What does this have to do with quantum
magnetism?

Perfect diamagnetism
(Shielding of
magnetic field)

(Meissner effect)

André-Marie Tremblay
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Recall some basic Solid State Physics
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Failure of the « Fermi liquid approach »

in High Tc

n=1,
Metal according to band theory
Antiferromagnetic insulator inreality |t |1 |1 |1
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High-temperature superconductivity

Away from half-filling
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Unusual experimental facts about HTSC:

several possibilities for Cooper pairs

Typep (n=2)

Typed (n=23)

n:3 I

n:2 |

n=1
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Superconductivity 1s d-wave

d-wave (n = 3)

n:1 |

n:2 |
""C IA.R The Canadian Institute for Advanced Research n:3
UBC': Bonn, Hardy, Liang 3
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An « anomalous » normal state
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Observing electronic states in d = 2

Angle Resolved Photoemission Spectroscopy (ARPES

Photon

I

I

I
e
I
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Synchrotron radiation

L

= - - Seeing Is
wme _ Understanding

An Overview
of Beamline
Operations

mnrpTmET,

An Overview of
Synchrotron Light

Toroidal Nl i
Sampk  mimor Exit lit Scan

FIG. 6 Generic beamline equipped with a plane grating
monochromator and & Seienta spectrometer [Color|.

Damascelli, Shen, Hussain, 2002.
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Recall some basic Solid State Physics
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Non-interacting case

EDC

Damascelli, Shen, Hussain, RMP 75, 473 (2003)
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With interactions : the Fermi liquid

A(Kk,m)f(m)

"rt""--_ﬂ!i yoas
/ 7

N B NelE
Fermi liquid system
14
Damascelli, Shen, Hussain, RMP 75, 473 (2003
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FIG. 4. Spectral intensity aa a function of bndmg energy FIG. 1. ARPEE ]IIEHSIt.}f plot of the Mﬂ{llﬂ] surface
for conatant emizsion angle, normalized tc the experimentally recorded along the I' — N line of the SBZ at 70 K Shown in

determined Fermi cub-off. Data are symbols, while bnes are  jhe jnget is the spectrum of the region around kp taken with

fita to the Lorentman peaks with a linear backgronnd. The
dependence on the hinding energy (a), temperature (b}, and
hydrogen expoaure (c) & ahown.

special attention to the surface cleanliness.

T. Valla, A. V. Fedorov, P. D. Johnson, and S. L. Hulbert
P.R.L. 83, 2085 (1999).
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Pseudogap: Fermi surface of an e-doped high T,

Armitage et al. PRL 87, 147003; 88, 257001
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Experimental phase diagram

Mott Insulator .
Electron doping >\$ > Hole doping

300k Nd, Ce CuO, La, Sr CuO,

Z _
_ 200k “Norma
E Metal
2 Stripes
=, -
= 100}f ]
|'_

D 4 1 1 .

0.3 0.2 0.1 0.0 1 0.3

| mﬂpam[ Concentration x 'f‘
Optimal doping Optimal doping

I'1(:. 1 Phase diagram of n and p-tvpe superconductors.

< T
n, electron density Damascelli, Shen, Hussain, RMP 75, 473 (20085) E Siifiskooke



Outline of all three hours

The Hubbard model : itinerant vs localized
behavior

Methodology (non-perturbative)

 Results and concordance between methods.

« Comparisons with experiment

18
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emparsture Superconductor belgs i fasmily of

High Ty "
YBa, Cuy 0y.5 11-37

_LSCO

H = _Z<ij>o tij (CloCio + CloCio ) + U mipny

ENERGY (eV)
- )

[Zl— i/ INo mean-field factorization for d-wave superconductivity
o all 19
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An effective model

A. Macridin ef al., cond-mat/0411092
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One band Hubbard model

H = Z/dgr Wi (r) (—Qh—;w +V(r )) (r)

drd3r’ T | ,.
30 [ Ul = 0 ) (1, 0

— Z c,w(r —n)

nel’
1 N
H2 — Z E <?’U JU |U|AO-A ZO'[> zaz jaj(fag(ka;ﬂ
17kl
0;0;0}0]

Direct exchange 1s ferromagnetic ! %, B ShikBRooke



One-band Hubbard model for organics

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

(b)

t ~50meV
. = U ~ 400 meV
Y. Shimizu, et al. Phys. Rev. Lett. 91, ,
107001(2003) 22 t/t~0.6-1.1
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Experimental phase diagram for Cl

U-sC F. Kagawa, K. Miyagawa, + K. Kanoda
PRB 69 (2004) +Nature 436 (2005)

P (bar)

Diagramme de phase (X=Cu[N(CN),|Cl)
S. Lefebvre et al. PRL 85, 5420 (2000), P. Limelette, et al. PRL 91 (2003)
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Perspective

t/t y
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« Solutions » of the Hubbard model

Bethe ansatz in one dimension (correlation
functions?).

Renormalization group in one dimension or quasi-
one dimension (spin-charge separation, Luttinger
liquid)

— Solyom, Bourbonnais
Nagaoka theorem

In two or three dimension :
— QGutzwiller approximation

— Various forms of slave bosons (+ gauge fields) mean-
field theory.

