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• Kondo
• Mott-Hubbard
• Heavy Fermions
• Unconventional SC
• Spin-charge order
• Colossal MR

Control
parameters

Bandwidth  (U/W)
Band filling

Dimensionality 

Degrees of
freedom

Charge / Spin
Orbital 
Lattice

d - f 
open 
shells 

materials

U<<W
Charge fluctuations

U>>W
Spin fluctuations

Nd2-xCexCuO4 La2-xSrxCuO4

0.3 0.2 0.1
0

100

200

300

 

SC

AFTe
m

pe
ra

tu
re

  (
K

)

Dopant Concentration x
0.0 0.1 0.2 0.3

 

SC

AF

Pseudogap

'Normal'
Metal

I II IIIb IVb Vb VIb VIIb VIIIb Ib IIb III IV V VI VII 0

Lanthanides*
Actinides**

Ca2-xSrxRuO4

*
**

Ru Tc

H He
Li Be B C N O F Ne
Na Mg Al Si P S Cl Ar

Rb Sr Y Zr Nb Mo Rh Pd Ag Cd In Sn Sb Te I Xe
Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Fr Ra Rf Db Sg Bh Hs Mt

Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

K Ca Sc Ti V Cr Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Mn

Ac

Strongly Correlated Electron Systems
Comin & Damascelli 

arXiv:1303.1438



• Kondo
• Mott-Hubbard
• Heavy Fermions
• Unconventional SC
• Spin-charge order
• Colossal MR

Control
parameters

Bandwidth  (U/W)
Band filling

Dimensionality 

Degrees of
freedom

Charge / Spin
Orbital 
Lattice

d - f 
open 
shells 

materials

U<<W
Charge fluctuations

U>>W
Spin fluctuations

Nd2-xCexCuO4 La2-xSrxCuO4

0.3 0.2 0.1
0

100

200

300

 

SC

AFTe
m

pe
ra

tu
re

  (
K

)

Dopant Concentration x
0.0 0.1 0.2 0.3

 

SC

AF

Pseudogap

'Normal'
Metal

I II IIIb IVb Vb VIb VIIb VIIIb Ib IIb III IV V VI VII 0

Lanthanides*
Actinides**

Ca2-xSrxRuO4

*
**

Ru Tc

H He
Li Be B C N O F Ne
Na Mg Al Si P S Cl Ar

Rb Sr Y Zr Nb Mo Rh Pd Ag Cd In Sn Sb Te I Xe
Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Fr Ra Rf Db Sg Bh Hs Mt

Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

K Ca Sc Ti V Cr Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Mn

Ac

Strongly Correlated Electron Systems
Comin & Damascelli 

arXiv:1303.1438

d-orbitals
radial extent

Spin-orbit
coupling



Early
3d TMO

Late
3d TMO

Strongly correlated electrons

Comin & Damascelli, arXiv:1303.1438

Mott criterion U>W



Interplay of Coulomb U and SO in 5d iridates



Interplay of Coulomb U and SO in 5d iridates



Interplay of Coulomb U and SO in 5d iridates

Could be Na2IrO3 a clear cut case?

TN = 15K → distinguish Mott from Slater
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Including Correlations: LDA+SO+U

We must include 
on-site correlations 

via U to get the 
right gap and local 

½ moments

Would this work 
without SO?

Not really..

Na2IrO3 is a
Relativistic Mott Insulator:

Coulomb U and SO coupling
cannot be decoupled



Comin & Damascelli, arXiv:1303.1438What about 4d oxides? Let’s consider Sr2RuO4

Early
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Late
3d TMOMott criterion U>W 5d TMO



Sr2RuO4: p-wave Superconductivity
Maeno et al., Nature 372, 532 (1994)

RuO2

SrO

SrO

2D perovskite

• Pairing mechanism ?
• Order parameter ? 
• FM-AF fluctuations ?

