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E XAFS: introduction to data
REWAIE

*Example. Dopants and defects:

local structure in barium cerates
and zirconates

*On line tutorial (VIPER package)



THE EXAFS SPECTRUM

Post edge atomic background
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Data analysis: get quantitative information




XAFS ANALYSIS: from the experimental data to results

Data Collection
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DATA Collection

a | Choose properly the
experimental set-up
(XANES/EXAFS
Fluo/TEY/Transmission)
and
Sample preparation

b Che_ck the data q_uality OPT"V"ZE YOUR
During the experiment BEAMTIME

Quiality is better
than the quantity

c | Choose properly the <
data collection strategy

d Always measure
Reference data

XAFS rarely gives absolute
quantitative details




Plan your EXPERIMENT!

Proposal submission +
proposal evaluation +
beam time scheduling

= 6 +12 months!

It is difficult to obtain
new beam time

for the same proposal
In case of failure

-Check the proposal deadline
-discuss your experiment with local contacts
-check your data during the experiment




Experimental set-up & sample preparation

DATA Collection

1. Transmission: massive concentrated samples
inhomogeneities, holes, not parallel surfaces, etc...

2. Fluorescence: thin concentrated thick diluted
samples

Self absorption, detector linearity, Bragg reflections
3. TEY: thick concentrated

Surface sensitivity, sample charge, Bragg reflections

are dominated by systematic

Mistake in XAFS dat;{%alysis Data quality
errors:

Noise evaluation
glitches
discontinuities

Moreover: Collection strategy
- spurious structures .
- bgck round subtraction Y StepIscani/iquiciGEXARS
9 del - Fixed Energy or K steps
- Wrong modeis - single scan/repeated scans
- inaccurate theory - temperature points ...

Measure reference samples

1-energy calibration
2-data analysis procedures calibration

The power of XAFS technique consists
in highlighting the smallest structural differences




NOISE evaluation
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It must be
Checked
regularly
during the
experiment!




Check systematically during the experiment

Glitches
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Discontinuities




XAFS ANALYSIS: from the experimental data to results

Data Collection

\J
Geliminary data
\ treatment

JF Structural

Extraction of XAFS model(s)

» A

structural signal x(k)

i

Structural refinement -

v

» Check the results - revision
y

=gle

revision

revision




Preliminary data treatment

Select properly the best
spectra and
useful data regions

Preliminary data treatment

- Self absorption corrections
- de-glitching (if it possible!)
- data interpolation

- data alignment

Sum together the best
spectra

Weighting by S/N
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XAFS ANALYSIS: from the experimental data to results

Data Collection

:

_ Preliminary data

treatment

i Structural

~ Extraction of XAFS modeI(As)

S structural signal x(k)
z Structural refinement -
Y
» Check the results - revision

y

=gle




Extract x(k) structural signal

EXAFS analysis: step 1

Experimental
signal

Extrapolation
of pre-edge
behaviour

Low Specific
e AV Sy ' absorption
Photon energy (keV) T = coefficient

La,ul,mhmm
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EXAFS analysis: step 2

Atomic absorption coefficient

1 11‘5 1 1 1 1 1‘2 1
Photon energy W (keV)

Edge
energy gy B
wlk)=—==

L,
=
J il |.I’n —E, i

EXAFS signal

II |4iﬂ

Photoelectron wavenumber

Flulll. i .lml| Tfnfj

-, ————————————
1}

P [ T T T} 1
15
Photoelectron wavenumber kiﬁ




U =represents the bare
atom absorption.

It is calculated empirically as a
smooth curve across the data.
Different XAFS data analysis
software apply different

(generally equivalent) methods.

Requirements for p

1) Smooth enough to not remove
true structural features

2) Structured enough to remove
background structures

How to control he extraction?

Large |FT| contributions
at low (unphysical)
distances may signify
"wrong W."

