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We present an EXAFS analysis method that is accurate and generally applicable and can be im-
plemented on a fast microcomputer within a reasonable amount of computation time. The analysis
is based on the comparison between a calculated EXAFS spectrum of a parametrized model with
the experimental spectrum and the refinement of the model parameters. The calculated EXAFS
spectrum is evaluated taking into account the curved-wave nature of the photoelectron and multiple
scattering up to and including third-order collinear scattering. Such an expansion treats accurately
all multiple-scattering contributions that contribute to the Fourier transform of the EXAFS spec-
trum up to the fourth-neighbor distance. The comparison between theory and experiment is thus
limited to this distance. In this calculation we schematically express the contributions of the vari-
ous scattering configurations 7 in the form yJ=F,(k)sin[kL, +©,(k)] and expand to lowest order
the amplitude F, and the phase ©, functions in terms of all structural and potential parameters.
This expansion is quite accurate and significantly speeds up the computation. We discuss a set of
parameters which seems to account for the limitations in the employed theory, providing a very
good fit between theory and experiment. The analysis method and the parameters have been imple-
mented successfully on a number of systems. We present here the analysis of the copper EXAFS
spectrum. The experimental data contain 20 independent experimental points; yet we obtain a very
good fit with only six parameters. The results also show the importance of both double and triple
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collinear scattering as well as the importance of noncollinear double scattering.

I. INTRODUCTION

Since its introduction as a structure analytical tool in
1971,)  extended x-ray-absorption fine structure
(EXAFS) has contributed many interesting results on the
microscopic structure of condensed-matter systems.
Many of these results could not have been obtained oth-
erwise. An important element in obtaining structural in-
formation is a reliable method for analyzing the experi-
mental results.

The conventional EXAFS data analysis method has
two important advantages. First, it is simple and it is
very inexpensive in terms of the computer time used yet
it provides useful structural information. Second, it pro-
vides structural information without the need for an a
priori structural model. It has, however, several disad-
vantages. It is based on the plane-wave EXAFS theory,
which is not adequate at low energies. The use of a stan-
dard for comparison helps but does not solve the problem
completely. In addition, it does not take into account
multiple scattering, which plays an important role at dis-
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tances beyond the first shell.

A great deal of progress has been achieved in recent
years in the theory of EXAFS. Formulations that take
into account the spherical-wave nature of the photoelec-
tron for both single and double scattering were intro-
duced by Schaich,? Lee and Pendry,3 and Ashley and
Doniach* based on the multiple-scattering expansion. A
related method based on the full solution of the multiple-
scattering problem in a cluster has been developed by
Durham et al.’ and applied, for example, by Gurman
and Pettifer® to the case of As,0;. The main problem
with these formulations is that they are quite involved
computationally since they take into account multiple-
scattering events to all orders within a given shell, and
thus their application is not yet practical in routine ex-
perimental analysis. Theoretical and experimental
work>”8 showed that multiple-scattering effects, even
near the edge, are weak enough, so that an expansion in
the order of the multiple scattering will be useful.
Vvedensky et al.’ extended the previous work of Pendry
and co-workers so as to isolate the various multiple-
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scattering contributions.

A simpler formulation that took spherical-wave effects
into account exactly in single scattering was introduced
by Miiller and Schaich.'© The concept of an effective
scattering amplitude analogous to the plane-wave scatter-
ing amplitude was introduced by Rehr et al.!! and was
extended to treat multiple-scattering events. This formu-
lation is fast enough to be used routinely in the experi-
mental analysis of the first few shells. This formulation
implemented for the case of powder sample measure-
ments was compared with band-structure calculations in
the case of Cu.!?

Independently, Gurman et al.'’ introduced a fast exact
formulation for single and multiple scattering that in-
cludes up to triple-scattering events, applicable to powder
sample measurements. They showed the applicability of
this formulation analyzing the first two shells of Co(CO),.
In their method they used the Mattheiss prescription'*
for the construction of the muffin-tin potential and an X«
approximation for the exchange potential. More recent-
ly, Gurman'® formulated a multiple-scattering approach
based on the small-atom approximation that speeds up
the multiple-scattering calculation. Our programs are
based on the formulations of both Rehr et al.!? and Gur-
man et al.!?

