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Spatial distribution of photoelectrons participating in formation of x-ray absorption spectra
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Interpretation of x-ray absorption near-edge struct&NES) experiments is often done via analyzing the

role of particular atoms in the formation of specific peaks in the calculated spectrum. Typically, this is achieved
by calculating the spectrum for a series of trial structures where various atoms are moved and/or removed. A
more quantitative approach is presented here, based on comparing the probabilities that a XANES photoelec-
tron of a given energy can be found near particular atoms. Such a photoelectron probability density can be
consistently defined as a sum over squares of wave functions which describe participating photoelectron
diffraction processes, weighted by their normalized cross sections. A fine structure in the energy dependence of
these probabilities can be extracted and compared to XANES spectrum. As an illustration of this technique, we
analyze the photoelectron probability density at th&Tire-edge of Tig and at the TK-edge of rutile TiQ.
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[. INTRODUCTION such a fundamental question would have implications for
real structure as well as for electronic structure studies.
X-ray absorption fine structure<AFS) is being used for At the beginning of this paper, a general consideration of

studying both the electronic and the real structure of solidsthe problem will be outlined, the main goal being to define
For high photoelectron energieE% 200 eV}, the extended the task in exact terms. Then we will present few mathemati-
x-ray absorption fine structur€EXAFS) can be intuitively ~ cal formulas which describe the problem and determine how
described in terms of backscattering of the excited photoeledhe proper probability density ought to be evaluated. Next
tron by neighboring atoms and the EXAFS analysis has befollows a discussion of some practical aspects of evaluating
come a standard tool for real structure investigations. On théhe photoelectron probability density and the technique is
other hand, X-ray absorption near-edge Struc@i@\]ES) is illustrated on the pre—edge structure oﬂ<|'-|edge of TI$ and
lagging behind in its applications for structural studies, de-on the whole TiK-edge XANES of TiQ. Some more tech-
spite some promising applications in selected systerths. nical details are given in the Appendixes.

The reason for this rests in a more complex physics hidden

behind XANES, resulting both in a more difficult theoretical

treatment(multiple scattering, self-consistency in potentials, ll. LOCALIZATION OF THE PHOTOELECTRON

non-muffin-tin effects and in a lack of a proper intuitive  xAFS arises due to the energy dependence of the core-
insight into the formation of XANES peaks. The need for gjectron photoeffect: An electron absorbs an x-ray photon, is
involving XANES in structural analysis stems partly from gjected off the atom, and starts to travel inside the solid. In a
the fact that EXAFS is predominantly sensitive only to giationary picture, the wave function of the excited photo-
atomic distances and not to bond angles and partly from thgjectron can be viewed as being subject to multiple scattering
high signal-to-noise ratio for some interesting classes of SYShy neighboring atoms. The probability of photoabsorption
tems which severgly limits the ability to extract EXAFS 0S- ygcillates with energy—one can, especially in the EXAFS
cillations from their spectra. o _ regime, interpret this oscillatory behavior intuitively as a
A means to interpret XANES in intuitively plausible consequence of either constructive or destructive interference
terms would, among others, facilitate application of XANES ¢ the photoelectron wave function. One can thus associate a
spectroscopy in investigations of both the real and the elegyarticular spectral peak with scattering of a photoelectron of

tronic structure. Various procedures were applied in the pasf certain energy. The topic of this sectitand of this paper

structure. Among them, let us mention inspecting the effechptoelectron.

of adding or removing certain atoms in the test cluster,

vestigating the dependence of the height of the pre-peak on

the geometry of the nearest neighborh8odalculating A. Wave function problem
XANES by summing over many scattering patbs employ-

X ) . . ] o ) In the framework of the quantum theory, the popular
ing the “direct inversion” technique for obtaining the atomic d 4 Pop

question as to where the electron is cannot be answered.

position% and scattering potential from experimental,,yever, it is possible to ask what is the probability density
XANES'? In this study, we would like to tackle the problem P(r) that a quantum-mechanical object can be found at a

of interpreting XANES spectra from yet another side; gy en placer—it is just the square of the modulus of its
namely, we want to explore the probability density of thewave function

photoelectrons. Such a procedure can be—from a certain
viewpoint—considered as an answer to the naive question as
to where the XANES photoelectron really is. Answering P(r)=|y(r)|> D
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So the problem is reduced to the task of finding the wave

function ,ndr) which would appropriately describe the V:Z Wil o)l )

photoelectron participating in the formation of XANES at a
iven energy. S

’ The cor?gct form of this wave function ought to emerge. Unfortunately, there appears to b_e a_comphcaﬂon result-

from the way of calculating the x-ray absorption spectrum.'(g? ftrr(])m thf use of ngs;g?nd(é%)U nlike in thelce(xjse of qu'

The x-ray absorption spectruiXAS) intensity is propor-  the outcome of Eq an now, namely,does de-

tional to the probabilityw that a photon is absorbed by a core pler:don ttr;]e choice of tr;e Seg Otf wave ;uECtm> t[.CO”."
electron. That can be expressed, within first-order perturbas: eté on the energy surface determined by nction in

: g.(2)]. There is no way to fix this choice by relying solely
tion theory, as on Eq.(2). It is a matter of physical intuition, not formal
mathematical procedures, to establish which set of states
szwf dvl(,|H, | do)|28(Ec+ 0 —E,), 2) | ¢) i; releyant to the physical process in question. A guide
for this choice could be the conservation of electron number:
As one has one electron in the initial stdteis the core
whereH, is the interaction Hamiltonian perturbing the initial electron|¢.)), one has to end up with one electron in the
electron staté¢.) and the sum or integration overspans final state as well.
any complete set of electron wave functiohg,) (Rydberg The choice of statefy) is quite straightforward in the
atomic units are used throughout this paper, takimg1/2,  case of transitions to bound statesy, of a molecule The
fi=1,e’=2, c=2/a, and=1/137.036. Applying standard final states|y) are just asymptotically decaying bound
pro.ced.ures, Eq_(2) can be transformed into expressions states ), normalizable so thafd3r|yy(r)|2=1. The situ-
which involve either sums over Bloch statesr molecular  ation is more complicated for transitions to the continuous
cluster basis functior8 or photoelectron diffraction statéS, part of the spectrum, as there is aopriori preference for

or which, in the case of Green function formalism, dispose 0hormalization and/or boundary conditions which such a
the final-state wave functions altogetfirThe important \ave function ought to observe.

