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Objective of the analysis

Knowing EXAFS spectra of a material, how to obtain its structure?
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(Opposite is relatively easy)
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Origin of EXAFS equation

EXAFS: result of Photoelectron wavenumber:

m'Ferference between I — \/2;11(13 - _E )/ 72
orinal photolectron wave P
and backscattered wave

Contribution from a single

® ® ° o o backsattering atom:
o 0 ©¢,%,,
...®...... é< >.
...o.....o ' Y '
@ 0 o O g R;
2R;
, Fi(k)e A0

xi(k) = S§ === sin(2KkR; + $;()
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Origin of EXAFS equation

EXAFS: result of Photoelectron wavenumber:

m'Ferference between I — \/2;11(13 - _E )/ 72
orinal photolectron wave P

and backscattered wave
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Origin of EXAFS equation

EXAFS: result of Photoelectron wavenumber:

m'Ferference between I — \/2;11(13 - _E )/ 72
orinal photolectron wave P

and backscattered wave

Contribution from a single

® ® ° o o backsattering atom:
o 0 ©¢,%,,
% e o o é < . Effective mean-
0.....0... \ ' free path
® O o © g R;
F-(k)e .
xi(k) = S§ — L R2 sin(2kR; + ¢;(k))
l
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Origin of EXAFS equation

EXAFS: result of Photoelectron wavenumber:

m'Ferference between I — \/2;11(13 - _E )/ 72
orinal photolectron wave P

and backscattered wave

Contribution from a single
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Origin of EXAFS equation

EXAFS: result of Photoelectron wavenumber:

m'Ferference between I — \/2;11(13 - _E )/ 72
orinal photolectron wave P
and backscattered wave

Contribution from a single

® ® ° o o backsattering atom:
o © © 0

° e o%%e
o, O o ¢ @ > (U
% e e "o | ' Scattering
.......... Y phase
@ ® o @ @ R;

F; A(k)
xi(k) = S§ ( Isz sin(2kR; ))
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Origins of EXAFS equation

EXAFS: result of Photoelectron wavenumber:

m'Ferference between I — \/2;11(13 - _E )/ 72
orinal photolectron wave P

and backscattered wave

Contribution from a single

¢ ® * ¢ o backsattering atom:

o O, *.%.0,

®, v ® o ¢ 0 >@ (Wil use FEFF
() s @ C @ \ J her'e!)

2Ry
Fi (k)e A(k)

xi(k) = S5 ~pr— sin(2kR; ))
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Origin of EXAFS equation

EXAFS: result of Photoelectron wavenumber:

m'Ferference between I — \/2;11(13 - _E )/ 72
orinal photolectron wave P

and backscattered wave

Contribution from a single

® ® ° o o backsattering atom:
o 0 ©¢,%,,
® % o o o é < . Amplitude
© o,% o0 o \ Y ' reduction
° ° factor
© 6 o © o Ri (~07 - 1.0)
_2R;
i(Ke A0
Xi(k) = sin(2kR; + ¢;(k))

kR?
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Multiple scattering expansion

A.L. Ankudinov et al, Phys. Rev. B
58 (1998) 7565.

®
X-ray OEDWAOE
photon ® /O i
filk, Ry)
— 2 . .
s & o —ZSO ez SR+ 9(19)
l
o o o o

(fi(k, R) = Fi(R)e )
Alternative: N-body expansion (GNXAS code):

(k) = [ArRpoga(RYOG" (k) 4+ X5 (k) + . )R

+ //f 87 RIR3sin(0)pags( Ry, Ra. 0)
X (2577 (k) + 2377 (k) + X377 (k) + X377 (k) + .. )dRid Rodd

+//f//8t R R R s111(9)p094(31 Ry, 0, R3, 1)

205 E) 4 2 (R) + 2P0 (R) + .. )d R d RydOd RydQ
+ T A. Filipponi, A. Di Cicco, C. R. Natoli, Phys.
Rev. B 52 (1995) 15122-15134.
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Fourier transform

Interatomic distances are related to frequencies of EXAFS: one can
use Fourier transform to separate different contributions and to
select those of interest!