Unconventional
superconductivity

Rice & Sigrist, JPCM 7, L643 (1995)

Mackenzie et al., PRL 80, 161 (1998)Mackenzie & Maeno, RMP 75, 657 (2003)

Unconventional
superconductivity
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TRS breaking



Sr2RuO4: Evidence for Spin-triplet Pairing

Ishida et al., Nature (1998)

Knight shift
Microscopic spin susceptibility

Luke et al., Nature (1998)

SR Relaxation rate
Time-reversal symmetry breaking

Phase sensitive measurements  
verified the odd-parity orbital 

pairing symmetry due to
the formation of spin-triplet 

Cooper pairs
Nelson et al., Science (2004)



Sr2RuO4: p-wave Superconductivity
Maeno et al., Nature 372, 532 (1994)
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SrO

SrO
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• Order parameter ? 
• FM-AF fluctuations ?

Unconventional
superconductivity

Rice & Sigrist, JPCM 7, L643 (1995)

Luke et al., Nature 394, 558 (1998)Mackenzie & Maeno, RMP 75, 657 (2003)

TRS breaking

Suppression of Hc2

Maeno et al., JPSJ (2012)



Band structure calculation: 3 t2g bands crossing EF

eg
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1D (dxz,yz) versus 2D (dxy) Superconductivity ?






Mazin et al., PRL 79, 733 (1997)

dyz,xzdxy








The Fermi Surface of Sr2RuO4

LDA

Mazin et al., PRL 79, 733 (1997)Bergemann et al., PRL 84, 2662 (2000) 

de Haas-van Alphen

Damascelli et al, PRL 85, 5194 (2000)

ARPES



The Fermi Surface of Sr2RuO4

Surface

Damascelli et al, PRL 85, 5194 (2000)Bergemann et al., PRL 84, 2662 (2000) 

de Haas-van Alphen

Damascelli et al, PRL 85, 5194 (2000)

Bulk

Cleaved at 10K Cleaved at 200K

Structural surface reconstruction: rotation of RuO6 octahedra
R. Matzdorf et al., Science 289, 746 (2000)



Determining the surface-to-bulk progression of the 
normal-state electronic structure of Sr2RuO4

C.N. Veenstra et al. PRL 110, 097004 (2013)
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Determining the surface-to-bulk progression of the 
normal-state electronic structure of Sr2RuO4

C.N. Veenstra et al. PRL 110, 097004 (2013)

bulk

surface



Baumberger et al, PRL 96, 246402 (2006)
Kim et al, PRL 97, 106401 (2006)
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Importance of Spin-Orbit Coupling in 4d Oxides

M.W. Haverkort, I.S. Elfimov, L.H. Tjeng, G.A. Sawatzky, A. Damascelli, PRL 101, 026406 (2008) 

Correlations? Structure? Surface?

Something is missing in LDA!
Why LDA for Rh214 does not work as well?

Damascelli et al, PRL 85, 5194 (2000)



Importance of Spin-Orbit Coupling in 4d Oxides

Damascelli et al, PRL 85, 5194 (2000)Baumberger et al, PRL 96, 246402 (2006)
Kim et al, PRL 97, 106401 (2006)
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Atomic relativistic SOC
Ru4+ 161 meV
Rh4+ 191 meV

Spin-Orbit
Coupling

Something is missing in LDA!
Why LDA for Rh214 does not work as well?

M.W. Haverkort, I.S. Elfimov, L.H. Tjeng, G.A. Sawatzky, A. Damascelli, PRL 101, 026406 (2008) 
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Importance of Spin-Orbit Coupling in 4d Oxides
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When is Spin-Orbit important? Degeneracy at EF !

M.W. Haverkort, I.S. Elfimov, L.H. Tjeng, G.A. Sawatzky, A. Damascelli, PRL 101, 026406 (2008) 



SO coupling suppresses the band dispersion along c axis

Bergemann et al., PRL 84, 2662 (2000) 

Weak kz dispersion in dHvA

W
ith S

O
 coupling

N
o S

O
 coupling

M.W. Haverkort, I.S. Elfimov, L.H. Tjeng, G.A. Sawatzky, A. Damascelli, PRL 101, 026406 (2008) 



SO coupling suppresses the band dispersion along c axis

SO coupling leads to strong kz dispersion of quantization axis

Bergemann et al., PRL 84, 2662 (2000) 

Weak kz dispersion in dHvA

K-dependent Spin Anisotropy

Spin-Triplet Superconductivity?

