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FFLO  

Y.M. and H. Shimahara 

JPSJ(07) 

Rotating Bose -Einstein -Condensate  

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
(k/uparrow, k/downarrow)
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/Delta/sim /cos  {/vec q} /cdot {/vec r}
/end{align*}
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(Superconductivity) 



In Bulk at Ambient Pressure 

In Modified Form 

Superconducting Elements 

At High Pressure 



40GPa 

60GPa 

K. Shimizu et al. Nature (1998)  

120GPa 

Solid Oxygen 

becomes shiny at high 

pressure (metallic 

color) 

1GPa 10kbar=10,000 atm 

cf. 1 atm~10m water depth 

   10,000 atm~100 km water depth 

At pressures of around 100 GPa, solid oxygen 
becomes superconducting, with Tc of 0.6 K.  
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Superconductivity is destroyed by the strong magnetic field  
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Zeeman+Orbital 
Superconductivity is destroyed by magnetic field   

Orbital effect  (Lorents force) 

Zeeman effect of spin (Pauli paramagnetism) 

B 

-p 
FL 
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FL 

(breakdown of Cooper pairs by magnetic field) 

Sz=+1/2 Sz=-1/2 



Vortex  

Orbital effect 
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FL 
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FL 

http://www.kobijutu-hakkoudo.com/diary/index.cgi?month=200803


July 16, 2007 Japan 
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Anharmonic E2g mode 70meV 

J. Nagamatsu et al., Nature (2001) MgB2 (Tc =39 K)  



♫ Ḍ ̟ᾚ̱ 

 

 

 



Well separated electron 

and hole sheets 

Three families of unconventional superconductor 

Ce 

Co 
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Heavy fermion compound 

(Ce, U) 

  Strong correlation   Weak correlation 

Iron pnictide (Fe) Cuprate (Cu) 

Very strongly localized 4f, 

5f electrons  
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3d-electrons 
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3d-electrons 
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Cuprates 
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hole  
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J. G. Bednorz and K.A. Müller, Zeitschrift für Physik B 64, 189 (1986). 
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LaFeAs(O1-xFx) 

Tc ~ 26 K 

Superconductivity in Fe -Pnictides ɶ Discovery 

Y. Kamihara et al., JACS, 130, 3296 (2008).  

High-Tc superconductors 



Superconductivity in Fe-Pnictides ˈ Discovery 

Hosonoôs group was not looking for 

superconductor, but trying to create new kind of 

transparent semiconductors for flat-panel display. 

LaFePO Tc=4 K 

LaFeP(O,F) 

LaFeAs(O,F) 

Tc=7 K 

Tc=26 K 

Tc=56 K SmFeAs(O,F) 

Only two months! 

High-Tc superconductors 
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Ba Li  
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Tc(max)=47K Tc(max)=55K Tc(max)=38K 

42622 
(32522) 

Ln FeAsO BaFe2As2 LiFeAs FeSe 

Tc= 18 K Tc= 8 K 

M. Rotter et al.(2008) F.C.Hsu et al.(2008) X.C.Wang et al.(2008) Y. Kamihara et al.(2008) 

(A4M2O6) Fe2As2 

Zhu et al.(2009) 
Ogino et al. (2009) 

2D square lattice of Fe 

Well separated electron 

and hole sheets 

Tc=110 K?? 

Fe-based high-Tc superconductors 



Large c(q) 

D(k+q)D(k) < 0 

Sign change 
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P.J. Hirschfeld and D.J. Scalapino, 

Physics 3, 64 (2010)  

K.Kuroki et al. 

JPSJ (11) 
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P.J. Hirshfeld, M.M. Korshunov and I.I. Mazin, Rep. Prog. Phys. (11) see references therein 
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F.-C. Hsu et al.,  

PNAS 105, 14262 (2008). 

High-Tc superconductivity in FeSe 

FeSe/SrTiO3 

One monolayer 

Nature Mat. (2014) 

Tc>100 K 

J-F. Ge et al.  



strongly interacting 
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crossover regime 
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Å cooperative 

  Cooper pairing 
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condensation 

Fermi liquid 
Bose liquid 

Tc 

crossover regime 

Unitary Fermi gas 

attraction 

BCS-BEC crossover 

D/eF ~ 10-3 - 10-4 

Conventional superconductors 

D/eF ~ 10-1 - 10-3 

High-Tc cuprates 

FeSe 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
k_F/xi /ll 1
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
k_F/xi /sim 1
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
k_F/xi /gg 1
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/sim k_F^{-1}
/end{align*}
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F. Steglich et al., Physical Review Letters 43, 1892 (1979). 
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D. Jerome et al., Journal de Physique Letter 41, L95 (1980). 
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BEDT-TTF layer 
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Organic superconductor 
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FFLO State in Neutron Star  

R.Casalbuoni and G.Nardulli 

           Rev. Mod. Phys. (2004) 

neutron 

Glitches 

Color superconductivity  
 FFLO State in Rotating 

Bose -Einstein -Condensate  

 (No observation so far) 


