)

XAFS
Experimental &data Analysis

1. XAFS data analysis software
2. From XAS to XAFS: how to deal with the data

3.Training: EXAFS data refinement

4. Training: Linear combination analysis of XANES

Contacts:
Prof. Carlo Meneghini
Dip. Di Scienze, Universita Roma Tre, Roma
carlo.meneghini@uniroma3.it

L 4
XIV School on Synchrotron Radiation: L q
Fundamentals, Methods and Applications

Muggia, Italy / 18-29 September 2017 R ALANA L & cltra Sincrolrone Teste



Data Refinement

revision

R

revision

Data

Structural @%
refinement gEam

\ 4

Check the results

S’rruc’rural
| m model(s)

T

END

revision




Im (FT(k*x (k) - W)

T n e T — The EXAFS standard formula

= 3 A )sin(2kr, +4506)

Aj(k,rj) = 55*—91 | fi(k,r)| €727 e 21A
| Kk = 27m(E—(Eo+AE))
par ameters

frk) = photo-electron scattering amplitude
Y;(r,k) = photo-electron scattering phase

A = photo-electron mean free path

S,2 =many body losses

AE = energy shift

Structure
Al N, = multiplicity (coordination number)
r; = half path length (coordination distance)
sz = variance of the path length distribution
> > (Mean Square Relative Displacement: MSRD)



MSRD and G2

Thermal ellipsoids <R> = Average distance (XRD)
r = XAFS instantaneous distance
Average
position

(XRD lattice)

Correlated displacement:
MSRD < Uygp

/,/ .
’ 1
lr 1
7]
p 1

Anti-correlated displacement:




ST g Structural model & Data refinement

5
\ﬁ Stmmra%w‘fsm«?‘. We will analyze Cu EXAFS firstly
g refinement ﬁlz% Lélﬁ':a- model(s) |

revision

0 1. search Cu metal structure (cif)
o] 2. visualize with Vesta

3. draw a local structure model
4. draw a local cluster with Atoms

Cu metal

SPG: fcc, fm 3 m (# 220)
a =361A

Cu 0.0 0.0 0.0

sh R N Reu(A)
a2 12 2.553
I a 6 3.610
;- ay3/2 24 4421
v: a2 12 5.105
Vi a,/5/2 24 5.708

icsd_43493_ Copper.cif



| File Moni

@ 6s

Bl Histo

Data sets

Start Arthemis

better on la larger monitor!

itor Fit Plot Help

Name Fitl

Add

J { Add ] Fit description

| Ok 98 0 | [ ]

e ariver winadow

select

refinement
pram., plot,

etc...

2
add EXAFS add a
X (k) or Structure

athena project .cif or Feff file

4
Start fit




1: add (k) or Athena project

@ 60s
Histe

@ Jourr

Data sets

" Artemis (EXAFS data analy

File Monitor Fit Plot Help

Feff

calculations

Name Fitl

Add

) L

Add Fit description

&'ﬁrtemis_[_[)ata] cu_foil_ ¢

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

5

10

15

Wavenumber

(AT

Demeter 0.8.21 © Bruce Rave

it & gnup Data

Path Marks Actions
cu_foil_10k.dat

Data source

Debug Help

CYAl 1

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

Plot this data set as

| k123 |[ R123 || R |[ Rk || Kq
Title lines
Fourier transform parameters
kmin 3,000 kmax 23019 dk 1
min 1 rmax 3 dr 00
Fitting k weights
V1 2 M3 [[Jother g5
Other parameters
Include in fit Plot after fit | Fit background
zk) 0 []Plot with phase correction

Fitspace:': k @R ©gq | B
[¥] History

e petfis f

list and drop
add paths to

Import crysta

Start a quick

Import an emr

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




2: add model structure (cif or simple pair)

| File Monitor Fit Plot Help

Data sets Feff calculations

Name Fitl

&9 cos Add | [ Add

Bl Histo
@ Jourr

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

emis [Feff] Atoms and Feff

l. Run Atoms

ll. check paths

lll.  Run Feff

IV. look at the path list

@) Rename ﬁ' Discarcl:} vFeﬂinDemeter ﬂ Feff doc
é Atoms | % Feff 5@ Paths & Path-like @ Consele
= -
v 8 0 % &

Openfile Savefile Clearall Template Run Feff

Name: icsd_43493_Copper Margin: 003 Beta
Feff input file
1 29 Cu
ATOMS * this list contains 55 atoms