Spectrum Frequency content
. 1.0
Fourier transform: 0.8
) 0.5 FT o6
max :E\ &
L n —2ikr x 00 I E 0.4
FT(r) = j 2(K)K"Q(k)e ™ dk < Sy
I(min -1.0 0.0
0 5 10 15 20 0 1 2 3 4
k R
2 e
)
S 1F
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WAVENUMBER k (1/A) DISTANCE R (A)
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Radial distribution function

O o O Even in perfect crystals atoms at given time-monent are
O o o O o O O O o rarely at their equilibrium positions: there is a lot of paths
o (%) o (%) oO with slightly different lengths.
o o o o O o o It makes sense to group them in coordination shells and
© o © (&) O replace summation over paths belonging to the same
o o | %o © O coordination shell with an integral: o
O o o p=1
©p O0l0o _ 9|0 ° s ¢
o © o
o ©O O o

10 =) pk  © ¢
p

o o FolR)
Ko () = S2 [ g, (R) 2 sin (2kR + ¢, (k) ) dR

/ (for single-scattering path)
Radial

distribution
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RDF g(R) (atoms/A)
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FT is not RDF!

RDF FT-EXAFS
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Xp() = S8 [* g, (R)
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Cumulant expansion

g(R) f (k, R)sin(2kR + ¢(k))dR

2, (K) = [ =
- i(RF? F(k, R)e “® sin(2kR + ¢(k))dR

The effective distribution P(R,A): P(R,A) = g(R)e?R/*k) [ R?

The cumulant expansion into a MacLaurin series: In I P(R, 1) exp(2ikR)dR = Z (2ik)"C, /n!
0 n=0

1 2 4
;(p(k)= SZ - F(k)exp(C, — 2C,k? +§C4k4 —4—5C6k6)

><sin(2kC1 —%cng +%C5k5 +¢ (k)j

exp(C,)= Nexp(—2C,/ 1)/ C; C, is the mean value of the distribution (average distance)
G, is the variance of the distribution (MSRD factor)
C; is the asymmetry of the distribution (skewness)
C, describes symmetric deviations from the Gaussian shape
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Gaussian approximation

o o oo (& ° 000 o In commonly used Gaussian approximation
®0l a0 2
o o 00 _(R-Ryp)
_ 202
Oo o OOOOOOOO gp(R) = N, 2e p
OOO oo | 0O 2Toy,
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o o | © _
©0 00 , % o0 9 and € o "
09| 00| 09 2 0 ”
o
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(k. Ry) |
k,R
_ 2 fp VYo )  _2k%g2 .
Xp (k) = SN, e P sin (ZkRp + ¢p (k))

2
kR2
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Gaussian approximation

o ol.© o o In commonly used Gaussian approximation
0poY%0 g0 |00
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Gaussian approximation

o o oo (& ° OOO o In commonly used Gaussian approximation
®0l a0 —R,))’
o o 0O 1 _(R—Rp)
2
o %l0%00 o 9p(R) :@ e
(&) 2
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o o | © _
000000 OOO and g o -
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R

Xp (k) = S@ p(:;fp) e~2k*9p sip (ZkRp + ¢, (k))
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Gaussian approximation

o o oo (& ° 000 o In commonly used Gaussian approximation
(&) O
o © 0o 9 oo 1 _(R=Ry)"
OO o o Qoo o Ooo gp(R) = N, e @
oo | © 0|00 \/2
o O o 100
~ 80
OOOQOO OOO and 5 60 26
o o o o o o LDL 40 P
R

16 18 20 22 24
R

xp (k) = SEN,, o (Z\)fp) e 2K kin (2R, + ¢, (1))
p

(!

Disorder
(Debye-Waller or
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Cumulant expansion

g(R) f (k, R)sin(2kR + ¢(k))dR

2o (K) ==
0 This complex expansion
_Tg(R) O will not save one, if the
_g 7 F(k,R)e sin(2kR + ¢(k))dR system is really

disordered!
The effective distribution P(R,A): P(R,A) = g(R)e?R/*k) [ R?

