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Current strategies for data-analysis
In (very) brief:
1) X-ray fluorescence spectroscopy: peak-fitting techniques 

for qualitative and quantitative analysis.
2) X-ray absorption spectroscopy: mainly refinements using 

advanced simulation techniques (typically multiple-
scattering calculations). For XANES calculations follow 
the Benfatto’s lecture. 

3) For x-ray absorption near-edge structures of real 
materials other empirical approaches are often used 
such as pre-edge peak fitting, linear combination of 
standards and principal component analysis (follow also 
the next Meneghini’s lecture).
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Peak-fitting of XRF spectra
→ XRF spectra of dense samples can be collected in few 
milliseconds with modern X-ray sources and solid-state detectors. 
2- or even 3-dimensional maps of XRF data can be collected, with 
each pixel in the map holding an XRF spectrum.

A basic XRF spectrum from a solid-state detector – a silicon drift detector – as displayed in the XRF Display program is shown below. The spectrum consists of two arrays of a 
few thousand points: an energy array that holds energy at each point (or “channel”) in the array and a counts array that holds the counts in each channel.

→ Peaks correspond to characteristic X-ray emission lines from 
the elements. Furthermore, the intensity of each peak can be used 
to infer the concentration.

→ XRF spectra are relatively easy to interpret: the characteristic 
emission energies for each atom are well known to high precision 
and the absorption and emission probabilities are known to pretty 
good precision. In this sense, a crude approach to XRF analysis is 
to use the area under the appropriate peaks as a quantifiable value 
for the elements abundance. 

→ The complications for quantitative analysis of XRF spectra are due mostly to:
1. Photon-in photon-out x-ray attenuation effects in the sample (high and non-linear dependence on the atomic 
number of the elements µ~Z4E-3).
2. Overlaps of elemental peaks which is also favored by the relatively poor resolution of solid detectors. 
3. Detector response and artefacts. Resolution, quantum efficiency and saturation effects can affect and distort 
collected spectra.
Quantitative analysis can be performed by most commercial softwares associated with solid-state detector 
multichannel chains. To be used with caution but reasonable results in most cases. 

SR-XRF map of fluid inclusions in U deposits
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Peak-fitting elemental analysis

The usual refinement strategy for XRF spectra is to reproduce the experimental spectra by 
adapting a background shape (usually a piecewise polynomial function) and a series of distinct 
peaks typically represented by Gaussian functions. The parameters of the Gaussian functions 
are simply related to the peak positions, which correspond to well-defined elemental x-ray 
emission energies. In figure we have a composite sample. The width of the peaks is usually 
associated with the detector resolution, while the intensities (area) of the peaks are related to 
the amount of selected atomic species. Specialized commercial software are usually available 
for such analysis.
Elastic and inelastic Compton scattering components near the excitation energy are also 
detected. Strong components may be partially attenuated by filters.
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The XAS fine structure

Near-edge (XANES): full multiple-scattering simulations (muffin-tin or beyond muffin-tin 
approximations). In complex real materials empirical approaches are often used such as 
pre-edge peak fitting, linear combination of standards and principal component analysis. 

Distinct multiplet energies are quite robustly 
correlated with electronic and local atomic structure 
of the metal and its ligands. Peak-fitting with 
Lorentzian, Gaussian or Voigt functions.The energy 
resolution of XANES measurement continues to 
improve, so this is becoming a clearer and a richer 
resource for spectral analysis.

Spectra of complex substances may be reproduced by 
linear combinations of standards like in this simple case of 
a mixture of CuO and CuO2 oxides.
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Modern XAS data-analysis

χ (E )=
μ (E )−μ0 (E )

μ0 (E )

The absorption coefficient (a in figure) is modelled as a sum 
different contributions including background and properly
normalized structural signals: 
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Structural and non-structural
parameters are refined in a single
minimization procedure. No need
of Fourier filtering.
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Background: multi-electron excitations

Multi-electron excitation channels: contribution may be of the order of 1% of the 
single-electron (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 (within GNXAS). Inclusion 
is necessary to get quantitative agreement with the data.

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

Very important for disordered systems (weaker 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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Examples of (standard) modern EXAFS data-analysis

http://gnxas.unicam.it

The backbone of the GNXAS package is 
composed of three main codes, in the 
logical sequence they are:

1) PHAGEN, potential and phase shift 
generation.

