S.eBEEDBHAINHS

MZEE, BIRER? WWthFET

1 National Institute of Advanced Industrial Science
and Technology (AIST)
2 Hakodate National College of Technology



1. Introduction

2. Superconductivity

3. High Temperature Superconductivity

4. Hubbard Model

5. Variational Monte Carlo method

6. Stripes in high-Tc cuprates

7. Spin-orbit coupling and Lattice distortion
8. Summary



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

- Inhomogeneous electronic states: stripe
* Pseudogap phenomena
« Structural transition LTO, LTT



2. Superconductivity
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4. Hubbard Model

ltinerant Electrons

Electrons

T \J T J

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 — Insulator
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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

E
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=—1Y (che+hc)+J .58, H=-1) (cic JG+hc)+UEnTn
Cij)o <ij) Ci)o

thg << Uy-(e,—¢€y) Ot
by << &,& g5—eq ~ O( pd)
g,—€4 << U,



5. Variational Monte Carlo method
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Superconducting state

Wigg = PGH(uk + vkachk¢)|0)
k

ks ¢ -k
Gutzwiller Projection P
To control the on-site strong
correlation
Equivalent
ol 1 | ¢
: | ’ RVB stat (OA d )
: State (Anaerson

Weight g Weight 1

Coulomb +U  Parameter O<g<l1



Superconducting condensation energy

SC Condensation energy ;
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C/ I FIG. 4. Electronic specific heat coefficient y(x,T) vs T for
EntrOpy Y BaxCuiOg+, relative to YBayCuyOs. Values of x are 0.16,
b I .29, 0.38, 0,43, 0.48, 0.57, 0.67, 0.76, 0.80, 0.87, 0.92, and
alance 0.2
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Evaluations in the superconducting state

0.730 . . Variational Monte Carlo method

| | 10x10 Hubbard model U= 8
T / | T.Nakanishi et al. JPSJ 66, 294 (1997)
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Condensation Energy for d-p model

Condensation energy

E

cond

~ 0.00038tdp
= (0.56 meV/site

-146.33

-146.35

-146.37

0.000 0.005 0.010 0.015 0.020 0.025

A

2D d-p model
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T.Yanagisawa et al., PRB64, 184509 (‘01)



Superconductivity and Antiferromagnetism

Competition Size dependence of
\\\\_//) SC condensation energy
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6. Stripes in high-Tc cuprates

* Vertical stripes for x> 0.05 @

» Diagonal stripes for x < 0.05 Neutron scattering
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0.15 —m——————————
F(a) ® Diagonal 1 30 k @ Diagonal
[ RT; per © Farallel o | o Parallel
IRT"] -4
0.10 |
= 12 N ]
=) Vertical
oS . Z .
00sf ", -
: 1@]jﬂm :
: .T é 1Eh.wrn
(.00 | ¥ 1
DiagOnaI Sr concentration (x)
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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

r r 218 TS 5

20|
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— 40| \ >
S~ r .’
L L ,‘,_"."'
'60 __ " '
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80| .-~ ] |
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02 025 03 035 04 045 05
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T.Y. et al,, J.Phys.C14,21(‘02)



Stripes and Superconductivity

Compete and Collaborate

SC coexists with stripes (AF)

Nano-scale SC

Bogoliubov-de Gennes eq.

— A A+
o =ta. +via
A—l/tl aiT V,dii

Wave function

Vlj = Vj (l—])ﬂj =Uj

N, 12
Vsc= PGPNeI:[aA 0210) ¢ PG[Z(UIV)ija;a;lj 0)
ij



Diagonal stripes in lightly doped region

A o N

Diagonal stripes are observed for """'
La,,Sr,NiO, ’,‘ ‘,’
La,_Sr CuO, . ’ .

La,, ,Nd,Sr,CuO, ’,‘ ‘,’
Las_,Sr,CuOy , * ,
30 k # Diagonal -
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200 |
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100 L
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Incommensurability: Comparison with Experiments

Lag,ﬂSrICuGQ?

ols e

0.10 |

o (r.Lu.)

