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ATHENA, ARTEMIS, and SIXPACK are GUI built on top of the IFEFFIT library:

Data Management and Visualization
XAFS Data Processing: background subtraction, Fourier Transforms.

Run FEFF for ab initio XAFS calculations.

]

°

o Simple XANES analysis: linear combination.

(]

o Fit XAFS data to calculations, build physical models.
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The FEFF and IFEFFIT suite of XAFS Analysis Programs

FEFF6 ab initio EXAFS calculations (J. J. Rehr, et al., 1990 — 1998)

@ state-of-the-art photo-electron scattering physics.
@ no built-in analysis — used by many analysis programs.

IFEFFIT Interactive (command-line) XAFS Analysis, building on earlier
codes: AUTOBK and FEFFIT (MN, 2000).

ATHENA GUI for XAFS Data Processing, using IFEFFIT (Ravel, 2001).

ARTEMIS GUI for XAFS Fitting, using FEFF and IFEFFIT (Ravel, 2002).
HEPHAESTUS GUI for XAFS information (edge energies,etc) (Ravel, 2004).

SIXPACK GUI for XAFS Analysis, using FEFF and IFEFFIT (Webb, 2003).

Not Included in the IFEFFIT Package:
FEFF8 necessary for ab initio XANES calculation. Helpful for some

EXAFS Analysis (J. J. Rehr, et al., 1998 — present)
Requires a license from U. Washington [~US$400].
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HEPHAESTUS: Periodic Table of X-ray Properties
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Thickness [0 Jum 12 9523 Kalpha3 (K-LT) 78823 (0.0003)

Absorption Length 5,18 ym 13 9327

Transmitted Fraction 0.145

Edge Energies, Fluorescence Line Energies, Absorption calculations
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SIXPACK: Sam's XAS Programs

B
Menu Options

7 SPACK.

SamView

, Background Removal
Least Sq Fitting
Cl < PC Annlysns
FEFF EXAFS anng
Make FEFF SS Paths
\ About SixPACK/SamXAS
Quit

ack (Sam's Interfaca for XAS analysis Pack:
overad hy IFEFFIT 15,7 Copyrigt € 2005 Mg el U of Chicago

Cannot check current version

Well-supported GUIs, used heavily in Northern CAl

@ Reading / Viewing Data from Many beamlines
o Linear Combinations and Principle Component Analysis (for XANES)

o EXAFS Fitting with simple FEFF models.
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Data Processing with ATHENA / IFEFFIT

ATHENA provides a GUI for processing beamline data to x(k).
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Collected Spectra pu(E) = Spline Subtracted x (k) = Fourier Transform of x (k)

@ Read in beamline data, merge data sets.
@ Deglitch, Align Spectra, Shift energies.
@ Pre-edge subtraction, Find Eg, Normalize Spectra
@ Background subtraction to x(k).
@ Fourier Transforms x(k) — x(R).
@ Simple Data Plotting.
o Save/Read “Projects” of Analysis.
Other features, including:
o Correct for self absorption of fluorescence data.
o Linear combination fits, peak shape fitting for XANES / EXAFS.
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Athena User Guide

ATHENA User's Guide

Bruee Ravel
‘bravelanl. gav
bt 9. nchicago . edu/

You may find this helpful.

Document version 1.2

for ATHENA version 0.8.53
June 24, 2007
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Data Processing with ATHENA / IFEFFIT
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Data Reduction: Strategy

Steps for reducing measured data to p(E) and then to x(k):

@ convert measured intensities to p(E).

@ subtract a smooth pre-edge function, removing instrumental background and
absorption from other edges.

normalize p1(E) to go from 0 to 1. Analyze normalized j(E) as XANES.

isolate the XAFS (k).
identify the threshold energy Ey, and convert from E to k space:

k _ / 2m(§2—E0)

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

o
@ remove a smooth post-edge background function to approximate po(E) to
o

After we get this far, we'll model x(k) with FEFF calculations.
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Data Reduction: Converting Raw Data to u(E)

Starting with measured intensities before and after the sample, we construct u(E):

Transmission XAFS: p(E)t = In(lo/1h)

IO It /,L(E)
Fluorescence XAFS: pu(E) o /1y
s may be the

@ the intensity from a single fluorescence ion chamber (Lytle detector)

@ the sum of several signals from a multi-element solid-state detector.
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Merging Data, Aligning Data, Deglitching

Real Data is typically measured in several scans.
These scans can be merged together to give better statistics.
Important issues when processing real data

@ The monochromator energy calibration may drift with time.

