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Pseudogap phase: cuprates
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B. Fauque et /. PRL 96 197001
(2006)

Normal state

*  Landau

% Fermi Liquid
Pseudogap®,
Phase :

* Magnetic moments
q=0

* Broken time
reversal symmetry



6.0

@ Sample B | al ijji | " Sample B’ e 12.8 2
s T 26 3
] . | . 126 4
> S0/T%000 o O M%?g&fl%- o L. 2z
% i X é;‘ Cﬁ'{@(:%%i . §
= 5.4+ OSF 1 O SF Zl‘%[ Eg £
O NSF,-’Q:E | E’ 3 O N'ISFIESI | | 2.2
0.6 FR =94 b | 5 Sample B’ f
0.4 -?__________%L T - -q:‘?E!TI#EED {3
| T T &Tr T
lomaer YT B,
—0.2¢, % — t — — i ) Edfl:l;m 11
DE I ’ C 17 LT . r o
T | e T
P . i
E 02 T ll%l% '%' T '_E‘L Sample B 1 g !12 E
HgBﬂzcu04+§ E ok-——— 1 ____L I _éﬁgﬁ ] E:
o _DE_Ef-am::lleBl ﬂi | % i . .
0.6 FR = 82 T g
0.3 P S S O S SR -
obs iE-d0 e Jul alaa ) P
—oatizgr- g T ¢ 11 | Adhd
-0.6 -Sa%ﬂ:rlle Gl

100 150 200 250 300 100
Temperature (K)




Proposals for pseudo-gap with T-
sym broken

* DDW phase

S. Chakravarty ez a/. PRB 63 094503
(2001)

single band model

* CU-O currents phase

C. M. Varma PRB 73 155113 (2006)

three band model




Questions

* Do current phase exist ?
[Mean field ? Other instabilities 7]

e One band or three bands ?

 Need an unbiased/controled method

» Ladders

> Variational Monte Carlo calculations



Single band

* 2D Flux phases ?
proposed for Hubbard (Affleck+Marston (88))

But unstable compared to d-wave

e [ adders:

|": 1

E. Orignac+TG PRB 56 7167 (1997);
U. Schollwock et al. PRIL 90 186401
(2003)

but weird interactions !

g1=Ua+2Va cos(2kra).

2g,=—[Ua+2Va(2—cos(2kga)].



3 band laddets

P. Chudzinski, M. Gabay, TG PRB 76 161101(R) (2007);
PRB 78 075124 (2008)

Flux phase with " reasonable” interactions!
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need three band

model: 6 ; symmetry

stagoered (2kg) phase [weak interactions]

e Differences between 1 band and 3 band

* Circulating currents between Cu-O

e Strong coupling ? | S. Nishimoto et al. PRB 79 205115 (2009)




2D - 3 band system

* Hole notations
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How to treat ?

e Mean field method

* Exact diagonalizations:
IM. Greiter and R. Thomale PRL 99 027005 (2007)]

But: t-] model (€ , > t )

small clusters (8 Co)
e




Exact diagonalization

(C. Weber, A. Latchli, F. Mila,

3 copper sites

10 hole (£ = 25 %)
small correlations 0.006
0 , symmetry




Variational Monte-Carlo

Give | )
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® No numerical problems (" "exact method”)

® ""Equal” footing for the various instabilities

® Depends on choice of wavefunction

® Mostly ground state properties



VMUC for orbital currents

C. Weber, A. Lauchli, F. Mila, TG
PRI. 102 017005 (2008)

Trial wavetunction: ground state of

HMF:Z(tijem""cgcj0+h.c) (A iCirCly +hc)+z

<i,j>

Antiferromagnetic, superconducting, current
instabilities

<O>:<gyMF \B-O-BWMF>/<WMF WMF>
e



Jastrow factors

Ve, VS, QL

variational

parameters



Several tricks

® Correlated minimization (Umrigar+Wilson)

® Stochastic minimizaton (Jastrow)

® Lanczos step(s)




Jastrow
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Benchmark with exact diag.

‘4w |variance

Lanczos 201
Jastrow wi 0.64076
1 Lanczos step —1.1153(1)|—3.14070| —0.83715[0.26559| 0.08736 | 1.86495 | 0.64469| 0.018

Fixe node/ Jastrow|—1.1112(5) 0.26966 (0.05708 [ 1.77314|10.63177| 0.001

* Good description of low energy sector

* 62% magnetization at half filling (MC: 60%0)




Antiferromagnetic instability

—{+4x4 Copper
—- 6x6 Copper
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Hole doping

0.0
hole doping n_

SDW : overestimated stability (usual)



Flux phases
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0 , stabilized

Hole doping

Energy gain decreases with size of the system

No flux phase in thermodynamic limit ?
e



How to stabilize ?

* Two particles, three site ring: t<0 no current
t>0 currents

e Free cluster:




Mean-Field
H = Vycled'd
H = Vygc'{cd")d — t;dch

Different with full variational calculation

(Ap c [1,8], U, € [4,20])




Possible candidates

» Two potential candidates

»  Correlated hopping

X

»  Apical oygens




Apical oxygens




* Canonical parameters:
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Variational results
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Current patterns

6, symmetty

Moments out of plane




e Structure:

* Reasonably compatible with experiments



Conclusions

e Differences between 1 band and 3 band model
e | adders: orbital currents stabilized for 3band

* 2D: variational calculation points at 0,
symmetry, but energy decreases; Currents ?

* Potentially strong stabilization of currents with
apical oxygens

* Compatibility with experiments
e



