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X-ray-absorption spectra of a Sr21 aqueous solution have been studied in order to assess the contribution of
double-electron excitation channels to the atomic background. Anomalies in the spectra have been identified
that are assigned to the simultaneous excitation of 1s4s, 1s3d, and 1s3p electrons, referred to asKN1 ,
KM4,5, andKM2,3 channels. A reliable determination of the double-electron edge parameters has been ob-
tained by performing an analysis of the structural contribution in the correct framework of the radial distribu-
tion function theory. The experimental values of the energy onsets of the double-electron features are in
excellent agreement with the predictions of theZ11 approximation. The influence of double-electron effects
on the determination of the structural parameters has been studied by using asymmetric peaks to model the
Sr-O and Sr-H coordination shells. It has been found that an accurate determination of the structural parameters
is possible only if double-electron channels are accounted for. The exclusion of these effects results in sys-
tematic errors on the structural parameters and, in particular, in a severe underestimation of the coordination
numbers.

PACS number~s!: 32.80.Fb, 32.30.Rj, 78.70.Dm, 87.64.Fb

I. INTRODUCTION

In the past several years an increasing amount of research
work has been devoted to the study of multielectron transi-
tion processes in the x-ray-absorption spectra of different
systems@1#. When an inner-shell vacancy is created by pho-
toabsorption, electrons in the same atom have a small prob-
ability of being excited to an unoccupied state~shake-up! or
ejected into the continuum~shake-off!. Theoretical calcula-
tions have shown that, for noble gases, the shake-up prob-
ability has a sharp threshold onset while the shake-off prob-
ability increases linearly with photon energy@1–3#. This
suggests that the multielectron excitation edges observed in
x-ray-absorption spectra are mainly due to shake-up pro-
cesses.

The absorption background of noble gases shows discrete
resonances and slope changes that cannot be associated with
the excitation of a single electron. Multielectron excitation
features have been detected in the Ne@4#, Xe @5#, Ar @6#, and
Kr @7# absorption cross sections above theK-shell edge.
Double-electron edges are also present in the spectra of
bound atoms, but the oscillations due to the extended x-ray-
absorption fine structure~EXAFS! prevent the immediate
identification of such features. Nevertheless, the importance
of accounting for double-excitation edges in the atomic
background of condensed systems, in order to improve the
EXAFS data analysis, has been pointed out by several
groups@8–10#.

The presence of theKN1 , KM4,5, andKM2,3 edges has
been observed above the BrK edge in the absorption spectra

of gaseous Br2 , HBr @11#, and brominated molecules@12#.
The same features have been identified by Itoet al. @13# in
the absorption spectra of Br2 in organic solvents. TheKM
transitions within the EXAFS oscillation have been recog-
nized also in crystalline samples@10# and theKL double-
electron edges have been widely studied in the absorption
spectra of the third-period elements@9#.

StrongKN andKM structures were found to affect the Rb
K edge spectra of crystalline RbBr@10#, bile acid rubidium
salts, and Rb1 aqueous solutions@14,15#. These features are
similar to the double-electron channels of Kr, which is iso-
electronic with Rb1. The aim of the present work is to study
whether the multielectron excitation processes, which have
been observed for Kr and Rb1, can be detected also for
Sr21. Since the intensity of double-electron channels is usu-
ally only a few percent of the single-electron transition, their
contribution to the absorption cross section in condensed
systems is often masked by the single-electron EXAFS os-
cillations. Therefore we have decided to focus our attention
on a Sr21 aqueous solution where the EXAFS oscillations
are expected to be weak. Recently, a method that uses
molecular-dynamics~MD! pair distribution functions as rel-
evant models in the calculation of the EXAFS structural sig-
nal has been employed in the study of the hydration shells of
Br2, brominated molecules@16#, and Rb1 @15#. This
method allows a reliable calculation of the structural signal
associated with the water molecules. By removing the EX-
AFS oscillation from the absorption spectrum it is possible to
isolate the multielectron transition features and identify their
positions. The solvation of strontium ion in water@17,18#
and supercritical water@18# has been already investigated
using the EXAFS technique. In both cases multielectron ex-
citation processes have not been included in the atomic back-
ground. From the present analysis we have found that the
inclusion of double-electron excitations plays a major role in
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the correct determination of the structural parameters.
The paper is organized as follows. In Sec. II the experi-

mental details will be presented. In Sec. III we discuss the
evidence of the double-electron excitation channels in the
absorption spectra. In Sec. IV the data analysis method is
illustrated, and the results are presented in Sec. V.