> scans can be aligned so that Ep is constant for all scans.

> a Reference Channel — often a metal foil — can be measured during the scan
and used for energy alignment.

» if the drift is bad enough (every scan, etc), consult the beamline scientist.

@ At certain energies, Iy jumps — a glitch — that ma not normalize out of u(E).
These points should be removed.

Other corrections that could be made:

@ self-absorption for concentrated samples measured in fluorescence.
@ detector dead-time for fluorescence measurements with a solid-state detector.

ATHENA and/or SIXPACK can deal with all of these.
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Data Reduction: Pre-Edge Subtraction, Normalization

Data reduction of u(E) data goes like this:

2or Pre-Edge Subtraction
15 We subtract away the back-
10 ground that fits the pre-
= edge region. This gets rid
’ of the absorption due to
00 pre-cdge line other absorption edges (say,
05 the Fe L1 edge).
7000 7lI00 72‘00 73‘00 7;00 75‘00 7(:00 77‘00 7800
E(eV)
1.6 T T T T T T T
14k Normalization
12k We estimate the edge step,
Lo Apo(Eg) by extrapolating
Sosk a simple curve the above
06l u(E) to the edge.
04
02 iNorm (E) = pu(E)/Apo(Eo)

0.0
7000 7100 7200 7300 7400 7500 7600 7700 7800
E(eV)
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Data Reduction:

Normalized XANES and Ey
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structure. We'll use this for
XANES analysis.
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Data Reduction: Post-Edge Background Subtraction

1.6 T T T T T T T

4l Post-Edge Background
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Data Reduction: x(k), k-weighting

0.6 T T T T T T T
0.5
0.4 x(k)
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0! We emphasize the higher-
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EXAFS Fourier Transform: x(R)
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x(R)
Peaks in x(R) often cor-
respond to “coordination
shells”. The Fe-O distance

in FeO is 2.14A — the first
peak is at 1.6A.

This distance shift is
due to the phase-shift:
sin[2kR + (k).

X(R) is complex:
Usually only the amplitude
is shown, but there are os-
cillations in x(R).

Both real and imaginary
parts are used in modeling.
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Fourier Filtering

X(R) often has well-separated
peaks for different “shells”.

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

x(q) (“Q-space”)

02 E This results in the filtered
/\ X (k) for the selected shell.
VAN

00 Many analysis programs use
\Y \/ 4 such filtering to remove
shells at higher R.

Don't do it — it’s too hard.

Kx(k) (A7)

o
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Fourier Transforms

Fourier Transforms are an important part of XAFS Analysis:

(R = FTR(K] = = [ "k e K (k) (k) J

o Q(k) is the Window Function
@ w is the k-weighting

We really use a discrete version and Fast Fourier Transform

Ny
idk
Rm — 27r/nm/fot kW k) Q(k
W) = 2 e (k) Q)

@ x(k) is put on a uniform k-grid with spacing of §k = 0.05 AT!
o x(k) is filled with zeros past the real data range.

o N, = 2048: y(k) can go to 102.4 37" (~ 40keV) past the edge.
o x(R) is on a R-grid with spacing ~ 0.031 A, and can go to 31.4 A.
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Fourier Transforms: Basic Properties

Fourier Transform of a sine wave:

1.0 T T T T T T T ™ 180 T T T T
160 —
0.5 _ 140 | A
7120 4
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2 00 =
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R ol 1 I I 1 1 I [
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=
cos R=1.6A ot
— g
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Matthew Newville (CARS, Univ Chicago) ATHENA — ARTEMIS — SIXPACK July 24, 2007



Fourier Transforms: Basic Properties(2)

Fourier Transforms are complex:
T T T T T T T T 250 T T T T

sin R=2.3A

cos R=1.6A

cos R=1.6A

F(k)

sin R=1.6A

Re[f(R)] (A=)

sin R=1.6A

0 2 4 6 8 10 12 14 16 18 0 1 2 3 4 5
k(A1) R(A)

Frequencies that are close can “beat”

120 - sin R=2.30A sin R=2.42A -

Re[f(R)] (A*)
g
T

sin R=2.42A 7| 20

1 1 1
K 0
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Fourier Transform Window Types

T T
Welch

3.5 -  Typical Window Functions
Parzen A Window Function:
0 Hanning | @ goes from 0 to 1 and
=25 back to 0
Sine o dk gives the width of
2.0 the Window “sill”

Kaiser-Bessel

Most important rule:

Pick a window type and
stick with it.

