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J.J. Barton and D.A. Shirley
Materials and Molecular Reéearch Division
Lawrence Berkeley Laboratory
and
Department of Chemistry
University of California
Berkeley, California 94720
ABSTRACT
We.derive new, simplified formulas for the scattering of %=1
spherical waves from central potentials, as a basis for discussing
curved wavefront corrections to single-scattering plane-wave models for
Angle-Resolved Photoemission Extended FineIStructure (ARPEFS) and
Extended X-ray Absorption Fine Structure (EXAFS). A differential form
for the expansion of the screened spherical wave replaces the usual
Géunt integral form to facilitate the summation over equivalent magnetic
éublevels in the scattered wave. Spherical wave séattering factors are
defined and interp;eted as corrections to the plane-wave scattering
facﬁor. We argue and demonstrate by example that the remarkable success
of ‘plane-wave models does not result from reaching the spherical wave
asymptotic limit; instead successive partial wave corrections cancel for
backscattering at high energy. The new scattering formulas aliow

curved-wavefront numerical calculations to be performed with little more

effort than plane-wave formulas.



I. INTRODUCTION

Understanding the motion of unbound electrons in solids is an
interesting problem with important implications for surface structure
determination methods based on electbon scattering. The energy range
from 20-200 eV has been studied extensively as a basis for.the analysis
of Low Energy Electron Diffraction (LEED) data;1“3 more recent work in
the energy range 20-1000 eV has been inspired by the explosive growth in
the number of Extended X-ray Absorption Fine Structure (EXAFS)
measur'ements.u In the case of LEED, the incident electron plane wave is
simply described, but it excites every atom 1n‘the surface region,
leading to a complex scattering problem; in the case of EXAFS only a
single chemical element is excited by the x-ray beam, but the entire x-
ray absorption process must be understood and the observed modulations
correspond to a special multiple séattering event.5 Thus we suggest
that an even more recent technique,6 Angle—~Resolved Photoemission
Extended Fine Structure (ARPEFS) may be a more straightforward
measurement for further understanding of electron scattering in the 50-
1000 eV range. ARPEFS measures partial cross-section oscillations of
Photollectrons: only electrons from a single éhemical element are
measured and a U4r angular integration is not necessary. This paper
investigates one aspect of the theory of electron scattering in solids,
the role of curved wave corrections to the plane-wave single-scattering
of (18) photoelectrons.

A more practical motivation for this work is the interesting
discrepancy between ARPEFS measurements and simple scattering theory
results for the c(2x2)S/Ni(100) system. Experimentally, a relatively

Simple Fourier transform spectrum led to the conclusion that only



nearest neighbor and backscattering'non—neighboring atoms contributed
substantially to the observed spectrum.6 In other words, the number of
important scattering atoms was small, permitting a simple interpretation
of the Fourier spectrum. This conclusion has been recently challenged
by Bullock, Fadley, and Order's7 on the basis of single-scattering,
plane-wave theoretical calculations. They demonstrated that a great
many ion-cores should contribute to the theoretical curve under these
and certain other approximations and hence no simple assighment of the
Fourier peaks should be possible. Unfortunately, the reproduction of
the experimental oscillations by theée theoretical calculations is very
poor, and we are lead to question the conclusions drawn from them.

To settle this issue, an improved theoretical calculation capable
of matching the measured curves within experimental accuracy seems in
ofder; if we know that the sum of the calculated scattering events is
correct, then we can compare the relative intensity of these events with
more confidence. The plane-wave single-scattering calculations may be
improved by:

i) a more accurate atomic—like»photoemission wavefunction

(unscattered, direct wave),

i1) curved wave cprrections,

iii) ) multiple scattering,

iv) improved elastic scattering phase shifts, and
v) more accurate inelastic damping.

These improvements are somewhat entwined, but in this paper we will
concentrate on a single issue: when are curved wave (also called

Spherical wave) corrections important?



We will examine only the simplest case of spherical wave
scattering: single scattering of photoelectrons excited from a (1s) core
level. We derive new formulas for this scattering in section II,
applicable to ﬁoth ARPEFS and EXAFS experiments. These formulas
facilitate a qualitative discussion of curved wave corrections which
voccupies section III. In section IV we evaluate individual terms in
these formulae for the example of a Ni atom potential. Our discussion
in section V centers on possible generalizations to higher angﬁlar
momenta. Finally, we address the impact our results might have on

calculation of extended fine structure.

II. CURVED WAVE SCATTERING OF %=1 PHOTOELECTRONS

Qur scattering system consists of a photoemitting étom and an array
of non-overlapping ion-core potentials. Zero-order caiculation of the
photoemission partial cross-section would ignore the ion-core array and
only consider the atomic-like photoabsorption. Corrections caused by
scattering from the ion core potentials gives the ARPEFS oscillations.
Since we are only concerned with the oscillations, the details of zero-
order calculation are not reievant: we need only know the zero—order
wave function. With dipole selection rules, polarized light, a (1s)
core-level initial state, and complete metallic screening the zero-order

ﬁave function is proportional to:
> ~ .
wo(r) = ih1(kr)¥10(r) (1)

8
Here hl(kr) is the spherical Hankel function of the first kind (we will
(1)

omit the usual superscript (1) as in hl (kr) and we will not use
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spherical Hankel functions of the second kind), Yzm(r)‘is the spherical
harmonic evaluaﬁed at the angles given by the unit vector, ;, in the
direction of ;, and k is the electron's wavenumber far from the
photoemitter, Notice that we have selected the polarization vector of
the light for our ; axis to simplify the zero-order wave function
description. The first-order corrections to this wave function are
generated by including scattered waves emanating from each nearby ion
core. The partial wave method9 for calculating these scattered waves
'has three steps:
1) expand the incident wave as an angular momentum series
about the ion-core position,
ii) multiply each "partial wave"™ in this series by a (complex)
scattering amplitude (which also shifts the wave phase),
iii) sum thé non-zero partial waves to give the full scattered
wave.

It is the first step which distinguishes plane wave from spherical wave

scattering.

Af PLANE WAVES

As a basis for our discussion of the curved wave effects we repeat
the derivation of the plane wave ARPEFS model first presented by Lee,5
but following more closely the method used by Lee and Pendry10 in their
derivation of the EXAFS formula.

