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Half-filled band: Not always a metal

NiO, Boer and Verway
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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% +. ...

Kinetic energy Iincreases
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Simplest Model for Mott insulator
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Hubbard model
. r

1931-1980

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



Superconductivity and attraction?
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Phase diagram for organics

AF,SC U-sC F. Kagawa, K. Miyagawa, + K. Kanoda
I l | \ PRB 69 (2004) +Nature 436 (2005)
0 200 400 600
o e B, for C,;, and B, for Dy,

Powell, McKenzie cond-mat/0607078

Phase diagram (X=Cu[N(CN),]ClI)
S. Lefebvre et al. PRL 85, 5420 (2000), P. Limelette, et al. PRL 91 %O%
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One-band Hubbard model of BEDT organics

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

t ~50 meV
. = U ~ 400 meV
Y. Shimizu, et al. Phys. Rev. Lett. 91,
107001(2003) t’t~06-1.1
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Magnetic frustration
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Perspective
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A doped BEDT organic
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Generalized Phase Diagram

A. Reymbaut
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e Method
o Weak vs strong correlations (AFM and SC)

e Phase diagram
-n=1
— finite doping

» What controls maximum T, ? (Quantum
critical point?)
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“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
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2d Hubbard: Quantum cluster method

C-DMFT
Effective Medium onc *.:; :.ﬁ
G FPPP
DCA 0e®
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

Qszﬂi

i : 2. space
(2=

‘i t space
t!

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



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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Tools: Impurity solver
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CTOMC impurity solver (tool) (T finite)
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Mean-field is not a trivial Goliw,) DMFr LGl

problem! Many impurity LOOP (7 (%twy,)
solvers. v

Here ContInUOUS t[me QMC SELF-CONSISTENCY CONDITION

P. Werner, PRL 2006
P. Werner, PRB 2007 A(iwn) = iwn + p — Le(iwn)
K. Haule, PRB 2007

-1
P. Sémon et al. PRB 90 075149 (2014); _ [Z _ d _ ]
and PRB 89, 165113 (2014) . iwn +p— te(k) — e(iwn)




Exact diagonalization impurity solver
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| e
o 4

ED impurity solver (T = 0) E

N

David Sénéchal
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Weakly vs strongly correlated

superconductivity

Analog to weakly and strongly
correlated antiferromagnets
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Weak vs Strong correlations

n = 1, unfrustrated d = 3 cubic lattice
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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



Weakly vs strongly correlated

superconductivity
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Cartoon « BCS » weak-coupling picture

A
Ap = —%Zp,U(p_ p/)E_;’/(l—ZI’l(Ep,))

\ K Béal-Monod, Bourbonnais, Emery

P.R.B. 34, 7716 (1986).
Exchange of sp!n waves? ;. Scalapino, E. Loh, Jr., and J. E. Hirsch
Kohn-Luttinger PR. B 34, 8190-8192 (1986).
T, with pressure Kohn, Luttinger, P.R.L. 15, 524 (1965).
P.W. Anderson Science 317, 1705 (2007) B, B SiigksRooke




#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% +. ...

Kinetic energy Iincreases
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A cartoon strong coupling picture

JZSi. j_‘]Z(_C GC) (%C C)
m

d = (@) = 1N Z(coskx - cosky)(cy C ;)

k

Hur = Y g(E)C%GCE,G — 4Jmmi = Jd(d + d7) + F,

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

P.W. Anderson Science Miyake, Schmitt—Rink, and Varma
317,1705 (2007) P.R. B 34, 6554-6556 (1986)

More sophisticated Slave Boson: Kotliar Liu PRB 1988 5 B Sikooxe



T =0 phase diagramn =1

Phase diagram

Exact diagonalization as impurity
solver (T=0).
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Y. Kurisaki, et al.
Phys. Rev. Lett. 95, 177001(2005) Y. Shimizu, et al. Phys. Rev. Lett. 91, (2003)

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




Other compounds (R. Valenti et al.)

Hueckel DFT

X t’/t Ui t’/t U/t

CN 1.06 8.2 |0.83 0.89H11 7.3 (12)

0.84 6.8 0.58 (0.83)] 6.0

Cl 0.75 7.5 0.44 7.5 10
Br 0.68 7.2 0.42 5.1 10
8 -
Kandpal et al. PRL (2009) antiferromagnet

Ui
o

Nakamura et al. JPSJ (2009)

X=Cu[N(CN)2]CI

Komatsu et al. JPSJ (1996) 4

Kyung, Tremblay PRL (2006)

0
Tocchio, Parola, Gros, Becca PRB (2009) 0 0.2 0.4 ?/? 0.8 1 1.2
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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) "°f
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Charles-David Hébert Patrick Sémon

n=1 finite T

Made possible by

P. Séemon et al.
PRB 85, 201101(R) (2012)
PRB 90 075149 (2014);
and PRB 89, 165113 (2014)
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Effect of frustration (n = 1)
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Generalized Phase Diagram




Doped Organics: normal state
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Doped BEDT
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Widom line in organics
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Generalized Phase Diagram




Results from variational MC

t’/t=0.8

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

at finite T
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@) Mott Insulator