Kaiser-Bessel and Hanning
are the most common.

Window (

July 24, 2007
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Fourier Transform Window Types

I Hanrlling Windmliv

Fourier Window Function

The meaning of knin, kmax,
and dk.

k*x (k) (A=)

1.0

0.8 i
= Parzen, Hanning, Welch
‘%’0'6’ 7 Details of the differ-
Zo4l i ent Window ‘“sills”, all
2 with kypin = 2A~1 and

0.2 i dk =3A"1

0.0

0 6
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Fourier Transform Window and real data

The effect of dk (for Hanning Window) and different Window Function:

1.5 T nl T T T T T 3.0 T T T T T T
1.0 - 2.5
§ 05 E e-? 2.0
2 =
g 0.0 é 1.5
Nx =
& 0.5 - . = 10
SLof . 0.5
-1.5 1 1 1 1 1 1 1 0.0

Changing dk and Window func-
tions often gives small changes to

xX(R).

Ix(R)| (A=)
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Fourier Transform Window and k-weight

But changing the k-weighting has a significant impact:

20

Fe-Fe scattering dominates

15 with higher w.

10 low w emphasizes low-k, and

low-Z scatterers.

Ix(R)|

high w emphasizes high-k,
and high-Z scatterers.

This is important when trying to determine the Z of a scatterer.

Again, w = 2 and w = 3 are most common, and recommended.
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Fourier Transform Window and ki,

Kmin and k. are important too.

@ kyax should be the end of useful data.
o With k-weight = 2, 3, it is not too important to avoid “very low k".

3.0
2.5
& 2.0 . .
n'< Conventional wisdom: keep
é 1.5 kmin > 2A—1
x 10 But: don't make it too big.
0.5
0.0 1 1 1
o 1 2 3 4 5 6 7T
R(A)
Use Kaiser-Bessel with dk = 4, kyin = 2 A1
Use k-weight=2, or 3. Don't obsess too much.
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Background Subtraction

H(E) — po(E)

E) = Apio(Eo)

We don't know po(E), so use a spline: a smooth, adjustable function.
This is dangerous — a flexible enough spline could remove all the XAFS.

ATHENA chooses a background spline for pg(E) to

minimize the low-R components of x )

uo(E) is adjusted, x(k) is Fourier Transformed, and x(R)
below Ry is minimized. x(R) above Ry, is ignored.

Most important parameters:
@ Rukg: R below which x(R) is reduced.
@ k-weight: used for Fourier transform: use 1, or 2.
@ Ey: May need to adjust for initial guess (max of du/dE).
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Background Subtraction in ATHENA / IFEFFIT

Effect of Riks on XAFS x(k) and x(R):

T 1.2 T T

15 T

Rtk = EEEETES
F 05 . &
2 2
=z 00 N =
X &
4 05 E =
-1.0 -
L5 0 ‘2 l4 l[i 18 110 112 114 ll(i 0 1 2 3 4 5
k(A1) R(A)
x(k) for FeO with Rye = 0.1 A (stiff  x(R) for FeO with Ry, = 0.1 A (stiff
spline) and Ryig = 1.0A. spline) and Ryig = 1.0A.

Rules of thumb:

Use Rupxe = 1.0 A or half the near-neighbor distance. J

Don't spend too much time on background subtraction.J
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IFEFFIT

Don’'t make Ry, too big!

15
1.0

05

<

~ 0.0

=

&

% 0.5
-1.0
1.5 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16

k(A1)

x(k) for FeO with Ryig = 2.0 A

Background removal

E0: 7123 X|
k-weight: [2
Pre-edge range:
MNormalization range:
Spline range: k:
(=

how additional parameters

Edge step:  |1.314 4[»] i fix step

[F150 7 x| to [0 X
[150 x| to [eE1 1666 X|
Jo. X| to J15.883  X|
Jo. 000 X| to |961.143 X

Ix(R)| (A~%)

X(R) for FeO with Ry, = 2.0A

i1

1 2 4

3
R(A)

Background
Panel in ATHENA.

removal
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XAFS Analysis with FEFF & IFEFFIT

The XAFS Equation used with FEFF and IFEFFIT:

N:f(k)e—2Ri/MK) g=2K]
x() = S I sinf2kR; + 5]
j J

@ The sum is over Scattering Paths of the photo-electron. Both:
Single Scattering absorbing atom => neighbor atom => absorbing atom
Multiple Scattering absorbing atom => neighbor atom => neighbor atom => ...=> absorbing atom

e f(k) and d(k) are photo-electron scattering amplitude and phases:

> Energy (k) dependent.
» Z dependent — Z of the scattering atoms(s).
> non-trivial: must be calculated (or extracted from measured spectra).

