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and XAFS...together:

Using the same (fluorescence) setup

* XRF provides spatial distribution and elemental
concentration

* XRF can find the perfect spot for XAFS analysis

 XANES and EXAFS add chemical speciation and local
structural characterization

MnHCF-Based Electrodes:

2D mapping above Mn K edge and then XANES in three different
points.
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XRF and XANES can be combined to obtain the spatial
distribution of a particular species.

To do so, you need:

* Enough between the white lines of the
two species

* Enough for your primary X-ray beam
(typically AE/E = 10 for Si(111))

MnHCF-Based Electrodes:

Large energy gap between the K-edge energies of Mn species:
tuning the excitation energy, one can see the distribution of the
different species.
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Detection methods

The ideal detection method is the one giving the best signal to noise ratio

« (Fluorescence (partial fluorescence yield PFY): I )
reduced background but can be time consuming. a X l
|deal choice for diluted or thick samples I
KVVatch out for self absorption, detector linearity, Bragg reflections! O/
* (Transmission: when possible, it is the best. I
Needs thin and concentrated samples a = In 2
Watch out for inhomogeneities! 11
e Electrons (Total Electron Yield — TEY): maximum surface sensitivity |
A~
flucrescence
detector ot
ﬁ S
S @/ -
i L i = e
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EXAFS experiment: our path

Structural
model(s)

)l Preliminary data treatment ‘

7 ¥

Extraction of XAFS structural signal: y (k)

‘ Structural refinement \
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XANES region:
* Hard theory

* lack of an analytical expression

* long computation time

SILS school 2026 - il

EXAFS region: simple analytical formula suited for
data fitting and easy structural refinement

1
x(k) = Ez,eljsin(ym + ;)
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Data collection

Proposal submission + proposal evaluation + beamtime scheduling = 6 to 12 months
Difficult to have new beamtime in case of proposal failure

BEFORE experiment (proposal submission):

e Check the proposal submission deadlines

* Discuss your experiment with local contacts

* Choose the best set-up and sample preparation

DURING experiment:

* Prepare in advance (samples, references, and preliminary
characterization)

* Optimise data collection strategy

* Check data quality constantly

SILS school 2026 - ilaria.carlomagno@elettra.eu



Xp(E)

Begins during your experiment
Optmise energy region and number of repetitions

Includes spectra deglitching, truncation, alignment, and merge
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Correct for instrumental energy shift (repeatability of monochromator positioning)
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Especially on ultra-diluted samples, collecting many repetitions is standard procedure.
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Exercise #1

. Download DEMETER and install it
|. Start Athena*
Il.Calibrate, align and average the signals

&
Athena

Data folder for exercises

https://drive.elettra.eu/d/b0b0c8eb775749138b10/

*Complete documentation available!
http://bruceravel.qgithub.io/demeter/documents/Athena/index.htm/

SILS school 2026 - ilaria.carlomagno@elettra.eu
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http://bruceravel.github.io/demeter/documents/Athena/index.html

Load data files

‘ Athena [XAS data pro ng] = a
File Group Energy Mark Plot Freeze Merge Monitor Help
. O&|lecnaaaly ?
<untitled> Save AUl
Main window v Coin36_15-43.txt in energy
Current group Freeze 250 | [ [ L L
File . - : ‘ Coin36_15-43.txt ——
Athena: Column selection =
Element 1: Hydregen Select range Clear numerator Pause plotting separation, inc_angle, si_pitch, bms, roil, a_fluol
0.92082 16.113491 -5.69915 3.056143 1 0.523536
Mormalization and bad e 3w 0w 0.920442 16.08976 -5.69915 3.030557 4 1.5838&7
o I | Energy 00000000 0.920224 16.077926 -5.69915 3.018415 4 1.32519%
0.920066 16.06€099 -5.69915 3.014296 3 1.127958
N t
Pre-edge range = R 0000000 0.919877 16.0543 -5.69915 3.008724 3 1.196521
+ Penominater 1) O OO0 0.919£8¢ 16.042515 -5.£9915 3.010629 3 1.262195
Mormalization range 150 0.9159497 16.030744 -5.69915 3.004416 4 1.59764%
0.919318 16.018988 -5.69915 2.977647 7 2.418017

0.91911¢ 16.00725% -5.69915 2.971307 5 1.750071

Rbkg 10 F 0.518945 15.995538 -5.69915 2.967143 7 2.56138¢
: 0.918751 15.983838 -5.69915 2.960775 7 2.36424¢

Spline range in k 0 0.91874 15.983137 -5.69915 2.9645852 & 2.698279
DNaturallog [Jinvert  Multiplicative constant 1 0.5818732 15.982436 -5.69915 2.966281 5 1.320462

Spline range in E 0 | 0.918724 15.581736 -5.69915 2.955109 7 2.56534

Save each channel as its own group | 0.918717

0.818701 15

standard None Data type  ¥anes ~ Energy units v~ Replot 0.918688
_ = 0.918632
Forward Fourier trans| ENey  biveq.1

k t 0.91265¢6
-range 3 O plE) (bivcq.8) / (1)

athitrary k-ueight g5 0.9l8622

.5186659 15.978232 -5.69515 2.954427 & 2.978581

0.91863 15.97613 -5.69915 2.955392 11 3.925029

15.9B81035 -5.695915 2.5858175 7 2.63676l
.980334 -5.699151 2.965743 7 2.360286
15.979633 -5.69915 2.969945 8 2.828335
15.978933 -5.69915 2.959026 € 2.027694

15.977531 -5.69915 2.959266 8 2.770957

15.975429 -5.695915 2.552074 & 2.930953

Preprocess Rebin  Reference 0.918619 15.974728 -5.69915 2.956905 6 2.232064
— = 0.918604 15.974027 -5.69915 2.965428 © 3.034975
Backward Fourier trar [ Import reference channel 0.918604 15.973327 -5.69915 2.963277 11 3.779599
P [T a 0.918577 15.972626 -5.69915 2.963389 9 3.172044

Plotting parameters

Plot mmultiplier

918577 15.971925 -5.69915 2.944581 12 4.279032
0.918567 15.971224 -5.69915 2.954701 9§ 3.24906

) 0.918551 15.970524 -5.699151 2.948354 9 3.138219
1 | ey 0.918543 15.969323 -5.69915 2.95563 10 3.451041
.918522 15.969122 -5.69915 2.953741 12 4.333488

12 3 45 6 7 8
Murmerator

Replot reference Natural log Same element 0.918514 15.968421 -5.69915 2.943996 10 3.532613
0.918504 15.967721 -5.69915 2.955783 12 4.059338
0.918493 15.96702 -5.68915 2.054305 13 4.535754
0,875 45.966319 -5.69915 2.949618 9 Frwaon "
QK Cancel About :II Q1247 185 GASATR -5 AGGIS 2 GE5N4A? 13 4 541727 | ?100
Plot the current group in kq — Right click: quad plot & +vossy, 736835

7150 7200 7250
Energy (eV)

1. Start from “Coin36” datasets. Scroll the page horizontally until you find the “energy” and “a_fluo”
headers, then select the corresponding cglumps as&Eneray.and,Nemerator
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Load data files

B Athena XAS data pro ngl = a *
File Group Energy Mark Plot Freeze Merge Monitor Help
, & 2 zaaaald
<untitled> Save AUl
Main window v Coin36_15-43.txt in energy
Current group Freeze 250 | [ [ L L
File . - : ‘ Coin36_15-43.txt ——
Athena: Column selection =
Element 1: Hydregen Select range Clear numerator Pause plotting separation, inc_angle, si_pitch, bms, roil, a_fluol
0.52032 16.113491 -5.69915 3.056143 1 0.523536
Mormalization and bal 12345678 0.920442 16.08976 -5.69915 3.030557 4 1.583867
= [T Energy oooooooo 0.920224 16.077526 -5.69915 3.018415 4 1.32519%
0.920066 16.066099 -5.69915 3.014296 3 1.127958
N t
Pre-edge range " umerator 0000000 0.915877 16.0543 -5.69915 3.008724 3 1.196521
~13 Denominator (] (] 1O I 0 0.919686 16.042515 -5.69915 3.010629 3 1.262195
Memmrlkien mhgs [ | 0.919457 16.030744 -5.69915 3.004416 4 1.597648
0.51531% 16.013938 -5.69915 2.977647 7 2.413017

0.91911¢ 16.00725% -5.69915 2.971307 5 1.750071

Rbkg 10 o 0.518945 15.995538 -5.69915 2.967143 7 2.56138¢
: | 0.918751 15.983838 -5.69915 2.960775 7 2.36424¢

Spline range in k 0 0.91874 15.983137 -5.69915 2.9645852 & 2.698279
[:]Naturallog [Jinvert  Multiplicative constant 1 0.5818732 15.982436 -5.69915 2.966281 5 1.320462

Spline range in E 0: =~ | 0.918724 15.581736 -5.69915 2.959109 7 2.56834

soveeactichannel as its own group | 0.918717

0.818701 15

standard. None Data type  ¥anes ~ Energy units v v Replot 0.513888

0.918682

15.9B81035 -5.695915 2.5858175 7 2.63676l
.980334 -5.699151 2.965743 7 2.360286
15.979633 -5.69915 2.969945 8 2.828335
15.978933 -5.69915 2.959026 € 2.027694

Forward Fourier trans| ENey  biveq.1

k-range 3 CRE (biveq.8) /(1)
athitrary k-ueight g5 |

Preprocess Rebin  Reference
Backward Fourier trarl ] Import reference channel

R-range 4 +
12345678
Plotting parameters Murmerator
Denominatar
Plat rultiplier 1

Replot reference Natural log Same element

oK Cancel About

.5186659 15.978232 -5.69515 2.954427 & 2.978581
0.918656 15.977531 -5.69915 2.959266 8 2.770957
0.91863 15.97613 -5.69915 2.955392 11 3.925029
0.918622 15.575425% -5.69915 2.952074 § 2.980955
0.918619 15.974728 -5.69915 2.956905 & 2.232064
0.918604 15.974027 -5.69915 2.965428 9 3.034975
0.918604 15.973327 -5.69915 2.963277 11 3.779599
0.918577 15.5872626 -5.6€9915 2.963389 9 3.172044

.918577 15.971825 -5.69915 2.944591 12 4.279032

0.918567 15.971224 -5.69915 2.954701 9 3.24906

0.918551 15.970524 -5.€59151 2.948354 9 3.18821%9
0.518543 15.969523 -5.69915 2.595563 10 3.451041

D.918522 15.969122 -5.69915 2.953741 12 4.333483
0.918514 15.968421 -5.69915 2.943996 10 3.532613
0.918504 15.567721 -5.€9915 2.955783 12 4.059838
0.518493 15.96702 -5.69915 2.954305 13 4.535754 | | |

0.918436 15.96631% -5.65515 2.945618 5 3.115047
M 91847 15 GQASA12 -5 FGG1S 2 45042 13 4 541727 ?100 ?150 ?200 T250

Energy (eV)

Plot the current group in kq — Right click: quad plot

i 7084.39, 75.6885

In this case, our datafile contains already the absorption, so we do not need to

do anything (log or invert).

SILS school 2026 - ilaria.carlomagno@elettra.eu
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Load data files

‘ Athena [XAS data pro

ng] -

File Group Energy Mark Plot Freeze Merge Monitor Help E g

Flezxraaaly?

