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An extensive investigation of the x-ray-absorption spectra above theL edges of a Ba21 water solution is
presented. Anomalous features are clearly detected in the spectra and have been associated with the creation of
2p4d and 2s4d double-core hole states for theL3, L2, andL1 edges, respectively. A reliable determination of
the double-electron edge parameters has been obtained by performing a combinedL-edge analysis in the
correct framework of the radial distribution function theory. Ba-O and Ba-H radial distribution functions have
been calculated by means of molecular-dynamics simulations and have been used as relevant models in the
calculation of the extended x-ray-absorption fine-structure~EXAFS! signals. The simultaneous analysis of the
three edges allowed an unambiguous characterization of the multielectron transition affecting theL1 cross
section. The experimental values of the energy onsets of the double-electron features are in good agreement
with previous theoretical calculations. The influence of multielectron transitions in the EXAFS data analysis is
discussed. The neglect of double-electron excitation effects results in systematic errors on the structural pa-
rameters and in particular in an underestimation of the coordination numbers.@S0163-1829~96!02941-4#

I. INTRODUCTION

Recent research has revealed the presence of multielec-
tron excitation effects in the x-ray-absorption spectra of sev-
eral atomic and molecular systems.1 The relative intensity of
these effects is normally only a few percent of the single-
electron transition and in condensed systems their identifica-
tion is often hindered by the presence of the structured os-
cillating extended x-ray-absorption fine-structure~EXAFS!
signal. Thus, most of the initial investigations on multielec-
tron transitions were performed in the gaseous state.

Features associated with the creation of simultaneousK
andM holes have been identified in the Ne,2 Xe,3 Ar,4 and
Kr ~Ref. 5! absorption cross sections, being characterized
either as a sudden jump, or as a slope change of the atomic
background. The occurrence of double-electron excitations
in condensed systems was first observed in SiK-edge
spectra6 and the existence ofKL edge features was later
found to be a characteristic of third-period atoms.7 Strong
KN andKM structures were identified above the Br,8 Sr,9

and Rb~Refs. 10 and 11! K edges in the absorption spectra
of different systems.

Recently, several investigations of the EXAFS spectra of
rare-earth-based materials have revealed the existence of
resonances above theL edges.12–14 These features were at-
tributed to the excitation of 2s and 4d electrons in the case
of theL1 edge, and to the excitation of 2p and 4d electrons
in the case of theL2 andL3 edges. A characterization of the
energy onset of multielectron transitions was achieved by
comparing the aqueous solution absorption spectra of the
rare-earth series. The experimental values of the energy po-
sition of the double-excitation edges above theL3 and L2
edges, compared quite well with the theoretical values ob-
tained from calculations based on many-body perturbation

methods.14,15Less straightforward results have been obtained
in the case of theL1 edges, due to the poor signal-to-noise
ratio of the experimental spectra. The presence of an anoma-
lous feature associated with the 2p4d double-electron reso-
nance was previously recognized in theL3 absorption spec-
trum of a Ba21 aqueous solution.16 This study is limited to
theL3 edge and does not provide any quantitative character-
ization of the double-excitation channel.

The presence of multielectron transitions influences the
EXAFS structural analysis by introducing unexpected peaks
at low distance values in the Fourier transform~FT! of the
spectrum and modifying its intensity. As a consequence, the
structural parameters obtained from the data analysis are af-
fected by systematic errors, and this effect is more important
for coordination numbers.9 In disordered systems, where
multielectron background features may be of comparable in-
tensity to the weak structural oscillations, the standard back-
ground subtraction is totally inadequate. Therefore, it is cru-
cial to develop a data analysis method which allows
multielectron transitions to be detected and properly ac-
counted for. A new improved method, which uses a back-
ground empirical model to properly account for double-
electron excitations, has been successfully employed in the
analysis of different systems.8,9 Several other methods have
appeared in the literature.17

The aim of the present paper is to provide a deeper insight
into multielectron transition processes affecting the BaL
edges. For this purpose we chose a Ba21 aqueous solution
where the EXAFS oscillations are expected to be weak, due
to the large structural disorder.

