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Conservation of energy: 
•  near sample  :  Ekinetic = hν – Ebinding - Φsample 
•  near analyzer:  Ekinetic = hν – Ebinding - Φanalyzer 

monochromatic  
light 

kinetic energy  
to be analyzed 

Photoelectric effect: 





One-particle approximation 
•  Photoelectron Spectroscopy 
  --  “occupied” density of states 
•  Inverse Photoelectron Spectroscopy 
  --  “unoccupied” density of states 



Clean polycrystalline silver 

Ag: 1s22s22p63s23p63d104s24p64d105s1 

valence band 

hν = 1486.6 eV 

Fermi level 

3p1/2 
3p3/2 

3s 

3d3/2 

3d5/2 

4s 4p 
4d 

core levels 



Clean polycrystalline silver 

Ag valence band 

Fermi cut-off 

Ag 4d 

Ag 5sp 
Ag is a metal 

hν = 1486.6 eV 



Chemical composition of chromium oxide grown on MgO using NO2 

Cr 2s 

Cr 3p1/2 

Cr 3p3/2 

Cr 3s 
Cr 3p 

O 1s 

N 1s 



Chemical Environment 





Why extra peaks in Cu 2p core level of CuO ? 

Binding Energy (eV) 

Can we understand the spectral lineshape ? 



Why extra high energy peaks in VB of CuO ? 

Can we understand the spectral lineshape ? 

Binding Energy (eV) 

exp LDA 

exp LDA 

exp 
LDA 



These are incorrect statements: 
“ground state d-bands“ 
is an invalid concept !! 

True ! 

This is an incorrect statement: 
“initial state d-bands“  
is an invalid concept !! 



True ! 

This is an incorrect statement: 
“ground state d-bands“  

do not exists and  
can therefore not be measured 

This is an incorrect statement: 
“ground state d-bands“  

do not exists and  
can therefore not be measured 



Ashcroft and Mermin: Solid State Physics, page 309 

"unoccupied" 

"occupied" 



Photoelectron spectroscopy and correlated systems 
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energy level diagram 

H2 molecule model 
one-electron approximation 

2t 

spectrum 

2t 

EF 

photoemission 
inverse 

photoemission 

2t 2t 
triplet singlet Et – Es = 2t 

too large !! 



H2 molecule model 
Hubbard model 

total energy level diagram 
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Et–Es ~ 4t2/U 



H2 molecule model 
Hubbard model 

total energy level diagram 

a1b0, a0b1 
2t 
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H2 molecule model : Hubbard model 

EF 

M S 

bonding anti-bonding bonding anti-bonding 

S M 

Egap =  U2 + 16t2   - 2t     



H2 molecule model : Hubbard model 



Example: Ti2O3 
electronic structure and dimer formation 



Ti2O3
 

~101 

500 K 300 K 

!  gradual transition 
!   ~101 change in ρ 

Metal-Insulator-Transition in Ti2O3 



c-axis dimer Ansatz for  Ti2O3 

•  Ti3+                             :   3d1, S=1/2 
•  Ti3+-Ti3+ pairs :   a1g molecular singlet formation " effectively S=0  



valence band photoemission on Ti2O3  single crystals 

O 2p Ti 3d 

room temperature : insulating phase 



valence band photoemission on Ti2O3  single crystals 

bonding 
anti- 

bonding 

U/t = 0 

U/t = 1 

U/t = 5 

U/t = 10 

U/t = 100 

Two-peak structure like in a H2 molecule model " 
(relative weights according to quantum mechanical interference effect) 

O 2p Ti 3d 

2t 
U/t ∼ 3 

room temperature : insulating phase 



Comparison experiment vs. C-DMFT 

bonding 
anti- 

bonding 

2t = 1.7 eV 

Poteryaev, Lichtenstein, Kotliar., 
Phys. Rev. Lett. 93, 086401 (2004). 

Chang, Koethe et al. (Cologne) 

too low intensity of anti-bonding peak ?! 
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Ti 2p core level XPS: experiment vs. multiplet theory 

c-axis dimer 

single-site 



What%happens%across%the%Metal%Insulator%Transi3on%?%

Ti2O3
 

500 K 300 K 

!  gradual transition 
!   ~101 change in ρ 
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Koethe et al., PRL (2006) 
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Let us go back to the black board ....  





A{ } 
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PES/IPES spectral weights 



δ = % -





H2 molecule model : Hubbard model 



Concluding remarks : 
Photoelectron Spectroscopy: ideal to study electron correlations 

H2 Hubbard model 

One-particle approximation 

•  photoemission: 
  ---  “occupied” density of states 
•  inverse photoemission:  
  ---  “unoccupied” density of states 

Many-body framework 

photoemission: 
“valence band” 

inv. photoemission: 
“conduction band” 

" ω 

 
ρ k(ω) = 1/π * |Im Gk (ω)| 


