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Two ways to destroy a Fermi liquid

ω

k

π/a−π/a

ω

r kx

ky

Some basic Solid State Physics



e
Photon

= E   + ω + µ - W k
2m

2

k

ph

Photoemission

Measuring « band » properties in d=2



The Fermi liquid

Damascelli, Shen, Hussain, 2002.



A Fermi liquid in d = 2 

Perfetti, Grioni et 
al. Phys. Rev. B
64, 115102 (2001)

U / W = 0.8

T-TiTe2



Destroying the Fermi liquid at half-filling:
Lattice + interactions

A-Long-range order
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Will “resist” LRO until critical U



Destroying the Fermi liquid at half-filling:
Lattice + interactions

B-Strong on-site repulsion (Mott transition)
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DMFT- Georges,
Kotliar, Rosenberg, 
1986.



Question: What happens away from n = 1?

A- Long-Range Order (U large enough)

B- Mott transition : DMFT

Hole pockets: 
Still FL
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If gapped,
gapped everywhere
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II-Experimental results from cuprates

YBa2Cu3O7-δ



Phase diagram

Damascelli, Shen, Hussain, 2002.

Optimal dopingOptimal doping

n, electron density



Pseudogap
•New Ising character phase?

•RVB
•Preformed pairs
•Flux phase
•D Density Wave

•Fluctuations?
•SC, AFM, singlet…

•Stripes
•Spin-charge separation

d = 3 Néel T

« Mott » Physics explains 
decreasing Tc
(Small ρs : Phase fluctuations)

SO(5)

Quantum critical points?



The normal state ( T > Tc ) of   high temperature superconductors cannot 
be explained in the context of the band theory of metals or any of its 
extensions.

Two great mysteries:

1. The normal state (pseudogap).

2. The origin of the attraction leading to superconductivity (magnetic 
instead of phononic?)



Fermi surface, hole-doped case



Fermi surface, electron-doped case

Armitage et al. PRL 2002.



U
t

•Size of Hilbert space : 

•With N=16, It takes 4 GigaBits just to store the states

4N (N = 16)

µ

Simplest microscopic model for Cu O
planes.

The « Hubbard model »



H = − X
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Hubbard model (Kanamori, Gutzwiller, 1963) :

- Screened interaction U
- U, T, n (or δ=1-n)
- a = 1, t = 1, h = 1

- 2003 vs 1963: Numerical solutions to check analytical approaches
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Effective model, Heisenberg: J = 4t2 /U
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Weak vs strong coupling

Mott transitionU ~ 1.5W   (W= 8t)
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Tests: Spin-charge separation d = 1, and U = infinity

Sénéchal et al.
2000, 2002

Vary 
cluster 

shape and 
size



Hole-doped (17%)
Sénéchal, AMT, cond-mat/0308625



Hole-doped (17%)

t’ = -0.3t
t”= 0.2t

η= 0.12t
η=  0.4t

Sénéchal, AMT,
cond-mat/0308625



Electron-doped (17%)



Electron-doped (17%)

t’ = -0.3t
t”= 0.2t

η= 0.12t
η=  0.4t

Sénéchal, AMT,
cond-mat/0308625
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Strong coupling pseudogap

• When U is large 
enough, pseudogap is 
independent of cluster 
shape (and size) in CPT.
– Short-range effect (few 

lattice spacings).
– ω=0 scattering largest at 

points separated by (π,π)
– Scales like t.

Sénéchal, AMT, cond-mat/0308625



Weak-coupling pseudogap

• In CPT 
– is mostly a 

depression in weight 
– depends on system 

size and shape.
• Coupling weaker 

because better 
screened U(n). U=4

Sénéchal, AMT, cond-mat/0308625
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TPSC for electron-doped, 15%

t'=-0.175, t''=0.05
n = 1.15
β = 40

U = 5.75 U = 6.25

Kyung, Landry, AMT, cond-mat/0205165

U cannot be too large to have three spots!



U = 5.25 U = 5.75

U = 6.25

Pseudogap or depression of weight? 

