
A new fast spherical approximation for calculation of multiple-scattering contributions in X-ray

absorption fine structure and its application to ReO3, NaWO3 and MoO3

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1993 J. Phys.: Condens. Matter 5 267

(http://iopscience.iop.org/0953-8984/5/3/004)

Download details:

IP Address: 171.66.16.159

The article was downloaded on 12/05/2010 at 12:50

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/5/3
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J. Phys: Condens. Maucr 5 (1993) 267-282 Printed in the UK 
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AbslmcL We present a nRv fast spherical appmimation (BA) for the calculation of 
multiple-scatlering contributions in x-ray absorption fine SINCIUPZ. The aperimental 
XAFS specua of the Re L3 d g e  in Re03, lhe W L3 edge in &WO, and the MO K 
edge in MOOS are analysed by the new approach. It is shown that lhe FSA pives g c d  
mulls lor their description b t h  in the high and low energy ranges 

1. Intmduction 

The method of x-ray absorption spectroscopy, rapidly developed in the last years, 
allows one to obtain unique and detailed information about the electronic structure 
and tke local environment around the absorbing centre, despite the existence or 
absence of ordering in the system [I]. ?his information is contained in the oscillatory 
structure of the absorption coefficient, called x-ray absorption 6ne structure (XAFS). 
The physical reason for the appearance of oscmations is scattering of the outgoing 
photoelectron wave by atoms surrounding the absorbing centre. The modern theory 
of XAFS, based on the formalism of multiple-scatterings (MS) 121, allows the possibility 
of obtaining the information about two-, three- and four-body correlation functions 
[3]. In the frequently used single-scattering (ss) approximation, this latter information 
is lost, and in addition, sometimes this approach fails or leads to large errors in the 
amplitude and in the phase of the XAFS function 141. The important role of hfs 
process~s was discovered for the first time in the so-called ‘focusing’ or ‘shadowing’ 
effect; that is, the peat increase of the photoelectron wave amplitude in linear or 
nearly collinear atomic chains [5,6]. In addition to this they become very important 
at low photoelectron energies near the absorption edge. This region, called the x-ray 
absorption near edge structure, must be analysed in the general case in the framework 
of the full multiplescattering (as) approach [7l. 

The exact curved-wave approach [5,8] to the MS calculations and its simplified 
and more rapid version for the angle-averaged case (the fast cuxved-wave method 
(FCW)) [7,8] are in reality very time-consuming computationally and thus cannot be 
widely used in routine structural analysis of unknown compounds. This fact has led 
to the appearance of different approximations 18-13], which are simpler and faster 
than the FCW. However, up to now there has not been sufiicient work done, in 
which they have been applied and tested for different compounds. It is known that 
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the most simple approach, based on the plane-wave approximation (MA) [12], leads 
to significant errors both in the phase and in the amplitude of the XAFS function 
especially at low energies, where MS signals make the main contribution. Because 
of this it cannot be used for MS calculations without loss of accuracy. The better 
approximations, such as the modified small-scattering-centre approximation (MSSCA) 
and the more precise reduced angular-momentum expansion (RAME) [9, lo], did not 
give good enough agreement with experimental data either [14,q. 

In this paper we present a new fast spherical approximation (FSA) for the 
calculation of multiple-scattering contributions in x-ray absorption fine structure and 
demonstrate its use for three crystalline systems (Reo,, NaWO, and MOO,) with 
different local symmetry and high contribution of MS processes. The new approach 
work as fast as the PWA, but gives good results both in the high- and low-energy 
ranges. 

The experimental details and data treatment procedure are described in section 2 
In section 3 the procedure of the cluster potential mnstruction and scattering matrix 
elements calculation is presented. Section 4 describes the new FSA for the MS 
conmbution calculation. The applications of the new approach to three “pounds 
(Reo,, NaWO, and MOO,) are considered in section 5. A summary and main 
conclusions are in section 6. 

