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Systematic deviations between theoretical and experimental EXAFS functions:
Possible evidence of interstitial scattering outside the muffin-tin radius
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Extended x-ray absorption fine structure~EXAFS! analysis utilizing theoretical standards generated by the
FEFF6 andFEFF7 codes often suffers from small systematic deviations on the high-r side of the first neighbor
peak in the Fourier transform. Similar deviations may also occur for other codes that are based on nonself-
consistent muffin-tin potentials. These deviations substantially decrease the goodness of fit, and in more
complex crystal systems which have more than one peak in the first neighbor shell, may change the resulting
fit parameters significantly. We have carefully investigated four simple systems: Ag, Au, Pb, and RbBr, each of
which has only one bond length in the first neighbor shell. Fits using theoretical functions show deviations on
the high-r side of the peak; ink-space, the problem is associated with structure in the effective backscattering
amplitude functionF(k), calculated byFEFF, particularly in the low-k region below 8 Å21. We compare the
fits obtained usingFEFF functions and experimentally determined EXAFS standards. The deviations on the
high-r side of the first peak are important for an accurate analysis of complex materials with several closely
spaced neighbors or systems with distorted local environments, because such differences may be mistaken for
additional or displaced neighbors. This is illustrated by fitting the first Ag-Ag shell for Ag metal to a sum of
two peaks. A good fit can be achieved, but yields the unphysical result that a few long Ag-Ag bonds at 3.15 Å
exist. Models to date are based on the spherical muffin-tin approximation which ignore the nonsphericity of the
true potential about each atom and treat the interstitial region as a constant potential outside the muffin-tin
radii. To crudely include some anisotropy we have used H atoms at interstitial sites as a surrogate for scattering
in the interstitial region and show that an additional peak occurs at exactly the region inr-space where the
deviation betweenFEFF and experimental data is largest for Ag.

DOI: 10.1103/PhysRevB.64.214108 PACS number~s!: 61.10.Ht, 32.30.Rj
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I. INTRODUCTION

Over the past twenty years, the extended x-ray absorp
fine structure~EXAFS! technique has become an increa
ingly powerful method of analyzing local structure in a wid
variety of materials.1,2 The oscillations in x-ray absorptio
which result from interference between the outgoing pho
electron wave from the absorbing atom and backscatte
waves from surrounding atoms can be analyzed to ext
information about number of neighboring atoms, their d
tance from the absorber, amplitudes of thermal vibration,
anharmonicity in atomic bonds. Because EXAFS is direc
connected in this manner with local structure, it has beco
widely used to study dilute and amorphous systems~liquids,
suspensions, nanocrystals, proteins, coordination num
and valence of dilute toxins in soil and water samples! that
cannot be easily examined through alternate experime
techniques.

Analysis is typically undertaken by performing a lea
squares fit between data and any number of EXAFS at
pair standards, which may be either experimentally deri
or theoretically generated. Parameters expressing numb
neighbors, atom-pair distances, pair distribution width, a
anharmonicity are varied to achieve reasonable fits, and
0163-1829/2001/64~21!/214108~11!/$20.00 64 2141
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termine the local structure around the absorber. The go
ness of fit and accuracy of structural parameters is thus
pendent on the quality of the standards used in fitti
Experimentally determined standards can be derived fr
EXAFS data taken at low temperatures using model co
pounds which have simple, well-characterized structu
Such model compounds, however, are not always availa
Theoretical standards can be easily generated with an
AFS simulation code such asFEFF ~Ref. 3! ~FEFF6.01a was
used in much of this study;FEFF 7.02 calculations yielded
similar results in several tests! for any cluster of atoms at a
given temperature, and are thus far easier to obtain than
perimental ones. Indeed,FEFFis very widely used in EXAFS
analysis and has been shown to provide excellent agreem
with experimental data.4 As this study will show, however
there persist some systematic deviations inFEFF-generated
standards that can significantly worsen the quality of fits, a
produce small but sometimes significant errors in extrac
fit parameters. We expect that similar deviations exist
other theoretical codes that are based on nonself-consi
muffin-tin potentials, but have not verified this possibility.

Only simple materials with well-characterized cryst
structures were utilized in the study: Ag, Au, and Pb foi
and a powdered sample of RbBr. The original motivation
©2001 The American Physical Society08-1
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analysis of such simple compounds was to attempt to ext
information aboutU(r 2r 0), the atom-pair potential for the
nearest neighbor~s!.5 It was found that both fit quality and
extracted potential parameters were highly sensitive to
range inr-space over which the data were fit, with the be
and most consistent fits for the potential model being th
carried out over a very wide range inr-space using experi
mental standards for the first peak. These materials all ha
well-separated first neighbor shell with only a single bon
length, and were therefore excellent candidates for suc
study. Despite excellent separation of transformed peak
problem was encountered when the fit range was exten
even a small distance beyond the half height point of the
peak on the high-r side if FEFF functions were used; the
quality of fit proved to worsen very rapidly.