The cumulant expansion into a MacLaurin series: In I P(R, 1) exp(2ikR)dR = Z (2ik)"C, /n!
0 n=0

1 2 4
;(p(k)= SZ - F(k)exp(C, — 2C,k? +§C4k4 —4—5C6k6)

><sin(2kC1 —%C3k3 +%C5k5 +¢ (k)j

exp(C,)= Nexp(—2C,/ 1)/ C; C, is the mean value of the distribution (average distance)
G, is the variance of the distribution (MSRD factor)
C; is the asymmetry of the distribution (skewness)
C, describes symmetric deviations from the Gaussian shape
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Disorder

More about disorder - in

the next lecturel

XAFS Short Course 2016

21



Structural

EXAFS equation: summary

2R
M __pP
E,(k,Ry)e A0 | 4
x(k) = S2 Z o k% e 2% sin <2kRp — 3 Caphk® + (k. Ry ))
p=1

M the number of scattering paths

o N, the coordination number for the p-th path

*é R, the half-length of p-th path (the interatomic distance for SS paths)

g o?,  the mean square radial displacement (a.k.a. Debye-Waller factor)

= G5, 3rd cumulant of the distribution, which accounts for anharmonic effects,non-Gaussian disorder

S, the scale factor, which accounts for the multielectron effects (~ 0.7-1.0)

A(k) photoelectron effective mean free path
the backscattering amplitude
&, the backscattering phase

And one more parameter:
E,  reference energy value ( =.2m(E,,.,-£)/ 7 )
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Structural

EXAFS equation: summary

2R
M __pP
E,(k,Ry)e A0 | 4
x(k) = S2 Z o k% e 2% sin <2kRp — 3 Caphk® + (k. Ry ))
p=1

M the number of scattering paths

o (N, the coordination number for the p-th path
*é R, the half-length of p-th path (the interatomic distance for SS paths)
o, |the mean square radial displacement (a.k.a. Debye-Waller factor)

3rd cumulant of the distribution, which accounts for anharmonic effects,non-Gaussian disorder

the scale factor, ccounts for the multielectron effects (= 0.7-1.0)
A(k) photoelectron effective mean free path
the backscattering amplitude

the backscattering phase

Fitting parameters
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Structural

EXAFS equation: summary

2R
M __pP
E,(k,Ry)e A0 | 4
x(k) = S2 Z o k% e 2% sin <2kRp — 3 Caphk® + (k. Ry ))
p=1

M the number of scattering paths

o N, the coordination number for the p-th path

*é R, the half-length of p-th path (the interatomic distance for SS paths)

g o?,  the mean square radial displacement (a.k.a. Debye-Waller factor)

= G5, 3rd cumulant of the distribution, which accounts for anharmonic effects,non-Gaussian disorder

S, the scale factor, which accounts for the multielectron effects (~ 0.7-1.0)

photoelectron effective mean free path
the backscattering amplitude

4. / e bacKscattarimg Pivase FEFF calculations

And one more parameter:
E,  reference energy value ( =.2m(E,,.,-£)/ 7 )
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F(A)

Chemical sensitivity: phases and amplitudes

Scattering amplitude f and scattering phase ¢(k) = ¢

S

catterer(

k ) + ¢centra/ atom(k ) :

different for different types of atoms and result in chemical sensitivity of EXAFS

analysis

AMPLITUDE

k(A™)

10 11 12 13 14 15 18

duirad.)

14.0

12.0 4

10.0 4

SCATTERER PHASE

)/’TH“*“*——-—. sn

¢.(rad.)

CENTRAL ATOM PHASE

14.0 ]
12.0
10.0 1
8.0 '
6.0 4
1 Pt
4.0
2.0 --
\‘\‘sn
0.0 \5\\
5.
-2.0 \
‘\5—\—.__‘_“&
-4.0
-8.0
-8.0] BN““N»M N
TE—a o
= 1 0.0 e T T T T T T T T T Ty T Y y <
3 4 5 8 7 8 9 10 11 12 13 14 15 18

k(A™")

P. A. Lee, P. H. Citrin, P. Eisenberger, B. M. Kincaid, Rev. Mod. phys. 53 (1981) 769-806.
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Chemical sensitivity: phases and amplitudes

Calculated contributions to the Ni K-edge EXAFS spectra for W, Ni and O atoms as backscatterers, assuming

the same radial distribution (the same interatomic distances, disorder).

