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ABSTRACT

By comparison hetween thg Mn K-edge x-ray absorption spectra of [MnO4]™ and
[Mn(OH2)¢)>t complexes in acqueous solution an experimental determination of the
energy extent of the multiple scattering (MS) regime is obtained that is. substantially
wider than expected. Theoretical calculations based on the MS formalism support this
conclusion. We rigorously show that the MS series for the absorption coefficent in these
two clusters is convergent for all energies above the Mn 1s-3d transition. Based on this
result a method of analysis is suggested for absorption spectra, capable in principle of
providing higher order distribution functions Gn(ry) (n > 3) (beside the pair correlation
function Gofr) usually obtained by EXAFS studies) and suitably generalizable to other

cases of interest.

*Permanent address: Department of Thermology, Zaragoza University, SPAIN



Tnterest in local structure determination beyond the pair distribution function has
recently stimulated the growing of X-ray Absorption Near Edge Structure (XANES)
studies, both from a theoretical and an experimental point of view [1,2]. The reason
for this lies in the fact that the low emergy side of an absorption spectrum is sensitive to
the geometrical arrangement of the environment surrounding the absorbing atom, due to
the generally strong scattering power of the atoms of the medium in this energy region,
which favors multiple scattering (MS) processes (in principle, up to infinite order) [3,4].
At energies such that the atomic scattering power becomes substantially small (in a way
to be qualifed later) a single scattering (88) regime takes place, where the modulation
in the absorption coefficent (EXAFS) is substantially due to the interference effect of the
outgoing photoelectron wave from the absorbing atom and the backscattered wave from
each surrounding atom [5,6]. Hence this latter part of the spectrum provides information
about the pair correlation function. By decreasing the photoelectron kinetic energy a
gradual turn over occurs from the EXAFS S8 regime to the XANES full MS (FMS) regime
trough a transition region where only low order MS paths are expected to be relevant [7,8].
This last intermediate MS (IMS) region has received attention in the literature mainly in
connection with collinear atomic configuration where the focussing eflect makes collinear
MS processes strong enough that they give on appreciable contribution even in the EXAFS
region [6-9]. For open structures, i.e. structures with no collinear configurations, it has
been suggested that "the transition region terminates with the XANES region itself” [10].
More recently an interpretation of Cu K-edge in terms of 88 EXAFS theory with curved
waves [11] and a Fourier analysis of the XANES region of K MnOq4 [12] have suggested
that in these system the MS energy range is very small and have questioned the capability

of XANES to probe high order correlations.

Tt is the aim of this paper to critically assess the validity of these conclusions by
presenting a unifying scheme of interpretation of x-ray absorption spectra based on a
precise mathematical approach and corroborated by experimental evidence. To this pur-
pose we have measured the K-edge absorption spectra of 50 mM of MnCly and K MnO,
acqueous solutions with high resolution. Mn ion in solution is octahedrically coordinated
by 6 Ha0 molecules forming a stable [Mn{OH2)e]*T cluster with a Mn-O distance d;
=217 A [18]. The tetrahedral cluster [MnO4]™ is known instead to be quite stable in



solution and its EXAFS has been analyzed by Rabe et al. [14] to give a Mn-O distance
do==1.63 A Only the contribution of the first shell is present for photoelectron wave vec-
tor £ above 5 /f‘“‘l in agreement with previous studies. In Fig. 1 the absorption spectra
of [Mn(OH5)g)?t and {.MﬁQ;]”’ are compared. The corresponding energy scales are in

the ratio (%]2 == 0.47 where d} and d} are the Mn-O distances in the two complexes,
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FIG. 1 - Comparison between normalized Mn K-edge X-ray absorption spectra
of [Mn04]" and [Mn(OHp)g]2* fons from 50 mM acqueous solution of K MnOy and
MnClo. The respective energy scales are given in the upper (lower) part of
the figure. A partition of the spectra in FMS (full m.s.), IMS (Intermedia
te m.s.) and S.S {single scattering) regions is sketched. The insert shows
‘a comparison of the two spectra after a rescaling of the oscillating amp1i
tudes in the ratio 4:6.

corrected for the linear term coefficient of the scattering phase shift, in order to eliminate
the effects in the spectra arising from the different bond length and from the dependence of
the phase shifts on the energy. The zero of the energy has been set at the first absorption
feature (1s-3d transition) in both spectra. In this way the two spectra, after a further
rescaling of the oscillating amplitude to take into account the different number of nearest

neighbors (see insert in Fig.1), show a superposed sinusoidal behavior in that energy region



that contains information only about the pair correlation function (EXAFS). Below 160
eV (75 eV with reference to [Mn(OHz)s]?T scale) the absorption spectrum of [MnO4]™
cluster deviates from the spectrum of [Mn(OHz)g]?t. This fact is a clear indication that
below these energies information about higher order correlation functions or geometrical
arrangement of the environment of the absorbing atom is contained in the spectra.