In a plane wave épprOximation,5 the photoelectron wave is
represented near the scattering center by the value of the wave at the

center, times a plane wave:
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> ,k“. >
¥o(r) = ih, (kr) (H%)‘ cos eeael a+(r-a) 2)

where esa is the angle between the electric vector & and the bond vector

;. Since we have already ignored wavefront curvature with this

~approximation, we replace the Hankel function by its asymptotic limit,

ika’

[} e , .
i hz(ka) T Tika (3)

and apply the well-known Bauer formula,

eik-r - ) (21+1)11J2(kr)P2(cos ekr) (4)

=0
to expand the photoelectron wave around the scattering center:

.3 12 RUCHE .
Yo(r) = (§7) cos 0_ —— zzo (24+1)17§, (kr* )P, (cos o

) (5)

ar'

Here Jl(kr) is the incoming spherical Bessel function, Pz (cos 8) is the
> > >
Legendre polynomial, and r' = r - a. The scattering angle, ear" is

defined as the angle between the propagation vector fof the incident

plade wave, ka, and the outgoing wave direction ;'.
To construct the scattered wave, we multiply each incoming partial

wave by

21§ is

%21) =1 sin 6.e * (6)

1
T (k) = 5 (e g

2



where dz(k) is the partial wave phase shift. Summing the new outgoing

wave gives

3 1/2 e1ka 2max e
w;(r') = () cos @ —m= 220 (28+1)T (k)1 hl(kf')Pl(cQs 81 (T)

The sum of £ may be stopped at Zmax when all higher partial waves have
negligible amplitude, |T2(k)| ~0, > zmax. At the angle resolved
detector, located along ﬁ, we may replace the outgoing spherical waves

by their asymptotic limit. Then a scattering factor is defined by

1 g‘max
fp(K) = 1% g=0 (24+1)T, (k)P (cos 0_) (8)

to give the scattered wave at the detector as

> >
172 oik|R-a| _ika

w;(ﬁ) - (K%) cos o_, TR = faR o (9)

The factor exp(iklg-ZI) corrects for the different origin of the
: ’ + -+ > > > +
scattered wave and for |R| >> |a| we have |R-a| - [R]| - |a] cos 6.

The direct wave at the detector is

. 3,172 o1KR
Yo(R) = () cos 8. ~Twm (10)

and we calculate the ARPEFS oscillations due to a single atom as



* .
(w0+wa) (¢0+¢a) . 2|f.aRl cos eea

(k) =
¢;¢0 a cos 9§

cos [ka(1-cos 8 )+¢aR] (11)

R aR

where faR(k) = IfaRI exp(i ¢aR)f This formula has been used to analyze

experimental ARPEFS data in ref. 6.

B. SPHERICAL WAVES
For spherical waves, the angular momentum expansion in its usual

form is much more complex:1?

. » !'" 1 4 hl .
ih (ke)Y, 0 (r) = T Guoonpnl Jpn(krt)Y (r*) (12)

"
Lrme L"m

where ;' + ; = ;. This formula is the basis for Lee and Pendry's curved
wave EXAFS formula.10 To make physical arguments about the nature of
curved wave corrections to the plane wave formula, we need a simpler
_form for this expansion, which we will refer to as an origin-shift
addition theorem.

An alternative expansion for spherical waves may be derived most
readily from Nozawa's original paper?2 which describes expansions of
"Helmholtz's Solid Harmonics", his term for the product of spherical
Bessel functions and spherical harmonics, which we will call "spherical
waves", Nozawa demonstrated that the origin-shift addition theorem

results when the raising operator for Helmholtz's Solid Har'monics,13

m
2 m imé 9 193 (m), -1 3
i hl(kr)Pl(cos 8)e s (=) (5; + 57) Po (_E EZ)ho(kr) (13)



is applied to the origin-shift addition theorem for ho(kr):

B, ik
hy(kr) = zgo (28+41)179, (kr*)i™h (ka)P (cos 6, ,) (14)

Here Pém)(-ia/kaz) is the operator obtained by using (-i3/k3z) as the

argument of the mth derivative of the Legendre bolynomial of order . As
we shall see, this differential form for the expansion eliminates the
need for magnetic quantum numbers for the outgoing scattered wave and

leaves explicit the angle dependence hidden within G above.

mL"m"

For our particular case the raising operator formula is

ih, (kr)P,(cos 8) = (-f s (kr) (15)

and the origin-shift addition theorem becomes1u

ih (kr)P (cos 8) = ] (22+1)12"J2"(kr')h0(ka)
20

*{d, (ka)P,(cos 0 _,)d ,(ka)P ,(cos b_.,)

3d, , (ka) :
-1 cos 8, —5reay Pynlcos 6,.,)

o —nna
(cos 8 p1"COS 8__cos 0_.,) 9P ,(cos 8 ,)

ar
i 7 dzn(ka)

a(cos 6__,) b (16)

We have introduced d, (ka) to represent the polynomial part of the

9‘"

spherical Hankel function:
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l" ika

1 (ka) = 3—-

h,., (ka) (17

(ka) = h (ka)d

2'" 2'"

Note that for large ka >> L"(A"+1), dz"(ka) = 1f0’ and that dz(ka) may
be calculated by recursion: d, , = q2;1 - dz(22+1)/ika.

As before, the scattered wave may be calculated by multiplying each
incoming partial wave amplitude by‘Tz(k)-to generate an outgoing partial
wave; each outgoing wave may be replaced by its asymptbtic limit when
the amplitude is calculated at the detector, position §.

We invent a generalized scattering factor based on our origin-shift

formula as

1 *nax andzn(ka) 3mP2"(cos 0.

fR ™ Tk L (21"+1)T1"( ) - ~ (18)
L"=0 d(ka) 3(cos 6_p)

and the scattered wave is then

> >
172 _ik|R-a| _ika -
> e e 00
w;(R) = (H?) TkR = {d (ka) cos © afaR
10 _ 100 | B
i cos 84 faR ‘Ta aR [cos 8 cR~COS eeacos eaR]} (19)

If we label the factor within the braces FSPH = lFlexp(l¢SpH) we

parallel the plane wave construction of x(k) to find

|Fapy |
SPH
x(k) = 2 5—365—3—- cos{ka(1-cos eaR) + ¢SPH] (20)

eR
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sph determines both the amplitude and phase of the
10

oscillations we will measure. As ka becomes large, the factors faR and
01 ' 00
faR(ka) fall to zero, dl(ka) becomes 1f0’ faR

FSPH > faR cos eea | . (21)

Clearly, F

tends to faR’ and we have

Thus by studying Fs compared to faR coseea we can learn when curved

ph
wave corrections will influence the single scattering of photoelectrons.

An alternative derivation for this formula is outlined in Appendix

The same method may also be applied to calculation of oscillations
in the total absorption cross section, the Extended X-ray Absorption
Fine Structure (EXAFS). Here the scattered wave must be projected back
onto the direct wave at the absorbing atom: the oscillations are an
interference ét the photoemitter. The derivation for (1s) core levels

.and polarized light is given in Appendix B. If we call

zmax
Eeoy = o= 3 (207+1)T. (k) (-1)2" (22)
SPH ™ Tk ¢ o Sy

2 2
od,, (ka) d,,(ka)
* {coszeea[d1(ka)d2"(ka) - 1—?%%)__] - sinzeea[ 2128.» 9‘(2;1)}

then
we compare Esph

corrections for EXAFS.

to cosze f _(w) to examine curved wave
€ea aR

We might proceed directly to numerical applications of these

formulae, but the qualitative success of the plane wave approximation
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suggests that some insight into electron scattering may be gained by
examining the individual terms in these spherical wave formulas compared
to results from a plane-wave model. We take up this topic in the next

section.

