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XAFS is a local sensitive, chemical selective probe which 

may provide structural, electronic and even magnetic

details 

Zn

Subjective (Absorber) view of the local atomic 
structure in your sample



3

XAFS is a local sensitive, chemical selective probe which 

may provide structural, electronic and even magnetic

details 

• Applicable to materials in any aggregation state:

gas, liquid, solid, single crystals, powders,

amorphous, nanostructures, etc....

• Measurable from bulk to the highest diluted

samples (micro- and nano-molar)

• Versatile probe (bulk, surfaces, layered structures,

quantum structures, etc...)

• Simple experimental set-up and easy data

collection

• Fast (quick XAFS) and ultrafast (dispersive) data

collection

• Directional sensitivity (polarized XAS): to probe

structural anisotropy

• Element selective Magnetic state sensitive (XMCD)

Zn
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α(E)

EXAFS region: simple analytical formula suited for data 

fitting and easy structural refinement

Zn

XANES region:

• Hard theory 

• lack of an analytical 

expression

• long computation time
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Advantages of XANES based probes

XANES signal is stronger than EXAFS  

Damping of XANES signal due to structural disorder is weak

Info on: Electronic structure

(empty DoS) and structural 

topology

Restricted energy range

Simpler/faster data collection respect to EXAFS
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Applications of XANES spectroscopy 

systematically increases

2016

Google 
Scholar 
(title)

XANES

EXAFS
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XANES theory 
is complex 

XANES signal is dense of electronic, structural and 

magnetic and information

XANES signal is stronger than EXAFS:  
- less sensitive to data statistics, sample quality, beam intensity,

- can be measured on less concentrated samples,

- can be measured faster than EXAFS (time resolved experiments),

- can be measured at low energies (i.e. Carbon, Oxygen, Nitrogen K-edges.

Damping of XANES signal due to structural disorder is weak:

- Applications to extreme condition studies: High T, High P, High H....

Electronic structure (DoS) and structural topology:

- XANES features are specially sensitive to the valence state, coordination chemistry,

ligand symmetry of the absorber.

- Can be used as fingerprint for chemical speciation in mixtures and inhomogeneous 

systems.

Restricted energy range around the edge:

- Measurements at low energies (i.e. Carbon, Oxygen, Nitrogen K-edges)

- Fast data collection (time resolved XAS)

- XANES Microprobes (mapping) with sub-micrometer resolution

Chemical selective Magnetic information

- X ray Magnetic Circular Dichroism (XMCD) signal is an element specific probe for magnetism

- Sum rules at L2,3 edges allow distinguishing orbital and spin contributions to the magnetic moment of the 

photoabsorber

XANES are prone to 

simple  interpretation 

for simple and fast 

(semi-)quantitative 

analysis
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Deeper insight into the XANES region

Sulphur K edges: 
chemical shift as a 
function of valence 

state of S-ionsXANES features are strongly related to 

the coordination chemistry & geometry: 

number, kind and symmetry of ligands 
Absorption Edges (energy position and 

shape) definitively depend on the 

oxidation state of the absorber

Local symmetry and XANES in Ti4+ compounds

Ti4+

Fe K edges: 
representative XANES 

Fe in complexes 
R. Sarangi, Coord. Chem. 
Rev. 257 459–472 (2013)
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Provide information about absorber local 
geometry and electronic state around the 

absorber: number of neighbours, ligand 
symmetry, valence state

Pre-edge
caused by electronic transitions (mainly dipole 

allowed) to empty bound states near the 
Fermi level. 

Edge (Eo)
defines the onset of continuous states (not the Fermi level !) 

Eo is a function of the absorber oxidation state & binding 
geometry. It may also increase by several eV per oxidation unit

Post-edge (XANES)
multiple scattering features (FMS)

The analysis may provide finest details about local 
atomic structure and geometry.

