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Abstract. In this work we present a detailed analysis of the extended x-ray absorption fine-
structure (EXAFS) spectra at the barium &nd Lg edges in Baf. Single-scattering (SS) and
multiple-scattering (MS) contributions to the absorption spectra have been calculated for a unique
cluster including contributions from atoms located up toAlfrom the absorber. The combined
analysis of both k- and Ly-edge EXAFS recorded at room temperature and at 10 K leads

to the identification of several features appearing in the region extending over 2/And &

due to multiple-scattering effects. The contribution of the different MS paths to the EXAFS
spectra is analysed carefully as a function of both the type of atom involved in the scattering
process and the different MS geometries present in the Bakcture.

1. Introduction

The analysis of the extended x-ray absorption fine-structure (EXAFS) part of the absorption
spectra has been introduced as a structural tool in many interdisciplinary fields. The
determination of reliable structural parameters from EXAFS requires a knowledge of
backscattering amplitudes and phase shifts. In recent years, impressive progress has been
made due to the development of first-principles methods, most of them based on multiple-
scattering theory [1], for calculating the modulations of x-ray absorption spectra [2].

The relevance of multiple-scattering contributions to EXAFS spectra was for years the
centre of intense debate. Nowadays, however, this debate has turned to the question of
which class of MS contributions are relevant in EXAFS: is shadowing (focusing) the only
important MS contribution in EXAFS or, in contrast, does non-collinear MS account for a
significant fraction of the total amplitude?

In this investigation we have studied the extended EXAFS spectra at the bayiandL
L3 edges in Bal: The Bak, arrangement gives rise to a great number of multiple-scattering
paths—both close to focusing geometry and non-collinear. Hence, the combined analysis
of both the I3 and the I3 edges can clarify the influence of the MS contributions in the
EXAFS part of the absorption spectra. With this aim we have performed theoratical
initio multiple-scattering calculations of the different single-scattering (SS) and multiple-
scattering (MS) contributions expected to be present in the EXAFS spectra. Our interest
has been focused on determining which class of MS contributions are significant as regards
modulating the amplitude and phase dependence of the EXAFS signals. The contribution
of the different MS paths to the EXAFS spectra has been analysed as a function of both the
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Figure 1. The crystallographic structure of BaF

type of atom involved in the scattering process and the different MS geometries present in
the Bak, structure.

2. Experimental details

X-ray absorption spectra at the Ba L edges were recorded for several 3afples at
the Laboratory Nazionali di Frascati Synchrotron Radiation Facility using the PULS XAS
station. The storage ring was operated at 1.5 GeV, the averaged current being approximately
40 mA, and the x-ray radiation was monochromatized using a Si(111) channel-cut crystal.
The absorption data were collected at room temperatureZandlO K in the transmission
mode using two independent ionization chambers with the flowing gas mixture optimized
for each energy range. Samples were prepared from crystalling, Bdafich was finely
ground and homogeneously spread on an adhesive tape clamped on a thick aluminium foil
to ensure thermal homogeneity. Both the thickness and the homogeneity of the samples
were optimized to obtain the best signal-to-noise ratio, giving a total absorption fnmp,
between 0.3 and 0.9.

Data analysis was carried out following the standard procedure [3]: the background
contribution from previous edges (E) was fitted with a linear function and subtracted from
the experimental spectrum(E). The post-edge absorption was fitted with a smooth spline
formed by three cubic polynomials to simulate the atomic-like tef0E). The EXAFS
signal x (k) was then determined gs(k) = (u — up — o)/ o, Where the photoelectron
wave vectork is defined byk = /(2m/R?)(E — Eo). At the L, edge, the energy origin,
Eo, was defined to be at the inflection point of the absorption edge, while atstleeide
Ey is located beyond the white line [4].
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3. Ab initio EXAFS calculations

Theoretical computation of the EXAFS signals was performed at both the;Band L;

edges by using the multiple-scattering codes CONTINUUM and MSCALC, developed at
the Laboratori Nazionali di Frascati, INFN-LNF by Natoli, Benfatto and co-workers [5, 6],
and based on the one-electron full-multiple-scattering theory [1, 7, 8]. For the sake of
brevity we avoid presenting here a detailed discussion of the theoretical methods used in
the calculations, which can be found elsewhere [7, 9, 10, 11]. Therefore here we limit
ourselves to summarizing the fundamental aspects of the computations. A full discussion
of the procedure has been given previously in [11], where a detailed discussion about
the approximations to multiple scattering, and the construction of the scattering potential,
including the choices for the electron self-energy, is given.
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Figure 2. Theoretical Ba k-edge single-scattering signals calculated for the different
coordination shells (see table 1) in the Bastructure. (All of the signals are plotted using
the same scale. The labels correspond to the signal at the top of the figure).