factor is that the choice of the set of wave functiggs,) In order to find the correct wave functions, let us contem-
does not affect the outcome of E@). This is favorable, on  pjate a finite cluster of atom@ situation tacitly assumed in
the one hand, as one does not have to care about the partiGipst applications of the real-space formaligiRefs. 10—12

lar form of wave functiongy,) when calculating XAS in-  and follow the fate of the initially core electron. As a result
tensity. On the other hand, it means that the proper photasf absorbing a photon, this electron is torn off an atom and,
electron wave function cannot just be borrowed from &).  having its energy above the continuum threshold, must fi-
or from any of its clones. nally leave the cluster and turn into a plane wave with a

A close look at Eq(2) reveals that the situation is even | q|_defined momentum directiok This means that the el-
worse at the f|rst. sight. N_amely, it follows from ECP) that ementary incoherent processes involved in the §8)nmust
the total absorption rate is actually resultant from mamny be photoelectron diffractiorevents. Indeed, x-ray absorption

coherent_processes. Hence, there is sim;uig single Wave g conceptually nothing else but angularly integrated photo-
functionlike |4,n9 Which could have been inserted into Eq. electron diffraction (PED).*'4 The final states|y;) are,

Eﬁ;t Naﬁ\;eer:tlz(zlt?;?e?er:]stesdt”!';\sca; rzzlljI,ENgfa:ht:eat?srg?;?élr']tyof'sgwerefore, time-inversed scattering stdig ), which are in
photon with energyw can be found at. One only has to urn solutions of the Lippman-Schwinger equatior
reformulate the problem slightly: Instead of searching for

|ondr)|?, the quantity of interest should rather be a z//(k’)(r)=eik'“+f d3r' G (rr )V ('), (6)
weighted sum of probability densities of those wave func-

g(r)gcses\i\g]“”mh describe states participating in the absorptlor\]/vhereGE,’)(r,r’) is the advanced free electron Green func-

tion and V(r') describes the potential of the cluster. The
states|y{ ') are normalizable to the delta functiof(k)
P(r)=2, w| ()2 (3)  [apart from the constant factor 142%2], which guarantees
f that they describe exactly one electron at a tihe.
The probability densityP(r) obtained via Eqs(3) and(4)
The weightsw; with which the participating wave functions cannot be normalized to 1. However, due to B, it can be
contribute toP(r)are the probabilities that a core electron related to the probability density of a free electron, which is

|#¢) is ejected into the statey;), described by the wave function exp(r) and holds thus a
constant probability density everywhere. So the probability
wi~ (el Hi )2 (4) density P(r) is actually measured in “units of free-electron

probability density.” Thus, by pegging the normalization of
They ought to be normalized so that their sum yields the totali/s) to the normalization of the free-electron wave function
XAS probability w. Note that all this is just another way of exp(k-r), one keeps a universal definition B{r).
saying that the ejected photoelectron is described not by a Intuitively, the wave function| wﬁ") can be viewed as
single quantum state but rather by a density matrix, that wave function, from which a plane wave evolves within
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a sufficiently long time. It represents the state into which theoutside the muffin-tin sphere. The double subsdrigtands
core electron “jumps” as a result of the electromagnetic per<for the pair (,m).
turbationH, . Thus, the quantity?(r) ought to be interpreted Following the formalism of Ref. 16, the coefficients
as the probability that the electron ejected from a core leveB{)(k) can be expanded as
can be found at position, “just after” having absorbed an
x-ray photon. By evaluatind®(r), one provides the most . iy N
sensible answer to the seemingly naive question about the B(L])(k):4772" i BI(L) Y (k), (12
localization of the XANES photoelectron. We bear in mind, L
e_lt the same time, that this Lippman-Schwinger-Iike descripyhere the amp”tudes(Lj)(LN) satisfy
tion cannot fully substitute for a proper time-dependent
treatment.’ _ '
B =2 WL I (13
B. Evaluating the photoelectron probability density P(r) pL

In this section, we present equations necessary for calcuFhe scattering matri¥V is an inverse matrix to
lating the photoelectron probability densiB(r). Although .
some of them can be found in that or other form in Val’iOL.J%W*l]:_jL,:(Sinél(j)e*izﬂm)*l&j S+ Am(1-5y)
papers dealing with x-ray absorption or photoelectron dif-
fraction theory(especially in Refs. 16 and 18we present
them here anyway in order to embed them into the context of
this work, to offer the reader a complete set of equations
which might be helpful for practical calculations, and, last
but not least, to unify various notation and conventions.
The proper mathematical expression for evaluating the
probability density of electrons participating in x-ray absorp- L _ 25y (AVVE (A A
tion process can be obtained by inserting the wave function C""l f d nY,_(n)YL,(n)Y,_l(n), @9
|44 ) into Eqgs.(3) and (4). We get

X2 IR DRI YL (RC .  (14)

where the Gaunt symb(\)It'L1 stands for

the free-electron propagatdfﬂ, is
1 . do
()= [ % g 0 Q , .
Txas ) ik 3P, =amy iV (KIRPY) YL (RPCE . (16)
L
where the PED cross sectiaia/d(), stems from the partial '

probability w; of Eq. (4) and the XAS cross sectiomyag , andR is defined as
. do ii—R_RI
oxas = | d%k d_Qk’ (8) RI=R-R. (17)

o The amplitudess{"’(L") and the scattering matri/ , are
ensures correct normalization.