Coin36_15-43.txt in energy

<untitled> Save AUl
Main window ~
Current group Freeze 250 | T
Filz Athena: Column selection =
Element 1: Hydregen Select range Clear numerator Pause plotting separation, inc_angle, si_pitch, bms, roil, a_fluol
0.92082 16.113491 -5.€9915 3.056143 1 0.523536
Normalization and bal 12345678 0.920442 1£.08976 -5.€9915 3.030557 4 1.533367
I Energy 00000000 0.920224 16.077926 -5.69915 3.018415 4 1.325199
0.920066 16.066099 -5.69915 3.014296 3 1.127958
N t
Pre-edge range " Hmerator 0000000 0.919877 16.0543 -5.69915 3.008724 3 1.196521
13 Denominator J O O OO0 00 0.919£8¢ 16.042515 -5.£9915 3.010629 3 1.262195
Motrmalization range | 150 0.919497 16.030744 -5.69515 3.004416 4 1.557648
0.919318 16.018988 -5.69915 2.977647 7 2.418017
1.919116 16.00725% -5.69915 2.971307 5 1.750071
Abk o 0.918945 15.995535 -5.69915 2.967143 7 2.561386
9 10 0.918751 15.983838 -5.69915 2.960775 7 2.364246
Sl 2 T 0.91874 15.983137 -5.€9915 2.964852 § 2.698279
[Naturallog  [Jlnvert Multiplicative constant 1 0.918732 15.982436 -5.69515 2.966281 5 1.320462
Spline range in E 0 ——— | 0.918724 15.981736 -5.69515 2.959105 7 2.56334
I

1 Save each channel 5. “a group 0.918717 15.581035 -5.€9915 2.958175 7 2.6367¢61
0.918701 15.980334 -5.699151 2.965743 7 2.360286

standard None | Datatype ¥anes ' Energyunits &V Rep'st 0.918688 15.979633 -5.69015 2.965045 & 2.828335
0.918682 15.978933 -5.69915 2.959026 & 2.027694

Forward Fourier trans| ENergy™ bivege 918669 15.978232 -5.69915 2.954427 § 2.978581
NP, ol - 0.912656 15.977531 -5.69915 2.959266 8 2.770857

98 3 HE  (biveq.8) / (1) 0.51863 15.97613 -5.69915 2.555392 11 3.525029
el [ 0.918622 15.975429 -5.49915 2.952074 § 2.980955
i Preprocess Rebin  Reference 0.918619 15.974728 -5.69915 2.956905 6 2.232064
o 0.918604 15.974027 -5.69915 2.965428 § 3.034975
Backward Fourier trarl ] Import reference channel 0.918604 15.973327 -5.69915 2.963277 1l 3.779599
P [T | 0.918577 15.972626 -5.69915 2.963339 9 3.172044

12345678 918577 15.971925 -5.69915 2.944501 12 4.278032

———————— | [— 1.918567 15.5971224 -5.69915 2.954701 & 3.24906
Plotting parameters o ) 1.918551 15.970524 -5.699151 2.943354 9 3.188219
T | DeREIAEEy 0.918543 15.969823 -5.69915 2.95563 10 3.451041
O MUTHRTEr 1.918522 15.969122 -5.65915 2.953741 12 4.333488
| Replot reference Natural log Same element 0.918514 15.968421 -5.69915 2.943996 10 3.532613

0.918504 15.567721 -5.€9915 2.955783 12 4.059838

‘ Coin36_15-43.txt ——

0.518493 15.96702 -5.69915 2.954305 13 4.535754
‘ 0.515486 15.96631% -5.69515 2.59496158 5 3.119047

QK Cancel About M 91847 15 GQASA12 -5 FGG1S 2 45042 13 4 541727 ?100 ?150 ?200 T250

Plot the current group in kq — Right click: quad plot i 7084.39, 75.6885

Energy (eV)

Data type: p(E) works for EXAFS/XANES // “xanes” works for near edge region only

Watch out for the Energy units in the datafitedol 2026 - ilaria.carlomagno@elettra.eu
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Plot all the spectra in energy

| o e W N7

Coin36_15-43.but
Coin36_16-15.txt

/]
o Coin36_17-22.6¢ marked groups
16 T T T
Coin36_15-43 txt ——
Coin36_16-15.txt ——
14 Coin36_17-22.txt ——
12
1 -
Use the “E” button to plot in energy. =
‘ . . . X (08
/ellow bution = plot of the highlighted dataset b
“ink button = plot the selected datasets E I || | e - osl
/ R q e
Platting k-weights g
©o0 O1 02 O3 Okw 04 L
Plot in enerons E
. - T Ouie 02 -
Watch out for what you are plotting! [ Pactground
(L(E) vs Normalized) Ot pE— ol _J
[ Derivative [ Derivative
[_]2nd derivative [_| 2nd derivati’-
02 | | | 1 1
7000 7200 7400 7600 7800
SILS school 2076 “Haria.carfBaBho@elettra.eu Energy (eV)



i1* Athena [XAS data processing]

File Group Energy Mark Plot Freeze Merge Monitor Help

* <untitled=>

Main window

Current group: Coin36_cheek 2019...3.
File | °

Element 35 ron .- Edge g

| Normalization and background remova

Merae ulEl

I\]Srg e normi(E)

Mierye _A{IH.‘I
Weight by importance

Weight by noise in y(k)
Weight by p(E) edge step

Document section: merging data

T

shiteecoter (TR

Shift+ Ctrl+n Co!n36_1 B-15.bdt
Coin36_17-22.tat
Shift+Ctrl+c

0.8

086

normalized xu(E)

0.4

0.2

SILS school 2026 - ilaria.carlomagno@elettra.eu
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merge

h

7050

7100
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7250
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normalized xp(E)

0.8

0.6

0.4

0.2

-0.2

Load “Coin36 incrost *.txt”

marked groups

merge
Coin36_incrost_16-53.txt ——

This spectrum needs some additional tweaking

7000

7100

7200 7300 7400 7500 7600
Energy (eV)

SILS school 2026 - ilaria.carlomagno@elettra.eu
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' <untitled> Save

n Athena [XAS data processing]
File Group Energy Mark Plot Freeze Merge Monitor Help
A
Deglitch and truncate data
Deglitch a single point

Plot as

Choose a paint Remove point Replot
0 Oxt' i . 4
Deglitch many points
Margin:  276.56271 Emin:  25.791 @ Emac 150.000 @

Replot margins Remove points

Truncate data

Drop points

() before @ after m O]
Replot Truncate data Truncate marked

Deocument section: deglitching and truncating
Return to main window

Click to select. Right click to post a menu. Drag and drop to add data.

Deglitch and truncate

Coin36_incrost_16-53.txt in energy

4000

3500 -

3000

2500

2000

XH(E)

1500 -

1000

500

T T
Coin36_incrost_16-53.txt

7381.47, 4219.09

7000 7100 7400 7300 7400 7500 7600
Energy (eV)

Choose a point and select the last point of the

spectrum. Then Remove point to get rid of it.

SILS school 2026 - ilaria.carlomagno@elettra.eu 20



Load reference data

n Athena [XAS data pr ng] - o X E Athena[Plot. 1] o ]
File Group Energy Mark Plot Freeze Merge Monitor Help p

, 2 . D@ ecezaaala ?
* <untitled> Save Allul Coin36_13-43.tut

Coin36_16-15.txt

Main windoy
Athena: Column selection

Fe foil 2019-10-17_17-18.ixt in energy

Current gr, ’ - o - =
Select range Clear numerator Pause plotting |_-1r inc_angle, si_pitch, bms, diode, a_trans, roil, a_ ‘ Fe foit 2019-10-17 17-18.6¢t
File , 16.185108 -5.69907 2.56545 280.341% -4.548562 21 7.0 | | — - )

1 1234567282910 16.20027% -5.69907 2.941432 278.6363 -4.551011 22 7.
" | e 000000000 L6.145210 —5. 299065 2561568 2065701 4572265 20 5.
— Numerastor 0O 00000000 ' - Coi353% 273 4584 1. .
Normalizal i 1€.137293 -5.69907 2.243589 272.4534 -4.562419 27 9.
Deneminater J 0 0 0000000 16.125382 -5.69907L 2.934411 283.0699 -4.569187 36 12
ED 7129.89 16.113491 -5.69907 2.834717 280.911 -4.573611 48 1&.
precal 1€.02976 -5.69907 2.826788 278.5363 -4.569406 52 18.
g 16.077926 -5.69907 2.937356 284.9452 -4.59197 70 24.2
- 1€.066099 -5.€9907 2.787581 264.9309 -4.554295 62 22

16.042515 -5.69907 2.917979 289.6232 -4.597707 104 35
16.030744 -5.69907 2.919553 237.4453 -4.539602 130 4
ONaturallog  [Jinvert Multiplicative constant 1 16.018938 -5.69907 2.543488 275.9156 -4.574701 121 4

g 16.001045 -5.69907 2.923845 292.1329 -4.604309 181 &1
Seline o Save each channel as its own group | 15.997754 -5.69907 2.883042 286.8567 -4.600137 231 3
15.996012 -5.69907 2.933647 292.8105 -4.60327% 250 25

Spline rang| Datatype u(E) v Energy units &V ¥ Replot 15.955304 -5.69907 2.53395 294.1334 -4.60767 203 €9.
15.994604 -5.69907 2.909602 288.8364 -4.598017 227 7

Energy  aiozh.1 15.993903 -5.69907 2.928499 295.7012 -4.61486 216 73

StanclaTCa 15.993202 -5.69907 2.943431 205.1646 -4.807957 259 &
n(E) msm 15.992494 -5.69907 2.937924 294.5579 -4.607772 246 &

Forward F 15.991794 -5.69907 2.933435 293.1123 -4.604382 247 8
korange 3| Preprocess Rebin Reference 15.991093 -5.699071 2.911187 287.6039 -4.593041 248
15.990392 -5.69907 2.913897 292.8213 -4.£10071 257 §

arkitran [lImport reference channel 15.939651 -5.69507 2.523308 293.7724 -4.610085 290 59
15.938991 -5.69907 2.927279 294.1932 -4.61018 279 95.

— N 1234567 8010 15.988283 -5.69907 2.941552 293.126% -4.601668 289 9
Backward| [ 15.987582 -5.65907 2.950382 254.2376 -4.£02453 304 1

15.986381 -5.€9907 2.925538 292.2158 -4.604014 286 9
15.986181 -5.69907 2.933534 204.0594 -4.605871 235 ¢
S 15.98548 -5.69907 2.937973 295.3463 -4.€1042% 316 10
Plotting pg ~ Replot reference Natural log Same element 15.984775 -5.65907 2.935634 204.6521 -4.£08939 323 1
15.984078 -5.69907 2.942044 293.7237 -4.603535 364 1

R-range 4 Denominator

i 15.983371 -5.69907 2.523897 291.9041 -4.603508 313 1
15.98267 -5.69907 2.5937825 293.088 -4.602504 372 126
oK Cancel About 5 GRIGEG -G AGGNT 9 GI3WG G2 G547 -4 ENGTAE 337 118
L I I I I !
7050 7100 7150 7200 7250
Emin -200 Emax 1000 Energy (eV)
\Plot the current greup in g 703278, -3.18933

Now, load the reference spectrum (Fe_foil). This time, look for the “a_trans” column!
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Calibrate energy (from reference

i1 Athena [XAS data processing]

File Freeze Menitor

Group  Energy Mark Plot Merge Help

* <untitled> Save AU

Main window

Main window
Align data

Rebin data
Deglitch and truncate data

I Athena [XAS data processing] — (] x ¥ Athena[Plot.1]
Smooth data File Group Enmergy Mark Plot Freeze Merge Monitor Help
Convelute and add noise to data *

O@lcza@aaala ?
<untitled> swe | [allully Fe foil 2019-10-17_17-18.6¢
Deconvolute data

Self-absorption correction Calibrate data ) Fe_f0||_201 9—1 0-1 7_1 7-1 8’[X’[ in energy

Multi-electron excitation removal 02
Copy series Group Fe_foil_2019-10-17_17-18.t¢t - T T T ‘l T T T T

Data surnmation Display

Fe_foil_2019-10-17_17-18.txt ——

deriviE) ~

Linear cornbination fitting Smocthing =
Principle components analysis

Peak fitting e 7113.8920
Log-ratio/phase-difference analysis Calibrate to
Difference spectra

0.15
mz

File metadata

[ TR SR S —

Select a point

Find zero crossing 01
Replot

Calibrate

Make sure that the orange . .o
point is at the first maximum. I

Plotting k-weights

00 O1 @2 O3 Okw o
If not: Select a point.

8.6 O uE
] Background

[l pre-edge line 0.05
[ post-edge line

Then calibrate to the expected Ot~ Qi
energy (Fe K edge).

deriv xp(E)

| £

() 2nd derivative [_| 2nd derivative

01 | | | | | | | |
Document section: calibrate 7090 7100 7110 7120 7130 7140 7150 7160

SILS sét3es?02¢ jlaria.carlomagno @ERtta.ey = Energy (eV)

Plot the current group in kq — Right click: quad plot 7071.99, 0.0823438




Calibrate energy (from reference)

il Athena [XAS data processing]

File Group Energy Mark Plot Freeze Merge Monitor Help

* <untitled> Save AU |
Main window w

Current group: Fe_foil_2019-10-17_17-18.txt Datatype: xmu [ | Freeze
File 0
Element 25 ran . Edge .« Energy shift _1.ggg Imyortance

_— =

Normalization and background removal parameters

Apply the same (instrumental) shift to the other spectra: copy and paste the Energy shift

This works only for data collected in the same experimental condition (same beamline and beamtime!)