Infinite dimension (Dynamical Mean-Field
Theory)

...... 27
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@ EJ SHERBROOKE



emparsture Superconductor belgs i fasmily of

High Ty "
YBa, Cuy 0y.5 11-37

_LSCO

H = _Z<ij>o tij (CloCio + CloCio ) + U mipny

ENERGY (eV)
- )

[Zl— i/ INo mean-field factorization for d-wave superconductivity
o all 28
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U=0 t=10 A(Kk,m) U2y
‘ | u— U

-U/2 u2 o

—T1/a m/a
29
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‘ Weak vs strong coupling, n=1

T A(kFa(D)
A(kF,(D) A
. /
LHB UHB
U~ 1.5W (W= 81) Mott transition
1 I 1 I
I ) ) I | )

Effective model, Heigenberg: J = 41° /U !
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A hierarchy of effective models (see Schrodinger vs Dirac)

« t—Jmodel : applying second order
degenerate perturbation theory

) =la) + 30 T )

E,. >0
= o) — = 3" (8| HiJa)| )
3
= Ja) — = 3 [m) (m| o)
= |a) — 7= H]a)
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n = [ the Heisenberg model

32
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n = [ the Heisenberg model

412
Heg, = U (Z; S; 3, Worthwhile decrease in size of Hilbert space !
ij

33
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Is this model enough for the AFM atn = 1?

Coldea et al. PRL (2001)

Energy (meV)

_‘-‘-»:“-_‘\.‘_u.-ﬂ n'ﬁ
0 o5 N ¢ 1 8

FIG. 1.  (color) A The CuO; plane showing the atomic
orbitals (Cu 3d,2_,2 and O 2Zpsy) involved in the mag-
netic interactions. J, J' and J" are the first-, second- and
third-nearest-neighbor exchanges and J. is the eyelic interac-
tion which couples spins at the corners of a square plaguette.
Arrows indicate the spins of the valence electrons involved in
the exchange. B Lower surface is the dispersion relation for
J=136 meV and no higher-order magnetic couplings or quan-
tum corrections. The upper surface shows the effect of the
higher-order magnetic interactions determined by the present
experiment. Color is spin-wave intensity.
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Including #(z/U)’ terms

350
A
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Wavevector (h k) 35
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APPENDIX A: SPIN HAMILTONIAN WITH ¢, ¢
AND ¢”

t,ztz
3

- =
4 S - S {eicjer}

The introduetion of # and #” will to first order renor- 22 R
i,k
malized the coupling constants already present in the SDF eiejene; PY

spin Hamiltonian.

1

K_I

I s ik,
i j m & 4 TR (—1) P35
22—
Delannoy et al. + the O 4T fuge)
i n
_ A .
1 k i 4 il Si - Sn {eiejen}
i m
3 - 22
FIG. 6: Label of the different sites ‘I:gjn 20 i €i€jEmen le.g.m.n
i m
Some terms are added to the one obtained when ¢’ and tgjn #1342 A
t"" are not taken into account, but some new terms will ‘ ) 4 13 eigjemen (—1) Py
be inecluded with new topologies. In order to simplify the v vy
notations, we are introducing some notations : 2 B
& SDmi't" €i€j€mEn PL'J' '

i i m
SR {(5i -5 (Sk - S X_gq 4t2 . 1) phimm
— = = = el " s Ci€jEmEn (7 ) 2
(5 - ) (5K - 55) — (51 Su)(5; - 50} .
Pkl — = - = - =
Pyh™ = 488 + 5,8k + S-S &
+ §37+j 4;+‘;'§;} [ tZt't”EEE £ PhEm
UC' i€jEmer 1
(Al)
The Py and Py terms are developed below. On the fig-
ures, the symbol —+ means that the corresponding

sites takes a role in the expression of the coupling inter-
action, whereas the symbol (0 means that the corre-
sponding site is transparent in the electronic process (1.e. 12 )

the electron "hops over’ that site). Because of the current 4? €i€j€mer (—1) P;‘j'k’m
interest in diluted Mott-Hubbard systems, such as in the
LasCu.Zn, .0, "7 , we keep track in the derivation of
the spin Hamiltonian of the occupation of the sites vis-
ited by the electrons. e; = 1 if a site i is occupied by a
spin, €; = 0 if the site is not occupied.

o

r

L
12,02 )
J ﬁj t ;3 — P‘i.j,k,ﬂ
|
iﬂ? k
Ik 4 77 §: .?h{szsh} L
i ] 0m "= — i At Elgrar;
M A‘lFS2 - S {€i€m} i FEEEJE!EE (—1) P
o] >
I:I 22 . i k
Tk —8 - {eicjener} P;‘J'F”'l | 22 o
1 i 160 8 EiE EIER {(S,; . Sk)(Sj -Sg)}
o B
12,2 i 1.5kl
80— B
Tk 4%{%5]%}(3-5_,_5.52) L + s cicieer By
i i
O s o
A 12,02 o
(" 160 5 (5, 5)(S} - 51) {esejencr} ; R ;3 ieserca (1) PEIA
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Delannoy et al. + thesis 2006

t’Et”z - = = =
4Fs;sjsk{s1-5k+sj . 5;}
2 = =
4? €€k 151 - Sk
t‘”4 .
1,4k,
SOF €€ EREL Pl‘J‘
- joke.d
i3k,
-1@ €46 EREL Py
2,02
i,k
80 g eiegepe Py
4
2t ikl
4 e i€ ERE] sz

APPENDIX B: CALCULATION OF THE
CHARGE RENORMALIZATION FACTOR

We start with the ¢, ', ¢/, I/ Hubbard model and use
a method explained in Ref. 7 .

