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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
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Breakdown of band theory

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 ",



Two materials,

two routes to breakdown of band theory
and of BCS superconductivity
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Cuprates

SCIENTIFIC ™=
AMERICAN

How nonsense is deleted from genetic messages

Can particle physics test osmolog)

High-Temperature Superconductor belongs to a family of

materials that exhibit exotic electronic properties.

Y B.l Cu‘ 0" : 913 -1 7 ‘ UNIVERSITE DE

SHERBROOKE




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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Hubbard on anisotropic triangular lattice

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

Phase diagram (X:CU[N(CN)Zﬁ%IIG)“’ McKenzie cond-mat/0607078

S. Lefebvre et al. PRL 85, 5420 (2000), P. Limelette, et al. PRL 91 (2003)
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Perspective
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Mott transition and Dynamical Mean-Field Theory.

The beginnings In d = Infinity

e Compute scattering
rate (self-energy) of
Impurity problem.

e Use that self-energy
(o dependent) for
lattice.

» Project lattice on

single-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. DMFT, (d = 3)

Bath
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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

%y, B SHERBROOKE



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




Mott transition
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Weak vs Strong correlations

n = 1, unfrustrated d = 3 cubic lattice L7
V4
V4
A |\/|Ott//
T e
7’
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&= Heisenber
Slater = J
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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
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Phase separation on electron-doped side

tl

E. Khatami,
K. Mikelsons,
D. Galanakis,
A. Macridin,

J. Moreno,

R. T. Scalettar, and
M. Jarrell
PRB 81, 201101(R)
2010

U=8, N_ = 8, DCA
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A. Liebsch, N.H. Tong, PRB 80, 165126 (2009)
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First order transition at finite doping

08 04 0
n(p) for several temperatures:
T/t=1/10, 1/25, 1/50

Sordi et al. PRL 2010, PRB 2011
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A finite-doping first order transition, linked to

Mott transition up to optimal doping

Doping dependence of critical point as a function of U

0.2
| UMIT
T | !Q
0.15 PR
Correlated metal * 1V /
- “. r | { I‘.“: ",i \“‘ !
/./ — =i Hel o0
0.05 ,’ 6.8 F_BI—*_' 'E;(‘]“* -/ a0
‘ PG U "> 5.6
24 % 8 10 12
U Sordi et al. PRL 2010, PRB 2011
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Normal state phase diagram
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e LA SEEN

o Patri :
Giovanni Sordi atrick Semon

Kristjan Haule

The Widom line

G. Sordi, et al. Scientific Reports 2, 547 (2012)

UNIVERSITE DE
¥, E SHERBROOKE



Link to Mott transition up to optimal doping

Doping dependence of critical point as a function of U
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Pseudogap T* along the Widom line
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Widom line: defined from maxima of charge compressibility

k=1/n%(dn/dp)T

divergence of « at the (classical) critical point!
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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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Rapid change also in dynamical quantities
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Compare a few results for cuprates
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Spin susceptibility
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Spin susceptibility
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What 1s the minimal model?

H. Alloul arXiv:1302.3473 RS RS R LR R
C.R. Académie des Sciences, (2014) . I :
—~ 200 & iPseudogap AR R
== L -150
G 150 r* o™
() K —
= —— {-1003
w 100 - i 2
3 - ¥
AL 1-50
50 B 2 . SCF
0 l”. 1 L I T T I SO TN T N SN NN SR S [ N}
0 100 200 300 400
T (K)

Fig 1 Spin contribution K to the **Y NMR Knight shift
[11] for YBCOg s permut to define the PG onset 7% Here
K, 1s reduced by a factor two at 7--7"/2. The sharp drop of
the SC fluctuation conductivity (SCF) 1s 1llustrated (left
scale) [23]. We report as well the range over which a Kerr
signal 1s detected [28]. and that for which a CDW 1s
evidenced i high fields from NMR quadrupole effects
[33] and ultrasound velocity data [30]. (See text).
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C-axis resistivity
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— ) Patrick Sémon
Giovanni Sordi
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o
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)
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Summary: normal state

015  Mott physics extends way
Tor A peyond half-filling
005 \  Pseudogap is a phase

L e Pseudogap T* controlled by a

Widom line and its precursor
High compressibility (stripes?)

