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Free energy Fso for SO coupling: 

Fso = ‐gso(id×d*)･L
gso = μB

2(m/m*)6πΨ2V

Estimation of gso in GL region:

gso = | Fcond | μB
2(m/m*)12πNF×

×[ln(1.14βcεc)]2 (1‐T/Tc)-1

Fcond: condensation energy

d -vector d0 in equilibrium state:

d0x= (1+η2)-1/2, d0y=iη(1+η2)-1/2, d0z=0

η = gso / 4| Fcond | :  weakly non-unitary
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Anomalous relaxation 
of NQR in z-direction
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Anomalous NQR relaxation of 17O
H. Mukuda et al : Phys. Rev B 65 (2002) 132507
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K. Ishida et al : Nature 396 (1998) 658

Knight shift: unchanged across Tc → Evidence for ESP pairing

Oscillations of d-vector gives  
spin fluctuations in the plane

d-vector rotated by magnetic field ?
or

intrinsic ?

Inconsistent with NQR relaxation



H. Murakawa et al : Phys. Rev. Lett. 93, 167004 (2004)

Knight shift: unchanged across Tc also for H//c

d-vector rotated by magnetic field ?
or

intrinsic ?



Spin-Orbit Interaction Hamiltonian

Free energy

Decoupling approximation

2d ABM state



GL region : Non-Unitary State due to Spin-Orbit Coupling
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(unitary state)



Internal Josephson Effect
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cf. 3He-A, Leggett (1974)

Coupled equations of motion

Eigen frequency

Comparable to NQR frequency



NQR Relaxation Rate : by applying Leggett &Takagi theory
Ann. Phys. 106 (1977) 79

Life time of quasiparticles in normal state



cylindrical or 2d spherical model

NQR relaxation rate

Korringa law in normal state
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Summary
Anomalous NQR relaxation of Sr2RuO4 can be explained 
qualitatively by internal Josephson effect arising from 
spin-orbit coupling effect on spin-triplet Cooper pairs with 
d-vector in the plane.

It is rather hard to explain the anomalous relaxation 
if the d-vector is along  the c-direction.  

Prospect
・ Search for hydrodynamic collective mode

cf. collisionless collective modes in superfluid 3He

・ New type of anisotropic superconductivity

・ New type of superfluidity, quartet, sextet, etc


