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The XAS spectrum
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XAFS data ANALYSIS:
from experimental data to (quantitative) structural information

» Preliminary data treatment
y
XAFS structural signal:

c (k) v
S X
2 XANES
Q
i - Analysis

o Structural § i
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2 refinement Structural \

model(s)

Check the results revision —T
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Software

Mandatory

e XAFS data analysis software (Demeter)

e Curve fit (FitYk)

 Data manipulation (EXCEL, ORIGIN, Gnuplot, ....)

Useful:
 Database of crystallographic structures (WEB)
e Atomic Structure visualization programs (VESTA)



XAFS data collection is conceptually simple

Bulk samples Transmission geometry
High concentration

ux ~ 0.1 —-1.5 I, I
(o]
transmitted x-ray beam < I < incident x-ray beam
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_ ] = — pHX
I < Iy — I = I,(1 — e™#%) T oper<l
e M ~1— ux

I~ Iz

i
Sample V I, ‘ r o~ L
U o

fluorescence yield

incident x-ray beam

21/09/2024



File Format: search for the right columns

3T
38

39

41
42

N A AT
¥ Channgl 1: gain 1E07V/A
t Chapnel 2: gaip 1E07V/A
¥ Chapnel 3: gain 1E0SV/A
¥ Channel 4: gainp 1E0SV/A
# DCM Crystal: Silll

fenc_energy mono_energy mono_bragg Step_Pos mono_Xlvert undulat

43 6963.15265954 €962.02206072 16.50159561813 898303 10.063%281062
44 6963.186930%1 €962.09736453 16.5017%9%313 8958260 10.063%91585%2
45 £963.32150513 £€5€2.214329%13 1€.5015030563 858187 10.0&€35%02715¢ 7
46 6963.39128526 €962.31527448 16.5012569626 898120 10.0638%00203
47 6963.46688B033 £962.4162228% 16.5010108688 898061 10.0638B7878B%8

nergy I, l.,.., and/or I,

Energy and detector
Intensities for Transmission
or fluorescence
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XAFS data analysis Software

IXAFS organization

e Easy to use (not on Mac-0S!)
|l IXAS RESOURCES ’ ° free

| M XAS Research Review l

| e Aot Wob Magasine | * based on FEFF6 and IFEFFIT

Current Issue

Future Issue
Publishing Policy
Manuscript Submission

' Manuscript Template

o on | Demeter bruceravel.github.io/demeter/
M News 3
| M IXAS Info Plaza .
— Simple and easy to use data
| Job and Fellowship Info .
FL Info Plaza analysis software, freeware,
M Archives

based on FEFF6 and IFEFFIT

W Related Organizations

M Links to SR facilities

B Database

B Supporting Corporations

B XAFS Conferences
Previous XAFS Conferences
Recent Trends
Scientific Trends
XAFS 15 (2012) X-ray Absorption Spectroscopy Using Feff
XAFS 16 (2015) and Ifeffit
XAFS 17
Photo Gallery

M Books and Codes @
Windows Users:

B Miscellaneous
B Standardization
XAFS Standards & Criteria @ View On GitHub
—Background
IXAS Strategy toward Standardization
Data Format

M Tutorial materials @

Download and install it

W

Google search:
demeter EXAFS

Demeter © 2006-2015 Bruce Ravel

http://www.ixasportal.net/ixas/



http://www.ixasportal.net/ixas/

GnXAS Software

INTRODUCTION to GNXAS

The GNXAS package is and advanced software for EXAFS data analysis based on
multiple-scattering (MS) calculations and a rigorous fitting procedure of the raw

experimental data. The main characteristic of the software are:

« atomic phase shifts calculations in the muffin-tin approximation based on atom self-

consistent relativistic calculations. Account for the neighbors is taken.

» Inclusion of inelastic losses through complex Hedin-Lundqvist potential.

« Calculation of MS signals associated with two, three, and four atom configurations
using advanced algorithms.

» Use of an advanced fitting procedure that allows:

L

@
@
@

to fit simultaneocusly any number of spectra containing any number of edges,

to use directly the raw data without any pre-analysis,
to account for complex background multi-electron excitation features,

to use various model peaks for the pair, triplet and gquadruplet distribution functions,

including non Gaussian models and extremal cases. In all cases absolute parameters can
be fitted,

to treat liquid phase or disordered systems and extract reliable gir) functions in the short

range, /\’

to perform a rigorous statistical error analysis and plot two-dimensional correlation maps

[

To provide a Tlexible scientific tool for EXAFS data analysis where the user has access to
every stage of the calculation. GNXAS is not a black box.

http://gnxas.unicam.it/pag_gnxas.html

The analysis of
uncertainties and error
bars is a key issue for
reliable understanding and
discussion of XAFS results.



The Experimental XAS signal &y,
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Normalized XAS u(E)

1. Remove pre-edge

Aexp = Ax T Appg

Kt is the absorption due to the edge of interest

O, IS the absorption due to everything except
Mt

Everything being: other absorption edges, air, sample
holder, matrices, chamber windows, etc...

> Oy = Qeyp — Aplg= Uxl

|

“exp Jp““'{\’“\f*vxﬁq

f

-

———— Opikg

~No— .
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pre-edge —— [
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How to get the normalized x(k)

| pre-edge subtraction |
L g

2. Normalization perturbation ,,,

from neighbour ——bl nnnnn lization p

isolated absorber T

potentials ¥

Uyt = o (1 + )t

Oporm = 1 +X
o ot .
Au_bulk_20k.dat in energ

12 T I I I I I I T

[ | I I
B ] AU bulk 20k dat = 1 | Hx pegnd — |
t _
L nux / ”Ot —_ ao | sl l |
i . £ o6 Eg Oy 1
| > S o(norm(E) = = 1+)(
i il S 04t g ]
e
i a x = ,Ll,xt 7 02 - l
] 0l \—J |
] | ] ] ]
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El"IE rgy {EV) Demeter 0.9.21 @ Bruce Ravel 2008 Energy (eV) Demeter 0.9.21 8 Bruce Ravel 2008-2015
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How to get the normalized x(k)