II. EXPERIMENTAL SECTION

The EXAFS spectra above the strontiumK edge of 0.1M
and 3M SrCl2 aqueous solutions have been recorded in the
transmission mode using the EMBL spectrometer at
HASYLAB @19#. Measurements were performed at room
temperature using both a Si~220! and a Si~111! double-
crystal monochromator@20#. For each spectrum an absolute
energy calibration was performed@21#. Three spectra of each
sample were recorded~50 min per spectrum! and averaged.
The DORIS II storage ring was running at an energy of 4.45
GeV with electron currents between 70 and 40 mA. The
solutions were kept in cells with a Teflon spacer and Kapton
film windows. The thicknesses of the cell were 1 and 3 mm
for the 3M and 0.1M samples, respectively. In the former
case an optimum signal to noise ratio value was obtained~in
the range 104) with an absorption change over the edge of
about one logarithmic unit, while in the latter the achieved
edge jump was 0.5 logarithmic units. From the width of the
peaks of the calibrator@21# the energy resolution of the
Si~220! and Si~111! monochromator could be determined ex-
perimentally as 2.2 and 2.9 eV, respectively.

III. EXPERIMENTAL EVIDENCE OF THE
MULTIELECTRON RESONANCE

Multielectron excitations in the x-ray-absorption cross
section are associated with the presence of slope changes and
anomalous structures in the atomic background. For con-
densed systems the identification of double-electron excita-
tion features in the raw data is often hindered by the presence
of the structural signal. An accurate characterization of the
double-excitation edges affecting the SrK edge could be
obtained from a gas phase experiment. An alternative strat-
egy, which is easier from an experimental point of view, is to
choose a system where the amplitude of the structural con-
tribution is low. For this reason we have performed measure-
ments on an aqueous solution of Sr21 at room temperature.
Due to the small amplitude of the oxygen and hydrogen at-
oms and to the structural disorder, the EXAFS signal is weak
and is confined to the low-energy region of the spectrum.
Figure 1 shows the experimental data of the 3M SrCl2 so-
lution recorded with the Si~220! and Si~111! monochromator.
Careful inspection of the magnified spectra shown in the
lower part of the figure reveals the existence of two edgelike
discontinuities in the absorption coefficient around 16 270
and 16 410 eV, which are similar to theKM 4,5 andKM2,3
double-electron transitions observed for Rb1 @10,14,15#.
Use of the Si~220! and Si~111! monochromators in the re-
cording of the experimental data cleared any ambiguity that
the features observed could be due to glitches produced by
multiple reflections of the monochromator. The EXAFS
spectrum of the 0.1M sample is identical to that of the 3M
one, showing that the Sr21 coordination, as well as the

double-electron features, does not change for concentrations
varying from 0.1M to 3M . The channel assignments in Fig.
1 have been obtained from the experimental data with the
use of a proper background model as described in Sec. IV.
The identification of theKN1 edge in the raw data is ham-
pered by the first EXAFS oscillation whose shape and am-
plitude is certainly affected by the presence of this double-
electron transition.

The smooth polynomial spline, which is generally used to
extract the structural oscillation, is not able to account for the
discontinuities in the atomic background associated with
double-excitation edges. It is well know that the residual
part usually appears in the Fourier transform~FT! of the
spectrum as a spurious peak at low distances@8,11,12#. The
magnitude of the FT of the Si~220! EXAFS spectrum, ex-
tracted with a three segmented cubic spline function, is
shown in Fig. 2. The FT has been obtained with ak3 weight
in the intervalk53.0–13.0 Å21 with no phase shift correc-
tion applied. Beside the structural peak at approximately 2.1
Å due to the water molecules, a further peak is observed
around 0.9 Å, which cannot be assigned to any structural
origin. Similar low-distance features have been observed in
the FT spectra of several brominated compounds@11,12# and
are associated with anomalies of the atomic background due
to multielectron excitation effects.