06 T T T T T T T T T 20. T T
() A ] t Model:
° 5k
= i 15; N=1, R=2 A, [0 A?
= L &> 10F
= . :
E 04} < sl
o) N -~
2 - = ool
BT o2 L F
é % -10f
S -15F
fas] ; ]
00 _2.0' ....................................... 1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Wavenumber k (A7) Wavenumber k (A%
- 4_ T T ]
] L r . ]
Q@ | _ 3 Ni-O -
c X 0 NI_O 3 . .
Sf1 2F NI-NI
2 Ni-Ni ~ : ;
=& S5f : o 1f NI-W 1
2 [ NI-W < of ;
S [T .10} & 4 v
S [ a ! I.I__ i
S A 2F
o E 151 E Model: ]
g [ 3t N=1, R=2 A, FFOA® 1
l_ _20- 1 1 1 1 1 1 1 1 1 ] _4: 1 1 1 1 1 1 1 3
0 2 4 6 8 10 12 14 16 18 20 00 05 10 15 20 25 30 35 40
Wavenumber k (A™) Distance R (A)

11/9/2016 XAFS Short Course 2016

26



Initial, approximate
structure model

FEFF calculations

= Feffinp E3 |
1 TITLE Cu3N_example
2 EDGE K
B 502 1.000000000000
4 * pot xsph fms paths genfmt ff2chi
5 CONTROL 1 1 1 1 1 1
& PRINT 1 0 0 1] o 0
T * r_sct [ I_scf n scf ca ]
g8 5CF 4.267535735058 0 30 0.100000000000
g = ixc [ Vr Wi ]
— o [P 0 a
11 EXAFS 20.0
12 RPATH 7.000000000000
13 NLEGS a8
14 CRITERIA 0.0 0.500000000000
is5 CFAVERAGE 2 1 7.000000000000
1 POTENTIALS
17 * ipot z [ label 1 _scmt 1_fms stoichiometry ]
18 o 23 Cu -1 -1 o
19 1 T n -1 -1 1
20 2 239 Cu -1 -1 3
21 ATOMS
22 0.000000000000 1.508500000000 0.000000000000 2 Cu
23 0.000000000000 0.000000000000 0.000000000000 1 N
24 0.000000000000 3.817000000000 0.000000000000 1 W
25 -1.908500000000 3.817000000000 0.000000000000 2 Cu
26 -1.508500000000 0.000000000000 0.000000000000 2 Cu

ments » 000_Cu3M » results » 2016 » feff 0

[2=] feff_win &'atoms
[ feff [ fpf0
B{global Hlog
g mod2 g mod3
g mod3 g modf
B{Iog1 B’misc
[ fort38 [ fort.39
Hlog-i @'mpse
D phase.bin D xsect.bin
[7] feff.bin [ feff
B{Iogﬁ &'Iogﬁ

[ paths_fin [ feffooo1
[ feffOO03 [ feffo004
[ teff0006 [ feffoD07
[ feffoD09 [ feffoD10

[ feff
E’{geom
Hmod'l
@fmod-’i
[ s02

D pot.bin
@{Iog?_
Hpaths
[ chi
it
H}(I’T‘IU

[ feffoDDZ
[ feffO00S
[ feffoDDS

[ files

Phases & amplitudes for different paths
XAFS Short Course 2016

11/9/2016

feff.inp file
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calculations
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FEFF calculations

= Feffinp E3 |
1 TITLE Cu3N_example
2 EDGE K
B 502 1.000000000000
4 * pot xsph fms paths genfmt ff2chi - -
5 CONTROL 1 1 1 1 1 1
g ERINT 1 5] 5] o a Q i:‘521='i I"' l:, i:ll (3
7 * r_sct [ I_scf n scf ca ]
8 5CF 4.267535735058 0 30 0.100000000000
g = ixc [ Vr Wi ]
— o [P 0 a
11 EXAFS 20.0
12 RPATH 7.000000000000
13 NLEGS a8
14 CRITERIA 0.0 0.500000000000
is5 CFAVERAGE 2 1 7.000000000000
1 POTENTIALS
17 * ipot z [ label 1 _scmt 1_fms stoichiometry ]
1 o 23 Cu -1 -1 o
1 T n -1 -1 1
2 239 Cu -1 -1 3
ATOMS

0.000000000000 1.908500000000 0.000000000000 2 Cu
0.000000000000 0.000000000000 0.000000000000 1 N
0.000000000000 3.817000000000 0.000000000000 1 N
-1.908500000000 3.817000000000 0.000000000000 2 Cu
-1.908500000000 0.000000000000 0.000000000000 2 Cu

