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ʇʣʘʥ ʣʝʢʮʠʡ  

 

  ɺʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʠ 

 ʉʧʝʢʪʨ ɸʌʄ ʩʧʠʥʦʚʳʭ  ʚʦʟʙʫʞʜʝʥʠʡ:   

       ʵʢʩʧʝʨʠʤʝʥʪ ʠ ʪʝʦʨʠʷ : t ï J  ʤʦʜʝʣʴ 

  ʉʠʣʴʥʦ ʢʦʨʨʝʣʠʨʦʚʘʥʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʩʠʩʪʝʤʳ:  

       ʤʦʜʝʣʠ ʠ ʤʝʪʦʜʳ ʚʳʯʠʩʣʝʥʠʡ 

Ʒ  ʕʣʝʢʪʨʦʥʥʳʡ ʩʧʝʢʪʨ ʢʫʧʨʘʪʦʚ: ʤʦʜʝʣʴ ʍʘʙʙʨʜʘ 

 Ʒ ʉʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴ: ʨʘʩʰʠʨʝʥʥʘʷ ʤʦʜʝʣʴ ʍʘʙʙʨʜʘ 
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    N.M. Plakida, V.S. Oudovenko,  
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Spin-fluctuation pairing.   
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    Kinematic spin-fluctuation mechanism of high-temperature 
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   1911 ʛ. -  ʦʪʢʨʳʪʠʝ ʉʇ ʚ ʨʪʫʪʠ  (Kamerlingh  Onnes) 

 

 1911 ï 1985 ʛʛ. ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʉʇ ( Tc < 23 K) 

 

 1986 ʛ.  ʦʪʢʨʳʪʠʝ ʤʝʜʥʦ-ʦʢʩʠʜʥʳʭ  ʉʇ ʩ Tc = 30 K  

               (Bednorz and Muller) 

 

 1987 ʛ.  ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʉʇ:   YBa2Cu3O7 

                  (Tc = 100 K > TN2 = 77 K) 

 

  2008 ʛ.  ʉʇ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ (Fe-AS)  

     (Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono)  

       (ʤʘʢʩʠʤʘʣʴʥʳʝ  Tc = 55 K  ʚ  Sm Fe As O1-x Fx  ) 

                        
 

 

 ʉʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴ  (ʉʇ) 



    ʉʪʨʫʢʪʫʨʘ Hg-1201  

  ( HgBa2CuO4+ŭ ) 

 A.M. Balagurov et al. 

Tc  ʟʘʚʠʩʠʤʦʪʩʴ ʦʪ ʣʝʛʠʨʦʚʘʥʠʷ 

(O2ï   ʠʣʠ  F1ï )  

Abakumov et al. Phys.Rev.Lett. (1998) 

CuO2 

Hg 
O3        Ą doping atom 

Ba 

0.12 0.24 

 Tc

max

 = 96 K   

ʄʝʜʥʦ-ʦʢʩʠʜʥʳʝ ɺʊʉʇ ʩʦʝʜʠʥʝʥʠʷ (ʢʫʧʨʘʪʳ) 



ʄʘʢʩʠʤʘʣʴʥʳʝ Tc = 135 K (168 K) ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʨʪʫʪʠ 
  
Hg Ba2Ca(n-1)Cun O(2n+2+x)         (Hg-12(n-1)n)   ʜʣʷ  n= 3 



ɿʘʚʠʩʠʤʦʩʪʴ Tc ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʨʪʫʪʠ ʦʪ ʯʠʩʣʘ ʩʣʦʝʚ 
ʠ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ           [Antipov  (2002)] 





ʀʩʭʦʜʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ï ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʝ ʠʟʦʣʷʪʦʨʳ. 

ʉʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴ ʩʫʱʝʩʪʚʫʝʪ ʣʠʰʴ ʧʨʠ ʣʝʛʠʨʦʚʘʥʠʠ ʠʭ ʜʳʨʢʘʤʠ 

ʠʣʠ ʵʣʝʢʪʨʦʥʘʤʠ. ʄʘʢʩʠʤʘʣʴʥʦʝ Tc  ʚʦʟʥʠʢʘʝʪ ʧʨʠ ʦʧʪʠʤʘʣʴʥʦʤ 

ʣʝʛʠʨʦʚʘʥʠʠ ŭopt ~ 0.16. T* -ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʷʚʣʝʥʠʷ ʧʩʝʚʜʦʱʝʣʠ 

Fisher et al. (2007):         

Rev.  Mod.  Phys.          

