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Recent work has indicated that the single-scattering theory of x-ray absorption may be valid down
to much closer to the edge than previously thought. It is in this region that the plane-wave approxi-
mation used in the standard extended x-ray-absorption fine structure analysis breaks down. Using a
simple reformulation, we obtain modified backscattering amplitude and phase-shift functions which
are similar to those of Teo and Lee but which use the full curved-wave theory for single scattering.
These can then be used to analyze experimental data without any modification of those programs
that presently use the functions of Teo and Lee. We also present results of using this method to
compare experimental data with theoretical calculations for copper metal and NiO.

X-ray absorption spectroscopy is a useful probe of the
local structure of materials. Traditionally, spectra have
been divided into two regions: the x-ray-absorption near-
edge structure (XANES) region, which lies up to ~40 eV
above the edge, and the extended x-ray-absorption fine-
structure (EXAFS) region, which lies beyond =40 eV
above the edge.!~> This division has been based on the
belief that a number of factors that are relatively insignifi-
cant in the EXAFS region become important close to the
edge such as multiple scattering, chemical effects, and the
curvature of the outgoing photoelectron wave function.

. It was assumed that while a single scattering formalism
is valid in the EXAFS region, multiple scattering must be
taken into account in the XANES region. This assump-
tion has recently been called into question by Miiller and
Schaich® and by Bunker and Stern.” Their work indicates
that a single scattering theory can generally be applied,
not only in the EXAFS region, but well down into the
XANES region (at least down to 15 eV above the edge).
One might expect that close to the edge the spectra would
be highly sensitive to chemical bonding and, indeed, there
is extensive literature showing correlation between edge
shifts and valence states. It has been shown,®® however,
that above the edge these chemical effects are correlated
with structural changes, i.e., changes in near-neighbor dis-
tances. Other effects of chemical bonding are only signi-
ficant very close to or below the edge. The appearance of
sensitivity to chemical bonding above the edge is really
sensitivity to structure. The breakdown of the plane-wave
approximation at low photoelectron energies amplifies the
effect of structural differences on the spectra. If the pho-
toelectron wave function is not approximated by a plane
wave, but rather the full curved-wave formalism is used, it
is seen that most of the observed chemical effects are as-
sociated with structural changes.

If comparison of experimental data and theoretical cal-
culations is to be made at low energies it is necessary to
use the full curved wave formalism. We present a very
straightforward way to do this without modification of
existing EXAFS plane-wave—type codes that use the ab
initio calculations of the backscattering amplitude and
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phase-shift functions of Teo and Lee.*

This improvement provides a simple access to data
much closer to the edge than was previously used thereby
increasing the utility of EXAFS. Such data are of the ut-
most importance for the study of disordered systems and
materials that contain backscattering atoms of low atomic
number, because the EXAFS spectra in these situations
decays rapidly with increasing energy and much of the in-
formation lies in the XANES region.

In the EXAFS region the standard procedure has been
to focus on the modulation of the absorption coefficient

X,(k) using the standard EXAFS equation:! —*>10-12
F(kN,y,
X)(k)=Im | 3 (= D'=——"
' ; kR}

. —2k20?
Xexp{i[2kR;+26.+®;(k)]}e 1

(1)

where [ is the angular momentum of the final state, F; is
the backscattering amplitude from each of the N; neigh-
boring atoms in the jth shell which are located at an aver-
age distance R; from the absorbing atom. To account for
the effect of inelastic processes an empirical, k-
independent scaling factor, Yjs is used. These processes
include the inelastic scattering of the photoelectron by the
neighboring atom and the medium in between,!* inelastic
losses at the absorbing atom, and the lifetime of the core
hole'* and hence should have a k dependence.'>'* The
second exponential containing 012~ is a Debye-Waller—type
term where o; is the MSRD (mean-square radial displace-
ment) of the atoms about R;. The parameter 8 is the
phase shift due to the central atom and ®;(k) is the phase
shift due to the backscattering atom. The backscattering
amplitude and phase shift are related to the individual
partial-wave phase shifts of the neighboring atoms by

Fjewf:-’l; S @I+ 1)(—1)e™ sins,. . )
Iz
Implicit in Eq. (1) is the plane-wave approximation
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which is valid when the energy of the photoelectron is
sufficiently high so that the outgoing wave function can
be accurately approximated by a plane wave. Below this
energy, generally taken to be 40 eV above the edge, this
approximation breaks down and Eq. (1) does not hold.

