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spectroscopy: the EXAFS technique
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Photon-matter interaction processes

Light-matter interaction:

- photoelectric effect (absorption), 
- elastic scattering (Rayleigh), coh

- inelastic scattering (Compton), incoh

- pair prodution, e- – e+ , 

E = 0.1keV  to 100keV
  = 100 Å    to   0.1 Å

Photoelectric absorption is the
dominant effect in the x-ray range 
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Photoelectric absorption



Di Cicco -  09/2021 1st on-line School on Synchrotron Radiation “Gilberto Vlaic” 4

The one-electron picture
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The fine structure

Fine structures first reported in 1920 by Kossel
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XAS and XRF
● X-ray Absorption Spectroscopy 
(XAS) and X-Ray Fluorescence 
spectroscopy (XRF) are inner-shell 
spectroscopies (the x-ray photon 
interacts primarily with a deep-core 
electron – single electron 
approximation)

● Spectroscopy here means that 
we are measuring specific 
physical observables as a function 
of the photon energy (photon 
transmittance,  fluorescence 
intensity, electron yields).  

Photon-electron 
interaction

Photon absorption - 
electron excitation

Photon out                                                     electrons out 

RELAXATION MECHANISMS



Di Cicco -  09/2021 1st on-line School on Synchrotron Radiation “Gilberto Vlaic” 7

X-ray absorption in transmission mode

It is the preferred method for XAS experiments in the hard x-ray 
range for accurate, reliable and low-noise measurements

High flux of photons (synchrotron) → high counting rates, low 
noise (better than 104 signal to noise ratio)

Linear detectors in a wide range (ionization chambers)
Tricks of the trade (many)

Sample of appropriate  uniform 
thickness (micrometric-calculated 
for optimal absorption jumps)

Optimal setting of the beamline 
(pressure and gas of ionization 
chambers, collimation and 
positioning of the beam at sample 
position) + …………..many  
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Fluorescence and Auger yields

● Fluorescence de-excitation 
mechanisms largely prevail for 
K-edge hard x-ray absorption 
measurements. Auger and 
electron yield are used mainly 
for soft x-ray measurements
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X-ray fluorescence

Mostly used in the hard x-ray 
regime for dilute atomic 
species/samples

Precautions must be taken 
for thick samples (corrections 
for self-absorption and 
increased background, 
filterss)

High-tech solid-state 
detectors can improve 
collection statistics (the 
selected „ROI” contains 
usually only a small portion 
of the signal)

  

Fluorescence emission in Br 
solutions of increasing 
concentrations

Fluorescence emission in a 
complex glass (element analysis)
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Electron yield techniques

●Especially useful for in the 
soft x-ray range

●Surface sensitivity
●Different options for 

measuring x-ray 
absorption (Auger yield, 
total or partial yield)

●Usually needing high 
vacuum 
technology/conductive 
samples
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X-ray Absorption Spectroscopy: 
synchrotron radiation experiments

XAS – X-ray Absorption Spectroscopy
XAFS – X-Ray Absorption Fine Structure

EXAFS – Extended XAFS

Transmission 
mode 

and/or
Photon-in, 
photon-out 

(fluorescence 
mode)

and/or 
electron yields

+… x-ray 
diffraction/laser 

beams
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X-ray absorption: simple picture

Isolated atom                                     condensed matter
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Photon

Core level

Fermi level

Photon

e-

Core-electron Photo Absorption

5~10 Å

The excited electron range is limited 
by the lifetime of the excited state. 
Thermalization of the highly excited electron 
is fast and interference processes are lost 
at long range 
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XAS – photon pump/electron probe

Due to the finite lifetime of core-hole and the mean free 
path of excited electron, we need to consider only a 
cluster in few Å size 

→ EXAFS is sensitive to the local structure!
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XAS interference effect

0 200 400 600 800 1000
E [eV]