R R R R R R RS L
Mo L R D o M

Initial, approximate
structure model

ments » 000_Cu3M » results » 2016 » feff 0

[&=] feff_win &'atoms D feff
gfeﬁ‘ @'fpfﬁ E’{geom
B{global Hlog Hmod'l
Hmod?_ @'modi @fmod-’i
[ mods [ modé [ s02
B{Iog1 B’misc D pot.bin
[ fort.38 [ fort.30 [ log2 D o ——
g logd g mpse g paths
D phase.bin stect.bin @fchi
[7] feff.bin [ feff it

FEFF
calculations

Q{ log3 AT -w—
[ paths_fin [ feffooo1
Bt

< [ feffo00E [ feffo007
[ feffoD09 [ feffoD10

Phases & amplitudes for different paths
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Fitting data!

3.0
~« 5 2.5
= 2.0
o 0 s 15
% 1.0
o -5 0.5
0.0
0 5 0 15 20 0 1 2 3 4
R
‘f @ rouertronsorm
@ Experimental data ourier transtorm 55l
2.0}
154 N - 4.
B = 1.5
. 1.0F o = 0.001
' 0.5}
0.6
o5 ~n O 50_4 DDD 1 2 3 4
- . , ¥ — 0.0 / .
VL Qs ° @ Non-linear least-squares
‘ . 27 fitting
(3) Initial model  (4) FEFF M\
-15

0 5 10 15 20
Packages for FEFF-based “
analysis: @ Scattering
IFEFFIT, EXAFSPAK, WINXAS, phases/amplitudes
XDAP, XFIT, EDA, LASE, MAC
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Fitting data!

3.0
~« 5 25
= 2.0
o 0 s 15
% 1.0
o -5 0.5
0.0
0 5 10 15 20 0 1 2 3 4
R
‘f @ rouirtanstorm
@ Experimental data ourier transtorm 25
20
15 N = 4,
E = 1.5
0.8 1.0 of = 0.001
' 05
0.6
o5 ~n O 50_4 DDO 1 2 3 4
- . , ¥ — 0.0 / .
VL Qs ° @ Non-linear least-squares
‘ . 27 fitting
(3) Initial model  (4) FEFF M\
-15

0 5 10 15 20
Packages for FEFF-based “
analysis: @ Scattering
IFEFFIT, EXAFSPAK, WINXAS, phases/amplitudes
XDAP, XFIT, EDA, LASE, MAC
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What can go wrong?

@ Non-linear problem: many possible solutions, result will depend on the
starting values for fitting parameters

® Correlation between parameters
in the amplitude of EXAFS function: 52N, 62, C,
in the phase of EXAFS function: R, C;, AE,

Example: R
AE,= 1eV=AR~0.005A AN=0.5 = Ac? ~0.001 A? 1.Fix E,
E,= 5eV=AR~0.025A N=1.0 = Ac? ~ 0.002 A2 - :
AE, eV=>A ., A = Ac 2 Fix N
AE,=10 eV = AR~ 0.048 A

® Some shape (Gaussian, quasi-Gaussian...) of the RDF needs to be assumed:
not well-defined problem for disordered materials

11/9/2016 XAFS Short Course 2016 31



What can go wrong?

@ FEFF phases and amplitudes are not 100% accurate

Si K-edgein c-Si (5shells, R __=6A)

I FEFF8 SCF |

Wave vector k (A™)

0 2 4 6 8 10 12 14

SS+DSHTS
Al DW=0
Vr=-3eV
ECPHL

In some cases other EXAFS data analysis methods may give better accuracy

(e.g ratio method, splice method)

AMPL(k)

Y AMPL L (F)

=N

NE?,
1 —F5
jvc'itRz

P A 2,
—2k*(0® — 0%) + §k4AC4

] ) 4 .
PHASE(k) — PHASE (k) = 2k(R — Re) — —k*ACs.

11/9/2016
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Stern et al, Phys. Rev. B 46 687 (1992)
Frenkel et al, Phys. Rev. B 54 884 (1996)
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What can go wrong?

