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I- Motivation : 
d-band materials, LDA + U

• Work in context of a « Hubbard » model.

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

a = 1, t = 1

-Relevant parameter : U/W, 
-W = bandwidth.

U
t



I-Motivation :
Lessons from DMFT, exact in d = infinity

• U < W, and T < Tcoh we have a « Fermi 
liquid ».

• U > W we have a correlation driven  (Mott) 
insulator (if frustration).

• There is a first-order phase transition 
between both phases.
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I-Motivation: « Realistic theories ». 
What is the effect of low dimension (of lattice)?
• On Fermi-liquid properties ?
• On Phase transitions ?

•Answer in d = 1 : Enormous
–No symmetry breaking.

–No Fermi liquid (Luttinger liquid): 
spin-charge separation. …



I-Motivation: 
Realistic theories in d = 2.

κ−(BEDT)2X



e
Photon

= E   + ω + µ - W k
2m

2

k

ph

Photoemission

Measuring « band » properties 



Valla et al. P.R.L. 83, 2085 (1999)



Armitage et al. 
Phys. Rev. Lett. 
87, 147003 (2001)

Electron doped
HTSC:



I-Motivation: 
Do we have accurate methods for U < W and d = 2 ?

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

U / W = 0.8

T-TiTe2



I-Motivation : 
« Standard » methods for U < W fail or are inaccurate.

• RPA + paramagnons 
( = GW for screened interaction U)
– Predicts phase transitions that are prohibited by the 

Hohenberg-Mermin-Wagner-Coleman theorem (No 
continuous symmetry breaking in d = 2)

– Does not satisfy the Pauli principle.
•« Conserving » approximations (Renormalized
perturbation theory)

–OK with Mermin-Wagner

–Do not satisfy Pauli principle

–Fail to reproduce the Physics to be described here.



I-Motivation : 
All is not so bad: Methods that work, but...

• Exact diagonalizations
– Really small systems. Good for some ground-state 

properties, indications of broken symmetry.
– Cluster perturbation theory. 

• Finite T, Series expansion (Static quantities)

• Determinant quantum Monte Carlo
– 16 x 16 is about maximum size.
– « Negative sign problem » prevents simulations at very 

low temperature in interesting doping ranges.

Sénéchal, cond-mat/0205044



I-Motivation: 
The point of view taken here, our goal

• QMC (BSSH algorithm) = « the truth »

•Develop « analytical approach » that agrees 
with QMC, wherever available, then

–Extend to regions inaccessible to QMC.

–Understand the physics

–Study more « realistic » models. 



I-Motivation: 
Extensions of DMFT in lower d are beginning
• « Quasi-one-d systems »

– Biermann, Georges, Lichtenstein, Giamarchi, 
Phys. Rev. Lett, 87, 276405 (2001).

• d = 2 systems
– C- DMFT (Kotliar et al.)
– DCA (Jarrel et al.)



I-Motivation: 
A new result from DCA in d=2

S. Moukouri and M. Jarrell, Phys. Rev. Lett. 87, 167010 (2001).
Paramagnetic solution



I-Motivation: 
Understood by simple approach described here
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I-Motivation: Understood by simple approach
described here

Kyung et al. 
cond-
mat/0112273



II- Spin and charge fluctuations: 
-Proof that the method works.

• Double occupancy and 
filling serve as initial 
conditions for spin and
charge structure factor.

n  n 2  n   n   2nn 

Vilk, et al. J. Phys. I France, 7, 1309 (1997).
QMC : Moreo et al. P.R.B. 41, 2313 (1990)

β = 6



Double occupancy :
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Dip at low T is absent in d = 3
Daré, Albinet, P.R. B 61, 4567 (2000).



q
0.0

0.4

(0,0) (π,π)(π,0) (0,0) q
0

2
0.0

0.4

0

2

n 
S ch

(q
)

n 
S sp

(q
)

U = 8

U = 8

U = 4

U = 4
n = 0.26

n = 0.94
n = 0.60

n = 0.45
n = 0.20

n = 0.80
n = 0.33
n = 0.19

n = 1.0
n = 0.45
n = 0.20

(a)

