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High-temperature superconductors

Armitage, Fournier, Greene, RMP (2009) e Com D et in g or d er
La, Sr,CuO, /T \ Re, Ce,CuO,

\ — 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.

Hole do%izl?g (B C(())l'ligllt (x) Electron%fv?ﬁng / C?e%gntent (x) Rev. B 63’ 094503 (200 1)’

- Affleck et al. flux phase

Y Y Y, — SDW: Sachdev PRB 80,
155129 (2009) ...

. * Or Mott Physics?
What 1s under the dome? _ RVB:PA. Lee Rep. Prog.

Mott Physics away fromn =1 Phys. 71, 012501 (2008)
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Hubbard model
t i

1931-1980

Effective model, Heisenberg: J = 4t* /U B, B ook
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Mott transition and Dynamical Mean-Field Theory.

The beginnings in d = Infinity

* Compute scattering
rate (self-energy) of

impurity problem. Bath
o080
 Use that self-energy 0000
(o dependent) for ==ﬁ=.
' o080
lattice. 8es

* Project lattice on

Smgle'SIte an.d adjus.t W. Metzner and D. Vollhardt, PRL (1989)
bath so that single-site A Georges and G. Kotliar, PRB (1992)
DOS obtained both M. Jarrell PRB (1992)

ways be equal. DMEFT, (d = 3)
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2d Hubbard: Quantum cluster method

C-DMFT

“-:; il"

DCA 5644
DMFT (#)-(&)(®

Hettler ...Jarrell...Krishnamurty PRB 58 (1998) @G __
Kotliar et al. PRL 87 (2001) @ @ .

REVIEWS
M. Potthoff et al. PRL 91, 206402 (2003). Maier, Jarrell et al., RMP. (2005)
Kotliar et al. RMP (2006)

AMST et al. LTP (2006) %5, B iitkbRooke




e Missing:
— Long wavelength fluctuations

e Included:

— Short-range dynamical and spatial correlations

* Long range order:
— Allow symmetry breaking in the bath (mean-field)
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[Local moment and Mott transition

n = 1, unfrustrated cubic lattice 4

A o7
T //

J=4t° /U
AFM
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[Local moment and Mott transition

n = 1, unfrustrated square lattice , ’
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Outline

« Method

* Finite T phase diagram
— Normal state (no LRO, what 1s below the dome)

e First order transition

* Widom line and pseudogap
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G. Sordi, K. Haule, A.-M.S.T
PRL, 104, 226402 (2010)
and

Giovanni Sordi Phys. Rev. B. 84, 075161 (2011)

—

H  Not just adding new piece: Kristjan Haule
Lesson from DMFT, first order transition + critical
point governs phase diagram %, B SiiksRooke



Doping driven Mott transition, t' = 0

Method Orbital Critical
selective point
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Doping driven

Gull, Werner, Millis, (2009)
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C-DMFT

Mean-field is not a trivial
problem! Many impurity
solvers.

Here: continuous time QMC

P. Werner, PRL 2006
P. Werner, PRB 2007
K. Haule, PRB 2007

A ‘ . _ec _ B B gt~ 1t Nabyoo (7
7 _ /'D[w*el#f‘]e Se= ¢ d7 [ dr" S vk (DA T k()

Continuous-time Quantum Monte Carlo
calculations to sum all diagrams generated
from expansion in powers of
hybridization.

P. Werner, A. Comanac, L. de’ Medici, M.
Troyer, and A. J. Millis, Phys. Rev. Lett. 97,
076405 (2006).

K. Haule, Phys. Rev. B 75, 155113 (2007).



C-DMFT

Z= / Dt e %18 97 I I T vkMAET Wok(r)

EFFECTIVE LOCAL IMPURITY PROBLEM

Ellective bath

THE
g(] ( iu,v'? J DMFT Local G.F

LOOP (r'(i.;u,,)
Mean-field is not a trivial v

, . )
prOblem' Many Impunty SELF-CONSISTENCY CONDITION
solvers.

