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Terminology
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XPS:  X-ray Photolectron Spectroscopy is a technique to probe electronic structure of 

the occupied orbitals/bands, which provide surface sensitive (few nm) information 
on chemical composition of materials and their valence state structure

ARPES: Angle Resolved PhotoElectron Spectroscopy is a technique to probe dispersion 

relation of valence electrons

XAS:  X-ray Absorption Spectroscopy is a technique to probe electronic structure of 

unoccupied orbital/bands, which provide bulk sensitive (few microns) element 
selective information on local atomic structure

XES:  X-ray Emission Spectroscopy is a technique to probe electronic structure of the 

occupied orbitals/bands, which provide bulk sensitive (few microns) element 
selective information on charge, spin and valence band density of states

RIXS:  Resonant Inelastic X-ray Scattering is a photon-in photon-out spectroscopy 

technique to probe electronic excitations resolved in energy and momentum



1. Introduction to core level X-ray spectroscopy

2. X-ray absorption spectroscopy and dichroism 

3. X-ray photoelectron spectroscopy and its angular dependence

4. X-ray fluorescence and emission spectroscopy

5. Resonant inelastic X-ray scattering and related methods

6. Summary

Outline

04.11.2024 X-ray Free Electron Lasers - XFELs 4



5X-ray Free Electron Lasers - XFELs

X
-r

ay
in

te
ra

ct
io

n
w

it
h

 m
at

te
r

source: [2]04.11.2024

Spectroscopy probes the 
dependence of 
transmission/absorption of 
photons by matter as a 
function of incident photon 
energy. Absorption process 
may be probed also by 
probing the intensity of 
secondary particles, such 
as fluorescence photons 
and Auger/photoelectrons.



X-ray fluorescense and Auger emission
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source: [2]

photoelectron

Auger electron

absorbed photon

emitted photon

Photoabsorption and 
photoelectron emission are 
primary processes 

Fluorescence and Auger 
emission are secondary 
processes observed as an 
effect of electronic 
relaxation of the electronic 
structure excited by 
absorption of photon energy



Information depth
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few microns

XES, RIXS, etc. 
Fluorescence XAS

Probing depth of X-ray 
spectroscopy depends on 
the particles probed. In case 
of the detection of photons 
it is of the order of microns 
to millimeters, while in the 
case of electrons it is in the 
order nanometers



Electronic structure of matter
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source: [2]

Isolated atom  Molecule            Solid materials 

metal    semiconductor            insulator

 CB → conduction band
 VB → valence band 
 EF    → Fermi energy
 Eg    → energy gap

Energy of X-ray photons (from 
~100eV to >10keV) is high 
enough to excite electrons from 
the strongly bound orbitals, 
namely the core orbitals



Corel level X-ray spectroscopy
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Empty

Valence

Core

Fixed photon energy Variable photon energy



Fixed photon-in energy    Tunable photon-in energy

X-ray absorption spectroscopy
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XPS    XES XAS                  RIXS

photon-in

photon-out

electron-out



X-ray absorption spectroscopy
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Absorption crosssection is proportional to density
of unoccupied electronic states at the energy

defined by the energy and momentum
conservation principles

Binding energy probed in XAS is characteristic for 
element/orbital. As such the method can be used

as element and symmetry selective probe
of unoccupied electronic states 

source: [2]

Dipol transitions

l = ±1

j = ±1; 0

s = 0

ℎ𝜐 ≥ 𝐸𝑏

E b
   

   
   

 



X-ray absorption experiment
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→ absorption spectrum

absorption
edges

transmission

electron yield / fluorescence

If

Absorption measured by

A

𝑇𝐸𝑌~𝐼0𝜇

XAS can be probed using
energy dependence of:
• transmission
• fluorescence
• electron yield



X-ray absorption near edge structure
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L3 absorption edge of the 5d-metals with 
different occupation of valence band

Sensitive to electronic occupation

K absorption edge of V compounds of 
different local structure and V oxidation state

Sensitive to local symmetry & hybridization



Angular and polarization dependence
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source: [2]

X-ray linear dichroism (XLD)

Dichroism: the difference 
in spectral shape observed 
at distinct orientation of 
photon polarization with 
respect to crystal/molecule 
orientation

Selective probe of 
structural anisotropy
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Fixed photon-in energy    Tunable photon-in energy

X-ray photoelectron spectroscopy
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XPS    XES XAS                  RIXS

photon-in

photon-out

electron-out



Eb

XPS principle
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source: [2]

X-ray photoelectron spectroscopy probes
the details of (occupied) electronic band 
structure with surface sensitivity and 
element selectivity

Probing depth depends on kinetic energy of 
photoelectron, Ee,  that is dependen on 
incident photon energy, hv



XPS applications
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Determination of surface chemical composition, 
including speciation of organic structures

Chemical shift
Position of the 
resonance
(binding energy)
depends on bond type 

source: [2]



XPS applications
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XPS spectra at temperature above 
and below the superconducting 
transition in V3Si show the shift of 
valence band maximum with 
respect to Fermi level

Determination of band 
gap in semiconductors
and superconductors

F. Reinert et al., Phys. Rev. Lett. 85, 3930 (2000)



Modern XPS setup
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source: [2] https://www.youtube.com/watch?v=jkbwOVWtHl8