III. NATURE OF THE CURVED WAVE CORRECTIONS

In this section we examine the formulas derived in the previous
section for the exact single scattering of & = 1 spherical waves. We
know that the plane wave scatteriné ﬁodel is substantially correct so we
concentrate on differences caused by allowing for wavefront curvature.
We begin this section with a brief examination of the ﬁathematical
reduction of the spherical wave formulas to ﬁheir plane wave limit.
This provides one method for studying curved wave effects, but to be
more specific we might inquire about the importance of the fundamental
spherical nature of the waves which is independent of angular momentum -
embodied in exp(ikr)/ikr - compared to additional curved wave
corrections due to the part;cular incident angular momentum. We will
demonstrate that each term in the differential form, eqn 19, corresponds
to specific curved wave corrections. The first term gives the 33313
correction common to all angular.momenta, the seéond term corrects for
additional radial structure specific to the incident angular momentum,
while the third term corresponds to additional angular character
specific to angular momentum.

Our curved wave formulas approach the plane wave results whenever
the spherical Hankel functions can be replaced by their asymptotic

limits (eqn. 3). 1In our notation this is equivalent to replacing the
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polynomial part of the spherical Hankel function, dz(ka) by 1.0 in our

formulas:
d 2(2'+1) LK N 2 - .
dl(ka) = [1 W + ] 1.0 (23)

Thus we must first discuss the size of L(%+1)/(2ika). Notice that the
angular momentum in this formula is the scattered wave angular momentum,
not the dipole selection rule momentum from the photoabsorption.

The contribution of each partial wave to the final scattered wave
is dictated by the partial wave amplitude (eqn. 6). For every
wavenumber, k, there will be some angular momentum zmax beyond which all
partial wave amplitudes may be neglected. With some criterion for this
cutoff we can define an equivalent range, Tos for the scattering

potenti'al:1_5

2
zmax(lmax + 1) = (krg). (24)

In other words, the largest significant partial wave climbs in

proportion to k. The asympﬁotic criterion then reads

kr r
0,0
—a (a-—) << 1 (25)

for the last significant partial wave. By this analysis we conclude
that the spherical Hankel function can be replaced by its iimit only for
large a >> ro; higher energy actually leads us away from the limit. Of

course, as the number of partial waves increases, the impact of the
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largest angular.momentum on the value of the scattering factor
decreases. To properly assess this effect we should consider in detail
the weight of each partial wave, but for a crude estimate assume equal
weights. Then the contribution of the largest angular momentum
decreases roughly like (1/2max), giving an asymptotic criterion for the
sum as

1 T

o .
3 (a—) << 1 v (26)

-’
We expect r. to be = 14 and for ]al equal to the nearest neighbor

o
distance, ro/2a = 0.2. Under these assumptions the curved wave effects
are not too small; we turn to study the curved wave formulas for ARPEFS

and EXAFS.

For photoelectron scattering we have

00 10
FSPH = d1(ka) cos eeafaR - 1 cos eea faR
. f01 [cos eeR-cos eeacos eaR] _ (27)
aR ka .

The first term,

00
d1(ka)cos eearaR

cos B zmax
™ 220 (22+1)T1(k)d2(ka)P2(cos 0.5 (28)

i
-£1+l-<—a-]
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is the only one which survives in the asymptotic limit, ka >> 2(2+1).

By examining the origin-shift addition theorem for ho(kr) (eqn 14) we
can show that this first term corresponds to the single scattering of an
=0 wave - the fgg factor - multip;ied by tﬁe =1 wéve components--the

dl(ka) cos eea pért; The scattering factor, fOO differs from the plane

aR’
wave counterpart, faR’ only by including a weighting on partial waves,
dl(ka), dependent on kat Since ho(ka) = exp(ika)/ika, we can see that
this weighting corrects thé plane-wave scattering factor for the
variation in the spherical wave over the finite size of the ion core

potential due to (i1/ika).

The second term,

10 -1 cos ee 2max 8d2(ka)
-1 cos 8_f o = —p— ) (22+41)T (K) —57ezy Py (cos 050 (29

£=0

contains the derivative of the polynomial part of the spherical Hankel
function. The expansion of dz in equation (23) gives the leading term

in the derivative as

d(ka) ika 2ika

Since ka ~ 10 in the ARPEFS energy range we can anticipate this

spherical wave correction being much smaller than the difference between

fOO and f_o: the factor 2(%+1)/2ika represents the leading correction to

aR
the plane wave form and faR is smaller by>1/ka. This term is literally

the radial variation of fgg: it corrects the S wave origin shigt, given
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00
aRr

00
contained in faRf

by f__, for the variation in h1(ka) over the potential not already

The third term,

-i 01
s (cos eeR-cos 8_,Co0s eaR)‘faR = (31)
(cos BER-cos 8, ,C0s eaR) zmax aPz(cos eaR)
-1 T (28+1)T, (k)d,(ka) ,
(ka)(ik) 2=0 [ 2 a(cos eaR)

contains both an unusual angular factor and a derivative with respect to

cos eaR' This term accounts for the variation in the spherical wave

amplitude laterally across the width of the potential. We can use

spherical trigonometry to rewrite this term in an instructive fashion.

~

If we place three unit vectors in the directions of e, the polarization
vector, ﬁ, the emission vector, and 3, the bond vector, at a common
origin, then the vector tips will define a spherical triangle on a unit

Observing this triangle along the

sphere with sides 9e 8 _, and ea

R’ “ea R*

<>
vector a we see that

COS - =
eE cos 8_, cos 0, sin 8.a sin _, cos 9car (32)

R R R

> >
where ¢eaR is the dihedral angle between € and § through a. Since the

associated Legendre polynomials are defined

m
d Pl(cos )

d(cos )™

Pi (cos 8) = sin™e 0Sms?® (33)
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we can write

_i(cos 8 g~C0s 8__cos eaR) 201 (38)
ka aRr
sin 6__cos ¢ zmax P1(cos 8__)
5 €a eaR L aR
- —— E=o (20+1)T, (k)d, (ka) ——p=

Thus this correction to the plane wave form reaches its maximum when the
scattering potential is located in the nodal plane (cos eea = 0; sin eea

= 1) of the outgoing spherical wave. The maximum size of Pl (cos 6_,)

aR
is (&+1)/2 but all of the‘partial waves do not reach this maximum for
the same angle. Nevertheless we can roughly say that this third term
will peak near-eaR ~ 20°, giving a curved wave correction approximately
2(%+1)/2ka smaller than the first term.