Constructive interference
maximum

Destructive interference
minimum

outgoing photoelectron

scattered photoelectron

The absorption coefficient is affected by the interference processes contributing to the final 
photoelectron state, so information about the local structure can be derived looking at the 
modulation of the absorption signal
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The XAS structural signal
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χ (E )=
μ (E )−μ0 (E )

μ0 (E )

χ (E )=
μ (E )−μ0 (E )

μ0 (E )

Pre-edge background

E0

The XAS structural signal is the 
normalized modulation of the absorption coefficient

→ The absorption coefficient of the selected 
core level must be isolated removing the 
pre-edge background absorption and 
possible other smooth background 
contributions: (E)=expt(E)-b(E)

→The atomic absorption normalization can 
be approximated by cross-section 
calculations of 0(E) (hydrogenic 
approximation for instance):  0(E)= J0(E)
here J is the absorption discontinuity at the 
edge D(E0)
→ Sometimes the approximate form
is used neglecting the energy dependence  χ (E )=

μ (E )−μ0 (E )

Δμ0 (E 0)

J
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XAS (EXAFS) at a first glance

The XAS structural signal χ(k)k)) is 
a regular oscillation as a function
of the photoelectron wave-vector k): 

Standard EXAFS formula
(oversimplified)

Pt L3-edge XAS 
of crystalline Pt 
and different 
nanocrystalline 
forms 

Ni K-edge XAS 
of liquid Ni at 
different 
temperatures 
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Example of XAS sensitivity (distances)

Pt – 6 Pt

R
Pt–Pt

= 3.42 Å

R
Pt–Pt

= 2.77 Å

Main effect: 
frequency change.

Higher frequency→ 
longer interatomic 
distances R
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XAS sensitivity (number of neighbors) 

Pt – 6 Pt

Pt – 12 Pt

Main effect: amplitude 
change.

The amplitude scales 
linearly with the 
number of neighbors 
(N)

The amplitude of the 
signals is also 
exponentially damped 
in k2 through a 
disorder factor 
(Debye-Waller Like)
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Example of XAS sensitivity (chemistry)

Pt – 6 O

Pt – 6 Pt

Main effect: k-
dependent 
amplitude change
Minor phase 
change effects are 
present too 

The amplitude 
depends on the 
scattering power of 
the neighboring 
atoms (related 
roughly to the 
atomic number)
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Interpretation of XAS



Di Cicco -  09/2021 1st on-line School on Synchrotron Radiation “Gilberto Vlaic” 22

XAS: Current computational strategies and approximations
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GnXAS collaboration
➢Main GNXAS development (k)1990-1996): A. Filipponi A. Di Cicco and C. 
Natoli

➢Collaborators contributing also to previous GnXAS work)shops and 
schools (k)1992-2013): P. D’Angelo, K. Hatada, F. Iesari, M. 
Minicucci, E. Principi, A. Trapananti, A. Witk)owsk)a ...

➢The Camerino XAS group is currently distributing GNXAS to the 
scientific community. Besides the Linux versions, there are 
executables running on MAC OsX and Windows (K. Hatada) and a 
new w-GNXAS (GuI) version.
➢Longstanding scientific activity in the last 30 years on XAS under non-
standard conditions carried out at ADONE (k)Frascati), LURE (k)Orsay) and 
since 1995 at the ESRF (k)Grenoble), since 2006 ELETTRA (k)Trieste), 
since 2007 at Soleil (k)Saclay).