IV. METHOD FOR DATA ANALYSIS

In order to fully characterize the multielectron transition
features it is necessary to accurately determine the contribu-

FIG. 1. X-ray-absorption spectra of Sr21 in water near theK
edge, recorded with a Si~220! and Si~111! monochromator. The
spectra show the presence of slope changes~indicated by dashed
lines! due to the 1s4s, 1s3d, and 1s3p double-electron excita-
tions, namely,KN1 , KM4,5, andKM2,3 edges, respectively. The
lower curves are a magnification by a factor of 6.6 of the two
above-reported spectra.
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tion of the structural signal to the absorption cross section.
For disordered systems the radial distribution functiong(r )
around the photoabsorber atom is strongly asymmetric and
the standard Gaussian approximation may produce signifi-
cant errors even though an apparently reasonable fit to the
data is obtained@22,23#. Recently, it has been shown that a
deeper insight into the EXAFS data analysis can be provided
by including additional external information on the radial
distribution function obtained from MD simulations@16#. An
accurate determination of the hydration shells of rubidium
@15# and bromide ions, and brominated molecules@16#, has
been obtained from this method.

For disordered systems thex(k) signal must be repre-
sented by the equation@24#

x~k!5(
j
E
0

`

gj~r !4pr 2r jAj~k,r !sin@2kr1f j~k,r !#dr,

~1!

where gj (r ) is the radial distribution function associated
with the j th species,Aj (k,r ) andf j (k,r ) are the amplitude
and phase functions, respectively, andr j is the density of the
scattering atoms. In spite of its high sensitivity to the short-
range order, no information on the long-distance range can
be obtained from the analysis of thex(k) signal. This is due
to the finite mean free path of the photoelectronl(k), which
produces an exponential decay of the type exp@2r/l(k)# and
leads to an effective upper integration limit of 6–8 Å in Eq.
~1!. In our calculations, the photoelectron mean free path, as
well as the additional damping factor accounting for the
monochromator resolution, is included in the amplitude
functionAj (k,r ) @16#.

The theoretical signal associated with the water contribu-
tion has been calculated by means of Eq.~1! starting from
the Sr-O and Sr-H pair distribution functions obtained by
Spohr et al. @25# from MD simulations. The calculated
g(r )’s refer to a 1.1m SrCl2 aqueous solution at an average
temperature of 298 K.

Phase shifts have been calculated in the muffin-tin ap-
proximation starting from overlapped spherically averaged
relativistic atomic charge densities. One of the molecular dis-
tributions obtained from the MD simulations by Spohret al.
@25# has been used to calculate the phase shifts. The muffin-
tin radii (RMT) used were 1.59, 0.90, and 0.56 Å for stron-
tium, oxygen, and hydrogen atoms, respectively. It has been
verified that changes in theRMT values less than 10% do not
produce detectable variations in the calculated signal. A
Hedin-Lundqvist plasmon-pole approximation has been used
for the self-energy part of the optical potential@26#. Inelastic
losses of the photoelectron in the final state are accounted for
intrinsically by complex potentials@27#. The imaginary part
also includes a constant factor accounting for the known
core-hole width (G53.25 eV! @28#.

The theoretical signalx(k) is related to the experimental
absorption coefficienta(k) through the relation

a~k!5x~k!Js0~k!1b~k!1Js0~k!,

wheres0(k) is the atomic cross section,J is the edge jump,
and b(k) is the background function, which accounts for
further absorbing processes. Double-electron excitations are
accounted for by modeling theb(k) function as the sum of a
smooth polynomial spline plus step-shaped functions as al-
ready described for the BrK edge@12#. This model back-
ground is then summed to the structural contribution to build
a theoretical model signal that is fitted to the raw data. Each
double-electron channel depends on three parameters repre-
senting the edge positionEd , the widthDE, and the relative
jump H. A good estimation of the shake-up channel onset
energy can be obtained from theZ11 approximation while
an empirical determination of the shape and the intensity of
the double-excitation features can be provided from theH
andDE values obtained form the fitting procedure.