Deviations betweenFEFFstandards and the data are fou
to systematically occur on the high-r side of the Fourier
transformed peak for all samples studied, and therefore
quire that fits be conducted over a shorterr-range than would
otherwise be desired to obtain a good fit. Inclusion of t
high-r region always decreases the goodness of fit param
when usingFEFF functions, often by a factor.4, and can
sometimes lead to significant errors in fit parameters w
there is more than one peak in the first shell. Analysis sho
that these discrepancies are mainly related to apparent e
in the calculated amplitude function for the backscatte
wave as a result of the assumptions used inFEFF ~and other
similar multiple scattering codes!; they occur primarily in the
low to mid-k region, below 8 Å21. One possibility is that as
a result of using muffin-tin potentials~with a spherical po-
tential used for each atom out to the muffin-tin radius!, the
FEFFcalculation does not take into account the anisotropy
the real potential~particularly near the muffin-tin radius! or
variations of the potential in the interstitial regions. The d
ference between the muffin-tin potential and a more reali
potential will include nonspherical atom effects and a va
ing interstitial potential. We crudely model the scatteri
from this difference potential by placing H or other atoms
an interstitial site to produce additional scattering from
interstitial region. Our simulations suggest that such sca
ing may explain the discrepancies between theFEFF calcula-
tions and the experimental data. However, we cannot rule
the possibility that other approximations made in theFEFF

calculations produce these discrepancies.
Section II describes the experimental setup and data

quisition, Section III outlines the methods of data extract
and analysis undertaken to obtain the EXAFS functions p
sented, while Sec. IV presents the results for the extra
parameters and the goodness of fit. Section V provide
discussion and comparison of these results.

II. SAMPLES AND EXPERIMENTAL METHODS

All data presented here were collected at station 9.2 at
Daresbury Synchrotron source in Daresbury, England, u
a monochromator with Si~220! crystals. Measurements wer
carried out in a He cryostat with mylar windows installed
either side to allow x-ray transmission through the enclo
sample. Gas ionization detectors on either side of the
21410
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ostat were used to collect absorption data. Temperat
down to 15 K were attainable for data measurement, with
samples covered by thin Al foil in contact with the co
finger to ensure temperature uniformity across the sam
The energy resolution varies from 2–4 eV as shown in Ta
I, depending on the x-ray energy and the vertical height
the beam.

Gold, silver, and lead foils were examined, as was
sample of RbBr, which was prepared by brushing a fine po
der onto scotch tape. The RbBr EXAFS sample consiste
four such double layers of tape to give a thickness of
proximately one absorption length. The foils used ha
thicknesses of 1–3 absorption lengths.

III. BACKGROUND SUBTRACTION AND DATA
ANALYSIS

A. Data reduction

In order to extract the EXAFS oscillations from the a
sorption curve, a smooth curve consisting of several cu
splines is fit to the data such that it roughly intersects
midpoint of each oscillation. Since the ‘‘free-atom’’ absor
tion is unknown, there is some ambiguity in selecting
appropriate smooth background function, but care is take
avoid removing EXAFS oscillations during this remov
process.4,6 We assume to this end that this background fu
tion m0(E) is smooth, and that the average value ofx(k)
over most of its transformed range is zero. The spline
typically begins at an energy 15–30 eV aboveE0, the edge
energy at half height. This background function is then s
tracted and used to normalize the data via the relation

x~E!5
m~E!2m0~E!

m0~E!
,

wherem0(E), the ‘‘embedded atom’’ absorption,7 is the part
of m(E) without EXAFS oscillations. Setting the momentu
of the ejected photoelectron to zero atE0, the wave number
can be expressed as

k5A2m

\2
~E2E0!. ~1!

This is used to convertx(E) to x(k). For the case ofNi
identical atoms at a given distancer i from the absorbing
atom,x i can then be expressed as a sum of terms of the f

x i~k!5Ae22Dr i /l ie22k2s i
2
sin@2k~r 0i

1Dr i !1F~k!#,
~2!

TABLE I. Energy resolution for each data set based on the ta
lated edge energy (E0) and slit height.

Sample E0 ~keV! Slit height ~mm! Resolution~eV!

