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Electronic correlations, fluctuations and pseudogap.

1. Motivation, model
2. The standard approach :
- what 1t 1s
- a qualitatively incorrect result
- limitations of the approach
3. A non-perturbative approach (U> 0 and U <0)
- Proof that 1t works
- How 1t works
4. Results:
- Mechanism for pseudogap
- Spectral weight rearrangement
5. Conclusion.
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1. Motivation, model

Theory of solids

H = Kinetic + Coulomb

- Many new 1deas and concepts needed for progress

(Born-Oppenheimer, H-F, Bands...)

- Successful program
- Semiconductors, metals and superconductors

- Magnets

- Is there anything left to do?
- Unexplained materials: High Tc, Organics...

- Strong correlations:
strong interactions, low dimension
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The standard approaches :

Quasiparticles, Fermi surface
and Fermi1 liquids 2k
- LDA (Nobel prize 1998)

C
E
La,CuO, & |

L'.

L.F. Mattheiss, Phys. Rev. Lett. 58, 1028 (1987).
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Angle-Resolved Photoemission (ARPES)

Quasi 2-d material
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FIG. 3. Spectral intensity aa a fanction of bndmg enerpy FIG. 1. ARPEE HIEHSlt-}" plot of the Mﬂ{llﬂ] surface
for conatant emisasion angle, normalized tc the experimentally recorded along the I' — N line of the SBZ at 70 K Shown in

determined Fermi cub-off. Data arc symbols, while boes are the jnget is the spectrum of the region around kr taken with

fita to the Lorentman peaks with a linear backgronond. The
dependence on the binding energy (a}, tempearature (]:t}, and
bydrogen exposure (c) i 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). ' 6
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Metal according to band
AFM 1nsulator 1n reality

Loz St CuO4 Phase Diagrom
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BISCCO at optimal doping
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SCIENTIFIC ™=
AMERICAN

*Size of Hilbert space : 4" (N =16)

[-H/kpT]
Compute T;';[Oj_ ik, T]]J
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Hubbard model (Kanamori, Gutzwiller, 1963) :

<iy>0

- — Z i (C’LO'C]O- -+ CJr Cza) + UanTnzl
1

4 1
- Screened interaction U ' N’\ \

-U T,n
~a=1t=1"nh=1

A | Al A
I
v

{

- 2001 vs 1963: Numerical solutions to check analytical approaches
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‘ Weak vs strong coupling

T A(Kg,0)
0 ‘/\> 5
a 4 X
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High T are at « intermediate » coupling:

U=8t t~300meV

2 3£

Inten ity

Errgy (mel)
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FIG. 1. {color) A The CuOQ: plane showing the atomic
orbitals (Cu 3d.2_ 2 and O 2p. ) involved in the mag-
netic interactions. .J, J" and J" are the first-, second- and
third-nearest-neighbor exchanges and JJ. is the cyelic interae-
tion which couples spins at the corners of a square plaguette.
Arrows indicate the sping 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.

R. Coldea PRL 86, 5377 (2001)

n=1
Low energy excitations, spin waves
are detected by neutron scattering.

They are bidimensional.

<— Experimental spin-wave dispersion

«— Heisenberg, H =J2. S, S.
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Pseudogap

*New Ising character phase? 600 021 St CuOs Phose Dlugrum_
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Motivation

- Here, -W < U < W with (W = §¢)
-Relevant for high Tc where U > W ?
- A question of threshold (and continuity)

T T
— > 0
UA
- Importance of quantitative predictions
- Location of QCP
- No ferromagnetism
- Effective U < 0 model may be not too strongly interacting
- Suppose we find new quasiparticles in strong
coupling. How do we study residual interactions?
- Do we give up calculating Landau parameters?

- How to predict when the theory 1s bad? 6
- Standard method gives qualitatively incorrect re§aitstsrooke




> [G] = 3% [G]/ 3G =

[ [G]=38%[G]/3G =

17
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2. The standard approach :
- what 1t 1s (FLEX, self-consistent T-matrix ...)