Hy = TH+T +T"+V

(B1)
= 3 et D et Y el e
i,j1io iz ijaio
+UD i, (B2)
;

J1, J2 and j3 are respectively the first, second and third
nearest neighbors of i. Fourier transforming this expres-
sion leads to:

Hy = 3 (ex + ¢ + )k gono
k.7

L
+ N Z Z éﬂ‘ﬂ’@5,.5’E£1‘501k1+q551C—k+q:ﬂck,crr

kK qo.ot 8,8

(B3)
where :
e = —2t(cos(k.) + cos(ky)),
€, = —2t'(cos(ky + ky) + cos(ke — k)], (B4)
er = —2t"(cos(2k,) + cos(2k,)).

Our goal here is to obtain the sublattice magnetization

defined by :

M = (©)5519), (B5)

13

(here we will consider the case where the magnetization is
polarized around the £ direction). |{2) is the spin density
wave groundstate and Q a nesting wave vector. The
charge density operator Sél is defined by :

il s
54 = v Z Elﬂ:a%.gfk,s, (B6)

koo,

N being the number of sites.

In order to diagonalize this hamiltonian, we introduce
the bogoliubov transformation :

g
Ve = UkCha VR Y 85 0108,
3
(B7)
3
Tha = UkCka Uk D 85 othiq.s
2

Our goal is to diagonalize the system through the rela-
tions :

[Hunis] = Btk
(B8)
{Hm "n‘j‘g] = —Ewi o
Injecting (B7) in the Hamiltonian (B3), we get :
B = el £4/A2 4 &, (B9)
where the density wave gap A is defined by :
UM
A= - (B10)

The Bogoliubov coeflicients uy, and v}, are obtained using

1 €k
2
= -1+ =——F—
b 2 i En —ej — € (BL1)
2 1 1 €
R Br—c,— ¢
from that we can infer that
M = {(QS3|0) = izw.-uk - (B12)
Q I a ;
hence :
1 1 A
M= - B13
.‘\"Xk:?Ekfe;cfex ( )

o

1 E
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Alternate set of parameters

400

— Fit §f Coldea dt . : t/U = 0.136 400 _ — — T .
¢ Coldea et at. experimental points. — Ourfit et al|: t/U =011 ;t"/t=029 ;1" /1 021
L _ B ¢ Coldea et at) experimental points] i
o
300 |- \ = 300 | \\ —
‘é 200 - E 200 — —
25
3] 5]
= - \ 1 = -
&3 % [ ‘!
100 — .\ — = ll'. \ _
\ |
|I !
L \ _ L \
| \ \
1| SN S N I S L oLb——— ¥ 11 1
(m/2,m/2) (w,m) (m,0)  (w/2,w/2) (m,m) m/z (m/2,m/2) (m,m) (m,0)  (m/2,mw/2) (m,.m) im/2,m/2)

t/U = 01  £0.05,
t'/t = —0.35 +0.05,
t/t = 022 +£0.05,
t = 035 eV
U = 35 eV

Delannoy ef al. + thesis 2006
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General methods for the derivation of effective spin

Hamiltonians : all canonically equivalent

Chernyshev et al. PRB 2004

* Brillouin-Wigner degenerate perturbation
theory

— Expansion of denominators
» Resolvent operator (for Hamiltonian)

e Canonical transformation

39
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Canonical transformation

(v'|Hly) = (a'|le®He™™|a)
H = H() + VD + VX

S=8p+Sx
Sp =20 eiS(H() + Vp + VX)e‘iS = Ho+ Vp

+ Vx+[iS1,Ho]
+ [iS2,Ho] + [iS1,Vp]

+[iS1, Vx] + %[isla[iSlaHO]]

ede™ = A+ [iS,A] +
SX = S1 -I—Sz +...

< [iS,[iS,A]] +...

Vb = Ty
VX=T1-I—T_1

w |[Ho, T = mUT,

UNIVERSITE DE
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Beware | When spin 1s not spin...

. , . , , : :
* A paradox -
033 "--__E___.....n. 1
— l . I e
M{=—2 Si(-1) -
N~ A 0325 . i
|D>H =e™° 055 E | o0 y/u0IM])?(0) ‘&\m T
- =
0,32~ c \:
£0|04|0) 5 o0 y/<(0/(M})2[0),
(0) = - — -
1(0[0) PR VORI L
. . 0,002 0,004 "~ 0,006 0,008
OS= E?IéOHE—Ié (%)
H(O‘ OH‘O>H s<0‘05‘0>5 FIG. 2. (Color online) /U dependence of the staggered magne-

tization M% . M; g and ﬂﬂffg,s for a 2 X4 lattice.

HO0l0)y  (0]0),

_ 2

+ 1 7 i IQ 7 7 i MT= 1—27I— 11/}1-
M= ?S}'(—l) -QE%(SE-S;)(—U s=\1=222 |M;
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Back to the general problem: Theoretical difficulties

e [L.ow dimension

— (quantum and thermal fluctuations)

» Large residual interactions
— (Potential ~ Kinetic)
— Expansion parameter?

— Particle-wave?

* By now we should be as quantitative as possible!

42
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Theory without small parameter:

How should we proceed?

Identify important physical principles and laws
to constrain non-perturbative approximation
schemes

— From weak coupling (kinetic)
— From strong coupling (potential)

Benchmark against “exact” (numerical) results.

Check that weak and strong coupling approaches
agree at intermediate coupling.

Compare with experiment

43
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* Is the Hubbard model rich enough to
contain the essential physics of the cuprates
and the organics? (e- and h-doped and
layered?)

