Insulators, metals, pseudogaps and

cuprate superconductivity

A.-M. Tremblay

{*, CIFAR  EJ SHERBROOKE [ﬂﬁ e ;"&

Rutherford, June 20th, 2013 5, B ShiRooke



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 1n the metallic state
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Attraction mechanism 1n the metallic state
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Attraction mechanism in the metallic state
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#1 Cooper pair, #2 Phase coherence

Ep = Zp,p’ Up—p/pr’_pll//;,Ta_p/l
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Breakdown of band theory

Half-tilled band 1s metallic?
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Halt-filled band: Not always a metal

Ni0O, Boer and Verway
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« Conventional » Mott transition
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Temperature, T (K)
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AFM and superconductivity
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Weakly or strongly correlated?

Temperature, T (K)

Température, T(K)

L. Taillefer, Annual Reviews of CMP 2010
Mathur et al. Nature 394 39 43 (2 July 1998) & B
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Hubbard model
t i

1931-1980

Effective model, Heisenberg: J = 4t* /U B, B ook



Strong vs weak coupling

I'NI\-‘I:RSI‘I']’: DE
@ B SHERBROOKE



[Local moment and Mott transition

n = 1, unfrustrated d = 3 cubic lattice //
V4
V4
A Mott/ /
T y 7
7’

&

Slater = = Heisenberg
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[Local moment and Mott transition

n =1, d = 2 square lattice L7
, 7
A o7
T e
. 7
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/ Critical point visible in
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Understanding finite temperature phase from a mean-field theory down
toT=0 W 5 S ok



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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Stripes and reconstructed Fermi surface
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Wu et al. Julien, Nature 477, 191-194 (2011)
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Competing CDW order
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Three broad classes of mechanisms for

pseudogap

 Rounded first order
transition

» d =2 precursor to a lower
temperature broken
symmetry phase

* Mott physics

* 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 (J0% grmesrooc



e-doped cuprates: precursors

NCCO Motoyama, E. M. et al.. Nature 445, 186189 (2007).
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Hot spots from AFM quasi-static scattering

Armitage et al. PRL 2001



Back to hole-doped
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What 1s the minimal model?

250 g -200
H. Alloul arXiv:1302.3473 200 B .
o - -150
€ i '
S 150 o
() T 1 =
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g 1 is
L -50
50 fmma’ -
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T (K)

Fig 1 Spin contribution K to the *Y NMR Knight shift
[11] for YBCOg4¢ permit 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 illustrated (lett
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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Pseudogap from Mott physics
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G. Sordi, et al. Scientific Reports 2, 547 (2012)

Competing order is a consequence of the pseudogap, not its cause:
Parker et al. Nature 468, 677 (2010) ¥, B SiiibRooke



Hole-doped cuprates as Mott insulators
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Mott-Ioffe-Regel limit

Kel = 20 ~ 27

OMIR = h_d
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Hole-doped cuprates and MIR limit

6
} Gurvitch & Fiory o[+ bubble
- 1 PRL 59, 1337 = bubble + VC1
iy (1987) 4_A all terms
g N
s | | Sy 3
¢ -
el i T2
: { MIR limit il
) e Mean_f?ee path % 400 800 1200 °
o ~ Fermi wavelength T(K)

LSCO 17%, YBCO optimal Dominic Bergeron et al. TPSC
PRB 84, 085128 (2011)

PHYSICAL REVIEW B 84, 085128 (2011)

Optical and dc conductivity of the two-dimensional Hubbard model in the pseudogap regime and
across the antiferromagnetic quantum critical point including vertex corrections
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Spectral weight transfer

Semiconductd’
N : 2N
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Meinders et al
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Experiment: X-Ray absorption
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Number of low energy states above ® = 0 scales as 2X +
Not as 1+x as in Fermi liquid

Meinders et al. PRB 48, 3916 (1993)
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Charge-transfer insulator

Semiconductof Charge Transfer
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Thermopower
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Hall coetficient

@ T T L L BN R BB RN | ) B e e T T e T F R |
1215 | ) T
a . La_ Sr CuO

,‘.\ La, SrCuO, () | oy iy U,  (a)
r |'| ’:-‘-‘m" v n.’.**a;:;: [x=0.02 .---.-.-.--"‘.-.-.“.;-:662. 1
Syisvee *oee ®(x =0.04 |

> 08L @ ,’ “"'O«;,‘ ""'N.—x=007 \0-0-0---040--‘-0-0-0--0--.-0‘0.%
- . '-0-.‘.'_. : ‘h P00000000000000000000000000
= o _‘..’..mmm““mm.gﬁ.{

L i
T 06} ® "M.‘. ®alx=0.08 10 0.057
o0 i serEooe ity

®ooq, P "'“”“.‘Mowz‘,

eR

®®e0elx-0.13

| ._....._..... — ’omou..“

0.4 ° *-o.,.'_.‘.““ O ¢ m.u..,”g'o.a.
veveee, *0ex=0.17 e omuu..,“"” ]

02+ 0'0-.‘_.“ HHno-oOO-ooo“......._ x=0.21 o2 0*o00000ee,, .n..Q-.‘j.