- x v z ipot tag distance
0.00000 0.00000 0.00000 0 Cul 0.00000
1.80753 1.807s3 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.l 2.55623
-1.80753 -1.80753 0.00000 1 Cul.l 2.55623
1.80753 0.00000 1.20753 1 Cul.l 2.55623
-1.80753 0.00000 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 2.55623
1.80753 0.00000 -1.80753 1 Cul.l 2.55623
1.80753 0.00000 1.80753 1 Cul.l 2.55623
0.00000 1.80783 1.80753 1 Cul.l 2.55623
0.00000 1.80783 1.80753 1 Cul.l 2.55623
3.61505 0.00000 0.00000 1 Cul.2 3.61505
3.61505 .00000 0000 1 Cul.2 3.61505

1 Cul.2 3.61505

= (] 0.0000
Q[\ 0.00000 3.61505 0.00000

g =0

Open file \§ave data Export Clear all Run Atoms

B

calculate

) | Fi cesepion amplitude
and phases
for paths in

the cluster
. | ,E,, 1

>

cluster size must include
the last shell you want
to refine

Titles
Copper -
Cu -
A C

Name Lattice Constants .
Space G generate A 361505 B 36150 Path IISt
ege [ local |+ ¢ w. B %, v .

Self-

e Cluster S

?g = = Clustersize 5422575 Longestpath sg

Shift vector
[ Add a site }
Note: Path length and |* ' 1“9




2: add model structure (cif or simple pair)

WARINING
This may
crashes!

Legs Type 2

single scattering

\
single scattering \
acute triangle [
other double scatte‘gg
other double scatte]

single scattering ‘

3 obtuse triangle |
1059 3 obtuse triangle (4
1884 2 single scattering
4363 3 forward scattering
3271 4 double forward sca
8.45 3 non-forward linear «

File Monitor Fit Plot Help
@ o Data sets Feff calculations el Fe | Fit space Ok @R
| Add | s
A A = [t
é Atoms | 98, Feff g Paths & Path-like
Histo
o H K R Re | [m
| Scattering Paths _ Save Plotpaths  x(k) [x(R)| Relx(R)] |Im[x(R)]| Rank
W ‘
= Degen  Reff Scattering path Rank  Legs Type | |==Name of this F ulation 93_Copper
0001 12000 2552 @Cull @ 10000 2 single scattering
Descriptio
0003 48000 38344 @ Cull Cull @ 1054 3 acute triangle s TIT
0004 48000 43638 @Cull Cul2 @ 8.56 3 other double scatte|= # TIT
0005 24,000 4.3638 @Cull Cull @ 339 3 other double scatte T central atom }#f denoted by this token: @
‘o
0007 96000 47700 @ Cull Cul3 @ 2184 3 obtuse triangle # 3 1
0008  48.000 47700 @Cull Cull @ 1059 3 obtuse triangle || L Recogn 1z path
:
.| relevance looking at
0011 12000 51125 @Cull Culd Cull @ 271 4 double forward sc3
0015 12000 51125 @ Cull Cull @ 845 3 non-forward linear = | the Rank &/Or at the
| « & . J x 0
. 00 p
Feff calculation 0004 48000 43638 @Cull Cul2 @
18 T T T I I 0005 24000 43638 @Cull Cull @
16 F Cul1 0006 24000 44275 @Cul3 @
gﬂg — 0007 96000 47700 @Cull Cul3 @
- Cul 4 0008 48000 47700 @Cull Cull @
e 12 - Cut1 Cul4d —— 0009 12000 51125 @Culd @
< - Cut1 Cut4 Cutlt — 0010 24000 51124 @Cull Culd @
0011 12,000 51125 @Cull Culd Cull @
Fa 0015 12000 51125 @ Cull Cull @
; 4 [ 1]

0 1 2 3 B 5

Radial distance (A)

| »

Demeter 0.9.21 ® Bruce Ravel 2008-2015



2: Check paths by relevance

(A9

IX(R)|

(=T S R 2 - =]

18
16

e
N

Feff calculation

L 1

Cutl ——

Cut2 ——

Cut3d — |

Cul4 ——

Culil Culd4d — H

Cuil1 Culi4 Cul1 ——

3
Radial distance

4 5 6

(A)  Demerer 0521 ® Bruce Ravel 20082015

Cu, Cu, Cu,

Cul.4 Cul.l-Cul.a Cul.l-Cul.4-Cul.l

Scattering Paths

Degen  Reff Scattering path Rank  Legs Type
0001 12,000 2552 @Cull @ 10000 2 single scattering
0002 6.000 36151 @Cul2 @ 2298 2 single scattering
0003 48000 38344 @Cull Cull @ 1054 3 acute triangle
0004 48.000 43638 @Cull Cul2 @ 8.56 3 other double scatte =
0005 24000 43638 @Cull Cull @ 3.39 3 other double scatte
0006 24000 44275 @Cul3 @ 5541 2 single scattering

