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» Electronic structure of complex systems

» State-of-the-Art ARPES: the essentials

» ARPES on Sr,RuQ,
* Bulk & surface electronic structure
* Surface Ferromagnetism?

» ARPES on Bi,Sr,CaCu,Oq,
* Bilayer splitting of the electronic structure
* Signatures of superfluid density

» Conclusions and discussion



Strongly Correlated Electron Systems

d-f (U0 U<<w
. . Charge fluctuations
open

She"S ..... U>>W
materials ©:9..  spin fluctuations

I Il NibIVbVbVIibVilb Viiib b llb 11 IV V VI VIl 0

H He
Control 5 steTnToTEe] Degrees of
Na|Mg Al[Si[P[S|[CI[Ar
parameters K |Ca|Sc e Ca Zn| Ga|Ge| As| Se| Br | Kr freedom
: Rb[ Sr] Y | Zr [ Nb| Mo| Tc |51 Rh[Pd[Ag[Cd[In [Sn[Sb[Te[ T [Xe :
BandWIdth (UNV) Cs|Ba|lLa|Hf[Ta|W |Re|Os|Ir | Pt|Au[Hg| Tl [Pb| Bi | Po| At|Rn Charge / Spln
Band filling Fr [Ra]A¢] Rf | Db] Sg| Bh| Hs|[ Mt Orbital
Dimensionality Lanthanides* Lattice
Actinides ™ | Th|PalUBINp|Pu[Am|Cm Bk | Cf |Es |Fm|Md|No| Lr
1000 g T T T T
?‘/Tmmm Caz_xerRuO4 ° Kondo 300>Nd2_xCexCu04” Laz_xerCuO‘L
100¢ 1 + Mott-Hubbard 3 o
< L CAF-I ] . g Normal
= 10 P-M 1 <+ Heavy Fermions £ 2007 L\ Metl
o i < Unconventional SC 5 %
. £ 1001 1 2
1 sc - Spin-charge order s AE AH D
o L. eevoorooevev....l *Colossal MR A P sc -
0 0.5 1 1.5 2 0.3 0.2 0.1 0.0 0.1 0.2 0.3

Ca X Sr Dopant Concentration x



Probing the Low-Electronic Structure

Understand the
macroscopic electronic properties

U

Study the low-energy electronic excitations

.

Angle-Resolved PhotoElectron Spectroscopy

e S The Photoelectric Effect

= FIRST EXPERIMENTAL EVIDENCE
FOR QUANTIZATION OF LIGHT!
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Understanding the Solid State: Electrons in Reciprocal Space

Many properties of a solids are
determined by electrons near E¢
(conductivity, magnetoresistance,
superconductivity, magnetism)

Fermi surface n (k)

Only a narrow energy slice around
E¢ is relevant for these properties

(~kT=25 meV at room temperature).
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Interaction effects between electrons : “Many-body Physics”

Many-body effects are due to the interactions between the electrons
and each other, or with other excitations inside the crystal :

1) A “many-body” problem : intrinsically hard to calculate and understand

2) Responsible for many surprising phenomena :
Superconductivity, Magnetism, Density Waves, ....

Non-Interacting Interacting
7
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Angle-Resolved Photoemission Spectroscopy
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Angle-Resolved Photoemission Spectroscopy
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Angle-Resolved Photoemission Spectroscopy
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ARPES: advantages and limitations

Advantages Limitations

* Direct information about
electronic states!

» Straightforward comparison with BRAZARY  surface Electrons

theory - little or no modelling.

¢

Bulk Electrons

» High-resolution information about
BOTH energy and momentum

* Not bulk sensitive
» Surface-sensitive probe

. * Requires clean, atomically flat
- Sensitive to “many-body” effects surfaces in ultra-high vacuum

» Can be applied to small samples « Cannot be studied as a function of
(100 um x 100 um x 10 nm) pressure or magnetic field




Sr,RuQ,: basic properties

Maeno et al., Nature 372, 532 (1994)

2D perovskite .
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Low-Energy Electronic structure of Sr,RuO,
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» Band structure calculation: 3 t,, bands crossing Eg
o (hole-like)

=P 3 sheets of FS { B and vy (electron-like)

Energy (eV)

A. Liebsch et al, PRL 84, 1591 (2000) l.I. Mazin et al, PRL 79, 733 (1997)




Fermi Surface Topology of Sr,RuO,

ARPES : circa 1996
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Fermi Surface Topology of Sr,RuO,

ARPES : circa 1996
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Surface reconstruction of cleaved Sr,RuQO,

Cleavage & ¢
plane

R. Matzdorf et al., Science 289, 746 (2000)

- Rotation of the RuO, octahedra
around the c axis (9°)




Surface electronic structure of Sr,RuQ,

On samples cleaved at 180 K
the surface-related features are

suppressed
E: mapping Cold cleave Hot cleave
+10 meV T=10 K T=180 K
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Bulk electronic structure of Sr,RuO,

What do we learn about the
bulk electronic structure?