To recap our assignment of the terms in the differential spherical
wave formula to specific curved wave corrections, we associate the first

00
term - containing f - with the fundamental, angular-momentum-

aR
independent nature of the incident wave, the second term - containing
f;g - with radial corrections dependent on angular momentum, and the
o1 '

third term - containing f - with angular corrections dependent on

aR
angular momentum. From this assignment, we can expect significant
curved wave corrections to the single-scattering ARPEFS formula when
i) the scattering potential is near a node in the incident
wave angular distribution,
i1) the scattering angle is near 0° (forward scattebing), or

ifi) the scattering factor is near resonance.

We now consider these cases in more detail.
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When the center of a scattering potential lies in.a nodal surface
of the incident wave, the plane wave model, eqn 11, predicts no
scattering. For =1 incident waves, this geometry means 9€a=90° and
cos eeasof Thus only the third term of the differential formula is non-
zero and thus this third term represents the entire curved wave -
correctioh for this geometry. it is interestiné td note that the usual
experimental geomett‘ies6 for ARPEFS prevent this third term from
producing its maximum effect. To haximize the measured photocurrent,
the electron detector in the direction ﬁ, is usually placed nearly
parallel to E (eeR - 0°). If an atom has eea ~ 90° 80 that sin esa ; 1,
then the scattering angle, eaR’ must also be -~ 90° for the scattered
wave to enter the detector: for this experimental geometry the condition

(8 a = 90°, ©_p =~ 20°) will never be satisfied.

€ aR

Just the opposite must be true for the unusual experimental
geometry adopted by Sinkovic et al., in a recent Azimuthal Photoelectron
Diffraction experiment16. They selected eeR = T2° and measured

electrons emitted 10° from the surface: many of the important forward

scattering'atoms would have sin eea > .5, cos ¢ = 1, and ea ~ 20°.

€aR R

Thus their observation that plane-wave calculations gave poor agreement
with experiment may reflect the neglected variation in wave amplitude
across the scattering potential rather thanvmultiple scattering effects.
When the scattering angle is near 0° we can get large curved-wave
corrections strictly from the difference between the first term
containing fgg and the plane wave limit. To demonstate this we expand
dl(ka) according to equation 23, and subtract the asymptotic plane-wave

part:
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L
max
00 PLANE, . 1 L(L+1)
fap = far ) 171k 92,0 (20+1)T, (k) [ =51y (cos 8.0 (35)

The maximum difference will occur for forward scattering since Pl(1) =1
and all the partial wave corrections add. Conversely the minimum curved
wave corrections should be expected for backscattering since Pz(-j) =
(-1)1 and successive partial waves tend to cancel. This overall
description should be most accurate for higher energies where the
partial wave amplitudes, Tz(k), have little structuret

When the full scattering factor approaches zero near a Generalized
Ramsauer Townsend resonance17 we can expect the third case for large
curved wave corrections. For.special values of electron wavevector, Kk,
and scattering angle, eaR’ the partial wave sum will be zero due to
exact cancellation of all partial wave components. The particular pair
of values (k,eaR) at which the scattering factor becomes zero will
differ between the plane-wave and spherical-wave models as they weight
the individuai partial wavés-differently. Thus analysis of scattering
resonance data with afplane-wave model will give incorrect scattering
angles and the observed.resonance energy position will not be correctly
givenvby plane wave calculations. While‘the first two circumstances
leading curved wave effects discussed above involve only one or another
of the.terms in the formula, the resonance calculation will depend in
detail on all three terms.

Curved wave corrections to the EXAFS formula are directly analogous
;o the corrections for photoelectron diffraction. Since the "detector"

for EXAFS is the photoemitting atom, the curved wave effects are
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squared: our detector is not asymptotically far from the scattering

‘ atom. The first term of the spherical wave scattering factor

2 L 2
cos aea max . _ .adz(ka) .
-t E=o (22417 (k) (=1)7[d, (ka)d (ka)~i—gr=] (36)

has the same angular dependence as the plane wave model. This tefm
contains both the basic radial correction for 1/ika--the first factor
inside the brackets--and the radial derivative correction. As discussed
above, the radial derivative factor is usually much smaller than the
s—-wave origin-shift.

The second term of the EXAFS spherical wave amplitude factor has

the opposite angular dependence compared to a plane wave model:

2 [} 2
sin 9 max d, (ka)
€a A L L(e+1)
—1k E,o (22+1)T2(k)(-1) L a ] > (37)

This terh corrects for variation in the incident wave amplitude across
the potential, primarily due to the node ;n the p wave angular
distribution. Thus for atoms along the nodal plane perpendicular to the
electric vector, this term represents the error made by neglecting the
angular structure in the photoelectron wave.

Typically EXAFS analysis is not concerned with relative scattering
amplitude of individual atoms. Most of the measurable signal comes from
nearest neighbor atoms, all of which contribute oscillations of the same
frequency. The overadll EXAFS amplitude is not simply given by the

18,19

magnitude of the scattering amplitude and hence the spherical wave
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corrections to the magnitude are of little consequence; Rather it is
the phase of the scattering factor that is central to the EXAFS.analysis
and high precision should require spherical wave correction; the weight
of the individual pértial waves in the scattering factor sum will
otherwise be incorrect. Of course, practical EXAFS analysis does not
rely on the accuracy of the theoretical scattering factor: empirical
phase shifts are nearly always derived from known model compounds.

An important EXAFS technique which does rely on relative scattering
amplitudes is the polarization dependence empldfed to determine
structures on surfaces.20 Here the overall amplitude for nearest
neighbors is measured for several orientations of the polarization
vector with respect to the crystalline sample axis. The results are
usually fitted to the angular distribution predicted by a plane wave
model--coszeea--and ignores spherical wave effects. We would expect.the
largest curved wave correction when ka is small, i.e. low Z elements
having short bond lengths and in the lower energy region, and when we
need accurate angular distribution calculations for small coszeea.

Looking back at the EXAFS formula we also find some insight into
the success of the plane wave modei. The leading correction to the

plane wave amplitude is

L
E max
O S S e CO8 IR T IS DL SO TCR PR S (38)
cos eea =0

This term is just twice the correction for backscattering ARPEFS, and,
as we argued above, the successive terms tend to cancel. Furthermore,

we can make a crude argument that the k dependence--and hence the
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frequency shift-—-of this correction will be vehy small. The factor
2(%+1)/ika strongly favors high angular momentum waves. If we define an
impact parameter b = &/k, Wwe can take a semiclassical approximation for

the phase shif‘t:21

8, (k) = z(b) o | (39)

Here, Z(b) is the unscreened nuclear charge within a sphere of radius b

around the scattering atom. For large { we assume small phase shifts to

write
. izl(b) .
Tl(k) = iél(k) - -—E;E— (40)

and since 2 >> 1 we have

A - uﬁax % ——-Zf;:b) (-1)* -fé (41)
2=0 0

To get a series whose limit does not depend on k we invent a sampling

radius
*max-n
r = —— (42)

which coincides with & = kr_ for % >> 1. Then
max o] max '
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lmax 2r3

A= § =2 z(r )(-1)
n=0 1r0a n

-n
lmax

Since the rn are constants of the potential, this spherical wave
correction is roughly independent of k. Note that this argument
requires the low angular momentum to be insignificant and we may not

00

conclude that faR or f are roughly independent of k by similar steps.

aR
IV. CURVED WAVE CORRECTIONS TO THE SCATTERING FROM Ni ATOMS

Now we turn to some specific examples of curved wave effects in the
Scattering of electrons from Ni atoms. We will begin by examining the
angle dependence of the scattering factors at SA-1 (95 eV) and at 10A-1
(381 ev), followéd by their k and r dependences. For.each case we will
compare fgg to the plane-wave limit, faR‘ As the last example we
calculate the effect of curved wave corrections to the polarization
dependence in surface EXAFS. In all these examples we take |Z; = 2.234.