2) GNXAS, signal calculation for reference 
geometries

3) FITHEO, advanced fitting of raw 
experimental data

Two other programs prepare automatically 
the input for PHAGEN and GNXAS starting 
directly from model molecular position or 
crystallographic data. 

4) CRYMOL, allows to treat complex 
molecular and crystallographic structures 
providing input information for PHAGEN, 
GNPEAK, and XANES; the program 
identifies prototypical phase-shift atoms 
and select a suitable cluster of atoms for 
successive XAS calculations.

5) GNPEAK, is based on a general 
algorithm able to identify inequivalent two-
body, three-body and four-body 
configurations in specified atomic 
aggregates.

The current distribution includes several 
other utility programs and versions for 
Linux, Mac OS, Windows, as well as a 
graphical interface w-GnXAS.
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Example: gas-phase SiCl4

 

Si K-edge EXAFS 
data  (published 1992)

Resonances 
and molecular 
bound states in 
the
XANES

1s2p double-
electron 
doublet channel 
(~1%)

Noise level
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SiCl4 – XAS signals

* Si-Cl and Cl-Si-Cl multiple-scattering signals (cn) 
calculated for this molecular configuration
* Two-body Si-Cl (g(2)) and three-body (g(3)) Cl-Si-Cl 
signals for the same molecule
*Multiple-scattering and three-body contributions
are clearly visible.

Si-Cl Cl-Si-
Cl

Si-Cl 

Cl-Si-
Cl
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GnXAS-EXAFS structural results

→ Good agreement with electron
diffraction data (in tetrahedral 
Si-based molecules)  

→ Need of account for important 
double-electron 1s2p channels

→ Multiple-scattering is observed 
also in this open structure

→ Fourier transform is not useful
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Angle-dependence of MS effects 
→ MS in molecules 
and crystals are 
always important and 
become dominant for 
scattering angles 
larger than 150 degs

MS simulations for molecular fragments relevant for
metal biomolecules (Fe-O-O, Fe-CN-Cu) show that 3 and 4-body
amplitudes largely exceeds two-body signals near extremal 
angles → measuring bond angles in complex substances! 
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MS in molecules- an extreme case

Linear 
molecule

Gas-phase S K-edge 
EXAFS data collected 
during the last night (25 
April 1993) of operation of 
ADONE at the PULS 
beamline

→ Good agreement with known 
electron diffraction data, new info on 
angle distribution and correlations  

→ Need specialized expressions to 
treat the extremal case of a collinear 
three-body distribution (confirmed)

→ Three-body MS is dominant
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Crystals: f.c.c. (1st shell)
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Crystals: f.c.c. (2nd shell)

Signal
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Crystals: f.c.c. (2nd shell)
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f.c.c.: third shell

Signal
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f.c.c.: third shell
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f.c.c.: fourth shell

Signal
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f.c.c.: collinear configurations

Signal

Collinear configuration

new


R1R'''1

,180
f



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

1
)



Di Cicco -  09/2024 School on Synchrotron Radiation 25

Refinement of crystal Pd at 296 K

Pd-Pd 1st shell

Pd-Pd 2nd shell (90 deg)
3-body 60 deg
3-body 120 deg p1
3-body 120 deg p2
Pd-Pd 3rd shell (120 deg) 
3-body 180 deg p1
3-body 180 deg p2
Pd-Pd 4th shell (180 deg)

Two-body (Pd-Pd) and three-body (Pd-Pd-Pd) configurations included up to the 4th neighbors 
(only 15 parameters, 13 structural + E0 and S0^2).

Very good agreement with crystallographic data 
and with previously published vibrational 
amplitudes.



Di Cicco -  09/2024 School on Synchrotron Radiation 26

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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XAS particularly useful in disordered matter

Typical systems:

1) gases, liquids (thermodynamical 
equilibrium)

2) amorphous solids (including glasses, 
plastic/polymers, gels)

3) disordered thin films/ill-ordered 
nanostructures/alloys and composites

Main advantages: 

1) chemical selectivity 

2) local probe, highly sensitive to short-range

3) experiments accessible under various sample 
environments

4) probing metastable and transient states

Standard experimental techniques for structural studies include x-ray and neutron 
diffraction, as well as spectroscopies like Raman scattering

XAS is powerful and highly complementary to the other techniques, but is blind to long-
range correlations and needs complex data-analysis

