʡʰʝʤ ʤʦʛʫʪ ʩʣʫʞʠʪʴ 

ʦʩʥʦʚʦʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʨʫʛʠʭ ʥʦʚʳʭ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ  

ʩ ʥʝʦʙʭʦʜʠʤʦʡ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ.  

ʉʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʢʦʥʢʨʝʪʥʳʡ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʤʘʪʝʨʠʘʣ ʧʨʦʷʚʣʷʝʪ ʥʘʠʙʦʣʴʰʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ (ʨʠʩ. 1). ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʦʙʣʘʩʪʴ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ  

(823ï1373K) ʦʛʨʘʥʠʯʝʥʘ ʥʝʩʢʦʣʴʢʠʤʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʤʠ ʥʘ ʦʩʥʦʚʝ 

ʩʧʣʘʚʦʚ ʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ Si-Ge, Yb14MnSb11 ʠ PbTe-SrTe [1,2,8]. ʊʘʢʠʝ ʫʩʪʨʦʡʩʪʚʘ ʦʙʳʯʥʦ 

ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ ʜʣʷ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ  

ʠ ʟʦʥʜʦʚ, ʦʜʥʘʢʦ ʠʭ ʂʇɼ (h ʦʙʳʯʥʦ ʥʝ ʧʨʝʚʳʰʘʝʪ 5% [11]. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʧʨʦʚʦʜʠʪʩʷ 

ʘʢʪʠʚʥʳʡ ʧʦʠʩʢ ʠ ʠʟʫʯʝʥʠʝ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʢʘʢ ʚʦʟʤʦʞʥʳʭ ʘʥʘʣʦʛʦʚ ʜʣʷ ʩʦʟʜʘʥʠʷ ʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʪʝʧʣʘ ʚ ɻʣʝʢʪʨʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ.  
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ (ZT) ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 

 ʚ ʦʙʲʝʤʥʳʭ ʤʘʪʝʨʠʘʣʘʭ [1]. ʆʰʠʙʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʚʝʣʠʯʠʥʳ ~15%. 

 

ʆʜʥʠʤʠ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʢʦʚ ʷʚʣʷʶʪʩʷ ʧʦʣʫʪʦʨʥʳʝ 

ʩʫʣʴʬʠʜʳ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʩʫʣʴʬʠʜʳ ʛʘʜʦʣʠʥʠʷ ʠ ʜʠʩʧʨʦʟʠʷ, 

ʧʦʩʢʦʣʴʢʫ ʵʪʠ ʤʘʪʝʨʠʘʣʳ ʯʘʩʪʠʯʥʦ ʠʩʩʣʝʜʦʚʘʥʳ ʠ ʜʣʷ ʥʠʭ ʦʙʥʘʨʫʞʝʥʳ ʥʝʢʦʪʦʨʳʝ ʵʬʬʝʢʪʳ, 

ʩʧʦʩʦʙʩʪʚʫʶʱʠʝ ʦʧʪʠʤʠʟʘʮʠʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ [17ï20].  ɺ ʯʘʩʪʥʦʩʪʠ, 

ʥʘʣʠʯʠʝ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʜʝʬʝʢʪʦʚ ʚ ʩʫʣʴʬʠʜʘʭ ʈɿʕ, ʥʘʧʨʠʤʝʨ, ʚʘʢʘʥʩʠʡ, ʜʠʩʣʦʢʘʮʠʡ, ʛʨʘʥʠʮ 

ʨʘʟʜʝʣʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʜʨʫʛʠʭ ʛʨʘʥʠʮ ʩʦʧʨʷʞʝʥʥʳʭ ʨʝʰʝʪʦʢ ʨʘʟʥʦʛʦ ʪʠʧʘ ʠ ʩʦʨʘʟʤʝʨʥʦʩʪʠ, 

ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʙʣʠʞʥʠʡ ʧʦʨʷʜʦʢ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʘ ʚʝʣʠʯʠʥʫ ʜʣʠʥʳ 

ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʥʦʥʦʚ (lʬ) ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʘ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ 

(kʦʙ)ɦ [14,21ï23], ʘ ʪʘʢʞʝ ʥʘ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ [24,25].  

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ ʧʨʦʙʣʝʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʢʘʢ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʦʜʥʦʬʘʟʥʳʭ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʦʜʥʦʨʦʜʥʳʭ 

ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ ʩʦ ʩʪʨʦʛʦ ʟʘʜʘʥʥʳʤʠ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ ʠ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʀʟʫʯʝʥʠʝ 

ʢʠʥʝʪʠʢʠ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʧʦʣʝʟʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʨʝʰʝʥʠʷ ʪʘʢʦʡ ʟʘʜʘʯʠ.  

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʫʣʴʬʠʜʦʚ Gd ʠ Dy ʠ ʝʸ ʩʚʷʟʠ  

ʩ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ.  

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʵʪʦʡ ʮʝʣʠ ʨʝʰʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

ï ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʠʢʠ ʟʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟʘ ʦʜʥʦʨʦʜʥʳʭ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ ʧʦʣʫʪʦʨʥʳʭ 

ʦʢʩʠʜʦʚ Gd ʠ Dy ʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ; 

ï ʦʧʪʠʤʠʟʘʮʠʷ ʧʨʦʮʝʩʩʦʚ ʩʠʥʪʝʟʘ ʦʜʥʦʨʦʜʥʳʭ ʧʦ ʭʠʤʠʯʝʩʢʦʤʫ ʠ ʩʪʨʫʢʪʫʨʥʦʤʫ ʩʦʩʪʘʚʘʤ  

ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʧʨʠʤʝʩʝʡ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʫʣʴʬʠʜʦʚ  

g-(GdxDy1-x)3-n[VLn,n]S4 ʥʘ ʦʩʥʦʚʝ ʠʟʫʯʝʥʠ ̫ʢʠʥʝʪʠʢʠ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʧʦʣʫʪʦʨʥʳʭ ʦʢʩʠʜʦʚ Gd 

ʠ Dy, ʘ ʪʘʢʞʝ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʥʝʩʦʨʘʟʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʦʡ (GdxDy1-xS)z(NbS2)m  
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ʠ ʧʨʦʮʝʩʩʘ ʬʦʨʤʠʨʦʚʘʥʠ ̫ʠʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʤʝʪʦʜʦʤ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ; 

ï ʭʘʨʘʢʪʝʨʠʟʘʮʠʷ ʜʘʣʴʥʝʛʦ ʠ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʧʦʣʫʯʝʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʤʝʪʦʜʘʤʠ ʈʌɸ, ʂʈʉ-, EXAFS-ʩʧʝʢʪʨʦʩʢʦʧʠʡ, HRTEM- ʠ SEM- ʤʠʢʨʦʩʢʦʧʠʡ  

ʠ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ; 

ï ʠʟʫʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ:  

S ï ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ,  ” ï ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, kʦʙ ɦï ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ; 

ï ʦʧʠʩʘʥʠʝ ʚʟʘʠʤʦʩʚʷʟʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʠʭ 

ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ.   

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʦʜʥʦʨʦʜʥʳʭ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʙʳʣʦ ʚʧʝʨʚʳʝ ʠʩʧʦʣʴʟʦʚʘʥʦ ʩʦʯʝʪʘʥʠʝ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʘ  

ʠʟ ʨʘʩʧʳʣʷʝʤʳʭ ʨʘʩʪʚʦʨʦʚ ʥʠʪʨʘʪʦʚ Gd ʠ Dy ʠ ʛʠʜʨʦʢʩʠʜʘ ʥʘʪʨʠʷ ʥʘʜ ʧʦʚʝʨʭʥʦʩʪʴʶ ʚʦʜʥʦʛʦ 

ʤʘʪʦʯʥʦʛʦ ʨʘʩʪʚʦʨʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʨʝʘʛʝʥʪʦʚ ʦʢʩʠʜʦʚ ʈɿʕ ʩ ʦʜʥʦʨʦʜʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ Gd ʠ Dy ʚ ʪʚʝʨʜʦʤ ʨʘʩʪʚʦʨʝ ʩʦʩʪʘʚʘ ʉ-(GdxDy1-x)2O3 

ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ 973K ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʪʚʝʨʜʦʬʘʟʥʳʤ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʝʤ ʠʭ ʧʨʠ 1273K 

ʧʘʨʘʤʠ ʨʘʟʣʘʛʘʶʱʝʛʦʩʷ ʧʨʠ ʢʠʧʝʥʠʠ ʜʦ CS2 ʠ H2S ʨʦʜʘʥʠʜʘ ʘʤʤʦʥʠʷ (Tʨʘʟ º 473K).  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʠʥʝʪʠʢʠ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʦʢʩʠʜʦʚ La, Gd, Dy ʠ Y ʧʦʢʘʟʘʣʦ, ʯʪʦ ʢʦʥʩʪʘʥʪʳ 

ʪʦʧʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʦʙʨʘʟʦʚʘʥʠʷ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ Gd ʠ Dy ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʳ  

ʚ ʦʪʣʠʯʠʝ ʵʪʠʭ ʚʝʣʠʯʠʥ ʜʣʷ ʩʫʣʴʬʠʜʦʚ La ʠ Y. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʣʷ 

ʦʮʝʥʢʠ ʦʧʪʠʤʘʣʴʥʳʭ ʨʝʞʠʤʦʚ ʩʠʥʪʝʟʘ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ g-(GdxDy1-x)3-n[VLn,n]S4 ʩ ʦʜʥʦʨʦʜʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ Gd ʠ Dy: ʪʝʤʧʝʨʘʪʫʨʘ ²1273K ʠ ʜʦʩʪʘʪʦʯʥʦʝ ʚʨʝʤʷ ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʘ  

5-6 ʯʘʩʦʚ. ʆʪʨʘʙʦʪʘʥʳ ʨʝʞʠʤʳ ʚʘʢʫʫʤʥʦʛʦ ʦʪʞʠʛʘ ʦʙʨʘʟʮʦʚ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʥʦ-

ʨʘʚʥʦʚʝʩʥʦʡ ʚʘʢʘʥʩʠʦʥʥʦʡ ʩʠʩʪʝʤʳ ʚ ʨʝʰʝʪʢʝ ʧʦʣʫʯʝʥʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩ ʟʘʜʘʥʥʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʚʘʢʘʥʩʠʡ ʚ ʢʘʪʠʦʥʥʦʡ ʧʦʜʨʝʰʝʪʢʝ. ʆʧʪʠʤʠʟʠʨʦʚʘʥ ʨʝʞʠʤ ʚʘʢʫʫʤʥʦʛʦ 

ʧʨʝʩʩʦʚʘʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʜʣ ̫ʩʦʭʨʘʥʝʥʠ ̫ʢʫʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʪʠʧʘ Th3P4. 

ʀʩʧʦʣʴʟʦʚʘʥ ʵʬʬʝʢʪʠʚʥʳʡ ʘʣʛʦʨʠʪʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʦʚ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡʩʷ ʥʘʙʦʨʦʤ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ: ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ (ʈʌɸ): 

ʜʘʣʴʥʠʡ ʠ ʙʣʠʞʥʠʡ ʧʦʨʷʜʢʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ; ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ (ʂʈʉ) ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʜʘʣʴʥʝʡ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ 

ʧʦʛʣʦʱʝʥʠʷ (EXAFS), ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʧʦ ʤʝʪʦʜʫ ʌʘʨʘʜʝʷ (ʙʣʠʞʥʠʡ ʧʦʨʷʜʦʢ),  

ʘ ʪʘʢʞʝ ʩʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ (SEM) ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ (HRTEM). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʘʷ ʚʘʢʘʥʩʠʦʥʥʘʷ 

ʩʠʩʪʝʤʘ ʩʦʝʜʠʥʝʥʠʷ g-(GdxDy1-x)3-n[VLn,n]S4Gd ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʚʘʢʘʥʩʠʡ NV = 0.2Ŀ10
21
 ʩʤ

-3
  

ʠ ʩʠʩʪʝʤʘ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ Nʉ = 2Ŀ10
21 
ʩʤ

-3
, ʩʚʷʟʘʥʥʳʭ ʩ ʥʘʥʦʩʪʨʫʢʪʫʨʦʡ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ, ʦʢʘʟʳʚʘʶʪ ʦʧʨʝʜʝʣʷʶʱʝʝ ʚʣʠʷʥʠʝ ʥʘ ʧʘʨʘʤʝʪʨʳ ʪʝʧʣʦʧʝʨʝʜʘʯʠ 
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ʤʘʪʝʨʠʘʣʘ ʠ ʩʥʠʞʘʶʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʥʘ 10ï20% ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʦʚ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʵʬʬʝʢʪ ʘʥʦʤʘʣʴʥʦʛʦ ʩʥʠʞʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʜʣʷ ʩʦʩʪʘʚʘ ʭ = 0.2 

ʦʙʲʷʩʥʷʝʪʩʷ ʧʦʚʳʰʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ ʥʘ ʛʨʘʥʠʮʘʭ ʢʨʠʩʪʘʣʣʠʪʦʚ  

ʠ ʦʥ ʩʦʭʨʘʥʷʝʪʩʷ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 770K. ʇʦʣʫʯʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʜʦʙʨʦʪʥʦʩʪʠ ʜʣʷ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʩʦʩʪʘʚʘ ɔ-Gd0.2Dy0.8S1.49 ʧʨʠ ʊ = 770K ʩʦʩʪʘʚʣʷʝʪ  

ZT = 0.23, ʯʪʦ ʥʘ ʙʦʣʝʝ ʯʝʤ 60% ʚʳʰʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʟʥʘʯʝʥʠʡ ʜʣʷ ʜʨʫʛʠʭ ʩʦʩʪʘʚʦʚ 

ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʠ ʧʨʝʚʳʰʘʝʪ ʚʝʣʠʯʠʥʳ ZT ʜʣʷ ʘʥʘʣʦʛʠʯʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ. 

ɺʧʝʨʚʳʝ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʘʨʘʤʝʪʨ ZT ʦʯʝʥʴ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʩʦʩʪʘʚʫ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ 

(GdxDy1-xS) ʚ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʩ ʥʝʩʦʨʘʟʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʦʡ (GdxDy1-xS)z(NbS2)m   

(x = 0, 0.1, 0.2, 0.5, 1.0; z = 1.2 + q; q = 0.000ï0.020; m = 1, 2). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʙʣʠʞʥʝʛʦ 

ʧʦʨʷʜʢʘ ʩʪʨʫʢʪʫʨʳ ʩʚʷʟʘʥʦ ʩ ʠʟʤʝʥʝʥʠʝʤ ʨʘʩʩʪʦʷʥʠʡ ʤʝʪʘʣʣ-ʩʝʨʘ ʚ ʧʦʜʩʠʩʪʝʤʘʭ [GdxDy1-xS], 

[NbS2] ʠ ʤʝʞʜʫ ʥʠʤʠ, ʘ ʪʘʢʞʝ ʩ ʧʣʦʪʥʦʩʪʴʶ ʬʦʥʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ ʩʫʣʴʬʠʜʦʚ Gd ʠ Dy ʧʨʠ x = 0.2ï0.5 ʫʚʝʣʠʯʠʚʘʝʪ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʜʦʙʨʦʪʥʦʩʪʴ ZT  

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʦʝʜʠʥʝʥʠʝʤ (GdS)1.200NbS2, ʦʩʦʙʝʥʥʦ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ.  

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʇʦʣʫʯʝʥʳ ʥʦʚʳʝ ʟʥʘʥʠʷ ʧʦ ʥʘʥʦʩʪʨʫʢʪʫʨʝ ʤʘʪʝʨʠʘʣʦʚ  

ʩ ʚʘʨʴʠʨʫʝʤʳʤʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʉʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʤʘʪʝʨʠʘʣʳ 

ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ Gd ʠ Dy ʠ ʠʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩ ʧʦʚʳʰʝʥʥʳʤʠ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʧʨʦʪʦʪʠʧʦʚ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ n- ʠ p-ʪʠʧʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ ʜʣʷ ʵʬʬʝʢʪʠʚʥʳʭ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʛʝʥʝʨʘʪʦʨʦʚ. ʈʝʟʫʣʴʪʘʪʳ ʢʦʤʧʣʝʢʩʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʣʫʯʝʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʩ ʫʧʨʘʚʣʷʝʤʦʡ ʤʦʜʠʬʠʢʘʮʠʝʡ ʠʭ ʩʚʦʡʩʪʚ ʧʫʪʝʤ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʠ ʠʟʫʯʝʥʠʝʤ ʠʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʰʠʨʦʢʦʤ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ (300ï873K) ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʜʨʫʛʠʭ ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ. ʉʦʚʦʢʫʧʥʦʩʪʴ 

ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦʟʚʦʣʠʣʘ ʦʙʦʩʥʦʚʘʪʴ ʟʥʘʯʠʤʫʶ ʨʦʣʴ ʨʝʘʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ ʚ ʧʦʚʳʰʝʥʠʠ ʠʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ. ʉʦʟʜʘʥʠʝ 

ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʜʦʣʞʥʦ ʩʪʠʤʫʣʠʨʦʚʘʪʴ ʨʘʟʚʠʪʠʝ ʪʝʭʥʦʣʦʛʠʡ ʧʦ ʫʪʠʣʠʟʘʮʠʠ ʧʦʪʝʨʴ ʪʝʧʣʘ ʚ ʤʝʭʘʥʠʯʝʩʢʠʭ  

ʠ ʜʨʫʛʠʭ ʫʩʪʨʦʡʩʪʚʘʭ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ. ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʩʠʥʪʝʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠ 

ʤʦʜʝʣʴʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʚʦʟʤʦʞʥʳʭ ʧʫʪʷʭ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʘ ʪʘʢʞʝ ʧʦʣʫʯʝʥʠʝ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʦʚʳʭ ʢʣʘʩʩʦʚ ʚʝʱʝʩʪʚ ʦʙʝʩʧʝʯʠʪ ʥʘʜʝʞʥʫʶ 

ʦʩʥʦʚʫ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʫʱʝʩʪʚʫʶʱʠʭ ʠʩʪʦʱʘʝʤʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʨʝʩʫʨʩʦʚ.  

ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʄʝʪʦʜʦʣʦʛʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ: ʦʧʪʠʤʠʟʘʮʠʶ ʧʨʦʮʝʩʩʦʚ ʩʠʥʪʝʟʘ ʠ ʬʦʨʤʠʨʦʚʘʥʠ ̫ʢʦʤʧʘʢʪʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ 
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ʦʙʨʘʟʮʦʚ ʥʘ ʦʩʥʦʚʝ ʩʫʣʴʬʠʜʦʚ ʈɿʕ; ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʫ ʁʭʘʨʘʢʪʝʨʠʟʘʮʠ ʁʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ 

ʠ ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ: ʬʘʟʦʚʳʡ, ʭʠʤʠʯʝʩʢʠʡ ʠ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚʳ, ʚʠʜʳ ʥʘʨʫʰʝʥʠʡ 

ʙʣʠʞʥʝʛʦ ʠ ʜʘʣʴʥʝʛʦ ʧʦʨʷʜʢʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʥʘʥʦʩʪʨʫʢʪʫʨʫ 

ʤʘʪʝʨʠʘʣʘ; ʠʟʫʯʝʥʠʝ ʧʨʠʨʦʜʳ ʟʘʤʝʱʝʥʠʷ ʈɿʕ ʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʩ ʫʯʘʩʪʠʝʤ 

ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʦʡ ʚʘʢʘʥʩʠʦʥʥʦʡ ʩʠʩʪʝʤʳ ʠ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ; ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ: 

ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ (S), ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ (kʦʙ)ɦ, ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ () ʠ ʠʟʫʯʝʥʠʝ 

ʠʭ ʩʚʷʟʠ ʩ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʤʘʪʝʨʠʘʣʘ. 

ɼʣʷ ʜʦʩʪʦʚʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʠʩʭʦʜʥʳʭ ʚʝʱʝʩʪʚ ʠ ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʢʝʨʘʤʠʢʠ 

ʠʩʧʦʣʴʟʦʚʘʣʩ ̫ʥʘʙʦʨ ʤʝʪʦʜʦʚ, ʚʢʣʶʯʘʶʱʠʭ ʚ ʩʝʙʷ ʭʠʤʠʯʝʩʢʠʡ (ʘʪʦʤʥʦ-ʘʙʩʦʨʙʮʠʦʥʥʳʡ)  

ʠ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ (ʕɼɸ) ʘʥʘʣʠʟʳ ʥʘ ʧʨʠʤʝʩʥʳʡ ʠ ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ,r 

ʛʘʟʦʭʨʦʤʘʪʦʛʨʘʬʠʯʝʩʢʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʦʪʢʣʦʥʝʥʠʷ ʩʦʩʪʘʚʘ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ, 

ʩʢʘʥʠʨʫʶʱʫ  ʁʵʣʝʢʪʨʦʥʥʫ ʁʤʠʢʨʦʩʢʦʧʠʶ ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʫ  ʁʤʠʢʨʦʩʢʦʧʠ ʁʚʳʩʦʢʦʛʦ 

ʨʘʟʨʝʰʝʥʠʷ, ʈʌɸ, EXAFS- ʠ ʂʈʉ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ (ʵʬʬʝʢʪʠʚʥʳʡ 

ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʠ ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ), ʵʣʝʢʪʨʦʥ-ʪʨʘʥʩʧʦʨʪʥʳʭ (ʢʦʵʬʬʠʮʠʝʥʪ 

ɿʝʝʙʝʢʘ ʠ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ) ʠ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ (ʪʝʧʣʦʝʤʢʦʩʪʴ, 

ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʴ ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ) ʩʚʦʡʩʪʚ. 

ʅʘ ʟʘʱʠʪʫ ʚʳʥʦʩʷʪʩʷ:  

ï ʘʣʛʦʨʠʪʤ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ 

ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ g-(GdxDy1-x)3-n[VLn,n]S4 ʩ ʢʫʙʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ ʪʠʧʘ Th3P4 ʦʜʥʦʨʦʜʥʳʭ  

ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʢʘʪʠʦʥʦʚ, ʘ ʪʘʢʞʝ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʥʝʩʦʨʘʟʤʝʨʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ (GdxDy1-xS)z(NbS2)m, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʜʦʙʨʦʪʥʦʩʪʠ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʩʦʝʜʠʥʝʥʠʡ. ʆʧʪʠʤʠʟʘʮʠʷ ʚʢʣʶʯʘʝʪ ʩʦʯʝʪʘʥʠʝ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ - ʦʜʥʦʨʦʜʥʳʭ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ 

ʫʨʦʚʥʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʦʢʩʠʜʦʚ ʈɿʕ ʠ ʠʭ ʧʦʩʣʝʜʫʶʱʝʝ ʪʚʝʨʜʦʬʘʟʥʦʝ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʝ  

ʧʦ ʨʝʞʠʤʘʤ, ʫʩʪʘʥʦʚʣʝʥʥʳʤ ʥʘ ʦʩʥʦʚʘʥʠʠ ʠʟʫʯʝʥʠʷ ʢʠʥʝʪʠʢʠ ʪʦʧʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ; 

ï ʢʠʥʝʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʦʢʩʠʜʦʚ Gd ʠ Dy: ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʝʡ, 

ʧʨʝʜʵʢʩʧʦʥʝʥʪʳ ʠ ʢʘʞʫʱʠʝʩʷ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʡ ʨʝʘʢʮʠʡ ʦʙʨʘʟʦʚʘʥʠʷ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ; 

ï ʦʩʦʙʝʥʥʦʩʪʠ ʭʠʤʠʯʝʩʢʦʛʦ ʠ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʩʪʘʚʦʚ ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʣʫʪʦʨʥʦʛʦ ʩʫʣʴʬʠʜʘ GdS1.5-

y, ʘ ʪʘʢʞʝ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ (ʙʣʠʞʥʝʛʦ ʠ ʜʘʣʴʥʝʛʦ ʧʦʨʷʜʢʦʚ ʨʝʰʝʪʢʠ) ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘʙʦʨʦʤ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʜʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ 

ʚʣʠʷʥʠʷ ʵʪʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʧʣʦʝʤʢʦʩʪʠ ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ; 

ï ʫʩʪʘʥʦʚʣʝʥʥʳʝ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʠʟʤʝʥʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʡ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʳʭ 

ʢʘʪʠʦʥʥʳʭ ʚʘʢʘʥʩʠʡ, ʘ ʪʘʢʞʝ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ (ʫʟʣʦʚ ʨʝʰʝʪʢʠ), ʚʦʟʥʠʢʘʶʱʠʭ  

ʥʘ ʛʨʘʥʠʮʘʭ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʫʜʝʣʴʥʘʷ ʧʣʦʱʘʜʴ ʢʦʪʦʨʳʭ ʠʟʤʝʥʷʝʪʩʷ ʩ ʠʟʤʝʥʝʥʠʝʤ 
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ʧʘʨʘʤʝʪʨʘ x ʜʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ g-(GdxDy1-x)3-n[VLn,n]S4, ʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 300 ï 770K; 

ï ʧʦʚʳʰʝʥʠʝ ʚʝʣʠʯʠʥʳ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ZT ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʩʦʝʜʠʥʝʥʠʡ 

(GdxDy1-xS)z(NbS2)m  ʟʘ ʩʯʝʪ ʥʘʨʫʰʝʥʠʷ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʩʦʩʪʘʚʘ (Gd0.5Dy0.5S). 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ. ʇʦʠʩʢ, ʠʟʫʯʝʥʠʝ, ʘʥʘʣʠʟ ʠ ʦʙʦʙʱʝʥʠʝ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ. 

ʉʠʥʪʝʟʠʨʦʚʘʥʳ ʚʩʝ ʦʧʠʩʘʥʥʳʝ ʚ ʨʘʙʦʪʝ ʦʙʨʘʟʮʳ ʩʫʣʴʬʠʜʦʚ ʈɿʕ, ʘ ʪʘʢʞʝ ʠʭ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ. ʇʦʩʪʘʥʦʚʢʘ ʮʝʣʠ ʠ ʟʘʜʘʯ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʨʦʚʦʜʠʣʘʩʴ ʩʦʚʤʝʩʪʥʦ  

ʩ ʥʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʝʤ. ʆʙʨʘʙʦʪʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʠʭ ʘʥʘʣʠʟ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʷ 

ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʩʦʚʤʝʩʪʥʦ ʩ ʥʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʝʤ ʠ ʩʦʘʚʪʦʨʘʤʠ. ʇʦʜʛʦʪʦʚʢʘ 

ʤʘʪʝʨʠʘʣʦʚ ʢ ʧʫʙʣʠʢʘʮʠʠ ʧʨʦʚʦʜʠʣʘʩʴ ʩʦʚʤʝʩʪʥʦ ʩ ʩʦʘʚʪʦʨʘʤʠ. ɺʢʣʘʜ ʩʦʠʩʢʘʪʝʣʷ ʧʨʠʟʥʘʥ 

ʚʩʝʤʠ ʩʦʘʚʪʦʨʘʤʠ. 

ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʙʦʪʳ 

ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʣʝʢʩʦʤ 

ʩʦʚʨʝʤʝʥʥʳʭ ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʥʝʟʘʚʠʩʠʤʳʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʘ ʪʘʢʞʝ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴ  ʁɻ ʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʜʘʥʥʳʤʠ ʜʨʫʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʂʦʨʨʝʢʪʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴʶ ʠʟʤʝʨʝʥʠʡ, 

ʧʨʦʠʟʚʝʜʝʥʥʳʭ ʚ ʨʘʟʥʳʭ ʣʘʙʦʨʘʪʦʨʠʷʭ. ʇʨʠʟʥʘʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʙʦʪʳ ʤʠʨʦʚʳʤ ʩʦʦʙʱʝʩʪʚʦʤ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʠʭ ʧʫʙʣʠʢʘʮʠʷʤʠ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʞʫʨʥʘʣʘʭ ʠ ʚʳʩʦʢʦʡ ʦʮʝʥʢʦʡ ʥʘ 

ʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ. 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʠ ʦʙʩʫʞʜʘʣʠʩʴ  

ʥʘ 5-ʤ ʄʝʞʜʫʥʘʨʦʜʥʦʤ ʢʦʥʛʨʝʩʩʝ ʠ ʚʳʩʪʘʚʢʝ çʎʚʝʪʥʳʝ ʤʝʪʘʣʣʳ-2013è (ʂʨʘʩʥʦʷʨʩʢ, 2013), 

ʅʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çɸʢʪʫʘʣʴʥʳʝ ʚʦʧʨʦʩʳ ʧʦʣʫʯʝʥʠʷ ʠ ʧʨʠʤʝʥʝʥʠʷ ʈɿʄè 

(ʄʦʩʢʚʘ, 2014), 2-ʡ ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ çɻʦʨʷʯʠʝ ʪʦʯʢʠ 

ʭʠʤʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ: ʤʝʭʘʥʠʟʤʳ ʪʚʝʨʜʦʬʘʟʥʳʭ ʧʨʦʮʝʩʩʦʚè (ʅʦʚʦʩʠʙʠʨʩʢ, 2015), Japan-Russia 

Joint seminar ñAdvanced materials synthesis process and nanostructureò (ʗʧʦʥʠʷ, 2016),  

9-ʤ ʉʝʤʠʥʘʨʝ ʉʆ ʈɸʅ-ʋʨʆ ʈɸʅ çʊʝʨʤʦʜʠʥʘʤʠʢʘ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝè (ɽʢʘʪʝʨʠʥʙʫʨʛ, 2016), 

14-ʡ ʈʦʩʩʠʡʩʢʦʡ ʝʞʝʛʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʥʘʫʯʥʳʭ ʩʦʪʨʫʜʥʠʢʦʚ çʌʠʟʠʢʦ-ʭʠʤʠʷ ʠ 

ʪʝʭʥʦʣʦʛʠʷ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚè (ʄʦʩʢʚʘ, 2017), 12-ʤ ɺʩʝʨʦʩʩʠʡʩʢʦʤ ʩʠʤʧʦʟʠʫʤʝ  

ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ çʊʝʨʤʦʜʠʥʘʤʠʢʘ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝè (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 2018). 

ʇʫʙʣʠʢʘʮʠʠ ʧʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ. ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 5 ʩʪʘʪʝʡ  

ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʞʫʨʥʘʣʘʭ, ʠʟ ʥʠʭ 2 ï ʚ ʤʝʞʜʫʥʘʨʦʜʥʳʭ, 3 ï ʚ ʨʦʩʩʠʡʩʢʠʭ, ʚʩʝ ʩʪʘʪʴʠ ʚʭʦʜʷʪ  

ʚ ʤʝʞʜʫʥʘʨʦʜʥʫʶ ʙʘʟʫ ʥʘʫʯʥʦʛʦ ʮʠʪʠʨʦʚʘʥʠʷ Web of Science ʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 7 ʪʝʟʠʩʦʚ 

ʜʦʢʣʘʜʦʚ ʥʘ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʠ ʈʦʩʩʠʡʩʢʠʭ ʢʦʥʬʝʨʝʥʮʠʷʭ. 
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ʉʦʦʪʚʝʪʩʪʚʠʝ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 02.00.01 ï ʥʝʦʨʛʘʥʠʯʝʩʢʘʷ ʭʠʤʠʷ. ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧ. 1 çʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʦʩʥʦʚʳ ʧʦʣʫʯʝʥʠʷ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ ʠ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝè ʠ ʧ.5 çɺʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʩʦʩʪʘʚʦʤ, 

ʩʪʨʦʝʥʠʝʤ ʠ ʩʚʦʡʩʪʚʘʤʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. ʅʝʦʨʛʘʥʠʯʝʩʢʠʝ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʤʘʪʝʨʠʘʣʳè ʧʘʩʧʦʨʪʘ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 02.00.01 ï ʥʝʦʨʛʘʥʠʯʝʩʢʘʷ 

ʭʠʤʠʷ. 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʨʘʙʦʪʳ. ɼʠʩʩʝʨʪʘʮʠʷ ʠʟʣʦʞʝʥʘ ʥʘ 147 ʩʪʨʘʥʠʮʘʭ, ʩʦʜʝʨʞʠʪ 59 

ʨʠʩʫʥʢʦʚ ʠ 14 ʪʘʙʣʠʮ, ʩʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ ʩʦʜʝʨʞʠʪ 205 ʠʩʪʦʯʥʠʢʦʚ. ʈʘʙʦʪʘ ʩʦʩʪʦʠʪ  

ʠʟ ʚʚʝʜʝʥʠʷ, ʦʙʟʦʨʘ ʣʠʪʝʨʘʪʫʨʳ (ʛʣʘʚʘ 1), ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʯʘʩʪʠ (ʛʣʘʚʘ 2), ʨʝʟʫʣʴʪʘʪʦʚ  

ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʷ (ʛʣʘʚʘ 3), ʟʘʢʣʶʯʝʥʠʷ, ʚʳʚʦʜʦʚ ʠ ʧʨʠʣʦʞʝʥʠʡ. 

ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ, ʧʦʩʚʷʱʝʥʥʘʷ ʧʦʣʫʯʝʥʠʶ, ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʠ ʠʩʩʣʝʜʦʚʘʥʠʶ 

ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʫʣʴʬʠʜʦʚ ʈɿʕ, ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ  

ʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʚ ʌʝʜʝʨʘʣʴʥʦʤ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʤ 

ʙʶʜʞʝʪʥʦʤ ʫʯʨʝʞʜʝʥʠʠ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪʝ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ ʠʤ. ɸ.ɺ. ʅʠʢʦʣʘʝʚʘ 

ʉʠʙʠʨʩʢʦʛʦ ʦʪʜʝʣʝʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ (ʀʅʍ ʉʆ ʈɸʅ) ʠ National Institute of 

Advanced Industrial Science and Technology (ʛ. ʎʫʢʫʙʘ, ʗʧʦʥʠʷ) ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʦʛʨʘʤʤʦʡ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʀʅʍ ʉʆ ʈɸʅ ʧʦ ʧʨʠʦʨʠʪʝʪʥʦʤʫ ʥʘʧʨʘʚʣʝʥʠʶ 44 

çʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʦʩʥʦʚʳ ʭʠʤʠʠè, ʙʳʣʘ ʧʦʜʜʝʨʞʘʥʘ ʧʨʝʤʠʝʡ ʠʤ. ʘʢʘʜʝʤʠʢʘ ɸ.ɺ. ʅʠʢʦʣʘʝʚʘ 

ʟʘ ʫʩʧʝʭʠ ʚ ʥʘʫʯʥʦʡ ʨʘʙʦʪʝ ʚ 2015 ʛ. (ʀʅʍ ʉʆ ʈɸʅ), ʘ ʪʘʢʞʝ ʙʳʣʘ ʦʪʤʝʯʝʥʘ ʧʝʨʚʳʤ ʤʝʩʪʦʤ  

ʥʘ ʢʦʥʢʫʨʩʝ-ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ çAdvanced materials synthesis process and 

nanostructureè (ʗʧʦʥʠʷ, 2016 ʛ.). 
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ɻʣʘʚʘ 1. ʃʠʪʝʨʘʪʫʨʥʳʡ ʦʙʟʦʨ 

 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʦʩʪʘʚʣʝʥʥʳʤʠ ʟʘʜʘʯʘʤʠ ʙʳʣ ʧʨʦʚʝʜʝʥ ʦʙʟʦʨ ʠ ʘʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʳ  

ʧʦ ʩʦʩʪʦʷʥʠʶ ʠ ʨʘʟʚʠʪʠʶ ʦʩʥʦʚʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʢʘʩʘʶʱʠʭʩʷ ʩʦʟʜʘʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʠ ʧʝʨʝʭʦʜʥʳʭ 

ʤʝʪʘʣʣʦʚ. 

 

1.1. ʊʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ 

 

ʉʭʝʤʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2. ʉʦʩʪʘʚʣʷʶʱʠʝ ʵʣʝʤʝʥʪʳ  

n-  ʠ p-ʪʠʧʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ ʧʦʜʣʦʞʢʘʭ ʠʟ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʝʛʦ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʢʘʢ ʧʨʘʚʠʣʦ, ʤʝʪʘʣʣʘ ʠʣʠ ʤʝʪʘʣʣʠʟʠʨʦʚʘʥʥʦʡ ʢʝʨʘʤʠʢʠ.  

 

ʈʠʩ. 2. ʉʭʝʤʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ (Q ï ʧʦʜʚʝʜʝʥʥʦʝ ʪʝʧʣʦ). 

 

ʈʘʟʥʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨ ʤʝʞʜʫ ʛʦʨʷʯʠʤ ʠ ʭʦʣʦʜʥʳʤ ʢʦʥʮʘʤʠ ʵʣʝʤʝʥʪʦʚ ʧʨʠʚʦʜʠʪ  

ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʪʝʨʤʦʕɼʉ ʥʘ ʭʦʣʦʜʥʳʭ ʢʦʥʪʘʢʪʘʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ. 

ʇʦʷʚʣʝʥʠʝ ʵʣʝʢʪʨʦʜʚʠʞʫʱʝʡ ʩʠʣʳ (ʕɼʉ) ʦʩʥʦʚʘʥʦ ʥʘ ʵʬʬʝʢʪʝ ɿʝʝʙʝʢʘ ï ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʕɼʉ 

ʚ ʤʘʪʝʨʠʘʣʘʭ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʪʝʧʣʦʚʦʤ ʧʦʣʝ ʩ ʛʨʘʜʠʝʥʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ. ʈʝʘʣʴʥʦʝ 

ʫʩʪʨʦʡʩʪʚʦ ʤʦʞʝʪ ʧʨʝʜʩʪʘʚʣʷʪʴ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʮʝʧʴ, ʩʦʩʪʦʷʱʫ  ʁ ʠʟ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ  

ʠ ʧʘʨʘʣʣʝʣʴʥʦ ʩʦʝʜʠʥʝʥʥʳʭ n-  ʠ p-ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʵʣʝʤʝʥʪʦʚ, ʢʦʥʪʘʢʪʳ ʢʦʪʦʨʳʭ 

ʥʘʭʦʜʷʪʩʷ ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ.  

ɺʚʠʜʫ ʥʠʟʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʚʳʩʦʢʦʡ ʩʪʦʠʤʦʩʪʠ ʧʦʜʦʙʥʳʭ ʫʩʪʨʦʡʩʪʚ ʦʙʣʘʩʪʴ  

ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʪʝʧʣʦʚʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʇʝʣʪɹʴʝ ʠ ʘʣʴʪʝʨʥʘʪʠʚʥʳʤʠ 

ʠʩʪʦʯʥʠʢʘʤʠ ʵʥʝʨʛʠʠ ʜʣʷ ʟʦʥʜʦʚ ʠ ʘʧʧʘʨʘʪʦʚ ʚ ʛʣʫʙʦʢʦʤ ʢʦʩʤʦʩʝ [26]. ʆʜʥʘʢʦ ʟʘ ʧʦʩʣʝʜʥʠʝ 

ʜʚʘ ʜʝʩʷʪʠʣʝʪʠʷ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʭ 

ʚʳʩʦʢʠʝ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ (ʨʠʩ. 3).  
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ʈʠʩ. 3.  ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ʜʣʷ ʨʷʜʘ ʩʦʝʜʠʥʝʥʠʡ: ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ 

p-ʪʠʧʘ (ʘ), ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ n-ʪʠʧʘ (ʙ). 

 

ʂ ʥʠʤ ʦʪʥʦʩʷʪʩʷ ʭʘʣʴʢʦʛʝʥʠʜʳ ʤʝʪʘʣʣʦʚ ʠ ʠʭ ʢʦʤʧʦʟʠʪʳ, ʩʢʫʪʪʝʨʫʜʠʪʳ, ʢʣʘʪʨʘʪʳ, ʬʘʟʳ 

ʎʠʥʪʣʷ, ʥʝʢʦʪʦʨʳʝ ʦʢʩʠʜʳ, ʦʨʛʘʥʠʯʝʩʢʠʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ ʠ ʜʨʫʛʠʝ ʩʦʝʜʠʥʝʥʠʷ. ʇʦʣʫʯʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʦʚʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘʨʷʜʫ ʩ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ 

ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʫʪʠʣʠʟʘʮʠʠ ʨʘʩʩʝʠʚʘʝʤʦʛʦ (ʪʝʨʷʝʤʦʛʦ) ʪʝʧʣʘ ʩʪʠʤʫʣʠʨʦʚʘʣʠ 

ʠʥʪʝʨʝʩ ʢ ʠʟʛʦʪʦʚʣʝʥʠʶ ʊʕ ʩ ʚʳʩʦʢʦʡ ʜʦʙʨʦʪʥʦʩʪʴʶ ZT [27]. ʆʜʥʘʢʦ ʩʦʟʜʘʥʠʝ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ (ʊʕʋ) ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʩʣʦʞʥʦʩʪʷʤʠ, ʩʚʷʟʘʥʥʳʤʠ  

ʩ ʧʦʣʫʯʝʥʠʝʤ ʚʳʩʦʢʦʥʘʜʝʞʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʪʝʧʣʦʚʳʭ ʧʨʦʚʦʜʥʠʢʦʚ ʠ ʢʦʥʪʘʢʪʦʚ.  

ʊʝʤ ʥʝ ʤʝʥʝʝ ʧʨʝʜʧʨʠʥʠʤʘʣʠʩʴ ʩʝʨʴʝʟʥʳʝ ʧʦʧʳʪʢʠ ʠʟʛʦʪʦʚʠʪʴ ʊʕʋ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʨʘʙʦʪʘʪʴ ʚ 

ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʥʪʝʨʚʘʣʘʭ.  

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʊʕʋ ʥʝʦʙʭʦʜʠʤʦ ʜʦʩʪʠʛʥʫʪʴ ʙʦʣʴʰʠʭ ʚʝʣʠʯʠʥ ʢʦ-

ʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ (ʚʳʩʦʢʦʝ ʚʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ), ʧʦʚʳʰʝʥʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ  

ʠ ʥʠʟʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ (ʧʦʜʜʝʨʞʘʥʠʝ  ʙʦʣʴʰʦʛʦ ʛʨʘʜʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʳ) [8]. 

ʂ ʩʦʞʘʣʝʥʠʶ, ʠʟ-ʟʘ ʚʟʘʠʤʦʟʘʚʠʩʠʤʦʩʪʠ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʠʭ çʧʨʦʪʠʚʦʜʝʡʩʪʚʠè̫ ʜʨʫʛ ʜʨʫʛʫ 

ʩʫʱʝʩʪʚʫʝʪ ʧʨʦʙʣʝʤʘ ʧʦʣʫʯʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʩ ʦʧʪʠʤʘʣʴʥʳʤʠ ʚʝʣʠʯʠʥʘʤʠ ʜʦʙʨʦʪʥʦʩʪʠ ZT. 

ʂʨʦʤʝ ʪʦʛʦ, ʚʳʙʦʨ ʢʦʥʪʘʢʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʤʝʞʜʫ ʪʝʨʤʦʵʣʝʤʝʥʪʘʤʠ ʠʛʨʘʝʪ ʦʯʝʥʴ ʚʘʞʥʫʶ ʨʦʣʴ 

ʚ ʠʟʚʣʝʯʝʥʠʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʠʟ ʊʕ [4]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʨʘʙʦʪʢʘ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʷʚʣʷʝʪʩʷ ʢʦʤʧʣʝʢʩʥʦʡ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ 

ʧʨʦʙʣʝʤʦʡ ʠ ʪʨʝʙʫʝʪ ʩʦʙʣʶʜʝʥʠʷ ʪʨʝʭ ʦʩʥʦʚʥʳʭ ʧʦʣʦʞʝʥʠʡ [5]: 

ʘ) ʧʦʣʫʯʝʥʠʝ ʪʝʨʤʦʵʣʝʤʝʥʪʦʚ p- ʠ n-ʪʠʧʘ ʩ ʚʳʩʦʢʠʤ ZT ʚ ʨʘʙʦʯʝʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ 

ʜʠʘʧʘʟʦʥʝ; 

ʙ) ʥʠʟʢʦʝ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʢʦʥʪʘʢʪʦʚ ʥʘ ʛʨʘʥʠʮʝ ʤʝʪʘʣʣïʪʝʨʤʦʵʣʝʤʝʥʪ; 

ʚ) ʤʠʥʠʤʘʣʴʥʘʷ ʪʝʧʣʦʧʝʨʝʜʘʯʘ ʯʝʨʝʟ ʪʝʨʤʦʵʣʝʤʝʥʪʳ ʥʘʨʷʜʫ ʩ ʧʨʝʜʦʪʚʨʘʱʝʥʠʝʤ 

ʰʫʥʪʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʦʙʲʝʤʘ ʊʕ ʢʘʥʘʣʘʤʠ ʧʦʚʳʰʝʥʥʦʡ ʧʝʨʝʜʘʯʠ ʪʝʧʣʘ ʤʝʞʜʫ ʛʦʨʷʯʝʡ  

ʠ ʭʦʣʦʜʥʦʡ ʟʦʥʘʤʠ. 
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ɼʨʫʛʠʤ ʥʝ ʤʝʥʝʝ ʚʘʞʥʳʤ ʪʨʝʙʦʚʘʥʠʝʤ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʙʦʣʴʰʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʊʕ 

ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʦʝ ʠ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʦʜʠʥʘʢʦʚʦʝ ʟʥʘʯʝʥʠʝ ʜʦʙʨʦʪʥʦʩʪʠ ZT ʪʝʨʤʦʵʣʝʤʝʥʪʦʚ  

p- ʠ n-ʪʠʧʘ ʧʨʠ ʨʘʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʅʘ ʨʠʩ. 4 ʧʦʢʘʟʘʥʳ ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʫʨʘʚʥʝʥʠʶ (2) 

ʚʝʣʠʯʠʥʳ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʊʕ ʤʘʪʝʨʠʘʣʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨ ʤʝʞʜʫ 

ʛʦʨʷʯʠʤ ʠ ʭʦʣʦʜʥʳʤ ʢʦʥʮʘʤʠ (ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʭʦʣʦʜʥʦʛʦ ʢʦʥʮʘ 300K) ʜʣʷ ʤʘʪʝʨʠʘʣʦʚ  

ʩ ʨʘʟʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ZT. 

 

ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʦʪ ʨʘʟʥʦʩʪʠ  

ʪʝʤʧʝʨʘʪʫʨ ʤʝʞʜʫ ʛʦʨʷʯʠʤ ʠ ʭʦʣʦʜʥʳʤ ʢʦʥʮʘʤʠ (ʪʝʤʧʝʨʘʪʫʨʘ ʭʦʣʦʜʥʦʛʦ ʢʦʥʮʘ 300K)  

ʜʣʷ ʤʘʪʝʨʠʘʣʦʚ ʩ ʫʢʘʟʘʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʘ ZT. 

 

ʊʝʦʨʝʪʠʯʝʩʢʠ ʜʣʷ ʤʘʪʝʨʠʘʣʘ ʩ ZT = 3 ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙ-

ʨʘʟʦʚʘʥʠʷ ʦʢʦʣʦ 25% ʧʨʠ T = 500K, ʯʪʦ ʩʦʧʦʩʪʘʚʠʤʦ ʩ ʦʙʳʯʥʳʤʠ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʤʠ 

ʛʝʥʝʨʘʪʦʨʘʤʠ [28]. ʆʜʥʘʢʦ ʥʘ ʧʨʘʢʪʠʢʝ ʦʩʫʱʝʩʪʚʠʪʴ ʧʦʜʦʙʥʦʝ ʥʝ ʫʜʘʝʪʩʷ. ʀʟ ʨʠʩʫʥʢʘ 3 ʚʠʜʥʦ, 

ʯʪʦ ʥʘʠʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ZT ʙʦʣʴʰʠʥʩʪʚʘ ʠʟʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘʭʦʜʷʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ  

0.8ï1.5 [29]. ɺʩʝ ʪʨʘʜʠʮʠʦʥʥʳʝ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʤʦʛʫʪ ʙʳʪʴ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʳ 

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʘʢʩʠʤʘʣʴʥʦʡ ʚʝʣʠʯʠʥʳ ZT ʠ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʦʡʢʦʩʪʠ ʚ ʨʘʟʥʳʭ ʨʘʙʦʯʠʭ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʜʠʘʧʘʟʦʥʘʭ, ʥʘʧʨʠʤʝʨ [26]: 

ʘ) ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʠʥʪʝʨʚʘʣʘ (< 523K): Bi2Te3, Sb2Te3; 

ʙ) ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʩʨʝʜʥʝʛʦ ʜʠʘʧʘʟʦʥʘ ʪʝʤʧʝʨʘʪʫʨ (523ï923K): PbTe ʠ TAGS; 

ʚ) ʤʘʪʝʨʠʘʣʳ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʥʪʝʨʚʘʣʘʭ (> 923K): ʩʧʣʘʚʳ ʥʘ 

ʦʩʥʦʚʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ SinGe1-n. 

ɿʘ ʧʦʩʣʝʜʥʠʝ ʥʝʩʢʦʣʴʢʦ ʣʝʪ ʧʦʣʫʯʝʥʳ ʥʦʚʳʝ ʤʘʪʝʨʠʘʣʳ: PbTeïSrTe ʠ ʩʢʫʪʪʝʨʫʜʠʪʳ, ʪʚʝʨʜʳʝ 

ʨʘʩʪʚʦʨʳ Si-Ge, ʬʘʟʳ ʎʠʥʪʣʷ (Yb14Mn1-xAlxSb11), PbTeïSrTe, La3-xTe4 ʠ ʜʨʫʛʠʝ ʤʘʪʝʨʠʘʣʳ  

ʩ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʠʭ ʪʝʨʤʠʯʝʩʢʘʷ  

ʠ ʭʠʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʦʩʪʘʝʪʩʷ ʥʝ ʥʘ ʜʦʣʞʥʦʤ ʫʨʦʚʥʝ, ʥʘʧʨʠʤʝʨ, ʩʦʝʜʠʥʝʥʠʝ PbTe 

ʥʘʯʠʥʘʝʪ ʩʫʙʣʠʤʠʨʦʚʘʪʴ ʧʨʠ 773K [30,31]. ʆʙʳʯʥʦ ʥʘʠʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ZT 
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ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʫʜʦʙʩʪʚʘ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ, ʦʜʥʘʢʦ ʵʪʦ ʥʝ ʛʘʨʘʥʪʠʨʫʝʪ 

ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʫʞʝ ʛʦʪʦʚʦʛʦ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ.  

ʉʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʶ (2), ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʊʕ 

ʠʟʛʦʪʘʚʣʠʚʘʣʠ ʠʟ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʳʩʦʢʠʤ ZT ʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʠʭ ʧʨʠ ʙʦʣʴʰʠʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʛʨʘʜʠʝʥʪʘʭ. ɺ ʵʪʦʤ ʦʪʥʦʰʝʥʠʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʩ ʣʘʥʪʘʥʦʠʜʘʤʠ ʚ ʢʘʯʝʩʪʚʝ 

ʢʘʪʠʦʥʦʚ ʜʦʣʞʥʳ ʙʳʪʴ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ. ʇʦʩʢʦʣʴʢʫ ʚʝʣʠʯʠʥʘ ZT ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʥʝʞʝʣʘʪʝʣʴʥʦ ʧʨʠʤʝʥʷʪʴ ʦʜʠʥ ʠ ʪʦʪ ʞʝ ʤʘʪʝʨʠʘʣ ʧʦ ʚʩʝʡ ʜʣʠʥʝ ʊʕ ʩ ʛʨʘʜʠʝʥʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʨʝʰʠʪʴ ʵʪʫ ʧʨʦʙʣʝʤʫ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʝʛʤʝʥʪʠʨʦʚʘʥʥʳʭ ʊʕ  

ʩ ʥʘʠʙʦʣʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʘ ZT ʜʣʷ ʢʘʞʜʦʛʦ ʦʪʜʝʣʴʥʦʛʦ ʫʯʘʩʪʢʘ ʪʝʤʧʝʨʘʪʫʨʳ ʤʝʞʜʫ 

ʛʦʨʷʯʠʤ ʠ ʭʦʣʦʜʥʳʤ ʢʦʥʮʘʤʠ. ʂʘʞʜʳʡ ʪʘʢʦʡ ʫʯʘʩʪʦʢ ʧʨʝʜʩʪʘʚʣʝʥ ʠʥʜʠʚʠʜʫʘʣʴʥʳʤ 

ʤʘʪʝʨʠʘʣʦʤ, ʨʘʙʦʪʘʶʱʠʤ ʚ ʩʚʦʝʤ ʦʧʪʠʤʘʣʴʥʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ. ʆʜʥʘʢʦ, ʢʦʛʜʘ ʜʚʘ 

ʤʘʪʝʨʠʘʣʘ ʩʦʚʤʝʱʘʶʪʩʷ ʚ ʊʕ ʵʣʝʤʝʥʪʘʭ ʩ ʙʦʣʴʰʠʤ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʛʨʘʜʠʝʥʪʦʤ, ʚʘʞʥʘ ʠʭ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʩʦʚʤʝʩʪʠʤʦʩʪʴ ʜʨʫʛ ʩ ʜʨʫʛʦʤ. ʕʪʦ ʪʨʝʙʦʚʘʥʠʝ ʩʚʷʟʘʥʦ ʩ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ 

ʫʩʪʨʘʥʝʥʠʷ ʧʦʪʝʨʴ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʟʘʨʷʜʘ ʚ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʤ ʫʩʪʨʦʡ-

ʩʪʚʝ. ʂʦʵʬʬʠʮʠʝʥʪ ʩʦʚʤʝʩʪʠʤʦʩʪʠ (sʪ)ɻ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʤʦʞʝʪ ʙʳʪʴ ʚʳʯʠʩʣʝʥ 

ʧʦ ʬʦʨʤʫʣʝ [32,33]: 

                                                            sʪ ɻ= [(1+ZT)
1/2
ï1]/SȚT.                                                   (3) 

 ɽʩʣʠ ʢʦʵʬʬʠʮʠʝʥʪ sʪ ɻʜʣ ̫ʜʚʫʭ ʤʘʪʝʨʠʘʣʦʚ ʦʪʣʠʯʘʝʪʩʷ ʙʦʣʝʝ ʯʝʤ ʚ 2 ʨʘʟʘ, ʥʝ ʚʩʝ ʩʝʛʤʝʥʪʳ 

ʪʝʨʤʦʵʣʝʤʝʥʪʘ ʙʫʜʫʪ ʨʘʙʦʪʘʪʴ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ɻʬʬʝʢʪʠʚʥʦʩʪʴʶ, ʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʱʠʡ ʂʇɼ ʙʫʜʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ, ʯʝʤ ʧʨʦʛʥʦʟʠʨʫʝʤʳʡ ʧʦ ʩʫʤʤʝ sʪ ɻʦʪʜʝʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʇʨʠʤʝʨʳ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʩʦʚʤʝʩʪʠʤʦʩʪʠ ʜʣ ̫ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ p- ʠ n-ʪʠʧʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 5.  

 

ʈʠʩ. 5. ɿʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʦʚʤʝʩʪʠʤʦʩʪʠ (sʪ)ɻ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ: 

ʩʦʝʜʠʥʝʥʠʷ ʩ ʧʨʦʚʦʜʠʤʦʩʪʴʶ p-ʪʠʧʘ (ʘ), ʩʦʝʜʠʥʝʥʠʷ ʩ ʧʨʦʚʦʜʠʤʦʩʪʴʶ n-ʪʠʧʘ (ʙ). 

 

ʀʟ ʨʠʩ. 5 ʤʦʞʥʦ ʚʠʜʝʪʴ, ʯʪʦ, ʥʘʧʨʠʤʝʨ, ʩʦʝʜʠʥʝʥʠʷ SnTe ʠ TAGS ʦʙʣʘʜʘʶʪ ʦʧʪʠʤʘʣʴʥʳʤ 

ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʩʦʚʤʝʩʪʠʤʦʩʪʠ ʧʨʠ ʊ = 873K, ʜʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʚ ʜʠʘʧʘʟʦʥʝ ʩʨʝʜʥʠʭ 

ʪʝʤʧʝʨʘʪʫʨ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ɻ ʪʠʭ ʜʚʫʭ ʩʦʝʜʠʥʝʥʠʡ ʠʤʝʶʪ ʥʘʠʙʦʣʴʰʫʶ ɻ ʬʬʝʢʪʠʚʥʦʩʪʴ, 
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ʯʪʦ ʙʳʣʦ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʚ ʥʝʢʦʪʦʨʳʭ ʢʦʩʤʠʯʝʩʢʠʭ ɻ ʢʩʧʝʜʠʮʠʷʭ NASA [26]. ɺʘʞʥʦ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʦʥʚʝʨʩʠʷ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʠʠ ʚ ʢʦʩʤʦʩʝ ʠ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʨʘʜʠʘʮʠʦʥʥʦʛʦ 

ʨʘʩʧʘʜʘ ʚ ʵʣʝʢʪʨʠʯʝʩʪʚʦ ʩ ʧʦʤʦʱʴʶ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʥʝ ʚʩʝʛʜʘ 

ʚʦʟʤʦʞʥʘ, ʪʘʢ ʢʘʢ ʧʦʜ ʚʣʠʷʥʠʝʤ ʨʘʜʠʘʮʠʠ, ʥʘʧʨʠʤʝʨ, ʢʨʝʤʥʠʝʚʳʝ ʙʘʪʘʨʝʠ ʜʝʛʨʘʜʠʨʫʶʪ. 

ɺʤʝʩʪʝ ʩ ʪʝʤ ʥʝʢʦʪʦʨʳʝ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʤʦʛʫʪ ʜʘʞʝ ʧʦʚʳʰʘʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʠʟ-ʟʘ ʫʚʝʣʠʯʝʥʠʷ ʨʘʜʠʘʮʠʦʥʥʦʡ ʜʝʬʝʢʪʥʦʩʪʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʤʘʪʝʨʠʘʣʦʚ ʩ ʥʘʠʙʦʣʴʰʠʤ ʧʘʨʘʤʝʪʨʦʤ ZT ʚ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʜʠʘʧʘʟʦʥʘʭ ʥʝʦʙʭʦʜʠʤʦ 

ʨʘʟʫʤʥʦ ʚʳʙʠʨʘʪʴ ʢʦʥʢʨʝʪʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʫʩʪʨʦʡʩʪʚʘ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʦʚʳʭ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʊʕ ʤʘʪʝʨʠʘʣʦʚ ʩʪʘʥʦʚʠʪʩʷ 

ʥʝʦʙʭʦʜʠʤʳʤ ʜʣʷ ʩʦʟʜʘʥʠʷ ʢʦʤʧʣʝʢʩʥʳʭ ʵʬʬʝʢʪʠʚʥʳʭ ʊʕ ʫʩʪʨʦʡʩʪʚ. 

 

1.2. ʉʦʚʨʝʤʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʩʦʟʜʘʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʦʙʣʘʩʪʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʪʚʘ ʚʝʜʝʪʩʷ ʘʢʪʠʚʥʳʡ ʧʦʠʩʢ ʥʦʚʳʭ  

ʠ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʫʞʝ ʠʟʚʝʩʪʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʚʳʟʚʘʥʥʝr 

ʧʦʩʣʝʜʥʠʤʠ ʪʝʭʥʠʯʝʩʢʠʤʠ ʜʦʩʪʠʞʝʥʠʷʤʠ ʠ ʥʘʜʝʞʜʦʡ, ʯʪʦ ʚ ʙʣʠʞʘʡʰʝʤ ʙʫʜʫʱʝʤ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ ʩʤʦʛʫʪ ʚʳʠʛʨʘʪʴ ʢʦʥʢʫʨʝʥʮʠʶ ʧʦ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʩʪʦʠʤʦʩʪʠ 

ʫ ʪʨʘʜʠʮʠʦʥʥʳʭ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʵʥʝʨʛʠʠ. ʇʦʩʢʦʣʴʢʫ ʚʝʣʠʯʠʥʘ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ ʦʙʳʯʥʦ ʨʝʟʢʦ ʩʥʠʞʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʪʦʢʘ, 

ʧʦʠʩʢ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʙʳʣ ʪʨʘʜʠʮʠʦʥʥʦ ʩʬʦʢʫʩʠʨʦʚʘʥ 

ʥʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʘʭ, ʠʤʝʶʱʠʭ ʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ S. ɼʘʣʴʥʝʡʰʝʝ 

ʫʚʝʣʠʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ZT ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʚʝʣʠʯʠʥʝ S ʚʦʟʤʦʞʥʦ ʠʣʠ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʧʦʜʚʠʞʥʦʩʪʠ ʥʦʩʠʪʝʣʝʡ ʪʦʢʘ (m), ʥʦ ʧʨʠ ʵʪʦʤ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʝʨʝʥʦʩ ʪʝʧʣʘ ʧʦʪʦʢʦʤ ʟʘʨʷʜʦʚ, 

ʠʣʠ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʨʝʰʝʪʦʯʥʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ (kʨʝ)h. ʂ ʩʦʞʘʣʝʥʠʶ, ʧʦʩʣʝ ʧʦʩʪʨʦʝʥʠʷ 

ʦʩʥʦʚ ʪʝʦʨʠʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʪʚʘ [34] ʠ ʧʦʩʣʝʜʦʚʘʚʰʝʛʦ ʟʘ ʵʪʠʤ ʙʫʨʥʦʛʦ ʧʨʦʛʨʝʩʩʘ  

ʚ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ʚ ʢʦʥʮʝ 50-ʭ ʛʦʜʦʚ ʧʨʦʰʣʦʛʦ ʩʪʦʣʝʪʠʷ, 

ʜʘʣʴʥʝʡʰʠʝ ʧʦʠʩʢʠ ʵʬʬʝʢʪʠʚʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 

ʧʦʟʚʦʣʠʣʠ ʫʚʝʣʠʯʠʪʴ ZT ʣʠʰʴ ʥʘ ~ 50% ʟʘ ʧʦʩʣʝʜʫʶʱʠʝ 50 ʣʝʪ [35]. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ, ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʪʝʭʥʠʯʝʩʢʦʡ ʧʨʘʢʪʠʢʝ, ʦʙʣʘʜʘʶʪ 

ʧʘʨʘʤʝʪʨʦʤ ZT ~ 1, ʠ ʝʛʦ ʥʝʦʙʭʦʜʠʤʦ ʫʚʝʣʠʯʠʪʴ ʝʱʝ ʚ 2ï3 ʨʘʟʘ (ʜʦ ZT = 2ï3) ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ ʩʨʘʚʥʷʣʘʩʴ ʩ ʪʘʢʦʚʦʡ ʜʣ ̫ʪʨʘʜʠʮʠʦʥʥʳʭ 

ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. ʆʙʳʯʥʦ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʧʫʪʝʡ ʢ ʧʦʣʫʯʝʥʠʶ ʚʳʩʦʢʠʭ 

ʟʥʘʯʝʥʠʡ ZT ̫ ʚʣʷʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʨʝʰʝʪʦʯʥʦʛʦ ʚʢʣʘʜʘ ʚ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ [36]. ʕʪʦʛʦ 

ʜʦʙʠʚʘʣʠʩʴ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʫʪʝʤ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʨʦʩʪʘ ʩʚʝʨʭʨʝʰʝʪʦʢ, ʢʦʪʦʨʳʝ ʩʠʣʴʥʦ 

ʨʘʩʩʝʠʚʘʣʠ ʬʦʥʦʥʳ, ʩʦʭʨʘʥʷʷ ʚʳʩʦʢʦʝ ʟʥʘʯʝʥʠʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ. ʈʝʢʦʨʜʥʳʝ ʟʥʘʯʝʥʠʷ  



 

19 

 

ZT = 2.4 ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠʤʝʥʥʦ ʪʘʢʠʤ ʧʫʪʝʤ ʥʘ ʩʚʝʨʭʨʝʰʝʪʢʝ Bi2Te3ïSb2Te3. ʆʜʥʘʢʦ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʧʦʜʦʙʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ʥʝʦʙʳʯʘʡʥʦ ʜʦʨʦʛʠ. ʇʦʜʦʙʥʦʛʦ ʵʬʬʝʢʪʘ ʩʝʣʝʢʪʠʚʥʦʛʦ 

ʧʦʜʘʚʣʝʥʠʷ ʬʦʥʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʫʜʘʚʘʣʦʩʴ ʜʦʙʠʪʴʩʷ ʪʘʢʞʝ ʩʧʝʮʠʘʣʴʥʳʤ ʩʪʨʫʢʪʫʨʥʳʤ 

ʜʠʟʘʡʥʦʤ ʥʝʢʦʪʦʨʳʭ ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʢʘʢ ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʜʣʷ 

ʩʢʫʪʪʝʨʫʜʠʪʦʚ ʠʣʠ ʩʦʝʜʠʥʝʥʠʷ AgPb18SbTe20 [37]. ɸʣʴʪʝʨʥʘʪʠʚʥʳʡ ʧʦʜʭʦʜ ʢ ʜʠʟʘʡʥʫ 

ʵʬʬʝʢʪʠʚʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚʦʟʥʠʢ ʧʦʩʣʝ ʦʪʢʨʳʪʠʷ ʥʝʦʞʠʜʘʥʥʦ ʙʦʣʴʰʠʭ 

ʟʥʘʯʝʥʠʡ ʪʝʨʤʦʕɼʉ (S ~ 100 ʤʢɺ/K) ʚ ʢʦʙʘʣʴʪʘʪʝ ʥʘʪʨʠʷ NaxCo2O4 [38,39], ʢʦʪʦʨʳʡ  

ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʭʘʨʘʢʪʝʨʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʠʤʝʝʪ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʪʠʧ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʥʘ ʧʦʨʷʜʢʠ ʧʨʝʚʳʰʘʶʱʝʡ ʪʘʢʦʚʳʝ  

ʚ ʪʨʘʜʠʮʠʦʥʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʘʭ. ɺʩʢʦʨʝ ʧʦʩʣʝ NaxCo2O4 

ʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ʪʝʨʤʦʕɼʉ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʚ ʜʨʫʛʠʭ ʦʢʩʠʜʘʭ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ  

ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʪʠʧʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʪʘʢʠʭ ʢʘʢ ʥʝʩʦʨʘʟʤʝʨʥʳʝ ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ 

ʢʦʙʘʣʴʪʘʪʦʚ Ca2Co2O5 ʠ Ca3Co4O9, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʭ ʟʥʘʯʝʥʠʷ S = 137 ʤʢɺ/K ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʩʚʳʰʝ 200 ʤʢɺ/K ʧʨʠ T = 973K [40], ʘ ʪʘʢʞʝ ʚ ʪʠʪʘʥʘʪʘʭ Sr1-xLaxTiO3 ʩ  

S > 300 ʤʢɺ/K [41,42] ʠ ʭʘʣʴʢʦʛʝʥʠʜʘʭ Mo1īxNbxTe2 [43]. ʅʝʦʞʠʜʘʥʥʦ ʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ 

ʪʝʨʤʦʕɼʉ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʪʠʧʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʙʳʣʠ ʦʙʲʷʩʥʝʥʳ ɺ. ʂʦʰʠʙʘʠ 

ʩ ʩʦʘʚʪʦʨʘʤʠ [44], ʧʨʝʜʧʦʣʦʞʠʚʰʠʤʠ, ʯʪʦ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʜʣʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʧʨʠʤʝʥʝʥʠʡ ʤʘʪʝʨʠʘʣʳ ʜʦʣʞʥʳ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʦʧʨʝʜʝʣʝʥʥʳʤ ʫʩʣʦʚʠʷʤ ʧʦ ʚʳʨʦʞʜʝʥʥʦʩʪʠ 

ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʧʨʦʚʦʜʠʤʦʩʪʠ.  ɽʩʣʠ ʵʪʠ ʫʩʣʦʚʠʷ ʚʳʧʦʣʥʷʶʪʩʷ, 

ʩʦʝʜʠʥʝʥʠʝ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʪʠʧʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʤʦʞʝʪ ʠʤʝʪʴ ʦʜʥʦʚʨʝʤʝʥʥʦ ʠ ʙʦʣʴʰʦʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ɿʝʝʙʝʢʘ ʠ ʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ (s), ʦʙʝʩʧʝʯʠʚʘʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ 

ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ZT. ʋʩʧʝʰʥʦʩʪʴ ʧʨʝʜʣʦʞʝʥʥʦʡ  

ɺ. ʂʦʰʠʙʘʠ ʩ ʢʦʣʣʝʛʘʤʠ ʩʪʨʘʪʝʛʠʠ ʙʳʣʘ ʥʝʜʘʚʥʦ ʙʣʝʩʪʷʱʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʦʪʢʨʳʪʠʝʤ 

ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ ʪʝʨʤʦʕɼʉ, ʧʨʝʚʳʰʘʶʱʠʭ 300 ʤʢɺ/K, ʚ ʦʙʨʘʟʮʘʭ ʩʣʦʠʩʪʦʛʦ ʩʝʣʝʥʠʜʘ ʦʣʦʚʘ 

SnSe, ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʥʘʪʨʠʝʤ [45]. ɹʣʘʛʦʜʘʨʷ ʩʚʦʝʡ ʦʯʝʥʴ ʥʠʟʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ  

ʠ ʜʦʩʪʘʪʦʯʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ, ʜʦʧʠʨʦʚʘʥʥʳʡ ʥʘʪʨʠʝʤ SnSe (pïʪʠʧ ʧʨʦʚʦʜʠʤʦʩʪʠ)  

ʩʧʦʩʦʙʝʥ ʦʙʝʩʧʝʯʠʪʴ ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ ʬʘʢʪʦʨʘ ʤʦʱʥʦʩʪʠ (S
2
/ɟ) ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚʳʩʦʢʠʝ 

ʟʥʘʯʝʥʠʷ ZT, ʧʨʝʚʳʰʘʶʱʠʝ ʚʝʣʠʯʠʥʫ 2. ɺʤʝʩʪʝ ʩ ʪʝʤ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʥʷʪʴ ʚʦ ʚʥʠʤʘʥʠʝ 

ʜʦʚʦʣʴʥʦ ʥʠʟʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʠʷ ʤʦʥʦʩʝʣʝʥʠʜʘ ʦʣʦʚʘ (ʊʧʣ = 1133ï1153K) [46]. ɽʩʣʠ 

ʫʯʝʩʪʴ ʵʬʬʝʢʪʳ ʨʘʟʨʳʭʣʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʠ ʧʦʚʳʰʝʥʠʷ ʜʠʬʬʫʟʠʠ ʩ ʠʩʧʘʨʝʥʠʝʤ ʣʝʛʢʦʣʝʪʫʯʠʭ 

ʵʣʝʤʝʥʪʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʊʘʤʤʘʥʘ (Tʊʘʤʤʘʥʘ º 0.5ȚTʧʣ), ʪʦ ʩʦʝʜʠʥʝʥʠʝ SnSe ʠʤʝʝʪ 

ʧʨʘʢʪʠʯʝʩʢʠʡ ʧʨʝʜʝʣ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʧʨʠʙʦʨʦʩʪʨʦʝʥʠʠ ʦʢʦʣʦ 673K. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʫʯʝʪʦʤ 

ʵʬʬʝʢʪʦʚ ʧʨʝʜʧʣʘʚʣʝʥʠʷ ɻ ʪʦʪ ʤʘʪʝʨʠʘʣ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ ʵʬʬʝʢʪʠʚʥʳʤ ʪʝʨʤʦʵʣʝʢʪʨʠʢʘʤ 

ʩʨʝʜʥʝʡ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ. ɺ ʵʪʦʤ ʦʪʥʦʰʝʥʠʠ, ʥʘʧʨʠʤʝʨ, ʩʫʣʴʬʠʜʳ ʈɿʕ ʠʤʝʶʪ ʷʚʥʦʝ 

ʧʨʝʠʤʫʱʝʩʪʚʦ ʜʣʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʦʙʣʘʩʪʝʡ ʜʦ 1273K.  ʀʟʚʝʩʪʝʥ ʪʝʨʤʦʵʣʝʢʪʨʠʢ ʥʘ 
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ʦʩʥʦʚʝ ʤʦʥʦʩʫʣʴʬʠʜʘ SmS, ʢʦʪʦʨʳʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʢʘʢ ʵʬʬʝʢʪʠʚʥʳʡ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʪʝʨʤʦʵʣʝʢʪʨʠʢ. ʀʩʩʣʝʜʦʚʘʥʠʝʤ ʵʪʦʛʦ ʤʘʪʝʨʠʘʣʘ ʫʩʧʝʰʥʦ ʟʘʥʠʤʘʶʪʩʷ ʚ 

ʌʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʦʤ ʠʥʩʪʠʪʫʪʝ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ) [25]. ʇʦʢʘ ʩʣʦʞʥʦ 

ʦʜʥʦʟʥʘʯʥʦ ʫʪʚʝʨʞʜʘʪʴ, ʢʘʢʦʡ ʠʟ ʧʦʜʭʦʜʦʚ ʦʢʘʞʝʪʩʷ ʙʦʣʝʝ ʫʩʧʝʰʥʳʤ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʵʬʬʝʢʪʠʚʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ: ʧʦʧʳʪʢʠ ʫʤʝʥʴʰʠʪʴ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ 

ʤʘʪʝʨʠʘʣʦʚ ʠʣʠ ʫʩʠʣʠʷ ʧʦ ʫʚʝʣʠʯʝʥʠʶ ʠʭ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ. ʇʦ-ʚʠʜʠʤʦʤʫ, ʥʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʤ ʙʳʣʦ ʙʳ ʦʙʲʝʜʠʥʝʥʠʝ ʦʙʦʠʭ ʧʦʜʭʦʜʦʚ, ʢʘʢ ʵʪʦ ʙʳʣʦ ʩʜʝʣʘʥʦ, ʥʘʧʨʠʤʝʨ,  

ʜʣʷ ʦʙʨʘʟʮʦʚ PbS, ʜʦʧʠʨʦʚʘʥʥʳʭ ʥʘʪʨʠʝʤ ʠ ʚʚʝʜʝʥʠʝʤ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʚʢʣʶʯʝʥʠʡ SrS  

ʠ CaS [47]. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʜʠʟʘʡʥʘ, ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʧʦʜʭʦʜʦʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ 

ʩʠʥʪʝʟ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʣʦʠʩʪʳʤʠ ʩʚʝʨʭʩʪʨʫʢʪʫʨʘʤʠ, ʛʜʝ ʯʘʩʪʴ ʩʣʦʝʚ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ, ʘ ʜʨʫʛʘʷ ʫʚʝʣʠʯʠʚʘʝʪ ʨʘʩʩʝʷʥʠʝ ʬʦʥʦʥʦʚ, ʫʤʝʥʴʰʘʷ ʩʫʤʤʘʨʥʫʶ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ, ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʩʦʝʜʠʥʝʥʠʷʭ (SnS)x(TiS2)y [48ï50].  

ʈʘʟʚʝʨʥʫʚʰʠʡʩʷ ʧʦʠʩʢ ɻ ʬʬʝʢʪʠʚʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʫʞʝ ʜʦʩʪʠʛʥʫʪʳʝ 

ʟʥʘʯʝʥʠʷ ZT ~ 2 ʜʣʷ ʩʨʝʜʥʝʪʝʤʧʝʨʘʪʫʨʥʳʭ ʦʙʣʘʩʪʝʡ ʠʭ ʵʢʩʧʣʫʘʪʘʮʠʠ ʥʝ ʦʩʪʘʚʣʷʶʪ ʩʦʤʥʝʥʠʡ  

ʚ ʪʦʤ, ʯʪʦ ʫʞʝ ʚ ʙʣʠʞʘʡʰʝʝ ʚʨʝʤʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ ʙʫʜʫʪ ʜʦʚʝʜʝʥʳ ʜʦ ʫʨʦʚʥʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ, ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʛʦ ʩ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʤʠ ʫʩʪʨʦʡʩʪʚʘʤʠ, ʯʪʦ ʧʦʟʚʦʣʠʪ 

ʨʘʩʰʠʨʠʪʴ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʦʙʣʘʩʪʷʭ, ʩʚʷʟʘʥʥʳʭ ʩ ʵʥʝʨʛʝʪʠʢʦʡ.  

ʅʝʩʤʦʪʨʷ ʥʘ ʥʘʤʝʪʠʚʰʠʡʩʷ ʧʨʦʛʨʝʩʩ ʚ ʧʦʚʳʰʝʥʠʠ ʜʦʙʨʦʪʥʦʩʪʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʠʟʚʝʩʪʥʳʡ ʥʘ ʩʝʛʦʜʥʷ ʨʷʜ ʪʝʨʤʦʵʣʝʢʪʨʠʢʦʚ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝ ʧʨʠʝʤʣʝʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 923K ʠʟ-ʟʘ ʦʛʨʘʥʠʯʝʥʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ  

ʠ ʚ ʦʩʥʦʚʥʦʤ ʦʛʨʘʥʠʯʝʥ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʤʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ 

(n-ʪʠʧʘ, ʩʤ. ʨʠʩ. 1, 2). ʆʜʥʘʢʦ ʚ ʨʝʘʣʴʥʦʤ ʧʨʠʙʦʨʦʩʪʨʦʝʥʠʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ 

ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʠʟ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʵʣʝʤʝʥʪʦʚ p- ʠ n-ʪʠʧʘ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʩʧʣʘʚʳ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ n-ʪʠʧʘ ʥʘ ʦʩʥʦʚʝ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʢʨʝʤʥʠʡ-ʛʝʨʤʘʥʠʷ 

ʷʚʣʷʶʪʩʷ ʬʘʢʪʠʯʝʩʢʠ ʙʝʟʘʣʴʪʝʨʥʘʪʠʚʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ. ʉ ʜʨʫʛʦʡ 

ʩʪʦʨʦʥʳ, ʦʥʠ ʪʨʝʙʫʶʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʪʨʘʪʝʛʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ï ʢʨʝʤʥʠʷ 

ʠ ʛʝʨʤʘʥʠʷ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʥʝʦʙʭʦʜʠʤʦ ʚʝʩʪʠ ʧʦʠʩʢ ʥʦʚʳʭ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʧʦʚʳʰʝʥʥʦʡ ʚʝʣʠʯʠʥʦʡ ʜʦʙʨʦʪʥʦʩʪʠ. ʉʫʣʴʬʠʜʳ ʈɿʕ  

ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ Th3P4, ʘ ʪʘʢʞʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʥʘ ʠʭ ʦʩʥʦʚʝ ʧʦ ʪʝʨʤʦʩʪʦʡʢʦʩʪʠ ̫ ʚʣʷʶʪʩʷ 

ʢʦʥʢʫʨʝʥʪʘʤʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ SixGe1-x. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [51]  ʧʦʢʘʟʘʥʦ,  

ʯʪʦ ʪʝʨʤʦʭʠʤʠʯʝʩʢʘʷ ʩʪʦʡʢʦʩʪʴ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʧʨʦʩʪʠʨʘʝʪʩʷ ʜʦ ʪʝʤʧʝʨʘʪʫʨ 

1873K ʚ ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʝ. ʕʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʦʙʥʘʜʝʞʠʚʘʶʱʠʝ ʧʝʨʩʧʝʢʪʠʚʳ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʧʦʚʳʰʝʥʠʷ ʂʇɼ ʪʝʧʣʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʩʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʶ (2).   

ʅʘʠʙʦʣʝʝ ʙʣʠʟʢʠʡ ʧʦʜʭʦʜ ʢ ʨʘʟʚʠʪʠʶ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʚʟʘʠʤʦʩʚʷʟʠ 

ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʠ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ  
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ʩ ʵʣʝʢʪʨʦʥʥʳʤʠ ʠ ʩʪʨʫʢʪʫʨʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʤʝʪʘʣʣʦʚ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʠ ʜʠʵʣʝʢʪʨʠʢʦʚ 

ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʨʘʙʦʪʘʭ [52,53]. ʆʜʥʘʢʦ ʘʚʪʦʨ ʦʩʪʘʥʦʚʠʣʩʷ ʥʘ ʘʥʘʣʠʟʝ ʚʟʘʠʤʦʩʚʷʟʝʡ 

ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʠʩʩʣʝʜʫʝʤʳʭ ʩʧʣʘʚʦʚ ʠ ʩʦʝʜʠʥʝʥʠʡ,  

ʘ ʪʘʢʞʝ ʠʭ ʚʣʠʷʥʠʷ ʥʘ ʚʝʣʠʯʠʥʳ ZT. ʈʦʣʴ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʦʚ ʥʝ ʙʳʣʘ ʨʘʩʩʤʦʪʨʝʥʘ.  

ɺ ʨʘʙʦʪʝ ʧʦʜʨʦʙʥʦ ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʟʤʦʞʥʦʩʪʠ ʠ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʈɿʕ, ʦʜʥʘʢʦ ʚ ʵʪʦʤ ʩʣʫʯʘʝ  

ʠʟ ʧʦʢʘʟʘʪʝʣʝʡ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʦʚ ʙʳʣʘ ʧʨʠʚʣʝʯʝʥʘ ʢ ʨʘʩʩʤʦʪʨʝʥʠʶ ʪʦʣʴʢʦ 

ʩʪʝʭʠʦʤʝʪʨʠʷ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ ʩʦʩʪʘʚʦʚ Ln3-x[VLn,x]S4e
-
1-3x, ʛʜʝ [VLn] 

ʢʘʪʠʦʥʥʘʷ ʚʘʢʘʥʩʠʷ (ʜʘʣʝʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʨʘʪʢʘʷ ʟʘʧʠʩʴ Ln3-xS4 ʠʣʠ LnS1.5-y). 