Knowing f(k) and 0(k), we can determine structural information:

@ R — near neighbor distance.
@ N — coordination number.
@ 02 — mean-square disorder in R.

July 24, 2007
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FEFF Overview

FEFF calculates f(k) and (k) for all Scattering Paths in a cluster of atoms:
@ build atomic potentials. To simplify calculations,

Use the Muffin Tin Approximation: atomic potentials
up to a uniform Fermi level (no chemical bonding).

@ determine important scattering paths.

> Build paths from a selected central atom in a cluster of atoms
> decide which ones are “degenerate” .
> decide which ones are unimportant for XAFS

© move photo-electron along path to determine f and ¢ as a function of k:

propagate = scatter = propagate = ....
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Scattering Amplitude and Phase-Shift: f(k) and (k)

The scattering amplitude (k) and phase-shift (k) depend on Z:

1.6 T T T
1.4
1.2

— 10
Fe

§ 0.8 =
=06
Pb

04

0.2 o

0.0 L ! -

0 5 10 15 20 0 5 10 15 20
k(A KA

f(k) peaks at higher k as Z increases.  The phase shift (k) also shows strong
For heavy elements, there is a mini- Z dependence, and has sharp jumps
mum in f(k). for heavy elements.

Z can usually be determined to +£5.
Fe and O can be distinguished
N and O cannot be distinguished.
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FEFF: what's so hard 77

FEFF includes sophisticated techniques to calculate of f(k) and 6(k):

Curved Wave Effects the photo-electron goes out as spherical wave and scatters
from atoms with finite size.

Muffin-Tin Approximation: Makes the calculations tractable, if approximate.
Extrinsic Losses A(k): self-energy and core-hole lifetime.
Intrinsic Losses SZ: the absorbing atom relaxes to the presence of the core hole.

Multiple Scattering the photo-electron can scatter multiple times. Most
important at low k and for linear paths.

Polarization Effects synchrotron beams are highly polarized, which needs to be
taken into account. This is simple for K-edges (s — p is dipole).
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A(k): The Photo-Electron Mean-Free Path

The e=2R/MK) term in the XAFS Equation accounts for how far the
photo-electron can travel and still return (in phase) to the excited atom.

50 : . :
45
40
35
< 30

@ inelastic scattering of photo-electron.
=25
20
15
10

5 1
0 5 10 15 20

k(A1)

o finite lifetime of the core-hole (fs).

5A < X\ < 25A for the EXAFS k-range.
The X and R~? terms make EXAFS a local probe.
XANES (k < 3A~1) is sensitive to longer distances.
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Multiple Scattering

The photo-electron can scatter multiple times:
Single Scattering Triangle Paths Focussed Multiple Scattering Paths

A Path Formalism is used in the “Real Space” calculations:
G = G° + G°tG® + G°tG°tG® + G°tG°tGOtGO + ...
G° = propagation of the electron, t = scattering from neighboring atom.

Triangle Paths with angles 45 < 6 < 135° are weak, but there are lots of them.

Linear paths with angles 6 ~ 180° are very strong: the photo-electron is focused
through an atom. Can be used to measure bond angles!

A FEFF Path looks the same for Single and Multiple Scattering! )
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Sg: Amplitude Reduction Term

The other electrons in the absorbing atom can relax due to the core-hole, giving
an Amplitude Reduction Term:

S5 = [(@f e ~H)?

|®N=1) = (N — 1) electrons in unexcited atom.
(&M~ = (N — 1) electrons, relaxed by core-hole.

S3 is taken as a constant: 0.7 < ¢ < 1.0.
and is used as a Fitting Parameter that multiplies x:

S§ is Completely Correlated with N (!!!)

S2 is usually constant for experimental data on the edge
and beamline (energy resolution).

S§ can be determined with an Experimental Standard with known N.
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Practical FEFF

Good News: you don't have to worry about most of this!
The normal scheme for using FEFF with ARTEMIS is:

@ Start with a structure close to the atomic structure of your sample, and
generate X,y,z coordinates:

> simple crystal structure? use ATOMS input format
> Protein Data Bank? use CRYSTALLFF

@ Run FEFF, generating a list of feffnnnn.dat files for each path.
@ Use these for Paths in ARTEMIS to model measured XAFS.

May need to use a few structures to find appropriate paths for your system.