Here: continuous time QMC
A(iwn) = iwn + p — Xc(iwn)
P. Werner, PRL 2006 _1
P. Werner, PRB 2007 [Z 1 ]
)

K. Haule, PRB 2007 — i + 1 — te(k) — Lc(iwn




First order transition at finite doping

08 04 0

n(p) for several temperatures:

T/t =1/10, 1/25, 1/50
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Normal state phase diagram
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Link to Mott transition up to optimal doping

Doping dependence of critical point as a function of U
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Characterisation of the phases (U=6.2t)

U > UMITZ

0.06}
0.04}
—
0.02 —/MI
UD
ot
s
% 002 0.04

0

1. Mott insulator (MI)

2. Underdoped phase (UD):
0 < O

3. Overdoped phase (OD):
d > O

4. Coexistence/forbidden region

Here “optimal doping’ d. =
doping at which the 1st order

| transition occurs

How does the UD phase differ
from the OD phase?

Smaller D and S 5, B sitskooke



Density of states
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Density of states
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Density of states
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Spin susceptibility

0.1F 1

0.08F \
0.06}

0.04
Mott

- insulator
¥

0.02F

pseudogap

1 1 i I i T l | 1 L 1 | 1 Ll Ll | Ll Ll i

A—A max " lv'n3 dn/du (Widom line)
G-© max. dA(w=0)/dT
G- max, dy(T)ydT

max. | dProb[singlet]|/dT

correlated
Fermi liquid

1 1 1 l 1 1 1

0 0.02

0 1 1 1 I 1 1 1 l 1

0.04 0.06 0.08

UNIVERSITE DE

SHERBROOKE



Spin susceptibility
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Pseudogap T™ along the Widom line

T T T ] T T |l l T T T l L L T l |l ] T

0.1 1

0.08F \

AA max, 1-"n: dn/diu (Widom line)
G-© max_ dA(w=0)dT
G- max, dy(TydT

max. | dProb[singlet]/dT
0.06F .
=
0.04f I?'*??‘-.‘
Mott

- insulator %\\ . :

¥ : critical point
0.02F

L pseudogap

correlated
Fermi liquid

—~

0.04 0.06 0.08

400

100

UNIVERSITE DE

SHERBROOKE



G' ' ‘S ’ Patrick Sémon
B Kristjan Haule

The Widom line

arxXiv:1110.1392
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What 1s the Widom line?

» it is the continuation of the
coexistence line in the supercritical
region

\
Solid

(crystal)
e °

Pressure

¥ » line where the maxima of different
" response functions touch each
* , .. Widomline other asymptotically as T — T,

' . » liquid-gas transition in water: max
: . in isobaric heat capacity C,,

. isothermal compressibility, isobaric
¥ Bas . heat expansion, etc

; >
Te Temperature » DYNAMIC crossover arises from
crossing the Widom line!

Simeoni et al Nat Phys 2010
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Pseudogap T™ along the Widom line
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Rapid change also in dynamical quantities
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Phase diagram
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Summary
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To e beyond half-filling

003 \ * Pseudogap is a phase
0 el L . . .
b2 4 g v e Pseudogap T* 1s a Widom line
0.1 1 ;?T;u;::::(;i}uﬂ(-\\’idomline) —400 . . . .

\ G-9 max:dx('l')d'l' E ‘?
R mama * High compressibility (stripes?)
0.06} “1 éi
i I\"ii"t;- 200
0.04F ﬂ*-\* 1

[ ,u ;I.sciﬁator k\ critical point —100
0.02F 4
L predogap % ot
00 0.02 0.04 5 0.06 0.08 0

I'NI\‘I:RSI‘E']‘. DE
@ B SHERBROOKE



Département de physique
Université de Sherbrooke
-_— ¥

SIDEREVS
NYNCIYS
aena et g s

ey
e

André-Marie Tremblay

UNIVERSITE DE
B SHERBROOKE

var CIAR
" The Canadian Institute for Advanced Research

Sponsors:

iA9e
CRSNG Z
NSERC a?

RQCHP Fondation canadienne pour linnovation

(’(’ | Fonds FCAR

UNIVERSITE DE
¥, E SHERBROOKE



Mammouth

.. -

“'

e

o
B A5 Eaitie "

‘ . o T N
PR TN Jp—

;w.';}ai;"-""ll r8 se a8 A8 58 38
St AR ARIN N

P # ) e

compute « calcul
CANADA

‘ (B I NN
\ BUITLDING H

Le calcul de ha

EREER LE
ALIMENT
BATIR L'E

g

W R
L NOVYATION

CONOMIE

ute performance

N

Education,
Loisir et Sport

/ Québec raea

Canada Foundation for Innovation
w Fondation canadienne pour linnovation

Calcul Québec

UNIVERSITE DI
%y, B SHERBROOKE