Define Eo

\

Calculate k

Define o

‘H'

Calculate x(k)

\

Check FT
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MAIN EXAFS approximations:

One electron

o ) Bipole selection rules: Halco)
ylw) P Wy Af==+1 As=0
Aj==10 Ant =0

Sudden

|1y""‘q_u> - |1p-“"‘) )

2R FA(k)
f(k,m)e™ e exp(2ikR, )
LeS % g2y
Sy =0.6+09

Atoms frozen In equilibrium positions !




Multi-electron excitations

The approximations outlined
neglect several important many-body
effects.

A first class of effects, usually referred

to as ‘intrinsic’, is that

associated with the multi-electron response
of the photoabsorber atom.

besides the core level involved in the
main edge, non-negligible :
transition are excited 200 11400 11600

E(eV)

All these transitions contribute to a
complex atomic background shape.

The intensity of these channels is
predicted to be of the

order of up to a few % of the main K-
edge channel.

Thanks to Adriano Filipponi
J. Phys.: Condens. Matter 13 (2001) R23-R60




Multiple excitations can affect
the background with (small)
discontinuities visible as peaks at
distances smaller than 1

Br K—edge
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With the permission of] Phys.: Condens. Matter

A. Di Cicco et Al. Phys. Rev. B 62, 12001 (2000)
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Figure 5. The atomic background of the K edge of Zr and Br, and the L3 edge of Hg in Zr
foil, CuBr, and HgO, respectively.

J. Phys.: Condens. Matter 9 (1997) 5507-5515.
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Schematic Potentials

The atomic AXAFS and Ay XANES
techniques as applied to
heterogeneous catalysis and
electrocatalysis

D. E. Ramaker*a and
D. C. Koningsberger

Phys. Chem. Chem. Phys., 2010,12,
5514-5534

J. Phys.: Condens. Matter 14 (2002)
13529-13541
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http://pubs.rsc.org/en/results?searchtext=Author%3AD.%20E.%20Ramaker
http://pubs.rsc.org/en/results?searchtext=Author%3AD.%20C.%20Koningsberger

XAFS ANALYSIS: from the experimental data to results

Data Collection

:

_ Preliminary data

treatment
L Structural
_ Extraction of XAFS modeI(As)

structural signal x(k)
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Two methods of analysis

/ N\

p N
FOURIER FILTERING WHOLE FITTING
(ARTEMIS, Viper, etc...) GNXAS, EXCURVE....
The method allows All the coordinations
iIsolating contributions shells are considering
of selected regions of in the data analysis
the FT




K (K) W(K)
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Modulus

Peak's position and shape influenced by:

- total phaseshifts
W - disorder
- Fourier transform window

Peak positions are not the true distances
due to the photoelectron phase shift!

Ge, 10K

EXAFS analysis: Fourier Filtering

Shape of FT widely changes
as a function of;

 FT window

e kw weight

e data range

FT shows more intuitively
the main structural features
in the real space: the FT
modulus represent a
pseudoradial

distribution function
modified by the effect of
amplitude, phase and mean
free path parameters:

|FT| peaks point out
iInteratomic correlations




EXAFS analysis: Fourier Filtering

- Peak superposition
- Multiple scattering
- F.T. artifacts

N. number of coordination i shell, R i distance between the absorber and i" shell
o is the Debye-Waller factor (disorder term) of the i shell



EXAFS analysis: Fourier Filtering thermal factor

EXAFS
signals

Fourier
transforms




Data (structural) refinement

Theoretical x(k)

(1) N;S2f; (ke 2R/ Ak o~2e]
Y(k) = Z M'—{IQ

I hill[?l{RJ’ + 1“.P'_j{ L]

Choose a model

Select the relevant
structural contributions

v

Refine the structural
parameters: N, R, 02

v

add new
contributions?

v

Change the model?

v

Revise your data
extraction?