M.W. Haverkort, I.S. Elfimov, L.H. Tjeng, G.A. Sawatzky, A. Damascelli, PRL 101, 026406 (2008) 



Magnetic Anisotropy and Spin Fluctuations in Sr2RuO4

and

k-dependent enhanced out-of-plane dynamic susceptibility

(2001)

(2001)



Spin-resolved Circularly-polarized Photoemission

Ca2RuO4 Sr2RuO4
T. Mizokawa, L.H.Tjeng et al. PRL 87, 077202 (2001) H. Fujiwara, L.H.Tjeng et al. (unpublished)

The expectation value of the Spin-Orbit coupling can be experimentally determined
by sum rule : Σdiff / ρ00 ∝ <Σi lz,i.sz,i >. [G. Van der Laan and B. T. Thole PRB 48, 210 (1993)]

Spin-orbit coupling is important for both Ca2RuO4 and Sr2RuO4

+e↑ and  –e↓
–e↑ and  +e↓



Direct measurement of SO: Spin-resolved ARPES

Conventional 
ARPES

No SO‐split 
states in

spin‐integrated 
ARPES



Direct measurement of SO: Spin-resolved ARPES

Band structure +
spin-orbit coupling

Fermi surface +
spin-orbit coupling

C.N. Veenstra et al. PRL 112, 127002 (2014)



Direct measurement of SO: Spin-resolved ARPES

Band structure +
spin-orbit coupling

Spin-integrated
ARPES at 

One single
broad peak

C.N. Veenstra et al. PRL 112, 127002 (2014)



Direct measurement of SO: Spin-resolved ARPES

Band structure +
spin-orbit coupling

New SO-split
eigenstates

Spin-ARPES confirms SO entanglement

Spin-orbit splitting 130±30 meV

Circular polarization
Spin-resolved ARPES

C.N. Veenstra et al. PRL 112, 127002 (2014)
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C.N. Veenstra et al. PRL 112, 127002 (2014)

Direct measurement of SO: Spin-resolved ARPES



kz=3/8

kz=3/4

kz=0

Spin-Orbit Coupling: K-dependent Entanglement

K-dependent entanglement of
orbital and spin quantum numbers

C.N. Veenstra et al. PRL 112, 127002 (2014)



kz=3/8

kz=3/4

kz=0

What is the fate of spin-triplet superconductivity?

Spin-Orbit Coupling: K-dependent Entanglement

K-dependent entanglement of
orbital and spin quantum numbers

C.N. Veenstra et al. PRL 112, 127002 (2014)



kz=3/8

kz=3/4

kz=0

What is the fate of spin-triplet superconductivity?

Spin-Orbit Coupling: K-dependent Entanglement

K-dependent entanglement of
orbital and spin quantum numbers

Breakdown of singlet-triplet Cooper pairs!

C.N. Veenstra et al. PRL 112, 127002 (2014)



Spin-Orbit Coupling: What is the Fate of Cooper Pairs?

Spin-eigenstates for Cooper pairs
SINGLET

TRIPLET

kz=0

C.N. Veenstra et al. PRL 112, 127002 (2014)
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Sr2RuO4: Challenges to Spin-triplet Pairing

In plane suppression of Hc2
Strong for field angle <5

Magnetic anisotropy driven by spin-orbit coupling?

Kittaka et al., PRB (2009)
Maeno et al., JPSJ (2012)

Additional SC phase transition 
Suppressed for field angle 

Deguchi et al., JPSJ (2002)



Direct measurement of SO: Spin-resolved ARPES

NO singlets and triplets
on most of Fermi surface

C.N. Veenstra et al. PRL 112, 127002 (2014)


