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ɺɺɽɼɽʅʀɽ 

 

ʀʩʪʦʨʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʝʢʣʘʩʩʠʯʝʩʢʠʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʙʝʨʝʪ ʩʚʦʝ ʥʘ-

ʯʘʣʦ ʚ 2006 ʛʦʜʫ, ʢʦʛʜʘ ʛʨʫʧʧʦʡ ʍʦʩʦʥʦ ʙʳʣʦ ʩʠʥʪʝʟʠʨʦʚʘʥʦ ʩʦʝʜʠʥʝʥʠʝ LaO1-xFxFeP [1], ʧʝʨʝʭʦ-

ʜʷʱʝʝ ʚ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʝ (ʉʇ) ʩʦʩʪʦʷʥʠʝ ʧʨʠ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ Tc å 4 ʂ. ʅʝʩʤʦʪʨʷ ʥʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʫʶ ʚʘʞʥʦʩʪʴ ʦʪʢʨʳʪʠʷ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʤʘʪʝʨʠʘʣʝ, ʩʦʜʝʨʞʘʱʝʤ ʤʘʛʥʠʪʥʳʝ 

ʘʪʦʤʳ, ʠʟ-ʟʘ ʜʦʚʦʣʴʥʦ ʥʠʟʢʦʡ ʊʩ ʙʦʣʴʰʠʥʩʪʚʦ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʥʝ ʧʨʠʜʘʣʠ ʦʩʦʙʦʛʦ ʟʥʘʯʝʥʠʷ ʵʪʦʡ 

ʨʘʙʦʪʝ. ʆʜʥʘʢʦ, ʜʚʫʤʷ ʛʦʜʘʤʠ ʧʦʟʞʝ ʪʦʡ ʞʝ ʛʨʫʧʧʦʡ ʙʳʣʦ ʧʦʢʘʟʘʥʦ [2], ʯʪʦ ʚ ʘʥʘʣʦʛʠʯʥʦʤ ʧʥʠʢ-

ʪʠʜʥʦʤ ʩʦʝʜʠʥʝʥʠʠ LaO1-xFxFeAs ʢʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʜʦʩʪʠʛʘʝʪ ʟʥʘʯʝʥʠʷ 28 ʂ, ʙʣʠʟʢʦʛʦ ʢ Tc 

ʪʘʢʠʭ ʩʣʦʠʩʪʳʭ ʥʝʢʣʘʩʩʠʯʝʩʢʠʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʢʘʢ MgB2 (Tc å 40 ʂ [3]) ʠ LaBaCuO (Tc å 30 ʂ 

[4]). ʀʤʝʥʥʦ ʩʦʦʙʱʝʥʠʝ [2] ʧʨʦʠʟʚʝʣʦ ʥʘʩʪʦʷʱʠʡ çʙʫʤè ʚ ʬʠʟʠʢʝ ʪʚʝʨʜʦʛʦ ʪʝʣʘ [5,6,7], ʩʨʘʚʥʠʤʳʡ 

ʩ ʦʪʢʨʳʪʠʝʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ (ɺʊʉʇ) ʢʫʧʨʘʪʦʚ [4]. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ 

ʩʠʥʪʝʟʠʨʦʚʘʥʦ ʙʦʣʝʝ 10 ʩʝʤʝʡʩʪʚ ʉʇ-ʧʥʠʢʪʠʜʦʚ ʠ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʞʝʣʝʟʘ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤʠ ʊʩ å 

57 ʂ ʚ ʦʙʲʝʤʥʳʭ ʢʨʠʩʪʘʣʣʘʭ [8] ʠ ʊʩ å 100 ʂ ʚ ʤʦʥʦʩʣʦʝ FeSe [9]. ʕʪʠ ʩʦʝʜʠʥʝʥʠʷ ʟʘʚʦʝʚʘʣʠ 

ʥʝʧʦʜʜʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʪʝʦʨʝʪʠʢʦʚ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨʦʚ: ʥʘʯʠʥʘʷ ʩ 2008 ʛʦʜʘ, ʦʧʫʙʣʠʢʦʚʘʥʦ 

ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ ʪʳʩʷʯ ʩʪʘʪʝʡ ʚ ʚʝʜʫʱʠʭ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ, ʧʦʩʚʷʱʝʥʥʳʭ ʤʥʦʛʠʤ ʘʩʧʝʢʪʘʤ 

ʩʚʦʡʩʪʚ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ. 

ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʦʧʨʝʜʝʣʝʥʠʶ ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʉʇ-

ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʚ ʧʥʠʢʪʠʜʘʭ ʠ ʭʘʣʴʢʦʛʝʥʠʜʘʭ ʨʦʜʩʪʚʝʥʥʳʭ ʩʝʤʝʡʩʪʚ 122 ʠ 1144 ʠ ʝʝ ʵʚʦʣʶʮʠʠ 

ʩ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʊʩ. ʀʩʩʣʝʜʦʚʘʥʥʳʝ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʠ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ ʨʦʜʠʪʝʣʴ-

ʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ AeFe2As2 (Ae = Ba, Eu, K, Sr, Cs, Rb, ʪ.ʥ. ʩʝʤʝʡʩʪʚʦ Ba-122), XYFe4As4 (X = Ca, 

Eu, Sr, Y = K, Cs, Rb, ʩʝʤʝʡʩʪʚʦ 1144) AFe2Se2 (A = Na, K, Rb, Cs, Tl, ʩʝʤʝʡʩʪʚʦ 122-Se) ʦʙʣʘʜʘʶʪ 

ʩʭʦʞʝʡ ʩʣʦʠʩʪʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʉʇ-ʬʘʟʳ ʩ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʝʡ, ʩʦʩʪʦʷ-

ʱʝʡ ʠʟ ʘʥʪʠʬʣʶʦʨʠʪʦʧʦʜʦʙʥʳʭ ʉʇ-ʩʣʦʝʚ FeAs ʠʣʠ FeSe, ʨʘʟʜʝʣʝʥʥʳʭ ʧʣʦʩʢʦʩʪʷʤʠ ʱʝʣʦʯʥʳʭ 

ʠʣʠ ʱʝʣʦʯʥʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

 ʉʨʝʜʠ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʧʥʠʢʪʠʜʳ ʠ ʭʘʣʴʢʦʛʝʥʠʜʳ ʩʝʤʝʡʩʪʚ 122 ʠ 

1144 ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʚʝʩʴʤʘ ʠʥʪʝʨʝʩʥʳʤʠ ʢʘʢ ʩ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʪʘʢ ʠ ʜʣʷ ʨʘʟ-

ʣʠʯʥʳʭ ʧʨʠʢʣʘʜʥʳʭ ʧʨʠʤʝʥʝʥʠʡ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʙʣʘʛʦʜʘʨʷ ʫʤʝʨʝʥʥʳʤ ʢʨʠʪʠʯʝʩʢʠʤ ʪʝʤʧʝʨʘ-

ʪʫʨʘʤ, ʜʦʩʪʠʛʘʶʱʠʤ Tc å 38 ʂ [10], ʘ ʪʘʢʞʝ ʟʥʘʯʠʪʝʣʴʥʳʤ ʚʝʣʠʯʠʥʘʤ ʚʪʦʨʦʛʦ ʢʨʠʪʠʯʝʩʢʦʛʦ ʧʦʣʷ 

Hc2(0) ~ 100 ʊʣ ʠ ʧʣʦʪʥʦʩʪʠ çʩʦʙʩʪʚʝʥʥʦʛʦè ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ Jc(0) ~ 107ï108 ɸ/ʩʤ2 ʚ ʦʪʩʫʪʩʪʚʠʝ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ [11,12] ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʝ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʠ ʩʝʤʝʡʩʪʚ 122 ʠ 1144 ʫʞʝ 

ʩʝʡʯʘʩ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʘʢ ʙʘʟʘ ʜʣʷ ʩʠʣʴʥʦʪʦʯʥʳʭ ʫʩʪʨʦʡʩʪʚ ʠ ɺʊʉʇ-ʩʦʣʝʥʦʠʜʦʚ. ʉ ʜʨʫ-
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ʛʦʡ ʩʪʦʨʦʥʳ, ʘʥʠʟʦʪʨʦʧʠʷ ʪʨʘʥʩʧʦʨʪʥʳʭ, ʤʘʛʥʠʪʥʳʭ ʠ ʉʇ-ʩʚʦʡʩʪʚ, ʤʥʦʛʦʟʦʥʥʳʡ ʠ ʤʥʦʛʦʦʨʙʠ-

ʪʘʣʴʥʳʡ ʭʘʨʘʢʪʝʨ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʘ, ʙʦʛʘʪʘʷ ʬʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʜʦʧʠʨʦʚʘʥʠʷ, ʙʣʠʟʦʩʪʴ 

ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʠ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʧʦʨʷʜʢʦʚ ʢ ʉʇ-ʬʘʟʝ ʠ ʠʭ ʚʦʟʤʦʞʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʩʚʦʡʩʪʚʘ 

ʉʇ-ʧʦʜʩʠʩʪʝʤʳ [13ï15] ʦʪʢʨʳʚʘʝʪ ʧʝʨʩʧʝʢʪʠʚʳ ʥʦʚʦʡ ʬʠʟʠʢʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʫʩʪʘʥʦʚʣʝʥʠʷ ʥʦʚʳʭ 

ʪʠʧʦʚ ʢʫʧʝʨʦʚʩʢʦʛʦ ʩʧʘʨʠʚʘʥʠʷ ʠ ʤʝʭʘʥʠʟʤʦʚ ɺʊʉʇ-ʩʦʩʪʦʷʥʠʷ [16,17]. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʜʝʪʘʣʴʥʦʝ 

ʨʘʩʩʤʦʪʨʝʥʠʝ ʤʝʭʘʥʠʟʤʘ ʥʝʢʣʘʩʩʠʯʝʩʢʦʡ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʠ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦʚʦʜ-

ʥʠʢʦʚ ʩʝʤʝʡʩʪʚ 122 ʠ 1144 ʪʨʝʙʫʶʪ ʜʦʩʪʦʚʝʨʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦ ʩʪʨʫʢʪʫʨʝ ʤʠʢ-

ʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʠ ʝʛʦ ʵʚʦʣʶʮʠʠ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʦʩʪʘʚʘ ʠ ʩʪʝʧʝʥʠ ʟʘʤʝ-

ʱʝʥʠʷ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʧʦʜʦʙʥʳʝ ʧʨʷʤʳʝ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʤʠʨʦʚʦʡ ʣʠʪʝʨʘ-

ʪʫʨʝ ʦʪʩʫʪʩʪʚʫʶʪ. 

ʆʙʲʝʢʪ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʧʥʠʢʪʠʜʳ BaFe2-xNixAs2 ʩ ʵʣʝʢʪʨʦʥʥʳʤ ʟʘʤʝʱʝʥʠʝʤ ʥʝʜʦʜʦʧʠʨʦ-

ʚʘʥʥʳʭ (x å 0.08, ʊʩ å 18 ʂ), ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʳʭ (x å 0.1, ʊʩ å 20 ʂ) ʠ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ 

ʩʦʩʪʘʚʦʚ (x å 0.12ï0.14, Tc å 18ï12 ʂ); ʧʥʠʢʪʠʜʳ ʩʝʤʝʡʩʪʚʘ 1144 ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʩ 

ʜʳʨʦʯʥʳʤ çʩʘʤʦʜʦʧʠʨʦʚʘʥʠʝʤè ð EuCsFe4As4 ʩ Tc å 35ï37 ʂ, ʠʤʝʶʱʠʡ ʤʘʛʥʠʪʥʳʡ ʧʝʨʝʭʦʜ ʚ 

ʧʦʜʨʝʰʝʪʢʝ Eu2+ ʥʠʞʝ ʊʩ, ʠ ʥʝʤʘʛʥʠʪʥʳʡ CaKFe4As4, ʘ ʪʘʢʞʝ ʬʝʨʨʦʭʘʣʴʢʦʛʝʥʠʜʳ ʩ ʪʨʝʤʷ ʪʠʧʘʤʠ 

ʠʟʦʚʘʣʝʥʪʥʳʭ ʟʘʤʝʱʝʥʠʡ ð (K0.8Na0.2)0.9Fe1.7Se2 ʩ Tc å 30 ʂ, K0.8Fe1.7(Se0.73S0.27)2 ʩ Tc å 27 ʂ ʠ 

(K0.3Na0.3Rb0.3)0.8Fe1.7Se2 ʩ Tc å 33 ʂ. 

ʎʝʣʠ ʠ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʎʝʣʷʤʠ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʶʪʩʷ: 

ð ʦʧʨʝʜʝʣʝʥʠʝ ʠ ʩʨʘʚʥʝʥʠʝ ʉʇ-ʱʝʣʝʚʦʡ ʩʪʨʫʢʪʫʨʳ ʧʥʠʢʪʠʜʦʚ BaFe2-xNixAs2 (x = 0.08ï0.14), 

CaKFe4As4 ʠ EuCsFe4As4 ʠ ʩʝʣʝʥʠʜʦʚ ʞʝʣʝʟʘ (K0.8Na0.2)0.9Fe1.7Se2, K0.8Fe1.7(Se0.73S0.27)2 ʠ 

(K0.3Na0.3Rb0.3)0.8Fe1.7Se2 ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ 122 ʠ ʝʝ ʵʚʦʣʶʮʠʠ ʩ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʊʩ ʠ 

ʜʦʧʠʨʦʚʘʥʠʝʤ ʜʣʷ ʢʘʞʜʦʛʦ ʢʣʘʩʩʘ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ; 

ð ʦʧʨʝʜʝʣʝʥʠʝ ʚʣʠʷʥʠʷ ʚʠʜʘ ʜʦʧʠʨʦʚʘʥʠʷ (ʵʣʝʢʪʨʦʥʥʦʛʦ, ʜʳʨʦʯʥʦʛʦ) ʠ ʠʟʦʚʘʣʝʥʪʥʦʛʦ ʟʘʤʝʱʝ-

ʥʠʷ ʥʘ ʩʪʨʫʢʪʫʨʫ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʩʝʤʝʡʩʪʚ Ba-122, 

1144, 122-Se; 

ð ʦʧʨʝʜʝʣʝʥʠʝ ʚʣʠʷʥʠʷ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʨʷʜʢʘ ʧʦʜʨʝʰʝʪʢʠ Eu2+, ʢʦʪʦʨʳʡ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ 

ʥʠʞʝ ʊʩ ʚ EuCsFe4As4, ʥʘ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʉʇ-ʢʦʥʜʝʥʩʘʪʦʚ.  

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʜʘʥʥʳʭ ʮʝʣʝʡ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ ʙʳʣʠ ʨʝʰʝʥʳ ʩʣʝʜʫʶ-

ʱʠʝ ʟʘʜʘʯʠ: 

ð ʇʨʷʤʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ, ʘʤʧʣʠʪʫʜ |D(0)| ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʡ 

2|D(0)|/kBTc ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʉʇ-ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ ʤʝʪʦʜʘʤʠ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʵʬʬʝʢʪʘ ʥʝʢʦʛʝʨʝʥʪʥʳʭ ʤʥʦʛʦʢʨʘʪʥʳʭ ʘʥʜʨʝʝʚʩʢʠʭ ʦʪʨʘʞʝʥʠʡ (ʕʅʄɸʆ) ʙʘʣ-

ʣʠʩʪʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʦʚ ʪʠʧʘ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢ-ʪʦʥʢʠʡ ʥʦʨʤʘʣʴʥʳʡ ʤʝʪʘʣʣ-ʩʚʝʨʭʧʨʦʚʦʜʥʠʢ (SnS).  
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ð ɸʥʘʣʠʟ ʬʦʨʤʳ ʘʥʜʨʝʝʚʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʥʘ dI(V)/dV-ʩʧʝʢʪʨʘʭ SnS-ʢʦʥʪʘʢʪʦʚ ʚ ʨʘʤʢʘʭ ʠʤʝʶ-

ʱʠʭʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, ʦʮʝʥʢʘ ʪʠʧʘ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʱʝʣʝʡ ʠ ʩʪʝʧʝʥʠ ʠʭ ʘʥʠʟʦʪʨʦʧʠʠ. 

ð ʇʨʷʤʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʉʇ-ʱʝʣʝʡ |Di(T)| ʠ ʘʥʜʨʝʝʚʩʢʦʛʦ ʠʟʙʳʪʦʯ-

ʥʦʛʦ ʪʦʢʘ Iexc(T), ʠʭ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʠʤʝʶʱʠʤʠʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʤʦʜʝʣʷʤʠ. ʋʩʪʘʥʦʚʣʝʥʠʝ ʦʜ-

ʥʦʟʥʘʯʥʦʩʪʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʟʘʚʠʩʠʤʦʩʪʝʡ |Di(T)| ʠ ʦʮʝʥʢʠ ʩʠʣ ʚʥʫʪʨʠʟʦʥʥʦʛʦ ʠ ʤʝʞʟʦʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. 

ð ʀʟʤʝʨʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʫʧʝʨʦʚʩʢʠʭ ʧʘʨ nS(T), ʝʝ ʘʧʧʨʦʢʩʠʤʘ-

ʮʠʷ ʚ ʨʘʤʢʘʭ ʠʤʝʶʱʠʭʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʉʇ-ʱʝʣʝʡ |Di(T)|, ʧʦʣʫʯʝʥʥʳʭ ʥʘʧʨʷʤʫʶ ʤʝʪʦʜʘʤʠ ʕʅʄɸʆ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ʇʨʦʚʝʨʢʘ ʩʦʛʣʘʩʦ-

ʚʘʥʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʤʝʪʦʜʠʢ. 

ð ʉʨʘʚʥʝʥʠʝ ʉʇ-ʱʝʣʝʚʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʉʇ-ʱʝʣʝʡ ʥʝʜʦ- ʠ ʧʝʨʝʜʦ-

ʧʠʨʦʚʘʥʥʳʭ ʧʥʠʢʪʠʜʦʚ Ba(Fe,Ni)2As2 ʩ ʙʣʠʟʢʠʤʠ ʊʩ; ʚ ʧʥʠʢʪʠʜʝ EuCsFe4As4 ʩ ʤʘʛʥʠʪʥʳʤ ʧʝʨʝ-

ʭʦʜʦʤ ʥʠʞʝ ʊʩ ʠ ʥʝʤʘʛʥʠʪʥʦʤ CaKFe4As4; ʚ ʬʝʨʨʦʩʝʣʝʥʠʜʘʭ KxFe2-y(Se,S)2, (K,Na)xFe2-ySe2, 

(Na,K,Rb)xFe2-ySe2 ʩ ʨʘʟʣʠʯʥʳʤʠ ʪʠʧʘʤʠ ʠʟʦʚʘʣʝʥʪʥʦʛʦ ʟʘʤʝʱʝʥʠʷ. ʆʧʨʝʜʝʣʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʡ ʪʝʦʨʠʠ ɹʘʨʜʠʥʘ-ʂʫʧʝʨʘ-ʐʨʠʬʬʝʨʘ (ɹʂʐ) 2Di(0)/kBTc ʉʇ-ʱʝ-

ʣʝʡ ʠ ʩʪʝʧʝʥʠ ʠʭ ʘʥʠʟʦʪʨʦʧʠʠ ʚʜʦʣʴ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ ʜʦʧʠʨʦʚʘʥʠʷ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʦʝʜʠ-

ʥʝʥʠʷʭ. 

ʉʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ 

 ʅʝʩʤʦʪʨʷ ʥʘ ʘʢʪʠʚʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʪʝʯʝʥʠʝ 17 ʣʝʪ, ʜʘʥʥʳʝ ʣʠʪʝʨʘʪʫʨʳ ʦ ʉʇ-ʱʝʣʝʚʦʡ 

ʩʪʨʫʢʪʫʨʝ ʧʥʠʢʠʜʦʚ ʠ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122 ʢʨʘʡʥʝ ʧʨʦʪʠʚʦʨʝʯʠʚʳ. ɼʦ ʩʠʭ ʧʦʨ ʥʝ ʫʩʪʘ-

ʥʦʚʣʝʥʦ ʝʜʠʥʦʝ ʤʥʝʥʠʝ ʦ ʢʦʣʠʯʝʩʪʚʝ ʠ ʪʠʧʝ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʱʝʣʝʡ, ʘ ʚʝʣʠʯʠʥʳ ʪʘʢʦʛʦ ʙʘʟʦʚʦʛʦ 

ʉʇ-ʧʘʨʘʤʝʪʨʘ ʢʘʢ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʦʪʥʦʰʝʥʠʝ ʙʦʣʴʰʦʡ ʉʇ-ʱʝʣʠ 2DL(0)/kBTc, ʧʦʣʫʯʝʥʥʳʝ ʚ 

ʣʠʪʝʨʘʪʫʨʝ ʜʣʷ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ Ba-122 ʠ 1144 ʠ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122-Se ʢʘʢ ʨʘʟ-

ʣʠʯʥʳʤʠ, ʪʘʢ ʠ ʦʜʠʥʘʢʦʚʳʤʠ ʤʝʪʦʜʘʤʠ ʜʣʷ ʘʥʘʣʦʛʠʯʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʨʘʟʣʠʯʘʶʪʩʷ ʜʦ 3ï4 ʨʘʟ.  

ɺʤʝʩʪʝ ʩ ʪʝʤ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʩʦʩʪʘʚʳ ʬʝʨʨʦʧʥʠʢʪʠʜʦʚ ʠ ʭʘʣʴʢʦʛʝʥʠʜʦʚ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʣʦʠʟʫʯʝʥʳ. ɼʣʷ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ BaFe2-xNixAs2 ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʉʇ-ʱʝʣʝʚʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʦʚʝʜʝʥʳ ʪʦʣʴʢʦ ʚ ʫʟʢʦʤ ʜʠʘʧʘʟʦʥʝ x å 0.08ï

0.1 ʩʣʘʙʦ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ; ʦʧʨʝʜʝʣʝʥʠʝ ʵʚʦʣʶʮʠʠ ʉʇ-ʧʘʨʘʤʝʪʨʘ 

ʧʦʨʷʜʢʘ ʚʜʦʣʴ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ ʵʣʝʢʪʨʦʥʥʦʛʦ ʜʦʧʠʨʦʚʘʥʠʷ ʠ ʩʨʘʚʥʝʥʠʝ ʉʇ-ʱʝʣʝʚʦʡ ʩʪʨʫʢʪʫ-

ʨʳ ʥʝʜʦ- ʠ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʚ ʣʠʪʝʨʘʪʫʨʝ ʦʪʩʫʪʩʪʚʫʶʪ [18]. ʉʇ-ʱʝʣʝʚʘʷ ʩʪʨʫʢʪʫʨʘ 

ʧʥʠʢʪʠʜʦʚ EuCsFe4As4 ʠ ʬʝʨʨʦʭʘʣʴʢʦʛʝʥʠʜʦʚ (K0.8Na0.2)0.9Fe1.7Se2, K0.8Fe1.7(Se0.73S0.27)2 ʠ 

(K0.3Na0.3Rb0.3)0.8Fe1.7Se2 ʥʝ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʜʨʫʛʠʤʠ ʛʨʫʧʧʘʤʠ. ʉʨʘʚʥʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʘ-

ʨʘʤʝʪʨʦʚ ʉʇ-ʩʦʩʪʦʷʥʠʷ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 1144 ʥʘ ʦʩʥʦʚʝ ʝʚʨʦʧʠʷ (ʩ ʤʘʛʥʠʪʥʳʤ ʧʝʨʝʭʦʜʦʤ 
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ʥʠʞʝ ʊʩ) ʠ ʥʝʤʘʛʥʠʪʥʳʭ ʨʦʜʩʪʚʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʦʧʨʝʜʝʣʝʥʥʳʭ ʦʜʥʠʤ ʠ ʪʝʤ ʞʝ ʤʝʪʦʜʦʤ, ʪʘʢʞʝ 

ʦʪʩʫʪʩʪʚʫʝʪ ʚ ʣʠʪʝʨʘʪʫʨʝ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

 ʇʨʦʚʝʜʝʥʥʦʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʧʨʷʤʦʝ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʘʤʧʣʠʪʫʜ, ʭʘʨʘʢʪʝʨʠʩ-

ʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʡ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʉʇ-ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡ-

ʩʪʚ Ba-122 ʠ 1144 ʠ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122-Se ʚʳhʝʫʢʘʟʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʥʝ ʠʤʝʝʪ ʘʥʘʣʦʛʦʚ 

ʚ ʤʠʨʦʚʦʡ ʣʠʪʝʨʘʪʫʨʝ. ʉʣʝʜʫʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʚʧʝʨʚʳʝ: 

- ʦʧʨʝʜʝʣʝʥʘ ʉʇ-ʱʝʣʝʚʘʷ ʩʪʨʫʢʪʫʨʘ ʧʥʠʢʪʠʜʦʚ BaFe2-xNixAs2 ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʩ x = 

0.12ï0.14, EuCsFe4As4, (K0.8Na0.2)0.9Fe1.7Se2, K0.8Fe1.7(Se0.73S0.27)2 ʠ (K0.3Na0.3Rb0.3)0.8Fe1.7Se2; 

- ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩʚʦʡʩʪʚ ʉʇ-ʧʦʜʩʠʩʪʝʤʳ BaFe2-xNixAs2 ʥʝʜʦ- ʠ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ 

ʚ ʜʠʘʧʘʟʦʥʝ ʩʪʝʧʝʥʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ x = 0.08ï0.14; 

- ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩʚʦʡʩʪʚ ʉʇ-ʧʦʜʩʠʩʪʝʤʳ ʥʝʤʘʛʥʠʪʥʦʛʦ ʧʥʠʢʪʠʜʘ CaKFe4As4 ʠ ʩʦʝʜʠʥʝʥʠʷ 

EuCsFe4As4 ʩ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʫʧʦʨʷʜʦʯʝʥʠʝʤ ʥʠʞʝ ʊʩ; ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʩʣʝʜʥʝʝ ʥʝ ʦʢʘʟʳʚʘʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʤʝʭʘʥʠʟʤ ʢʫʧʝʨʦʚʩʢʦʛʦ ʩʧʘʨʠʚʘʥʠʷ ʠ ʉʇ-ʱʝʣʝʚʫʶ ʩʪʨʫʢʪʫʨʫ ʵʪʠʭ 

ʤʘʪʝʨʠʘʣʦʚ; 

- ʦʮʝʥʝʥʘ ʩʪʝʧʝʥʴ ʘʥʠʟʦʪʨʦʧʠʠ ʙʦʣʴʰʦʡ ʠ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ ʚ BaFe2-xNixAs2 (x = 0.08ï0.14), ʩʪʝʧʝʥʴ 

ʘʥʠʟʦʪʨʦʧʠʠ ʙʦʣʴʰʦʡ ʉʇ-ʱʝʣʠ ʚ CaKFe4As4 ʠ EuCsFe4As4 ʠ ʧʦʢʘʟʘʥʘ ʨʝʘʣʠʟʘʮʠʷ ʨʘʩʰʠʨʝʥʥʦʛʦ 

s-ʚʦʣʥʦʚʦʛʦ ʪʠʧʘ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʙʝʟ ʪʦʯʝʢ ʥʫʣʝʡ; 

- ʥʘʧʨʷʤʫʶ ʠʟʤʝʨʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʉʇ-ʱʝʣʠ ʚ BaFe2-xNixAs2 (x = 0.08ï0.14), 

CaKFe4As4, EuCsFe4As4, (K0.8Na0.2)0.9Fe1.7Se2, K0.8Fe1.7(Se0.73S0.27)2 ʠ (K0.3Na0.3Rb0.3)0.8Fe1.7Se2; 

- ʚ ʨʘʤʢʘʭ ʜʚʫʭʟʦʥʥʦʡ ʤʦʜʝʣʠ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ ʄʦʩʢʘʣʝʥʢʦ ʠ ʉʫʣʘ ʩ ʧʦʧʨʘʚʢʘʤʠ ʩʠʣʴʥʦʡ ʩʚʷ-

ʟʠ ʚ ʜʚʫʭ ʵʬʬʝʢʪʠʚʥʳʭ ʟʦʥʘʭ ʦʮʝʥʝʥʘ ʩʠʣʘ ʚʥʫʪʨʠʟʦʥʥʦʡ ʠ ʤʝʞʟʦʥʥʦʡ ʩʚʷʟʠ ʚ BaFe2-xNixAs2 (x = 

0.08ï0.14), CaKFe4As4, EuCsFe4As4 ʠ ʝʝ ʵʚʦʣʶʮʠʷ ʩ ʊʩ. 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ 

ʇʦʣʫʯʝʥʥʳʝ ʚ ʨʘʙʦʪʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜ-

ʢʘ ʧʥʠʢʪʠʜʦʚ ʠ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʝʤʝʡʩʪʚ 122 ʠ 1144 ʠ ʝʛʦ ʵʚʦʣʶʮʠʠ ʧʨʠ ʵʣʝʢʪʨʦʥʥʦʤ, ʜʳʨʦʯʥʦʤ 

ʜʦʧʠʨʦʚʘʥʠʠ ʠ ʠʟʦʚʘʣʝʥʪʥʦʤ ʟʘʤʝʱʝʥʠʠ ʚʘʞʥʳ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, 

ʦʧʠʩʳʚʘʶʱʠʭ ʤʝʭʘʥʠʟʤ ʥʝʢʣʘʩʩʠʯʝʩʢʦʡ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʠ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʘ ʪʘʢʞʝ ʜʣʷ ʚʳʷʚ-

ʣʝʥʠʷ ʩʭʦʜʩʪʚʘ ʠ ʨʘʟʣʠʯʠʡ ʚ ʪʘʢʠʭ ʤʝʭʘʥʠʟʤʘʭ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦʚʦʜ-

ʥʠʢʦʚ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʦʥʠʤʘʥʠʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʦʧʪʠʤʠ-

ʟʘʮʠʠ ʉʇ-ʩʚʦʡʩʪʚ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʩʝʤʝʡʩʪʚ 122 ʠ 1144 ʠ ʫʚʝʣʠʯʝʥʠʶ ʠʭ 

ʢʨʠʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʘ ʪʘʢʞʝ ʦʪʢʨʳʪʴ ʧʫʪʠ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ɺʊʉʇ ʜʣʷ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ 

ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ. 
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ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜ rʠʩʩʣʝʜʦʚʘʥʠʷ 

ʉʇ-ʱʝʣʝʚʘʷ ʩʪʨʫʢʪʫʨʘ ʧʥʠʢʪʠʜʦʚ ʠ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʝʤʝʡʩʪʚ 122 ʠ 1144 ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʩ ʧʦ-

ʤʦʱʴʶ ʤʝʪʦʜʦʚ ʪʫʥʥʝʣʴʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʙʘʣʣʠʩʪʠʯʝʩʢʠʭ SnS-ʢʦʥʪʘʢʪʦʚ, ʘ ʪʘʢʞʝ ScS-ʩʪʨʫʢʪʫʨ 

(ʩʚʝʨʭʧʨʦʚʦʜʥʠʢ-ʩʫʞʝʥʠʝ-ʩʚʝʨʭʧʨʦʚʦʜʥʠʢ). ʊʫʥʥʝʣʴʥʳʝ ʢʦʥʪʘʢʪʳ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʠ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚʳʭ ʦʙʨʘʟʮʘʭ ʩʦʟʜʘʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʪʝʭʥʠʢʠ ʧʣʘʥʘʨʥʦʛʦ 

ʤʝʭʘʥʠʯʝʩʢʠ ʨʝʛʫʣʠʨʫʝʤʦʛʦ ʢʦʥʪʘʢʪʘ ʥʘ ʤʠʢʨʦʪʨʝʱʠʥʝ (ʇʄʈʂʄ) çbreak-junctionè. 

ɼʣʷ ʧʨʷʤʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ, ʘʤʧʣʠʪʫʜ |D(0)|, ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʡ 

2|D(0)|/kBTc ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʉʇ-ʱʝʣʝʡ |D(T)|, ʘ ʪʘʢʞʝ ʦʮʝʥʢʠ ʪʠʧʘ ʠʭ ʩʠʤʤʝʪʨʠʠ 

ʠ ʩʪʝʧʝʥʠ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʠʤʧʫʣʴʩʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʕʅʄɸʆ-ʩʧʝʢʪʨʦʩʢʦ-

ʧʠʠ SnS-ʢʦʥʪʘʢʪʦʚ. ʉ ʮʝʣʴʶ ʧʨʦʚʝʨʢʠ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ |D(T)| ʠ 

2|D(0)|/kBTc ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʠ ʘʥʘʣʠʟ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʘʥʜʨʝʝʚʩʢʦʛʦ ʠʟʙʳʪʦʯ-

ʥʦʛʦ ʪʦʢʘ Iexc(T) SnS-ʢʦʥʪʘʢʪʦʚ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʉʇ-ʧʘʨʘʤʝʪʨʘ 

ʧʦʨʷʜʢʘ ð ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʫʧʝʨʦʚʩʢʠʭ ʧʘʨ nS(T)/nS(0) ð ʦʧʨʝʜʝʣʷʣʘʩʴ ʥʘ ʦʩʥʦʚʝ ʠʟʤʝʨʝʥʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʩʚʝʨʭʪʦʢʘ Ic(T) ScS-ʩʪʨʫʢʪʫʨ.  

ʆʮʝʥʢʘ ʩʠʣ ʚʥʫʪʨʠʟʦʥʥʦʛʦ ʠ ʤʝʞʟʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʘʧ-

ʧʨʦʢʩʠʤʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʉʇ-ʱʝʣʝʡ DL(T) ʠ DS(T) ʚ ʨʘʤʢʘʭ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦ-

ʛʦ ʜʚʫʭʟʦʥʥʦʛʦ ʧʦʜʭʦʜʘ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ ʄʦʩʢʘʣʝʥʢʦ ʠ ʉʫʣʘ ʩ ʧʦʧʨʘʚʢʘʤʠ ʩʠʣʴʥʦʡ ʩʚʷʟʠ ʚ 

ʦʙʝʠʭ ʵʬʬʝʢʪʠʚʥʳʭ ʟʦʥʘʭ. 

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

1. ʉʚʦʡʩʪʚʘ ʉʇ-ʬʘʟʳ ʬʝʨʨʦʭʘʣʴʢʦʛʝʥʠʜʦʚ (K0.8Na0.2)0.9Fe1.7Se2, K0.8Fe1.7(Se0.73S0.27)2, 

(Na0.3K0.3Rb0.3)0.8Fe1.7Se2 ʧʨʠ T Ó 4.2 ʂ ʦʧʠʩʳʚʘʶʪʩʷ ʝʜʠʥʩʪʚʝʥʥʳʤ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʤ ʉʇ-ʧʘ-

ʨʘʤʝʪʨʦʤ ʧʦʨʷʜʢʘ |D| ʠ ʩʠʣʴʥʦʡ ʩʚʷʟʴ ʁʵʣʝʢʪʨʦʥʦʚ ʚ ʢʫʧʝʨʦʚʩʢʦʡ ʧʘʨʝ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠ-

ʤʦʩʪʴ ʉʇ-ʱʝʣʠ |D(T)| ʦʧʠʩʳʚʘʝʪʩʷ ʦʜʥʦʟʦʥʥʦʡ ɹʂʐ-ʦʙʨʘʟʥʦʡ ʬʫʥʢʮʠʝʡ. 

2. ɺ ʬʝʨʨʦʭʘʣʴʢʦʛʝʥʠʜʘʭ (K0.8Na0.2)0.9Fe1.7Se2, K0.8Fe1.7(Se0.73S0.27)2, 

(Na0.3K0.3Rb0.3)0.8Fe1.7Se2 ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʦʪʥʦʰʝʥʠʝ ʉʇ-ʱʝʣʠ 2|D(0)|/kBTc = 4.35 Ñ 0.25 ʩʦʚ-

ʧʘʜʘʝʪ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʩʪʦʷʥʥʦ ʚ ʜʠʘʧʘʟʦʥʝ ʢʨʠʪʠʯʝʩʢʠʭ ʪʝʤʧʝʨʘʪʫʨ Tc å 23ï33 ʂ. 

3. ɺ ʧʥʠʢʪʠʜʘʭ BaFe2-xNixAs2 ʥʝʜʦ-, ʦʧʪʠʤʘʣʴʥʦ ʠ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʚ ʜʠʘʧʘʟʦ-

ʥʝ ʩʪʝʧʝʥʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ x å 0.08ï0.1ï0.14, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʠʞʝ ʊʩ ʨʝʘʣʠʟʫʝʪʩʷ ʜʚʫʭ-

ʱʝʣʝʚʘʷ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴ ʩ ʘʥʠʟʦʪʨʦʧʥʳʤʠ ʚ k-ʧʨʦʩʪʨʘʥʩʪʚʝ ʙʦʣʴʰʦʡ ʠ ʤʘʣʦʡ ʉʇ-ʱʝʣʷʤʠ, 

ʠʤʝʶʱʠʤʠ ʨʘʩʰʠʨʝʥʥʳʡ s-ʚʦʣʥʦʚʦʡ ʪʠʧ ʩʠʤʤʝʪʨʠʠ ʙʝʟ ʪʦʯʝʢ ʥʫʣʝʡ). ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ 

ʦʪʥʦʰʝʥʠʷ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʘʤʧʣʠʪʫʜ ʙʦʣʴʰʦʡ ʉʇ-ʱʝʣʠ (ʤʠʥʠʤʘʣʴʥʦʡ DL
in ʠ ʤʘʢʩʠʤʘʣʴʥʦʡ DL

out 

ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʢʫʧʝʨʦʚʩʢʠʭ ʧʘʨ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʠʤʧʫʣʴʩʘ) ʩʦʩʪʘʚʣʷʶʪ 

2|DL
out(0)|/kBTc = 5.75 Ñ 0.45, 2|DL

in(0)|/kBTc = 3.9 Ñ 0.4, ʩʪʝʧʝʥʴ ʘʥʠʟʦʪʨʦʧʠʠ AL = 24%ï36%; ʜʣʷ 

ʵʢʩʪʨʝʤʫʤʦʚ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ ð 2|DS
out(0)|/kBTc = 1.9 Ñ 0.4, 2|DS

in(0)|/kBTc = 1.4 Ñ 0.4, AS = 20%ï
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39%. ɺ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʦʡ (x å 0.08ï0.10) ʠ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʦʡ (x å 0.10ï0.14) ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʡ 

ʜʠʘʛʨʘʤʤʳ ʉʇ-ʱʝʣʝʚʘʷ ʩʪʨʫʢʪʫʨʘ ʩʦʚʧʘʜʘʝʪ. ɺ ʩʠʣʴʥʦ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʘʭ ʩ x å 0.14 

ʩʪʝʧʝʥʴ ʘʥʠʟʦʪʨʦʧʠʠ ʉʇ-ʱʝʣʝʡ ʥʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. 

4. ɺ ʧʥʠʢʪʠʜʘʭ CaKFe4As4 ʠ EuCsFe4As4 ʨʝʘʣʠʟʫʝʪʩʷ ʜʚʫʭʱʝʣʝʚʘʷ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴ ʩ 

ʘʥʠʟʦʪʨʦʧʥʦʡ ʚ k-ʧʨʦʩʪʨʘʥʩʪʚʝ ʙʦʣʴʰʦʡ ʉʇ-ʱʝʣʴʶ. ɺ CaKFe4As4 ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʦʪʥʦʰʝ-

ʥʠʷ ʵʢʩʪʨʝʤʫʤʦʚ ʫʛʣʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʙʦʣʴʰʦʡ ʉʇ-ʱʝʣʠ ʩʦʩʪʘʚʣʷʶʪ 2|DL
out(0)|/kBTc = 5.7 Ñ 

0.4, 2|DL
in(0)|/kBTc = 3.6 Ñ 0.3, ʩʪʝʧʝʥʴ ʘʥʠʟʦʪʨʦʧʠʠ AL = 31%ï41%; ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʦʪʥʦʰʝ-

ʥʠʝ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ ð 2|DS(0)|/kBTc = 1.5 Ñ 0.4. ɼʣʷ EuCsFe4As4: 2|DL
out(0)|/kBTc = 5.3 Ñ 0.4, 

2|DL
in(0)|/kBTc = 3.25 Ñ 0.25, ʩʪʝʧʝʥʴ ʘʥʠʟʦʪʨʦʧʠʠ AL = 32%ï43%; ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʦʪʥʦʰʝʥʠʝ 

ʤʘʣʦʡ ʉʇ-ʱʝʣʠ ð 2|DS(0)|/kBTc = 1.3 Ñ 0.2. 

5. ʉʪʝʧʝʥʴ ʘʥʠʟʦʪʨʦʧʠʠ ʙʦʣʴʰʦʡ ʉʇ-ʱʝʣʠ ʚ CaKFe4As4 ʠ EuCsFe4As4, ʙʦʣʴʰʦʡ ʠ ʤʘʣʦʡ 

ʉʇ-ʱʝʣʝʡ ʚ BaFe2-xNixAs2 ʚ ʜʠʘʧʘʟʦʥʝ x å 0.08ï0.14 ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ T < Tc.  

6. ʋʩʪʘʥʦʚʣʝʥʠʝ ʜʘʣʴʥʝʛʦ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʨʷʜʢʘ ʚ ʧʦʜʨʝʰʝʪʢʝ Eu2+ ʧʨʠ T å 15 ʂ < Tc 

ʥʝ ʚʣʠʷʝʪ ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʉʇ-ʱʝʣʝʡ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʘ ʤʝʭʘʥʠʟʤ ʢʫʧʝʨʦʚʩʢʦ-

ʛʦ ʩʧʘʨʠʚʘʥʠʷ ʚ ʧʥʠʢʪʠʜʘʭ EuCsFe4As4.  

7. ɺ ʧʥʠʢʪʠʜʘʭ BaFe2-xNixAs2, CaKFe4As4 ʠ EuCsFe4As4 ʨʝʘʣʠʟʫʝʪʩʷ ʝʜʠʥʘʷ ʵʚʦʣʶʮʠʷ ʉʇ-

ʱʝʣʝʚʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʊʩ. ʆʙʘ ʉʇ-ʢʦʥʜʝʥʩʘʪʘ ʚ BaFe2-xNixAs2 ʠ EuCsFe4As4 ʥʘʭʦ-

ʜʷʪʩʷ ʚ ʧʨʝʜʝʣʝ ʩʣʘʙʦʡ ʩʚʷʟʠ ʪʝʦʨʠʠ ɹʂʐ 3.53, ʚʥʫʪʨʠʟʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ ʟʦʥʘʭ ʩ ʙʦʣʴʰʦʡ 

ʉʇ-ʱʝʣʴʶ ʚ CaKFe4As4 ʥʘ 9%ï20% ʧʨʝʚʦʩʭʦʜʠʪ ʧʨʝʜʝʣ ʩʣʘʙʦʡ ʩʚʷʟʠ ʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʠʣʝ ʩʚʷʟʠ 

ʚ ʬʝʨʨʦʭʘʣʴʢʦʛʝʥʠʜʘʭ (K0.8Na0.2)0.9Fe1.7Se2, K0.8Fe1.7(Se0.73S0.27)2, (Na0.3K0.3Rb0.3)0.8Fe1.7Se2. ʆʪʥʦ-

ʰʝʥʠʝ ʩʠʣʳ ʚʥʫʪʨʠʟʦʥʥʦʛʦ ʠ ʤʝʞʟʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʧʥʠʢʪʠʜʘʭ BaFe2-xNixAs2, CaKFe4As4 

ʠ EuCsFe4As4 ʨʘʩʪʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʊʩ. 

ʉʦʦʪʚʝʪʩʪʚʠʝ ʧʘʩʧʦʨʪʫ ʥʘʫʯʥʦʡ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 

ɼʠʩʩʝʨʪʘʮʠʦʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʉʇ-ʢʦʥʜʝʥʩʘʪʦʚ ʚ ʧʥʠʢʪʠʜʘʭ ʠ 

ʩʝʣʝʥʠʜʘʭ ʞʝʣʝʟʘ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ 122 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʘʧʨʘʚʣʝʥʠʷʤ çʊʝʦʨʝʪʠʯʝʩʢʦʝ ʠ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʩʚʦʡʩʪʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʚʝʱʝʩʪʚ ʚ ʵʢʩʪʨʝʤʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ (ʩʠʣʴʥʦʝ 

ʩʞʘʪʠʝ, ʫʜʘʨʥʳʝ ʚʦʟʜʝʡʩʪʚʠʷ, ʩʠʣʴʥʳʝ ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ, ʠʟʤʝʥʝʥʠʝ ʛʨʘʚʠʪʘʮʠʦʥʥʳʭ ʧʦʣʝʡ, ʥʠʟʢʠʝ 

ʠ ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ), ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʥʠʭ ʠ ʠʭ ʬʘʟʦʚʳʭ ʜʠʘʛʨʘʤʤ ʩʦʩʪʦʷʥʠʷè ʠ çʊʝʦʨʝ-

ʪʠʯʝʩʢʦʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʬʠʟʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ ʠ ʩʚʦʡʩʪʚ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʠ ʦʨʛʘʥʠ-

ʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʢʘʢ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ (ʤʦʥʦ- ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʳ), ʪʘʢ ʠ ʚ ʘʤʦʨʬʥʦʤ ʩʦʩʪʦʷʥʠʠ, 

ʚ ʪʦʤ ʯʠʩʣʝ ʢʦʤʧʦʟʠʪʦʚ ʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʭ ʭʠʤʠʯʝʩʢʦʛʦ, ʠʟʦʪʦʧʥʦʛʦ ʩʦʩʪʘʚʘ, 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷè ʥʘʫʯʥʦʡ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 1.3.8. çʌʠʟʠʢʘ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷè 

(ʦʪʨʘʩʣʴ ʥʘʫʢʠ ð ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ). 
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ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʠ ʘʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʪʝʭʥʠʢʘ ʩʦʟʜʘʥʠʷ ʧʣʘʥʘʨʥʳʭ 

ʤʝʭʘʥʠʯʝʩʢʠ ʨʝʛʫʣʠʨʫʝʤʳʭ ʢʦʥʪʘʢʪʦʚ ʥʘ ʤʠʢʨʦʪʨʝʱʠʥʝ, ʦʙʣʘʜʘʶʱʘ ̫ʨʷʜʦʤ ʧʨʝʠʤʫʱʝʩʪʚ ʧʝʨʝʜ 

ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʪʫʥʥʝʣʴʥʳʤʠ ʤʝʪʦʜʠʢʘʤʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʤʝʪʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʦʟʜʘʥʠʝ 

ʯʠʩʪʳʭ ʢʨʠʦʛʝʥʥʳʭ ʩʢʦʣʦʚ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʦʙʨʘʟʮʝ, ʵʬʬʝʢʪʠʚʥʳʡ ʪʝʧʣʦʦʪʚʦʜ ʦʪ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩ-

ʪʠ, ʯʝʪʳʨʝʭʪʦʯʝʯʥʦʝ ʧʦʜʢʣʶʯʝʥʠʝ, ʘ ʪʘʢʞʝ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʣʫʯʝʥʠʶ ʜʦ ʩʦʪʥʠ ʪʫʥʥʝʣʴʥʳʭ ʩʪʨʫʢ-

ʪʫʨ ʥʘ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ ʦʙʨʘʟʮʝ, ʩʧʦʩʦʙʩʪʚʫʷ ʥʘʙʦʨʫ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʘʪʠʩʪʠʢʠ ʜʘʥʥʳʭ ʦ ʉʇ-ʱʝʣʝ-

ʚʦʡ ʩʪʨʫʢʪʫʨʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʄʝʪʦʜ ʕʅʄɸʆ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ SnS-ʢʦʥʪʘʢʪʦʚ ʥʘ ʤʠʢʨʦ-

ʪʨʝʱʠʥʝ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʠʤ ʨʘʟʨʝʰʝʥʠʝʤ (ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩ-

ʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ð ʜʦ Ñ3%) ʠ ʧʦʟʚʦʣʷʝʪ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʪʦʥʢʫʶ ʩʪʨʫʢʪʫʨʫ dI(V)/dV-ʩʧʝʢʪʨʦʚ, ʚʳ-

ʟʚʘʥʥʫʶ, ʥʘʧʨʠʤʝʨ, ʘʥʠʟʦʪʨʦʧʠʝʡ ʉʇ-ʱʝʣʝʡ ʚ k-ʧʨʦʩʪʨʘʥʩʪʚʝ ʠʣʠ ʨʝʟʦʥʘʥʩʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ 

ʩ ʙʦʟʦʥʥʳʤʠ ʤʦʜʘʤʠ. ɺ ʢʘʯʝʩʪʚʝ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʘʥʘʣʠʟ ʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʘʥʜʨʝʝʚʩʢʦʛʦ ʠʟʙʳʪʦʯʥʦʛʦ ʪʦʢʘ SnS-ʢʦʥʪʘʢʪʦʚ ʠ ʪʫʥʥʝʣʴʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʬʘʟʦʚʦ-

ʢʦʛʝʨʝʥʪʥʳʭ ScS-ʢʦʥʪʘʢʪʦʚ. ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʩʚʝʜʝʥʠʡ ʦ ʩʪʨʫʢʪʫʨʝ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦ-

ʨʷʜʢʘ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʠʭ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴʶ ʠ ʥʝʟʘʚʠʩʠʤʦʩʪʴʶ ʦʪ ʩʚʦʡʩʪʚ ʢʦʥʢʨʝʪʥʦʛʦ ʪʫʥʥʝʣʴ-

ʥʦʛʦ ʢʦʥʪʘʢʪʘ. 

ʈʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 29 (8 ʧʨʠʛʣʘʰʝʥʥʳʭ, 11 ʫʩʪʥʳʭ ʠ 10 ʧʦʩʪʝʨʥʳʭ) ʜʦʢʣʘʜʘʭ ʠ ʫʩ-

ʧʝʰʥʦ ʘʧʨʦʙʠʨʦʚʘʥʳ ʥʘ ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: 

1. ʂʫʟʴʤʠʯʝʚʘ ʊ.ɽ., ʂʫʟʴʤʠʯʝʚ ʉ.ɸ., ɸʥʠʟʦʪʨʦʧʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ ʚ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʤ ʧʥʠʢ-

ʪʠʜʝ Ba-122, ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʦʤ ʥʠʢʝʣʝʤ, XXIII ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ, 

ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çʃʦʤʦʥʦʩʦʚ-2016è, ʩʝʢʮʠʷ çʌʠʟʠʢʘè, ʈʦʩʩʠʷ, ʄʦʩʢʚʘ, 11ï15 ʘʧʨʝʣʷ 

2016. 

2. T.E. Kuzmicheva, S.A. Kuzmichev, V.M. Pudalov, Anisotropic superconducting gaps in optimally do-

ped Ba1-xKxFe2As2 and BaFe2-xNixAs2 pnictides, International workshop ñAdvances in preparation and 

investigation of emergent iron-based superconductorsò (IBS-2016), ɻʝʨʤʘʥʠʷ, ɼʨʝʟʜʝʥ, 23ï25 ʤʘʷ 2016. 

3. ʊ.ɽ. ʂʫʟʴʤʠʯʝʚʘ, ɺ.ɸ. ɺʣʘʩʝʥʢʦ, ʉ.ɸ. ʂʫʟʴʤʠʯʝʚ, ʂ.ʉ. ʇʝʨʚʘʢʦʚ, ɺ.ʄ. ʇʫʜʘʣʦʚ, ɸʥʠʟʦʪʨʦʧʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ ʚ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʭ Ba(K)Fe2As2 ʠ Ba[Fe(Ni)]2As2, ʂʦʥʬʝ-

ʨʝʥʮʠʷ çʉʠʣʴʥʦ ʢʦʨʨʝʣʠʨʦʚʘʥʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʩʠʩʪʝʤʳ ʠ ʢʚʘʥʪʦʚʳʝ ʢʨʠʪʠʯʝʩʢʠʝ ʷʚʣʝʥʠʷè, 

ʈʦʩʩʠʷ, ʊʨʦʠʮʢ, 3 ʠʶʥʷ 2016. 

4. T.E. Kuzmicheva, S.A. Kuzmichev, V.M. Pudalov, Anisotropic superconducting gaps in optimally 

doped Ba(K)Fe2As2 and Ba[Fe(Ni)]2As2 pnictides, Physics in Quantum Matter Superconductivity, 

Magnetism & Ferroelectricity (Superstripes 2016), ʀʪʘʣʠʷ, ʀʩʢʴʷ, 23ï29 ʠʶʥʷ 2016. 

5. ʊ.ɽ. ʂʫʟʴʤʠʯʝʚʘ, ɺ.ɸ. ɺʣʘʩʝʥʢʦ, ʉ.ɸ. ʂʫʟʴʤʠʯʝʚ, ʂ.ʉ. ʇʝʨʚʘʢʦʚ, ɸʥʠʟʦʪʨʦʧʠʷ ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜ-

ʢʘ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ BaFe2-xNixAs2, XIV ʂʫʨʯʘʪʦʚʩʢʘʷ ʤʝʞʜʠʩʮʠʧʣʠʥʘʨʥʘʷ ʤʦʣʦʜʝʞʥʘʷ ʥʘʫʯʥʘʷ 

ʰʢʦʣʘ, ʈʦʩʩʠʷ, ʄʦʩʢʚʘ, 8ï11 ʥʦʷʙʨʷ 2016. 
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6. T.E. Kuzmicheva, S.A. Kuzmichev, A.V. Muratov, K.S. Pervakov, A.V. Sadakov, V.M. Pudalov, 

Anisotropic superconducting gaps in optimally doped Ba1-xKxFe2As2 and BaFe2-xNixAs2, MSU-IFW-

ILTPE Joint Workshop ñSynthesis, Theoretical Examination and Experimental Investigation of Emergent 

Materialsò, ʈʦʩʩʠʷ, ʄʦʩʢʚʘ, 14ï17 ʠʶʥʷ 2017. 

7. ʂʫʟʴʤʠʯʝʚ ʉ.ɸ., ʂʫʟʴʤʠʯʝʚʘ ʊ.ɽ., ʄʫʨʘʪʦʚ ɸ.ɺ., ʉʘʜʘʢʦʚ ɸ.ɺ., ɸʣʝʱʝʥʢʦ ʖ.ɸ., ɺʣʘʩʝʥʢʦ ɺ.ɸ., 

ʄʘʨʪʦʚʠʮʢʠʡ ɺ.ʇ., ʇʝʨʚʘʢʦʚ ʂ.ʉ., ɽʣʴʮʝʚ ʖ.ʌ., ʇʫʜʘʣʦʚ ɺ.ʄ., ɺʠʭʨʝʚʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʘʥʠʟʦʪʨʦʧʠʷ 

ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʱʝʣʝʡ ʚ Ba(Fe,Ni)2As2, XV ʂʦʥʬʝʨʝʥʮʠʷ çʉʠʣʴʥʦ ʢʦʨʨʝʣʠʨʦʚʘʥʥʳʝ ʵʣʝʢʪʨʦʥ-

ʥʳʝ ʩʠʩʪʝʤʳ ʠ ʢʚʘʥʪʦʚʳʝ ʢʨʠʪʠʯʝʩʢʠʝ ʷʚʣʝʥʠʷè ʧʘʤʷʪʠ ʙʝʩʩʤʝʥʥʦʛʦ ʧʨʝʜʩʝʜʘʪʝʣʷ ʢʦʥʬʝʨʝʥʮʠʠ 

ʘʢʘʜʝʤʠʢʘ ʃ.ɺ. ʂʝʣʜʳʰʘ, ʈʦʩʩʠʷ, ʊʨʦʠʮʢ, 8 ʠʶʥʷ 2017. 

8. Kuzmicheva T., Kuzmichev S., Muratov A., Pervakov K., Sadakov A., Pudalov V., Anisotropic 

superconducting gaps in optimally doped Ba1-xKxFe2As2 and BaFe2-xNixAs2, 28th International Conference 

on Low Temperature Physics LT28, ʐʚʝʮʠʷ, ɻʝʪʝʙʦʨʛ, 9ï16 ʘʚʛʫʩʪʘ 2017. 

9. T.E. Kuzmicheva, S.A. Kuzmichev, Multiple Andreev reflection effect spectroscopy of iron-based 

superconductors, International Symposium ñPerspectives of High-Temperature Superconductivityò, 

ʈʦʩʩʠʷ, ʄʦʩʢʚʘ, 23ï25 ʦʢʪʷʙʨ ̫2017. 

10. T.E. Kuzmicheva, Anisotropic superconducting gaps in optimally doped BaFe2-xNixAs2, Interna-

tional Conference on Multi-Condensate Superconductivity and Superfluidity in Solids and Ultra-cold 

Gases, ʀʪʘʣʠʷ, ʊʨʠʝʩʪ, 14ï18 ʤʘʷ 2018. 

11. ʂʫʟʴʤʠʯʝʚʘ ʊ.ɽ., ʂʫʟʴʤʠʯʝʚ ʉ.ɸ., ʇʝʨʚʘʢʦʚ ʂ.ʉ., ɺʣʘʩʝʥʢʦ ɺ.ɸ., ʕʚʦʣʶʮʠʷ ʩʚʝʨʭʧʨʦʚʦʜʷ-

ʱʝʛʦ ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʚ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ ʧʥʠʢʪʠʜʘʭ Ba(Fe,Ni)2As2, XXVIII ʄʝʞʜʫʥʘʨʦʜʥʘʷ 

ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çʃʦʤʦʥʦʩʦʚ-2020è, ʩʝʢʮʠʷ çʌʠ-

ʟʠʢʘè, ʧʦʜʩʝʢʮʠʷ çʉʚʝʨʭʧʨʦʚʦʜʷʱʠʝ ʠ ʵʣʝʢʪʨʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʪʚʝʨʜʳʭ ʪʝʣè, ʈʦʩʩʠʷ, ʄʦʩʢʚʘ, 10-

27 ʥʦʷʙʨʷ 2020. 

12. ʂʫʟʴʤʠʯʝʚʘ ʊ.ɽ., ʂʫʟʴʤʠʯʝʚ ʉ.ɸ., ʇʝʨʚʘʢʦʚ ʂ.ʉ., ɺʣʘʩʝʥʢʦ ɺ.ɸ., ʕʚʦʣʶʮʠʷ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ ʚ ʧʥʠʢʪʠʜʘʭ Ba(Fe,Ni)2As2 ʧʦ ʜʘʥʥʳʤ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʤʥʦʛʦʢʨʘʪʥʳʭ ʘʥʜʨʝ-

ʝʚʩʢʠʭ ʦʪʨʘʞʝʥʠʡ, XIII ʉʠʙʠʨʩʢʠʡ ʩʝʤʠʥʘʨ ʧʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʠ ʠ 

ʬʠʟʠʢʝ ʥʘʥʦʩʪʨʫʢʪʫʨ ʆʂʅʆ-2021, ʈʦʩʩʠʷ, ʅʦʚʦʩʠʙʠʨʩʢ, 24ï25 ʤʘʷ 2021. 

13. ʂʫʟʴʤʠʯʝʚʘ ʊ.ɽ., ʂʫʟʴʤʠʯʝʚ ʉ.ɸ., ʇʝʨʚʘʢʦʚ ʂ.ʉ., ɺʣʘʩʝʥʢʦ ɺ.ɸ., ʕʚʦʣʶʮʠʷ ʩʚʝʨʭʧʨʦʚʦʜʷ-
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ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ, ʠ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʠ ʧʦʣʫʯʝʥʳ ʘʚʪʦʨʦʤ ʣʠʯʥʦ. 

ɸʚʪʦʨʫ ʧʨʠʥʘʜʣʝʞʠʪ ʦʧʨʝʜʝʣʷʶʱʠʡ ʚʢʣʘʜ ʚ ʧʦʩʪʘʥʦʚʢʫ ʟʘʜʘʯ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʤʦʥʪʘʞ ʦʙʨʘʟʮʦʚ ʥʘ ʦʪʢʨʳʪʦʤ ʚʦʟʜʫʭʝ, ʧʨʦʚʝʜʝʥʠʝ ʪʫʥʥʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʦʙʨʘʙʦʪʢʫ ʠ ʠʥ-
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ʪʝʨʧʨʝʪʘʮʠʶ ʜʘʥʥʳʭ, ʠʭ ʩʠʩʪʝʤʘʪʠʟʘʮʠʶ ʠ ʘʧʨʦʙʘʮʠʶ, ʧʦʜʛʦʪʦʚʢʫ ʧʫʙʣʠʢʘʮʠʡ ʧʦ ʪʝʤʝ ʜʠʩʩʝʨ-

ʪʘʮʠʠ. ʆʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʥʘʧʠʩʘʥʠʝ ʪʝʢʩʪʘ ʧʫʙʣʠʢʘʮʠʡ [4ï6,8,10ï12,14ï18] ʚʥʝʩʝʥ ʘʚʪʦʨʦʤ. ɺ 

ʩʦʚʤʝʩʪʥʳʭ ʧʫʙʣʠʢʘʮʠʷʭ [1ï3,7,13], ʨʝʟʫʣʴʪʘʪʳ ʢʦʪʦʨʳʭ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚʟʘʠʤʦʜʦʧʦʣʥʷʶʱʠʤʠ 

ʤʝʪʦʜʘʤʠ, ʚʢʣʘʜ ʘʚʪʦʨʘ ʟʘʢʣʶʯʘʣʩʷ ʚ ʦʧʠʩʘʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʪʫʥʥʝʣʴʥʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ 

ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, 6 ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ ʠ ʩʧʠʩʢʘ ʠʩʧʦʣʴʟʦʚʘʥʥʦʡ ʣʠʪʝʨʘʪʫ-

ʨ  rʠʟ 417 ʥʘʠʤʝʥʦʚʘʥʠʡ. ʇʦʣʥʳʡ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ ʩʦʩʪʘʚʣʷʝʪ 298 ʩʪʨʘʥʠʮ, ʚʢʣʶʯʘʷ 116 ʨʠ-

ʩʫʥʢʦʚ ʠ 7 ʪʘʙʣʠʮ. 
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1. ɻʃɸɺɸ 1. ʉʆɺʈɽʄɽʅʅʆɽ ʉʆʉʊʆʗʅʀɽ ʀʉʉʃɽɼʆɺɸʅʀʁ ʉɺɽʈʍʇʈʆɺʆɼʗʑʀʍ 

ʉɺʆʁʉʊɺ ʇʅʀʂʊʀɼʆɺ ʀ ʍɸʃʔʂʆɻɽʅʀɼʆɺ ɾɽʃɽɿɸ 

 

1.1. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʠ ʟʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʬʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʧʥʠʢʪʠʜʦʚ ʠ ʭʘʣʴʢʦʛʝʥʠʜʦʚ 

ʞʝʣʝʟʘ ʩʝʤʝʡʩʪʚ 122 ʠ 1144 

 

ʇʥʠʢʪʠʜʳ ʞʝʣʝʟʘ ʩʝʤʝʡʩʪʚʘ AeTr2Pn2 (Ae ð ɦ ʝʣʦʯʥʦʟʝʤʝʣʴʥʳʡ ʤʝʪʘʣʣ ʠʣʠ Eu, Tr ð ʧʝʨʝ-

ʭʦʜʥʳʡ ʤʝʪʘʣʣ, Pn ð ʧʥʠʢʪʠʜ) [10] ʠʤʝʪʁ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʪʝʪʨʘʛʦʥʘʣʴʥʫʶ ʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʪʠʧʘ ThCr2Si2 ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ ʩʠʤʤʝʪʨʠʠ I4/mmm), ʩʭʝʤʘʪʠʯʝʩʢʠ 

ʧʦʢʘʟʘʥʥʫʶ ʥʘ ʈʠʩ. 1ʘ ʠ ʜʣʷ ʢʨʘʪʢʦʩʪʠ ʦʙʦʟʥʘʯʘʝʝʤʫʶ ç122è. ʉʪʨʫʢʪʫʨʘ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122 

ʢʚʘʟʠʜʚʫʤʝʨʥʘ: ʦʥʘ ʩʦʩʪʦʠʪ ʠʟ ʘʥʪʠʬʣʶʦʨʠʪʦʧʦʜʦʙʥʳʭ ʩʣʦʝʚ Tr-Pn, ʯʝʨʝʜʫʁʱʠʭʩʷ ʚʜʦʣʴ ʢʨʠʩ-

ʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʩ-ʥʘʧʨʘʚʣʝʥʠʷ ʩ ʧʣʦʩʢʦʩʪʷʤʠ Ae. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʣʦʠ Fe-As ʥʝ ʷʚʣʷʶʪʩʷ 

ʘʪʦʤʘʨʥʦ ʧʣʦʩʢʠʤʠ ʚ ʦʪʣʠʯʠʝ ʦʪ CuO2-ʧʣʦʩʢʦʩʪʝʡ ɺʊʉʇ-ʢʫʧʨʘʪʦʚ. ɸʪʦʤʳ Tr ʦʙʨʘʟʫʶʪ ʧʣʦʩʢʫʶ 

ʢʚʘʜʨʘʪʥʫʶ ʧʦʜʨʝhʝʪʢʫ, ʧʨʠ ʵʪʦʤ ʘʪʦʤʳ Pn ʨʘʩʧʦʣʦʞʝʥʳ ʚʳʰʝ ʠ ʥʠʞʝ ʵʪʦʡ ʧʣʦʩʢʦʩʪʠ, ʦʙʨʘʟʫʷ 

ʧʦʣʠʵʜʨʳ ʩ ʘʪʦʤʘʤʠ ʞʝʣʝʟʘ ʚ ʮʝʥʪʨʝ. ʇʣʦʩʢʦʩʪʠ Ae2+, ʚ ʢʦʪʦʨʳʭ ʘʪʦʤʳ ʪʘʢʞʝ ʦʙʨʘʟʫʶʪ ʢʚʘʜʨʘʪ-

ʥʫʶ ʨʝʰʝʪʢʫ, ʨʘʟʜʝʣʷʶʪ ʙʣʦʢʠ Tr-Pn ʚʜʦʣʴ ʩ-ʥʘʧʨʘʚʣʝʥʠʷ; ʩʦʩʝʜʥʠʝ Ae2+ ʧʣʦʩʢʦʩʪʠ ʩʜʚʠʥʫʪʳ ʜʨʫʛ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ ʥʘ ʚʝʢʪʦʨ (0.5;0.5;0). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ (ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ 

ʥʘ ʈʠʩ. 1ʘ) ʠʤʝʝʪ ʦʙʲʝʤʥʦʮʝʥʪʨʠʨʦʚʘʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʩʦʜʝʨʞʠʪ ʜʚʘ ʘʪʦʤʘ ʞʝʣʝʟʘ. ɼʣʷ ʥʘʠʙʦʣʝʝ 

ʷʨʢʦʛʦ ʧʨʝʜʩʪʘʚʠʪʝʣʷ ʩʠʩʪʝʤʳ AeTr2Pn2 ð ʧʥʠʢʪʠʜʘ BaFe2As2 ð ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

ʧʨʠ T = 175 ʂ ʧʦ ʜʘʥʥʳʤ [19] ʩʦʩʪʘʚʣʷʶʪ a = 3.95702(4) ¡ ʠ c = 12.9685(2) ¡. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʜʠʬʨʘʢʮʠʠ ʥʝʡʪʨʦʥʦʚ [19] ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʊS å Tm å 138 K 

(TS ʠ Tm ð ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʨʫʢʪʫʨʥʦʛʦ ʠ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ (ɸʌʄ) ʧʝʨʝʭʦʜʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) 

ʚ ʧʦʜʨʝʰʝʪʢʝ Fe ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ BaFe2As2 ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʜʘʣʴʥʠʡ ɸʌʄ-ʧʦʨʷʜʦʢ ʩ 

ʚʦʣʥʦʡ ʩʧʠʥʦʚʦʡ ʧʣʦʪʥʦʩʪʠ (ɺʉʇ), ʩʦʧʨʦʚʦʞʜʘʝʤʳʡ ʩʪʨʫʢʪʫʨʥʳʤ ʧʝʨʝʭʦʜʦʤ ʠʟ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ 

ʬʘʟʳ I4/mmm ʚ ʦʨʪʦʨʦʤʙʠʯʝʩʢʫʶ Fmmm ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ a = 5.61587(5) ¡, b = 

5.57125(5) ¡, c = 12.9428(1) ¡. ʉʧʠʥʳ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ ʥʘ ʩʦʩʝʜʥʠʭ ʘʪʦʤʘʭ Fe, ʧʨʦʪʠʚʦʧʦʣʦʞʥʦ 

ʥʘʧʨʘʚʣʝʥʳ ʠ ʦʙʨʘʟʫʶʪ ʮʝʧʦʯʢʠ ʚʜʦʣʴ ʘ-ʥʘʧʨʘʚʣʝʥʠʷ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʩʪʨʝʣʢʘʤʠ ʥʘ ʈʠʩ. 1ʘ. ɼʘʣɹʥʠʡ 

ɸʌʄ-ʧʦʨʷʜʦʢ ʤʦʞʝʪ ʙʳʪʴ ʨʘʟʨʫʰʝʥ ʧʫʪʝʤ ʜʳʨʦʯʥʦʛʦ ʜʦʧʠʨʦʚʘʥʠʷ (ʥʘʧʨʠʤʝʨ, ʟʘʤʝʱʝʥʠʤ Ba 

ʱʝʣʦʯʥʳʤ ʤʝʪʘʣʣʦʤ [10,20]), ʵʣʝʢʪʨʦʥʥʦʛʦ ʜʦʧʠʨʦʚʘʥʠʷ (ʟʘʤʝʱʝʥʠʝʤ Fe ʧʝʨʝʭʦʜʥʳʤʠ ʤʝʪʘʣʣʘʤʠ 

Ni, Co, Cu [20ï24]) ʠʣʠ ʠʟʦʚʘʣʝʥʪʥʦʛʦ ʟʘʤʝʱʝʥʠʷ (ʥʘʧʨʠʤʝʨ, As:P [25] ʠʣʠ Fe:Ru [26]), ʘ ʪʘʢʞʝ ʧʨʠ 

ʧʨʠʣʦʞʝʥʠʠ ʚʥʝʰʥʝʛʦ ʜʘʚʣʝʥʠʷ ʢ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤʫ ʩʦʝʜʠʥʝʥʠʶ BaFe2As2 [27]. ʇʨʠʤʝʨʳ 

ʬʘʟʦʚʳʭ ʜʠʘʛʨʘʤʤ ʜʦʧʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤ Ba1-xKxFe2As2 (BKFA) ʠ BaFe2-xNixAs2 (BFNA) ʧʨʠʚʝʜʝʥʳ 

ʥʘ ʈʠʩ. 1b,c [18,28].  
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ʈʠʩ. 1 ð (ʘ) ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʧʥʠʢʪʠʜʘ BaFe2As2 ʠ ʩʧʠʥʦʚʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ ʚ ʧʦʜʨʝ-

ʰʝʪʢʝ ʞʝʣʝʟʘ (ʠʟ ʨʘʙʦʪʳ [19]). (b) ʌʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʜʳʨʦʯʥʦʛʦ ʜʦʧʠʨʦʚʘʥʠʷ ʚ ʩʠʩʪʝʤʝ 

Ba1-xKxFe2As2 [19]. ʈʦʟʦʚʳʤ ʮʚʝʪʦʤ ʧʦʢʘʟʘʥʘ ɺʉʇ-ʦʙʣʘʩʪʴ, ʛʦʣʫʙʳʤ ð ʉʇ-ʬʘʟʘ, ʟʝʣʝʥʳʤ ʠ 

ʦʨʘʥʞʝʚʳʤ ð ʦʙʣʘʩʪʠ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʷ ɺʉʇ ʠ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʠ, ʢʨʘʩʥʳʤ ð ɺʉʇ-ʦʙʣʘʩʪʴ ʩ 

C4-ʪʠʧʦʤ ʩʠʤʤʝʪʨʠʠ, ʙʝʣʳʤ ð ʤʝʪʘʣʣʠʯʝʩʢʘʷ ʬʘʟʘ. ʈʦʤʙʘʤʠ ʦʙʦʟʥʘʯʝʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʩʪʨʫʢʪʫʨ-

ʥʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʝʨʝʭʦʜʘ Ts,N, ʢʨʫʞʢʘʤʠ ʠ ʢʚʘʜʨʘʪʘʤʠ ð ʪʝʤʧʝʨʘʪʫʨʘ ʉʇ-ʧʝʨʝʭʦʜʘ ʊʩ. (c) 

ʌʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʵʣʝʢʪʨʦʥʥʦʛʦ ʜʦʧʠʨʦʚʘʥʠʷ ʚ ʩʠʩʪʝʤʝ BaFe2-xNixAs2 ʧʦ ʜʘʥʥʳʤ ʨʘʙʦʪ [20ï24]. 

ɸʌʄ, ʉʇ ʠ ʥʝʤʘʪʠʯʝʩʢʘʷ ʬʘʟʳ, ʦʙʨʘʟʫʶʱʠʝʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ Ts, Tm ʠ Tc, ʦʙʦʟʥʘʯʝʥʳ ʨʦʟʦ-

ʚʳʤ, ʩʠʥʠʤ ʠ ʦʨʘʥʞʝʚʳʤ ʮʚʝʪʘʤʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; ʙʝʣʳʤ ʮʚʝʪʦʤ ʧʦʢʘʟʘʥʘ ʤʝʪʘʣʣʠʯʝʩʢʘʷ ʬʘʟʘ. 

ɸʜʘʧʪʠʨʦʚʘʥʦ ʠʟ ʦʙʟʦʨʘ [18]. 

 

ɼʣʷ ʜʳʨʦʯʥʦ-ʜʦʧʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʳ BKFA ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʨʫʢʪʫʨʥʦʛʦ ʠ ɸʌʄ-ʧʝʨʝʭʦʜʦʚ 

ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ ʚʧʣʦʪʴ ʜʦ x å 0.4 (ʨʦʤʙʳ ʥʘ ʈʠʩ. 1b), ʧʨʠ ʵʪʦʤ ʜʣʷ ʵʣʝʢʪʨʦʥʥʦ-ʜʦʧʠʨʦ-

ʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ BFNA ʪʝʤʧʝʨʘʪʫʨʘ Ts ʧʨʝʚʳʰʘʝʪ Tm ʧʨʠ 0 < x < 0.09 (ʩʤ. ʈʠʩ. 1ʩ). ʇʨʠ Tm < T 

< Ts ʦʙʨʘʟʫʝʪʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ ʥʝʤʘʪʠʯʝʩʢʘʷ ʬʘʟʘ ð ʥʝʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʩ ʉ2-ʩʠʤʤʝʪʨʠʝʡ 

ʧʦʚʦʨʦʪʘ ʥʘ p/2 [29,30], ʢʦʪʦʨʘʷ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʘʥʠʟʦʪʨʦʧʠʠ ʪʨʘʥʩʧʦʨʪʥʳʭ, ʤʘʛʥʠʪʥʳʭ ʠ ʦʧʪʠʯʝʩ-

ʢʠʭ ʩʚʦʡʩʪʚ ʚ ab-ʧʣʦʩʢʦʩʪʠ (ʦʙʣʘʩʪʴ ʨʦʟʦʚʦʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 1ʩ). ʇʦʩʢʦʣʴʢʫ ʧʥʠʢʪʠʜʳ ʩʝʤʝʡʩʪʚʘ 
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Ba-122 ʩʢʣʦʥʥʳ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʜʚʦʡʥʠʢʦʚ [31], ʧʦʜʦʙʥʦʝ ʥʘʨʫʰʝʥʠʝ ʉ4-ʩʠʤʤʝʪʨʠʠ ʧʦʚʦʨʦʪʘ ʥʘ 

p/4 ʤʦʞʝʪ ʙʳʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʥʘʨʫʞʝʥʦ ʪʦʣʴʢʦ ʧʨʠ çʨʘʟʜʚʦʡʥʠʢʦʚʘʥʠʠè, ʨʝʘʣʠʟʫʝʤʦʤ, ʥʘ-

ʧʨʠʤʝʨ, ʧʨʠʣʦʞʝʥʠʝʤ ʦʜʥʦʦʩʥʦʡ ʜʝʬʦʨʤʘʮʠʠ [31] ʠʣʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʦʢʦʣʦ 14 ʊʣ [32]. ɺ ʨʘʙʦ-

ʪʘʭ [33,34] ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʩ ʫʩʪʨʘʥʝʥʥʳʤ ʜʚʦʡʥʠʢʦʚʘʥʠʝʤ ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʘʥʠʟʦʪʨʦʧʠ ̫ʫʜʝʣʴ-

ʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚ ab-ʧʣʦʩʢʦʩʪʠ ʩ ra > rb ʢʘʢ ʥʠʞʝ, ʪʘʢ ʠ ʯʫʪʴ ʚʳʰʝ Ts, ʯʪʦ ʦʟʥʘʯʘʝʪ ʩʦʭʨʘʥʝʥʠʝ 

ʥʝʤʘʪʠʯʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʦʜʩʠʩʪʝʤʳ ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʬʘʟʝ. ʇʨʠʤʝʨ ʧʦʜʦʙʥʳʭ ʪʨʘʥʩʧʦʨʪʥʳʭ 

ʠʟʤʝʨʝʥʠʡ ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ BFNA ʩ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʴʶ ʜʦʧʠʨʦʚʘʥʠʷ ʧʦ ʜʘʥʥʳʤ [33] ʧʦʢʘʟʘʥ 

ʥʘ ʈʠʩ. 2. ʇʨʠ T = Tm, Ts ʟʘʚʠʩʠʤʦʩʪʠ ra,b(T) ʠʤʝʶʪ ʦʩʦʙʝʥʥʦʩʪʠ, ʚʳʟʚʘʥʥʳʝ ɸʌʄ ʠ ʩʪʨʫʢʪʫʨʥʳʤ 

ʧʝʨʝʭʦʜʦʤ (ʯʝʨʥʳʝ ʚʝʨʪʠʢʘʣʴʥʳʝ ʣʠʥʠʠ ʥʘ ʈʠʩ. 2). ɺ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʳʭ ʉʇ-ʩʦʩʪʘʚʘʭ ʧʨʠ ʊ = ʊʩ 

ʥʘʙʣʶʜʘʝʪʩʷ ʉʇ-ʧʝʨʝʭʦʜ, ʘ ʧʨʠ T > Tc ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʘʜʘʝʪ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨ,r ʧʦʜʦʙʥʦ ʧʦʣʫ-

ʧʨʦʚʦʜʥʠʢʫ. ʇʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʟʘʚʠʩʠʤʦʩʪʠ ra,b(T) ʜʦʩʪʠʛʘʶʪ ʤʠʥʠʤʫʤʘ, ʧʦʩʣʝ ʯʝʛʦ 

ʩʨʘʚʥʠʚʘʶʪʩʷ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʠ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʤʝʪʘʣʣʦʧʦʜʦʙʥʳʡ ʨʦʩʪ. ɺ ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥ-

ʥʦʤ ʩʦʩʪʘʚʝ BaFe0.9Ni0.1As2 ʘʥʠʟʦʪʨʦʧʠʷ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚ ab-ʧʣʦʩʢʦʩʪʠ ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʝʪ. 

 

ʈʠʩ. 2 ð ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ra(T) ʠ rb(T), ʠʟʤʝʨʝʥʥʦʛʦ ʚ 

ʥʘʧʨʘʚʣʝʥʠʷʭ a ʠ b ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ BFNA ʩ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʴʶ ʟʘʤʝʱʝʥʠʷ ʭ (ʟʜʝʩʴ ʩʦʦʪʚʝʪ-

ʩʪʚʫʝʪ ʭʠʤʠʯʝʩʢʦʡ ʬʦʨʤʫʣʝ Ba(Fe1-xNix)2As2) ʧʦ ʜʘʥʥʳʤ ʨʘʙʦʪʳ [33]. ʏʝʨʥʳʤʠ ʚʝʨʪʠʢʘʣʴʥʳʤʠ 

ʣʠʥʠʷʤʠ ʦʪʤʝʯʝʥʳ ʪʝʤʧʝʨʘʪʫʨʳ Tm ʠ Ts. 

 

ʇʦʜʘʚʣʝʥʠʝ ɸʌʄ ʠ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʧʦʨʷʜʢʦʚ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʪʝʧʝʥʠ ʜʦʧʠʨʦʚʘʥʠʷ ʩʦʧʨʦʚʦ-

ʞʜʘʝʪʩʷ ʧʦʷʚʣʝʥʠʝʤ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʠ. ɺ ʦʪʣʠʯʠʝ ʦʪ ɺʊʉʇ-ʢʫʧʨʘʪʦʚ, ʉʇ-ʬʘʟʘ ʧʥʠʢʪʠʜʦʚ 
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ʩʝʤʝʡʩʪʚʘ Ba-122 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ çʢʦʣʦʢʦʣè ʥʝʩʠʤʤʝʪʨʠʯʥʦʡ ʬʦʨʤʳ. ʂʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫ-

ʨʘ ʊʩ ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ 38 ʂ ʜʣʷ ʩʠʩʪʝʤʳ Ba0.6K0.4Fe2As2 [10,28,35] ʠ Tc å 21 ʂ ʜʣʷ 

BaFe2-xNixAs2 [21,23]. ʇʨʠʨʦʜʘ ʦʙʣʘʩʪʠ ʧʝʨʝʩʝʯʝʥʠʷ ɸʌʄ ʠ ʉʇ-ʬʘʟ ʧʨʠ x å 0.15ï0.3 ʜʣʷ ʩʠʩʪʝʤʳ 

BKFA ʠ x å 0.05ï0.1 ʜʣʷ BFNA (ʩʤ. ʈʠʩ. 1b,c) ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʝʪʩʷ ʧʨʝʜʤʝʪʦʤ ʦʙʩʫʞʜʝʥʠʷ. ɸʚʪʦʨʳ 

ʨʷʜʘ ʨʘʙʦʪ [36ï39] ʛʦʚʦʨʷʪ ʦ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʤ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʠ ɸʌʄ, ʥʝʤʘʪʠʯʝʩʢʦʡ ʬʘʟ ʠ ʉʇ-

ʬʘʟ ʚ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʘʭ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ Ba-122 ʩ ʨʘʟʣʠʯʥʳʤ ʟʘʤʝʱʝʥʠʝʤ. ɼʝʪʘʣʴ-

ʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʘʥʥʦʛʦ ʨʝʛʠʦʥʘ [19,28,40] ʪʘʢʞʝ ʧʦʢʘʟʘʣʠ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʚʙʣʠʟʠ Tc ʫʟʢʠʭ ɺʉʇ-

ʦʙʣʘʩʪʝʡ ʩ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʉ4-ʩʠʤʤʝʪʨʠʝʡ. ʅʘʧʨʦʪʠʚ, ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ [41ï43] ʧʦʢʘʟʘʣʠ 

ʝʩʪʝʩʪʚʝʥʥʦʝ ʬʘʟʦʚʦʝ ʨʘʟʜʝʣʝʥʠʝ ʚ ʩʣʘʙʦ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʘʭ BKFA, BFNA ʠ 

BaFe2-xCoxAs2 (BFCA), ʙʣʠʟʢʠʭ ʢ ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ: ʨʝʘʣʠʟʘʮʠʶ ʚ ʦʙʲʝʤʝ ʤʦʥʦ-

ʢʨʠʩʪʘʣʣʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʨʘʟʜʝʣʝʥʥʳʭ ɸʌʄ-ʦʙʣʘʩʪʝʡ ʩ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʉʇ-ʦʙ-

ʣʘʩʪʝʡ ʩ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʅʘ ʨʝʘʣʠʟʘʮʠʶ ʪʘʢʦʛʦ ʩʮʝʥʘʨʠʷ ʪʘʢʞʝ ʢʦʩʚʝʥʥʦ ʫʢʘʟʳʚʘʶʪ 

ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ [44].  

ɿʘʤʝʪʥʦʝ ʧʘʜʝʥʠʝ ʩʢʦʨʦʩʪʠ ʷʜʝʨʥʦʡ ʩʧʠʥ-ʨʝʰʝʪʦʯʥʦʡ ʨʝʣʘʢʩʘʮʠʠ 1/(T1T)(T) ʦʪ ʪʝʤʧʝʨʘʪʫ-

ʨʳ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʨʦʜʩʪʚʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ BaFe2-xCoxAs2 ʩ x = 0ï0.52 ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʪʝʧʝʥʠ 

ʟʘʤʝʱʝʥʠʷ x [45] ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʩʣʘʙʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʧʠʥʦʚʳʭ ʬʣʫʢʪʫʘʮʠʡ ʧʨʠ ʦʪʜʘʣʝʥʠʠ ʦʪ 

ɸʌʄ-ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ ʜʦʧʠʨʦʚʘʥʠʷ. 

ʄʝʪʦʜʘʤʠ ʩʢʘʥʠʨʫʶʱʝʡ ʪʫʥʥʝʣʴʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʉʊʄ) ʠ ʜʠʬʨʘʢʮʠʠ ʤʝʜʣʝʥʥʳʭ ʥʝʡʪʨʦ-

ʥʦʚ [46ï54] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʢʦʣ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ BaFe2As2 ʧʨʦʭʦʜʠʪ 

ʧʦ ʧʣʦʩʢʦʩʪʷʤ ʤʳʰʴʷʢʘ, ʘ ʚ ʵʣʝʢʪʨʦʥʥʦ- ʠʣʠ ʜʳʨʦʯʥʦ-ʜʦʧʠʨʦʚʘʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ð ʧʨʝʠʤʫ-

ʱʝʩʪʚʝʥʥʦ ʧʦ ʧʣʦʩʢʦʩʪʷʤ Ba. ʉ ʧʦʤʦʱʴʶ ʉʊʄ-ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʘʪʦʤʘʨʥʳʤ ʨʘʟʨʝʰʝʠʝʤ [55] ʙʳʣʦ 

ʫʩʪʘʥʦʚʣʝʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʩʚʝʨʭʨʝʰʝʪʦʢ ʠʟ ʘʪʦʤʦʚ As ʠ Ba ʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʠ ʜʦʧʠʨʦʚʘʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʷʭ ʩʝʤʝʡʩʪʚʘ Ba-122 (ʈʠʩ. 3bïi). ʅʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦ ʧʦʣʫʯʝʥʠʝ ʩʚʝʨʭʩʪʨʫʢʪʫʨʳ ʪʠʧʘ ã2 

Ĭ ã2 [46,47,50ï52], ʦʙʨʘʟʦʚʘʥʥʦʡ ʠʟ ʘʪʦʤʦʚ ʠ ʚʘʢʘʥʩʠʡ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʰʘʭʤʘʪʥʦʤ ʧʦʨʷʜʢʝ, ʢʘʢ 

ʧʦʢʘʟʘʥʦ ʥʘ ʈʠʩ. 3ʘ,b. ʇʨʠʤʝʨʳ ʠʟʤʝʥʝʥʠʷ ʧʦʨʷʜʢʘ ã2 Ĭ ã2 ʚʙʣʠʟʠ ʜʚʦʡʥʠʢʦʚʳʭ ʛʨʘʥʠʮ ʧʦʢʘʟʘʥ r

ʥʘ ʈʠʩ. 3d,e. ʊʘʢʞʝ ʥʘ ʩʢʦʣʘʭ ʜʦʧʠʨʦʚʘʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʜʦʚʦʣʴʥʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʦ ʨʘʩʧʦʣʦ-

ʞʝʥʠʝ ʘʪʦʤʦʚ ʪʠʧʘ 2 Ĭ 1 (ʈʠʩ. 3ʩ), ʚ ʢʦʪʦʨʦʤ ʮʝʧʦʯʢʠ ʘʪʦʤʦʚ ʙʘʨʠʷ ʯʝʨʝʜʫʶʪʩʷ ʩ ʮʝʧʦʯʢʘʤʠ ʚʘʢʘʥ-

ʩʠʡ [48ï51]. ʇʦʤʠʤʦ ʚʳʰʝʫʢʘʟʘʥʥʳʭ, ʚ ʉʊʄ-ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʥʘʙʣʶʜʘʣʠʩʴ ʙʦʣʝʝ ʨʝʜʢʠʝ, ʦʜʥʘʢʦ 

ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʝ: ʢʦʤʙʠʥʘʮʠʷ ã2Ĭã2 ʠ (2Ĭ1)-ʩʚʝʨʭʩʪʨʫʢʪʫʨ (ʈʠʩ. 3f), çʩʪʨʘʡʧʦʚʳʡè (ʈʠʩ. 3h) ʠ 

ʣʠʥʝʡʥʳʡ ʧʦʨʷʜʢʠ (ʈʠʩ. 3i). ɺ ʦʙʲʝʤʝ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ BFCA 

ʩ ʧʦʤʦʱʴʶ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʇʕʄ) ʩ ʘʪʦʤʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʙʳʣʠ ʦʙ-

ʥʘʨʫʞʝʥʳ ʧʣʘʥʘʨʥʳʝ ʜʝʬʝʢʪʳ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦʙʦʡ ʜʚʝ ʧʣʦʩʢʦʩʪʠ Ba ʙʝʟ ʨʘʟʜʝʣʷʶʱʝʛʦ ʠʭ ʙʣʦ-

ʢʘ FeAs [56,57]. 

ʈʘʩʯʝʪʳ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʣʦʢʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ (LDA) [58,59] ʚ ʤʝʪʘʣʣʠ-

ʯʝʩʢʦʡ ʬʘʟʝ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ Ba-122 ʧʦʢʘʟʘʣʠ, ʯʪʦ ʫʨʦʚʝʥʴ ʌʝʨʤʠ ʧʝʨʝʩʝʢʘʶʪ ʜʚʝ ʜʳʨʦʯʥʳʝ 
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ʟʦʥʳ ʚʙʣʠʟʠ ɻ-ʪʦʯʢʠ ʠ ʜʚʝ ʵʣʝʢʪʨʦʥʥʳʝ ʟʦʥʳ ʚʙʣʠʟʠ ʍ-ʪʦʯʢʠ ʨʘʟʚʝʨʥʫʪʦʡ ʟʦʥʳ ɹʨʠʣʣʶʵʥʘ (ʈʠʩ. 

4ʘ). ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʩʝ ʵʪʠ ʟʦʥʳ ʜʦʩʪʘʪʦʯʥʦ ʥʝʛʣʫʙʦʢʠ (ʜʥʦ/ʧʦʪʦʣʦʢ ʨʘʩʧʦʣʦʞʝʥ rʚ eF ~ 100ï

200 ʤʵɺ ʦʪʥʦʩʠʪʝʣʴʥʦ EF) ʠ ʥʘʭʦʜʷʪʩʷ ʚʙʣʠʟʠ ʧʝʨʝʭʦʜʘ ʃʠʬʰʠʮʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʥʠʢʪʠʜʳ ʩʝ-

ʤʝʡʩʪʚʘ Ba-122 ʥʘʭʦʜʷʪʩʷ ʚ ʥʝʘʜʠʘʙʘʪʠʯʝʩʢʦʤ ʧʨʝʜʝʣʝ [60], ʪ.ʝ. ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ ʧʨʠʙʣʠʞʝʥʠʝ ʢʚʘ-

ʟʠʢʣʘʩʩʠʯʥʦʩʪʠ eF >> hwD >> D0, ʛʜʝ hwD ð ʵʥʝʨʛʠʷ ɼʝʙʘʷ. ʋʨʦʚʝʥʴ ʌʝʨʤʠ ʥʘʭʦʜʠʪʩʷ ʥʘ ʩʢʣʦʥʝ 

ʧʣʦʪʥʦʩʪʠ ʢʚʘʟʠʯʘʩʪʠʯʥʳʭ ʩʦʩʪʦʷʥʠʡ N(e), ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʢʦʪʦʨʫʶ ʙʣʠʟʠ EF ʚʥʦʩʷʪ 3d-ʦʨʙʠʪʘʣʠ 

ʞʝʣʝʟʘ (ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ ʟʝʣʝʥʦʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 4b). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 3d-ʵʣʝʢʪʨʦʥʳ ʠ ʜʳʨʢʠ ʦʙʝʩ-

ʧʝʯʠʚʘʶʪ ʤʝʪʘʣʣʠʯʝʩʢʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʩʠʩʪʝʤʳ ʚʳʰʝ ʊʩ ʠ ʦʙʨʘʟʦʚʘʥʠʝ ʢʫʧʝʨʦʚʩʢʠʭ ʧʘʨ ʥʠʞʝ ʊʩ. 

ɻʠʙʨʠʜʠʟʘʮʠʷ 3d-ʦʨʙʠʪʘʣʝʡ Fe ʠ 3p-ʦʨʙʠʪʘʣʝʡ As ʠʤʝʝʪ ʤʝʩʪʦ ʚ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ -3.4 < e < -2.5 

ʦʪʥʦʩʠʪʝʣʴʥʦ EF, ʦʧʨʝʜʝʣʷʷ ʢʦʚʘʣʝʥʪʥʫʶ ʩʚʷʟʴ ʚ ʙʣʦʢʘʭ FeAs. ʉʚʷʟʴ ʤʝʞʜʫ ʙʣʦʢʘʤʠ FeAs ʠ ʧʣʦʩ-

ʢʦʩʪʷʤʠ Ba2+ ʥʦʩʠʪ ʠʦʥʥʳʡ ʭʘʨʘʢʪʝʨ, ʦʧʨʝʜʝʣʷʷ ʢʚʘʟʠʜʚʫʤʝʨʥʦʩʪʴ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ Ba-122. 

 

ih

gfe

dcb

Õ2×Õ2 twin

Õ2×Õ2 2×1

a

3 nm

Õ2×Õ2 twin

Õ2×Õ2 + 2×1

 

ʈʠʩ. 3 ð (ʘ) ʊʦʧʦʛʨʘʬʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʥʦʢʨʠʩʪʘʣʣʘ BaFe1.92Ni0.08As2 ʩʦ ʩʚʝʨʭʨʝʰʝʪʢʦʡ ʘʪʦʤʦʚ 

Ba ʪʠʧʘ Ҟ2 Ĭ Ҟ2, ʧʦʣʫʯʝʥʥʘʷ ʩ ʧʦʤʦʱʴʶ ʉʊʄ (ʠʟ ʨʘʙʦʪʳ [54]). (b)ï(i) ʉʭʝʤʳ ʨʘʩʧʦʣʦʞʝʥʠʷ ʘʪʦ-

ʤʦʚ Ba ʠ ʠʭ ʚʘʢʘʥʩʠʡ (ʩʝʨʳʝ ʠ ʙʝʣʳʝ ʢʨʫʞʢʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʦʙʥʘʨʫʞʝʥʥʳʝ ʥʘ ʩʢʦʣʘʭ ʤʦʥʦ-

ʢʨʠʩʪʘʣʣʦʚ BaFe1.86Co0.14As2 ʚ [50]: ã2 Ĭ ã2 (b); 2 Ĭ 1 (c); ʧʦʨʷʜʦʢ ã2 Ĭ ã2 ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʣʠʥʝʡʥʦ 

(d) ʠʣʠ ʜʠʘʛʦʥʘʣʴʥʦ (e) ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʜʚʦʡʥʠʢʦʚʦʡ ʛʨʘʥʠʮʳ; ʢʦʤʙʠʥʘʮʠʷ ã2 Ĭ ã2 ʠ 2 Ĭ 1 

ʩʪʨʫʢʪʫʨ (f); ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ (g); çʩʪʨʘʡʧʦʚʳʡ ʧʦʨʷʜʦʢè (h); ʣʠʥʝʡʥʳʡ ʧʦʨʷʜʦʢ (i). 

 

ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ BaFe2As2, ʩʦʛʣʘʩʥʦ ʨʘʩʯʝʪʘʤ [58,59], ʦʙʨʘʟʫʶʪʩʷ 

ʜʚʘ ʚʣʦʞʝʥʥʳʭ ʜʳʨʦʯʥʳʭ ʮʠʣʠʥʜʨʘ ʠ ʟʘʤʢʥʫʪʳʡ ʢʘʨʤʘʥ ʚʦʢʨʫʛ G-ʪʦʯʢʠ ʩ C4-ʪʠʧʦʤ ʩʠʤʤʝʪʨʠʠ, ʘ 

ʪʘʢʞʝ ʜʚʘ ʵʣʝʢʪʨʦʥʥʳʭ ʮʠʣʠʥʜʨʘ ʵʣʣʠʧʪʠʯʝʩʢʦʛʦ ʩʝʯʝʥʠʷ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʦʜ ʫʛʣʦʤ p/2 ʜʨʫʛ 
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ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ ʚ kxky-ʧʣʦʩʢʦʩʪʠ (ʈʠʩ. 4ʩ). ʂʘʞʜʳʡ ʢʘʨʤʘʥ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʦʙʨʘʟʦʚʘʥ ʜʚʫ-

ʤʷ ʪʠʧʘʤʠ ʦʨʙʠʪʘʣʝʡ (dxz, dxy, dyz) [61], ʢʘʢ ʩʭʝʤʘʪʠʯʝʩʢʠ ʧʦʢʘʟʘʥʦ ʥʘ ʈʠʩ. 4d. ɺʩʝ ʦʪʢʨʳʪʳʝ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʌʝʨʤʠ ʩʣʘʙʦ ʛʦʬʨʠʨʦʚʘʥʳ ʚʜʦʣʴ kz-ʥʘʧʨʘʚʣʝʥʠʷ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʝʪʦʜʦʤ ʬʦʪʦʵʤʠʩʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦ-

ʧʠʠ ʩ ʫʛʣʦʚʳʤ ʨʘʟʨʝʰʝʥʠʝʤ (ʌʕʉʋʈ) ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ Ba-122 ʥʝʤʥʦʛʦʯʠʩʣʝʥʥʳ, ʧʦʩʢʦʣʴʢʫ 

ʦʩʣʦʞʥʝʥʳ ʨʷʜʦʤ ʪʨʫʜʥʦʩʪʝʡ. ʉʚʝʨʭʩʪʨʫʢʪʫʨʳ Ba ʥʘ ʩʢʦʣʘʭ (ʩʤ. ʈʠʩ. 3) ʯʘʩʪʦ ʠʩʢʘʞʘʶʪ ʌʕʉʋʈ-

ʩʧʝʢʪʨʳ (ʯʘʩʪʠʯʥʦ ʵʪʫ ʧʨʦʙʣʝʤʫ ʤʦʞʥʦ ʨʝʰʠʪʴ ʟʘ ʩʯʝʪ ʧʨʦʛʨʝʚʘ ʜʦ 150 ʂ ʩ ʧʦʩʣʝʜʫʶʱʝʤ ʦʭʣʘʞ-

ʜʝʥʠʝʤ [62]). ɼʣʷ ʵʣʝʢʪʨʦʥʥʦ-ʜʦʧʠʨʦʚʘʥʥʳʭ BaFe2-xTmxAs2 ʙʦʣʴʰʠʥʩʪʚʦ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʤʝʪʦʜʦʤ 

ʌʕʉʋʈ ʧʨʦʚʝʜʝʥʳ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ BFCA [62ï68], ʧʨʠ ʵʪʦʤ ʜʘʥʥʳʝ ʜʣʷ BFNA ʧʦʣʫʯʝʥʳ ʪʦʣʴ-

ʢʦ ʚ ʨʘʙʦʪʝ [69]. ʇʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʝ ʦʪʩʫʪʩʪʚʠʝ ʜʘʥʥʳʭ ʉʊʄ ʠ ʌʕʉʋʈ ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ 

BFNA ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʦ ʙʦʣʝʝ ʩʣʦʞʥʦʡ ʧʝʨʝʩʪʨʦʡʢʦʡ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʪʦ 

ʜʝʣʘʝʪ ʥʝʚʦʟʤʦʞʥʳʤ ʧʦʣʫʯʝʥʠʝ ʢʘʯʝʩʪʚʝʥʥʳʭ ʜʘʥʥʳʭ. ʇʦʣʫʯʝʥʥʳʝ ʚ ʵʪʠʭ ʨʘʙʦʪʘʭ ʢʘʨʪʠʥʳ ʟʦʥ-

ʥʦʡ ʩʪʨʫʢʪʫʨʳ ʢʘʯʝʩʪʚʝʥʥʦ ʩʭʦʞʠ ʩ ʨʘʩʯʝʪʘʤʠ [58,59,61]. ɺ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ɸʌʄ-ʬʘʟʝ ʩʪʝʭʠʦ-

ʤʝʪʨʠʯʝʩʢʦʛʦ BaFe2As2 ʧʨʠ T < 138 ʂ ʟʦʥʘ ɹʨʠʣʣʶʵʥʘ ʫʤʝʥʴʰʘʝʪʩʷ ʚ ʜʚʘ ʨʘʟʘ, ʠ ʥʘ ʯʘʩʪʠ ʧʦʚʝʨʭ-

ʥʦʩʪʝʡ ʌʝʨʤʠ ʦʪʢʨʳʚʘʝʪʩʷ ʩʧʠʥʦʚʘʷ ʱʝʣʴ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʙʣʠʟʠ ɻ ʠ ʄ-ʪʦʯʝʢ ʩ ʧʦʤʦʱʴʶ ʌʕʉʋʈ 

ʥʘʙʣʶʜʘʶʪʩʷ ʥʝʙʦʣʴʰʠʝ ʯʝʪʳʨʝʭʣʠʩʪʥʳʝ ʵʣʣʠʧʪʠʯʝʩʢʠʝ ʧʷʪʥʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩ ʉ2-ʩʠʤʤʝʪʨʠʝʡ 

(ʈʠʩ. 5ʘ), ʢʦʪʦʨʳʝ ʧʨʠ ʵʣʝʢʪʨʦʥʥʦʤ ʜʦʧʠʨʦʚʘʥʠʠ ʪʨʘʥʩʬʦʨʤʠʨʫʶʪʩʷ ʚ ʜʚʘ ʩʢʨʝʱʝʥʥʳʭ ʵʣʣʠʧʩʘ ʩ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝʤ ʉ4-ʩʠʤʤʝʪʨʠʠ (ʈʠʩ. 5b). ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦʧʠʨʫʶʱʠʭ ʵʣʝʢʪʨʦʥʦʚ 

ʨʘʜʠʫʩʳ ʜʳʨʦʯʥʳʭ ʣʠʩʪʦʚ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʫʤʝʥʴʰʘʶʪʩʷ, ʘ ʵʣʝʢʪʨʦʥʥʳʭ ð ʫʚʝʣʠʯʠʚʘʪʁʩʷ 

[63,68,69], ʚ ʨʝʟʫʣʴʪʘʪʝ ʚ ʩʠʣʴʥʦ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʦʤ ʥʝʩʚʝʨʭʧʨʦʚʦʜʷʱʝʤ ʩʦʩʪʘʚʝ BaFe1.7Co0.3As2 

ʧʦʣʥʦʩʪʴʶ ʠʩʯʝʟʘʝʪ ʜʳʨʦʯʥʳʡ ʢʘʨʤʘʥ ʚ ɻ-ʪʦʯʢʝ [66]. ʂʦʥʛʨʫʵʥʪʥʦʩʪʴ (çʥʝʩʪʠʥʛè) ʵʣʝʢʪʨʦʥʥʳʭ ʠ 

ʜʳʨʦʯʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʌʝʨʤʠ ʚ ɻ-ʄ-ʥʘʧʨʘʚʣʝʥʠʠ ʠʤʝʝʪ ʤʝʩʪʦ ʚ ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʦʤ ʩʦ-

ʝʜʠʥʝʥʠʠ BaFe1.85Co0.15As2 [63] ʠ ʩʣʘʙʦ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʦʤ ʩʦʩʪʘʚʝ BaFe1.925Ni0.075As2 [69]. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟʝ ʩ ʥʘ-

ʨʫʰʝʥʥʦʡ ʉ4-ʩʠʤʤʝʪʨʠʝʡ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ Ba-122 ʩ ʵʣʝʢʪʨʦʥʥʳʤ, ʜʳʨʦʯʥʳʤ ʠ ʠʟʦʚʘʣʝʥʪʥʳʤ 

ʟʘʤʝʱʝʥʠʝʤ ʧʨʦʚʝʜʝʥ rʩ ʧʦʤʦʱʴʶ ʌʕʉʋʈ ʚ ʨʘʙʦʪʘʭ [65,70ï74]. ʇʨʠ ʫʩʪʨʘʥʝʥʠʠ ʜʚʦʡʥʠʢʦʚ ʧʫ-

ʪʝʤ ʧʨʠʣʦʞʝʥʠʷ ʦʜʥʦʦʩʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʳʤ ʨʘʟʨʝʰʠʪʴ ʥʝʵʢʚʠʚʘʣʝʥʪʥʦʩʪ ɹʧʦ-

ʣʦʞʝʥʠʷ ʟʦʥ, ʦʙʨʘʟʦʚʘʥʥʳʭ dxz ʠ dyz-ʦʨʙʠʪʘʣʷʤʠ Fe, ʧʦ ʵʥʝʨʛʠʠ ʚ ɸʌʄ ʠ ʥʝʤʘʪʠʯʝʩʢʦʡ ʬʘʟʝ ʧʨʠ T 

< Ts, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʈʠʩ. 5c ʧʫʥʢʪʠʨʥʦʤ ʠ ʥʘ ʈʠʩ. 5d,e ʩʧʣʦʰʥʳʤʠ ʣʠʥʠʷʤʠ ʢʨʘʩʥʦʛʦ ʠ ʟʝʣʝʥʦʛʦ 

ʮʚʝʪʘ. ʊʘʢʦʝ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʠʟʤʝʥʝʥʠʝ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʘʩʯʝʪʘʤʠ [36]. ɺʝʣʠʯʠʥʘ 

ʥʝʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʟʦʥ ʧʦ ʵʥʝʨʛʠʠ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 60ï100 ʤʵɺ ʠ ʧʘʜʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʪʝʧʝʥʠ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʜʦʧʠʨʦʚʘʥʠʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʠʩʯʝʟʘʝʪ ʦʜʠʥ ʠʟ ʮʠʣʠʥʜʨʦʚ ʚ 

X/Y-ʪʦʯʢʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʧʨʠʣʦʞʝʥʥʦʛʦ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ (ʩʤ. ʈʠʩ. 5ʘ). 

ʉ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 160ï200 ʂ [65] dyz-ʟʦʥʘ ʦʧʫʩʢʘʝʪʩʷ, ʘ dxz-ʟʦʥʘ ʧʦʜʥʠʤʘʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʫʨʦʚʥʷ ʌʝʨʤʠ, ʠ C4-ʩʠʤʤʝʪʨʠʷ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ, ʦʜʥʘʢʦ, ʜʘʥʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ ʟʘʤʝʪʥʦ 
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ʧʨʝʚʳʰʘʶʪ ʢʘʢ Ts, ʪʘʢ ʠ ʪʝʤʧʝʨʘʪʫʨʫ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʧʝʨʝʭʦʜʘ (ʩʤ. ʈʠʩ. 2). ɹʦʣʝʝ ʪʦʛʦ, ʚ [71] ʥʘ-

ʙʣʶʜʘʣʦʩʴ ʙʦʣʝʝ ʩʠʣʴʥʦʝ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʠʟʤʝʥʝʥʠʝ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ BFCA ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ 

ʜʦʧʠʨʦʚʘʥʠʷ ʚʧʣʦʪʴ ʜʦ ʢʦʤʥʘʪʥʳʭ ʪʝʤʧʝʨʘʪʫʨ, ʦʙʲʷʩʥʝʥʠʝ ʢʦʪʦʨʦʤʫ ʜʦ ʩʠʭ ʧʦʨ ʥʝ ʥʘʡʜʝʥʦ. 

a 
b 

c 
 d 

ʈʠʩ. 4 ð ɿʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ (a), ʟʘʚʠʩʠʤʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ N(e) ʦʪ ʵʥʝʨʛʠʠ 

(b) ʠ ʧʦʚʝʨʭʥʦʩʪʴ ʌʝʨʤʠ BaFe2As2 ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʝ ʧʦ ʜʘʥʥʳʤ LDA-ʨʘʩʯʝʪʦʚ (ʩ) [58]. (d) 

ʉʭʝʤʘ ʦʨʙʠʪʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʵʣʝʢʪʨʦʥʥʦ-ʜʦʧʠʨʦʚʘʥʥʦʛʦ BaFe2As2, ʩʦʛʣʘʩ-

ʥʦ ʨʘʩʯʝʪʘʤ [61]. 

 

ʇʨʠʨʦʜʘ ʥʝʤʘʪʠʯʝʩʢʦʡ ʬʘʟʳ ʪʘʢʞʝ ʜʦ ʩʠʭ ʧʦʨ ʥʝ ʧʦʥʷʪʘ. ɺ ʣʠʪʝʨʘʪʫʨʝ [30,34,36,75,76] ʘʢ-

ʪʠʚʥʦ ʦʙʩʫʞʜʘʝʪʩʷ ʩʚʷʟʴ ʥʝʤʘʪʠʯʥʦʩʪʠ ʩʦ ʩʚʦʡʩʪʚʘʤʠ ʩʧʠʥʦʚʦʡ, ʟʘʨʷʜʦʚʦʡ, ʦʨʙʠʪʘʣʴʥʦʡ ʠ ʉʇ-

ʧʦʜʩʠʩʪʝʤ. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʚ ʥʝʤʘʪʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ ʨʝʘʣʠʟʫʶʪʩʷ ʪʨʠ ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ [30]: 1) 

ʩʪʨʫʢʪʫʨʥʳʡ, ʩʚʷʟʘʥʥʳʡ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩ ʠʩʢʘʞʝʥʠʝʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʧʦʩʨʝʜʩʪʚʦʤ 

ʬʦʥʦʥʦʚ; 2) ʟʘʨʷʜʦʚʳʡ/ʦʨʙʠʪʘʣʴʥʳʡ, ʩʚʷʟʘʥʥʳʡ ʩ ʥʝʵʢʚʠʚʘʣʝʥʪʥʦʩʪʴʶ ʟʘʧʦʣʥʝʥʠʷ dxz ʠ dyz-ʦʨʙʠ-

ʪʘʣʝʡ ʞʝʣʝʟʘ; 3) ʩʧʠʥʦʚʳʡ, ʚʦʟʥʠʢʘʶʱʠʡ ʠʟ-ʟʘ ʥʝʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʧʠʢʦʚ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʧʠʥʦʚʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ c(q,w) ʥʘ ʚʝʢʪʦʨʘʭ (p,0) ʠ (0,p). ʉʪʨʦʛʦ ʜʦʢʘʟʘʪʴ, ʢʘʢʦʡ ʠʟ ʚʳʰʝʫʢʘʟʘʥʥʳʭ ʧʦʨʷʜ-

ʢʦʚ ʧʝʨʚʠʯʝʥ, ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʢʘʢʦʡ ʪʠʧ ʬʣʫʢʪʫʘʮʠʡ ʷʚʣʷʝʪʩʷ ʧʨʝʜʚʝʩʪʥʠʢʦʤ ʥʝʤʘʪʠʯʥʦʩʪʠ, ʥʝ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ ʥʠ ʪʝʦʨʝʪʠʯʝʩʢʠ, ʥʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ [30]. 
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ʈʠʩ. 5 ð ʇʦʚʝʨʭʥʦʩʪʴ ʌʝʨʤʠ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ BaFe2As2 (a) ʠ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʘʚʘ 

BaFe0.77Co0.23As2 (b), ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʌʕʉʋʈ ʧʨʠ ʊ = 20 ʂ ʚ ʨʘʙʦʪʝ [68]. (c) ʉʭʝʤʘ ʪʦʧʦ-

ʣʦʛʠʠ dxz ʠ dyz-ʟʦʥ ʚʙʣʠʟʠ EF ʚ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ (ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ) ʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʬʘʟʝ 

(ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ) ʠʟ ʨʘʙʦʪʳ [65]. (d) ʀʟʤʝʥʝʥʠʝ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʢʦʣʦ X ʠ Y-ʪʦʯʝʢ ʩ ʪʝʤʧʝ-

ʨʘʪʫʨʦʡ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ BaFe2As2 (d) ʠ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʘʚʘ BaFe1.95Co0.05As2 (e) ʙʝʟ 

ʜʚʦʡʥʠʢʦʚ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʌʕʉʋʈ [65]. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʩʧʨʘʚʘ ʥʘ (e) ʧʦʢʘʟʘʥʳ ʘʥʘʣʦ-

ʛʠʯʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʜʚʦʡʥʠʢʦʚʦʛʦ ʢʨʠʩʪʘʣʣʘ BaFe1.95Co0.05As2.  