2. Normalization

Xpnorm = 1+ X

Au_bulk_20k.dat in energ

12 I I I I I I I I

background ——

S WW
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04 o |
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| pre-edge subtraction |
»
e
'
g
a
a
3
2 v
_—>I nnnnn lization pt
A 4
.,_| structuralsignal (k) I
<|——| Fourier Transform |

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

Requirements for o, :
1) Smooth enough

not to remove atomic structure features
2) Structured enough

to remove not structural background

All the programs for XAFS data analysis calculate o,
applying different but equivalent methods

12



How to get the normalized x(k)
3. the structural EXAFS signal ¥

Fnorm — (1+x)

Au_bulk_20k.dat in energ

12 I I I ! I I I I

background ——
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015 L | absorption signal (u,)

01 | | | ]

K [A™] wavenumoer (A1)

Demeter 0.5.21 @ Bruce Ravel 2008-2015



How to get the normalized x(k)

4. the photoelectron wave vector k

1
y(k) = EZAjsin(Zkrj + IIJ]-)

Au_bulk_20k.dat in energ

1 ==
k — %\/2me (E o EO) I I‘srignalx(k)
,_‘ F rier"lltranf m |

12 I I I I I I I I .

o background —— “r

norm 4 | At bt Stk ——

o ' 1 e | Edge energy is selected (roughly)
06 - i -1
04+ \ 1 o Metals: at the first inflection point of o,
02} 1 Oxides: where o, = 0.5
I S N U N S S S S P It will be refined during the analysis.

11600 11800 12000 12200 12400 12600 12800 13000 13200 13400 13600 13800
Ene rgy (EV) Demeter 0.5.21 © Bruce Ravel 2005-2015
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3. Fourier transform (k-weight)

cu_foil_10k.dat in k space
05 T T T I I
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Qualitative local structure: pseudo distribution function

Cu

cu_foil_10k.dat in R space

I I I I I
Magnitude

0 1 2 3 4 5 B

Radial distance (A)

cu_foil_10k.dat in R space

[ TR L IR T Y N o (O T (R s

Magnitude

Radial distance (A)




Qualitative local structure: pseudo distribution function

3. Fourier transform

| FT| shows more intuitively the main
structural features in the real space:

the FT modulus represents a
pseudo-radial distribution function
modified by the effect of amplitude, phase
and mean free path parameters.

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

1
y(k) = EZAjsin(Zkr]- + II)]-)

A; —S2 |f]|e_2kzlze._

IXR)| (A7)

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

/\ Magnitude

|

Pseudo radial-
\ distribution function

\/WW

2 3 4 5 6
Radial distance (&)

\/

Rtrue = RFT + OSA

16



0.3

Extract the XAFS signal (in short)

0.2 -

01r

xu(E)

0F

l Aexp = Uyl + Apre  —

Bl o

prova.dat in energy

> aexp ( -DJSGDD SE;DD QI;DD QZ‘DD 9‘;0[) 9f background ———
‘ Energy (eV) m) o
re-edge A = Ut E
I P 8 T x = Ux
subtraction =

XA N E S a n a IyS i S -0‘285;00 9[;00 92‘00 9‘;00 96‘00

Energy (eV)

‘ prova.dat in k space

(1 +X) Xexp

CZTlOTV?l

v
—» 0, hormalization

l ‘ Xexp = Anorm-1

K x(k) (A9

0.8
prova.dat in R space 0 2 4 6 8 10 12 14

Wavenumber (A1)

structural signal y (k)

A

xR (&%)

v

Fourier Transform NP -

A
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X(K)
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Check your data:

cu_foil_10k.dat in k space

Wavenumber (A™)

T T T T T I I I
;\ cu_foil_10k.dat L
II
- _
- I| P A _
. I' |'II' A\ ,f"ﬁ" A A
VARAR A [ | \
- |II III \J |III I."I \ 7 o I".\ I.N | [ / L} \/\‘_/\_/_\_/\.__/—v-\_,—_._,.-—_
||I || % I'- / 1l
B "‘. I| i ¥ n
| ! ! ! ! I I I
fi
B || ".I lﬁl cu_foil_10k.dat B
L | . L]
L A | f _
e || X | e
2/\‘.- I,"' .". II| I'. II| III ,".l II I | | | -( |I |,' I || | .u'-\' " —
Y I." i 1 |_.J' b '\JI || \'| I' I / I i | I|' e ,!' WO e ]
- Mg \J "._,."V "\I I| | | d | | | |I L' L-"'”' l"' v -
- H (| | |I —
- L _
- L _
L L | . I I |
- 3 fi cu_foil 10k dat H
M\ (1 A
L I 1 [ —
i | l I N |I|
= 1] LS R —
- A / | || "'| | I'I ,u" | |I | \ If o
B "“‘"/\’/\\./ - fi | | | | Il IRy, [\ w\ g~
- [ AN VA w i
| f| | ., v llanl
BV
| | | |I II( |||II a
L v
L | |
! ! L ! ! ! ! I
0 2 4 B 8 10 12 14 16 18

Inspect 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
multiple scattering contributions
(XANES-FMS region) and other not
linear effects (mean free path)



Check the FT

70

cu_foil_10k.dat in R space

60 -

50 -

xR (A%

40

v o

30 -

T T T T
/\ Magnitude

,Mﬂ \AM\J '

Unphysical peak

Radlal dlstance

(below 1 Al)
70

xR (AZ

60 -

T T T I T
/\ cu_foil_10k dat L
/

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) may signify
errors in the extractions

M\/“m

Radlal dlstance

structural signal (k)

Fourier Filtering ‘

19



Qualitative local structure: pseudo distribution function

kx( (A7)

kx®) (A
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0.4 - - oA . i
02 i |'|-III lIII II| | | | I'. | / | Ill‘Iﬁll /II | |

0 L N L \| \ AR WAL A NS
02 - JARERY AR YA\ [ |I / \N IR, A
04 \[l VAR = 7=>
06 § y _
08 ||| ]
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D o= MW s =@

