theory and fundamental aspects

PrObablllty denSIty of wave function of diffraction states (Lee, 1976) or, in the case of Green function for-

excited photoelectron: understanding malism, disposing of the final state wave functions altogether (Vve-
XANES features gensky, 1992). The choice of the set of wave functions in Eq. (2)
oes not affect the outcome.
It follows from Eg. (2), that the total absorption rate is a resul-
tant of manyincoherentprocesses. Hence therenis single wave

Oondfej éipr* functionlike |¢phe> Which could have been inserted into Eq. (1).
Rather, the quantity of interest should be a weighted sum of prob-
ability densities of those wave functions which describe states par-
ticipating in the absorption process,
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Idn(;cresrtparr?:j?:on of XANE.S spectra suffers from a poor intuitive un_Tr|e weightsws are the probabilities that a core electrign > is
g of the relation between spectral features and structural :

elements of a material. An attempt to alleviate this shortcoming %]ected into the stafe’r>,
made by exploring a spatial distribution of probability density of
wave functions of photoelectrons excited during the photoabsorp-
tion process. One has to add incoherently squares of wave functiogﬁd ought to be normalized so that their sum yiedddJnlike in

which describe participating photoelectron diffraction (PED) Proihe case of Eq. (2), the outcome of Egs. (3)-dds dependn

cesses, weighted by normalized PED cross sections. As an exampley -1 oice of the set of wave functiohss > (complete on the en-

we investigate probability density of wave functions relevant to A%rgy surface determined by the delta function in Eq. (2)). It is only
L1 andLs XANES of Ag;0. matter of physical intuition, not formal mathematical procedures,

to establish which set of statég: > is relevant to the physical
1. Introduction process in question.

. . For transitions to bound states of molecules, the states
There are two challenges in the theory of x-ray absorption near-__ . . . .
are just asymptotically decaying bound stgtés>, normalizable

edge structure (XANES) spectroscopy: How to calculate XANES h 2 he choi . iah
most accurately and how to interpret it in physically plausibleSOt atf dr|1pb(r).|. =1 Thec oice Oftr > is not so straight-
terms. For the latter task. it would help to have a means to COnf_orward for transitions to the continuous part of the spectrum. Let

T ' P . us contemplate a finite cluster of atoms. As a result of absorption
nect specific spectral and structural features one with another.

b L : .of a photon, a core electron is torn off an atom and must finally
Various procedures were applied in the past, such as |nspectlng . . : e
tdrn into a plane wave with a well-defined momentum direckion

the effect of adding or removing certain atoms in the test C|USte':|ence elementary incoherent processes involved in (3) must be
(Sipret al,, 1999), investigating the dependence of the height of the ' Y P

pre-peak on the geometry of the nearest neighborhood (Fatges _photoe_lectron diffraction (PED) events. Indeed, x-ray absorpt_ion
al., 1997), calculating XANES by summing over many scattering's nothing else but angularly a\_/eraged PED (Lge, 1976)._"I'he final
paths (Zabinskt al., 1995) or employing “direct inversion” tech- sta_teswf >.are thereforg t|me-|nvers§d scattering Sta@ﬁ > .
nique for obtaining atomic positions from experimental XANES Which are in turn solutions of the Lippman-Schwinger equation
(Migal, 1999). In this paper, we explore the potential of evaluating(Bether & Salpeter, 1957; Lee, 1976; Natelial, 1986)

the density of the photoelectron wave function. Such a procedure

can be — from a certain viewpoint — considered as an answer to ¢, /() = exp(ikr) + /dr’ Gy (V) % () (5)

the naive question “where the electron really is”.