0007 96000 47700 @Cull Cul3 @ 2184 3 obtuse triangle

0008 48.000 4.7700 @Cull Cull @ 10.59 3 obtuse triangle
0015 12000 51125 @Cull Cull @ 845 3 non-forward linear «
< | m ) »




2 drag and drop relevant paths to the data window

N

T Rename ﬁ Discard @ Feff in Demeter ' Feff doc

©
é Atoms | 28y Feff g Paths & Path-like g Console

Debug elp

licsd_434] Cu1.1
A | licsd_434] Cu1.2
[T] licsd_434] Cu1.3
licsd_434] Cu1.4

= K M Re Im .l
Save Plotpaths (k) | [x(R)|| Relx(®)] Im[x(R)] Rank

ti\ok_Cu_Foil\EXAFS_estraction\athena_CulQk’prj, 1

OF ==

[icsd_434] Cu1.1 Cul.4

W [icsd_434] Cu1.1 Cu1.4 Cul -

Name of this Feff calculation:  jcsd 43493_Copper

Description

# TITLE Copper

# TITLE Cu

# The central atom is denoted by this token: @
# Cluster size = 5.50 A, containing 54 atoms
# 25 paths were found within 5.500 A

# Forward scattering cuteoff 20.00

Scattering Paths

Degen  Reff Scattering path Rank  Legs Type
0001 12000 25562 @Cull @
0002 6.000 36151 @Cul2 @ 2298 2 single scattering
0003 48000 38344 @Cull Cull @ 1054 3 acute triangle
0004 48.000 43638 @Cull Cul2 @ 8.56 3 other double scatte
0005 24000 436338 @Cull Cull @ 339 3 other double scatte

0006 24.000 44275 @Cul3 @ 5541 2 single scattering

0007 96.000 47700 @Cull Cul3 @ 2184 3 obtuse triangle
0008 48.000 4.7700 @Cull Cull @ 10.59 3 obtuse triangle

0009 12000 51125 @Culd @ 1894 2 single scattering

0010 24000 51124 @Cull Culd @ 4363 3 forward scattering
0011 12000 51125 @ Cull Culd Cull @ 3271 4 double forward sc3
0015 12.000 51125 @ Cull Cull @ 845 3 non-forward linear

< (T l »

-

w2 )[R ][ 3¢ |

kq]

/

AN

//// |

1 parameters

0.0




B @ im ] B ..

2: Define parameters

.
T [icsd_43493_Copper] Cui.i
(V] licsd_434] Cu1.3 V] Include path (7] Plot after fit
(V] [icsd_434] Cu1.4 ("] Use this path for phase corrected plotting.
(V] licsd_434] Cu1.1Cul.4 @Cull @
[¥] [icsd_434] Cu1.1 Cu1.4 Cu11
(0001) single scattering, high (100.00)
x 14 z i
1.807530 1.807530 0.000000
0.000000 0.000000 0.000000

N

/ right click

e SO° for options

Label
N 12
S0 So2
/ﬂ—@ De_O
/ AR dr_1
- ss. 1

Export this S0 to every path in THIS Feff calculation
Export this S0° to every path in THIS data set

Export this S0 to every path in EVERY data set
Export this S0° to marked paths in THIS data set

Grab SO° from previous path

Grab S0 from next path

Reff=2.556, nleg=2, degen=12

Give a name to each
parameter to adjust

NOTE:
DE and So2 should be
the same for absorbers
in the same structure




3: Define parameters

| File Monitor Fit Plot Help

Data sets Feff calculations .
@ Frope Ok @8 O | [swe ]
= fdd I [ Add ] Fit description

[¥] History
L Artemis [GDS] Guess, Def, Set paramitcﬁ‘ * « | [ showiog
Welcome to Artemis “@Demeter 0.9.21, copyright 2006-2015 Bi

Type Name Math expression
1 |guess So2 0.8 Note.
3 2 |guess De 0 0.0 | L. I ’ O
; 3 : dr1 0.0 nitialize to >
select refinement - g“:s o — the o2 !
- . e O° parameters
pram., plot, etc... 5 |quess dr.2 00 P
6 : 2 0.003
USE GDS button = =
guess dr 3 0.0 N t .
8 |guess s5_3 0.003 ote:
9 |guess dr_4 00 Constraint to physical
10 |guess ss 4 0.003 . I
10| guess sl 0.003 meaning structura
12 |guess s5.42 P.003 parameters (es. MS paths)