T e ()L 7
By keeping only the dipole and quadrupole terms in the anomlng yvave a_nalogs o_fltr}e amp:ltudzsL (Lf) anfd
electromagnetic HamiltoniaH, , the PED cross section can the Scattering matrik(T+H) ], , employed in Ref. 16 for

be written as analyzing the scattering of an electron by a molecule. See
Appendix A for a more comprehensive comparison.
do 1 Employing the amplitudeg!”’(L"), the PED cross sec-
d—Qk=ank[|<¢(k_)|é'r|¢c>|2+|<¢(k_)|(é'f) tion can be expressed via
X(§- 2 A 2
(4 r)|¢c>| ]1 ©) %:4’#&(1)'([ EE (_i)l"[ﬁ(LO)(LH)]*YL”(k)DLLC
wheree is the polarization vector of the incoming radiation k Lo

and q is its wave vector =1/2awq). Employing the 1
muffin-tin approximation, the wave functiong ’(r) can be t aPw?
expanded inside thgh muffin-tin sphere as 16

22 (=MW YL(Qu,
<

2]
(18)

wﬁ*%r):; BIKRD(kr)Y (F), (10

where the dipole and quadrupole matrix elements are

where single-sphere solutions of the radial Sdimger equa-
tion R"(kr) are normalized so that they smoothly match D = f drr3R (O (kr) pe(r) f d’f Y (P)&-PYL (P)
the free-space solution (19)

R D (kr)=cotsj,(kr)—ny(kr) (1)  and
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) o i AXAFS or atomic XAFS.'° The single-atom probability
QLLCEJ’ drrR | (kr)¢c(r)f dFYL(P)(e-1)(QF)YL(F)  density Po,(r) can be evaluated following the procedure
(20) outlined in Sec. Il B, taking into account only a single scat-

. terer (cf. Appendix B. By investigating the differencB(r)
and L. specifies the angular momentum of the core state P.(r), one can see more clearly the effects of surround-

located at the central e}toﬁao. ing atoms on the formation of both XANES and the photo-
The XAS cross section follows from E¢g) and Eq.(18) electron probability density.
as In practice, one often wants to compare the importance of
2 particular atoms for generating XAFS. For that purpose, it is

sufficient to compare nd®(r) but rather its integrals inside
suitably chosen spheres. We can define atomic-site-related
quantitiesPVand A P{) by

oxas =Amawk, H; [BO(L)]* D,

L

1 2
+1—6a2w2 ; [ﬁ(LO)(L")]* Q|_|_C Jy (21) 1 0
U _ P(j)E—.fRN drrzf A% P(r), (253
resembling in this form analogous expressions presented, v Jo
e.g., in Refs. 10 and 1@ote that we ignore the electron spin
throughout this papgrAgain, in Appendix A we will present ‘ 1 (gD
few other equivalent formulations of Eq4.8) and (21). APQ&,E Wfo N drrzf d?F[P(r)—Payo(r)] (25b)

Considering Egs(7) and(10), one obtains the expression
for probability density of ejected photoelectron inside ftie  \yhereR({} is a suitably chosen normalization radius arfé

muffin-tin sphere as is the volume of the normalization sphere aroundjthesite.
do 2 Note that in the case of muffin-tin approximation, only
P(r)= f d2%k _E lg(Li)(k)Rl(i)(kr)YL(f) , spherically averaged values make sense anyway.
OxAs dQy | T From the XANES analysis point of view, the quantities

(22 p0, AP contain still quite a lot of unnecessary or “bal-
where the PED and XAS cross sections have to be takel@st” information. This is due to the fact that the probability
from Egs.(18) and (21). density P(r) defined by Eq.(7) is dominated by isotropic

In electronic structure studies, it might be helpful to havedensity of statesDOS) effects, which arenot specific to the
a tool for investigating the angular momentum character ofite from which the photoelectron is ejectédhis DOS-like
photoelectrons with respect to a sRk That can be achieved contribution can be quantified by defining a DOS-like prob-
by inserting into the sung3) only the angular-momentum ability density Ppos(r), which differs fromP(r)by assum-

projected parts of photoelectron wave functions, ing a k-independent or “unidirectional” photoelectron dif-
fraction cross sectiodo/d() as®
Pl(r)=Z we| Py ()2, (23 1 do _— 1 o
Poos(N=——1o f dKl g (NP=— f K g0,
whereP, stands for the relevant projection operator. Analo- XAS (26)

gously to Eq{(22), one gets the probability density of finding R
a XANES photoelectron at positionwith an angular mo-  Thus states with differerk contribute toPpog(r) with iden-
mentuml with respect to the sit&® as tical weights, just as is the case of locadlependent DOS. It
) can be shown easily th&po5(r) is indeed proportional to
1 . do ) ) ;
Py(r)= f 42k S B0OR DK Y,(P)| the density of states(r,E),
OxAs dQy|“w
(24)
meaning that the su@, in Eq. (22) was just substituted

with Zp,. An atomic-sphere-related quantityPU)\s can be defined
analogously to Eq(25),

1 k
n(r,E)=— ;Im G(+)(r,r;E)=4—Tr2PDOS(r). (27)

C. Practical aspects

1

. (1)
APY) _fRNdrrzf d% [P(r)— Ppos(n)]. (28)
V(l) 0

This study is motivated by an effort to understand x-ray
absorption spectra and, in particular, to develop a means of
connecting spectral and structural features. It is thus desir-
able to explore howP(r) depends on the energy of the pho-  Typically, P does not differ fromPpog by more than 10%
toelectron. A simple way to extract the fine structure from(but often much legs Specific XAS-related effects may thus
this dependence is to subtract froR(r) the probability = be obscured ifP(r) by more general DOS effects. The dif-
which would correspond to a single isolated atom—ijust likeference probability densiti?(r) — Ppos(r) informs how the
the EXAFS can be extracted from a raw absorption spectrumspatial localization of a XANES electron differs from the
by subtracting from it the atomic pafsometimes called spatial localization of a “generic” electrofwith the same
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energy. By investigating the difference probabi"wpgés , Experimental x-ray abs_orption spectra are broadened. with

one can filter out effects which are not specific for XAS. ~ respect to “raw” theoretical spectra because of various
Generally, the total probability densiBf)) informs where ~many-body processefinite core hole lifetime, extrinsic

the most of the photoelectron is located, while the differencd®hotoelectron losses, efclt is thus desirable to anticipate

probability densityA Pg)OS is especially sensitive to the pho- this smearing when evaluating the PEPD’s — otherwise, one

ton polarizatione and to the position of the photoabsorbing would be overburdened with too many details with little or

atom. We postpone a further discussion of these concepts fif? Physical significance. Therefore, we modified the scatter-
Sec. IIIA, where they will be illustrated on a concrete INg Potential by adding to it a small negative imaginary part.
We set its magnitude so that it simulates Lorentzian broad-

example. - ) !
ening equivalent to the half of a natural core hole width

(taken from compilation of Al Shammet al)?® Such a pro-
IIl. APPLICATION OF PHOTOELECTRON PROBABILITY cedure would certainly be insufficient if one tried to describe
DENSITY ANALYSIS the spectral broadening in a realistic way — apart from too

small core hole smearing, energy-dependent inelastic energy

We explore the potential of photoelectron probability den-josses of the photoelectron are unaccounted for altogether.
sity (PEPD analysis by examining several XANES spectra, However, as our main aim is to analyze the peaks in the
which were subdued to investigation of the origin of thEirca|Cu|atedspectrum, we prefer to include less damping in
peaks in the past. In particular, we will concentrate on theorder to have certain features more pronounced. We checked
pre-peak at the TK-edge XANES of Tig and on the whole  that increasing the imaginary potential twice would not affect
Ti K-edge XANES of rutile TiQ. the outcome of our analysis considerably.

