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1. Introduction
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Purpose of Theoretical study

1. Origin of the superconductivity

Symmetry of Cooper pairs
Mechanism of attractive interaction

Coulomb interaction U, Exchange interaction J

2. Physics of Anomalous Metallic behavior

eInhomogeneous electronic states: stripe
Pseudogap phenomena
eStructural transition LTO, LTT
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2. Superconductivity
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FIG. 1. The temperature dependence of the resistivity for
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lines, the in-plane resistivity (pgs ) of single-crystal films with
(001} orientation; solid lines, the resistivity (p) of polycrystal-
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3. Hubbard Model
- Metal-Insulator Transition -

ltinerant Electrons

Electrons

Mott transition
MnO, FeO, CoO, Mn;0,, Fe,0O,,
Square  Nio, cuo
L attice _ —
Insulator: Coulomb interaction is
| mportant !




Hubbard Model |
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Hubbard Model Il

AFI
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U
M
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t'>0 |
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M-I transition U
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n.n. transfer t'.
0 1




Hubbard Model Il
Hartree-Fock theory (Half-filled)
AF Gap A = Um D ~t g2V d=1,3
~t @ 2mMvU)*? g =2
1D Hubbard modd
U<<t U >>t

Hubbard gap A 16/ mtue ")y
Spin-wave velocity 2v /m=J (4t/m(1L-U /4 1) 4t2/U
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Mapping of the Hubbard Model

1 Cu-0, mode
(d-p model)
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d-p Model

Non-doping (half-filling) case
o

o

Antiferromagnetic Insulator
+..+

Charge transfer insulator

(Mott insulator) If
Model for CuO, plane £, &y >>1



Superconductivity in the Hubbard model

Question

Perturbation
YES < FLEX

VMC some QMC
NO — QMC, CPMC

Superconductivity in the
Hubbard model is possible ?



4. Variational Monte Carlo method
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Superconducting state
SC state in the correlated electron system: finite U

l-:UCdS = PG |_| (Uk T VkC:T Cjki )|O>
‘ X ¢
Gutzwiller Projection Pg

To control the on-site strong

correlation
Essentially Equivalent
il 4 | {
: | L RVB O(A d )
. state (Anderson

Coulomb +U Parameter O<g<1




Relation to Gossamer superconductivity

Bogoliubov op. bkal'iUBCS =0
Projectedop.  h =P _P*
H = Z Ekh:ahm h«yl;[lsc — O
Ko ~
Gossamer SC state /o

Laughlin cond-mat/0209269
In fact

Pg = Pspcs B Pl = PoboWese =0

Gossamer superconductivity
= Projected BCS state




Superconducting condensation energy

SC Condensation energy
TC
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FIG. 4. Electronic specific heat coefficient y(x,T) vs T for
Y BasCusOe+, relative o YBa;CuyDe. Values of x are 0.16,
0.29, 0,38, 0.43, 0.48, 0.57, 0.67, 0.76, 0.80, 0.87, 0.92, and
0.97.

Loram et al. PRL 71, 1740 (‘93)
optimally doped YBCO

SC Condensation energy
~ 0.2 meV




Evaluations in the superconducting state
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SC Condensation Energy for d-p model

2D 3-band model

Condensation energy 6x6 and 8x8

Eong ~ 0.00038tOllo
= (0.56 meV/ste

Hole density

T.Y. etal.,, PRB64, 184509 (‘01)
SC order parameter
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5. Superconductivity and Antiferromagnetism
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Gutzwiller-Jastrow function
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 Vertical stripes for x > 0.05
« Diagonal stripes for x < 0.05

o (r.l.u.)

M.Fujita et al. Phys. Rev.B65,064505(' 02)
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Vertical Stripes in the under-doped region

Vertical stripes: 8 lattice periodicity (Tranquada)

Charge Charge  Charge VMC
rich poor rich
X = 1/8 3-band Hubbard
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T.Y. etal., J.Phys.C14,21(‘02)



Stripes and Superconductivity: nano SC
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SC coexists with Stripes
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| Antiferromagnetism
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" Loram et al. T.Y. etal, Phys. Rev. B67 (2003) 132408.