A Kuzmin and J Furans 

2. Experiment and data analysis 

The x-ray absorption spectra of the Re edge in Reo3, the W & edge in 
NaWO, and the MO K edge in Moo3 were measured in transmission mode at m m  
temperature at the ADONE storage ring (the Italian National Synchrotron Centre 
at Frascati) on the BX-1 PWA beamline with utilization of the synchrotron radiation 
from the wiggler source. The storage ring ADONE operated at W 5 0  mA and 1.5 GeV 
witb a wiggler arrent  of 4ooo A ?ivo channel-cut crystal monochromators (Si[lll] 
and Si[uO]) were used. The results of the analysis of the first mordmation shell 
in the single-scattering PWA with amplitudes and phases calculated in the spherical 
wave approximation (SWA) by McKale et a1 [I61 were published by us earlier 117. 
Note that the obtained structural parameters are in a good agreement with the x-ray 
diffraction data. 

The experimental spectrum treatment was camed out following a ROW standard 
procedure [lS]. The background contribution from previous edges p B ( E )  was 
approximated acmrding to the Victoreen rule 1191 (pg = A / E 3  + €?/E?) and 
subtracted from the experimental spectrum @(E) .  After that, the atomic-like term 
po(E)  was found by a cubiospline approximation, and the XAFS signal ~ ( k )  was 
determined as x( IC) = ( p - pg - p,) /p,, where the photoelectron wavevector IC is 
defined as IC = J(2m/iiz)( E - E,) (m is the electron mass and ii is Planck’s 
constant). The energy origin E,, corresponding to the continuum threshold, was 
chosen past the fust strong resonance (‘white line’) at 15 eV above the inflection 
point of the absorption edge for the Re and W edges and at the inflection point 
of the absorption edge past the pre edge shoulder in the case of the MO Kedge. Thus, 
in both cases, the E, p i t i o n s  were chosen according to the features corresponding 
to quasibound excited states. The Fourier transform (m) procedure with the same 
Gaussian window, exp(-AIC*) with A = 0.05, centred at the mid-point of the data 
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range, was wed in all cases. Note that the phase comction was not included in the 
~ r ,  therefore the peak positions are shifted from their true crystallographic values. 

3 Calculation of the cluster potential and 2'-matrix 

The reason for the local sensitiviy of x-ray absorption spectroscopy is its on@ 
as the result of the photoelectron scattering processes in the potential of atoms 
surrounding the absorber and the Iinite lifetime of the. photoabsorption process due 
to the presence of the core-hole and photoelectron lifetime effects [20]. In addition, 
the thermal vibrations, which exist even in the zero-temperature limit, lead to a 
significant reduction in the XAFS amplitude for outer coordination shells and also 
restrict the size of the observed region. The usual range of the x-ray absorption 
specvoscopy technique s about A .  

Thus, the 6rst step in the ab initio XAFS calculation is the construction of the 
total potential for the cluster of some dimension with the centre at the absorbing 
atom. Then, the local potential around each atom of the cluster can be calculated, 
and the Schrcidinger-lie equation can be solved locally by a numerical method. The 
normalized radial solutions RI thus obtained are basic components for the otlculation 
of the scattering 2'-matrix elements i,, which define the scattering properties of all 
the atoms in the cluster. 

In this w r k  the MsCALC program, written by Natoli et al [7], was used for T- 
matrix calculations The singleelectron relativistic Dirac equation with two types of 
local exchange and correlation potentials @e), (i) the energy dependent Duac-Hara 
(DH) potential and (ii) the complex Hedin-Lundqvist (HL) potential based on the 
density functional formalism within the single-plasmon pole approximation [2l, 221, 
was solved in a self-consistent way to compute atomic charge densities for each atom 
in the cluster. Use of the relativistic Dirac-Slater atom code [U] was necessitated 
by the importance of relativistic corrections for heavy elements like tungsten and 
rhenium [24]. For the absorbing atom its final state was taken to be fully relaxed with 
a hole localized in the appropriate core site (in the level for the Wand Re & 
edges and in the Is level for the MO K edge). 