LV

END




HOW choose a structural model

How to find a model How to visualize the How to calculate |
structure structure distances and geometries

| '
Powd erCell for Windows
' R T Verzion 24 ‘I
W Bl __JlL_,jL_Lr.l l_JII._I.,.___.,_

NEUTRONS RS A ATOMS on the Web

FOF: SC{—r'\ICF " Federal [netitute bor Materialz Reseanch and Testing
¥ Rudoser Chaussee 5, 12409 Bedin, Germanp

G Noke http://millenia.cars.aps.anl.gov/cgi-bin/atoms/atoms.cgi

Barns.ill.fr Jeto 0 e 1

wnal U Midller [Uni Kazzel]
a e aibgioup data

Chperatonal Parameters
E:m Fro-Im Bmax: |5 Eiloe; =
http://database.iem.ac.ru/mincryst/ R R — I‘”“";“’::‘;““"“““““'ﬂ

Full inorganic structure
database (ICSD)
(registration )

Protein Data Base
(HEE))



XAFS data analysis software

L)) Welcome to the XAFS organizations
International XAFS Society

Home Page wwWWw.i-X-s.0rg

XAFS data analysis

www.esrf.fr

FEFF home-page

Documantation
FEFF |8 an automated program for ab o multiple scattering calculati ons of X-ray
Absorption Fine Structure [XAFS) 2nd X-ray Abserption Mear-Edge Structure Oisinbution F E F F CaICU Iate the phase
[XANES) spectra for clusters ef atoms. The cede yields scattering amplitudes and . . ggn
phases used in many modern ¥AFS analysis codes, as well as various other S h |ft a nd am pl |tUd e. F |tt| n g
properties. The Aloms o

herm £ags with Artemis (HORAE suite)
or Viper ....

GNXAS

home-page

GNAXS calculate the phase
| » shift and amplitude and does
the fitting

Current version: 12,2006




EXAMPLE ANALYSIS

Bd
Bdl
Kittel, ISSP
metal, fec
Operational Parameters
ﬁ_ fm3am hmax: Edoe:

%—jﬂ T - | shift: 0
L=

Lattice Constants and Angles
A 3.89000 B: C:

Alpha: 90.00000 Beta: Gamma:
| Run ATOMS || Clear || Reset |

Table of Crystallographic Sites
Cent. Element X Y
(1N Pd | Pd1

Redisplay with this many sites: 1 | Da it! | Explain

A TOMS version 1.8 (Atoms 3 Obetal0) (3 February, 2005)
ATOMS is copyright © 1998-2005 Bruce Ravel

Visit ATOMS and FEFF web-
pages for more information!

Sh R

I: a/sqrt(2)

Il: a

ll: axsqrt(1.5)
IV: axsqrt(2)
V: axsqrt(2.5)

N
12
6
24
12
24

RAu(A)
2.880
4.0789




Eoae gg eneray = T919.0eV #POT Non-SCF, core-hole, AFOLP (folp(0)= 1.150)

S02 1.0 # Abs Z=79 Rmt=1.554 Rnm= 1.597 L3 shell
# Pot 1 Z=79 Rmt= 1.532 Rnm= 1.571
CONTE%L x1sph ;‘ms 1 pat?s g1enfm§ ff2chi # Gam_ch=5.284E+00 H-L exch
Vi= 0.000E+00 Vr= 0.000E+00
PRINT 10000 1 # Mu=-5.283E-01eV kf=1.855E+00
*** jxc=0 means to use Hedin-Lundqvist Vint=-1.364E+01eV Rs_int= 1.955
* ixc [Vr Vi] # PATH Rmax=7.100,

EXCHANGE 0 _ Keep_limit= 0.00, Heap_limit 0.00 Pwcrit= 2.50%
***|_scf =0 for a solid, 1 for a molecule

*

SCF r‘sf_g[l‘SCf n_sef ca file sig2 ampratio deg nlegs r effective

* kmax [delta_k delta_e] feff0001.dat 0.00000 100.000 12.000 2 2.8850

*XANES ~ 4.0 | _ feff0002.dat 0.00000 24.390 6.000 2 4.0800
jjjFsiggt'gesriggctl:fctﬁ{al‘%nFu" Multiple feff0003.dat 0.00000 11.460 48.000 3 4.3275
g ; feff0004.dat 0.00000 5.109 48.000 3 4.9250