SILS school 2026 - ilaria.carlomagno@elettra.eu
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-2

Fe_foil_2019-10-17_17-18.txt in energy

T T T
Fe_foil_2019-10-17_17-18.txt ——
pre-edge

post-edge

1 Athena [XAS data processing]

File Group Energy Mark Plot Freeze Merge Monitor Help
* <untitled> Save AUl

Main window w

Current group: Fe_foil_2019-10-17_17-18.txt Datatvpe: xmu

File

Element 3. |ron | Edge |, . Energy shift q,ags Importance 1

[ Freeze

Normalization and background removal parameters
E0 7113.Ranaa e Normalization order 1 @2 (O3
Pre-edge range -93,901 @| to -30.000 @ @ Flatten normalized data

Normalization range  §1.972 @ to 156022 (| Edgestep 1g1g0241 (Jfix

Rbkg 10 «» k-weight 2 = Spline clamps
7000 7200 7400 o 7k low
pline range in 0 @ to 6.963 @ None ™
Energy i
Spline rangein E 0 ®| to 18472006 & high Strong

Standard pjope . [l Energy-dependent normalization

Forward Fourier transform parameters

k-range 3000 @ to 433 @ dk window  Hanning -

arbitrary k-weight 5 [Tl phase correction

Backward Fourier transform parameters

R-range 1 ®to 3 @ dR po window Hanning -
Plotting parameters
Plot multiplier 1 y-axis offset 0

Normalise

E Athena[Plot. 1]

Coin36_15-43.0t
Coin36_16-15.txt
Coin36_17-22.6¢

0
)
0]

- Fe_foil_2019-10

Plotting k-weights

0o O1 02 03 Olw

Plot in energy v

BuE O pE

(] Background

B pre-edge line

B post-edge line

(] Mormalized © MNormalized
(] Derivative [ Derivative

() 2nd derivative [_] 2nd derivative

Emin -200 Emax 300

D& czaaaly?

X(E)

-4.2

44

-46

-4.8

Fe_foil_2019-10-17_17-18.txt in energy

T T T T T
Fe_foil_2019-10-17_17-18.t¢ ——
pre-edge ——
post-edge —— [

7000 7100 7200 7300 7400 7500 7600
Energy (eV)

Modify the pre-edge range and normalization range to get nice pre-edge and post-edge lines
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normalized xp(E)

0.8 [

06 [

0.4

0.2 |

Now you

| can start comparing the spect

)
( oy
i
Q)

I
Fe_foil_2019-10-17_17-18.txt ——
merge ———
Coin36_incros! t_16-63.tdt —

If we compare our spectra with
the Fe foil, there is something
missing...

Try loading other Fe references.

I
7050

I
7100

|
7150
Energy (eV)

I
7200

I
7250

SILS school 2026 -

ilaria.carlomagno@elettra.eu
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| Athena: Column selection

Select range Clear numerator Pause plotting

1 12 3 456 7 8
EEnergy OCOOOCOO0
© MNumerator JooUueoood
Denominator () () (D O 0

. CMatural log [ Invert  Multiplicative constant 1

[ Save each channel as its own group

| Datatype *anes ~ Energy units &V~ Replot

| Energy  okyua.

§
| H(E) (okvua.5) /(1)

Preprocess Rebin  Reference

B Import reference channel

12 3 456 7 8
Mumerater (OO OO0 @O
Denominator () (D OO OO0 OO

Replot reference [ Natural log @ Sarne element

QK ] Cancel About

od more references

- Some beamlines can measure samples and

# Project Name: Parlett20155418_0 .

¢ Tolder Neme: Data o | references at the same time.

# File Name: Fel 000.txt

# Data and Time: Wednesday, 10 March, 2021

# Ring energy (GeV) = 2.0 . .

¢ Ring ourzent (uh} = 308.7 When this is the case, you can (and should!)

# 5lits ¥V GAF (mm) = 1.300

P Slts VCENIER (mj) - 0.000 import reference channel

# Slits H GAP (mm) = 4.000

# 5lits H CENTER (mm) = 2.500

] Takle Vertical (mm) = 0.00

# Takle Horizontal (mm) = 0.00 . . .

$ Ewber X (m) = 15.00 Spectra with references will be shown in a

i Huber ¥ (mm) = 0.00 . . .

¢ EberZ (m) = 7.00 different way in the data list:

2 Huber Theta (mm) = 90.00 (] Coin36_cheek 2019-10-16_15-43.xt
# Ref. sample position (mm) =118.00 [ Coin36_cheek_2019-10-16_16-15.t¢t
# MultiSample position (mm) =72.10 [J Coin36_cheek_2019-10-16_17-22.bct
# Picoam IO gaj_n = 10~ nFE_fDi|_2ﬁ19-19-1?_1?-13.13(1:

# Picoam Il gain = 10+~ L Erge

$ Picoam I2 gain = lO°* 8 FeO_000.bet

# Monochromator Crystal: 5i 111 [J RefFe0_ 00Dt

$ Moncchromator Energy (eV)= 2343.80 nmagnﬂitE—F?EO“—WLM

" Zuxiliary Equipment= NORMAL [CJ Ref Magnetite_Fe304_001.txt

# Optional Parameters= ;;;

£

$EnergyMot (V) EnergyEnc (eV) I0{counts) Il{cc

65967.008439 6967.026701 113526.000000 1172010.000(¢

§972.011331 £6972.043337 112%40,000000 1169731.000¢

6976.59985833 6977.067520 112004.000000 1164655.000(¢

6981.993788 69232.016718 111047.000000 1159265.000¢

69586.996212 6957.014584 1058972.000000 1152513.000¢

6992.006123 6992.01%9922 108401.,000000 1140379.000¢

6997.000503 6996.5991290 1058900.000000 1149752.000¢ .

'002.002333  7002.011560 108555.000000 1150343.000¢ Calibrate the Ref spectra...the = - = -
700&.938529 TO0E6.997769 108380,000000 11527387.000¢ . . d d
TN1T2 NNS274 TN11 SG44744 1n74e= NNNMANN 1152734 nAnnr assoclated Sample Spectra WIII E k R q

be automatically aligned!
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normalized xp(E)

2
w

(=1

0.5

Add more references

7150

Ei

normalized xp(E)

T I

Fe_foil_2019-10-17_17-18.txt ——
merge

Fe203_001.bd ——
Fe304_buk ML\_
\‘-..._../’

T T
Fe_foil_2018-10-17_17-18 tt ——

merge — | |
Fe203_001 bt ——
Fe304_bulk_Fe_001.t ——

Metallic Fe starts rising before the oxides.

08 -

Fe;0, - mix of Fe(lll) and Fe (1) — edge jump is
found at lower energy than Fe,0, — which is only
Fe(lll).

06 -

04 |-

02 -

0

The sample is something in between...

! i | | | | |
7100 7110 7120 7130 7140 7150 7160
Energy (eV)
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Exercise #2

|. Start Athena*
Il. Linear Combination Fitting

&
Athena

Same data folder

https://drive.elettra.eu/d/b0b0c8eb775749138b10/

*Complete documentation available!
http://bruceravel.qgithub.io/demeter/documents/Athena/index.html|

SILS school 2026 - ilaria.carlomagno@elettra.eu
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XANES: dense of electronic and structural information

XANES signal is stronger than EXAFS :

o)
* less sensitive to data statistics, sample quality, beam intensity

XANES theory is
* can be measured on less concentrated samples Y

* can be measured faster than EXAFS (time resolved experiments) complex

Damping of XANES signal due to structural disorder is weak
* Applications to extreme condition studies: High T, High P, ...

Electronic structure (DoS) and structural topology
*  XANES specially sensitive to the valence state, coordination chemistry, ligand symmetry of the absorber
e Can be used as fingerprint for chemical speciation in mixtures and inhomogeneous systems

XANES are prone to simple

Restricted energy range around the edge interpretation for simple and fast
* Measurements at low energies (i.e. carbon, oxygen, nitrogen K-edges) (semi-)quantitative analysis

* Fast data collection (time resolved XAS)
e  XANES Microprobes (mapping) with sub-um resolution
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XANES features originate from the absorber:

Deeper insight into the XANES region

» electronic nature (valence)
e coordination chemistry
e coordination geometry
post—edge
E, —

1 \\)__,_ S
= pre—edge AN
=
= Ba,TiO,
5 |'| K, TiSi;0y
2 | |
< [ _

057+ -'IllI TI4+

|/
|| \/
|

| /
_|' A /
s

| o

R. Sarangi, Coord. Chem. Rev. 257 459-472 (2013)

Sulphur K edges: chemical shift as a function of
valence state of S-ions

4.95

E [KeV]

0.7 foa:
7110 7114 7118

Normalized Absorption

Fels

0.0

7105 7115 7125
Energy (eV)

Local symmetry and XANES in Ti** compounds

Fe K edges: representative XANES Fe in
complexes

+
O
$ w
+ w 2
NCO L "‘,—"‘N
=] =
g 2 ¢
+ £ 3
v —
g o @
2 S
s}
&, & E
R w2 .
£ o =
<« = =
=
=
v
1_
0
2.47 2.475 2.48 2.4
E [KeV]
30



Analysis of mixtures: Linear Combination Analysis

As adsorption in Natural Calcite samples

2
.5 1.5
,‘.Ith :Za'ﬂ'?efj g
— 7 e
J s 1
2 exr h 2 3
R =N (P (Ey) — p"(E3)) o
*‘ :
=05
j "---.._...“_"' SR
i As,O; model for AsY
0 F. Bardelli et al. Ge.:.(;c-h..‘g::smochem. acta 2011
11840 11860 11880 11900 11920
Energy (eV)
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Linear Combination Fitting

11 Athena [XAS data processing]

The action (fitting) is always performed on the

File Group Energy Mark Plot Freeze Merge Monitor Help

* <untitled> S allull1]|C Coin36_15-43.6¢ . . d d
i . o highlighted (current) dataset
Linear combination fitting ~a Coin36_17-22.tt
Fitting space 8 Fe foil_2019-10-17_17-18:0¢
Fiamge 2 0/t 3 0 g ou
wE) Odeivp® Oxk 8 F<0.0005¢ . .
— O et et oo Include the references and fit this group.
Standai s Fit results ' ombinatorics  Sequence B Magnetite_Fe304 001 ¢
Standards Weight E0  FitE0  Required [] Ref Magnetite Fe304_001xt
T Fe0 0000 ~ 0333 0 0o d . . b . . el
> e rans om0 O Check the output and verify possible inconsistencies!
3 - 0. -~ i O O b d d awpes V4 b
Fefolans 07178 v]0a o X% can be found under “Fit results”, but check also for
4 None ] 0 o0
5 None Jo__o_0OO negative contributions!
& None ] 0 0O 0O
o Actions 1.6 T
~ptions . _— E K R q kq I I merge
@ Plot weighted components [ Fit this group l (CF
@ Plot residual % E K R 14l Y. residual
B All weights between 0 and 1 Fit all combinations S ’ [ Fe_000.txt ——
® Force weights to sum to 1 ; A Magnetite Fe3OH_001.txt —
Le W . Fi Plotting k-weights . Fe_foil_2019-10-17 [17-18.txt
Ay o S b w77 it marked groups ok N
1 All standards share an ED Save fit as column data 00 O1 02 O3 Okw '
Sddnoecy) 0 (eEE Plot data and sum Plotin energy v 5 1
infarmation cantent | 0 Plot data and sum in R s M
2 : [ 13 O piE 5
Combinatorics Make group from fit ggfec-kegdr;:ﬂ:e é 08
Useatmost 4 2 standards 8 post-edge line E 0s L
Use marked groups [ Mormalized € Mormalized ®
[T Derivative [ Derivative g
L=l ] 2nd derivative [_| 2nd derivative Z g4l
Document section: LCF
02
Return to main window Emin -200 Emax 300
0 TN
LFit the current group using the current model. |
o Lo I | | | | I
SILS school 2026 - ilaria.carlomagno@elettra.eu " o o 7130 7o 50 60
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Linear Combination Fitting

i1 Athena [XAS data processing]

How many components?

