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Experiment:Experiment: Angular distribution of gaps and Angular distribution of gaps and 
pseudogapspseudogaps in cupratesin cuprates

Bi2−yPbySr2−zLazCuO6+δ
Bi2Sr2CaCu2O8+δ
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ChargeCharge--density wave density wave ““checkerboardcheckerboard”” modulationmodulation

Hanaguri(2004) 3



Bi-based ceramics (STM)
one-dimensional modulation

Ca2-xNaxCuO2Cl2

(STM)
Checkerboard

Evidence for charge-density waves (CDWs) in cuprates



Inherent Inherent nanoscalenanoscale inhomogeneity of inhomogeneity of 
measured energy gaps and local critical measured energy gaps and local critical 

temperaturestemperatures
((BiBi22SrSr22CaCuCaCu22OO88++δδ))

Boyer

Superconducting gaps are homogeneous, CDW gaps (pseudogaps) vary strongly: 
Boyer et al. (2007)



Two-dimensional diagram of the order parameter/gap ∆



FERMI SURFACE MAPS OF THE DIELECTRICFERMI SURFACE MAPS OF THE DIELECTRIC ΣΣ
AND SUPERCONDUCTINGAND SUPERCONDUCTING ΔΔ ORDER ORDER 

PARAMETERSPARAMETERS
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S- and d- conventional superconducting pairing



THEORETICAL DESCRIPTIONTHEORETICAL DESCRIPTION

System of equations for order parameters
In the adopted order 
parameter configuration 

μΩ = 2α; 

Ω = π/2 and π for the 
checkerboard and 
unidirectional CDW patterns, 
respectively; μ = is the 
dielectrically gapped portion 
of Fermi surfaceMühlschlegel integral:
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Δ0 and Σ0 are the bare superconducting and CDW order parameters, respectively
σ0= Σ0/ Δ0 9



Phase diagramsPhase diagrams
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Order parametersOrder parameters
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Gap roses and gap bandsGap roses and gap bands
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Gap rosesGap roses
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Complete dielectric gappingComplete dielectric gapping



One more puzzleOne more puzzle

The ratio 2Δ(0)/Tc ≈ 5.5



The ratio The ratio RR = = ΔΔ(0)/(0)/TTcc



ΔΔ(0)/(0)/TTcc

17checkerboard, μ = 0.3



dc Josephson currentdc Josephson current. Geometry of . Geometry of 
the junctionthe junction
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Directional tunneling for an example of Directional tunneling for an example of 
nonnon--symmetric junctionssymmetric junctions
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Parameter dependences of current Parameter dependences of current 
amplitudesamplitudes



Parameter dependences of current Parameter dependences of current 
amplitudesamplitudes



Parameter dependences of current Parameter dependences of current 
amplitudesamplitudes

δBCS = ΔBCS(T = 0)/ Δ0



Parameter dependences of current Parameter dependences of current 
amplitudes in the reentrance regionamplitudes in the reentrance region



Parameter dependences of current Parameter dependences of current 
amplitudes in the reentrance regionamplitudes in the reentrance region



Influence on the directional tunneling Influence on the directional tunneling 
angle angle θθ00



Angular current dependences for symmetric dAngular current dependences for symmetric d--wave wave 
superconducting junctions with (a) and without (b) superconducting junctions with (a) and without (b) 

checkerboard checkerboard CDWsCDWs



Angular current dependences for symmetric dAngular current dependences for symmetric d--wave wave 
superconducting junctions with unidirectional superconducting junctions with unidirectional CDWsCDWs



Angular current dependences for symmetric dAngular current dependences for symmetric d--wave wave 
superconducting junctions with correlated rotations of superconducting junctions with correlated rotations of 

checkerboard (a) and unidirectional (b) checkerboard (a) and unidirectional (b) CDWsCDWs



Angular current dependences for symmetric CDW superconducting Angular current dependences for symmetric CDW superconducting 
junctions with different symmetries of the superconducting orderjunctions with different symmetries of the superconducting order

parameter and checkerboard CDW configurationparameter and checkerboard CDW configuration



Angular current dependences for nonAngular current dependences for non--symmetric CDW symmetric CDW 
superconducting junctions with different symmetries of superconducting junctions with different symmetries of 
the superconducting order parameter and checkerboard the superconducting order parameter and checkerboard 

(a) and unidirectional (b) CDW configurations(a) and unidirectional (b) CDW configurations



Proportionality between Josephson current and product of Proportionality between Josephson current and product of 
superconducting gaps: symmetric superconducting gaps: symmetric junctions involving junctions involving dd--
and sand s--wave superconductors (wave superconductors (ττ = = TT//TTcc as a as a driving forcedriving force))



Proportionality between Josephson current and product Proportionality between Josephson current and product 
of superconducting gaps: symmetric junctions involving of superconducting gaps: symmetric junctions involving 
dd--wave superconductors wave superconductors with unidirectional with unidirectional CDWsCDWs ((αα as as 

a driving forcea driving force))



Proportionality between Josephson current and product Proportionality between Josephson current and product 
of superconducting gaps: of superconducting gaps: nonnon--symmetricsymmetric junctions junctions 

involving dinvolving d--wave superconductors wave superconductors with unidirectional with unidirectional 
CDWsCDWs ((αα as a driving forceas a driving force))

γ =  0° γ =  90°



Conclusions as for Josephson Conclusions as for Josephson 
tunnelingtunneling

• 1. CDWs can conspicuously alter angular dependences of the 
stationary Josephson currents.

• 2. Angular and doping current dependences are essentially 
different for various possible superconducting order parameter 
symmetries

• 3. Angular and doping current dependences are essentially 
different for checkerboard and unidirectional CDWs

• 4. CDWs violate proportionality between parameter-dependent 
Josephson current and product of left-hand-side and right-
hand-side superconducting gaps 

• 5. Josephson current measurements can supplement
photoemission and tunnel spectroscopic studies to elucidate 
superconducting order parameter symmetry, detect CDWs and 
find their configuration