- Thermodynamically consistent:
dF/dp =Tr[G]

- Satisfies Luttinger theorem
(Volume of Fermui surface at 7 = 0 preserved)

- Satisfies Ward identities (conservation laws):
G2(1,1,2,3) appropriately related to G(/7,2)

18
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2. The standard approach : U=+4
- a qualitatively incorrect result 1= :
R 3 X 8
Monte Carlo Flex
(0,0) > (0.my .
gy —< \ —\
3D SN A
AN AN
S — AV A
— =
. T T~
(0,0>/\ =T
-5.00 0.00 5.00 -5.00 0.00 5.00

Calc. + QMC: Moukouri et al. P.R. B 61, 7887 (2000). 19
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2. The standard approach :
- limitations of the approach

- Integration over coupling constant of potential energy
does not give back the starting Free energy.

- The Pauli principle in its simplest form 1s not satisfied
(It 1s used 1n defining the Hubbard model in the first place)

- There 1s an infinite number of conserving approximations
(How do we pick up the diagrams?)

- Inconsistency:
Strongly frequency-dependent self-energy, constant vertex

:©' - O ©: No Migdal theorem, so
l 1 vertex corrections should be 21
included SHERBROOKE




Singular

UurT l 1

2 (kp,ikn) ~ AN Z USPXsp (a,0)

thkn — Ek-l—q — X (kp+q, ikn)

A2
Y (ikn) = S )
Rex ' (w) = 5 E me (Jw| — 24A) (w — 4A2)1/2
Im> () = _%9 (A — |wl) (427 - w2>1/2

Non Fermi-liquid but not singular at w = 0
Vilk, et al. J. Phys. I France, 7, 13% 1997

ERBR
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2. The standard approach :
- problem...

- We do not know how to properly solve even the
«standard model» for heavy fermions (Coleman).

- Lee-Rice-Anderson simpler approach seems
qualitatively better, why?

- GW approach to improve band structure calculations?

23
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|
. An approach for both U> 0 and U <
- Proofs that i1t works

Notes:
-F.L.
parameters

-Self also
Fermi-liquid

0.4

0%
0.0) (mO) () (0,0)

o
¢

n=0.20
n = 0.45

P 2

(b)
U=8

n=026 (a)
n=060 U=4
n = 0.94

0
(

QMC + cal.: Vilk et al. P.R. B 49, 13267 (1994)

! I
n=10.20
n = 0.45

©)

n=1.0

S i R S

0,0)

y 3
e

[1‘1‘:.0}7[15.1'1:}
q

U>0

(“1“}
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Proofs...

X,,TLT0)

U=4.0 Monte Carlo
C‘? n=0.87 @ sx3BWS)
s ) 8*8(BW)
05 ———  This work
ffffffff FLEX no AL
— — — —  FLEX
0.0 \
0.50 0.75
T

1.00

Calc.: Vilk, et al. J. Phys. I France, 7, 1309 (1997).
QMC: Bulut, Scalapino, White, P.R. B 50, 9623 (1994).

-
I
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1X imf
16 ‘ I ‘ I I ‘
U=
i =1
Monte Carlo
12 — B
%u i : 4x4
- 6x6
=
E g Am® A o £~ exp(C(T)/ T)
. Y| | 10x10
N
- Bpe E 2 12x12

Calc.: Vilk et al. P.R. B 49, 13267 (1994)
QMC: S. R. White, et al. Phys. Rev. 40, 506 (1989).

O(N =c0) A.-M. Daré, Y.M. Vilk and A.-M.S.T Phys. Rev. B 53, 14236 (1996) pg gymsesa
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Proofs...

U=+4
(10)
Monte Carlo Many-Body Flex
(0,0) (0.1
A <\ —
(2,3) | A —
i35 I AN —N—
YN TS =
o ———A - A
(00)/\ = - SN~—
-5.00 0.00 5.00 -5.00 0.00 -5.00 0.00 5.00
ot
Calc. + QMC: Moukouri et al. P.R. B 61, 7887 (2000). 27
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Proofs... U=+4

Monte Carlo Many-Body 2® FLEX

1.0 ! ! ! ! ! ! ! !

3

N .