* Yes (1n part):

— New theoretical approaches
— Increase 1n computing power

— Theoretical approaches (numerical, analytical)
give consistent results even 1f the starting points
are very different.

44
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Mounting evidence for d-wave 1n Hubbard

» Weak coupling (U <<'W)

— AF spin fluctuations mediated pairing with d-wave
symmetry

* (Bickers et al., PRL 1989; Monthoux et al., PRL 1991;
Scalapino, JLTP 1999, Kyung et al. (2003))

— RG — Groundstate d-wave superconducting

* (Bourbonnais (86), Halboth, PRB 2000; Zanchi, PRB 2000,
Berker 2005)

 Strong coupling (U >> W)

— Early mean-field
e (Kotliar, Liu 1988, Inui et al. 1988)

— Finite size simulations of t-J model

 Groundstate superconducting
* (Sorella et al., PRL 2002;4fs’oilb1anc, Scalapnio, PRB 2002)

UNIVERSITE DE
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Numerical methods that show Tc at strong coupling

DCA Variational

T I T I T | T I T I T
\ U-W-20N -4 VOLUME 87, NUMBER 21 PHYSICAL REV
0.08 - = ¢ ]
- u T T 1 | T T ] ﬁ"
o) TC (a) (b) Jo
0.06 o T. a 2Hump 1<
o T S A .
e — . — -
i 7 =] var 4
=
0.04 = - e L) _
v ri . ea = o
L Non Fermi-liquid Fermi Liguid Like Ve —
. B oo
0.02 — — - -
)
- . . ] O - —
d-wave superconductivity —
i 1 I | 1 | 1 | 1 ] 1 | a
% 0.05 0.1 0.15 0.2 0.25
6‘ e’ 11 1 | 11
FIG. 5. The termmperature-doping phase diagram of the 0 0.2 e 0 02 x
210 Hubbard model calculated with QMC and DCA for o _
Ne=4, U =2 Tx and T, were calculated rom the diver- FIG. 1. (a) The variational parameter Avar (filled squares) u_nd_
] . o o ) . the (7,0) hump scale (open triangles) in ARPES [10] versus
zences of the At iferromagnetic and d-wave HERCEH ibilities. doping. (b) Doping dependence of the d-wave SC order parame-
respectively. T was calculated from the peak of the bulk ter @. Solid lines in (a) and (b) are guides to the eye. (c) The
magnetic susceptibility. coherence length & = max(&pur, 1/J%).

Th. Maier, M. Jarrell, Th. Pruschke, and J. Keller Paramekanti, M. Randeria, and N. Trivedi

Phys. Rev. Lett. 85, 1524 (2000) 46 Phys. Rev. Lett. 87, 217002 (2001)

T.A. Maler et al. PRL (2005) E E gﬁgﬂ%ﬁOOKE



Methodology

Weak-coupling approaches

47
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Theory difficult even at weak to intermediate

coupling!

1\\>2=.1:>2+ -4:>

RPA (OK with conser?{/atlon laws)

— Mermi gner
— Pauli

Moryia (Conjugate variables HS  ¢%=<¢>> ¢* )

— Adjustable par¥neters: ¢ and U,
— Pauli
. FLEX - > 3
— No pseudogapX 2 =
— Pauli
 Renormalization GrmX Rohe and Metzner (2004)
— 2 loops 48 Katanin and Kampf (2004)
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Two-Particle Self-Consistent Approach (U < 8t)

- How 1t works

* General philosophy

— Drop diagrams

— Impose constraints and sum rules
* Conservation laws
e Pauli principle ( <n_?>=<n_>)

* Local moment and local density sum-rules

e Get for free:

* Mermin-Wagner theorem
» Kanamori-Briickner screening

 Consistency between one- and two-particle 2G = U<n_ n_>

Vilk, AMT J. Phys. I France, 7, 1309 (1997); Allen et al.in Theoretical methods for
strongly correlated elecsons also cond-mat/0110130 |
(Mahan, third edition) % B SHERBRoOKE



TPSC approach: two steps

‘ I: Two-particle self consistency ‘

1. Functional derivative formalism (conservation laws)
Xy  0X4
oG, oG-

(a) spin vertex: Usp =

(b) analog of the Bethe-Salpeter equation:

dc;: Ryl T T 3 -
,)v.;.s-p p— d@ _ C:r(:r —|— C:r[/ ,s-p:)(,,S'p(_Jr
(c) self-energy:
%o (LT {}) Go (T,2:{¢}) = —U{(cl, (1) s (1) s (1)cf(2)),

2. Factorization /

51

® 4G (1,15 {}) G (1,2 {¢})
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TPSC...

. . (nn N :
Uy ="U ol Kanamori-Briickner screening

(n1)(n)
Xo(q)
1 — %LTng“(q)

3. The F.D. theorem and Pauli principle
((ny=ny)*y = () + (n,) = 2(myny )

X (q) =

T -
¥§X§;(Q) =n—2(nn|)

‘ II: Improved self-energy ‘

Insert the first step results

into exact equation: s (LT:{0})Go(T.2:{0}) = ~U(c',(17) co(l)eo(1)es(2)),
53 - L T . (1° ~(1"
Yy (k) = Ung + R {”"Eqpxqp () + UanXen (4)| G (K + q)

& [ SHERBROOKE



A better approximation for single-particle properties (Ruckenstein)

3/ 3

7

2 +

@2 -

Y .M. Vilk and A.-M.S. Tremblay, J. Phys. Chem. Solids 56, 1769 (1995).
Y .M. Vilk and A.-M.S. Tremblay, Europhys. Lett. 33, 159 (1996);

N.B.: No Migdal theorem™
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Benchmarks for TPSC

54
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Benchmark for TPSC :

Quantum Monte Carlo

* Advantages of QMC

— Sizes much larger than exact diagonalizations

— As accurate as needed

* Disadvantages of QMC

— Cannot go to very low temperature in certain
doping ranges, yet low enough 1n certain cases to
discard existing theories.
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Proofs...