File Group Energy Mark Plot Freeze Merge Monitor Help

* <untitled> sae | A U1 O Coin36_15-43.b¢
] Coin36_16-15.6xt
Linear cembination fitting ~1O Coin36_17-22.6t .
Fiting space 8 Fe foil 2019-10-17.17- 120t 3+ standards can be selected to perform LCF if:
ange B 00 0 (0 | g Odvad Ot ,
— FeO_000.tet M
| - 0 Ref Fe0 0000t * the reduced x? of best (n+1)-component fit decreases
Standards  Fit results Combinatorics Sequence B Magnetite Fe304_001.6¢ . .
Standards Weight ~ E0 FitE) Required O Ref Magnetite Fe304 001 of >10% with respect to the n-component fit
Tt FeO_000.tct ~| 0333 0 a o . . ..
= — . divid 9
2 e rooroe <o oD O if all the individual components account > 5%
% Fefoil 2019-10-17_17-180¢  ~ 0.333 0 oo
% None v 0 0 O 0
3 None v| 0 0 O 0
& None ~ 0 0 O 0
Options Actions
8 Plot weighted components [ Fit this group J E k B q kq
@ Plot residual h E K R
1B All weights between 0 and 1 Fit all combinations 4
ﬂ Force weights to sum to 1 . Plotting k-weights
Add a linear term after EO Fit marked groups
[J All standards share an E0 Save fit as column data Oo O1 02 O3 Olw
addnoecy 0 EHE Plot data and sum Plot in energy w
infarmatian content | 0 Plot data and sum in R BuE O uiE)
~ombinatorics Make group from fit g s::‘:;;:ﬂ:e
Useatmost 4 = standards B post-edge line
Use marked groups [ Mormalized © Normalized
[T Derivative [T Derivative
= [l 2nd derivative [_| 2nd derivative
Document section: LCF
Return to main window Emin -200 Emax 300

.Fit the current group using the current model. |
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Linear Combination Fitting

Fle Group Eneray Mark Plot Freese Merge Mentor Help Try selecting 3 references (Fe foil, Fe,0,, Fe;0,), then fit using at most

* <untitled> Save A U | 2 Of them

Linear combination fitting ~
Fitting space

Flngs 20 [(@)te | 30 2 Onomp® O deivp® Ox)

“Fit all combination”

Standards  Fit results Combinatorics  Sequence

Standards Weight ED  FitE0  Required

Magnetite_Fe304_001.txt w0333 0.000

(]
2 Fe203_001.b¢ v 0333 o0 O O
¥ e foil 2018-10-17 17-186¢ | ~ 0333 0 (I
v oo
5 None . 0 0 D D 11_=ile Qr?up Energy Mark Plot Freeze Merge Monitor Help
;. o0 <untitled> Save AUl
" [None | 07 Linear combination fitting “
7 - “« . s N .

) —

Options Actions I ——— In “combinatorics” you can easily

2 © norm pE deriv p(E K
WE) O derivp(B) O ik
B Pt weighted components

e Fit this group compare all the results at once: check

B Al weights between 0 and 1 Fit all combinations J - B Lo g— ~ .
F 1 h ‘I andards -ractor educed chi-square
B e Fit merkdd groups LoT— the reduced X2 and the we I8 ht of

[ All standards share an ED ey T T AR 0.0050406 0.0012365

Addeie [0 o date AC o0wi6 000305 each contribution...

Plot data and sum

Information content  37.528 i
— — Plot data and sum in R

Combinatorics Make group from fit

Use at most 2 = standards

Use marked groups

MESET o -
# Standard Weight EO
Document section: LCF A Fe_foil_2018-10-17_17-..
B Magnetite_Fe304 0016  0.927 (0.030) 0,000 (0.000)
€ Fe203_007.6et 0.073 (0.043) 0,000 (0.000)

Return te main window
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Linear Combination Fitting

i1 Athena [XAS data processing]

Eile Group Energy Mark Plot Freeze Merge Monitor Help

* <untitled> Save AU

Linear combinaticn fitting v
Fitting space

Fitrange:  -20 ®|to 30

O @nomu® OdeivpE Ox

Standards  Fit results Combinatorics Sequence

Standards Weight ED  FitED  Required
T Fe0_000.bt ~ 0641 coo O O
2 [None v|o con O O
3 Fe_foil 2019-10-17_17-186¢  ~  0.339 0.000 oo
4 None v| 0 0 o0
3 None w0 0 oo
B None ~| 0 0 o0
Options Actions
@ Plot weighted components Fit this grou
@ Plot residual [ el
B Al weights between 0 and 1 Fit all combinations
Force weights to sum to 1 -
Add a linear term after EQ Fit marked groups

[T &ll standards share an EQ

Save it ascolumn dat Once you are happy with your fit results: select the individual curve

Add noise 0 to data
— Plot data and sum
Information content  37.528 S — — - - — a nd Save as COIumn data-
—_— L L U I | 3
Combinatorics Make group from fit
Useat most 4 2 standards
Use marked groups
Reset

Document section: LCF

Return to main window

[Fit all marked groups using the current fitting model.
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PR gy hep Zn ]
D =100K Zn K-edge
< 2 ‘ 9
22 T T T T T T I I I ot
background = 1
2L ! Au_bulk 20k dat | e=§ A A
i pre-edge » 0 |
post-edge L v
18 -
3 -
16 i -2} () ]
14L ] 0 2 4 6 8 10 12 14 16 18
Wavenumber k (A™")
1'2 B n 3-5 T T T T
' 3.0} (b) hcp Zn
1L = —_ Zn K-edge
T 25} —10K ]
08 L i < —50K
’ N, 20F —— 100K
= 150 K
06 | - = 15¢ 2K |
T ——300K
04 | | | | | | | | | |
11600 11800 12000 12200 12400 12600 12800 13000 13200 13400 13600 13800 0.5
Ener EV Diemetar 0.2.21 @ Brucs Ravel 2008-2018 0_0
9 ( ) 0 2 4 6 8 10
Distance R (A)

Dimitrijevs et al., Physica B: Condensed Matter 739 (2026) 418945
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Why EXAFS?

e Crystallography

Little to no sample preparation, any condition Needs high quality crystals
(temperature, pressure, potential...)

Bond length precision < 0.02 A Bond length precision depends on resolution

Short- to mid-range distances only Complete 3D structure

Can’t distinguish scatterers with similar Z
(e.g. Fe from Co, N from C or O)

Large uncertainty in coordination numbers

SILS school 2026 - ilaria.carlomagno@elettra.eu
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photoelectron energy increases

wavelength A decreases

The probability of absorption oscillates due to constructive and destructive interference

-
(D
-3
Q)
—
<)
(D
Q)

EXAFS depends on the interference effects
of neighboring atoms on the photoelectron
created during the absorption process.

Distance and Z affect the frequency and
amplitude of the oscillations.

We can calculate the theoretical EXAFS
contribution of each atom (FEFF), then add
them up.

https://www.esrf.fr/files/live/sites/www/files/events/conferences/2017/User Meeting 2017/Part%201%20.pdf
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The general idea

With Z increasing, the scattering amplitude increases
and the envelope peaks at higher k

O 1-

2 VAVAVAVAVAVAVA /\ Heavy atoms are

S 0.8- easier to see,
especially at
2 %9 longer distances

EXAFS * k’
FT Magnitude

SILS school 2026 - ilaria.carlomagno@elettra.eu

https://youtu.be/gh_1vGVIuLA



The general idea

The idea is to start from a model (we have to know something about the sample and/or to make assumptions),
then fit the scattering paths instead of single peaks.

™\
) g

EXAFS * k*

SILS school 2026 - ilaria.carlomagno@elettra.eu

https://youtu.be/gh_1vGVIuLA
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L

The

I

1 N; o -
X0 =7 > SE=L|f0le ™ ¢
I J

S,% = many body losses

f; = photo-electron scattering amplitude
y; = photo-electron scattering phase shift
A = photo-electron mean free path

Fitting parameters:

N; = multiplicity (coordination number)

r; = half path length (coordination distance)
0'j2 = variance of the path length distribution
Debye-Waller factor

(Mean Square Relative Displacement: MSRD)

R SILS school 2026 - ilaria.carlomagno@elettra.eu

XAFS formula

21‘]'

* f;and 4; depend on Z of the scatterer

* N, and S,*are strongly correlated and
modulated by ;°: that’s where the N
large uncertainty originates!
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From XANES to EXAFS

Data collection

|

revision

>

Preliminary data treatment

Y

Structural
model(s)

Extraction of XAFS structural signal: % (k)

=

| revision

|

Structural refinement

|

7

II revision I

Check the results

|

END

SILS school 2026 - ilaria.carlomagno@elettra.eu
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How to get the normalized y (k)

Aoxp = Oxt Uprg = Uxl + Appg |

Pre-edge removal

Au_bulk_20k dat

pre-edge ——

Ol IS the absorption due to

11800 12000 12200 12400

12600

EHEFQ‘BF I{EV} Canater 0524 @ Sruse Rawel 20062045

SILS school 2026 - ilaria.carlomagno@elettra.eu

subtraction

]
-

s

=
& y
—+ normalization 1

e structural signal % (k) —

~—{ Fourier Transform }
I
—{ Fourier Filtering }—

> Oy = Uyt = Aexp — Upkg

is the absorption due to the edge

except p,t

/
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Aoxp = Oxt Uprg = Uxl + Appg |

How to get the normalized y (k)

Pre-edge removal

> Oy = Uyt = Aexp — Upkg

Au_bulk_20k dat
pre-edge

—~_

T

11800

12000

Energy (gV)

12200 12400 12600

Demzter 0921 & Enuos Rawel 2005-2015

T I I
—t | _Au_bull_20k dat —~—
= t
—% ~ l"" X
i—'pd B
1 —
0

| | | | |

11800 12000 12200 12400 12600
Energy (EV) Demater 0.9.21 ® Bruce Ravel 2008

The pre-edge is simulated as a linear regression of data before the edge energy

SILS school 2026 - ilaria.carlomagno@elettra.eu

i
pre-edge

subtraction

]
-

s

>

& y
—+ normalization 1
le

structural signal ¥ (k) —

~—{ Fourier Transform }
l
—{ Fourier Filtering }—
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How to get the normalized y (k)

Normalization, y and k

__>| nnnnn lization
I ctura;srignalx(k)
— ~ :
ax — Hx t — HO (1 + X) t <._| Fourier Transform
effect of neighbours o Fomer{mmg

isolated absorber

Au_bulk_20k.dat in energ

anorm

12 I I I I I I I I
OLO background ——

1+ WW H

08 l .

o porm (E) = = = 2% :> o =u0(1+X)t=&
0l norm g Uy - norm u()t 0(0
02+

|
02 | | | | | | | | | |

11600 11800 12000 12200 12400 12600 12800 13000 13200 13400 13600 13800
Energy (eV) Demster 0..21 @ Bruce Ravel 20082015

SILS school 2026 - ilaria.carlomagno@elettra.eu 45



anorm

02 | | | | | | | | | |

How to get the normalized 7y (k) =

2. Normalization, ¥ and k P

| pre-edge subtraction |

oI+t ay —

_>I normalizationp

v

‘_| structural signal y (k)

Fourier Transform

anorm —

Hot

Au_bulk_20k.dat in energ

12 I I I I I I I I

1 oLO background ——

B Ff\j&ﬁ%ﬁ‘%ﬂv@w&v—ﬂvﬂdhﬂﬂfmﬁk—j&&kﬁdﬁrﬂ n

08 - l -

08 r T ax i I,lX —
Unorm (E) — T

04 Qo Ho -

02 - .

| |

11600 11800 12000 12200 12400 12600 12800 13000 13200 13400 13600 13800
Ene ray (eV) Demeter 0.9.21 ® Brucs Ravel 2008-2015

a, Xnorm = 1+x) L l

Fourier Filtering

0., is calculated empirically as a smooth curve across the data.

