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ARPES : a probe of interactions
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Z,: renormalization constant (weight of QP pole)
2. inverse lifetime
2p: energy shift of pole
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1994 : Superconductivity in Sr,RuO,
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The bilayer ruthenate Sr;Ru,0,

Sr,RuQ,, n=1

Fermi liquid with p-wave
superconducting ground
state, T.=1.5K

Sr;Ru,0,, n=2

RuO,

SrO

RuO,

SrO

RuO,

Strongly enhanced paramagnet

Itinerant ferromagnet, non-
FL fractional power law
conductivity



Relevant Orbitals in Ruthenates
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4 4d el./Ru

[.I. Mazin et al. PRL 79, 733 (1997) A. Damascelli et al. PRL 85, 5194 (2000)



Sr,RuO, - normal state: a model Fermi liquid
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Sr,RuO, - normal state: a model Fermi liquid

Mackenzie et al. PRL 76, 3786
Bergemann et al. PRL 84, 2662
Bergemann et al. Adv. Phys. 52, 639



The bilayer strontium-ruthenate Sr;Ru,0,

R. Perry and Y. Maeno, Journal of Crystal Growth 271 (2004) 134.

High purity samples
Residual in-plane resistivity < 0.5 u2cm




Magnetisation (Lz/Ru)
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Temperature (K)

Quantum criticality

(Alow-ny/r) 1/°0

Suppression of single
energy scale of = 2 meV

S. A. Grigera, et al., Science 294 329 (2001)
R.A. Borzi et al. Science 315, 214 (2007)
A.W. Rost et al. Science 325, 1360 (2009)

AW. Rost et al. PNAS (2011)

Non — Fermi liquid behavior :

C./T (mJ/Ru-molK?)

— linear resistivity

Logarithmic divergence of specific heat
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Nematic phase in Sr;Ru,0,
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Recent theoretical work

Microscopic models based on hypothetic
band structure :
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Bilayer band structure

E(eV)

I\ Y

LDA + SOC, D.J. Singh, unpublished

LDA band width = 2.5 eV

3 orders of magnitude larger than assumed
VHs energy

LDA — DOS = 4.5 states/eV/Ru
Almost identical to Sr,RuO, (4.1 states/eV/Ru)
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Cleavage plane

Mirrorsymmetric,

RuO,
charge neutral
SrO —plane
SrO .
Iz 2.9 meV
e —> ] |e—
RuO, =
SrO
30 20 10 0 10
RU02 E - EF (meV)

Well defined FL - quasiparticles

Ae =1.8 meV
E.=45meV,I' <2 meV



Cleavage plane

1 % Ti doping

r e : T »
» Hi
RuO, Mirrorsymmetric, » il »
Al 7l charge neutral g, S
L8 - | SrO — plane : '.’ i -
O ' .
p '__*‘, l
RuO, 4 b g -
LR M
e .. i
SrO R
X J-E/aRu Ru
RuO, M

‘ﬂ:/aRu—Ru




Expected Fermi surface sheets

Lo e,
| |

R Bolh e,

Rud,,., Rud,,

z

* 4electrons /Ruin 3 t,, levels
e 2 coupled layers
i . 2 Ruatoms/ layer

2D Quasi—1D



Expected Fermi surface sheets
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Expected Fermi surface sheets
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LDA Fermi Surface
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LDA Fermi Surface
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E - Er (meV)

Fermi surface & orbital character
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A. Tamai et al., PRL 101 026407 (2008)



p(w)

Van Hove Singularity

In a 2D band structure a saddle //&

point leads to a logarithmic &\

divergence of p(w) (vHs) . @\\%ﬁ
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d,, - band topography

d,, - band topography

top
saddle

= 3 meV dispersion
over 30% of BZ
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A. Tamai, PRL 101, 026407 (2008)



d,, - band topography

d,, - band topography
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Full low-energy electronic structure
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Sr;Ru,0,: microscopic model based on ARPES

C, transport
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Energy (meV)
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Quasiparticle dispersion

6 meV
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1. Energy scale of 3 — 6 meV across mutliple bands
2. Coexistence of flat and dispersive bands
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Quasiparticle dispersion
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Quasiparticle dispersion

m*/m,p,= 20

Energy (meV)
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Quasiparticle dispersion

xz/yz’ Xy xz/yz

m*/m,,, = 20

Energy (meV)
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backfolding

‘light” bands are similar to Sr,Ru0O,
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E - EF (meV)
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Mass enhancement is strongly anisotropic

=» Bosonic modes ?
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L. Capogna, et al., PRB 67 012504 (2003)



Nesting vectors

- .
) / ARPES
* Neutron g-vectors connect large / n-Scattering
parts of the FS |
e NMR: AF fluctuations dominate

even at QCP (Kitagawa, PRL 2005)
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Renormalization strength correlates with
p —d hybridization

M.P. Allan et al., unpublished



Sr,RuO, - normal state: a model Fermi liquid

Mackenzie et al. PRL 76, 3786
Bergemann et al. PRL 84, 2662
Bergemann et al. Adv. Phys. 52, 639



Surface reconstruction

=~ 6° rotation around c-axis

see also A. Damascelli et al. PRL 85, 5194 (2000),
K.M. Shen et al, PRB 64, 180502R (2001)



Surface reconstruction

\/EX\/E/MSO reconstruction of surfacemsss

j

=~ 6° rotation around c-axis

bulk bands
see also A. Damascelli et al. PRL 85, 5194 (2000),

K.M. Shen et al, PRB 64, 180502R (2001)



Surface reconstruction

\/fx\/zﬁ’45° reconstruction of surface

=~ 6° rotation around c-axis

|

hybridized surface layer bands
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see also A. Damascelli et al. PRL 85, 5194 (2000),
K.M. Shen et al, PRB 64, 180502R (2001)



Surface reconstruction

\/EX\/E/MSO reconstruction of surfacemsss

j

=~ 6° rotation around c-axis

bulk bands
see also A. Damascelli et al. PRL 85, 5194 (2000),

K.M. Shen et al, PRB 64, 180502R (2001)



Mass enhancement in Sr,RuQ,
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Renormalization along full Fermi surface
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Renormalization along full Fermi surface
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Fermi velocities
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Mass enhancement
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Sr,RuO, — spin-orbit coupling
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Sr,RuO, — spin-orbit coupling
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orbital content

DMFT
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orbital content

DMFT
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summary

Quantum criticality in Sr;Ru,0, is related to low-lying van Hove
singularities.

Key features of the electronic structure consistent with
assumptions in mean-field models of nematic state.

|.  Large mass enhancement with m*/m ,, > 20
. vHs of the d,, sheet at -3 meV

Hybridization is essential to understand the mass renormalization
puzzle in ruthenates.
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