ɺ ʦʙʟʦʨʝ 2016 ʛ. ʠʟʫʯʝʥʦ ʩʦʩʪʦʷʥʠʝ ʠ ʧʝʨʩʧʝʢʪʠʚʳ ʨʘʟʚʠʪʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ [2], ʛʜʝ ʦʙʦʟʥʘʯʝʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʟʫʯʝʥʠ ̫ʚʣʠʷʥʠʷ ʛʨʘʥʠʮ ʢʨʠʩʪʘʣʣʠʪʦʚ  

ʠ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ ʥʘ ʧʦʜʚʠʞʥʦʩʪʴ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. ɼʨʫʛʠʝ ʧʦʢʘʟʘʪʝʣʠ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʤʘʪʝʨʠʘʣʦʚ ʥʝ ʙʳʣʠ ʧʨʠʥʷʪʳ ʚʦ ʚʥʠʤʘʥʠʝ. ɺ ʨʘʙʦʪʝ [8] ʫʧʦʤʠʥʘʶʪʩʷ ʪʝʣʣʫʨʠʜʳ ʈɿʕ  

ʩ ʨʝʰʝʪʢʦʡ Th3P4 (ʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʦʛ g-Gd3-xS4 ʠ g-Dy3-xS4) ʠ ʠʭ ʤʘʣʘʷ ʨʝʰʝʪʦʯʥʘʷ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʨʘʩʩʝʷʥʠʝʤ ʬʦʥʦʥʦʚ ʥʘ ʚʘʢʘʥʩʠʦʥʥʦʡ ʧʦʜʨʝʰʝʪʢʝ. ɺ ʨʷʜʝ 

ʨʘʙʦʪ [14,21,54,55] ʠʩʩʣʝʜʦʚʘʥʳ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʫʣʴʬʠʜʦʚ Gd, Dy, ʘ ʪʘʢʞʝ 

ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʘʚʦʚ ʚ ʜʠʘʧʘʟʦʥʘʭ ʩʨʝʜʥʠʭ  ʪʝʤʧʝʨʘʪʫʨ. 

ʈʘʙʦʪʳ ʦʯʝʥʴ ʠʥʬʦʨʤʘʪʠʚʥʳ, ʥʦ ʚ ʥʠʭ ʥʝ ʠʟʫʯʝʥʘ ʜʝʪʘʣʴʥʦ ʦʙʣʘʩʪʴ ʧʦʚʳʰʝʥʥʳʭ ʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨ ʠ ʥʝ ʫʜʝʣʝʥʦ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʶ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʦʚ  

ʠ ʝʝ ʚʣʠʷʥʠʶ ʥʘ ʚʝʣʠʯʠʥʳ S, ů, kʦʙ.ɦ 

ʇʦʢʘʟʘʪʝʣʴʥʘ ʩʚʝʞʘʷ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʨʘʙʦʪʘ [56], ʥʘʧʨʘʚʣʝʥʥʘʷ ʥʘ ʦʧʪʠʤʠʟʘʮʠʶ ʧʘʨʥʳʭ 

ʧʝʨʝʤʝʥʥʳʭ S, ů, kʦʙ,ɦ ʯʪʦ ʜʦʣʞʥʦ ʜʘʪʴ, ʧʦ ʤʥʝʥʠʶ ʘʚʪʦʨʦʚ, ʧʦʥʠʤʘʥʠʝ ʥʘʧʨʘʚʣʝʥʠʷ  

ʠʭ ʚʘʨʠʘʮʠʠ ʩ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ZT. ʆʜʥʘʢʦ ʥʝʪ ʫʢʘʟʘʥʠʡ  

ʥʘ ʪʦ, ʢʘʢ ʵʪʦ ʩʚʷʟʘʪʴ ʩ ʢʦʥʪʨʦʣʠʨʫʝʤʳʤ ʠʟʤʝʥʝʥʠʝʤ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʦʚ. 

ɺ ʢʘʯʝʩʪʚʝ ʘʣʴʪʝʨʥʘʪʠʚʥʦʛʦ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ ʨʘʩʩʤʦʪʨʝʪʴ ʧʝʨʩʧʝʢʪʠʚʳ 

ʜʦʩʪʠʞʝʥʠʷ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʚʝʣʠʯʠʥ ZT ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ 

ʢʫʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ g-Gd3-xS4. ɼʣʷ ʵʪʦʛʦ ʧʨʦʚʝʜʝʤ ʩʨʘʚʥʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʚʳʰʝʥʠʷ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ʫʢʘʟʘʥʥʦʛʦ ʩʫʣʴʬʠʜʘ Gd ʠ ʠʟʚʝʩʪʥʦʛʦ ʪʝʨʤʦʵʣʝʢʪʨʠʢʘ ʥʘ 

ʦʩʥʦʚʝ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ SixGe1-x. ʇʨʝʜʩʪʘʚʣʝʥʥʦʝ ʫʨʘʚʥʝʥʠʝ (1) ʥʝ ʦʪʨʘʞʘʝʪ ʚʟʘʠʤʦʩʚʷʟʠ ZT  

ʩ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʤʘʪʝʨʠʘʣʘ, ʢʦʪʦʨʘʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʦʧʨʝʜʝʣʷʝʪ ʪʘʢʠʝ ʚʘʞʥʳʝ 

ʬʠʟʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨ,r ʢʘʢ ʢʦʥʮʝʥʪʨʘʮʠʷ (n), ʵʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ (m
*
) ʠ ʧʦʜʚʠʞʥʦʩʪʴ (ɛ) 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʘ ʪʘʢʞʝ ʜʣʠʥʘ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʥʦʥʦʚ (lʬ).  ʆʯʝʚʠʜʥʦ, ʯʪʦ ʵʪʠ 

ʧʘʨʘʤʝʪʨʳ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʚʷʟʘʥʳ ʩ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ, ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ ʵʣʝʢʪʨʦʥʥʦʡ 

ʩʪʨʫʢʪʫʨʘʤʠ, ʘ ʪʘʢʞʝ ʩ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʤʘʪʝʨʠʘʣʘ (ʪʦʯʝʯʥʳʝ ʜʝʬʝʢʪʳ, ʜʠʩʣʦʢʘʮʠʠ, 

ʛʨʘʥʠʮʳ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʜʨʫʛʠʝ ʪʠʧʳ ʥʝʩʦʚʝʨʰʝʥʩʪʚ). 
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ʊʘʢʫʶ ʚʟʘʠʤʦʩʚʷʟʴ ʦʪʨʘʞʘʝʪ ʫʨʘʚʥʝʥʠʝ (4), ʩʚʷʟʳʚʘʶʱʝʝ ZT ʩ ʦʩʥʦʚʥʳʤʠ ʬʠʟʠʯʝʩʢʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, 

                           ὤὝ  
̏̂̚

ᶻ
m

̕”̎
 
  ᶻ    

̕”̎
Ⱦ
 ,                      (4)  

ʛʜʝ m
*
 ï ɻ ʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ, n ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʦʩʠʪʝʣʝʡ ʠ Õ - ʧʦʜʚʠʞʥʦʩʪʴ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ;  

e ï ʟʘʨʷʜ ʵʣʝʢʪʨʦʥʘ; ʉp ï ʪʝʧʣʦʝʤʢʦʩʪʴ; kʦʙ ɦï ʦʙʱʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ (ʜʣʷ ʦʮʝʥʦʯʥʳʭ ʨʘʩʯʝʪʦʚ 

ʧʨʠʥʷʪʘ ʨʘʚʥʦʡ ʨʝʰʝʪʦʯʥʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ); Vs ï ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ; lʬ ï ʜʣʠʥʘ ʩʚʦʙʦʜʥʦʛʦ 

ʧʨʦʙʝʛʘ ʬʦʥʦʥʦʚ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʤʘʪʝʨʠʘʣʝ; ɟʢʝʨ ï ʧʣʦʪʥʦʩʪʴ ʢʝʨʘʤʠʢʠ; T ï ʪʝʤʧʝʨʘʪʫʨʘ;  

B ï ʬʠʟʠʯʝʩʢʘʷ ʢʦʥʩʪʘʥʪʘ, ʨʘʚʥʘʷ (
Ⱦ

Ѝ

İ
. 

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʧʨʝʜʩʪʘʚʣʝʥʥʦʤ ʚʠʜʝ ʫʨʘʚʥʝʥʠʝ (4) ʧʨʠʤʝʥʠʤʦ ʜʣʷ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɼʣʷ ʩʦʝʜʠʥʝʥʠʡ ʩ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʢʦʥʮʝʥʪʨʘʮʠʷ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ, ʯʪʦ ʩʢʘʞʝʪʩʷ ʥʘ ʫʤʝʥʴʰʝʥʠʠ ʧʘʨʘʤʝʪʨʘ S ʧʦ ʩʨʘʚʥʝʥʠʶ  

ʩ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ. ɺʳʙʦʨ ʩʦʝʜʠʥʝʥʠʷ g-Gd3-xS4 ʜʣʷ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ 

ʙʫʜʝʪ ʦʙʦʩʥʦʚʘʥ ʥʠʞʝ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʨʘʟʜʝʣʝ. ɿʜʝʩʴ ʞʝ ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ 

ʤʘʪʝʨʠʘʣʦʚ ʩ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʠʣʠ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʪʠʧʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ 

(ʚʳʨʦʞʜʝʥʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʩʦʝʜʠʥʝʥʠʝ g-Gd3-xS4) ʫʨʘʚʥʝʥʠʝ (4) ʙʫʜʫʪ ʠʤʝʪʴ 

ʥʝʩʢʦʣʴʢʦ ʠʥʫʶ ʬʦʨʤʫ. ɺ ʦʮʝʥʦʯʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʤʳ ʪʝʤ ʥʝ ʤʝʥʝʝ ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʙʦʣʝʝ 

ʧʨʦʩʪʳʤ ʫʨʘʚʥʝʥʠʝʤ (4).    

ʇʨʦʚʝʜʝʤ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʠʟʤʝʥʝʥʠʷ ZT [57,58], ʬʠʢʩʠʨʫʷ ʚʩʝ ʧʘʨʘʤʝʪʨʳ  

ʚ ʧʦʣʫʯʝʥʥʦʤ ʫʨʘʚʥʝʥʠʠ ʠ ʚʘʨʴʠʨʫʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʦʜʠʥ ʠʟ ʥʠʭ, Vs ʧʨʠʥʷʪʘ ʧʦʩʪʦʷʥʥʦʡ.  

ʀʟ ʣʠʪʝʨʘʪʫʨ rʚʳʙʨʘʥ rʩʨʝʜʥʠʝ ʠʟ ʠʟʚʝʩʪʥʳʭ ɻ ʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʚʝʣʠʯʠʥ rZT ʜʣʷ 

ʩʠʩʪʝʤ SinGe1-n ʠ g-Gd3-xS4 ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʟʥʘʯʝʥʠʷ n, m, m*, lʬ, ʉp ʠ Vs ʧʨʠ ʊ = 300K. 

ʂʦʥʩʪʘʥʪ rɺ ʠ Vs ʚ ʧʝʨʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʧʨʠʥʠʤʘʝʤ ʨʘʚʥʳʤʠ ʜʣʷ ʦʙʦʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʜʣʷ 

ʫʧʨʦʱʝʥʠʷ ʨʘʩʯʝʪʦʚ ʨʘʚʥʳʤʠ 1. ɼʘʣʝʝ ʧʨʦʚʝʜʝʤ ʘʥʘʣʠʟ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʚʝʣʠʯʠʥʳ 

ʜʦʙʨʦʪʥʦʩʪʠ ὤὝ̒̑ᶻ = ZTʩʨ.  

ɺʘʨʴʠʨʫʷ ʚʝʣʠʯʠʥʳ n, m, m*, lʬ ʠ ʉp ʚ ʨʘʟʫʤʥʳʭ ʧʨʝʜʝʣʘʭ ° 20% ʚ ʦʙʝ ʩʪʦʨʦʥʳ ʦʪ ʩʨʝʜʥʝʛʦ 

ʟʥʘʯʝʥʠʷ ʜʣʷ ʚʝʣʠʯʠʥ m, m* ʠ ʉp, ʠ ʥʘ ʧʦʨʷʜʦʢ ʚʝʣʠʯʠʥʳ ʜʣʷ n ʠ lʬ ʧʦʣʫʯʘʝʤ ʧʦ 4 ʪʦʯʢʠ ʜʣʷ 

ʢʘʞʜʦʡ ʟʘʚʠʩʠʤʦʩʪʠ. ʇʦʣʠʥʦʤʠʘʣʴʥʳʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʪʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʨʝʜʩʪʘʚʣʝʥʳ  

ʥʘ ʨʠʩ. 6. ɼʣʷ ʦʙʦʠʭ ʤʘʪʝʨʠʘʣʦʚ ʤʘʩʰʪʘʙʥʳʝ ʝʜʠʥʠʮʳ ʧʘʨʘʤʝʪʨʦʚ m, m*, lʬ, ʉp ʧʦ ʦʩʠ ʘʙʩʮʠʩʩ 

(ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ n) ʩʞʘʪʳ ʠʣʠ ʨʘʩʪʷʥʫʪʳ ʜʣʷ ʣʫʯʰʝʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʨʠʩʫʥʢʦʚ. ʆʜʥʘʢʦ ʵʪʦ  

ʥʝ ʚʣʠʷʝʪ ʥʘ ʚʦʩʧʨʠʷʪʠʝ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ ZT* ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʦʙʦʠʭ 

ʤʘʪʝʨʠʘʣʦʚ. ʂʘʢ ʚʠʜʥʦ, ʦʩʥʦʚʥʳʤʠ ʟʥʘʯʘʱʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʧʦʚʳʰʝʥʠʷ ʜʦʙʨʦʪʥʦʩʪʠ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ ʷʚʣʷʶʪʩʷ n ʠ lʬ. ɽʩʣʠ n ʫʚʝʣʠʯʠʪʴ ʥʘ ʧʦʨʷʜʦʢ ʦʪ ʩʨʝʜʥʝʡ 
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ʚʝʣʠʯʠʥʳ, ʠʟʤʝʥʝʥʠ ̫ZT* ʜʦʩʪʠʛʥʫʪ ʧʨʠʤʝʨʥʦ ʦʜʥʦʛʦ ʟʥʘʯʝʥʠʷ ʜʣʷ ʦʙʦʠʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʋʤʝʥʴʰʝʥʠʝ ʞʝ ʧʘʨʘʤʝʪʨʘ lʬ ʦʪ ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ (ʪʦʯʢʘ ʧʝʨʝʩʝʯʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʝʡ)  

ʜʦ ʚʝʣʠʯʠʥʳ 7Ŀ10
-9
 ʤ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝ ʫʚʝʣʠʯʠʪ ʧʘʨʘʤʝʪʨ ZT* ʜʣʷ g-Gd3-xS4. 

ɽʩʣʠ ʧʨʠʥʷʪʴ ʚʦ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ n ʥʘ ʧʦʨʷʜʦʢ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʪ ʢʦʵʬʬʠʮʠʝʥʪ 

ɿʝʝʙʝʢʘ S, ʪʦ ʦʩʥʦʚʥʳʤ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʚʘʨʠʘʥʪʦʤ ʧʦʚʳʰʝʥʠʷ ZT ̫ ʚʣʷʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʚʝʣʠʯʠʥ lʬ, ʉp ʠ Vs. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʥʘʯʝʥʠʷ 

ZT*, ʧʦʣʫʯʝʥʥʳʝ ʧʦʜʦʙʥʳʤ ʦʙʨʘʟʦʤ, ʥʝ ʷʚʣʷʶʪʩʷ ʨʝʘʣʴʥʳʤʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʤʠ ʚʝʣʠʯʠʥʘʤʠ, 

ʪʘʢ ʢʘʢ ʘʣʛʦʨʠʪʤ ʨʘʩʯʝʪʘ ʦʩʥʦʚʘʥ ʥʘ ʚʘʨʠʘʮʠʠ ʣʠʰʴ ʦʜʥʦʛʦ ʠʟ ʬʫʥʢʮʠʦʥʘʣʴʥʦ ʩʚʷʟʘʥʥʳʭ 

ʘʨʛʫʤʝʥʪʦʚ n, m, m*, lʬ, ʉp. ʆʩʥʦʚʥʦʡ ʩʤʳʩʣ ʵʪʦʛʦ ʘʥʘʣʠʟʘ ʝʩʪʴ ʦʪʨʘʞʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʳʭ 

ʠʟʤʝʥʝʥʠʡ ZT*.    

 

ʈʠʩ. 6. ʌʫʥʢʮʠʦʥʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ZT* ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ (n), 

ʵʬʬʝʢʪʠʚʥʦʡ ʤʘʩʩʳ (m
*
) ʠ ʧʦʜʚʠʞʥʦʩʪʠ (ɛ) ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʜʣʠʥʳ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʥʦʥʦʚ (lʬ)  

ʠ ʪʝʧʣʦʝʤʢʦʩʪʠ (Cp) ʜʣʷ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ SixGe1-x ʠ ʩʫʣʴʬʠʜʘ g-Gd3-xS4. 

 

ʅʝʟʥʘʯʠʪʝʣʴʥʳʝ ʫʤʝʥʴʰʝʥʠʷ lʬ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʚʳʟʚʘʥʳ ʤʘʣʳʤʠ ʚʘʨʠʘʮʠʷʤʠ ʨʝʘʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʪʚʝʨʜʦʛʦ ʪʝʣʘ, ʩʫʱʝʩʪʚʝʥʥʦ ʵʬʬʝʢʪʠʚʥʝʝ ʫʚʝʣʠʯʘʪ ʧʘʨʘʤʝʪʨ ZT* (ʧʨʦʠʟʚʦʜʥʘʷ 

ʬʫʥʢʮʠʠ ZT* = f(lʬ)) ʚ ʠʜʝʥʪʠʯʥʳʭ ʪʦʯʢʘʭ lʬ ʜʣʷ g-Gd3-xS4 ʠ SixGe1-x.  ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʝʨʦʷʪʥʦ, 

ʯʪʦ ʫʤʝʥʴʰʝʥʠʝ lʬ ʜʣʷ g-Gd3-xS4 ʧʦʟʚʦʣʠʪ ʜʦʩʪʠʛʥʫʪʴ ʚʝʣʠʯʠʥ ʜʦʙʨʦʪʥʦʩʪʠ, ʙʣʠʟʢʠʭ  

ʢ ʤʘʢʩʠʤʘʣʴʥʦ ʧʦʣʫʯʝʥʥʳʤ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʟʥʘʯʝʥʠʷʤ ZT ʜʣʷ SixGe1-x ʠ ʜʣʷ SnSe, ʥʦ ʧʨʠ 

ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʛʦʨʷʯʝʛʦ ʢʦʥʮʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ. 

ʇʦʥʷʪʥʦ, ʯʪʦ ʢʦʨʨʝʢʪʥʳʝ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʚʟʘʠʤʦʦʪʥʦʰʝʥʠʷ ZT* = f(n, m, m*, lʬ, ʉp) ʤʦʛʫʪ 

ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʠʟ ʢʦʥʢʨʝʪʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʟʫʯʝʥʠ ̫

ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ  

ʥʘ ʠʭ ʦʩʥʦʚʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 923K ʠ ʚʳʰʝ. ʊʝʤ ʥʝ ʤʝʥʝʝ ʠʟ ʨʠʩʫʥʢʘ 6 ʚʠʜʥʘ ʤʝʥʴʰʘʷ 
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ʟʥʘʯʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʦʚ m, m*, Cp ʚ ʚʘʨʠʘʮʠʷʭ ʚʝʣʠʯʠʥ ZT*, ʦʜʥʘʢʦ, ʦʧʦʩʨʝʜʦʚʘʥʥʦʝ ʠʭ ʚʣʠʷʥʠʝ 

ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ, ʘʥʘʣʠʟʠʨʫʷ ʩʦʚʨʝʤʝʥʥʳʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ  

ʦ ʠʭ ʚʟʘʠʤʦʩʚ̫ʟʠ ʯʝʨʝʟ ʠʟʤʝʥʝʥʠʷ ʩʚʦʡʩʪʚ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ. ʇʨʝʜʩʪʘʚʣʝʥʥʳʡ 

ʘʣʛʦʨʠʪʤ ʢʘʯʝʩʪʚʝʥʥʦʡ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʧʘʨʘʤʝʪʨʦʚ n, m, m*, lʬ, ʉp  

ʥʘ ʚʝʣʠʯʠʥʫ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ Si-Ge ʠ ʩʫʣʴʬʠʜʦʚ ʈɿʕ, 

ʚʝʨʦʷʪʥʦ, ʧʨʠʤʝʥʝʥ ʚʧʝʨʚʳʝ ʠ ̫ ʚʣʷʝʪʩʷ ʧʦʣʝʟʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʜʨʫʛʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʠ ʧʦʵʪʦʤʫ ʪʨʝʙʫʝʪ ʜʘʣʴʥʝʡʰʝʡ 

ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʜʦʨʘʙʦʪʢʠ. 

ɼʘʣʴʥʝʡʰʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ ʈɿʕ  

ʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ, ʘ ʪʘʢʞʝ ʨʘʟʚʠʪʠʝ ʪʝʭʥʦʣʦʛʠʠ ʠʭ ʧʦʣʫʯʝʥʠʷ ʚ ʚʠʜʝ 

ʦʜʥʦʨʦʜʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ (ʢʝʨʘʤʠʢ) ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʰʠʨʪ̫ ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʠʥʪʝʨʝʩ ʧʨʦʚʝʩʪʠ ʘʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʚʳʰʝʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ʧʫʪʝʤ 

ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ ʥʘ ʧʨʠʤʝʨʝ ʩʫʣʴʬʠʜʘ ʛʘʜʦʣʠʥʠʷ g-Gd3-xS4  

ʠ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʩʠʩʪʝʤ (ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʩʫʣʴʬʠʜʦʚ ʛʘʜʦʣʠʥʠʷ ʠ ʜʠʩʧʨʦʟʠʷ, ʘ ʪʘʢʞʝ 

ʥʝʩʦʨʘʟʤʝʨʥʳʝ ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ ʩ ʪʘʢʠʤʠ ʨʘʩʪʚʦʨʘʤʠ). ʈʘʩʩʤʦʪʨʠʤ ʜʘʣʝʝ ʨʘʟʣʠʯʥʳʝ 

ʬʠʟʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʚʝʣʠʯʠʥʳ ZT, ʠ ʚʦʟʤʦʞʥʦʩʪʠ  

ʠʭ ʨʝʘʣʠʟʘʮʠʠ ʜʣʷ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ. 

 

1.3. ʄʝʪʦʜʳ ʧʦʚʳʰʝʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ZT 

 

1.3.1 ʋʚʝʣʠʯʝʥʠʝ ʬʘʢʪʦʨʘ ʤʦʱʥʦʩʪʠ 

 

ɺ ʵʪʦʤ ʨʘʟʜʝʣʝ ʢʨʘʪʢʦ ʨʘʩʩʤʦʪʨʝʥʳ ʦʩʥʦʚʥʳʝ ʤʝʪʦʜʳ ʧʦʚʳʰʝʥʠʷ ʬʘʢʪʦʨʘ ʤʦʱʥʦʩʪʠ, 

ʟʘʢʣʶʯʘʶʱʠʝʩʷ ʚ ʦʧʪʠʤʠʟʘʮʠʠ ʵʣʝʢʪʨʦʥ-ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʜʣʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʢʦʵʬʬʠʮʠʝʥʪ ɿʝʝʙʝʢʘ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

                                                                Ὓ
ᶻ

Ⱦ ,                                               (5) 

ʛʜʝ n ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʦʩʠʪʝʣʝʡ, m
*
 ï ʵʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, kB ï ʢʦʥʩʪʘʥʪʘ 

ɹʦʣʴʮʤʘʥʘ, e ï ʟʘʨʷʜ ʵʣʝʢʪʨʦʥʘ, h ï ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ. ʇʦʥʷʪʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʡ 

ʤʘʩʩʳ ʠ ʫʤʝʥʴʰʝʥʠʝ n ʷʚʣʷʪʁʩʷ ʦʩʥʦʚʥʳʤʠ ʬʘʢʪʦʨʘʤʠ ʧʦʚʳʰʝʥʠʷ ʧʘʨʘʤʝʪʨʘ S [59]. 

ʈʝʛʫʣʠʨʦʚʘʥʠʝ ʫʢʘʟʘʥʥʳʭ ʬʘʢʪʦʨʦʚ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ ʠʟʤʝʥʝʥʠʝʤ ʟʦʥʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʟʘ ʩʯʝʪ ʣʝʛʠʨʦʚʘʥʠʷ ʤʘʪʨʠʮʳ ʧʨʠʤʝʩʷʤʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʠʦʥʦʚ. ʋʩʧʝʰʥʘʷ ʤʦʜʠ-

ʬʠʢʘʮʠʷ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚ ʨʘʙʦʪʝ [60], ʧʦʩʚʷʱʝʥʥʦʡ ʠʩʩʣʝʜʦʚʘʥʠʶ 

ʤʘʪʝʨʠʘʣʘ ʥʘ ʦʩʥʦʚʝ ʪʝʣʣʫʨʠʜʘ ʩʚʠʥʮʘ (n-ʪʠʧ ʧʨʦʚʦʜʠʤʦʩʪʠ), ʘ ʪʘʢʞʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʨʘʟʣʠʯʥʳʭ ʦʢʩʠʜʦʚ ʠ ʭʘʣʴʢʦʛʝʥʠʜʦʚ [61ï63].  

ʉʣʝʜʫʶʱʠʡ ʧʦʜʭʦʜ ʢ ʫʚʝʣʠʯʝʥʠʶ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ ʩʚʷʟʘʥ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ 
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ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʦʩʪʦʷʥʠʡ ʚ ʦʙʣʘʩʪʠ ʫʨʦʚʥʷ ʌʝʨʤʠ. ʇʨʠʥʮʠʧ ʦʩʥʦʚʘʥ ʥʘ ʩʦʟʜʘʥʠʠ 

ʨʝʟʦʥʘʥʩʥʳʭ ʫʨʦʚʥʝʡ ʚ ʤʦʣʝʢʫʣʘʭ ʭʦʟʷʠʥʘ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʠʩʢʘʞʘʪʴ ʧʣʦʪʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ 

ʚʙʣʠʟʠ ʫʨʦʚʥʷ ʌʝʨʤʠ, ʪʝʤ ʩʘʤʳʤ ʚʥʦʩʠʪʴ ʚʢʣʘʜ ʚ ʫʚʝʣʠʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʡ ʤʘʩʩʳ ʥʦʩʠʪʝʣʝʡ 

ʟʘʨʷʜʘ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʦʚʳʰʘʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ɿʝʝʙʝʢʘ ʠ ʬʘʢʪʦʨ ʤʦʱʥʦʩʪʠ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʠʟʤʝʥʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʣʝʛʠʨʫʶʱʠʤʠ 

ʢʘʪʠʦʥʥʳʤʠ ʜʦʙʘʚʢʘʤʠ ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʜʣʷ ʦʙʨʘʟʮʦʚ PbTe, ʣʝʛʠʨʦʚʘʥʥʳʭ ʪʘʣʣʠʝʤ 

[64]. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʪʘʢʦʝ ʣʝʛʠʨʦʚʘʥʠʝ ʫʚʝʣʠʯʠʚʘʝʪ ʢʦʵʬʬʠʮʠʝʥʪ ɿʝʝʙʝʢʘ ʚ 1.7ï3.0 ʨʘʟʘ  

ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ. ʆʜʥʘʢʦ ʟʥʘʯʝʥʠʝ ZT ʪʘʢʠʭ ʣʝʛʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʠ 773K 

ʦʢʘʟʘʣʦʩʴ ʨʘʚʥʳʤ 1.5, ʯʪʦ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʚʝʣʠʯʠʥʳ ʜʣʷ 

ʥʝʣʝʛʠʨʦʚʘʥʥʦʛʦ ʦʙʨʘʟʮʘ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʙʘʨʴʝʨʦʚ, ʙʣʦʢʠʨʫʶʱʠʭ ʜʚʠʞʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʩ ʥʠʟʢʦʡ 

ʵʥʝʨʛʠʝʡ ʧʦʣʦʞʠʪʝʣʴʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʧʦʚʳʰʝʥʠʠ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ [5]. ʊʘʢʠʝ 

ʵʬʬʝʢʪʳ ʤʦʛʫʪ ʥʘʙʣʶʜʘʪʴʩʷ ʚ ʦʙʲʝʤʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʘʭ ʩ ʥʘʥʦʚʢʣʶʯʝʥʠʷʤʠ 

ʠ/ʠʣʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ. ɻʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʟʝʨʝʥ ʜʝʡʩʪʚʫʶʪ ʢʘʢ ʵʬʬʝʢʪʠʚʥʳʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ 

ʬʠʣʴʪʨʳ. ʆʜʥʘʢʦ ʚʧʦʣʥʝ ʚʝʨʦʷʪʥʦ, ʯʪʦ ʵʪʠ ʬʘʢʪʦʨʳ ʤʦʛʫʪ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʪʴ ʧʦʜʚʠʞʥʦʩʪʴ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʤʝʪʦʜ ʪʨʝʙʫʝʪ ʨʘʟʨʘʙʦʪʢʠ ʦʧʨʝʜʝʣʝʥʥʳʭ 

ʪʠʧʦʚ ʥʘʥʦʩʪʨʫʢʪʫʨ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʦʧʪʠʤʘʣʴʥʳʭ ʚʝʣʠʯʠʥ ʬʘʢʪʦʨʘ ʤʦʱʥʦʩʪʠ [65,66] ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʠʤʝʶʪ ʧʝʨʩʧʝʢʪʠʚʥʦʝ ʘʛʨʝʛʘʪʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʜʣʷ ʨʝʰʝʥʠʷ ʫʢʘʟʘʥʥʳʭ ʟʘʜʘʯ. 

ɺ ʤʝʪʦʜʝ ʤʦʜʫʣʷʮʠʦʥʥʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ ʚ ʤʘʪʨʠʮʝ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 

ʩʚʦʙʦʜʥʳʝ ʵʣʝʢʪʨʦʥʳ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʫʜʘʣʝʥʳ ʦʪ ʚʦʟʤʦʞʥʳʭ ʜʦʥʦʨʥʳʭ ʠʦʥʦʚ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʨʘʩʩʝʷʥʠʝ ʥʘ ʘʪʦʤʘʭ ʣʝʛʠʨʦʚʘʥʥʦʡ ʧʨʠʤʝʩʠ ʣʠʢʚʠʜʠʨʫʝʪʩʷ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʦʜʚʠʞʥʦʩʪʴ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ [67,68]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʚʳʰʘʝʪʩʷ ʧʨʦʚʦʜʠʤʦʩʪʴ 

ʤʘʪʝʨʠʘʣʦʚ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʟʥʘʯʝʥʠʝ ʬʘʢʪʦʨʘ ʤʦʱʥʦʩʪʠ.  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʤʦʜʫʣʷʮʠʦʥʥʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ ʙʳʣʦ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʜʣʷ ʩʧʣʘʚʦʚ ʢʨʝʤʥʠʡ-ʛʝʨʤʘʥʠʡ ʩʦʩʪʘʚʘ Si95Ge5, ʛʜʝ ʚʳʩʦʢʦʣʝʛʠʨʦʚʘʥʥʳʝ 

ʥʘʥʦʟʝʨʥʘ Si70Ge30P3 ʜʝʡʩʪʚʫʶʪ ʢʘʢ ʠʩʪʦʯʥʠʢʠ ʟʘʨʷʜʘ. ɺ ʵʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʟʦʥʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʥʘʥʦʟʝʨʥʘʭ ʨʘʩʧʦʣʦʞʝʥʘ ʚʳʰʝ ʧʦ ʵʥʝʨʛʠʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʘʪʨʠʮʝʡ,  

ʯʪʦ ʦʙʣʝʛʯʘʝʪ ʧʝʨʝʥʦʩ ʵʣʝʢʪʨʦʥʦʚ ʩ ʥʘʥʦʯʘʩʪʠʮ ʥʘ ʤʘʪʨʠʮʫ. ʊʘʢʦʡ ʦʙʨʘʟʝʮ ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʫʚʝʣʠʯʝʥʠʝ ʧʦʜʚʠʞʥʦʩʪʠ, ʧʦʩʢʦʣʴʢʫ ʠʦʥʠʟʠʨʦʚʘʥʥʘʷ ʧʨʠʤʝʩʴ ʩʦʜʝʨʞʠʪʩʷ ʚ ʥʘʥʦʟʝʨʥʘʭ. 

ʇʦʚʳʰʝʥʠʝ ʧʦʜʚʠʞʥʦʩʪʠ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʢʦʵʬʬʠʮʠʝʥʪʘ ʤʦʱʥʦʩʪʠ ʥʘ 20% [67,68].  

ɺ ʵʪʦʤ ʩʤʳʩʣʝ ʥʝʢʦʛʝʨʝʥʪʥʳʝ ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʈɿʕ, ʥʘʧʨʠʤʝʨ 

(LnS)zNbS2 [16] ʧʦ ʧʨʠʨʦʜʝ ʷʚʣʷʶʪʩʷ ʘʥʘʣʦʛʦʤ ʤʦʜʫʣʠʨʦʚʘʥʦ ʣʝʛʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʤʦʛʫʪ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ ʧʝʨʩʧʝʢʪʠʚʥʳʡ ʚʘʨʠʘʥʪ ʩʦʟʜʘʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʢʦʚ. 
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ɹʦʣʴʰʠʥʩʪʚʦ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʵʪʦ ʫʟʢʦʟʦʥʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ ʩ ʨʘʟʥʳʤʠ 

ʪʠʧʘʤʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʦʚ (ʵʣʝʢʪʨʦʥʳ ʠ ʜʳʨʢʠ), ʦʩʦʙʝʥʥʦ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʚʦʟʤʦʞʝʥ ʧʝʨʝʭʦʜ ʵʣʝʢʪʨʦʥʦʚ ʠʟ ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ ʚ ʟʦʥʫ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ 

ʥʘʦʙʦʨʦʪ. ɹʣʘʛʦʜʘʨʷ ʪʘʢʠʤ ʧʝʨʝʭʦʜʘʤ ʦʙʨʘʟʫʶʪʩʷ ʵʣʝʢʪʨʦʥʥʦ-ʜʳʨʦʯʥʳʝ ʧʘʨʳ,  

ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ ʙʠʧʦʣʷʨʥʳʡ ʵʬʬʝʢʪ. ʅʝʜʦʩʪʘʪʢʦʤ ʙʠʧʦʣʷʨʥʦʛʦ ʵʬʬʝʢʪʘ ʷʚʣʷʝʪʩʷ 

ʧʨʝʜʨʘʩʧʦʣʦʞʝʥʥʦʩʪʴ ʢ ʪʝʨʤʠʯʝʩʢʦʤʫ ʚʦʟʙʫʞʜʝʥʠʶ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʦʚ ʧʦʧʝʨʝʢ ʟʘʧʨʝʱʝʥʥʦʡ 

ʟʦʥʳ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ [1]. ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʧʦʜʘʚʣʝʥʠʷ 

ʙʠʧʦʣʷʨʥʦʛʦ ʵʬʬʝʢʪʘ ʤʦʞʝʪ ʙʳʪʴ ʩʠʥʪʝʟ ʤʝʟʦʤʘʩʰʪʘʙʥʳʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʩ ʛʨʘʥʠʮʘʤʠ 

ʨʘʟʜʝʣʘ ʟʝʨʝʥ. ʂʘʢ ʫʞʝ ʙʳʣʦ ʩʢʘʟʘʥʦ ʨʘʥʝʝ, ʵʪʠ ʛʨʘʥʠʮʳ ʩʦʟʜʘʶʪ ʤʝʞʬʘʟʦʚʳʡ ʧʦʪʝʥʮʠʘʣ ʠ, ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʨʘʩʩʝʠʚʘʶʪ ʵʣʝʢʪʨʦʥʳ ʠ ʜʳʨʢʠ ʧʦ-ʨʘʟʥʦʤʫ, ʪʝʤ ʩʘʤʳʤ ʩʥʠʞʘʷ ʙʠʧʦʣʷʨʥʳʡ ʵʬʬʝʢʪ.  

ʇʨʠʚʝʜʝʥʥʳʡ ʘʥʘʣʠʟ ʧʦʜʭʦʜʦʚ ʧʦ ʫʚʝʣʠʯʝʥʠʶ ʬʘʢʪʦʨʘ ʤʦʱʥʦʩʪʠ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʦʚʩrʠʪʴ 

ʧʘʨʘʤʝʪʨ S ʤʦʞʥʦ ʧʫʪʝʤ ʚʚʝʜʝʥʠ ̫ʣʝʛʠʨʫʶʱʠʭ ʜʦʙʘʚʦʢ ʠ ʩʦʟʜʘʥʠ ̫ʩʝʪʢʠ ʛʨʘʥʠʮ ʨʘʟʜʝʣʘ 

ʢʨʠʩʪʘʣʣʠʪʦʚ, ʟʝʨʝʥ ʠ ʚʢʣʶʯʝʥʠʡ, ʘ ʵʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʚʷʟʘʥʦ  

ʩ ʠʟʤʝʥʝʥʠʝʤ ʙʣʠʞʥʝʛʦ ʠ ʜʘʣʴʥʝʛʦ ʧʦʨʷʜʢʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʠ ʵʣʝʢʪʨʦʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ. ʇʨʠʯʝʤ ʥʝʢʦʪʦʨʳʝ ʠʟ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʚʳʰʝ ʵʬʬʝʢʪʦʚ ʤʦʛʫʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʳ,  

ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʚ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʘʭ ʈɿʕ ʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ ʥʘ ʠʭ ʦʩʥʦʚʝ, ʢʘʢ ʙʫʜʝʪ 

ʧʦʢʘʟʘʥʦ ʚ ʛʣʘʚʝ 3.  

 

1.3.2. ʋʤʝʥʴʰʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ 

 

ɸʣʴʪʝʨʥʘʪʠʚʥʳʡ ʧʫʪʴ ʧʦʚʳʰʝʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ZT ʟʘʢʣʶʯʘʝʪʩʷ  

ʚ ʤʠʥʠʤʠʟʘʮʠʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʝ 

ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ ʦʩʪʘʚʘʣʠʩʴ ʥʝʠʟʤʝʥʥʳʤʠ. ʆʙʱʘʷ ʚʝʣʠʯʠʥʘ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

                                                           kʦʙ ɦ= kʨʝʰ + kɻʣ + kʙʧ + kʦʧ,                                            (6) 

ʛʜʝ kʨʝ hï ʨʝʰʝʪʦʯʥʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ, kɻʣ ï ɻ ʣʝʢʪʨʦʥʥʳʡ ʚʢʣʘʜ, kʦʧ ï ʦʧʪʠʯʝʩʢʠʡ ʚʢʣʘʜ  

(ʝʩʣʠ ʤʘʪʝʨʠʘʣ ʥʝ ʷʚʣʷʝʪʩʷ ʘʙʩʦʣʶʪʥʦ ʧʨʦʟʨʘʯʥʳʤ ʠʣʠ ʧʦʛʣʦʱʘʶʱʠʤ), kʙʧ ï ʙʠʧʦʣʷʨʥʳʡ ʚʢʣʘʜ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʦʚ ʚ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ. ɺ ʨʘʙʦʪʝ [69] ʧʦʜʘʚʣʝʥʠʝ ʙʠʧʦʣʷʨʥʦʛʦ ʚʢʣʘʜʘ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʧʦʟʚʦʣʠʣʦ ʫʚʝʣʠʯʠʪʴ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʜʦʙʨʦʪʥʦʩʪʴ PbTe ʟʘ ʩʯʝʪ 

ʦʙʨʘʟʦʚʘʥʠʷ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ MgTe ʩ ʙʦʣʴʰʝʡ ʚʝʣʠʯʠʥʦʡ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʜʣʷ ʤʘʪʝʨʠʘʣʘ ʩʦʩʪʘʚʘ PbTeï6% MgTe ʧʦʣʫʯʝʥʦ ʟʥʘʯʝʥʠʝ ZT = 2 ʧʨʠ 900K  

(ʜʣʷ ʯʠʩʪʦʛʦ PbTe ZT = 1.1 ʧʨʠ 900K, ʠʟ-ʟʘ ʜʠʩʩʦʮʠʘʮʠʠ ʩʦʝʜʠʥʝʥʠʷ ʧʨʠ T Ó 773K). 

ɺ ʧʨʠʚʝʜʝʥʥʦʤ ʫʨʘʚʥʝʥʠʠ ʦʪʨʘʞʝʥʳ ʚʩʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʦʙʱʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧ-

ʣʦʧʨʦʚʦʜʥʦʩʪʠ. ʕʣʝʢʪʨʦʥʥʳʡ ʚʢʣʘʜ ʚ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ  

ɺʠʜʝʤʘʥʘïʌʨʘʥʮʘ ʧʦ ʬʦʨʤʫʣʝ kɻʣ = LoĿůĿT, ʛʜʝ Lʦ ï ʯʠʩʣʦ ʃʦʨʝʥʮʘ [70], ů ï ɻ ʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ,  

ʘ ʙʠʧʦʣʷʨʥʳʡ ʚʢʣʘʜ ʧʦ ʚʳʨʘʞʝʥʠʶ kʙʧ = 0.75ĿLoĿůĿTĿ“ 
-2
Ŀ(EgĿkB

-1
ĿT

-1
+4) [71], ʛʜʝ Eg ï ʦʧʪʠʯʝʩʢʘʷ 
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ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ, ʊ ï ʪʝʤʧʝʨʘʪʫʨʘ. ʂʘʢ ʧʨʘʚʠʣʦ, ʚʢʣʘʜʳ kɻ ʣ, kʙʧ ʠ kʦʧ ʩʫʱʝʩʪʚʝʥʥʦ 

ʤʝʥʴʰʝ ʚʢʣʘʜʘ kʨʝ.h ʆʜʥʘʢʦ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʝʣʠʯʠʥ rʙʠʧʦʣʷʨʥʦʛʦ ʚʢʣʘʜʘ  

ʠ ʦʧʪʠʯʝʩʢʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʤʦʛʫʪ ʫʚʝʣʠʯʠʚʘʪʴʩʷ. 

ʆʙʱʘʷ ʩʭʝʤʘ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷ ʩʚʷʟʴ ʤʝʞʜʫ ʤʦʨʬʦʣʦʛʠʝʡ 

ʠ ʨʝʰʝʪʦʯʥʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ, ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʣʠʪʝʨʘʪʫʨʝ (ʨʠʩ. 7) [1,2,72]. ʋʤʝʥʴʰʝʥʠʝ 

ʨʝʰʝʪʦʯʥʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʟʘ ʩʯʝʪ ʣʝʛʠʨʦʚʘʥʠʷ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ ʠ ʦʙʨʘʟʦʚʘʥʠʶ ʜʠʩʣʦʢʘʮʠʡ, 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʜʝʬʝʢʪʦʚ (ʚʢʣʶʯʝʥʠʷ, ʧʦʨʳ, ʜʚʦʡʥʠʢʦʚʳʝ 

ʛʨʘʥʠʮʳ, ʥʝʢʦʛʝʨʝʥʪʥʳʝ ʠ ʧʦʣʫʢʦʛʝʨʝʥʪʥʳʝ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʟʝʨʝʥ, ʩʨʦʩʪʢʦʚ  

ʠ ʪ.ʜ.).   

 

ʈʠʩ. 7. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨ rʤʘʪʝʨʠʘʣʘ. 

 

ʂʘʞʜʳʡ ʠʟ ʦʪʤʝʯʝʥʥʳʭ ʪʠʧʦʚ ʜʝʬʝʢʪʦʚ ʤʦʞʝʪ ʨʘʩʩʝʠʚʘʪʴ ʬʦʥʦʥʳ ʨʘʟʥʦʡ ʯʘʩʪʦʪʳ.  

ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [73] ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʪʦʯʝʯʥʳʝ ʜʝʬʝʢʪʳ, ʜʝʬʦʨʤʘʮʠʠ ʨʝʰʝʪʢʠ, 

ʜʠʩʣʦʢʘʮʠʠ ʠ ʥʘʥʦʯʘʩʪʠʮʳ ʩʧʦʩʦʙʩʪʚʫʶʪ ʵʬʬʝʢʪʠʚʥʦʤʫ ʨʘʩʩʝʷʥʠʶ ʬʦʥʦʥʦʚ ʚ ʦʙʨʘʟʮʘʭ 

ʩʦʩʪʘʚʘ PbTeï3% BaTe. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʘʙʦʪʳ ʩ ʩʠʩʪʝʤʦʡ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʧʦʣʫʪʦʨʥʳʭ 

ʩʫʣʴʬʠʜʦʚ ʛʘʜʦʣʠʥʠʷ ʠ ʜʠʩʧʨʦʟʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʨʦʣʴ ʨʘʩʩʝʠʚʘʶʱʠʭ ʮʝʥʪʨʦʚ 

ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ɔ-(GdxDy1-x)3-n[VLn]yS4 ʤʦʛʫʪ ʚʳʧʦʣʥʷʪʴ ʠʦʥʳ ʜʠʩʧʨʦʟʠʷ, ʨʘʩʩʝʠʚʘʶʱʠʝ 

ʬʦʥʦʥʳ ʙʝʟ ʫʤʝʥʴʰʝʥʠʷ ɻ ʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʭ ʩʚʦʡʩʪʚ ʩʦʝʜʠʥʝʥʠʷ [74]. ʇʨʠʯʝʤ, ʢʘʢ ʚʠʜʥʦ  

ʠʟ ʨʠʩ. 8, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ɔ-GdxDy1-xS1.48 ʚʝʣʠʯʠʥʘ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʩʫʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʷʝʪʩʷ, ʠ ʧʨʠ x = 0.2 ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʘʥʦʤʘʣʴʥʦʝ 

ʩʥʠʞʝʥʠʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ [14]. ɿʜʝʩʴ ʠ ʜʘʣʝʝ ʩʦʝʜʠʥʝʥʠʷ ʪʠʧʘ ɔ-(GdxDy1-x)3-n[VLn,n]S4, ʛʜʝ ʥʝʪ 

ʩʤʳʩʣʦʚʦʡ ʥʝʦʙʭʦʜʠʤʦʩʪʠ, ʜʣʷ ʢʨʘʪʢʦʩʪʠ ʙʫʜʝʤ ʦʙʦʟʥʘʯʘʪʴ ʢʘʢ ʧʨʠʥʷʪʦʝ ʵʢʚʠʚʘʣʝʥʪʥʦʝ 

ʥʘʧʠʩʘʥʠʝ ʚ ʚʠʜʝ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ ɔ-GdxDy1-xS1.5-y. 
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ʈʠʩ. 8. ɿʘʚʠʩʠʤʦʩʪʠ ʦʙʱʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ  

ʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ɔ-GdxDy1-xS1.48 ʧʨʠ ʊ = 300K ʠ 400K. 

 

ʆʜʥʘʢʦ ʧʨʠʨʦʜʘ ʵʪʦʡ ʘʥʦʤʘʣʠʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ  

ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʝ ʫʩʪʘʥʦʚʣʝʥʘ ʠ ʪʨʝʙʫʝʪ ʜʝʪʘʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ. ʀʤʝʥʥʦ ʵʪʦʪ ʵʬʬʝʢʪ 

ʘʥʦʤʘʣʴʥʦʛʦ ʧʦʥʠʞʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʥʘʨʷʜʫ ʩ ʜʨʫʛʠʤʠ ʬʘʢʪʘʤʠ, ʦʪʤʝʯʝʥʥʳʤʠ ʨʘʥʝʝ, 

ʣʝʛ ʚ ʦʩʥʦʚʫ ʚʳʙʦʨʘ ʤʘʪʝʨʠʘʣʘ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʢʘʢ ʦʙʲʝʢʪʘ ʦʧʪʠʤʠʟʘʮʠʠ ʝʛʦ ʨʝʘʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʩ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʝʛʦ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ. ʊʝʤ ʙʦʣʝʝ ʯʪʦ ʥʘ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʘʭ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʜʝʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʫʢʘʟʘʥʥʳʭ ʚʟʘʠʤʦʩʚʷʟʝʡ, ʢ ʪʦʤʫ ʞʝ ʜʣʷ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʥʝ ʧʨʦʚʦʜʠʣʦʩʴ. 

ɺʝʣʠʯʠʥʘ ʨʝʰʝʪʦʯʥʦʛʦ ʚʢʣʘʜʘ ʚ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʥʢʨʝʪʥʳʤ 

ʪʠʧʦʤ ʬʦʥʦʥʦʚ. ɺʩʝ ʬʦʥʦʥʳ ʧʨʠʥʷʪʦ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʪʴ ʧʦ ʩʦʙʩʪʚʝʥʥʳʤ ʜʣʠʥʘʤ ʚʦʣʥ (ʯʘʩʪʦʪʝ 

ɤ). ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʚ ʣʠʪʝʨʘʪʫʨʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʨʠʥʮʠʧ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʦʮʝʥʢʝ ʚʢʣʘʜʘ 

ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʜʝʬʝʢʪʦʚ ʚ ʨʝʣʘʢʩʘʮʠʶ ʬʦʥʦʥʦʚ. ʍʦʪʷ ʪʘʢʦʡ ʧʦʜʭʦʜ ʠʤʝʝʪ ʩʚʦʠ ʦʛʨʘʥʠʯʝʥʠʷ, 

ʦʥ, ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ, ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʝʩʪʠ ʘʥʘʣʠʟ ʤʘʩʰʪʘʙʘ ʠ ʩʪʝʧʝʥʠ ʚʦʟʜʝʡʩʪʚʠʷ ʜʝʬʝʢʪʦʚ ʥʘ 

ʨʘʩʩʝʷʥʠʝ ʬʦʥʦʥʦʚ. ɺʣʠʷʥʠʝ ʨʝʣʘʢʩʘʮʠʠ ʬʦʥʦʥʦʚ ʥʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʨʝʰʝʪʢʠ ʤʦʞʝʪ ʙʳʪʴ 

ʚʳʨʘʞʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ʧʦ ʤʦʜʝʣʠ ɼʞ. ʂʘʣʣʘʚʵʷ [75]: 

                                           k̑ ̙̆
Ͻ
᷿ ʐὼ Ὠὼ
qȾ

,                               (7) 

ʛʜʝ kB ï ʢʦʥʩʪʘʥʪʘ ɹʦʣʴʮʤʘʥʘ, q ï ʪʝʤʧʝʨʘʪʫʨʘ ɼʝʙʘʷ, h ï ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ,  

ʊ ï ʪʝʤʧʝʨʘʪʫʨʘ, ‡ ï ʩʨʝʜʥʷʷ ʩʢʦʨʦʩʪʴ ʬʦʥʦʥʥʳʭ ʛʨʫʧʧ, x = hĀɤ/kBĀT ʠ † ʩ ï ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ. 

ʇʨʠ ʦʧʨʝʜʝʣʝʥʥʦʡ ʯʘʩʪʦʪʝ ʬʦʥʦʥʦʚ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʤʦʞʝʪ ʢʦʨʨʝʣʠʨʦʚʘʪʴ ʩ ʠʭ ʨʘʩʩʝʷʥʠʝʤ  

ʥʘ ʢʦʥʢʨʝʪʥʳʭ ʪʠʧʘʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ, ʪʘʢʠʭ ʢʘʢ ʪʦʯʝʯʥʳʝ ʜʝʬʝʢʪʳ, ʜʠʩʣʦʢʘʮʠʠ, 

ʥʝʢʦʛʝʨʝʥʪʥʳʝ ʠ ʧʦʣʫʢʦʛʝʨʝʥʪʥʳʝ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, ʥʝʩʦʨʘʟʤʝʨʥʳʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʨʝʰʝʪʢʠ, 

ʥʘʥʦʨʘʟʤʝʨʥʳʝ ʟʝʨʥʘ ʠ ʪ.ʜ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʵʪʠʤ ʚʚʦʜʷʪʩʷ ʩʣʝʜʫʶʱʠʝ ʪʠʧʳ ʬʦʥʦʥ-ʬʦʥʦʥʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ: 

                                              ʐ  = ʐ̐ +̐ʐ̎ +ʐ̄ +̑ʐ̎ +̘ʐ̅ +ʐ̎́̐+̑ʐ̓ +̅ʐ̎̆,̒                       (8) 



 

29 

 

ʛʜʝ  ʐ̐ ,̐ ʐ̎ , ʐ̄ ȟ̑ʐ̎ ȟ̘ʐ̅ ȟʐ̎́̐ȟ̑ʐ̓ ȟ̅ʐ̎̆ ̒ï ʚʨʝʤʝʥʘ ʨʝʣʘʢʩʘʮʠʠ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʨʘʩʩʝʷʥʠʶ ʧʨʠ 

ʧʨʦʮʝʩʩʘʭ ʧʝʨʝʙʨʦʩʘ ʥʘ ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ, ʥʘʥʦʯʘʩʪʠʮʘʭ, ʜʠʩʣʦʢʘʮʠʷʭ, ʥʘʧʨʷʞʝʥʠʷʭ, ʪʦʯʝʯʥʳʭ 

ʜʝʬʝʢʪʘʭ ʠ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʨʝʰʝʪʢʘʭ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [76ï81]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʩʥʦʚʥʘʷ ʟʘʜʘʯʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʢʦʣʠʯʝʩʪʚʝʥʥʦʤ ʘʥʘʣʠʟʝ ʚʣʠʷʥʠʷ ʨʘʟʥʳʭ 

ʪʠʧʦʚ ʜʝʬʝʢʪʦʚ ʥʘ ʨʘʩʩʝʷʥʠʝ ʬʦʥʦʥʦʚ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚ ʜʦʩʪʠʞʝʥʠʠ ʫʤʝʥʴʰʝʥʠ ̫

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ. ʈʘʩʩʤʦʪʨʠʤ ʚʦʟʤʦʞʥʳʝ ʤʝʭʘʥʠʟʤʳ ʨʘʩʩʝʷʥʠʷ ʬʦʥʦʥʦʚ  

ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʘʭ. 

1.  ʈʘʩʩʝʷʥʠʝ ʬʦʥʦʥʦʚ ʚ ʤʘʩʰʪʘʙʘʭ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ.  

ɺ ʣʶʙʦʤ ʤʘʪʝʨʠʘʣʝ ʬʦʥʦʥʳ ʢʘʢ ʧʝʨʝʥʦʩʯʠʢʠ ʪʝʧʣʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʰʠʨʦʢʠʤʠ ʩʧʝʢʪʨʘʤʠ 

ʜʣʠʥ ʚʦʣʥ ʠ ʚʝʣʠʯʠʥʘʤʠ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ (lʬ). ʅʘʧʨʠʤʝʨ, ʬʦʥʦʥʳ  

ʩ ʥʘʠʤʝʥʴʰʠʤ ʟʥʘʯʝʥʠʝʤ ʜʣʠʥʳ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʨʘʩʩʝʠʚʘʶʪʩʷ ʪʦʯʝʯʥʳʤʠ ʜʝʬʝʢʪʘʤʠ 

(ʚʘʢʘʥʩʠʠ, ʤʝʞʜʦʫʟʣʠʷ, ʧʨʠʤʝʩʠ ʟʘʤʝʱʝʥʠʷ ʠ ʮʝʥʪʨʳ ʜʝʬʦʨʤʘʮʠʡ ʨʝʰʝʪʢʠ ï ʩʤʝʱʝʥʥʳʝ  

ʠʟ ʫʟʣʦʚ ʨʝʰʝʪʢʠ ʘʪʦʤʳ ʠʣʠ ʠʦʥʳ). ʊʘʢʦʡ ʪʠʧ ʜʝʬʝʢʪʦʚ ʦʙʨʘʟʫʝʪʩʷ ʚ ʦʜʥʦʡ ʠʟ ʧʦʟʠʮʠʡ ʘʪʦʤʘ 

ʠʣʠ ʚʦʢʨʫʛ ʥʝʛʦ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʥʝ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʧʨʦʩʪʨʘʥʩʪʚʘ ʨʝʰʝʪʢʠ [82,83]. 

ʋʯʠʪʳʚʘʷ, ʯʪʦ ʙʦʣʴʰʠʥʩʪʚʦ ʪʝʨʤʦʵʣʝʢʪʨʠʢʦʚ ʣʝʛʠʨʦʚʘʥʳ ʧʨʠʤʝʩʷʤʠ ʠ ʩʦʜʝʨʞʘʪ ʨʘʚʥʦʚʝʩʥʦʝ 

ʯʠʩʣʦ ʜʝʬʝʢʪʦʚ, ʤʝʭʘʥʠʟʤ ʨʘʩʩʝʷʥʠʷ ʬʦʥʦʥʦʚ ʥʘ ʫʟʣʘʭ ʠ ʜʝʬʝʢʪʘʭ ʨʝʰʝʪʢʠ ʧʨʠʩʫʪʩʪʚʫʝʪ  

ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʤʘʪʝʨʠʘʣʦʚ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʣʦʞʥʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ (ʪʠʧʘ ʩʣʦʠʩʪʳʭ ʤʠʩʬʠʪʦʚ 

(LaS)1.140NbS2) ʧʨʠʚʦʜʠʪ ʢ ʧʦʥʠʞʝʥʠʶ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʥʘ ʧʦʣʫʢʦʛʝʨʝʥʪʥʳʭ 

ʛʨʘʥʠʮʘʭ ʩʣʦʝʚ [LaS] ʠ [NbS2], ʥʦ ʢ ʧʦʚʳʰʝʥʠʶ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʚ ʩʣʦʷʭ [NbS2] 

ʠʟ-ʟʘ ʧʦʚʳʰʝʥʥʦʡ ʟʘʩʝʣʝʥʥʦʩʪʠ ʫʨʦʚʥʝʡ ʚ ʟʦʥʝ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠʣʠ ʚʘʣʝʥʪʥʦʡ ʟʦʥʝ ʥʦʩʠʪʝʣʷʤʠ 

ʟʘʨʷʜʘ [8]. ʕʪʘ h ʠʨʦʢʦ ʠʟʚʝʩʪʥʘʷ ʢʦʥʮʝʧʮʠʷ, ʧʨʝʜʣʦʞʝʥʥʘʷ ʘʚʪʦʨʦʤ ʨʘʙʦʪʳ [84], ʥʦʩʠʪ 

ʥʘʟʚʘʥʠʝ ʩʠʩʪʝʤʳ, ʩʦʜʝʨʞʘʱʝʡ ʵʣʝʢʪʨʦʥʥʳʡ ʢʨʠʩʪʘʣʣ ʠ ʬʦʥʦʥʥʦʝ ʩʪʝʢʣʦ (PGEC). ʂʦʥʮʝʧʮʠʷ 

ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʦʡ ʤʥʦʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ.  

2. ʈʘʩʩʝʷʥʠʝ ʬʦʥʦʥʦʚ ʥʘ ʜʝʬʝʢʪʘʭ ʥʘʥʦʤʝʪʨʦʚʳʭ ʤʘʩʰʪʘʙʦʚ. 

ɺ ʨʘʙʦʪʘʭ [85,86] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʨʝʜʥʝʚʦʣʥʦʚʳʝ ʬʦʥʦʥʳ ʠʥʪʝʥʩʠʚʥʝʝ ʚʩʝʛʦ ʨʘʩʩʝʠʚʘʶʪʩʷ 

ʥʘʥʦʚʢʣʶʯʝʥʠʷʤʠ. ʄʘʪʝʨʠʘʣʳ, ʩʦʜʝʨʞʘʱʠʝ ʚ ʦʩʥʦʚʥʦʡ ʤʘʪʨʠʮʝ ʥʘʥʦʚʢʣʶʯʝʥʠʷ, 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. ʂʦʥʝʯʥʦ, 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʥʠʞʝʥʠʷ ʵʪʦʛʦ ʧʘʨʘʤʝʪʨʘ ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʠʪ ʦʪ ʪʠʧʘ ʛʨʘʥʠʮ ʤʝʞʜʫ ʜʚʫʤʷ 

ʬʘʟʘʤʠ. ʅʘ ʨʠʩʫʥʢʝ 9 ʩʭʝʤʘʪʠʯʝʩʢʠ ʠʟʦʙʨʘʞʝʥʳ ʪʨʠ ʪʠʧʘ ʛʨʘʥʠʮ: ʢʦʛʝʨʝʥʪʥʳʝ, ʩʦʟʜʘʶʱʠʝ 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʮʝʥʪʨʳ; ʥʝʢʦʛʝʨʝʥʪʥʳʝ (ʤʠʥʠʤʘʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʬʘʟʘʤʠ,  

ʩ ʤʘʣʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ) ʠ ʧʦʣʫʢʦʛʝʨʝʥʪʥʳʝ, ʬʦʨʤʠʨʫʶʱʠʝ 

ʜʠʩʣʦʢʘʮʠʠ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʮʝʥʪʨʳ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʝʩʷ ʥʘ ʥʝʩʢʦʣʴʢʦ ʩʝʪʦʢ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʛʨʘʥʠʮʝ. 
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ʈʠʩ. 9. ʊʠʧʳ ʛʨʘʥʠʮ ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ ʨʝʰʝʪʢʘʤʠ. 

 

ʊʨʠ ʪʠʧʘ ʛʨʘʥʠʮ ʬʦʨʤʠʨʫʶʪʩʷ ʨʘʟʣʠʯʥʳʤʠ ʵʣʝʢʪʨʦʥʥʳʤʠ ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ ʘʪʦʤʦʚ ʠʣʠ 

ʠʦʥʦʚ ʠ ʦʧʨʝʜʝʣʷʶʪ ʤʝʭʘʥʠʟʤʳ ʨʝʣʘʢʩʘʮʠʠ ʬʦʥʦʥʦʚ. ʈʘʩʩʝʷʥʠʝ ʬʦʥʦʥʦʚ ʥʘ ʥʘʥʦʯʘʩʪʠʮʘʭ 

ʘʥʘʣʦʛʠʯʥʦ ʧʨʠʥʮʠʧʫ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʥʘ ʥʘʥʦʯʘʩʪʠʮʘʭ, ʢʦʪʦʨʦʝ ʦʧʠʩʳʚʘʝʪʩʷ 

ʪʝʦʨʠʝʡ ɻ. ʄʠ [87]  

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʢʦʥʪʨʦʣʴ ʦʙʨʘʟʦʚʘʥʠ ̫ʥʘʥʦʯʘʩʪʠʮ ʚ ʦʙʲʝʤʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʩʚʷʟʘʥ  

ʩ ʨʝʛʫʣʠʨʦʚʘʥʠʝʤ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥ ʚ ʩʠʩʪʝʤʘʭ 

ʩ PbTe ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ ʦʙʨʘʟʦʚʘʥʠʷ ʩʦʩʫʱʝʩʪʚʫʶʱʠʭ ʬʘʟ: ʦʩʘʞʜʝʥʠʝ [37], 

ʟʘʨʦʞʜʝʥʠʝ ʠ ʨʦʩʪ ʷʜʝʨ [88], ʩʧʠʥʦʜʘʣʴʥʳʡ ʨʘʩʧʘʜ [89] ʠ ɻʚʪʝʢʪʠʢʘ [90]. 

ʆʩʥʦʚʥʘʷ ʤʘʪʨʠʮʘ ʚʝʱʝʩʪʚʘ ʠ ʚʪʦʨʦʩʪʝʧʝʥʥʘʷ ʬʘʟʘ ʜʦʣʞʥʳ ʙʳʪʴ ʨʘʟʫʤʥʦ ʚʳʙʨʘʥʳ  

ʩ ʫʯʝʪʦʤ ʠʭ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ ʩʦʚʤʝʩʪʠʤʦʩʪʠ. ʕʪʦʪ ʢʣʘʩʩʠʯʝʩʢʠʡ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʡ ʧʦʜʭʦʜ 

ʪʨʝʙʫʝʪ ʛʣʫʙʦʢʦʛʦ ʧʦʥʠʤʘʥʠʷ ʠ ʠʟʫʯʝʥʠʷ ʬʘʟʦʚʳʭ ʜʠʘʛʨʘʤʤ. ʂ ʩʦʞʘʣʝʥʠʶ, ʧʦʜʨʦʙʥʳʝ 

ʬʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ ʜʣʷ ʤʥʦʛʠʭ ʦʙʲʝʤʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʥʝʜʦʩʪʫʧʥʳ, ʯʪʦ 

ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʜʘʣʴʥʝʡʰʝʛʦ ʧʨʦʛʨʝʩʩʘ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ.  

ɺʦʟʥʠʢʘʶʱʠʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʤʘʪʝʨʠʘʣʝ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʨʠ ʧʣʘʩʪʠʯʥʦʡ ʠ ʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʷʭ, 

ʦʮʝʥʠʚʘʶʪʩʷ ʢʘʢ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʩʤʝʱʝʥʠʝ ʘʪʦʤʦʚ ʠʣʠ ʠʦʥʦʚ ʦʪ ʵʪʘʣʦʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ. 

ʂʦʛʝʨʝʥʪʥʳʝ ʛʨʘʥʠʮʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʫʧʨʫʛʠʝ ʜʝʬʦʨʤʘʮʠʠ ʧʦ ʧʣʦʩʢʦʩʪʷʤ ʨʘʟʜʝʣʘ,  

ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʦʣʫʢʦʛʝʨʝʥʪʥʳʝ ï ʧʣʘʩʪʠʯʥʳʝ ʠ ʫʧʨʫʛʠʝ ʜʝʬʦʨʤʘʮʠʠ ʩ ʫʯʘʩʪʠʝʤ ʜʠʩʣʦʢʘʮʠʡ. 

ʆʙʘ ʪʠʧʘ ʜʝʬʦʨʤʘʮʠʡ ʤʦʛʫʪ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʚʣʠʷʪʴ ʥʘ ʬʦʥʦʥʥʦʝ ʨʘʩʩʝʷʥʠʝ,  

ʯʪʦ ʦʙʩʫʞʜʘʝʪʩʷ ʚ ʨʘʙʦʪʘʭ [77,79].  

ʏʪʦʙʳ ʜʦʩʪʠʛʥʫʪʴ ʥʘʠʤʝʥʴʰʠʭ ʚʝʣʠʯʠʥ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʝʠʚʘʪʴ ʚʩʝ 

ʬʦʥʦʥʥʳʝ ʤʦʜʳ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ ʧʫʪʝʤ ʚʚʝʜʝʥʠʷ ʚ ʤʘʪʨʠʮʫ ʚʩʝʭ ʪʠʧʦʚ ʜʝʬʝʢʪʦʚ: 

ʪʦʯʝʯʥʳʝ ʜʝʬʝʢʪʳ, ʥʘʥʦʨʘʟʤʝʨʥʳʝ ʚʢʣʶʯʝʥʠʷ, ʛʨʘʥʠʮʳ ʟʝʨʝʥ, ʤʝʟʦʤʘʩʰʪʘʙʥʳʝ ʩʪʨʫʢʪʫʨʳ 

(ʩʤ. ʨʠʩ. 7). ʅʘʧʨʠʤʝʨ, ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʢʨʝʤʥʠʷ ʠʣʠ ʪʝʣʣʫʨʠʜʘ ʩʚʠʥʮʘ ʦʢʦʣʦ 20% ʨʝʰʝʪʦʯʥʦʛʦ 

ʚʢʣʘʜʘ ʚ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʦʪʥʦʩʷʪ ʢ ʬʦʥʦʥʥʳʤ ʤʦʜʘʤ ʩ ʜʣʠʥʦʡ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ  

ʚ ʠʥʪʝʨʚʘʣʝ 0.1ï1.0 ʤʤ (ʜʣʠʥʥʦʚʦʣʥʦʚʳʝ) [2]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʫʞʝ ʧʨʠʥʠʤʘʶʪ ʫʯʘʩʪʠʝ 
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ʤʝʟʦʤʘʩʰʪʘʙʥʳʝ ʩʪʨʫʢʪʫʨʳ. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʥʝʜʨʝʥʠʝ ʚʩʝʭ ʪʠʧʦʚ ʜʝʬʝʢʪʦʚ ʚ ʦʜʠʥ 

ʦʙʨʘʟʝʮ ʤʦʞʝʪ ʢʘʢ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ,  

ʪʘʢ ʠ ʩʥʠʟʠʪʴ ʚʝʣʠʯʠʥʫ ʬʘʢʪʦʨʘ ʤʦʱʥʦʩʪʠ ʚʩʣʝʜʩʪʚʠʝ ʫʤʝʥʴʰʝʥʠʷ ʧʦʜʚʠʞʥʦʩʪʠ ʥʦʩʠʪʝʣʝʡ 

ʟʘʨʷʜʘ. ʕʪʦ ʪʨʝʙʫʝʪ ʜʦʩʪʠʞʝʥʠʷ ʦʧʪʠʤʘʣʴʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʨʘʟʣʠʯʥʳʭ ʜʝʬʝʢʪʦʚ. 

ʈʘʩʩʤʦʪʨʝʥʥʳʝ ʪʠʧʳ ʜʝʬʝʢʪʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚʳʷʚʣʝʥʳ ʚ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʘʭ ʈɿʕ ʠ, ʢʘʢ ʚʳʷʩʥʠʣʦʩʴ, ʧʦʜʜʘʶʪʩʷ ʧʨʝʧʘʨʘʪʠʚʥʦʤʫ ʢʦʥʪʨʦʣʶ.  

ʕʪʦ ʷʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʩʪʠʤʫʣʦʤ ʢ ʩʠʩʪʝʤʥʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʶ ʤʝʭʘʥʠʟʤʦʚ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʥʚʝʨʩʠʠ ʚ ʤʘʪʝʨʠʘʣʘʭ ʥʘ ʦʩʥʦʚʝ ʩʫʣʴʬʠʜʦʚ ʈɿʕ.     

 

1.3.3. ʉʚʷʟʴ ZT ʩ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʤʘʪʝʨʠʘʣʘ 

 

ʀʟʫʯʝʥʠʝ ʧʨʠʨʦʜʳ ʚʣʠʷʥʠʷ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘ ʧʘʨʘʤʝʪʨʳ n, m, 

m*, lc (ʜʣʠʥʘ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ), lʬ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʘ ʚʝʣʠʯʠʥʳ S, ů, əʦʙ ɦ

ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ ʨʝʰʝʥʠʝ ʚʦʧʨʦʩʦʚ ʩʠʥʪʝʟʘ ʩʦʝʜʠʥʝʥʠʡ ʠ ʠʭ ʜʝʪʘʣʴʥʦʡ ʭʠʤʠʯʝʩʢʦʡ, 

ʩʪʨʫʢʪʫʨʥʦʡ, ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʦʡ ʠ ʤʝʟʦʩʪʨʫʢʪʫʨʥʦʡ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ. ʇʦʜ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ (ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʢʝʨʘʤʠʢʠ) ʧʦʥʠʤʘʶʪʩʷ ʩʣʝʜʫʶʱʠʝ 

ʧʦʢʘʟʘʪʝʣʠ ʤʘʪʝʨʠʘʣʘ: ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ, ʢʦʥʮʝʥʪʨʘʮʠʷ ʚʘʢʘʥʩʠʡ (ʥʝʩʪʝʭʠʦʤʝʪʨʠʷ  

ʧʦ ʢʘʪʠʦʥʫ ʠʣʠ ʘʥʠʦʥʫ), ʧʣʦʪʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʡ, ʫʨʦʚʝʥʴ ʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʠ ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʳʭ 

ʧʨʠʤʝʩʝʡ, ʤʦʨʬʦʣʦʛʠʷ ʛʨʘʥʠʮ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʠʭ ʫʜʝʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ ʥʘ ʝʜʠʥʠʮʫ ʦʙʲʸʤʘ,  

ʘ ʪʘʢʞʝ ʚʝʣʠʯʠʥʳ ʜʝʬʦʨʤʘʮʠʡ ʨʝʰʝʪʢʠ ï ʩʦʩʪʦʷʥʠʝ ʠ ʥʘʨʫʰʝʥʠʝ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʨʝʰʝʪʢʠ 

ʠʣʠ ʧʝʨʚʦʡ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʩʬʝʨʳ ʢʘʪʠʦʥʦʚ. 

 ʍʘʨʘʢʪʝʨʠʟʘʮʠʷ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ 

ʨʘʙʦʪʳ ʙʫʜʝʪ ʧʨʦʚʝʜʝʥʘ ʥʘʙʦʨʦʤ ʥʝʦʙʭʦʜʠʤʳʭ ʤʝʪʦʜʠʢ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ 

ʤʝʪʦʜʦʚ ʠ ʧʨʠʙʦʨʦʚ. ʅʘʧʨʠʤʝʨ, ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʤʝʪʦʜʘ ʈʌɸ ʙʫʜʝʪ ʧʨʦʚʝʜʝʥʘ ʦʙʨʘʙʦʪʢʘ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʩ ʚʳʯʠʩʣʝʥʠʝʤ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ a (ʜʣʷ ʢʫʙʠʯʝʩʢʠʭ ʨʝʰʝʪʦʢ), 

ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʠʭ ʜʝʬʦʨʤʘʮʠʡ ʧʦ ʠʟʚʝʩʪʥʳʤ ʤʦʜʝʣʷʤ: D = 0.9Āl/bĀcosq ï ʫʨʘʚʥʝʥʠʝ 

ɺʫʣʴʬʘïʐʝʨʨʝʨʘ, ʛʜʝ D ï ʦʙʣʘʩʪʴ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʢʨʠʩʪʘʣʣʠʪʦʚ (ʆʂʈɻʢʩ), l ï ʜʣʠʥʘ 

ʚʦʣʥʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, b ï h ʠʨʠʥʘ ʥʘ ʧʦʣʫʚʳʩʦʪʝ ʨʝʬʣʝʢʩʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ,  

q ï ʫʛʦʣ ʜʠʬʨʘʢʮʠʠ ʠ ʫʨʘʚʥʝʥʠʝ ʍʦʣʣʘïɺʠʣʴʷʤʩʦʥʘ: bĀcosq/l = 1/D + eĀsinq/l, ʛʜʝ e ï ʚʢʣʘʜ 

ʜʝʬʦʨʤʘʮʠʡ, ʘ ʪʘʢʞʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʦʪʥʦʰʝʥʠʡ ɟʨʝʥ = 16ĀM/NɸĀa
3
, ʛʜʝ ɟʨʝʥ ï ʨʝʥʪʛʝʥʦʚʩʢʘʷ 

ʧʣʦʪʥʦʩʪʴ, M ï ʤʦʣʝʢʫʣʷʨʥʘʷ ʤʘʩʩʘ, Nɸ ï ʯʠʩʣʦ ɸʚʦʛʘʜʨʦ, d = 1/D2, e = bĀcosq/4,  

ʛʜʝ d ï ʧʣʦʪʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʡ [91ï93].  

ʋʜʝʣʴʥʘʷ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʪʦʚ (Sʫʜ) ʠʭ ʤʦʨʬʦʣʦʛʠʷ (ʧʦ ʜʘʥʥʳʤ ʉʕʄ ʠ ʇʕʄ) 

ʠ ʧʣʦʪʥʦʩʪʴ (ʚʝʣʠʯʠʥʘ, ʦʪʨʘʞʘʝʤʘʷ ʧʠʢʥʦʤʝʪʨʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ɟʧʠʢ ʠʣʠ ʧʣʦʪʥʦʩʪʴʶ 

ʢʝʨʘʤʠʢʠ ɟʢʝʨ) ʦʙʨʘʟʮʦʚ, ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʧʣʦʪʥʦʩʪʴ (ɟʨʝʥ), ʩʪʝʧʝʥʴ ʠ ʧʨʠʨʦʜʘ ʜʝʬʦʨʤʘʮʠʡ 

ʨʝʰʝʪʢʠ (e), ʧʣʦʪʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʡ (d), ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ (Dʢʨ), ʢʦʥʮʝʥʪʨʘʮʠʷ ʩʪʨʫʢʪʫʨʥʦ-
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ʨʘʚʥʦʚʝʩʥʳʭ ʚʘʢʘʥʩʠʡ ʠ ʫʜʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʜʝʬʦʨʤʘʮʠʦʥʳʭ ʮʝʥʪʨʦʚ (NC, NV ʥʘ ʩʤ
3
) 

ʧʦʟʚʦʣʷʪ ʦʧʠʩʘʪʴ ʧʨʠʨʦʜʫ ʨʘʩʩʝʷʥʠʷ ʬʦʥʦʥʦʚ ʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʦʪʤʝʯʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ: a, Dʢʨ, D, Sʫʜ, ɟʨʝʥ, ɟʧʠʢ, b, e, d, NV, NC ̫ ʚʣʷʶʪʩʷ ʧʦʢʘʟʘʪʝʣʷʤʠ ʨʝʘʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʪʚʝʨʜʦʛʦ ʪʝʣʘ.  

ʉʚʷʟʴ ʠʟʤʝʥʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ n, m, m*, lʬ  ʩ ʧʦʢʘʟʘʪʝʣʷʤʠ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʙʫʜʝʪ 

ʨʘʩʩʤʦʪʨʝʥʘ ʚ ʨʘʤʢʘʭ ʠʟʚʝʩʪʥʳʭ ʤʦʜʝʣʝʡ ʬʠʟʠʢʠ ʪʚʝʨʜʦʛʦ ʩʦʩʪʦʷʥʠʷ. ɺ ʢʦʥʝʯʥʦʤ ʩʯʝʪʝ 

ʢʦʤʧʣʝʢʩ ʵʪʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʜʘʩʪ ʦʙʦʩʥʦʚʘʥʠʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʡ ʩʚʷʟʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ZT, S, ů (r), kʦʙ ɦʩ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʤʘʪʝʨʠʘʣʘ.  ʀʤʝʥʥʦ ʧʦʜʦʙʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʷʚʣʷʶʪʩʷ ʜʣʷ ʤʘʪʝʨʠʘʣʦʚʝʜʦʚ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʡ ʦʩʥʦʚʦʡ ʨʘʟʨʘʙʦʪʢʠ ʠ ʩʦʟʜʘʥʠʷ 

ʵʬʬʝʢʪʠʚʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʣʶʙʦʤ ʢʦʥʢʨʝʪʥʦʤ ʩʣʫʯʘʝ. 

  

1.4. ʆʙʲʝʢʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ: ʩʪʨʫʢʪʫʨʘ, ʩʚʦʡʩʪʚʘ, ʧʨʠʤʝʥʝʥʠʝ 

  

1.4.1. ʉʫʣʴʬʠʜʳ ʈɿʕ ʠ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʥʘ ʠʭ ʦʩʥʦʚʝ 

 

ɺʳʰʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʧʦʣʫʪʦʨʥʳʝ ʩʫʣʴʬʠʜʳ ʈɿʕ ʠʤʝʶʪ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʜʣ̫ ʩʦʟʜʘʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ, ʪʘʢ ʢʘʢ 

ʤʘʪʝʨʠʘʣʳ ʥʘ ʠʭ ʦʩʥʦʚʝ ʷʚʣʷʶʪʩʷ ʭʠʤʠʯʝʩʢʠ ʠ ʘʛʨʝʛʘʪʥʦ ʫʩʪʦʡʯʠʚʳʤʠ ʧʨʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʛʫʪ ʦʙʝʩʧʝʯʠʪʴ ʢʦʥʚʝʨʩʠʶ ʪʝʧʣʘ ʚ ʵʣʝʢʪʨʠʯʝʩʪʚʦ  

ʩ ʚʳʩʦʢʠʤ ʂʇɼ (ʩʤ. ʫʨʘʚʥʝʥʠʝ (2)). ʇʦʵʪʦʤʫ ʦʩʥʦʚʥʳʤʠ ʦʙʲʝʢʪʘʤʠ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʶʪʩʷ ʩʫʣʴʬʠʜʳ ʈɿʕ ʠ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʥʘ ʠʭ ʦʩʥʦʚʝ. 

ʉʫʱʝʩʪʚʫʝʪ ʨʷʜ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʨʘʟʥʦʡ ʩʪʝʭʠʦʤʝʪʨʠʠ: LnS, Ln2S3, Ln3S4, Ln5S7, Ln4S7, LnS2. 

ɺʤʝʩʪʝ ʩ ʪʝʤ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʭʘʣʴʢʦʛʝʥʠʜʳ ʈɿʕ ʧʨʝʜʩʪʘʚʣʝʥ rʬʘʟʘʤʠ ʧʝʨʝʤʝʥʥʦʛʦ ʩʦʩʪʘʚʘ  

[94ï96], ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʪʦʨʳʭ ʧʦʟʚʦʣʠʪ ʜʦʩʪʠʛʥʫʪʴ ʦʧʪʠʤʘʣʴʥʦʡ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ. ʅʘ ʨʠʩʫʥʢʝ 10 ʧʨʝʜʩʪʘʚʣʝʥʘ ʠʟʚʝʩʪʥʘʷ ʜʠʘʛʨʘʤʤʘ ʩʦʩʪʦʷʥʠʷ ʙʠʥʘʨʥʦʡ 

ʩʠʩʪʝʤʳ GdïS. 
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ʈʠʩ. 10. ɼʠʘʛʨʘʤʤʘ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ GdïS. 

