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• Photon is  
• Adsorbed 

• Elastic Scattered 

• Inelastic 
Scattered 

Incident photon interacts with electrons    
Core and Valence 

Photon Interaction 

• Electron is 
• Emitted 

• Excitated 

• Dexcitated 

 

Cross Sections 

Below 100 keV 

Photoelectric cross section 
dominates 

Spectroscopy 
 

Stöhr, NEXAPS spectroscopy 

Spectroscopy 

hν 

Valence electrons  Chemical Bonding 

Core electrons Non interacting 

Ionization Photoelectron Spectroscopy 
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Core Levels-Atom Specific Information 
X-rays probes core levels 

Element Sensitive Chemical Shifts 

Hufner, Photoelectron Spectroscopy Stöhr et.al 

Polarized X-rays Orientations and Directions 

        Probing Charge orientations and Spin directions 
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Core Level Spectroscopy 
Unoccupied states 

Occupied states 

Fermi level 

Core level 

Laser spectroscopy 

Excitations of valence electrons 

Photoelectron Spectroscopy 

kinb EhE −= υ

Hufner, Photelectron Spectroscopy 
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Core Level Electron Spectroscopy 

hv 

Electrons interact strongly 

Surface Sensitivity 

5-20 Å 

Dependent on electron kinetic energy 

Mårtensson et. al. Phys. Rev. Lett. 60, 1731 (1988) 

Energy Scales 

Binding energies  
• Solids relative to Fermi level 

Directly from spectrum  

• Gases relative to Vacuum level 

Determined using calibration gases with 
binding energies obtained from optical 
measurements 
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Binding Energies: Two Pictures 
Ground state picture 

εb	



Koopmans teorem 

Assuming the remaining electrons inert 

Relaxation 
Valence electrons change due to electron removal 

corrrelaxbb EE-E ++= ε

Difference in total energy picture 

bbE ε−= orbital eigenvalue 

relaxation energy 

correlation energy 

Final
TOT

Ground
TOTb EEE −= total energy of the whole 

system including all 
interacting atoms 

Chemical Shifts 

Chemical shifts of core levels of 
the same element due to different 
chemical surroundings 
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Spin Orbit Splitting 

-156 p)3(3ph3p ≈→+ υ
slJ ±=

For l = 1 and s = +1/2   J = 3/2 

       s = -1/2   J = 1/2 

Spin and angular momentum interaction 

1/23/2 3p and 3p spectrumin seen  lines Two

22/4)1J2/()1(2J
orbitals  theof population  by thegiven  lines  two theof ratio sIntensitie

1/23/2 ==++

3:4 ratio f and  f shell f
2:3 ratio d and d shell d
1:2 ratio p and p shell p

5/27/2

3/25/2

1/23/2

→→

→→

→→

Open shell interactions 

g1π

s1

Coupling between open shells 

O2 and NO paramagnetic molecules 

HOMO 

Σ2 Σ4

O1s O2

Open valence 4f shell for trivalent Yb 4f13 

Final state 4f12  

Multiplet splittings  
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Lifetime broadening 
The full width (Γ) of a spectral line is given by 
the lifetime (τ) of the final state	

 τ/=Γ
Valence hole states for free atoms no broadening 

Lifetime of core hole states is determined by sum of the rate for  all decay channels 

Auger and fluorescence (X-ray emission) 
fluoaug Γ+Γ=Γ

fluaug Γ+Γ=Γ

Stöhr, NEXAFS spectroscopy 

Core Level Binding Energy 
Difference in total energy 

Final
TOT

Ground
TOTb EEE −= total energy of the whole 

system including all 
interacting atoms 

Relaxation 

Change of valence 
electrons  
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Relaxation 
Metallic screening 

+ e- 

Electron transfer 
When N (electrons) are  2310≅

XPS binding energy is onset for XAS 

Image screening or polarization 

+

- 

-δ-δ

Electrostatic 

No mixing of electrons 
between ionized atom and 
surroundings 

No relationship between 
XPS and XAS 

Chemisorbed C on Ni 

Physisorbed O2 on graphite 

Z+1 Approximation 

Z 

+ 

Z+1 = 

The valence electrons can not approximately distinguish 
an extra charge in the core region or in the nucleus 

Core ionized final states 
C*O = NO 

Ni* = Cu 
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N2 and CO on Ni(100) 

Two different N atoms 

1.5 eV binding energy shift 

The same ground state for both atoms 

Final
TOT

Ground
TOTb EEE −=

N 
O

O 
N

N 
N ΔE=1.5 eV 

Difference in 
Adsorption 
energies 

N 
O

C 
O

C 
O

N 
O

ΔE=1eV 

 
Similar ground state energy 

Vibrations Core Levels 

C1s 

Core levels are non bonding orbitals 

No vibrational excitations expected? 

Relaxation in the ionized state 
Different potential energy curves 

Adsorbed CO on Ni 
Chemical shifted components 

Frank Condon Principle 
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Sudden Approximation 

( )rr 22Ψ

r 

Ionization much faster than motion of electrons 

Many different final states  He atom 

Monopole selection rule 

He 1s spectrum 

Satellites 

Ne 1s Shake up and off spectra 

2p—np and 2s---ns excitations 

H. Tillborg et al.jJ. Electron Spectrosc. Relat. Phenom. 62 (1993) 7%93 

c(2x2) 
Ni (1001 

mP- 
Y-*@-+ 

I I I I ,p%& 
296 292 255 286 

BINDING ENERGY (et’) 

Ni (100) /----d..‘~ . 
-4 

. . 

Ag(llO) _A- --?. 