Wi~ | <de|Hipr>]? 4)

2. The wave function problem whereGg”(r7 r') is the ad\{anced free electron Green function and
V(r') describes the potential of the cluster. These states are normal-
izable to the delta functioti(k). Therefore, by evaluating (3)—(4),
P(r) = |vpne(r)[2 @ one gets only a relative probability, which cannot be properly nor-

malized. However, by fixing the normalization jaf. ' > via (5),
is prevented by the fact that it is not clear what ought to be taken y ¢ mk (®)

for the photoelectron wave functiafphe(r). The XANES intensity l.e., by “pegging” it to the free-electron wave function €p),

is proportional to the probability of absorption of a photon by a one keeps a universal definition Bfr), making thus possible to

core electron. It can be expressed, within a first-order perturbatiorcwor_npare(li()r) calculated in vangus C|.rcumstan(.:es. N_Ote that by
theory, as taking |z/:k > from (5), the densityP(r) is made dimensionless.

An immediate evaluation of the probability densRyr) via the
notoriousansatz

o B The wave functiorwi(” > can be viewed as that wave func-
W= = /dv | <¢elHI o> > 6(Ec +Pw — E)) , (2 tion, from which a plane wave evolves within a sufficiently long
time. It represents the state into which the core electron “jumps”
whereH; is the interaction hamiltonian perturbing the initial core as a result of the electromagnetic perturbatibnThus, the quan-
state|¢c > of the electron and the sum/integration owespans tity P(r) ought to be interpreted as the probability, that the electron
any complete set of final electron wave functiors, >. Applying ejected from a core level can be found at positipfijust after”
standard techniques, Eq. (2) can be transformed into expression ihaving absorbed an x-ray photon. By evaluat®g), one pro-
volving sums over Bloch states (Mér & Wilkins, 1984), molec-  vides the most sensible answer to the provocative question from
ular cluster basis functions (Dill & Dehmer, 1974), photoelectronthe end of the Introduction. We bear in mind, at the same time, that
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this Lippman-Schwinger-like description cannot fully substitute a —_—
proper time-dependent treatment. ‘

n
[£a]
3. Evaluating probability density  P(r) 3 Ag Ly edge XANES of Ag;0 A
< /
By inserting|z/){<_’> into (3)—(4), we get 3 S N\ \
20 ‘ S ~ A/
. = N T raw = t}\\\
~ 1 k o g _ 1e0ry
P(r) — /dk __ O—PE—D() |1/Ji( )(r)|2 , (6) I/ . 1 . 1 . COI|1V0h.lted| R 1
4 oxas 0 10 20 30 40 50 60
where " 1/50 Difference probability density
UPED(R) ~ | <¢)C|H| |¢|‘(*)> |2 (7) ' of photoelectron wave functions

is the PED cross-section and its angular average

—_—

OxAs = %/dRUPED(R) (8)
T

is the x-ray absorption cross-section. For muffin-tin potentials, the
wave functiomﬁi{’(r) can be expanded within each sphere in
terms of solutions of single-site Sduihger equation (Natoét al.,
1986). Evaluation oP(r) within any muffin-tin sphere is therefore
straightforward.

Actual calculations reveal that the probability dens#y) de-
fined by (6) is dominated by its density of states (DOS) constituent,

Difference probability density 5P

Poos) = [ dk - O ©

(indeed Poos(r) is just the local DOS(r, E) = —(2/7)ImG(r,r; E),
multiplied by 2r%K). Typically, P does not differ fromPoos by
more than 10%. Specific XANES-related effects are thus obscured ,
in P(r) by generic DOS effects. Therefore, we introducedliter-

ence probability densityP(r) = P(r) — Poos(r), 0.1

0.1

" k B S-S
5P(r) = [ dk = oeen(k) _ (D) . (10) Ag, d =00
4 OXAS k i 1 . 1 . 1 . 1 . 1 . 1
) ] ] ] 0 Ep 10 20 30 40 50 60
In this way, effects not directly connected with XANES are filtered energy [eV]
out. Figure 1

