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Data processing overview uop

A Honeywell Company

* Introduction to Artemis

* Modeling Cu foil

- Background subtraction using theory

* Modeling U to determine neighboring atom type
* Multiple data set modeling

* M Newuville. "IFEFFIT: interactive EXAFS analysis and FEFF fitting." J. Synch. Rad. 8:
pp 322-324, 2001. http://cars9.uchicago.edu/ifeffit/
JJ

Rehr."Ab initio multiple scattering X-ray absorption fine structure and X-ray
absorption near edge structure code”. University of Washington: pp, 1995.
http://leonardo.phyS.washington.edu/feff/

- E A Stern_M Newville, B Ravel, Y Yacoby and D Haskel. "The UWXAFS analysis
package: Philosophy and details." Physica B 208 & 209: pp 117-120, 1995.
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Artemis S UOP
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Menus:
P rOJ eCt File  Edit EE_)S .Qata Sum Fits Theory Paths Flob - Help |
- Cu-rrent project: F It :
Name. Titles / Da‘ta&PaH/ l :

v

Gf,fsf’,,gfﬁ'?f% s Plot selected groups in Optl mize
i ; , variables
Plotting optio
808182838 Plot and Do
TrT s | | hdzin | Indic | Traces | bUttonS
Data contrals Fourier and fit parameters Flctin R:  # Magnitude
[T Include in the fit k-range il to il @ Real part D t
|| x < 4 ata and
D'ata II: ::‘:ﬁ:r.he T:t 2 r::ge il ::, A e P th .
it hackarouns Er ;
d IS p I ay k windowy  hanning — L : LB a S .
Real part
area - Rowinciow  harning — | i Ime:gi::ry pad Changes data
: > display area
Changes — Cthet parameters ————————————— Fit k-weeights —— B window p y
dependlng on Fitting space F —1 | Epsilon I_ I hw=t W Background
selected - _ B _
. . Minimum reported correlstion I W Residual
Informatlon from Path to uze for phase corrections I~ kw=3 P K 15
2 miir: M H
Pz:ta and Paths =l e Plotting
IS l— . -
Document: Fitting parameters | | ——) arin [0 P15 parameters
Echo Area:
Messages from

Arte m |S Documeint: Plotting

HIMT: YEJ can plot individusl paths even before running = fit or making & summation.
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Reading in y Data

A Honeywell Company

»>File: open data file: F:\Ifeffittexamples\Artemis\Cu\cu010k.chi

Theory Paths  Plot - Help

File Edit Sum  Fits

GDS  Data

Current project:

— Titles

Cu foil at 10K

Title lines

from data file

»dat : this file is part of the uwxafs 3.0
data taken at N3L3 beamline E-114 Sept 1992

by M HNewville, B Rawel, and ¥ Zhang

foil of 99.999 Cu rolled and annealled to ~1Z micr

< >

ng options
8081 8:85 80

‘cu 10k ek’ in B space

data file name

Fourier

transform
parameters

— cunQk_chi

h - Main | Incic: | Traces |
ata file 010k chi |

Drata contraols Flotin R: @ Magnitude

¥ Include in the fit

Fourier and fit parameters
k-ranoe [2 *®| to [z2es x|

e |1 X o X & Imaginary part
a | o oo ok

Plot in o @ Maonitude
kwindow  Hanning —
® Real part
R window  Hanning — |
/ @ Imaginary part
- |
—_—— Fit k-weeights ——

Cther parameters W indoy

Fitting space R — | Epsilon ID— W fve=1 W Backoround
Minimum reported carteistion [0.25 LI W Resicual o
Path to use for phase corrections W k=3 kmine |0 kmas: I‘\S_

None — W cther k weight Rmin: |0 Rimz: IE
I i |0 2 I15
Document: Fitting parameters | i RS =

¥ Real part

[¥ Plot after the fit

W Fit background

a 1 2 3 4+ 1 a
LX)

Data plotted in R-space

Document: Plotting

*ad data from C:Program Filesfetfitiexamples/Artemis Cuicul 0k chi

—

Message from Artemis
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Reading Data from Athena Project

Loo

A Honeywell Company

»>File: open data file: F:\Ifeffit\examples\Athena/demos/align_merge.prj

list of data

File Edit - 5

Current project:

Tl F. Flat - Help

Athena project CProgram Filesifeffitiexamplesisthenaidemos falign_merge prj

— Header lines for Fe/Ga alloy scan 1

Data & Paths

l— Athena recards

F
FelGa alloy scan 1

from Athena

Plot the data

Import the

FelGa alloy scan 2

FeiGa alloy scan 3

Guess, Dof, Sot

culd10k.chi

—Plat as ..

@ chitky @& |chilR) i |chice))
@ Re[chi(R)] @ Relchily)]

»

@ ImichilR)] @ Imchicg)]

i Uze parameters from Athena project

i Usze default parameters

selected
data set

»
» Import these data

Document: Importing Athena project data

Cancel and return to the main wvindow

Thiz is Athena record "FeiGa alloy s=can 1" plotted in R-space

Fe/Go dloy zcon 1

-3

Iml (A

]
= -
S

=
i@
3

Plc

Selected
data set
plotted

Platin g @ Magnituce

® Real part

@ Imaginary part

W vincoe

W Background

W Fezidual
krmin: (O kmaz: |13
Rirmin: (O Rmax: |5

gmir; |0 g |15

Document: Plotting
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Atoms page

Loo

A Honeywell Company

»>File: open file: F:\Ifeffit\examples\Artemis\Cu\atoms.inp

Atoms Tab

Current project:

File Edit - GDS Data Sum  Fits  Theory Paths  Plok - Help

Atoms | fetfinp | Interpretation

Data & Paths

Guess, Def, Set
B culldk.chi

=- FEFFO

— Titles
Title lines Cu222
Structural S;iacegroup foo K i I |
. = A |3.51000 u 0.00000 0.00000 O.00000
Information :
C
Alpha
Always much larger et At ith
. . Gamma om wi
than paths used In flt > Cluster size I?.DDDDD a core hole
Absorption edge ore k|
Shift wector |0
0
. ] ( >
Make input (feff.inp) for Ect selected ste
theoretical calculation Bemert|  Tag| Define
(FEFF) | | z| Hew
> Bun Atoms Document: Atoms

Message from Atemis

Importing crystallography file ... donel

Select
FEFF
Calculation
to
Display
This
page

Plot selected groups in

‘ln &1 &2 835 @ kw

hdain | Indic | Traces |

Plat in R Maoritude
i Real part

@ Imaginary part

Plating: @ Maonitude

#® Real part

@ Imaginary part

B Minciowy

W Backoround

W Residual
kmin: |0 kmax: |15
Rmin: (0 Rmax (6
gmin: |0 gmax: |15

Document: Plotting
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Theory input page (feff.inp)

A Honeywell Company

»Click “Run Atoms”

Feff.inp Tab

File:

Edit

Current project:

GDS Data Sum  Fits

Theaory  Paths

Plat - Help

Absorption lengths

#I’feff.inp] Interpretation

*

il

_ - % - %

> total muFx=1:

normalization correction

*

*

*,

specific grawvit

T —e T -

R J—

Mormalization correction:

Crystallographic information

*

»
R J—

T —e T -

From atoms.inp

title lines

hole number

k3

C
P

¥

L J—

4.06 wicrons,

L o——

* Thi=s fefft input file was generated by Artemis 0.
¥ Atoms written by and copyright (c)

Eruce Bavel, 1

= §.971

L —

L —

L —

L —

F - F - % F

unhit edge sStep

T e T - = % =
0.00046 ang”2

T e T - = % =

* _|_ _______________________________________________
* The following crystallographic data were used:

*

* title Cu 222

¥ space = F m -3 m

ioE = 3.610 b = 3.610 o = 3.610
P=lpha = 90.0 beta = 90.0 gemma = 90.
¥ opore = i edge = K

¥ atoms

* 1 elem bd ¥ z tag

& Cu 0.o0o0ao0 0.o0o0ao0 0.o0oaoo

N e
TITLE Cu 222

HOLE 1 1.0 ¥ Cu K edge [B279.0 eV)], second nu

wphase, wmpath, mfeff mehi

CONTROL 1 1
EINT 1 u]

Run Feff

1
u]

1
u]

>

Document: Feff and it"s input file

Funning stoms ... donel

Data & Paths ’f
(g Lot
B culldk.chi
B k - a
Plotting options
808182838
fzin | Inclic | Traces |
Select Flotin F: & Magnitude
FEFF @ Real part
Ca|CU|atI0n @ Imaginary part
to Plot in g @ Magnitude
Dlsplay # Real part
This @ Imaginary part
page W windaw

W Background

W Residual
krmim: (O kimax: |13
Rmir: |0 Rmaz: |6
grmin: |0 gmae |15

Document: Plotting
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Theory input

page (feff.inp)

Loo

A Honeywell Company

» Scroll feff.inp page downward

Feff.inp Tab

E"— Artemis

File Edit - @DS Data Sum  Fits  Theory  Paths  Flot - Help

Current project:

EEE

Atoms [feff.inp] Irter pretation |

Core Hole and S02 value

Toggle switches for differen

FEFF modules and output
max path length

Control over the

number of output path

Atomic potential index list

List of atomic positions

~
HOLE 1 1.0 *  Cu K edge [8979.0 V), second nu
& mphase, mpath, wfeff mohi
CONTEROL 1 1 1 1
PRINT 1 a a u}
RMAX 7.0
*CRITERIL curved plane
*LEBYE temp debye-temp
NLEG 4
Index value
POTEMTIALS F r t m|
* ipot Z element 0 ao c
0 29 Cu potentials
1 z9 Cu
LTOMS * thi= list contains
& ® i -4 ipot tag
0.00000 0.00000 0.00000 0O Cu
1.80500 1.50500 0.00000 1 Cu 1l
-1.80500 1.80500 0.00000 1 Cu 1
1.80500 —-1.80500 o.oooo0 1 Cu 1
-1.30500 —-1.80500 o.o00o00 1 Cu 1l
1.80500 0.0a000 1.50500 1 Cu 1
-1.80500 0.00000 1.80500 1 Cu 1
0.00000 1.80500 1.50500 1 Cu 1
0.00000 —-1.80500 1.50500 1 Cu 1
1.80500 0.0a000 -1.50500 1 Cu 1
-1.80500 0.00000 -1.80500 1 Cu_ 1
0.00000 1.80500 -l.50500 1 Cu 1 “w
£ >
Run Feff Document: Feff and it's input file

Funning stoms ... done!