0.2

0.18 -
016 -
0.14 -
012 -
01 -
0.08 -
0.06 -
0.04 -
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T T T I
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N ‘ | | 1
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' Radial distance (A)
Cu20Lref_EIettra_001 Axt in R space

Magnitude ——

Radial distance (A)

Cu,O
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Qualitative local structure: pseudo distribution function

Cu,O

marked groups Cu20_ref_Elettra_001.txt in R space

» T T T
0.4 I,1I T T T I I T 018 - IMagnitude

03 Al Cu20 _ref Elettra_001 txt —— |

02

~— || \ ™ : :
< 01r BwR 'ﬁ\ﬁ'l ol L
= o \ ."ll V l‘\l | II"'., / p\/\\/\/\ﬁ—? :

0.2 - I'| / 7 1 I I 1
0.3 ~ I\_/ — 0 1 2 3 4 5

Radial distance (A)

n A 1 1 | 1 | 1
al bl Cu2O_ref_FElettra_001 txt —— | | Cu20_ref_Elettra_001.txt in R space
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e {1 7 T T
T 2f S :
l‘:'_:, \_/\." -'".ﬁ" [ | ' l' .";’\l‘l /\ \\w °
° Y] ll \/ - -
E-. B \ |I | 1
= \ | 1 < .l .
B 4L = || III
|
1
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_8 1 1 1 1 1 1 1
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Software

e Download Demeter and install it
e Start Athena

Starting XAFS data analysis on
|OS may be a challenging task !

21/09/2024



BiLaFeQ_LCA
Hands-on
Iridium_XAMNES

ok_Cu_Faoil

https://tinyurl.com/Xafs2024 ok e fol

https://tinyurl.com/Xafs2024DB

1. Cu-Complex (Amorphous)
2. Cu K edge XAFS (fcc)
3. Fe Kedge XAFS (bcc)



7
% VESTA
<: - Visualization for Electronic and STructural Analysis

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

Google search:
Vesta Download

il Fite Edit View Objects Utilities Help

A b ¢ a*b* e AV £ ¥ T F Step(): 450 A L € > Steppe: 10+ — o Step(%): 10

XINVET

i omeas]
Structural models
[¥] Show models
Show dot surface
Style
® Ball-and-stick
© Space-filling
© Polyhedral
© Wireframe
@ Stick

Volumetric data
[[]Show sections
[[] Show isosurfaces.
[[] Surface coloring

Style
® Smooth shading
) Wireframe

) Dot surface

Crystal shapes
[C] Show shapes
Style
@ Unicolor
%) Custom color
) Wireframe

Au_fec CMcif |

x Y. z vce. B site Sym.
1 Au Aul 0.00000 0.00000 0.00000 1.000 1.000 4a m-3m

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

4w

Output | Comment |




Cu-Complex

- Import files

Cu_Complex8

- Take confidence with the GUI

- Use automatic extraction

- check extraction parameters

and procedures

- save files and plots

o Cu-complex

36

[ B o B o ==« B Q

simulation
000000
1.77890
1.115941
-1.32133
-1.01833
2.90255
2.38749
2.69897
2.2251%5
1.110&9
3.10470

00000
-.14844
15745
.35547
.53718
.53244
.30533
.2581%9
. 50587
11210
76240

00000
16253
.305976
-.08482
.26346
52071
30623
74802
249885
. 759534
.53409

WV L LT U L L T T G R % R

00000
13025
13712
278945
.23050
.00585
00875
07059
20380
206892
61751

@ AthenaArthemis

& Structures[&
Eﬁ’ﬂu_iomp 8.dat

o

| feff_Cullinp

|l feff_Cu8_noH.inp

[ X¥Z_CuBxyz

[ ] ¥¥Z_Cu8_NoHuxyz




0.4

1
=]
oo

C u B CO m p I eX Energy k-space

0.3 -
L 0.4
- Import files ool 02

0

Cu_Complex8.dat o1

XH(E)
k2 yik) (a2
=1

File Group Energy Mark Plot Freeze Merge Monitor Help 0.6
. ) ﬁ 0.2 F 0.8 1 I 1 I 1 I 1
<untitled> Save AU 0.3 ] ] 1 1 1 1 0 2 Fi g & m 12 14
. . Main window — G600 5800 S000 9200 9400 9600 S800 10000 Wi -1
avenumber (A
- Take confidence with the GUI Energy (V)
Current group: Cu_Complex8_Absorption_N.dat Datatype: xmu I Freeze
- Use automatlc extractlon File Ci\Users\carlo\Desktop\Cu-complex\Cu_Complex®_Absorption_M.dat R-SpaCE q-SpaCE
. Blement 59, copper . Edge g . Energyshift g Importance  q 1 —_ 0.3
- check extraction parameters — | _ 98 T 0
Normalization and background removal parameters "::( DI4 e gg
a nd p roced u res E0 898558 ® Mormalization order (1 ()2 ©3 — U.é — I[]
f,l d I Pre-edge range -150.000 |®|to -30,000 @ @ Flatten normalized data E 0.2 “E“: -0.2
= o -0.4
Save I es an p Ots Mormalization range 50,000 ®| to 200 @ Edgestep p.3700005 [ fix E 364 & -0.6
-UlS 0.8 1 I 1 I 1 I 1
- R soine d -1 L ' ' L ' ! o2 4 B 8 10 12 14
X LR -weight = pline clamps
g 10 gt 2 = 0 1 2 3 4 5 & Wavenumber (A1)
Spline range in k 0 ®| to 14,863 © low  pNone ~ Radial distance [asl]
Spline range in E 0 @ to a11s58e8 @  Nigh stong ‘
Standard pgne “ Energy-dependent normalization E k R q kq
E k R q
Forward Fourier transform parameters ) )
k-range 3,000 @ to 12363 @ dk 1 window Hanning . Plotting k-weights
0 1 2 3 bowr
arbitrary k-weight p5 [] phase correction © o ° o o
N Plot in R-space ~
Backward Fourier transform parameters
R-range 1 ®@|to 3 ®| dR po window Hanning " @ Magnitude O Magnitude
[JEnvelope
Plotting parameters [JReal part () Real part
[Jimag. part () Imag. part
Plot multiplier 1 y-axis offset 0 [ Phase () Phase
CWindow

Cu_Complex8



1. Cu K edge XAFS

Basic features
1. Import data
2. E, K, R, Qfigures and plot parameters

Modify extraction parameters

3. Ry

4. Edge Energy and step

5. Normalization order 6
6. Normalization range

7. Spline range 7

k-Weighting
8. FTrange

8-10
9. FT window
10. FT weight
Back Fourier .