Difference probability density and XANES spectrum at Agedge of
Ag>0. Each graph in the lower block corresponds to a coordination
4. Results sphere identified by chemical type and distance from the center. Two
As an illustrative example, we present here probability densitiegifferent probe}biliw density curves for.the 2-nd anq three curves for the
2 -th coordination sphere are distinguished by their line types. The ver-
relevant to Ang_ andLs XA_NES of AQZO’ calculated within the tical scale is shown for the second block from the bottom only. Zeros
real-space multiple-scattering formalism for a cluster of 57 atomsg,; gach block are marked by thin dashed line at the right margin. For
using for both edges identical muffin-tin potential without core g < 12 ev, probability density curves are vertically scaled down by 50
hole. or 5, as labeled. Calculated XANES is displayed both in its raw form
The wave functionwl((_’(r) inside a muffin-tin sphere can and partially smeared by a lorentzian convolution.
be readily found using molecular-oriented formalism of Dill &
Dehmer (1974). The coefficients of the expansioru{;f’(r) in
terms of single-site wave functions are determined by a version of
the notorious multiple scattering equation. Necessary formulas can
be found, e.g., in Natolet al. (1986) — in particular Eqgs. (2.1),
(2.13), (2.14), (2.18), (2.20), (2.25), and (2.28) of that paper. Tech-

nical details are left out for a separate publicatiSip¢, 2001). The outcome of this procedure is displayed in Figs. 1-2. Each
In order not to be overburdened with too many data, we calsub-graph corresponds to one coordination sphere, labeled by its
culate the “average probability densityP!!) for an atom aR'), distance (Table 1). The XANES curves are included for compar-

defined as the averaged®(r) over a normalization sphere around ison (Czyyk et al, 1989;éipr et al, 1999). The Fermi levelEr

RY. The quantitysP'}) is thus a measure of how the probability, was put at 6 eV as indicated, so only states above it contribute
that a photoelectron can be found in the vicinity of hth atom,  to XANES. All probability density curves were vertically scaled
is affected by the XANES process. down close to the edge, as hinted by the labeling.
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Figure 2

Difference probability density and XANES spectrum at Bgedge of
Ag.0. All curves have similar meaning as in Fig. 1, only the vertical
scaling in theE < 12 eV region is now by factors of 100 and 10.

Typically, probability density curves for different atoms belong-

Table 1
Coordination spheres around a central Ag atom in@\g
sphereno.| O 1 2 3 4 5 6
type | Ag (@] Ag (@] Ag (@] Ag
coord. no. 1 2 12 6 6 6 24
distancef] | 0.00 204 333 391 472 514 578

One can assess the degree of localization of a particular XANES
resonance by observing the dependence of its possible counterparts
in the difference probability densities on the distance of respec-
tive atoms from the center. E.g., the first peak at~7-8 eV is a
delocalized one, as the probability density peak at that energy is
nearly as high for the 4-th coordination sphere as for the second
one (Fig. 1, scale-down curves). On the other handl thehite
line at 7 eV is highly localized, as its probability density counter-
parts essentially die out beyond the 2-nd sphere.

The dependence of the probability density on the distance pro-
vides a complementary, rather than duplicative, information with
regard to the effect of cluster size on the XANES spectrum.
Namely, the fact that wave function probability is high at a pdint
and low at another poirB does not necessarily mean that region
aroundB is not important: In a standard particle-in-a-box case, the
probability density is low close to the walls of the box and yet these
walls are important. Hence, to get a complete view, one should
investigate both probability density of the photoelectron and ef-
fects of removing specific atoms from the cluster. Such a procedure
might be helpful especially in the case of polarized spectra.

6. Conclusions

Itis possible to assess the probability density of photoelectrons par-
ticipating in a XANES process. The quantity in question is a sum of
squares of wave functions describing PED processes, weighted by
normalized PED cross sections. The fine structure of such a proba-
bility density, taken as a function of photoelectron energy, does not
copy the corresponding XANES, which can be seen as a conse-
quence of the interference nature of x-ray absorption fine structure.
The spatial dependence of this probability density provides infor-
mation complementary to XANES cluster size effect analysis.
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