O'000 0.02 004 006 008 0.1 0.12 0.14 [)4160
8
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e

Giovanni Sordi Patrick Semon

Kristjan Haule

Finite T phase diagram

Superconductivity

Sordi et al. PRL 108, 216401 (2012)
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Actual T, In underdoped

. Quantum and classical phase fluctuations

V. J. Emery and S. A. Kivelson, Phys. Rev. Lett. 74, 3253 (1995).
— V. J. Emery and S. A. Kivelson, Nature 374, 474 (1995).
— D. Podolsky, S. Raghu, and A. Vishwanath, Phys. Rev. Lett. 99, 117004 (2007).
— Z. Tesanovic, Nat Phys 4, 408 (2008).

e Magnitude fluctuations

— |. Ussishkin, S. L. Sondhi, and D. A. Huse, Phys. Rev. Lett. 89, 287001 (2002).

e Competing order

— E. Fradkin, S. A. Kivelson, M. J. Lawler, J. P. Eisenstein, and A. P. Mackenzie, Annual
Review of Condensed Matter Physics 1, 153 (2010).

e Disorder

— F. Rullier-Albenque, H. Alloul, F. Balakirev, and C. Proust, EPL (Europhysics Letters) 81,
37008 (2008).

— H. Alloul, J. Bobro, M. Gabay, and P. J. Hirschfeld, Rev. Mod. Phys. 81, 45 (2009).
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Larger clusters

* In 2x2 T, vanishes extremely close to half-
filling. In larger cluster, earlier.

 Local pairs in underdoped (2x2)

0.88 <n> 096 ' 0.05—

0.03-

0.02-

001

(){]l 1 I l I 1 I 1 I 1
- 0707 0.85 09

‘(1.

8 site DCA, U=6t

8 site DCA, U=6.5t

Gull Parcollet Millis, |
PRL 110, 216405 (2013) @ Ed SHERBROOKE



Summary

» Below the dome, not
. [ QCP (but Mott)
i ¢ Maximum at Widom line
5 m e T*different from T ¢
l « First-order transition
N A destroyed but traces in
the dynamics
I  Actual T, in underdoped

— Competing order

— Long wavelength
fluctuations (see O.P.)

— Disorder %, H SiiEibRooke




Bandwidth control and doping control of

the Mott transition in organics
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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




A doped BEDT organic
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Doped BEDT
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Widom line in organics
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Generic case

@) Mott Insulator
Strongly
correlated /
state 4
(U/W), = 1.07
E at 0.5GPa
D -
_______ ) K-(ET),HE, g5BTs
< =(U/w), = 0.88
B at 0.15GPa
Z
g &-(ET),Cu,(CN), T
5
s | Fermi liquid
Half filled 10% doped 20% doped /
Band filling
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Summary : organics

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

e Predictions

— First order transition at low T in normal state (or
remnants in SC state)

e Physics
— SC dome without a QCP. Follows first-order.

— SC from short range J.
— Tc decreases at Widom line ¥, H SiikibRook:



Some Algorithmic detalls:

3 Improvements
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Continuous-time QMC : CT-HYB

i = H]OC((II. d;) + Z(I'Liuidi i "":id:”#)

L

— E F#_('IL('I#.
’_L

7 — TrT,e~PHo = Jo dr(Huyo(T)+H{ (7))

1 B B ,
=) — / dry - - - dry / dry - - - dr, TYT e PHo
k% Jo "

k>0

X thb(ﬁ)H}tyb(T{) ' "thb(Tk)Hﬁyb(";C)-

B B |
=>_:y\y:l\%[ drl---drk[ dry---dt
“ k!= Jo 0

k20 iy-eeig i il

x TrT e PHi g, (1, )dji (t])- - - d;, (T )d}l(r,i)

A 4

X Zbath(‘?j-lr(rl )‘?l;(r]!) T V-T(Tk)(},‘;\‘(fl:)). Vi - Z;L V:ial‘

Lk

P. Sémon, G. Sordi, A.-M.S. Tremblay, Phys. Rev. B 89, 165113 (2014) #5, E SiERbRooke



Reducing the sign problem

~ !/ = %= !/ ~ ~
Cos GCAW —sinfcyo, 5'"9%10 + cosfca,0

ll)il .- '

o o >
A
& “—o |

—
~—

-7 s

N

t'/t =0.8 107 ¢

C2v 1074 ¢




Ergodicity of the hybridization expansion with

two operator updates and broken symmetry

Himp = Hloc(di- (]z) 5 & Z(‘Lz(lLdl — V:i(]z”#)