11. Range and window

21/09/2024

1

F

iIEZGroup Energy Mark Plot Freeze Merge Monitor Help
* Gold

[Main window

Current group: cu_foil_10k.dat 4

Datatype: xmu

E]
=)

io_Malu_2015\dati* Cu_Foilcu_fou_rukmar

File C:h\Users\CarloMewh\Dropl
Elemen [l‘}: Copper dge [K

,l Energy shift

and normalization

3

e

Background rem

ED 8977.58

Autobk

Pre-edge range

Maormalization range 150,000

Spline range in k i

Spline range in E 0

Rbkg 1.0

-150.000

k-weight 2

= Nurrrﬁ'\%lurder-:-l i
(@] te -20.000 EdgeStep 23266765

to 2284800
to 35019
to 23848608

Standard [None

]

,.ﬁnge 3.000

arbitrary k-weight g5

R-range 4

tu:u 3

Plotting parameters

ot multiplier 1

Forward Fourier transform parameters

to 23,019

dk 1

[ phase correction

Backward Fourier transform parameters

dR  on

y-axis offset 0

parameters
N+ | [¥] Flatten nermalized da/

Spline clamps

2 @3
[ fine
2
Le e LA a [k |
(| T | VL3 [
Plotting k-weights
@0 &1 @2/ ©3 O kw
[Plot in R-space / -
Magnitude @ Magnitude
[7] Envelope
[7] Real part () Real part
[T1Imag. part ) Imag. part
[7] Phase () Phase
[ Window
Rmin 0 Rmax ©

Imported cu_foil_10k.dat from ChUsershCarleMewt\DropboxiSeminario_Malu_2015\datCu_Foilcu_foil _10k.dat




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

Save the entire project for reuse.

File.] Group Energy Mark Plot  Freeze Merge

Import data Cte Save selected groups for separate use
Recent files ]
E p(E)
Save project / Ctrl p(E) .
- - normi(E) norm(E}
ave project as... :
proj . x09 deriv{p(E])
Save marked groups as a project ... deri E
B . o 1(R) eriv(normi(E])
ackwards compatible project files d(ulE
Project format 2 X R
second(norm(E])
Save current group as ... L
(k)
Save marked groups as .. * kx(K)
Save each marked grn:nupas...\F Ky
Expl:lrt " v \ ks‘:l:‘{k:]
Excel report on all groups [x(R]|
Excel report on marked groups Re[y(R)]
Imn[x(R
Ernpirical standard ph[)[l‘{{;]:]]
alx
()l
Re[x(q)]
Im[y(q)]

21/09/2024 Pha[x(ql]




Crystallographic structures DBs

http://www.webelements.com/

g() 1% coordination shel 3ol 3ol * Crystallography Open Database (COD)
A ¥ 2n coordination shell W W www.crystallography.net

J’ "'E“‘»}“:‘“ * WWW-MINCRYST

‘ ‘ ‘ : ,E'},i‘}, database.iem.ac.ru/mincryst/

| > ol o

* American Mineralogist Crystal Structure DB

g(r) R * rruff.geo.arizona.edu/AMS/amcsd.php

| == {’:&;’E'};;': * |CSD: inorganic chemistry database (guest) - FIZ Karlsruhe
gl E = ’5'*'»-_ '-:‘:H * Google Scholar
: e 5 .*-‘Hr_;-‘,.;.‘- * http://www.webelements.com/

Chemical bonds locally preserve also
in disordered phases distances and
angles like the crystallographic
counterparts

21/09/2024



4. Fe (bcc) and Cu (fcc) XAFS

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

fcc Bcc
(Fm-3m) (Im3m)
R,=a/v2 N,=12 R,=av3/2 N,=8
R,=2 N, =6 R,=2 N, =6
R,=aV6/2 N,=24 R,=av2 N,=12
ol
Radial distance (A)  ocerei 05212 8uce Ravei 2002015

21/09/2024




XAFS data analysis: Overview

21/09/2024

l

,r Structural

Structural refinement

l

! model(s)

— = = = 7

I Reference |

l
I<-

—

| compoundsJ

| revision

31



The EXAFS standard formula

x;(k) =+ A;(k, R;) sin (2kR; + ¢; (k) )

SZIN; _opzom _2Rj
Aj(k, R;) = —5 |fi (k, R |e™* e ™7
g 21
k=——= h~t/2m.(E — E,)

parameters )
fj(k, Rj) = photo-electron scattering amplitude
¢;j(k) = photo-electron scattering phase
A = photo-electron mean free path Structure
S2 = many body losses N; = multiplicity (coordination number)
B = Edge energy shift R; = half path length (coordination distance)

o/ = variance of the path length distribution

(Mean Square Relative Displacement:
MSRD)



4 } Structural model & Data refinement

l We will analyze Cu Complex8 EXAFS

feff Cu8 noH.inp

* This feff6 file was generated by Demeter 0.9.26
* Demeter written by and copyright (c) Bruce Ravel, 2006-2018

HOLE 1 1.0 *FYIL (CuK edge @ 8979 eV, 2nd number is S0"2)

CONTROL 1 1 1 1
PRINT 1 0 O O

RMAX 7.0
POTENTIALS
*ijpot Z tag
29 Cu
1 7 N
.'.'.'b_ .
JFEH:_CUEJHF] g 25 CI::,

.'.'.'b .
I'ﬂf’ feff_CuB_noH.inp ATOMS * this list contains 131 atoms

* X y ipot tag distance
D KYZ_CuBayz 0.00000 0.00000 ©: Cu38 0.00000
B 1.77890 0.14844 - 1 N1l 2.13025

1.11941 -0.19745 1. 1 N31 213712
[ X¥Z_Cu8_NoHuxyz -1.32133 1.85547 -0.08482 3 P21  2.27945
-1.01833 -1.98718 -0.46346 3 PL1  2.28050
2.90255 0.58244 -0.52071 1 N2.1 3.00585
2.38749 0.30983 1.80623 1 N4.1  3.00975

END

14-16/04/ 2021



Start Arthemis

better on a larger monitors!