Ag K 25.523 0.3 4
Au LIII 11.921 0.7 2
Br K 13.475 0.7 2
Pb LIII 13.043 0.7 2
8-2



is
-
m
re

e
-
e

o
u

es
o
ta

o
is

pi

w
on

o
io
es
bl

b
ina

n
nd
in
fo

e
th

th
to
n

ro-

uti-

he

l
ob-

s of

der
c-
rs
re-

m-
plot.

SYSTEMATIC DEVIATIONS BETWEEN THEORETICAL . . . PHYSICAL REVIEW B 64 214108
A5
NiS0i

2 Fi~k!

kr0i

2
, ~3!

F~k!524ks i
2S 1

r 0i

1
1

l D 2
4

3
C3i

k31f i~k! ~4!

when s i , and C3i
are not too large. In Eq.~3!, Ni is the

number of neighbors at a distancer 0i
1Dr i (r 0i

is the start-

ing value! from the absorber,S0i

2 is an amplitude reduction

factor to account for multielectron processes which dimin
the EXAFS signal,Fi(k) and f i(k) are the effective back
scattering amplitude@which includes a mean free path ter
exp(22r0i

/li)# and the total phase shift, both of which a

calculated by theFEFF6,7 code.3 l is the average mean fre
path ~8 Å!, s i is the Debye-Waller factor, and the third cu
mulant (C3i

) is included to describe anharmonicity in th

pair distribution function.8 If Dr i becomes too large,Fi(k)
needs to be recalculated for a different value ofr i .

The Fourier transform~FT! of x(k) into real ~r! space is
then taken using a Gaussian-rounded window with a width
0.3 Å to avoid transforming any sharp edges or discontin
ties at the endpoints of the transform range. This produc
series of peaks inr-space corresponding to each shell
neighbors. The transform range is typically chosen to s
around 2 –3 Å21 ~in k-space! and end when the EXAFS
signal disappears into noise, anywhere from 12–18 Å21.
We use an automated process which varies the starting p
of the spline-fit such that the Fourier transform at low r
minimized.4,6 For data presented below, this range is ty
cally 0–1 Å.

In Fig. 1 we plot thek-space data for four edges at lo
temperatures. For the three metals, the XAFS oscillati
extend abovek517 Å21, while for RbBr ~Br K-edge! the
XAFS oscillations are very small above 15 Å21. The FT
data for thesek-space plots are shown in Fig. 2.

For all data presented here, the above steps alone c
not produce an acceptably smooth transform in the reg
from 0–1.5 Å, and an iterative background removal proc
was used.6 In this method, the best background obtaina
through the above methods is utilized, and theoreticalFEFF

standards are used to fit the data as well as possible. The
fit is then backtransformed and subtracted from the orig
data to yield a residue function. A better~trial! background
function can then be created from the resulting residue fu
tion, which now lacks most of its oscillatory behavior, a
the new background can then be removed from the orig
data as before. This process requires 3–4 iterations be
convergence to a reasonable background is achieved.6 The
backgrounds found through this process contain structur
low energies consistent with multielectron excitations in
‘‘ Z11’’ model9 or atomic XAFS~AXAFS!.7 They are also
consistent with backgrounds extracted in other studies of
same edges.10 Although we have used the iterative process
remove the structure below 1.5 Å, there is essentially
change in the low-r side of the first FT peak above 2 Å
21410
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between spline fits and the iterative background removal p
cess~because the near-neighbor bond length is so long!.

B. Fit results

Fits were carried out inr-space for all neighbors up to
about 6 Å ~including multi-scattering peaks!. The Fourier
transforms were fit using parametersDE0 , S0

2, Dr , s, and
C3. There are two sets of strongly correlated variables
lized in cumulant fitting$Dr ,DE0 ,C3% and$S0

2 ,s2%. We as-
sume that the pair distribution function is harmonic at t
lowest temperatures for which we have data~15–20 K!,
therefore higher cumulants (n.2) are fixed at zero. For al
fits presented here, low-temperature data were first fit to
tain values forDE0 andS0

2 while C3 was fixed at zero.DE0

and S0
2 were subsequently held fixed for all fits~including

those at higher temperatures!. To avoid reliance on a single
data trace, these values were obtained from the average
the lowest two temperatures for each data set~15–40 K!.
The remaining parameters were then allowed to vary in or
to obtain good fits. Since expansion is uniform in all dire
tions for all these materials, the positions of all neighbo
were constrained to vary such that the local structure
mained consistent with a uniform cubic lattice. Singlek
weighting (kx) was used in all transforms and fits.

Goodness of fit is measured by the quantityC2, which
measures the~square of the percentage! deviation between

FIG. 1. Background subtracted data for all samples at low te
perature. Sample, edge, and temperature are indicated for each
8-3



st

ble.
ich

ion
ses
nc-
alues

f
ard
rs,

nd
re-

ilar
or
all
ge.

