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Abstract. The influence of multiple-scattering contributions in the x-ray absorption fine
structure (3LAFS) above the iridium Ly, edge is discussed for the iridium oxide ErQ,. It is shown
that muitiple scattering in the IrOg cluster cannot explain the occurrence of some features, as
previously proposed by comparing with rhenium and tungsten exide studies. Both the accurate
recording of spectra and theoretical calculations Jead us to propose that these previously observed
features occur from poor signal extraction, especially if the iridium backscattering amplitude is
truncated.

1. Introduction

It is now well known that multiple scattering may contribute significantly to x-ray absorption
fine structure (XAFS) in a way that prevents analysis of spectra, especially the outer sheils,
through the classical single-scattering description [1]. For some cases, it can change the
EXAFS part (extended x-ray absorption fine structure) in a way that will induce new peaks
in the radial distribution function (RDF) around the absorbing atom, which is obtained by
Fourier transformation of the EXAFS spectrum. Very clear examples have been recently
demonstrated with perovskite type compounds such as tungsten oxides [2] and rhenium
oxides [3], and expanded to various structures based on MO, or MOj clusters {4]. However,
it was claimed that for rutile type iridium oxide, IrO5, a peak appearing at 2.2-3.2 A between
the first oxygen shell and the next iridium shells, in the RDF, was related to the same
phenomenon [3, 6]. Indeed, no single-scattering pathway can explain the existence of this
peak. Therefore we undertook to check whether this feature in the EXAFS spectrum could
be indicative of a multiple-scattering contribution as for perovskite compounds ReO; and
WOs3, or whether it had to be assigned to another mechanism.

2. Experimental details

X-ray absorption spectra were recorded at the Laboratoire d'Utilisation du Rayonnement
Synchrotron (LURE, France), on the DCI ring using 1.85 GeV positrons with an average
intensity of 250 mA. They were collected at room temperature in transmission mode at the
iridinm L;r; edge (= 11 210 V), on the EXAFS I spectrometer. The monochromator was a
$i(331) channel cut and the flux before and after the sample was measured by partially argon
filled ionization chambers. The EXAFS spectra were recorded from 11100 to 12700 eV
with a 3 eV step (2 s time counting). The EXAFS extraction was performed by following the
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standard procedure [7] using software written by Michalowicz [8]. The EXAFS contribution
of the absorption spectrum can be written as,

R(E) — i (E)
XE) = B~ ne®) o
where p(E) is the observed signal, p1(E) the single atomic absorption of the absorber and
1ol EY} the background absorption that the sample would undergo in the same energy range
without any absorption edge jump. This signal is usually described in the k space, where k
is the wave vector in A~ and is related to the energy E in eV through the relation

2me(E — Ep)

hz
with m. the electron mass, % the Planck constant and Ep the energy of the absorption
edge. wo(E) is calculated by using a theoretical expression developed by Lengeler and
Eisenberger [9]; 141 (E) is interpolated by a fifth-degree polynomial between 11220 eV and
12700 eV. The Ey value js set at the half jump in the edge, equal to 11210 eV. The
pseudo-radial distribution function (RDF) is then obtained by a Fourier transform of the
weighted w (k)k®x (k) spectra, where w(k) is a weighting window using a Kaiser function
(r = 2.5) defined between 3 and 20 A~!. The RDFs are uncorrected from atomic phase
shift.

The iridium oxide powder was synthesized through a new way of synthesis leading first
to an amorphous iridiom oxihydroxide then to a well crystallized iridium oxide powder
[10,11). The latter presents a crystalline framework that exhibits no distortion from
the expected quadratic P4,/mnm symmetry, in contrast to that observed for commercial
provided powders [6, 11]. The powder was ground to 20 um, then deposited on a Kapton™
adhesive film.

k= (2)
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Figure 1. Experimental absorption spectrum at the iridium L;;; edge for the iridium oxide IrQ3.

Theoretical spectra were obtained from the fast multiple-scattering calculation developed
by Rehr (FEFF-5 code) [12,13]. This approach can be summarized as below. From the
crystallographic data, an atomic potential is built in a sphere around the absorbing atom,
The atomic phases are calculated and all the possible paths of the photoelectron ejected
from the absorbing atom, and going back to it, are then found. A first scattering calculation
with a plane wave formalism gives quickly the relative weights of each pathway in the
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absorbing cross-section. Once the less contributing pathways have been removed, a second
calculation with a curve wave formalism is thus performed and the EXAFS contribution can
be deduced for each pathway. We did not take into account the Debye—Waller parameter.