Figure 1 compares the amplitudes of fgg and faR for scattering
angles from 0-180° at a wavenumber of 511-1 (see eqn. 28). .The general
trend confirms our qualitative discussion in the previous section: the
largest corrections are in the forward scattering directions. Figure 2
gives the amplitude of f;g (eqn. 29); note the dramatic reduction in
magnitudef The angular structure of f;g is rather similar to fgg.

The angular Spherical wave correction, eqn. 31, is plotted in
figure 3 as [sin 6 fg;] to emphasize the fact that this correction is

zero for forward (9 = 0°) and exactly backscattering (eaR = 180°).

aR
The overall scale is 20 percent of the scale in figure 7, but recall
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that two additional angle factors, sin eea and cos ¢eaR reduce this
correction unless the scattering geometry is special.

We have constructed figures U4, 5, and 6 to parallel figures 1, 2,
and 3, respectively, except k = 101l-1 for these new figures. All three
comparisons demonstrate that the curved wave corrections are nqt much
smaller at this higher energy, but the cancellation of successive
angular momenta due to Pl(cose)=(-1)l is much more effective. Thus all
the large scattering-angle (0>90°) amplitudes are quite accurate (5
percent) in the plane wave model, while the amplitude for scattering
through 32° is too high by more than a factor of 2.

We can also compare the scattering factor phase by plotting the

argument of the complex ratio fgg/f their phase difference, as

ar’ ifef
in Figure 7. For k = SA-1, the phase difference is roughly +0.5
radians; note that the two angles where the phase difference is not near
+0.5 radians correspond to scattering angles with small scattering
amplitudes, see figure 1. The curve for k = 1OA_1 has the same behavior
although the shift is about half as large.

The k dependence of these scattering factors is illustrated for eaR'

= 173° in figure 8, 8 = 0° in figure 9, and ea = 127° in figure 10.

aR R

The backscattering geometry, figure 8, is the most important one for
ARPEFS and, fortunately, the plane wave model is rather accurate. As we
noted‘above, the angular curved wave correction is eliminated by sin eaR
~ 0 for backscattering, and figure 8 shows that f;g is very much émaller
than fgg._ Thus fgg by itself characterizes the backscattering of %=1
waves, Notice also that the plané wave amplitude error approaches a

constant not equal to zero, for large k. This is explained in the same

manner as the EXAFS discussion in the previbus section.
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The greatest curved wave corrections occur in the forward

directions; figure 9 gives the example of eaR = 0°, The plane wave

amplitude is roughly .28 too small over the entire range in k. Without
the alternating sign of Pz(—1) characteristic of backscattering, we see

no approach to the plane wave limit at large k. Again f;g is very

00, f01 cannot contribute to

small, at least a factor of 20 below faR’ aR

forward scattering as long as 8,, < -~ 10°. The phase difference (not

AR

plotted) between fOO and fzﬁane is ~ .7 radians.

Finally, we consider scattering through 127°, the position of a
Generalized Ramsauer Townsend resonance in Ni. The resonance is a
Crossing of the origin in the comple# plane by the complete scattering
factor. The resonance position in energy and angle depends crucially on
the cancellation of many partial waves and hence cannot be correctly
predicted with a plane wave calculation. Figure 10 displays the

scattering factors for 8 . = 127°. The factors lfggl and prlanel are

R

reasonably close except in the resonance region near 8A-1. The angulér

curved wave correction is now significant, especially since it conspires

with fgg to make the overall scattering amplitude zero at k = 7.5A-1.

10
aR

difference between exact single-scattering and plane-wave calculations

(f__ has not been plotted; it is very small for 8, = 127°). The
is more dramatic in the phase of the scattering factor. Calculations
done for values of ka corresponding to recent experimental
measur'ements17 are shown in figure 11, The phase jump at resonance is
not correctly placed in angle or energy in the plane wave limit.

To estimate the distance, |;|, beyond which we can safely use the
plane wave formula, we plot in figure 12 the radius at which Ifgg -

1 1

plane and k = 10A . This

£ | s 0.06&, for two energies, k = 5&
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criterion for the allowable error in scattering factor was chosen to be
~ 10 percent of the backscattering (eaR = 180°) amplitude for Ni. We
see from this figure that plane wave calculations are never adequate by
this criterion for forward scattéring at any‘energy or any practical
radius. For angles greater than 45°, most scattering atoms within 104
of the photoemitter would require curved wave corrections in the lower
energy region, while perhaps only the nearest neighbors require these
extra calculations for k = 10A_1.

To discuss an example calculation for the curved wave EXAFS
formula, we adopt the second form for x(k) given in Appendix B, eqn.

plane

(B13). Figure 13 compares flso to its asymptotic limit f (w) and to

an o

f~ . We see a close analogy between fis for EXAFS and fgg for ARPEFS,
but the curved wave corrections are larger for EXAFS (compare figure 8)
since the "detector" is not asymptotically far from the scattering atom.
Once again the large k region approaches a non-zero constant plane-wave
error. Perhaps most interesting, Ifanl is seen to be nearly two orders

. iso
of magnitude smaller than |f | in this energy range. Thus, at least

(m)

lane
for Ni atoms, the standard EXAFS formula with fiso replacing fp

would give 1 percent accurate curved wave results. Furthermore, since

the polarization dependence technique relies only on the assumption that
2

the oscillations are proportional to cos eea’ curved wave corrections to

the calculated amplitude ratios are entirely insignificant.

V. DISCUSSION
We have derived new formulae and given examples for the curved wave
scattering of %=1 spherical waves. What can we expect for more general

spherical waves? We offer some qualitative ideés in this section.
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We envision two important cases: 1) photoabsérption by p, d, and f
core levels giving spherical waves with higher angular momenta and
magnetic suplevel occupations; and ii) multiple scattering preceded
either by photoelectron scattering or plane wave scattering typical for
the LEED experiment. Both §f these problems can be approached by the
method we use here for =1 waves. That is,.the origin-shift addition
theorem summed.over magnetic sublevels can be differentiated to higher
and higher order. The resulting expressions will be formidable so we
will be content with estimates for now.

