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1. Introduction

Key words: Physics from U (Coulomb interactions)
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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

* Inhomogeneous electronic states: stripe
* Pseudogap phenomena
« Structural transition LTO, LTT
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2. Superconductivity

Elements that become superconducting
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Characteristics of Superconductivity

ol i ol

Electrical
Resistivity
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r T T, T

Metal Semiconductor Superconductor

Meissner effect Exclusion of a magnetic

field from a superconductor
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3. High Temperature Superconductors
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Phase Diagrams

Phase diagram of HTSC
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Model of HTSC

Two-Dimensional Plane

Doped hole

Cu —

O Characteristics

« Two dimensional
Px - Low spin 1/2
X2-)2 « O level is very closed to Cu level.

d



Temperature dependence of Resistivity
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FIG. 1. The temperature dependence of the resistivity for
Laz- Sr,Culs (a) 0=x =005, (b) 0.1 =x <035 Dotted
lines, the in-plane resistivity (pas) of single-crystal films with
(001 orientation; solid lines, the resistiviiy {p) of polycrystal-
line materials. Note, py =(hfe?)d=1.7 maem.

H. Takagi et al.
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FIG. 1. (a) Temperature dependence of in-plane resistiv-
ity of twinned YBazOusOr_y crvstals with oxygen concen-
tration T—y ~6.590, 6.85, 6.78, 6.68 658, and 645, Insct:
Temperature dependence of g, and py for detwinned crystals
of T,=90 and 60 K. (b) Temperature dependence aof Ry of
twinned crystals measured under j || ab plane and B || ¢ axis

at H=5T.
T. lto et al.



Specific Heat
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Nuclear Magnetic Resonance
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Fig. 1. Temperature dependence of the nuclear spin-lattice re-
laxation rate 1,7, 7 for Cu(2) sites of YBa,CuyOy. The solid
curve shows the best fit of the data to Eg. (1) for T = 230 K. The
insel shows the Arrhenivs plots for the ratio of the observed
(1T Tl 1o the expected 1T, T from Eq. 010, and the best fit
af the data o Eq. (2) is shown by the solid line.

Yasuoka et al., Physica B199 (1994)278

YBa,Cu,Oq
T.= 81K

The decrease of 1/TT, above T,
suggests the existence of the pseuo-

gap.

In the conventional case




4. Hubbard Model

ltinerant Electrons

T

Electrons

) T 0

Atoms

Mott insulators

MnO, FeO, CoO, Mn;0,, Fe;0,,
NiO, CuO

Insulators due to the Coulomb interaction

(Note: Antiferromagnets such as MnO and NiO are not Mott insulators
in the strict sense.)



On-site Coulomb Interaction

Coulomb interaction

e oo

gy+U

U>>t

—» |nsulator

®e



Gap in the Hubbard Model

Hartree-Fock theory (Half-filling)

AF Gap A=Um A ~t g2mt/U d=1,3
~ 1 e-2n(t/U)”2 d=2
1D Hubbard model

U<<t U >>t
Hubbard gap A 16/ m)Ntue ™™ U
Spin-wave velocity 2v /r = J (4t/m)1-U /4 m) 4t2/U

€
A V, ~U




Cu-O, Model and Hubbard Model

Cu-0O, model
(d-p model)
Zhang-Rice singlet Mixed state of d and p
t-J model < Hubbard model
U>>t
H=-1) (cic ]G+hc)+JZS \y :—fz(% Ja+hc)+UZnTn
Cij)o <ij) Ci)o

t << U,-(e,—€y)

pd d \*p *d

g <<g&,—&4 € ™ O(tpd)
€,—€4 << Uy



5. Variational Monte Carlo method

We evaluate the expectation values using the Monte Carlo method.

Gutzwiller function Vs =PV,

YV, :trial wave function Fermi sea, AF state, or BCS state
P, = H(l— (1- g)nﬂnji) Gutzwiller operator
j
0<g<l1

Control the on-site correlation in terms of g

il 1 |
v | '

Coulomb +U




Variational Monte Carlo Method

Normal state V, Slater determinant

Vo= Zaﬁ Y, ¥, : particles in the real space
|

Wave numbers: k,, K, ..., k

<oy N\

Coordinate positions: ji, i, ..., iy
.eikljleikl jz eikl jn

det D. = Slater determinant

Weight of this state g = det D, det D,

The large number of particle configurations — Monte Carlo method




Monte Carlo algorithm

Expectation value

(voy)= %aman(wmeﬁ 2 2 . Z

n m

(v..0v,)

2
a
The appearance rate of ¥ ,, is proportional to P = 2’" > in M.C. steps,
a

(vow)= %Z[Z ~(y,,0v, )j m=1, M

m n m

Metropolisi& v, - V.,

It R= & ,adopt V,

< & W, again &: random numbers 0 < & <1
J



Superconducting state

Veas = PGH(uk T VkCZTCjN)lO)
k

Gutzwiller Projection P

To control the on-site strong

correlation

4 4 |

v | '
Coulomb +U  Parameter O<g<1

ke $ -k

Equivalent
to
RVB state (Anderson)




Superconducting condensation energy

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

Condensation energy 2D d-p model
X N X
E. g~ 0.00038th 6x6 and 8x8
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Superconductivity and Antiferromagnetism
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6. Stripes in high-Tc cuprates

Neutron scattering

* Vertical stripes for x> 0.05
» Diagonal stripes for x < 0.05
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Vertical Stripes in the under-doped region

Vertical stripes: 8 lattice periodicity (Tranquada)

Charge Charge  Charge VMC
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T.Y. et al., J.Phys.C14,21('02)



Stripes and Superconductivity

Compete and Collaborate SC coexists with stripes (AF)
Bogoliubov-de Gennes eq.

