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What Is XAFS?
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coordination and chemical state.
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X-ray Absorption Fine-Structure ( XAFS) is the modulation of the x-ray absorption
coefficient at energies near and above an x-ray absorption edge. XAFS is also

XAS) and is broken into 2 regimes:

X-ray Absorption Near-Edge Spectroscopy
Extended X-ray Absorption Fine-Structure

which contain related, but slightly different information about an element’s local

XAFS Characteristics :

local atomic coordination
chemical / oxidation state
applies to any element
works at low concentrations

minimal sample requirements




X-Ray Absorption

absorbed by all matter through the

An x-ray is absorbed by an atom
when the energy of the x-ray is
transferred to a core-level elec-
tron (K, L, or M shell) which is

ejected from the atom.

The atom is left in an excited
state with an empty electronic
level (a core hole ). Any excess
energy from the x-ray is given to

the ejected photo-electron .

X-rays (light with wavelength 0 .06 < A < 12A or energy 1 < E < 200keV) are
photo-electric effect
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photo-electron A

X
Energy




X-ray Fluorescence

When x-rays are absorbed by the photo-electric effect, the excited core-hole will relax
back to a “ground state” of the atom. A higher level core electron drops into the core
hole, and a fluorescent x-ray or Auger electron is emitted.

X-ray Fluorescence : An x-ray with energy = Auger Effect : An electron is promoted to
the difference of the core-levels is emitted. the continuum from another core-level.
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X-ray fluorescence and Auger emission occur at discrete energies that are character-

istic of the absorbing atom, and can be used to identify the absorbing atom.




The X-ray Absorption Coefficient: p

The intensity of an x-ray beam passing through a material of thickness t is given

by the absorption coefficient  p:

t
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where I is the x-ray intensity hitting the material, and I is the intensity transmit-

ted through the material.
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In addition, gt has sharp Absorption Edges corresponding

to the characteristic core-level energies of the atom.




Absorption Edge Energies

The energies of the K-edge absorption edges go roughly as Ex ~ 72

120.0 |-

100.0

S 80.0 |-

Q
= 600k
o

400 -

20.0 -

0.0

All elements with Z >18 have either a K-, or L-edge between 3 and 35 keV, which can be
accessed at many synchrotron sources:
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X-ray Absorption Measurements
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Monochromator Sample

x—ray source

XAS measures the energy dependence of the x-ray absorption coefficient ,u(E) at and
above the absorption edge of a selected element. u(E) can be measured two ways:

Transmission: The absorption is measured directly by measuring what

is transmitted through the sample:
I = Ioe—M(E)t

WEEX = —In(1/Io)

Fluorescence: The re-filling the deep core hole is detected. Typically

the fluorescent x-ray is measured.

p(E) o< Iy /lo




X-ray Absorption Fine Structure

We're interested in the energy-dependent oscillations in u(E) as these will tell
us something about the neighboring atoms, so we define the EXAFS as:
Apgy(Eo)

We subtract off the smooth ~ “bare atom” background o (E), and divide by the
“edge step” Au,o(Eo) to give the oscillations normalized to 1 absorption event:
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EXAFS: x (k)

XAFS is an interference effect , and depends on the wave-nature of the photo-
electron. It's convenient to think of XAFS in terms of photo-electron wavenumber
k, rather than x-ray energy:

x (k) is often shown weighted by k? or k? to amplify the oscillations at high-  k:
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The EXAFS Equation

To model the EXAFS, we use the EXAFS Equation :

N;f(k)e 277
(19 = 30 L infakR, + 510)
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where f(k) and d(k) are photo-electron scattering properties  of the

neighboring atom. (The sum is over “shells” of similar neighboring
atoms).

If we know these properties, we can determine:

R distance to neighboring atom.

N  coordination number of neighboring atom.

o2 mean-square disorder of neighbor distance.

