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Outline:
1. Spin-triplet superconductivity in Sr,RuO,
special topics: inhomogeneous 3-Kelvin phase

2. Metamagnetism in Sr,Ru,O7

special topics: Condon domain formation



Experiment:




Sr,RuQ, - strongly correlated 2D Fermi liquid

Crystal structure: layered perovskite Quasi-two-dimensional Fermi liquid
analog High-T, cuprates

3 "cylindrical" bands  3d-t,,- orbitals of Ru

de Haas - van Alphen

Bergemann,

Mackenzie et al.

Correlation effects
mass enhancement m”™ / mo ~ 4

susceptibility enhancement X~ /X0 &~ 5 — 8

Superconductivity: T,=1.5K I ; p-wave
Maeno, Bednorz et al, (1994) ARG 0 2 T spin-triplet pairing




SHe - strongly correlated Fermi liquid

effective mass:

m*/m ~ 4

N

strong correlation

| - g = effects
spin susceptibilty: X" /x ~ 9
Superfluidity. Pair wavefunction
Lee, Osheroff & Richardson (1971) - ) )
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Superconducting phase

Fundamental p-wave pairing states: Experimental evidence:
sample purity essential

Tetragonal crystal symmetry D,, spin polarizable

Spin-orbit coupling Intrinsic magnetism
R flux line lattice

I' d phase sensitive tests
A | d=gk, 9K, ° et .
R d(k) = 2 (ks % ik,)

. B-phase / l
Biu | d=xk, - Yk, 1

- A ~ E{l Tl)-l_ll‘r)} Lz — __1
Bou | d=Rk, +Vk,
E, azi(k +ik, ) } A-phase degeneracy: 2

Y chirality: orbital moment
Quasiparticle gap:  nodeless "Chiral p-wave state"

A(k) = |d(k)| = |k - g



Phase sensitive tests

Quasiparticle tunneling:  observation of surface boundstates

subgap features in I-V-characteristics

Point contact spectroscopy

Laube, Goll, von Lohneysen et al. Sr,RuO,

dv/dl

SQUID experiments:

J J,
}- H -

p-wave
()

S-wave

design following  Geshkenbein, Larkin and Barone



Phase sensitive tests

SQUID experiments:
. . 4
Y. Liu et al., Science 306 (2004) bridge SQU|D g
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Electronic structure of 4d-t,,-orbitals

T -hybridization Ru-O - Ru 4 Ru* 4d h
Ru 0 Ru
XX eg
> v @ t29 %
1 \_ )
de Haas-van Alphen
L d)’z dzx} _—
dxy > y

three bands crossing Fermi level Bergemann et al.



Degeneracy of p-wave state in 2D

analog to superfluid 3He films

—

I d

Ay, a:xkX +yk,

AZU a:)zky _S\/kx
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Bou| d=%k, + Yk,
E.| d=2(k, tik,)

y

quasiparticle gap identical:

|d|=yK¢ +k
weak-coupling

condensation energy
degenerate

lift of degeneracy by spin-orbit coupling

Ru-ion 4d-t,, y
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a~10—-20% band width



Degeneracy of p-wave state in 2D

analog to superfluid 3He films

—

d

~ ~

a:xkx+yky

d=%k, - yk,
d =%k, — Yk

d=%k, + Yk,
d=2(k, +ik,)

y

J

o

quasiparticle gap identical:

|d

‘:1/ ke +k;

weak-coupling
condensation energy

degenerate

lift of degeneracy by spin-orbit coupling

Ng & MS, Yanase & Ogata, Eremin et al.

— FM spin fluctuations inplane polarized

— spin dependent interband
Cooper pair scattering

Superconductivity dominant in

a3 -band

<

y-band



Orbital dependent superconductivity
Spin fluctuation exchange involved in pairing mechanism?