T TN TR -
Q) _y N L 1 i
_05 \ \ \ \
0 B2 B O p/2 pO p/2 B

Calc. + QMC: Moukouri et al. P.R. B 61, 7887 (2000). 28
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Moving to the attractive case....
U=-4
Calc. : Kyung et al. cond-mat/0010001
QMC : Moreo, Scalapino, White, P.R. B. 45, 7544 (1992) —--—-----"-
04 —r———————7——— 04 ———1 1
| |U|=4. n=0. 1 | 1
Proofs... 0.3 — sz ol (a) 1 0.3 C T (b} 1
I‘Iﬂ

29
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Proofs...

Calc. : Kyung et al. cond-mat/0010001
QMC : Trivedi and Randeria, P.R. L. 75, 312 (1995)

24 order perturbation theory

e

—— U in Ek e |}

06 ¢

n(k)

04

U|=4, n=0.5
T=0.25
0 MG (16x18)

U® in Efk o

I'

30
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Proofs...

N(w) A(k,w
04 I ‘ I ‘ I ‘ I 12 T | T | T | T
T=025n=08 U=-4
— - amc ] i ]
= Many-Body \
| @7 08 (b)
0.2 — . L i
)\ - 04 —
- |\
' | [ \ |
o024 L . |
-40 00 4.0
w
03 T | T | T | T
T=02 n=08 U=-4
| — — amc
Many-Body
0.2+ (c)
i \
01+ \ Y, .
00 | | | |

Kyung et al. cond-mat/0010001

0.0

> G(k,T)

k
||||||||I|I|I|I|I|I
I e O

5
=
== ?*%F
I ~_|
== =
== =+
== ==
== =

= 4+ amc

‘ Many Body

T=025n=08U=-4 |

_0.677| | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
T
0'0||||||||||I|I|I|I|I|I|I|
| ()]
= 3
02 .
- B
04 r=02n=08U=4 T
L + amc
B ’ Many-Body T
_0_67JI|I|I|I|I|I|I|I|I|I|I|I

U=-4

G(k,)
00 ||I|I|I|I|I|I|I|I|I
i (b) |
02+ .
L
L g&‘t f’é%: _
04 |
_06 I|I|I|I|I|I|I|I|I|I
T
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3. An non-perturbative approach for both U >0 and U <0

Reminder:

Generating function, with source field

Z[¢]=Tr [Ts (e—%(T)%(ﬁ)%@))]
Propagator in the presence of the source field

§In Z [4]
6y (2,1)

Go (1,2:{¢}) = — (¢, () ¥} (2)), =

Equation of motion and definition of self-energy

(Go'—¢)G=1+3G ; G '=Gyl—¢-T%

where, from the commutator of the interacting part of H :
Yo (1,1)Go (T,2) = U (¥, (17) v () ¥ (0] (2)),

SHERBROOKE
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Response functions :

GG l=1

5G -1

G162 g

o Jo

Using G 1=Gyl —¢— %

5G §G1 5y
- _G G =G-G+G—G
Jo o o

Legendre transform of Z is ®[G] and X [G] = 6P [G] /6G. We have
the RPA equation in particle-hole channel, (or Bethe-Salpeter in particle-
particle)

5G

>
— =G-G+ ¢ 020G
0¢

5G 6¢
33
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Vertices appropriate for spin and charge responses

5ZT 5ZT 6ZT 6ZT
Usp =~ — U= —+
5G| G4 5G| 6G4

34
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Hartree-Fock as an example of use of this formalism:

As an example, consider Hartree-Fock (N.B. all in external field ¢. Take
¢ = 0 at the end only.)

s H (1,T) GH (T, 2) —UGH, (1, 1+) Go (1,2)
7 (1,2) =UGH, (1,17) 6 (1 -2)

55+ (1,2)
5G| (3,4)

— Un_o6(1—2)6(3—1)6(4—2)

35
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First step: Two-Particle Self-Consistent

=) (1,1) 6 (1,2) = acY) (1,17) 6V (1,2)
where A depends on external field and is chosen such that the exact result
> (1,T) Go (T, 1+) =U <nTnl>

is satisfied. One finds

PR i)
(n1) ()

Functional derivative of <nTnl>/ <<nT> <nl>) drops out of spin vertex

z@p:fqch<n“”>

(n1) {n1)

36
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To close the system of equations, while satisfying conservation laws and
the Pauli principle