The cluster potential was built up starting from a set of spherically averaged muffin-
tin (MT) potentials generated by standard methods [12], and by imposing a 10% overlap
factor to the MT spheres whose radii were chosen following Norman'’s criterion [13]. The
Coulomb part of each atomic potential was generated using charge densities for neutral
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atoms obtained from tabulated atomic wave functions [14]. For the ground-state potential
the atomic orbitals were chosen to be neutral, while for the excited-state potential the

screenedZ + 1 approximation was used. Finally, an exchange and correlation term was

added to the Coulomb potential to actuate as the Dyson self-energy. The maximum angular
momentum quantum number used in the EXAFS calculationslyyas= 20. In the case

of the Ba L3 edge, both d and s symmetry are allowed by the dipole selection rules for the

final states involved in the absorption process. We have performed an explicit calculation
of the EXAFS signals corresponding to the«e2p and s«<2p excitation channels. The

(d «<-2p):(s<«2p) ratio has been found to be about 100. Therefore, we have neglected the
s «2p excitation channel in the theoretical simulation of Baddge EXAFS spectra.

3.1. Single-scattering calculations

BaF, has the fluorite, Caf; cubic Fm3m crystal structure. As shown in figure 1, the crystal
cell can be described as formed of a barium sublattice in a cubic fcc arrangement, each
barium atom being surrounded by a cube of eight fluorine atoms.

In a first step we have computed the single-scattering signals at both the BadL
L3 edges for a Baf-cluster containing 239 atoms, i.e., covering anAtegion around
the photoabsorbing barium. This cluster size was imposed taking advantage of the results
obtained during the theoretical study of the XANES region of Bed#ported in a previous
study [15, 16]. Indeed, the influence of the cluster size on both the phase and amplitude
of the EXAFS signals is not negligible at low energies. For example, the amplitude of the
EXAFS signal corresponding to the single scattering of the photoelectron by the nearest-
neighbour shell calculated for a cluster containing the photoabsorbing Ba and eight F atoms
in the first coordination shell is lower by a factor of 10% than that calculated for a cluster
including up to five coordination shells, and, at the same time, the frequency of the EXAFS
signal is found to be strongly sensitive to the choice of the cluster size [16]. Both effects

are found to be non-negligible up tof [16].

Moreover, in order to optimize the performance of the calculated EXAFS signals, we
have studied the behaviour of the theoretical simulation upon imposing different exchange
and correlation contributions to the scattering potential. This choice is found to be dramatic
as regards obtaining a good agreement between the calculated and experimental spectra.
The use of both X [17] and the energy-dependent Hedin—Lundqvist (HL) [18] potentials
leads to a good agreement with the experimental data, while the use of the energy-dependent
Dirac—Hara potential [19] leads to expanded EXAFS signals without one having to obtain
reliable structural parameters. The reason for these differences can be traced back to the
respective behaviours of the three potentials as functions of the energy. Indeed, the DH
spectra tend to be expanded due to the rapid switching off of the exchange with the energy.
It should be noted that the inadequacy of the DH potentials as regards accounting for the
self-energy seems to be a general trend in the case of insulating materials. This effect has
been pointed out in recent investigations regarding the XANES region of the absorption
spectra [11, 16, 20]. The present study confirms this failure also for the high-energy region
of the absorption spectra, in agreement with early predictions [21, 22].