79, 353. 

ʌʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʢʫʧʨʘʪʥʳʭ ɺʊʉʇ 



ʅʦʚʳʡ  ʢʣʘʩʩ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ (Fe-As) 
Discovered by Y. Kamihara,  et al.,   J. Am. Chem. Soc.130, 3296 (2008 ) 

Crystal structure and phase diagram of   La O1-x F1-x Fe As 

Takahashi  et al.  Nature  453, 376 (2008)      Tc = 43 K at 4 Gpa 

ʄʘʢʩʠʤʘʣʴʥʦʝ  Tc = 55 K   ʚ  Sm Fe As 1-x F1-x 



Superconductivity  in Mg B2 with Tc = 39 K 
Discovered by J. Akimisu,  
in Proceedings of the Symposium on Transition Metal Oxides, 

Sendai, 10 January 2001 

J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, and 

J. Akimitsu,   Nature 410, 63ï64 (2001). 

ʕʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʳʡ ʤʝʭʘʥʠʟʤ  

 (ʠʟʦʪʦʧ - ʵʬʬʝʢʪ:   Ŭ B = 0.26),  

ʜʚʫʭʟʦʥʥʳʡ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢ,   

   ʩʠʣʴʥʘʷ ʩʚʷʟʴ  (ɚ ~1) 

ʚʳʩʦʢʠʝ ʯʘʩʪʦʪʳ ʬʦʥʦʥʦʚ 

   (300 -700  cm -1  ) 
  

çʘʥʘʣʦʛ  ʜʦʣʛʦʞʜʘʥʥʦʛʦ 

ʤʝʪʘʣʣʠʯʝʩʢʠʦʛʦ ʚʦʜʦʨʦʜʘè 

ʇʦʚʝʨʭʥʦʩʪʴ ʌʝʨʤʠ  B(px-py) 

J. Kortus, I.I. Mazin, et al. (2001) 

Mg 2+ (B1-)2   ʛʜʝ   B1- ( 2p2 ) 

B(px-py)-hole  

B(pz)-el 

B(pz) -h 



Ʒʄʝʭʘʥʠʟʤʳ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʠ: 

ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʳʡ ʠʣʠ 

ʩʧʠʥïʬʣʫʢʪʫʘʮʠʦʥʥʳʡ ? 



ɺʳʩʦʢʠʝ Tc ʧʨʠ  ʵʣ.-ʬʦʥ. ʤʝʭʘʥʠʟʤʝ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ   

 -  ʧʨʠ  ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ  N(0)  

 -  ʧʨʠ ʩʠʣʴʥʦʤ ʵʣ.-ʬʦʥ.  ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ  gep   

 -  ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʝ ʬʦʥʦʥʦʚ  ɤ ph 

ʆʮʝʥʢʠ ʜʘʶʪ: Tc
max

 Ò 40 K  ʧʨʠ ʦʧʪʠʤʘʣʴʥʦʤ ʚʳʙʦʨʝ ʧʘʨʘʤʝʪʨʦʚ:   

Nb3Ge :   Tc = 23,2 K (1973),   - ʩʠʣʴʥʘʷ ʩʚʷʟʴ ɚ,  N(0) ʚʝʣʠʢʦ 

MgB2:   Tc = 40 K, (2001) ï  ʩʠʣʴʥʘʷ ʩʚʷʟʴ,  ʚʳʩʦʢʘʷ 

ɺ ʢʫʧʨʘʪʘʭ: ɤ ph ~ 400 K,   ʥʦ  N(0)  ʤʘʣʦ ʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ T ~ 100 K 
ʥʝʦʙʭʦʜʠʤʘ ʩʠʣʴʥʘʷ ʩʚʷʟʴ gep 



ʊʝʦʨʠʷ ɹʘʨʜʠʥʘ-ʂʫʧʝʨʘ-ʐʨʠʬʬʝʨʘ-ɹʦʛʦʣʶʙʦʚʘ (1957 ʛ.) 