-

e
ses

fits

0%
ap-
ith
ly
li-

e

r
le-
and

rst

m

e

ns

Z. KVITKY, F. BRIDGES, AND G. van DORSSEN PHYSICAL REVIEW B64 214108
the theory and data.4 It is proportional to a fractionalx2.
Although uncertainty in measurements can partially be e
mated from the amplitude of the noise at highk, estimates of

FIG. 2. Fourier transformed data for each sample at low te
perature after an iterative background removal process. Thek-space
ranges used in the FT’s are 3.1–16.5 Å21 for Ag, 3.4–16.8 Å21

for Au, 3.0–15.7 Å21 for Br, and 3.1–17.1 Å21 for Pb. Note also
the degree of isolation of the first neighbor peak from further on

The envelope function is given by6ARe2 1Im2; Im is the imagi-
nary part while the fast oscillation is the real part Re of the tra
form.
21410
i-

errors on final parameter values are not easily obtaina
This is due in part to the use of Fourier transforms, wh
concentrate much of the noise above the fit range inr space
and to the subtraction of an unknown background funct
which introduces an unknown error. However, in many ca
of interest here the unknown errors in the theoretical fu
tions dominate. For these reasons, errors on parameter v
are estimated by varying single parameters~in each direction
away from the minimum! until AC2 has doubled. The hal
width of the resulting curve is then taken to be one stand
deviation. This gives a very conservative estimate of erro
which are typically found by varying the parameter untilx2

has doubled, orAC2 reachesA2 times its minimum value.
Fit results for fits over both short and long ranges arou

the first neighbor peak are presented in Table II. These
sults are in good agreement with those found in sim
analyses.11 Differences in position seen for the first neighb
peak in fits over the two ranges were less than 0.002 Å in
cases cited, so they are given only for the shorter ran
@However, note that because of correlations betweenr and
E0, and the fact thatE0 may be shifted to account for dis
agreements inF(k) between experiment andFEFF, the abso-
lute errors onr are likely 60.005 Å.# Other parameters ar
cited for both cases even though differences in most ca
are small.

The most significant difference between equivalent
over short and long ranges is in the goodness of fitC2 which
can increase by more than a factor of 5 as a result of a 4
extension of the fit range. The reason for this is readily
parent in Fig. 3 where we plot transformed data along w
fits using theFEFF6standards. Although the fits are extreme
good before and within the first neighbor peak, the amp
tudes deviate consistently on the high-r side of the first peak,
where theFEFFcalculations are consistently too large for th
three metals studied, and too small for BrK-edge data. This
effect is substantially more difficult to identify in furthe
neighbors due to the presence of significant multip
scattering peaks near and beyond the second neighbor,
the remainder of this paper will concentrate on the fi

-

s.

-

TABLE II. S0
2 is an amplitude reduction factor,DE0 is a shift in edge energy,R is the distance to the nearest neighbor,s2 is the

Debye-Waller factor,C3 is the third cumulant, andC2 quantifies goodness of fit. Error estimates for each parameter~one-parameter
uncertainties! are given in parentheses, indicating the error in the last significant digit~s!. All values of S0

2 and DE0 were fit at low
temperatures and held fixed for higher temperature data. Results are given for fits usingFEFF6standards over short and long ranges inr space.
The units fors are 1022 Å and for C3 , 1025 Å 3.

short range long range

Edge T(K) R(Å) DE0 Range S0
2 s C3 C2 Range S0

2 s C3 C2

Ag 16 2.871~2! 23.4(4) 2.0–2.9 0.96~3! 4.6~2! 0 15.2 2.0–3.3 0.92~5! 4.1~5! 0 64.0
71 2.872~2! 5.3~2! 0 11.6 4.9~4! 0 65.6

Au 15 2.878~2! 26.6(6) 1.9–3.1 0.86~3! 3.3~2! 0 21.2 1.9–3.3 0.85~3! 3.2~3! 0 29.2
114 2.879~3! 5.2~2! 1~3! 22.1 5.2~2! 0 30.3

Br 18 3.416~1! 21.3(2) 2.4–3.4 0.93~1! 6.9~1! 1~4! 5.3 2.4–3.8 0.94~3! 6.8~2! 3~9! 16.8
81 3.421~2! 8.7~1! 10~3! 6.3 8.6~3! 10~9! 36.0

Pb 15 3.475~1! 1.7~1! 2.4–3.6 0.89~1! 5.3~1! 1.5~8! 3.2 2.4–4.1 0.87~2! 5.3~1! 0. 10.2
88 3.485~2! 9.5~1! 21~4! 10.9 9.5~3! 19~8! 19.4
8-4
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neighbor only. It should be noted that in our initial fits of th
data using only theFEFF functions, we have included th
multiple scattering peaks out to 5.0 Å in generating the
perimental standard. Many other multiple scattering paths
exist, but they produce FT peaks at even larger valuesr
and have no significant contribution in the vicinity of the fir
peak in r-space. Although most parameters are calcula
automatically byFEFF, FEFF does allow several different ex
change correlation potentials to be used~Hedin-Lunquist
self-energy and the Dirac-Hara exchange correlat
potential!.3 Each was tried with several values of the broa
ening parameters but none removed the problem on the h
r side of the first neighbor peak.