The scattering amplitude  f(k) and phase-shift & (k) depend on atomic

number Z of the scattering atom, so we can also determine the species of
the neighboring atom.




XAFS Theory

Development of the EXAFS Equation




XAFS Theory: X-ray Absorption by a Free Atom

An atom absorbs an x-ray of energy  Ei, destroying a core electron with energy  Eg
and creating a photo-electron with energy (  E — Eg). The core level is eventually
filled, and a fluorescence x-ray or Auger electron is ejected from the atom.

X-ray Absorption x-ray absorption needs

o (E-E )_1/2 an available state for the
hoto-el ~(E- -
pholo-electron ° photo-electron to go into:
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No available state:
No absorption

Eq

Once the x-ray energy is
) large enough to promote
a core-level to the contin-
X-ray uum, there is a sharp in-
crease in absorption.

core-level Absorption
Probability

Absorbing Atom

For an isolated atom, ,u,(E) has a sharp step at the core-level binding energy,
and is a smooth function of energy above this absorption edge.




X-ray Absorption with Photo-Electron Scattering

With another atom nearby, the ejected photo-electron can scatter from a neigh-
boring atom and return back to the absorbing atom.

X-ray Absorption Fine-Structure

—1/2
photo-electron A~ (E - EO)
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The photo-electron scat-
tered back will interfere
with itself.

[t depends on the pres-

INININY|
ence of an electron state
with energy (E — Eg), at
the absorbing atom.
X-ray
‘\"_\\ core-level Absorption

Probability

Absorbing Atom Scattering Atom

The amplitude of the back-scattered photo-electron at the absorbing atom  will
vary with energy, causing the oscillations in () that are the XAFS.

The XAFS oscillations are an interference effect of the photo-electron with
itself, due to the presence of neighboring atoms.




EXAFS: Physical description

X-ray Absorption Fine-Structure
Going back to our definition photo—electron %~ (E - Eo)
X - E
Ho(E) NN
we’ll work out a simple form for ~ x (k)
to use in analysis.
X-ray
'\"\\ core-level Absorption
Absorbing Atom Scattering Atom Probability

Fermi's Golden Rule describes  p(E) as a transition between quantum states:

. 2
p(E) ~ [(iH|f)|
<i| the initial state describes the core level (and the photon). This

Is not altered by the neighboring atom.
H  the interaction . In the dipole approximation, H = e'** ~ 1.

If) the final state describes the photo-electron (and no photon).

This is altered by the neighboring atom.




EXAFS: Physical description

writing |f) = |fo + Af), where A f gives the change in photo-electron final state

due to backscattering from the neighboring atom, we can expand L to get

(ifH|ATL) (fo|H[i)”
(i H(fo)[?

p(E) ~ |(i[H|fo)|*[1 + + C.C]

Comparing this to our definition for  x,

n(E) = po(E)[1 + x(E)],
and recognizing that 1o (E) is given by |(i|H|fo)|?, we see that

X (E) ~ (i|H|Af) ~ (i|Af).

Since the initial state for the core-level is very nearly a delta-function in space (cen-
tered at the absorbing atom), this becomes

X(E) ~ / Ar8(1)th (1) = o (0).

The XAFS X is due to the oscillations in the photo-electron wave-function

at the absorbing atom caused by it scattering from neighboring atoms.




The EXAFS Equation: simple description

electron:

With x ~ ... (0), we can build a scattering ator
simple model for x from the photo- Q
1. leaving the absorbing atom

2. scattering from the neighbor atom

scattered outgoin

3. returning to the absorbing atom photo-elec

ikr

With spherical wave e /kr for the propagating photo-electron, and

a scattering atom at a distance r = R, we get

ikR 50 olkR
2kf(k)e’ — + C.C.
()ei%09] S +

e

X(k):ﬁ[

where the neighboring atom gives the amplitude f(k) and phase-shift

0 (k) to the scattered photo-electron.