® Information content in experimental EXAFS is
limited, but number of scattering paths growths
exponentially with the increase of R: analysis
beyond the first coordination shell is challenging

Nyquist criterion:

The total number of parameters M, used in the model must be less than that
given by the Nyquist theorem:

Mo — 2AKAR I
s

For asingle shell, Ak=k__ -k =15Aland AR=R__ -R.. =1A thenM__  ~11.5.

E.O. Brigham, The Fast Fourier Transform (Prentice Hall, Englewood Cliffs, New Jersey, 1974).
E.A. Stern, Phys. Rev. B 48 (1993) 9825.
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FT x(k)k* (A%

Nyquist criterion:

Information from atoms at distances up to 10 A can sometimes be encoded in
experimental EXAFS. Our ability to access this information, however, is
very limited.

LU L B S B B B B B S B B

i :\ll ) . . E LA R .' B T ko & L o & A § ol & % 9§ ol & g .' ol 5 E
; - N 10
6L :é ?;;(—:dge inNiO | P 10°} © NiO Total paths .'g.
— :' % T i Ni, ‘
3 -_ .: ':' " i né’ 104 3 Ni, "
_ Ay Sy E &
_ £ 10°} N -
1
[ % 10° © " Qo0 0000
I l o o N st critert
5 1 ° g B yquist criterion
-3 210 o for Ak=20 A"
— N eeeeee bulk E .
I E-: nanosized Z 10" il Uniiue paths
-6— :': 7 AP ST U S N U S T ST S S S S M ST R N M T S M
0 1 2 3 4 5 6 7 8 9 10 = =® 4 &8 & ¥
Distance R (A) Distance (A)

A. Kuzmin and J. Chaboy, IUCrJ 1 (2014) 571-589.

List of paths, included in the analysis,

should be very carefully considered
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Can multiple scattering effects be neglected’

Problems with MS paths:

® There is a lot of them!

® Many paths have the same frequency —
constructive/destructive interference is

common
@ Scattering amplitude f(&, k) depends
A. Kuzmin and J. Purans, J. Phys.:
not On|y on k, but also on ang|e!! Condensed Matter 5 (1993) 9423-9430.
Oxygen (a) Tungsten (b)
@ 4F 9] ° Vo //////
2 e i ”’7"/////////////////////
< \\ ///// // < 40
g //’////’////// -
Pl ”///W ’/’///// fil ot
3 3 7
% A \ % 5 / 7>, \
N IR o B0 e
" "Gc,‘o,i y 4? 20180 __yes" : © " el’ef?q% (41? 20180 S@\@m”‘g k é """""""""""

‘. 9
J S 0
Figure 1. The angular dependence of the atomic scattering amplitude for oxygen and tungsten
atoms. The angle # = 0° corresponds to the back-scattering process and 6=180° to the forward-

scattering process.
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MS paths: focusing effect

Perovskites:
3t
= a
%
X O
‘2_1_
w
£
Ww._ 3
e 6 8 10 12 14 16 18
WAVEVECTOR k (1/A)
"
"(b) — — - MS Re |.3'Edge
(/2] 1-2:' in ReO r
3 o "
S5 0, H
0 038k \ P
(@] ] !
= o6} R4, &0, g
[ i
L 04f \ £
0.2f [ g
0.0t
0 1 4 5

2 3
DISTANCE R (A)

J. Timoshenko, A. Kuzmin, and J. Purans.,

J. Phys.: Condensed Matter 26 (2014) 055401.
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FT x(k)k* (A°)

d
N

Materials with rock-salt structure:

N

o

1
ES

J.Rehr et al, Rev. Mod. Phys 72 620 (2000)

nano-NiO model
Ni K-edge
v Y v ‘7\/'._\(/ Y V"\!U ~
r A. Anspoks et al, Phys. Rev. B
Multiple-scattering 86, 174114 (2012)
S Single-scattering
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MS paths:angular information

