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Camerino in 2009 and today

07/2016

11/2016

Central Italy 
earthquakes:
26 August 2016 
(6.0), 26 Oct 
2016(5.4,5.9), 30 
Oct 2016 (6.5), 18 
Jan 2017 (up to 5.5)
Situation slowly 
normalizing ...
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XAS group @Camerino

● Started in 1990
● http://gnxas.unicam.it

1992

1996
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Summary

● XAS in disordered systems
● Overview on underlying theory and data-analysis  
● Peak-fitting and RMC XAS structural refinements 
● Validation and accuracy of structural results on typical 

examples (gas, crystals)
● Elemental liquids: open problems, experimental and sample 

environment issues (pressure/temperature)
● Selected results: liquids/undercooled at high temperature, 

liquids and amorphous systems under pressure
● A quick look into new experimental challenges
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Why x-ray absorption 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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X-ray Absorption Spectroscopy
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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)



  Di Cicco ­  Krakow XAFS conf. ­ Jul 2018 10

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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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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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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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

Multi­electron excitation channels: contribution may be of the order of 1% of the 
single­electron (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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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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Beyond the peak-fitting approach

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

First refs. on the RMC­GNXAS 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 XAS structure refinements: molecules

 Single and multiple­edge XAS 
refinements of gas­phase systems 
(using MS simulations and and 
peak­fitting) 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 K­edge Br K­edge

(linear) (planar)

Phys. Rev. B 52, 15122 (1995)
Journal of Chemical Physics 109, 5356 (1998)
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Accuracy of RMC-XAS structure refinements

Multiple­edge XAS refinements 
provide reliable determination of 
the short­range structure in 
molecules and condensed 
matter (using RMC and peak­
fitting techniques)
 

A. Di Cicco et al., J. Chem. Phys. 148, 094307 (2018)



  24

Accuracy of XAS structure refinements: crystals

XAS refinements of simple 
crystalline systems (using MS 
simulations and peak­fitting) can 
probe the short­range 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) 

 

c­Ge 300 K

Ge (diamond) AgBr (rocksalt) 

Phys. Rev. B 52, 15135 (1995)

Phys. Rev. B, 62, 12001 (2000)
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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 high­pressure 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 close­packed 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 open­structure amorphous 
(or deeply undercooled) systems 
(low­density tetrahedral C, Si, Ge ..)
➢Indications for liquid­liquid 
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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→Recent  advances  in  data­analysis  and 
instrumentation allowed us to perform x­ray 
absorption  (XAS)  studies  of  liquids, 
undercooled liquids and glasses under high­
temperature  and/or  high­pressure 
conditions. Interest for physics, geo­science 
and material science.

 → XAS and single­energy x­ray absorption, 
combined  with  x­ray  diffraction,  gives 
information about structure and transitions.

XAS of disordered systems under extreme (static) conditions

Advances  in  XAS  data­analysis  (using  GNXAS/RMC)  allowed  detailed 
structural insight about pair and higher­order distributions. Recent applications 
to disordered matter  include liquid and undercooled liquid metals like Cu, Ni, 
Pd, Ga, Pb, Ag, Sn, In, Bi, molten salts, aqueous solutions and metal alloys, 
as well as amorphous systems like a­Ge and glasses like GeSe

2
 and As

2
Se

3
. 
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XAS/XRD experiments at high temperature

Nucl. Inst. & Methods in Phys. Res. B 93, 302 (1994)

ESRF BM29 (now BM23)
Our high temperature XAS 
experiments began in 
Frascati (ADONE), late 80s 
and then suitable setups for 
the furnace were used at 
LURE (Orsay), ESRF and 
Elettra (since 2009).
Simultaneous XRD/XAS 
spectra can be collected up 
to about 2500 K and more.

Rev. Sci. Instr. 71, 2422 (2000) 
and 74, 2654 (2003),
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Typical techniques for XAS at high (static) pressure

Now possible also at energy­scanning beamlines (microfocus)!
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Sample design and combination of x-
ray techniques for measuring liquids



  Di Cicco ­  Krakow XAFS conf. ­ Jul 2018 30

Liquid Ni: unique insight on liquid structure

Pinning liquid and 
solid phases at 
high temperature 
by single-energy 
Tscan

 → Short­range of the liquid reconstructed by 
accurate multiple­scattering 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)   

High­quality 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) 

RMC­XAS 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 Sn­I and Sn­III 
are very different!
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Liquid Sn: mixture of tetrahedral and close-packing configurations 
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Polyamorphism of Ge under pressure

● Ge/Si polyamorphism: competition 
between covalent and metallic bonding
Evidence of resistivity drop at 6 Gpa in a-Ge (Shimomura 
1974)

No clear evidence of transitions up to ~9 GPa by XAS 
(Freund 1990)

Evidence of a-Ge crystallization above 6 Gpa (Tanaka 
1991)

Evidence of metallization and LDA-HDA transition around 8 
GPa by Raman, XAS (A.D.C. et al. 2004, 2008) in a DAC   

Hypotetical PT diagram for liquid Ge (2-fluid model). A 
coexistence line and a metastability region (shaded) separates 
two liquids: low-density (covalent) and high-density (metallic). 

● Metalization is clearly seen at high pressure by Raman but 
XAS/XRD is needed to check whether the metallic phase is 
ordered or disordered. A detailed XRD/XAS study on 
different beamlines (BM29, ODE, GSCARS) was carried, 
corroborated also by MD simulations
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XAS results on amorphous Ge under pressure

Data collected at ODE beamline (Soleil) in dispersive mode (combined XAS/XRD)
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LDA-HDA transformation in a-Ge

HP XAS experiments were 
carried out both at ODE 
(Soleil, dispersive mode) 
and at GSCARS (APS, 
Argonne, energy­scanning)

XAS experiments and MD simulations indicates that a low­
density to high density transformation (LDA­HDA) occurs 
around 8 GPa, followed by crystallization above 10 GPa.  

First XAS evidence   → Phys. Rev. B Rapid Communication 69, 201201 (R) (2004) 

Raman + XAS   → Phys. Rev. B 78, 033309 (2008)

Raman + XAS + simulations/XRD   → Phys. Rev. B 80, 115213 (2009) + several papers on High Pressure Res.

Ab­initio computer simulations­­> J. Phys.: Condens. Matter 28, 015401 (2016)
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Chalcogenide glasses: LDA-> HDA in GeSe2

Metallization 10­15 Gpa
No crystalization up to 30 

GPa
Increase of average bond 

distances (around 10 Gpa), 
variance and coordination 
number above 10 Gpa

Transition from tetra to 
octa­hedral geometry 
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Chalcogenide glasses: evolution in As2Se3

Gradual metallization, evident 
at 10­15 Gpa

No crystalization up to 30 Gpa
Continuous increase of As­Se 

average bond distances,variance
No visibile changes of 

coordination numbers (3 for As, 2 
for Se), changes involve 
intermediate order

 As K­edge is red­shifted, Se K­
edge is not   indication of →
different degrees of 
delocalization at different atomic 
sites

XRD­ Loss of 

intermediate range order
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Gradual elongation and 
disordering of As­Se bond 
distances (XAS)
Asymmetry of the distribution
Loss of intermediate ordering 

for increasing T,P (XRD) 

Li
qu

id

Glass



  Di Cicco ­  Krakow XAFS conf. ­ Jul 2018 40

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

Changes 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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