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The influence of the focusing effect on the x-ray absorption 
fine structure above all the tungsten L edges in 
non-stoichiometric tungsten oxides 

A Kuzmin and J Purans 
(nstitute of Solid State Physics, University of Latvia. Kengaraga 8, LV-1063 Riga Latvia 

Received 2 August 1993. in final fonn 23 September 1993 

Abstract The role of multiple-scamring contributions in the formation of the x-ray absorption 
fine structure (xm) abave tungsten L edges is discussed for the non-stoichlomedc tungsten 
oxides WO3_,. It is found hat the presmce of linear or near-linear atomic chains in the WO,-, 
crystal structure leads, due to the focusing effecL to a shong increase in the XAFS amplitude, 
which results in an admixture of the Lz-edge x m  with the XMS above the Li edge. 

1. Introduction 

It is well known that multiple-scattering (MS) signals contribute, often significantly, to x-ray 
absorption fine structure (XAFS), especially when linear or near-linear atomic chains exist in 
the studied compound. Two such contributions are most important in the XAFS spectra of 
metal oxides (MeO,) with a perovskite-type structure measured above the metal absorption 
edge [I]: (i) the MS signals in the first coordination shell, generated within O-Me,-O chains 
(where Me, is the absorber), which contribute mainly at the beginning of the XAFS spectrum, 
and (ii) the MS signals in the second coordination shell, generated within M e a U M e  chains, 
which contribute mainly in the high-energy range. The reason why these two MS signals 
are more intense than others is the particular role played by the intermediate atom (Me, 
in the first case and 0 in the second case), which significantly increases the amplitude of 
the photoelectron wave in the forward-scattering process. This phenomenon is called the 
'focusing' effect. To illustrate it, the angular dependence of the atomic scattering amplitude 
is shown in figure 1 for oxygen and tungsten atoms, forming compounds considered in this 
work. 

The scattering amplitude for each atom was calculated using the standard approach to 
the scattering process of a spherical photoelectron wave by a spherically symmetric atomic 
potential 121: 

where R is the curvature radius of the photoelectron wave, 6 is the scattering angle (6=Oo 
for the back-scattering process and 6=180" for the forward-scattering process), I is the 
angular momentum of the photoelectron, ir is the scattering T-matrix element defined by 
fr = e"' sin(&), where 81 are the partial phase shifts calculated from the radial part of the 
Shdinger-like equation [3], and C&R) is the polynomial factor introduced by Rehr and 
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Oxygen (0) Tungsten ( b) 

Figure 1. The angular depndence of lhe atomic scanering amplitude for oxygen and tungsten 
atoms. The angle li 0 corresponds to the back-scatrering process and H=180' to the forward. 
scattering process. 

co-workers [Z]. The value of R was choose to be equal to 1.9A for oxygen and 3.8A 
for tungsten. Both values are close to the typical W 4  and W-W distances in 
crystals. The origin of the focusing effect is obvious from the large difference, particularly 
at high energies, between the back- and forward-scattering amplitudes, which is clearly 
visible in figure 1. It is also clear from the behaviour of the amplitudes why the MS 
signals generated within two atomic chains CrW.4  and W,-O-W mainly contribute in 
different energy ranges of XAFS (at low and high energies, respectively). The reason is 
that the XAFS amplitude depends on the product of atomic scattering amplitudes of all 
atoms participating in the scattering process. For example, for the O-W*-O chain and 
the W, -+ 0 -+ W, -+ 0 -+ W, MS path with OW,O = 180". the xAFS amplitude 
is proportional to two back-scattering amplitudes of oxygen and one forward-scattering 
amplitude of tungsten: the product decreases when the energy increases. O*other hand, 
for the Wa&W chain and the W, + 0 + W + 0 -+ W, MS path with W,OW=l SO", the 
result of the product of two forward-scattering amplitudes of oxygen and the back-scattering 
amplitude of tungsten leads to an increase of the total amplitude at high energies. 

In addition to the MS contributions, the amplitude of the XAFS signal at high energies 
is also affected by an exponential damping term of type exp(-202kz), describing both 
thermal and static disorder [4]. Competition between the variation of the MeOMe angle 
and the degree of disorder leads for MB-O-Me chains to large changes in the XAFS signal 
amplitude in the high-energy region, which can result in some interesting phenomena. In 
particular, the effect of the LI and Lz XAFS mixing was pointed out by us recently for 
Reo3 [l]. (A similar effect was found earlier for L edges of gold [5] . )  It was shown that 
the strong MS contribution from the Re-O-Re linear chains leads to a significant decrease 
of the amplitude damping with the increase of the photoelectron energy. As a result, due 
to the small separation of rhenium L1 and L2 edges (A&,+ = 568eV), the fine structure 
above the L, edge is a superposition of two XAFS signals from LI and Lz edges, with a 
very significant contribution of the latter [I]. 