.| gtms =0forasold, T foramolecule feff0005.dat 0.00000 56.390 24.000 2 4.9970

*FMS ~ 6.3470 0 feff0006.dat 0.00000 9.115 48.000 3 5.3835
*** for EXAFS: RMAX 7.0 and uncomment feff0007.dat 0.00000 23.250 96.000 3 5.3835

*** the EXAFS card feff0008.dat 0.00000 18.370 12.000 2 5.7700
RPATH 71

ExAES o0 feff0009.dat 0.00000 7.733 12.000 3 5.7700

feff0010.dat 0.00000 74.300 24.000 3 5.7700
POTENTIALS
* ipot Z element |_scmt | fms stoichiometry

1% A 5 5 Amplitude and phase shift

ATOMS * this list contains 79 atoms Feff0O001.dat =first shell

*

X y z ipot tag distance

0.00000 0.00000 0.00000 Au1 0.00000
2.04000 2.04000 0.00000 Au1 2.88500
-2.04000 2.04000 0.00000 Au1 2.88500
2.04000 -2.04000 0.00000 Au1 2.88500
-2.04000 -2.04000 0.00000 Au1l 2.88500
2.04000 0.00000 2.04000 Au1 2.88500
-2.04000 0.00000 2.04000 Au1 2.88500
0.00000 2.04000 2.04000 Au1 2.88500
0.00000 -2.04000 2.04000 Au1 2.88500
2.04000 0.00000 -2.04000 Au1 2.88500
-2.04000 0.00000 -2.04000 Aul 2.88500
0.00000 2.04000 -2.04000 Au1 2.88500
0.00000 -2.04000 -2.04000 Au1 2.88500

R R T N L . N . U QI G G O o )
K;ja‘LOOO\ICDO'ILwN—\O




procedure

VIPER - Z:\home\alex\exafs\gold\gold_foiltest_balerna\feff_uth15\uth_15.chi

& single-edge shel ﬁ|1— > th— * multiphy bu kw, \|§ 2
' multiple-edg

fitting space distance 2 84725
,W‘ number of neighb. m
min © ,ﬁ o distance variance |0.00876!
max1]3.45 4; EQ correction 393321

ampliude & phase * [ 41 Gewp. | Help
feff0001.dat: 12°Au-Au reff=2 88

R-factor [+ 6.068767C
iteration 424(14)

Zonstrain..]  Start

Statistics | Base

A
]
A
-
-
-
-
-

0 advanced mod

1=2.2728 FT=0.7361 hin=0.00 Max=8.20 dr=0.0307




Filtered region Visualize the structure and
understand the neighbor
shells!

Missing contributions

... and take care about multiple
scattering contributions

SsS MS 3-bOdieS. M S 3-bodies ‘ M S 3-bodies ‘
//v. R
O

Important when the angle is > 120° .
The MS at 180° has highest contribution due to the “focusing effect”



How to choose the MS path

ATH Rmax=7.100, Keep_limit= 0.00, Heap_limit 0.00 Pwcrit= 2.50%

1 2 12.000 index, nleg, degeneracy, r= 2.8850

X y z ipot label rleg beta eta
0.000000 -2.040000 2.040000 1'Au ' 2.8850 180.0000
0.000000 0.000000 0.000000 O'Au " 2.8850 180.0000
2 2 6.000 index, nleg, degeneracy, r= 4.0800

X y z ipot label rleg Dbeta eta
-4.080000 0.000000 0.000000 1'Au ' 4.0800 180.0000
0.000000 0.000000 0.000000 O'Au " 4.0800 180.0000
3 3 48.000 index, nleg, degeneracy, r= 4.3275