 

ɺ ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʦʤ ʜʳʨʢʘʤʠ Ba0.6K0.4Fe2As2 ʚ ʨʘʙʦʪʝ [77] ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʥʝʩʦʦʪ-

ʚʝʪʩʪʚʠʝ ʪʦʧʦʣʦʛʠʠ ʟʦʥ ʠ ʧʦʣʦʞʝʥʠʷ ʫʨʦʚʥʷ ʌʝʨʤʠ ʧʦ ʜʘʥʥʳʤ ʟʦʥʥʳʭ ʨʘʩʯʝʪʦʚ (ʮʚʝʪʥʳʝ ʧʫʥʢʪʠʨ-

ʥʳʝ ʣʠʥʠʠ ʠ ʰʪʨʠʭʦʚʘʷ ʧʨʷʤʘʷ ʥʘ ʈʠʩ. 6ʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʩ ʪʘʢʦʚʳʤʠ, ʥʘʙʣʶʜʘʝʤʳʤʠ ʩ ʧʦʤʦʱʴʶ 

ʌʕʉʋʈ (ʩʧʣʦʰʥʳʝ ʮʚʝʪʥʳʝ ʢʨʠʚʳʝ ʠ ʯʝʨʥʘʷ ʧʨʷʤʘʷ ʥʘ ʈʠʩ. 6ʘ). ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ [77] 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʬʘʟʝ ʜʳʨʦʯʥʦ-ʧʦʜʦʙʥʘʷ dyz-ʟʦʥʘ ʧʝʨʝʩʝʢʘʝʪ EF, ʦʙʨʘʟʫʷ çʧʨʦʧʝʣ-

ʣʝʨè ʚʦʢʨʫʛ X-ʪʦʯʢʠ. ʕʪʦ ʨʝʟʢʦ ʦʪʣʠʯʘʝʪ ʪʦʧʦʣʦʛʠʶ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ Ba0.6K0.4Fe2As2 ʦʪ ʪʘʢʦʚʦʡ 

ʜʣ̫ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ Ba-122 ʩ ʵʣʝʢʪʨʦʥʥʳʤ ʠ ʠʟʦʚʘʣʝʥʪʥʳʤ ʟʘʤʝʱʝʥʠʝʤ, ʛʜʝ ʜʘʥʥʳʡ ʫʯʘʩʪʦʢ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʟʦʥr ʥʘʭʦʜʠʪʩʷ ʥʠʞʝ EF [65,74]. 
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ɼʨʫʛʦʡ ʚʘʞʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ Ba-122, ʦʙʥʘʨʫʞʝʥʥʦʡ ʩ ʧʦʤʦʱʴʶ 

ʌʕʉʋʈ, ʷʚʣʷʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʘʤʧʣʠʪʫʜʳ ʨʘʩʩʝʷʥʠʷ ʥʘ ʧʨʠʤʝʩʷʭ (ʧʘʨʘʤʝʪ-

ʨʘ ʨʘʟʤʳʪʠʷ) G  = ɻel + ɻinel ʦʪ ʵʥʝʨʛʠʠ ʥʠʞʝ ʫʨʦʚʥʷ ʌʝʨʤʠ ɻ(e)  ́e [78,79], ʥʝʭʘʨʘʢʪʝʨʥʦʝ ʜʣʷ 

ʌʝʨʤʠ-ʞʠʜʢʦʩʪʠ (ɻ(e) ́  e2) (ʟʜʝʩʴ ɻi ¹ ǩ/(2ti), ti ð ʭʘʨʘʢʪʝʨʥʦʝ ʚʨʝʤʷ ʨʘʩʩʝʷʥʠʷ, ɻel ʠ ɻinel ð ʚʢʣʘ-

ʜʳ ʫʧʨʫʛʦʛʦ ʠ ʥʝʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʇʨʠ ʵʪʦʤ ʚʝʣʠʯʠʥʘ dɻ(e)/de ʚʛʣʫʙʴ ʚʘʣʝʥʪ-

ʥʦʡ ʟʦʥʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ ʧʨʠʤʝʨʥʦ ʧʦʚʪʦʨʷʝʪ ʬʦʨʤʫ çʢʦʣʦʢʦʣʘè ʠ ʧʨʠʥʠʤʘʝʪ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʚ ʩʦʩʪʘʚʘʭ, ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʳʭ ʢʘʢ ʜʳʨʢʘʤʠ (Ba:K), ʪʘʢ ʠ ʵʣʝʢ-

ʪʨʦʥʘʤʠ (Fe:Co). ʊʘʢʞʝ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ ʵʢʩʪʨʝʤʘʣʴʥʦ ʚʳʩʦʢʠʝ ʘʙʩʦʣʶʪʥʳʝ ʘʤʧʣʠʪʫʜʳ ʨʘʩʩʝʷʥʠʷ: 

ʪʘʢ, ʧʦ ʦʮʝʥʢʘʤ [79], ɻ(0) ʩʦʩʪʘʚʣʷʝʪ ~ 40ï80 ʤʵɺ, ʯʪʦ ʚ ʨʘʟʳ ʧʨʝʚʳʰʘʝʪ ʘʤʧʣʠʪʫʜʫ ʉʇ-ʱʝʣʠ 2D(0), 

ʦʪʢʨʳʚʘʶʱʝʡʩʷ ʥʠʞʝ ʊʩ ʚ ʉʇ-ʩʦʩʪʘʚʘʭ ʠ ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʤʘʣʫʶ ʚʝʣʠʯʠʥʫ ʜʣʠʥʳ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦ-

ʙʝʛʘ lel ʧʦʨʷʜʢʘ 60 ¡. ɸʤʧʣʠʪʫʜʳ ʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠʷ ʧʨʠ T Ó Tc ʧʦ ʜʘʥʥʳʤ ʥʘʠʙʦʣʝʝ ʫʟʢʠʭ ʚʢʣʘʜʦʚ 

ɼʨʫʜʝ ʚ ʦʧʪʠʯʝʩʢʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ BFNA ʠ BFCA, ʩʦʛʣʘʩʥʦ ʦʮʝʥʢʘʤ [80ï86], ʩʦʩʪʘʚʠʣʠ ɻel(0) å 6ï

25 ʤʵɺ. ɸʥʘʣʦʛʠʯʥʳʝ, ʧʨʘʢʪʠʯʝʩʢʠ ʣʠʥʝʡʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ɻ(e) ́  e ʥʠʞʝ EF ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʨʦʜ-

ʩʪʚʝʥʥʦʤ ʧʥʠʢʪʠʜʝ EuRbFe4As4 ʩʝʤʝʡʩʪʚʘ 1144; ʚʙʣʠʟʠ ʫʨʦʚʥʷ ʌʝʨʤʠ ʘʤʧʣʠʪʫʜʘ ʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷ-

ʥʠʷ ʩʦʩʪʘʚʠʣʘ ɻel(0) å 80 ʤʵɺ [87].  

ɿʥʘʯʝʥʠʝ ʠʥʚʘʨʠʘʥʪʘ rablab
el (ʛʜʝ rab ð ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, lab

el ð ʜʣʠʥʘ ʩʚʦʙʦʜʥʦʛʦ 

ʧʨʦʙʝʛʘ; ʦʙʝ ʚʝʣʠʯʠʥʳ ʚʟʷʪʳ ʚʜʦʣʴ ab-ʥʘʧʨʘʚʣʝʥʠʷ) ʜʣʷ BFNA ʠ BFCA ʩʦʩʪʘʚʦʚ, ʙʣʠʟʢʠʭ ʢ ʦʧʪʠ-

ʤʘʣʴʥʦʤʫ, ʧʦ ʜʘʥʥʳʤ ʤʘʛʥʠʪʦʪʨʘʥʩʧʦʨʪʥʳʭ [88] ʠ ʦʧʪʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ [86] ʦʪʣʠʯʥʦ ʩʦʛʣʘʩʫʝʪ-

ʩʷ ʠ ʩʦʩʪʘʚʣʷʝʪ rablab
el å 7 ³ 10-8 ʤʆʤĀʩʤ2. ʕʪʘ ʚʝʣʠʯʠʥʘ ʙʣʠʟʢʘ ʢ ʦʮʝʥʝʥʥʦʤʫ ʧʦ ʜʘʥʥʳʤ [87] ʟʥʘ-

ʯʝʥʠʶ rablab
el å 10 ³ 10-8 ʤʆʤĀʩʤ2 ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ EuRbFe4As4. ʆʮʝʥʝʥʥʘʷ ʥʘ ʦʩʥʦʚʝ ʬʝʨʤʠʝʚ-

ʩʢʠʭ ʩʢʦʨʦʩʪʝʡ VF ʠ ʘʤʧʣʠʪʫʜ ʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʌʕʉʋʈ ʚ ʨʘʙʦʪʝ [79], 

ʚʝʣʠʯʠʥʘ rablab
el ʦʢʘʟʘʣʘʩʴ ʧʦʯʪʠ ʚ 2.5 ʨʘʟʘ ʚʳʰʝ (16 ³ 10-8 ʤʆʤĀʩʤ2), ʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ VF ʠ ɻ, 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʚ ʨʘʙʦʪʝ [89] ʧʦ ʜʘʥʥʳʤ ʊɻʮ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʣʷ BFNA, ð ʚ 4 ʨʘʟʘ ʚʳʰʝ: rablab
el å 

28 ³ 10-8 ʤʆʤĀʩʤ2. ɺʝʣʠʯʠʥʘ, ʧʦʣʫʯʝʥʥʘʷ ʧʦ ʜʘʥʥʳʤ ʠʟʤʝʨʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ 

[90] ʠ ʫʩʨʝʜʥʝʥʥʘʷ ʧʦ ʦʙʲʝʤʫ ʢʨʠʩʪʘʣʣʘ, ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʝʪ ʚʳʰʝʫʢʘʟʘʥʥʳʝ ʟʥʘʯʝʥʠʷ: rlel å 

165 ³ 10-8 ʤʆʤĀʩʤ2.  

ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʥʝʜʘʚʥʦ ʦʪʢʨʳʪʦʝ [91,95] ʧʥʠʢʪʠʜʥʦʝ ʩʝʤʝʡʩʪʚʦ 1144 ʩ ʦʙ-

ʱʝʡ ʬʦʨʤʫʣʦʡ (Ae,A)Fe4As4, ʛʜʝ Ae ð ʱʝʣʦʯʥʦʟʝʤʝʣʴʥʳʡ ʤʝʪʘʣʣ Ca, Sr ʠʣʠ ʤʘʛʥʠʪʥʳʡ ʨʝʜʢʦʟʝ-

ʤʝʣʴʥʳʡ ʤʝʪʘʣʣ Eu, ɸ ð ʱʝʣʦʯʥʦʡ ʤʝʪʘʣʣ K, Rb, Cs. ʇʨʝʜʩʪʘʚʠʪʝʣʠ ʩʝʤʝʡʩʪʚʘ 1144 ʧʝʨʝʭʦʜʷʪ ʚ 

ʉʇ-ʩʦʩʪʦʷʥʠʝ ʧʨʠ ʢʨʠʪʠʯʝʩʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʊʩ ʜʦ 37 ʂ ʠ ʷʚʣʷʶʪʩʷ ʧʦʣʥʳʤ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʤ 

ʘʥʘʣʦʛʦʤ ʩʠʩʪʝʤʝ 122 (Ae,A)Fe2As2. ʊʝʪʨʘʛʦʥʘʣʴʥʘ ̫ʩʪʨʫʢʪʫʨʘ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʝʜʪʘʚʣʝʥʘ ʚ ʚʠʜʝ 

ʜʚʫʭ ʯʝʨʝʜʫʶʱʠʭʩʷ ʚʜʦʣʴ ʩ-ʥʘʧʨʘʚʣʝʥʠʷ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʙʣʦʢʦʚ 122-ʪʠʧʘ, ʚ ʢʦʪʦʨʳʭ ʩʣʦʠ Fe-As 

ʨʘʟʜʝʣʝʥʳ ʧʦʦʯʝʨʝʜʥʦ ʧʣʦʩʢʦʩʪʷʤʠ Ae ʠ A, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʈʠʩ. 7a. ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ 
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ʷʯʝʡʢʠ ʩʦʩʪʘʚʣʷʶʪ a = 3.866(1) ¡, c = 12.817(1) ¡ ʜʣʷ CaKFe4As4 [91] ʠ a = 3.901(1) ¡, c = 13.63(1) 

¡ ʜʣʷ EuCsFe4As4 [94]. 

 

ʘ                                                b 

 ʈʠʩ. 6 ð (ʩ) ʉʭʝʤʘ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ Ba0.6K0.4Fe2As2 ʚʙʣʠʟʠ EF: ʪʦʧʦʣʦʛʠʷ ʟʦʥ ʠ ʧʦʣʦʞʝʥʠʝ 

ʫʨʦʚʥʷ ʌʝʨʤʠ, ʩʦʛʣʘʩʥʦ ʟʦʥʥʳʤ ʨʘʩʯʝʪʘʤ (ʧʫʥʢʪʠʨʥʳʝ ʢʨʠʚʳʝ, ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ) ʠ ʧʦ ʜʘʥ-

ʥʳʤ ʌʕʉʋʈ (ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ, ʯʝʨʥʘʷ ʧʨʷʤʘʷ) [77]. (d) ʉʭʝʤʘ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʠ ʝʝ ʚʠ-

ʟʫʘʣʠʟʘʮʠʷ ʤʝʪʦʜʦʤ ʌʕʉʋʈ ʜʣʷ ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʦʛʦ Ba0.6K0.4Fe2As2 [77]. 

 

ʇʨʠ ʨʦʩʪʝ ʢʨʠʩʪʘʣʣʦʚ ʬʘʟʘ 1144 AeAFe4As4 ʩʦʧʝʨʥʠʯʘʝʪ ʩ ʨʦʜʩʪʚʝʥʥʦʡ ʬʘʟʦʡ 122 ʚʠʜʘ 

Ae1-xAxFe2As2, ʚ ʢʦʪʦʨʦʡ A ʠ Ae ʨʘʩʧʨʝʜʝʣʷʶʪʩʷ ʧʦ ʚʩʝʤ ʩʣʦʷʤ, ʨʘʟʜʝʣʷʶʱʠʤ ʉʇ-ʙʣʦʢʠ FeAs. ʊʘ-

ʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʢʘʞʜʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʩʝʤʝʡʩʪʚʘ 1144 ʩʫʱʝʩʪʚʫʝʪ ʩʪʘʙʠʣʴʥʳʡ ʘʥʘʣʦʛ, ʧʨʠʥʘʜʣʝ-

ʞʘʱʠʡ ʩʝʤʝʡʩʪʚʫ 122, ʚʠʜʘ Ae1-xAxFe2As2, ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʣʠʙʦ ʥʝʩʚʝʨʭʧʨʦʚʦʜʷʱʠʤ ʚ ʩʪʝʭʠʦ-

ʤʝʪʨʠʯʝʩʢʦʤ ʩʦʩʪʘʚʝ (CaFe2As2, SrFe2As2, EuFe2As2, BaFe2As2), ʣʠʙʦ ʠʤʝʶʪ ʢʨʘʡʥʝ ʥʠʟʢʫʶ ʊʩ (ʜʣʷ 

KFe2As2 Tc å 3.5 ʂ, ʜʣʷ RbFe2As2 ð 2.6 ʂ, ʜʣʷ CsFe2As2 ð 1.8 ʂ [91]). ɺ ʧʥʠʢʪʠʜʘʭ ʩʝʤʝʡʩʪʚʘ 1144 

ʥʘ ʦʩʥʦʚʝ ʝʚʨʦʧʠʷ ʧʦʜʪʚʝʨʞʜʝʥʦ [91] ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʬʘʟ EuCsFe4As4 ʠ EuRbFe4As4, ʧʨʠ ʵʪʦʤ ʠʭ 

ʘʥʘʣʦʛʠ ʚʠʜʘ Eu1-x(Cs/Rb)xFe2As2, ʧʨʠʥʘʜʣʝʞʘʱʠʝ ʪʠʧʫ 122, ʦʪʩʫʪʩʪʚʫʶʪ. ʉʦʛʣʘʩʥʦ ʨʘʩʯʝʪʘʤ, ʧʨʦ-

ʚʝʜʝʥʥʳʤ ʚ ʨʘʙʦʪʘʭ [91,96], ʩʠʩʪʝʤʳ AeA = BaRb, BaCs, SrK, CaNa, BaK, SrNa, BaNa ʩʢʣʦʥʥʳ ʢ 

ʦʙʨʘʟʦʚʘʥʠʶ 122-ʬʘʟʳ ʠ ʥʠʢʦʛʜʘ ʥʝ ʦʙʨʘʟʫʶʪ 1144-ʬʘʟʫ [91]. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʫʩʪʦʡʯʠʚʘʷ ʬʘʟʘ 1144 

ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʩ AeA = CaK, CaCs, CaRb, SrCs, SrRb.  

ɺ ʨʘʙʦʪʝ [97] ʩ ʧʦʤʦʱʴʶ ʇʕʄ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʥʘ ʧʨʠʤʝʨʝ EuRbFe4As4 ʙʳʣʦ ʧʦʢʘʟʘ-

ʥʦ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʬʘʟʘ 122 ʦʙʨʘʟʫʝʪʩʷ ʚ ʚʠʜʝ ʧʣʘʥʘʨʥʳʭ ʜʝʬʝʢʪʦʚ ð ʤʦʥʦʩʣʦʝʚ RbFe2As2. 

ʅʘʧʨʦʪʠʚ, ʚ CaKFe4As4 [98] ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʜʚʘ ʪʠʧʘ ʜʝʬʝʢʪʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ CaFe2As2: 

ʤʦʥʦʩʣʦʠ ʠ ʩʨʦʩʪʢʠ ʪʦʣʱʠʥʦʡ ʜʦ 55 ¡. ʍʦʪʷ ʨʦʩʪ ʯʠʩʪʦʡ ʬʘʟʳ 1144, ʧʦ-ʚʠʜʠʤʦʤʫ [92], ʥʝʚʦʟʤʦ-

ʞʝʥ, ʤʠʥʠʤʠʟʘʮʠʷ ʦʙʲʝʤʥʦʡ ʜʦʣʠ çʧʘʨʘʟʠʪʥʦʡè ʬʘʟʳ 122 (ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʧʨʦʮʝʥʪʦʚ ʜʦ ʩʣʝʜʦʚʳʭ 

ʢʦʣʠʯʝʩʪʚ) ʷʚʣʷʝʪʩʷ ʦʪʜʝʣʴʥʦʡ ʟʘʜʘʯʝʡ. 
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ʀʟ-ʟʘ ʧʨʠʩʫʪʩʪʚʠʷ ʘʪʦʤʦʚ ʱʝʣʦʯʥʦʛʦ ʤʝʪʘʣʣʘ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʛʦ ʨʘʜʠʫʩʘ ʧʥʠʢʪʠʜʳ 

EuCsFe4As4 ʠ EuRbFe4As4 ʙʳʩʪʨʦ ʜʝʛʨʘʜʠʨʫʶʪ ʢʘʢ ʥʘ ʦʪʢʨʳʪʦʤ ʚʦʟʜʫʭʝ, ʪʘʢ ʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʜʘʞʝ 

ʩʣʝʜʦʚʳʭ ʢʦʣʠʯʝʩʪʚ ʚʦʜʳ ʠ ʢʠʩʣʦʨʦʜʘ, ʯʪʦ ʚʣʝʯʝʪ ʧʦʥʠʞʝʥʠʝ ʊʩ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʵʢʩʧʦʥʠ-

ʨʦʚʘʥʠʷ. ɼʝʛʨʘʜʘʮʠʷ ʢʨʠʩʪʘʣʣʦʚ ʥʘʯʠʥʘʝʪʩʷ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʚʛʣʫʙʴ ʦʙʨʘʟʮʘ. ʕʪʦ ʦʙʫʩʣʦʚʣʠʚʘʝʪ 

ʢʨʘʡʥʝ ʤʘʣʦʝ ʢʦʣʠʯʝʩʪʚʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦ ʩʚʦʡʩʪʚʘʭ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 1144 ʥʘ 

ʦʩʥʦʚʝ Cs ʠ Rb, ʠʤʝʶʱʝʝʩʷ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʚ ʣʠʪʝʨʘʪʫʨʝ. ʅʘʧʨʦʪʠʚ, ʧʥʠʢʪʠʜʳ CaKFe4As4 ʩʪʘ-

ʙʠʣʴʥʳ ʥʘ ʦʪʢʨʳʪʦʤ ʚʦʟʜʫʭʝ. 

 

a                                             b 

 

C 

ʈʠʩ. 7. (ʘ) ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ CaKFe4As4 [103]. (b) ʉʧʠʥʦʚʳʡ ʧʦʨʷʜʦʢ ʪʠʧʘ çʝʞè ʚ 

ʧʦʜʨʝʰʝʪʢʝ Fe ʚ ʜʦʧʠʨʦʚʘʥʥʳʭ ʧʥʢʠʪʠʜʘʭ ʩʝʤʝʡʩʪʚʘ 1144. (ʩ) ʌʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʵʣʝʢʪʨʦʥ-

ʥʦʛʦ ʜʦʧʠʨʦʚʘʥʠʷ CaK(Fe1-xNix)4As4 (ʚʝʨʭʥʷʷ ʦʩʴ) ʠ CaK(Fe1-xCox)4As4 (ʥʠʞʥʷʷ ʦʩʴ) [100]. 

ʂʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʉʇ-ʧʝʨʝʭʦʜʘ ʧʦ ʜʘʥʥʳʤ ʨʝʟʠʩʪʠʚʥʳʭ ʠ ʤʘʛʥʠʪʥʳʭ ʠʟʤʝʨʝʥʠʡ ʧʦ-

ʢʘʟʘʥʘ ʢʨʫʞʢʘʤʠ ʠ ʨʦʤʙʘʤʠ, ʪʝʤʧʝʨʘʪʫʨʘ ʅʝʝʣʷ ð ʟʚʝʟʜʘʤʠ. 

 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʨʦʜʩʪʚʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ 122, ʧʥʠʢʪʠʜʳ ʩʝʤʝʡʩʪʚʘ 1144 ʜʝʤʦʥʩʪʨʠ-

ʨʫʶʪ ʦʧʪʠʤʘʣʴʥʳʝ ʉʇ-ʩʚʦʡʩʪʚʘ ʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʩʪʘʚʝ ʙʝʟ ʧʨʠʩʫʪʩʪʚʠʷ ʥʝʤʘʪʠʯʝʩʢʠʭ 

ʬʣʫʢʪʫʘʮʠʡ [99],ʩʪʨʫʢʪʫʨʥʦʛʦ ʠ ɸʌʄ-ʧʝʨʝʭʦʜʘ ʚ ʧʦʜʨʝʰʝʪʢʝ ʞʝʣʝʟʘ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ T = 

2ï300 ʂ [91,98,100]. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʠʩʪʝʤʦʡ 122, ʚʦʦʙʱʝ ʛʦʚʦʨʷ, ʧʨʠʩʫʪʩʪʚʠʝ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʝ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 1144 ʯʝʨʝʜʫʶɦ ʠʭʩʷ ʩʣʦʝʚ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ ʦʩʫʱʝʩʪʚʣʷʝʪ ʜʳ-

ʨʦʯʥʦʝ çʩʘʤʦʜʦʧʠʨʦʚʘʥʠʝè. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʥʠʢʪʠʜʳ ʩʝʤʝʡʩʪʚʘ 1144, ʘʥʘʣʦʛʠʯʥʦ MgB2 [3] ʠ ʩʦ-

ʝʜʠʥʝʥʠʶ LiFeAs [101], ʦʪ ʧʨʠʨʦʜʳ ʦʙʣʘʜʘʶʪ ʦʧʪʠʤʘʣʴʥʳʤʠ ʉʇ-ʩʚʦʡʩʪʚʘʤʠ. ʂʨʠʪʠʯʝʩʢʠʝ ʪʝʤʧʝ-

ʨʘʪʫʨʳ ʊʩ å 35ï37 ʂ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ 1144 ʙʣʠʟʢʠ ʢ Tc å 35 ʂ ʜʣʷ ʧʥʠʢ-

ʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122 ʩ ʧʨʠʤʝʨʥʦ 50% ʜʳʨʦʯʥʳʤ ʟʘʤʝʱʝʥʠʝʤ, ʥʘʧʨʠʤʝʨ, Eu0.5Na0.5Fe2As2 [102] ʠʣʠ 

Ba0.5K0.5Fe2As2 [28]. 
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ʇʨʠ ʯʘʩʪʠʯʥʦʤ ʟʘʤʝʱʝʥʠʠ ʞʝʣʝʟʘ ʧʝʨʝʭʦʜʥʳʤʠ ʤʝʪʘʣʣʘʤʠ (Tm = Co, Ni, Cr) ʚ ʧʦʜʨʝʰʝʪʢʝ 

Fe ʩʦʝʜʠʥʝʥʠʷ CaK(Fe,Tm)4As4 ʧʦʷʚʣʷʝʪʩʷ ʜʘʣʴʥʠʡ ɸʌʄ-ʧʦʨʷʜʦʢ ʪʠʧʘ çʝʞè [103], ʩʭʝʤʘʪʠʯʝʩʢʠ 

ʧʦʢʘʟʘʥʥʳʡ ʥʘ ʈʠʩ. 7b. ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ ʫʩʪʘʥʦʚʣʝʥʠʝʤ ʤʘʛʥʝʪʠʟʤʘ ʧʨʦʠʩʭʦʜʠʪ ʧʣʘʚʥʦʝ ʩʥʠʞʝʥʠʝ 

Tc ʚ ʚʠʜʝ çʧʦʣʫʢʦʣʦʢʦʣʘè, ʧʨʠ ʵʪʦʤ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʪʝʧʝʥʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʜʦʧʠʨʦʚʘʥʠʷ ʨʘʩʪʝʪ ʪʝʤ-

ʧʝʨʘʪʫʨʘ ʅʝʝʣʷ Tm (ʈʠʩ. 7c) [103ï105]. ɸʥʘʣʦʛʠʯʥʦ ʨʦʜʩʪʚʝʥʥʳʤ ʧʥʠʢʪʠʜʘʤ BFNA ʠ BFCA [18], 

ʬʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʵʣʝʢʪʨʦʥʥʦʛʦ ʜʦʧʠʨʦʚʘʥʠʷ ʠ ʘʙʩʦʣʶʪʥʳʝ ʚʝʣʠʯʠʥʳ Tʩ ʠ Tm ʩʦʝʜʠʥʝʥʠʡ 

CaK(Fe,Co)4As4 ʠ CaK(Fe,Ni)4As4 ʙʣʠʟʢʠ, ʧʨʠ ʵʪʦʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ Co ʚ ʜʚʘ ʨʘʟʘ 

ʤʝʥʴʰʝ ʢʦʥʮʝʥʪʨʘʮʠʡ Ni (ʩʤ. ʈʠʩ. 7c). 

ʋʥʠʢʘʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʧʥʠʢʪʠʜʦʚ ʥʘ ʦʩʥʦʚʝ ʝʚʨʦʧʠʷ EuCsFe4As4 ʠ EuCsFe4As4 ʩʪʝʭʠʦ-

ʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʜʘʣʴʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʨʷʜʢʘ ʚ ʧʦʜʨʝʰʝʪʢʝ Eu2+, ʢʦʪʦʨʳʡ 

ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ʦʩʦʙʝʥʥʦʩʪʠ (ʤʘʢʩʠʤʫʤʘ) ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ c'(T) 

[92,94,97,106] ʠ ʪʝʧʣʦʝʤʢʦʩʪʠ [92,107] ʧʨʠ Tm
1144 å 15 ʂ ʥʠʞʝ ʊʩ. ʂʘʞʜʳʡ 4f-ʵʣʝʢʪʨʦʥ, ʣʦʢʘʣʠʟʦ-

ʚʘʥʥʳʡ ʥʘ ʘʪʦʤʝ Eu, ʥʝʩʝʪ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ 6.5 mB [94]. ɺ ʨʘʙʦʪʝ [108] ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʨʝʘʣʠʟʘʮʠʷ 

ʛʝʣʠʢʦʠʜʘʣʴʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʨʷʜʢʘ, ʧʨʝʜʩʪʘʚʣʷʶʱʝʛʦ ʩʦʙʦʡ ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ ʚ 

ʢʘʞʜʦʡ ʠʟ ʧʣʦʩʢʦʩʪʝʡ Eu2+ ʩ ʧʦʚʦʨʦʪʦʤ ʥʘ p/2 ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʦʩʝʜʥʝʡ ʧʣʦʩʢʦʩʪʠ. ʏʘʩʪʠʯʥʦʝ ʟʘʤʝ-

ʱʝʥʠʝ ʚ ʧʣʦʩʢʦʩʪʷʭ-ʩʧʝʡʩʝʨʘʭ Eu1-xCaxCsFe4As4 ʧʦʜʘʚʣʷʝʪ ʛʝʣʠʢʦʠʜʘʣʴʥʳʡ ʤʘʛʥʠʪʥʳʡ ʧʦʨʷʜʦʢ 

Eu, ʦʜʥʘʢʦ, ʥʝ ʚʣʠʷʝʪ ʥʘ ʊʩ [109]. ʅʘʧʨʦʪʠʚ, ʵʣʝʢʪʨʦʥʥʦʝ ʜʦʧʠʨʦʚʘʥʠʝ EuRb(Fe1-xNix)4As4 ʧʣʘʚʥʦ 

ʧʦʥʠʞʘʝʪ ʊʩ, ʬʦʨʤʠʨʫʷ çʧʦʣʫʢʦʣʦʢʦʣè, ʘʥʘʣʦʛʠʯʥʦ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʝ CaK(Fe1-xNix)4As4 [100], 

ʧʨʠ ʵʪʦʤ Tm
1144 å 15 ʂ ʦʩʪʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʩʪʦʷʥʥʦʡ ʚʧʣʦʪʴ ʜʦ x = 0.1 [110]. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʦʪʩʫʪʩʪʚʠʝ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʚʣʠʷʥʠʷ ʤʘʛʥʝʪʠʟʤʘ ʝʚʨʦʧʠʷ ʥʘ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʉʇ-ʩʚʦʡʩʪʚʘ ʙʣʦʢʦʚ 

FeAs. 

ʉʢʦʣ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʝ EuRbFe4As4, ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʉʊʄ ʩ ʘʪʦʤʘʨʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ 

[111,112], ʯʘʱʝ ʧʨʦʭʦʜʠʪ ʚʜʦʣʴ ʧʣʦʩʢʦʩʪʠ Rb, ʤʝʥʝʝ ʚʝʨʦʷʪʥʦ ʧʦʣʫʯʝʥʠʝ ʩʢʦʣʘ ʚʜʦʣʴ ʧʣʦʩʢʦʩʪʠ 

Eu. ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʥʘ ʩʢʦʣʘʭ ʥʘʙʣʶʜʘʣʠʩʴ ʩʪʨʫʢʪʫʨʳ ʪʠʧʘ Ҟ2 ³ Ҟ2 ʠ 2 ³ 1, ʘʥʘʣʦʛʠʯʥʳʝ ʥʘʙʣʶ-

ʜʘʝʤʳʤ ʥʘ ʩʢʦʣʘʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ Ba-122 [55] (ʩʤ. ʈʠʩ. 3). ʅʘʧʨʦʪʠʚ, ʚ CaKFe4As4 ʙʳʣʦ ʧʦʢʘʟʘʥʦ 

[113], ʯʪʦ ʩʢʦʣ ʧʨʦʭʦʜʠʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚʜʦʣʴ As-ʧʣʦʩʢʦʩʪʝʡ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʘʢ Ҟ2 ³ Ҟ2 ʩʪʨʫʢ-

ʪʫʨ, ʪʘʢ ʠ ʙʦʣʝʝ ʨʝʜʢʦʛʦ 2 ³ 1 ʫʧʦʨʷʜʦʯʝʥʠʷ ʘʪʦʤʦʚ ʠ ʚʘʢʘʥʩʠʡ ʤʳʰʴʷʢʘ ʩ ʧʝʨʠʦʜʦʤ a. 

ɿʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 1144 (ʈʠʩ. 8ʘ,b) ʩʭʦʞʘ ʩ ʪʘʢʦʚʦʡ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ 

ʩʝʤʝʡʩʪʚʘ 122 (ʩʤ. ʈʠʩ. 4), ʦʜʥʘʢʦ ʧʦ ʜʘʥʥʳʤ ʟʦʥʥʳʭ ʨʘʩʯʝʪʦʚ [111,114ï117] ʠʤʝʝʪ ʟʘʤʝʪʥʦ ʙʦʣʝʝ 

ʩʣʦʞʥʫʶ ʢʦʥʬʠʛʫʨʘʮʠʶ: ʫʨʦʚʝʥʴ ʌʝʨʤʠ ʚ ʧʥʠʢʪʠʜʘʭ ʩʝʤʝʡʩʪʚʘ 1144 ʧʝʨʝʩʝʢʘʶʪ ʜʦ 10ï12 ʟʦʥ, 

ʦʙʨʘʟʫʷ ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʝ ʵʣʝʢʪʨʦʥʥʳʝ ʠ ʜʳʨʦʯʥʳʝ ʮʠʣʠʥʜʨʦʚ ʚʦʢʨʫʛ ʄ ʠ ɻ ʪʦʯʝʢ ʟʦʥʳ ɹʨʠʣʣʶʵ-

ʥʘ, ʩʣʘʙʦ ʛʦʬʨʠʨʦʚʘʥʥʳʝ ʚʜʦʣʴ kz-ʥʘʧʨʘʚʣʝʥʠʷ ʠ ʩʦʝʜʠʥʝʥʥʳʝ ʚʝʢʪʦʨʦʤ ʥʝʩʪʠʥʛʘ [116]. ʌʕʉʋʈ-

ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘ ʩʝʛʦʜʥʷ ʧʨʦʚʝʜʝʥʳ ʪʦʣʴʢʦ ʜʣʷ CaKFe4As4 [116,118ï120] ʠ EuRbFe4As4 [121]. ɺ-r

ʰʝ ʊʩ ʚ ɻ ʠ Z-ʪʦʯʢʘʭ ʘʚʪʦʨʳ ʚʩʝʭ ʵʪʠʭ ʨʘʙʦʪ ʨʘʟʣʠʯʘʶʪ ʪʨʠ ʜʳʨʦʯʥʳʭ ʮʠʣʠʥʜʨʘ (ʈʠʩ. 8ʩ). ʅʘʣʠʯʠʝ 
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ʥʝʩʢʦʣʴʢʠʭ ʚʣʦʞʝʥʥʳʭ ʜʨʫʛ ʚ ʜʨʫʛʘ ɻ ʣʝʢʪʨʦʥʥʳʭ ʣʠʩʪʦʚ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʥʘʜʝʞʥʦ ʥʝ ʨʘʟʨʝʰʝ-

ʥʦ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ: ʚʦʢʨʫʛ ʄ-ʪʦʯʢʠ ʚ [116,118,120,121] ʥʘʙʣʶʜʘʝʪʩʷ ʝʜʠʥʳʡ, çʵʬʬʝʢʪʠʚʥʳʡè ʵʣʝʢ-

ʪʨʦʥʥʳʡ ʮʠʣʠʥʜʨ, ʧʨʠ ʵʪʦʤ ʚ [119] ʨʘʟʨʝʰʝʥʦ ʯʝʪʳʨʝʭʣʠʩʪʥʦʝ ʧʷʪʥʦ, ʦʙʨʘʟʦʚʘʥʥʦʝ ʜʚʫʤʷ ʩʢʨʝ-

ʱʝʥʥʳʤʠ ʵʣʣʠʧʩʘʤʠ (ʦʙʦʟʥʘʯʝʥʳ ʢʘʢ d ʠ e ʥʘ ʈʠʩ. 8ʩ), ʘʥʘʣʦʛʠʯʥʦʝ ʧʦ ʬʦʨʤʝ ʦʙʥʘʨʫʞʝʥʥʦʤʫ ʚ 

ʵʣʝʢʪʨʦʥʥʦ-ʜʦʧʠʨʦʚʘʥʥʳʭ ʧʥʠʢʪʠʜʘʭ ʩʝʤʝʡʩʪʚʘ Ba-122 (ʩʤ. ʈʠʩ. 5b). ʆ ʩʫʱʝʩʪʚʦʚʘʥʠʠ çʧʨʦʧʝʣ-

ʣʝʨʦʚè ʚ ʄ-ʪʦʯʢʠ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʜʳʨʦʯʥʦ-ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʧʥʠʢʪʠʜʘ Ba0.6K0.4Fe2As2 [77], ʚ ʤʘʪʝ-

ʨʠʘʣʘʭ ʩʝʤʝʡʩʪʚʘ 1144 ʥʝ ʩʦʦʙʱʘʣʦʩʴ ʥʠ ʪʝʦʨʝʪʠʯʝʩʢʠ, ʥʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. 

ɺʦʟʤʦʞʥʦʩʪʴ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʷ ʜʘʣʴʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷʨʜʢʘ ʠ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʠ ʚ 

ʧʥʠʢʪʠʜʘʭ Eu-1144, ʧʦ-ʚʠʜʠʤʦʤʫ, ʦʙʫʩʣʦʚʣʝʥʘ ʪʝʤ, ʯʪʦ ʟʦʥʳ, ʦʙʨʘʟʦʚʘʥʥʳʝ 4f-ʦʨʙʠʪʘʣʷʤʠ ʝʚʨʦ-

ʧʠʷ, ʨʘʩʧʦʣʦʞʝʥʳ ʛʣʫʙʦʢʦ ʚ ʚʘʣʝʥʪʥʦʡ ʟʦʥʝ, ʧʨʠʤʝʨʥʦ ʥʘ 1.5ï1.8 ʵɺ ʥʠʞʝ ʫʨʦʚʥʷ ʌʝʨʤʠ (ʣʠʥʠʠ 

ʦʨʘʥʞʝʚʦʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 8b); ʚ ʪʦ ʞʝ ʚʨʝʤʷ, ʥʘ ʫʨʦʚʝʥʴ ʌʝʨʤʠ, ʢʘʢ ʠ ʚ ʜʨʫʛʠʭ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ 

ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʭ, ʚʳʭʦʜʷʪ ʟʦʥʳ, ʦʙʨʘʟʦʚʘʥʥʳʝ 3d-ʦʨʙʠʪʘʣʷʤʠ ʞʝʣʝʟʘ.  

          

a    b 

 
 

                                      ʩ 

ʈʠʩ. 8 ð (ʘ) ʇʦʚʝʨʭʥʦʩʪʴ ʌʝʨʤʠ CaKFe4As4 ʚ ʧʣʦʩʢʦʩʪʠ kz = 0 (ʩʚʝʨʭʫ) ʠ kz = p (ʩʥʠʟʫ), ʨʘʩ-

ʩʯʠʪʘʥʥʘʷ ʚ ʨʘʙʦʪʝ [114]. (b) ɿʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ EuRbFe4As4, ʨʘʩʩʯʠʪʘʥʥʘʷ ʚ [111]; ʪʦʣʱʠʥʘ 

ʣʠʥʠʡ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʚʝʣʠʯʠʥʝ N(e). ʎʚʝʪʦʤ ʦʙʦʟʥʘʯʝʥʳ ʟʦʥʳ, ʦʙʨʘʟʦʚʘʥʥʳʝ s, p ʠ f-ʦʨʙʠ-

ʪʘʣʷʤʠ ʝʚʨʦʧʠʷ, ʜʣʷ ʧʦʩʣʝʜʥʠʭ ʪʦʣʱʠʥʘ ʫʤʝʥʴʰʝʥʘ ʚ 10 ʨʘʟ. (c) ʂʘʨʪʠʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ 

CaKFe4As4, ʧʦʣʫʯʝʥʥʘʷ ʩ ʧʦʤʦʱʴʶ ʌʕʉʋʈ [119]. ʊʨʠ ʜʳʨʦʯʥʳʭ ʮʠʣʠʥʜʨʘ ʦʙʦʟʥʘʯʝʥʳ ʢʘʢ 

a, b, g; ʵʣʝʢʪʨʦʥʥʳʝ ʢʘʨʤʘʥʳ ð ʢʘʢ d, e. 

 

ʌʝʨʨʦʩʝʣʝʥʠʜʳ ʩʝʤʝʡʩʪʚʘ AxFe2-ySe2, ʛʜʝ ɸ ð ʱʝʣʦʯʥʦʡ ʤʝʪʘʣʣ, ʦʪʢʨʳʪʳʝ ʚ 2010 ʛʦʜʫ 

[122], ʥʝʩʤʦʪʨʷ ʥʘ ʩʣʦʞʥʫʶ ʭʠʤʠʯʝʩʢʫʶ ʬʦʨʤʫʣʫ, ʪʘʢʞʝ ʦʪʥʦʩʷʪʩʷ ʢ ʩʪʨʫʢʪʫʨʥʦʤʫ ʪʠʧʫ 122 ʠ ʚ 

ʮʝʣʦʤ, ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʷ ʜʝʪʘʣʠ, ʩʦʩʪʦʷʪ ʠʟ ʘʥʪʠʬʣʶʦʨʠʪʦʧʦʜʦʙʥʳʭ ʩʣʦʝʚ Fe-Se (ʩʭʦʞʠʭ ʧʦ 
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ʩʪʨʫʢʪʫʨʝ ʩʦ ʩʣʦʷʤʠ Fe-As ʚ ʜʨʫʛʠʭ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʭ), ʨʘʟʜʝʣʝʥʥʳʭ ʧʣʦʩʢʦʩ-

ʪʷʤʠ ʠʟ ʘʪʦʤʦʚ ʱʝʣʦʯʥʦʛʦ ʤʝʪʘʣʣʘ ɸ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʬʝʨʨʦʩʝʣʝʥʠʜʳ ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʦʜʩʪʚʝʥʥʳʤʠ ʧʥʠʢʪʠʜʘʤʠ ʩʝʤʝʡʩʪʚ Ba-122 ʠ 1144. ʌʝʨʨʦʩʝʣʝʥʠʜʳ ʜʝʤʦʥʩʪʨʠ-

ʨʫʪʁ ʝʩʪʝʩʪʚʝʥʥʦʝ ʬʘʟʦʚʦʝ ʨʘʟʜʝʣʝʥʠʝ ʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʨʦʩʪʢʠ ʢʨʠʩʪʘʣʣʦʚ, ʦʙʨʘʟʦʚʘʥʥʳʭ 

ʢʘʢ ʤʠʥʠʤʫʤ ʜʚʫʤʷ ʬʘʟʘʤʠ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ, ʥʘʧʨʠʤʝʨ, ʜʘʥʥʳʤʠ ʪʨʘʥʩʧʦʨʪʥʳʭ ʠʟʤʝʨʝʥʠʡ, 

ʤʝʪʦʜʘʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, ʤʶʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʉʊʄ, ʌʕʉʋʈ ʠ ʇʕʄ [123ï129]. 

ɹʦʣʴʰʫʶ ʯʘʩʪʴ ʦʙʨʘʟʮʘ (ʦʢʦʣʦ 80ï90%) ʟʘʥʠʤʘʶʪ ʢʨʠʩʪʘʣʣʳ ɸʌʄ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟʳ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ A0.8Fe1.6Se2 ʠʣʠ, ʯʪʦ ʪʦ ʞʝ ʩʘʤʦʝ, A2Fe4Se5, ʧʦʢʘʟʘʥʥʦʡ ʥʘ ʈʠʩ. 9ʘ. ɺ ʵʪʦʡ ʬʘʟʝ ʜʝʬʠʮʠʪ 

ʞʝʣʝʟʘ ʚʳʟʚʘʥ ʥʘʣʠʯʠʝʤ ʚʘʢʘʥʩʠʡ Fe, ʦʙʨʘʟʫʶʱʠʭ ʚ ab-ʧʣʦʩʢʦʩʪʠ ʩʚʝʨʭʨʝʰʝʪʢʫ ʩ ʧʝʨʠʦʜʦʤ aҞ5 

(ʛʜʝ ʘ ð ʧʘʨʘʤʝʪʨ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 122-ʬʘʟʳ), ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʛʨʫʧ-

ʧʝ ʩʠʤʤʝʪʨʠʠ I4/m [126,127,130,131]. ʉʚʝʨʭʩʪʨʫʢʪʫʨʘ ʠʟ ʚʘʢʘʥʩʠʡ Fe ʤʦʞʝʪ ʙʳʪʴ ʥʘʧʨʷʤʫʶ ʚʠʟʫʘ-

ʣʠʟʠʨʦʚʘʥʘ ʩ ʧʦʤʦʱʴʶ ʉʊʄ [126,131] ʠ ʇʕʄ ʩ ʘʪʦʤʘʨʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ [129] (ʈʠʩ. 9b).  

ɺʠʜ ɸʌʄ-ʫʧʦʨʷʜʦʯʝʥʠʷ ʩʧʠʥʦʚ ʥʘ ʘʪʦʤʘʭ Fe ʜʦ ʩʠʭ ʧʦʨ ʜʠʩʢʫʪʠʨʫʝʪʩʷ. ʈʝʟʫʣʴʪʘʪʳ ʙʦʣʴ-

ʰʠʥʩʪʚʘ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʩʤ. ʦʙʟʦʨ [124]) ʧʦʜʪʚʝʨʞʜʘʶʪ ʨʝʘʣʠʟʘʮʠʶ ʥʠʞʝ TN ~ 400ï500 ʂ ʪ.ʥ. çʧʣʘ-

ʢʝʪʥʦʡè ʩʧʠʥʦʚʦʡ ʩʪʨʫʢʪʫʨʳ, ʚʧʝʨʚʳʝ ʫʩʪʘʥʦʚʣʝʥʥʦʡ ʩ ʧʦʤʦʱʴʙʶ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦ-

ʧʠʠ ʠ ʥʝʡʪʨʦʥʥʦʡ ʜʠʬʨʘʢʮʠʠ [132,133], ʚ ʢʦʪʦʨʦʡ ʩʧʠʥʳ ʵʣʝʢʪʨʦʥʦʚ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʥʘ ʘʪʦʤʘʭ 

ʞʝʣʝʟʘ, ʩ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ ʦʢʦʣʦ (3.0ï3.3)mB ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ab-ʧʣʦʩʢʦʩʪʠ 

ʠ ʩʦʥʘʧʨʘʚʣʝʥʳ ʥʘ ʢʚʘʜʨʘʪʘʭ ʠʟ ʯʝʪʳʨʝʭ ʘʪʦʤʦʚ Fe, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʰʘʭʤʘʪʥʦʤ ʧʦʨʷʜʢʝ (ʈʠʩ. 

9ʘ). ʇʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʧʦʜʦʙʥʦʡ ɸʌʄ-ʩʪʨʫʢʪʫʨʳ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʨʘʙʦʪʝ [134] 

ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʟʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ 245-ʬʘʟʳ, ʩʦʜʝʨʞʘʱʘʷ ʩʧʠʥʦʚʫʶ ʱʝʣʴ 

ʥʠʞʝ EF ʰʠʨʠʥʦʡ ʦʢʦʣʦ 600 ʤʵɺ.   

ʅʘ ʛʨʘʥʠʮʘʭ ɸʌʄ-ʢʨʠʩʪʘʣʣʦʚ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʬʝʨʨʦʩʝʣʝʥʠʜʦʚ ʨʘʩʪʫʪ ʪʦʥʢʠʝ ʢʨʠʩʪʘʣʣʠʪʳ 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʪʦʣʱʠʥʦʡ ʜʦ 100 ʥʤ ʩʦ ʩʪʨʫʢʪʫʨʦʡ, ʥʝ ʩʦʜʝʨʞʘʱʝʡ ʚʘʢʘʥʩʠʡ ʞʝʣʝʟʘ, ʠ ʛʨʫʧ-

ʧʦʡ ʩʠʤʤʝʪʨʠʠ I4/mmm. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʉʇ-ʬʘʟʳ ʙʣʠʟʦʢ ʢ AFe2Se2 [123ï125,131] ʠʣʠ 

A0.3Fe2Se2 [135]. ʋʢʘʟʘʥʥʳʝ ʬʘʟʳ ʥʝʦʪʜʝʣʠʤʳ ʜʨʫʛ ʦʪ ʜʨʫʛʘ: ʥʘʧʨʠʤʝʨ, ʧʨʠ ʧʝʨʝʪʠʨʘʥʠʠ ʦʙʲʝʤʥʦʛʦ 

ʦʙʨʘʟʮʘ AxFe2-ySe2 ʚ ʧʦʨʦʰʦʢ ʉʇ-ʬʘʟʘ ʧʦʣʥʦʩʪʴʶ ʧʨʦʧʘʜʘʝʪ; ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʩʚʝʨʭʧʨʦʚʦʜʠ-

ʤʦʩʪʴ ʤʦʞʝʪ ʧʦʷʚʠʪʴʩʷ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʤ ʦʙʨʘʟʮʝ AxFe2-ySe2 ʧʦʩʣʝ ʟʘʢʘʣʢʠ ʚ ʭʦʣʦʜʥʫʶ ʚʦʜʫ ʠʣʠ 

ʞʠʜʢʠʡ ʘʟʦʪ. ʅʘʣʠʯʠʝ ʜʚʫʭ ʩʦʩʫʱʝʩʪʚʫʶʱʠʭ ʬʘʟ ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʥʝʦʙʳʯʥʳʡ ʭʘʨʘʢʪʝʨ ʪʨʘʥʩʧʦʨʪ-

ʥʳʭ ʩʚʦʡʩʪʚ ʦʙʨʘʟʮʦʚ AxFe2-ySe2 [122,136]: ʧʨʠ T < Tc ʧʝʨʢʦʣʠʨʫʶʱʘʷ ʩʝʪʴ ʢʨʠʩʪʘʣʣʠʪʦʚ ʉʇ-ʬʘʟʳ 

ʰʫʥʪʠʨʫʝʪ ʦʙʨʘʟʝʮ, ʠ ʝʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʝ Rbulk = 0; ʚʳʰʝ ʊʩ ʟʘʚʠʩʠʤʦʩʪʴ R(T) ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʤʝʪʘʣ-

ʣʦʧʦʜʦʙʥʳʡ ʨʦʩʪ; ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʥʘʯʠʥʘʷ ʦʪ ʊ å 150ï250 ʂ, ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠ-

ʤʦʩʪʠ R(T) ʤʝʥʷʝʪʩʷ ʥʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʡ ʧʘʜʝʥʠʝ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩ ʨʦʩʪʦʤ 

ʪʝʤʧʝʨʘʪʫʨ.r ɼʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʩʝʣʝʥʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122-Se ʬʦʨʤʘ ʢʨʠʚʦʡ R(T) ʚ ʥʦʨʤʘʣʴʥʦʤ ʩʦ-

ʩʪʦʷʥʠʠ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʘ ʧʨʦʩʪʦʡ ʤʦʜʝʣʴʶ, ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥʥʦʡ ʚ ʨʘʙʦʪʝ [137], ʚ ʢʦʪʦʨʦʡ 

ʤʝʪʘʣʣ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢ (ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʦʜʥʦʨʦʜʥʦʩʪʠ ʠʭ ʩʚʦʡʩʪʚ ʧʦ ʚʩʝʤʫ ʦʙʲʝʤʫ ʦʙʨʘʟʮʘ) 
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0 ð ʦʩʪʘʪʦʯʥʳʝ ʩʦʧʨʦ-

ʪʠʚʣʝʥʠʷ ʤʝʪʘʣʣʘ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʧʨʠ T Ÿ 0, Eg ð ɻ ʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, X ʠ n ð 

ʧʦʜʛʦʥʦʯʥʳʝ ʧʘʨʘʤʝʪʨʳ.  

 

ʘ 

   

 

                                                            b 

ʈʠʩ. 9 ð ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ɸʌʄ 245-ʬʘʟʳ ʩʝʣʝʥʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122 ʚʜʦʣʴ ʩ-ʥʘʧʨʘʚ-

ʣʝʥʠʷ ʠ ʚ ab-ʧʣʦʩʢʦʩʪʠ [132]. ʂʨʫʞʢʘʤʠ ʞʝʣʪʦʛʦ ʮʚʝʪʘ ʧʦʢʘʟʘʥʳ ʘʪʦʤʳ ʱʝʣʦʯʥʦʛʦ ʤʝʪʘʣʣʘ ɸ, 

ʨʦʟʦʚʦʛʦ ʮʚʝʪʘ ð Fe, ʟʝʣʝʥʦʛʦ ʮʚʝʪʘ ð Se, ʢʚʘʜʨʘʪʘʤʠ ð ʚʘʢʘʥʩʠʠ Fe. ʅʘʧʨʘʚʣʝʥʠʷ ʩʧʠʥʦʚ, 

ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʥʘ ʘʪʦʤʘʭ Fe, ʦʙʦʟʥʘʯʝʥʳ ʧʣʶʩʘʤʠ (¬) ʠ ʤʠʥʫʩʘʤʠ (®). (b) ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ 

ʢʨʠʩʪʘʣʣʘ 245-ʬʘʟʳ, ʧʦʣʫʯʝʥʥʘʷ ʩ ʧʦʤʦʱʴʶ ʇʕʄ ʩ ʘʪʦʤʘʨʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ [129].  

 

ʍʠʤʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ ʬʝʨʨʦʩʝʣʝʥʠʜʦʚ ɸxFe2-ySe2-z ʠ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ x, y ʠ z, ʦʙʳʯ-

ʥʦ ʧʨʠʚʦʜʠʤʳʝ ʚ ʣʠʪʝʨʘʪʫʨʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʦʩʪʘʚʫ, ʫʩʨʝʜʥʝʥʥʦʤʫ ʧʦ ʦʙʨʘʟʮʫ ʠ ʦʧʨʝʜʝʣʷʝʤʦʤʫ 

ʩ ʧʦʤʦʱʴʶ ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ. ʇʨʠ ʩʦʟʜʘʥʠʠ ʩʢʦʣʘ ʚ ʢʨʠʩʪʘʣʣʘʭ ʬʝʨʨʦʩʩʝʣʝʥʠʜʦʚ, ʩʦʛʣʘʩʥʦ 

ʉʊʄ-ʠʩʩʣʝʜʦʚʘʥʠʷʤ [131,138,139], ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʳʯʥʦ ʦʩʪʘʶʪʩʷ ʘʪʦʤʳ Se ʠ ʱʝʣʦʯʥʦʛʦ ʤʝʪʘʣ-

ʣʘ. ʂʦʣʠʯʝʩʪʚʦ ʩʦʩʫʱʝʩʪʚʫʶʱʠʭ ʬʘʟ, ʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ, ʤʘʛʥʠʪʥʘʷ ʠ ʵʣʝʢʪʨʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʜʦ 

ʩʠʭ ʧʦʨ ʜʠʩʢʫʪʠʨʫʶʪʩʷ [123ï125]. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [138] ʩ ʧʦʤʦʱʴʶ ʉʊʄ ʙʳʣʘ ʚʠʟʫʘʣʠʟʠʨʦ-

ʚʘʥʘ ʬʘʟʘ K2Fe4Se5 ʩ ʜʦʚʦʣʴʥʦ ʵʢʟʦʪʠʯʝʩʢʦʡ ʩʚʝʨʭʨʝʰʝʪʢʦʡ ʚʘʢʘʥʩʠʡ Fe ʩ ʷʯʝʡʢʦʡ ʚ ʚʠʜʝ ʧʘʨʘʣʝʣ-

ʣʦʛʨʘʤʤʘ ʩʦ ʩʪʦʨʦʥʘʤʠ Ҟ8 ³ Ҟ10, ʘ ʚ [131] ʧʦʢʘʟʘʥʦ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝ ʯʝʪʳʨʝʭ ʬʘʟ ʚ ʦʙʨʘʟʮʝ 

KxFe2-ySe2-z: ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʡ KFe2Se2, ʉʇ-ʬʘʟʳ KFe2Se2 ʩ ʟʘʨʷʜʦʚʳʤ ʫʧʦʨʷʜʦʯʝʥʠʝʤ ʪʠʧʘ Ҟ2 ³ 

Ҟ5 (ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʧʘʨʘʤʝʪʨʫ a ʧʦʜʨʝʰʝʪʢʠ Se), ʉʇ-ʬʘʟʳ ʩ ʚʘʢʘʥʩʠʷʤʠ ʩʝʣʝʥʘ KFe2Se2-z ʠ ʜʠʵʣʝʢ-

ʪʨʠʯʝʩʢʦʡ K2Fe4Se5 ʬʘʟʳ. ʅʘʧʨʦʪʠʚ, ʉʊʄ-ʠʩʩʣʝʜʦʚʘʥʠʷ [139] ʧʦʢʘʟʘʣʠ Ҟ2 ³ Ҟ2 ʪʠʧ ʟʘʨʷʜʦʚʦʛʦ 

ʫʧʦʨʷʜʦʯʝʥʠʷ, ʘ ʪʘʢʞʝ ʦʪʩʫʪʩʪʚʠʝ ʚʘʢʘʥʩʠʡ Fe ʚ ʉʇ-ʬʘʟʝ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʚʦʧʨʦʩ ʪʦʯʥʦʛʦ ʦʧʨʝʜʝ-

ʣʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʉʇ-ʬʘʟʳ ʦʩʣʦʞʥʷʝʪʩʷ ʤʘʣʳʤʠ ʨʘʟʤʝʨʘʤʠ ʉʇ-ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʚʨʷʜ ʣʠ 

ʙʫʜʝʪ ʨʝʰʝʥ ʚ ʙʣʠʞʘʡʰʝʝ ʚʨʝʤʷ.  
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ʉʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʬʝʨʨʦʩʝʣʝʥʠʜʦʚ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤʠ ʢʨʠʪʠʯʝʩʢʠʤʠ 

ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʊʩ å 32ï35 ʂ ʨʝʘʣʠʟʫʝʪʩʷ ʪʦʣʴʢʦ ʚ ʫʟʢʦʤ ʠʥʪʝʨʚʘʣʝ ʚʘʣʝʥʪʥʦʩʪʝʡ ʞʝʣʝʟʘ ʦʪ 1.94 ʜʦ 

2.01 [136]. ɺ ʦʪʣʠʯʠʝ ʦʪ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ Ba-122, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʬʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ ʩʭʦʜ-

ʥʦʛʦ ʚʠʜʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʠʧʘʭ ʜʦʧʠʨʦʚʘʥʠʷ (ʩʤ. ʈʠʩ. 1b,c), ʢʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʬʝʨʨʦʩʝʣʝ-

ʥʠʜʦʚ ɸxFe2-ySe2-z ʧʦ-ʨʘʟʥʦʤʫ ʨʝʘʛʠʨʫʝʪ ʥʘ ʟʘʤʝʱʝʥʠʝ ʩʦʩʪʘʚʣʷʶʱʠʭ ʩʪʨʫʢʪʫʨʫ ʵʣʝʤʝʥʪʦʚ. ʊʘʢ, 

ʧʨʠ ʩʣʘʙʦʡ ʚʘʨʠʘʮʠʠ ʢʦʣʠʯʝʩʪʚʘ ʞʝʣʝʟʘ ʠʣʠ ʱʝʣʦʯʥʦʛʦ ʤʝʪʘʣʣʘ ʊʩ ʤʝʥʷʝʪʩʷ ʩʢʘʯʢʦʦʙʨʘʟʥʦ (ʙʝʟ 

ʢʦʨʨʝʣʷʮʠʠ) ʦʪ ʥʫʣʷ ʜʦ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʈʠʩ. 10ʘ ʥʘ ʧʨʠʤʝʨʝ A = K, Rb, 

Cs [140]. ʅʘʧʨʦʪʠʚ, ʧʨʠ ʠʟʦʚʘʣʝʥʪʥʦʤ ʟʘʤʝʱʝʥʠʠ ʩʝʣʝʥʘ ʩʝʨʦʡ ʢʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʩʪʝ-

ʧʝʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ, ʬʦʨʤʠʨʫʷ ʉʇ-ʬʘʟʫ ʚ ʚʠʜʝ çʧʦʣʫʢʦʣʦʢʦʣʘè [141,142] (ʈʠʩ. 10b). ʕʪʦ ʤʦʞʝʪ 

ʦʟʥʘʯʘʪʴ, ʯʪʦ ʩʚʦʡʩʪʚʘ ʉʇ-ʬʘʟʳ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʥʝ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʥʦʩʠʪʝʣʝʡ 

ʟʘʨ̫ʜʘ, ʘ ʭʠʤʠʯʝʩʢʠʤ ʜʘʚʣʝʥʠʝʤ, ʚʳʟʚʘʥʥʳʤ ʩʦʩʫʱʝʩʪʚʫʶʱʠʤʠ ʬʘʟʘʤʠ. ɺ ʢʘʯʝʩʪʚʝ ʬʘʢʪʦʨʘ 

ʧʦʜʘʚʣʝʥʠʷ ʊʩ ʧʨʠ ʟʘʤʝʱʝʥʠʠ Se:S ʘʚʪʦʨʳ [141] ʦʪʤʝʯʘʶʪ ʠʩʢʘʞʝʥʠʝ ʪʝʪʨʘʵʜʨʦʚ Fe-Se, ʢʦʪʦʨʦʝ 

ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʣʦʢʘʣʠʟʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʠ ʧʦʥʠʞʝʥʠʶ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ 

N(EF). ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʚʥʝʰʥʝʛʦ ʜʘʚʣʝʥʠʷ ʜʦ 9 ɻʇʘ [143] ʩʚʝʨʭʧʨʦʚʦ-

ʜʠʤʦʩʪʴ ʩʝʣʝʥʠʜʦʚ ʧʦʜʘʚʣʷʝʪʩʷ ʩ ʧʣʘʚʥʳʤ ʧʦʥʠʞʝʥʠʝʤ ʊʩ ʜʦ ʥʫʣʷ (ʦʙʣʘʩʪʴ SC-I ʥʘ ʈʠʩ. 10c), ʘ ʧʨʠ 

ʙʦʣʴʰʠʭ ʜʘʚʣʝʥʠʷʭ 11ï13 ɻʇʘ ʚʦʟʥʠʢʘʝʪ ʚʪʦʨʘʷ, ʙʦʣʝʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʉʇ-ʬʘʟʘ ʩ ʊʩ, ʜʦʩʪʠ-

ʛʘʶʱʝʡ 48 ʂ (ʦʙʣʘʩʪʴ SC-II ʥʘ ʈʠʩ. 10c), ʧʨʠʨʦʜʫ ʢʦʪʦʨʦʡ ʘʚʪʦʨʳ [143] ʥʝ ʢʦʤʤʝʥʪʠʨʫʶʪ.  

ʈʘʩʯʝʪʳ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʬʝʨʨʦʩʝʣʝʥʠʜʦʚ [144ï146] ʧʦʢʘʟʘʣʠ ʝʝ 

ʩʠʣʴʥʦʝ ʦʪʣʠʯʠʝ ʦʪ ʪʘʢʦʚʦʡ ʜʣʷ ʨʦʜʩʪʚʝʥʥʳʭ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ Ba-122 [58,61]. ʉʭʝʤʘ ʪʦʧʦʣʦ-

ʛʠʠ ʠ ʦʨʙʠʪʘʣʴʥʦʛʦ ʩʪʨʦʝʥʠʷ ʟʦʥ ʚʙʣʠʟʠ EF ʧʦ ʜʘʥʥʳʤ LDA-ʨʘʩʯʝʪʦʚ [146] ʧʦʢʘʟʘʥʘ ʥʘ ʈʠʩ. 11ʘ. 

ʀʟ-ʟʘ ʠʟʙʳʪʦʯʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʘʪʦʤ Fe ʜʳʨʦʯʥʳʝ ʟʦʥr ʚʙʣʠʟʠ ɻ-ʪʦʯʢʠ ʦʢʘʟʳʚʘʶʪʩʷ 

ʥʘ e å 70ï90 ʤʵɺ ʥʠʞʝ ʫʨʦʚʥʷ ʌʝʨʤʠ ʠ ʥʝ ʚʥʦʩʷʪ ʚʢʣʘʜ ʚ ʧʨʦʚʦʜʠʤʦʩʪʴ ʠ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴ 

[144,146]. ɺʤʝʩʪʦ ʵʪʦʛʦ ʧʨʠ ʤʘʣʳʭ ʠʤʧʫʣʴʩʘʭ ʫʨʦʚʝʥʴ ʌʝʨʤʠ ʧʝʨʝʩʝʢʘʝʪ ʵʣʝʢʪʨʦʥʥʘʷ ʟʦʥʘ (ʦʙʦ-

ʟʥʘʯʝʥʘ ʩʝʨʳʤ ʮʚʝʪʦʤ ʥʘ ʈʠʩ. 11ʘ), ʜʥʦ ʢʦʪʦʨʦʡ ʦʪʩʪʦʠʪ ʥʘ e å 100 ʤʵɺ ʦʪ EF, ʦʙʨʘʟʫʶʱʘʷ ʚʙʣʠʟʠ 

ɻ-ʪʦʯʢʠ ʮʠʣʠʥʜʨ ʤʘʣʦʛʦ ʬʘʟʦʚʦʛʦ ʦʙʲʝʤʘ. ɺ ʍ-ʪʦʯʢʝ ʫʨʦʚʝʥʴ ʌʝʨʤʠ ʧʝʨʝʩʝʢʘʶʪ ʜʚʝ ʵʣʝʢʪʨʦʥʥʦ-

ʧʦʜʦʙʥʳʝ ʟʦʥʳ, ʦʙʨʘʟʦʚʘʥʥʳʝ 3dxy ʠ 3dxz/3dyz-ʦʨʙʠʪʘʣʷʤʠ ʠ ʠʤʝʶʱʠʝ ʨʘʟʥʫʶ ʛʣʫʙʠʥʫ ʦʪʥʦʩʠʪʝʣʴ-

ʥʦ EF, ʦʜʥʘʢʦ ʧʝʨʝʩʝʢʘʶʱʠʝ EF ʧʨʠ ʙʣʠʟʢʠʭ ʟʥʘʯʝʥʠʷʭ kF ʠ ʬʦʨʤʠʨʫʶʱʠʝ ʜʚʘ ʵʣʝʢʪʨʦʥʥʳʭ ʮʠʣʠʥ-

ʜʨʘ ʚʦʢʨʫʛ ʍ ʠ Y-ʪʦʯʝʢ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘ ʢʘʨʪʠʥʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʠʛʥʘʣʘ ʌʕʉʋʈ (ʈʠʩ. 11b), 

ʧʦʣʫʯʝʥʥʦʡ ʧʫʪʝʤ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʩʧʝʢʪʨʦʚ ʧʨʠ e å (-20ï0) ʤʵɺ ʦʪ EF, ʚ KxFe2-ySe2 ʥʘʙʣʶʜʘʝʪʩʷ 

ʪʦʧʦʣʦʛʠʷ ʢʘʨʤʘʥʦʚ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ [144,146ï148], ʩʭʦʞʘʷ ʩ LDA-ʨʘʩʯʝʪʘʤʠ; ʘʥʘʣʦʛʠʯʥʳʝ 

ʢʘʨʪʠʥʳ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʌʕʉʋʈ ʚ ʩʝʣʝʥʠʜʘʭ ʥʘ ʦʩʥʦʚʝ ʜʨʫʛʠʭ 

ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ [128,149ï152]. ɽʜʠʥʩʪʚʝʥʥʦʝ ʦʪʣʠʯʠʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʨʙʠʪʘʣʴʥʦʤ ʭʘʨʘʢʪʝʨʝ 

ʟʦʥ ʚʙʣʠʟʠ ʍ ʠ Y ʪʦʯʝʢ: ʌʕʉʋʈ-ʵʢʩʧʝʨʠʤʝʥʪ ʧʦʢʘʟʘʣ, ʯʪʦ ʙʦʣʝʝ çʤʝʣʢʦʡè ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ EF 

ʷʚʣʷʝʪʩʷ ʟʦʥʘ, ʦʙʨʘʟʦʚʘʥʥʘʷ 3dxy-ʦʨʙʠʪʘʣʷʤʠ, ʘ ʜʦʥʴʷ 3dxz ʠ 3dyz-ʟʦʥ ʨʘʩʧʦʣʦʞʝʥʳ ʟʘʤʝʪʥʦ ʥʠʞʝ 

[146]. 
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ʈʠʩ. 10 ð (ʘ) ɿʘʚʠʩʠʤʦʩʪʴ ʊʩ ʬʝʨʨʦʩʝʣʝʥʠʜʦʚ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʱʝʣʦʯʥʦʛʦ ʤʝʪʘʣʣʘ ʠ Fe ʧʦ 

ʜʘʥʥʳʤ [140]. (b) ʌʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʠʟʦʚʘʣʝʥʪʥʦʛʦ ʟʘʤʝʱʝʥʠʷ Se:S ʧʦ ʜʘʥʥʳʤ [141]. (c) 

ʌʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʜʘʚʣʝʥʠʷ ʧʦ ʜʘʥʥʳʤ [143]. 

 

ɺ ʨʘʙʦʪʝ [152] ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ Tl0.63K0.37Fe1.78Se2 ʚʙʣʠʟʠ ɻ-ʪʦʯʢʠ ʩ ʧʦʤʦʱʴʶ ʌʕʉʋʈ 

ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʜʚʘ ʵʣʝʢʪʨʦʥʥʳʭ ʮʠʣʠʥʜʨʘ: ʚʥʫʪʨʝʥʥʠʡ ʤʘʣʦʛʦ ʬʘʟʦʚʦʛʦ ʦʙʲʝʤʘ ʠ ʚʥʝʰʥʠʡ, 

ʨʘʜʠʫʩ ʢʦʪʦʨʦʛʦ ʩʨʘʚʥʠʤ ʩ ʨʘʜʠʫʩʦʤ ʢʘʨʤʘʥʦʚ ʚ ʍ ʠ Y-ʪʦʯʢʘʭ. ʅʘʧʨʦʪʠʚ, ʚ [153,154] ʜʣʷ ʩʦʩʪʘʚʦʚ 

K0.8Fe1.7Se2 ʠ Rb0.76Fe1.87Se2 ʚ ʜʠʘʧʘʟʦʥʝ e = Ñ20 ʤʵɺ ʦʪʥʦʩʠʪʝʣʴʥʦ EF ʥʝ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʟʦʥ 

ʚʙʣʠʟʠ ɻ-ʪʦʯʢʠ.  

ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʘʢ ʠ ʚ ʧʥʠʢʪʠʜʘʭ ʩʝʤʝʡʩʪʚʘ Ba-122 [65,70ï74], ʚ ʩʝʣʝʥʠʜʘʭ 

KxFe2-ySe2 ʠ (K,Na)xFe2-ySe2 ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʣʦʩʴ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʠʟʤʝʥʝʥʠʝ ʟʦʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ [146,155]. ɽʩʣʠ ʚ BFCA [65] ʦʥʦ ʟʘʢʣʶʯʘʣʦʩʴ ʚ ʜʚʠʞʝʥʠʠ 3dyz-ʟʦʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ 3dxz-

ʟʦʥʳ ʠ ʦʙʫʩʣʦʚʣʠʚʘʣʦ ʥʝʤʘʪʠʯʥʦʩʪʴ, ʪʦ ʚ KxFe2-ySe2 ʵʬʬʝʢʪ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʜʠʵʣʝʢʪʨʠʟʘʮʠʠ 3dxy-

ʟʦʥʳ. ʅʘ ʬʨʘʛʤʝʥʪʘʭ ʩʧʝʢʪʨʦʚ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʠʛʥʘʣʘ ʌʕʉʋʈ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʍ-ʪʦʯʢʝ ʧʨʠ k = (p,0) 

= const (ʈʠʩ. 11ʩ), ʚʠʜʥʦ, ʯʪʦ ʘʤʧʣʠʪʫʜʘ ʠ ʬʦʨʤʘ ʧʠʢʘ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʜʥʦʤ 3dxz-ʟʦʥʳ ʧʨʠ e å 

-150 ʤʵɺ, ʧʨʝʪʝʨʧʝʚʘʶʪ ʪʦʣʴʢʦ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʨʘʟʤʳʪʠʝ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʤʘʢʩʠ-

ʤʫʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʜʥʫ 3dxy-ʟʦʥʳ ʧʨʠ e å -50 ʤʵɺ ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʝʝ ʠʥʪʝʥʩʠʚʥʳʤ ʩ ʫʚʝʣʠʯʝ-

ʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʧʦʣʥʦʩʪʴʶ ʠʩʯʝʟʘʝʪ ʧʨʠ ʊ å 150 ʂ. ʇʦʩʣʝʜʥʝʝ, ʩʦʛʣʘʩʥʦ ʠʩʩʣʝʜʦʚʘʥʠʷʤ [146], 

ʚʦʩʧʨʦʠʟʚʦʜʠʪʩʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʦʙʨʘʟʮʦʚ, ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʨʘʟʤʳʪʠʝʤ ʠ 
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ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʤʝʥʴʰʝʥʠʶ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʚʝʩʘ 3dxy-ʟʦʥʳ (ʈʠʩ. 11d). ʉʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʠʟʤʝʥʝʥʠʝ 

ʪʦʧʦʣʦʛʠʠ ʟʦʥ, ʦʙʨʘʟʫʶʱʠʭ ʵʣʝʢʪʨʦʥʥʳʡ ʢʘʨʤʘʥ ʚ ʍ-ʪʦʯʢʝ, ʧʦʣʫʯʝʥʥʦʝ ʧʨʠ ʜʚʫʭ ʧʦʣʷʨʠʟʘʮʠʷʭ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʧʦʢʘʟʘʥʦ ʥʘ ʈʠʩ. 11ʝ [146]. ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʪʘʢʦ-

ʛʦ ʧʦʚʝʜʝʥʠʷ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʤʦʜʝʣʴ [156] ʦʙʨʘʟʦʚʘʥʠʷ ʥʘ ʛʨʘʥʠʮʝ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʠ ɸʌʄ-ʜʠ-

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟ ʦʨʙʠʪʘʣʴʥʦ-ʩʝʣʝʢʪʠʚʥʦʡ ʬʘʟʳ ʤʦʪʪʦʚʩʢʦʛʦ ʜʠʵʣʝʢʪʨʠʢʘ, ʪ.ʝ. ʣʦʢʘʣʠʟʘʮʠʠ ʵʣʝʢ-

ʪʨʦʥʦʚ ʩ ɸʌʄ-ʫʧʦʨʷʜʦʯʝʥʠʝʤ ʩʧʠʥʦʚ ʪʦʣʴʢʦ ʚ 3dxy-ʟʦʥʝ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʦʩʪʘʣʴʥʳʝ ʟʦʥʳ ʩʦʭʨʘʥʷʶʪ 

ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ ʧʨʦʚʦʜʠʤʦʩʪʠ. ɸʥʘʣʦʛʠʯʥʘʷ ʜʠʵʣʝʢʪʨʠʟʘʮʠʷ 3dxy-ʟʦʥʳ, ʦʜʥʘʢʦ ʧʨʠ ʤʝʥʴ-

ʰʝʡ ʪʝʤʧʝʨʘʪʫʨʝ ʊ å 100 ʂ, ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʩ ʧʦʤʦʱʴʶ ʊɻʮ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ RbxFe2-ySe2 [157]. 

ʅʝʭʘʨʘʢʪʝʨʥʦʝ ʜʣʷ ʢʣʘʩʩʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʩʤʝʱʝʥʠʝ ʧʠʢʦʚ ʩʧʝʢʪʨʘʣʴʥʦʡ 

ʧʣʦʪʥʦʩʪʠ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʚʘʣʝʥʪʥʦʡ ʟʦʥʦʡ ʠ ʦʩʪʦʚʥʳʤʠ ʫʨʦʚʥʷʤʠ, ʥʘʙʣʶʜʘʝʤʦʝ ʩ ʧʦʤʦʱʴʶ 

ʌʕʉʋʈ [147,] ʙʳʣʦ ʦʙʲʷʩʥʝʥʦ ʟʘʨʷʞʘʶʱʝʡʩʷ ʛʨʘʥʠʮʝʡ ɸʌʄ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ, ʧʨʠʚʦʜʷʱʝʡ 

ʢ ʘʥʦʤʘʣʴʥʦʤʫ ʠʟʛʠʙʫ ʟʦʥ. 

 

ʈʠʩ. 11 ð (ʘ) ʊʦʧʦʣʦʛʠʷ ʟʦʥ, ʦʙʨʘʟʦʚʘʥʥʳʭ 3d-ʦʨʙʠʪʘʣʷʤʠ Fe ʚ KxFe2-ySe2 ʧʦ ʜʘʥʥʳʤ LDA-

ʨʘʩʯʝʪʦʚ. (b) ʇʦʚʝʨʭʥʦʩʪʴ ʌʝʨʤʠ KxFe2-ySe2 ʧʦ ʜʘʥʥʳʤ ʌʕʉʋʈ. (ʩ) ʀʟʤʝʥʝʥʠʝ ʌʕʉʋʈ-ʩʧʝʢʪ-

ʨʘ ʚ ʍ-ʪʦʯʢʝ ʠ (d) ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʚʝʩʘ ʟʦʥʳ, ʦʙʨʘʟʦʚʘʥʥʦʡ 3dxy-ʦʨʙʠʪʘʣʷʤʠ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ. (ʝ) 

ʊʦʧʦʣʦʛʠʷ ʟʦʥ (ʮʚʝʪ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʠʧʫ ʦʨʙʠʪʘʣʝʡ, ʦʙʦʟʥʘʯʝʥʥʳʭ ʥʘ (ʘ)) ʚʙʣʠʟʠ ʍ-ʪʦʯʢʠ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦ ʜʘʥʥʳʤ ʌʕʉʋʈ ʧʨʠ ʜʚʫʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʧʦʣʷʨʠʟʘʮʠʠ ʵʣʝʢʪʨʦʥʥʦ-

ʛʦ ʧʫʯʢʘ. ɸʜʘʧʪʠʨʦʚʘʥʦ ʠʟ [146]. 
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1.2. ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʢʫʧʝʨʦʚʩʢʦʛʦ ʩʧʘʨʠʚʘʥʠʷ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ 

 

ʆʩʥʦʚʥʳʤ ʤʘʨʢʝʨʦʤ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʠʟʦʪʦʧʠʯʝʩʢʦ-

ʛʦ ʵʬʬʝʢʪʘ: ʟʘʚʠʩʠʤʦʩʪʠ ʊʩ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʦʪ ʤʘʩʩʳ ʠʟʦʪʦʧʘ ʄ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ Ŭ ¹ 

-d(lnTʩ)/d(lnM), ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʦʛʦ ʜʣʷ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʠʟʦʪʨʦʧʥʦʛʦ ʦʜʥʦʟʦʥʥʦʛʦ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ, 

ʦʧʠʩʳʚʘʝʤʦʛʦ ʪʝʦʨʠʝʡ ɹʂʐ, ʩʦʩʪʘʚʣʷʝʪ a = 0.5 [158]. ʇʦʥʠʞʝʥʠʝ ʠʟʦʪʦʧʠʯʝʩʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ 

a < 0.5 ʚ ʨʘʤʢʘʭ ʧʦʜʭʦʜʘ ʄʘʢʄʠʣʣʘʥʘ [159,160] ʤʦʞʝʪ ʠʤʝʪʴ ʤʝʩʪʦ ʧʨʠ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʤ ʢʫʧʝ-

ʨʦʚʩʢʦʤ ʩʧʘʨʠʚʘʥʠʠ ʧʨʠ ʥʘʣʠʯʠʠ ʢʫʣʦʥʦʚʩʢʦʛʦ ʦʪʪʘʣʢʠʚʘʥʠʷ ʩ ʙʝʟʨʘʟʤʝʨʥʳʤ ʧʩʝʚʜʦʧʦʪʝʥʮʠʘʣʦʤ 

m* ¹ N(EF)Ve-e/[1 + N(EF)Ve-eln(EF/ǩwD)] Í 0, ʛʜʝ ǩwD ð ʵʥʝʨʛʠʷ ɼʝʙʘʷ, Ve-e ð ʤʘʪʨʠʯʥʳʡ ʵʣʝʤʝʥʪ 

ʵʣʝʢʪʨʦʥ-ʵʣʝʢʪʨʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʋʯʝʪ ʢʫʣʦʥʦʚʩʢʦʛʦ ʦʪʪʘʣʢʠʚʘʥʠʷ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʨʝʘ-

ʣʠʟʘʮʠʷ a < 0.5 ʘʢʪʫʘʣʴʥʳ ʚ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʭ II ʨʦʜʘ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʤ ʨʘʟʤʝʨʦʤ ʢʫʧʝ-

ʨʦʚʩʢʦʡ ʧʘʨʳ. ʆʪʩʫʪʩʪʚʠʝ ʠʟʦʪʦʧʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʚ ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʳʭ ɺʊʉʇ-ʢʫʧʨʘʪʘʭ 

ʠ ʝʛʦ ʧʦʷʚʣʝʥʠʝ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʘ a ʜʦ 0.5 ʙʳʣʦ ʦʙʲʷʩʥʝʥʦ ɸ.ɸ. ɸʙʨʠʢʦʩʦʚʳʤ ʚ ʨʘʤʢʘʭ 

ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ [161,162] ʢʘʢ ʩʣʝʜʩʪʚʠʝ ʩʭʦʜʠʤʦʩʪʠ ɹʂʐ-ʠʥʪʝʛʨʘʣʘ ʠʟ-ʟʘ ʢʦʨʥʝ-

ʚʦʡ ʧʝʨʝʥʦʨʤʠʨʦʚʢʠ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ N(e)  ́1/Ҟ(e - evH) ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʧʨʦʪʷʞʝʥʥʦʡ ʦʩʦʙʝʥ-

ʥʦʩʪʠ ʚʘʥ ʍʦʚʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʥʘ evH å 20ï50 ʤʵɺ ʥʠʞʝ ʫʨʦʚʥʷ ʌʝʨʤʠ, ʠ ʠʩʯʝʟʥʦʚʝʥʠʶ ǩwD ʠʟ 

ʠʪʦʛʦʚʦʛʦ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʊʩ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, a < 0.5 ʤʦʞʝʪ ʠʤʝʪʴ ʤʝʩʪʦ ʧʨʠ ʥʘʣʠʯʠʠ ʢʘʥʘʣʦʚ 

ʢʫʧʝʨʦʚʩʢʦʛʦ ʩʧʘʨʠʚʘʥʠʷ ʧʦʩʨʝʜʩʪʚʦʤ ʜʨʫʛʠʭ ʙʦʟʦʥʦʚ (ʥʘʧʨʠʤʝʨ, ʩʧʠʥʦʚʳʭ ʬʣʫʢʪʫʘʮʠʡ).  

ɺʩʢʦʨʝ ʧʦʩʣʝ ʦʪʢʨʳʪʠʷ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʩʝʤʝʡʩʪʚ 1111 ʠ 122 ʚ ʨʘʙʦʪʝ 

[163] ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʟʦʪʦʧʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʧʥʠʢʪʠʜʘʭ 

Sm(O,F)FeAs ʠ BKFA ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʦʪʩʫʪʩʪʚʫʝʪ ʠʟʤʝʥʝʥʠʝ ʊʩ ʧʨʠ ʟʘʤʝʥʝ 

16O Ÿ 18O, ʧʨʠ ʵʪʦʤ ʜʣʷ ʩʦʩʪʘʚʦʚ ʩ ʣʝʛʢʠʤ ʠʟʦʪʦʧʦʤ 54Fe ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʦʩʪʘʚʦʚ ʩ 56Fe ʥʘʙʣʶʜʘʣʦʩʴ 

ʫʚʝʣʠʯʝʥʠʝ ʢʘʢ ʪʝʤʧʝʨʘʪʫʨʳ ɸʌʄ-ʧʝʨʝʭʦʜʘ ʥʘ Dʊm å 1.8ï1.9 ʂ, ʪʘʢ ʠ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

ʉʇ-ʧʝʨʝʭʦʜʘ ʥʘ Dʊc å 0.5 ʂ. ʇʦʩʣʝʜʥʝʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʝʣʠʯʠʥʝ ʠʟʦʪʦʧʠʯʝʩʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ a å 

0.35, ʦʢʘʟʘʚʰʝʡʩʷ ʥʝʤʥʦʛʦ ʤʝʥʴʰʝ, ʦʜʥʘʢʦ ʩʨʘʚʥʠʤʦʡ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤ ʟʥʘʯʝʥʠʝʤ a = 0.5 ʤʦʜʝʣʠ 

ɹʂʐ [158].  

ɺ ʨʘʥʥʝʡ ʨʘʙʦʪʝ ɹʦʵʨʠ, ɼʦʣʛʦʚʘ ʠ ɻʦʣʫʙʦʚʘ [164] ʥʘ ʦʩʥʦʚʝ ʨʘʩʯʝʪʘ ʬʦʥʦʥʥʦʛʦ ʩʧʝʢʪʨʘ ʠ 

ʬʫʥʢʮʠʠ ʕʣʠʘʰʙʝʨʛʘ ʜʣʷ ʦʢʩʠʧʥʠʢʪʠʜʘ La(O,F)FeAs, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʮʝʥʢʘ Tc å 0.5 ʂ ʧʦ ʬʦʨ-

ʤʫʣʝ ɸʣʣʝʥʘ-ɼʘʡʥʩʘ [165] ʥʝ ʧʦʟʚʦʣʷʝʪ ʦʧʠʩʘʪʴ ʚʳʩʦʢʠʝ ʢʨʠʪʠʯʝʩʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʝʜʩʪʘʚʠʪʝ-

ʣʝʡ ʜʘʥʥʦʛʦ ʩʝʤʝʡʩʪʚʘ. ɺʟʷʚ ʟʘ ʦʩʥʦʚʫ ʩʣʘʙʦʩʪ ɹɻ ʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʄʘʟʠʥ ʠ ʜʨ. 

ʧʨʝʜʣʦʞʠʣʠ ʪ.ʥ. sÑ-ʤʦʜʝʣʴ ʜʣʷ ʦʧʠʩʘʥʠʷ ʢʫʧʝʨʦʚʩʢʦʛʦ ʩʧʘʨʠʚʘʥʠʷ ʚ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦ-

ʚʦʜʥʠʢʘʭ [166]. ɺ ʵʪʦʡ ʤʦʜʝʣʠ ʢʫʧʝʨʦʚʩʢʠʝ ʧʘʨʳ ʦʙʨʘʟʫʶʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʩʧʠʥ-ʬʣʫʢʪʫʘʮʠʦʥʥʦʛʦ 

ʤʝʭʘʥʠʟʤʘ ð ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʫʯʘʩʪʠʝʤ ʩʧʠʥʦʚʳʭ ʬʣʫʢʪʫʘʮʠʡ, ʢʦʪʦʨʳʝ ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʳ ʧʨʠ 

ʚʳʧʦʣʥʝʥʠʠ ʫʩʣʦʚʠʷ ʥʝʩʪʠʥʛʘ (ʧʨʠʤʝʨʥʦʛʦ ʩʦʚʧʘʜʝʥʠʷ ʨʘʜʠʫʩʦʚ ʣʠʩʪʦʚ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʚʜʦʣʴ 
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ʚʝʢʪʦʨʘ Q = (p, p) ʤʝʞʜʫ ʵʣʝʢʪʨʦʥʥʳʤʠ ʠ ʜʳʨʦʯʥʳʤʠ ʫʯʘʩʪʢʘʤʠ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ, ʦʙʨʘʟʦʚʘʥ-

ʥʳʤʠ ʦʜʥʠʤ ʪʠʧʦʤ ʦʨʙʠʪʘʣʝʡ), ʯʪʦ ʧʨʠʚʦʜʠʪ ʨʝʘʣʠʟʘʮʠʠ ʟʥʘʢʦʧʝʨʝʤʝʥʥʦʛʦ ʉʇ-ʩʧʘʨʠʚʘʥʠʷ sÑ-

ʪʠʧʘ: ʥʘʣʠʯʠʶ ʜʚʫʭ ʉʇ-ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ D1 = -D2 ʙʝʟ ʪʦʯʝʢ ʥʫʣʝʡ (ʫʟʣʦʚ), ʚʦʣʥʦʚʳʝ ʬʫʥʢʮʠʠ 

ʢʦʪʦʨʳʭ ʥʘʭʦʜʷʪʩʷ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʚ ʧʨʦʪʠʚʦʬʘʟʝ. ʂʘʞʜʳʡ ʠʟ ʉʇ-ʧʘʨʘʤʝʪʨʦʚ ʧʦʨ̫ ʜʢʘ ʦʧʨʝʜʝʣʷʝʪ 

ʟʘʚʠʩʠʤʦʩʪʴ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʚ k-ʧʨʦʩʪʨʘʥʩʪʚʝ ʜʣʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʫʧʝʨʦʚʩʢʠʭ 

ʧʘʨ, ʢʦʪʦʨʳʝ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩʦʩʫʱʝʩʪʚʫʶʪ ʚ ʣʶʙʦʡ ʪʦʯʢʝ ʨʝʘʣʴʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ. ɿʥʘʢʦʧʝʨʝʤʝʥ-

ʥʳʡ ʧʘʨʘʤʝʪʨ ʧʦʨʷʜʢʘ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʨʝʟʢʦʛʦ ʧʠʢʘ ʚ ʤʥʠʤʦʡ ʯʘʩʪʠ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʧʠʥʦ-

ʚʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ Im[c(Q,w)] (ʩʧʠʥʦʚʦʛʦ ʨʝʟʦʥʘʥʩʘ) ʥʘ ʚʝʢʪʦʨʝ ʥʝʩʪʠʥʛʘ Q ʥʠʞʝ Tc [167,168]. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʬʦʨʤʘʣʴʥʦ ʤʘʪʝʤʘʪʠʯʝʩʢʠ ʚ ʨʘʤʢʘʭ ʩʧʠʥ-ʬʣʫʢʪʫʘʮʠʦʥʥʦʛʦ ʧʦʜʭʦʜʘ m* = 0. 

ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʘʭ [169,170], ʚ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʭ ʵʣʝʢʪʨʦʥʥʳʝ 

ʢʦʨʨʝʣʷʮʠʠ ʜʝʡʩʪʚʫʶʪ ʩ ʨʘʟʥʦʡ ʩʠʣʦʡ ʥʘ ʨʘʟʥʳʝ ʪʠʧʳ 3d-ʦʨʙʠʪʘʣʝʡ Fe, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʨʙʠʪʘʣʴ-

ʥʦʡ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʢʫʣʦʥʦʚʩʢʦʛʦ ʦʪʪʘʣʢʠʚʘʥʠʷ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚʥʫʪʨʠʦʨʙʠʪʘʣʴʥʦʝ ʢʫʣʦʥʦʚʩʢʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʘʢʩʠʤʘʣʴʥʦ ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ ʥʘ dxy-ʦʨʙʠʪʘʣʷʭ.  

ʇʦʟʞʝ ʚ ʨʘʤʢʘʭ 5-ʦʨʙʠʪʘʣʴʥʦʡ sÑ-ʤʦʜʝʣʠ ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʷ ʥʠ-

ʞʝ ʊʩ ʥʝʩʢʦʣʴʢʠʭ ʉʇ-ʱʝʣʝʡ ʩ ʨʘʟʣʠʯʥʳʤʠ ʘʤʧʣʠʪʫʜʘʤʠ ʠ ʠʟʤʝʥʝʥʠʝʤ ʘʤʧʣʠʪʫʜʳ D(q) ʚ ʟʘʚʠʩʠ-

ʤʦʩʪʠ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʠʤʧʫʣʴʩʘ (ʘʥʠʟʦʪʨʦʧʠ ̫ʚ k-ʧʨʦʩʪʨʘʥʩʪʚʝ) [171ï174]. ɼʘʣʝʝ ʤʘʢʩʠʤʘʣʴʥʘʷ 

ʵʥʝʨʛʠʷ ʩʚʷʟʠ ʢʫʧʝʨʦʚʩʢʠʭ ʧʘʨ (ʤʘʢʩʠʤʫʤ ʫʛʣʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ D(q)) ʙʫʜʝʪ ʦʙʦʟʥʘʯʝʥʘ Dout, ʤʠ-

ʥʠʤʘʣʴʥʘʷ ð Din, ʘ ʩʪʝʧʝʥʴ ʘʥʠʟʦʪʨʦʧʠʠ ʦʮʝʥʝʥʘ ʢʘʢ A = 100% Ā [1 - Din/Dout]. 

ʉʧʠʥʦʚʳʡ ʨʝʟʦʥʘʥʩ ʥʘ ʚʝʢʪʦʨʝ Q ʚ ʉʇ-ʩʦʩʪʦʷʥʠʠ ʥʘʙʣʶʜʘʣʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʩ ʧʦʤʦ-

ʱʴʶ ʥʝʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠ ̫ʥʝʡʪʨʦʥʦʚ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ BFCA, BFNA ʠ BKFA [67,175ï178], 

KFe2As2 [179], EuRbFe4As4 [108], CaKFe4As4 [180] ʠ RbxFe2-ySe2 ʠ KxFe2-ySe2 [181,182]. ʇʦʣʫʯʝʥʥʳʝ 

ʧʨʠ T Ḻ Tc ɻ ʥʝʨʛʠʠ ʩʧʠʥ-ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʠʢʘ Eres(0) ʧʨʠʤʝʨʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳ Tc ʩ ʭʘʨʘʢʪʝʨʠʩʪʠ-

ʯʝʩʢʠʤ ʦʪʥʦʰʝʥʠʝʤ Eres(0)/kBTc å 4ī5 [183,184]. ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʨʘʙʦʪʘʭ [67,177] ʚ 

BFCA ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʙʳʣ ʦʙʥʘʨʫʞʝʥ çʜʚʦʡʥʦʡè ʩʧʠʥʦʚʳʡ ʨʝʟʦʥʘʥʩ: ʧʦʤʠʤʦ ʤʦʜʳ 

Eres (ʩʧʠʥʦʚʦʛʦ ʵʢʩʠʪʦʥʘ), ʧʨʠʩʫʪʩʪʚʦʚʘʣʘ ʪʘʢʞʝ ʥʠʟʢʦʯʘʩʪʦʪʥʘʷ ʤʦʜʘ E001, ʩʚʷʟʘʥʥʘʷ ʩʦ ʩʧʠʥʦʚʳ-

ʤʠ ʚʦʟʙʫʞʜʝʥʠʷʤʠ (ʥʘʙʣʶʜʘʝʤʘʷ ʪʦʣʴʢʦ ʧʨʠ ʧʦʣʷʨʠʟʘʮʠʠ ʥʝʡʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʚ (001)-ʥʘʧʨʘʚʣʝ-

ʥʠʠ), ʵʥʝʨʛʠʷ ʢʦʪʦʨʦʡ ʜʦʩʪʠʛʘʣʘ ʤʘʢʩʠʤʫʤʘ E001 å 13 ʤʵɺ ʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʩʪʘʚʝ BaFe2As2 

ʠ ʫʤʝʥʴʰʘʣʘʩʴ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʜʦʧʠʨʦʚʘʥʠʷ [67]. ɺ ʨʘʙʦʪʘʭ ʂʦʨʰʫʥʦʚʘ 

[185,186] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʦʙʨʘʟʦʚʘʥʠʷ ʥʠʞʝ ʊʩ ʉʇ-ʱʝʣʝʡ ʨʘʟʣʠʯʥʦʡ ʘʤʧʣʠʪʫʜʳ |DL| ʠ |DS| 

ʥʘ ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʜʳʨʦʯʥʳʭ ʣʠʩʪʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ, ʩʦʝʜʠʥʝʥʥʳʭ ʚʝʢʪʦʨʦʤ ʥʝʩʪʠʥʛʘ, ʧʦʣʦʞʝ-

ʥʠʝ ʩʧʠʥ-ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʠʢʘ Eres(0) ʧʦ ʵʥʝʨʛʠʠ ʧʨʠ T << Tc ʥʝ ʧʨʝʚʳʰʘʝʪ ʥʝʧʨʷʤʫʶ ʉʇ-ʱʝʣʴ Eres(0) 

< [DL(0) + DS(0)]. ɼʣʷ ʩʣʫʯʘʷ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʩ ʨʘʩʰʠʨʝʥʥʳʤ s-ʚʦʣʥʦʚʳʤ 

ʪʠʧʦʤ ʩʠʤʤʝʪʨʠʠ ʘʤʧʣʠʪʫʜʘ ʩʧʠʥ-ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʠʢʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʩʪʝʧʝʥʠ 

ʘʥʠʟʦʪʨʦʧʠʠ ɸ, ʘ ʝʛʦ ʵʥʝʨʛʠʷ ʩʜʚʠʛʘʝʪʩʷ ʚ ʩʪʦʨʦʥʫ ʥʫʣʷ ʩʦʛʣʘʩʥʦ ʫʩʣʦʚʠʶ Eres(0) < [DL
eff(0) + 
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DS
eff(0)], ʛʜʝ Deff ð ʘʤʧʣʠʪʫʜʘ ʉʇ-ʱʝʣʠ, ʫʩʨʝʜʥʝʥʥʘʷ ʧʦ ʫʛʣʦʚʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ D(q). ʊʝʤʧʝ-

ʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ Im[c(Q,w)] ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʚ ʨʘʤʢʘʭ 5-ʦʨʙʠʪʘʣʴʥʦʛʦ sÑ-ʧʦʜʭʦʜʘ ʚ ʨʘʙʦʪʝ 

[187] ʜʣʷ ʦʢʩʠʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 1111. 

ɺ ʙʦʣʝʝ ʨʘʥʥʠʭ ʨʘʙʦʪʘʭ ʜʣʷ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ Ba-122 ʩ ʵʣʝʢʪʨʦʥʥʳʤ ʟʘʤʝʱʝʥʠʝʤ 

[171,172] ʪʝʦʨʝʪʠʯʝʩʢʠ ʧʦʢʘʟʘʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʥʠʞʝ ʊʩ ʥʘ ʚʥʫʪʨʝʥʥʝʤ ʜʳʨʦʯʥʦʤ ʠ ʵʣʝʢʪʨʦʥʥʳʭ ʮʠ-

ʣʠʥʜʨʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʜʚʫʭ ʘʥʠʟʦʪʨʦʧʥʳʭ ʉʇ-ʱʝʣʝʡ ʩ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʦʡ ʙʦʣʴʰʝʡ ʘʤ-

ʧʣʠʪʫʜʦʡ |Dh
out| å |De

out|, ʘ ʪʘʢʞʝ ʩʣʘʙʦ ʘʥʠʟʦʪʨʦʧʥʦʡ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ ʥʘ ʚʥʝʰʥʝʤ ʮʠʣʠʥʜʨʝ ʚʦʢʨʫʛ 

ɻ-ʪʦʯʢʠ. ʌʦʨʤʘʣʴʥʘʷ ʩʤʝʥʘ ʟʥʘʢʘ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʠʤʝʝʪ ʤʝʩʪʦ ʥʘ ʵʣʝʢʪʨʦʥʥʳʭ ʣʠʩʪʘʭ, ʛʜʝ 

ʉʇ-ʱʝʣʴ De ʦʢʘʟʳʚʘʝʪʩʷ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʚ ɻ-ʍ ʠ ɻ-Y-ʥʘʧʨʘʚʣʝʥʠʷʭ; ʚ ʪʝʭ ʞʝ ʥʘʧʨʘʚʣʝʥʠʷʭ ʥʘ ʚʥʝʰ-

ʥʝʤ ʜʳʨʦʯʥʦʤ ʮʠʣʠʥʜʨʝ ʨʝʘʣʠʟʫʝʪʩʷ ʤʠʥʠʤʫʤ |Dh
in|, ʘ ʥʘ ʚʥʫʪʨʝʥʥʝʤ ð ʤʘʢʩʠʤʫʤ |Dh

out| ʫʛʣʦʚʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʳʨʦʯʥʦʡ ʉʇ-ʱʝʣʠ. ɼʣʷ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ Ba-122 ʩ ʜʳʨʦʯʥʳʤ ʟʘʤʝʱʝʥʠʝʤ ʚ 

[171,172] ʪʘʢʞʝ ʧʦʢʘʟʘʥʦ ʦʪʢʨʳʪʠʝ ʘʥʠʟʦʪʨʦʧʥʦʡ ʤʝʥʴʰʝʡ ʉʇ- ʝɦʣʠ ʥʘ ʜʳʨʦʯʥʦʤ ʮʠʣʠʥʜʨʝ ʚ ʪʦʯ-

ʢʝ (p,p) ʨʘʟʚʝʨʥʫʪʦʡ ʟʦʥʳ ɹʨʠʣʣʶʵʥʘ. ɺ ʨʘʙʦʪʝ [173] ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʪʨʝʭʤʝʨʥʦʡ ʪʦʧʦʣʦʛʠʠ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʜʣʷ ʜʳʨʦʯʥʦ-ʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ BaFe2As2 ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʜʨʫ-

ʛʘʷ ʉʇ-ʱʝʣʝʚʘʷ ʩʪʨʫʢʪʫʨʘ: ʚ ʵʣʝʢʪʨʦʥʥʳʭ ʟʦʥʘʭ ʩʠʣʴʥʦ ʘʥʠʟʦʪʨʦʧʥʘʷ ʉʇ-ʱʝʣʴ ʧʨʠ kz = 0 ʠʟʦʪʨʦ-

ʧʠʟʠʨʫʝʪʩʷ ʧʨʠ kz = p; ʥʘʦʙʦʨʦʪ, ʚ ʜʳʨʦʯʥʳʭ ʟʦʥʘʭ ʧʨʘʢʪʠʯʝʩʢʠ ʠʟʦʪʨʦʧʥʘʷ ʉʇ-ʱʝʣʴ ʧʨʠ kz = p 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʫʩʠʣʝʥʠʝ ʘʥʠʟʦʪʨʦʧʠʠ ʩʦ ʩʤʝʥʦʡ ʟʥʘʢʘ ʧʨʠ kz = 0. ʇʨʠ ʫʩʠʣʝʥʠʠ ʭʫʥʜʦʚʩʢʦʛʦ ʦʙ-

ʤʝʥʘ J, ʩʦʛʣʘʩʥʦ ʨʘʩʯʝʪʘʤ [173], ʱʝʣʝʚʘʷ ʬʫʥʢʮʠʷ ʥʘ ʵʣʝʢʪʨʦʥʥʳʭ ʢʘʨʤʘʥʘʭ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷ-

ʝʪʩʷ, ʘ ʚ ʜʚʫʭ ʜʳʨʦʯʥʳʭ ʟʦʥʘʭ ʉʇ-ʱʝʣʠ ʩʪʘʥʦʚʷʪʩʷ ʙʦʣʝʝ ʠʟʦʪʨʦʧʥʳʤʠ (ʫʤʝʥʴʰʘʝʪʩʷ ʘʤʧʣʠʪʫʜʘ 

|Dh
out | - |Dh

in|) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʣʫʯʘʝʤ J = 0. ɺ ʨʘʙʦʪʘʭ [174,188] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʘʷ 

De
out ʠ ʤʠʥʠʤʘʣʴʥʘʷ De

in ʘʤʧʣʠʪʫʜʳ ʉʇ-ʱʝʣʠ ʚ ʵʣʝʢʪʨʦʥʥʳʭ ʟʦʥʘʭ ʨʝʘʣʠʟʫʶʪʩʷ ʚ ʰʘʭʤʘʪʥʦʤ ʧʦ-

ʨʜ̫ʢʝ ʚʜʦʣʴ ʚʩʝʭ ʪʨʝʭ ʥʘʧʨʘʚʣʝʥʠʡ k-ʧʨʦʩʪʨʘʥʩʪʚʘ, ʧʨʠʯʝʤ ʧʘʨʳ ʩ ʵʥʝʨʛʠʝʡ ʩʚʷʟʠ De
in ʦʙʨʘʟʫʶʪʩʷ 

ʥʘ ʫʯʘʩʪʢʘʭ ʩ ʥʘʠʙʦʣʴʰʝʡ ʬʝʨʤʠʝʚʩʢʦʡ ʩʢʦʨʦʩʪʴʶ, ʘ De
out ð ʩ ʥʘʠʤʝʥʴʰʝʡ (ʈʠʩ. 12ʘ). ɺ ʩʣʫʯʘʝ 

ʥʦʜʘʣʴʥʦʛʦ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʣʠʥʠʠ ʥʫʣʝʡ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʟʘʤʢʥʫʪʳʝ ʧʝʪʣʠ ʚʜʦʣʴ kz-

ʥʘʧʨʘʚʣʝʥʠʷ [174,188]. 

ʕʚʦʣʶʮʠʷ ʪʠʧʘ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤ-

ʤʳ ʜʦʧʠʨʦʚʘʥʠʷ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ Ba-122 ʚ ʨʘʤʢʘʭ 5-ʦʨʙʠʪʘʣʴʥʦʡ sÑ-ʤʦʜʝʣʠ ʨʘʩʩʤʦʪʨʝʥʘ ʚ 

ʨʘʙʦʪʘʭ [172,189,190]. ʂʦʥʢʫʨʝʥʮʠʷ ʤʝʞʜʫ ʨʝʰʝʥʠʷʤʠ ʩ sÑ ʠ d-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʝʡ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʪʦʧʦʣʦʛʠʝʡ ʠ ʩʦʦʪʥʦʰʝʥʠʝʤ ʦʙʲʝʤʦʚ ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʜʳʨʦʯʥʳʭ ʢʘʨʤʘʥʦʚ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ. ɺ 

ʥʝʜʦ- ʠ ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʘʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʩʝʤʝʡʩʪʚʘ Ba-122 ʧʦ ʜʘʥʥʳʤ ʵʪʠʭ 

ʨʘʙʦʪ ʜʦʤʠʥʠʨʫʶʱʠʤ ʷʚʣʷʝʪʩʷ sÑ-ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʵʣʝʢʪʨʦʥʥʳʤʠ ʠ ʜʳʨʦʯʥʳʤʠ ʢʘʨʤʘʥʘʤʠ, 

ʧʦʢʘʟʘʥʥʦʝ ʩʪʨʝʣʢʘʤʠ ʥʘ ʈʠʩ. 13. ɼʣʷ ʩʦʩʪʘʚʦʚ, ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ ʜʳʨʢʘʤʠ, ʧʨʦʠʩʭʦʜʠʪ ʩʪʘʙʠʣʠ-

ʟʘʮʠʷ sÑ-ʨʝʰʝʥʠʷ ʟʘ ʩʯʝʪ ʩʧʠʥ-ʬʣʫʢʪʫʘʮʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʫʯʘʩʪʢʘʤʠ ʵʣʝʢʪʨʦʥʥʳʭ 

ʢʘʨʤʘʥʦʚ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʜʳʨʦʯʥʦʛʦ ʢʘʨʤʘʥʘ ʚ ʪʦʯʢʝ (p,p), ʦʙʨʘʟʦʚʘʥʥʳʤʠ dxy-ʦʨʙʠʪʘʣʷʤʠ, ʯʪʦ 
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ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʦʪʨʦʧʠʟʘʮʠʠ ʉʇ-ʱʝʣʠ ʥʘ ʜʳʨʦʯʥʦʤ ʣʠʩʪʝ ʚʦʢʨʫʛ ɻ-ʪʦʯʢʠ. ɼʣʷ ʧʨʝʜʝʣʴʥʦʛʦ 

ʩʣʫʯʘʷ ʜʳʨʦʯʥʦʛʦ ʟʘʤʝʱʝʥʠʷ KFe2As2 ʤʘʢʩʠʤʘʣʴʥʳʡ ʨʘʜʠʫʩ ʠʤʝʝʪ ʚʥʝʰʥʠʡ ʢʘʨʤʘʥ ʚʦʢʨʫʛ ɻ-ʪʦʯ-

ʢʠ, ʩʠʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚʥʫʪʨʠ ʢʦʪʦʨʦʛʦ ʧʨʠʚʦʜʠʪ ʢ ʨʝʘʣʠʟʘʮʠʠ ʥʘ ʥʝʤ ʟʥʘʢʦʧʝʨʝʤʝʥʥʦʛʦ ʉʇ-

ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ; ʧʨʠ ʵʪʦʤ ʠʟʦʪʨʦʧʥʳʝ ʉʇ-ʱʝʣʠ ʦʪʢʨʳʚʘʶʪʩʷ ʥʘ ʚʥʫʪʨʝʥʥʝʤ ʜʳʨʦʯʥʦʤ ʮʠʣʠʥ-

ʜʨʝ (-Dh) ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤ ʜʳʨʦʯʥʦʤ ʢʘʨʤʘʥʝ ʚ ʪʦʯʢʝ (p,p) (+Dh). ʅʘʧʨʦʪʠʚ, ʚ ʩʠʣʴʥʦ ʧʝʨʝʜʦʧʠ-

ʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʘʭ ʩ ʵʣʝʢʪʨʦʥʥʳʤ ʟʘʤʝʱʝʥʠʝʤ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʘʤʧʣʠʪʫʜʘ ʭʘʙʙʘʨʜʦʚʩʢʦʛʦ ʢʫʣʦʥʦʚ-

ʩʢʦʛʦ ʦʪʪʘʣʢʠʚʘʥʠʷ ʚ ʵʣʝʢʪʨʦʥʥʳʭ ʟʦʥʘʭ, ʧʦʵʪʦʤʫ ʥʘʠʙʦʣʝʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʳʤ ʦʢʘʟʳʚʘʝʪʩʷ 

ʨʝʰʝʥʠʝ ʩ ʨʘʩʰʠʨʝʥʥʦʡ s-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʝʡ ʠ ʩʤʝʥʦʡ ʟʥʘʢʘ ʥʘ ʵʣʝʢʪʨʦʥʥʳʭ ʢʘʨʤʘʥʘʭ [189]. ɺ 

ʧʨʝʜʝʣʴʥʦʤ ʩʣʫʯʘʝ ʜʣʷ ʩʝʣʝʥʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122-Se ʩ ʠʟʙʳʪʦʯʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʘʪʦʤ 

Fe ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʦʪʩʫʪʩʪʚʫʝʪ ʜʳʨʦʯʥʳʡ ʢʘʨʤʘʥ ʚ ɻ-ʪʦʯʢʝ, ʠ ʩʦʛʣʘʩʥʦ [189ï193] ʬʦʨʤʠʨʫ-

ʝʪʩʷ ʢʫʧʝʨʦʚʩʢʦʝ ʩʧʘʨʠʚʘʥʠʝ ʪ.ʥ. d-ʚʦʣʥʦʚʦʛʦ ʪʠʧʘ ʙʝʟ ʣʠʥʠʡ ʥʫʣʝʡ: ʨʝʘʣʠʟʘʮʠʷ ʠʟʦʪʨʦʧʥʦʡ ʉʇ-

ʱʝʣʠ ʥʘ ʢʘʞʜʦʤ ʵʣʝʢʪʨʦʥʥʦʤ ʢʘʨʤʘʥʝ ʩʦ ʩʤʝʥʦʡ ʟʥʘʢʘ ʤʝʞʜʫ ʥʠʤʠ. ʇʦʟʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

sÑ Ÿ d-ʧʝʨʝʭʦʜ ʤʦʞʝʪ ʨʝʘʣʠʟʦʚʳʚʘʪʴʩʷ ʯʝʨʝʟ ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʩʦʩʪʦʷʥʠʝ ʩ (s + is) [194] ʠʣʠ (s + id)-

ʪʠʧʦʤ ʩʠʤʤʝʪʨʠʠ [193,195] ʩ ʥʘʨʫʰʝʥʥʦʡ ʩʠʤʤʝʪʨʠʝʡ ʦʙʨʘʱʝʥʠʷ ʚʨʝʤʝʥʠ ʠ ʧʨʦʠʟʚʦʣʴʥʳʤ ʩʜʚʠ-

ʛʦʤ ʬʘʟ f ʤʝʞʜʫ ʉʇ-ʢʦʥʜʝʥʩʘʪʘʤʠ, ʧʣʘʚʥʦ ʫʚʝʣʠʯʠʚʘʶʱʠʤʩʷ ʦʪ f = 0 ʜʦ f = p ʧʨʠ ʜʚʠʞʝʥʠʠ ʚ 

ʩʪʦʨʦʥʫ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ. 