(m,0)

TPSC
Monte Carlo Many-Body Flex
(0,0) > (O
3 SN X —
9 G —
G2 N
AN //V/\L ~ N\
0n N A
AW
(0,0)/\Tf N e —
-5.00 0.00 5.00 5.00 0.00 -5.00 0.00 5.00
olt

Calc. + QMC: Moukouri et al. P.R. B 5661, 7887 (2000).
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1.0

0.8

0.6

0.4

0.2

dx{yz—wave susceptibility for 6x6 lattice

0.0
0.0

Doping
Kyung, Landry, A.-M.S.T'ﬁi Bl SO oe

57

QMC: symbols.

Solid lines analytical.



Methodology

Strong-coupling approaches
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Cluster perturbation theory
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Cluster perturbation theory (CPT)

p lile the lattice mto dentical clusters
p Solve exactly (numerically) within a eluster

p Treal inter-cluster hopping in perturbation theory

Vary
cluster = .
shape and — o e B .
SiZC ® :\ : @
® ol e
® & ]
e @ @
e & @

D. Sénéchal effal., PRL. 84, 522(2000); PRB 66,075129 (2002),

Gross, Valenti, PRB 4c6, 418 (1993).

W. Metzner, PRB
43, 8549 (1991).
Pairault, Sénéchal,
AMST, PRL 80,
5389 (1998).

David Sénéchal
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Different clusters

SR O S David Sénéchal
c o000 oo COOC®O0U ~ 60000
o olo @eloo © C® O0C 0O 4 ®
o ole oloo © C© ®0C0C 4 O
o olo @eloo © ©®OC0O 4 ®
O0o00 oo © Q000 4 O
OO0 0 OO0 =g O o

L=6 L =10
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inter-cluster hopping

intra-cluster hopping cluster index

AN
frrgn _ t(ﬂ) 5mfn + 'J’E];l’rl
a ab | @ T site index

Gol=w—t=w—-19 -V
\

noninteracting Green function _
superlattice wavevector

Basic CPT approximation : /
G UK,w) =G99 w) - V(K)
S

CPT Green function

Final Fourier transform :

1 _
GOPT(k~; uj) = E Z G{Lb(k;w)e_tk‘(rﬂ —71)

L
b=1

a

Spectral function :

Ak,w) = —2 lilg+ ImG(k,w +in) |
n— J SHERBROOKE



Self-energy functional approach and special cases
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Dynamical “variational” principle

_ 1 H.F. if approximate @
Then Q is grand potential G6t1 _3 by first order
Related to dynamics (cf. Ritz) | FLEX higher order|

Luttinger and Ward 1960, Baym @nd Kadanoff (1961)
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Another way to look at this (Potthoff)

QiG] =

O[G] - Tr[(Gy{ — GHG] + TrIn(-G)

[2] =|D[G] - Tr[EG]|- TrIn(-G,; +X)

00 (G|

5G — >

Still sthtionary (chain rule)

Q=] =|F[Z]|- TrIn(-Gj + )

66
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SFT : Self-energy Functional Theory

With FTX] Legendre transform of Luttinger-Ward funct.

O[] = + Trin(—(Gy! = )7

1S stationary with respect to

For given interaction, F[X] 1s a u

>, and equal to grand potential there.

uversal functional of X, no explicit

dependence on H(t). Hence, use

solvable cluster H,(t’) to find F[Z].

[Z] 4 Qu[2] - Trin(—(G, ™' =) )|+ Trin(~(Gy' = 2) 7).

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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Variational cluster perturbation theory and

DMFEFT as special cases of SFT

M. Potthoff et al. PRL 91, 206402 (2003).

DCA,
Jarrell Savrasov,
et al. Kotliar,
PRB (2001)

Georges
@ Kotliar, PRB

2Ll @@@ (1992).
@ M. Jarrell,

| D PRL (1992).
( .
T ~ Gy uy —7 — (), A. Georges,
; %:: (GC),fl; — Xy U | )jw ot/ et al.
RMP (1996).
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Cellular dynamical mean-field theory and Dynamical

cluster approximation

69
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Benchmarks for quantum cluster approaches
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Quality of approximation made by CDMFT

8- [~ Ba 1D Hubbard model: Worst case scenario
- - CDMFT
6 0 T | T : | I | 0 T T | T T
B — DMRG | \ :
o | 0.1 Ut=1 |— CDMFT [{ -01} Uit=7
S o — PCDMFT /] — §
al —-0.2 =
o -— DMFT ] -02 o= .
-0.3 el i
/
= 037 -
2 -_ - L/ i
. 04H —
0 | | ) | | | i
-05 1 1 1 1
0 > Uk 10 2 70 2 4 6 8
| T ' | | i _
1 1 L o . N
¢ (D — _
x 04 - _‘
0.75 SO e CDMFT 1 ]
1 12515175 2 = PCDMFT __ —
— BA 0 1 | 1 | 1 | 1 N