0 Huo—ouo-o-o-o-o“unuo'x:&zs o non.‘...“"nmo... 13

. P B B R SR S N 1 : .".

0 50 100 150 200 250 300 - ®0000e,0.14
Temperature (K) o o00T0000000, 2L,

....'..w

r . 1 - ”.O...'.." o

(b) ©4 |@ Sr— 2000000q, 0.18"
] i ..‘. ."..

7/ \ 2 L %0, .-...“ i
x 3 1 - % "0y .“..’.'%.1.'

(0,00 (m0) ‘. A d

N ® [ x=002 % | "N, eses,
x=0. .‘.. 1 B .\ "'”‘“"OQ@?‘
O' PR SR B ." "‘

0 300 600 900 I ooe, ]

0.2§

Temperature (K) 1 1 (5900000 0000000
X = 025 0 50 100 150 200 250 300

Temperature (K)

Ando et al. PRL 92, 197001 (2004)

I’Nl\"lzksl'l'i‘: DE
@ Ed SHERBROOKE



Outline

* Method
* T=0 phase diagram
* Finite T phase diagram
— Normal state (no LRO, what 1s below the dome)

e First order transition

* Widom line and pseudogap
— Superconductivity
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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




Another way to look at this (Potthotf)

X[Z] =|®[G] - Tr[EG]|- Trin(-G;! + )

Still sthtionary (chain rule)

N [2] =|F[Z]|- Trin(-G;/ +X)
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SFT : Self-energy Functional Theory

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

Q2] =|F[X]

1s stationary with respect to

+ Trin(—(G;' - £)™)

and equal to grand potential there.

U[Z] 5 Qu[Z] - Trin(—(G, -

L) O Trin(—(G;' - 2) ™).

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

Variation of the self-energy, through parameters in Hy(t")
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* Long range order:
— Allow symmetry breaking in the bath (mean-field)

e Included:

— Short-range dynamical and spatial correlations

e Missing:
— Long wavelength p-h and p-p fluctuations
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Finite T phase diagram

Normal state of the cuprates
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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, B SiigksRooke



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).



Doping driven Mott transition, t' = 0

Method Orbital Critical
selective point
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Gull, et al. PRB (2009)

Vildhyadhiraja, PRL (2009) :



Doping driven Mott transition
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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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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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What 1s the minimal model?

250 g -200
H. Alloul arXiv:1302.3473 200 B .
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g 1 is
L -50
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0 P e 1 1 Q0
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T (K)

Fig 1 Spin contribution K to the *Y NMR Knight shift
[11] for YBCOg4¢ permit 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 illustrated (lett
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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Phys. Rev.B 50, 6534 (1994).
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Pseudogap T™ along the Widom line
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D o Patrick Sémon
Giovanni Sordi oo
Kristjan Haule

The Widom line

G. Sordi, et al. Scientific Reports 2, 547 (2012)
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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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divergence of « at the (classical) critical point!
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Phase diagram
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What 1s the minimal model?
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Fig 1 Spin contribution K to the *Y NMR Knight shift
[11] for YBCOg4¢ permit 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 illustrated (lett
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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Summary: normal state
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et i Patrick Sémon
Giovanni Sordi
Kristjan Haule

Finite T phase diagram

Superconductivity

Sordi et al. PRL 108, 216401 (2012)
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Cartoon « BCS » weak-coupling picture

A
1
Ap = —sz, U(p - p’)E—p,<1 -2n(Ep))
P
p’
K )
\ K Béal-Monod, Bourbonnais, Emery
. ) PR. B. 34, 7716 (1986).
Exchange of SpIt Waves:s ny 7. 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) By, B Siikikooke




A cartoon strong coupling picture

P.W. Anderson Science 317, 1705 (2007)
JY Si-Sj= JZ(—C oc) (%c c)
(i.j)
d = <a> = I/N Z(coskx — cosky)<C§TC_El>
k

Hue = Y e(k)ch c; - 4Imh - Jd(d +d") + Fy

K,o

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

Miyake, Schmitt—Rink, and Varma
P.R. B 34, 6554-6556 (1986)
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Unified phase diagram

(Unmit, TmiT)
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Meaning of T %: Local pair formation

A. Pushp, Parker, ... A. Yazdani,
Science 364, 1689 (2007)

Gap (meV)

0 10 20 30 40
Angle (deg)

However, our measurements demonstrate that the nodal gap does
not change with reduced doping. The pairing strength does not get
weaker or stronger as the Mott insulator is approached; rather, it
saturates.
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Fluctuating region

||||||||||

300 H \ R-123, O-doped
R-123, Ca-doped

Infrared response
200 H

T[K]

100 H

hole doping p

Dubroka et al. 106, 047006 (2011)
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Giant proximity effect
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Figure 6 | Depth profile of the local field at different temperatures. The



Actual T, 1n 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).