X y z ipot label rleg beta eta
2.040000 2.040000 0.000000 1'Au ' 2.8850 120.0000
0.000000 2.040000 -2.040000 1'Au ' 2.8850 120.0000
0.000000 0.000000 0.000000 O'Au " 2.8850 120.0000
4 3 48.000 index, nleg, degeneracy, r= 4.9250

X y z ipot label rleg beta eta
4.080000 0.000000 0.000000 1'Au "' 4.0800 135.0000
2.040000 2.040000 0.000000 1'Au ' 2.8850 90.0000
0.000000 0.000000 0.000000 O'Au " 2.8850 135.0000
5 2 24.000 index, nleg, degeneracy, r= 4.9970

X y z ipot label rleg beta eta
-2.040000 -2.040000 4.080000 1'Au " 4.9970 180.0000
0.000000 0.000000 0.000000 O'Au " 4.9970 180.0000
6 3 48.000 index, nleg, degeneracy, r= 5.3835

X y z ipot label rleg beta eta
-2.040000 -2.040000 0.000000 1'Au " 2.8850 150.0000
2.040000 0.000000 2.040000 1'Au " 4.9970 150.0000
0.000000 0.000000 0.000000 O0'Au ' 2.8850 60.0000
7 3 96.000 index, nleg, degeneracy, r= 5.3835

X y z ipot label rleg beta eta
4.080000 -2.040000 -2.040000 1'Au ' 4.9970 150.0000
2.040000 -2.040000 0.000000 1'Au ' 2.8850 60.0000
0.000000 0.000000 0.000000 O'Au " 2.8850 150.0000
8 2 12.000 index, nleg, degeneracy, r= 5.7700

X y z ipot label rleg beta eta
-4.080000 0.000000 4.080000 1'Au ' 5.7700 180.0000
0.000000 0.000000 0.000000 O'Au " 5.7700 180.0000
9 3 12.000 index, nleg, degeneracy, r= 5.7700

0.0000
0.0000

0.0000
0.0000

0.0000
0.0000
0.0000

0.0000
0.0000
0.0000

0.0000
0.0000

0.0000
0.0000
0.0000

0.0000
0.0000
0.0000

0.0000
0.0000

=

#POT Non-SCF, core-hole, AFOLP (folp(0)= 1.150)
#Abs Z=79 Rmt= 1.554 Rnm= 1.597 L3 shell
# Pot 1 Z=79 Rmt= 1.532 Rnm= 1.571

# Gam_ch=5.284E+00

H-L exch

Vi= 0.000E+00 Vr= 0.000E+00

# Mu=-5.283E-01eV kf=1.855E+00
Vint=-1.364E+01eV Rs_int= 1.955
# PATH Rmax=7.100,
Keep_limit= 0.00, Heap_limit 0.00 Pwcrit=2.509

file sig2 ampratio deg nlegs reffective

feff0001.dat 0.00000
feff0002.dat 0.00000
feff0003.dat 0.00000
feff0004.dat 0.00000
feff0005.dat 0.00000
feff0006.dat 0.00000
feff0007.dat 0.00000
feff0008.dat 0.00000
feff0009.dat 0.00000
feff0010.dat 0.00000

100.000 12.000
24.390 6.000
11.460 48.000
5.109 48.000
56.390 24.000
9.115 48.000
23.250 96.000
18.370 12.000
7.733 12.000
74.300 24.000

2 2.8850
2 4.0800
3 4.3275
3 4.9250
2 49970
3 5.3835
3 5.3835
2 57700
3 5.7700
3 5.7700

120° N
‘ S@ negligible
900 . .
. negligible
- Not negligible



Expansion in terms of " signals
The GnXAS approach

A. Filipponi et al. Phys. Rev. B 52, 12122 (1995)
gnxas.unicam.it/

S
f Voo / Sy v TRy 0,0
(fn 0 E ||’ 0 Gy, (fn U')
0 )= \6, 0 J 0 1,
=10G0it;Gioto +10G0it iGiotoGoit i Giotot —~——= Py, P2, P3 0),, 933?1‘[})

