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Cuprates superconductors : a consensus ?  
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Cuprates phase diagram  
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Pseudogap in the spin channel (NMR) 

 Knight-shift (Alloul ‘89) 

 1/T1T (Takigawa ‘91) 

UnderDoped YBCO 

17O 63Cu 



Pseudogap in the charge channel (ARPES) 

UnderDoped BSCCO 
 ARPES (Norman ‘98) 
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Pseudogap in the excitations spectrum 

UnderDoped YBCO 

 Specific heat (Loram‘97) 

OverDoped YBCO 

  Lost of spectral weight 

  Both in charge and spin    
channels (Entropy) 



Scenarios for the Pseudogap … 

 RVB like 

  What is the « generic » phase diagram ? 
  What is T* ? 

  Relation between the Pseudogap and Superconductivity ? 
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Are there preformed pairs ??? 

  Relation between the Pseudogap and Superconductivity ? 

  Mostly single particle excitations probes ? 

  Janko et al PRL ‘99 

  Pseudo-Josephson experiment 
  Probing directly pairs 

  Scenario independent 
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Josephson effect 

! 

I = I
c
sin(") ! =!

1
!!

2

  

! 

"#

"t
=
2eV

!

 Phase sensitive probe 

  Josephson equations 

 Time dependence 

ψ 2 =| ψ 2  |  e i ϕ 2 ψ 1 =| ψ 1  |  e i ϕ 1 

Superconductor Superconductor Barrier 

  Probing superconducting fluctuations ? 

ξ(T) 
T > Tc τ(T) 
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Pair susceptibility in the gaussian regime of fluctuations in 
a BCS superconductor 

 Pair susceptibility 

 

" = (T #T
c
) /T

c

  

! 

" =
#!

8k
B
T
c
$

 

"#1
(q,$) = N

0
% i$& + (1+ ' 2q2)[ ]

Rigid pair field 
SC B 

barrier 
SC A 

Tc A < T <Tc B 

Fluctuating pairs 



J.T.Anderson A.M. Goldman PRL (1970) 
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Pair susceptibility in the gaussian regime of fluctuations in 
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ε=1.48 10-3, 1.97 10-3, 2.45.10-3, 2.94 10-3, 3.91 10-3 

 Junctions Sn-SnO-Pb  with TcSn<T<TcPb 

J.T.Anderson A.M. Goldman PRL (1970) 

  Excess current (Im - Iqp) 

  V sets the frequency 

Pair susceptibility in the gaussian regime of fluctuations in 
a BCS superconductor 
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Pair susceptibility in the pseudogap regime of UD cuprates 
B.Janko, I.Kostin, K.Levin, M.R.Norman, D.J.Scalapino PRL 82, 4304 (1999) 

SC OpD 
barrier 
SC UD I 

V 

Tc UD < T <Tc OpD 

 Excess current 

Underdoped : fluctuating pairs 

Optimally doped : rigid pair field 

  Up to T* (Tc OpD) 

   Independent of a 

 specific scenario !!! 

  Difficult !!! 



Design of the experiment   

 Requirements : 

 Epitaxy at T~700°C --> impossible to underdope with oxygen 

 The barrier has to be compatible (epitaxy) 

J.P Contour (Thales/CNRS) 

NdBa2Cu3O7 OpD Tc (OpD) = 90 K c-axis 200 nm 

Tc (UD) = 61 K YBa2Cu2.8(Co0.2)O7 UD 100 nm 
PrBa2Cu2.8(Ga0.2)O7 30 or 50 nm 

 Three different materials  

T* (UD) = 250 K 



The UnderDoped material …   

 Co-doped YBCO :  Tc can be adjusted by doping (60 K) 

  Small disorder (Co in the chains)  

 Carrington ‘92 

Resistivity Hall Cste 

T*=250 K Tc=60 K 
Tc=60 K 



The Barrier …   

 Ga-doped PBCO :   PBCO : weak insulator 

  Standard compound in Josephson devices 

  Ga doping : higher resistivity 

 Glazman - Matveev 

 Conduction in  PBCO :   Variable Range Hopping (bulk) 

  Conduction through localized states (layer) 

  Ga doping : reduction of their number 

G(T) = Gdir + Gres + Σ Gn(T) 

G(T) = G0 + αT4/3 + βT5/2 + … G(V) = G0 + αV4/3 + βV5/2 + … 

elastic 

inelastic 



Mesas used in this study 

Mesa structures 

Junctions 40µm*40µm to 5µm*5µm 

  Good equipotentials 

  Gold resistance in series (150 mΩ) 

  Barrier resistance >> other resistances 



Caracteristic temperatures 
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Josephson effect at low temperature (T<Tc
UD<Tc

OpD)    
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Transport through PrBa2Cu3-x(Gax)O7 (Tc
UD<Tc

OpD<T)  

  Quasiparticles: hopping through Localized States 

  50 nm : 3 LS 

    30 nm : 1 or 2 LS 

  Corresponding T dependence 

 Josephson effect : resonant tunneling through Localized States ! 

G(V ) =G0 +"V
4
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5 + ....