These theoretical developments facilitated a new kind
of EXAFS data analysis. Harris, Hukins, and Hasnain,'®
at Daresbury Laboratory, developed an analysis system
that operates in the following way. A structural model
with several structural parameters is assumed. The
theoretical EXAFS spectrum for this structure is calcu-
lated taking into account the spherical nature of the wave
function as well as multiple-scattering contributions. The
atomic potentials involved in the calculation are also
parametrized. The calculated spectrum is compared to
the experimental results and the parameters are varied so
as to minimize the sum of squares of the differences be-
tween the two. One usually uses a reference material
with a known structure in order to obtain information on
the relevant atomic potential parameters.

The main difficulty in this scheme is that it requires a
lot of computer time even in moderately fast computers
such as the Digital Equipment Corporation VAX. The
reason is that it is necessary to calculate the EXAFS
spectrum a large number of times in the process of fitting
the theory with experiment. Our method speeds up this
process by more than an order of magnitude as discussed
below Eq. (1).

The theoretical approach adopted here has a number
of other advantages over other methods for calculation of
XAFS. Our method is based on the general multiple-
scattering theory of XAFS, and focuses on those contri-
butions to XAFS from relatively short distance single-
and multiple-scattering paths. In practice we include
multiple scattering up to third order, which corresponds
to distances typically up to fourth neighbors. There are
only a small number of such terms, and each of them is
treated either exactly or to high accuracy by current
curved-wave scattering theory.

The Daresbury EXCURVE program also includes
multiple scattering only up to triple-scattering paths but
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it does not separate the various contributions like our
procedure does. The molecular potential in our pro-
cedure is treated crudely by ground-state standards, but
is probably adequate for EXAFS studies. Like EXCURVE,
our program also uses an Xa exchange potential with an
adjustable parameter to compensate for the lack of ener-
gy dependence in the exchange. In the future these draw-
backs can be remedied by incorporating a more-accurate
overlapped-atom potential and a modern energy-
dependent exchange-correlation potential. However,
these refinements will not change the overall scope of this
work.

In a Fourier transform of the XAFS spectra, our
multiple-scattering expansion is able to completely
represent the data up to fourth-nearest-neighbor dis-
tances. The advantage of separating out each multiple-
scattering path is that one can determine different param-
eters for each path when appropriate. For example, the
first neighbor is expected to have a different Debye-
Waller factor from more-distant neighbors, and this can
be incorporated in our procedure. Similarly, for
multiple-scattering paths a different Debye-Waller factor
is likely to be important. We also allow the mean-free-
path parameter to vary with path to compensate for the
lack of an energy-dependent imaginary self-energy in the
theory. This separation of paths also makes it possible to
determine which paths contribute most significantly to
the XAFS data for a given structural distortion, so that
one can obtain a qualitative interpretation of various
features in the data. This permits one to “trouble shoot”
and isolate particular paths that may have peculiar con-
tributions. By contrast, other methods (e.g., band struc-
ture and cluster) that rely on exact diagonalizations im-
plicitly include multiple-scattering paths to all orders,
with a crude approximation for Debye-Waller and inelas-
tic effects. However, as the computation time increases
quite rapidly with energy, such methods are essentially
limited to the near-edge region.

In our procedure, we express the EXAFS spectrum as
a sum of different multiple-scattering contributions.
Each such contribution can be expressed in the form

X, (k)=xg(k)exp(—L, /A, —2k’*02)
and
X§=F,(k)sin[kL,+©,(k)] . (n

Here mn represents different single- or multiple-
scattering paths, and L, is the total path length. Fand ©
are the amplitude and phase which depend on k, on the
specifics of the scattering path involved, and on the atom-
ic potential parameters.

