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for lectures on 8 and 10 November

2012-Lecture 10 starting from 0:33
until the end, all of lecture 11 and
lecture 12 from start to 1:02.
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X-ray Photoelectron Diffraction:1ML FeO on Pt(111) [
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The quantum mechanics of covalent bonding in molecules:
H,* with one electron

P.= @Pantibonding
= P1sa - Pisp

0

Sy

electron®
energy

Equilibrium
separation =R

FIGURE 10.2 The neu pues-
tial energy curve, showing the
equilibrium  separation  amd
binding energy.

FIGURE 8.4 (a) Potential energy of an electron in the electric field of two nearby protons. The total energy

of a ground-state electron in the hydrogen atom is indicated. (b) Two nearby protons
correspond quantum-mechanically to a pair of boxes separated by a barrier.
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H. MOLECULAR ORBITAL DRAWINGS : 61

1. Hydrogen Symmetry: Deoh
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104 €=-0.5944 a.u. =-16.16 eV
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The LCAO or tight-binding picture for CO: Atomic orbital makeup
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IIl. MOLECULAR ORBITAL DRAWINGS 71
10. Hydrogen Fluoride = HF Symmetry: Coy
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The free-electron solid at absolute zero
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NEARLY-FREE ELECTRONS IN A WEAK PERIODIC POTENTIAL—1 DIM.
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Figure 28 Brillouin zones of the face-centered
cubic lattice. The cells are in reciprocal space, and
the reciprocal lattice is body-centered as drawn.
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Electronic bands and density of states for “free-electron” metals -
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Electronic bands and density of states for a semiconductor-Germanium—
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~—\Vacuum level

The electronic structure of a transition metal —fcc Cu
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Fig. 7.12. Bandstructure E'(k) for copper along directions of high crystal symmetry
(right). The experimental data were measured by various authors and were presented
collectively by Courths and Hiifner [7.4]. The full lines showing the calculated energy
bands and the density of states (/eft) are from [7.5]. The experimental data agree very
well, not only among themselves, but also with the calculation
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_Atomic orbital makeup

Solid state tight-binding approach
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And the same thing for the d orbitals:
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Copper densities of states-total and by orbital type:

ENERGY (eV)
-2.0 2.0 6.0 10.0 14.0

1 Q) L4 o !

TOTAL DOS

5.0
w'o

0.0

-~ 40.0.— ;

¢ S

B 2 . .

w 0.0 w 5 More localized 3d-like
<

B =

¥ 20.0L -~

0 n
o/

8 o.c»u o

> Delocalized free
electron-like

23

ENERGY (Ry)



The electronic
structures of the 3d
transition metals—
~ “rigid-band
model”

3s23pffilled + 3d,4s CB 3d?4s? 3d34s? 3d°4s? 3d%4s?
Argon Titanium Vanadium Chromium Iron
(fee) (hcp) (bee) \ (bee) \ (bcc) s
N
¢ Exchange!
10} = - = t Exchangel
)
£
€
? il all
g L >
05F o< P ———— C ~
+ Flat “core-
like” Ar 3s, 3p
bands at ~1.0- *“ @) o8 k() 05 k(@au) 110 k(@au) LIS k(aw) LI
1.5 Rydbergs 3d74s2 308452 3d104g1 3010452
\A Cobalt Nickel Copper Zinc
(fcc) {fec) (fec) (hep) W
. Y
+ Exchange! )
10 + Exchange! = L
t
3
g _____ —_
=
? + Flat “core-
i+ like” Zn 3d
bands at ~-0.8
Rydberg
k(aw) 084  k{au) 0  k(aw) €92  k(au)

F1a. 10-20.
Mattheiss.

Energy bands of 3d transition elements, along a single

frection, from



The electronic bands and densities of states of ferromagnetic iron
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Fe: ANGLE AND
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SPECTRA AT I" POINT
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And the same thing for the d orbitals:

Transition
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SrTiO; and La, 4,Sry 33MNO5 band structures and DOS
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SURFACE ELECTRONIC STATES
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Surface states
on Cu(111)

Shockley
surface
State:

S,p makeup

Tamm
surface
state:

3d makeup

Fig. 4.21. Experimental dispersion of Cu(111) surface states plotted
with a projection of the bulk bands: (a) Shockley state near the zone
center (Kevan, 1983); (b) Tamm state ncar the zone boundary
(Heimann, Hermanson, Miosga and Neddermeyer, 1979). Compare
with Fig. 4.17.

Energy below E¢(eV)

. Energy below E, (eV)

Ep

(@)
r

|
e
[

(=]

-1.0

|
o
(=]

ky (A

- Fig. 4.17. Surface states (dashed curves) and bulk projected ban
Cu(111) surface according to a six-layer surface band structure
calculation (Euceda, Bylander & Kleinman, 1983).
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Fig. 4.20. Photoemission energy distribution curves from Cu(111) st
different collection angles. Equation (4.32) has been used to exprom
the electron kinetic energy in terms of the binding energy of the
electron state (Kevan, 1983).
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ENERGY

Graphene- A very special 2D case

The Nobel Prize in Physics 2010
22y Andre Geim, Konstantin Novoselov
= S NS ) Ny ..."for groundbreaking experiments
regarding the two-dimensional
material graphene”

- Photoelectron spectroscopy

3

nocc

Holes E(E):CIEI
A Dirac particle
k,.v
Electrons

55
Nobel, 2010

Bostwick et al., Nature Physics 3, 36 - 40 (2007)



fﬂer?;ioen o8 The Soft X- Ray Spectroscopies

7’/

sensitive,
, Valence PE | e Core PE ‘—

PE = photoemission = photoelectron spectroscopy
XAS = x-ray absorption spectroscopy

AES = Auger electron spectroscopy

XES = x-ray emission spectroscopy
REXS/RIXS =resonant elastic/inelastic x-ray scattering

. 38



MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES: DIPOLE LIMIT

e Photoelectron spectroscopv/photoemission:V o (free)

h
- — = =Vacuum
| o ‘é o <¢f D | F|¢i (1)>‘23?

@ (bound)
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PHOTOELECTRON SPECTROSCOPY
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PHOTOELECTRON SPECTROSCOPY
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X-RAY PHOTOE LECTRON SPECTRUM OF Co
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The LCAO or tight-binding picture for CO: Atomic orbital makeup
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Valence-level
Photoelectron
spectra of CO
adsorbed on
various
transition
metal
surfaces
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Theoretical
Calculations
of charge
density for
CO bound to
Ni(001)- “on-

7

top™:

Fig. 12.14, Charge density contour plots appropriate to Ni(100) <2

x 2)-CO: (a) free molecule 5¢ orbital; (b) free molecule 2n orbital; (c)
difference between CO/Ni(100) and the superposition of clean Ni(100)
and an unsupported CO monolayer. Solid (dashed) lines indicate a
gain (loss) of electronic charge (Wimmer, Fu & Freeman, 1985).
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ATOMS AND SIMPLE MOLECULES

27
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Appendix B.
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INTENSITES IN ProTOBLECTRON SPELTRA!
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VIBRATIONAL
STRUCTURE IN
VALENCE-LEVEL (MO)
SPECTRA

Diatomic A-B example

(Also applies to core-
level emission if
equilibrium distance
changes on forming
core hole)
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VIBRATIONAL STRUCTURE IN VALENCE-LEVEL (MO) SPECTRA
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