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Half-filled band is metallic?



Half-filled band: Not always a metal

NiO, Boer and Verway

Peierls, 1937 Mott, 1949
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Hubbard model

1931-1980

t
Effective model, Heisenberg: J = 4t2 /U



Superconductivity and attraction?



Cuprates



High-temperature superconductors

Armitage, Fournier, Greene, RMP (2009)



Hubbard on anisotropic triangular lattice

Kagawa et al. 
Nature Physics
5, 880 (2009)

H. Kino + H. Fukuyama, J. Phys. Soc. Jpn 65 2158 (1996), 
R.H. McKenzie,  Comments Condens Mat Phys. 18, 309 (1998)

meV 50t
 meV 400U

t’/t ~ 0.6 - 1.1

n=1, varying t’/t



Phase diagram for organics

Phase diagram (X=Cu[N(CN)2]Cl)
S. Lefebvre et al. PRL 85, 5420 (2000), P. Limelette, et al. PRL 91 (2003)
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Method

“The effect of concept-driven revolution is to 
explain old things in new ways. The effect of 

tool-driven revolution is to discover new 
things that have to be explained.” 
Freeman Dyson Imagined Worlds



Mott transition and Dynamical Mean-Field Theory. 
The beginnings in d = infinity

• Compute scattering
rate (self-energy) of 
impurity problem.

• Use that self-energy
( dependent) for 
lattice.

• Project lattice on 
single-site and adjust
bath so that single-site 
DOS obtained both
ways be equal.

W. Metzner and D. Vollhardt, PRL (1989)
A. Georges and G. Kotliar, PRB (1992)

M. Jarrell PRB (1992)

Bath

DMFT, (d = 3)



DCA

2d Hubbard: Quantum cluster method

C-DMFTV-

DCA

Hettler …Jarrell…Krishnamurty PRB 58 (1998)
Kotliar et al. PRL 87 (2001)
M. Potthoff et al. PRL 91, 206402 (2003).

REVIEWS
Maier, Jarrell et al., RMP. (2005) 
Kotliar et al. RMP (2006)
AMST et al. LTP (2006)



DMFT as a stationnary point

M. Potthoff, Eur. Phys. J. B 32, 429 (2003).



+ and -

• Long range order:
– Allow symmetry breaking in the bath (mean-field) 

• Included:
– Short-range dynamical and spatial correlations

• Missing: 
– Long wavelength p-h and p-p fluctuations



C-DMFT

K

Why important



T = 0 phase diagram n = 1

Phase diagram
Exact diagonalization as impurity

solver (T=0).



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
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T = 0 phase diagram: cuprates

Phase diagram
Exact diagonalization as impurity

solver (T=0).



Theory: Tc down vs Mott

S. Kancharla et al. Phys. Rev. B (2008)

1.00.90.80.7



Dome vs Mott (CDMFT)

Kancharla, Kyung, Civelli, 
Sénéchal, Kotliar AMST 

Phys. Rev. B (2008)



CDMFT global phase diagram

Kancharla, Kyung, Civelli, 
Sénéchal, Kotliar AMST 

Phys. Rev. B (2008)
AND Capone, Kotliar PRL (2006)

Armitage, Fournier, Greene, RMP (2009)
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Finite T phase diagram

Normal state of the cuprates



Preliminary: Weak vs Strong correlations

T

U

n = 1, unfrustrated d = 3 cubic lattice

J = 4t2 /U
AFM

Slater 
Heisenberg

Mott



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



Doping-induced Mott transition (t’=0)

Kristjan HauleKristjan HauleKristjan Haule

Giovanni SordiGiovanni SordiGiovanni Sordi

G. Sordi, K. Haule, A.-M.S.T
PRL, 104, 226402 (2010)

and
Phys. Rev. B. 84, 075161 (2011)

T

U

 Not just adding new piece: 
Lesson from DMFT, first order transition + critical

point governs phase diagram



First order transition at finite doping



The critical point



Normal state phase diagram

G. Sordi, K. Haule, A.-M.S.T
PRL, 104, 226402 (2010)

H. Park, K. Haule, and G. Kotliar, 
Phys. Rev. Lett. 101, 186403 (2008).



Link to Mott transition up to optimal doping

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

M

PG



Characterisation of the phases (U=6.2t)



Widom line (t’ = 0)

Pseudogap in the normal state and the 
Widom line

Giovanni SordiGiovanni SordiGiovanni Sordi
Kristjan HaulKristjan HaulKristjan Haul

Patrick SémonPatrick Sémon



What is the Widom line?



The Widom line



Rapid change also in dynamical quantities



Density of states



Density of states

Khosaka et al. Science 315, 1380 (2007);



Spin susceptibility



Spin susceptibility

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



Plaquette eigenstates



Pseudogap along the Widom line TW



What is the minimal model?