To overcome the need to recalculate the entire EXAFS
spectrum every time the fitting routine requires it, we
would like to expand y in terms of the various structural
and atomic parameters. However, even if the range of
structural variation is small (of the order of 10% of the
distances), Eq. (1) cannot be linearly expanded in the
structural parameters because of the large kL, term. On
the other hand, for k >3 A, F, and ©, are slowly varying
functions of the structural and potential parameters and
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can therefore be linearly expanded. The validity of this
linear expansion was checked and the deviation from
linearity in the range that the parameters may vary was
found to be negligible. The one exception is double and
triple scattering, where two atoms are collinear with the
center atom, or almost so (focusing or shadowing). In
that case, the expansion is second order in the angle devi-
ation from collinearity. Thus we create a table of all the
relevant amplitudes and phases and their first derivatives
with respect to all the interatomic distances, angles, and
potential parameters. This table can then be used to cal-
culate F, and ©, for various parameter values. This
eliminates the need to calculate the EXAFS spectra every
time it is needed in the process of refining the parameters.

As discussed below, the theoretical calculation of
EXAFS still suffers from a number of limitations. The
parameters we introduce to correct for these flaws are
different from the ones used by Harris et al.'® These pa-
rameters will be discussed in some detail in this paper.

The aspect that permits a tractable multiple-scattering
expansion is the connection between L, and the order of
the multiple scattering. When the x,(k) of a particular
scattering path is Fourier transformed by e?* into r
space, it contributes at an approximate L, /2 shifted by
~0.5 A due to the k dependence of ©,,. If one limits the
r-space region fit to be r <R, then the maximum order
to the multiple scattering that can contribute to the re-
sults is n =(2R,/d — 1), where d is the nearest-neighbor
distance between atoms in the material.'®* For example,
for the first neighbor where r=d, n=1, only single
scattering contributes. In the case discussed in this pa-
per, we fit up to a distance R, where it is necessary to in-
clude scattering only up to third order.

In the next section, we discuss the method we used for
calculating the EXAFS contributions, namely, the calcu-
lation of F, and ©,. In Sec. III we discuss briefly the
structure of the fit programs. We also discuss the limita-
tions of the theory and the parameters used in order to
correct for them. In Sec. IV we present the analysis of
the EXAFS of copper as an example. A summary of the
analysis method will be presented in Sec. V.

II. CALCULATION OF THE EXAFS SPECTRUM

The calculation of the EXAFS spectra involves three
main steps. First we calculate the muffin-tin potential us-
ing the atomic code written by Descleaux.!® Then we use
this muffin-tin potential to calculate the scattering phase
shifts. Finally, the phase shifts are used in the evaluation
of the EXAFS absorption formulas, which take into ac-
count the spherical-wave nature of the final photoelec-
tron state. The EXAFS formulas used are applicable for
measurements carried out in polycrystalline or amor-
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phous samples, where one can consider an average of the
polarization direction of the photon beam.

In the calculation of the muffin-tin potential, we take
as a starting point a self-consistent solution of the Dirac
equation for the atom or ion of interest. In the case of
the absorbing atom, we include a hole in the core state.
This choice of configuration corresponds to a final state
in between the screened and unscreened states described
by Lee and Beni.”° The exchange-correlation potential in
this atomic calculation is approximated by the Xa poten-
tial, a form similar to that used in band-structure calcula-
tions of ground-state properties. The charge density ob-
tained in this way is truncated at the Wigner-Seitz radius
as a uniform charge density. Given this charge density, a
muffin-tin potential is obtained. For the case of Cu, there
are only small differences in the calculated EXAFS spec-
trum using this prescription?! to calculate the muffin-tin
potential instead of the more-exact self-consistent poten-
tial or a potential built using Mattheiss’s'* prescription.
However, in the case of molecules or solids containing
atoms of low coordination numbers, the use of a self-
consistent potential is important in order to obtain a
phase factor in EXAFS that allows an accurate estima-
tion of interatomic distances.?? The use of the Xa poten-
tial is also known to introduce errors in the phase factor
of calculated EXAFS.? In order to eliminate these er-
rors, it is necessary to use a complex, energy-dependent
potentlal as discussed by Lee and Beni?® and Teo and
Lee.® We are currently modifying our set of programs to
include such a potential.