Figure 2 shows the calculated single-scattering signals corresponding to the atomic
distribution around the central Ba (see table 1) obtained using a 239-atom cluster. The
EXAFS signal for both Ba L and Ls edges was then built up by adding the calculated
single-scattering contributions for each coordination shell. In order to compare the calculated
signals to the experimental data, we have performed a best-fitting procedure for the
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Table 1. Atomic distribution around the central Ba in the Badtructure. For each coordination
shell, the coordination number, coordinates (cell parameter 6.2 A), and the interatomic
distance with respect to the absorbing Ba are given. On the right an identification for the shells
(1), used in the discussion, is given.

Atom N x y  z Distance &) |

Ba 0 0 0

F 8 1/4 14 14 2.685 1F
Ba 12 12 12 0 4.384 1Ba
F 24 1/4 1/4 3/4 5141 2F
Ba 6 1 0 0 6.200 2Ba
F 24 1/4 3/4 3/4 6.756 3F
Ba 24 1 12 1/2 7.593 3Ba
F 8 3/4 3/4 3/4 8.054 4F
F 24 5/4 14 1/4 8.054 5F
Ba 12 1 1 0 8.760 4Ba
F 48 5/4 3/4 1/4 9.164 6F

Table 2. Atomic coordinates of the fluorine atoms in the first coordination shell (1F) around
the central Ba in the BaFstructure. The multiple-scattering paths calculated for the EXAFS
simulations, shown in figure 4, are indicated together with their degeneracy.

Ba O 0 0

F2 1/4 1/4  1/4 F3-1/4 -1/4 -1/4
F4 1/4 1/4 —-1/4 F5 1/4 —-1/4 1/4
F6 1/4 -1/4 -1/4 F7 —-1/4 1/4  1/4
F8 —1/4 1/4 —-1/4 F9 —1/4 —-1/4 1/4

Multiple-scattering paths and degeneracy

x3 F2-F3 8 F2-F4 24 F2-F6 24

xa F2-Ba—F2 8 F2-Ba-F3 8 F2-Ba-F4 24 F2-Ba-F6 24
F2-F3-F2 8 F2-F3-F4 48 F2-F3-F6 48 F2-FA-F2 24
F2-F4-F3 48 F2-FA-F5 96 F2-FA-F6 48 F2-F6-F2 24
F2-F6-F8 48

experimental spectra and the total EXAFS signal calculated according to the expression

xo(k) = Y (N;/kR?)|F;(k, R))| SIN2kR; + W; (k))e 27 e kA (1)
J

The sum extends over the various shells surrounding the central atonk; ang ando?
are, respectively, the distances, the coordination numbers, and the mean square V|brat|onal
amplitude for each shell distanceF; (k, R)| is the backscattering amplitude of the neigh-
bouring atoms, and’ (k) accounts for the total phase shift probed by the photoelectron in
the scattering path due to both the central and neighbouring atoms. Finadlyhe mean
free path of the photoelectron.

The computation of all the single-scattering signals, performed by using the same big
cluster for the potential and phase-shift calculations, provides advantages additional to those
mentioned above—in particular the reduction of the number of free parameters in the fitting
process. Indeed, the effective mean free patligr both edges have been calculated from
the imaginary part of the HL ECP in which the proper core-hole lifetime for each absorption
edge (., = 3.2 eV, I'l, = 4.5 eV) has been included. Also, because the scattering signals
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Figure 3. A comparison between the experimental Ba &nd Lz-edge EXAFS spectra and their
Fourier transforms for BafFrecorded at room temperature (dots) and the theoretical simulation
including the single-scattering signals calculated for the different coordination shells shown in
figure 2 (solid line).

have been calculated using the same cluster, i.e., the same potential, the EXAFS signals for
each coordination shell are referred to a unique zero energy. Moreover, the comparison of
the XANES spectra and theoretical computations at both thend L edges performed in

[16] provides the shift in energyo, needed to match the near-edge peaks. Hence,)both

and Eg have been kept fixed during the refinement process. Moreover, as we deal with a
known crystalline structure, coordination numbers are also fixed. Consequently, during the
best-fitting process the parameters that were allowed to vary are the interatomic distances and
the mean square displacement, However, in our analysis we have also taken advantage

of having experimental data at both room temperatureZard 10 K. In this way, we have

Fourier transformed the experimental data in kheange 15 < k < 85 At and Fourier
filtered the first-shell contribution in thR-ranges % < R < 3and 08 < R < 3.2 A for the