All the calculations presented here were done for a non-
self-consistent muffin-tin potential constructed via Mattheiss
prescription(superposition of charge densities of isolated at- A. Pre-peak at Ti K-edge of Ti$

oms. Using non-self-consistent potentials is not a serious Tis, has a layered crystal structure consisting of sulphur-
drawback in this case as our aim is not to achieve the begfanjum-sulphur slabs. Each of these slabs is formed by a
reproduction of experimental spectra but to demonstrate fyo-dimensional hexagonal titanium sublattice sandwiched
method how the calculated spectra can be analyzed. by two closely adjacent sulphur hexagonal sublattices. Lo-
The exchange-correlation potential of Ceperley anteally, the titanium atom is octahedrally coordinated by six
Adler’* was used for atomic calculations of occupied statessylphur atomscf. Fig. 3 of Ref. 27; the second coordination
In constructing the Mattheiss potential appropriate for unocshell is formed by Ti atoms of the same hexagonal sublattice
cupied states, an energy-independ¥nt potential with the  to which the central Ti atom belongs.
Kohn-Sham value ofx=0.66 was usseaz. Structural data  The polarized TK-edge XANES of Ti$ shows a distinct
were taken from therysTin databasé’ Only dipole transi-  pre-peak at thexy polarization(i.e., when the polarization
tions were taken into account. This limitation is justified in yector of the incoming radiation lies within the titanium
this study because it was demonstrated experimentally thahyer 2728 Relying on XANES calculations for artificial trial
quadrupole transitions do not contribute to the ;Ti%e-  structures, Wiet al?’ suggested that the pre-edge is gener-
preak intensity significantfy and in the case of TiPspec-  ated by multiple scattering which involves mainly the central
trum our concern is with the main peaks and the extendedj atom and the Ti atoms of the second coordination shell.
XANES region, where the quadrupole contribution again is A comprehensive analysis of the K-edge XANES of
negligible. Muffin-tin radii of nonoverlapping spheres were Tis, including comparison between theory and experiment,
determined so that single-site potentials, which were beingan pe found elsewhefé?®?*Therefore, we present in Fig.

superimposed, matched at the touching poititeatching 1 only the theoretical polarized pre-peak structure, calculated
potential condition). The muffin-tin zero was set to the av- o 5 cluster of 135 atoms, together wit?), APY)  and

. L. . . ’ ato’
erage interstitial potential. The influence of the core hole lefty Pg())s curves for the central atom and for atoms of its four

on the central a“’”? by the excited electron was takgn 'm(ﬁearest coordination shells. Two polarizations correspond to
account by calc_ulatlng the central atom charge density W'ﬂfhe & vector averaged over the full2angle within thexy
one electronl being mpved _from ths tore level to the low- plane and to the]|z setup. Titanium probability densities are
est unoccupied atomic Orp't&h relaxed and screen mpiiel scaled down by a factor of 20 with respect to corresponding
A more thorough d|scu53|or] of how the potential is Con'sulphur curves, as indicated. Individual atoms belonging to
structed can be fqund, €.g. in Refs. 5 and 25. o~ the same coordination shell give rise to identical PEPD’s
\{\j/)hen evalgs':\tmg the sphere-averaged quantifes, i, yhis case(also for further shells than those displayed in
AP, andAPpgg according to Egs(25) and(28), one has  ig 1) As we did not perform a band-structure calculation,
to choose the normalization raditR{’ for each of the the Fermi level is not fixed. It follows from Fig. 1 that it
spheres. Throughout this section, we always B¢ iden-  ought to be around=6 eV above the muffin-tin zero; there-
tical for all atoms of a given compound and equate it withfore, all states below it are actually occupied and do not
the smallest of muffin-tin radii. We found that changiR’ ~ contribute to the x-ray absorption spectrum—we show them
affects rather the overall magnitude of PEPD than its findust for completeness.
structure. Consequently, the overall picture, as presented in The first information one gets from Fig. 1 is that the pho-
Secs. Il A-111 B, does not depend on the choiceRﬁf’. toelectron probability density clearly oscillates with energy.
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— zy-plane — zy-plane
——— z-axis ——— z-axis

FIG. 1. Theoretical pre-peak
structure of polarized TK-edge
XANES of TiS, (upper panels
together with the photoelectron
probability densityPd (lower left
pane), atomic difference prob-
ability density APU) (lower
middle panel, and DOS differ-
ence probability densityAPU)g
(lower right panel around se-
lected atoms. Solid lines corre-
spond to theg|xy polarization,
dashed lines to thel|z polariza-
tion. PEPD curves are identified
by the chemical type of the appro-
priate atom and by its distance in
A from the center of the 135-atom
cluster. Thin dotted lines mark ze-
ros of P, AP{) - andAPY) for
each subgraph. The absolute scale
of the PEPD’s is indicated at the
lower panels; the scale of XANES
is arbitrary. Note that curves for
Ti atoms were divided by 20, as
indicated.
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The fine structure in PEPD differs from the XAFS. One a strong polarization dependence. This is a manifestation of
might be surprised at first by the fact that this is the case nathe dominance of the DOS-generated unidirectioR§
only for noncentral atoms but also for the photoabsorbing:ontribution to the total PEPD, as mentioned in the end of
one(after all, XAS is approximately proportional to unoccu- gec. || C.