The phase shifts for each atom in the system are evalu-
ated using the calculated muffin-tin potential and a zero
potential in the interstitial region. Specifically, we in-
tegrate the Dirac equation up to the muffin-tin radius and
match this solution and its derivative to free spherical
waves at the muffin-tin radius. At this stage of the calcu-
lation of the phase shifts, we ignore relativistic correc-
tions due to the spin of the electron, using the same po-
tential for all electrons independent of their spins.

Single-scattering contributions are calculated exactly
within a single-particle curved-wave theory using the for-
mulation of Rehr et al.,®

WE)=—3 —F—
Xo >INTY

1
1

sin(2kR, +28:+®) . (2)

R; denotes the vector from the central atom to atom i,
E =#w—E, is the energy of the photoelectron, fiw is the
photon energy, E is the energy of the core level below
the Fermi energy, k =V2mE /# is the photoelectron
wave number, 8f is the / =1 central atom phase shift, and
f(m,R;) is a distance-dependent effective scattering am-
plitude given by

(I +1)cf, (kR +Icf_(kR;)

R)=|F(mR)e®=(1/K)3 (—
1

21+1 ’
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where ¢, is the polynomial part of the spherical Hankel
functions, i.e., h;(x)=i "!(e™/x)c,(x), and t/ denotes the
! component in an angular-momentum basis of the
scattering matrix of atom i. Equation (1) has the same
form as the plane-wave EXAFS formula, however,
the ordinary backscattering amplitude f(m)=(1/
k)3, (—1) 21+1)t; has been replaced by the effective
scattering amplitude f(7,R ), which takes into account
the spherical-wave effects. The particular form of
f(m,R) that we use is applicable to measurements in
polycrystalline samples or amorphous materials, where
the polarization direction of the photon beam is averaged
over all crystalline axes, but cannot be used for measure-
ments in single-crystal samples done with polarized x

J
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rays. As discussed in Sec. I, inelastic effects are intro-
duced by the mean free path A and lattice vibrations
through the use of a Debye-Waller factor exp(—2k20?).
These are used as parameters to be determined by the fit.

As in the single-scattering case, double scattering con-
tributions are calculated exactly within a single-particle
framework. In this case we use expressions obtained by
Gurman et al.!’

2

(2)( )=

Xo (E) 20, +1 RemE Zipmpidymg @
,

where [, and m, denote the orbital and magnetic quan-

tum number of the final photoelectron state, respectively,

and
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Here, Y,,(R) is a spherical harmonic,? (6‘ :)2 (1,3) G, (R)=47Y, (R)Y,(R) =g (p), (7)
P

denotes a Clebsh-Gordan coefficient as defined by Brink
and Satchler,” W(l,,l,,15,1,;1,I') is a 6j symbol as
defined by Brink and Satchler.”* The sums over /, and A,
are restricted by the condition that both the Clebsch-
Gordan coefficients and 6j symbols do not vanish.

Even with the use of the fast formulation of Gurman
et al.!’ the calculation of the double-scattering contribu-
tion was already the main computational bottleneck in
our full EXAFS calculation. Thus, an exact calculation
of the triple-scattering contributions was considered im-
practical under the given circumstances. Instead, we
used the asymptotic theory for multiple scattering
developed by Rehr et al.!! We started with the expres-
sion for EXAFS in terms of the single-particle free propa-
gator:

2i8f 2
20, +1

x X

m Ly, Ly, Ly

X$NE)=—1Im |e
GLle(Rl)tlllGLle(RZ_RI)
X[[zzGLjL‘(R3—R2)

x:liGL}Lj( —-R;) |, (6)

where L =(I,m), G, .(R;) denotes the free-particle prop-
agator in an angular-momentum basis (r|L,R)

=(—i)lj,(k|r—R), and j,(x) is a spherical Bessel func-
tion. The propagator is approximated by

with p=kR, and

(0)

LA4(L)
gir 1+ 2

2p

lei[ﬁ+<L'>3]/2pJ0(Lz(£,)z/pz) )
(8)

