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Speakers

Friday 29 April, Forest Hill Ballroom 
07:00-08:45 Breakfast, High Park Ballroom 

09:00-09:45 Jeff TALLON (Wellington) – Pseudogap in cuprate 
superconductors – what, when, why, where, how? 

09:45-10:30 Dan DESSAU (Colorado) – Direct connection of ARPES 
with optics, transport, and thermodynamics 

experiments in cuprate cuperconductors: the key role of electron self-
energies 

11:30-12:15 Louis TAILLEFER (Sherbrooke) – Normal-state 
signatures of the pseudogap quantum critical point 



Outline

• Pseudogap: not an ordinary metal
– Experimental evidence (Tallon)

• Link between various experiments
– Self-energy etc (Dessau)

• Theories of the pseudogap
– Broadened first-order transition
– Precursor of LRO
– Strong correlations: Mott physics



Pseudogap: not an ordinary metal



Spin susceptibility (Knight shift): Pseudogap

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



Specific Heat

Loram et al. J. Phys. Chem. 
Solids, 62, 59 (2001)



Fermi surface (ARPES)

Tl 2201

Platé et al. PRL 95, 077001 (2005)



Fermi surface?? ARPES: (Pseudogap)

Ronning et al. (PRB 2003)



ARPES pseudogap Nd-LSCO

Matt et al. PRB 92, 134524 (2015)



Local density of states (STM)

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



Strange metal vs pseudogap

Daou R et al. Phys. Rev. B 79,180505 (2009)



Electron-doped cuprates: Fermi surface

Armitage et al. PRL 2001

U=5.75

U=5.75

U=6.25

U=6.25



Outline

• Pseudogap: not an ordinary metal
– Experimental evidence (Tallon)

• Link between various experiments
– Self-energy etc (Dessau)

• Theories of the pseudogap
– Broadened first-order transition
– Precursor of LRO
– Strong correlations: Mott physics



What does ARPES measure?



Self-energy

Non-interacting case

Effect of interactions

Relation to DOS
to kinetic energy… 

)



Relation to other observables

Conductivity



Vertex corrections
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1. First-order transition broadened by disorder

• Loop current order (q = 0) (Varma)
• Nematic order (q = 0) (Kivelson)
• Charge order ?

• (See Simon Verret and Maxime Charlebois)



Not charge order

Badoux et al. Nature, March 2016 



More generally



2. Precursor of d=2 long-range order



Weak vs Strong correlations

T

U

n = 1, unfrustrated d = 3 cubic lattice

J = 4t2 /U
AFM

Heisenberg
t

Mott

Slater 
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2. Doping an itinerant antiferromagnet
Quantum critical point

Electron-doped cuprates



Fermi surface plots

be not too large

increase for 
smaller doping

Hubbard repulsion U has to…

U=5.75

U=5.75

U=6.25

U=6.25

B.Kyung et al.,PRB 68, 174502 (2003)
Hankevych, Kyung, A.-M.S.T., PRL, sept. 2004 

15%

10%



Hot spots from AFM quasi-static scattering

Armitage et al. PRL 2001

d = 2

Mermin-Wagner

Vilk, A.-M.S.T (1997)
Kyung, Hankevych, 
A.-M.S.T., PRL, 2004

Motoyama, E. M. et al.. 
445, 186–189 (2007).



E-doped quantum critical

NCCO Motoyama, E. M. et al.. Nature 445, 186–189 (2007).



Precursor of d-wave superconducting
fluctuations

• In a 15 K interval above Tc



3. Strong correlation physics
(Mott insulator)



Weak vs Strong correlations

T

U

n = 1, unfrustrated d = 3 cubic lattice

J = 4t2 /U
AFM

Heisenberg
t

Mott

Slater 



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



YRZ

Yang, Rice, Zhang PRB 73, 174501 (2006)

See also FL* Sachdev



Quantum cluster approaches

17 % hole doped 17 % electron doped

Sénéchal Tremblay, PRL 92, 126401 (2004)



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)



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



Density of states



Density of states

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



Density of states



Density of states



Spin susceptibility



Spin susceptibility

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



Plaquette eigenstates



C-axis resistivity

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



Two crossover lines

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



Two crossover lines

Fratino, Sémon, Sordi, A-MS T Sci. Rep. 6, 22715 (2016)



What is the minimal model?

H. Alloul arXiv:1302.3473



Crossover along the Widom line

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



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 T* along the Widom line



Coming back to: Not charge order

Badoux et al. Nature, March 2016 



Applying a B field to remove superconductivity

S. Sachdev, Physica C 470, S4 (2010)



Antiferromagnetic phase diagram (TPSC)

Sébastien Roy, PhD thesis 2007



2 possible scenarios