URANOS at SOLARIS

Hemispherical analyzer combined with 
2D pixel detector allow for simultaneous
probing of energy and angle of emission 
(angular momentum) of photoelectrons 

http://www.youtube.com/watch?v=jkbwOVWtHl8


Angle resolved photoemission (ARPES)
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source: [2]

Energy density map (EDM)

Energy distribution curves (EDC)
Momentum distribution curves (MDC)Dispersion of electronic band structure, i.e. the dependence

of electron binding energy on momentum, E(k) can be 
probed in three directions of the reciprocal space



ARPES example – topological insulators
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Nonmagnetic impurities shift Dirac point 
towards Fermi surface

Magnetic impurities open energy gap, i.e. 
destroy topologically protected surface states

Y.L. Chen et al., 
Science  329, 659 (2010)
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Fixed photon-in energy    Tunable photon-in energy

X-ray emission spectroscopy
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XPS    XES XAS                  RIXS

photon-in

photon-out

electron-out



X-ray fluorescence 
(XRF) 
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Ni Kb

Energy dispersive

detector

Line intensity proportional to:
- concentration of the element
- absorption cross section
- transition probability

Line energy characteristic to:
- atomic number (Z) 

Non-destructive probe of 
chemical composition

source: [2]



x 8

x 500

Ka2

Kb1,3

Ka1

Kb2,5

X-ray emission spectroscopy 
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Energy resolution

XRF (silicon detector): ~120eV

XES (crystal analyzer):    ~1eV
background free

High Energy Resolution X-ray Fluorescence detection
Crystal 

analyzers

Sample

Detector

Non-destructive probe of 
chemical composition,

effective spin, and 
valence band structure 



Kb emission spectroscopy 
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Element selective 
probe of spin state 

and ligand structure 

Fe2O3 S=5/2

K3Fe(CN)6  S=1/2

K4Fe(CN)6  S=0

Experiment

Theory

P.Glatzel & U.Bergmann, Coord. Chem. Rev. 249, 65 (2005)

5430 5440 5450 5460

Kb''

Kb2,5

  VC

  V2O3

  V

Fluorescence Energy  (eV)

O & C (2s,2p) binding 
energy difference

X-ray emission spectra 
probed with 1 eV
resolution show a 
splitting of Kb resonance
(left) and allow to probe
valence band structure
(right). The former is
sensitive to spin state of 
the probed element in 
the sample, while the 
latter to the next
neighbour type and 
distance
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Fixed photon-in energy    Tunable photon-in energy

Resonant inelastic X-ray scattering
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XPS    XES XAS                  RIXS

photon-in

photon-out

electron-out



RIXS plane

09.11.2024 X-ray Free Electron Lasers - XFELs 30

Kramers – Heisenberg  formula

P.Glatzel & U.Bergmann, Coord. Chem. Rev. 249, 65 (2005)
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intermediate
states

ground
state



-

final
states

RIXS probes how X-ray
emission intensity
dependes on incident
X-ray energy. A typical
2D spectrum is pletted
as a function of 
Energy transfer (or
final state energy), 
which is the difference
between Energy of 
incident and emitted
photon

RIXS is especially
usefull to probe
resonant excitations in
strongly correlated
materials



RIXS plane
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High energy resolution 
fluorescence detected 
X-ray absorption 
(HERFD-XAS), i.e. 
constant emission
energy (CEE) 

Fluorescence detected 
absorption, i.e. constant

energy transfer (CET)

Final states of emission 
or resonant scattering
(X-ray Raman), i.e. 
constant incydent 
energy (CIE)

P.Glatzel & U.Bergmann, Coord. Chem. Rev. 249, 65 (2005)

Three distinct types of 
line-scans (spectra) 
may be extracted
from 2D RIXS plane



HERFD-XAS
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Background free detection 
and sharpening of absorption spectra (beyond that of life-time broadening) 

K. Kvashnina et al., Phys. Rev. Lett. 111, 253002 (2013)

HERFD at the U M4 edge

Dipole: 3d → 5f

04.11.2024



X-ray Raman scattering (XRS)
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high 
resolution
& large ET

high energy transfer 
features provide access 
to binding energies in 
the range of soft X-rays, 
but probed with (two)
hard X-ray photons

→ XAS-like bulk
sensitive probe of 
soft matter



Application of XRS
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Ph. Wernet et al., 

Science 304, 995 (2004)

Ice Ih

bulk

Ice Ih

surface

Ice Ih

NH3
- term.

surface

Liquid bulk
at ambient

Liquid bulk
25C & 90C

Z. Sun et al., Phys. Rev. Lett. 121, 137401 (2018)

Classical MD

Including proton delocalization
(variation of covalent bond length)

Local coordination 
of oxygen in water
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Summary

What kind of questions can be answered using X-ray spectroscopy:

• What is the chemical composition of the sample?

• What is the local atomic structure of the absorbing element 

(symmetry, type and distance of next neighbor, distortions)?

• What is the spin and valence state of the probed element?

• What is the valence band structure (dispersion, DOS, bandgap)?

04.11.2024

Depending on the type of particles detected (electrons or photons) 
it provides surface or bulk sensitive information
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