A tale of two metals: How strong

Interactions can destroy an ordinary
metal.
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How to make a metal
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Superconductivity
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Attraction mechanism In the metallic state
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Attraction mechanism in the metallic state
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Attraction mechanism In the metallic state
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#1 Cooper palr, #2 Phase coherence

Ep = Zp,p’ Up—p/pr’_pll//;,T,_p/l

E P:Z, U p—p’ (<l// PT—pl >W;’T,—p’l T Ypt-pl <W;/T,—p'l > )
P.P

IBCS(0)) =...+eMNOIN) + ' N+20IN + 2% +. ...
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Half-filled band 1s metallic?
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Half-filled band: Not always a metal

NiO, Boer and Verway
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Peierls, 1937 Mott, 1949 ",



« Conventional » Mott transition
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Hubbard model
. r

1931-1980

Effective model, Heisenberg: J = 4t /U B O ok



High-temperature superconductors

Armitage, Fournier, Greene, RMP (2009)

La, Sr,CuO, /T \ Re;.. Ce CuOy;

0.20 0.10 0.10 0.20
Hole doping / Sr content (x) Electron doping / Ce content (X)

<K y >y Band filling

What 1s under the dome?
Mott Physics away fromn =1

o 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)
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e Pseudogap
— From AFM fluctuations

* Weak vs strong coupling
* Dynamical mean-field theory: crossover

e Phase diagram and pseudogap at strong
coupling
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Hubbard model
. r

1931-1980

Effective model, Heisenberg: J = 4t /U B O ok



Weak-strong coupling, and Mott transition

n = 1, unfrustrated d = 3 cubic lattice L7
V4
V4
A |\/|Ott//
T e
7’

&

Slater =
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LLocal moment and Mott transition

n =1, d = 2square lattice L7
//
A o7
T e
'/
R
/
/ Critical point visible in
/
/ V,0,,
M " | BEDT organics
>

. U
Understanding finite temperature phase from a mean-field theory down
toT=0 W 5 S ok



e Pseudogap
— From AFM fluctuations

e \Weak vs strong coupling
 Dynamical mean-field theory: crossover
e Phase diagram and pseudogap at strong coupling
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The method
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2d Hubbard: Quantum cluster method

C-DMFT
Effective Medium omc *.:; :.ﬁ
G FPPP
CA Oe®
DMFT -(&)-(&)-(&)

Hettler ...Jarrell...Krishnamurty PRB 58 (1998) @G __
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) @ B SHERBROOKE



DMFT as a stationnary point

Q=0 (3]

i : 2. space
(=2

\ t space
%y, B SHERBROOKE



Another way to look at this (Potthoff)

[X] =|D[G] - Tr[ZG]|- TrIn(-G,; + %)

Still stationary (chain rule)

[Z] =|F[Z]|- Trin(-G,i + )
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SFT : Self-energy Functional Theory

With F[X] Legendre transform of Luttinger-Ward funct.

Q[Z] =[F[Z]|+ Trin(—(G;t — =) ™)

IS stationary with respect to £ and equal to grand potential there.

=] 4 Q] - Trin(=(G, 1 - =) H+ Trin(=(GE - =) ™).

Vary with respect to parameters of the cluster (including Weiss fields)

Variation of the self-energy, through parameters in H(t’)
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e Long range order:
— Allow symmetry breaking in the bath (mean-field)

 Included:
— Short-range dynamical and spatial correlations

e Missing:
— Long wavelength p-h and p-p fluctuations
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Solvers for the cluster-in-a-bath problem
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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




At finite T, solving cluster in a bath problem

e 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).
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e Pseudogap
— From AFM fluctuations

e \Weak vs strong coupling
* Dynamical mean-field theory: crossover

* Phase diagram and pseudogap at strong
coupling
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Giovanni Sordi

Finite T phase diagram

CTQMC as solver for cluster in a
* bath (T=0).

Patrick Sémon Kristjan Haule
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Link to Mott transition up to optimal doping

Doping dependence of critical point as a function of U

!

I

0.2
0.15
Correlated metal
@)
0.1 -
Uit g
»
0.05 w
. PG
b2 4 % 3 10 12
U

0.08

0.06

0.04 ¢

0.02

I'NI\‘I:RSI‘i'l‘. DE
@ B SHERBROOKE



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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Link to Mott transition up to optimal doping

Doping dependence of critical point as a function of U
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Density of states

ho (SmeV)
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Density of states

ho (SmeV)
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Density of states
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Spin susceptibility
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Spin susceptibility
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Plaguette eigenstates

T T ] I T T L ] T T T l ] T T ] L T T
0.1 A-A max_ 1/a’ do/dy (Widom line)| <400 4
! ;,|: G-© max_ dA(w=0)/dT
‘ \ G-© max, dy(T)dT . 0.8
0.08 L\ T max, | dProb[singlet]|/dT :
I 1300
ook \ | & 206
- B\ = F=
a IN 200 2
o
0.04f A 0.4
Mott i
- insulator g o _
v ! critical point —100
0.02F ; 0.2
. correlated -
pseudogap Fermi liquid
1 1 1 I 1 1 1 ] 1 1 1
% 002 0.08 0 0

I'NI\-‘I:RNI‘I'{L DE
@ Ed SHERBROOKE



Pseudogap T* along the Widom line
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o Patrick Sémon
Giovanni Sordi .
Kristjan Haule

The Widom line

G. Sordi, et al. Scientific Reports 2, 547 (2012)
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What iIs 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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Phase diagram

T T [ T T 1 T T T [ T T T [ T T T
0.1F A—Amaxplf'n:dn.fdu (Widemline)l 4400 b tcoT=1/10 = —F—FT——
) G-© max_ dA(w=0)/dT coT=1/14 10 E
G-© max, dy(T)dT - GO T= l ,/.1 6 -
0.08k\ 7 max_. | dProb[singlet]|/dT o T=1/25 3
' \ I'f'-,_ | —300 - T:]./-/-!-O :
X o leeT=ls0 x| ol
006k  \% ¥ RBgelnz e T @] e T
- %\ == O-q ¢
= TN . -
N\ 200 ¢
% £
0.04F \ M
Mott \R | ¥
- insulator %‘\\ " .
v ! critical point —100
0.02 » 0.1F
, correlated -
pseudogap Fermi liquid
0 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 0

0 0.02 0.04 0.06 0.08
o

‘li, 2 SHERBROOUKE



C-axis resistivity
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Two crossover lines
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Summary
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