absorbing atom

photo-electron



Development of the EXAFS Equation

Combining terms (including the complex conjugate), we get

f(k)
x(k) = sin|2kR + d(k
(k) = rgsin (k)
for 1 scattering atom.
For NN neighboring atoms, and with thermal and static disorder of 0'2, giving the

mean-square disorder in R, we have

x(k) = Nf(kl{);;k " sin[2kR. + 6(K)

A real system will have neighboring atom at different distances and of different
types. We add all these contributions to get a version of the EXAFS equation:

N.f;(k)e 2775
x (k) = Zj . J(k)R? sin|2kR; + 6;(k)]
J




The Photo-Electron Mean-Free Path

To getto

N;fj(k)e 275
x (k) = Zj R2 sin[2kRj; + (k)]
]

we used a spherical wave for the photo-electron: /kr. But the photo-electron can
also scatter inelastically , and may not be able to get back the absorbing atom.

eikr

Also: The core-level has a finite lifetime, limiting how far the photo-electron can go.

Using a damped wave-function: eikre_r/)‘(k)/kr where A(k) is the photo-electron’s

mean free path (including core-hole lifetime), the EXAFS equation becomes:

r —2R;/A(k) ,—2k?0c?
x (k) = Z Nifj(k)e ™ © i sin[2kR; + d;(k)]
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S#: Amplitude Reduction Term

Another important Amplitude Reduction Term is due to the relaxation of all the other elec-
trons in the absorbing atom to the hole in the core level:

So = [(@5 @ I’

where <<I>§CV_1| accounts for the relaxation of the other ([N — 1) electrons relative to these

electrons in the unexcited atom: q)év_1>. Typically, 53 Is taken as a constant:
0.7 <S5 < 1.0
which is found for a given central atom, and simply multiplies the XAFS X -

Note that Sg is Completely Correlated with [N (!!1)

This, and other experimental and theoretical issues,
make EXAFS amplitudes (and therefore  IV) less precise
than EXAFS phases (and therefore R).

Usually Sg is found from a “standard” (data from a sample with well-known structure) and
applied to a set of unknowns as a scale factor.




The EXAFS Equation

Finally we have an equation we can use to model and interpret EXAFS:

X (k) =

§~ NiSBi o220 2%

kR’ sin|2kR; + d; (k)]

J

where the sum is over “shells” of atoms or “scattering paths” for the photo-electron
— nearly the same concept.

If we know the scattering properties of the neighboring atom:  f(k) and d(k), and the
mean-free-path A (k) we can determine:

R  distance to neighboring atom.
N  coordination number of neighboring atom.

o2 mean-square disorder of neighbor distance.

The scattering amplitude  f(k) and phase-shift (k) depend on atomic number, so
that XAFS is also sensitive to  Z of the neighboring atom.




Scattering Amplitude and Phase-Shift: f(k) and 6 (k)

The scattering amplitude  f(k) and phase-shift 0 (k) depend on atomic number.
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The scattering amplitude (k) peaks
at different Kk values and extends to
higher- k for heavier elements. For

very heavy elements, there is struc-
ture in f(k).

The phase shift (k) shows sharp
changes for very heavy elements.

These scattering functions can be
accurately calculated (say with the

program FEFF, and used in the EX-

S
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Z, can usually be determined to with 5 or so. Fe and O

can be distinguished, but Fe and Mn cannot be.




Calculating f (k) and d(k) with FEFF

These days, we can calculate f(k) and (k) easily using the computer program  FEFF.
Though not necessarily “User-Friendly”, this program takes as input:

1. a list of atomic x,y,z coordinates for a physical structure ( tools such as ATOMS and
CRYSTALFF exist to use convert crystallographic data to the required list).

2. a selected central atom.

That's it! (OK, it can be more painful than that, but is still pretty easy).
The result is a set of files:

feff0001l.dat  , feff0002.dat  , ..., each containing the f(k), d(k), A(k) for a
particular scattering “shell” or “scattering path” for that cluster of atoms.

