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Intra-unit cell nematic order: STM

Kohsaka et al. Nature Physics 2012



D. LeBoeuf et al., Nature 2007

Quantum oscillations

Fermi surface includes a small electron pocket !

N. Doiron-Leyraud et al., Nature 2007

RH < 0

Quantum oscillations in cuprates: 2007



LNCMI, Toulouse

Nernst

T = 2 K

Resistance

NHMFL, Tallahassee

Quantum oscillations in cuprates: 2013



Stripes and reconstructed Fermi surface

Wu et al. Julien, Nature 477, 191–194 (2011)



Competing CDW order
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• Lawler, M. J. et al. Intra-unit-cell electronic nematicity of the high-Tc copper-oxide
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(Y;Nd)Ba2Cu3O6Cx. Science 337, 821825 (2012).
• Achkar, A. J. et al. Distinct charge orders in the planes and chains of ortho-III-

ordered YBa2Cu3O6C superconductors identified by resonant elastic X-ray 
scattering. Phys. Rev. Lett. 109, 167001 (2012).

• Wu, T. et al. Magnetic-field-induced charge-stripe order in the high-temperature 
superconductor YBa2Cu3Oy. Nature 477, 192194 (2011).

• LeBoeuf, D. et al. Thermodynamic phase diagram of static charge order in 
underdoped YBa2Cu3Oy. Nature Phys. 9, 7983 (2013).





Wave vector

Keimer, Julich summer school 2013



Theories

S. Sachdev and R. La Placa Phys. Rev. Lett. 111, 027202 (2013)
D. Chowdhury, S. Sachdev  arxiv. 1501.00002

K. B. Efetov, H. Meier, and C. Pepin, Nat Phys 9, 442 (2013).

Y. Wang and A. Chubukov, Phys. Rev. B 90, 035149 (2014).

…



Competition between CDW and SC

J. Chang et al., Nat. Phys. 8, 871-876 (2012).

Cyr-Choinière et al, arxiv1503.02033



Tuning SC and CDW

Cyr-Choinière et al, arxiv1503.02033



Getting rid of the CDW

Cyr-Choinière et al, arxiv1503.02033



T* not affected

Cyr-Choinière et al, arxiv1503.02033



7. Pseudogap
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• Rounded first order
transition

• d =2 precursor to a lower
temperature broken
symmetry phase (e-doped)

• Mott physics (h-doped)

• Competing order
– Current loops: Varma, PRB 

81, 064515 (2010)
– Stripes or nematic: Kivelson 

et al. RMP 75 1201(2003);
J.C.Davis

– d-density wave : Chakravarty, 
Nayak, Phys. Rev. B 63, 
094503 (2001); Affleck et al. 
flux phase

– SDW: Sachdev PRB 80, 
155129 (2009) ...

• Or Mott Physics?
– RVB: P.A. Lee Rep. Prog. 

Phys. 71, 012501 (2008) 

Three classes of mechanisms

Consider first this Mott hypothesis
(Cannot be CDW)



Three views (caricature)

Broken symmetry or not.
What lies beneath the dome.

Mott Physics away from n = 1

Norman, Adv. Phys. (2005) 
Broun, Nat. Phys. (2006)

Phillips, RMP (2010)

Why Tc decreases?
What is the origin of T*?

What is the strange metal?

RVB plain vanilla, YZR,  Competing order



Local moment and Mott transition

T

U

n = 1, d = 2 square lattice

M I

Understanding finite temperature phase from a mean-field theory down 
to T = 0

Critical point visible in 
V2O3, 

BEDT organics



Interaction-induced Mott transition, n = 1

Method Uc1 Uc Uc2 Ref.
VCA+ED 2 x 2 + 8b 5.25 5.5 6.37 Balzer et al. EPL (2009)

CDMFT+CTQMC+H 2 
x 2 

5.3 5.7 Park et al. PRL (2008)

DCA+CTQMC+H 8 5.7 6.4 Gull et al. cond-mat (2009)
DCA+CTQMC+H 4 ! ~4.2 ! Gull et al. EPL (2008)

Dual fermions ! ~6.5 ! Hafermann et al. (2008)
CDMFT+ED 2 x 2 + 8b 

15 parameters
? ~5.6 ? Liebsch, Merino… (2008)

CDMFT+ED 2,3,4 ~4 Zhang et al. PRB (2007) 
(3d also)

QMC 6 x 6 6 Vekic et al. (1993)



Link to Mott transition up to optimal doping

Doping dependence of critical point as a function of U

Correlated metal

PG

Sordi et al. PRL 2010, PRB 2011



Link to Mott transition up to optimal doping
Another emergent transition

Doping dependence of critical point as a function of U

H. Park, K. Haule, and G. Kotliar 
PRL 101, 186403 (2008)

Smaller D and S



Two crossover lines

Sordi et al. PRL 108, 216401 (2012)
PRB 87, 041101(R) (2013)



What is the minimal model?
Noninteracting case:

H. Alloul
Comptes Rendus Physique, 

15, 519 (2014)



Spin susceptibility

Underdoped Hg1223
Julien et al. PRL 76, 4238 (1996)

Sordi et al. Scientific Repts. 2012



The Widom line

Giovanni SordiGiovanni SordiGiovanni Sordi
Kristjan HauleKristjan HauleKristjan Haule

Patrick SémonPatrick Sémon

G. Sordi, et al. Scientific Reports 2, 547 (2012)



What is the Widom line?