Having good starting structures is important!
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XAFS Analysis with ARTEMIS and IFEFFIT

To model XAFS as a Sum of Paths:

S2N-f(k 2R/ MK) g—2K*0}
X(k) — Z 0% J( )

KR? sin[2kR; + 0;(k)]

J
we may refine these Parameters For Each Path:

In XAFS  IFEFFIT
Equation Parameter Meaning

NSZ amp Amplitude Factor: N and S2

Eo e0 Energy Shift (where k = 0)

AR delr Change in path length R = AR 4+ Reg
o? sigma?2 Mean-square-displacement in R

(Res is the starting R value for the FEFF Path).

Each Path Parameter for Each Path could be refined.
OR: These can be tied together using mathematical constraints.
(Other Path Parameters: higher order cumulants, energy broadening, ...)
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XAFS Analysis: Information Content in XAFS

The Number of Parameters we can measure from our data is limited:

2AkAR
N~ ———

™

where Ak and AR are the k- and R-ranges of the data.
Typical: k =[2.0,12.0]A~! and R = [1.0,3.0] A, gives ~ 12 Parameters.

Fit statistics, and Error Bars need to reflect this limit.

Need to constrain Parameters R, N, o2 for different paths and different data sets
(different edge elements, temperatures, etc)

It's also possible to add restraints to describe external knowledge of the system
(crystallography, Bond Valence, etc).

Use as much other information about the system as possible!J
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XAFS Analysis: Building Models

The basic difficulties in EXAFS Analysis are

@ The scattering factors f(k), (k) are non-trivial (we use FEFF).

@ The basis functions (Paths) are not very well resolved, and their number
grows exponentially with R.

© There's not much information in a real measurement:

2AkAR
Nidp ~ —

We address these with methods to:

@ reduce the number of Paths to consider (Fourier analysis).
@ parameterize ab initio calculations of f(k), (k) (use FEFF

@ cut down the number of independent variables in the fit, while keeping a
meaningful analysis.

We parameterize the EXAFS with a physical model, and then put Constraints and
Restraints on the parameters in a least-squares analysis.
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Constraints in IFEFFIT / ARTEMIS

All Path Parameters written in terms of Generalized Variables:

Parameter = Variable

guess e0
path(1,
path(2,

= 1.0
e0 = e0)
e0 = e0)

mixed coordination shell

set S02 = 0.80

guess X = 0.5

path(1,
path(2,

Amp= S02 * x )
Amp= S02 * (1-x))

Fit Einstein

perature

set factor = 24.254337 #= (hbar*c)"2/(2 k_boltz)
# mass and reduced mass in amu

set massl = 63.54, mass2 = 63.54

set r_mass = 1/ (1/massl + 1/mass2)

# the Einstein Temp will be adjusted in the fit!

guess thetaE = 200

# use for data set 1, T=77

set templ = 77

def ss2_pathl = factor*coth(thetaE/(2*templ))/r_mass )
path(101, sigma2 = ss2_pathl )

# use for data set 2, T=300

set temp2 = 300

def ss2_path2 = factor*coth(thetaE/(2*temp2))/r_mass )
path(201, sigma2 = ss2_path2 )

Other Examples:

@ force one R for the same bond for data taken from different edges.

@ model complex distortions (height of a sorbed atom above a surface).

Matthew Newville (CARS, Univ Chicago)
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Fitting with IFEFFIT / ARTEMIS

IFEFFIT optimizes the Fitting Parameters with a least-squares fit to the Data

Find the variables that make the Model best match the Data}

2 (don't confuse with EXAFS x!!) describe the fit:

Niis data __ model 2
2 [x; (=]
X = Z 62

i
Ng¢ = number of data points, x = set of variables, ¢ = noise level in the data.
We should consider only Niq,, data points:

_ 1dp data model 2
- b Z[x Q)

Fitting is typically done in R-space to ignore higher shells.
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Goodness of Fit and Error Bars

Goodness-of-Fit statistics:

e chi-square: x2 = 46’2\’;\7; ZNm [data — ymodel(x)]2

° reduced chi-square: scale x? by the "degrees of freedom”

2/( idp — varys)
A Good Fit should have x2 ~ 1. This never happens!

X2 ~ 10 or higher, typically.
@ R-factor: Fractional misfit.

Nrit Nrit

R = Z[Xdata _ anodel(x)]2/z:[x§iata]2

Error bars for Fitting Parameters are calculated, and increase x? by x?2.