➢http://gnxas.unicam.it Website

 

http://gnxas.unicam.it/
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Documentation

Guidelines for installation and 
usage are available at the 
website http://gnxas.unicam.it

Free downloading of 
executables)

Data analysis examples

Full documentation on GNXAS 
and related programs 
available (GnXAS red book 
2009)

http://gnxas.unicam.it/
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GNXAS data-analysis
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Modeling x-ray absorption using the MS theory

A. Filipponi, A. Di Cicco and C. R. Natoli, Phys. Rev. B 52, 15122 (1995)
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Geometry probed by propagators

Phys. Rev. B 52, 15122 (1995) – see refs. therein
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Chemistry – structure decoupling

Phys. Rev. B 52, 15122 (1995)
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Multiple-scattering expansion

Phys. Rev. B 52, 15122 (1995) – see refs. therein
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Multiple-scattering signals

Phys. Rev. B 52, 15122 (1995) – see refs. therein
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Single-scattering approximation
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High-energy limit
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MT single-scattering
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Plane-wave/small-atom approx.
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'EXAFS' formula
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MS signals vs structure
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The n-body expansion
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n-body XAS cross-sections

Original refs.: Phys. Rev. B 52, 15122 and 15135 (1995) 
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The XAS n-body expansion (GnXAS)

Original refs.: Phys. Rev. B 52, 15122 and 15135 (1995) 
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Irreducible n-body XAS signals

Phys. Rev. B 52, 15122 (1995)
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Three-body signals
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Irreducible n-body XAS signals
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n-body cluster analysis
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Ordering and selection of n-body signals
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Crystals: f.c.c. (Pt)

Signal
R

1
,2

1
, 

1

N
1
 (fixed to 12)
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f.c.c.: third shell

Signal



Di Cicco -  09/2021 1st on-line School on Synchrotron Radiation “Gilberto Vlaic” 47

f.c.c.: third shell

Signal

new


R1R''1

,
R1120 

,
120

f


N
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1
(‏
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f.c.c.: fourth shell

Signal



Di Cicco -  09/2021 1st on-line School on Synchrotron Radiation “Gilberto Vlaic” 49

f.c.c.: collinear configurations

Signal

Collinear configuration

new


R1R'''1

,
180

f


N
4
 (for f.c.c. = N

1
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Structural refinement of solid Pt

1st shell

2nd shell

120º + 3rd shell
60º

180º + 4th shell

135º + 5th shell

Only 15 structural parameters measuring average structure 
and correlated dynamics (up to 5th coordination shell)
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XAS relationship with atom distribution

http://gnxas.unicam.itA. Filipponi, A. Di Cicco and C. R. Natoli, Phys. Rev. B 52, 15122 (1995)
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Peak-fitting of the pair distribution

[1] A. Filipponi, Journal of Physics: CM 13, R23 (2001)
[2] Angela Trapananti and Andrea Di Cicco
Phys. Rev. B 70, 014101 (2004)

http://gnxas.unicam.it

solid KBr

hot solid

liquid     
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Configurational average
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Gaussian n-body distributions
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Gaussian disorder – simple limits
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XAS structural refinement strategy

 J. Phys. B, At. Mol. and Opt. Phys. 25, 2309 (1992)

Phys. Rev. B 53, 6174 (1996), Phys. Rev. B, 62, 12001 (2000) 

http://www.iop.org/EJ/S/UNREG/aGeGJ1bGVr25xYSheUC,oA/abstract/0953-4075/25/10/012
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Background: multi-electron excitations

Multi-electron excitation channels: contribution may be of the order of 1% of the 
single-electron (k)main) channel. Realistic calculations of those channels are 
extremely difficult, only energy onsets can be reproduced accurately.

Various model functions have been tested and used (k)within GNXAS). Inclusion 
is necessary to get quantitative agreement with the data.

Multielectron excitations were studied in a variety of cases (k)3rd to 6th period 
Elements) also using photoemission spectroscopy.

Very important for disordered systems (k)weak)er XAS signal).