Dota & Pahs
I EAPALE
B cudidk.cl
R - s .
Plotting options
|'c| 18283 8w
SeIeCt Main | Indic | Traces |
. Plot in F: i Magrituce
Calculation
to @ Real part
D. I @ Imaginary part
|sp. ay Pioting @ Magnitude
This & Real part
page i Imaginary part

W indowy
W Backaround

W Feszidual
krmir: |0 kmae: |15
Femim: |0 Rimace (6
gmin: |0 gmax: (15

Document: Plotting
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Theory input page (feff.inp)

A Honeywell Company

»Scroll feff.inp page downward and to the right

File Edit - GDS Data Sum  Fits Theory Paths  Plok - Help
Current project:
Atoms [feff.inp] Interpretation Data & Paths Fit
A fuess, Def Se¢
B cublok.chi
* this list contains 135-wmesp=s ||f----- e e LU k R
¥ z ipot tag 2] 5 1 - =
0.00000 0.00000 O Cu 0. T il
1.80500 0.00000 1 Cu 1 z. |.g &1 82 83 8 kw
1.80500 0.00000 1 Cu 1 z.
sl Sl o ] — > Z. hizin | Indlic | Traces |
. -1.B0500 0.00000 1 Cu i z.
Check that the atomic clooooo  1.80500 1 Cut 2. e Y—
; ; 0.00000 1.80500 1 Cu 1 z.
Distances from the absorbing atom 30500 1.omeoD 1 cut 2 Select & Resi part
Are reasonable “Lelsa o en L - FEFF ® imagiary part
. 1. 1 . -
0.00000 —1.80500 1 Cu:l 2. Ca|CU|at|0n Floting: @ Magnitude
1.80500 -1.80500 1 Cu 1 2. to & Real part
-1.80500 -1.80500 1 Cu_1 z. _
0.00000  0.00000 1 Cu 2 3. Dlsplay # meginary pert
0.00000 0.00000 1 Cu 2 3. )
3. 61000 0.00000 1 Cu 2 3. This W indows
—-3.61000 0.00000 1 Cu 2 3. W Backoround
0.00000 3.61000 1 Cu 2 3. page _
0.00000 -3.61000 1 Cu 2 3. == clial
1.80500 1.80500 1 Cu 3 4, fmin: [0 kmaxc [15
1.80500 1.80500 1 Cu 3 4 Rminc [0 Rmax |5
3. 61000 1.80500 1 Cu 3 : o
3.61000  1.80500 1 Cu 3 4.43133 amin: Jo oman 15
-1.80500 1.80500 1 Cu 3 4,.42133
-1.80500 1.80500 1 Cu 3 4,42133
-3.61000 1.80500 1 Cu 3 4,42133
-3. 61000 1.80500 1 Cu 3 4.42133
1.80500 3.61000 1 Cu 3 4.42133
1.80500 3.61000 1 Cu 3 4.42133 2
£ >
Run Feff Document: Feff and it's input file Decument: Plotting
Running stoms ... donel
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Running Feff

Loo

A Honeywell Company

10

Text messages during Feff calculation

 Artemis Palettes

Ifeffit: Shows the interface from
Artemis to Ifeffit. Artemis is just
a nice interface to Ifeffit. Ifeffit
does the work!

Results: Shows the results page
from a fit of the theory to the
data.

Files: Shows data files.

Messages: Shows output from
Feff.

Echo: Shows entire message
from Artemis Echo area

Journal: Useful place to make
notes.

Properties: Notes about the
current project file.

E Artemis palettes

Ifetfit | Eesultz | Eile= | Messages | Echo | Journal | Propetties |

MMessages from Artemis

Save Iniffer to file | Dismiss |

BB

Feff 6L.0OZ

Cu 222

Calculating potentials and phases...
free atom potential and density for atom type u]
free atom potential and density for atom type 1

owverlapped potential and density for unicgue potential
overlapped potential and density for unicque potential
muffin tin radii and interstitial parameters
phasze shifts for unigue potential u]
Hard tests failed in fovrg.
Muffin-tin radius may be too large; coordination nunber too
phase shifts for unigque potential 1
Hard tests failed in fovrg.
Muffin-tin radius may be too large) coordination nuwnber too
Freparing plane wawe scattering stoplitudes. ..
nnocrit in prerit 9
Searching for paths...
WARNING in PATHS Module:
rmax > distance to most distant atom.
Some paths may be missing.
S.nnnnn A.7RI3RS

rmAax. raty

Pt

small.

small.
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Feff paths: feffxxxx.dat Uuop

A Honeywell Company

. File Edit - GD5 Data Sum  Fits Theory Paths FPlab - Help
Degen 3 Degeneracy of the path o —— |
(number of identical scattering paths)

Atomz | feft.inp | Interpretation | Data & Paths
- Guess, Def, Set
reff_ Inital half path length (bond — Interpretation of the FEFF Calcultion o
length for single scattering path) et stom: Copper (28 K ek gy = 6573 8 e |
# The central stom is denoted by this token: [+] — Path 1: [Cu_1] Plotting options
dMP: Estimate of amplitude of path foneinaeatano2s _::: : iﬁil‘f’ Cu_1] DRI
relative to fil’St path- # IDeg.IReff |amp. IfslScaﬂering Path — Path & [Cu_2 Cu_1] e | inele | Traces |
. 1 12 2.553 100.00 [+] Cu 1 [+] [ batins: (G 31 FiotinR: @ Magnitude
fS. Number of forward scattering 2 6 3.610 22.98 [4] cwz [#] [ AL e & Real part
events. 5 48 3.829 10.55 [+] Cu i cu i [4] ::::;::z:':] Szl & Imainary part
4 48 4.353 .65 o Eieen [
Scattering path . atoms . S| pp—— Lj Cu—3 [+]_ [+] — Path & [Cu_1 Cu_1] Plotine: @ Magnitude
. = L path 10: [Cu_4 Cu_1] & Resl part
scattering photoelectron, [+] symbol s A8 4.7ed d0.e2 [+l cu dcu L [4] & irsanees et
represents core atom. 7 96 4.753 21.84 [+] Cu 3 Cu 1 [+]
8§ 12 5.105 18.93 [+] Cu 4 [+] W indo
2 i B o 5.46 [+] Cu_1 Cu 1 [+] B Backoround
10 24 5.105 43.72 1 [+] Cu 4 Cu 1 [+] H Resicual
11 12 5.105 §.20 1 [+] ©u 1 [+] Cu 1 [+] kmin:lo_krnax:hs_
12 12 5,105 3.56  [+] Cu 1 [+] Cu 1 [+] Rminc [0 Rmec 5
14 12 5.105 32.79 2 [+] Cu 1 Cu 4 Ca i [+] gmirc 0 gma [15
15 45 5.105 3.26 [+] €21 Cul Cu i [+]
18 48 5.292 4.14 [+] Cu 3 Cu 1 [+]
19 48 5.292 4.09 [+] Cu 3 Cu 2 [+]
20 96 5.693 2.73 [+] €u 3 Cu 1 [+]
21 48 5.693 4.80 [+] Cu 3 cu 3 [+] 5
Documenit: Feff interpretation Document: Plotting

All done running FEFF,

S | Zabinsky, J J Rehr, A Ankudinov, R C Albers and M J Eller. "Multiple-scattering calculations of X-ray-
absorption spectra." Phys. Rev. B 52(4): pp 2995-3009, 1995.

