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Theoretical EXAFS Equation:

Single scattering path:

_ |\ISoz eff —202K? ? : [ 413 ]
Xe(K) =1 = (k)€ e sin[2kR-4Ck® +a(K)

Multiple-scattering path:

i[kz Ri++25(k)]

xo (k)= Im NS2 S g%
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Theoretical EXAFS signal:

X(K) =2 X (K)

J. Rehr, S. Zabinsky, R. Albers, PRL 69, 3397 (1992)



Data analysis:
Al Universal equation for SS and MS
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FEFF k:\/_Z(E_EO)
Same parameterization for SS and MS paths. h
— bkg+
X(K) =2 xr (k) oTR TS
r
R= Rnodel_l_AR

*Easy and transparent parameterization of
IFEFFIT package: structural models for EXAFS data fitting

*FEFF theory

*Error analysis



FEFF

FEFF6,8, 9:

Spherically symmetric potentials (muffin tin approximation)

Input: (xyz) coordinates and atomic numbers

Mean free path
Imaginary part of interstitial potential and life time
broadening

Self Energy
Metals — Hedin-Lundqvist
Insulators — Hedin-Lundqvist or Dirac-Hara
Molecules — Dirac-Hara or ground state

Multiple scattering expansion
Each photoelectron path with its f(k), o(k), A(Kk) is
saved as a file



Data analysis using
MS contributions

Remove background: ((E) 2> x(Kk).
Fourier transform data: x(k) 2 /?(r)

Pick a model

Calculate f(k), dk) and A(k): FEFF

Fit theory to data

Error analysis {x * Jx}

Information content in EXAFS is

limited

(P < N) = we need to limit the

number of variables.

Which paths are most important?
Often, collinear paths

dominate EXAFS spectrum
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Fiti. 5. Secattering amplitude fi#) for energy F=2, 8,
15,25 hartree (1 hartree=27,2 eV).
P. Lee, J. Pendry,
Phys. Rev. B 11, 2795 (1975).



Debye Waller Factors of Collinear Multiple-Scattering Paths

Notation:
A.V.Poiarkova and J.J. Rehr,
Phys. Rev. B 59, 948 (1999).
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:l C O'TZS:%<2[(Ua—ﬁc)|€\)o+2(UC_Ua)(_FA\)o)]2>

. %<[4(Ga ~0,)R,] )= 4<[(ua ~0,)R] ?) = 4[<u§x> +{u2)- 2<uaxucx>] =405,

P. Shanthakumar, M. Balasubramanian, D. Pease, A. |. Frenkel, D. Potrepka, J. Budnick,
W. A. Hines, V. Kraizman Phys. Rev. B 74, 174103 (2006).




Practical applications of MS analysis

Example 1: Rock Salt Structure

PHYSICAL REVIEW B VOLUME 48, NUMBER 17 1 NOVEMBER 1993-1

Multiple-scattering x-ray-absorption fine-structure analysis
and thermal expansion of alkali halides

A. I. Frenkel
School of Physics and Astronomy, Tel Aviv University, Ramat Aviv 69978, Israel

E. A. Stern, M. Qian, and M. Newville
Department of Physics, University of Washington, Seattle, Washington 98195
(Received 16 February 1993)

X-ray-absorption fine-structure (XAFS) data of RbBr, RbCl, and KBr at 30 K and 125 K were
measured and analyzed. An ionized-atom multiple-scattering calculation and a correlated Debye
model were used for fitting the theory used in the FEFF5 computer code to data. The modifications
of FEFF5 necessary to obtain good fits to the data are discussed. The results demonstrate the
domination of single-scattering and focusing paths in XAFS and the determination of vibrational
information through at least 10 A around the center atom. Numerical calculations were performed to
analyze the cause of the difference found between the forward-scattering amplitudes of Rb* and Br~
focusing atoms. The second and third cumulants were determined of the first and second neighbors
and were used to calculate the temperature dependence of the thermal-expansion coefficient including
quantum effects at low temperature. Agreement with macroscopic thermal-expansion measurements
was found.