In the standard EXAFS data analysis the theoretical signal
depends on several parameters that are refined in order to
achieve the best fit to the experimental data. In our case an
estimate ofgj (r ) has been obtained from MD simulations
@25# and the only nonstructural parameters related to the
x(k) signal that have been minimized areE0 andS0

2 . E0 is
the photon energy required for the transition to the con-
tinuum threshold and allows the theoretical and the experi-
mental energy scales to be compared.S0

2 provides a uniform
reduction of the signal and is associated with many-body
effects. As previously shown, this parameter is expected to
be equal to one when multielectron-excitation effects are
properly included in the atomic background@11,12#. The re-
mainder of the nonstructural parameters, namely, the photo-
electron damping and the core-hole lifetime, have been in-
cluded directly in the theory. A fixed experimental value of
the monochromator resolution, obtained from the calibration
procedure@21#, was used during the minimization.

V. RESULTS AND DISCUSSION

The first step of the data analysis involved the calculation
of the theoretical signal by means of Eq.~1!, starting from
the Sr-O and Sr-H pair distribution functions obtained from
the MD simulations. With our approach a reliable estimate of
the structural contribution to the absorption cross section is

FIG. 2. Magnitude of the Fourier transform of the Sr21 aqueous
solution spectrum in the rangek53.0–13.0 Å21. The peak around
0.9 Å has no structural meaning and is due to the double-electron
excitation effects.
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employed. This allows the background parameters to be fit-
ted and correctly determined. The validity of the starting
g(r ) models can be assessed by the agreement of the experi-
mental and theoretical data. Least-squares fits of the experi-
mental data collected with the Si~220! monochromator have
been performed din the rangek53.0–15.2 Å21 using the
FITHEO computer program@29#. The fit indexRi is defined by
Eq. ~5! of Ref. @12# and a weighting value of 2.5 has been
applied. From the minimization procedure it has been found
that the best fit of the calculated signal to the experimental
data is obtained when the average distances of the Sr-O and
Sr-H MD radial distribution functions are decreased by 0.06
and 0.04 Å, respectively. In addition, the zero position of the
theoretical energy scale was found at 0.560.2 eV above the
first inflection point of the spectrum andS0

2 was found to be
equal to one. Three step-shaped functions have been in-
cluded in the atomic background to account for the 1s4s,
1s3d, and 1s3p double-electron excitation edges~namely,
KN1 , KM4,5, andKM2,3). In Table I we report the experi-
mental energy differences between the double-electron chan-
nel onsets (Ed) and theK edge threshold (Et), together with
theH andDE values obtained from the minimization. The
threshold energyEt is defined by the first inflection point of
the absorption spectrum. The energies are measured in eV
and the intensity is measured inK edge jump units. The
positions of the double-electron features are in excellent
agreement with the predictions of theZ11 approximation as
listed in Table I. Note that thej energy splitting of the
3d5/2 and 3d3/2 and of the 3p3/2 and 3p1/2 electrons obtained
from the Z11 approximation is too small to be resolved.
Total-energy Dirac-Fock calculations have been performed
by Filipponi and Di Cicco@30# for all fifth-period elements.
Theoretical values of the onset energies for theKM4,5 and
KM2,3 Sr double-excitation edges have been estimated by
means of total-energy differences and they are in good agree-
ment with the experimental values reported in Table I. TheH
parameter accounts for the intensity of the double-excitation
edges; the experimental values of the shake-up probabilities
are found to increase for the outer shells and to become quite
large for theKN1 edge. The same trend has been found
previously both from theoretical@31# and experimental in-
vestigations@32#.

As already observed for Rb@14,15#, the KM4,5 channel
presents a sharp feature that still remains in the structural
signal as a nonstructural peak at about 6.6 Å21 after back-
ground subtraction. In order to perform a reliable determina-
tion of the structural parameters the experimental points in a
range of about 20 eV around this peak have been excluded

from the fitting procedure. It is important to stress that the
slope change associated with the opening of this channel is
correctly reproduced by the model background since the re-
sultingx(k) signal is a damped sine wave, which one would
expect for a simply coordinated disordered system~see Fig.
3!. Distortions in the EXAFS spectrum of a similar system
have been detected by Perssonet al. @17# with a standard
background subtraction and the anomalies in the amplitude
hampered a reliable determination of the coordination num-
bers.