BINDING ENERGY (eV) 

Figs. 3 and 4. Cls and 01s region from CO adsorbed on Ni(lOO), Cu(100) and Ag(ll0). For the 
two former substrates, the overlayer structures involve purely on-top adsorption sites. For 
CO/Ag(llO) the adsorption geometry and site is not known. 

and is contradictory to the recent model by LovrZ et al. discussed above 
[47], which suggested that the substrate excitations could modulate the 
satellite spectrum to a large extent in the case of image screening. The first 
shake-up peak appears at about 1OeV from the main line, and has been 
assigned to a-z * transitions split into three components because of 
exchange interaction. The features in the region 20-4OeV above the main 
line are due to excitations to Rydberg states, o--6* and double excitations 
[50]. However, this energy region is very complex and has not yet been 
interpreted in detail. 

In Figs. 3 and 4 we compare the Cls and 01s XP spectra for CO chemi- 
sorbed on Ni(lOO), Cu(100) and Ag(ll0) [33,52,53]. The low energy shake-up 
region is included, up to about 15 eV from the main line. The CO overlayer 
structures have been chosen so that a single adsorption site is occupied by 

Extreme shake-up intensities 
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Surface Core Level Shift (SLCS) 

eV 0.3E −=Δ

Variation across the 5d series 

Ground
TOT

Final
TOTb EEE −=

ΔES Surface segregation energy 
for Z+1 impurity in Z metal	



We have a lower binding energy for Au at the 
surface than in bulk for Pt (111)  

The more open surfaces have a larger ΔES 

Adsorbate Induced Shift 

N2 is physisorbed on Au 

CO is chemisorbed 

Pt is segregated to the surface in presence of CO 

CO forms stronger bonds to Pt compared to Au 
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Semiconductor Core Level Shifts 

Si(100) 

Surface reconstruction 

Oxidation of Si     Si/SiO2 interface 

Si2p chemical shift due to local charge on Si atom 

Electrostatic effects on Shifts 

C1s shifts for different compounds 

Correlation between local charge on ionized atom 
and binding energy shifts 

Only special cases with ligands with large 
difference in electronegativity 

Do not work for metallic systems 

RELAXATION changes the picture 

Difference in total energy is the correct approach 

Koopmans teorem 

Orbital eigenvalue 
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Photoelectron Diffraction 

N

N

Forward scattering zero order diffraction 

Molecular orientations 

For a full structure 
determination 

Energy dependent 
diffraction together with 
multiple scattering 
calculations 

Scattering angles at different energies 

Ambient pressure XPS (AP-XPS) at ALS BL 11.0.2 

Differentially-pumped electrostatic lens  
allows operation at p(H2O) < 5 Torr  
(equilibrium vapor pressure of water at +1 oC) 

p0 

X-rays from synchrotron 

to pump to pump 

p1<< p0  p2<< p1  

D.F. Ogletree et al., Rev. Sci. Instrum. 73 3872 (2002). 
H. Bluhm et al., J. Electron Spectrosc. Relat. Phenom. 150 86 
(2006). 

Ambient Pressure XPS 

538 536 534 532 530 528
Binding Energy [eV]

H2O OH 

TiO2 

H2O(v) 

H2O on TiO2(110) 
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Wettability tuned by the presence of OH: Cu(111)


Bridging the pressure gap: from UHV to near-ambient conditions


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

Core Level Spectroscopy 
Unoccupied states 

Occupied states 

Fermi level 

Core level 

Laser spectroscopy 

Excitations of valence electrons 
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X-ray Absorption Spectroscopy 

Molecular orbital or scattering picture 

Stöhr, NEXAFS 
spectroscopy 

1±=ΔlDipole selection rule 

1s       2p 

Ma et.al. Phys. Rev. A44, 1848 (1991) 

NEXAFS or XANES 

xxxxxxxxxxxxxxxxxxxxxxx 
Experimental details 
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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 

Valence shell properties 

molecules 
1±=Δl

Dipole selection rule 
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EXAFS 
Extended X-ray Absorption Fine Structure 

Interference of 
outgoing 
photoelectron and 
scattered waves 

[ ]∑ +−=
i

l
iii

l kkrkAk )(2sin)()1()( βχ

Nearest 
neighbor 
distance 

Coordination shells 

Chemical Sensitivity 

   Core level shifts 

             and 

Molecular orbital shifts 

Stöhr et.al 
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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 

Z+1 approximation 

CO and N2 π* chemical shift 
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Shape resonances 
Bond length with a ruler 

Intermolecular bond length 

C. Puglia PhD thesis 

aaaaaaa
qqqqqq
qqqqqq
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Transition Metals 
1±=ΔlDipole selection rule 2p      3d 

2p      4s 

Total intensity reflect 
number of empty holes 

Ebert et. al. 
Phys. Rev. B 
53, 16067 
(1996). 
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Properties of 3d metals 

Initial state rule 

The integrated spectral 
intensity reflects the 
number of holes in the 
intial state, ground 
state 
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Multiplet structure 

Polarized X-rays Orientations and Directions 

        Probing Charge orientations and Spin 
directions 
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Linear Dichroism 

    Molecular Orientations 

Surfaces, Polymers etc. 
Stöhr NEXAFS Spectroscopy  

Björneholm et.al. Phys. Rev. B47, 2308 
(1993) 

Molecular orientations 

π*	

π*	



σ*	


σ*	



Glycine on Cu(110)  loses acidic proton COOCH2NH2 

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

Hasselström et al. Surf. Sci. 407 (1998) 221.  
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Polarization Effects in X-ray 
Absorption 

X-ray Microscopy 
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Core Hole Decay 

fluoaug Γ+Γ=Γ

Core hole life time 

Sum of all decay 
channels 

XES one electron 
picture 

AES two electron 
interaction; complex 
Correlation effects 

Sandell et. al. Phys. Rev. B48, 11347 (1993) 

Resonant Processes 