In W03-x compounds, the correlation between the amplitude of the W Ls-edge XAFS 
signal and the W Ll-edge X A m  (x-ray absorption near-edge structure) was pointed out 
earlier [6], and it was suggested that the origin of some features in the W LI-edge XANES is 
connected with the focusing effect in the second coordination shell. In this paper we present 
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a detailed interpretation of the W LI-edge fine swcture and show that in non-stoichiometric 
tungsten oxides the same effect of the b- and L1 -edge XAFS mixing as in R e 4  occurs. 
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2. Results and discussion 

X-ray absorption spectra of tungsten L edges in finely ground WO,-, polycrystals were 
recorded in transmission mode at room temperature at the ADONE storage ring on the 
EX-I PWA beam line using synchrotron radiation from a wiggler source. The experimental 
details and the partial analysis of experimental data were published previously [7,8]. Note 
that for tungsten the separation between the Lz and LI edges (see figure 2) is even smaller 
(A.EL,-h 2 556eV) compared to rhenium. 

The tungsten L3-edge XAFS spectra ,y(k)kz and their Fourier lransforms (Fr) are shown 
in figure 3. There are four groups of peaks in the FT, which are due to (i) the single- 
scattering (SS)  signals from the first shell formed by oxygen atoms, (ii) the MS signals, 
generated within the first shell, (iii) the ss and MS contributions from the second shell, 
formed by tungsten atoms, plus the SS third-shell signals from oxygen atoms, and (iv) the 
signals from the shells beyond the third shell. The structure of WOS-~  is based on distorted 
octahedral WO6 coordination groups with a wide range of W-O bond lengths (typically, 
1 . 6 ~  Rw-o < 2.4 A). The WO6 octahedra are joined by apexes with WOW > 150", 
and there is also sharing of their edges in the ab plane for x > 0. The drastic changes 
of the amplitude of the second-shell peak, located between 3.2 A and 4.2 A, are clearly 
visible in figure 3(b). Notice that the increase of the second-shell peak amplitude in the FT 
corresponds to the increase of the XAFS signal at high energies. Such changes of the XAFS 

amplitude can be attributed to a variation of the values of the WOW angles. 
A 
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Figure 3. (a) The experimental XMS x(k)k2  specka of h e  W 4 edge in W01+ The 
presence in non-sloichiomelric lungslen oxides of near-linear atomic chains leads, due to the 
focusing effen, to an increase of the signal amplitude at high k-values. (6) Fourier h'ansforms 
of spectra shown in ((I). 7he fovr marked ranges are explained in the text. 

In stoichiometric WO3, the WOW angles along all axes are equal to -158" [9]. In  
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non-stoichiometric tungsten oxides, the WOW angles are between 150" and 170". but they 
are close to 180" in the direction of the c axis [6,7]. The presence of nearly linear W-0- 
W atomic chains along the c axis in non-stoichiometric WO3-, leads to strong multiple- 
scattering in this direction [7], and is the reason why the amplitude of XAFS at high energies 
increases, while it decreases in stoichiometric WO3 (figure 3@)). 

The LI -edge XANES spectra of WO3-, and Reo3, for comparison, are shown in figure 4. 
The four features A, B, C and D are clearly visible and can be described within the 
framework of (i) electron transitions and (ii) MS resonances. 

The interpretation of electron transitions near the absorption edge will be made using 
the following notation: the transition from the core atomic state nl into the final - state 
n',l' in the continuum ( E )  with n'l' atomic character will be denoted as nl + n ' , d  
where the bar over n',l' indicates that the final state of the electron is the relaxed excited 
state in the presence of the core hole at the nl level screened by other electrons. The 
pre-edge A corresponds to 2s(W) -+ F d ( W )  + Z p ( 0 )  transition, which is forbidden 
in the dipole approximation for a perfect WO6 octahedron, but becomes allowed when the 
inversion centre is absent [6,8]. Its amplitude depends on the degree of WO6 octahedra 
distortion, and 2p(O)-5d(W) orbital mixing. The pre-edge A has the largest amplitude in 
stoichiometric tungsten trioxide WO3 and decreases along the series W O Z . ~ ,  WOx(2.7<r<~.9), 
WOz.,, W01,2.0<xs2.71.  Such variation is connected with (i) the lowering of the tungsten 
valence state, which leads to a symmetrization of WO6 octahedra, and (ii) the increase of 
the average tungsten-oxygen distance from 1.78 8, to 1.95 8, [SI. The second feature B, 
properly the edge, is assigned to the 2s(W) + G p ( W ,  + G p ( 0 )  allowed transition. 