L; and Ls edges, respectively. The EXAFS signals for the low-temperature phase obtained
in this way were fitted to those of the spectra recorded at room temperature according to
equation (1) and allowing the variation of bakhando?. This procedure yields to a relative

decrease of 004 A> and 0.017A for the mean square displacement and the interatomic
distance, respectively, of the low-temperature EXAFS signal. This relative variation was
then incorporated as a boundary condition into the fitting of the calculated EXAFS signals
and the experimental spectra, which was then carried out simultaneously for the two working
temperatures.
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Figure 4. Calculated Ba k-edge multiple-scattering contributions coming from photoelectron
paths within the first fluorine coordination shell around the central Ba inpBake labels of

the different atoms refer to table 2 and are shown in figure 1. (All of the signals are plotted
using the same scale. The labels correspond to the signal at the top of the figure.)

The comparison of the experimental EXAFS signals and the theoretical simulation
obtained according to equation (1) by using the parameters summarized in table 4 is
shown in figure 3. The computation reproduces well the experimental spectra in the high-

energy regionk > 5 ,5\71) at both the L and L3 edges, but the agreement in the low-
energy region is unsatisfactory. Despite the main frequency of the EXAFS signals being

qualitatively reproduced, there are several features in the rargé £ 5 A~* that are not
reproduced by the calculation. Moreover, the interatomic distances derived for the third and
fourth coordination shells are very far from reproducing the crystallographic values. These
results are found in a similar way for the experimental spectra at both absorption edges,
and independently of the temperature. This trend points out the existence of additional
contributions to the EXAFS spectra that we are not considering. Indeed, inspection of the
Fourier transforms shown in figure 3 indicates the existence of two contributions centred
at about 5.5 and & that are not reproduced by the theoretical calculation. Moreover,
the agreement in the region52< R < 5.5 A, which is expected to arise from scattering
processes involving the second and third coordination shells, is far from being accounted
for by the computation.
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Figure 5. Calculated Ba L-edge multiple-scattering paths involving atoms of the coordination
shells 1F-1Ba, 1F-2F, 1F-3F and 1Ba-2F. The coordinates of the atoms involved in the
scattering paths and the degeneracy of each path are given in table 3.

3.2. Multiple-scattering calculations

The discrepancies found in thab initio single-scattering analysis of the absorption data
have to be attributed to the existence of non-negligible multiple-scattering contributions in
the experimental EXAFS spectra. We thus proceeded to compute the contribution to the
EXAFS signals at both the Ba;land Ls edges of the different MS processes occurring in
the Bak, structure.

The number of MS paths in this crystalline structure involving scattering processes
within an 11 A sphere around the central Ba is so high that the full calculation would
be a very hard task. In order to avoid this computational problem we have proceeded
using a two-step method. First, we have computed all of the MS contributigremd x4,
involving the photoabsorbing Ba and the eight fluorine atoms of the first coordination shell,
as indicated in table 2. The number of such processes is 512, distributed as three different
x3- and thirteeny,-paths with total degeneracy 56 and 456, respectively. The result of
this calculation at the BajLedge is shown in figure 4. The most intense contribution
is associated with the F2-Ba—B@-path in which the central barium also actuates as a
scatterer in the focusing geometry. Although the same linear arrangement is present in
the F2—F3ys-path, the amplitude of the signal is only half of the former. This difference
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Figure 6. Calculated Ba L-edge multiple-scattering paths involving atoms of the coordination
shells 1Ba—3F, 1F-2Ba, 2F-3Ba and 1F-3Ba. The coordinates of the atoms involved in the
scattering paths and the degeneracy of each path are given in table 3.