File Number



Path Description

A Honeywell Company

12

» Click on Path1

Feff calculation

in the Data & Paths list

E Artemis

File Edit

GhsS  Data

Current project:

Sum  Fits  Theory Paths

Plok

Help

pll FEFFo: Path 1: [Cu_1] Data & Paths
W Piat after the fit B Include in the fit Guess, Nef, Sot
W ke this path the defautt after the fit Eieud ik chi =
o gy Bl- FEFF0 |
= [+ CU_1 [+] use In |=|. """""" e e Plotti a
I L Path 1: [Cu_1] ng options
.y 2l Reff=2.5527 =100.000 d -1z
Path description = it 5 — Path 2 Cu 2] 8081828580
» | 1eg i: o©0.00000 2 1.80500 -1.80500 1 Cu RS [ AR EU ] i | e | o |
FPleg=2,5527 beta=150.000 — Path & [Cu_2 Cu_1]
leg 2: 0.00000 0.00000 0.00000 O €u | Path 5: [Cu_3]

parameters

rled—2 552y

lakel:

=

clelED:
delf:

P sicima:

Ei:
Sril:
4th:

— Path parameter math expressions

: IF X S0z Iamp

enot

clelr

=5

Document: Paths and path parameters

Al done running FEFF.

| Path 6: [Cu_1 Cu_1]
L Path 7:[Cu_3 Cu_1]
| Path 8: [Cu_4]

L Path %: [Cu_1 Cu_1]
L path 10: [Cu_4 Cu_1]

Plotin f: @ Magnitude
& Real part
& Imaginary part
Platin g @ Magnitude
& Real part

& Imaginary part

W incow
W Background

W Residual

kmin: |0 kmaee (15

Rmin: {0

Rma: |6

gmin: |0 gmae |15

Document: Plotting
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The EXAFS Equation oo

A Honeywell Company

EXAFS. Handbook of Synchrotron Radiaction. E. E. Koch. - ~
New York, North-Holland. 10: pp 995-1014, 1983.

’
Q E. A. Stern. "Theory of the extended x-ray-absorption fine /
structure." Phys Rev B 10(8): pp 3027-3037, Oct 1974. 1

Q E A Stern. "Structural determination by X-ray Absorption." \
Contemp. Phys 19(4): pp 239-310, 1978. \

1(K) = Z; xi(k) \
with each path written as:
(k) = (N;Sp2)F (k) sin(2kR; + ¢,(k)) exp(-25;%k?) exp(-2R/1(k))
X'( ) ( kRy? R =R, + AR )
k? = 2 my(E-Ep)/ h

o E.A. Sternand S M Heald Basic principles and applications of lPhOtOElECtron
X

\—
,  Scattered

A Photoelectron

F.(k) effective scattering amplitude
o,(k) effective scattering phase shift
Mk) mean free path

R, initial path length

N; degeneracy of path

S, passive electron reduction factor
E, energy shift

AR change in half-path length

Feff calculates the theoretical scattering Giz mean squared displacement

amplitude F(k) effective, hence the name Feff. .
13 File Number



Path Parameters

Loo

A Honeywell Company

14

 To produce a theoretical
model each path must have a
value for each of these
parameters.

*  Artemis makes a guess for
these expressions.

*  These values can originate
from numbers or math
expressions.

S02 passive electron reduction factor
N degeneracy of path
EO energy shift

delR change in half-path length

sigma”*2 mean squared displacement
of the half path length

~N

E Artemis

File Edit - GDS Data Sum  Fits Theory Paths Plot - Help

Current project:

aoo 0. 00000 0.00000 O Cu

2. hBa o0

heta=180.C

— Path parameter mw

lakel:
w iz X sz Iamp
clelED: {enct
delR:
sigma2: |25
Ei:
Srd:
Ath:

celr

Document: Paths and path parameters

I FEFF0: Path 1: [Cu_1] Data & Paths

W Flct after the fit B Include inthe fit Guoss, Dof, Sat

W Make this path the defaut after the fit =) L
B- FEFFO

FRIGEEEee——————————————————| (|/ [~ Bath a4 T Plotting options

2 legs Beff=2.55Z7 awp=100.000 degen=1Z2 [~ Path 2: [Cu_2] |' DB B2 B B
leg 1: 0.00000 2 1.80500 -1.80500 1 Cu [ R Eu G Mainl ) | - |
rleg=2,5527 beta=150,000 = Path & [Cu_2 Cu_1]

|- Path 5: [Cu_3]
(— Path 6: [Cu_1 Cu_1]
|- Path T:[Cu_3 Cu_1]
|- Path 8: [Cu_4]

|- Path %: [Cu_1 Cu_1]
L path 10: [Cu_4 Cu_1]

All done running FEFF.

Plotin R: @ Magnitude
& Real part
& Imaginary part
Plotiney @ Magnitude

& Real part

& |Imaginary part

W Aincow

W Backoround

W Residusl
kermin: Ji0 kimaz; |15
Rmin: {0 Rimizec: IE
gjtmin: (0 oma |15

Document: Plotting

» Click “Guess, Def, Set” in the Data & Paths list
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EXAFS parameters Uuop

A Honeywell Company

!’ Artemis
File Edit - Ghs o um' il Paths  Plat - Help
G Current project:
uUessS:. Optimize parameter in fit.
P P | Mame | tath Expression Data & Paths
Def: Define a parameter to a given value oamp 1 e DR RN BB s Plot selected groups in
but re-evaluate it during the fit : enot O I Eub I ch
. B- FEFF
Set: setavaluetoa given value. I Path 1: [Cu_1] Plotting options
Determine value once. . - | Path 2: [Cu_2] |¢ 01 B2 83 8w
. |- Path 3: [Cu_1 Cu_1] ; _
Do not use this parameter. | path &[Cu_2 Cu_1] I | Inclic | Traces |

m i EH L] PlatinF: @ Magnitude

tlﬁeef?titraln: penalty that can be added to N ame Of pa I’amete rs Pt lous ool ——

L Path 7:[Cu_3 Cu_1]

that YOU have CreatE d L Path 8: [Cu_4] & Imacinary part

— Path %: [Cu_1 Cu_1] Plotin g @ Magnitude

to define the required [ & reier

& |maginary part

values for each path —

W Backoround

Define: Define parameter to B Resicu

value given. wein: B e [
Rmir: j0 Rmaec |6

New: Make a new parameter. exore N epie e

Grab: Set the value to the
best-fit value from the fit.

Edit selected parameter

fes = |o.ooa
Discard: remove parameter. % Guess @ Def @St @ Skip @ Restran @ After
Undo edit | Hew Grab Discard Hide

Hide: Hide editing area

Document: Guess, Def, Set Document: Plotting

sE

»Click “Fit” to optimize these values

File Number



Fit Results Uop

A Honeywell Company

E Artemis palettes E]@EJ
Ifeffit | Besults | Fies | Meszages | Echa | gnurnall Properties |
Results fram the last fit Rawelog file  —i | Save | Dismiss |
Project title : Fitting cullOk.chi i
Cormrment : Fit #1
Prepared by
Contact 3
Started 3 12:38:31 on 26 June, 2009
This fit at B 14:41:50 on 27 June, 2009
Environment : Artemis 0.5.013 using Windows EP, perl 5.003005, Tk S04.0:27, &
Data sets B foudlok.chi™
Fit lakel ¢ fic 1
Figure of meritc : 1
============================================================ ‘cu 10k ek’ in B space
Independent points = 21.187500000 T ek ki
MNunber of wvarishles = 4000000000 — fit
Chi-=scquare = 1078.13095895319
Reduced Chi-sdquare = bz . V27621226
R-factor - n.oi021311 = Statistical quality of Fit i
Measuremenht uncertainty (k) = 0.000914479 =
Measurement uncertainty (R)] = 0.003911955 % ot
MNumber of data sets = 1.000000000 -
Guess parameters +/- uncertainties [initial guess) :

amp = 0.5626590 +/ - 0.0435050 (1.0000)

enct = 4.5357170 +/ - 0.4306520 (0.00a0) =

== = 0.00316a0 +/ - 0.0003500 (0.0030) a

alpha = -0.0030710 +/ - 0.0010070 [0.anoo)

Initial guessed value
Car) i 1 1les:
Yourparameters [ RS
bl o L -—+ 0.7818

All other correlations are beliw O0.2Z5 b
< >

Best fit values with- uncertainties

16 File Number



Fit Results Uop

A Honeywell Company

B artemispaettes _________________________________ _DE®

[fefft | Resuttz | Files | Mezsages | Echo | Quurnall Properties |

Results from the last fit Rawlogfle  — | . | Dismiss

F

===== Pgths used to f£it cullOk.chi

FEFFO: DPatk 1: Tcu 17
feff = D:yDocuments and Settingsh E446095% Application Data’ horaeh stash) artem:

id = reff= 2.5527, nlegs= 2, path= Cu<->Cu
lakbel =

The value used for fegen - 12.000000

each EXAFS & o aaesme

parameter for each P o D.essi:

path included in the fit. an - o.oooooo
ei = 0.000000

FEFFO: Path =2: [Cu 2]

Used aS a dlagnOStIC feff = D:%Documents and Settingsh E446095% Application Datsa' horaeh stash) artem:

id = reff= 3.6100 nlegs= 2 ath= Cu<->Cu
tool when models do el - o RIEEET S E

r = 3.5958391=2
not work as expected degen =  &.000000

302 = 0.862 6589

0 = 4. 835717

dr = -0.011088

=32 = 0.003166

3rd = O.000000

4t h = O.0000oo

21 = O.000000

FEFFO: Patk 3: Tcu 1 cu 1]
feff = D:%Documents and SettingshE446095% Application Data’ horaeh stash' artem:
i = vratf= = S74an nlem=a= = nath= M= n—"rn="=-rn W

< ¥

17 File Number



Example: Cu foil

Loo

A Honeywell Company

Refx(R)] (A7)

‘cuC1dkchi' in R space
—— —T T

Data Parameters

Data file |cu010k chi

Drata controls

Fourier and fit parameters

¥ Include data in the {t? k-range |25

Xt ha x|

[ Plct data atter the fit?