A method which uses molecular-dynamics~MD! radial
distribution functions as relevant models in the calculation of
the EXAFS structural signal has been employed to study the
hydration shells of Br2,18 Rb1,11 and Sr21.9 This method
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provides a reliable determination of the structural signal as-
sociated with the water molecules. Removal of the EXAFS
oscillations from the absorption spectrum allows the isola-
tion of the multielectron transition features and the identifi-
cation of their position.L3 absorption spectra of Ba21 aque-
ous solutions were previously studied19 and the EXAFS
analysis was performed without including multielectron ex-
citation effects in the atomic background. The narrow avail-
able energy range of the spectrum hampered a conclusive
determination of the structural parameters. In the present
work, a combinedL-edge data analysis has been carried out.
Very accurate structural results have been obtained by per-
forming a multiple-edge refinement, even though the avail-
able energy range for each edge is quite limited. This ap-
proach was previously employed in the study of the short-
range structure of liquid and crystalline Sn.20 The presence
of multielectron transitions involving 2p4d electrons has
been detected for the BaL3 andL2 edges. The simultaneous
analysis of the three edges allowed an unambiguous identi-
fication of multielectron excitation affecting theL1 edge. A
careful analysis has been performed in order to quantify the
effect of neglecting double-electron excitation effects on the
structural parameters. The results of the present investigation
represent a valid tool in the study of absorption spectra
above theL edges of other systems.

The paper is organized as follows. In Sec. II the results of
the MD computational procedure for the Ba21 aqueous solu-
tion are presented. The experimental details are given in Sec.
III. In Sec. IV the evidence for the double-excitation chan-
nels in the raw data is discussed. In Sec. V the multiedge
data analysis method is described and the results are given in
Sec. VI.

II. MOLECULAR-DYNAMICS
COMPUTATIONAL PROCEDURE

Molecular-dynamics~MD! simulations were performed
using an isothermal-isobaric simulation algorithm.21 The
temperature was kept constant at 300 K by weak coupling to
an external temperature bath with a coupling constant of 0.1
ps. The pressure was also kept constant by coupling to a bath
with a coupling constant of 0.5 ps. Simulations were carried
out using a rectangular box consisting of one Ba21 ion and
197 water molecules subjected to periodic boundary condi-
tions. All the MD runs were performed using the program
packageGROMOS87.22 The applied empirical force field con-
tains terms representing bond angle bending, van der Waals,
and electrostatic interactions.22 The Lennard-Jones param-
eters used in the present study for Ba21 were reported by
Åqvist.23 The simple point-charge model was used for
water.24 The SHAKE algorithm was used to constrain bond
lengths.25 A dielectric permittivity,«51, and a time step of 2
fs were used. The cutoff radius for the nonbonded interac-
tions was 8 Å. All atoms were given an initial velocity ob-
tained from a Maxwellian distribution at the desired initial
temperature. After the initial minimization of the system, the
MD simulations were performed. The first 40 ps were used
for equilibration and the following 100 ps were used for the
analysis. The trajectories were saved every 25 time steps.

The Ba-O and Ba-H radial distribution functionsg(r ) and
the corresponding running integration numbers are reported

in Fig. 1. ThegBa,O(r ) shows a very sharp first peak centered
at 2.8 Å. The integration over this first peak gives a coordi-
nation numberNO of about 9. This value is 0.8 lower than
the one obtained by Spohret al.26 for Sr21 in water. This
finding is justified by the difference of the interaction poten-
tials used in the simulations. The zero values assumed by the
gBa,O(r ) between the first and second peak indicate the pres-
ence of a well-defined hydration shell around the cation. The
nearest-neighbor peak in thegBa,H(r ) is situated at 3.4 Å and
the running integration number is about 18, which is in
agreement with theNO value. Figure 2 shows the solvent-
solvent pair-distribution functions compared with the ones
obtained for the solvent alone. The most interesting features
are the small decrease of the height of the first peak in the
gO,O(r ) with respect to pure water, and the less shallow first
minimum, as a consequence of a slightly higher asymmetry
of the first peak. In thegO,H(r ) andgH,H(r ) we note also a

FIG. 1. Ba-O ~solid line! and Ba-H ~dashed line! pair-
distribution functions as derived from MD simulations for Ba21 in
water ~left scale! and corresponding integration numbers~right
scale!.

FIG. 2. O-O, O-H, and H-H pair-distribution functions as de-
rived from MD simulations for Ba21 in water~solid line! compared
with the same obtain from MD simulations of pure water~dashed
line!.
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decrease of the first peak and the shallowing of the minimum
with respect to pure water.

