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X-ray absorption measurement by transmission method
The most reliable and basic method
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XAS of Fe(lll) aqueous solution
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Fe(lll) ion in water

r(Fe-0)=2.01
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Focusing on K shell (1s

electron) excitation Background absorption due to
other atoms and other shell
electrons




Introduction to the theory .4

Fermi's Golden Rule

In XAS we measure the dipole mediated transition of an electron in a deep core state |i) into
an unoccupied state | f):

Ef}EF

wE)o< Y [(f
f

There are two ways to solve this equation:

1. Accurately represent |i) and | f), then evaluate the integral directly. This is the approach
taken, for example, by molecular orbital theory.

2. Use i | :
This is the approach taken by FEFF and, by extension, by analysis programs which use FEFF.

é - r|i)|*0(Ey)

Introduection to XAS Theory, € 2002 Bruce Ravel Page 3



XAFS: X-ray Absorption Fine Structure

Fe ions in aqueous solutions
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XANES: X-ray Absorption Near Edge Structure

Fe ions in aqueous solutions
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EXAFS: Extended X-ray Absorption Fine Structure

Fe ions in aqueous solutions
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EXAFS: y(K) spectra
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Simplest model to explain how the
EXAFS oscillation occurs



3- Fe(lll) ion in water
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X-ray photon

)3.’ photoelectron
J@@’o R d
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an electron with E,=100eV behaves as
a wave with A =1.2

This wave length is just the order of
normal atom-atom bond distance !!!

The cause for EXAFS appearance !!!

kinetic energy of the photoelectron
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photon
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black wave:

photoelectron  (wave) directly emitted n LEd Slroken wa\d/e:
i from the absorbin e el
going out sorbing s

atom

neighbor atom
X-ray absorption scattering the
photoelectron wave

atatom @ back to the
absorbing atom



black wave:

photoelectron  (Wave)  dneaty mted red broken wave:
going out from the absorbing T doubly scattered at B
atom and A

If they are in phase , (2r)k=2nz (k=2x4) or 2r=nA,
- larger photoelectron wave
- larger probability of finding photoelectrons
(amplitude squared).

If they are out of phase, (2r)k=(2n+1) z, and equal

_ amplitudes,
X-ray absorption

at atom @ — photoelectron waves disappear

— no photoelectrons found outside.

The law of conservation of energy tells that
when no photoelectrons are emitted, no photons should be absorbed !!!
if the X-ray photons are absorbed, the photoelectrons must be emitted !!!

Larger probability of finding photoelectrons - STRONG X-ray absorption
Smaller probability of finding photoelectrons - WEAK X-ray absorption
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BASIC EXAFS equation

x(K) = —Z % f. (k)exp(—202k? - 2r,/2)S5 (k) sin(2kr, + ¢, (k))



BASIC EXAFS equation
r (k) = —Z % f. (k)exp(-2c2k? - 2r //I)Sg(k) sin(2kr, + ¢. (k))
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amplitude part oscillation part
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Fourier Transform:
Simplest way to analyze the EXAFS
oscillation



The simplest way of knowing the wave
number (corresponding to the distance) is
Fourier Transformation of wave on k
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Fourier Transform (Frequency Filter)

will let you know the frequencies
of the waves
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Fourier Transform for two-shell model
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Fourier Transform for a
ZWHW\HHHW\NIHN three-shell model

-1t . | . . This must be a BACKGROUND
0 10 20 structure, not corresponding to a
k/ real atom-atom distance.
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If you have a small
number of cycles in k,

Fourier Transform for
different k ranges
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BASIC EXAFS equation

% f, (K)exp(-207°k* - 21,/ 2) S5 (K) sin(2kr, + ¢, (K))

' |
\/ U\ \J
Y
amplitude part oscillation part

By comparing the theoretical EXAFS y(k) and
experimental x(k), you can determine;

N coordination number

r bond length

f(k) and ¢(k) are element specific
atomic type of coordination



You may get in trouble with the data
guality taken by transmission method



Transmission method

Sample: Ge-Si powder

4+ original powder

20 —
W —
l":l'.
3
e 10— further ground to finer
powder
0-
r | I
5 10 15 20
By Masaharu Nomura, kA

Photon Factory, KEK



Fe(lll) ions in aqueous ) ' ' ' | | _
solution — Fe(li
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possibly, inhomogeneous
sample thickness 1
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X-ray beam from
monochromator '
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X-ray flux is not

homogeneous and the solid powder liquid or film
density pattern moves and

changes along with the

L
monochromator angle scan » f »
A

Leads to weaker EXAFS oscillation

amplitude and noisy spectrum



Si(311) double-crystal monochromator
Output pattern

before improvements on the crystal after improvements
holding method =
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Yield methods:

Fluorescence yield
and
Total-conversion-electron-yield



X-ray absorption measurement by yield methods

double-crystal mono- ' ! sample
monochromator chromatic slit .
synchrotron / X-ray | [——
> /f R R
white X-ray |
Bragg diffraction Hi o
PC and interfaces -
calculation of lo current
absorbance <«
| current
A = - log( IIH fluorescence X-ray,
° electron,
luminescence,
heat, etc:

anything proportional to the
X-ray absorption
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Sample: 0.01 mol dm-=3 Cu(ll) solution
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Fluorescence XAFS Experiment: Solid State
Detectors P UOP

A Homseywiadl Com pany

« Alternative is to use a solid state detector
with active element of Ge or Si as the x-

ray absorber. This uses electronic energy
discrimination.