3. Results and discussion

The raw absorption spectrum and EXAFS spectrum of IrQs are displayed in figures 1
and 2, respectively. The EXAFS spectrum exhibits a signal up to 20 A1, due to the
backscattering amplitude of iridium neighbours. The modulus of the Fourier transform of
this EXAFS spectrum is given in figure 3. It is characterized by a first peak (peak 1) at
1.5 A, due to the oxygen backscatterers in the first shell around iridium. One can identify
a group of three peaks (peaks 2, 3 and 4) between 2.5 and 4.0 A, one at 4.5 A (peak 5)
and another at 5.5 A (peak 6). Other peaks can be also seen after 6.0 A. The RDF of the
amorphous iridinm oxihydroxide is also given for comparison [10, 11]. For both curves, we
do not observe any peak between 2.0 and 3.0 A, except the small peak 2. These spectra
show that the additional contribution previously reported to peak in this distance range is
not always observed.
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Figure 2. Experimental XAFS spectrum &y (%) at the irtdium L,;; edge for the iridium oxide
IrO;, obtained from the spectrum shown in figure 1.

The theoretical EXAFS spectrum of Ir(Q, was calculated by starting from the
crystallographic positions given in table 1 [6], and by including all the scattering paths
ina7 A radins sphere surrounding an iridium atom. The first ones are given in table 2.
Paths I and II are single scattering in the IrOg cluster. The next shortest pathway (II) is
also a single-scattering path with the closest iridium at 3.155 A as backscatterer. The path
IV is double scattering in the IrOg cluster. By comparison with other compounds [2—4], this
path should induce the additional peak. The EXAFS spectrum resulting from all scattering
paths is exhibited in figure 4. One can see that all the features of the experimental EXAFS
spectrum are well reproduced by this calculation, even if, as we did not take into account
the Debye—Waller parameter, the intensities cannot be compared, especially at high &. This
shows that our calculation using FEFF is meaningful and that we can use it to analyse the
single contribution of each scattering path. The EXAFS contribution for the pathway IV
is also presented. Its intensity is weak and it gives a significant contribution only below
g8 A~
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Figure 3. Modulus of the Fourier transform of 42y (k) spectra at the iridium Ly, edge for the
irtdiom oxide rOy (solid line) and for an amorphous iridivin oxihydroxide (dashed line). The
numbers refer to the text.

Table 1. Atomic positions for the iridium oxide Ir02. The cell symmetry is Pdy/mnm with
parameters @ = b = 4.4983(1) A and ¢ = 3.1547(2) A.

Position  Atom  x y z
1(a) Ir 0 0 0
I3 O 0.308(2) 0308(2) O

Table 2. First scattering paths used in calculations of the Ir L7y, edge absorption spectrum. The
absorbing atom is indicated by *, the length is the effective length of the photoelectron path and
amplitudes are relative values.

Pathway Degeneracy  Length () Amplitude

I Ir-0-Jr* 2 3918 100

II I*-0-Ir* 4 3.590 100

m Ir-Ir-Ir* 2 6.310 193
v Ir*-0-0-Ir* 16 6.750 247
v Ir*-0-1r" 4 6.814 250
VI Ir*—Er-Ir* 3 7.100 60.1
VII  Ir*-0-O-Ir* 4 7.144 3.5
VIOl  Ir*-Ir-O-L* 4 7.428 19.5
X Ir*-0O-Ir* 8 7.504 8.6
X Ir*—Ir-0O-1r* 8 7.504 8.6
Xl Ir*-Lr-O-Ir* 2 7.838 63
i e-0-0-Ir 2 7.838 17.7