The correction of the XAFS amplitude for the inelastic losses, associated with the 
lifetime of the photoelectron and the core-hole-level width, has been automatically 
included in the complex HL ECP to take into account the effect of inelastic losses 
of the photoelectron in extrinsic channels on plasmon excitations, and it has been 
approximated by the damping term exp(-2Rr/k) added to the XAFS formula in the 
case of the real DH ECP. The core-level widths were taken equal to 3.4 eV for the Re 
and W 

Three different clusters with parameters shown in table 1 were chosen to describe 
the crystalline systems studied (Reo,, NaWO, and Moo,). The duster potential 
was approximated by a set of spherically averaged muffin-tin (MT) potentials, which 
were built by following the standard Mattheis prescription [29]: the atomic charge 
densities obtained from self-consistent solutions of the Dirac equations were placed 
on each atomic site in the cluster, and the superposed charge density was spherically 
averaged about the atom whose potential was required, then the Poisson equation for 
the Coulomb part of the potential was solved, and an appropriate ECP was added. 
After construction of the scattering MT potentials, the Schrlidinger radial equation 
was solved locally for each atom of the cluster, and the normalized radial solutions 

edges and 4.4 eV for the MO K edge [U]. 
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lbbk 1. Smctural data for the duster potential mnstruction 

(A) 3.%Z 

Cluster dimensions 
radius (A) as a5 7.2 
number of atoms 189 221 n 

1.0647 1.0959 for w 1.1059 R m W )  CA) 
RmW CA) 0.9978 l.0271 a9613 

Mufin-tin radii 

1.0300 for Na 

%e L3 L3 w K MO 

RI were obtained. ?hen, the T-manix elements tl  were calculated in the usual way 
by matching the RI functions with the solution for free space at the MT radius R ,  
I301 

(1) I [ r c ~  ( k r ) ~  k.1- j,( b ) ~ ;  ( W] 
t, = i 

[ / c h ? ( k r ) ~ , ( k r )  - h : ( k r ) ~ ; ( k r ) ]  r=nw 

where j ,  and h: are the spherical &se1 and Hankel functions. 
The Bystallographic positions of the atoms for the construction of clusters were 

calculated from data published in [25-27]. We found that in the case of our systems 
the increase in duster dimensions around some atom of more than two shells leads to 
negligible cbanges in T-matrix elements. nerefore, the radii of clusters were chosen 
in such way that they included two coordination sheus more than is necessary for the 
interpretation of the easily visible peak in the FT of the experimental spectrum. In 
the case of our compounds it corresponded to clusters with radii of -7-85 ?he 
values of the MT radii (table 1) were chosen from the Norman criterion [31] and were 
reduced by a factor -0.8. The partial c o ~ l e n c y  of the bond was taken into account 
by means of the -10% overlap of the MT spheres. 

4. The fast spherical approximation 

In the MS theory the oscillatory structure x1 of the x-ray absorption spectrum can be 
expanded into the scattering series 121 

m .. 

xl=Cx!, 
n=2 

where xk represents the partial contribution from aU processes, where the 
photoelectron, excited on the absorbing atom, experiences (n - 1) scatterings by 
the duster atoms. It is well hown that in many practical cases this series converges 
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very fast, and thanks to that only the first few parts of it need to be taken into account 
[SI. The quantities x: can be expressed in the general functional form [32] 

xk =xAj(k,Ri)s in(2kRi +@i(k,Rj)+Z6i)  (3) 
i 

where xi means the sum over all paths of order n starting from and ending at the 
absorber, Ri indica& the path length; AI(k,Ri) and @f(k ,R i )  are the effective 
amplitude and phase functions, which depend on the wave vector k and the angular 
momentum 1 of the photoelectron, the length and geomeuy of the path and the 
nature of the scattering centres; 6; is the phase shift due to the absorbing (central) 
atom. 

The first three terms of the series (2) correspond to processes of single (xi), 
double (xi) and triple (xi) scatterings (ss, DS, 'E), and the exact analytical expressions 
were derived for them earlier in the curved-wave formalism (281. The formula for 
the singlescattering case, which was used in our calculations, has the form 

with 

where (i :) is the Wgner 3j-symbol. The Si is the amplitude reduction 
factor owing to multipleelectron excitations. It is less than one and slowly energy- 
dependent in general me. In this work it was " a n t  at 0.9-1.0. Rj is an average 
distance from the absorbing atom to the Nj neighbouring atoms in the j th  shell, and 
uj is the mean-square radial displacement (the Debye-Waller factor) of the atom 
about Rj. t l  is the T-matrix element defined in section 3. The hf is an outgoing 
spherical Hankel function. According to Rehr et al (331, it can be written in the form 
of the dimensionless polynomial factor C l ( p )  that multiplies the asymptotic form of 
the spherical Hankel function 

@ ( p )  = i-'(eip/p)CI(p) ( p =  kR). (5) 
The quantities C l ( p )  can be found by a recursion method [33] due to that the 
equation 4 can be calculated fast enough. 