14-16/04/ 2021

File Monitor Fit Plot Help

Mame Fitl

| Fitspace Ok @R ©q |

@ GDS [Data = ] e
it description
B sor The driver window

2
add EXAFS add a 4
3 x(k) or Structure Start fit
select athena project .cif or Feff file
refinement
pram., plot,
etc...




2: add model structure (cif or simple pair)

File Menitor Fit Plot Help
Data sets

Feff calculations

Mame Fitl

f# GDs I o

[

Add

Fit description

Hide "cu_foil_10k.dat" ]

Bl Histo

@ Jourr

TR

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

T Rename

v DiscarI\% §Feﬂm Demeter  f§ Feffdoc

o soms

8y Feff | Paths | & Path-like

B oo

v & 0C % &

Openfile Savefile Clearall Template Run Feff

I Rename ﬁ Discard @Feﬁ‘inDeme’cer ' Feff doc a

C)
Scattering
Path list

calculate
amplitude and

BEL phases for paths
in the cluster

-consistency  pscf

gregate degeneracy margins

fargin: Beta:

A) for crystals
generate a
local cluster

B 351505 C 361505

B a0 ¥ oan.

Radial distances

Cluster size 5477575 Lengestpath  s5p

Name: icsd 43493 Copper Margin: 003 Beta . Shift vector

! Add a site

Feff input file [ l U U 0 i

. 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 y z Tag
1.80753  1.80753  0.00000 1 Cul.l 2.55623
-1.80753  1.80753  0.00000 1 Cul.l 2.55623
1.80753 -1.80753  0.00000 1 Cul.1 2.55623 1 Cu a 0 a Cul
-1.80753  -1.80753  0.00000 1 Cul.l 2.55623 2 |
1.80753  0.00000  1.80753 1 Cul.l 2.55623
-1.20753  0.00000  1.80753 1 Cul.l 2.55623 3 |
0.00000  1.80753  1.20753 1 cul.l 2.55623
0.00000 -1.80753  1.20753 1 Cul.l 2.55623 4 |
1.80753  0.00000 -1.80753 1 Cul.l 2.55623
-1.80753  0.00000 -1.80753 1 Cul.l 2.55623 5 0
0.00000  1.80753 -1.80753 1 Cul.1 2.55623
0.00000 -1.80753 -1.80753 1 cul.l 2.55623 6 0
3.61505  0.00000  0.00000 1 Cul.2 3.6150%
-3.61505  0.00000  0.00000 1 Cul.2 3.6150%
0.00000  3.61505  0.00000 1 Cul.Z 3.61508




==
0.0 Magnitude ——
o
; a O t en a O ect or|
‘ l 0.7
[ r?
= 0.6
=
0.5
3
.
- 04
=
b . L - = e T e 0.3
File Monitor Fit Plot Help 0.2
P Data sets Feff calculations 5 . @k
@ GDS Mame Fitl Fit space: 01
Add Al Add I
I N\ Fit description 0 .
1 0 1 2 3 4 5 6
Radial distance (&)
] |
Feff calculation
", . .
Artemis: Import from Athena project file ‘FE‘H:_CUE_HDH.IHP -
his — Demeter 09,21, copyright 2006-2015 Bruce Ravel — using ifeffit 8 gnuplot M
— _—
h Cu_C lex8.prj B3
;
Athena_Cu_Complex8.prj < 1
— —
@) Rename g Discard FeffinDemeter  § Feff doc i
[} Artemis [Data] Cu_Complex8.dat X —
Dats Path Marks Actions Debug Help ¢§§¢ 9 Feff ‘ Paths & Art [Feff] Atoms and Feff g T
=
Plot as Cu_Complex8.dat o o2 D ths f Feff interpretats - -
o O — i el crap therm in this space 1o ‘f" ) @) Rename g Discard gFaﬁm Demeter  f§  Feff doc
HE I add paths to this data set 3 |
Ol Ol 1\ crio\Desktopt Cu-complex\AthenaArthems\Cu_ Complexd.pr. Openfile Savefile Clearall Template *%’ shy Feff ‘ Paths &Path-hke @ Console
ORelx(R)] OF oot N, feff_Cu8_noH [l = |
OmpyRy O Pt car setes Import orystal data or a feff inp file e —— .
K123 R123 Rmr Rk kq Feff input file &‘i Q IRI RE {m wuu il
Take parameters
i T fines * This feff€ file was gensraw{ Save Plotpaths  x0d (xRl Relx(R)] Im[xR] Rank 0 2 3 4 5 8
o Start a quich first shel fil + Demeter written by and copy i i A
O Artemis defau Narme of this Feff calculation: feff_Cuf_noH Radlal dlStanCE ( )
©) Current value Xtttk
Import & structural unit * total mo*x=1: 2719.899 mid Description
* specific gravicy: 0.116
Img S S T S T SN S . # This paths.dat file was written by Demeter 0.9.26
Fourier transform parameters * normalization correction: # Distance fuzz = 0.030 A
X " Import an empincal standard A cohecdemheekeoke—ko—k-—k——+| # The central atom is denoted by this token: €
kmin 3000 (@] kmax 12863 (O] dk 1 $ Cluster size = 5.00 A, containing 34 atoms
min 1 @ max 3 ® dr oo # ©3 paths were found within 5.000 A
—_— —_— HOLE 1 1.0 * F¥I: (¢ # Forward scattering cutoff 20.00
Fitting k weights * mphase, mpath, mfeff, 1
21 @ 8: Cother g5 CONTROL 1 L L | Scattering Paths
e — BRINT 1 0 0 [
Other parameters Degen Reff  Scattering path Rank 1
@ Includeinfit () Plot after fit (] Fit background RMRY an -
1 2.00 2.134 @ 10 : single scatte
k) 0 [ Plot with phase correction
E— 2 2.00 2.280 @ g1.12 : single scatte
T T TTET T TIRSIT ToaTTe
4 1.00 3.071 @ B.23 : single scatte
s 2.00 3.208 @ 14.81 ¢ single scatte
€ 4.00 3.283 @ & 32.%0 ! obtuse triang
7 4._00 3.342 ] ] 22.09 @ ﬁtusa triang
8 2.00 3.472 @ N1l.1 g 9.12 : —leg
s 2.00 3.455 @ N1.1 e B.78 ¢ dog-leg
10 3.00 3.833 @ 16.22 : single scatte
1z z.63¢ @ 10.65 ¢ single scatte
12 2.0 3_6€6 ] & other double
13 3.697 1 single sc