AgBr (solid and liquid) 

Gaseous Br2, HBr 

Phys. Rev. B, 62, 12001 (2000) 
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XAS structure refinement 

AgBr for
Increasing temperature

Phys. Rev. B 53, 6174 (1996), Phys. Rev. B, 62, 12001 (2000) 

Lengeler and P. Eisenberger, Phys. Rev. B 21, 4507 (1980)

Phys. Rev. B 52, 15135 (1995) -see refs. therein
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Refinement procedures

Phys. Rev. B 53, 6174 (1996)
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Statistical analysis: noise

Amorphous Ge (300 K)  

Phys. Rev. B 53, 6174 (1996) 
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Statistical analysis
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Example: molecules
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SiCl4 – XAS signals
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GNXAS results
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Accuracy of XAS structure refinements: molecules

 Single and multiple-edge XAS 
refinements of gas-phase systems 
(using MS simulations and and 
peak-fitting) have been shown to 
provide an accurate tool for 
measuring the distance (and 
angle) distributions    

 Results have been found to be 
in agreement with electron 
diffraction data 

Accuracy in average distance 
determination can easily reach 
0.002 Ang.

New information on bond and 
angle distributions can be 
obtained 
 
 

S K-edge Br K-edge

(linear) (planar)

Phys. Rev. B 52, 15122 (1995)
Journal of Chemical Physics 109, 5356 (1998)
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Beyond the peak-fitting approach

RMC structural modeling http://gnxas.unicam.it

First refs. on the RMC-GNXAS method (applied to Br2 and liquid Cu):  Phys. 
Rev. Lett. 91, 135505 (2003) J. Phys. Condens. Matter 17 S135 (2005)    
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Accuracy of RMC-XAS structure refinements

Multiple-edge XAS refinements 
provide reliable determination of 
the short-range structure in 
molecules and condensed 
matter (using RMC and peak-
fitting techniques)
 

A. Di Cicco et al., J. Chem. Phys. 148, 094307 (2018)
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Accuracy of XAS structure refinements: crystals

XAS refinements of simple 
crystalline systems (using MS 
simulations and peak-fitting) can 
probe the short-range distribution 
accurately 

 Structural results can enrich the 
information obtained by XRD/ND. 
→ Access to correlated vibrations 
(related to the phonon density of 
states) 

 XAS provides direct and unique 
information about the deviation from 
the harmonic approximation 
(gaussian distribution of distances) 

 

c-Ge 300 K

Ge (diamond) AgBr (rocksalt) 

Phys. Rev. B 52, 15135 (1995)

Phys. Rev. B, 62, 12001 (2000)
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A look on “new” developments ...
● XAFS measured by x-ray Raman scattering
● bulk-sensitive XAFS of light elements (like oxygen in water)

● This photon-in photon-out technique (low counting rate) is now readily 
availble (third generation synchrotrons) a

● High-quality XAFS at the O K-edge (543 eV) in water and ice measured 
at APS (Argonne) at the ID18 undulator beamline (6.9-7.5 keV) 
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Ultrafast XAS at FELs
Ultrafast XAS measurements at FELs can 

pump/probe (disordered) matter under 
extreme/transient conditions

Several shot-by-shot experiments were performed 
using hard and soft x-ray at different facilities 

Challenging experiments and new experimental and 
theoretical problems

C
hanges w

ith fluence

Al (100 nm) thin film, for EUV 
radiation and fluence above 1 J/cm2 
visible deviations due to saturation 
and electron heating effects are 
measured
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Conclusions

XAS techniques 
available at SR 
facilities useful for 
short-range structure 
refinement.

Advanced structural 
refinement is 
performed using 
multiple-scattering 
simulations (GNXAS)

Expecially useful for 
disordered/ill-ordered 
matter (liquids,  
nanomaterials...) and 
dilute systems also under 
extreme conditions

Atom-selective and use 
possible under various 
conditions (molecules, 
liquids, solids,interfaces, 
solutions...) also at low 
concentration 
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Additional slides



Di Cicco -  09/2021 1st on-line School on Synchrotron Radiation “Gilberto Vlaic” 74

Convergence



Di Cicco -  09/2021 1st on-line School on Synchrotron Radiation “Gilberto Vlaic” 75

4-body topology
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Multiple photoabsorbers
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n-body hierarchy
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Gaussian disorder
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Average of XAS signals
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