0.05 |
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Sr concentration (x)

® Vertical
stripes

e Diagonal stripes
U=8.0 t'=-0.2

9

O can be explained by 2D
Hubbard model.



Temperature (K)

Structural transitions: Lattice distortions
LTT,.LTO,.LTLOHTT

Stripes: suggested by Incommensurability

Stripes and Structural transition
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FIG. 7. Sr-concentration dependence of (a) the incommensura-

bility & and (b} the angle a defined in Fig. 3. Previous results for
x=0024 (Ref. 11), 0.04 (Ref 10}, 0,05 (Ref. 10), 0.12 {Ref 5), 0.1
{Ref. 15), and 0.13 (Ref. 15} are included. In both figures, the solid
and open symbaols represent the results for the diagonal and parallel

components, respectively.
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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

30

Lay_.Sr, ,CuOy

# Diagonal
< Parallel

=1

HTT




Anisotropy of the transfer integrals in LTT phase

One-band Hubbard model (Miyazaki)
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LTT structural transitions stabilize stripes.
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Mixed phase of LTT and HTT

Stripes perpendicular to tilt axis

p1
AN

by s

\/ Hole d¥nsity

LTLO

H. Oyanagi
A. Bianconi

LTT-HTT
s—Parallel //stripes
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Oscillation of tilt angles LTT HTT
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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.

dp ™" xz

(py(x,y— al 2)/rll—]dp|dyZ () ’]‘) _ _tyze—iky/2-a
Hy,=S(r)L-S

(d (W THd (1) T) = _%g I D o
(d ("THd (1) 1) = é £ o

(d_ - MHld ()L )= %g

(dxz_yZ(,,)T, Hld_(r) ¢>: % : te» ty, F0 ~ tilt angle

Five orbitals x (T1):
Effective i§ term for p-p transfer (dxz_yz, dy,, dy,, Py py)



Dispersion in the presence of spin-orbit coupling

d-p model One-band effective model
fa)
e H, = —E(tu +ico0, ). d,
' o T ijo
2 \/ (Bonesteal et al.,PRL68,2684(°92))
- | 8 r—r—Tr 7T T T T T
12F— : — — ¢ =n/100 :
6 —¢ = 3n/100 p
4 [ e E -2(cosk +cosky)
(b) i
14— S B B, 2
= 0Ff
S — |
) E— | o 2
-1 0 Y 1 4 [
(1t/2,1/2) 6L ]
=04  (K.Yamaji, JPSJ(1 8 e
g (K.Yamaji, JPSJ(1988)) 0.0 o) = ©.0)



Flux state

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

Linear dispersion

\%ermi point

(half-filling)

te i¢/4e—ikx + e—i¢/4e—iky Ek
¢ |0 0
07 0 0
0 0
0

Small Fermi surface

Inhomogeneous d-density wave



Pseudo-gap in the density of states

Flux state 1

——> Pseudo-gap

z
. 0.4
Density of states

1 I
N_(ke)=—-—ImG, (k,e +i5) 02 |
T

0.8 [

An origin of pseudo-gap 06|

—0=0 ]
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— ¢ =31/100 ]

Eigenfunction O, (1)
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Diagonal stripes with Spin-orbit coupling

Spin-orbit coupling induces flux.

Spin-orbit coupling stabilizes

08% —4——F— 71—+

the diagonal stripes. 003 VMC
-0.555 % Uniform -
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d-density wave

d-density wave
NSy e IEIEE
iA Y(K) = (Ctr00C0) O = (7, 70)
-6y 01—0 | ¢
Y (k) = cos(k,) —cos(k,)
Nayak, Phys. Rev. B62, 4880 (‘00) o0 ¢
Chakravarty et al., PRB63, 094503 (‘01) —0 0)
Inhomogeneous density wave A
iIA 0 Y(k) = (CZ+ Qacka> d-symmetry ¢ 9 L
+ . 0y 040 | O
Ap o= Z(CkHQsGCko) incommensurate
k —
Q, =(m+2md, ) vertical A .
Q. =(n+2713,n+273) diagonal | —¢ | @ | Stiipe




8. Summary

Wigs = PGIZ[(uk + vkachk¢)|O)
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