In this work we have undertaken the attempt to find a fasf upproximarion to the 
Af(k,R,) and @ ; ( k , R i )  functions for the double- and uiplescattedng terms. 

In the plane-wave and short-wavelength limit ( p  - CO) h: approaches its 
asymptotic form, and the exact equations for x i  and xi can be simplified, so that for 
one scattering path they take the following forms [8] 
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where N is the degeneracy of the path, U& is the effective Debye-Wler factor, 
Pl(ws 0,) is the Legendre polynomial, (I, p ,  y and 0 are the angles behueen bonds, 
and f j ( w , k )  is the mmplex scattering angulardependent amplitude of j t h  atom in 
the cluster. In the PWA the expression for f ( w ,  k) has the following form [NI 

A IGumin and J firam 

and the formulae (6) and (7) allow us to compute the MS signal in the plane-wave 
limit 1341. 

In the FSA the atoms taking part in the scattering process are considered as 
independent weak modifiers of the spherical photoelectron wave. In this case we can 
utilize the same formulae as equation (€9, but with another form of the scattering 
amplitudes fi. ?aking into account the cuwature of the photoelectron wave, we 
propose to calculate the scattering amplitude, which will be distancedependent, 
according to the expression 

where R is the m a l  length of the palh from the absorbing (cenaal) &om fo the scaftering 
alom. The main difference of the FSA from previous approaches [8-11,13] arises 
h m  the Rdependence of the scattering amplitude function. Usually, R means the 
distance between two atoms, sa that the incoming and outgoing photoelectron waves 
have radii equal to the distances to the nearest atoms along the scattering path. Thus, 
each atom in the scattering chain is considered as the final p i n t  for the incoming 
wave and the source of the outgoing wave. In the FSA the influence of atoms on the 
photoelectron wave is assumed weak, so that they only perturb it. Because of this the 
quantity R means the wave radius counted out from the absorber atom, which is the 
wave source, and it is equal to the path length. 

The presence of the second sum in equation (8) does not have a very strong 
effect on the computing time, and formulae (6) and (8) work practically as $st as 
the PWA, but the agreement with the exact approach [35l is much better. Note that 
unliie the mw and the PWA cases, in the FSA, when the photoelectron goes along 
the chain of atoms the quantities x!, will, in general, be different according to the 
direction taken. This is due to the form of the Rdependence in equation 8. Thus, if 
we want to calculate the contribution, for instance, from the double-scattering path 
A - B - C - A ,  the total x!, signal can be expressed in the FSA as 

= X ! , ( ~  -+ B -.+ c -+ A )  + x b ( ~  -, c + B -* A ) .  (9) I 
X"AL 

In the case of the FCW or the PWA both directions of the photoelectron wave 
propagation are equivalent and 

XnnraL = Zx!,(A + B -* C - A )  = 2xh(A -+ C -+ B -t A ) .  (IO) 

This, at first glance unusual fact is only the result of the Rdependence of the 
scattering amplitude function. It can be interpreted as a mathematical trick of the 
decomposition of the total xb,,(A -+ B - C + A )  signal over the set of two 
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functions xh(A - B -* C --L A) and & ( A  - C -* B -* A). In reality, when 
the scattering process in a chain such as A-B-CA is considered, only the total signal 
X ~ m r A L  bas physical meaning. 

The computer program, called FSA, for the Ms dadat ions both in the FSA and 
PWA approaches was written by us in m~'r~~N-77 and tested on IBM AT-Mt387 and 
VAX Computers. 'Ihe comparative time for the MS term (Ds and Ts) calcuhtion by 
the FSA is about 103 times shorter than in the case of the FCW method. That is due 
to more complex form of equations utilized in the FCW approach p,8]. 