Origin of the XANES features



10

The Pre-edge region

Eo

caused by electronic 
transitions (mainly dipole) to 
empty bound states near the 

Fermi level. core 
level 

localized  
states

continuum
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K pre-edges 3d metal oxides: 

intensity & empty electronic states

Intensity of the pre-
edge decreases 

filling the d states

Example:
Pseudo Tetrahedral Metal Complexes M(B(3-isopropyl-pyrazol-1-yl)4)2

Pre-edge features are caused by electronic transitions (mainly 
dipole) to empty states close to the Fermi level. 

Pre-edge features are caused by electronic transitions (mainly 
dipole) to empty states close to the Fermi level. 
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Intensity of the pre-
edge decreases 

filling the d states

Example:
Pseudo Tetrahedral Metal Complexes M(B(3-isopropyl-pyrazol-1-yl)4)2

TiO2 (anatase) V2O3 Cr2O3 MnO

[Fe(OC10H13)4]-K6Ti2O7 VO
K2Cr2O4 K2MnO4

Fe2O3

K pre-edges 3d metal oxides: 

4+

4+

3+ 3+ 2+ 3+

2+ 6+
7+ 3+



13M. Wilke, F. Farges et al.

Fe2+ in 4, 5, 6 coord. sites Fe2+ in 6 coord. sites Fe3+ in 4, 5 coord. sites Fe3+ in 6 coord. sites

Fe K edges in minerals

Fe K pre-edge may look different as 
a function of Fe oxidation state and 

coordination number 

Fe K pre-edge may look different as 
a function of Fe oxidation state and 

coordination number 

Ti K edge spectra in Ti4+ compounds 

Ti K pre-edge peak in 4-, 5- and 6-

fold coordinated Ti4+ compounds 
have different shape

Ti K pre-edge peak in 4-, 5- and 6-

fold coordinated Ti4+ compounds 
have different shape

Ti4+ Ti4+ Ti4+

N=4 N=5 N=6
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Pre-edge features signal the transitions to bound 

electronic levels below the continuum threshold

The XANES of the same ions, even 

in the same oxidation state, may 

behave differently in different 

compounds!  

R. Sarangi, Coord. Chem. Rev. 257 459–472 (2013)

Cu1+

N
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The XANES of the same ions, 

even in the same oxidation state, 

may behave differently in 

different compounds

… depending on oxidation state

and coordination geometry of 

the absorber 

Quantitative Models: multiplet theory

Semi-quantitative approaches: 

- Comparison with model compounds
- Molecular orbital symmetry 
(group theory) 

Pre-edge features signal the transitions to bound 

electronic levels below the continuum threshold
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Selection of normalized pre-edge features 

normalization: Jump = 1
arctangent: transitions to continuum states,
peaks: transitions to localized states:

Pseudo-Voigt shaped peaks take into account for the 
convolution of true peak shape (Lorentzian contribution) with 
the experimental energy resolution (Gaussian contribution)

data normalization and background

J

M. Wilke, F. Farges et al.
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It is possible to understand the 
Fe coordination number looking 

at the intensity/area of the pre-
edge peaks in comparison with 

reference compounds data850 cit. (sept.2019, Scholar Google)

The Iron case: the average valence and coordination 

chemistry from the pre-edge peak shape/position 
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The case of Fe in metallo-proteins: 
Ibuprofen/warfarin induce V to VI Fe coordination transition in HSA

Human Serum Albumin

Heme (Fe) site
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Fe in archaean rocks

reference samples with different 
Fe3+ over total Fe (ΣFe) content

Spectral components of 
reference samples

20 µm

Fe3+

Fe3+/ΣFe

...