14-16/04/ 2021



2 drag and drop relevant paths to the data window

1 Artemis [Data] Cu_Complex8.dat

Jata Path Marks Actions Debug Help

B2 Artemis [Feff] Atoms and Feff “x8.dat S s [feff_Cu8_noH] N1.1
- d [feff_Cug noH] p2.1 = -
) ) ' B Include path ] Plot after fit
i1 Rename ﬁ Discard $ Feff in Demeter ' Feff doc [] Use this path for phase corrected plotting.
complex\Athenafrthemis\Cu_Complet8.prj, 1 @NI1 @

0 _ o
.QgQ J8y Feff Paths & Path-like @ Console (1) singe seattenng. high (10000).
kq 1.781764 0.145679 -1.164402 1"

0.000000 0.000000 0.000000 o
Save  Plot paths k) [x(R)| Re[xiR)] Im[x(R)] Rank

Label  peff=2.134, nleg=2, degen=2

Mame of this Feff calculation:  feff Cug noH

N 2
b=
Description 4o t
DE_O
# This paths.dat file was written by Demeter 0.9.26 Al or 1
$# Distance fuzz = 0.030 A _1
83
$ The central atom is denoted by this token: @ d =
# Cluster size = 53.00 A, containing 34 atoms " /
# 63 paths were found within 5.000 & e LN B
$ Forward scattering cutoff 20.00 4th

Plot after fit | Fit background
twith phase correction

Scattering Paths

Degen Scattering path

@

@ -1 i =zingle sc
3 2.00 3_oos @ -1 @ 43 .80 ! single scatte
4 1.00 3.071 @ CT.1 @ 8.23 ! single scatte
5 Z2._00 3_.205 @ Cl.1 @ 14 21 ! single scatte
[ 4.00 3.253 @ Hl.1 M2.1 [ 32.90 ! obtuse triang
T 4._00 3.342 @ Hl1.1 Cl.1 [ 22.0% ! obtuse triang
g Z2.00 3.478 @ M1.1 Cl.1 N1.1 ] 5.12 ¢ dog-leg
) 2.00 3.455% @ N1.1 M2.1 N1.1 @ g.78 ¢ dog-leg

3.6323 @ C3I7.1 @ 16.22 [ single scatte

10 3.00
14-16/04/ 2021



2: Define parameters

[ ficsd_424) cutt | [icsd_43493_Copper] Cu1.1

licsd_434] Cul.2

[iced_434] Cul.2 [¥]Include path Plot after fit
liced_234] Cul4 Use this path for phase corrected plotting. ‘
licsd_434] Cul.1 Cul.é @cull @
licsd_434] Cut.1 Cul.4 Cut.1 : S
{0001} single scattering, high {100.00)
x ¥ z i
1.807530 1.807530 0.0000a0a

0.000000 0.0000a00 0.000000

(] i
Label Refr=2.556, nleg=2, degen=12
N 12
S0 502
AED De O
4R dr_1
- 33_1
| right click
SI"I.E 1 .
T Clearso® for options
Al
Af Export this S0° to every path in THIS Feff calculation
__ Export this 507 to every path in THIS data set
o
Export this 507 to every path in EVERY data set
=
| Export this 50° to marked paths in THIS data set
31
A Grab S0 from previous path
T Grab 50° from next path

14-16/04/ 2021



14-16/04/ 2021

3: Define parameters

File Menitor Fit Plot Help
Data sets

Feff calculations

Mame Fitl

@ ) Add

) |

Fit description

Welcome to Atemis

Fitspace Ok @R @ g |

History
Show log

.

& Artemis [GDS] Guess, Def, Set para -
Demeter 0.9.21, copyright 2006-2015 Bi o

3

select refinement
pram,, plot, etc...
USE GDS button

Type Name Math expression
1 |guess 502 0.8
2 |guess De 0.0
3 |guess drl 0.0
4  |guess 55 1 0.003
3 |guess dr_2 0.0
6 |guess 55 2 0.003
T |guess dr_3 0.0
8 |guess 55 3 0.003
9 |guess dr_d 0.0
10 |guess s 4 0.003
11 |guess s 41 0.003
12 |guess g5 42 l:l.I:II:IB




14-16/04/ 2021

3: Define parameters

File Menitor Fit Plot Help

Data sets Feff calculations -
E‘i GDS Mame Fitl

- Add ] || Add ]
fl Histo
@ Jourr

Artemis [Data)] cu_foil_10
Data | Pay| Marks Actions Debug Help

cu_foil_10k.dat o o1 [¥] licsd_434] Cu1.1
licsd_434] Cul.?

liced_434] Cul.3

licsd_434] Cul.d
o_Malu_2015\datihok_Cu_Foil\EXAFS_estraction\athena_CulOk.prj, 1 licsd_434] Culd Cul 4