pied DOS angularly projected on the central ato@ne has Neither the local DOS ndPpos take into account that the
to recall, however, .that PEPD and XAS carry in fact differentpptoelectron issjected from a particular siteia a dipole
kind of information: While the XANES intensity informs us o nitior?%_they are concerned with all electrons of a given
about the probability tr_lat the ejected eIectro_n goes any"‘_’her%nergy equally. On the other hand, the probabR#)) that a
PEP.D tells us how this “anywherg" looks like. Only a tiny Ti K-edge XAS photoelectron will be found near atmif-
frachonlof the photoelectron density mat(®), namely, that fers, albeit slightly, from the probability of finding there
part of it which overlaps with the core of the central atom, ny” electron of the same energy. It is this small difference

and which has the angular momentum character conforming”, . :
g hich reflects the fact that the TiSrystal does not look

to the dipole and/or quadrupole selection rules, enters indi: i ) e )
rectly into expressions for the XANES intensity, EGa6) identical when viewed from the Ti site either in tkg-plane

and (A7). or z-axis directions. So one has to resort to the difference

One can see immediately from the lower left panel of Fig.Probability AP{s if the polarization-related features of
1 that the chemical type governs the gross shap®@f PEPD are to be studied. _ _
curves (we checked that this is true also for more distant On the other hand, simple subtraction of the single-atom
atoms, which are not displayed her@he differences be- Probability densityP{}), does not provide a new insight. Due
tween PEPD's around atoms at crystallographically equivato the smoothness of atomic probability densR{), the
lent positions(say, Ti or S atoms belonging to different co- P andAP{) curves look very similar, as can be seen in the
ordination sphergscomes first of all from the fact that this left and middle panels of Fig. 1. The total probability density
quantity is specifically related to the position of photoabsorbP() and atomic difference probability densityP{)) carry
ing atom, i.e., the site from which the photoelectron wasessentially identical pieces of information.
ejected.(Apart from that, our finite-cluster approach obvi-  As it follows from Fig. 1, there seems to be no simple
ously introduces inequality among otherwise equivalenicorrespondence between XANES peaks and peaks in the
sites) _ photoelectron probability density. Although for some atoms
Hardly any polarization effect can be noticed in tAR8)  and/or peaks one can establish a visual connection between
or AP{) curves, despite the fact that teedependence in the XANES and PEPD, for other features such a discernible con-
XANES spectrum is quite significant. Only the difference nection is clearly absent. This lack of simple correspondence
probability APUL ., which emphasizes the effect of the par- between XANES and PEPD peaks may be a manifestation of

DOS?
ticular site from which the photoelectron is ejected, displayghe interference nature of XAFS—it is generated not just
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through accumulating electrons here and there but rather by Finally, let us note that the new look on the role of near-

interference between many scattering paths. est sulphurs we take here may be relevant to other
We performed also an angular momentum analysis ofion-centrosymmetric systems with a distinct XANES pre-

PEPD, according to Eq$23) and(24). We found that thel ~ peak, such as a colossal magnetoresistence material

component dominates at Ti atonf$ contributes by more La;—xCaMnO; (Ref. 29.

that 95% to eitheP) or AP{) or APULJ) and that thep

component prevails at S atonisomprises 60%—70% of B. Ti K-edge XANES of rutile TiO,

PEPD. Moreover, practically all of the fine structure in The Ti K-edge XANES of rutile TiQ was studied very
PEPD is formed by the dominahtcomponenti.e.,d at Ti  intensively due to its interesting pre-edge structure and the
andp at S atoms This might again look surprising for some- debate still continue%3°-33In this paper, however, we want
one who is accustomed to the conventional slang that th&éo concentrate on the extended XANES up-t@20 eV, as a
excited photoelectron haspacharacter at thi&-edge due to comprehensive study of the effect of individual atoms on
the dipole selection rule. The point is that this would applyspectral peaks in this region was performi&d In rutile
literally only in case that the final photoelectron state wereliO,, the Ti atoms are located at the center of a distorted
an eigenstate of the angular momentum. On the other han@¢tahedron. The plane containing four equatorial oxygens
the wave functiorfs{ ), which describes the exited photo- Oeq iS parallel to the crystallographicaxis while two axial
electron(as argued in Sec. I Ais not an angular momen- 0Xygens Qlie inside the plane defined by axasndb. The
tum eigenstate. Rather, it is a superposition of states witfllird coordination sphere is formed by two fitanium atoms
different angular momenta, and the component with2 Tiec, shn‘t(_ad fr_om the central Ti bytc. Instructive d_eplc—
dominates at the central Ti site as a whole, while the relalions Of rutile TiG, structure can be found, e.g., in Fig. 3 of

; : G ; ; Ref. 32, Fig. 2 of Ref. 35, or Fig. 3 of Ref. 36.
tively t t witH =1 det the XANES in- . .
tl(;/ﬁg)i/ty.lny component wi elermines te n Jeanne-Rose and Poumeffestudied how the polarized

As mentioned, Wit al2” suggest that the second-shell Ti Ti K-edge XANES of TiQ, calculated for a cluster of 25

atoms play a crucial role in generating tefxy pre-peak. atoms, is affected by variations in the positions qf, @nd

They arrived at this conclusion by observing that this pre-Oeq 310MS. That makes it possible for us to explore here to

peak disappears if those six Ti atoms are removed from thwhat extent does sensitivity of a spectral peak to a position

cluster. A closer look at Fig. 1 reveals that the DOS-inclusive®! @ cértain atom imply high PEPD around that atom and