3: Define parameters

File Monitor Fit Plot Help
E Data sets Feff calculations A - >
Name Fitl Fitspaces O k @R C
ad ] [ fadd I Fit descri;tion ’
B Histo
@ Jourr
s e R <
| Welcometc D2t8 | Pal 3| Marks Actions Debug Help 0(\
cu_foil_10k.dat o1 [¥] fiesd_43¢] Cut.1 @ <
- - [¥] [icsd_434] Cu1.2
[¥] licsd_434] Cu1.3 )
Da;:slo u;:)eIS\d Nk i FOINEXAFS. stractionothens.CUIOp 1 | | |91 ns-son ot - Note:
o_Vialu_, ati\ok_Cu_Foi _estraction ena_Lu. .Prj. @ [icsd_434] Cu1.1Cul.4 . . . .
. Run fit starting with first shell
Plot this data set as —
[z )[Rz [ Re J[ Re ][ k| then add progressively far away
N . .
Title lines contributions
Actions | Debug Help
e l'\{llall:e VPath from marked Alt+Shift+v
el =000 bmaet| 23019 & Transfer marked Alt+Shift+t
Sl s L - Compute bond valence Sl.\l ! Alt+Shift+b
Include marked ' Alt+Shift+c
Note: - Exclude marked Alt+Shift+x
FT ra nge m ust Discard marked
. fit []Fit background ] ]
include the last Eae—— Plot marked after fit Alt+Shift+p
Shel I yOU want Plot no paths after fit Alt+Shift+u
to fit




4: FIT

(A)

IX(R)|

100

50

-100

-150

‘% Artemis [Log] Fit1 |

: Athena project

! name

: k-range

: dk

: k-window

: k-weight

: R-range

: dR

: R-window

: fictting space

: background function
: phase correction

: background removal

el

C:\Users\carlo\Dropbox\Seminario Malu 2015\dati\ok_Cu_Foil\EXAFS est
cu_foil_10k.dat
.000 - 23.019

!ﬂ

gOIMg

ing

LU | | I I [ |

QSHUDP"HB’RQ

0o 0

= EO: 8977.58, Rbkg: 1.0, range: [0:25.019], clamps: 0/24, Jkw: 2

: epsilon_k by k-weight = 1.857e-004
: epsilon_r by k-weight = 4.857e-001

real(imaginary) parts

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

cu_foil_10kdat inR space — —

" v;nndow

/\/\/ \/\,\ Note: alway use physical

meaning constraints i.e.
for Cu foil N; are that of fcc
structure
i Note:
. Check modulus and

0 2




xR (A

(A

IX(R)|

cu_foil_10k.dat in R space

[X(R)|

100 : : : 4 . .
' | . FIT, extend the analysis to
fit
window ——
: further shells
;-:5 0
Fourier transform parameters
-50 kmin 3,000 [Z] kmax 23019 [:] dk Q
rmin 1 (@) max 37 (@) dr o0
-100
cu_foil_10k.dat in R space
100 T T T T I
culfoil_10k.dat
fit
50 | T window ——
; Note:
0
shell 3 and 4 should be included
# together
-100
100
50
0
name N SO02 sigma”2 e0 delr Reff R
-50 3
Cul.l 12.000 0.980 0.00388 4.001-0.01367 2.55620 2.54253
-100 |- Cul.2 6.000 0.980 0.00513 4.001-0.02943 3.61510 3.58567
Cul.3 24.000 0.980 0.00514 4.001 0.00381 4.42750 4.43131
. . . : Cul.4d 12.000 0.980 0.00092 4.001 0.00862 5.11250 5.12112
'1500 1 2 3 i Cul.l Culd 24.000 0.980 0.00271 4.001 0.00862 5.11250 5.12112

Radial distance (A)  owawosne CUL1Cu1.4Cull 12,000 0.980 0.00322 4.001 0.00862 5.11250 5.12112



4: Check best fit log file

Note:
Keep correlations among the parameters low, maybe add physical
meaning constraints.
Far away 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 0 --> 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




5: Always save best fit and output files

| File | Monitor Fit Plot Help v >t @
| N Fit1 Fitspace: Ok @R O q -_Save
Open project or data Ctrl+o D [ Add F::;:s(,ipﬁon I
Recent files h » 2
Save project Ctrl+s
[¥] History
Save project as... .
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...




Your Exercises

CoO-oxide directory contains Co K edge EXAFS spectra
measured on CoO powders

1. Extract EXAFS signals and save data

2. Merge data

3. Analyze Co EXAFS signals

Fe-Temperature directory contains Fe EXAFS spectra measured
on Fe foils at different temperatures..

1

2.
3.
4.

Extract EXAFS signals

Qualitatively compare the data

Check the proper edge alignment

Analyze Fe EXAFS signals and account for structural
changes as a function of temperature