5. Examples of the FSA applications 

In this section we consider the application of ,the FSA for the XAFS calculation of 
three crystalline compounds WO,, NaWO, and MO%). Since their crystallographic 
structures are well known [26-281, only the Debye-Waller factors are undefined ob 
initio quantities in equations (4) and (6), which were taken as fitting parameters in 
this work The precise analysis of the DW factors and their temperature dependence 
will be published in future. 

The choice of these systems wds made according to the following criteria: 

(i) in all three systems the MS contribution is high due to the presence of the 
linear and/or close to linear atomic chains; 

(ii) the symmetry of the photoelectron is different for the Re and W edges 
(1 = 0,2) and the MO K edge (1  = 1); 
(E) the first two compounds (Reo, and NaWO,) have very close cubic structures 

built from the MeO, (Me = Re, W) perfect octahedra joined by comers. They 
have only a small difference in lattice constants (table 1) and the presence of the Na 
atoms in the empty spaces between WO, octahedra is what principally distinguishes 
them. The MOO, ctystal has a layered-type structure built from highly distorted 
octahedra joined not only by comers but also through ribs. The wide range of Mo-0 
distances in the first coordination shell makes this structure very asymmetrical from 
the standpoint of the XAES calculations. This means that, in contrast to Reo, and 
NaWO,, in the case of MOO, there are many non-equivalent scattering paths, which 
contribute to the total signal and make it more complicated. 

5.1. Reo3 
Because of its crystalline structure rhenium oxide is a very convenient compound 
for testing the MS theory. At atmospheric pressure it has a non-distorted peromkite 
lattice, which consists of the perfect Reo, cctahedra joined at the comers with 
rhenium atoms at the centre and with bonding angle of 180' [XI. Thus, two facts 
are very interesting kom the standpoint of the his theory. First, the large division 
of the first ( R e O ,  R = 1.875 A) and the second coordination shells (Re-Re, R = 
3.75 A) allows one (under a good signaunoise ratio) to Observe between them, in the 
Fr of m, a well isolated peak from the MS processes in the first and the second 
coordination shells. Secondly, the h e a r  chains (Re-0-Re) lead to a strong focusing 
effect, which results in a considerable increase of the FT amplitude of the second 
coordination shell. 

The last effect was observed experimentally for the first time by Alberding a 
a1 [3q, but the attempt to explain it in terms of the PWA gave poor agreement 
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with experiment More successful results were obtained in later theoretical works 
based on the SWA formalism. Vedrinskii d al [37l have calculated the XAFS for the 
-Re chains (with different Re-0-Re angles) with some discrepancies between 
the experimental [36j and theoretical spectra, which were explained as differences iu 
the ET ranges and inaccuracies in the crystalline potential construction. They have 
found that the main mntributions to the near-edge mcillatory structure are. due to the 
photoelectron scattering in the nearly linear atomic chains originating and terminating 
at the absorbing centre, but the detailed interpretation of the origin of the peaks in 
the ET was not given. Note, that besides six rhenium atoms, twenty four oxygen atoms 
at -4.19 A also must contribute to the intense peak of the second coordination shell. 
In the work of Frimche [15], the ratio of amplitudes and the phase differences for the 
experimental 1361 and theoretical spectra are compared. The theoretical amplitude 
and phase correction factors introduced by 'le0 [34] were calculated in the. W E  and 
have not reproduced the experimental curves sulliciently well. Thus, a further, more 
precise interpretation of XAFS in Reo3 is necessary. 

A IGumin and J Pi" 

-_ 
lbbk 2 Pcsitions ofaloms wed in Ihe calculation of the main scattering plks in Reo~. 
(a U the lattice parameter). 

The atomic positions in the structural model of the Reo, crystal, which were 
employed in the calculation of the w s  spectrum, are shown in table 2 Due to the 
high symmetry of the cluster, it is necessary to take only nine atoms into account. 
They represent the 6rst five coordination shells around the absorbing Re, atom. 