The orientation of the water molecules with respect to the
ion is described by the cosine of theu angle between the
dipole moment vector pointing from the oxygen to the ion
~see inset in Fig. 3!. The resulting distribution~see Fig. 3!
shows a dominant peak centered at cosu51 and an average
value at cosu50.6 corresponding tou553°. These values
account for the weaker structuring ability of Ba21 with re-
spect to other alkaline-earth ions,27 as expected due to its
large ionic radius.

The geometric properties of the hydration shell of Ba21

was studied in detail using a method proposed by Pa´linkás
et al.28 for the study of the Mg21 hydration geometry. The
positions of the hydration water molecules are defined using
an appropriate local coordinate system. In this system the ion
defines the origin, the oxygen atom of a first water molecule
of the hydration shell defines thez positive axis and the
oxygen of a second water molecule thexz plane. The arbi-
trary fixing of one of these molecules to define such a coor-
dinate system introduces some distortions in the statistics. In
order to reduce some of these effects, each water molecule in
the hydration shell was used to define the positivez axis. The
recording of the oxygen atomic positions in the ion-center
coordinate system over the whole simulation run provides
the three-dimensional water distribution in the hydration
shell. The projections of the distribution onto the three
planes of this coordinate system are shown in Fig. 4 in the
form of density maps. These density maps show the exist-
ence of a high degree of order of the hydration shell water
molecules, but it is not possible to find a regular symmetry in
the pictures. Another way to quantitatively observe this high
degree of order is the use of the angular distribution function
of the oxygen-ion-oxygen angles~see inset in Fig.
5!. P~cosf! as function of cosf is shown in Fig. 5. The
maxima inP~cosf! indicate two favorable angles at 140°
and 70°. The shape and the position of the spots in the den-
sity maps resemble those obtained by Probstet al. for Ca21

~Ref. 29! ~for this ion a coordination number of about 9 was
found! and the cosf distribution is similar to the one ob-
tained by Kowallet al.30 for the nine-coordinate Nd31 and

Sm31 ions. In this work the possible polyhedral structures of
water molecules in the hydration shell are discussed in detail.

III. EXPERIMENTAL SECTION

The aqueous solution was prepared by solubilizing BaCl2
in deionized water at a concentration of 0.1 M. The absorp-
tion spectra at theL edges were recorded in transmission
mode using the EMBL spectrometer at HASYLAB.31 Mea-
surements were performed at room temperature with a
Si~111! double-crystal monochromator32 and 50% of har-
monic reject achieved by slightly detuning the two crystals
from parallel alignment. Five spectra for each edge were
recorded and averaged after performing an absolute energy
calibration.33 The DORIS II storage ring was running at an
energy of 4.45 GeV with electron currents between 70 and
40 mA. The solution was kept in a cell with a 0.8 mm Teflon
spacer and Kapton film windows. From the width of the
peaks of the calibrator33 the energy resolution of the Si~111!
monochromator could be determined experimentally as 0.7
eV at 5112 eV.

IV. OBSERVED SPECTRA

In the standard EXAFS analysis the structural oscillation
is extracted from the raw absorption spectrum subtracting a
background function modeled as a smooth polynomial
spline. Multielectron excitations are usually associated with
the presence of slope changes and unexpected features in the
atomic background. These have to be accounted for to per-
form a reliable structural analysis. Aqueous solutions of ions
at room temperature are ideal samples to highlight multiex-
citation effects. Due to the small amplitude of the oxygen
and hydrogen atoms and to structural disorder, the EXAFS
contribution to the absorption cross section is weak and is
confined to the low-energy region of the spectrum and
double-electron excitation features are clearly visible in the
raw spectra.

The absorption cross sections at the BaL3, L2, andL1
edge are shown in Fig. 6. The spectra are normalized to the
absorption discontinuity at each edge and are offset verti-
cally by 0.7 units, for clarity. The zero of the energy scale
refers to each respective threshold, defined by the first inflec-
tion point of the absorption spectra. A careful inspection of
the magnified region of the spectra shown in the inset, re-
veals the presence of anomalous features around 110 eV
which are similar to the double-excitation structures ob-
served in the absorption spectra of some rare-earth ions in
aqueous solutions.12–14These features were attributed to the
simultaneous excitation of 2s and 4d electrons in the case of
the L1 edge and to the excitation of 2p and 4d electrons in
the case of theL2 andL3 edges. An unambiguous character-
ization of these multielectron transitions has been obtained
from the experimental data with use of a proper background
model as described in Sec. V. The modules of the Fourier
transform ~FT! of the L3, L2, and L1 EXAFS spectra ex-
tracted with a three segmented cubic spline, performed in the
interval 2.8–9.5 Å21 ~2.7–8.5 Å21 in the case of theL1
edge! are shown in Fig. 7. Beside the structural peak at about
2.3 Å, corresponding to the first coordination shell, a further
peak is observed at about 1.0 Å, which cannot be assigned to
any structural origin. The presence of these unexpected low-