Using the full curved-wave formalism, following the
notation of Schaich,'® we have

Nyyse'™ S {2l +1e™ sins,

g

X,=Im2
J

—2k20?
X[H (LI;R;)]e "’2}], (3)

where
2

’
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with the first factor in the curly brackets in Eq. (4) being
a 3j symbol and h;' (kR ;) being an outgoing spherical
Bessel function.!” Various sum rules can be used to sim-

plify Eq. (4) given knowledge of the symmetry of the
scattering wave.
For K-shell absorption, the final state must have p
symmetry, i.e., / =1, and Eq. (4) becomes
U'+1 2 I
H(L,lI';R))=————[h/,1(kR;
( ]) 211+1[ I+l( ")]+2I,+1
For L-shell absorption, the final state can have either s
or d symmetry. However, it has been shown that the con-
tribution to X (k) from the s part is negligible compared to
that from the d part.*'® Using only the / =2 part,
'('—1)
202+ 1)2l'—1
I'r+1)

_ WD R T2
s aar—1 kR

3U'+2)('+1)
hit 2 (kR))T* .
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The expressions H in Eq. (4), although cumbersome are
not computationally difficult. However, they involve
mixing of structural information, R s with the electronic

[hi_1(kRj)]* .

H(2,I;R;)=

) [hif_,(kR;)]?

TABLE 1. Backscattering amp.litllld&s f(k)in A versus photoelectron wave vector k in A [Note that the scale used for the pho-
toelectron wave vector above 3.5 A™  is the same as that of Teo and Lee (Ref. 4).]

k

1.86576 2.34429 2.82258 3.30096 3.77939 4.25777
4.724 18 5.19653 5.66903 6.14144 6.66124 7.086 31
7.558 68 8.503 57 9.448 37 10.39323 11.33810 12.282 88

Element Radius 13.22776 14.17253 15.11741
o 2.10 1.10173 0.992 67 0.88372 0.77577 0.670 86 0.57370
0.49103 0.42053 0.36183 0.31099 0.260 15 0.22222
0.190 66 0.15759 0.12323 0.096 12 0.07923 0.063 47

0.05115 0.048 44 0.04324
o 3.75 1.15915 1.05008 0.93990 0.82000 0.707 24 0.60891
0.52356 0.446 85 0.38124 0.32532 0.27201 0.23348
0.21185 0.14972 0.11447 0.098 96 0.078 55 0.05929

0.05794 0.039 84 0.04308
Ni 2.75 0.17207 0.294 66 0.36519 0.26227 0.28302 0.44907
0.54107 0.601 86 0.72941 0.77551 0.779 30 0.78706
0.78702 0.707 34 0.61738 0.52918 0.43907 0.37408

0.31083 0.29343 0.24078
Ni 4.00 0.58404 0.51572 0.46540 0.37531 0.33561 0.437 88
0.51701 0.59301 0.708 34 0.768 92 0.779 58 0.79205
0.795 35 0.72173 0.63203 0.542 51 0.45045 0.384 55

0.31879 0.22226 0.12524
Cu 2.75 0.501 81 0.42221 0.34743 0.28325 0.266 05 0.32349
0.42344 0.527 36 0.61779 0.686 82 0.73371 0.75186
0.754 57 0.714 35 0.63703 0.55184 0.468 68 0.396 45