All possible double- and triplescattering paths in the first two coordination shells 
and single-scattering paths up to the fifth shell were calculated. ?he main paths with a 
contribution to the total signal of more than 1% and their degeneracies are included 
in table 3. Comparison of the calculated spectra with experimental data for the HL 
ECP is shown in figure 1. The agreement is good enough over the whole energy range. 
Note that the use of the HL ECP leads to an accurate value of the amplitude at low 
energies. 

To understand how different paths contribute to the total spectrum, let us look at 
figures 2 and 3, where the separate signals from the ss, DS and Ts paths and their ET 
are shown. 

One can see that the single-scatterings from the rhenium and oxygen atoms give 
contributions in different parts of the energy range: the oxygens at low energies and 
the rhenium at high energies. This is due to the peculiarities of their backscattering 
amplitudes which is a well known fact for any light and heavy atoms 1241. Note that 
the oxygen atoms located as far as in the third and fifth coordination shells also give 
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'Ihbk 3. I h c  main scauering paths uwd m the calculation of the rhenium b edge xms 
in ReO3. me numbcm uscd in the paths mmspond to the amnu in table 2 

me "ne Path J%asraCy 

single xzsl 41-0 6 
scattering xsz 0-44 6 
X2 xm 0-sa 24 

XLU c4-a 12 
xs5 47ey 30 

Double XDSl 0-1-2-0 24 
YatIering XDS 41-34 6 
x3 Mm 434-0 12 

XDY 42-Eo 48 
%plc x~sl 0-1-0-1-0 6 
scattering xm 41-0-2-0 24 
X I  xm 0-1-0-3-0 6 

m 0-M-3-0 6 
XN 424-1-0 12 

0 2  1 6  8 I O  I 3  I. lb 
w2"c"=lo,, ,A',) Diva R (A) 

Figure L Experimental (dashed line) and mlcuialed with HL Ecp (solid tine) cutves for 
the rhenium L3 edge in &Os: (a) the XAFS x ( k ) k z  ; (6) Fourier "sfoms with the 
Gaunian window. 

a sufficiently large contribution to the total signal, compared with the rhenium atoms, 
due to their large number. 

Among M contributions the linear paths both in the first (0,-Re,+) and in 
the second (Re,+,-Re,) coordination shells are the mosr important. This Q due 
to the focusing role of the atom (Reo or 0,) in the middle of the chain, whose 
sufficiently high fonvard-scattering amplitude leads m a considerable increase in the 
6nal signal. It should also be noted that in the case of the edge such paths as 
Re,-+O,+O,+Re, and RQ+O~+R~,  +02+Re, (see table 3) aIso contribute in 
the low-energy region in contrast to L, or Kedges when they wnish bemuse of the 
P,(cos 8 )  term in equations (6), which is equal zero for Z=1 and angle 8=90°. 

Now an interpretation of the main peaks in the Fr (see, figure 3) can be made. 
The first peak at 1.4 8. corresponds to the six nearest oxygen atoms in the first 
coordination shell and can be calculated in the singlescattering approximation. The 
next peaks located in the range from 2 2  to 4.2 8, cannot be decomposed into separate 
contributions due to their overlap. It can only be mentioned that the left-hand side of 
the peak at 22-3.1 8. is due to the DS R~+O1+Oz+Re,, path in the first shell. Its 
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Figom 2 Single- (a), double- (b) and triple- (c) 
sauering mnfributions (see table 3) to the total 
XAFS signal, calculated with HL EB and zero values 
of the Debye-Waller factors. In figures (b) and (c) 
the ss signal (dashed line) of the ksr cwrdiuation 
shell is show for comparison. 

? s m  ''TI ;: . I ..... ; . .  ',. .... 
'. ._...... ..,/ i .._., <... 1 " .  