Here, £L2=1(I +1) and J,, is the Bessel function of order
0. The accuracy of this approximation has been docu-
mented by Rehr et al.!' For scattering paths along a
straight line it is found to be exact, while for angles up to
20° it produces errors of less than 10% in the amplitude
and 0.15 rad in the phase when compared with the exact
calculation. This point is important since, as pointed
out,® ! one expects shadowing and low-angle contribu-
tions to be important contributions in the EXAFS spec-
trum arising from shells above the second one. As was
the case in the single-scattering contribution [Eq. (2)],
Egs. (4) and (6) are valid only for measurements in poly-
crystalline or amorphous samples. The amplitude and
phase functions, as defined in Eq. (1), can be obtained for
the double- and triple-scattering contributions by divid-
ing the corresponding complex expressions for x, [Egs.
(4) and (6)] by exp(ikL, ). The amplitude and the phase
functions are the k-dependent absolute value and phase
of this ratio.

III. THE FITTING OF THEORY AND EXPERIMENT

The process of analyzing the data is as follows. We
first define an idealized structure, one which we believe is
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close enough to the real structure in order to be able to
use the linear expansion of the amplitude and phase func-
tions. For this structure we calculate F, and O, as a
function of k, as well as their first derivatives with respect
to all atomic parameters that we may want to vary, and
with respect to the structural parameters of the scattering
configurations involved. The scattering-configuration
structural parameters are the distances and bond angles
among the atoms involved. The validity of the linear ex-
pansion of F, and ©, with respect to the structural pa-
rameters was checked by directly calculating the func-
tions for three values of each parameter. The parameter
values were chosen so that they would differ from each
other by quantities that are characteristic of the varia-
tions that are likely to be found in the refinement process.
Namely, 0.1 A for the distances and 0.05 rad for the bond
angles. The deviations from linearity were found to be
about 1% in the amplitudes and about 0.05 rad in the
phase. These deviations are completely negligible.

The amplitude and phase functions and their deriva-
tives are used by the fitting routine and are sufficient in
order to calculate the EXAFS spectrum, given the atomic
parameters and the scattering-configuration structural
parameters of all the configurations involved. We now
define a set of parametrized distortions, which we assume
can transform our idealized structure into the correct
structure of the system under investigation. Such distor-
tions may include, for example, a change in one or more
of the unit-cell dimensions, a displacement of a certain
atom or atoms in a prespecified direction, etc. Each dis-
tortion may effect the structural parameters of one or
more of the scattering configurations. We therefore sup-
ply the fitting routine with a second table. This table
contains the derivatives of the scattering-configuration
structural parameters of all the scattering configurations
(interatomic distances and bond angles), with respect to
all the structural distortion parameters. This is done by a
general program for any structural model with any set of
structural distortion parameters.

The fitting procedure is now quite simple. The two
tables are used in a subroutine to calculate the EXAFS
spectrum for any set of structural distortions and atomic
parameters. This subroutine is part of the least-squares-
fit program, which refines the parameters. Notice that
changing the model (for example displacing the probe
atom in the [100] direction instead of the [111] direction)
requires a change in the second table but not in the first.
Since the main computer-time investment needed is for
calculating the first table, such a change requires relative-
ly little time. Once the table of the F, and ©, and their
first derivatives have been evaluated, the time required to
fit theory and experiment is about 1 h on a fast micro-
computer.

The fit itself can be performed in several ways. It is
possible to fit the EXAFS spectrum itself, its Fourier
transform, or both. In principle one would obtain exactly
the same results if the fit is performed to the original
spectrum or to its Fourier transform (but not to the abso-
lute value of the transform). To obtain a meaningful fit,
it is necessary to limit the fitting range in both k and r
spaces for the following reasons. At small k values the
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theory is quite unreliable. At large k’s the signal-to-noise
ratio becomes poor. In the Fourier-transformed spectra
the data at small distances are very unreliable because
they depend on the background subtraction. In addition,
since we limit our theory to a given total path length (to
avoid multiple scattering of higher order than collinear
third order), we must also limit the fitting range in r
space to half this distance. The two ranges in k and r
spaces actually define the number of truly independent
experimental points:*

Nep=2Ak Ar /7 . (9)

Thus, we adopted the following fit procedure. We define
the range in k in which the results are useful. The data in
this range are Fourier transformed and the fit is per-
formed over the useful range in r space only.