R-range |1.396 ﬂ to

2793 X

=3 i
W Fit background

r |05
k weindowe  Hamning —
R windowe  Hanning —

o

— Cther parameters

Minimum reported correlation ID 25

Path to use for phase corrections

Mone —

Document: Fitting parameters |

18

Fitting space R —1 | Epsion ID

Fit k-weights ——
B k=1
B kw=2
B k=3
W ather k weight

—

GSD Info

E Artemis

File Edit -G0S [

Current project:  C/Program Filezlteffitfexamp

Path Info

| Marme | Math Expreszion

B Pict after the 1it B inciude inthe fit

I Miake this path the default after the fit
— [FCu1 [+
2 legs Reff=2.5527 amp=100.000 degen=12

leg 1: 0.00000 1.80500 -1.80500 1 Cu

rleg=2.5527 beta=130.000

#
. leg 2: 0.00000 0.00000 0.00000 O Cu

1 g' amp D'g rleg=2.5527 belta=1350.000
2 g: enot ] — Path parameter math expressions
3 g: delr u}

Izbel
4 g: sigsgr 0.005 w2 X 502 famp

delED: |enat
= d: =ignor 0.00052 el |clelr

sigmat2: |sigaar + signor

Ei
3rd
it

Guress, Def, Set
O cubd10k.chi
é— Sum
L sum1

Teffo004.dat

Teff0002.dat
Teffo003.dat
Teffo005.dat

Example from c:\Program Files\Ifeffitlexamples\Artemis

Set up variables for first shell and give them reasonable
values

Sum paths to see how the theory corresponds to the

data

Notice strong signal due to 15t Cu neighbor is in about
the right place for the data. Overall shape is similar

Make sure that fit range is appropriate and choose kw
for fit

File Number




Cu First Shell Model Results uop

A Honeywell Company

Re[x{F)]) (A7)

— Results Info

‘cul1dk.chi' in R space
— T ™ T

o T euiBieni Independent points = 13.579101562
Nurmber of wariables = 4. 000000000
Chi-=square = 259 .789677739
Feduced Chi-sguare = 27.118375982
B-factor = 0.001326741
Measurement uncertainty (k] = 0.001130695
MHeasurement uncertainty (Rl = 0.004441269
Mumbher of data sSets = 1.000000000
| | | | | FUESS parameters +f—- uncertainties [initial guess):
¢ ! ? R?ﬁ) ¢ : B stnp = 0.9087470  +/- 0.02059050
enot = 5.4377270 +/ - 0.2674280
. [ [ delr = —-0.0045540 +/ - 0.0012540
E Artemis Sigsgr = 0.00z22450 +/ - 0.0001320
File Edit - GDS L. um  Fits Ti Flot - He
Current project: C/Program Filesifeffitiexamples/artemisiCu Def parameters [(using "FEFFO: feffO0001.dat™):
# | | Matne | Iath Expression S igncur = 0.0005200
1 g: amp 0.908747 (0.020905) !
2 g: enot  5.487727 (0.267428)
3 g: delr -0.004584 (0.001254)
4 g: sigsgr 0.002945 (0.000132)
5 d: signor 0.00052
]
- Data and Model are in good agreement
* GSD values are reasonable
19
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Cu: Three Shell Model

Loo

A Honeywell Company

Re(x(R1) {277

-1

20

-z

‘cu10k.chi' in R spoce

Cepper S002

Coprer

Coppet/ Q05 ]

- Use alpha to define path lengths

o

W Make this path the defaut after the it B cul10k.chi
Path Info |z
B B e | S [ tefuivias
2 legs Reff=2.5527 awmp=100.000 degen=12 [ feffon02.dat
leg 1: 0.00000 1.80500 -1.80500 1 Cu o IRt
rleg==2.5527 beta=180.000 [ feff0004.dat
leg 2: 0. 00000 0. 00000 0.00000 0O Cu | feffé005.dat
rleg=2.E527 heta=130.000 | feffo006.dat
— Path parameter math expressions - fermuor.da
| feffdi0d.cdat
|- feffd009.dat
et L feffon10.dat
12 X 502 famp | feffoo11.dat
lelED: jenct | feffoo12.dat
delR: (alpha*reff | feffondd.dat
sigma”?: |debvertemp, theta) + signor L fefroo15.dat
Ei:
Srid:
Ath

* Use Debye temperature to define o2 values
* Each Single scattering path fits into a specific signal in the

data

GSD Info

E Artemis

Fle Edt &bs Lo

Current project:  C/Program FilesAfeffitfe

# | |Name |Math Expression

1 o: armp 1

2 i enot u]

3 g: alpha 0O

4 s: Lenp 10

5 g: theta 350

6 =: signor 0.00052
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Fitting results for three shell fit to Cu

Loo

A Honeywell Company

Relx(RY] (A7

-0

21

=20

'cud1Bk.chi’ in B spoce

— culd1dk. chi
Chipper 002
W
e ] - g n 3
w — Cepper/005 1
T
¥ Matme hath Expression
1 X amp O0.966073 [(O.066731)
2 o: enot 5.725451 (0.383385)
3 g: alpha 0.000253 (0.001063)
4 =: Tewp 10
= g: theta Z86.4535582 (41.176460)
&) =: =signor O0.00052

Results Info

E Artemis palettes

Ifeffit | Results | Files | Messages | Echo | Journasl | Properties |

Results from the last fit

Faw log file = | Save | Dismiss |.

25.669921875
4.000000000
Z356.356799599
105.738582275
0.023004147

Independent points
MNuber of wvarishles
Chi-sguare

Eeduced Chi-sdguare
RE-factor

Measurewent uncertainty (k) 0.001106115
HMeasurement uncertainty (R] 0.004671217
Number of data sets 1.000000000

Guess parameters +/- uncertainties [initial guess):

amp = 0.9660740 +/ - O0.0667310
Snot S 5.7254810 +/ - 0.3833850
alpha = 0.0003530 +/ - 0.0010630
theta = ZB86.4355820 +/ = 41.1764600

{1.0000)
{0.0000)
{0.0000)
{350.0000)

-

* There is more to this example on your computer
* Modeling more shells and modeling temperature dependent

spectra series

File Number



Example #2: Align SnO, EXAFS Spectra to The

A Honeywell Company

22

.71 Athena

File Edit Group Walues - Plot Mark - Data Merge Analysis - Settings  Help

Project

Afu]r]

Current group  shoZ

File: |ent5 and Settings/E446095/Desktop/ArternisTalk/snoZ. prj |

Z H —| Edge k. — | E shift: IU Importance Il

Background removal Show additional parameters |

E0: |29199.4? % Rhbky |1 4|
k-weight: 1 Edge step: |1.0368 ‘I I~ fix step

Fre-edge range:  |-285.470 %] ta [-30 |
Normalization range: [100 Al to |1128.00 ¥
Spline range: k0.5 Al to 17,952 ®

E .95z A to f1zzs.00 %]

Forward Fourier transform

krange: |z X to f17.90 X

dk: |2 window type:  kaiser-bessel —

Fhase correction: W off  arbitrary k-weight: ID.S

sno2

S0 &1 &2 &3 & kw

Backward Fourier transform

R-range: |1 Xt 3 |

dr: ID.S window type:  kaiser-hessel —

Plotting parameters

plot multiplier: Il y-anis offset: [0

v]

Plotting options

ElklqulstackllnleFl

W Flot chilE) W
W Window

kmin: |0 kma: |1E

plotting in k-space from group “sno2' .. dane!

- EO is somewhere on the edge
* Using default parameters

M Newville, B Ravel, D Haskel and E A Stern. "Analysis of multiple scattering XAFS
data using theoretical standards." Physica B 208 & 209: pp 154-156, 1995.

merge
T T T T T T
..
= oW
oSt
= 1
T
L L L L
Hapd P Rl il 19200 1950
E f=v)
merge
T —T T T T
-
=
=
o
-

k4l
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Fit of first Shell

A Honeywell Company

23

E Artemis palettes

Ifeffit | Resultz | File= | leszages | Echao | Jdournal | Properties |

=1 | Save | Dismiss

Results from the last fit Raw log file |
Project title Fitting chi.chi ta
Conent Fit #1
Prepared by skellyflittle.er.anl.gov
Contact
Started 09:25:09 on 11 May, Z004
This fit at 14:33:08 on 28 June, 2009
Environment Artewis 0.5.013 wsing Windows XP, perl 5.005008, Tk S04.027, a
Data sets Treroge
Fit lashkel fit 1
Figure of merit 1
Independent points 12 .437500000
Nunber of wvarishles = 4., 000000000
Chi-sguare = 144652.749867735
Feduced Chi-zsdquare = 17144 .029613954
R-factor = 0.063204931
Measurement uncertainty (k) = 0.000180354
Megsurement uncertainty (R) = 0.000432 656
Nunber of data sets = 1.000000000
Guess parameters +/- uncertainties [initial guess):

amp = 1.2288010 +i = 0.1475600 (1.0000)

delr = —-0.0076470 G = 0.0126960 {0.0000)

35 = 0.0040730 +/ = 0.0015510 {0.0000})

NI = 11.51135960 +i/ = 1.6054920 (0. 00007 | |
Corrdlations hetween variables:
delr and e —--> 0.8451
smp and ss ——» 0.8057

411 other correlations are below 0.25 w
< >

* EO0 could be smaller

« Background needs to be adjusted

* More information:

- M Newville, B Ravel, D Haskel and E A Stern. "Analysis of multiple
scattering XAFS data using theoretical standards." Physica B 208 & 209:

pp 154-156, 1

995.