 Weak depedence at low energy (< 10 mV) 

T = 85 K 



Conductance measurements to be more sensitive 

Finaly, the test … (Tc
UD <T<Tc

OpD)  
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Testing the fluctuating pairs  (Tc
UD <T<Tc

OpD)  

80x10
-3

78

76

74

72

70

68

66

64

G
 (

S
)

-20 -10 0 10 20
V (mV)

 T
c
+!

 T-Tc=2,5K

 T-Tc=4K

 T-Tc=6K

 T-Tc=9K

 T-Tc=11K

 T-Tc=14K

 T-Tc=20K

 T-Tc=22K

 An excess conductance peak 

  Seen only 14K above Tc 

  Far below Tc (OpD) 

  Far below T* (250 K) 

Gaussian fluctuations ?  



Gaussian regime of fluctuations  (Tc
UD <T<Tc

OpD)  

 Width in energy ~1mV compatible with gaussian fluctuations 

  Quantitative comparison with Scalapino-Ferrel’s model 

  Thermal noise has to be taken into account Γ = Γ0 + Γ1 
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Only Gaussian fluctuations ? (Tc
UD <T<Tc

OpD)  

  The temperature dependence is controled by the barrier 

  The temperature dependence of A calculated by Ferrel 

  What about the shape of the peak ?  
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Shape of the peak (Tc
UD <T<Tc

OpD)  

 Excess conductance consistent with gaussian fluctuations 

Background subtraction using microwaves 

T-Tc=6K 



Shape of the peak (Tc
UD <T<Tc

OpD)  

Two different temperatures 

Background subtraction using microwaves 



Conclusion of the experiment 

Gaussian fluctuations seen 15 K above Tc <<T* Our conclusion 

  Fluctuation of the Order Parameter Amplitude 

  Only one temperature scale in the problem 

SC OpD 
barrier 
SC UD I 

V 

Tc UD < T <Tc OpD 

T-Tc=6K 

61 K 250 K << 
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Amplitude vs phase fluctuations … 

Gaussian fluctuations seen 15 K above Tc <<T* Our conclusion 

  Fluctuation of the Order Parameter Amplitude 

  Only one temperature scale in the problem 
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Nelson Halperin 
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Aslamasov-Larkin 

Lifetime of the Cooper pairs Stiffness of the condensate 



Fluctuation of the amplitude of the OP 

  Specific form of the fluctuating pair contribution 

  Infinite extension of the fluctuations (detection limit) 
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Leridon et al 
PRB, 2007 
Caprara et al 
PRB 2009 

LSCO 
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Nerst effect 

Fluctuation of the amplitude of the OP 

Dirty superconductor NbxSi1-x : νfluct = 2000 νnorm 

Pourret et al 
Nature Phys. ‘06 
PRB ‘07 



Nerst effect 

Fluctuation of the amplitude of the OP 

What is the situation in cuprates ? 

Ong’s group Rullier-Albenque et al PRL ‘06 

Limited fluctuations in 
clean compounds 

Alloul et al EPL 2010  

R(H,T) 

Disorder 

In clean samples 
 T* < Tc’ 

Vortex-like objects 
above Tc 



Fluctuation of the phase of the OP (Kosterlitz-Thouless) 

Phase transition in 2D systems : 2D XY model 
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Fluctuation of the phase of the OP (Kosterlitz-Thouless) 

Phase transition in 2D systems : 2D XY model 
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Fluctuation of the phase of the OP (Kosterlitz-Thouless) 

Universal jump 
π
T2

He3-He4 mixture 
McQueeney et al 
PRL ‘84 

  The actual thickness (2 u.c.) controls TKT 

  Thicker films do not show KT physics 

  Scaling points towards a QCP at low doping 

Underdoped Ca-YBCO  

Hetel et al Nature Phys. ‘07 

2 unit 
cells 

!
S
= "!2



Fluctuation of the phase of the OP (Kosterlitz-Thouless) 

Universal jump 
π
T2

  
   

  Underdoped Ca-YBCO  

Hetel et al Nature Phys. ‘07 
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Fluctuation of the phase of the OP (Kosterlitz-Thouless) 

Coherence length Two characteristic temperatures : Tc & TKT 

T  TKT  
Bound vortices Free vortices 

TC  
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Fluctuation of the phase of the OP (Kosterlitz-Thouless) 

Coherence length Two characteristic temperatures : Tc & TKT 

TKT  
Bound vortices 
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TC  TKT  Ong’s group 



Fluctuation of the phase of the OP (Kosterlitz-Thouless) 

Non-universal Finite size effects & vortex-core energy 

Benfatto et al, 
PRL ‘07, PRB ‘09 

Cut-off in the long-range vortex interactions 

No evidence of  
bulk KT physics 



Conclusion  

  Direct probe of pairing fluctuations above TC 

  New type of junctions including UD and OpD layers 

  Clear observation of a gaussian regime of fluctuations 

  No signature of fluctuating pairs well above Tc (UD) 

  Pseudogap : order in competition ??? 

N. Bergeal et al Nature Physics 4, 608 (2008) 