1.75 - - - H a L DL B B L B B B B B B B B B
E Fe-N(O)
150 (—1
— 2 FB‘N(TMG)
2 3 AVAV, Vo VoS
5 1.25 % Fe-N-O
b w -~ -1
. - e
3 1.00 — 8 Fe-N-C
~ F_ = -
= - total + exptl
8 0.75 . i 1
1= Co-
0.50 — residual
j- e ¥ Ahm S e PR
0.25 tl !LILE 11 Ll IR IJ 11 } Li 11 P
0 : 5 10 15 20 25 2 4 6 8 10 12 14 16
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) -4,8 T
FIG. 4. F(k,0) (k = 8 A~") of nearly collinear DS paths: sor
(1) Br-Rb'-Br*-Br; (2) Rb-Br'-Rb*-Rb; (3) Br-K'-Br*-Br; 3 :f
(4) Rb-CI'-Rb*-Rb. Superscripts indicate the coordination % ool
shell. : eal
' T D—g \ . 5-8 I'[Fe(TMCINOI(BF,),
_— g ; ‘ Y A Y W
. 2 C -5.0 ‘b =TT T T
(F(k,©)) ~ F(k,0)[1 — b(k)(©2)] _
° Figure 1. The molecular structure of (a) [Fe(TMC)NOJ(BE.)a, (b) g 54
Fe(TACN)(N;);NO, and (c) Fe(salen)NO at 23 °C. 5 5.6
®) g 58}
60 T Fo(TACN)(N,),NO 7 [Fetsalen)No 10 K 162
1 -°'290 I 1;0 . 1;!0 I 1;0J 1‘70 80 110 130 160 .170A A
Fe-N-O angle (‘) Fe-N-O angle (")
N

Vestre et al, J. Am. Chem. Soc. 116 6757 (1994)
Frenkel et al, Phys. Rev. Lett. 71, 3485 (1993)
Frenkel et al, Phys. Rev. B. 48, 12449 (1993)
Frenkel et al, Phys. Rev. B. 49, 11662 (1994)
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Which paths to include?

FEFF provides estimates, how important is each path:

] list dat E3 |E paths dat :H|

1 PATH Rmax= 7.000, Eeep 1j .00, Heap 1imit 0.00 Pwcrit= 0.50%

E ____________________________________________________________________
= pathindex =igld amp ratio eq nlegz r effectiwve

& 1 0.00000 0.1000E403 2.000 2 1.9085

= 2 0.000040 0.1519E+03 8.000 P 2.6930

8 3 0.00004 0.3518E+02 16.000 3 3.2580

7 4 0.00004 0.5060E+02 &.000 P 3.8170

8 5 0.00000 0.1985E+02 2.000 3 3.8170

L 3 0.00000 0.5150E+02 4.000 3 3.8170
10 7 0.00000 0. 2.000 4 3.8170

[Slist dat £3 = paths dat B3 |

1 [PATH Rmax= 7.000, Keep limit= 0.00, Heap limit 0.00 Pwcrit= 0.50%
<
2 1 2 2.000 index, nleg, degeneracy, r= 1.9085
4 ® ¥ F4 ipot label rleg beta eta
o o ° = 0.000000 1.908500 0.000000 1'H ' 1.9085 180.0000 0.0000
A gOOd flttlng Strategy -— to Start WIth f oéoooogo . gégoogoo 0.000000 0 'Cu ' 1.9085 180.0000 0.0000
7 . index, nleg, degeneracy, r= 2.6390
8 X v z ipot 1label rleg beta eta
L) g 0.000000 1.908500 -1.508500 2 '"Cu ' 2.6990 180.0000 0.0000
Small number Of the most lmportant 10 0.000000 0.000000 0.000000 0 'Cu ' 2.6990 180.0000 0.0000
11 3 2 16.000 dindex, nleg, degeneracy, r= 3.2580
1z ® v z ipot label rleg beta eta
Q 13 0.000000 1.908500 1.908500 2 '"Cu ' 2.6990 135.0000 0.0000
paths and’ |f necessary’ to add some 14 0.000000 1.908500 0.000000 1 'N ' 1.9085  90.0000 0.0000
15 0.000000 0.000000 0.000000 0 'Cu ' 1.9085 135.0000 0.0000
16 4 2 &.000 index, nleg, degeneracy, r= 3.8170
. 17 ® ¥ F4 ipot label rleg beta eta
other paths afterwards, if they Bl o oo sdwesoE m + e s oewe
13 0.000000 0.000000 0.000000 0 'Cu ' 3.8170 180.0000 0.0000
20 5 3 2.000 index, nleg, degeneracy, r= 3.8170
A f' 21 X v z ipot 1label rleg beta eta
I m p rove It . 22 0.000000 1.908500 0.000000 1'H ' 1.9085 180.0000 0.0000
23 0.000000 —-1.908500 0.000000 1'N " 3.8170 180.0000 0.0000
24 0.000000 0.000000 0.000000 0 "Cu ' 1.9085 0.0000 0.0000
25 & 3 4.000 index, nleg, degeneracy, r= 3.8170
28 X v z ipot 1label rleg beta eta
27 0.000000 -3.817000 0.000000 2 '"Cu ' 3.8170 180.0000 0.0000
28 0.000000 -1.508500 0.000000 1'H ' 1.9085 0.0000 0.0000
29 0.000000 0.000000 0.000000 0 "Cu ' 1.5085 180.0000 0.0000
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Reducing number of variables: constraints