0 

-wph 

 wph 

W 

 m 

 ʕʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʳʡ ʤʝʭʘʥʠʟʤ ʩʧʘʨʠʚʘʥʠʷ 

 ʛʜʝ ʩʧʝʢʪʨ 

ʋʨʘʚʥʝʥʠʝ  ʜʣʷ ʱʝʣʠ    ȹ(k)  

ʊʝʤʧʝʨʘʪʫʨʘ  ʉʇ 

: ʀʟʦʪʦʧʠʯʝʩʢʠʡ   ʵʬʬʝʢʪ:  

Tc   ~ M - Ŭ ,    Ŭ =1/2  

ɺʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ ʢʫʧʝʨʦʚʩʢʦʡ ʧʘʨʳ 

<ű(x1ïx2) > = < Ɋŷ(x1) ɊŹ(x2) >             

= × k < c kŷ c ïkŹ>  exp { i k(x1ïx2)}                            

MgB2:   Tc = 40 K, (2001)  



E.G. Maksimov,  M.L. Kuliĺ,  O.V. Dolgov,   

Adv. in Cond. Mat. Phys., Article ID 423725 (2010). 

Bosonic Spectral Function and the Electron-Phonon 

Interaction in HTSC Cuprates 

ɽ.ɻ. ʄʘʢʩʠʤʦʚ  ʋʌʅ  170, 1033. (2000) 

 High-temperature superconductivity: the current state. 

ʕʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʳʡ ʤʝʭʥʠʟʤ 



 ʉʧʠʥïʬʣʫʢʪʫʘʮʠʦʥʥʳʡ ʤʝʭʘʥʠʟʤ ʩʧʘʨʠʚʘʥʠʷ 

Vph ( q) = g2 ɢph(q)  > 0 

ʨʘʩʩʝʷʥʠʝ ʥʘ ʬʦʥʦʥʘʭ 

V sf (q) = ï g2 ɢsf (q)  < 0  

ʨʘʩʩʝʷʥʠʝ ʥʘ ʩʧʠʥʦʚʳʭ 
ʬʣʫʢʪʫʘʮʠʷʭ 

ɼʣʷ ʩʧʠʥïʬʣʫʢʪʫʘʮʠʦʥʥʦʛʦ ʩʧʘʨʠʚʘʥʠʷ  

ʅʝʥʫʣʝʚʦʝ ʨʝʰʝʥʠʝ ʚʦʟʤʦʞʥʦ ʣʠʰʴ 

ʜʣʷ  ʟʥʘʢʦʧʝʨʝʤʝʥʥʦʡ  ȹ(k), ʥʘʧʨʤʝʨ,          

ʠ ʫʨʘʚʥʝʥʠʝ  ʜʣʷ ʱʝʣʠ ȹ(k)  

d-ʩʠʤʤʝʪʨʠʠʠ : ȹ(k)  =  ï ȹ (kǋ ),     

ʛʜʝ  kǋ = k + Q,  Q = ( ,́ )́ ï 
ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʡ ʚʝʢʪʦʨ ʚ  2D 

ʟʦʥʝ   ɹʨʠʣʣʫʵʥʘ 



ʉʠʤʤʝʪʨʠʷ ʱʝʣʠ:   C4 (s)  ʠ  C2 (d)  

s-ʚʦʣʥʦʚʘʷ ʩʠʤʤʝʪʨʠʷ:  d-ʚʦʣʥʦʚʘʷ ʩʠʤʤʝʪʨʠʷ:  

ȹs (kx , ky)   =  ȹ0 (cos kx + cos ky)  

  

ȹs (kx , ky)  = ȹs (ky ,kx) 

  

ȹs (kx , ky) = 0  ʜʣʷ  |kx | + | ky | =  ́ 

  

ȹd (kx , ky)   =  ȹ0 (cos kx ï cos ky) 

  

ȹd (kx , ky)  = ï ȹd (ky ,kx) 