ʄʝʪʦʜ ʧʦʩʪʨʦʝʥʠʷ ʠ ʚʳʯʠʩʣʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʕʣʠʘʰʙʝʨʛʘ ʚ ʨʘʤʢʘʭ ʪʨʝʭʟʦʥʥʦʡ ʩʧʠʥ-ʬʣʫʢ-

ʪʫʘʮʠʦʥʥʦʡ ʤʦʜʝʣʠ ʜʣʷ sÑ ʠ (sÑ + id)-ʩʠʤʤʝʪʨʠʠ ʩʧʘʨʠʚʘʥʠʷ ʧʨʠʚʦʜʠʪʩʷ ʚ ʨʘʙʦʪʘʭ ʋʤʤʘʨʠʥʦ 

[196,197]. ɺ ʨʘʤʢʘʭ ʵʪʦʛʦ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʜʣʷ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚ 122 ʠ 1111 ʚ ʤʘʪ-

ʨʠʮʝ (3 ³ 3) ʢʦʥʩʪʘʥʪ ʩʚʷʟʠ lijk ʜʠʘʛʦʥʘʣʴʥʳʝ ʵʣʝʤʝʥʪʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʚʥʫʪʨʠʟʦʥʥʦʤʫ ʵʣʝʢ-

ʪʨʦʥ-ʬʦʥʦʥʥʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ, ʙʝʨʫʪʩʷ ʤʘʣʳʤʠ ʠʣʠ ʜʘʞʝ ʥʫʣʝʚʳʤʠ, ʧʨʠ ʵʪʦʤ ʤʝʞʟʦʥʥʳʝ ʢʦʥʩ-

ʪʘʥʪʳ ʩʚʷʟʠ, ʦʪʚʝʯʘʶʱʠʝ ʟʘ ʩʧʠʥ-ʬʣʫʢʪʫʘʮʠʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, lijk < 0. ɺ ʢʘʯʝʩʪʚʝ ʩʧʝʢʪʨʘʣʴ-

ʥʦʡ ʬʫʥʢʮʠʠ ʚ ʨʘʙʦʪʘʭ ʋʤʤʘʨʠʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʣʦʨʝʥʮʠʘʥ, ʩʭʦʞʠʡ ʧʦ ʬʦʨʤʝ ʩʦ ʩʧʠʥ-ʨʝʟʦʥʘʥʩʥʳʤ 

ʧʠʢʦʤ, ʥʘʙʣʶʜʘʝʤʳʤ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʥʝʫʧʨʫʛʦʤʫ ʨʘʩʩʝʷʥʠʶ ʥʝʡʪʨʦʥʦʚ [175], ʘ ʚ ʢʘʯʝʩʪʚʝ ʭʘ-

ʨʘʢʪʝʨʥʦʡ ʯʘʩʪʦʪʳ ʦʙʨʝʟʘʥʠʷ ð ǩwc  = 6.7568Eres(0) ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʤ ʦʪʥʦʰʝʥʠʝʤ Eres(0)/kBTc 

å 4.65, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʫʩʨʝʜʥʝʥʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ, ʧʦʣʫʯʝʥʥʳʤ ʚ ʨʘʙʦʪʝ [184]. 

ɼʣʷ ʧʥʠʢʪʠʜʦʚ CaKFe4As4 ʚ ʨʘʤʢʘʭ ʘʥʘʣʦʛʠʯʥʦʛʦ ʧʦʜʭʦʜʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ (4 ³ 4)-ʤʘʪʨʠʮʘ ʢʦʥ-

ʩʪʘʥʪ ʩʚʷʟʠ [198]. ɺ ʨʝʟʫʣʴʪʘʪʝ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʕʣʠʘʰʙʝʨʛʘ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʥʘʣʠ-

ʯʠʝ ʧʨʠ T < Tc ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʟʘʚʠʩʠʤʦʩʪʠ N(e) ʚʦ ʚʥʝʱʝʣʝʚʦʡ ʦʙʣʘʩʪʠ (ʧʝʨʝʥʦʨʤʠʨʦʚʢʘ ʥʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʦ ʩʧʠʥʦʚʳʤ ʵʢʩʠʪʦʥʦʤ) [197], ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʉʇ-ʱʝʣʝʡ, ʩʭʦʞʠʝ ʧʦ 

ʬʦʨʤʝ ʩ ɹʂʐ-ʦʙʨʘʟʥʳʤʠ [197,198], ʘ ʪʘʢʞʝ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʣʦʥʜʦʥʦʚʩʢʦʡ ʛʣʫʙʠʥʳ 

ʧʨʦʥʠʢʥʦʚʝʥʠʷ DlL(T) ¹ lL(T) ï lL(0) ʠ ʘʩʩʦʮʠʠʨʦʚʘʥʥʦʡ ʩ ʥʝʡ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʉʇ-ʢʦʥ-

ʜʝʥʩʘʪʘ nS(T)/nS(0) = lL
2(0)/lL

2(T). ʆʪʤʝʪʠʤ, ʯʪʦ ʩʦʦʪʥʦʰʝʥʠʝ nS(T)  ́lL
-2(T) ʙʝʟ ʫʯʝʪʘ ʧʦʧʨʘʚʢʠ 

ɸʙʨʠʢʦʩʦʚʘ-ɻʦʨʴʢʦʚʘ [1 + h/(16D(0)tel)]
-1 [199,200] ʩʧʨʘʚʝʜʣʠʚʦ ʪʦʣʴʢʦ ʜʣʷ ʢʣʘʩʩʠʯʝʩʢʦʛʦ 
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ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʩ tel(T)  ́lel(T) å const (tel ð ʚʨʝʤʷ ʤʝʞʜʫ ʫʧʨʫʛʠʤʠ ʩʦʫʜʘʨʝʥʠʷʤʠ) ʠ ʤʦʞʝʪ ʥʘ-

ʨʫʰʘʪʴʩʷ, ʥʘʧʨʠʤʝʨ, ʝʩʣʠ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʥʝ ʩʪʨʝʤʠʪʩʷ ʢ ʧʦʩʪʦʷʥʥʦʤʫ 

ʟʥʘʯʝʥʠʶ R(T) Í const ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʙʣʠʟʠ ʊʩ (ʪ.ʝ. ʚ ʩʣʫʯʘʝ, ʝʩʣʠ ʢ ʊ = ʊʩ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʥʝ 

ʜʦʩʪʠʛʘʝʪ ʧʨʠʤʝʨʥʦ ʧʦʩʪʦʷʥʥʦʛʦ ʦʩʪʘʪʦʯʥʦʛʦ ʟʥʘʯʝʥʠʷ R0) ʠʣʠ ʧʨʠ ʜʚʠʞʝʥʠʠ ʟʦʥ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ 

(ʥʘʙʣʶʜʘʝʤʦʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚ [65,72ï74]). 

a b c 

d 

e 

ʈʠʩ. 12 ð ʋʛʣʦʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʘʤʧʣʠʪʫʜ ʉʇ-ʱʝʣʝʡ ʚ BaFe2As2-xPx ʥʘ ʵʣʝʢʪʨʦʥʥʳʭ (e-FS) ʠ ʜʳ-

ʨʦʯʥʳʭ (FS1,2,3) ʧʦʚʝʨʭʥʦʩʪʷʭ ʌʝʨʤʠ ʧʨʠ kz = 0 ʠ kz = p ʚ ʪʨʝʭʤʝʨʥʦʡ 10-ʦʨʙʠʪʘʣʴʥʦʡ ʤʦʜʝʣʠ 

ʍʘʙʙʘʨʜʘ (ʢʫʣʦʥʦʚʩʢʦʝ ʦʪʪʘʣʢʠʚʘʥʠʝ U) ʩ ʢʚʘʜʨʫʧʦʣʴʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ g ʜʣʷ ʩʣʫʯʘʝʚ: (a) 

çʯʠʩʪʦʛʦè sÑ-ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (U = 1.15, g = 0); (b) çʯʠʩʪʦʛʦè s++-ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (U = 0, g = 0.22); 

ʠʭ ʢʦʤʙʠʥʘʮʠʡ ʩ U = 1.011, g = 0.204 (ʩ) ʠ U = 1.017, g = 0.204 (d). ʉʇ-ʱʝʣʝʚʘʷ ʩʪʨʫʢʪʫʨʘ ʵʣʝʢ-

ʪʨʦʥʥʳʭ ʢʘʨʤʘʥʦʚ ʜʣʷ ʩʣʫʯʘʷ (d) ʧʦʢʘʟʘʥʘ ʥʘ ʧʘʥʝʣʠ (ʝ), ʘʤʧʣʠʪʫʜʘ ʠ ʟʥʘʢ ʉʇ-ʱʝʣʠ ʦʙʦʟʥʘʯʝʥʳ 

ʮʚʝʪʦʤ, ʣʠʥʠʠ ʥʫʣʝʡ ʧʦʢʘʟʘʥʳ ʟʝʣʝʥʳʤ. ʈʠʩʫʥʦʢ ʚʟʷʪ ʠʟ ʨʘʙʦʪʳ [174]. 

 

ɺ ʨʘʤʢʘʭ sÑ-ʤʦʜʝʣʠ ʪʘʢʞʝ ʚʦʟʤʦʞʝʥ ʫʯʝʪ ʚʘʨʠʘʮʠʠ ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʵʬʬʝʢʪʦʚ ʥʘ ʫʯʘʩʪʢʘʭ, 

ʦʙʨʘʟʦʚʘʥʥʳʭ ʨʘʟʣʠʯʥʳʤ ʪʠʧʦʤ ʦʨʙʠʪʘʣʝʡ (ʪ.ʥ. çʦʨʙʠʪʘʣʴʥʦʡ ʩʝʣʝʢʪʠʚʥʦʩʪʠè) [14,36,201ï203]. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʥʠʞʝ ʊʩ ʚ ʨʘʤʢʘʭ 5-ʦʨʙʠʪʘʣʴʥʦʛʦ t-J1-J2-ʧʦʜʭʦʜʘ (t ð ʠʥʪʝʛʨʘʣ ʧʝʨʝʩʢʦʢʘ, J1,2 ð ʧʘʨʘ-

ʤʝʪʨʳ ʦʙʤʝʥʘ ʤʝʞʜʫ ʙʣʠʞʘʡʰʠʤʠ ʠ ʩʣʝʜʫʶʱʠʤʠ ʟʘ ʙʣʠʞʘʡʰʠʤʠ ʩʦʩʝʜʷʤʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʩ 

J1 < J2 ʜʣʷ ʜʳʨʦʯʥʦ-ʜʦʧʠʨʦʚʘʥʥʳʭ ʧʥʠʢʪʠʜʦʚ ʙʳʣʦ ʧʦʢʘʟʘʥʦ [202,203], ʯʪʦ ʉʇ-ʱʝʣʠ, ʦʪʢʨʳʚʘʶ-
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ʱʠʝʩʷ ʥʘ ʚʩʝʭ ʜʳʨʦʯʥʳʭ ʢʘʨʤʘʥʘʭ, ʷʚʣʷʶʪʩʷ ʠʟʦʪʨʦʧʥʳʤʠ, ʧʨʠʯʝʤ ʙʦʣʴʰʘʷ ʉʇ-ʱʝʣʴ ʩʦʦʪʚʝʪʩʪ-

ʚʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤʫ ʢʘʨʤʘʥʫ ʚ ʪʦʯʢʝ (p,p), ʘ ʜʚʝ ʤʘʣʳʝ ʉʇ-ʱʝʣʠ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʦʡ ʘʤʧʣʠ-

ʪʫʜʳ ð ʚʥʝʰʥʝʤʫ ʠ ʚʥʫʪʨʝʥʥʝʤʫ ʮʠʣʠʥʜʨʘʤ ʚʦʢʨʫʛ ɻ-ʪʦʯʢʠ. ʅʘʧʨʦʪʠʚ, ʠʟ-ʟʘ ʛʠʙʨʠʜʠʟʘʮʠʠ dxy ʠ 

dxz/dyz-ʦʨʙʠʪʘʣʝʡ ʉʇ-ʱʝʣʴ, ʦʪʢʨʳʚʘʶʱʘʷʩʷ ʚ ʵʣʝʢʪʨʦʥʥʳʭ ʟʦʥʘʭ, ʦʢʘʟʳʚʘʝʪʩʷ ʩʠʣʴʥʦ ʘʥʠʟʦʪʨʦʧ-

ʥʦʡ ʩ A å 30% ʠ ʧʦʩʪʝʧʝʥʥʦ ʠʟʦʪʨʦʧʠʟʠʨʫʝʪʩʷ ʧʨʠ J1 << J2 [202,203].  

ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʥʝʤʘʪʠʯʝʩʢʦʡ ʬʘʟʝ ʚ ʨʘʤʢʘʭ sÑ-ʧʦʜʭʦʜʘ ʨʘʩʩʤʦʪʨʝʥʦ 

ʚ ʨʘʙʦʪʝ [204]. ʇʦʣʫʯʝʥʥʳʝ ʨʝʰʝʥʠʷ D(q) ʠʤʝʶʪ ʉ2-ʩʠʤʤʝʪʨʠʶ ʠ ʤʦʛʫʪ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʘʨʘʤʝʪ-

ʨʦʚ U ʠ J ʤʦʜʝʣʠ ʍʘʙʙʘʨʜʘ ʠ ʚʝʣʠʯʠʥʳ ʵʬʬʝʢʪʠʚʥʦʡ ʢʦʥʩʪʘʥʪʳ ʩʚʷʟʠ leff ʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʢʘʢ 

ʪʦʯʢʠ ʥʫʣʝʡ, ʪʘʢ ʠ ʩʤʝʥʫ ʟʥʘʢʘ ʥʘ ʢʘʞʜʦʤ ʠʟ ʣʠʩʪʦʚ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ. ʊʘʢʞʝ ʘʚʪʦʨʳ [204] ʦʪʤʝ-

ʯʘʶʪ, ʯʪʦ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʳʭ U ʠ J ʨʝʰʝʥʠʶ çʥʝʤʘʪʠʯʝʩʢʦʛʦè ʪʠʧʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ çʯʠʩʪʳʤè sÑ-

ʩʣʫʯʘʝʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ leff, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʊʩ ʥʘ ʬʦʥʝ ʥʝʤʘʪʠʯʥʦʩʪʠ. 

 

ʈʠʩ. 13 ð ʀʟʤʝʥʝʥʠʝ ʪʠʧʘ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʚʜʦʣʴ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ ʜʦʧʠ-

ʨʦʚʘʥʠʷ ʧʥʠʢʪʠʜʦʚ ʠ ʩʝʣʝʥʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122 ʚ ʨʘʤʢʘʭ 5-ʦʨʙʠʪʘʣʴʥʦʡ ʩʧʠʥ-ʬʣʫʢʪʫʘʮʠʦʥʥʦʡ 

ʤʦʜʝʣʠ [185]. ʅʘ ʩʭʝʤʘʭ ʩʪʨʦʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ (ɻ-ʪʦʯʢʘ ð ʚ ʮʝʥʪʨʝ, (p,p) ð ʚ ʫʛʣʫ 

ʢʚʘʜʨʘʪʘ) ʠʟʦʙʨʘʞʝʥʳ ʢʘʨʪʠʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʤʧʣʠʪʫʜʳ ʉʇ-ʱʝʣʠ, ʮʚʝʪʦʤ ʧʦʢʘʟʘʥ ʝʝ ʟʥʘʢ.  

 

ɸʣʴʪʝʨʥʘʪʠʚʥʳʡ ʤʝʭʘʥʠʟʤ ʢʫʧʝʨʦʚʩʢʦʛʦ ʩʧʘʨʠʚʘʥʠʷ ʧʦʩʨʝʜʩʪʚʦʤ ʦʨʙʠʪʘʣʴʥʳʭ ʬʣʫʢʪʫʘ-

ʮʠʡ, ʫʩʠʣʝʥʥʳʭ ʬʦʥʦʥʘʤʠ, ʧʨʠʚʦʜʷʱʠʡ ʢ ʧʦʷʚʣʝʥʠʶ ʟʥʘʢʦʧʦʩʪʦʷʥʥʦʛʦ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʩ 

ʪ.ʥ. s++ -ʩʠʤʤʝʪʨʠʝʡ, ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʛʨʫʧʧʦʡ ʂʦʥʪʘʥʠ [205]. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ [206] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʥʝʥʫʣʝʚʦʛʦ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʥʘʣʠʯʠʝʤ 

ʠʟʦʪʦʧʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ [163]) ʩʠʩʪʝʤʘ ʩ sÑ-ʩʠʤʤʝʪʨʠʝʡ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʧʝʨʝʭʦʜʠʪ ʚ s++ -

ʩʦʩʪʦʷʥʠʝ ʩʦ ʩʤʝʥʦʡ ʟʥʘʢʘ ʉʇ-ʱʝʣʠ, ʦʪʢʨʳʚʘʶʱʝʡʩʷ ʚ ʵʣʝʢʪʨʦʥʥʳʭ ʟʦʥʘʭ, ʩ -De ʥʘ +De.  
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ʉʧʠʥʦʚʳʡ ʨʝʟʦʥʘʥʩ ʥʘ ʚʝʢʪʦʨʝ Q ʚ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ ʩ s++ -ʩʠʤʤʝʪʨʠʝʡ ʉʇ-ʱʝʣʝʡ ʦʪʩʫʪʩʪ-

ʚʫʝʪ. ʂʘʢ ʧʦʢʘʟʘʣʠ ʨʘʩʯʝʪʳ [185,189,207], ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʚʩʣʝʜʩʪʚʠʝ ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʜʠʩʩʠʧʘʪʠʚʥʳʭ 

ʧʨʦʮʝʩʩʦʚ ʚʥʫʪʨʠ ʉʇ-ʱʝʣʠ, Im[c(Q,w)] å 0 ʧʨʠ ʵʥʝʨʛʠʷʭ ǩw < 2D(0), ʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʩʧʝʢʪʨʘʣʴ-

ʥʘʷ ʧʣʦʪʥʦʩʪʴ ʩʤʝʱʘʝʪʩʷ ʚʦ ʚʥʝʱʝʣʝʚʫʶ ʦʙʣʘʩʪʴ ʵʥʝʨʛʠʡ, ʦʙʨʘʟʫʷ ʝʜʚʘ ʨʘʟʣʠʯʠʤʳʡ ʤʘʢʩʠʤʫʤ ʧʨʠ 

ǩw > (2ï3)D(0). ɹʦʣʝʝ ʧʦʟʜʥʠʡ, ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʳʡ ʤʝʪʦʜ ʨʘʩʯʝʪʦʚ, ʧʨʦʚʝʜʝʥʥʳʭ ʛʨʫʧʧʦʡ ʂʦʥ-

ʪʘʥʠ [208], ʧʦʢʘʟʘʣ, ʯʪʦ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʙʝʟʜʠʩʩʠʧʘʪʠʚʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚʦ ʚʥʝʱʝʣʝʚʦʡ ʦʙʣʘʩʪʠ ǩw < 

3D(0) ʚʦʟʤʦʞʥʦ ʧʦʣʫʯʝʥʠʝ ʙʦʣʝʝ ʚʳʨʘʞʝʥʥʦʛʦ ʤʘʢʩʠʤʫʤʘ ʤʥʠʤʦʡ ʯʘʩʪʠ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʧʠʥʦʚʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʧʨʠ ǩwhump å (2ï3)D(0), ʠʤʝʶʱʝʛʦ ʘʤʧʣʠʪʫʜʫ, ʚ 4ï5 ʨʘʟ ʧʨʝʚʳʰʘʶʱʫʶ ʟʥʘʯʝʥʠʝ 

Im[c] ʧʨʠ ʪʝʭ ʞʝ ʵʥʝʨʛʠʷʭ ʚ ʥʦʨʤʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʧʦʣʫʰʠʨʠʥʫ ʦʢʦʣʦ D(0). ɼʣʷ ʩʨʘʚʥʝʥʠʷ, ʩʧʠʥ-

ʨʝʟʦʥʘʥʩʥʳʡ ʧʠʢ ʚ sÑ-ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ ʩ ʪʘʢʦʡ ʞʝ ʚʝʣʠʯʠʥʦʡ D(0) ʠʤʝʝʪ ʘʤʧʣʠʪʫʜʫ ʜʦ (15ï

20)Im[c] ʠ ʧʦʣʫʰʠʨʠʥʫ ʦʢʦʣʦ 0.5D(0). ʊʝʤ ʥʝ ʤʝʥʝʝ, ʘʚʪʦʨʳ [208] ʦʪʤʝʯʘʶʪ, ʯʪʦ ʠʤʝʥʥʦ ʪʘʢʘʷ, 

ʫʰʠʨʝʥʥʘʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʟʦʥʘʥʩʦʧʦʜʦʙʥʦʡ ʢʨʠʚʦʡ ʬʦʨʤʘ ʩʧʠʥ-ʨʝʟʦʥʘʥʩʥʦʛʦ ʤʘʢʩʠʤʫʤʘ ʥʘ-

ʙʣʶʜʘʝʪʩʷ ʥʠʞʝ ʊʩ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʥʝʫʧʨʫʛʦʤʫ ʨʘʩʩʝʷʥʠʶ ʥʝʡʪʨʦʥʦʚ ʚ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ 

ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʭ: ʪʘʢ, ʥʘʧʨʠʤʝʨ, ʚ [176] ʘʤʧʣʠʪʫʜʘ ʩʧʠʥ-ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʠʢʘ ʩʦʩʪʘʚʣʷʣʘ ʚʩʝʛʦ (2ï

2.5)Im[c], ʘ ʝʛʦ ʧʦʣʫʰʠʨʠʥʘ ð (1.5ï2)ǩwhump. 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʢʣʘʩʩʠʯʝʩʢʠʭ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʳʭ ʤʦʜʝʣʝʡ [158,160], ʧʦʣʫʯʝʥʠʝ ʫʤʝʨʝʥʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ ʉʇ-ʱʝʣʠ, ʩʦʛʣʘʩʥʦ [174,206], ʚʦʟʤʦʞʥʦ ʜʘʞʝ ʚ ʨʘʤʢʘʭ çʯʠʩʪʦʛʦè s++ -ʧʦʜʭʦʜʘ (ʤʘʪ-

ʨʠʯʥʳʡ ʵʣʝʤʝʥʪ ʢʫʣʦʥʦʚʩʢʦʛʦ ʦʪʪʘʣʢʠʚʘʥʠʷ U = 0, ʢʚʘʜʨʫʧʦʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ g Í 0), ʢʘʢ ʜʣʷ 

ʚʥʫʪʨʠʟʦʥʥʦʛʦ, ʪʘʢ ʠ ʤʝʞʟʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʤʝʞʜʫ ʫʯʘʩʪʢʘʤʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʌʝʨʤʠ, ʦʙʨʘʟʦ-

ʚʘʥʥʳʤʠ ʨʘʟʥʳʤʠ ʪʠʧʘʤʠ ʦʨʙʠʪʘʣʝʡ (ʈʠʩ. 12b). ɺʚʝʜʝʥʠʝ ʦʪʪʘʣʢʠʚʘʶʱʝʛʦ ʤʝʞʟʦʥʥʦʛʦ ʩʧʠʥ-

ʬʣʫʢʪʫʘʮʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ U Í 0 ʤʝʞʜʫ ʫʯʘʩʪʢʘʤʠ, ʦʙʨʘʟʦʚʘʥʥʳʤʠ ʦʜʠʥʘʢʦʚʳʤ ʪʠʧʦʤ 

ʦʨʙʠʪʘʣʝʡ, ʢʘʢ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʢʘʥʘʣʘ ʢʫʧʝʨʦʚʩʢʦʛʦ ʩʧʘʨʠʚʘʥʠʷ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʫʩʠʣʝʥʠʶ 

ʘʥʠʟʦʪʨʦʧʠʠ ʉʇ-ʱʝʣʠ ʠ ʧʦʣʫʯʝʥʠʶ ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ ʫʛʣʦʚʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ D(q), ʚ ʪʦʤ ʯʠʩʣʝ ʩ 

D = 0 ʠʣʠ D < 0 ʚʜʦʣʴ ʥʝʢʦʪʦʨʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʠʤʧʫʣʴʩʘ, ʧʨʠʤʝʨʳ ʢʦʪʦʨʳʭ ʧʦʢʘʟʘʥʳ ʥʘ ʈʠʩ. 12c,d. 

ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʩʣʫʯʘʷ çʯʠʩʪʦʡè s++ -ʩʠʤʤʝʪʨʠʠ ʩ g = 0.22 ʚ ʨʘʙʦʪʝ [174] ʜʣʷ BaFe2As2-xPx ʩ 

ʠʟʦʚʘʣʝʥʪʥʳʤ ʟʘʤʝʱʝʥʠʝʤ ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʨʝʘʣʠʟʘʮʠʷ ʥʘ ʜʳʨʦʯʥʳʭ ʢʘʨʤʘʥʘʭ ʚ ɻ-ʪʦʯʢʝ ʪʨʝʭ ʙʦʣʴ-

ʰʠʭ ʉʇ-ʱʝʣʝʡ, ʧʨʘʢʪʠʯʝʩʢʠ ʠʟʦʪʨʦʧʥʳʭ ʚ kxky-ʧʣʦʩʢʦʩʪʠ ʠ ʠʤʝʶʱʠʭ ʘʥʠʟʦʪʨʦʧʠʶ ʜʦ Az å 30% 

ʚʜʦʣʴ kz-ʥʘʧʨʘʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʜʚʫʭ ʤʘʣʳʭ ʉʇ-ʱʝʣʝʡ ʥʘ ʵʣʝʢʪʨʦʥʥʳʭ ʢʘʨʤʘʥʘʭ ʩ A å 20%ï30% 

ʚʜʦʣʴ ʚʩʝʭ ʥʘʧʨʘʚʣʝʥʠʡ ʠʤʧʫʣʴʩʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ (ʩʤ. ʈʠʩ. 12b). ʂʦʥʢʫʨʝʥʮʠʷ ʤʝʞʜʫ s++  ʠ sÑ-

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʝʪ ʩʪʝʧʝʥʴ ʘʥʠʟʦʪʨʦʧʠʠ ʉʇ-ʱʝʣʝʡ, ʦʪʢʨʳʚʘʶʱʠʭʩʷ ʥʘ ʜʳ-

ʨʦʯʥʳʭ ʮʠʣʠʥʜʨʘʭ ʚ ɻ-ʪʦʯʢʝ (ʦʜʥʘʢʦ, ʫʚʝʣʠʯʝʥʠʝ ʢʚʘʜʨʫʧʦʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ g ʫʤʝʥʴhʘʝʪ ʠʭ 

ʘʤʧʣʠʪʫʜʳ), ʥʘʧʨʦʪʠʚ, ʘʥʠʟʦʪʨʦʧʠʷ ʉʇ-ʱʝʣʝʡ De ʥʘ ʵʣʝʢʪʨʦʥʥʳʭ ʣʠʩʪʘʭ ʫʩʠʣʠʚʘʝʪʩʷ, ʠ ʨʝʘʣʠʟʫ-

ʝʪʩʷ ʩʤʝʥʘ ʟʥʘʢʘ ʢʘʢ ʚʜʦʣʴ kxky-ʧʣʦʩʢʦʩʪʠ, ʪʘʢ ʠ ʚʜʦʣʴ kz-ʥʘʧʨʘʚʣʝʥʠʷ (ʩʤ. ʈʠʩ. 12c,d). ʀʟ-ʟʘ ʫʩʠʣʝ-
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ʥʠʷ ʩʧʠʥ-ʬʣʫʢʪʫʘʮʠʦʥʥʦʛʦ ʢʘʥʘʣʘ ʤʝʞʜʫ ʫʯʘʩʪʢʘʤʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʌʝʨʤʠ ʚ ɻ ʠ X/Y-ʪʦʯʢʘʭ, ʦʙʨʘ-

ʟʦʚʘʥʥʳʭ 3dxy-ʦʨʙʠʪʘʣʷʤʠ, ʚ ʪʨʝʭʤʝʨʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ De(k) ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʟʘʤ-

ʢʥʫʪʳʝ ʣʠʥʠʠ ʥʫʣʝʡ (ʈʠʩ. 12ʝ). 

ʉʇ-ʱʝʣʝʚʘʷ ʩʪʨʫʢʪʫʨʘ ʬʝʨʨʦʩʝʣʝʥʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122-Se ʨʘʩʩʤʦʪʨʝʥʘ ʛʨʫʧʧʦʡ ʂʦʥʪʘʥʠ ʚ 

ʨʘʤʢʘʭ 10-ʦʨʙʠʪʘʣʴʥʦʛʦ ʧʦʜʭʦʜʘ ʚ ʨʘʙʦʪʝ [192]. ʂʘʢ ʠ ʜʣʷ ʩʣʫʯʘʷ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122 [174], 

ʧʨʠ ʥʘʣʠʯʠʠ ʩʣʘʙʦʛʦ ʢʫʧʝʨʦʚʩʢʦʛʦ ʢʘʥʘʣʘ ʩʧʘʨʠʚʘʥʠʷ ʧʦʩʨʝʜʩʪʚʦʤ ʦʧʪʠʯʝʩʢʠʭ ʬʦʥʦʥʥʳʭ ʤʦʜ Fe 

ʩ ʢʦʥʩʪʘʥʪʦʡ ʩʚʷʟʠ le-ph = 0.2 ʪʠʧ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʱʝʣʠ ʥʘ ʵʣʝʢʪʨʦʥʥʳʭ ʣʠʩʪʘʭ ʚ ʫʛʣʘʭ ʟʦʥʳ ɹʨʠʣ-

ʣʶʵʥʘ ʤʝʥʷʝʪʩʷ ʩ d-ʚʦʣʥʦʚʦʛʦ ʥʘ ʨʘʩʰʠʨʝʥʥʳʡ s-ʚʦʣʥʦʚʦʡ ʙʝʟ ʩʤʝʥʳ ʟʥʘʢʘ ʩʦ ʩʣʘʙʦʡ ʘʥʠʟʦʪʨʦ-

ʧʠʝʡ A < 10% ʠ ʨʝʘʣʠʟʘʮʠʝʡ ʤʘʢʩʠʤʫʤʘ (Dout) ʚ ɻ-ʍ ʠ ɻ-Y-ʥʘʧʨʘʚʣʝʥʠʷʭ [192]. 

ʌʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʢ ʧʨʦʙʣʝʤʝ ʦʧʠʩʘʥʠʷ ʉʇ-ʤʝʭʘʥʠʟʤʘ ʚ ʧʥʠʢʪʠʜʘʭ ʩʝʤʝʡʩʪʚʘ 

Ba-122 ʩ ʵʣʝʢʪʨʦʥʥʳʤ ʟʘʤʝʱʝʥʠʝʤ (ʥʘ ʧʨʠʤʝʨʝ BFCA) ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʚ ʨʘʙʦʪʘʭ ʂʘʨʘʢʦʟʦʚʘ ʠ ʜʨ. 

[209ï211]. ʇʦʜʭʦʜ ʂʘʨʘʢʦʟʦʚʘ ʠ ʜʨ. ʦʩʥʦʚʘʥ ʥʘ ʤʥʦʛʦʟʦʥʥʳʭ ʫʨʘʚʥʝʥʠʷ ʄʦʩʢʘʣʝʥʢʦ-ʉʫʣʘ [212ï

214]) ʩ ʚʚʝʜʝʥʠʝʤ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʧʦʧʨʘʚʦʢ ʩʠʣʴʥʦʡ ʩʚʷʟʠ ð ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʡ 

rj ¹ 2Dj(0)/kBTc. ʆʩʥʦʚʥʳʤ ʫʧʨʦʱʝʥʠʝʤ ʜʣʷ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪ Uh = Ue = U (ʠʥʜʝʢʩ re 

ʠ h ʦʪʥʦʩʷʪʩʷ ʢ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʜʳʨʦʯʥʦʡ ʟʦʥʝ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʜʘʶʱʠʭ ʠʟʦʪʨʦʧʥʳʡ ʚʢʣʘʜ ʚ ʩʠʣʫ 

ʢʫʧʝʨʦʚʩʢʦʛʦ ʩʧʘʨʠʚʘʥʠʷ, ʤʝʞʟʦʥʥʦʝ ʩʧʠʥ-ʬʣʫʢʪʫʘʮʠʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ Veh = Vhe = Gs [52] 

ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʘʥʠʟʦʪʨʦʧʠʶ ʩʠʣʳ ʩʧʘʨʠʚʘʥʠʷ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʘʥʠʟʦʪʨʦʧʠʶ ʉʇ-ʱʝʣʠ ʚ k-ʧʨʦ-

ʩʪʨʘʥʩʪʚʝ. ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ [45], ʂʘʨʘʢʦʟʦʚ ʠ ʜʨ. [209ï211] ʦʞʠʜʘʶʪ ʨʦʩʪ ʙʝʟʨʘʟʤʝʨ-

ʥʦʛʦ ʧʘʨʘʤʝʪʨʘ Gs/U ʧʦ ʤʝʨʝ ʧʨʠʙʣʠʞʝʥʠʷ ʢ ɸʌʄ-ʬʘʟʝ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʩʪʝʧʝʥʠ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʜʦʧʠʨʦʚʘʥʠʷ. ɼʣʷ ʤʠʥʠʤʘʣʠʟʘʮʠʠ ʩʚʦʝʡ ʤʦʜʝʣʠ ʘʚʪʦʨʳ ʠʩʧʦʣʴʟʫʶʪ ʪʨʠ ʵʬʬʝʢʪʠʚʥʳʝ ʟʦʥʳ, ʛʜʝ 

ʥʠʞʝ ʊʩ ʙʦʣʴʰʘʷ ʉʇ ʱʝʣʴ DL ʦʪʢʨʳʚʘʝʪʩʷ ʥʘ ʚʥʫʪʨʝʥʥʝʤ ʜʳʨʦʯʥʦʤ ʢʘʨʤʘʥʝ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ, 

ʤʘʣʘʷ ʉʇ-ʱʝʣʴ DS ð ʥʘ ʚʥʝʰʥʝʤ ʜʳʨʦʯʥʦʤ ʢʘʨʤʘʥʝ, ʩʨʝʜʥʷʷ De-ʱʝʣʴ ð ʚ ʵʣʝʢʪʨʦʥʥʳʭ ʟʦʥʘʭ 

(ʦʜʥʘʢʦ, ʢʘʢ ʧʨʝʜʫʧʨʝʞʜʘʶʪ ʘʚʪʦʨʳ, ʜʣʷ ʢʦʨʨʝʢʪʥʦʡ ʦʮʝʥʢʠ ʨʦʣʠ ʩʧʠʥ-ʬʣʫʢʪʫʘʮʠʦʥʥʦʛʦ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʷ ʥʝʦʙʭʦʜʠʤ ʫʯʝʪ ʜʦ ʧʷʪʠ ʟʦʥ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʯʠʩʣʘ ʥʝʠʟʚʝʩʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ), 

ʧʨʠ ʵʪʦʤ ʜʣʷ ʧʣʦʪʥʦʩʪʝʡ ʢʚʘʟʠʯʘʩʪʠʯʥʳʭ ʩʦʩʪʦʷʥʠʡ ʥʘ EF ʠʤʠ ʩʦʙʣʶʜʘʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝ NL > NS 

> Ne, ʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʦʪʥʦʰʝʥʠʷ Ne/NL ʠ Ne/NS ʠ ʥʝʢʦʪʦʨʳʝ ʜʨʫʛʠʝ ʧʘʨʘʤʝʪʨʳ ʚʟʷʪʳ ʜʣʷ ʦʧ-

ʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʘʚʘ BaFe1.8Co0.2As2. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʚʝʣʠʯʠʥʳ De(0)/Dh(0), rj, ʘ 

ʪʘʢʞʝ ʩʪʝʧʝʥʴ ʘʥʠʟʦʪʨʦʧʠʠ he ʉʇ-ʱʝʣʠ De ʙʫʜʫʪ ʦʧʨʝʜʝʣʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. ʋʯʝʪ ʘʥʠʟʦʪʨʦ-

ʧʠʠ hh ʜʣʷ ʜʳʨʦʯʥʦʡ ʉʇ-ʱʝʣʠ Dh ʚ ʚ ʨʘʙʦʪʘʭ [209ï211] ʦʪʩʫʪʩʪʚʫʝʪ, ʦʜʥʘʢʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʚʦʟ-

ʤʦʞʝʥ. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʜʣʷ ʧʥʠʢʪʠʜʦʚ Ba-122 ʘʚʪʦʨʳ [210,211] ʚʳʷʚʠʣʠ ʩʣʝʜʫʶʱʫʶ ʪʝʥʜʝʥʮʠʶ: 

ʧʦ ʤʝʨʝ ʧʨʠʙʣʠʞʝʥʠ ̫ʢ ɸʌʄ-ʬʘʟʝ, ʩʦʧʨʦʚʦʞʜʘʝʤʦʛʦ ʫʩʠʣʝʥʠʝʤ ʤʝʞʟʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ Gs, 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʦʪʥʦʰʝʥʠʝ rL ʦʩʪʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʧʦʩʪʦʷʥʥʳʤ (ʜʣʷ ʩʣʫʯʘʷ ʩʠʣʴʥʦʡ ʢʦʨʨʝʣʷʮʠʠ 

ʩʧʠʥʦʚʦʡ ʠ ʟʘʨʷʜʦʚʦʡ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ ʩʧʠʥʦʚʳʭ ʚʦʟʙʫʞʜʝʥʠʡ), ʘ ʘʤʧʣʠʪʫʜʳ ʉʇ-ʱʝʣʝʡ De ʠ DS 

ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʠ ʩʙʣʠʞʘʶʪʩʷ ʧʨʠ ʢʦʨʨʝʣʷʮʠʷʭ ʣʶʙʦʡ ʩʠʣʳ, ʧʨʠʯʝʤ ʧʨʠ Gs > U (ʪ.ʝ. 
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ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʘʭ) ʜʦʤʠʥʠʨʫʶʱʝʡ ʦʢʘʟʳʚʘʝʪʩʷ ʉʇ-ʱʝʣʴ De ʚ ʟʦʥʝ 

ʩ ʤʝʥʴʰʝʡ ʧʣʦʪʥʦʩʪʴʶ ʩʦʩʪʦʷʥʠʡ. ʂʨʦʤʝ ʪʦʛʦ, ʠʟ-ʟʘ ʩʧʠʥ-ʬʣʫʢʪʫʘʮʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʜʳ-

ʨʦʯʥʦʡ ʟʦʥʦʡ s-ʚʦʣʥʦʚʘʷ ʢʦʤʧʦʥʝʥʪʘ ʵʣʝʢʪʨʦʥʥʦʡ ʉʇ-ʱʝʣʠ De ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʠ ʝʝ ʘʥʠʟʦʪʨʦʧʠʷ 

ʫʤʝʥʴʰʘʝʪʩʷ, ʧʨʠ ʵʪʦʤ ʉʇ-ʧʘʨʘʤʝʪʨ ʧʦʨʷʜʢʘ ʥʘ ʵʣʝʢʪʨʦʥʥʳʭ ʫʯʘʩʪʢʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʠʤʝʝʪ 

ʩʤʝʰʘʥʥʫʶ (s + d)-ʩʠʤʤʝʪʨʠʶ ʙʝʟ ʪʦʯʝʢ ʥʫʣʝʡ [211]. ʇʨʠ Gs Ḑ U ʘʤʧʣʠʪʫʜʳ ʉʇ-ʧʘʨʘʤʝʪʨʦʚ ʧʦ-

ʨʷʜʢʘ ʩʪʘʥʦʚʷʪʩʷ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʳʤʠ De å DL, ʠ ʚ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ ʩ Gs < U 

ʜʦʤʠʥʠʨʫʝʪ DL.  

ʇʦʜʳʪʦʞʠʚʘʷ ʧʨʠʚʝʜʝʥʥʳʡ ʚʳʰʝ ʢʨʘʪʢʠʡ ʦʙʟʦʨ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʦʪʤʝʪʠʤ, ʯʪʦ 

çʯʠʩʪʳʡè sÑ-ʧʦʜʭʦʜ [172,189], ʘ ʪʘʢʞʝ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʂʘʨʘʢʦʟʦʚʘ [211] ʧʨʝʜʩʢʘʟʳ-

ʚʘʶʪ ʫʩʠʣʝʥʠʝ ʘʥʠʟʦʪʨʦʧʠʠ ʉʇ-ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ (ʚ ʤʦʜʝʣʠ [211] ð ʵʣʝʢʪʨʦʥʥʦʡ ʉʇ-ʱʝʣʠ) ʚ 

ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ. ʇʦʜʭʦʜ ʂʘʨʘʢʦʟʦʚʘ ʪʘʢʞʝ ʧʨʝʜʩʢʘʟʳʚʘʝʪ ʫʚʝʣʠʯʝ-

ʥʠʝ ʠ ʩʙʣʠʞʝʥʠʝ ʘʤʧʣʠʪʫʜ ʩʨʝʜʥʝʡ ʠ ʤʘʣʦʡ ʉʇ-ʱʝʣʝʡ ʠ ʫʚʝʣʠʯʝʥʠʝ ʤʝʞʟʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʚ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʘʭ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʂʦʥʪʘʥʠ ʠ ʜʨ. [192] ʧʨʠ ʚʚʝʜʝ-

ʥʠʠ ʩʧʠʥ-ʬʣʫʢʪʫʘʮʠʦʥʥʦʛʦ ʢʘʥʘʣʘ ʢʘʢ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʢ ʦʩʥʦʚʥʦʤʫ s++ -ʢʘʥʘʣʫ ʢʫʧʝʨʦʚʩʢʦʛʦ ʩʧʘ-

ʨʠʚʘʥʠʷ ʦʞʠʜʘʝʪʩʷ ʫʩʠʣʝʥʠʝ ʘʥʠʟʦʪʨʦʧʠʠ D(q) ʚ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʚʦ-

ʜʳ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʤʦʛʫʪ ʙʳʪʴ ʧʨʦʚʝʨʝʥʳ ʚ ʭʦʜʝ ʧʨʷʤʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-

ʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʉʇ-ʱʝʣʝʚʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘ ʢʨʘʷʭ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ ʜʦʧʠʨʦʚʘʥʠʷ. 

ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʧʨʦʚʝʨʢʠ ʨʝʘʣʠʟʘʮʠʠ ʟʥʘʢʦʧʝʨʝʤʝʥʥʦʡ ʠʣʠ ʟʥʘʢʦʧʦʩʪʦʷʥʥʦʡ ʩʠʤʤʝʪ-

ʨʠʠ ʢʫʧʝʨʦʚʩʢʦʛʦ ʩʧʘʨʠʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʨʘʩʩʝʷʥʠʷ ʥʘ ʧʨʠʤʝʩʷʭ ʥʘ ʧʘʨʘʤʝʪʨʳ 

ʉʇ-ʧʦʜʩʠʩʪʝʤʳ. ʉʦʛʣʘʩʥʦ ʨʘʩʯʝʪʘʤ ɸʙʨʠʢʦʩʦʚʘ ʠ ɻʦʨʴʢʦʚʘ [215] ʜʣʷ ʠʟʦʪʨʦʧʥʦʛʦ ʩʚʝʨʭʧʨʦʚʦʜ-

ʥʠʢʘ ʩ s-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʝʡ ʉʇ-ʱʝʣʠ ʊʩ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʝʤʘʛʥʠʪʥʳʭ ʧʨʠʤʝʩʝʡ nnm, 

ʦʜʥʘʢʦ ʵʬʬʝʢʪʠʚʥʦ ʧʦʥʠʞʘʝʪʩʷ ʧʨʠ ʚʚʝʜʝʥʠʠ ʤʘʛʥʠʪʥʳʭ ʧʨʠʤʝʩʝʡ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ nm. ɼʣʷ ʘʥʠʟʦ-

ʪʨʦʧʥʦʡ ʉʇ-ʩʠʩʪʝʤʳ ʩʦ ʩʧʠʥ-ʬʣʫʢʪʫʘʮʠʦʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʦʞʠʜʘʝʪʩʷ ʧʨʦʪʠʚʦʧʦʣʦʞʥʘʷ 

ʪʝʥʜʝʥʮʠʷ [216]. ʂʘʨʪʠʥʘ ʟʘʤʝʪʥʦ ʫʩʣʦʞʥʷʝʪʩʷ ʚ ʩʣʫʯʘʝ ʩʤʝʰʘʥʥʦʡ (s + d)-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʠ 

ʉʇ-ʱʝʣʠ ʚ ʜʚʫʤʝʨʥʦʤ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ, ʪʝʦʨʝʪʠʯʝʩʢʠ ʨʘʩʩʤʦʪʨʝʥʥʦʡ ʆʧʝʥʦʚʳʤ [217]. 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʢʘʢ ʧʦʢʘʟʘʣʠ ʨʘʩʯʝʪʳ [218,219], çʯʠʩʪʦʝè sÑ-ʩʦʩʪʦʷʥʠʝ ʢʨʘʡʥʝ ʥʝʫʩʪʦʡʯʠʚʦ 

ʧʨʠ ʚʚʝʜʝʥʠʠ ʥʝʤʘʛʥʠʪʥʳʭ ʧʨʠʤʝʩʝʡ: ʠʟ-ʟʘ ʤʝʞʟʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʧʨʦʠʩʭʦʜʠʪ çʫʩʨʝʜʥʝʥʠʝè ʱʝ-

ʣʝʚʳʭ ʬʫʥʢʮʠʡ ʥʘ ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʜʳʨʦʯʥʳʭ ʢʘʨʤʘʥʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ, ʠʤʝʶʱʠʭ ʧʨʦʪʠʚʦʧʦ-

ʣʦʞʥʳʡ ʟʥʘʢ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʨʝʟʢʦʝ ʧʘʜʝʥʠʝ ʊʩ ʧʨʠ nnm ʦʢʦʣʦ (1ï2)%. ʆʮʝʥʝʥʥʘʷ ʚʝʣʠʯʠʥʘ ʦʩʪʘ-

ʪʦʯʥʦʛʦ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚ ab-ʧʣʦʩʢʦʩʪʠ ʧʨʠ T Ÿ 0, ʧʨʠ ʢʦʪʦʨʦʤ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴ sÑ-

ʪʠʧʘ ʧʦʣʥʦʩʪʴʶ ʧʦʜʘʚʣʷʝʪʩʷ, ʩʦʩʪʘʚʣʷʝʪ ʚʩʝʛʦ rimp å 20 mʆʤĀʩʤ (ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʜʣʠʥʘ ʩʚʦʙʦʜ-

ʥʦʛʦ ʧʨʦʙʝʛʘ lel å 30 ¡), ʯʪʦ ʚ ʨʘʟʳ ʤʝʥʴʰʝ ʟʥʘʯʝʥʠʡ r(Tc) ʚ ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʳʭ 

ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122 [35]. ʅʘʧʨʦʪʠʚ, ʜʣʷ s++ -ʩʠʩʪʝʤʳ ʩ ʠʟʦʪʨʦʧʥʳʤ ʉʇ-ʧʘʨʘ-

ʤʝʪʨʦʤ ʧʦʨʷʜʢʘ ʊʩ ʥʝ ʟʘʚʠʩʠʪ ʦʪ nnm, ʧʦʩʢʦʣʴʢʫ ʚʳʧʦʣʥʷʝʪʩʷ ʪʝʦʨʝʤʘ ɸʥʜʝʨʩʦʥʘ [220], ʘ ʜʣʷ s++ -
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ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʩ ʘʥʠʟʦʪʨʦʧʥʦʡ ʉʇ-ʱʝʣʴʶ ʊʩ ʤʝʜʣʝʥʥʦ ʠ ʩʣʘʙʦ ʧʦʥʠʞʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ nnm 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʠʟʦʪʨʦʧʠʟʘʮʠʝʡ ʉʇ-ʱʝʣʠ ʚʩʣʝʜʩʪʚʠʝ ʨʘʩʩʝʷʥʠʷ [218,219]. ʇʦʟʞʝ ʚ ʨʘʙʦʪʘʭ 

[221,222] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ sÑ-ʩʦʩʪʦʷʥʠʝ ʩ ʊʩ Í 0 ʤʦʞʝʪ ʩʦʭʨʘʥʷʪʴʩʷ ʜʦ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʧʦʨʦʛʦʚʳʭ 

ʟʥʘʯʝʥʠʡ rimp ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʦʪʥʦʰʝʥʠʷ h = v/u ʩʠʣʳ ʚʥʫʪʨʠʟʦʥʥʦʛʦ ʠ ʤʝʞʟʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʥʘ-

ʧʨʠʤʝʨ, rimp å 400 mʆʤĀʩʤ ʧʨʠ h = 0.2 [221]).  

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʚʣʠʷʥʠʷ ʤʘʛʥʠʪʥʳʭ ʠ ʥʝʤʘʛʥʠʪʥʳʭ ʧʨʠʤʝʩʝʡ ʥʘ ʊʩ ʩʠʩʪʝʤ ʩ s++  ʠ sÑ-

ʩʠʤʤʝʪʨʠʝʡ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ u ʠ v ʠ ʢʦʤʙʠʥʘʮʠʡ ʢʦʥʩʪʘʥʪ ʩʚʷʟʠ [222,223] ʩʫʤʤʠʨʦʚʘʥʳ 

ʥʘ ʈʠʩ. 14aïc. ʂʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʜʚʫʭʟʦʥʥʦʛʦ sÑ-ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʩ ʩʠʣʴʥʳʤ ʤʝʞʟʦʥʥʳʤ 

ʦʪʪʘʣʢʠʚʘʥʠʝʤ|lii | Ò |lij| ʠ ộlỚ > 0 (ʈʠʩ. 14a) ʧʦʜʘʚʣʷʝʪʩʷ ʧʨʠ ʚʚʝʜʝʥʠʠ ʢʘʢ ʤʘʛʥʠʪʥʳʭ, ʪʘʢ ʠ ʥʝʤʘʛ-

ʥʠʪʥʳʭ ʧʨʠʤʝʩʝʡ ʧʨʘʢʪʠʯʝʩʢʠ ʚʦ ʚʩʝʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʣʫʯʘʷʭ. ɺ sÑ-ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ ʩʦ ʩʣʘʙʳʤ 

ʤʝʞʟʦʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ, lii > 0, |lii | > |lij | ʠ ʵʬʬʝʢʪʠʚʥʦʡ ʢʦʥʩʪʘʥʪʦʡ ʩʚʷʟʠ ộlỚ > 0 (ʈʠʩ. 14b), 

ʘ ʪʘʢʞʝ ʜʚʫʭʟʦʥʥʦʤ s++ -ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ (ʈʠʩ. 14c) ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʙʝʩʧʦʨʷʜʢʘ Tc ʥʝ ʦʙʨʘʱʘʝʪʩʷ 

ʚ ʥʦʣʴ, ʘ ʩʪʨʝʤʠʪʩʷ ʢ ʧʦʩʪʦʷʥʥʦʤʫ ʟʥʘʯʝʥʠʶ. ʇʨʠ ʚʚʝʜʝʥʠʠ ʤʘʛʥʠʪʥʳʭ ʧʨʠʤʝʩʝʡ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ 

Tc ʫʤʝʥʴʰʘʝʪʩʷ ʜʣʷ ʚʩʝʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʚ ʨʘʙʦʪʘʭ [222,223] ʩʠʩʪʝʤ. ʀʩʢʣʶʯʝʥʠʷʤʠ ʷʚʣʷʶʪʩʷ ʩʣʫ-

ʯʘʡ ʫʥʠʪʘʨʥʦʛʦ ʧʨʝʜʝʣʘ ʩ h = 1 (ʧʦʢʘʟʘʚʰʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʦʣʝʝ ʩʣʘʙʦʝ ʧʦʥʠʞʝʥʠʝ ʊʩ ʚ ʟʘʚʠʩʠ-

ʤʦʩʪʠ ʦʪ ɻʘ) ʠ ʩ h = 0.5 (ʜʣʷ ʢʦʪʦʨʦʛʦ ʊʩ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ɻʘ ʚʦ ʚʩʝʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʠʩʪʝʤʘʭ, ʯʪʦ ʥʘ 

ʧʝʨʚʳʡ ʚʟʛʣʷʜ ʧʨʦʪʠʚʦʨʝʯʠʪ ʚʳʚʦʜʘʤ ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ɸʙʨʠʢʦʩʦʚʘ-ɻʦʨʴʢʦʚʘ [215]). 

ʇʨʠ ʥʘʣʠʯʠʠ ʜʚʫʭ ʢʘʥʘʣʦʚ ʢʫʧʝʨʦʚʩʢʦʛʦ ʩʧʘʨʠʚʘʥʠʷ ʚ ʩʠʩʪʝʤʝ ʚʦʟʤʦʞʥʘ ʩʤʝʥʘ ʪʠʧʘ ʩʠʤ-

ʤʝʪʨʠʠ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʤʝʩʝʡ [205,224ï226]. ʊʘʢ, ʧʨʠ 

ʥʘʣʠʯʠʠ ʜʦʤʠʥʠʨʫʶʱʝʛʦ ʤʝʞʟʦʥʥʦʛʦ sÑ-ʩʧʘʨʠʚʘʥʠʷ ʩ ʥʝʥʫʣʝʚʳʤ ʚʥʫʪʨʠʟʦʥʥʳʤ s++ -ʚʟʘʠʤʦʜʝʡʩʪ-

ʚʠʝʤ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʝʤʘʛʥʠʪʥʳʭ ʧʨʠʤʝʩʝʡ ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʨʫʰʝʥʠʝ sÑ-ʩʦʩʪʦʷʥʠʷ ʠ 

ʩʪʘʙʠʣʠʟʘʮʠʷ s++ -ʩʦʩʪʦʷʥʠʷ, ʪ.ʝ. ʠʤʝʝʪ ʤʝʩʪʦ sÑ-s++ -ʧʝʨʝʭʦʜ. ɺ ʩʣʫʯʘʝ ʨʝʘʣʠʟʘʮʠʠ ʟʥʘʢʦʧʝʨʝʤʝʥ-

ʥʦʡ ʉʇ-ʱʝʣʠ ʥʘ ʵʣʝʢʪʨʦʥʥʳʭ ʢʘʨʤʘʥʘʭ ʚ ʫʛʣʘʭ ʟʦʥʳ ɹʨʠʣʣʶʵʥʘ ʧʨʦʠʩʭʦʜʠʪ ʝʝ ʧʦʩʪʝʧʝʥʥʘʷ ʠʟʦ-

ʪʨʦʧʠʟʘʮʠʷ ʩ ʠʩʯʝʟʥʦʚʝʥʠʝʤ ʪʦʯʝʢ ʥʫʣʝʡ ʠ ʫʩʪʘʥʦʚʣʝʥʠʝʤ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʟʥʘʢʘ D > 0 ʜʣʷ ʚʩʝʭ 

ʥʘʧʨʘʚʣʝʥʠʡ ʠʤʧʫʣʴʩʘ [205,224]. ɼʣʷ sÑ-ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʩ ʠʟʦʪʨʦʧʥʳʤʠ ʉʇ-ʱʝʣʷʤʠ +DL ʠ -DS, 

ʩʦʛʣʘʩʥʦ [225,226], ʪʘʢʦʡ ʧʝʨʝʭʦʜ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʫʤʝʥʴʰʝʥʠʝʤ |DL| ʠ |DS| ʧʨʠ 

ʩʣʘʙʦʤ ʨʘʩʩʝʷʥʠʠ, ʧʨʦʤʝʞʫʪʦʯʥʳʤ çʙʝʩʱʝʣʝʚʳʤè ʩʦʩʪʦʷʥʠʝʤ ʚ ʦʜʥʦʡ ʠʟ ʟʦʥ ʩ DS = 0 ʧʨʠ ɻʘ ~ 

DS(0) ʠ ʧʦʩʣʝʜʫʶʱʠʤ ʨʦʩʪʦʤ +DS ʠ ʝʝ ʩʙʣʠʞʝʥʠʝʤ ʩ +DL. ʇʨʠʤʝʨ ʨʘʩʯʝʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ DL,S(ɻʘ) 

ʧʦʢʘʟʘʥ ʥʘ ʈʠʩ. 14d. ɺ ʩʣʫʯʘʝ ʚʚʝʜʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʧʨʠʤʝʩʝʡ, ʥʘʦʙʦʨʦʪ, ʚʦʟʤʦʞʝʥ s++ -sÑ-ʧʝʨʝʭʦʜ, 

ʪʘʢʞʝ ʩʦʧʨʦʚʦʞʜʘʝʤʳʡ ʦʙʨʘʱʝʥʠʝʤ ʚ ʥʦʣʴ ʦʜʥʦʡ ʠʟ ʉʇ-ʱʝʣʝʡ [222]. 
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ʈʠʩ. 14 ð ɿʘʚʠʩʠʤʦʩʪʴ ʊʩ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʨʘʩʩʝʷʥʠʷ ʥʘ ʧʨʠʤʝʩʷʭ ɻʘ ʜʣʷ sÑ-ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ 

ʩ ʵʬʬʝʢʪʠʚʥʦʡ ʢʦʥʩʪʘʥʪʦʡ ʩʚʷʟʠ ộlỚ < 0 (ʘ) ʠ ộlỚ > 0 (b) ʠ s++ -ʩʠʩʪʝʤʳ (ʩ) ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʦʪʥʦ-

ʰʝʥʠʷʭ h ¹ v/u ʘʤʧʣʠʪʫʜ ʚʥʫʪʨʠʟʦʥʥʦʛʦ ʠ ʤʝʞʟʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ [223]. ɿʘʚʠʩʠʤʦʩʪʴ ʘʤʧʣʠʪʫʜ 

ʉʇ-ʱʝʣʝʡ ʧʨʠ u = 0.7, h = 1.0 ʠ ʚʘʨʠʘʮʠʠ ʦʙʦʙʱʝʥʥʦʛʦ ʩʝʯʝʥʠʷ ʨʘʩʩʝʷʥʠʷ s [226]. 

 

 

 

1.3. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʡ ʧʦʜʩʠʩʪʝʤʳ ʧʥʠʢʪʠʜʦʚ ʠ 

ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʞʝʣʝʟʘ ʩʝʤʝʡʩʪʚ 122 ʠ 1144 

 

ʉʨʝʜʠ ʵʣʝʢʪʨʦʥʥʦ-ʜʦʧʠʨʦʚʘʥʥʳʭ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ Ba-122 ʩʪʨʫʢʪʫʨʘ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦ-

ʨʷʜʢʘ ʥʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦ ʠʟʫʯʘʣʠʩʴ ʚ ʩʦʝʜʠʥʝʥʠʷʭ BFCA. ʀʩʩʣʝʜʦʚʘʥʠʷ ʨʦʜʩʪʚʝʥʥʳʭ ʧʥʠʢʪʠ-

ʜʦʚ BFNA ʨʝʞʝ ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʣʠʪʝʨʘʪʫʨʝ. ʀʤʝʶʱʠʝʩʷ ʜʘʥʥʳʝ ʦ ʢʦʣʠʯʝʩʪʚʝ ʉʇ-ʱʝʣʝʡ, ʦʙʥʘʨʫ-

ʞʝʥʥʳʭ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʠ ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʷʭ ri ¹ 2Di(0)/kBTc ʜʣʷ ʧʥʠʢʪʠ-

ʜʦʚ BFNA ʠ BFCA ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣ. 1. 

ɿʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ BFCA ʥʠʞʝ Tc ʠʩʩʣʝʜʦʚʘʥʘ ʤʝʪʦʜʦʤ ʌʕʉʋʈ ʚ ʨʘʙʦʪʘʭ [63,67]. ʈʘʩʧʦʣʦ-

ʞʝʥʠʝ ʢʘʨʤʘʥʦʚ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ (a, b, h) ʠ ʘʤʧʣʠʪʫʜʳ ʦʪʢʨʳʚʘʶʱʠʭʩʷ ʥʘ ʥʠʭ ʥʠʞʝ ʊʩ ʉʇ-

ʱʝʣʝʡ ʧʨʠʚʝʜʝʥʳ ʩʦʛʣʘʩʥʦ ʩʭʝʤʝ ʚ ʊʘʙʣ. 1. ɺ ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʦʤ ʩʦʩʪʘʚʝ c Tc å 25.5 K 

ʦʙʥʘʨʫʞʝʥʳ ʉʇ-ʱʝʣʠ Da/b(0) å 7 ʤʵɺ ʠ Dh(0) å 4.5 ʤʵɺ ʙʝʟ ʧʨʠʟʥʘʢʦʚ ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚ k-
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ʧʨʦʩʪʨʘʥʩʪʚʝ, ʦʪʢʨʳʚʘʶʱʠʝʩʷ ʚ ʜʳʨʦʯʥʦʡ ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʟʦʥʝ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [63]. ɸʚʪʦʨʘʤ [67] 

ʫʜʘʣʦʩʴ ʨʘʟʨʝʰʠʪʴ ʪʨʠ ʧʦʯʪʠ ʠʟʦʪʨʦʧʥʳʝ ʉʇ-ʱʝʣʠ ʚ ʢʨʠʩʪʘʣʣʘʭ BFCA ʧʦʯʪʠ ʦʧʪʠʤʘʣʴʥʳʭ ʩʦʩʪʘ-

ʚʦʚ: ʜʚʝ ʙʦʣʴʰʠʝ ʉʇ-ʱʝʣʠ Da(0) å Db(0) å 6.5 ʤʵɺ ʥʘ ʜʚʫʭ ʜʳʨʦʯʥʳʭ ʣʠʩʪʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʠ 

ʤʘʣʫʶ ʉʇ-ʱʝʣʴ Dh(0) å 4.6 ʤʵɺ ʚ ʵʣʝʢʪʨʦʥʥʳʭ ʟʦʥʘʭ. ʆʪʢʨʳʪʠʝ ʙʦʣʴʰʦʡ ʉʇ-ʱʝʣʠ ʚ ʜʳʨʦʯʥʳʭ 

ʟʦʥʘʭ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʝʥʦ ʦʧʪʠʯʝʩʢʠʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ [84]. ɼʣʷ BFNA ʚ ʣʠʪʝʨʘʪʫʨʝ ʜʦ ʩʠʭ ʧʦʨ 

ʥʝʪ ʩʦʦʙʱʝʥʠʡ ʦʙ ʫʩʧʝʰʥʳʭ ʌʕʉʋʈ-ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʉʇ-ʱʝʣʝʚʦʡ ʩʪʨʫʢʪʫʨʳ. 

ɼʘʥʥʳʝ ʌʕʉʋʈ ʜʣʷ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122 ʩ ʜʳʨʦʯʥʳʤ ʟʘʤʝʱʝʥʠʝʤ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʤʥʦ-

ʛʦʯʠʩʣʝʥʥʳ [227ï234] ʠ ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣ. 2. ɺʩʝ ʧʨʦʚʝʜʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ 

BKFA ʚʙʣʠʟʠ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʉʇ-ʱʝʣʴ ʩ ʙʦʣʴʰʝʡ ʘʤʧʣʠʪʫʜʦʡ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʤ ʦʪʥʦ-

ʰʝʥʠʝʤ ra å 6.7ï8.8 ʦʪʢʨʳʚʘʝʪʩʷ ʥʘ ʚʥʫʪʨʝʥʥʝʤ ʜʳʨʦʯʥʦʤ ʮʠʣʠʥʜʨʝ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ, ʠʤʝʶ-

ʱʝʤ ʥʘʠʤʝʥʴʰʠʡ ʨʘʜʠʫʩ (ʦʙʦʟʥʘʯʝʥ ʢʘʢ a ʥʘ ʩʭʝʤʝ, ʧʨʠʚʝʜʝʥʥʦʡ ʚ ʊʘʙʣ. 2), ʘ ʤʘʣʘʷ ʉʇ-ʱʝʣʴ ʩ rg 

å 2.0ï4.9 ð ʥʘ ʚʥʝʰʥʝʤ ʜʳʨʦʯʥʦʤ ʮʠʣʠʥʜʨʝ. ʉʇ-ʱʝʣʠ ʩ ʙʣʠʟʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ rd,e ʦʪʢʨʳʚʘʶʪʩʷ 

ʥʘ d ʠ e-ʢʘʨʤʘʥʘʭ, ʦʙʨʘʟʫʶʱʠʭ çʧʨʦʧʝʣʣʝʨè ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʚʦʢʨʫʛ ʄ-ʪʦʯʢʠ. ʉʣʝʜʫʝʪ, ʦʜʥʘʢʦ, 

ʧʨʠʥʷʪʴ ʚʦ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʚ ʨʘʙʦʪʝ [229] ʧʦʣʦʞʝʥʠʝ ʧʠʢʘ ʩʧʝʢʪʨʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ EF 

ʥʘ a-ʮʠʣʠʥʜʨʝ ʚ BKFA ʫʚʝʣʠʯʠʚʘʣʦʩʴ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʠ ʥʝ ʦʙʨʘʱʘʣʦʩʴ ʚ ʥʦʣʴ ʚʧʣʦʪʴ ʜʦ ʊ å 50 ʂ 

> Tc, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʘʥʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʘʩʩʦʮʠʠʨʦʚʘʥʘ ʩʦ ʉʇ-ʱʝʣʴʶ. ɺ ʨʘʙʦʪʘʭ 

[227,228,231,233] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʘʤʧʣʠʪʫʜʳ ʵʣʝʢʪʨʦʥʥʦʡ Dd(0) ʠ ʜʳʨʦʯʥʦʡ De(0) ʉʇ-ʱʝʣʝʡ 

ʦʜʠʥʘʢʦʚʳ; ʚ ʨʘʙʦʪʝ [232] ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ å 10% ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʚʝʣʠʯʠʥʘʤʠ ʉʇ-ʱʝʣʝʡ, ʦʪʢʨʳʚʘ-

ʶʱʠʭʩʷ ʥʘ ʨʘʟʣʠʯʥʳʭ ʫʯʘʩʪʢʘʭ çʧʨʦʧʝʣʣʝʨʘè. ʉʭʦʞʘʷ ʉʇ-ʱʝʣʝʚʘʷ ʩʪʨʫʢʪʫʨʘ, ʦʜʥʘʢʦ ʩ ʯʫʪʴ ʤʝʥʴ-

ʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʡ ra å rd,e å 5.5ï5.8, rg å 2.0ï3.1 ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʚ 

[232ï234] ʜʣʷ ʦʧʪʠʤʘʣʴʥʳʭ ʠ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ Ba1-xNaxFe2As2 ʠ Ca1-xNaxFe2As2 ʩ ʜʳ-

ʨʦʯʥʳʤ ʟʘʤʝʱʝʥʠʝʤ ʠ ʩʭʦʞʝʡ ʪʦʧʦʣʦʛʠʝʡ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʉʭʝʤʘʪʠʯʝʩʢʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʤʧʣʠ-

ʪʫʜ ʉʇ-ʱʝʣʝʡ ʥʘ ʨʘʟʣʠʯʥʳʭ ʫʯʘʩʪʢʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʦ ʜʘʥʥʳʤ [233,234] 

ʧʨʠʚʝʜʝʥʦ ʥʘ ʈʠʩ. 15. ʉʠʣʴʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ Ag å 70% ʠ Ae å 62% ʉʇ-ʱʝʣʝʡ, ʦʪʢʨʳʚʘʶʱʠʭʩʷ ʥʘ 

ʚʥʝʰʥʠʭ ʜʳʨʦʯʥʳʭ ʢʘʨʤʘʥʘʭ ʚ ɻ ʠ ʄ-ʪʦʯʢʝ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʦʢʘʟʘʥʘ ʩ ʧʦʤʦʱʴʶ ʨʘʤʘʥʦʚʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ ʨʘʙʦʪʝ [235]. 

ɺ ʧʥʠʢʪʠʜʘʭ BKFA ʩʠʣʴʥʦ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʩ Tʩ < 17 ʂ ʠ KFe2As2 ʚ ʠʩʩʣʝʜʦʚʘ-

ʥʠʷʭ [230] ʙʳʣʦ ʨʘʟʨʝʰʝʥʦ ʪʨʠ ʜʳʨʦʯʥʳʭ ʮʠʣʠʥʜʨʘ (a, b, g) ʚʦʢʨʫʛ ɻ-ʪʦʯʢʠ; ʜʚʝ ʉʇ-ʱʝʣʠ ʙ·ʣʴʰʝʡ 

ʘʤʧʣʠʪʫʜʳ ʦʙʥʘʨʫʞʝʥʳ ʥʘ a ʠ b-ʮʠʣʠʥʜʨʘʭ. ɿʘʤʝʪʠʤ, ʯʪʦ ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ ra å 

3, rb å 2.7 ʦʢʘʟʘʣʠʩʴ ʤʝʥʴʰʝ ɹʂʐ-ʧʨʝʜʝʣʘ ʩʣʘʙʦʡ ʩʚʷʟʠ 3.53, ʯʪʦ ʤʦʞʝʪ ʦʟʥʘʯʘʪʴ ʦʪʢʨʳʪʠʝ ʉʇ-

ʱʝʣʠ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʘʤʧʣʠʪʫʜʦʡ ʥʘ çʧʨʦʧʝʣʣʝʨʘʭè, ʥʝ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʚ ʨʘʙʦʪʝ [230]. ɺ KFe2As2 

ʩ Tʩ å 3.4 ʂ ʥʘʙʣʶʜʘʝʤʳʝ ʪʝʤʠ ʞʝ ʘʚʪʦʨʘʤʠ ʦʪʥʦʰʝʥʠʷ ra ʠ rb ʚʦʟʨʦʩʣʠ ʜʦ 10.2 ʠ 6.1, ʩʦʦʪʚʝʪʩʪ-

ʚʝʥʥʦ. ʍʦʪʷ ʘʚʪʦʨʳ ʥʠʢʘʢ ʥʝ ʢʦʤʤʝʥʪʠʨʫʶʪ ʪʘʢʠʝ ʜʨʘʤʘʪʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ, ʤʦʞʥʦ 
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ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʤʘʣʘʷ ʘʤʧʣʠʪʫʜʘ ʉʇ-ʱʝʣʝʡ ʚ ʜʳʨʦʯʥʳʭ ʟʦʥʘʭ ʚ ʦʙʨʘʟʮʝ ʩʦ ʩʪʦʣʴ ʥʠʟʢʦʡ ʊʩ 

ʦʢʘʟʘʣʘʩʴ ʤʝʥʴʰʝ ʧʦʛʨʝʰʥʦʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘ.  

a b 

ʈʠʩ. 15 ð ʉʝʯʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʧʣʦʩʢʦʩʪʴʶ kz = 0 ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʤʧʣʠʪʫʜ ʉʇ-ʱʝʣʝʡ, 

ʦʪʢʨʳʚʘʶʱʠʭʩʷ ʥʘ ʜʳʨʦʯʥʳʭ ʠ ʵʣʝʢʪʨʦʥʥʳʭ ʢʘʨʤʘʥʘʭ (ʚʝʨʪʠʢʘʣʴʥʘʷ ʦʩʴ), ʚ ʜʳʨʦʯʥʦ-ʜʦʧʠʨʦ-

ʚʘʥʥʳʭ BKFA (a) [231] ʠ Ca0.32Na0.68Fe2As2 (b) [233].  

 

ʀʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʉ(ʊ), ʛʣʫʙʠʥʳ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʤʘʛ-

ʥʠʪʥʦʛʦ ʧʦʣʷ lL(T) ʠ ʧʝʨʚʦʛʦ ʢʨʠʪʠʯʝʩʢʦʛʦ ʧʦʣʷ Hc1(T) ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ BFNA ʠ BFCA ʩ ʨʘʟ-

ʣʠʯʥʦʡ ʩʪʝʧʝʥʴʶ ʟʘʤʝʱʝʥʠʷ ʧʨʦʚʝʜʝʥʳ ʚ ʨʘʙʦʪʘʭ [236ï242]. ɼʣʷ ʦʮʝʥʢʠ ʨʝʰʝʪʦʯʥʦʡ ʩʦʩʪʘʚʣʷʶ-

ʱʝʡ Clat(T) ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʦʣʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ʉ(ʊ) ʘʥʘʣʦʛʠʯʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʥʝʩʚʝʨʭʧʨʦ-

ʚʦʜʷʱʝʛʦ ʩʦʩʪʘʚʘ (ʥʘʧʨʠʤʝʨ, ʩʠʣʴʥʦ ʥʝʜʦ- ʠʣʠ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʦʛʦ) ʩʦʛʣʘʩʥʦ ʧʨʦʮʝʜʫʨʝ, ʧʦʜʨʦʙʥʦ 

ʦʧʠʩʘʥʥʦʡ ʚ [243], ʪʘʢ ʢʘʢ ʢʣʘʩʩʠʯʝʩʢʠʡ ʤʝʪʦʜ ʧʦʜʘʚʣʝʥʠʷ Tc ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʥʝʧʨʠʤʝʥʠʤ ʢ 

ʧʥʠʢʪʠʜʘʤ Ba-122 ʠʟ-ʟʘ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ Hc2(0). ɺ ʨʘʙʦʪʝ [248] ʨʝʰʝʪʦʯʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ʙʳʣʘ 

ʩʤʦʜʝʣʠʨʦʚʘʥʘ ʚ ʨʘʤʢʘʭ ʧʦʜʭʦʜʘ ɼʝʙʘʷ-ʕʡʥʰʪʝʡʥʘ. ɼʣʷ ʦʮʝʥʢʠ ʉʇ-ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ ʧʦ ʜʘʥ-

ʥʳʤ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ Cel(T) ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʫʧʝʨʦʚʩʢʠʭ 

ʧʘʨ nS(T) ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪ.ʥ. a-ʤʦʜʝʣʴ [244], ʚ ʢʦʪʦʨʦʡ ʧʦʜʛʦʥʦʯʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʷʚʣʷʝʪʩʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʦʪʥʦʰʝʥʠʝ ai ſ ri, ʘ ʪʘʢʞʝ ʚʦʟʤʦʞʝʥ ʫʯʝʪ ʪʠʧʘ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʱʝʣʠ (s-ʚʦʣʥʦ-

ʚʦʡ, ʨʘʩʰʠʨʝʥʥʳʡ s-ʚʦʣʥʦʚʦʡ, d-ʚʦʣʥʦʚʦʡ). ʆʩʥʦʚʥʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ʜʚʫʭʟʦʥʥʦʡ a-ʤʦʜʝʣʠ [244] 

ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ɹʂʐ-ʦʙʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʉʇ-ʱʝʣʝʡ (ʯʪʦ ʠʩʢʣʶʯʘʝʪ 

ʫʯʝʪ ʤʝʞʟʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ), ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʪʨʝʭʤʝʨʥʦʩʪʠ ʠ ʠʟʦʪʨʦʧʥʦʩʪʠ ʩʚʦʡʩʪʚ ʩʚʝʨʭ-

ʧʨʦʚʦʜʥʠʢʘ ʠ ʧʨʠʙʣʠʞʝʥʠʷ ʢʚʘʟʠʢʣʘʩʩʠʯʥʦʩʪʠ D(0) Ḻ ǩwD Ḻ EF (ǩwD ð ʵʥʝʨʛʠʷ ɼʝʙʘʷ), ʯʪʦ, ʚʦ-

ʦʙʱʝ ʛʦʚʦʨʷ, ʩʪʘʚʠʪ ʚʦʧʨʦʩ ʦ ʝʝ ʧʨʠʤʝʥʠʤʦʩʪʠ ʢ ʧʥʠʢʪʠʜʘʤ ʞʝʣʝʟʘ, ʙʣʠʟʢʠʤ ʢ ʥʝʘʜʠʘʙʘʪʠʯʝʩʢʦʤʫ 

ʨʝʞʠʤʫ [60]. ɼʨʫʛʘʷ ʤʦʜʝʣʴ [245], ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʘʷ ʜʣʷ ʘʥʘʣʠʟʘ Cel(T) ʠ nS(T), ʨʘʟʨʘʙʦʪʘʥʘ ʥʘ 
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ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ ʕʡʣʝʥʙʝʨʛʝʨʘ ʜʣʷ ʜʚʫʭʟʦʥʥʳʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ, ʥʘʭʦʜʷʱʠʭʩʷ, ʦʜʥʘʢʦ, ʚ ʧʨʝ-

ʜʝʣʝ ʩʣʘʙʦʡ ʩʚʷʟʠ, ʧʦʵʪʦʤʫ ʢʦʨʨʝʢʪʥʦʩʪʴ ʝʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʧʥʠʢʪʠʜʘʤ ʠ ʩʝʣʝʥʠ-

ʜʘʤ ʞʝʣʝʟʘ ʪʘʢʞʝ ʚʳʟʳʚʘʝʪ ʩʦʤʥʝʥʠʷ. 

ʆʩʥʦʚʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʛʣʫʙʠʥʳ 

ʧʨʦʥʠʢʥʦʚʝʥʠʷ lL(T), ʠʭ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ, ʘ ʪʘʢʞʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ 

ʧʦʜʭʦʜʳ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʳ ʚ ʦʙʟʦʨʝ [246]. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʘʭ [118,240,241,266,275] ʟʘʚʠʩʠ-

ʤʦʩʪʴ lL(T) ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʧʫʪʝʤ ʧʝʨʝʩʯʝʪʘ ʠʟʤʝʨʝʥʥʦʡ ʩʢʦʨʦʩʪʠ ʜʝʧʦʣʷʨʠʟʘʮʠʠ ʤʶʦʥʥʳʭ ʩʧʠʥʦʚ 

ʚ ʨʘʤʢʘʭ ʧʦʜʭʦʜʘ [247], ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ɺʊʉʇ-ʢʫʧʨʘʪʘʤ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠ-

ʤʦʩʪʴ ʧʝʨʚʦʛʦ ʢʨʠʪʠʯʝʩʢʦʛʦ ʧʦʣʷ ʦʙʳʯʥʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʠʟʤʝʨʝʥʥʳʭ ʢʨʠʚʳʭ ʥʘʤʘʛʥʠʯʠ-

ʚʘʥʠʷ ʄ(ʅ), ʯʪʦ ʙʳʣʦ ʩʜʝʣʘʥʦ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʨʘʙʦʪʘʭ [87,236] ʜʣʷ BFNA ʠ EuRbFe4As4. ʂ ʩʦʞʘʣʝ-

ʥʠʶ, ʚʦʧʨʦʩ ʧʨʠʤʝʥʠʤʦʩʪʠ ʜʘʥʥʳʭ ʤʝʪʦʜʦʚ ʢ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʤ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʤ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝ ʦʙʩʫʞʜʘʝʪʩʷ ʚ ʣʠʪʝʨʘʪʫʨʝ. ɺʦʦʙʱʝ ʛʦʚʦʨʷ, ʢʣʘʩʩʠʯʝʩʢʦʝ ʚʳʨʘʞʝʥʠʝ ʪʝʦʨʠʠ ɻʠʥʟʙʫʨʛʘ-ʃʘʥʜʘʫ-

ɸʙʨʠʢʦʩʦʚʘ-ɻʦʨʴʢʦʚʘ (ɻʃɸɻ) [199,200] ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʫʧʝʨʦʚʩʢʠʭ ʧʘʨ ὲ Ὕ
ᶻ

 

ʚ ʧʥʠʢʪʠʜʘʭ ʠ ʩʝʣʝʥʠʜʘʭ ʞʝʣʝʟʘ ʤʦʞʝʪ ʟʘʤʝʪʥʦ ʫʩʣʦʞʥʠʪʴʩʷ, ʧʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʥʝʦʙʭʦʜʠ-

ʤʦʩʪʴ ʫʯʝʪʘ ʘʥʠʟʦʪʨʦʧʠʠ ʵʬʬʝʢʪʠʚʥʦʡ ʤʘʩʩʳ ʥʦʩʠʪʝʣʝʡ ʚ k-ʧʨʦʩʪʨʘʥʩʪʚʝ ʠ ʝʝ ʚʦʟʤʦʞʥʦʝ ʪʝʤʧʝʨʘ-

ʪʫʨʥʦʝ ʠʟʤʝʥʝʥʠʝ m*(T) Í const, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʦ ʜʚʠʞʝʥʠʝʤ ʟʦʥ, ʥʘʙʣʶʜʘʝʤʳʤ ʚ 

ʧʥʠʢʪʠʜʘʭ ʩʝʤʝʡʩʪʚʘ Ba-122 [65,70ï74] ʠ ʬʝʨʨʦʩʝʣʝʥʠʜʘʭ ʩʝʤʝʡʩʪʚʘ 122-Se [146,157]. ɺʳʨʘʞʝʥʠʝ 

ʜʣʷ ʧʝʨʚʦʛʦ ʢʨʠʪʠʯʝʩʢʦʛʦ ʧʦʣʷ Ὄ Ὕ ÌÎ‖Ὕ ʜʣʷ k > 3, ʛʜʝ k ð ʧʘʨʘʤʝʪʨ ɻʠʥʟʙʫʨʛʘ-

ʃʘʥʜʘʫ, ʌ0 ð ʢʚʘʥʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ, ʪʘʢʞʝ ʪʨʝʙʫʝʪ ʫʯʝʪʘ ʠʟʤʝʥʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝ-

ʣʷʝʤʦʡ ʛʣʫʙʠʥʳ ʧʨʦʥʠʢʥʦʚʝʥʠʷ lGL ʦʪʥʦʩʠʪʝʣʴʥʦ ʣʦʥʜʦʥʦʚʩʢʦʡ ʛʣʫʙʠʥʳ ʚ ʯʠʩʪʦʤ ʧʨʝʜʝʣʝ lL(¤) 

ʧʨʠ lel Ÿ Ð ʠʟ-ʟʘ ʜʝʬʝʢʪʥʦʩʪʠ ʦʙʨʘʟʮʘ ρ . ɺ ʯʘʩʪʥʦʩʪʠ, ʝʩʣʠ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʦʙ-

ʨʘʟʮʘ ʥʝ ʜʦʩʪʠʛʘʝʪ ʧʨʠʤʝʨʥʦ ʧʦʩʪʦʷʥʥʦʛʦ ʦʩʪʘʪʦʯʥʦʛʦ ʟʥʘʯʝʥʠʷ R0 ʧʨʠ ʊ å Tc, ʘ ʤʝʥʷʝʪʩʷ ʩ ʪʝʤʧʝ-

ʨʘʪʫʨʦʡ (ʯʪʦ ʠʤʝʝʪ ʤʝʩʪʦ ʜʣʷ ʚʩʝʭ ʧʥʠʢʪʠʜʦʚ ʠ ʩʝʣʝʥʠʜʦʚ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ 122, ʢʨʦʤʝ ʩʦʝʜʠʥʝ-

ʥʠʡ ʩʝʤʝʡʩʪʚʘ Ba-122 ʚʙʣʠʟʠ ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʭ R(T) å const 

ʚ ʰʠʨʦʢʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʚʳʰʝ ʊʩ [22]), ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʣʠʥʳ ʩʚʦʙʦʜʥʦʛʦ 

ʧʨʦʙʝʛʘ lel(T) ʤʦʞʝʪ ʚʳʟʚʘʪʴ ʟʘʤʝʪʥʳʝ ʦʪʣʠʯʠʷ ʤʝʞʜʫ Hc1(T) ʠ nS(T). ʊʝʤ ʥʝ ʤʝʥʝʝ, ʘʚʪʦʨʳ ʙʦʣʴ-

ʰʠʥʩʪʚʘ ʨʘʙʦʪ ʥʝ ʫʯʠʪʳʚʘʶʪ ʵʪʠ ʜʝʪʘʣʠ ʠ ʩʪʘʚʷʪ ʟʥʘʢ ʨʘʚʝʥʩʪʚʘ ʤʝʞʜʫ ʥʦʨʤʠʨʦʚʘʥʥʳʤʠ ʚʝʣʠʯʠ-

ʥʘʤʠ . ɼʘʣʝʝ ʧʨʠ ʦʧʠʩʘʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʜʦʙʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʜ çlLè ʙʫ-

ʜʝʪ ʧʦʥʠʤʘʪʴʩʷ lGL, ʘʥʘʣʦʛʠʯʥʦ ʦʙʦʟʥʘʯʝʥʠʷʤ, ʠʩʧʦʣʴʟʫʝʤʳʤ ʚ ʣʠʪʝʨʘʪʫʨʝ. 

ʇʨʠʤʝʨʳ ʟʘʚʠʩʠʤʦʩʪʝʡ Cel(T)/T [242] ʠ Hc1(T) [236], ʧʦʣʫʯʘʝʤʳʭ ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ 

BFNA ʠ BFCA, ʠ ʠʭ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʧʦʤʦʱʴʶ a-ʤʦʜʝʣʠ ʧʦʢʘʟʘʥʳ ʥʘ ʈʠʩ. 16. ʊʠʧʠʯʥʘʷ ʟʘʚʠʩʠ-

ʤʦʩʪʴ Hc1(T) ʥʘ ʈʠʩ. 16a (ʥʘʧʨʷʤʫʶ ʘʩʩʦʮʠʠʨʦʚʘʥʥʘʷ ʘʚʪʦʨʘʤʠ ʩ lL
-2(T)) ʜʣʷ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʦʛʦ 
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ʩʦʩʪʘʚʘ BFNA (x å 0.04) ʠʤʝʝʪ ʟʘʤʝʪʥʳʡ ʧʨʦʛʠʙ ʧʨʠ T å 4ï6 ʂ, ʚʳʟʚʘʥʥʳʡ ʚʢʣʘʜʦʤ ʉʇ-ʢʦʥʜʝʥʩʘʪʘ 

ʩ ʤʘʣʦʡ ʱʝʣʴʶ ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʤ ʦʪʥʦʰʝʥʠʝʤ rS å 1.5. ɼʣʷ ʜʨʫʛʠʭ ʩʦʩʪʘʚʦʚ BFNA [237,238] ʠ 

BFCA [239ï241] ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ Cel(T)/T ʠ lL
-2(T), ʩʭʦʞʠʝ ʧʦ ʚʠʜʫ, ʥʘ ʦʩʥʦʚʝ ʢʦʪʦʨʳʭ 

ʚ ʨʘʤʢʘʭ a-ʤʦʜʝʣʠ ʙʳʣʠ ʦʮʝʥʝʥʳ ʚʝʣʠʯʠʥʳ rL å 3.5ï3.9, rS å 1ï2. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʅʩ1(ʊ), ʧʦʣʫʯʝʥʥʘʷ ʚ [248] ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʝ BFNA ʩ x å 0.08, ʙʳʣʘ ʦʧʠʩʘʥʘ ʚ ʨʘʤʢʘʭ ʜʚʫʭʟʦʥʥʦʡ 

a-ʤʦʜʝʣʠ [249] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ rS å 1.5ï2.0, rL å 5.7 ʧʨʠ ʚʚʝʜʝʥʠʠ ʨʘʩʰʠʨʝʥʥʦʛʦ s-ʚʦʣʥʦʚʦʛʦ ʪʠʧʘ 

ʩʠʤʤʝʪʨʠʠ ʙʦʣʴʰʦʡ ʠ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ. ʕʚʦʣʶʮʠʷ ʉʇ-ʱʝʣʝʡ ʚʜʦʣʴ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ ʜʦʧʠʨʦʚʘ-

ʥʠʷ BFCA ʦʮʝʥʝʥʘ ʚ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ [242]: ʟʘʚʠʩʠʤʦʩʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ 

ʦʪʥʦʰʝʥʠʡ rL(x) ʠ rS(x) ʜʣʷ ʙʦʣʴʰʦʡ ʠ ʤʘʣʦʡ ʉʇ-ʱʝʣʝʡ, ʦʮʝʥʝʥʥʳʭ ʚ ʨʘʤʢʘʭ a-ʤʦʜʝʣʠ, ʦʪ ʩʪʝʧʝʥʠ 

ʜʦʧʠʨʦʚʘʥʠʷ ʧʦʚʪʦʨʷʶʪ ʬʦʨʤʫ ʉʇ-ʬʘʟʳ (çʢʦʣʦʢʦʣʘè), ʤʝʥʷʷʩʴ ʦʪ rS å 2.0, rL å 4.9 ʚ ʦʧʪʠʤʘʣʴʥʦʤ 

ʩʦʩʪʘʚʝ ʜʦ rS å 1.3, rL å 3.1 < 3.53 ʥʘ ʛʨʘʥʠʮʘʭ ʠʩʩʣʝʜʦʚʘʥʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʩ x å 0.08 ʠ 0.24. ʅʘʧʨʦʪʠʚ, 

ʜʘʥʥʳʝ lL
-2(T) [240] ʫʢʘʟʳʚʘʶʪ ʥʘ ʧʨʠʤʝʨʥʦ ʧʦʩʪʦʷʥʥʦʝ ʦʪʥʦʰʝʥʠʝ rL ʜʣʷ ʦʧʪʠʤʘʣʴʥʦ ʠ ʧʝʨʝʜʦ-

ʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ BFCA ʚ ʘʥʘʣʦʛʠʯʥʦʤ ʜʠʘʧʘʟʦʥʝ ʵʣʝʢʪʨʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ. 

ʆʧʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʠ ʧʣʝʥʦʢ BFCA ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʘʚʦʚ ʤʝʪʦʜʘʤʠ 

ʠʥʬʨʘʢʨʘʩʥʦʡ (ʀʂ) ʠ ʊɻʮ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʤʥʦʛʠʤʠ ʛʨʫʧʧʘʤʠ [82ï86,250,251], ʚ 

ʪʦ ʞʝ ʚʨʝʤʷ, ʜʘʥʥʳʝ ʧʦ BFNA ʥʝ ʩʪʦʣʴ ʤʥʦʛʦʯʠʩʣʝʥʥʳ [80,81]. ʈʝʟʫʣʴʪʘʪʳ ʙʦʣʴʰʠʥʩʪʚʘ ʨʘʙʦʪ 

ʢʘʯʝʩʪʚʝʥʥʦ ʩʦʛʣʘʩʫʶʪʩʷ: ʚ [80,81,84] ʥʘ ʰʠʨʦʢʦʜʠʘʧʘʟʦʥʥʳʭ ʩʧʝʢʪʨʘʭ ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ 

s1(w) ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʚʢʣʘʜʳ ʦʪ ʜʚʫʭ ʉʇ-ʱʝʣʝʡ ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʤʠ ʦʪʥʦʰʝʥʠʷʤʠ rL å 3.5ï

4.6 ʠ rS å 1.6ï2.1; ʚ ʨʘʙʦʪʘʭ [82,251] ʙʳʣʘ ʨʘʟʨʝʰʝʥʘ ʪʦʣʴʢʦ ʙʦʣʴʰʘʷ ʉʇ-ʱʝʣʴ ʩ ʘʥʘʣʦʛʠʯʥʳʤ ʦʪ-

ʥʦʰʝʥʠʝʤ rL. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ rL å 6.1ï9.2 ʠ rS å 2.7ï3.5 ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ 

[83,85], ʘ ʚ [250] ʙʳʣʠ ʨʘʟʨʝʰʝʥʳ ʪʨʠ ʥʝʟʘʚʠʩʠʤʳʝ ʉʇ-ʱʝʣʠ. ɺʳʰʝʫʢʘʟʘʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ 

ʦʪʥʦʰʝʥʠʷ ʙʣʠʟʢʠ ʢ r1 å 6.7ï7.0, r2 å 4.8ï5.0, r3 å 2.0ï2.3 ʜʣʷ ʙʦʣʴʰʝʛʦ ʠ ʤʝʥʴʰʝʛʦ ʠʟ ʪʨʝʭ ʉʇ-

ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ, ʠʟʚʣʝʯʝʥʥʳʭ ʠʟ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʊɻʮ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ [81] ʚ ʨʘʤʢʘʭ ʪʨʝʭʟʦʥʥʦʡ 

sÑ-ʤʦʜʝʣʠ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ ʕʣʠʘʰʙʝʨʛʘ [89]. 

ʂʣʘʩʩʠʯʝʩʢʠʝ ʪʫʥʥʝʣʴʥʳʝ ʤʝʪʦʜʳ ð ʩʢʘʥʠʨʫʶʱʘʷ ʪʫʥʥʝʣʴʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ (ʉʊʉ) ʠ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʪʦʯʝʯʥʳʭ ʢʦʥʪʘʢʪʦʚ (ʊʂ) ð ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩ-

ʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʉʇ-ʩʦʩʪʦʷʥʠʷ, ʪʠʧʘ ʠʭ ʩʠʤʤʝʪʨʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ. ɼʣʷ ʪʫʥ-

ʥʝʣʴʥʳʭ NIS-ʢʦʥʪʘʢʪʦʚ (N ð ʦʙʲʝʤʥʳʡ ʥʦʨʤʘʣʴʥʳʡ ʤʝʪʘʣʣ, S ð ʩʚʝʨʭʧʨʦʚʦʜʥʠʢ, I ð ʠʟʦʣʷʪʦʨ) 

ʥʘ ʙʘʟʝ ʜʚʫʭʱʝʣʝʚʦʛʦ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʦʧʨʝʜʝʣʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ |D(T)| ʨʝʟʢʦ 

ʟʘʪʨʫʜʥʷʝʪʩʷ ʠʟ-ʟʘ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʩʚʦʙʦʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʪʫʥ-

ʥʝʣʴʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʤʦʜʝʣʴʶ ɹʣʦʥʜʝʨʘ-ʊʠʥʢʭʘʤʘ-ʂʣʘʧʚʠʢʘ (ɹʊʂ) [252] (ʜʦ 7) ʠʣʠ ʚ ʨʘʤʢʘʭ 

ʧʦʜʭʦʜʘ ɾʠʚʝʨʘ ʠ ʄʝʛʝʨʣʝ [253] ʧʨʠ ʧʦʜʩʪʘʥʦʚʢʝ ʟʘʚʠʩʠʤʦʩʪʠ N(e,ɻ), ʧʦʣʫʯʝʥʥʦʡ ʚ ʤʦʜʝʣʠ ɼʘʡʥ-

ʩʘ [254], ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʠʛʣʳ ʉʊʄ ʥʝ ʟʘʚʠʩʠʪ ʦʪ 

ʵʥʝʨʛʠʠ Ntip(EF) = const (ʜʦ 5 ʧʦʜʛʦʥʦʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ). ɺ ʧʦʜʦʙʥʳʭ ʩʣʫʯʘʷʭ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʯʠʩʣʘ 
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ʧʦʜʛʦʥʦʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨʳ ʯʘʩʪʦ ʚʨʫʯʥʫʶ ʬʠʢʩʠʨʫʶʪ ʦʪʥʦʰʝʥʠʝ D1(T)/D2(T) ʧʨʠ 

ʚʩʝʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʧʣʦʪʴ ʜʦ ʊʩ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʜʚʫʭʟʦʥʥʦʛʦ 

ɹʂʐ-ʦʙʨʘʟʥʦʛʦ ʧʦʜʭʦʜʘ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ ʄʦʩʢʘʣʝʥʢʦ ʠ ʉʫʣʘ [212ï214], ʦʪʥʦʰʝʥʠʝ 

D1(T)/D2(T) = const ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʦʣʴʢʦ ʫʥʠʢʘʣʴʥʦʤʫ ʩʣʫʯʘʶ ʥʫʣʝʚʦʛʦ ʜʝʪʝʨʤʠʥʘʥʪʘ ʤʘʪʨʠʮʳ 

ʢʦʥʩʪʘʥʪ ʵʣʝʢʪʨʦʥ-ʙʦʟʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ lij. ʇʦʜʦʙʥʦʝ ʦʛʨʘʥʠʯʝʥʠʝ, ʚʨʫʯʥʫʶ ʚʚʦʜʠʤʦʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨʘʤʠ, ʤʦʞʝʪ, ʚʦʦʙʱʝ ʛʦʚʦʨʷ, ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʪʴ ʧʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ 

D1,2 ʧʨʠ T Ó 0.3Tc. 

a b 

ʈʠʩ. 16 ð (a) ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʙʨʘʪʥʦʛʦ ʢʚʘʜʨʘʪʘ ʛʣʫʙʠʥʳ ʧʨʦʥʠʢʥʦʚʝʥʠʷ lL
-2(T), 

ʧʦʣʫʯʝʥʥʘʷ ʧʦ ʜʘʥʥʳʤ ʠʟʤʝʨʝʥʠʡ Hc1(T) ʜʣʷ BFNA ʦʧʪʠʤʘʣʴʥʦʛʦ (ʭ = 0.1) ʠ ʥʝʜʦʜʦʧʠʨʦʚʘʥ-

ʥʳʭ ʩʦʩʪʘʚʦʚ (ʭ = 0.096, 0.092). ɸʧʧʨʦʢʩʠʤʘʮʠʠ a-ʤʦʜʝʣʴʶ ʧʨʠʚʝʜʝʥʳ ʰʪʨʠʭʦʚʦʡ ʣʠʥʠʝʡ (1 

ʟʦʥʘ, s-ʚʦʣʥʦʚʘʷ ʩʠʤʤʝʪʨʠʷ), ʣʠʥʠʝʡ ʟʝʣʝʥʦʛʦ ʮʚʝʪʘ (1 ʟʦʥʘ, d-ʚʦʣʥʦʚʘʷ ʩʠʤʤʝʪʨʠʷ) ʠ ʢʨʘʩʥʦ-

ʛʦ ʮʚʝʪʘ (2 ʟʦʥʳ, s-ʚʦʣʥʦʚʘʷ ʩʠʤʤʝʪʨʠʷ) [236]. (b) ʅʦʨʤʠʨʦʚʘʥʥʳʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩ-

ʪʠ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ Cel(T)/T ʜʣʷ BFCA ʦʧʪʠʤʘʣʴʥʦʛʦ (ʢʨʫʞʢʠ ʢʨʘʩʥʦʛʦ ʮʚʝʪʘ), ʥʝ-

ʜʦʜʦʧʠʨʦʚʘʥʥʳʭ (ʞʝʣʪʦʛʦ ʮʚʝʪʘ) ʠ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ (ʩʠʥʝʛʦ ʮʚʝʪʘ) ʩʦʩʪʘʚʦʚ ʩ x = 0.10ï0.24. 

ɸʧʧʨʦʢʩʠʤʘʮʠʠ ʜʚʫʭʟʦʥʥʦʡ a-ʤʦʜʝʣʴʶ (2 ʠʟʦʪʨʦʧʥʳʝ ʉʇ-ʱʝʣʠ) ʧʦʢʘʟʘʥʳ ʣʠʥʠʷʤʠ [242]. 

 

ʆʧʫʙʣʠʢʦʚʘʥʥʳʝ ʚ ʣʠʪʝʨʘʪʫʨʝ ʜʘʥʥʳʝ ʉʊʉ [33,34,36,48,53] ʠ ʊʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ [255ï259] 

ʜʦʚʦʣʴʥʦ ʧʨʦʪʠʚʦʨʝʯʠʚʳ. ʀʤʝʶʱʠʝʩʷ ʜʘʥʥʳʝ ʉʊʉ ʧʦʣʫʯʝʥʳ ʪʦʣʴʢʦ ʥʘ ʦʙʨʘʟʮʘʭ BFCA ʩ ʨʘʟʣʠʯ-

ʥʦʡ ʩʪʝʧʝʥʴʶ ʟʘʤʝʱʝʥʠʷ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʦʜʦʙʥʳʝ ʠʟʤʝʨʝʥʠʷ ʜʣʷ BFNA ʧʦʣʥʦʩʪʴʶ ʦʪʩʫʪʩʪʚʫʶʪ 
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(ʯʪʦ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʩʚʷʟʘʥʦ ʩ ʥʝʧʨʠʛʦʜʥʦʩʪʴʶ ʧʦʚʝʨʭʥʦʩʪʠ ʪʘʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʜʣʷ ʉʊʉ-ʠʩʩʣʝʜʦʚʘ-

ʥʠʡ). ɹʦʣʴʰʠʥʩʪʚʦ ʪʫʥʥʝʣʴʥʳʭ ʉʊʉ-ʩʧʝʢʪʨʦʚ NIS-ʢʦʥʪʘʢʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʙʘʟʝ BFCA 

[48,51,52,54], ʜʘʞʝ ʧʨʠ T Ḻ Tc ʧʦʢʘʟʳʚʘʶʪ ʩʣʘʙʦ ʚʳʨʘʞʝʥʥʳʝ ʱʝʣʝʚʳʝ ʦʩʦʙʝʥʥʦʩʪʠ (ʩ ʘʤʧʣʠʪʫ-

ʜʦʡ, ʥʝ ʧʨʝʚʳʰʘʶʱʝʡ 20% ʥʦʨʤʘʣʴʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʢʦʥʪʘʢʪʘ GN ʧʨʠ eV >> 2D(0)) ʠ ʟʥʘʯʠʪʝʣʴ-

ʥʳʡ ʨʘʟʙʨʦʩ ʠʭ ʩʤʝʱʝʥʠʡ Vpeak, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʦ ʢʘʢ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ ʉʇ-ʩʚʦʡʩʪʚ, ʪʘʢ ʠ 

ʚʘʨʠʘʮʠʝʡ ʧʘʨʘʤʝʪʨʘ ʨʘʟʤʳʪʠʷ ɻ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʘ, ʠʥʦʛʜʘ ʦʰʠʙʦʯʥʦ ʘʩʩʦʮʠʠʨʫʝʤʦʡ ʩ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʚʘʨʠʘʮʠʝʡ ʉʇ-ʱʝʣʠ [112]. ʇʦʩʣʝʜʥʝʝ ʢʘʞʝʪʩʷ ʥʝʫʜʠʚʠʪʝʣʴʥʳʤ, ʧʨʠʥʠʤʘʷ ʚʦ 

ʚʥʠʤʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʤʦʜʫʣʷʮʠʠ ʘʤʧʣʠʪʫʜʳ ʨʘʩʩʝʷʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʜʣʷ 

ʢʦʪʦʨʦʡ ʪʠʧʠʯʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʘʪʦʤʘʨʥʳʭ ʩʚʝʨʭʩʪʨʫʢʪʫʨ (ʥʘʙʣʶʜʘʝʤʳʭ ʚʦ ʚʩʝʭ ʧʥʠʢʪʠʜʘʭ ʩʝ-

ʤʝʡʩʪʚ 122 ʠ 1144 [55]) ʠʣʠ ʟʘʨʷʜʦʚʳʭ ʫʧʦʨʷʜʦʯʝʥʠʡ, ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʜʣʷ ʬʝʨʨʦ-

ʩʝʣʝʥʠʜʦʚ [131,138,139]. 

ʇʨʠʤʝʨ rʪʠʧʠʯʥʦʛʦ dI(V)/dV-ʩʧʝʢʪʨʘ ʪʫʥʥʝʣʴʥʦʛʦ NIS-ʢʦʥʪʘʢʪʘ ʠ ʛʠʩʪʦʛʨʘʤʤʳ ʧʦʣʦʞʝ-

ʥʠʡ ʦʩʦʙʝʥʥʦʩʪʝʡ Vpeak ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʊ << Tc ʩ ʧʦʤʦʱʴʶ ʉʊʉ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʥʦʢʨʠʩʪʘʣʣʘ 

BaFe1.88Co0.12As2 ʚ [54], ʧʦʢʘʟʘʥʳ ʥʘ ʈʠʩ. 17ʘ. ʂʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Vpeak(r) ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩ-

ʪʘʣʣʦʚ BFNA ʧʦʣʫʯʝʥʳ ʚ [48,53]. ɺ ʨʘʙʦʪʘʭ [48,51,52] ʚ ʢʘʯʝʩʪʚʝ ʘʤʧʣʠʪʫʜʳ ʝʜʠʥʩʪʚʝʥʥʦʡ ʉʇ-

ʱʝʣʠ 2D(0) ʙʳʣʠ ʚʟʷʪʳ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʫʩʨʝʜʥʝʥʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʪʫʥʥʝʣʴʥʳʤʠ ʤʘʢʩʠʤʫ-

ʤʘʤʠ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʜʠʘʧʘʟʦʥʫ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʡ r å 5.7ī10.3. ɺ ʢʘʯʝʩʪʚʝ ʦʙ-

ʱʝʡ ʦʩʦʙʝʥʥʦʩʪʠ ʙʦʣʴʰʠʥʩʪʚʘ dI(V)/dV-ʩʧʝʢʪʨʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʉʊʉ ʚ BFCA [48,51ï54] ʠ 

EuRbFe4As4 [111], ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʢʦʥʝʯʥʫʶ, ʜʦʚʦʣʴʥʦ ʚʳʩʦʢʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʧʨʠ ʥʫʣʝʚʦʤ ʩʤʝ-

ʱʝʥʠʠ GZBC, ʜʦʩʪʠʛʘʶʱʫʶ 0.8GN. ʇʦʩʢʦʣʴʢʫ ʚʚʝʜʝʥʠʝ ʧʨʠ ʊ << Tc ʥʝʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠʷ ɻ ʚ ʢʘ-

ʯʝʩʪʚʝ ʤʥʠʤʦʡ ʯʘʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʵʥʝʨʛʠʠ ʧʦ ʬʦʨʤʫʣʝ ɼʘʡʥʩʘ Ὃ‐ᶿὔ‐ὙὩ
ȿ ȿ

 [254] 

ʥʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ GZBC > 0 ʥʠ ʧʨʠ ʢʘʢʦʤ ɻ ʜʘʞʝ ʜʣʷ ʉʇ-ʱʝʣʠ ʩ d-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʝʡ, ʘʚ-

ʪʦʨʳ ʚʳʰʝʫʢʘʟʘʥʥʳʭ ʨʘʙʦʪ ʧʨʝʜʧʦʣʘʛʘʶʪ ʥʘʣʠʯʠʝ ʥʦʨʤʘʣʴʥʦʛʦ ʢʘʥʘʣʘ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ, ʜʘʶʱʝʛʦ 

ʚʢʣʘʜ ʚ ʦʙʱʫʶ ʜʠʥʘʤʠʯʝʩʢʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʢʦʥʪʘʢʪʘ, ʨʘʚʥʳʡ GZBC/GN. ʍʦʪʷ ʧʦʜʦʙʥʦʝ ʧʨʝʜʧʦʣʦ-

ʞʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʤʘʪʝʤʘʪʠʯʝʩʢʠ ʦʧʠʩʘʪʴ ʥʘʙʣʶʜʘʝʤʳʝ ʦʩʦʙʝʥʥʦʩʪʠ dI(V)/dV-ʩʧʝʢʪʨʦʚ, ʥʘʣʠʯʠʝ ʜʦ 

80% ʥʝʩʧʘʨʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʧʨʝʜʝʣʘʭ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ ʨʘʟʤʝʨʦʤ ʥʝʩʢʦʣʴʢʦ ʥʤ ʢʘʞʝʪʩʷ ʩʧʦʨ-

ʥʳʤ. 

ʅʘʠʙʦʣʝʝ ʢʘʯʝʩʪʚʝʥʥʳʝ ʉʊʉ-ʩʧʝʢʪʨʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ [53] ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʥʦʢʨʠʩʪʘʣ-

ʣʦʚ BFCA ʦʧʪʠʤʘʣʴʥʦʛʦ ʠ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʘʚʘ (ʈʠʩ. 17b). ʄʦʞʥʦ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ 

ʤʘʣʳʡ ʜʠʥʘʤʠʯʝʩʢʠʡ ʜʠʘʧʘʟʦʥ ʵʪʠʭ ʩʧʝʢʪʨʦʚ ʦʪ G å 0.75GN ʜʦ 1.25GN, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʠʤʝʨʥʦ 

75% ʚʢʣʘʜʫ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʯʝʨʝʟ ʢʦʥʪʘʢʪʥʫʶ ʦʙʣʘʩʪʴ. ʅʘ dI(V)/dV-ʩʧʝʢʪʨʘʭ ʯʝʪʢʦ 

ʚʠʜʥʳ ʜʚʝ ʪʫʥʥʝʣʴʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ, ʦʜʥʘʢʦ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ ʩʦʦʪʚʝʪʪʩʚʫʶʱʠʭ ʠʤ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʦʢʘʟʘʣʠʩʴ ʥʝʦʙʳʯʥʦ ʚʳʩʦʢʠʤʠ: rL å 11.6ī13.3, rS å 5.8ī6.6. ʉʨʘʚʥʠʤʦ 
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ʚʳʩʦʢʠʝ rL å 7.5ī14.7 ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʊʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ BFNA [255] ʠ BFCA 

[256,258,259].  

ɼʣʷ ʩʦʟʜʘʥʠʷ ʊʂ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ BFNA ʠ BFCA ʘʚʪʦʨʘʤʠ [255ï259] ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʪ.ʥ. 