Correlations between parameters are also calculated.
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Fitting with ARTEMIS

000 i X] Artemis
[on o wn oix s e ey e
s rstshenap ==

| « [ = [ o] )
e ARTEMIS Main Page

w0 1 %23k

v | N for selecting:

— Data control Fourier and fit paramett PotinR: ¢ Magnitude
) Paln 1 [01.1] - .

W incluge inthe t| | krange [B X o 35 x| s « Realp Data Flle s

W Plotaterthe it | | Rerange [TT %) 1o [2 x| Path3:[061.1 011] v Imaginary part

1 Fitbackground « o ar o Path : [Fe1_1 01.1] Poting: ~ Magritude

Kwindow Kaiser-Bessel — Path 5: [01_2] + Real part

T Lo o1 maeye | Fit k and R ranges

Path 8: [Fe1_2 01_1] | Window
ORI RIS PanoO11 1 0111 e

it [ o B |=ien RO B O e Paths to use in Fit
Minimum reported correlation |0.25 " kmin: |0 kmax: |15

i3
Path 1o use for phase comections b Rmin: [0 Rmax: |3

rana || | aer et anin: o WF Plot Results.
| ——

Data il |F0_PNCCAT_datohi ]

B independent points data points (Nycuist): (1 cataset) (4 variables)

o Fit with multiple k-weights.
@ Use Paths from multiple FEFF calculations
o Keep a history of fits.
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Simple ARTEMIS example: FeO

FeO has a rock-salt structure.

To model the FeO EXAFS, we'll run FEFF with the crys-
tal structure for FeO, with Fe-O distance R = 2.14 A

(a regular octahedra).

We'll use ARTEMIS to refine R, N, 2, and E.

[me e ws s sm e ey pane r

Ccurrent t

Fe0
la: Fed
sites:  Fel,0l

Fi

v]

Spaegop [Enan J Core ]

& [ezma T< 000000 000000 000000 re1
5 fomo |,
c [z
st [0 00000
Beta [0 00000
Ganma [30. 0000
Clustersize [6.00000

BE K~
Shiftvector 800000
|
oraemn

~ © 0.50000 0.50000 0.50000 01

Edit selectedsite ———————————————
o | — et
[ I I l—

Run Atoms

Docmentatoms |

_Istshell.z

ATOMS Page in ARTEMIS:
Crystal structure — atomic cluster for FEFF

Put in space group, cell parameters, and frac-
tional coordinates (or look them up) and push

Run ATOMS generate input for FEFF

Run FEFF

Matthew Newville (CARS, Univ Chicago)
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Path List from Running FEFF

‘[lle Edt GDS Data Sum Fits Theory Paths Plot

Current project: fUsersinewville/Desktop/EMBLO7[FeOJFt_1stshell.apj

-- Interpretation

Dala & Palhs
Guess, Def, Set
Interpretation of the FEFF Calculation © Fe0_PNCCAT dat
[F TIRLE name Fei T - Fit
# TITLE formula: Fen i
’; TITLE oites:  Fel, 01 E"”
¢ TITLE referl: wyekoff 1,T 2
# TITLE refer2: (who also q:ves Cicien comomme o . o
Nl

£ Jb et Jmo_Jo] oo K T
= ][0 LA ) Path 2: [Fe1_1]
2 12 202 S0 [+ Tert
3 24 sesL 1398 [+ 611014 (41 RDEEIL GLiY
4 4 esy 19.60 (4] weriesd (a E RINCIEL) G
5 8 370+ 3487 [+ 01z (1] [a0Ae1 )
6 6 azm 1956 [+l Terz (1] Path 6: [Fe1_2]
7 5 a2 1433 141 011001 (41 Path 7:[01.1 01_1]
o 12 427 40.60 1 [+ Pe12 011 (41 Path 8 [Fe1_2 011]
8 & a2m 12311 [+ 31 (41 011 4] Path (011 [+ O11]
10 5 4277 450 [+] old [+ o1 d [+] Path 105011 [+] ©1_1]
1§ 4277 0.6 2 [+ o1 drelz o1t (4
12 2% %277 7.96 [+ ol dreil ol [+
16 48 .93 G2 [+ relfoll s
15 48 .43 22011 s 012013 %]
16 48 .43 25.97 [ 012 Pell 3]
12 48 8537 270 s rertrertlsl
1 24 ez 235 s 023 [
15 48 .57 2020 [+ Fell all (] .

