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2D Superconducting Gap Symmetry2D Superconducting Gap Symmetry
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TheThe Crystal StructureCrystal Structure

CuCu--O planesO planesRuRu--O planesO planes

Similar Similar Structure for SrStructure for Sr--RuRu andand LaLa--BaBa((SrSr) ) systemssystems



TheThe DistortionDistortion of the Square Latticeof the Square Lattice
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TheThe ExperimentalExperimental Evidence for aEvidence for a
Distortion on the SurfaceDistortion on the Surface

ImageImage of the surface for of the surface for SrSr22RuORuO44 seeing from up of seeing from up of RuRu--OO2  2  planes,planes,
where we can see a distortionwhere we can see a distortion of the octahedronsof the octahedrons formed by oxygens.formed by oxygens.
MatzdorfMatzdorf, , et alet al., ., ScienceScience289289, 746 (2000)., 746 (2000).



TheThe Hubbard ModelHubbard Model
((Real Space)Real Space)
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Maping Method to Space of StatesMaping Method to Space of States
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TheThe Phase DiagramPhase Diagram
((twotwo particlesparticles))

(a)(a) TwoTwo electronselectrons tt00==--1, 1, tt’’=0.=0.45 45 tt00 (b) (b) TwoTwo holesholes tt00=1, =1, tt’’=0.45 =0.45 tt00,,

both withboth with UU=6=6 ||tt00|, |, VV=0=0, , DDtt=0=0.5.5||tt00| y | y DtDt33=0.1=0.1|t|t00|.|.



The Electronic LevelsThe Electronic Levels
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TheThe Generalized Hubbard ModelGeneralized Hubbard Model
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BCS GeneralizedBCS Generalized TheoryTheory
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TheThe Coupled EquationCoupled Equation forfor pp and and dd
SymmetrySymmetry
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SSyystemsstems withwith U=V=U=V=∆∆tt==δδ’’==∆∆tt33=0=0,, tt’’00==--0.30.3|t|t00|,|, I. Mazin, I. Mazin, et alet al., Phys. Rev. Lett. ., Phys. Rev. Lett. 79 , , 
733 (1997)733 (1997), δδ33=0.5=0.5|t|t00|| ((squaressquares), 0.375), 0.375|t|t00|| (c(circleircles),s), 0.250.25|t|t00|| ((up up tritriaanglnglees)s), , 0.20.2|t|t00||
((down down tritriaanglnglees)s) y 0.125y 0.125|t|t00|| (r(rhhombombuus).s). Inset:Inset:nn=0.61 black, =0.61 black, nn=0.5 gray=0.5 gray



The Fermi SurfaceThe Fermi Surface

Integrand 1/Integrand 1/EEpp((kk) plotted ) plotted 
over the first Brillouin zone over the first Brillouin zone 
for for U=V=U=V=δδ=0, =0, tt’’00==--0.60.6|t|t00||, , 
∆∆tt=0.5=0.5|t|t00||, , ∆∆tt33=0.15=0.15|t|t00||, , 
δδ33=0.11 |t=0.11 |t00||, , nn=0.8, =0.8, 
∆∆pp=0.00154=0.00154|t|t00||, , 
µµpp=0.147=0.147|t|t00|.|.



The Superconductor Phase DiagramThe Superconductor Phase Diagram

The superconductor ground The superconductor ground 
state phase diagram in the state phase diagram in the 
space of electron density space of electron density 
((nn) and) and δδ3. 3. 

Inset: Difference of ground Inset: Difference of ground 
state energies (state energies (WWpp--WWdd) vs ) vs nn
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The Jump of the Specific HeatThe Jump of the Specific Heat

(a) Critical temperature vs (a) Critical temperature vs n, n, for for 
a system with arbitrary a system with arbitrary U, U, 
V=V=δδ=0=0, , tt’’00=0.45=0.45|t|t00||, , ∆∆tt=0.5=0.5|t|t00||, , 
∆∆tt33=0.15=0.15|t|t00||, , δδ33=0.1 |t=0.1 |t00|.|.
The inset show DOS vs The inset show DOS vs EE, for , for 
nn=0.09 (grey line) and =0.09 (grey line) and nn=0.61 =0.61 
(black line).(black line).
(b) The jump for (b) The jump for dd (squares) (squares) 
and and pp (circles) symmetries as a (circles) symmetries as a 
function of function of n.n.