Plot this data set as
[ 23 [ Rz |[ Rer J[ Rk ][ ke

Title lines

Fit description

Welcome te

Data source

OE =

'Tctﬁnsl Debug Help

N hﬁda ke YPath from marked Alt+Shift+v |

— R SIS Transfer marked Alt+Shift+t [
kmin 2000 kmax 23019 dk 4 L
[ — S S Compute bond valence su Alt+5hift+b |
rmin | rmax 3 dr g . [
Include marked . Alt+Shift+c [

Exclude marked Alt+Shift+x I

0.5

Discard marked

fit [C]Fit background

se correction

Plot marked after fit Alt+5Shift+p
Plot no paths after fit Alt+5Shift+u




4: FIT

Independent points : 10,33559375
HNumber of variakles HER-
Chi-square : G07.1685222
Beduced chi-sguare : 170.010766l
E-factor : 0.0179542
Humber of data sets 11
R 4
CU_COmplexa.dﬂt inR space NEVER be reported in a publication -- NEVER!
15 [ [ [ L L guess parameLers:
Cu_Complex8B.dat DE_0 = -T7.33133c52 § +/- 4.4326T7763 [0]
fit —— bDr 1 = -0.03011728 $ +/- 0.02457603 [0]
1 window — Y 33 1 = 0.01171751 § +/- 0.01510a87 [0.00300]
Dr_2 = -0.05100508 # +/- 0.01036517 [0]
35 2 = 0.00513951 $# +/- 0.00188231 [D.00300]
0.5 - 7] Correlations between variables:
33 1 & de_0 -—» -0.9224
33_2 & 535_1 -—» —-0.9072
33 2 & d=_0 --> 0.8838
dr 2 & de=_0D -=>» [0.54%92
35 2 & dr 1 -——> —-0.5275
£11 other correlations below 0.4
N S02 sigma“~2 20 delr Beff E
2.000 1.000 0.01172 -7.331 -0.03012 2.13370 2.10358
2.000 1.000 0.00514 -7.331 -0.05101 2.28000 2.22%900
) 1 1 1 1 1
0 1 2 3 4 5 5]

Radial distance (A)

14-16/04/ 2021



5: Always save best fit and output files

=g X

'| File | Monitor Fit Plot  Help

Feff calculations y
Name Fitl Frlspace:@k @R Og Save
Open project or data Ctrl+o i | [ Add R Sy |
== Fit
Recent files L\‘? k N
Save project Ctrl+s

History

Save project as... i

Save curre nt fit = Ravel — using ifeffit & gnuplot

Import... k
Export.. k

Edit Preferenc es

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...

14-16/04/ 2021



2’: generate crystallographic model structure

File Menitor Fit Plot Help

E:i GDS Deta sets Feff calculations MName Fitl Fit space: Ok @R ©
B I i I [ fdd ] Fit description

| Hide "cu_foil 10k.dat" | **1
Bl Histo

@ Jourr L Artemis [Feff] Atoms and

I Rename ﬁ Discard @Feﬁ‘in Demeter

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

4%’& Atoms | | sey Feff | '. Paths | & P Console
Openfile Savedata Export Clearall Run Atoms ZSggregate
Titles
b

A) e icsd_43493_Copper Lattice Constants

eGroup Fm-3m A 351505 B 361505 C 351505
generate a

e ’K v] Style ’Feffﬁ—elem V] a o ap, B o0 ¥ooo90.

Iocal Cluster Eif-consistency  psof |50

dgregate degeneracy margins

Badial distances

Cluster size 5477575 Lengestpath  s5p

Shift vectg

0 0 0 insert

A)
input the unit cell

_ Note: Cluster size and path lenght must
parametersand cluster size include the longhest distance you expect to
analyze




The Pre-edge region

post—edge

caused by electronic
transitions (mainly dipole) to
empty bound states near the
Fermi level.

Ba,TiO,
K,TiSi;0q

Empty state
density
|

Note: it's complementary
to the XPS, probing the
occupied density of states.

core localized continuum
level states

(0]
19.02.2022



Analysis of the pre-edge: Peak fitting

0. Load, manage and save  All_L3_norm_XANES.nor

normalized spectra (Athena)
3. Select the Edge region

Fityk[/\}jﬂ - CA\Users\39329\Dropbox (Roma Trej\aa_Seminari\Seminari_202 T\XAF5_Genova\Data\Fe_MZFO\z

1. Start Fityk
Fityk 1.3.1 ”‘(—

Session Data Functions Fit Tools GUI Help

Qlin /oA Q& QR

Session Data Functions Fit Tools GUI Help

LN QRQAQR T H A& [N 4 Gusan R

| nght click = erase

2. Load the normalized

spectrum
Session | Data | Functions Fit Tools GUI  Help

_f‘* Quick Load File Ctrl-0
I

LclLa\u:I File Ctrl-M

45



Analysis of the pre-edge: Peak fitting

1. Add models

|

Qi LA .
Functions | Fit Tools GUI Help ' 2. Add constraints | =S
: %e_1: Sigmoid
Function Type & Constant [ | %_1 : Sigmoid | lower 0 &
Definition Manager Linear lower| 0.025 [ | upper 1 &
Guess Peak Quadratic ) xmid 11565 9
Auto-Freeze Cubic ~ upper wsig 4 &
Export Peak Parameters Polynom?altl v Xmid| 712596 _-__... -
Export Formula Polynomial5 > wsig | 1.835 “[:\I} du ) 0.97
. Polynomial6 0_og
Export Points Y ] #%| manual add T add i same HWHM for all functions |9
I, ¢ O Sigmoid: ; 1.0
maximum ~ 1 cener[ 7115407 fu W 1.0
Near Edge - 1.0

wnNURUod

Localized states

Gaussian: same HWHM

All_L3_norm_XANES.nor

Fix/release refinement
parameters to avoid
correlations

]

Define reasonable initial
values for the parameters

trial and error!

3. Fit @%&

46



Analysis of the pre-edge: Peak fitting

All_L3 _norm_XANES.nor

4. save

Quick Load File Ctrl-}
Load File Ctrl-
Recent Files

Revert

Table

Transformations
Edit Transformations...