R A7

RS

‘merge’ in B spoce
T

— marge

— fit 1

rs
ROE)

‘rrerrge’ ik oapoce

k4l
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Create first shell model with AE=0

Loo

A Honeywell Company

EAH&lllis
File Edit - GDS 0

Flat - Help

Current project:  [r/Documents and Settings/E446095 Desktop/aremisTalkiSn02_artemis apj

Edit selected parameter

e = |od
# Guess & Def & Set & Skip i Restrain

Undo edit | Hew | Grab Discard

& After

Hide

Document: Guess, Def, Set

Platting in k space ... dons!

# | | Mame |Math Expression Data & Paths
1 g: awmp 1.228801 (0.147560) . Guess, Def, Set
2 g: delr -0.007647 (D.012696) ElReras
E- Sum
& g: ss 0.004073 (0.001551)
..................................................................... |:ﬁt1
= die e sum 2
- FEFF0
|:Path1:[01_1]
Path 2: [01_2]

Plot selected groups in

Plotting options

|-n 18283 8 kw

hain | Indlic | Traces |

Plotin R 8 Magnituce
@ Realpart
@ Imaginary part
Ploting: @ Magnitude
@ Realpart

@ Imaginary part

W window
B Background
W Residusl

kmir: [0 kmau: |15
Rmiri: (0 Rma: (8
grmin: (0 gmax: (15

Document: Plotting

[

‘rzrge’ ik apgce

K

Data and theory are not aligned

- Set parameters to their best-fit values by using the Grab button.

* Set e=0.

« Sum all paths to make model spectrum with E=0.

File Number



Background corrected and energy aligned by uqimp
theory .. -

t_‘i Athena

File Edit Group “alues - Plob  Mark - Data Merge Analysis - Setkings  Help merge
‘ Project nts and Settings/E446096/DesktopiartemisTalkisnaZ. prj |A | U| | | modified | — kg
Current group  merge N sno2108t _ _
File: |merge of sno2108t, sno2109t, sno2110t | B sno2109t .
Sn —l| Edpe: K —l‘ E shitt: ID_ Importance: Il_ | 2 i _ .
¥ merge % 4
Background removal Show main parameters| B merge_sum_2_k.fi

M Flatten normalized data  Background:  Autobk — /

Maormalization order, @ 1 @& 2 & 3

I™ Use functional narmalization / theory
Standard: [4: merge_surn_2_k it E k | R | a | kq 24000 22100 320 2930 19406

E {av]
Spline clamps: low:  MNone — | high: Strong —
Forward Fourier transform S0 %1 82 83 8w
sno?

krange: |z X to [i7.954 ¥ “'l Plotting options T — . r T

dk: |2 window type:  kaizer-bessel — El k| R| ql Stackl Indl PFl T menme
- merqe_aum_z‘: k it

Phase correction: W off  arbitrary keweight. 0.5 B mu(E) e T
B background

Backward Fourier transform _ &
R-range: |1 X to |3 X e I|n-e ? =
W post-edge line = )
dr: 0.5 window type:  kaiser-bessel — B Normalized & o
Plotting parameters W Derivative =

plot multiplier: Il y-axis offset: ID Ernin: [-200 Emax:I2EID :

plotting in energy from group “merge’ ... donel

a ) 0 15
k4l

* Read the theory into Athena

« Select your data and use the theory as a standard Data and theory are aligned
* Adjust EO so that the data and theory are aligned at low k values
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Fit to first shell with background adjusted

A Honeywell Company

26

I ~rtemis patettes EEI&E
Ifetfit | Results | Files | Messages | Echo | Journal | Bropetties |
Results from the last fit R log file = | Save | Dismiss |.
Project title : Fitting chi.chi 5
Comrent t Sum #1
Prepared hy : skellyflittle.er.anl.gov
Contact 8
Started i 09:28:09 on 11 May,
This fit at B 14:49:08 on 28 June,
Environment : Artemis 0.5.013 using Windows XP, perl 5.005003, Tk S504.027, =
Data sets A e oe '
Fit lahel 1 fit 3
Figure of merit : 3
Independent points = 19.5875000000
Nmnl:*er of variahles = 4.000000000
Chi-sguare = 7550.041600728
Reduced Chi-sguare = 475.5953171699
R-factor = 0.033932590
Measurement uncertainty (k) = 0.000292358
Heasurement uncertainty (R] = 0.001144697
Mumber of data sets 1.000000000
Guess parameters +/- uncertainties [initial guess):
arap = 0.9586310 = 0.0716180 [guessed as 1.228801 (0
delr = -0.0023340 +/ - 0.0053500 (guessed as -0.007647 ([
=1 = 0.0023530 +/ - 0.0010680 (guessed as 0.004073 (0
= = 2.8114190 +/ = 0.85594790 (0.0000)
Correlations between variables:
delr and e --> 0.8136
amp and == —-=> D0.7698
B]1] other correlations are below 0.25 b
< >

R A7

a5

S

‘merge’ in B spoce
T

— marge

L

2 i 5 [
ROE)

‘rrerrge’ ik oapoce

k4l

+ Read the chi(k) data back into Artemis and fit the first shell

File Number



Example 3: Modeling a metal-oxide (SnO,)

A Honeywell Company

« Compare the sum of all 69 paths to the data

File Edit GDS Plot - Help

Current project:  DnDocuments and Settings/E446095/DesktopidtemisTalk/Sn02_artemis sp)

| |Name | Math Expression

Data & Paths

#
1 =: swp 0.958631 (0.071618)
5

_Guess, Def, Set

Edit selected parametet

Jss = |ooog
# Guess & Def & Set & Skip ¥ Restrain

Undo edit | Hew | Grab Discard

& After
Hide

Document: Guess, Def, Set

B merge
é— Sum
— fit1
— sum 2
—fit3
— sum5
B- FEFF0
I Path 1: [01_1]
I Path 2: [01_2]
I Path 3: [Sn1_1]
I Path 4 [01_2 01_1]
I Path 5: [01_3]
I Path 6: [Sn1_1 01_1]
— Path 7: [Sn1_2]
— Path 8: [01_4]
— Path % [Sn1_2 01_1]
— Path 10: [Sn1_2 01_2]
— Path 11: [011_1 O1_1]
— Path12: [01_1 [+] O1_1]
— Path13: [01_1 [+] 01_1]
— Path 16: [01_2 O1_2]
I Path1T: [01_2 [+] O1_2]
L Path 19: [01_5]
| Path 20: [01_3 O1_1]
[ path 21: [01_4 O1_1]
| Path 22: [01_5 ©1_2]
L Path 23: [01_6]

Plotting in k space ... donel

Plot selected groups in

Plotting options
‘lo 18283 8 kv

Iain | Inelic: | Traces |

Plot in F: @ Magnituce
& Real part
& |macinary part
Plcting: @ Magnitude
& Real part

& |macinary part

W Vindow
W Backoround
W Residual

kmin: |0 kmax: [15
Rmin: (0 Rman: |5
gemin: |0 gmax: (15

Document: Plotting

27

R A7

S

o5

‘merge’ in B spoce
T

T T T
— mapge
— fumn &
K |
s 4 [ 4
FLRY
‘merge’ in bk oappce
T T T T T
— mapge
— s 4
L L
5 14 15

k4l
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How many paths are required?

Loo

A Honeywell Company

Rl 77

o5

R «fF2] (A7)

28

Minimum amplitude 5%

30 of 69 paths

'merge’ in R spoce
— mene
— wm T
T 4 a
RE)
'merge’ in R spoce
o
— mene
— wm T
» /X}
TF
L L L
a T 4 a

RE)

All data is present in model

Minimum amplitude 10%

xR AT

R 1] (A7)

o5

18 of 69 paths

'merge’ in B spac
— merge
— fuin E
a 3 + a -]
R (K
'merge’ in B space
o
— merge
— fuin E
o _/\U
TF
1 I I
a 3 + a -]

R (K

missing a little of the data

Minimum amplitude 15%

[ A7)

Re wlF] (A7)

o5

8 of 69 paths

'merge’ in B space
— mzige
 fuim &
T 4+ L] B
R K
meeg R spoc
— mene
— am 8
L L L
T 4 ] -]
RE)

missing a lot of the data

File Number



Models to consider: uop

A Honeywell Company

29

* Ar:
- Symmetric expansion term: Alpha * reff.
- Grouped depending on distance and atom types
- Related to unit cell dimensions
« AE:
- Energy shifts that depend on atom type
- One energy shift for all paths
- Two energy shifts, one for first shell and another for all other shells
I
- Grouped depending on distance and atom types.
- Use a Debye or Einstien model, with one or more characteristic temperatures.
- Each shell with independent value.
- Separate structural disorder from thermal disorder components.