 

ʀʟʫʯʝʥʠʝ ʬʘʟʦʚʳʭ ʨʘʚʥʦʚʝʩʠʡ ʩʠʩʪʝʤʳ GdïS ʧʦʜʨʦʙʥʦ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʨʘʙʦʪʘʭ [97ï99]. 

ʈʝʥʪʛʝʥʦʛʨʘʬʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʤʦʥʦʩʫʣʴʬʠʜ GdS, ʧʦʣʠʩʫʣʴʬʠʜ GdS2  

ʠ ʧʦʣʫʪʦʨʥʳʝ ʩʫʣʴʬʠʜʳ Gd2S3 (Ŭ- ʠ ɔ-ʤʦʜʠʬʠʢʘʮʠʡ). ɼʣʷ ʩʫʣʴʬʠʜʘ ʛʘʜʦʣʠʥʠʷ ʢʫʙʠʯʝʩʢʦʡ  

ɔ-ʤʦʜʠʬʠʢʘʮʠʠ ʩʫʱʝʩʪʚʫʝʪ ʦʙʣʘʩʪʴ ʛʦʤʦʛʝʥʥʦʩʪʠ (ʦʙʣʘʩʪʴ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ)   Gd2S3ïGd3S4  

ʩ ʚʘʨʴʠʨʫʝʤʦʡ ʧʦ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʘʢʘʥʩʠʦʥʥʦʡ ʩʠʩʪʝʤʦʡ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ ʪʠʧʘ Th3P4, ʢʦʪʦʨʫʶ ʢʦʨʨʝʢʪʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ Gd2.676 Ȣ
S4ïGd3S4,  

ʛʜʝ [VGd] ï ʚʘʢʘʥʩʠʠ ʚ ʢʘʪʠʦʥʥʦʡ ʧʦʜʨʝʰʝʪʢʝ [100].  ʊʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʠʷ g-Gd2S3 

ʧʨʠʥʠʤʘʶʪ ʨʘʚʥʦʡ º2300K [51]. ʇʨʝʜʩʪʘʚʣʝʥʥʘʷ ʜʠʘʛʨʘʤʤʘ ʩʦʩʪʦʷʥʠʷ GdïS ʚ ʥʝʢʦʪʦʨʳʭ 

ʦʙʣʘʩʪʷʭ (ʨʘʚʥʦʚʝʩʠʝ ʪʚʝʨʜʦʝïʞʠʜʢʦʝïʧʘʨ ʜʣʷ ʩʦʩʪʘʚʦʚ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʛʘʜʦʣʠʥʠʷ  

ʠ ʩʝʨʳ) ̫ ʚʣʷʝʪʩʷ ʛʠʧʦʪʝʪʠʯʝʩʢʦʡ ʠ ʥʫʞʜʘʝʪʩʷ ʚ ʜʘʣʴʥʝʡʰʝʤ ʠʟʫʯʝʥʠʠ. ʇʦʣʫʯʝʥʠʝ ʤʘʪʝʨʠʘʣʦʚ 

ʩ ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʪʨʝʙʫʝʪ ʢʦʤʧʣʝʢʩʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠ ̫ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʠʩʭʦʜʥʦʡ 

ʰʠʭʪr, ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ, ʩʪʨʫʢʪʫʨ,r ʧʨʠʤʝʩʥʦʛʦ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʦʚ ʧʦʣʫʯʝʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʭʘʨʘʢʪʝʨʠʟʘʮʠʝʡ ʠʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠ ʠʟʫʯʝʥʠʝʤ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ.   

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ ʧʦʣʫʪʦʨʥʦʛʦ ʩʫʣʴʬʠʜʘ ɔ-GdS1.5-y ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʜʘʚʣʝʥʠʷʭ ʧʘʨʦʚ ʩʝʨʳ  

ʠ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʨʠʩ. 11) ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʪʨʝʤʣʝʥʠʝʤ ʩʠʩʪʝʤʳ ʢ ʫʩʪʘʥʦʚʣʝʥʠ ʁʨʘʚʥʦʚʝʩʥʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʘʢʘʥʩʠʦʥʥʳʭ ʜʝʬʝʢʪʦʚ ʚ ʢʘʪʠʦʥʥʦʡ ʧʦʜʨʝʰʝʪʢʝ [101].  
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ʈʠʩ. 11. ʋʯʘʩʪʦʢ P-T ʜʠʘʛʨʘʤʤʳ ʩʠʩʪʝʤʳ Gd-S ʚ ʦʙʣʘʩʪʠ ʩʦʩʪʘʚʦʚ 50ï60 ʘʪ.% S: 

  1 ï ʩʝʨʘ, 2 ï ɔ-Gd2S3, 3 ï Ŭ-Gd2S3, 4 ï GdS. 

 

ʉʦʩʪʘʚ ʩʦʝʜʠʥʝʥʠʡ ʛʘʜʦʣʠʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʩʣʦʚʠʷʤʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʬʘʟʦʚʦʡ 

ʜʠʘʛʨʘʤʤʝ (ʩʤ. ʨʠʩ. 10), ʠ ʢʠʥʝʪʠʢʦʡ ʧʨʦʪʝʢʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʩʠʥʪʝʟʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘʜʘʚʘʷ 

ʫʩʣʦʚʠ ̫ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʦʜʫʢʪʘ, ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ ʩʫʣʴʬʠʜʳ ʛʘʜʦʣʠʥʠʷ  

ʠ ʜʨʫʛʠʭ ʈɿʕ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩ ʨʘʟʣʠʯʥʳʤʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ 

ʩʚʦʡʩʪʚʘʤʠ.  

ʇʨʠʥʮʠʧ ʦʙʨʘʟʦʚʘʥʠʷ ʭʠʤʠʯʝʩʢʦʡ ʩʚʷʟʠ ʚ ʩʦʝʜʠʥʝʥʠʷʭ, ʘ ʪʘʢʞʝ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ  

ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʦʧʨʝʜʝʣʷʪʁʩʷ ʭʘʨʘʢʪʝʨʦʤ ʟʘʧʦʣʥʝʥʠʷ ɻ ʣʝʢʪʨʦʥʘʤʠ  

f-ʦʙʦʣʦʯʢʠ [102,103]. ʇʝʨʠʦʜʠʯʥʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʩʚʦʡʩʪʚ ʩʫʣʴʬʠʜʦʚ ʧʦ ʤʝʨʝ ʟʘʧʦʣʥʝʥʠʷ  

f-ʦʨʙʠʪʘʣʝʡ ʈɿʕ ʷʚʣʷʝʪʩʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴʶ ʦʙʱʝʛʦ ʭʘʨʘʢʪʝʨʘ ʠ ʩʚʦʡʩʪʚʝʥʥʘ ʚʩʝʤ ʩʦʝʜʠʥʝʥʠʷʤ 

ʨʝʜʢʠʭ ʟʝʤʝʣʴ [104,105]. ʕʥʝʨʛʝʪʠʯʝʩʢʠ ʫʩʪʦʡʯʠʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ ʧʦ ʤʝʨʝ 

ʟʘʧʦʣʥʝʥʠʷ f-ʦʙʦʣʦʯʢʠ ʷʚʣʷʝʪʩʷ ʢʦʥʬʠʛʫʨʘʮʠʷ f
7
. ɼʣʷ ʚʪʦʨʦʡ ʧʦʣʦʚʠʥʳ ʨʷʜʘ ʣʘʥʪʘʥʦʠʜʦʚ,  

f-ʦʙʦʣʦʯʢʘ ʜʦʩʪʨʘʠʚʘʝʪʩʷ ʜʦ ʢʦʥʬʠʛʫʨʘʮʠʠ f
14
, ʯʪʦ ʦʪʨʘʞʘʝʪʩʷ ʥʘ ʩʪʨʫʢʪʫʨʝ ʠ ʬʠʟʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚʘʭ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʫʣʴʬʠʜʦʚ ʈɿʕ. 

ʉʪʨʫʢʪʫʨ rʩʫʣʴʬʠʜʦʚ ʈɿʕ ʦʧʨʝʜʝʣʷʪʁʩʷ ʩʪʝʭʠʦʤʝʪʨʠʝʡ ʩʦʩʪʘʚʘ, ʨʘʜʠʫʩʦʤ ʢʘʪʠʦʥʘ  

ʠ ʩʪʨʦʝʥʠʝʤ ɻ ʣʝʢʪʨʦʥʥʳʭ ʦʙʦʣʦʯʝʢ ʨʝʜʢʠʭ ʟʝʤʝʣʴ. ʈʘʟʥʦʦʙʨʘʟʠʝ ɻ ʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ  

ʚ ʨʷʜʫ ʣʘʥʪʦʥʦʠʜʦʚ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʨʘʟʥʳʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣ rʥʘ ʠʭ ʦʩʥʦʚʝ,  

ʚ ʯʘʩʪʥʦʩʪʠ ʩʫʣʴʬʠʜʦʚ ʈɿʕ, ʜʣʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ, ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ, ʣʘʟʝʨʥʳʭ  

ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ [95,106,107].  

ɺʩʝ ʩʫʣʴʬʠʜʳ ʈɿʕ ʧʦʜʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʜʚʘ ʢʣʘʩʩʘ ʩʦʝʜʠʥʝʥʠʡ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʵʣʝʢʪʨʦ-

ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ: ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ ʠ ʤʝʪʘʣʣʳ. ʂ ʧʝʨʚʦʤʫ ʢʣʘʩʩʫ ʚ ʦʩʥʦʚʥʦʤ ʦʪʥʦʩʷʪʩʷ 

ʧʦʣʫʪʦʨʥʳʝ ʩʫʣʴʬʠʜʳ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ,  

ʘ ʢʦ ʚʪʦʨʦʤʫ ï ʤʦʥʦʩʫʣʴʬʠʜʳ, ʦʙʣʘʜʘʶʱʠʝ ʙʦʣʴʰʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʴʶ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 

ʪʠʧʘ [54,74,94,108]. ɹʣʘʛʦʜʘʨʷ ʪʝʨʤʠʯʝʩʢʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ 

ʦʧʪʠʤʘʣʴʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʨʷʜʫ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ  
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ɔ-(Ln2S3ïLn3S4) ¹ Ln3-x[VLn,x]S4 ʩ ʨʘʟʚʠʪʦʡ ʨʘʚʥʦʚʝʩʥʦʡ ʚʘʢʘʥʩʠʦʥʥʦʡ ʩʠʩʪʝʤʦʡ ɻ ʪʠ ʩʫʣʴʬʠʜ r

ʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ  

ʩ ʤʦʥʦʩʫʣʴʬʠʜʘʤʠ ʈɿʕ [17,55,109]. ʂ ʷʚʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʘʤ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ ʦʪʥʦʩʷʪʩʷ 

ʤʝʥʴʰʠʝ ʟʥʘʯʝʥʠ ̫ʦʙʱʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ [110,111] ʠ ʙʦʣʴʰʠʝ ʚʝʣʠʯʠʥ r

ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ [100]. ʅʝʦʙʭʦʜʠʤʦ ʝʱʝ ʨʘʟ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʥʝʝ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʧʦ ʘʥʦʤʘʣʴʥʦʤʫ ʧʦʥʠʞʝʥʠʶ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ɔ-GdxDy1-xS1.48 ʧʨʠ x = 0.2  

ʠ ʊ = 300ï400K (ʩʤ. ʨʠʩ. 8), ʢʘʢ ʦʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʚʳʰʝʥʠʷ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ZT, ̫ʚʠʣʠʩʴ ʧʝʨʚʦʧʨʠʯʠʥʦʡ ʧʦʩʪʘʥʦʚʢʠ ʟʘʜʘʯʠ 

ʜʝʪʘʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ ʧʨʠʨʦʜʳ ʵʪʦʡ ʘʥʦʤʘʣʠʠ ʚ ʠʥʪʝʨʚʘʣʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʜʦ 770K. 

ʂʘʢ ʧʦʢʘʟʘʥʦ ʚʳʰʝ, ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʟʘʚʠʩʠʪ ʚ ʦʩʥʦʚʥʦʤ ʦʪ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʤʘʪʝʨʠʘʣʘ, ʧʦʵʪʦʤʫ ʣʦʛʠʯʥʦ ʙʳʣʦ ʦʩʫʱʝʩʪʚʠʪʴ ʜʝʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʘʥʦʤʘʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʚ ʨʘʤʢʘʭ ʙʦʣʝʝ ʛʣʫʙʦʢʦʛʦ 

ʘʥʘʣʠʟʘ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ. ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʯʪʦ, ʠʟʤʝʥʷʷ ʨʝʘʣʴʥʫʶ 

ʩʪʨʫʢʪʫʨʫ ʤʘʪʝʨʠʘʣʘ, ʤʦʞʥʦ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʚʝʣʠʯʠʥʫ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ZT. 

ʅʘʧʨʠʤʝʨ, ʠʟʤʝʥʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʘʢʘʥʩʠʡ ʠ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʧʦʟʚʦʣ̫ ʝʪ ʤʝʥʷʪʴ 

ʢʦʥʮʝʥʪʨʘʮʠ ʁʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʜʣʠʥʫ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʥʦʥʦʚ, ʘ ʪʘʢʞʝ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʝ ʠ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟʫʯʝʥʠʝ 

ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ 

ʵʪʘʧʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʣʷ ʧʦʥʠʤʘʥʠ ̫ʧʫʪʝʡ ʦʧʪʠʤʠʟʘʮʠʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ  

ʠ ʜʣʷ ʣʶʙʳʭ ʜʨʫʛʠʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ.  

ʕʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ʩʫʣʴʬʠʜʘ ɔ-GdS1.5-y ʩ ʢʫʙʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ ʪʠʧʘ Th3P4  (ʨʠʩ. 12) 

ʩʦʜʝʨʞʠʪ 12 ʢʘʪʠʦʥʥʳʭ ʠ 16 ʘʥʠʦʥʥʳʭ ʧʦʟʠʮʠʡ [54]. 

 

ʈʠʩ. 12. ʕʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ʩʦʝʜʠʥʝʥʠʷ ɔ-GdS1.5-y ï ʩʪʨʫʢʪʫʨʥʳʡ ʪʠʧ Th3P4. 

 

 ɺ ʩʪʝʭʠʦʤʝʪʨʠʯʥʦʤ ʧʦʣʫʪʦʨʥʦʤ ʩʫʣʴʬʠʜʝ ʩʦʩʪʘʚʘ Ln2S3 ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʘʪʦʤʳ ʟʘʥʠʤʘʶʪ 

32/3 ʢʘʪʠʦʥʥʳʭ ʧʦʟʠʮʠʡ ʠʟ 12 ʜʦʩʪʫʧʥʳʭ [55,74,109], ʦʙʨʘʟʫʷ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʫʶ 

ʢʘʪʠʦʥʥʫʶ ʧʦʜʩʠʩʪʝʤʫ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʫʣʴʬʠʜʦʚ, ʥʘʧʨʠʤʝʨ  
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ɔ-GdxDy1-xS1.48, ʩ ʢʫʙʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ Th3P4 ʧʦʟʚʦʣʷʝʪ ʜʝʬʦʨʤʠʨʦʚʘʪʴ ʨʝʰʝʪʢʫ ʠ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ ʫʤʝʥʴʰʘʪʴ ʜʣʠʥʫ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʥʦʥʦʚ, ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʥʠʞʘʪʴ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ. ɹʦʣʴʰʠʥʩʪʚʦ ʠʟʚʝʩʪʥʳʭ ʨʘʙʦʪ [74,112,113] ʧʦʩʚʷʱʝʥʦ ʠʟʫʯʝʥʠʶ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʫʣʴʬʠʜʦʚ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʈɿʕ ʩʦʩʪʘʚʦʚ ɔ-LnS1.5-y ʚ ʠʥʪʝʨʚʘʣʝ 

ʪʝʤʧʝʨʘʪʫʨ 300ï973K. ɼʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʥʝʢʦʪʦʨʳʭ ʩʦʩʪʘʚʦʚ [54,55,109], 

ʧʦʜʦʙʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʣʠʰʴ ʧʨʠ ʢʦʤʥʘʪʥʳʭ ʠ ʙʣʠʟʢʠʭ ʢ ʥʠʤ ʪʝʤʧʝʨʘʪʫʨʘʭ [14].  

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʚʳʰʝʦʧʠʩʘʥʥʦʛʦ, ʦʩʥʦʚʥʳʤʠ ʪʨʝʙʦʚʘʥʠʷʤʠ ʢ ʩʦʟʜʘʥʠʶ ʵʬʬʝʢʪʠʚʥʳʭ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ: 

ï ʩʠʥʪʝʟ ʚʝʱʝʩʪʚ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤ ʥʘʨʫʰʝʥʠʝʤ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ ʨʘʟʣʠʯʥʦʡ 

ʤʘʩʰʪʘʙʥʦʩʪʠ, ʚʧʣʦʪʴ ʜʦ ʠʩʢʘʞʝʥʠʷ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʨʝʰʝʪʢʠ ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʧʦʥʠʞʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʧʨʠ ʫʤʝʨʝʥʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʥʘ ʫʨʦʚʥʝ ʚʳʨʦʞʜʝʥʥʳʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʩ ʙʦʣʴʰʦʡ ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ; 

ï ʦʙʝʩʧʝʯʝʥʠʝ ʦʜʥʦʨʦʜʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʪʠʭ ʥʘʨʫʰʝʥʠʡ (ʛʦʤʦʛʝʥʥʳʭ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ 

ʫʨʦʚʥʝ) ʧʦ ʚʩʝʤʫ ʦʙʨʘʟʮʫ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʰʫʥʪʠʨʦʚʘʥʠʷ ʪʝʧʣʦʧʝʨʥʦʩʘ  

ʠ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʦʙʣʘʩʪʝʡ ʪʚʝʨʜʦʛʦ ʪʝʣʘ. ɼʣʷ ʵʪʦʛʦ 

ʥʝʦʙʭʦʜʠʤʦ ʦʪʨʘʙʦʪʘʪʴ ʤʝʪʦʜʳ ʩʠʥʪʝʟʘ ʚʝʱʝʩʪʚ ʩ ʧʦʚʳʰʝʥʥʦʡ ʦʜʥʦʨʦʜʥʦʩʪʴʶ. 

ʇʦʥʷʪʥʦ, ʯʪʦ ʜʣʷ ʩʠʥʪʝʟʘ ʦʜʥʦʬʘʟʥʳʭ ʚʳʩʦʢʦʦʜʥʦʨʦʜʥʳʭ ʦʙʨʘʟʮʦʚ ʩʫʣʴʬʠʜʦʚ ʈɿʕ 

ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʚʝʨʜʦʬʘʟʥʳʝ ʨʝʘʢʮʠʠ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʧʦʨʦʰʢʦʚ ʦʢʩʠʜʦʚ ʈɿʕ  

ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʙʦʣʴʰʫʶ ʜʣʠʪʝʣʴʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʘ. 

ʆʧʪʠʤʠʟʘʮʠʷ ʫʩʣʦʚʠʡ ʧʨʦʚʝʜʝʥʠʷ ʧʦʜʦʙʥʳʭ ʧʨʦʮʝʩʩʦʚ ʪʨʝʙʫʝʪ ʠʟʫʯʝʥʠʷ ʢʠʥʝʪʠʢʠ ʧʨʦʪʝʢʘʥʠʷ 

ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ,  

ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʚ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʚʳʙʨʘʥʳ ʵʣʝʤʝʥʪʳ ʥʘʯʘʣʘ, 

ʩʝʨʝʜʠʥʳ ʠ ʢʦʥʮʘ ʛʨʫʧʧʳ ʣʘʥʪʘʥʦʠʜʦʚ: La, Gd, Dy ʠ Y. ʇʨʝʜʩʪʘʚʣʷʝʪʩʷ, ʯʪʦ ʠʟʫʯʝʥʠʝ 

ʤʝʭʘʥʠʟʤʦʚ ʨʝʘʢʮʠʡ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʦʢʩʠʜʦʚ ʈɿʕ ʠ ʢʠʥʝʪʠʢʠ ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟ ʚ ʩʠʩʪʝʤʘʭ 

LnïOïS (Ln=La, Gd, Dy, Y) ʧʦʟʚʦʣʠʪ ʦʧʨʝʜʝʣʠʪʴ ʦʧʪʠʤʘʣʴʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʚʨʝʤʝʥʘ 

ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʦʚ ʩʠʥʪʝʟʘ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʠ ʠʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʝʦʙʭʦʜʠʤʳʭ ʩʦʩʪʘʚʦʚ. 

ʇʦʩʢʦʣʴʢʫ ʯʘʩʪʴ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʦʩʚʷʱʝʥʘ ʠʟʫʯʝʥʠʶ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʩʦʝʜʠʥʝʥʠʡ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ Th3P4, ʨʘʩʩʤʦʪʨʠʤ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʝ 

ʦʩʦʙʝʥʥʦʩʪʠ ʠʟʚʝʩʪʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ. 

 ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨ rʩʠʥʪʝʟʘ ʧʦʣʫʪʦʨʥʳʝ ʩʫʣʴʬʠʜʳ ʈɿʕ ʤʦʛʫʪ ʬʦʨʤʠʨʦʚʘʪʴ ʨʘʟʥʳʝ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʦʜʠʬʠʢʘʮʠʠ, ʯʪʦ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʠʤʤʝʪʨʠʠ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʘʨʠʘʮʠʝʡ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʪʘʙʣʠʮʝ 1 ʧʨʠʚʝʜʝʥʳ ʦʩʥʦʚʥʳʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ 

ʜʘʥʥʳʝ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ ʣʘʥʪʘʥʘ, ʛʘʜʦʣʠʥʠʷ, ʜʠʩʧʨʦʟʠʷ ʠ ʠʪʪʨʠʷ [96,97,114,115].  
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ʊ ʘ ʙ ʣ ʠ ʮ ʘ 1 

ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ ʈɿʕ 

ʉʦʝʜʠʥʝʥʠʝ                              a 

ʇʨ.ʛʨ., Z                                    b 

                                              c, ᴠ 

ʉʦʝʜʠʥʝʥʠʝ                           a 

ʇʨ. ʛʨ., Z                                b 

                                            c, ᴠ 

ʉʦʝʜʠʥʝʥʠʝ                              a 

ʇʨ. ʛʨ., Z                                   b 

                                              c, ᴠ 

Ŭ-La2S3                                 7.66 

Pnma, 4 (ʨʦʤʙʠʯ.)               4.22 

                                            15.95  

ɓ-La2S3                             15.61 

I41/acd, 8  (ʪʝʪʨʘʛʦʥ.)                      

                                          20.58 

ɔ-La2S3                                  8.73 

Iτ3d, 4                      

 

Ŭ-Gd2S3                                 7.23 

Pnma, 4  (ʨʦʤʙʠʯ.)              3.93 

                                            15.30 

g-Gd2S3                               8.39 

Iτ3d, 4                   

 

Ŭ-Dy2S3                                7.28 

Pnma, 4 (ʨʦʤʙʠʯ.)              3.88                                                               

                                           15.14 

ŭ-Dy2S3                               10.17 

P21/m, 6 (ʤʦʥʦʢʣ.)               4.02 

                                            17.57 

ɔ-Dy2S3                               8.30 

Iτ3d, 4  

 

Y2S3                                   10.17 

P21/m, 6 (ʤʦʥʦʢʣ.)              4.02                                        

                                           17.47 

ʇʨʠʤʝʯʘʥʠʝ. Z ï ʯʠʩʣʦ ʬʦʨʤʫʣʴʥʳʭ ʝʜʠʥʠʮ. 

 

ʇʨʠʚʣʝʢʘʪʝʣʴʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ɔ-ʤʦʜʠʬʠʢʘʮʠʠ ʚ ʢʘʯʝʩʪʚʝ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʩʦʙʝʥʥʦʩʪʷʭ ʩʚʦʡʩʪʚ ʩʪʨʫʢʪʫʨ rʪʠʧʘ Th3P4: 

ʚr ʩʦʢʘ ̫ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ (ʙʦʣʝʝ 2000K), ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʩʘʤʦʣʝʛʠʨʦʚʘʥʠʶ (ʥʘʧʨʘʚʣʝʥʥʦʝ 

ʠʟʤʝʥʝʥʠʝ ʩʪʝʭʠʦʤʝʪʨʠʠ ʩʦʝʜʠʥʝʥʠʡ, ʯʪʦ ʦʪʨʘʞʘʝʪʩʷ  ʠʟʙʳʪʢʦʤ ʠʣʠ ʥʝʜʦʩʪʘʪʢʦʤ ʤʝʪʘʣʣʘ  

ʚ ʢʘʪʠʦʥʥʦʡ ʧʦʜʨʝʰʝʪʢʝ) [54,116]. ʆʪʢʣʦʥʝʥʠʝ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʩʫʣʴʬʠʜʦʚ  

ɔ-GdS1.5-y ʩʚʷʟʘʥʦ ʩ ʢʦʣʠʯʝʩʪʚʝʥʥʳʤ ʫʤʝʥʴʰʝʥʠʝʤ ʚʘʢʘʥʩʠʦʥʥʦʡ ʧʦʜʩʠʩʪʝʤ rʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʠʟʙʳʪʦʯʥʳʝ ʵʣʝʢʪʨʦʥʳ ʣʦʢʘʣʠʟʫʶʪʩʷ ʚ ʟʦʥʝ ʧʨʦʚʦʜʠʤʦʩʪʠ  

ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʦʚʳʰʘʶʪ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ [21]. ʇʝʨʝʯʠʩʣʝʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ 

ʦʢʘʟʳʚʘʶʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʢʦʦʨʜʠʥʘʪʳ ʘʪʦʤʦʚ ʚ ʨʝʰʝʪʢʝ, ʤʝʞʘʪʦʤʥʳʝ ʨʘʩʩʪʦʷʥʠʷ, 

ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʠʟʤʝʥʷʶʪ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ. 

ɼʣʷ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʚ ʦʩʥʦʚʥʦʤ ʭʘʨʘʢʪʝʨʥʳ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ (Ŭ-, ɓ- ʠ ŭ-ʤʦʜʠʬʠʢʘʮʠʠ) ʩ ʙʦʣʴʰʠʤʠ ʚʝʣʠʯʠʥʘʤʠ ʰʠʨʠʥʳ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ (Eg > 3 ʵɺ) ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʫʣʝʚʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ (ɟ > 10
6 
ʆʤĀʩʤ) [96,102],  

ʯʪʦ ʥʝ ʧʨʠʛʦʜʥʦ ʜʣʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʷʚʣʷʶʪʩʷ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʥʘ ʦʩʥʦʚʝ ʩʫʣʴʬʠʜʦʚ ʈɿʕ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ɔ-ʤʦʜʠʬʠʢʘʮʠʠ, ʘ ʠʤʝʥʥʦ ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ ʨʘʩʪʚʦʨʳ ɔ-GdxDy1-xS1.5-y. 
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1.4.2. ʅʝʩʦʨʘʟʤʝʨʥʳʝ ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʠ ʧʝʨʝʭʦʜʥʳʭ 

ʤʝʪʘʣʣʦʚ 

 

ɼʣʷ ʙʦʣʴʰʝʛʦ ʫʩʣʦʞʥʝʥʠʷ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ ʥʘ ʦʩʥʦʚʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʩʦ ʩʥʠʞʝʥʥʦʡ ʧʦʜʚʠʞʥʦʩʪʴ ʁʬʦʥʦʥʦʚ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʵʬʬʝʢʪʠʚʥʦʡ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʤʦʞʥʦ ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʧʣʦʩʢʦʩʪʥʳʭ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ 

ʦʙʣʘʩʪʝʡ. ʊʘʢʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʦʙʣʘʜʘʶʪ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ çʤʠʩʬʠʪè ʩʦʝʜʠʥʝʥʠʷ ʠʣʠ 

ʧʦʣʫʢʦʛʝʨʝʥʪʥʳʝ ʩʣʦʝʚʳʝ ʨʝʰʝʪʢʠ, ʠʣʠ ʩʦʝʜʠʥʝʥʠʷ ʩʦ ʩʣʦʞʥʦʡ ʥʝʩʦʨʘʟʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʥʘ 

ʦʩʥʦʚʝ ʯʝʨʝʜʫʶʱʠʭʩʷ ʩʣʦʝʚ ʧʦʜʨʝʰʝʪʢʠ ʤʦʥʦʩʫʣʴʬʠʜʘ ʈɿʕ ʠ ʧʦʜʨʝʰʝʪʢʠ ʜʠʩʫʣʴʬʠʜʘ 

ʧʝʨʝʭʦʜʥʦʛʦ ʤʝʪʘʣʣʘ [15,16,117ï120]. ʆʧʪʠʤʠʩʪʠʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʢʦʙʘʣʴʪʘʪʦʚ ʥʘʪʨʠʷ ʠ ʢʘʣʴʮʠʷ  

[38ï40,61,121] ʧʦʣʦʞʠʣʠ ʥʘʯʘʣʦ ʧʦʠʩʢʫ ʠ ʧʦʣʫʯʝʥʠ ʁʧʦʜʦʙʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʅʝʩʦʨʘʟʤʝʨʥʳʝ 

ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʫʶʪʩʷ ʧʫʪʝʤ ʠʥʪʝʛʨʘʮʠʠ ʥʝʩʢʦʣʴʢʠʭ ʙʣʦʢʦʚ (ʧʦʜʨʝʰʝʪʦʢ). ʇʦʜʨʘʟʫʤʝʚʘʝʪʩʷ, 

ʯʪʦ ʤʦʞʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʢʘʢ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ, ʪʘʢ ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ 

ʨʘʟʣʠʯʥʳʭ ʢʦʥʪʘʢʪʠʨʫʶʱʠʭ ʩʣʦʝʚ ʢʨʠʩʪʘʣʣʘ, ʘ ʵʪʦ ʧʨʝʜʦʧʨʝʜʝʣʷʝʪ ʥʦʚʳʝ ʧʫʪʠ ʫʚʝʣʠʯʝʥʠʷ 

ʧʘʨʘʤʝʪʨʘ ʜʦʙʨʦʪʥʦʩʪʠ ZT. ʆʜʥʘʢʦ ʚʳʩʦʢʦʝ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʦʢʩʠʜʦʚ ʢʦʙʘʣʴʪʘ, 

ʥʘʪʨʠʷ, ʢʘʣʴʮʠʷ ʠ ʜʨ., ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʚʳʩʦʢʦʡ ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴʶ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ ʧʦ-

ʧʨʝʞʥʝʤʫ ʦʩʪʘʝʪʩʷ ʦʛʨʘʥʠʯʠʚʘʶʱʠʤ ʬʘʢʪʦʨʦʤ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʜʦʩʪʠʞʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ʆʞʠʜʘʝʪʩʷ, ʯʪʦ ʩʦʝʜʠʥʝʥʠʷ ʩ ʘʥʘʣʦʛʠʯʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʦʡ ʥʘ ʦʩʥʦʚʝ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʠ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʙʫʜʫʪ ʠʤʝʪʴ ʙʦʣʝʝ ʥʠʟʢʦʝ 

ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʯʪʦ ʧʨʠʚʝʜʝʪ ʢ ʧʦʚʳʰʝʥʠʶ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʜʦʙʨʦʪʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ [45,48,49,122,123].  

ɺ ʨʷʜʝ ʨʘʙʦʪ ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʠ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʢʘʥʜʠʜʘʪʳ ʜʣʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ  

ʚ ʠʥʪʝʨʚʘʣʘʭ ʩʨʝʜʥʠʭ ʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ [117,118,124,125]. ɸʚʪʦʨʳ ʨʘʙʦʪ r[126] ʚʧʝʨʚʳʝ 

ʦʙʥʘʨʫʞʠʣʠ, ʯʪʦ ʩʣʦʠʩʪʳʡ ʩʫʣʴʬʠʜ ʪʠʪʘʥʘ ʩʦʩʪʘʚʘ TiS2 ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʠʤ ʬʘʢʪʦʨʦʤ ʤʦʱʥʦʩʪʠ 

(S
2
/ɟ) [8]. ɺʤʝʩʪʝ ʩ ʪʝʤ ʙʦʣʴʰʘʷ ʚʝʣʠʯʠʥʘ ʦʙʱʝʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ  

(əʦʙ ɦ å 6.7 ɺʪ/ʤĀK ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ) ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʝʪ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʜʦʙʨʦʪʥʦʩʪʴ TiS2 [127]. ɺ ʠʥʪʝʨʢʘʣʠʨʦʚʘʥʥʦʤ ʜʠʩʫʣʴʬʠʜʝ ʪʠʪʘʥʘ 

ʤʦʥʦʩʫʣʴʬʠʜʳ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ MS (ʛʜʝ M = Pb, Bi ʠʣʠ Sn) ʟʘʧʦʣʥʷʶʪ  

ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʦʚʫ ʱʝʣʴ ʩʣʦʠʩʪʦʛʦ TiS2, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ əʦʙ ɦ[48,49,128].  

ɺ ɻʪʦʤ ʩʦʝʜʠʥʝʥʠʠ ʩʣʦʠ ʭʦʟʷʠʥʘ TiS2 ʩʧʦʩʦʙʩʪʚʫʶʪ ʫʚʝʣʠʯʝʥʠʶ ʬʘʢʪʦʨʘ ʤʦʱʥʦʩʪʠ ʟʘ ʩʯʝʪ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ, ʘ ʩʣʦʡ MS ʫʤʝʥʴʰʘʝʪ ʨʝʰʝʪʦʯʥʫʶ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʠʟ-ʟʘ 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʷ ʨʝʰʝʪʢʠ ʥʘ ʧʦʣʫʢʦʛʝʨʝʥʪʥʦʡ ʛʨʘʥʠʮʝ ʩ TiS2 ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʳʟʳʚʘʝʪ 

ʫʤʝʥʴʰʝʥʠʝ ʜʣʠʥʳ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʥʦʥʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʧʨʠʤʝʨʝ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ 

ʩʦʝʜʠʥʝʥʠʡ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʥʪʝʨʢʘʣʷʮʠʷ ʛʦʩʪʝʚʳʭ ʩʣʦʝʚ ʤʝʞʜʫ ʩʣʦʷʤʠ ʜʠʩʫʣʴʬʠʜʦʚ 
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ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠ ʁʧʘʨʘʤʝʪʨʘ ZT. 

ɿʘ ʧʝʨʠʦʜ 1990-2000-ʭ ʛʦʜʦʚ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ, ʠʟʫʯʝʥʳ ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʬʠʟʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʦʩʪʘʚʦʚ (LnS)1+uTS2 (T = Ti, V, Cr, Nb,Ta) ʧʨʘʢʪʠʯʝʩʢʠ 

ʜʣʷ ʚʩʝʛʦ ʨʷʜʘ ʈɿʕ [15,16,129ï131]. ɺʤʝʩʪʝ ʩ ʪʝʤ ʪʦʣʴʢʦ ʥʝʩʢʦʣʴʢʦ ʨʘʙʦʪ ʧʦʩʚʷʱʝʥʦ 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ [117,118,125].  

ʆʪʩʫʪʩʪʚʠʝ ʪʨʝʭʤʝʨʥʦʡ ʧʝʨʠʦʜʠʯʥʦʩʪʠ ʨʝʰʝʪʢʠ ʚ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʷʭ 

ʧʦʨʦʞʜʘʝʪ ʥʦʚʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʠʭ ʩʚʦʡʩʪʚ, ʯʪʦ ʜʝʣʘʝʪ ʜʘʥʥʳʡ ʢʣʘʩʩ ʩʦʝʜʠʥʝʥʠʡ 

ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ZT [50,122,132ï134].  

ɺ ʨʘʙʦʪʘʭ [15,135] ʧʨʠʚʦʜʷʪʩʷ ʩʪʨʫʢʪʫʨʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʩʝʨʦʡ ʠ 

ʩʝʣʝʥʦʤ. ʂʘʞʜʘʷ ʠʟ ʧʦʜʨʝʰʝʪʦʢ ʦʧʠʩʳʚʘʝʪʩʷ ʩʦʙʩʪʚʝʥʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ 

ʩʠʤʤʝʪʨʠʠ (ʇɻʉ). ʉʪʨʦʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʷ (LaS)1.140NbS2 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 13. 

 

ʈʠʩ. 13. ʉʪʨʫʢʪʫʨʘ ʩʦʝʜʠʥʝʥʠʷ (LaS)1.140NbS2. 

 

ʉʦʝʜʠʥʝʥʠʷ ʵʪʦʛʦ ʢʣʘʩʩʘ ʦʙʨʘʟʫʶʪʩʷ ʧʦ ʧʨʠʥʮʠʧʫ ʛʦʩʪʴïʭʦʟʷʠʥ, ʚ ʢʦʪʦʨʦʤ ʛʦʩʪʝʚʳʝ 

ʤʦʣʝʢʫʣʳ ʤʦʥʦʩʫʣʴʬʠʜʘ ʚʩʪʨʘʠʚʘʶʪʩʷ ʚ ʧʦʣʦʩʪʠ ʤʝʞʜʫ ʩʣʦʷʤʠ ʜʠʩʫʣʴʬʠʜʘ ʚʜʦʣʴ 

ʥʘʧʨʘʚʣʝʥʠʷ ʩ. ʆʪʩʫʪʩʪʚʠʝ ʩʪʨʫʢʪʫʨʥʦʡ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ ʧʨʠʚʦʜʠʪ  

ʢ ʥʘʨʫʰʝʥʠʶ ʧʝʨʠʦʜʠʯʥʦʩʪʠ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʩʣʦʝʚ (ʥʘʧʨʘʚʣʝʥʠʝ a, ʩʤ. ʨʠʩ. 13), ʪ. ʝ. ʘʪʦʤʳ 

ʤʝʪʘʣʣʘ ʚ ʩʪʨʫʢʪʫʨʥʦʡ ʝʜʠʥʠʮʝ ʤʦʥʦʭʘʣʴʢʦʛʝʥʘ ʬʦʨʤʠʨʫʶʪ ʧʦʣʫʢʦʛʝʨʝʥʪʥʫʶ ʛʨʘʥʠʮʫ  

ʩ ʘʪʦʤʘʤʠ ʩʝʨʳ ʚ ʧʦʜʨʝʰʝʪʢʝ ʜʠʩʫʣʴʬʠʜʦʚ. ɼʣʷ ʦʪʨʘʞʝʥʠʷ ʵʪʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʙʳʣʦ ʚʚʝʜʝʥʦ 

ʧʦʥʷʪʠʝ çʥʝʩʦʨʘʟʤʝʨʥʦʩʪʠè ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʨʝʰʝʪʦʢ (ʩʪʨʫʢʪʫʨʥʳʭ ʧʦʜʨʝʰʝʪʦʢ ï ʙʣʦʢʦʚ) 

ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʩʣʦʝʚ. ʅʘʧʨʘʚʣʝʥʠ ̫ʦʩʝʡ ʧʦʜʨʝʰʝʪʦʢ ʪʘʢ ʞʝ, ʢʘʢ ʠ ʧʘʨʘʤʝʪʨʳ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, ʩʦʚʧʘʜʘʶʪ: b1 = b2 ʠ c1 = c2, ʦʜʥʘʢʦ a1 ̧ a2. ɿʜʝʩʴ ʠ ʜʘʣʝʝ ʧʦ ʪʝʢʩʪʫ 

ʧʦʜʨʘʟʫʤʝʚʘʝʪʩʷ, ʯʪʦ ʧʘʨʘʤʝʪʨʳ a1, b1, c1 ʠ a2, b2, c2 ʦʪʥʦʩʷʪʩʷ ʢ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ 

ʩʪʨʫʢʪʫʨʥʳʤ ʧʦʜʨʝʰʝʪʢʘʤ [16,136,137].  

ʉʪʨʫʢʪʫʨʘ ʧʦʜʨʝʰʝʪʢʠ [LnS] ʧʨʝʜʩʪʘʚʣʝʥʘ ʜʚʦʡʥʳʤ ʩʣʦʝʤ ʤʦʥʦʩʫʣʴʬʠʜʘ, ʢʦʪʦʨʳʡ ʠʤʝʝʪ 

ʠʩʢʘʞʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ NaCl ʠ ʦʧʠʩʳʚʘʝʪʩʷ ʧʩʝʚʜʦʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʝʡ (Fm2m). 
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ʉʪʨʫʢʪʫʨʘ ʜʠʩʫʣʴʬʠʜʘ ʧʝʨʝʭʦʜʥʦʛʦ ʤʝʪʘʣʣʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩɻ ʥʜʚʠʯ, ʚ ʢʦʪʦʨʦʤ ʘʪʦʤ ʤʝʪʘʣʣʘ 

ʥʘʭʦʜʠʪʩʷ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ ʭʘʣʴʢʦʛʝʥʘ ʠʣʠ ʪʨʠʛʦʥʘʣʴʥʦʡ ʧʨʠʟʤʳ (ʩʪʨʫʢʪʫʨʘ ʪʠʧʘ 

CdI2). ʊʠʧ ʦʢʨʫʞʝʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʥʢʨʝʪʥʳʤ ʤʝʪʘʣʣʦʤ, ʥʘʭʦʜʷʱʠʤʩʷ ʚ ʩʣʦʝ TS2:  

ʜʣʷ T = Ti, V, Cr ï ʦʢʪʘʵʜʨ, ʝʩʣʠ T = Nb, Ta ï ʪʨʠʛʦʥʘʣʴʥʘʷ ʧʨʠʟʤʘ [137].  

ʉʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʩʦʝʜʠʥʝʥʠʷ, ʪ. ʝ. ʢʦʵʬʬʠʮʠʝʥʪ u ʚ ʭʠʤʠʯʝʩʢʦʡ ʬʦʨʤʫʣʝ 

(MX)1+u(TX2)m ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʩʦʦʪʥʦʰʝʥʠʶ u = (4/2)Ț(a2/a1)-1, ʛʜʝ a1 ʠ a2 ï ʧʘʨʘʤʝʪʨʳ 

ʧʦʜʨʝʰʝʪʦʢ, ʘ ʢʦʵʬʬʠʮʠʝʥʪ 4/2 ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ ʯʠʩʣʘ ʬʦʨʤʫʣʴʥʳʭ ʝʜʠʥʠʮ  

ʚ ɻʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ (ʕʗ)  (4 ʜʣʷ MX, 2 ʜʣʷ TX2). ɺʝʣʠʯʠʥʘ m ʦʧʨʝʜʝʣʷʝʪ ʯʠʩʣʦ ʩʵʥʜʚʠʯʝʡ  

ʚ ʩʣʦʝ ʧʦʜʨʝʰʝʪʢʠ TX2. ɺ ʨʘʙʦʪʘʭ [15,16,138] ʧʨʠʚʦʜʷʪʩʷ ʜʘʥʥʳʝ ʦ ʧʦʣʫʯʝʥʠʠ ʩʦʝʜʠʥʝʥʠʷ,  

ʚ ʩʪʨʫʢʪʫʨʝ ʢʦʪʦʨʦʛʦ ʩʦʜʝʨʞʘʪʩʷ ʧʘʨʥʳʝ (m = 2) ʠʣʠ ʜʘʞʝ ʪʨʦʡʥʳʝ (m = 3) ʩʵʥʜʚʠʯʠ TS2.  

ɺ ʪʘʙʣʠʮʝ 2 ʧʨʠʚʝʜʝʥʳ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʥʝʩʦʨʘʟʤʝʨʥʳʭ 

ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ. 

ʊ ʘ ʙ ʣ ʠ ʮ ʘ 2 

ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʜʣʷ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʉʦʝʜʠʥʝʥʠʝ a1, Ȕ a2, Ȕ b1 = b2, Ȕ c1 = c2, Ȕ Ŭ, ʛʨʘʜ.
 

(SnS)1.17NbS2 5.67 3.31 5.75 11.76 90 

(LaS)1.14NbS2 5.83 3.31 5.80 c1 = 11.52 

c2 = 23.94 

90 

(PbS)1.18TiS2 5.80 3.41 5.88 11.76 95.28 

(GdS)1.20NbS2 5.52 3.31 5.71 22.53 90 

(DyS)1.22NbS2 5.43 3.31 5.68 c1 = 22.28 

c2 = 11.14 

90 

 

ʉʦʝʜʠʥʝʥʠʷ ʩʦʩʪʘʚʘ (LnS)1+uNbS2 ʧʦʣʫʯʝʥʳ ʜʣʷ ʚʩʝʛʦ ʨʷʜʘ ʈɿʕ. ɺʩʝ ʩʦʝʜʠʥʝʥʠʷ 

ʦʧʠʩʳʚʘʶʪʩʷ ʪʨʝʤʷ ʪʠʧʘʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ: CF (La, Ce, Pr), FF (Nd, Sm), FC 

(ʦʩʪʘʣʴʥʳʝ ʈɿʕ). ʊʠʧʳ ʨʝʰʝʪʦʢ ɹʨʘʚʵ C- (ʤʦʥʦʢʣʠʥʥʘʷ ʠʣʠ ʨʦʤʙʠʯʝʩʢʘʷ) ʠ F- (ʨʦʤʙʠʯʝʩʢʘʷ 

ʠʣʠ ʢʫʙʠʯʝʩʢʘʷ) ʦʪʥʦʩʷʪʩʷ ʢ ʩʪʨʫʢʪʫʨʥʳʤ ʝʜʠʥʠʮʘʤ LnS ʠ NbS2 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [117]. ʊʘʢʞʝ  

ʚ ʣʠʪʝʨʘʪʫʨʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠʥʮʠʧ ʦʧʠʩʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʢʘʢ (3+1) ï ʤʝʨʥʦʛʦ 

ʧʨʦʩʪʨʘʥʩʪʚʘ, ʥʘʟʳʚʘʝʤʦʛʦ ʩʚʝʨʭʨʝʰʝʪʢʦʡ [139ï141]. ʅʘ ʨʠʩʫʥʢʝ 14 ʠʟʦʙʨʘʞʝʥʳ ʚʦʟʤʦʞʥʳʝ 

ʪʠʧʳ ʨʝʰʝʪʦʢ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʩʦʩʪʘʚʘ (LnS)1+uNbS2. 
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ʈʠʩ. 14. ʊʠʧʳ ʨʝʰʝʪʦʢ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʩʦʩʪʘʚʘ (LnS)1+uNbS2. 

 

ʅʝʩʦʨʘʟʤʝʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʩ ʪʚʝʨʜʳʤʠ ʨʘʩʪʚʦʨʘʤʠ ʤʦʥʦʩʫʣʴʬʠʜʦʚ ʈɿʕ, ʚ ʯʘʩʪʥʦʩʪʠ Gd  

ʠ Dy, ʨʘʥʝʝ ʥʝ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʥʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʭ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʥʠ ʩ ʧʦʟʠʮʠʠ ʚʣʠʷʥʠʷ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʵʪʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ. 

ʆʩʥʦʚʥʘʷ ʧʨʦʙʣʝʤʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʚ ʢʘʯʝʩʪʚʝ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʚʳʰʝʥʥʦʡ ʚʝʨʦʷʪʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ 

ʤʥʦʛʦʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʢʦʥʝʯʥʳʭ ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ ʫʭʫʜʰʝʥʠʷ  

ʠ ʥʝʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʥʝʦʙʭʦʜʠʤʦ 

ʧʦʜʦʙʨʘʪʴ ʦʧʪʠʤʘʣʴʥʳʝ ʤʝʪʦʜʠʢʠ ʩʠʥʪʝʟʘ ʩʦʝʜʠʥʝʥʠʡ, ʧʦʟʚʦʣʷʶʱʠʝ ʠʟʫʯʠʪʴ ʢʠʥʝʪʠʢʫ 

ʨʝʘʢʮʠʡ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʦʢʩʠʜʦʚ ʈɿʕ (ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ) ʠ ʥʘ ʵʪʦʤ ʦʩʥʦʚʘʥʠʠ ʦʧʨʝʜʝʣʠʪʴ 

ʦʧʪʠʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʧʦʣʫʯʝʥʠʷ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʬʘʟ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʭ ʩʦʩʪʘʚʦʚ  

ʩ ʥʝʦʙʭʦʜʠʤʳʤʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ.  

 

1.5. ʉʠʥʪʝʟ ʠ ʚʳʙʦʨ ʤʝʪʦʜʠʢʠ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʦʢʩʠʜʦʚ ʈɿʕ  

 

ʉʧʝʮʠʬʠʢʘ ʭʠʤʠʠ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʨʝʙʦʚʘʥʠʷʤʠ ʢ ʯʠʩʪʦʪʝ ʠ ʚʳʩʦʢʦʡ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʦʜʥʦʨʦʜʥʦʩʪʠ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʠ ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ, ʘ ʪʘʢʞʝ ʢ ʩʦʩʪʘʚʫ 

ʛʘʟʦʚʦʡ ʬʘʟʳ ʥʘ ʚʩʝʭ ʩʪʘʜʠʷʭ ʭʠʤʠʯʝʩʢʠʭ ʧʨʝʚʨʘʱʝʥʠʡ. ɸʢʪʠʚʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʨʝʜʢʠʭ 

ʟʝʤʝʣʴ ʩ ʢʠʩʣʦʨʦʜʦʤ ʠʣʠ ʧʘʨʘʤʠ ʚʦʜʳ ʫʞʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʪʨʝʙʫʝʪ  

ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʧʦʜʛʦʪʦʚʢʠ ʠ ʧʨʦʚʝʜʝʥʠ ̫ʨʘʙʦʪ ʚ ʩʧʝʮʠʘʣʴʥʳʭ ʙʦʢʩʘʭ, 

ʛʝʨʤʝʪʠʯʥʳʭ ʢʘʤʝʨʘʭ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʚʘʢʫʫʤʠʨʦʚʘʥʥʳʭ ʠʣʠ ʟʘʧʦʣʥʝʥʥʳʭ ʦʯʠʱʝʥʥʳʤ 

ʠʥʝʨʪʥʳʤ ʛʘʟʦʤ. ʇʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʫʣʴʬʠʜ rʈɿʕ ʤʦʛʫʪ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ  

ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʜʝʪʘʣʷʤʠ ʨʝʘʢʪʦʨʦʚ, ʧʨʝʩʩ ʬʦʨʤ, ʢʦʥʪʝʡʥʝʨʦʚ, ʪʝʨʤʦʧʘʨʘʤʠ ʠ ʪ.ʜ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʥʝʦʙʭʦʜʠʤʦ ʩ ʦʩʦʙʦʡ ʦʩʪʦʨʦʞʥʦʩʪʴʶ ʧʦʜʭʦʜʠʪʴ ʢ ʚʳʙʦʨʫ ʤʝʪʦʜʠʢʠ ʩʠʥʪʝʟʘ ʩʦʝʜʠʥʝʥʠʡ 

ʩʫʣʴʬʠʜʦʚ ʣʘʥʪʘʥʦʠʜʦʚ.  

ʉʫʱʝʩʪʚʫʝʪ ʨʷʜ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʘʚʦʚ  

[54,94ï96,102,142ï145]. ɺʩʝ ʩʧʦʩʦʙʳ ʩʠʥʪʝʟʦʚ ʩʚʦʜʷʪʩʷ ʢ ʪʨʝʤ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʦʪʣʠʯʥʳʤ  
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ʩ ʭʠʤʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʭʝʤʘʤ. ʉʭʝʤʘ ʧʨʷʤʦʛʦ ʩʠʥʪʝʟʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩʝʨr ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʈɿʕ ʚ ʟʘʧʘʷʥʥʦʡ ʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʚʘʢʫʫʤʠʨʦʚʘʥʥʦʡ 

ʜʦ 10
-5
 ʤʤ ʨʪ. ʩʪ. ʘʤʧʫʣʝ ʠʣʠ ʚ ʦʩʦʙʦ ʯʠʩʪʦʡ ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʝ ʩ ʧʘʨʘʤʠ ʩʝʨʳ. ʄʘʣʘʷ 

ʩʢʦʨʦʩʪʴ ʪʦʧʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʩʚʷʟʘʥʘ ʩ ʟʘʤʝʜʣʝʥʥʦʡ 

ʩʢʦʨʦʩʪʴʶ ʚʥʫʪʨʝʥʥʝʡ ʜʠʬʬʫʟʠʠ, ʧʦʵʪʦʤʫ ʧʨʦʜʫʢʪʳ ʨʝʘʢʮʠʡ ʩʦʜʝʨʞʘʪ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝʩʢʦʣʴʢʦ 

ʩʫʣʴʬʠʜʥʳʭ ʬʘʟ [95]: 

                                                          4Ln+6SO Ln2S3+LnS+LnS2.                                                  (9) 

 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʦʜʥʦʛʦ ʠʟ ʨʝʘʛʝʥʪʦʚ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʣʘʥʪʘʥʦʠʜʘ 

ʷʚʣʷʝʪʩʷ ʩʝʨʴʝʟʥʦʡ ʧʨʦʙʣʝʤʦʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʩʫʣʴʬʠʜʦʚ ʈɿʕ. ɼʦʩʪʠʞʝʥʠʝ ʯʠʩʪʦʪʳ ʢʦʥʝʯʥʳʭ 

ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʨʝʰʝʥʠʝʤ ʧʨʦʙʣʝʤʳ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ [95], ʘ ʦʯʠʩʪʢʘ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʈɿʕ ʷʚʣʷʝʪʩʷ ʦʩʦʙʦ 

ʩʣʦʞʥʦʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʟʘʜʘʯʝʡ.  

ʄʝʪʦʜʳ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʩʦʝʜʠʥʝʥʠʡ ʈɿʕ, ʥʘʧʨʠʤʝʨ, ʦʢʩʠʜʦʚ ʷʚʣʷʶʪʩʷ ʙʦʣʝʝ 

ʪʝʭʥʦʣʦʛʠʯʥʳʤʠ ʠ ʧʨʠ ʵʪʦʤ ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʝʩʪʠ ʛʣʫʙʦʢʫʶ ʦʯʠʩʪʢʫ ʥʘʯʘʣʴʥʳʭ ʨʝʘʛʝʥʪʦʚ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʩʦʣʝʡ ʈɿʕ. ʂ ʫʩʣʦʚʠʷʤ ʩʠʥʪʝʟʘ ʩʣʝʜʫʝʪ ʦʪʥʦʩʠʪʴ ʥʝ ʪʦʣʴʢʦ ʪʝʨʤʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ ʠ 

ʚʨʝʤʝʥʘ ʦʪʞʠʛʘ, ʥʦ ʪʘʢʞʝ ʠ ʪʝʭʥʠʢʫ ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʘ, ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʠʥʝʪʠʢʦʡ 

ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, ʩʚʷʟʘʥʥʦʡ ʩ ʨʘʟʤʝʨʘʤʠ ʟʝʨʝʥ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʤʝʪʦʜ ʥʝʧʨʷʤʦʛʦ 

ʩʠʥʪʝʟʘ ʜʦʩʪʘʪʦʯʥʦ ʵʬʬʝʢʪʠʚʝʥ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ ʈɿʕ. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ, 

ʫʩʣʦʚʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʝʘʛʝʥʪʦʚ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʟʥʦʦʙʨʘʟʥʝʝ, ʘ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ  

ʠ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʴ ʪʘʢʦʛʦ ʤʝʪʦʜʘ ʚʳʰʝ. 

ʇʦʣʫʪʦʨʥʳʝ ʩʫʣʴʬʠʜʳ ʩʦʩʪʘʚʦʚ Ln2S3 ʦʙʳʯʥʦ ʧʦʣʫʯʘʶʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʦʢʩʠʜʦʚ ʠʣʠ ʩʦʣʝʡ 

ʈɿʕ ʩ ɻ ʣʝʤʝʥʪʘʨʥʦʡ ʩʝʨʦʡ [95,96], ʩʝʨʦʚʦʜʦʨʦʜʦʤ [94,95,102], ʜʠʩʫʣʴʬʠʜʦʤ ʫʛʣʝʨʦʜʘ 

[103,146,147], ʨʦʜʘʥʠʜʦʤ ʘʤʤʦʥʠʷ [148] ʠ ʪ.ʜ. ʋʨʘʚʥʝʥʠʷ ʨʝʘʢʮʠʡ ʥʝʢʦʪʦʨʳʭ ʠʟ ʫʢʘʟʘʥʥʳʭ 

ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: 

                                                 2Ln2O3+6SO ςLn2S3+3SO2,                                                                   (10) 

                                                 Ln2O3+3H2SO Ln2S3+3H2O,                                             (11) 

                                                2Ln2O3+3CS2O 2Ln2S3+3CO2.                                                              (12) 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʧʨʦʜʫʢʪʘʤʠ ʨʘʟʣʦʞʝʥʠʷ ʨʦʜʘʥʠʜʘ ʘʤʤʦʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʘʥʘʣʦʛʠʯʥʦ 

ʫʨʘʚʥʝʥʠʷʤ (11) ʠ (12), ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʳʭ ʩʫʣʴʬʠʜʠʨʫʶʱʠʭ ʨʝʘʛʝʥʪʦʚ ʚʳʩʪʫʧʘʶʪ ʧʨʦʜʫʢʪʳ 

ʨʘʟʣʦʞʝʥʠʷ ʨʦʜʘʥʠʜʘ ʘʤʤʦʥʠʷ: ʩʝʨʦʫʛʣʝʨʦʜ ʠ ʩʝʨʦʚʦʜʦʨʦʜ.  

ʀʟʚʝʩʪʝʥ ʠ ʜʨʫʛʦʡ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʩʫʣʴʬʠʜʦʚ ʈɿʕ, ʚ ʢʦʪʦʨʦʤ ʠʩʭʦʜʥʦʝ ʩʝʨʦʩʦʜʝʨʞʘʱʝʝ 

ʩʦʝʜʠʥʝʥʠʝ ʈɿʕ, ʥʘʧʨʠʤʝʨ ʩʫʣʴʬʘʪ, ʧʦʜʚʝʨʛʘʶʪ ʨʘʟʣʦʞʝʥʠʶ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʫʣʴʬʠʜʘ [149]. 

ʆʜʥʘʢʦ ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʪʘʢʘʷ ʩʭʝʤʘ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʥʪʝʨʝʩʘ.  

ʊʝʭʥʠʢʘ ʧʨʦʚʝʜʝʥʠʷ ʨʝʘʢʮʠʡ ʜʦʩʪʘʪʦʯʥʘ ʧʨʦʩʪʘ. ɺʩʝ ʧʨʦʮʝʩʩʳ ʩʠʥʪʝʟʘ ʧʨʦʚʦʜʷʪ  
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ʚ ʢʚʘʨʮʝʚʳʭ ʨʝʘʢʪʦʨʘʭ, ʧʦʤʝʱʝʥʥʳʭ ʚ ʦʜʥʦ- ʠʣʠ ʜʚʫʟʦʥʥʫʶ ʧʝʯʴ. ɺ ʨʝʘʢʪʦʨ ʧʦʤʝʱʘʶʪ 

ʢʚʘʨʮʝʚʫʶ ʠʣʠ ʩʪʝʢʣʦʫʛʣʝʨʦʜʥʫʶ ʣʦʜʦʯʢʫ ʩ ʠʩʭʦʜʥʳʤ ʩʦʝʜʠʥʝʥʠʝʤ ʦʢʩʠʜʘ ʣʘʥʪʘʥʦʠʜʘ, 

ʢʦʪʦʨʦʝ ʧʦʜʚʝʨʛʘʶʪ ʦʙʨʘʙʦʪʢʝ ʩʫʣʴʬʠʜʠʨʫʶʱʠʤ ʨʝʘʛʝʥʪʦʤ. ʈʘʩʩʤʦʪʨʠʤ ʦʩʥʦʚʥʳʝ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ ʩʫʣʴʬʠʜʠʨʫʶʱʠʭ ʨʝʘʛʝʥʪʦʚ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʭ ʵʬʬʝʢʪʠʚʥʦʩʪʠ  

ʠ ʧʨʦʩʪʦʪʳ ʧʨʠʤʝʥʝʥʠʷ. 

ʄʝʪʦʜʠʢʘ ʧʦʣʫʯʝʥʠʷ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʩʝʨʳ ʥʝ ʥʘʰʣʘ 

ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚʚʠʜʫ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʡ ʩʢʦʨʦʩʪʠ ʧʨʦʮʝʩʩʘ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ. 

ʀ, ʢʨʦʤʝ ʪʦʛʦ, ʚ ʪʘʢʦʡ ʩʭʝʤʝ ʧʝʨʝʜ ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨʦʤ ʩʪʦʠʪ ʧʨʦʙʣʝʤʘ ʧʦʣʫʯʝʥʠʷ ʭʦʨʦʰʦ 

ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠʟ-ʟʘ ʥʝʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʦʛʦ ʜʘʚʣʝʥʠʷ ʧʘʨʦʚ ʩʝʨʳ.  

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʨʦʮʝʩʩʘ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʦʢʩʠʜʦʚ ʈɿʕ ʩʝʨʦʚʦʜʦʨʦʜʦʤ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʥʘʠʙʦʣʝʝ ʧʦʣʥʦʝ ʧʨʝʚʨʘʱʝʥʠʝ ʧʨʦʭʦʜʠʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 1273K [96]. ʆʜʥʘʢʦ ʪʘʢʦʡ 

ʤʝʪʦʜ ʥʝ ʪʝʭʥʦʣʦʛʠʯʝʥ, ʪʨʝʙʫʝʪ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʩʠʥʪʝʟʘ ʠ ʥʝ ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʧʨʠʚʦʜʠʪ  

ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʧʨʦʜʫʢʪʦʚ, ʩʚʦʙʦʜʥʳʭ ʦʪ ʧʨʠʤʝʩʠ ʢʠʩʣʦʨʦʜʘ. ɺ ʜʨʫʛʦʡ ʨʘʙʦʪʝ [95] ʨʝʟʫʣʴʪʘʪʳ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʧʦʢʘʟʘʣʠ ʙʦʣʴʰʫʶ ʩʫʣʴʬʠʜʠʨʫʶʱʫʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʝʨʦʫʛʣʝʨʦʜʘ ʧʝʨʝʜ ʩʝʨʦʚʦʜʦʨʦʜʦʤ: ʩʥʠʞʘʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʠʥʪʝʟʘ  

ʠ ʦʙʨʘʟʫʶʪʩʷ ʙʦʣʝʝ ʯʠʩʪʳʝ ʧʨʦʜʫʢʪʳ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʦʢʩʠʯʥʦʛʦ 

ʩʫʣʴʬʠʜʠʨʫʶʱʝʛʦ ʨʝʘʛʝʥʪʘ CS2 ʪʨʝʙʫʝʪ ʦʪ ʠʩʩʣʝʜʦʚʘʪʝʣʷ ʦʩʦʙʳʭ ʤʝʨ ʧʨʝʜʦʩʪʦʨʦʞʥʦʩʪʠ, 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʯʠʩʪʢʠ, ʘ ʪʘʢʞʝ ʤʦʥʪʘʞʘ ʩʧʝʮʠʘʣʴʥʦʛʦ ʧʨʦʪʠʚʦʧʦʞʘʨʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. 

ʅʝʦʙʭʦʜʠʤʦ ʧʨʦʷʚʣʷʪʴ ʦʩʦʙʫʶ ʦʩʪʦʨʦʞʥʦʩʪʴ ʧʨʠ ʭʨʘʥʝʥʠʠ ʞʠʜʢʦʛʦ ʧʦʞʘʨʦʦʧʘʩʥʦʛʦ 

ʩʝʨʦʫʛʣʝʨʦʜʘ ʚ ʭʨʫʧʢʠʭ ʩʪʝʢʣʷʥʥʳʭ ʢʦʥʪʝʡʥʝʨʘʭ.   

ʇʨʠʚʝʜʝʥʥʳʝ ʧʨʠʤʝʨʳ ʥʝ ʠʩʯʝʨʧʳʚʘʶʪ ʚʩʝʛʦ ʤʥʦʛʦʦʙʨʘʟʠʷ ʧʨʦʮʝʩʩʦʚ ʧʦʣʫʯʝʥʠʷ 

ʩʫʣʴʬʠʜʦʚ ʈɿʕ. ʅʝʢʦʪʦʨʳʝ ʨʝʘʢʮʠʠ ʧʨʦʪʝʢʘʶʪ ʚ ʥʝʩʢʦʣʴʢʦ ʩʪʘʜʠʡ ʠ ʦʩʣʦʞʥʝʥʳ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʧʦʙʦʯʥʳʭ ʧʨʦʜʫʢʪʦʚ (ʦʢʩʦʩʫʣʴʬʠʜʦʚ, ʧʦʣʠʩʫʣʴʬʠʜʦʚ ʠ ʤʦʥʦʩʫʣʴʬʠʜʦʚ ʈɿʕ), ʢʦʪʦʨʳʝ 

ʦʩʪʘʶʪʩʷ ʚ ʚʠʜʝ ʧʨʠʤʝʩʝʡ ʚ ʧʨʦʜʫʢʪʘʭ ʨʝʘʢʮʠʠ. ʅʘʣʠʯʠʝ ʧʦʩʪʦʨʦʥʥʠʭ ʬʘʟ ʠ ʧʨʠʤʝʩʝʡ  

ʚ ʢʦʥʝʯʥʳʭ ʧʨʦʜʫʢʪʘʭ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʥʝʦʜʥʦʨʦʜʥʳʭ ʦʙʣʘʩʪʝʡ ʚ ʪʚʝʨʜʦʤ ʪʝʣʝ, ʘ ʵʪʦ  

ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʷʚʣʷʝʪʩʷ ʠʩʪʦʯʥʠʢʦʤ ʰʫʥʪʠʨʦʚʘʥʠʷ ʦʙʣʘʩʪʝʡ ʩ ʥʝʦʙʭʦʜʠʤʳʤʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʤʘʪʝʨʠʘʣʘ.   

ɺ ʀʅʍ ʉʆ ʈɸʅ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʧʦʨʦʰʢʦʚʳʭ ʦʢʩʠʜʦʚ ʈɿʕ ʧʘʨʘʤʠ, 

ʦʙʨʘʟʫʶʱʠʤʠʩʷ ʧʨʠ ʨʘʟʣʦʞʝʥʠʠ ʢʠʧʷʱʝʛʦ ʨʦʜʘʥʠʜʘ ʘʤʤʦʥʠʷ ʧʦ ʨʝʘʢʮʠʠ [148,150ï152]: 

                            10NH4SCNŸ8NH3ŷ+3H2Sŷ+3CS2ŷ+HNCS+C6H9N11Ź .                           (13) 

ʄʝʪʦʜ ʦʪʣʠʯʘʝʪʩʷ ʵʢʦʥʦʤʠʯʥʦʩʪʴʶ ʠ ʧʨʦʩʪʦʪʦʡ ʘʧʧʘʨʘʪʫʨʥʦʛʦ ʦʬʦʨʤʣʝʥʠʷ, ʧʦʟʚʦʣʷʝʪ 

ʠʩʢʣʶʯʠʪʴ ʧʨʠʤʝʥʝʥʠʝ ʪʦʢʩʠʯʥʦʛʦ ʠ ʚʟʨʳʚʦʦʧʘʩʥʦʛʦ ʩʝʨʦʫʛʣʝʨʦʜʘ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʧʦʩʪʦʷʥʩʪʚʦ ʧʘʨʮʠʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ ʧʘʨʦʚ ʨʦʜʘʥʠʜʘ, ʚʝʨʥʝʝ ʧʨʦʜʫʢʪʦʚ ʝʛʦ ʨʘʟʣʦʞʝʥʠʷ,  

ʚ ʪʝʯʝʥʠʝ ʚʩʝʛʦ ʧʨʦʮʝʩʩʘ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ. ʇʨʠ 195 
ʦ
ʉ ʥʘ ʩʪʝʥʢʘʭ ʢʦʥʪʝʡʥʝʨʘ, ʩʦʜʝʨʞʘʱʝʛʦ 

ʨʘʩʧʣʘʚ, ʥʘʯʠʥʘʶʪ ʚʳʜʝʣʷʪʴʩʷ ʧʫʟʳʨʴʢʠ ʛʘʟʘ (ʧʨʠʟʥʘʢ ʢʠʧʝʥʠʷ ʠʣʠ ʨʘʟʣʦʞʝʥʠʷ),  
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ʘ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʷ ʛʘʟʦʚʦʡ ʬʘʟʳ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʠ ʩʦʦʪʥʦʰʝʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ 

ʩʦʛʣʘʩʥʦ ʧʨʠʚʝʜʝʥʥʦʡ ʨʝʘʢʮʠʠ [148]. ʇʨʠ ʜʣʠʪʝʣʴʥʦʤ ʧʨʦʮʝʩʩʝ ʢʠʧʝʥʠʷ NH4SCN ʧʦʙʦʯʥʳʡ 

ʪʚʝʨʜʳʡ ʧʨʦʜʫʢʪ ʩʦʩʪʘʚʘ C6H9N11 ʦʩʘʞʜʘʝʪʩʷ ʥʘ ʜʥʦ ʠʩʧʘʨʠʪʝʣʷ ʠ, ʢʘʢ ʫʩʪʘʥʦʚʣʝʥʦ,  

ʥʝ ʧʨʝʧʷʪʩʪʚʫʝʪ ʧʦʩʣʝʜʫʶʱʝʤʫ ʠʩʧʘʨʝʥʠʶ ʠ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʩʦʩʪʘʚʘ ʛʘʟʦʚʦʡ ʬʘʟ.r 

 

1.6. ʊʦʧʦʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ ʠ ʢʠʥʝʪʠʢʘ ʧʨʦʮʝʩʩʘ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʦʢʩʠʜʦʚ ʈɿʕ 

 

ʊʦʧʦʭʠʤʠʯʝʩʢʠʤʠ ʨʝʘʢʮʠʷʤʠ ʥʘʟʳʚʘʶʪʩ ̫ʨʝʘʢʮʠʠ, ʧʨʦʪʝʢʘʶʱʠʝ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʬʘʟ 

ʠʩʭʦʜʥʦʛʦ ʪʚʝʨʜʦʛʦ ʨʝʘʛʝʥʪʘ ʠ ʦʙʨʘʟʫʶʱʝʛʦʩʷ ʪʚʝʨʜʦʛʦ ʧʨʦʜʫʢʪʘ. ʇʝʨʚʦʥʘʯʘʣʴʥʦ  

ʢ ʪʚʝʨʜʦʬʘʟʥʳʤ ʧʨʦʮʝʩʩʘʤ ʦʪʥʦʩʠʣʠ ʪʦʣʴʢʦ ʨʝʘʢʮʠʠ, ʚ ʢʦʪʦʨʳʭ ʠʩʭʦʜʥʳʝ ʨʝʘʛʝʥʪʳ  

ʠ ʧʨʦʜʫʢʪʳ ʥʘʭʦʜʷʪʩʷ ʚ ʪʚʝʨʜʦʡ ʬʘʟʝ. ɿʘ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʦʙʣʘʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʚʝʨʜʦʬʘʟʥʳʭ 

ʧʨʝʚʨʘʱʝʥʠʡ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʰʠʨʠʣʘʩʴ ʠ ʚ ʥʝʝ ʧʨʠʥʷʪʦ ʦʪʥʦʩʠʪʴ ʣʶʙʳʝ ʨʝʘʢʮʠʠ ʩ ʫʯʘʩʪʠʝʤ 

ʪʚʝʨʜʳʭ ʪʝʣ [153].  

ʀʟʫʯʝʥʠʝ ʪʚʝʨʜʦʬʘʟʥʳʭ ʧʨʦʮʝʩʩʦʚ ʦʙʳʯʥʦ ʚʢʣʶʯʘʝʪ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʝʭʘʥʠʟʤʘ ʠ ʢʠʥʝʪʠʢʠ 

ʨʝʘʢʮʠʡ, ʜʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ ʦʪ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʦʚ,  

ʢʘʢ ʪʝʤʧʝʨʘʪʫʨʘ, ʜʘʚʣʝʥʠʝ ʧʘʨʘ, ʜʠʩʧʝʨʩʥʦʩʪʴ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʠ ʪ.ʜ. ɹʦʣʴʰʠʥʩʪʚʦ 

ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʤʥʦʛʦʩʪʘʜʠʡʥʳ, ʧʦʵʪʦʤʫ ʦʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʟʘʜʘʯ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ 

ʩʢʦʨʦʩʪʠ ʧʨʦʪʝʢʘʥʠʷ ʦʪʜʝʣʴʥʳʭ ʩʪʘʜʠʡ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʠʝ ʣʠʤʠʪʠʨʫʶʱʝʡ ʩʪʘʜʠʠ [154]. 

ʇʦʩʢʦʣʴʢʫ ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ ʧʨʦʜʫʢʪʘ ʭʠʤʠʯʝʩʢʦʛʦ 

ʧʨʝʚʨʘʱʝʥʠʷ ʚ ʝʜʠʥʠʮʫ ʚʨʝʤʝʥʠ, ʜʣʷ ʠʟʫʯʝʥʠʷ ʢʠʥʝʪʠʢʠ ʦʙʳʯʥʦ ʬʠʢʩʠʨʫʶʪ ʩʪʝʧʝʥʴ 

ʧʨʝʚʨʘʱʝʥʠʷ ʠʩʭʦʜʥʦʛʦ ʨʝʘʛʝʥʪʘ ʚ ʧʨʦʜʫʢʪ ʚ ʪʝʯʝʥʠʝ ʚʩʝʛʦ ʧʨʦʮʝʩʩʘ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ  

ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʧʦʨʦʰʢʦʚʦʡ ʜʠʬʨʘʢʮʠʠ ʧʦ ʧʦʣʫʯʝʥʥʳʤ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʤ ʦʧʨʝʜʝʣʷʣʠ 

ʟʘʚʠʩʠʤʦʩʪʠ ʩʪʝʧʝʥʠ ʧʨʝʚʨʘʱʝʥʠʷ ʧʨʦʜʫʢʪʦʚ (Ŭ) ʦʪ ʚʨʝʤʝʥʠ ʨʝʘʢʮʠʠ ʧʨʠ ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 

ʊʦʧʦʭʠʤʠʯʝʩʢʫʶ ʨʝʘʢʮʠʶ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʩʣʝʜʫʶʱʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

ʦʩʥʦʚʥʳʭ ʩʪʘʜʠʡ ʭʠʤʠʯʝʩʢʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʬʘʟ: ʦʙʨʘʟʦʚʘʥʠʝ ʠ ʘʜʩʦʨʙʮʠʷ 

ʦʪʜʝʣʴʥʳʭ ʘʪʦʤʦʚ (ʤʦʣʝʢʫʣ) ʛʘʟʦʦʙʨʘʟʥʦʛʦ ʨʝʘʛʝʥʪʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮʳ ʪʚʝʨʜʦʛʦ 

ʨʝʘʛʝʥʪʘ, ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʷʜʝʨ ʬʘʟʳ ʪʚʝʨʜʦʛʦ ʧʨʦʜʫʢʪʘ, ʨʦʩʪ ʷʜʝʨ ʠ, ʥʘʢʦʥʝʮ, ʦʙʨʘʟʦʚʘʥʠʝ 

ʩʧʣʦʰʥʦʛʦ ʩʣʦʷ ʪʚʝʨʜʦʛʦ ʧʨʦʜʫʢʪʘ ʨʝʘʢʮʠʠ, ʪʦʣʱʠʥʘ ʢʦʪʦʨʦʛʦ ʨʘʩʪʝʪ ʚʦ ʚʨʝʤʝʥʠ (ʨʠʩ. 15).  

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʵʪʠʤ, ʩʢʦʨʦʩʪʴ ʪʦʧʦʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʠʟʤʝʥʷʝʪʩʷ ʚʦ ʚʨʝʤʝʥʠ ʧʦ ʜʦʚʦʣʴʥʦ 

ʩʣʦʞʥʦʤʫ ʟʘʢʦʥʫ, ʭʘʨʘʢʪʝʨ ʢʦʪʦʨʦʛʦ ʤʦʞʝʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʧʨʦʮʝʩʩʘ 

ʦʙʨʘʟʦʚʘʥʠʷ ʷʜʝʨ ʪʚʝʨʜʦʛʦ ʧʨʦʜʫʢʪʘ, ʠʟʤʝʥʝʥʠʝʤ ʚʝʣʠʯʠʥʳ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʪʚʝʨʜʳʭ ʬʘʟ, 

ʚʣʠʷʥʠʝʤ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʪʦʨʤʦʞʝʥʠʷ, ʠʟʤʝʥʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʨʝʘʛʝʥʪʦʚ, ʧʨʦʜʫʢʪʦʚ 

ʨʝʘʢʮʠʠ ʠ ʜʨʫʛʠʤʠ ʬʘʢʪʦʨʘʤʠ [155,156]. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʚʠʜ ʬʫʥʢʮʠʠ ʩʪʝʧʝʥʠ ʧʨʝʚʨʘʱʝʥʠʷ 

ʨʝʘʛʝʥʪʦʚ ʦʪ ʚʨʝʤʝʥʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʩʢʦʨʦʩʪʴʶ ʨʦʩʪʘ ʩʣʦʷ ʧʨʦʜʫʢʪʘ ʪʚʝʨʜʦʬʘʟʥʦʛʦ 

ʧʨʝʚʨʘʱʝʥʠʷ, ʥʦ ʠ ʩʧʦʩʦʙʦʤ ʦʨʛʘʥʠʟʘʮʠʠ ʩʠʩʪʝʤʳ: ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ ʠʩʭʦʜʥʳʭ ʬʘʟ  

ʧʦ ʨʘʟʤʝʨʘʤ, ʬʦʨʤʦʡ ʯʘʩʪʠʮ, ʥʘʣʠʯʠʝʤ ʦʪʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʠ ʠ ʪ.ʜ., ʘ ʪʘʢʞʝ ʠʟʤʝʥʝʥʠʝʤ ʵʪʠʭ 
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ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦ ʤʝʨʝ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ. ʕʪʦ ʚʳʟʳʚʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʪʴ 

ʧʨʦʮʝʩʩ ʩ ʫʯʝʪʦʤ ʪʦʧʦʣʦʛʠʠ ʨʝʘʢʮʠʦʥʥʦʡ ʦʙʣʘʩʪʠ ʜʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʚʷʟʠ 

ʤʝʞʜʫ ʩʪʝʧʝʥʴʶ ʧʨʝʚʨʘʱʝʥʠʷ ʠʩʭʦʜʥʳʭ ʚʝʱʝʩʪʚ ʠ ʪʦʣʱʠʥʦʡ ʩʣʦʷ ʧʨʦʜʫʢʪʘ.  

ʊʘʢʠʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʜʝʪʘʣʴʥʦ ʧʨʦʨʘʙʦʪʘʥʳ ʚ ʭʠʤʠʠ ʧʦʨʦʰʢʦʚʳʭ ʨʝʘʛʝʥʪʦʚ  

ʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʤʝʭʘʥʠʟʤʘ ʠ ʢʠʥʝʪʠʢʠ ʧʨʦʮʝʩʩʘ ʧʨʠʙʝʛʘʶʪ ʢ ʚʳʙʦʨʫ 

ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʝʡ ʤʦʜʝʣʠ ʪʦʧʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ.  