Data Functions Fit Tools GUI | Fynctions Fit Tools GUI

Function Type
Definition Manager
Guess Peak
Auto-Freeze

rt Formula

&ﬁrt Peak Parameters
Ex|

Export Points

Help

>

Merge Points...
XPS >

Expﬁ Points Ctrl-S

[ ] active (0/1)

B model (sum)

[ o (std. dev. of )

3 al component functions

Check the residual

No recipe:
trial and error!

47



Analysis of the pre-edge: Peak fitting

We fitted the XANES region at L; and L, edges with
sigmoid function plus two Voigt peaks representing the
transitions 2p-5d;,, and 2p-5d;,

3 I I - I I I I

Srilal10_10K_merge.dat
b4 \ \ Sr3La8 L3 10K _merge
25 \ Sr5laé_L3_10K_merge

normalized xu(E)

—

0.5

D | | | | | | |
11210 11215 11220 11225 11230 11235 11240

Energy (eV) XANES change slightly from Sr1 to Sr3 to Sr5 pointing out a
progressive widening of the t,-e, energy difference




Edge region: a valuable fingerprint
for chemical speciation

i 1 L i L I 1 1 1 I L I L B i L | I i i i

Thisphensa S Sulfonate S : Data ling

24746 eV, O.L: 1.0 2481.5 eV; O.L: 5.0
X Fit
Sulfide 5 Sulfoxide 5
24737 eV, 0.L: 0.4 24T65eV. 00 2.0
Di- & polysulfide S " .
2472.9 eV 0. 0.1 e
suliate S

483,71 eV, 0O.L: 6.0

i ———— e
2485 2470 2475 2480 2485 2490
Energy (e\)

A Valrqeamurthy / Spectrockimica Acia Part A 54 (1928 2009-2007

chemical speciation of Sulphur
In humic substances

19.02.2022




Analysis of the XANES: chemical speciation in

mixtures Linear Combination Analysis (LCA)

Linear Combination Fit (LCF)

th e f.:
4 = E Qi fh efi 16000
j

14000 - S
R* =N (ueP(Ey) — pt"(Ey))
— / g0 — ‘3 - Lo
12000 L 4 As adsorptlon in
i Natural Calcite
@
10000 | samples
=
=
= 8000 -
K= g,
e . e 0 2
=
=
=} BOO0
=
=€
As,O; model for As"!
4000 -
2000 -
As,O5 model for AsY
]
o
Zf’ Available online a.l www.scienfedirecl.oom Geochimica et 2000
L9e _ ScienceDirect c“""‘:‘“‘“‘“ 11840 11850 11860 115870 11880 11820 11900 11910 11320
ELSEVIER Geochimica et Cosmochimica Acta 75 (2011) 3011-3023 cta
www.elsevier com/locate/gca Ener oy

Arsenic uptake by natural calcite: An XAS study

F. Bardelli®, M. Benvenuti®, P. Castagliolab‘*, F. Di Benedetto ™, P. Lattanzi9,
C. Meneghini®, M. Romanelli®, L. Valenzano

14-16/04/ 2021



Analysis of the XANES: chemical speciation in

mixtures

Magnetic properties of La
doped Bi,_La FeO; improves
doping with La till x~0.2 then M
suddenly drops down.

Why?

Above x~0.2 LaFeO; phase
separate out (solution limit)
worsening the overall property
of the system

14-16/04/ 2021

0.3

0.2+

0.1+

M, {emuigm)

Q Bll _xLaxFeO3
"
o

1.6 | l
14 F S
I~
2 C // /
B | /
5 'l | S [
3 7 o0 D
= / x<008 !
= ot / %010 /
_é. / 25015 !
V4 1020
q =~ 0.6 | e 050
100 x=.00
' E=0.05
0.4 ' %=0.10
' x=0.15
02k B C / x=), 20
. : - A "‘/// ¥=00,50
100 o 5=1.00

BiFEDE X % La\\ LBFEDE INTEIIE TETKEV]'HQS 7130
\
\
) Bigslag sFeOs exp. -
- fit
1.4 residual =
LaFeO, —
1.2 Bigg Lag-Fel; —
'....‘.-..._.
l “-‘s“‘“"“ﬁ
E L]
£ 038 La solution
” limit x ~ 0.2
= 0.6
=T L~ —
0.4 —
0.2
O
1 1 1 L
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Data on: LCA-BiLaFeO
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Compare spectra with the end compounds
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Compare spectra with the end compounds
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Compare spectra with the end compounds

Chi-square = 0.0061
Reduced chi-square = 0.000053

Chi-square = 0.00124
Reduced chi-square = 0.000011
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Ab-Initio XANES modelling

Toward a quantitative interpretation of XANES

Cu-site local modification in
Cu-AuNP+water solution

CXPENMENTAL (4] SALGULATED Gucly

XANES development
Lee & Pendry Phys. Rev. B 11, 2795 (1975) (initial theory)
C.R. Natoli et al. Phys. Rev. A, 22, (1980) (first calculations)

First-principles calculation of x-ray absorption-edge structure in molecular clusters
C. R. Natoli, D. K. Misemer, S. Doniach, and F. W. Kutzler

MEEEEEEE

Theory

programs for XANES: 5 05PNy =
C.R. Natoli and M. Benfatto CONTINUUM, MXAN freeware
J. Rehr, Ankudinov FEFFx (x=6,8,9) ol e Water disorders
Y. Joly FDMNES freeware 0.0 the Cu site

Ab Initio XANES modelling requires:

- long computation time |I

- specific skills @é 8980 8990 9000
Energy (eV)

- solid theoretical background ng

Figure 8. The experimental XANES data (circles) and miodsl curves (full linss)
. @) of complex 1 (black) and AuMRs-H20-[1) samples are shown, vertically shifted
= pat|ence tO manage |Ong (Clnd for clarity. Botiom curves represent the cakoulated Cu s5- and p-density of states

frustrating!) trial and errors procedures :;’:’f*hz’“ e e T N D
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Thanks for...

Carlo Meneghini

carlo.meneghini@uniroma3.it
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