The results of the fitting procedure applied to the 3M
spectrum are shown in Fig. 3. The first two curves from the
top correspond to the Sr-O and Sr-H signal calculated from
the MD g(r )’s. The lower part of the figure shows the total
theoretical contribution compared with the experimental
spectrum and the resulting residual. The agreement between
the experimental and the theoretical signal is excellent and a
Ri50.11031026 has been obtained. From Fig. 3 it is evi-
dent that the total signal is dominated by the Sr-O contribu-
tion, while the Sr-H signal is weaker and mainly affects the
low-k region of the spectrum. However, the inclusion of this
contribution has been found to be essential to properly repro-
duce the experimental spectrum in the low-k region. The
accuracy of the data analysis can be appreciated by looking
at the magnitude of the FT of the experimental, theoretical,
and residual curves of Fig. 3~see Fig. 4!. The spurious low
distance peak is no longer present and the excellent agree-
ment between theory and experiment is possible only with
the inclusion of the double-excitation contribution.

We also performed an analysis of the EXAFS spectrum
using a conventional three-region polynomial spline to
model the atomic background. The results are shown in Fig.
5. The agreement between the theoretical and the experimen-
tal signals is not satisfactory (Ri50.32531025), especially
in the low-k region and the residual curve shows a pattern

TABLE I. Double-electron excitation edge parameters obtained
from the fitting procedure and comparison with theZ11 predic-
tions. The double-excitation energy onsetEd is measured from the
K edge threshold energy (Et). The absorption discontinuitiesH are
given inK edge jump units and the energies and the width param-
eterDE are given in eV.

Excitation Ed2Et H DE EZ11

KN1 45 0.133 21 43.8
KM4,5 156 0.011 3 45 155.8–157.7
KM2,3 301 0.002 86 70 298.8–310.6

FIG. 3. Fit of the Sr21 aqueous solution spectrum. From top to
bottom the following curves are reported: Sr-O and Sr-H theoretical
signals calculated on the basis of the MDg(r )’s and the sum of the
previous contributions compared with the experimental spectrum
and residual.
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with a marked cusp at 3.4 Å21 and two step-shaped thresh-
olds around 6.4 and 8.9 Å21. The energy positions of these
three features~indicated in Fig. 5 by arrows!, correspond to
the onset energies of theKN1 , KM4,5, andKM2,3 edges,
respectively. The shape of theKM4,5 edge, shown in the
magnified section of the spectrum of Fig. 5, is reminiscent of
theK absorption threshold. A white line feature, followed by

an oscillating signal, is clearly detectable. The similarity of
the oscillation frequency above theKM4,5 channel to that of
the Sr-O structural signal suggests that these features could
be due to an EXAFS effect over the double-excitation edge.
Due to the approximation in the theory, the calculated struc-
tural signal is less reliable in the low-k region and the iden-
tification of this effect at theKN1 edge is less straightfor-
ward. In the case of theKM2,3 edge, the intensity of the
channel is too low to detect any feature above the threshold.
A more detailed investigation is necessary to allow the con-
clusive explanation of this phenomenon. As already ob-
served, the intensity of theKN1 channel is high, causing the
amplitude and the frequency of thex(k) first oscillation to
be seriously distorted. As a consequence, the structural re-
sults obtained from a standard data analysis are expected to
be affected by systematic errors, especially if the low-k re-
gion of the spectrum is included.