 ɺ ʣʠʪʝʨʘʪʫʨʝ ʧʨʝʜʣʦʞʝʥ ʨʷʜ ʤʦʜʝʣʝʡ, ʦʧʠʩʳʚʘʶʱʠʭ ʨʝʘʣʴʥʳʝ ʪʦʧʦʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ  

ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʪʝʧʝʥʠ ʧʨʝʚʨʘʱʝʥʠʡ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʡ  

ʦʪ ʚʨʝʤʝʥʠ [156]. ɹʦʣʴʰʠʥʩʪʚʦ ʠʟ ʥʠʭ ʦʪʥʦʩʠʪʩʷ ʢ ʜʠʬʬʫʟʠʦʥʥʳʤ ʤʦʜʝʣʷʤ, ʚ ʢʦʪʦʨʳʭ ʦʙʱʠʡ 

ʧʨʠʥʮʠʧ ʫʚʝʣʠʯʝʥʠʷ ʧʨʦʜʫʢʪʘ ʧʨʠʥʷʪʦ ʦʧʠʩʳʚʘʪʴ ʤʦʜʝʣʴʶ ʩʞʠʤʘʶʱʝʡʩʷ ʩʬʝʨʳ. ʉʦʛʣʘʩʥʦ 

ʵʪʦʡ ʤʦʜʝʣʠ, ʮʝʥʪʨʳ ʟʘʨʦʜʳʰʝʡ ʨʘʚʥʦʤʝʨʥʦ ʦʙʨʘʟʫʶʪʩʷ ʥʘ ʚʩʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʪʚʝʨʜʳʭ ʯʘʩʪʠʮ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʭʠʤʠʯʝʩʢʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʬʦʨʤʠʨʫʝʪʩʷ ʬʠʢʩʠʨʦʚʘʥʥʦʝ ʯʠʩʣʦ ʷʜʝʨ ʥʦʚʦʡ ʬʘʟʳ  

ʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʦʮʝʩʩ ʠʭ ʨʦʩʪʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʧʣʦʱʘʜʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʬʘʟ ʥʘ ʥʘʯʘʣʴʥʳʭ ʵʪʘʧʘʭ ʠ ʫʤʝʥʴʰʝʥʠʶ ï ʥʘ ʟʘʢʣʶʯʠʪʝʣʴʥʳʭ ʩʪʘʜʠʷʭ 

ʨʝʘʢʮʠʠ. ʀʥʜʠʚʠʜʫʘʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʢʘʞʜʦʡ ʠʟ ʤʦʜʝʣʝʡ ʷʚʣʷʝʪʩʷ ʨʘʟʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ 

ʷʜʝʨ (ʩʬʝʨʳ, ʧʦʣʫʩʬʝʨʳ, ʩʪʦʣʙʯʘʪʳʝ ʟʘʨʦʜʳʰʠ ʠ ʪ.ʜ), ʦʙʨʘʟʫʶʱʠʭʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʚʝʨʜʦʛʦ 

ʨʝʘʛʝʥʪʘ, ʯʪʦ ʚʝʜʝʪ ʢ ʠʟʤʝʥʝʥʠʶ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʩʪʝʧʝʥʠ ʧʨʝʚʨʘʱʝʥʠʷ ʚʝʱʝʩʪʚʘ 

ʦʪ ʚʨʝʤʝʥʠ. ɺʳʙʦʨ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʝʡ ʤʦʜʝʣʠ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʝʡ ʨʝʘʢʮʠʡ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘʠʣʫʯʰʝʡ ʘʧʧʨʦʢʩʠʤʘʮʠʝʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʦʡ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ. ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʝ ʥʘʠʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʳʡ ʚʘʨʠʘʥʪ ʦʧʠʩʘʥʠʷ ʢʠʥʝʪʠʢʠ 

ʧʨʦʮʝʩʩʘ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʦʢʩʠʜʦʚ ʈɿʕ ʛʘʟʦʦʙʨʘʟʥʳʤʠ ʧʨʦʜʫʢʪʘʤʠ ʨʘʟʣʦʞʝʥʠʷ ʨʦʜʘʥʠʜʘ 

ʘʤʤʦʥʠʷ ʩʦʚʧʘʣ ʩ ʜʠʬʬʫʟʠʦʥʥʤr ʧʨʠʙʣʠʞʝʥʠʝʤ ɺ. ʗʥʜʝʨʘ [156] (ʤʝʭʘʥʠʟʤ ʧʨʝʜʩʪʘʚʣʝʥ  

ʥʘ ʨʠʩ. 15), ʦʩʥʦʚʘʥʥrʤ ʥʘ ʩʣʝʜʫʶʱʠʭ ʧʨʝʜʧʦʩʳʣʢʘʭ: 

1) ʨʝʘʢʮʠʷ ʧʨʦʪʝʢʘʝʪ ʚ ʜʠʬʬʫʟʠʦʥʥʦʤ ʨʝʞʠʤʝ ï ʥʘʙʣʶʜʘʝʤʘʷ ʩʢʦʨʦʩʪʴ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʢʦʨʦʩʪʴʶ ʜʠʬʬʫʟʠʠ ʨʝʘʛʝʥʪʦʚ ʢ ʤʝʩʪʫ ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʠ ʧʦʙʦʯʥʳʭ ʧʨʦʜʫʢʪʦʚ ʠʟ ʟʦʥʳ 

ʨʝʘʢʮʠʠ; 

2) ʟʝʨʥʘ ʠʩʭʦʜʥʦʛʦ ʨʝʘʛʝʥʪʘ ʩʦʩʪʦʷʪ ʠʟ ʦʜʠʥʘʢʦʚʳʭ ʧʦ ʨʘʟʤʝʨʫ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ  

ʩ ʥʘʯʘʣʴʥʳʤ ʨʘʜʠʫʩʦʤ R0 ʠ ʢʦʥʪʘʢʪʠʨʫʶʪ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʜʨʫʛʦʛʦ ʨʝʘʛʝʥʪʘ;  

3) ʚ ʧʨʦʮʝʩʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʦʙʨʘʟʫʝʪʩʷ ʩʣʦʡ ʧʨʦʜʫʢʪʘ ʨʝʘʢʮʠʠ; 

4) ʨʘʜʠʫʩ ʯʘʩʪʠʮ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʡ, ʪʘʢ ʯʪʦ ʛʨʘʥʠʮʫ ʩʦʩʫʱʝʩʪʚʫʶʱʠʭ ʬʘʟ ʤʦʞʥʦ 

ʧʨʠʥʷʪʴ ʧʣʦʩʢʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʙʣʘʩʪʠ ʧʨʦʪʝʢʘʥʠʷ ʵʣʝʤʝʥʪʘʨʥʦʛʦ ʘʢʪʘ ʨʝʘʢʮʠʠ. 

ʋʨʘʚʥʝʥʠʝ ʗʥʜʝʨʘ ʠʤʝʝʪ ʚʠʜ: 

                                                           ρ Ѝρ Ŭ Ὧὸ,                                                     (14) 

ʛʜʝ ɻ ï ʩʪʝʧʝʥʴ ʧʨʝʚʨʘʱʝʥʠʷ ʚʝʱʝʩʪʚʘ, Ὧ - ʢʦʥʩʪʘʥʪʘ ʨʝʘʢʮʠʠ ʦʙʨʘʟʦʚʘʥʠʷ, ὸ ï ʚʨʝʤʷ. 

ʆʩʥʦʚʥʦʝ ʫʩʣʦʚʠʝ ʧʨʠʤʝʥʝʥʠʷ ʤʦʜʝʣʠ ʗʥʜʝʨʘ ï ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʩʪʴ ʪʦʧʦʭʠʤʠʯʝʩʢʦʛʦ 
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ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ [153,157]. 

 

ʈʠʩ.  15. ʄʝʭʘʥʠʟʤʳ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʚ ʤʦʜʝʣʷʭ ʪʦʧʦʭʠʤʠʯʝʩʢʠʭ  

ʨʝʘʢʮʠʡ ʥʘ ʧʨʠʤʝʨʝ ʤʦʜʝʣʝʡ ʩʞʠʤʘʶʱʝʡʩʷ ʩʬʝʨʳ ʠ ʗʥʜʝʨʘ. 

 

 ʋʤʝʥʴʰʝʥʠʝ ʜʠʘʤʝʪʨʘ ʯʘʩʪʠʮ ʩʦʢʨʘʱʘʝʪ ʚʨʝʤʷ ʜʠʬʬʫʟʠʠ ʨʝʘʛʝʥʪʦʚ ʚ ʠʭ ʮʝʥʪʨʘʣʴʥʫʶ 

ʯʘʩʪʴ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʠ ʦʢʩʠʜʦʚ ʈɿʕ, ʯʪʦ ʜʦʣʞʥʦ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʩʥʠʞʝʥʠʶ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʠʥʪʝʟʘ ʠ ʩʦʢʨʘʱʝʥʠʶ ʚʨʝʤʝʥʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʫʩʪʦʡʯʠʚʳʭ ʬʘʟ.  

 

1.7. ɿʦʣʴ-ʛʝʣʴ ʧʨʦʮʝʩʩ 

 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʩʫʙʤʠʢʨʦʥʥʳʭ ʠ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʯʘʩʪʦ 

ʠʩʧʦʣʴʟʫʶʪ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʩʠʥʪʝʟʝ ʢʦʣʣʦʠʜʥʳʭ ʯʘʩʪʠʮ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʩ ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʭʠʤʠʯʝʩʢʠʤʠ ʠ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ [158].  

ʕʪʦʪ ʤʝʪʦʜ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʨʦʩʪʦʪʦʡ, ʪʝʭʥʠʯʝʩʢʦʡ ʜʦʩʪʫʧʥʦʩʪʴʶ ʠ ʧʦʟʚʦʣʷʝʪ ʢʦʥʪʨʦʣʠʨʫʝʤʦ 

ʬʦʨʤʠʨʦʚʘʪʴ ʯʘʩʪʠʮʳ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʨʘʟʤʝʨʦʚ. ʇʝʨʝʭʦʜ ʟʦʣʝʡ ʚ ʛʝʣʠ ʣʝʞʠʪ ʚ ʦʩʥʦʚʝ 

ʤʥʦʛʠʭ ʩʦʚʨʝʤʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʪʝʢʦʣ, ʩʚʝʪʦʜʠʦʜʥʳʭ ʧʘʥʝʣʝʡ, 

ʠʟʦʣʷʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʪ.ʜ. [159].   

ʆʙʱʝʝ ʥʘʟʚʘʥʠʝ ʟʦʣʴ-ʛʝʣʴ ʧʨʦʮʝʩʩʘ ʦʙʲʝʜʠʥʷʝʪ ʩʦʚʦʢʫʧʥʦʩʪʴ ʩʪʘʜʠʡ, ʚʢʣʶʯʘʶʱʫʶ 

ʧʨʠʛʦʪʦʚʣʝʥʠʝ ʨʘʩʪʚʦʨʘ ʠʩʭʦʜʥʦʛʦ ʨʝʘʛʝʥʪʘ, ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʡ ʧʝʨʝʚʦʜ ʝʛʦ ʩʥʘʯʘʣʘ ʚ ʟʦʣʴ 

(ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʜʠʩʧʝʨʩʥʦʡ ʬʘʟʳ ʦʪ 10
-9
 ʜʦ 10

-6
 ʤ), ʘ ʟʘʪʝʤ ʚ ʛʝʣʴ (ʨʠʩ. 16) ʩ ʧʦʩʣʝʜʫʶʱʝʡ 

ʩʫʰʢʦʡ ʠ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʦʡ ʧʨʦʜʫʢʪʘ. 

 

ʈʠʩ. 16. ʉʭʝʤʘ ʟʦʣʴ-ʛʝʣʴ ʧʨʦʮʝʩʩʘ. 
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ʆʩʥʦʚʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʤʝʪʦʜʘ ʧʦʤʠʤʦ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʮʝʩʩʘ ʟʘʢʣʶʯʘʝʪʩʷ  

ʚ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ. ʕʪʦ ʜʦʩʪʠʛʘʝʪʩʷ ʙʣʘʛʦʜʘʨʷ 

ʨʘʩʪʚʦʨʝʥʠʶ ʩʦʣʝʡ ʠ ʦʢʩʠʜʦʚ ʨʘʟʣʠʯʥʳʭ ʤʝʪʘʣʣʦʚ ʚ ʠʩʭʦʜʥʦʤ ʨʘʩʪʚʦʨʝ.  

ʅʘ ʧʝʨʚʳʭ ʩʪʘʜʠʷʭ ʟʦʣʴ-ʛʝʣʴ ʧʨʦʮʝʩʩʘ ʩ ʧʦʤʦʱʴʶ ʨʝʘʢʮʠʡ ʛʠʜʨʦʣʠʟʘ ʠ ʧʦʣʠʢʦʥʜʝʥʩʘʮʠʠ 

ʧʦʣʫʯʘʶʪ ʢʦʣʣʦʠʜʥʳʡ ʨʘʩʪʚʦʨ ʯʘʩʪʠʮ ʛʠʜʨʦʢʩʠʜʦʚ, ʨʘʟʤʝʨ rʢʦʪʦʨʳʭ ʦʙʳʯʥʦ ʥʝ ʧʨʝʚʳʰʘʪʁ 

ʥʝʩʢʦʣʴʢʠʭ ʥʘʥʦʤʝʪʨʦʚ. ɻʝʣʴ ʚʳʩʫʰʠʚʘʶʪ ʧʨʠ ʥʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʣʷ ʫʩʪʨʘʥʝʥʠʷ 

ʦʩʪʘʪʢʦʚ ʚʦʜʳ, ʘ ʥʘ ʟʘʢʣʶʯʠʪʝʣʴʥʦʡ ʩʪʘʜʠʠ ʟʘʪʝʤ ʦʪʞʠʛʘʶʪ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ ʥʘʛʨʝʚʘ 

ʜʦ ʧʦʣʥʦʛʦ ʜʝʛʠʜʨʦʢʩʠʣʠʨʦʚʘʥʠʷ ʦʩʘʜʢʘ ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʯʘʩʪʠʮ ʦʢʩʠʜʦʚ ʥʘʥʦʤʝʪʨʦʚʦʡ 

ʜʠʩʧʝʨʩʥʦʩʪʠ.  

ʇʦʩʢʦʣʴʢʫ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʛʦʤʦʛʝʥʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʦʢʩʠʜʦʚ ʨʘʟʥʳʭ ʤʝʪʘʣʣʦʚ 

ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ ʠʩʧʦʣʴʟʫʶʪ ʠʩʭʦʜʥʳʝ ʨʝʘʛʝʥʪʳ ʚ ʚʠʜʝ ʚʦʜʥʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʨʘʩʪʚʦʨʦʚ 

ʩʦʣʝʡ ʨʘʟʥʳʭ ʤʝʪʘʣʣʦʚ, ʪʦ ʧʨʠ ʧʦʩʣʝʜʫʶʱʝʤ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʠ ʪʘʢʠʭ ʤʦʣʝʢʫʣʷʨʥʦ-

ʦʜʥʦʨʦʜʥʳʭ ʦʢʩʠʜʦʚ ʧʦʣʫʯʘʶʪʩʷ ʦʜʥʦʨʦʜʥʳʝ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ 

ʩʫʣʴʬʠʜʦʚ ʤʝʪʘʣʣʦʚ.  

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʘ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʚʳʩʦʢʦʦʜʥʦʨʦʜʥʳʭ (ʛʦʤʦʛʝʥʥʳʭ) ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʦʢʩʠʜʦʚ ʈɿʕ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʩʠʥʪʝʟʠʨʦʚʘʪʴ 

ʦʜʥʦʨʦʜʥʳʝ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ ʛʦʤʦʛʝʥʥʳʝ ʨʘʩʪʚʦʨʳ ʩʫʣʴʬʠʜʦʚ ʨʝʜʢʠʭ ʟʝʤʝʣʴ  

ʥʘ ʧʦʩʣʝʜʫʶʱʠʭ ʩʪʘʜʠʷʭ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʠ ʦʪʞʠʛʘ.  

 

1.8. ɿʘʢʣʶʯʝʥʠʝ ʠ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

 

ʆʙʟʦʨ ʣʠʪʝʨʘʪʫʨʳ ʠ ʘʥʘʣʠʟ  ʦʩʥʦʚʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ 

ʩʦʟʜʘʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚʦʦʙʱʝ ʠ, ʚ ʯʘʩʪʥʦʩʪʠ,  ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʧʦʢʘʟʘʣ,  

ʯʪʦ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʂʇɼ ʢʦʥʚʝʨʩʠʠ ʪʝʧʣʘ ʚ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ ʥʝʦʙʭʦʜʠʤʦ ʬʦʨʤʠʨʦʚʘʪʴ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʤʘʪʝʨʠʘʣʳ ʢʘʢ ʘʣʴʪʝʨʥʘʪʠʚʫ ʦʛʨʘʥʠʯʝʥʥʦʤʫ ʯʠʩʣʫ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ  

ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ: SinGe1-n ʠ Yb14MnSb11. ʇʨʠʯʝʤ ʤʥʦʛʦʵʣʝʤʝʥʪʥʳʝ ʩʠʩʪʝʤʳ ʪʠʧʘ Yb14MnSb11  

ʩʦʟʜʘʶʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʪʨʫʜʥʦʩʪʠ ʠʟ-ʟʘ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʛʣʫʙʦʢʦʡ ʭʠʤʠʯʝʩʢʦʡ 

ʦʯʠʩʪʢʠ ʚʩʝʭ ʵʣʝʤʝʥʪʦʚ. ʕʪʦ ʫʩʫʛʫʙʣʷʝʪʩʷ ʝʱʝ ʠ ʪʝʤ, ʯʪʦ ʢ ʵʢʦʥʦʤʠʯʝʩʢʠ ʟʥʘʯʠʤʳʤ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ ʧʨʦʮʝʩʩʘʤ ʧʦʪʝʨʴ ʪʝʧʣʘ ʦʪʥʦʩʷʪʩʷ ʷʜʝʨʥʳʝ ʨʝʘʢʮʠʠ (ʘʪʦʤʥʳʝ ʩʪʘʥʮʠʠ), 

ʩʛʦʨʘʥʠʝ ʪʦʧʣʠʚʘ ʚ ʤʘʰʠʥʥʳʭ ʜʚʠʛʘʪʝʣʷʭ, ʚʫʣʢʘʥʠʯʝʩʢʠʝ ʚʳʙʨʦʩʳ ʠ ʪ.ʧ., ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝʩʷ 

ʨʘʟʣʠʯʥʳʤʠ ʪʝʭʥʠʯʝʩʢʠʤʠ ʪʨʫʜʥʦʩʪʷʤʠ, ʩʚʷʟʘʥʥʳʤʠ ʩ ʩʦʚʤʝʩʪʠʤʦʩʪʴʶ ʨʘʟʣʠʯʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʩ ʩʦʧʫʪʩʪʚʫʶʱʠʤʠ ʬʘʢʪʦʨʘʤʠ (ʨʘʜʠʦʘʢʪʠʚʥʦʝ ʠʟʣʫʯʝʥʠʝ, ʭʠʤʠʯʝʩʢʠ ʘʛʨʝʩʩʠʚʥʳʝ 

ʩʨʝʜʳ ʠ ʪ.ʜ.), ʠʤʝʶʱʠʤʠ ʤʝʩʪʦ ʧʨʠ ʫʪʠʣʠʟʘʮʠʠ ʪʝʧʣʦʚʳʭ ʧʦʪʝʨʴ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʤʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʦʩʥʦʚʥʳʤʠ ʬʘʢʪʦʨʘʤʠ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʊʕ 

ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ ʧʦʥʠʞʝʥʠʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʧʨʠ ʧʦʜʜʝʨʞʘʥʠʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ  

ʥʘ ʫʨʦʚʥʝ ʚʳʨʦʞʜʝʥʥʳʭ ʰʠʨʦʢʦʟʦʥʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ. ʇʦ ʩʦʚʦʢʫʧʥʦʩʪʠ ʬʠʟʠʯʝʩʢʠʭ  
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ʠ ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʪʘʢʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʪʦʨʥʳʝ ʩʫʣʴʬʠʜʳ ʈɿʕ ʢʫʙʠʯʝʩʢʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ ʠ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʥʘ ʠʭ ʦʩʥʦʚʝ. ʇʦʩʣʝʜʥʠʝ, ʢʘʢ ʫʩʪʘʥʦʚʣʝʥʦ, ʧʨʦʷʚʣʷʶʪ  

ʥʝ ʧʦʥʷʪʥʳʝ ʧʦʢʘ ʵʬʬʝʢʪʳ ʨʝʟʢʦʛʦ ʩʥʠʞʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʩʦʩʪʘʚʘʭ  

ʚ ʦʙʣʘʩʪʠ 20ï30 ʤʦʣ.% ʦʜʥʦʛʦ ʠʟ ʢʦʤʧʦʥʝʥʪʦʚ. ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʚʳʰʝ ʠʟʣʦʞʝʥʥʦʛʦ 

ʢʦʤʧʣʝʢʩʥʦʛʦ ʨʘʩʩʤʦʪʨʝʥʠʷ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʊʕ ʤʘʪʝʨʠʘʣʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʨʝʤʷ ʧʘʨʘʤʝʪʨʘʤʠ 

ï ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ  ʁ(kʦʙ)ɦ, ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʁ  (ů) ʠ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ɿʝʝʙʝʢʘ (S), ʚʝʣʠʯʠʥʳ 

ʢʦʪʦʨʳʭ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʷʚʣ̫ʁ ʪʩʷ ʬʫʥʢʮʠʷʤʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʪʝʨʠʘʣʦʚ n, 

m, m*, lʬ, ʉp. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʠʥʷʪʦ, ʯʪʦ ʵʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʠ ʬʦʥʦʥʦʚ ʩ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʤʘʪʝʨʠʘʣʘ.  

ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʟʘʜʘʯʝʡ ʦʩʚʦʝʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʪʚʘ ʷʚʣʷʝʪʩʷ ʜʝʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʠʟʤʝʥʝʥʠʡ 

ʧʦʢʘʟʘʪʝʣʝʡ ʥʘʨʫʰʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʪʘʢʠʭ ʢʘʢ D, b, ɟʨʝʥ, a, d, ɟʧʠʢ, NV, NC, 

ʬʦʥʦʥʥʳʡ ʩʧʝʢʪʨ, ʥʝʩʪʝʭʠʦʤʝʪʨʠʷ, ʣʦʢʘʣʴʥʘʷ ʩʠʤʤʝʪʨʠʷ ʠ ʤʝʞʘʪʦʤʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʢʘʪʠʦʥ-

ʘʥʠʦʥ ʠ ʪ.ʜ, ʘ ʪʘʢʞʝ ʘʥʘʣʠʟ ʧʨʠʨʦʜʳ ʠʭ ʚʣʠʷʥʠʷ ʥʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ.  

ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʟʘʚʠʩʠʤʦʩʪʝʡ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ZT ʦʪ ʚʝʣʠʯʠʥ  

n, m, m*, lʬ, ʉp ʧʦʢʘʟʘʣ, ʯʪʦ ʦʩʥʦʚʥʳʤʠ ʟʥʘʯʘʱʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʷʚʣʷʶʪʩʷ n ʠ lʬ. ʇʨʠʯʝʤ ʜʣʷ 

ʦʜʥʠʭ ʠ ʪʝʭ ʞʝ ʚʘʨʠʘʮʠʷʭ ʚʝʣʠʯʠʥʳ lʬ ʚʝʣʠʯʠʥʘ ZT ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝ  

(5ï6 ʨʘʟ) ʜʣʷ ʪʘʢʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʢʘʢ g-Gd3-xS4, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʝʤʳʤ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʤʘʪʝʨʠʘʣʦʤ ï ʪʚʝʨʜʳʤ ʨʘʩʪʚʦʨʦʤ Si0.2Ge0.8.  

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝ ʠʟʚʝʩʪʥʳʝ ʥʘʨʫʰʝʥʠʷ ʪʨʝʭʤʝʨʥʦʡ ʧʝʨʠʦʜʠʯʥʦʩʪʠ 

ʩʪʨʫʢʪʫʨʳ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʨʘʟʥʦʡ ʤʘʩʰʪʘʙʥʦʩʪʠ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʥʠʤʘʪʴ ʚʦ ʚʥʠʤʘʥʠʝ  

ʧʨʠ ʘʥʘʣʠʟʝ ʠʭ ʚʣʠʷʥʠʷ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. ɺʤʝʩʪʝ ʩ ʪʝʤ 

ʜʝʪʘʣʴʥʳʭ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʚʳʙʨʘʥʥʳʤ ʥʘʤʠ ʦʙʲʝʢʪʘʤ 

ʥʝʜʦʩʪʘʪʦʯʥʦ. ʇʦ-ʚʠʜʠʤʦʤʫ, ʥʘʠʙʦʣʝʝ ʠʥʬʦʨʤʘʪʠʚʥʦ ʠʟʫʯʝʥʠʝ ʪʘʢʠʭ ʚʟʘʠʤʦʩʚʷʟʝʡ ʧʨʦʚʦʜʠʪʴ 

ʥʘ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ ʙʘʟʦʚʦʤ ʤʘʪʝʨʠʘʣʝ. ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʦ ʥʘʰʠʤ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤ, 

ʷʚʣʷʝʪʩʷ ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʦʙʱʝʡ ʬʦʨʤʫʣʳ g-GdxDy1-xS1.5-y, ʜʣʷ ʢʦʪʦʨʦʛʦ 

ʠʤʝʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʥʘʨʫʰʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʚʝʱʝʩʪʚʘ ʣʶʙʦʡ ʨʘʟʤʝʨʥʦʩʪʠ 

ʚʧʣʦʪʴ ʜʦ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʚʦʟʤʫʱʝʥʠʡ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʦʜʥʦʡ ʠ ʪʦʡ  

ʞʝ ʵʬʬʝʢʪʠʚʥʦʡ ʩʪʨʫʢʪʫʨʥʦʡ ɔ-ʬʘʟʳ.  

ʈʘʟʚʠʪʳʝ ʚʳʰʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʧʦʟʚʦʣʠʣʠ ʚʳʙʨʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʳʭ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʢʝʨʘʤʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʙʘʟʝ ʩʦʝʜʠʥʝʥʠʡ ʩʦʩʪʘʚʦʚ g-Gd3-x[VGd,x]S4 ʠ g-GdxDy1-xS1.5-y, ʠʤʝʶʱʠʭ 

ʨʘʟʚʠʪʫʶ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʫʶ ʚʘʢʘʥʩʠʦʥʥʫʶ ʜʝʬʝʢʪʥʦʩʪʴ ʢʘʪʠʦʥʥʦʡ ʧʦʜʨʝʰʝʪʢʠ, ʘ ʪʘʢʞʝ 

ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʧʦʣʫʢʦʛʝʨʝʥʪʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ (GdxDy1-xS)z(NbS2)m. ɼʣʷ ʩʠʥʪʝʟʘ 

ʚʳʩʦʢʦʦʜʥʦʨʦʜʥʳʭ ʚʝʱʝʩʪʚ ʥʝʦʙʭʦʜʠʤʦ ʦʩʚʦʠʪʴ ʤʝʪʦʜʳ ʦʯʠʩʪʢʠ ʠʩʭʦʜʥʳʭ ʩʦʣʝʡ ʈɿʕ ʠ Nb, 

ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʟʦʣʴ-ʛʝʣʴ ʧʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʨʦʜʥʳʭ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ ʪʚʝʨʜʳʭ 
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ʨʘʩʪʚʦʨʦʚ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ, ʠʟʫʯʠʪʴ ʢʠʥʝʪʠʢʫ ʪʚʝʨʜʦʬʘʟʥʳʭ ʨʝʘʢʮʠʡ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʈɿʕ  

ʠ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʫʩʣʦʚʠʷ ʩʠʥʪʝʟʘ ʪʨʝʙʫʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ  

ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʤʝʪʦʜʘʤʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʨʝʩʩʦʚʘʥʠʷ.  

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʣʠʞʥʝʛʦ ʠ ʜʘʣʴʥʝʛʦ ʧʦʨʷʜʢʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʚʝʱʝʩʪʚ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʵʬʬʝʢʪʠʚʥʳʝ ʩʨʝʜʩʪʚʘ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ  ʦʙʨʘʟʮʦʚ: 

ʭʠʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʥʘ ʦʩʥʦʚʥʳʝ (ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʠ) ʠ ʧʨʠʤʝʩʥʳʝ ʵʣʝʤʝʥʪʳ; ʈʌɸ ï 

ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ (ʠʟʤʝʥʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ); 

ʢʦʥʪʨʦʣʴ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʦʛʦ ʠ ʤʝʟʦʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʩʪʘʚʘ  ʤʝʪʦʜʘʤʠ ʈʌɸ, SEM, HRTEM 

(ʤʦʨʬʦʣʦʛʠʷ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʫʜʝʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ ʛʨʘʥʠʮ ʨʘʟʜʝʣʘ); ʂʈʉ- ʠ EXAFS-

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʤʘʛʥʠʪʥʫʶ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʧʨʦʜʫʢʪʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʧʘʨʘʤʘʛʥʠʪʥʳʝ ʠʦʥʳ 

ʈɿʕ (ʤʦʣʝʢʫʣʷʨʥʳʡ ʩʦʩʪʘʚ, ʥʘʨʫʰʝʥʠʷ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʨʝʰʝʪʢʠ, ʧʣʦʪʥʦʩʪʴ ʬʦʥʦʥʥʳʭ 

ʩʦʩʪʦʷʥʠʡ, ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʯʠʩʣʘ ʢʘʪʠʦʥʦʚ, ʨʘʩʩʪʦʷʥʠʷ ʢʘʪʠʦʥïʘʥʠʦʥ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʢʘʪʠʦʥʦʚ Gd
3+
 ʠ Dy

3+
 ʧʦ ʩʫʙʩʠʩʪʝʤʘʤ ʨʝʰʝʪʢʠ). ɼʣʷ ʘʥʘʣʠʟʘ ʚʟʘʠʤʦʩʚʷʟʠ 

ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠʩʩʣʝʜʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ  

ʠʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʪʘʥʜʘʨʪʥʳʝ ʬʠʟʠʯʝʩʢʠʝ 

ʤʝʪʦʜʳ ʨʝʛʠʩʪʨʘʮʠʠ ʪʝʧʣʦʝʤʢʦʩʪʠ, ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚʝʱʝʩʪʚ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 300ï800K. 
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ɻʣʘʚʘ 2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ 

 

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʩʦʝʜʠʥʝʥʠʷ:  

ɔ-GdS1.479, ɔ-GdS1.498, ɔ-GdxDy1-xS1.49 (x = 0.1, 0.2, 0.3, 0.4), (GdxDy1-xS)zNbS2  (x = 0, 0.1, 0.2, 0.5, 

1.0; z = 1.2 + q; q = 0.000ï0.020) ʠ (GdS)0.600NbS2. ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʦʧʠʩʘʥʳ ʦʙʲʝʢʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʠ ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʤʝʪʦʜʠʢʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ.  

 

2.1. ʀʩʭʦʜʥʳʝ ʚʝʱʝʩʪʚʘ 

 

ɺ ʨʘʙʦʪʝ ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʪʚʝʨʜʳʭ ʚʝʱʝʩʪʚ ʠʩʧʦʣʴʟʦʚʘʥʳ ʦʢʩʠʜʳ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ La2O3, Gd2O3, Y2O3, Dy2O3 (ʤʘʨʢʠ ʃaO-ɼ, ɻʜʆ-5, ʀʪʆ-ʄɻʨ; ʯʠʩʪʦʪʘ 99.99%), 

ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ Nb2O5 (ʤʘʨʢʘ ʦʩʯ), ʘ ʪʘʢʞʝ ʨʦʜʘʥʠʜ ʘʤʤʦʥʠʷ NH4SCN (ɻʆʉʊ 27067-

86) ʚ ʨʦʣʠ ʩʫʣʴʬʠʜʠʨʫʶʱʝʛʦ ʨʝʘʛʝʥʪʘ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʦʜʥʦʨʦʜʥʳʭ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ ʩʫʣʴʬʠʜʦʚ ʈɿʕ, ʤʦʣʝʢʫʣʷʨʥʳʝ ʚʦʜʥʳʝ ʨʘʩʪʚʦʨʳ ʥʠʪʨʘʪʦʚ Gd ʠ Dy ʠʩʧʦʣʴʟʦʚʘʥʳ 

ʧʨʠ ʩʠʥʪʝʟʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʛʠʜʨʦʢʩʠʜʦʚ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʜʝʛʠʜʨʘʪʠʨʦʚʘʥʠʝʤ ʠ ʜʝʛʠʜʨʦʢʩʠʣʠʨʦʚʘʥʠʝʤ ʜʦ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʧʦʨʦʰʢʦʚ  

ʦʢʩʠʜʦʚ ï ʧʨʝʢʫʨʩʦʨʦʚ ʜʣʷ ʧʨʦʮʝʩʩʘ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ. ʊʠʧʠʯʥʳʡ ʧʨʠʤʝʩʥʳʡ ʩʦʩʪʘʚ 

ʨʝʘʛʝʥʪʦʚ ʠ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʡ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʪʘʙʣ. 1ï3 ʧʨʠʣʦʞʝʥʠʷ 1 ʠ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ  

ʦ ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʝ ʨʝʘʛʝʥʪʦʚ ʠ ʧʦʣʫʯʝʥʥʳʭ ʧʨʦʜʫʢʪʦʚ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʩʫʣʴʬʠʜʦʚ ʈɿʕ  

ʠ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʨʦʰʢʠ ʦʢʩʠʜʦʚ ʈɿʕ ʠ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ  

ʩ ʨʘʟʤʝʨʘʤʠ ʟʝʨʝʥ ʧʦʨʷʜʢʘ 1ï2 ʤʢʨ.  ʉʤʝʩʴ ʦʢʩʠʜʦʚ ʙʨʘʣʠ ʚ ʥʝʦʙʭʦʜʠʤʦʤ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʦʪʥʦʰʝʥʠʠ, ʪʱʘʪʝʣʴʥʦ ʧʝʨʝʪʠʨʘʣʠ ʚ ʩʪʫʧʢʝ (º30 ʤʠʥ) ʠ ʟʘʪʝʤ ʚ ʤʝ-

ʭʘʥʠʯʝʩʢʦʡ ʤʝʰʘʣʢʝ ʚ ʪʝʯʝʥʠʝ ʩʫʪʦʢ. 

 

2.1.1. ɿʦʣʴ-ʛʝʣʴ ʧʨʦʮʝʩʩ 

 

ʅʘʥʦʨʘʟʤʝʨʥʳʝ ʧʦʨʦʰʢʠ ʦʢʩʠʜʦʚ Gd2O3 ʠ Dy2O3 ʠ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʥʘ ʠʭ ʦʩʥʦʚʝ 

ʧʦʣʫʯʘʣʠ ʩ ʧʦʤʦʱʴʶ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʘ [160]. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʦʢʩʠʜʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʥʠʪʨʘʪʳ Gd(NO3)3 Ā 5H2O ʠ Dy(NO3)3 Ā 5H2O 

(ʫʨʘʚʥʝʥʠʷ (15) ʠ (16)) ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʦʩʥʦʚʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʥʝ ʤʝʥʝʝ 99.9%.  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʛʝʣʷ ʛʠʜʨʦʢʩʠʜʦʚ ʛʦʪʦʚʠʣʠ 0.2 ʄ ʨʘʩʪʚʦʨ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʥʠʪʨʘʪʘ ʠʣʠ 

ʨʘʩʪʚʦʨ ʥʠʪʨʘʪʦʚ (Gdx ï Dy1-x), ʘ ʚ ʢʘʯʝʩʪʚʝ ʦʩʘʜʠʪʝʣʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʚʫʢʨʘʪʥʳʡ ʠʟʙʳʪʦʢ 

1.44 ʄ ʨʘʩʪʚʦʨʘ NaOH, ʧʨʠʛʦʪʦʚʣʝʥʥʦʛʦ ʠʟ ʛʠʜʨʦʢʩʠʜʘ ʥʘʪʨʠ̫ ʤʘʨʢʠ ʦʩʯ  

ʠ ʙʠʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ. ʈʘʩʪʚʦʨʳ ʠʩʭʦʜʥʦʛʦ ʥʠʪʨʘʪʘ ʠ ʦʩʘʜʠʪʝʣʷ ʧʦʤʝʱʘʣʠ  

ʚ ʦʪʜʝʣʴʥʳʝ ʜʝʣʠʪʝʣʴʥʳʝ ʚʦʨʦʥʢʠ, ʦʪʢʫʜʘ ʧʦʜʘʚʘʣʠ ʚ ʢʦʣʙʫ ʩ ʥʝʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʚʦʜʳ, 

ʫʩʪʘʥʦʚʣʝʥʥʫʶ ʥʘ ʢʦʣʙʦʥʘʛʨʝʚʘʪʝʣʝ. ʉʠʥʪʝʟ ʧʨʦʚʦʜʠʣʠ ʥʘ ʫʩʪʘʥʦʚʢʝ ʩ ʨʘʩʧʳʣʝʥʠʝʤ 

ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʥʘʜ ʤʘʪʦʯʥʳʤ ʨʘʩʪʚʦʨʦʤ 0.5 ʣ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʛʦʤʦʛʝʥʥʦʩʪʠ ʚ ʦʙʲʝʤʝ 



 

51 

 

ʨʘʙʦʯʝʛʦ ʨʘʩʪʚʦʨʘ (ʫʨʘʚʥʝʥʠʝ (17)).  ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 17. 

 

ʈʠʩ. 17. ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʟʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟʘ. 1, 2 ï ʜʝʣʠʪʝʣʴʥʳʝ ʚʦʨʦʥʢʠ  

ʩ ʨʘʩʪʚʦʨʘʤʠ ʨʝʘʛʝʥʪʦʚ; 3 ï ʨʘʩʧʳʣʠʪʝʣʠ; 4 ï ʢʦʣʙʘ-ʨʝʘʢʪʦʨ;  

5 ï ʤʝʭʘʥʠʯʝʩʢʘʷ ʤʝʰʘʣʢʘ; 6 ï ʢʦʣʙʦʥʘʛʨʝʚʘʪʝʣʴ. 

 

ʇʦʩʣʝ ʜʦʩʪʠʞʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʜʳ ʚ ʢʦʣʙʝ 343K ʧʨʦʚʦʜʠʣʠ ʦʜʥʦʚʨʝʤʝʥʥʫʶ ʧʦʜʘʯʫ 

ʨʘʩʪʚʦʨʦʚ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ, ʨʘʩʧʳʣʷʷ ʠʭ ʯʝʨʝʟ ʬʦʨʩʫʥʢʠ ʩ ʧʦʤʦʱʴʶ ʩʞʘʪʦʛʦ ʚʦʟʜʫʭʘ, 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʛʨʝʪʦʛʦ ʚ ʪʝʨʤʦʩʪʘʪʝ ʪʘʢʞʝ ʜʦ 343K. ɹʣʘʛʦʜʘʨʷ ʨʘʩʧʳʣʝʥʠʶ, ʦʩʘʞʜʝʥʠʝ 

ʛʠʜʨʦʢʩʠʜʘ ʧʨʦʠʩʭʦʜʠʪ ʚ ʩʫʙʤʠʢʨʦʥʥʳʭ ʫʯʘʩʪʢʘʭ ʤʘʪʦʯʥʦʛʦ ʨʘʩʪʚʦʨʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ  

ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʯʘʩʪʠʮ ʥʘʥʦʤʝʪʨʦʚʦʛʦ ʨʘʟʤʝʨʘ [161].  ʇʦʣʫʯʝʥʥʳʡ ʦʩʘʜʦʢ ʛʠʜʨʦʢʩʠʜʘ 

ʦʪʤʳʚʘʣʠ ʙʠʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ ʜʦ ʥʝʡʪʨʘʣʴʥʦʛʦ pH ʧʨʦʤʳʚʥʳʭ ʚʦʜ ʠ ʧʦʩʣʝ 

ʦʙʨʘʟʦʚʘʥʠʷ ʛʠʜʨʦʛʝʣʷ, ʚʳʩʫʰʠʚʘʣʠ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ 323K ʠ ʟʘʪʝʤ ʦʪʞʠʛʘʣʠ ʥʘ ʚʦʟʜʫʭʝ  

ʩ ʧʝʨʝʪʠʨʘʥʠʝʤ ʜʦ ʘʛʨʝʛʘʪʦʚ ʯʘʩʪʠʮ ʦʢʩʠʜʦʚ ʨʘʟʤʝʨʦʤ 10ï20 ʥʤ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʠʥʪʝʨʚʘʣʝ 873ï1173K ʚ ʪʝʯʝʥʠʝ 2ï4 ʯ (ʫʨʘʚʥʝʥʠʝ (18)). ʍʠʤʠʯʝʩʢʠʝ ʩʪʘʜʠʠ 

ʟʦʣʴ-ʛʝʣʴ ʧʨʦʮʝʩʩʘ ʠ ʧʦʣʫʯʝʥʠʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʦʢʩʠʜʦʚ ʈɿʕ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ 

ʩʣʝʜʫʶʱʠʤʠ ʫʨʘʚʥʝʥʠʷʤʠ: 

                                     2Gd2O3 + 12HNO3 = 4Gd(NO3)3 + 6H2O,                                    (15) 

                                            2Dy2O3 + 12HNO3 = 4Dy(NO3)3 + 6H2O,                                    (16) 

                xGd(NO3)3 + (1-x)Dy(NO3)3 + 3NaOH = GdxDy1-x(OH)3 + 3NaNO3,              (17) 

                                     2GdxDy1-x(OH)3 
 
 O2GdxDy1-xO1.5 + 3H2O.                                  (18) 

 

2.2. ʉʠʥʪʝʟ ʩʫʣʴʬʠʜʦʚ ʈɿʕ, ʠʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʠ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ 

 

2.2.1. ʉʫʣʴʬʠʜʠʨʦʚʘʥʠʝ ʚ ʩʚʝʪʦʚʦʡ ʧʝʯʠ 

 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʦʢʩʦʩʫʣʴʬʠʜʦʚ, ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʠ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ, ʘ ʪʘʢʞʝ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ ʠ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʨʠʤʝʥʷʣʠ ʪʚʝʨʜʦʬʘʟʥʳʡ 

ʩʠʥʪʝʟ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʨʦʰʢʦʚ ʦʢʩʠʜʦʚ ʠ ʩʫʣʴʬʠʜʠʨʫʶʱʝʛʦ ʨʝʘʛʝʥʪʘ ï ʨʦʜʘʥʠʜʘ ʘʤʤʦʥʠʷ.  
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ʅʘʚʝʩʢʫ ʧʦʨʦʰʢʦʚ ʦʢʩʠʜʦʚ (º5 ʛ) ʧʦʤʝʱʘʣʠ ʚ ʢʚʘʨʮʝʚʫʶ ʣʦʜʦʯʢʫ, ʢʦʪʦʨʫʶ ʟʘʛʨʫʞʘʣʠ  

ʚ ʢʚʘʨʮʝʚʳʡ ʨʝʘʢʪʦʨ 1 (ʨʠʩ. 18). ʇʦʩʣʝ ʯʝʛʦ ʥʘʛʨʝʚʘʣʠ ʨʝʘʢʪʦʨ ʜʦ ʥʝʦʙʭʦʜʠʤʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ. 

 

ʈʠʩ. 18. ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʦʢʩʠʜʦʚ ʈɿʕ. 1 ï ʢʚʘʨʮʝʚʳʡ ʨʝʘʢʪʦʨ;  

2, 3 ï ʥʘʛʨʝʚʘʪʝʣʴʥʳʝ ɻʣʝʤʝʥʪ;r 4 ï ʠʩʭʦʜʥʳʡ ʦʙʨʘʟʝʮ; 5 ï ʛʨʘʬʠʪʦʚʘʷ ʣʦʜʦʯʢʘ; 6 ï ʢʚʘʨʮʝʚʳʡ ʨʝʘʢʪʦʨ ʩ 

ʨʦʜʘʥʠʜʦʤ ʘʤʤʦʥʠʷ; 7 ï ʩʢʣʷʥʢʘ ɼʨʝʢʩʝʣʷ ʩ ʩʫʣʴʬʘʪʦʤ ʮʠʥʢʘ; 8 ï ʨʦʪʘʤʝʪʨ. 

 

 ɺ ʜʨʫʛʦʤ ʢʚʘʨʮʝʚʦʤ ʨʝʘʢʪʦʨʝ 6 (ʩʤ. ʨʠʩ. 18) ʥʘʭʦʜʠʣʩʷ ʧʦʨʦʰʢʦʚʳʡ NH4SCN, ʢʦʪʦʨʳʡ 

ʥʘʛʨʝʚʘʣʠ ʜʦ 195
 ʦ
ʉ. ʈʦʜʘʥʠʜ ʧʣʘʚʠʣʩʷ ʧʨʠ 159 

ʦ
ʉ, ʘ ʧʨʠ ʥʘʛʨʝʚʝ ʜʦ 195 

ʦ
ʉ ʧʦʷʚʣʷʣʠʩʴ 

ʧʨʠʟʥʘʢʠ ʢʠʧʝʥʠʷ ʠʣʠ ʨʘʟʣʦʞʝʥʠʷ ʨʘʩʧʣʘʚʘ (ʧʦʷʚʣʝʥʠʝ ʧʫʟʳʨʴʢʦʚ ʥʘ ʩʪʝʥʢʘʭ ʢʦʥʪʝʡʥʝʨʘ). 

ʉʢʦʨʦʩʪʴ ʠʩʧʘʨʝʥʠʷ ʦʩʪʘʚʘʣʘʩʴ ʧʦʩʪʦʷʥʥʦʡ ʜʦ ʧʦʣʥʦʛʦ ʨʘʩʭʦʜʘ ʨʝʘʛʝʥʪʘ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʣʦ 

ʧʦʩʪʦʷʥʩʪʚʦ ʧʘʨʮʠʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʧʘʨʘ ʨʦʜʘʥʠʜʘ ʥʘ ʚʭʦʜʝ ʚ ʨʝʘʢʪʦʨ  

ʚ ʪʝʯʝʥʠʝ ʚʩʝʛʦ ʧʨʦʮʝʩʩʘ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʠʟʚʝʩʪʥʳʤʠ ʜʘʥʥʳʤʠ  

ʧʦ ʨʘʟʣʦʞʝʥʠʶ ʨʦʜʘʥʠʜʘ ʘʤʤʦʥʠʷ ʚ ʪʘʢʦʡ ʩʭʝʤʝ, ʦʙʨʘʟʦʚʘʥʠʝ ʩʫʣʴʬʠʜʠʨʫʶʱʠʭ ʨʝʘʛʝʥʪʦʚ 

ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʨʝʘʢʮʠʠ (13) [148]              

ʇʦʪʦʢ ʩʫʣʴʬʠʜʠʨʫʶʱʠʭ ʨʝʘʛʝʥʪʦʚ (ʛʘʟʦʦʙʨʘʟʥʘʷ ʩʤʝʩʴ H2S, CS2 ʠ ʩʣʘʙʦʘʢʪʠʚʥʳʡ HNCS) 

ʧʦʩʪʫʧʘʝʪ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʩʫʣʴʬʠʜʠʨʫʝʤʦʛʦ ʦʢʩʠʜʘ ʤʝʪʘʣʣʘ. ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ 

ʩʫʣʴʬʠʜʠʨʫʶʱʝʛʦ ʨʝʘʛʝʥʪʘ ʧʨʠʥʷʪ CS2 (ʩʤ. ʧʘʨʘʛʨʘʬ 1.5).  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʠʩʭʦʜʠʪ ʧʨʦʮʝʩʩ ʧʨʝʚʨʘʱʝʥʠʷ ʦʢʩʠʜʦʚ ʚ ʩʫʣʴʬʠʜʳ ʥʝʦʙʭʦʜʠʤʳʭ 

ʩʦʩʪʘʚʦʚ: 

                                       2Ln2O3(ʪʚ) + 2CS2(ʛ) O  2Ln2ʆ2S(ʪʚ) + CS2(ʛ) + CO2(ʛ),                         (19) 

                                                Ln2O2S(ʪʚ) + CS2(ʛ) O Ŭ-Ln2S3(ʪʚ) + CO2(ʛ).                                 (20) 

ʉʠʥʪʝʟ ʧʨʦʚʦʜʠʣʩʷ ʚ ʧʦʪʦʢʝ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ ʥʦʩʠʪʝʣʷ Ar (ʦʩʯ.) (7 ʣ/ʯ)  

ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʚʢʣʶʯʝʥʠʷ ʦʢʩʠʜʦʚ ʚ ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʧʨʦʜʫʢʪʘʭ [149]. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ  

ʩ ʫʨʘʚʥʝʥʠʝʤ ʤʘʪʝʨʠʘʣʴʥʦʛʦ ʙʘʣʘʥʩʘ ʫʙʳʣʠ ʤʘʩʩʳ ʨʦʜʘʥʠʜʘ ʠ ʩʦʦʪʥʦʰʝʥʠʝʤ ʧʨʦʜʫʢʪʦʚ  

ʝʛʦ ʨʘʟʣʦʞʝʥʠʷ (ʫʨʘʚʥʝʥʠʝ (13)) ʩ ʫʯʝʪʦʤ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ Ar ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ 
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ʧʘʨʮʠʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ ʦʩʥʦʚʥʳʭ ʩʫʣʴʬʠʜʠʨʫʶʱʠʭ ʨʝʘʛʝʥʪʦʚ H2S ʠ CS2, ʯʪʦ ʩʦʩʪʘʚʠʣʦ 160 

ʤʤ. ʨʪ. ʩʪ. ʢʘʞʜʦʛʦ. ʊʦʢʩʠʯʥʳʝ ʧʨʦʜʫʢʪʳ ʨʘʟʣʦʞʝʥʠʷ ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʝʘʢʪʦʨʘ ʧʦʩʪʫʧʘʣʠ  

ʚ ʩʢʣʷʥʢʫ ɼʨʝʢʩʝʣʷ ʜʣʷ ʠʭ ʧʦʛʣʦʱʝʥʠʷ ʨʘʩʪʚʦʨʦʤ ʩʫʣʴʬʘʪʘ ʮʠʥʢʘ. ʊʝʤʧʝʨʘʪʫʨʫ ʚ ʧʝʯʠ 

ʫʩʪʘʥʘʚʣʠʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʪʝʨʤʦʨʝʛʫʣʷʪʦʨʘ ʈʀʌ-101 ʩ ʪʦʯʥʦʩʪʴʶ Ñ 5K. ʉʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ 

ʨʝʘʢʪʦʨʘ 1 ʩʦʩʪʘʚʣʷʣʘ 10 ʛʨʘʜ/ʤʠʥ. ʏʝʨʝʟ ʟʘʜʘʥʥʦʝ ʚʨʝʤʷ ʨʝʘʢʪʦʨ ʦʭʣʘʞʜʘʣʠ ʜʦ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʦ ʩʢʦʨʦʩʪʴʶ 10 ʛʨʘʜ/ʤʠʥ. ʇʦʣʫʯʝʥʥʳʝ ʧʦʨʦʰʢʠ ʪʱʘʪʝʣʴʥʦ ʨʘʩʪʠʨʘʣʠʩʴ  

ʠ ʧʝʨʝʤʝʰʠʚʘʣʠʩʴ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ. ʅʘʢʦʥʝʮ, ʦʪʙʠʨʘʣʠ ʧʨʦʙʫ  

ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʡ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʧʨʦʜʫʢʪʘ. ʇʨʦʮʝʩʩ 

ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠ ʩ ʠʟʤʝʥʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 1273K ʠ ʚ ʪʝʯʝʥʠʝ 6ï8 ʯ.  

ʇʨʝʜʚʘʨʠʪʝʣʴʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʭʠʤʠʯʝʩʢʠʡ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚʳ 

ʧʨʦʜʫʢʪʦʚ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʥʘ ʢʦʣʠʯʝʩʪʚʝʥʥʦʤ ʫʨʦʚʥʝ, ʚʦʩʧʨʦʠʟʚʦʜʷʪʩʷ ʜʣʷ 

ʣʶʙʦʛʦ ʦʜʠʥʘʢʦʚʦʛʦ ʦʪʨʝʟʢʘ ʚʨʝʤʝʥʠ ʨʘʙʦʪʳ ʠʩʪʦʯʥʠʢʘ ʧʘʨʦʚ ʨʦʜʘʥʠʜʘ ʘʤʤʦʥʠʷ ʚ ʪʝʯʝʥʠʝ 

ʚʩʝʛʦ ʧʝʨʠʦʜʘ ʨʘʙʦʪʳ (ʜʦ 5ï6 ʯ). ʕʪʠ ʬʘʢʪʳ, ʘ ʪʘʢʞʝ ʧʦʩʪʦʷʥʩʪʚʦ ʩʢʦʨʦʩʪʠ ʫʙʳʚʘʥʠʷ ʚʝʩʘ 

ʨʦʜʘʥʠʜʘ ʚ ʠʩʪʦʯʥʠʢʝ ʚ ʜʘʥʥʦʤ ʠʥʪʝʨʚʘʣʝ ʚʨʝʤʝʥʠ ʧʦʟʚʦʣʠʣʠ ʧʨʠʥʷʪʴ, ʯʪʦ ʫʩʣʦʚʠʷ  

ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʷʚʣʷʣʠʩʴ ʩʪʘʮʠʦʥʘʨʥʳʤʠ ʚ ʪʝʯʝʥʠʝ ʚʩʝʛʦ ʧʨʦʮʝʩʩʘ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ,  

ʯʪʦ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʠʟʫʯʝʥʠʷ ʢʠʥʝʪʠʢʠ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʧʨʦʜʫʢʪʘʭ ʪʦʧʦʭʠʤʠʯʝʩʢʠʭ 

ʨʝʘʢʮʠʡ.  

 

2.2.2. ʇʦʣʫʯʝʥʠʝ ɔ-Ln2S3 ʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ 

 

ɺʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ʢʫʙʠʯʝʩʢʫʶ ʤʦʜʠʬʠʢʘʮʠʶ ʩʫʣʴʬʠʜʦʚ ʈɿʕ (ʩʪʨʫʢʪʫʨʥʳʡ ʪʠʧ 

Th3P4) ʧʦʣʫʯʘʣʠ ʥʘʛʨʝʚʘʥʠʝʤ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʫʣʴʬʠʜʦʚ ʛʘʜʦʣʠʥʠʷ ʚ ʧʝʯʠ  

ʩ ʠʥʜʫʢʮʠʦʥʥʳʤ ʥʘʛʨʝʚʦʤ (ʨʠʩ.19). 

 
 

ʈʠʩ. 19. ʉʭʝʤʘ ɺʏ-ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʦʪʞʠʛʘ ʧʦʣʫʯʝʥʥʳʭ ʧʦʨʦʰʢʦʚ ʩʫʣʴʬʠʜʦʚ ʈɿʕ. 

 

ʗʯʝʡʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʦʨʫʥʜʦʚʳʡ ʪʠʛʝʣʴ Al2O3, ʚ ʢʦʪʦʨʦʤ ʥʘʭʦʜʠʪʩʷ ʛʨʘʬʠʪʦʚʳʡ 

ʪʠʛʝʣʴ ʩ ʠʩʭʦʜʥʳʤ ʧʦʨʦʰʢʦʤ ʩʫʣʴʬʠʜʘ. ɺʦʢʨʫʛ ʪʠʛʣʷ ʨʘʩʧʦʣʘʛʘʣʠʩʴ ʩʪʝʢʣʦʫʛʣʝʨʦʜʥʳʝ 
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ʵʢʨʘʥʳ (2ï3 ʰʪ.), ʦʥʠ ʚ ʭʦʜʝ ʩʠʥʪʝʟʘ ʥʘʛʨʝʚʘʶʪʩʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʤr ɻʣʝʢʪʨʦʤʘʛʥʠʪʥʤr 

ʧʦʣʝʤ, ʩʦʟʜʘʚʘʝʤʳʤ ʠʥʜʫʢʪʦʨʦʤ. ʇʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ ɔ-ʤʦʜʠʬʠʢʘʮʠʠ ʧʨʦʚʦʜʠʣʠ ʧʨʠ T = 1473K 

ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ (Vʧʦʪʦʢʘ=7 ʣ/ʯ): 

                                                Ŭ-Ln2S3(ʪʚ)O ɔ-Ln2S3-x(ʪʚ)+0.5xS2(ʛ).                                           (21) 

ʉʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ʜʦ T = 1073K ʩʦʩʪʘʚʣʷʣʘ º50 ʛʨʘʜ/ʤʠʥ, ʠ ʟʘʪʝʤ 1073K ï 10 ʛʨʘʜ/ʤʠʥ. 

ʉʢʦʨʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʢʘʞʜʦʤ ʦʧʳʪʝ ʩʦʩʪʘʚʣʷʣʘ 10 ʛʨʘʜ/ʤʠʥ. 

 

2.2.3. ʉʠʥʪʝʟ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ 

 

ʅʘʚʝʩʢʫ ʧʦʨʦʰʢʦʚ ʦʢʩʠʜʦʚ Gd2O3, Dy2O3, Nb2O5 (º5 ʛ) ʧʝʨʝʤʝʰʠʚʘʣʠ ʚ ʥʝʦʙʭʦʜʠʤʳʭ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʢʦʣʠʯʝʩʪʚʘʭ ʠ ʧʦʤʝʱʘʣʠ ʚ ʢʚʘʨʮʝʚʫʶ ʣʦʜʦʯʢʫ, ʢʦʪʦʨʫʶ ʟʘʛʨʫʞʘʣʠ  

ʚ ʢʚʘʨʮʝʚʳʡ ʨʝʘʢʪʦʨ 1 (ʩʤ. ʨʠʩ. 18). ʇʦʩʣʝ ɻ ʪʦʛʦ ʨʝʘʢʪʦʨ ʥʘʛʨʝʚʘʣʠ ʜʦ ʥʝʦʙʭʦʜʠʤʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ. ʅʘʧʨʠʤʝʨ, 3.30 ʛ Dy2O3 ʠ 1.96 ʛ Nb2O5 ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ  

5 ʛ ʧʦʨʦʰʢʘ ʦʢʩʠʜʘ. ʇʦʨʦʰʢʠ ʥʘʛʨʝʚʘʣʠ ʩʦ ʩʢʦʨʦʩʪʴʶ 10 ʛʨʘʜ/ʤʠʥ ʜʦ 1073K ʚ ʧʦʪʦʢʝ ʩʤʝʩʠ 

Ar (7 ʣ/ʯ) ʠ ʧʘʨʦʚ ʨʦʜʘʥʠʜʘ ʘʤʤʦʥʠʷ CS2/H2S, ʧʦ 160 ʤʤ. ʨʪ. ʩʪ. (Pʦʙ ɦ= 1 ʘʪʤ.). ʇʦʣʫʯʝʥʥʳʝ 

ʧʦʨʦʰʢʠ ʩʫʣʴʬʠʜʦʚ ʧʦʤʝʱʘʣʠ ʚ ʢʚʘʨʮʝʚʳʝ ʘʤʧʫʣʳ, ʢʦʪʦʨʳʝ ʚʘʢʫʫʤʠʨʦʚʘʣʠ (P = 7Ā10
-3 
ʇʘ) 

ʠ ʟʘʧʘʠʚʘʣʠ. ɸʤʧʫʣʳ ʧʦʤʝʱʘʣʠ ʚ ʤʫʬʝʣʴʥʫʶ ʧʝʯʴ, ʥʘʛʨʝʚʘʣʠ ʩʦ ʩʢʦʨʦʩʪʴʶ 10 ʛʨʘʜ/ʤʠʥ  

ʠ ʦʪʞʠʛʘʣʠ ʧʨʠ T = 1323K ʚ ʪʝʯʝʥʠʝ ʩʫʪʦʢ ʠ ʟʘʪʝʤ ʦʭʣʘʞʜʘʣʠ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

(10 ʛʨʘʜ/ʤʠʥ). ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʪʘʜʠʡ ʧʦʣʫʯʝʥʠʷ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: 

                              (1.2+q)Ln2O3(ʪʚ)+mNb2O5(ʪʚ)

ȟ ȟ
ựựựựựự 2(LnS)1.2+q(NbS2)m(ʪʚ).                              (22) 

2.2.4. ʉʧʝʢʘʥʠʝ ʧʦʨʦʰʢʦʚ ï ʧʦʣʫʯʝʥʠʝ ʢʝʨʘʤʠʢʠ 

 

ʇʦʣʫʯʝʥʥʳʝ ʧʦʨʦʰʢʠ ʩʦʝʜʠʥʝʥʠʡ ʩʫʣʴʬʠʜʦʚ ʧʦʤʝʱʘʣʠ ʚ ʛʨʘʬʠʪʦʚʳʝ ʧʨʝʩʩ-ʬʦʨʤʳ 

(ʜʠʘʤʝʪʨ 10 ʤʤ). ʉʧʝʢʘʥʠʝ ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʦʤ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ ʚ ʚʘʢʫʫʤʝ ʧʨʠ 1473K  

ʚ ʪʝʯʝʥʠʝ 2 ʯ ʜʣʷ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ ʠ ʧʨʠ 1273K 2 ʯ  

ʜʣʷ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʆʢʘʟʳʚʘʝʤʦʝ ʦʜʥʦʦʩʥʦʝ ʜʘʚʣʝʥʠʝ ʥʘ ʧʦʨʦʰʦʢ  

ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʣʦʪʥʦʡ ʢʝʨʘʤʠʢʠ ʩʦʩʪʘʚʣʷʣʦ 70 ʄʇʘ. ʇʨʦʮʝʩʩ ʩʧʝʢʘʥʠʷ ʧʨʦʚʦʜʠʣʠ  

ʚ ʚʘʢʫʫʤʝ (P = 7Ā10
-3 
ʇʘ). ʉʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ʠ ʦʭʣʘʞʜʝʥʠʷ ʩʦʩʪʘʚʣʷʣʠ 10 ʠ 20 ʛʨʘʜ/ʤʠʥ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

ʇʦʣʫʯʝʥʥʳʝ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʜʠʘʤʝʪʨʦʤ 10 ʤʤ 

ʠ ʚʳʩʦʪʦʡ 10 ʤʤ ʨʘʟʨʝʟʘʣʠʩʴ ʥʘ ʧʣʘʩʪʠʥʳ ʠ ʪʘʙʣʝʪʢʠ ʥʝʦʙʭʦʜʠʤʳʭ ʨʘʟʤʝʨʦʚ  

ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʠʟʫʯʝʥʠʷ ʠ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ (ʈʌɸ, ʂʈʉ- ʠ EXAFS 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ) ʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ.  
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2.2.5. ʆʪʞʠʛ ʢʝʨʘʤʠʢʠ ʜʦ ʩʦʩʪʘʚʘ ɔ-LnS1.5-y 

 

ʆʪʞʠʛ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʡ ʢʝʨʘʤʠʢʠ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ ɔ-ʤʦʜʠʬʠʢʘʮʠʠ ʠ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʟʘʜʘʥʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

ʧʨʦʚʦʜʠʣʠ ʚ ʟʘʧʘʷʥʥʳʭ ʘʤʧʫʣʘʭ ʩ ʛʝʪʪʝʨʦʤ (ʧʦʨʦʰʦʢ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʣʘʥʪʘʥʘ): 

                                        ɔ-Gd2S3(ʪʚ)  Oɔ-Gd2S3-x(ʪʚ) + 0.5xS2(ʛ),                                        (23) 

                              ɔ-GdxDy1-xS1.5(ʪʚ)  Oɔ-GdxDy1-xS1.5-y(ʪʚ) + 0.5yS2(ʛ).                              (24) 

 ʇʨʝʜʚʘʨʠʪʝʣʴʥʦ ʘʤʧʫʣʳ ʚʘʢʫʫʤʠʨʦʚʘʣʠ (P = 7Ā10
-3 
ʇʘ) ʠ ʟʘʧʘʠʚʘʣʠ, ʟʘʪʝʤ ʠʭ ʧʦʤʝʱʘʣʠ 

ʚ ʤʫʬʝʣʴʥʫʶ ʧʝʯʴ ʠ ʦʪʞʠʛʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1173K ʚ ʪʝʯʝʥʠʝ 48 ʯ. ʌʘʟʦʚr ʡ ʩʦʩʪʘʚ 

ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠ ʤʝʪʦʜʦʤ ʈʌɸ. 

 

2.3. ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʘʷ ʭʘʨʘʢʪʝʨʠʟʘʮʠʷ ʦʙʨʘʟʮʦʚ 

 

ɼʣʷ ʥʝʦʙʭʦʜʠʤʦʡ ʠ ʜʦʩʪʘʪʦʯʥʦʡ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʝʜʝʥʳ 

ʩʣʝʜʫʶʱʠʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʘʥʘʣʠʟʳ. 

ʍʠʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ. ʇʨʠʤʝʩʥʳʡ ʩʦʩʪʘʚ ʦʙʨʘʟʮʦʚ ʦʧʨʝʜʝʣʷʣʠ ʘʪʦʤʥʦ-ʘʜʩʦʨʙʮʠʦʥʥʳʤ 

ʤʝʪʦʜʦʤ ʩ ʧʦʤʦʱʴʶ ʩʧʝʢʪʨʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ PGS-2 (Carl Zeiss Jena, ɻʝʨʤʘʥʠʷ) ʩ ʜʫʛʦʡ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ (ɼʇʊ) ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʚʦʟʙʫʞʜʝʥʠʷ. ɺ ʫʩʪʘʥʦʚʢʝ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʤʦʜʝʨʥʠʟʠʨʦʚʘʥʥʳʡ ʩʧʝʢʪʨʦʛʨʘʬ PGS-2 ʩ ʨʝʰʝʪʢʦʡ 900 ʰʪʨ/ʤʤ ʠ ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʨʝʛʠʩʪʨʘʮʠʝʡ ʩʧʝʢʪʨʦʚ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ɼʇʊ ʠʩʧʦʣʴʟʦʚʘʣʠ ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʛʝʥʝʨʘʪʦʨ 

çʐʘʨʦʚʘʷ ʤʦʣʥʠʷè ʧʨʦʠʟʚʦʜʩʪʚʘ çɺʄʂ-ʆʧʪʦʵʣʝʢʪʨʦʥʠʢʘè [162]. ɸʥʘʣʠʟ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʪʦʢʝ 

ʜʫʛʠ 13 ɸ. ɼʣʷ ʦʩʚʝʱʝʥʠʷ ʚʭʦʜʥʦʡ ʱʝʣʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʪʨʝʭʣʠʥʟʦʚʫʶ ʩʠʩʪʝʤʫ. ʈʝʛʠʩʪʨʘʮʠʶ 

ʩʧʝʢʪʨʦʚ ʦʩʫʱʝʩʪʚʣʷʣʠ ʩ ʧʦʤʦʱʴʶ 8-ʢʨʠʩʪʘʣʴʥʦʡ ʬʦʪʦʜʠʦʜʥʦʡ ʣʠʥʝʡʢʠ ʧʨʦʠʟʚʦʜʩʪʚʘ  

çɺʄʂ-ʆʧʪʦʵʣʝʢʪʨʦʥʠʢʘè, ʩʧʝʢʪʨʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ ʩʦʩʪʘʚʣʷʣ 205ï344 ʥʤ. ɼʣʷ ʦʙʨʘʙʦʪʢʠ 

ʩʧʝʢʪʨʦʚ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʨʦʛʨʘʤʤʘ çɸʊʆʄè, ʧʦʟʚʦʣʷʶʱʘʷ ʧʨʦʚʦʜʠʪʴ ʧʦʩʪʨʦʝʥʠʝ 

ʛʨʘʜʫʠʨʦʚʦʯʥʳʭ ʛʨʘʬʠʢʦʚ, ʨʘʩʯʝʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʣʠʥʠʡ ʨʘʟʥʳʤʠ ʩʧʦʩʦʙʘʤʠ, 

ʚʳʯʠʩʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʥʘʣʠʪʘ ʠ ʩʪʘʪʠʩʪʠʯʝʩʢʫʶ ʦʙʨʘʙʦʪʢʫ ʨʝʟʫʣʴʪʘʪʦʚ ʘʥʘʣʠʟʘ.  

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʧʝʢʪʨʘʣʴʥʦ-ʯʠʩʪʳʡ ʛʨʘʬʠʪʦʚʳʡ 

ʧʦʨʦʰʦʢ (ɻʇ) ʤʘʨʢʠ ʦʩʯ 8-4 (ɻʆʉʊ 23463-79), ʥʘʪʨʠʡ ʭʣʦʨʠʩʪʳʡ ʤʘʨʢʠ ʦʩʯ 6-4  

(ʊʋ 6-05-3658-74) ʠ ʛʨʘʬʠʪʦʚʳʝ ʵʣʝʢʪʨʦʜʳ ʜʣʷ ʵʤʠʩʩʠʦʥʥʦʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ  

(ʊʋ 3497-001-51046676-2008). 

ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʘʥʘʣʠʟ. ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʘʥʘʣʠʟ ʰʣʠʬʦʚ ʢʝʨʘʤʠʢʠ ʧʨʦʚʝʜʝʥ 

ʥʘ ʫʩʪʘʥʦʚʢʝ Hitachi TM3000 TableTop SEM ʩ ʧʨʠʩʪʘʚʢʦʡ Bruker QUANTAX 70 EDS  

ʩ ʢʘʨʪʦʛʨʘʬʠʨʦʚʘʥʠʝʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʪʦʤʦʚ Gd ʠ Dy. ɸʥʘʣʠʟ ʧʦʜʪʚʝʨʜʠʣ ʩʦʩʪʘʚ ʩʦʝʜʠʥʝʥʠʡ 

(ʩʦʦʪʥʦʰʝʥʠʝ ʘʪʦʤʦʚ Gd, Dy, Nb ʠ S  ʩ ʧʦʛʨʝʰʥʦʩʪʴʶ ° 2ï5%).  

ʕʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ. ɼʣʷ ʠʟʫʯʝʥʠʷ ʤʠʢʨʦʤʦʨʬʦʣʦʛʠʠ ʰʣʠʬʦʚ ʧʦʣʫʯʝʥʥʳʭ 
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ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʵʣʝʢʪʨʦʥʥʳʡ ʤʠʢʨʦʩʢʦʧ JEOL JSM 6700F, ʫʩʢʦʨʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ 

ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʚʘʨʴʠʨʦʚʘʪʴ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 0.5 ʜʦ 30 ʢɺ. ʄʘʢʩʠʤʘʣʴʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʤʠʢʨʦʩʢʦʧʘ 

º1 ʥʤ ʧʨʠ ʫʩʢʦʨʷʶʱʠʭ ʥʘʧʨʷʞʝʥʠʷʭ 15ï30 ʢɺ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ (ʤʝʟʦʩʪʨʫʢʪʫʨʳ) ʧʦʨʦʰʢʦʚʳʭ ʧʨʦʜʫʢʪʦʚ ʠ ʠʟʤʝʣʴʯʝʥʥʳʭ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʦʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ  

ʥʘ ʧʨʠʙʦʨʝ JEOL 2010 (ʀʂ ʉʆ ʈɸʅ). ʋʩʢʦʨʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ ʩʦʩʪʘʚʣʷʣʦ 200 ʢɺ, 

ʨʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ï 1.4 ¡.  

ʆʧʨʝʜʝʣʝʥʠʝ ʫʜʝʣʴʥʦʡ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʧʠʢʥʦʤʝʪʨʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ.  

ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ ʦʧʨʝʜʝʣʷʣʠ ʧʣʦʪʥʦʩʪʴ ʦʙʨʘʟʮʦʚ rʧʠʢ, ʠʩʧʦʣʴʟʫʷ 

ʧʠʢʥʦʤʝʪʨʠʯʝʩʢʠʡ ʤʝʪʦʜ ʩ ʙʠʜʠʩʪʠʣʣʠʨʦʚʘʥʦʡ ʚʦʜʦʡ ʚ ʢʘʯʝʩʪʚʝ ʨʘʙʦʯʝʡ ʞʠʜʢʦʩʪʠ, ʘ ʪʘʢʞʝ 

ʩʦʨʙʮʠʦʥʥʳʡ ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʦʰʢʦʚʳʭ ʧʨʦʜʫʢʪʦʚ Sʫʜ (ʤ
2
/ʛ)  

ʧʦ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʘʜʩʦʨʙʮʠʠ ʘʟʦʪʘ, ʨʘʩʩʯʠʪʘʥʥʦʡ ʧʦ ʫʨʘʚʥʝʥʠʶ ɹʕʊ, ʥʘ ʘʥʘʣʠʟʘʪʦʨʝ 

ʉʦʨʙʪʦʤʝʪʨ-ʄ ʩ ʦʪʥʦʩʠʪʝʣʴʥʳʤ ʩʪʘʥʜʘʨʪʥʳʤ ʦʪʢʣʦʥʝʥʠʝʤ 5%. ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ (Dʯ) 

ʚʳʯʠʩʣʷʣʠ ʧʦ ʠʟʚʝʩʪʥʦʤʫ ʫʨʘʚʥʝʥʠʶ ʚ ʩʬʝʨʠʯʝʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʠ [163] : 

                                                      Ὀ̘
ˇ

̐̉̋̌̔ ̅
.                                                            (25) 

ʄʥʦʞʠʪʝʣʴ 10
3 
ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʩʦʦʪʚʝʪʩʪʚʠʷ ʝʜʠʥʠʮ ʠʟʤʝʨʝʥʠʷ. ʆʧʨʝʜʝʣʝʥʠʝ ʫʜʝʣʴʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʦʰʢʦʚʦʛʦ ʦʢʩʠʜʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦ ʤʝʪʦʜʫ ɹʕʊ [164]:  

                                                     Sʫʜ = amȚNɸȚɤm,                                                        (26) 

ʛʜʝ Nɸ ï ʯʠʩʣʦ ɸʚʦʛʘʜʨʦ, ɤm ï ʧʣʦʱʘʜʴ, ʧʨʠʭʦʜʷʱʘʷʩʷ ʥʘ 1 ʤʦʣʝʢʫʣʫ ʚ ʤʦʥʦʩʣʦʝ,  

ʠ am ï ʤʘʢʩʠʤʘʣʴʥʦʝ ʯʠʩʣʦ ʘʜʩʦʨʙʮʠʦʥʥʳʭ ʤʝʩʪ.  

ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ. ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ, ʘ ʪʘʢʞʝ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʦʧʨʝʜʝʣʷʣʠ 

ʤʝʪʦʜʦʤ ʧʦʨʦʰʢʦʚʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ 

ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨe Shimadzu XRD-7000 (CuKa ʠʟʣʫʯʝʥʠʝ, Ni ʬʠʣʴʪʨ, 

ʜʠʘʧʘʟʦʥ 10 ï 80Á 2q, ʰʘʛ 0.03Á, ʥʘʢʦʧʣʝʥʠʝ 2 ʩ). 

ʆʙʨʘʟʮʳ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʛʦʪʦʚʠʣʠ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʦʩʘʜʦʢ ʠʩʪʠʨʘʣʠ ʚ ʘʛʘʪʦʚʦʡ 

ʩʪʫʧʢʝ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʛʝʧʪʘʥʘ; ʧʦʣʫʯʝʥʥʫʶ ʩʫʩʧʝʥʟʠʶ ʥʘʥʦʩʠʣʠ ʥʘ ʧʦʣʠʨʦʚʘʥʥʫʶ ʩʪʦʨʦʥʫ 

ʩʪʘʥʜʘʨʪʥʦʡ ʢʚʘʨʮʝʚʦʡ ʢʶʚʝʪʳ; ʧʦʩʣʝ ʠʩʧʘʨʝʥʠʷ ʛʝʧʪʘʥʘ ʦʙʨʘʟʝʮ ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʪʦʥʢʠʡ 

ʨʦʚʥʳʡ ʩʣʦʡ (ʪʦʣʱʠʥʘ ~100 ʤʢʤ). ɺ ʢʘʯʝʩʪʚʝ ʚʥʝʰʥʝʛʦ ʵʪʘʣʦʥʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʙʨʘʟʝʮ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ, ʧʨʠʛʦʪʦʚʣʝʥʥʳʡ ʘʥʘʣʦʛʠʯʥʦ. ʀʥʜʠʮʠʨʦʚʘʥʠʝ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʧʨʦʚʦʜʠʣʠ ʧʦ ʠʟʚʝʩʪʥʳʤ  ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʤ ʚ ʢʘʨʪʦʪʝʢʝ PDF [165]. ʈʘʩʯʝʪ 

ʰʠʨʠʥʳ ʦʙʣʘʩʪʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʆʂʈʵʢʩ) ʧʨʦʚʦʜʠʣʠ ʧʦ ʫʨʘʚʥʝʥʠʶ ʐʝʨʨʝʨʘ ʩ ʫʯʝʪʦʤ 

ʰʠʨʠʥʳ ʣʠʥʠʡ ʵʪʘʣʦʥʘ. ɻʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʢʨʠʩʪʘʣʣʠʪʦʚ (ʆʂʈʛʝʦ) ʦʧʨʝʜʝʣʷʣʠ ʚʳʯʝʪʦʤ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʚʢʣʘʜʘ (ʆʂʈʩʨ,Ů), ʥʘʡʜʝʥʥʦʛʦ ʧʦ ʤʦʜʝʣʠ ʍʦʣʣʘïɺʠʣʴʷʤʩʦʥʘ [92]. 
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ʂʈʉ-ʩʧʝʢʪʨʦʩʢʦʧʠ.̫ ʈʝʛʠʩʪʨʘʮʠʶ ʠ ʂʈʉ-ʩʧʝʢʪʨʦʚ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ ʥʘ ʂʈʉ-

ʩʧʝʢʪʨʦʤʝʪʨʝ: LabRAM HR Evolution (Horiba) ʩ ʚʦʟʙʫʞʜʝʥʠʝʤ ʥʘ 632 ʥʤ (He-Ne ʣʘʟʝʨ)  

ʩ ʜʠʘʤʝʪʨʦʤ ʧʷʪʥʘ ~ 1-2 ʤʢʤ ʠ ʤʦʱʥʦʩʪʴʶ 1 ʤɺʪ. ʉʧʝʢʪʨʳ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 

100 ʜʦ 3000 ʩʤ
-1
.  

ʊʝʧʣʦʝʤʢʦʩʪʴ. ʀʟʤʝʨʝʥʠʷ ʫʜʝʣʴʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ (Cp) ʧʨʦʚʦʜʠʣʠ  

ʥʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʤ ʩʢʘʥʠʨʫʶʱʝʤ ʢʘʣʦʨʠʤʝʪʨʝ DSC 204 F1 Phoenix ʬʠʨʤʳ NETZSCH  

ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 300ï773K. ʀʩʧʦʣʴʟʫʝʤʳʡ ʢʘʣʦʨʠʤʝʪʨ ʦʩʥʘʱʝʥ ʪʝʨʤʦʧʘʨʘʤʠ ɽ 

(ʥʠʭʨʦʤ-ʢʦʥʩʪʘʥʪʘʥ) ʚ ʢʘʯʝʩʪʚʝ ʜʘʪʯʠʢʦʚ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʣʷ ʧʝʯʠ, ʠ ʜʣʷ ʦʙʨʘʟʮʘ.  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʟʥʘʯʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ 

ʙʘʟʦʚʦʡ ʣʠʥʠʠ ʩ ʜʚʫʤʷ ʧʫʩʪʳʤʠ ʪʠʛʣʷʤʠ, ʩʪʘʥʜʘʨʪʥʦʛʦ ʚʝʱʝʩʪʚʘ (ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʠʥʪʝʪʠʯʝʩʢʠʡ ʩʘʧʬʠʨ) ʠ ʦʙʨʘʟʮʘ ʧʨʠ ʧʦʩʪʦʷʥʥʳʭ ʩʢʦʨʦʩʪʷʭ ʥʘʛʨʝʚʘ. 

ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ. ʀʟʫʯʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʩʦʝʜʠʥʝʥʠʡ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʤʝʪʦʜʦʤ ʌʘʨʘʜʝʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʨʫʪʠʣʴʥʳʭ ʢʚʘʨʮʝʚʳʭ ʚʝʩʦʚ ʩ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ 

ʩʪʘʙʠʣʠʟʘʮʠʝʡ.  ʅʘʧʨʷʞʝʥʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʩʦʩʪʘʚʣʷʣʘ 7.3 ʢʕ, ʪʦʯʥʦʩʪʴ ʩʪʘʙʠʣʠʟʘʮʠʠ 

ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʣʷ ~2%. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʩʪʘʙʠʣʠʟʘʮʠʷ ʦʙʨʘʟʮʘ ʩ ʪʦʯʥʦʩʪʴʶ ~1K ʚʦ ʚʨʝʤʷ 

ʠʟʤʝʨʝʥʠʷ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʇʀɼ-ʨʝʛʫʣʷʪʦʨʘ DTB9696 ʬʠʨʤʳ Delta Electronics. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠ ̫ʦʙʨʘʟʮʳ (~2 ʤʛ) ʧʦʤʝʱʘʣʠ ʚ ʦʪʢʨʳʪʫʶ ʢʚʘʨʮʝʚʫʶ ʘʤʧʫʣʫ  

ʠ ʚʘʢʫʫʤʠʨʦʚʘʣʠ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʦʙʲʝʤʝ ʫʩʪʘʥʦʚʢʠ ʜʦ 10ï2 ʪʦʨʨ, ʟʘʪʝʤ ʩʦʟʜʘʚʘʣʘʩʴ 

ʠʥʝʨʪʥʘʷ ʘʪʤʦʩʬʝʨʘ ʛʝʣʠʷ ʧʨʠ ʜʘʚʣʝʥʠʠ 5 ʤʤ. ʨʪ. ʩʪ. ʂʘʣʠʙʨʦʚʢʘ ʫʩʪʘʥʦʚʢʠ ʙʳʣʘ 

ʦʩʫʱʝʩʪʚʣʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʝʜʠʥʝʥʠʷ HgCo(CNS)4. ʋʯʝʪ ʜʠʘʤʘʛʥʠʪʥʦʛʦ ʚʢʣʘʜʘ  

ʚ ʤʘʛʥʠʪʥʫʶ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʙʳʣ ʦʩʫʱʝʩʪʚʣʝʥ ʧʦ ʘʜʜʠʪʠʚʥʦʡ ʩʭʝʤʝ ʇʘʩʢʘʣʷ: ɢM = Ɇniɚi, 

ʛʜʝ ni ï ʯʠʩʣʦ ʘʪʦʤʦʚ i-ʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ ʚ ʤʦʣʝʢʫʣʝ, ɚi ï ʜʠʘʤʘʛʥʠʪʥʘʷ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʘʪʦʤʘ. 

EXAFS-ʩʧʝʢʪʨʦʩʢʦʧʠʷ. EXAFS ʩʧʝʢʪʨʳ GdL3 ʠ NbK ʧʦʣʫʯʝʥʳ ʚ ʩʪʘʥʜʘʨʪʥʦʤ ʨʝʞʠʤʝ 

çʥʘ ʧʨʦʩʚʝʪ ʦʙʨʘʟʮʘè ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʢʘʥʘʣʝ ɺʕʇʇ-3. 

ʕʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʦʚ ʠ ʪʦʢ ʥʘʢʦʧʠʪʝʣʴʥʦʛʦ ʢʦʣʴʮʘ ʩʦʩʪʘʚʣʷʣʠ 2 ɻʵɺ ʠ 70ï140 ʤɸ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʩ ʧʦʤʦʱʴʶ ʜʚʫʭʢʨʠʩʪʘʣʴʥʦʛʦ ʤʦʥʦʭʨʦʤʘʪʦʨʘ 

Si[111]. ʀʦʥʠʟʘʮʠʦʥʥʳʝ ʢʘʤʝʨʳ ʟʘʧʦʣʥʷʣʠ ʩʤʝʩʴʶ ʠʥʝʨʪʥʳʭ ʛʘʟʦʚ Ar/He ʠ ʛʘʟʦʤ Xe  

ʚ ʢʘʯʝʩʪʚʝ ʢʦʥʪʨʦʣʴʥʦʛʦ ʠ ʢʦʥʝʯʥʦʛʦ ʜʝʪʝʢʪʦʨʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. EXAFS-ʩʧʝʢʪʨʳ DyL2 

ʠʟʤʝʨʝʥʳ ʚ ɽʚʨʦʧʝʡʩʢʦʤ ʩʠʥʭʨʦʪʨʦʥʥʦʤ ʮʝʥʪʨʝ ʥʘ ʢʘʥʘʣʝ BM20 ʚ ʨʝʞʠʤʝ çʥʘ ʧʨʦʩʚʝʪè. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ L2 ʢʨʘʷ ʧʦʛʣʦʱʝʥʠʷ ʩʚʷʟʘʥʦ ʩ ʥʘʣʦʞʝʥʠʝʤ L3 ʢʨʘʝʚ ʧʦʛʣʦʱʝʥʠʷ ʘʪʦʤʦʚ Dy  

ʠ Gd, ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ. ʕʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʦʚ ʠ ʪʦʢ ʩʦʩʪʘʚʣʷʣʠ  

6 ɻʵɺ ʠ 180ï200 ʤɸ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʕʥʝʨʛʠʷ ʧʘʜʘʶʱʝʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ʚʳʙʠʨʘʣʘʩʴ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʪʨʘʞʝʥʠʡ ʦʪ ʜʚʦʡʥʦʛʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʤʦʥʦʭʨʦʤʘʪʦʨʘ Si [111]. 
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ɻʘʟʦʭʨʦʤʘʪʦʛʨʘʬʠʯʝʩʢʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʦʪʢʣʦʥʝʥʠʷ ʩʦʩʪʘʚʘ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʦʪ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ. ʅʘʚʝʩʢʫ ʩʫʣʴʬʠʜʘ (20ï50 ʤʛ) ʧʦʤʝʱʘʣʠ ʚ ʨʝʘʢʪʦʨʥʫʶ ʢʦʣʙʫ 1  

(ʨʠʩ. 20). ʇʦʩʣʝ ʚʥʝʩʝʥʠʷ ʥʘʚʝʩʢʠ ʢʦʣʙʫ ʚʘʢʫʫʤʠʨʦʚʘʣʠ, ʢʨʘʥ ʦʪʢʨʳʚʘʣʠ ʠ ʠʟ ʚʦʨʦʥʢʠ 2 

ʧʨʠʣʠʚʘʣʠ 10ï15 ʤʣ 10ʄ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʳ (ʦʩʯ.). ɺʳʨʘʚʥʠʚʘʥʠʝ ʜʘʚʣʝʥʠʷ ʜʦ ʘʪʤʦʩʬʝʨʥʦʛʦ 

ʧʦʩʣʝ ʧʦʣʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʧʨʦʙʳ ʧʨʦʚʦʜʠʣʠ ʜʦʙʘʚʣʝʥʠʝʤ ʢʠʩʣʦʪʳ. ɻʘʟʦʚʫʶ ʬʘʟʫ  

ʜʣʷ ʘʥʘʣʠʟʘ (10 ʤʢʣï1 ʤʣ) ʦʪʙʠʨʘʣʠ ʤʠʢʨʦʰʧʨʠʮʝʤ 3 ʯʝʨʝʟ ʨʝʟʠʥʦʚʫʶ ʧʨʦʙʢʫ. ʇʨʠ ʵʪʦʤ 

ʢʨʘʥ, ʩʦʝʜʠʥʷʶʱʠʡ ʚʦʨʦʥʢʫ, ʟʘʧʦʣʥʝʥʥʫʶ ʢʠʩʣʦʪʦʡ, ʠ ʢʦʣʙʫ ʜʝʨʞʘʣʠ ʦʪʢʨʳʪʳʤ  

ʜʣʷ ʩʦʟʜʘʥʠʷ ʧʦʚʳʰʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʢʦʣʙʝ. ʍʨʦʤʘʪʦʛʨʘʬʠʯʝʩʢʠʡ ʘʥʘʣʠʟ  

ʩ ʪʦʯʥʦʩʪʴʶ 0.015 ʤʘʩ. % (0.002 ʘ.ʝ.) ʧʦ ʩʝʨʝ ʧʨʦʚʦʜʠʣʠ ʥʘ ʭʨʦʤʘʪʦʛʨʘʬʝ ʎʚʝʪ-100.  

 

ʈʠʩ. 20. ɸʧʧʘʨʘʪ ʜʣʷ ʨʘʟʣʦʞʝʥʠʷ ʩʫʣʴʬʠʜʦʚ ʈɿʕ: 1 ï ʨʝʘʢʪʦʨʥʘʷ ʢʦʣʙʘ,  

2 ï ʜʝʣʠʪʝʣʴʥʘʷ ʚʦʨʦʥʢʘ, 3 ï ʤʠʢʨʦʰʧʨʠʮ. 

 

2.5.ʀʟʤʝʨʝʥʠʝ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

 

ʊʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʴ ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ. ʂʦʵʬʬʠʮʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʦ-

ʧʨʦʚʦʜʥʦʩʪʠ (ɢʊ) ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʦʧʨʝʜʝʣʷʣʩʷ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡ ʚʩʧʳʰʢʠ  

ʥʘ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʫʩʪʘʥʦʚʢʝ LFA-427 ʬʠʨʤʳ NETZSCH (ɻʝʨʤʘʥʠʷ) ʚ ʘʪʤʦʩʬʝʨʝ 

ʚʳʩʦʢʦʯʠʩʪʦʛʦ ʘʨʛʦʥʘ (Ar 99.992 ʦʙ. %) ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 298ï973K. ʇʣʦʩʢʠʡ ʦʙʨʘʟʝʮ 

ʩʥʠʟʫ ʦʙʣʫʯʘʝʪʩʷ ʢʦʨʦʪʢʠʤ ʣʘʟʝʨʥʳʤ ʠʤʧʫʣʴʩʦʤ (1.064 ʤʢʤ). ʇʦʩʣʝ ʯʝʛʦ ʀʂ-ʜʝʪʝʢʪʦʨʦʤ 

ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚʝʨʭʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. ɺʝʣʠʯʠʥʘ ɢʊ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʧʦʣʫʯʝʥʥʦʡ ʪʝʨʤʦʛʨʘʤʤʝ ʨʘʟʦʛʨʝʚʘ ʵʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʫʯʝʪʦʤ ʪʝʧʣʦʚʳʭ 

ʧʦʪʝʨʴ ʧʦ ʤʦʜʝʣʠ ʇʘʨʢʝʨʘ [166,167]. ɺʚʦʜʠʣʘʩʴ ʧʦʧʨʘʚʢʘ ʥʘ ʢʦʥʝʯʥʫʶ ʜʣʠʪʝʣʴʥʦʩʪʴ 

ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʠ ʝʛʦ ʨʝʘʣʴʥʫʶ ʬʦʨʤʫ [168]. ʀʟʤʝʨʝʥʠʷ ʧʨʠ ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʦʩʫʱʝʩʪʚʣʷʣʠʩʴ ʧʦʩʣʝ ʪʝʨʤʦʩʪʘʪʠʨʦʚʘʥʠʷ ʦʙʨʘʟʮʘ ʚ ʩʝʨʠʠ ʠʟ ʪʨʝʭ çʚʳʩʪʨʝʣʦʚè ʣʘʟʝʨʘ. 

ʀʥʪʝʨʚʘʣ ʤʝʞʜʫ çʚʳʩʪʨʝʣʘʤʠè ʩʦʩʪʘʚʣʷʣ 3 ʤʠʥ. ʊʝʧʣʦʚʦʝ ʨʘʩʰʠʨʝʥʠʝ ʦʙʨʘʟʮʦʚ  
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ʥʝ ʫʯʠʪʳʚʘʣʦʩʴ. ʇʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʠ  

ʜʣʷ ʪʚʝʨʜʳʭ ʦʙʨʘʟʮʦʚ ʥʘ LFA-427 ʩʦʩʪʘʚʣʷʝʪ 2ï5% ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʆʙʱʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ (əʦʙ)ɦ ʨʘʩʩʯʠʪʳʚʘʣʩʷ ʧʦ ʠʟʚʝʩʪʥʦʤʫ ʫʨʘʚʥʝʥʠʶ 

əʦʙ ɦ= ɢʊȚɟʢʝʨȚCp, ʛʜʝ ɢʊ ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʠ, Cp ïʪʝʧʣʦʝʤʢʦʩʪʴ,  

ɟʢʝʨ ï ʧʣʦʪʥʦʩʪʴ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʈʘʟʤʝʨʳ ʦʙʨʘʟʮʦʚ ʜʣʷ ʠʟʤʝʨʝʥʠʡ ʩʦʩʪʘʚʣʷʶʪ 6 

ʤʤ ʚ ʜʠʘʤʝʪʨʝ ʠ 2 ʤʤ ʪʦʣʱʠʥʦʡ. 

ʂʦʵʬʬʠʮʠʝʥʪ ɿʝʝʙʝʢʘ ʠ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ. ʂʦʵʬʬʠʮʠʝʥʪ ɿʝʝʙʝʢʘ ʠ ʫʜʝʣʴʥʦʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʨʝʩʩʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʠʟʤʝʨʷʣʠʩʴ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʩʪʘʥʦʚʢʠ 

ZEM-3 (Advance Riko) ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 298ï873K. ʈʘʟʤʝʨʳ ʧʣʘʩʪʠʥ ʜʣʷ ʠʟʤʝʨʝʥʠʡ 

ʩʦʩʪʘʚʣʷʣʠ 8Ț2Ț4 ʤʤ
3
. ʇʦʛʨʝʰʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʚʝʣʠʯʠʥ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ ʠ ʫʜʝʣʴʥʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʣʷʶʪ ~ 5%. 
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ɻʣʘʚʘ 3. ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʷ 

 

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʚʦʡʩʪʚ ʦʧʪʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʟʘʚʠʩʠʪ  

ʦʪ ʠʭ ʦʩʥʦʚʥʦʛʦ ʠ ʧʨʠʤʝʩʥʦʛʦ ʭʠʤʠʯʝʩʢʠʭ ʩʦʩʪʘʚʦʚ, ʘ ʪʘʢʞʝ ʦʪ ʠʭ ʬʘʟʦʚʦʛʦ ʠ ʩʪʨʫʢʪʫʨʥʦʛʦ 

ʩʦʩʪʘʚʦʚ. ʍʠʤʠʯʝʩʢʠʡ ʩʧʝʢʪʨʘʣʴʥʳʡ ʘʥʘʣʠʟ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ Ln2O3 (Ln = La, Gd, Y, Dy), 

Nb2O5 ʠ ʢʦʥʝʯʥʳʭ ʧʨʦʜʫʢʪʦʚ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʧʦʢʘʟʘʣ ʥʠʟʢʠʡ ʫʨʦʚʝʥʴ ʩʦʜʝʨʞʘʥʠʷ 

ʧʨʠʤʝʩʝʡ ï ʩʫʤʤʘʨʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʧʨʠʤʝʩʝʡ ʧʦ 30 ʵʣʝʤʝʥʪʘʤ ʥʝ ʧʨʝʚʳʰʘʣʦ ʚ ʩʨʝʜʥʝʤ  

7Ț10
-2
 ʠ 3Ț10

-2
 ʤʘʩ. %, ʘ ʤʘʢʩʠʤʘʣʴʥʳʡ ʫʨʦʚʝʥʴ ʦʪʜʝʣʴʥʳʭ ʧʨʠʤʝʩʥʳʭ ʵʣʝʤʝʥʪʦʚ  

ʥʝ ʧʨʝʚʳʰʘʣ 5Ț10
-3 
ʤʘʩ. % (ʩʤ. ʧʨʠʣʦʞʝʥʠʝ 1). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʙʦʣʴʰʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ 

ʤʦʞʥʦ ʧʨʠʥʷʪʴ, ʯʪʦ ʚʣʠʷʥʠʝ ʧʨʠʤʝʩʝʡ ʥʘ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʝ ʷʚʣʷʝʪʩʷ ʟʥʘʯʠʤʳʤ.    

ʆʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʦ ʫʜʝʣʝʥʦ ʧʦʣʫʯʝʥʠʶ ʤʘʪʝʨʠʘʣʦʚ  

ʩ ʦʧʪʠʤʘʣʴʥʳʤʠ ʭʠʤʠʯʝʩʢʠʤ ʠ ʬʘʟʦʚʳʤ ʩʦʩʪʘʚʘʤʠ. ɻʣʘʚʥʦʝ ʪʨʝʙʦʚʘʥʠʝ ʢ ʤʘʪʝʨʠʘʣʫ ï ʦʥ 

ʜʦʣʞʝʥ ʙʳʪʴ ʦʜʥʦʬʘʟʥʳʤ ʠ ʚʳʩʦʢʦʦʜʥʦʨʦʜʥʳʤ. ʕʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʜʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

ʩʦʝʜʠʥʝʥʠʡ ʨʘʟʥʳʭ ʤʝʪʘʣʣʦʚ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʤʳ ʠʤʝʝʤ ʜʝʣʦ ʩ ʪʚʝʨʜʳʤʠ ʨʘʩʪʚʦʨʘʤʠ 

(GdxDy1-x)S1.5-y. ɼʣʷ ʨʝʰʝʥʠʷ ʧʦʜʦʙʥʳʭ ʟʘʜʘʯ ʥʝʦʙʭʦʜʠʤʦ ʠʟʫʯʠʪʴ ʢʠʥʝʪʠʢʫ ʦʙʨʘʟʦʚʘʥʠʷ 

ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʩʫʣʴʬʠʜʦʚ ʠ ʥʘ ʦʩʥʦʚʘʥʠʠ ʵʪʦʛʦ ʦʧʨʝʜʝʣʠʪʴ ʦʧʪʠʤʘʣʴʥʳʝ ʨʝʞʠʤʳ 

ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ.  

ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʧʦʜʨʦʙʥʦ ʠʟʫʯʝʥʘ ʢʠʥʝʪʠʢʘ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ  

ʧʨʠ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʠ ʧʦʨʦʰʢʦʚ ʦʢʩʠʜʦʚ La, Gd, Dy, Y ʛʘʟʦʦʙʨʘʟʥʳʤʠ ʧʨʦʜʫʢʪʘʤʠ 

ʨʘʟʣʦʞʝʥʠʷ ʨʦʜʘʥʠʜʘ ʘʤʤʦʥʠʷ ʠ ʚʳʯʠʩʣʝʥʳ ʦʩʥʦʚʥʳʝ ʢʠʥʝʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ: ʢʘʞʫʱʘʷʩʷ 

ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ, ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʝʡ ʠ ʧʨʝʜʵʢʩʧʦʥʝʥʪ rʨʝʘʢʮʠʡ ʦʙʨʘʟʦʚʘʥʠʷ 

ʦʢʩʦʩʫʣʴʬʠʜʦʚ ʠ ʩʫʣʴʬʠʜʦʚ ʈɿʕ. ʉʫʣʴʬʠʜʠʨʦʚʘʥʠʝ ʦʢʩʠʜʦʚ La ʠ Y ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ  

ʩ ʮʝʣʴʶ ʧʨʦʚʝʨʢʠ çʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠè ʢʠʥʝʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʢ ʧʨʠʨʦʜʝ ʈɿʕ.  ɺ ʵʪʦʤ 

ʨʘʟʜʝʣʝ ʨʘʩʩʤʦʪʨʝʥ rʨʝʟʫʣʴʪʘʪʳ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʪʚʝʨʜʳʭ ʧʦʨʦʰʢʦʚ Gd2O3 ʠ Dy2O3  

ʩ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ ~1 ʤʢʤ ʠ ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʧʦʨʦʰʢʦʚ La2O3 (~1 ʤʢʤ) ʠ Y2O3 (~2 ʤʢʤ).   

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʩʨʝʜʥʠʭ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ ʠʩʧʦʣʴʟʫʝʤʳʭ ʦʢʩʠʜʦʚ ʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʩʫʣʴʬʠʜʦʚ ʧʦ ʠʟʤʝʨʝʥʠʷʤ ʧʠʢʥʦʤʝʪʨʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ (ʩʤ. ʧʨʠʣʦʞʝʥʠʝ 2) ʠ ʫʜʝʣʴʥʦʡ 

ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣ. 3.  
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ʊ ʘ ʙ ʣ ʠ ʮ ʘ 3 

ʇʠʢʥʦʤʝʪʨʠʯʝʩʢʘʷ ʧʣʦʪʥʦʩʪʴ, ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʨʘʟʤʝʨʳ ʯʘʩʪʠʮ ʦʢʩʠʜʦʚ ʠ 

ʩʫʣʴʬʠʜʦʚ ʈɿʕ 

ɺʝʱʝʩʪʚʦ rʧʠʢ,  
ʛ/ʤ

3
 

Sʫʜ, 

ʤ
2
/ʛ 

ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ 

ʯʘʩʪʠʮ, ʤʢʤ 

La2O3 5.8 1.17 0.89  

ɓ-La2S3 6.8 0.53 1.68  

Gd2O3 5.5 1.01 1.08  

ɔ-Gd2S3 4.6 0.69 1.88  

Dy2O3 5.7 1.10 0.96 

ɔ-Dy2S3 4.4 0.70 1.95 

Y2O3 3.6 0.71 2.33  

Y2S3 3.1 0.63 3.10  

 

3.1. ɸʥʘʣʠʟ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʚ ʩʠʩʪʝʤʘʭ LnïOïS ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʤʘʣʴʥʳʭ 

ʨʝʞʠʤʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʙʘʟʝ Ln(1)Ln(2)S1.5-y 

 

3.1.1. ʂʠʥʝʪʠʢʘ ʪʦʧʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʦʢʩʠʜʦʚ Gd, Dy 

 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʢʠʥʝʪʠʢʠ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʚ ʩʠʩʪʝʤʘʭ GdïOïS ʠ DyïOïS  

ʠ ʜʣʷ ʩʨʘʚʥʝʥʠʷ LaïOïS ʠ YïOïS ʠʩʭʦʜʥʳʝ ʧʦʨʦʰʢʠ ʦʢʩʠʜʦʚ Gd ʠ Dy, La ʠ Y 

ʩʫʣʴʬʠʜʠʨʦʚʘʣʠ ʛʘʟʦʦʙʨʘʟʥʳʤʠ ʧʨʦʜʫʢʪʘʤʠ ʨʘʟʣʦʞʝʥʠʷ ʨʦʜʘʥʠʜʘ ʘʤʤʦʥʠʷ  

(ʩʤʝʩʴ H2S/CS2). ʇʦʩʣʝ ʢʘʞʜʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʦʪʙʠʨʘʣʠ ʧʨʦʙʫ ʠ ʧʨʦʚʦʜʠʣʠ ʈʌɸ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʪʚʝʨʜʦʛʦ ʧʨʦʜʫʢʪʘ. ʉʫʣʴʬʠʜʠʨʦʚʘʥʠʝ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚ ʦʢʩʠʜʦʚ 

ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʩʭʝʤʝ ʨʠʩ. 18. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʈʌɸ 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʠ ʦʢʩʠʜʦʚ ʛʘʜʦʣʠʥʠʷ ʠ ʜʠʩʧʨʦʟʠʷ ʥʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ 

ʧʨʦʮʝʩʩʘ ʟʘʨʦʞʜʘʶʪʩ̫ ʬʘʟʳ ʦʢʩʦʩʫʣʴʬʠʜʦʚ (Gd2O2S, Dy2O2S) ʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʥʘʯʠʥʘʷ  

ʦʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʯʘʩʪʠʮʳ ʠʟ Ln2O2S ʦʙʨʘʟʫʪʁʩʷ ʧʦʣʫʪʦʨʥʳʝ ʩʫʣʴʬʠʜ r(Gd2S3, 

Dy2S3): 

                                            2Gd2O3+CS2=2Gd2O2S+CO2,                                               (27) 

                                              Gd2O2S+CS2=Ŭ-Gd2S3+CO2,                                               (28) 

                                             2Dy2O3+CS2=2Dy2O2S+CO2,                                              (29) 

                                              Dy2O2S+CS2=Ŭ-Dy2S3+CO2.                                              (30) 

ɿʜʝʩʴ ʠ ʜʘʣʝʝ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʩʫʣʴʬʠʜʠʨʫʶʱʝʛʦ ʨʝʘʛʝʥʪʘ ʧʨʠʥʠʤʘʝʪʩʷ CS2,  

ʯʪʦ ʦʙʩʫʞʜʘʣʦʩʴ ʨʘʥʝʝ (ʩʤ. ʧʘʨʘʛʨʘʬ 1.5). 

ɺʩʝ ʩʫʣʴʬʠʜʥʳʝ ʬʘʟʳ ʦʙʨʘʟʫʶʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʠ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ  

ʢ ʠʭ ʮʝʥʪʨʫ. ʆʪʤʝʪʠʤ, ʯʪʦ ʧʨʦʮʝʩʩʳ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʷ ʩʝʨʳ ʠ ʢʠʩʣʦʨʦʜʘ ʚ ʦʙʲʝʤ ʯʘʩʪʠʮ 

ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʜʠʬʬʫʟʠʝʡ ʧʦ ʵʩʪʘʬʝʪʥʦʤʫ (ʦʙʤʝʥʥʦʤʫ) ʤʝʭʘʥʠʟʤʫ ʧʦ ʘʥʠʦʥʥʳʤ ʫʟʣʘʤ  

ʠ ʧʦ ʚʘʢʘʥʩʠʦʥʥʳʤ ʜʝʬʝʢʪʘʤ, ʘ ʪʘʢʞʝ ʧʦ ʛʨʘʥʠʮʘʤ ʢʨʠʩʪʘʣʣʠʪʦʚ. ɸʥʘʣʦʛʠʯʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʝʜʝʥʳ ʜʣʷ ʩʠʩʪʝʤ ʦʢʩʠʜʦʚ La ʠ Y. ɼʣʷ ʩʠʩʪʝʤʳ ʩ La ʫʩʪʘʥʦʚʣʝʥʦ 
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ʦʙʨʘʟʦʚʘʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʬʘʟʳ ʜʠʦʢʩʦʜʠʩʫʣʴʬʠʜʘ, La2O2S2. ʂʠʥʝʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʜʣʷ ʵʪʠʭ ʩʠʩʪʝʤ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʦʩʥʦʚʥʦʤ ʚ ʧʨʠʣʦʞʝʥʠʠ 3. 

ʇʨʠ ʩʦʧʦʩʪʘʚʣʝʥʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʥʘʠʙʦʣʴʰʠʭ ʨʝʬʣʝʢʩʦʚ ʨʝʥʪʛʝʥʦʚʩʢʠʭ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʫʩʪʘʥʦʚʣʝʥʳ ʠʟʤʝʥʝʥʠʷ ʩʪʝʧʝʥʠ ʧʨʝʚʨʘʱʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʚʦ ʚʨʝʤʝʥʠ  

ʠ ʧʦʩʪʨʦʝʥʳ ʢʠʥʝʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟ Gd2O2S, Dy2O2S ʠ Gd2S3, Dy2S3 

(ʨʠʩ. 21). ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʙʳʣʠ ʦʙʨʘʙʦʪʘʥʳ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ 

ʚʥʫʪʨʝʥʥʝʛʦ ʩʪʘʥʜʘʨʪʘ ʠ ʢʦʨʫʥʜʦʚʳʭ ʯʠʩʝʣ [169]. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʦʙʨʘʙʦʪʢʠ ʙʳʣʠ 

ʚʳʯʠʩʣʝʥʳ ʜʦʣʠ ʚʳʭʦʜʦʚ ʦʢʩʦʩʫʣʴʬʠʜʦʚ ʠ ʩʫʣʴʬʠʜʦʚ. ʄʝʪʦʜʦʤ ʚʥʫʪʨʝʥʥʝʛʦ ʩʪʘʥʜʘʨʪʘ 

ʩʦʦʪʥʦʰʝʥʠʷ ʬʘʟ ʦʧʨʝʜʝʣʷʣʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʨʝʬʣʝʢʩʦʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ 

ʦʙʨʘʟʮʘ ʢ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʵʪʠʭ ʞʝ ʨʝʬʣʝʢʩʦʚ ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ ʤʦʥʦʬʘʟʥʦʛʦ ʛʦʤʦʛʝʥʥʦʛʦ 

ʚʝʱʝʩʪʚʘ. ɼʣʷ ʤʝʪʦʜʘ ʢʦʨʫʥʜʦʚʳʭ ʯʠʩʝʣ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʪʥʦʰʝʥʠʝ ʩʘʤʦʛʦ ʠʥʪʝʥʩʠʚʥʦʛʦ 

ʧʠʢʘ ʠʩʩʣʝʜʫʝʤʦʛʦ ʚʝʱʝʩʪʚʘ ʢ ʩʠʣʴʥʝʡʰʝʤʫ ʧʠʢʫ ʢʦʨʫʥʜʘ ʚ ʠʭ ʜʚʫʭʬʘʟʥʦʡ ʩʤʝʩʠ 1:1. 

ʇʦʛʨʝʰʥʦʩʪʴ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ ʥʝ ʧʨʝʚʳʰʘʣʘ 1%. 

 

ʈʠʩ. 21. ɿʘʚʠʩʠʤʦʩʪʴ ʩʪʝʧʝʥʠ ʧʨʝʚʨʘʱʝʥʠʷ ʬʘʟ Gd2O2S (ʘ), Gd2S3 (ʙ), Dy2O2S (ʚ), Dy2S3 (ʛ) ʦʪ ʚʨʝʤʝʥʠ 

ʧʨʦʮʝʩʩʘ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ Gd2O3 ʠ Dy2O3 ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (
ʦ
ʉ): 

 1 ï 600, 2 ï 800, 3 ï 900, 4 ï 950. R
2
 ï ʢʚʘʜʨʘʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʝʛʨʝʩʩʠʠ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʭ ʢʨʠʚʳʭ (ʜʣʷ 

ʩʠʩʪʝʤ LaïOïS ʠ YïOïS ʩʤ. ʧʨʠʣʦʞʝʥʠʝ 3, ʨʠʩ. 1, 2). 
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ʉʪʝʧʝʥʠ ʧʨʝʚʨʘʱʝʥʠʡ ʧʨʦʜʫʢʪʦʚ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʧʦ ʫʨʘʚʥʝʥʠʷʤ: 

                                         Ŭ(Gd2O2S)  ,                                         (31)                  

                                 Ŭ(Gd2S3)  ,                                    (32) 

                                 Ŭ(Dy2O2S)  ,                                        (33)                      

                                   Ŭ(Dy2S3) ,                                     (34)                

ʛʜʝ x ï ʤʦʣʴʥʳʝ ʜʦʣʠ ʚʝʱʝʩʪʚ. 

ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʤʦʜʝʣʠ ʨʘʩʯʝʪʘ ʧʨʠʥʠʤʘʝʪʩʷ, ʯʪʦ ʦʙʨʘʟʫʶʱʠʝʩ ̫ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ 

ʬʘʟʳ ʛʠʧʦʪʝʪʠʯʝʩʢʠ ʟʘʥʠʤʘʶʪ ʦʙʲʝʤ ʜʦ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮʳ. ʕʪʦ ʜʦʧʫʱʝʥʠʝ 

ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʬʘʢʪʦʤ ʩʦʭʨʘʥʝʥʠʷ ʤʦʜʝʣʠ ʪʦʧʦʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʗʥʜʝʨʘ ʜʣʷ ʚʩʝʭ ʬʘʟ  

ʚ ʪʝʯʝʥʠʝ ʚʩʝʛʦ ʧʨʦʮʝʩʩʘ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ, ʥʝʩʤʦʪʨʷ ʥʘ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝ ʚ ʯʘʩʪʠʮʝ 

ʦʢʩʦʩʫʣʴʬʠʜʥʦʡ ʠ ʩʫʣʴʬʠʜʥʦʡ ʬʘʟ. 

ɸʧʧʨʦʢʩʠʤʘʮʠʷ ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʪʦʯʝʢ ʧʨʦʚʦʜʠʣʘʩʴ ʧʦ 6 ʨʘʟʣʠʯʥʳʤ 

ʤʦʜʝʣʷʤ: ʧʘʨʘʙʦʣʠʯʝʩʢʦʛʦ ʨʦʩʪʘ ʧʨʦʜʫʢʪʘ, ʩʞʠʤʘʶʱʝʡʩʷ ʩʬʝʨʳ, ɸʚʨʘʤʠïɽʨʦʬʝʝʚʘ, 

ʗʥʜʝʨʘ, ɾʫʨʘʚʣʝʚʘïʃʝʩʦʭʠʥʘïʊʝʤʧʝʣʴʤʘʥʘ, ɻʠʥʩʪʣʠʥʛʘïɹʨʦʫʥʰʪʝʡʥʘ [154]. ɼʣʷ ʵʪʠʭ 

ʤʦʜʝʣʝʡ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʬʫʥʢʮʠʠ ʩʪʝʧʝʥʠ ʧʨʝʚʨʘʱʝʥʠʷ ʚʝʱʝʩʪʚʘ ʦʪ ʚʨʝʤʝʥʠ 

ʧʨʦʮʝʩʩʘ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʠ ʧʨʦʚʝʜʝʥʘ ʣʠʥʝʨʠʘʣʠʟʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. 

ɺʳʙʦʨ ʤʦʜʝʣʠ, ʥʘʠʙʦʣʝʝ ʪʦʯʥʦ ʦʧʠʩʳʚʘʶʱʝʡ ʢʠʥʝʪʠʢʫ ʧʨʦʮʝʩʩʘ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ 

ʠʩʭʦʜʥʳʭ ʦʢʩʠʜʦʚ ʈɿʕ ʛʘʟʦʦʙʨʘʟʥʳʤʠ ʧʨʦʜʫʢʪʘʤʠ ʨʘʟʣʦʞʝʥʠʷ ʨʦʜʘʥʠʜʘ ʘʤʤʦʥʠʷ, 

ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʧʦ ʥʘʠʙʦʣʴʰʠʤ ʟʥʘʯʝʥʠʷʤ ʢʚʘʜʨʘʪʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʝʛʨʝʩʩʠʠ (R
2
).  

ɺ ʜʠʬʬʫʟʠʦʥʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʪʦʧʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʧʦ ʤʦʜʝʣʠ ʗʥʜʝʨʘ ʧʦʣʫʯʝʥʳ 

ʥʘʠʙʦʣʴʰʠʝ ʚʝʣʠʯʠʥʳ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʝʛʨʝʩʩʠʠ ʜʣʷ ʚʩʝʭ ʥʘʡʜʝʥʥʳʭ ʢʠʥʝʪʠʯʝʩʢʠʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ f(Ŭ) ʦʪ t (R
2
 = 0.99). ɸʧʧʨʦʢʩʠʤʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦ ʜʨʫʛʠʤ 

ʤʦʜʝʣʷʤ ʜʘʣʘ ʤʝʥʴʰʠʝ ʚʝʣʠʯʠʥʳ ʧʘʨʘʤʝʪʨʘ R
2
: 0.89ï0.94 ʜʣ ̫ʤʦʜʝʣʠ ʩʞʠʤʘʶʱʝʡʩʷ ʩʬʝʨʳ, 

0.75ï0.85 ʜʣ ̫ʤʦʜʝʣʠ ʧʘʨʘʙʦʣʠʯʝʩʢʦʛʦ ʨʦʩʪʘ ʧʨʦʜʫʢʪʘ ʠ ʝʱʝ ʤʝʥʴʰʠʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʜʨʫʛʠʭ 

ʤʦʜʝʣʝʡ ʪʦʧʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ. 

ʄʦʜʝʣʴ ʗʥʜʝʨʘ ʦʧʠʩʳʚʘʝʪ ʜʠʬʬʫʟʠʦʥʥʫʶ ʢʠʥʝʪʠʢʫ ʪʦʧʦʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʢʘʢ ʦʜʠʥ  

ʠʟ ʚʘʨʠʘʥʪʦʚ ʤʦʜʝʣʠ ʩʞʠʤʘʶʱʝʡʩʷ ʩʬʝʨʳ, ʢʦʪʦʨʘʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʳʡ 

ʪʚʝʨʜʦʬʘʟʥʳʡ ʭʠʤʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʚ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮʘʭ ʪʚʝʨʜʦʛʦ ʨʝʘʛʝʥʪʘ 

[153,154,157]. ʆʩʥʦʚʥʳʤ ʫʩʣʦʚʠʝʤ ʧʨʠʤʝʥʝʥʠʷ ʤʦʜʝʣʠ ʷʚʣʷʝʪʩʷ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʩʪʴ 

ʪʦʧʦʭʠʤʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ, ʯʪʦ ʚ ʜʘʥʥʦʤ ʧʨʦʮʝʩʩʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ, ʦʯʝʚʠʜʥʦ, ʙʦʣʴʰʝʡ 

ʩʢʦʨʦʩʪʴʶ ʜʠʬʬʫʟʠʠ ʩʫʣʴʬʠʜʠʨʫʶʱʠʭ ʛʘʟʦʦʙʨʘʟʥʳʭ ʨʝʛʝʥʪʦʚ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ  
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ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʢʦʨʦʩʪʴʶ ʜʠʬʬʫʟʠʠ ʩʝʨʳ ʚ ʦʙʲʝʤʝ ʯʘʩʪʠʮʳ. ʂʨʦʤʝ ʪʦʛʦ, ʩʦʭʨʘʥʷʝʪʩʷ 

ʧʦʩʪʦʷʥʩʪʚʦ ʩʦʩʪʘʚʘ ʛʘʟʦʚʦʡ ʬʘʟʳ ʚ ʦʧʠʩʳʚʘʝʤʦʤ ʧʨʦʮʝʩʩʝ ʚ ʪʝʯʝʥʠʝ ʚʩʝʛʦ ʚʨʝʤʝʥʠ 

ʩʠʥʪʝʟʘ, ʯʪʦ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ ʨʘʥʝʝ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʝʡ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ 

ʨʘʟʣʦʞʝʥʠʷ ʨʦʜʘʥʠʜʘ ʘʤʤʦʥʠʷ: NH3, H2S, CS2 ʠ HSCN [148]. ʇʨʠ ʵʪʦʤ ʤʘʣʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ 

ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʭ ʧʨʦʜʫʢʪʦʚ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʵʪʠʭ 

ʧʨʦʜʫʢʪʦʚ ʚ ʥʘʙʝʛʘʶʱʝʤ ʛʘʟʦʦʙʨʘʟʥʦʤ ʧʦʪʦʢʝ ʨʦʜʘʥʠʜʘ ʠ Ar ʫʩʪʨʘʥʷʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʛʨʘʥʠʯʥʦʛʦ ʛʘʟʦʚʦʛʦ ʩʣʦʷ ʥʘʜ ʧʦʚʝʨʭʥʦʩʪʴʶ ʯʘʩʪʠʮ, ʢʦʪʦʨʳʡ ʩʧʦʩʦʙʝʥ 

ʦʢʘʟʳʚʘʪʴ ʪʦʨʤʦʞʝʥʠʝ ʜʠʬʬʫʟʠʠ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮʳ (ʚʥʝʰʥʷʷ 

ʜʠʬʬʫʟʠʷ). ʂʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʩʪʴ ʪʦʧʦʭʠʤʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʧʦʜʪʚʝʨʞʜʝʥʘ 

ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴʶ ʢʠʥʝʪʠʢʠ ʠʟʤʝʥʝʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʩʫʣʴʬʠʜʠʨʫʝʤʳʭ ʦʢʩʠʜʦʚ 

ʛʘʜʦʣʠʥʠʷ ʠ ʜʠʩʧʨʦʟʠʷ ʟʘ ʦʜʥʦ ʠ ʪʦ ʞʝ ʚʨʝʤʷ ʩʠʥʪʝʟʘ ʧʨʠ ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ,  

ʥʦ ʥʘ ʨʘʟʣʠʯʥʳʭ ʵʪʘʧʘʭ ʠʩʧʘʨʝʥʠʷ ʨʦʜʘʥʠʜʘ ʘʤʤʦʥʠʷ.  

ʅʘ ʨʠʩ. 22 ʧʨʝʜʩʪʘʚʣʝʥʳ ʣʠʥʝʘʨʠʟʦʚʘʥʥʳʝ ʢʠʥʝʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚ ʢʦʦʨʜʠʥʘʪʘʭ 

(f(Ŭ)-t) (ʜʣʷ ʩʠʩʪʝʤ LaïOïS ʠ YïOïS ʩʤ. ʧʨʠʣʦʞʝʥʠʝ 3, ʨʠʩ. 3, 4) ʩ ʚʳʩʦʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ 

ʨʝʛʨʝʩʩʠʠ R
2 
= 0.99, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʧʨʘʚʠʣʴʥʦʩʪʴ ʚʳʙʦʨʘ ʢʠʥʝʪʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ.  

 

ʈʠʩ. 22. ɿʘʚʠʩʠʤʦʩʪʴ ʬʫʥʢʮʠʠ f (a) ʩʪʝʧʝʥʠ ʧʨʝʚʨʘʱʝʥʠʷ ʬʘʟ Gd2O2S (a), Gd2S3 (ʙ), Dy2O2S (ʚ), Dy2S3 (ʛ) ʦʪ 

ʚʨʝʤʝʥʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʨʦʮʝʩʩʘ (
ʦ
ʉ):  

1 ï 600, 2 ï 800, 3 ï 900, 4 ï 950, ʨʘʩʩʯʠʪʘʥʥʦʡ ʧʦ ʫʨʘʚʥʝʥʠʶ ʗʥʜʝʨʘ. 

 

ʀʟ ʪʘʥʛʝʥʩʦʚ ʫʛʣʦʚ ʥʘʢʣʦʥʘ ʧʨʷʤʳʭ ʦʧʨʝʜʝʣʝʥʳ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʝʡ ʨʝʘʢʮʠʡ 

ʦʙʨʘʟʦʚʘʥʠʷ ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʦʢʩʦʩʫʣʴʬʠʜʦʚ ʠ ʩʫʣʴʬʠʜʦʚ ʛʘʜʦʣʠʥʠʷ ʠ ʜʠʩʧʨʦʟʠʷ (ʪʘʙʣ. 4). 
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ʊ ʘ ʙ ʣ ʠ ʮ ʘ 4 

ʂʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʝʡ ʨʝʘʢʮʠʡ ʦʙʨʘʟʦʚʘʥʠʷ ʦʢʩʦʩʫʣʴʬʠʜʥʳʭ ʠ ʩʫʣʴʬʠʜʥʳʭ ʬʘʟ ʛʘʜʦʣʠʥʠʷ 

ʠ ʜʠʩʧʨʦʟʠʷ 

ʉʪʘʜʠʷ ʧʨʝʚʨʘʱʝʥʠʷ k1Ț10
5
,
 
ʩ

-1
, 

T = 600
o
C 

k2Ț10
5
, ʩ

-1
, 

T = 800
o
C 

k3Ț10
5
,
 
ʩ

-1
, 

T = 900
o
C 

k4Ț10
-5
,
 
ʩ

-1
, 

T = 950
o
C 

Gd2O3 Ÿ Gd2O2S 1.44 Ñ 0.11 3.25 Ñ 0.20 4.98 Ñ0.28 ï 

Gd2O2S Ÿ Gd2S3 0.56 Ñ 0.04 1.94 Ñ 0.16 4.29 Ñ 0.30 ï 

Dy2O3 Ÿ Dy2O2S 0.94 Ñ 0.01 2.97 Ñ 0.14 3.99 Ñ 0.61 5.18 Ñ 0.75 

Dy2O2S Ÿ Dy2S3 ï  1.22 Ñ 0.01 2.05 Ñ 0.11 3.48 Ñ 0.14 

 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʦʩʥʦʚʥʳʤ ʧʦʩʪʫʣʘʪʦʤ ʬʦʨʤʘʣʴʥʦʡ ʢʠʥʝʪʠʢʠ ʠ ʫʨʘʚʥʝʥʠʝʤ ɸʨʨʝʥʠʫʩʘ 

ʠʤʝʝʤ: 

                                                  k = ὃʧὩ .                                                         (35) 

ʛʜʝ Ea ï ʢʘʞʫʱʘʷʩʷ ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʨʝʘʢʮʠʠ ʠ Aʧ ï ʧʨʝʜʵʢʩʧʦʥʝʪ. ʅʘ ʨʠʩ. 23 ʠʟʤʝʥʝʥʠʷ 

ʟʥʘʯʝʥʠʡ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʝʡ ʨʝʘʢʮʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ln k ʠ 1000/T  

ʠ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʳ ʧʨʷʤʳʤʠ ʣʠʥʠʷʤʠ ʩ ʢʚʘʜʨʘʪʘʤʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʝʛʨʝʩʩʠʠ 0.99. 

ʀʩʧʦʣʴʟʫʷ ʫʨʘʚʥʝʥʠʝ (35) ʚ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ, ʥʘʭʦʜʠʤ ʫʛʦʣ ʥʘʢʣʦʥʘ 

ʧʨʷʤʳʭ, ʢʦʪʦʨʳʡ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʝʜʠʥʠʮʘʭ ʜʘʝʪ ʚʝʣʠʯʠʥʫ ʢʘʞʫʱʝʡʩʷ ɻ ʥʝʨʛʠʠ 

ʘʢʪʠʚʘʮʠʠ (ʪʘʙʣ. 5).  

 

ʈʠʩ. 23. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʝʡ ʨʝʘʢʮʠʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʮʝʩʩʘ ʦʙʨʘʟʦʚʘʥʠʷ 

 Gd2O2S (a), Gd2S3 (ʙ), Dy2O2S (ʚ), Dy2S3 (ʛ) ʚ ʢʦʦʨʜʠʥʘʪʘʭ lnk ï 1000/T. 
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ɿʥʘʯʝʥʠʷ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʝʡ ʨʝʘʢʮʠʡ ʜʣʷ ʩʠʩʪʝʤ LaïOïS ʠ YïOïS ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʧʨʠʣʦʞʝʥʠʠ 3, ʨʠʩ. 5, 6). 

ʊ ʘ ʙ ʣ ʠ ʮ ʘ 5 

ɿʥʘʯʝʥʠʷ ʢʘʞʫʱʠʭʩʷ ɻʥʝʨʛʠʡ ʘʢʪʠʚʘʮʠʠ ʨʝʘʢʮʠʡ 

ʉʪʘʜʠʷ ʧʨʝʚʨʘʱʝʥʠʷ Ea, ʢɼʞ/ʤʦʣʴ 

Gd2O3 Ÿ Gd2O2S 33.48 Ñ 1.83 

Gd2O2S Ÿ Gd2S3 56.51 Ñ 3.23 

Dy2O3 Ÿ Dy2O2S 42.29 Ñ 2.45 

Dy2O2S Ÿ Dy2S3 70.14 Ñ 3.64 

 

ʃʠʤʠʪʠʨʫʶʱʝʡ ʩʪʘʜʠʝʡ ʧʨʦʮʝʩʩʘ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʜʣʷ ʩʠʩʪʝʤ GdïOïS, DyïOïS  

ʠ YïOïS ̫ ʚʣʷʝʪʩʷ ʩʪʘʜʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʧʦʣʫʪʦʨʥʦʛʦ ʩʫʣʴʬʠʜʘ (ʪʘʙʣ. 5), ʘ ʜʣʷ ʩʠʩʪʝʤʳ  

LaïOïS ï ʩʪʘʜʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʜʠʦʢʩʦʜʠʩʫʣʴʬʠʜʘ ʣʘʥʪʘʥʘ (ʩʤ. ʧʨʠʣʦʞʝʥʠʝ 3). 

ʕʢʩʪʨʘʧʦʣʷʮʠʝʡ ʧʨʷʤʦʡ ʜʦ ʧʝʨʝʩʝʯʝʥʠʷ ʩ ʦʩʴʶ ʦʨʜʠʥʘʪ ʚ ʪʦʯʢʝ 1/T = 0 ʧʦʣʫʯʘʝʤ 

ʟʥʘʯʝʥʠʷ ʧʨʝʜʵʢʩʧʦʥʝʥʪʘ (ʪʘʙʣ. 6).       

ʊ ʘ ʙ ʣ ʠ ʮ ʘ 6 

ɿʥʘʯʝʥʠʷ ʧʨʝʜʵʢʩʧʦʥʝʥʪʘ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʝʡ ʨʝʘʢʮʠʡ ʦʙʨʘʟʦʚʘʥʠʷ ʩʦʝʜʠʥʝʥʠʡ 

ʦʢʩʦʩʫʣʴʬʠʜʥʳʭ ʠ ʩʫʣʴʬʠʜʥʳʭ ʬʘʟ ʛʘʜʦʣʠʥʠʷ ʠ ʜʠʩʧʨʦʟʠʷ  

ʉʪʘʜʠʷ ʧʨʝʚʨʘʱʝʥʠʷ AʧȚ10
4
, ʩ

-1
 

Gd2O3 Ÿ Gd2O2S 15.84 Ñ 1.33 

Gd2O2S Ÿ Gd2S3 122.8 Ñ 2.4 

Dy2O3 Ÿ Dy2O2S 16.77 Ñ 1.2 

Dy2O2S Ÿ Dy2S3 148.8 Ñ 5.2 

 

  ɼʘʥʥʳʝ ʪʘʙʣ. 6 ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʢʠʥʝʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʦʙʨʘʟʦʚʘʥʠʷ ʩʫʣʴʬʠʜʥʳʭ ʬʘʟ 

ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʷʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʘ. ɸʥʘʣʦʛʠʯʥʦ ʢʠʥʝʪʠʯʝʩʢʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʠ ʧʘʨʘʤʝʪʨʳ ʧʦʣʫʯʝʥʳ ʜʣʷ ʩʠʩʪʝʤ LaïOïS ʠ YïOïS (ʩʤ. ʧʨʠʣʦʞʝʥʠʝ 3, ʪʘʙʣ. 1ï6). 

 

3.1.2. ɸʥʘʣʠʟ ʠʟʤʝʥʝʥʠʷ ʢʦʥʩʪʘʥʪ ʨʝʘʢʮʠʡ ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟ 

 

ɼʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ï ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʳʭ ʪʝʤʧʝʨʘʪʫʨ  

ʠ ʚʨʝʤʝʥ ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʦʚ, ʤʦʞʥʦ ʚʦʩʧʦʣʴʟʦʚʘʪʴʷ ʘʧʧʨʦʢʩʠʤʘʮʠʷʤʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ k = f(T) ʠ ʫʨʘʚʥʝʥʠʝʤ (14).  

ʅʘ ʨʠʩʫʥʢʝ 24 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʠʘʛʨʘʤʤʳ ʠʟʤʝʥʝʥʠʷ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʝʡ ʨʝʘʢʮʠʡ 

ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʘ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʚ ʨʘʩʩʤʦʪʨʝʥʥʳʭ 

ʩʠʩʪʝʤʘʭ. ʊʦʯʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʊ ʠ ʨʘʩʩʯʠʪʘʥʥʳʝ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘ 
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ʟʥʘʯʝʥʠʷ k, ʘ ʣʠʥʠʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʦʣʠʥʦʤʦʤ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ k = C + ɺ1Țʊ +ɺ2Țʊ
2
 (ʊ, 

ʦ
ʉ) ʩ ʢʚʘʜʨʘʪʦʤ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʨʝʛʨʝʩʩʠʠ, ʙʣʠʟʢʠʤ ʢ 1. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʰʢʘʣʘ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʨʝʜʩʪʘʚʣʝʥʘ  

ʚ ʛʨʘʜʫʩʘʭ ʎʝʣʴʩʠʷ, ʯʪʦ ʙʦʣʝʝ ʥʘʛʣʷʜʥʦ ʜʣʷ ʦʪʨʘʞʝʥʠʷ ʨʝʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʧʨʦʚʝʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ʕʢʩʪʨʘʧʦʣʠʨʫʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚ ʦʙʣʘʩʪʴ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨ, ʥʘʭʦʜʠʤ ʪʦʯʢʠ ʧʨʝʩʝʯʝʥʠʷ ʢʨʠʚʳʭ, ʦʪʨʘʞʘʶʱʠʭ ʧʝʨʝʭʦʜ ʚ ʨʝʞʠʤ 

Ὧ >Ὧ , ʠ ʩʦʦʪʚʝʪʩʚʫʶʱʠʝ ʠʤ ʦʧʪʠʤʘʣʴʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʘʟʳ 

ʧʦʣʫʪʦʨʥʦʛʦ ʩʫʣʴʬʠʜʘ. ʅʘ ʨʠʩ. 24 ʫʢʘʟʘʥʳ ʦʧʪʠʤʘʣʴʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ, ʥʘʡʜʝʥʥʳʝ ʨʝʰʝʥʠʝʤ 

ʩʠʩʪʝʤʳ ʜʚʫʭ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʭ ʧʦʣʠʥʦʤʦʚ ʧʨʠ ʫʩʣʦʚʠʠ kGd = kDy.  

     

ʈʠʩ. 24. ɼʠʘʛʨʘʤʤʳ ʠʟʤʝʥʝʥʠʷ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʝʡ ʨʝʘʢʮʠʡ ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʚʝʜʝʥʠʷ 

ʧʨʦʮʝʩʩʘ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʚ ʩʠʩʪʝʤʘʭ:  

LaïOïS: 1 ï La2O2S2, 2 ï La2O2S, 3 ï La2S3 (ʘ); GdïOïS: 1 ï Gd2O2S, 2 ï Gd2S3 (ʙ); 

 DyïOïS: 1 ï Dy2O2S, 2 ï Dy2S3 (ʚ); YïOïS: 1 ï Y2O2S, 2 ï Y2S3 (ʛ). 

 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʜʠʘʛʨʘʤʤ ʠ ʪʘʙʣʠʮ, ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʝʡ ʨʝʘʢʮʠʡ 

ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʠ ʠʭ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ ʜʣʷ ʨʷʜʘ 

ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʠʩʪʝʤ ʩ ʨʘʟʥʳʤʠ ʈɿʕ. ʆʜʥʘʢʦ ʜʣʷ ʩʠʩʪʝʤ Gd2S3 ʠ Dy2S3 ʦʥʠ ʜʦʩʪʘʪʦʯʥʦ 

ʙʣʠʟʢʠ, ʯʪʦ ʦʪʨʘʞʝʥʦ ʙʣʠʟʦʩʪʴʶ ʚʝʣʠʯʠʥ ʦʧʪʠʤʘʣʴʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʦʙʨʘʟʦʚʘʥʠʷ 

ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 973 ʠ 1020
o
C. ʕʪʠ ʬʘʢʪʳ ʜʘʶʪ ʦʩʥʦʚʘʥʠʝ 

ʧʨʝʜʧʦʣʘʛʘʪʴ, ʯʪʦ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ 
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ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʦʥʦʚ Gd
3+
 ʠ Dy

3+ 
ʙʫʜʝʪ ʩʦʭʨʘʥʷʪʴʩʷ ʚʳʩʦʢʦʦʜʥʦʨʦʜʥʳʤ ʧʦ ʦʙʲʝʤʫ ʦʙʨʘʟʮʘ, 

ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʚʳʩʦʢʦʦʜʥʦʨʦʜʥʳʤ ʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ  

ʚ ʠʩʭʦʜʥʦʤ ʨʝʘʛʝʥʪʝ ï ʪʚʝʨʜʦʤ ʨʘʩʪʚʦʨʝ ʦʢʩʠʜʘ (GdxDy1-x)2O3, ʧʦʣʫʯʝʥʥʦʤ ʟʦʣʴ-ʛʝʣʴ 

ʤʝʪʦʜʦʤ. ʕʪʦ ʧʦʟʚʦʣʠʪ ʧʨʝʜʦʪʚʨʘʪʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʦʙʣʘʩʪʝʡ ʩ ʨʘʟʣʠʯʥʳʤʠ ʭʠʤʠʯʝʩʢʠʤ ʠ 

 ʩʪʨʫʢʪʫʨʥʳʤ ʩʦʩʪʘʚʘʤʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠʩʢʣʶʯʠʪʴ ʰʫʥʪʠʨʦʚʘʥʠʝ ʦʙʣʘʩʪʝʡ  

ʩ ʦʧʪʠʤʘʣʴʥʳʤʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ S, r ʠ kʦʙ.ɦ  

ʆʮʝʥʢʘ ʚʝʣʠʯʠʥ ʦʧʪʠʤʘʣʴʥʦʛʦ (ʤʠʥʠʤʘʣʴʥʦʛʦ) ʚʨʝʤʝʥʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʣʶʙʦʡ ʬʘʟʳ 

ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʚʝʜʝʥʘ ʜʣʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʟʥʘʯʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʮʝʩʩʘ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ (14) ʧʨʠ Ŭi = 1. ʈʘʩʯʝʪʳ ʜʘʣʠ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʵʪʠʭ 

ʚʝʣʠʯʠʥ:  

ï ʩʠʩʪʝʤʘ LaïOïS: ʬʘʟʘ La2O2S2, t = 9 ʯ (600
o
C), ʬʘʟʘ La2O2S, t = 3 ʯ (950

o
C), ʬʘʟʘ La2S3, t 

= 6 ʯ (Ó 950
o
C); 

ï ʩʠʩʪʝʤʘ GdïOïS: ʬʘʟʘ Gd2O2S, t = 8 ʯ (800
o
C), ʬʘʟʘ Gd2S3, t = 4.5 ʯ (Ó 973

o
C); 

ï ʩʠʩʪʝʤʘ DyïOïS: ʬʘʟʘ Dy2O2S, t = 9 ʯ (800
o
C), ʬʘʟʘ Dy2S3, t = 5 ʯ (Ó 1020

o
C); 

ï ʩʠʩʪʝʤʘ YïOïS: ʬʘʟʘ Y2O2S, t = 7 ʯ (900
o
C), ʬʘʟʘ Y2S3, t = 45 ʯ (Ó 1000

o
C). 

 

3.2. ʅʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʝ ʩʫʣʴʬʠʜʳ ɔ-GdS1.5-y 

 

ɹʣʘʛʦʜʘʨʷ ʪʝʨʤʦʩʪʦʡʢʦʩʪʠ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʩʠʥʪʝʟʘ ʩʦʝʜʠʥʝʥʠʡ ʩ ʨʘʟʥʳʤ ʦʪʢʣʦʥʝʥʠʝʤ  

ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʠ Ln3-xS4, ʠʤʝʶʱʠʭ ʦʙʥʘʜʝʞʠʚʘʶʱʠʝ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, 

ʧʦʣʫʪʦʨʥʳʝ ʩʫʣɹʬʠʜʳ ʈɿʕ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʚʝʩʴʤʘ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʵʥʝʨʛʠʠ n-ʪʠʧʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ  

ʠʭ ʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʣʘʩʪʠ [8,27,170]. ɺ ʦʪʣʠʯʠʝ ʦʪ ʮʝʨʠʝʚʦʡ ʧʦʜʛʨʫʧʧʳ ʈɿʕ,  

ʛʜʝ ʤʝʞʜʫ ʛʨʘʥʠʯʥʳʤʠ ʩʦʩʪʘʚʘʤʠ Ln3S4 ʠ Ln2S3 ʩʫʱʝʩʪʚʫʝʪ ʨʷʜ ʥʝʧʨʝʨʳʚʥʳʭ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ, ʚ ʩʫʣʴʬʠʜʝ ʛʘʜʦʣʠʥʠʷ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʠʤʝʶʪ ʫʟʢʫʶ ʦʙʣʘʩʪʴ ʛʦʤʦʛʝʥʥʦʩʪʠ  

ʫ = 0.00ï0.05, ʧʨʠʯʝʤ ʦʧʪʠʤʘʣʴʥʳʤʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʦʙʣʘʜʘʶʪ ʩʦʩʪʘʚʳ ʩ ʫ = 0.01ï0.02 [17,21]. ʇʦʵʪʦʤʫ ʧʨʠ ʩʠʥʪʝʟʝ ʦʙʨʘʟʮʦʚ 

ʥʝʦʙʭʦʜʠʤʦ ʦʨʠʝʥʪʠʨʦʚʘʪʴʩʷ ʥʘ ʵʪʫ ʦʙʣʘʩʪʴ ʩʦʩʪʘʚʦʚ. 

ʂʘʢ ʫʞʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ, ʧʦʣʫʪʦʨʥʳʝ ʩʫʣʴʬʠʜʳ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦʩʪʘʚʦʚ Ln2S3ïLn3S4 

ʤʦʛʫʪ ʢʨʠʩʪʘʣʣʠʟʦʚʘʪʴʩʷ ʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ɔ-ʤʦʜʠʬʠʢʘʮʠʠ [96]. ʆʩʦʙʝʥʥʦʩʪʷʤʠ  

ʝʝ ̫ ʚʣʷʶʪʩʷ ʙʦʣʴʰʘʷ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʘʷ ʚʘʢʘʥʩʠʦʥʥʘʷ ʜʝʬʝʢʪʥʦʩʪʴ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ ʠ, ʢʘʢ ʨʝʟʫʣʴʪʘʪ, ʥʠʟʢʘʷ ʨʝʰʝʪʦʯʥʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ [14]. ɺ ʦʪʣʠʯʠʝ  

ʦʪ ʩʦʝʜʠʥʝʥʠʷ Th3P4, ʚ ʢʘʪʠʦʥʥʦʡ ʧʦʜʨʝʰʝʪʢʝ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʢʘʞʜʳʡ ʜʝʚʷʪʳʡ 

ʫʟʝʣ ʚʘʢʘʥʪʝʥ [54]. ʆʪʢʣʦʥʝʥʠʝ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʜʦʩʪʠʛʘʝʪʩʷ ʧʫʪʝʤ 

ʫʣʝʪʫʯʠʚʘʥʠʷ ʩʝʨʳ ʧʨʠ ʦʯʝʥʴ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʧʨʠ ʵʪʦʤ ʚʘʢʘʥʩʠʠ ʈɿʕ [VLn]  

ʠ ʚʦʟʥʠʢʘʶʱʠʝ ʚʘʢʘʥʩʠʠ ʩʝʨʳ [VS] ʘʥʥʠʛʠʣʠʨʫʶʪ ʠ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ 
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ʧʦʥʠʞʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ [VLn] [100]. ʇʨʠʩʫʪʩʪʚʠʝ ʢʘʪʠʦʥʥʳʭ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʳʭ 

ʚʘʢʘʥʩʠʡ ʠ ʠʟʤʝʥʝʥʠʝ ʠʭ ʯʠʩʣʘ ʚ ʩʪʨʫʢʪʫʨʝ ʧʨʦʠʩʭʦʜʠʪ ʚ ʦʙʣʘʩʪʠ ʛʦʤʦʛʝʥʥʦʩʪʠ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ ʩʫʣʴʬʠʜʦʚ Ln2S3ïLn3S4. ɼʣʷ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ LnS1.5-y (Ln
3+
3-x[VLn,x]S

2-
4Öe

-
1-3x) 

ʧʨʠ 0.00 < y < 0.05, ʪʠʧ ʩʪʨʫʢʪʫʨʳ ʩʦʭʨʘʥʷʝʪʩʷ, ʥʦ ʠʟʤʝʥʷʝʪʩʷ ʯʠʩʣʦ ʢʘʪʠʦʥʥʳʭ ʚʘʢʘʥʩʠʡ:  

ʦʪ (1.50ï2.01)Ț10
21
 ʜʦ ʙʣʠʟʢʦʡ ʢ 0 ʥʘ 1 ʩʤ

3
. ʇʨʠ ʵʪʦʤ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ 

ʠʟʤʝʥʷʶʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦ [100,171].  

ʂʨʦʤʝ ʪʦʛʦ, ʨʝʘʣʴʥʘ ̫ʩʪʨʫʢʪʫʨʘ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ɔ-LnS1.5-y ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʠ ʜʨʫʛʠʤʠ ʪʠʧʘʤʠ ʜʝʬʝʢʪʦʚ: ʪʦʯʝʯʥʳʤʠ ʜʝʬʝʢʪʘʤʠ, ʣʠʥʝʡʥʳʤʠ ʜʝʬʝʢʪʘʤʠ (ʜʠʩʣʦʢʘʮʠʠ)  

ʠ ʜʚʫʤʝʨʥʳʤʠ ʜʝʬʝʢʪʘʤʠ ʫʧʘʢʦʚʢʠ (ʜʚʦʡʥʠʢʦʚʳʝ ʛʨʘʥʠʮʳ, ʛʨʘʥʠʮ rʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʪ.ʧ.). 

ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʫʱʝʩʪʚʝʥʥʳʤ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠ ʦʩʦʙʝʥʥʦ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ, ʪʘʢ ʢʘʢ ʪʘʢʠʝ ʜʝʬʝʢʪʳ ̫ ʚʣʷʶʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤʠ ʮʝʥʪʨʘʤʠ 

ʨʘʩʩʝʷʥʠʷ ʬʦʥʦʥʦʚ [26]. ʋʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʯʠʩʣʘ ʪʠʧʦʚ ʜʝʬʝʢʪʦʚ ʧʨʠʚʦʜʠʪ  

ʢ ʩʥʠʞʝʥʠʶ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʙʣʘʛʦʜʘʨʷ ʫʤʝʥʴʰʝʥʠʶ ʜʣʠʥʳ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʥʦʥʦʚ 

(lʬ) [172,173]. ʕʪʦ ʜʦʣʞʥʦ ʩʢʘʟʘʪʴʩʷ ʠ ʥʘ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ 

ʧʦʜʚʠʞʥʦʩʪʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʦʚ ʠ ʪ.ʜ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʝʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʨʝʘʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ ʤʦʞʝʪ ʜʘʪʴ ʮʝʥʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʝʝ ʚʣʠʷʥʠʠ ʥʘ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʝ  

ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʝ ʩʚʦʡʩʪʚʘ ʧʦʣʫʪʦʨʥʦʛʦ ʩʫʣʴʬʠʜʘ ʛʘʜʦʣʠʥʠʷ ʩ ʨʘʟʣʠʯʥʳʤ ʦʪʢʣʦʥʝʥʠʝʤ 

ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ.  

 

3.2.1. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʦʙʨʘʟʮʦʚ 

 

ʅʘ ʨʠʩ. 25 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʈʌɸ, ʧʦʜʪʚʝʨʞʜʘʶʱʠʝ ʦʜʥʦʬʘʟʥʳʡ ʩʦʩʪʘʚ 

ʧʦʣʫʯʝʥʥʳʭ ʩʫʣʴʬʠʜʦʚ ʛʘʜʦʣʠʥʠʷ ɔ-ʤʦʜʠʬʠʢʘʮʠʠ ʩ ʦʙʲʝʤʥʦ-ʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʢʫʙʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʦʡ Th3P4 (I43d, Z = 4).  

ʈʘʩʩʯʠʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʩʦʩʪʘʚʣʷʶʪ ʘ = 8.380 ¡  

ʠ ʘ = 8.377 ¡ ʜʣʷ ʦʙʨʘʟʮʦʚ ɔ-GdS1.479Ñ0.007 (I) ʠ ɔ-GdS1.498Ñ0.008 (II) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ  

ʧʨʠ ʪʘʙʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʘ = 8.371 ¡ ʜʣʷ ɔ-Gd2S3 ʠ ʘ = 8.387 ¡ ʜʣʷ Gd3S4 [174,175].  

ʈʘʟʥʠʮʘ ʧʘʨʘʤʝʪʨʦʚ ʕʗ ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʪʢʣʦʥʝʥʠʝ ʩʪʝʭʠʦʤʝʪʨʠʠ ʩʦʝʜʠʥʝʥʠʡ ʦʪ ʩʦʩʪʘʚʦʚ 2:3 

ʠ 3:4.  
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ʈʠʩ. 25. ɼʠʬʨʘʢʪʦʛʨʘʤʤʘ ɔ-GdS1.5-y ʢʦʥʝʯʥʳʭ ʧʨʦʜʫʢʪʦʚ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ (ʦʙʨʘʟʮʳ (I) ʠ (II)). 

 

ʈʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ 

XôPert HighScore Plus ʩʨʝʜʥʠʝ ʧʦ ʚʩʝʤ ʨʝʬʣʝʢʩʘʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʚʝʣʠʯʠʥʳ ʆʂʈɻʢʩ  

ʧʦ ʤʦʜʝʣʠ ɼʝʙʘʷïʐʝʨʨʝʨʘ ʨʘʚʥʳ 95 Ñ 5 ʥʤ ʜʣʷ ɔ-GdS1.479 ʠ 104 Ñ 5 ʥʤ ʜʣʷ ɔ-GdS1.498. 

ʅʘʡʜʝʥʥʳʝ ʆʂʈʵʢʩ ʧʦ ʫʰʠʨʝʥʠʶ ʨʝʬʣʝʢʩʦʚ ʈʌɸ ̫ ʚʣʷʶʪʩʷ ʢʦʤʧʣʝʢʩʥʳʤʠ [91] ʠ ʩʦʜʝʨʞʘʪ 

ʚʢʣʘʜ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ e ʠ ʜʨʫʛʠʭ ʠʩʢʘʞʝʥʠʡ [92]. ʂ ʵʪʠʤ ʠʩʢʘʞʝʥʠʷʤ 

ʦʪʥʦʩʷʪʩʷ ʥʘʨʫʰʝʥʠʝ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʩʪʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ, ʠʩʢʘʞʝʥʠʷ, ʚʥʦʩʠʤʳʝ 

ʚʠʜʦʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʨʝʬʣʝʢʩʘ ʬʫʥʢʮʠʠ çʧʩʝʚʜʦ-ɺʦʡʪʘè, ʘ ʪʘʢʞʝ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʝ 

ʫʰʠʨʝʥʠʝ (ʧʦʧʨʘʚʢʘ ʧʦ ʵʪʘʣʦʥʫ ï ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʢʨʝʤʥʠʡ). ʇʝʨʝʯʠʩʣʝʥʥʳʝ ʪʠʧʳ 

ʠʩʢʘʞʝʥʠʡ ʙʳʣʠ ʫʯʪʝʥʳ ʚ ʨʘʤʢʘʭ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ. ʉʦʛʣʘʩʥʦ ʪʝʦʨʠʠ  

ʍʦʣʣʘïɺʠʣʴʷʤʩʦʥʘ [92], ʨʘʩʩʯʠʪʘʥʥʳʝ ʩʨʝʜʥʠʝ ʚʝʣʠʯʠʥ re ʩʦʩʪʘʚʠʣʠ 9Ț10
-4
 ʜʣʷ ʦʙʨʘʟʮʘ (I) 

ʠ 8Ț10
-4
 ʜʣʷ ʦʙʨʘʟʮʘ (II). ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʢʨʠʩʪʘʣʣʠʪʦʚ ʆʂʈʛʝʦ 

ʙʝʟ ʚʢʣʘʜʘ ʜʝʬʦʨʤʘʮʠʡ, ʢʦʪʦʨʳʝ ʚʳʯʠʩʣʷʶʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ  

b̄
̆̏
b̞
̋̒
b̞
̋
e̒ (ʛʜʝ b̞

̋
 ̒ï ɻ ʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʫʰʠʨʝʥʠʝ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʤʘʢʩʠʤʫʤʘ, 

bʛʝʦ ïʫʰʠʨʝʥʠʝ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʤʘʢʩʠʤʫʤʘ ʟʘ ʩʯʸʪ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʘ), 

ʥʘʡʜʝʥ rʧʦ ʫʨʘʚʥʝʥʠʶ ʆʂʈʛʝʦ = 0.9Ŀl/bʛʝʦĿcosq. ʕʪʠ ʚʝʣʠʯʠʥʳ ʨʘʚʥʳ 91 ʥʤ ʜʣʷ ʦʙʨʘʟʮʘ (I)  

ʠ 100 ʥʤ ʜʣʷ ʦʙʨʘʟʮʘ (II) ʧʨʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʤ ʦʪʢʣʦʥʝʥʠʠ 7 ʠ 8% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

ɺ ʧʨʠʙʣʠʞʝʥʠʠ, ʯʪʦ ʚʝʣʠʯʠʥʳ ʜʝʬʦʨʤʘʮʠʡ e ʦʜʠʥʘʢʦʚʳ ʧʦ ʚʩʝʤ ʥʘʧʨʘʚʣʝʥʠʷʤ <hkl>, 

ʦʧʨʝʜʝʣʝʥʳ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʆʂʈʛʝʦ ʜʣʷ ʚʩʝʭ ʥʘʧʨʘʚʣʝʥʠʡ (ʪʘʙʣ. 7). ʇʨʠʥʠʤʘʷ ʚʦ 

ʚʥʠʤʘʥʠʝ, ʯʪʦ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʚʝʣʠʯʠʥʳ ʜʣʷ ʦʙʨʘʟʮʦʚ, ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʚ ʦʜʥʠʭ ʠ ʪʝʭ ʞʝ 

ʫʩʣʦʚʠʷʭ ʤʦʛʫʪ ʙʳʪʴ ʦʮʝʥʝʥʳ ʩ ʧʦʛʨʝʰʥʦʩʪʴʶ, ʥʝ ʧʨʝʚʳʰʘʶʱʝʡ 5% [176], ʠʟ ʪʘʙʣ. 7 ʩʣʝʜʫʝʪ 

ʚʳʚʦʜ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʪʳ ʦʙʨʘʟʮʦʚ (I) ʠ (II) ʟʘʤʝʪʥʦ ʥʝʠʟʦʤʝʪʨʠʯʥʳ. 
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ʊ ʘ ʙ ʣ ʠ ʮ ʘ 7 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʆʂʈʛʝʦ ʦʙʨʘʟʮʦʚ ʜʣʷ ʥʘʧʨʘʚʣʝʥʠʡ hkl 

hkl dhkl, Ȕ ʆʂʈʛʝʦ Ñ 5%, ʥʤ 

 ɔ-GdS1.479 (I) 

ʆʂʈʛʝʦ Ñ 5%, ʥʤ  

ɔ-GdS1.498 (II) 

211 3.421 122 116 

220 2.957 43 86 

310 2.649 80 92 

321 2.235 58 76 

420 1.873 139 143 

332 1.784 126 129 

422 1.708 53 71 

510 1.642 124 117 

521 1.530 42 54 

532 1.358 104 106 

541 1.292 111 114 

 

ɸʥʠʟʦʪʨʦʧʠʷ ʆʂʈʛʝʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʢʝʨʘʤʠʢʝ ʩʫʣʴʬʠʜʦʚ Gd ʢʨʠʩʪʘʣʣʠʪʳ 

ʦʙʣʘʜʘʶʪ ʚʳʪʷʥʫʪʦʡ ʧʨʠʟʤʘʪʠʯʝʩʢʦʡ ʬʦʨʤʦʡ. ʕʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʧʦʜʪʚʝʨʜʠʣʘ 

ʥʘʣʠʯʠʝ ʚ ʦʙʨʘʟʮʘʭ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʥʝʠʟʦʤʝʪʨʠʯʥʳʭ ʧʨʠʟʤʘʪʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʠʢʦʚ  

(ʨʠʩ. 26) ʠ ʠʭ ʩʨʦʩʪʢʦʚ, ʩʨʘʚʥʠʤʳʭ ʧʦ ʨʘʟʤʝʨʫ ʩ ʨʘʟʤʝʨʘʤʠ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʫʢʘʟʘʥʥʳʭ ʚ ʪʘʙʣ. 7. 

ʊʘʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʚʝʨʦʷʪʥʦ, ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʘ ʩ ʦʜʥʦʦʩʥʳʤ 

ʩʞʘʪʠʝʤ ʧʦʨʦʰʢʦʚ ʧʨʠ ʩʧʝʢʘʥʠʠ ʢʝʨʘʤʠʢʠ ʧʦʜ ʜʘʚʣʝʥʠʝʤ. 

 

ʈʠʩ. 26. ʄʦʨʬʦʣʦʛʠʷ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. 
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ʀʟʚʝʩʪʥʦ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʪʳ ʚ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ ʢʦʥʪʘʢʪʠʨʫʶʪ ʧʦ ʧʦʣʫʢʦʛʝʨʝʥʪʥʳʤ 

ʛʨʘʥʠʮʘʤ ʠ ʚʳʟʳʚʘʶʪ ʧʦʷʚʣʝʥʠʝ ʜʠʩʣʦʢʘʮʠʡ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʩʤʝʞʥʳʭ 

ʦʙʣʘʩʪʷʭ. ʇʨʦʚʝʜʝʤ ʢʦʣʠʯʝʩʪʚʝʥʥʫʶ ʦʮʝʥʢʫ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʦʟʥʠʢʘʶʱʠʭ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ 

ʮʝʥʪʨʦʚ ï ʠʦʥʦʚ, ʩʤʝʱʝʥʥʳʭ ʠʟ ʫʟʣʦʚ ʠʜʝʘʣʴʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. 

 

3.2.2. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠ ʜʝʬʝʢʪʳ 

 

ɼʣʷ ʨʘʩʯʝʪʘ ʧʣʦʱʘʜʠ ʛʨʘʥʠʮ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʧʨʠʭʦʜʷʱʠʭʩʷ ʥʘ 1 ʩʤ
3
 ʦʙʨʘʟʮʘ, ʙʳʣʦ 

ʧʨʦʚʝʜʝʥʦ ʧʦʩʪʨʦʝʥʠʝ ʠʭ ʤʦʜʝʣʴʥʦʡ ʧʨʠʟʤʘʪʠʯʝʩʢʦʡ ʬʦʨʤ  rʧʦ ʜʘʥʥʳʤ ʆʂʈhkl,ʛʝʦ.                                                                                                                                                                                                                                                    

ʇʦʩʪʨʦʝʥʠʝ ʦʩʫʱʝʩʪʚʣʝʥʦ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʬʦʨʤʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʪʦʚ ʷʚʣʷʝʪʩʷ 

ʨʘʚʥʦʚʝʩʥʦʡ ʚʚʠʜʫ ʤʘʣʦʩʪʠ ʠʭ ʨʘʟʤʝʨʦʚ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʙʣʠʟʦʩʪʠ ʢ ʥʫʣʶ ʛʨʘʜʠʝʥʪʦʚ 

ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʢʨʫʛ ʬʦʨʤʠʨʫʶʱʝʛʦʩʷ ʢʨʠʩʪʘʣʣʠʪʘ ʚ ʧʨʦʮʝʩʩʝ ʪʝʨʤʠʯʝʩʢʠʭ ʚʦʟʜʝʡʩʪʚʠʡ  

ʥʘ ʢʦʥʝʯʥʳʭ ʵʪʘʧʘʭ ʩʠʥʪʝʟʘ, ʪ.ʝ. ʜʦʧʫʩʢʘʝʪʩʷ ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ ʫʨʘʚʥʝʥʠʷ  

ɻʠʙʙʩʘïʂʶʨʠïɺʫʣʴʬʘ, const = shkl/ʆʂʈhkl,ʛʝʦ = shkl/2h, ʛʜʝ shkl ï ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʥʘʷ 

ʵʥʝʨʛʠʷ ʛʨʘʥʠ {hkl} ï ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ̫ʨʝʪʠʢʫʣʷʨʥʦʡ ʧʣʦʪʥʦʩʪʠ ʜʘʥʥʦʡ ʛʨʘʥʠ  

ʠ h ï ʚʝʣʠʯʠʥʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘʷ ʢ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʛʨʘʥʠ {hkl} ʠʟ ʮʝʥʪʨʘ ʨʦʩʪʘ 

ʢʨʠʩʪʘʣʣʠʪʘ. ɼʘʣʝʝ ʠʥʜʝʢʩ çʛʝʦè ʥʝ ʧʨʠʚʦʜʠʤ. ʇʦʩʪʨʦʝʥʠʝ ʥʘʯʠʥʘʝʪʩʷ ʩ ʧʣʦʩʢʦʩʪʠ (420), 

ʧʨʦʠʟʚʦʣʴʥʦʡ ʠʟ ʩʝʤʝʡʩʪʚʘ {420}, ʠʤʝʶʱʝʡ ʥʘʠʙʦʣʴʰʠʡ ʆʂʈ420 (ʩʤ. ʪʘʙʣ. 7), ʠ ʢʦʪʦʨʘʷ 

ʙʣʠʟʢʘ ʢ ʧʣʦʩʢʦʩʪʠ ʧʘʨʘʣʣʝʣʴʥʦʡ ʦʩʠ c (ʨʠʩ. 27, ʘ). ɼʣʷ ʵʪʦʛʦ ʧʨʦʚʝʜʝʤ ʣʫʯ ʠʟ ʪʦʯʢʠ ʆ,  

ʥʘ ʢʦʪʦʨʦʤ ʦʪʣʦʞʠʤ ʦʪʨʝʟʦʢ h420, ʨʘʚʥʳʡ ʆʂʈ420/2, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚ ʢʨʘʪʥʦ ʫʚʝʣʠʯʝʥʥʦʤ 

ʤʘʩʰʪʘʙʝ. ɺ ʢʦʥʮʝ ʵʪʦʛʦ ʦʪʨʝʟʢʘ ʚʦʟʚʦʜʠʤ ʧʝʨʧʝʥʜʠʢʫʣʷʨ, ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʩʣʝʜʦʤ 

(ʧʨʦʝʢʮʠʝʡ) ʧʣʦʩʢʦʩʪʠ (420). ʇʦ ʠʟʚʝʩʪʥʳʤ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʜʘʥʥʳʤ  

[PDF Number 26-1424] ʥʘʭʦʜʠʤ ʚʩʝ ʧʣʦʩʢʦʩʪʠ {hkl} ʠʟ ʪʘʙʣ. 7, ʙʣʠʟʢʠʝ ʢ ʧʘʨʘʣʣʝʣʴʥʳʤ ʦʩʠ c. 

ɿʘʪʝʤ ʠʟ ʪʦʯʢʠ O ʩʪʨʦʠʤ ʣʫʯ (ʚʳʩʦʪʫ) ʢ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠ ʩʤʝʞʥʦʡ ʠ ʙʣʠʞʘʡʰʝʡ ʧʦ 

ʚʝʣʠʯʠʥʝ ʆʂʈʛʝʦ ʧʣʦʩʢʦʩʪʠ {510} ʩ ʥʘʠʤʝʥʴʰʠʤ ʚʥʝʰʥʠʤ ʫʛʣʦʤ (ʠʟ ʥʘʙʦʨʘ ʫʛʣʦʚ) ʤʝʞʜʫ 

ʵʪʦʡ ʧʣʦʩʢʦʩʪʴʶ ʠ ʧʣʦʩʢʦʩʪʴʶ {420}. ʅʘ ʣʫʯʝ ʦʪʢʣʘʜʳʚʘʝʤ ʦʪʨʝʟʦʢ h510 = ʆʂʈ510/2  

ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʤʘʩʰʪʘʙʝ. ɺʦʩʩʪʘʥʘʚʣʠʚʘʝʤ ʠʟ ʢʦʥʮʘ ʦʪʨʝʟʢʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨ, ʢʦʪʦʨʳʡ 

ʷʚʣʷʝʪʩʷ ʩʣʝʜʦʤ (ʧʨʦʝʢʮʠʝʡ) ʧʣʦʩʢʦʩʪʠ (510). ʇʦʩʪʨʦʝʥʠʝ ʚʝʜʝʤ ʪʘʢʠʤ ʦʙʨʘʟʦʤ  

ʜʦ ʧʣʦʩʢʦʩʪʠ (220) ʩ ʥʘʠʤʝʥʴʰʝʡ ʆʂʈ220 ʠʟ ʧʦʷʩʘ ʦʩʠ c. ʇʦʣʫʯʝʥʥʫʶ ʧʨʦʝʢʮʠʶ ʯʝʪʚʝʨʪʠ 

ʨʘʚʥʦʚʝʩʥʦʡ ʬʦʨʤʳ ʢʨʠʩʪʘʣʣʠʪʘ ʥʘ ʧʣʦʩʢʦʩʪʴ C ʟʘʤʳʢʘʝʤ ʘʥʘʣʦʛʠʯʥʳʤ ʧʦʩʪʨʦʝʥʠʝʤ 

ʚʦʢʨʫʛ ʪʦʯʢʠ O ʧʣʦʩʢʦʩʪʝʡ ʩ ʜʨʫʛʠʤʠ ʩʦʯʝʪʘʥʠʷʤʠ ʟʥʘʢʦʚ (+) ʠ (-) ʩʝʤʝʡʩʪʚ {hkl}. 