(b) (c)

(d)

U > 0

QMC + cal.: Vilk et al. P.R. B 49, 13267 (1994) 

Notes:
-F.L.
parameters

-Self also
Fermi-liquid

(0.0) (π,0)

(π,π)



0.50 0.75 1.00
T

0.0

0.5

1.0

1.5

2.0
U=4.0
n=0.87

Monte Carlo

8x8 (BWS)

8*8 (BW)

This work

FLEX no AL

FLEX

π,
π

χ
(  

  ,
0)

sp

U = + 4

QMC: Bulut, Scalapino, White, P.R. B 50, 9623 (1994).
Calc.: Vilk, et al. J. Phys. I France, 7, 1309 (1997).

Proofs...
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II-Spin and charge fluctuations
How do we do it?

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

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



II-Spin and charge: 
Two-Particle Self-Consistent

Find nn  from (a) fluctuation-dissipationtheorem
(b)Pauli principle

Usp 


1

G
1 


1
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1  U nn 

n n 
.
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2 Uch0q
 n  2nn  n2.

N.B. Kanamori 
Brueckner

n  n 2  n   n   2nn 
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q

0q
1  1

2 Usp0q
 n  2nn F.D.

RPA does not satisfy Pauli



II-Spin and charge: Usp and Uch

Vilk, et al. J. Phys. I France, 7, 1309 (1997).



II-Spin and charge: Mermin-Wagner
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•Note negative feedback and decrease in double occupancy when 
approach mean-field transition in d = 2
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II-Spin and charge: Mermin-Wagner

T  ddq
2d

1
q22
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•Converges even when ξ = infinity when d > 2.
•In d = 2,

1
qQd
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II-Spin and charge: 
« Crossover » diagram

Vilk, et al. J. Phys. I France, 7, 1309 (1997).
Vilk et al. P.R. B 49, 13267 (1994)

Quite different from RPA 
In RPA (Stoner) we have, 
-Long range order
-Ferromagnetism at low dopings.



III- Self-energy effects :
Proof that the method works
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Kyung et al. 
cond-
mat/0112273
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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

III- Self-energy effects :
How we do it…



Improved self-energy (step (2))
2ksym

 Un  U
8
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N 

q

3Uspsp
1q  Uchch

1q G
1k  q.

No « Migdal » theorem.

Consistencycheck
1
2 Tr2G1   lim

0
T
N 

k

2kG
1keikn  Unn .

Not usually enforced by other approaches



Qualitatively new result: 
effect of critical fluctuations on particles (RC regime)
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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); 



Imaginarypart: compare Fermi liquid, limT0 R
kF, 0  0
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IV-Extensions

• Works just as well in higher dimensions
– Néel temperature d=3  

• U < 0 and U > 0.

• Arbitrary-range hopping

• Pairing susceptibility

Daré, Albinet, P.R. B 61, 4567 (2000).

Allen et al., P.R. B 64, 075115 (2001).
Kyung et al. P.R. B 64, 075116 (2001).

Kyung et al. cond-mat/0205427
Kyung et al. cond-mat/0204500

Veilleux et al. P.R.B. 52, 16255 (1995).



QMC: symbols. 
Solid lines analytical. Kyung, Landry, A.-M.S.T.

IV-Extensions: 
d-wave superconductivity
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Armitage et al. 
Phys. Rev. Lett. 
87, 147003 (2001)

M.B. Maple
MRS Bulletin, 
June 1990

Electron doped:



V-Summary and conclusion

• « Standard » approaches can give results that are 
qualitatively incorrect, even for U/W < 1.

• Preferable to forget diagrams and instead enforce
Pauli, conservation, Mermin-Wagner…

• TPSC + self energy without Migdal is accurate 
(reproduces QMC and DCA))

• (1996) Physics: In d=2, precursors of the ordered 
phase make self-energy singular in both ω and k.

• Recent advance : pairing susceptibility.
• Useful as a « cluster solver » in DMFT?
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C’est fini…

enfin