FIG. 3. Distribution of cosu for the water molecules in the first
hydration shell of Ba21.
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distance peaks is indirect evidence of the presence of multi-
electron excitations in the atomic background, as already ob-
served for several other systems.8,9

V. METHOD FOR DATA ANALYSIS

In the present work a multiedge analysis has been carried
out. The model signal associated with a set ofM different
atomic edges is given by the relation:

amod~E!5(
i51

M

@ j is0
~ i !~E!~11S0

2~ i !x~ i !~E2E0
~ i !!!#1b~E!,

~1!

FIG. 4. Density maps of the projections of the oxygen atom
positions of the nine nearest-neighbor water molecules around Ba21

onto the planes of an ion-centered coordinate system, as defined in
the text, calculated from MD simulations. The normalized isolines
are evaluated from 0.006 to 0.030 using an incremental step of
0.003.

FIG. 5. Probability distribution for the anglef formed by the
ion and all pairs of water oxygens that belong to the first hydration
shell.

FIG. 6. Normalized absorption spectra of Ba21 in water near the
L edges. The spectra show the presence of anomalous features~in-
dicated by dashed lines in the inset! due to the 2p4d and 2s4d
double-electron transitions. The zero of the energy scale refers to
each respective threshold defined by the first inflection point of the
absorption spectrum. The spectra are offset vertically by 0.7 units.

12 132 54D’ANGELO, PAVEL, ROCCATANO, AND NOLTING



wheres 0
( i ) is the atomic cross section of thei th considered

absorption channel,j i is a scaling factor accounting for the
actual density of the photoabsorber atoms,x( i ) is the EXAFS
signal containing the structural information related to thei th
edge,S0

2(i ) provides a uniform reduction of the signal and is
associated with many-body corrections to the one-electron
cross section,E 0

( i ) defines the relation between the theoreti-
cal and the experimental energy scales, andb(E) is the back-
ground function, which accounts for further absorbing pro-
cesses. Multielectron excitation channels are accounted for
by modeling theb(E) function as the sum of a smooth poly-
nomial spline plus step-shaped functions. Each function de-
pends on three parameters: the double-electron edge position
relative to the single-hole stateDE, its width DD, and the
relative jumpH.8 Fits of theamod(E) to the raw data allow
the determination of these parameters and the experimental
characterization of the multielectron transitions channels.

The structural and background parameters are optimized
by performing a comparison between theamod(E) theoretical
signal and the experimental spectrum. The model signal
amod(E) is refined by minimizing a square residual function
of the type:

R~$l%!5(
i51

N
@aexp~E!2amod~Ei ;l1 ,l2 ,...,lp!#

2

s i
2 , ~2!

where N is the number of experimental pointsEi ,
$l%5~l1,l2,•••,lp! are thep parameters to be refined, and
s i
2 is the variance associated with each experimental point

aexp(E).
Use of a multiedge analysis gives rise to several advan-

tages. Firstly, the number of experimental points which are
used to derive the structural information is strongly in-
creased. Secondly, a reliable determination of the refined pa-
rameters can be achieved even when only a narrow energy
range is available and the EXAFS spectra of different ab-
sorption channels are overlapped. Finally, for multielement
systems partial contributions to the total structural signal are
better defined.

In the standard EXAFS analysis a set of Gaussian shells is
usually employed to describe the coordination of the photo-
absorber atom. This method can produce significant errors in
the determination of the structural parameters for systems
which present anharmonic thermal vibrations or interatomic

asymmetric pair-distribution functions. Frequently, for disor-
dered systems, the neglect of asymmetry leads to unreliable
results even when an apparently reasonable fit to the experi-
mental data is obtained.34,35When the EXAFS technique is
used to determine the structure of disordered materials,x(k)
must be represented by the general equation36

x~k!5(
j
E
0

`

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

~3!