C. Creating an experimental standard

As Fig. 3 shows~except for the deviations noted above!,
the fits are generally very good over the first few neighbo
This can be exploited to create an experimental stand
from the transformed data. In Ref. 4 we have discussed
procedures for extracting an experimental standard and
provided a comparison between theoretical and experime
standards. The reader is referred to this paper for more
tails and other aspects such as transferring an experim

FIG. 3. FEFF fits ~dotted lines! to low-temperature data~solid
lines! over the first three~single-scattering! neighbors for Ag, Au,
Pb, and Br as indicated in each plot.S0

2 and DE0 were found for
each of these materials and fixed for all higher temperature d
Shifts in position were constrained to be consistent with a unifo
cubic lattice, ands was allowed to vary for each neighbor.
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standard from one atom pair to another. In that work
noted that there were important changes in the shape o
first neighbor peak but at the time did not recognize that
largest deviations always occurred on the high-r side of the
peak, at least for all the systems we have studied.

For our studies of the Ag, Au, and Pb systems we ha
used the same approach to obtain a good experimental
dard for determining changes in the local structure with te
perature. These standards then simplify comparisons
tweenFEFF and the data because the effects of more dis
shells of neighbors have been removed.

To make an experimental standard we take the best fi
the lowest temperature data usingFEFF standards, and sub
tract the results for the further neighbors from the data
This leaves the first peak essentially unchanged, with o
the tails of the further neighbor peaks removed. As long
the fit quality is good for a significant distance around t
first-neighbor peak, this file can be backtransformed ove
suitable range to create an experimental (k-space! standard.
Ideally this range is chosen at points where the amplitu
approaches zero, but we assume it suffices to choose
points where the amplitude decays to the level of noise in
data. For Ag, Au, and Pb, this was typically 3–4 Å. For B
and Rb data, the fit was too poor over this wide a range
obtain a good experimental standard. This experimental
erence is then used as the nearest neighbor peak standa
fits of the higher temperature data files for a given mater

In Figs. 4, 5, and 6 we compare the extracted andFEFF-
generated standards for the nearest neighbor peak, to h
light the differences between them on the high-r side of the
peak. TheFEFF functions were refit to the experimental sta
dard to minimize the differences.

IV. DISCUSSION

It should first be noted that when the experimental st
dards~Figs. 4–6! extracted from the lowT data, are subse
quently used to fit the remainder of the data~five data sets at
temperatures between 20 and 293 K for each material!, the
fits are superior even to those performed over a shorte
range inr-space for theFEFF standard. The goodness of fi
(C2) for the first peak is typically improved by a factor o
4–10 when these standards are used, but can be much la
The effect is very large for silver metal. Using an experime
tal Ag-Ag standard, extracted from the 16 K data, a fit of t
first peak for the 71 K data, over ther space range 2.0–3.3 Å
gives C2 of 0.5. In contrast using aFEFF6 standard for the
same range yieldsC2565.6 ~see Table II!. In this case the
improvement is more than 100 for this long fit range. Figu
7 compares the best fits obtained with bothFEFF and experi-
mental standards to AgK edge data taken at 215 K; aga
there is a large decrease inC2 for the experimental
standard—thus the deviations we observe are independe
temperature.

The FEFF-generated functions for the nearest neighb
shell consistently differ from the experimentally extract
ones on the high-r side of the transformed peak, where th
FEFFamplitude is generally too large~metal foils! or too low
~RbBr!. Allowing parameters of the closest multiple

ta.
8-5
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Z. KVITKY, F. BRIDGES, AND G. van DORSSEN PHYSICAL REVIEW B64 214108
scattering peak to vary independently had no effect on
difference, nor did adding a fourth cumulant parameterC4 to
the fit. Note that there are no multiple-scattering peaks in
vicinity of the first neighbor peak; the only other contrib
tions in thisr range arise from the small tails of peaks~both
single and multiple scattering! that occur at longer distance
These small contributions were removed in generating
experimental standard.

