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Crystal structure 

   – Isomorphic to high-Tc cuprate Quasi-2d Fermi surface

 - band : dxy + px + py

,  - band : dzx + pz + px

 & dyz + py + px

CEF level scheme of Ru4+

eg

t2g

dx

y
dzx , dyz

2-holes in t2g

Spin-triplet superconductivity with Tc 1.5K



Braden et al: PRB (2002)

Short-range

Ferromagnetic

correlation



2) Roles of oxygen in Sr2RuO4



d-p model 

d d

p p p

tdp tdp

tH = tdp
2/Hubbard model 

tdp << 

tH tHd d d

p p p p

tH tH

“p-degrees of freedom 

        Eliminated”

Effective transfer 

in Hubbard model

   Relation between 

d-p & Hubbard model 

condition for p-degrees of freedom to be eliminated 

weight of p-orbital at Fermi level
           ~ tdp/  << 1



2-a) Specialty of Sr2RuO4 based 4d electrons 

Appreciable weight of 2p-component

remaining at Fermi level

Roles of oxygen cannot be eliminated

What kind of roles expected ?

Necessity of d-p model  beyond 

Hubbard model



2-b) Coulomb repulsion Upp at oxygen site

Hoshihara & KM: J. Phys. Soc. Jpn. 74 (2005) 2679











cf. 3rd order perturbation is necessary for theory on multi-band Hubbard model

          Nomura & Yamada : J. Phys. Soc. Jpn. 69 (2000) 3678 



 

Variational Solution





Braden et al: PRB (2002)

Short-range

Ferromagnetic

correlation

Theory

Experiment of Neutron 

Scattering

Good Agreement ?

As far as short-range 

ferromagnetic correlations 

are concerned





2-c) Effect of p-orbitals on q-dependent 

        spin susceptibility



peak disappears

Hoshihara & KM

Yoshioka & KM



M. Braden et al: Phys. Rev. B
66, 064522 (2002)

Broad peak around  q=(0,0)

Experiment of neutron scattering
1st order in Udd and Upp

Agreement between experiment and theory greatly improved

peak disappears

Role of p-orbitals cannot be neglected 

      even for non-interacting case



Unitary transformation

)()0( kG
nm

n, m = dxy,px,py

 a, b = quasi particle Matrix Green’s function enables us to

use FFT method.

dependence on k & k

    FFT  is unavailable



3rd order perturbation for pairing interaction

We consider following diagrams as

interaction between equal spin electrons Coulomb interaction

Udd, Upp (px, py)

cf. Nomura & Yamada, J. Phys. Soc. Jpn. 69 (2000) 3678

         J. Phys. Soc. Jpn. 71 (2002) 1993

-band electron

effect of p-orbitals

(Yoshioka & KM)



 Tc monotonically increases with Upp, indicating the importance of Upp

     for spin-triplet superconductivity.

 It is noted that Udd and Upp are the renormalized interaction so that

  Upp Udd is not unrealistic.

Udd=3.0

Effect of 3rd order perturbation is very small: vertex correction is not important

In contrast to the case of Nomura & Yamada for Hubbard model

Results of Tc on 3rd order perturbation



Gap function on 3rd order perturbation

Since only spin-triplet pairing

appears within 2nd order

perturbation, we solve the

Eliashberg equation for spin-triplet

channel.

Right figure shows the resulting

gap function, which has nearly

sin-wave structure.

+
-

Udd=Upp=3.0 n=1.33



Nomura & Yamada

Yoshioka & KM

J. Phys. Soc. Jpn. 71 (2002) 404



• Effect of p-orbitals is very crucial for q-dependence of

spin–susceptibility, and leads to better agreement

between experiment.  So obtained short-range

ferromagnetic correlations promote the spin-triplet

pairing.

• Tc is calculated on the d-p model within the 3rd order

perturbation, leading to essentially the same value

calculated within 2nd order perturbation in which effect

of Upp is crucial .

• The resultant superconducting state is

                           (sin px + i sin py)

    which is promoted by Upp.