can be attributed to the critical role played by the barium atom. Indeed, the amplitude of
all of the MS signals involving Ba in the scattering path is significantly greater than that
associated withys-paths in which the middle atom is F instead of Ba. Moreover, contrary
to the extended supposition that only focusing scattering paths (FSP) contribute significantly
to the EXAFS spectra, we find that the amplitudes of the MSand the F2—-Ba—F6 MS
x4-Signals in non-linear geometry are comparable to that of the FSP, and therefore their
contribution to the EXAFS spectra is not negligible. Also the differertependences of
the MS signals calculated for identical paths at both thehd L; edges should be noted.
This effect is the expected consequence of the different phase shifts associated with the
absorbing atom in both 1s- and 2p-electron excitations, as previously discussed in [4].
These results provide us with a criterion for reducing the number of MS signals to be
calculated for scattering paths involving atoms beyond the nearest-neighbour fluorine shell.
We have limited our calculation to MS paths contained within the first six coordination shells,
i.e., covering a region of 7.8 around the absorbing Ba. Therefore we have calculated:
x4-paths in which a barium atom—not necessarily the absorbing one—is in the middle of
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Figure 7. A comparison between the experimental Ba And Lz-edge EXAFS spectra and the
theoretical simulation including both the calculated single- and multiple-scattering contributions.

the chain, linear or notys-paths in both non-collinear and collinear configurations; and,
finally, and for the sake of comparison, fluorigg-chains in focusing geometry. The list of
the calculated paths is given in table 3 and the associated signals are reported in figures 5
and 6 (for the sake of brevity only the Isignals are shown in figure 5). There are three
groups of MS paths found to present an amplitude comparable to or even higher than, for
example, the single-scattering contribution of the six Ba atoms located A &@m the
absorber; see figure 2: thg-paths in which Ba is in the middle of the chain; apgpaths,
both linear and not, involving two fluorine atoms or one fluorine and one barium atom. In
particular, this last class of paths presents an amplitude that is not negligible even &t high

In order to visualize the relative importance of both single- and multiple-scattering
contributions to the EXAFS spectra, we have added all of the calculated MS signals and
compared the Fourier transform of this sum to that of the experimental spectra. Beyond the
first coordination shell multiple scattering is not negligible. Moreover, the peak at about
5.5 A is well reproduced by the calculation. Also, a significant contribution of the MS is
found to be present in the FT region extending from 2.5 to/.5e., in the region where
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Table 3. Calculated multiple-scattering paths involving atoms beyond the first coordination
sphere around the central Ba in the Baftructure. The coordinates of the different atoms are
given together with the degeneracy of each path. The result of the computation is shown in
figure 5 and figure 6.

Ba2 1/2 12 0 Ba3 0 0 1
Bad 0 0 -1 Bas 1 12 12
Ba6  —1/2 -1 -1/2 Ba7 —1/2 1/2 -1

Bas -1 12 12 F2  1/4 14 14
F3 1/4 1/4 —3/4 F4 -1/4 —1/4 —3/4
F5 3/4 —1/4 —1/4 F6  1/4 —1/4 —3/4
F7 1/4 14 3/4 F8 -3/4 —1/4 —1/4
F9 3/4 34 14 F10 1/4 —3/4 —3/4
Fl11 —3/4 —3/4 —1/4 F12 —3/4 14  1/4

Multiple-scatteringys 4-paths and degeneracy

1F-1Ba F2-Ba2 6
F2-Ba—Ba2 6 F2-Ba2F2 3 F2-Ba2-Ba3 6
1F2F F2F4 F2-F7 6
F2-BaF4 F2-BaF6 12 F2-Baf7 6
F2-F4-F2 F2-F7-F2 3  F2-F7-F3 6
F2-F7-F6 1 F5-F2-F7 12 F7-F2-F7 3

1Ba—2F Ba2-BaF8

1IF-3F F2-F9 F2-BaF10 6
F2-Ba+9 F2-BaFll 6 F2F9-F2 3
1Ba-3F Ba2F9 Ba2F9-Ba2 2

1F-2Ba F2-Ba-Ba4
2F-3Ba F2-F12
1F-3Ba F2-Ba5

ONGROOON WO O

F2-Ba-Ba5 6 F2-Ba-Ba6 4

the single-scattering theoretical calculations fail to reproduce the experimental data.