Figure 5 compares the experimental RDF to RDFs obtained from different scattering
pathways. If we compare it first to the RDF obtained with single-scattering paths only, we
see that single scattering allows us to explain quite well all the contributions below 3.6 A.
The peak 2, especially, that could be linked i the double scattering (pathway IV), is well
reproduced by only single scattering. The RDF of the contribution of pathway IV is given
also in figure 5. It is obvious that if it peaks at the expected distance, it is very diffuse and
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Figure 4. Calculated XAFS spectrum k& x (k) at the iddium L;;7 edge for the tridium oxide IrOy
(thin line) and the scattering contribution corresponding to pathway IV (bold line).
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Figure 5. Modulus of the Fourier transform of ko (k) spectra at the iridium Ly;; edge for {top
to bottom}) the experimental Ir(y spectrum, the pathway IV contribution, the calculated IrQy
spectrum and a calculated spectrum including only the single-scattering contributions.

its intensity cannot explain any kind of significant peak in this region, in contrast to what
was observed for ReQs or WO for instance [2—4].

In order to determine precisely the weight of the multiple-scattering contribution, we
report in figure 6 the imaginary parts and modulus of the Fourier transform of EXAFS spectra
calculated with whole-scattering or only single-scattering contributions. The ditference
between them was obtained by subtracting the imaginary parts. It leads to the multiple-
scattering contribotion, which is also reported. One can see that the peaks 1, 2, 3 and 5
are only due to single scattering whereas the peak 4 contains a small fraction of multiple
scattering. This fraction interferes with the single-scattering part and the intensity of the
resultant signal is weaker than for single scattering alone. Such an interference is well seen
for the peak 6. Indeed, for this peak, both single and multiple scattering have the same
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intensity, Nevertheless, as they are not in phase, the addition of the two imaginary parts—so
the whole scaftering spectrum—does icad to a contribution with almost the same intensity
but not the same frequency. The related EXAFS contribution cannot thus be linked to any
real distance through the classical formalism [1]. This example shows also how it may be
dangerous to compare only the modulus of the Fourier transform in order to explain the
relative parts of each scattering path.
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Figure 6. Top. modulus and imaginary part of the Fourfer transform of k2x (k) spectra at the
iridium L;;; edge for the calculnted spectrum including all the scattering contributions (solid
line} and a calculated spectrum including only the single-scattering contributions (dashed line),
Bottom, Modulus and imaginary part of the Fourier transform of Ky (k) speetra including only
the multiple-scattering contributions.

These results show that, first, one can obtain an EXAFS spectrum of iridium oxide
that does not exhibit the additional peak previously reported, and, second, that multiple-
scattering contributions cannot explain the hypothetical existence of such a peak. Therefore
we decided to check whether the EXAFS analysis procedure could explain the previous
results. Figure 7 exhibits RDFs obtained from the same EXAFS spectrum (figure 2} with
different weighting windows w(k) equal to 3-9 A-!, 3-13 A-1, 3-15 A-1 and 3-19.6 A~!
for figures 7(a), (b}, (c), (d} respectively. Iridium is 2 heavy atom and its backscattering
amplitude extends up to 20 A, as can be seen in figure 3. So, taking a too short weighting
window—or recording spectra in a too short energy range—will lead to a truncation of this
amplitude and will disturb the resultant signal. This is confirmed in figure 7(a) and (b)
for which a significant contribution is observed in the 2.2-32 A range, which is the range
previously reported to exhibit an additional peak [5,6]. As the weighting window increases,
this contribution decreases. If it is still observed for the 3-15 A~ window (figure 7(c)),
the Fourier transform on the whole energy range leads to its extinction. We may recall that
the RDF of the iridium oxihydroxide EXAFS spectrum (figure 3), recorded with the same
conditions, does not exhibit also any suspect peak.

4, Summary and conclusions

We have presented a study reporting some multiple-scatiering contributions in the iridium
oxide IrQ;. We have shown that some contributions that had been reported in previous
works [5,6], cannot be attributed to multiple-scattering phenomena as has been shown for
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Figure 7. Comparison of the RDFs obtained from the experimental spectrum shown in figure 2,
by varying the range of the weighting window (k). (a) 3-9 A=!, (b} 3-13 A-!, (&) 315 A-1,
(d 3-19.6 A1,

other compounds [2-4]. An accurate recording of data in a long enough energy range (i.e.
1500 eV after the iridium L;;; edge) leads to spectra that do not exhibit these features, if
the EXAFS analysis—and mainly the weighting window in the Fourier transform—takes
into account the information in this whole range of energy.
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