Further progress in the understanding of the effect of the
multielectron excitations on the structural signal has been
obtained by applying a peak fitting procedure that refines the
short-range shape of the MDg(r ). In the case of disordered
systems the radial distribution function around the photoab-
sorber atom is asymmetric and incorrect structural param-
eters will be obtained if the EXAFS spectrum is analyzed
using the standard Gaussian approximation@22,23,33,34#.
Recently, it has been shown that proper starting models can
be obtained by decomposing the MDg(r ) into an asymmet-
ric peak and a long-distance tail@16#. The tail contribution is
usually calculated by means of Eq.~1!, and due to the small
sensitivity of thex(k) signal to the long distance range, it is
kept fixed during the minimization. In our case both the Sr-O
and Sr-H tail signals have been found to be negligible and
therefore they have not been considered. As described else-
where @16#, the asymmetric peaks are modeled with a
gamma-like distribution function that depends on four pa-
rameters: the coordination numberN, the average distance
R, the distance mean-square variations2, and the skewness
b. Due to the asymmetry, the average distanceR does not
coincide with the modal value of the distribution. This model
function is very flexible and can be used both for peaks with
small and large asymmetry.

The x(k) signals associated with the asymmetric peaks
have been calculated by means of theGNXAS program@29#
and a fitting procedure has been applied to the peak param-
eters in order to obtain the best fit between the theoretical
and the experimental spectrum. The fitting allowed us to
probe and refine the short-range shape of the Sr-O MDg(r ).
The best-fit analysis of the 3M spectrum, performed in the
rangek53.0–15.2 Å21, is reported in Fig. 6. The first two
curves at the top of the figure correspond to the Sr-O and
Sr-H theoretical signals calculated from the refined asym-
metric peaks. The remainder of the figure shows the total
theoretical contribution compared with the experimental
spectrum and the resulting residual. The peak parameters ob-
tained from the fitting procedure are listed in Table II and the
values ofE0 and S0

2 are equal to those obtained form the
previous analysis. After the minimization the structural pa-
rameters have been found to differ from the MD starting
values; in particular, the Sr-O and Sr-H first peaks were
found to be shifted to shorter distances by 0.08 and 0.02 Å,
respectively. This result is in agreement with the shift of the

FIG. 4. Fourier transforms of the Sr21 aqueous solution experi-
mental spectrum compared with the total theoretical signal calcu-
lated from the MDg(r )’s and residual. Thex(k) experimental
signal has been obtained by subtracting an atomic background that
includes the double-electron excitation edges. The FT’s have been
calculated in the rangek53.0–13.0 Å21.

FIG. 5. Comparison of the total theoretical curve calculated
from the MD g(r )’s ~solid line! with the x(k) experimental spec-
trum ~dots! extracted without the inclusion of the double-excitation
edges. The residual curve shows the presence of three well-defined
steps at about 3.4, 6.4, and 8.9 Å21, which are associated with the
KN1 , KM4,5, andKM2,3 double-excitation edges.
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MD g(r )’s observed from the previous analysis. A difference
of less than 2% has been observed for the other parameters
with the exception of the variance and the skewness of the
Sr-H pair distribution function, which were 13% larger and
5% smaller than the initial values, respectively. Better agree-
ment between the experimental and the calculated curves has
been obtained with respect to the previous analysis and this
result is confirmed by the fit index value
(Ri50.91531027). The refined values of the double-
excitation channel onsets have been found to be equal to
those in Table I. A difference of less than 3% has been ob-
tained for theH andDE parameters. The same procedure
has been applied to the 0.1M spectrum and all the refined
parameters were found within the errors reported in Table I.

The statistical significance of the present least-squares fit-
ting procedure should be noted. According to well-
established criteria@35#, a rough estimate of the number of
parameters that can be refined is given by the
2DkDr /p12 relation, which supports the present least-
squares fitting procedure.Dk is thek space over which the
x(k) signal is fitted andDr is the width of ther -space Fou-
rier filter window. In our caseDk is approximately 12 Å21

andDr is limited by the mean-free path only, as we are not
Fourier filtering the data.