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, andrj is the density of the
scattering atoms. The high-distance contribution of thex(k)
signal is damped by the photoelectron mean free pathl(k)
through an exponential function of the type exp@2r /l(k)#
which leads to an effective upper integration limit of
5–8 Å in Eq.~3!. In our calculation the mean free pathl(k),
as well as the additional damping factor accounting for the
monochromator resolution, is included in the amplitude
functionAj (k,r ).

Recently, it has been shown that the EXAFS data analysis
of disordered systems can benefit strongly from the use of
pair-distribution function models obtained from diffraction
data or computer simulations in the calculation of the struc-
tural signal.9,11,18,37 In the present investigation thex(k)
theoretical signals associated with water molecules have
been calculated starting from the Ba-O and Ba-H pair-
distribution functions obtained from the MD simulations.
Due to the low resolution~0.05 Å!, the shape of the first rise
of the calculatedg(r )’s may not be accurate. The high short-
range sensitivity of the EXAFS technique can be used to
improve the low-distance region of the MDg(r )’s by refin-
ing the peak parameters on the basis of the x-ray-absorption
data. Initial asymmetric peaks are obtained decomposing the
MD g(r )’s into an asymmetric peak and a long-distance tail.
The tail contribution is usually calculated using Eq.~3! and
is kept fixed in the refinement. In our case the Ba-O and
Ba-H tail signals have been found to be negligible and there-
fore they have not been considered. As previously
described,18 the asymmetric peaks are modeled with aG-like
distribution function which depends on four parameters,
namely the coordination numberN, the average distanceR,
the mean-square variations2 and the skewnessb. These pa-
rameters are optimized by fitting the EXAFS theoretical sig-
nal to the experimental data allowing the refinement of the
short-range shape of the MDg(r )’s.

Ab initio calculations of theL3, L2, and L1 x-ray-
absorption cross section and the configurational averages
have been performed using theGNXAS program set.38 Phase
shifts and amplitudes have been calculated starting from one
of the MD configurations by using muffin-tin potential and
advanced models for the energy-dependent exchange-
correlation self-energy~Hedin-Lundqvist!.39 The muffin tin
radii used where 1.90, 0.90, and 0.22 Å for barium, oxygen,
and hydrogen atoms, respectively. Inelastic losses of the
photoelectron in the final state are accounted for intrinsically
by complex potentials. The imaginary part also includes a
constant factor accounting for the core-hole widths. The only
nonstructural parameters which have been minimized are

FIG. 7. Magnitude of the Fourier transform of the Ba21 aqueous
solutionL3, L2, andL1 spectra. The peaks around 1.0 Å have no
structural meaning and are due to the double-electron excitation
effects.
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E 0
( i ) and S0

2(i ), while a fixed value of the monochromator
resolution was used during the minimization of each absorp-
tion edge.

VI. RESULTS AND DISCUSSION

In this section the combinedL-edge data analysis of the
Ba21 aqueous solution is described. The main contribution to
the EXAFS structural signal is related to the first-neighbor
peak of the Ba-O and Ba-H radial distribution functions. The
Ba-O and Ba-H first-shell peaks are described byG-like
functions with RO52.80 Å, s2

O50.012 Å2, bO50.62,
NO58.7, and RH53.46 Å, s2

H50.036 Å2, bH50.60,
NH518.4, respectively. These parameters have been derived
using a least-square fitting on the MDg(r )’s. Thex(k) sig-
nals associated with the Ba-O and Ba-H asymmetric peaks
have been calculated for the threeL edges using theGNXAS
program38 and a fitting procedure has been applied to the
peak parameters in order to obtain the best fit between the
theoretical and the experimental signals. This approach pro-
vides a reliable estimate of the structural contribution to the
absorption cross section allowing the background parameters
to be fitted and correctly determined. Least-squares fits of the
three L-edge experimental cross sections have been per-
formed simultaneously using theFITHEO program38 and a
weighting value of 2.0 has been applied. For each absorption
cross section a step-shaped function has been included in the
atomic background to account for the 2p(2s)4d double-
excitation edges. In Table I the double-electron edge experi-
mental parameters obtained from the fitting procedure are
listed: DE is the energy of the double-excitation channels
relative to the single-hole state and the intensityH is mea-
sured in the correspondingL-edge jump units. The energy
location of these features roughly corresponds to the predic-
tions of theZ11 approximation. Applying this approxima-
tion means that we consider the 2p ~or 2s! hole to be com-
pletely screened prior to the second excitation taking place.
However, this is a crude approximation as indicated by the
disagreement between the experimental and the predicted
values. In order to unambiguously assign the structures ob-
served to a specific many-body transition, we have compared
our results with the theoretical values obtained by Chaboy
and co-workers15 from many-body perturbation methods.
According to theseab initio calculations the main double-
excitation channels affecting theL2,3 and L1 edges corre-
spond to the 2p4d→(5d)2 and to the 2s4d→6p5d transi-
tions, respectively ~namely L2,3N4,5 and L1N4,5!. The
experimental energy onset of theL2,3N4,5 andL1N4,5 edges is