probability P0) is, indeed, much higher near Ti atoms than Vice vgrsaln accordance with the disc_ussion in Sec. III_ A
near S atoms. However, this effect is clearly DOS related/® (j‘f‘"” concent(r?t_e more on the difference probability
having little connection with the particular direction of the A Poos than onPt itself. _
photoelectron trajectory. By inspecting the DOS-corrected N Fig- 2, theoretical polarized T(—edge(_))(ANES(_)of TiQ
difference probability densitys PU)¢ corresponding to the 1S Shown together with corresponding®’, APg,, and
dominant pre-edge peak Et=6.5 eV, we can see that the APUL¢ curves for the central Ti and its nearest neighbors. In
largest effectpurely connected with x-ray absorpti@etu- ~ order to connect with Jeanne-Rose and Pouméfle con-
ally occur at the nearest sulphur atoms. It is thus clear thagider a cluster of 25 atoms. The notation of spectral p€aks
nearest sulphur atoms definitely have their role in generating. E1, Ez, andEjg is taken from Ref. 35, too. Thad hoc
the & xy pre-peak. In fact, we found that omitting six nearestFermi energy would be around 10 eV in the energy scale of
S atoms from a large 135-atom cluster changes the calculatddd. 2, meaning that the wild oscillations at the beginning of
XANES drastica”y (mak”']g the very concept of pre_edge the PEPD curves aCtua”y fall pTEdominantly into the region
region inapplicablg Only the secondary-in-importance pre- Of occupied states. _
edge peak aE~7.5—-8.0 eV seems to be generated by scat- L€t us réovv_ compare the conclusions of Jeanne-Rose and
tering off second-shell Ti atoms, as follows from th@U)¢ Poumelled YVIth the picture offered by the PEPD analysis.
curves in Fig. 1. It seems, therefore, that the physical picturd € €quatorial oxygen Qwas found to influence both t@
of the process which is responsible for tafxy pre-peak and D peaks for both polarizations, the effect belrjg §|gn|f|-
should consider the nearest sulphur atoms into accoung@ntly stronger o than _ongsand for thee]|c polarization
Namely, although the total amount of the photoelectron denthan for the|a polarization:* A counterpart to this effect
sity P00 is small on sulphur atoms as compared with titani-an be found in the PEPD: A distinct peakAP{),s around
ums, its relatively modest variations with energy and polar-Oeq Can be found aD and a mild feature aC for both
ization have a big impact on the XANES. polarizations; thé® peak inAPY) is higher for thee|c than

Let us emphasize that, strictly speaking, this kind offor the £|a polarization.
analysis only informs about sensitivity of the photoelectron When the position of the axial oxygen,Qvaries, the
density near individual atoms to the changes of polarizatiortalculatede/la XANES is drastically altered at th® peak
vector direction. It does not testify about the physical mechaand not so much at th€ peak, while theg||c spectrum is
nism which may stand behind the creation of the pre-peakhanged at th€ peak only*® A brief look at the Q, curves
electron states. So our conclusions do not in fact contradidn Fig. 2 reveals that the largeatPY)s around the @, atom
the suggestions that those states arise due to hybridization @f at theD peak for thee|a spectrum and at th€ peak for
central Ti 4p and next-neighboring Ti @ orbital$’ — both  the ¢|c case. So, indeed, the energy at which a particular
views may be rather complementary than opposing. atom affects the photoelectron probability density most
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FIG. 2. Theoretical polarized TK-edge XANES of TiQ and corresponding PEPD curves. The meaning of the curves and symbols is
analogous to that in Fig. 1.

prominently coincides in this case with the energy at whichpeak to a movement of a particular atom, hence, does not
the XANES is significantly changed when that atom isnecessarily imply a high localization of the photoelectron
moved. The analogy is nevertheless only a qualitative one—around that atom—which can be found only by a proper
larger APU) does not necessarily imply bigger changes ofPEPD calculation.
XANES peaks when @) is moved. For example, the reso- It is worth noting that if single-scattering dominates in
nance inA PU) for £|c is stronger than th® resonance for ~generating a particular XANES pedkuch asC for the e]a
£]a, and yet the exact position of the,Catom affects more pola_rizatior),35 one can observe a distinct resonance in
the D spectral peak ate]|c than the C peak at ¢f|a APB%,S at corresponding energy. On the other hand, such a
polarization®® On the other hand, the total probability den- correspondence appears to be blurred for spectral peaks
sity PU) is larger at theD peak energy than at ti@peak for ~ where a significant contribution from multiple-scattering is
both oxygens, reflecting correctly the greater sensitivity ofsuspectedsuch as theC peak at the @ atom for theella
the D peak to their positions. polarization or theE, peak at Q, and Ti. for the &|/c

So the following intuitively plausible picture emerges: For polarization.® This seems to be plausible—a multiple-
comparing XANES peaks at different energies, the totalscattering nature of a peak emphasizes that it is generated not
probability P4 may be a good indication of their respective by a mere “presence” of the photoelectron near certain atom
sensitivity to atomic positions. For investigating polarizationbut rather by a complicated interference process. It remains
effects, one has to resort toPU). to be explored to what extent this trend is a general one.

Unlike for theC andD peaks, a correspondence between
XANES andAPY) peaks cannot be established for the V. DISCUSSION
maxima. Jeanne-Rose and Pouméfidound that theE,
peak in theel|c spectrum is affected quite a lot by the O The photoelectron probability density offers us a direct
movement while peak&, and E; are left basically intact look on the spatial localization of those electron states which
for either polarization—a property that does not seem tare seen by XAS. Contrary to a bit vague concepts like im-
have a counterpart in Fig. 2. The sensibility of a XANES portance of various atoms for the formation of a particular
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XANES peak or order of multiple scattering which has to bestructure in PEPD does not copy the corresponding XANES:
accounted for, PEPD is a rigorously defined quantity with acor some atoms and/or peaks, a visual connection between
transparent physical interpretation. Hence even if there werBANES and PEPD can be established; for other features
no immediate practical applications, PEPD analysis wouldsuch a discernible connection is absent. This may be a mani-
still remain a valuable tool for understanding the physicalfestation of the interference nature of XAFS — the corre-
processes which give rise to the XANES spectrum. Aparspondence between XAS and PEPD peaks is more often ob-
from this principal asset, there are two directions whereserved for features which arise from single scattering than
PEPD analysis could contribute to solving concrete probfor multiple-scattering peaks. The spatial dependence of
lems: investigations of real structure of solids and investigaPEPD thus provides information which is not equivalent to
tions of their electronic structure. what can be learned from comparing theoretical spectra for
One of the obstacles to overcome when fitting the experivarious trial structures but rather is complementary to it.
mental XANES spectrum with calculated spectra of trial By performing a PEPD analysis for a Kredge of TiS,
structures is that one has, in general, a lot of atoms to movere found that, contrary to earlier interpretations, the sulphur
and hence it is difficult to identify those whose positions areatom nearest to the absorbing titanium participates signifi-
most critical for the XANES shape. By providing a deepercantly in formation of the distinct polarization dependence of
insight into the “photoelectron trajectory,” PEPD analysis the pre-peak.
may drop a hint for the most critical spots in advance. Intui-
tive arguments and practical experier(&c. ) show that ACKNOWLEDGMENTS
both PO) and APU) reflect the sensitivity of XANES to .
movement of individual atoms: The total probability density ~ This work was supported by Grant No. 202/99/0404 of
P is more relevant for comparing the roles of different the Grant Agency of the Czech .Republlc. The use of the
chemical species whila Pfg%s is more indicative of the po- CRYSTIN structural database was financed by Grant No. 203/
larization and site dependence of XANES spectra. 99/0067 of the Grant Agency of the Czech Republic. The

