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3 Photoelectron analyzer 
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4 Single-particle system freie Elektronen : 

* 
Solid-state potential  V(x) 

Heavy-fermion system 

1 - dim. solid state: 
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5 Quasiparticles properties (Kai Rossnagel) 
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6 Weak correlations 
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7 Moderate correlations 
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8 Strong correlations 
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9 Nobel prize to X-ray spectroscopy work 
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10 Non-correlated materials 

solid state 

potential averaged 
over all electrons 

single-particle 
calculations, 

LDA approach 

negligence  
of electron correlations 

Problem: 
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11 Correlated f-materials 

Periodic table 
of the elements  

Lanthanoide 
: 

Electron configuration: 
n m 2 

[Xe] 4f  5d   6s 

Atomic 
potential 

 f - electrons 
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12 Correlated f-materials 

T. Jeong and W.E. Pickett,  
J. Phys.: Condens. Matter 18 (2006) 6289 

YbRh2Si2 

LDA band structure 

LDA + U approach 
band structure 

heavy-fermion compound 

fully relativistic band structure 

heavy-fermion/Kondo systems 
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13 ARPES, basics (Kai Rossnagel) 
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K. Rossnagel, et al. Uni Kiel 

ARPES, basics 
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K. Rossnagel, et al. Uni Kiel 

ARPES, basics 
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YbIr2Si2 
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Light-polarized ARPES on heavy-fermion YbRh2Si2  
(S. Molodtsov, et al.) 
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YbIr2Si2 

4 

3 

2 

1 

E F 

B
in

di
ng

 E
ne

rg
y 

(e
V

) 

-10 0 10 
Emission Angle (o) 

Light-polarized ARPES (YbRh2Si2) 
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19 Light-polarized ARPES (YbRh2Si2) 
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20 

Excharge (He) lamps – VUV/Extreme Ultraviolet 
Röntgen (Cu) tubes – Soft/Hard X-rays 

 
Disadvantages: (i) low intensity; (ii) discrete spectrum; (iii) no time structure 

 
  Revolution with synchrotron radiation !!!  

Spectral range and radiation sources 
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Synchrotron Radiation 
  

Synchrotrons/Storage Rings 
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22 Synchrotron Radiation (dipoles) 

P – radiated power; c – light velocity; q – particle charge; a – acceleration; ν - normalized energy 
 

P = (3c3) -1 2q2 ν4 a2  
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23 Synchrotron radiation (undulators) 
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24 Synchrotron radiation (sources + exp. stations) 
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25 

linear polarization                                              circular polarization 

Synchrotron Radiation (light polarization) 
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Spectroscopic toolbox:  
X-ray photoelectron spectroscopy, ESCA 
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Yb 

Rh 

Si 

Surface 

Bulk 

Characterization of cleaved samples: YbRh2Si2  
(S. Molodtsov, et al.) 
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Crystal-field split f-states in Kondo systems 

- effective mass  
   mapping (transport 
   phenomena) 
 
- crystal field-split 
  4f states probing 
  (magnetic properties) 
 
- strength of electron 
  states correlation 
  (Kondo behavior) 
	



TK ~ 40 K TK ~ 25 K 
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* 
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Symmetry of f-states in YbRh2Si2 

circular left	

 circular right	



YbRh2Si2 YbRh2Si2 
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Dispersion of the 4f states around Γ where they hybridize to Rh d bands: Experiment & theory  

Heavy-fermion behavior in YbRh2Si2 
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High-temperature superconductors (S. Borisenko, et al.) 

LiFeAs	

CeFePO	



kink below Tc 

- which band is responsible for  
  superconductivity?  
 

- how large is superconducting gap? 
 

- how strong is electron pairing  
  (kink energy)? 
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What is missing? 

Electron system dynamics 
that is of the time scale order  

< 0.1 ps 

Probing dynamics one can decide, e.g. in favor of spin 
or phonon mediated mechanism of electron pairing both 

in superconducting and Kondo systems 
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          Time scales for dynamics 33 
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What is a picosecond? 

In 1 s  light travels 300 000 km 

In 1 ps light travels 0,3 mm 
 

Distance between earth and 
moon is 384 000 km 

34 
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Pump-probe experiment (K. Kummer, et al.) 

n  YbRh2Si2 

ARPES with MHz optical lasers 

4f states 
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36 Experimental setup 
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37 YbRh2Si2: Projected p-character band structure 
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Proof of principle pump-probe experiment 

Lifetime of ~100 fs was measured! 
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Pump-probe delay maps of the photoemission intensity above EF and results of fit analysis 

Angle-resolved pump-probe experiments 
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40 Lifetime of electrons above Fermi energy 

Jump in electron lifetime around Γ points at deviation from Fermi liquid theory and can be related to 
strength of correlation between d and f electrons. Effect depends on energy gap between d and f states.  

S.L. Molodtsov, European XFEL 



School on SR & FEL Based Methods, 4-15 April, 2016, Trieste  

But is it really time scale of Kondo 
(f-d) interaction? 

Cross sections of d and f electron  
excitations are extremely low at optical  

laser energies 

Go to hν close (high harmonic generation, HHG)  
or above (XFEL) 100 eV!  
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42 Photon sources for trARPES (Kai Rossnagel) 
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43 Study by destruction 
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44 Time scale of different interactions 
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45 What can be done with HHG sources? 
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46 What can be done with HHG sources? 
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47 Examples of pump-probe research 
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48 HHG and FELs: Complimentary tools  
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Problem to be solved: 
 

Please outline core-level PES spectra (intensity versus kinetic  
energy of electrons relative to the Fermi level) of an elemental  
sample that is characterized by electron-energy levels:  
3p – 18.3 eV (binding energy); 3s – 34.8 eV; 2p – 297.3 eV  
and 294.6 eV; 2s – 378.6 eV that are excited by radiation with  
wavelength 8.26 and 3.13 nm. Which element builds this  
sample?  

Problem  
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Thank you for your attention  
and  

see you again today 
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