0.33448 0.27248 0.264 09
Cu 4.00 0.61333 0.568 74 0.48367 0.389 36 0.32566 0.33526
0.408 45 0.506 38 0.59822 0.672 64 0.727 16 0.74978
0.75877 0.72505 0.65035 0.56574 0.480 34 0.40607

0.34303 0.31538 0.28825
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properties of the backscattering atoms embodied in §; in a
complicated way. The crucial step is to recognize that we
can recast Eq. (3) to the plane-wave form [Eq. (1)]:

filk,kR)N;y ;
k)=I LI
X;(k)=Im ?( ) kRj2
. -—2k2¢7}
X exp{i[2kR; +28, +;(k,kR)]}e ,

where the backscattering amplitude, f;, and phase shift,
¢;, are now functions of k and R;. Given the partial
phase shifts, §;, and an R;, the exact X(k) is easily calcu-
lated (even on a microcomputer) and the functions
fi(k,kR) and ¢;(k,kR) extracted. These functions are
weak functions of R. Hence, functions calculated at a
given R; can be used for a range about that value without
significantly altering the structural parameters obtained
from the analysis. We tested this by fitting our data with
backscattering amplitudes and phase shifts generated us-
ing various values for R;. No significant variation in the
final structural parameters was found over a range of R
values. The difference between the functions at different

values of R; is compensated for by a slight variation in
E, (+0.8 eV), the initial electron binding energy. Thus
by calculating the backscattering amplitude and phase-
shift functions at a few select values of R, we can use the
full curved-wave formalism within existing codes.

To illustrate the power of the technique we need to
compare both the plane-wave and curved-wave theory
with experiment. Measurements were made on copper
metal and nickel oxide using the Argonne focusing crystal
EXAFS facility.!® The measurements on copper were
made at a resolution of 6 eV, those on NiO at 3 eV.
Deconvolution procedures were used on the copper data to
remove the effects of low resolution. The copper sample
was a thin high purity foil with no apparent pinholes.
The NiO sample was four layers of >99.99% purity
powder brushed uniformly onto Scotch tape. Both sam-
ples had absorption coefficients of less than 2. By run-
ning the x-ray generator at a sufficiently low voltage
higher-order harmonic contamination was avoided. The
kX(k) for Cu at 80 K was compared to spectra reported
by several authors and found to be nearly identical.

To obtain the partial-wave phase shifts, §;, the radial

TABLE II. Backscattering phase shift.s ‘if(k) in radians versus photoelectron wave vector k in A [Note that the scale used for
the photoelectron wave vector above 3.5 A™  is the same as that of Teo and Lee (Ref. 4).]

k

1.86576 2.34429 2.82258 3.30096 3.77939 4.25777
4.724 18 5.196 53 5.66903 6.14144 6.66124 7.08631
7.558 68 8.503 57 9.448 37 10.39323 11.33810 12.282 88

Element Radius 13.22776 14.17253 15.117 41
(o) 2.10 0.81494 0.43807 0.088 34 —0.18923 —0.393 83 —0.55292
—0.67095 —0.76224 —0.85645 —0.96200 —1.07087 —1.13924
—1.19980 —1.43042 —1.62997 —1.71458 —1.89473 —2.17133

—2.17872 —2.38919 —2.605 34
(0] 3.75 0.25447 —0.000 81 —0.23495 —0.42572 —0.59376 —0.713 34
—0.798 23 —0.87077 —0.95943 —1.04590 —1.12902 —1.18027
—1.23281 —1.52157 —1.66567 —1.84993 —2.01855 —2.01815

—2.25214 —2.38601 —2.404 96
Ni 2.75 4.509 12 4.749 39 4.46152 423712 4.86875 5.08105
5.069 25 5.104 57 5.07559 498121 491223 4.88355
4.84949 4.73303 4.60760 4.46754 4.30088 4.144 54

3.96399 3.778 90 3.65770
Ni 4.00 4.20276 4.15589 401716 3.85615 424143 4.648 88
4.76251 4.83316 4.860 84 4.786 38 4.765 35 4.742 87
471770 4.64012 4.528 19 441018 4.25048 4.10531