TABLE VII. Path parameters of KBr (Br edge, 30 K)
xth(k) for correlated Debye model (CDM) calculation and
final fit; two left columns indicate path and half path length.
Subscripts f and v indicate whether the given value was fixed
in fitting process or allowed to vary, respectively.

Path AFEr (eV) o? (1072 A?)
Type R (A) CDM Final it CDM  Final fit
SS 3.27 2.0, 2.0 0.64 0.61,+0.05
SS 462 16, 1.6; 054 0.51,+0.05
Ss 5.66 1.6, 1.6; 0.87 0.87,:£0.05
SS 653 1.6, 1.6 056 0.57,+0.05
DS(Foc.: ¢) 6.53 1.8, 1.6y 1.15 1.2,:0.1
TS(Foc.: ¢) 653 16, 1.6y 115 1.2,+0.1
DS(Foc.: INN) 6.53 2.3, 23, 0.56 0.57,£0.05
TS(Foc.: INN) 653 1.2, 12y 0.56 0.57,0.05
Ss 730 16, 1.6; 0.85 0.85,=£0.05
SS 800 16, 1.6 0.55 0.55,:0.05
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FIG. 3. Fourier transformed Br edge XAFS functions of
KBr at 30 K: fitting of theory (correlated Debye model, solid
line) to data (dashed line) by (a) adjusting AE, overall and
(b) using AEyr for every path containing nearest neighbors;
(c) final fit of FEFF5 theory to data by varying o7.
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FIG. 5. Collinear scattering amplitude of DS focusing
paths Rb-Br-Rb (solid line) and Br-Rb-Br (dashed line).
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Example 2: i
Using MS contributions to
measure bond buckling angles ]
In random alloys

/|
A

A. Frenkel, V. Machavariani, A. Rubshtein, Y.
Rosenberg, A. Voronel, E. Stern PRB 62, 9364 (2000)

VOLUME 71, NUMBER 21 PHYSICAL REVIEW LETTERS 22 NOVEMBER 1993

Buckled Crystalline Structure of Mixed Ionic Salts

A. Frenkel,! E. A. Stern,2 A. Voronel,! M. Qian,2 and M. Newville?
School of Physics and Astronomy, Tel Aviv University, Ramat Aviv 69978, Israel
2 Department of Physics, FM-15, University of Washington, Seattle, Washington 98195
(Received 21 July 1993)

X-ray absorption fine structure (XAFS) measurements of mixed salts RbyK;...Br and
RbBryCli-y at their congruent melting points compositions reveal that their actual structure buck-
les about the NaCl average structure with an rms angular deviation from collinearity of 7°-9°.
XAFS measures the buckling directly through three-body correlations, and verifies the homogeneity
and randomness of the mixtures. The characteristic ionic sizes are found to be dependent on con-
centration, causing changes to 0.1 A in interatom bond distances. A computer simulation based on
the information from XAFS and diffraction displays the actual structure of the salts.

R (8

FIG. 3. Fit of the magnitude of the theoretical x(R)
(dashed line) to Rbq,76Ko¢.24Br, Br edge data {solid line).



PHYSICAL REVIEW B VOLUME 49, NUMBER 17 1 MAY 1994-1

Solving the structure of disordered mixed salts Obtal n | ng bOﬂd ang IeS
A. Frenkel from the MS fit:

School of Physics and Astronomy, Raymond and Beverly Sackler Faculty of Ezact Sciences, Tel Aviv University,
Ramat Aviv 69978, Israel

] E. A. Stern
Department of Physics FM-15, University of Washington, Seattle, Washington 98195

A. Voronel
School of Physics and Astronomy, Raymond and Beverly Sackler Faculty of Ezact Sciences, Tel Aviv University,
Ramat Aviv 69978, Israel

{F(k,

©)) ~ F(k,0)[1 — b(k)(62)],

M. Qian
Princeton Materials Institute, Princeton, New Jersey 08540
M. Newville
Department of Physics FM-15, University of Washington, Seattle, Washington 98195 1.75
{Received 29 December 1993) E
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FIG. 3. Schematic of photoelectron SS(1), SS(2), SS(4),
and SS(5) paths in the (100) plane of a NaCl structure to the
1NN, 2NN, 4NN, and 5NN, respectively, and DS (and its time
reversed path f)S) and TS paths to the 4NN. In all the cases
the center atom is a positive ion denoted by c¢. SS paths to

3NN and 6NN are out of the plane.