Electronic Specific Heat vs Electronic Specific Heat vs TT

In low temperatures the In low temperatures the 
specific heat is very specific heat is very 
sensitive to the nodal lines sensitive to the nodal lines 
dd (squares) and (squares) and pp (circles) (circles) 
symmetries symmetries 



The Critical Temperature for theThe Critical Temperature for the
Anisotropic SuperconductivityAnisotropic Superconductivity
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L.A. PL.A. Péérez, rez, et alet al., ., 
Physica B Physica B 359359, 569 , 569 
(2005)(2005)

If U grows

s* drop

*



TheThe Electronic Specific HeatElectronic Specific Heat

V=V=δδ’’=0=0,, tt’’00==--0.45 0.45 |t|t00||, , ∆∆tt=0.5 =0.5 |t|t00||, , ∆∆tt33=0.15 =0.15 |t|t00|| , , δδ33= 0.1 = 0.1 |t|t00|,|, nn==1 (1 (pp) and ) and 
11.4 .4 ((dd)). . TheThe ss symmetrysymmetry withwith UU==--1.3 1.3 |t|t00| | y y tt’’00==--0.45 0.45 |t|t00||..
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ComparisonComparison of Theoryof Theory and and ExperimentExperiment

Adjust for Adjust for pp symmetrysymmetry with with V=V=δδ’’=0=0,, tt’’00==--0.45 0.45 |t|t00||, , ∆∆tt=0.5 =0.5 |t|t00||, , ∆∆tt33=0.15 =0.15 
|t|t00|, |, δδ33= 0.1 = 0.1 |t|t00| | andand nn=1=1 with the with the experimentalexperimental data (solid triangles) ofdata (solid triangles) of
SrSr22RuORuO44..
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ComparisonComparison of Theory and of Theory and ExperimentExperiment

LaLa22--xxSrSrxxCuOCuO44,,

T. Matsuzaki, N. Momono, 
M. Oda, and M. Ido, J. Phys. 
Soc. Jpn. 73 (2004) 2232

ddww--wavewave for for 
U=V=U=V=δδ’’==δδ33 =0=0,, tt’’00==--
0.450.45|t|t00||, , ∆∆tt=0.5=0.5|t|t00||..
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The Single Particle Excitation Energy Gap The Single Particle Excitation Energy Gap (∆(∆00))

The double of the minimal eThe double of the minimal energnergyy in order to break ain order to break a Cooper Cooper papaiir (r (∆∆00) ) as a as a 
funcfunctiotion n of of polarpolar angleangle θθ=tan=tan--11((kkyy / / kkxx)) for for dwdw--wavewave withwith UU==V=V=δδ’’= = δδ33 =0, =0, tt’’00==--
0.0.4545|t|t00||, , ∆∆tt ==0.5 |t0.5 |t00|, |, ∆∆tt33==0.14|t0.14|t00|,|, n= n= 0.0.78 and the corresponding Fermi Surface.78 and the corresponding Fermi Surface.
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CONCLUSIONSCONCLUSIONS

1.1. The researchThe research of singletof singlet andand triplet superconductivitytriplet superconductivity
suggestssuggests thethe posibilityposibility of a unifiedof a unified theory about thetheory about the
AnisotropicAnisotropic Superconductivity Superconductivity forfor pp andand d d 
symmetries in a square lattice.symmetries in a square lattice.

2.2. TheThe pp-- andand dd--wave superconductivity are respectively wave superconductivity are respectively 
enhance in the low and high electronic density regime.enhance in the low and high electronic density regime.

3.3. We can find appropriate set of Hamiltonian parameters We can find appropriate set of Hamiltonian parameters 
in order to find the electronic specific heat that matches in order to find the electronic specific heat that matches 
very well with experimental data.very well with experimental data.

4.4. Then, we have now the possibility to associate theory Then, we have now the possibility to associate theory 
and experiments of some materials.and experiments of some materials.