çʤʷʛʢʠʡè ʤʝʪʦʜ, ʟʘʢʣʶʯʘʶʱʠʡʩʷ ʚ ʧʦʢʨʳʪʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʢʘʧʣʝʡ ʩʝʨʝʙʨʷʥʦʡ ʧʘʩʪʳ ʩ ʧʦ-

ʤʝʱʝʥʥʦʡ ʚʥʫʪʨʴ ʥʝʝ ʪʦʥʢʦʡ ʟʦʣʦʪʦʡ ʧʨʦʚʦʣʦʢʦʡ ʜʠʘʤʝʪʨʦʤ 18 ʤʢʤ, ʠʛʨʘʶʱʝʡ ʨʦʣʴ ʪʦʢʦʚʦʛʦ ʠ 

ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ (ʪʨʝʭʪʦʯʝʯʥʦʝ ʧʦʜʢʣʶʯʝʥʠʝ) [260,261]. ʇʨʠ ʵʪʦʤ, ʩʦʛʣʘʩʥʦ ʧʨʝʜʩʪʘʚʣʝ-

ʥʠʷʤ ʘʚʪʦʨʦʚ [260,261], ʠʟʤʝʨʠʪʝʣʴʥʳʡ ʪʦʢ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʤʘʩʩʠʚ ʧʘʨʘʣʣʝʣʴʥʦ ʧʦʜʢʣʶʯʝʥʥʳʭ 

ʊʂ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʚ ʪʦʯʢʘʭ ʢʘʩʘʥʠʷ ʟʝʨʝʥ Ag ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʉʇ-ʦʙʨʘʟʮʘ. ʇʦʣʫʯʝʥʥʳʝ ʩʧʝʢʪʨʳ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʙʳʣʠ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʳ ʤʦʜʝʣʴʶ ʊʘʥʘʢʠ ʠ ʂʘʰʠʚʘʷ ʜʣʷ ʜʚʫʤʝʨʥʦʛʦ 

ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ [262,263] ʩ ʚʚʝʜʝʥʠʝʤ ʧʘʨʘʤʝʪʨʘ ʨʘʟʤʳʪʠʷ ɻ [260,261], ʷʚʣʷʶʱʝʡʩʷ ʤʦʜʠʬʠʢʘ-

ʮʠʝʡ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ɹʊʂ [252].  

a b 

ʈʠʩ. 17 ð (a) ʉʧʝʢʪʨ ʪʫʥʥʝʣʴʥʦʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ (ʢʨʫʞʢʠ), ʧʦʣʫʯʝʥʥʳʡ ʥʘ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʤʦʥʦʢʨʠʩʪʘʣʣʘ BFCA ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʘʚʘ ʩ ʧʦʤʦʱʴʶ ʉʊʉ ʚ [54], ʠ ʝʛʦ 

ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʧʣʦʪʥʦʩʪʴʶ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ N(e) ʚ ʤʦʜʝʣʠ ɼʘʡʥʩʘ [254]. ɺʥʠʟʫ ʧʨʠʚʝʜʝ-

ʥʘ ʛʠʩʪʦʛʨʘʤʤʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ D(r) ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʤʝʨʦʤ 100 ³ 100 ʥʤ. 

(b) dI(V)/dV-ʩʧʝʢʪʨʳ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʢʨʫʞʢʠ), ʠʟʤʝʨʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʉʊʉ ʚ ʤʦ-

ʥʦʢʨʠʩʪʘʣʣʘʭ BFCA ʥʝʜʦ- ʠ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ [53]. ɼʘʥʥʳʝ ʧʨʠ T = 6 ʂ ʘʧʧʨʦʢʩʠʤʠ-

ʨʦʚʘʥʳ ʟʘʚʠʩʠʤʦʩʪʴʶ N(e) ʚ ʤʦʜʝʣʠ ɼʘʡʥʩʘ ʚ ʜʚʫʭʟʦʥʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ (ʣʠʥʠʠ). ɼʣʷ ʦʙʦʠʭ 

ʩʦʩʪʘʚʦʚ ɻL/DL(0) å 0.45,  ɻS/DS(0) å 0.1. 
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ɺ ʨʘʙʦʪʘʭ ʛʨʫʧʧʳ ɼʘʛʝʨʦ [256,258] ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ BFCA ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʘʚʦʚ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʪʦʯʝʯʥʳʝ NIS-ʢʦʥʪʘʢʪʳ ʚʳʩʦʢʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ (ʙʘʨʴʝʨʥʳʡ ʧʘʨʘʤʝʪʨ Z å 0.17ï0.37) ʩ 

ʜʠʘʧʘʟʦʥʦʤ ʥʦʨʤʘʣʴʥʳʭ ʩʦʧʨʦʪʠʚʣʝʥʠʡ RN ʜʦ 160 ʆʤ. ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʘʩʠʤʤʝʪʨʠʠ dI(V)/dV-ʭʘ-

ʨʘʢʪʝʨʠʩʪʠʢ, ʠʤʝʶʱʝʡ ʤʝʩʪʦ ʜʘʞʝ ʧʦʩʣʝ ʥʦʨʤʠʨʦʚʢʠ ʥʘ ʥʦʨʤʘʣʴʥʫʶ ʜʠʥʘʤʠʯʝʩʢʫʶ ʧʨʦʚʦʜʠ-

ʤʦʩʪʴ GN(V,T > Tc), ʘʚʪʦʨʳ [256] ʫʩʨʝʜʥʷʶʪ ʥʦʨʤʠʨʦʚʘʥʥʳʝ ʩʧʝʢʪʨʳ ʢʘʢ G(V) = [G(V) + G(-V)]/2. 

ʉ ʧʦʤʦʱʴʶ ʚʳʰʝʫʢʘʟʘʥʥʦʡ ɹʊʂ-ʦʙʨʘʟʥʦʡ ʤʦʜʝʣʠ [260,261] ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠ-

ʩʠʤʦʩʪʠ ʙʦʣʴʰʦʡ ʠ ʤʘʣʦʡ ʉʇ-ʱʝʣʝʡ DL,S(T), ʙʣʠʟʢʠʝ ʢ ʦʜʥʦʟʦʥʥʦʡ ɹʂʐ-ʦʙʨʘʟʥʦʡ ʬʫʥʢʮʠʠ 

[256,258]. ɺ [258] ʥʘ ʧʣʝʥʢʘʭ BFCA ʥʘʙʣʶʜʘʣʦʩʴ ʧʨʘʢʪʠʯʝʩʢʠ ʣʠʥʝʡʥʦʝ ʠʟʤʝʥʝʥʠʝ DL,S(0) ʩ ʢʨʠʪʠ-

ʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʚ ʜʠʘʧʘʟʦʥʝ ʊʩ å 8ï24 ʂ. dI(V)/dV-ʩʧʝʢʪʨʳ ʊʂ, ʧʦʣʫʯʝʥʥʳʝ ʜʨʫʛʦʡ ʛʨʫʧʧʦʡ 

ʚ [255] çʤʷʛʢʠʤè ʤʝʪʦʜʦʤ (ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʧʨʦʪʝʢʘʥʠʷ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʪʦʢʘ I || ab) ʥʘ ʤʦʥʦʢʨʠʩ-

ʪʘʣʣʘʭ BaFe1.9Ni0.1As2, ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʫʟʢʠʡ ʧʠʢ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʨʠ ʤʘʣʳʭ ʩʤʝʱʝ-

ʥʠʷʭ ʥʝʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʧʨʝʜʩʢʘʟʘʥʠʡ ʤʦʜʝʣʠ ɹʊʂ, ʧʨʘʢʪʠʯʝʩʢʠ ʪʨʝʫʛʦʣʴʥʦʡ ʬʦʨʤʳ. ɸʚʪʦʨʘʤ ʫʜʘ-

ʣʦʩʴ ʦʧʠʩʘʪʴ ʬʦʨʤʫ dI(V)/dV-ʩʧʝʢʪʨʦʚ ʚ ʨʘʤʢʘʭ ʘʥʘʣʦʛʠʯʥʦʛʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ɹʊʂ-ʧʦʜʭʦʜʘ 

[260,261] ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʠʟʦʪʨʦʧʥʦʡ ʙʦʣʴʰʦʡ ʉʇ-ʱʝʣʠ ʠ ɸ å 60% ʘʥʠʟʦʪʨʦʧʠʠ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ 

ʚ k-ʧʨʦʩʪʨʘʥʩʪʚʝ, ʘ ʪʘʢʞʝ ʧʨʠ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʭ ʘʤʧʣʠʪʫʜʘʭ ʨʘʟʤʳʪʠʷ GL(0) å 0.4DL(0), GS(0) å 

0.25DS
out(0), ʫʚʝʣʠʯʠʚʘʶʱʠʭʩʷ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ [255]. 

ɺ ʨʘʙʦʪʝ [257] ʥʘ dI(V)/dV-ʩʧʝʢʪʨʘʭ ʊʂ ʥʘʙʣʶʜʘʣʠʩʴ ʦʩʦʙʝʥʥʦʩʪʠ ʪʦʣʴʢʦ ʦʪ ʦʜʥʦʡ ʉʇ-ʱʝ-

ʣʠ ʩ ʤʝʥʴʰʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʤ ʦʪʥʦʰʝʥʠʝʤ r å 4.7. 

ɺ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ BaFe1.84Co0.16As2 ʛʨʫʧʧʦʡ ʐʠʪʘ [259] ʚʳʰʝ ʊʩ ʥʘʙʣʶ-

ʜʘʣʘʩʴ ʦʩʪʘʪʦʯʥʘʷ ʥʝʣʠʥʝʡʥʦʩʪʴ ʩʧʝʢʪʨʘ ʪʫʥʥʝʣʴʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩ ʧʦʚʳʰʝʥʥʦʡ GZBC > GN (ʥʝ-

ʭʘʨʘʢʪʝʨʥʘʷ ʜʣʷ ʢʦʥʪʘʢʪʦʚ ʥʘ ʦʩʥʦʚʝ ɹʂʐ-ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʩ N(e) å const ʚʙʣʠʟʠ EF [253]), ʘ 

ʪʘʢʞʝ ʦʩʦʙʝʥʥʦʩʪʴ (ʤʘʢʩʠʤʫʤ) ʚʦ ʚʥʝʱʝʣʝʚʦʡ ʦʙʣʘʩʪʠ ʩʤʝʱʝʥʠʡ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʜʦ T å 

30K < Tm,s. ɸʚʪʦʨʳ ʘʩʩʦʮʠʠʨʫʶʪ ʝʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʣʦʢʘʣʴʥʳʭ (ʥʝʢʦʛʝʨʝʥʪʥʳʭ) ʢʫʧʝʨʦʚʩʢʠʭ ʧʘʨ 

ʚʳʰʝ ʊʩ å 24 ʂ. ʆ ʥʝʣʠʥʝʡʥʦʤ ʭʘʨʘʢʪʝʨʝ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʊʂ (ʦʜʥʘʢʦ, ʩ GZBC < GN) 

ʪʘʢʞʝ ʩʦʦʙʱʘʣʦʩʴ ʚ ʙʣʠʟʢʠʭ ʢ ʦʧʪʠʤʘʣʴʥʳʤ ʩʦʩʪʘʚʘʭ BFNA [255] ʠ BFCA [256], ʘ ʪʘʢʞʝ ʜʳʨʦʯʥʦ-

ʜʦʧʠʨʦʚʘʥʥʦʤ BKFA [257]; ʚ [255,257] dI(V)/dV-ʩʧʝʢʪʨ ʊʂ ʣʠʥʝʘʨʠʟʦʚʘʣʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳ-

ʰʝ 100 ʂ. ʅʘʰʝʡ ʛʨʫʧʧʦʡ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦ ʥʘʙʣʶʜʘʣʘʩʴ ʦʩʪʘʪʦʯʥʘʷ ʥʝʣʠʥʝʡʥʦʩʪʴ ɺɸʍ ʠ dI(V)/dV-

ʩʧʝʢʪʨʦʚ ʪʫʥʥʝʣʴʥʳʭ ʢʦʥʪʘʢʪʦʚ ʚ BFNA ʩ ʰʠʨʦʢʠʤ ʜʠʘʧʘʟʦʥʦʤ ʜʦʧʠʨʦʚʘʥʠʷ (x å 0.08ï0.14), ʥʝ 

ʟʘʚʠʩʷʱʘʷ ʦʪ RN, ʥʝ ʚʳʟʚʘʥʥʘʷ ʧʝʨʝʛʨʝʚʦʤ ʢʦʥʪʘʢʪʘ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʶʱʘʷʩʷ ʩ ʨʦʩʪʦʤ ʪʝʤ-

ʧʝʨʘʪʫʨʳ ʚʧʣʦʪʴ ʜʦ ʊ å 40ï60 ʂ [264,265]. ɺʤʝʩʪʦ ʵʪʦʛʦ, ʧʦʩʢʦʣʴʢʫ ʧʦʣʦʞʝʥʠʷ ʭʘʨʘʢʪʝʨʥʳʭ ʦʩʦ-

ʙʝʥʥʦʩʪʝʡ ʥʝʣʠʥʝʡʥʦʩʪʠ dI(V)/dV-ʩʧʝʢʪʨʘ ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʯʝʪʢʫʶ ʪʝʥʜʝʥʮʠʶ ʢ ʠʟʤʝʥʝʥʠʶ ʩ ʜʦ-

ʧʠʨʦʚʘʥʠʝʤ, ʜʘʥʥʳʡ ʵʬʬʝʢʪ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ [253] ʙʳʣ ʩʚʷʟʘʥ ʩ ʥʘʣʠʯʠʝʤ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʣʦʪʥʦʩʪʠ 

ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ N(E) ʚʙʣʠʟʠ ʫʨʦʚʥʷ ʌʝʨʤʠ [265].  
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ʅʘ dI(V)/dV-ʩʧʝʢʪʨʘʭ ʪʫʥʥʝʣʴʥʳʭ ʢʦʥʪʘʢʪʦʚ ʥʘ ʙʘʟʝ BFNA [255] ʠ BFCA [256] ʥʠʞʝ Tc ʚ -r

ʰʝ ʢʨʘʷ ʉʇ-ʱʝʣʠ eV > DL ʙʳʣʘ ʨʘʟʨʝʰʝʥʘ ʪʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʠ ʩʤʝʱʝʥʠʷʭ eV* å DL + W ʩ ʵʥʝʨʛʠʝʡ 

W(0) å 11ï13 ʤʵɺ. ʍʦʪʷ ʧʦʣʫʯʝʥʥʘʷ ʵʥʝʨʛʠʷ W(T) ʙʦʟʦʥʘ ʫʤʝʥʴʰʘʣʘʩʴ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʙʳʩʪʨʝʝ, 

ʯʝʤ DL(T), ʯʪʦ, ʚʦʦʙʱʝ ʛʦʚʦʨʷ, ʧʨʦʪʠʚʦʨʝʯʠʪ ʨʘʩʯʝʪʘʤ ʂʦʨʰʫʥʦʚʘ ʜʣʷ ʧʦʣʦʞʝʥʠʷ ʩʧʠʥ-ʨʝʟʦʥʘʥʩ-

ʥʦʛʦ ʧʠʢʘ [187], ʚ [255,256] ʧʦʜʦʙʥʘʷ ʪʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ ʙʳʣʘ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʘ ʘʚʪʦʨʘʤʠ ʢʘʢ ʚʦʟ-

ʤʦʞʥʦʝ ʧʨʦʷʚʣʝʥʠʝ ʩʧʠʥʦʚʦʛʦ ʨʝʟʦʥʘʥʩʘ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, W(ʊ) ð ʢʘʢ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠ-

ʤʦʩʪʴ ʵʥʝʨʛʠʠ ʩʧʠʥʦʚʦʛʦ ʵʢʩʠʪʦʥʘ.  

 

ʊʘʙʣ. 1 ð ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ ʉʇ-ʱʝʣʝʡ, ʦʧʨʝʜʝʣʝʥʥʳʭ ʚ 

ʧʥʠʢʪʠʜʘʭ BFNA ʠ BFCA ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ. ʇʨʠʥʘʜʣʝʞʥʦʩʪʴ ʢ 

ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʦʤʫ (ʅɼ) ʠʣʠ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʦʤʫ (ʇɼ) ʩʦʩʪʘʚʫ ʙʳʣʘ 

ʬʦʨʤʘʣʴʥʦ ʦʧʨʝʜʝʣʝʥʘ ʥʘ ʦʩʥʦʚʝ ʥʘʣʠʯʠʷ/ʦʪʩʫʪʩʪʚʠʷ ʩʪʨʫʢʪʫʨʥʦʛʦ ʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʝʨʝʭʦʜʦʚ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ R(T) ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ. 

ʈʘʩʧʦʣʦʞʝʥʠʝ ʜʳʨʦʯʥʳʭ (a, b) ʠ ʵʣʝʢʪʨʦʥʥʳʭ (h) ʢʘʨʤʘʥʦʚ ʧʦʚʝʨʭʥʦʩ-

ʪʠ ʌʝʨʤʠ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʉʇ-ʱʝʣʠ D(0) ʦʪʤʝʯʝʥʳ ʩʦʛʣʘʩʥʦ ʩʭʝʤʝ 

ʩʧʨʘʚʘ. ɼʠʘʧʘʟʦʥʳ ʟʥʘʯʝʥʠʡ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʘʥʠʟʦʪʨʦʧʠʠ D(0) ʚ k-ʧʨʦ-

ʩʪʨʘʥʩʪʚʝ (ɸ) ʠ ʧʦʛʨʝʰʥʦʩʪʠ. ʊʠʧ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʱʝʣʠ ʫʢʘʟʘʥ ʚ ʩʢʦʙ-

ʢʘʭ (s-ʚʦʣʥʦʚʦʡ, d-ʚʦʣʥʦʚʦʡ). 

 

ʉʦʝʜʠʥʝʥʠʝ ʊʩ, ʂ rL rS ʄʝʪʦʜ ʉʩʳʣʢʘ 

BaFe1.9Ni0.1As2  20 3.7 1.6 C(T), Hc1 236 

BaFe1.904Ni0.096As2  19 3.6 1.5 C(T), Hc1 236 

BaFe1.908Ni0.098As2 (ʇɼ) 18.4 3.5 1.5 C(T), Hc1 236 

BaFe1.92Ni0.08As2 18 4.1ï5.7 1.5ï2.0 Hc1 248 

BaFe1.9Ni0.1As2 20 3.8 (s-ʚʦʣʥ.); 5.4 

(d-ʚʦʣʥ.) 

1.3 (s-ʚʦʣʥ.); 2.3 

(s-ʚʦʣʥ.)  

C(T) 237 

BaFe1.84Co0.16As2 (ʇɼ) 20 3.9 0.9 C(T) 237 

BaFe1.9Ni0.1As2 20 3.7 1.9 C(T) 238 

BaFe1.91Ni0.09As2 20 4.0ï4.3 1.9ï2.0 ʀʂ 80 

BaFe1.93Ni0.07As2  21.1 3.5 1.6 ʀʂ 81 

BaFe1.9Ni0.1As2 21.6 3.7ï4.1 1.9ï2.1 ʀʂ 81 

BaFe1.85Co0.15As2 25 6.5 (a,b) 4.3 (h) ʌʕʉʋʈ 63 

BaFe1.842Co0.158As2 25 6.0 (a,b) 4.3 (h) ʌʕʉʋʈ 67 

BaFe1.888Co0.112As2 (ʅɼ) 19 7.1 (a), 6.1 (b) 4.9 (h) ʌʕʉʋʈ 67 
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BaFe1.888Co0.112As2 (ʅɼ) 19 6.8 (b) 5.6 (h) ʌʕʉʋʈ 67 

BaFe1.9Co0.1As2 (ʅɼ) 18.5 5.2 1.6 C(T) 239 

BaFe1.888Co0.122As2 (ʅɼ) 23.6 3.7  lL(T) 240 

BaFe1.852Co0.148As2 (ʅɼ) 22.1 3.8 1.2 lL(T) 241 

BaFe1.798Co0.202As2 (ʇɼ) 14.1 3.7  lL(T) 240 

BaFe1.78Co0.22As2 (ʇɼ) 10.3 3.7  lL(T) 240 

BaFe1.885Co0.115As2 (ʅɼ) 24.3 4.9 1.8 C(T) 242 

BaFe1.89Co0.11As2 (ʅɼ) 21.5 4.8 2.0 C(T) 242 

BaFe1.9Co0.1As2 (ʅɼ) 19.5 4.1 1.6 C(T) 242 

BaFe1.92Co0.08As2 (ʅɼ) 5.8 3.5 1.6 C(T) 242 

BaFe1.85Co0.15As2 (ʇɼ) 22.9 4.5 1.9 C(T) 242 

BaFe1.776Co0.224As2 (ʇɼ) 11.1 3.6 1.7 C(T) 242 

BaFe1.76Co0.24As2 (ʇɼ) 5.1 3.3 1.3 ʉ(ʊ) 242 

BaFe1.86Co0.14As2 (ʅɼ) 23 6.1ï8.1 2.7ï3.5 ʀʂ 83 

BaFe1.8Co0.2As2 (ʇɼ) 21 4.6 2.1 ʀʂ 84 

BaFe1.8Co0.2As2 (ʇɼ) 22 8.4 3.2 ʀʂ 85 

BaFe1.87Co0.12As2  24.5 9.2; 4.7; 3.1 ʀʂ 250 

BaFe1.85Co0.15As2 25 6.9 2.9 ʀʂ 86 

BaFe1.88Co0.12As2 25 4.6  ʀʂ 82 

BaFe2-xCoxAs2 18 3.6  ʊɻʮ 251 

BaFe1.9Ni0.1As2  20 11.6  2.0ï5.0 (A) ʊʂ 255 

BaFe1.8Co0.2As2 (ʇɼ) 22.6 9.4 4.2 ʊʂ 256 

BaFe1.86Co0.14As2 (ʅɼ) 22 5.8  ʊʂ 257 

BaFe1.92Co0.08As2 (ʅɼ) 8 7.1 3.9 ʊʂ 258 

BaFe1.84Co0.16As2 24 8.7 3.4 ʊʂ 258 

BaFe1.7Co0.3As2 (ʇɼ) 21 6.4 2.7 ʊʂ 258 

BaFe1.88Co0.12As2 23.7 14.7 9.8 ʊʂ 259 

BaFe1.8Co0.2As2 25 5.8  ʉʊʉ 48 

BaFe1.92Co0.08As2 (ʅɼ) 14 6.6  ʉʊʉ 51 

BaFe1.86Co0.14As2 (ʅɼ) 22 6.6  ʉʊʉ 51 

BaFe1.79Co0.21As2 (ʇɼ) 13 10.4  ʉʊʉ 51 

BaFe1.88Co0.12As2 (ʅɼ) 14 13.3 6.6 ʉʊʉ 53 

BaFe1.88Co0.24As2 (ʇɼ) 20 11.6 5.8 ʉʊʉ 53 
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BaFe1.8Co0.2As2  25 6.5  ʉʊʉ 52 

BaFe1.88Co0.12As2 (ʅɼ) 22 4.7  ʉʊʉ 54 

 

 

ʊʘʙʣ. 2 ð ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ ʉʇ-ʱʝʣʝʡ, ʦʧʨʝʜʝ-

ʣʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʌʕʉʋʈ ʚ ʧʥʠʢʪʠʜʘʭ ʩʝʤʝʡʩʪʚʘ 122 ʩ ʜʳʨʦʯ-

ʥʳʤ ʟʘʤʝʱʝʥʠʝʤ. ɼʠʘʧʘʟʦʥʳ ʚʝʣʠʯʠʥ r i ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʙʥʘʨʫ-

ʞʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʉʇ-ʱʝʣʠ ʚ kxky-ʧʣʦʩʢʦʩʪʠ. ʇʨʠʥʘʜʣʝʞ-

ʥʦʩʪʴ ʉʇ-ʱʝʣʠ ʜʳʨʦʯʥʳʤ (a, b, g, e) ʠ ʵʣʝʢʪʨʦʥʥʳʤ (d) ʢʘʨʤʘ-

ʥʘʤ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʦʪʤʝʯʝʥʘ ʩʦʛʣʘʩʥʦ ʩʭʝʤʝ ʩʧʨʘʚʘ. 

 

ʉʦʝʜʠʥʝʥʠʝ ʊʩ, ʂ rL rS ʄʝʪʦʜ ʉʩʳʣʢʘ 

Ba0.24K0.76Fe2As2 (ʇɼ) 17 2.7ï3.3 (a); 2.2ï2.7 (b); 0ï1.5 (g) ʌʕʉʋʈ 230 

Ba0.12K0.88Fe2As2 (ʇɼ) 13 2.9ï3.0 (a); 2.5ï3.0 (b); 0ï1.8 (g) ʌʕʉʋʈ 230 

Ba0.12K0.88Fe2As2 (ʇɼ) 7 2.3ï3.0 (a); 0ï2.7 (b); 0ï2.3 (g) ʌʕʉʋʈ 230 

KFe2As2 (ʇɼ) 3.4 4.8ï10.2 (a); 0ï6.1 (b); 0ï1.4 (g) ʌʕʉʋʈ 230 

Ba0.6K0.4Fe2As2 38 6.1ï7.9 (a); 4.3ï4.9 (g)  ʌʕʉʋʈ 229 

Ba0.6K0.4Fe2As2 38 7.6 (a); 3.7 (g); 7.6 (d); 7.6 (e) ʌʕʉʋʈ 228 

Ba0.6K0.4Fe2As2 38 7.3 (a); 3.5 (g); 7.3 (d/e) ʌʕʉʋʈ 227 

Ba1-xKxFe2As2 32 5.4ï6.7 (a); 2.9 (g); 6.5 (d); 6.5 (e) ʌʕʉʋʈ 231 

Ba1-xKxFe2As2 37 6.3ï8.8 (a); 1.6ï4.4 (g); 6.3 (d); 

6.9 (e) 

ʌʕʉʋʈ 232 

Ca1-xNaxFe2As2 33 5.5 (a); 1.3ï2.0 (g); 5.5 (d); 5.5 (e) ʌʕʉʋʈ 233 

Ca1-xNaxFe2As2 (ʅɼ) 14 5.8 (a); 3.1 (g) ʌʕʉʋʈ 233 

Ba0.65Na0.35Fe2As2 

(ʅɼ) 

29 5.8 (a); 3.1 (g) ʌʕʉʋʈ 234 

Ba0.6K0.4Fe2As2 39 7.8 (a/b); 0.9ï3 (g); 7.8 (d); 3ï7.8 

(e); 

ʈʘʤʘʥ 235 

 

ʉʨʝʜʠ ʥʝʤʘʛʥʠʪʥʳʭ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 1144 ʥʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦ ʠʟʫʯʘʣʠʩʴ ʩʦʝʜʠʥʝʥʠʷ 

CaKFe4As4 ʚʩʣʝʜʩʪʚʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʩʪʦʛʦ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʦʚ ʠ ʠʭ ʫʩʪʦʡʯʠʚʦʩʪʠ ʥʘ ʦʪʢʨʳʪʦʤ 

ʚʦʟʜʫʭʝ. ʉʇ-ʱʝʣʝʚʘʷ ʩʪʨʫʢʪʫʨʘ CaKFe4As4 ʠʩʩʣʝʜʦʚʘʥʘ ʤʝʪʦʜʦʤ ʌʕʉʋʈ ʚ ʨʘʙʦʪʘʭ [116,118ï120]. 

ʆʮʝʥʝʥʥʳʝ ʘʤʧʣʠʪʫʜʳ ʉʇ-ʱʝʣʝʡ ʠ ʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʫʯʘʩʪʢʘʤ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʧʨʠʚʝʜʝʥʳ 
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ʚ ʊʘʙʣ. 3. ɺ ʨʘʙʦʪʝ [120] ʚʦʢʨʫʛ ɻ-ʪʦʯʢʠ ʥʘʙʣʶʜʘʣʠʩʴ ʪʦʣʴʢʦ ʜʚʘ ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʭ ʜʳʨʦʯʥʳʭ ʮʠ-

ʣʠʥʜʨʘ, ʥʘ ʢʦʪʦʨʳʭ ʥʠʞʝ ʊʩ ʙʳʣʠ ʦʮʝʥʝʥʳ ʘʤʧʣʠʪʫʜʳ ʉʇ ʱʝʣʝʡ Da å 5.9 ʤʵɺ, Db å 7.5 ʤʵɺ. ʅʘ 

ʪʨʝʭ ʜʳʨʦʯʥʳʭ ʮʠʣʠʥʜʨʘʭ, ʨʘʟʨʝʰʝʥʥʳʭ ʚ [116,118,119] ʚʦʢʨʫʛ ɻ-ʪʦʯʢʠ ʠ ʦʙʦʟʥʘʯʝʥʥʳʭ a, b, g ʥʘ 

ʈʠʩ. 8c, ʧʨʠ ʊ << ʊʩ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʪʨʠ ʉʇ-ʱʝʣʠ Da å 10 ʤʵɺ, Db å 7ï13 ʤʵɺ, Dg å 5ï8 ʤʵɺ. ɺ 

ʵʣʝʢʪʨʦʥʥʳʭ ʟʦʥʘʭ ʥʘ ʦʜʥʦʤ ʠʟ ʮʠʣʠʥʜʨʦʚ ʚ [116,118] ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʉʇ-ʱʝʣʴ ʘʤʧʣʠʪʫʜʦʡ Dd 

å 11ï12 ʤʵɺ, ʧʨʠ ʵʪʦʤ ʩ ʧʦʤʦʱʴʶ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʛʦ ʤʝʪʦʜʘ ʤʶʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ [118] ʧʦʢʘ-

ʟʘʥʦ ʪʘʢʞʝ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʤʘʣʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʉʇ-ʱʝʣʠ De å 2.4 ʤʵɺ. ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘ 

ʌʕʉʋʈ-ʩʧʝʢʪʨʘʭ [119] ʚʦ ʚʥʝʱʝʣʝʚʦʡ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ ʥʠʞʝ ʊʩ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ, 

ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʥʳʝ ʘʚʪʦʨʘʤʠ ʢʘʢ ʧʨʦʷʚʣʝʥʠʝ ʨʝʟʦʥʘʥʩʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʙʦʟʦʥʥʦʡ ʤʦʜʦʡ 

(ʩʧʠʥʦʚʳʤ ʵʢʩʠʪʦʥʦʤ) ʩ ʵʥʝʨʛʠʝʡ e0 å 11ï13 ʤʵɺ. 

ɼʣʷ EuRbFe4As4 ʧʦʜʦʙʥʳʝ ʌʕʉʋʈ-ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʝʜʝʥʳ ʪʦʣʴʢʦ ʚ ʨʘʙʦʪʘʭ [87,121], ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ EuCsFe4As4 ʩ ʧʦʤʦʱʴʶ ʌʕʉʋʈ ʥʝ ʙʳʣ ʠʩʩʣʝʜʦʚʘʥ. ʅʘ ʪʨʝʭ ʜʳʨʦʯʥʳʭ ʢʘʨʤʘʥʘʭ ʚʦʢʨʫʛ 

G-ʪʦʯʢʠ ʧʨʠ T = 5 ʂ ʙʳʣʠ ʦʮʝʥʝʥʳ ʘʤʧʣʠʪʫʜʳ ʉʇ-ʱʝʣʝʡ: ʙʦʣʴʰʘʷ ʉʇ-ʱʝʣʴ Da å 9 ʤʵɺ ʥʘʙʣʶʜʘ-

ʣʘʩʴ ʥʘ ʜʳʨʦʯʥʦʤ ʮʠʣʠʥʜʨʝ ʥʘʠʤʝʥʴʰʝʛʦ ʨʘʜʠʫʩʘ (ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ [87]), ʜʚʝ ʤʘʣʳʝ ʉʇ-

ʱʝʣʠ Db å 5 ʤʵɺ, Dg å 2.5 ʤʵɺ ð ʥʘ ʜʳʨʦʯʥʳʭ ʢʘʨʤʘʥʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʙ·ʣʴʰʠʭ ʨʘʜʠʫʩʦʚ 

[121]. ɺ ʨʘʙʦʪʝ [87] ʟʦʥʳ, ʦʙʨʘʟʫʶʱʠʝ b ʠ g-ʢʘʨʤʘʥʳ, ʥʝ ʙʳʣʠ ʨʘʟʨʝʰʝʥʳ ʧʦ ʦʪʜʝʣʴʥʦʩʪʠ ʠ ʥʘʙʣʶ-

ʜʘʣʠʩʴ ʚ ʚʠʜʝ çʵʬʬʝʢʪʠʚʥʦʡè, ʫʰʠʨʝʥʥʦʡ ʟʦʥʳ, ʚ ʢʦʪʦʨʦʡ ʚʙʣʠʟʠ EF ʦʪʢʨʳʚʘʣʘʩʴ ʉʇ-ʱʝʣʴ ʩ 

ʫʩʨʝʜʥʝʥʥʦʡ (ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʘʥʥʳʤʠ [121]) ʘʤʧʣʠʪʫʜʦʡ D å 4 ʤʵɺ. ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ 

ʫʩʪʘʥʦʚʣʝʥʠʝ ʛʝʣʠʢʦʠʜʘʣʴʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʨʷʜʢʘ ʚ ʧʦʜʨʝʰʝʪʢʝ Eu2+ ʧʨʠ Tm
1144 å 15 ʂ, ʚʘʞʥʦ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʷʭ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ Di(T), 

ʦʮʝʥʝʥʥʳʭ ʚ [121], ʦʪʩʫʪʩʪʚʫʶʪ ʢʘʢʠʝ-ʣʠʙʦ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʠ ʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʅʘ ʦʩʥʦʚʝ ʵʪʦʛʦ 

ʬʘʢʪʘ, ʧʦʜʢʨʝʧʣʝʥʥʦʛʦ ʟʥʘʯʠʪʝʣʴʥʦʡ ʛʣʫʙʠʥʦʡ ʟʦʥ, ʦʙʨʘʟʦʚʘʥʥʳʭ 4f-ʦʨʙʠʪʘʣʷʤʠ Eu [111], ʘʚʪʦʨʳ 

[121] ʜʝʣʘʶʪ ʚʳʚʦʜ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʚʣʠʷʥʠʷ ʤʘʛʥʝʪʠʟʤʘ ʧʦʜʨʝʰʝʪʢʠ ʝʚʨʦʧʠʷ ʥʘ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴ 

EuRbFe4As4. ʅʘʧʨʦʪʠʚ, ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʝʨʚʦʛʦ ʢʨʠʪʠʯʝʩʢʦʛʦ ʧʦʣʷ Hc1(T), 

ʠʟʤʝʨʝʥʥʦʡ ʢʘʢ ʚʜʦʣʴ ab, ʪʘʢ ʠ ʚʜʦʣʴ ʩ-ʥʘʧʨʘʚʣʝʥʠʡ, ʚ ʨʘʙʦʪʝ [87] ʥʘʙʣʶʜʘʣʘʩʴ ʩʠʣʴʥʦ ʚʳʨʘʞʝʥʥʘʷ 

ʦʩʦʙʝʥʥʦʩʪʴ ʪʠʧʘ ʤʠʥʠʤʫʤ-ʤʘʢʩʠʤʫʤ ʧʨʠ ʊ å 14ï16 ʂ, ʢʦʪʦʨʘʷ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʘ ʚʢʣʘʜʦʤ 

ʉʇ-ʢʦʥʜʝʥʩʘʪʘ ʩ ʤʘʣʦʡ ʱʝʣʴʶ ʚ ʦʙʱʫʶ ʢʦʥʮʝʥʪʨʘʮʠʶ ʢʫʧʝʨʦʚʩʢʠʭ ʧʘʨ nS ʠ ʦʙʲʷʩʥʷʝʪʩʷ ʘʚʪʦʨʘʤʠ 

[87] ʚʣʠʷʥʠʝʤ ʤʘʛʥʝʪʠʟʤʘ Eu ʥʘ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴ. ʇʦʩʢʦʣʴʢʫ ʜʨʫʛʠʝ ʧʦʜʦʙʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-

ʥʳʝ ʜʘʥʥʳʝ ʚ ʣʠʪʝʨʘʪʫʨʝ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʦʪʩʫʪʩʪʚʫʶʪ, ʵʪʦʪ ʚʦʧʨʦʩ ʦʩʪʘʝʪʩʷ ʦʪʢʨʳʪʳʤ. 

ɸʥʘʣʠʟ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʛʣʫʙʠʥʳ ʧʨʦʥʠʢʥʦʚʝʥʠʷ lL
-2(T) ʜʣʷ CaKFe4As4 ʙʳʣ 

ʧʨʦʚʝʜʝʥ ʚ ʨʘʙʦʪʘʭ [104,118,266,267]. ɺ ʨʘʙʦʪʝ [267] ʜʘʥʥʳʝ lL
-2(T), ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʝ ʘʚʪʦʨʘʤʠ ʩ 

nS(T) ʜʣʷ CaK(Fe1-xNix)4As4 ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʠ ʵʣʝʢʪʨʦʥʥʦ-ʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʩ x = 0, 

0.017, 0.034 ʠ ʜʠʘʧʘʟʦʥʦʤ ʊʩ å 36.0ï19.3 ʂ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʙʳʣʠ ʦʧʠʩʘʥʳ ʚ ʨʘʤʢʘʭ ʜʚʫʭʟʦʥʥʦʛʦ 



58 

 

sÑ-ʧʦʜʭʦʜʘ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ ʕʣʠʘʰʙʝʨʛʘ. ɼʣʷ ʚʩʝʭ ʫʨʦʚʥʝʡ ʜʦʧʠʨʦʚʘʥʠʷ ʦʮʝʥʝʥʥʳʝ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʯʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ ʙʦʣʴʰʦʡ ʠ ʤʘʣʦʡ ʉʇ-ʱʝʣʝʡ ʩʦʩʪʘʚʠʣʠ rL å 5.0ï5.6 ʠ rS å 1.4ï1.8, ʯʪʦ ʦʪ-

ʣʠʯʥʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ [266]. ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʦʪʥʦʰʝʥʠʝ rL ʚ ʩʨʝʜʥʝʤ ʦʢʘʟʘʣʠʩʴ ʥʝʤʥʦ-

ʛʦ ʚʳʰʝ ʟʥʘʯʝʥʠʡ rL å 4.2ï5.3, ʧʦʣʫʯʝʥʥʳʭ ʪʦʡ ʞʝ ʛʨʫʧʧʦʡ ʤʝʪʦʜʦʤ ʊʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʣʷ 

CaKFe4As4 [104]. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ CaK(Fe1-xNix)4As4 ʚʝʣʠʯʠʥʳ rL ʠ rL ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʤʝʥʷʣʠʩʴ ʩ ʊʩ [267], ʯʪʦ ʦʟʥʘʯʘʝʪ DL,S(0) ́  Tc ʚ ʫʢʘʟʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʜʦʧʠʨʦʚʘʥʠʷ.  

ɺ ʨʘʙʦʪʝ [118] ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ lL
-2(T) ʚ CaKFe4As4 ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʩ ʧʦʤʦʱʴʶ 

ʤʶʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ɼʣʷ ʝʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʘʚʪʦʨʳ [118] ʚʟʷʣʠ ʘʤʧʣʠʪʫʜʳ ʯʝʪʳʨʝʭ ʉʇ-ʱʝʣʝʡ 

Da, Db, Dg, Dd, ʦʮʝʥʝʥʥʳʝ ʨʘʥʝʝ ʩ ʧʦʤʦʱʴʶ ʌʕʉʋʈ [116] (ʩʤ. ʊʘʙʣ. 3). ʊʝʤ ʥʝ ʤʝʥʝʝ, ʦʢʘʟʘʣʦʩʴ, ʯʪʦ 

ʜʘʞʝ ʩʪʦʣʴ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʝ ʧʦʟʚʦʣʷʝʪ ʦʧʠʩʘʪʴ ʟʘʤʝʪʥʳʡ çʧʨʦ-

ʛʠʙè ʟʘʚʠʩʠʤʦʩʪʠ lL
-2(T) ʚ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠ ʊ å 10ï15 ʂ, ʘʥʘʣʦʛʠʯʥʳʡ ʥʘʙʣʶʜʘʝ-

ʤʦʤʫ ʚ [266]: ʜʣʷ ʥʘʠʣʫʯʰʝʛʦ ʩʦʛʣʘʩʠʷ ʪʝʦʨʠʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʘʚʪʦʨʘʤ ʧʨʠʰʣʦʩʴ ʚʚʝʩʪʠ ʚ ʨʘʩʩʤʦʪ-

ʨʝʥʠʝ ʝʱʝ ʦʜʥʫ ʟʦʥʫ (e-ʟʦʥʘ ʥʘ ʈʠʩ. 8c), ʚ ʢʦʪʦʨʦʡ ʥʠʞʝ ʊʩ ʨʝʘʣʠʟʫʝʪʩʷ ʧʷʪʳʡ ʉʇ-ʧʘʨʘʤʝʪʨ ʧʦʨʷʜʢʘ 

ʩ ʥʘʠʤʝʥʴʰʝʡ ʘʤʧʣʠʪʫʜʦʡ De(0) å 2.4 ʤʵɺ [118]. ɺʘʨʠʘʮʠʶ ʛʣʫʙʠʥʳ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʠʟ-ʟʘ ʪʝʤʧʝ-

ʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ lel(T) ʧʨʠ T < Tc ʘʚʪʦʨʳ [118] ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʣʠ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 1144 ʪʫʥʥʝʣʴʥʳʤʠ ʤʝʪʦʜʘʤʠ ʪʘʢʞʝ ʧʨʦʚʝʜʝʥʳ ʪʦʣʴʢʦ 

ʜʣʷ CaKFe4As4 [104,113,120,268,269] ʠ EuRbFe4As4 [111,112].  

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʩʦʟʜʘʥʠʶ ʊʂ ʪʠʧʘ NIS ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʧʨʦʪʝʢʘʥʠʷ ʪʦʢʘ ʚʜʦʣʴ ab-ʧʣʦʩ-

ʢʦʩʪʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ CaK(Fe1-xNix)4As4 ʪʦʣʱʠʥʦʡ ʧʦʨʷʜʢʘ 10 ʤʢʤ ʩʦ ʩʪʝʧʝ-

ʥʴʶ ʵʣʝʢʪʨʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ x = 0, 0.023, 0.046, 0.073 ʠ ʜʠʘʧʘʟʦʥʦʤ ʢʨʠʪʠʯʝʩʢʠʭ ʪʝʤʧʝʨʘʪʫʨ Tc å 

36ï20 ʂ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [104]. ɸʚʪʦʨʳ ʦʪʤʝʯʘʶʪ, ʯʪʦ ʢʘʯʝʩʪʚʝʥʥʳʝ dI(V)/dV-ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʦʟ-

ʤʦʞʥʦ ʧʦʣʫʯʘʪɹ ʪʦʣʴʢʦ ʧʨʠ ʩʦʟʜʘʥʠʠ ʊʂ ʥʘ ʩʚʝʞʝʤ ʩʢʦʣʝ. ɺʳʰʝ ʊʩ dI(V)/dV-ʩʧʝʢʪʨʳ ʜʝʤʦʥʩʪʨʠ-

ʨʦʚʘʣʠ ʥʝʣʠʥʝʡʥʦʩʪʴ ʠ ʘʩʠʤʤʝʪʨʠʶ GN(V) ʚ ʥʦʨʤʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʢʦʪʦʨʘʷ, ʦʜʥʘʢʦ, ʥʝ ʤʝʥʷʣʘʩʴ 

ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʥʦʨʤʠʨʦʚʢʝ ʥʘ GN(V)ʘʚʪʦʨʘʤ [104] ʫʜʘʣʦʩʴ ʩʠʤʤʝʪʨʠʟʦʚʘʪʴ 

dI(V)/dV-ʩʧʝʢʪʨʳ ʊʂ, ʠʟʤʝʨʝʥʥʳʝ ʧʨʠ ʊ << Tc. ʇʨʠʤʝʨʳ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʠ ʠʭ ʘʧʧʨʦʢʩʠʤʘʮʠʷ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ɹʊʂ-ʤʦʜʝʣʴʶ [260,261] ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʜʚʫʭ ʠʟʦʪʨʦʧʥʳʭ ʉʇ-ʱʝʣʝʡ ʧʦʢʘʟʘ-

ʥ  rʥʘ ʈʠʩ. 18ʘ. ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ ʧʦʢʘʟʘʣʠ ʭʦʨʦʰʝʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʥɹʳʤ ʜʘʥ-

ʥʳʤ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʦʩʦʙʝʥʥʦʩʪʝʡ dI(V)/dV-ʩʧʝʢʪʨʦʚ ʚʦ ʚʥʝʱʝʣʝʚʦʡ ʦʙʣʘʩʪʠ ʩʤʝʱʝʥʠʡ, ʚʳʟʚʘʥ-

ʥʳʭ, ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʩ ʙʦʟʦʥʥʦʡ ʤʦʜʦʡ. ʑʝʣʝʚʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʥʘ dI(V)/dV-

ʩʧʝʢʪʨʘʭ ʧʣʦʭʦ ʨʘʟʣʠʯʠʤʳ: ʩʣʘʙʦ ʚʳʨʘʞʝʥʥʳʝ ʤʘʢʩʠʤʫʤʳ ʦʪ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ DS(0) å 2.6 ʤʵɺ ʚʠʜ-

ʥʳ ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʪʦʣʴʢʦ ʥʘ ʩʧʝʢʪʨʝ ʊʂ ʚ ʦʙʨʘʟʮʝ ʩ x = 0.023, ʦʩʦʙʝʥʥʦʩʪʠ ʦʪ ʙʦʣʴ-

ʰʦʡ ʉʇ-ʱʝʣʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʝʨʝʛʠʙʳ (çʧʣʝʯʠè), ʨʘʟʣʠʯʠʤʳʝ ʥʘ ʩʧʝʢʪʨʘʭ ʊʂ ʚ ʦʙʨʘʟʮʝ ʩ x 

= 0 ʠ 0.46. ɸʚʪʦʨʳ [104] ʥʝ ʦʙʩʫʞʜʘʶʪ ʧʨʠʯʠʥʳ ʤʘʣʦʩʪʠ ʘʥʜʨʝʝʚʩʢʦʛʦ ʩʠʛʥʘʣʘ, ʘ ʟʥʘʯʝʥʠʷ ɻ ʠ Z, 

ʩʦʦʪʚʝʪʩʪʚʫʶɦʠʝ ʘʧʧʨʦʢʩʠʤʘʮʠʷʤ dI(V)/dV-ʩʧʝʢʪʨʦʚ, ʥʝ ʧʨʠʚʝʜʝʥʳ ʚ ʨʘʙʦʪʝ [104]. ɸʤʧʣʠʪʫʜʳ 
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DL(0) ʠ DS(0), ʦʧʨʝʜʝʣʝʥʥʳʝ ʤʝʪʦʜʦʤ ʊʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʧʦʟʚʦʣʠʣʠ ʫʩʧʝʰʥʦ ʦʧʠʩʘʪʴ ʪʝʤʧʝʨʘʪʫʨ-

ʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ lL
-2(T), ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʪʝʭ ʞʝ ʢʨʠʩʪʘʣʣʘʭ [104], ʚ ʨʘʤʢʘʭ ʜʚʫʭʟʦʥʥʦʡ ɹʂʐ-ʦʙʨʘʟ-

ʥʦʡ ʤʦʜʝʣʠ [270]. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʩʪʝʧʝʥʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ x ʘʤʧʣʠʪʫʜʳ ʦʙʝʠʭ ʉʇ-ʱʝʣʝʡ 

ʫʤʝʥʴʰʘʣʠʩʴ ʧʨʘʢʪʠʯʝʩʢʠ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʪ.ʝ. rL,S(Tc) å const [104]. 

ʀʟʤʝʨʝʥʥʳʝ ʚ ʨʘʙʦʪʘʭ [111,268,269] ʤʝʪʦʜʦʤ ʉʊʉ ʩʧʝʢʪʨʳ NIS-ʢʦʥʪʘʢʪʦʚ ʚ CaKFe4As4 ʠ 

EuRbFe4As4 ʜʘʞʝ ʧʦʩʣʝ ʥʦʨʤʠʨʦʚʢʠ ʥʘ GN(V) ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʟʥʘʯʠʪʝʣʴʥʫʶ ʘʩʠʤʤʝʪʨʠʶ 

(ʧʨʠʤʝʨʳ ʜʘʥʥʳʭ ʧʨʠʚʝʜʝʥʳ ʥʘ ʈʠʩ. 18b,c), ʯʪʦ ʥʝ ʧʦʟʚʦʣʷʝʪ ʪʦʯʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʦʣʦʞʝʥʠʝ ʱʝʣʝ-

ʚʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ (ʪ.ʥ. ʢʨʘʡ ʱʝʣʠ). ɸʚʪʦʨʘʤ [268,269] ʥʝ ʫʜʘʣʦʩʴ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʦʧʠʩʘʪʴ ʧʦʣʫ-

ʯʝʥʥʳʝ dI(V)/dV-ʩʧʝʢʪʨʳ ʟʘʚʠʩʠʤʦʩʪʴʶ N(e) ʩ ʫʯʝʪʦʤ ʨʘʟʤʳʪʠʷ ɻ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ɼʘʡʥʩʘ [254], 

ʜʘʞʝ ʚʚʝʜʷ 100% ʨʘʟʙʨʦʩ ʘʤʧʣʠʪʫʜʳ ʉʇ-ʱʝʣʠ ʚ ʨʝʘʣʴʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ (ʪ.ʝ. ʚʘʨʠʘʮʠʶ ʚʝʣʠʯʠʥ 

D(0) ʦʪ 0 ʜʦ 15 ʤʵɺ ʚ ʧʨʝʜʝʣʘʭ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ ʨʘʟʤʝʨʦʤ ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʥʤ; ʠʩʧʦʣʴʟʦʚʘʥ-

ʥʳʝ ʚ [269] ʛʠʩʪʦʛʨʘʤʤʳ ʟʥʘʯʝʥʠʡ D(0) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʨʘʩʯʝʪʥʳʝ ʢʨʠʚʳʝ ʧʦʢʘʟʘʥʳ ʘʥʘʣʦ-

ʛʠʯʥʳʤʠ ʮʚʝʪʘʤʠ ʥʘ ʈʠʩ. 18b). ʅʘ ʝʜʠʥʩʪʚʝʥʥʦʤ ʩʧʝʢʪʨʝ ʪʫʥʥʝʣʴʥʦʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ, 

ʧʦʣʫʯʝʥʥʦʤ ʩ ʧʦʤʦʱʴʶ ʉʊʉ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʥʦʢʨʠʩʪʘʣʣʘ EuRbFe4As4 ʚ [111], ʘʧʧʨʦʢʩʠʤʘʮʠʦʥ-

ʥʘʷ ʢʨʠʚʘʷ ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʚʦ ʚʥʝʱʝʣʝʚʦʡ ʦʙʣʘʩʪʠ ʩʤʝʱʝʥʠʡ (ʩʤ. 

ʈʠʩ. 18ʩ). ʅʝʥʫʣʝʚʫʶ ʚʝʣʠʯʠʥʫ GZBC å 0.8GN ʧʨʠ T << Tc ʘʚʪʦʨʳ ʦʙʲʷʩʥʷʶʪ ʟʥʘʯʠʪʝʣʴʥʳʤ ʢʦʣʠ-

ʯʝʩʪʚʦʤ ʢʚʘʟʠʯʘʩʪʠʯʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚʥʫʪʨʠ ʉʇ-ʱʝʣʠ, ʧʨʠ ʵʪʦʤ ʧʦʣʫʯʝʥʥʘʷ ʵʢʩʪʨʝʤʘʣʴʥʦ ʚʳʩʦʢʘʷ 

ʘʤʧʣʠʪʫʜʘ ʧʘʨʘʤʝʪʨʘ ʨʘʟʤʳʪʠʷ ɻ å 1.5D0 ʩʪʘʚʠʪ ʧʦʜ ʩʦʤʥʝʥʠʝ ʢʦʨʨʝʢʪʥʦʩʪʴ ʦʮʝʥʝʥʥʦʡ ʚ [111] ʚʝ-

ʣʠʯʠʥʳ D0. ɿʘʚʠʩʠʤʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʦʪ ʵʥʝʨʛʠʠ Ntip(e) ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʠʛʣʳ 

ʉʊʄ ʘʚʪʦʨʳ [111,268,269] ʚ ʨʘʩʯʝʪ ʥʝ ʧʨʠʥʠʤʘʣʠ. 

ɺ ʉʊʉ-ʠʩʩʣʝʜʦʚʘʥʠʷʭ [112] ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʝ EuRbFe4As4 ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʧʨʦʩʪʨʘʥʩʪ-

ʚʝʥʥʘʷ ʤʦʜʫʣʷʮʠʷ ʚʠʜʠʤʦʛʦ ʧʦʣʦʞʝʥʠʷ ʪʫʥʥʝʣʴʥʦʛʦ ʧʠʢʘ eVpeak ʩ ʧʝʨʠʦʜʦʤ d ~ 1.0ï1.5 ʥʤ ʚʜʦʣʴ 

ʦʜʥʦʛʦ ʠʟ ʚʝʢʪʦʨʦʚ ʩʚʝʨʭʨʝʰʝʪʢʠ ʘʪʦʤʦʚ Rb ʪʠʧʘ Ҟ2 ³ Ҟ2. ɼʣʷ ʢʘʞʜʦʡ ʠʩʩʣʝʜʦʚʘʥʥʦʡ ʪʦʯʢʠ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩʢʦʣʘ ʘʤʧʣʠʪʫʜʘ ʉʇ-ʱʝʣʠ ʙʳʣʘ ʦʮʝʥʝʥʘ ʢʘʢ D(0) ¹ eVpeak ʙʝʟ ʫʯʝʪʘ ʚʣʠʷʥʠʷ ʧʘʨʘʤʝʪʨʘ 

ʨʘʟʤʳʪʠʷ ɻ [254]. ʕʬʬʝʢʪ ʥʘʙʣʶʜʘʣʩʷ ʧʨʠ ʊ < Tm
1144 ʠ ʠʩʯʝʟʘʣ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ɺ = 9 ʊʣ. ʍʦʪʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʤʦʜʫʣʷʮʠʷ eVpeak ʥʘ dI(V)/dV-ʩʧʝʢʪʨʘʭ ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʪʦʣʴʢʦ 

ʚ ʦʙʣʘʩʪʠ eV > 0 (ʚ ʦʙʣʘʩʪʠ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʩʤʝʱʝʥʠʡ, ʥʘʦʙʦʨʦʪ, ʧʦʣʦʞʝʥʠʝ Vpeak ʚʦʩʧʨʦʠʟʚʦʜʠ-

ʣʦʩʴ ʚ ʨʘʟʣʠʯʥʳʭ ʪʦʯʢʘʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ), ʪʝʤ ʥʝ ʤʝʥʝʝ, ʘʚʪʦʨʳ ʦʪʥʦʩʷʪ ʧʦʜʦʙʥʫʶ çʚʦʣʥʫ ʧʣʦʪ-

ʥʦʩʪʠ ʢʫʧʝʨʦʚʩʢʠʭ ʧʘʨè ʢ ʦʩʥʦʚʥʦʤʫ, ʪ.ʥ. çʩʤʝʢʪʠʯʝʩʢʦʤʫè ʩʦʩʪʦʷʥʠʶ ʉʇ-ʢʦʥʜʝʥʩʘʪʘ ʚ ʧʨʠʩʫʪʩʪ-

ʚʠʠ ʤʘʛʥʝʪʠʟʤʘ Eu2+ [112]. ʆʪʤʝʪʠʤ, ʯʪʦ ʧʦʩʢʦʣʴʢʫ ʚʠʜʠʤʦʝ ʧʦʣʦʞʝʥʠʝ ʪʫʥʥʝʣʴʥʦʛʦ ʧʠʢʘ eVpeak 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʘʤʧʣʠʪʫʜʘʤʠ ʢʘʢ D, ʪʘʢ ʠ ɻ (ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʠ ʤʘʣʳʭ ɻ/D < (0.1ï0.2), ʧʦʣʦʞʝʥʠʝ ʧʨʠ-

ʤʝʨʥʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ eVpeak å D + ɻ) [254], ʚʳʚʦʜ ʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʤʦʜʫʣʷʮʠʠ ʠʤʝʥʥʦ D, ʘ ʥʝ ɻ 

(ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʚʝʨʭʨʝʰʝʪʦʢ ʥʘ ʩʢʦʣʝ) ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʧʨʦ-

ʚʝʨʢʠ. 
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ʅʘʧʨʦʪʠʚ, ʚ ʨʘʙʦʪʘʭ [113,120] ʩ ʧʦʤʦʱʴʶ ʉʊʉ ʚ CaKFe4As4 ʙʣrʠ ʧʦʣʫʯʝʥʳ ʧʨʘʢʪʠʯʝʩʢʠ 

ʩʠʤʤʝʪʨʠʯʥʳʝ ʩʧʝʢʪʨʳ ʪʫʥʥʝʣʴʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʩʦʜʝʨʞʘʱʠʝ, ʦʜʥʘʢʦ, ʩʣʘʙʦ ʚʳʨʘʞʝʥʥʳʝ ʦʩʦ-

ʙʝʥʥʦʩʪʠ ʧʨʠ eVpeak å 3 ʠ 7 ʤʵɺ ʘʤʧʣʠʪʫʜʦʡ ʦʢʦʣʦ (1.1ï1.2)GN, ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʝ ʘʚʪʦʨʘʤʠ ʩ ʚʝʣʠ-

ʯʠʥʘʤʠ ʜʚʫʭ ʉʇ-ʱʝʣʝʡ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʚʦ ʚʥʝʱʝʣʝʚʦʡ ʦʙʣʘʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʚ [113,120] ʩʧʝʢʪʨʦʚ 

ʥʘʙʣʶʜʘʣʠʩʴ ʨʝʟʢʠʝ ʤʘʢʩʠʤʫʤʳ ʧʨʠ ʩʤʝʱʝʥʠʷʭ eV å 14 ʤʵɺ, ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʥʳʝ ʘʚʪʦʨʘʤʠ ʢʘʢ 

ʧʨʦʷʚʣʝʥʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʚʘʥ ʍʦʚʘ ʚʙʣʠʟʠ ʫʨʦʚʥʷ ʌʝʨʤʠ. 

a 

b 

c 

ʈʠʩ. 18 ð (ʘ) ʉʧʝʢʪʨʳ ʪʦʯʝʯʥʳʭ ʢʦʥʪʘʢʪʦʚ (ʢʨʫʞʢʠ), ʩʦʟʜʘʥʥʳʭ ʚ CaK(Fe1-xNix)4As4 c ʭ = 0, 0.023, 

0.046, 0.073, ʠ ʠʭ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʜʚʫʭʟʦʥʥʦʡ ʤʦʜʝʣʴʶ [260,261] ʥʘ ʦʩʥʦʚʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ 

ʜʣʷ ʜʚʫʤʝʨʥʦʛʦ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ [262,263] ʧʦʜʭʦʜʘ ɹʊʂ [252]. ɼʣʷ ʢʘʞʜʦʛʦ ʢʦʥʪʘʢʪʘ ʫʢʘʟʘʥʘ 

ʚʝʣʠʯʠʥʘ ʥʦʨʤʘʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ RN ʠ ʧʦʣʫʯʝʥʥʳʝ ʘʤʧʣʠʪʫʜʳ ʙʦʣʴʰʦʡ ʠ ʤʘʣʦʡ ʉʇ-ʱʝʣʝʡ. 

(b) dI(V)/dV-ʩʧʝʢʪʨʳ (ʥʦʨʤʠʨʦʚʘʥʳ ʥʘ GN(V)) ʠ ɺɸʍ ʪʫʥʥʝʣʴʥʳʭ ʢʦʥʪʘʢʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦ-

ʤʦɦʴʶ ʉʊʄ ʚ CaKFe4As4, ʘ ʪʘʢʞʝ ʛʠʩʪʦʛʨʘʤʤʳ D(0) ʚ ʨʝʘʣʴʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʨʘʩʯʝʪʥʳʤ ʢʨʠʚʳʤ N(e) ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ɼʘʡʥʩʘ [254]. (ʩ) ʅʦʨʤʠʨʦʚʘʥʥʳʡ dI(V)/dV-ʩʧʝʢʪʨ, ʠʟ-

ʤʝʨʝʥʥʳʡ ʩ ʧʦʤʦʱʴʶ ʉʊʄ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʝ EuRbFe4As4  ʈʠʩʫʥʦʢ (ʘ) ʚʟʷʪ ʠʟ ʨʘʙʦʪʳ [104], (b) 

ð ʠʟ [269], (c) ð ʠʟ [111]. 
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ɸʥʘʣʠʟ ʩʧʝʢʪʨʦʚ ʀʂ-ʦʪʨʘʞʝʥʠʷ ʢʨʠʩʪʘʣʣʘ CaKFe4As4 [271] ʚ ʨʘʤʢʘʭ ʬʦʨʤʘʣʠʟʤʘ ʄʘʪʪʠʩʘ-

ɹʘʨʜʠʥʘ [272] ʧʦʢʘʟʘʣ ʧʨʠʩʫʪʩʪʚʠʝ ʥʠʞʝ ʊʩ ʚʢʣʘʜʦʚ ʦʪ ʜʚʫʭ ʉʇ-ʢʦʥʜʝʥʩʘʪʦʚ ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠ-

ʤʠ ʦʪʥʦʰʝʥʠʷʤʠ rL å 9 ʠ rS å 5.9. ʇʦʩʣʝʜʥʝʝ ʙʣʠʟʢʦ ʢ r å 6.6 ʜʣʷ ʝʜʠʥʩʪʚʝʥʥʦʡ ʉʇ-ʱʝʣʠ, ʥʘʙʣʶ-

ʜʘʝʤʦʡ ʩ ʧʦʤʦʱʴʶ ʬʝʤʪʦʩʝʢʫʥʜʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ [273]. ɺ EuRbFe4As4 ʧʨʠ ʊ = 4 ʂ ʥʘ ʩʧʝʢʪʨʝ 

ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ s1(w) ʙʳʣ ʨʘʟʨʝʰʝʥ ʢʨʘʡ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ ʩ r å 3.2 < 3.53 [274], ʯʪʦ ʫʢʘ-

ʟʳʚʘʝʪ ʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʚʪʦʨʦʛʦ, ʙʦʣʴʰʝʛʦ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ, ʧʦ ʢʘʢʠʤ-ʣʠʙʦ ʧʨʠʯʠʥʘʤ ʥʝ-

ʥʘʙʣʶʜʘʝʤʦʛʦ ʚ ʀʂ-ʵʢʩʧʝʨʠʤʝʥʪʝ. 

ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ ʉʇ-ʱʝʣʝʡ, ʦʮʝʥʝʥʥʳʝ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ ʜʣʷ ʩʝʣʝʥʠ-

ʜʦʚ ʩʝʤʝʡʩʪʚʘ 122-Se ʩ ʢʨʠʪʠʯʝʩʢʠʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʊʩ å 30ï33 ʂ, ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣ. 4. ɹʦʣʴʰʠʥ-

ʩʪʚʦ ʠʩʩʣʝʜʦʚʘʥʠʡ ʘʤʧʣʠʪʫʜ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʧʨʦʚʝʜʝʥʳ ʩ ʧʦʤʦʱʴʶ ʌʕʉʋʈ. ɺ ʨʘʙʦʪʘʭ 

[128,148ï152] ʥʘ ʵʣʝʢʪʨʦʥʥʳʭ ʢʘʨʤʘʥʘʭ ʚʦʢʨʫʛ ʍ/Y-ʪʦʯʝʢ (ʦʙʦʟʥʘʯʝʥʳ b ʚ ʊʘʙʣ. 4) ʥʠʞʝ ʊʩ ʙʳʣʘ 

ʦʙʥʘʨʫʞʝʥʘ ʠʟʦʪʨʦʧʥʘʷ ʉʇ-ʱʝʣʴ ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʤ ʦʪʥʦʰʝʥʠʝʤ rb å 5.7ï8.7. ʅʘ ʵʣʝʢʪʨʦʥʥʦʤ 

a-ʢʘʨʤʘʥʝ ʚ ɻ-ʪʦʯʢʝ ʜʣʷ ʩʝʣʝʥʠʜʦʚ ʪʘʣʣʠʷ ʠ ʢʘʣʠʷ ʥʘʙʣʶʜʘʣʘʩʴ ʉʇ-ʱʝʣʴ ʩʨʘʚʥʠʤʦʡ [147,149], 

ʤʝʥʴʰʝʡ [148,152] ʠʣʠ, ʥʘʦʙʦʨʦʪ, ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝʡ ʘʤʧʣʠʪʫʜʳ ʩ ra å 10.9 [150]. ɺ ʌʕʉʋʈ-

ʠʩʩʣʝʜʦʚʘʥʠʷʭ [152] ʜʣʷ ʩʦʩʪʘʚʘ Tl0.63K0.37Fe1.78Se2 ʚʙʣʠʟʠ ɻ-ʪʦʯʢʠ ʥʘʙʣʶʜʘʣʠʩʴ ʜʚʘ ʮʠʣʠʥʜʨʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ, ʦʜʥʘʢʦ ʉʇ-ʱʝʣʴ, ʧʨʠʤʝʨʥʦ ʨʘʚʥʘʷ ʱʝʣʠ Db, ʙʳʣʘ ʨʘʟʨʝʰʝʥʘ ʪʦʣʴʢʦ ʥʘ ʚʥʝʰʥʝʤ 

ʢʘʨʤʘʥʝ.  

 

ʊʘʙʣ. 3 ð ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ ʉʇ-ʱʝʣʝʡ, ʦʧʨʝʜʝʣʝʥ-

ʥʳʭ ʚ ʧʥʠʢʪʠʜʘʭ CaKFe4As4 ʠ EuRbFe4As4 ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ. 

ɼʠʘʧʘʟʦʥʳ r i ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʨʘʟʙʨʦʩʫ ʟʥʘʯʝʥʠʡ [104] ʠ ʘʥʠʟʦʪʨʦ-

ʧʠʠ D(0) ʚ ʨʝʘʣʴʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ [268,269]. ʇʨʠʥʘʜʣʝʞʥʦʩʪʴ D(0) 

ʢ ʜʳʨʦʯʥʳʤ (a, b, g) ʠ ʵʣʝʢʪʨʦʥʥʳʤ (d, e) ʢʘʨʤʘʥʘʤ ʧʦʚʝʨʭʥʦʩʪʠ 

ʌʝʨʤʠ ʦʪʤʝʯʝʥʘ ʩʦʛʣʘʩʥʦ ʩʭʝʤʝ ʩʧʨʘʚʘ. 

 

ʉʦʝʜʠʥʝʥʠʝ ʊʩ, ʂ rL rS ʄʝʪʦʜ ʉʩʳʣʢʘ 

CaKFe4As4 35 6.63 (a), 8.62 (b), 4.64 (g), 7.29 (d) ʌʕʉʋʈ 116 

CaKFe4As4 35 6.63 (a), 8.62 (b), 5.30 (g), 7.95 (d), 1.59 (e) ʌʕʉʋʈ, 

lL(T) 

118 

CaKFe4As4 35 6.6 (a), 4.6 (b), 3.3 (g) ʌʕʉʋʈ 119 

CaKFe4As4 35 3.9 (a), 5.0 (b/g) ʌʕʉʋʈ 120 

CaKFe4As4 35 3.8 2.3  ʉʊʉ 120 

CaKFe4As4 35 0ï10 ʉʊʉ 268 
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CaKFe4As4 35 0ï10  ʉʊʉ 269 

CaKFe4As4 å 35 4.6 2.0  ʉʊʉ 113 

CaKFe4As4 35 3.7 1.3 lL(T) 269 

CaKFe4As4 36 3.6ï5.3 1.0ï2.6 ʊʂ, lL(T) 104 

CaKFe3.908Co0.092As4 33 4.2ï5.3 1.4ï2.3 ʊʂ, lL(T) 104 

CaKFe3.816Co0.184As4 27 4.1ï5.2 1.0ï2.6 ʊʂ, lL(T) 104 

CaKFe3.708Co0.292As4 20.5 4.8ï6.3 1.6ï2.4 ʊʂ, lL(T) 104 

CaKFe4As4 35.5 9.1 5.9 ʀʂ 271 

CaKFe4As4 35 6.6  ʬʩ-ʩʧʝʢʪʨ. 273 

CaKFe4As4 36 5.6 1.8 lL(T) 267 

CaKFe3.932Ni0.068As4 28.2 5.6 1.7 lL(T) 267 

CaKFe3.864Ni0.136As4 19.3 5.0 1.4 lL(T) 267 

CaKFe4As4 34.3 5.8 1.7 lL(T) 266 

EuRbFe4As4 36.5 5.1 (a), 2.5 (b/g) ʌʕʉʋʈ 87 

EuRbFe4As4 36.5 5.5 Hc1 87 

EuRbFe4As4 35 5.8 (a), 3.3 (b), 1.7 (g) ʌʕʉʋʈ 121 

EuRbFe4As4 35 4.5  ʉʊʉ 111 

EuRbFe4As4 35 4.0  ʉʊʉ 112 

EuRbFe4As4 36  3.2 ʀʂ 274 

 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʪʫʥʥʝʣʴʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʩʝʤʝʡʩʪʚʘ 122-Se ʤʝʪʦʜʦʤ 

ʉʊʉ ʧʨʦʚʝʜʝʥʳ ʚ ʨʘʙʦʪʘʭ [126,131,139]. ɺʦ ʚʩʝʭ ʵʪʠʭ ʨʘʙʦʪʘʭ ʘʤʧʣʠʪʫʜʘ ʉʇ-ʱʝʣʠ ʙʳʣʘ ʦʮʝʥʝʥʘ 

ʢʘʢ ʧʦʣʦʚʠʥʘ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʪʫʥʥʝʣʴʥʳʤʠ ʧʠʢʘʤʠ. ʅʘ ʝʜʠʥʩʪʚʝʥʥʦʤ ʪʫʥʥʝʣʴʥʦʤ dI(V)/dV-

ʩʧʝʢʪʨʝ, ʧʨʠʚʝʜʝʥʥʦʤ ʚ [139] ʜʣʷ K0.73Fe1.67Se2, ʥʘʙʣʶʜʘʣʠʩʴ ʩʣʘʙʦ ʚʳʨʘʞʝʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʠ 

ʩʤʝʱʝʥʠʷʭ eVpeak å 7 ʤʵɺ, ʥʘ ʦʩʥʦʚʝ ʢʦʪʦʨʳʭ ʘʚʪʦʨʘʤʠ ʙʳʣʘ ʦʮʝʥʝʥʘ ʘʤʧʣʠʪʫʜʘ ʉʇ-ʱʝʣʠ ʠ ʝʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʦʪʥʦʰʝʥʠʝ r å 5.1. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʘʷ, ʥʝʥʫʣʝʚʘʷ ʚʝʣʠʯʠʥʘ ʧʨʦ-

ʚʦʜʠʤʦʩʪʠ GZBC ʧʨʠ eV = 0, ʥʠʢʘʢ ʥʝ ʧʨʦʢʦʤʤʝʥʪʠʨʦʚʘʥʥʘʷ ʘʚʪʦʨʘʤʠ, ʩʪʘʚʠʪ ʧʦʜ ʩʦʤʥʝʥʠʷ ʧʦʜʦʙ-

ʥʫʶ ʠʥʪʝʨʧʨʝʪʘʮʠʶ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʦʛʠʯʥʦʡ ʢʘʨʪʠʥʳ ʪʫʥʥʝʣʴʥʦʡ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ (ʈʠʩ. 19ʘ), ʥʘʙʣʶʜʘʝʤʦʡ ʚ [131] ʜʣʷ ʫʯʘʩʪʢʘ ʧʦʚʝʨʭʥʦʩʪʠ KxFe2-ySe2, ʩʦʜʝʨʞʘʱʝʛʦ 

ʬʘʟʫ ʩ ʟʘʨʷʜʦʚʳʤ ʫʧʦʨʷʜʦʯʝʥʠʝʤ ʪʠʧʘ Ҟ2 ³ Ҟ2, ʘʚʪʦʨʘʤʠ ʙʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʩʚʝʨʭ-

ʧʨʦʚʦʜʠʤʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʬʘʟʳ. ʅʘʧʨʦʪʠʚ, ʜʣʷ ʫʯʘʩʪʢʘ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʝʛʦ (Ҟ2 ³ Ҟ5)-ʪʠʧ 

ʟʘʨʷʜʦʚʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ, ʚ ʪʦʡ ʞʝ ʨʘʙʦʪʝ ʙʳʣ ʧʦʣʫʯʝʥ ʜʦʚʦʣʴʥʦ ʢʘʯʝʩʪʚʝʥʥʳʡ dI(V)/dV-ʩʧʝʢʪʨ ʩ 
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U-ʦʙʨʘʟʥʦʡ ʬʦʨʤʦʡ ʚʥʫʪʨʠʱʝʣʝʚʦʡ ʦʙʣʘʩʪʠ (ʈʠʩ. 19b), ʩʦʜʝʨʞʘʱʠʡ ʨʝʟʢʠʝ ʤʘʢʩʠʤʫʤʳ ʘʤʧʣʠʪʫ-

ʜʦʡ ʦʢʦʣʦ 1.3GN ʧʨʠ ʩʤʝʱʝʥʠʷʭ eVpeak å 8.8 ʤʵɺ; ʧʨʠ ʩʤʝʱʝʥʠʷʭ eVpeak å 7.2 ʤʵɺ ʥʘ ʩʢʣʦʥʘʭ 

dI(V)/dV-ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʦ ʚʥʫʪʨʠʱʝʣʝʚʦʡ ʦʙʣʘʩʪʠ ʪʘʢʞʝ ʥʘʙʣʶʜʘʣʠʩʴ ʩʣʘʙʦ ʚʳʨʘʞʝʥʥʳʝ ʦʩʦ-

ʙʝʥʥʦʩʪʠ, ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʥʳʝ ʚ [131] ʢʘʢ ʧʨʦʷʚʣʝʥʠʝ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ. ɸʥʘʣʦʛʠʯʥʦʛʦ ʚʠʜʘ U-ʦʙ-

ʨʘʟʥʳʝ ʩʧʝʢʪʨʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ [126] ʥʘ ʫʯʘʩʪʢʝ ʧʦʚʝʨʭʥʦʩʪʠ, ʩʦʜʝʨʞʘʱʝʡ ʚʘʢʘʥʩʠʠ Se, ʥʘ ʦʩʥʦ-

ʚʝ ʯʝʛʦ ʘʚʪʦʨʘʤʠ ʙʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ ʦ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʚʪʦʨʦʡ ʉʇ-ʬʘʟʳ KFe2Se2-z. ʉʭʦʞʘʷ ʩʪʨʫʢʪʫʨʘ 

dI(V)/dV-ʩʧʝʢʪʨʘ ʥʘʙʣʶʜʘʣʘʩʴ ʚ [126] ʥʘ ʫʯʘʩʪʢʝ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʙʨʘʟʦʚʘʥʥʦʤ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʡ 

ʬʘʟʦʡ KFe2Se2, ʦʜʥʘʢʦ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ ʦʙʝʠʭ ʉʇ-ʱʝʣʝʡ ʦʢʘʟʘʣʠʩʴ ʤʝʥʴʰʝ ɹʂʐ-

ʧʨʝʜʝʣʘ ʩʣʘʙʦʡ ʩʚʷʟʠ 3.5, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʣʝʜʩʪʚʠʝʤ ʣʠʙʦ ʧʦʚʳʰʝʥʥʦʡ ʣʦʢʘʣʴʥʦʡ ʊʩ ʜʣʷ ʵʪʦʡ 

ʬʘʟʳ (ʦʪʣʠʯʘʶʱʝʡʩʷ ʦʪ Tc
bulk ʦʙʲʝʤʥʦʛʦ ʦʙʨʘʟʮʘ), ʣʠʙʦ ʥʘʚʝʜʝʥʥʳʤ ʭʘʨʘʢʪʝʨʦʤ ʩʚʝʨʭʧʨʦʚʦʜʠ-

ʤʦʩʪʠ. 

 

ʘ                                                                               b 

ʈʠʩ. 19 ð ʌʨʘʛʤʝʥʪʳ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ KxFe2-ySe2, ʩʦʜʝʨʞʘʱʠʝ ʟʘʨʷʜʦʚʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ ʪʠʧʘ 

Ҟ2 ³ Ҟ2 (ʘ, ʥʝʩʚʝʨʭʧʨʦʚʦʜʷʱʠʡ ʫʯʘʩʪʦʢ) ʠ ʪʠʧʘ Ҟ2 ³ Ҟ5 (b, ʉʇ-ʬʘʟʘ), ʘ ʪʘʢʞʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

dI(V)/dV-ʩʧʝʢʪʨʳ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʉʊʉ ʧʨʠ ʊ = 0.4 ʂ [131]. ʅʘ (b) ʧʦʤʠʤʦ ʨʝʟʢʠʭ ʱʝʣʝ-

ʚʳʭ ʧʠʢʦʚ ʧʨʠ eV å 8.8 ʤʵɺ ʩʪʨʝʣʢʘʤʠ ʦʪʤʝʯʝʥʳ ʤʝʥʝʝ ʚʳʨʘʞʝʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʠ eV å 

7.2 ʤʵɺ, ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʥʳʝ ʚ [131] ʢʘʢ ʧʨʦʷʚʣʝʥʠʝ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ. 

 

ɺ ʝʜʠʥʩʪʚʝʥʥʦʡ ʨʘʙʦʪʝ, ʧʨʦʚʝʜʝʥʥʦʡ ʤʝʪʦʜʦʤ ʤʶʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʣʷ ʬʝʨʨʦʩʝʣʝʥʠ-

ʜʦʚ ʢʘʣʠʷ ʠ ʨʫʙʠʜʠʷ [275], ʧʦʣʫʯʝʥʥʘʷ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ [247] ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʛʣʫʙʠʥʳ 

ʧʨʦʥʠʢʥʦʚʝʥʠʷ lL
-2(T) ʙʳʣʘ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʘ ɹʂʐ-ʦʙʨʘʟʥʦʡ ʬʫʥʢʮʠʝʡ lL

-2(T)  ́

D(T)tanh[D(T)/(2kBT)] [276] (ʭʦʪʷ, ʚʦʦʙʱʝ ʛʦʚʦʨʷ, ʜʘʥʥʦʝ ʚʳʨʘʞʝʥʠʝ ʧʨʠʤʝʥʠʤʦ ʜʣʷ ʩʚʝʨʭʧʨʦʚʦʜ-

ʥʠʢʦʚ ʧʝʨʚʦʛʦ ʨʦʜʘ), ʥʘ ʦʩʥʦʚʝ ʯʝʛʦ ʘʚʪʦʨʘʤʠ [275] ʩʜʝʣʘʥ ʚʳʚʦʜ ʦ ʨʝʘʣʠʟʘʮʠʠ ʦʜʥʦʱʝʣʝʚʦʡ ʩʚʝʨʭ-

ʧʨʦʚʦʜʠʤʦʩʪʠ ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʤ ʦʪʥʦʰʝʥʠʝʤ r å 5.5 ʜʣʷ Rb0.77Fe1.61Se2 ʠ  r å 4.7 ʜʣʷ 

K0.74Fe1.66Se2. ɽʜʠʥʩʪʚʝʥʥʘʷ ʉʇ-ʱʝʣʴ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʤ ʦʪʥʦʰʝʥʠʝʤ ʙʳʣʘ ʦʙ-

ʥʘʨʫʞʝʥʘ ʩ ʧʦʤʦʱʴʶ ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ: ʚ ʨʘʙʦʪʝ [277] ʜʣʷ Rb0.8Fe1.7Se2 ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʟʥʘʯʝʥʠʝ 

r å 5.8, ʘ ʚ ʨʘʙʦʪʝ [278] ð r å 5.3 ʜʣʷ K0.8Fe1.7(Se0.73S0.27)2.  
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ʊʘʙʣ. 4 ð ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ ʉʇ-ʱʝʣʝʡ, ʦʧʨʝʜʝʣʝʥʥʝr 

ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ ʚ ʩʝʣʝʥʠʜʘʭ AxFe2-ySe2. ʇʨʠʥʘʜʣʝʞʥʦʩʪʴ D(0) ʢ 

ʵʣʝʢʪʨʦʥʥʳʤ ʢʘʨʤʘʥʘʤ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʚ ɻ-ʪʦʯʢʝ (a) ʠ ʍ/Y-ʪʦʯʢʘʭ 

(b) ʦʪʤʝʯʝʥʘ ʩʦʛʣʘʩʥʦ ʩʭʝʤʝ ʩʧʨʘʚʘ. 
 

ʉʦʝʜʠʥʝʥʠʝ ʊʩ, ʂ rL rS ʄʝʪʦʜ ʉʩʳʣʢʘ 

K0.77Fe1.65Se2 31.5 7.4 (ra) ʌʕʉʋʈ 147 

KxFe2-ySe2 32 2.9 0.7 ʉʊʉ 126 

K0.73Fe1.67Se2 32 5.1 ʉʊʉ 139 

KxFe2-ySe2-z 32 6.4 5.2 ʉʊʉ 131 

K0.8Fe2Se2 31.4 7.6 (rb) 5.2 (ra) ʌʕʉʋʈ 149 

Cs0.8Fe2Se2 30 8 (rb) ʌʕʉʋʈ 149 

(Tl0.58Rb0.42)Fe1.72Se2 32 10.9 (ra) 8.7 (rb) ʌʕʉʋʈ 150 

K0.68Fe1.79Se2 32 6.5 (rb)  ʌʕʉʋʈ 151 

(Tl0.45K0.34)Fe1.84Se2 28 6.6 (rb)  ʌʕʉʋʈ 151 

Tl0.63K0.37Fe1.78Se2 29 6.8 (rb) 6.4 (ra) ʌʕʉʋʈ 152 

K0.77Fe1.65Se2 31 7.5 (rb) 6 (ra) ʌʕʉʋʈ 148 

Rb0.77Fe1.61Se2 32.6 5.7 (rb) ʌʕʉʋʈ 128 

K0.74Fe1.66Se2 31 4.7 lL(T) 275 

Rb0.77Fe1.61Se2 32.6 5.5 lL(T) 275 

Rb0.8Fe1.6Se2 32 5.8 ʀʂ 277 

K0.8Fe2(Se0.73S0.27)2 26 5.3 ʀʂ 278 

 

 

 

1.4. ʉʨʘʚʥʝʥʠʝ ʠ ʦʙʦʙʱʝʥʠʝ ʩʚʦʡʩʪʚ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʡ ʧʦʜʩʠʩʪʝʤʳ ʧʥʠʢʪʠʜʦʚ ʠ 

ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʞʝʣʝʟʘ ʩʝʤʝʡʩʪʚ 122 ʠ 1144 ʧʦ ʜʘʥʥʳʤ ʣʠʪʝʨʘʪʫʨʳ 

 

ʀʟʤʝʨʝʥʠʷ ʩʜʚʠʛʘ ʅʘʡʪʘ ʚ ʧʥʠʢʪʠʜʘʭ ʩʝʤʝʡʩʪʚʘ Ba-122 [279], 1144 [280] ʠ ʬʝʨʨʦʩʝʣʝʥʠʜʘʭ 

ʩʝʤʝʡʩʪʚʘ 122-Se [281] ʧʦʢʘʟʘʣʠ ʩʠʥʛʣʝʪʥʳʡ ʪʠʧ ʢʫʧʝʨʦʚʩʢʦʛʦ ʩʧʘʨʠʚʘʥʠʷ ʥʠʞʝ ʊʩ. 

ɺʦʧʨʦʩ ʦʮʝʥʢʠ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʚ ʧʥʠʢʪʠʜʘʭ ʩʝʤʝʡʩʪʚ Ba-122 ʠ 1144 ʦʩʪʘ-

ʝʪʩʷ ʜʠʩʢʫʩʩʠʦʥʥʳʤ. ʊʘʢ ʢʘʢ ʧʨʷʤʳʝ ʠʟʤʝʨʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʶʪ, ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨʳ ʜʝ-
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ʣʘʶʪ ʚʳʚʦʜ ʦ ʪʠʧʝ ʩʠʤʤʝʪʨʠʠ ʠ ʥʘʣʠʯʠʠ/ʦʪʩʫʪʩʪʚʠʠ ʥʫʣʝʡ ʫʛʣʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ D(q) ʧʦ ʨʝʟʫʣʴ-

ʪʘʪʘʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʤʦʜʝʣʷʤʠ, ʚ ʨʘʤʢʘʭ ʢʦʪʦʨʳʭ 

ʤʥʦʛʠʝ ʘʩʧʝʢʪʳ ʠ ʦʩʦʙʝʥʥʦʩʪʠ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʧʥʠʢʪʠʜʦʚ ʠ ʩʝʣʝʥʠʜʦʚ ʦʩʪʘʶʪʩʷ ʥʝʫʯʪʝʥʥʳʤʠ.  

ɹʦʣʴʰʠʥʩʪʚʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʪʝʧʣʦʝʤʢʦʩʪʠ Cel(T)/T ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʫʧʝʨʦʚʩʢʠʭ ʧʘʨ nS(T)/nS(0) (ʘʩʩʦʮʠʠʨʦʚʘʥʥʦʡ ʘʚʪʦʨʘʤʠ ʩ 

ʥʦʨʤʠʨʦʚʘʥʥʳʤʠ ʟʘʚʠʩʠʤʦʩʪʷʤʠ Hc1(T) ʠ lL
-2(T)) ʜʣʷ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚ Ba-122 ʠ 1144 ʤʦʛʫʪ 

ʙʳʪʴ ʫʩʧʝʰʥʦ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʳ ʚ ʨʘʤʢʘʭ ʦʜʥʦʟʦʥʥʳʭ [87,240] ʠʣʠ ʜʚʫʭʟʦʥʥʳʭ ʤʦʜʝʣʝʡ ʚ ʧʨʝʜ-

ʧʦʣʦʞʝʥʠʠ ʜʚʫʭ ʠʟʦʪʨʦʧʥʳʭ ʉʇ-ʱʝʣʝʡ ʩ ʨʘʟʣʠʯʥʳʤʠ ʘʤʧʣʠʪʫʜʘʤʠ [104,236,238,239,241,242,266, 

267,269]. ʅʘʧʨʦʪʠʚ, ʚ ʨʘʙʦʪʝ [237] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʠʣʫʯʰʝʝ ʩʦʛʣʘʩʠʝ ʤʦʜʝʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʚʚʝʜʝʥʠʠ d-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʠ ʙʦʣʴʰʦʡ ʉʇ-ʱʝʣʠ ʚ BFCA ʠ 

BFNA ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ. ʆʩʦʙʝʥʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʅʩ1(ʊ), ʧʦ-

ʣʫʯʝʥʥʦʡ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʝ BFNA ʩʣʘʙʦ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʘʚʘ ʩ x å 0.08 [248], ʤʦʛʫʪ ʙʳʪʴ 

ʦʧʠʩʘʥʳ ʚ ʨʘʤʢʘʭ ʜʚʫʭʟʦʥʥʦʡ a-ʤʦʜʝʣʠ ʪʦʣʴʢʦ ʧʨʠ ʚʚʝʜʝʥʠʠ AL å 30% ʠ AS > 50% ʘʥʠʟʦʪʨʦʧʠʠ 

ʙʦʣʴʰʦʡ ʠ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ. 

ʍʦʪʷ ʩʠʣʴʥʘʷ ʫʛʣʦʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʉʇ-ʱʝʣʠ D(q) ʚ kxky-ʧʣʦʩʢʦʩʪʠ, ʚ ʪ.ʯ. ʩ ʪʦʯʢʘʤʠ ʥʫʣʝʡ, ʚ 

ɺʊʉʇ-ʢʫʧʨʘʪʘʭ ʙʳʣʘ ʫʩʧʝʰʥʦ ʫʩʪʘʥʦʚʣʝʥʘ ʩ ʧʦʤʦʱʴʶ ʌʕʉʋʈ ʚ ʨʷʜʝ ʨʘʙʦʪ (ʚ ʢʘʯʝʩʪʚʝ ʦʙʟʦʨʘ ʩʤ. 

[282]), ʦʥʘ ʥʝ ʙʳʣʘ ʨʘʟʨʝʰʝʥʘ ʥʠ ʚ ʦʜʥʦʡ ʠʟ ʠʤʝʶʱʠʭʩʷ ʨʘʙʦʪ [63,67,87,116,118ï121,147ï152], 

ʧʨʦʚʝʜʝʥʥʳʭ ʤʝʪʦʜʦʤ ʌʕʉʋʈ ʜʣʷ BFCA, BFNA, CaKFe4As4, EuRbFe4As4 ʠ ʬʝʨʨʦʩʝʣʝʥʠʜʦʚ ʨʘʟ-

ʣʠʯʥʳʭ ʩʦʩʪʘʚʦʚ. ʇʦʜʨʦʙʥʦʝ ʦʙʩʫʞʜʝʥʠʝ ɻ ʪʦʛʦ ʚʦʧʨʦʩʘ ʧʨʠʚʝʜʝʥʦ ʚ ʦʙʟʦʨʝ [171]: ʥʝ ʙʝʨʷ ʚ ʨʘʩʯʝʪ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʫʶ ʨʘʟʨʝʰʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʌʕʉʋʈ, ʚ ʢʘʯʝʩʪʚʝ ʚʦʟʤʦʞʥʳʭ ʧʨʠʯʠʥ, ʥʝ ʧʦʟ-

ʚʦʣʷʶʱʠʭ ʥʘʙʣʶʜʘʪʴ ʘʥʠʟʦʪʨʦʧʠʶ D(q) ʚ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʭ, ʙʳʣʠ ʧʨʝʜʣʦʞʝ-

ʥʳ ʥʘʣʠʯʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʟʦʥ, ʉʇ-ʱʝʣʝʚʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʪʦʨʳʭ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʪʘʢʦʚʦʡ ʚ ʦʙʲʝʤʝ, ʘ 

ʪʘʢʞʝ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʨʘʩʩʝʷʥʠʝ, ʢʦʪʦʨʦʝ, ʩʦʛʣʘʩʥʦ ʨʘʩʯʝʪʘʤ [224] ʚʳʟʳʚʘʝʪ ʠʟʦʪʨʦʧʠʟʘʮʠ ʁʉʇ-

ʱʝʣʠ ʩ ʠʩʯʝʟʥʦʚʝʥʠʝʤ ʪʦʯʝʢ ʥʫʣʝʡ.  

ʅʘʧʨʦʪʠʚ, ʥʘʠʙʦʣʝʝ ʢʘʯʝʩʪʚʝʥʥʳʝ ʜʘʥʥʳʝ ʌʕʉʋʈ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʧʥʠʢʪʠʜʘʭ ʩ ʜʳʨʦʯʥʳʤʠ 

ʟʘʤʝʱʝʥʠʷʤʠ Ba:K ʠ Ca:Na ʩ ʧʦʤʦʱʴʶ ʠʩʪʦʯʥʠʢʦʚ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ [230ï233], ʧʦʟʚʦʣʠ-

ʣʠ ʨʘʟʨʝʰʠʪʴ ʯʝʪʢʫʶ ʟʘʚʠʩʠʤʦʩʪʴ D(q) ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʠʤʧʫʣʴʩʘ ʚ kxky-ʧʣʦʩʢʦʩʪʠ. ʊʘʢ, ʚ ʨʘʙʦʪʘʭ 

[229,231] ʥʘʙʣʶʜʘʣʘʩʴ A å 20%ï30% ʘʥʠʟʦʪʨʦʧʠʷ ʙʦʣʴʰʦʡ ʉʇ-ʱʝʣʠ, ʦʪʢʨʳʚʘʶʱʝʡʩʷ ʥʘ ʚʥʫʪʨʝʥ-

ʥʝʤ ʜʳʨʦʯʥʦʤ ʮʠʣʠʥʜʨʝ (ʦʙʦʟʥʘʯʝʥ ʢʘʢ a ʚ ʊʘʙʣ. 2), ʘ ʚ [229,232,233] ð A å 35%ï65% ʘʥʠʟʦʪʨʦʧʠʷ 

ʤʘʣʦʡ ʉʇ-ʱʝʣʠ, ʦʪʢʨʳʚʘʶʱʝʡʩʷ ʥʘ ʚʥʝʰʥʝʤ ʜʳʨʦʯʥʦʤ ʮʠʣʠʥʜʨʝ (g). ʊʦʯʢʠ ʥʫʣʝʡ D(q) ʙʳʣʠ ʦʙʥʘ-

ʨʫʞʝʥʳ ʚ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ BKFA ʚ ʨʘʙʦʪʝ [230]: ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʘʣʠʷ 

ʥʘʙʣʶʜʘʣʦʩʴ ʫʩʠʣʝʥʠʝ ʘʥʠʟʦʪʨʦʧʠʠ ʙʦʣʴʰʦʡ Da ʠ ʩʨʝʜʥʝʡ ʉʇ-ʱʝʣʠ Db (ʦʪʢʨʳʚʘʶʱʠʭʩʷ ʥʘ ʜʚʫʭ 

ʚʥʫʪʨʝʥʥʠʭ ʜʳʨʦʯʥʳʭ ʮʠʣʠʥʜʨʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʚʦʢʨʫʛ ɻ-ʪʦʯʢʠ), ʩ ʧʦʷʚʣʝʥʠʝʤ ʪʦʯʝʢ ʥʫʣʝʡ 
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Db ʚ ʩʦʩʪʘʚʘʭ ʩ ʊʩ < 7 ʂ. ʇʨʠ ʵʪʦʤ ʥʫʣʠ ʫʛʣʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ Dg ʧʨʠʩʫʪʩʪʚʦʚʘʣʠ 

ʚʦ ʚʩʝʤ ʠʩʩʣʝʜʦʚʘʥʥʦʤ ʚ [230] ʜʠʘʧʘʟʦʥʝ ʜʦʧʠʨʦʚʘʥʠʷ. 

ʅʘʙʣʶʜʘʝʤʳʝ ʥʠʞʝ ʊʩ ʧʠʢʠ ʥʘ ʨʘʤʘʥʦʚʩʢʠʭ ʩʧʝʢʪʨʘʭ ʚ B1g-ʢʘʥʘʣʝ ʚʦ ʚʥʫʪʨʠʱʝʣʝʚʦʡ ʦʙʣʘʩ-

ʪʠ ʵʥʝʨʛʠʡ ʚ ʜʳʨʦʯʥʦ-ʜʦʧʠʨʦʚʘʥʥʳʭ ʧʥʠʢʪʠʜʘʭ BKFA [235,283] ʠ CaKFe4As4 [284], ʘ ʪʘʢʞʝ ʚ ʬʝʨ-

ʨʦʩʝʣʝʥʠʜʘʭ ʩʝʤʝʡʩʪʚʘ 122-Se ʥʘ ʦʩʥʦʚʝ K, Cs, Rb [285], ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʥʳʝ ʘʚʪʦʨʘʤʠ ʵʪʠʭ ʨʘʙʦʪ 

ʢʘʢ ʧʨʦʷʚʣʝʥʠʝ ʤʦʜr ɹʘʨʜʘʟʠʩʘ-ʐʨʠʬʬʝʨʘ [286], ʫʢʘʟʳʚʘʶʪ ʥʘ ʜʦʤʠʥʠʨʫʶʱʠʡ ʢʘʥʘʣ ʢʫʧʝʨʦʚ-

ʩʢʦʛʦ ʩʧʘʨʠʚʘʥʠʷ ʩ s-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʝʡ ʠ ʥʘʣʠʯʠʝ ʩʫʙʜʦʤʠʥʘʥʪʥʦʛʦ dx
2
-y

2-ʚʦʣʥʦʚʦʛʦ ʢʘʥʘʣʘ 

[17]. ʅʘʧʨʦʪʠʚ, ʧʦʜʦʙʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʥʝ ʥʘʙʣʶʜʘʣʠʩʴ ʚ Rb0.8Fe1.6Se2 [235,287], ʥʘ ʦʩʥʦʚʘʥʠʠ ʯʝʛʦ 

ʘʚʪʦʨʘʤʠ ʙʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ ʦ d-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʱʝʣʠ. 

ɹʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ, ʨʘʩʩʤʘʪʨʠʚʘʶʱʠʭ ʚʦʧʨʦʩ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʱʝʣʠ, ʧʨʦʚʝʜʝʥʦ ʩ ʧʦ-

ʤʦʱʴʶ ʠʟʤʝʨʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ k(T,H) ʠ ʛʣʫʙʠʥʳ ʧʨʦʥʠʢʥʦʚʝʥʠʷ lL(T). ʉʫʤ-

ʤʠʨʫʷ ʨʝʟʫʣʴʪʘʪʳ ʢʣʘʩʩʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ [288ï290] ʠ ʨʘʩʯʝʪʦʚ ʜʣʷ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦ-

ʚʦʜʥʠʢʦʚ [224,291ï293], ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʚ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠ T < 0.3Tc ʚ ʯʠʩ-

ʪʦʤ ʧʨʝʜʝʣʝ ʜʣʷ ʦʜʥʦʱʝʣʝʚʦʛʦ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʩ s-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʝʡ ʉʇ-ʱʝʣʠ ʟʘʚʠʩʠʤʦʩʪʴ 

ʠʤʝʝʪ ʚʠʜ DlL(ʊ) ¹ lL(T) ï lL(0) ́  exp[ï1/kBT], ʚ ʩʣʫʯʘʝ d-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʠ ð DlL(ʊ)  ́T. ɼʣʷ 

ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʚ ʛʨʷʟʥʦʤ ʧʨʝʜʝʣʝ ʚ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʣʘʩʪʠ ʚ ʩʣʫʯʘʝ s-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʠ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʥʷʝʪʩʷ ʥʘ ʩʪʝʧʝʥʥʦʡ DlL(ʊ)  ́Tn ʩ ʧʦʢʘʟʘʪʝʣʝʤ n > 2, 

ʚ ʩʣʫʯʘʝ d-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʠ ð n = 2. ɼʣʷ ʜʚʫʭʱʝʣʝʚʦʛʦ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʢʘʨʪʠʥʘ ʫʩʣʦʞʥʷʝʪʩʷ, 

ʘ ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨʘʤ ʧʨʠʭʦʜʠʪʩʷ ʚʳʙʠʨʘʪʴ, ʛʦʚʦʨʠʪʴ ʣʠ ʦ ʜʚʫʭ ʚʝʣʠʯʠʥʘʭ ʛʣʫʙʠʥʳ ʧʨʦʥʠʢʥʦʚʝʥʠʷ 

ʜʣʷ ʨʘʟʥʳʭ ʉʇ-ʢʦʥʜʝʥʩʘʪʦʚ ʠʣʠ ʦʙ ʘʥʠʟʦʪʨʦʧʠʠ ʉʇ-ʩʚʦʡʩʪʚ ʚ ab ʠʣʠ c-ʥʘʧʨʘʚʣʝʥʠʷʭ. 

ɺ ʨʘʙʦʪʝ [294] ʜʣʷ ʥʘʠʙʦʣʝʝ ʯʠʩʪʦʛʦ ʦʙʨʘʟʮʘ Ba0.45K0.45Fe2As2 ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʨʝʥʠʡ ʧʦ-

ʚʝʨʭʥʦʩʪʥʦʛʦ ʠʤʧʝʜʘʥʩʘ ʥʘʙʣʶʜʘʣʘʩʴ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ DlL(ʊ), ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʦʪʩʫʪʩʪʚʠʝ ʥʫʣʝʡ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ D(q) ʚ ʩʦʩʪʘʚʝ, ʙʣʠʟʢʦʤ ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʦʤʫ. ɼʣʷ ʧʥʠʢ-

ʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ Ba-122 ʩ ʵʣʝʢʪʨʦʥʥʳʤ (Fe:Co, Fe:Pd, Fe:Rh), ʠʟʦʚʘʣʝʥʪʥʳʤ (Fe:Cu ʠ Fe:Ru) ʠ ʜʳ-

ʨʦʯʥʳʤ (Ba:K) ʟʘʤʝʱʝʥʠʝʤ ʛʨʫʧʧʦʡ ʇʨʦʟʦʨʦʚʘ [246,295,296] ʥʘ ʢʨʘʷʭ çʢʦʣʦʢʦʣʘè ʜʦʧʠʨʦʚʘʥʠʷ 

ʥʘʙʣʶʜʘʣʦʩʴ ʧʦʥʠʞʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʩʪʝʧʝʥʠ ʜʦ n å 1.5ï1.6, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʥʘʣʠʯʠʝʤ 

ʫʟʣʦʚ ʨʘʩʧʨʝʜʝʣʝʥʠʷ D(q) ʚ ʠʤʧʫʣʴʩʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʠʣʠ ʩʪʝʧʝʥʠ ʘʥʠʟʦʪʨʦʧʠʠ, ʙʣʠʟʢʦʡ ʢ 100%, 

ʠ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʥʘ ʧʨʠʤʝʩʷʭ. ɺ ʦʧʪʠʤʘʣʴʥʦ-ʜʦʧʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ ʘʚʪʦʨʳ ʵʪʠʭ ʨʘʙʦʪ 

ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘʙʣʶʜʘʶʪ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ n å 2.0ï2.7 ʠ ʚ 

ʨʘʤʢʘʭ ʠʤʝʶʱʠʭʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʪʨʘʢʪʫʶʪ ʵʪʦ ʢʘʢ ʧʨʦ̫ʚʣʝʥʠʝ s-ʚʦʣʥʦʚʦʡ ʩʠʤ-

ʤʝʪʨʠʠ ʉʇ-ʱʝʣʠ ʠ ʥʘʭʦʞʜʝʥʠʷ ʦʙʨʘʟʮʘ ʚʙʣʠʟʠ ʛʨʷʟʥʦʛʦ ʧʨʝʜʝʣʘ [246,295]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ 

[246,295] ʜʝʣʘʝʪʩʷ ʚʳʚʦʜ ʦʙ ʫʩʠʣʝʥʠʠ ʘʥʠʟʦʪʨʦʧʠʠ ʉʇ-ʱʝʣʠ ʚ ʩʠʣʴʥʦ ʥʝʜʦ- ʠ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ 

ʩʦʩʪʘʚʘʭ. ɸʥʘʣʦʛʠʯʥʦʝ ʧʦʥʠʞʝʥʠʝ n å 2.5ï1.9 ʥʘʙʣʶʜʘʣʦʩʴ ʚ [267] ʜʣʷ CaK(Fe,Ni)4As4 ʩ ʫʚʝʣʠʯʝʥʠ-



67 

 

ʝʤ ʩʪʝʧʝʥʠ ʟʘʤʝʱʝʥʠʷ. ʄʦʥʦʢʨʠʩʪʘʣʣʳ BFNA ʚ ʨʘʙʦʪʝ ʇʨʦʟʦʨʦʚʘ ʠ ʜʨ. ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʧʨʠʥʮʠ-

ʧʠʘʣʴʥʦ ʠʥʫʶ ʪʝʥʜʝʥʮʠʶ (ʜʘʞʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ BFCA): ʧʦʢʘʟʘʪʝʣʴ ʩʪʝʧʝʥʠ ʟʘʚʠʩʠʤʦʩʪʠ DlL
ab(ʊ) 

ʤʦʥʦʪʦʥʥʦ ʧʦʚʳʰʘʣʩʷ ʦʪ n å 1.6 ʚ ʦʧʪʠʤʘʣʴʥʦʤ ʩʦʩʪʘʚʝ ʜʦ n å 2.4 ʚ ʩʠʣʴʥʦ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʦʤ 

ʩʦʩʪʘʚʝ, ʧʨʠ ʵʪʦʤ ʚʜʦʣʴ ʩ-ʥʘʧʨʘʚʣʝʥʠʷ DlL
ʩ(ʊ)  ́T1 ʚʦ ʚʩʝʤ ʠʥʪʝʨʚʘʣʝ ʊʩ [297]. ɺ ʢʘʯʝʩʪʚʝ ʚʦʟʤʦʞ-

ʥʦʡ ʧʨʠʯʠʥʳ ʪʘʢʦʛʦ ʥʝʦʙʳʯʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʘʚʪʦʨʳ [297] ʜʦʧʫʩʢʘʶʪ ʦʪʣʠʯʠʝ ʚ ʤʝʭʘʥʠʟʤʝ ʢʫʧʝʨʦʚ-

ʩʢʦʛʦ ʩʧʘʨʠʚʘʥʠʷ BFNA ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʦʜʩʪʚʝʥʥʳʤ BFCA (ʯʪʦ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʝʩʴʤʘ ʩʧʦʨʥʳʤ), 

ʘ ʘʥʠʟʦʪʨʦʧʠʶ ʧʦʢʘʟʘʪʝʣʷ ʩʪʝʧʝʥʠ n ʦʙʲʷʩʥʷʶʪ ʥʘʣʠʯʠʝʤ ʣʠʥʠʡ ʥʫʣʝʡ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ D(kz) ʠ 

ʦʙʨʘʱʘʶʪ ʚʥʠʤʘʥʠʝ ʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʨʘʩʰʠʨʝʥʠʷ ʠʤʝʶʱʠʭʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʥʘ 

ʩʣʫʯʘʡ ʚʣʠʷʥʠʷ ʨʘʩʩʝʷʥʠʷ ʥʘ DlL
ʩ(ʊ).  

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩ ʧʥʠʢʪʠʜʘʤʠ ʩʝʤʝʡʩʪʚʘ Ba-122 ʩ ʟʘʤʝʱʝʥʠʷʤʠ ʨʘʟʣʠʯʥʳʤʠ (ʤʘʛʥʠʪʥʤrʠ 

ʠ ʥʝʤʘʛʥʠʪʥʳʤʠ) ʧʝʨʝʭʦʜʥʳʤʠ ʤʝʪʘʣʣʘʤʠ [298], ʘ ʪʘʢʞʝ ʧʫʪʝʤ ʩʦʟʜʘʥʠʷ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ ʩ ʧʦ-

ʤʦʱʴʶ ʦʙʣʫʯʝʥʠʷ ʧʨʦʪʦʥʘʤʠ [299] ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʤʝʥʝʝ ʩʠʣʴʥʦʝ ʧʘʜʝʥʠʝ ʊʩ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ɻʘ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʝʜʩʢʘʟʘʥʠʷʤʠ ʜʣʷ sÑ-ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ [218,219,222ï225], ʦʜʥʘʢʦ ʙʦʣʝʝ ʩʠʣʴʥʦʝ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʝʜʩʢʘʟʘʥʠʷʤʠ ʪʝʦʨʠʠ ɸʙʨʠʢʦʩʦʚʘ-ɻʦʨʴʢʦʚʘ [215]. ɺ ʨʘʤʢʘʭ ʵʪʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʥʝ 

ʥʘʰʝʣ ʪʘʢʞʝ ʦʙʲʷʩʥʝʥʠʷ ʬʘʢʪ ʦʜʠʥʘʢʦʚʦʡ ʩʢʦʨʦʩʪʠ ʧʘʜʝʥʠʷ ʊʩ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ BFCA ʧʨʠ ʚʚʝʜʝ-

ʥʠʠ ʤʘʛʥʠʪʥʳʭ ʠ ʥʝʤʘʛʥʠʪʥʳʭ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ [298]. ʇʦʜʭʦʜ ʆʧʝʥʦʚʘ [217] ʥʝ ʙʳʣ ʧʨʠʤʝ-

ʥʝʥ ʢ ʨʝʟʫʣʴʪʘʪʘʤ ʧʦʜʦʙʥʳʭ ʠʟʤʝʨʝʥʠʡ.  

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʙʦʣʝʝ ʥʘʜʝʞʥʦ ʨʘʟʣʠʯʠʪʴ ʩʣʫʯʘʠ s++  ʠ sÑ-ʩʠʤʤʝʪʨʠʠ ʉʇ-ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜ-

ʢʘ ʚ ʩʣʫʯʘʝ n Ó 2, ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ ʧʨʦʚʝʩʪʠ ʠʟʤʝʨʝʥʠʷ DlL(ʊ) ʠ ʊʩ(ɻʘ) ʜʣʷ ʦʙʨʘʟʮʦʚ ʩ 

ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʜʝʬʝʢʪʦʚ ʠʣʠ ʧʨʠʤʝʩʝʡ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʜʦʙʥʳʭ ʠʟʤʝʨʝʥʠʡ ʜʣʷ BFNA ʠ 

BFCA [300], BKFA [301,302] ʘ ʪʘʢʞʝ CaK(Fe1-xNix)4As4 [303] ʧʦʢʘʟʘʣʠ ʟʘʤʝʪʥʦʝ ʧʦʥʠʞʝʥʠʝ ʢʘʢ ʊʩ, 

ʪʘʢ ʠ n ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʦʙʣʫʯʝʥʠʷ, ʯʪʦ ʚ ʯʠʩʪʦʤ ʚʠʜʝ ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʣʫʯʘʷʤ ʥʠ s++, ʥʠ d-ʚʦʣʥʦʚʦʡ 

ʩʠʤʤʝʪʨʠʠ ʉʇ-ʱʝʣʠ ʠ ʙʳʣʦ ʦʪʥʝʩʝʥʦ ʘʚʪʦʨʘʤʠ ʢ ʧʨʦʷʚʣʝʥʠʶ sÑ-ʩʠʤʤʝʪʨʠʠ. ɺʦʦʙʱʝ ʛʦʚʦʨʷ, ʧʦ-

ʜʦʙʥʳʡ ʨʝʟʫʣʴʪʘʪ ʥʝ ʢʘʞʝʪʩʷ ʫʜʠʚʠʪʝʣʴʥʳʤ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʜʚʫʭ ʢʘʥʘʣʦʚ ʢʫʧʝʨʦʚʩʢʦʛʦ ʩʧʘʨʠʚʘ-

ʥʠʷ (ʥʘʧʨʠʤʝʨ, ʧʦʩʨʝʜʩʪʚʦʤ ʩʧʠʥʦʚʳʭ ʠ ʦʨʙʠʪʘʣʴʥʳʭ ʬʣʫʢʪʫʘʮʠʡ, ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʚ [173,222]). 

ʅʘʧʨʦʪʠʚ, ʚ ʨʘʙʦʪʝ [304] ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ Ba(Fe1-xRhx)2As2 ʧʨʠ ʩʦʟʜʘʥʠʠ (ʧʦ ʟʘʷʚʣʝʥʠʶ ʘʚʪʦʨʦʚ) 

ʪʦʯʝʯʥʳʭ ʥʝʤʘʛʥʠʪʥʳʭ ʜʝʬʝʢʪʦʚ ʧʫʪʝʤ ʦʙʣʫʯʝʥʠ ̫ʧʨʦʪʦʥʘʤʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʨʝʟʢʦʝ ʧʘʜʝʥʠʝ ʊʩ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʥʘʩʳʱʝʥʠʝʤ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʨʘʩʩʝʷʥʠʷ ʠ ʦʜʥʦʚʨʝʤʝʥʥʳʡ ʩʢʘʯʦʢ ʛʣʫʙʠʥʳ ʧʨʦʥʠʢ-

ʥʦʚʝʥʠʷ lL(0), ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʠʟʤʝʥʝʥʠʶ ʢʨʠʚʠʟʥʳ ʟʘʚʠʩʠʤʦʩʪʠ lL
-2(T) ʧʨʠ ʊ > 0.5ʊʩ ʩ çʚʦʛʥʫ-

ʪʦʡè ʥʘ çʚʳʧʫʢʣʫʶè, ʯʪʦ ʢʘʯʝʩʪʚʝʥʥʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ sÑ-s++ -ʧʝʨʝʭʦʜʦʤ, ʧʨʝʜʩʢʘʟʘʥʥʳʤ ʚ [225,226]. 