Courtesy www.bnc.hu

Pair distribution function
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XAS and atom distributions (disorder)

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

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

See review paper and refs. therein: A. Di Cicco and F. Iesari, PCCP 24, 6988 (2022).
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Accuracy of RMC-GnXAS: molecules

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

A. Di Cicco et al., J. Chem. Phys. 148, 094307 (2018), A. Di Cicco and F. Iesari, PCCP 24, 6988 (2022). 
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Noise and uncertainty on structure refinements by 
RMC-GnXAS

Other factors among many contributing to the uncertainty on reconstructed structure: 
1) k extension of the XAFS data; 2) number and type of data sets (multiple-edge XAFS, 
partial g(r)/n(r) distributions obtained by diffraction; 3) number of atoms of the RMC simulation 
box (roughly of the same order of the data points).
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RMC-GnXAS in crystals: c-Ge

Warning! In crystals correct long-range constraints must be used to retain the crystal structure
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Multiple-edge RMC-GnXAS on crystals:AgBr 



Di Cicco -  09/2024 School on Synchrotron Radiation 35

RMC-Gnxas in amorphous and liquid systems
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XAS of elemental liquids
Elemental liquids represent the 
simplest example of condensed 
disordered system under 
thermodynamical equilibrium.
Measuring XAS of elemental liquids 
require solutions for sample design 
and high temperature conditions 
(with some notable exceptions like 
liquid Hg, Ga)
Advances in experimental 
techniques allowed us to obtain 
accurate XAS measurements under 
controlled high-pressure and 
temperature conditions 
Phase transitions can be 
continuously monitored by a 
combination of techniques
XAS has unique capabilities for 
measuring local structure of deeply 
undercooled liquids 

 

Examples of open problems:
Icosahedral ordering in close-packed liquids
Poly(a)morphism of the liquid → existence of liquid-

liquid transitions 

➢Polymorphic substances may show 
transitions also in their disordered 
phases (glass, undercooled liquid, 
liquid) 
➢This phenomenon is known to 
occur for amorphous ice under 
pressure, and has been suggested 
in other open-structure amorphous 
(or deeply undercooled) systems 
(low-density tetrahedral C, Si, Ge ..)
➢Indications for liquid-liquid 
transitions in polymorphic metals 
(for example Sn, Bi) were also 
obtained by different techniques.

➢Our XAS investigations regarded the occurrence of 
transitions in the Sn, Bi (undercooled) liquids under 
pressure, as well as in amorphous Ge and chalcogenides
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Sample design and combination of x-ray techniques for 
measuring liquids
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Liquid Ni: unique insight on liquid structure
Pinning liquid and 

solid phases at 
high temperature 
by single-energy 
Tscan

→ Short-range of the liquid reconstructed by 
accurate multiple-scattering XAS data-
analysis.  
→ Pair and angular distributions obtained by 
Reverse Monte Carlo simulations (1372 
atoms) using both XRD and XAS data, 
compared with results of accurate MD 
simulations

Refs:  J. Phys. Condens. Matter 17 S135 (2005), Physical Review B 89, 
060102 (2014)   

High-quality EXAFS spectra, differences 
among liquids at different temperatures
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Local geometry in close-packing liquids

Spherical harmonics invariants

Common neighbor analysis

Trend of icosahedral 
ordering in 
different close-
packing liquids 
probed by XAS: 
significantly 
reduced in 
liquid Cd (hcp 
with anomalous 
c/a ratio in the 
solid phase) 

RMC-XAS results validated 
also by MD simulations
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Polymorphism at high pressure: Sn

Polymorphic solid → polymorphic liquid? 
Undercooling at high pressure?
Metastable solid states?
Tin,  an “easy” example..
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Sn: undercooling and nucleation to 
metastable phases under pressure
Sn K-edge XAS 

experiment @ ESRF

Deep undercooling of Sn 
submicrometric grains 
(mixed with LiF and 
BN)

We observed an abrupt change in the 
undercooling limit of liquid Sn above 2 
Gpa, where nucleation to the Sn-III 
metastable solid phase take place 

Temperature scans for 
increasing pressures

XAFS of liquid Sn, 
undercooled liquid and 
solid Sn-I and Sn-III are 
very different!
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Liquid Sn: mixture of tetrahedral and close-packing configurations 
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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
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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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