Samples: small 
inclusions (D~15 
µm) of Belingwe 

komatiite in olivine 
minerals 
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Ti pre-edge main peak intensity and area as a function of 
coordination number

It is possible to understand 
the absorber coordination 

number looking at the 
intensity/area of the pre-edge 

peaks in comparison with 
reference compounds data

Titanium: the average valence and coordination 

chemistry from the pre-edge peak shape/position 
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…. and the Vanadium

V compounds 

Intensity

Centroid
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2 3

4

Cu1+ Cu1+

Cu1+

Cu2+

Ligand geometry in Cu complexes

Kau, Solomon et Al.

and the Copper…
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K edges of 3d metal oxides... origin of the pre-edge peaks

Intensity of the pre-
edge decreases 

filling the d states

Example:
Pseudo Tetrahedral Metal Complexes M(B(3-isopropyl-pyrazol-1-yl)4)2

TiO2 (anatase) V2O3 Cr2O3 MnO

[Fe(OC10H13)4]-K6Ti2O7 VO
K2Cr2O4 KMnO4

Fe2O3
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Yamamoto

Td

Oh

crystalline field splitting of d
atomic orbitals

d

K edge: mainly s -> p transitions 

Isd (quadrupole) ~ 10-2 Isp (dipole) 

Hybridization mixes p-d states then 
dipole allowed transitions occur to empty 

p-components of hybrid pd levels

Q

D
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dipole 
allowed 

transition dipole 
forbidden 
transition

Geometrical origin of pre-edge 

peaks in Ti oxides

Hybridization mixes p-d states then dipole 

allowed transitions occur to empty p-

components of hybrid pd levels



26

Off centre displacement and stretching of the 
octahedron decreases the local symmetry (non-
centro-symmetric) allowing some degree of p-d
mixing, this affect the pre-edge peaks intensity

Regular TiO6 Distorted TiO6

off centre

stretching

off centre Ti 
displacement

p-d mixing and sensitivity to local 

symmetry of TiO6 units  
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A. I. Frenkel PRL 215502 (2007)

In perovskite structures [1] the area of
peak A is proportional to the square of
the off center displacement:

A = γ d2 / 3

for Ti  γ = 11.2-13.6 eV/Å

the displacement d contains a static
plus a dynamic contribution:

d2 = ds
2 +dt

2

d

[1] R.V. Vedrinskii et al. J. Phys. Condens. Matter 10, 9561 (1998).

p-d mixing and sensitivity to local 

symmetry of TiO6 units  
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Example: hydrostatic pressure reduces TiO6 distortions in BaTiO3

and suppress ferroelectricity

The decrease of B peak intensity signals 
the reduction of Ti atom displacement.

Above 10 GPa Ti must be at the center of 
a regular oxygen octahedron,

the hybridization of the Ti 3d electronic 
states with the 2p electronic states of the 

surrounding oxygen is at the minimum

J. P. Itié et al.
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The Edge region:

Shape and position

Shape of the edge

The edge position

oxidation state

DoS
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Edge region: a valuable fingerprint for chemical speciation 
(coordination geometry and oxidation state)

Chemical shift = oxidation stateEdge shape = chemical environment 

Sulphur K edges in organic compounds 
having different functionalities 
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Edge region: a valuable fingerprint for chemical 
speciation

chemical speciation of Sulphur in 
complex humic substances
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2) decreases the screening

stabilization of core level 

The chemical shift reveals the absorber oxidation state...

4p
4s

3d

1s

1) shorter bonds (Coulomb)

destabilization of antibonding 
(empty) levels 

4p*

4s*

3d*

Raising the oxidation state:

Eo

Eo

Higher oxidation state

implies

High energy shift of the 
resonances
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L2,3 edge white lines: a probe for occupancy of d band 

in nd elements (n=3, 4, 5)

3d

4d
5d
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Example: Pt L2 edge white line in PtxGey intermetallic 
compounds
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E-Eo [eV]

Example: Charge transfer in Cu-Au thin film alloy

e- migrate from Au

(increasing density of 
empty states) 

to Cu (decreasing 
density of empty 

states) 

Meneghini et al. Corrosion effects in  CuAu 
thin films (to be published)
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Analysis of mixtures: Linear Combination Analysis 