T Z fﬂui ay,
,U»
2 _rs s | ,
7 — TrT,e—BHo o= Jo dr(Huys(T)+Hyyy (7)) ek S
| B |
— Z T / (1"/"1 oo ln di / ({7‘{ o (*[TIQT’I-TT(},—.BfIO
&0 © Jo 0

x Highr) B () - - Highlm) B 5, ()

: ] ]
I [‘IT(O.W)di(O-w)d¢(—,rr,0)‘17(7r,0)]
XAqt(0,7),4.(0.mY gt (x,0).4(x,0)

P. Semon, G. Sordi, A.-M.S. Tremblay, Phys. Rev. B 89, 165113 (2014) ¥, B SiikibRooke



Lazy Skip-List

Fast rejection algorithm : the lazy part

u

'

i pmax

pmin pmax +

0

Flip coin

Initial bound

Refined bound:
move rejected

P. Sémon, Chuck-Hou Yee, K. Haule, A.-M.S. Tremblay, Phys. Rev. B 90, 075149 (2014)
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MC weights in CT-HYB some notation

w{(iy,71) - - - (iy,7,)} = Det A Trige [Toe P
X d; (Tk)djk(rl:)'"dh(rl)d;-;(f;)]

Trioc Pp—z, Fiy Pou—o F;) - .. Fy, P, _yF! Py

g
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Lazy Skip List : Skip List

Fs x Fr x Fg x F5 x Fy x F3 x Fy x Fy

Fis x F7 x Fg x Fy ~ Fy x F3 x Fy x F
Fg x F;  Fg x Fs Fy x Fs Fs x F;

/J[JFJFJ/JIJFJH

Tree structure : E. Gull, ETH thesis
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Lazy Skip List : Skip List

Fs x Fo x Fg x Fs x Fy x F3 x Fy x Fy

Ly XFTXF(,-ng / X]“;; X F-_) XF]

— o
-+

Fg x F;  Fg x Fs Fy x F x Fy

I T e

F.\‘)(FTXFGXIT)'iF-',XFlXE;XF.}}‘(Fl

1’"1 X [‘; X Fg X F1

_FixF B xF

Fa] IJ Fa| F}

Tree structure : E. Gull, ETH thesis
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Some more details

PFg P I~ _ PF, PF, P

]’l P F;

b

PFy] PF; PF_| PF; PF_| PF3| PF3) PFy P-1

Subproducts stored in blue arrows are emptied
If tail coincides with red arrow
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SPEEDUP

800

600

400

200

Lazy Skip-List: Speedup (beat Moore)

efficient updates —1
standard updates ——

I 640

LaNIO, _
490 00
350 )
110
18 13 28

25 2 I

22
= FeTe -

1 15
13 1.2 s
Skip List Lazy Trace Lazy Skip Lazy Skip
Evaluation  List (Sec. VA) List (Sec. VB)

1/sweeps

—
(=5
-

< Trq:" Tr>

1/sweeps

LNO

sector weights

N=1

N=2

N=3

N=4

Baseline
Lazy Trace Evaluation
Lazy Skip List (Sec. VB)

N=5 N=6 N=7 N=8 N=9
Sectors

FeTe

sector weights

Baseline
Lazy Trace Evaluation mm—
Lazy Skip List (Sec. VB)

N=5 N
Sectors

6 N=7 N=8 N=9



continued

(a) LNO
1 r sector weights
A 3
= 107
) (
= 107
Vv
10°F
Baseline
Lazy Trace Evaluation
1k Lazy Skip List (Sec. VB) =
E-
S (U
10°°}
1077}

N=1 N=2 N=3 N=4 N=5 N=6 N=7 N=8 N=9
Sectors HisiBRoOKE:



continued

(b) FeTe
I r sector weights
A 3L
e 10
~ (
= 107F
Vv
10°F
Baseline
1+ Lazy Trace Evaluation
Lazy Skip List (Sec. VB) ==
2]
c

N=1 N=2 N=3 N=4 N=5 N=6 N=7 N=8 N=9
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