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Aims of this Tutorial

Promote XAFS among new users

. presenting the technique and its applications

. overview of data analysis software commonly used or under
development

Create a bridge between XAFS and a large IUCr Community
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X-ray absorption spectroscopy L0 1o g T
for beginners e N e .

Experimental aspects
— synchrotron, specificity of XAS

Principles of XAS

Information obtained from XAS
— accuracy, sensitivity...
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XASExperimentgequirea
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The World of Synchrotron Radiation

Clitk an araa o buon for Lmnar lisbngs ot 2mchrotrons amound the world

XAFS developments are linked to the SR facilities which are all over the word
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Optics hutch

Example of optics huch at ESRF

e Optics hutch
« Experimental hutch: sample experimental environment, detector:
etc.
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N, EXx. double crystal |
monochromator (Synchrotron Solel

The energy is selected by a monochrome

2d. sind, = na

Crystals used for X-ray monochromators

Si(111), Si(220),
Si(311), Ge(111)
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Definitions

General definitions for the spectroscopy
« X-rray Absorption Spectroscop¥AJis a technique for

measuring the linear absorption coefficient m(E)

« X-ray Absorption Fine Structur&AFY
Terms used to define spectral regions

- XANE®Xray Absorption Near Edge Spectroscapy) EXAFS
(NearEdge xray Absorption Fine Structure)

« Extended Xay Absorption Fine Structure XAFS

Contribution of IUCr XAFS Committee to IUCr Online Dictionary
The working group on the XAFS Nomenclature and Advisory
Committee suggested definitions for XAFS related terms
In cooperation with IXAS and other organisations

http://lwww.iucr.org/resources/commissions/xafs/xafs-related-definitions-for-the-iucr-

diction ary I. Ascone-lUCr2011 XAFS Tutorial -Pagel?



X-ray absorption spectroscopy

Application to physics, earth science, chemistry and biology (see presentation
of Profs. Joaquin Garcia Ruiz, Fernand@&rcia and Britt Hedman)
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The impact of the biologicalray absorption spectroscopy
number and ranking of publications

Ascone etal. (2009). Journal of Synchrotron Radiati
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(BioXAS) has increased as indicated by the

on 16,413-42.
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XAFS

XAFS is commonly divided into the
‘near edgeregion (XANES or NEXAFS) and thextendedregion (EXAFS)

XAFS can be interpreted as due to scattering of the pélettiron ejected from the absorbing
atom by the photelectric effect.

EXAFS XANES or NEXAS

Mainly single scattering contributions Multiple scattering contributions
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Cross section

Cross-section iis:asmeasure of the probability of interaction between the
incident photons with the imaterial via photoabsorption or:scattening
processes.

s Ju)=[m/ &

X-ray mass absorption coefficient

s isthecrosssectionin barns/atonfl barn= 1024cn¥),
u is theatomicmassunit

A is the relative atomic massof the targetelement(i.e. in amu the mass
relativeto 12for carbonl?2).
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X-ray absorption spectroscopy

Fermi Golden Rule for XAS ji(w) L, 2s
L, 2Py
() ~ S| pldlls) PO(Ey — B — o) Ly

M, 3s
M, 3Py

Atomic-like electric dipole transitions

(change of angular momentum DI 1) Ms 3Ps2
M4 3d3/2
S — p Ms 3dsp
21}—- Sd 1004—+——+——+—+—+——+—+—+—+—+— i
2p— 4s < ¢
é 104+ L
Absorbing atoms are selected performing the @ o
experimentat energy range including binding 2 ,| -~ . |
energy
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Definition: an absorption edge is the energy at which there is a
sharp rise (discontinuity) In thdnear) absorption coefficient
of X-rays by an element, which occurs when the energlgeof
photon corresponds to the energy of a shell of the &g (
L,, L, etc.corresponding to the creation of electron holes in
the 1s, 2s, &7, 2p*? etc. atomicsubshells).