In electronic structure studies, the appealing feature Ofluthor is grateful to A. hunek for stimulating discussions

PEPD is that it directly investigates those unoccupied state@nd for a critical reading of the manuscript.

which are probed by XAS. When investigating the spatial

localization of these states, one is thus not left relying orAPPENDIX A: OTHER EXPRESSIONS FOR PED AND XAS
heuristic arguments like “which atom affects the spectrum CROSS SECTIONS

most if moved.” One can even explore the angular momen-
t_um ch(a_r?cter of XANES states by projecting the wave funC'presented in Sec. Il B are shown, in order to facilitate con-
tions ¢y’ along Eqs(23) and(24). In that way, one can see ection with notations and definitions in other works.

not only from which atom a particular XANES peak arises  The photoelectron diffraction cross section, evaluated in

In this appendix, some other formulations of the equations

but also from what type of orbital is comes from. Eq. (18), can be expressed as

The concept of PEPD relates, of course, not just to the
XANES region but to the EXAFS part of the absorption do 1 © . 2
spectrum as well. The reason why we mention only XANES d_Qk:ank ‘; BL (KDL

here explicitly is that EXAFS oscillations can be properly

analyzed with other tools. Note also that the PEPD analysis 1 o 2

could be applied to photoelectron diffraction as well — one +1—6a2w2 ; B )(k)QfLC } (A1)
would just have to omit the angular integratigd?k in Egs.

(7) and(22) and in related expressions. By introducing the scattering matriw/ of Eq. (14) directly

into Eq. (18), one obtains

V. CONCLUSIONS
do

Our analysis demonstrates that it makes sense to exploraﬁk:"fﬁawk
the probability that a photoelectron participating in a
XANES process can be found at a specific place. The rel- 1 . _
evant quantity is the photoelectron probability density and it +—a2w? >, > WLiYE (ke R -RIQx,
can be calculated as a sum of squares of wave functions 6 LojL ¢
describing elementary PED processes, weighted by normal- (A2)
ized PED cross sections. When investigated as a function of
the photoelectron energy, it exhibits a resonancelike structurehich is analogous to Eq223 of Natoli et al '8
and depends on the atom around which it is evaluated. The As a lot of useful relations about XAS and PED within
bulk of PEPD is dominanted by DOS-like effects, meaningthe wave function formalisntan be found in Ref. 16, we
that, e.g., hardly any polarization dependence can be seen guote here the relation between the “outgoing” quantities
it unless the DOS-related portion is subtracted. In manysed in that paper and the “incoming” quantities employed
cases, the high difference probabilityp)s around an atom here. The scattering amplitugg{"’(L") of Eg. (13) is con-
may serve as an indication of the high sensitivity of XANES nected with the amplitudB(LJ)(L”) of Eq. (2.28 of Natoli
towards the position of that atom for a given energy. The fineet al 1 via

2
j -|” N j _ R0
S 3 Wi Ye ™ o,
J

2
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B =(—1)MBL._(I”, —m")T*(-1)™, (A3) which ought to be inserted into E22) with the help of Eq.
- _ home _ ’ (12), together with replacement of the single-center radial
and the scattering matri/ relates to the matrix wave function® ((kr) with its free-electron counterpart

i i ji(kr).
Z) =[T+H) T |
of Eq. (3.3 of Natoli et al*® as
APPENDIX C: TECHNICAL DETAILS
W:_]L,:(_1)m[zl(1|'7m)(|,’7m,)]*(_l)m’ (A4) OF PEPD CALCULATIONS
and to ther matrix of Refs. 37 and 38 as When evaluating the PEPD defined by E@2) and(25),

) ) we rely on the expression
WILJLr:_(_l)m [7](||ryfml)(|yfm)]*(_l)m- (A5)

Employing theZ and = matrices, the x-ray absorption cross 1672 e do 7 ()01 ek 2
section of Eq(21) can be written as P(]):UXAsf d k_ko > % B (L)Y (k)
_ 00 (0 .
“XAS“‘W“"‘LEL, ('m(DfLCZLL'DL'LC) X fRN drry[ RO (kr)12, (C1)
0
+ia2w2|m(Q* z2%,Qu) (A6)
16 LLeTLL L L, where the photoelectron diffraction cross section is evaluated

from Eq. (18) and the amplitudeg{’(L") from Eq. (13).
The angulark integration in Eq.(C1) could be performed
B 00 — % analytically in principle. However, that would lead to such a
OXAs = _477““”‘2 Im(DLLCTLL’DL’LC) proliferation of slowly convergent sums over angular mo-
tt menta that it is actually computationally more convenient to

keep thek integral in the expressiofC1) and to evaluate it
numerically.

The angular momentum sum, in Eq. (C1) descends

m Eq. (10) and converges quite quickljt corresponds to
multicenter expansion in the terminology of Durham
et al).3" In all the cases analyzed in Sec. IIl, it was sufficient
to cut this sum at,,,=3. On the other hand, the su# »,
which descends into EqC1) from the expansioiil3), cor-
responds to a single-center expansion and converges only

In calculating the single-atom probability densRy,(r), slowly. In this work i'[_ was cut alty,. = 30,_ which we found to
one can proceed just as in Sec. Il B. The only difficulty arise?€ @ safe value. Takirlg,. =20 would still lead to an accept-
in expanding the solution of a single-atom Lippman-@able accuracy, while increasing. up to 40 did not induce
Schwinger equation insid@ow) empty spheres around sites Significant changes with respect to thg =30 case.