Requirements for o, :

1) Smooth enough not to remove true structural features
2) Structured enough to remove not structural background
structures

Different programs for XAFS data analysis apply different (equivalent)
methods

SILS school 2026 - ilaria.carlomagno@elettra.eu
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xp(E)

xp(E)

Cu20_000.txt in energy

Spline removal

I
background ——
Cu20_000.txt ——
post-edge ——

1
9000

I
9050

1
9100

Cu20_000.txt in energy

1
9150
Energy

(eV)

1
9200

I
9250

1
9300

T
background ——
Cu20_000.txt ——
post-edge —— ||

1
9000

I
9050

1
9100

1
9150
Energy

(eV)

1
9200

I
9250

1
9300

Pre-edge background has little effect on
EXAFS

Post-edge is more important: the absorber
can scatter off its electrons, introducing
low frequency oscillations that are not
part of the EXAFS.

Spline removal should not remove true
oscillations.

SILS school 2026 - ilaria.carlomagno@elettra.eu
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norm 4

08

06

0.4

0.2

0

02

11600 11800 12000 12200 12400 12600 12800 13000 13200 13400 13600 13800

Xnorm = 1+x)

> owit |

How to get the normalized (k) :

| pre-edge subtraction |
L

2. Normalization, % and k

Au_bulk_20k.dat in energ

X=1—anm

H
5
z
e
a

o
k]
2
o

_’l normalizationp

v

4_| structural signal y (k)

A
‘—‘ Fourier Transform

}

—{ Fourier Filtering

I I I 03 B

background —— 0.5

ﬁwi\n/\ it
TR T

)

i Lo ~
AT bl Okdat——

: absorption signal (u,)

Note: structural signal (y)
is below few % of total

| | | | 0

Energy (EV) Demeter 0.9.21 @ Bruce Ravel 2008-2015

SILS school 2026 - ilaria.carlomagno@elettra.eu

10

15 2 25
K [A] wavenumoer (&)

Demeter 0.59.21 @ Bruce Ravel 2008-2015
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norm

02 | | | | | | | | | |

How to get the normalized y (k)

2. Normalization, y and k

2m(E — E,)

f12

Au_bulk_20k.dat in energy

12 I I I ! I I I I

background ——

T
\ |

06 -
04 -

02
op — Eo

11600 11800 12000 12200 12400 12600 12800 13000 13200 13400 13600 13800
Ene rgy (eV) Demeter 0.9.21 @ Bruce Ravel 2008-2015

> ot |

| pre-edge subtraction

op|__nomatzatonn |
b sty |‘:.g k|
= J0.2625(E — E,)
4—‘ Fourier Transform
!
—{ Fourier Filtering |

EO is typically chosen:

Oxides: where a,, = 0.5

Metals: at the first inflection point of a,,

It will be refined during the analysis.

49



normalized xu(E)

095 -

09

085 -

08

From energy to k-space

05

T
Cu20_000.txt ——

T T T T T T
| 3
>
03
L] 1 1 1 1 1 1 1 1 1 = 0
9000 9100 9200 9300 9400 9500 9800 9700 9800 9900
Energy (eV)

2m(E — E
72

) _ J0.2625(E — E,)

SILS school 2026 - ilaria.carlomagno@elettra.eu

6
Wavenumber

8

(A1)
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05

(A"

kx(k)

Cu20_000 txt ——

Cu20_000.txt in k space

\plifying high k signal: k

Cu20_000.txt in k space

Cu20_000.txt in k space

0.3 T T

(A7)

K x(k)

0 2 4 6 8
Wavenumber SB-S sch

T T
Cu20_000.tt ——

-8

10 12 14
. . 0
ool 2026 - ilaria.carlomagno@elettra.eu

Wavenumber (A1)



X(K)

e
o = oW s

o

kx( (A"

KXk (A7)

sb& b
[ I T N 6

..
I I N R R R A T I

cocoo>
[ Y LS QR N Y o o IS

-

In

spe

P

cu_foil_10k.dat in k space

ct k™y(k)

k"y (k) weighting highlights different
features in the spectrum: high (low)
n enhance high (low) k-regions

Note: low k-region (k<3) is generally
affected by larger inaccuracies and is
difficult to analyse due to intense

multiple scattering contributions

and other not linear effects

Wavenumber (A™)

SILS school 2026 - ilaria.carlomagno@elettra.eu

[ T T | I T T
N cu_foil_10k.dat |
n '\I |
A\
B fA n N n 4
| II ||I |I ‘lfﬂ' \ /‘ |II I| II I| |I
- I| |I Vol { I|I J_;" Vo II I oy |I
|II |'I Il'u'l s \l\ | || \/
IRY \ i
. ! i ! | | | |
A
i - cu_foil_10k dat §
B | - i
i " N o il i _
Z/\‘ N 'Iﬂl' l'll IIl -"'l I|| | | IPII | || III -"ﬁll III I| LN |
l\.." III v II" "II II' j I' ml | l : | I |"ll | |{.I |II l "“"’\}Iﬂ‘f\\_m‘:
-\ WARY 'kl I|I || \Id | IJIIII I,n' I UFV/ ]
- II || | | | I]] |
B Vit |
- [ i
|
B u i
| | | i |
N i cu_foil 10k dat u
AN | 4
N H — Il i
| I| | |'I I| rﬂl || |
L ) . ﬁ ]
N I| || lu".llﬁ || | Ilr || a"J || | ] I ﬂl N,
’—\/‘\J\/ \ S J . ] | I\ . A
‘ VL W W Y WY T
I I| | || .'; I| IK |
i | L — i
B ||| -
I
l ! 1 | | { | |
0 2 4 6 8 10 12 14 16

18
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k?-x(k) (A9

Inspect k"y (k)

Quality of the data

1.5 T I I
; Mn-CuMnSb_000 txt ——
1L ; Mn-Ni01Cu09MnSb_000 txt —— |
05 ; i A -
. ' I ,n' I
0 / , AL ot
! ; i o 1"
05 /// /// ,// ////, 7]
1k ! /// /// ,,’ // -
W // // /,/ //
15 | | | ol L A |
0 2 4 &6 8 /1w [ 12 14
Waverfumber (A7)
¢ SO s Use few/short data
free from artifacts

N

/ /

Check for distortions in the spectra,
correct or cut the data and retain only the
"good" regions"

SILS school 2026 - ilaria.carlomagno@elettra.eu
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X(K)

kx(® (A

Qualitative local structure
Fourier transform Cu

cu_foil_10k.dat in R space

0.16 I T T I I
0.14
012

0.1
0.08
0.06
0.04
0.02

cu_foil_10k.dat in k space

0.5 T T | T T I I I
cu_foil_10k.dat L

Magnitude

XRRK_A™

[

2 3 4 5 G
Radial distance (A)

cu_foil_10k.dat in R space

Magnitude

cu_foil_10k.dat =

Xl (A%
0O = LW B M O o=~ 0O

0 2 4 6 8 10 ) 12 14 16 18 Radial distance (A)
Wavenumber (& s3h o0l 2026 - ilaria.carlomagno@elettra.eu



xR (A%

v

Unphysical peak

(below 1 Al)
70

(A

[X(R)|

60

cu_foil_10k.dat in R space

I
cu_foil_10k.dat

FT features:

Artifacts, distortions, noise, may
suggests bad extraction, noise on

the data, etc...

i.e.: intense peaks in the low R
region (= less than 1A) likely
originates from wrong extraction

2

3 4 5 6
Radial distance (A)

SILS school 2026 - ilaria.carlomagno@elettra.eu
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Qualitative local structure

Fourier transform

cu_foil_10k.dat in R space

|FT| shows more intuitively the main structural ? | /\ " [ Vagnitude — |
features in the real space: E °r \ ]
the FT modulus represents a pseudo-radial __4r '| .
distribution function modified by the effect of E; o[ | ]
amplitude, phase and mean free path parameters. ;} | | | | ]

Radial distance (A)

Peak positions (phase shift corrected) => neighbour shells
Peak amplitude and shape => number and type of neigbours

21"]'

1 2 2 —
y(k) = EZA]-Sin(Zij + 5]-) A; _52 N |f]|e_2k Fo T

J
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FT and expected atomic structure

Look at the FT features and
compare the structure you expect

=] o [y j=r] =
=] =] [=] =] o=
T

xR &%

[
=}

cu_foil_10k.dat in R space

Magnitude

Cu K-edge
XAFS

d

R = — Nl =12
1 V2 N 6
RZ = a 2 =
0 1 2 3 4 5 6 a6 N, = 24
Radial distance (A) R; = —

2 N, =

R4_ -

Let’s try!