Kyung, Hankevych, AMT, unpublishedUmin< U< Umax



Temperature dependence

U=5.75, 
t'=-0.175, t''=0.05,

n = 1.15

β = 15 β = 7.5β = 10

Kyung, Hankevych, AMT, unpublished



Imaginarypart: compare Fermi liquid, limT0 R
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Why leads to pseudogap

Ak,  2R
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Analytically : 
effect of critical fluctuations on particles (RC regime)

hωsf Bk T<<

Y.M. Vilk and A.-M.S. Tremblay, J. Phys. Chem. Solids 56, 1769 (1995).
Y.M. Vilk and A.-M.S. Tremblay, Europhys. Lett. 33, 159 (1996); 
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F thUk 0 10
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Long AFM correlation lengths (expt. NCCO)

Mang et al.
cond-mat/0307093

Experiment to do: 
When do hot spots 

disappear 
with increasing T

In theory, ξ ∼ ξth~5 to 10

Vilk, PRB 97



Contrast

Kusko, Markiewicz, Bansil, PRB 2002, Kusunose, Rice, cond-mat/0307053



• General philosophy
– Drop diagrams
– Impose constraints and sum rules and try to 

satisfy them.
• Pauli principle
• Conservation laws
• Mermin-Wagner theorem

Two-Particle Self-Consistent Approach
- How it works

Vilk, AMT J. Phys. I France, 7, 1309 (1997).
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Proof that it works (comparisons with QMC)
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A better approximation for single-particle properties (Ruckenstein)

Y.M. Vilk and A.-M.S. Tremblay, J. Phys. Chem. Solids 56, 1769 (1995).
Y.M. Vilk and A.-M.S. Tremblay, Europhys. Lett. 33, 159 (1996); 

N.B.: No Migdal theorem
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Proofs...

TPSC
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A great prediction ?
(Kohn-Luttinger mechanism)

d-wave superconductivity induced by antiferromagnetic fluctuations

D. J. Scalapino, E. Loh, Jr., and J. E. Hirsch
P.R. B 34, 8190-8192 (1986).

Béal–Monod, Bourbonnais, Emery
P.R. B. 34, 7716 (1986).

Miyake, Schmitt–Rink, and Varma
P.R. B 34, 6554-6556 (1986)

Kohn, Luttinger, P.R.L. 15, 524 (1965).

Bickers, Scalapino, White 
P.R.L 62, 961 (1989).

U/t = 4

Recent review by Chubukov, Pines, 
Schmalian.



C.-H. Pao and N.E. Bickers, Phys. Rev. 
B 51, 16 310 (1995)
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QMC: symbols. 
Solid lines analytical. Kyung, Landry, A.-M.S.T.
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Armitage et al. 
Phys. Rev. Lett. 
87, 147003 (2001)

M.B. Maple
MRS Bulletin, 
June 1990

Electron doped:



T

U/t

A(kF,ω)
A(kF,ω)

Uω
ω

PressureU/t  decreases J = 4t2/U  increases

t, increases with p

e hWeak vs Strong coupling



VI- Conclusion

• Strong-coupling pseudogap
– CPT (+ DCA + Phillips + …) Mott gap sufficient but not 

necessary. Like Mott, short-range effect (but not zero range).
• Weak-coupling pseudogap

– Electron-doped high Tc in this regime near optimal n.
– Well explained by TPSC (Others need LRO)
– Ratio ξ/ξth is important (precursor effect).

• Unified point of view (???) ξth     1 at strong coupling.
• AFM fluctuation exchange as source of d-wave 

superconductivity in electron-doped high-Tc. (Possibility 
of « complete » theory. )
– Dome shape from AFM that can both help and hinder d-wave 

superconductivity.
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Un noeud d'Elix2

De gauche à droite: Alain
Veilleux, Michel Barrette, Jean-
Phillipe Turcotte, Carol 
Gauthier, Patrick Vachon et le 
1er noeud d'Elix

Equipe du CCS devant Elix2. Al'arrière: Patrick Vachon, Minh-Nghia
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C’est fini…
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