X-ray Spectroscopy

» Lecture 1: Introduction & experimental aspects

» Lecture 2: Atomic Multiplet Theory
Crystal Field Theory
CTM4XAS program

» Lecture 3: Charge Transfer Multiplet Theory
Resonant Inelastic X-ray Scattering
X-ray Spectroscopy on nanomaterials

Rontgen’s experiment in 1895

Rontgen’s experiment

Cathode Rays

Travel from the cathode,
through the slit and toward
the anode.

Rontgen’s experiment

Cathode Rays
Travel from the cathode,
through the st and toward
the anode.
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Interaction of x-rays with matter

X-rays

Wavelength: 101 m

Frequency: C/A= 3-10'8 Hz
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Interaction of x-rays with matter
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Interaction of x-rays with matter 1

The photon moves towards the atom

Interaction of x-rays with matter 1

The photon meets an electron and is annihilated

Interaction of x-rays with matter 1

The electron gains the energy of the photon
and is turned into a blue electron.

Interaction of x-rays with matter 1

The blue electron (feeling lonely) leaves the atom
and scatters of neighbors
or escapes from the sample




Interaction of x-rays with matter 1

The probability of photon annihilation determines
the intensity of the transmitted photon beam

XPS machine
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XPS machine
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XPS and the photo-electric effect

Binding Energy:
defined versus highest occupied state

conduction
band
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Figure 6.17
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.. simple laws have been
found which [..] make it
possible to predict with
confidence the position
of the principal lines in
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element from aluminum
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Atomic binding energies

High-Frequency Spectra of the Elements.

Atomic binding energies

THE HIGH FREQUENCY SPECTRA
OF THE ELEMENTS (1913)

Moseley (1887-1915)

v = 2510 (Z-a)? Hz

Moseley. Phil. Mag. 26, 156(1913); online link at website

Atomic binding energies

High-Frequency Spectra of the Elements.
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Atomic binding energies
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Atomic binding energies
Transition from 1s to 2p in hydrogen:

1 1
hv :hfi(n—]z - n—22> =13.6*(1/1-1/4) ~10 eV

Transition from 1s to 2p in oxygen:

Atomic binding energies

Transition from 1s to 2p in oxygen: 528 eV;
Calculated as 640 eV
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Paladium Electron binding energies
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Interaction of x-rays with matter 1

XPS Sample : Pd  MgKe 1253.6eV
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X-ray absorption and X-ray photoemission
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X-ray absorption and X-ray photoemission

Jump at binding energy

Peak at binding energy
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X-ray absorption and X-ray photoemission
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X-ray absorption and X-ray photoemission
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X-ray absorption experiments




X-ray absorption and X-ray photoemission
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X-ray Absorption Spectroscopy
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Phys. Rev. B. 40, 5715 (1989); 48, 2074 (1993)
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X-ray absorption

Excitation of core electrons to empty states.

Spectrum given by the

(name Golden Rule given by Fermi; rule itself given by Dirac)

Las =2, (@ o1} 6, s o

X-ray absorption

Fermi Golden Rule:
Ixas = [<P/|dipole| ©;>[2 §j,¢_)

o,

2
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Single electron (excitation) approximation:
IXAS = |<q) |dip0|e| q)core>|2 P
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empty

X-ray absorption: core hole effect

Mg 2p core holed state

Mg 1s core holed state

Tanaka et al, J. Am. Ceram. Soc. 88, 2013 (2005).

X-ray absorption: core hole effect

AN TiSi, |+ Final State Rule:
Spectral shape of XAS
looks like final state
DOS

+ Initial State Rule:
Intensity of XAS is given
by the initial state

Er 5 0 15
ENERGY ABOVE Ep (eV)

Phys. Rev. B.
41, 11899 (1991)
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Manganese 1s XAS
MnO 3d°

Experiment

Mn3s 80

O1s 530

NORMALIZED ABSORPTION

Spinup ___
Spin-down
| 1 1

6530 6540 650 6560 6570 6580
Mn2s 770 PHQTON ENERGY (eV)

Mn2p 650

1| ||||l'"g@
Bk E 3
v b2
8 o o .
:
(
i
|

Mn 1s 6540

Manganese 1s XAS

Mnde - MnO 3d°
> Mn3d o
02 5
02s 20 - E experimont ]
I
-

O1s 530
05

NORMALIZED ABSORPTION

Mn3s 80
Spin-up ___
Spin-down ___
1 1 1

6530 6540 6560 6560 6570 6580
Mn2s 770 I PHQTON ENERGY (eV)

Mn2p 650

0.0

——0= Mn 1s 6540
Quadrupole transition

The life of a Core Hole
Heisenberg uncertainty relation
I't=h (~ 107% eV s).

Broadening of XAS: ~0.1 eV
Lifetime = 1 femtosecond
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Mn 1s3p XES
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Resonant X-ray emission spectroscopy

XPS
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Multiplet Effects in XAS
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Multiplet Effects in XAS
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\ XAS
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1s edges
(DFT codes)

A

'I

AN

Multiplets:
2p, 3s, 3p edges
hv hv (CTM4XAS)

29636

Ll

Bethe-Salpeter calculations (Eric Shirley):

Excited state = linear superposition
of all states produced
by a single electron
excitation.

E, In each such electron-hole pair state,

electron in band 17
with crystal momentum k+q.

hole in [band or core-level] n,

momentum with crystal momentum K,

Phys. Rev. Lett. 80, 794 (1998); PRB 82, 205104 (2010)

Multiplet Effects in XAS

Overlap of core and valence wave functions

3d
[8-0-0-0-0= 0 —

— Single Particle model breaks down
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XAS: multiplet effects
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XAS: multiplet effects X-ray absorption and X-ray photoemission
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Magnets in the storage ring
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X-rays from synchrotrons

BENDING
MAGNET

FOCUSING
MAGNETS

STORAGE RING

X-rays from synchrotrons
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X-ray absorption beamline (transmission)
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I 1 m v Vv

| Entrance slits 1 Monochromator

111 Exit slits IV lonisation chamber
V Sample VI lonisation chamber
VII Reference material VIl lonisation chamber

Magnetic Spectromicroscopy, ALE
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Why a synchrotron?

Energy: tunable source

Intensity: 10%-10'2 higher than x-ray tube

Space: spot-size 1x1 mm (unfocussed)
down to 20x20 nm (focussed)

Time: pulse 50 ps, sliced down to 50 fs.

Polarization:

Angular dependence & Circular dichroism:

NOT coherent (no laser)

XAS: multiplet effects

\ A 2p°3¢"* Single Particle:
1s edges
(DFT + core hole (+U))

> '

2-particle:

OO

\—/f (TDDFT, BSE)
PN + L edges of 3d°
W hv Many-particle:

2p, 3s, 3p edges
2p834n (CTM4XAS)

Charge Transfer Multiplet program
Used for the analysis of XAS, EELS,

Photoemission, Auger, XES,

ATOMIC PHYSICS
U
GROUP THEORY
U
MODEL HAMILTONIANS

The CTM4XAS program

em4 A4S 5.1

CHARGE TRANSFER MULTIPLET CALCULATIONS
FOR X-RAY ABSORPTION SPECTROSCOPY

© Eli Stovilski and Frank de Groot, 2008-2010 nsls)
Synchrotron and Theoretical Spectroscopy, Utrecht University/ National Synchrotron Light Source gy ;
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