  

ȹd (kx , ky) = 0  ʜʣʷ  kx  = Ñ ky   

kx 

ky 

+ 
+ 

ï 

ï 

kx 

ky 
+ 

ï 



ɼʣʷ  ɸʌ  ʩʧʠʥʦʚʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 

ʉʧʠʥïʬʣʫʢʪʫʘʮʠʦʥʥʦʝ ʩʧʘʨʠʚʘʥʠʝ ʚ 2D ʟʦʥʝ   ɹʨʠʣʣʫʵʥʘ 

ʧʨʠ ʙʦʣʴʰʦʡ ʚʝʣʠʯʠʥʝ ɝ AF  
ʩʧʠʥʦʚʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʠʤʝʝʪ 

ʦʩʪʨʳʡ ʤʘʢʩʠʤʫʤ ʧʨʠ q, ʨʘʚʥʳʤ ɸʌ 
ʚʦʣʥʦʚʦʤʫ  ʚʝʢʪʦʨʫ  

                                                                  

ʠ  ʩʚʷʟʳʚʘʝʪ ʉʇ ʱʝʣʠ  d ïʩʠʤʤʝʪʨʠʠ  

ȹd ( ,́ 0) > 0  ʠ   ȹd (0 , )́ < 0  

Q 

+ 

ï 

ï 

+ 

   ʥʫʣʠ ʉʇ ʱʝʣʠ d-

ʩʠʤʤʝʪʨʠʠ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ 



M. Cyrot (1986):   Solid State Comm.  60,   253.  

A possible origin for heavy Fermion superconductivity. 

 

Miyake, K.,  Schmitt-Rink,S., and Varma,~C.P. (1986):   

Phys. Rev. B 34, 6554. 

Spin-fluctuation-mediated  even-parity pairing in heavy-fermion 

superconductors. 

 

Scalapino D.J.   (1995): Phys.  Reports 250, 329. 

   [arXiv:cond-mat/9908287].   

The case for  d_{x2 -y2}   pairing in the cuprate superconductors. 

 

 

 

 

Scalapino et al. 1986, 1987 

ʉʧʠʥïʬʣʫʢʪʫʘʮʠʦʥʥʳʡ ʤʝʭʘʥʠʟʤ ʩʧʘʨʠʚʘʥʠʷ 



  ʉʧʝʢʪʨ ʩʧʠʥʦʚʳʭ ʚʦʟʙʫʞʜʝʥʠʡ ʚ ɺʊʉʇ-ʢʫʧʨʘʪʘʭ: 

ʵʢʩʧʝʨʠʤʝʥʪ 

 

     ɺ ʥʦʨʤʘʣʴʥʦʡ ʬʘʟʝ:  ʧʝʨʝʭʦʜ ʦʪ ʩʧʠʥʦʚʳʭ ʚʦʣʥ                         

ʚ ʩʠʩʪʝʤʝ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʩʧʠʥʦʚ  S = İ  ʥʘ  ʫʟʣʘʭ ʤʝʜʠ 

Cu2+ (3d9)  ʚ ʥʝʣʝʛʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ  ʢ ʰʠʨʦʢʦʤʫ 

ʩʧʝʢʪʨʫ ʩʠʣʴʥʦ ʟʘʪʫʭʘʶʱʠʭ ʩʧʠʥʦʚʳʭ ʚʦʟʙʫʞʜʝʥʠʡ  ʚ  

ʩʧʠʥʦʚʦʡ ʞʠʜʢʦʩʪʠ ʧʨʠ ʢʦʥʝʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʦʩʠʪʝʣʝʡ 

(ʵʣʝʢʪʨʦʥʦʚ ʠʣʠ  ʜʳʨʦʢ)  

 

     ɺ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʡ ʬʘʟʝ:   ʧʦʷʚʣʝʥʠʝ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʠʢʘ  

ʚ ʩʧʝʢʪʨʝ ʩʧʠʥʦʚʳʭ ʬʣʫʢʪʫʘʮʠʡ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