As adsorption in Natural Calcite samples 

As2O5 model for AsV

As2O3 model for AsIII

F. Bardelli et al. Geoch. & cosmochem. acta 2011
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Analysis of mixtures: Linear Combination Analysis 

Bi1-xLaxFeO3

x

AB
C

Spin Cycloid

BiFeO3

~60 nm

La solution 
limit x ~ 0.2

LaFeO3

Bi0.8La0.2FeO3
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Magneto-electric coupling: magnetic control of 
ferroelectricity and/or  electric control of 
ferromagnetism may open the way to new 

devices

Ferromagnetism: a property of certain materials which 
possess a spontaneous magnetic polarization 

Ferroelectricity:  a property of certain materials which 
possess a spontaneous electric polarization 

Electric 
polarization

Magnetic 
polarizationStrain

ferroelastic

ferroelectric

ferromagnetic

Advanced materials: looking for magneto-electric coupling
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T. Chakraborty, C. Meneghini, G. Aquilanti, S. Ray, J. Phys.: Condens. Matter 25 (2013) 23600
T. Chakraborty, C. Meneghini, G. Aquilanti, S. Ray, Advanced Functional Materials, Submitted

BaTiO3-δ BaTi0.95Fe0.05O3-δ

Sr

BaTiO3

doping with magnetic 
ions (Fe) may provide 
some magnetoelectric 
coupling and stabilize 
the ferroelectric phase

BaTiO3 is 
ferroelectric: off center
displacement of Ti4+ ions 
produces a permanent 
electric dipole in TiO6

molecules 

BaTi0.95Fe0.05O3-δ

Fe

Large Oxygen vacancies causes the Fe 
ions segregating as metallic Fe0 phase, 
the sample is no more homogeneous at 
the short range scale, wrong magneto-

electric understanding

BaTi0.95Fe0.05O3-Xδ

Advanced materials: looking for magneto-electric coupling

Note: XRD can't show Fe 
crystalline phase because 1% 

of Fe0
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Simon R. Bare

XANES - LCA for Catalysis
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Principal component analysis (PCA)

PCA, based on linear algebra e statistical methods, is widely used in pattern recognition problems. Each
reference spectrum (component) represent a vector, the data are reproduced by vectorial sum. The
algorithms automatically determine (statistics) the relevant components (principal) out a given ensamble
and reject the others

J.W. Sobczak J. of All. and Comp. 362 (2004) 162

Local structure of a Pd-doped polymer

Automatic procedure to select 
principal components on the basis of 

their statistical relevance

- Use all the a-priori knowledge on the sample 
(physics, chemistry, etc…)

- Check carefully the results

Warning
- Components maybe not "physical" 
- Which standards are required?
- Which standards are unphysical?
- Is the final fit reasonable?



Fermi Golden Rule

photon 
energy

Ground 
state Final 

state

atomic absorption 
cross section

Interaction 
Hamiltonian

How to calculate the XANES signal

Electric Dipole

One electron

Many body effects

42

Test the structural models
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Selected Scattering
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a. Models for the atomic potentials (Exchange and correlation)

Spherical symmetry 
inside the atoms

Constant between 
the atoms

Na K-edge in NaCl
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b. Calculate the Full Multiple Scattering: (I-TG)-1

Size of the Atomic clusters
• Memory requirements: ~ N2

• CPU time ~ N3

Cu-fcc

S K-edge in ZnS



XANES development
Lee & Pendry Phys. Rev. B 11, 2795 (1975) (initial theory)
C.R. Natoli et al. Phys. Rev. A, 22, (1980) (first calculations)

programs for XANES:

C. R. Natoli and M. Benfatto CONTINUUM, MXAN

J. Rehr, Ankudinov FEFFx (x=6,8,9)

Y. Joly FDMNES

First-principles calculation of x-ray absorption-edge structure in molecular clusters 
C. R. Natoli, D. K. Misemer, S. Doniach, and F. W. Kutzler

freeware

Toward a quantitative interpretation of XANES

Tyson, Hodgson, Natoli, Benfatto Phys. Rev. B 465997 (1992)

A. Filipponi et al. Phys. Rev. B 52, 12122 (1995)

J. Rehr Rev. Mod. Phys. 72, 621 (2000)

Ankudinov et al. Phys Rev. B 58, 7565 (1998)

freeware

freeware Licence

47

Theory
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FMS: Atomic clusters of 4.5 Å 
V= H.L. 