N sk + DMET 0 0.5 1 1.5 2 8
' Q)
v
0.251- 7 Excellent agreement with exact results in both metallic and insulating
| limits
0 | 05 045 04 Capone, Civelli, SSK, Kotliar, Castellani PRB (2004)
-2 -1 0 1 2 71 Bolech, SSK, Kotliar PRB (2003)
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DCA vs CDMFT

G. Biroli and G. Kotliar, Phys. Rev. B 65, 155112 (2002)
Aryanpour et al. cond-mat/0301460
Maier et al. cond-mat/0205460

Quantitative aspects of the dynamical impurity approach, Pozgajcic
cond-mat/0407172
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Results and concordance between

different methods

73
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Comparison, TPSC-CDMFT, n=1, U=4t

TPSC Ay CDMFT

Ult=4, £/t=0.3, AF
===

=
|I ||I
i

! flf';".'|
[ r'./.'||

i
|

»
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r
-

Hole-doped (17%)

.
-

L@y (O)=X

Sénéchal, AMT, cond-mat/0308625

A e — —

- o

........

Rt

T 2 T X I Z

e it 1§
S,
W —
o
A
A il
ey il e ety
— | -




Hole-doped (17%)

A(k,0)

Sénéchal, AMT, PRL 92, 126401 (2004).
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Electron-doped (17%)

U

1
N

U

1
o

L=(0,0) (. 0)=X

T £ o

. U=8§

T £ P
l‘”
W
|
4

I
o%a)
A

2 9T
o
v
do



Electron-doped (17%)

S

SJ

<
t’=-0.3t
t”=10.2t
n=0.12t
n= 0.4t

Sénéchal, AMT,
PRL in press
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TPSC : Fermi surface plots

Hubbard repulsion U has to...

increase for
E smaller doping

0 B.Kyung et al.,PRB 68,.174502 (2003)
Hankevych, Kyung, A.-M.S.T., PRL, sept. 2004 %, B SiERBRoOKE
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Qualitatively new result: | hoo, <<k, T

effect of critical fluctuations on particles (RC regime)

1 1

_2 .
q,° +¢I||2 + &tk + &g

(K p,ik,) e T| d?g

ImZR(kF,O)oc—£53‘d

Vi

in 2D: ‘é: > gth‘ (gth = hVF /| 7 kBT)
Agzvgk-AkvahAkaBT

| 1m2(k,.0) oc -UE/(£,8) >1]

In 3D: marginal case

In 4D: quasiparticle survives up to 7.

Y .M. Vilk and A.-M.S. Tremblay, J. PB¥s. Chem. Solids 56, 1769 (1995). |
Y.M. Vilk and A.-M.S. Tremblay, Europhys. Lett. 33, 159 (1996); &), El sHErRBRooKE



Analytically : ha . << k.T
.. . ] ) sf B
effect of critical fluctuations on particles (RC regime)

0
T | a1 1 T £3-a i
Za(kr.0) o jd 1 q:+&7 ) Vfg,f‘ dO:z éthJ

‘ ImE®(K,.,0) o —UE/(£,8) > 1 ‘

Why leads to pseudogap
_22//
Ak o) = K
(0 —ex—2p)" + X5

Y .M. Vilk and A.-M.S. Tremblay, J. PBYs. Chem. Solids 56, 1769 (1995). |
Y.M. Vilk and A.-M.S. Tremblay, Europhys. Lett. 33, 159 (1996); %, E siERBRooke



Comparisons with experiment
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ARPES spectrum, an overview
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Strong coupling pseudogap (U > 8t)

t’=-0.3t,t" = 0.2t

 Different from Mott gap that
1s local (all k) not tied to ®=0.

* Pseudogap tied to =0 and
only 1n regions nearly
connected by (m,7). (¢ and h),
* Pseudogap is independent of "

cluster shape (and size) in
CPT.

* Not caused by AFM LRO

— No LRO, few lattice spacings.
— Not very sensitive to ¢’

T Scales like t' I'. Ronning et al. Jan. 2002, Ca,.,Na,CuO,Cl;
Sénéchal, AMT, PRL 92, 126401 (20045°
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Weak-coupling pseudogap

 InCPT

— 1s mostly a depression 1n U=8
weight
— depends on system size T
and shape. '

— located precisely at
intersection with AFM
Brillouin zone

* Coupling weaker
because better screened
U(n) ~ dw/dn

{0

=

Sénéchal, AMT, PRL 92, 126401 (2004).




The pseudogap 1n electron-doped cuprates

e Near optimal doping U ~ 6¢
— Optical gap 1.3eV vs 2el

— Weight near the diagonal e 40 0. 1E0
» CPT, Slave-bosons, ¢-J T HOLE-DOPED
0
— dT /dp negative. § il
— Simple screening S *
E J ELECTRON-DOPED
=
e T R T
Te (K)

88
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' gt i
t // LN
AN N\, ,
b/ Ml t'=-0.175t t"'=0.05t
| | =350 meV, T=200 K

t Weak coupling U<8t

n=1+%x — electron filling
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Fermi surface, electron-doped case

Armitage et al. PRL 87, 147003; 88, 257001

o
)

i T

- 4%

| Pseudogap atjhot spots |
|

(m,7) | (c)




15% doping: EDCs along the Ferm1 surface
TPSC

| U=5.75,n=1.15) | (a)d

-0.4 0.2 @ (eV)0 ‘ U ;also from CPT‘ g

e | (U=5.25,n=1.15) Qu=625n=1.15) Exp
3 —
: :
0 ; | ; —F//{\Atl_—'_
-0.4 0.2 @ (eV)0 -0.4 -0.2 @ (eV)0