To illustrate the problem that can arise when a distor
system is studied usingFEFF generated standards, assum
that the Ag data are really from some distorted crystal str
ture. Then one would expect possibly two or three differ
bond lengths. A fit to the first Ag shell using only one add
tional peak yields a very good fit but leads to the conclus
that there are roughly two Ag neighbors at a distance of 3
Å. For Ag this result is unphysical based on the well know
structure of this fcc metal, but for an unknown system
error in theFEFF-generated standard~as a result of the ap
proximations used! would lead to incorrect structural result
In Fig. 8 we compare the fits to the first peak in the Ag d
using one or twoFEFF standards. Clearly the two peak fit
much better. To quantify the improvement in the fit we d
terminedC2 for differentr-space fit ranges 2-r end Å ~the fits
are carried out inr-space!. If the fit range is set at 2.0–2.8 Å
we obtain an excellent fit with only one peak. As the fit ran
increases,C2 increases rapidly for the single peak fit b
increases slowly for the two peak fit as shown in Fig. 9;

FIG. 4. Experimental standard extracted fromT516 K Ag
data, shown in solid. The dotted line shows the bestFEFF standard
fit to data. Same FT range as in Fig. 2.
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number of Ag neighbors in the second peak changes f
;0 for the 2–2.8 Å range to roughly two neighbors once t
upper end of the range exceeds 3.0 Å.

In the case of Au, the change inC2 for different fitting r
ranges~see Table II!, is substantially smaller than for th
other samples. The rather poor fit over most of the Au pea
responsible, although the greatest fit difference still rema
on the high-r side of the peak. This can be seen more clea
if one replots theFEFFand experimental standards with all fi
parameters ‘‘removed’’ from the data. Figure 10 shows
experimental standard~transform!, after removingDE0 , Dr ,
approximately removings, and normalizing byNS0

2; it
shows that the largest deviations relative to theFEFF calcu-
lations occur just above 3.0 Å. However, Fig. 10 also illu
trates another important aspect. There is a clear chang
shape between Figs. 5 and 10; in Fig. 10 the agreement
the central part of the peak is excellent. For this case, mos
the region where the data andFEFFdiffer has been shifted to
high r by the parameterDE0. Because of the ‘‘shape change
introduced byDE0 shifts, care must be taken when using th
parameter as a variable withFEFF6or FEFF7, since significant
differences in shape can be introduced.

To investigate the source of these discrepancies, we b
transformed fromk to r space and decomposed the EXAF
function into backscattering amplitude@ uF(k)u# and phase
@f(k)# functions, which are plotted in Figs. 11 and 12. T
backscattering phases for the first neighbor calculated

FIG. 5. Experimental standard extracted fromT515 K Au
data, shown in solid. The dotted line shows the bestFEFF standard
fit to data. Same FT range as in Fig. 2.
8-6
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FEFF are in remarkably good agreement with those extrac
from the experimental standards. Nearly all disagreem
arises inuF(k)u, as was also concluded in earlier studie4

While in rough agreement at high-k, the low-k portion of
uF(k)u is typically not in very good agreement withF(k)
calculated usingFEFF. ~However, note that when there is on
a decreasing amplitude as is the case for Ag above 10 Å21,
changes in the slope can be partially ‘‘corrected’’ by t
value ofs obtained in the fit.! For Pb, where the agreeme
between experiment andFEFFfor F(k) is best, the amplitude
problem in the transform is also very small.

For Ag and Au, whereF(k) from FEFF and uF(k)u ob-
tained by experiment disagree from about 4 to 8 Å21, the
discrepancy in the transforms is pronounced. Note the la
deviation that occurs at the dip inuF(k)u near 6 Å21. The
plot of F(k) for Au also suggests why introducingDE0
526.6 eV has such a significant effect on the transfo
shape. Such an energy shift effectively displaces thek
space! position of the structure inF(k). Since the FT begins
within the k-space region in which there is the largest d
crepancy inF(k) betweenFEFF and the data, shifting the
position of the structure will change the FT.

There are several possible explanations for these disc
ancies. First, they may represent small errors as a resu
various assumptions and approximations made in the ato
codes, for example, the treatment of the spin orbit coupli
If these are the dominant problems, the discrepancies sh

FIG. 6. Experimental standard extracted fromT515 K Pb data,
shown in solid. The dotted line shows the bestFEFF standard fit to
data. Same FT range as in Fig. 2.
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diminish as better models are developed. Very recent ca
lations by Rehr12 using their most recent code~FEFF8.2! in
which the spin orbit interaction is treated more accurate
improves the shape of the function for Au, but still did n
significantly correct the problem for Ag. The systematic d
viation on the high-r side of the peak suggests that som
other aspect is missing in the calculations. One possibilit
that part of the difference arise from additional scattering
the interstitial regions between ‘‘muffin-tin’’ atoms, particu
larly for the RbBr examples where an unexpected small p
occurs near 3.9 Å, between the first and second neigh
peaks~see Fig. 3!. It will also include contributions from the
difference between the spherical potential used for each a
in the muffin-tin model and the nonspherical atom poten
in the real crystal. If scattering from these corrections to
potential are sufficiently large, it will produce peaks at une
pected distances, including new multiple scattering pa
which combine regular atomic scattering with scatteri
from interstitial regions.