At this point the problem of the accuracy of the structural

parameters listed in Table II needs to be addressed. As al-
ready shown@34#, standard statistical concepts@36# can be
used to estimate the errors affecting the fitted values of the
parameters, since the data analysis is performed using the
raw spectrum. Statistical standard deviations and correlation
effects have been evaluated by using correlation maps for
each couple of parameters. Standard deviation shave been
obtained from confidence region ellipses containing 68.3%
of normally distributed data, as described elsewhere@34#. A
positive correlation has been found betweenE0 and RO ,
sO
2 andNO , RO andsO

2 , andRO andbO , while there is no
correlation between all the other possible couples of struc-
tural parameters associated with the Sr-O shell. The exist-
ence of a correlation betweenE0 and the shell distance and
between the Debye-Waller factor and the coordination num-
ber is a well-known phenomenon in the EXAFS data analy-
sis performed in the Gaussian approximation. Due to the
analytical function used to describe the asymmetric peak,
sO
2 andbO are also correlated toRO in this case, asR is the

average distance and not the modal value of the distribution
and the full width at half maximum peak is defined both by
b ands. The errors affecting the first peak parameters are
very small and an accurate determination of the Sr-O coor-
dination number has been obtained. A different result has
been found for the Sr-H shell. In this case a strong positive
correlation betweensH

2 andNH and betweenRH andbH has
been observed. This effect is responsible for the large uncer-
tainty of the Sr-H coordination number and, in general, for
the larger errors associated with the Sr-H shell fitted param-
eters.

The two asymmetric peaks obtained from the iteration
procedure are compared with the MDg(r ) models in Fig. 7.
A different position of the first rise of the Sr-Og(r ) can be
clearly seen. A shift of theg(r ) first peak towards shorter
distances, with respect to the MD model, has been already
observed in other cases@16#. These results suggest that the
EXAFS technique can be employed to check and improve
the potential-energy functions and partial charges used in the
MD simulations. The strong short-range sensitivity of the
EXAFS technique allowed a very accurate determination of
the short-range properties of the Sr-Og(r ), whereas the ac-
curacy of the long-distance tail relies completely on the
original model. In the case of the Sr-H radial distribution
function, satisfactory agreement between the refined asym-
metric peak and the MD starting model has been observed,
which demonstrates the validity of the data analysis per-
formed with the inclusion of the hydrogen contribution.
However, the low accuracy of the refined parameters does
not allow a refinement of the short-distance shape of the MD
g(r ) on the basis of the EXAFS information. The presence
of the hydrogen contribution in the first coordination shell

FIG. 6. Fit of the Sr21 aqueous solution spectrum. From top to
bottom the following curves are reported: Sr-O and Sr-H theoretical
signals calculated by means of asymmetric peaks and the sum of the
previous contributions compared with the experimental spectrum
and residual.

TABLE II. Structural parameters of the Sr-O and Sr-H asymmetric peaks obtained from the EXAFS
analysis:R represents the average distance,s2 represents the vibrational variance,b is the asymmetry
parameter, andN is the coordination number. The standard deviations are given in parentheses.

Peak R ~Å! s2 ~Å 2) b N

Sr-O 2.643~0.002! 0.021~0.002! 0.61 ~0.01! 10.3 ~0.1!
Sr-H 3.40~0.02! 0.05 ~0.01! 0.27 ~0.15! 22 ~9!
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was recently individuated in the EXAFS spectrum of bro-
mide ion in methanol@34#.

Finally, it would be of interest to observe the effect of the
omission of the double-excitation contributions on the re-
fined values of the structural parameters. A fitting procedure
has been applied to the EXAFS spectrum extracted with a
conventional smooth spline function as previously described.
The refined parameters obtained from the minimization are
RO52.62 Å,sO

2 50.013 Å2, bO50.79, andNO56.3 for the
first shell andRH53.30 Å, sH

2 50.03 Å2, bH51.41, and
NH518 for the second shell. The fit index is 0.21431026

and, due to the omission of the double-electron contribution,
a value of 0.8 has been found forS0

