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Motivation:

not so low T very low T

• Hirsch-Fye QMC T & 300 K scaling ∼ 1/T 3

• Wilson’s NRG ≤ 2 orbitals scaling exponential in #orbitals
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• Time discretization

eΘ H or e
R Θ
0 dτ H −→ e∆τ

PL
l=1 H

• Trotter decomposition

e∆τH0 + ∆τHU = e∆τH0e∆τHU + 1
2∆τ2[H0, HU ] +O(∆τ3)

• Hubbard-Stratonovich decoupling

e
∆τU

2 (n↑−n↓)
2

= 1
2

P
sl =±1

eλsl(n↑−n↓) with cosh(λ) = exp(∆τU/2)

⇒ sum of non-interacting problems (MC sampling)
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MPI-FKF

DMFT + PQMC:
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Ground state (PQMC): finite-T (HF-QMC):
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MPI-FKF

Quasiparticle weight Z: Spectra:
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MPI-FKF

Local Spin Susceptiblity
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( ) (0)
c

z zS S d
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τ τ∫

Insulator:

Metal:

Local spin susceptibility
Feldbacher, Held, Assaad PRL’04



MPI-FKF

Away from half-filling:

Coexistence:

Away from half-filling ...
Feldbacher, Held’04/05

◦ DMFT(PQMC)

— —
Fischer, Kotliar, Moeller’95



Two-band Hubbard model (half-filling)
Arita, Held cond-mat/0504040

H = −
X

〈i,j〉mσ

tm ĉ
†
imσĉjmσ + U

X
i mσ

n̂im↑n̂im↓ +
X

i;(m,σ)<(m′,σ′)

(V − δσσ′J)n̂imσ n̂im′σ′

−
1

2
J

X
iσ;l 6=m

ĉ
†
ilσĉilσ̄ĉ

†
imσ̄ĉimσ −

1

2
J

X
iσ;l 6=m

ĉ
†
ilσĉ

†
ilσ̄ĉimσĉimσ̄

U

V−JV

m=1

m=2
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Controversy:
One first-order Mott-Hubbard transition

[Liebsch’03’04; DMFT(QMC) only first line of H]

or two [Koga, Kawakami, Rice, Anisimov’04; DMFT(ED)]?

We:

DMFT(PQMC)
Correct multiplet structure via

Hubbard-Stratonovich decoupling of Sakai,Arita,Aoki’04



DMFT(PQMC) results
Arita, Held cond-mat/0504040

�

� � � � �
�

�

���	�

���
�

�����

���
�

�

•, � DMFT(PQMC)

Θ=20, J = U
4
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by Koga et al.
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two stage screening
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DCA(PQMC) study of the t-t′ Hubbard model
Arita, Held’05
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iσĉjσ + U

X
i σ

n̂i↑n̂i↓

Does the Hubbard model describe d-/p-wave superconductivity??



DCA(PQMC) study of the t-t′ Hubbard model
Arita, Held’05

H = −t
X

〈i,j〉NN σ

ĉ
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′ X
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ĉ
†
iσĉjσ + U

X
i σ

n̂i↑n̂i↓

Does the Hubbard model describe d-/p-wave superconductivity??

k-dependence essential → DCA

σ
ij, lΣ   (ω)

i j
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2
1 3

cluster DMFT



DCA(PQMC) study of the t-t′ Hubbard model
Arita, Held’05

H = −t
X

〈i,j〉NN σ

ĉ
†
iσĉjσ + t

′ X
〈i,j〉NNN σ

ĉ
†
iσĉjσ + U

X
i σ

n̂i↑n̂i↓

Does the Hubbard model describe d-/p-wave superconductivity??

Some Indications for superconductivity:

fRG Honerkamp, Salmhofer’01; Katanin, Kampf’03

→ weak coupling

DCA(QMC) Hettler et al.’98; Lichtenstein, Katsnelson’01;

Maier et al. ’04, ’05...

→ definite answer difficult

T → 0 extrapolation

Nc →∞ extrapolation  0

 1
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Maier et al. cond-mat/0409669

We: DCA(PQMC) → fast, direct route to T =0



Spectral function within PM phase
Arita, Held’05
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Here and in the following: t′=0.4t, Nc =4× 4 = 16



Cluster susceptibilities
Arita, Held’05

Magnetic susceptibility:
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• Projective QMC — new impurity solver for “T = 0”

• Can be used for DMFT and DCA

• Features:

• Θ-extrapolation converges fast to T =0

• works with GT=0(τ) instead of GT (τ)

• easy to implement

• Applications so far:

• One-band Hubbard model at and away from half-filling

• Two-band Hubbard model — two consecutive Mott-Hubbard transitions

• DCA(PQMC) — pair susceptibility in the t-t′ Hubbard model

• Outlook:

PQMC for LDA+DMFT and LDA+DCA


