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1. superconducting  Sr2RuO4    

- unconventional pairing
- magnetic fluctuations
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superconductivity in Sr2RuO4
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Y. Maeno et al., 
Nature 1994



Normal-State properties

• Anisotropic 3 dim. metal

• Γ=ρc/ρab∼450=const.

at low temperatures

• ρ(T)~T2 e- -e--scattering

Für T < 30 K:

• Pauli-Paramagnetism S=1

• c(T)=γT+βT3 γ=40mJ/(mol K2)

• Wilson-Ratio Rw=const.χ/γ=1.8

Fermi-liquid

Hussey et al., PRB 1998

Maeno et al., JPSJ 1997



impurity effect

Al~450ppm

Al~130ppm

Al<30ppm

l=900Å ~ξ

Tc extremely sensitive 

• non-magnetic impurities 

• defects Mao et al., PRB 1999

s-wave pairing 

is unlikely

Mackenzie et al., PRL 1998



Verletzung der Zeit-Umkehr 

Invarianz 

µ+-Spin Relaxation:

Luke et al., Nature 1998

Spontanes internes Magnetfeld

für T<Tc

Verletzung der T Invarianz

Evidenz für p-Wellen Symmetrie

Lz=±1



17O Knight Shift in Sr2RuO4

Spin-Susceptibility

Singlet

Triplet

↑↓

↑↑

Ishida et al., Nature 1998
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Spin-Triplet pairing



Spin-Triplet Superconductivity

Rice & Sigrist
Sr2RuO4 electronic analogue with 3He

strong correlations SrRuO3

ferromagnet

Sr2RuO4: spin-triplet superconductor with

p-wave symmetry

Cooper-Paar wavefunction: ΨΨΨΨ(2,1)=)=)=)=−−−−Ψ(Ψ(Ψ(Ψ(1,2)  antisymmetric for Fermions

Spin-part Orbital part

Singlet Sz=0                                                        L=0,2,...(s,d,...wave) 

S=0                     antisymmetric                                      symmetric,even parity  

Triplet Sz=1                                                       L=1,3,...(p,f,...wave)

S=1                            0                              antisymmetric, odd parity 

-1              symmetric
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Quantum interference devices

Science 306, 1151 (2004)



High resolution polar Kerr effect

Jing Xia et al., PRL 97, 167002 (2006)

A.P. Mackenzie and Y. Maeno, 
Rev. Mod. Phys. 75, 657 (2003).
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Magnetism in Sr2RuO4 and inelastic
neutron scattering

α,β-bands

Ru4+: 4d4
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Dispersion E(k) Fermi surfaceOrbitals



(C.Bergemann. et al., (Adv. Phys. 2003)
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nesting :  α/β-Fermi surface

magnetism in Sr2RuO4 / inelastic neutron scattering

Mazin and Singh , PRL  (1999)



Inelastic 
neutron scattering



neutron sources

FRM-II, Garching,D ILL, Grenoble,F

U235+n → Mo95+La139+2n
235x7.6         95x8.6   138x8.4MeV
i.e. 200 MeV  energy

6MeV kinetic energy of the neutron





- Scans at constant energy, E=6.2meV,  along 
Q=(1.3 y 0) show a  clear peak

- incommensurate fluctuations due to nesting in
one-dimensional bands
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Sidis et al., PRL 1999

Braden et al., PRB66, 064522 2002;  PRL92, 097402, 2004.

Inelastic 
neutron scattering



Energy-Temperature-

dependency 

- ‘(q0,0) and  and  FWHM
vary as function of T
- all indicate a close instability !
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neutron diffraction in Ti-doped Sr2RuO4

- static peaks at the incommensurate positions
- coherence ~40Å

Sr2Ru1-xTixO4
x=0.09

Braden et al., PRL 88, 2002

- Sr2RuO4 is close to a QCP !   



Pairing : Where is the problem ?  