3) Issue on anisotropy of d-vector 

               of Sr2RuO4



d-vector of spin-triplet pairing

H c (z)

z

d-vector  spin of pairs 

                  (magnetic field)

d-vector

0.05T < H < 1.1T d // c (z)

First guess



Murakawa et al: Phys. Rev. Lett. 93 (2004) 167004Knight Shift for H // c (z) 

0.02T < H < 0.8T

d  c (z)

Recent development of Knight shift measurements

J. Phys. Soc. Jpn. 76 (2007) 024716



0.05T < H < 1.1T d // c (z)

0.02T < H < 0.8T d c (z)

H c (z) :

H // c (z) :

Summary of d-vector under magnetic field H

Pinning force of d-vector expressed by anisotropy field Ha

Dipole-dipole interaction :

Ha ~ 0.05T    Hasegawa: JPSJ 72 (2003) 2456 

 Spin-orbit interaction of atomic origin :

Ha ~ 0.015T  Yanase & Ogata: JPSJ 72 (2003) 673

cf. 3He-A (Leggett )

d // c (z)

d // c (z)

Multiband Hubbard model (3rd order purturbation) 

         + atomic spin-orbit + Hund coupling

These pinning forces cannot explain Knight shift measurements under magnetic field H

d c (z) may be intrinsic direction of d -vector 

   and there exists a missing pinning force

Hc

d

Hab

d

expected picture



d-vector (2nd order perturbation theory)

To violate SU(2) symmetry in the spin space, namely to make difference

between        and       , we introduce atomic spin-orbit interaction  up to

second order and Hund-coupling JH up to first order.

Green’s function containing - and -band

d // c d // ab

e.g.

M. Ogata: J. Phys. Chem. Solids 63 (2002) 1329

K. K. Ng and M. Sigrist: Europhys. Lett. 49 (2000) 473



 equal spin pairing  anti-parallel spin pairing

The main contribution

comes from this diagram.

JH

d // ab 750Oe

spin-orbit interaction

JH Hund coupling

JH

Udd=Upp=3.0 n=1.33



   Paring interaction on d-p model together with the
atomic spin-orbit coupling of Ru site and the
Hund-rule coupling stabilizes the d-vector
perpendicular to the c-axis.

In contrast to previous theories on the basis of 

multi-band Hubbard model

In agreement with recent experiment of Knight shift 

 At H=0, d // ab 

Hc

d

Hab

d



Ferromagnetic transition of SrRuO3

SrRuO3

CaRuO3

TC=160

K

(3d perovskite)

Callagham et al :

     Inorg Chem 5 (1966) 1572

Allen et al : PRB 53 (1996) 4393

Band structure calculation

Appreciable weight of 

  p-component at FS

cf. 0.17 (Sr2RuO4)

Open question for origin of FM

Super-exchange FM interaction via 

Coulomb correlation at O-site 

as a possible origin



         Effect of Spin-Orbit Interaction in Spin-Triplet Superconductor:

  Structure of d-vector and Anomalous O17-NQR Relaxation in Sr
2
RuO

4

K. Miyake and H. Kohno

                gso  = | Fcond | μB
2(m/m*)12 NF

                [ln(1.14 c c)]
2 (1

T/Tc)
-1

d0x= (1+ 2)-1/2, d0y=i (1+ 2)-1/2, d0z=0

Free energy Fso for SO coupling: 

 Fso = gso(id d*) L

gso = 24(m/m*) gd

Estimation of gso in GL region: 

Fcond: condensation energy

d -vector d0 in equilibrium state: 

 = gso / 4| Fcond |  :  weakly non-unitary

L z//

d ’’ y
0
//

d’

d ’ x
0
//

Internal Josephson 

    oscillations
Sz

Anomalous relaxation 

of NQR in z-direction

Mukuda et al 2002

PRB 65 132507

Leggett-Takagi
(1977) 

Fso ~ gd d L )2

cf. Dipole coupling