ʈʝʟʫʣʴʪʘʪʳ ʊɻʮ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ [305], ʧʦʢʘʟʘʚʰʠʝ ʫʤʝʥʴʰʝʥʠʝ ʧʦʣʦʞʝʥʠʷ ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ ʧʠʢʘ 

ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ s1(T) ʧʣʝʥʢʠ BFCA, ʚʳʟʚʘʥʥʦʛʦ ʦʪʢʨʳʪʠʝʤ 

ʤʘʣʦʡ ʉʇ-ʱʝʣʠ DS, ʚʧʣʦʪʴ ʜʦ ʠʩʯʝʟʥʦʚʝʥʠʷ ʠ ʧʦʩʣʝʜʫʶʱʝʝ ʝʛʦ ʧʦʷʚʣʝʥʠʝ ʙʳʣʠ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʳ 

ʘʚʪʦʨʘʤʠ ʢʘʢ ʥʘʙʣʶʜʝʥʠʝ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ çʙʝʩʱʝʣʝʚʦʛʦè ʩʦʩʪʦʷʥʠʷ ʩ DS = 0 ʠ sÑ-s++ -ʧʝʨʝʭʦʜʘ.  
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ɺʦʦʙʱʝ ʛʦʚʦʨʷ, ʥʝʩʤʦʪʨʷ ʥʘ ʟʘʷʚʣʝʥʠʷ ʘʚʪʦʨʦʚ [299ï305], ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʦʙʨʘʟ-

ʮʘ ʨʘʟʣʠʯʥʳʤʠ ʯʘʩʪʠʮʘʤʠ ʚʦʟʤʦʞʥʦ ʚ ʪ.ʯ. ʚʳʙʠʚʘʥʠʝ ʘʪʦʤʦʚ Fe ʩ ʠʭ ʧʦʟʠʮʠʡ, ʘ ʪʘʢʞʝ ʧʦʷʚʣʝʥʠʝ 

ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ, ʦʙʨʘʟʫʶʱʠʝʩʷ ʜʝʬʝʢʪʳ ʥʝʣʴʟʷ ʦʜʥʦʟʥʘʯʥʦ ʥʘʟʚʘʪʴ çʥʝʤʘʛ-

ʥʠʪʥʳʤʠè ʠ ʩʣʝʜʫʝʪ ʩʢʦʨʝʝ ʦʪʥʝʩʪʠ ʢ ʩʤʝʰʘʥʥʦʤʫ ʪʠʧʫ ʧʨʠʤʝʩʝʡ [222]. ɺ ʩʣʫʯʘʝ ʟʘʤʝʱʝʥʠʷ Fe 

ʘʪʦʤʘʤʠ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʤʦʞʝʪ ʤʝʥʷʪʴʩʷ ʟʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ; ʧʦʤʠʤʦ ʵʪʦʛʦ, ʦʜʠʥ ʠ ʪʦʪ ʞʝ ʜʦ-

ʧʘʥʪ ʤʦʞʝʪ ʚʝʩʪʠ ʩʝʙʷ ʢʘʢ ʠʟʦʚʘʣʝʥʪʥʳʡ ʠʣʠ ʛʝʪʝʨʦʚʘʣʝʥʪʥʳʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʝʛʦ ʢʦʥʮʝʥʪʨʘʮʠʠ 

[306], ʯʪʦ ʟʘʤʝʪʥʦ ʫʩʣʦʞʥʷʝʪ ʠʥʪʝʨʧʨʝʪʘʮʠʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. 

ʀʟʤʝʨʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ k(T)/T = k0/T + bTa, ʛʜʝ a = 1ï2, 

ʩʦʛʣʘʩʥʦ ʢʣʘʩʩʠʯʝʩʢʠʤ ʤʦʜʝʣʷʤ [307ï309], ʧʦʟʚʦʣʷʪʁ ʥʘʜʝʞʥʦ ʨʘʟʣʠʯʠʪʴ ʩʣʫʯʘʠ ʠʟʦʪʨʦʧʥʦʡ ʉʇ-

ʱʝʣʠ ʠ ʩʠʣʴʥʦ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ (ʚ ʪ.ʯ. ʩ d-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʝʡ) ʚ çʯʠʩʪʦʤè 

ʧʨʝʜʝʣʝ. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ s-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʱʝʣʠ ʦʩʪʘʪʦʯʥʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʪʝʧʣʦʧʨʦʚʦʜ-

ʥʦʩʪʴ k0/T ʧʨʠ T Ÿ 0 ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʝʪ ʠ ʝʝ ʟʘʚʠʩʠʤʦʩʪʴ (k0/T)/(kN/T) ʦʪ ʥʦʨʤʠʨʦʚʘʥʥʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ H/Hc2 (kN ð ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʚ ʥʦʨʤʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ) ʜʝʤʦʥ-

ʩʪʨʠʨʫʝʪ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʨʦʩʪ, ʚʦ ʚʪʦʨʦʤ ð ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʢʚʘʟʠʯʘʩʪʠʯʥʳʭ ʩʦʩʪʦʷʥʠʡ ʜʘʞʝ ʧʨʠ 

T Ÿ 0 ʠʤʝʝʪ ʤʝʩʪʦ k0/T Í 0 ʠ (k0/T)/(kN/T) ́  Ҟ(H/Hc2). ɺ ʩʣʫʯʘʝ ʨʘʩʰʠʨʝʥʥʦʡ s-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʠ 

ʩ ʪʦʯʢʘʤʠ ʥʫʣʝʡ, ʚ ʦʪʣʠʯʠʝ ʦʪ d-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ, ʧʨʠ ʥʘʣʠʯʠʠ ʨʘʩʩʝʷ-

ʥʠʷ ʥʘ ʧʨʠʤʝʩʷʭ ʦʞʠʜʘʝʪʩʷ k0/T Ÿ 0 ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʘʨʘʤʝʪʨʘ ʨʘʟʤʳʪʠʷ ɻ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, 

ʦʩʪʘʪʦʯʥʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʧʨʠ T Ÿ 0 ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʪʘʢʞʝ ʚ ʦʙʨʘʟʮʝ ʩ ʥʝʦʜʥʦʨʦʜʥʳʤʠ 

ʉʇ-ʩʚʦʡʩʪʚʘʤʠ ʠʣʠ ʩʦʜʝʨʞʘʱʝʤ ʥʝʩʢʦʣʴʢʦ ʩʦʩʫʱʝʩʪʚʫʶʱʠʭ ʬʘʟ (ʚ ʪ.ʯ. ʥʝʩʚʝʨʭʧʨʦʚʦʜʷʱʠʝ ʦʙ-

ʣʘʩʪʠ), ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʧʥʠʢʪʠʜʦʚ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ, ʘ ʪʘʢʞʝ ʬʝʨ-

ʨʦʩʝʣʝʥʠʜʦʚ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ ʩ ʝʩʪʝʩʪʚʝʥʥʳʤ ʬʘʟʦʚʳʤ ʨʘʩʩʣʦʝʥʠʝʤ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʦʜʥʦʟʥʘʯ-

ʥʫʶ ʠʥʪʝʨʧʨʝʪʘʮʠʶ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ. ʊʘʢʞʝ ʠʩʢʣʶʯʝʥʠʝʤ ʷʚʣʷʶʪʩʷ ʩʚʝʨʭʧʨʦʚʦʜʥʠ-

ʢʠ ʩ ʥʝʢʦʪʦʨʳʤʠ ʵʢʟʦʪʠʯʝʩʢʠʤʠ ʪʠʧʘʤʠ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʱʝʣʠ, ʠʤʝʶʱʝʡ ʪʦʯʢʠ ʥʫʣʝʡ [308]. 

ʀʤʝʶʱʠʝʩʷ ʚ ʣʠʪʝʨʘʪʫʨʝ ʜʘʥʥʳʝ ʜʣʷ ʵʣʝʢʪʨʦʥʥʦ- ʠ ʜʳʨʦʯʥʦ-ʜʦʧʠʨʦʚʘʥʥʳʭ ʧʥʠʢʪʠʜʦʚ ʩʝ-

ʤʝʡʩʪʚʘ Ba-122 ʪʘʢʞʝ ʧʨʦʪʠʚʦʨʝʯʠʚʳ. ɺ BaFe1.9Pt0.1As2 ʩ ʨʝʜʢʦ ʠʩʩʣʝʜʫʝʤʳʤ ʪʠʧʦʤ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʟʘʤʝʱʝʥʠʷ ʠ BKFA ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʚ ʨʘʙʦʪʘʭ [310,311] ʧʨʠ ʅ = 0 ʥʘʙʣʶʜʘʣʦʩʴ 

k0/T Ÿ 0 ʠ ʦʪʩʫʪʩʪʚʠʝ ʟʘʤʝʪʥʦʛʦ ʨʦʩʪʘ ʧʦʣʝʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ (k0/T)/(kN/T) ʧʨʠ ʤʘʣʳʭ ʧʦʣʷʭ, ʧʨʠ 

ʵʪʦʤ ʚ BKFA ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʢʨʠʚʠʟʥʘ (k0/T)/(kN/T) ʤʝʥʷʣʘʩʴ ʥʘ çʚʧrʫʢʣʫ èʁ ʜʣʷ 

ʩʠʣʴʥʦ-ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʩ ʊʩ å 8ï17 ʂ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʢʘʢ ʚʜʦʣʴ ab, ʪʘʢ ʠ ʚʜʦʣʴ ʩ-ʥʘ-

ʧʨʘʚʣʝʥʠʡ [310]. ʈʝʟʫʣʴʪʘʪʳ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʧʨʝʜʧʦʣʦʞʝʥʠʝʤ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʣʠʥʠʡ ʥʫʣʝʡ ʚ D(q) ʚʦ 

ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʜʦʧʠʨʦʚʘʥʠʷ, ʘ ʨʝʟʢʦʝ ʫʚʝʣʠʯʝʥʠʝ ʥʘʢʣʦʥʘ ʟʘʚʠʩʠʤʦʩʪʝʡ (k0/T)/(kN/T) ʚ ʤʘʣʳʭ ʧʦ-

ʣʷʭ ʘʚʪʦʨʳ ʦʙʲʷʩʥʷʶʪ ʫʩʠʣʝʥʠʝʤ ʘʥʠʟʦʪʨʦʧʠʠ D(q) ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʥʠʞʥʝʛʦ ʵʢʩʪʨʝʤʫʤʘ Din ʚ 

ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʘʭ [310]. ɸʥʘʣʦʛʠʯʥʦʝ ʧʦʚʝʜʝʥʠʝ, ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʥʦʝ ʘʚʪʦʨʘʤʠ ʢʘʢ ʧʝ-

ʨʝʭʦʜ ʦʪ s-ʚʦʣʥʦʚʦʡ ʢ d-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʠ, ʥʘʙʣʶʜʘʣʦʩʴ ʪʦʡ ʞʝ ʛʨʫʧʧʦʡ ʚ BFCA ʧʨʠ ʜʚʠʞʝʥʠʠ 
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ʚ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʫʶ ʦʙʣʘʩʪʴ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ [312], ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʠʟʤʝʨʝʥʠʡ 

DlL(ʊ) [295]. ɺ ʨʘʤʢʘʭ ʪʦʡ ʞʝ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʜʘʥʥʳʭ, ʠʟʤʝʨʝʥʥʳʭ ʚʜʦʣʴ ʩ-ʥʘʧʨʘʚʣʝʥʠʷ, ʙʳʣʦ ʟʘʷʚ-

ʣʝʥʦ ʦʪʩʫʪʩʪʚʠʝ ʥʫʣʝʡ D(q) ʚʜʦʣʴ kz-ʥʘʧʨʘʚʣʝʥʠʷ ʚ ʦʧʪʠʤʘʣʴʥʦ-ʜʦʧʠʨʦʚʘʥʥʦʤ BFCA ʠ ʠʭ ʧʦʷʚʣʝ-

ʥʠʝ ʚ ʥʝʜʦ- ʠ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʘʭ [313]. ʇʦʣʫʯʝʥʥʳʝ ʚ ʧʥʠʢʪʠʜʘʭ ʩ ʨʘʟʣʠʯʥʳʤʠ ʠʟʦʚʘʣʝʥʪ-

ʥʳʤʠ ʟʘʤʝʱʝʥʠʷʤʠ, ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʦʤ ʩʦʩʪʘʚʝ BaFe1.28Ru0.72As2 ʠ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʳʭ 

BaFe2As1.64P0.36 ʠ BaFe1.54Ru0.46As2 ʟʥʘʯʝʥʠʷ k0/T Í 0 ʠ ʙʣʠʟʢʠʝ ʢ ʢʦʨʥʝʚʳʤ ʧʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

(k0/T)/(kN/T) ʙʳʣʠ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥ rʢʘʢ ʧʨʠʟʥʘʢ ʥʘʣʠʯʠʷ ʥʫʣʝʡ ʫʛʣʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ D(q) 

[314]. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʘʚʪʦʨʳ ʙʦʣʴʰʠʥʩʪʚʘ ʦʙʩʫʞʜʘʝʤʳʭ ʚʳʰʝ ʨʘʙʦʪ ʥʠʢʘʢ ʥʝ ʢʦʤʤʝʥʪʠʨʫʶʪ ʭʘ-

ʨʘʢʪʝʨʥʳʡ ʜʣʷ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚ 122 ʠ 1144 ʤʥʦʛʦʟʦʥʥʳʡ ʭʘʨʘʢʪʝʨ ʉʇ-ʩʚʦʡʩʪʚ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʘʤʧʣʠʪʫʜ ʉʇ-ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʜʠʫʩʘ ʢʘʨʤʘʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʠ ʝʛʦ ʧʦ-

ʣʦʞʝʥʠʷ ʚ ʦʙʨʘʪʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʢʦʪʦʨʳʝ ʪʘʢʞʝ ʤʦʛʫʪ ʚʣʠʷʪʴ [309] ʥʘ ʠʥʪʝʨʧʨʝʪʘʮʠʶ ʥʘʙʣʶʜʘʝ-

ʤʳʭ ʚʝʣʠʯʠʥ DlL(ʊ) ʠ (k0/T)/(kN/T). ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʛʨʫʧʧʘ [315], ʧʦʣʫʯʠʚ ʘʥʘʣʦʛʠʯʥʳʝ ʨʘʙʦʪʘʤ 

[310,312,313] ʨʝʟʫʣʴʪʘʪʳ k0/T Ÿ 0 ʜʣʷ ʩʠʣʴʥʦ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʦʛʦ BFCA, ʩʜʝʣʘʣʘ ʚʳʚʦʜ ʦ ʨʝʘʣʠʟʘ-

ʮʠʠ s-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ, ʘ ʥʝʢʣʘʩʩʠʯʝʩʢʫʶ çʚʳʧʫʢʣʫʶè ʢʨʠʚʠʟʥʫ ʟʘʚʠ-

ʩʠʤʦʩʪʠ (k0/T)/(kN/T) ʦʪ H/Hc2 ʦʙʲʷʩʥʠʣʘ ʦʪʢʨʳʪʠʝʤ ʥʠʞʝ Tc ʙʦʣʴʰʝʡ ʉʇ-ʱʝʣʠ ʚ ʟʦʥʝ ʩ ʤʝʥʴʰʝʡ 

ʧʣʦʪʥʦʩʪʴʶ ʩʦʩʪʦʷʥʠʡ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ [209ï214], ʘ ʪʘʢʞʝ ʧʨʠʥʠʤʘʷ ʚʦ ʚʥʠ-

ʤʘʥʠʝ ʦʪʩʫʪʩʪʚʠʝ ʥʝʩʪʠʥʛʘ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʚ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʘʭ [63,64,66] ʧʦʩʣʝʜʥʝʝ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʩʧʦʨʥʳʤʠ, ʧʦʩʢʦʣʴʢʫ ʧʨʝʜʧʦʣʘʛʘʝʪ ʫʩʠʣʝʥʠʝ ʤʝʞʟʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ; ʪʝʤ ʥʝ 

ʤʝʥʝʝ ʧʦʜʦʙʥʘʷ ʬʦʨʤʘ ʧʦʣʝʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ (k0/T)/(kN/T) [315], ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʠ ʨʝʟʫʣʴʪʘʪʳ ʨʘ-

ʙʦʪ [310,312,313], ʤʦʛʫʪ ʙʳʪʴ ʚʦʩʧʨʦʠʟʚʝʜʝʥ rʚ ʤʦʜʝʣʠ [316] ʚ ʨʘʤʢʘʭ sÑ-ʩʮʝʥʘʨʠʷ ʩ ʠʟʦʪʨʦʧʥʳʤʠ 

ʉʇ-ʧʘʨʘʤʝʪʨʘʤʠ ʧʦʨʷʜʢʘ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʟʘʷʚʣʝʥʥʳʡ ʚ [312] s-d-ʧʝʨʝʭʦʜ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʪʝʧʝ-

ʥʠ ʜʦʧʠʨʦʚʘʥʠʷ ʪʘʢʞʝ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʧʨʝʜʩʢʘʟʘʥʠʷʤʠ sÑ-ʤʦʜʝʣʠ [171]. ɼʣʷ ʨʘʟʨʝʰʝʥʠʷ ʵʪʦʛʦ ʧʨʦʪʠ-

ʚʦʨʝʯʠʷ, ʦʯʝʚʠʜʥʦ, ʪʨʝʙʫʝʪʩʷ ʨʘʩʰʠʨʝʥʠʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʜʣʷ ʬʝʨʨʦʧʥʠʢ-

ʪʠʜʦʚ. 

ɺ ʨʘʙʦʪʝ [85] ʜʣʷ ʧʣʝʥʢʠ BaFe1.8Co0.2As2 ʩʣʘʙʦ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʘʚʘ ʩ ʧʦʤʦʱʴʶ ʊɻʮ-

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʴ DlL(T
2) ʠ ʩʠʣʴʥʦ ʫʰʠʨʝʥʥʳʡ ʧʠʢ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠ-

ʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ s1(T) ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥ ʚ ʨʘʤʢʘʭ ʧʦʜʭʦʜʘ 

ʐʘʭʠʥʛʝʨʘ ʠ ʂʘʨʙʦʪʪʝ [317] ʜʣʷ ʩʣʫʯʘʷ ʩʠʣʴʥʦ ʘʥʠʟʦʪʨʦʧʥʦʡ ʙʦʣʴʰʦʡ ʉʇ-ʱʝʣʠ (ʩʦʜʝʨʞʘʱʝʡ ʥʫ-

ʣʠ) ʠ ʠʟʦʪʨʦʧʥʦʡ ʤʘʣʦʡ ʱʝʣʠ. ɺ ʨʘʙʦʪʘʭ [80,81,86] ʘʚʪʦʨʳ ʦʙʨʘʱʘʶʪ ʚʥʠʤʘʥʠʝ ʥʘ ʪʦ, ʯʪʦ ʰʠʨʦʢʠʡ 

ʜʨʫʜʝʚʩʢʠʡ ʚʢʣʘʜ ʚ ʦʧʪʠʯʝʩʢʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ s1(w) BFNA ʠ BFCA ʦʧʪʠʤʘʣʴʥʳʭ ʩʦʩʪʘʚʦʚ ʦʩʪʘʝʪ-

ʩʷ ʥʝʟʘʱʝʣʝʥʥʳʤ ʧʨʠ ʤʘʣʳʭ ʯʘʩʪʦʪʘʭ ʚ ʠʩʩʣʝʜʦʚʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ. ʇʦʣʫʯʝʥʥʳʝ ʚ [80,81,86] ʥʘ ʦʩ-

ʥʦʚʝ ʘʥʘʣʠʟʘ s1(w) ʜʚʝ ʭʘʨʘʢʪʝʨʥʳʝ ʵʥʝʨʛʠʠ DL(0) ʠ DS(0) ʧʦ ʤʥʝʥʠʶ ʘʚʪʦʨʦʚ ʤʦʛʫʪ ʙʳʪʴ ʦʪʥʝʩʝʥʳ 
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ʢʘʢ ʢ ʜʚʫʤ ʥʝʟʘʚʠʩʠʤʳʤ, ʠʟʦʪʨʦʧʥʳʤ ʉʇ-ʢʦʥʜʝʥʩʘʪʘʤ, ʪʘʢ ʠ ʢ ʦʜʥʦʤʫ, ʘʥʠʟʦʪʨʦʧʥʦʤʫ ʚ k-ʧʨʦ-

ʩʪʨʘʥʩʪʚʝ ʉʇ-ʧʘʨʘʤʝʪʨʫ ʧʦʨʷʜʢʘ (ʩʦ ʩʪʝʧʝʥʴʶ ʘʥʠʟʦʪʨʦʧʠʠ A å 50ï60 %). ʅʘʧʨʦʪʠʚ, ʚ [82,84,250, 

271,274] ʫʪʚʝʨʞʜʘʝʪʩʷ, ʯʪʦ ʥʘʠʣʫʯʰʝʝ ʩʦʛʣʘʩʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

s1(w) ʜʣʷ BFNA, BFCA, CaKFe4As4 ʠ EuRbFe4As4 ʜʦʩʪʠʛʘʝʪʩʷ ʚ ʩʣʫʯʘʝ ʠʟʦʪʨʦʧʥʳʭ ʉʇ-ʱʝʣʝʡ. 

ɺʤʝʩʪʝ ʩ ʪʝʤ, ʧʦʣʫʯʝʥʥʘʷ ʚ [274] ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʉʇ-ʧʘʨʘʤʝʪʨʘ 

ʧʦʨʷʜʢʘ nS(T) ʧʨʦʭʦʜʠʪ ʧʨʠʤʝʨʥʦ ʧʦʩʝʨʝʜʠʥʝ ʤʝʞʜʫ ʢʨʠʚʤrʠ, ʧʨʝʜʩʢʘʟʘʥʥʳʤʠ ʜʣʷ ʩʣʫʯʘʝʚ s- ʠ 

d-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʠ, ʦʜʥʘʢʦ, ʩʣʫʯʘʡ ʨʘʩʰʠʨʝʥʥʦʡ s-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʠ ʘʚʪʦʨʘʤʠ ʥʝ ʨʘʩʩʤʘʪ-

ʨʠʚʘʣʩʷ.  

ʆʙʥʘʨʫʞʝʥʥʳʡ ʩ ʧʦʤʦʱʴʶ ʬʝʤʪʦʩʝʢʫʥʜʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ CaKFe4As4 ʥʠʞʝ ʊʩ ʥʠʟʢʦʯʘʩʪʦʪ-

ʥʳʡ ʨʝʟʦʥʘʥʩ ʩ ʵʥʝʨʛʠʝʡ e0 å 0.21 ʤʵɺ ʘʚʪʦʨʳ [273] ʦʪʥʦʩʷʪ ʢ ʩʠʣʴʥʦ ʩʤʷʛʯʝʥʥʦʡ ʣʝʛʛʝʪʪʦʚʩʢʦʡ ʤʦʜʝ 

[318]. ʇʦʩʢʦʣʴʢʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʥʘʙʣʶʜʝʥʠʝ ʩʪʦʣʴ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʤʦʜʳ ʃʝʛʛʝʪʪʘ ʢʘʞʝʪʩʷ 

ʥʝʚʦʟʤʦʞʥʳʤ ʚ sÑ-ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ [319], ʘʚʪʦʨʳ ʨʘʙʦʪʳ [273], ʩʩʳʣʘʷʩʴ ʥʘ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ 

[320,321], ʟʘʷʚʣʷʶʪ ʦ ʚʦʟʤʦʞʥʦʤ ʥʘʨʫʰʝʥʠʠ ʩʠʤʤʝʪʨʠʠ ʦʙʨʘʱʝʥʠʷ ʚʨʝʤʝʥʠ ʚ CaKFe4As4, ʢʦʪʦʨʦʝ 

ʤʦʞʝʪ ʨʝʘʣʠʟʦʚʘʪʴʩʷ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʪʨʝʭ ʠ ʙʦʣʝʝ ʉʇ-ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ ʩ 

ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʩʜʚʠʛʦʤ ʬʘʟ, ʪ.ʝ. (s + is)-ʩʠʤʤʝʪʨʠʠ. ʅʝʩʤʦʪʨʷ ʥʘ ʢʘʞʫʱʫʶʩʷ ʵʢʟʦʪʠʯʥʦʩʪʴ, ʪʘʢʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʜʚʠʛʘ ʬʘʟ ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʘʝʪ ʚʥʫʪʨʝʥʥʶʶ ʵʥʝʨʛʠʶ ʉʇ-

ʢʦʥʜʝʥʩʘʪʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʣʫʯʘʝʤ ʥʘʭʦʞʜʝʥʠʷ ʜʚʫʭ ʢʦʥʜʝʥʩʘʪʦʚ ʚ ʧʨʦʪʠʚʦʬʘʟʝ ʜʣʷ sÑ-ʩʮʝʥʘʨʠʷ. 

ʇʦ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʦʮʝʥʢʘʤ [320,321], ʚ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ ʩ (s + is)-ʩʠʤʤʝʪʨʠʝʡ ʣʝʛʛʝʪʪʦʚʩʢʘʷ ʯʘʩʪʦʪʘ 

w0 ʤʦʞʝʪ ʩʤʷʛʯʘʪʴʩʷ ʚʧʣʦʪʴ ʜʦ ʥʫʣʷ. ʆʪʤʝʪʠʤ, ʯʪʦ ʜʨʫʛʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʘʙʦʪʳ, ʚ ʢʦʪʦʨʳʭ 

ʟʘʷʚʣʝʥʦ ʥʘʨʫʰʝʥʠʝ ʩʠʤʤʝʪʨʠʠ ʦʙʨʘʱʝʥʠʷ ʚʨʝʤʝʥʠ ʚ ʧʥʠʢʪʠʜʘʭ ʩʝʤʝʡʩʪʚʘ 1144, ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ 

ʦʪʩʫʪʩʪʚʫʶʪ. ɹʦʣʝʝ ʪʦʛʦ, ʚ [266] ʩ ʧʦʤʦʱʴʶ ʤʶʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʩʦʭʨʘʥʝʥʠʝ 

ʩʠʤʤʝʪʨʠʠ ʦʙʨʘʱʝʥʠʷ ʚʨʝʤʝʥʠ ʚ CaKFe4As4.  

ʇʨʦʚʝʜʝʤ ʩʨʘʚʥʝʥʠʝ ʚʝʣʠʯʠʥ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʡ ʉʇ-ʱʝʣʝʡ, ʦʮʝʥʝʥʥʳʭ ʢʘʢ 

ʘʥʘʣʦʛʠʯʥʳʤʠ, ʪʘʢ ʠ ʨʘʟʥʳʤʠ ʤʝʪʦʜʘʤʠ ʚ ʢʨʠʩʪʘʣʣʘʭ ʩ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʴʶ ʟʘʤʝʱʝʥʠʷ. ʇʦʣʫʯʝʥ-

ʥʳʝ ʚ ʣʠʪʝʨʘʪʫʨʝ ʜʣʷ BFCA ʠ BFNA ʦʪʥʦʰʝʥʠʷ rL ʠ rS ʜʣʷ ʙʦʣʴʰʦʡ ʠ ʤʘʣʦʡ ʉʇ-ʱʝʣʝʡ (ʩʤ. ʊʘʙʣ. 

1) ʧʦʢʘʟʘʥʳ ʥʘ ʈʠʩ. 20a,b ʩʠʤʚʦʣʘʤʠ ʩʠʥʝʛʦ ʠ ʢʨʘʩʥʦʛʦ ʮʚʝʪʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; ʜʘʥʥʳʝ ʌʕʉʋʈ ð 

ʩʠʤʚʦʣʘʤʠ ʟʝʣʝʥʦʛʦ ʮʚʝʪʘ. ɼʣʷ ʩʦʩʪʘʚʦʚ, ʙʣʠʟʢʠʭ ʢ ʦʧʪʠʤʘʣʴʥʦʤʫ, ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʢ ʥʝʜʦ- ʠʣʠ 

ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ ʬʦʨʤʘʣʴʥʦ ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʦ ʥʘʣʠʯʠʶ ʠʣʠ ʦʪʩʫʪʩʪ-

ʚʠʶ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʠ Tm ʠ Ts ʚʳʰʝ ʉʇ-ʧʝʨʝʭʦʜʘ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ R(T) ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ. 

ʂ ʩʦʞʘʣʝʥʠʶ, ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʌʕʉʋʈ ʠ ʦʧʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʨʘʟʮʦʚ BFCA ʧʨʦʚʝʜʝʥʳ 

ʪʦʣʴʢʦ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʠ ʧʣʝʥʢʘʭ ʩ ʩʦʩʪʘʚʘʤʠ, ʙʣʠʟʢʠʤʠ ʢ ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʳʤ. ɼʣʷ 

BFNA ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦʣʫʯʝʥʳ ʪʦʣʴʢʦ ʚ ʫʟʢʦʡ, ʩʣʘʙʦ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ ʩ ʊʩ 

å 18ï20 ʂ (ʩʤ. ʈʠʩ. 20b). 



71 

 

ɿʥʘʯʠʪʝʣʴʥʳʡ ʨʘʟʙʨʦʩ ʜʘʥʥʳʭ ri å 0.9ī14.7 ʚ ʦʙʣʘʩʪʠ ʦʧʪʠʤʘʣʴʥʦʛʦ ʜʦʧʠʨʦʚʘʥʠʷ BFCA 

(ʈʠʩ. 20ʘ) ʚʳʟʚʘʥ, ʦʯʝʚʠʜʥʦ, ʙ·ʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʤʘʣʦʠʟʫʯʝʥʥʳʤʠ ʥʝʜʦ- ʠ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʤʠ ʦʙʣʘʩʪʷʤʠ.  

ʆʪʤʝʪʠʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʭʦʨʦʰʫʶ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴ ʜʘʥʥʳʭ ʠʟʤʝʨʝʥʠʡ Cel(T) (ʢʚʘʜʨʘʪʳ ʥʘ 

ʈʠʩ. 20ʘ) [236ï239,242] ʠ lL
-2(T) (ʨʦʤʙʳ) [236,240,241]: ʚʦ ʚʩʝʭ ʵʪʠʭ ʨʘʙʦʪʘʭ ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ 

rL ʣʝʞʘʪ ʚ ʩʨʝʜʥʝʤ ʦʪ ɹʂʐ-ʧʨʝʜʝʣʘ ʩʣʘʙʦʡ ʩʚʷʟʠ 3.5 ʜʦ 4.5, ʘ ʜʣʷ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ rS å 0.9ī2.2 (ʩʝʨʘʷ 

ʰʪʨʠʭʦʚʢʘ ʥʘ ʈʠʩ. 20ʘ), ʧʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʯʝʪʢʘʷ ʪʝʥʜʝʥʮʠʷ ʢ ʩʦʭʨʘʥʝʥʠʶ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩ-

ʢʦʛʦ ʦʪʥʦʰʝʥʠʷ rL,S(Tc) å const ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʢʨʠʪʠʯʝʩʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʚʧʣʦʪʴ ʜʦ ʊʩ å 5 ʂ 

ʢʘʢ ʚ ʥʝʜʦ-, ʪʘʢ ʠ ʚ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ. 

ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʚʝʨʭʥʠʡ ʧʨʝʜʝʣ ʚʳʰʝʫʢʘʟʘʥʥʳʭ ʚʝʣʠʯʠʥ rL ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝ 

ʜʠʘʧʘʟʦʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʡ ʜʣʷ ʥʘʠʤʝʥʴʰʝʡ ʥʘʙʣʶʜʘʝʤʦʡ ʚ ʌʕʉʋʈ-ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʭ (ʵʣʝʢʪʨʦʥʥʦʡ) ʉʇ-ʱʝʣʠ rS å 4.2ī5.6 (ʪʨʝʫʛʦʣʴʥʠʢʠ ʚʥʠʟ) [63,67], ʧʨʠ ʵʪʦʤ ʜʣʷ ʜʚʫʭ ʉʇ-ʱʝʣʝʡ 

ʥʘ ʜʳʨʦʯʥʳʭ ʢʘʨʤʘʥʘʭ ʵʪʠ ʦʪʥʦʰʝʥʠʷ ʩʦʩʪʘʚʣʷʶʪ r å 6.0ī7.0 ʠ 5.0ī6.5 (ʩʠʥʷʷ ʰʪʨʠʭʦʚʢʘ ʥʘ ʈʠʩ. 

20). ʄʘʣʘʷ ʉʇ-ʱʝʣʴ ʩ ʘʤʧʣʠʪʫʜʦʡ 1ī2 ʤʵɺ, ʥʘʜʝʞʥʦ ʦʧʨʝʜʝʣʷʝʤʘʷ ʩ ʧʦʤʦʱʴʶ ʦʙʲʝʤʥʳʭ ʤʝʪʦʜʦʚ, 

ʥʝ ʥʘʙʣʶʜʘʣʘʩʴ ʚ ʌʕʉʋʈ-ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʚʦʟʤʦʞʥʦ, ʧʦ ʧʨʠʯʠʥʝ ʠʭ ʥʠʟʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʧʦ ʵʥʝʨ-

ʛʠʠ. ʈʝʟʫʣʴʪʘʪʳ ʦʧʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʢʨʫʞʢʠ) ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʙʦʣʴʰʠʡ ʨʘʟʙʨʦʩ: ʠʩʢʣʶʯʘʷ 

ʠʟ ʨʘʩʩʤʦʪʨʝʥʠʷ ʜʘʥʥʳʝ ʩ rL < 3.5, ʧʦʣʫʯʠʤ, ʯʪʦ ʙʦʣʴʰʠʥʩʪʚʦ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʡ ʜʣʷ 

ʙʦʣʴʰʦʡ ʉʇ-ʱʝʣʠ ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ rL å 3.5ī7 [80ï84,86,250], ʘ ʜʣʷ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ ʦʪʥʦʰʝʥʠʝ 

rS å 0.9ī3.1 ʦʢʘʟʳʚʘʝʪʩʷ ʥʠʞʝ ɹʂʐ-ʧʨʝʜʝʣʘ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ ʠʟʤʝʨʝʥʠʡ Cel(T) ʠ lL
-2(T). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʦʩʥʦʚʝ ʙʦʣʴʰʠʥʩʪʚʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʤʦʞʥʦ ʛʨʫʙʦ ʦʙʦʟʥʘʯʠʪʴ ʜʠʘ-

ʧʘʟʦʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʡ rL ʠ rS, ʧʦʢʘʟʘʥʥʳʝ ʩʠʥʝʡ ʠ ʩʝʨʦʡ ʰʪʨʠʭʦʚʢʦʡ ʥʘ ʈʠʩ. 20ʘ.  

ɺʝʣʠʯʠʥʳ ri, ʦʧʨʝʜʝʣʝʥʥʳʝ ʚ ʪʫʥʥʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩ ʧʦʤʦʱʴʶ ʉʊʉ [48,51ï54] ʠ ʊʂ-

ʩʧʝʢʪʨʦʩʢʦʧʠʠ [255ï259] (ʪʨʝʫʛʦʣʴʥʠʢʠ ʚʚʝʨʭ ʥʘ ʈʠʩ. 20ʘ), ʦʢʘʟʳʚʘʶʪʩʷ ʩʠʣʴʥʦ ʟʘʚʳʰʝʥʳ ʧʦ ʩʨʘʚ-

ʥʝʥʠʶ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʨʫʛʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʦʚ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʢʘʞʜʳʡ ʠʟ ʧʨʠʤʝʥʝʥ-

ʥʳʭ ʪʫʥʥʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʧʦʢʘʟʳʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʨʘʟʙʨʦʩ ʟʥʘʯʝʥʠʡ: ʪʘʢ, ʚ ʊʂ-ʵʢʩʧʝʨʠʤʝʥʪʘʭ rL 

å 5.8ī14.7, rS å 2.7ī9.8, ʚ ʉʊʉ-ʵʢʩʧʝʨʠʤʝʥʪʘʭ rL å 4.7ī13.3, rS å 5.8ī6.6. ɺ ʢʘʯʝʩʪʚʝ ʚʦʟʤʦʞʥʳʭ 

ʧʨʠʯʠʥ ʨʘʟʙʨʦʩʘ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ: (i) ʦʧʨʝʜʝʣʝʥʥʦʝ ʚ ʥʝʢʦʪʦʨʳʭ ʨʘʙʦʪʘʭ [48,51,52] ʟʥʘʯʝʥʠʝ D(0) 

ʧʦ ʚʠʜʠʤʦʤʫ ʧʦʣʦʞʝʥʠʶ ʪʫʥʥʝʣʴʥʦʛʦ ʧʠʢʘ eVpeak, ʢʦʪʦʨʦʝ ʟʘʚʠʩʠʪ ʪʘʢʞʝ ʦʪ ʩʚʦʡʩʪʚ ʢʦʥʢʨʝʪʥʦʛʦ 

ʢʦʥʪʘʢʪʘ ʠʟ-ʟʘ ʚʣʠʷʥʠʷ ʨʘʩʩʝʷʥʠʷ (ʧʘʨʘʤʝʪʨ ʨʘʟʤʳʪʠʷ ɻ); (ii ) ʚ ʨʘʙʦʪʘʭ [53,54], ʛʜʝ ʧʘʨʘʤʝʪʨ ɻ ʙʳʣ 

ʫʯʪʝʥ, ʪʫʥʥʝʣʴʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ NIS-ʢʦʥʪʘʢʪʘ dI(V)/dV ʙʳʣʘ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʘ ʥʘʧʨʷʤʫʶ ʵʥʝʨʛʝ-

ʪʠʯʝʩʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ N(e) ʚ ʤʦʜʝʣʠ ɼʘʡʥʩʘ [254] ʙʝʟ ʝʝ 

ʧʦʜʩʪʘʥʦʚʢʠ ʚ dI(V)/dV, ʦʧʠʩʳʚʘʝʤʫʶ ʤʦʜʝʣʴʶ ɾʠʚʝʨʘ ʠ ʄʝʨʝʛʣʝ [253], ʪ.ʝ. ʙʝʟ ʫʯʝʪʘ ʟʘʚʠʩʠʤʦʩ-

ʪʠ Ntip(e) ʜʣʷ ʥʦʨʤʘʣʴʥʦʛʦ ʤʝʪʘʣʣʘ, ʠʟ ʢʦʪʦʨʦʛʦ ʙʳʣʘ ʩʜʝʣʘʥʘ ʠʛʣʘ ʉʊʄ. ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʘʥʥʳʝ 

ʟʥʘʯʝʥʠʷ rL ʚʳʟʳʚʘʶʪ ʩʦʤʥʝʥʠʷ, ʙʦʣʴʰʠʥʩʪʚʦ ʚʝʣʠʯʠʥ rS, ʧʦʣʫʯʝʥʥʳʭ ʪʫʥʥʝʣʴʥʳʤʠ ʤʝʪʦʜʘʤʠ, 
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ʥʘʭʦʜʷʪʩʷ ʚ ʚʳʰʝʫʢʘʟʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ 3.5ī7.0 ʜʣʷ rL ʧʦ ʜʘʥʥʳʤ [80ï84,86,250], ʪ.ʝ. ʤʦʛʫʪ ʙʳʪʴ 

ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʳ ʠʥʘʯʝ: ʚ ʢʘʯʝʩʪʚʝ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʡ ʙʦʣʴʰʦʡ ʉʇ-ʱʝʣʠ.  

ʀʤʝʶʱʠʝʩʷ ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ BFNA ʣʫʯʰʝ ʩʦʛʣʘʩʫʶʪʩʷ ʤʝʞʜʫ ʩʦʙʦʡ (ʩʤ. ʈʠʩ. 20b). ɿʘ ʠʩ-

ʢʣʶʯʝʥʠʝʤ çʚʣrʝʪʝʚʰʝʡè ʪʦʯʢʠ (ʜʘʥʥʳʝ ʊʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ [255]), ʜʘʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʟʘʚʠʩʠ-

ʤʦʩʪʝʡ Hc1(T), lL
-2(T) ʠ ʉel(ʊ) [236ï238] ʠ ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ [80,81] ʦʙʨʘʟʫʶʪ ʜʚʘ ʜʠʘʧʘʟʦʥʘ ʟʥʘʯʝ-

ʥʠʡ ʩ rL å 3.5ī6.0, rS å 0.9ī2.3, ʩʦʛʣʘʩʫʶʱʠʝʩʷ ʩ ʪʘʢʦʚʳʤʠ ʜʣʷ BFCA (ʩʠʥʷʷ ʠ ʩʝʨʘʷ ʰʪʨʠʭʦʚʢʘ ʥʘ 

ʈʠʩ. 20b).  

ɿʥʘʯʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʡ ʉʇ-ʱʝʣʝʡ, ʧʦʣʫʯʝʥʥʳʭ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ ʚ 

ʧʥʠʢʪʠʜʘʭ ʩʝʤʝʡʩʪʚʘ 1144 ʠ ʩʝʣʝʥʠʜʘʭ ʩʝʤʝʡʩʪʚʘ 122-Se, ʧʨʠʚʝʜʝʥʳ ʥʘ ʈʠʩ. 21. ɹʦʣʴʰʠʥʩʪʚʦ ʠʟʤʝ-

ʨʝʥʠʡ ʧʨʦʚʝʜʝʥʳ ʥʘ ʦʙʨʘʟʮʘʭ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤʠ ʚ ʩʚʦʝʤ ʢʣʘʩʩʝ ʢʨʠʪʠʯʝʩʢʠʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ: ʜʣʷ 

ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 1144 ð ʥʘ ʦʙʨʘʟʮʘʭ CaKFe4As4 ʠ EuRbFe4As4 ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʩʦʩʪʘʚʦʚ ʩ 

Tc å 35ï36 ʂ; ʜʣʷ ʬʝʨʨʦʩʝʣʝʥʠʜʦʚ ð ʥʘ ʦʙʨʘʟʮʘʭ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ, ʦʜʥʘʢʦ ʩ ʙʣʠʟʢʠʤʠ Tc å 28ï

33 ʂ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʜʣʷ ʫʜʦʙʩʪʚʘ ʚʝʣʠʯʠʥʳ ri ʧʨʠʚʝʜʝʥʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʥʝ ʦʪ ʊʩ, ʘ ʦʪ ʧʦʨʷʜʢʦ-

ʚʦʛʦ ʥʦʤʝʨʘ (ʪ.ʝ. ʛʦʨʠʟʦʥʪʘʣʴʥʘʷ ʦʩʴ ʥʝ ʠʤʝʝʪ ʟʥʘʯʝʥʠʷ). ʇʦʩʢʦʣʴʢʫ ʘʚʪʦʨʳ ʨʘʙʦʪ [104,267], ʧʨʦʚʝ-

ʜʝʥʥʳʭ ʥʘ ʜʦʧʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ CaK(Fe,Co)4As4 ʠ CaK(Fe,Ni)4As4 ʩ ʰʠʨʦʢʠʤ ʜʠʘʧʘʟʦʥʦʤ ʊʩ å 

19ï34 ʂ, ʥʝ ʦʙʥʘʨʫʞʠʣʠ ʟʘʤʝʪʥʦʡ ʪʝʥʜʝʥʮʠʠ ʢ ʠʟʤʝʥʝʥʠʶ ri(Tc) ʚʜʦʣʴ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ ʜʦʧʠ-

ʨʦʚʘʥʠʷ, ʨʝʟʫʣʴʪʘʪʳ ʵʪʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʪʘʢʞʝ ʧʨʠʚʝʜʝʥʳ ʥʘ ʈʠʩ. 21ʘ. 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʥʝʩʦʦʪʚʝʪʩʪʚʠʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʨʝʟʫʣʴʪʘʪʳ ʌʕʉʋʈ, ʧʦʣʫʯʝʥʥʳʝ ʨʘʟʥʳʤʠ 

ʛʨʫʧʧʘʤʠ [87,116,118ï121] ʚ ʧʥʠʢʪʠʜʘʭ ʩʝʤʝʡʩʪʚʘ 1144: ʥʘʧʨʠʤʝʨ, ʜʣʷ ʉʇ-ʱʝʣʠ, ʦʪʢʨʳʚʘʶʱʝʡʩʷ ʥʘ 

ʜʳʨʦʯʥʦʤ a-ʮʠʣʠʥʜʨʝ ʦʢʦʣʦ ɻ-ʪʦʯʢʠ ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʡ ʨʘʟʙʨʦʩ ʟʥʘʯʝʥʠʡ r å 3.9ï6.6, ʘ ʥʘ 

b-ʮʠʣʠʥʜʨʝ ð ʧʦʯʪʠ ʚ 3.5 ʨʘʟʘ (r å 2.5ï8.6). ʄʦʞʥʦ ʫʢʘʟʘʪʴ ʢʘʢ ʤʠʥʠʤʫʤ ʜʚʝ ʚʦʟʤʦʞʥʳʝ ʧʨʠʯʠʥʳ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʪʘʢʦʛʦ ʨʘʟʙʨʦʩʘ: ʚʦ-ʧʝʨʚʳʭ, ʚ ʥʝʢʦʪʦʨʳʭ ʨʘʙʦʪʘʭ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥʳ ʧʨʠ ʜʦʩʪʘ-

ʪʦʯʥʦ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʊʩ (ʥʘʧʨʠʤʝʨ, ʊmin = 8 ʂ ʚ [120] ʠ 10 ʂ ʚ [119], ʯʪʦ, ʦʯʝʚʠʜ-

ʥʦ, ʧʦʥʠʞʘʝʪ ʘʤʧʣʠʪʫʜʳ D(T) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ D(0)); ʚʦ-ʚʪʦʨʳʭ, ʘʚʪʦʨʳ ʤʥʦʛʠʭ ʨʘʙʦʪ [116,119,120] 

ʦʮʝʥʠʚʘʣʠ ʢʨʘʡ ʉʇ-ʱʝʣʠ D(T) ʥʘʧʨʷʤʫʶ ʧʦ ʚʠʜʠʤʦʤʫ ʧʦʣʦʞʝʥʠʶ ʧʠʢʘ ʩʧʝʢʪʨʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʙʝʟ 

ʫʯʝʪʘ ʧʦʧʨʘʚʢʠ ʥʘ ʨʘʩʩʝʷʥʠʝ (ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʢʦʨʨʝʢʪʥʦʤʫ ʦʧʨʝʜʝʣʝʥʠʶ D ʚ ʩʣʫʯʘʝ ʫʰʠʨʝʥʠʷ ʧʠ-

ʢʦʚ ʌʕʉʋʈ-ʩʧʝʢʪʨʦʚ ʫʜʝʣʝʥʦ ʚ ʨʘʙʦʪʝ [231]). ʊʝʤ ʥʝ ʤʝʥʝʝ, ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ 

ʦʪʥʦʰʝʥʠʡ rL å 4.9ï6.6 ʉʇ-ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ ʙʦʣʴʰʝʡ ʘʤʧʣʠʪʫʜʳ, ʧʦʣʫʯʝʥʥʳʭ ʚ CaKFe4As4 ʠ 

EuRbFe4As4 ʤʝʪʦʜʦʤ ʌʕʉʋʈ [87,116,118ï121], ʦʢʘʟʘʣʠʩʴ ʙʣʠʟʢʠ ʢ ʪʘʢʦʚʳʤ ʧʦ ʜʘʥʥʳʤ ʌʕʉʋʈ ʚ 

BFCA [63,67], ʘ ʪʘʢʞʝ ʚ ʜʳʨʦʯʥʦ-ʜʦʧʠʨʦʚʘʥʥʳʭ (Ba,Na)Fe2As2 ʠ (Ca,Na)Fe2As2 [233,234] ʠ ʥʝʢʦʪʦ-

ʨʳʤ ʨʝʟʫʣʴʪʘʪʘʤ ʜʣʷ BKFA [229,231,232]. 

ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʧʥʠʢʪʠʜʦʚ BFCA ʠ BFNA, ʜʣʷ ʩʝʤʝʡʩʪʚʘ 1144 ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʭʦʨʦʰʫʶ 

ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʠʟʤʝʨʝʥʠʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʠ ʛʣʫʙʠʥʳ ʧʨʦʥʠʢʥʦʚʝʥʠʷ (ʢʚʘʜʨʘʪʳ). ʇʦ 
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ʜʘʥʥʳʤ ʨʘʙʦʪ [87,266,267], ʚʝʣʠʯʠʥʳ rL å 5.0ï5.8 ʠ rS å 1.4ï1.8 ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʤʠʥʠʤʘʣʴʥʳʡ ʨʘʟ-

ʙʨʦʩ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʨʫʛʠʭ ʤʝʪʦʜʦʚ. ʂ ʚʳʰʝʫʢʘʟʘʥʥʳʤ ʟʥʘʯʝʥʠʷʤ ʙʣʠʟʢʠ ʚʝʣʠʯʠʥʳ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʡ ʙʦʣʴʰʦʡ ʠ ʤʘʣʦʡ ʉʇ-ʱʝʣʝʡ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʘʤʠ ʉʊʉ ʠ ʊʂ-

ʩʧʝʢʪʨʦʩʢʦʧʠʠ [104,111ï113,120], ʘ ʪʘʢʞʝ ʙʦʣʴʰʠʥʩʪʚʦ ʜʘʥʥʳʭ ʌʕʉʋʈ [87,119ï121]. ʊʘʢʠʤ ʦʙʨʘ-

ʟʦʤ, ʚ ʢʘʯʝʩʪʚʝ ʚʦʟʤʦʞʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʚʝʣʠʯʠʥ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʦʪʥʦʰʝʥʠʷ rL ʙʦʣʴʰʦʡ ʉʇ-

ʱʝʣʠ ʤʦʞʥʦ ʚʟʷʪʴ ʟʥʘʯʝʥʠʷ ʦʪ 3.7 ʜʦ 6.0ï6.6, ʘ ʜʣʷ ʤʘʣʦʡ ʱʝʣʠ ð rS ʦʪ 1.4 ʜʦ 3.2 (ʩʠʥʷʷ ʠ ʩʝʨʘʷ 

ʰʪʨʠʭʦʚʢʘ ʥʘ ʈʠʩ. 21ʘ). ʇʦʩʣʝʜʥʝʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʤʫ ʦʪʥʦʰʝʥʠʶ ʝʜʠʥʩʪʚʝʥʥʦʡ 

ʉʇ-ʱʝʣʠ, ʥʘʙʣʶʜʘʝʤʦʡ ʤʝʪʦʜʘʤʠ ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʦʪʨʘʞʝʥʠʷ (ʢʨʫʞʦʢ ʢʨʘʩʥʦʛʦ ʮʚʝʪʘ); ʪ.ʢ. ʵʪʦ 

ʟʥʘʯʝʥʠʝ ʣʝʞʠʪ ʥʠʞʝ ɹʂʐ-ʧʨʝʜʝʣʘ ʩʣʘʙʦʡ ʩʚʷʟʠ, ʝʛʦ ʩʣʝʜʫʝʪ ʦʪʥʝʩʪʠ ʢ ʤʘʣʦʤʫ ʧʘʨʘʤʝʪʨʫ ʧʦʨʷʜʢʘ 

DS ʚ ʤʥʦʛʦʱʝʣʝʚʦʤ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ. ʇʦʣʫʯʝʥʥʳʝ ʜʠʘʧʘʟʦʥʳ ʚʝʣʠʯʠʥ rL ʠ rS ʦʢʘʟʘʣʠʩʴ ʙʣʠʟʢʠ ʢ 

ʪʘʢʦʚʳʤ ʜʣʷ ʧʥʠʢʪʠʜʦʚ BFNA ʠ BFCA (ʰʪʨʠʭʦʚʢʠ ʥʘ ʈʠʩ. 20a,b). ɺ ʫʢʘʟʘʥʥʳʡ ʜʠʘʧʘʟʦʥ ʜʣʷ rL 

ʪʘʢʞʝ ʧʦʧʘʜʘʝʪ ʟʥʘʯʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʦʪʥʦʰʝʥʠʷ ʜʣʷ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ, ʥʘʙʣʶʜʘʝʤʦʡ ʤʝʪʦ-

ʜʦʤ ʦʧʪʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ [271], ʘ ʪʘʢʞʝ ʩʨʝʜʥʠʭ ʉʇ-ʱʝʣʝʡ, ʦʮʝʥʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʌʕʉʋʈ 

ʚ [116,120], ʧʨʠ ʵʪʦʤ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʦʪʥʦʰʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʘʨʘʤʝʪʨʘ ʤʘʢʩʠʤʘʣʴʥʦʡ ʘʤ-

ʧʣʠʪʫʜʳ, ʥʘʙʣʶʜʘʝʤʦʛʦ ʚ ʵʪʠʭ ʨʘʙʦʪʘʭ, ʦʢʘʟʳʚʘʝʪʩʷ ʥʘʤʥʦʛʦ ʚʳʰʝ ʠ ʩʦʩʪʘʚʣʷʝʪ r å 7.2ï9.2.  

 
ʘ                                                                                                                b   

ʈʠʩ. 20 ð ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ ri ¹ 2|Di(0)|/kBTc ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝ-

ʨʘʪʫʨʳ ʊʩ ʚ ʵʣʝʢʪʨʦʥʥʦ-ʜʦʧʠʨʦʚʘʥʥʳʭ BFCA (a) ʠ BFNA (b), ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʢʨʫʞʢʠ) [80ï86,250,251], ʠʟʤʝʨʝʥʠʡ ʅʩ1(ʊ) ʠ lL
-2(T) (ʨʦʤʙʳ) [236,240, 241,248] 

ʠ ʉ(ʊ) (ʢʚʘʜʨʘʪʳ) [236ï239,242], ʉʊʉ ʠ ʊʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʪʨʝʫʛʦʣʴʥʠʢʠ ʚʚʝʨʭ) [49, 51ï54,255ï

259]. ɼʘʥʥʳʝ rL ʧʦʢʘʟʘʥʳ ʩʠʤʚʦʣʘʤʠ ʩʠʥʝʛʦ ʮʚʝʪʘ, rS ð ʢʨʘʩʥʦʛʦ ʮʚʝʪʘ; ʜʘʥʥʳʝ ʌʕʉʋʈ (ʪʨʝ-

ʫʛʦʣʴʥʠʢʠ ʚʥʠʟ) ʧʦʢʘʟʘʥʳ ʟʝʣʝʥʳʤ ʮʚʝʪʦʤ [63,67]. 
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ɼʣʷ ʬʝʨʨʦʩʝʣʝʥʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122-Se ʥʘ ʦʩʥʦʚʝ ʨʘʟʣʠʯʥʳʭ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ A = K, Cs, 

Rb, (Tl,Rb), (Tl,K) ʟʥʘʯʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʡ ʧʨʠʚʝʜʝʥʳ ʥʘ ʈʠʩ. 21b. ʀʩʢʣʯʁʘʷ ʠʟ 

ʨʘʩʩʤʦʪʨʝʥʠʷ ʜʘʥʥʳʝ [126], ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʳʤ ʦʙʝ ʥʘʙʣʶʜʘʝʤʳʝ ʉʇ-ʱʝʣʠ ʠʤʝʣʠ ʭʘʨʘʢʪʝʨʠʩʪʠ-

ʯʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ rL,S < 3.5, ʘ ʪʘʢʞʝ ʵʢʩʪʨʝʤʘʣʴʥʦ ʚʳʩʦʢʦʝ ʟʥʘʯʝʥʠʝ r å 10.9, ʧʦʣʫʯʝʥʥʦʝ ʚ [150], 

ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʭʦʨʦʰʫʶ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ [277,278], ʉʊʉ 

[131,139] ʠ ʠʟʤʝʨʝʥʠʡ lL
-2(T) [275] ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʤʠ ʦʪʥʦʰʝʥʠʷʤʠ ʦʪ 4.7 ʜʦ 6.4 (ʰʪʨʠʭʦʚʢʘ 

ʥʘ ʈʠʩ. 21b). ɺ ʵʪʦʪ ʜʠʘʧʘʟʦʥ ʪʘʢʞʝ ʧʨʠʤʝʨʥʦ ʧʦʧʘʜʘʶʪ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ ʜʚʫʭ [152], 

ʤʘʣʦʡ [148,149] ʠʣʠ ʝʜʠʥʩʪʚʝʥʥʦʡ ʉʇ-ʱʝʣʠ [128,151], ʥʘʙʣʶʜʘʝʤʳʝ ʩ ʧʦʤʦʱʴʶ ʌʕʉʋʈ. ʄʦʞʥʦ 

ʟʘʤʝʪʠʪʴ, ʯʪʦ ʛʨʫʧʧʘ ʚʝʣʠʯʠʥ r å 5.7ï6.7, ʦʮʝʥʝʥʥʳʭ ʚ ʌʕʉʋʈ-ʵʢʩʧʝʨʠʤʝʥʪʘʭ [128,151,152], ʣʝʞʠʪ 

ʧʨʠʤʝʨʥʦ ʧʦʩʝʨʝʜʠʥʝ ʤʝʞʜʫ rb å 7.6 ʠ ra å 5.2, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʉʇ-ʱʝʣʝʡ ʥʘ ʵʣʝʢʪʨʦʥʥʳʭ ʢʘʨʤʘ-

ʥʘʭ ʚ ʍ/Y ʠ ɻ-ʪʦʯʢʘʭ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚ ʨʘʙʦʪʝ [149], ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʴʶ 

ʜʝʬʝʢʪʥʦʩʪʠ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ (ʪ.ʝ. ʠʟʦʪʨʦʧʠʟʘʮʠʝʡ ʉʇ-ʱʝʣʠ ʚ [128,151,152]).  

 

 

a 

 

b 

ʈʠʩ. 21 ð (a) ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ ri ʚ ʧʥʠʢʪʠʜʘʭ ʩʝʤʝʡʩʪʚʘ 1144: ʥʝʜʦʧʠʨʦʚʘʥʥʳʭ 

CaKFe4As4 ʠ EuRbFe4As4 ʩ Tc å 35ï36 ʂ, ʘ ʪʘʢʞʝ CaK(Fe,Co)4As4 ʠ CaK(Fe,Ni)4As4 ʩ Tc > 19 ʂ. 

ɸʥʘʣʦʛʠʯʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʩʝʣʝʥʠʜʦʚ AxFe2-ySe2 ʩ Tc å 28ï33 ʂ ʧʦʢʘʟʘʥʳ ʥʘ (b). ɼʘʥʥʳʝ ʦʧʪʠʯʝʩ-

ʢʦʡ ʠ ʬʩ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʦʢʘʟʘʥʳ ʢʨʫʞʢʘʤʠ [271,273,274,277,278], ʠʟʤʝʨʝʥʠʡ lL
-2(T) ʠ ʉ(ʊ) ð 

ʢʚʘʜʨʘʪʘʤʠ [87,266,267,275], ʉʊʉ ʠ ʊʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ð ʪʨʝʫʛʦʣʴʥʠʢʘʤʠ ʚʚʝʨʭ [104, 111ï

113,120,126,131,139]. ɺʝʣʠʯʠʥʳ rL ʧʦʢʘʟʘʥʳ ʩʠʤʚʦʣʘʤʠ ʩʠʥʝʛʦ ʮʚʝʪʘ, rS ð ʢʨʘʩʥʦʛʦ ʮʚʝʪʘ; ʜʘʥ-

ʥʳʝ ʌʕʉʋʈ [87,116,118ï121,128,147ï152] ʧʦʢʘʟʘʥʳ ʟʝʣʝʥʳʤ ʮʚʝʪʦʤ. 
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ɺʦʦʙʱʝ ʛʦʚʦʨʷ, ʚʦʧʨʦʩ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʷ ʜʚʫʭ ʉʇ-ʱʝʣʝʡ ʩ ʩʠʣʴʥʦ ʦʪʣʠʯʘʶʱʠʤʠʩʷ ʘʤʧʣʠ-

ʪʫʜʘʤʠ DL(0) ʠ DS(0) ʚ ʬʝʨʨʦʩʝʣʝʥʠʜʘʭ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʦʜʥʦʟʥʘʯʥʦ ʨʘʟʨʝʰʝʥ ʥʘ ʦʩʥʦʚʝ ʠʤʝʁɦ ʠʭʩʷ 

ʜʘʥʥʳʭ ʣʠʪʝʨʘʪʫʨʳ ʚʚʠʜʫ ʠʭ ʤʘʣʦʛʦ ʢʦʣʠʯʝʩʪʚʘ. ʊʘʢ, ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʨʘʙʦʪ, ʧʨʦʚʝʜʝʥʥʳʭ ʩ ʧʦʤʦ-

ʱʴʶ ʌʕʉʋʈ [148,149,151], ʨʘʟʥʠʮʘ ʚʝʣʠʯʠʥ ʉʇ-ʱʝʣʝʡ ʥʝ ʧʨʝʚʳʰʘʣʘ å 20% ʠʣʠ ʦʢʦʣʦ 3 ʤʵɺ, ʯʪʦ 

ʩʨʘʚʥʠʤʦ ʩ ʘʙʩʦʣʶʪʥʦʡ ʧʦʛʨʝʰʥʦʩʪʴʶ ʤʝʪʦʜʘ. 

ʄʦʞʥʦ ʩ ʫʚʝʨʝʥʥʦʩʪʴʶ ʟʘʷʚʠʪʴ ʦʪʩʫʪʩʪʚʠʝ ʢʦʨʨʝʣʷʮʠʠ ʚʝʣʠʯʠʥ r ʩ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫ-

ʨʦʡ ʊʩ, ʘ ʪʘʢʞʝ ʩ ʢʦʥʢʨʝʪʥʳʤ ʩʦʩʪʘʚʦʤ ʬʝʨʨʦʩʝʣʝʥʠʜʥʦʛʦ ʦʙʨʘʟʮʘ. ʅʘʨʷʜʫ ʩ ʥʝʜʦʩʪʘʪʢʦʤ ʩʚʝʜʝʥʠʡ 

ʦ ʩʪʨʫʢʪʫʨʝ ʉʇ-ʬʘʟʳ ʠʟ-ʟʘ ʤʘʣʳʭ ʨʘʟʤʝʨʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʵʪʦ ʩʠʣʴʥʦ ʟʘʪʨʫʜʥʷʝʪ 

ʫʩʪʘʥʦʚʣʝʥʠʝ ʩʚʷʟʠ ʉʇ-ʩʚʦʡʩʪʚ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʩʦʩʪʘʚʘ. ʂ ʩʦʞʘʣʝʥʠʶ, ʠʩʩʣʝ-

ʜʦʚʘʥʠʷ ʵʚʦʣʶʮʠʠ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʚʜʦʣʴ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ ʠʟʦʚʘʣʝʥʪʥʦʛʦ ʟʘʤʝɦʝʥʠʷ 

Se:S (ʚʳʟʳʚʘʶʱʝʛʦ, ʩʦʛʣʘʩʥʦ [141], ʧʣʘʚʥʦʝ ʩʥʠʞʝʥʠʝ ʊʩ ʚ ʬʦʨʤʝ çʧʦʣʫʢʦʣʦʢʦʣʘè), ʥʘ ʜʘʥʥʳʡ 

ʤʦʤʝʥʪ ʪʘʢʞʝ ʦʪʩʫʪʩʪʚʫʶʪ. 

ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦʡ ʰʠʨʠʥʳ ʟʘʰʪʨʠʭʦʚʘʥʥʳʭ ʥʘ ʈʠʩ. 20 ʠ ʈʠʩ. 21 ʜʠʘʧʘʟʦʥʦʚ 

(ʨʘʟʙʨʦʩ ʚʝʣʠʯʠʥ rL ʧʦʯʪʠ ʚ ʜʚʘ ʨʘʟʘ, ʘ rS ð ʚ ʪʨʠ ʨʘʟʘ) ʙʝʟ ʯʝʪʢʦʡ ʪʝʥʜʝʥʮʠʠ ʢ ʫʚʝʣʠʯʝʥʠʶ ʠʣʠ 

ʫʤʝʥʴʰʝʥʠʶ ʚʜʦʣʴ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ ʜʦʧʠʨʦʚʘʥʠʷ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʟʥʳʝ ʤʝʪʦʜʠʢʠ ʤʦʛʫʪ 

ʟʦʥʜʠʨʦʚʘʪʴ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʠʣʠ ʦʙʲʝʤʥʳʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ ʠ ʠʤʝʶʪ ʨʘʟʣʠʯʥʫʶ ʯʫʚʩʪʚʠʪʝʣʴ-

ʥʦʩʪʴ ʢ ʙʦʣʴʰʝʡ ʠʣʠ ʤʝʥʴʰʝʡ ʉʇ-ʱʝʣʷʤ. ʊʘʢʞʝ ʚ ʢʘʯʝʩʪʚʝ ʚʦʟʤʦʞʥʦʡ ʧʨʠʯʠʥʳ ʤʦʞʝʪ ʚʳʩʪʫʧʘʪʴ 

ʘʥʠʟʦʪʨʦʧʠʷ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʢʫʧʝʨʦʚʩʢʠʭ ʧʘʨ ʚ k-ʧʨʦʩʪʨʘʥʩʪʚʝ. 

ʇʝʨʝʡʜʝʤ ʢ ʦʙʩʫʞʜʝʥʠʶ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʡ ʵʥʝʨʛʝʪʠʯʝʩʢʦ-

ʛʦ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʤʘʢʩʠʤʘʣʴʥʦʡ ʘʤʧʣʠʪʫʜʳ, ʣʝʞʘʱʠʭ ʚʳʰʝ ʜʠʘʧʘʟʦʥʦʚ rL, ʟʘʰʪʨʠʭʦʚʘʥʥʳʭ ʩʠʥʠʤ 

ʮʚʝʪʦʤ ʥʘ ʈʠʩ. 20 ʠ ʈʠʩ. 21. ɼʣʷ ʧʥʠʢʪʠʜʦʚ BKFA ʭʘʨʘʢʪʝʨʥʳʝ ʵʥʝʨʛʠʠ D*(0) ʧʦʜʦʙʥʦʡ ʚʝʣʠʯʠʥʳ 

ʧʦ ʜʘʥʥʳʤ ʌʕʉʋʈ [227ï230,232] (ʩʤ. ʊʘʙʣ. 2) ʦʪʥʦʩʷʪʩʷ ʢʦ ʚʥʫʪʨʝʥʥʝʤʫ ʜʳʨʦʯʥʦʤʫ a-ʮʠʣʠʥʜʨʫ 

ʠ çʧʨʦʧʝʣʣʝʨʘʤè ʠ ʜʠʘʧʘʟʦʥ ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʦʪʥʦʰʝʥʠʡ ʩʦʩʪʘʚʠʣ r* å 7.3ï8.8; ʜʣʷ KFe2As2 

ð ʪʘʢʞʝ ʢ a-ʮʠʣʠʥʜʨʫ ʩ ʦʪʥʦʰʝʥʠʝʤ r*, ʜʦʩʪʠʛʘʶʱʠʤ 10.2 [230]. ɼʣʷ BFNA ʠ BFCA ʧʦʜʦʙʥʳʝ 

ʚʳʩʦʢʠʝ r* å 8.4ï14.7 ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʉʊʉ ʠ ʊʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʘ ʪʘʢʞʝ ʦʧʪʠʯʝʩʢʠʤʠ 

ʤʝʪʦʜʘʤʠ ʚ [83,85,250]; ʜʣʷ CaKFe4As4 ʠ EuRbFe4As4 ʧʦʭʦʞʠʡ ɻ ʥʝʨʛʝʪʠʯʝʩʢʠʡ ʧʘʨʘʤʝʪʨ ʩ r* å 7.3ï

8.6 ʥʘʙʣʶʜʘʣʩʷ ʩ ʧʦʤʦʱʴʶ ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ [271] ʠ ʌʕʉʋʈ [116,118] ʠ ʙʳʣ ʘʩʩʦʮʠʠʨʦʚʘʥ ʩ ʜ -r

ʨʦʯʥʳʤ b ʠ ʵʣʝʢʪʨʦʥʥʳʤ d-ʮʠʣʠʥʜʨʘʤʠ. ʅʘʢʦʥʝʮ, ʜʣʷ ʬʝʨʨʦʩʝʣʝʥʠʜʦʚ ʩʪʦʣʴ ʚʳʩʦʢʠʝ ʭʘʨʘʢʪʝʨʠʩ-

ʪʠʯʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ ʙʳʣʠ ʦʮʝʥʝʥʳ ʩ ʧʦʤʦʱʴʶ ʌʕʉʋʈ ʢʘʢ ʜʣʷ ʵʣʝʢʪʨʦʥʥʦʛʦ a-ʮʠʣʠʥʜʨʘ ʚ ɻ-ʪʦʯ-

ʢʝ ʩ r* å 7.4ï10.2 [147,150], ʪʘʢ ʠ ʜʣʷ ʵʣʝʢʪʨʦʥʥʳʭ b-ʮʠʣʠʥʜʨʦʚ ʚ ʫʛʣʫ ʟʦʥʳ ɹʨʠʣʣʶʵʥʘ ʩ r* å 7.5ï

8.7 [148ï150,152]. 

ʂʘʢʦʚʘ ʞʝ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʨʦʜʘ ʦʩʦʙʝʥʥʦʩʪʠ, ʢʦʪʦʨʫʶ ʚ ʨʘʙʦʪʘʭ, ʧʨʦʚʝʜʝʥʥʳʭ ʤʝʪʦʜʘʤʠ 

ʌʕʉʋʈ, ʊʂ ʠ ʉʊʉ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʪʨʘʢʪʫʶʪ ʢʘʢ ʥʘʠʙʦʣʴʰʫʶ ʉʇ-ʱʝʣʴ? ʅʝ ʧʨʠʥʠʤʘʷ ʚ ʨʘʩʯʝʪ 

ʥʝʢʦʨʨʝʢʪʥʦʝ ʧʨʷʤʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʢʨʘʷ ʱʝʣʠ ʥʘ ʦʩʥʦʚʝ ʚʠʜʠʤʦʛʦ ʧʦʣʦʞʝʥʠʷ ʧʠʢʘ ʧʣʦʪʥʦʩʪʠ 
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ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ N(e) ʠ ʩʧʝʢʪʨʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʚ ʢʘʯʝʩʪʚʝ ʬʠʟʠʯʝʩʢʦʡ ʧʨʠʯʠʥʳ ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʵʥʝʨʛʠʷ ʦʪʥʦʩʠʪʩʷ ʢ ʦʪʜʝʣʴʥʦʤʫ ʉʇ-ʧʘʨʘʤʝʪʨʫ ʧʦʨʷʜʢʘ ʤʘʢ-

ʩʠʤʘʣʴʥʦʡ ʘʤʧʣʠʪʫʜʳ, ʧʦ ʢʘʢʠʤ-ʪʦ ʧʨʠʯʠʥʘʤ ʥʝ ʨʘʟʨʝʰʝʥʥʳʤ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʜʨʫʛʠʭ ʵʢʩʧʝʨʠʤʝʥ-

ʪʦʚ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʠʟ ʛʨʫʧʧʳ ɼʘʛʝʨʦ ʚ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʨʘʙʦʪʘʭ [322,323] ʥʘ ʧʨʠ-

ʤʝʨʝ Fe(Se,Te) ʠ Pr(O,F)FeAs ʦʙʨʘʱʘʶʪ ʚʥʠʤʘʥʠʝ ʥʘ ʪʦ, ʯʪʦ dI(V)/dV-ʩʧʝʢʪʨʳ ʧʦʣʫʯʘʝʤʳʭ ʠʤʠ ʊʂ 

ʥʝ ʚʩʝʛʜʘ ʫʜʘʝʪʩʷ ʢʘʯʝʩʪʚʝʥʥʦ ʦʧʠʩʘʪʴ ʜʚʫʭʟʦʥʥʦʡ ʤʦʜʝʣʴʶ [260,261] ʚʦ ʚʥʝʱʝʣʝʚʦʡ ʦʙʣʘʩʪʠ eV 

> DL, ʝʩʣʠ ʘʩʩʦʮʠʠʨʦʚʘʪʴ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʩʦ ʉʇ-ʱʝʣʴʶ DL ʩʪʦʣʴ ʙʦʣʴʰʦʡ ʘʤʧʣʠʪʫ-

ʜʳ, ʠ ʧʨʝʜʧʦʣʘʛʘʶʪ, ʯʪʦ ʦʥʠ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʩ ʢʘʢʠʤ-ʣʠʙʦ ʙʦʟʦʥʥʳʤ ʨʝʟʦʥʘʥʩʦʤ (ʥʘʧʨʠʤʝʨ, 

ʩʧʠʥʦʚʳʤ ʵʢʩʠʪʦʥʦʤ), ʩʫʱʝʩʪʚʫʶʱʝʤ ʪʦʣʴʢʦ ʚ ʉʇ-ʩʦʩʪʦʷʥʠʠ ʥʠʞʝ Tc (ʪ.ʝ. ʧʦʣʦʞʝʥʠʝ ʨʝʟʦʥʘʥʩ-

ʥʦʡ ʦʩʦʙʝʥʥʦʩʪʠ ʥʘ dI(V)/dV-ʩʧʝʢʪʨʝ ʩʣʝʜʫʝʪ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʢʘʢ eV* å DL + W ʚʤʝʩʪʦ eV* å DL). 

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʦʩʦʙʝʥʥʦʩʪʠ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʝʱʝ ʙʦʣʴʰʠʭ ʩʤʝʱʝʥʠʷʭ, ʦʪʥʝʩʝʥʥʳʝ ʘʚʪʦʨʘʤʠ 

ʨʘʙʦʪ ʤʝʪʦʜʦʤ ʊʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ [255,256,258] ʢ ʙʦʟʦʥʥʦʤʫ ʨʝʟʦʥʘʥʩʫ, ʤʦʛʫʪ ʙʳʪʴ ʚʳʟʚʘʥʳ ʦʜʥʦ-

ʚʨʝʤʝʥʥʳʤ ʠʩʧʫʩʢʘʥʠʝʤ ʜʚʫʭ ʙʦʟʦʥʦʚ ʩ ʵʥʝʨʛʠʝʡ W, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠʭ ʧʦʣʦʞʝʥʠʝ ʧʨʠʤʝʨʥʦ ʩʦʦʪ-

ʚʝʪʩʪʚʦʚʘʣʦ ʙʳ eV* å DL + 2W. ʂ ʩʦʞʘʣʝʥʠʶ, ʧʦʜʦʙʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʝ ʙʳʣʠ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ 

ʧʨʦʚʝʜʝʥʳ ʜʣʷ ʧʥʠʢʪʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122 ʠ 1144. ɸʥʘʣʦʛʠʯʥʦ, ʧʝʨʝʥʦʨʤʠʨʦʚʢʘ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥ-

ʥʳʭ ʩʦʩʪʦʷʥʠʡ ʠ ʩʧʝʢʪʨʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʙʦʟʦʥʥʦʡ ʤʦʜʦʡ ʧʨʠʚʝʜʝʪ ʢ ʧʦʷʚʣʝ-

ʥʠʶ ʥʠʞʝ ʊʩ ʦʩʦʙʝʥʥʦʩʪʠ ʥʘ ʌʕʉʋʈ-ʩʧʝʢʪʨʝ ʧʨʠ ʩʤʝʱʝʥʠʠ e å Di + W, ʢʦʪʦʨʘ ̫ʤʦʞʝʪ ʙʳʪʴ ʦʰʠʙʦʯ-

ʥʦ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʘ ʢʘʢ ʧʠʢ ʦʪ ʉʇ-ʱʝʣʠ Di. 

ʂʘʞʫʱʘʷʩʷ, ʥʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ, ʪʝʥʜʝʥʮʠʷ ʢ ʫʚʝʣʠʯʝʥʠʶ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʦʪʥʦʰʝʥʠʷ r* ʧʦ 

ʜʘʥʥʳʤ ʪʫʥʥʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʣʷ BFCA ʚ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ (ʪʨʝʫʛʦʣʴʥʠʢʠ ʚʚʝʨʭ 

ʥʘ ʈʠʩ. 20a) ʩʭʦʞʘ ʩ ʧʩʝʚʜʦʱʝʣʝʚʳʤ ʧʦʚʝʜʝʥʠʝʤ, ʦʜʥʘʢʦ ʵʪʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʪʨʝʙʫʝʪ ʙʦʣʝʝ ʜʝʪʘʣʴ-

ʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʨʦʚʝʨʢʠ ʠ ʥʘʙʦʨʘ ʩʪʘʪʠʩʪʠʢʠ.  

ʇʦʜʳʪʦʞʠʚʘʷ ʠʤʝʶʱʠʝʩʷ ʜʘʥʥʳʝ ʣʠʪʝʨʘʪʫʨʳ, ʩʪʘʥʦʚʠʪʩʷ ʷʩʥʦ, ʯʪʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫ-

ʨʳ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʧʥʠʢʪʠʜʦʚ ʠ ʩʝʣʝʥʠʜʦʚ ʞʝʣʝʟʘ ʪʠʧʘ 122 ʜʘʣʝʢʠ ʦʪ ʟʘʚʝʨʰʝʥʠʷ. ʀʟ-ʟʘ 

ʦʪʩʫʪʩʪʚʠʷ ʧʨʷʤʳʭ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʶʪʩʷ ʥʝʷʩʥʳʤʠ ʪʠʧ ʩʠʤʤʝʪʨʠʠ, 

ʢʦʣʠʯʝʩʪʚʦ, ʘʤʧʣʠʪʫʜʳ ʉʇ-ʱʝʣʝʡ ʠ ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ, ʟʥʘʢ (ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʬʘ-

ʟʳ) ʉʇ-ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ, ʘ ʪʘʢʞʝ ʠʭ ʵʚʦʣʶʮʠʷ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʠ ʩʪʝʧʝʥʴ ʜʦʧʠʨʦʚʘʥʠʷ. 
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2. ɻʃɸɺɸ 2. ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸ 

 

2.1. ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʵʬʬʝʢʪʘ ʤʥʦʛʦʢʨʘʪʥʳʭ ʘʥʜʨʝʝʚʩʢʠʭ ʦʪʨʘʞʝʥʠʡ  

 

ʊʦʯʝʯʥʳʡ ʢʦʥʪʘʢʪ ʜʚʫʭ ʤʝʪʘʣʣʦʚ 

ʈʘʩʩʤʦʪʨʠʤ ʢʦʥʪʘʢʪ ʜʚʫʭ ʪʨʝʭʤʝʨʥʳʭ ʠʟʦʪʨʦʧʥʳʭ ʤʝʪʘʣʣʦʚ N ʠ Nô ʩʦ ʩʬʝʨʠʯʝʩʢʠʤʠ ʧʦ-

ʚʝʨʭʥʦʩʪʷʤʠ ʌʝʨʤʠ, ʨʘʟʜʝʣʝʥʥʳʭ ʪʫʥʥʝʣʴʥʳʤ ʙʘʨʴʝʨʦʤ ʩ ʥʠʟʢʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ. ɺ ʪʘʢ ʥʘʟʳʚʘʝʤʦʤ 

ʤʠʢʨʦʢʦʥʪʘʢʪʥʦʤ ʨʝʞʠʤʝ [324] ʜʠʘʤʝʪʨ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ d ʥʘ ʧʦʨʷʜʢʠ ʧʨʝʚʳʰʘʝʪ ʘʪʦʤʘʨʥʳʝ 

ʨʘʟʤʝʨʳ (ʬʝʨʤʠʝʚʩʢʫʶ ʜʣʠʥʫ ʚʦʣʥʳ lF), ʥʦ ʦʢʘʟʳʚʘʝʪʩʷ ʤʝʥʴʰʝ ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʠʥ ʨʘʩʩʝʷʥʠʷ ʢʚʘ-

ʟʠʯʘʩʪʠʮ. ʉʦʛʣʘʩʥʦ ʢʣʘʩʩʠʯʝʩʢʦʤʫ ʧʦʜʭʦʜʫ ɾʠʚʝʨʘ ʠ ʄʝʛʝʨʣʝ [253] ʪʫʥʥʝʣʴʥʳʡ ʪʦʢ ʯʝʨʝʟ ʪʘʢʦʡ 

NcNô-ʢʦʥʪʘʢʪ ʦʧʨʝʜʝʣʝ̫ʪʩʷ ʬʦʨʤʫʣʦʡ  

Ὅὠ ὃᴂ ὔ ‐ Ὡὠὔ ‐Ὢ‐ Ὡὠ Ὢ‐Ὠ‐ ρ 

ʛʜʝ ɸô ð ʛʝʦʤʝʪʨʠʯʝʩʢʠʡ ʬʘʢʪʦʨ, ʟʘʚʠʩʷʱʠʡ ʦʪ ʚʝʨʦʷʪʥʦʩʪʠ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʢʚʘʟʠʯʘʩʪʠʮ ʯʝʨʝʟ 

ʙʘʨʴʝʨ P12(e) å P21(e) ʠ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ, N1,2(e) ð ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʣʦʪ-

ʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʦʙʲʝʤʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʙʝʨʝʛʘʭ N ʠ Nô, f ð ʨʘʚʥʦʚʝʩʥʘʷ ʬʝʨʤʠ-

ʝʚʩʢʘʷ ʬʫʥʢʮʠʷ. ɺ ʧʨʠʙʣʠʞʝʥʠʠ ʢʚʘʟʠʢʣʘʩʩʠʯʥʦʩʪʠ N(e - eV) å N(e) å const ʚʙʣʠʟʠ ʫʨʦʚʥʷ ʌʝʨʤʠ, 

ʧʨʠ ʤʘʣʳʭ ʩʤʝʱʝʥʠʷʭ eV << EF ʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ T Ÿ 0 ʬʦʨʤʫʣʘ (1) ʫʧʨʦʱʘʝʪʩʷ ʜʦ I(V) å 

AôN1(EF)N2(EF)ĀeV, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʫʥʥʝʣʴʥʳʡ ʢʦʥʪʘʢʪ ʧʦʜʯʠʥʷʝʪʩʷ ʟʘʢʦʥʫ ʆʤʘ. 

 ʍʘʨʘʢʪʝʨ ʪʨʘʥʩʧʦʨʪʘ ʯʝʨʝʟ NcNô-ʩʪʨʫʢʪʫʨʫ ʚ ʤʠʢʨʦʢʦʥʪʘʢʪʥʦʤ ʨʝʞʠʤʝ ʠ ʝʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 

ʟʘʚʠʩʠʪ ʦʪ ʦʪʥʦʰʝʥʠʷ ʜʠʘʤʝʪʨʘ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ d (ʦʙʦʟʥʘʯʝʥʘ ʞʝʣʪʳʤ ʮʚʝʪʦʤ ʥʘ ʈʠʩ. 22) ʢ 

ʭʘʨʘʢʪʝʨʥʳʤ ʜʣʠʥʘʤ ʨʘʩʩʝʷʥʠʷ ʢʚʘʟʠʯʘʩʪʠʮ [260,324]. ɺ ʙʘʣʣʠʩʪʠʯʝʩʢʦʤ (ʰʘʨʚʠʥʦʚʩʢʦʤ) ʨʝʞʠʤʝ 

(ʈʠʩ. 22ʘ) ʚʳʧʦʣʥʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝ d < lel, ʪ.ʝ. ʢʚʘʟʠʯʘʩʪʠʮʘ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʢʦʥʪʘʢʪ ʙʝʟ ʨʘʩʩʝʷʥʠʷ 

ʥʘ ʬʦʥʦʥʘʭ. ʉʚʦʡʩʪʚʘ ʪʘʢʦʛʦ ʢʦʥʪʘʢʪʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʥʝ ʝʛʦ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤ ʨʘʟʤʝʨʦʤ d, ʘ ʦʪʥʦ-

ʰʝʥʠʝʤ d ʢ ʜʣʠʥʝ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ lel, ʧʦʵʪʦʤʫ ʝʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʠʥʚʘʨʠʘʥʪʫ 

rlel, ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʚ ʪʨʝʭʤʝʨʥʦʤ ʩʣʫʯʘʝ ʩʬʝʨʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʠ ʰʘʨʦʦʙ-

ʨʘʟʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʬʦʨʤʫʣʦʡ ʐʘʨʚʠʥʘ Ὑ  [325]; 

ʜʣʷ ʦʜʥʦʤʝʨʥʦʛʦ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ ð Ὑ   [326]. ʇʦʨʷʜʦʢ ʚʝʣʠʯʠʥ ʪʠʧʠʯʥʳʭ 

ʰʘʨʚʠʥʦʚʩʢʠʭ ʩʦʧʨʦʪʠʚʣʝʥʠʡ ʙʘʣʣʠʩʪʠʯʝʩʢʠʭ ʤʠʢʨʦʢʦʥʪʘʢʪʦʚ ð RS ~ 10ï100 ʆʤ. ɺ ʤʘʢʩʚʝʣʣʦʚ-

ʩʢʦʤ (ʪʝʨʤʠʯʝʩʢʦʤ) ʨʝʞʠʤʝ (ʈʠʩ. 22ʩ) ʚ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ ʢʚʘʟʠʯʘʩʪʠʮʘ ʤʦʞʝʪ ʩʦʚʝʨʰʘʪʴ ʢʘʢ 

ʫʧʨʫʛʠʝ, ʪʘʢ ʠ ʥʝʫʧʨʫʛʠʝ ʩʦʫʜʘʨʝʥʠʷ. ʅʘʧʨʦʪʠʚ, ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʤʘʢʩʚʝʣʣʦʚʩʢʦʛʦ ʢʦʥʪʘʢʪʘ ʦʧʨʝʜʝ-

ʣʷʝʪʩʷ ʝʛʦ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ ʨʘʟʤʝʨʘʤʠ Ὑ  [260,324] ʠ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʧʦʨʮʠʦʥʘʣʴ-

ʥʦ r(T) ʦʙʲʝʤʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ɺ ʜʠʬʬʫʟʠʦʥʥʦʤ ʨʝʞʠʤʝ (ʈʠʩ. 22b) ʚ ʧʨʝʜʝʣʘʭ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ 
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ʜʠʘʤʝʪʨʦʤ lel < d < Ҟ(lell inel/3) [327] ʚʦʟʤʦʞʥʦ ʫʧʨʫʛʦʝ ʨʘʩʩʝʷʥʠʝ ʯʘʩʪʠʮ. ʉʦʧʨʦʪʠʚʣʝʥʠʝ ʪʘʢʦʛʦ ʢʦʥ-

ʪʘʢʪʘ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ɺʝʢʩʣʝʨʦʤ [326] ʠ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʚʠʜʝ ʩʫʤʤʳ ʰʘʨʚʠʥʦʚʩʢʦʛʦ ʠ 

ʤʘʢʩʚʝʣʣʦʚʩʢʦʛʦ ʚʢʣʘʜʦʚ: 

Ὑ
ρφ

σ“

”ὰ

Ὠ
‎
”

Ὠ
ȟ ς 

ʛʜʝ ʚʝʩʦʚʦʡ ʢʦʵʬʬʠʮʠʝʥʪ g ʩʘʤ ʟʘʚʠʩʠʪ ʦʪ ʦʪʥʦʰʝʥʠʷ lel/d, ʪ.ʝ. ʦʪ ʙʘʣʣʠʩʪʠʯʝʩʢʦʛʦ çʢʘʯʝʩʪʚʘè ʢʦʥ-

ʪʘʢʪʘ. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ [324,326], ʜʣʷ NcNô-ʤʠʢʨʦʢʦʥʪʘʢʪʘ ʚ ʜʠʩʢʦʚʦʡ ʛʝʦʤʝʪʨʠʠ, ʛʜʝ ʢʦʥʪʘʢʪʥʘʷ 

ʦʙʣʘʩʪʴ ʤʦʜʝʣʴʥʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ ʢʨʫʛʣʦʛʦ ʦʪʚʝʨʩʪʠʷ ʥʘ ʧʣʦʩʢʦʩʪʠ, ʨʘʟʜʝʣʷʶʱʝʡ N ʠ Nô-ʦʙ-

ʣʘʩʪʠ, ʚʝʩʦʚʦʡ ʚʢʣʘʜ ʤʘʢʩʚʝʣʣʦʚʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʥʝ ʤʦʞʝʪ ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʷ ʥʠʞʝ g å 0.7 ʜʘʞʝ 

ʜʣʷ ʦʪʚʝʨʩʪʠʷ ʤʘʣʦʛʦ ʜʠʘʤʝʪʨʘ l/d Ÿ ¤. ʅʘʧʨʦʪʠʚ, ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʨʘʙʦʪʝ [328] ʜʣʷ ʢʦʥʪʘʢʪ-

ʥʦʡ ʦʙʣʘʩʪʠ ʚ ʚʠʜʝ ʪʦʥʢʦʡ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʧʨʦʚʦʣʦʢʠ ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʙʘʣ-

ʣʠʩʪʠʯʝʩʢʦʛʦ ʨʝʞʠʤʘ (ʪ.ʝ. g Ÿ 0) ʫʞʝ ʧʨʠ l/d > 5.  

ʀʟ-ʟʘ ʧʨʦʮʝʩʩʦʚ ʥʝʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠʷ ʪʝʨʤʠʯʝʩʢʠʡ (ʤʘʢʩʚʝʣʣʦʚʩʢʠʡ) ʢʦʥʪʘʢʪ ʧʦʜʚʝʨʞʝʥ 

ʥʘʛʨʝʚʫ ʠʟʤʝʨʠʪʝʣʴʥʳʤ ʪʦʢʦʤ. ʇʨʝʜʧʦʣʘʛʘʷ ʧʨʠʤʝʥʠʤʦʩʪʴ ʟʘʢʦʥʘ ɺʠʜʝʤʘʥʘ-ʌʨʘʥʮʘ, ʤʦʞʥʦ ʟʘʧʠ-

ʩʘʪʴ ʚʳʨʘʞʝʥʠʝ [324,329] 

ὯὝ ὯὝ
Ὡὠ

τὒ
σ 

ʛʜʝ ʊpc ð ʪʝʤʧʝʨʘʪʫʨʘ ʚʥʫʪʨʠ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ ʊʂ, ʊbath ð ʪʝʤʧʝʨʘʪʫʨʘ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ 

(ʦʙʨʘʟʮʘ, çʚʘʥʥʳè), L ð ʯʠʩʣʦ ʃʦʨʝʥʮʘ. ʀʟ ʬʦʨʤʫʣʳ (3) ʩʣʝʜʫʝʪ, ʯʪʦ ʠʩʪʠʥʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʪʝʨ-

ʤʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ ʥʘʙʣʶʜʘʝʪʩʷ ʣʠʰʴ ʧʨʠ eV = 0 (ʪ.ʝ. ʨʘʚʥʦ RZBC), ʘ ʠʟʤʝʨʷʝʤʦʝ ʜʠʥʘʤʠʯʝʩʢʦʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʨʘʩʪʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ eV.  

 ʊʝʦʨʠʷ ɹʊʂ ʠ ʬʝʥʦʤʝʥ ʘʥʜʨʝʝʚʩʢʦʛʦ ʦʪʨʘʞʝʥʠʷ ʚ NIS-ʢʦʥʪʘʢʪʝ 

ʇʝʨʝʡʜʝʤ ʢ ʨʘʩʩʤʦʪʨʝʥʠʶ ʤʠʢʨʦʢʦʥʪʘʢʪʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢ S, ʧʨʠ ʪʝʤʧʝʨʘʪʫ-

ʨʘʭ ʥʠʞʝ ʊʩ ʠ ʵʬʬʝʢʪ ʦʜʥʦʢʨʘʪʥʦʛʦ ʘʥʜʨʝʝʚʩʢʦʛʦ ʦʪʨʘʞʝʥʠʷ. ɼʘʣʝʝ, ʝʩʣʠ ʥʝ ʦʛʦʚʦʨʝʥʦ ʦʩʦʙʦ, ʧʨʝʜ-

ʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢ ʧʦʜʯʠʥʷʝʪʩʷ ʪʨʝʙʦʚʘʥʠʷʤ ʪʝʦʨʠʠ ɹʂʐ ʠ ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʠʙʣʠʞʝ-

ʥʠʠ ʢʚʘʟʠʢʣʘʩʩʠʯʥʦʩʪʠ (ʘʜʠʘʙʘʪʠʯʝʩʢʠʡ ʨʝʞʠʤ, ʟʦʥʳ ʩ ʛʣʫʙʦʢʠʤ ʜʥʦʤ ʦʙʝʩʧʝʯʠʚʘʶʪ ʵʣʝʢʪʨʦʥ-

ʜʳʨʦʯʥʫʶ ʩʠʤʤʝʪʨʠʶ), ʘ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʉʇ-ʱʝʣʠ ʠʤʝʝʪ ɹʂʐ-ʦʙʨʘʟʥʳʡ ʚʠʜ [158]. 

ʂʦʣʠʯʝʩʪʚʝʥʥʦʝ ʦʧʠʩʘʥʠʝ ʯʝʪʳʨʝʭ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʭʦʜʷʱʠʭ ʥʠʞʝ ʊʩ ʥʘ NS-ʠʥʪʝʨʬʝʡʩʝ, ʧʦʩʨʝʜʩʪ-

ʚʦʤ ʫʨʘʚʥʝʥʠʡ ɹʦʛʦʣʶʙʦʚʘ-ʜʝ ɾʝʥʘ ʙʳʣʦ ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥʦ ʘʚʪʦʨʘʤʠ ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʝʦʨʠʠ 

ɹʊʂ [252]. ɺ ʨʘʤʢʘʭ ʧʦʜʭʦʜʘ ɹʊʂ ʥʘ NS-ʛʨʘʥʠʮʝ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʘʪʦʤʘʨʥʦ-ʪʦʥʢʦʛʦ 

ʩʣʦʷ ʠʟʦʣʷʪʦʨʘ, ʦʧʠʩʳʚʘʝʤʦʛʦ ʙʘʨʴʝʨʥʳʤ ʧʘʨʘʤʝʪʨʦʤ Z  ́hd(x)/(ǩVF), ʛʜʝ h ð ʚʳʩʦʪʘ ʧʦʪʝʥʮʠʘʣʴ-

ʥʦʛʦ ʙʘʨʴʝʨʘ, d(x) ð ʜʝʣʴʪʘ-ʬʫʥʢʮʠʷ, ʠ ʦʧʨʝʜʝʣʷʶʱʝʛʦ ʧʨʦʟʨʘʯʥʦʩʪʴ ʙʘʨʴʝʨʘ. ʊʘʢ, ʚ ʨʝʘʣʴʥʳʭ ʊʂ 

ʪʠʧʘ NIS ʤʠʥʠʤʘʣʴʥʘʷ ʚʝʣʠʯʠʥʘ Z ʦʙʳʯʥʦ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 0.5 ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʦʨʤʘʣʴʥʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʢʦʥʪʘʢʪʘ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ RN ~ 0.1ï10000 ʆʤ [330]. ʇʨʦʟʨʘʯʥʦʩʪʴ NS-ʠʥʪʝʨ-

ʬʝʡʩʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʝʣʠʯʠʥʦʡ Z ʚ ʥʦʨʤʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚʳʰʝ ʊʩ ʢʘʢ T(e) = 1/(1 + Z2), 
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ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʦʨʤʘʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʢʦʥʪʘʢʪʘ RN ʩʚʷʟʘʥʦ ʩ ʰʘʨʚʠʥʦʚʩʢʠʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 

ʢʘʢ RN = RS(1 + Z2). ʇʨʠʣʦʞʝʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚ ʨʘʙʦʪʝ 

[331], ʧʨʘʢʪʠʯʝʩʢʠ ʣʠʥʝʡʥʦ ʫʚʝʣʠʯʠʚʘʝʪ ʵʬʬʝʢʪʠʚʥʦʝ ʟʥʘʯʝʥʠʝ Zeff. ɺʝʣʠʯʠʥʘ ʙʘʨʴʝʨʥʦʛʦ ʧʘʨʘʤʝʪ-

ʨʘ Zeff = Ҟ(Z2 + ZF
2) ʪʘʢʞʝ ʤʦʞʝʪ ʫʚʝʣʠʯʠʚʘʪʴʩʷ ʟʘ ʩʯʝʪ ʧʦʧʨʘʚʢʠ ZF, ʚʦʟʥʠʢʘʶʱʝʡ ʠʟ-ʟʘ ʨʘʟʣʠʯʠʷ 

ʬʝʨʤʠʝʚʩʢʠʭ ʩʢʦʨʦʩʪʝʡ rV = VFN/VFS ʠʣʠ ʠʤʧʫʣʴʩʦʚ ʚ ʤʝʪʘʣʣʝ N ʠ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ S, ʩʦʦʪʚʝʪʩʪ-

ʚʝʥʥʦ: ʥʘʧʨʠʤʝʨ, ʚ ʦʜʥʦʤʝʨʥʦʤ ʩʣʫʯʘʝ ð ʢʘʢ ZF
2 = (1 - rV)2/(4rV) [332], ʘ ʚ ʪʨʝʭʤʝʨʥʦʤ ʩʣʫʯʘʝ 

ʥʝʦʙʭʦʜʠʤʦ ʪʘʢʞʝ ʫʯʠʪʳʚʘʪʴ ʥʝʩʦʚʧʘʜʝʥʠʝ ʠʤʧʫʣʴʩʦʚ rk = kFN/kFS: Z2(Q) = 

G(Q)H2/ǩ2VFNVFScos4Q/Ҟ(1 - sin2Qrk
2), ZF

2(Q) = (1 ï rVG(Q))2/(4rVG(Q)) [333], ʛʜʝ G(Q) = cosQ/ã(1 ï 

sin2Qrk
2), Q ð ʫʛʦʣ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʦʨʤʘʣʠ ʢ NS-ʠʥʪʝʨʬʝʡʩʫ. 

 

ʘ b c 

ʈʠʩ. 22 ð ʄʠʢʨʦʢʦʥʪʘʢʪʥʳʝ ʨʝʞʠʤʳ NcNô-ʢʦʥʪʘʢʪʘ: (ʘ) ʙʘʣʣʠʩʪʠʯʝʩʢʠʡ, d < lel; (b) ʜʠʬʬʫʟʠʦʥ-

ʥʳʡ, lel < d < Ҟ(lel l inel); (c) ʪʝʨʤʠʯʝʩʢʠʡ, d > Ҟ(lel l inel). ʈʠʩʫʥʦʢ ʚʟʷʪ ʠʟ ʨʘʙʦʪʳ [260]. 

 

ɿʘʚʠʩʠʤʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʝʡ ʯʝʪʳʨʝʭ ʧʨʦʮʝʩʩʦʚ A(e) + B(e) + C(e) + D(e) = 1, ʚ ʢʦʪʦʨʳʭ ʤʦʞʝʪ 

ʫʯʘʩʪʚʦʚʘʪʴ ʵʣʝʢʪʨʦʥ ʩ ʠʤʧʫʣʴʩʦʤ q+ ʥʘ NS-ʠʥʪʝʨʬʝʡʩʝ ʙʘʣʣʠʩʪʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ ʩ d < lel, ð ʘʥ-

ʜʨʝʝʚʩʢʦʛʦ ʦʪʨʘʞʝʥʠʷ A(e), ʥʦʨʤʘʣʴʥʦʛʦ ʦʪʨʘʞʝʥʠʷ B(e) ʠ ʜʚʫʭ ʧʨʦʮʝʩʩʦʚ ʧʨʦʭʦʞʜʝʥʠʷ T(e) = C(e) 

+ D(e) ð ʧʨʠ ʨʘʟʣʠʯʥʳʭ Z ʧʨʠʚʝʜʝʥʳ ʥʘ ʈʠʩ. 23. ʄʝʭʘʥʠʟʤ ʫʜʚʦʝʥʠʷ ʧʨʦʚʦʜʠʤʦʩʪʠ NS-ʢʦʥʪʘʢʪʘ 

ʩ Z = 0 ʧʨʠ ʤʘʣʳʭ ʩʤʝʱʝʥʠʷʭ (ʊ < Tc) ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʠ ʜʝʪʘʣʴʥʦ ʦʙʲʷʩʥʝʥ ʘʢʘʜʝʤʠʢʦʤ ɸ.ʌ. ɸʥ-

ʜʨʝʝʚʳʤ ʚ 1964 ʛ. [334]. ʇʨʠ ʘʥʜʨʝʝʚʩʢʦʤ ʦʪʨʘʞʝʥʠʠ çʠʟʥʘʯʘʣʴʥʦʛʦè ʵʣʝʢʪʨʦʥʘ ʥʘ NS-ʠʥʪʝʨʬʝʡʩʝ 

ʧʨʠ E å EF ʨʦʞʜʘʝʪʩʷ ʵʣʝʢʪʨʦʥ-ʜʳʨʦʯʥʘʷ ʧʘʨʘ, ʚ ʢʦʪʦʨʦʡ ʵʣʝʢʪʨʦʥ ʦʙʨʘʟʫʝʪ ʢʫʧʝʨʦʚʩʢʫʶ ʧʘʨʫ ʩ 

çʠʟʥʘʯʘʣʴʥʳʤè ɻ ʣʝʢʪʨʦʥʦʤ ʠ ʫʭʦʜʠʪ ʚ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢ, ʘ ʦʩʪʘʚʰʘʷʩʷ ʜʳʨʢʘ ʧʦʣʫʯʘʝʪ ʠʤʧʫʣʴʩ ïq- 

ʚ ʦʙʨʘʪʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ (ʪ.ʝ. ʤʝʥʷʝʪʩʷ ʟʥʘʢ ʢʘʢ ʥʦʨʤʘʣʴʥʦʡ, ʪʘʢ ʠ ʪʘʥʛʝʥʮʠʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ 

ʠʤʧʫʣʴʩʘ), ʘ ʪʘʢʞʝ ʤʝʥʷʝʪ ʥʘʧʨʘʚʣʝʥʠʝ ʩʧʠʥʘ. ʇʨʠ Z = 0 ʚʝʨʦʷʪʥʦʩʪʴ ʘʥʜʨʝʝʚʩʢʦʛʦ ʦʪʨʘʞʝʥʠʷ 
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ʚʥʫʪʨʠ ʉʇ-ʱʝʣʠ ʩʦʩʪʘʚʣʷʝʪ ɸ(|e| < D) = 1 ʠ ʨʝʟʢʦ ʫʤʝʥʴʰʘʝʪʩʷ ʚʦ ʚʥʝʱʝʣʝʚʦʡ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ |e| 

> D (ʢʨʠʚʘʷ ʩʠʥʝʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 23ʘ). ʅʘ ʢʨʘʶ ʉʇ-ʱʝʣʠ ʚʝʨʦʷʪʥʦʩʪʴ ɸ(|e| = D) = 1 ʧʨʠ ʣʶʙʳʭ Z 

[252].  

ʇʨʠ ʥʦʨʤʘʣʴʥʦʤ ʦʪʨʘʞʝʥʠʠ, ʧʨʦʠʩʭʦʜʷʱʝʤ ʪʦʣʴʢʦ ʜʣʷ Z Í 0, ʥʘ NS-ʠʥʪʝʨʬʝʡʩʝ ʵʣʝʢʪʨʦʥ 

ʤʝʥʷʝʪ ʩʚʦʡ ʠʤʧʫʣʴʩ ʥʘ ïq+ (ʪ.ʝ. ʤʝʥʷʝʪʩʷ ʟʥʘʢ ʪʦʣʴʢʦ ʥʦʨʤʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ); ʚʥʫʪʨʠ ʉʇ-ʱʝʣʠ 

ʚʝʨʦʷʪʥʦʩʪʴ B(e) ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ |e|, ʦʙʨʘʱʘʝʪʩʷ ʚ ʥʦʣʴ ʧʨʠ |e| = D ʠ ʜʘʣʝʝ ʫʚʝʣʠʯʠ-

ʚʘʝʪʩʷ ʚʦ ʚʥʝʱʝʣʝʚʦʡ ʦʙʣʘʩʪʠ (ʩʤ. ʢʨʠʚʳʝ ʢʨʘʩʥʦʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 23b,c,d). ʇʨʦʮʝʩʩʳ ʧʨʷʤʦʛʦ ʧʨʦ-

ʭʦʞʜʝʥʠʷ ʉ (ʩ ʨʦʞʜʝʥʠʝʤ ʵʣʝʢʪʨʦʥʦʧʦʜʦʙʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʚ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ ʩ ʠʤʧʫʣʴʩʦʤ k+) ʠ 

D (ʩ ʨʦʞʜʝʥʠʝʤ ʜʳʨʦʯʥʦʧʦʜʦʙʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʩ ʠʤʧʫʣʴʩʦʤ -k-) ʠʤʝʶʪ ʤʝʩʪʦ ʪʦʣʴʢʦ ʚʦ ʚʥʝʱʝ-

ʣʝʚʦʡ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ ʠ ʩʪʘʥʦʚʷʪʩʷ ʤʝʥʝʝ ʚʝʨʦʷʪʥʳʤʠ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ Z (ʩʤ. ʢʨʠʚʳʝ ʟʝʣʝʥʦʛʦ 

ʮʚʝʪʘ ʥʘ ʈʠʩ. 23). ʇʨʠ ʢʦʥʝʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʪʦʢ ʯʝʨʝʟ ʦʜʥʦʤʝʨʥʳʡ N(I)S-ʢʦʥʪʘʢʪ ʩ ʥʘʧʨʘʚʣʝʥʠ-

ʝʤ ʜʚʠʞʝʥʠʷ ʢʚʘʟʠʯʘʩʪʠʮ ʚʜʦʣʴ ʥʦʨʤʘʣʠ ʢ NS-ʠʥʪʝʨʬʝʡʩʫ ʚ ʤʦʜʝʣʠ ɹʊʂ ʦʧʠʩʳʚʘʝʪʩʷ ʬʦʨʤʫʣʦʡ 

[252]: 

)6 ς!ᴂὔÅὠ Ὢʀ Ὡὠ Ὢʀ Ͻρ ὃʀ ὄʀÄʀ τ 

ʛʜʝ N0 å const ð ʧʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ ʥʘ ʫʨʦʚʥʝ ʌʝʨʤʠ ʚʳʰʝ ʊʩ 

(ʚ ʤʝʪʘʣʣʝ ʦʥʘ ʧʦʣʘʛʘʝʪʩʷ ʨʘʚʥʦʡ 1), ɸô ð ʛʝʦʤʝʪʨʠʯʝʩʢʠʡ ʬʘʢʪʦʨ (ʥʘʧʨʠʤʝʨ, ʜʣʷ ʰʘʨʦʦʙʨʘʟʥʦʡ 

ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ Aô = pd2/16). ɺʳʰʝ ʊʩ ʉʇ-ʱʝʣʴ D = 0, ʧʦʵʪʦʤʫ ʩʣʫʯʘʡ eV > D ʚʩʝʛʜʘ ʚʳʧʦʣʥʷ-

ʝʪʩʷ, ʠ ʜʣʷ ʥʝʛʦ ʚ ʨʘʤʢʘʭ ɹʊʂ [252] ʬʦʨʤʘʣʴʥʦ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ [335] 

)6
ρ

ὩὙ

ςὙὩὔ‐

ὙὩὔ‐ ρ ςὤ
Ὢʀ Ὡὠ ὪʀÄʀ υ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʧʦʤʦʱʴʶ ʩʚʦʙʦʜʥʦʛʦ ʧʘʨʘʤʝʪʨʘ Z ʤʦʜʝʣʴ ɹʊʂ ʦʧʠʩʳʚʘʝʪ ʧʝʨʝʭʦʜ ʠʟ çʘʥʜʨʝʝʚ-

ʩʢʦʛʦè NS-ʨʝʞʠʤʘ (Z Ÿ 0) ʢ çʪʫʥʥʝʣʴʥʦʤʫè NIS-ʨʝʞʠʤʫ (Z Ÿ Ð). ɺɸʍ ʠ dI(V)/dV-ʩʧʝʢʪʨ N(I)S-

ʢʦʥʪʘʢʪʘ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʚ ʨʘʤʢʘʭ [252] ʧʨʠ ʊ = 0 ʠ ʨʘʟʣʠʯʥʳʭ Z, ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʦʢʘʟʘʥʳ ʥʘ 

ʈʠʩ. 24. ʇʨʠ ʤʘʣʳʭ Z < 0.5 ʬʦʨʤʘ dI(V)/dV-ʩʧʝʢʪʨʘ ʧʦʚʪʦʨʷʝʪ ʟʘʚʠʩʠʤʦʩʪʴ ʚʝʨʦʷʪʥʦʩʪʠ ʘʥʜʨʝʝʚ-

ʩʢʦʛʦ ʦʪʨʘʞʝʥʠʷ ʦʪ ʵʥʝʨʛʠʠ A(e) (ʩʤ. ʈʠʩ. 23a,b). ɺ çʘʥʜʨʝʝʚʩʢʦʤè NS-ʨʝʞʠʤʝ ʚʳʩʦʢʦʡ ʧʨʦʟʨʘʯ-

ʥʦʩʪʠ c Z Ÿ 0 ʧʨʠ ʩʤʝʱʝʥʠʷʭ |eV| < D ʜʠʥʘʤʠʯʝʩʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʫʜʚʘʠʚʘʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʦʨʤʘʣʴʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ GN ʙʣʘʛʦʜʘʨʷ ʧʝʨʝʥʦʩʫ ʢʫʧʝʨʦʚʩʢʦʡ ʧʘʨʳ ʚ ʧʨʦʮʝʩʩʝ ʘʥʜʨʝʝʚʩʢʦʛʦ ʦʪ-

ʨʘʞʝʥʠʷ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ Z ʚʝʣʠʯʠʥʘ GZBC ʫʤʝʥʴʰʘʝʪʩʷ, ʘ ʱʝʣʝʚʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʧʨʠ |eV| å 

D ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʘʢʩʠʤʫʤ (ʈʠʩ. 24b). ɺ ʜʠʘʧʘʟʦʥʝ Z å 0.5ï2, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʧʨʦʟʨʘʯʥʦʩʪʠ 

ʙʘʨʴʝʨʘ T å 80%ï20%, ʧʨʦʚʦʜʠʤʦʩʪʴ ʧʨʠ ʥʫʣʝʚʦʤ ʩʤʝʱʝʥʠʠ ʙʳʩʪʨʦ ʫʙʳʚʘʝʪ ʦʪ GZBC å 0.5GN ʜʦ 

GZBC Ÿ 0 (ʩʤ. ʈʠʩ. 24b); ʪʘʢʠʝ NIS-ʢʦʥʪʘʢʪʳ ʤʦʞʥʦ ʫʩʣʦʚʥʦ ʦʪʥʝʩʪʠ ʢ çʨʝʞʠʤʫ ʧʨʦʤʝʞʫʪʦʯʥʦʡ 

ʧʨʦʟʨʘʯʥʦʩʪʠè. ɺ çʪʫʥʥʝʣʴʥʦʤè ʨʝʞʠʤʝ ʧʨʠ Z Ó 2 ʚʠʜ dI(V)/dV-ʩʧʝʢʪʨʘ ʩʣʘʙʦ ʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠ-

ʤʦʩʪʠ ʦʪ Z, ʩʭʦʞ ʩ ʧʨʝʜʩʢʘʟʘʥʠʷʤʠ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ɾʠʚʝʨʘ ʠ ʄʝʛʝʨʣʝ [253], ʧʨʠ ʵʪʦʤ 
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GZBC Ÿ 0, ʘ ʬʦʨʤʘ ʱʝʣʝʚʦʡ ʦʩʦʙʝʥʥʦʩʪʠ (ʧʠʢ) ʧʦʚʪʦʨʷʝʪ ʟʘʚʠʩʠʤʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦ-

ʩʪʦʷʥʠʡ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ (ʥʠʞʝ ʊʩ).  

a b 

c d 

ʈʠʩ. 23 ð ɿʘʚʠʩʠʤʦʩʪʴ ʚʝʨʦʷʪʥʦʩʪʠ ʘʥʜʨʝʝʚʩʢʦʛʦ ʦʪʨʘʞʝʥʠʷ A(e) (ʣʠʥʠʠ ʩʠʥʝʛʦ ʮʚʝʪʘ), ʥʦʨ-

ʤʘʣʴʥʦʛʦ ʦʪʨʘʞʝʥʠʷ B(e) (ʢʨʘʩʥʦʛʦ ʮʚʝʪʘ) ʠ ʧʨʦʭʦʞʜʝʥʠʷ T(e) = C(e) + D(e) (ʟʝʣʝʥʦʛʦ ʮʚʝʪʘ) ʚ 

N(I)S-ʢʦʥʪʘʢʪʝ ʧʨʠ ʊ = 0 ʜʣʷ Z = 0.01 (ʘ), Z = 0.46 (b), Z = 1.52 (c) ʠ Z = 4.36 (d), ʨʘʩʩʯʠʪʘʥʥʳʝ ʚ 

ʨʘʤʢʘʭ ʤʦʜʝʣʠ ɹʊʂ [252]. 