% : , _...... ..,. 

mr 
0 1 1 , 1 1 1  

D Y Y ~ ~ ~ P .  (A) 

Figum 3. Fourier transforms with the Gaussian 
uindaw of the curves show in figure 2 The dashed 
tine is experiment. 

right-hand side h due to other MS processes in the first mordination shell, especially 
in the linear chain 0,-Re,-O,, but in the main due to the mntribution of the DS 
and TS processes in the Re,-O,-Re, chain. The last ones are also the main reason 
for the large amplitude of the peak at 3.5 8, . In addition, the single scatterings from 
the rhenium and oxygen atoms in the semnd and third shells make a mntribution 
to the peak at 3.5 8, too. The last sufficiently wide peak at 5 8, is due to the single 
scatterings from the rhenium and oxygen atoms in the fourth and fifth coordination 
shells and the TS process in the Re,-O,-Re,-O, chain with the double focusing effect 
first on the oxygen (4) and then on the rhenium (Re,) atoms. 
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5.2 NaWO, 

NaWO, tungsten bronze has a structure that is very close to ReOS [Zl. It is built 
from the WO, perfect octahedra joined at the corners with sodium a t o m  in the 
empty spaces between them. Around the tungsten atom there are six oxygen atoms 
with the W-0 distance equal to 1.930 A in the first coordination shell-and eight 
sodium atoms with the W-Na distance equal to 2236 A .  

In the work of Studer a al [38], only the first two coordination shells around 
the tungsten were analysed in the single-scattering approximation. The structural 
parameters for the first shell are in a good agreement with x-ray diffraction data, but 
the data for the second shell differ quite saongiy- The reason for this is the strong 
inauence of multiple-scattering effects in the W-0-W chains on the amplitude and 
phase of the XAFS spectrum. Thus, the present work is the first study of NaWO, by 
the multiple-scattering approach. 

Tabk 4 
NaWO,. (a b the lattice parameter) 

Positions of a t o m  used m the calculation of the main sattering paths in 

Atom X (A) Y (A) Z (A) 
Wa 0 0 0 

The atomic positions in the structural model of the NaWO, crystal, which were 
used in the calculation of the XAFS spectrum, are shown in table 4. Due to the high 
symmetry of the cluster, it is necessary to take only eleven atoms into account They 
represent the first Seven coordination shells around the absorbing W, atom. 

All possible double and triple-scattering paths in the hrst three amdination shells 
and single-scattering paths up to the seventh shell were calculated. Comparison of 
the calculated spectra with experimental data for the HL ECP is shown in figure 4. The 
agreement is good enough in all energy ranges. ’Ihe main paths with a contribution 
to the total signal of more than 1% and their degeneracies are included in table 5. 

edge XAFS 
in NaWO, is similar to the Reo, case. There are, however, several distinctions. 
The main difference between these two structures, the presence of sodium atoms in 
NaWO,, does not affect very strongly the shape of the total signal. The reason for 
this is the greater value of the thermal damping factor (or the Debye-Waller factor) 
for NaWO,, which one can see from the comparison of the experimental XAFS spectra 
and their Fr for NaWO, and Reo,. It could seem that sodium atoms placed in the 
second coordination shell can be the cause of the strong MS &em in such chains as 

On the whole the origin of all the peaks in the FT of the W 
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% I , , .  I '  

Wllrrmsrrt Id-)) Oiryne P. (A) 

Figum 4 Experimental (dashed linc) and sl&tcd with HL ELP (solid line) c u m  br 
the tungsten L, edge in NaWO,: (a) the XAK x ( k ) k 2  ; (b) Fourier bansforms With the 
Gaussian vkdow. 

'hbk 5. The main scaltering p'hs uscd in the calculation of the lungslcn L, edge XAPj 

in NaWO,. The numberr used in paths, mrrespond to atoms in table 4 

'&pc Name Path Degeneracy 
Single- xs1 0-14 6 

X Z  ~ 0 4 0  6 
XSYI 0-54 24 
x E s s 0 - 6 4  12 

xnr c-lod 24 
Double- mi 04-24 24 
scattering XDS &1-3-0 6 
x 3  XDS 0 - U )  12 

ms4 0.344 48 
m c-9-114 8 

Biple XIS1 c-14-14 6 
scattering xm &14-24 24 

scattering ssz 0-94 8 

X s 6  &7(8w 30 

x4 xm c-14-54 6 
m 0--3-0 6 
XN c-34-74 12 
x156 C-W1-9-0 8 

Na-WO-Na and WO-Na-W, in analogy to oxygens. Their calculated signals are greatly 
broadened and do not practically contribute to the total spes" .  Thus, only the SS 
signal from sodium atoms in the second shell is significant. It contributes to the Fr 
at 3 A and leads to further complication of the structure in that region. 