in good agreement with the theoretical predictions, as listed
in Table I.

In Fig. 8 the best-fit analysis for the BaL3, L2, andL1
EXAFS spectra~left, middle, and right panels, respectively!
are presented. The first two curves from the top of each panel
represent the Ba-O and Ba-H structural signals. The remain-
der of the figure shows the total theoretical contributions
compared with the experimental spectra and the resulting
residuals. In Fig. 8 the dashed curves are the continuation of
the EXAFS signal associated with the previous edge. In the
present case these contributions are negligible, but for sys-
tems with more structured signals the distortion of thex(k)
curve due to the overlap of different absorption edges can be
important. The overall agreement between the experimental
and theoretical signals is excellent and aR50.59931028 has
been obtained. The agreement is slightly worse for theL1
edge, due to the larger noise of the spectrum. However, also
in this case the residual curve contains experimental noise,
only. Note that the structural signals are dominated by the
Ba-O signals, while the Ba-H contributions are weaker and
mainly affect the low-k region of the spectra. Nevertheless,
as previously observed,9,37 the inclusion of the hydrogen sig-
nals has been found to be essential to properly reproduce the
experimental spectra in the low-k region.

As already observed in other cases,9,11 the step-shaped

TABLE I. L2,3N4,5 andL1N4,5 transition intensities and excitation energies. The absorption discontinuities
H are given in the correspondingL-edge jump units. The excitation energiesDE are relative to the corre-
sponding single-hole state. All the energies are given in eV. Theoretical data have been taken from Refs. 14
and 15.sD andsS represent the cross-section strength for the double- and single-electron absorption pro-
cesses, respectively.

Edge H % DE ~exp! DE ~theo! Z11 sD/sS ~exp! % sD/sS ~theo! %

L3N4,5 4.1 114 110 102–105 0.8 2.54
L2N4,5 3.9 112 110 102–105 0.9 2.54
L1N4,5 2.8 120 111 102–105 0.6 2.45

FIG. 8. Fit of the Ba21 aqueous solutionL3, L2, andL1 spectra
~left, middle, and right panel, respectively!. From top to bottom of
each panel the following curves are reported: Ba-O and Ba-H theo-
retical signals, sum of the previous contributions compared with the
experimental spectrum and residuals. The dashed curves are the
extensions of the EXAFS signals related to the previous edges. The
dots are the experimental points excluded from the fitting proce-
dure.
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function used in the extraction of the structural signal, ac-
counts only for the slope change and the discontinuity asso-
ciated with the opening of the double-excitation channels.
Additional features above the multielectron excitation edges
will still remain in the structural signal as nonstructural
peaks. A sharp feature is clearly visible in the BaL3, L2, and
L1 EXAFS spectra and residuals at about 5.4 Å21. In order to
perform a reliable determination of the structural parameters,
the experimental points in a range of approximately 20 eV
around these peaks have been excluded from the fitting pro-
cedure. It is not surprising that theL3 andL2 EXAFS spectra
are very similar, while theL1 one is different, due to the
different symmetry of the channels. In the latter case the
double-electron resonance feature is located at the oscillation
minimum and its intensity is weaker as compared with that
affecting theL3 andL2 EXAFS spectra. The same trend has
been found by Chaboy and co-workers15 from ab initio cal-
culations.

Figure 9 shows the comparison of the Fourier transforms
of the calculated and experimental spectra in the range 3.8–
9.6, 3.7–8.7, and 3.7–8.6 Å21 for the L3, L2, andL1 edge,
respectively, obtained after removal of the double-excitation
channels. The low-distance peaks are no longer present and a
very good agreement between the theoretical and experimen-
tal curves has been obtained. The high-frequency peaks in
the FT of theL1 experimental signal are due to the noise of
the spectrum.