The absorption threshold is associated with this transition and is
characterized by theorresponding energy (E

Normalized data

X

9600 9800 10000 10200 10400 )
Energy (eV) I. Ascone-lUCr2011 XAFS Tutorial




Absorption thresholdand e P N b o

« Theoreticallytheabsorptionthresholdis defined asheenergy at which
the open continuum channel for phadlectric absorptiohecomes
available, producing a continuum phedlectron. This has an exact value
from theory, subject to convergence issues.

« Experimentally, th@absorption thresholdis defined as the inflection point
in the first derivative of the experimen¥ANES spectrum

« Computationally, ambsorption thresholdis defined folEXAFS fitting
(and occasionally XANES fitting) as,&/hich is considered either as an
arbitrary fitting coefficient or the starting point of k

Other definitions are used in literature :

http://www.iucr.org/resources/commissions/xafs/xafs -relate d-definitions-for-the-iucr-dictionary
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XAFS:
a toll for local
5 Investigations

unoccupied
valence
state
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Information obtained by XAS

/ < — 'XANES and EXAFS:

' | ' Types of Ligands
'( ¥ )/ ' Distances
9600 9800 10000 10200 10400 LCoordmanon Number

‘ EBEERQE ' XANES
' Covalency ' Oxidation State

' electronic structure ' Site Symmetry
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X-raygsampleInteractions

Spectra recorded for low-concentration of the absorber element

| —
: - *' " Fluorescence
The absorption coefficient \f// |

~ Absorption

hn

AVAVAV,
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Mass attenuation coefficient

Themass attenuation coefficienin cné/g can be written as a sum of separated
mass absorption coefficients

[m/ dor=[m/]ge+[m /1c6n +[M/ Jifom_
incoherent scattering contributions

coherent scattering contributions

It is recommended that/] 4 be used to distinguish this from the mass absorption coeffi
[m/]3z(g.v.) as they are both commonly presentedrad.f

I. Ascone-lUCr2011 XAFS Tutorial -Page??2



BeerLambert law

XAS Is a technique for measuring the linear absorption
coefficientmE)

Ly
-V AL
(1) =1.e "
0 { :
0,2 1
X-ray mass absorption coefficient 1 \ /\/\
0,0 :,' N
o - T
m_ nn m -0,2 H ':
—=d,W&-§
s g/’ = .
-0.6 _M“**T—-——f T . T . T . T T
7050 7100 7150 7200 7250 7300 7350

E (eV)
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Fuorescencesignal

R e

e fluorescence yield

For low concentration of absorber atoms and high thickness of tf
sample

[m(E)+ m(E.)|d > 1Y |0|eVZ”§?
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Experimentahspects

Sample environmenfpreparation

depends on 100+
% K

*Energy domain: .

vacuum or atmospheric pressuré + -«

Gel
crystal
Solution
Solid/powder

« Sample state

e Sample propertiegchemical composition)
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Setup for transmission measurements

é— ¢ lonization chamber
t) e’ to measure|

u_- .-

N ).

2'50 73'00 7350
E (eV) \

| and |, are measurec
for each energy valu

lonization chamber

to measu re| 0

Sample environmen

. Ascone-lUCr2011 XAFS Tutorial -Page?6



O ST === - P T
s 2 ¥ -y . o .

bl . :
»

fCOeF

hg +
F Y
+ +
. %
- + +
1,2 * '
*
+ %
* ++
+
170 . *
+*

+

+

+
0,8 - e

+
+

. /
0,4 -

Normalized intensity (a.u.)