S02:
- One S02 for all paths.
- Approximate S02 from standards.
* N:
- Determined by the crystal structure.
- Fit a data series were N is expected to change.
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Some EXAFS references uop

A Honeywell Company

30

Multiple edges, structural information: B Ravel, E. Cockayne, M. Newville and K. M. Rabe. "Combined EXAFS
and first-principles theory study of Pb1-xGexTe." Phys. Rev. B 60(21): pp 14632-14642, Dec 1999

Structural information, bond angles: A. l. Frenkel, E A Stern, A. Voronel, M. Qian and M Newville. "Solving
the structure of disordered mixed salts.” Phys. Rev. B 49(17 — 1): pp 11662-11674, May 1994.

Model two phases, then combined to model a mixture: S. Kelly, R. Ingalls, F. Wang, B. Ravel and D. Haskel.
"X-ray-absorption fine-structure study of the B1-to-B2 phase transition in RbCl.“ Phys. Rev. B 57(13): pp
7543-7550, April 1998

Determine neighbor atom types and number using standards: S. D. Kelly, K. M. Kemner, J. B. Fein, D. A.
Fowle, M. l. Boyanov, B. A. Bunker and N. Yee. "X-ray absorption fine-structure determination of pH
dependent U-bacterial cell wall interactions.” Geochem. Cosmo. acta. 66(22): pp 3855-3871, Nov 2002.

Multiple techniques: P G Allen, J J Bucher, D L Clark, N M Edelstein, S A Ekberg, J W Gohdes, E A Hudson,
N Kaltsoyannis, W W Lukens, M P Neu, P D Palmer, T Reich, D K Shuh, C D Tait and B D Zwick.
"Multinuclear NMR, Raman, EXAFS, and X-ray diffraction studies of uranyl carbonate complexes in near-
neutral aqueous solution. X-ray structure of [C(NH2)3]6[(U0O2)3(C0O3)6] 6.5H20." Inorg. Chem. 34: pp 4797-
4807, 1995.

Pressure dependent data: A.l. Frenkel, F. M. Wang, S. Kelly, R. Ingalls, D. Haskel, E. A. Stern and Y.
Yacoby, “Local structural changes in KNbO3 under high pressure”, Physical Review B 56, 10869, 1997.

Temperature dependent data: D. Haskel, E.A. Stern, D.G. Hinks, A.W. Mitchell, J.D. Jorgensen, J.l. Budnick,
“Dopant and Temperature Induced Structural Phase Transitions in La,  Sr,CuO,” Physical Review Letters,
76 (3) pg 439

Multiple edges, structural disorder: S. Calvin, E. E. Carpenter, B. Ravel, V. G. Harris and S. A. Morrison.
"Multiedge refinement of extended x-ray-absorption fine structure of manganese zinc ferrite
nanoparticles.” Phys. Rev. B 66: pp 224405, 2002.

Structural information from XANES and EXAFS: B. Ravel, E. A. Stern, R. |. Vedrinskii and V. Kraizman. "Local
structure and the phase transitions of BaTiO3." FERROELECTRICS 206(1-4): pp 407-430, 1998.

Temperature dependence and nanoparticles: A. l. Frenkel, C. W. Hills and R. G. Nuzzo. "A view from the
inside: Complexity in the atomic scale ordering of supported metal nanoparticles.”" JOURNAL OF
PHYSICAL CHEMISTRY B 105(51): pp 12689-12703, 2001.

Kelly, S. D.; Hesterberg, D.; Ravel, B. Analysis of soils and minerals using X-ray absorption spectroscopy.
In Methods of soil analysis, Part 5 -Mineralogical methods; Ulery, A. L., Drees, L. R., Eds.; Soil Science
Society of America: Madison, WI, USA, 2008; pp 367-463.
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The Model for SnO,, data uop

A Honeywell Company

Ar: symmetric expansion term: alpha * reff.
AE: Energy shifts that depend on atom type:
- The first shell; Eo1,
- All other oxygen scattering events: Eo2
- All tin scattering events: Esn
o2: Grouped depending on distance and atom types.
S,%: one for all paths.
N: determined from the crystal structure.
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Final Model for SnO,

Loo

A Honeywell Company

Includes all the
atoms shown here

32

. One S02-value was also determined in the fit.

* 30 paths used in final model.

Path N reff AR o AE
Sn-01 4 2.0519 | Alpha-reff c?o1 AEo1
Sn-02 2 2.0567 | Alpha-reff c%o1 AEo1
Sn-Sn1 2 3.1864 | Alphareff  o%sn1 AEsn
Sn-03 4 3.5906 | Alpha-reff c?03 AEo02
Sn-Sn2 8 3.7093 | Alphareff  o%sn2 AEsn
Sn-Sn2-01 8 3.9090 | Alpha-reff o%sn201 0.5:AEsn+0.5-AEo1
Sn-Sn2-02 8 3.9090 | Alphareff  &?sn201 0.5-AEsn+0.5-AE01
Sn-05 8 4.2414 | Alpha-reff c?05 AEo02
Sn-Sn3 4 4.7373 | Alphareff  o?sn3 AEsn
Sn-07 8 4.8006 | Alpha-reff c?o7 AE02
Sn-Sn4 8 57092 | Alphareff  o’sn4 AEsn
Sn-Sn5 8 5.8365 | Alphareff  &°sn4 AEsn
Sn-Sn5-01 8 5.8405 | Alphareff  c?sn4 0.5-AEsn+0.5-AE01
Sn-Sn5-04 8 5.8405 | Alphareff  o%sn4 0.5-AEsn+0.5-AE02
Sn-01-Sn5-01 4 5.8444 | Alphareff  &°sn4 0.33:AEsn+0.66-AE01
Sn-04-Sn5-04 4 5.8444 | Alphareff  o?sn4 0.33-AEsn+0.66-AE02
Sn-Sn6-Sn1 4 6.3728 | Alphareff  o%sné AEsn
Sn-Sn1-Sn6-Sn1 2 6.3728 | Alphareff  %sn6 AEsn
Sn-Sn7 4 6.6995 | Alphareff  o?sn7 AEsn
Sn-Sn7-02 4 6.6995 | Alphareff  o%sn7 0.5-AEsn+0.5-AE01
Sn-Sn7-06 4 6.6995 | Alphareff  o’sn7 0.5-AEsn+0.5-AE02
Sn-Sn7-06-02 4 6.6995 | Alpha-reff  o°sn7  0.33-AEsn+0.33-AE01+0.33-AE02
Sn-06-Sn7-02 4 6.6995 | Alpha-reff  o?sn7  0.33-AEsn+0.33-AE01+0.33-AE02
Sn-02-Sn7-06- 4 Alpha-reff  o%sn7  0.25-AEsn+0.50-AE01+0.25-AE02
02 6.6995
Sn-06-Sn7-06- 4 Alpha-reff o’sn7 0.25-AEsn+0.25-AE01+0.50-AE02
02 6.6995
Sn-Sn8 8 7.4187 | Alpha-reff o’sn8 AEsn
Sn-Sn8-Sn2 16 74187 | Alphareff  &%sn8 AEsn
Sn-Sn2-Sn-Sn2 8 7.4187 | Alphareff  4-6%sn2 AEsn
Sn-Sn2-Sn8-Sn2 8 74187 | Alphareff  o%sn8 AEsn
Sn-Sn9 16 7.6578 | Alphareff  o%sn9 AEsn

*  There are a total of 18 parameters in this model and 56 independent points in the data.
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Final Model and Fit to SnO, uop

A Honeywell Company

EArtemis palettes : ‘merge’ '": R spoce .
Ifetfit | Resuls | Files | Meszages | Echa | Journal | Properties | ol — mergs ]
. — s
Results from the last fit Rawlogfle  —i | save | Dismiss |
============================================================ s — _L ]
"
Independent points = T0.494140625 E
IMumber of wvariables = 15.000000000 =
Chi-sgquare = 19369.502641930 T E 2L
Reduced Chi-sdgquare = 368.984088725
R—factor = 0.016051320
Measuremenht uncertainty (k) = 0.000149951 Tt 4
Heasurement uncertainty (R) = 0.000557235
MNuaber of data sets = 1.000000000 — 1- 1 1 .
Al a 4 &
= CRTY
13
Guess parameters +/- uncertainties [initial guess) : =
arnp = 1.0512750 +/ - 0.0230720 [1.0731)
ol = Z2.79957390 +/ - 0.z0750a60 [3.4017)
ESn = 1.36066090 +/ - 0.4750070 [2.06604)
E0Z = 3.5177280 +/ - 0.8863380 [5.0Z88)
alpha = —-0.00030z20 +/— 0.000757%0 [(—0.0001)
ss01 = 0.0031980  +/- 0.0002910 i0.0034) i " . p a
3302 = 0.0154130 +/— 0.007voos0 [(O.0203) B L
33504 = 0,.0055760 +/ - 0.00z20550 [(0.0066)
SS06 = 0.0052160 +/ = 0.0036660 [(0.0066)
szsnzol = 0.00350580 +/ = 0.0010600 (0.0040) T - I I f
[ J
zssnl = 0.0035740 +/ = 0.0002540 (0.0035) yplca Va ueS Or
SSSn2 = 0.0053430 +/ - 0.0002450 (0.0054) EXAFS t
sssn3 = 0.0070530 +/ = 0.0014530 (0.0071) parame erS
sssnd = 0.0073380 +/ - 0.0006350 (0.0077)
s=sn5 = 0.0084460  +/- 0.00Z 6580 {0.0090) ° . I th 0 5 A
F55n6 = 0.0069210  +/— 0.0024670 (0.0066) Ar' ess an "
s53n7 = 0.0057330 +/ - 0.001a200 (0.0086)
s55n8 = 0.0106090  +/- 0.0044800 {D.0096] ° AE: IeSS than 10 ev
« o2 0.003 to 0.020 A2
Correlations between variables: b G L] L] o L]

S02: 0.70 to 1.10
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Example 4: Determining 2"d shell atom type and JOop
number

A Honeywell Company

Uranyl in equilibrium with a mixture of Fe-oxides and different
microbial components.