2 . By comparing these
values with those of Table II, it appears that the coordination
numbers are severely underestimated when double-excitation
effects are not included and also the other parameters are
perturbed. The overall effect on the position and shape of the
asymmetric peaks is clearly visible in Fig. 7, where the re-
fined shells are compared with those obtained from the pre-
vious analysis performed with the inclusion of the double-
electron edges. This result is consistent with that of Persson
et al. @17#, even though they performed the data analysis in
the Gaussian approximation, without minimizing the coordi-
nation numbers. Pfund, Darab, and Fulton@18# performed an
EXAFS analysis of a 0.2M Sr21 aqueous solution only in an
extremely limited range of the spectrum (k52.0–5.8
Å 21). By applying the ratio method a Sr-O first-neighbor

distance of 2.62 Å and a coordination number of 7.3 have
been obtained. The short energy range of the spectrum used
in the analysis does not include theKM4,5 and KM2,3
double-excitation edges, but an inaccuracy on the structural
parameter is expected from the inclusion of theKN1 edge.
Also in this case a nonstructural peak at about 1.1 Å is de-
tectable in the FT of the experimental spectrum. X-ray dif-
fraction measurements performed by Albright@37# and by
Caminiti et al. @38# on SrCl2 aqueous solutions have led to
Sr-O first shell distances of 2.67 and 2.64 Å, respectively. A
Sr-O coordination number of 7.8 has been obtained by Al-
bright and the value of 8 reported by Caminitiet al.has been
determined by a model fit. These results reflect the difficultly
of the x-ray-diffraction~XRD! technique to determine a re-
liable value of hydration numbers and enforces the EXAFS
technique as a valid tool in the structural investigation of
disordered systems. The EXAFS technique is more selective
than x-ray neutron diffraction, since the partial distribution
functions corresponding to a single atomic type can be de-
termined. For anN-component system theg(r ) extracted
from the x-ray-absorption spectroscopy signal contains the
overlap of N independent pair distribution functions,
whereas the XRD experiments give the contribution of all
interatomic distances in the sample. In the case of aqueous
salt solutions, a severe overlap between the metal ion-solvent
and the solvent-solvent distances is present in the XRD data.
Therefore, reliable results on the hydration structure around
the metal ions could be only achieved by applying a differ-
ence procedure to eliminate the bulk water contribution.
Moreover, with the EXAFS technique, overlappedg(r )’s are
better resolved since the EXAFS oscillations are clearly de-
tectable up tok>10 Å21, which corresponds to about
k520 Å22 in the diffraction scale. From this study it is
evident that, if a thorough analysis is carried out, the EXAFS
technique can provide valuable short-distance structural in-
formation on disordered systems, which is not possible with
other experimental techniques.

VI. CONCLUSION

A detailed investigation of the x-ray-absorption spectrum
of a Sr21 aqueous solution has been performed. The exist-
ence of double-excitation channels at the SrK edge has been
clearly shown. The contribution of theKN1 , KM4,5, and
KM2,3 double-electron excitation channels has been studied
by analyzing the EXAFS spectrum in the correct framework
of the radial distribution function theory. The Sr-O and Sr-H
signals have been calculated starting from realisticg(r )
models obtained from MD simulations. A proper background
model has been used to derive the double-excitation edge
parameters. The experimental values of the energy onset of
the multielectron transitions are in excellent agreement with
the prediction of theZ11 approximation. From this analysis
it is clear that the inclusion of these additional channels is
essential to obtain good agreement between the experimental
and the theoretical data.

A deeper insight into the influence of the double-electron
effects on the correct determination the structural parameters
has been obtained by using asymmetric peaks to model the
Sr-O and Sr-H coordination shells. The initial asymmetric
peaks were derived from the MDg(r )’s and the use of a

FIG. 7. From top to bottom: Sr-O and Sr-H asymmetric peaks
obtained from the EXAFS analysis performed with the inclusion
~solid line! and the exclusion~dashed line! of the double-excitation
edges, compared with theg(r )’s obtained by Sphoret al. @25# from
the MD simulations.
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fitting procedure allowed an accurate determination of the
structural parameters. A method based on well-established
statistical concepts has been used to calculate statistical er-
rors of the fitting values.

This study demonstrates that a reliable determination of
the structural parameters is possible only if the double-
excitation edges are accounted for. The exclusion of these
effects results in systematic errors on the structural param-
eters and in particular in a severe underestimation of the
coordination numbers. The shape and the energy onsets of
the double-excitation edges are expected to change according
to the chemical environment of the absorbing atom. How-
ever, the results of the present investigation provide an in-
valuable insight and guideline for the correct analysis of any

x-ray-absorption spectrum at the SrK edge and in general in
any spectrum where multielectron resonances are present.
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