As a final step, we have performed the structural analysis as in the preceding section
but now taking into account the MS contributions. However, instead of introducing
as a fitting parameter in the refinement process the interatomic distances and the mean
square displacements for each MS path, thus considerably increasing the number of free
parameters, we have returned to the following approximation: we have Fourier filtered
the MS contribution in the ranges 8 R < 4.9 and 49 < R < 6.2 for the L3 case
(28 < R < 5.6 and 56 < R < 6.8 for the Ly case) so that it acts as two effective MS
signals to be included in the fitting process in the same manner as the single-scattering
signals. The condition on the relative variation of the mean square displacements between
the spectra at room and low temperature has also been included for the effective MS signals,
with the additional constraint that in no case candRdactor associated with the MS signal
be lower than those of the single-scattering signals associated with the atoms involved in
the MS paths. The comparison of the theoretical signals obtained at both the dalll;
edges obtained according to this procedure by using the parameters summarized in table 4
and the experimental EXAFS spectra is reported in figure 7. As shown in the figure,
despite the strong approximations involved, the experimental data are well reproduced by
the calculation. In particular, the interatomic distances derived for the third and fourth
coordination shell are now close to the crystallographic values, and the absorption features

present in the range € k < 5 A~ that were absent in the single-scattering computation
are now well reproduced.
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Table 4. Coordination numbers, interatomic distances and Debye—Waller parameters obtained
from the comparison of the experimental spectra and the single-scattering theoretical simulations
for both Ba Ly and Ls edges in Baf. At the bottom, the results shown have been obtained
including the multiple-scattering contributions as described in the text.

XRD 10 K 300 K
Atom N RA RA 2(A) RA o2(A?
Ba L;-edge single scattering
F 8 2685 2670 0.0014 2.670  0.0066
Ba 12 4.384 4.404 0.0010 4.388 0.0008
F 24 5141 5261 0.0010 5.260 0.0014
Ba 6 6.200 5.570 0.0028 5.561 0.0072
Ba L3 edge
F 8 2.685 2.670 0.0014 2.672 0.0047
Ba 12 4384 4.372 0.0035 4.349  0.0091
F 24 5141 5.253 0.0019 5.270  0.0105
Ba 6 6.200 6.027 0.00001 6.600 0.00002
Ba L;-edge single and multiple scattering
F 8 2685 2670 0.0014 2.670  0.0063
Ba 12 4.384 4.404 0.0015 4.388 0.0070
F 24 5141 5.150 0.0017 5.161  0.0090
Ba 6 6.200 6.220 0.0026 6.210 0.0100
Ba L3 edge
F 8 2.685 2.670 0.0014 2.672 0.0047
Ba 12 4.384 4.424 0.0068 4.421 0.0122
F 24 5141 5.149 0.0078 5.133 0.0183
Ba 6 6.200 6.242 0.0238 6.264  0.0326

4. Summary and conclusions

We have reported in the present work the analysis of the extended x-ray absorption fine-
structure (EXAFS) spectra at the barium &nd Ls edges in Bal: This analysis has been
conducted to discern the relative importance of single-scattering and (SS) and multiple-
scattering (MS) contributions to the absorption spectra.

The comparison between the experimental data at the two edges and different XAS-MS
calculations has demonstrated the need to use large clusters to obtain a good reproduction of
the experimental spectra. The cluster size used to generate the scattering potential influences
the phase and amplitude of the EXAFS signals at low energies. For the exchange and
correlation contributions to the scattering potential, we have found that the best agreement
with the experimental data is achieved by using the energy-dependent Hedin—Lundgvist
(HL) potential. In contrast, the use of the energy-dependent Dirac—Hara potential produces
expanded EXAFS signals, and no reliable structural determination can be produced.

The analysis performed by considering exclusively SS contributions to the experimental
EXAFS has been found to be inadequate at both the baripyant L; edges. Indeed, only
when including the MS contributions is it possible to obtain a good agreement between the
theoretical simulation and the experimental spectra. We have devoted special attention to
discerning which are the most important MS paths contributing to the absorption spectra.
Our findings reveal—contrary to previous assignments [23]—that the amplitude of the MS
signals depends more on the nature of the scatterer than on the existence of collinear
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arrangements giving rise to focusing processes. Indeed, we have identified as the most
intense contributions to the EXAFS those arising frggapaths in which a barium atom is

in the middle of the chain even when it is not collinear. In contrast, collinear arrangements
of fluorine atoms do not contribute significantly to the EXAFS. Moreover, glspaths in
non-collinear configuration have been found to be non-negligible, in particular when barium
is present in the chain.
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