/. Diagonal stripes in lightly doped region

Diagonal stripes are observed for

La,  Sr,NIO,
La, Sr,CuO,
La,, N dySrXCuO 4
In the lightly doped region.
Las_,.Sr,CuOy
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Types of stripes

Site-center Diagonal stripes (DS)
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33
o +
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Bond-center Diagonal stripes (DB)
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Total energy of diagonal strlpgd state (VMC)
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Incommensurability: Comparison with Experiments

Laz_xSrICuC)g(l‘ = «

0.15 P _'D]‘dﬂ'm'd]' _ ® Vertical
< 8 o Parallel ® Strlpes
0.10 | N 17
= ‘ "’” e Diagonal stripes
= oos| . ]
' ; U=8.0 t'=-0.2
2 & can be explained by 2D
3 Hubbard modsd!.

Sr concentration (x) M.Miyazaki et al., JPSJ 73(2004)1643.



Structural transitions: Lattice distortions 015

Stripes: suggested by Incommensurability oa0f | 7 f

8. Stripes and Structural transition
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What happens under lattice distortions?

Las_,Sr,CuOy

30 F

1. Anisotropy of the transfer integrals
Anisotropic electronic state

vertical stripes
Diagonal stripes x<0.05

T.rn (K)

10

2. Spin-Orbit Coupling induced from
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lattice distortions ;

3. Electron-phonon interaction .
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Anisotropy of the transfer integrals in LTT phase

Cf. A. P. Kampf et. al. PRB 64 (2001) 052509

One-band Hubbard model (Miyazaki)

C/N

C, Bl -J
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Possible Stripe Structure 2
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9. Spin-orbit coupling and Lattice distortion

Spin-Orbit Couling induced by the Lattice distortion

Friedel et al., J.Phys.Chem.Solids 25, 781 (1964)

Tilting K. Yamaji, J. Phys. Soc. Jpn. 57, 2745 (1988)
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Dispersion in the presence of spin-orbit coupling
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Flux state
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Phenomena originating from spin-orbit
coupling

A

Density of states T
Pseudogap d ., symmetry
Doping dependence of Spectral function
ARPES Fermi Arc o

HTT
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——

Nodal metal
Modification of the dispersion relation gap structure
Flux state d-density wave
Time reversal symmetry breaking

Stripes and spin-orbit
Stabilized diagonal stripes in the lightly-doped region
Generalization of d-density wave



Pseudo-gap in the density of states

Flux state
——> Pseudo-gap

An origin of pseudo-gap
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Density of states
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Diagonal stripes with Spin-orbit coupling

Diagonal stripes in Lightly doped region with Spin-orbit
Spin-orbit induces flux.

Spin-orbit coupling stabilizes
the diagonal stripes.
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d-density wave, string-density wave

d-density wave |70 o | 70
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10. Spectra in the hole-doped cuprates
Fermi arc
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A model for Arc-like Spectra
- Striped state and Tilted octahedron -
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x=0.028 “|

(0. Flux state spectral function
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(0.0 (m.0) Fermi arc
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Spectra in the electron-doped region

Nd,_Ce,CuO,, s [ARPES]

N. P. Armitage et al., Phys. Rev. Lett. 88(2002)257001.



11. Summary

1. SC in correlated electron systems
= Gutzwiller-projected BCS
LSCO t' small Bulk Imit of SC Condensation energy
Bi2212 t't” AF correlation is weak due to FS.
SC Cond. Energy is also small.

2. Vertical stripes : Compete and Coexist with SC
3. Diagonal stripes: Bond-center stripes for light doping
4. Spin-orbit and d-density wave

> [LTo | X
AE,_~02meV £ LT |

| S |Diagonal SC condensation

(optimally doped) 7 ; energy

é EH  stat Vertical stripes

coupling s | =

X

O=x/V?2 ~o'.05



Summary of Theoretical study
Numerical calculations for the SC wave function
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