As pointed out in Sec. II, the presently available theory
has a number of flaws. In order to obtain a good fit with
experiment, we introduce a number of parameters that
are refined together with the structural parameters. The
Xa potential that we use is real. Consequently, the loss
in the phase of the photoelectron is not accounted for.
We therefore introduce the mean free path as a parame-
ter in Eq. (1). The energy dependence of the exchange
correlation potential is neglected. This leads to a k-
independent error in the phase, which is corrected by as-
suming a k-independent phase correction as a parameter.
The differences between the zeros of the ionic potential
functions and the Fermi level are not known. In addi-
tion, the scattering potential of each ion depends on its
precise ionic state, which in turn depends on the rest of
the system. Even a small error of 0.1 electrons in the ion-
ic state leads to large errors in the phase. It turns out
that the error introduced by both uncertainties is a phase
change that is approximately inversely proportional to k.
The proportionality constants for each of the different
ions are therefore used as fit parameters.

The data-analysis system and the parameters we intro-
duce to account for the flaws in the theory have been
found to work very well in all six systems we have ana-
lyzed so far. We shall present in the next section one ex-
ample. The analysis of the other systems will be pub-
lished elsewhere.

IV. ANALYSIS OF THE COPPER EXAFS DATA

We chose to test our data-analysis method on the
EXAFS of copper. The test had two purposes. First, to
see if in a system with a known structure the theoretical
EXAFS results can be made to agree with the experi-
ment. A successful fit would indicate that the parameters
we chose in Sec. III are indeed sufficient in order to
correct for the flaws in the theory. Second, we wanted to
investigate the importance of multiple-scattering contri-
butions, namely the relative magnitudes of the single-, the
noncollinear double-, and the collinear double- and
triple-scattering contributions. The EXAFS spectrum of
copper after removing the background is shown in Fig. 1.
The data were measured using our laboratory EXAFS
system in Jerusalem.?® The parameters which were used
in the fitting procedure were as follows.
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FIG. 1. The EXAFS spectrum of copper as a function of en-
ergy after removing the background.

(a) The atomic potential parameters, the muffin-tin ra-
dius 7y, and the charge density exponent a were taken
from tables and are equal to 1.48 A and 0.707, respective-
ly. Varying these parameters even over a relatively wide
range did not improve the fit significantly. Thus in our
final analysis these parameters were not allowed to vary.

(b) The many-body correction parameter?’ S2 was also
taken from tables. For a given number of atoms in a shell
the parameters that affect the EXAFS intensity are S?,
the mean free path A, and the Debye-Waller factor
exp(—2k?a?). It turns out that if the k range is limited,
a small change of one of these parameters can be easily
compensated for by the others, so that the fit quality is
essentially undamaged. We therefore took the value of
S? from a table as 0.7 and did not allow it to change. The
other two parameters were allowed to change.

(c) The energy E, needed to excite the electron from
the inner shell to the Fermi level is not known theoreti-
cally. Thus, it is necessary to vary this parameter within
the fitting program. This is achieved by providing the
fitting program with the experimental EXAFS spectrum
as a function of energy and converting it into a function
of the photoelectron wave number within the fit routine
with a variable E,.

(d) The k-independent phase shift 6 discussed in Sec.
III was also allowed to vary. On the other hand, the
phase shifts which are proportional to k ~' were not
needed in this case. The reason is that this system has
only one type of atom, Cu, and changing E, within a
small range is equivalent to changing a phase proportion-
alto k!

In conclusion, the parameters that were allowed to
vary are E,, 6, A, and one mean-squared displacement o>
for each of the first three shells. The mean-squared dis-
placement of the fourth was taken equal to that of the
third.