. .. Imaietal
NMR-GHG'YSIS- Mukuda et al.

static spin susceptibility

KK. Ng
OLB—band: Mazin &
AF fluctuations Singh

FM fluctuations

Spin triplet pairing
favored on suppressed on
o3—bands
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Spin anisotropy

e spin singlet pairing — Yosida behavior of spin susceptibility

pair breaking % -
by spin polarization

e spin triplet pairing v

no pair breaking
for equal spin pairing

¥, = const. for a(l_{) |:| =0 :Tc T



Spin anisotropy

170-Knight shift 10IRu-Knight shift
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Gap structure and
Low-temperature thermodynamics



Gap structure and low-temperature thermodynamics

Observed "powerlaws"

specific heat thermal conductance NMR
C K 1
T —ocT —ocT?
T T,
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mmmd  consistent with line nodes
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Multiband effects

Three bands:

Multi-band superconductivity:

active intrinsically
superconducting bands

passive bands with
Induced superconductivity

Agterberg, Rice& MS
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Multiband effects

Three bands: Zhitomirsky & Rice (2001)

active band (Y)
.._Ay
- Intrinsic superconducting
instability

—~ &, *large nodeless gap

specific heat ~ s, Passive bands (af3)

fitting

2F
- induced superconductivity
« small gap with horizontal

A, line nodes

0.3

15}

Ccry, T
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Gap anisotropy - specific heat -

Specific heat in inplane magnetic field K
y
an|SOtrOpy TI= DI.12|I{ TI= (}I.‘31 TI{ TI= {1:.51 TK
s [10iu][11'0] 1ﬂi-01[11u]i [10;]][112].?I0T \

0° 0 180°
Doppler shift
E, >A_.. —» Quasi-particle DOS
~. C.(H
No(H) - =)

DOS depends on
field direction

Deguchi et al. (2004)

Vekhter; Maki, Won, Thalmeier. Dahm;
Miranovi, Machida, ......
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Basic gap nodes

Gap structure within the Brillouin zone:

Perodicity: AIZ = AIZ+G reciprocial lattice vector G
. — A=A _ _ odd parit
Zeros: A=A =A_ - partty
AIZ:O for k=—k+G = k:E
1
. . ® ® -
Brillouin zone d(E): 2(sin K +isin ky)

mandatory zeros * ¢ ) G 2 = 2
on the BZ boundary Ky ‘AE‘ - d@)
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Gap anisotropy - summary

C./T (mJ/K?mol)
L .

yY— band: BZ-zeros
===) (ap anisotropy

minimum  along [100]

e.g. Narikyo and Miyake (1999)

d(k )= 2{sink, isink, }



Frustrated inhomogeneous
phase
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3-Kelvin phase

Sr,RuO, with excess Ru-metal inclusions

im-size Ru-inclusions

Maeno et al (1997)

Onset of inhomogeneous superconductivity
closeto 3K “3-Kelvin phase”

resistivity
— —
_.04-  pure )
% 0.2 f _
€ by .
i # contaminated
o ot 2 s 4
T (K)

Ru-metal: T.=0.5K

Nucleation of superconductivity on the interface
between Ru and Sr,RuQ,?
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3-Kelvin phase - nucleation at the interface

Interface with narrow layer of enhanced T,
(enhanced density of states ?)

Ru

H. Monien & MS (2001)

nucleation of p-wave state parallel to interface

better concentrated in beneficial region

time reversal invariant ) symmetry breaking transition



Upper critical field H,,

Highest H, for fields
parallel to interface

H, oo T =T

Note: in bulk Hcg OC(TC _T)

Correction: shrinking cyclotron radius

i =1,¢€

—|x|/§e—ax2

Matsumoto, Bellardinelli, MS

1 Yaguchi et al




Upper critical field H,,

Finite width of interface region

Field parallel to z-axis

Coupling to the magnetic
moment of the Cooper pairs

— mixing of p, and P, (chiral phase)

— enhancement of H,

) H||z
08 L ® 4




Capillary and frustration effect

antibonding

Lowest energy with same phase

Josephson coupling Frustration due to r-links

Release of frustration by spontaneous currents
possibly visible in ac-susceptibility