Document: Feif interpretation

FEFF Paths for Fe-O, showing
@ Path Length: Reg
@ Path Degeneracy: N
@ Path Importance

o Path Geometry

Each FEFF Path includes a degeneracy (number of equivalent paths).
That gives 3 Amplitude terms:

Niotal = DEGEN xS2 x N J

This is a useful feature (really!), but it can cause confusion.
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Path Parameters

FEFFO: Path 1: [01_1] Data & Paths
I Plot after the fit M Include in the fit Guess, Def, Set. .
i Mako tis path the defauttafter the fit =) (DT Each Path has a list of Path
Bt
r o1 [+ 3]
2 legs Reff-2.1387 anp-100.000 degen-6 fitz Pa rameters
leg 1. 0.00000 000000 -2 13870 2 O w8
rleg=2.1387 beta=180.000 fit4 ° 2
leg 2 0.00000 0. 00000 0.00000 O Fe - N 5
rleg=2 1387 beta=180. 000 B >< 0
|—Path1:[01_1]
| Path 2: [Fe1_1]
~Path
F [—Patn3: 1011 0111 (*] EO
|~ Path 4: [Fe1_1 01_1]
label: |- Path 5: [01_2]
— |- path - fren 2 AR
N: [T % sz 502N Lol °
[~Path7:[01_1 011]
delED: |enot |—Path 8: [Fe1_2 01_1] 2
delR: [delr L Pathe: [01_1 [+ ©011] [* Mo
sigmarz: [sigmaz L pam10i01_1 [+ 011
Ei:
s o ...
4th:

Each Path Parameter can each be assigned a Fit Variable

More generally:

Path Parameters are functions of Fit Variables. |

Also: FEFF's DEGENERACY can be set to 1 here so that the fitted N represents
coordination number.
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Fit Variables and Parameters

Current project:

fUsersmewville/Deskiop/EMBLO7fFeO/Fit_1stshell.a

# | |Mame | Math Expression |
s02  0.7% ]
et 0

delr 0

signaz 0.00%

n 6

[y
R

=1 i
Edit

I

Euz = [0.75
~- Guess - Def # Set .- Skip . Restrain .. After

Undo edit | Hew | Grab Discard Hide

Document: Guess, Def, Set

Loaded! parameter list from GDS page

Guess, Def, Set Page:
The List of Variables, can be

guess floated / refined in fit.
set  fixed / not refined.
def  defined in terms of

other variables.

Variables can also be:

restraint used as a restraint

skip saved, but not used in
fit

after evaluated definition,
bit used in fit.
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First Shell Fit

Fit to 15¢ shell of FeO: 1 Path (Fe-O)
We'll refine AR, N, o2, and Ej.

1.4 T T T T T T
12+ 7 Fit results:
_Lor ]
,‘j::\o.x- b N =524+0.8
%0.6- 7 R =21040.02A
04 b E = —-23+1.8eV
02 | . ! ! T o2 = 0.013 £+ 0.003 A2.
00 1 5 3 ” S p !
R(A)

|x(R)| for FeO data (blue) and fit (red).
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First Shell Fit (continued)

L5

1.0

0.5
15t shell fit to FeO in k space.

There is clearly another com-
ponent in the XAFS!

0.0

K (k) (A72)

-0.5

15t shell fit in R space.

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

[2(R)|(A~3)

Though the fit to the magni-
tude didn't look great, the fit
to Re[x(R)] looks very good.
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Fit Results and Log Report

o o Al
) e X| Artemis palettes

| v | s | s |t | s | s |

Results fram the last fit Rawlog file | save | Dismiss |
Project title Fitting Fe0_PHCCAT dat chi X
Comment : Fit #1

Prepared by

Contact .

Started 23:30:51 on 1 December, 2005

This fit at 20:36:36 on 9 July, 2007

Environment : Artemis 0.8.009 vwsing darwin, perl 5.002001, Tk 804.027, an

Figure of merit : 4

Independent points = 5947265625
Munber of varisbles - 4000000000 .
Chi-cquare - o0 594700038 The Results Page gives
Reduced Chi-square - 103 013527000 d led fi 2
R-factor = 0.0126841123
Measurenment wncertainty (k) = 0. 000214568 etalle It statistics,
Measurement uncertainty (R) = 0. 005731023 .
Munber of data sets - 1. 000000000 K and results for Variables
bucos porameters +/- wmcertaintics (initial guees): and Path Parameters.
enot = 5273680 +/- 14003320 (0.0000)
delr Z CnoaEssen - 00134120 (0.0000)
sigmaz = oooingsen - 00021260 (0.0030)
i - 43300880 /- 0.639570  (6.0000)
Set parameters:
s02 0.8
Sorrelations between variables
sigmaZ and N1 -2y 08790
anot. and dalr -=> 0 G710

&1l other correlations are helow 0. 25
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2 Path Fit to FeO

Adding the Fe-Fe Path, and refining R, N, o2 (use the same Ey as for Path 1):

L4 T T T T T T

1.2+ -
Fe-Fe

_wf 1 Ix(R)| data for FeO (blue), and
o Fe0 1 2-Path fit (red).
=0T | Results are consistent with the

04+ —
known values for FeO:

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

02 —

0.0 1 1 1 1 |

Fit results:

Path N R (R) o2 (A7) AE (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)

Fit Statistics: R ~ 0.016 X2 = 100.