As mentioned before, the actual fitting of theory and
experiment was done in r space. In transforming the
spectrum from k space to r space, we multiply both
theoretical and experimental spectra by a function that
tends to increase the spectrum at large k so as to obtain a
better separation of the shells in r space. In addition, we
round off the edges of the spectrum to avoid ringing. It
should be emphasized that since all we are concerned
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with here is obtaining a fit between theory and experi-
ment over a broad range in both k and r, the separation
of the shells is much less critical than in the ordinary
data analysis. We can therefore afford to multiply the
spectrum by kY, where v is small, about 1, so as not to
give the high k part of the spectrum too large a weight, in
view of the fact that the signal-to-noise ratio in this range
is not as good as at small k.

We found that it is easier to fit the first shell first, be-
cause it is well separated from the others. This provides
the values for E,, 6, A, and o2. To fit the other three
shells, all that was necessary was to introduce the other
two mean-squared displacements o and 2. In fitting all
the parameters the first four changed relatively little from
the values obtained by fitting to the first shell. The best
fit was obtained with the following values: E, is 3 eV
below the midpoint of the main rise at the absorptlon
cdge 6=—1.19 rad; A=5.7 A; al 571073 A%
02=6.1X1073 A% 53=11.6X10"3 A2 It should be
emphasized that E, and 0 are varied in order to account
for flaws in the theory. Thus their fit values are at
present not physically significant. The mean free path A
and the mean-squared displacements o? are significant,
but should be treated with caution. Their values can be
compared with the experlmentally27 derlved ones of
A 7.4 A, o%—7 7x107% A2, 63=10.6 X103 A2, and

=9.87X107 A2

The fit results can be seen in Figs. 2—4. Figures 2 and
3 show the fit of the Fourier transform and its absolute
value, respectively. The vertical lines represent the range
in which the fit was performed. Notice that in this range
the fit is good except for a small range near 3.6 A in the
imaginary part and near 3.8 A in the real part. These
discrepancies show up in Fig. 3—the absolute value of the
Fourier transform—at the minimum near 3.6 A. Com-
paring the discrepancies with the noise as seen at large
distances suggests that the misfits are within the noise
level. In Fig. 4 the experimental curve is the back
Fourier transform of the spectrum in the fitting range.
Comparison of theory and experiment shows only small
misfits. This fit was performed over a range of 8.5 A~
in Ak and 3.8 A in Ar. According to Eq. (9) this corre-
sponds to 20 independent experimental points, which is
much larger than the six variable parameters allowed to
vary in the fit.

We now compare the various multiple-scattering con-
tributions. Figure 5 shows a comparison among the
different contributions to the EXAFS from single scatter-
ing, noncollinear double scattering, and collinear double
and triple scattering. Indeed, as expected, only single-
scattering contributions are important for the first shell.
But, in the region of higher shells the multiple-scattering
contributions are very important. This can also be seen
clearly in the comparison of the absolute values of these
contributions shown in Fig. 6. In particular, the noncol-
linear double scattering is important above 3 A as pre-
dicted in Ref. 18. This is important to note, since it is
common practice to neglect this contribution. In Fig. 7
we show a comparison of the single-, double-, and triple-
scattering contributions involving the center atom and
two additional Cu atoms along the face diagonal. Notice
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FIG. 2. The real (right) and imaginary (left) parts of the
Fourier transform of the EXAFS spectra of copper. The verti-
cal lines show the fitting range.
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FIG. 3. The absolute value of the Fourier transform of the
EXAFS spectrum of copper. Experimental, solid line; theoreti-
cal, dashed line. The vertical lines show the fitting range.
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FIG. 4. The EXAFS spectra of copper as a function of the
photoelectron wave number. The experimental spectrum has
been filtered to contain only the part between the vertical lines
in Fig. 3.
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FIG. 5. The theoretical contributions of different scattering
configurations of the photoelectron to the EXAFS of copper:
(a) real part, (b) imaginary part. Experimental, solid line; single
scattering, dashed line; noncollinear double scattering, dash-
dotted line; collinear double and triple scattering, dash-double-
dotted line.