In order to get a deeper insight into the MS region we have analyzed the spectra in
the framework of MS concepts. In this formalism the polarization averaged absorption

coefficient is given by [6,11,15]
ap = ot ol = Af w No [(I+ DM? X1 + IM7 1 xi—1] (1)

where [ indicates the angular momentum of the core initial state (/ == 0 for K-excitation)
M ﬁl:}:l is the atomic dipole trapsition matrix element relative to the photoabsorbing atom
and

1
e . E Iml(I -+ TaH 7 Tl O (2)

X == 21~} 1 szn%o

—I— 1
where §{ is the phase shift of the absorbing atom located at site 0, I is the unit matrix,
H = H 7 1,(1— 8;5) is the free amplitude of propagation of the photoelectron in a spherical
wave state from site ¢ with angular momentum L = (!, m) to site § with angular momentum
L'=(1'"m"Yy, To==( },)}"Ji» == §;; Oz t} is the diagonal matrix describing the scattering
processes of the spherical wave with angular momentum ! by the atom located at site
i through the atomic t-matrix element ¢} = exp(i6}) sin 6'{ and T,H implies matrix
multiplication.

As apparent from eqn.(2) the whole geometrical information of the medinm around
the photoabsorber is contained in the matrix inverse (/ + T,H )™ !. In XANES calculation
the full MS result eqn.(2) is compared with experimental data. However an alternative
approach is viable, provided the condition o(7T,H) < 1 is verifed for all relevant energies
(p(A) is the maximum eigenvalue of the matrix A). In such an instance (7 4 T,H) ™! =
Z:;O(-—- 1)™(T,H)" where the series on the right is absolutely convergent relative to some
matrix norm. Specializing to K-shell excitations (but the generalization is straightforward)
we then have op == 30 v, Where g == Afiw Ng M2, is the atomic absorption coefficent

and



. .
ap = — Imx{y = & =55 (—1)" j!_d Im [(TaH)nTa]?m,Olm (3)
m
represents the partial contribution of order n to the absorption coeflicent coming from all

the processes where the photoelectron has been scattered n-1 times by the surrounding
atoms before returning to the absorbing atom at site 0. Clearly oy, contains information
about the n-th order correlation function. Notice that as is the usual EXAFS signal
times o , whereas oy is always zero since HY, 9, = 0. For the two clusters under
consideration we have indeed found that the condition p(T,H) < 1 is verifed for all
energies greater than a lower bound £y, , which is located just below the rising absorption
jump edge. Hence an analysis of the experimental spectra in terms of the quantities oy
is meaningful. In Fig.2, we show a comparison between the calculated and experimental
spectrum for [Mn{OHz)s)?T cluster for energies up to 140 €V. The calculation has been
done using a multiple scattering program modified so that the inversion of the MS matrix
(I + T,H) could be performed either exactly or through the series expansion,so that it
was possible to construct explicitly the quantities o, in eqn.(3). The X' — o potential used
was obtained through the usual Mattheis prescription. Hydrogen atoms were neglected.
The agreement with experimental data is surprisigly good with respect to the shape of the
spectrum. It is less good concernig the location of the high energy maxima due to the
energy independence of the X — « potential used. In insert a) of Fig.2 the quantity af
is the calculated absorption coefficent obtained by exact inversion of the MS matrix. The
superscript ¢ indicates convolution by an energy dependent Lorentian broadening function
with Tior (E) = 'y -+ Tezp =+ Te (E), where I'y = 0.5 €V is the core hole width,
T'ezp = 1€V is the experimental resolution and 'y (£) (of the order of 2 eV) is an energy
dependent damping for the electron in the final state, taken from the imaginary part of
the complex H.L. potential [16]. The experimental energy scale has been contracted by a
factor 0.9 to correct for the energy indipendence of the X' — o potential used [17]. Inserts
b) and ¢) show the breakdown of ap in terms of the partial contributions cv, for n up to
4. Apart from minor deviations, the sum «y -+ a2 is already a good approximation to
ag for energies greater than 40 eV. So it would seem that EXAFS regime starts at this
point. The agreement is however deceiving and is due to a fortuitous cancellation of the
as and ¢y contributions which are quite sizable and comparable in magnitude with oy in

the whole energy range considered, but opposite in phase with each other (insert c). This
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FIG. 2 - a) Comparison between experimental (a) and calculated (af)
spectra for [Mn(OH2)6]2+ cluster. The experimental ehergy scale has
been contracted by a factor 0.9. The calculated curve has been con-
voluted with an energy dependent Lorentzian broadening function.