((n=n)°) = (ng)+(n)) —2(npn))

T x0(9) o 2mam
N 2T Wapxold 2 D
Recall
(nny)
Usp = U (2)
T () (ny)

To have charge fluctuations that satisfy Pauli principle as well,

T Xo(q) D mem ) 2
NEq: 1+ iU.x0(a) + 2 G)

(Bonus: Mermin-Wagner theorem) 37
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Second step: improved self-energy

Yo (11)Go (1,2) = U (v, (17) v () ¥ (0] (2)),

5Go (1,2)
6¢p_q (171,1)

Last term is Hartree Fock (limw — o0). Multiply by G™1, replace lower

>, (1,T) Go (T, 2) — U [ —G_, (1, 1+) Go (1,2)]

energy part results of TPSC

(1) s(1)
£ (1,2) =vGt) (1,17) 5(1 - 2) —vGW [62 oG ]

sG(1) ¢
Transverse+longitudinal for crossing-symmetry

]
UT
s (k) = Un_q+ TN [3Uspx§}))(Q) + Uchxgb)(Q)] G (k +q). |(4)
q

38
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What about single-particle properties? (Ruckenstein)

0
D2 -

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);

2 +

39

N.B.: No Migdal theorem

UNIVERSITE DE
EJ SHERBROOKE



Results of the analogous procedure for U < 0

(1 =nq)n))
Ve = i )
(1)
Xz(al)(Q) (Q)

1+ Uppxg )(Q)

T

N 2 57(a) exp(—ig207) = (ATA) = (nyn))

(1) ~ E . Upp (1 —n)

2 2

s (k) = Un_, —U—ZUppx(”(q)G(_%(q—k)

(5)

(6)

(7)

(8)

(9)

40
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Satisfies Pauli principle and generalization of f—sum rule

/?Imx(l)(q’w) <[AQ(O)7AE(O)]>:1—TL

vVq

k

., (M(l) - %) (1—n)

/d%w Imx1) (q,w) = {% > (ek+ekaq) (1 —2(nur))

vVq

|

Internal accuracy check (For both U > 0 and U < 0).

T [E@6W] = im
2

T—0~

Tr | x@eW] - Tr [£)GR)

Check

(10)

(11)

(12)

T .
= zkj £ (k) GY) (k) e ™™ = U (nyn )

41
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]
4. Results:
- Mechanism for pseudogap U=-4

- (analogous to U > 0 ) : Vilk er al. Europhys. Lett. 33, 159 (1996)
Pines, Schmalian (98)

- Enter the renormalized-classical regime. NB.d=2

30

0.4

. @& __ Z
15 L IU|=4, n=05 =0 1 -
- T=0.19 0.0 - L : L o

Im 0.}

Im 7,,(0.v)

T 42
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4. Results:
- Mechanism for pseudogap U=-4

- Pairing correlation length larger than
single-particle thermal de Broglie wavelength (vr/ T)

1.2
Along (0 O—(0 x) directxn %
T=d 74 i
(v I — T-D 180 I'l- ! _
— I | -.'. :I
E I e [} Il K E |_ .
i'-l- T=021 1 Il{f :. I| i III
_— | | i
L RS i LY ]
= 0.4 - .'I'- SN WY -
(a) FN N
L : K\%__Lﬁ___
o= ____—.-.—-—i"'r.- : — |
2 1 { 1 2
1.2
Along {0 Dk—[x m} directich o LI T
I | 20 18
T=0174 LT ~ 4
f Ly = -
o8 f —— T-n1o0 febo v o it W B E [11.3
= [ R formOa- e e T . h
=) | ——— T-02n4 A A
= TR Il'llu T a1 ne 5
< pa- Fi R | ]
G b l=
() f!r. Y
=
_,_..--"#I ks --'"—\—-_._._______
(4] ——— 1 1
—2 -1 K 1 2 43
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Mechanism for pseudogap formation in the attractive model:

15
5

L5

{4

25
5

75

75

:

25

® g
25

-5

75

75

;

25

0

25

5

75

U=-4
n=0.95

T=1/3
.
—

l.‘kli \.{..