First we consider higher £ waves populated by photoemission. For
core orbital initial states with p, d, or £ orbital angular momentum,
two partial waves with %+1 will be created. Each partial wave may be
treated by the method of section II. We should always get a first term
like dz(ka)Yzm(a)fgg, the amplitude of the & spherical wave times the
Scattering factor for £=0 waves. This is the only curved wave factor
which survives the asymptotic limit and hence will always be the most
important. Our discussion for 2=j virtually ignores di(ka) as being
close ﬁo 1.0, but for higher angular momenta this factor may be
important. Otherwise, this first term will follow the trends discussed
in the previous section.

We should also always get curved wave corrections due to
differences between the (1/ikr) dependence of ho(kr) and the angular-
momentum-dependent radial wave character throuéh the potential region -
corrections ahalogous to f;gf For higher angular momenta, the
difference between the radial character of the incident spherical wave-
and the radial character of ho(ka) already included in the first term

Wwill increase. We might conclude from our Ni example calculations that
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these radial variations are negligible for %=1 waves; for some higher 2
weé will be forced to include this term.

For all %, the radial variations should be less than the angular
variations simply because spherical waves (except 2;0) have stronger‘
angle dependencef Thus curved wave corrections analogous to ng Wwill be
increasingly important for higher angular momenta. These angular
corrections are always greatest near nodes in the incoming Qave, where
the wave amplitude is changing most rapidly. The nodal regions has the
least amplitude and the finite extent of the potential is anyway
averaging opposite phase waves across the nodal surface, smoothing out
the nodal structure. Hence, on the average, even these angular
corrections will not be large. The phrase "on the average" is connected
with the additional angular vectors like sin eea sin eaR cos ¢eaR which
multiply the curved wave angular correction.

In addition to more significant curved wave corrections of the same
type as the %=1 wave, higher angular momenta waves should also have
corrections corresponding to higher order derivatives. Thus the second
derivatives of the incoming wave across the extent of the potential will
become important for some high £. Actual calculations are necessary to
determine how important these corrections will be.

This leads us to the second important case, multiple scattering.
While photoabsorption can pophlate only dipole allowed angular momenta,
an outgoing scattered wave contains all angular momenta up to 2max ~
kré. 'To apply the method of this paper to the exact multiple scattering
of spherical waves wouid-—as a practical matter*—require.automation of .
the derivative calculations, a dubious improvement over the Gaunt

integral summation formula, equation 12. On the other hand, the
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outgoing scattered wave is no more than a spherica} wave with an angular
dependence and phase determined by scattering rather than by
photoabsorption. Thus, approximate multiple scattering could be
calculated by starting with fgg times the single scattered wave
amplitude at the second scattering center and adding curved wave
corrections by numerical differentiation of the single—scattered

wavefunction.

VI. CONCLUSION

To summarize our work, we have

i) derived new curved wave formulae for single scattering of
(18) core level photoelectrons, appropriate for ARPEFS.and
EXAFS experiments,

ii) interpreted the individual scattering factors in this
formula as different types of curved-wave corrections,
allowing some guidelines to be devised to predict which
scattering pﬁoblems require curved-wave formulas,

111) given some idea of the size of these factors for Ni atom
scattering, and

iv) discussed the possible generalization to higher angular
momenta core levelsf

The significance of these results is partly formal and partly

practical. The remarkable accuraéy of the plane wave model has been
widely recognized_,u’22 but often attributed to the asymptotic limit of
the spherical wave. Our new formulas more clearly demonstrate the

origin of this convenience: the improved cancellation of partial waves
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at large k. Thus the accuracy of the plane wave model does not improve
for large k in forward scattering directions. This point may also be
made by a semi-classical argument. As figure 14 illustrates, forward
scattering corresponds to large classical impact par-ameters;21
backscattering corresponds to low enough impact parameter to sample the
strong attractive center region of the potentiél. The wavefront
curvature corrections are thus much larger for forward scattering
directions which sample the extreme edges of the potential.

On the practical side, our new curved-wave formulas are scarcely
more complicated than the plane-wave versions. Some advantage may also
be made of the different angle dependences of each scattering factor, to
minimize numerical computations. Hopefully, our qualitative discussion
and numerical example will serve as some guide to estimate when curved
wave effects may be important. Finally, we have demonstrated that
curved wave EXAFS calculations can be quite accurate with only a minor
modification of the plane-wave formula, a result which extends the

23 and of Gurman, et al.zu

recent Qork of Schaich

Unfortunately, it is also clear from our results that curved wave
effects cannot explain the difference between ARPEFS experiments and the
single-scattering plane-wave calculations of Bullock, Fadley, and
Or'der's.7 The curved wave corrections are typically ~ 20 percent and
only that large in the forward directidns. Thus thle we have reduced
the computational barrier to using curved wave calculation for.ARPEFS,
we can also conclude thatlthe major discrepancies between theory and

experiment are not due to curved wave corrections at least for single

backscattering.
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We can characterize the disagreement between model calculations and
ARPEFS measurement by noting that scatterings from nearest neighbors and
backscatterings from non- nearest neighbors appear to be much more
dominant than predicted theoretically. Wavefront curvature increases
scattering for some angles, decreases it for others and generally has
less effect for backscattering. Therefore, while curved wave formulas
may be important for accurate calculation, there are larger errors
elsewhere in the theory. Multiple scattering must be part of the
answer: as figure 4 illustrates, forward scattering is large in the
ARPEFS energy range and should not be neglected. Our résults heré
predict that this forward scattering cannot be calculated within the
plane wave formulation. There may also be errors in the inelastic
Scattering and thermal averaging. We must investigate these questions

in further work.
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APPENDIX A: ALTERNATE DERIVATION FOR DIFFERENTIAL FORM OF ORIGIN-SHIFT
ADDITION THECREM _ ' . v
We may arrive at the results of section II by an entirely different
route. We will use a series of well known formulas conveniently
tabulated in Pendry,1 his appendix A.
We begin with the origin-shift addition theorem for (1,m) = (1,0),

equation 12. Using the definition of Y1 and the recursion relation for

0
Y we find
m
‘ 1/2 _
2 ' * ~ 3 ) 0
Gyg, gugn = 47 lgm' 17 hg (ka)Y o, @MGE) T Agngq e (A1)
I Y (K (K)dg, + (3')1/2 0 Y, (Y X
%'m' AT+ ,m" & Ir Az",—m" L'm' z"-1,m"(K)d3k}

In other words, since Y10 is proportional to cos(6), the product Y10Y*2"

becomes the recursion relation for Y The factor

m" AL °

1/2

Am = LD GZDY

is related to the ratios of the normalizing coefficients of spherical

harmonics. The remaining integrals in G10 e are the orthonormality
. 1

conditions for spherical harmonics;

J Yl'm' (K)YQ‘"*1 ’m"(K)ko = 621’2|'+16m|m" (A3)

and the sum on 1',m' simplifies to
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172
3 0 ALY
G1O’2"m,, (u—") un{Ay_H,_m"l 2,,+1(ka)Yz"+1 m"(a) (A4)
0 LAn- 1 ~
+ Ag‘n,_m"l Q'n 1(ka)Y2" 1 m"(a)}