RI. One cannot mechanically employ Eq$2)—(14) to find ~The angular integration was performed in two “perpen-
the amplitudesg!’(k), as the phase shifts at noncentral dicular” spherical coordinates, ¢ as

atomic sites are zero now. Instead, by applying formula for

reexpandingj;(k|RP|) Y (RP) and n;(k|RP|)Y_(RP)around

or as

1
+Ea2w2|m(QLLCTE(ﬂ,Qf,LC)}. (A7)

EquationgA6) and(A7) can be arrived at either by invoking fro
the Green function formalism from the beginning or by ap-5
plying the optical theorem to E@21), as outlined by Natoli
et al’®

APPENDIX B: PEPD IN CASE OF A SINGLE ATOM

T 2
different origins, one can arrive at the following expression f dZRHJ désin gf de. (C2)
for BU(L"): 0 0
()| M= aidy TSI (0) i ical i -
B =e 4 | [i1/(k|RP)cosd,, In Sec. lll, 50 points were used for numerical integration
pL’ over thed coordinate and 250Xsin @ points for integration

ol ein (0) oy L over ¢. We checked that such a grid is dense enough to
= (KIRP)sing;, 1YL (RP)C o, (B1)  guarantee a sufficient accuracy.

1D.D. Vvedensky, J.B. Pendry, U. Dter, and K. Baberschke, H.V. Dmitrienko, J. Phys.: Condens. Matt€2, 1119(2000.
Phys. Rev. B35, 7756(1987). 4S. Della Longa, A. Arcovito, M. Girasole, J.L. Hazemann, and M.

2X.S. Feng and J.C. Tang, Surf. S8il4, 365(1994. Benfatto, Phys. Rev. Let87, 155 501(2001).

3L.A. Bugaev, Ph. lidefonse, A.M. Flanks, A.P. Sokolenko, and °O. épr, A. éimﬁlnek, S. Bocharov, Th. Kirchner, and G. g,

205115-10



SPATIAL DISTRIBUTION OF PHOTOELECTROR . .. PHYSICAL REVIEW B 65 205115

Phys. Rev. B60, 14 115(1999. 250. Spr, P. Machek, A. 8ninek, J. Vackg and J. Hotk, Phys.
F. Farges, G.E. Brown, and J.J. Rehr, Phys. Re\66B 1809 Rev. B56, 13 151(1997.
(1997. 26F. Al Shamma, M. Abbate, and J.C. FuggleUnoccupied Elec-
’S.I. zabinsky, J.J. Rehr, A. Ankudinov, R.C. Albers, and M.J.  tron Statesedited by J.C. Fuggle and J.E. Inglesfié®pringer,
Eller, Phys. Rev. B52, 2995(1995. Berlin, 1992, p. 347.
SYu.F. Migal, Phys. Status Solidi B12, 3 (1999. 277 Y. Wu, G. Ouvrard, P. Moreau, and C.R. Natoli, Phys. Rev. B
9J.E. Muler and J.W. Wilkins, Phys. Rev. B9, 4331(1984). 55, 9508(1997).
10p. pill and J.L. Dehmer, J. Chem. Phy&l, 692 (1974). 28A. Simunek, O. $pr, S. Bocharov, D. Heumann, and G. Dea,
UpA. Lee, Phys. Rev. B3, 5261(1976. Phys. Rev. B56, 12 232(1998.
12D.D. Vvedensky, inUnoccupied Electronic Statesdited by J.C.  ?°F. Bridges, C.H. Booth, G.H. Kwei, J.J. Neumeier, and G.A. Sa-
Fuggle and J.E. Inglesfielpringer, Berlin, 1998 p. 139. watzky, Phys. Rev. B1, R9237(2000.

130. 9pr, J. Synchrotron Radia8, 232 (2001). 30C. Brouder, J.-P. Kappler, and E. BeaurepairePinceedings of
143, Mustre de Leon, J.J. Rehr, C.R. Natoli, C.S. Fadley, and J. the 2nd European Conference on Progress in X-ray Synchrotron
Osterwalder, Phys. Rev. B9, 5632(1989. Radiation Research, Roma, 1996dited by A. Balerna, E.

154 A. Bethe and E.E. SalpeteQuantum Mechanics of One- and Bernieri, and S. Mobilia SIF, Bologna, 1990 p. 19.
Two-Electron AtomgSpringer, Berlin, 195) p. 295. 31T, Uozumi, K. Okada, A. Kotani, O. Durmeyer, J.P. Kappler, E.
16C.R. Natoli, M. Benfatto, and S. Doniach, Phys. Re\B4\ 4682 Beaurepaire, and J.C. Parlebas, Europhys. 0&ft85 (1992.
(1986. 827 Y. Wu, G. Ouvrard, P. Gressier, and C.R. Natoli, Phys. Rev. B
"H.A. Bethe, Ann. Phys(Leipzig) 4, 443 (1930; G. Breit and 55, 10 382(1997.
H.A. Bethe, Phys. Re\®3, 888(1954). 33y, Joly, D. Cabaret, H. Renevier, and C.R. Natoli, Phys. Rev. Lett.
18C R. Natoli, M. Benfatto, C. Brouder, M.F. RuizZ pez, and D.L. 82, 2398(1999.
Foulis, Phys. Rev. B2, 1944(1990. 34y, Jeanne-Rose, B. Poumellec, and YfaAu. Phys. IV7, C2-221
193.3. Rehr, C.H. Booth, F. Bridges, and S.I. Zabinsky, Phys. Rev. B (1997).
49, 12 347(1994. 35V, Jeanne-Rose and B. Poumellec, J. Phys.: Condens. Mafter
200. gpr, J. Phys.: Condens. MattéB, 8519(2001). 1123(1999.
2lsee, e.g., W.E. Pickett, Comput. Phys. Rep115 (1989. 3%6B. poumellec, R. Cortes, G. Tourillon, and J. Berthon, Phys. Sta-
22\W. Kohn and L.J. Sham, Phys. Red0, A1133(1965. tus Solidi B164, 319 (1991).
23G. Bergerhoff, R. Hundt, R. Sievers, and I.D. Brown, J. Chem.3’P.J. Durham, J.P. Pendry, and C.H. Hodges, Comput. Phys. Com-
Inf. Comput. Sci.23, 66 (1983. B 5 mun. 25, 193(1982.
243, Bocharov, G. Diger, D. Heumann, A. igilinek, and O. Br,  38D.D. Vvedensky, D.K. Saldin, and J.B. Pendry, Comput. Phys.
Phys. Rev. B58, 7668(1998. Commun.40, 421 (1986.

205115-11