PDB 1O9X

HSA-heme-Fe(III) obtained via MD

FEFF 8FEFF 8
Ibuprofen/warfarin induce 5 to 6 Fe 

coordination transition in HSA

Ibuprofen/warfarin induce 5 to 6 Fe 

coordination transition in HSA

DoS

HSA-heme-Fe

+ Warfarin
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Cu-complex for cancer therapyCu-complex for cancer therapy

Cu-complex 1  

Cu-complex 2

CH3

Hexyl bis(3,5-dimethyl-1H-pyrazol-1-yl)acetate

Hexyl bis(3,5-1H-pyrazol-1-yl)acetate

I. Schiestaro et al., in progress

CH3

Experimental

Model

FEFF 8FEFF 8



50

CONTINUUMCONTINUUM CONTINUUM+MXANCONTINUUM+MXAN
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CONTINUUM+MXANCONTINUUM+MXAN

imidazolonepropionase from Bacillus subtilis at the zinc site

XRD

MXAN

XRD MXAN
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XA(NE)S data collection is conceptually simple

IoIt

µ = Linear absorption 
coefficient

incident x-ray beamtransmitted x-ray beam

Sample

Transmission geometry

Io

If

incident x-ray beam

fluorescence intensity 

Sample

Fluorescence geometry
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... but: warning to the data collection... but: warning to the data collection

Transmission geometry: inhomogeneous samples (i.e. holes) 
may determine severe distortions of the XA(NE)S spectra

IoIt
A

A

B

!!
S- K edge calculated for a layer of spheres S- K edge calculated for an ensemble of spheres 



54

If

Fluorescence geometry: re-absorption and detector linearity may 
determine severe distortions of the XA(NE)S spectra

effect of particle size (spheres) on If

µx << 1  Io

... but: warning to the data collection... but: warning to the data collection
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Radiation Damage (RD) & 

photoreduction

Warning to the data collectionWarning to the data collection

RD is a function of exposure time/dose, provoke shift of
the edge and deformation of XAFS features.

RD can be attenuated by:

- reducing the x-ray intensity

- reducing the exposure time

- collecting data at low sample temperature

RD can be very relevant in biological samples like
metalloproteins.

Details about radiation damage and 
photoreduction can be relevant for reliable 

protein crystallography

C
1.
7

1.
7

photoreduction on 
Mn4Ca PS(II) complex
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Radiation Damage: XAS and CrystallographyRadiation Damage: XAS and Crystallography

XAFS can be used to monitor (in situ) 
photoreduction of metals
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C
1.
7

1.
7

...at present, there are serious discrepancies among the

models of the structure of the Mn4Ca complex in the

published x-ray crystallography studies, and there are

inconsistencies with x-ray, EPR, and FTIR (...). This

disagreement is predominantly a function of x-ray-

induced damage to the catalytic metal site (...)

Therefore, the reported model of the Mn4Ca complex at

atomic detail cannot be based on the diffraction data

only (...).

Photosystem II (PSII) reaction catalyzes the 

photoinduced oxidation of water so it plays an 
essential role in maintaining the biosphere 

It is of considerable importance to elucidate its catalytic 
mechanisms, particularly those involved in the water 

oxidation process.

Photosynthesis uses light energy to 
produce O2 and fix CO2. This process 
generates an aerobic atmosphere and 

produces a readily usable carbon source. 

photo-reduction of Mn ions 
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Radiation Damage and photoreductionRadiation Damage and photoreduction
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How to cope with Radiation Damage 

• Measure at low temperatures
• Preliminary check for the sample stability
• Acquire several fast spectra on fresh 

sample regions. 