These are typical even for a “very good fit" on known structures.
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Second Shell Fit to FeO (continued)

Other views of the data and two-shell fit:
1.5

2(Kk) (A2)

2

12F g
/Y Fe-Fe
L0 4
< 08 Fe-0 1 <
=06} \ y )
B \ =
04 \ 4
d
02 Y .
0.0 T L I
0 1 2 3 5 6 7
R(A)
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0.0

-0.5

-1.0
0

The Fe-Fe EXAFS extends to
higher-k than the Fe-O EXAFS.

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

The agreement in Re[x(R)] look
especially good — this is how the
fits are done.
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Multiple Scattering Example: Cp-MnCOj3

Cp-MnCO3 = tricarbonyl(n®-cyclopentadienyl)manganese(l)

This molecule has linear Mn-C-O bonds, and two distinct Mn-C distances.

To model the EXAFS, we need these paths:
ring
5 Mn-C at ~ 2.13A
carbonyl
3 Mn-C at ~ 1.78 A
3 Mn-O at ~2.93A
6 Mn-C-O paths at ~ 2.93 A
3 Mn-C-O-C paths at ~ 2.93 A

The Multiple Scattering Paths will overlap the longer Mn-C(ring) distance!!
Using only the single-scattering paths will gives:

o large coordination numbers: 6 Mn-C(ring) at 2.10 A, 10 Mn-C(carbonyl) at
1.80A , and 10 Mn-O (carbonyl) at 2.99 A.

@ Ey of -13eV (pretty big!).
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Multiple Scattering Example: Cp-MnCOj3

The Mn K-edge EXAFS data and fit
with 5 paths.
Constrained Nyin—0 = Nyin—c(short)

and used 1 Fy (—3.6 £2.0eV ).

K (k)

8.0 :

6.0 -
4.0
20
0.0

Eaduil

-4.0 V y
-6.0 - V -
8.0 I I I I

0 2 6 10 12 14

Matthew Newville (CARS, Univ Chicago)

Path N R (A) o2 (A2)
Mn-C(short) | 3.6(10)  1.80(.02)  0.005(.002)
Mn-C(long) 5.2(1.3)  2.11(.02)  0.004(.002)

Mn-O 3.6(1.3)  2.92(.04)  0.003(.006)

The MS paths overlap the 1st shell.

8 T
fan 4
§ [ Mn-Clring ! i
= |
151 : .
= o [ n C(sho ‘. __Mn-C-0-C
5 .
EELS ; .
9 ' 5' ' _Mn-O
i
1k JAd \s 4
0 2 L L L
0 1 2 3 4 5 6
R(A)
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Some Final Thoughts on Fitting

Of course, FeO is very easy
...1t can get more complicated . ...
o Start out with a First Shell Fit

o Measure and Fit standards similar to your Systems.

o Use as much other information as possible.
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IFEFFIT and its community

[ o) G

TFEFFIT : : ] Free Software.

Mailing List (400 subscribers).
Binary Installer for Windows.
Binary Installer for Mac OS X.
Linux Packages (debian).

Source Code (configure/make).
Decent Docs and Users Guides.

On-line Tutorials, Examples.

& E

v

o~

\l
B. Ravel S. Webb S. Kelly S. Calvin P. Fons
(ANL) (SSRL) (ANL) Sarah Lawrence) (AIST, Japan)
http://cars.uchicago.edu/ifeffit/ http://xafs.org/
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Where To Go From Here

IFEFFIT Home Page:
http://cars9.uchicago.edu/ifeffit
Documentation, Downloads, Mailing List, FAQ
xafs.org:
http://xafs.org: Wiki with more tutorials and other useful information.
International XAFS Society:
http://www.i-x-s.org/
Books and Review Articles:
X-ray Absorption: Principles, Applications, Techniques of EXAFS,
SEXAFS, 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

Thank you. |
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