For the structural analysis it is important to assess the
intensity of the double-excitation effects with respect to the
EXAFS amplitude. For this purpose Chaboy and
co-workers15 computed the ratio between the double- and
single-electron line strength. An experimental estimate of the
intensity of the main 2p→5d and 2s→6p bound transitions
has been obtained by applying a deconvolution model to the
L3, L2, andL1 cross sections. The threshold region of the
spectra has been deconvoluted as a sum of an arctangent
function describing the transition into the continuum, and a
Lorentzian function representing the transition from the
2p(2s) to the 5d(6p) state. The two functions have been
convoluted with a Gaussian function accounting for the ex-
perimental resolution. The deconvolution process has been
performed using a least-square fitting procedure on the
threshold region of the normalized spectra. The results of

this procedure are shown in Fig. 10 for theL3 edge. The
energy positions of the single-hole transitions were found at
5249, 5626, and 5999 eV, for theL3, L2, andL1 cross sec-
tion, respectively. From the minimization the transition into
the continuum states has been found to occur 2 eV above the
2p(2s)→5d(6p) transition, for the three edges. The resolu-
tion values obtained from the fitting procedure are 0.7, 0.9,
and 2.1 eV for theL3, L2, andL1 edges, respectively. These
results are in excellent agreement with the value determined
from the calibrator; as expected the experimental resolution
value increases with energy. The core-hole widthG ~half
width at half maximum! which optimized the agreement be-
tween the model and the experiment resultedG~L3!51.66,
G~L2!51.78, andG~L1!52.00 eV, which compare well with
semiempirical evaluations.40 These values have been directly
included in the calculation of the Ba-O and Ba-H EXAFS
theoretical signals. The area of the Lorentzian peak gives a
measure of the intensity of the main transition cross section.
The intensity of the multielectron transition resonance has
been estimated from the area of the peaks which are left in
the residual of Fig. 8. The area has been evaluated by fitting
the residual peaks with a Lorentzian function convoluted
with a Gaussian function accounting for the experimental
resolution as determined previously. The experimental val-
ues of the ratio between the double- and the single-electron
cross section are compared with the theoretical predictions in
Table I. This is of course only a coarse estimate and is re-
ported to give a qualitative idea of the agreement between
the experimental results and the theoretical values. The ex-
perimental intensity ratios are lower than the calculated ones
in agreement with the results obtained for some elements of
the rare-earth series.13,14

The Ba-O and Ba-H peak parameters obtained from the
fitting procedure are listed in Table II. After the minimiza-

FIG. 9. Fourier transforms of the Ba21 aqueous solutionL3, L2,
andL1 experimental spectra~dashed line! compared with the total
theoretical signals~solid line!. Thex(k) experimental signals have
been obtained by subtracting an atomic background which includes
the double-electron excitation edges.

FIG. 10. Deconvolution of theL3-edge normalized absorption
spectrum of the Ba21 aqueous solution~dots! as sum of an arctan-
gent function, describing the transition into the continuum, and a
Lorentzian function, representing the transition to the 5d bound
state.

54 12 135MULTIELECTRON EXCITATIONS AT THE L EDGES OF . . .



tion the structural parameters have been found to be slightly
different from the MD starting values; in particular the
gBa,O(r ) andgBa,H(r ) first peaks were found to be shifted to
shorter distance and the Ba-O coordination number to be
lower. X-ray-diffraction ~XRD! and EXAFS investigations
were previously carried out by Perssonet al.19 on a 0.82 M
Ba21 aqueous solution. From the XRD analysis a Ba-O shell
distance of 2.82 Å and a coordination number of 8.1 have
been obtained. The EXAFS data analysis was carried out
without minimizing the coordination number due to thex(k)
amplitude distortion associated with the opening of the mul-
tielectron excitation channels. Note that the Ba-O shell dis-
tance obtained from the XRD investigation cannot be di-
rectly compared with the value in Table II. In the present
EXAFS analysis the Ba-O first shell peak is modeled with an
asymmetric peak whereR is the average distance and not the
modal value of the distribution.

The zero positions of the theoretical energy scales were
found at 5254.160.2, 5631.560.3, and 600161 eV for the
L3, L2, and L1 cross section, respectively. TheS0

2 values
were found to be equal to one for the three edges.