Many analysis programs use these FEFF files directly to model EXAFS data.

A structure that is close to the expected structure can be used
to generate a FEFF model, and used in the analysis programs to
refine distances and coordination numbers.




Multiple Scattering

The sum over paths in the EXAFS equation includes many shells of atoms (1st neighbor,
2nd neighbor, 3rd neighbor, ...), but can also include multiple-scattering paths , in which
the photo-electron scatters from more than one atom before returning to the central atom:

Single Scattering Triangle Paths For multi-bounce paths, the total amplitude de-

pends on the angles in the photo-electron path.
@) Triangle Paths with angles 45 < 6 < 135°

aren’t strong, but there can be a lot of them.

Linear paths , with angles 6 ~ 180°, are very

Focussed Multiple Scattering Paths strong: the photo-electron can be focussed
through one atom to the next.

m FEFF calculates these effects and includes them
in f(k) and (k) for the EXAFS equation so
(@) that all paths look the same in the analysis.

Multiple Scattering is most important when the scattering angle is > 150°.

The strong angular dependence of the scattering can be used to measure bond angles.

For first shell analysis, multiple scattering is hardly ever needed.




X-ray Absorption Measurements

Fluorescence

It
X-ray source

Slitsl
S N Thyd

Monochromator Sample

XAS measures the energy dependence of the x-ray absorption coefficient ,u(E) at and
above the absorption edge of a selected element. u(E) can be measured in two ways:

Transmission: The absorption is measured directly by measuring what is

transmitted through the sample:

I _ Ioe_“'(E)t
p(EY = —In(I/I)
Fluorescence: The re-filling the deep core hole is detected. Typically the

fluorescent x-ray is measured, but sometimes emitted electrons are mea-

sured. Either way,

p(E) oc Iy /Io




XAFS Data Reduction




Data Reduction: Strategy

1.
2.

Step for reducing measured datato  p(E) and thento x(k):

convert measured intensities to ()

subtract a smooth pre-edge function, to get rid of any instrumental
background, and absorption from other edges.

normalize ;J,(E) to go from O to 1, so that it represents the absorption
of 1 x-ray.

remove a smooth post-edge background function to approximate
1o (E) to isolate the XAFS .

identify the threshold energy  Eg, and convert from E to k space:

weight the XAFS x (k) and Fourier transform from  k to R space.

isolate the x (k) for an individual “shell” by Fourier filtering.

After we get this far, we'll model  f(k) and d(k) and analyze x (k) to get
distance R, coordination number IN.




Data Reduction: Converting Raw Data to (E)

Starting with measured intensities before and after the sample, we construct p(E):
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Data Reduction: Pre-Edge Subtraction, Normalization

Data reduction of (E) data goes like this:
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Pre-Edge Subtraction

We subtract away the back-
ground that fits the pre-edge
region. This gets rid of
the absorption due to other
edges (say, the Fe L j; edge).

Normalization

We estimate the edge step,
Ao (Eo) by extrapolating a
simple fit to the above u(E)
to the edge. We normalize by
this value to get the absorp-
tion from 1 x-ray.




Data Reduction: Normalized XANES and Eg
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= 0.6 fairly rich spectral structure.
04 We’ll come back to this for
s XANES analysis.
e | | | ] ] |
7100 7120 7140 7160 7180 7200 7220
E (eV)

Derivative

We can select Eg roughly as
S the energy with the maximum
3.

-0.2

derivative.  This is some-
what arbitrary, so we’ll keep
in mind that we may need to
refine this value later on.
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Data Reduction: Post-Edge Background Subtraction
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Post-Edge Background

We don’t have a measurement
of po(E) (the absorption co-
efficient without neighboring
atoms).

We approximate 14 (E) by an
adjustable, smooth function:
a spline .