——

Continuous fraction expansion
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EXAFS: introduction to data
REWAIE

* Example. Dopants and defects:
local structure in barium cerates and
Zzirconates

*On line tutorial (VIPER package)



Proton conductors Anionic conductors

PEM FUEL CELL

Dopants and defects:
local structure In
barium cerates and
zirconates

/Sr-doped/
Zrica

Anode: N1/(YSZ)

Anode: N1/(YSZ) h
CERMET

CERMET

Hydrogen
(Hz) in

Water
(Hz0) out

FLOW FIELD | MEMBRAMNE | FLOW FIELD

FUEL CELL




Problems:

. High temperature

. Chemical stability

. Low ion/electron conductivity
. High production cost

Open questions: conduction mechanismes, its correlation with the

structure and perovskite chemistry



ABQO, perovskite
(e.g. BaCeO, =BCY)

B-site
smaller Ce?* cation

Doping o
2 Cecex '|: Oox + Y203 Ia_:;eer Ba?* cation
=2YC, +V," +2CeO,

(De)-hydration
H0(g) + V™ + O, =2 OH;



Averaging: higher
thermal factors,
modified positions
deceiving!

Takeuchi et al, SSI 2000

Azad et al, J Mater Chem 2008

But only neutron scattering/XRD, i.e.

no local information

Local: two different
local environments,
each with its own
ICEIUES

Lots of simulations
but almost no measurements until 2005




Local information required

Diffraction can be deceiving, because It averages out
doped and undoped sites that are not equivalent from a
local point of view!

EXAFS is a good complementary technique



In situ EXAFS o)
of Y:BaCeO;,

==: Residual

FT Magnitude (A. U.)

Figure 5. Founer transform of XAFS data and model relative to dry
BaCeyp0eYq0:05;-4. The model FT corresponds to a regular octahedral oxygen
shell around yttrium

Observed |
— Cabculnsed
- = Residusl

FT Magnitude (A. U.)

Figure 8. Founer transform of XAFS data and model of the dry
Longo et al. Chem. Mater. (2006). BaCepogY0.020:-5 assunung a distorted octahedral yttrium environment.




550° C in wet flux
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Longo et al.Chem. Mater. (2006).




OHo* defects
selectively

modify Y3*
environment

Giannici, Longo et al Solid State lonics (2007).
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Gd3* in BCG

Proton (de)insertion
O octahedron expands has strong effects on
dopant environment

Ce K-edge Gd K-edge

! ' ' ' !
Dry Dry
Protoneted Protoneted

Ba polyhedron
contracts (!?)

EXAFS @ BM29 Giannici et al. Chem. Mater. (2009).



F. Giannici et al. Solid State lonics (2010). K.D. Kreuer et al. Solid State lonics (2001).

T/°C
300 200 100
BZGal0 - . : e
BZGd10 Ba(Zr, glng ;)05 5
BZInl0 E, =048 eV Ba(Zr, ¥, )0, 4

a

BZSc10 Dy =21110%em’s! @ Ej=043eV
BZY 10 ' 10° \\{/ 05 =24710% em’s”

dopant |r/rz*

T |' T

Gd™ [1.27

\ AN
¥¥* (118 ‘o AN
,

1.01 Ay .\‘\ Ba[ZrM 10,
101 | \“ =047 eV
: E.BB 16 em
Ba[ZrngScm}lOM \\ .\
E, =050 8V

D“—ms 10 em’s”!

FT Magnitude (arb. u.)

22 24 26 zs 30 32 34
(1000/T) / K

Ga<Sc<In<Gd<Y
_

EXAFS @ BM29 ESRF Highlights (2011)

Giannici , Longo et al. Chem. Mater. (2011).




EXAFS: introduction to data
REWAIE

* example: Dopants and defects:
local structure in barium cerates and
Zirconates

*On line tutorial (VIPER package)



THANK you for your attention
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