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Variational Ground State Wavefunction
| o >=exp(-iS) P|dBCS >

| dBCS > = d-wave BCS state
variational parameters A and p

U=o00  Gutzwiller Projection:
1T 4 @ P =TI (1 ~ ”iT”il)

exp(-1S) = Unitary transformation:
Hubbard - tJ + ... brings in the scale J

Kohn ('64); Gross, Joynt, Rice ('87)
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Projected SC
Resonating Valence
Bond (RVB) liquid

P.W. Anderson,
Science 235, 1196 (1987)

Electrons paired into
singlets




Two Energy Scales
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Pairing & Superconductivity
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Paramekanti, Randeria & N. T.,
PRL 87, 217002 (2001); PRB 70, 054504 (2004)



Variational Energy Gap
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Filled symbols: theory ARPES: Ding et al. PRL (2001)

Open symbols: expt
[Campuzano et al, PRL (1999)]



Quasiparticles ARPES: Bi2212

In SC state SC Gap Anisotropy
H. Ding et al., PRB (1996)

A. Kaminski et al.,
PRL (2000; 2001)
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Intensity (arb. units)
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Low enerqgy excitations



NODAL QUASIPARTICLES
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e coherent spectral weight Z(x)

e dispersion vi(x)

e current carried by a quasiparticle

technical developments relevant for many other variational calculations



Nodal Quasiparticle Z:

Loss of coherence with x|
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Paramekanti et al, PRL (2001)
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Expt: Johnson et al, PRL (2001)
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Nodal Quasiparticles:
Dispersion of low-energy excitations

In the SC state const. VE
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Expt: Zhou et al, Nature (2003)

|
T.L

.r'
.|"

“EEMFT
||||||

'-.|,||||

xﬂ 0.z 0.4 0.6 Z ~ x and VF ~ const.

Theory: Paramekanti et al, PRL (2001) | = Z (K,®) singularities!




(a) EXPT (b) THEORY
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Pseudogap phase




The Pseudogap regime

Loss of low-energy

! spectral weight
i for T > Tc:
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Evidence for pairing between spins



Pseudogap above Tc
for small x

« NMR: spin pairing
T>TcC
 C(T): loss of entropy
T>Tc
 Tunneling &
Photoemision:
Spectral Gap visible
above Tc!

 No quasiparticles
 Fermi surface destroyed



NMR spin gap: pairing of spins above Tc
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Attractive U Hubbard model (no sign problem)
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Attractive U Hubbard model

Static Spin susceptibility

x(0=0,0=0)

Downturn
Indicates pairing
of spins into
singlets

Xs
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Randeria, NT, Scalettar, Moreo; PRL 69, 2001 (1992)



0.1

Electron spin relaxation rate
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Spin susceptibility
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Electronic Specific Heat -
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Pseudogap from other probes
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SUPPRESSION IN LOW ENERGY DENSITY OF STATES
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NEW PHASE AT T=07?
NODAL METAL?
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Kanigel et al, Nature Physics 2, 447 (2006) Norman et al
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NODAL METAL?? NEW PHASE OF MATTER

Kanigel et. al Nature Physics, 2, 447 (2006)
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