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We study the optical potential effects on the extended x-ray ab-
sorption fine structure (EXAFS) and x-ray photoelectron diffraction
(XPD) spectra. For the valence electron optical potential we use
a local density approximation because the charge density changes
fairly slowly, whereas we use a non-local optical potential for
the core electron part based on GW-approximation. In the Br K-
edge EXAFS spectra the present optical potential gives rise to the
phase difference and the amplitude reduction; the agreement with
the experimental result is excellent. In the N-1s XPD spectra for
N2/Ni(100), the spherical wave effects enhance the effects due to
the optical potential.
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1. Introduction
Elastic and inelastic scattering of electrons provides useful infor-
mation on atomic structure and properties of bulk solids as well as
solid surfaces.

It has long been recognized that elastic scattering of electrons is
determined by the self-energy for the one-electron Green’s func-
tion (optical potential), and its associated one-electron damping
function (Bell & Squires, 1959; Hedin & Lundqvist, 1969), and
explicit discussions have been made for XPS (Bardyszewski &
Hedin, 1985), EXAFS (Hedin, 1988; Fujikawa, 1999) and EELFS
(Fujikawa & Hedin, 1989; Fujikawa, 1991, 1992).

Hedin and Lundqvist (HL) (1971) suggested a scheme based
on the Sham and Kohn theory (1971), where the electron gas self-
energyΣ0(q; "(q)) is used with a density dependent momentum
q(r). Following Hedin and Lundqvist (1971) several authors ap-
plied such a local density potential to electron scattering from
atoms in the intermediate energy region, using the plasmon pole
approximation to theGW self-energy, and showed that this poten-
tial gives an excellent description of the EXAFS calculation (Lee
& Beni, 1977; Mustre de Leonet al., 1991). In general the Hedin-
Lundqvist potential gives good results, however, the results are not
so clear-cut; sometimes we can find a value� in X� potential which
gives a better result than the Hedin-Lundqvist potential (Woolfson
et al., 1982).

We have earlier developed a theory for a practical, self-
consistent and non-local optical atomic potential in a solid (Fu-
jikawaet al., 1993, 2000) and applied it to electron scatterings from
He (Fujikawaet al., 1995a), Ne, Ar and Kr (Fujikawaet al., 1998),
atoms in metals, semiconductors and insulators (Fujikawaet al.,
2000), where good agreement with the experimental results was
obtained.

In this work we apply our optical potential theory to EXAFS
and XPD analyses to study the importance of dynamic polarization
effects on these spectra.

2. Theory
Detailed discussions of the crystal potential have been given long
ago by Hedin (1965a, 1965b; Hedin & Lundqvist, 1969). In Hedin
and Lundqvist (1969), p. 129, the following expression for the self-
energy (optical potential) is given,

Σ0 = GcW + GvWvPcWv + GvWv + � � �

�= Vc
ex+Vc

pol + Σv
: (1)

HereGvWv is the self-energy from the valence electronsΣv, while
GcW is the core exchangeVc

ex andGvWvPcWv the screened polar-
ization potential from the ion coresVc

pol. The second term is sim-
plified after we introduce some approximations (Fujikawaet al.,
1993, 2000),

Vc
pol(x; x0;!) = A(r ; r 0)G(x; x0;! ��); (2)

whereA(r ; r 0) is the polarization term which does not depend on
energy andG(x; x0;!�∆) is the scattering Green’s function shifted
by the averaged excitation energy∆. This optical potential is non-
local and can be solved self-consistently.

3. Results and discussion

3.1. Application to Br K-edge EXAFS spectra

As an example we apply our non-local optical potential theory
to the analyses of K-edge EXAFS spectra of the Br2 molecule. The
K-edge EXAFS oscillation is given, in the single scattering curved
wave approximation (Fujikawaet al., 1995b)
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which has temperature dependent dynamical spherical wave part�s

in addition to dynamical plane wave part�p. HereR0
�

is the equi-
librium distance between� andA atoms (A is the X-ray absorb-
ing atom) and∆� is relative displacement of the pair,ef�(�; R0

�
)

and ef 1
�(�; R0

�
; T) are the static and the dynamic back scattering

spherical wave amplitudes; the latter depends on temperature. As
input data for the calculation, we useR0

�
= 2:2836Å, cumulants

h∆�ic = 0:00431Å and h∆2
�
ic = 0:00199Å2 respectively. These

parameters are deduced from previous experimental data (Frenkel
& Rehr, 1993; Yokoyamaet al., 1996).

Figure 1 compares the calculated K-edge EXAFS spectra of Br2

molecule by use of the Hartree-Fock (HF), Hartree-Fock for core
electrons and Hedin-Lundqvist for valence electrons (HF+HL) and
the present optical potential (FH). Referring to Eq. (1) the HF po-
tential uses the non-local exchange potential for total electrons, the
HF+HL potential uses both the third termΣv and the first termVc

ex,
and the FH potential has in addition the non-local polarization po-
tentialVc

pol. The calculated result shows that the optical potential

Theoretical study of the non-local optical

potential in EXAFS spectra



theory and fundamental aspects

208 Keisuke Hatada et al. J. Synchrotron Rad. (2001). 8, 207±209

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

k3 χ 
(a

. u
.3 )

876543

k (a. u.
-1

)

 exp.
 calc.