SILS school 2026 - ilaria.carlomagno@elettra.eu



1. Cu K edge XAFS

Basic features

1. Import data

2. E, K, R, Qfigures and plot parameters

Modify extraction parameters

* Gold

ile Group Energy Mal Plot  Freeze

Merge Monitor  Help

i Main window

(afu)]

Rbkg
Edge Energy and step

Current group: cu_foil_10k.dat 4
File Ch\Users\CarloMew\Dropl

Datatype: xmu 3

Elemen [Z) Copper )PEOQ/E[K\\v] Energy shift I
~ AN

o_Malu_2015\dati\Cu_Foil\cu_foi_Tue

Normalization order
Normalization range

Background rem

Algorithr [ Autobk

E0 5977.58 Rbkg

1.0

N o vk W

Preedgerange 150000 [©) o -30.000

Normalization range 150,000

Spline range 6

(@) to 2284800

: Splinerangein k 0

(@) te 25019

to 23843608

)

k-Weighting

and normalization parameters /

ep 23266765 [ fix

Spline clamps

o

8. FTrange

arbitrary k-weight g5

Forward Fourier transform parameters

range 3000 [@te 23019 [E) dk 1 wi

phase correction

9. FT window 8-10
10. FT weight

Backward Fourier transform parameters

R-range 1 to 3 dR oo wi

T
T

M Plotti ng parameters

Mot multiplier 1

11

Back Fourier

y-axis offset 0

[ cu_foil_10k.dat

e

2

EeTeS

Le ] R ) a

Plotting k-weights

B0 ©1 @2 ©3 ©Okw
[Plot in R-space I x|
Magnitude /@ Magnitude
Envelope
Real part (") Real part
Imag. part ("1 Imag. part
Phase ("1 Phase
Window
Rmin 0 Rmax 6

11. Range and window

Imported cu_foil_10k.dat from C:\Users\CarloMew)\Dropbox\Seminario_Malu_2015\dati\ Cu_Foil\cu_foil_10k.dat

SILS school 2026 - ilaria.carlomagno@elettra.eu
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normalized xpu(E)

cu_foil_10k.dat in energy

1.2 T I
background ——
1F —— CU_foit—tk-dat B
08 -
cu_foil_10k.dat in k space
06 | 8 T T T T
04 L a 6L cu_foil_10k.dat
0.2 ~— 4 -
0F _— _ :\J_:r 2r
02 | | | | | g [}
8500 Q000 9500 10000 10500 11000 11500 x 2
Energy {:EV] Demeter 0.9.21 @ Bruce Ravel 2008-2015 p-ﬂd 4L
. . £ i
cu_foil_10k.dat in R space
9 T T T T -8 I . . .
g 0 5 10 15 20 25
7 Wavenumber (A™)
Cemeter §.9.21 8 Bruce Ravel 2008-2015
& 6
<
E 4
= 3
2
1
U | |
! 2 SIS school 2026 - ilariaZarlomagn® @elettra.eu 59

Radial distance (A)

Demeter 0.9.21 © Bruce Ravel 2008-2015



k-xt (A3

k- xo (A9

cu_foil_10k.dat in

k space

cu_foil_10k.dat
window

10

15

Wavenumber (A™)

20 25

Demeter 0.5.21 @ Bruce Ravel 2008-2015

cu_foil_10k.dat in k space

k? () A3

25

Wavenumber

(A7)

25

Demeter 0.5.21 @ Bruce Ravel 2008-2015

FT window

High quality data:
main FT features do not
change with windows

SILS school 2026 - ilaria.carlomagno@elettra.eu

(A7)
[ 7 B~ I = > B B = = B =]

[x(R)|

(A7)
[ - A - B S < T = B R+ < T =

[x(R)|

cu_foil_10k.dat in R space

datin R sp

cu_foil_10k.

ace
T

cu_foil_10k.dat in R space

a

Radial distance

(A)

Demeter 0.5.21 © Bruce Ravel 2008-2015
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Note:

Always save data and project for future use
you have many options!

Fil

Group Energy Mark Plot Freeze Merge
Import data Ctr

Recent files r

Save project

/ Ctr

Save marked groups as a project ...

Save project as...

Backwards compatible project files

Project format

Save current group as .. L

Save marked groups as . »

Save each marked grnupm

Export ... *

Mome

u athena_Cullk.prj

cu_foil_10k.dat.chik
cu_foil_10k.dat.chir
cu_foil_10k.dat.xmu

el |

el |

el |

/ Save the entire project for reuse.

Save selected groups for separate use

piE)
normiE)

ulk)
/ x(R)

xlql

\

Excel report on all groups

Excel report on marked groups

Empirical standard

SILS school 2026 - ilaria.carlomagno@elettra.e

=

p(E)

normiE)}
deriv{p(E])
derivinormiE])

second(p(E])

second(narm(E))

Ak

kx (k)
(k)
kx(k)

xRl
Re[x(R]]
Im[x(R]]
Pha[x(R]]

(=)l
Relx(q)]
Im[x(q)]
Phaly(q)]

61



Cu (fcc) and Fe (bcc) XAFS

Compare Cu and Fe EXAFS data: shows the effect of
different crystallographic structure

(A%
(=] = %] (%] e on (=] | [8's] (=]
[

IX(R)|

fcc Bcc
(Fm-3m) (Im3m)
alN2 N, =12 R,=av3/2 N,=8
=a N, = R,=a N, =
c=aV6/2 N, =24 R,=av2 N,=12
| | cu_foil_1 OII(_dal

FeFollRT_000.td ——

1 2 3 4 5 6
SILS school 2026 - ilaria.carlomagno@elettra.eu

Radial distance (A) Demeter 0.9.21 ® Bruce Ravel 2008-2015
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XAFS data ANALYSIS:
from experimental data to structural details

-

! Data collection |
v

revision

» Preliminary data treatment
v

Extract XAFS structural

revision

] | (k) revision
Signal. ‘
5 1 X XANES
Analysis
Structural p y
refinement Strucltural
1 model(s)
Check the results revision j
63
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XAFS data ANALYSIS:
from the experimental data to structural details

Data collection
 J

> Preliminary data treatment

¥
Extract XAFS structural

> = revision

signal: c(k !
: | - | XANES
Structural Analysis

refinement L

\ Structural

revision

revision

—

model(s)

. Check the results = revision <
4

SILS school 2026 - ilaria.carlomagno@elettra.eu 64



Structure Visualizers

VESTA

Visualization for Electronic and STructural Analysis )3
™

. T (ol
File Edit View Objects Utilities Help

7 a b ¢ a*b* * AV L » T F step(): 450 A | € > Step(p: 10+ — 1O Step(%): 10
Tools | Style Au_fec CMcif |
Structural models
[7] Show models
[7] Show dot surface

Style

© Ball-and-stick
© Space-filling
© Polyhedral

©) Wireframe

© Stick

A

http://jp-minerals.org/soft/en/

Volumetric data
[[] Show sections

PCh™ND®

[] Show isosurfaces
[ surface coloring
Style

® Smooth shading

Wireframe

Dot surface

Google search:

[] Show shapes
Style

I
|
Vesta Download | I

Custom color

Wireframe

X ¥ z Uce. B sSite  sym. R
12u Rul 0.00000 0.00000 0.00000 1.000 1.000 da m-3m

Nurber of polygons and unique vertices on isosurface = 0 (0)
14 atoms, 0 bonds, 0 polyhedra; CPU time = 38 ms |

S } E|

Output | Comment I

SILS school 2026 - ilaria.carlomagno@elettra.eu


http://jp-minerals.org/soft/en/

Crystallographic structu

* Crystallography Open Database (COD)
crystallography.net

* WWW-MINCRYST
database.iem.ac.ru/

* |CSD (S): inorganic chemistry database (guest)
FIZ Karlsruhe https://icsd.fiz-karlsruhe.de/

* Google Scholar

e ...0r ask gemini, claude, ChatgPTl!

SILS school 2026 - ilaria.carlomagno@elettra.eu

1

es DBs

Often Synchrotron Facilities have
access to commercial databases.
Use them during beam-time!
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http://www.crystallography.net/
https://icsd.fiz-karlsruhe.de/

Coordination geometry

Neighbour geometry around the absorber

ATOMS package
included in the Demeter (Artemis) package

ebAtoms
Convert crystallographic data into a Feff input file

~ Use an atoms.inp or CIF file on your
computer

Scegli file | Messun file selezionato

| Submit crystal data |

—Use an atoms.inp or CIF file from the web

return )

{enter a URL, then hit

Spacel
group:

Edge: 5:55; | Feffs / elements v |

Output: | feff.inp v |

https://millenia.cars.aps.anl.gov/webatoms/

Note: VESTA can read or save in
ATOMS format

SILS school 2026 - ilaria.carlomagno@elettra.eu
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https://millenia.cars.aps.anl.gov/webatoms/

&
)
\—L_\J
o

OTCWare

Mandatory

Data analysis software (EXCEL, ORIGIN, Gnuplot, FitYk, ....)
XAFS data analysis software

Useful:

Database of crystallographic structures (or LLM)

Atomic Structure visualization programs
Coordination geometry calculation programs

SILS school 2026 - ilaria.carlomagno@elettra.eu
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XAFS data ANALYSIS:
from experimental data to structural details

Data collection
- Preliminary data treatment

Extract XAFS structural signal:

) > X(k) == revision |
Z I XANES
E Analysis
c Structural
s refinement
- Structural

model(s)

Arkemis

s Check the results == revision

b

END

SILS school 2026 - ilaria.carlomagno@elettra.eu



Structural model & data refinement

We will start from Cu EXAFS analysis

1. search Cu metal structure (cif)
2. visualize with Vesta
3. generate a local cluster with Atoms

icsd_43493 Copper.cif

Cu metal

SPG: fcc, fm 3 m (#220)
a =3.61A

Cu 0.0 0.0 0.0

Sh
K
Il:
I
V:
V:

SILS school 2026 - ilaria.carlomagno@elettra.eu

R N
a/ J2 12
a 6
a./3/2 24
av/2 12
a,/5/2 24

Rea(A)
2.553
3.610
4421
5.105
5.708
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Start Artemis

1 (easier on wide screens!)

add EXAFS
(k) or

[1@3»_«@
[File ™wgge Fit Plot Help
at h e n a @ o~ P Feff calculations Mame Fitl | R pass 213 L Lt |
Add ] Fit description
Plot p
L
p rOJ e Ct Jl Histo

@ Jourr

The driver window

Welcome to Artemis — Demeter 0.9.21, copyright 2006- ce Ravel — using ifeffit & gnuplot

2

add a
Structure 3
.cif or Feff

file

Start fit

select refinement
param., plot, etc...
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1: add y (k) or Athena project

| L Artemis | d ]

File Monitor Fit Plat Help

Data sets Feff calculations
f# GDs I

I ’ ] MName Fitl | Fit space: Ok @R @©q |
Add Add , .
Fit description
Plot
Bl Histo

@ Jourr

Fit

-

Import the XAFS data
ey from the Athena
cu_foil_10k.d PFO ject f;?ﬂ f:ﬁrr:pfr

Data source add paths to
o_Malu_20154datitok_Cu_Foil\EXAF5_estractionathena_CulOk.prj, 1

Welcome to Artemis — Demeter 0.9.21, copyright 2006-2015 Bruce Ravel — usin

Plot this data set as

| k23 || R123 || R |[ Rk || kg

I Import crysta

Title lines

Start a quick

frport & st

Fourier transform parameters

kmin 3,000 kmax 23019 dk 1

Import an e
cu_foil_10k.dat in k space

a0 min - 1 rmax 3 dr g0

DL{ T T u

- ] Fitting k weights

x N 1 ]2 W3 [[Jother g5

= H

- T 1 Other parameters

o R L

i 0 5 10 15 20 25 [¥]Include in fit [/ Plot after fit [ Fit background
gk 0 [] Plot with phase correction

Wavenumber (A1)
emeter 0.8 DbSSCAQUIRBRS dafiaridcedeidfvdghb@edittng leu
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2: add model structure (cif or simple pair)

f# GDs
Bl Histo
@ Jourr

File Menitor Fit Plot Help

ID‘ata sets I ’Feﬁ calculations Name Fitl | Fit space: Dk @R Dq |

[

Add Add ] Fit description
Hide "cu_foil_10k.dat" | -

[EETEEEET e e S

Welcome to Artemis — Demeter 0.9.21, copyright 2006-2015 Bruce Ravel — using ifeffit & gnuplot

I Rename ﬁ Discard @Feﬂ‘in[}eme’cer ' Feff doc 9

Il.
1.
V.