N =
E (eV)

|. Ascone, D. Hamels, P. Pigeon, M. Salome, Y Joly, T. Prangé, A. Vessieres, S. Top,
G. Jaouen. (2011) unpublished data
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Precision of data set: averageimlty and E#tﬂzﬂnz;
Vi i spectra and standard deviatiagms: | i -
" @ | Spectrarecorded at ESRF: 0.1 sec/pt, Energy step=0.3
eV Average standard deviation (E) = 0,02038 eV
> i ;
= f i O
< 0024 ¢ Cg —
z R,
(7)]
% Fe
= ] &>
S
N - Mean ph ()
‘© : - n24ph
g 0.01 - g ] :25Eh 8 Measurements
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Data analysis: normalization

Linear absorption coefficient measured or calculated — Experimental data

ME) = my(E)[1+c(E)]

smooth background as calculated in the absence o ]
-~ Extrapolation ofpreadge "

of scattering or fit (e.g. a spline fit) R S LUEE S L
9600 9800 10000 10200 10400

J Energy (eV)

[n,( E) _ ng (E)] ~ . ___Normalized data _E

C( E) — :_ +« XANES :
_J gion

9600 9800 10000 10200 10400
http://www.iucr.org/resources/commissions/xafs/ ' Energy (eV)

> . o E,+DE
xafs-related-definitions-for-the-iucr-dictionary
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Other definitions are used in literature :
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EXAFS signal

EXAFS signal may be expressed
as function of the energy or of thlotoelectron wavenumber

For accurate measurementsKk,,,, should beincreased

C(E) or C‘(k) 10 | .
*_'?'_}r inilf{:E—Eﬂ) 0_

" <% [

(&) i

electron mass 10 |
photoelectron wavenumber 15 Lo

Number of degree of freedom (n):

r]:Nind' Npar , /J\Iind:T

Number of independent data points
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EXAFS signfting

c(k) =4 c()
J

2
c(k) =& T(? Fy(k)e #9196 T sin2kR +F (k)
LR

|:j (k) Photo-electron scattering factors

502 Amplitude reduction factor accounting for relaxation of the absorbing ato

-2R; /
e X | =mean free path

o 2 2 : :
- 2k s °; = meansquaredisorder in R
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Simulation of EXAFS and XANES {-iees oo

Differents theoretical approaches and/or formula 'used by different programmes

(seepresentations of Prof. Frenkel, Dr. Nazarenko, Dr. Mayer-Klaucke, Dr. K. Hatada)
FEFF and related codes: Spherically symmetric potentials (Muffin-tin (MT)

approximation). Simulation of XANES spectra and fitting of EXAFS region.
(developed in US)

EXCURVE : Potentials and corresponding phase shifts are calculated for each
constituent atom of the examined material sample from a superposition of neutral
atomic solutions or potential files produced by ab initio codes are used.
Simulation of XANES spectra and fitting of EXAFS region. (developed in UK)

MXAN: Full multiple scattering calculations with MT approximation and FPMS (Non
MT approximation). Structural and electronic properties are fitted in XANES
region (developed in Italy)

FDMNES: Finite Difference Method (FDM) to solve the Schrodinger equation
(non MT approximation) and MT approximation. Pre-edge and XANES spectra are
simulated (developed in France)

Fit-it: Use FEFF and FDMNES to fit XANES (developed in Russian Federation)
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Accuracy

s - Nagh” N
Accuracy of XAS measurements depend on the data quality (e.g. it is recommended to
optimise S/N ratio, k., and harmonics rejection, to chose appropriate detectors, etc. )

EXAFS

*Distances ° 0.02 A This value could increase or decrease depending on quality
data or other factors (e.g. errors in E, of order 10 eV or more which can result in
bond length errors of order 0.02 A or more )

«Coordination number ° 20-25%

*Scattering Atom DZ °1 (Z=6-17)
DZ °3 (Z=20-35)

XANES
*Be carefull to the calibration of the E scale

*Measure error bar for accurate comparison of XANES spectra
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Suggestionfor XAS experiments

« Selectthe XAS set-up (detectors, monochromators, sample
environment etc.) adapted to the sample properties and objectives
for the project

« Combine XAS with othertechniques (RX, other spectroscopiesetc.)

 For EXAFS:
— Limit the number of fitting parameters
— High signal to noise ratio
— large K range

Thank you for your attention
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* linksto XAFSvebsites
— http://www.iucr.org/iucr/commissions/xafs
— http://lwww.xafs.org/
— http://www.ixasportal.net/ixas/
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