The factor inside the braces is the result of a differential operation

n
on 1*'n zn(ka)Y ey Rewriting Nozawa's12 equation 3.8 in terms of

normalized spherical harmonics shows that

-y ay - 0 2+1 ~
(-lEsz) i z"(ka)Yl" L(a) = {A2"+1,-m"i 2"+1(ka)Y2"+1 v (@)
| | .
+ Agl"_m"iz 1 2" 1(ka)Y2‘" 1 "(a)} (AS)
Thus i
3 172 3 gn -
GlOE"m" = (ﬂF) “"(‘iESZ) i 2"(ka)Y1" . (a) (A§)
with
sin 6
3 ] €ea 9
(ESE) =Cos 8 . k(33 - ka 30 (AT)
€a
- cos 3 (cos 8_p~cos 6__cos o_.) 3
ea k(oa) (ka) a(cos eaR)

The addition theorem for spherical harmonics then leads to the results

in equation (19). We can avoid the derivative operation altogether by
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applying the recursion formulas for h and Y

o g ? but this approach is

tedious.
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APPENDIX B. APPLICATION TO EXAFS

We apply the approach of section II to the sphericél-wave single-
scattering Extended X-ray Absorption Fine Structure. Schaich23 and
Gurman, et al.zu recently derived éimplified, exact EXAFS formulas for
cubic or polycrystalline environments. Here we consider only (1s) core-
level excitation and linearly polarized light, but we allow a general
environment. With the ; axis along the polarization vector, the dipole
selection rules reduce Schaich's equation (3) for the x-ray absorption
coefficient to

2
u, = AyIm{My, (i+y )] | (B1)

Our X1 corresponds to Schaich's (i ¥ x11). We are interested only in
the oscillations, Xq5 we refer to Schaiéh for the radial matrix elements
MO1 and constants in A,. Transcribing Schaich's equation (5) into our

notation gives

15; R R id;
(k) = 1 1 le "(1)Gupuo(-ka) (F1IT , (K)G, o0y y(ka)(-1)e ']

-> .
a=0 g"m"

(B2)

i 1
The factor e 8 2 is the absorber atom phase shift which cancels in
the photoelectron diffraction experiment and hence was dropped from the

formulas of section II.

To apply the differential form from appendix A, note that
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(-ka) = (-1)° (-ka) (B3)

Cgmmmio G1ogn-mn

This is a consequence of the conjugation property of spherical harmonics
With the differential forms for the origin-shift addition theorem

coefficients, we have

]

K) = 3 10 } oG xor) (w2 § 4mi*'n, (kat)y,, ,(a')
N R T U8 T2 lk 3z’ L M gtk g ta
a(=0)
-0, (k)1 e (ka)Y,, (@) | (BU)

The primes distinguish outgoing and backscattered waves until the
derivatives are complete. The addition theorem for spherical harmonics
simplifies this expression, and we employ our separation of spherical

waves into asymptotic and polynomial parts to write

\]

| 126,
Xp(K) = - R Z* e E" (20+ 1)(ik == ,)n (ka' )dl"(ka')
a(=0)
(rg 5200 (k ), (ka)P,(cos 6__,) (85)
ik 9z a a L cos aa'

where cos ea will ultimately be -1. .The first derivative becomes

al

(cos eaa')

l

3
(1 sz)ho(ka)dzn(ka)Pl"

x

)

(ka)cos e (cos ©

= ho(ka){dl(ka)d Pon aa’

9‘"



37

cos O_, 3d,,(ka)
Tk a(a) Pyn(cos 8 ar)
. (cos §_,,-cos 8. ,C08 eea') (ka)aPz(cos eaa')} (56)
ika 1" 9(cos eaa,)

The first term in this expression is a consequence of the
derivative as a lifting operator. After the second derivative we may
.
r = = - - =
set a a, Py(cos 8. ,) = (-1)7, and [cos 0 51-COS 8_, cos 6,1 =0.
We also need the value of sz(x)/dx for x = (-1); it is equal to

(- ¥ 1 4(2+1)72. Thus we have

1261 ei2ka 1 max . e
X.(k) == ) 3 — (28+1)T, (k) (-1) (BT)
1 LN @2 1K ¢ o %
a(=0) a B
2
ad (ka) sin e 2 2(9+1)

{COS 9 [d (ka)d (ka) iﬁ] - —(7 [d (ka)] "———'}
ka

This form most clearly displays the origin of the curved wave

corrections, but to compare to the work of Schaich, note -that

1 ad (ka)

" __ETET- (ka) -d (ka) -

— d (ka) (B8)

which--together with the recursion relation for dl(ka)- -shows that

ad, (ka)
) 241 L
[ay(ka)d(ka) + ¢ —3ray ] = Loget et * 20e7 i (B9)
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The square of this factor may be reduced with the help of the square of

the recursion relation for dz to give

L+1 % 2 a1 2 % 2 L(e+1) (2
LT Qa1 * 37 -1 = I3e7 Y41 * 3057 991 ° Y dg] (B10)
Then we can define
2'Illa)( :
IS0 1 L. R+l .2 % 2
£777 () X, g=0 22+ Ty (K) (=17 [gpey Ay * 7 g-q] (B11)
and
max
2 m - o 1 DT 0 -n* 2la1) d2(ka) (B12)
1 2=0 (ka) : ‘
to write
12 '
ka 126 an
x(k) = Im {- } 3 2 5~ e 1 [(fISO+fan)cosze€a - £§_ sinzeea]
a(=0) ka
(B13)

In an isotropic or cubic environment, 2'0032 eea = sin2 esa and the
anisotropic scattering factor cancels out to give the same formula
derived by Schaich23 and by Gurman et alzu. Notice that our result
demonstrates that the simplification achieved by these authors is not a
consequence of symmetry--the general formula is scarcely more
complicated than the high symmetry version--but rather is a result of

summing over the equivalent magnetic sublevels of the scattered wave.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure U4,

Figure 5.

Figure 6.

Scattering factor amplitude in A for Ni atom potential at k
= SAn? (95 eV). Solid line is |f2§|, the 2=0 spherical wave
scattering factor; dashed line, plane wave limit 2ka >>
2(2+1). Right hand panel gives cartesian plots of factor
magnitude versus scattering angle, eaR in degrees; left hand

panel is a polar plot with ea = 0° running up the figure.

R
Radial derivative scattering»factor amplitude, lf;g| in A
for Ni atom potential at k = SA-1 (95 eV). Format described
in Figure 1. Note the scale of this figure is 1/20th of
Figure 1,

' 01
Angular derivative scattering factor amplitude [f .| times

sine of the scattering angle, 6
1

aR’ in A for Ni potential at

k = 58 (95 eV). Format described in Figure 1. This
scattering factor cannot contribute in near forward or near
backscattering directions.