- Typical energy resolution 200-300 eV.

« Has advantage of measuring the full x-ray
fluorescence spectrum, so useful for
identifying other elements in sample.

« Can be used for XAFS measurements with
concentration to 10’s of ppm.
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Total-Conversion-Electron-Yield method

counter electrode

1 X-ray
sample window
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Auger electrons

(He gas
ionization)

1.5mm

glass
v

transmission

This method can be applied to thick

samples owing to the

short escape

depth of Auger electron.
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Can we distinguish oxygen from
nitrogen by EXAFS?



—— FEFF calc /(Zn-0) = 2.05 A
— FFiltered on exp spectrum

2+ . .
exp spectrum Zn”  in solution
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K x (k)

tetrahedral

ZnN, 2.05A x4
Zn0, 2.05A X4 A

Almost
impossible !
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Scattering amplitude

Scattering phase shift
ok 6 LE )
| ' del
tetrahedral ;:-',Jrl:. 105 A
: - Zn-N=2035A
Iniy 205 A X4 -
InDy, 205A X4 -5
1;é.'-'lll—
| {#£n-1}
-15
10 4 0 . I
ki A X ki A

20

% f, (K)exp(~207k? - 21,/2) S (K) sin(2kr, + ;(K))



2= % f. (K)exp(—202k? - 2r,/11)S2 (K) sin(2kr, + ¢ (K))

NG AN y,

Y, Y
amplitude part oscillation part

f scattering amplitude ¢ phase shift




Can we distinguish oxygen atoms 15%
distant from others by EXAFS?



K x (k)

0
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Parameters used for Fourier Trans: O

FEFF model

2 {15 f‘k
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FT width in k
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James E. Penner-Hahn J. Am. Chem. Soc. 1998,120,8401

Can we distinguish sulfur from
nitrogen (or oxygen) by EXAFS?
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Parameters used for Fourier Trans: §

FEFF model n-8§
2.35A

Zn-N
2.05 j’x

FT width in k
225-20A"1

-16,1A71

Almost
Impossible !



Can we detect the end-end atomic
Interaction in I-1-1 molecule (1) by
EXAFS?



| K-edge EXAFSFT for |5

| F
solvent 0.05 IH. — 0 L TE NPT TETE
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— acetonitnle
-———nitromethane w0
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— 0.02}
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Dissolved in organic solvents (n-C3H-7)4N I3 powder

H. Sakane, T. Mitsui, H. Tanida, |. Watanabe. J. Synchrotron Rad. 8, 674 (2001).



I-1 bond is very soft and vibrating: large
Debye-Waller like parameter
0.03} f\
Almost
< _ 0.02F . :
=L Impossible !
T
—
— the second peak
0.01F
--—Iﬂ-"“"’-\"'J 1 L—”—&&-ﬂ-

0 1 2 3 4 5 B i
ri A

lodine K-edge EXAFS Fourier transform for the compound spectrum made up

from 12 independent spectra for organic solvent solutions.
H. Sakane, T. Mitsui, H. Tanida, |. Watanabe. J. Synchrotron Rad. 8, 674 (2001).



Large symmetrical cluster of
molybdenum oxide complex



Mo K-edge XAFS

0.5 N\

Almost undetectable next
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EXAFS
Extended X-ray Absorption Fine Structure

Theory; very difficult.
Experiment; looks easy.

Data analysis; looks straight forward.
Thanks to the advanced data
analysis software.



EXAFS

In reality,

Theory; becomes even more and more complex and
difficult to understand.

Experiment; to obtain CORRECT spectral datais NOT
an easy task.

Data analysis; no one except for the GOD knows
whether the conclusion from the EXAFS
analysis iIs CORRECT.



Then, what do we have to do ?
Use
other analytical methods,
knowledge of chemistry and physics,
and

good sense as a scientist

and combine them together with
the EXAFS analysis.



http://cars9.uchicago.edu/~ravel/software/

oftNare

. _ fyee o
XAS Analysis Software Using IFEFFIT
AT l_;i:qﬂ‘ﬂ' o il Current release: 0.8.059
e Release date: 1 July, 2009

ATHENA is an interactive graphical utility for processing EXAFS data. It handles
most of the common data handling chores of interest, including deglitching,
aligning, merging, background removal, Fourier transforms, and much more.

ARTEMIS

EXAFS DATA ARMALYSIS

Current release: 0.8.013
Release date: 15 December, 2008

ARTEMIS is an interactive graphical utility for fitting EXAFS data using
theoretical standards from FEFF and sophisticated data modelling along with
flexible data visualization and statistical analysis. ARTEMIS includes
interfaces to ATOMS and FEFF.