b) Breakdown of the calculated bare spectrum @ into the partial
contributions .2ﬁ=0 ns for N=0,2,4. E, indicates the lowest energy
bound for the MS expansion to be valid. To obtain cross sections in
Mb divide by 30.1.

c) MS contributions of the n-th order to the absorption coefficient.



fact is due both to geometry (collinear configurations for paths of order higher than three)
and to the particular value of the ! == 1 phase shift of the absorbing atom (= m). At
lower energies (0 + 40 eV) contributions of MS paths coming from oz and v are evident
for feature B and feature A. In particular peak A gets contributions from all MS processes
which, due to the particular geometrical coordination, happen to be all in phase at one
particular energy (resonance energy). In this sense peak A is a resonance feature.

Fig.3 shows the same comparison for [MnO4]™ cluster. In this case the sum ao -+
as 4+ g is enough to get good agreement with ax in the range 50 + 140 eV and in this
interval o, (n 3» 4) is negligible. Below 50 €V MS contributions of order higher than 3 are
essential to get spectral features A and B. As before, feature B can be considered a broad
resonance. The breakdown approach in terms of partial contributions to the absorption
coefficent shows the continuous merging of the MS regime into the S8 regime. However the
merging interval is much larger than previously suspected. It ranges from 50 to 150 eV in
[MnO4)™. Due to the convergence of the MS series, the higher the energy, the lower is the
order of the correlation functions probed by the photoelectron. Damping considerations
also corroborate this conclusion since damping increases the rate of convergence. In the
two clusters under consideration its introduction does not alter substantially the above

conclusions.

The general picture of an absorption spectrum that emerges from the preceeding
considerations consists a FMS region where many or an infinite number of MS paths of
high order contribute to the final shape of the spectrum (sometimes the series does not
converge at all), followed by an IMS region where only few MS paths of low order are
relevant (typically n < 4) , this region merging continuously into the EXAFS regime (SS

region). The energy extent of each region is obviously system dependent.

Now the Fourier trasform method that has been used successfully up to now to
analyze EXAFS data does not seem to be suitable to sort out the MS contributions to
the absorption coefficent. These contributions are either too small, so that peaks in
configuration space due to MS paths are lost in the truncation ripples inherent in the
Fourier trasform of a limited /K -range, or they give rise to too many peaks that merge
into one broad feature of difficult interpretation. An alternative aproach is suggested by

the convergence of the series Y ,..q @n and by the fact that in the IMS region only low
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FIG. 3 - Same as Fig. 2, for [Mn0g]" cluster.

order paths (n < 4) are relevant. By generalizing a fitting procedure already used for

EXAFS analysis [18], one can try to fit the entire absorption spectrum beyond the FMS
region by the sum E‘fmo ¢y . This procedure might be carried out in succesive steps, by
first fitting the higher energy side by ap -~ s, to derive the atomic distances from the
central atorn. By adding o3 one can try to fit a wider energy range to get a first guess to
cross distances among surrounding atorms. Such guess could then be improved by adding

ay to fit the entire region. Additional cross checks on the so derived geometrical structure



can than be obtained by fitting the FMS region using the exact expression eqn.(2). The

necessary atomic phase shifts might be obtained from maodel compounds by applying the

same procedure assuming the geometrical structure and using theoretical guesses based on
a complex FL.L. potential [18]. Mean free path considerations may be used to limit the size
of the model cluster. Use of curved wave propagators is essential.

Since many-body effects are mnot accounted for by the present approach, except
in a averaged way (use of complex potential), they should be dealt with separately.
Summarizing we conclude that by careful analysis MS contributions to the absorption
coefficient can be detected and utilized in energy regions of the spectrum which at a more
superficial level of accuracy would be describable in terms of a S8 theory only. The present
experimental work has been performed at the Frascati Syncrotron Radiation Facility, run

under joint CNR and INFN agreement.
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