* Magnitude fluctuations
— 1. Ussishkin, S. L. Sondhi, and D. A. Huse, Phys. Rev. Lett. 89, 287001 (2002).

* 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

* Is there a minimal size cluster where T,
vanishes before half-filling?

e Learn something from small clusters as well

» Local pairs in underdoped

['.\'l\'l:RNi'i']‘. DE
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Larger cluster 8 site DCA
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FIG. 8. Superfluid stiffness ps determined in the supercon-
ducting state at 7" = ¢ /60 from Eq. 15, as a function of doping.

Gull, Millis, arxiv.org:304.6406
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Gaussian amplitude fluctuations in Eu-LSCO

Eu-LSCO
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Phase fluctuations and disorder?

Monolayer LSCO, field doped

A. T. Bollinger et al. & I. BoZovi¢, Nature 472, 458—460

a b Cc
3.5 T T T T 3.0 T T T T T
] 45K ] 26l /f 45K
I 8.0K ’
sg 1l j 6.0K |
- 12.0K 2.0+ P 4 -
& 207 \ sepid] o / 80K |
= F x.=0.0605 . . 16 / J
) -..l\ N c i ) "
o 157 lf}\ / .20.0K « / .10.0 K|
107 W ] ot .
L o S ]
R T,
0 5-: ‘ \':t}' > ' 7' . t 7 -1 05__ \-\ o
0.0l =1l 1 n . .
i . ' . ; ' ' + o
0 50 100 150 200 0.05 0.06 0.07 0.08 0.09 0.10 0.000 0.001 0.002 0.003 0.004 0.005
T(K) X |x - x| 23

Figure 2 | Superconductor-insulator transition driven by electric field.

a, Temperature dependence of normalized resistance r = R(x, T)/R, of an
initially heavily underdoped and insulating film (see Supplementary Fig. 12 for
linear scale). The device (Supplementary section B) employsa coplanar Au gate
and DEME-TFSI ionicliquid. The carrier density, fixed for each curve, is tuned
by varying the gate voltage from 0V to —4.5V in 0.25V steps; an insulating
film becomes superconducting via a QPT. The inset highlights a separatrix
independent of temperature below 10K. The open circles are the actual raw
data points; the black dashed line is R(x,T) = Ry = 6.45 k€L b, The inverse
representation of the same data, that is, the ri(x) dependence at fixed
temperatures below 20 K. Each vertical array of (about 100) data points
corresponds to one fixed carrier density, that is, to one r,(T) curve in Fig. 2a.

The colours refer to the temperature, and the continuous lines are interpolated
for selected temperatures (4.5,6.0, 8.0, 10.0, 12.0, 15.0and 20.0 K). The crossing
point defines the critical carrier concentration x. = 0.06 * 0.01, and the critical
resistance R. = 6.45 * 0.10kCQ. ¢, Scaling of the same data with respect to a
single variable u= |x—x.|T~"/*", with zv = 1.5. This figure is derived by
folding panel b at x. and scaling the abscissa of each ri(|x — x.|) curve by
T2/, For 4.3K < T < 10K, the discrete groups of points of Fig. 2b collapse
accurately onto a two-valued function, with one branch corresponding to x
larger and the other to x smaller than x_. The critical exponents are identical on
both sides of the superconductor-insulator transition. The raw data points
cover the interpolation lines almost completely, except close to the origin.

28 APRIL 2011 | VOL 472 | NATURE | 459

@2011 Macmillan Publishers Limited. All riahts reserved



Effect of disorder

Disorder

F. Rullier-Albenque, H. Alloul, and G.Rikken,
Phys. Rev. B 84, 014522 (2011).
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Summary

0.10f
i

0.05

0.0900 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.3)

)

A
¥ o2
— T4
e T,
F4 Tw
-0 T

ity To,

X Tamax

Tp,;,min 1

1200

correlated
metal

F9 Troma

1400

T(K)

Below the dome finite T
critical point (not QCP)
controls normal state
First-order transition

destroyed but traces in
the dynamics

T* different from T ¢
Actual T, in underdoped

— Competing order

— Long wavelength
fluctuations (see O.P.)

- Disorder @ E UNIVERSITE DE
o SHERBROOKE



Main collaborators

Bumsoo Kyung

Kristjan Haule David Sénéchal

Sarma Kancharla |

M Gabriel Kotliar

UNIVERSITE DE

Massimo Capone ﬁ B SHERBROOKE

Dominic Bergeron



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

éb E3Ea
UebDEC eaea
Canada Foundation for Innovation
w Fondation canadienne pour l'innovation

Calcul Québec

UNIVERSITE DI
%y, B SHERBROOKE