(ʥʠʞʝ Tc )  ʧʨʠ ʵʥʝʨʛʠʷʭ E r ~ 40 ʤʵɺ  ʚ ʦʧʪʠʤʘʣʴʥʦ-

ʣʝʛʠʨʦʚʘʥʥʳʭ ʜʳʨʢʘʤʠ ʢʫʧʨʘʪʘʭ   ʠ  E r ~ 30 ʤʵɺ ʧʨʠ 

ʩʣʘʙʦʤ ʣʝʛʠʨʦʚʘʥʠʠ 



Coldea et al. PRL 86, 5377  (2001)  J = 136 meV,   Zc  = 1.17, S =1/2 

ʉʧʝʢʪʨ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ  ʥʝʫʧʨʫʛʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʥʝʡʪʨʦʥʦʚ ʚ La2CuO4 



Spin excitations  in YBCO  [Stock  et al. PRB 71, 024522 (2005) ] 

Two layer system: acoustic (odd)  and optic (even) modes 

J ~ 120 meV,   Jƍ ~ 10 meV T = 6 K 



Ph. Bourges (1998) 

ʅʝʫʧʨʫʛʦʝ ʤʘʛʥʠʪʥʦʝ ʨʘʩʩʝʷʥʠʝ ʥʝʡʪʨʦʥʦʚ ʚ YBa2Cu3O7-x  



çʈʝʟʦʥʘʥʩʥʘʷ ʤʦʜʘè 

ʚ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʤ  

ʩʦʩʪʷʥʠʠ ʚʙʣʠʟʠ ɸʌʄ  

ʚʝʢʪʦʨʘ   Q= ( ,́ )́ 

Magnetic resonant  

excitations in High-Tc  

superconductors 

Y. Sidis, et al.,  phys. stat. 

sol. (b) 241, 1204  (2004) . 

(a) YBa2Cu3O6.95 (Tc = 93K) 

(b) YBa2(Cu Ni)3O7  (Tc = 80K) 

(c)  Tl-2201   (Tc  ~ 90K) 

(d)  Bi-2212 (Tc  = 91K) 



Strength of the spin-fluctuation-mediated pairing 

interaction in a high-temperature superconductor 

T. Dahm, B. Keimer, et al., Nature Physics  (2009) 

with U = 1.6 eV 

results  in Tc = 170 K 

Solution of the 

Eliashberg equation  

for  the spin-

fluctuation pairing  



Resonant inelastic x-ray scattering  (RIXS) 

        ( 2p core  hole created at the Cu L23 edge ) 

where 

effective scattering operator for a photon with the initial ( i ), outgoing ( o ) 

energy, momentum, polarization,  



Intense paramagnon excitations in 

a large family of high-temperature 

superconductors 

M. Le Tacon,  et al.,   

Nature Physics  7, 725 (2011) 

Resonant inelastic x-ray  

scattering 



ʈʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʡ 

ʕʣʠʘʰʙʝʨʛʘ ʜʣʷ 

ʩʚʝʨʧʨʦʚʦʜʥʠʢʘ  ʩʦ 

ʩʧʝʢʪʨʦʤ ʩʧʠʥʦʚʳʭ 

ʚʦʟʙʫʞʜʝʥʠʡ, ʠʟʤʝʨʝʥʥʳʤ ʚ 

YBa2Cu3O7  

ʧʨʠʚʦʜʠʪ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʉʇ 

ʧʝʨʝʭʦʜʘ ʧʦʨʷʜʢʘ   ~  200 K 

ñɺ ʙʦʣʴʰʦʤ ʢʣʘʩʩʝ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ, ʚʢʣʶʯʘʷ 

YBa2Cu4O8 ʠ YBa2Cu3O7  ʥʘʙʣʶʜʘʝʪʩʷ ʩʧʝʢʪʨ 

ʧʘʨʘʤʘʛʥʦʥʦʚ  ʩ ʜʠʩʧʝʨʩʠʝʡ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ, 

ʩʨʘʚʥʠʤʦʡ ʜʣʷ ʤʘʛʥʦʥʦʚ ʚ ʥʝʣʠʛʠʨʦʚʘʥʥʳʭ ʢʫʧʨʘʪʘʭò 