A A+
o =ua. +via'
g Hid,TVidy

Wave function

Vlj = V]% (l—])/lj —Uj

N,/2
Nano-scale SC Wee= PP, [ o, 0il0)ec pG[Z(UIV)Ua;a;] 0)
A ij



Diagonal stripes in lightly

Diagonal stripes are observed for
La, Sr,NiO,
La, Sr,CuO,
La,,.,Nd,Sr,CuQ,

Lay_,Sr ,CuOy
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Incommensurability: Comparison with Experiments

0.15

ool |
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® Vertical
stripes

e Diagonal stripes
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9

O can be explained by 2D
Hubbard model.



Temperature (K)

Stripes and Structural transition

Las_,Sr,,CuOy
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What happens under lattice distortions

1. Anisotropy of the transfer integrals
Anisotropic electronic state
vertical stripes
Diagonal stripes x<0.05

2. Spin-Orbit Coupling induced from
lattice distortions

3. Electron-phonon interaction

Lay_,Sr,,CuOy

30 k- # Diagonal

c Parallel

=1




Anisotropy of the transfer integrals in LTT phase

One-band Hubbard model (Miyazaki) ? ? ?

xist) / Ns

A, (E-E
n coe

e B=ty/tx

LTT structural transitions stabilize stripes.
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Possible Stripe Structure
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7. Spin-orbit coupling and Lattice distortion

Spin-Orbit Coupling induced by the Lattice distortion
Tilting Friedel et al., J.Phys.Chem.Solids 25, 781 (1964)

(p.(x—a /2, WNH, ) () T) =1 ™" Q.

(Py(x,y— al 2)T|Hdp|dyZ (r) ’]‘) _ _tyze—iky/z-a

Hg, = ﬁ(r)L-S

(d (N THld  (r) T) = _%g o | D Oxygen
(d (NMHd (1) 1) = ég S

(d_ - MHld ()L )= %g

(d:_(NMHld ()L )= %g ty» ty, 70 ~ tilt angle

Five orbitals x (T1):
Effective i& term for p-p transfer (d2.2,d_,d ,p. py)

X -y 2 X7Z° yz’



Dispersion in the presence of spin-orbit coupling

d-p model One-band effective model
! H, = —Z(tu +zc69 Yd o JG
(Bonestea;](;t al.,PRL68,2684(‘92))
°  —o=m100
6 —¢ = 3n/100 1
4 [ e E =-2(cosk +cosky)
E, 2

0
)
4 |

£=0.4 (Tt/2,1/2) 6L ]

K.Yamaji, JPSJ 57 (1988) 2745. 5 PETITIREET P
T.Y. et al., JPSJ 74 (2005) 835. (0,0) (o) (@) (0,0)



Flux state

E(k k) ==He"*e™ +e'%"  Excitation: Dirac fermion

4o e_i¢/4e—iky Linear dispersion
Ek
\%ermi point
O | -0 | o (half-filling)
-0y ¢ 0
0 0
0 Small Fermi surface

Inhomogeneous d-density wave



Pseudo-gap in the density of states

Flux state 1
——> Pseudo-gap i _ 6=0 _
0.8 | —0 = /100 A
[ — ¢ =3w100 |
An origin of pseudo-gap 0.6 |
B I
_ Z 04
Density of states
1 L
N (k&)=——ImG, (ke +i5) 02t
71' L
N
Eigenfunction Q,,. (1) 4 0
H, (1) = E 0, (1) T
r r
G (r,7,i) = z P (1) P ) LTO

. l0—-E_

5  LTT<—

—
| Hole density
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Diagonal stripes with Spin-orbit coupling

Spin-orbit coupling induces flux.

0585 —+——7T——F 7+

Spin-orbit coupling stabilizes . x=0.03 VMC !
the diagonal stripes. 05555 Uniform -
o] / Vertical!
z L ]
L] i Y {
o | —0 () / -0.565 | /
o1 o 0 - Diagonal
-0.57 |
bond-center
() () site-center :
0 " 002 004 006 008
0
/T
@ =44

Diagonal Stripe & d-density wave
T.Y. et al., JIMMM 272 (2004) 183.



d-density wave

d-density wave
A, Y(K) =(cl0060) O = (7T, T0)

Y (k) = cos(k,) —cos(k,)

Nayak, Phys. Rev. B62, 4880 (‘00)
Chakravarty et al., PRB63, 094503 (‘01)

Inhomogeneous density wave

iA,Y(k) = (CZ+ oo CkO') d-symmetry

+ .
Apo= 2<ck+leGckG> incommensurate
k

Qg =(1+219,) vertical
Qg =(n+2md,n+2md) diagonal

o | 0| ¢ | -0
0y 010 | O
¢ | =0 | ¢
—o | 0
A
O 0| o |0
oy 010 | 0
¢ | =0 | ¢
-6 | ¢ | Stripe




d(r.lu.)

8. Summary

HTSC and Correlated Electrons

Variational Monte Carlo study of

BCS-Gutzwiller function
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Theoretical estimate of
SC condensation energy

Agreement with Exp.

E ~ 0.2meV
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