[

Open file Save dg

Run Atoms
check paths
Run Feff
look at the path list |y

Titles

calculate Scattering
amplitude and Path list

phases for paths

generate a in the cluster
1 Rename | §§ Discan §Feffmnametar § Ferrdoc I
u ocal cluster
@ Atoms| % Feff | Palhs|& Path-like @ Console -
gregate degeneracy margins

& § b Cluster size 5427575
OEIE sﬂm CEII Terﬁte Rb%af Margin: Beta:

B 361505 C 361505

B o0, Yo 90,

Radial distances

Lengestpath 5

Name:  icsd 43493 Copper Margin: 003 Beta . Shift vector
Feff input file [ Add asite l U U ﬂ N
. P o Insert
LTOMS * this list contains 55 atoms
* X 'l z ipot tag distance
0.00000  0.00000  0.00000 0 Cul 0.00000 Core | EL X y z Tag
1.80753  1.80753  0.00000 1 Cul.l 2.55623

-1.80753 1.80753 0.00000
1.80753 -1.80753 0.00000
-1.80753 -1.80753 0.00000
1.80753 0.00000 1.80753

1
1 Cul.l 2.55623 1
1 Cul.l 2.55623
1 Cul.l 2.55623 2
1 Cul.l 2.55623
-1.80753 0.00000 1.80753 1 Cul.l 2.55623 3
0.00000 1.80753 1.80753 1 Cul.l 2.55623
0.00000 -1.80753 1.80753 1 Cul.l 2.55623 4
1
1
. 5
1
h 6
1
1

¥ |Cu ] 0 ] Cul

<]

1.80753 0.00000 -1.80753 Cul.l 2.55623
-1.80753 0.00000 -1.80753
0.00000 1.80753 -1.80753
0.00000 -1.80753 -1.80753

Cul.1l 2.55623
Cul.1l 2.55623
Cul.1l 2.55623
Cul.2

i Silb school 2026 - ilaria.carlomagno@elettra.eu

Cul.2

1 T T

3.61505 0.00000 0.00000
-3.61505 0.00000 0.00000
0.00000 3.61505 0.00000
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2: add model structure (cif or simple pair)

File Menitor Fit Plot Help

Data sets Feff calculations -
E:i GDS Mame Fitl
Plot I i I ’ add ] Fit description
Ei Histo i Hide "cu_foil_10k.dat" |
A Jourr & Artemis [Feff] Atoms and

I Rename ﬁ Discard @ Feff in Demeter
Q%&Atoms %Feﬂ|l’aﬂ\s|&P
|

v a8 =0 ¢

Openfile Savedata Export Clearall Run Atoms ZSggregate

Welcome to Artemis — Demeter 0.9.21, copyright 2006-2015 Bruce Ravel — using ifeffit & gnuplot

Console

l. Run Atoms
Il. check paths
lll.  Run Feff

IV. look at the path list A) . [T Lattice Constants

eGroup Fm-3m A 361505 B 351505 C 361505
generate a
= [K | Style [Feff6-clem ~| o o, B oo, Yoo

local cluster e —

gregate degeneracy margins

Cluster size 54272575 Longestpath 5
targin: Beta: 3

Shift vector
Add a site |
I =

Titles

A

e | EL x ¥ .
o o . . Cluster size and path length be larger than

the distance you expect to analyze!

input the unit cell

parameters and cluster size

1
2
3
4
5
6

O0o0o o o
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2: add model structure (cif or simple pair)

e B

File Menitor Fit Plot Help

Data sets Feff calculations . = .
&3 60 [ o ] | o I Rename ﬁ Discar @ Feff in Demeter . Feff doc
S b
- [ Hide "cufoil 10k.dat” ] R
' Atoms | '8y Feff Paths Path-like Console
@ Jourr —* | .
e = log
e
Welcome to Artemis — Demeter 0.9.21, copyright 2006-2015 Bruce Ravel — using ifeffit & gnuplot iﬁ‘/_ﬂ -x ;-'_-f"'

Open file Savefile Clearall Template  Run Feff

Mame: icsd_H#Qﬂ_Cu Er Farain: 0.03 Beta
l.  Run Atoms i ?
. Feff input file

Il. check scattering paths T a—

Ill.  Run Feff

IV. IOOk at the path I|St le{}HS * this ligt contains 55 atcrms.

x ¥ z ipot tag distance

0.00000 0.0000a 0.00000 O Cual 0.00000
1.80753 1.80753 0.00000 1) Cul.l 2.55623
-1.807353 1.80753 0.00000 1) Cul.l 2.050623
1.80753 -1.80753 0.00000 1) Cul.l 2.55623
-1.80753 -1.80753 0.00000 1) Cul.l 2.050623
1.80753 0.00000 1.80753 1) Cul.l 2.55623
-1.80753 0.000040 1.80753 1) Cul.l I? 2.050623
0.00000 1.80753 1.80753 1) Cul.l 1 2.55823
0.00000 -1.80753 1.80753 1) Cul.l 2.050623
1.80753 0.00000 -1.80753 1) Cul.l 2.55623
-1.80753 0.00000 -1.80753 1) Cul.l 2.050623
0.00000 1.80753 -1.80753 1) Cul.l 2.55623
0.00000 -1.80753 -1.80753 1) Cul.l 2.00623
3.61505 0.00000 O.00000 1) Cul.Z2 3.61505
-3.681505 0.00000 0.00000 1) Cul.? 3.681505
0.00000 3.81505 O.00000 1) Cul.Z2 122 3.61505
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Data sets

2: add model structure (cif or simple pair)

File Menitor Fit Plot Help

Feff calculations

f# GDs

Add | [

Add

Plot

Hide "cu_foil_10k.dat" ]

Bl Histo

@ Jourr

Welcome to Artemis — Demeter 0.9.21, copyright 2006-2015 Bruce Ravel — using ifeffit & gnuplot

.
Il.
IR
V.

Run Atoms

check scattering
Run Feff

look at the path list

I Rename

ﬁ Discarﬁ @ Feff in Demeter

% Atoms

2o, Feff

i Paths

& P;{v <@ Console

e

Open file Savefile Clear

emnplate

¥
1@

Run Feff

Margin:

0.03

Feff input file
1 29 Cua

ATOMS * this list contains 55 atoms

* X YV z ipot tag distance
0.00000 0.00a0a 0.00000 0 Cul 0.00000
1.80753 1.80753 0.00000 1) Cul.l 2.55623
-1.80753 1.80753 0.00000 1) Cul.l 2.05623
1.80753 -1.80753 0.00000 1) Cul.l 2.55623
-1.80753 -1.80753 0.00000 1) Cul.l 2.55623
1.80753 0.000040 1.80753 1] Cul.l 2.55623
-1.80753 0.0000a 1.80753 1) Cul.l I? 2.55623
0.00000 1.80753 1.80753 1) Cul.l 1 =2.55623
0.00000 -1.80753 1.80753 1) Cul.l 2.55623
1.80753 0.0a00da -1.80753 1] Cul.l 2.55623
-1.80753 0.000a0a -1.80753 1] Cul.l 2.55623
0.00000 1.80753 -1.80753 1] Cul.l 2.55623
0.00000 -1.80753 -1.80753 1] Cul.l 2.05623
3.61505 0.0a00a 0.00000 1) Cual.2 3.61505
-3.61505 0.0000a 0.00000 1) Cul.? 3.61505
0.00000 3.61505 0.00000 1) Cual.2 1?2 3.61505

SILS school 2026 - ilaria.carlomagno@elettra.eu
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2: add model structure

(cif or simple pair]

A

File Menitor Fit Plot Help

WARINING

E:i _GDS Data sets Feff calculations Name Fitl | Fit space: Ok @ .
I i I ’ Add Fit description Th I S m ay

E 9y Hide "cu.foil 10k.dat" | @ Rename ﬁ Discard g Feff in Demeter " eff, '
isto h
@ T @ Atoms & Feﬂ‘ ‘ Paths & Path-like Cras °

B @ (R Re o

Show leg
Welcome to Artemis — Demeter 0.9.21, copyright 2006-2015 Bruce Ravel — using ifeffit & gnuplot Save  Plot paths (k) Re[x(R)] Im[x(R]] Rank

Mame of this Feff calculation:  jcsd_43493_Copper

Description
# TITLE Copper -
# TITLE Cu D

# The central atom is denoted by this token: [
# Cluster size = 6€.00 &, containing 86 atoms

Evaluate path relevance § 31 acna vere found within 8,000
# Forward scattering cutoff 20.00 =
looking at the Rank &/or at st b
the plots

m
1]

m
Hh

Scattering path Bank 1 Type

12.00 2.55& @ Cul.l @ 10... [ s=ingle scatte
3.615 @ Cul.z @ 22.37 [ sgingle scatte
3.834 @ Cul.l Cul.l @ 10.56 { acute triangl]
4.264 @ Cul.l Cul.Z @
4.364 @ Cul.l Cul.l @
4.428 @ Cul.z @
4.770 @ Cul.l Cul.3 @
L TR 0 B 0 T

Path geometry
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2: add model structure

cif or simple pair]

File Menitor

@ GDS

Fit Plot Help
Data sets

Feff calculations

Add

J |

MName Fitl | Fit space: Ok @R @©q |
Add ]

Fit

i Hide "cu_foil_10k.dat" I

Feff calculation

@11 Rename ﬁ Discard @Fe‘l‘fin[}emeter ' Feff doc

@ Amﬁ:ﬂ| . Paths & Path-like @ Console
KRl Re Im

ak) [ (R)| | Relx(R]] Im[x(R)] Rank

| £

Scattering path

12.000 gCulai@ 10000 single scattering

6.000 @ Cul.2 @ single scattering
@Cull Cull @ 10,54 acute triangle
@Cull Cul2 @ 8.56 other double scatte =
@Cull Culll @ 3.39 other double scatte

24,000

@Cul3 @ single scattering

obtuse triangle

obtuse triangle
12.000 . @Culd @
24000 1124 @ Cull forward scattering
12,000 . @Cull Culd Cull @ 32, : double forward sc

Cull @ non-forward linear +

single scattering

| mo QSEREEEE . EENERREVERTEE [ | o

(A

30

(R

20

10

Experimental

< | i | v

Magnitude

2 3
Radial distance

4 5 ]
(A)
SILS school 2026 - ilaria.carlomagno@elettra.eu
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2: Check paths by relevance: Multiple scattering

Focusing effect enhances the multiple
scattering from aligned configurations

Cu, Cu, Cu,

Cul.1-Cul.a Cul.l-Cul4-Cul.l

Feff calculation

18 | | . , Culd

16 L Cutl —— || Scattering Paths
Cul2 —— . i
14l Cul 3 | Degen  Reff Scattering path Rank Legs Type
Culd4 —— 000 12,000 @Cull @ 100.00 single scattering
12k Cul1 Culd4 —H 0002 6.000 single scattering
T Cul.1 Cutl4 1.1 —— -
= 10tk acute triangle
_ 0004 453000 43638 2 @Cull Cul2 @ 8.56 other double scatte|=
3 8 other double scatte
il - -
2% 6+ single scattering
obtuse triangle
4 B A
2 12.000 : @Culd @
24.000 1124 @ Cull
0 0 12.000 : @ Cull 4 Cdl @
Radial distance (A} Demeter 0.9.21 @ Bruce Ravel 2008-2015 < | m | »
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X (1)

0.9

08 |

0.7 |

06 |

05 |

04 |

03 |

02 |

0.1

O e d

A note on the focusin

Contributions of some multiple-scattering paths
to y(k) for Cu.

0

L]
Total ——
Single Scattering — —

Path AnaIYSi_S {\ JLET T —

Shadowing ...

Other ===

1 2 Sr(A) 4 5 6

Rev. Mod. Phys., Vol. 72, No. 3, July 2000

vqQ
v
by
_11‘
( »
()
—

Single-scattering paths go from the central atom to another
atom and then scatter back to the central atom.
Triangular paths hits two atoms and then return.

paths hit another atom, and then goes straight
through (in exactly the same direction) to hit another atom,
before returning through the previous atom to the central
atom. Because the forward scattering amplitude is large,
shadowing paths can be accentuated by this “focusing”
effect.