This can be somewhat dan-
gerous — a flexible enough
spline could match the p(E)
and remove all the EXAFS!

We want a spline that will
match the low frequency com-
ponents of o (E).




Data Reduction: x(k), k-weighting
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Fourier Transform: x (R
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The Fourier Transform of
k?x (k) has 2 main peaks,
for the first 2 coordination
shells: Fe-O and Fe-Fe.

The Fe-O distance in FeO is
2.14A, but the first peak is
at 1.6A. This shift in the first
peak is due to the phase-shift ,

d(k): sin[2kR + (k)] .
A shift of -0.5 A is typical.

X (R) is complex:

The FT makes X (R) complex.
Usually only the amplitude is
shown, but there are really os-
cillationsin  x(R).

Both real and imaginary com-
ponents are used in modeling.




Fourier Filtering
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x(R) often has well-
separated peaks for different
“shells”.

This shell can be isolated
by a Filtered Back-Fourier
Transform, using the window
shown for the first shell of
FeO.

This results in the filtered
x (k) for the selected shell.

Many analysis programs use
such filtering to remove shells
at higher R.

Beyond the first shell, isolat-
ing a shell in this way can be
difficult.




EXAFS Data Modeling




The Information Content of EXAFS

The number of parameters we can reliably measure from our data is limited:

2AkEKAR

s

where Ak and AR are the k- and R-ranges of the usable data.
For the typical ranges are &k = [3.0,12.0]A~" and R = [1.0,3.0] A, there
are ~ 11.5 parameters that can be determined from EXAFS.

N ~

The “Goodness of Fit” statistics, and confidence in the measured parameters
need to reflect this limited amount of data.

It's often important to  constrain parameters R, IV, o for different paths or
even different data sets (different edge elements, temperatures, etc)

Chemical Plausibility can also be incorporated, either to weed out obviously
bad results or to use other knowledge of local coordination, such as the Bond
Valence Model (relating valence, distance, and coordination number).

Use as much other information about the system as possible!




EXAFS Analysis: Modeling the 1st Shell of FeO

FeO has a rock-salt structure.

To model the FeO EXAFS, we calculate the scattering am-
plitude f(k) and phase-shift d(k), based on a guess of the
structure, with Fe-O distance R = 2.14 A (a regular octahe-

dral coordination).

We'll use these functions to  refine the values R, N. o2, and

E o so our model EXAFS function matches our data.

1.4 T I T I T T
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Fit results:
N 1.0 F 1
< 08| - N -58+18
g 0.6 |- . R =2.10 4+ 0.02A
041 i AEo =-314+25eV
02 F -
| . | | o2 = 0.015 + 0.005 AZ.
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R(A)

|x (R)| for FeO (blue), and a 1 ** shell it (red).




EXAFS Analysis: 1st Shell of FeO
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15% shell fitin R space.

Ix(R)| and Re|[x(R)] for
FeO (blue), and a 1 shell fit
(red).

Though the fit to the magni-

tude didn’t look great, the fit
to Re [x (R)] looks very good.




EXAFS Analysis: Second Shell of FeO

To add the second shell Fe to the model, we use calculation for ~ f(k) and d (k) based

on a guess of the Fe-Fe distance, and refine the values R, N, 2.
Such a fit gives a result like this:

1.4 | | | | | ]

12 i

0 Fe-Fe . Ix(R)| data for FeO (blue),
& and fit of 1 * and 2" shells
< 08 i (red).
= 06 i The results are fairly consis-
04 - tent with the known values

0.2 - for crystalline FeO:

00 . . 6 O at 2.13A, 12 Fe at 3.02A.

4 5 6 7
R(A)
Fit results (uncertainties in parentheses):

Shell N R (A) o2 (R AEg (eV)
Fe-O | 6.0(1.0) 2.10(.02) 0.015(.003) -2.1(0.8)

Fe-Fe | 11.7(1.3) 3.05(.02) 0.014(.002) -2.1(0.8)




EXAFS Analysis: Second Shell of FeO

1.5

Ky (k) (A72)

1.4

Other views of the data and two-shell fit:
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The Fe-Fe EXAFS extends to higher- k
than the Fe-O EXAFS.

