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Unsolved problems in physics: f?

What is the responsible mechanism
I

that causes certain materials to
exhibit superconductivity at temperatures

above 50 kelvin?

Karyn Le Hur and T. Maurice Rice, arXiv:0812.1581 (98 pages)
Annals of Physics, Special Issue (2009)
Bilayer: K. Le Hur, C.-H. Chung, |. Paul and T. M. Rice, in progress



Brief history of Superconductivity

1911: Kamerlingh Omnes
Hg becomes superconducting at 4K

1913: He won the Nobel price in physics

1933: Meissner effect

1941: niobium-nitride, T_=16K

Ginzburg-Landau (1950)
2 types of superconductors: Abrikosov (1957)
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Simple model of screening: compute the full ... (1950)
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Possible attractive interaction w = (e —€)/h < wk —F) < wp

Frohlich (1950), Bardeen-Pines (19595),...



Basic steps of BCS theory

Tinkham or De Gennes book,...
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Determination of BCS coefficients through variational approach
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BCS Theory, 1957

Bogoliubov, 1958

BCS theory assumes some attraction between electrons
Coupling of electrons to the vibrating crystal lattice (phonons)

Fermi liquid to SC at:  kpT.=11Epexp—1/N(0)V 2/~ 113

1 1 tanh(JE]:/Q)
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Gap at T=0 grows with T, 400 :ql_}g ] FL e
Debye energy not high: 100K Wl . s?o;;(;?
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High Temperature Superconduc

Phase sensitive expts:

Van Harlingen et al. (1993)
Tsuei et al (1994)
T-dependence of n (T):

~ 1=

. Hardy et al (1993)

. Landau

N Fermi liquid
Tw T

d-wave superconductor

Antiferromagnet

.
0.05 0.1 0.15 0.2 0.25 0.3
Hole Doping

Electronic SC without phonons?

 Normal phase is not a Fermi liquid at o gap doesnot follow Tc!




Hubbard model or t-J model

H = Z —tcjscjs + UZ NitN;|
(i) .z.,

Large on-site interaction U: t-J model

_ T 3 g
H = —tc; Cjs+ J Z Si 9,
(4:7).5 (2:7)
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Planar cuprates

Octahedral crystal field: e, Oxidation States:
Square planar distortion

: A e, —

Cu2+ Cu3+ ‘
_H_ 3d3z2_ 2 _T"—
o <> <>
Cu O
S=1/2 S=0
z (9 d-electrons & 5 orbitals) charge +lel

Zhang-Rice singlets

‘o Stochiometric Oxides:
all Cu?2t — AF Mott Insulators.

e Hole doped Oxides:
~ 15%Cu3T — High-T¢c Superconductors.

t-J model or Hubbard model at large U




Zhang-Rice (1988) Hole P icture
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U~ E,-Eq (2-4 eV)



t-J model
H=—tY ddj—p> didi+7TY S5
{3:4)

(2;7) 2,8 237/
Trial wavefunction and physical properties must reflect that
the (effective) on-site interaction is large (Anderson, 1987)

Superconductivity can be described through PIBCS>, where
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Gutzwiller approximation (1963): statistical weighting factors
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g, = 20/(1+8) and g, = 4/(1+8)2  Rice et al. 1988




review: Anderson, Rice, Lee et al (2004)
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2 order parameters:  Xij = (393j/4)<d1d1~> and A'ij
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D-wave superconductivity...
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Spin fluctuations make the singlet channel interaction more
positive (repulsive) at (1r,1): V_(171,77)>0

Very general argument!

example of Kohn-Luttinger attraction




- Superconducting T, = g.A

T, must go to zero at zero doping: insulator
T, must go to zero at large doping: Fermi liquid
Maximum T, at optimal doping T, ~ g, J/2 ~169K

04

- d-wave quasiparticles: reduction of
superfluid density n(T.)=0

GO A -field
G—8 X -field
T, by gap
¥—% superfluid
X Tc by pS

mean-field variable
o
o
I

ns(T)=ngl0) - AT, Aocupfuy

01

T, follows n(T=0) ~ g,and A

0.1 0.2 03

Lee and Wen (1997); Millis, Girvin, et al (1998) 5



D-wave Superconductivity

Weak-coupling argument: RPA approach
Numerical methods: DMFT and extensions
Gauge theories

Renormalization Group methods

Quasi-1D limit




Rigorous Limit: Ladder
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Weak coupling regime

First, diagonalize the spectrum

€j(k) = Ft, — 2tcos(k)

Half-filling: vy = v2
and kpy + kpas =

Large Doping: v, < vy

Urs Ledermann & K. Le Hur, PRB 61, 2497 (2000) bonding, 1
M. P. A. Fisher, Les Houches Notes, 1998




2D Interpretation of couplings

Cooper channel Forward scattering

Competing channels: RG approach



Example: RG for spinless fermions

Urs Ledermann & K. Le Hur, PRB 61, 2497 (2000)

Away from Half-filling
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Solvable set of differential equations + strong coupling treatment




Urs Ledermann & K. Le Hur, PRB 61, 2497 (2000)




Extension to 2D...

AFM channels

N

N-1

D-wave Cooper channel
T

-Antiferromagnetism at half-filling
-D-wave superconducting phase
-Fermi liquid phase for large dopings

Karyn Le Hur and T. Maurice Rice, arXiv:0812.1581 (98 pages)
Annals of Physics, Special Issue (2009)



Close to half-filling

* New phase (D-Mott)

antinodal incompressible RVB regions

nodal regions: metallic

proximity effect of the Fermi arcs with the
RVB region = Andreev scattering (?)

Only the Fermi arcs become
superconducting below Tc: “2 gaps”

Karyn Le Hur and T. Maurice Rice, arXiv:0812.1581 (98 pages)
Urs Ledermann, Karyn Le Hur, T. Maurice Rice, PRB 62, 16383 (2000)
J. Hopkinson and K. Le Hur, PRB 69, 245105 (2004)



Pseudogap: RVB-like

e- Also spin gap in X(T), and p. increases
(Orsay:Alloul, Friedel,1989)

Photoemission:  ppticel Conduckn'ty U
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Conclusion

(a): x=0.05 . (b): x=0.10 ' (¢): x=0.14
350A . .
Increase Tc? . A
b”ayer’? (@):x=0.18  (ep:x=0.20 ()
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Fe-based systems | g 2w Zzz
e
g 150 Landau
Sc in graphene A Fermi liquid
Bergman/Le Hur (2009) e )
Applications to cold atomic 50 g
Gases: “phonons” can be < S
engineered by a BEC ° 0 005 01 015 02 025 03
Hole Doping

2 distinct gaps: D-Mott gap (T*) & SC gap (T,)

(SUPPORTED BY ARPES EXPERIMENTS, ANDREEV REFLECTION, AND RAMAN SCATTERING)

Thank you for your Attention!



Interests of my group

Research

Quantum Phenomena, Simulators and Computing

e | am a theorist aiming to answer important fundamental questions in physics-related
interdisciplinary research areas engaging condensed-matter, many-body systems,
quantum information theory, quantum field theory, statistical physics, cold atomic systems,
and nanoelectronics.
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