164



Interface and topological defects
Interface nucleate bulk phase

winding of phase no winding

change of topology between inhomogeneous and bulk phase



Signature of frustration effects

Critical current in 3-Kelvin phase

J* . I-
currents in opposite right movmgt
directions Sl f7 current -

¥
— 2
<7 704 _
left moving current T
232K
0 |

T(K
Hooper, Mao et al (2004) ®)



Signature of unconventional pairing

break junction along c-axis quasiparticle tunneling

T r
032K

0.50 K
18 F 080K -
§ 120K
i 1.30K
f.g/ 16 L
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h\\\.\u‘—- 5
14 |
Mao, Liu et al, (2001) 1
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zZero-bias anomaly



Signature of unconventional pairing

Contacts to specific Ru-inclusions

: 8 (a) 0.00 T1
Au/Ti electrode . . —_
\ SiO, insulating layer .
! =
O
o
4 —
(b 0007 |
. { } 0507 |
‘TC: 7
contact [ 2 &l
windows K2 %‘
5_

04 02 00 02 04
Voltage (mV)

Kawamura, Yaguchi et al,
J.Phys.Soc.Jpn. 74, 531 (2005)




Metamagnetism in Sr;Ru, 0,



Ruddelson-Popper series:  Sr.,,Ru.O,. .,

Ferromagnetism

n=1 Sr,RUO,

D

N NG

Vf
AN

200 K+

{A AR

100 K+

&8

"

bilayer compound close to
0, ferromagnetic quantum phase transition




Metamagnetic transition in Sr,Ru,0,

Quantum critical behavior at the metamagnetic transition

o(T) = p,. + AT

0.4
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10K N

035 |

0.25
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o8]

Magnetization( ,/Ru)

10 12 14

Field (T) 2 4 8

8
Field (T)

Grigera et al., Science, 294, 329 (2001)
Perry et al., PRL 86, 2661 (2001)



Fermi surface topology change
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Binz & MS



Phase diagram

Metamagnetic transition

temperature

and 15t order transition

line of critical
endpoints

7“\ ag“e’{\c

{\e\d

chemical potential close to
Van Hove singularity

likely for d, -bands
NE)
Quantum critical i
~ . endpoint /i
E
Binz & MS

sensitive to disorder effects
Honerkamp



Metamagnetic transition in ultrapure samples
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new intermediate phase

14— T r

0.0 — T T T
7.6 7.7 7.8 7.9 8.0 8.1 8.2 8.3

Field (tesla)

Grigera et al., Science (2004)
—> Pomeranchuk (Fermi surface) instability ?
Schofield et al.

— orbital charge redistribution?
Honerkamp



Condon domains

demagnetization effects A
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m Binz et al.



Condon domains

demagnetization effects

domains
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stable and metastable states

—> Condon domains

v
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Condon domains

demagnetization effects A

domains Z
] |

stable and metastable states

v

H,, H ——  Condon domains




Possible phase separation in triple-layer Sr,Ru,0,,

Discontinuous metamagnetic transition

Magnetization process

Mao et al. (05) ﬂUH (1)

- Hllc
1L
I
2
Eo e g
0 1 2 3

Cao et al., PRB (2003)
Mao et al. cond-mat (2005)

e ferromagnetism H || c
T.=105K

* 1storder transition H || ab

Hysteresis in magnetization

Domain formation ! ?

Visible in transport ?



Possible phase separation in triple-layer Sr,Ru,0,,

Discontinuous metamagnetic transition

Innlane field - innlane resistance
Magnetization process

<_ Hllc

discontinuous jumps in - O,

possibly effects of domains



Sr..,Ru.O, ., - phase diagram

-

layer number n - a scan through phase diagram
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Conclusion

Superconducting single layer compound: SFZRUO4
® Unconventional superconductivity out of strongly correlated Fermi liquid

® Understanding of microscopic mechanism still limited

e Phenomenological aspects rather well understood

Exemplary case with many complications, but also many opportunities

Magnetism in multi-layer compounds: Srn+1RUn03n+1

® |tinerant metamagnetism in bilayer compound with puzzling low-temperature phase

® Multi-layer compounds map out a phase diagram: physics of 1st-order QPT

® We do not see yet all the complications here
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