There is growing evidence for atomic XAFS~Refs. 7,13!
~AXAFS! which arises from intra-atomic backscatterin
from the~partially interstitial! potential between two neares
neighbor atoms. It arises in theFEFF code as a result o
partioning space into cells for each of the atoms in the m
terial. Backscattering within the central atom cell~the intra-

FIG. 7. Comparison of best fits to the first peak in the A
K-edge data at 215 K, over a fit range 2.0–3.3 Å, using aFEFF6

standard~dotted: C2556) and an experimental standard~dashed:
C251.2). The latter was extracted from the 16 K data. The data
plotted using a solid line.
8-7
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atomic backscattering! produces a modulation of the bac
ground functionm0; this modulation is called AXAFS. When
muffin-tin discontinuities are minimized, the AXAFS ob
tained using theFEFF code, models experimental observ
tions quite well ~although a small amount of nonphysic
scattering from the muffin-tin potential discontinuities is s
present!. The structure presented here likely also involv
intra-atomic scattering in the interstitial regions but unli
AXAFS it is scattering in more forward directions.

The real potential for the metals should have fcc symm
try rather than the spherical potential used in the muffin
model. To simulate this aspect we need additional interst
scattering that is consistent with the lattice symmetry.

FIG. 8. A comparison of the single peak fit~dotted line! with the
two peak fit~solid dots! for the first shell in Ag metal. BothFEFF

standards are for Ag-Ag pairs. The individual peaks are sho
separately in the lower part of the figure. The fit range for these
is 2.0–3.4 Å.
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FIG. 9. C2 as a function of the fit range inr space, from 2 to
r end Å. The circles show the rapid increase ofC2 when a single
peak is used while the squares show the improved quality o
using two Ag-AgFEFF standards. The solid triangles showC2 for
fits which include interstitial H, as discussed below.

FIG. 10. Experimental standard~one neighbor! extracted from
low-temperature Au data, shown in solid.DE0 , Dr , s, and NS0

2

have been~approximately! removed. Dotted line showsFEFF6stan-
dard for one neighbor, and is plotted exactly as generated f
FEFF, with no Debye broadening.
8-8
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crudely model such interstitial scattering for Ag, we ha
added H atoms~i.e., one electron/H! at a/2 (a is the lattice
constant! along each lattice direction and all equivalent p
sitions~i.e., halfway between the center and second neigh
atoms! in the input file forFEFF to generate new scatterin
paths which include this small ‘‘interstitial’’ scattering effec
A new multiple scattering peak~with high multiplicity, 48!
occurs just above the first neighbor peak, exactly where
discrepancy betweenFEFF and the data occurs. Note th
these additional scattering contributions~central Ag atom-H-
nearest neighbor Ag! would be included as part of the tota
first neighbor peak if nonspherical atom potentials were
cluded in the calculations. An Ag-H-Ag standard was ma
for this path using the default options inFEFF. ~The nearest
neighbor Ag-H contribution turns out to be very small and
ignored.! Using FEFF7, the MT radius for H was 0.72 Å
while for FEFF6 it was 0.75 Å. As a first step, this multipl
scattering contribution was just added to the Ag-Ag fi
neighbor standard, and a fit carried out without any ad
tional adjustable parameters. This improved the fit which
take as evidence that these scattering paths are at least
responsible for the observed discrepancy.

To obtain better agreement~we do not know how much
charge is neglected in the muffin-tin approximation! we used
a sum of the Ag-Ag and Ag-H-Ag peaks over ther-space
range 2–3.4 Å~for the 16 K Ag data!, with the parameters
for each peak varied independently. Quite a good fit is
tained~see Fig. 13! with about 1.8 H at each interstitial po

FIG. 11. Amplitude functionsF(k) extracted from experimenta
standards~solid!, and those generated byFEFF6 ~dotted!.
21410
-
or

e

-
e

t
i-
e
rtly

-

FIG. 12. Phase functionsf(k) extracted from experimenta
standards~solid! and those generated byFEFF6 ~dotted!.