Hankevych, Kyung, A.-M.S.T.,PRL, sept. 2004




Hot spots from AFM quasi-static scattering




AFM correlation length (neutron)

¥ x=0.14
100 + @x-0.15 ;
. mx=0.18 i .
-V x=0.14 exp %
- Ox=0.15 exp %’ ? v %
- Ox=0.18 exp % u
& Bitén ,
10 - y | 7
i 4 ¢
I 3 m " 1]
I 5, o= N
| l
.1 |
1 3 5 7 9 11

JIT

Hankevych, Kyung, A.-M.S.T., PRL, sept. 2004
Expt: P. K. Mang et al., cond-mat?0307093, Matsuda (1992).
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Pseudogap temperature and QCP

P1I*edicti0n »&=¢, at PG temperature T,

500 . — T |
- : - and ¢>¢,, for T<T™*
400 p ——G-— — l,
- 1 —Prediction
= 00 —
L — supports further AFM
= 200 - B 7 fluctuations origin of PG
100 - . | Matsui et al. PRL (2005)
0 ' ' Verified theo. T* at x=0.13
0 005 01 y 015 02 .
with ARPES
Prediction QCP

may be masked by 3D transitions

» A p~10k;T* comparable with optical measurements

Hankevych, Kyung, A.-M.S.T., PRL 2004 9Expt: Y. Onose et al., PRL (2001).
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Observation

250K

l{\-'ﬁl'[ mial

Intensity (arb. units)

0 05 [.0O
k(i)
Matsui et al. PRL 94, 047005 (2005) [&O———=0)

|
04 03 02 0.1 Ep 0.1
Binding Energy (eV)

RCdU.CGd, x=0.13 does not change with lCITl[TrLl'I‘:ll_lI-I'U. On further increasing
AFM /10K SC 20K the tempera > pseudogap is totally filled in in the
b

spectrum a suggesting that the short-range AF
correlation rs at around this temperature. The
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Precursor of SDW state

(dynamic symmetry breaking)

Y.M. Vilk and A.-M.S. Tremblay, J. Phys.

Chem. Solids 56, 1769-1771 (1995).

Y. M. Vilk, Phys. Rev. B 55, 3870 (1997).
J. Schmalian, ef al. Phys. Rev. B 60, 667 (1999).

B.Kyung et al.,PRB 68, 174502 (2003).

Hankevych, Kyung, A.-M.S.T., PRL, sept 2004

R. S. Markiewicz, cond-mat/0308469.
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The phase diagram for high-temperature

superconductors

97
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Competition between antiferromagnetism and

superconductivity

98
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Competition AFM-dSC — using SFT

% /
1 -

: : : : David Sénéchal
+ t t P+ L+

See also, Capone and Kotliar, cond—nggt/0603227,
Macridin et al. DCA cond-mat/0411092 %), B siErBRoOKE



Preliminary t" = -0. 3U 2 t(;; =02t

30 Nd, Ce CuO, _ La, SrCuO,

‘Normal’
Metal

200

Temperature (K)

1030

r1- | . .. -d..IIIIIEEiIII...h |

>
1.3 o> 1.1 ol B9 —08 "~ 07

['I¢:. 1 Phase diagram of n and p-tvpe superconductors.

SHERBROOKE

: , 100 _
n, electron density Damascelli, Shen, Hussain, RMP 75, 473 (20@ ] Qi



Anomalous superconductivity near the Mott transition
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Sarma Kancharla

ﬂ.ﬂa T B—a U:B

e U=12 - "u
—a U=16 . "
//' —r T oy
0.02 | -, LY
W ! N Ay ;“

i T e ’,. ]
__-' . P (___..’ \
:.* - - L]
0.01 | v -
.'.. ‘
! ol

'e ff f’
i /

P

[ ‘o= Ly

0.75 0.8 085 [ 08 0.95 1

FI1G. 1: SC order parameter i» as a function of filling n and
onsite Coulomb repulsion U7, ¢ = 0.
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0.6 |
05 |
on 0.4 f
03 |

0.2

0.1

Gap vs order parameter

0.94 0.96

0.98

FIG. 2: The dSC gap as a function of filling, U=8t, t' = —0.3¢.
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One-band Hubbard model for organics

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

(b)

t ~50meV
. = U ~ 400 meV
Y. Shimizu, et al. Phys. Rev. Lett. 91, ,
107001(2003) 104 t/t~0.6-1.1

UNIVERSITE DE
E EJ SHERBROOKE



Perspective

t'/t 105
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Experimental phase diagram for Cl

U-sC F. Kagawa, K. Miyagawa, + K. Kanoda
PRB 69 (2004) +Nature 436 (2005)

P (bar)

Diagramme de phase (X=Cu[N(CN),|Cl)
S. Lefebvre et al. PRL 85, 5420 (200Q), P. Limelette, et al. PRL 91 (2003)
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02 (b)
015F g I ]
"Us % 2 e E 1
0.1 . =,
-
0.05- - A )
| 1 | 1 | 1
U[} 1 2 3 4
U
FIG. 3. Double occupancy as a function of U/D. The oln—"HH——rr
curves correspond  (from  bottom to top) to T/D = 05 06 07 08 09 1
1/20,1/30, 1/40, 1/44. t'/t

Kyung, A.-M.S.T. (2006)
Parcollet, Biroli, Kotliar, PRL 92 (2004)

See also, Sénéchal, Sahebsara, cond-mat/0604057
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Mott transition (C-DMFT)

