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ABSTRACT

We review the importance of many-body effectsin the theory of XAFS. The

dominant effectsare inelasticlosses:Eztrir_siclossesreferto inelasticlossesin

the propagation of the photoelectron and are treated using a complex, energy-

dependent self-energy.The realpart ofthe self-energyyieldsan important energy-

dependent shiftin the phase of the XAFS oscillations,while the imaginary part

contributesto the mean-free-path. Intrinsiclossesreferto lossesassociated with

the creation of the core-hole.They give riseto shake-up/shake-off contributions

to the absorption spectra. These lossesmay be calculated in terms of a core-

hole Green's function. Interferencebetween these processes leads to dynamical

corrections,which are important at low energies.

1. Introduction

Inelastic losses and lifetime effects are crucial to a quantitative treatment

of x-ray spectroscopies involving deep core level excitation to high-energy electron

states. Our aim in this talk is to give an elementary review of inelastic processes in
: XAFS (x-ray absorption fine structure). We focus our discussion on on approxima-

tions wtfich axe most amenable to direct computation. Part of the material reported

here is sinfilax to that presented at the Sixth International Conference on X-ray Ab-

sorption Fine Structures, 1 which also contains several comparisons of theory and

+ experimet_t. If inelastic losses are neglected, the calculated XAFS is invariably larg-
er than that measured experimentally, and there axe notable discrepancies between

= the calculated and measured XAFS phases. While a completely quantitative theo-

ry of such inelastic processes remains elusive, reasonably successful approximations
have been developed for practical computations.
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2. Formalism

Photoabsorption in solids is accompanied by two dominant types of exci-
tations: eztrinsic losses, i.e., losses in propagation of the photoelectron through
the material, due to electron-electron interactions and plasmons, 2 and intrinsic
losse._, i.e., shake-up and shake-off excitations, due to interactions between the
core-hole and other electrons. 3 Extrinsic losses can be taken into account via a

complex self-energy (or optical potential) in a one-particle calculation of the ab-
sorption cross-section. Intrinsic losses can be treated by considering the relaxation
of the "passive electron states" in response to the core hole potential in a &SCF
Golden rule calculation 3 of the absorption cross-section tr: A reasonable approxi-
mation in XAFS is to neglect interference and factor the full N-electron states into
terms representing the passive electrons and the photoelectron (or core level), i.e.,

= t'I'.N-a)I¢.). Then one obtains an expression for # as a sum over excitation
states or channels n with excitation energies _.

n rl

He eS. = <e0N-'l 'f is the N- 1 electron overlap integral between the un-
relaxed ground state and the n-th excited state of the passive electron system in
the presence of a core-hole (denoted by a prime), and M(E) is the dipole matrix
element. Eq. (1) can be thought of as a convolution of the one-electron absorption
cross-section with the excitation spectrum of the core hole. This formula allows
one to approximate the net XAFS X = (/_ - #o)/#o, including loss processes, as a
phasor summation 3 and thereby to recover the usual XAFS formula with addition-
al energy dependent reduction and phase factors, So2(E) = ZlnS_ exp(2iAkR) --

IS_o(E)lexp[i_o(E)], where Ak = _- V/2(E- en); i.e.,

X = -Ira Z IS°2(E)I IreII(kR2r' kR)] ei(2kR+ 26,+,+_o )e- 2,_ne-2_= k' . (2)
R

The net reduction corresponds roughly to the strength So2 in the fuUy relaxed, pri-
mary chaxmel n = 0, because the contributions from the higher chaxmels are usually
small. However, the higher channels do give a distance dependent contribution that
increases weakly with energy, similar to other final state broadening effects, and
can be simulated with an additional contribution to the mean-free-path.

An alternative treatment of losses has been given by Ekardt and Tran Thoai. 4
However, since both intrinsic and extrinsic losses involve the same final states, in-
terference is also possible. A unified treatment of both losses which also includes
interference has been given by Bardyszewski and I-Iedin. s Their approach leads for-
mally to an expression similar to Eq. (1). The interference is energy dependent and
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corresponds to dynamical effects which axe particularly important at low energies,
when the core-hole and photoelectron are close together for a long time. Schrief-
fer has discussed this interference using a cut-diagram theory which illustrates this
"transition" between the sudden and adiabatic limits. 6 A semi-classical treatment

of such dynamical effects has been given by Noguerra et al. z We have found that
such dynamical effects reduce the effects of the intrinsic losses substantially, s

3. Extrinsic Losses

The extrinsic losses can be taken into account formally in terms of a complex

energy-dependent self-energy _(E) for the photoelectron. Until recently relatively
crude approximations for _2(E) have been used owing to the difficulty of accurate
calculations. For example, E is often replaced by a system dependent imaginaxy
constant typically a few eV in magnitude, _ = Vo - iV}. Values of I/i may be
determined roughly from the "universal curve" of mean-free paths ,_(E), using the
relation Im E = k/)_, where k is the electron wave number; in units of eV and

angstroms. Im E = 3.8 eVv/E(eV )/)_(/_). This prescription can account for the
effect of inelastic losses on the ampltudes, but otherwise has several drawbacks. In
particular the the energy dependence of _(E) is neglected, leading to significant
errors in XAFS phase shifts and therefore distance determinations.