Pseudogap  along the Widom line



Compressibility divergence at Mott 
and coexistence

S. Murthy, Rutgers thesis 2004

G. Kotliar, S. Murthy, and M. J. 
Rozenberg, Phys. Rev. Lett. 89, 046401 

(2002).

K. Frikach, M. Poirier, et al. 
PRB 61, R6491 (2000).

S. R. Hassan, A. Georges, 
and H. R. Krishnamurthy
PRL 94, 036402 (2005) 



Rapid change also in dynamical quantities



An alternate point of view : next lecture

• - Is the pseudogap (PG) a crossover or a 
phase transition ?

• - Relation between CDW and the PG ?
• - Why CDW peaked at 12% doping ?
• - Origin of nematicity ?
• - Why superconducting ?
• - Why a dome of SC ?
• - Does a one-band model capture the key 

physics ?
• AFM QCP important?
• Lessons from other SC?



3 measurements: Kerr, ARPES, TRR

He et al, Science 2011, on Bi 2201



Intra-Unit-Cell loop order

Y Sidis and P Bourges 2013 J. Phys.: Conf. Ser. 449 012012



An alternate point of view : next lecture

• - Is the pseudogap (PG) a crossover or a 
phase transition ?

• - Relation between CDW and the PG ?
• - Why CDW peaked at 12% doping ?
• - Origin of nematicity ?
• - Why superconducting ?
• - Why a dome of SC ?
• - Does a one-band model capture the key 

physics ?
• AFM QCP important?
• Lessons from other SC?



Organics



Pseudogap

O. Parcollet, G. Biroli
G. Kotliar

PRL 92 (2004)



t’=0.4t

Charles-David Hébert, Patrick Sémon , AMT



Doped BEDT

H. Oike, K. Miyagawa, H. Taniguchi, K. Kanoda PRL 114, 067002 (2015)



Doped BEDT

H. Oike, K. Miyagawa, H. Taniguchi, K. Kanoda PRL 114, 067002 (2015)



Widom line in organics

Charles-David Hébert, Patrick Sémon , AMT



Results from variational MC

T. Watanabe, H. Yokoyama
and M. Ogata

JPS Conf. Proc. 
3, 013004 (2014)



8. Superconductivity in general

Analog to weakly and strongly
correlated antiferromagnets



Cartoon « BCS » weak-coupling picture

p
1

2V p U p p p

E p
1 2n E p

Exchange of spin waves?
Kohn-Luttinger

p

p’

Tc with pressure

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

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

Kohn, Luttinger, P.R.L. 15, 524 (1965).
P.W. Anderson  Science 317, 1705 (2007)



A cartoon strong coupling picture

H M F

k ,

k c
k ,

c k , 4Jmm Jd d d F 0

J
i,j

S i S j J
i,j

1
2 c i c i

1
2 c j c j

d d 1/N
k

cos k x cos k y c k , c k ,

Pitaevskii Brückner: 
Pair state orthogonal to repulsive core of Coulomb interaction

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

P.W. Anderson  Science 
317, 1705 (2007)

More sophisticated Slave Boson: Kotliar Liu PRB 1988



8. Superconductivity in the organics



Theoretical phase diagram BEDT

Kyung, A.-M.S.T. PRL 97, 046402 (2006)
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t’ = 0.6t

Y. Kurisaki, et al.                           
Phys. Rev. Lett. 95, 177001(2005) Y. Shimizu, et al. Phys. Rev. Lett. 91, (2003)

X= Cu2(CN)3   (t’~ t)

t

tt’

Sénécha

Sénéchal, Sahebsara, Phys. Rev. Lett. 97, 257004



Comparison model parameters 

Kandpal et al. PRL   (2009)

Nakamura et al. JPSJ   (2009)

Komatsu et al. JPSJ  (1996)

Kyung, Tremblay PRL  (2006)

Tocchio, Parola, Gros, Becca PRB  (2009)

Other compounds (R. Valenti et al.)



Analogous results with other methods

H. Morita et al., J. Phys. Soc. Jpn. 71, 2109 (2002).

J. Liu et al., Phys. Rev. Lett. 94, 127003 (2005).

S.S. Lee et al., Phys. Rev. Lett. 95, 036403 (2005).

B. Powell et al., Phys. Rev. Lett. 94, 047004 (2005).

J.Y. Gan et al., Phys. Rev. Lett. 94, 067005 (2005).

T. Watanabe et J. Phys. Soc. Japan (2006)



Doped BEDT

H. Oike, K. Miyagawa, H. Taniguchi, K. Kanoda PRL 114, 067002 (2015)



t’=0.4t



t’ = 0.4t overview



Generic case highly frustrated case



Results from variational MC

T. Watanabe, H. Yokoyama and M. Ogata
JPS Conf. Proc. 3, 013004 (2014)



Summary : organics

• Agreement with experiment
– SC: larger Tc and broader P range if doped
– Larger frustration: Decrease TN and Tc

– Normal state metal to pseudogap crossover
• Predictions

– First order transition at low T in normal state 
• (or remnants in SC state)

• Physics
– SC dome without an AFM QCP. Extension of Mott
– SC from short range J. 
– Tc decreases at Widom line
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Next time

• Emergent finite doping first-order transition 
(Sordi transition) as an organizing principle
– Pseudogap
– Superconductivity

• Strongly correlated superconductivity and 
retardation.



C’est fini…

A.-M.S. Tremblay
“Strongly correlated superconductivity”

Chapt. 10 : Emergent Phenomena in Correlated Matter Modeling and 
Simulation, Vol. 3, E. Pavarini, E. Koch, and U. Schollwöck (eds.)

Verlag des Forschungszentrum Jülich, 2013




