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Spectroscopy
Photoelectron spectroscopy
X-ray absorption spectroscopy

What is spectroscopy?

"Spectrum” is Latin and means "appearance”, "apparition”
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Spectroscopy "methods” that you have mentioned

Photoelectron spectroscopy
Mass spectroscopy
Absorption spectroscopy
X-ray diffraction XRD

X-ray spectroscopy
Neutron spectroscopy
Absorption spectroscopy
Emission spectroscopy
Alpha, Beta, Gamma spectroscopy
IR spectroscopy

NMR spectroscopy
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Photon sources

Lab sources:

photons emitted from an electronically
excited material (lasers, x-ray anodes,
helium lamps)

Advantage: cheap, can be used in home
Lab, easy to use

Disadvantage: only certain energies
are available, the intensities and energy
resolution of x-ray tubes are limited
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Photon sources

Synchrotron light sources:

Advantages: wide range of energies, high intensity, high resolution
Disadvantages: expensive, not readily available
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| - X-ray photoelectron spectroscopy

Photoelectron spectroscopy = Photoemission spectroscopy
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UPS = Ultraviolet XPS = X-ray
photoelectron photoelectron
spectroscopy spectroscopy
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Overview

Counts
Peak ID Atomic % BE (eV)
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Extension of the photoelectric effect

lonization Potential

Al Ko radiation hv=1486 eV

Binding Energy, eV
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Core level binding
energies:

characteristic for
the elements

| Binding energies
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Do we actually measure the orbital energy ?

« Koopmans theorem

“ For a closed-shell molecule the ionization energy of an
electron in a particle orbital is approximately equal to the
negative of the orbital energy calculated by a self-
consistent field method, or for orbital i, /=-¢SCF”

» Approximations:

— Electron reorganization: /; measure the difference in
energy between M and M* but the M* orbital are not
quite the same as the M orbital

— Electron correlations: Electrons in an atom or a
molecule do not move entirely independently

— Relativistic effect : particularly important for core
orbital
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UPS in molecules
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The He I ultraviolet photoelectron spectrum of H,. (Reproduced from Turner, D. W.,
Baker, C., Baker, A. D. and Brundle, C. R., Molecular Photoelectron Spectroscopy, p. 44, John Wiley,
London, 1970)

corresponds to the transition at the centre of gravity of the
band system.
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UPS in molecules

N, - (104)%(16,)%(20,)*(20,)*(17,)*(30,)?
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Molecule MO configuration State ro/A
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The He I ultraviolet photoelectron spectrum of N,. (Reproduced from Turner, D. W.,
Baker, C., Baker, A. D. and Brundle, C. R., Molecular Photoelectron Spectroscopy, p. 46, John Wiley,
London, 1970)

MO calculation of the SCF type for N,* place the A?I1, stale below
the X229+ state — breakdown of the Koopman’s theorem
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XPS in molecule — chemical shift
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_ The MgKo oxygen ls and carbon 1s X-ray photoelectron spectra of a 2 : I mixture of - The mo.nochromatizs(% AIKT_’ carbm.) Is X-ra_y .pho.toelectron spectrum  of
CO and CO, gases. (Reproduced, with permission, from Allan, C. J. and Siegbahn, K. (November cthyltrifluoroacetate showing the chemical shifts relative to an ionization energy of 291.2 eV.
" ’ R 4 i " . P . . .
1971), Publication No. UUIP-754, p. 48, Uppsala University Institute of Physics) (Reproduced, with permission, from Gelius, U., Basilier, E., Svensson, S., Bergmark, T. and Siegbahn,

K., J Electron Spectrosc., 2, 405, 1974)

The chemical shift (AE,,) is measured relative to the ionization energy
of the corresponding orbital of the free atom A

AE, =[E(M") - E,,(M)]-[E,.(A") - E,.(4)]
~-¢,(M)+¢,(A)

Lunds universitet / Fysiska institutionen / Avdelningen for synkrotronljusfysik FYST20 VT 2012




XPS in molecule - structure determination
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The MgKa boron ls X-ray photoelectron spectrum of BsHo. (Reproduced, with
permission, from Allison, D. A., Johansson, G., Allan, C. J., Gelius, U., Siegbahn, H., Allison, J. and
Siegbahn, K., J. Electron Spectrosc., 1, 269, 1972-73)
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XPS on surfaces
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Photoemission spectroscopy is surface
sensitive

Electrons are extracted only
from a thin layer close to
the surface.

X-ray Beam

X-ray penetration

depth ~1um. ¢~1-10 am
Electrons can be
excited in this entire
H 1 mm?
volume.

< T >

X-ray excitation area can be as large as ~1x1 cm?.
Electrons are emitted from this entire area
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A photoelectron spectrum over the entire
available energy range

Cu (110)/ 3 =0%Normal emission)
hw=21.2eV
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Secondary electrons: electrons which have lost energy due to
scattering on their way out of the solid into the vacuum
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XPS - Chemical shifts

Si 2p

Grazing

1 .

110 e
Binding energy/eV
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XPS - Chemical shifts and temperature

Mostly dissociated NO
‘

N(1s)

. . 0f1s)
I.mdlssomated

energy/eV

Nitrogen 1s and oxygen ls X-ray photoelectron spectra of nitric oxide (NO) adsorbed
on an iron surface. 1, Fe surface at 85 K; 2, exposed at 85 K to NO at 2.65 x 1073 Pa for 80 s; 3,
as for 2 but exposed for 200 s; 4, as for 2 but exposed for 480 s; 5, after warming to 280 K.

1976)
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XPS - (Sub) Femtosecond dynamics
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X-ray photoelectron spectrum, showing core and valence electron ionization energies,
of Cu, Pd, and a 60% Cu and 40% Pd alloy (face-centred cubic lattice). The ‘binding energy’ is the
ionization energy relative to the Fermi energy, Ep, of Cu. (Reproduced, with permission, from

Siegbahn, K., J. Electron Spectrosc., 5, 3, 1974)

AE>2 eV

At<1fs
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Il — Electronic relaxation — “in short”
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Normal Auger
(Pierre Auger, 1925)
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The auger electron kinetic energy E, is given by

Ey-E, =EZ” +E,

No photon energy Chemical shift
dependence

effect
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lll- X-ray absorption spectroscopy

XANES = X-ray Absorption Near Edge Structure
NEXAFS = Near Edge X-ray Absorption Fine Structure
XAS = X-ray Absorption Spectroscopy

hv
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Unoccupied 4000 — . .
valence orbitals 7 ® Unoccupied electronic levels
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(XAS)
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How to measure x-ray absorption spectra

(b) Electron yield or fluorescence

yield o
[
measurement
. -— -
(@) True absorption measurement — —
[ -0 9 - -
hv hv A
! M -0 - -0
lo l4 G ey

Measure [,(hv)-I,(hv).

The number of decays (as a function of
photon energy) is (exactly) proportional to
the number of excitations (as a function of
photon energy)!

hv hv
lo lo
Iouﬂv_)r lout(hv)
All Electrons

photon energies!
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45. Carbon Dioxide

o* and rt* orbitals

Symmetry: Doon Carbon Dioxide  (Continued)
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Absorption probability

Photon energy

Continuum
states

Rydberg
slates "~ lonization potential

Potential energy
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™ 94. Benzene Symmetry: Dy Benzene (Continued)
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