Computational Modeling
of
Inner-Shell Spectroscopies

Outline

o Experimental Techniques

e Theoretical Approximations

 Example: Liquid water

o LCLS: Supercooled water droplets

— Following a chemical reaction in real time

Emphasize integration of experiment and theory



Features of X-ray spectroscopy

Good features:

* Element specific (core-levels well separated)
» Chemical specific (chemical shifts)

* Maps local electronic structure

e Structure and orientation

But:

e Chemistry of initial or final state?

» Core-hole effects
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Core-Level Spectroscopy

X-ray Photoelectron Spectroscopy
— Local occupied core states

X-ray absorption spectroscopy
— Local unoccupied valence states E -

X-ray emission spectroscopy
— Local occupied valence states

— Selective probing via resonant excitation Hf'ﬂ |
f
!

Core-level localized on atom

— Element specific information
(background free) %




X-ray Photoelectron Spectroscopy (XPS)

C5. Fadley / Journal of Electron Spectroscopy and Related Phenomena 178-179 (2010) 2-32 3
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Fig. 1. [llustration of a typical experimental configuration for X-ray photoelectron spectroscopy experiments, together with the various types of measurements possible,
including (a) simple spectra or energy distribution curves, (b) core-level photoelectron diffraction, {c) valence-band mapping or binding energy vs k plots, (d) spin-resolved
spectra, () exciting with incident X-rays such that there is total reflection and/or a standing wave in the sample, () using much higher photon energies than have been typical
in the past, (g) taking advantage of space and/or time resolution, and ( h) surrounding the sample with high ambient sample pressures of several torr (with acknowledgement
to Y. Takata for part of this figure).



XPS

Initial and final state effects

Compare systems A and B

The XPS shift between them is

the difference between initial state
difference and final state difference
(in total energies)

For A and B different sites in the same
system the initial state cancels out

Care must be exercised when using
potential models, i.e. interpreting XPS
In terms of initial state charges

Final state relaxation and screening often
dominate
XPS chemical reaction” — Z+1 approx.
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Final State Screening

N. Mdrtensson, A. Nilsson/Journal of Electron Spectroscopy and Related Phenomena 75 {1995) 209-223 213
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XPS Adsorbate Final State Screening
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XPS Z+1 Approximation
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Water and Lone-Pair Interactions

Lone-pair interactions
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Pt(111), Cu(111), Cu(110) surfaces

Geometric Structure Effects
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Wetting of Metals: O1s XPS

T=135K
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T. Schiros et al. JCP 132, 094701 (2010); J. Electron. Spec. Rel. Phen. 177, 85 (2010)



Water d-band Model
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Digging the s-hole

2.8 to 2.0 A mimics difference between atomic and ionic radius
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Wetting of Metals: Geometric Structure

Without unoccupied d-states available to redistribute charge, how can
Cu(110)

water wet a noble metal?

Smoluchowski “electron smoothing” effect at a corrugated metal surface
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Schiros et al., J. Chem. Phys. 132 (2010) 094701




Water Bonding Interactions

Attractive Repulsive
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Bridging the pressure gap: from UHV
to near-ambient conditions
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Ambient conditions:
Wettability tuned by the presence of OH: Cu(110) vs. Cu(111)

Yamamoto et al., J. Phys. Chem. C 111, 7848 (2007)



Absorption Probability

Rydberg

X-ray Absorption Spectroscopy
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Experimental Detalils
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Intensity

Comparison XPS and XAS

XPS measures the photoemitted electron at fixed photon energy

XAS measures the photo excitation and ionization cross section at
different photon energies

XPS NEXAFS 5
e T ] ] 2° w I | { T
Secondary electrons Photon Energy 750 eV & o | —g— Veoum
& (x 1/100)
C 20 N N— |
3 i gl
F N
i R FF’C_’ *A\/\/A_ C1s
2 |- |8 0 |
= _ Ni1s
; 10 - _
N
T . i : 01
0.5 —
Valence |
Band |
i il | | 1 w0l | T el 1 | | | ] — F1s
0 200 400 600 800 250 350 450 550 650 750

Kinetic Energy (eV) Photon Energy (eV)



Valence Shell Properties
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Intensity

Chemical Sensitivity
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Final State Rule

The energetic position of the spectral
features are given by the properties of the

final state

XAS: core hole final state
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Transition Metals
Dipole selectionrule  A] = +1 2p — 3d
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Properties of 3d Metals
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Absorption Cross Section (Mb)

Polarization Averaged
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CO and N, ¢ Chemical Shift
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INTENSITY (arb. units)

Shape Resonances

Bond length with a ruler

Intermolecular bond length
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Linear Dichroism _ g _

The Search Light Effect

K-edge probe empty p orbitals
E
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Molecular Orientations
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Intensity (arb. units)

Molecular Orientations

Glycine on Cu(110) loses acidic proton COOCH,NH,

(110) surface two fold symmetry, spectra can be resolved in 3 directions
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EXAFS

Extended X-ray Absorption Fine Structure
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X-ray Emission Spectroscopy (XES)
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X-ray Emission and Photoemission

XES and PES, the same final state

Photoemission
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Radical Atomic Interaction
Radical N, breaking internal bond
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Intensity (arb. units)
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nt—Orbital Interaction

N, gas phase N, on Ni Allylic Configuration
n-Orbital structure of 3 atoms
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o-Orbital Interaction

N, gas phase N, on Ni

Nilsson and Pettersson, Surf. Sci. Reps. 55, 49 (2004)
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P. S. Bagus and K. H. Hermann, PRB 33, 2987 (1986)



X

CO adsorption
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Charge Density Difference Plots
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Intensity (arb. units)

CO Adsorption in Different Sites
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Compensation Bonding and Repulsion
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Polarized X-rays Orientations and Directions
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Probing Charge orientations and Spin directions



	Computational Modeling�of�Inner-Shell Spectroscopies
	 Features of X-ray spectroscopy
	Slide Number 3
	Core-Level Spectroscopy
	X-ray Photoelectron Spectroscopy (XPS)
	XPS
	Final State Screening
	XPS Adsorbate Final State Screening
	XPS Z+1 Approximation
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Water d-band Model
	Slide Number 14
	Slide Number 15
	Water Bonding Interactions
	Slide Number 17
	X-ray Absorption Spectroscopy
	Experimental Details
	Comparison XPS and XAS
	Valence Shell Properties
	Chemical Sensitivity
	Final State Rule
	Transition Metals
	Properties of 3d Metals
	Initial State Rule
	CO and N2 p* Chemical Shift
	Shape Resonances
	Linear Dichroism
	Molecular Orientations
	EXAFS
	X-ray Emission Spectroscopy (XES)
	XAS to XES Spectroscopy
	X-ray Emission and Photoemission
	Radical Atomic Interaction
	The d-band Model
	Atomic Adsorbates 
	Atom Selectivity
	p-Orbital Interaction
	p-bonding
	s-Orbital Interaction
	CO adsorption
	Charge Density Difference Plots
	CO Adsorption in Different Sites
	Compensation Bonding and Repulsion
	Polarized X-rays Orientations and Directions