Possible second shell atoms, O, C, P, Fe, U.
30-50 combinations of these atoms were tested.

Three of these tests are shown here:

- C and Fe, all morked groups
- P and Fe, - T

— felm? |
- Fe and Fe

k x(k) (&)
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Setting up a Uranyl Model Uop

A Honeywell Company

E.Artemis

Fle Edt GOS O um Fits Tl P Plot  Help

Current project:  [oiDocuments and SettingsE446095DeskoprdiemisTalkiartemis1-TestPaths apj

# |J Mame | Math Expression a Data & Paths

5 g: noeg Z.683084 (0.982222) . Guess, Def, Set |

6 g: delgeq -0.169572 (0.021928) B chitehi

=- Fit

i g gs0ed 0.004182 (0.003290) é- e Bleihng S

R Oax at 1.78 G0 818283 8w

9 g: nfez 0.399266 (0.219653) Oeq at 2:46

10 o delfe2 -0.144064 (0.051333) Cat 2.85 Main | Indic | Tracesl

11 d: ssfez safel U-Oaxt-U-Oaxt Plstink: @ Magnitude

12 == mm e U-Oax1-Oax2 & Rl part

13 g: no 1 U-Oaxd-U-Oax2 . .

14 dele 0 El- FEFFT Imaginsry part

o S | L patsoe Ploting @ Magnitude
T El- FEFFS & Real part

| L Fe at 3.53

1 np 1 . . .

- — - FEFF4 * Organization is key

|38 @elp o0 L Fe at 2.80

= S31 0.003

e —————————————— j  FEFF paths can be renamed
24 el 1.415675 (0.145499)

- - Separators can be added to
oy geELrels L. U5 LU Uoot3T)

afel  0.003 GDS page
b
-
* Variable names can have

Edit zelected parameter -

fz=p = |o.on3 meanlng

@ Guess & Def @ Set & Skip & Restrain i Atter . .

Undo edit | Hew Gralx Discard Hide ® MUItlpIe FEFF CaICUIatlonS

Document: Guess, Def, et can be used in one model

s5p = 0000673 +/- 0,019959 I
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Test data for C and Fe shells LUop

A Honeywell Company

1. P sppce Clch' m R =pnce
||||||||| r ™T T T T T T T T T T 1 ’ ] ’ ’
— r_1chl C — chi_i.chi
— R i Fe — Fil ]
Hﬂ"! S i P T B = O 0oy gl 1.74
= 0fmn gl D — 0/0eq of I.48
" ]
=
= =
T
_x

* Place C and Fe shells in a “good” spot
- set parameters — no fitting

- monitor results and fit spectra

- Needs to be done using real or imaginary part of FT,
can not always be done using magnitude of FT.

File Number



Fit Results using C and Fe shells

‘chi_1.chi' in R spoce

T T T T T T T T
— ehi_1 chi
— Tit|1
u
s — /g at 1.TH
— O/0eq at 2 45
5
= . oBFe il 357 |
©
=
uy
= | ]
1
1 | - 1 1 1
o 1 2 3 4 5 &

E Artemis palettes

Re[x(R1] (B77

Lop

sywell Company

0.5

‘chi_1.chi' in R spoce

C Fe

— ehi_1 ehi
— it 1 |
— O 00w at 175
— O0eq ot 2 49

37

|feffit | Results | Files | Messages | Echo | Journal | Properties |
Results from the last fit Calumn view  — | Save | Dismiss |
A
R-factor for this data set = 0.00Z03
path degen [=14i)a] Sigma” 2 el reff delta R 124
"FEFFO: Oax at 1.78" 1.00000 Z.000 0.0035868 -5.79362 1.75510 -0.00517 1.74993
"FEFFO: OQeq at 2.46" 1.00000 5.719 0.01094 -5.79362 2.46160 -0.Z219586 2.249174
"FEFFO: C at 2.85" 1.00000 21.896 0.0530668 -5.79362 2.85250 0.01z219 Z2.56469
"FEFFO: T-0Daxl-T-Ozaxl™ 1.00000 Z.000 0.01546 -5.79362 3.51020 -0.01035 3.49955
"FEFFO: U-Oaxl-Oax2'™ 1.00000 Z.000 0.00773 -5.79362 3.51580 -0.01035 3.50545
"FEFFO: T-Oaxl-T-Oaxz™ 1.00000 Z.000 0.003568 -5.79362 3.51580 -0.01035 3.50545
"FEFF3: Fe at 3.53" 1.00000 20.066 0.03957 -5.79362 3.52570 -0.zZp621lz 3.26358
W

Signals became broad and unrealistic

g
EXAFS Parameters

c?-values -
Distances +
Coordination -
numbers
AE-value -
File Number




Test data for P and Fe shells

Loo

A Honeywell Company

38

[ [

0.5

-0z

‘chi_1.chi' in R spoce
7

— ehi_1 chi
— sum &
— 000w at 1 TH

— a/0eq at 2 4d

* Place P and Fe shells in a “good” spot

- set parameters — no fitting

- monitor results and fit spectra

Re[w(R1] {73

-03

‘chi_1.chi' in R spoce

az

|

— ehi_1 chi
— sum &
— O 00w at 1.74

— Q/0eq at 2 44
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Fit Results using P and Fe shells

A Honeywell Company

‘chi_1.chi' in R spoce

0.5

— ehi_1 ehi 1
— it 4
— 000w at- 1.7

a/0eq at 2 46

‘chi_1.chi' in R spoce

= ki1 ahi ]
— Tit 4 1
— afoge at 173
0/02q at 2 467

o 5
! =3
ﬁ —
p— [y _
& . %
= ¥
[n']
s
o b |
1
L - L 1 P | 1 L ] '-I' L Lo Lo 1
Q 1 3 4 5 L] Q 1 2 3
r (K r (K
Artemis palettes EIEE)
Ifeffit | Result= | File= | lessages | Echo | Journal | Propetties |
Results from the last fit Calumn view — | Save | Dismiss |
R-factor for this data set = 0.00264 &
path degen amp Sigma™2 el reff delta R R
"FEFFO: Oax at 1.78" 1.00000 2.000 0.00351 -1.12310 1.75510 0.02066 1.77576
"FEFFO: OQeq at 2.46" 1.00000 4,615 0.00941 -1.12310 2.46160 -0.17602 2.28551
"FEFFO: U-Oaxl-U-Oaxl™ 1.00000 2.000 0.01405 -1.12310 3.510z20 0.04132 3.55152
"FEFFO: U-Oaxl-OaxzZ™ 1.00000 2.000 0.00702 -1.12310 3.51580 0.04132 3.55712
"FEFFO: U-0axl-U-OaxzZ™ 1.00000 2.000 0.00351 -1.12310 3.51580 0.04132 3.55712
"FEFF1: P at 3.06™ 1.00000 0.835 0.003%8 -1.12310 3.05550 0.00387 3.06537
"FEFF3: Fe at 3.53" 1.00000 0.276 0.00132 -1.12310 3.52570 -0.12876 3.39694
w

39

EXAFS Parameters

o2-values

Distances

Coordination
numbers

AE-value
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Test data for Fe and Fe shells Uuop

A Honeywell Company

‘chi_1.chi' in R spoce
7

‘chi_1.chi' in R spoce
7

= ki1 ahi = ki1 ahi

— sum 5 uw — sum 5 |
— o/t at 175 = — a/age at 175
— 0/0eq at 2 45

— Q/0eq at 2 44

[ [

Re[w(R1] {73

* Place Fe and Fe shells in a “good” spot
- set parameters — no fitting
- monitor results and fit spectra