How to model XAFS data in nanoparticles?

A priori knowledge or a working hypothesis must exist
(the “zero” approximation)
otherwise: the transferability of amplitude/phase will not work!)

2) Crystal order

What information can
be obtained from
1st shell EXAFS analysis?

1) Size of the particle (via N)
2) Distances, thermal
vibration, expansion
3) Static disorder
(icosahedral?
surface tension?)

1) Hemispherical

3) Size: about 20 A
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First shell analysis is not adequate for full structural studies
of small clusters

Coordination numbers in CO, IH and TO clusters

e et
Bulk (fcc) N1 =12
11 4
7
10 -

eSSy e o
30

g : S / CO55 or TO?’8
EXAFS/’ 1 /

o OF TO225 or IH147

N1 74 / IH,
NS s —e—CO
®] / / C013 - Tol3 IH
—v—TO
AN N M
S T T T T T T |
0 100 200 300 400 500 600 700

Number of Atoms



EXAFS data analysis and modeling

Bkg removal

pt/C nanoparticlem
054

X

Kx(k), A*

00000

ﬁ Processing and visual examination of the data

Fourier Transform
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FT Magnitude, A*®
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Structural modeling
(different for homogeneous and
heterogeneous systems)

Deciding on the model and
refinement parameters

Path expansion
and FEFF
modeling
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. Fitting theoretical
FS signal to the data
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FT Magnitude, A*
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Multiple Shell Fitting Analysis
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Coordination numbers for the first 5 shells:

i | 10% PUC | 40% PUC| 60% PtC Pt foil Bulk fcc
1| 8.3(5) 10.5(5) 11.4(6) 12.6(7) 12
2| 2.3(11) 4.0(1.3) 4.7(1.7) 5.9(2.0) 6
3| 10.9(3.2) 16.8(3.5) 19(4) 23(5) 24
4| 5.5(1.4) 7.6(1.4) 8.5(1.6) 11(2) 12
5| 5.4(3.4) 10(4) 11(4) 14(5) 24




Hemispherical (111)

Size, Shape, Morphology...

Coordination number

Cluster diameter, A
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Bimetallic Pt-Ru/C

. monoatomic Pt/C nanoparticles:
nanoparticles:

C

Structure:

-Atomic packing: face center cubic.

-Cluster shape: hemispherical cuboctahedron.
-Texture: basal plane is (111)

-Composition: Core/shell or random

-Surface disorder. Surface layers relaxed inward
(surface tension)

A. Frenkel. J. Synchrotron Rad. 6, 293 (1996)
A. Frenkel, C. Hills, R. Nuzzo, J. Phys. Chem. B 105, 12689 (2001)
M. Nashner, A. Frenkel, D. Adler, J. Shapley, R. Nuzzo
J. Am. Chem. Soc. 119, 7760 (1997)
M. Nashner, A. Frenkel, D. Somerville, C. Hills, J. Shapley, R. Nuzzo.
J. Am. Chem. Soc. 120, 8093 (1998)




Summary

- Multiple scattering contributions help uncover 3D information
(size, shape, structure, morphology of nanoparticles)

- MS contributions are structural indicators
(e.g., fcc or not, large nanoparticles present or not, etc.)

- Data analysis that includes multiple scatterings and single scatterings:
Constrain the fitting variables;
Make physical sense;
Interpret the results;

Calibrate analysis on standard compounds first.



