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Outstanding Questions for Sr
2
RuO

4

 1. Retrieval of coherence scale (~ 25 K) in Normal Phase

2.  Correlated metal, incoherent-coherent crossover.
     Fluctuations in the normal phase.

3. Role of SO coupling

4. Nature of the pairing wave function that leads 
to superconductivity: Experimental constraints.

Y. Maeno et al., (1994, 1998, 2001, 2004), Nakatsuji et al., (2003)



  

Crystal Structure

Ru-O-Ru 1800

I4/mmm 139



  

Experimental Motivations

In-plane Fermi contour obtained from an ARPES F intensity map.

Visualization of the Fermi surface of Sr2RuO4. The c-axis corrugation is
exaggerated by a factor of 15 for clarity



  

dxz=yz interplane overlap and warping of the 
 and b sheets. (a) The dxz orbitals
in the crystal structure of Sr2RuO4 overlap along the c-axis, with positive overlap for
kz 1⁄4 0. Only the ruthenium and oxygen sites and only the relevant Ru 4dxz and O 2px
orbitals are shown. (b) The resulting corrugation of the quasi-1D Fermi walls (left)
translates into k21 -warping on the 
 sheet and k01 -warping on the b sheet (right) when
hybridization is invoked.



  

Visualization of the gap function in equation (46) for a Fermi cylinder centred
on À. The nodes are at kz 1⁄4 Æp=c, i.e. at Æ1=4 of the Brillouin zone height. The
complex phase of the gap function rotates by 2p around the Fermi surface, as needed
for a time-reversal symmetry-breaking superconductor.



  

Optical Conductivity



  

Resistivity



  

ω/T-scaling:  Inelastic Neutron 
Scattering  (Braden et al. 2002)



  

Results from fits to a Gaussian profile of 6.2 meV constant-v scans at Q0 ෇ 1.3, 0.3,    00
along the 0, 1, : temperature dependences of (a) x 00 Q0 , 6.2 meV  and ( b) the  00    0
intrinsic q width of the magnetic signal, Dq (FWHM). (c) Comparison between 17 T1    11 T0
observed by 17 O NMR by Imai et al. [4] (෇) and the incommensurate contribution
calculated from our INS measurements (≤). Assuming L 33 kO mB [25], the two scales in e1
this figure are identical. Solid lines are guides to the eye only.



  

UNCONVENTIONAL 
SUPERCONDUCTOR!

Knight shift measurements and, recently, 
proximity-induced superconductivity in epitaxial 
ferromagnetic SrRuO3 layers provide strong 
evidence for triplet pairing. 

Muon spin rotation and Kerr rotation experiments 
point to time reversal symmetry breaking at 
Tc , and tunneling spectroscopy to chiral edge 
states.



  

Spin-Orbital Entanglement 



  

Spin-Orbital Entanglement: 
Damascelli et al. (Spin-polarized 

ARPES), 2014.



  

Strain Effects on the SC: Change in 
SC Pair Symmetry?   



  

Strain Effects on SC: Pomeranchuk-
like deformation of xy-FS sheet.



  

Wien2k and Wien2Wannier: spin-
orbit entangled band states.



  

GGA+CT-QMC + DMFT

                 Experiments force a multi-orbital Hubbard model with 
intermediate-coupling.

   Hubbard “U” comparable to LDA band width, “W”, 

   AND sizable SOC.

  A 3 orbital CT-QMC + DMFT

                (With and Without SO coupling) 



  

Hamiltonian Formulation



  

Choice of U and J
H

                           U = 2.3 eV

                           JH  = 0.4 eV

Correct orbital specific 
 quasi particle weights



  

GGA, GGA+SO, GGA+DMFT, 
GGA+SO+DMFT: Fermi Surfaces

Atomic SOC crucial! 
(see also, Pavarini et al., 2016)



  

CT-QMC+ DMFT: Single and two 
particle responses

T
FL

 ~ 41 K



  

Scaling for Two-Particle Quantities:
E/T-scaling for T>40K. 



  

GGA+SO+CT-QMC+DMFT: Two 
particle responses

T
FL

 ~ 23 K



  

Aspect of Dimensional Crossover



  

Aspects of Dimensional Crossover



  

NFL-FL Crossover

The physical mechanism for this crossover (which is also a 
dimensional crossover) is the increasing relevance of the inter-
layer one-electron hopping at lower
T , since the SOC seems to become relevant at higher T as 
reflected in the in-plane versus out-of-plane spin susceptibility 
anisotropy? .



  

Single and Two-particle scaling 
Features

  A proper thermal scalinthermal scaling collapse for both the 
the field propagators

The thermal scaling feature is violated below ~ 23 
K

Below ~23 K there is dominant Fermi liquid like 
scalings in both single and two particle sectors.  



  

Soft Charge Fluctuations

   Charge fluctuations are softer than spin 
flcutuations down to lowest tempearture.

Raghu et al., 2013 J. Phys.: Conf. Ser. 449 01203

Raghu and Kivelson,  Phys. Rev. Lett. 105 (2010), 
136401.

Alexander Steppke et al., April 2016 arXiv. 1604.06669



  

Pairing

Multi-band spin-triplet and odd-parity pair state with form factor
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                             Thank You 
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