- assume : coupling via magnetic excitations
and weak coupling 

(Fay & Appel; Monthoux & Lonzarich)

- application to Sr2RuO4: Mazin&Singh (1999)
nesting response             ŁŁŁŁ d-wave SC
ferromagnetic response ŁŁŁŁ p-wave SC

(Rice &Sigrist)

HOWEVER
dx2-y2 -wave SC inconsistent with experiment 
also  dxy-band should be active !!!

full spectrum ŁŁŁŁ superconducting order parameter
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ferromagnetic fluctuations in Sr2RuO4

polarized neutron scattering

T=1.6K

Diagonal

There is a weak FM component



model : χ‘(q)

χ‘
(µ

B
2 /

eV
) ca. ×10

Γ = 15.5 ± 1.4 meV

W = 0.53 ± 0.04 r.l.u.

quantitative 
agreement:

- NMR
- specific heat  γ
- suszeptibility (q=0)

ferromagnetic fluctuations in Sr2RuO4



Ca2-xSrxRuO4 Sr2RuO4

Ca3Ru2O7 Sr3Ru2O7

Ca2RuO4

Ca Sr



Ca2-xSrxRuO4  Structural properties

r = 1.31Å

Sr2+

r = 1.18Å

Ca2+Isovalent 
substitution
rCa < rSr

complex phase diagram

Nakatsuji et al. PRL 84 2666 (2000), Friedt et al. PRB 63, 174432 (2001), Braden et al. PRB 58, 847 (1998)



rotation 
around c-axis

tilt
|| edges

flattening 
„K2NiF4“
(undistorted)

Structural distortions in Ca2-xSrxRuO4



Tilt distortion

x=0.2

a

b

tilt
axis
(|| b)

Space group Pbca

x=0.22

• tilt stacking sequence
always one c !



x
=
0
.2

Stacking sequence : rotation

I41/acd
c=25Å

Bbcm
c=12.5Å

+Tilt:  (S,L-) Pbca (D-) Pbca

2 / 4 – fold
Symmetry at Ru-site

Different ground 
State (orbital order)



Ca2-xSrxRuO4  Structural properties

r = 1.31Å

Sr2+

r = 1.18Å

Ca2+Isovalent 
substitution
rCa < rSr

complex phase diagram

Nakatsuji et al. PRL 84 2666 (2000), Friedt et al. PRB 63, 174432 (2001), Braden et al. PRB 58, 847 (1998)



T

Alexander et al., PRB 2000 Nakatsuji et al., PRB 2001
PRL 2000

symmetry in metallic AND in insulating phases
Pbca : one-c tilt plus one-c rotation

Metal-insulator-transition in Ca2RuO4

Friedt et al. PRB 63, 174432 (2001), 
Braden et al. PRB 58, 847 (1998)



• two magnetic ordering schemes in a nearly stoichiometric powder
• best crystals only A-centering TN~110K
• excess oxygen or Sr-substitution : B-centering TN~150K

Antiferromagnetic order in Ca2RuO4



MI-transition : orbital effects

Insulating:
Flat octahedron
e- àààà dxy-band

Metallic:
Elongated octahedron

Ca2RuO4

a

b

Friedt et al. PRB 63, 174432 (2001), 
Braden et al. PRB 58, 847 (1998)
Steffens et al. PRB 72,094104 (2005).

• orbital occupation changes : at MI-transition & in insulating phase



Orbital effects in Ca2RuO4
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J. S. Lee et al. , Phys. Rev. Lett. 96, 057401 (2006)
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metal-insulator-transition as function of doping

metallic compounds are all very similar :
small tilt  & elongated & small RuO-volume



one-c period two-c period no rotation

no tiltone-c tilt

anomalous metals close to MI transition

Braden et al., PRB 1998, Friedt et al., PRB 2001, Nakatsuji PRB 2000, PRL 200, JPSJ 1997.