 

ʅʘ ɺɸʍ NS-ʢʦʥʪʘʢʪʘ ʧʨʠ ʤʘʣʳʭ Z Ÿ 0 ʥʘʙʣʶʜʘʝʪʩʷ ʘʥʜʨʝʝʚʩʢʠʡ ʠʟʙʳʪʦʯʥʳʡ ʪʦʢ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʦʤʠʯʝʩʢʦʡ ɺɸʍ ʚ ʥʦʨʤʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʦʧʨʝʜʝʣʷʝʤʳʡ ʢʘʢ 

) 6ȟ4ḳὍ 6ȟ4 Ὅ 6ȟὝ ὃ‐ȟὤ πὨ‐
ЎὝ

ὩὙ
ÔÁÎÈ

Ὡὠ

ςὯὝ
φ 

ɸʥʜʨʝʝʚʩʢʠʡ ʠʟʙʳʪʦʯʥʳʡ ʪʦʢ ʧʨʠ eV >> D(0) ʠ ʊ Ÿ 0 ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ Iexc(0) = 

4D(0)/(3eRS) ʚ çʘʥʜʨʝʝʚʩʢʦʤè NS-ʨʝʞʠʤʝ ʩ Z = 0 ʠ ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʠʣʳ ʙʘʨʴʝʨʘ ʜʣʷ 

NIS-ʢʦʥʪʘʢʪʘ ʚ çʧʨʦʤʝʞʫʪʦʯʥʦʤè ʨʝʞʠʤʝ ʩ 0.5 < Z < 2, ʘ ʥʦʨʤʘʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʢʦʥʪʘʢʪʘ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʢʘʢ RN = RS(1 + Z2). ɺ çʪʫʥʥʝʣʴʥʦʤè ʨʝʞʠʤʝ ʩ Z > 2 ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʜʦʩʪʘʪʦʢ ʪʦʢʘ 
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ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʤʠʯʝʩʢʦʡ ɺɸʍ (ʈʠʩ. 24ʘ). ʈʘʩʰʠʨʝʥʠʝ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ɹʊʂ ʜʣʷ N(I)S-ʢʦʥʪʘʢ-

ʪʘ ʥʘ ʦʩʥʦʚʝ ʢʚʘʟʠʜʚʫʤʝʨʥʦʛʦ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʠ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʱʝʣʠ ʙʳʣʦ 

ʩʜʝʣʘʥʦ ʚ ʨʘʙʦʪʘʭ [260ï262]; ʫʯʝʪ ʧʘʨʘʤʝʪʨʘ ʨʘʟʤʳʪʠʷ ɻ ʟʘ ʩʯʝʪ ʥʝʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠ tinel Í Ð 

ʧʨʦʠʟʚʝʜʝʥ ʚ [260,261,336]. ʇʨʠ ʥʘʣʠʯʠʠ ʥʝʩʢʦʣʴʢʠʭ ʢʘʥʘʣʦʚ ʨʘʩʩʝʷʥʠʷ ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʚʨʝʤʝʥʘ-

ʤʠ ʞʠʟʥʠ ʢʚʘʟʠʯʘʩʪʠʮ ti ʵʬʬʝʢʪʠʚʥʳʡ ʧʘʨʘʤʝʪʨ ʨʘʟʤʳʪʠʷ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʚʠʜʝ ɻeff = 

Sɻi [337]. 

ʋʯʝʪ ʨʘʟʣʠʯʥʦʛʦ ʫʛʣʘ ʧʨʦʣʝʪʘ ʢʚʘʟʠʯʘʩʪʠʮ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ NS-ʛʨʘʥʠʮʝ ʩʜʝʣʘʥ ʚ ʨʘʙʦʪʘʭ 

[260,261,338,339]. ɺ [260,261] ʦʪʢʣʦʥʝʥʠʝ ʙʘʣʣʠʩʪʠʯʝʩʢʦʡ ʪʨʘʝʢʪʦʨʠʠ ʢʚʘʟʠʯʘʩʪʠʮʳ ʦʪ ʥʦʨʤʘʣʠ ʢ 

NS-ʛʨʘʥʠʮʝ ʫʤʝʥʴʰʘʝʪ ʵʬʬʝʢʪʠʚʥʫʶ ʧʨʦʟʨʘʯʥʦʩʪʴ ʙʘʨʴʝʨʘ ʚ ʜʠʘʧʘʟʦʥʝ 0 < Z < 1.5 (ʚ ʨʘʙʦʪʝ [339] 

ʘʥʘʣʦʛʠʯʥʳʡ ʵʬʬʝʢʪ ʙʳʣ ʧʦʢʘʟʘʥ ʜʣʷ ʣʶʙʳʭ Z ʚ ʪʨʝʭʤʝʨʥʦʤ ʩʣʫʯʘʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʜʥʦʤʝʨʥʳʤ), 

ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʥʠʞʝʥʠʶ GZBC ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʝʜʩʢʘʟʘʥʠʡ ʦʜʥʦʤʝʨʥʦʡ ʤʦʜʝʣʠ ɹʊʂ [252]. ʉʦ-

ʛʣʘʩʥʦ ʨʘʩʯʝʪʘʤ [338], ʧʨʠ Z Í 0 ʪʘʢʞʝ ʟʘʤʝʪʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʚʝʨʦʷʪʥʦʩʪʴ A(e) ʚʦ ʚʥʝʱʝʣʝʚʦʡ ʦʙ-

ʣʘʩʪʠ ʩʤʝʱʝʥʠʡ. ʂʘʢ ʧʦʢʘʟʘʣʠ ʘʚʪʦʨʳ ʨʘʙʦʪʳ [340] ʚ ʨʘʤʢʘʭ ʧʦʜʭʦʜʘ ɹʦʛʦʣʶʙʦʚʘ-ʜʝ ɾʝʥʘ, ʜʦʧʦʣ-

ʥʠʪʝʣʴʥʳʤʠ ʬʘʢʪʦʨʘʤʠ ʧʦʜʘʚʣʝʥʠʷ A(e) ʚ NS ʠʣʠ SnS-ʢʦʥʪʘʢʪʝ ʩ Z = 0 ʧʨʠ |e| > D ʷʚʣʷʶʪʩʷ: (i) 

ʪʨʝʭʤʝʨʥʳʡ ʭʘʨʘʢʪʝʨ ʘʥʜʨʝʝʚʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ð ʫʤʝʥʴʰʝʥʠʝ kz-ʢʦʤʧʦʥʝʥʪʳ ʬʝʨʤʠʝʚʩʢʦʛʦ ʚʦʣ-

ʥʦʚʦʛʦ ʚʝʢʪʦʨʘ ʢʚʘʟʠʯʘʩʪʠʮ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʪʦʢʘ ʯʝʨʝʟ ʢʦʥʪʘʢʪ ʦʪʥʦʩʠʪʝʣʴʥʦ kF (ʚ ʯʘʩʪʥʦʩʪʠ, 

ʜʣʷ ʧʣʘʥʘʨʥʦʛʦ SnS-ʢʦʥʪʘʢʪʘ ʩ kz << kF ʚʝʨʦʷʪʥʦʩʪʴ A(e) Ÿ 0 ʧʨʠ |e| > D) ʠ (ii) ʵʬʬʝʢʪ ʙʣʠʟʦʩʪʠ ð 

ʫʤʝʥʴʰʝʥʠʝ ʘʤʧʣʠʪʫʜʳ D ʚ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ ʚʙʣʠʟʠ nS-ʛʨʘʥʠʮʳ. ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʧʦ ʜʘʥʥʳʤ [340] 

ʚʝʨʦʷʪʥʦʩʪʴ ʘʥʜʨʝʝʚʩʢʦʛʦ ʦʪʨʘʞʝʥʠʷ ʨʝʟʢʦ ʧʘʜʘʝʪ ʚʦ ʚʥʝʱʝʣʝʚʦʡ ʦʙʣʘʩʪʠ ʩʤʝʱʝʥʠʡ, ʯʪʦ ʚʣʠʷʝʪ, ʚ 

ʦʩʥʦʚʥʦʤ, ʥʘ ʘʤʧʣʠʪʫʜʫ ʘʥʜʨʝʝʚʩʢʦʛʦ ʠʟʙʳʪʦʯʥʦʛʦ ʪʦʢʘ. 

ʘ b 

ʈʠʩ. 24 ð ɺɸʍ (ʘ) ʠ ʩʧʝʢʪʨ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ (b) N(I)S-ʢʦʥʪʘʢʪʘ ʧʨʠ ʊ = 0 ʠ ʨʘʟʣʠʯ-

ʥʳʭ ʟʥʘʯʝʥʠʷʭ Z, ʨʘʩʩʯʠʪʘʥʥʳʝ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ɹʊʂ [252]. 
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ʕʬʬʝʢʪ ʥʝʢʦʛʝʨʝʥʪʥʳʭ ʤʥʦʛʦʢʨʘʪʥʳʭ ʘʥʜʨʝʝʚʩʢʠʭ ʦʪʨʘʞʝʥʠʡ ʚ SnS-ʢʦʥʪʘʢʪʝ 

ʇʝʨʚʦʝ ʦʧʠʩʘʥʠʝ ʢʚʘʟʠʯʘʩʪʠʯʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʯʝʨʝʟ ʩʠʤʤʝʪʨʠʯʥʫ  ʁʙʘʣʣʠʩʪʠʯʝʩʢʫ  ʁSnS-

ʩʪʨʫʢʪʫʨʫ ʚ ʤʠʢʨʦʢʦʥʪʘʢʪʥʦʤ ʨʝʞʠʤʝ ʩ ʦʪʩʫʪʩʪʚʠʝʤ ʬʘʟʦʚʦʡ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʤʝʞʜʫ ʉʇ-ʵʣʝʢʪʨʦ-

ʜʘʤʠ ʚ ʨʘʤʢʘʭ ʧʦʜʭʦʜʘ ɹʊʂ [252] ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʆʢʪʘʚʠʦ, ʊʠʥʢʭʘʤʦʤ, ɹʣʦʥʜʝʨʦʤ ʠ ʂʣʘʧʚʠʢʦʤ 

(ʆʊɹʂ) [341]. ɺ ʵʪʦʡ ʤʦʜʝʣʠ ʨʘʩʩʤʦʪʨʝʥ ʢʦʥʪʘʢʪ ʩ ʦʜʥʦʤʝʨʥʳʤ ʪʨʘʥʩʧʦʨʪʦʤ ʜʚʫʭ ʦʙʲʝʤʥʳʭ 

ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ S, ʨʘʟʜʝʣʝʥʥʳʭ ʪʦʥʢʠʤ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʩʣʦʝʤ n, ʩʦʜʝʨʞʘʱʠʡ ʜʚʘ ʵʢʚʠʚʘʣʝʥʪʥʳʭ 

ʪʦʥʢʠʭ ʠʟʦʣʷʪʦʨʘ ʥʘ nS-ʠʥʪʝʨʬʝʡʩʘʭ, ʪ.ʝ. SInIS-ʩʪʨʫʢʪʫʨʘ. ʇʨʠʩʫʪʩʪʚʠʝ ʜʚʫʭ ʠʟʦʣʷʪʦʨʦʚ ʩ ʩʠʣʦʡ 

ʙʘʨʴʝʨʘ Z ʦʧʨʝʜʝʣʷʝʪ ʧʨʦʟʨʘʯʥʦʩʪʴ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ T(e) = 1/(1 + 2Z2). ɺ ʦʪʣʠʯʠʝ ʦʪ ʦʜʥʦʢʨʘʪ-

ʥʦʛʦ ʘʥʜʨʝʝʚʩʢʦʛʦ ʦʪʨʘʞʝʥʠʷ ʚ ʥʝʩʠʤʤʝʪʨʠʯʥʦʤ NIS-ʢʦʥʪʘʢʪʝ [252], ʚ SInIS-ʢʦʥʪʘʢʪʝ ʨʘʟʤʝʨʦʤ x0 

<< d < lel ʨʝʘʣʠʟʫʝʪʩʷ ʵʬʬʝʢʪ ʥʝʢʦʛʝʨʝʥʪʥʳʭ ʤʥʦʛʦʢʨʘʪʥʳʭ ʘʥʜʨʝʝʚʩʢʠʭ ʦʪʨʘʞʝʥʠʡ (ʕʅʄɸʆ). 

ʕʪʦʪ ʵʬʬʝʢʪ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʝʨʠʠ ʘʥʜʨʝʝʚʩʢʠʭ ʦʪʨʘʞʝʥʠʡ ɻ ʣʝʢʪʨʦʥʘ ʠʣʠ ʜʳʨʢʠ ʦʪ ʜʚʫʭ nS-ʛʨʘʥʠʮ, 

ʢʘʞʜʦʝ ʠʟ ʢʦʪʦʨʳʭ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʫʧʝʨʦʚʩʢʦʡ ʧʘʨʳ ʚ ʦʜʥʦʤ ʉʇ-ʵʣʝʢʪʨʦʜʝ ʠ ʝʝ 

ʨʘʟʨʫʰʝʥʠʠ ʚ ʜʨʫʛʦʤ. ʂʚʘʟʠʯʘʩʪʠʮʘ, ʚʩʷʢʠʡ ʨʘʟ ʧʦʜʣʝʪʘʷ ʢ ʢʘʞʜʦʡ ʠʟ nS-ʛʨʘʥʠʮ, ʤʦʞʝʪ ʩʦʚʝʨʰʠʪʴ 

ʯʝʪʳʨʝ ʚʳʰʝʫʢʘʟʘʥʥʳʭ ʧʨʦʮʝʩʩʘ ʩ ʚʝʨʦʷʪʥʦʩʪʷʤʠ A(e), B(e), C(e) ʠ D(e), ʪ.ʝ. ʧʨʠ ʢʘʞʜʦʤ ʘʢʪʝ ʘʥ-

ʜʨʝʝʚʩʢʦʛʦ ʠʣʠ ʥʦʨʤʘʣʴʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʠʩʭʦʜʥʳʡ ʚʦʣʥʦʚʦʡ ʧʘʢʝʪ ʜʝʣʠʪʩʷ ʥʘ ʯʝʪʳʨʝ ʯʘʩʪʠ, ʠ ʧʨʦ-

ʩʣʝʜʠʪʴ ʟʘ ʢʘʞʜʦʡ ʦʙʨʘʟʦʚʘʚʰʝʡʩ̫ ʯʘʩʪʠʮʝʡ ʩʪʘʥʦʚʠʪʩʷ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ. ʕʪʦ ʜʝʣʘʝʪ ʥʝʚʦʟʤʦʞʥʳʤ 

ʧʦʣʫʯʝʥʠʝ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʪʫʥʥʝʣʴʥʦʛʦ ʪʦʢʘ, ʢʦʪʦʨʳʡ ʚ ʤʦʜʝʣʠ ʆʊɹʂ ʟʘʧʠʩʳʚʘʝʪ-

ʩʷ ʢʘʢ [341] 

Ὅὠ ς!ᴂ.πÅὠ ὪO ʀ ὪN ʀ Ὠ‐ χ 

ʛʜʝ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʚʘʟʠʯʘʩʪʠʮ, ʜʚʠʞʫʱʠʭʩʷ ʩʣʝʚʘ ʥʘʧʨʘʚʦ ʠ ʩʧʨʘʚʘ ʥʘʣʝʚʦ, 

ὪO ʀ Ὕ‐Ὢ‐ ὃ‐Ὕ‐ ὩὠὪ‐ Ὡὠ ὃ‐ὃ‐ ὩὠὝ‐ ςὩὠὪ‐ ςὩὠ

ὃ‐ὃ‐ Ὡὠὃ‐ ςὩὠὝ‐ σὩὠὪ‐ σὩὠ Ễ

ὪN ʀ Ὕ‐ ὩὠὪ‐ Ὡὠ ὃ‐ ὩὠὝ‐ ςὩὠὪ‐ ςὩὠ

ὃ‐ Ὡὠὃ‐ ςὩὠὝ‐ σὩὠὪ‐ σὩὠ Ễ ψ

 

ʇʨʠ eV << D ʯʠʩʣʦ ʚʦʟʤʦʞʥʳʭ ʘʥʜʨʝʝʚʩʢʠʭ ʠ ʥʦʨʤʘʣʴʥʳʭ ʦʪʨʘʞʝʥʠʡ, ʢʦʪʦʨʳʝ ʤʦʞʝʪ ʩʦʚʝʨhʠʪʴ 

ʯʘʩʪʠʮʘ ʟʘ ʚʨʝʤʷ ʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠʷ tel, ʨʘʩʪʝʪ, ʯʪʦ ʩʠʣʴʥʦ ʟʘʪʨʫʜʥʷʝʪ ʯʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝ-

ʥʠʷ (7) ʚ ʦʙʣʘʩʪʠ ʤʘʣʳʭ ʩʤʝʱʝʥʠʡ. ʇʨʠ Z Ó 2 ʠʟ-ʟʘ ʧʦʷʚʣʝʥʠʷ ʵʢʩʪʨʝʤʫʤʦʚ A(e), B(e) ʠ T(e) ʥʘ 

ʢʨʘʶ ʉʇ-ʱʝʣʠ ʚʦʟʥʠʢʘʝʪ ʟʘʰʫʤʣʝʥʥʦʩʪʴ ʨʘʩʯʝʪʥʳʭ ɺɸʍ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʧʦʣʫʯʝʥʠʝ ʛʣʘʜʢʠʭ 

dI(V)/dV-ʩʧʝʢʪʨʦʚ ʟʘ ʨʘʟʫʤʥʦʝ ʚʨʝʤʷ ʩʯʝʪʘ. ɺ ʦʨʠʛʠʥʘʣʴʥʦʡ ʨʘʙʦʪʝ ʆʊɹʂ [341] ʨʘʩʯʝʪ I(V) ʙʳʣ 

ʧʨʦʚʝʜʝʥ ʪʦʣʴʢʦ ʧʨʠ eV > D/3, ʩʧʝʢʪʨʳ ʙʳʣʠ ʧʦʢʘʟʘʥʳ ʪʦʣʴʢʦ ʜʣʷ Z Ò 1, ʘ ʚʝʣʠʯʠʥʘ GZBC, ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʥʝ ʙʳʣʘ ʧʦʣʫʯʝʥʘ (ʈʠʩ. 25). ʇʝʨʝʥʦʨʤʠʨʦʚʢʦʡ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʤʝʪʘʣ-

ʣʝ N(e) ʠʟ-ʟʘ ʥʘʚʝʜʝʥʠʷ ʩʦ ʩʪʦʨʦʥʳ ʤʘʩʩʠʚʥʳʭ ʉʇ-ʙʝʨʝʛʦʚ ʘʚʪʦʨʳ [341] ʧʨʝʥʝʙʨʝʛʘʶʪ. 
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ʆʩʥʦʚʥʳʤ ʨʝʟʫʣʴʪʘʪʦʤ ʤʦʜʝʣʠ ʆʊɹʂ [341] ʩʪʘʣʦ ʧʨʝʜʩʢʘʟʘʥʠʝ ʩʫʙʛʘʨʤʦʥʠʯʝʩʢʦʡ ʱʝʣʝʚʦʡ 

ʩʪʨʫʢʪʫʨʳ (ʉɻʉ) ð ʩʝʨʠʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ɺɸʍ ʠ dI(V)/dV-ʩʧʝʢʪʨʘ SInIS-ʢʦʥʪʘʢʪʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʚʧʣʦʪʴ ʜʦ ʊʩ ʥʘ ʩʤʝɦʝʥʠʷʭ 

Ὡὠ Ὕ
ςЎὝ

ὲ
ω 

ʛʜʝ n = 1, 2, é ð ʮʝʣʦʝ ʯʠʩʣʦ. ʉʦʛʣʘʩʥʦ ʨʘʩʯʝʪʘʤ [341], ʩʧʝʢʪʨ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ SnS-

ʢʦʥʪʘʢʪʘ dV(V)/dI ʧʨʠ ʤʘʣʳʭ Z = 0.5ï1 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʝʨʠʶ ʨʝʟʢʠʭ ʧʠʢʦʚ (ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʠ-

ʥʠʤʫʤʘʤ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ dI(V)/dV) ʥʘ ʬʦʥʝ ʙʦʣʝʝ ʨʘʟʤ ʪrʳʭ ʤʘʢʩʠʤʫʤʦʚ-ʤʠʥʠʤʫ-

ʤʦʚ, ʧʨʠʯʝʤ ʘʤʧʣʠʪʫʜʘ ʧʠʢʦʚ ʨʘʩʪʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ Z (ʈʠʩ. 25ʘ,b). ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʨʠ Z = 0.55 ʧʠʢʠ ʩʪʘʥʦʚʷʪʩʷ ʯʫʪʴ ʙʦʣʝʝ ʚʳʨʘʞʝʥʥʳʤʠ, ʘ ʧʨʠ Z = 1 ʘʤʧʣʠʪʫʜʘ ʦʩʪʘʝʪʩʷ ʧʨʠʤʝʨʥʦ 

ʧʦʩʪʦʷʥʥʦʡ (ʩʤ. ʈʠʩ. 25b). ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʣʦʞʝʥʠʝ ʱʝʣʝʚʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ Vn ʥʝ ʤʝʥʷʝʪʩʷ 

ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʚ ʥʦʨʤʠʨʦʚʘʥʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ eV/D(T), ʪ.ʝ. ʥʘʧʨʷʤʫʶ ʦʧʨʝʜʝʣʷʝʪ ʚʝʣʠʯʠʥʫ ʤʠʢʨʦ-

ʩʢʦʧʠʯʝʩʢʦʛʦ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʧʨʠ ʣʶʙʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʧʣʦʪʴ ʜʦ ʊʩ. ʀʩʢʣʶʯʝʥʠʝʤ ʷʚʣʷʝʪ-

ʩ ̫ʩʣʫʯʘʡ çʠʜʝʘʣʴʥʦʛʦè SnS-ʢʦʥʪʘʢʪʘ (ʚ ʨʝʞʠʤʝ ʧʦʣʥʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ) ʩ Z = 0, ʜʠʥʘʤʠʯʝʩʢʦʝ ʩʦ-

ʧʨʦʪʠʚʣʝʥʠʝ ʢʦʪʦʨʦʛʦ ʚ ʤʦʜʝʣʠ ʆʊɹʂ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʛʣʘʜʢʫʶ ʬʫʥʢʮʠʶ ʙʝʟ ʚʠʜʠʤʳʭ ʱʝʣʝ-

ʚʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʠ T << Tc (ʩʤ. ʈʠʩ. 25ʘ). 

ʇʦʟʞʝ ʌʣʝʥʩʙʝʨʛʦʤ ʠ ʜʨ. [342] ʚ ʨʘʩʯʝʪʘʭ ʆʊɹʂ [341] ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʦʰʠʙʢʘ ʚ ʚʳʯʠʩ-

ʣʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʥʦʨʤʘʣʴʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʠ ʧʝʨʝʩʯʠʪʘʥʳ ɺɸʍ ʠ dV(V)/dV-ʩʧʝʢʪʨʳ SInIS-ʢʦʥ-

ʪʘʢʪʘ (ʈʠʩ. 25c,d,e). ɺ ʩʢʦʨʨʝʢʪʠʨʦʚʘʥʥʳʭ ʨʘʩʯʝʪʘʭ ʌʣʝʥʩʙʝʨʛʘ ʠ ʜʨ. ʬʦʨʤʘ dV(V)/dI-ʩʧʝʢʪʨʦʚ ʩʦ-

ʭʨʘʥʠʣʘʩʴ ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʠʩʯʝʟʥʫʚʰʠʭ ʨʝʟʢʠʭ ʧʠʢʦʚ ʧʨʠ ʩʤʝʱʝʥʠʷʭ Vn=1. ʇʨʠ Z = 0.55ï1 (çʧʨʦ-

ʤʝʞʫʪʦʯʥʳʡè ʨʝʞʠʤ) ʬʫʥʜʘʤʝʥʪʘʣʴʥʘʷ ʱʝʣʝʚʘʷ ʛʘʨʤʦʥʠʢʘ (n = 1) ʧʨʠ eV1(T) = 2D(T) ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʤʠʥʠʤʫʤ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʘ ʩʫʙʛʘʨʤʦʥʠʢʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʧʦʨʷʜʢʦʚ ʩ n = 2ï6 

ð ʩʪʨʫʢʪʫʨʳ ʪʠʧʘ ʤʠʥʠʤʫʤ-ʤʘʢʩʠʤʫʤ, ʧʨʠʯʝʤ ʧʦʣʦʞʝʥʠ ̫Vn ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʦʯʢʘʤ ʧʝʨʝʛʠʙʘ 

(ʈʠʩ. 25ʩ). ʉ ʫʚʝʣʠʯʝʥʠʝʤ Z ʘʤʧʣʠʪʫʜʘ ʤʠʥʠʤʫʤʦʚ-ʤʘʢʩʠʤʫʤʦʚ dV(V)/dI-ʩʧʝʢʪʨʦʚ ʨʘʩʪʝʪ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ RN. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ (ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ ʈʠʩ. 25d ʧʨʠʚʝʜʝʥ ʩʧʝʢʪʨ SInIS-

ʢʦʥʪʘʢʪʘ ʩ Z = 0.55) ʬʦʨʤʘ ʠ ʧʦʣʦʞʝʥʠʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʛʘʨʤʦʥʠʢʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʝʪʩʷ, ʘ 

ʩʫʙʛʘʨʤʦʥʠʢʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʧʦʨʷʜʢʦʚ ʪʨʘʥʩʬʦʨʤʠʨʫʶʪʩʷ ʚ ʤʘʢʩʠʤʫʤ rʧʨʠ ʩʤʝʱʝʥʠʷʭ eVn = 

2D(T)/n, ʧʦʣʦʞʝʥʠʝ ʢʦʪʦʨʳʭ ʪʘʢʞʝ ʥʘʧʨʷʤʫʶ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʉʇ-ʱʝʣʠ 

D(T).  

ɺɸʍ SInIS-ʢʦʥʪʘʢʪʦʚ ʧʨʠ ʊ = 0, ʨʘʩʩʯʠʪʘʥʥʳʝ ʌʣʝʥʩʙʝʨʛʦʤ [342], ʧʦʢʘʟʘʥʳ ʥʘ ʈʠʩ. 25e. 

ʇʦʩʢʦʣʴʢʫ ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ SInIS-ʩʪʨʫʢʪʫʨʘ ʥʘʭʦʜʠʪʩʷ ʚ ʥʝʢʦʛʝʨʝʥʪʥʦʤ (ʤʠʢʨʦʢʦʥʪʘʢʪʥʦʤ) ʨʝ-

ʞʠʤʝ, ʥʘ ɺɸʍ ʦʪʩʫʪʩʪʚʫʝʪ ʚʝʨʪʠʢʘʣʴʥʘʷ ʩʚʝʨʭʪʦʢʦʚʘʷ ʚʝʪʚʴ ʧʨʠ eV = 0. ɿʘʤʝʪʠʤ, ʯʪʦ ʚ ʥʦʨʤʠʨʦ-

ʚʘʥʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ eIRN(Z)/D ʦʪ eV/D ʧʨʠ ʙʦʣʴʰʠʭ ʩʤʝʱʝʥʠʷʭ eV >> D(0) ɺɸʍ ʧʨʠ ʣʶʙʳʭ Z 

ʠʤʝʝʪ ʦʜʠʥʘʢʦʚʳʡ ʥʘʢʣʦʥ, ʩʦʚʧʘʜʘʶʱʠʡ ʩ ʥʘʢʣʦʥʦʤ ʦʤʠʯʝʩʢʦʡ ɺɸʍ ʢʦʥʪʘʢʪʘ ʚ ʥʦʨʤʘʣʴʥʦʤ ʩʦ-

ʩʪʦʷʥʠʠ I(V) = 2N(0)e2VFAô/(1 + 2Z
2) ʧʨʠ T > Tc (ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ ʥʘ ʈʠʩ. 25e). ʇʨʠ Z Ò 0.75 ɺɸʍ 
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ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʘʥʜʨʝʝʚʩʢʠʡ ʠʟʙʳʪʦʯʥʳʡ ʪʦʢ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʩʤʝʱʝʥʠʡ ʦʪʥʦʩʠʪʝʣʥɹʦ ʧʨʷʤʦʡ I 

= V/RN(Z), ʩʪʨʝʤʷʱʠʡʩʷ ʢ ʧʦʩʪʦʷʥʥʦʤʫ ʟʥʘʯʝʥʠʶ ʧʨʠ eV >> D(0). ɸʥʜʨʝʝʚʩʢʠʡ ʠʟʙʳʪʦʯʥʳʡ ʪʦʢ 

ʜʣʷ çʠʜʝʘʣʴʥʦʛʦè SnS-ʢʦʥʪʘʢʪʘ ʩ Z = 0 ʧʨʠ eV = const ʚ ʤʦʜʝʣʠ ʆʊɹʂ ʠ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ D(T) [341]:  

Ὅ Ὕ
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ρπ 

ɸʥʘʣʠʪʠʯʝʩʢʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ Iexc(Z) ʧʨʠ eV Ÿ Ð, T << Tc ʠ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʠʟʦʣʠʨʫʶʱʠʭ ʙʘʨʴʝʨʘʭ 

Z1 = Z2 = Z ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʚ ʨʘʙʦʪʝ [343]: 
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 ɺʳʨʘʞʝʥʠʝ (11) ʚʦʩʧʨʦʠʟʚʦʜʠʪ ʯʠʩʣʝʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʌʣʝʥʩʙʝʨʛʘ ʠ ʜʨ. [342] ʜʣʷ ʟʘʚʠʩʠʤʦʩ-

ʪʠ Iexc(Z) ʧʨʠ eV Ÿ ¤ ʠ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʚ ʪʦʤ ʯʠʩʣʝ ʟʥʘʯʝʥʠʷ Iexc < 0, ʪ.ʝ. ʥʝʜʦʩʪʘʪʦʢ ʪʦʢʘ ʚ 

ʪʫʥʥʝʣʴʥʳʭ SInIS-ʨʝʞʠʤʘʭ ʥʠʟʢʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ, ʥʘʯʠʥʘʷ ʩ Z Ó 1.232 (Iexc = 0). ɺ ʜʠʬʬʫʟʠʦʥʥʦʤ 

SInIS-ʨʝʞʠʤʝ ʩ x0 << d < l inel ʉɻʉ ʠ ʘʥʜʨʝʝʚʩʢʠʡ ʠʟʙʳʪʦʯʥʳʡ ʪʦʢ Iexc(eV Ÿ ¤) > 0 ʪʘʢʞʝ ʧʨʠʩʫʪʩʪ-

ʚʫʶʪ ʥʘ ɺɸʍ, ʦʜʥʘʢʦ ʚʝʣʠʯʠʥʘ Iexc(ʊ = 0) ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ d [344]. 

ʇʦʜʭʦʜ ʂʶʤʤʝʣʷ ʩ ʩʦʘʚʪʦʨʘʤʠ [345ï347] ʦʩʥʦʚʘʥ ʥʘ ʧʨʠʤʝʥʝʥʠʠ ʫʨʘʚʥʝʥʠʡ ɹʦʛʦʣʶʙʦʚʘ-

ʜʝ ɾʝʥʘ ʢ ʦʧʠʩʘʥʠʶ çʜʣʠʥʥʦʛʦè ʪʨʝʭʤʝʨʥʦʛʦ SnS-ʢʦʥʪʘʢʪʘ ʨʘʟʤʝʨʦʤ x0 < d < l inel ʩ ʦʪʩʫʪʩʪʚʠʝʤ 

ʬʘʟʦʚʦʡ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʤʝʞʜʫ ʉʇ-ʙʝʨʝʛʘʤʠ. ɺ ʜʘʥʥʳʭ ʨʘʙʦʪʘʭ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʣʫʯʘʡ ʦʪʩʫʪʩʪʚʠʷ 

ʥʦʨʤʘʣʴʥʳʭ ʦʪʨʘʞʝʥʠʡ (Z = 0), ʧʨʠ ʵʪʦʤ ʩʚʦʙʦʜʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʷʚʣʷʝʪʩʷ ʦʪʥʦʰʝʥʠʝ l inel/d. ʆʩʥʦʚ-

ʥʳʤʠ ʤʦʜʝʣʴʥʳʤʠ ʫʧʨʦʱʝʥʠ̫ʤʠ ʷʚʣʷʪʁʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ N(e), ʩʦʜʝʨʞʘʱʝʡ ɹʂʐ-

ʨʘʩʭʦʜʠʤʦʩʪʠ ʧʨʠ e = D, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʩʣʫʯʘʷ ʦʪʩʫʪʩʪʚʠʷ ʥʝʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠʷ ɻ = 0 (ʭʦʪʷ ʜʣʠʥʘ 

l inel ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʢʦʥʝʯʥʘ), ʠ çʦʙʨʝʟʘʥʠʝè ʟʘʚʠʩʠʤʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʠ ʘʥʜʨʝʝʚʩʢʦʛʦ ʦʪ-

ʨʘʞʝʥʠʷ ʦʪ ʵʥʝʨʛʠʠ, ʢʦʪʦʨʘʷ ʧʦʣʘʛʘʝʪʩʷ ʨʘʚʥʦʡ A(e) = 1 ʧʨʠ |e| Ò D ʠ A(e) = 0 ʚʥʝ ʉʇ-ʱʝʣʠ. ʉʩ-r

ʣʘʷʩʴ ʥʘ ʨʝʟʫʣʴʪʘʪ ʨʘʙʦʪʳ [340], ʚ ʢʦʪʦʨʦʡ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʫʯʝʪʝ ʪʨʝʭʤʝʨʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʠ ʵʬ-

ʬʝʢʪʘ ʙʣʠʟʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʴ A(e) ʜʦʩʪʘʪʦʯʥʦ ʙʳʩʪʨʦ ʧʘʜʘʝʪ ʧʨʠ |e| Ó D ʜʘʞʝ ʧʨʠ Z = 0, ʂʶʤʤʝʣʴ ʠ 

ʜʨ. ʦʪʤʝʯʘʶʪ, ʯʪʦ ʪʘʢʦʝ ʫʧʨʦʱʝʥʠʝ ʙʣʠʟʢʦ ʢ ʩʣʫʯʘʶ ʨʝʘʣʴʥʦʛʦ SnS-ʢʦʥʪʘʢʪʘ. 

ʈʘʩʩʯʠʪʘʥʥʳʝ ʚ ʨʘʥʥʠʭ ʨʘʙʦʪʘʭ [345,346] ɺɸʍ ʧʨʠ T << Tc ʥʝ ʠʤʝʶʪ ʩʚʝʨʭʪʦʢʦʚʦʡ ʚʝʪʚʠ, 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʠʟʙʳʪʦʯʥʳʡ ʪʦʢ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʩʤʝʱʝʥʠʡ eV, ʘ ʪʘʢʞʝ ʉɻʉ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʤʠ-

ʥʠʤʫʤʦʚ ʪʦʢʘ (ʫʯʘʩʪʢʦʚ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ) ʧʨʠ ʩʤʝʱʝʥʠʷʭ, ʩʦʦʪʚʝʪʩʪ-

ʚʫʶʱʠʭ ʬʦʨʤʫʣʝ (9). ʇʨʠʤʝʨʳ ɺɸʍ ʧʨʠ T = 0.99Tc ʠ T << Tc ʧʦʢʘʟʘʥʳ ʥʘ ʈʠʩ. 26ʘ,b ʠ ʦʙʦʟʥʘʯʝʥʳ 

ʢʘʢ çIè. ɺ [346] ʪʦʡ ʞʝ ʛʨʫʧʧʦʡ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʫʯʘʩʪʢʠ ʩ dI(V)/dV < 0 ʠʩʯʝʟʘʶʪ ʧʨʠ ʫʯʝʪʝ 

ʥʝʥʫʣʝʚʦʡ ʚʝʨʦʷʪʥʦʩʪʠ A(e) ʚʦ ʚʥʝʱʝʣʝʚʦʡ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ, ʧʨʝʚʨʘʱʘʷʩʴ ʚ ʩʛʣʘʞʝʥʥʳʝ, ʧʦʯʪʠ 
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ʛʦʨʠʟʦʥʪʘʣʴʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʉɻʉ (çIIè ʥʘ ʈʠʩ. 26a,b). ʉʢʦʨʨʝʢʪʠʨʦʚʘʥʥʳʝ ʨʘʩʯʝʪ rʂʶʤʤʝʣ,̫ ɻʫʥ-

ʩʝʥʭʘʡʤʝʨʘ ʠ ʅʠʢʦʣʴʩʢʦʛʦ (ʂɻʅ) [347] ʧʦʢʘʟʘʣʠ, ʯʪʦ ʘʥʘʣʦʛʠʯʥʦʛʦ ʚʠʜʘ ʤʠʥʠʤʫʤʳ ɺɸʍ ʦʞʠʜʘ-

ʶʪʩʷ ʜʣʷ SnS-ʢʦʥʪʘʢʪʦʚ ʩ ʪʦʥʢʠʤʠ S-ʙʝʨʝʛʘʤʠ, ʪʦʣʱʠʥʘ ʢʦʪʦʨʳʭ dsc ʥʝ ʧʨʝʚʳʰʘʝʪ ʛʣʫʙʠʥʫ ʧʨʦ-

ʥʠʢʥʦʚʝʥʠʷ ʢʚʘʟʠʯʘʩʪʠʮ lqp = ǩ
2kFz/[m

*(D2 ï e2)0.5] (m* ð ɻ ʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ, ʦʩʴ z ʥʘʧʨʘʚʣʝʥʘ ʧʝʨ-

ʧʝʥʜʠʢʫʣʷʨʥʦ nS-ʛʨʘʥʠʮʘʤ). ʇʨʠʤʝʨʳ ʪʘʢʠʭ ɺɸʍ ʧʦʢʘʟʘʥʳ ʥʘ ʈʠʩ. 26c ʜʣʷ SnS-ʢʦʥʪʘʢʪʦʚ ʩ l inel/d 

= 20ï2.5 (I1ïI4, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ɼʣʷ SnS-ʢʦʥʪʘʢʪʘ ʩ çʪʦʣʩʪʳʤʠè ʉʇ-ʙʝʨʝʛʘʤʠ ʪʦʣʱʠʥʦʡ dsc >> lqp 

ʥʘ ʘʥʜʨʝʝʚʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ɺɸʍ (ʈʠʩ. 26d; ʩʫʜʷ ʧʦ ʚʩʝʤʫ ʘʚʪʦʨʳ [347] ʟʘʙʳʣʠ ʧʨʠʙʘʚʠʪʴ ʢ ʨʝ-

ʟʫʣʴʪʘʪʫ ʦʤʠʯʝʩʢʠʡ ʚʢʣʘʜ IN = V/2) ʥʘʙʣʶʜʘʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʠ ʉɻʉ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦʙʦʡ ʤʠʥʠ-

ʤʫʤʳ. 

a 
b 

c d 
e 

ʈʠʩ. 25 ð ʅʦʨʤʠʨʦʚʘʥʥʳʝ dV/dI-ʩʧʝʢʪʨʳ ʙʘʣʣʠʩʪʠʯʝʩʢʦʛʦ SnS-ʢʦʥʪʘʢʪʘ ʧʨʠ Z = 0 (a) ʠ 0.55, 1 

(b) ʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʆʊɹʂ [341]. (c) ʅʦʨʤʠʨʦʚʘʥʥʳʝ dV/dI-ʩʧʝʢʪ-

ʨʳ SnS-ʢʦʥʪʘʢʪʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ Z ʠ ʊ (ʩ,d) ʠ ɺɸʍ SnS-ʢʦʥʪʘʢʪʘ (e) ʧʨʠ ʊ = 0 ʠ ʨʘʟʣʠʯʥʳʭ Z, 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʌʣʝʥʩʙʝʨʛʦʤ ʠ ʜʨ. [342] 
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a b 

c   d                                                      

ʈʠʩ. 26 ð (a,b) ɺɸʍ SnS-ʢʦʥʪʘʢʪʘ ʩ l inel/a = 20 ʠ 10 (ʟʜʝʩʴ a = d/2) ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʚ [346] ʩ ʫʯʝʪʦʤ (II) ʠ ʙʝʟ ʫʯʝʪʘ (I) ʟʘʚʠʩʠʤʦʩʪʠ A(e) ʧʨʠ |e| > D. ʆʩʴ ʩʤʝʱʝʥʠʡ 

ʥʦʨʤʠʨʦʚʘʥʘ ʥʘ 2D(T). (c) ɺɸʍ SnS-ʢʦʥʪʘʢʪʘ ʩ ʪʦʥʢʠʤ S-ʩʣʦʝʤ (dsc < lqp) ʧʨʠ l inel/d = 20 (I1), 12.5 

(I2), 7.5 (I3), 2.5 (I4) ʠ T = 0.82Tc, ʨʘʩʩʯʠʪʘʥʥʳʝ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʂɻʅ [347], ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʤʠ-

ʯʝʩʢʦʡ ɺɸʍ ʚ ʥʦʨʤʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ. (d) ɸʥʜʨʝʝʚʩʢʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ɺɸʍ SnS-ʢʦʥʪʘʢʪʘ (ʦʤʠ-

ʯʝʩʢʘʷ ʥʝ ʧʨʠʙʘʚʣʝʥʘ) ʩ çʪʦʣʩʪʳʤè S-ʩʣʦʝʤ (dsc > lqp) ʧʨʠ linel/d = 7.5 (I3), 2.5 (I4) ʠ T = 0.82Tc ʚ 

ʤʦʜʝʣʠ ʂɻʅ [347]. 

 

ʈʘʩʩʤʦʪʨʠʤ ʩʝʤʝʡʩʪʚʦ ɺɸʍ ʠ dI(V)/dV-ʩʧʝʢʪʨʦʚ SnS-ʢʦʥʪʘʢʪʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʦʪʥʦʰʝʥʠʷ-

ʤʠ l inel/d = 1ï100 ʧʨʠ T << Tc, ʧʦʢʘʟʘʥʥʳʭ ʥʘ ʈʠʩ. 27ʘ,b. ɿʘʚʠʩʠʤʦʩʪʠ ʨʘʩʩʯʠʪʘʥʳ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ 

ʂɻʅ [347] ʜʣʷ ʩʣʫʯʘʷ ʦʪʩʫʪʩʪʚʠʷ ʘʥʜʨʝʝʚʩʢʠʭ ʧʦʜʱʝʣʝʚʳʭ ʩʦʩʪʦʷʥʠʡ ʠ ʢʣʘʩʩʠʯʝʩʢʦʡ ɹʂʐ-ʦʙʨʘʟ-

ʥʦʡ N(e) ʥʘ nS-ʠʥʪʝʨʬʝʡʩʝ [348,349]. ʅʘ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ɺɸʍ (ʈʠʩ. 27ʘ) ʧʨʠ V = Vn ʚʠʜʥʘ ʩʝʨʠʷ 

ʤʘʢʩʠʤʫʤʦʚ, ʟʘ ʢʘʞʜʳʤ ʠʟ ʢʦʪʦʨʳʭ ʧʨʠ |V| > Vn ʥʘʙʣʶʜʘʝʪʩʷ ʫʯʘʩʪʦʢ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʜʠʥʘʤʠʯʝʩ-

ʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʠʥʠʤʫʤʘʤ ʉɻʉ ʥʘ dI(V)/dV-ʩʧʝʢʪʨʘʭ (ʩʤ. ʈʠʩ. 27b). ɸʩʠʤ-

ʤʝʪʨʠʯʥʘʷ ʬʦʨʤʘ ʤʠʥʠʤʫʤʦʚ ʉɻʉ, ʧʦʚʪʦʨʷʶʱʘʷ ʱʝʣʝʚʦʡ ʧʠʢ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ 

N(e), ʷʚʣʷʝʪʩʷ ʘʨʪʝʬʘʢʪʦʤ ʤʦʜʝʣʠ ʠ ʚʳʟʚʘʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʫʩʦʯʥʳʭ ʬʫʥʢʮʠʡ, ʩʦʜʝʨʞʘʱʠʭ 
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ʨʘʩʭʦʜʠʤʦʩʪʴ N(e) ʙʝʟ ʩʛʣʘʞʠʚʘʷ ʧʦ ʬʦʨʤʫʣʝ ɼʘʡʥʩʘ [254] ʠ ʩʢʘʯʦʢ çʦʙʨʝʟʘʥʥʦʡè ʟʘʚʠʩʠʤʦʩʪʠ 

ɸ(e) c 1 ʜʦ 0 ʧʨʠ |e| = D. ʏʠʩʣʦ n* ʭʦʨʦʰʦ ʚʠʜʠʤʳʭ ʥʘ ɺɸʍ ʠ dI(V)/dV-ʩʧʝʢʪʨʝ ʩʫʙʛʘʨʤʦʥʠʢ ʧʦ 

ʧʦʨʷʜʢʫ ʚʝʣʠʯʠʥʳ ʙʣʠʟʢʦ ʢ ʚʝʣʠʯʠʥʝ ʦʪʥʦʰʝʥʠʷ l inel/d. 

ɸʤʧʣʠʪʫʜʳ ʤʠʥʠʤʫʤʦʚ ʉɻʉ, ʦʮʝʥʝʥʥʳʝ ʢʘʢ H ¹ (1 ï G(Vn)/GN) ʧʦ ʜʘʥʥʳʤ ʈʠʩ. 27b,d, ʫʚʝ-

ʣʠʯʠʚʘʶʪʩʷ ʩ ʨʦʩʪʦʤ ʦʪʥʦʰʝʥʠʷ l inel/d. ʏʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ ʧʦʢʘʟʘʣ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʠ ʘʤʧʣʠʪʫʜʳ 

ʧʝʨʚʳʭ ʪʨʝʭ ʘʥʜʨʝʝʚʩʢʠʭ ʩʫʙʛʘʨʤʦʥʠʢ ʩ n = 1ï3 (ʩʠʤʚʦʣʳ ʥʘ ʈʠʩ. 28ʘ) ʦʪ l inel/d ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ 

ʩ ʬʫʥʢʮʠʷʤʠ ʚʠʜʘ ʩĀexp[-nϊd/l inel], ʛʜʝ ʩ ð ʢʦʥʩʪʘʥʪʘ, ʘ n ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʨʷʜʢʦʚʦʤʫ ʥʦʤʝʨʫ ʩʫʙ-

ʛʘʨʤʦʥʠʢʠ. ʇʨʠ ʤʘʣʳʭ l inel/d < 3 ʥʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦʡ ʷʚʣʷʝʪʩʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʘʷ ʛʘʨʤʦʥʠʢʘ ʧʨʠ 

eV1 = 2D, ʘ ʧʨʠ ʙʦʣʴʰʠʭ l inel/d ð ʩʫʙʛʘʨʤʦʥʠʢʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʧʦʨʷʜʢʦʚ. ʉ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ 

ʘʤʧʣʠʪʫʜʘ ʚʩʝʭ ʘʥʜʨʝʝʚʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʉɻʉ ʧʘʜʘʝʪ (ʩʤ. ʈʠʩ. 27d). ʂʘʢ ʧʦʢʘʟʘʣʠ ʯʠʩʣʝʥʥʳʝ 

ʦʮʝʥʢʠ ʥʘ ʦʩʥʦʚʝ ʨʘʩʩʯʠʪʘʥʥʳʭ dI(V)/dV-ʩʧʝʢʪʨʦʚ ʧʨʠ ʚʘʨʠʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʳ (ʈʠʩ. 28b), ʪʝʤʧʝʨʘ-

ʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʘʤʧʣʠʪʫʜ ʅ(ʊ)/H(0) n = 1ï3 ʩʫʙʛʘʨʤʦʥʠʢ ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʢʫʧʝ-

ʨʦʚʩʢʠʭ ʧʘʨ nS(T) ́  D(T)Ātanh[D(T)/(2kBT)] (ʩ ʧʦʛʨʝʰʥʦʩʪʴʶ ʥʝ ʙʦʣʝʝ Ñ0.5% ʚ ʜʠʘʧʘʟʦʥʝ T < 0.85Tc 

[349]).  

ʇʦʣʦʞʝʥʠʝ ʤʠʥʠʤʫʤʦʚ ʉɻʉ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʦʨʤʫʣʝ (9) ʧʨʠ ʣʶʙʦʤ l inel/d ʠ ʥʘʧʨʷʤʫʶ ʦʧʨʝ-

ʜʝʣʷʝʪ ʘʤʧʣʠʪʫʜʫ ʉʇ-ʱʝʣʠ D(T) ʧʨʠ ʚʩʝʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʊ = 0ïTc, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʈʠʩ. 27c,d. ɺʝ-

ʣʠʯʠʥʘ ʘʥʜʨʝʝʚʩʢʦʛʦ ʠʟʙʳʪʦʯʥʦʛʦ ʪʦʢʘ ʧʨʠ T << Tc ʧʘʜʘʝʪ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʦʪʥʦʰʝʥʠʷ l inel/d (ʩʤ. 

ʈʠʩ. 27ʘ) ʠ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ D(T) [349]: 

Ὅ ὝȟὩὠḻςɝπ ς
ɝὝ

ὩὙ
Ὡ ρς 

ʆʙʱʝʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ɺɸʍ ʥʘ ʈʠʩ. 26c,d ʠ ʈʠʩ. 27a,b, ʧʦʣʫʯʘʝʤʳʭ ʚ ʨʘʤʢʘʭ ʧʦʜʭʦʜʘ ʂɻʅ 

[346ï349], ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ çʧʴʝʜʝʩʪʘʣʘè ʠʣʠ çʬʫʪʘè ʧʨʠ l inel/d Ó 8 (ɻ, Z = 0): ʨʝʟʢʦʛʦ ʨʦʩʪʘ ʪʦʢʘ ʩ 

ʫʤʝʥʴʰʝʥʠʝʤ ʩʤʝʱʝʥʠʷ ʧʨʠ ʤʘʣʳʭ eV. ʇʨʠ eV Ÿ 0 ɺɸʍ ʦʙʣʘʜʘʶʪ ʧʦʚʳʰʝʥʥʦʡ ʚ ʨʘʟʳ, ʦʜʥʘʢʦ 

ʢʦʥʝʯʥʦʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ GN ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʯʪʦ ʚʳʟʚʘʥʦ ʫʚʝʣʠʯʝʥʠʝʤ ʯʠʩʣʘ ʘʥ-

ʜʨʝʝʚʩʢʠʭ ʦʪʨʘʞʝʥʠʡ ʧʨʠ ʤʘʣʳʭ ʩʤʝʱʝʥʠʷʭ. ʅʘʯʘʣʦ çʧʴʝʜʝʩʪʘʣʘè V*, ʩʦʧʨʦʚʦʞʜʘʶʱʝʝʩʷ ʨʝʟʢʠʤ 

ʫʚʝʣʠʯʝʥʠʝʤ ʥʘʢʣʦʥʘ ɺɸʍ ʚ ʦʙʣʘʩʪʠ ʤʘʣʳʭ ʩʤʝʱʝʥʠʡ, ʩʦʛʣʘʩʥʦ ʨʘʩʯʝʪʘʤ [350,351], ʧʦ ʧʦʨʷʜʢʫ 

ʚʝʣʠʯʠʥʳ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʞʠʜʘʝʤʦʤʫ ʧʦʣʦʞʝʥʠʶ ʩʫʙʛʘʨʤʦʥʠʢʠ ʩ ʧʦʨʷʜʢʦʚʳʤ ʥʦʤʝʨʦʤ n* = l inel/d, 

ʪ.ʝ. V* = 2D/n*. ʆʪʤʝʪʠʤ ʪʘʢʞʝ, ʯʪʦ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʂɻʅ [347] ʠʟ-ʟʘ ʨʘʩʭʦʜʠʤʦʩʪʠ N(|e| = D) ʧʨʦ-

ʚʦʜʠʤʦʩʪʴ SnS-ʢʦʥʪʘʢʪʘ ʧʨʠ ʥʫʣʝʚʦʤ ʩʤʝʱʝʥʠʠ GZBC Ÿ ¤. 

ʇʦʟʞʝ ɻʫʥʩʝʥʭʘʡʤʝʨʦʤ ʠ ɿʘʠʢʠʥʳʤ (ɻɿ) [350,351] ʧʦ ʤʝʪʦʜʫ ʂʝʣʜʳʰʘ [352,353] ʧʨʠ Z = 0 

ʠ ʠʩʢʫʩʩʪʚʝʥʥʦʤ ʦʛʨʘʥʠʯʝʥʠʠ ʯʠʩʣʘ nmax = l inel/d ʘʥʜʨʝʝʚʩʢʠʭ ʦʪʨʘʞʝʥʠʡ ʧʨʦʮʝʩʩʘʤʠ ʥʝʫʧʨʫʛʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʧʨʠ ʤʘʣʳʭ eV ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʘʥʜʨʝʝʚʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ 

SnS-ʢʦʥʪʘʢʪʘ ʧʨʠ ʥʫʣʝʚʦʤ ʩʤʝʱʝʥʠʠ GZBC
A ¹ GZBC ï GN (ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʳʭ 

ʜʣʠʥ l inel ʚ n-ʩʣʦʝ ʠ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ): 
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τ

σ

ὰ

Ὠ

Ὠ

Ὠ ς‚
Ὃ ÔÁÎÈ

ɝὝ

ςὯὝ
ȟ ρσ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ T << Tc ʠ d << l inel ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ, ʯʪʦ GZBC
A/GN å l inel/d ~ nmax. ʈʘʩʯʝʪ ɺɸʍ ʚ 

ʤʦʜʝʣʠ ɻɿ [350,351] ʧʨʠ ʚʚʝʜʝʥʠʠ ʘʥʘʣʦʛʠʯʥʦʛʦ ʫʧʨʦʱʝʥʠʷ A(|e| > D) = 0 ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ ʘʥʜʨʝ-

ʝʚʩʢʦʛʦ ʠʟʙʳʪʦʯʥʦʛʦ ʪʦʢʘ, ʚ ʪʦʯʥʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʨʝʟʫʣʴʪʘʪʫ ʂɻʅ [347,349], ʠ ʨʝʘʣʠʟʘʮʠʶ 

ʤʠʥʠʤʫʤʦʚ dI(V)/dV ʧʨʠ ʩʤʝʱʝʥʠʷʭ Vn(T)  ́D(T), ʦʧʨʝʜʝʣʷʝʤʳʭ ʬʦʨʤʫʣʦʡ (9). 
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ʈʠʩ. 27 ð ɺɸʍ (ʘ) ʠ dI(V)/dV-ʩʧʝʢʪʨ (b) SnS-ʢʦʥʪʘʢʪʘ ʩ l inel/d = 1ï100 ʧʨʠ T << Tc. ʊʝʤʧʝʨʘʪʫʨʥʘʷ 

ʵʚʦʣʶʮʠʷ ɺɸʍ (ʩ) ʠ dI(V)/dV-ʩʧʝʢʪʨʘ (d) SnS-ʢʦʥʪʘʢʪʘ ʩ l inel/d = 1.5. ɿʘʚʠʩʠʤʦʩʪʠ ʨʘʩʩʯʠʪʘʥʳ ʚ 

ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʂɻʅ [348,349] ʜʣʷ ʩʣʫʯʘʷ ʦʪʩʫʪʩʪʚʠʷ ʘʥʜʨʝʝʚʩʢʠʭ ʧʦʜʱʝʣʝʚʳʭ ʩʦʩʪʦʷʥʠʡ. ʅʘ 

(b,d) ʩʧʝʢʪʨʳ ʚʨʫʯʥʫʶ ʩʜʚʠʥʫʪʳ ʧʦ ʚʝʨʪʠʢʘʣʠ ʜʣʷ ʫʜʦʙʩʪʚʘ. 
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ʈʠʩ. 28 ð (ʘ) ɿʘʚʠʩʠʤʦʩʪʠ ʘʤʧʣʠʪʫʜʳ n = 1 (ʩʠʤʚʦʣʳ ʯʝʨʥʦʛʦ ʮʚʝʪʘ), n = 2 (ʟʝʣʝʥʦʛʦ ʮʚʝʪʘ) ʠ n 

= 3 (ʬʠʦʣʝʪʦʚʦʛʦ ʮʚʝʪʘ) ʤʠʥʠʤʫʤʦʚ ʉɻʉ ʧʨʠ T << Tc ʦʪ ʦʪʥʦʰʝʥʠʷ l inel/d ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʬʫʥʢ-

ʮʠʷʤʠ ʚʠʜʘ cĀexp(-nϊd/l inel) (ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʮʚʝʪʦʚ). (b) ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠ-

ʩʠʤʦʩʪʠ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʘʤʧʣʠʪʫʜʳ n = 1, 2, 3 ʤʠʥʠʤʫʤʦʚ ʉɻʉ, ʜʝʣʝʥʥʦʡ ʥʘ D(T), ʧʦ ʩʨʘʚʥʝʥʠʶ 

ʩ tanh[D(T)/(2kBT)] (ʩʝʨʘʷ ʣʠʥʠʷ). ɿʘʚʠʩʠʤʦʩʪʠ ʨʘʩʩʯʠʪʘʥʳ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʂɻʅ [349]. 

 

ʂʚʘʥʪʦʚʳʡ ʪʦʯʝʯʥʳʡ (çʘʪʦʤʘʨʥʳʡè) ʢʦʥʪʘʢʪ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ɼʦʨʦʭʦʚʘ 

ʇʝʨʝʡʜʝʤ ʢ ʨʘʩʩʤʦʪʨʝʥʠʶ ʩʚʦʡʩʪʚ çʢʦʨʦʪʢʠʭè ScS-ʢʦʥʪʘʢʪʦʚ ʨʘʟʤʝʨʦʤ d < x (x ð ʜʣʠʥʘ 

ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʪʝʦʨʠʠ ɻʃɸɻ) ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʬʘʟʳ ʢʚʘʟʠʯʘʩʪʠʮʳ ʧʨʠ ʧʨʦʣʝʪʝ ʯʝ-

ʨʝʟ ʙʘʨʴʝʨ. ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʙʘʣʣʠʩʪʠʯʝʩʢʠʝ ʢʚʘʥʪʦʚʳʝ ʪʦʯʝʯʥʳʝ (ʠʣʠ ʘʪʦʤʘʨʥʳʝ) 

ʢʦʥʪʘʢʪʳ, ʘ ʪʘʢʞʝ çʨʘʟʫʧʦʨʷʜʦʯʝʥʥʳʝè ʢʦʥʪʘʢʪʳ (ʠʥʦʛʜʘ çʥʘʟʳʚʘʝʤʳʝ ʜʠʬʬʫʟʠʦʥʥʳʤʠè) ʩ ʢʚʘʟʠ-

ʦʜʥʦʤʝʨʥʳʤ ʪʨʘʥʩʧʦʨʪʦʤ ʠʣʠ ʢʚʘʟʠʦʜʥʦʤʝʨʥʦʡ ʛʝʦʤʝʪʨʠʝʡ. ɸʪʦʤʘʨʥʳʡ ʢʦʥʪʘʢʪ ʦʙʳʯʥʦ ʧʨʝʜ-

ʩʪʘʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ʧʨʦʪʷʞʝʥʥʦʛʦ ʦʜʥʦʤʝʨʥʦʛʦ ʢʚʘʥʪʦʚʦʛʦ ʢʘʥʘʣʘ ʜʣʠʥʦʡ L ʠ ʜʠʘʤʝʪʨʦʤ W (L >> 

W) ʩ L,W ~ lF, ʠʣʠ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩʯʝʪʥʦʛʦ ʯʠʩʣʘ N ʪʘʢʠʭ ʢʘʥʘʣʦʚ ʚ ʧʘʨʘʣʣʝʣʴ ʠʣʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ 

ʩ ʢʚʘʟʠʦʜʥʦʤʝʨʥʳʤ ʪʨʘʥʩʧʦʨʪʦʤ. ʇʨʦʟʨʘʯʥʦʩʪʴ ʪʘʢʦʛʦ ʢʘʥʘʣʘ Tch = 1/(1 + Z2) = 0ï1 ʤʦʞʝʪ ʙʳʪʴ 

ʘʩʩʦʮʠʠʨʦʚʘʥʘ ʩ ʙʘʨʴʝʨʥʳʤ ʧʘʨʘʤʝʪʨʦʤ Z ʤʦʜʝʣʝʡ ɹʊʂ ʠ ʆʊɹʂ [252,341] ʠ ʦʧʨʝʜʝʣʷʝʪ ʚʝʣʠʯʠʥʫ 

ʝʛʦ ʥʦʨʤʘʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ RN = R0/Tch, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʧʨʝʚʳʰʘʪʴ ʢʚʘʥʪ ʩʦʧʨʦʪʠʚʣʝʥʠʷ R0 = 

h/e2 å 25.8 ʢʆʤ. ɼʣʷ ʦʜʠʥʦʯʥʦʛʦ ʢʘʥʘʣʘ ʜʣʠʥʦʡ L << l loc (l loc ð ʭʘʨʘʢʪʝʨʥʘʷ ʜʣʠʥʘ ʣʦʢʘʣʠʟʘʮʠʠ) 

ʨʝʘʣʠʟʫʝʪʩʷ ʙʘʣʣʠʩʪʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ ʪʨʘʥʩʧʦʨʪʘ, Tch Ÿ 1 ʠ RN = R0. ʅʘʧʨʦʪʠʚ, ʜʣʷ ʢʘʥʘʣʘ ʜʣʠʥʦʡ 

L > l loc å lel ʠʤʝʝʪ ʤʝʩʪʦ ʩʠʣʴʥʘʷ ʣʦʢʘʣʠʟʘʮʠʷ, ʠ ʝʛʦ ʧʨʦʟʨʘʯʥʦʩʪʴ Tch (ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʠ ʧʨʦʚʦʜʠ-

ʤʦʩʪʴ GN) ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʫʙʳʚʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʣʠʥʳ GN(L)  ́exp[-L/l loc] [354]. ʅʦʨʤʘʣʴʥʘʷ 

ʧʨʦʚʦʜʠʤʦʩʪʴ GN ʩʠʩʪʝʤʳ, ʧʨʝʜʩʪʘʚʣʷʶʱʝʡ ʩʦʙʦʡ NW ʧʘʨʘʣʣʝʣʴʥʳʭ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʙʘʣ-

ʣʠʩʪʠʯʝʩʢʠʭ ʢʚʘʥʪʦʚʳʭ ʢʘʥʘʣʦʚ ʩ ʧʨʦʟʨʘʯʥʦʩʪʷʤʠ Tch, ʦʧʠʩʳʚʘʝʪʩʷ ʬʦʨʤʫʣʦʡ ʃʘʥʜʘʫʵʨʘ Ὃ
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ὋВ Ὕ  [355]. ɺ ʦʙʟʦʨʝ [356] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʮʝʥʠʚʘʝʤʦʝ ʯʠʩʣʦ NW ʜʣʷ ʙʘʣʣʠʩʪʠʯʝʩʢʦʛʦ ʘʪʦ-

ʤʘʨʥʦʛʦ ʢʦʥʪʘʢʪʘ ʧʨʠʤʝʨʥʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʯʠʩʣʫ ʚʘʣʝʥʪʥʳʭ ʩʚʷʟʝʡ (ʥʘʧʨʠʤʝʨ, NW = 3 ʜʣʷ ScS-

ʢʦʥʪʘʢʪʘ ʥʘ ʦʩʥʦʚʝ ʉʇ-ʘʣʶʤʠʥʠʷ).  

ʈʘʩʩʤʦʪʨʠʤ ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʩʣʫʯʘʡ ð ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʫʶ (ʠʥʦʛʜʘ ʥʘʟʳʚʘʝʤʫʶ çʛʨʷʟʥʦʡè 

ʠʣʠ çʜʠʬʬʫʟʠʦʥʥʦʡè) ʤʝʪʘʣʣʠʯʝʩʢʫʶ ʧʨʦʚʦʣʦʢʫ ʩ ʨʘʟʤʝʨʘʤʠ L >> W ʠ ʢʚʘʟʠʦʜʥʦʤʝʨʥʳʤ ʪʨʘʥʩ-

ʧʦʨʪʦʤ ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʫʩʣʦʚʠʷ EF >> ǩ/tel, ʧʨʝʜʩʪʘʚʣʷʶʱʫ  ʁʩʦʙʦʡ ʩʦʚʦʢʫʧʥʦʩʪʴ ʢʚʘʥʪʦʚʳʭ ʢʘʥʘ-

ʣʦʚ. ʉʦʛʣʘʩʥʦ ʨʘʩʯʝʪʘʤ ɹʠʥʘʢʢʝʨʘ [357], ʧʨʠ ʫʩʣʦʚʠʠ lel < L < l loc ʠ W >> lF ʠʤʝʝʪ ʤʝʩʪʦ ʩʣʘʙʘʷ 

ʣʦʢʘʣʠʟʘʮʠʷ, ʠ ʥʦʨʤʘʣʴʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʩʠʩʪʝʤʳ ʧʨʠʤʝʨʥʦ ʣʠʥʝʡʥʦ ʫʙʳʚʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʣʠ-

ʥʳ L, ʧʦʜʦʙʥʦ ʟʘʢʦʥʫ ʆʤʘ ʜʣʷ ʤʝʪʘʣʣʘ. ɺ ʪʘʢʦʡ ʢʚʘʥʪʦʚʦʡ ʧʨʦʚʦʣʦʢʝ ʨʝʘʣʠʟʫʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ɼʦʨʦʭʦʚʘ ” Ὕ  (ʟʜʝʩʴ r0 ð ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʷʚʣʝʥʠʷ ʢʘʥʘʣʘ ʩ ʧʨʦ-

ʟʨʘʯʥʦʩʪʴʶ Tch), ʥʝ ʟʘʚʠʩʷʱʝʝ ʦʪ ʩʚʦʡʩʪʚ ʦʙʨʘʟʮʘ, ʛʜʝ ʙʦʣʴʰʠʥʩʪʚʦ ʢʚʘʥʪʦʚʳʭ ʢʘʥʘʣʦʚ ʦʢʘʟʳʚʘ-

ʶʪʩʷ ʣʠʙʦ çʦʪʢʨʳʪʳʤʠè, ʣʠʙʦ çʟʘʢʨʳʪʳʤʠè (ʪ.ʝ. Tch å 1 ʠʣʠ 0) [358]. ʇʦʟʞʝ ɽʬʝʪʦʚʳʤ ʠ ʃʘʨʢʠʥʳʤ 

[359] ʦʧʠʩʘʥʠʝ çʛʨʷʟʥʦʡè ʢʚʘʥʪʦʚʦʡ ʧʨʦʚʦʣʦʢʠ (ʩ ʧʦʧʝʨʝʯʥʳʤ ʨʘʟʤʝʨʦʤ lF << W < lD, ʛʜʝ lD = 

Ҟ(Dtinel) ð ʜʠʬʬʫʟʠʦʥʥʘʷ ʜʣʠʥʘ, D ð ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ) ʙʳʣʦ ʦʙʦʙʱʝʥʦ ʥʘ ʩʣʫʯʘʡ ʣʶʙʦʡ 

ʝʝ ʜʣʠʥʳ; ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʜʦʩʪʘʪʦʯʥʦ ʜʣʠʥʥʦʡ ʧʨʦʚʦʣʦʢʝ ʩ L >> l loc å Nlel  ́N(EF)LWD ʧʦʢʘʟʘʥʘ 

ʨʝʘʣʠʟʘʮʠʷ ʘʥʜʝʨʩʦʥʦʚʩʢʦʡ ʣʦʢʘʣʠʟʘʮʠʠ ʩ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʤ ʧʘʜʝʥʠʝʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩ ʫʚʝʣʠʯʝ-

ʥʠʝʤ L. 

ɼʣʷ ʢʚʘʥʪʦʚʦʛʦ ʪʦʯʝʯʥʦʛʦ NS-ʢʦʥʪʘʢʪʘ ʩ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʳʤ (çʜʠʬʬʫʟʠʦʥʥʳʤè) ʙʘʨʴʝʨʦʤ, 

ʧʨʝʜʩʪʘʚʣʷʝʤʦʛʦ ʚ ʚʠʜʝ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʧʘʨʘʣʣʝʣʴʥʳʭ ʢʘʥʘʣʦʚ ʩ ʨʘʟʣʠʯʥʦʡ Tch ʠ, ʩʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ, Z, ɹʠʥʘʢʢʝʨʦʤ ʙʳʣʦ ʧʦʢʘʟʘʥʦ [360], ʯʪʦ ʥʦʨʤʘʣʴʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

Ὃ В : ʚ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ çʠʜʝʘʣʴʥʦʛʦè NS-ʢʦʥʪʘʢʪʘ ʧʨʠ Z = 0 ʦʥʘ ʚ ʜʚʘ ʨʘʟʘ ʧʨʝ-

ʚʳʰʘʝʪ ʥʦʨʤʘʣʴʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ GN ʪʦʛʦ ʞʝ ʢʦʥʪʘʢʪʘ ʚʳʰʝ ʊʩ, ʦʧʨʝʜʝʣʷʝʤʫʶ ʬʦʨʤʫʣʦʡ ʃʘʥ-

ʜʘʫʵʨʘ [355], ʘ ʧʨʠ ʧʦʜʩʪʘʚʢʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ɼʦʨʦʭʦʚʘ [358] ʧʨʦʚʦʜʠʤʦʩʪʴ NS-ʢʦʥʪʘʢʪʘ GZBC = GN, 

ʯʪʦ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ɹʊʂ [252] ʩʦʦʪʚʝʪʩʪʚʫʝʪ çʵʬʬʝʢʪʠʚʥʦʡè ʩʠʣʝ ʙʘʨʴʝʨʘ Z å 0.55. ɺ ʧʨʝʜʩʪʘʚ-

ʣʝʥʠʠ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʙʘʨʴʝʨʘ ʜʣʠʥʦʡ L << lF ð ʧʦ ʩʫʪʠ, ʪʦʥʢʦʡ ʧʣʦʩʢʦʡ ʛʨʘʥʠʮʳ, ʨʘʟʜʝʣʷʶʱʝʡ 

ʜʚʘ ʦʙʲʝʤʥʳʭ ʧʨʦʚʦʜʥʠʢʘ, ð ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʨʦʟʨʘʯʥʦʩʪʝʡ ʧʘʨʘʣʣʝʣʴʥʳʭ ʢʚʘʥʪʦʚʳʭ ʢʘʥʘʣʦʚ ʙʳ-

ʣʦ ʧʦʣʫʯʝʥʦ ʚ ʨʘʙʦʪʝ ʐʝʧʘ ʠ ɹʘʫʵʨʘ [361]: ” Ὕ Ⱦ . ʉ ʧʦʤʦʱʴʶ ʫʩʨʝʜʥʝʥʠʷ ʵʪʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʚʪʦʨʘʤʠ [362] ʧʨʝʜʩʪʘʚʣʝʥʦ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʘʥʜʨʝʝʚʩʢʦʛʦ ʠʟʙʳʪʦʯ-

ʥʦʛʦ ʪʦʢʘ ʚ ScS-ʢʦʥʪʘʢʪʝ ʩ ʪʘʢʠʤ ʙʘʨʴʝʨʦʤ ʧʨʠ ʊ = 0: 
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ʕʬʬʝʢʪ ʢʦʛʝʨʝʥʪʥʳʭ ʘʥʜʨʝʝʚʩʢʠʭ ʦʪʨʘʞʝʥʠʡ ʚ çʜʞʦʟʝʬʩʦʥʦʚʩʢʠʭè SnS-ʢʦʥʪʘʢʪʘʭ  

ɹʘʣʣʠʩʪʠʯʝʩʢʠʡ ʪʨʘʥʩʧʦʨʪ ʯʝʨʝʟ ʘʪʦʤʘʨʥʳʡ SNS-ʢʦʥʪʘʢʪ ʚ ʚʠʜʝ ʦʜʠʥʦʯʥʦʛʦ çʢʦʨʦʪʢʦʛʦè 

ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʢʘʥʘʣʘ ʜʣʠʥʦʡ d << x0, l
el, l inel (ʯʪʦ ʘʧʨʠʦʨʠ ʥʝ ʪʨʝʙʫʝʪ ʫʯʝʪʘ ʦʪʥʦʰʝʥʠʷ l/d) ʨʘʩ-

ʩʤʦʪʨʝʥ ʚ ʤʦʜʝʣʠ ɸʚʝʨʠʥʘ ʠ ɹʘʨʜʘʩʘ (ɸɹ) [363,364] ʚ ʨʘʤʢʘʭ ʬʦʨʤʘʣʠʟʤʘ ʤʘʪʨʠʮʳ ʨʘʩʩʝʷʥʠʷ. 

ʅʦʨʤʘʣʴʥʦʝ ʦʪʨʘʞʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʦʪ ʘʪʦʤʘʨʥʦ-ʪʦʥʢʦʛʦ ʩʣʦʷ ʠʟʦʣʷʪʦʨʘ ʩ ʧʦʪʝʥʮʠʘʣʦʤ U = hϊd(x), 

ʤʦʜʝʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʚ ʮʝʥʪʨʝ N-ʩʣʦʷ (ʪ.ʝ. ʬʘʢʪʠʯʝʩʢʠ SNINS-ʩʪʨʫʢʪʫʨʘ), ʘ ʩʘʤʠ NS-ʠʥʪʝʨ-

ʬʝʡʩʳ ʠʤʝʶʪ ʧʦʣʥʫʶ ʧʨʦʟʨʘʯʥʦʩʪʴ. ʅʘ ɺɸʍ ʪʘʢʦʛʦ ʢʦʥʪʘʢʪʘ ʧʨʠ ʣʶʙʦʤ ʟʥʘʯʝʥʠʠ Tch = 0ï1 ʧʨʠ-

ʩʫʪʩʪʚʫʝʪ ʚʝʨʪʠʢʘʣʴʥʘʷ ʩʚʝʨʭʪʦʢʦʚʘʷ ʚʝʪʚʴ ʧʨʠ eV = 0. ʂʚʘʟʠʯʘʩʪʠʯʥʘʷ ʚʝʪʚʴ ɺɸʍ ʠ ʜʠʥʘʤʠʯʝʩʢʘʷ 

ʧʨʦʚʦʜʠʤʦʩʪʴ SNS-ʢʦʥʪʘʢʪʘ ʩ ʨʘʟʣʠʯʥʦʡ Tch, ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʨʠ ʊ = 0 ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ɸɹ [363], 

ʧʨʠʚʝʜʝʥʳ ʥʘ ʈʠʩ. 29a,b. ʅʘ ʥʠʭ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʧʨʦʟʨʘʯʥʦʩʪʝʡ ʧʨʠʩʫʪʩʪʚʫʝʪ ʉɻʉ ʧʨʠ ʩʤʝʱʝ-

ʥʠʷʭ eVn = 2D(0)/n.  

ɼʣʷ ʘʙʩʦʣʶʪʥʦ ʧʨʦʟʨʘʯʥʦʛʦ ʢʘʥʘʣʘ ʩ Tch Ÿ 1 ʧʨʠ eV = 0 ʥʘʙʣʶʜʘʝʪʩʷ ʚʝʨʪʠʢʘʣʴʥʳʡ ʫʯʘʩʪʦʢ 

ʘʤʧʣʠʪʫʜʦʡ Ic = 2D(0)/(eRN), ʚʳʟʚʘʥʥʳʡ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝʤ ʃʘʥʜʘʫ-ɿʝʥʝʨʘ ʤʝʞʜʫ ʘʥʜʨʝʝʚʩʢʠʤʠ 

ʫʨʦʚʥʷʤʠ ʚʥʫʪʨʠ ʉʇ-ʱʝʣʠ [363], ʠ ʠʟʙʳʪʦʯʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʧʨʠ ʤʘʣʳʭ eV Í 0, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʦʩʪʘʣʴʥʳʝ ɺɸʍ ʩ Tch < 1 ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʫʯʘʩʪʦʢ ʧʦʥʠʞʝʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʨʠ eV Ÿ 0 (ʈʠʩ. 

29ʘ). ʇʨʠʙʣʠʟʠʪʝʣʴʥʘʷ ʜʣʠʥʘ 0 < V < Vzero ʫʯʘʩʪʢʘ ʩ I å 0 (ʠ ʜʘʞʝ ʩ I < 0, ʯʪʦ ʷʚʣʷʝʪʩʷ ʘʨʪʝʬʘʢʪʦʤ 

ʪʝʦʨʠʠ ɸɹ; dI(V)/dV Ÿ 0) ʥʘ ʢʚʘʟʠʯʘʩʪʠʯʥʦʡ ʚʝʪʚʠ ɺɸʍ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ Z ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʢʘʢ 

eVzero/D(0) ́  1.44ϊexp(-1.75/(Z + 0.15)) [ʉ.ɸ. ʂʫʟʴʤʠʯʝʚ, ʯʘʩʪʥʦʝ ʩʦʦʙʱʝʥʠʝ]. ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ ʧʨʦ-

ʟʨʘʯʥʦʩʪʠ Tch ʪʘʢʞʝ ʫʙʳʚʘʝʪ ʘʥʜʨʝʝʚʩʢʠʡ ʠʟʙʳʪʦʯʥʳʡ ʪʦʢ, ʧʝʨʝʭʦʜʷ ʚ ʥʝʜʦʩʪʘʪʦʢ ʪʦʢʘ ʧʨʠ eV >> 

2D(0) ʜʣʷ Z > 2 ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʤʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ I(V) = V/RN, ʛʜʝ RN = R0/Tch (ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ 

ʥʘ ʈʠʩ. 29ʘ).  

ʅʘ dI(V)/dV-ʩʧʝʢʪʨʝ SNS-ʢʦʥʪʘʢʪʘ ʚ ʤʦʜʝʣʠ ɸɹ [363] ʚ ʩʣʫʯʘʝ ʚʳʩʦʢʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ ʢʘʥʘ-

ʣʘ Tch > 0.8 ʉɻʉ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʝʨʠʶ ʤʠʥʠʤʫʤʦʚ, ʢʦʪʦʨʳʝ çʧʝʨʝʚʦʨʘʯʠʚʘʶʪʩʷè ʚ ʤʘʢʩʠʤʫʤʳ 

ʜʣʷ ʨʝʞʠʤʦʚ ʥʠʟʢʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ ʩ Tch < 0.1 (ʈʠʩ. 29b). ɼʣʷ ʩʣʫʯʘʝʚ ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ 

0.1 < Tch < 0.6 ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ɸɹ ʥʘʙʣʶʜʘʝʪʩʷ ʩʝʨʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʪʠʧʘ ʤʘʢʩʠʤʫʤ-ʤʠʥʠʤʫʤ, ʧʨʠ-

ʯʝʤ ʟʥʘʯʝʥʠʷ Vn ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʣʦʞʝʥʠʶ ʪʦʯʢʠ ʧʝʨʝʛʠʙʘ. ʍʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʨʘʩʩʯʠ-

ʪʘʥʥʳʭ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ɸɹ [363] I(V) ʠ dI(V)/dV-ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʣʷ ʩʣʫʯʘʝʚ ʢʘʥʘʣʘ ʚʳʩʦʢʦʡ ʧʨʦ-

ʟʨʘʯʥʦʩʪʠ Tch > 0.8 ̫ ʚʣʷʝʪʩʷ ʤʘʣʘʷ ʘʤʧʣʠʪʫʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʛʘʨʤʦʥʠʢʠ ʧʨʠ eV = 2D(0) ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʩʫʙʛʘʨʤʦʥʠʢ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʧʦʨʷʜʢʦʚ, ʘ ʪʘʢʞʝ ʦʙʱʘʷ ʩʣʘʙʘʷ ʚʳʨʘʞʝʥʥʦʩʪʴ ʱʝʣʝʚʳʭ ʦʩʦ-

ʙʝʥʥʦʩʪʝʡ ʉɻʉ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ çʦʛʠʙʘʶʱʝʡè dI(V)/dV-ʩʧʝʢʪʨʘ. ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ɸɹ 

[363] ʘʤʧʣʠʪʫʜʘ ʦʩʦʙʝʥʥʦʩʪʝʡ dI(V)/dV-ʩʧʝʢʪʨʘ ʩʪʨʝʤʠʪʩʷ ʢ ʥʫʣʶ ʚ ʨʝʞʠʤʝ ʧʦʣʥʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ 

(Z = 0), ʧʦʯʪʠ ʣʠʥʝʡʥʦ ʨʘʩʪʝʪ ʩ ʨʦʩʪʦʤ Z ʜʦ Z å 1ï2, ʜʘʣʝʝ ʧʘʜʘʝʪ ʩ ʨʘʟʥʦʡ ʩʢʦʨʦʩʪʴʶ ʜʣʷ ʨʘʟʥʳʭ 

ʩʫʙʛʘʨʤʦʥʠʢ ʩ n Ó 2, ʧʨʠ ʵʪʦʤ ʘʙʩʦʣʶʪʥʦʝ ʟʥʘʯʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ (n = 1) ʛʘʨʤʦʥʠʢʠ 

H1 (ʙʝʟ ʥʦʨʤʠʨʦʚʢʠ ʥʘ GN) ʩʪʨʝʤʠʪʩʷ ʢ ʧʦʩʪʦʷʥʥʦʤʫ ʟʥʘʯʝʥʠʶ.  
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ʈʠʩ. 29 ð ʂʚʘʟʠʯʘʩʪʠʯʥʘʷ ʚʝʪʚʴ ɺɸʍ (a) ʠ dI(V)/dV-ʩʧʝʢʪʨʳ (b) çʢʦʨʦʪʢʦʛʦè SNS-ʢʦʥʪʘʢʪʘ ʩ 

ʨʘʟʣʠʯʥʦʡ ʧʨʦʟʨʘʯʥʦʩʪʴʶ ʙʘʨʴʝʨʘ Tch, ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʨʠ ʊ = 0 ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ɸɹ [363]. ʇʨʦ-

ʛʨʘʤʤʘ ʜʣʷ ʨʘʩʯʝʪʘ ɺɸʍ ʙʳʣʘ ʣʶʙʝʟʥʦ ʧʨʝʜʦʩʪʘʚʣʝʥʘ ʀ.ɸ. ɼʝʚʷʪʦʚʳʤ. ʊʦʢ ʥʦʨʤʠʨʦʚʘʥ ʥʘ RN 

= R0/Tch. 

 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʘʤʧʣʠʪʫʜʘ ʩʚʝʨʭʪʦʢʘ Imax ʯʝʨʝʟ ʢʚʘʥʪʦʚʳʡ ʪʦʯʝʯʥʳʡ SNS-ʢʦʥʪʘʢʪ ʧʨʠ ʊ = 0 

ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʚ ʨʘʙʦʪʝ [365]: ʧʨʠ Tch > 0 ʦʥʘ ʩʦʩʪʘʚʣʷʝʪ Ὅ
ᴐ
ρ ρ Ὕ  ʠ ʤʦʥʦʪʦʥʥʦ 

ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʨʦʩʪʦʤ Z, ʘ ʚ ʪʫʥʥʝʣʴʥʦʤ ʨʝʞʠʤʝ ʩ Tch Ÿ 0 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʦʨʤʫʣʝ ɸʤʙʝʛʘʦʢʘʨʘ-

ɹʘʨʘʪʦʚʘ Ὅπ
Ў

 ʜʣʷ ʜʞʦʟʝʬʩʦʥʦʚʩʢʦʛʦ SIS-ʢʦʥʪʘʢʪʘ [366]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʜʝʣʴ ɸɹ [363] 

ʩ ʧʦʤʦʱʴʶ ʩʚʦʙʦʜʥʦʛʦ ʧʘʨʘʤʝʪʨʘ Tch (ʥʘʧʨʷʤʫʶ ʩʚʷʟʘʥʥʦʛʦ ʩ Z) ʦʧʠʩʳʚʘʝʪ ʧʝʨʝʭʦʜ ʤʝʞʜʫ çʘʥʜʨʝ-

ʝʚʩʢʠʤè SNS-ʨʝʞʠʤʦʤ (ʚʳʩʦʢʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ, Tch > 0.8, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ Z < 0.5) ʠ çʪʫʥʥʝʣʴ-

ʥʳʤè ʨʝʞʠʤʦʤ (ʥʠʟʢʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ, Tch < 0.2, Z > 2) ʧʨʠ ʊ = 0. ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ɺɸʍ ʠ 

dI(V)/dV-ʩʧʝʢʪʨʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ɸɹ [363], ʙʳʣʠ ʚ ʪʦʯʥʦʩʪʠ ʚʦʩʧʨʦʠʟʚʝʜʝʥʳ ʂʫʵʚʘ-

ʩʦʤ ʠ ʜʨ. [367] ʧʨʠ ʦʧʠʩʘʥʠʠ ʩʭʦʞʝʡ ʛʝʦʤʝʪʨʠʠ ʢʚʘʥʪʦʚʦʛʦ ʪʦʯʝʯʥʦʛʦ ʢʦʥʪʘʢʪʘ ʚ ʨʘʤʢʘʭ ʠʥʦʛʦ 

ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʩ ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʡ ɹʦʛʦʣʶʙʦʚʘ-ʜʝ ɾʝʥʘ. ɺ ʨʘʙʦʪʝ ɸʨʥʦʣʴʜʘ [368] ʧʝ-

ʨʝʭʦʜ SIS-SNS ʦʧʠʩʘʥ ʩ ʧʦʤʦʱʴʶ ʚʘʨʠʘʮʠʠ ʧʨʦʟʨʘʯʥʦʩʪʠ T2 çʢʦʨʦʪʢʦʛʦè ʙʘʨʴʝʨʘ, ʩʦʦʪʚʝʪʩʪʚʫʶ-

ʱʝʡ ʚʝʨʦʷʪʥʦʩʪʠ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ, ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʫʥʥʝʣʴʥʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ. ɺʠʜ ʉɻʉ ʥʘ ʧʦ-

ʣʫʯʝʥʥʳʭ ɸʨʥʦʣʴʜʦʤ ɺɸʍ ʠ dI(V)/dV-ʩʧʝʢʪʨʦʚ ʪʘʢʞʝ ʩʭʦʞ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ɸɹ [363] ʜʣʷ ʨʝʞʠʤʦʚ 

çʧʨʦʤʝʞʫʪʦʯʥʦʡè ʠ ʥʠʟʢʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ (T2 < 0.83). ɸʤʧʣʠʪʫʜʘ ʦʩʦʙʝʥʥʦʩʪʝʡ ʉɻʉ, ʩʦʛʣʘʩʥʦ 

[368], ʤʠʥʠʤʘʣʴʥʘ ʚ SNS-ʢʦʥʪʘʢʪʝ ʚʳʩʦʢʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ ʠ ʨʘʩʪʝʪ ʧʦ ʤʝʨʝ ʫʤʝʥʴʰʝʥʠʷ T2. 
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ɹʘʨʜʘʩ ʠ ɸʚʝʨʠʥ ʚ ʨʘʙʦʪʝ [364] ʨʘʩʩʤʦʪʨʝʣʠ ʜʠʬʬʫʟʠʦʥʥʳʡ SNS-ʢʦʥʪʘʢʪ ʩ çʢʦʨʦʪʢʠʤè 

ʤʥʦʛʦʢʘʥʘʣʴʥʳʤ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʙʘʨʴʝʨʦʤ ʜʣʠʥʦʡ L << x, l inel ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʦʥ ʦʧʠʩʚrʘʝʪ-

ʩʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ɼʦʨʦʭʦʚʘ [358]. ʏʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ ɺɸʍ ʠ ʩʧʝʢʪʨʘ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʪʘʢʦʛʦ SnS-ʢʦʥʪʘʢʪʘ [364] ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ ʘʥʜʨʝʝʚʩʢʦʛʦ ʠʟʙʳʪʦʯʥʦʛʦ ʪʦʢʘ ʠ ʤʘʢʩʠʤʫʤʦʚ ʉɻʉ, ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʜʠʥʦʯʥʦʤʫ ʢʚʘʥʪʦʚʦʤʫ ʢʘʥʘʣʫ ʩ Tch å 0.8, ʪ.ʝ. ʩ ʙʘʨʴʝʨʥʳʤ ʧʘʨʘʤʝʪʨʦʤ Z å 0.5, ʠ 

ʨʝʟʫʣʴʪʘʪʫ ɹʠʥʘʢʢʝʨʘ ʜʣʷ NS-ʢʦʥʪʘʢʪʘ [360]. ɺ ʢʘʯʝʩʪʚʝ ʭʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʠ, ʚʳʟʚʘʥʥʦʡ ʜʠʬ-

ʬʫʟʠʦʥʥʳʤ ʪʨʘʥʩʧʦʨʪʦʤ, ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʢʦʨʥʝʚʫʶ ʨʘʩʭʦʜʠʤʦʩʪʴ ʢʚʘʟʠʯʘʩʪʠʯʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʧʨʠ ʥʫʣʝʚʦʤ ʩʤʝʱʝʥʠʠ G(VŸ0) ́  1/ҞV, ʢʦʪʦʨʘʷ, ʦʜʥʘʢʦ, ʧʦ ʤʥʝʥʠʶ ʘʚʪʦʨʦʚ [364], ʩʢʦʨʝʝ ʚʩʝʛʦ 

ʙʫʜʝʪ ʧʦʜʘʚʣʝʥʘ ʚ ʨʝʘʣʴʥʦʤ SNS-ʢʦʥʪʘʢʪʝ ʠʟ-ʟʘ ʣʶʙʦʛʦ ʤʝʭʘʥʠʟʤʘ ʥʝʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠʷ. ʇʦʟʞʝ 

ɿʘʡʮʝʚʳʤ ʠ ɸʚʝʨʠʥʳʤ ʙʳʣʦ ʧʦʢʘʟʘʥʦ [369], ʯʪʦ ʧʨʠ ʫʯʝʪʝ ʵʬʬʝʢʪʦʚ ʨʘʩʧʘʨʠʚʘʥʠʷ, ʦʧʠʩʳʚʘʝʤʳʭ 

ʧʘʨʘʤʝʪʨʦʤ z, ʧʨʠʚʦʜʷʱʠʭ ʢ ʠʟʤʝʥʝʥʠʶ N(e) ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʣʘʩʩʠʯʝʩʢʦʡ ʧʝʨʝ-

ʥʦʨʤʠʨʦʚʢʠ ʪʝʦʨʠʠ ɹʂʐ [158] (ʥʘʧʨʠʤʝʨ, ʧʨʠ ʨʘʩʩʝʷʥʠʠ ʥʘ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʧʨʠʤʝʩʷʭ z = ǩD(0)/ts, 

ts ð ʚʨʝʤʷ ʧʝʨʝʚʦʨʦʪʘ ʩʧʠʥʘ), ʫʚʝʣʠʯʝʥʠʝ z ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ ʧʦʜʘʚʣʝʥʠʶ ʘʤʧʣʠʪʫʜʳ ʉɻʉ, ʘ 

ʪʘʢʞʝ ʘʥʜʨʝʝʚʩʢʦʛʦ ʪʦʢʘ ʧʨʠ ʤʘʣʳʭ ʩʤʝʱʝʥʠʷʭ. ɸʥʘʣʦʛʠʯʥʦʝ ʧʘʜʝʥʠʝ G(VŸ0) ʚ çʢʦʨʦʪʢʠʭè NS ʠ 

NNôS-ʢʦʥʪʘʢʪʘʭ ʫʞʝ ʧʨʠ ʤʘʣʳʭ z ʙʳʣʦ ʧʦʢʘʟʘʥʦ ɺʦʣʢʦʚʳʤ, ɿʘʡʮʝʚʳʤ ʠ ʂʣʘʧʚʠʢʦʤ [370]. 

ʆʜʥʦ ʠʟ ʧʝʨʚʳʭ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʦʧʠʩʘʥʠʡ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʬʬʝʢʪʘ ɼʞʦʟʝʬʩʦʥʘ ʚ çʢʦʨʦʪ-

ʢʦʤè ScS-ʢʦʥʪʘʢʪʝ (ʨʘʟʤʝʨʳ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ ʚ ʨʘʟʳ ʧʨʝʚʳʰʘʶʪ ʘʪʦʤʘʨʥʳʝ, ʧʦʵʪʦʤʫ ʢʦʥʪʘʢʪ 

ʥʘʭʦʜʠʪʩʷ ʚʥʝ ʢʚʘʥʪʦʚʦʛʦ ʪʦʯʝʯʥʦʛʦ ʨʝʞʠʤʘ) ʩʜʝʣʘʥʦ ʂʫʣʠʢʦʤ ʠ ʆʤʝʣʴʷʥʯʫʢʦʤ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝ-

ʥʠʡ ʕʡʣʝʥʙʝʨʛʝʨʘ [371]. ɺ ʜʘʥʥʦʤ ʧʦʜʭʦʜʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʉʇ-ʙʘʨʴʝʨʥʳʡ ʩʣʦʡ ʢʚʘʟʠʦʜʥʦʤʝʨʥʦʡ 

ʛʝʦʤʝʪʨʠʠ, ʨʘʟʜʝʣʷʶʱʠʡ ʜʚʘ ʦʙʲʝʤʥʳʭ ʉʇ-ʵʣʝʢʪʨʦʜʘ, ʩ ʨʘʟʤʝʨʘʤʠ W << lel,x0, lel > x0 (ʙʘʣʣʠʩʪʠ-

ʯʝʩʢʠʡ ʨʝʞʠʤ, ʥʘʟʳʚʘʝʤʳʡ ʘʚʪʦʨʘʤʠ çʯʠʩʪʳʤ ʧʨʝʜʝʣʦʤè), ʠ lel << W << x0, L << Ҟ(x0lel) (ʪ.ʝ. ʛʜʝ 

ʉʇ-ʙʘʨʴʝʨ ʥʘʭʦʜʠʪʩʷ ʚ çʛʨʷʟʥʦʤ ʧʨʝʜʝʣʝè). ʅʝʢʦʪʦʨʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨʘʤʠ [376,362] ʙʘʨʴʝʨ, 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʚ ʤʦʜʝʣʠ [371], ʘʩʩʦʮʠʠʨʫʝʪʩʷ ʩ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ɼʦʨʦʭʦʚʘ [358]. ʂʫʣʠʢ ʠ ʆʤʝʣʴ-

ʷʥʯʫʢ ʧʦʢʘʟʘʣʠ [371], ʯʪʦ ʘʤʧʣʠʪʫʜʘ ʩʚʝʨʭʪʦʢʘ ʜʣʷ çʯʠʩʪʦʛʦ ʧʨʝʜʝʣʘè ʚ 2 ʨʘʟʘ ʧʨʝʚʳʰʘʝʪ ʪʘʢʦʚʫʶ, 

ʧʨʝʜʩʢʘʟʳʚʘʝʤʫʶ ʬʦʨʤʫʣʦʡ ɸʤʙʝʛʘʦʢʘʨʘ-ɹʘʨʘʪʦʚʘ ʜʣʷ ʪʫʥʥʝʣʴʥʦʛʦ SIS-ʢʦʥʪʘʢʪʘ [366], ʘ ʜʣʷ 

çʛʨʷʟʥʦʛʦ ʧʨʝʜʝʣʘè ð ʚ 1.32 ʨʘʟʘ.  

ʊʫʥʥʝʣʴʥʳʡ ʪʦʢ ʯʝʨʝʟ ScS ʠ NcS-ʩʪʨʫʢʪʫʨʳ ʩ ʧʦʜʦʙʥʳʤ çʢʦʨʦʪʢʠʤè ʙʘʨʴʝʨʦʤ ʥʘ ʦʩʥʦʚʝ 

ʧʦʜʭʦʜʘ ʂʫʣʠʢʘ ʠ ʆʤʝʣʴʷʥʯʫʢʘ [371] ʙʳʣ ʨʘʩʩʯʠʪʘʥ ʚ ʨʘʙʦʪʘʭ [372ï375]. ɺ ʨʘʙʦʪʘʭ ɿʘʡʮʝʚʘ 

[374,375] ʜʣʷ NcS ʠ ScS-ʢʦʥʪʘʢʪʦʚ ʚ çʯʠʩʪʦʤ ʧʨʝʜʝʣʝè ʩ ʪʨʝʭʤʝʨʥʳʤ ʪʨʘʥʩʧʦʨʪʦʤ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʧʨʠʩʫʪʩʪʚʠʝ ʪʦʥʢʦʛʦ ʠʟʦʣʷʪʦʨʘ ʥʘ ʛʨʘʥʠʮʘʭ ʥʦʨʤʘʣʴʥʦʛʦ ʤʝʪʘʣʣʘ ʠ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ (ʘʥʘʣʦʛʠʯʥʦ 

ʤʦʜʝʣʴʥʳʤ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤ ɹʊʂ [252] ʠ ʆʊɹʂ [341]), ʚ ʢʘʯʝʩʪʚʝ ʙʘʨʴʝʨʥʦʛʦ ʧʘʨʘʤʝʪʨʘ Zô ʨʘʩʩʤʘʪ-

ʨʠʚʘʝʪʩʷ ʥʝʩʦʦʪʚʝʪʩʪʚʠʝ ʬʝʨʤʠʝʚʩʢʠʭ ʠʤʧʫʣʴʩʦʚ ʚ ʣʝʚʦʤ ʠ ʧʨʘʚʦʤ ʵʣʝʢʪʨʦʜʝ ʚ ʥʦʨʤʘʣʴʥʦʤ ʩʦ-

ʩʪʦʷʥʠʠ Zô = pF1/pF2. ɺʳʨʘʞʝʥʠʝ ʜʣʷ ʪʦʢʘ ʯʝʨʝʟ NcS-ʢʦʥʪʘʢʪ, ʧʦʣʫʯʝʥʥʦʝ ɿʘʡʮʝʚʳʤ [374,375], ʚʦʩ-

ʧʨʦʠʟʚʦʜʠʪ ʨʝʟʫʣʴʪʘʪ ɹʊʂ [252], ʝʩʣʠ ʧʨʝʜʧʦʣʦʞʠʪʴ ʩʣʫʯʘʡ ʦʜʥʦʤʝʨʥʦʛʦ ʢʚʘʟʠʯʘʩʪʠʯʥʦʛʦ 
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ʪʨʘʥʩʧʦʨʪʘ ʯʝʨʝʟ ʢʦʥʪʘʢʪ (cosq ¹ pZ/pF1 = 1, ʦʩʴ z ʥʘʧʨʘʚʣʝʥʘ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʪʦʢʘ) ʠ ʘʩʩʦʮʠʠ-

ʨʦʚʘʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʭʦʞʜʝʥʠʷ D [375] ʩ ʧʨʦʟʨʘʯʥʦʩʪʴʶ ʙʘʨʴʝʨʘ: D ¹ (1 + Z2)-1 [376]. ɸʤʧʣʠʪʫʜʘ 

ʠʟʙʳʪʦʯʥʦʛʦ ʪʦʢʘ ʚ ʪʨʝʭʤʝʨʥʦʤ ʩʣʫʯʘʝ ʩʦʩʪʘʚʣʷʝʪ  
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ʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ ʜʚʘ ʨʘʟʘ ʜʣʷ ScS-ʢʦʥʪʘʢʪʘ (ʩ ʘʥʘʣʦʛʠʯʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ) [374,375]. ɼʣʷ çʢʦʨʦʪ-

ʢʦʛʦè ScS-ʢʦʥʪʘʢʪʘ ʥʘ ʦʩʥʦʚʝ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʚ çʛʨʷʟʥʦʤ ʧʨʝʜʝʣʝè ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʘʥʜʨʝʝʚʩʢʦʛʦ 

ʠʟʙʳʪʦʯʥʦʛʦ ʪʦʢʘ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ɸʨʪʝʤʝʥʢʦ, ɺʦʣʢʦʚʳʤ ʠ ɿʘʡʮʝʚʳʤ (ɸɺɿ) [372] 
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ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʯʠʩʣʝʥʥʳʤ ʨʘʩʯʝʪʦʤ ʚ ʨʘʤʢʘʭ ʆʊɹʂ [341] ʜʣʷ Z = 0.55 ʠ ʨʝʟʫʣʴʪʘʪʦʤ ɸʤʙʝʛʘʦʢʘ-

ʨʘ-ɹʘʨʘʪʦʚʘ [366]; ʜʣʷ ʘʥʘʣʦʛʠʯʥʦʛʦ NcS-ʢʦʥʪʘʢʪʘ ʟʥʘʯʝʥʠʝ Iexc(T), ʩʦʛʣʘʩʥʦ [372], ʚ ʜʚʘ ʨʘʟʘ ʤʝʥʴ-

ʰʝ.  

 ɺ ʨʘʙʦʪʝ ʂʫʵʚʘʩʘ ʠ ʜʨ. [377] ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ SnS-ʢʦʥʪʘʢʪ ʩ çʜʠʬʬʫʟʠʦʥʥʳʤè (ʪ.ʝ. ʨʘʟʫʧʦ-

ʨʷʜʦʯʝʥʥʳʤ) ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʙʘʨʴʝʨʦʤ ʚ ʚʠʜʝ ʧʨʦʚʦʣʦʢʠ ʜʣʠʥʦʡ lel < L < min[Ҟ(ǩD/e), lf] (D ð ʢʦ-

ʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ ʚ n-ʩʣʦʝ, lf ð ʜʣʠʥʘ ʩʙʦʷ ʬʘʟʳ), ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʥʘʭʦʜʠʪʩʷ ʢʘʢ ʚ ʢʦʛʝʨʝʥʪʥʦʤ 

(L << x), ʪʘʢ ʠ ʚ ʥʝʢʦʛʝʨʝʥʪʥʦʤ ʨʝʞʠʤʝ (L >> x). ɸʚʪʦʨʘʤʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʵʬʬʝʢʪ ʙʣʠʟʦʩʪʠ ʥʘ 

ʘʙʩʦʣʶʪʥʦ ʧʨʦʟʨʘʯʥʳʭ nS-ʠʥʪʝʨʬʝʡʩʘʭ (Z = 0), ʧʨʠʚʦʜʷʱʠʡ ʢ ʧʦʷʚʣʝʥʠʶ ʥʘʚʝʜʝʥʥʦʡ ʉʇ-ʱʝʣʠ ʚ 

n-ʩʣʦʝ ʠ ʝʝ ʤʦʥʦʪʦʥʥʦʤ ʫʤʝʥʴʰʝʥʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦ D ʦʙʲʝʤʥʦʛʦ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʦʪʥʦʰʝʥʠʷ L/x. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ L << x ʙʘʨʴʝʨ ʩʪʘʥʦʚʠʪʩʷ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʤ ʚ çʛʨʷʟʥʦʤ ʧʨʝ-

ʜʝʣʝè, ʧʨʘʢʪʠʯʝʩʢʠ ʘʥʘʣʦʛʠʯʥʳʤ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤʫ ʚ [372,373]. ɺɸʍ ʠ dI(V)/dV-ʩʧʝʢʪʨʳ, ʧʦʣʫ-

ʯʝʥʥʳʝ ʚ [377] ʩ ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʡ ʋʟʘʜʝʣʷ, ʧʨʠʚʝʜʝʥʳ ʥʘ ʈʠʩ. 30.  

ɸʥʘʣʦʛʠʯʥʦ ʨʝʟʫʣʴʪʘʪʫ [364], ʜʣʷ L << x ʚʠʜ ʢʚʘʟʠʯʘʩʪʠʯʥʦʡ ʚʝʪʚʠ ɺɸʍ ʚ ʤʦʜʝʣʠ ʂʫʵʚʘʩʘ 

ʠ ʜʨ. [377] (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ ʯʝʨʥʦʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 30ʘ) ʢʘʯʝʩʪʚʝʥʥʦ ʩʭʦʞ ʩ ʧʨʝʜʩʢʘʟʘʥʠʷʤʠ 

[363,367] ʜʣʷ ʙʘʣʣʠʩʪʠʯʝʩʢʦʛʦ ʢʚʘʥʪʦʚʦʛʦ ʪʦʯʝʯʥʦʛʦ ʢʦʥʪʘʢʪʘ ʩ Z å 0.8. ʅʘ ʚʩʝʭ ɺɸʍ, ʧʨʝʜʩʪʘʚ-

ʣʝʥʥʳʭ ʥʘ ʈʠʩ. 30ʘ, ʧʨʠʩʫʪʩʪʚʫʝʪ ʘʥʜʨʝʝʚʩʢʠʡ ʠʟʙʳʪʦʯʥʳʡ ʪʦʢ, ʫʙʳʚʘʶʱʠʡ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʦʪʥʦ-

ʰʝʥʠʷ L/x (ʥʠʞʥʷʷ ʚʩʪʘʚʢʘ ʢ ʈʠʩ. 30ʘ). ʄʘʢʩʠʤʘʣʴʥʘʷ ʘʤʧʣʠʪʫʜʘ Iexc(0) ʚ ʪʦʯʥʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʨʝʟʫʣʴʪʘʪʫ ɸɺɿ [372] (ʬʦʨʤʫʣʘ (16)); ʧʨʠ L/x > 20 ʧʨʠ eV >> D(0) ɺɸʍ ʧʨʠ ʙʦʣʴʰʠʭ ʩʤʝʱʝʥʠʷʭ 

ʩʪʨʝʤʠʪʩʷ ʢ ʦʤʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ (Iexc(0) Ÿ 0). ɸʤʧʣʠʪʫʜʘ ʩʚʝʨʭʪʦʢʘ Ic(0) ʪʘʢʞʝ ʫʙʳʚʘʝʪ ʦʪ ʤʘʢ-

ʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ 2D(0)GN/e (ʯʪʦ ʙʣʠʟʢʦ ʢ ʨʝʟʫʣʴʪʘʪʘʤ [363,367] ʜʣʷ ʢʚʘʥʪʦʚʦʛʦ ʪʦʯʝʯʥʦʛʦ ʢʦʥ-

ʪʘʢʪʘ ʩ Z = 0) ʠ ʩʪʨʝʤʠʪʩʷ ʢ ʥʫʣʶ ʧʨʠ L/x > 10 (ʚʝʨʭʥʷʷ ʚʩʪʘʚʢʘ ʢ ʈʠʩ. 30ʘ). ʅʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

dI(V)/dV-ʩʧʝʢʪʨʘʭ ʧʨʠʩʫʪʩʪʚʫʝʪ ʉɻʉ ʧʨʠ ʩʤʝʱʝʥʠʷʭ, ʦʧʠʩʳʚʘʝʤʳʭ ʬʦʨʤʫʣʦʡ (9), ʦʜʥʘʢʦ ʬʦʨʤʘ 

ʘʥʜʨʝʝʚʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʟʘʤʝʪʥʦ ʤʝʥʷʝʪʩʷ ʧʨʠ ʚʘʨʠʘʮʠʠ ʜʣʠʥʳ ʙʘʨʴʝʨʘ (ʈʠʩ. 30b). ʊʘʢ, ʧʨʠ 
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ʤʘʣʳʭ L Ò x ʧʝʨʚʘʷ ʠ ʚʪʦʨʘʷ (n = 1, 2) ʩʫʙʛʘʨʤʦʥʠʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʚʳʨʘʞʝʥʥʳʝ ʤʘʢʩʠʤʫʤʳ 

(ʘʤʧʣʠʪʫʜʦʡ ʜʦ 3.5GN), ʧʨʠ ʵʪʦʤ ʩʫʙʛʘʨʤʦʥʠʢʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʧʦʨʷʜʢʦʚ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʤʠʥʠʤʫ-

ʤʳ. ɺ ʥʝʢʦʛʝʨʝʥʪʥʳʭ ʨʝʞʠʤʘʭ ʩ L/x Ó 5 ʙʦʣʴʰʠʥʩʪʚʦ ʩʫʙʛʘʨʤʦʥʠʢ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʠʢʠ ʜʠʥʘ-

ʤʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʨʘʟʜʚʦʝʥʥʦʛʦ ʤʠʥʠʤʫʤʘ ʧʨʠ n = 2. ɸʚʪʦʨʳ [377] ʦʙʲʷʩ-

ʥʷʶʪ ʵʪʦ ʧʨʠʩʫʪʩʪʚʠʝʤ ʨʘʟʤʳʪʦʛʦ ʤʘʢʩʠʤʫʤʘ, ʧʦʷʚʣʷʶʱʝʛʦʩʷ ʤʝʞʜʫ eV = 2D(0) ʠ D(0) ʠ çʧʨʦʙʝ-

ʛʘʶʱʝʛʦè ʦʩʦʙʝʥʥʦʩʪʠ ʉɻʉ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ L/x, ʦʜʥʘʢʦ ʥʝ ʢʦʤʤʝʥʪʠʨʫʶʪ ʝʛʦ ʧʨʠʨʦʜʫ. ɺ ʢʘʯʝʩʪʚʝ 

ʦʩʦʙʝʥʥʦʩʪʠ ʩʧʝʢʪʨʦʚ ʥʝʢʦʛʝʨʝʥʪʥʳʭ ʢʦʥʪʘʢʪʦʚ ʩ L/x Ó 4 ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʨʦʩʪ çʦʛʠʙʘʶʱʝʡè 

dI(V)/dV-ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠ ʤʘʣʳʭ eV. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʥʝʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʯʥʳʭ 

ʢʦʥʪʘʢʪʦʚ ʩ Z > 0 [363,367], ʦʜʥʘʢʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʠ ʂɻʅ [347ï349] ʠ ɻɿ 

[350,351]. 

a 
b 

ʈʠʩ. 30 ð ʂʚʘʟʠʯʘʩʪʠʯʥʳʝ ʚʝʪʚʠ ɺɸʍ SnS-ʢʦʥʪʘʢʪʘ ʜʣʠʥʦʡ L ʚ ʜʠʬʬʫʟʠʦʥʥʦʤ ʨʝʞʠʤʝ ʚ ʟʘʚʠ-

ʩʠʤʦʩʪʠ ʦʪ L/x, ʧʦʣʫʯʝʥʥʳʝ ʚ ʤʦʜʝʣʠ ʂʫʵʚʘʩʘ ʠ ʜʨ. ʧʨʠ ʊ = 0 [377]. ʅʘ ʚʩʪʘʚʢʘʭ ʧʦʢʘʟʘʥʘ ʟʘʚʠ-

ʩʠʤʦʩʪʴ ʩʚʝʨʭʪʦʢʘ eIc/GND(0) ʠ ʘʥʜʨʝʝʚʩʢʦʛʦ ʠʟʙʳʪʦʯʥʦʛʦ ʪʦʢʘ eIexc/GND(0) ʦʪ L/x. (b) ʉʦʦʪʚʝʪʩʪ-

ʚʫʶʱʠʝ dI(V)/dV-ʩʧʝʢʪʨʳ. ɺʝʨʪʠʢʘʣʴʥʳʤʠ ʣʠʥʠʷʤʠ ʦʪʤʝʯʝʥʳ ʧʦʣʦʞʝʥʠʷ ʉɻʉ. 