* FS topology
* Fermi velocity
- Effective mass

L1 Mazin et al., PRL 79, 733 (1997)
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Dispersion of the bulk electronic bands

Binding Energy (eV)

I M X

Experiment compares well with LDA+U calculations

A. Liebsch & A. Lichtenstein, PRL 84, 1591 (2000)



Surface Ferromagnetism?

Surface Reconstruction <= Surface Ferromagnetism
R. Matzdorf, Z. Fang, et al., Science 289, 746 (2000)

First principle calculations

FM surface

Exchange splitting: 500 meV
Magnetic moment: 1.0 ng/Ru

Z. Fang & K. Terakura, PRB 64, 20509 (2001)

Coexistence of SC and FM on the surface?

4

Pairing mechanism of SC




Surface Ferromagnetism?

Surface Reconstruction <= Surface Ferromagnetism
R. Matzdorf, Z. Fang, et al., Science 289, 746 (2000)

Spin-split Fermi-level crossings
of the electronic bands in Sr,RuO,

Majority Minority

spins spins

Energy (eV)

P.K. de Boer et al., PRB 59, 9894 (1999)

Where to look for spin-split
electronic bands in Sr,RuO,?




Evidence for surface FM ?

Band structure results

Reconstruction (6°)
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Temperature (K)
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Bilayer Splitting in Bi,Sr,CaCu,Og,

A single CuO Band

One FS Sheet
(7,m)

Bi2201 Bi2212

)

Liechtenstein et al., PRB 54, 12505 (1996)




Bilayer Splitting in Bi,Sr,CaCu,Og,

A single CuO Band

v
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One FS Sheet
(7,m)
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Liechtenstein et al., PRB 54, 12505 (1996)




Bilayer Splitting in Bi,Sr,CaCu,Og,

e C
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Fermi Surface with
bilayer splitting
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Liechtenstein et al., PRB 54, 12505 (1996)



Bilayer Splitting in Bi,Sr,CaCu,Og,

Fermi Surface with Overdoped Bi2212
bilayer splitting Normal state
AB BB AB' BB (TT,70)

hv=22.7 eV

Feng, Damascelli et al., PRL 86, 5550 (2001)



Bilayer Splitting in Bi,Sr,CaCu,Og,

Bilayer Split Normal State SC State
Fermi Surface T=90K T=10K
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Bilayer Splitting in Bi,Sr,CaCu,Og,

Bilayer Split Normal State SC State Normal & SC
Fermi Surface T=90K T=10K State Data
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SC signatures from ARPES on Bi,Sr,CaCu,Oq,.
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SC signatures from ARPES on Bi,Sr,CaCu,Oq,.
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SC signatures from ARPES on Bi,Sr,CaCu,Oq,.
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SC signatures from ARPES on Bi,Sr,CaCu,Oq,.

Overdoped Bi2212 Tc=84K
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SC signatures from ARPES on Bi-Cuprates

Tunneling
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Electronic Structure of Bi2223: Superconducting Peak

Coherent transition

Well defined Quasi Particles
may be formed only at
large doping and/or below Tc

Feng, Damascelli et al., PRL 88, 107001 (2002)
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QP lifetime catastrophe
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2D-3D Crossover in Sr,Ru0O, at T=130K ?

Temperature dependence
along the M-X cut
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Conclusions

ARPES results from complex systems

e Bands and FS in unprecedented detail

e Fermi velocity and effective mass

e Superconducting (d-wave) gap

e Many-body effects (superfluid density)
e Surface FM (nanostructured materials)

=) ARPES is a powerful tool for the study of the
electronic structure of complex systems

For a review article see:
A. Damascelli, Z. Hussain, and Z.-X Shen, Rev. Mod. Phys. 75, 473 (2003)

For additional material see:
www.physics.ubc.ca/~QuantMat/ARPES.html