magneto-elastic coupling : 0.2<x<1.5

S. Nakatsuji and Y. Maeno

PRB, PRL (2000)

critical point
of the structural transition

Tilt distortion Rotational distortion

O. Friedt et al., PRB 63, 174432 (2001)

Ca1.5Sr0.5RuO4   x=0.5

• large susceptibility
200 · ( Sr2RuO4)

• large Cp/T-ratio

250 mJ/mol ·K2



S. Nakatsuji and Y. Maeno

PRB, PRL (2000)

critical point
of the structural transition

Tilt distortion Rotational distortion

 

S. Nakatsuji, et al., PRL 2003.

metamagnetism !

Magneto-elastic coupling : x ~ 0.2

O. Friedt et al., PRB 63, 174432 (2001)



Magnetization density

Polarized neutrons (5C1)
Maximum Entropy method (MEM)

x=0.2

Ru

O

RuO

x=0.5

Spin-density: dxy-character
Gukasov et al. PRL 89 (2002)

dxy



structural anomalies in Ca1.8Sr0.2RuO4 

• temperature dependencies indicate crossover

Susceptibility

resistivity

M. Kriener et al.,  
PRL 95, 267403 (2005).

- low temperature anomaly
- strongest for x=0.2



M. Kriener et al., 
PRL 95, 267403 (2005).

J. Baier et al., condmat0610769.

• field dependencies

metamagnetism in Ca1.8Sr0.2RuO4 

 

S. Nakatsuji, et al., PRL 2003.



Electronic transition in Ca2-xSrxRuO4

- zero field  :     lattice flattening 
- high field  :     lattice elongation

neutron-powder-diffraction at high field GEM (ISIS)



• zero field  :     octahedron flattening 
• high field  :     octahedron elongation

(GEM ISIS & Fullprof )

Electronic transition in Ca2-xSrxRuO4

M. Kriener et al.,  

PRL 95, 267403 (2005).



Tuning of orbital occupation 

- zero field : electrons move into the γγγγ-band upon cooling
- high field : electrons leave γγγγ-band  

strong effects in tilted phase (x~0.2)         

α and β FS (1dim.)γ FS (2 dim.)

cooling

field

e-

- nearly  localized electrons (close to the Mott transition)
ŁŁŁŁ high electronic Grüneisen-parameter



Incommensurate scattering around
Ca1.5Sr0.5RuO4

O. Friedt et al., PRL 93, 147404 (2004).

Ca1.38Sr0.62RuO4

scattering near (0.2,0,0)

X~0.5
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Magnetism of dxy-band
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Magnetic fluctuations & metamagnetism

Ca1.8Sr0.2RuO4

- paramagnons at 10K
- they get suppressed at low T

P. Steffens et al., PRL 2007

x=0.2



-0.4 -0.2 0.0 0.2 0.4

10

20

30

40

10

20

30

40

-0.4 -0.2 0.0 0.2 0.4
10

20

30

40

 

 

 

 

 

 

co
u
n
ts

  

 

8 T

6 T

4 T

3 T

2 T

Qh, 0, 1.6

0 T

 
 

Qh, 0, 1.6

T=1.5K   E=0.5 THz

M
ag

n
et

ic
fi
el
d

Magnetic field Ł

FM paramagnons

Ca1.8Sr0.2RuO4: Magnetic fluctuations
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S. Nakatsuji, et al.,
PRL 2003.
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Conclusions

Interplay between
charge, orbital  and magnetic 

degrees of freedom 
in layered-ruthenates.

- pure Sr2RuO4 : unconventional superconductor
strong nesting-type fluctuations
but also broad quasi-FM fluctuations

- metal-insulator transition in Ca2RuO4

driven through orbital rearrangement
„continuous“ aspects

- metamagnetism in Ca2-xSrxRuO4

very flat bands close to the MI transition (heavy QP)
orbital occupation important
competition of at least two magnetic instabilities
field-induced FM paramagnons

RuO