] (b) 10 i ! ' T ' T
.': Inhomogeneous SC m#]
p — o #2
Strongly 2 (|} S s #3 ]
I‘ o \.
correlated = \ .
l" A\\ B
Hate BulksC
> (U/W).=1.07 , | - |
‘S at 0.5GPa 0 05 : i 5 i 5
i Pressure (GPa)
------ K-(ET),Hg, 59Br3 o
g =(u/w).=0.88 ) |
= at 0.15GPa P
e ™
& | S
£ x-(ET),Cu,(CN), ]
= | Fermi liquid 5. o |
8 K b k-(ET)HEuBn
Half filled 10% doped 20% doped o |
olls i X g -
Band filling RS
! %?essl?r’;((;l:a) o

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



Doped BEDT

a
@) Mott Insulator (b) 10 | | | | |
] Inhomogeneous SC =0
] i o #2
:l' g 5 I ,’ .\A\. A #3 I
Strongly — .
correlated N
’ W
state -‘ BulksC "
> ) & (U/W), =1.07 o IEREEESETvRee -
— 4 at 0.5GPa 0 0.5 1 15 2 25 3
S r Pressure (GPa) n=20.90
________ g &-(ET),Hg, 4Brs 200
= =(U/W). =088 100 - S
(@] -w F (117, 1T)max
= at 0.15GPa [ (dR/T)
v L
= [
L h"(ET)ZCUZ(CN)a a - @@ T,T = const.
. 3 Mott insulator ol
ij [ 10 - R=R,+AT
S Fermi liquid : g —
= J L(Spin liquid) 2275 Tc Nt nN= 1
r (Fermi liquid)
Half filled 10% doped 20% doped 1 I St
Band filling 2 3 4 5 6 7
Pressure (10-'GPa)

H. Oike, K. Miyagawa, H. Taniguchi, K. Kanoda PRL 114, 067002 (2015)  #§ B $iiiskooke



65 6.1 5.7 5.3 49 45
50f A AFM 10
® S(
= 12
40t S04t | 12100
s 15
%5301 t 2
b= 20
20f
30
L 2
10f . 60
735 a. 45 5.
t/U (1/eV, Pressure )
(a)
U/t
35. 11. 8.4 6.7 5.6
30 n =0.90 {17
® SC
25} tit'=04t| {20
20+ = 0o " t 124
g r ° 130 g
;15 y [] «Q
. 140
10} L
5p {120
75 15 225 3. 3.75 45

t/U (1/eV, Pressure )

(c)

Ul
35. 17. 11. 8.4 6.7 5.6
° ]
40 n =A_.0..99 | 13
t| =0t | ®° .
30 , . 17
— L ’* —
) B =
= 20¢ B ., 24 &
El
® e
e 40
10f, -
120
%.75 1.5 2.25 3. 3.75 4.5
t/U (1/eV, Pressure)
(b)
Ut
REN 17. 11. 8.4 6.7 5.6
30F n =110 7
® S(
25Ft| t's@.4t 120
20F f P4
z P i » 430 =
=15F . g
/ . 440
10- 0/ 0160
5 4120
075 15 225 3. 375 45

t/U (1/eV, Pressure )

(d)

UNIVERSITE DE

SHERBROOKE



t’ = 0.4t overview

T(K)
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Signatures of Widom line in the

superconducting state

0,03(?5_,,..1‘,7 11'”‘84””6'i7|”5'

| <O MMT
0.025 |

0.020 |
0.015 |
0.010 |

0.005 |

0.000 |,

LS 2.25
t/U (1/eV, Pressure )

I'NI\-‘I:RSI‘I']’: DE
@ B SHERBROOKE



27 28 29

3.

31 32
t/U (1/eV, Pressure )
(a)
Uit
3L 19. 14. 1L 8.9
20 esc P
i =0.
t| ts08t| n =090 j
15
N =1
< - . 40
1o g
- » 160
5 1120
%%s 1.2 16 2 24 28

t/U (1/eV, Pressure )

(b)

B(1)

SHERBROOKE



Results from variational MC
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Antiferromagnetic quantum critical point

scenario (weakly correlated)
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Pnictides and organics

Pnictides Organics
7777 . 8 ) ’ -
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AFM not related to maximum T_
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Generic case highly frustrated case

@) Mott Insulator

Strongly
correlated
state
(U/W), = 1.07
E at 0.5GPa
)
,,,,,,, k=(ET),Hg, g4Brg
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Weil Wu

AFM quantum critical point in heavy

fermions (with same methods)
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Heavy fermions

Heavy fermions 3D metals tuned by pressure, field or concentration

v | v 1 ! | hl |
a4l CeRhiIn_ - CeRh|n5

5

p.= 2.5 GPa

3
3
_ 2

1

00 1 * 3 4

P, :
b (GPa) Magnetic
Knebel et al. (2009) superconductivity
Quantum criticality Mathur et al., Nature 1998
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Heavy fermions

+ roF 2 4f,
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0024 AFM =" _ \
3 Lk //ib‘s\ﬁ\' >

L T L] T L] L} L]
04 05 06 07 08 08 1 11 12 13
VI

W. Wu A.-M.S.T. Phys. Rev. X, 2015
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Summary : organics

o Agreement with experiment
— SC: larger T, and broader P range if doped
— Larger frustration: Decrease T,, much more than T,
— Normal state metal to pseudogap crossover

e Predictions

— First order transition at low T in normal state
e (or remnants in SC state) (also T, decreases in e-doped)

e Physics
— SC dome without an AFM QCP. Extension of Mott

— SC from short range J.
— T, decreases at Widom line %, H SiiRbRooke
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