Constraints - another important way how to minimize the total number of fitting variables

and stabilize the fit:
E, value is (most likely) the same for all scattering paths
Coordination numbers N for crystals are often known in advance

Geometric constraints:

>
> L _E »
2 > - z >
\ ]

|
Ri Ri

R.is 2 times larger and o2 is 4 times larger
for this tripple-scattering path than for
corresponding single-scattering path

R. and o for linear double-scattering path should be
the same as for corresponding single-scattering path

* Isotropic expansion model: R; = R;(eq)(1 + €), where R;(eq) - corresponding distance in
reference structure (e.g., crystallographic structure, known from diffraction) and ¢ is a fitting

parameter.
» Stoichiometry: ratio of partial coordination numbers N(M-A)/N(M-B) may correspond to the ratio

of A and B atoms in the sample
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Constraints: fitting multiple data sets

e EXAFS data acquired at two (or more) absorption edges for the same sample can be fit
simultaneously to find a single structure model that agrees with all experimental information. In this
case

* R(A-B)=R(B-A)
e 0%(A-B)=0?(B-A)
e N(A-B)=N(B-A)n(B)/n(A), where n(A) and n(B) — concentrations of atoms A and B

e Temperature dependent data:
 R(T)=R(T,)(1+a(T-T,)), where R(T,) and a are fitting parameters
e 0?(T) follows Einstein or Debye model (see the next lecture)

e Concentration-dependent data:
e  R(A-B) may follow Veggard’s law

It may be a good idea to start with very constrained model with only a few

degrees of freedom.
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Additional choices

Different n values can be used for the analysis of EXAFS data y(k)k" to highlight
contributions at low or high k values.
e Simultaneous fitting of EXAFS data y(k)k" with different n values (1, 2, 3, ...) may
help to minimize the correlation between N and o? values.

Different k-ranges, used for Fourier transform and analysis, may increase or reduce the
influence of experimental noise (dominates at high k-values) and influence of
imprecisions of FEFF theory, background subtraction artifacts, multiple-scattering
effects (dominates at low k-values)



Fit quality. How to compare two fits

Goodness of fit:

exp del |\ 2
Xz _ M ax |fl _fimo ¢ |
N L &
l
N — number of points, M, .. — number of independent measurements (number in Nyquist
theorem), &; - uncertainty.

For good fit ¥ should be around 1, if random error dominates. However, in our case
systematic errors are significant and ¢; is hard to estimate. Typically y?>10.

The actual y? value is not very useful, but by comparing y? obtained in two different fits,
one can judge, which fit is better.
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Fit quality. How to compare two fits?
R-factor:

B )’

R exp |2
Sl

R factor is proportional to y?2. Fit is bad, if R is larger than a few percents (unless the data are
very noisy).

Statistical tests can be sometimes used to determine if the fit given by more complicated
model is substantially better fit

e.g., F-test or Hamilton test (see, for example, [Downward, L., Booth, C. H., Lukens, W. W., &

Bridges, F. (2006). A variation of the F-test for determining statistical relevance of particular
parameters in EXAFS fit.])
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Indications that something is wrong

* Unphysical values of non-structural parameters (S,? larger than 1 or smaller
than 0.5, E, very far from the absorption edge value).

e Unphysical values of structural parameters (R values substantially (e.g., more
than by 0.1 A) different from crystallographic values, o2 values negative or very
large (e.g., larger than 0.1 A2), N values in nanomaterial larger than that in

corresponding bulk material, ...).

e Very unstable fit — small changes in the initial values of structure parameters or
in the fitting range result in dramatic changes in the fit results.
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Thank you for your attention!
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