 

 ʉʫʤʤʠʨʫʷ ʧʨʠʚʝʜʝʥʥʳʡ ʚʳʰʝ ʢʨʘʪʢʠʡ ʦʙʟʦʨ ʦʩʥʦʚʥʳʭ ʤʦʜʝʣʝʡ, ʦʧʠʩʳʚʘʶʱʠʭ ʵʬʬʝʢʪ r

ʤʥʦʛʦʢʨʘʪʥʳʭ ʘʥʜʨʝʝʚʩʢʠʭ ʦʪʨʘʞʝʥʠʡ ʚ çʩʠʤʤʝʪʨʠʯʥʳʭè ScS-ʢʦʥʪʘʢʪʘʭ (ʛʜʝ ʙʘʨʴʝʨ ʩ ʤʦʞʝʪ 

ʠʤʝʪʴ ʨʘʟʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʛʝʦʤʝʪʨʠʶ), ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʠʜ ɺɸʍ ʠ dI(V)/dV-ʩʧʝʢʪʨʦʚ ʥʝ 

ʫʥʠʚʝʨʩʘʣʝʥ ʠ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʩʚʦʡʩʪʚ ʙʘʨʴʝʨʥʦʛʦ ʩ-ʩʣʦ̫ (ʉʇ ʠʣʠ ʤʝʪʘʣʣʠʯʝʩʢʠʡ; ʧʦʣʦʞʝʥʠʝ 

ʠʟʦʣʷʪʦʨʘ ð ʚ ʮʝʥʪʨʝ ʙʘʨʴʝʨʘ ʠʣʠ ʥʘ nS-ʠʥʪʝʨʬʝʡʩʘʭ), ʨʝʞʠʤʘ, ʚ ʢʦʪʦʨʦʤ ʦʥ ʥʘʭʦʜʠʪʩʷ (ʢʚʘʥʪʦ-

ʚʳʡ ʪʦʯʝʯʥʳʡ ʠʣʠ ʤʠʢʨʦʢʦʥʪʘʢʪʥʳʡ: ʙʘʣʣʠʩʪʠʯʝʩʢʠʡ, ʜʠʬʬʫʟʠʦʥʥʳʡ), ʝʛʦ ʧʨʦʟʨʘʯʥʦʩʪʠ (ʥʠʟʢʦʡ, 

çʧʨʦʤʝʞʫʪʦʯʥʦʡè ʠʣʠ çʘʥʜʨʝʝʚʩʢʦʡè, ʪ.ʝ. ʚʳʩʦʢʦʡ), ʩʦʦʪʥʦʰʝʥʠʷ ʝʛʦ ʨʘʟʤʝʨʦʚ d ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ 

ʜʣʠʥʘʤʠ ʨʘʩʩʝʷʥʠʷ ʠʣʠ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʚ ʤʘʪʝʨʠʘʣʘʭ, ʦʙʨʘʟʫʶʱʠʭ ʢʦʥʪʘʢʪ (ʢʦʨʦʪʢʠʡ/ʢʦʛʝʨʝʥʪʥʳʡ 

ʠʣʠ ʜʣʠʥʥʳʡ/ʥʝʢʦʛʝʨʝʥʪʥʳʡ, ʯʠʩʪʳʡ ʠʣʠ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʳʡ/çʜʠʬʬʫʟʠʦʥʥʳʡè). ʊʝʤ ʥʝ ʤʝʥʝʝ, 
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ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʥʝʩʢʦʣʴʢʦ ʦʙʱʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ɺɸʍ ʠ dI(V)/dV-ʩʧʝʢʪʨʦʚ, ʨʘʩʩʯʠʪʘʥʥʳʭ ʚ ʨʘʤʢʘʭ 

ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ:  

- ʥʘʣʠʯʠʝ ʉɻʉ ʧʨʠ ʩʤʝʱʝʥʠʷʭ, ʦʧʨʝʜʝʣʷʝʤʳʭ ʬʦʨʤʫʣʦʡ (9);   

- ʧʦʣʦʞʝʥʠʝ Vn ʦʩʦʙʝʥʥʦʩʪʝʡ ʉɻʉ ʥʘʧʨʷʤʫʶ ʦʧʨʝʜʝʣʷʝʪ D(T) ʚʦ ʚʩʝʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʊ 

= 0ïʊʩ; 

- ʧʦʜʘʚʣʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʩʚʝʨʭʪʦʢʘ Ic(0) Ÿ 0 ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʬʘʟʦʚʦʡ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʤʝʞʜʫ ʉʇ-

ʙʝʨʝʛʘʤʠ ʧʨʠ d/x > 1 (ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʦʛʝʨʝʥʪʥʳʤʠ ʨʝʞʠʤʘʤʠ ʩ d < x) ʠ ʧʦʣʥʦʝ ʦʪʩʫʪʩʪʚʠʝ ʩʚʝʨʭ-

ʪʦʢʘ ʚ ʤʠʢʨʦʢʦʥʪʘʢʪʥʳʭ ʨʝʞʠʤʘʭ ʩ d >> x; 

- ʚ ʢʦʥʪʘʢʪʘʭ ʚʳʩʦʢʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ (Z < 0.5): ʤʠʥʠʤʫʤʳ ʉɻʉ ʥʘ dI(V)/dV-ʩʧʝʢʪʨʝ, ʨʦʩʪ çʦʛʠʙʘʶ-

ʱʝʡè dI(V)/dV ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ eV, ʠʟʙʳʪʦʯʥʳʡ ʪʦʢ Iexc(0) > 0 ʠ ʧʦʚʳʰʝʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʧʨʠ 

ʤʘʣʳʭ ʩʤʝʱʝʥʠʷʭ G(0 < |eV| << D(0)) > GN; 

ʀʟʤʝʥʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʡ ʘʤʧʣʠʪʫʜʳ ʘʥʜʨʝʝʚʩʢʦʛʦ ʠʟʙʳʪʦʯʥʦʛʦ ʪʦʢʘ Iexc(ʊ=0) ʚ ʟʘʚʠʩʠʤʦʩ-

ʪʠ ʦʪ ʩʚʦʙʦʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʧʨʠʚʝʜʝʥʳ ʥʘ ʈʠʩ. 31. ɺ ʤʦʜʝʣʷʭ ʆʊɹʂ [341], ɸɹ 

[363] ʠ ʂʫʵʚʘʩʘ ʩ ʩʦʘʚʪʦʨʘʤʠ [367], ʨʘʩʩʤʘʪʨʠʚʘʶʱʠʭ ʟʘʚʠʩʠʤʦʩʪʴ A(e) ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ 

ʠ çʯʠʩʪʳʡ ʧʨʝʜʝʣè, ʘʤʧʣʠʪʫʜʘ eRNIexc(Z,ʊ=0)/D(0) = 8/3 ʠ ʨʝʟʢʦ ʫʙʳʚʘʝʪ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ Z (ʣʠʥʠʠ 

ʢʨʘʩʥʦʛʦ ʠ ʦʨʘʥʞʝʚʦʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 31ʘ); ʙʦʣʝʝ ʩʣʘʙʦʝ ʧʘʜʝʥʠʝ Iexc(Z) ʚ ʤʦʜʝʣʠ ɸɹ [363] ʚʳʟʚʘʥʦ 

ʪʝʤ, ʯʪʦ ʚ ʥʝʡ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʝʜʠʥʩʪʚʝʥʥʳʡ ʩʣʦʡ ʠʟʦʣʷʪʦʨʘ ʚ ʮʝʥʪʨʝ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ ʚʤʝʩʪʦ 

ʜʚʫʭ ʠʟʦʣʷʪʦʨʦʚ ʥʘ nS-ʛʨʘʥʠʮʘʭ ʚ ʤʦʜʝʣʠ ʆʊɹʂ [341]. ʇʦʥʠʞʝʥʥʦʝ ʟʥʘʯʝʥʠʝ eRNIexc(Z,ʊ=0)/D(0) = 

2 ʚ ʤʦʜʝʣʠ ʂɻʅ [347] ʚʳʟʚʘʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ çʦʙʨʝʟʘʥʥʦʡè ʚʝʨʦʷʪʥʦʩʪʠ A(|e| > D) = 0 ʚʦ ʚʥʝʱʝ-

ʣʝʚʦʡ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ. ɼʣʷ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʛʦ ScS-ʢʦʥʪʘʢʪʘ ʩ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʨʦʟʨʘʯʥʦʩʪʝʡ 

ʢʚʘʥʪʦʚʳʭ ʢʘʥʘʣʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʘʙʦʪʘʤ [358] ʠʣʠ [361], ʛʜʝ ʵʬʬʝʢʪʠʚʥʘʷ ʚʝʣʠʯʠʥʘ Z å 0.5ï

0.7 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʝʞʠʤʫ çʧʨʦʤʝʞʫʪʦʯʥʦʡè ʧʨʦʟʨʘʯʥʦʩʪʠ, ʘʤʧʣʠʪʫʜʘ Iexc(Z) ʚʦʩʧʨʦʠʟʚʦʜʠʪ ʧʨʝʜ-

ʩʢʘʟʘʥʠ̫ ɸɹ [363] ʠ ʂʫʵʚʘʩʘ [367] (ʪʨʝʫʛʦʣʴʥʠʢ, ʨʦʤʙ ʥʘ ʈʠʩ. 31ʘ). ɼʣʷ ʢʦʛʝʨʝʥʪʥʳʭ ScS-ʢʦʥʪʘʢʪʦʚ, 

ʛʜʝ ʉʇ-ʙʘʨʴʝʨ ʩ ʥʘʭʦʜʠʪʩʷ ʚ çʛʨʷʟʥʦʤ ʧʨʝʜʝʣʝè, ʦʜʥʘʢʦ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʚʠʜʝ ʦʜʥʦ-

ʤʝʨʥʦʛʦ ʢʚʘʥʪʦʚʦʛʦ ʧʨʦʚʦʜʥʠʢʘ, ʂʫʵʚʘʩʦʤ ʠ ʜʨ. [377] ʧʨʝʜʩʢʘʟʳʚʘʝʪʩʷ ʩʦʭʨʘʥʝʥʠʝ ʠʟʙʳʪʢʘ ʪʦʢʘ 

Iexc(0) > 0 ʜʘʞʝ ʚ ʥʝʢʦʛʝʨʝʪʥʳʭ ʨʝʞʠʤʘʭ ʩ d/x ~ 4ï20 (ʈʠʩ. 31b). ʄʘʢʩʠʤʘʣʴʥʘʷ ʘʤʧʣʠʪʫʜʘ 

eRNIexc(d/xŸ0)/D(0) å 1.5 ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʘʩʯʝʪʘʤʠ ɸɺɿ [372,373] ʠ ʦʢʘʟʳʚʘʝʪʩʷ ʟʘʤʝʪʥʦ ʥʠʞʝ ʟʥʘ-

ʯʝʥʠʷ 8/3 ʚ çʯʠʩʪʦʤè ʧʨʝʜʝʣʝ [341,363,367]. ɺ ʥʝʢʦʛʝʨʝʥʪʥʦʡ (çʜʣʠʥʥʦʡè) SnS-ʩʪʨʫʢʪʫʨʝ ʚʳʩʦʢʦʡ 

ʧʨʦʟʨʘʯʥʦʩʪʠ ʚ ʤʠʢʨʦʢʦʥʪʘʢʪʥʦʤ ʨʝʞʠʝʤ Iexc(0) ɻ ʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʧʘʜʘʝʪ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʜʠʬ-

ʬʫʟʠʦʥʥʦʤʫ ʨʝʞʠʤʫ, ʪ.ʝ. ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʦʪʥʦʰʝʥʠʷ d/l inel, ʩʦʛʣʘʩʥʦ ʧʨʝʜʩʢʘʟʘʥʠʷʤ ʤʦʜʝʣʠ ʂɻʅ 

[347] (ʈʠʩ. 31ʩ).  

ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʘʥʜʨʝʝʚʩʢʦʛʦ ʠʟʙʳʪʦʯʥʦʛʦ ʪʦʢʘ Iexc(T) ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ |D(T)| 

ʠ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʫʥʠʚʝʨʩʘʣʴʥʦʤ ʚʠʜʝ 
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Ὅ Ὕ ὢϽὣ
ЎὝ

ὩὙ
ÔÁÎÈ

Ὡὠ

ςὯὝ
ȟ ρω 

ʛʜʝ X ð ʢʦʥʩʪʘʥʪʘ, ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʦʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʥʪʝʛʨʘʣʦʤ A(e), Y ð ʧʨʝʬʘʢʪʦʨ, ʟʘʚʠʩʷʱʠʡ 

ʦʪ ʩʚʦʙʦʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ. ʆʙʲʝʜʠʥʷʷ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʝʡ ʆʊɹʂ [341] ʠ ʂɻʅ [347,349] ʩ 

ʮʝʣʴʶ ʫʯʝʪʘ ʢʘʢ çʧʦʣʥʦʡè ʟʘʚʠʩʠʤʦʩʪʠ A(e), ʪʘʢ ʠ ʦʪʥʦʰʝʥʠʷ linel/d, ʜʣʷ ʥʝʢʦʛʝʨʝʥʪʥʦʛʦ ʤʠʢʨʦʢʦʥ-

ʪʘʢʪʥʦʛʦ SnS-ʨʝʞʠʤʘ ʩʚʝʨʭʚʳʩʦʢʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ (Z Ÿ 0), ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ 

Ὅ Ὕ
ψ

σ
ẗὩ ẗ

ɝὝ

ὩὙ
ÔÁÎÈ

Ὡὠ

ςὯὝ
ρψ 

0.0 0.2 0.4 0.6 0.8 1.0

0.5

1.0

1.5

2.0

0 1 2 3 4 5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

0 2 4 6 8 10 12 14 16 18 20

0.5

1.0

1.5

long ballistic incoherent:

 KGN, GZ

e
I e

x
c
R

N
/D

d/l
inel

long ballistic:

 OTBK

 KGN, GZ

quantum point:

 AB, Cuevas et al.

quantum point diffusive:

 Bardas, Averin

 Naveh et al.

e
I e

x
c
R

N
/D

Z

dirty limit:

coherent/incoherent:

 Cuevas et al.

coherent

 AVZ

e
I e

x
c
R

N
/D

d/x  

a                                                                  b                                                   c 

ʈʠʩ. 31 ð (ʘ) ɿʘʚʠʩʠʤʦʩʪʴ ʘʥʜʨʝʝʚʩʢʦʛʦ ʠʟʙʳʪʦʯʥʦʛʦ ʪʦʢʘ Iexc(0) SnS-ʢʦʥʪʘʢʪʘ ʧʨʠ ʊ = 0 ʦʪ Z (a), 

ʦʪʥʦʰʝʥʠʷ ʨʘʟʤʝʨʘ ʢʦʥʪʘʢʪʘ d ʠ ʜʣʠʥʳ ʢʦʛʝʨʝʥʪʥʦʩʪʠ x (b) ʠ ʦʪʥʦʰʝʥʠʷ d/l inel (c). ʈʝʟʫʣʴʪʘʪʳ ʜʣʷ 

çʜʣʠʥʥʳʭè ʥʝʢʦʛʝʨʝʥʪʥʳʭ ʢʦʥʪʘʢʪʦʚ ʚ çʯʠʩʪʦʤ ʧʨʝʜʝʣʝè: ʤʦʜʝʣ ɹʆʊɹʂ [341] ð ʣʠʥʠʷ ʢʨʘʩʥʦʛʦ 

ʮʚʝʪʘ ʥʘ (ʘ), ʂɻʅ [347] ʠ ɻɿ [350] ð ʧʷʪʠʫʛʦʣʴʥʠʢ ʥʘ (ʘ), ʣʠʥʠʷ ʥʘ (ʩ); ʜʣʷ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʯʥʳʭ 

ʢʦʥʪʘʢʪʦʚ: ʤʦʜʝʣʴ ɸɹ [363] ʠ ʂʫʵʚʘʩʘ ʠ ʜʨ. [367] ð ʩʦʝʜʠʥʝʥʥʳʝ ʢʨʫʞʢʠ ʥʘ (ʘ); çʜʠʬʬʫʟʠʦʥʥrʭè 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʯʥʳʭ ʢʦʥʪʘʢʪʦʚ: ʨʘʩʯʝʪ ʅʘʚʝʭ ʠ ʜʨ. [362] ʥʘ ʦʩʥʦʚʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ [361] ð ʨʦʤʙ 

ʥʘ (ʘ), ʤʦʜʝʣʴ ɹʘʨʜʘʩʘ-ɸʚʝʨʠʥʘ [364] ð ʪʨʝʫʛʦʣʴʥʠʢ ʥʘ (ʘ); ʜʣʷ çʢʦʨʦʪʢʦʛʦè ʢʦʥʪʘʢʪʘ ʚ çʛʨʷʟʥʦʤ 

ʧʨʝʜʝʣʝè: ʤʦʜʝʣ ɹʂʫʵʚʘʩʘ ʠ ʜʨ. [377] ð ʣʠʥʠʷ ʥʘ (b), ʤʦʜʝʣʴ ɸɺɿ [372,373] ð ʟʚʝʟʜʘ ʥʘ (b). 

 

ɺʣʠʷʥʠʝ ʘʥʠʟʦʪʨʦʧʠʠ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ, ʜʚʫʭʱʝʣʝʚʦʡ ʩʣʫʯʘʡ 

ɼʣʷ ʘʥʜʨʝʝʚʩʢʦʛʦ SnS-ʤʠʢʨʦʢʦʥʪʘʢʪʘ ʥʘ ʦʩʥʦʚʝ ʜʚʫʭʱʝʣʝʚʦʛʦ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʦʞʠʜʘʝʪʩʷ 

ʘʜʜʠʪʠʚʥʳʡ ʚʢʣʘʜ ʢʘʞʜʦʡ ʠʟ ʟʦʥ ʚ ʘʥʜʨʝʝʚʩʢʠʡ ʪʦʢ [260,261]. ʊʘʢ, ʥʘ ɺɸʍ ʠ dI(V)/dV-ʩʧʝʢʪʨʝ SnS-

ʢʦʥʪʘʢʪʘ ʙʫʜʫʪ ʧʨʠʩʫʪʩʪʚʦʚʘʪʴ ʜʚʝ ʉɻʉ, ʢʘʞʜʘʷ ʠʟ ʢʦʪʦʨʳʭ ʥʘʧʨʷʤʫʶ ʦʧʨʝʜʝʣʷʝʪ ʘʤʧʣʠʪʫʜʫ ʩʦʦʪ-

ʚʝʪʩʪʚʫʶʱʝʡ ʉʇ-ʱʝʣʠ ʧʨʠ T = 0ïTc. ʂ ʩʦʞʘʣʝʥʠʶ, ʠʟ-ʟʘ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʩʚʦʙʦʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, 

ʚʣʠʷʶʱʠʭ ʥʘ ʘʤʧʣʠʪʫʜʫ ʘʥʜʨʝʝʚʩʢʦʛʦ ʠʟʙʳʪʦʯʥʦʛʦ ʪʦʢʘ ʨʝʘʣʴʥʦʛʦ ʥʝʢʦʛʝʨʝʥʪʥʦʛʦ SnS-ʢʦʥʪʘʢʪʘ 
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(l inel/d, Z, ɻ ʜʣʷ ʢʘʞʜʦʡ ʠʟ ʟʦʥ), ʦʧʨʝʜʝʣʝʥʠʝ ʚʝʣʠʯʠʥ ɻ ʪʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʘʙʩʦʣʶʪ-

ʥʦʡ ʚʝʣʠʯʠʥʳ Iexc(0), ʩʪʘʥʦʚʠʪʩʷ ʥʝʚʦʟʤʦʞʥʦ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʥʦʨʤʠʨʦʚʘʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠ-

ʩʠʤʦʩʪʴ Iexc(T)/Iexc(0) ʜʘʝʪ ʥʘʜʝʞʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʬʦʨʤʝ ʟʘʚʠʩʠʤʦʩʪʝʡ D(T). ɼʣʷ ʥʦʨʤʠʨʦʚʘʥ-

ʥʦʛʦ ʘʥʜʨʝʝʚʩʢʦʛʦ ʠʟʙʳʪʦʯʥʦʛʦ ʪʦʢʘ ʚ ʜʚʫʭʟʦʥʥʦʤ ʩʣʫʯʘʝ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ [378] 
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ɝ Ὕ

ɝ π
ρω 
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[378] (Gi ð ʧʘʨʮʠʘʣʴʥʘʷ ʥʦʨʤʘʣʴʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ i-ʡ ʟʦʥʳ) 

•
Ὃɝ π

Ὃɝ π Ὃɝ π
ςπ 

ʉʦʛʣʘʩʥʦ ʨʘʙʦʪʝ ɼʝʚʝʨʦ ʠ ʌʫʣʜʝ [379], ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʧʦʜʭʦʜʝ ʂɻʅ [347], ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʙʘʣʣʠʩʪʠʯʝʩʢʠʭ SnS-ʢʦʥʪʘʢʪʦʚ ʧʦʟʚʦʣʷʝʪ ʢʦʩʚʝʥʥʦ ʦʧʨʝʜʝʣʠʪʴ ʪʠʧ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʱʝʣʠ ʠ ʫʛʣʦʚʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ D(q) ʥʘ ʦʩʥʦʚʝ ʬʦʨʤr ʘʥʜʨʝʝʚʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʉɻʉ. ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʳʭ ʨʘʩ-

ʯʝʪʦʚ ʠʟʤʝʥʝʥʠʷ ʬʦʨʤʳ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ (n = 1) ʛʘʨʤʦʥʠʢʠ ʉɻʉ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ɼʝʚʝʨʦ ʠ ʌʫʣʜʝ 

[379] ʧʨʠʚʝʜʝʥʳ ʥʘ ʈʠʩ. 32 ʜʣʷ ʊ = 0. ɺʦʟʴʤʝʤ ʨʝʟʢʠʡ ʩʠʤʤʝʪʨʠʯʥʳʡ ʤʠʥʠʤʫʤ (ʣʠʥʠʷ ʢʨʘʩʥʦʛʦ 

ʮʚʝʪʘ ʥʘ ʈʠʩ. 32b) ʚ ʢʘʯʝʩʪʚʝ çʟʘʪʨʘʚʦʯʥʦʡè ʬʦʨʤʳ ʦʩʦʙʝʥʥʦʩʪʠ ʥʘ dI(V)/dV-ʩʧʝʢʪʨʝ SnS-ʢʦʥʪʘʢʪʘ 

ʥʘ ʙʘʟʝ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʩ s-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʝʡ ʉʇ-ʱʝʣʠ. ʊʦʛʜʘ ʜʣʷ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʩ d-ʚʦʣ-

ʥʦʚʦʡ ʩʠʤʤʝʪʨʠʝʡ ʉʇ-ʱʝʣʠ (ʜʘʥʥʳʝ ʩʠʥʝʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 32) ʦʞʠʜʘʝʪʩʷ V-ʦʙʨʘʟʥʘʷ ʬʦʨʤʘ ʨʘʩʧʨʝ-

ʜʝʣʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ N(e) ʚʥʫʪʨʠ ʉʇ-ʱʝʣʠ (ʈʠʩ. 32ʘ) ʠ ʘʩʠʤʤʝʪʨʠʯʥʳʝ ʤʠ-

ʥʠʤʫʤʳ ʥʘ dI(V)/dV-ʩʧʝʢʪʨʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ SnS-ʢʦʥʪʘʢʪʘ (ʈʠʩ. 32b) ʩ ʘʤʧʣʠʪʫʜʦʡ, ʧʨʠʤʝʨʥʦ 

ʚ 7 ʨʘʟ ʤʝʥʴʰʝʡ, ʯʝʤ ʜʣʷ ʩʣʫʯʘʷ ʠʟʦʪʨʦʧʥʦʡ ʉʇ-ʱʝʣʠ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʘʚʪʦʨʘʤʠ [379], ʥʘʣʠʯʠʝ ʪʦʯʝʢ 

ʥʫʣʝʡ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ D(q) ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ ʧʦʜʘʚʣʝʥʠʶ ʘʥʜʨʝʝʚʩʢʦʛʦ ʪʦʢʘ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ 

ʩʤʝʱʝʥʠʡ eV ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʟʦʪʨʦʧʥʦʛʦ ʩʣʫʯʘʷ, ʦʜʥʘʢʦ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʨʘʩʯʝʪ ʪʘʢʦʡ ʟʘʚʠʩʠʤʦʩ-

ʪʠ, ʢ ʩʦʞʘʣʝʥʠʶ, ʥʝ ʙʳʣ ʧʨʦʚʝʜʝʥ ʚ [379].  

ʉʣʫʯʘʡ ʨʘʩʰʠʨʝʥʥʦʡ s-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʱʝʣʠ ʩ cos(4q)-ʪʠʧʦʤ ʫʛʣʦʚʦʛʦ ʨʘʩʧʨʝʜʝ-

ʣʝʥʠʷ D(q) ʠ ʩʪʝʧʝʥʴʶ ʘʥʠʟʦʪʨʦʧʠʠ ɸ, ʚʚʝʜʝʥʥʦʡ ʨʘʥʝʝ, ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʢʘʢ D(q)/Dout(0) = |1 + 

0.5ĀA[cos(4q) - 1]| [380]. ɼʣʷ A < 50% ʥʘ dI(V)/dV-ʩʧʝʢʪʨʝ ʦʞʠʜʘʝʪʩʷ ʧʦʷʚʣʝʥʠʝ ʜʫʙʣʝʪʥʳʭ ʦʩʦ-

ʙʝʥʥʦʩʪʝʡ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʜʚʫʭ ʤʠʥʠʤʫʤʦʚ, ʩʦʝʜʠʥʝʥʥʳʭ çʘʨʢʦʡè (ʜʘʥʥʳʝ ʟʝʣʝʥʦʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 

32). ʇʦʣʦʞʝʥʠʝ ʤʠʥʠʤʫʤʦʚ ʥʘʧʨʷʤʫʶ ʦʧʨʝʜʝʣʷʝʪ ʵʢʩʪʨʝʤʫʤʳ Dout(T) ʠ Din(T), ʘ ʧʨʦʪʷʞʝʥʥʦʩʪʴ 

ʤʠʥʠʤʫʤʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʪʝʧʝʥʠ ʘʥʠʟʦʪʨʦʧʠʠ ɸ. ʀʟ-ʟʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʚʝʩʘ ʧʦ ʟʥʘ-

ʯʠʪʝʣʴʥʦʡ ʧʣʦʱʘʜʠ ʜʫʙʣʝʪʥʦʡ ʦʩʦʙʝʥʥʦʩʪʠ ʘʤʧʣʠʪʫʜʘ ʤʠʥʠʤʫʤʦʚ ʪʘʢʞʝ ʦʢʘʟʳʚʘʝʪʩʷ ʧʦʜʘʚʣʝʥ-

ʥʦʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʟʦʪʨʦʧʥʳʤ ʩʣʫʯʘʝʤ. ɺʘʞʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ A = 50% ʧʦʟʠʮʠʷ çʚʥʫʪʨʝʥ-

ʥʝʛʦè ʤʠʥʠʤʫʤʘ ʜʫʙʣʝʪʘ ʧʨʠ eV1
in(T) = 2Din(T) ʩʦʚʧʘʜʝʪ ʩ ʧʦʣʦʞʝʥʠʝʤ ʚʪʦʨʦʡ ʩʫʙʛʘʨʤʦʥʠʢʠ ʦʪ 
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çʚʥʝʰʥʝʛʦè ʤʠʥʠʤʫʤʘ ʧʨʠ eV2
out(T) = 2Dout(T)/2, ʘ ʧʨʠ A > 50% ð ʦʢʘʞʝʪʩʷ ʤʝʥʴʰʝ ʧʦʩʣʝʜʥʝʛʦ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʩʠʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʉʇ-ʱʝʣʠ A Ó 50% ʜʫʙʣʝʪ ʧʝʨʝʩʪʘʥʝʪ ʙʳʪʴ ʨʘʟʣʠʯʠʤʳʤ 

ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʩʣʠʚʘʷʩʴ ʠʣʠ ʠʥʪʝʨʬʝʨʠʨʫʷ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʉɻʉ ʦʪ çʚʥʝʰʥʝʛʦè ʵʢʪʨʝʤʫʤʘ ʉʇ-

ʱʝʣʠ ʠʣʠ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ (ʜʣʷ ʜʚʫʭʱʝʣʝʚʦʛʦ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ). ʊʘʢ, ʜʣʷ 100% ʘʥʠʟʦʪʨʦʧʠʠ ʉʇ-

ʱʝʣʠ (ʜʘʥʥʳʝ ʨʦʟʦʚʦʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 32) ʟʥʘʯʝʥʠʝ çʚʥʫʪʨʝʥʥʝʛʦè ʵʢʩʪʨʝʤʫʤʘ ʉʇ-ʱʝʣʠ ʩʪʨʝʤʠʪʩʷ 

ʢ ʥʫʣʶ, ʧʦʥʠʞʘʷ GZBC ʠ ʩʪʘʥʦʚʷʩʴ  ʥʝʥʘʙʣʶʜʘʝʤʳʤ,  ʧʦʵʪʦʤʫ ʦʞʠʜʘʝʪʩʷ ʩʝʨʠʷ ʦʜʠʥʦʯʥʳʭ ʥʝʩʠʤ-

ʤʝʪʨʠʯʥʳʭ ʠ ʩʣʘʙʦ ʚʳʨʘʞʝʥʥʳʭ ʤʠʥʠʤʫʤʦʚ ʉɻʉ ʦʪ çʚʥʝʰʥʝʛʦè ʵʢʩʪʨʝʤʫʤʘ ʉʇ-ʱʝʣʠ. 

 

a                                                               b                                                     c 

ʈʠʩ. 32 ð ʇʠʢ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ Re[N(e)]/N0 ʧʨʠ ʊ = 0 (N0 = const ʠʤʝʝʪ ʤʝʩʪʦ 

ʚʳʰʝ ʊʩ) (ʘ), ʬʦʨʤʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʘʥʜʨʝʝʚʩʢʦʡ ʦʩʦʙʝʥʥʦʩʪʠ n = 1 (b), ʯʠʩʣʝʥʥʦ ʨʘʩʩʯʠʪʘʥ-

ʥʳʝ ʚ ʨʘʤʢʘʭ ʧʦʜʭʦʜʘ ɼʝʚʝʨʦ ʠ ʌʫʣʜʝ [379] ʜʣʷ ʫʛʣʦʚʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ |D(q)/Dout(0)| ʧʨʠ ʊ = 0 

(ʩ). ʎʚʝʪʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʘʥʥʳʤ ʜʣʷ ʉʇ-ʱʝʣʠ ʩ ʩʠʤʤʝʪʨʠʝʡ: s-ʚʦʣʥʦʚʦʡ (ʢʨʘʩʥʳʡ); d-ʚʦʣʥʦʚʦʡ 

(ʩʠʥʠʡ); ʨʘʩʰʠʨʝʥʥʦʡ s-ʚʦʣʥʦʚʦʡ ʩ ʘʥʠʟʦʪʨʦʧʠʝʡ ɸ = 30% (ʟʝʣʝʥʳʡ), ɸ = 100% (ʨʦʟʦʚʳʡ), ɸ = 

30% ʠ S = 0.7 (ʪʝʤʥʦ-ʞʝʣʪʳʡ), ɸ = 30% ʠ S = -0.7 (ʙʦʨʜʦʚʳʡ). 

 

ʉʤʝʱʝʥʠʝ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʚʝʩʘ ʢʫʧʝʨʦʚʩʢʠʭ ʧʘʨ, ʦʙʣʘʜʘʶʱʠʭ ʵʥʝʨʛʠʝʡ ʩʚʷʟʠ, ʙʣʠʟʢʦʡ ʢ Dout 

ʠʣʠ Din, ʤʦʞʥʦ ʤʘʪʝʤʘʪʠʯʝʩʢʠ ʦʧʠʩʘʪʴ ʢʦʵʬʬʠʮʠʝʥʪʦʤ S, ʠʩʢʘʞʘʶʱʠʤ ʫʛʣʦʚʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

D(q) ʦʪʥʦʩʠʪʝʣʴʥʦ çʩʠʤʤʝʪʨʠʯʥʦʛʦè cos(4q)-ʪʠʧʘ: D(q)/Dout(0) = |1 + 0.5ĀA[cos(4q ï SĀsin(4q)) - 1]| 

[ʉ.ɸ. ʂʫʟʴʤʠʯʝʚ, ʯʘʩʪʥʦʝ ʩʦʦʙʱʝʥʠʝ]. ɼʣʷ S > 0 ʩʧʝʢʪʨʘʣʴʥʳʡ ʚʝʩ D(q) ʩʤʝʱʘʝʪʩʷ ʚ ʩʪʦʨʦʥʫ ʙʦʣʴ-

ʰʠʭ ʵʥʝʨʛʠʡ, ʫʚʝʣʠʯʠʚʘʷ ʘʤʧʣʠʪʫʜʫ ʧʠʢʘ N(e) ʧʨʠ eV = Dout (ʜʘʥʥʳʝ ʪʝʤʥʦ-ʞʝʣʪʦʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 

32). ɺ ʨʝʟʫʣʴʪʘʪʝ çʚʥʝʰʥʠʡè ʤʠʥʠʤʫʤ ʜʫʙʣʝʪʘ ʥʘ dI(V)/dV-ʩʧʝʢʪʨʝ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʚʳʨʘʞʝʥʥʳʤ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʣʫʯʘʝʤ çʩʠʤʤʝʪʨʠʯʥʦʛʦè ʨʘʩʧʨʝʜʝʣʝʥʠʷ D(q) ʩ S = 0, ʘ ʧʦʣʦʞʝʥʠʝ ʤʠʥʠʤʫʤʦʚ 

ʥʝ ʤʝʥʷʝʪʩʷ. ʅʘʦʙʦʨʦʪ, ʜʣʷ S < 0 ʧʦʚʳʰʘʝʪʩʷ ʘʤʧʣʠʪʫʜʘ çʚʥʫʪʨʝʥʥʝʛʦè ʤʠʥʠʤʫʤʘ (ʜʘʥʥʳʝ ʙʦʨʜʦ-

ʚʦʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 32). 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʦʩʥʦʚʝ ʬʦʨʤʳ ʠ ʧʨʦʪʷʞʝʥʥʦʩʪʠ ʘʥʜʨʝʝʚʩʢʦʡ ʦʩʦʙʝʥʥʦʩʪʠ ʤʦʞʥʦ ʨʘʟʣʠ-

ʯʠʪʴ ʩʣʫʯʘʠ s-ʚʦʣʥʦʚʦʡ ʠ ʨʘʩʰʠʨʝʥʥʦʡ s-ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʠ ʉʇ-ʱʝʣʠ ʩ A < 40%, ʘ ʪʘʢʞʝ 

ʥʘʣʠʯʠʝ ʪʦʯʝʢ ʥʫʣʝʡ D(q). ʆʪʤʝʪʠʤ, ʯʪʦ ʧʦʩʢʦʣʴʢʫ SnS-ʘʥʜʨʝʝʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʥʝʯʫʚʩʪʚʠʪʝʣʴ-

ʥʘ ʢ ʟʥʘʢʫ ʉʇ-ʱʝʣʠ, ʧʨʠʚʝʜʝʥʥʳʝ ʚʳʰʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ |D(q)|. ɺ ʯʘʩʪʥʦʩʪʠ, ʠʟ-ʟʘ ʩʭʦ-

ʞʝʡ ʬʦʨʤʳ ʤʠʥʠʤʫʤʘ dI(V)/dV, ʨʘʟʣʠʯʠʪʴ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʩʣʫʯʘʠ d-ʚʦʣʥʦʚʦʡ ʠ ʨʘʩʰʠʨʝʥʥʦʡ s-

ʚʦʣʥʦʚʦʡ ʩʠʤʤʝʪʨʠʠ ʩ ʘʥʠʟʦʪʨʦʧʠʝʡ A > 50% ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʚʦʟʤʦʞʥʦ. 

ʇʦʜʳʪʦʞʠʚʘʷ, ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʳʭ ʬʘʢʪʦʨʦʚ, ʧʦʜʘʚʣʷʶʱʠʭ ʘʤʧʣʠʪʫʜʫ ʦʩʦʙʝʥʥʦʩʪʝʡ, ʚ-r

ʟʚʘʥʥʳʭ ʘʥʜʨʝʝʚʩʢʠʤ ʪʨʘʥʩʧʦʨʪʦʤ ʚ ʨʝʘʣʴʥʦʤ SnS-ʢʦʥʪʘʢʪʝ, ʤʦʞʥʦ ʧʨʠʚʝʩʪʠ ʥʦʨʤʘʣʴʥʳʝ ʦʪʨʘʞʝ-

ʥʠʷ (Z > 0), ʠʟʤʝʥʝʥʠʝ ʬʦʨʤʳ N(e) ʟʘ ʩʯʝʪ ʥʝʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠʷ (ɻ) ʠʣʠ ʵʬʬʝʢʪʦʚ ʨʘʩʧʘʨʠʚʘʥʠʷ, 

ʥʘʭʦʞʜʝʥʠʝ ʙʘʨʴʝʨʥʦʛʦ ʩʣʦʷ ʚ çʛʨʷʟʥʦʤ ʧʨʝʜʝʣʝè, ʫʚʝʣʠʯʝʥʠʝ ʨʘʟʤʝʨʦʚ ʢʦʥʪʘʢʪʘ ʦʪʥʦʩʠʪʝʣʴʥʦ lel 

ʠʣʠ l inel, ʫʯʝʪ ʬʦʨʤʳ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ ʠʣʠ ʧʣʘʥʘʨʥʦʡ ʛʝʦʤʝʪʨʠʠ ʢʦʥʪʘʢʪʘ (ʫʛʣʘ ʧʨʦʣʝʪʘ ʢʚʘʟʠ-

ʯʘʩʪʠʮ ʯʝʨʝʟ ʙʘʨʴʝʨ), ʘʥʠʟʦʪʨʦʧʠʶ ʉʇ-ʱʝʣʠ. ʆʪʤʝʪʠʤ, ʯʪʦ ʫʯʝʪ ʧʘʨʘʤʝʪʨʘ ʨʘʟʤʳʪʠʷ ɻ, ʘ ʪʘʢʞʝ 

ʦʜʥʦʚʨʝʤʝʥʥʳʡ ʫʯʝʪ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʭ ʬʘʢʪʦʨʦʚ ʥʝ ʧʨʦʠʟʚʝʜʝʥ ʥʠ ʚ ʦʜʥʦʡ ʠʟ ʠʤʝʶʱʠʭʩʷ ʤʦ-

ʜʝʣʝʡ, ʪʝʤ ʥʝ ʤʝʥʝʝ, ʠʭ ʩʦʚʦʢʫʧʥʦʝ ʜʝʡʩʪʚʠʝ ʤʦʞʝʪ ʠʤʝʪʴ ʤʝʩʪʦ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʯʪʦ ʦʙʫʩʣʦʚʣʠʚʘʝʪ 

ʨʘʩʭʦʞʜʝʥʠʝ ʨʝʟʫʣɹʪʘʪʦʚ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʧʨʝʜʩʢʘʟʘʥʠʷʤʠ. ʄʦʞʥʦ ʪʘʢʞʝ ʦʞʠʜʘʪʴ, ʯʪʦ ʥʘʣʠʯʠʝ 

ʦʩʦʙʝʥʥʦʩʪʝʡ N(e) ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ, ʚʳʟʚʘʥʥʳʭ, ʥʘʧʨʠʤʝʨ, ʪʦʧʦʣʦʛʠʝʡ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ (ʚ ʯʘʩʪ-

ʥʦʩʪʠ, ʘʥʪʠʘʜʠʘʙʘʪʠʯʥʦʩʪʴʶ) ʠʣʠ ʧʝʨʝʥʦʨʤʠʨʦʚʢʦʡ ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʙʦʟʦʥʥʳʤʠ ʤʦʜʘʤʠ (ʥʘ-

ʧʨʠʤʝʨ, ʩʧʠʥʦʚʳʤ ʵʢʩʠʪʦʥʦʤ) ʙʫʜʝʪ ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʝʨʦʷʪʥʦʩʪʝʡ A(e), B(e) ʠ 

T(e) ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʠʜ ɺɸʍ ʠ dI(V)/dV-ʩʧʝʢʪʨʘ ʢʘʢ ʥʠʞʝ, ʪʘʢ ʠ ʚʳʰʝ ʊʩ.  

 

 

2.2. ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʄʦʩʢʘʣʝʥʢʦ ʠ ʉʫʣʘ ʜʣʷ ʜʚʫʭʟʦʥʥʦʛʦ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ  

 

ɺʧʝʨʚʳʝ ʦʧʠʩʘʥʠʝ ʜʚʫʭʟʦʥʥʦʡ ʉʇ-ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ ʪʝʦʨʠʠ ɹʂʐ ʙʳʣʦ ʩʜʝʣʘʥʦ ʥʝʟʘʚʠʩʠ-

ʤʦ ʄʦʩʢʘʣʝʥʢʦ [212,213] ʠ ʉʫʣʦʤ ʠ ʜʨ. [214]. ɺ ʵʪʦʡ ʤʦʜʝʣʠ ʦʧʠʩʳʚʘʝʪʩʷ ʩʠʩʪʝʤʘ ʠʟ ʜʚʫʭ ʉʇ-

ʢʦʥʜʝʥʩʘʪʦʚ, ʚ ʢʦʪʦʨʳʭ ʚʥʫʪʨʠʟʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʧʠʩʳʚʘʝʪʩʷ ɹʂʐ-ʠʥʪʝʛʨʘʣʦʤ (ʚ ʧʨʝʜʝʣʝ 

ʩʣʘʙʦʡ ʩʚʷʟʠ) ʠ ʢʦʥʩʪʘʥʪʘʤʠ ʩʚʷʟʠ lii ¹ Ni(0)Vi, ʛʜʝ Ni(0) ð ʧʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ i-ʡ 

ʟʦʥʝ ʥʘ ʫʨʦʚʥʝ ʌʝʨʤʠ ʚʳʰʝ ʊʩ, Vi ð ʧʦʪʝʥʮʠʘʣ rʚʥʫʪʨʠʟʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʘ ʤʝʞʟʦʥʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ k-ʧʨʦʩʪʨʘʥʩʪʚʝ ð ʢʦʥʩʪʘʥʪʘʤʠ ʩʚʷʟʠ lij ¹ Nj(0)Vi (i = 1,2 ð ʠʥʜʝʢʩ ʟʦʥʳ). ʅʘ-

ʙʣʶʜʘʝʤʳʝ (ʜʘʣʝʝ ð çʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝè) ʘʤʧʣʠʪʫʜʳ ʉʇ-ʱʝʣʝʡ ʚ ʜʚʫʭ ʟʦʥʘʭ Di(T) ʠ ʦʙʱʘʷ ʢʨʠ-

ʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʠʩʪʝʤʳ Tc ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʠʩʪʝʤʦʡ ʫʨʘʚʥʝʥʠʡ [212ï214]: 
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ɺʚʝʜʝʤ ʜʚʘ ʧʦʜʛʦʥʦʯʥʳʭ ʧʘʨʘʤʝʪʨʘ: ‌ , ʢʦʪʦʨʳʡ ʚ ʧʨʝʜʝʣʝ ʩʣʘʙʦʡ ʩʚʷʟʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʦʪʥʦhʝʥʠʶ ʧʣʦʪʥʦʩʪʝʡ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ N2(0)/N1(0), ʠ ‍ , ʨʘʚʥʳʡ ʦʪʥʦʰʝ-

ʥʠʶ ʩʠʣ ɻ ʬʬʝʢʪʠʚʥʦʛʦ ʚʥʫʪʨʠʟʦʥʥʦʛʦ ʠ ʤʝʞʟʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ʇʨʠ ʦʪʩʫʪʩʪʚʠʠ ʤʝʞʟʦʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (b Ÿ ¤) ʧʦʚʝʜʝʥʠʝ ʉʇ-ʢʦʥʜʝʥʩʘʪʦʚ ʥʝʟʘʚʠʩʠʤʦ: ʉʇ-ʱʝʣʠ ʠʤʝʶʪ çʩʦʙʩʪʚʝʥʥʳʝè 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ 2Di
eigen/kBTc

i = 3.53 ʠ ʦʙʨʘʱʘʶʪʩʷ ʚ ʥʦʣʴ ʧʨʠ ʜʚʫʭ çʩʦʙʩʪʚʝʥʥʳʭè 

Tc
i (ʣʠʥʠʠ ʩʝʨʦʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 33), ʘ ʠʭ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ D1(T) ʠ D2(T) ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʪʦʣʴʢʦ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʚʥʫʪʨʠʟʦʥʥʳʤʠ ʢʦʥʩʪʘʥʪʘʤʠ l11 ʠ l22 ʠ ʦʧʠʩʳʚʘʶʪʩʷ ʦʜʥʦʟʦʥʥʦʡ 

ɹʂʐ-ʬʫʥʢʮʠʝʡ.  

ʇʨʠ b = 1 (ʪ.ʝ. ʢʦʛʜʘ det[l] = 0) ʦʪʥʦʰʝʥʠʝ ʘʤʧʣʠʪʫʜ çʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭè ʉʇ-ʱʝʣʝʡ ʧʨʠ 

ʣʶʙʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ D1(T)/D2(T) = Ҟ(V1/V2) = const. ɺ ʧʨʝʜʝʣʝ b Ÿ 0 ʦʪʥʦʰʝʥʠʝ ʉʇ-ʱʝʣʝʡ ʧʨʠ 

ʊ = 0 ʩʦʩʪʘʚʣʷʝʪ D1(0)/D2(0) å Ҟa [212ï214]. ɺ ʩʣʫʯʘʝ ʥʝʥʫʣʝʚʦʛʦ ʤʝʞʟʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ-

ʙʣʜʁʘʝʤʘʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʦʙʱʘʷ ʊʩ ʦʧʨʝʜʝʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʦʡ ʢʦʥʩʪʘʥʪʦʡ ʩʚʷʟʠ ‗

, ʘ ʬʦʨʤʘ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ D1,2(T) ʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʧʘʨʘʤʝʪʨʦʚ a ʠ b.  

ʈʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʠ a = 10, 1, 0.1 ʠ b = 10, 1, 0.1, ʜʣʷ ʫʜʦʙʩʪʚʘ ʟʘʬʠʢʩʠʨʦʚʘʚ ʚʥʫʪʨʠʟʦʥʥʳʝ 

ʢʦʥʩʪʘʥʪʳ ʩʚʷʟʠ l11 = 0.25, l22 = 0.15. ɺ ʩʣʫʯʘʝ ʩʣʘʙʦʛʦ ʤʝʞʟʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (b = 10, ʈʠʩ. 

33ʘ) ʜʣʷ a Ó 1 ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ D2(T) ʧʦʷʚʣʷʝʪʩʷ ʚʳʨʘʞʝʥʥʳʡ çʧʨʦʛʠʙè, ʠʩʯʝʟʘʶ-

ʱʠʡ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ N2(0) ʚ ʟʦʥʝ ʩ ʤʘʣʦʡ ʉʇ-ʱʝʣʴʶ (a < 1). 

ɸʥʘʣʦʛʠʯʥʳʡ çʧʨʦʛʠʙè ʟʘʚʠʩʠʤʦʩʪʠ D1(T) ʭʦʨʦʰʦ ʚʠʜʝʥ ʪʦʣʴʢʦ ʧʨʠ a > 5, ʘ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ a 

ʟʘʚʠʩʠʤʦʩʪʴ D1(T) ʩʭʦʞʘ ʩ ɹʂʐ-ʦʙʨʘʟʥʦʡ. ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʦʪʥʦʰʝʥʠʝ ʙʦʣʴʰʦʡ ʉʇ-ʱʝʣʠ r1 

å 3.6ï4.1, ʥʘʙʣʶʜʘʝʤʦʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʦʢʘʟʳʚʘʝʪʩʷ ʥʝʤʥʦʛʦ ʚʳʰʝ ʧʨʝʜʝʣʘ ʩʣʘʙʦʡ ʩʚʷʟʠ 3.53, ʘ 

ʤʘʣʦʡ ʉʇ-ʱʝʣʠ r2 ð ʟʘʤʝʪʥʦ ʥʠʞʝ. ɺ ʩʣʫʯʘʝ ʥʫʣʝʚʦʛʦ ʜʝʪʝʨʤʠʥʘʥʪʘ ʤʘʪʨʠʮʳ lij (b = 1) (ʈʠʩ. 

33b) ʟʘʚʠʩʠʤʦʩʪʠ D1(T) ʠ D2(T) ʧʦʜʦʙʥʳ ʜʨʫʛ ʜʨʫʛʫ ʧʨʠ ʣʶʙʳʭ a. ʇʨʠ a > 1 ʦʙʝ ʉʇ-ʱʝʣʠ ʧʨʠ-

ʤʝʨʥʦ ʣʠʥʝʡʥʦ ʟʘʢʨʳʚʘʶʪʩʷ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʊ å (0.3ï0.8)Tc, ʘ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʦʪʥʦ-

ʰʝʥʠʷ a ʬʦʨʤʘ ʟʘʚʠʩʠʤʦʩʪʝʡ D1,2(T) ʙʣʠʟʢʘ ʢ ɹʂʐ-ʦʙʨʘʟʥʦʡ. ʇʨʠ a << 1 ʧʨʦʠʩʭʦʜʠʪ çʠʥʚʝʨ-

ʩʠè̫: ʚʦ 2-ʡ ʟʦʥʝ ʩ ʤʘʣʦʡ çʩʦʙʩʪʚʝʥʥʦʡè ʵʥʝʨʛʠʝʡ ʩʧʘʨʠʚʘʥʠʷ D2
eigen < D1

eigen ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʨʝʘʣʠ-

ʟʫʝʪʩʷ ʙʦʣʴʰʘʷ çʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷè ʉʇ-ʱʝʣ ɹD2 > D1. ɺ ʩʣʫʯʘʝ ʩʠʣʴʥʦʛʦ ʤʝʞʟʦʥʥʦʛʦ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʷ (b < 1, ʈʠʩ. 33ʩ) ʧʨʠ a >> 1 ʙʦʣʴʰʘʷ ʉʇ-ʱʝʣʴ ʥʘʯʠʥʘʝʪ ʨʝʟʢʦ ʟʘʢʨʳʚʘʪʴʩʷ ʫʞʝ ʧʨʠ T å 

0.2Tc, ʦʙʨʘʟʫʷ ʚʳʨʘʞʝʥʥʳʡ çʧʨʦʛʠʙè, ʧʨʠ ʵʪʦʤ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ 

ʙʣʠʟʢʘ ʢ ɹʂʐ-ʦʙʨʘʟʥʦʡ. ʇʨʠ a << 1 ʥʘʙʣʶʜʘʝʤʳʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʉʇ-ʱʝʣʝʡ ʧʨʘʢ-

ʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ ʩ ʚʳʰʝʫʢʘʟʘʥʥʳʤ ʩʣʫʯʘʝʤ, ʦʜʥʘʢʦ ʠʤʝʝʪ ʤʝʩʪʦ çʠʥʚʝʨʩʠʷè. ɼʣʷ ʩʣʫʯʘʷ ʨʘʚ-

ʥʳʭ ʧʣʦʪʥʦʩʪʝʡ ʩʦʩʪʦʷʥʠʡ ʚ ʜʚʫʭ ʟʦʥʘʭ N2(0) = N1(0) (ʪ.ʝ. a = 1) ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 
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ʙʦʣʴʰʦʡ ʠ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ. ʆʪʤʝʪʠʤ, ʯʪʦ ʫʩʠʣʝʥʠʝ ʤʝʞʟʦʥʥʦʛʦ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʷ ʩʠʣʴʥʝʝ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʘʤʧʣʠʪʫʜʝ çʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡè D2: ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʵʪʦ ʤʦʞʝʪ 

ʧʨʠʚʦʜʠʪʴ ʢ ʨʘʟʙʨʦʩʫ ʟʥʘʯʝʥʠʡ ʤʘʣʦʡ ʉʇ-ʱʝʣʠ ʧʨʠ ʣʦʢʘʣʴʥʦʡ ʚʘʨʠʘʮʠʠ ʩʠʣʳ ʤʝʞʟʦʥʥʦʛʦ ʚʟʘʠ-

ʤʦʜʝʡʩʪʚʠʷ. 
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ʈʠʩ. 33 ð ʅʦʨʤʠʨʦʚʘʥʥʳʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʉʇ-ʱʝʣʝʡ 2Di(T)/kBTc ʦʪ T/Tc, ʨʘʩʩʯʠ-

ʪʘʥʥʳʝ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʄʦʩʢʘʣʝʥʢʦ ʠ ʉʫʣʘ [212ï214] ʚ ʧʨʝʜʝʣʝ ʩʣʘʙʦʡ ʩʚʷʟʠ ʜʣʷ ʬʠʢʩʠʨʦ-

ʚʘʥʥʳʭ l11 = 0.25, l22 = 0.15 ʠ ʨʘʟʣʠʯʥʳʭ ʦʪʥʦʰʝʥʠʡ a = 0.1 (ʜʘʥʥʳʝ ʟʝʣʝʥʦʛʦ ʮʚʝʪʘ), 1 (ʩʠʥʝʛʦ 

ʮʚʝʪʘ), 10 (ʢʨʘʩʥʦʛʦ ʮʚʝʪʘ) ʧʨʠ ʚʘʨʠʘʮʠʠ ʩʠʣʳ ʤʝʞʟʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ b = 10 (ʘ), 1 (b), 0.1 

(c). çʉʦʙʩʪʚʝʥʥʳʝè ʟʘʚʠʩʠʤʦʩʪʠ Di
eigen(T) ʧʦʢʘʟʘʥʳ ʩʝʨʳʤ ʮʚʝʪʦʤ, ʜʘʥʥʳʝ D1(T) ð ʩʧʣʦʰʥʳʤʠ 

ʣʠʥʠʷʤʠ, D2(T) ð ʰʪʨʠʭʦʚʳʤʠ ʣʠʥʠʷʤʠ. 

 

ɺ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʨʘʙʦʪʘʭ ʇʘʣʠʩʪʨʘʥʪ ʠ ʜʨ. [381ï383] ʵʪʘ ʤʦʜʝʣʴ ʙʳʣʘ ʨʘʩʰʠʨʝʥʘ ʥʘ ʩʣʫʯʘʡ 

ʪʨʝʭʟʦʥʥʦʡ ʩʠʩʪʝʤʳ, ʘʥʪʠʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʧʨʝʜʝʣʘ, ʨʘʩʩʝʷʥʠʷ ʥʘ ʤʘʛʥʠʪʥʳʭ ʠ ʥʝʤʘʛʥʠʪʥʳʭ ʧʨʠ-

ʤʝʩʷʭ ʠ ʥʝʬʦʥʦʥʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʢʫʧʝʨʦʚʩʢʦʛʦ ʩʧʘʨʠʚʘʥʠʷ. ɺ ʠʩʧʦʣʴʟʫʝʤʦʡ ʥʘʤʠ ʤʦʜʠʬʠʢʘʮʠʠ 

[384] ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʄʦʩʢʘʣʝʥʢʦ ʠ ʉʫʣʘ [212ï214] ʜʣʷ ʧʦʧʨʘʚʦʢ ʩʠʣʴʥʦʡ ʩʚʷʟʠ ʚ ʢʘʞʜʦʡ 

ʠʟ ʟʦʥ 2Di(0)/kBTc = hiĀ3.53 (ʛʜʝ hi Ó 1) ʚʚʝʜʝʥʘ ʧʝʨʝʥʦʨʤʠʨʦʚʢʘ ʪʝʤʧʝʨʘʪʫʨʳ hiT ʚ ʢʘʞʜʦʤ ʠʟ 

ɹʂʐ-ʠʥʪʝʛʨʘʣʦʚ. ʅʘʠʙʦʣʝʝ ʟʘʤʝʪʥʦʝ ʚʣʠʷʥʠʝ ʧʦʧʨʘʚʢʘ h2 ʦʢʘʟʳʚʘʝʪ ʥʘ ʧʦʣʦʞʝʥʠʝ çʧʨʦʛʠʙʘè 

D2(T) ʚ ʩʣʫʯʘʷʭ ʩʣʘʙʦʛʦ ʠ ʫʤʝʨʝʥʥʦʛʦ ʤʝʞʟʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʘʨʘ ʪʝʤʧʝʨʘ-

ʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʉʇ-ʱʝʣʝʡ ʤʦʞʝʪ ʙʳʪʴ ʦʜʥʦʟʥʘʯʥʦ ʦʧʠʩʘʥʘ ʚ ʨʘʤʢʘʭ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ 

[384] ʤʦʜʝʣʠ ʄʦʩʢʘʣʝʥʢʦ ʠ ʉʫʣʘ [212ï214] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ 

D1(0), D2(0) ʠ ʊʩ ʠ ʪʨʝʭ ʧʦʜʛʦʥʦʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ: a, b ʠ h2. ɺʝʣʠʯʠʥʳ ʯʝʪʳʨʝʭ ʢʦʥʩʪʘʥʪ ʩʚʷʟʠ lij 

ʠ ʧʦʧʨʘʚʢʘ h1 ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʥʘ ʦʩʥʦʚʝ ʵʪʠʭ ʜʘʥʥʳʭ. 
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ʆʪʤʝʪʠʤ, ʯʪʦ ʦʧʨʝʜʝʣʷʝʤʳʝ ʥʘ ʦʩʥʦʚʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʟʘʚʠʩʠʤʦʩʪʝʡ DL,S(T) ʢʦʥʩʪʘʥʪʳ 

ʩʚʷʟʠ ‗
ᶻ

 ̫ ʚʣʷʶʪʩʷ çʧʝʨʝʥʦʨʤʠʨʦʚʘʥʥʳʤʠè ʠʣʠ çʤʘʣʳʤʠè (lij
0 ð çʧʦʣʥʳʝè ʢʦʥʩʪʘʥ-

ʪʳ, ʦʧʨʝʜʝʣʷʝʤʳʝ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʕʣʠʘʰʙʝʨʛʘ [160]). ɺ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʭ 

ʠʟ-ʟʘ ʩʣʘʙʦʩʪʠ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ [164] ʤʦʞʥʦ ʥʝ ʫʯʠʪʳʚʘʪʴ ʧʝʨʝʥʦʨʤʠʨʦʚʢʫ 

ʥʘ ʬʦʥʦʥʥʳʡ ʩʧʝʢʪʨ, ʪʦʛʜʘ lij = lij
0 ï mij

*. ɺʳʙʦʨ ʭʘʨʘʢʪʝʨʥʦʡ ʯʘʩʪʦʪʳ ʦʙʨʝʟʘʥʠʷ ɹʂʐ-ʠʥʪʝʛʨʘʣʦʚ 

wc ʚʣʠʷʝʪ ʪʦʣʴʢʦ ʥʘ ʘʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʥʩʪʘʥʪ lij ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, lij
0, ʥʝ ʤʝʥʷʷ ʬʦʨʤʫ 

ʟʘʚʠʩʠʤʦʩʪʝʡ Di(T). ʊʘʢʞʝ ʚʠʜ ʢʨʠʚʳʭ |Di(T)| ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʟʥʘʢʘ ʤʝʞʟʦʥʥʳʭ ʢʦʥʩʪʘʥʪ [384], ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʚʘʪʴ ʚʝʣʠʯʠʥʳ a, b, ʠ lij ʜʣʷ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʩʦ ʩʧʠʥ-ʬʣʫʢʪʫʘʮʠʦʥʥʳʤ ʩʧʘʨʠ-

ʚʘʥʠʝʤ. ʇʦʜʩʪʘʥʦʚʢʘ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʤʝʞʟʦʥʥʳʭ ʢʦʥʩʪʘʥʪ ʵʣʝʢʪʨʦʥ-ʙʦʟʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʪʝʭʥʠʯʝʩʢʠ ʜʘʝʪ ʦʪʨʠʮʘʪʝʣʴʥʫʶ ʤʘʣʫʶ ʉʇ-ʱʝʣʴ.  

 

 

 

2.3. ʊʝʭʥʠʢʘ ʩʦʟʜʘʥʠʷ ʧʣʘʥʘʨʥʳʭ ʤʝʭʘʥʠʯʝʩʢʠ ʨʝʛʫʣʠʨʫʝʤʳʭ ʢʦʥʪʘʢʪʦʚ ʥʘ ʤʠʢʨʦʪʨʝʱʠʥʝ  

 

ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʫʥʥʝʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʤʦʥʦ- ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ ʩʣʦʠʩ-

ʪʳʭ ʧʥʠʢʪʠʜʦʚ ʠ ʩʝʣʝʥʠʜʦʚ ʩʝʤʝʡʩʪʚ 122 ʠ 1144 ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʪʝʭʥʠʢʘ ʩʦʟʜʘʥʠʷ ʧʣʘʥʘʨʥʳʭ 

ʤʝʭʘʥʠʯʝʩʢʠ ʨʝʛʫʣʠʨʫʝʤrʭ ʢʦʥʪʘʢʪʦʚ ʥʘ ʤʠʢʨʦʪʨʝʱʠʥʝ (ʇʄʈʂʄ) [380], ʷʚʣʷʶʱʘʷʩʷ ʤʦʜʠʬʠʢʘ-

ʮʠʝʡ  ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʝʭʥʠʢʠ çbreak-junctionè [385]. ɺ ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʝʭʥʠʢʝ çbreak-junctionè 

[385,386] ʦʙʨʘʟʝʮ ʚ ʚʠʜʝ ʪʦʥʢʦʡ ʧʨʦʚʦʣʦʢʠ ʜʠʘʤʝʪʨʦʤ ʦʢʦʣʦ 0.1 ʤʤ ʟʘʢʨʝʧʣʷʝʪʩʷ ʥʘ ʩʪʦʣʠʢ, ʢ ʮʝʥʪ-

ʨʫ ʢʦʪʦʨʦʛʦ ʩ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ ʩʪʦʨʦʥʳ ʧʦʜʚʦʜʠʪʩʷ ʧʴʝʟʦʵʣʝʤʝʥʪ. ʇʨʠ ʨʝʛʫʣʠʨʦʚʢʝ ʥʘʧʨʷʞʝʥʠʷ 

ʥʘ ʧʴʝʟʦʵʣʝʤʝʥʪʝ ʩʪʦʣʠʢ, ʢʨʝʧʢʦ ʫʜʝʨʞʠʚʘʝʤʳʡ ʩʦ ʩʪʦʨʦʥʳ ʦʙʨʘʟʮʘ ʧʦ ʢʨʘʷʤ ʜʚʫʤʷ ʩʪʘʮʠʦʥʘʨʥʳ-

ʤʠ ʫʧʦʨʘʤʠ, ʠʟʛʠʙʘʝʪʩʷ, ʯʪʦ ʚʳʟʳʚʘʝʪ ʨʘʟʨʳʚ ʧʨʦʚʦʣʦʢʠ ʥʘʜ ʧʴʝʟʦʵʣʝʤʝʥʪʦʤ. ʇʦʩʣʝ ʨʘʟʨʳʚʘ ʜʚʝ 

ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ ʯʘʩʪʠ ʧʨʦʚʦʣʦʢʠ ʩʚʦʜʷʪʩʷ ʚʤʝʩʪʝ. ʊʘʢʘʷ ʪʝʭʥʠʢʘ, ʚ ʦʩʥʦʚʥʦʤ, ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʯʥʭr ʢʦʥʪʘʢʪʦʚ ʩ lF ~ d << x0 ʠ RN ~ 2e2/h [356] ʠ çʢʦʨʦʪʢʠʭè SIS ʠʣʠ 

ScS-ʢʦʥʪʘʢʪʦʚ ʩ ʬʘʟʦʚʦʡ ʢʦʛʝʨʝʥʪʥʦʩʪʴʶ ʤʝʞʜʫ ʉʇ-ʙʝʨʝʛʘʤʠ ʠ ʨʘʟʤʝʨʘʤʠ d Ò x0 [386]. ɺ ʧʦʩʣʝʜ-

ʥʝʝ ʚʨʝʤʷ ʢʣʘʩʩʠʯʝʩʢʘʷ ʪʝʭʥʠʢʘ çbreak-junctionè ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʵʣʝʢʪʨʦʥ-

ʥʳʭ ʠ ʬʦʥʦʥʥʳʭ ʩʚʦʡʩʪʚ ʦʪʜʝʣʴʥʳʭ (ʦʙʳʯʥʦ ʦʨʛʘʥʠʯʝʩʢʠʭ) ʤʦʣʝʢʫʣ [387ï389]. 

ʂʦʥʩʪʨʫʢʮʠʷ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʩʪʦʣʠʢʘ ʇ-ʦʙʨʘʟʥʦʡ ʬʦʨʤʳ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʇʄʈʂʄ-ʤʦʜʠ-

ʬʠʢʘʮʠʠ ʪʝʭʥʠʢʠ çbreak-junctionè, ʠʩʧʦʣʴʟʦʚʘʥʥʦʡ ʚ ʨʘʙʦʪʝ, ʧʨʠʚʝʜʝʥʘ ʥʘ ʈʠʩ. 34ʘ. ʉʪʦʣʠʢ ʠʟʛʦ-

ʪʘʚʣʠʚʘʝʪʩʷ ʠʟ ʙʝʨʠʣʣʠʝʚʦʡ ʙʨʦʥʟʳ ɹʨɹ2 ʪʦʣʱʠʥʦʡ 0.2 ʤʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʝʤʫ ʩʦʭʨʘʥʷʪʴ ʫʧʨʫʛʦʩʪʴ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʙʣʠʟʠ ʘʙʩʦʣʶʪʥʦʛʦ ʥʫʣʷ. ʅʘ ʩʪʦʣʠʢ (8) ʩ ʧʦʤʦʱʴʶ ʙʘʥʜʘʞʘ (4) ʢʨʝʧʠʪʩʷ ʧʦʜ-

ʣʦʞʢʘ ʠʟ ʬʦʣʴʛʠʨʦʚʘʥʥʦʛʦ ʛʝʪʠʥʘʢʩʘ (3), ʥʘ ʢʦʪʦʨʦʡ ʩʜʝʣʘʥʳ ʯʝʪʳʨʝ ʤʝʜʥʳʝ ʧʣʦʱʘʜʢʠ (5) ʠ 
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ʢʦʥʮʝʥʪʨʘʪʦʨ ʥʘʧʨʷʞʝʥʠʡ. ʂ ʤʝʜʥʳʤ ʧʣʦʱʘʜʢʘʤ ʧʨʠʧʘʠʚʘʶʪʩʷ ʪʦʢʦʚʳʝ ʠ ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʢʦʥʪʘʢ-

ʪʳ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʈʠʩ. 34ʘ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʯʝʪʳʨʝʭʪʦʯʝʯʥʦʝ ʧʦʜʢʣʯʁʝʥʠʝ ʦʙʨʘʟʮʘ. ʅʘ ʫʛʣʳ 

ʦʙʨʘʟʮʘ, ʧʦʜʛʦʪʦʚʣʝʥʥʦʛʦ ʚ ʚʠʜʝ ʪʦʥʢʦʡ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʧʣʘʩʪʠʥʢʠ ʨʘʟʤʝʨʦʤ (2ï3) ³ (1ï1.5) ³ (0.2ï

0.5) ʤʤ3 (ʚ ʩʣʫʯʘʝ ʩʣʦʠʩʪʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʡ ʧʘʨʘʣʣʝʣʴʥʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ 

ab-ʧʣʦʩʢʦʩʪʠ) ʩ ʜʚʫʭ ʩʪʦʨʦʥ ʥʘʥʦʩʷʪʩʷ ʢʘʧʣʠ ʞʠʜʢʦʛʦ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ In-Ga-ʧʨʠʧʦʷ 

(6), ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʦʙʨʘʟʝʮ (7) ʟʘʢʨʝʧʣʷʝʪʩʷ ʥʘ ʯʝʪʳʨʝʭ ʤʝʜʥʳʭ ʧʣʦʱʘʜʢʘʭ (5). ɹʣʘʛʦʜʘʨʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʵʚʪʝʢʪʠʢʠ (6) ʧʨʝʜʦʪʚʨʘʱʘʝʪʩʷ ʧʨʝʞʜʝʚʨʝʤʝʥʥʦʝ ʨʘʟʨʫʰʝʥʠʝ ʦʙʨʘʟʮʘ ʥʘ ʥʘʯʘʣʴ-

ʥʦʤ ʵʪʘʧʝ ʦʭʣʘʞʜʝʥʠʷ ʚʩʪʘʚʢʠ ʠʟ-ʟʘ ʥʝʠʟʙʝʞʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʦʜʣʦʞʢʠ. ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʦʙʨʘʟ-

ʮʘ, ʜʝʛʨʘʜʠʨʫʶʱʝʛʦ ʥʘ ʦʪʢʨʳʪʦʤ ʚʦʟʜʫʭʝ (ʥʘʧʨʠʤʝʨ, EuCsFe4As4 ʠ ʬʝʨʨʦʩʝʣʝʥʠʜʦʚ ʨʘʟʣʠʯʥʳʭ ʩʦ-

ʩʪʘʚʦʚ), ʚʳʰʝʦʧʠʩʘʥʥʳʡ ʧʨʦʮʝʩʩ ʤʦʥʪʘʞʘ ʥʘ ʩʪʦʣʠʢ ʧʨʦʚʦʜʠʣʩʷ ʚ ʧʝʨʯʘʪʦʯʥʦʤ ʙʦʢʩʝ ʩ ʘʪʤʦʩʬʝ-

ʨʦʡ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʩʫʰʝʥʥʦʛʦ ʘʨʛʦʥʘ. ʇʦʩʣʝ ʵʪʦʛʦ ʩʪʦʣʠʢ ʥʘ ʦʪʢʨʳʪʦʤ ʚʦʟʜʫʭʝ ʟʘʢʨʝʧʣʷʣʩʷ ʥʘ 

ʚʩʪʘʚʢʝ, ʧʨʦʮʝʩʩ ʟʘʥʠʤʘʣ ʚ ʩʨʝʜʥʝʤ ʥʝ ʙʦʣʝʝ 3ï7 ʤʠʥʫʪ. ʉʦ ʩʪʦʨʦʥʳ, ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ ʦʙʨʘʟʮʫ, ʢ 

ʩʪʦʣʠʢʫ ʧʦʜʚʦʜʠʣʘʩʴ ʠʛʣʘ (2), ʚʩʪʘʚʣʝʥʥʘʷ ʚ ʦʩʪʨʠʝ ʚʠʥʪʘ ʩ ʤʠʢʨʦʤʝʪʨʠʯʝʩʢʦʡ ʨʝʟʴʙʦʡ (1). 

ɼʘʣʝʝ ʚʩʪʘʚʢʘ ʩʦ ʩʤʦʥʪʠʨʦʚʘʥʥʳʤ ʦʙʨʘʟʮʦʤ ʧʦʤʝʱʘʣʘʩʴ ʚ ʢʨʠʦʩʪʘʪ ʚ ʘʪʤʦʩʬʝʨʫ ʧʘʨʦʚ 

ʛʝʣʠʷ ʠ ʦʭʣʘʞʜʘʣʘʩʴ ʩʦ ʩʢʦʨʦʩʪʴʶ ʦʢʦʣʦ (0.1ï0.5) ʂ/cʝʢ ʜʦ ʧʦʛʨʫʞʝʥʠʷ ʦʙʨʘʟʮʘ ʚ ʞʠʜʢʠʡ ʛʝʣʠʡ. 

ʇʨʠ ʨʝʛʫʣʠʨʦʚʢʝ ʤʠʢʨʦʚʠʥʪʘ ʝʛʦ ʧʦʩʪʫʧʘʪʝʣʴʥʦʝ ʜʚʠʞʝʥʠʝ, ʧʝʨʝʜʘʚʘʝʤʦʝ ʠʛʣʦʡ, ʠʟʛʠʙʘʝʪ ʩʪʦʣʠʢ, 

ʩʧʦʩʦʙʩʪʚʫʷ ʦʙʨʘʟʦʚʘʥʠʶ ʤʠʢʨʦʪʨʝʱʠʥʳ ʚ ʦʙʨʘʟʮʝ ʚʜʦʣʴ ʢʦʥʮʝʥʪʨʘʪʦʨʘ ʥʘʧʨʷʞʝʥʠʡ. ʄʠʢʨʦʪʨʝ-

ʱʠʥʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ, ʨʘʟʜʝʣʷʶʱʠʡ ʜʚʝ ʯʘʩʪʠ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ ʉʇ-

ʦʙʨʘʟʮʘ. ʆʙʨʘʟʦʚʘʥʠʝ ʤʠʢʨʦʪʨʝʱʠʥʳ ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ ʦʙʲʝʢʪʠʚʥʦ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ ʧʦ ʤʦʤʝʥʪʫ 

ʧʦʷʚʣʝʥʠʷ ʢʦʥʝʯʥʦʛʦ ʥʘʢʣʦʥʘ ɺɸʍ ʦʙʨʘʟʮʘ.  

ɺ ʠʩʧʦʣʴʟʫʝʤʦʡ ʥʘʤʠ ʇʄʈʂʄ-ʤʦʜʠʬʠʢʘʮʠʠ [380], ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʠʤʝʥʥʦ 

ʢ ʩʣʦʠʩʪʳʤ ʤʘʪʝʨʠʘʣʘʤ, ʧʨʠ ʧʨʝʮʠʟʠʦʥʥʦʤ ʠʟʛʠʙʝ ʩʪʦʣʠʢʘ ʦʙʨʘʟʝʮ ʨʘʩʩʣʘʠʚʘʝʪʩʷ ʚʜʦʣʴ ʢʨʠʩʪʘʣ-

ʣʦʛʨʘʬʠʯʝʩʢʠʭ ab-ʧʣʦʩʢʦʩʪʝʡ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʪʫʧʝʥʝʢ-ʠ-ʪʝʨʨʘʩ ʥʘ ʜʚʫʭ ʢʨʠʦʛʝʥʥʳʭ ʩʢʦʣʘʭ. ɺ 

ʧʨʦʮʝʩʩʝ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʝʭʥʠʢʠ çbreak-junctionè [385,386], ʪʨʝʱʠʥʘ ʦʩ-

ʪʘʝʪʩʷ çʟʘʢʨʳʪʦʡè: ʪʝʨʨʘʩʳ ʩʢʦʣʴʟʷʪ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ ʚʜʦʣʴ ab-ʧʣʦʩʢʦʩʪʠ (ʢʘʢ ʧʦʢʘʟʘʥʦ 

ʯʝʨʥʳʤʠ ʛʦʨʠʟʦʥʪʘʣʴʥʳʤʠ ʩʪʨʝʣʢʘʤʠ ʥʘ ʈʠʩ. 34b), ʧʨʠ ʵʪʦʤ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʥʠʤʠ ʚʜʦʣʴ ʦʩʠ ʩ 

ʤʘʣʦ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʝʪʩʷ. ʅʘ ʵʪʦ ʫʢʘʟʳʚʘʝʪ ʧʦʚʳʰʝʥʥʘʷ GZBC ʠ ʥʘʣʠʯʠʝ Iexc > 0 ʦʪʥʦʩʠʪʝʣʴ-

ʥʦ ʦʤʠʯʝʩʢʦʡ ɺɸʍ ʩʨʘʟʫ ʧʦʩʣʝ ʩʦʟʜʘʥʠʷ ʤʠʢʨʦʪʨʝʱʠʥʳ ʠ ʧʨʠ ʩʣʘʙʳʭ ʜʝʬʦʨʤʘʮʠʷʭ ʩʪʦʣʠʢʘ. ʀʟʤʝ-

ʨʠʪʝʣʴʥʳʡ ʪʦʢ I ʚʩʝʛʜʘ ʪʝʯʝʪ ʯʝʨʝʟ ʪʫʥʥʝʣʴʥʳʡ ʢʦʥʪʘʢʪ ʚʜʦʣʴ ʩ-ʥʘʧʨʘʚʣʝʥʠʷ (ʢʨʘʩʥʘʷ ʩʪʨʝʣʢʘ ʥʘ 

ʈʠʩ. 34b). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʧʦʣʴʟʫʝʤʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʧʨʝʜʦʪʚʨʘʱʘʝʪ ʧʨʦʥʠʢʥʦʚʝʥʠʝ ʧʨʠʤʝʩʝʡ ʠ 

ʜʝʛʨʘʜʘʮʠʶ ʢʨʠʦʛʝʥʥʳʭ ʩʢʦʣʦʚ ʦʙʨʘʟʮʘ.  

ʉʦʟʜʘʥʠʝ ʩʚʝʞʠʭ ʩʢʦʣʦʚ ʧʫʪʝʤ ʤʝʭʘʥʠʯʝʩʢʦʡ ʨʝʛʫʣʠʨʦʚʢʠ ʠ ʧʦʣʫʯʝʥʠʝ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥ-

ʥʳʭ ScS-ʢʦʥʪʘʢʪʦʚ ʩ ʧʦʤʦʱʴʶ ʪʝʭʥʠʢʠ ʇʄʈʂʄ ʚʦʟʤʦʞʥʦ ʚ ʪʝʯʝʥʠʝ 8ï10 ʯʘʩʦʚ ʧʦʩʣʝ ʧʝʨʚʦʥʘ-

ʯʘʣʴʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʤʠʢʨʦʪʨʝʱʠʥʳ. ʇʨʠ ʨʘʟʚʝʜʝʥʠʠ ʯʘʩʪʝʡ ʦʙʨʘʟʮʘ ʥʘ ʟʥʘʯʠʪʝʣʴʥʦʝ ʨʘʩʩʪʦʷʥʠʝ 

ɺɸʍ ʩʪʘʥʦʚʠʪʩʷ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʠ RN Ÿ Ð. ʍʦʪʷ ʧʦʩʣʝʜʫʶʱʝʝ ʩʚʝʜʝʥʠʝ ʯʘʩʪʝʡ ʦʙʨʘʟʮʘ ʠ 
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ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʩʚʝʨʭʪʦʢʘ ʥʘ ɺɸʍ ʚʦʟʤʦʞʥʦ, ʢʘʞʜʳʡ ʧʦʜʦʙʥʳʡ ʘʢʪ ʫʤʝʥʴʰʘʝʪ 

ʧʨʦʟʨʘʯʥʦʩʪʴ ʙʘʨʴʝʨʘ ʚ ʩʨʝʜʥʝʤ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʨʦʮʝʥʪʦʚ, ʧʝʨʝʚʦʜʷ ʤʠʢʨʦʪʨʝʱʠʥʫ ʚ ʥʘʠʤʝʥʝʝ 

ʫʜʦʙʥʳʡ ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨʘ çʧʨʦʤʝʞʫʪʦʯʥʳʡè ʨʝʞʠʤ ʩ ʊ å 50%ï70%, ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʩʦʢʨʘʱʘ-

ʝʪ ʚʨʝʤʷ ʞʠʟʥʠ ʢʨʠʦʛʝʥʥʳʭ ʩʢʦʣʦʚ. 

a 

b 

ʈʠʩ. 34 ð (ʘ) ʂʦʥʩʪʨʫʢʮʠʷ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʩʪʦʣʠʢʘ ʜʣʷ ʩʦʟʜʘʥʠʷ ʧʣʘʥʘʨʥʳʭ ʤʝʭʘʥʠʯʝʩʢʠ ʨʝʛʫ-

ʣʠʨʫʝʤʳʭ ʢʦʥʪʘʢʪʦʚ ʥʘ ʤʠʢʨʦʪʨʝʱʠʥʝ. 1 ð ʤʠʢʨʦʚʠʥʪ, 2 ð ʠʛʣʘ, 3 ð ʧʦʜʣʦʞʢʘ, 4 ð ʙʘʥʜʘʞ, 

5 ð ʤʝʜʥʳʝ ʧʣʦʱʘʜʢʠ, 6 ð In-Ga-ʧʨʠʧʦʡ, 7 ð ʦʙʨʘʟʝʮ, 8 ð ʧʨʫʞʠʥʘ ʠʟ ʙʝʨʠʣʣʠʝʚʦʡ ʙʨʦʥʟʳ. 

(b) ʉʭʝʤʘ ʦʙʨʘʟʦʚʘʥʠʷ ʩʪʦʧʦʯʥʦʛʦ ʢʦʥʪʘʢʪʘ (m = 4) ʥʘ ʩʪʫʧʝʥʴʢʘʭ ʠ ʪʝʨʨʘʩʘʭ ʢʨʠʦʛʝʥʥʦʛʦ ʩʢʦʣʘ 

ʩʣʦʠʩʪʦʛʦ ʦʙʨʘʟʮʘ. ʂʨʘʩʥʳʤʠ ʩʪʨʝʣʢʘʤʠ ʧʦʢʘʟʘʥʦ ʥʘʧʨʘʚʣʝʥʠʝ ʪʫʥʥʝʣʴʥʦʛʦ ʪʦʢʘ I, ʯʝʨʥʳʤʠ 

ʩʪʨʝʣʢʘʤʠ ð ʥʘʧʨʘʚʣʝʥʠʝ ʩʢʦʣʴʞʝʥʠʷ ʉʇ-ʙʝʨʝʛʦʚ ʧʨʠ ʪʦʥʢʦʡ ʥʘʩʪʨʦʡʢʝ.  

 

ʇʨʠ ʪʦʥʢʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʨʝʛʫʣʠʨʦʚʢʝ ʤʠʢʨʦʚʠʥʪʘ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʤʝʥʷʝʪʩʷ ʧʣʦʱʘʜʴ 

ʩʦʧʨʠʢʦʩʥʦʚʝʥʠʷ ʪʝʨʨʘʩ ʥʘ ʜʚʫʭ ʢʨʠʦʛʝʥʥʳʭ ʩʢʦʣʘʭ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠʟ-ʟʘ ʠʭ ʩʢʦʣʴʞʝʥʠʷ ʚʘʨʴʠ-

ʨʫʝʪʩʷ ʨʘʟʤʝʨ ʢʦʥʪʘʢʪʘ dab ʚʜʦʣʴ ab-ʧʣʦʩʢʦʩʪʝʡ (ʥʘʧʨʦʪʠʚ, ʨʘʟʤʝʨ dc ʚ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʩ-ʥʘ-

ʧʨʘʚʣʝʥʠʠ ʦʩʪʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʧʦʩʪʦʷʥʥʳʤ). ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʦʠʩʭʦʜʠʪ ʧʣʘʚʥʦʝ (ʙʝʟ ʩʢʘʯʢʦʚ) ʠʟ-

ʤʝʥʝʥʠʝ ʥʘʢʣʦʥʘ ɺɸʍ ʩ ʫʚʝʣʠʯʝʥʠʝʤ RN. ʊʘʢʞʝ ʚʦʟʤʦʞʝʥ ʧʝʨʝʩʢʦʢ ʪʦʯʢʠ ʢʘʩʘʥʠʷ ʥʘ ʩʦʩʝʜʥʠʝ 

ʪʝʨʨʘʩʳ.  

ʀʩʧʦʣʴʟʫʝʤʘʷ ʪʝʭʥʠʢʘ ʇʄʈʂʄ ʧʨʠʤʝʥʠʤʘ ʢʘʢ ʢ ʤʦʥʦʢʨʠʩʪʘʣʣʘʤ, ʪʘʢ ʠ ʢ ʧʦʣʠʢʨʠʩʪʘʣʣʠ-

ʯʝʩʢʠʤ ʦʙʨʘʟʮʘʤ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ [380]. ʉʭʝʤʘ ʧʨʦʭʦʞʜʝʥʠʷ ʪʨʝʱʠʥʳ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʝ ʩ ʭʘʦ-

ʪʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʟʝʨʝʥ ʩʦ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʦʡ ʧʦʢʘʟʘʥʘ ʥʘ ʈʠʩ. 35ʘ. ɿʝʨʥʘ, ʛʜʝ ab-ʧʣʦʩʢʦʩʪʠ 

ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʪʨʝʱʠʥʝ (ʟʝʨʥʦ ˉ 1 ʥʘ ʈʠʩ. 35ʘ), ʦʩʪʘʶʪʩʷ ʥʝʨʘʩʢʦʣʦʪʳʤʠ. ʅʘ-

ʧʨʦʪʠʚ, ʢʨʠʩʪʘʣʣʠʪʳ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʝ ʧʨʠʤʝʨʥʦ ʧʘʨʘʣʣʝʣʴʥʦ ʪʨʝʱʠʥʝ (ʟʝʨʥʦ ˉ 3 ʥʘ ʈʠʩ. 35ʘ) 

ʦʢʘʞʫʪʩʷ ʨʘʩʢʦʣʦʪʳ. ɼʣʷ ʢʨʠʩʪʘʣʣʠʪʦʚ, ab-ʧʣʦʩʢʦʩʪʠ ʢʦʪʦʨʳʭ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʧʦʜ ʫʛʣʦʤ ʢ 
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ʧʣʦʩʢʦʩʪʠ ʪʨʝʱʠʥʳ (ʟʝʨʥʦ ˉ 2 ʥʘ ʈʠʩ. 35ʘ), ʚʝʨʦʷʪʥʦʩʪʴ ʨʘʩʢʦʣʘ ʟʘʚʠʩʠʪ ʦʪ ʫʛʣʘ ʦʨʠʝʥʪʘʮʠʠ ʠ ʦʪ 

ʦʪʥʦʰʝʥʠʷ ʧʨʦʯʥʦʩʪʝʡ ʤʝʞʩʣʦʝʚʦʡ ʩʚʷʟʠ ʤʘʪʝʨʠʘʣʘ Pil ʚʜʦʣʴ ʩ-ʥʘʧʨʘʚʣʝʥʠʷ ʠ ʤʝʞʟʝʨʝʥʥʦʡ ʩʚʷʟʠ 

Pig. ʈʘʩʯʝʪ [380] ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʜʣʷ ʟʝʨʝʥ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʦʜ ʤʘʣʳʤʠ ʫʛʣʘʤʠ ʢ ʧʣʦʩʢʦʩʪʠ ʪʨʝ-

ʱʠʥʳ, ʚʩʝʛʦ ʧʨʠ Pig/Pil = 1.5 ʜʦ 20% ʠʭ ʯʠʩʣʘ ʦʢʘʞʫʪʩʷ ʨʘʩʢʦʣʦʪʳ ʚ ʩʣʫʯʘʝ, ʝʩʣʠ ʢʘʞʜʦʝ ʟʝʨʥʦ 

ʠʤʝʝʪ ʤʝʭʘʥʠʯʝʩʢʫʶ ʩʚʷʟʴ ʩʦ ʚʩʝʤʠ ʩʦʩʝʜʥʠʤʠ ʟʝʨʥʘʤʠ (ʢʨʘʩʥʘʷ ʢʨʠʚʘʷ ʥʘ ʈʠʩ. 35b), ʯʪʦ ʨʝʘʣʠʟʫ-

ʝʪʩʷ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ, ʧʦʜʚʝʨʛʰʠʭʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤʫ ʦʪʞʠʛʫ; ʚ ʙʦʣʝʝ ʨʳʭʣʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ, 

ʝʩʣʠ ʢʘʞʜʳʡ ʢʨʠʩʪʘʣʣʠʪ ʩʦʝʜʠʥʝʥ ʩ ʧʦʣʦʚʠʥʦʡ ʩʦʩʝʜʥʠʭ, ð ʜʦ 7% ʟʝʨʝʥ ʦʢʘʞʫʪʩʷ ʨʘʩʢʦʣʦʪʳ 

(ʢʨʠʚʘʷ ʩʠʥʝʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 35b).  

ʅʘ ʈʠʩ. 35ʩ ʧʦʢʘʟʘʥʦ ʠʟʦʙʨʘʞʝʥʠʝ ʩʢʦʣʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʝ-

ʛʦ ʦʢʩʠʧʥʠʢʪʠʜʘ Gd(O,F)FeAs [390], ʥʘ ʢʦʪʦʨʦʤ ʚʠʜʝʥ ʢʨʫʧʥʳʡ (ʨʘʟʤʝʨʦʤ ʦʢʦʣʦ 10 ʤʢʤ) ʥʝʨʘʩʢʦ-

ʣʦʚhʠʡʩʷ ʢʨʠʩʪʘʣʣʠʪ (ʦʪʤʝʯʝʥ ʩʠʥʝʡ ʨʘʤʢʦʡ ʥʘ ʈʠʩ. 35ʩ), ʘ ʪʘʢʞʝ ʯʝʪʳʨʝ ʨʘʩʢʦʣʦʚʰʠʭʩʷ ʟʝʨʥʘ 

(ʦʪʤʝʯʝʥʳ ʢʨʘʩʥʳʤʠ ʨʘʤʢʘʤʠ ʥʘ ʈʠʩ. 35ʩ). ʅʘ ʫʚʝʣʠʯʝʥʥʦʤ ʬʨʘʛʤʝʥʪʝ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʩʢʦʣʦʚʰʝ-

ʛʦʩʷ ʟʝʨʥʘ (ʈʠʩ. 35d) ʭʦʨʦʰʦ ʚʠʜʥʳ ʩʪʫʧʝʥʴʢʠ-ʠ-ʪʝʨʨʘʩʳ, ʘʥʘʣʦʛʠʯʥʦ ʧʦʚʝʨʭʥʦʩʪʠ ʩʢʦʣʦʚ, ʭʘʨʘʢ-

ʪʝʨʥʳʭ ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʊʠʧʠʯʥʳʝ ʨʘʟʤʝʨʳ ʢʨʫʧʥʳʭ ʪʝʨʨʘʩ ʩʦʩʪʘʚʣʷʶʪ 

ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʤʢʤ, ʩʨʝʜʥʠʭ ð 0.3 ³ 5 ʤʢʤ2, ʤʝʣʢʠʭ ð 0.1 ³ 1 ʤʢʤ2. 

ɼʣʷ ʣʶʙʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʭʘʨʘʢʪʝʨʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʩʪʦʧʦʯʥʳʭ ʩʪʨʫʢʪʫʨ, ʵʣʝʢʪʨʠʯʝʩ-

ʢʠ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʮʝʧʦʯʢʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʦʜʢʣʶʯʝʥʥʳʭ ScS-ʢʦʥʪʘʢʪʦʚ ʩ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʳ-

ʤʠ RN. ɼʣʷ ʩʨʘʚʥʝʥʠʷ, ʚ ɺʊʉʇ-ʢʫʧʨʘʪʘʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʝʩʪʝʩʪʚʝʥ-

ʥʫʶ ʩʪʦʧʢʫ SIS-ʢʦʥʪʘʢʪʦʚ, ʚ ʢʦʪʦʨʳʭ ʚ ʢʘʯʝʩʪʚʝ çSè ʚʳʩʪʫʧʘʶʪ ʉʇ-ʙʣʦʢʠ ʩ CuO2-ʩʣʦʷʤʠ, ʘ ʚ ʢʘ-

ʯʝʩʪʚʝ çIè ð ʦʢʩʠʜʥʳʝ ʩʧʝʡʩʝʨʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩ ʧʦʤʦʱʴʶ ʪʝʭʥʠʢʠ ʇʄʈʂʄ ʥʘʙʣʶʜʘʪʴ ʚʥʫʪʨʝʥ-

ʥʠʡ ʵʬʬʝʢʪ ɼʞʦʟʝʬʩʦʥʘ ʧʨʠ ʪʨʘʥʩʧʦʨʪʥʦʤ ʪʦʢʝ ʚʜʦʣʴ ʩ-ʥʘʧʨʘʚʣʝʥʠʷ [391,392]. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝ-

ʨʘ ʥʘ ʈʠʩ. 36ʘ ʧʨʠʚʝʜʝʥʳ dI(V)/dV-ʩʧʝʢʪʨʳ ʩʪʦʧʦʯʥʳʭ SIS-ʢʦʥʪʘʢʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʪʝʭ-

ʥʠʢʠ ʇʄʈʂʄ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʝ Bi-2212 ʧʨʠ ʊ = 4.2 ʂ [392]. ʂʚʘʥʪʦʚʘʥʥʦʩʪʴ ʧʦʣʦʞʝʥʠʷ ʱʝʣʝʚʦʡ 

ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʠ eV = mĀ2D(0) ʧʦʟʚʦʣʷʝʪ ʦʜʥʦʟʥʘʯʥʦ ʦʧʨʝʜʝʣʠʪʴ ʢʘʢ ʯʠʩʣʦ ʢʦʥʪʘʢʪʦʚ ʚ ʩʪʦʧʢʝ m, 

ʪʘʢ ʠ ʘʤʧʣʠʪʫʜʫ ʉʇ-ʱʝʣʠ 2D(0). 

ʆʪʤʝʪʠʤ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʩʪʦʧʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʪʘʢʞʝ ʪʠʧʠʯʥʦ ʜʣʷ ʇʄʈʂʄ ʚ ʧʦʣʠʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʦ ʦʙʨʘʟʦʚʘʥʠʝʤ ʮʝʧʦʯʝʢ ʠʟ ʤʝʞ-

ʟʝʨʝʥʥʳʭ ʛʨʘʥʠʮ. ɺʦ-ʧʝʨʚʳʭ, ʠʟ-ʟʘ ʥʝʠʟʙʝʞʥʦʡ ʜʝʛʨʘʜʘʮʠʠ ʉʇ-ʩʚʦʡʩʪʚ ʚ ʢʚʘʟʠʜʚʫʤʝʨʥʦʤ ʤʘʪʝ-

ʨʠʘʣʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʟʝʨʝʥ ʉʇ-ʱʝʣʴ ʦʢʘʟʳʚʘʝʪʩʷ ʥʘʚʝʜʝʥʥʦʡ ʠ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʪʝʤʧʝʨʘʪʫʨʥʫʶ 

ʟʘʚʠʩʠʤʦʩʪʴ, ʦʪʣʠʯʥʫʶ ʦʪ ʦʙʳʯʥʦ ʥʘʙʣʶʜʘʝʤʦʛʦ çʦʙʲʝʤʥʦʛʦè ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʉʇ-ʧʘʨʘʤʝʪʨʘ 

ʧʦʨʷʜʢʘ, ʙʳʩʪʨʦ ʫʙʳʚʘʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ. ɺʦ-ʚʪʦʨʳʭ, ʢʦʥʪʘʢʪʳ, ʦʙʨʘʟʦʚʘʥʥʳʝ ʥʘ ʤʝʞ-

ʟʝʨʝʥʥʳʭ ʛʨʘʥʠʮʘʭ, ʯʘʩʪʦ ʠʤʝʶʪ ʙʦʣʴʰʫʶ ʧʣʦʱʘʜʴ (ʜʦ 1 ʤʢʤ2), ʯʪʦ ʥʘ ʧʦʨʷʜʢʠ ʧʨʝʚʳʰʘʝʪ lel ʠ l inel 

ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʠ ʜʝʣʘʝʪ ʥʝʚʦʟʤʦʞʥʳʤ ʧʦʣʫʯʝʥʠʝ ʙʘʣʣʠʩʪʠʯʝʩʢʦʛʦ ʨʝʞʠʤʘ ʪʨʘʥʩʧʦʨʪʘ, ʢʦʪʦʨʳʡ 

ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ. ʅʘʢʦʥʝʮ, ʠʟ-ʟʘ ʨʘʟʣʠʯʥʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ Z ʠ ʧʣʦʱʘʜʠ ʤʝʞʟʝʨʝʥʥʳʭ 

ʢʦʥʪʘʢʪʦʚ ʠʭ ʥʦʨʤʘʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ RN ʤʦʞʝʪ ʩʠʣʴʥʦ ʦʪʣʠʯʘʪʴʩʷ. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʘʷ ʮʝʧʦʯʢʘ, 
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ʩʦʩʪʘʚʣʝʥʥʘʷ ʠʟ ʧʦʜʦʙʥʳʭ ʢʦʥʪʘʢʪʦʚ ʥʘ ʤʝʞʟʝʨʝʥʥʳʭ ʛʨʘʥʠʮʘʭ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʥʝ ʷʚʣʷʝʪʩʷ ʩʪʦʧ-

ʢʦʡ ʢʦʥʪʘʢʪʦʚ ʩ ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ RN, ʧʦʵʪʦʤʫ ʥʘ dI(V)/dV-ʩʧʝʢʪʨʝ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʳ ʦʞʠʜʘʝʪʩʷ ʨʘʩ-

ʱʝʧʣʝʥʠʝ ʱʝʣʝʚʦʡ ʦʩʦʙʝʥʥʦʩʪʠ.    
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ʈʠʩ. 35 ð (a) ʉʭʝʤʘ ʦʙʨʘʟʦʚʘʥʠʷ ʤʠʢʨʦʪʨʝʱʠʥʳ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʦʙʨʘʟʮʝ ʩʣʦʠʩʪʦʛʦ ʤʘ-

ʪʝʨʠʘʣʘ. (b) ɿʘʚʠʩʠʤʦʩʪʴ ʯʠʩʣʘ ʨʘʩʢʦʣʦʚʰʠʭʩʷ ʟʝʨʝʥ ʦʪ ʦʪʥʦʰʝʥʠʷ ʤʝʞʟʝʨʝʥʥʦʡ Pig ʠ ʤʝʞʩʣʦʝ-

ʚʦʡ ʩʚʷʟʠ Pil, ʚ ʩʣʫʯʘʝ ʝʩʣʠ ʢʘʞʜʦʝ ʟʝʨʥʦ ʤʝʭʘʥʠʯʝʩʢʠ ʩʦʝʜʠʥʝʥʦ ʩʦ ʚʩʝʤʠ (ʣʠʥʠʷ ʢʨʘʩʥʦʛʦ ʮʚʝʪʘ) 

ʠ ʩ 50% ʩʦʩʝʜʥʠʭ ʟʝʨʝʥ (ʩʠʥʝʛʦ ʮʚʝʪʘ) [380]. (c) ʄʦʨʬʦʣʦʛʠʷ ʩʢʦʣʘ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʝ ʦʢʩʠʧʥʠʢ-

ʪʠʜʘ Gd(O,F)FeAs, ʚʠʟʫʘʣʠʟʠʨʦʚʘʥʥʘʷ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ [390]. ʉʠʥʠʤ ʦʪʤʝ-

ʯʝʥ ʢʨʫʧʥʦʝ ʥʝʨʘʩʢʦʣʦʪʦʝ ʟʝʨʥʦ, ʢʨʘʩʥʳʤ ð ʨʘʩʢʦʣʦʪʳʝ. (ʩ) ʉʪʫʧʝʥʴʢʠ-ʠ-ʪʝʨʨʘʩʳ ʥʘ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʨʘʩʢʦʣʦʚʰʝʛʦʩʷ ʟʝʨʥʘ ʥʘ ʩʢʦʣʝ (d). 

 

ʉʠʤʫʣʷʮʠʷ ʧʦʜʦʙʥʳʭ ʨʘʩʱʝʧʣʝʥʠʡ ʥʘ ʧʨʠʤʝʨʝ ʮʝʧʦʯʢʠ ʠʟ m = 6 SnS-ʢʦʥʪʘʢʪʦʚ ʧʨʠʚʝʜʝʥʘ 

ʥʘ ʈʠʩ. 36b. ɼʣʷ ʥʝʢʦʪʦʨʳʭ ʯʘʩʪʥʳʭ ʩʣʫʯʘʝʚ, ʥʘʧʨʠʤʝʨ, ʝʩʣʠ ʦʜʠʥ ʠʟ ʢʦʥʪʘʢʪʦʚ ʠʤʝʝʪ ʦʪʣʠʯʥʦʝ ʦʪ 

ʦʩʪʘʣʴʥʳʭ ʩʦʧʨʦʪʠʚʣʝʥʠʝ RN1 > RN (ʣʠʥʠʷ ʩʠʥʝʛʦ ʮʚʝʪʘ) ʠʣʠ ʜʣʷ ʧʦʣʦʚʠʥʳ ʢʦʥʪʘʢʪʦʚ RN1 = RN2 = 
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RN3 > RN = RN4 = RN5 = RN6, (ʣʠʥʠʷ ʟʝʣʝʥʦʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 36b), ʦʞʠʜʘʝʪʩʷ ʧʦʷʚʣʝʥʠʝ ʜʫʙʣʝʪʦʚ, 

ʩʭʦʞʠʭ ʩ ʧʨʝʜʩʢʘʟʘʥʠʷʤʠ ʤʦʜʝʣʠ ɼʝʚʝʨʦ ʠ ʌʫʣʜʝ [379] ʜʣʷ ʘʥʠʟʦʪʨʦʧʥʦʡ ʚ k-ʧʨʦʩʪʨʘʥʩʪʚʝ ʉʇ-

ʱʝʣʠ (ʈʠʩ. 32b). ʊʝʤ ʥʝ ʤʝʥʝʝ, ʜʣʷ ʮʝʧʦʯʢʠ, ʚ ʢʦʪʦʨʦʡ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚʩʝʭ ʢʦʥʪʘʢʪʦʚ ʥʝʵʢʚʠʚʘ-

ʣʝʥʪʥʳ RNi Í RN ʠ ʚʘʨʴʠʨʫʶʪʩʷ ʜʘʞʝ ʚ ʜʦʚʦʣʴʥʦ ʫʟʢʦʤ ʜʠʘʧʘʟʦʥʝ RNi = (0.93ï1.00)RN, ʨʘʩʱʝʧʣʝʥʠʝ 

ʱʝʣʝʚʦʡ ʦʩʦʙʝʥʥʦʩʪʠ ʙʫʜʝʪ ʠʤʝʪʴ ʙʦʣʝʝ ʩʣʦʞʥʫʶ, ʥʝʚʦʩʧʨʦʠʟʚʦʜʠʤʫʶ ʬʦʨʤʫ (ʢʨʘʩʥʘʷ ʢʨʠʚʘʷ ʥʘ 

ʈʠʩ. 36b). ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʨʘʟʤʳʪʠʝ ʠ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʘ ʨʘʟʤʳʪʠʷ ɻ, ʤʦʞ-

ʥʦ ʦʞʠʜʘʪʴ ʩʛʣʘʞʠʚʘʥʠʝ ʬʦʨʤʳ ʪʘʢʦʡ ʨʘʩʱʝʧʣʝʥʥʦʡ ʦʩʦʙʝʥʥʦʩʪʠ (ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ ʢʨʘʩʥʦʛʦ ʮʚʝ-

ʪʘ ʥʘ ʈʠʩ. 36b), ʧʨʠʚʦʜʷʱʝʝ ʢ ʝʝ ʫʰʠʨʝʥʠʶ (ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʤʫ ʯʠʩʣʫ m) ʠ ʩʤʝʱʝʥʠʶ ʚʠʜʠʤʦʛʦ 

ʧʦʣʦʞʝʥʠʷ ʤʠʥʠʤʫʤʘ ʦʪʥʦʩʠʪʝʣʴʥʦ mĀ2D(T)/n, ʯʪʦ ʥʝ ʠʤʝʝʪ ʤʝʩʪʘ ʚ ʩʣʫʯʘʝ ʘʥʘʣʦʛʠʯʥʦʛʦ ʨʘʟʤʳʪʠʷ 

ʱʝʣʝʚʦʡ ʦʩʦʙʝʥʥʦʩʪʠ ʜʣʷ ʩʪʦʧʢʠ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʢʦʥʪʘʢʪʦʚ (ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ ʯʝʨʥʦʛʦ ʮʚʝʪʘ ʥʘ 

ʈʠʩ. 36b). ʇʨʠ ʩʣʫʯʘʡʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʚʝʣʠʯʠʥ RNi ʚʠʜʠʤʦʝ ʧʦʣʦʞʝʥʠʝ ʱʝʣʝ-

ʚʦʡ ʦʩʦʙʝʥʥʦʩʪʠ ʙʫʜʝʪ ʥʝʚʦʩʧʨʦʠʟʚʦʜʠʤʦ ʠ ʤʦʞʝʪ ʚ ʨʘʟʳ ʦʪʣʠʯʘʪʴʩʷ ʦʪ mĀ2D(T)/n, ʘ ʪʘʢʞʝ ʥʝ ʙʫʜʝʪ 

ʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʢʚʘʥʪʦʚʘʥʥʦʩʪʴ ʚ ʮʝʣʦʝ ʯʠʩʣʦ ʨʘʟ m. ʆʪʤʝʪʠʤ ʪʘʢʞʝ, ʯʪʦ ʧʦʣʦʞʝʥʠʝ ʦʩʦʙʝʥʥʦʩ-

ʪʝʡ dI(V)/dV, ʚʳʟʚʘʥʥʳʭ ʥʝ ʦʙʲʝʤʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʤʘʪʝʨʠʘʣʘ, ʘ ʧʘʨʘʟʠʪʥʳʤʠ ʧʦʚʝʨʭʥʦʩʪʥʳʤʠ 

ʵʬʬʝʢʪʘʤʠ (ʥʘʧʨʠʤʝʨ, ʉʇ-ʱʝʣʴʶ, ʥʘʚʝʜʝʥʥʦʡ ʠʟ-ʟʘ ʵʬʬʝʢʪʘ ʙʣʠʟʦʩʪʠ), ʥʝ ʙʫʜʝʪ ʤʘʩʰʪʘʙʠʨʦʚʘʪʴ-

ʩʷ ʚ m ʨʘʟ ʜʣʷ ʩʪʦʧʦʯʥʦʡ ʩʪʨʫʢʪʫʨʳ.  

ʇʨʠʨʦʜʘ ʦʙʨʘʟʦʚʘʥʠʷ ʘʥʜʨʝʝʚʩʢʠʭ ʩʪʦʧʦʯʥʳʭ ʢʦʥʪʘʢʪʦʚ ʩ ʧʦʤʦʱʴʶ ʪʝʭʥʠʢʠ ʇʄʈʂʄ [380] 

ʚ ʩʣʦʠʩʪʳʭ ʦʙʨʘʟʮʘʭ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʧʦʢʘ ʥʝ ʷʩʥʘ. ɺ ʧʥʠʢʪʠʜʘʭ ʩʝʤʝʡʩʪʚʘ 

122 ʜʣʠʥʘ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʚʜʦʣʴ ʩ-ʥʘʧʨʘʚʣʝʥʠʷ xc(0) ~ 2ï3 ʥʤ ʚ ʨʘʟʳ ʧʨʝʚʳʰʘʝʪ ʧʘʨʘʤʝʪʨ ʨʝʰʝʪʢʠ 

ʩ, ʧʦʵʪʦʤʫ ʨʝʘʣʠʟʘʮʠʷ ʵʬʬʝʢʪʘ ʚʥʫʪʨʝʥʥʠʭ ʤʥʦʛʦʢʨʘʪʥʳʭ ʘʥʜʨʝʝʚʩʢʠʭ ʦʪʨʘʞʝʥʠʡ (ʛʜʝ ʩʣʦʠʩʪʘʷ 

ʩʪʨʫʢʪʫʨʘ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʉʇ-ʙʣʦʢʦʚ FeAs, ʨʘʟʜʝʣʝʥʥʳʭ ʧʣʦʩʢʦʩʪʷʤʠ ʱʝʣʦʯʥʦʛʦ ʠʣʠ ʱʝʣʦʯʥʦʟʝ-

ʤʝʣʴʥʦʛʦ ʤʝʪʘʣʣʘ, ʚʳʩʪʫʧʘʣʘ ʙʳ ʚ ʨʦʣʠ ʩʪʦʧʦʯʥʦʡ SnSn-é-S-ʩʪʨʫʢʪʫʨʳ, ʘʥʘʣʦʛʠʯʥʦ ʚʥʫʪʨʝʥʥʝʤʫ 

ʵʬʬʝʢʪʫ ɼʞʦʟʝʬʩʦʥʘ ʚ SISI-é-S-ʩʪʨʫʢʪʫʨʝ ɺʊʉʇ-ʢʫʧʨʘʪʦʚ [391,392]) ʢʘʞʝʪʩʷ ʥʝʚʦʟʤʦʞʥʦʡ. 

ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʭ ʚ ʢʘʯʝʩʪʚʝ ʙʘʨʴʝʨʦʚ ʩ ʧʨʠʤʝʨ-

ʥʦ ʦʜʠʥʘʢʦʚʦʡ ʧʨʦʟʨʘʯʥʦʩʪʴʶ Z ʚʳʩʪʫʧʘʶʪ ʜʚʦʡʥʠʢʦʚʝr ʛʨʘʥʠʮʳ ʠʣʠ ʧʣʘʥʘʨʥʳʝ ʜʝʬʝʢʪʳ, ʪʠʧʠʯ-

ʥʳʝ ʜʣʷ ʤʘʪʝʨʠʘʣʦʚ ʩʝʤʝʡʩʪʚ 122 ʠ 1144 [31,56,57,97,98], ʠʣʠ ʢʨʘʝʚʳʝ ʜʠʩʣʦʢʘʮʠʠ, ʧʦʷʚʣʷʶʱʠʝʩʷ 

ʚ ʧʨʦʮʝʩʩʝ ʜʝʬʦʨʤʘʮʠʠ ʩʪʦʣʠʢʘ ʜʣʷ ʩʦʟʜʘʥʠʷ ʪʨʝʱʠʥʳ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʦʙʨʘʟʮʝ. 

ʆʧʠʨʘʷʩʴ ʥʘ ʟʥʘʯʠʪʝʣʴʥʫʶ ʩʪʘʪʠʩʪʠʢʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʥʘʙʣʶʜʝʥʠʡ, ʤʦʞʥʦ ʧʝʨʝʯʠʩ-

ʣʠʪʴ ʭʘʨʘʢʪʝʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʩʪʦʧʦʯʥʳʭ SnSn-é-S-ʩʪʨʫʢʪʫʨ: 

- ʚʦʟʤʦʞʥʦ ʧʦʣʫʯʝʥʠʝ ʦʜʠʥʦʯʥʳʭ ʠ ʩʪʦʧʦʯʥʳʭ SnS-ʩʪʨʫʢʪʫʨ ʩ RN ~ 10ï500 ʆʤ ʚ ʧʝʨʝʩʯʝʪʝ ʥʘ ʦʜʠʥ 

ʢʦʥʪʘʢʪ ʚ ʧʥʠʢʪʠʜʘʭ ʠ ʩʝʣʝʥʠʜʘʭ ʞʝʣʝʟʘ, ɺɸʍ ʠ dI(V)/dV-ʩʧʝʢʪʨʳ ʢʦʪʦʨʳʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʕʅʄɸʆ-ʨʝʞʠʤʫ ʚʳʩʦʢʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ (Z < 0.3ï0.5); 

- ʜʣʷ ʚʳʰʝʫʢʘʟʘʥʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʨʝʞʠʤʝ ʕʅʄɸʆ RN(T < Tc ) å const ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʝʪʩʷ 

ʧʨʠ ʊ = ʊʩ. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ, ʭʦʪʷ ʪʦʣʱʠʥʘ S-ʩʣʦʝʚ ʚ ʩʪʦʧʢʝ ʤʦʞʝʪ ʙʳʪʴ ʨʘʟʣʠʯʥʦʡ (ʯʪʦ ʥʝ 
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ʚʣʠʷʝʪ ʥʘ RN ʥʠʞʝ ʊʩ), ʧʨʠ ʧʝʨʝʭʦʜʝ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ ʚ ʥʦʨʤʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠʭ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 

ʦʩʪʘʝʪʩʷ ʤʥʦʛʦ ʤʝʥʴʰʠʤ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʙʘʨʴʝʨʦʚ (ʪ.ʝ. ʠʤʝʥʥʦ ʧʦʩʣʝʜʥʝʝ ʦʧʨʝʜʝʣʷʝʪ ʚʝʣʠʯʠʥʫ RN); 

- ʠʤʝʝʪ ʤʝʩʪʦ ʢʚʘʥʪʦʚʘʥʥʦʩʪʴ ʚʠʜʠʤʳʭ ʧʦʣʦʞʝʥʠʡ ʤʠʥʠʤʫʤʦʚ ʉɻʉ ʠ ʠʭ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴ ʧʨʠ 

ʥʦʨʤʠʨʦʚʢʝ Vnorm ¹ Vn/m ʚ ʮʝʣʦʝ ʯʠʩʣʦ ʨʘʟ m. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʨʠʤʝʨʥʫʶ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʴ ʢʘʢ 

ʧʣʦʱʘʜʠ ʢʦʥʪʘʢʪʦʚ, ʩʦʩʪʘʚʣʷʶʱʠʭ ʩʪʦʧʢʫ, ʪʘʢ ʠ ʠʭ ʧʨʦʟʨʘʯʥʦʩʪʠ (Z). 

ʘ b 

ʈʠʩ. 36 ð (ʘ) dI(V)/dV-ʩʧʝʢʪʨʳ ʩʪʦʧʦʯʥʳʭ (m = 1ï15) SIS-ʢʦʥʪʘʢʪʦʚ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʦʙʨʘʟʮʝ 

Bi-2212 ʧʨʠ ʊ = 4.2 ʂ [392]. ʐʪʨʠʭʦʚʳʤʠ ʣʠʥʠʷʤʠ ʧʦʢʘʟʘʥʦ ʦʞʠʜʘʝʤʦʝ ʧʦʣʦʞʝʥʠʝ ʉʇ-ʱʝʣʝ-

ʚʦʡ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʠ eV = mĀ2D(0). (b) ʉʠʤʫʣʷʮʠʷ ʬʦʨʤʳ n = 1 ʘʥʜʨʝʝʚʩʢʦʛʦ ʤʠʥʠʤʫʤʘ ʉɻʉ 

ʜʣʷ ʮʝʧʦʯʢʠ ʠʟ m = 6 SnS-ʢʦʥʪʘʢʪʦʚ ʩ ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ RNi = RN (ʯʝʨʥʘʷ ʢʨʠʚʘʷ) ʠ ʨʘʟʣʠʯʥʳʤʠ 

ʥʘʙʦʨʘʤʠ ʥʝɻʢʚʠʚʘʣʝʥʪʥʳʭ RN (ʟʝʣʝʥʘʷ ʢʨʠʚʘʷ ð RN1 = RN2 = RN3 Í RN, ʩʠʥʷʷ ð RN1 Í RN, 

ʢʨʘʩʥʘʷ ð ʚʩʝ RNi ʨʘʟʣʠʯʥʳ). ʂʨʠʚʳʝ ʩʜʚʠʥʫʪʳ ʚʜʦʣʴ ʚʝʨʪʠʢʘʣʠ ʜʣʷ ʫʜʦʙʩʪʚʘ. ʐʪʨʠʭʦʚʳʤʠ 

ʣʠʥʠʷʤʠ ʧʦʢʘʟʘʥʦ ʚʦʟʤʦʞʥʦʝ ʩʛʣʘʞʠʚʘʥʠʝ ʬʦʨʤʳ ʢʨʠʚʳʭ. 

 

- ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ m ʦʩʦʙʝʥʥʦʩʪʠ dI(V)/dV, ʩʚʟ̫ʘʥʥʳʝ ʩ ʦʙʲʝʤʥʳʤʠ ʉʇ-ʩʚʦʡʩʪʚʘʤʠ ʦʙʨʘʟʮʘ (ʥʝ 

ʚʳʟʚʘʥʥʳʤʠ ɻ ʬʬʝʢʪʦʤ ʙʣʠʟʦʩʪʠ), ʩʪʘʥʦʚʷʪʩʷ ʙʦʣʝʝ ʨʝʟʢʠʤʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʯʠʩʣʘ ʢʦʥʪʘʢʪʦʚ ʚ ʩʪʦʧ-

ʢʝ m [390,393], ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʫʤʝʥʴʰʝʥʠʝ ʚʢʣʘʜʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʧʨʦʚʦʜʠʤʦʩʪʴ ʩʪʦʧʦʯʥʦʛʦ ʢʦʥ-

ʪʘʢʪʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʜʠʥʦʯʥʳʤ; 

- ʚ ʧʨʦʮʝʩʩʝ ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʝʨʝʩʪʨʦʡʢʠ ʚʦʟʤʦʞʥʘ ʧʣʘʚʥʘ ̫(ʙʝʟ ʩʢʘʯʢʦʚ) ʥʘʩʪʨʦʡʢʘ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

mĀRN ʚʩʝʡ ʩʪʦʧʦʯʥʦʡ ʩʪʨʫʢʪʫʨʳ ʙʝʟ ʠʟʤʝʥʝʥʠʷ m, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʟʤʝʥʝʥʠʶ ʧʣʦʱʘʜʠ ʩʪʦʧʦʯ-

ʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʥʦʨʤʘʣʴʥʳʭ ʩʦʧʨʦʪʠʚʣʝʥʠʡ RN ʢʘʞʜʦʛʦ ʢʦʥʪʘʢʪʘ ʚ ʩʪʦʧʢʝ. ʊʘʢʞʝ ʚʦʟʤʦʞʥʦ ʠʟʤʝ-

ʥʝʥʠʝ m (ʩʜʚʠʛ ʧʦʣʦʞʝʥʠʷ eVn ʥʘ dmĀ2D/n, ʛʜʝ ʦʙʳʯʥʦ dm = 1ï2) ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ RN ʚ ʧʝʨʝʩʯʝʪʝ 
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ʥʘ ʦʜʠʥ ʢʦʥʪʘʢʪ. ʕʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ çʧʦʜʢʣʶʯʝʥʠʝʤè ʠʣʠ çʦʪʢʣʶʯʝʥʠʝʤè ʦʜʥʦʛʦ-ʜʚʫʭ ʢʦʥʪʘʢ-

ʪʦʚ ʙʝʟ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʨʘʟʤʝʨʦʚ ʩʪʦʧʦʯʥʦʡ ʩʪʨʫʢʪʫʨʳ.  

ɼʣʷ ʦʜʥʦʟʥʘʯʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ m ʥʝʦʙʭʦʜʠʤ ʥʘʙʦʨ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʘʪʠʩʪʠʢʠ ɺɸʍ ʠ 

dI(V)/dV-ʩʧʝʢʪʨʦʚ ʩʪʦʧʦʯʥʳʭ ʢʦʥʪʘʢʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʦʙʨʘʟʮʘʭ ʠʟ ʦʜʥʦʡ ʟʘʢʣʘʜʢʠ. ʇʨʠ ʧʦʣʫʯʝ-

ʥʠʠ dI(V)/dV-ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʜʠʥʦʯʥʦʛʦ ʢʦʥʪʘʢʪʘ ʟʥʘʯʝʥʠʷ m ʜʣʷ ʩʪʦʧʦʯʥʳʭ ʢʦʥʪʘʢʪʦʚ ʦʧʨʝʜʝʣʷ-

ʶʪʩʷ ʧʦʜʙʦʨʦʤ ʮʝʣʳʭ ʯʠʩʝʣ, ʥʘ ʢʦʪʦʨʳʝ ʥʫʞʥʦ ʨʘʟʜʝʣʠʪʴ (ʥʦʨʤʠʨʦʚʘʪʴ) ʦʩʴ ʩʤʝʱʝʥʠʡ dI(V)/dV-

ʩʧʝʢʪʨʘ ʩʪʦʧʦʯʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʯʪʦʙʳ ʧʦʣʦʞʝʥʠʝ ʚʩʝʭ ʱʝʣʝʚʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʦʚʧʘʣʦ ʩ ʪʘʢʦʚʳʤʠ 

ʜʣʷ ʦʜʠʥʦʯʥʦʛʦ ʢʦʥʪʘʢʪʘ. ʇʦʣʫʯʝʥʠʝ ʩʪʦʧʦʢ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʚ ʧʨʝʜʝʣʘʭ ʦʜʥʦʡ ʦʙʣʘʩʪʠ (ʨʘʟʤʝʨʦʤ 

ʜʦ d ~ 100 ʥʤ), ʩ ʥʝʙʦʣʴʰʠʤ ʨʘʟʣʠʯʠʝʤ ʯʠʩʣʘ ʢʦʥʪʘʢʪʦʚ dm, ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʱʘʝʪ ʦʧʨʝʜʝʣʝʥʠʝ 

m, ʧʦʩʢʦʣʴʢʫ ʥʝ ʪʦʣʴʢʦ ʧʣʦʞʝʥʠʝ VnĀm, ʥʦ ʠ ʠʭ ʨʘʟʥʦʩʪʴ VnĀdm ʜʦʣʞʥʳ ʙʳʪʴ ʢʨʘʪʥʳ ʚʝʣʠʯʠʥʝ 

2D(0): ʥʘʧʨʠʤʝʨ, ʧʨʠ ʧʦʜʢʣʶʯʝʥʠʠ ʦʜʥʦʛʦ SnS-ʢʦʥʪʘʢʪʘ ʢ ʩʪʦʧʢʝ ʧʦʣʦʞʝʥʠʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ 

ʦʩʦʙʝʥʥʦʩʪʠ ʉɻʉ (n = 1) ʩʜʚʠʛʘʝʪʩʷ ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʩʤʝʱʝʥʠʡ ʥʘ 2D(0). 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʣʦʞʝʥʠʝ V1 ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʘʥʜʨʝʝʚʩʢʦʡ ʛʘʨʤʦʥʠʢʠ ʦʪ ʉʇ-ʱʝʣʠ 

ʥʘ dI(V)/dV-ʩʧʝʢʪʨʝ ʩʪʦʧʦʯʥʦʡ SnS-ʩʪʨʫʢʪʫʨʳ ʥʘ ʤʠʢʨʦʪʝʱʠʥʝ ʤʦʞʝʪ ʩʣʘʙʦ ʩʜʚʠʛʘʪʴʩʷ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʠʩʪʠʥʥʦʡ ʚʝʣʠʯʠʥʳ 2D/e. ʅʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʤʠ ʧʨʠʯʠʥʘʤʠ ʪʘʢʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ 

ʧʨʝʚʳʰʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ Jc(T) ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ ʩʤʝʱʝʥʠʡ eV å 2D, ʥʝʦʙʭʦʜʠʤʳʭ 

ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʠ ʟʘʧʠʩʠ ʵʪʦʡ ʦʩʦʙʝʥʥʦʩʪʠ ʥʘ dI(V)/dV-ʩʧʝʢʪʨʝ, ʠ ʥʘʣʠʯʠʝ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʪʨʘʥʩ-

ʧʦʨʪʘ ʯʝʨʝʟ ʢʦʥʪʘʢʪʥʫʶ ʦʙʣʘʩʪʴ. ʇʦʩʢʦʣʴʢʫ ʧʦʣʦʞʝʥʠʝ V1(T) ʚ ʜʚʘ ʨʘʟʘ ʧʨʝʚʳʰʘʝʪ V2(T), ʦʯʝʚʠʜ-

ʥʦ, ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʝ ʵʬʬʝʢʪʳ ʙʫʜʫʪ ʦʢʘʟʳʚʘʪʴ ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʚʠʜʠʤʦʝ ʧʦʣʦʞʝ-

ʥʠʝ ʧʝʨʚʦʡ ʦʩʦʙʝʥʥʦʩʪʠ ʉɻʉ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʩʦʛʣʘʩʥʦ ʬʦʨʤʫʣʝ (3) [324,329], ʪʝʤʧʝʨʘʪʫʨʘ ʚʥʫʪʨʠ 

ʤʘʢʩʚʝʣʣʦʚʩʢʦʛʦ ʢʦʥʪʘʢʪʘ ʚ (V1/V2)
2 = 4 ʨʘʟʘ ʚʳʰʝ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ V1 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ V = V2, 

ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʩʣʫʯʘʷ ʥʝʠʜʝʘʣʴʥʦʛʦ (ʥʝʙʘʣʣʠʩʪʠʯʝʩʢʦʛʦ) ʢʦʥʪʘʢʪʘ ʩ ʤʘʢʩʚʝʣʣʦʚʩʢʠʤ ʪʨʘʥʩ-

ʧʦʨʪʦʤ V1(T)/V2(T) Í const. ɸʥʘʣʦʛʠʯʥʦ, ʚ ʩʣʫʯʘʝ ʧʨʝʚʳʰʝʥʠʷ Jc(T) ʧʨʠ ʪʦʢʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ 

ʩʤʝʱʝʥʠʶ V2 < V < V1, ʜʣʷ ʧʝʨʚʦʡ ʛʘʨʤʦʥʠʢʠ ʙʫʜʝʪ ʠʤʝʪʴ ʤʝʩʪʦ ʦʛʨʘʥʠʯʝʥʠʝ D(T)/D(0) Ò 

Jc(T)/Jc(0). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʩʣʫʯʘʝ ʧʝʨʝʛʨʝʚʘ ʠʣʠ ʧʨʝʚʳʰʝʥʠʷ Jc(T) ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʪʝʤʧʝʨʘʪʫʨʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ V1(T) ʙʫʜʝʪ ʦʪʣʠʯʘʪʴʩʷ ʦʪ ʧʦʚʝʜʝʥʠʷ ʩʫʙʛʘʨʤʦʥʠʢ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʧʦʨʷʜʢʦʚ Vn(T) ʩ 

n Ó 2. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ, ʧʨʠ ʥʘʙʣʶʜʘʝʤʦʤ ʩʜʚʠʛʝ ʧʦʣʦʞʝʥʠʷ V1 ʦʪ ʧʦʟʠʮʠʡ ʦʩʪʘʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʉɻʉ ʘʤʧʣʠʪʫʜʘ ʉʇ-ʱʝʣʠ 2D(T) ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʧʦʣʦʞʝʥʠʡ ʩʫʙʛʘʨʤʦʥʠʢ ʩ n Ó 2.  

ɺ ʢʘʯʝʩʪʚʝ ʧʨʝʠʤʫʱʝʩʪʚ ʠʩʧʦʣʴʟʦʚʘʥʥʦʛʦ ʚ ʨʘʙʦʪʝ ʤʝʪʦʜʘ ʕʅʄɸʆ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʙʘʣʣʠʩ-

ʪʠʯʝʩʢʠʭ SnS-ʢʦʥʪʘʢʪʦʚ ʠ ʩʪʦʧʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʤʦʞʥʦ ʧʝʨʝʯʠʩʣʠʪʴ [380]: 

- ʧʦʣʫʯʝʥʠʝ ʯʠʩʪʳʭ ʢʨʠʦʛʝʥʥʳʭ ʩʢʦʣʦʚ, ʥʝ ʧʦʜʚʝʨʞʝʥʥʳʭ ʙʳʩʪʨʦʤʫ ʟʘʛʨʷʟʥʝʥʠʶ ʧʨʠʤʝʩʷʤʠ; 

- ʨʘʩʧʦʣʦʞʝʥʠʝ ʤʠʢʨʦʪʨʝʱʠʥʳ ʛʣʫʙʦʢʦ ʚ ʦʙʲʝʤʝ ʦʙʨʘʟʮʘ, ʘ ʥʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ (ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩ-

ʩʣʝʜʦʚʘʪʴ ʦʙʨʘʟʮʳ ʥʘ ʦʩʥʦʚʝ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ, ʧʦʚʝʨʭʥʦʩʪʴ ʢʦʪʦʨʳʭ ʤʦʞʝʪ ʜʝʛʨʘʜʠʨʦʚʘʪʴ, 



112 

 

ʭʠʤʠʯʝʩʢʠ ʨʝʘʛʠʨʫʷ ʩ O2, ʧʘʨʘʤʠ H2O ʠ ʜʘʞʝ N2, ʘ ʪʘʢʞʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʪʝʧʣʦʦʪʚʦʜ ʦʪ ʢʦʥʪʘʢʪʥʦʡ 

ʦʙʣʘʩʪʠ); 

- ʦʙʝʩʧʝʯʝʥʠʝ ʠʩʪʠʥʥʦʛʦ ʯʝʪʳʨʝʪʦʯʝʯʥʦʛʦ ʧʦʜʢʣʶʯʝʥʠʷ; 

- ʧʨʠʤʝʥʠʤʦʩʪʴ ʢ ʤʦʥʦ- ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʦʙʨʘʟʮʘʤ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ; 

- ʧʣʘʥʘʨʥʘʷ ʛʝʦʤʝʪʨʠʷ ʢʦʥʪʘʢʪʘ ʩ ʧʨʦʪʝʢʘʥʠʝʤ ʪʫʥʥʝʣʴʥʦʛʦ ʪʦʢʘ ʚʜʦʣʴ ʩ-ʥʘʧʨʘʚʣʝʥʠʷ; 

- ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʜʝʩʷʪʢʦʚ ʦʜʠʥʦʯʥʳʭ ʠ ʩʪʦʧʦʯʥʳʭ ʢʦʥʪʘʢʪʦʚ ʩ ʨʘʟʣʠʯʥʳʤ RN ʚ ʦʜʥʦʤ ʠ 

ʪʦʤ ʞʝ ʦʙʨʘʟʮʝ ʚ ʧʨʦʮʝʩʩʝ ʦʜʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʥʘʙʦʨʫ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʘʪʠʩʪʠ-

ʢʠ ʜʘʥʥʳʭ ʠ ʢʦʥʪʨʦʣʶ ʠʭ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʠ; 

- ʤʠʥʠʤʠʟʘʮʠʷ ʧʘʨʘʟʠʪʥʦʛʦ ʚʢʣʘʜʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʵʬʬʝʢʪʦʚ ʚ ʪʫʥʥʝʣʴʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʩʪʦʧʦʯ-

ʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʘʢʦʚʦʡ ʜʣʷ ʦʜʠʥʦʯʥʦʛʦ SnS-ʢʦʥʪʘʢʪʘ; 

- ʚ ʦʙʨʘʟʮʘʭ ʥʝʢʦʪʦʨʳʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʚʦʟʤʦʞʥʘ ʨʝʘʣʠʟʘʮʠʷ ʜʚʫʭ ʤʝʪʦʜʦʚ ʩʧʝʢʪʨʦʩʢʦʧʠʠ: 

ʜʞʦʟʝʬʩʦʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ SIS ʠʣʠ SNS-ʢʦʥʪʘʢʪʦʚ ʠ ʕʅʄɸʆ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ SnS-ʢʦʥʪʘʢ-

ʪʦʚ; 

- ʣʦʢʘʣʴʥʦʝ ʠʟʤʝʨʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʉʇ-ʩʦʩʪʦʷʥʠʷ ʩ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ~ 

10 ʤʢʵɺ ʚ ʧʨʝʜʝʣʘʭ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ ʨʘʟʤʝʨʦʤ d ~ 10ï50 ʥʤ.  

ʆʪʤʝʪʠʤ, ʯʪʦ ʜʣʷ ʧʦʣʫʯʘʝʤʳʭ ʪʫʥʥʝʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʣʦʢʘʣʴʥʘʷ ʢʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ 

ʧʝʨʝʭʦʜʘ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ ʚ ʥʦʨʤʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ Tc
local ʦʙʯrʥʦ ʙʣʠʟʢʘ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʉʇ-ʧʝ-

ʨʝʭʦʜʘ Tc
R=0 ʧʦ ʜʘʥʥʳʤ R(T) ʦʙʲʝʤʥʦʛʦ ʦʙʨʘʟʮʘ. ɺʝʣʠʯʠʥʘ Tc

local ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʥʳʭ SnS-ʩʪʨʫʢʪʫʨ 

ʦʮʝʥʠʚʘʣʘʩʴ ʥʘ ʦʩʥʦʚʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ D(T) ʢʘʢ ʪʝʤʧʝʨʘʪʫʨʘ, ʧʨʠ 

ʢʦʪʦʨʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʷ Dfit(T) ʦʙʨʘʱʘʝʪʩʷ ʚ ʥʦʣʴ. ɼʣʷ ʦʜʥʦʱʝʣʝʚʳʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʚ ʢʘʯʝʩʪʚʝ 

Dfit(T) ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʦʜʥʦʟʦʥʥʘʷ ɹʂʐ-ʦʙʨʘʟʥʘʷ ʬʫʥʢʮʠʷ, ʜʣʷ ʜʚʫʭʱʝʣʝʚʳʭ ð ʟʘʚʠʩʠʤʦʩʪʠ 

DL,S(T), ʨʘʩʩʯʠʪʘʥʥʳʝ ʚ ʨʘʤʢʘʭ ʜʚʫʭʟʦʥʥʦʛʦ ʧʦʜʭʦʜʘ [384] ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ ʄʦʩʢʘʣʝʥʢʦ ʠ ʉʫʣʘ 

[212ï214].  

 

 

 

2.4. ɺʠʜʳ ʧʦʣʫʯʘʝʤʳʭ ʪʫʥʥʝʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʘʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ 

 

ʈʘʩʩʤʦʪʨʠʤ ʦʩʥʦʚʥʳʝ ʪʠʧʳ ʪʫʥʥʝʣʴʥʳʭ ʩʪʨʫʢʪʫʨ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʩʬʦʨʤʠʨʦʚʘʪʴ ʩ ʧʦʤʦ-

ʱʴʶ ʪʝʭʥʠʢʠ ʇʄʈʂʄ ʚ ʤʦʥʦ- ʠʣʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʦʙʨʘʟʮʝ ʩʣʦʠʩʪʦʛʦ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʝʛʦ 

ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ. ʊʠʧ ʠ ʵʢʚʠʚʘʣʝʥʪʥʘʷ ʩʭʝʤʘ ʧʦʣʫʯʘʝʤʦʡ ʪʫʥʥʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʥʘ ʦʩʥʦʚʝ ʚʠʜʘ ɺɸʍ, ʧʨʠʤʝʨʳ ʢʦʪʦʨʳʭ ʧʨʠʚʝʜʝʥʳ ʥʘ ʈʠʩ. 37 ʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ CaKFe4As4 (a, 
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b, d, e) ʠ ʢʦʤʧʦʟʠʪʥʳʭ ʦʙʨʘʟʮʦʚ K0.8Fe1.7(Se,S)2 ʩ ʝʩʪʝʩʪʚʝʥʥʳʤ ʬʘʟʦʚʳʤ ʨʘʩʩʣʦʝʥʠʝʤ (c,f). ʉʣʫ-

ʯʘʠ (a, b, d, e) ʪʘʢʞʝ ʪʠʧʠʯʥʳ ʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ ʩʝʤʝʡʩʪʚʘ Ba-122. ɺɸʍ ʩ ʦʪʩʫʪʩʪʚʠʝʤ ʩʚʝʨʭ-

ʪʦʢʦʚʦʡ ʚʝʪʚʠ ʠ ʠʟʙʳʪʦʯʥʳʤ ʪʦʢʦʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʤʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ (ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ) ʥʘ 

ʈʠʩ. 37e ʩʦʦʪʚʝʪʩʪʚʫʝʪ çʯʠʩʪʦʤʫè SnS-ʨʝʞʠʤʫ ʚʳʩʦʢʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ ʠ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʚʩʝʭ ʠʩ-

ʩʣʝʜʦʚʘʥʥʳʭ ʚ ʨʘʙʦʪʝ ʦʙʨʘʟʮʦʚ, ʢʘʢ ʤʦʥʦ-, ʪʘʢ ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ, ʘ ʪʘʢʞʝ ʤʦʞʝʪ ʙʳʪʴ ʧʦ-

ʣʫʯʝʥʘ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʤʠʢʨʦʪʨʝʱʠʥʳ ʯʝʨʝʟ ʉʇ-ʢʨʠʩʪʘʣʣʠʪ ʬʝʨʨʦʩʝʣʝʥʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122-

Se. ɺɸʍ, ʧʦʢʘʟʘʥʥʳʝ ʥʘ ʈʠʩ. 37ʘ,b,d, ʙʦʣʝʝ ʪʠʧʠʯʥʳ ʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʩʝ-

ʤʝʡʩʪʚ Ba-122 ʠ 1144.  

ɺɸʍ ʥʘ ʈʠʩ. 37ʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʚʝʨʪʠʢʘʣʴʥʫʶ ʩʚʝʨʭʪʦʢʦʚʫʶ ʚʝʪʚʴ (ʥʝʙʦʣʴ-

ʰʦʡ ʥʘʢʣʦʥ ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥ ʧʨʠʩʫʪʩʪʚʠʝʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʦʜʢʣʶʯʝʥʥʦʛʦ ʨʝʟʠʩʪʦʨʘ), ʯʪʦ 

ʦʟʥʘʯʘʝʪ ʥʘʣʠʯʠʝ ʬʘʟʦʚʦʡ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʤʝʞʜʫ ʉʇ-ʙʝʨʝʛʘʤʠ. ʇʨʠ ʵʪʦʤ ʪʠʧʠʯʥʳʝ ʟʥʘʯʝʥʠʷ RN 

~ 0.1ï2 ʆʤ ʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨ ʠ ʟʘʤʝʪʥʦʝ ʚʦʟʨʘʩʪʘʥʠʝ RN(T) ʢʘʢ ʥʠʞʝ, ʪʘʢ ʠ ʚʳʰʝ ʊʩ, ʙʣʠʟʢʦʝ ʢ 

R(T) ʦʙʲʝʤʥʦʛʦ ʦʙʨʘʟʮʘ, ʫʢʘʟʳʚʘʶʪ ʥʘ ʠʭ ʙʦʣʴʰʫʶ ʧʣʦʱʘʜʴ (ʧʦʨʷʜʢʘ 1 ʤʢʤ2) ʠ ʥʝʙʘʣʣʠʩʪʠʯʝʩ-

ʢʠʡ ʨʝʞʠʤ ʪʨʘʥʩʧʦʨʪʘ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʦʜʦʙʥʳʝ ʥʠʟʢʦʦʤʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩʦʦʪʚʝʪʩʪ-

ʚʫʶʪ ʢʦʥʪʘʢʪʫ ʟʝʨʥʦ-ʟʝʨʥʦ, ʵʣʝʢʪʨʠʯʝʩʢʠ ʵʢʚʠʚʘʣʝʥʪʥʦʤʫ ScS-ʪʠʧʫ. ɺ ʢʘʯʝʩʪʚʝ ʩ-ʩʣʦʷ ʚ ʵʪʦʤ 

ʩʣʫʯʘʝ ʤʦʞʝʪ ʚʳʩʪʫʧʘʪʴ ʢʘʢ ʩʫʞʝʥʠʝ (ʉʇ-ʟʘʢʦʨʦʪʢʘ), ʪʘʢ ʠ ʪʫʥʥʝʣʴʥʳʡ ʙʘʨʴʝʨ ʩ ʧʘʨʘʤʝʪʨʦʤ 

ʄʘʢʢʘʤʙʝʨʘ-ʉʪʶʘʨʪʘ b Ÿ 0. 

ɺɸʍ ʛʠʙʨʠʜʥʳʭ ʩʪʨʫʢʪʫʨ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʩʦʙʦʡ ʧʘʨʘʣʣʝʣʴʥʦ ʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʦʜ-

ʢʣʶʯʝʥʥʳʝ SnS ʠ ScS-ʢʦʥʪʘʢʪʳ, ʧʨʠʚʝʜʝʥʳ ʥʘ ʈʠʩ. 37b,ʩ,d, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʧʘʨʘʣʣʝʣʴʥʦʤ 

ʧʦʜʢʣʶʯʝʥʠʠ ʢ ʠʩʪʦʯʥʠʢʫ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ (ʈʠʩ. 37b) ʜʦ ʧʨʝʚʳʰʝʥʠʷ ʘʤʧʣʠʪʫʜʳ ʩʚʝʨʭʪʦʢʘ ʚ 

ScS-ʢʘʥʘʣʝ ʚ ʛʠʙʨʠʜʥʦʡ ʩʪʨʫʢʪʫʨʝ ʦʪʩʫʪʩʪʚʫʝʪ ʧʘʜʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʠ ʥʘʙʣʶʜʘʝʪʩʷ ʚʝʨʪʠʢʘʣʴʥʘʷ 

ʩʚʝʨʭʪʦʢʦʚʘʷ ʚʝʪʚʴ. ʇʨʠ ʧʨʝʚʳʰʝʥʠʠ ʘʤʧʣʠʪʫʜʳ ʩʚʝʨʭʪʦʢʘ I > Ic , ʚ ʩʣʫʯʘʝ ʝʩʣʠ RScS > RSnS, ʦʩ-

ʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʪʫʥʥʝʣʴʥʳʡ ʪʦʢ ʜʘʝʪ SnS-ʢʦʥʪʘʢʪ, ʧʦʵʪʦʤʫ ʥʘ ʢʚʘʟʠʯʘʩʪʠʯʥʦʡ ʚʝʪʚʠ ʥʘʙʣʶʜʘʝʪʩʷ 

ʘʥʜʨʝʝʚʩʢʠʡ çʧʴʝʜʝʩʪʘʣè ʠ ʠʟʙʳʪʦʯʥʳʡ ʪʦʢ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʤʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ. ʇʨʠ ʧʦʩʣʝʜʦ-

ʚʘʪʝʣʴʥʦʤ ʧʦʜʢʣʶʯʝʥʠʠ (ʩʤ. ʈʠʩ. 37d) ʥʘʙʣʶʜʝʥʠʝ ʚʝʨʪʠʢʘʣʥɹʦʡ ʩʚʝʨʭʪʦʢʦʚʦʡ ʚʝʪʚʠ ScS-ʢʦʥ-

ʪʘʢʪʘ ʩʪʘʥʦʚʠʪʩʷ ʥʝʚʦʟʤʦʞʥʳʤ, ʧʦʵʪʦʤʫ ʧʨʠ ʤʘʣʳʭ ʪʦʢʘʭ I < Ic ɺɸʍ ʛʠʙʨʠʜʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʚʪʦ-

ʨʷʝʪ ʬʦʨʤʫ ʘʥʜʨʝʝʚʩʢʦʛʦ çʧʴʝʜʝʩʪʘʣʘè. ɺ ʤʦʤʝʥʪ ʧʨʝʚʳʰʝʥʠ ̫ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ I* = Ic ɺɸʍ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ScS-SnS-ʩʪʨʫʢʪʫʨʳ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʛʦʨʠʟʦʥʪʘʣʴʥʳʝ ʚʦʣʴʪʦʚʳʝ ʧʣʘʪʦ ð çʩʨʳ-

ʚʳè (ʩ R Ÿ Ð), ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ çʯʠʩʪʦʛʦè ʬʘʟʦʚʦ-ʢʦʛʝʨʝʥʪʥʦʛʦ ScS-ʨʝʞʠʤʘ.  

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦ ʜʘʥʥʳʤ ʠʟʤʝʨʝʥʠʷ ɺɸʍ, ʘʥʘʣʦʛʠʯʥʳʭ ʧʨʝʜʩʪʘʚʣʝʥʥʳʤ ʥʘ ʈʠʩ. 

37ʘ,b,d, ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ Ic(T) ʜʚʫʭ ʪʠʧʦʚ: (i) ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʤʝʥʷʶʱʘʷʩʷ ʧʨʠ T < Tc/3 ʟʘʚʠʩʠʤʦʩʪʴ Ic
bulk(T), ʦʧʠʩʳʚʘʝʤʘʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʢʦʥ-

ʮʝʥʪʨʘʮʠʠ ʢʫʧʝʨʦʚʩʢʠʭ ʧʘʨ ʚ ʦʙʲʝʤʝ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ, ʠ (ii) ʥʘʯʠʥʘʁʱʘʷ ʙʳʩʪʨʦ ʫʙʳʚʘʪ ɹʧʨʠ 
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TGB << Tc ʟʘʚʠʩʠʤʦʩʪʴ Ic
GB(T), ʪʠʧʠʯʥʘ ̫ʜʣʷ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʉʇ-ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ, ʦʙʨʘʟʫʶ-

ʱʝʛʦʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʉʇ-ʢʨʠʩʪʘʣʣʠʪʘ. ɼʣʷ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʦʧʠʩʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩ-

ʪʠ Ic
bulk(T) ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʬʦʨʤʫʣʫ ʪʝʦʨʠʠ ɹʂʐ [158] ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʫʧʝʨʦʚʩʢʠʭ ʧʘʨ 
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ɺ ʜʚʫʭʟʦʥʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʜʣʷ ScS-ʩʪʨʫʢʪʫʨʳ, ʩʦʜʝʨʞʘʱʝʡ ʉʇ-ʟʘʢʦʨʦʪʢʫ, ʚʚʦʜʷ ʚʝʩʦʚʦʡ ʢʦʵʬ-

ʬʠʮʠʝʥʪ w, ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ 
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ʆʪʤʝʪʠʤ, ʯʪʦ ʧʦʣʫʯʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ çʦʙʲʝʤʥʦʛʦè ʩʚʝʨʭʪʦʢʘ Ic
bulk(T) ʥʝʦʙʭʦʜʠʤʦ ʩ ʬʫʥ-

ʜʘʤʝʥʪʘʣʴʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʚʝʜʝʥʠʷ çʧʦʚʝʨʭ-

ʥʦʩʪʥʦʛʦè ʩʚʝʨʭʪʦʢʘ Ic
GB(T) ʧʨʝʜʩʪʘʚʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʨʠʢʣʘʜʥʳʭ ʟʘ-

ʜʘʯ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʥʘ ʚʝʣʠʯʠʥʫ ʧʣʦʪʥʦʩʪʠ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ Jc(T) ʛʨʘʥʫʣʠʨʦʚʘʥʥʳʭ ɺʊʉʇ ʚ ʧʝʨ-

ʚʫʶ ʦʯʝʨʝʜʴ ʦʢʘʟʳʚʘʶʪ ʚʣʠʷʥʠʝ ʪʘʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ, ʢʘʢ ʚʟʘʠʤʥʘʷ ʦʨʠʝʥʪʘʮʠʷ ʟʝʨʝʥ, ʠʭ 

ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʢʦʪʦʨʘʷ ʩʣʫʞʠʪ ʮʝʥʪʨʘʤʠ ʧʠʥʥʠʥʛʘ 

ʚʠʭʨʝʡ, ʜʘʶʱʠʭ ʤʘʢʩʠʤʘʣʴʥʳʡ ʚʢʣʘʜ ʚ ʧʨʦʮʝʩʩʳ ʜʠʩʩʠʧʘʮʠʠ ʚ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ ʚ ʤʘʛʥʠʪʥʦʤ 

ʧʦʣʝ, ʘ ʪʘʢʞʝ ʢʘʯʝʩʪʚʦ ʤʝʞʟʝʨʝʥʥʳʭ ʛʨʘʥʠʮ, ʚʳʩʪʫʧʘʶʱʠʭ ʚ ʨʦʣʠ çʩʣʘʙʦʡ ʩʚʷʟʠè ʧʨʠ ʅ = 0  

[394ï397]. ʅʘʧʨʠʤʝʨ, ʚ ɺʊʉʇ-ʢʫʧʨʘʪʘʭ ʩʝʤʝʡʩʪʚʘ YBaCuO ʨʘʟʦʨʠʝʥʪʘʮʠʷ ʟʝʨʝʥ ʩʯʠʪʘʝʪʩʷ ʦʩ-

ʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʧʦʥʠʞʝʥʠʷ Jc
GB(0) ʦʪʥʦʩʠʪʝʣʴʥʦ Jc

bulk(0) ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ ʩ ʧʨʝʜʝʣʴʥʳʤ 

ʫʛʣʦʤ ʨʘʟʦʨʠʝʥʪʘʮʠʠ qGB å 3ï5ƺ (ʧʨʠ ʧʨʝʚʳʰʝʥʠʠ ʢʦʪʦʨʦʛʦ Jc
GB(0) ʥʘʯʠʥʘʝʪ ʫʙʳʚʘʪʴ ʵʢʩʧʦʥʝʥ-

ʮʠʘʣʴʥʦ) [396], ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʧʥʠʢʪʠʜʘʭ ʩʝʤʝʡʩʪʚʘ BKFA ʦʥ ʜʦʩʪʠʛʘʝʪ qGB å 8ï9ƺ [397]. ɼʨʫ-

ʛʠʤʠ ʧʨʠʯʠʥʘʤʠ ʧʦʥʠʞʝʥʠʷ Jc
GB ʧʨʠ T Ò TGB ʷʚʣʷʶʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʬʘʟ, ʜʝʛʨʘ-

ʜʘʮʠʷ ʉʇ-ʩʚʦʡʩʪʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʟʝʨʝʥ, ʚʦʟʥʠʢʘʶʱʘʷ, ʥʘʧʨʠʤʝʨ, ʠʟ-ʟʘ ʥʝʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝ-

ʜʝʣʝʥʠʷ ʜʦʧʘʥʪʘ, ʦʪʣʠʯʘʶʱʝʛʦʩʷ ʦʪ ʦʙʲʝʤʥʦʛʦ, ʠʣʠ ʧʝʨʝʩʪʨʦʡʢʠ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ɺ ʵʪʦʤ ʩʣʫ-

ʯʘʝ ʩʚʦʡʩʪʚʘ ʤʝʞʟʝʨʝʥʥʦʡ ʛʨʘʥʠʮʳ ʠ Jc
GB ʦʧʨʝʜʝʣʷʶʪʩʷ ʵʬʬʝʢʪʦʤ ʙʣʠʟʦʩʪʠ [398ï400].  

ʍʦʪʷ ʧʨʷʤʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʧʣʦʱʘʜʠ ʢʦʥʪʘʢʪʘ ʥʘ ʤʠʢʨʦʪʨʝʱʠʥʝ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʘʙʩʦ-

ʣʶʪʥʦʡ ʚʝʣʠʯʠʥʳ Jc(0) ʥʝʚʦʟʤʦʞʥʦ, ʩʚʦʡʩʪʚʘ ʤʝʞʟʝʨʝʥʥʳʭ ʛʨʘʥʠʮ ʚ ʛʨʘʥʫʣʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ 

ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʤʦʛʫʪ ʙʳʪʴ ʠʩʩʣʝʜʦʚʘʥʳ ʥʘʤʠ ʥʘ ʦʩʥʦʚʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʩʚʝʨʭʪʦʢʘ Ic
GB(T) ʧʨʠ ʅ = 0. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʧʦʤʦʱʴʶ ʪʫʥʥʝʣʴʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʛʠʙʨʠʜʥʳʭ 

ScS-SnS-ʩʪʨʫʢʪʫʨ (ʩʤ. ʈʠʩ. 37ʘ,b,d) ʚʦʟʤʦʞʥʦ ʦʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʜʠʘʧʘʟʦʥʘ T Ò TGB 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʛʨʘʥʫʣʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʥʠʢʪʠʜʦʚ ʠ ʩʝʣʝʥʠʜʦʚ ʩʝʤʝʡʩʪʚ 122 ʠ 1144 ʜʣʷ ʩʠʣʴ-

ʥʦʪʦʯʥʳʭ ʧʨʠʤʝʥʝʥʠʡ.  

ɺ ʢʦʤʧʦʟʠʪʥʳʭ ʦʙʨʘʟʮʘʭ ʬʝʨʨʦʩʝʣʝʥʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122-Se ʪʘʢʞʝ ʚʦʟʤʦʞʥʦ ʧʨʦʭʦʞʜʝʥʠʝ 

ʤʠʢʨʦʪʨʝʱʠʥʳ ʯʝʨʝʟ ʢʨʠʩʪʘʣʣ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 245-ʬʘʟʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʥʘʙʣʶʜʘʪʴ ɺɸʍ, ʩʦʦʪ-

ʚʝʪʩʪʚʫʶʱʠʝ ʪʫʥʥʝʣʴʥʳʝ ʩʪʨʫʢʪʫʨʘʤ ʪʠʧʘ ʠʟʦʣʷʪʦʨ-ʙʘʨʴʝʨ-ʠʟʦʣʷʪʦʨ IcI (ʈʠʩ. 37ʩ,f). ʊʘʢʠʝ ɺɸʍ 
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ʥʝ ʠʤʝʶʪ ʩʚʝʨʭʪʦʢʦʚʦʡ ʚʝʪʚʠ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʠʘʧʘʟʦʥʫ RN ~ 100ï1000 ʆʤ ʚ ʧʝʨʝʩʯʝʪʝ ʥʘ ʦʜʠʥ 

ʢʦʥʪʘʢʪ, ʯʪʦ ʥʘ ʧʦʨʷʜʦʢ ʧʨʝʚʳʰʘʝʪ ʪʠʧʠʯʥʳʝ ʥʦʨʤʘʣʴʥʳʝ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʙʘʣʣʠʩʪʠʯʝʩʢʠʭ SnS-

ʢʦʥʪʘʢʪʦʚ. ɿʘʤʝʪʥʳʡ ʨʦʩʪ ʪʦʢʘ ʧʨʠ ʤʘʣʳʭ eV ʤʦʞʥʦ ʩʤʦʜʝʣʠʨʦʚʘʪʴ ʧʨʠʩʫʪʩʪʚʠʝʤ SnS-ʢʦʥʪʘʢʪʘ 

ʚʳʩʦʢʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ ʠʣʠ ʥʦʨʤʘʣʴʥʦʛʦ ʨʝʟʠʩʪʦʨʘ ʚ ʧʘʨʘʣʣʝʣʴ (ʩʤ. ʈʠʩ. 37f). ɼʨʫʛʦʡ ʭʘʨʘʢʪʝʨ-

ʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʧʦʜʦʙʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʥʝʜʦʩʪʘʪʢʘ ʪʦʢʘ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ 

ʩʤʝʱʝʥʠʡ, ʘ ʪʘʢʞʝ ʦʪʩʫʪʩʪʚʠʝ ʟʘʤʝʪʥʦʛʦ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʢʘʢ ʬʦʨʤʳ ɺɸʍ, ʪʘʢ ʠ ʧʦʣʦ-

ʞʝʥʠʷ çʪʫʥʥʝʣʴʥʦʡè ʦʩʦʙʝʥʥʦʩʪʠ (ʨʝʟʢʦʛʦ ʨʦʩʪʘ ʪʦʢʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʤʘʢʩʠʤʫʤʫ dI(V)/dV) 

ʧʨʠ ʉʇ-ʧʝʨʝʭʦʜʝ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʦʣʦʞʝʥʠʝ çʪʫʥʥʝʣʴʥʦʡè ʦʩʦʙʝʥʥʦʩʪʠ ʦʧʨʝʜʝʣʷʝʪ-

ʩʷ ʚʝʣʠʯʠʥʦʡ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ 245-ʬʘʟʳ, ʦʜʥʘʢʦ ʵʪʦ ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ 

ʦʙʦʩʥʦʚʘʥʠʷ, ʦʪʩʫʪʩʪʚʫʶʱʝʛʦ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ. 

 

-150 -100 -50 0 50 100 150
-3

-2

-1

0

1

2

3

fed

cb
SnS

I(
V

),
 m

A

V, mV

R
SnS
 << R

ScS

X ScS

a

-40 -20 0 20 40

-15

-10

-5

0

5

10

15

R
SnS
 >> R

ScS

SnS

ScSX

I(
V

),
 m

A

V, mV

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

-3

-2

-1

0

1

2

3

R
SnS
 << R

ScS

R
SnS
 @ R

ScS

SnS ScSX

I(
V

),
 m

A

V, mV

-40 -20 0 20 40

-1.0

-0.5

0.0

0.5

1.0

SnS

I(
V

),
 m

A

V, mV

-150 -100 -50 0 50 100 150
-0.4

-0.2

0.0

0.2

0.4

IcI

I(
V

),
 m

A

V, mV

-150 -100 -50 0 50 100 150
-0.4

-0.2

0.0

0.2

0.4

NIcI

I(
V

),
 m

A

V, mV  

ʈʠʩ. 37 ð ɺʠʜʳ ʪʫʥʥʝʣʴʥʳʭ ʩʪʨʫʢʪʫʨ, ʪʠʧʠʯʥʦ ʧʦʣʫʯʘʝʤʳʭ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ 

ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʤʠʢʨʦʪʨʝʱʠʥʳ ʯʝʨʝʟ ʉʇ-ʦʙʣʘʩʪʴ (ʥʘ ʧʨʠʤʝʨʝ CaKFe4As4, a,b,d,e), ʘ ʪʘʢʞʝ ʚ 

ʩʝʣʝʥʠʜʘʭ ʩʝʤʝʡʩʪʚʘ 122-Se ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʤʠʢʨʦʪʨʝʱʠʥʳ ʯʝʨʝʟ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʦʙʣʘʩʪʴ 

(ʥʘ ʧʨʠʤʝʨʝ K0.8Fe1.8(Se,S)2, c,f). ʇʨʝʜʧʦʣʘʛʘʝʤʳʝ ʵʢʚʠʚʘʣʝʥʪʥʳʝ ʩʭʝʤʳ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥ-

ʢʘʭ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʦʤʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʠ T > Tc ʧʦʢʘʟʘʥʳ ʧʫʥʢʪʠʨʥʳʤʠ ʣʠʥʠʷʤʠ. 
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2.5. ʊʝʭʥʠʢʘ ʠʟʤʝʨʝʥʠʷ I(V) ʠ dI(V)/dV-ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʫʥʥʝʣʴʥʳʭ ʩʪʨʫʢʪʫʨ 

 

ʆʩʥʦʚʦʡ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʷʚʣʷʝʪʩʷ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʦʝ ʫʩʪʨʦʡʩʪʚʦ ʩʢʦʨʦʩʪ-

ʥʦʛʦ ʚʚʦʜʘ-ʚʳʚʦʜʘ çAT-MIO-16Xè ʬʠʨʤʳ National Instruments, ʨʝʘʣʠʟʦʚʘʥʥʦʝ ʚ ʚʠʜʝ ʧʣʘʪʳ ʜʣʷ 

ʧʝʨʩʦʥʘʣʴʥʦʛʦ ʢʦʤʧʴʶʪʝʨʘ. ʕʪʦ ʫʩʪʨʦʡʩʪʚʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʦʚ ʢʘʢ ʧʦʩʪʦʷʥ-

ʥʦʛʦ, ʪʘʢ ʠ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ, ʘ ʪʘʢʞʝ ʜʣʷ ʩʢʦʨʦʩʪʥʦʛʦ ʤʥʦʛʦʢʘʥʘʣʴʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ. 

ʇʣʘʪʘ ʦʩʥʘʱʝʥʘ ʦʜʥʠʤ 16-ʙʠʪʥʳʤ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʳʤ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʤ (ɸʎʇ) ʩ ʧʨʦʛʨʘʤʤʠʨʫʝ-

ʤʳʤ ʧʨʝʜʫʩʠʣʠʪʝʣʝʤ, ʯʘʩʪʦʪʘ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʘʥʘʣʦʛʦʚʳʡ ʩʠʛʥʘʣ-ʮʠʬʨʘ ʩʦʩʪʘʚʣʷʝʪ 100 ʢɻʮ ʜʣʷ 

ʦʜʥʦʛʦ ʢʘʥʘʣʘ ʚʚʦʜʘ, ʤʘʢʩʠʤʘʣʴʥʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʚ ʙʠʧʦʣʷʨʥʦʤ ʨʝʞʠʤʝ ~ 3 ʤʢɺ. ʊʘʢʞʝ ʥʘ 

ʧʣʘʪʝ ʥʘʭʦʜʷʪʩʷ ʜʚʘ 16-ʙʠʪʥʳʭ ʮʠʬʨʦ-ʘʥʘʣʦʛʦʚʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ (ʎɸʇ), ʦʜʠʥ ʠʟ ʢʦʪʦʨʳʭ ʷʚ-

ʣʷʝʪʩʷ çʫʤʥʦʞʘʶʱʠʤè (ʎɸʇ 0, ʈʠʩ. 38) ʠ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʪʘʥ ʚʥʝʰʥʠʤ ʠʩʪʦʯʥʠʢʦʤ (ʚ ʪ.ʯ. ʧʝʨʝ-

ʤʝʥʥʦʛʦ) ʥʘʧʨʷʞʝʥʠʷ. ɺ ʨʝʞʠʤʝ ʠʩʪʦʯʥʠʢʘ ʪʦʢʘ ʎɸʇôr  ʤʦʛʫʪ ʜʘʪʴ ʜʦ 5 ʤɸ.  

ʀʟʤʝʨʝʥʠʝ ɺɸʍ ʨʝʘʣʠʟʦʚʘʥʦ ʩ ʧʦʤʦʱʴʶ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʪʦʢʘ, ʧʦʜʘʶʱʝ-

ʛʦʩʷ ʩ ʧʝʨʚʦʛʦ ʎɸʇôʘ, ʧʨʠ ʢʦʪʦʨʦʤ ʟʥʘʯʝʥʠʝ ʪʦʢʘ ʤʝʥʷʝʪʩʷ ʚ ʟʘʜʘʥʥʦʤ ʧʦʣʴʟʦʚʘʪʝʣʝʤ ʜʠʘʧʘʟʦʥʝ, 

ʘ ʠʟʤʝʨʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʥʘʧʨʷʞʝʥʠʡ ʧʨʦʠʩʭʦʜʠʪ ʚ ʤʦʤʝʥʪʳ ʬʠʢʩʘʮʠʠ ʪʦʢʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ɺɸʍ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʧʨʝʮʠʟʠʦʥʥʦ ʠʣʠ ʚ ʦʩʮʠʣʣʦʛʨʘʬʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʩ ʯʘʩʪʦʪʘʤʠ 4ï10 ɻʮ. 

ʇʦʩʢʦʣʴʢʫ ʚʝʣʠʯʠʥʘ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʲʝʢʪʦʚ ʤʦʞʝʪ ʙʳʪʴ ʣʶʙʦʡ (RN = 0ï¤), ʪʦ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝ ʠʤʝʥʥʦ ʠʩʪʦʯʥʠʢʘ ʪʦʢʘ, ʘ ʥʝ ʠʩʪʦʯʥʠʢʘ ʥʘʧʨʷʞʝʥʠʷ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ. ɺ ʥʘ-

ʰʝʡ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʝ ʢʘʞʜʘʷ ɺɸʍ ʟʘʧʠʩʳʚʘʣʘʩʴ ʚ ʜʚʫʭ ʥʘʧʨʘʚʣʝʥʠʷʭ, ʢʘʢ ʩ ʨʦʩʪʦʤ ʪʦʢʘ, 

ʪʘʢ ʠ ʩ ʝʛʦ ʫʤʝʥʴʰʝʥʠʝʤ. ʇʝʨʝʜ ʟʘʧʠʩʴʶ ɺɸʍ ʩʠʩʪʝʤʘ ʠʟʤʝʨʷʣʘ ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ ʜʣʷ ʥʫʣʝ-

ʚʦʛʦ ʪʦʢʘ, ʦʧʨʝʜʝʣʷʷ ʧʘʨʘʟʠʪʥʫʶ ʪʝʨʤʦ-ʕɼʉ, ʥʘ ʚʝʣʠʯʠʥʫ ʢʦʪʦʨʦʡ ʜʘʣʝʝ ʧʨʦʚʦʜʠʣʘʩʴ ʢʦʨʨʝʢʮʠʷ 

ʟʥʘʯʝʥʠʡ ʠʟʤʝʨʷʝʤʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʉ ʧʦʤʦʱʴʶ ʢʘʣʠʙʨʦʚʘʥʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʤʳ ʦʧʨʝʜʝʣʠʣʠ, 

ʯʪʦ ʘʙʩʦʣʶʪʥʘʷ ʪʦʯʥʦʩʪʴ ʟʘʧʠʩʠ ɺɸʍ ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ 0.05 %. 

ɿʘʚʠʩʠʤʦʩʪʴ ʧʝʨʚʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ɺɸʍ ʦʪ ʥʘʧʨʷʞʝʥʠʷ, ʪ.ʝ. ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ, ʨʝʛʠʩʪʨʠʨʦʚʘʣʘʩʴ ʚ ʨʘʙʦʪʝ ʤʦʜʫʣʷʮʠʦʥʥʳʤ ʤʝʪʦʜʦʤ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʦʥ ʟʘʢʣʶ-

ʯʘʝʪʩʷ ʚ ʘʢʪʠʚʥʦʡ ʩʪʘʙʠʣʠʟʘʮʠʠ ʘʤʧʣʠʪʫʜʳ ʤʦʜʫʣʠʨʫʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʦʙʨʘʟʮʝ, ʘ ʥʝ ʘʤʧʣʠ-

ʪʫʜʳ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ ʩ ʦʙʨʘʟʮʘ ʧʫʪʝʤ ʩʢʦʨʦʩʪʥʦʛʦ ʧʦʜʙʦʨʘ ʘʤʧʣʠʪʫʜʳ ʤʦʜʫʣʠʨʫʶʱʝʛʦ ʪʦʢʘ 

(ʎɸʇ 0) ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʟʥʘʯʝʥʠʠ ʧʦʩʪʦʷʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʠʩʪʦʯʥʠʢʘ ʪʦʢʘ (ʎɸʇ 1). ʇʦ-

ʩʢʦʣʴʢʫ ʥʘ ɺɸʍ ʪʫʥʥʝʣʴʥʳʭ ʢʦʥʪʘʢʪʦʚ ʥʘ ʙʘʟʝ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʦʞʠʜʘʝʪʩʷ ʧʦʷʚʣʝʥʠʝ ʛʦʨʠʟʦʥ-

ʪʘʣʴʥʳʭ ʫʯʘʩʪʢʦʚ, ʪʦ ʩʪʘʙʠʣʠʟʘʮʠʷ ʘʤʧʣʠʪʫʜʳ ʧʝʨʝʤʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʦʙʨʘʟʮʝ ʷʚʣʷʝʪʩʷ 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʡ. ɽʱʝ ʦʜʥʠʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʟʘʧʠʩʠ dI(V)/dV ʚ ʦʪʣʠʯʠʝ ʦʪ dV/dI-ʭʘʨʘʢʪʝʨʠʩ-

ʪʠʢ ʷʚʣʷʝʪʩʷ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʧʨʠ ʧʦʜʢʣʶʯʝʥʠʠ ʚ ʧʘʨʘʣʣʝʣʴ ʢ ʦʙʨʘʟʫ ʦʤʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 
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ʟʘʚʠʩʠʤʦʩʪʴ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʙʨʘʟʮʘ ʩʤʝʱʘʝʪʩʷ ʚʚʝʨʭ ʩʪʨʦʛʦ ʧʘʨʘʣʣʝʣʴʥʦ. ʇʦʩʣʝʜ-

ʥʝʝ ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴʥʦ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʝʭʥʠʢʠ ʇʄʈʂʄ ʠʟ-ʟʘ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʷʚʣʝʥʠʷ 

ʢʦʥʪʘʢʪʦʚ ʚ ʧʘʨʘʣʣʝʣʴ ʢ ʠʩʩʣʝʜʫʝʤʦʤʫ.  

ɽʩʣʠ ʧʦʣʥʳʡ ʪʦʢ, ʧʨʦʭʦʜʷʱʠʡ ʯʝʨʝʟ ʦʙʨʘʟʝʮ, I = I0 + iĀcos(wt), ʛʜʝ w = 2pf, ʘ i ð ʘʤʧʣʠʪʫʜʘ 

ʪʦʢʘ ʤʦʜʫʣʷʮʠʠ, ʪʦ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʢʦʥʪʘʢʪʘʭ ʦʙʨʘʟʮʘ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʦ ʚ ʚʠʜʝ 

ʨʘʟʣʦʞʝʥʠʷ ʚ ʨʷʜ ʊʝʡʣʦʨʘ: 

ὠὍ ὠὍ
ὨὠὍ

ὨὍ
ὭÃÏÓ‫ὸ

ὨὠὍ

ὨὍ

Ὥ

τ
ρ ÃÏÓς‫ὸ Ễ ςτ 

ʇʨʠ ʧʦʩʪʦʷʥʩʪʚʝ ʘʤʧʣʠʪʫʜ rʧʝʨʝʤʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʢʦʥʪʘʢʪʘʭ ʦʙʨʘʟʮʘ (ʢʦʛ-

ʜʘ iĀdV/dI = const) ʘʤʧʣʠʪʫʜʘ ʪʦʢʘ ʤʦʜʫʣʷʮʠʠ ʙʫʜʝʪ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠ-

ʤʦʩʪʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʢʦʥʪʘʢʪʘ: i  ́dI(V)/dV. 

ɼʣʷ ʙʳʩʪʨʦʛʦ ʧʦʜʙʦʨʘ ʠ ʫʩʪʘʥʦʚʢʠ ʘʤʧʣʠʪʫʜʳ ʤʦʜʫʣʷʮʠʦʥʥʦʛʦ ʪʦʢʘ ʥʝʦʙʭʦʜʠʤʘ ʩʢʦʨʦʩʪ-

ʥʘʷ ʘʚʪʦʤʘʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ ʙʘʣʘʥʩʘ ʮʠʬʨʦʚʦʛʦ ʤʦʩʪʘ, ʨʘʙʦʪʘʶʱʝʡ ʥʘ ʧʝʨʝʤʝʥʥʦʤ ʪʦʢʝ [401], 

ʧʨʦʦʙʨʘʟʦʤ ʢʦʪʦʨʦʡ ʷʚʣʷʣʘʩʴ ʫʩʪʘʥʦʚʢʘ ʜʣʷ ʟʘʧʠʩʠ dI(V)/dV-ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʫʥʥʝʣʴʥʳʭ ʢʦʥʪʘʢ-

ʪʦʚ ʥʘ ʙʘʟʝ ʘʥʘʣʦʛʦʚʳʭ ʧʨʠʙʦʨʦʚ [402]. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʳʙʨʘʥʥʦʛʦ ʨʝʞʠʤʘ ʢʘʯʝʩʪʚʘ ʟʘʧʠʩʠ ʥʘ 

ʬʠʢʩʘʮʠʶ ʩʧʝʢʪʨʘ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʫʭʦʜʠʪ ʦʪ 30 ʜʦ 100 ʩʝʢ.  

ʈʘʩʩʤʦʪʨʠʤ ʨʘʙʦʪʫ ʚʳʰʝʥʘʟʚʘʥʥʦʡ ʩʠʩʪʝʤʳ ʙʘʣʘʥʩʘ ʤʦʩʪʘ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ. ʊʦʢ ʤʦʜʫʣʷ-

ʮʠʠ ʤʘʣʦʡ ʘʤʧʣʠʪʫʜʳ ʯʘʩʪʦʪʳ ʧʦʨʷʜʢʘ 800ï900 ɻʮ ʧʦʧʘʜʘʝʪ ʩ çʫʤʥʦʞʘʶʱʝʛʦè ʎɸʇ 0 ʯʝʨʝʟ ʜʝ-

ʣʠʪʝʣʴ ʥʘ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ. ɸʤʧʣʠʪʫʜʘ ʧʝʨʝʤʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʢʦʥʪʘʢ-

ʪʦʚ ʦʙʨʘʟʮʘ ʧʦʩʨʝʜʩʪʚʦʤ ʨʘʙʦʪʳ ʤʦʩʪʘ ʩʨʘʚʥʠʚʘʝʪʩʷ ʩ ʵʪʘʣʦʥʥʦʡ ʘʤʧʣʠʪʫʜʦʡ (< 0.1 ʤɺ) ʪʦʛʦ ʞʝ 

ʩʠʛʥʘʣʘ ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʬʦʨʤʳ ʥʘ ʵʪʘʣʦʥʥʦʤ ʩʦʧʨʦʪʠʚʣʝʥʠʠ. ʉʠʛʥʘʣ ʨʘʟʙʘʣʘʥʩʘ ʤʦʩʪʘ, ʪ.ʝ. ʨʘʟ-

ʥʦʩʪʴ ʵʪʠʭ ʜʚʫʭ ʩʠʛʥʘʣʦʚ, ʧʨʠʭʦʜʠʪ ʥʘ ʘʥʘʣʦʛʦʚʳʡ ʩʝʣʝʢʪʠʚʥʳʡ ʫʟʢʦʧʦʣʦʩʥʳʡ ʫʩʠʣʠʪʝʣʴ ʩ ʬʘʟʦ-

ʚʳʤ ʜʝʪʝʢʪʦʨʦʤ (Lock-In ʥʘʥʦʚʦʣʴʪʤʝʪʨ, ʩʤ. ʈʠʩ. 38), ʢʦʪʦʨʳʡ ʩʠʥʭʨʦʥʠʟʦʚʘʥ ʪʝʤ ʞʝ ʩʠʥʫʩʦʠ-

ʜʘʣʴʥʳʤ ʩʠʛʥʘʣʦʤ. Lock-In ʚ ʵʪʦʡ ʩʭʝʤʝ ʚʳʧʦʣʥʷʝʪ ʨʦʣʴ ʥʫʣʴ-ʜʝʪʝʢʪʦʨʘ, ʦʯʠʱʘʷ ʠ ʫʩʠʣʠʚʘʷ ʩʠʛ-

ʥʘʣ ʨʘʟʙʘʣʘʥʩʘ ʠ ʧʝʨʝʚʦʜʷ ʝʛʦ ʚ ʥʘʧʨʷʞʝʥʠʝ ʧʦʩʪʦʷʥʥʦʡ ʚʝʣʠʯʠʥʳ, ʢʦʪʦʨʦʝ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ 

ʚʨʝʤʝʥʠ ʬʠʢʩʠʨʫʝʪʩʷ ʦʜʥʠʤ ʠʟ ʢʘʥʘʣʦʚ ɸʎʇ, ʧʨʝʚʨʘʱʘʷʩʴ ʚ ʢʦʜ ʨʘʟʙʘʣʘʥʩʘ ʤʦʩʪʘ (ʂʈʄ). 

ɼʣʷ ʩʢʦʨʦʩʪʥʦʛʦ ʧʦʜʜʝʨʞʘʥʠʷ ʙʘʣʘʥʩʘ ʮʠʬʨʦʚʦʛʦ ʤʦʩʪʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪ.ʥ. ʇʀɼ-ʘʣʛʦʨʠʪʤ, 

ʚ ʢʦʪʦʨʦʤ ʫʧʨʘʚʣʷʶʱʠʡ ʢʦʜ ʬʦʨʤʠʨʫʝʪʩʷ ʢʘʢ (ʇʀɼ) = a(ʂʈʄ) + bÚ(ʂʈʄ)dt + g(d(ʂʈʄ)/dt), ʛʜʝ 

ʘʙʙʨʝʚʠʘʪʫʨʘ ʇʀɼ ʦʪʨʘʞʘʝʪ ʧʨʠʩʫʪʩʪʚʠʝ ʚ ʚʳʨʘʞʝʥʠʠ ʪʨʝʭ ʩʣʘʛʘʝʤʳʭ: ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʛʦ, ʠʥ-

ʪʝʛʨʘʣʴʥʦʛʦ ʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ. ʇʨʠ ʧʝʨʝʚʦʜʝ ʩʠʩʪʝʤ, ʦʙʣʘʜʘʶʱʠʭ ʠʥʝʨʮʠʝʡ, ʠʟ ʦʜʥʦʛʦ ʤʝʪʘ-

ʩʪʘʙʠʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʜʨʫʛʦʝ ʘʚʪʦʤʘʪʠʯʝʩʢʠʤ ʩʠʩʪʝʤʘʤ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʦʙʳʯʥʦ ʩʚʦʡʩʪʚʝʥʥʦ 

ʦʙʣʘʜʘʪʴ ʜʠʥʘʤʠʯʝʩʢʦʡ ʠ ʩʪʘʪʠʯʝʩʢʦʡ ʦʰʠʙʢʘʤʠ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʠʟ-ʟʘ ʜʠʩʢʨʝʪʥʦʩʪʠ ʟʥʘʯʝʥʠʡ 

ʧʦʩʪʦʷʥʥʦʛʦ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʪʦʢʘ ʠ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʛʦ ʜʚʠʞʝʥʠʷ ʧʦ ɺɸʍ (ʦʪ ʪʦʯʢʠ ʢ ʪʦʯʢʝ) 

ʜʠʥʘʤʠʯʝʩʢʘʷ ʦʰʠʙʢʘ ʦʪʩʫʪʩʪʚʫʝʪ. ɼʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ b ʧʝʨʝʜ ʠʥʪʝ-
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ʛʨʘʣʴʥʳʤ ʯʣʝʥʦʤ ʤʠʥʠʤʠʟʠʨʫʝʪ ʩʪʘʪʠʯʝʩʢʫʶ ʦʰʠʙʢʫ, ʧʝʨʝʚʦʜ ̫ʜʠʥʘʤʠʯʝʩʢʫʶ ʩʠʩʪʝʤʫ ʚ ʘʩʪʘʪʠ-

ʯʝʩʢʠʡ ʨʝʞʠʤ. ʉʠʩʪʝʤʘ ʩʫʜʠʪ ʦ ʪʦʤ, ʯʪʦ ʮʠʬʨʦʚʦʡ ʤʦʩʪ ʫʩʧʝʰʥʦ ʩʙʘʣʘʥʩʠʨʦʚʘʥ, ʧʦ ʤʠʥʠʤʠʟʘ-

ʮʠʠ ʂʈʄ, ʢʦʪʦʨʳʡ ʥʝ ʜʦʣʞʝʥ ʧʨʝʚʳʰʘʪʴ ʟʘʨʘʥʝʝ ʫʩʪʘʥʦʚʣʝʥʥʦʛʦ ʥʝʙʦʣʴʰʦʛʦ ʟʥʘʯʝʥʠʷ. ɺ ʩʦ-

ʩʪʦʷʥʠʠ, ʙʣʠʟʢʦʤ ʢ ʙʘʣʘʥʩʫ, ʟʥʘʯʝʥʠʝ ʇʀɼ ʧʦ ʩʫʪʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʦʣʴʢʦ ʚʪʦʨʳʤ ʠʥʪʝʛʨʘʣʴʥʳʤ 

ʯʣʝʥʦʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʘʝʪʩʷ, ʯʪʦ ʇʀɼ-ʢʦʜ, ʟʘʧʠʩʘʥʥʳʡ ʚ çʫʤʥʦʞʘʶʱʝʤè ʎɸʇôʝ, ʜʘʝʪ 

ʥʝʦʙʭʦʜʠʤʦʝ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʘʤʧʣʠʪʫʜʳ ʪʦʢʦʚʦʛʦ ʤʦʜʫʣʷʮʠʦʥʥʦʛʦ ʩʠʛʥʘʣʘ ʠ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ 

ʫʛʣʫ ʥʘʢʣʦʥʘ ɺɸʍ ʚ ʠʟʤʝʨʷʝʤʦʡ ʪʦʯʢʝ (ʩʤ. ʬʦʨʤʫʣʫ (24)).  

ʇʦʩʣʝ ʠʟʤʝʨʝʥʠʷ ʧʨʦʠʟʚʦʜʥʦʡ ɺɸʍ (ʟʘʥʠʤʘʝʪ 0.5ï1.5 ʤʩʝʢ) ʩʠʩʪʝʤʘ ʜʦʣʞʥʘ ʠʟʤʝʨʠʪʴ ʩʦ-

ʦʪʚʝʪʩʪʚʫʶʱʝʝ ʵʪʦʡ ʪʦʯʢʝ ʧʦ ʪʦʢʫ ʟʥʘʯʝʥʠʝ ʧʦʩʪʦʷʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʯʪʦ ʥʝʚʦʟʤʦʞʥʦ ʩʜʝʣʘʪʴ 

ʟʘ ʦʜʥʦ ʠʟʤʝʨʝʥʠʝ ʠʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʥʘʧʨʷʞʝʥʠʝ ʩ ʦʙʨʘʟʮʘ ʝʩʪʝʩʪʚʝʥʥʦ ʠʤʝʝʪ ʤʦʜʫʣʷʮʠʦʥʥʫʶ ʩʦ-

ʩʪʘʚʣʷʶʱʫʶ. ʇʦʵʪʦʤʫ ʧʨʠʭʦʜʠʪʩʷ ʫʩʨʝʜʥʷʪʴ ʧʦ ʚʨʝʤʝʥʠ ʚʝʣʠʯʠʥʫ ʩʤʝʱʝʥʠʷ ʩ ʦʙʨʘʟʮʘ, ʯʪʦ ʫʚʝ-

ʣʠʯʠʚʘʝʪ ʚʨʝʤʷ ʠʟʤʝʨʝʥʠʷ ʦʜʥʦʡ ʪʦʯʢʠ ʧʨʦʠʟʚʦʜʥʦʡ ʙʦʣʝʝ ʯʝʤ ʥʘ ʧʦʨʷʜʦʢ (20ï40 ʤʩʝʢ). ɼʘʣʝʝ 

ʧʦ ʢʦʤʘʥʜʝ ʎɸʇ 1 ʥʘ ʦʜʠʥ ʰʘʛ ʤʝʥʷʝʪ ʚʝʣʠʯʠʥʫ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʯʝʨʝʟ ʦʙʨʘʟʝʮ, ʩʣʝʜʷʱʘʷ ʩʠʩ-

ʪʝʤʘ ʧʦʣʫʯʘʝʪ ʥʦʚʳʡ ʂʈʄ ʦʪ Lock-In ʥʘʥʦʚʦʣʴʪʤʝʪʨʘ, ʚʥʦʚʴ ʧʳʪʘʝʪʩʷ ʩʦʭʨʘʥʠʪʴ ʙʘʣʘʥʩ ʤʦʩʪʘ, 

ʩʪʘʙʠʣʠʟʠʨʫ ̫ʘʤʧʣʠʪʫʜʫ ʧʝʨʝʤʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʦʙʨʘʟʮʝ ʧʦ ʩʨʘʚʥʝʥʠ ʁʩ ʵʪʘʣʦʥʥʦʡ, ʠ ʜʦ-

ʙʠʪʴʩʷ ʚʳʧʦʣʥʝʥʠʷ ʫʩʣʦʚʠʷ iĀdV/dI = const ʚʦ ʚʩʝʭ ʪʦʯʢʘʭ ɺɸʍ. 

 ɺ ʮʝʣʦʤ, ʩʠʩʪʝʤʳ ʇʀɼ-ʨʝʛʫʣʷʮʠʠ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʠ ʫʩʢʦʨʝʥʠʷ ʧʨʦʮʝʩʩʦʚ 

ʙʘʣʘʥʩʠʨʦʚʢʠ, ʥʦ ʠʤ ʩʚʦʡʩʪʚʝʥʝʥ ʨʷʜ ʪʠʧʠʯʥʳʭ ʧʨʦʙʣʝʤ, ʚʢʣʶʯʘʶʱʠʭ ʚʳʨʘʙʦʪʢʫ ʦʪʚʝʪʘ ʥʘ ʨʝʟ-

ʢʦʝ ʠʟʤʝʥʝʥʠʝ ʚʥʝʰʥʠʭ ʫʩʣʦʚʠʡ (ʫʜʘʨ), ʢʦʛʜʘ ʂʈʄ ʦʯʝʥʴ ʚʝʣʠʢ, ʘ ʪʘʢʞʝ ʩʦʭʨʘʥʝʥʠʝ ʫʩʪʦʡʯʠʚʦʛʦ 

ʨʝʞʠʤʘ ʨʘʙʦʪʳ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚʳʩʦʢʦʛʦ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ ʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʤ ʠʥʪʝʨ-

ʚʘʣʝ ʤʝʞʜʫ ʘʧʝʨʠʦʜʠʯʝʩʢʠʤ ʠ ʘʚʪʦʢʦʣʝʙʘʪʝʣʴʥʳʤ ʨʝʞʠʤʘʤʠ. ʆʙʝ ʧʨʦʙʣʝʤʳ ʨʝʰʘʶʪʩʷ ʧʦʜʙʦ-

ʨʦʤ ʥʝʦʙʭʦʜʠʤʦʛʦ ʫʨʦʚʥʷ ʜʝʤʧʬʠʨʦʚʘʥʠʷ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʜʣʷ ʫʩʪʨʘʥʝʥʠʷ ʧʝʨʚʦʡ ʧʨʦʙʣʝʤʳ ʧʨʠ 

ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʷʭ ʂʈʄ ʚʚʝʜʝʥʦ ʦʛʨʘʥʠʯʝʥʠʝ ʚʝʣʠʯʠʥʳ ʇʀɼ ʠ ʝʝ ʥʝʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ 

ʂʈʄ. ɺʪʦʨʘʷ ʧʨʦʙʣʝʤʘ (ʪ.ʝ. ʚʳʙʦʨ ʫʩʪʦʡʯʠʚʦʛʦ ʨʝʞʠʤʘ ʨʘʙʦʪʳ) ʚ ʮʝʣʦʤ ʨʝʰʘʝʪʩʷ ʥʘʩʪʨʦʡʢʦʡ 

çʞʝʩʪʢʦʩʪʠè ʩʠʩʪʝʤʳ ʧʫʪʝʤ ʧʦʜʙʦʨʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ a ʠ g. ʂ ʩʦʞʘʣʝʥʠʶ, ʥʘ ʛʦʨʠʟʦʥʪʘʣʴʥʚʭ 

ʫʯʘʩʪʢʘʭ ɺɸʍ çʞʝʩʪʢʦʩʪʴè ʩʠʩʪʝʤʳ ʩʠʣʴʥʦ ʚʦʟʨʘʩʪʘʝʪ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ 

ʘʚʪʦʢʦʣʝʙʘʥʠʡ. ɼʣʷ ʥʘʰʝʡ ʨʝʛʫʣʠʨʫʶʱʝʡ ʩʠʩʪʝʤʳ ʵʪʦ ʨʝʰʝʥʦ ʩ ʧʦʤʦʱʴʶ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ 

ʦʩʣʘʙʣʝʥʠʷ ʂʈʄ.  

ʊʝʤʧʝʨʘʪʫʨʘ ʠʟʤʝʨʷʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʢʘʣʠʙʨʦʚʘʥʥʦʛʦ ʚ ʜʠʘʧʘʟʦʥʝ T = 2.5ï230 ʂ ʧʦʣʫʧʨʦ-

ʚʦʜʥʠʢʦʚʦʛʦ ʨʝʟʠʩʪʦʨʘ, ʧʦʤʝʱʝʥʥʦʛʦ ʯʫʪʴ ʥʠʞʝ ʦʙʨʘʟʮʘ. ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠ-

ʤʦʩʪʠ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʘ ʥʘʤʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʯʝʪʳʨʝʭʢʦʥʪʘʢʪʥʘʷ ʩʭʝʤʘ ʧʦʜʢʣʶʯʝʥʠʷ ʢʘʢ ʩʘ-

ʤʦʛʦ ʦʙʨʘʟʮʘ, ʪʘʢ ʠ ʨʝʟʠʩʪʠʚʥʦʛʦ ʪʝʨʤʦʜʘʪʯʠʢʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʢ ʢʘʞʜʦʤʫ ʠʟ ʥʠʭ ʯʝʨʝʟ ʢʨʠʦʛʝʥ-

ʥʫʶ ʚʩʪʘʚʢʫ ʧʦʜʭʦʜʠʪ ʜʚʝ ʚʠʪʳʝ ʧʘʨʳ. ʋʧʨʘʚʣʷʶʱʠʡ ʤʦʜʫʣʴ ʧʨʦʠʟʚʦʜʠʪ ʤʥʦʛʦʢʨʘʪʥʦʝ ʠʟʤʝʨʝ-

ʥʠʝ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʯʪʦʙʳ ʜʦʩʪʠʯʴ ʟʘʜʘʥʥʦʛʦ ʢʘʯʝʩʪʚʘ, ʘ ʪʘʢʞʝ ʢʦʤʤʫʪʘʮʠʶ ʪʦʢʘ. ʇʨʠ ʠʟʤʝʨʝʥʠʠ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʪʝʨʤʦʤʝʪʨʘ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʤʦʜʫʣʴ ʠʩʧʦʣʴʟʫʝʪ ʤʠʥʠʤʘʣʴʥʳʡ ʪʦʢ ʠ ʩʣʝ-
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ʜʠʪ ʟʘ ʪʝʤ, ʯʪʦʙʳ ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ ʩ ʪʝʨʤʦʤʝʪʨʘ ʥʝ ʧʨʝʚʳʰʘʣʘ ʫʩʪʘʥʦʚʣʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ 

ʠʩʢʣʶʯʝʥʠʷ ʝʛʦ ʧʝʨʝʛʨʝʚʘ. ɸʙʩʦʣʶʪʥʘʷ ʪʦʯʥʦʩʪʴ ʚ ʠʟʤʝʨʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦʩʪʠʛʘʝʪ å 0.2 K, ʘ 

ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʪʦʯʥʦʩʪʴ ʩʦʩʪʘʚʣʷʝʪ å 0.002 K ʚ ʠʥʪʝʨʚʘʣʝ ʊ = 2.5ï30 ʂ; ʚ ʠʥʪʝʨʚʘʣʝ T = 30ï130 ʂ 

ʘʙʩʦʣʶʪʥʘʷ ʪʦʯʥʦʩʪʴ å 0.4 ʂ, ʦʪʥʦʩʠʪʝʣʴʥʘʷ ð ʧʨʠʤʝʨʥʦ 0.02 ʂ. 

National Instruments AT-MIO-16X
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ʈʠʩ. 38 ð ʋʧʨʦʱʝʥʥʘʷ ʙʣʦʢ-ʩʭʝʤʘ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʮʠʬʨʦʚʦʛʦ ʤʦʩʪʘ ʜʣʷ ʟʘʧʠʩʠ R(T), I(V) ʠ 

dI(V)/dV-ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʫʥʥʝʣʴʥʳʭ ʢʦʥʪʘʢʪʦʚ ʥʘ ʤʠʢʨʦʪʨʝʱʠʥʝ. ʎɸʇ 0 ʷʚʣʷʝʪʩʷ çʫʤʥʦʞʘ-ʁ

ʱʠʤè, ʪ.ʝ. ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʪʘʥ ʦʪ ʚʥʝʰʥʝʛʦ ʠʩʪʦʯʥʠʢʘ ʧʝʨʝʤʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. 

 

 

 

2.6. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ 

 

ʇʨʠʛʦʪʦʚʣʝʥʠʝ ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ ʜʣʷ ʩʠʥʪʝʟʘ ʚʩʝʭ ʦʙʨʘʟʮʦʚ, ʘ ʪʘʢʞʝ ʦʪʙʦʨ ʢʨʠʩʪʘʣʣʦʚ 

EuCsFe4As4 ʠ ʬʝʨʨʦʩʝʣʝʥʠʜʦʚ ʩʝʤʝʡʩʪʚʘ 122-Se (ʜʝʛʨʘʜʠʨʫʶʱʠʭ ʥʘ ʦʪʢʨʳʪʦʤ ʚʦʟʜʫʭʝ) ʠ ʠʭ 

ʧʦʜʛʦʪʦʚʢʘ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʚ ʘʨʛʦʥʦʚʦʤ ʧʝʨʯʘʪʦʯʥʦʤ ʙʦʢʩʝ ʩ 

ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʢʠʩʣʦʨʦʜʘ ʠ ʧʘʨʦʚ ʚʦʜʳ ʤʝʥʝʝ 0.1 ʤʜʤ.  

ʄʦʥʦʢʨʠʩʪʘʣʣʳ BaFe2-xNixAs2 ʩ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʴʶ ʵʣʝʢʪʨʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʧʨʠʥʘʜʣʝ-

ʞʘʣʠ ʪʨʝʤ ʨʘʟʣʠʯʥʳʤ ʩʝʨʠʷʤ: BNK (ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʳʝ ʩʦʩʪʘʚʳ, ʥʦʤʠʥʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʭ = 

0.08ï0.1), BNP (ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʝ ʩʦʩʪʘʚʳ, x = 0.12, 0.14), BNM (ʩʣʘʙʦ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʳʝ 

ʩʦʩʪʘʚʳ, ʙʣʠʟʢʠʝ ʢ ʦʧʪʠʤʘʣʴʥʦʤʫ, x = 0.096).  
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ʆʙʨʘʟʮʳ ʩʝʨʠʡ BNK ʠ BNP ʙʳʣʠ ʚʳʨʘʱʝʥʳ ʂ.ʉ. ʇʝʨʚʘʢʦʚʳʤ ʠ ɺ.ɸ. ɺʣʘʩʝʥʢʦ ʚ ʌʠʟʠʯʝʩ-

ʢʦʤ ʠʥʩʪʠʪʫʪʝ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ (ʌʀɸʅ) ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʨʘʩʪʚʦʨ-

ʨʘʩʧʣʘʚ (çself-fluxè) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚ ʢʘʯʝʩʪʚʝ ʬʣʶʩʘ ʰʠʭʪʳ, ʩʦʜʝʨʞʘʱʝʡ ʢʦʤʧʦʥʝʥʪʳ, ʚʭʦ-

ʜʷɦʠʝ ʚ ʩʦʩʪʘʚ ʢʨʠʩʪʘʣʣʦʚ, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ FeAs. ɼʝʪʘʣʠ ʩʠʥʪʝʟʘ ʠ ʧʝʨʚʠʯʥʦʡ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ 

ʦʙʨʘʟʮʦʚ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʦʙʩʫʞʜʘʶʪʩʷ ʚ ʨʘʙʦʪʘʭ [24,403]. ʀʩʭʦʜʥʳʝ ʢʦʤʧʦʥʝʥʪʳ (Ba, FeAs ʠ 

NiAs) ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʳ ʩʤʝʰʠʚʘʣʠʩʴ ʚ ʤʦʣʷʨʥʦʡ ʧʨʦʧʦʨʮʠʠ 1:5(1 - ʭ):5ʭ, ʧʦʤʝʱʘʣʠʩʴ ʚ ʢʦʨʫʥ-

ʜʦʚʳʡ ʪʠʛʝʣʴ ʦʙʲʝʤʦʤ 3 ʩʤ3, ʟʘʧʘʠʚʘʣʠʩʴ ʚ ʢʚʘʨʮʝʚʳʝ ʪʨʫʙʢʠ ʩ ʦʩʪʘʪʦʯʥʳʤ ʜʘʚʣʝʥʠʝʤ ʘʨʛʦʥʘ 

0.2 ʘʪʤ ʠ ʟʘʛʨʫʞʘʣʠʩʴ ʚ ʪʨʫʙʯʘʪʫʶ ʧʝʯʴ. ɼʘʣʝʝ ʘʤʧʫʣʘ ʥʘʛʨʝʚʘʣʘʩʴ ʜʦ ʊ = 1200 Áʉ, ʚʳʜʝʨʞʠʚʘ-

ʣʘʩʴ ʧʨʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 24 ʯ ʜʣʷ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʨʘʩʧʣʘʚʘ ʠ ʟʘʪʝʤ ʦʭʣʘʞʜʘʣʘʩʴ ʜʦ 1070 Áʉ ʩʦ 

ʩʢʦʨʦʩʪʴʶ 2 Áʉ/ʯ. ʇʨʠ ʜʦʩʪʠʞʝʥʠʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʘʤʧʫʣʘ ʚʤʝʩʪʝ ʩ ʧʝʯʴʶ ʠʟ ʚʝʨʪʠʢʘʣʴʥʦʛʦ 

ʧʦʣʦʞʝʥʠʷ ʧʝʨʝʚʦʨʘʯʠʚʘʣʘʩʴ ʥʘ 90Áï95Á ʜʣʷ ʩʣʠʚʘ ʞʠʜʢʦʛʦ ʬʣʶʩʘ ʠʟ ʪʠʛʣʷ ʠ ʦʭʣʘʞʜʘʣʘʩʴ ʜʦ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚ ʪʠʛʣʝ ʦʙʨʘʟʦʚʳʚʘʣʠʩʴ ʧʨʘʢʪʠʯʝʩʢʠ ʩʚʦʙʦʜʥʳʝ ʦʪ ʬʣʶʩʘ 

ʢʨʠʩʪʘʣʣʳ ʨʘʟʤʝʨʘʤʠ ʜʦ (4 ³ 2) ʤʤ2 ʚ ab-ʧʣʦʩʢʦʩʪʠ ʠ ʪʦʣʱʠʥʦʡ ʥʝʩʢʦʣʴʢʦ ʩʦʪʝʥ ʤʢʤ. ʍʘʨʘʢʪʝ-

ʨʠʟʘʮʠʷ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ (ʈʌɸ) ʧʦʢʘʟʘʣʘ ʦʪʩʫʪʩʪʚʠʝ ʢʘʢʠʭ-ʣʠʙʦ ʧʦʙʦʯʥʳʭ 

ʬʘʟ [24]. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʦʧʨʦʪʠʚʣʝʥʠʷ R(T)/R(Tc) ʠ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 

cô(T) ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʩʝʨʠʡ BNK, BNP ʧʦʢʘʟʘʥʳ ʥʘ ʈʠʩ. 39ʘ,b,c. 

ʆʙʨʘʟʮʳ ʩʝʨʠʠ BNM ʩʣʘʙʦ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʘʚʘ ʩ x = 0.096, ʙʣʠʟʢʦʛʦ ʢ ʦʧʪʠʤʘʣʴ-

ʥʦʤʫ x = 0.1, ʙʳʣʠ ʚʳʨʘʱʝʥʳ ʍ. ʃʦ, ʉ.ʎ. ʏʵʥʴ ʠ ʉ. ʃʫ ʚ ʇʝʢʠʥʩʢʦʡ ʥʘʮʠʦʥʘʣʴʥʦʡ ʣʘʙʦʨʘʪʦʨʠʠ 

ʬʠʟʠʢʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʀʥʩʪʠʪʫʪʘ ʬʠʟʠʢʠ ʂʠʪʘʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ ʠ ʧʨʝʜʦʩʪʘʚ-

ʣʝʥʳ ʄ. ɸʙʜʝʣʴ-ʍʘʬʠʟʦʤ. ɼʝʪʘʣʠ ʩʠʥʪʝʟʘ ʠ ʧʝʨʚʠʯʥʦʡ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʧʨʠʚʝʜʝʥʳ ʚ ʨʘʙʦʪʘʭ 

[175,404]. ʈʦʩʪ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʤʝʪʦʜʦʤ çself-fluxè ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʨʦʰʢʘ Fe/Ni-As ʚ ʢʘʯʝʩʪ-

ʚʝ ʧʨʝʢʫʨʩʦʨʘ. ʇʦʨʦʰʦʢ Fe, Ni ʠ ʠʟʤʝʣʴʯʝʥʥʳʝ ʢʫʩʦʯʢʠ As ʚ ʩʦʦʪʥʦʰʝʥʠʠ (2 - x):x:2 ʟʘʧʘʠʚʘʣʠʩʴ 

ʚ ʚʘʢʫʫʤʠʨʦʚʘʥʥʫʶ ʢʚʘʨʮʝʚʫʶ ʪʨʫʙʢʫ. ʇʦʩʣʝ ʥʘʛʨʝʚʘ ʜʦ T = 500ƺ ʚ ʪʝʯʝʥʠʝ 10 ʯʘʩʦʚ ʠ ʚʳʜʝʨʞʢʠ 

ʙʦʣʝʝ 20 ʯʘʩʦʚ ʪʨʫʙʢʫ ʥʘʛʨʝʚʘʣʠ ʜʦ T = 700ƺ ʩʦ ʩʢʦʨʦʩʪʴʶ 40 ƺʉ/ʯ, ʚʳʜʝʨʞʠʚʘʣʠ 15 ʯʘʩʦʚ, ʟʘʪʝʤ 

ʦʭʣʘʞʜʘʣʠ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ɼʣʷ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʧʨʦʮʝʩʩ ʧʦʚʪʦʨʷʣʠ ʪʨʠ ʨʘʟʘ, ʢʘʞʜʳʡ 

ʨʘʟ ʧʦʚʳʰʘʷ ʢʦʥʝʯʥʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʩʧʝʢʘʥʠʷ ʥʘ 20 ÁC. ɼʘʣʝʝ ʧʨʝʢʫʨʩʦʨ ʩʤʝʰʠʚʘʣʠ ʩ ʢʫʩʦʯʢʘʤʠ 

Ba ʚ ʩʦʦʪʥʦʰʝʥʠʠ Ba:Fe1-x/2Nix/2As = 1:5, ʛʜʝ ʠʟʣʠʰʝʢ Fe/Ni-As ʠʩʧʦʣʟɹʦʚʘʣʩʷ ʚ ʢʘʯʝʩʪʚʝ ʬʣʶʩʘ. 

ʇʦʣʫʯʝʥʥʫʶ ʩʤʝʩʴ ʟʘʛʨʫʞʘʣʠ ʚ ʢʦʨʫʥʜʦʚʳʡ ʪʠʛʝʣʴ, ʢʦʪʦʨʳʡ ʟʘʧʘʠʚʘʣʩʷ ʚ ʚʘʢʫʫʤʠʨʦʚʘʥʥʫʶ 

ʢʚʘʨʮʝʚʫʶ ʪʨʫʙʢʫ. ʂʚʘʨʮʝʚʫʶ ʪʨʫʙʢʫ ʥʘʛʨʝʚʘʣʠ ʜʦ 900ƺ ʚ ʤʫʬʝʣʴʥʦʡ ʧʝʯʠ ʠ ʚʳʜʝʨʞʠʚʘʣʠ ʙʦʣʝʝ 

10 ʯʘʩʦʚ ʜʣʷ ʧʦʣʥʦʛʦ ʨʘʩʧʣʘʚʥʝʥʠʷ ʙʘʨʠʷ. ɼʣʷ ʚʳʨʘʱʠʚʘʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʦʙʨʘʟʝʮ ʥʘʛʨʝʚʘʣʠ 

ʜʦ 1180ƺ ʟʘ 12 ʯʘʩʦʚ, ʚʳʜʝʨʞʠʚʘʣʠ 10 ʯʘʩʦʚ, ʟʘʪʝʤ ʦʭʣʘʞʜʘʣʠ ʜʦ 1050ƺ ʩʦ ʩʢʦʨʦʩʪʴʶ 5 ƺC/ʯ, ʥʘʢʦ-

ʥʝʮ, ʟʘʢʘʣʠʚʘʣʠ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʄʦʥʦʢʨʠʩʪʘʣʣʳ, ʚʳʨʘʱʝʥʥʳʝ ʦʧʠʩʘʥʥʳʤ ʤʝʪʦʜʦʤ, 

ʠʤʝʣʠ ʧʣʘʥʘʨʥʳʝ ʨʘʟʤʝʨʳ ʜʦ (10ï55) ʤʤ [404]. ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ 
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(ʈʉɸ) ʧʦʢʘʟʘʣʠ ʥʘʣʠʯʠʝ ʠʥʪʝʥʩʠʚʥʳʭ ʧʠʢʦʚ (00l) ʫʜʚʦʝʥʥʦʛʦ ʥʘʙʦʨʘ ʦʪʨʘʞʝʥʠʡ [404]. ɿʘʚʠʩʠ-

ʤʦʩʪʴ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠʩʩʣʝʜʦʚʘʥʥʦʛʦ ʩʦʩʪʘʚʘ ʩ x 

= 0.096 ʧʦʢʘʟʘʥʘ ʥʘ ʈʠʩ. 39b,d. 
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ʈʠʩ. 39 ð (a) ʅʦʨʤʠʨʦʚʘʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʦʧʨʦʪʠʚʣʝʥʠʷ R(T)/R(Tc) ʤʦʥʦʢʨʠʩ-

ʪʘʣʣʦʚ BaFe2-xNixAs2 ʥʝʜʦ- (x = 0.08, 0.1, ʩʝʨʠʷ BNK), ʦʧʪʠʤʘʣʴʥʦ ʠ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘ-

ʚʦʚ (ʭ = 0.12, 0.14, ʩʝʨʠʷ BNP). (b) ɼʝʪʘʣʠ ʉʇ-ʧʝʨʝʭʦʜʘ ʥʘ R(T) (ʩʠʤʚʦʣʳ) ʠ dR(T)/dT (ʣʠʥʠʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʮʚʝʪʦʚ) ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʩʝʨʠʡ BNM, BNP, BNK. ɿʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ cô(T) ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʩʝʨʠʡ BNP, BNK (c, ʨʠʩʫʥʦʢ ʚʟʷʪ ʠʟ 

ʨʘʙʦʪʳ [24]) ʠ BNM (d, ʠʟ ʨʘʙʦʪʳ [175]). 

 

ɼʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ BaFe2-xNixAs2 ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʈʠʩ. 

39ʘ,b, ʚʳʰʝ ʊʩ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʘʜʘʝʪ, ʜʦʩʪʠʛʘʷ ʤʠʥʠʤʫʤʘ ʧʨʠ Tm å Ts å 57 ʂ (ʜʣʷ ʥʦʤʠʥʘʣʴʥʦʛʦ 

ʩʦʩʪʘʚʘ ʩ x = 0.08), ʚʳʟʚʘʥʥʦʛʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤʠ ɸʌʄ ʠ ʩʪʨʫʢʪʫʨʥʳʤ ʧʝʨʝʭʦʜʘʤʠ ʚ ʩʦʦʪʚʝʪ-

ʩʪʚʠʠ ʩ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʦʡ ʵʣʝʢʪʨʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ [18,369], ʘ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘ-

ʪʫʨʘʭ T > Tm,Ts ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʣʘʙʳʡ ʨʦʩʪ (ʣʠʥʠ ̫ʪʝʤʥʦ-ʛʦʣʫʙʦʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 39ʘ). ʕʪʦ ʧʨʠ-

ʚʦʜʠʪ ʢ ʜʦʚʦʣʴʥʦ ʥʠʟʢʦʤʫ ʦʪʥʦʰʝʥʠʶ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʦʩʪʘʪʦʯʥʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʠ T Ó Tc: RRR ¹ R(300ʂ)/R(Tc) ~ 1.0ï1.5. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ Ni ʧʦ 

ʤʝʨʝ ʫʤʝʥʴʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ Tm, Ts ʚʝʣʠʯʠʥʘ R(T Ó Tc) ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʠ ʟʘʚʠʩʠʤʦʩʪʴ R(T) ʩʪʘʥʦ-

ʚʠʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʚ ʦʧʪʠʤʘʣʴʥʦ-ʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʘʭ (x å 0.1, ʣʠʥʠʷ ʬʠʦʣʝ-

ʪʦʚʦʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 39ʘ). ɺ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʘʭ ʚʳʰʝ ʊʩ ʥʘʙʣʶʜʘʝʪʩʷ ʤʝʪʘʣʣʦʧʦʜʦʙʥʳʡ 

ʩʪʝʧʝʥʥʦʡ ʨʦʩʪ ʩʦʧʨʦʪʠʚʣʝʥʠʷ (ʣʠʥʠʠ ʙʦʨʜʦʚʦʛʦ ʠ ʨʦʟʦʚʦʛʦ ʮʚʝʪʘ ʥʘ ʈʠʩ. 39ʘ), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 



122 

 

ʦʩʦʙʝʥʥʦʩʪʠ R(T), ʩʚʷʟʘʥʥʳʝ ʩʦ ʩʪʨʫʢʪʫʨʥʳʤ ʠ ʤʘʛʥʠʪʥʳʤ ʧʝʨʝʭʦʜʦʤ, ʦʪʩʫʪʩʪʚʫʶʪ. ɼʣʷ ʤʦʥʦ-

ʢʨʠʩʪʘʣʣʦʚ ʩʝʨʠʠ BNM ʩ x = 0.096 ʢʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʤʘʢʩʠʤʫʤʫ ʧʨʦ-

ʠʟʚʦʜʥʦʡ dR(T)/dT (ʣʠʥʠʠ ʥʘ ʈʠʩ. 39b), ʩʦʩʪʘʚʠʣʘ Tc
dR/dT å 19.5 ʂ, ʯʪʦ ʙʣʠʟʢʦ ʢ Tcc

onset, ʩʦʦʪʚʝʪ-

ʩʪʚʫʶʱʝʡ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʧʨʠ ʢʦʪʦʨʦʡ ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ cô(T) < 0 (ʈʠʩ. 

39d). ɼʣʷ ʦʧʪʠʤʘʣʴʥʦ-ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʘʚʘ ʩʝʨʠʠ BNP ʩ x = 0.1 ʙʳʣʠ ʜʦʩʪʠʛʥʫʪʳ ʨʝʢʦʨʜʥʦ 

ʚʳʩʦʢʠʝ ʢʨʠʪʠʯʝʩʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ Tc
dR/dT å 19.5 ʂ ʠ TcR

onset å 21.4 ʂ, ʧʨʝʚʳʰʘʶʠɦʝ ʘʥʘʣʦʛʠʯʥʳʝ 

ʟʥʘʯʝʥʠʷ TcR
onset Ò 20.2 ʂ ʧʦ ʜʘʥʥʳʤ ʜʨʫʛʠʭ ʛʨʫʧʧ [18]. ɼʣʷ ʥʝʜʦʜʦʧʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʘʚʘ ʩʝʨʠʠ 

BNK ʩ x = 0.08 ʢʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʦʩʪʘʚʠʣʘ Tc
dR/dT å 18.0 ʂ, ʜʣʷ ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʭ (ʩʝʨʠʷ 

BNP) ð Tc
dR/dT å 18.3 ʂ (ʭ = 0.12) ʠ Tc

dR/dT å 12.1 ʂ (ʭ = 0.14), ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʈʠʩ. 39b. ɼʣʷ 

ʛʣʘʜʢʠʭ ʧʝʨʝʭʦʜʦʚ, ʥʘʙʣʶʜʘʶʱʠʭʩʷ ʥʘ ʢʘʯʝʩʪʚʝʥʥʳʭ ʦʙʨʘʟʮʘʭ ʩ ʝʜʠʥʩʪʚʝʥʥʦʡ ʉʇ-ʬʘʟʦʡ, ʪʝʤ-

ʧʝʨʘʪʫʨʘ ʤʘʢʩʠʤʫʤʘ dR(T)/dT ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʤʧʝʨʘʪʫʨʝ ʩʝʨʝʜʠʥʳ ʉʇ-ʧʝʨʝʭʦʜʘ (ʧʨʠ ʢʦʪʦʨʦʡ 

R = 0.5R(Tc)) ð ʧʦʧʫʣʷʨʥʦʛʦ ʧʨʠʤʠʪʠʚʥʦʛʦ ʤʝʪʦʜʘ ʦʧʨʝʜʝʣʝʥʠʷ ʊʩ. 

ʇʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ CaKFe4As4 ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʂ.ʉ. ʇʝʨʚʘʢʦʚʳʤ, 

ɺ.ɸ. ɺʣʘʩʝʥʢʦ ʠ ɸ.ʉ. ʄʝʜʚʝʜʝʚʳʤ ʚ ʌʀɸʅ [378,405]. ʉʠʥʪʝʟ ʧʨʦʚʦʜʠʣʠ ʠʟ ʧʦʜʛʦʪʦʚʣʝʥʥʳʭ ʟʘ-

ʨʘʥʝʝ ʧʨʝʢʫʨʩʦʨʦʚ CaAs, KAs ʠ Fe2As ʚ ʤʦʣʴʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ 1:1:2. ɼʣʷ ʩʠʥʪʝʟʘ ʧʨʝʢʫʨʩʦʨʦʚ 

ʠʩʭʦʜʥʳʝ ʨʝʘʛʝʥʪʳ Ca(%), K(%), Fe(%) ʠ As(%) ʩʤʝʰʠʚʘʣʠ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ ʠ ʟʘʢʣʘʜʳʚʘʣʠ ʚ 

ʢʦʨʫʥʜʦʚʳʡ ʪʠʛʝʣʴ, ʢʦʪʦʨʳʡ ʜʘʣʝʝ ʧʦʤʝʱʘʣʠ ʚ ʥʠʦʙʠʝʚʳʡ ʢʦʥʪʝʡʥʝʨ ʠ ʟʘʚʘʨʠʚʘʣʠ ʩ ʧʦʤʦʱʴ  ʁ

ʘʨʛʦʥʦʜʫʛʦʚʦʡ ʩʚʘʨʢʠ ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ. ʂʦʥʪʝʡʥʝʨ ʧʦʤʝʱʘʣʠ ʚ ʚʘʢʫʫʤʥʫʶ ʪʨʫʙʯʘʪʫʶ ʧʝʯʴ ʠ 

ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ ʦʪʞʠʛʘʣʠ ʧʨʠ ʊ = 800 ÁC ʚ ʪʝʯʝʥʠʝ 48 ʯʘʩʦʚ ʜʣʷ CaAs ʠ ʧʨʠ T = 600 ÁC ʚ 

ʪʝʯʝʥʠʝ 24 ʯʘʩʦʚ ʜʣʷ KAs. ʕʣʝʤʝʥʪʳ Fe ʠ As ʚ ʚʠʜʝ ʜʨʦʙʠ ʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ 

ʟʘʢʣʘʜʳʚʘʣʠ ʚ ʢʚʘʨʮʝʚʫʶ ʘʤʧʫʣʫ ʠ ʟʘʧʘʠʚʘʣʠ ʧʨʠ ʦʩʪʘʪʦʯʥʦʤ ʜʘʚʣʝʥʠʠ Ar ʚʥʫʪʨʠ ʥʝʝ ʦʢʦʣʦ 0.2 

ʙʘʨ. ɸʤʧʫʣʫ ʦʪʞʠʛʘʣʠ ʚ ʧʝʯʠ ʧʨʠ ʊ = 900 ÁC ʚ ʪʝʯʝʥʠʝ 96 ʯʘʩʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʧʨʝʢʫʨʩʦʨʳ ʨʘʟʤʘ-

ʣʳʚʘʣʠ ʠ ʧʝʨʝʤʝʰʠʚʘʣʠ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ. ʇʦʨʦʰʦʢ ʟʘʩʳʧʘʣʠ ʚ ʢʦʨʫʥʜʦʚʳʡ ʪʠʛʝʣʴ, ʢʦʪʦʨʳʡ 

ʟʘʚʘʨʠʚʘʣʠ ʚ ʢʦʥʪʝʡʥʝʨ ʠʟ Nb, ʢʦʪʦʨʳʡ ʟʘʪʝʤ ʧʦʤʝʱʘʣʠ ʚ ʚʘʢʫʫʤʥʫʶ ʧʝʯʴ ʠ ʧʨʦʢʘʣʠʚʘʣʠ ʚ 

ʘʨʛʦʥʦʚʦʡ ʘʪʤʦʩʬʝʨʝ ʧʨʠ ʊ = 955 ÁC ʚ ʪʝʯʝʥʠʝ 6 ʯʘʩʦʚ. ʇʦʣʫʯʝʥʥʳʡ ʧʦʨʦʰʦʢ ʧʝʨʝʪʠʨʘʣʠ ʚ ʘʛʘʪʦ-

ʚʦʡ ʩʪʫʧʢʝ ʠ ʧʨʝʩʩʦʚʘʣʠ ʚ ʪʘʙʣʝʪʢʠ ʜʠʘʤʝʪʨʦʤ 12 ʤʤ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 10 ʄʇʘ. ʊʘʙʣʝʪʢʠ ʪʘʢʞʝ 

ʧʦʤʝʱʘʣʠ ʚ ʥʠʦʙʠʝʚʳʡ ʢʦʥʪʝʡʥʝʨ ʠ ʟʘʚʘʨʠʚʘʣʠ ʧʨʠ ʧʦʤʦʱʠ ʘʨʛʦʥʦʜʫʛʦʚʦʡ ʩʚʘʨʢʠ ʚ ʘʪʤʦʩʬʝʨʝ 

ʘʨʛʦʥʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʣʦʪʥʳʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ, ʠʟ ʢʦʪʦʨʳʭ ʙʳʣʠ 

ʚʳʨʝʟʘʥʳ ʪʦʥʢʠʝ ʧʨʷʤʦʫʛʦʣʴʥʳʝ ʧʣʘʩʪʠʥʢʠ ʨʘʟʤʝʨʦʤ ʦʢʦʣʦ (3 ³ 1.5 ³ 0.3)  ʤʤ3 ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʪʫʥʥʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʦʧʨʦʪʠʚʣʝʥʠʷ R(T), ʧʦʢʘʟʘʥʥʘʷ ʥʘ ʈʠʩ. 40ʘ, ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʨʝʟʢʠʡ ʉʇ-ʧʝʨʝʭʦʜ ʩ ʪʝʤʧʝʨʘʪʫʨʘʤʠ TcR
onset å 36.3 ʂ ʠ Tc

dR/dT å 36.1 ʂ ʰʠʨʠʥʦʡ ʚʩʝʛʦ DTc å 0.4 ʂ, 

ʩʦʩʪʘʚʣʷʶʱʝʡ ʦʢʦʣʦ 0.01TcR
onset (ʚʝʨʭʥʷʷ ʚʩʪʘʚʢʘ). ʊʝʤʧʝʨʘʪʫʨʘ ʉʇ-ʧʝʨʝʭʦʜʘ ʧʦ ʜʘʥʥʳʤ cô(T) ð  



123 

 

Tcc
onset å 36.3 ʂ (ʩʤ. ʚʩʪʘʚʢʫ ʢ ʈʠʩ. 40b). ɿʥʘʯʠʪʝʣʴʥʦʝ ʦʪʥʦʰʝʥʠʝ RRR = 12ï13, ʦʪʩʫʪʩʪʚʠʝ ʜʦ-

ʧʦʣʥʠʪʝʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʥʘ ʟʘʚʠʩʠʤʦʩʪʷʭ R(T), cô(T) ʠ dR(T)/dT ʧʨʠ T å Tc ʫʢʘʟʳʚʘʝʪ ʥʘ ʚʳ-

ʩʦʢʦʝ ʢʘʯʝʩʪʚʦ ʦʙʨʘʟʮʦʚ, ʦʜʥʦʬʘʟʥʦʩʪʴ ʠ ʦʜʥʦʨʦʜʥʦʩʪʴ ʠʭ ʉʇ-ʩʚʦʡʩʪʚ. ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʥʦʨʤʘʣʴ-

ʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʨʠ 36 ʂ < T < 225 ʂ ʟʘʚʠʩʠʤʦʩʪʴ R(T) ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʬʦʨʤʫʣʦʡ ɹʣʦʭʘ-ɻʨʶʥʘʡʟʝʥʘ: 

ʚʟʷʚ ʜʣʷ ʦʮʝʥʢʠ ʪʝʤʧʝʨʘʪʫʨʫ ɼʝʙʘʷ ʜʣʷ CaKFe4As4 TD = 250 ʂ [406] (ʪ.ʝ. Tc å 0.15TD), ʚ ʜʠʘʧʘʟʦʥʝ 

0.15TD < T < 0.2TD ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ R(T) ʧʦʢʘʟʳʚʘʝʪ ʩʪʝʧʝʥʥʦʡ ʨʦʩʪ ʠ ʦʧʠʩʳʚʘ-

ʝʪʩʷ ʬʫʥʢʮʠʝʡ R(T)  ́T4 + const (ʥʠʞʥʷʷ ʚʩʪʘʚʢʘ ʢ ʈʠʩ. 40), ʘ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ T > 

0.5TD ð ʩʪʨʝʤʠʪʩʷ ʢ ʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ.  

ɸʢʪʫʘʣʴʥʳʡ ʩʦʩʪʘʚ ʦʙʨʘʟʮʦʚ Ca0.94K0.99Fe4.01As3.98 ʙʳʣ ʦʧʨʝʜʝʣʝʥ ʧʦʤʦʱʴʶ ʵʥʝʨʛʦʜʠʩʧʝʨ-

ʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ʈʌɸ ʧʦʢʘʟʘʣ ʦʜʥʦʬʘʟʥʦʩʪʴ ʦʙʨʘʟʮʦʚ (ʈʠʩ. 40b), ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ ʙʳ-

ʣʠ ʫʪʦʯʥʝʥʳ ʤʝʪʦʜʦʤ ʃʝ ɹʝʡʣʷ ʠ ʩʦʩʪʘʚʠʣʠ a = 3.8534(12) ¡, c= 12.830(5) ¡. 

 

ʈʠʩ. 40 ð ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʦʧʨʦʪʠʚʣʝʥʠʷ R(T)/R(Tc) (a) ʠ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠ-

ʚʦʩʪʠ cô(T) (ʚʩʪʘʚʢʘ ʢ b), ʜʘʥʥʳʝ ʈʌɸ (b) ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ CaKFe4As4 ʠʟ ʦʜʥʦʡ ʟʘʢʣʘʜʢʠ 

[405,378]. ʅʘ ʥʠʞʥʝʡ ʚʩʪʘʚʢʝ ʢ (ʘ) ʧʨʠʚʝʜʝʥ ʬʨʘʛʤʝʥʪ R(T)/R(Tc) ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ T = 

35ï57.5 ʂ ʠ ʝʝ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʩʪʝʧʝʥʥʦʡ ʬʫʥʢʮʠʝʡ (ʣʠʥʠʷ), ʥʘ ʚʝʨʭʥʝʡ ʚʩʪʘʚʢʝ ð ʜʝʪʘʣʠ ʉʇ-

ʧʝʨʝʭʦʜʘ ʠ dR(T)/dT. ʉʪʨʝʣʢʘʤʠ ʧʦʢʘʟʘʥʦ ʦʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ Tc
onset ʧʦ ʜʘʥʥʳʤ R(T) ʠ 

cô(T).  

 

ʄʦʥʦʢʨʠʩʪʘʣʣʳ EuCsFe4As4 ʙʳʣʠ ʚʳʨʘʱʝʥʳ ɸ.ʖ. ɼʝʛʪʷʨʝʥʢʦ, ʂ.ʉ. ʇʝʨʚʘʢʦʚʳʤ ʠ 

ɺ.ɸ. ɺʣʘʩʝʥʢʦ ʚ ʌʀɸʅ. ʈʦʩʪ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʠʟ ʨʘʩʧʣʘʚʘ ʩʦʙʩʪʚʝʥʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ CsAs ʤʝʪʦʜʦʤ 












































































































































































































































































