Even in this simple system, there is some
overlap of shellsin R-space.

The agreement in Re [x(R)] look espe-
cially good — this is how the fits are done.

Of course, the modeling can get more
complicated than this!
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XANES



XANES Analysis: Oxidation State and Coordination Chemistry
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The XANES of Cr*' and Cr®" shows a dramatic dependence on oxidation state
and coordination chemistry.

For ions with partially filled  d shells, the p-d hybridization changes dramatically
as regular octahedra distort, and is very large for  tetrahedral coordination.

This gives a dramatic pre-edge peak — absorption to a localized electronic state.




XANES Interpretation

The EXAFS Equation breaks down at low- k, and the mean-free-path goes up.
This complicates XANES interpretation:

We do not have a simple equation for XANES.

XANES can be described qualitatively (and nearly quantitatively ) in terms of

coordination chemistry regular, distorted octahedral, tetrahedral, . ..
molecular orbitals p-d orbital hybridization, crystal-field theory, ...
band-structure the density of available electronic states.
multiple-scattering multiple bounces of the photo-electron.

These chemical and physical interpretations are all related, of course:

What electronic states can the photo-electron fill?

XANES calculations are becoming reasonably accurate and simple. These
can help explain what bonding orbitals and/or structural characteristics  give
rise to certain spectral features.

Quantitative XANES analysis using first-principles calculations are still rare,
but becoming possible...




Edge Shifts and Pre-edge Peaks in Fe oxides
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XANES for Fe oxides and metal.  The shift of the edge position can be
used to determine the valence state.

The heights and positions of pre-edge peaks can also be reliably used to
determine Fe ?’Jr/FezJr ratios (and similar ratios for many cations).




XANES Analysis: Oxidation State

The Normalized XANES from several Fe compounds:
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XANES can be used simply as a fingerprint of phases and oxidation state.

XANES Analysis can be as simple as making linear combinations of “known”
spectra to get compositional fraction of these components.




XANES: Conclusions

XANES is a much larger signal than EXAFS

XANES can be done at lower concentrations, and less-than-perfect
sample conditions.

XANES is easier to crudely interpret than EXAFS

For many systems, the XANES analysis based on linear combinations
of known spectra from “model compounds” is sufficient.

XANES is harder to fully interpret than EXAFS
The exact physical and chemical interpretation of all spectral features
is still difficult to do accurately, precisely, and reliably.

This situation is improving, so stay tuned to the progress in XANES
calculations ....




Where To Go From Here

International XAFS Society:

http://ixs.iit.edu/
Books and Review Articles:

X-ray Absorption: Principles, Applications, Techniques of EXAFS, SEX-
AFS, and XANES, in Chemical Analysis 92, D. C. Koningsberger and
R. Prins, ed., John Wiley & Sons, 1988.
Basic Principles and Applications of EXAFS , Chapter 10 in Handbook
of Synchrotron Radiation , pp 995-1014. E. A. Stern and S. M. Heald,
E. E. Koch, ed., North-Holland, 1983

Tutorials and other Training Material:

http://gbxafs.iit.edu/training/tutorials.html Grant Bunker’s tutorials
http://srs.dl.ac.uk/XRS/courses/  Tutorial from Daresbury Lab, UK
http://leonardo.phys.washington.edu/  ~ravel/course/ Bruce Ravel's
Course on Advanced EXAFS Analysis.

Software Resources:

http://www.esrf.fr/lcomputing/scientific/exafs/
http://cars9.uchicago.edu/IXS-cgi/XAFS _Programs
http://leonardo.phys.washington.edu/feff

This tutorial and more links can be found at: http://cars.uchicago.edu/xafs/