ʇʝʨʝʩʝʯʝʥʠʝ ʩʣʝʜʦʚ ʧʣʦʩʢʦʩʪʝʡ ʩʦʟʜʘʝʪ ʢʦʥʪʫʨ ʢʨʠʩʪʘʣʣʠʪʘ ʨʘʚʥʦʚʝʩʥʦʡ ʬʦʨʤʳ  

ʚ ʧʣʦʩʢʦʩʪʠ C. ɿʘ ʪʦʣʱʠʥʫ ʩʪʨʦʷʱʝʡʩʷ ʧʨʠʟʤʳ ʧʨʠʥʷʪ ʨʘʟʤʝʨ ʆʂʈ422 ʧʣʦʩʢʦʩʪʠ (422), 

ʙʣʠʟʢʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʢ ʦʩʠ c. ʆʩʪʘʣʴʥʳʝ ʧʣʦʩʢʦʩʪʠ ʧʨʠʥʠʤʘʝʤ ʢʘʢ ʚʪʦʨʦʩʪʝʧʝʥʥʳʝ, 

ʥʝʩʤʦʪʨʷ ʥʘ ʚʝʣʠʯʠʥʫ ʠʭ ʆʂʈ, ʪ. ʝ. ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʠʭ ʢʘʢ ʧʣʦʩʢʦʩʪʠ ʩʦ ʩʣʘʙʦʨʘʟʚʠʪʳʤʠ 

ʧʣʦʱʘʜʷʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʪʘ.  
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ɼʣʷ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʤʦʜʝʣʠ ʨʘʚʥʦʚʝʩʥʦʡ ʬʦʨʤʳ ʢʨʠʩʪʘʣʣʠʪʦʚ (ʩʤ. ʨʠʩ. 27) ʥʘʠʙʦʣʝʝ 

ʨʘʟʚʠʪʳʤʠ ʜʦʣʞʥʳ ʷʚʣʷʪʴʩʷ ʧʣʦʩʢʦʩʪʠ ʩʝʤʝʡʩʪʚ {420} ʠ {220}. HRTEM-ʤʠʢʨʦʩʢʦʧʠʷ 

ʧʦʢʘʟʘʣʘ ʜʦʤʠʥʠʨʫʶʱʝʝ ʧʨʠʩʫʪʩʪʚʠʝ ʧʘʢʝʪʦʚ ʩʝʪʦʢ ʧʣʦʩʢʦʩʪʝʡ {420} ʠ {220}  

ʩ ʤʝʞʧʣʦʩʢʦʩʪʥʳʤʠ ʨʘʩʩʪʦʷʥʠʷʤʠ 1.87 ʠ 2.95 ¡, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩ ʫʛʣʦʤ 108
ʦ 
ʤʝʞʜʫ ʥʠʤʠ, 

ʢʦʪʦʨʳʡ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʤʦʜʝʣʴʥʦʡ ʨʘʚʥʦʚʝʩʥʦʡ ʬʦʨʤʳ ʢʨʠʩʪʘʣʣʠʪʦʚ  

(ʩʤ. ʨʠʩ. 27, ʙ). ʇʘʢʝʪʳ ʵʪʠʭ ʩʝʪʦʢ ʙʳʣʠ ʜʦʤʠʥʠʨʫʶʱʠʤʠ ʧʦ ʧʨʦʪʷʞʝʥʥʦʩʪʠ ʠ ʧʦ ʯʠʩʣʫ 

ʩʝʪʦʢ ʚ ʧʘʢʝʪʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʰʝ ʧʦʩʪʨʦʝʥʠʝ ʨʘʚʥʦʚʝʩʥʦʡ ʬʦʨʤʳ ʚ ʮʝʣʦʤ 

ʧʦʜʪʚʝʨʜʠʣʦʩʴ ʵʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʤʠ ʠʟʦʙʨʘʞʝʥʠʷʤʠ ʬʦʨʤʳ ʠ ʩʪʨʫʢʪʫʨʳ 

ʢʨʠʩʪʘʣʣʠʪʦʚ. 

 

ʈʠʩ. 27. ʧʨʠʟʤʘʪʠʯʝʩʢʘʷ ʬʦʨʤʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ (I) ʠ (II) ï (ʘ); 

 HRTEM ʩʫʣʴʬʠʜʦʚ ɔ-GdS1.5-y (ʦʙʨʘʟʮʳ (I) ʠ (II)) ï (ʙ). 

 

ʂʨʦʤʝ ʪʦʛʦ, SEM ʧʦʢʘʟʘʣʘ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʦʨ (ʨʠʩ. 28, ʘ) ʚ ʦʙʨʘʟʮʝ (I)  

ʠ ʤʠʢʨʦʚʢʣʶʯʝʥʠʡ (ʩʤ. ʨʠʩ. 28, ʙ) ʚ ʦʙʨʘʟʮʝ (II) ʧʨʠ ʦʯʝʥʴ ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʦʨ.  

ʅʘ ʨʠʩ. 28, ʚ ʠ ʛ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʠʘʛʨʘʤʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʨ ʠ ʚʢʣʶʯʝʥʠʡ ʧʦ ʨʘʟʤʝʨʘʤ. 

ʈʘʟʣʠʯʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʦʚ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʦʙʨʘʟʝʮ (I) ʧʨʝʩʩʦʚʘʣʠ ʚ ʚʘʢʫʫʤʝ 

7Ā10
-3
 ʇʘ ʧʨʠ 1273K ʚ ʪʝʯʝʥʠʝ 2 ʯ, ʘ ʦʙʨʘʟʝʮ (II) ʧʨʝʩʩʦʚʘʣʠ ʧʨʠ 1223K ʚ ʪʝʯʝʥʠʝ ʪʦʛʦ ʞʝ 

ʧʝʨʠʦʜʘ ʚʨʝʤʝʥʠ. ʈʘʟʥʳʝ ʨʝʞʠʤʳ ʦʪʞʠʛʘ ʧʨʠ ʧʨʝʩʩʦʚʘʥʠʠ ʙʳʣʠ ʥʝʦʙʭʦʜʠʤʳ  

ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʨʘʟʣʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʩʪʝʭʠʦʤʝʪʨʠʠ ʩʦʝʜʠʥʝʥʠʷ ʦʪ ɔ-GdS1.5. 

ʀʩʧʦʣʴʟʦʚʘʥʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʝʩʩʦʚʘʥʠʷ ʙʣʠʟʢʠ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʊʘʤʤʘʥʘ ~ 0.5Țʊʧʣ, ʢʦʛʜʘ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʨʝʰʝʪʢʘ ʥʘʯʠʥʘʝʪ ʨʘʟʨʳʭʣʷʪʴʩʷ ʠ ʜʠʩʩʦʮʠʠʨʦʚʘʪʴ.  ɼʣʷ ʧʦʣʫʪʦʨʥʦʛʦ 

ʩʫʣʴʬʠʜʘ ʛʘʜʦʣʠʥʠʷ ɔ-ʤʦʜʠʬʠʢʘʮʠʠ ʊʧʣ = 2073K. ɺʝʨʦʷʪʥʦ, ʦʙʨʘʟʦʚʘʥʠʝ ʧʦʨ ʚ ʦʙʨʘʟʮʝ (I) 

ʩʚʷʟʘʥʦ ʩ ʠʩʧʘʨʝʥʠʝʤ ʩʝʨʳ ʧʨʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʚʘʢʫʫʤʥʦʤ ʧʨʝʩʩʦʚʘʥʠʠ. ʆʙʨʘʟʝʮ (II) 

ʧʨʝʩʩʦʚʘʣʠ ʧʨʠ ʧʦʥʠʞʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 1223K, ʯʪʦ, ʚʝʨʦʷʪʥʦ, ʥʝ ʦʙʝʩʧʝʯʠʣʦ ʧʦʣʥʦʛʦ 

ʩʧʝʢʘʥʠ ̫ʢʝʨʘʤʠʢʠ ʠ ʟʘʤʝʪʥʦʛʦ ʠʩʧʘʨʝʥʠʷ ʩʝʨʳ. ʉʦʩʪʘʚ ʵʪʠʭ ʚʢʣʶʯʝʥʠʡ, ʩʦʛʣʘʩʥʦ ʕɼʉ 

ʘʥʘʣʠʟʫ, ʩʦʦʪʚʝʪʩʪʚʦʚʘʣ ʧʦʣʫʪʦʨʥʦʤʫ ʩʫʣʴʬʠʜʫ ʚ ʨʘʤʢʘʭ ʧʦʛʨʝʰʥʦʩʪʠ ʤʝʪʦʜʠʢʠ Ñ 2ï5%.   
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ʈʠʩ. 28. ʉʕʄ ʧʨʝʩʩʦʚʘʥʥʦʡ ʢʝʨʘʤʠʢʠ ʩʫʣʴʬʠʜʘ ʛʘʜʦʣʠʥʠʷ: ʦʙʨʘʟʝʮ (I) ï (ʘ), ʦʙʨʘʟʝʮ (II) ï (ʙ); 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʨ ʠ ʚʢʣʶʯʝʥʠʡ ʧʦ ʨʘʟʤʝʨʘʤ: ʦʙʨʘʟʝʮ (I) ï (ʚ), ʦʙʨʘʟʝʮ (II) ï (ʛ). 

 

ʈʘʩʯʝʪʳ ʫʜʝʣʴʥʳʭ ʧʣʦʱʘʜʝʡ ʛʨʘʥʠʮ ʧʦʨ ʠ ʚʢʣʶʯʝʥʠʡ ʥʘ 1 ʩʤ
3
 ʦʙʨʘʟʮʦʚ  

ʧʦ ʧʨʝʜʩʪʘʚʣʝʥʥʳʤ ʜʠʘʛʨʘʤʤʘʤ ʜʘʣʠ ʟʥʘʯʝʥʠʷ 8.4 ʜʣʷ ʦʙʨʘʟʮʘ (I) ʠ 5.7 ʩʤ
2
/ʩʤ

3
 ʜʣʷ ʦʙʨʘʟʮʘ 

(II). ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ (ʩʤ. ʪʘʙʣ. 8) ʦʯʝʚʠʜʥʦ, ʯʪʦ ʫʜʝʣʴʥʳʝ ʧʣʦʱʘʜʠ ʛʨʘʥʠʮ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʥʘ 5 ʧʦʨʷʜʢʦʚ ʙʦʣʴʰʝ ʫʜʝʣʴʥʳʭ ʧʣʦʱʘʜʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨ ʠ ʛʨʘʥʠʮ 

ʚʢʣʶʯʝʥʠʡ. ʇʨʠʥʠʤʘʷ, ʯʪʦ ʨʘʟʨʳʚ ʩʧʣʦʰʥʦʩʪʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʥʘ ʛʨʘʥʠʮʘʭ ʢʨʠʩʪʘʣʣʠʪʦʚ, 

ʧʦʨ ʠ ʚʢʣʶʯʝʥʠʡ ʚʳʟʳʚʘʝʪ ʧʦʚʳʰʝʥʥʫʶ ʜʝʬʝʢʪʥʦʩʪʴ, ʷʩʥʦ, ʯʪʦ ʚʢʣʘʜ ʛʨʘʥʠʮ ʢʨʠʩʪʘʣʣʠʪʦʚ 

ʚ ʜʝʬʦʨʤʠʨʦʚʘʥʠʝ ʨʝʰʝʪʢʠ ʥʝʩʦʠʟʤʝʨʠʤʦ ʙʦʣʴʰʝ, ʯʝʤ ʚʢʣʘʜ ʛʨʘʥʠʮ ʧʦʨ ʠ ʚʢʣʶʯʝʥʠʡ,  

ʠ ʧʦʩʣʝʜʥʠʝ ʤʦʞʥʦ ʥʝ ʫʯʠʪʳʚʘʪʴ ʚ ʜʘʣʴʥʝʡʰʝʤ ʨʘʩʩʤʦʪʨʝʥʠʠ.  

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʭʠʤʠʯʝʩʢʠʤ ʘʥʘʣʠʟʦʤ ʦʪʢʣʦʥʝʥʠʷ ʩʦʝʜʠʥʝʥʠʡ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʠ,  

ʧʨʠ ʧʝʨʝʭʦʜʝ ʦʪ ʩʦʩʪʘʚʘ ɔ-GdS1.479 (I) ʢ ʩʦʩʪʘʚʫ ɔ-GdS1.498 (II) ʠʟʤʝʥʷʝʪʩʷ ʯʠʩʣʦ ʩʪʨʫʢʪʫʨʥʦ-

ʨʘʚʥʦʚʝʩʥʳʭ ʚʘʢʘʥʩʠʡ ʦʪ 0.2Ŀ10
21 
ʜʦ 0.3Ŀ10

21
 ʥʘ ʩʤ

3
 (ʪʘʙʣ. 8). 

ʊ ʘ ʙ ʣ ʠ ʮ ʘ 8  

ʋʜʝʣʴʥʳʝ ʢʦʣʠʯʝʩʪʚʘ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʳʭ ʚʘʢʘʥʩʠʡ NV ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ Nʉ 

 

ʆʙʨʘʟʝʮ 

 

NVĿ10
21
, ʩʤ

-3
 

 

NʉĿ10
21
,  ʩʤ

-3
 

 

(NV + NC) Ŀ 10
21
, ʩʤ

-3
 

ɔ-GdS1.479 0.2 2.0 2.2 

ɔ-GdS1.498 0.3 1.2 1.5 
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ʀʪʘʢ, ʤʳ ʨʘʩʩʤʦʪʨʝʣʠ ʦʩʦʙʝʥʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʡ ɔ-GdS1.5-y  

ʠ ʨʝʘʣʴʥʫʶ (ʜʝʬʝʢʪʥʫʶ) ʩʪʨʫʢʪʫʨʫ ʦʙʨʘʟʮʦʚ (I) ʠ (II). ʂʘʢʦʚʦ ʞʝ ʚʣʠʷʥʠʝ ʨʘʩʩʤʦʪʨʝʥʥʳʭ 

ʜʝʬʝʢʪʦʚ ʥʘ ʪʝʧʣʦʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʨʘʟʮʦʚ? 

 

3.2.3. ʊʝʧʣʦʝʤʢʦʩʪʴ ʠ ʝʝ ʩʚʷʟʴ ʩ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʤʘʪʝʨʠʘʣʘ 

 

ʆʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ 

ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ (ə), ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʘʥʘʣʠʟʘ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʪʝʧʣʦʧʝʨʝʜʘʯʠ ʤʘʪʝʨʠʘʣʘ ʥʘ ʦʩʥʦʚʝ ʦʧʠʩʘʥʠʷ ʜʝʬʝʢʪʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʠ. ʉʫʤʤʘʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ əʦʙʱ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ  

ʢʘʢ ʩʫʤʤʘ ʨʝʰʝʪʦʯʥʦʡ əʨʝ hʠ ɻ ʣʝʢʪʨʦʥʥʦʡ əɻʣ ʩʦʩʪʘʚʣʷʶʱʠʭ. ɺʢʣʘʜ ʵʣʝʢʪʨʦʥʥʦʡ 

ʩʦʩʪʘʚʣʷʶʱʝʡ ʪʝʧʣʦʧʝʨʝʥʦʩʘ ʚ ʦʙʱʫʶ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʪʚʝʨʜʳʭ ʪʝʣ ʠʛʨʘʝʪ ʦʩʥʦʚʥʫʶ 

ʨʦʣʴ ʚ ʤʝʪʘʣʣʘʭ ʠ ʥʝʢʦʪʦʨʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ. 

ʆʧʨʝʜʝʣʝʥʠʝ ʚʝʣʠʯʠʥʳ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʨʘʩʯʝʪʝ ʵʪʦʛʦ 

ʧʘʨʘʤʝʪʨʘ ʧʦ ʠʟʚʝʩʪʥʦʤʫ ʫʨʘʚʥʝʥʠʶ:  

                                            əʦʙʱ = ɢʊȚɟʢʝʨȚCp,                                                     (36) 

ʛʜʝ ɢʊ ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʠ, Cp ï ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ, ɟʢʝʨ ï ʧʣʦʪʥʦʩʪʴ 

ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ ʙʝʟ ʚʳʯʝʪʘ ʦʙʲʝʤʘ ʚʩʝʭ ʚʠʜʦʚ ʧʦʨʠʩʪʦʩʪʠ (ʛ/ʩʤ
3
 ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ 

ʦʙʲʝʤʘ) [177].  

ʅʘ ʨʠʩ. 29 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʦʝʜʠʥʝʥʠʡ (I) ʠ (II) ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ.  

 

ʈʠʩ. 29. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʫʣʴʬʠʜʘ ʛʘʜʦʣʠʥʠʷ: 

 1 ï ʦʙʨʘʟʝʮ (I), 2 - ʦʙʨʘʟʝʮ (II). 

 

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʩʦʦʪʥʦʰʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʳʭ ʚʘʢʘʥʩʠʡ NV  

ʦʙʨʘʟʮʦʚ (I) ʠ (II) ʠ ʠʭ ʪʝʧʣʦʝʤʢʦʩʪʝʡ ʧʨʦʪʠʚʦʨʝʯʘʪ ʠʟʚʝʩʪʥʦʡ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʫʚʝʣʠʯʝʥʠʷ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʚʝʱʝʩʪʚ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʝʬʝʢʪʦʚ [178,179]. 

ʕʪʦ ʜʘʝʪ ʦʩʥʦʚʘʥʠʝ ʜʣʷ ʨʘʩʩʤʦʪʨʝʥʠʷ ʚʣʠʷʥʠʷ ʜʨʫʛʠʭ ʪʠʧʦʚ ʜʝʬʝʢʪʦʚ ʨʝʘʣʴʥʦʡ 
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ʩʪʨʫʢʪʫʨʳ, ʠʟ ʢʦʪʦʨʳʭ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚʳʰʝ, ʛʨʘʥʠʮʳ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ 

ʜʦʤʠʥʠʨʫʶʱʠʤʠ ʜʝʬʝʢʪʘʤʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʥʝʦʙʭʦʜʠʤʦ ʦʮʝʥʠʪʴ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ, ʢʦʪʦʨʳʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ ʩʧʝʯʝʥʥʦʡ ʢʝʨʘʤʠʢʝ ʥʘ ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʜʦʣʞʥʳ ʫʯʘʩʪʚʦʚʘʪʴ ʚ ʨʘʩʩʝʷʥʠʠ ʬʦʥʦʥʦʚ. ɻʨʘʥʠʮʳ ʢʨʠʩʪʘʣʣʠʪʦʚ ʤʦʞʥʦ 

ʧʨʝʜʩʪʘʚʠʪʴ, ʢʘʢ ʧʦʣʫʢʦʛʝʨʝʥʪʥʳʝ ʛʨʘʥʠʮʳ ʤʝʞʜʫ ʩʤʝʞʥʳʤʠ ʢʨʠʩʪʘʣʣʠʪʘʤʠ (ʨʠʩ. 30). 

 

ʈʠʩ. 30. ʇʦʣʫʢʦʛʝʨʝʥʪʥʳʝ ʛʨʘʥʠʮʳ ʤʝʞʜʫ ʩʤʝʞʥʳʤʠ ʢʨʠʩʪʘʣʣʠʪʘʤʠ. 

 

ʕʪʠ ʛʨʘʥʠʮʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʤʘʣʳʤʠ ʫʛʣʘʤʠ ʥʘʢʣʦʥʘ ʩʤʝʞʥʳʭ 

ʦʙʣʘʩʪʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʨʘʝʚʳʭ 

ʜʠʩʣʦʢʘʮʠʡ, ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ ʥʘʭʦʜʷʪʩʷ ʠʟ ʫʨʘʚʥʝʥʠʷ Dʜʠʩ = b/sinx,  

ʛʜʝ Dʜʠʩ ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʜʠʩʣʦʢʘʮʠʷʤʠ, b ï ʜʣʠʥʘ ʚʝʢʪʦʨʘ ɹʶʨʛʝʨʩʘ,  

x ï ʫʛʦʣ ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʠʪʦʚ [180].  ʇʨʠʥʠʤʘʷ, ʯʪʦ ʜʠʩʣʦʢʘʮʠʠ ʷʚʣʷʶʪʩʷ ʩʠʣʴʥʳʤʠ 

ʜʝʬʦʨʤʠʨʫʶʱʠʤʠ ʨʝʰʝʪʢʫ ʜʝʬʝʢʪʘʤʠ [181] ʠ ʠʭ ʜʝʬʦʨʤʠʨʫʶʱʝʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʨʝʰʝʪʢʫ 

ʫʙʳʚʘʝʪ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʨʘʩʩʪʦʷʥʠʶ r ʦʪ ʦʩʠ ʜʠʩʣʦʢʘʮʠʠ ï 1/r (ʧʘʜʝʥʠʝ 

ʚʝʣʠʯʠʥʳ ʥʘ ʧʦʨʷʜʦʢ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 10 ʘʪʦʤʥʳʭ ʩʣʦʝʚ) [182,183], ʤʦʞʥʦ ʧʨʠʥʷʪʴ, ʯʪʦ ʩʘʤʘ 

ʧʦʣʫʢʦʛʝʨʝʥʪʥʘʷ ʛʨʘʥʠʮʘ ʠ ʧʦ 5 ʩʣʦʝʚ ʨʝʰʝʪʢʠ, ʧʘʨʘʣʣʝʣʴʥʳʭ ʝʡ ʩ ʜʚʫʭ ʩʪʦʨʦʥ, ʜʦʩʪʘʪʦʯʥʦ 

ʩʠʣʴʥʦ ʜʝʬʦʨʤʠʨʦʚʘʥʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʠʩʣʦ ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʫʟʣʦʚ ʨʝʰʝʪʢʠ ʠʣʠ 

ʜʝʬʝʢʪʥʳʭ ʮʝʥʪʨʦʚ Nʉ, ʩʚʷʟʘʥʥʳʭ ʩ ʥʘʣʠʯʠʝʤ ʧʦʣʫʢʦʛʝʨʝʥʪʥʳʭ ʛʨʘʥʠʮ ʢʨʠʩʪʘʣʣʠʪʦʚ, 

ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʦ ʩʦʦʪʥʦʰʝʥʠʶ Nʉ = 2Ț10
15
ȚSʢʨ, ʛʜʝ 2Ț10

15
 ï ʦʮʝʥʦʯʥʦʝ ʯʠʩʣʦ ʫʟʣʦʚ 

ʨʝʰʝʪʢʠ ʥʘ 1 ʩʤ
2
 ʠ Sʢʨ ï ʫʜʝʣʴʥʘʷ ʧʣʦʱʘʜʴ ʢʨʠʩʪʘʣʣʠʪʦʚ ʥʘ 1 ʩʤ

3
. ʇʦ ʧʦʣʫʯʝʥʥʦʡ 

ʨʘʚʥʦʚʝʩʥʦʡ ʬʦʨʤʝ ʢʨʠʩʪʘʣʣʠʪʦʚ (ʩʤ. ʨʠʩ. 27) ʧʨʠʥʠʤʘʝʤ ʢ ʜʘʣʴʥʝʡʰʝʤʫ ʨʘʩʩʤʦʪʨʝʥʠʶ 

ʦʧʠʩʳʚʘʶʱʫʶ ʝʸ ʧʨʷʤʦʫʛʦʣʴʥʫʶ ʧʨʠʟʤʫ ʩ ʨʘʟʤʝʨʘʤʠ aȚbȚc=139Ț43Ț53 ʥʤ
3
 ʜʣʷ ʦʙʨʘʟʮʘ (I)  

ʠ 143Ț86Ț71 ʥʤ
3
 ʜʣʷ ʦʙʨʘʟʮʘ (II). ʊʦʛʜʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʫʜʝʣʴʥʳʝ ʧʣʦʱʘʜʠ ʛʨʘʥʠʮ 

ʢʨʠʩʪʘʣʣʠʪʦʚ Sʢʨ ʨʘʚʥʳ 10.2Ț10
5
 ʩʤ

2
/ʩʤ
3 
ʜʣʷ ʦʙʨʘʟʮʘ (I) ʠ 6.02Ț10

5
 ʩʤ

2
/ʩʤ
3 
ʜʣʷ ʦʙʨʘʟʮʘ

 
(II). 

ʀʩʧʦʣʴʟʫʷ ʥʘʡʜʝʥʥʳʝ ʚʝʣʠʯʠʥʳ Sʢʨ ʜʣʷ ʦʙʨʘʟʮʦʚ (I) ʠ (II), ʧʦʣʫʯʘʝʤ ʤʠʥʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ 
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ʢʦʥʮʝʥʪʨʘʮʠʡ ʮʝʥʪʨʦʚ ʜʝʬʦʨʤʘʮʠʠ Nʉ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʪʘʙʣ. 8.  

ʂʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣ. 8, ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʤʠʥʠʤʘʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʭ 1D 

ʜʝʬʝʢʪʦʚ (ʦʜʥʘ ʜʠʩʣʦʢʘʮʠʷ ʥʘ ʢʘʞʜʫʶ ʛʨʘʥʴ ʢʨʠʩʪʘʣʣʠʪʘ) ʚʝʣʠʯʠʥʘ Nʉ ʥʘ ʧʦʨʷʜʦʢ 

ʚʝʣʠʯʠʥʳ ʙʦʣʴʰʝ ʯʠʩʣʘ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʳʭ ʚʘʢʘʥʩʠʡ NV.  ʉʦʦʪʥʦʰʝʥʠʝ ʠʭ ʜʣʷ 

ʦʙʨʘʟʮʦʚ (I) ʠ (II) ʦʙʨʘʪʥʦʝ ʠ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʩʦʦʪʥʦʰʝʥʠʝʤ ʪʝʧʣʦʝʤʢʦʩʪʝʡ. ʂʦʣʠʯʝʩʪʚʝʥʥʘʷ 

ʨʘʟʥʠʮʘ Nʉ(I) ʠ Nʉ(II) ʩʦʩʪʘʚʣʷʝʪ ʟʥʘʯʠʤʫʶ ʚʝʣʠʯʠʥʫ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦ-ʚʠʜʠʤʦʤʫ, 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʮʝʥʪʨʦʚ ʜʝʬʦʨʤʘʮʠʠ, ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʛʨʘʥʠʮʘʤʠ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʚ ʙʦʣʴʰʝʡ 

ʩʪʝʧʝʥʠ ʚʣʠʷʝʪ ʥʘ ʚʝʣʠʯʠʥʫ ʪʝʧʣʦʝʤʢʦʩʪʠ, ʯʝʤ ʢʦʥʮʝʥʪʨʘʮʠʷ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʳʭ 

ʚʘʢʘʥʩʠʡ ʚ ʨʝʰʝʪʢʝ ɔ-GdS1.5-y.  

ʉʨʘʚʥʠʤ ʧʦʣʫʯʝʥʥʫʶ ʢʦʥʮʝʥʪʨʘʮʠʶ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ NC ʥʘ ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʩ ʯʠʩʣʦʤ ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʫʟʣʦʚ ʨʝʰʝʪʢʠ NC,e, ʥʘʡʜʝʥʥʳʭ ʧʦ ʚʝʣʠʯʠʥʘʤ e  

ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤʦʜʝʣʴ ʁʍʦʣʣʘ-ɺʠʣʴʷʤʩʦʥʘ. ʏʠʩʣʦ ʤʦʣʝʢʫʣ g-Gd2S3 ʥʘ ʢʫʙʠʯʝʩʢʠʡ 

ʩʘʥʪʠʤʝʪʨ ʨʘʩʩʯʠʪʳʚʘʝʤ ʧʦ ʠʟʚʝʩʪʥʦʤʫ ʫʨʘʚʥʝʥʠʶ Nʤʦʣ = NAĿrʨʝʥ(g-Gd2S3)/Mr(g-Gd2S3) 

(Mr ï ʤʦʣʝʢʫʣʷʨʥʘʷ ʤʘʩʩʘ).  ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʘʝʤ ʟʥʘʯʝʥʠʝ 2Ā10
22
 ʩʤ

-3
. ʊʦʛʜʘ ʯʠʩʣʦ ʫʟʣʦʚ 

ʨʝʰʝʪʢʠ ʧʦʜʚʝʨʞʝʥʥʳʭ ʜʝʬʦʨʤʘʮʠʠ NC,e = 5Ā2Ā10
22
 = 10

23 
ʩʤ

-3
. ɺʢʣʘʜ ʜʝʬʦʨʤʘʮʠʡ (ʆʂʈʩʨ,Ů)  

ʚ ʚʝʣʠʯʠʥʫ ʆʂʈʵʢʩ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʦʪʥʦʰʝʥʠʶ (1-ʆʂʈʛʝʦ/ʆʂʈʵʢʩ)Ŀ100% ʠ ʩʦʩʪʘʚʣʷʝʪ  4.2  

ʠ 3.4% ʜʣʷ ʦʙʨʘʟʮʦʚ (I) ʠ (II), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʘʝʤ NC,e = 4.0Ā10
21
 

(ʦʙʨʘʟʝʮ (I)) ʠ 3.5Ā10
21 
(ʦʙʨʘʟʝʮ (II)) ʥʘ ʩʤ

3
. ʆʯʝʚʠʜʥʦ ʧʦʨʷʜʢʠ ʥʘʡʜʝʥʥʳʭ ʚʝʣʠʯʠʥ NC,e 

ʩʦʚʧʘʜʘʶʪ ʩ ʧʦʨʷʜʢʘʤʠ ʚʝʣʠʯʠʥ Nʉ, ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ 

ʫʜʝʣʴʥʳʭ ʧʣʦʱʘʜʝʡ ʛʨʘʥʠʮ ʢʨʠʩʪʘʣʣʠʪʦʚ ʦʙʨʘʟʮʦʚ (I) ʠ (II). ʇʨʠ ʵʪʦʤ ʩʦʭʨʘʥʷʝʪʩʷ  

ʠʭ ʩʦʦʪʥʦʰʝʥʠʝ NC,e(I) > NC,e(II).  ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʧʨʠʚʝʜʝʥʥʳʝ ʚʳʰʝ ʨʘʩʯʸʪʳ 

ʧʘʨʘʤʝʪʨʘ Nʉ ʫʯʠʪʳʚʘʶʪ ʦʩʥʦʚʥʳʝ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʠ, ʚʦʟʥʠʢʘʶʱʠʝ ʥʘ ʛʨʘʥʠʮʘʭ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʆʜʥʘʢʦ, ʥʝʩʢʦʣʴʢʦ ʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ NC,e 

ʣʠʙʦ ʩʚʷʟʘʥʳ ʩ ʧʦʛʨʝʰʥʦʩʪʷʤʠ ʦʮʝʥʦʯʥʳʭ ʨʘʩʯʝʪʦʚ, ʣʠʙʦ ʚ ʦʙʲʝʤʝ ʢʨʠʩʪʘʣʣʠʪʦʚ 

ʩʫʱʝʩʪʚʫʶʪ ʪʘʢʞʝ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʮʝʥʪʨʳ ʜʨʫʛʦʛʦ ʪʠʧʘ ʧʦʤʠʤʦ ʩʪʨʫʢʪʫʨʥʦ-

ʨʘʚʥʦʚʝʩʥʳʭ ʚʘʢʘʥʩʠʡ, ʥʘʧʨʠʤʝʨ, ʪʝʨʤʠʯʝʩʢʠ ʨʘʚʥʦʚʝʩʥʳʝ ʚʘʢʘʥʩʠʠ ʚ ʧʦʜʨʝʰʝʪʢʝ ʘʥʠʦʥʦʚ.  

ʇʨʝʜʩʪʘʚʣʷʝʪʩʷ, ʯʪʦ ʫʯʝʪ ʥʝʢʦʛʝʨʝʥʪʥʳʭ ʛʨʘʥʠʮ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʦʡ 

ʧʦʨʠʩʪʦʩʪʠ ʩʫʙʤʠʢʨʦʥʥʦʛʦ ʠ ʥʘʥʦʤʝʪʨʦʚʦʛʦ ʫʨʦʚʥʷ, ʢʦʪʦʨʳʝ ʥʝ ʧʨʠʥʷʪʳ ʚ ʨʘʩʩʤʦʪʨʝʥʠʝ  

ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ, ʝʱʝ ʙʦʣʝʝ ʩʜʚʠʥʝʪ ʵʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʚ ʧʦʜʜʝʨʞʢʫ ʫʩʪʘʥʦʚʣʝʥʥʦʛʦ 

ʠʟʤʝʥʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʝʡ ʦʙʨʘʟʮʦʚ ɔ-GdS1.479 (I) ʠ ɔ-GdS1.498 (II).  

 

3.2.4. ʂʈʉ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʩʫʣʴʬʠʜʦʚ ɔ-GdS1.5-y 

 

ʇʦʥʷʪʥʦ, ʯʪʦ ʜʝʬʦʨʤʘʮʠʷ ʧʨʠʛʨʘʥʠʯʥʳʭ ʦʙʣʘʩʪʝʡ ʩʤʝʞʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʜʦʣʞʥʘ 

ʧʨʠʚʝʩʪʠ ʢ ʥʘʨʫʰʝʥʠʶ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. ʄʝʪʦʜʦʤ 
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ʠʩʩʣʝʜʦʚʘʥʠʷ, ʜʦʩʪʘʪʦʯʥʦ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʢ ʥʘʨʫʰʝʥʠʶ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ, ʷʚʣʷʝʪʩʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʈʘʤʘʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʂʈʉ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ). ʅʘ ʨʠʩ. 31 ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʂʈʉ-ʩʧʝʢʪʨʳ ʦʙʨʘʟʮʦʚ (I) ʠ (II). 

 

 

ʈʠʩ. 31. ʂʈʉ-ʩʧʝʢʪʨʳ: ʦʙʨʘʟʝʮ (I) ï (ʘ); ʦʙʨʘʟʝʮ (II) ï (ʙ). 

 

 

ʀʟʤʝʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʩʧʝʢʪʨʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʦʪʢʣʦʥʝʥʠʷ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʘ  

ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʠ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʝʨʝʩʪʨʦʡʢʫ ʣʦʢʘʣʴʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʢʘʪʠʦʥʦʚ ʠ ʘʥʠʦʥʦʚ.  

ʀʟ ʨʠʩ. 31 ʚʠʜʥʦ ʠʟʤʝʥʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʡ ʧʦʣʦʩ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʜʚʠʞʝʥʠʶ ʢʘʪʠʦʥʦʚ 

Gd
3+ 
(130 ʩʤ

-1
 ʠ ʩʣʘʙʳʡ 70 ʩʤ

-1
) ʠ ʘʥʠʦʥʦʚ S

2- 
(190, 245 ʠ 300 ʩʤ

-1
) [184,185]. ʀʟ ʦʙʱʠʭ 

ʩʦʦʙʨʘʞʝʥʠʡ ʩʣʝʜʫʝʪ, ʯʪʦ ʘʥʠʦʥʳ S
2-
 ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʤʦʛʫʪ ʟʘʥʠʤʘʪʴ ʪʨʠ ʧʦʟʠʮʠʠ ʣʦʢʘʣʴʥʦʛʦ 

ʦʢʨʫʞʝʥʠʷ: (Gd-S)7-Gd-(S-Gd) ï AI, (Gd-S)7-Gd-(S-[VGd]) ï AII ʠ (Gd-S)7-Gd-(S-Vʉ) ï AIII, 

ʛʜʝ Vʉ ï ʮʝʥʪʨʳ ʜʝʬʦʨʤʘʮʠʡ ʢʘʪʠʦʥʥʳʭ ʫʟʣʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʛʨʘʥʠʮʘʤʠ ʢʨʠʩʪʘʣʣʠʪʦʚ. 

ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʪʠʤ ʧʦʟʠʮʠʷʤ ʂʈʉ-ʤʦʜʳ ʜʦʣʞʥʳ ʦʪʨʘʞʘʪʴʩʷ ʚ ʩʧʝʢʪʨʘʭ ʦʙʨʘʟʮʦʚ (I) ʠ (II). 

ʇʦʩʢʦʣʴʢʫ ʧʦʟʠʮʠʷ AI ʠʤʝʝʪ ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʠʝ ʩʠʤʤʝʪʨʠʶ ʠ ʢʦʥʮʝʥʪʨʘʮʠʶ,  

ʪʦ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʝʡ ʤʦʜʳ ʜʦʣʞʥʳ ʙʳʪʴ ʦʜʠʥʘʢʦʚʳ ʜʣʷ ʦʙʨʘʟʮʦʚ (I) ʠ (II). ʊʘʢʠʤʠ 

ʤʦʜʘʤʠ ʷʚʣʷʶʪʩʷ ʤʦʜʘ 245 ʩʤ
-1
 (F2) ʠ ʩʦʧʨʦʚʦʞʜʘʶʱʘʷ ʝʸ ʤʦʜʘ 300 ʩʤ

-1 
(E). ʉ ʜʨʫʛʦʡ 

ʩʪʦʨʦʥʳ, ʩʠʤʙʘʪʥʦ ʠʟʤʝʥʝʥʠʶ ʚʝʣʠʯʠʥʳ NC ʥʘʙʣʶʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʧʦʣʦʩʳ 190 ʩʤ
-1 
(A1g). 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʝʩʪʴ ʦʩʥʦʚʘʥʠʝ ʧʨʠʧʠʩʘʪʴ ʵʪʫ ʤʦʜʫ ʧʦʟʠʮʠʠ ʘʥʠʦʥʘ S
2-
 ɸIII. ʉʣʘʙʘʷ ʤʦʜʘ 

160 ʩʤ
-1
 (F2), ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʘ ʩ ʧʦʟʠʮʠʝʡ ʘʥʠʦʥʘ AII, ʪ. ʝ. ʩ ʩʪʨʫʢʪʫʨʥʦ-

ʨʘʚʥʦʚʝʩʥʳʤʠ ʚʘʢʘʥʩʠʷʤʠ, ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʦʪʦʨʳʭ ʤʝʥʴʰʝ ʜʣʷ ʦʙʨʘʟʮʘ (I) ʠ ʧʦʵʪʦʤʫ 

ʧʨʘʢʪʠʯʝʩʢʠ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ʧʣʝʯʘ ʥʘ ʧʦʣʦʩʝ 190 ʩʤ
-1
.  

ʍʘʨʘʢʪʝʨʥʦ, ʯʪʦ ʧʦʣʫʰʠʨʠʥʘ ʂʈʉ-ʤʦʜʳ 130 ʩʤ
-1
 (F2), ʦʧʠʩʳʚʘʶʱʘʷ ʜʚʠʞʝʥʠʝ ʢʘʪʠʦʥʘ 

Gd
3+
, ʜʣʷ ʦʙʨʘʟʮʘ (I) ʙʦʣʴʰʝ, ʯʝʤ ʜʣʷ ʦʙʨʘʟʮʘ (II), ʩ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʤ ʫʤʝʥʴʰʝʥʠʝʤ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʝʬʝʢʪʦʚ ʠ, ʦʯʝʚʠʜʥʦ, 

ʩʠʤʙʘʪʥʦ ʠʟʤʝʥʝʥʠʶ ʢʦʥʮʝʥʪʨʘʮʠʠ NC.   

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʧʨʠʩʫʪʩʪʚʠʝ ʜʫʙʣʝʪʘ ʧʦʣʦʩ 380 ʠ 405 ʩʤ
-1 
ʤʘʣʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, 
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ʢʦʪʦʨʳʝ ʧʨʠʧʠʩʘʥʳ ʢʦʣʝʙʘʥʠʷʤ ʛʨʫʧʧʳ S2
2-
. ɺ ʦʙʨʘʟʮʘʭ (I) ʠ (II) ʢʦʣʠʯʝʩʪʚʦ ʵʪʠʭ ʛʨʫʧʧ 

ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚʦ. ʅʘʣʠʯʠʝ ʪʘʢʠʭ ʛʨʫʧʧ, ʚʝʨʦʷʪʥʦ, ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʧʠʩʘʥʦ 

ʦʙʨʘʟʦʚʘʥʠʶ ʩʚʷʟʝʡ ïSïSï ʚ ʦʙʣʘʩʪʠ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʳʭ ʚʘʢʘʥʩʠʡ. 

 

3.2.5. ʊʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʴ ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʩʫʣʴʬʠʜʦʚ ɔ-GdS1.5-y 

 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʠʟʤʝʥʝʥʠʡ ʦʙʱʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ (ʫʨʘʚʥʝʥʠʝ (36)) 

ʠʟʫʯʘʣʠ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ (ʨʠʩ. 32). 

 

ʈʠʩ. 32. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʠ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ 

ʛʘʜʦʣʠʥʠʷ: 1 ï ʦʙʨʘʟʝʮ (I), 2 ï ʦʙʨʘʟʝʮ (II). 

 

ʂʦʵʬʬʠʮʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʠ ɢʊ ʦʙʨʘʟʮʘ ɔ-GdS1.498 (II) ʚʳʰʝ ʚʝʣʠʯʠʥʳ ɢʊ 

ʦʙʨʘʟʮʘ ɔ-GdS1.479 (I) ʦʪ 19 ʜʦ 15% ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 300 ʜʦ 973K. ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ 

ʦʙʲʷʩʥʷʝʪʩʷ ʧʦʚʳʰʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʦʚ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ  

ʥʘ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʳʭ [100] ʚʘʢʘʥʩʠʷʭ ʚ ʦʙʨʘʟʮʝ (I) ï ʥʘ ʧʦʨʷʜʦʢ ʚʳʰʝ, ʯʝʤ ʚ ʦʙʨʘʟʮʝ 

(II). ʕʪʦ ʩʣʝʜʫʝʪ ʠʟ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʩʦʩʪʘʚʝ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ ʈɿʕ  

ʩ ʟʘʜʘʥʥʳʤ ʦʪʢʣʦʥʝʥʠʝʤ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ Gd
3+
3-x[VGd,x]S

2-
4Öe

-
1-3x [171]: 

Gd
3+
2.7056 Ȣ

S
2-
4Öe

-
0.115 ʜʣʷ ʦʙʨʘʟʮʘ (I) ʠ Gd

3+
2.6706 Ȣ

]S
2-
4Öe

-
0.01 ʜʣʷ ʦʙʨʘʟʮʘ (II). 

ʆʪʩʶʜʘ ʷʩʥʦ, ʯʪʦ ʬʦʥʦʥ-ʵʣʝʢʪʨʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʫʤʝʥʴʰʘʝʪ ʩʢʦʨʦʩʪʴ ʧʝʨʝʜʘʯʠ ʪʝʧʣʘ  

ʚ ʦʙʨʘʟʮʝ (I) ʚ ʧʦʣʝ ʛʨʘʜʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʝʨʝʜʘʯʝʡ ʪʝʧʣʘ ʚ ʦʙʨʘʟʮʝ (II). 

ʂʨʦʤʝ ʪʦʛʦ, ʢʦʥʮʝʥʪʨʘʮʠʷ ʮʝʥʪʨʦʚ ʜʝʬʦʨʤʘʮʠʡ NC ʚ ʦʙʨʘʟʮʝ (I), ʙʦʣʴʰʝ, ʯʝʤ ʚ ʦʙʨʘʟʮʝ (II), 

ʯʪʦ ʪʘʢʞʝ ʩʧʦʩʦʙʩʪʚʫʝʪ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʤʫ ʨʘʩʩʝʷʥʠʶ ʬʦʥʦʥʦʚ ʚ ʦʙʨʘʟʮʝ (I). 

ʀʩʧʦʣʴʟʫʷ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʝʣʠʯʠʥ ɢʊ, Cp ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʟʘʚʠʩʠʤʳʝ  

ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚʝʣʠʯʠʥʳ ɟʢʝʨ, ʨʘʚʥʳʝ 6.11 Ñ 0.06 ʛ/ʩʤ
3
 ʜʣʷ ʦʙʨʘʟʮʘ (I) ʠ 6.32 Ñ 0.06 ʛ/ʩʤ

3
 ʜʣʷ 

ʦʙʨʘʟʮʘ (II), ʧʦʣʫʯʘʝʤ ʯʝʨʝʟ ʫʨʘʚʥʝʥʠʝ (36) ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʦʙʱʝʡ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ əʦʙ ɦ(ʨʠʩ. 33).  
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ʈʠʩ. 33. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʙʱʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ (əʦʙ)ɦ ʠʩʩʣʝʜʫʝʤʳʭ 

ʩʫʣʴʬʠʜʦʚ ʛʘʜʦʣʠʥʠʷ: 1 ï ʦʙʨʘʟʝʮ (I), 2 ï ʦʙʨʘʟʝʮ (II), 

 3ï5 ï ʣʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ [186] ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ: 3 - GdS1.479, 4 - GdS1.495, 5 - GdS1.487. 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʢʝʨʘʤʠʢʠ ɔ-GdS1.5-y ʩʥʠʞʘʝʪʩʷ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ 

ʚʝʣʠʯʠʥʳ 1.5-y ʠ ʜʣʷ ʩʦʩʪʘʚʘ 1.5-y = 1.479 ʜʦʩʪʠʛʘʝʪ ʚʝʣʠʯʠʥʳ 0.74 ɺʪ/(ʤȚʂ) ʧʨʠ T = 773K. 

ʅʘ ʨʠʩʫʥʢʝ 33 ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʚʝʩʪʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ (ʄʂ) 

ʩʦʩʪʘʚʦʚ GdS1.479 ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 300ï400K (ʢʨʠʚʘʷ 3) ʠ ʩʦʩʪʘʚʦʚ GdS1.487, GdS1.495  

ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 300ï1000K (ʢʨʠʚʳʝ 4 ʠ 5 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) [17,21]. ʂʘʢ ʩʣʝʜʫʝʪ  

ʠʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʚʝʣʠʯʠʥʳ əʦʙ ɦʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ (ʇʂ)  

ɔ-GdS1.479 (I) ʠ ɔ-GdS1.498 (II) ʚ ʠʟʫʯʝʥʥʳʭ ʦʙʣʘʩʪʷʭ ʪʝʤʧʝʨʘʪʫʨ ʥʠʞʝ ʥʘ 38ï35, 6ï4 ʠ 20ï17% 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʝʤ ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʩʫʪʩʪʚʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ 

ʮʝʥʪʨʦʚ Nʉ ʚ ʇʂ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʪʴ ʚʝʣʠʯʠʥʫ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ.  

ʍʘʨʘʢʪʝʨʥʦ, ʯʪʦ ʠʟʤʝʨʝʥʥʳʝ 4-ʟʦʥʜʦʚʳʤ ʤʝʪʦʜʦʤ ʫʜʝʣʴʥʳʝ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ (I)  

ʠ (II) ʨʘʚʥʳ 0.2 ʠ 2.0 ʆʤĀʩʤ ʧʨʠ 300K, ʘ ʠʟʚʝʩʪʥʳʝ ʚʝʣʠʯʠʥʳ ʜʣʷ ʄʂ ʦʙʨʘʟʮʦʚ ʪʦʛʦ  

ʞʝ ʩʦʩʪʘʚʘ ʧʨʠ 300K ʥʘ ʜʚʘïʦʜʠʥ ʧʦʨʷʜʦʢ ʚʝʣʠʯʠʥʳ ʤʝʥʴʰʝ, 0.003 ʠ 0.300 ʆʤĀcʤ [17,174]. 

ɺʤʝʩʪʝ ʩ ʪʝʤ ʜʣʷ ʦʙʨʘʟʮʦʚ ʄʂ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʵʣʝʢʪʨʦʥʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʥʝ ʧʨʝʚʳʰʘʝʪ 15%. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʨʘʚʥʝʥʠʝ ʫʜʝʣʴʥʳʭ ʩʦʧʨʦʪʠʚʣʝʥʠʡ 

ʄʂ ʠ ʇʂ ʦʙʨʘʟʮʦʚ ʧʦʟʚʦʣʷʝʪ ʧʨʠʥʷʪʴ, ʯʪʦ ʧʦʣʥʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʇʂ ʦʙʨʘʟʮʦʚ 

ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʘ ʨʝʰʝʪʦʯʥʦʡ (əʨʝ)h.  

 

3.2.6. ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʫʣʴʬʠʜʦʚ ɔ-GdS1.5-y 

  

ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʩʦʝʜʠʥʝʥʠʷ ɔ-GdS1.5-y ʩʦʜʝʨʞʘʪ ʧʘʨʘʤʘʛʥʠʪʥʳʝ ʠʦʥʳ Gd
3+
.  

ʇʨʠ ʦʪʢʣʦʥʝʥʠʠ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ Gd2S3 ʯʠʩʣʦ ʠʦʥʦʚ Gd
3+
 ʚ ʕʗ  

ʠ ʚ ʝʜʠʥʠʮʝ ʦʙʲʸʤʘ ʚʝʱʝʩʪʚʘ ʜʦʣʞʥʦ ʠʟʤʝʥʷʪʴʩʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʦʣʞʥʘ ʠʟʤʝʥʷʪʴʩʷ  

ʠ ʵʬʬʝʢʪʠʚʥʘʷ ʤʦʣʝʢʫʣʷʨʥʘʷ ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ɢʄ.  
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ʅʘ ʨʠʩ. 34 ʧʨʝʜʩʪʘʚʣʝʥʘ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʝʣʠʯʠʥʳ ʦʙʨʘʪʥʦʡ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 1/ɢʄ ʦʙʨʘʟʮʦʚ (I) ʠ (II) ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 80ï500K, ʧʦʣʫʯʝʥʥʘʷ  

ʧʦ ʤʝʪʦʜʫ ʌʘʨʘʜʝʷ.  

 

ʈʠʩ. 34. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʙʨʘʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 1/ɢM  

ʩʫʣʴʬʠʜʦʚ ʛʘʜʦʣʠʥʠʷ: ʦʙʨʘʟʮʳ (I) ʠ (II). 

 

ʃʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 1/ɢM ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʟʘʢʦʥ ʂʶʨʠïɺʝʡʩʘ [187]: 

                                                   ɢʄ = ʉm/(T-ŪC)-A0,                                                  (37) 

ʛʜʝ Cm ï ʧʦʩʪʦʷʥʥʘʷ ʂʶʨʠ, ŪC ï ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠïɺʝʡʩʘ ʠ A0 ï ʜʠʘʤʘʛʥʠʪʥʳʡ ʚʢʣʘʜ, 

ʨʘʩʩʯʠʪʘʥʥʳʡ ʧʦ ʩʭʝʤʝ ʇʘʩʢʘʣʷ. ʕʪʠ ʧʘʨʘʤʝʪʨʳ ʨʘʩʩʯʠʪʘʥʳ ʧʦ ʫʨʘʚʥʝʥʠʶ (37) ʠ ʨʘʚʥʳ:  

ʉm = 21.2 ° 0.1 ʂĀʩʤ
3
/ʤʦʣʴ, ŪC = ï4 ° 2K, A0 = ï206.1Ā10

-6
 ʩʤ

3
/ʤʦʣʴ ʜʣʷ ʦʙʨʘʟʮʘ (I) ʠ  

ʉm = 21.6 ° 0.1 ʂĀʩʤ
3
/ʤʦʣʴ, ŪC = ï10 ° 2K, A0 = ï205.4Ā10

-6 
ʩʤ
3
/ʤʦʣʴ ʜʣʷ ʦʙʨʘʟʮʘ (II). 

ʀʩʭʦʜʷ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ɢʄ ʧʦ ʫʛʣʫ ʥʘʢʣʦʥʘ ʧʨʷʤʳʭ ɢʄ = f(T), ʨʘʩʩʯʠʪʘʥʳ 

ʟʥʘʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ:  

‘ɻ ʬʬ= 13.02 Ñ 0.03 ʄɹ ʠ ʚ ʧʝʨʝʩʯʝʪʝ ʥʘ ʠʦʥ Gd
3+
 ‘ɻ ʬʬȟ  = 7.92 ° 0.02 ʄɹ ʜʣʷ ʦʙʨʘʟʮʘ 

(I). ʕʬʬʝʢʪʠʚʥʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ ʨʘʚʝʥ  

‘ɻ ʬʬ= 13.15 ° 0.03 ʄɹ ʠ ʚ ʧʝʨʝʩʯʝʪʝ ʥʘ ʠʦʥ ‘ɻ ʬʬȟ   = Gd3+ 8.05 ° 0.02 ʄɹ ʜʣʷ ʦʙʨʘʟʮʘ 

(II). ɼʣʷ ʩʚʦʙʦʜʥʦʛʦ ʠʦʥʘ Gd
3+
 m = 7.94 ʄɹ [188].  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʨʘʟʝʮ (I) ʩʦʩʪʘʚʘ Gd
3+
2.7056 Ȣ

S
2-
4Öe

-
0.115 ʩʦʜʝʨʞʠʪ ʙʦʣʴʰʝ ʠʦʥʦʚ Gd

3+
 

ʥʘ ʦʜʠʥ ʤʦʣʴ ʩʦʝʜʠʥʝʥʠʷ, ʯʝʤ ʦʙʨʘʟʝʮ (II) ʩʦʩʪʘʚʘ Gd
3+
2.6706 Ȣ

]S
2-
4Öe

-
0.01, ʘ ʟʥʘʯʝʥʠʝ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʩʦʝʜʠʥʝʥʠʷ (II) ʚʳʰʝ. ʆʯʝʚʠʜʥʦ, ʵʪʦʪ ʬʘʢʪ ʧʨʦʪʠʚʦʨʝʯʠʪ ʟʘʢʦʥʫ 

ʇʘʩʢʘʣʷ ʦʙ ʘʜʜʠʪʠʚʥʦʩʪʠ ʤʘʛʥʠʪʥʳʭ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʝʡ ʠʦʥʦʚ.  

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʠʦʥ Gd
3+
 ʥʝ ʦʙʣʘʜʘʝʪ ʦʨʙʠʪʘʣʴʥʳʤ ʤʦʤʝʥʪʦʤ ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ  
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ʠ ʝʛʦ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʥʝ ʨʝʘʛʠʨʫʝʪ ʥʘ ʠʟʤʝʥʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʦʙʨʘʪʥʳʡ ʵʬʬʝʢʪ 

ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ ʦʢʩʠʜʦʚ ʩʦʩʪʘʚʦʚ C ï GdxLu2-xO3 ʩ ʨʝʰʝʪʢʦʡ ʙʠʢʩʙʠʠʪʘ 

[188,189]. ɺ ʵʪʦʡ ʨʝʰʝʪʢʝ ʵʬʬʝʢʪʠʚʥʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʠʦʥʦʚ Gd
3+
 ʙʦʣʴʰʝ, 

ʯʝʤ ʫ ʩʚʦʙʦʜʥʦʛʦ ʠʦʥʘ, ʠ ʫʤʝʥʴʰʘʝʪʩʷ ʩ 9.16 ʜʦ 8.45 ʄɹ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ x ʚ ʜʠʘʧʘʟʦʥʝ  

0.06ï0.40 (ʠʦʥ Lu
3+
 ʜʠʘʤʘʛʥʠʪʝʥ).  ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʵʪʦʤ ʜʠʘʧʘʟʦʥʝ ʩʦʩʪʘʚʦʚ ʠʦʥʳ Gd

3+
 

ʟʘʥʠʤʘʶʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʝʮʝʥʪʨʦʩʠʤʤʝʪʨʠʯʥʳʝ ʧʦʣʦʞʝʥʠʷ (ʉ2) ʧʝʨʚʦʡ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ 

ʩʬʝʨʳ, ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʘʨʫʰʝʥʠʝʤ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʢʫʙʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. 

ʇʦʜʦʙʥʦʛʦ ʪʠʧʘ ʵʬʬʝʢʪʳ ʧʦʢʘ ʥʝ ʠʤʝʶʪ ʣʦʛʠʯʥʦʛʦ ʦʙʲʷʩʥʝʥʠʷ, ʥʦ ʬʘʢʪʳ ʪʘʢʠʝ ʠʤʝʶʪ ʤʝʩʪʦ  

ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʨʘʢʪʠʢʝ.  

 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʤʝʥʴʰʝʥʠʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʠ ɔ-GdS1.5-

y ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʟʥʘʯʝʥʠʡ 1.5-y ʦʪ 1.498 ʜʦ 1.479 ʥʝ ʧʦʜʜʘʝʪʩʷ ʧʨʷʤʦʤʫ ʦʙʲʷʩʥʝʥʠʶ ʥʘ 

ʦʩʥʦʚʝ ʠʟʤʝʥʝʥʠʷ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʩʦʝʜʠʥʝʥʠʷ ɔ-GdS1.5-y. 

ɺʦʟʤʦʞʥʦ, ʵʪʦ ʠʤʝʝʪ ʢʘʢʦʝ-ʪʦ ʢʦʩʚʝʥʥʦʝ ʚʣʠʷʥʠʝ.   

 

3.2.7. ʄʝʭʘʥʠʟʤ ʪʝʧʣʦʧʝʨʝʜʘʯʠ 

 

ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʨʘʥʝʝ, rʢʝʨ ʦʙʨʘʟʮʘ (II) ʚʳʰʝ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʥʠʞʝʥʥʦʡ 

ʧʦʨʠʩʪʦʩʪʠ ʦʙʨʘʟʮʘ ʠ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʫʩʣʦʚʠʶ ʜʦʩʪʠʞʝʥʠʷ ʧʦʚʳʰʝʥʥʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʨʝʰʝʪʦʯʥʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ̫ ʚʣʷʝʪʩʷ ʬʫʥʢʮʠʝʡ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ Vs ʠ ʜʣʠʥʳ 

ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʥʦʥʦʚ lʬ: 

                                           kʨʝ h=  ʉpȚVsȚlʬ.                                                       (38) 

ʉʢʦʨʦʩʪʴ ʟʚʫʢʘ ʦʧʠʩʳʚʘʝʪʩʷ ʬʫʥʢʮʠʝʡ Vs = ã(G/rʢʝʨ) [182], ʛʜʝ G ï ʤʦʜʫʣʴ ʖʥʛʘ  

ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, Vs ʚ ʦʙʨʘʟʮʝ (I) ʙʫʜʝʪ ʚʳʰʝ ʧʨʠ G = const. ɼʣʷ ʩʫʣʴʬʠʜʦʚ ɔ-GdS1.5-y 

ʠʟʚʝʩʪʥʘ ʚʝʣʠʯʠʥʘ Vs º 2500 ʤ/c [17]. ʊʦʛʜʘ, ʠʩʧʦʣʴʟʫʷ ʫʨʘʚʥʝʥʠʝ (38) ʜʣʷ ʚʢʣʘʜʘ 

ʨʝʰʝʪʦʯʥʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʥʘʡʜʝʥʥʳʝ ʟʥʘʯʝʥʠʷ kʨʝ hå kʦʙ ɦʠ ʪʝʧʣʦʝʤʢʦʩʪʠ  

Cp, ʜʣʷ ʊ = 773K ʧʦʣʫʯʘʝʤ lʬ ~ 40 ¡. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟ ʫʨʘʚʥʝʥʠʡ (36) ʠ (38) ʩʣʝʜʫʝʪ,  

ʯʪʦ ʧʨʠ ʫʢʘʟʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ NV/NC, ɢʊ(I) < ɢʊ(II), ʉp(I) > ʉp(II) ʠ Vs 

= ã(G/rʢʝʨ) ʜʣʷ ʦʙʨʘʟʮʦʚ (I) ʠ (II) ʠʤʝʝʤ lʬ(I) < lʬ(II). ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʦʣʫʯʝʥʥʦʝ  

ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʩʦʦʪʥʦʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʝʡ ʦʙʨʘʟʮʦʚ ʚ ʦʩʥʦʚʥʦʤ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʦʙʲʝʤʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʚʩʝʭ ʪʦʯʝʯʥʳʭ (ʚʘʢʘʥʩʠʦʥʥʳʭ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ) ʜʝʬʝʢʪʦʚ ʠ,  

ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʜʣʠʥʦʡ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʥʦʥʦʚ. ʌʘʢʪ ʩʥʠʞʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ  

ʩ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʪʘʢʞʝ ʩʚʷʟʘʥ ʚ ʦʩʥʦʚʥʦʤ ʩ ʫʤʝʥʴʰʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʠ ɢʊ ʚʩʣʝʜʩʪʚʠʝ ʩʠʣʴʥʦʛʦ ʫʤʝʥʴʰʝʥʠʷ lʬ (ʫʨʘʚʥʝʥʠʝ (38)), ʥʝʩʤʦʪʨʷ 

ʥʘ ʥʝʟʥʘʯʠʪʝʣʴʥʳʡ ʨʦʩʪ ʪʝʧʣʦʝʤʢʦʩʪʠ Cp.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʰʝʪʦʯʥʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ əʨʝ hʧʦʣʠʢʨʠʩʪʘʣʣʦʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 
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ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ ʩʦʩʪʘʚʦʚ ɔ-GdS1.5-y (1.5-ʫ = 1.485) ʥʠʞʝ əʨʝ hʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʥʘ  

10ï20% ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 300ï700K. ʉ ʠʟʤʝʥʝʥʠʝʤ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʢʝʨʘʤʠʢʠ, ʘ ʠʤʝʥʥʦ ʩ ʫʤʝʥʴʰʝʥʠʝʤ 1.5-y (ʫʤʝʥʴʰʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʘʢʘʥʩʠʡ [VGd]),  

ʪ. ʝ. ʧʨʠ ʩʜʚʠʛʝ ʩʦʩʪʘʚʘ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʩʪʝʭʠʦʤʝʪʨʠʠ 3:4, əʨʝʰ ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ï ʥʘ 

10%. ʕʪʠ ʠʟʤʝʥʝʥʠʷ ʩʚʷʟʘʥʳ ʩ ʠʟʤʝʥʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʳʭ 

ʚʘʢʘʥʩʠʡ (NV) ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ (NC) ʨʝʰʝʪʢʠ. ʇʦʜʦʙʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʩʪʘʚʘ 

ʨʘʩʪʚʦʨʘ ʜʘʣʴʰʝ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʠ 2:3 ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝʤ ʧʘʨʘʤʝʪʨʘ ʕʗ,  

ʥʦ ʫʤʝʥʴʰʝʥʠʝʤ ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʫʜʝʣʴʥʦʡ ʧʣʦʱʘʜʠ 

ʛʨʘʥʠʮ ʨʘʟʜʝʣʘ ʥʘ ʝʜʠʥʠʮʫ ʦʙʲʝʤʘ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʢ ʫʚʝʣʠʯʝʥʠʶ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ NC. ʕʪʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʥʘʙʣʶʜʝʥʠʷʤʠ ʥʘʨʫʰʝʥʠʡ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ 

ʨʝʰʝʪʢʠ ʠ ʩʠʤʤʝʪʨʠʠ ʦʢʨʫʞʝʥʠʷ ʠʦʥʦʚ Gd
3+
 ʠ S

2-
 ʂʈʉ-ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ. ʋʚʝʣʠʯʝʥʠʝ ʫʜʝʣʴʥʦʡ 

ʧʣʦʱʘʜʠ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʯʠʩʣʘ ʜʠʩʣʦʢʘʮʠʡ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ 

ʫʚʝʣʠʯʠʚʘʝʪ ʪʝʧʣʦʝʤʢʦʩʪʴ, ʥʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʵʬʬʝʢʪʠʚʥʝʝ ʩʥʠʞʘʝʪ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʴ  

ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʜʣʠʥʳ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʥʦʥʦʚ.  

 

3.3. ɔ-ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ GdxDy1-xS1.49 

 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʣʫʪʦʨʥʦʛʦ ʩʫʣʴʬʠʜʘ ʛʘʜʦʣʠʥʠʷ  

Gd3-x[VGd]xS4 ſ GdS1.5-y ʧʦʟʚʦʣʠʣʦ ʦʧʨʝʜʝʣʠʪʴ ʦʧʪʠʤʘʣʴʥʳʝ ʩʦʩʪʘʚʳ (1.5-y å 1.485),  

ʜʣʷ ʢʦʪʦʨʳʭ ʭʘʨʘʢʪʝʨʥr ʥʘʠʤʝʥʴʰʠʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ.  

ɼʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʧʦʚʳʰʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ZT ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʜʦʣʞʘʪʴ ʧʦʠʩʢ ʚʘʨʠʘʥʪʦʚ 

ʫʤʝʥʴʰʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʩʦʟʜʘʚʘʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʮʝʥʪʨʳ 

ʨʘʩʩʝʷʥʠʷ ʬʦʥʦʥʦʚ ʚ ʤʘʪʝʨʠʘʣʝ. ʇʨʝʜʩʪʘʚʣʷʝʪʩʷ, ʯʪʦ ʪʘʢʠʤ ʚʘʨʠʘʥʪʦʤ ʤʦʞʝʪ ʙʳʪʴ 

ʣʝʛʠʨʦʚʘʥʠʝ ʩʫʣʴʬʠʜʘ ʛʘʜʦʣʠʥʠʷ ʠʦʥʘʤʠ ʈɿʕ ʜʨʫʛʦʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ ʠʣʠ ʩʦʟʜʘʥʠʝ 

ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ. ʕʪʦ ʩʦʟʜʘʩʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʥʘʨʫʰʝʥʠʷ ʨʝʘʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʠ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʨʝʰʝʪʢʠ ʠ ʪʝʤ ʩʘʤʳʤ ʫʚʝʣʠʯʠʪ ʨʘʩʩʝʠʚʘʥʠʝ ʬʦʥʦʥʦʚ  

ʠ ʫʤʝʥʴʰʠʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʙʝʟ ʢʘʨʜʠʥʘʣʴʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʥ-ʪʨʘʥʩʧʦʨʪʥʳʭ 

ʩʚʦʡʩʪʚ [14]. ɺ ʨʘʙʦʪʘʭ [14,74] ʧʨʠʚʦʜʷʪʩʷ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʦʪ 

ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ɔ-GdxDy1-xS1.5-y ʧʨʠ ʊ = 300 ʠ 400K. ʇʨʠʯʝʤ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʧʨʠ x = 0.2 ʚʦʟʥʠʢʘʝʪ ʘʥʦʤʘʣʴʥʦʝ ʧʦʥʠʞʝʥʠʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʦʜʥʘʢʦ ʧʨʠʨʦʜʘ ʵʪʦʛʦ 

ʷʚʣʝʥʠʷ ʜʝʪʘʣʴʥʦ ʥʝ ʠʟʫʯʝʥʘ. 

ʇʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʠʟʤʝʥʝʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʵʪʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʧʨʠʙʣʠʟʠʪʩʷ ʢ ʧʦʥʠʤʘʥʠʶ ʧʨʠʨʦʜʳ 

ʦʪʤʝʯʝʥʥʳʭ ʘʥʦʤʘʣʠʡ. ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʩʠʥʪʝʟʠʨʦʚʘʥʳ 

ʩʦʝʜʠʥʝʥʠʷ ʩʦʩʪʘʚʦʚ ɔ-GdxDy1-xS1.49 ʧʨʠ x = 0.1, 0.2, 0.3, 0.4. ʕʪʘ ʦʙʣʘʩʪʴ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʚʢʣʶʯʘʝʪ ʩʦʩʪʘʚ ʩ ʘʥʦʤʘʣʴʥʦ ʥʠʟʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ. ʇʨʠ ʵʪʦʤ ʦʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ 
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ʫʜʝʣʝʥʦ ʠʟʫʯʝʥʠʶ ʚʣʠʷʥʠʷ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ ʥʘ ʝʛʦ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʆʪʢʣʦʥʝʥʠʝ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

ʩʦʝʜʠʥʝʥʠʡ ʙʳʣʦ ʧʦʩʪʦʷʥʥʳʤ (1.5-y = 1.49), ʯʪʦ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠ ʤʝʪʦʜʦʤ 

ʛʘʟʦʭʨʦʤʘʪʦʛʨʘʬʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʦʧʠʩʘʥʥʦʤ ʚʳʰʝ [190].  

ɺʘʞʥʳʤ ʵʪʘʧʦʤ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʚʳʩʦʢʦʦʜʥʦʨʦʜʥʳʭ ʧʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ 

ʵʣʝʤʝʥʪʦʚ ʧʨʦʜʫʢʪʦʚ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʠ ʥʝʦʙʭʦʜʠʤʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʜʣʷ ʩʠʥʪʝʟʘ ʭʠʤʠʯʝʩʢʠ ʦʜʥʦʨʦʜʥʳʭ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ 

ʫʨʦʚʥʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜ.  ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ  

ʩ ʧʦʤʦʱʴʶ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʘ ʦʩʘʞʜʝʥʠʷ ʛʠʜʨʦʢʩʠʜʦʚ ʈɿʕ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʠʭ ʦʪʞʠʛʘ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʩʝʨʠʠ ʦʙʨʘʟʮʦʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʦʢʩʠʜʦʚ ʩʦʩʪʘʚʦʚ GdxDy1-xO1.5,  

ʛʜʝ x = 0.1, 0.2, 0.3, 0.4 ʩʦ ʩʨʝʜʥʠʤʠ ʨʘʟʤʝʨʘʤʠ ʯʘʩʪʠʮ 10ï25 ʥʤ. ʇʦʣʫʯʝʥʥʳʝ ʪʚʝʨʜʳʝ 

ʨʘʩʪʚʦʨʳ ʦʢʩʠʜʦʚ ʩʫʣʴʬʠʜʠʨʦʚʘʣʠ ʧʨʠ ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʦʧʪʠʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 1273K ʠ 

ʚʨʝʤʝʥʠ ʩʠʥʪʝʟʘ 6ï8 ʯ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ, ʧʦʩʣʝ ʯʝʛʦ 

ʠʭ ʦʪʞʠʛʘʣʠ ʧʨʠ 1473K ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ɔ-ʤʦʜʠʬʠʢʘʮʠʠ. 

ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʘʥʘʣʠʟ h ʣʠʬʘ ʩʧʝʯʝʥʥʦʡ ʢʝʨʘʤʠʢʠ ʧʦʜʪʚʝʨʜʠʣ ʦʜʥʦʨʦʜʥʦʩʪʴ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ. ʅʘ ʨʠʩʫʥʢʝ 35 ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʛʘʜʦʣʠʥʠʷ ʠ ʜʠʩʧʨʦʟʠʷ ʚ ʪʚʝʨʜʦʤ ʨʘʩʪʚʦʨʝ ɔ-Gd0.2Dy0.8S1.49. 

ʂʘʨʪʦʛʨʘʤʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʦʪʤʝʯʘʶʪ ʚʳʩʦʢʦʦʜʥʦʨʦʜʥʦʝ ʩʪʘʪʠʩʪʠʯʝʩʢʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʪʦʤʦʚ Gd, Dy ʠ S. ʆʙʥʘʨʫʞʝʥʦ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ 

ʘʪʦʤʦʚ S ʚ ʦʙʣʘʩʪʠ ʤʠʢʨʦʧʦʨ, ʯʪʦ ʤʦʞʥʦ ʙʳʣʦ ʦʞʠʜʘʪʴ ʠʟ-ʟʘ ʯʘʩʪʠʯʥʦʡ ʜʠʩʩʦʮʠʘʮʠʠ 

ʧʨʦʜʫʢʪʘ ʥʘ ʵʪʘʧʝ ʧʨʝʩʩʦʚʘʥʠʷ ʢʝʨʘʤʠʢʠ ʚ ʧʨʠʛʨʘʥʠʯʥʦʡ ʦʙʣʘʩʪʠ ʧʦʨ (ʩʤ. ʨʘʟʜʝʣ 3.2.2). 

ʇʨʦʪʷʞʝʥʥʳʭ çh ʫʥʪʠʨʫʶʱʠʭè ʦʙʣʘʩʪʝʡ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ.  

 

ʈʠʩ. 35. ʕʣʝʢʪʨʦʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ (ʘ) ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ S (ʙ), Gd (ʚ) ʠ Dy (ʛ)  

ʚ ʢʝʨʘʤʠʢʝ ʩʦʩʪʘʚʘ ɔ-Gd0.2Dy0.8S1.49. 
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ʅʘ ʨʠʩʫʥʢʝ 36 ʧʨʝʜʩʪʘʚʣʝʥʳ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʩʫʙʤʠʢʨʦʥʥʳʭ ʯʘʩʪʠʮ ʦʢʩʠʜʦʚ  

ʠ ʩʫʣʴʬʠʜʦʚ ʧʦʩʣʝ ʧʨʦʮʝʩʩʦʚ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʠ ʦʪʞʠʛʘ, ʘ ʪʘʢʞʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ. ʆʙʨʘʙʦʪʢʘ ʩʥʠʤʢʦʚ ʧʦʢʘʟʘʣʘ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʧʨʦʮʝʩʩʦʚ ʩʠʥʪʝʟʘ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ ʚ ʢʦʥʝʯʥʳʭ ʧʨʦʜʫʢʪʘʭ  

ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ~1ï2 ʤʢʤ.  

 

ʈʠʩ. 36. ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʨʦʰʢʦʚ ʠʩʭʦʜʥʳʭ ʦʢʩʠʜʦʚ ʈɿʕ, ʧʦʣʫʯʝʥʥʳʭ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ (ʘ), ʧʦʨʦʰʢʦʚ 

ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ (ʙ) ʠ ʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʨʘʟʤʝʨʘʤ (ʚ) ʠ (ʛ). 

 

ʈʝʟʫʣʴʪʘʪʳ ʭʠʤʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʠʩʭʦʜʥʳʭ ʦʢʩʠʜʦʚ ʠ ʧʦʣʫʯʝʥʥʦʡ 

ʢʝʨʘʤʠʢʠ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʧʦʢʘʟʘʣʠ ʥʠʟʢʠʡ ʫʨʦʚʝʥʴ ʩʦʜʝʨʞʘʥʠʷ ʧʨʠʤʝʩʝʡ ï ʩʫʤʤʘʨʥʦʝ 

ʩʦʜʝʨʞʘʥʠʝ ʧʨʠʤʝʩʝʡ ʧʦ 30 ɻʣʝʤʝʥʪʘʤ ʥʝ ʧʨʝʚʳʰʘʣʦ 3Ț10
-2
 ʠ 7Ț10

-2
 ʤʘʩ. %, ʘ ʤʘʢʩʠʤʘʣʴʥʳʡ 

ʫʨʦʚʝʥʴ ʦʪʜʝʣʴʥʳʭ ʧʨʠʤʝʩʥʳʭ ʵʣʝʤʝʥʪʦʚ ʥʝ ʧʨʝʚʳʰʘʣ 5Ț10
-3 
ʤʘʩ. % (ʩʤ. ʧʨʠʣʦʞʝʥʠʝ 1).  

 

3.3.1. ʈʌɸ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ  

 

ʈʝʟʫʣʴʪʘʪʳ ʈʌɸ (ʨʠʩ. 37, ʧʨʠʣʦʞʝʥʠʝ 4) ʧʦʜʪʚʝʨʜʠʣʠ ʦʜʥʦʬʘʟʥʳʡ ʩʦʩʪʘʚ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʡ ʢʝʨʘʤʠʢʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʫʣʴʬʠʜʦʚ Gd ʠ Dy ʩ ʢʫʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ 

Th3P4 (I43d, Z = 4).  
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ʈʠʩ. 37. ʈʌɸ ʧʨʝʩʩʦʚʘʥʥʦʡ ʢʝʨʘʤʠʢʠ ɔ-Gd0.2Dy0.8S1.49. 

 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ ʨʘʩʩʯʠʪʘʥʳ ʧʘʨʘʤʝʪʨʳ ʕʗ ʨʝʰʝʪʦʢ ʠʩʩʣʝʜʫʝʤʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ɔ-GdxDy1-xS1.49 ʠ ʧʦʩʪʨʦʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʘ ɻ ʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ a  

ʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ (ʨʠʩ. 38). 

                                                                                             

ʈʠʩ. 38. ʈʘʩʩʯʠʪʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʠʩʩʣʝʜʫʝʤʳʭ  

ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʫʣʴʬʠʜʦʚ Gd ʠ Dy. 

 

ɸʧʧʨʦʢʩʠʤʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʨʷʤʦʡ ʣʠʥʠʝʡ ʩ ʚʳʩʦʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ 

ʨʝʛʨʝʩʩʠʠ (R
2
 = 0.99) ʧʦʜʪʚʝʨʞʜʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʦʙʣʘʩʪʠ 

ʩʦʩʪʘʚʦʚ. ʇʨʦʚʝʜʝʤ ʦʮʝʥʢʫ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ.  

ʇʦ ʧʦʣʫʯʝʥʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʥʝʝ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ 

ʘʣʛʦʨʠʪʤʘ ʨʘʩʩʯʠʪʘʥʳ ʟʥʘʯʝʥʠʷ ʆʂʈʩʨ ʠ ʧʦʩʪʨʦʝʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʭ  

ʦʪ ʩʦʩʪʘʚʘ ʠʩʩʣʝʜʫʝʤʦʛʦ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ (ʨʠʩ. 39). ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʦʩʪʨʦʝʥʠʝ 

ʨʘʚʥʦʚʝʩʥʳʭ ʬʦʨʤ ʢʨʠʩʪʘʣʣʠʪʦʚ ʥʝ ʧʨʦʚʦʜʠʣʠ, ʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ  

ʆʂʈʩʨ = Sʆʂʈɻʢʩ/nʨʬʘ, ʛʜʝ nʨʬʘ ʯʠʩʣʦ ʨʝʬʣʝʢʩʦʚ, ʟʘʬʠʢʩʠʨʦʚʘʥʥʳʭ ʈʌɸ.  
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ʈʠʩ. 39. ʈʘʩʩʯʠʪʘʥʥʳʝ ʩʨʝʜʥʠʝ ʚʝʣʠʯʠʥʳ ʦʙʣʘʩʪʠ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʆʂʈʩʨ)  

ʠʩʩʣʝʜʫʝʤʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʫʣʴʬʠʜʦʚ Gd ʠ Dy. 

 

ʇʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʤʝʶʪ ʥʝʤʦʥʦʪʦʥʥʳʡ ʭʘʨʘʢʪʝʨ ʩ ʘʥʦʤʘʣʴʥʦ ʥʠʟʢʠʤ ʟʥʘʯʝʥʠʝʤ 

ʆʂʈʩʨ ʧʨʠ x = 0.2 (ʩʦʝʜʠʥʝʥʠʝ ɔ-Gd0.2Dy0.8S1.49). 

ʀʟ ʧʨʝʜʳʜʫʱʝʛʦ ʧʘʨʘʛʨʘʬʘ ʧʦʥʷʪʥʦ, ʯʪʦ ʦʙʥʘʨʫʞʝʥʥʘʷ ʥʝʤʦʥʦʪʦʥʥʦʩʪʴ ʟʘʚʠʩʠʤʦʩʪʠ 

ʆʂʈʩʨ = f(x) ʩ ʤʠʥʠʤʫʤʦʤ ʧʨʠ x = 0.2 ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʠʟʤʝʥʝʥʠʝ ʫʜʝʣʴʥʦʡ ʧʣʦʱʘʜʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʥʠʮ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʩ ʤʘʢʩʠʤʫʤʦʤ ʧʨʠ ʵʪʦʤ 

ʟʥʘʯʝʥʠʠ x. ʕʪʦ, ʢʘʢ ʷʩʥʦ,   ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʠ, ʘ ʠʤʝʥʥʦ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ NC. ɼʣʷ ʘʥʘʣʠʟʘ 

ʠʟʤʝʥʝʥʠʡ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʂʈʉ-ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ. 

 

3.3.2. ʂʈʉ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ  

 

ʀʟʤʝʥʝʥʠ ̫ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥ r

ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ. ʅʘ ʨʠʩʫʥʢʝ 40 ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ  

ʂʈʉ-ʩʧʝʢʪʨʳ ʧʦʨʦʰʢʦʚ ɔ-GdxDy1-xS1.49, ʛʜʝ x = 0.1, 0.2, 0.3, 0.4. 
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ʈʠʩ. 40. ʂʈʉ-ʩʧʝʢʪʨʳ ʠʩʩʣʝʜʫʝʤʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ɔ-GdxDy1-xS1.49. 