We will only briefly outline the steps in the calculation of _(E) following the
GW approximation of Hedin and Lundqvist. 9 The photoelectron is represented as
a quasi-particle state ¢i in the spectral representation of the one-particle Green's
function, i.e., G(E) = E,[lg2i)(¢i[]/(E- Ei + lO+). The Schrodinger-like equation
for ¢ is

[-V 2 + Vc + E(E)]¢ = E¢, (3)

where Vc is the coulomb potential and E plays the role of an exchange-correlation
potential. A simplified GW calculation of E(E) makes use of the plasmon-pole
approximation for the dielectric constant of the electron gas and the local density
approximation (LDA). 9 Here G refers to the electron G:een's function and W =
47r/q2e(_',w) is the screened coulomb interaction. This Hedin-Lundqvist (HL) E(E)
can be split into three terms: one is the unscreened or bare exchange, i.e., the
result for e(q',w) = 1 and corresponds to the Dirac-Hara (DH) potential, which has
a simple analytical form:

_(._) kF [1-t kZF- k2 k -1-kt;' l]
= --- la , (4)

rr 2kkF k --kF

where E = k 2/2. The second and third terms come from the screening contribution
to the exchange hole and from the coulomb hole, respectively. The HL E(E) was first
used for EXAFS calculations by Lee and Beni. 2 A drawback is that the calculation
of the real part is computationally time consuming, requiring a separate numerical
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integration at each energy and radial grid point. To circumvent this difficulty we
have derived 1° an exact analytic solution for the imaginary part in terms of the
solution to a cubic equation, and a fast double polynomial fit for the real part. The
fit is arranged into several panels of which cover the full range of atomic densities
and photoelectron energies to an accuracy of 1%.

The GW expression for E(E) is dependent on the electron density through
the fermi momentum kF = (3zr2n) 1/3 and the plasma frequency wv - v/J, Trne2/m,
which is the pole of e-1. However, these relations are appropriate to the LDA for a
free electron gas, and it is questionable whether the same parameters are the most
appropriate for non-metals; one might consider treating the "excitation energT," cap
as an adjustable parameter. Another assumption in deriving the HL self-energy is
that of free-electron conduction band. Horsch et al.li have argued that there should
be an additional contribution to the self-energy in d-electron materials, which is
essentially the unscreened Hartree-Fock exchange from the d-orbitals. According
to their estimate, this term should be roughly linear in energy (at low energy) and
significantly larger than the Hedin-Lundqvist self-energy. Further support for this
correction has been given by lVlichiels et al.12

4. Intrinsic Losses and Interference

As noted above, the inclusion of intrinsic losses leads to the addition of am-
plitude reduction and phase factors in the standard XAFS formula of Eq. (2). Ab
initio calculations of these reduction factors generally requires many-body overlap
integrals, but phenomenologieal models can be constructed in terms of model exci-
tation spectra. 2 In practice, it is often sufficient to replace these effects by a constant
reduction factor and a small additional phase shift. Some approximations are also
available. Estimates appropriate for light metals have been given by Ekardt and
Tran Thoai. 3 We have also devised a semi-classical approximation for the excitation
spectrum including interference in terms of the core-hole Green's function, s The ef-
fect of interference also yields an additional dynamical correction to the static HL
self-energy, i.e.. E = E HL + E D(t); thus the central atom phase shifts in the XAFS
equation are different in the paths out of and back to the absorption site. Lu has
observed that the dynamic corrections can be estimated by neglecting the loss in
the outgoing path. s

5. Conclusion

Inelastic losses in XAFS are sufficiently well understood for semi-quantitative
calculations. Extrinsic losses alone account for most of the amplitude reduction.
Interference is important in reducing the effect of intrinsic losses. The net effect of
all losses can be accounted for fairly well by an additional constant factor, which
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is typically 0.854-.15 yielding XAFS amplitudes to an accuracy of about 10%. lz
Moreover the energy dependent HL self-energy gives accurate XAFS phases to a
few tenths of a radian, as well as good approximation to the inelastic losses. The
DH self-energy become increasingly inadequate at high energies, and the Horsch
correction appears to be much too large at XAFS energies.
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