5.3. Moo3 
The study of multiple-scattering effects io XAFS of MOO, is presented for the first 
time. In previous works [17,39], only the first coordination shell has been studied 
in the single-scattering approximation, and the obtained set of distances is in a good 
agreement with x-ray ditfraction data [%I. 

The Moo3 crystal has a layered-type smtcture built from highly distorted 
octahedra joined by corners as well as through ribs [28]. The wide set of Mo-0 
distances in the first coordination shell, which is well observed as the splitting of the 
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Fwrt 5. Experimenlal (dashed line) and slculated 
with HL Ecp (solid tine) EUNS for the molybdenum 
K edge in MOO?: (U) only si contribution; (b) ss 
+ ffi mntributions; (c) s + ffi + 15 contributions. 

F@m d Fourier transforms with the Gaussian 
window of the "es shown m figure I 

M t  peak in the Fr (figure S), makes this structure wry asymmehical and leads to 
an availability of many non-equivalent scattering paths, which contribute to the total 
spectrum and make it more complicated. 

The large separation between two layers defined by the lattice parameter a = 
13.855 A leads to that the XAFS in MOO, is formed only by atoms lying in one layer. 
The bonding angles between neighbouring molybdenum atoms have the following 
values: - l l O o  and -143" in the plane formed by octahedra joined through ribs 
and -163O in the perpendicular direction, in which octahedra are joined by comers. 
Although there are no exactly linear chains as in both previous compounds, the Ms 
contribution is very important in this case too. 'Ib show this, the XAFS calculations 
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with both the HL and DH ECP were done by first taking into account only the ss paths 
(figures 5(a) and 7(a)). After that, the DS paths (figures 5(b) and 7(6)) and the 
'rs paths (figures 5(c) and 7(c)) within the first two mrdination shells were added 
SuccessiveIy. It is clear that the addition of the DS and TS contributions improves the 
agreement behveen experimental and alculated curves. This fact is easily Seen in 
figures 6 and 8, where the m are displayed Note that the change of the HL ECO 
by the DH ECP leads to the slight modification of the amplitude and phase of signal. 
In the first two cases of the ReOS and NaW03 crystals the effect was smaller and 
appeared only at small energies. 

A Kuzmin and J Furans 

0-- R (A) 

I 
$ 0  

U 

I 1 * ' I , 1 I O  I ,  I> 

Wlrrrrrer k ( A - , )  D"%.n.Cn (A) 

F W  7. Experimental (dashed h e )  and calculated 
with DH ECP (solid line) awes for the molybdenum 
K edge m MOO,: (U) only s mnuibution; (6) SF 

+ c6 contributions; (c) s + DS + 'rs contributions. 

F@re & 
window of the Ntves shmvn m figure 7. 

Fourier uansfonns with the Gaussian 

The fmt two peaks located in the range from 0.5 to 22 8, correspond to a very 
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distorted first coordination shell, where two groups of distances can be distinguished 
[17,28]: the short bonds (1.67 and 1.73 A) correspond to the peak at 1.0 A and the 
long bonds (1.95~2,225 and 233 a) mrrespnd to the peak at 1.8 A .  The intensive 
double peak located in the range from 2 5  to 4.0 A corresponds to the molybdenum. 
atom in the semnd coordination shell, joined with the central molybdenum atom by 
comers as well as through ribs, and the oxygen atoms in the chid amdination shelL 
Its amplitude depends from the MS contriiutions in the Mo-0-MO chains. The kst 
peak at 5 A is due to the ss processes in the outer (molybdenum and oxygen) shells. 

6. Summary 

We have presented the new fast spherical approximation for the calculation of 
multiple-scattering contriiutions in the x-ray absorption h e  structure. The detailed 
interpretation of the Re edge XAFS in Reo3, the W I, edge XAFS in NaWO, 
and the MO K edge XAF% in Moo3 has been performed in the framework of the FSA 
approach. The analysis of the MS effects m XAFS of NaWO, and MOO, has been 
done for the lint  time. The agreement obtained with experiment is good in all energy 
ranges. Note that the FSA is a vely fast computational method, so we conclude that 
it can be used in routine experimental analysis. 
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