FIG. 13. A fit of the first shell for Ag metal to a sum of a Ag-A
peak plus an Ag-H-Ag multiscattering peak for H at (a/2,0,0) and
equivalent positions. The individual peaks are shown below.
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sition. C2 decreases by a factor of 4 from the singleFEFF6

peak fit as shown in Fig. 9. Since each H is also surroun
by 6 Ag atoms, this means that about 1.8 electrons/a
would contribute to this scattering process. However, to
tain a good fit the multiscattering path length~3.2 Å! must be
shortened by about 0.1 Å.

To explore the effective number of electrons needed
this multiscattering path we have comparedFEFF6andFEFF7

results and also used He~two electrons! or Li ~three elec-
trons! as the surrogate atom. We found in all cases that
number of electrons is close to 2; 1.7 for H withFEFF7to 2.4
electrons for Li as the surrogate withFEFF6. Two electrons is
higher than expected since Ag has ones electron plus filledf
and d shells. However, these lowZ atoms are not really a
good surrogate since the interstitial space is more simila
an ‘‘inverted’’ atom, with more electron density away fro
the site position, towards each Ag atom.~This may also ac-
count for the result that the fits always shortened the mu
scattering path length by 0.1–0.2 Å.! An alternative approach
would be to include empty spheres in the interstitial reg
~i.e., make a hole in the electron density by adding a posi
potential energy term at the interstitial site!14 and determine
the scattering from them. Such calculations are not ea
incorporated intoFEFF and have not been attempted. Neith
approach includes the nonsphericity of the interstitial regi

The lowZ atoms included here do show that the result
peak would occur in the region where the largest deviat
betweenFEFF standards and the experimental data occu
This indicates that in some cases scattering from the inte
tial regions, which is neglected in MS calculations that u
the muffin-tin or similar approximations, will produce add
tional structure on the high-r side of the first neighbor peak

V. CONCLUSION

Although FEFF6.01a~andFEFF7.02! clearly produces very
good EXAFS standards, there persist differences in the
culated backscattering amplitude functionF(k) which can
have important effects in EXAFS analyses. The system
errors produced on the high-r side of transformed peaks ma
be more than a mere nuisance if the system under inves
tion is highly disordered or has dense atomic clusters w
overlapping peaks, thereby making the source of the dif
ence nearly impossible to isolate to a specific peak. Ther
some concern that differences of this order may even
mistaken for displaced atoms or imperfections, particula
when atoms are tightly clustered andS0

2 is not well known.
For example, fits have shown that the high-r discrepancy in
Ag can be fit quite well~with a significant decrease inC2) if
a few additional Ag atom defects are included at sligh
greater distances than the first neighbor. However, this yi
a local structure inconsistent with the known fcc structur
F
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In such cases, experimental standards are clearly pre
able to those generated by theFEFF computer code. Ironi-
cally, nearest neighbor experimental standards are far ea
to acquire when theFEFF-generated standards are also in re
sonably good agreement with data for the further neigh
peaks. For RbBr, although the fit problems are similar
those found in Au, Ag, and Pb, the differences extend ove
greater range such that they cannot be as easily isol
within a first-neighbor standard. Specifically, there is an ex
small peak in the FT near 3.9–4.0 Å, roughly halfway b
tween the first and second neighbor peaks. We have seen
feature in two different samples and it has appeared in
literature.15 Lacking the ability to subtract the further neigh
bors properly from the data means that a high-quality nea
neighbor standard cannot easily be generated.

The presently availableFEFF-generated standards shou
be considered to be very good approximations; excellent
a single first neighbor peak~in such cases the parameters a
comparable using the experimental orFEFFstandards!. How-
ever, if a small peak overlaps the high-r shoulder of a large
peak, significant problems can arise as discussed ab
When usingFEFF calculated functions to analyze EXAF
data, particularly disordered or distorted systems, one ne
to evaluate whether such deviations bias interpretation of
results.

The deviation in ther-space region just above the fir
peak can be modeled by including some scattering from
interstitial region that is not included in the muffin-tin ap
proximation. We have used lowZ atoms~H, He, Li!, located
at the interstitial site half way between a Ag atom and
second neighbor, as a surrogate for scattering in the inte
tial region. This leads to a new, highly degenerate multip
scattering path which produces a small broad peak exa
where the discrepancy occurs. Fits of the first peak in the
data to a sum of an Ag-Ag plus the multiple-scattering A
H-Ag peak were greatly improved. These fits suggest t
roughly two electrons~i.e., two H atoms! are needed in this
region to account for the observed structure in ther-space
data.

It is important to eventually have theoretical functio
that include most of the contributions from the crystal sy
metry. We hope that the present work will stimulate bet
calculations that will include the local anisotropy about
atom and variations of the potential in the interstitial regio
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