• Measure at low temperatures
• Preliminary check for the sample stability
• Acquire several fast spectra on fresh 

sample regions. 

vertically 
shift the  
sample X-ray beam 

footprint
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Special Applications of XANES
spectroscopy: µ-XANES & mapping

Special Applications of XANES
spectroscopy: µ-XANES & mapping

I. J.Pickering & G. N. George Proc. XAFS13 conference (2006)

XAS vs XRF
XRF= elemental sensitivity
XAS= elemental sensitivity + 

chemical speciation

NOTE: X-ray lenses and zone plates work 

in a reduced energy window, therefore the 

EXAFS region is often 

not accessible to 

micro and nano probes 



Bio- e Fito-Remediation or:  
Plants and (micro-)organisms employed to regulate pollutant mobility (i.e. heavy

metals)  within the ecosystem and environment

Elphidium

Quinquenoculina

Foraminifers

µ-XANES mapping

61

4x4 µm spot
@ ESRF BM23



Bio- e Fito-Remediation or:  
Plants and (micro-)organisms employed to regulate pollutant mobility (i.e. heavy

metals)  within the ecosystem and environment

Elphidium

Quinquenoculina

XANES & mapping

62



Bio- e Fito-Remediation or:  
Plants and (micro-)organisms employed to regulate pollutant mobility (i.e. heavy

metals)  within the ecosystem and environment

63

µ-XANES



Bio- e Fito-Remediation or:  
Plants and (micro-)organisms employed to regulate pollutant mobility (i.e. heavy

metals)  within the ecosystem and environment

G. De Giudici, D. Medas, P. Lattanzi, C. Meneghini, et al. to be submitted (Scienze) 64
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∆t << ns

Quick XAFS

∆t = 10-102s

Dispersive XAFS

∆t = 10-3 - 1 s

Pump probe

Sample

c-Si 
polychromator

Position 
sensitive 
detector

Time resolved XA(NE)S: experimental set-upTime resolved XA(NE)S: experimental set-up

any data collection geometry

Transmission  geometry
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A. Filipponi et al. J. Sinchr. Rad. 8, 81 (2001)

Single Energy - XAS

In K edge

Melting of In µ-particles 
and structure of 

undercooled In phase

Undercooled 
phase

Time resolved XASTime resolved XAS
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The Effect of H coverage on Pt 
nanoparticles: 

H is notably weakly visible to x-ray 

but becomes evident in the XANES region

At the Pt LIII edge the effect of H is 
evident and can be followed in-situ to 
monitor the catalytic activity of Pt 

clusters as a function of environmental 
parameters.

Light elements XANESLight elements XANES



68

Example: transient states of photoexcited hydrated atoms ∆t ~1 nsExample: transient states of photoexcited hydrated atoms ∆t ~1 ns

Br2Br0

A

B

production of Br2 

(∆t ~10 ns)

Reaction 
with water 

(∆t ~ 50 ns)

A

B

Br2 molecules survive 
after ∆t >150 ns

SE-XAS

halogen (xo)halide (x -) 200 nm 
laser 
beam

A
B
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Polarized XANES: directional probe 
for not isotropic structures

Polarized XANES: directional probe 
for not isotropic structures

AFM monoclinic 
V2O3 (77 K) 

phase

cH

bH

aH

cH

bH

aH

Structural dichroism 
(absent in hexagonal 

HT phase) is the 
fingerprint  of 

monoclinic distortion  
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XMCD-XANES extreme condition studiesXMCD-XANES extreme condition studies

High pressure structural and magnetic
diagram of phase of 3d metal alloys

(a)
XANES XMCD

Fe0.4Co0.6
bcc

hcp

R. Torchio et al. High Pressure Research 31, 148–152 (2011)
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Thanks for your attention