File Number



Fit Results using Fe and Fe shells

A Honeywell Company

‘chi_1.chi' in R spoce

‘zhi_l.chi' in R spoee T

— zhi_1 ahi 1

— 1t g

— 000w at- 1.7
a/0eq at 2 46

— ehi_1 ehi

— fit & 1
— 00w at 174
040eq at 2 49

41

5
A =
= z
= =
3 | 3
= ]
I
= F |
I ——/W
] 1|_ [ . 1 L 1
1 1 | - 1 1 1 1 1 1 |:| ] 2 3
Q 1 2 3 4 5 L]
r (K
r (K
B Artemis palettes E1E) &)
Ifeffit | Results | Files | Mezsages | Echo | Journal | Properties: |
Results from the last fit Column views  — | Save | Dismiss |
-
E-factor for this data set 0.00254
prath degen armp Sigma™2 el reff delta R E
"FEFFO: Oax st 1.78" 1.00000 2.000 0.00320 -0.59470 1.75510 0.01995 1.77508
"FEFFO: Q=g at 2.46" 1.00000 3.235 0.005%4 -0.59470 2.46160 -0.17337 2.28263
"FEFFO: U-Caxl-U-Oaxl™ 1.00000 2.000 0.01280 -0.59470 3.510Z2Z0 0.03935 3.55015
"FEFFO: U-Oaxl-Caxz" 1.00000 2.000 0.00640 -0.592470 3.51580 0.03935 3.55575
"FEFFO: U-Oaxl-U-Oaxz™ 1.00000 2.000 0.00320 -0.59470 3.51580 0.03925 3.55575
"FEFF3: Fe at 3.53" 1.00000 0.670 0.00830 -0.59470 3.52570 -0.16117 3.36453
"FEFF4: Fe at 2.30" 1.00000 0.669 0.00830 -0.59470 2.300320 0.03752 2.8387:2
-

EXAFS Parameters

o’-values +
Distances +
Coordination +
numbers
AE-value +
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Comparison of Models

A Honeywell Company

y ANLE (= [TE]1] L
Fle Edt GDS Data Sum Fits Theory Paths Plot Help Q u I ( :k s u m m a
Current project: DoDocuments and Settings/E446095Desktopiaremis Talkiartemis1 -TestPaths apj
N Data & Patt Pt | Bemts | Eles | messsges | Eote | douma | Eropertes
Examine log files Currentfit: fit Fe Fe a L Messages fom Anemis v it s |
Guass, Def, Sat 5 Frojecs tatln @ Favtang cui.ohi ]
—Fits ——————— — Choose a parameter o Plot selected groups in S rocmnaa
B chi_l.chi
fit G Fe || [otistical parameter= AT u R a P e st 1125008
p— ; S oA S
Get parameters from Guess, Def, Set list L fit C Fe | Plotting options Reduced ehi-square + 4084, 543579971
R-Zngtor i 0.002002495
sum 3 - sum 2 | S0 81 %2 83 & pw Beasucemany Mmosrtainen iR} i 0100024187
’ Parameter report |
it P Fe | 5 S
— sum . ) 01 - ~B.THIEII0 4= 27.0349090 lguessed as 1202347 [3.388124))
sum s X —lrTr A Main | Indic: | Traces | e loax = -0.0051730  4/- ©.0704450 iguenaed ma D.0ZE4TH [0.0325771)
______________________ — Calculations — fit P Fe ] snons - 0.0000640  +/- 0.0023150  |guenaed am 2033 (9. 0007T55) )
. P - simisases - az.mesesse 3084 (0.9832280)
fit Fe Fe i Hc e th | Cooe daloaq - -0.2100500  +/- 6.1228970 9572 (002152011
ompute the average value Plotin R @ Magnitude = s I00YHD e 14BN |gaaset an 0,864 w.3180m3))
o . . L_ fit Fe Fe | deltet - D620 +- 0.2976720  (guenand sz -0, 144064 (0,051333))
W Fit Einstein temp. to sigma”2 values @& Real part b el S
E- FEFFO delo - 0.0121930  +/- 0. 1461570 19,0000}
Abzorber: I Scatterer: I L oax at 1.78 & Imaginary part o - 0.0I06560  +/- 01611540 {0.0030)
(5 Prefer R-factor |- Deq at 2.46 Plotin o @ Magritude peosecs atie + riveing cnv.ons
[ Cat2.85 & Real part
= Prefer reduced chi-square
— U-Oax1-U-Oaxt )
& Imaginary part
W Show y=0in plot [ U-Oax1-Oax2
 vowd i ome = s Parameter Re port
E- FEFF1 Biackground
Ouick summaries of selected fits | L L g
‘ F e . RzEE] uu | Messages | Exra | oumal | Eropertes o
El- FEFF3 o
L kmir: (O kimax |15 Messages from Atemis Saw s o fl | B
‘ Fe at 3.53 [§ Ficeing ohi.chi
Remir: |0 Rmac: (5 e e
El- FEFF4 oivs |G ez | s FoR  Befactor  Reduced chi-square Chi-square  mvar  midp
“tic € rer : .00z 404,544 201 3 a2
L Feat 2.30 3 RS eETe 4 Gome e e &
‘gie Fe Fe' (] 0.002% 1305.841 1634877 1n 12
Select all
Clear selection Document: Log viewer | Document: Plotting |
Loaded parameter list from GOS page

* Models are saved in Artemis and can be compared
or re-instated later
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Multiple data set fit

Loo

A Honeywell Company

43

File Edit

GDS D

Flot - Help

Common Current project:  [uiDocuments and Settings/E446095 DesktopiAtemisTalkartemis-4dstasets apj
. # | | Maime | Math Expression - Data & Paths
variables i e 0 R
hi_1.chi
2 =: delosx 0.014617 (0.013632) It
for all 4 - it
S: Ssoax 0.0025837 (0.000787) ]
El- FEFFO
data Sets 4 S: noedq 3.216381 (1.490651) Oax at 1.76
5 s5: deloeq -0.181129 (0.025351) Oeqat 2.46
5] 3: ss0eq 0.006175 (0.004317) U-Oaxt-U-Oax1
i ety o e < S s B B S S Bl o U-Oax1-Oax2
=3 (ot a5 =i 0.003715 (0.007244) U-Dax1-U-Cax2
9  g: delfez -0.165025 (0.047100) I%‘- FEFFT
10 d: ssfez ssiel ' LEEEIE
El- FEFF3
ngiky R [
| Fe at 3.53
1z iy s = L S i P R L e AR
g: nisla { ! - FEFF4
13y Sern MEee 0.459836 (0.414836) |—Feat2.8ll
14 g: nfelc 0.579083 (0.463117) 5 chi_2.chi
15 g: nfeld 0.452179 (0.390209) - Fit
i
iabl ' -
Varla es o mEeza 0.511882 (0.491440) El- FEFF14
g: nfeZh 0.472358 (0.519707) L Featass
for each 18 g: nfe2s  0.392737 {0.514444) HISEEEGL
El- FEFFS
i 1 A o el = 0.663336 (0.658349)
data Set _ v Oax at 1.76
Oeq at 2.46
Edit selected parameter U-Oax1-U-Oaxt
Iamp i |1 o Oaxl-Oax2
® Guess @S Det @St @ Skip @ Restrsin 8 After Rl
- FEFF7
Undo edit | Hew Grah Discard Hide L
Fe at 2.30

Document: Guess, Def, Set

27 independent points data points (Nyquist): (4 data sets) (11 variables)

Plotting options

g 82858

Main | incic m'\

PlotinR: @ Magnitude
@ Real part
& Imaginary part
Ploting: @ Magnitude
@ Real part

@ Imaginary part

.\Data set 1

W indow

W Background

jfmir: ID ojma: |1 5

W Residual
kmir: {00 ;|15
Rmir: |0 Rman: (1 i

Data set 2
\

Document: Plotting

Fit 4 data sets

Use K-weights of 1, 2 and 3
Fit different N values for each data set

Data series is needed to accurately determine the number of
Fe atoms in the 2"d and 39 shells
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Modeling a Data Series

Loo

A Honeywell Company

E Artemis palettes

Ifetfit | Results | Files | Messages | Echa | gournall Properties |

Results from the last fit

Emvironment

Fit label

Data =sets
Figure of merit

Artemis 0.5.013 using Windows P,

fit Fe Fe
"ehi 1.chif,
7

chi 2Z.chi™,

fochi 3.chi™,

fochi 4.chi™

Fitting statistics

Number of independent points
MNurber of wvariables

Chi-=quare

Reduced chi-soguare

R-factor

Measurement uncertainty (k)
Measurement uncertainty (R

Guess paraweters
delfel
z=fel
delfeZ
nfela
nfelhb
nfele
nfeld
nfeza
nfezh
nfeze
nfezd

(=

0422810
0050600
1704370
. 5063030
. 5505380
.8513330
4671820
. 5683350
. 5135540
4784870
LTE1ITEL0

|
[

oo oooooo

Def parameters [(using "FEFFO: Oax

<

26.578125000
11

9490.3515855016

a09,. 210151029
0.057174389
0.000196055
0.000220316

+ =
A =
A =
+ =
+ =
+ =
+ =
+ =
+ =
+f =
+/ -

at 1.76")

4

o o o Y Y o Y o o Y o

0123250
. 0047000
.0137350
2914520
3310320
. 3598510
2862200
.3168750
3234120
3155270
. 4179530

[guessed
[guessed
[guessed
[cquessed
[cuessed
[cuessed
[guessed
[cruessed
[cuessed
[uessed
[uessed

as
as
as
as
as
as
as
as
as
as
as

|
[

O ooooooo
= VI T S I Y Y i Y Y ]

perl 5.008005, Tk S0

[

Re[x(R])] (& T

LRl ¢

44

-4

‘chi_1,ch? in R
— —

Zpaca
L

= ohi_1.chi
— fit Fe Fe

— chi_Z.chi
— Tt Fe Fe

lit|Fe Fe=
chi_d.chi

‘ehi_1,ch? in R
— —

Spaca
T

— chi_T1.chi
— fit Fe Fe
— chi_z.chi
— Tt Fe Fe

— it Fe Fe

o

TSt

-
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