-1
Identical to Figure 1, except k = 104 .

(381 eV). Note the
improved accuracy of the plane wave limit for backscattering
angles. The figure hés the same scale as figure 1 to
emphasize backscattering angles.

Identical to Figure 2 except for k = 10 ' (381 ev).
Identical to Figure 3, except for k = IOA“1 (381 ev). Note
that shift of the main peak to lower angles; its amplitude
is similar to the amplitude of the main peak at k = SA_1,
but the éorrection for backscattering is very much smaller

now.



Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11,
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Difference in phase (in radians) between spherical and
plane-wave models versus scattering angle eaR in degrees,
for scattering from Ni atom potentials at k = SA—1.

Scattering factor amplitudes in A versus'electron wavenumber

-1 .
(R ') for near backscattering (eaR = 173°) from Ni atom

potentials. Solid line, basic spherical scattering factor
0 ' ,

f 0 circles, plane-wave limit scattering factor fa

aR’ R’
triangles, radial derivative scattering factor f;gf The
plane-wave factor is rather close to the spherical wave fgg
and the other spherical wave corrections are very small at
all energies; notice also that plane wave error approaches a
non-zero constant.

Scattering factor amplitude in A versus electron wavenumber

-1
(R ') for forward scattering (eaR=0°). Solid line, basic
00
aR’

triangles, radial derivative

spherical scattering factor f circles, plane-wave limit

scatterihg factor faR;
scattering factor f;§° Note the nearly constant plane-wave
error; the radial derivative correction becomes almost 10
percent at low énergies.

Scattering factor amplitudes in.A versus electron wavenumber

(A—1) for scattering through 6_, = 127°, the position of a

aR
Generalized Ramsauer Townsend resonance. Solid line, basic
spherical wave factor fgg; circles, plane-wave limit fplane;

crosses, angular derivative fg;. The radial derivative is

negligible at this angle for all energies.

Phase shifts for scattering from Ni. The dashed line shows

the phase shift function ¢J calculated with plane-wave



Figure 12.

Figuﬁe 13.

Figure 14,

4y

theory for e=1é7°. The dotted line is tﬁe phase shift from
the experimental curve. The zero crossing jump in phase
occurs too high in wavenumber in the plane-wave limit.
Solid lines are curved-wave calculations of the phase shift
function for the indicated 3cattering angles.

Radius for acceptable results from plane wave calculations
versus bond angle for k = 54 | (solid line) and k = 108
(line with circles). The radii were selected so that all

OO plane
f‘aR |

distances greater than the plotted lines have |f‘aR <

0.06A.

Scattering factors for (1s) EXAFS. Solid line is fiso, the
curved wave scattering amplitude defined by egqn. B13. Line
with circles is the plane wave limit which has a similér
shape to £:3°. Line with triangles is £2", eqn. (B13)
multiplied by a factor of 50.

Schematic semiclassical orbits for an attractive potential.
If the circle represents the effective radius of a screened

nuclear charge, then particles with large impact parameters

will sample only the weak outer region of the potential and

' scatter through small (forward) angles. Particles with

small impact parameters orbit the stroﬁé nuclear attraction
and exit aﬁ large (backscattering) angles. The connection
to wave scattering is made through b = £/k where b is the
impact parameter: large % partial waves contribute to
forward scattering and small‘l waves dominate for

backscattering.



Ni atom,
I

45

k=58""
|

|

—-11.8

40 80 120 160

Scattering Angle
 (degrees)

XBL 852-1310

Figure 1



9
X102
~ 6.—

=<
~ 3
o M
.-:‘“‘g
~

Ni

46

atom, k=5A&"1

! | 1

1

-10.09

0.06

-0.03

L
40 80 120
Scattering Angle

(degrees)

1
160

0.03

0.00

Figure 2

XBL 852-1311



47

Ni atom, k=541
: 4

! L} I
0.36F -+ -0.36
S
~ 0.24} <4 | 40.24
— @
C%hJﬂ
0.12F -+ -10.12
. |
[~
So)
g OOOL | 1 1 |
| 40 80 120 160
Scattering Angle
(degrees)

0.12

0.00

XBL 852-1312

Figure 3



48

Ni atom, k=10&""
- 7 ' T T T T
1.8 ,I T! —11.8
| \
n \
| |
~ 12 |\ —t— —11.2
=
N’
~_ 0.6 \ -+
2% \
et \
™~
0.0k 1 1 1
| 40 80 120 160
Scattering Angle
(degrees)
0.6 0.0

XBL 852-1313

Figure &4



9_

X1072

P ammn 6:—
=<

~  3F
o
-:h*g
N

0..

49

Ni atom, k=104

T T T T
T —-10.09

—-10.06

—<0.03

i

40 gb 120 16
- Scattering Angle

(degrees)

a
L

0.03

0.00

XBL 852-1314

Figure 5



50

Ni atom, k=104

J ! I LB
0.36}F - . =0.36
~~
ot
~— 0.24} + | | 40.24
—
C%hJG
0.12 | | -0.12
(e
o
Se
-
‘th 0.00F —L ' L :
: 40 80 120 160
Scattering Angle
(degrees)

0.12 0.00

XBL 852-1315

Figure 6



51

- Ni atom
1 | 1 T

[y
o

APhase angle

/f ] (gadians)
T

00
aR

o
o
T

\] J
Nt

L ]
40 80 120 160

Scattering Angle (degrees)

arg|f

XBL 852-1316

Figure 7



52

Ni Atom, 6,,=173°

1.0 | I 1
fOO

o
)

Amplitude (R)
o
~

o
N

0.0

6 8 10 12
Electron Wavenumber (&7')

XBL 852-1318

Figure 8



Amplitude (&)

53

Ni Atom, 6,,=0°

N

Pt

0 | 1 1
6 8 ' 10 12

Electron Wavenumber (&)

XBL 852-1317

Figure 9



Amplitude (&)

54

Ni Atom, 6,,=127°

!

0.0 ' L 1
6 8 10 12

" Electron Wavenumber (&)

XBL 852-1319

Figure 10



phase shift

55

c(2X2)S/Ni(100)-[100]

! 1 ] 1 |

6 7 8 9 10 11

wavenumber (&7")
DK:NIS111.DUS

XBL 848-3548

Figure 11



56

Ni atom

S
8 25 T T | T
.
Q
20
T,
©
-
o 15F
L .
'-2 10
P
)
»nn Sk
=
S
() 1 1 1 1|
= 40 80 120 160

Scattering Angle (degrees)

XBL 852-1320

 Figure 12



57

Ni Atomm EXAFS

().55 | T I
fiso !
_ 04 fp ane(ﬂ_)
S_
o 0.3
©
-/
>
—é" 0.2
< 0.1
0.0 L L L
6 - 8 10 12

Electron Wavenumber (&7')

XBL 852-1321

Figure 13



58

- 1201-1S8 79X

U~Qg

%71 2anf1y

o~g



This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




R T

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

RN L3