(@) Ut=6.9,t/t=07 (b) U/t=6.95, t'/t=0.7
= e
N———x A‘"\ —
R —-___—5‘.’/"
Y

(O,TC)

i
f/
il
(-7, ) -
A'/,‘7"‘-"' \'."
mgfr’h A \v‘ 7
(O O) \a\'kJ—/‘*l\ AN E— e+ 1]
) -6 -4 -2 0 2 4 6 -6 -4 -2 0 > - -
’ Q)

Kyung, A.-M.S.T. (2006)
See also, Sénéchalp$ahebsara, cond-mat/0604057

UNIVERSITE DE
@ EJ SHERBROOKE



Normal phase theoretical results for BEDT-X

12

10 -

Uit
o

0.2

0.‘4 | 016 | 018 | i | 1.2
t'/t
109
Kyung, A.-M.S.T. (2006)

¥, E ShERBRooKE



Experimental phase diagram for Cl

U-sC F. Kagawa, K. Miyagawa, + K. Kanoda
PRB 69 (2004) +Nature 436 (2005)

P (bar)

Diagramme de phase (X=Cu[N(CN),|Cl)
S. Lefebvre et al. PRL 85, 5420 (200)9), P. Limelette, et al. PRL 91 (2003)
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L

Crossover

100 -
Uﬂfnmm
(dRIdT),,,
"”"?‘,T = const.
Mott insulator p
i R=R,* AT
10 gf" g
i Metal
L(Spin liquid) o7 Tc
- {Fermi liquid)
Superconductor
1 L ' L
2 4 L] 6 7
Pressure (10-1GPa)

Y. Kurisaki, et al.

08
tit

Kyung, A.-M.S.T. cond-mat/0604377
Sénéchal, Sahebsara, cond-mat/0604057




AFM and dSC order parameters for various t’/t

AF multiplied by 0.1
. . . PO T T S0 wrn
*Discontinuous jump . AF o tRE05 L Coo t=0.6
: 0.04 1 dsc | |
*Correlation between , 200006, | | 00, 98C
maximum order ol oecoe o 4 oo Yoo 4
0.08 \ ‘
parameter and Tc oo 0.7 heo s
0.04 Q<><>
’ OOOQO | QO@O
0 ‘ O O M ) DY | (O Fany
X | CNONBr | CuNes), | CogC) | 0 B
tt=09 | | t/t=1.0
o]0 | 0% | s |
T, 116 104 39 O U B -
0.1 0.15 0.2 0.250.1 0.15 0.2 0.25
t/U t/U
112

Kyung, A.-M.S.T. cond-mat/0604377 @ o e



02 04 06 08 1 12
t't

Kyung, A.-M.S.T. cond-mat/0604377
Sénéchal, Sahebsara, cond-mat/0604057
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Prediction of a new type of pressure behavior

Sénéchal, Sahebsara, cond-mat/0604057

Kyung, A.-M.S.T. cond-mat/0604377
12
= 10 SL ]
g | AF @//@/ |
o
S e f
~wave SC©
O
4L g i
(-/2,7%) _—”“——-——-___*__:__Hﬂ = = ’ M |
ﬁ__.__.ﬂ A= T_‘__.';‘-__:-_“‘".——"'—- 2 L _
(0/2) EEg _-—-__-:—-—-— I \ |
' An : °C 0z 04 N\ 06 08 1 12
= o w_ o, o
‘ All transitions first oxder, except one
with dashed i
¢//20.8¢  *Triple point, not SO(5)
' 5, B sherBRoOKE




Réferences on layered organics

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 al., cond-mat/0602098 10:"

8 4

uit
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4
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Summary - Conclusion

* Ground state of CuO,

planes (h-, e-doped) A0

— V-CPT, (C-DMFT) give| 2 |
overall ground state

phase diagram with U at
intermediate coupling.

— Effectof ¢

e Non-BCS feature o
@ 0l T

— Order parameter Dopant Concentration 1
decreases towards n = /
but gap increases.

— Max dSC scales like J.  Sénéchal, Lavertu, Marois,

— Emerges from a A-MST, PRL, 2005
pseudogaped normal Kancharla, Civelli, Capone, Kyung,

state (7)) (scales like 7). l6Senéchal, Kotliar, i
(2)( ) A-M.S.T. cond-mat/05082@% B SERBkooke

Nd, Ce CuO, La, Sr CuO,

‘Normal’
Metal

Temperature (K)

100 -

FIG. 1 Phase diagram of n and p-tvpe superconductors,




Conclusion

 Normal state
(pseudogap in
ARPES)

— Strong and weak
coupling mechanism
for pseudogap.

— CPT, TPSC, slave
bosons suggests U ~ 6t
near optimal doping
for e-doped with slight
variations of U with
doping.

11/
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Conclusion

The Physics of High-temperature
superconductors 1s in the Hubbard model
(with a very high probability).

We are beginning to know how to .
squeeze 1t out of the model!

Insight from other compounds

0:4 Ol.ﬁ 'DI.S ‘i 1.
tit

0.2

Numerical solutions ... DCA (Jarrell, Maier) Variational QMC
(Paramekanti, Randeria, Trivedi).

Role of mean-field theories : Physics

Lot more work to do. 18
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Conclusion, open problems

* Methodology:
— Response functions
- T,
— Variational principle
— First principles
* Questions:
— Why not 3d?
— Best « mean-field » approach.
— Manifestations of mechanism
— Frustration vs nesting19
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