T=1/5

_I
-

(0,0) (1,0)

(M) (W2.:2) (0.0)

U=-4

d = 2 1s crucial

Even part of the pair susceptibility at g = 0, for different temperatures

(fX,

--_\-

&

*
0
oA

0.50

1.00
w

Allen, et al. P.R. L 83, 4128 (1999)
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4. Results:

- Spectral weight rearrangement

- Pseudogap appears first in total density of states

- Fills in instead of opening up

- Rearrangement over huge frequency scale compared with
either T or AT. (AT~ 0.03, T~ 0.2, Aw [1 )

— [=0.143

..... T=0 182
0.2 —- T=m.2Mm
— — - T 308 ¥
— —- T=0.364 F“{:
f
— Il' o
a ¥
0.1 _.-'E.:.__-:- '.-l'..!
Y.l ?1
T 1
/ vl
:_r I| |I
U
D i L
- 0
i d]

A

(a)

._llI
'*-.-\\

2

1.5

Ak m)

0.5

' T
— T=143
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4. Results:
- Crossover diagram U=-4

0.8
=4 H_J_-f"
06 [ Pl |
-
Tour -~
p
0.4 o S
a . T = Nie o
. e j:’
i L e »
= - -I--"”d__f.-
U.E [ — — » -
-~ . —F T in Ak, m}
o
i _.-__.-f T:—§|-c;| . B .
+* e
] e T ! ! . ) ,
(v} 0z 0.4 0.6 0.8 1
n 46
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S. Conclusion . . .
- Renormalized classical regime

U>0 for spin fluctuations in pseudogap regime?

Normal State, 100 K, Q=)

'3t 8

=]

150 [

g

@n
=)

:

:

Wy fArbitary Units)

10 |

sn:_ E 3

N S R L T L

L1 10 ot <l S |

£
Enargy {ma')

; l 6 Fignre 2: Naormalized imaginary part of the spin gusceptibility at the AF wavevector in the

normal gtate, at T= 100 K, fur four orygen eontents in YBCOG (T.=15 8501 025 K for

»=0.5,0 83,02 087 regpectively]. These curves have been normalived ta the game units

S C uging standard phonon calibration™ (100 counts in the vertical eeale ranghly earrespond to
~ 350 #Efe‘r’ i abeolute unite] (fram 0].

Philippe Bourges cond-mat/0009373
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U>0

- Quantum critical point, d = 2:
- Instability at incommensurate g
- Largest doping : 0.315

Vilk et al. P.R. B 49, 13267 (1994)

E .,-'-"----_ L -
- Decreases with increasing U || | @ U _~ g il

U<W = ot
“w g
0.05 | B of -I/ - **
Pl A
S8 e
d = infinity | ——> 00 : i .
| g
b) .
0.10 | (b U P
U>mw «

0.05

0.00

electron concentration p,

Freericks, Jarrell cond-mat/9405025



U< Pairing-fluctuation induced pseudogap

- Slightly Overdoped High-Tc Superconductor T1Sr,CaCu,O, ¢

Guo-qing Zheng et al., P. R. L. 85, 405 (2000)
- Pseudogap 1n Knight shift and NMR relaxation strongly
H dependent, contrary to underdoped (up to 23 7).

- Underdoped 1n a range AT [115 K near T, see evidence for
renormalized classical regime (KT behavior).

Corson et al.Nature, 398, 221 (1999).

- Higher symmetry group creates large range of 7 where
there 1s a pseudogap.

Allen et al. P.R.L. 83, 4128 (1999)
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- How can we understand electronic systems that show
both localized and extended character?
- Why do both organic and high-temperature superconductors
show broken-symmetry states where mean-field-like quasipar-
ticles seem to reappear?
- Why i1s the condensate fraction in this case smaller
than what would be expected from
the shape of the would-be Fermi surface in the normal state?
- Are there new elementary excitations that could
summarize and explain in a simple way the anomalous
properties of these systems?
- Do quantum critical points play an important role in the
Physics of these systems?
- Are there new types of broken symmetries?
- How do we build a theoretical approach that can include both
strong-coupling and d = 2 fluctuation effects?
- What 1s the origin of d-wave superconductivity in the high- 53
temperature superconductors? sl S