 

ɺ ʠʩʩʣʝʜʫʝʤʦʤ ʜʠʘʧʘʟʦʥʝ ʩʧʝʢʪʨʘ ʥʘʙʣʶʜʘʶʪʩʷ ʤʦʜʘ 195 ʩʤ
-1
 (A1),  

ʜʚʝ ʤʦʜʳ º 60, 305 ʩʤ
-1 
(E) ʠ º 245, 160 ʩʤ

-1
 (F2). ʆʙʥʘʨʫʞʝʥʥʳʝ ʧʦʣʦʩʳ ʂʈʉ-ʩʧʝʢʪʨʦʚ 

ʤʦʞʥʦ ʧʨʠʧʠʩʘʪʴ ʢ ʢʦʣʝʙʘʥʠʷʤ ʦʧʨʝʜʝʣʝʥʥʳʭ ʘʪʦʤʥʳʭ ʛʨʫʧʧ. ɼʣʷ ʵʪʦʛʦ ʚʦʩʧʦʣʴʟʫʝʤʩʷ 

ʧʦʣʫʯʝʥʥʳʤ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ  ʂʈʉ-ʩʧʝʢʪʨʦʤ ʩʦʝʜʠʥʝʥʠʷ ɔ-GdS1.498 (ʩʤ. ʨʘʟʜʝʣ 3.2.4)  

ʠ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ ɔ-DyS1.500 [191]. ɼʚʠʞʝʥʠʶ ʢʘʪʠʦʥʦʚ Dy
3+
 ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʤʦʜʘ 60 ʩʤ
-1
, ʜʣʷ ʢʘʪʠʦʥʦʚ Gd

3+ 
ʵʪʦ ʧʦʣʦʩʘ 70 ʩʤ

-1
, ʘ ʜʣ ̫ʘʥʠʦʥʦʚ S

2-
 ʧʦʣʦʩʳ 195, 245  

ʠ 305 ʩʤ
-1
. ʇʦʣʦʩʫ 120 ʩʤ

-1
 ʩʣʝʜʫʝʪ ʦʪʥʝʩʪʠ ʢ ʩʫʧʝʨʧʦʟʠʮʠʠ ʢʦʣʝʙʘʥʠʡ Dy

3+
 ʠ Gd

3+ 
(119 ʩʤ

-1
 

ʜʣʷ Dy
3+
 ʠ 130 ʩʤ

-1
 ʜʣʷ Gd

3+
). ɺ ʠʩʩʣʝʜʫʝʤʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ ʧʦʟʠʮʠʠ ʢʘʪʠʦʥʦʚ ʈɿʕ 

ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʩʣʝʜʫʶʱʠʭ ʦʢʨʫʞʝʥʠʷʭ (ʩ ʂʏ = 7 ʜʣʷ ʠʦʥʦʚ S
2-
):  

(Dy-S)7-Gd-(S-Dy) ï I, (Dy-S)6-(Gd-S)-Dy-(S-Dy) ï II, (Dy-S)7-Gd-(S-VDy) ï III,  
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(Dy-S)6-(Gd-S)-Dy-(S-VDy) ï IV, (Dy-S)7-Gd-(S-Vʉ) ï V ʠ (Dy-S)6-(Gd-S)-Dy-(S-VC) ï VI,  

ʛʜʝ Vʉ ï ʮʝʥʪʨʳ ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʢʘʪʠʦʥʥʳʭ ʫʟʣʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ 

ʧʦʣʫʢʦʛʝʨʝʥʪʥʳʭ ʛʨʘʥʠʮ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʇʦʥʷʪʥʦ, ʯʪʦ ʚʦʟʤʦʞʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʦʢʨʫʞʝʥʠʡ 

ʪʠʧʘ (Dy-S)5-(Gd-S)-(Dy-S)-Dy-(S-X) ʠ (Dy-S)4-(Gd-S)-(Dy-S)2-Dy-(S-X) ʚ ʩʦʝʜʠʥʝʥʠʷʭ  

ʩ ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ xGd: ɔ-Gd0.3Dy0.7S1.49 ʠ ɔ-Gd0.4Dy0.6S1.49 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ  

(ʛʜʝ X = Dy, VDy, VC). ʇʦʣʫʞʠʨʥʳʤ ʰʨʠʬʪʦʤ ʦʙʦʟʥʘʯʝʥʳ ʘʪʦʤʳ S, ʜʚʠʞʝʥʠʶ ʢʦʪʦʨʳʭ 

ʧʨʠʧʠʩʘʥʳ ʪʝ ʠʣʠ ʠʥʳʝ ʧʦʣʦʩʳ ʂʈʉ-ʩʧʝʢʪʨʦʚ. ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʩʪʘʪʠʩʪʠʯʝʩʢʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʦʥʦʚ ʈɿʕ ʚ ʨʝʰʝʪʢʝ ʪʠʧʘ Th3P4 [185], ɻʪʠ ʧʦʟʠʮʠʠ ʧʨʠʥʷʪʳ ʙʣʠʟʢʠʤʠ  

ʢ ʧʦʟʠʮʠʷʤ II, IV ʠ VI, ʢʦʪʦʨʳʝ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʩʦʝʜʠʥʝʥʠʠ ɔ-Gd0.2Dy0.8S1.49. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʯʘʩʪʠʯʥʦʝ ʟʘʤʝʱʝʥʠʝ ʠʦʥʦʚ Dy
3+
 ʠʦʥʘʤʠ Gd

3+
 ʥʝ ʧʨʠʚʦʜʠʪ  

ʢ ʠʟʤʝʥʝʥʠʶ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ 195, 245 ʠ 305 cʤ
-1
, ʦʜʥʘʢʦ 

ʠʭ ʧʦʣʦʞʝʥʠʝ ʩʜʚʠʛʘʝʪʩʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʪ Dy ʢ Gd (ʚ ʩʪʦʨʦʥʫ ʫʤʝʥʴʰʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ 

ʜʠʩʧʨʦʟʠʷ). ɺʩʝ ʦʙʥʘʨʫʞʝʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʩʦʛʣʘʩʫʶʪʩʷ  ʩ ʨʘʥʝʝ ʧʦʣʫʯʝʥʥʳʤʠ  

ʂʈʉ-ʩʧʝʢʪʨʘʤʠ ʜʣ ̫ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ Dy ʠ Gd (ʩʤ. ʨʠʩ. 40) [184,191]. 

ʈʘʥʝʝ ʙʳʣʦ ʧʨʠʥʷʪʦ, ʯʪʦ ʧʦʟʠʮʠʷ ʢʘʪʠʦʥʘ Ln
3+ 
ʚ ʦʢʨʫʞʝʥʠʠ (Ln-S)7-Ln-(S-Ln) ʠʤʝʝʪ 

ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʩʠʤʤʝʪʨʠʶ, ʧʦʵʪʦʤʫ ʧʦʣʦʩʳ 245 ʩʤ
-1
 (F2) ʠ 300 ʩʤ

-1 
(E) ʜʦʣʞʥʳ ʙʳʪʴ 

ʧʦʭʦʞʠ ʜʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ. ʕʪʦʪ ɻ ʬʬʝʢʪ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʂʈʉ-ʩʧʝʢʪʨʘʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

ʩʫʣʴʬʠʜʦʚ Gd, Dy (ʩʤ. ʨʠʩ. 40, ʘïʛ), ʪ. ʝ. ʫʪʚʝʨʞʜʝʥʠʝ ʩʧʨʘʚʝʜʣʠʚʦ ʜʣʷ ʩʠʩʪʝʤʳ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ (ʧʦʟʠʮʠʠ I ʠ II). ʇʦʣʦʩʫ 160 ʩʤ
-1
, ʢʦʪʦʨʘʷ ʠʤʝʝʪ ʦʯʝʥʴ ʤʘʣʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ  

ʠ ʧʨʦʷʚʣʷʝʪʩʷ ʠʟʛʠʙʦʤ ʥʘ ʧʦʣʦʩʝ 195 ʩʤ
-1 
ʚ ʩʧʝʢʪʨʘʭ ʩʦʝʜʠʥʝʥʠʡ ɔ-GdxDy1-xS1.49, ʩʣʝʜʫʝʪ 

ʦʪʥʝʩʪʠ ʢ ʧʦʟʠʮʠʷʤ III ʠ IV, ʪʘʢ ʢʘʢ ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷ ʤʘʣʘ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʦʟʠʮʠʷʤ V  

ʠ VI (ʘʥʘʣʦʛʠʯʥʦ ʩʠʩʪʝʤʝ Gd
3+
3-x[VGd,x]S

2-
) ʤʦʞʥʦ ʧʨʠʧʠʩʘʪʴ ʧʦʣʦʩʫ 195ï198 ʩʤ

-1
,  

ʪʘʢ ʢʘʢ ʢʦʥʮʝʥʪʨʘʮʠʷ NC>>NV ʠ ʤʘʢʩʠʤʫʤ ʩʜʚʠʛʘʝʪʩʷ ʚ ʩʪʦʨʦʥʫ ʫʚʝʣʠʯʝʥʠʷ xGd. 

ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʚ ʢʘʢ ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʤʦʜʳ ʂʈʉ-ʩʧʝʢʪʨʦʚ ʩʦʦʪʥʦʩʷʪʩʷ ʩ ʚʦʟʤʦʞʥʳʤʠ 

ʦʢʨʫʞʝʥʠʷʤʠ ʧʦʟʠʮʠʡ ʈɿʕ, ʨʘʩʩʤʦʪʨʠʤ ʠʟʤʝʥʝʥʠʝ ʦʪʥʦʰʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʤʦʜ (II/III) 

ʧʦʟʠʮʠʡ I ʠ II ʚ ʢʘʞʜʦʤ ʩʧʝʢʪʨʝ.  

ʅʘʡʜʝʥʥʳʝ ʦʪʥʦʰʝʥʠʷ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʘʥʦʤʘʣʠʠ ʟʘʚʠʩʠʤʦʩʪʝʡ II/III = f(x)  

(ʨʠʩ. 41, ʧʨʠʣʦʞʝʥʠʝ 5) ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ ɔ-Gd0.2Dy0.8S1.49, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʧʝʨʝʩʪʨʦʡʢʝ 

ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. ʂʨʦʤʝ ʪʦʛʦ, ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ 

ʩʫʱʝʩʪʚʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʟʥʘʯʝʥʠʡ FWHM ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʤʦʜʳ  

120 ʩʤ
-1 
ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ, ʯʪʦ, ʚʝʨʦʷʪʥʦ, ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʠʟʤʝʥʝʥʠʝʤ ʯʠʩʣʘ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʳʭ ʚʘʢʘʥʩʠʡ NV ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ NC 

ʥʘ ʛʨʘʥʠʮʘʭ ʢʨʠʩʪʘʣʣʠʪʦʚ.  
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ʈʠʩ. 41. ʀʟʤʝʥʝʥʠʝ ʦʪʥʦʰʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʤʦʜ II/III ʧʦʣʫʯʝʥʥʳʭ ʂʈʉ-ʩʧʝʢʪʨʦʚ. 

 

ʇʦʣʫʯʝʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʠʟʤʝʥʝʥʠʡ ʦʪʥʦʰʝʥʠʡ II/III ʧʦʣʦʩ ʂʈʉ-ʩʧʝʢʪʨʦʚ ʢʦʨʨʝʣʠʨʫʶʪ  

ʩ ʠʟʤʝʥʝʥʠʝʤ ʚʝʣʠʯʠʥ ʆʂʈʩʨ (ʩʤ. ʨʠʩ. 39) ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʚʷʟʘʥʳ  

ʩ ʠʟʤʝʥʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ ʥʘ ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ ʢʨʠʩʪʘʣʣʠʪʦʚ. 

ʕʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʜʦʣʞʥʦ ʧʨʦʷʚʠʪʴʩʷ ʚ ʭʘʨʘʢʪʝʨʝ ʠʟʤʝʥʝʥʠʷ ʚʝʣʠʯʠʥʳ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʩ ʠʟʤʝʥʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ xGd.   

 

3.3.3. ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

 

ʅʘ ʨʠʩʫʥʢʝ 42 ʧʨʝʜʩʪʘʚʣʝʥʘ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʝʣʠʯʠʥʳ ʦʙʨʘʪʥʦʡ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 1/ɢM ʦʙʨʘʟʮʦʚ ɔ-GdxDy1-xS1.49 ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 80ï500K. 

 

ʈʠʩ. 42. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʙʨʘʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 1/ɢM  

ʠʩʩʣʝʜʫʝʤʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ɔ-GdxDy1-xS1.49. 

 

 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʘʧʧʨʦʢʩʠʤʠʨʫʶʪʩʷ ʧʨʷʤʳʤʠ ʣʠʥʠʷʤʠ ʩ ʚʳʩʦʢʠʤ 

ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʨʝʛʨʝʩʩʠʠ (R
2
 = 0.99) ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ (T = 80ï500K). 

ʇʦ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ ʠ ʧʦ ʠʟʚʝʩʪʥʦʤʫ ʫʨʘʚʥʝʥʠʶ ʂʶʨʠïɺʝʡʩʘ ɢM = Cm/(TïŪC) + A0,  
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ʛʜʝ ɢM ï ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ, Cm ï ʧʦʩʪʦʷʥʥʘʷ ʂʶʨʠ, ŪC ï ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠïɺʝʡʩʘ 

ʠ A0 ï ʜʠʘʤʘʛʥʠʪʥʳʡ ʚʢʣʘʜ, ʦʧʨʝʜʝʣʝʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʤʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ.  

ʊ ʘ ʙ ʣ ʠ ʮ ʘ 9 

ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ 

ʆʙʨʘʟʝʮ ʉm,  

KĀ ʩʤ
3
/ʤʦʣʴ 

Ūʉ, K A0Ŀ10
6
, 

ʩʤ
3
/ʤʦʣʴ 

ɛɻʬʬ, ʄɹ ɛGd, ʄɹ ɛɻʬʬ,Dy, ʄɹ 

Gd0.1Dy0.9S1.49 13.91 Ñ 0.05 ï14 Ñ 2 ï76.1 10.56 Ñ 

0.03 

7.94 Ñ 0.14 10.79 Ñ 0.04 

Gd0.2Dy0.8S1.49 13.20 Ñ 0.08 ï14 Ñ 2 ï76.2 10.28 Ñ 

0.04 

7.94 Ñ 0.14 10.79 Ñ 0.04 

Gd0.3Dy0.7S1.49 12.48 Ñ 0.07 ï15 Ñ 2 ï76.3 9.99 Ñ 

0.04 

7.94 Ñ 0.14 10.79 Ñ 0.04 

Gd0.4Dy0.6S1.49 11.97 Ñ 0.07 ï15 Ñ 2 ï76.4 9.78 Ñ 

0.03 

7.94 Ñ 0.14 10.79 Ñ 0.04 

ʇʨʠʤʝʯʘʥʠʝ. ɿʥʘʯʝʥʠʷ ɛ ʜʣʷ ʩʚʦʙʦʜʥʳʭ ʠʦʥʦʚ Dy
3+
 10.65 ʄɹ ʠ Gd

3+
 7.94 ʄɹ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 

ʀʟ ʪʘʙʣʠʮʳ 9 ʚʠʜʥʦ, ʯʪʦ ʚʝʣʠʯʠʥʘ ɛɻʬʬ ʤʦʣʝʢʫʣʳ ʨʘʩʪʚʦʨʦʚ (ɔ-GdxDy1-xS1.49)
 
ʟʘʢʦʥʦʤʝʨʥʦ 

ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ Gd
3+
, ʘ ʚʝʣʠʯʠʥʘ ɛ ʠʦʥʦʚ Gd

3+
 ʦʩʪʘʝʪʩʷ 

ʧʦʩʪʦʷʥʥʦʡ ʠ ʨʘʚʥʦʡ ʵʪʦʤʫ ʧʘʨʘʤʝʪʨʫ ʜʣʷ ʩʚʦʙʦʜʥʦʛʦ ʠʦʥʘ. ʈʘʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ  

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʫʤʝʥʴʰʘʝʪʩʷ ʚʝʣʠʯʠʥʘ ʆʂʈʩʨ ʧʨʠ x = 0.2, 

ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ ʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ 

ʠʟʤʝʥʷʝʪʩʷ ʚʝʣʠʯʠʥʘ VC.  ʆʜʥʘʢʦ ʠʟ ʪʘʙʣ. 9 ʚʠʜʥʦ, ʯʪʦ ʧʘʨʘʤʝʪʨ ɛɻʬʬ,Dy (ɔ-GdxDy1-xS1.49) 

ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʳʤ, ʥʦ ʥʝʩʢʦʣʴʢʦ ʙʦʣʴʰʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʟʥʘʯʝʥʠʷ ʩʚʦʙʦʜʥʦʛʦ ʠʦʥʘ 

Dy
3+
 ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ. ɺ ʩʣʫʯʘʝ ʣʦʢʘʣʴʥʦʛʦ ʦʢʨʫʞʝʥʠʷ Dy

3+
-(S-VDy) 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʳʝ ʚʘʢʘʥʩʠʠ, ʯʠʩʣʦ ʢʦʪʦʨʳʭ ʜʦʣʞʥʦ ʙʳʪʴ ʦʜʠʥʘʢʦʚʦ 

ʜʣʷ ʚʩʝʭ ʩʦʩʪʘʚʦʚ (ʥʝʩʪʝʭʠʦʤʝʪʨʠʷ ʩʦʭʨʘʥʷʝʪʩʷ). ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʚʝʣʠʯʠʥʘ ɛɻʬʬ,Dy  

(ɔ-GdxDy1-xS1.49) ʥʝ ʜʦʣʞʥʘ ʠʟʤʝʥʷʪʴʩʷ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʦʙʣʘʩʪʠ ʩʦʩʪʘʚʦʚ, ʯʪʦ ʤʳ ʠ ʥʘʙʣʶʜʘʝʤ 

ʧʦ ʜʘʥʥʳʤ ʪʘʙʣ. 9. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʚʳʰʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ɛɻʬʬ,Dy ʤʦʞʥʦ ʩʚʷʟʘʪʴ  

ʩ ʠʩʢʘʞʝʥʠʝʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʦʢʨʫʞʝʥʠʠ ʠʦʥʘ Dy
3+ 
ʠ
 
ʥʘʣʠʯʠʝʤ ʩʪʨʫʢʪʫʨʥʦ-

ʨʘʚʥʦʚʝʩʥʳʭ ʚʘʢʘʥʩʠʡ. ʆʯʝʚʠʜʥʳʭ ʘʥʦʤʘʣʠʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʪʚʝʨʜʦʛʦ 

ʨʘʩʪʚʦʨʘ ʩʦʩʪʘʚʘ ɔ-Gd0.2Dy0.8S1.49 ʥʝ ʚʳʷʚʣʝʥʦ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʚʝʨʦʷʪʥʳʝ ʧʝʨʝʩʪʨʦʡʢʠ 

ʣʦʢʘʣʴʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʠʦʥʦʚ ʈɿʕ, ʩʚʷʟʘʥʥʳʝ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʫʜʝʣʴʥʦʡ ʧʣʦʱʘʜʠ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʯʠʩʣʘ ʜʠʩʣʦʢʘʮʠʡ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ ʜʦʣʞʥʳ ʧʨʠʚʦʜʠʪʴ ʢ ʧʦʚʳʰʝʥʠʶ ʨʘʩʩʝʷʥʠʷ ʬʦʥʦʥʦʚ ʚ ʦʙʣʘʩʪʠ 

ʫʢʘʟʘʥʥʦʛʦ ʩʦʩʪʘʚʘ. ʉʘʤʦ ʞʝ ʫʚʝʣʠʯʝʥʠʝ ʫʜʝʣʴʥʦʡ ʧʣʦʱʘʜʠ ʢʨʠʩʪʘʣʣʠʪʦʚ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʢʦʥʮʝʥʪʨʘʮʠʠ Gd
3+
 ʚ ʦʙʣʘʩʪʠ ʜʦ x = 0.2, ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ ʪʘʢʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʪʠʭ ʠʦʥʦʚ ʦʥʠ ʷʚʣʷʶʪʩʷ ʧʨʦʤʦʪʦʨʦʤ ʫʚʝʣʠʯʝʥʠʷ ʩʢʦʨʦʩʪʠ ʟʘʨʦʞʜʝʥʠʷ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʨʠ ʪʝʭ ʞʝ ʠʣʠ ʧʦʥʠʞʝʥʥʳʭ ʩʢʦʨʦʩʪʷʭ ʠʭ ʨʘʟʨʘʩʪʘʥʠʷ. ʇʨʠ ʙʦʣʴʰʠʭ 

ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʠʦʥʦʚ Gd
3+
 ʦʥʠ ʪʝʨʷʶʪ ʵʪʦ ʩʚʦʡʩʪʚʦ.  
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3.3.4. ʊʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 300ï

770K 

 

ʅʘ ʨʠʩʫʥʢʝ 43 ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʨʝʭ ʦʩʥʦʚʥʳʭ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ (ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ (ʘ), ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠ ̫(ʙ)  

ʠ ʦʙʱʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ (ʛ)), ʘ ʪʘʢʞʝ ʨʘʩʩʯʠʪʘʥʥʳʝ ʚʝʣʠʯʠʥʳ ʬʘʢʪʦʨʘ 

ʤʦʱʥʦʩʪʠ (ʚ) ʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ZT (ʜ) ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ɔ-GdxDy1-xS1.49,  

ʛʜʝ x = 0.1, 0.2, 0.3, 0.4. 

 

ʈʠʩ. 43. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠʩʩʣʝʜʫʝʤʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ɔ-

GdxDy1-xS1.49: ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʢʘ (ʘ), ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠ̫ (ʙ),  

ʬʘʢʪʦʨʘ ʤʦʱʥʦʩʪʠ (ʚ), ʦʙʱʝʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ (ʛ), ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ (ʜ). 
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ʆʪʨʠʮʘʪʝʣʴʥʳʡ ʟʥʘʢ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ ʠ ʨʦʩʪ ʚʝʣʠʯʠʥʳ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ  

ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʷʚʣʷʶʪʩʷ 

ʚʳʨʦʞʜʝʥʥʳʤʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʤʠ ʩ ɻʣʝʢʪʨʦʥʥʳʤ ʪʠʧʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ (n-ʪʠʧ).  

ʇʦʩʢʦʣʴʢʫ ʧʘʨʘʤʝʪʨʳ S, ɟ ʠ əʦʙ ɦ̫ ʚʣʷʶʪʩʷ ʢʦʥʢʫʨʠʨʫʶʱʠʤʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʜʦʩʪʠʞʝʥʠʷ 

ʥʘʠʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʘ ZT, ʩʪʦʠʪ ʟʘʜʘʯʘ ʧʦ ʧʦʠʩʢʫ ʦʧʪʠʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ 

ʧʦʣʫʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʧʦʢʘʟʘʣʠ, 

ʯʪʦ ʚ ʩʦʝʜʠʥʝʥʠʠ ɔ-Gd0.2Dy0.8S1.49 ʧʦʣʫʯʝʥʳ ʥʘʠʤʝʥʴʰʠʝ ʚʝʣʠʯʠʥʳ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʥʦ ʧʦʚʳʰʝʥʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ɿʝʝʙʝʢʘ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʨʘʚʥʝʥʠʝʤ (1) 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʜʦʙʨʦʪʥʦʩʪʴ ʜʣʷ ʜʘʥʥʦʛʦ ʩʦʩʪʘʚʘ ʤʘʢʩʠʤʘʣʴʥʘ ʠ ʧʨʠ T = 770K ʜʦʩʪʠʛʘʝʪ 

ʚʝʣʠʯʠʥʳ 0.23. 

ɼʣʷ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʩʨʘʚʥʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠʟʤʝʨʝʥʠʡ ʥʘ ʨʠʩ. 44 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʠʩʩʣʝʜʫʝʤʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʦʪ ʩʦʩʪʘʚʘ 

ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ. 

 

ʈʠʩ. 44. ɿʘʚʠʩʠʤʦʩʪʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʜʦʙʨʦʪʥʦʩʪʠ ZT  

ʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ɔ-GdxDy1-xS1.49. 

 

ʇʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʤʝʥʷʶʪʩʷ ʥʝʤʦʥʦʪʦʥʥʦ ʩ ʨʝʟʢʠʤ 

ʠʟʤʝʥʝʥʠʝʤ ʚʝʣʠʯʠʥ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ (əʦʙ ɦʠ ɟ) ʜʣʷ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ 

ʩʦʩʪʘʚʘ ɔ-Gd0.2Dy0.8S1.49. ʇʨʠʯʝʤ ʦʙʥʘʨʫʞʝʥʥʳʝ ʘʥʦʤʘʣʠʠ ʥʘ ʨʠʩ. 44 ʩʦʭʨʘʥʷʶʪʩʷ ʠ ʧʨʠ 

ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 770K. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʵʪʠ ʘʥʦʤʘʣʠʠ ʢʦʨʨʝʣʠʨʫʪʁ  
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ʩ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʩʦʝʜʠʥʝʥʠʡ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʘʩʩʯʠʪʘʥʥʳʤʠ 

ʚʝʣʠʯʠʥʘʤʠ ʆʂʈʩʨ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʠʟʤʝʥʝʥʠʝ ʜʝʬʝʢʪʥʦʩʪʠ ʨʝʰʝʪʢʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

(GdxDy1-x)S1.49, ʚʳʟʚʘʥʥʦʝ ʠʟʤʝʥʝʥʠʝʤ ʚʥʫʪʨʝʥʥʝʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ̫ ʚʣʷʝʪʩʷ ʦʩʥʦʚʥʦʡ 

ʧʨʠʯʠʥʦʡ ʘʥʦʤʘʣʠʡ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʠ ʩʦʩʪʘʚʘʭ xGd = 0.2. ɼʣʷ ʵʪʦʛʦ ʩʦʩʪʘʚʘ 

ʜʦʩʪʠʛʥʫʪʦ ʤʠʥʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ 0.68 Ñ 0.03 ɺʪ/ʤȚʂ  

ʧʨʠ 770K, ʯʪʦ ʤʝʥʴʰʝ ʯʝʤ ʘʥʘʣʦʛʠʯʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ GdS1.487 (0.74 Ñ 0.04 

ɺʪ/ʤȚʂ). ʋʤʝʥʴʰʝʥʠʝ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʠ ʵʪʦʤ ʩʦʩʪʘʚʝ ʪʘʢʞʝ ʤʦʞʝʪ ʙʳʪʴ ʩʣʝʜʩʪʚʠʝʤ 

ʫʚʝʣʠʯʝʥʠʷ ʫʜʝʣʴʥʦʡ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʩʚʷʟʘʥʥʦʡ ʩ ʥʝʡ ʧʦʚʳʰʝʥʥʦʡ ʜʝʬʝʢʪʥʦʩʪʴ ʁ

ʧʨʠʛʨʘʥʠʯʥʦʡ ʦʙʣʘʩʪʠ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʥʘʧʨʠʤʝʨ, ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʜʠʩʣʦʢʘʮʠʡ ʥʘ ʛʨʘʥʠʮʘʭ 

ʢʨʠʩʪʘʣʣʠʪʦʚ. ʕʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʤʦʞʝʪ ʦʪʨʘʞʘʪʴʩʷ ʥʘ ʧʦʚʳʰʝʥʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʟʘ ʩʯʝʪ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. 

 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʦʩʪʠʛʥʫʪʦʝ ʟʥʘʯʝʥʠʝ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ʜʣʷ ʪʚʝʨʜʦʛʦ 

ʨʘʩʪʚʦʨʘ ʩʦʩʪʘʚʘ ɔ-Gd0.2Dy0.8S1.49 ʧʨʠ ʊ = 770K ʩʦʩʪʘʚʣʷʝʪ 0.23, ʯʪʦ ʥʘ ʙʦʣʝʝ ʯʝʤ 60% ʚʳʰʝ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʟʥʘʯʝʥʠʡ ʜʣʷ ʜʨʫʛʠʭ ʩʦʩʪʘʚʦʚ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ. ʕʪʦ ʩʚʷʟʘʥʦ ʚ ʯʘʩʪʥʦʩʪʠ 

ʩ ʘʥʦʤʘʣʴʥʳʤ ʧʦʥʠʞʝʥʠʝʤ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʧʨʠ x = 0.2. ʄʦʞʥʦ ʧʦʣʘʛʘʪʴ, ʯʪʦ 

ʧʘʨʘʤʝʪʨ ZT ʤʦʞʝʪ ʙʳʪʴ ʝʱʝ ʫʚʝʣʠʯʝʥ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ ɔ-Gd0.2Dy0.8S1.5-y, ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʳʭ ʢʘʪʠʦʥʥʳʭ ʚʘʢʘʥʩʠʡ ʜʦ ʩʦʩʪʘʚʘ y = 0.022. ʂʨʦʤʝ ʪʦʛʦ, 

ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʜʦʙʨʦʪʥʦʩʪʠ ZT ʠʤʝʝʪ ʩʤʳʩʣ ʠʩʧʦʣʴʟʦʚʘʪʴ ʈɿʕ ʩ ʙʦʣʴʰʝʡ ʨʘʟʥʠʮʝʡ ʨʘʜʠʫʩʦʚ 

ʠʦʥʦʚ, ʘ ʪʘʢʞʝ ʧʨʦʚʦʜʠʪʴ ʣʝʛʠʨʦʚʘʥʠʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʵʣʝʤʝʥʪʘʤʠ, ʧʦʚʳʰʘʶʱʠʤʠ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ. 

 

3.4. ʅʝʩʦʨʘʟʤʝʨʥʳʝ ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ (GdxDy1-xS)z(NbS2)m 

 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʠ ʠʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 

ʩʪʨʫʢʪʫʨʘ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʦʟʚʦʣʷʝʪ ʥʝʟʘʚʠʩʠʤʦ ʨʝʛʫʣʠʨʦʚʘʪʴ 

ʵʣʝʢʪʨʦʥ-ʪʨʘʥʩʧʦʨʪʥʳʝ ʠ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʊʘʢʘʷ ʩʪʨʘʪʝʛʠʷ ʦʧʠʩʳʚʘʝʪʩʷ 

ʠʟʚʝʩʪʥʦʡ ʢʦʥʮʝʧʮʠʝʡ çʬʦʥʦʥʥʦʝ ʩʪʝʢʣʦïɻ ʣʝʢʪʨʦʥʥʳʡ ʢʨʠʩʪʘʣʣè (PGEC), ʧʨʝʜʣʦʞʝʥʥʦʡ 

ɻ.ɸ. ʉʣʵʢʦʤ [84]. ʇʦʜʦʙʥʳʡ ʧʦʜʭʦʜ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʧʦʚʳʰʝʥʠʷ 

ʧʘʨʘʤʝʪʨʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ʠ ʭʦʨʦʰʠʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʛʜʝ ʦʙʣʘʩʪʴ ʬʦʥʦʥʥʦʛʦ ʩʪʝʢʣʘ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʝʩʧʦʨʷʜʦʢ, ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʨʘʩʩʝʷʥʠʷ ʬʦʥʦʥʦʚ (ʪ. ʝ. ʥʠʟʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ), ʥʝ ʥʘʨʫʰʘʷ ʧʦʜʚʠʞʥʦʩʪʴ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʵʣʝʢʪʨʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ 

(ʬʘʢʪʦʨ ʤʦʱʥʦʩʪʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ) [192ï194]. 

ʅʝʩʦʨʘʟʤʝʨʥʳʝ ʩʣʦʠʩʪʳʝ ʩʫʣʴʬʠʜʳ ʩʦʩʪʘʚʦʚ (LnS)z(NbS2)n, ʛʜʝ n = 1, 2 ʩʯʠʪʘʶʪʩʷ 

ʦʜʥʠʤʠ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʄʦʣʝʢʫʣʳ ʭʦʟʷʠʥʘ NbS2 (ʨʝʰʝʪʢʘ ʪʠʧʘ CdI2) ʦʙʨʘʟʫʪʁ ʭʦʨʦʰʦ ʧʨʦʚʦʜʷʱʠʝ ʩʣʦʠ, ʘ ʤʦʣʝʢʫʣʳ 
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ʛʦʩʪʷ LnS (ʨʝhʝʪʢʘ ʪʠʧʘ NaCl) ʩʦʟʜʘʶʪ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʝ ʚ ʩʪʨʫʢʪʫʨʝ, ʦʪʚʝʯʘʶʱʝʝ ʟʘ ʨʘʩʩʝʷʥʠʝ 

ʬʦʥʦʥʦʚ [15,48,195,196]. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʘʭ [124,125] ʧʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ, ʢʦʪʦʨʳʝ ʧʦʢʘ-

ʟʘʣʠ ʫʚʝʣʠʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ZT ʚ ʩʦʝʜʠʥʝʥʠʠ (LaxSx)1.14NbS2 ʧʫʪʝʤ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʩʦʜʝʨʞʘʥʠʷ 

ʣʘʥʪʘʥʘ. ʋʧʦʨʷʜʦʯʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʡ ʨʦʩʪ ʟʝʨʝʥ ʚ ʦʙʨʘʟʮʝ (LaxSx)1.14NbS2,  

ʛʜʝ x = 1.05, ʧʨʠʚʝʣʠ ʢ ʫʚʝʣʠʯʝʥʠʶ ʬʘʢʪʦʨʘ ʤʦʱʥʦʩʪʠ ʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ  

ʥʘ 30 ʠ 25% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʇʦʚʳʰʝʥʠʝ ʜʦʙʨʦʪʥʦʩʪʠ ZT ʚ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ ʩʠʩʪʝʤʘʭ ʤʦʞʝʪ ʙʳʪʴ 

ʜʦʩʪʠʛʥʫʪʦ, ʥʘʧʨʠʤʝʨ, ʧʫʪʝʤ ʚʚʝʜʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʜʝʬʝʢʪʦʚ ʠ ʥʘʧʨʷʞʝʥʠʡ  

ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʨʝʰʝʪʢʫ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʠʟʤʝʥʝʥʠʝ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʦʞʝʪ 

ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʟʠʪʴ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ. ɺʳʰʝ ʜʣʷ ʩʠʩʪʝʤʳ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʟʘʤʝʱʝʥʠʝ ʦʜʥʦʛʦ ʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ 

(Dy
3+

) ʜʨʫʛʠʤ (Gd
3+
) ʚ ʦʧʨʝʜʝʣʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʦʙʱʫʶ ʪʝʧʣʦʧʨʦ-

ʚʦʜʥʦʩʪʴ ʥʘ 20ï25%. ʇʨʠʥʠʤʘʷ ʵʪʦ ʚʦ ʚʥʠʤʘʥʠʝ, ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʩʠʥʪʝʟʠʨʦʚʘʥʳ 

ʩʦʝʜʠʥʝʥʠʷ ʩʦʩʪʘʚʦʚ (GdxDy1-xS)z(NbS2)m (x = 0, 0.1, 0.2, 0.5, 1.0; m = 1, 2;  

z = 1.2 + q, q = 0.000ï0.022), ʛʜʝ ʚ ʧʦʜʩʠʩʪʝʤʫ ʤʦʥʦʩʫʣʴʬʠʜʘ ʈɿʕ [LnS] ʚʚʦʜʷʪʩʷ ʜʚʘ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʘ ʩ ʨʘʟʣʠʯʥʳʤʠ ʨʘʜʠʫʩʘʤʠ ʠʦʥʦʚ (ʛʘʜʦʣʠʥʠʡ ʠ ʜʠʩʧʨʦʟʠʡ) ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʥʘʨʫʰʝʥʠʡ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʨʝʰʝʪʢʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʯʠʩʣʘ 

ʮʝʥʪʨʦʚ ʨʘʩʩʝʷʥʠʷ ʪʝʧʣʘ.  

 

3.4.1. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

 

ʇʝʨʚʳʡ ʵʪʘʧ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʟʘʢʣʶʯʘʣʩʷ ʚ ʦʧʨʝʜʝʣʝʥʠʠ  

ʠʭ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ. ʈʝʟʫʣʴʪʘʪʳ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 45. ɺ ʩʚʷʟʠ ʩ ʦʪʩʫʪʩʪʚʠʝʤ  

ʚ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʙʘʟʝ ʜʘʥʥʳʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤ 

ʢʦʥʢʨʝʪʥʦ ʜʣʷ ʠʩʩʣʝʜʫʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʈʌɸ ʧʨʦʚʝʜʝʥʘ  

ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ JANA 2006. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʩʠʤʫʣʷʮʠʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʚʳʧʦʣʥʝʥʳ ʧʦ ʠʟʚʝʩʪʥʳʤ ʠʟ ʣʠʪʝʨʘʪʫʨʳ ʧʘʨʘʤʝʪʨʘʤ 

ʨʝʰʝʪʦʢ (a1,b1,c1 ʠ a2,b2,c2) ʠ ʚʝʢʪʦʨʘʤ ʤʦʜʫʣʷʮʠʠ (q = a1/a2) ʩʦʝʜʠʥʝʥʠʡ (GdS)1.200NbS2  

ʠ (DyS)1.220NbS2 [117,119,138,139].  ʅʘ ʨʠʩ 45. ʙ, ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʩʠʤʫʣʷʮʠʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʩʦʝʜʠʥʝʥʠʷ (GdS)1.200NbS2. ʇʦʩʢʦʣʴʢʫ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʩʦʝʜʠʥʝʥʠʡ ʩ ʪʚʝʨʜʳʤʠ ʨʘʩʪʚʦʨʘʤʠ (GdxDy1-xS)zNbS2 ʧʦʜʦʙʥʳ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʤ ʩʦʝʜʠʥʝʥʠʡ (GdS)1.200NbS2 ʠ (DyS)1.220NbS2, ʧʨʠʥʠʤʘʝʤ, 

ʯʪʦ ʚʩʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʠʤʝʶʪ ʦʜʠʥ ʪʠʧ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. ʅʝʦʙʭʦʜʠʤʦ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʣʥʦʧʨʦʬʠʣʴʥʳʡ ʘʥʘʣʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʈʌɸ ʪʨʝʙʫʝʪ ʫʪʦʯʥʝʥʠʷ 

ʧʦʨʦʰʢʦʚʳʭ ʜʘʥʥʳʭ, ʦʜʥʘʢʦ ʵʪʦ ʚʳʭʦʜʠʪ ʟʘ ʨʘʤʢʠ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʠ. 



 

96 

 

 

ʈʠʩ. 45. ʈʌɸ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʡ ʢʝʨʘʤʠʢʠ (ʘ) ʠ ʨʝʟʫʣʴʪʘʪʳ ʩʠʤʫʣʷʮʠʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ 

ʩʦʝʜʠʥʝʥʠʷ (GdS)1.200NbS2 (ʙ). ʈʝʬʣʝʢʩ r006 ʠ 412 ʦʪʤʝʯʝʥ rʟʥʘʢʦʤ * [125]. 

 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʚ ʩʦʝʜʠʥʝʥʠʷʭ (GdxDy1-

xS)z(NbS2)m ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ xGd ʧʦʣʦʞʝʥʠʝ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʨʝʬʣʝʢʩʦʚ ʩʤʝʱʘʝʪʩʷ 

ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʫʛʣʦʚ 2q ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʂʏ = 6 ʨʘʜʠʫʩ ʠʦʥʘ Dy
3+
 (0.105 ʥʤ) ʤʝʥʴʰʝ 

ʨʘʜʠʫʩʘ Gd
3+
 (0.115 ʥʤ) [197].  

ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ (ʨʠʩ. 46) 

ʧʦʟʚʦʣʠʣʠ ʦʮʝʥʠʪʴ ʤʝʞʩʣʦʝʚʳʝ ʨʘʩʩʪʦʷʥʠ ̫(d) ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ ʩ. ʅʘʧʨʠʤʝʨ, ʜʣʷ 

ʩʦʝʜʠʥʝʥʠ ̫(Gd0.2Dy0.8S)1.216NbS2  ʧʨʠ ʟʘʤʝʱʝʥʠʠ ʠʦʥʦʚ Gd
3+
 ʚʝʣʠʯʠʥʘ d = 1.15 ʥʤ,  

ʯʪʦ ʤʝʥʴʰʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʟʥʘʯʝʥʠʷ ʜʣʷ (GdS)1.200NbS2 ʨʘʚʥʦʛʦ 1.18 ʥʤ. ɺ ʩʣʫʯʘʝ 

ʚʚʝʜʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʩʵʥʜʚʠʯʘ [NbS2] ʚ ʩʦʝʜʠʥʝʥʠʠ (GdS)0.600NbS2 ʧʘʨʘʤʝʪʨ d 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ 1.74 ʥʤ.   

 

ʈʠʩ. 46. HRTEM ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ (GdS)1.200NbS2 (a), (GdS)0.600NbS2 (ʙ) ʠ (Gd0.2Dy0.8S)1.216NbS2 (ʚ). 

 

ʆʜʥʦʡ ʠʟ ʟʘʜʘʯ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ̫ ʚʣʷʝʪʩʷ ʘʥʘʣʠʟ ʚʣʠʷʥʠ ̫

ʩʦʩʪʘʚʘ ʠ ʩʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʡ ʩ ʪʚʝʨʜʳʤʠ ʨʘʩʪʚʦʨʘʤʠ ʩʫʣʴʬʠʜʦʚ Gd ʠ Dy: 

(Gd0.1Dy0.9S)1.218NbS2, (Gd0.2Dy0.8S)1.216NbS2, (Gd0.5Dy0.5S)1.210NbS2 ʥʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʧʘʨʘʤʝʪʨʳ S, kʦʙ ɦʠ r. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʫʩʪʘʥʦʚʠʪʴ ʧʦʜʦʙʥʳʝ ʢʦʨʨʝʣʷʮʠʠ, ʥʝʦʙʭʦʜʠʤʦ 

ʧʨʝʞʜʝ ʚʩʝʛʦ ʦʙʦʩʥʦʚʘʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ (GdxDy1-xS). ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ 
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ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴʩʷ, ʢʘʢʠʝ ʠʟ ʨʝʬʣʝʢʩʦʚ ʦʪʥʦʩʷʪʩʷ ʢ ʢʦʥʢʨʝʪʥʳʤ ʧʦʜʩʠʩʪʝʤʘʤ [LnS]  

ʠ [NbS2] ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. ɼʣʷ ʵʪʦʛʦ ʙʳʣ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʠʟʤʝʥʝʥʠʷ ʧʦʣʦʞʝʥʠʷ 

ʨʝʬʣʝʢʩʦʚ ʩ ʠʟʤʝʥʝʥʠʝʤ ʩʦʩʪʘʚʘ ʩʦʝʜʠʥʝʥʠʷ. ʇʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʧʨʠʣʦʞʝʥʠʠ 6 ʠ ʥʘ ʨʠʩ. 47, ʧʦʢʘʟʘʣʠ ʦʪʩʫʪʩʪʚʠʝ ʠʟʤʝʥʝʥʠ ̫ʧʦʣʦʞʝʥʠʡ 

ʨʝʬʣʝʢʩʦʚ (006) ʠ (412), ʚ ʦʪʣʠʯʠʝ ʦʪ ʦʩʪʘʣʴʥʳʭ ʨʝʬʣʝʢʩʦʚ, ʢʦʪʦʨʳʝ ʧʨʦʷʚʣʷʶʪ 

ʥʝʨʝʛʫʣʷʨʥʳʝ ʩʜʚʠʛʠ. ʊʦʣʴʢʦ ʜʣʷ ʩʦʩʪʘʚʦʚ ʩʦ ʟʥʘʯʝʥʠʝʤ x > 0.2 ʥʘʙʣʶʜʘʝʪʩʷ ʩʤʝʱʝʥʠʝ ʚʩʝʭ 

ʨʝʬʣʝʢʩʦʚ, ʙʣʠʟʢʦʝ ʢ ʨʝʛʫʣʷʨʥʦʤʫ (ʩʤ. ʧʨʠʣʦʞʝʥʠʝ 6). ʕʪʠ ʦʩʦʙʝʥʥʦʩʪʠ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ 

ʩ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʜʚʫʭ ʧʦʜʩʠʩʪʝʤ ʩ ʥʝʩʦʨʘʟʤʝʨʥʦʡ ʤʦʜʫʣʷʮʠʝʡ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ a 

[15,141]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʨʝʬʣʝʢʩʳ 2q º 24 ʠ º32o ʦʪʥʦʩʷʪʩʷ ʢ ʧʦʜʩʠʩʪʝʤʝ 

[NbS2], ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʥʝ ʠʤʝʶʪ ʩʜʚʠʛʦʚ ʚʧʣʦʪʴ ʜʦ x = 0.2. ɹʦʣʝʝ ʨʝʛʫʣʷʨʥʳʝ ʠʟʤʝʥʝʥʠʷ 

ʧʦʣʦʞʝʥʠʡ ʨʝʬʣʝʢʩʦʚ 2q = 40 ʠ 49o ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ ʧʦʜʩʠʩʪʝʤʝ [LnS]. ɼʨʫʛʠʝ ʨʝʬʣʝʢʩʳ 

2q = 26 ʠ 67o ʩʚʷʟʘʥʳ ʩ ʦʙʝʠʤʠ ʧʦʜʩʠʩʪʝʤʘʤʠ. ʈʝʬʣʝʢʩʳ ʩ 2q  = 67 ʠ 40
ʦ 
ʠʥʜʠʮʠʨʦʚʘʪʴ  

ʥʝ ʫʜʘʣʦʩʴ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʪʦʣʴʢʦ ʜʣʷ ʨʝʬʣʝʢʩʘ 2q = 43o ʥʘʙʣʶʜʘʝʪʩʷ ʤʦʥʦʪʦʥʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ 2q = f(x), ʙʣʠʟʢʘʷ ʧʦ ʬʦʨʤʝ ʢ ʧʨʷʤʦʣʠʥʝʡʥʦʤʫ ʟʘʢʦʥʫ ɺʝʛʘʨʜʘ (ʩʤ. ʨʠʩ. 47), 

ʜʝʤʦʥʩʪʨʠʨʫʶʱʝʤʫ ʦʙʨʘʟʦʚʘʥʠʝ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʦʙʣʘʩʪʠ ʩʦʩʪʘʚʦʚ  

(R
2 
= 0.979). ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʦʞʥʦ ʧʨʠʥʷʪʴ, ʯʪʦ ʵʪʦʪ ʨʝʬʣʝʢʩ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʜʩʠʩʪʝʤʝ 

[LnS]. ɺʦʟʤʦʞʥʦʩʪʴ ʚʢʣʶʯʝʥʠʷ ʈɿʕ ʚ ʩʣʦʡ [NbS2] ʧʨʠ ʩʠʥʪʝʟʝ ʤʠʩʬʠʪʦʚ ʦʧʨʦʚʝʨʛʥʫʪʘ 

ʠʟʚʝʩʪʥʳʤʠ ʚ ʣʠʪʝʨʘʪʫʨʝ ʨʝʟʫʣʴʪʘʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʜʦʙʥʳʭ ʩʦʝʜʠʥʝʥʠʡ [15]. 

 

ʈʠʩ. 47. ʀʟʤʝʥʝʥʠʝ ʧʦʣʦʞʝʥʠʷ ʨʝʬʣʝʢʩʘ 2q ~ 43
o
 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ. 

 

ɺʤʝʩʪʝ ʩ ʪʝʤ ʫʚʝʣʠʯʝʥʠʝ ʧʦʣʫʰʠʨʠʥʳ ʨʝʬʣʝʢʩʦʚ ʧʨʠ ʚʚʝʜʝʥʠʠ ʠʦʥʦʚ ʛʘʜʦʣʠʥʠʷ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʦʥʠʞʝʥʠʝ ʩʪʝʧʝʥʠ ʩʦʚʝʨʰʝʥʩʪʚʘ ʩʪʨʫʢʪʫʨʳ.  ʕʪʦʪ ʵʬʬʝʢʪ, ʚʝʨʦʷʪʥʦ,  

ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʩʚʷʟʘʥ ʩ ʠʟʤʝʥʝʥʠʝʤ ʩʪʨʫʢʪʫʨʳ ʧʦʣʫʢʦʛʝʨʝʥʪʥʦʡ ʛʨʘʥʠʮʳ ʤʝʞʜʫ 

ʧʦʜʩʠʩʪʝʤʘʤʠ [GdxDy1-xS] ʠ [NbS2], ʯʪʦ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʜʝʬʦʨʤʠʨʫʝʪ ʙʣʠʟʣʝʞʘʱʠʝ ʦʙʣʘʩʪʠ 

ʨʝʰʝʪʢʠ. ʉʪʨʫʢʪʫʨʘ ʩʦʝʜʠʥʝʥʠʷ (GdS)0.600NbS2 ʩ ʜʚʦʡʥʳʤ ʩʵʥʜʚʠʯʝʤ [(NbS2)2] ʷʚʣʷʝʪʩʷ 

ʙʦʣʝʝ ʜʝʬʝʢʪʥʦʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʦʝʜʠʥʝʥʠʝʤ (GdS)1.200NbS2. ʅʘ ʵʪʦ ʫʢʘʟʳʚʘʝʪ ʫʚʝʣʠʯʝʥʠʝ 
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ʰʠʨʠʥʳ ʥʘ ʧʦʣʫʚʳʩʦʪʝ ʩʘʤʦʛʦ ʠʥʪʝʥʩʠʚʥʦʛʦ ʨʝʬʣʝʢʩʘ (006) ʜʦ ʟʥʘʯʝʥʠʷ 0.1181 ʨʘʜ  

ʜʣʷ (GdS)0.600NbS2 ʧʨʦʪʠʚ ʚʝʣʠʯʠʥʳ 0.0480 ʨʘʜ ʜʣʷ (GdS)1.200NbS2. ʂʨʦʤʝ ʪʦʛʦ, ʥʘʙʣʶʜʘʝʪʩʷ 

ʦʙʨʘʪʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʨʝʬʣʝʢʩʦʚ 2q = 15.5o
 ʠ 2q = 23.8o

, ʘ ʪʘʢʞʝ 

ʦʙʨʘʟʦʚʘʥʠʝ ʨʝʬʣʝʢʩʘ 2q = 20.7o
. ʇʦʵʪʦʤʫ ʵʪʠ ʨʝʬʣʝʢʩʳ ʩʣʝʜʫʝʪ ʦʪʥʦʩʠʪʴ ʢ ʧʦʜʩʠʩʪʝʤʝ 

[NbS2]2. ɼʘʣʝʝ ʥʝʦʙʭʦʜʠʤʦ ʧʝʨʝʡʪʠ ʢ ʠʟʫʯʝʥʠʶ ʠʟʤʝʥʝʥʠʷ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ  

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʧʦʣʫʯʝʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ. 

 

3.4.2. ʂʈʉ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʩʦʝʜʠʥʝʥʠʡ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʩʪʘʚʦʤ 

 

ɹʣʠʞʥʠʡ ʧʦʨʷʜʦʢ ʠ ʣʦʢʘʣʴʥʦʝ ʦʢʨʫʞʝʥʠʝ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʳ ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ. ʅʘ ʨʠʩʫʥʢʝ 48 ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ ʂʈʉ-ʩʧʝʢʪʨʳ ʧʦʨʦʰʢʦʚ 

(DyS)1.220NbS2, (Gd0.2Dy0.8S)1.216NbS2, (Gd0.5Dy0.5S)1.210NbS2, (GdS)1.200NbS2 ʠ (GdS)0.600NbS2. 

 

ʈʠʩ. 48.  ʂʈʉ-ʩʧʝʢʪʨʳ ʧʦʨʦʰʢʦʚ (DyS)1.220NbS2 (a); (Gd0.2Dy0.8S)1.216NbS2 (1)  

ʠ (Gd0.5Dy0.5S)1.210NbS2 (2) (ʙ); (GdS)1.200NbS2 (ʚ) ʠ (GdS)0.600NbS2 (ʛ). 

 

ʇʦʣʦʩʳ ʚ ʜʠʘʧʘʟʦʥʝ 100ï210 ʩʤ
-l
 ʦʪʥʦʩʷʪʩʷ ʢ ʧʦʧʝʨʝʯʥʳʤ B2 (100ï160 cʤ

-1
)   

ʠ ʧʨʦʜʦʣʴʥʳʤ A1 (170ï210 cʤ
-1
) ʘʢʫʩʪʠʯʝʩʢʠʤ ʢʦʣʝʙʘʥʠʷʤ ʩʚʷʟʝʡ Ln-S,  

ʘ 300ï450 ʩʤ
1
 ï ʦʧʠʩʳʚʘʶʪ ʢʦʣʝʙʘʥʠʷ S-Nb ʚ ʩʵʥʜʚʠʯʝ [NbS2] [198,199]. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʤʦʜʳ A1 ʩʚʷʟʝʡ Gd-S, Dy-S ʠ ʩʫʧʝʨʧʦʟʠʮʠʷ GdxDy1-x-S ʢʦʣʝʙʘʥʠʡ ʪʚʝʨʜʦʛʦ 
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ʨʘʩʪʚʦʨʘ ʧʨʠ 192ï203 ʩʤ
-1
. ʇʦʷʚʣʝʥʠʝ ʧʦʣʦʩ rE ʧʨʠ 351 ʩʤ

-1 
(ʩʚʷʟʴ Nb-S) ʭʘʨʘʢʪʝʨʥʦ  

ʜʣ ̫ʠʩʩʣʝʜʫʝʤʳʭ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ [199]. ʅʝʤʦʥʦʪʦʥʥʦʝ ʩʤʝʱʝʥʠʝ 

ʤʘʢʩʠʤʫʤʘ ʧʦʣʦʩ A1g (351ï358 cʤ
-1
) ʤʝʞʩʣʦʝʚʳʭ ʢʦʣʝʙʘʥʠʡ ʩ ʤʘʢʩʠʤʫʤʦʤ ʩʜʚʠʛʘ  

ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ (Gd0.2Dy0.8S)1.216NbS2, ʚʝʨʦʷʪʥʦ, ʫʢʘʟʳʚʘʝʪ ʥʘ ʟʥʘʯʠʪʝʣʴʥʳʝ ʥʘʨʫʰʝʥʠʷ 

ʣʦʢʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ ʨʝʰʝʪʢʠ ʤʝʞʜʫ ʩʣʦʷʤʠ [GdxDy1-xS] ʠ [NbS2] ʜʣʷ ʩʦʩʪʘʚʘ  

x = 0.2 (ʩʤ. ʧʨʠʣʦʞʝʥʠʝ 7). ʂʨʦʤʝ ʪʦʛʦ, ʥʝ ʠʩʢʣʶʯʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ 

ʤʝʞʜʫ ʧʦʣʠʪʠʧʘʤʠ 3R- ʠ 2H-NbS2 [198,199]. ɸʪʦʤr ʈɿʕ ʢʦʦʨʜʠʥʠʨʫʪʁ ʧʷʪʴ ʘʪʦʤʦʚ ʩʝʨʳ ʚ 

ʩʣʦʝ [LnS]: ʯʝʪʳʨʝ ʩʚʷʟʠ Ln-S ʧʨʘʢʪʠʯʝʩʢʠ ʧʘʨʘʣʣʝʣʴʥʳ ʧʣʦʩʢʦʩʪʠ (001) ʠ ʦʙʨʘʟʫʶʪ  

ʫʛʦʣ º 90
0
, ʘ ʦʜʥʘ ʩʚʷʟʴ Ln-S ʧʦʯʪʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ ʧʣʦʩʢʦʩʪʠ (001). ʊʘʢʠʤ ʦʙʨʘʟʦʤ,  

ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʩʚʷʟʠ ʤʝʞʜʫ ʠʦʥʘʤʠ Ln
3+
 ʠ S

2-
 ʩʵʥʜʚʠʯʘ [NbS2], ʢʦʦʨʜʠʥʘʮʠʷ Ln 

ʠʟʤʝʥʷʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ (5+1) ʠ (5+2). ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʵʪʠʤ ʚ ʜʠʘʧʘʟʦʥʝ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ 

125ï200 ʩʤ
-1
 ʧʨʦʷʚʣʷʝʪʩʷ ʙʦʣʝʝ 5 ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ. ʅʘ ʨʠʩʫʥʢʝ 48, aïʚ ʧʦʢʘʟʘʥʦ,  

ʯʪʦ ʟʘʤʝʱʝʥʠʝ ʠʦʥʦʚ Dy
3+
 ʠʦʥʘʤʠ Gd

3+
 ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ 195ï197 cʤ
-1
, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʠʟʤʝʥʝʥʠʷʤʠ ʣʦʢʘʣʴʥʦʡ 

ʩʠʤʤʝʪʨʠʠ ʩʬʝʨʳ ʦʢʨʫʞʝʥʠʷ ʢʘʪʠʦʥʦʚ Ln ʠ ʫʚʝʣʠʯʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ ʬʦʥʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ 

(ʩʤ. ʚʩʪʘʚʢʠ ʥʘ ʨʠʩ. 48). 

ɼʨʫʛʦʡ ʨʝʟʫʣʴʪʘʪ ʦʙʥʘʨʫʞʝʥ ʚ ʩʣʫʯʘʝ ʦʙʨʘʟʦʚʘʥʠʷ ʧʘʨʥʳʭ ʩʵʥʜʚʠʯʝʡ [NbS2]2  

(ʩʤ. ʨʠʩ. 48, ʛ). ɺʠʜʥʦ, ʯʪʦ ʬʦʥʦʚʘʷ ʣʠʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝ ʠʟʦʛʥʫʪʘ. ʕʪʦʪ ʬʘʢʪ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʫʩʠʣʝʥʠʝ ʬʦʥʦʚʦʡ ʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʯʪʦ ʦʙʳʯʥʦ ʩʚʷʟʘʥʦ ʩ ʧʦʚʳʰʝʥʠʝʤ 

ʩʪʝʧʝʥʠ ʚʘʢʘʥʩʠʦʥʥʦʡ ʜʝʬʝʢʪʥʦʩʪʠ ʨʝʰʝʪʢʠ. ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʣʝʙʘʪʝʣʴʥʳʭ 

ʤʦʜ [LnS] ʫʤʝʥʴʰʘʝʪʩʷ ʚ ʠʥʪʝʨʚʘʣʝ ʚʳʩʦʢʠʭ ʵʥʝʨʛʠʡ 180ï195 ʩʤ
-1
, ʘ ʪʘʢʞʝ ʨʘʩʪʝʪ ʧʣʦʪʥʦʩʪʴ 

ʬʦʥʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʜʠʘʧʘʟʦʥʝ 300ï420 ʩʤ
-1
. ʀʟʤʝʥʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʵʪʠʭ ʤʦʜ ʤʦʞʥʦ 

ʦʙʲʷʩʥʠʪʴ ʙʦʣʝʝ ʩʠʣʴʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ ʠʦʥʘʤʠ Gd
3+
 ʠ S

2-
 ʩʜʚʦʝʥʥʳʭ ʩʵʥʜʚʠʯʝʡ 

[NbS2]2, ʘ ʪʘʢʞʝ ʥʘʨʫʰʝʥʠʝʤ ʣʦʢʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ ʤʝʞʜʫ ʧʦʜʩʠʩʪʝʤʘʤʠ [GdS] ʠ [NbS2]2. 

ʕʪʠ ʬʘʢʪʳ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʪʝʤ, ʯʪʦ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ Ln
3+
 ʠ S

2-
 ʩʣʦʷ [NbS2] ʢʦʨʦʯʝ ʜʣʠʥʳ 

ʩʚʷʟʝʡ Ln-S ʚ [LnS] ʠ ʩ ʪʝʤ, ʯʪʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʧʦʜʩʠʩʪʝʤʘʤʠ ʙʦʣʝʝ ʩʠʣʴʥʦʝ [15].  

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʤʝʪʦʜʦʤ EXAFS-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʣʷ 

ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʢʦʦʨʜʠʥʘʮʠʠ ʠʦʥʦʚ ʠ ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʥʠʤʠ.  

 

3.4.3. EXAFS-ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʩʦʝʜʠʥʝʥʠʡ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ 

 

EXAFS ʩʧʝʢʪʨʳ GdL3, NbK ʠ DyL2 ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 49, a, ʚ, ʜ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʙʨʘʙʦʪʢʫ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʦʩʫʱʝʩʪʚʣʷʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ VIPER. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʜʣʷ ʬʠʣʴʪʨʦʚʘʥʥʳʭ ʚ  

R-ʧʨʦʩʪʨʘʥʩʪʚʝ ʩʧʝʢʪʨʦʚ: ȹR = 1.3ï3.0 ¡ ʜʣʷ ʩʧʝʢʪʨʦʚ GdL3; ȹR = 1.1ï4.1 ¡ ʜʣʷ NbK,  

ȹR = 1.8ï2.9 ¡ ʜʣ ̫DyL2. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʮʝʜʫʨʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʟʥʘʯʝʥʠʷ 
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ʚʟʚʝʰʠʚʘʶʱʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ k
2
 ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 3 ʜʦ 9ï12 ¡

-1
 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʣʠʥʳ  

ʠ ʢʘʯʝʩʪʚʘ ʩʧʝʢʪʨʦʚ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ EXCURVE 98 [200].  

 

ʈʠʩ. 49. EXAFS-ʩʧʝʢʪʨʳ (k
2
Āɢ(k)) GdL3 (ʘ); NbK (ʚ); DyL2 (ʜ) ʠ ʠʭ ʤʦʜʫʣʠ ʌʫʨʴʝ-ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ (ʙ), (ʛ), (ʝ) 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (k
2 
ï ʚʟʚʝʰʠʚʘʶʱʠʡ ʢʦʵʬʬʠʮʠʝʥʪ, ɢ(k) ï ʦʩʮʠʣʣʠʨʫʶʱʘʷ ʯʘʩʪʴ ʩʧʝʢʪʨʦʚ). 

 

ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʥʝʬʠʣʴʪʨʦʚʘʥʥʳʭ ʠ ʤʦʜʝʣʴʥʳʭ EXAFS-ʩʧʝʢʪʨʦʚ ʜʣʷ 

ʩʦʝʜʠʥʝʥʠʷ (GdS)1.200NbS2 ʠ ʠʭ ʤʦʜʫʣʝʡ ʌʫʨʴʝ (ʨʠʩ. 50) ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʦ ʭʦʨʦʰʫʶ 

ʧʦʜʛʦʥʢʫ. 
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ʈʠʩ. 50. ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʥʝʬʠʣʴʪʨʦʚʘʥʥʳʭ (ʯʝʨʥʘʷ ʣʠʥʠʷ) ʠ ʤʦʜʝʣʴʥʳʭ (ʢʨʘʩʥʘʷ ʣʠʥʠʷ) 

EXAFS-ʩʧʝʢʪʨʦʚ (ʘ) ʠ ʤʦʜʫʣʴ ʌʫʨʴʝ (ʙ) ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ (GdS)1.200NbS2  

(k
2 
ï ʚʟʚʝʰʠʚʘʶʱʠʡ ʢʦʵʬʬʠʮʠʝʥʪ, ɢ(k) ï ʦʩʮʠʣʣʠʨʫʶʱʘʷ ʯʘʩʪʴ ʩʧʝʢʪʨʦʚ). 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʧʝʢʪʨʦʚ Gd ʠ Dy ʙʳʣʘ 

ʚʳʧʦʣʥʝʥʘ ʦʧʪʠʤʘʣʴʥʘʷ ʧʦʜʛʦʥʢʘ, ʚʢʣʶʯʘʶʱʘʷ ʪʦʣʴʢʦ ʧʝʨʚʫʶ ʩʬʝʨʫ ʦʢʨʫʞʝʥʠʷ, 

ʩʦʩʪʦʷʱʫʶ ʠʟ ʘʪʦʤʦʚ ʩʝʨʳ (ʪʘʙʣ. 10, 11), ʥʦ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ (GdS)1.200NbS2 ʩʜʝʣʘʥʳ 

ʦʧʪʠʤʘʣʴʥʳʝ ʧʦʜʛʦʥʢʠ ʜʣʷ ʚʪʦʨʦʡ ʠ ʪʨʝʪʴʝʡ ʩʬʝʨ (ʩʤ. ʨʠʩ. 50, ʪʘʙʣ. 12).  

ʂʏ ï ɻ ʪʦ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʯʠʩʣʘ ʚ ʩʬʝʨʝ ʦʢʨʫʞʝʥʠʷ Gd ʠʣʠ Dy; R ï ʤʝʞʘʪʦʤʥʳʝ 

ʨʘʩʩʪʦʷʥʠʷ (Ln-S) ʠ (Ln-Ln); 2ů
2
 ï ʢʦʵʬʬʠʮʠʝʥʪ ɼʝʙʘʷïɺʘʣʣʝʨʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ 

ʩʪʘʪʠʩʪʠʯʝʩʢʠʡ ʙʝʩʧʦʨʷʜʦʢ. ɿʥʘʯʝʥʠʝ ʠʥʜʝʢʩʘ fit ʯʠʩʣʝʥʥʦ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʙʣʠʟʦʩʪʴ 

ʧʦʣʫʯʝʥʥʦʡ ʤʦʜʝʣʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ (ʩʪʝʧʝʥʴ ʩʦʦʪʚʝʪʩʪʚʠʷ).  

ɺ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʬʘʢʪʦʨ ɼʝʙʘʷïɺʘʣʣʝʨʘ ʜʣʷ ʜʚʫʭ ʪʠʧʦʚ ʘʪʦʤʦʚ ʩʝʨʳ ʧʨʠʥʠʤʘʣʩʷ 

ʦʜʠʥʘʢʦʚʳʤ. ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʧʝʢʪʨʦʚ GdL3 ʟʥʘʯʝʥʠʝ ʬʘʢʪʦʨʘ ʘʤʧʣʠʪʫʜʥʦʛʦ 

ʧʦʜʘʚʣʝʥʠʷ, ʦʙʫʩʣʦʚʣʝʥʥʦʛʦ ʤʥʦʛʦʵʣʝʢʪʨʦʥʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ (S0
2
), ʧʨʠʥʠʤʘʣʦʩ ɹʨʘʚʥʳʤ 

0.7 ʜʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʢʘʢ ʜʣʷ ʬʠʣʴʪʨʦʚʘʥʥʦʛʦ ʩʧʝʢʪʨʘ (ȹR = 1.3ï3.0 ¡), ʪʘʢ ʠ ʜʣʷ 

ʠʩʭʦʜʥʦʛʦ ʩʧʝʢʪʨʘ GdL3. ɼʘʥʥʳʝ ʚ ʪʘʙʣ. 10 ʧʨʠʚʝʜʝʥʳ ʜʣʷ ʬʠʣʴʪʨʦʚʘʥʥʦʛʦ ʩʧʝʢʪʨʘ. ʉʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʜʚʫʭ ʚʘʨʠʘʥʪʘʭ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʦʯʝʥʴ ʙʣʠʟʢʠ,  

ʯʪʦ ʪʘʢʞʝ ʫʢʘʟʳʚʘʝʪ ʥʘ ʠʭ ʥʘʜʝʞʥʦʩʪʴ.  

ʊ ʘ ʙ ʣ ʠ ʮ ʘ 10  

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ EXAFS-ʩʧʝʢʪʨʦʚ GdL3 (ʧʝʨʚʘʷ ʩʬʝʨʘ ʦʢʨʫʞʝʥʠʷ) 

ʉʬʝʨʘ 

ʦʢʨʫʞʝʥʠʷ 

(GdS)1.200NbS2 (Gd0.5Dy0.5S)1.210NbS2 (GdS)0.600NbS2 

ʂʏ 
R, ¡ 2ů

2
, ¡
2
 
ʂʏ1, 

ʂʏ2 

R1, 

R2, ¡ 
2ů
2
, ¡
2
 

ʂʏ1, 

ʂʏ2 

R1, 

R2, ¡ 
2ů
2
, ¡
2
 

S 
6.5(3) 2.802(4) 0.021(1) 

4.9(7) 

2.0(4) 

2.82(1) 

2.67(2) 
0.021(1) 

5.9(2) 

2.9(2) 

2.80(1) 

2.61(1) 
0.021(2) 

Fit 0.9 1.7 1.0 0.9 1.7 1.0 0.9 1.7 1.0 
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ʇʝʨʚʘʷ ʩʬʝʨʘ ʦʢʨʫʞʝʥʠʷ ʛʘʜʦʣʠʥʠʷ (ʩʦʩʪʦʷʱʘʷ ʠʟ ʘʪʦʤʦʚ ʩʝʨʳ) ʙʳʣʘ ʩʤʦʜʝʣʠʨʦʚʘʥʘ  

ʩ ʦʜʥʠʤ ʠ ʜʚʫʤʷ ʨʘʩʩʪʦʷʥʠʷʤʠ Gd-S. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩ ʪʝʤʠ  

ʞʝ ʨʘʩʩʪʦʷʥʠʷʤʠ ʤʝʞʜʫ ʤʝʪʘʣʣʦʤ ʠ ʩʝʨʦʡ ʚ ʧʝʨʚʦʡ ʩʬʝʨʝ ʷʚʣʷʝʪʩʷ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ  

ʜʣʷ ʠʩʭʦʜʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ (GdS)1.200NbS2.  

ɼʣʷ ʦʙʨʘʟʮʦʚ (Gd0.5Dy0.5S)1.210NbS2 ʠ (GdS)0.600NbS2 ʚ ʪʘʙʣ. 10 ʫʢʘʟʘʥʳ ʜʚʘ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʯʠʩʣʘ ʠ ʜʚʘ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʷ, ʪ. ʝ ʩʬʝʨʘ ʦʢʨʫʞʝʥʠʷ Gd 

ʜʝʬʦʨʤʠʨʦʚʘʥʘ. ʈʘʩʩʪʦʷʥʠʷ R1 ʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʯʠʩʣʘ ʂʏ1 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʣʦʶ LnS, R2 ʠ 

ʂʏ2 ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʩʚʷʟʴ ʤʝʞʜʫ Gd ʠ S ʩʣʦʷ NbS2. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʦʙʨʘʟʮʘ (GdS)0.600NbS2 ʩ ʜʚʦʡʥʳʤʠ ʩʵʥʜʚʠʯʘʤʠ [NbS2]2 

ʥʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʯʠʩʝʣ Gd. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʵʪʦʛʦ ʩʦʝʜʠʥʝʥʠʷ 

ʧʦʣʫʯʝʥʥʦʝ ʨʘʩʩʪʦʷʥʠʝ R2 = 2.61 ¡ (ʤʝʞʜʫ ʛʘʜʦʣʠʥʠʝʤ ʠ ʩʝʨʦʡ ʩʣʦʷ NbS2) ʤʝʥʴʰʝ,  

ʯʝʤ ʘʥʘʣʦʛʠʯʥʦʝ ʨʘʩʩʪʦʷʥʠʝ R2 = 2.67 ¡ ʚ ʦʙʨʘʟʮʝ (Gd0.5Dy0.5S)1.210NbS2. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ,  

ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʢʦʨʨʝʣʠʨʫʶʪ ʩ ʠʟʤʝʥʝʥʠʝʤ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ ʚ ʂʈʉ-ʩʧʝʢʪʨʘʭ.  

ɺ ʪʘʙʣʠʮʝ 11 ʧʦʢʘʟʘʥʳ ʨʘʩʩʪʦʷʥʠʷ ʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʯʠʩʣʘ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ EXAFS-ʩʧʝʢʪʨʦʚ DyL2 ʜʣ ̫(Gd0.5Dy0.5S)1.210NbS2.  

ɺ ʧʝʨʚʦʡ ʩʬʝʨʝ ʘʪʦʤʦʚ ʜʠʩʧʨʦʟʠʷ ʩʝʨʘ ʥʘʭʦʜʠʪʩʷ ʥʘ ʜʚʫʭ ʨʘʟʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ Dy-S: 2.807(8) 

¡ ʠ 2.65(1) ¡ ʩ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʤʠ ʯʠʩʣʘʤʠ 5.1(3) ʠ 1.9(2) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʊ ʘ ʙ ʣ ʠ ʮ ʘ 11 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ EXAFS-ʩʧʝʢʪʨʦʚ DyL2 

ʉʬʝʨʘ ʦʢʨʫʞʝʥʠʷ (Gd0.5Dy0.5S)1.210NbS2 

ʂʏ1, 

ʂʏ2 

R1, 

R2, ¡ 
2ů
2
, ¡
2
 

S 5.1(3) 

1.9(2) 

2.807(8) 

2.65(1) 
0.021 

Fit 0.5 

 

ʊ ʘ ʙ ʣ ʠ ʮ ʘ 12 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ EXAFS-ʩʧʝʢʪʨʦʚ GdL3 (ʪʨʠ ʩʬʝʨʳ ʦʢʨʫʞʝʥʠʷ) ʜʣ ̫

(GdS)1.20NbS2 

 

ʉʬʝʨʘ ʦʢʨʫʞʝʥʠʷ (GdS)1.200NbS2 

ʂʏ R, ¡ 2ů
2
, ¡
2
 

S 6.7(2) 2.805(3) 0.022(1) 

Gd1 

Gd2 

2.0(8) 

2.2(9) 

3.82(1) 

4.02(2) 
0.020(7) 

S 5.1(9) 4.81(1) 0.022(3) 

Fit 1.5 

 

ʂʘʢ ʚʠʜʥʦ (ʪʘʙʣ. 12), ʩʤʦʜʝʣʠʨʦʚʘʥʥʳʡ ʩʧʝʢʪʨ GdL3 ʩ ʪʨʝʤʷ ʩʬʝʨʘʤʠ ʦʢʨʫʞʝʥʠʷ ʚ 

ʩʦʝʜʠʥʝʥʠʠ (GdS)1.200NbS2 ʥʝ ʠʟʤʝʥʷʝʪ ʚʝʣʠʯʠʥ R ʠ ʂʏ. 

ɺ ʪʘʙʣʠʮʝ 13 ʧʦʢʘʟʘʥʳ ʨʘʩʩʪʦʷʥʠʷ ʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʯʠʩʣʘ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ EXAFS ʩʧʝʢʪʨʦʚ NbK ʜʣ ̫(GdS)1.200NbS2 (ʩʤ. ʨʠʩ. 49, ʚ, ʛ).  
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ʊ ʘ ʙ ʣ ʠ ʮ ʘ 13 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ EXAFS-ʩʧʝʢʪʨʦʚ NbK 

ʉʬʝʨʘ ʦʢʨʫʞʝʥʠʷ (GdS)1.200NbS2 

ʂʏ R, ¡ 2ů
2
, ¡
2
 

S 6.0 2.47 Ñ 0.004 0.007 

Nb 6.4 Ñ 0.6 3.31 Ñ 0.004 0.01 

S 3.0 Ñ 0.5 4.12 Ñ 0.02 0.007 

Fit 1.0 

 

ʗʩʥʦ, ʯʪʦ ʨʘʩʩʪʦʷʥʠʝ Nb-S ʤʝʥʴʰʝ, ʯʝʤ Ln-S (S ʚ ʩʵʥʜʚʠʯʝ NbS2). ʉʨʘʚʥʝʥʠʝ EXAFS-

ʩʧʝʢʪʨʦʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʧʝʢʪʨʘʤʠ C-GdS ʠ C-DyS (ʩʤ. ʧʨʠʣʦʞʝʥʠʝ 8) 

ʧʦʢʘʟʘʣʦ, ʯʪʦ ʨʘʩʩʪʦʷʥʠʷ Gd-S ʠ Dy-S ʚ ʧʝʨʚʦʡ ʩʬʝʨʝ ʦʢʨʫʞʝʥʠʷ ʥʝʤʥʦʛʦ ʤʝʥʴʰʝ,  

ʯʝʤ ʜʣʷ ʤʦʥʦʩʫʣʴʬʠʜʦʚ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ (GdS)1.200NbS2 ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʘʪʦʤʘ 

ʛʘʜʦʣʠʥʠʷ ʜʦ ʘʪʦʤʘ ʩʝʨʳ ʚ ʩʣʦʝ [LnS] ʩʦʚʧʘʜʘʝʪ ʩ ʨʘʩʩʪʦʷʥʠʝʤ ʦʪ ʘʪʦʤʘ Gd ʜʦ S ʩʣʦʷ [NbS2] 

(2.802 ¡). ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ (GdxDy1-xS) ʚ ʧʦʜʩʠʩʪʝʤʝ LnS 

ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʧʦʜʩʠʩʪʝʤʘʤʠ ʛʦʩʪʷ ʠ ʭʦʟʷʠʥʘ ʦʪ 2.802(1)  

ʜʦ 2.67(2) ¡, ʯʪʦ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝʤ ʵʬʬʝʢʪʠʚʥʦʛʦ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʯʠʩʣʘ 

ʠʦʥʦʚ Gd
3+
 ʠ Dy

3+
 ʦʪ 6.5(3) ʜʦ 4.9(7) + 2.0(4). ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʜʘʣʴʥʝʡʰʝʤʫ ʥʘʨʫʰʝʥʠʶ ʩʣʦʷ 

[GdxDy1-xS], ʦʪʚʝʪʩʪʚʝʥʥʦʛʦ ʟʘ ʨʘʩʩʝʷʥʠʝ ʪʝʧʣʘ. 

 

3.4.4. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʩʦʝʜʠʥʝʥʠʡ (GdxDy1-xS)z(NbS2)m 

 

ɿʘʚʠʩʠʤʦʩʪʠ ʦʙʨʘʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʙʨʘʟʮʦʚ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 

80ï500K ʧʨʝʜʩʪʘʚʣʝʥ rʥʘ ʨʠʩ. 51. 

 

ʈʠʩ. 51. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʙʨʘʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ: (Gd0.2Dy0.8S)1.216NbS2 (1), (GdS)0.600NbS2 (2), (GdS)1.200NbS2 (3), (Gd0.5Dy0.5S)1.210NbS2 (4) ʠ 

(DyS)1.220NbS2 (5). ʃʠʥʠʷ ʜʣʷ ʦʙʨʘʟʮʘ (Gd0.1Dy0.9S)1.218NbS2 ʥʘʭʦʜʠʪʩʷ ʤʝʞʜʫ  

ʟʘʚʠʩʠʤʦʩʪʷʤʠ 1 ʠ 2 ʠ ʥʘ ʨʠʩʫʥʢʝ ʥʝ ʧʨʠʚʦʜʠʪʩʷ. 
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ʍʠʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʧʦʢʘʟʘʣ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʟʘʛʨʷʟʥʝʥʠʝ ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ 

ʠ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤʠ ʧʨʠʤʝʩʷʤʠ ʩ ʫʨʦʚʥʝʤ ʥʠʞʝ 5Ā10
-2
ï5Ā10

-4
 ʤʘʩ. %  

(ʩʤ. ʪʘʙʣʠʮʫ, ʧʨʠʣʦʞʝʥʠʝ 1). ʕʪʦ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ 

ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠ ʥʝ ʜʦʣʞʥʦ ʚʥʝʩʪʠ ʟʥʘʯʠʤʳʭ ʧʦʛʨʝʰʥʦʩʪʝʡ  

ʚ ʟʥʘʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ 

[201,202].  

ʄʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʦʧʨʝʜʝʣʷʣʠ ʧʦ ʠʟʚʝʩʪʥʦʤʫ ʫʨʘʚʥʝʥʠʶ ʂʁ ʨʨʠïɺʝʡʩʘ  

cʤ = Cm/(T- ŪC) + A0, ʛʜʝ cʤ ï ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ, Cm ï ʧʦʩʪʦʷʥʥʘʷ ʂʶʨʠ,  

ŪC ï ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠïɺʝʡʩʘ ʠ A0 ï ʜʠʘʤʘʛʥʠʪʥʳʡ ʚʢʣʘʜ (ʨʠʩ. 52). ʈʘʩʩʯʠʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨ rʂʶʨʠïɺʝʡʩʘ ï(2ï4)K (ʪʘʙʣ. 14) ʧʦ ʵʢʩʪʨʘʧʦʣʷʮʠʠ ʟʘʚʠʩʠʤʦʩʪʝʡ ʚ ʦʙʣʘʩʪʠ 

ʪʝʤʧʝʨʘʪʫʨ 80ï200K ʙʣʠʟʢʠ ʢ ʠʟʚʝʩʪʥʳʤ ʠʟ ʣʠʪʝʨʘʪʫʨʳ ʚʝʣʠʯʠʥʘʤ ï(2ï3)K [15]  

ʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʡ ʧʝʨʝʭʦʜ ʜʣʷ ʚʩʝʭ ʩʦʝʜʠʥʝʥʠʡ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ 

ʩʦʝʜʠʥʝʥʠʷ (Gd0.2Dy0.8S)1.216NbS2. ɿʘʤʝʱʝʥʠʝ ʠʦʥʦʚ Dy
3+
 ʥʘ Gd

3+ 
ʧʨʠ ʟʥʘʯʝʥʠʠ x = 0.2 

ʧʨʠʚʦʜʠʪ ʢ ʘʥʦʤʘʣʴʥʦʤʫ ʦʪʢʣʦʥʝʥʠ ʁ ʢʦʥʩʪʘʥʪʳ ʂʶʨʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ  

ʂʶʨʠïɺʝʡʩʘ (ʩʤ. ʨʠʩ. 52, ʙ).  

 

ʈʠʩ. 52.  ɿʘʚʠʩʠʤʦʩʪʠ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ (ʘ)  

ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠïɺʝʡʩʘ (ʙ) ʦʪ ʩʦʜʝʨʞʘʥʠʷ xGd
3+
. 
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ʊ ʘ ʙ ʣ ʠ ʮ ʘ 14 

ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ 

ʆʙʨʘʟʝʮ ʉm,  

KĀʩʤ
3
/ʤʦʣʴ 

ŪC, K 

80-500K 

80-200K 

A0Ā10
6
, 

ʩʤ
3
/ʤʦʣʴ 

ɛɻʬʬ,  

ʄɹ, 

80 - 500K 

ɛGd,  
ʄɹ 

ɛɻʬʬ,Dy,  

ʄɹ 

(GdS)0.600NbS2 4.85 Ñ 0.03 ï12 Ñ 2 

ï5.2 Ñ 2 

ï119.8 6.22 Ñ 

0.03 

8.03 Ñ 

0.04 

- 

(GdS)1.200NbS2 9.38 Ñ 0.04 ï12 Ñ 2 

ï4.4 Ñ 2 

ï154.6 8.66 Ñ 

0.03 

7.91 Ñ 

0.03 

- 

(Gd0.5Dy0.5S)1.210NbS2 13.25 Ñ 0.07 ï9 Ñ 2 

ï3.2 Ñ 2 

ï154 10.30 Ñ 

0.04 

7.96 Ñ 

0.04 

10.72 Ñ 0.04 

(Gd0.2Dy0.8S)1.216NbS2 16.0 Ñ 0.1 ï5 Ñ 2 

+1.8 Ñ 2 

ï145.64 11.32 Ñ 

0.04 

7.96 Ñ 

0.04 

10.72 Ñ 0.04 

(Gd0.1Dy0.9S)1.218NbS2 16.2 Ñ 0.05 ï3 Ñ 1 

ï2 Ñ 2 

ï153.5 11.36 Ñ 

0.06 

7.96 Ñ 

0.04 

10.72 Ñ 0.04 

(DyS)1.220NbS2 17.3 Ñ 0.1 ï8 Ñ 2 

ï3.8 Ñ 2 

ï154.54 11.76 Ñ 

0.04 

-
 

10.69 Ñ 0.04 

C-GdS  7.93 Ñ 0.04 ï13 Ñ 2 

ï1.0 Ñ 2 

ï58 7.97 Ñ 

0.03 

7.97 Ñ 

0.03 

- 

C-DyS  14.05 Ñ 0.06 ï39 Ñ 2 

ï32.8 Ñ 2 

     ï57 10.60 Ñ 

0.03 

- 10.60 Ñ 0.03 

ʇʨʠʤʝʯʘʥʠʝ. ɿʥʘʯʝʥʠʷ ɛ ʜʣʷ ʩʚʦʙʦʜʥʳʭ ʠʦʥʦʚ ʈɿʕ  Dy
3+
 10.65 ʄɹ, Gd

3+
 7.94 ʄɹ [15]. 

