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Lecture 1
Angle-Resolved Photoemission from One- and Two-Dimensional Svstems — Surface states

D Electronic Bandstructure in 1-3 Dimensions

2) Photoemission from a Periodic Potential

3) The Three-Step Model

4) A 1D Example: p(2x1) O — Cu(110) -> Band Mapping
5) A 2D Example: The Shockley Surface State on Cu(111)

6) A Few Words about Surface States in General
7) Surface States and Nanostructures
Lecture 2

Angle-Resolved Photoemission from Three-Dimensional Systems — Including Magnetism

b A Few Words about the Fermi Surface in General

2) Fermi Surface Mapping

3 Free Electron Final States

4) Mapping Final States in GaAs

5) Examples: Cu. Al

6) [tinerant Ferromagnetism: The Fermi Surface of Nicke]

Lecture 3
Spin- and Angle-Resolved Photoemission / Manybody Effects

1) Spin-Resolved Photoemission
2) A Complete Photoemission Experiment in the Construction Phase
3) Fermi Surfaces in Multilayers

4) Thickness-Dependent Fermi Surface in Co Films on Cu(111)
3) Manybody Effects in Solids: Theoretical Concepts — Spectral Functions
6) Example: Valence Photeemission in Nickel



Lecture 4
Photoemission Inrensities and Line Widths

1) Exploiting Photon Polarization Effects

2) Ultraviolet Photoelectron Diffraction: Cu as an Example

3) Diffraction versus Dispersion in Fermi Surface Mapping: K/Si(001)
4) Interpretation of Line Widths in Valence Photoemission

3) Momentum Distribution Curves

6) Example: Dispersion Curves from Ni(001)

Lecture 5

X-Ray Excited Valence Photoemission — Highest Resolution Photoemission

1) Determination of Partial Densities of States
2) Examples for Elemental Metals: Pt, Al

3) Application to a Binary System: AuCu,

4) Highest Resolution Photoemission

5) Application to Superconductivity

6) Quantum Well States

Lecture 6

Exploring the Limits of X-Ray Photoelectron Diffraction

Surface Structure Problems Solved by XPD

Simple Structure Identification by Fingerprinting

Orientation of Large Molecules: C,

Orientation and Conformation of Large Molecules: Chiral 7-Helicene
Monolayer Film Structure: Hexagonal Boron Nitride (h-BN)
Monolayer Film to Substrate Registry: again h-BN

Application to Catalysis: Determining Bonding Sites of Single Atoms
Application to Catalysis: Finding Subsurface Species (O/Rh(111))

Further Reading (Photoemission from Valence Bands):

1)
2)
3)

S. Hiifner, Phoroelectron Spectroscopy (Springer, Berlin 1993)

E. W. Plummer and W. Eberhardt, Adv. Chem. Phys. 49 (1982} 533

S. D. Kevan (ed.), Angle-Resolved Photoemission — Theory and Current
Applications (Elsevier, Amsterdam 1992)



Electronic Banmndstructure in 1 Dimension
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Electronic Structure in 2 Dimensions

{Plane of atoms)

dispersion relation

1st Brillouin zone



Electronic Structure in 3 Dimensions

real space:

(face-centered
cubic lattice)}

reciprocal space:

dispersion relation: 1
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Photoemission o a fm electron
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Photoemission from a Periodic Potential

Conservation Laws:
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Measurement of the Photoslectron Momentum

reciprocal space: kz
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direction: k =1, & (watch for refraction)
magnitude: from &5 {T{} (&5 Is measured)
Problem: £ (E} usually not known
Solution: free electron final state
eKk®

gr (k) = —=—




The 3-Step Modsl
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A One-Dimensional Example:
p(2x4) 0 - Cu(110)
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Surface States
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from N. V. Smith, PRB 32, 3549 (1985)
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Fig. 1. Top: The electric field of an electron in front of a metal sur-
face can be described by the concept of an image charge. Bottom:
The corresponding attractive image potential leads to a series of
bound states if the electron cannot penelrate mnto the metal along
certain directions due to a band gap. For the lowest two states the
square of the wave function is shown.



Binding Energy (eV)

Photoemission Intensity (arb. units)
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oted bulk band structure at the surface of a metal. The

o possible surface state bands is indicated.
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4.17. Surface states (dashed curves) and bulk projected bands a1 &
111) surface according to & six-layer surface band structure
calculation (Euceda, Bylander & Kleinman, 1983).
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Importance of Surface States
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Surface States and Nanostructures

2D Electron Gas: | GaAs/AlGaAs met, surf, state
electron ~1015cm-2 Al(001)
concentrations ~1011ecm2 ~1014cm-2 Cu(lll)
Fermi ~0.7nm_Al(001)

wave length

phase coherence
length

~40 nm ~3nm  Cu(111)

~1000nm (4K)
~50um (4K) ~10nm (300K)
... can be lower

MEesSoscopic nanostruciures |
physics  Quantum Size Effects

vertical '
direction horizontal
direction

challenge !
no problem

(e.g. surface states)

steps,
step decoration,
self assembly, ...




Quantum Mirages

4,

... hand-made
nanostructures !

... viewed by the |
Kondo effect Atom gt 3

"Mirage”

Calculated
Eigenmodes

... put atom off the
focal point :

... N0 mirage !

H. C. Manoharan, C. P. Lutz,
D. M. Eigler,
Nature 403 (2000) 512



Surfac.g State on }ﬁapﬁm Cu Surfaces
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1D Shockley Surface State Resonance on

Fermi
Surface
Map
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