Figure 4. The XANES spectra of the tungsten LI edge in WO1-,. The rhenium Lledge XANES 
specvum for Re03 is also shown for comparison. The origin of Ihe labelled features is discussed 
in the texL 

In the MS approach the first feature A corresponds to poles of the scattering path operator 
at negative energies, i.e. below the continuum threshold [IO]. The origin of other features 
becomes clear from figure 5 where LI- and L3-edge XAFS are shown in comparison with 
the contributions to L3-edge XAFS from the four ranges in the '?r noted before. In the first 
approximation, the difference between LI- and Lpedge XAFS originates from the i~ factor 
and a difference in central-atom phase shifts [I]. Therefore, the experimental LI-edge signal 
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Figure 5. A comparison of the W LI-  and Lyedge x ~ f s  ,y(k)k? for WOx(z.~crc2.9). The 
Liedge signal was multiplied by a factor -1, and its k scale was corrected by the difference 
between LI-  and L+dge phase shifts. The four contributions to the Lpedge XAFS. labelled in 
figure 3(b) and extracted by the back Fourier vansfom pvxedure. are also shown. The features 
B, C and D have the same meaning as in figure 4. 
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Fwre 6. Exprimend XAPS x ( E )  of the tungsten LI edge in W O ~ ~ Z . , < ~ < Z , ~ ~  (full C U N ~ ) .  The 
broken curve shows the contribution of tk W Lzcdge XAFS simulated from the W L3-edge 
XAFS according to (2). 

shown in figure 5 was modified the amplitude was multiplied by (-1). and the k scale was 
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slightly 'squeezed' by a factor 0.96. After this correction, one can see that the fine structure 
of both spectra at low k-values is similar. The main shape of the L1 signal is due to SS by 
oxygen atoms located in the first coordination shell. The additional fine structure appears 
because of the MS effects in the first shell (features B and D). The feature C is attributed 
to the ss and MS signals coming from tungsten atoms in the second shell. Its amplitude 
varies strongly in the WO3-, series (see figure 4) and correlates with the amplitude of the 
second-shell peak in the FT (the peak III in figure 3(h)). Besides the signals considered, it 
was found that there is an additional contribution to the LI-edge XAFS coming from the LZ- 
edge XAFS. Its intensity is proportional to the Lz-edge MS second-shell signal. A particular 
example of this phenomenon is shown in figure 6 for the WOx,2.7cx<2.91 crystal where the 
second-shell MS contribution is the strongest one (see figure 3(6)). The experimental XAFS 
signal above the edge is limited by the presence of the Ll edge, therefore its contribution 
to the L1 XAFS region was simulated using the experimental Ln-edge XAFS extending more 
than IOOOeV beyond the absorption edge. Such an approach is justified if we assume that 
the spin of the photoelectron remains unchanged during the scattering process. In this case, 
the and L3 XAFS signals will be the same since at both edges the initial and final states 
of the photoelectron have the same symmetry (p and d, respectively) [ 1 I]. The contribution 
from the Lz-edge XAFS to the LI -edge XAFS XL, (L2) was simulated using the L3-edge signal 
according to the expression 

where pL. and & are the total and atomic, i.e. without neighbours, absorption coefficients 
above the L, edge. Thus, the experimentally measured XAFS above the LI edge has a 
composite nature belonging both to the LI and LZ edges and can be expressed as 

XL, = b L ,  - P t , ) / P t ,  + XL, 0 - 2 )  (3) 

where the first term corresponds to the proper LI-edge XAFS and the second one describes 
the contribution from the LZ edge. The comparison between the experimental LI-edge XAFS 
and the simulated contribution from the LZ edge is shown in figure 6. The result obtained 
is similar to one found by us earlier for Reo3 [I]: the fine structure above the LI edge has 
a very significant contribution from the previous LZ edge when a strong MS effect within 
the Me,-O-Me atomic chain is present. 

3. Summary and conclusions 

We presented an analysis of the tungsten L-edge x-ray absorption spectra in non- 
stoichiometric tungsten oxides W O S - ~  with a perovskite-like structure. It was shown that 
the multiple-scattering contribution (i) strongly influences the amplitude of the XAFS signal 
and (ii) leads to a significant mixing of the Lz- and LI -edge signals. 

A similarity of the atomic scattering amplitudes for neighbouring atoms or atoms close 
in the periodic table allows us to make a more general conclusion: due to a small separation 
of the L2 and LI edges of 5d elements, a mixing of their XAFS signals will appear above 
the LI edge for elements lying in the middle of the sixth period when linear or near-linear 
metal-oxygen-metal chains are present in the structure of the studied compound. It seems 
correct that this effect can also be present for 5d elements at the beginning of the sixth 
period where, at the above-emphasized conditions, a mixing between the L3 and LZ edges 
can additionally occur. 
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