 

ɿʘʤʝʱʝʥʠʝ ʠʦʥʦʚ Dy
3+
 ʠʦʥʘʤʠ Gd

3+
 ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ɛɻʬʬ  

ʥʘ ʤʦʣʝʢʫʣʫ, ʦʜʥʘʢʦ ɛGd ʥʘ ʠʦʥ Gd
3+
 ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʳʤ ʠ ʨʘʚʥʷʝʪʩʷ ʟʥʘʯʝʥʠʶ  

ʜʣʷ ʩʚʦʙʦʜʥʳʭ ʠʦʥʦʚ. ɼʣʷ Dy
3+ 
ɛɻʬʬ ʥʘ ʠʦʥ ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʳʤ, ʥʦ ʚʳʰʝ, ʯʝʤ ʫ 

ʩʚʦʙʦʜʥʦʛʦ ʠʦʥʘ Dy
3+
. ʕʪʦ ʫʚʝʣʠʯʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʚʣʠʷʥʠʝʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʥʘ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʠʦʥʘ Dy
3+
.
 
ʇʨʠʯʝʤ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʪʠʭ ʠʦʥʦʚ 

(1-x) = 0.5ï1.0 ʦʜʥʦ ʠ ʪʦ ʞʝ ʠʭ ʢʦʣʠʯʝʩʪʚʦ ʣʦʢʘʣʠʟʫʝʪʩʷ ʚ ʥʘʨʫʰʝʥʥʦʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʧʦʣʝ, 

ʥʘʧʨʠʤʝʨ, ʚ ʫʟʣʘʭ ʧʦʣʫʢʦʛʝʨʝʥʪʥʦʡ ʛʨʘʥʠʮʳ ʩ ʥʘʠʤʝʥʴʰʠʤ ʨʘʩʩʪʦʷʥʠʝʤ ʜʦ ʠʦʥʦʚ S
2- 

ʧʦʜʩʠʩʪʝʤʳ [NbS2]. 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣ. 14, ɛɻʬʬ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ C-GdS ʠ C-DyS ʩʦʚʧʘʜʘʝʪ  

ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʜʣʷ ʩʚʦʙʦʜʥʳʭ Gd
3+
 ʠ Dy

3+
. ɸʥʦʤʘʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ-ɺʝʡʩʘ ʠ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʧʨʠ x = 0.2 ʫʢʘʟʳʚʘʶʪ  

ʥʘ ʥʘʨʫʰʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʷ (Gd0.2Dy0.8S)1.216NbS2. ʄʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ 

ɛɻʬʬ ʩʦʝʜʠʥʝʥʠʷ (GdS)0.600NbS2 (ʩʤ. ʪʘʙʣ. 14) ʥʘ ʤʦʣʝʢʫʣʫ ʥʠʞʝ, ʯʝʤ ɛɻʬʬ ʜʣʷ (GdS)1.200NbS2, 

ʦʜʥʘʢʦ ɛɻʬʬ,Gd ʥʘ ʠʦʥ Gd
3+
 ʥʝʤʥʦʛʦ ʚʳʰʝ, ʯʝʤ ʜʣʷ ʩʚʦʙʦʜʥʦʛʦ ʠʦʥʘ Gd

3+
. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʫʚʝʣʠʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʠʦʥʦʚ Dy
3+
 ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʥʘʨʫʰʝʥʠʝʤ 

ʜʘʣʴʥʝʛʦ ʠ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʦʚ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʜʘʥʥʳʤʠ ʈʌɸ, ʂʈʉ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ  

ʠ EXAFS-ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʯʪʦ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʣʦʢʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ ʚʦʢʨʫʛ 

ʯʘʩʪʠ ʠʦʥʦʚ Dy
3+
. ʇʨʠʯʠʥʦʡ ʵʪʦʛʦ ʤʦʞʝʪ ʙʳʪʴ ʣʦʢʘʣʠʟʘʮʠʷ ʯʘʩʪʠ ʠʦʥʦʚ Dy

3+
 ʚ ʫʟʣʘʭ  

ʩ ʥʘʠʤʝʥʴʰʠʤ ʨʘʩʩʪʦʷʥʠʝʤ ʜʦ ʠʦʥʦʚ S
2- 
ʧʦʜʩʠʩʪʝʤʳ [NbS2] ʥʘ ʧʦʣʫʢʦʛʝʨʝʥʪʥʦʡ ʛʨʘʥʠʮʝ 

ʤʝʞʜʫ ʧʦʜʩʠʩʪʝʤʘʤʠ [DyS] ʠ [NbS2]2 [203,204].  
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3.4.5. ʀʟʤʝʥʝʥʠʷ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʩʪʨʫʢʪʫʨʳ ʤʠʩʬʠʪʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ 

ʩʦʝʜʠʥʝʥʠʷ 

 

ʇʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʦʧʠʩʘʪʴ ʤʦʜʝʣʴ ʠʟʤʝʥʝʥʠʷ 

ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʩʪʨʫʢʪʫʨʳ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʘ ʪʘʢʞʝ ʩʚʷʟʘʥʥʳʝ ʩ ʥʝʡ 

ʬʦʥʦʥʥʳʝ ʩʧʝʢʪʨʳ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʜʩʠʩʪʝʤ [GdxDy1-xS] ʠ [NbS2]. ʈʘʩʩʤʦʪʨʝʥʦ ʚʣʠʷʥʠʝ 

ʟʘʤʝʱʝʥʠʷ ʠʦʥʦʚ Dy
3+
 ʠʦʥʘʤʠ Gd

3+ 
ʚ ʠʥʪʝʨʚʘʣʝ ʟʥʘʯʝʥʠʡ x = 0.0ï0.5. ʀʥʪʝʨʝʩ ʢ ʵʪʦʤʫ 

ʜʠʘʧʘʟʦʥʫ ʩʦʩʪʘʚʦʚ ʩʚʷʟʘʥ ʩ ʠʟʚʝʩʪʥʳʤ ʵʬʬʝʢʪʦʤ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʫʤʝʥʴʰʝʥʠʷ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ (GdxDy1-x)S1.5-y ʧʨʠ x = 0.2.  

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʵʪʠʤ ʚʦʟʥʠʢʣʘ ʠʜʝʷ ʫʤʝʥʴʰʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʜʣʷ 

ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʪʚʝʨʜʳʤʠ ʨʘʩʪʚʦʨʘʤʠ ʩʫʣʴʬʠʜʦʚ ʈɿʕ 

(Gd0.1Dy0.9S)1.218NbS2, (Gd0.2Dy0.8S)1.216NbS2 ʠ (Gd0.5Dy0.5S)1.210NbS2. 

ʇʦ ʢʦʤʧʣʝʢʩʫ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ 

ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʧʦʜʩʠʩʪʝʤʝ [GdxDy1-xS] 

ʜʚʫʭ ʙʣʠʟʢʠʭ ʧʦ ʨʘʜʠʫʩʫ ʢʘʪʠʦʥʦʚ ʦʙʨʘʟʫʶʱʠʝʩʷ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʷʚʣʷʶʪʩʷ 

ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʤʠ ʜʦ ʩʦʩʪʘʚʦʚ x = 0.1ï0.2, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʥʝʤʦʥʦʪʦʥʥʳʝ ʩʜʚʠʛʠ 

ʨʝʬʣʝʢʩʦʚ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʩ ʠʟʤʝʥʝʥʠʝʤ ʩʦʩʪʘʚʘ. ʕʪʦ ʦʪʨʘʞʘʝʪʩʷ ʚ ʠʟʤʝʥʝʥʠʠ ʨʘʩʩʪʦʷʥʠʡ 

ʤʝʞʜʫ ʢʘʪʠʦʥʘʤʠ Gd
3+
 (Dy

3+
) ʠ ʠʦʥʘʤʠ S

-2
 ʩʵʥʜʚʠʯʘ [NbS2] (ʩʤ. ʨʠʩ. 13)  

ʧʨʠ ʥʝʟʥʘʯʠʪʝʣʴʥʳʭ ʠʟʤʝʥʝʥʠʷʭ ʨʘʩʩʪʦʷʥʠʡ Gd
3+
 (Dy

3+
) c ʠʦʥʘʤʠ S

2-
 ʩʣʦʷ [GdxDy1-xS]  

(ʧʦ ʜʘʥʥʳʤ EXAFS), ʠ ʚ ʫʚʝʣʠʯʝʥʠʠ ʧʣʦʪʥʦʩʪʠ ʬʦʥʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʂʈʉ-ʩʧʝʢʪʨʘʭ.  

ʕʪʠ ʬʘʢʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʥʘʨʫʰʝʥʠʠ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʨʝʰʝʪʢʠ ʚ ʦʩʥʦʚʥʦʤ  

ʥʘ ʧʦʣʫʢʦʛʝʨʝʥʪʥʦʡ ʛʨʘʥʠʮʝ ʤʝʞʜʫ ʩʣʦʷʤʠ ʧʦʜʩʠʩʪʝʤ [GdxDy1-xS] ʠ [NbS2]. ʇʨʠʯʝʤ, ʩʫʜʷ ʧʦ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʢʘʪʠʦʥʘ Dy
3+
, 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʧʦʣʝ ʚʦʢʨʫʛ ʵʪʦʛʦ ʠʦʥʘ ʠʩʧʳʪʳʚʘʝʪ ʠʩʢʘʞʝʥʠʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʫʙʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʦʡ C-DyS ʪʠʧʘ NaCl, ʯʪʦ ʪʘʢʞʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʠʩʢʘʞʝʥʠʠ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ  

ʥʘ ʧʦʣʫʢʦʛʝʥʪʥʦʡ ʛʨʘʥʠʮʝ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʧʦʩʢʦʣʴʢʫ mɻ ʬʬ,Dy ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ ʚʝʣʠʯʠʥʦʡ 

ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʦʩʪʘʚʘ x ʦʪ 0.1 ʜʦ 0.5, ʣʦʛʠʯʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʵʪʠ ʠʦʥʳ ʚ ʨʘʩʩʤʦʪʨʝʥʥʦʡ 

ʦʙʣʘʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʡ ʟʘʥʠʤʘʶʪ ʚʩʝ ʢʘʪʠʦʥʥʳʝ ʫʟʣʳ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʚʝʢʪʦʨ ʤʦʜʫʣʷʮʠʠ 

ʥʝʩʦʨʘʟʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ q = a1/a2 (ʩʤ. ʨʠʩ. 14). ɸʥʦʤʘʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʧʦʩʪʦʷʥʥʦʡ ʂʶʨʠ  

ʜʣʷ ʩʦʩʪʘʚʘ x = 0.2 (ʩʤ. ʨʠʩ. 52, ʙ), ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ ʥʘʨʫʰʝʥʠʝʤ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʩʦʝʜʠʥʝʥʠʷ (Gd0.2Dy0.8S)1.216NbS2.   

ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝʝ ʠʟʤʝʥʝʥʠʝ ʂʈʉ-ʩʧʝʢʪʨʦʚ ʩʦʝʜʠʥʝʥʠʷ 

(GdS)0.600NbS2, ʙʣʠʞʥʠʡ ʧʦʨʷʜʦʢ ʝʛʦ ʨʝʰʝʪʢʠ ʠʩʧʳʪʳʚʘʝʪ ʝʱʝ ʙʦʣʴʰʠʝ ʠʩʢʘʞʝʥʠʷ  

ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʧʘʨʝʥʥʦʛʦ ʩʵʥʜʚʠʯʘ [NbS2].  
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3.4.6. ʊʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ (GdxDy1-xS)z(NbS2)m ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 300ï

873K 

 

ʅʘ ʨʠʩʫʥʢʝ 53 ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ  

ʠ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʩʦʝʜʠʥʝʥʠʡ  

(GdxDy1-xS)z(NbS2)m. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʥʦʪʦʥʥʦ ʫʚʝʣʠʯʠʚʘʶʪʩʷ  

ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 300ï873K. ʀʩʧʦʣʴʟʫʝʤʳʝ ʠʥʜʝʢʩʳ in ʠ out ʦʪʥʦʩʷʪʩʷ ʢ ʠʟʤʝʨʝʥʠʷʤ 

ʧʘʨʘʤʝʪʨʦʚ ʚ ʧʣʦʩʢʦʩʪʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʥʘʧʨʘʚʣʝʥʠʶ ʜʘʚʣʝʥʠʷ ʧʨʠ ʧʨʝʩʩʦʚʘʥʠʠ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʠ ʧʘʨʘʣʣʝʣʴʥʦ ʵʪʦʤʫ ʥʘʧʨʘʚʣʝʥʠʶ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʇʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʘʥʠʟʦʪʨʦʧʠʷ ʧʨʝʩʩʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʩʚʷʟʘʥʘ ʩ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʳʤ 

ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ ʥʝʩʦʨʘʟʤʝʨʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ 

ʜʘʚʣʝʥʠʷ [125].  

 

 

ʈʠʩ. 53. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ (ʘ), (ʙ) ʠ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ (ʚ), (ʛ) 

ʠʩʩʣʝʜʫʝʤʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ, ʘ ʪʘʢʞʝ ʣʠʪʝʨʘʪʫʨʥʳʝ  

ʜʘʥʥʳʝ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ (LaS)1.140NbS2 [125]. 

 

 ʇʦʩʢʦʣʴʢʫ ʥʝʩʦʨʘʟʤʝʨʥʳʝ ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳ ʚ ʢʘʯʝʩʪʚʝ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʭr ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʨʘʩʩʤʦʪʨʠʤ ʜʝʪʘʣʴʥʦ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʛʦʨʷʯʝʛʦ ʢʦʥʮʘ 873K ʠ ʯʘʩʪʠʯʥʦ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɿʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ S, ɟ  
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ʠ əʦʙ ɦʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʘʥʦʤʘʣʠʝʡ ʜʣʷ ʩʦʩʪʘʚʘ x = 0.1 (ʨʠʩ. 54), 

ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʩ ʧʦʚʳʰʝʥʠʝʤ ʩʪʝʧʝʥʠ ʜʝʬʝʢʪʥʦʩʪʠ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʨʠ ʤʘʣʳʭ ʚʝʣʠʯʠʥʘʭ ʟʘʤʝʱʝʥʠʷ ʠʦʥʦʚ Dy
3+ 

ʠʦʥʘʤʠ Gd
3+ 
ʧʨʦʠʩʭʦʜʠʪ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚʳʰʝ, ʩʫʱʝʩʪʚʝʥʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ 

ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ (GdxDy1-xS) ʠ ʧʦʣʫʢʦʛʝʨʝʥʪʥʦʡ ʛʨʘʥʠʮʳ ʤʝʞʜʫ ʧʦʜʨʝʰʝʪʢʘʤʠ [GdxDy1-xS] 

ʠ [NbS2].  

 

ʈʠʩ. 54.  ɿʘʚʠʩʠʤʦʩʪʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ (xGd): ʢʦʵʬʬʠʮʠʝʥʪʘ 

ɿʝʝʙʝʢʘ (ʘ), ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ (ʙ) 

 ʠ ʦʙʝɦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ (ʚ) ʧʨʠ T = 300K ʠ T = 873K. 

 

ʂʦʵʬʬʠʮʠʝʥʪ ɿʝʝʙʝʢʘ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʩʦʝʜʠʥʝʥʠʷ (GdS)1.200NbS2 ʠ (DyS)1.220NbS2 

ʷʚʣʷʶʪʩʷ ʚʳʨʦʞʜʝʥʥʳʤʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʤʠ ʩ ʜʳʨʦʯʥʳʤ ʪʠʧʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ (p-ʪʠʧ). 

ʇʦʥʷʪʥʦ, ʯʪʦ ʘʥʘʣʦʛʠʯʥʳʡ ʪʠʧ ʧʨʦʚʦʜʠʤʦʩʪʠ ʙʫʜʝʪ ʭʘʨʘʢʪʝʨʝʥ ʜʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

(Gd0.1Dy0.9S)1.218NbS2, (Gd0.2Dy0.8S)1.216NbS2, (Gd0.5Dy0.5S)1.210NbS2. ʅʘ ʨʠʩʫʥʫʢʝ 54, ʘ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʘ S ʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ. ʂʘʢ ʚʠʜʥʦ Sin > Sout 

ʜʣʷ ʚʩʝʭ ʩʦʩʪʘʚʦʚ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ m*  

(ʩʤ. ʫʨʘʚʥʝʥʠʝ (5)) ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ ʚʳʰʝ. ʕʪʦ ʩʦʚʧʘʜʘʝʪ ʩ ʫʩʪʘʥʦʚʣʝʥʥʳʤ 

ʬʘʢʪʦʤ, ʯʪʦ ʥʘʨʫʰʝʥʠʝ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʨʝʰʝʪʢʠ ʠʤʝʝʪ ʤʝʩʪʦ ʚ ʦʩʥʦʚʥʦʤ ʚʜʦʣʴ 

ʧʦʣʫʢʦʛʝʨʝʥʪʥʳʭ ʛʨʘʥʠʮ ʧʦʜʨʝʰʝʪʦʢ.  
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ʈʠʩʫʥʦʢ 54, ʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʫʚʝʣʠʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ Sout ʜʦ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ 

x = 0.5. ʕʪʦʪ ʵʬʬʝʢʪ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʩʪʝʧʝʧʝʥʠ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʚ ʦʙʣʘʩʪʠ 

ʩʦʩʪʘʚʦʚ x = 0.2ï0.5 (ʨʠʩ. 55).  

 

ʈʠʩ. 55. ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʩʩʯʠʪʘʥʥʳʭ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ʆʂʈʩʨ ʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ xGd ʜʣʷ 

ʩʦʝʜʠʥʝʥʠʡ (GdS)1.200NbS2, (DyS)1.220NbS2, (Gd0.1Dy0.9S)1.218NbS2,  

(Gd0.2Dy0.8S)1.216NbS2, (Gd0.5Dy0.5S)1.210NbS2 (1) ʠ (GdS)0.600NbS2 (2). 

 

ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʩʪʝʧʝʥʴ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʨʝʜʥʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʆʂʈʩʨ  

ʧʦ ʚʩʝʤʫ ʥʘʙʦʨʫ ʨʝʬʣʝʢʩʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ  

ʠ ʦʙʨʘʙʦʪʘʥʥʳʭ ʧʦ ʤʝʪʦʜʫ ʐʝʨʨʝʨʘ. ʂʘʢ ʠ ʨʘʥʝʝ, ʤʳ ʦʩʥʦʚʳʚʘʝʤʩʷ ʥʘ ʪʦʤ, ʯʪʦ ʫʨʦʚʝʥʴ 

ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʪʦʚ  

ʥʘ ʝʜʠʥʠʮʫ ʦʙʲʝʤʘ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʝʬʝʢʪʦʚ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ. 

ʉʦʝʜʠʥʝʥʠʝ (GdS)0.600NbS2 (ʩ ʜʚʦʡʥʳʤ ʩʵʥʜʚʠʯʝʤ [NbS2]2) ʚ ʧʨʠʥʮʠʧʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʧʦʭʦʞʠʤʠ ʪʝʤʧʝʨʘʪʫʨʥʳʤʠ ʟʘʚʠʩʠʤʦʩʪʷʤʠ ʧʘʨʘʤʝʪʨʦʚ Sin((GdS)0.600NbS2) ʠ Sout((GdS)0.600NbS2) 

ʠ ʠʭ ʙʣʠʟʢʠʤʠ ʘʙʩʦʣʶʪʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ. ʕʪʠ ʟʥʘʯʝʥʠʷ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʙʣʠʟʢʠʭ  

ʢ 873K, ʠʤʝʶʪ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʤʝʞʜʫ Sin ʠ Sout ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ (GdS)1.200NbS2 

ʩ ʦʜʥʠʤ ʩʵʥʜʚʠʯʝʤ [NbS2]. ʕʪʦ, ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʤʝʞʥʳʭ 

ʩʣʦʝʚ (GdS) ʠ (NbS2)2 ʥʘ ʧʦʣʫʢʦʛʝʨʝʥʪʥʦʡ ʛʨʘʥʠʮʝ ʠ ʩʨʝʜʥʠʤ ʫʨʦʚʥʝʤ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ  

(ʩʤ. ʨʠʩ. 55, ʪʦʯʢʘ 2).  

ʋʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦʜʨʝʰʝʪʢʦʡ [NbS2] [16]. ʇʦʥʷʪʥʦ, ʯʪʦ ʧʨʠ ʤʘʣʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ 

ʠʦʥʦʚ Gd
3+ 

(x = 0.1) ʵʪʘ ʧʦʜʨʝʰʝʪʢʘ ʥʝ ʠʟʤʝʥʷʝʪ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ (ʫʜʝʣʴʥʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ rin), ʪʘʢ ʢʘʢ ʦʙʨʘʟʦʚʘʥʠʝ ʨʘʟʙʘʚʣʝʥʥʦʛʦ ʨʘʩʪʚʦʨʘ ʥʝ ʦʢʘʟʳʚʘʝʪ ʟʥʘʯʠʤʦʛʦ 

ʚʣʠʷʥʠʷ ʥʘ ʵʪʫ ʧʦʜʨʝʰʝʪʢʫ. ʕʪʦ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʘʥʘʣʠʟʦʤ ʩʤʝʱʝʥʠʷ ʨʝʬʣʝʢʩʦʚ ʚ ʈʌɸ. 

ʋʚʝʣʠʯʝʥʠʝ ʚʝʣʠʯʠʥʳ rout ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʪʘʢ, ʯʪʦ ʛʨʘʥʠʮʳ ʤʝʞʜʫ ʩʣʦʷʤʠ (GdS) ʠ (NbS2) ʦʨʠʝʥʪʠʨʦʚʘʥʳ 
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ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʥʘʧʨʘʚʣʝʥʠʶ ʜʘʚʣʝʥʠʷ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʝʨʘʤʠʢʠ. ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʧʝʨʝʥʦʩ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦ ʩʣʦʁ (NbS2). ɺ ʮʝʣʦʤ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 

ʩʣʘʙʦ ʠʟʤʝʥʷʝʪʩʷ ʩ ʠʟʤʝʥʝʥʠʝʤ ʩʦʩʪʘʚʘ ʧʦʜʨʝʰʝʪʢʠ [GdxDy1-xS] ʠʟ-ʟʘ ʩʣʘʙʦʛʦ ʚʦʟʤʫʱʝʥʠʷ 

ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʜʨʝʰʝʪʢʠ [NbS2]. 

ʋʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʦʙʨʘʟʮʦʚ rin((GdS)0.600NbS2) ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʨʘʚʥʦ 

rin((GdS)1.200NbS2) ʚʦ ʚʩʝʤ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ, ʘ rout((GdS)0.600NbS2) << 

rout((GdS)1.200NbS2), ʚʝʨʦʷʪʥʦ, ʚʩʣʝʜʩʪʚʠʝ ʚʣʠʷʥʠʷ ʟʥʘʯʠʤʦʡ ʩʪʨʫʢʪʫʨʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

ʧʨʝʩʩʦʚʘʥʥʦʛʦ ʦʙʨʘʟʮʘ ʠ ʧʦʚʳʰʝʥʥʦʡ ʜʝʬʝʢʪʥʦʩʪʠ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʨʝʰʝʪʢʠ. ʇʦʩʣʝʜʥʝʝ 

ʩʣʝʜʫʝʪ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʈʌɸ, ʂʈʉ-, EXAFS-ʩʧʝʢʪʨʦʩʢʦʧʠʡ ʠ ʠʟʫʯʝʥʠʷ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʠʦʥʦʚ Dy
3+
. 

ʂʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. ʅʘ ʨʠʩʫʥʢʝ 56 ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʙʱʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ (əʦʙ)ɦ ʧʦʣʫʯʝʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʦʚ. 

 

ʈʠʩ. 56. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʙʱʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ  

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ. 

 

ʂʘʢ ʚʠʜʥʦ, ɻʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʩʥʠʞʘʶʪʩʷ ʩ ʧʦʚʳʰʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʧʨʠʯʝʤ əin > əout. ʕʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʣʦʢʘʣʠʟʘʮʠʠ ʥʘʨʫʰʝʥʠʡ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ 

ʚʜʦʣʴ ʧʦʣʫʢʦʛʝʨʝʥʪʥʳʭ ʛʨʘʥʠʮ ʧʦʜʨʝʰʝʪʦʢ. ɺʝʣʠʯʠʥʘ əin ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ (GdS)1.200NbS2 

ʤʝʥʴʰʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʚʝʣʠʯʠʥʳ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ ʩ ʙʠʥʘʨʥʳʤ ʩʵʥʜʚʠʯʝʤ (GdS)0.600NbS2 

ʥʘ 15% ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (873K) (ʨʠʩ. 57). ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʜʚʦʡʥʦʡ 

ʩʣʦʡ (NbS2)2 ʚʥʦʩʠʪ ʟʘʤʝʪʥʳʡ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚ ʧʝʨʝʜʘʯʫ ʪʝʧʣʘ  

ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʤʘʪʝʨʠʘʣʘʭ, ʯʪʦ ʩʣʝʜʦʚʘʣʦ ʦʞʠʜʘʪʴ ʠʟ-ʟʘ ʫʚʝʣʠʯʝʥʠʷ ʪʦʣʱʠʥʳ ʵʪʦʛʦ ʩʣʦʷ.  

ɼʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʢʦʵʬʬʠʮʠʝʥʪʳ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ əʦʙ.ɦin ʠ əʦʙ.ɦout ʫʤʝʥʴʰʘʶʪʩʷ ʩ ʨʦʩʪʦʤ 

ʢʦʥʮʝʥʪʨʘʮʠʠ xGd
3+
.  ɺʢʣʘʜ ʵʣʝʢʪʨʦʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ (əɻʣ) ʨʘʩʩʯʠʪʳʚʘʣʠ 

ʧʦ ʟʘʢʦʥʫ ɺʠʜʝʤʘʥʘïʌʨʘʥʮʘ əɻʣ = LʦȚT/r, ʛʜʝ Lʦ ï ʯʠʩʣʦ ʃʦʨʝʥʮʘ (ʨʠʩ. 57). 
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ʈʠʩ. 57. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʢʣʘʜʦʚ ɻʣʝʢʪʨʦʥʥʦʡ (əɻʣ) ʠ ʨʝʰʝʪʦʯʥʦʡ  

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ (əʨʝ)h ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ (GdS)1.200NbS2 ʠ (GdS)0.600NbS2. 

 

ʈʝʰʝʪʦʯʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ (əʨʝ)h ʚʳʯʠʩʣʷʣʘʩʴ ʧʦ ʨʘʟʥʠʮʝ əʦʙïɦəɻʣ.  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ əʦʙ,ɦ əʨʝʰ ʠ əɻʣ ʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʥʘ ʨʠʩ. 58. 

ɺʢʣʘʜ ʵʣʝʢʪʨʦʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʚ ʚʝʣʠʯʠʥʫ ʦʙʱʝʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʜʣʷ ʦʙʨʘʟʮʘ 

ʩʦʩʪʘʚʘ x = 0.2ï0.5 ʜʦʚʦʣʴʥʦ ʙʦʣʴʰʦʡ ʠ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 45 ʠ 30% ʚ ʥʘʧʨʘʚʣʝʥʠʷʭ <in>  

ʠ <out> ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʕʪʠ ʚʝʣʠʯʠʥʳ ʩʦʭʨʘʥʷʶʪʩʷ ʚʦ ʚʩʝʤ ʠʥʪʝʨʚʘʣʝ ʩʦʩʪʘʚʦʚ, ʢʨʦʤʝ 

ʩʦʩʪʘʚʦʚ ʚʙʣʠʟʠ x = 0.1. ʊʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ əʦʙ,ɦ əʨʝʰ ʠ əɻʣ ʩʦʝʜʠʥʝʥʠʷ (GdS)0.600NbS2 ʥʘ 23, 

20 ʠ 3% ʚʳʰʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʣʦʩʢʦʩʪʠ ʩʣʦʷ <in> ʠ ʥʘ 32, 26 ʠ 49% ʚʳʰʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ 

<out>. ʆʜʥʘʢʦ ʚʢʣʘʜ əɻʣ ʚ ʥʘʧʨʘʚʣʝʥʠʠ <in> ʜʣʷ ʩʦʩʪʘʚʘ x = 0.1 ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʝʪʩʷ. 

ʕʪʠ ʘʥʦʤʘʣʠʠ ʢʦʨʨʝʣʠʨʫʶʪ: ʩ ʧʦʚʳʰʝʥʠʝʤ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʦʙʨʘʟʮʦʚ (ʆʂʈʩʨ) ʩʦʩʪʘʚʘ  

x = 0.0ï0.2 (ʩʤ. ʨʠʩ. 55), ʩ ʦʙʣʘʩʪʴʶ ʧʝʨʝʭʦʜʘ ʢ ʫʧʦʨʷʜʦʯʝʥʥʦʤʫ ʪʚʝʨʜʦʤʫ ʨʘʩʪʚʦʨʫ x = 0.2ï

0.5 (ʜʦ ʧʝʨʝʛʠʙʘ ʬʫʥʢʮʠʡ ʩʤʝʱʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʨʝʬʣʝʢʩʦʚ 2q = f(x), ʩʤ. ʧʨʠʣʦʞʝʥʠʝ 6)  

ʠ ʥʘʯʘʣʦʤ ʫʚʝʣʠʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʬʦʥʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʧʦ ʜʘʥʥʳʤ ʂʈʉ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ.  

ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʨʘʥʝʝ, ʚʩʝ ʵʪʠ ʵʬʬʝʢʪʳ ʦʪʨʘʞʘʶʪ ʥʘʣʠʯʠʝ ʟʥʘʯʠʪʝʣʴʥʳʭ ʥʘʨʫʰʝʥʠʡ 

ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʠʟʫʯʝʥʥʳʭ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ 

ʩʦʝʜʠʥʝʥʠʡ. 
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ʈʠʩ. 58. ɿʘʚʠʩʠʤʦʩʪʠ ʩʦʩʪʘʚʣʷʶʱʠʭ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ (əʨʝ,h əɻʣ) ʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ 

ʨʘʩʪʚʦʨʘ xGd ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ (GdS)1.200NbS2, (DyS)1.220NbS2, (Gd0.1Dy0.9S)1.218NbS2,  

(Gd0.2Dy0.8S)1.216NbS2, (Gd0.5Dy0.5S)1.210NbS2 ʧʨʠ 873K.  

ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʥʘʥʝʩʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʠ ʨʘʩʯʸʪʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ 

 ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ (GdS)0.600NbS2, ʢʦʪʦʨʳʝ ʫʢʘʟʘʥʳ ʪʦʯʢʘʤʠ ʩʧʨʘʚʘ. 

 

ʆʙʱʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʩʦʝʜʠʥʝʥʠʷ (GdS)0.600NbS2 ʠ ʚʩʝ  

ʝʸ ʩʦʩʪʘʚʣʷʶʱʠʝ ʠʤʝʶʪ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ, ʯʪʦ ʠ ʩʣʝʜʦʚʘʣʦ ʦʞʠʜʘʪʴ, ʪʘʢ ʢʘʢ 

ʧʦʜʨʝʰʝʪʢʘ [NbS2]2 ʠʛʨʘʝʪ ʟʥʘʯʠʤʫʶ ʨʦʣʴ ʚ ʧʝʨʝʥʦʩʝ ʪʝʧʣʘ ʠʟ-ʟʘ ʫʚʝʣʠʯʝʥʠʷ ʝʸ ʪʦʣʱʠʥʳ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʩʥʦʚʥʳʤʠ ʬʘʢʪʦʨʘʤʠ, ʦʧʨʝʜʝʣʷʶʱʠʤʠ ʚʝʣʠʯʠʥʫ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ 

ʠʟʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʷʚʣʷʶʪʩʷ: ʠʩʧʦʣʴʟʫʝʤʦʝ 

ʥʘʧʨʘʚʣʝʥʠʝ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ (<in> ʠʣʠ <out>), ʥʘʨʫʰʝʥʠʷ ʜʘʣʴʥʝʛʦ ʠ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʦʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʘ ʪʘʢʞʝ ʧʦʚʳʰʝʥʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ əɻʣ ʟʘ ʩʯʝʪ ʧʝʨʝʥʦʩʘ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʦʚ.  

ʊʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʜʦʙʨʦʪʥʦʩʪʴ. ʌʘʢʪʦʨ ʤʦʱʥʦʩʪʠ (S
2
/ɟ) ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ  

ʠʟ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʢʦʪʦʨʳʡ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʚʝʣʠʯʠʥʫ ʯʠʩʣʠʪʝʣʷ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʮʡ ʜʦʙʨʦʪʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ (ʫʨʘʚʥʝʥʠʝ (1)). ɼʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʬʘʢʪʦʨ ʤʦʱʥʦʩʪʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ xGd
3+ 

(ʩʤ. ʧʨʠʣʦʞʝʥʠʝ 9), ʘ ʘʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʩʣʦʝʚ <in> ʤʥʦʛʦ ʙʦʣʴʰʝ, ʯʝʤ  

ʚ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʢ ʥʠʤ ʥʘʧʨʘʚʣʝʥʠʠ <out>.  

 ɼʣʷ ʩʦʩʪʘʚʦʚ x = 0.2ï0.5 ʬʘʢʪʦʨ ʤʦʱʥʦʩʪʠ ʩʘʤʳʡ ʚʳʩʦʢʠʡ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʜʣʷ ʩʦʩʪʘʚʘ  

x = 0.2 ʥʘʙʣʶʜʘʝʪʩʷ ʪʝʥʜʝʥʮʠʷ ʙʦʣʴʰʝʛʦ ʫʚʝʣʠʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ S
2
/ɟ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ, ʯʝʤ ʜʣʷ ʩʦʩʪʘʚʘ x = 0.5. ɼʣʷ ʩʦʝʜʠʥʝʥʠʷ (GdS)0.600NbS2 ʬʘʢʪʦʨ ʤʦʱʥʦʩʪʠ 

ʦʯʝʥʴ ʤʘʣ ʧʦ ʘʙʩʦʣʶʪʥʦʡ ʚʝʣʠʯʠʥʝ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚ ʜʣʷ ʥʘʧʨʘʚʣʝʥʠʡ <in> ʠ <out>.   

ʅʘ ʨʠʩʫʥʢʝ 59 ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʘ ZT ʠʩʩʣʝʜʫʝʤʳʭ 

ʩʦʝʜʠʥʝʥʠʡ (ʘ) ʠ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʘ ZT ʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ xGd (ʙ). 
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ɿʘʚʠʩʠʤʦʩʪʠ ʠʤʝʶʪ ʤʦʥʦʪʦʥʥʳʡ ʭʘʨʘʢʪʝʨ ʠ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʩ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ  

ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʨʘʚʥʝʥʠʝʤ (1) ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʤʠ ʟʘʚʠʩʠʤʦʩʪʷʤʠ ʧʘʨʘʤʝʪʨʦʚ S, ɟ ʠ ə.  

ʂʘʢ ʠ ʨʘʥʝʝ, ʨʘʩʩʤʦʪʨʠʤ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ZT ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ 

ʨʘʩʪʚʦʨʘ ʧʨʠ 873K.    

 

ʈʠʩ. 59. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ZT ʩʦʝʜʠʥʝʥʠʡ 

(GdS)1.200NbS2, (DyS)1.220NbS2, (Gd0.1Dy0.9S)1.218NbS2, (Gd0.2Dy0.8S)1.216NbS2, (Gd0.5Dy0.5S)1.210NbS2 (ʘ) ʠ 

ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʘ ZT ʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ xGd (ʙ).  

ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʥʘʥʝʩʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʠ ʨʘʩʯʸʪʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ 

(GdS)0.600NbS2. ʇʨʷʤʳʤʠ ʣʠʥʠʷʤʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʣʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ (LaS)1.140NbS2. 

 

ʂʘʢ ʚʠʜʥʦ, ʚʝʣʠʯʠʥʳ ZTin (ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ) ʥʘʤʥʦʛʦ ʚʳʰʝ, ʯʝʤ ʟʥʘʯʝʥʠʷ 

ZTout (ʚ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ). ɿʜʝʩʴ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʥʘʧʦʤʥʠʪʴ, ʯʪʦ ʚ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʧʨʠʥʷʪʘ ʧʨʘʢʪʠʯʝʩʢʠ ʦʧʨʘʚʜʘʥʥʘʷ ʪʦʞʜʝʩʪʚʝʥʥʦʩʪʴ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ 

ʥʘʧʨʘʚʣʝʥʠʷ ʩ ʨʝʰʝʪʢʠ ʩʣʦʠʩʪʳʭ ʤʠʩʬʠʪʦʚ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʧʨʠʣʦʞʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ ʧʨʠ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʩʧʝʢʘʥʠʠ ʢʝʨʘʤʠʢʠ, ʪʘʢ ʢʘʢ ʧʨʠ ʧʨʝʩʩʦʚʘʥʠʠ ʧʦʨʦʰʢʦʚʦʛʦ ʦʙʨʘʟʮʘ 

ʧʣʦʩʢʦʩʪʠ aïb (006) ʢʨʠʩʪʘʣʣʠʢʦʚ ʦʨʠʝʥʪʠʨʫʶʪʩʷ ʚ ʩʨʝʜʥʝʤ ʙʣʠʟʢʦ ʢ ʧʣʦʩʢʦʩʪʠ ʜʘʚʣʝʥʠʷ 

[124,125]. ʕʪʦ ʪʝʢʩʪʫʨʠʨʦʚʘʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ (ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʥʪʝʥʩʠʚʥʳʡ 

ʨʝʬʣʝʢʩ (006) (ʩʤ. ʨʠʩ. 45, ʘ). ɿʘʚʠʩʠʤʦʩʪʠ, ʧʦʩʪʨʦʝʥʥʳʝ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ZTïx, ʟʝʨʢʘʣʴʥʦ 

ʦʙʨʘʪʥʳ ʠʟʤʝʥʝʥʠʷʤ ʬʫʥʢʮʠʠ ʆʂʈʩʨ = f(x), ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡ ʠʟʤʝʥʝʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨ r

ʦʙʨʘʟʮʦʚ ʠ ʥʘʨʫʰʝʥʠʝ ʝʝ ʜʘʣʴʥʝʛʦ ʠ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʦʚ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʥʘʥʦʩʪʨʫʢʪʫʨʘ ʠ 

ʪʝʢʩʪʫʨʘ ʦʙʨʘʟʮʦʚ ʚ ʦʩʥʦʚʥʦʤ ʟʘʜʘʝʪʩʷ ʧʨʦʮʝʩʩʦʤ ʩʧʝʢʘʥʠʷ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ 

ʧʦʨʦʰʢʦʚ. ʅʘʠʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ZTin = 0.13 ʧʦʣʫʯʝʥʦ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ ʧʣʦʩʢʦʩʪʠ 

ʩʣʦʝʚ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ (Gd0.5Dy0.5S)1.210NbS2 (ʩʤ. ʨʠʩ. 59, a). ʅʘ ʨʠʩʫʥʢʝ 59, ʘ ʜʣʷ ʩʨʘʚʥʝʥʠʷ 

ʧʨʠʚʝʜʝʥʘ ʠʟʚʝʩʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʘ ZT ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ 

(LaS)1.140NbS2 [124].ɿʥʘʯʝʥʠʝ ZT ʥʝʤʥʦʛʦ ʙʦʣʴʰʝ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ ʩ ʣʘʥʪʘʥʦʤ, ʯʝʤ ʜʣʷ 

ʠʩʩʣʝʜʫʝʤʳʭ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʩʦʝʜʠʥʝʥʠʡ, ʦʜʥʘʢʦ ʵʢʩʪʨʘʧʦʣʷʮʠʷ ʧʦʣʫʯʝʥʥʦʡ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ (Gd0.5Dy0.5S)1.210NbS2 ʚ ʦʙʣʘʩʪʴ ʙʦʣʝʝ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʫʢʘʟʳʚʘʝʪ ʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʜʦʩʪʠʞʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʦʣʝʝ ʚʳʩʦʢʠʭ 
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ʟʥʘʯʝʥʠʡ ZT. ʅʘ ʨʠʩʫʥʢʝ 59, ʙ ʦʪʜʝʣʴʥʳʤʠ ʪʦʯʢʘʤʠ ʩʧʨʘʚʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʘʢʞʝ ʚʝʣʠʯʠʥʳ 

ZT ʢʝʨʘʤʠʢʠ ʩʦʩʪʘʚʘ (GdS)0.600NbS2. ʂʘʢ ʚʠʜʥʦ, ʵʪʠ ʚʝʣʠʯʠʥʳ ʧʨʠʤʝʨʥʦ ʚ 4 ʨʘʟʘ ʤʝʥʴʰʝ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʚʝʣʠʯʠʥʳ  ZTin = 0.13 ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ (Gd0.5Dy0.5S)1.210NbS2. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʧʝʨʚʳʝ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʥʝʩʦʨʘʟʤʝʨʥʳʝ ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ ʩʦʩʪʘʚʦʚ 

(GdxDy1-xS)z(NbS2)m  (x = 0, 0.1, 0.2, 0.5, 1.0; z = 1.2 + q, q = 0,000ï0.020; m = 1, 2). ʇʨʦʚʝʜʝʥʦ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʨʘʟʥʳʭ ʤʘʩʰʪʘʙʘʭ ʨʘʟʤʝʨʥʦʩʪʠ, ʢʦʪʦʨʦʝ ʧʦʢʘʟʘʣʦ,  

ʯʪʦ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ, ʥʘʥʦʩʪʨʫʢʪʫʨʘ, ʪʝʢʩʪʫʨʘ ʠ ʩʦʩʪʘʚ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ xGd ʚ ʦʩʥʦʚʥʦʤ 

ʦʧʨʝʜʝʣʷʶʪ ʜʘʣʴʥʠʡ ʠ ʙʣʠʞʥʠʡ ʧʦʨʷʜʢʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʧʨʝʩʩʦʚʘʥʥʦʡ ʢʝʨʘʤʠʢʠ. 

ʇʘʨʘʤʝʪʨ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ZT ʦʯʝʥʴ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʥʘʨʫʰʝʥʠʶ ʙʣʠʞʥʝʛʦ 

ʧʦʨʷʜʢʘ ʥʘ ʧʦʣʫʢʦʛʝʨʝʥʪʥʳʭ ʛʨʘʥʠʮʘʭ ʧʦʜʨʝʰʝʪʦʢ [GdxDy1-xS] ʠ [NbS2], ʯʪʦ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʠʟʤʝʥʝʥʠʷʤʠ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʥʘ ʵʪʠʭ ʛʨʘʥʠʮʘʭ (EXAFS-

ʩʧʝʢʪʨʦʩʢʦʧʠʷ) ʠ ʠʟʤʝʥʝʥʠʷʤʠ ʧʣʦʪʥʦʩʪʠ ʬʦʥʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ (ʂʈʉ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ)  

ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʦʩʪʘʚʘ xGd.  

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʚ ʧʦʜʩʠʩʪʝʤʝ [GdxDy1-xS] 

ʧʦʚʳʰʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ɺ ʩʚʷʟʠ ʩ ɻ ʪʠʤ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʜʦʣʞʠʪʴ ʠʟʫʯʝʥʠʝ ʧʦʜʦʙʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʩ ʜʨʫʛʠʤʠ ʈɿʕ, ʠʤʝʶʱʠʤʠ ʙʦʣʴʰʫʶ ʨʘʟʥʦʩʪʴ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ.   
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ɿʘʢʣʶʯʝʥʠʝ 

ʉʦʚʨʝʤʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚ ʦʙʣʘʩʪʠ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʪʨʝʙʫʝʪ ʧʦʠʩʢʘ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʚʝʱʝʩʪʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʧʦʚʳʰʝʥʥʫʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʚ ʵʣʝʢʪʨʠʯʝʩʢʫʶ. ʊʘʢʠʤʠ ʚʝʱʝʩʪʚʘʤʠ 

ʤʦʛʫʪ ʙʳʪʴ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʩʫʣʴʬʠʜʦʚ ʈɿʕ. 

ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʫʣʴʬʠʜʳ Gd ʠ Dy ʠ ʠʭ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ    

g-(GdxDy1-x)3-n[VLn,n]S4, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʩʦʩʪʘʚʝ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʥʝʩʦʨʘʟʤʝʨʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ (GdxDy1-xS)z(NbS2)m, ̫ʚʣʷʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʧʨʠʝʤʣʝʤʳʤʠ ʦʙʲʝʢʪʘʤʠ ʜʣʷ 

ʨʘʩʩʤʦʪʨʝʥʠʷ ʧʨʠʨʦʜʳ ʠʭ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʨʘʟʣʠʯʥʦʡ ʨʘʟʤʝʨʥʦʡ ʤʘʩʰʪʘʙʥʦʩʪʠ  

ʠ ʤʝʭʘʥʠʟʤʦʚ ʝʸ ʚʣʠʷʥʠʷ ʥʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʈʘʟʚʠʪʘʷ ʭʠʤʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʘʷ ʚʘʢʘʥʩʠʦʥʥʘʷ ʩʠʩʪʝʤʘ ʵʪʠʭ ʦʙʲʝʢʪʦʚ  

ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʨʘʟʣʠʯʥʳʤʠ ʜʨʫʛʠʤʠ ʜʝʬʝʢʪʘʤʠ, ʚʳʟʚʘʥʥʳʤʠ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʤʠ 

ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʨʝʘʣʴʥʦʛʦ ʤʘʪʝʨʠʘʣʘ (ʛʨʘʥʠʮʳ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʜʠʩʣʦʢʘʮʠʠ, 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʮʝʥʪʨʳ, ʧʦʣʫʢʦʛʝʨʝʥʪʥʳʝ ʛʨʘʥʠʮʳ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ ʥʝʩʦʨʘʟʤʝʨʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʠ ʜʨ.), ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ 

(ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ,  ɻ ʬʬʝʢʪ ɿʝʝʙʝʢʘ, ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ) ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʢʦʪʦʨʳʝ,  

ʚ ʢʦʥʝʯʥʦʤ ʩʯʝʪʝ, ʦʧʨʝʜʝʣʷʶʪ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʜʦʙʨʦʪʥʦʩʪʴ ZT ʠʟʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʆʧʪʠʤʠʟʘʮʠʷ ʧʨʦʮʝʩʩʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ: ʩʠʥʪʝʟ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ ʦʢʩʠʜʦʚ Gd  ʠ Dy ʚʳʩʦʢʦʦʜʥʦʨʦʜʥʳʭ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ ʧʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ 

ʢʘʪʠʦʥʦʚ Gd
3+
 Dy

3+
 (ʟʦʣʴ-ʛʝʣʴ ʧʨʦʮʝʩʩ), ʦʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ 

ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʦʢʩʠʜʦʚ ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʚʨʝʤʝʥʠ ʧʨʦʚʝʜʝʥʠʷ ʩʠʥʪʝʟʘ, ʢʠʥʝʪʠʯʝʩʢʠ 

ʧʨʝʜʦʧʨʝʜʝʣʷʶʱʠʭ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʳʩʦʢʦʦʜʥʦʨʦʜʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʧʦʣʫʪʦʨʥʳʭ 

ʩʫʣʴʬʠʜʦʚ ʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʫʣʴʬʠʜʦʚ ʚ ʥʝʩʦʨʘʟʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʷʭ, 

ʧʦʟʚʦʣʠʣʘ ʧʦʣʫʯʠʪʴ ʦʙʨʘʟʮʳ ʢʝʨʘʤʠʢʠ ʚʳʩʦʢʦʦʜʥʦʨʦʜʥʳʭ ʧʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʦʩʥʦʚʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʠ ʚʳʩʦʢʦʯʠʩʪʳʭ ʧʦ ʩʦʜʝʨʞʘʥʠʶ ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʧʨʠʤʝʩʝʡ. ʕʪʦ ʚ ʩʚʦʶ 

ʦʯʝʨʝʜʴ ʧʦʟʚʦʣʠʣʦ ʠʟʫʯʠʪʴ ʩ ʚʳʩʦʢʦʡ ʜʦʩʪʦʚʝʨʥʦʩʪʴʶ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʨʝʘʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʦʚʨʝʤʝʥʥʳʤʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʘʥʘʣʠʟʘ. 

ʀʟʤʝʥʝʥʠʷ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʫʣʴʬʠʜʦʚ ʚ ʯʘʩʪʥʦʩʪʠ, ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʨʘʟʣʠʯʠʷʤʠ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ ʢʘʪʠʦʥʦʚ Gd
3+
 ʠ Dy

3+ 
ʠ ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ. ʕʪʦ ʧʨʠʚʦʜʠʪ  

ʢ ʟʥʘʯʠʪʝʣʴʥʳʤ ʥʘʨʫʰʝʥʠʷʤ ʜʘʣʴʥʝʛʦ ʠ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʦʚ ʨʝʰʝʪʢʠ, ʚʳʟʳʚʘʶʱʠʭ 

ʧʦʥʠʞʝʥʠʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʜʣʠʥʳ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʥʦʥʦʚ  

ʠ ʪʘʢʞʝ ʢ ʠʟʤʝʥʝʥʠʶ ʪʘʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʪʝʨʠʘʣʘ, ʢʘʢ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʠ 

ʢʦʵʬʬʠʮʠʝʥʪ ɿʝʝʙʝʢʘ, ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ZT. 

ʊʘʢ ʢʘʢ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʚʘʞʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʜʦʙʨʦʪʥʦʩʪʠ ZT 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʪʦ ʠʤʝʥʥʦ ʧʦʥʠʞʝʥʠʝ ʝʸ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ 
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ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʥʘ ʫʨʦʚʥʝ ʚʳʨʦʞʜʝʥʥʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ 

ʥʘʧʨʘʚʣʝʥʠʝʤ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ. ʇʝʨʩʧʝʢʪʠʚʥʳʤ 

ʧʫʪʝʤ ʨʝʰʝʥʠʷ ʵʪʦʡ ʟʘʜʘʯʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʈɿʕ  

ʩ ʙʦʣʴʰʝʡ ʨʘʟʥʠʮʝʡ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʪʝʨʤʦʕɼʉ (ʵʬʬʝʢʪ ɿʝʝʙʝʢʘ)  

ʠ ʦʧʪʠʤʠʟʘʮʠʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʫʣʴʬʠʜʦʚ ʈɿʕ, ʥʝʦʙʭʦʜʠʤʦ  

ʚ ʜʘʣʴʥʝʡʰʝʤ ʧʨʦʚʦʜʠʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʯʘʩʪʠ ʣʝʛʠʨʦʚʘʥʠʷ ʦʙʨʘʟʮʦʚ ʵʣʝʤʝʥʪʘʤʠ, 

ʧʦʚʳʰʘʶʱʠʤʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʜʦ ʦʧʪʠʤʘʣʴʥʦʛʦ ʫʨʦʚʥ.̫ ʂʨʦʤʝ ʪʦʛʦ, ʙʦʣʴʰʝʝ 

ʦʪʢʣʦʥʝʥʠʝ ʩʪʝʭʠʦʤʝʪʨʠʠ ʩʦʝʜʠʥʝʥʠʡ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʩʦʩʪʘʚʘ (GdxDy1-x)3S4 ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ 

ʤʦʞʝʪ ʦʙʝʩʧʝʯʠʪʴ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʜʦʙʨʦʪʥʦʩʪʴ.  ʇʨʠ ʵʪʦʤ ʥʝʦʙʭʦʜʠʤʦ 

ʧʦʚʳʰʘʪʴ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʩʦʚʤʝʩʪʠʤʦʩʪʴ ʤʘʪʝʨʠʘʣʦʚ, ʯʪʦ ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʜʝʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. B ɻʪʦʤ ʦʪʥʦʰʝʥʠʠ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʈɿʕ ʠʤʝʶʪ ʧʝʨʩʧʝʢʪʠʚʫ, ʪʘʢ ʢʘʢ 

ʥʘ ʦʩʥʦʚʝ ʩʫʣʴʬʠʜʦʚ ʈɿʕ ʧʦʣʫʯʘʶʪ ʤʘʪʝʨʠʘʣʳ p- ʠ n-ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ.     
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ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʚʳʚʦʜʳ 

1. ʆʧʪʠʤʠʟʠʨʦʚʘʥʳ ʧʨʦʮʝʩʩʳ ʩʠʥʪʝʟʘ ʦʜʥʦʨʦʜʥʳʭ ʧʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʵʣʝʤʝʥʪʦʚ  ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ g-(GdxDy1-x)3-n[VLn,n]S4  ʩʦ ʩʪʨʫʢʪʫʨʥʳʤ ʪʠʧʦʤ Th3P4 ʧʨʠ x = 0.1, 0.2, 0.3, 0.4 ʠ 1.0, 

ʘ ʪʘʢʞʝ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʥʝʩʦʨʘʟʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʦʡ  (GdxDy1-xS)z(NbS2)m ʧʨʠ x = 0.0, 

0.1,é.0.5; z = 1.2 + q; q = 0.000ï0.020; m = 1, 2. ʆʧʪʠʤʠʟʘʮʠʷ ʧʨʦʮʝʩʩʦʚ ʟʘʢʣʶʯʘʝʪʩʷ  

ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ  ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ ʠʩʭʦʜʥʳʭ  

ʨʝʘʛʝʥʪʦʚ ï ʦʜʥʦʨʦʜʥʳʭ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʦʢʩʠʜʦʚ Gd ʠ Dy  

ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʠʭ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʧʦ ʨʝʞʠʤʘʤ, ʥʘʡʜʝʥʥʳʤ ʥʘ ʦʩʥʦʚʘʥʠʠ 

ʠʟʫʯʝʥʠʷ ʢʠʥʝʪʠʢʠ ʪʦʧʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ: ï ʩʠʩʪʝʤʘ GdïOïS: ʬʘʟʘ Gd2O2S,  

t = 8 ʯ (800
o
C), ʬʘʟʘ Gd2S3, t = 4.5 ʯ (Ó 973

o
C); ï ʩʠʩʪʝʤʘ DyïOïS: ʬʘʟʘ Dy2O2S, 

 t = 9 ʯ (800
o
C), ʬʘʟʘ Dy2S3, t = 5 ʯ (Ó 1020

o
C);.  

2. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʢʠʥʝʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʦʢʩʠʜʦʚ ʦʢʩʠʜʦʚ Gd ʠ Dy 

ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʳ: ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ ʧʦʣʫʪʦʨʥʳʭ ʩʫʣʴʬʠʜʦʚ Gd2S3 ʠ Dy2S3 

ʨʘʚʥʳ (4.29 Ñ 0.30)Ț10
5
 ʩ

-1
 ʠ (2.05 Ñ 0.11)Ț10

5 
ʩ

-1 
(ʧʨʠ ʊ = 900 

ʦ
ʉ),  ʢʘʞʫʱʠʝʩʷ ʵʥʝʨʛʠʠ 

ʘʢʪʠʚʘʮʠʠ 56.51 Ñ 3.23 ʢɼʞ/ʤʦʣʴ ʠ 70.14 Ñ 3.64 ʢɼʞ/ʤʦʣʴ, ʧʨʝʜʵʢʩʧʦʥʝʥʪʳ ʨʝʘʢʮʠʡ 

(122.77 Ñ 2.39)Ț10
4
 ʩ

-1
 ʠ (148.75 Ñ 5.21)Ț10

4 
ʩ

-1
 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʕʪʦ ʧʨʝʜʦʧʨʝʜʝʣʠʣʦ 

ʧʦʣʫʯʝʥʠʝ ʚʳʩʦʢʦʦʜʥʦʨʦʜʥʳʭ ʧʦ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʝ ʦʙʨʘʟʮʦʚ. 

3. ʆʪʨʘʙʦʪʘʥ ʘʣʛʦʨʠʪʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʦʚ (ʦʩʦʙʝʥʥʦʩʪʝʡ ʙʣʠʞʥʝʛʦ 

ʠ ʜʘʣʴʥʝʛʦ ʧʦʨʷʜʢʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ) ʥʘʙʦʨʦʤ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ: 

ʈʌɸ (ʜʘʣʴʥʠʡ ʠ ʙʣʠʞʥʠʡ ʧʦʨʷʜʦʢ), ʂʈʉ- ʠ EXAFS ʩʧʝʢʪʨʦʩʢʦʧʠʡ, ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʧʦ ʤʝʪʦʜʫ ʌʘʨʘʜʝʷ (ʙʣʠʞʥʠʡ ʧʦʨʷʜʦʢ), ʘ ʪʘʢʞʝ SEM ʠ HRTEM 

ʤʠʢʨʦʩʢʦʧʠʡ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩʪʨʫʢʪʫʨʥʦ-ʨʘʚʥʦʚʝʩʥʘʷ ʚʘʢʘʥʩʠʦʥʥʘʷ ʩʠʩʪʝʤʘ ʧʦʣʫʪʦʨʥʦʛʦ 

ʩʫʣʴʬʠʜʘ GdS1.5-y ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ  NV = 0.2 - 0.3Ŀ10
21 
ʩʤ

-3
 ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʮʝʥʪʨʳ, 

ʩʚʷʟʘʥʥʳʝ ʩ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ  

Nʉ = 1.2 - 2Ŀ10
21 
ʩʤ

-3
 ʦʢʘʟʳʚʘʶʪ ʦʧʨʝʜʝʣʷʶʱʝʝ ʚʣʠʷʥʠʝ ʥʘ ʧʘʨʘʤʝʪʨʳ ʪʝʧʣʦʧʝʨʝʜʘʯʠ 

ʤʘʪʝʨʠʘʣʘ ʠ ʩʥʠʞʘʶʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʥʘ 10ï20% ʚ ʦʙʣʘʩʪʠ 300 ï 770K ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ. 

4. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʦʙʨʘʟʮʦʚ, ʘ ʠʤʝʥʥʦ, ʫʜʝʣʴʥʘʷ ʧʣʦʱʘʜʴ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʚʳʟʳʚʘʶʱʘʷ ʠʟʤʝʥʝʥʠʝ ʯʠʩʣʘ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ 

ʦʧʨʝʜʝʣʷʝʪ ʚʝʣʠʯʠʥʫ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ g-GdxDy1-xS1.49, ʧʨʠʯʝʤ 

ʫʩʪʘʥʦʚʣʝʥʦ ʥʘʣʠʯʠʝ ʘʥʦʤʘʣʴʥʦʛʦ ʩʥʠʞʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʜʣʷ ʩʦʩʪʘʚʘ ʭ = 0.2.  

ɼʣʷ ʵʪʦʛʦ ʩʦʩʪʘʚʘ ʜʦʩʪʠʛʥʫʪʦ ʤʠʥʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ  

0.68 Ñ 0.03 ɺʪ/ʤȚʂ ʧʨʠ 770K, ʯʪʦ ʤʝʥʴʰʝ ʯʝʤ ʘʥʘʣʦʛʠʯʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ 

GdS1.487 (0.74 Ñ 0.04 ɺʪ/ʤȚʂ). ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 770K ɻ ʪʘ ʘʥʦʤʘʣʠʷ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʝʪʩʷ, ʘ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʩʥʠʞʘʝʪʩʷ ʥʘ 20%, ʧʨʠ ʵʪʦʤ 
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ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʜʦʙʨʦʪʥʦʩʪʴ ʜʦʩʪʠʛʘʝʪ ʚʝʣʠʯʠʥʳ ZT = 0.23. 

5.  ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʘʨʘʤʝʪʨ ZT ʦʯʝʥʴ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʩʦʩʪʘʚʫ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ 

ʤʦʥʦʩʫʣʴʬʠʜʦʚ ʚ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʩ ʥʝʩʦʨʘʟʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʦʡ (GdxDy1-xS)z(NbS2)m 

ʧʨʠ x = 0.0, 0.1,é.0.5; z = 1.2 + q; q = 0.000ï0.020; m = 1, 2. ʀʟʤʝʥʝʥʠʝ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ 

ʩʪʨʫʢʪʫʨʳ ʜʣʷ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʚʷʟʘʥʦ ʩ ʠʟʤʝʥʝʥʠʝʤ ʨʘʩʩʪʦʷʥʠʡ ʤʝʪʘʣʣ-ʩʝʨʘ  

ʚ ʧʦʜʩʠʩʪʝʤʘʭ [GdxDy1-xS], [NbS2] ʠ ʤʝʞʜʫ ʥʠʤʠ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

ʤʦʥʦʩʫʣʴʬʠʜʦʚ (GdxDy1-xS) ʫʚʝʣʠʯʠʚʘʝʪ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʜʦʙʨʦʪʥʦʩʪʴ ZT ʜʦ 0.13  

ʧʨʠ ʊ = 873K ʠ ʠʤʝʝʪ ʪʝʥʜʝʥʮʠʶ ʢ ʧʦʚʳʰʝʥʠʶ ʵʪʦʡ ʚʝʣʠʯʠʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʟʚʝʩʪʥʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ (LaS)1.140NbS2 ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʇʦʚʳʰʝʥʠʝ ʚʝʣʠʯʠʥʳ 

ʜʦʙʨʦʪʥʦʩʪʠ ZT ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʦʙʣʘʩʪʠ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʧʦʥʠʞʝʥʠʝʤ 

ʩʪʝʧʝʥʠ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʧʦ ʈʌɸ) ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʥʘʨʫʰʝʥʠʝʤ 

ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. 
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ɹʣʘʛʦʜʘʨʥʦʩʪʠ 

ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʠʩʢʨʝʥʥʶʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʥʘʫʯʥʦʤʫ ʨʫʢʦʚʦʜʠʪʝʣʶ ʜ.ʭ.ʥ. ɹʘʢʦʚʮʫ 

ɺʣʘʜʠʤʠʨʫ ɺʠʢʪʦʨʦʚʠʯʫ ʟʘ ʚʩʝʩʪʦʨʦʥʥʶʶ ʧʦʤʦʱʴ ʠ ʧʦʜʜʝʨʞʢʫ ʚ ʭʦʜʝ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪʳ, 

ʧʨʠʦʙʨʝʪʝʥʥʳʝ ʟʥʘʥʠʷ ʠ ʦʧʳʪ. ʊʘʢʞʝ ʘʚʪʦʨ ʚʳʨʘʞʘʝʪ ʙʦʣʴʰʫʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ  

ʜ.ʭ.ʥ. ʅʘʫʤʦʚʫ ʅ.ɻ., ʜ.ʭ.ʥ. ɺʘʩʠʣʴʝʚʦʡ ʀ.ɻ., ʌʠʣʘʪʦʚʦʡ ʀ.ʖ., ʢ.ʭ.ʥ. ʉʦʢʦʣʦʚʫ ɺ.ɺ., ʇʠʯʫʛʠʥʫ 

ɸ.ʖ. ʠ ʚʩʝʤʫ ʢʦʣʣʝʢʪʠʚʫ ʣʘʙʦʨʘʪʦʨʠʠ ʩʠʥʪʝʟʘ ʠ ʨʦʩʪʘ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʩʦʝʜʠʥʝʥʠʡ ʈɿʕ  

ʟʘ ʮʝʥʥʳʝ ʩʦʚʝʪʳ ʠ ʢʦʥʩʪʨʫʢʪʠʚʥʫʶ ʢʨʠʪʠʢʫ ʨʘʙʦʪʳ. ʆʪʜʝʣʴʥʫʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʘʚʪʦʨ 

ʚʳʨʘʞʘʝʪ ʆʭʪʘ ʄ. (AIST, ʗʧʦʥʠʷ), ɼʞʫʜ ʇ. (AIST, ʗʧʦʥʠʷ), ɸʡʭʘʨʘ ʄ. (AIST, ʗʧʦʥʠʷ)  

ʠ ʗʤʘʤʦʪʦ ɸ. (AIST, ʗʧʦʥʠʷ) ʟʘ ʧʦʤʦʱʴ ʚ ʧʦʩʪʘʥʦʚʢʝ ʯʘʩʪʠ ʟʘʜʘʯ ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʭʦʞʜʝʥʠʷ ʩʪʘʞʠʨʦʚʢʠ ʠ ʦʙʫʯʝʥʠʝ ʚ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʤ ʮʝʥʪʨʝ AIST 

(ʗʧʦʥʠʷ), ʘ ʪʘʢʞʝ ʧʦʤʦʱʴ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʠ ʦʙʩʫʞʜʝʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ɺʳʧʦʣʥʝʥʠʝ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ 

ʙʳ ʥʝʚʦʟʤʦʞʥʦ ʙʝʟ ʧʦʤʦʱʠ ʢʦʣʣʝʛ, ʢʦʪʦʨʳʝ ʧʨʦʚʝʣʠ ʪʦʯʥʳʝ ʠ ʠʥʬʦʨʤʘʪʠʚʥʳʝ ʠʟʤʝʨʝʥʠʷ. 

ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʙʣʘʛʦʜʘʨʥʦʩʪʠ: ʢ.ʭ.ʥ. ʃʘʚʨʦʚʫ ɸ.ʅ. (ʀʅʍ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ)  

ʟʘ ʠʟʤʝʨʝʥʠʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʢʦʥʩʫʣʴʪʘʮʠʠ, ʜ.ʭ.ʥ. ʂʦʣʝʩʦʚʫ ɹ.ɸ. (ʀʅʍ ʉʆ ʈɸʅ, 

ʅʦʚʦʩʠʙʠʨʩʢ) ʠ ʂʦʞʝʤʷʯʝʥʢʦ ʉ.ʀ. (ʀʅʍ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ) ʟʘ ʧʦʣʫʯʝʥʠʝ  

ʂʈʉ-ʩʧʝʢʪʨʦʚ, ʢ.ʭ.ʥ. ʂʦʨʦʣʴʢʦʚʫ ʀ.ɺ. (ʀʅʍ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ), ʄʘʪʚʝʝʚʫ ʆ.ɺ. (ʀʅʍ 

ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ), ʢ.ʬ.-ʤ.ʥ. ʂʫʯʫʤʦʚʫ ɹ.ʄ. (ʀʅʍ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ),  

ʢ.ʭ.ʥ. ʄʘʢʩʠʤʦʚʩʢʦʤʫ ɽ.ɸ. (ʀʅʍ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ) ʟʘ ʨʝʟʫʣʴʪʘʪʳ ʧʦʨʦʰʢʦʚʳʭ ʜʘʥʥʳʝ 

ʈʌɸ, ʢ.ʭ.ʥ. ʂʦʤʘʨʦʚʫ ɺ.ʖ. (ʀʅʍ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ) ʟʘ ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʈʉɸ,  

ʢ.ʬ.-ʤ.ʥ. ʊʨʫʙʠʥʦʡ ʉ.ɺ. (ʀʅʍ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ) ʠ ʢ.ʬ.-ʤ.ʥ. ʕʨʝʥʙʫʨʛʫ ʉ.ɹ.  

(ʀʅʍ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ) ʟʘ ʨʝʟʫʣʴʪʘʪʳ ʧʦ EXAFS-ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʢ.ʬ.-ʤ.ʥ. ʇʠʱʫʨʫ 

ɼ.ʇ. (ʀʅʍ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ), ʢ.ʭ.ʥ. ɸʛʘʞʘʥʦʚʫ ɸ.ʐ. (ʀʊʌ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ), 

ʜ.ʬ.-ʤ.ʥ. ʉʪʘʥʢʫʩʫ ʉ.ɺ. (ʀʊʌ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ) ʟʘ ʠʟʤʝʨʝʥʠʝ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ, ʢ.ʭ.ʥ. ʂʦʨʦʪʘʝʚʫ ɽ.ɺ. (ʀʅʍ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ) ʟʘ ʠʟʤʝʨʝʥʠʝ ʤʘʛʥʠʪʥʳʭ 

ʩʚʦʡʩʪʚ, ʢ.ʭ.ʥ. ɿʘʡʢʦʚʩʢʦʤʫ ɺ.ʀ. (ʀʂ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ) ʟʘ ʧʦʣʫʯʝʥʥʳʝ ʩʥʠʤʢʠ 

HRTEM, ʉʪʦʣʷʨʦʚʦʡ ʉ.ɻ. (ʀʅʍ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ) ʟʘ ʧʦʤʦʱʴ ʚ ʧʦʣʫʯʝʥʠʠ ʥʝʢʦʪʦʨʳʭ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ, ʢ.ʭ.ʥ. ʎʳʛʘʥʢʦʚʦʡ ɸ.ʈ. (ʀʅʍ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ)  

ʠ ɻʫʩʝʣʴʥʠʢʦʚʦʡ ʊ.ʗ. (ʀʅʍ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ) ʟʘ ʘʥʘʣʠʟ rʥʘ ʧʨʠʤʝʩʥʳʡ ʩʦʩʪʘʚ 

ʨʝʘʛʝʥʪʦʚ ʠ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʢ.ʭ.ʥ. ʇʣʶʩʥʠʥʫ ʇ.ɽ. (ʀʅʍ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ)  

ʟʘ ʨʝʟʫʣʴʪʘʪʳ ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʄʘʥʯʝʥʢʦ ʉ.ɸ. ʟʘ ʧʦʤʦʱʴ  

ʚ ʧʦʜʜʝʨʞʘʥʠʠ ʨʘʙʦʯʝʛʦ ʩʦʩʪʦʷʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. 
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ʇʈʀʃʆɾɽʅʀɽ 1  

ʈʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ICP-AES ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

 (ʩʤ. ʧʘʨʘʛʨʘʬ 3.2., 3.3., 3.4) 

 
ʊ ʘ ʙ ʣ ʠ ʮ ʘ 1 

 
ʕʣʝʤʝʥʪ/ʩʦʝʜʠʥʝʥʠʷ ɔ-GdS1.479 (I) ɔ-GdS1.498 (II) 

Al ʥ/ʦ(7Ŀ10
-2
) ʥ/ʦ(7Ŀ10

-2
) 

As, Mo, P, Sb, Si, V, W, Zr ʥ/ʦ(5Ŀ10
-2
) ʥ/ʦ(5Ŀ10

-2
) 

B, Be, Co, Cr, Hf, K, Na, Re, Ti ʥ/ʦ(5Ŀ10
-3
) ʥ/ʦ(5Ŀ10

-3
) 

Ba, Fe, Mg, Mn, Ni, Rb, Zn ʥ/ʦ(1Ŀ10
-3
) ʥ/ʦ(1Ŀ10

-3
) 

Ca, Ta ʥ/ʦ(3Ŀ10
-2
) ʥ/ʦ(3Ŀ10

-2
) 

Cd, Li, Sr ʥ/ʦ(5Ŀ10
-4
) ʥ/ʦ(5Ŀ10

-4
) 

 
ʊ ʘ ʙ ʣ ʠ ʮ ʘ 2 

 

ʕʣʝʤʝʥʪ/ʩʦʝʜʠʥʝʥʠʷ GdxDy1-xO1.5 Ŭ-GdxDy1-xS1.5-y ɔ-GdxDy1-xS1.5-y 

Ag, Cu < 2Ā10
-3
 < 2Ā10

-3
 < 2Ā10

-3
 

Al, Au Cr, Fe, Mo, Pd, Sn, Te < 0.01 < 0.01 < 0.01 

As  < 0.08 < 0.08 < 0.08 

Ba, Ca, Nb, Pt, Ta < 0.03 < 0.03 < 0.03 

Be, Cd, Mn < 5Ā10
-4
 < 5Ā10

-4
 < 5Ā10

-4
 

Bi, Tl < 5Ā10
-3
 < 5Ā10

-3
 < 5Ā10

-3
 

Co 0.02 0.01 0.02 

Ga, Mg, Ni, Zn < 1Ā10
-3
 < 1Ā10

-3
 < 1Ā10

-3
 

Ge  < 0.02 < 0.02 < 0.02 

Hf, Ti, Zr < 0.05 < 0.05 < 0.05 

In < 9Ā10
-3
 < 9Ā10

-3
 < 9Ā10

-3
 

Pb 0.02 0.01 0.02 

V < 0.02 < 0.02 < 0.02 
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ʊ ʘ ʙ ʣ ʠ ʮ ʘ 3 

 

ʕʣʝʤʝʥʪ/ 

ʩʦʝʜʠʥʝʥʠʷ 

GNS GDNS-02 GDNS-01 GDNS-05 GNS-06 

Ag, Be, Mn < 3Ā10
-4
 < 3Ā10

-4
 < 5Ā10

-4
 < 5Ā10

-4
 < 5Ā10

-4
 

Al, Ga < 6Ā10
-3
 < 6Ā10

-3
 < 6Ā10

-3
 < 6Ā10

-3
 < 6Ā10

-3
 

As < 0.08 < 0.08 < 0.08 < 0.08 < 0.08 

Au, Pt, Tl < 4Ā10
-3
 < 4Ā10

-3
 < 4Ā10

-3
 < 4Ā10

-3
 < 4Ā10

-3
 

Ba < 0.03 < 0.03 < 0.05 < 0.05 < 0.05 

Bi, Fe, Sn, Ti, V < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

Ca, Te < 0.02 < 0.02 < 0.05 < 0.05 < 0.05 

Cd < 5Ā10
-4
 < 5Ā10

-4
 < 5Ā10

-4
 < 5Ā10

-4
 < 5Ā10

-4
 

Co, Cu, In, Ni < 5Ā10
-3
 < 5Ā10

-3
 < 1Ā10

-3
 < 1Ā10

-3
 < 1Ā10

-3
 

Cr < 2Ā10
-3
 < 2Ā10

-3
 < 8Ā10

-3
 < 8Ā10

-3
 < 8Ā10

-3
 

Ge < 0.06 < 0.06 < 0.02 < 0.02 < 0.02 

Mg, Mo, Zn < 1Ā10
-3
 < 1Ā10

-3
 < 0.05 < 0.05 < 0.05 

Pb < 8Ā10
-3
 < 8Ā10

-3
 < 8Ā10

-3
 < 8Ā10

-3
 < 8Ā10

-3
 

Pd < 0.05 < 0.05 < 5Ā10
-3
 < 5Ā10

-3
 < 5Ā10

-3
 

 

 

ʇʈʀʃʆɾɽʅʀɽ 2 

 ʇʠʢʥʦʤʝʪʨʠʯʝʩʢʘʷ ʧʣʦʪʥʦʩʪʴ, ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʠ  

ʨʘʟʤʝʨʳ ʯʘʩʪʠʮ ʦʢʩʠʜʦʚ ʠ ʩʫʣʴʬʠʜʦʚ ʈɿʕ (ʩʤ. ʛʣʘʚʫ ̄3, ʩ. 61) 
 

ʇʨʠ ʨʘʙʦʪʝ ʩʦ ʩʪʝʢʣʷʥʥʳʤ ʧʠʢʥʦʤʝʪʨʦʤ, ʠʟʤʝʥʷʶʱʠʤ ʩʚʦʡ ʦʙʲʸʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ  

ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠʟ-ʟʘ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʤʘʪʝʨʠʘʣʘ, ʨʘʩʯʝʪ ʧʣʦʪʥʦʩʪʠ ʧʨʠ ʠʟʚʝʩʪʥʳʭ 

ʢʦʥʩʪʘʥʪʘʭ ʧʠʢʥʦʤʝʪʨʘ ʩʣʝʜʫʝʪ ʚʝʩʪʠ ʧʦ ʬʦʨʤʫʣʝ: 

                              ”̐ ̉̋  Ȣ̍̃Ȣ   
   ʇ,                    (1) 

ʛʜʝ ὖ ά ὖ̍Ȣ̃Ȣ ï ʤʘʩʩʘ ʚʦʜʳ, ʚʳʪʝʩʥʝʥʥʘʷ ʤʠʥʝʨʘʣʦʤ, ɓ ï ʢʦʵʬʬʠʮʠʝʥʪ ʦʙʲʝʤʥʦʛʦ 

ʨʘʩʰʠʨʝʥʠʷ ʩʪʝʢʣʘ ʧʠʢʥʦʤʝʪʨʘ; (ʈ4 ï ʈ) ï ʤʘʩʩʘ ʚʦʜʳ ʚ ʧʠʢʥʦʤʝʪʨʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 277K; 

(ʍ4 ɀ ʍt)  ï ʨʘʟʥʦʩʪʴ ʧʣʦʪʥʦʩʪʝʡ ʚʦʜʳ ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ; ʚʝʣʠʯʠʥʘ ʚ ʬʠʛʫʨʥʳʭ 

ʩʢʦʙʢʘʭ ʚ ʟʥʘʤʝʥʘʪʝʣʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʧʦʧʨʘʚʢʫ ʢ ʦʙʲʝʤʫ ʧʠʢʥʦʤʝʪʨʘ.  

ɺʝʣʠʯʠʥʳ (ʍt ɀ ʇ) ʧʨʠ ɚ = 0.0012 ʛ/ʩʤ
3 
ʠ ɼὸ τ ”  ”  ʟʘʚʠʩʷʪ ʪʦʣʴʢʦ  

ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠʟʤʝʨʝʥʠʷ ʧʨʠ ʨʘʙʦʪʝ ʩ ʚʦʜʦʡ ʚ ʩʪʝʢʣʷʥʥʦʤ ʧʠʢʥʦʤʝʪʨʝ [164,205]. 
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ʇʈʀʃʆɾɽʅʀɽ 3 

 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʠʥʝʪʠʢʠ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ ʦʢʩʠʜʦʚ Y ʠ 

La (ʩʤ. ʧʘʨʘʛʨʘʬ 3.1.) 
 

 

 

ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʩʪʝʧʝʥʠ ʧʨʝʚʨʘʱʝʥʠʷ ʬʘʟ La2O2S2 (a), La2O2S (ʙ), La2S3 (ʚ) ʦʪ ʚʨʝʤʝʥʠ 

ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ La2O3 ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ: 1 ï 600 
ʦ
ʉ, 2 ï 800 

ʦ
ʉ, 3 ï 900 

ʦ
ʉ. 

 R
2
 ï ʢʚʘʜʨʘʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʝʛʨʝʩʩʠʠ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʭ ʢʨʠʚʳʭ. 

 

 
 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʩʪʝʧʝʥʠ ʧʨʝʚʨʘʱʝʥʠʷ ʬʘʟ Y2O2S (ʘ), Y2S3 (ʙ) ʦʪ ʚʨʝʤʝʥʠ ʧʨʦʮʝʩʩʘ ʩʫʣʴʬʠʜʠʨʦʚʘʥʠʷ 

Y2O3 ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ: 1 ï 800 
ʦ
ʉ, 2 ï 900 

ʦ
ʉ, 3 ï1000 

ʦ
ʉ.  

R
2
 ï ʢʚʘʜʨʘʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʝʛʨʝʩʩʠʠ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʭ ʢʨʠʚʳʭ. 
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ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʬʫʥʢʮʠʠ f(a) ʩʪʝʧʝʥʠ ʧʨʝʚʨʘʱʝʥʠʷ ʬʘʟ La2O2S2 (a), La2O2S (ʙ), La2S3 (ʚ) ʦʪ ʚʨʝʤʝʥʠ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʨʦʮʝʩʩʘ: 1 ï 600 
ʦ
ʉ, 2 ï 800 

ʦ
ʉ, 3 ï 900 

ʦ
ʉ,  

ʨʘʩʩʯʠʪʘʥʥʦʡ ʧʦ ʫʨʘʚʥʝʥʠʶ ʗʥʜʝʨʘ. 

 

 

ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʴ ʬʫʥʢʮʠʠ f(a) ʩʪʝʧʝʥʠ ʧʨʝʚʨʘʱʝʥʠʷ ʬʘʟ Y2O2S (a), Y2S3 (ʙ) ʦʪ ʚʨʝʤʝʥʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʨʦʮʝʩʩʘ: 1 ï 800 
ʦ
ʉ, 2 ï 900 

ʦ
ʉ, 3 ï 1000 

ʦ
ʉ, ʨʘʩʩʯʠʪʘʥʥʦʡ ʧʦ ʫʨʘʚʥʝʥʠʶ ʗʥʜʝʨʘ. 
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ʈʠʩ. 5. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʮʝʩʩʘ ʦʙʨʘʟʦʚʘʥʠʷ 

  La2O2S2 (a), La2O2S (ʙ), La2S3 (ʚ). 

 

 

ʈʠʩ. 6. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʮʝʩʩʘ ʦʙʨʘʟʦʚʘʥʠʷ 

 Y2O2S (a), Y2S3 (ʙ). 

ʊ ʘ ʙ ʣ ʠ ʮ ʘ 1 

ʂʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʝʡ ʨʝʘʢʮʠʡ ʦʙʨʘʟʦʚʘʥʠʷ ʩʦʝʜʠʥʝʥʠʡ ʦʢʩʦʩʫʣʴʬʠʜʥʳʭ ʠ ʩʫʣʴʬʠʜʥʳʭ ʬʘʟ 

ʣʘʥʪʘʥʘ 

ʉʪʘʜʠʷ ʧʨʝʚʨʘʱʝʥʠʷ k1Ț10
5
,
 
ʩ

-1
, 

T = 600
o
C 

k2Ț10
5
, ʩ

-1
, 

T = 800
o
C 

k3Ț10
5
,
 
ʩ

-1
, 

T = 900
o
C 

La2O3 ­ La2O2S2 3.06 Ñ 0.28 5.04 Ñ 0.42 6.94 Ñ 0.56 

La2O2S2 ­ La2O2S 0.91 Ñ 0.03 3.61 Ñ 0.09 6.39 Ñ 0.34 

La2O2S ­ La2S3 0.79 Ñ 0.02 2.77 Ñ 0.07 4.20 Ñ 0.28 

 