that both double- and triple-scattering contributions are
much larger than the single-scattering contribution. This
is typical when the atoms are collinear, as has been well
documented previously, both experimentally’®?° and
theoretica]ly.3 However, the enhancement of the multi-
ple scattering over simple scattering is not as large as the
plane-wave approximation estimates.’° The curved-wave
calculation as utilized here does account correctly for the
enhancement, in agreement with previous work.?!3?
Since the noncollinear double-scattering contribution is
usually ignored, it is useful to discuss why it is important
here. The noncollinear double-scattering contribution of
a single path is indeed small, but due to the large multi-
plicity of these paths their total contribution is about as
large as the single-scattering contributions from the
second and third shells. In agreement with a previous es-

Intensity (arb. units)

Distance (A)

FIG. 6. Absolute values of the Fourier transform of the vari-
ous multiple-scattering contributions to the EXAFS spectrum
of copper. Experimental, solid line; single scattering, dash line;
noncollinear double scattering, dashed-dotted line; collinear
double and triple scattering, dotted line.
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FIG. 7. Comparison among the various components of the
real (right) and the imaginary (left) parts of the Fourier trans-
form of the fourth shell and the noncollinear scattering contri-
butions. (1), Total fourth-shell contribution including single-,
double-, and triple-scattering contributions; (2), fourth-shell sin-
gle scattering; (3), fourth-shell collinear double scattering; (4),
fourth-shell collinear triple scattering; (5), total double noncol-
linear scattering.

timate,'® the main noncollinear double-scattering contri-
bution arises from paths that are equivalent to the path
involving the center atom and the atoms at [110] and
[121]. There are 48 such paths and their total contribu-
tion is also shown in Fig. 7. The large size of this contri-
bution is a result of the fact that the bond angle in this
configuration is only 60°, deviating significantly from 90°.
In fact, it was pointed out previously®'® that if the bond
angle ¢ is 90°, the multiple-scattering contribution will be
essentially zero because of a cos¢ dependence in the
multiple-scattering contribution for K-shell excitations.

V. SUMMARY AND CONCLUSIONS

The EXAFS data analysis method described here has
several important advantages. The theoretical calcula-
tion of the EXAFS spectrum takes into account the
curved-wave nature of the wave function and calculates
exactly both single- and double-scattering contributions
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within the limitations of the calculated Xa potential.
The triple scattering is evaluated using the Rehr et al.!!
approximation, which is exact for collinear scattering and
deviates only a little from the right value at close to col-
linear scattering conditions. The theoretical calculations
have limitations, however, and to compensate for these
limitations we use a number of variable parameters that
are refined together with the structural parameters of in-
terest in order to obtain a good fit with experiment. This
combination can accurately represent the experimental
spectra up to fourth-neighbor distances. The test case
discussed here, as well as five other systems that were an-
alyzed using this method, shows that the parameters we
chose are adequate in order to compensate for the flaws
of the theory and render a very good fit with experiment.
These systems, which belong to the perovskite family, are
KTaOj;, NaTaO;, KTaO;:Nb, ReO;, and the high-T, su-
perconducting material YBa,Cu;0,. The results will be
discussed in detail elsewhere.

The fitting method presented here has several advan-
tages. The amplitude and phase functions of each
configuration and their derivatives are calculated only
once. This eliminates the need to calculate them many
times within the fitting process. Moreover, they can be
used for various structures that differ slightly from each
other. Thus, EXAFS data, measured at different temper-
atures or at different structural phases, can be analyzed
using the same amplitude and phase functions. The
analysis is carried out in the distance representation,
which allows us to limit the order of the multiple scatter-
ing that affects the results.

The analysis of the Cu EXAFS spectrum clearly shows
that, above the first shell, multiple-scattering contribu-
tions cannot be neglected and may in certain cases even
be dominant. As is well known, collinear double and tri-
ple scattering are as large as or even larger than the cor-
responding single-scattering contributions. However,
even noncollinear double scattering is found to be as
large as some single-scattering contributions. The main
noncollinear contributions are due to configurations with
a large number of equivalent paths and a bond angle
significantly smaller than 90°.

In conclusion, we present evidence that the EXAFS
analysis method presented here is quite generally applic-
able and can be relatively easily implemented using a fast
microcomputer. We believe that the introduction of this
or similar analysis methods will result in an important
improvement in the quality of the information obtained
from EXAFS.
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