Figure 1
Calculated EXAFS spectra of Br2 for HF (dotted line), HF+HL (dashed
line) and FH (solid line) potentials.
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Figure 2
Comparison of theoretical (solid line) and experimental (dotted line)
EXAFS spectra of Br2 (Filipponi & D’Angero, 1998). For the theoreti-
cal calculation we use the FH optical potential.

is responsible for the EXAFS amplitude reduction and the phase
shift as demonstrated by Lee and Beni (1977). The FH potential
gives rise to a pronounced reduction whereas only a small phase
difference compared to the HL potential.

Figure 2 shows the comparison of the theoretical (solid line) and
the experimental (dotted line) EXAFS spectrum of Br2 molecule.
The theoretical spectrum calculated by using the FH optical poten-
tial is compared with the experimental one measured by Filipponi
and D’Angero (1998). The calculated result is excellent; our opti-
cal potential is promising for the EXAFS analyses.

3.2. Application to N-1s XPD spectra for N2/Ni(100)
Back scattering of photoelectrons plays a central role in EXAFS

analyses, while in XPD analyses forward scattering play an impor-
tant role because of strong anisotropy in the scattering amplitude;
we observe sharp peak in the scattering intensity. So far we have

investigated many-body effects on the angular distribution of elas-
tically scattered electrons from atoms in solids, and we found the
large influence on small-angle scattering amplitude (Fujikawaet
al., 2000). Therefore it is interesting to apply our optical potential
theory to XPD calculations.

The XPD intensity for measuring photoelectron momentumk is
written in the spherical wave formula (Fujikawaet al., 1995b)

I(k)c / jZ1 + Z2 + Z3 + � � � j2

= jZ1j
2 + 2Re(Z�

1 Z2) + jZ2j
2 + � � �

= A+ B+C+ � � � ; (6)

whereZ1 (direct term) andZ2 (single scattering term) are explicitly
shown

Z1 =
X

L

YL(k̂)MLLc; (7)

Z2 =
X

�6=A

exp(�ik � R�)

�
X

L0

X

L

YL0 (k̂)t�l 0 (k)GL0L(kR�)(�1)l+l 0MLLc: (8)

HereMLLc is the atomic photoexcitation matrix element from a core
with angular momentumLc andGL0L is the angular momentum rep-
resentation of the free propagator,R� is a position from an emitter
atom to a scattering atom�. We calculate the N-1s XPD spectra of
N2 on Ni(100) measured Nilssonet al. (1991). The N2 molecules
are chemisorbed perpendicularly to the Ni surface, and we can dis-
tinguish the inner from the outer nitrogen using chemical shift. In
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Figure 3
The calculated N 1s XPD spectra from N2/Ni(100) show the comparison
for the three different potentials HF, HF+HL and FH potentials. Kinetic
energy of photoelectrons is 1085.9 eV (Al K� excitation). Plane wave
approximation is used.
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Figure 4
The same as in Fig. 3, but for the spherical wave calculations.

this calculation we neglect Debye-Waller factor and the scatterings
by Ni substrate atoms for simplicity. Of course they are impor-
tant for the XPS intensity in large� region. We consider the XPD
spectra from the inner atom where the forward scatterings play an
important role in the normal emission (� � 0Æ). Figure 3 compares
the calculated XPD spectra for different potentials, where the ki-
netic energy of photoelectron is 1085.9 eV (Al K� excitation) and
the plane wave approximation is used. We see that all these models
give nearly the same XPD intensity.

Figure 4 shows the same cases as in Fig. 3, but with the spher-
ical wave corrections. The different potentials give rise to larger
differences in the SW than in the PW case. In small angle region,
the intensity of the interference termB = 2Re(Z�

1 Z2) is ordered as
B(HF + HL) � B(HF) > B(FH), whereas that ofC = jZ2j

2 as
C(FH) � C(HF + HL) > C(HF). Thus the total intensity de-
creases as,I(HF +HL) > I(HF) > I(FH) in the PW approxima-
tion. Despite that the difference for each term is fairly large, the dif-

ference for the total intensityI(k)c is small. On the other hand the
intensities ofB andC are ordered as(HF) > (HF+HL) > (FH).

For the SW calculation, the optical potential gives a large phase
difference in the interference term, and we observe pronounced dif-
ferences in XPD intensities for the different potentials.

4. Conclusion
Here, we have applied our non-local optical potential theory to EX-
AFS and XPD calculations. In EXAFS calculations, the optical po-
tential gives satisfactory results, and is successful to describe the
damping effect and the phase difference. In PW XPD calculation,
the optical potential has small influence on XPD intensity, though it
has large effect on the scattering amplitude. In contrast the optical
potential has large influence on the phase factor of the amplitude
Z2 in the SW XPD calculation. Of course the computing time is
quite large (300 sec for one SCF calculation) on Pentium III 800
MHz PC.
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