3.90063 3.81514 3.74533
Cu 2.75 3.773 66 3.71463 3.67848 3.77082 4.12156 4.44428
4.60018 4.658 83 4.67661 4.67403 4.657 64 4.63682
3.606 36 4.54229 4.45541 4.34219 422012 4.07545

3.92962 3.80916 3.664 75
Cu 4.00 3.604 37 3.46028 3.33080 3.35434 3.59149 3.96047
4.246 12 4.37830 4.450 85 448224 4.490 66 4.48420
4.48270 4.448 62 4.368 74 428104 4.15695 4.028 37

3.87657 3.75924 3.64809
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Schrodinger equation for an outgoing electron was solved
at energy E =#?/2mk? in the Hartree-Fock approxima-
tion. Herman-Skillman wave functions were used for the
core electrons. The outer electrons were assumed to be
smeared uniformly and an appropriate charge density was
used as compensation to achieve a constant potential
equal to V(r) at r =R outside the muffin-tin radius, R
which is chosen to be approximately equal to the ionic or
covalent radius of the ion. The radial Schrodinger equa-
tion was then integrated outwards from the origin and
matched at R to the outgoing free-space solution to obtain
8;. No inelastic scattering processes are included in this
calculation.

The partial-wave phase shifts were then used to gen-
erate the plane-wave and curved-wave backscattering am-
plitude and phase-shift functions for each element. We
chose to evaluate the curved-wave functions at R;=2.75
and 4.00 A for metallic elements and at R;=2.1 and 3.5
A for oxygen. These distances were chosen because, while
we know the actual values of the interatomic distances in
the cases under investigation, we wanted to choose dis-
tances that were generally close to the values encountered
over a range of systems, e.g., the average first-shell dis-
tance for metallic systems is about 2.75 A. The back-
scattering amplitude and phase-shift functions for O, Cu,
and Ni are tabulated in Tables I and II. They are usable

T T
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FIG. 1. Experimental (solid line) and theoretical (asterisks)
EXAFS spectra for copper metal at 77 K. (a) and (b) are for the
first shell only; (c) and (d) are for the first four shells. (a) and (c)
use the plane-wave approximation in the calculation of the
theory; (b) and (d) use the full curved-wave formalism.

in ei(actly the same way as the tabulations of Teo and
Lee.

After background removal, the data was Fourier fil-
tered to isolate the contribution from a selected region in
real space, and curve fitting procedures were used to
determine the structural parameters.’® In the fitting rou-
tine Ey, R;, and N;y; were allowed to vary in the neigh-
borhood of reasonable initial values until a best fit was ob-
tained. When using the backscattering amplitude and
phase-shift functions obtained from the plane—wave
approximation, only those data with k>4 A~ were
used for the actual fitting. When the full curved-wave
formalism was used, all the information for k > 1.8 A-!
was -included. The Debye-Waller—type factors were ob-
tained from theory?! in the case of Cu, and were deter-
mined experimentally by using the ratio method®?? in
conjunction with measurements at 77 and 298 K in the
case of NiO. The central atom phase shifts, as deter-
mined by Teo and Lee,* were used.

We used the backscattering amplitude and phase-shift
functions as calculated at 2.75 A for the first shell of
copper and at 4.00 A for the other three shells. For NiO,
we used the functions calculated at 2.10 A for the first ox-
ygen shell and 2.75 A for the first nickel shell. The exper-
imental spectra and the theoretical fits are shown in Figs.
1 and 2. In each case a noticeable improvement for k <4
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FIG. 2. Experimental (solid line) and theoretical (asterisks)
EXAFS spectra for NiO at 77 K. (a) and (b) are for the first
shell only; (c) and (d) are for the first and second shells. (a) and
(c) use the plane-wave approximation in the calculation of the
theory; (b) and (d) use the full curved-wave formalism.
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TABLE III. Radial distances in A derived from EXAFS
spectra and known crystallographic values.