Because phase information is not retained in the figure,
destructive interference between some of the contributions
can reduce the absolute value of the total below the
absolute value of some of the contributions.
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Drag and drop relevant paths to the data window

¥ Artemis [Dz flcu fo

Data Path Marks Actions Debug Help

cu_foil_10k.dat o1

Data source
trieste2021) Training’ Data\ Cu\EXAFS_estractionhathena_CulOk.prj, 1

| k23 || Rz || Rm [[ Rc || 4@ |
Title lines /

T 1 Rename ﬁ Discard @FeﬂinDeme{el ' Feff doc

&
£ | o o] 9 ot

@HREIW.;N

Save Plotpaths (k) Re[y(R)] Im[y(R)] Rank

Name of this Feff calculation:  jccd 43493_Copper
Fourier transform pardmeters

Description
# TITLE Copper o krnin krmax dk
# TITIE Cu a 3,040 23.019 1
# The central atom is denoted by this token: @
# Cluster size = 6.00 &, containing 86 atoms rmip 1 rmax 3 dr 0.0
# 31 paths were found within €.000 A "
# Forward scattering cutcff 20.00 =
Scattering Paths iﬂ:i“g k WEighls
Degen Reff Scattering path Rank 1 Type i 1 2 3 athe[ D.S

1 .00 2.556 @ ! s=ingle s-:at:t'

2 &.00 3.615 @ Cul.Zz @ 22.97 [ single scatte

3 48.00 32.834 @ Cul.l Cul.l @ 10.56 ! acute triangl| Other P-EllEIIT‘iEtETS

4 48.00 4.364 @ Cul.l Cul.Z @ B.54 { other double g = = - =

5 7

5 24.00 4.36¢ @ Cul.l Cul.l @ 3.3% : other double Include in fit Plot after fit Fit backgmund

L3 24.00 4.428 @ Cul.3 @ 55.37 I single sc..at:te E{k} n Plﬂt Wilh PI\HSE CDIIECﬁDI‘i

7 96.00 4.770 @ Cul.l Cul.3 @ 21.84 : cbtuse triang| |

& 48.00 4.770 @ Cul.l Cul.l @ 10.61 ! ocbtuse triang

5 12.00 5.112 @ Cul.4 @ 18.5%2 [ single scatte

10 24.00 5.112 @ Cul.l Cul.4 @& 43.54 ! forward scatt
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Define parameters

[ [icsd_43493_Copper] Cu1.1 [icsd_43493_Copper] Cu1l.1

[¥]Include path Plot after fit
DE and SOZ should be the Use this path for phase corrected plotting.

same for absorbers in the @Cull @
same phase! (1) single scattering, high {100.00)

X ¥ z ipo
1.807530 1.807530 0.000000
0.00000a0 0.000a0aa0 0.000a00g

m |

Label  pefrr=2.558, nleg=2, degenﬁ/

12 //I

1
ﬂ LE -
Guess DEo = —
a1 L\‘@Def DEo | |
532 Set DEo [
Lguess DEo —
Skip DEo [ |

You must provide a name to each
parameter you want to refine
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Define the refinement parameters

Data sets Feff calculations

@ GDS Mame Fitl I Fit space: ©k @R ©q |
[ Add Nl Add

] Fit description )
Fit
| Hide "cu_foil_10k.dat" | [ Show "icsd_43493_Copper.cif” ] a
[] History
L Artemis [GDS] Guess, Def, Set para adic)
Start a new F4 calculation. Right click fora m
Type Name Math expression Evaluated
1 |guess DEe ]
2 |guess drl ]
3 |guess 55 2 0.00300
4  |guess
3GDS: 7 e ¢
. . . .
. Initialize to >0
' the o2 parameters
define p

refinement
prameters

SILS school 2026 - ilaria.carlomagno@elettra.eu
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Best fit

Feff calculations — I oo Bk @R Oa ’j
& Artemis [Data] cu_foil_10k.dat - = = =] ="
D Path Marks Actions Debu Hel
| ﬁ g P

cu_foil_10k.dat w1 [ [icsd_43483_Copper] Cul.1 [icsd_43493_Copper] Cu1.1
| Hist:
Data source [¥]Include path [T] Plot after fit <<\ [ Fieshory
T TR I S — z m
- T , - . -
| school_2021\distribution_trieste2021\Training\Data\Cu\athena.prj, 1 ] Artemis[Plot.1] (\)Q j-

| Plotthis data set az @| z ﬁ a a @"& ? 1

| k23 || r123 || R |[ Rk || kg |

cu_foil_10k.dat in R space

Title lines

10 . . . . .
Make sure the FT range cu_foil 10k dat
includes all the shells you fit ——
. 5 window ———
want to fit \/_\__\

o
Fourier transform parameters T:l: 0
krmin 3000 krnax dk 1 ~
rmin rmax 3 dr ?
= -bF
=
:'#'ng eiahtc
M1 2 32 [[other g5
A0 - _

Other parameters
[¥]Include in fit Plot after fit Fit background
gfk) 0 Plot with phase correction

15 1 1 1 1 1
0 1 2 3 4 ] i}

Radial distance (A)

Transfered data set "cu_foil_10k.dat” to the plotting list.
| |

1.16790, 13.3603
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(A)

IX(R)|

100

20

-100

-150

FIT

background removal
ep3ilon_k by k-weight
ep3ilon_r by k-weight

E0: 8977.58, Bbkg: 1.0, range: [0:25.019], clamps: 0/24, kw: 2
1.857e-004
4.857e-001

L Artemis [Log] Fit 1 o =
-

: BLthena project = (C:\Users\carlo\Dropbox\Seminaric Malu 2015%dati\ck Cu Foil\EXAF5 est

: name = cu_foil_ l0k.dat

: k-range = 3.000 - 23.01%9

: dk =1

: k-window = hanning

1 k-weight =1,2,3

: R-range =1-3

: dR = 0.0

: R-window = hanning

: fitting space =r

: background function = no

: phase correction = no

3 4
SILS school 2026 - ila

Ia.carlomagno@elettra.eu

Radial distance {A) Demeter 0.9.21 © Bruce Ravel 2008-2015

R-factor by k-weight 1 -» 0.00421, 2 -» 0.00225, 3 -» 0.00273
name u 502 sigma~2 (=] delr Beff R
Cul.l 12.000 0.804 0.00345 5.419 -0.00827 2.55620 2.54793 =
. . name ei third fourth
cu_foil 10k.datinR space
-_ -_ 0.00a00 0.00000 0.00000
l I N I L5
cu fD| [T R R N R R T R R R P ", e
- ' m b
B window "
’"‘\/\1_\
- Note:
Check modulus and real
| | | . .
; (imaginary) parts
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cu_foil_10k.dat in R space

100 T T

50 -

(A

[x(R)|

(A

xR

-50

-100

-150

| cu_foil_10k dat
fit ——
window

Extend the analysis to further shells

Fourier transform pararmeters

kmin 3000 (@] kmax

rmin - 1 E] Frmasx

209 (@) dk I:i
E] dr  gpo

37

T T T
cu_|_f0i|_1 Ok dat

fit
window

cu_foil_10k.dat in R space

cu_toil_TOK da

fit
window :!:

Run fit starting with first shell
then add progressively further

contributions

When extending your fit make sure that the
window defined in Athena is large enough!

name N SO02 sigma”2 e0 delr Reff R
Cul.l 12.000 0.980 0.00388 4.001-0.01367 2.55620 2.54253
| | | | i Cul.2 6.000 0.980 0.00513 4.001-0.02943 3.61510 3.58567
0 1 2 3 4 5 Cul.3 24.000 0.980 0.00514 4.001 0.00381 4.42750 4.43131
Radial distance (A)  oemwosziesucera Cul.4 12.000 0.980 0.00092 4.001 0.00862 5.11250 5.12112
Cul.lCuls 24.000 0.980 0.00271 4.001 0.00862 5.11250 5.12112

SILS school 2026 - ilaria.carlomggn@@eletira.€U 12.000

0.980 0.00322 4.001 0.00862 5.11250 5.12112
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Define parameters

[ Ariems [EKAFS <

File Menitor Fit Plot Help
P Data sets Feff calculations
f# GDs

Mame Fitl

Add | [ Add

] Fit description

Plot
Bl Histo
@ Jourr

wecomer, Data | Pa[s | Marks Actions Debug Help

cu_foil_10k.dat w1

Data source

o_Malu_2015\dati\ok_Cu_Foil\EXAFS_estraction‘athena_CulOk.prj, 1

Plot this data set as

| k23 || R123 || R |[ Rk || Kq

Title lines

L " 3 P 3
pasaraat

kmin 3000 kmax 23019 dk 4
rmin rmax 3 dr po

=y gy =

1 [F2 [#]3 [[Jother g5

Other parameters
[#]Includeinfit [¥]Plot after fit [ Fit background
(k) 0 [ Plot with phase correction

licsd_434] Cul.1 E
licsd_434] Cul.2
[iced_434] Cu1.3
licsd_434] Cul.4 &
licsd_434] Culd Cul.4
[ [icsd_434] Cu1.1 Cul.4 Cul.1
100
50
T
3 0
=
X 50
-100
150

SILS school 2026 - ilaria.carlomagno@elettra.eu

cu_foil_10k.dat in R space

Cu_Tol_TOK.da
fit
window L

2 3 4 5 6
Radial distance (A} Demater 0.5.21 ® Bruce Ravel 2006-2015
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Note:
Keep correlations among the parameters low (add physically meaningful constraints).
Far shell parameters are generally less accurate, use them with care.

Correlations between variables:
ss 42 & ss 4 --> 0.8812
ss_1 & so2 --> 0.8229
ss_ 43 & ss_42 --> 0.8137
ss 43 & ss 4 --> 0.8062
dr 1&de O --> 0.7729
ss 43&dr 4 --> 0.7515
dr 3&de 0 --> 0.6824
dr 3&dr_1 --> 0.5290
ss 3 & so2 --> 0.5153
ss 42 & so2 --> 0.4289
ss 3&ss 1 --> 0.4239
All other correlations below 0.4

SILS school 2026 - ilaria.carlomagno@elettra.eu
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5: Always save best fit and output files

IFiIe Monitor  Fit  Plot  Help

. . Feft colclations Name it Ftspace Ok @R O |
Open project or data Ctrl+o [ Add Firmei Fit
. — I
Recent files I} J 7
Save project Ctrl+s
ist

[¥] History
Save project as... - Show log
Save current fit = Ravel — using ifeffit & gnuplot

Import... »

Export.. »
Edit Preferences

Close Ctrl+w
Exit Ctrl+q

6: Check your results and your hypothesis about local
atomic structure... if mismatches check hypothesis,
extraction, quality of the data...
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from experimental data to structural details

revision

P Preliminary data treatment

XAFS data ANALYSIS:

1

| Data collection r

v

¥

Extract XAFS structural signal:

X(k) revision

revision

l

Structural
refinement

XANES
Analysis

model(s)

l Structural

Check the results = revision j

l

END

SILS school 2026 - ilaria.carlomagno@elettra.eu
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The end!

Additional resources and tutorials:

https://xafs.xrayabsorption.org/tutorials.html
https://bruceravel.github.io/demeter/documents/Athena/index.html

EXAFS tutorial by Carlo Meneghini:
https://indico.elettra.eu/event/45/sessions/187/attachments/212/541/Meneghini Tutorial 2024.pdf

EXAFS tutorial by Sakura Pascarelli:
https://www.esrf.fr/files/live/sites/www/files/events/conferences/2017/User Meeting 2017/Part%201%20.pdf

XANES tutorial by Sofia Diaz-Moreno: https://www.youtube.com/watch?v=hnWvc8Jm es
EXAFS tutorial by Chris Pollock: https://www.youtube.com/watch?v=gh 1vGVIuLA&t=1391s&pp=ugUEEg)lbg%3D%3D
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https://bruceravel.github.io/demeter/documents/Athena/index.html
https://indico.elettra.eu/event/45/sessions/187/attachments/212/541/Meneghini_Tutorial_2024.pdf
https://www.esrf.fr/files/live/sites/www/files/events/conferences/2017/User_Meeting_2017/Part%20I%20.pdf
https://www.youtube.com/watch?v=hnWvc8Jm_es
https://www.youtube.com/watch?v=gh_1vGVluLA&t=1391s&pp=ugUEEgJlbg%3D%3D