H. Alloul arXiv:1302.3473
C.R. Académie des Sciences, (2014)



Two crossover lines

G. Sordi et al. Phys. Rev. Lett. 108, 216401/1-6 (2012) 
P. Sémon, G. Sordi, A.-M.S.T., Phys. Rev. B 89, 165113/1-6 (2014)

Giovanni SordiGiovanni SordiGiovanni Sordi
Patrick SémonPatrick SémonPatrick Sémon



C-axis resistivity

K. Takenaka, K. Mizuhashi, H. Takagi, and S. Uchida, 
Phys. Rev.B 50, 6534 (1994).



Summary: normal state

• Mott physics extends way
beyond half-filling

• Pseudogap is a phase
• Pseudogap T controlled by a 

Widom line and its precursor
• High compressibility (stripes?)



Charge Density Wave

h-doped



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
• Wise, W. D. et al. Charge-density-wave origin of cuprate checkerboard visualized 

by scanning tunnelling microscopy. Nature Phys. 4, 696699 (2008).
• Lawler, M. J. et al. Intra-unit-cell electronic nematicity of the high-Tc copper-oxide

pseudogap states. Nature 466, 347351 (2010).
• Parker, C. V. et al. Fluctuating stripes at the onset of the pseudogap in the high-Tc 

superconductor B2Sr2CaCu2O8Cx. Nature 468, 677680 (2010).
• Chang, J. et al. Direct observation of competition between superconductivity and 

charge density wave order in YBa2Cu3O6:67. Nature Phys. 8, 871876 (2012).
• Ghiringhelli, G. et al. Long-range incommensurate charge fluctuations in

(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).

…



Phase diagram with CDW

Cyr-Choinière et al, arxiv1503.02033



T = 0 phase diagram

Normal state and large anisotropy



Recall phase diagram

Doping dependence of critical point as a function of U

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

M

PG



Underdoped metal very sensitive to anisotropy

Okamoto, Sénéchal, Civelli, AMST
Phys. Rev. B 82, 180511R 2010

D. Fournier et al. Nature Physics (2010)Marcello CivelliMarcello Civelli

Satoshi OkamotoSatoshi OkamotoSatoshi Okamoto

David SénéchalDavid SénéchalDavid Sénéchal



Resistivity anisotropy and curvature map

Y. Ando et al., Phys. Rev. Lett. 93, 267001 (2004).



Phase diagram, including CDW

Cyr-Choinière et al, arxiv1503.02033



Summary



Finite T phase diagram

Superconductivity

Giovanni SordiGiovanni SordiGiovanni Sordi
Kristjan HaulKristjan HaulKristjan Haul

Patrick SémonPatrick Sémon

G. Sordi et al. Phys. Rev. Lett. 108, 216401/1-6 (2012) 
P. Sémon, G. Sordi, A.-M.S.T., Phys. Rev. B 89, 165113/1-6 (2014)



Dôme?

G. Sordi et al. Phys. Rev. Lett. 108, 216401/1-6 (2012) 
P. Sémon, G. Sordi, A.-M.S.T., Phys. Rev. B 89, 165113/1-6 (2014)

Giovanni SordiGiovanni SordiGiovanni Sordi
Patrick SémonPatrick SémonPatrick Sémon



Meaning of Tc
d

• Local pair formation

K. K. Gomes, A. N. Pasupathy, A. Pushp, 
S. Ono, Y. Ando, and A. Yazdani, 

Nature 447, 569 (2007)

F. Rullier-Albenque, H. Alloul, and G.Rikken, 
Phys. Rev. B 84, 014522 (2011).



Order parameter (color) and Tc

U = 5.6 U = 6.2 U = 7

U = 9 U = 12 U = 16

L. Fratini, G. Sordi (unpublished)



Tc vs Tmax order parameter

L. Fratini, G. Sordi (unpublished)



U=7,  TW vs Tc vs Tmax order parameter

L. Fratini, G. Sordi (unpublished)



Larger clusters

• In 2x2 Tc vanishes extremely close to half-
filling. In larger cluster, earlier.

• Local pairs in underdoped (2x2)

8 site DCA, U=6t

Gull Parcollet Millis, 
PRL 110, 216405 (2013)

8 site DCA, U=6.5t



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



An alternate point of view

• - 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?



A first order transition?

Tao Wu, H. Mayaffre, … & M.-H. Julien
Nat. Commun. 4, 2113 (2013).



Bandwidth control and doping control of 
the Mott transition in organics

Charles-David Hébert Patrick SémonPatrick Sémon



Theoretical phase diagram BEDT

Kyung, A.-M.S.T. PRL 97, 046402 (2006)
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Sénécha

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



Doped BEDT

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



Widom line in organics

Charles-David Hébert, Patrick Sémon , AMT



t’=0.4t



t’ = 0.4t overview



Generic case



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 a AFM-QCP. Follows first-order.
– SC from short range J. 
– Tc decreases at Widom line
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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

Review: A.-M.S.T. arXiv: 1310.1481