Known
crystallographic
Plane wave Curved wave value
Cu
R, 2.541+0.01 2.54+0.01 2.556
R, 3.56+0.02 3.59+0.02 3.615
R, 4.40+0.01 4.45+0.01 4.427
R, 5.06+0.01 5.11+0.01 5.112
NiO
R, 2.05+0.01 2.08+0.01 2.084
R, 2.93+0.01 2.96+0.01 2.948

A~ is obtained with the use of the full curved-wave for-
mahsm, both in the phase and the amplitude. For k >4

! the plane-wave approximation is reasonably valid so
there is little difference between the agreements.?

We have also fit the data using the backscattering am-
plitude and phase-shift functions, f and ¢, calculated at
the known crystallographic values. No significant differ-
ence in the deduced parameters, i.e., Eo, Rj, and N;y;,
was encountered as a result of using the approximate R;
values in the calculation of the backscattering amplitude
and phase shift.

The radial distances obtained using the plane-wave ap-
proximation and the curved-wave formalism are tabulated
in Table III along with the known crystallographic values.
The curved-wave approach results in a better determina-
tion of all interatomic distances. While the plane-wave
approximation should be adequate for higher shells, it
must be remembered that we are fitting all the shells at
one time. The use of inappropriate, i.e., plane-wave, pa-
rameters for the first shell results in slight errors in the
distance determination for higher shells because there is
some overlap in the Fourier components from each shell.
It is possible to use curved-wave parameters for the first
shell and plane-wave parameters for higher shells, but
there is little reason to do so.

The improvement in distance determination is much
more striking in the case of NiO. This is attributable to
the smaller range of data and the smaller number of oscil-
lations present in the data. In the case of Cu the data ex-
tends over a larger range because there are more nearest
neighbors and because the nearest neighbors have stronger
backscattering potentials. Furthermore, the first near-
neighbor distance is greater in Cu so there are more oscil-
lations. Both of these factors reduce the significance of
the data below 4 A~! to parameter determination. The
use of the curved-wave formalism is even more important

for most materials whose structure we might want to
determine. Such materials are often more disordered than
either Cu or NiO, hence good data can be obtained only
over a more limited range.

We also obtain the product N;v;. The extraction of the
number of atoms, N;, requires knowledge of the scaling
factor, y;, which accounts for inelastic processes. Gen-
erally this knowledge is obtained from known chemical
systems that are presumed to be similar to the system
under investigation. In the case of ab initio calculations
we do not have this information. If the number of atoms
is known, information about the scaling factor can be ob-
tained. Even without inclusion of any inelastic processes
in our calculation of the theoretical backscattering func-
tions we get a scaling factor that is comparable to that ob-
tained through the use of the functions of Teo and Lee.

We have also generated the backscattering amplitude
and phase-shift functions for a number of other elements
including Pb, Pt, Th, U, Pu, and Np. In the case of L-
shell absorption we find the k dependence of the inelastic
processes to be more pronounced as is to be expected
given the shorter core hole lifetimes of these elements.
However, these effects are amplitude effects and do not
interfere with the ability to determine bond lengths. For
example, for Pt, NpAs, ThAs, and PuAs the EXAFS
determined first-shell distance agrees to within 0.01 A of
the known distance. To determine coordination number
better methods of dealing with these inelastic effects are
needed.

We have presented a straightforward method whereby
experimentalists can use ab initio calculations of the back-
scattering amplitude and phase shift with the full curved-
wave formalism of EXAFS theory without any more ef-
fort than is now needed to use plane-wave theory. This
allows easy access to data much closer to the edge than
was previously used and should increase the ability to
study disordered systems and materials that contain back-
scattering atoms of low atomic number and the utility of
EXAFS in general. All that is required is the generation
and publication of tables similar to those of Teo and Lee,
a task we are presently engaged in.

Note added in proof. We would like to thank John
Rehr for bringing to our attention a somewhat similar ap-

proach that he and his colleagues have developed (unpub-
lished).
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