Particular attention has to be paid to the accuracy of the
structural parameters listed in Table II. A thorough descrip-
tion of a correct procedure for error evaluation is described
in Ref. 41. By neglecting systematic errors in the experimen-
tal data and in the theory, the error affecting the fitted pa-
rameters can be estimated on the basis of statistical concepts.
Standard deviations and correlated effects can be evaluated
by using correlation maps for each couple of parameters.
Contour maps showing the correlated errors associated with
a 95% confidence interval are presented in Fig. 11, for some
relevant parameters. A positive correlation has been found
between theE0 values andRO, sO

2 andNO, andRO andbO,
while there is no correlation between the other possible pa-
rameter couples associated with the Ba-O shell. From the
present analysis the errors affecting the Ba-H shell param-
eters have been found to be larger, due to the strong corre-
lation betweensH

2 and NH and betweenRH and bH . This
effect is responsible for the large uncertainty of the Ba-H
coordination number. This is not surprising as the amplitude
of the Ba-H contribution is small and the data range of the
detectable signal is narrow.

The high sensitivity of the EXAFS technique to the low-
distance range of theg(r ) first peak is shown by the low
errors obtained for the Ba-O peak parameters. This allowed a
very accurate determination of the short-range properties of
the Ba-Og(r ). On the contrary, the refinement of the short-
distance shape of the Ba-H MDg(r ) on the basis of the
EXAFS information is hampered by the low accuracy of the
refined structural parameters.

A general remark should be made on the improvement of
the EXAFS data analysis which is achieved by performing a
multiedge refinement. To this end we have applied a fitting
procedure to the threeL edges, separately. In the case of the
L2,3 edges the fitted parameters obtained from the separate
refinements are equal to those reported in Table II. An in-
crease of about 20% has been found for the errors associated
with distances and coordination numbers. As far as theL1
edge is concerned, a satisfactory determination of the struc-
tural parameters is hampered by the larger signal-to-noise
ratio of the spectrum. Therefore, the aid of the multiedge
analysis was essential to perform a reliable characterization
of the double-electron excitation resonance above theL1
edge.

Finally, we discuss the implication of the double-electron
features relative to the EXAFS data analysis. A fitting pro-
cedure has been applied to the EXAFS spectra extracted with
a conventional three region polynomial spline function. The
results are shown in Fig. 12. The agreement between experi-
ment and theory is not satisfactory~R50.5493107! and the
residual curves show the presence of anomalous structures at
the energies of theL2,3N4,5 and L1N4,5 edges. The refined
parameters obtained from the minimization areRO52.770 Å,
sO
250.012 Å2, bO50.01, NO56.9, and RH53.43 Å,

sH
250.03 Å2, bH50.65,NH512. By comparing these values

with those in Table II it appears that the coordination num-
bers are underestimated and the shell distances are slightly
lower when double-excitation effects are not included. The
same result has been obtained for Sr21 and rare-earth ions in
water solution.9,13,14

TABLE II. Structural parameters of the Ba-O and Ba-H asym-
metric 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 stan-
dard deviations are given in parentheses.

R ~Å! s2 ~Å2! b N

Ba-O 2.780~0.003! 0.012 ~0.008! 0.02 ~0.14! 7.8 ~0.3!
Ba-H 3.44 ~0.02! 0.03 ~0.01! 0.65 ~0.15! 18 ~7!

FIG. 11. E0RO ~lower panel! andsO
2 NO ~upper panel! correla-

tion maps showing the statistical errors on the Ba-O first-shell pa-
rameters. The inner elliptically shaped curves represent the 95%
confidence interval.

12 136 54D’ANGELO, PAVEL, ROCCATANO, AND NOLTING



VII. CONCLUSIONS

A detailed x-ray-absorption investigation of a Ba21 aque-
ous solution above theL edges was carried out with the aim
to characterize the double-electron excitation resonances ap-
pearing in the EXAFS spectra. TheL3, L2, and L1 edge
EXAFS spectra have been analyzed simultaneously in the
correct framework of the radial distribution theory. The
Ba-O and Ba-H signals have been calculated starting from
realistic g(r ) models obtained from MD simulations. The
existence of double-excitation channels at the BaL edges has

been clearly shown. These resonances are attributed to the
excitation of a secondary electron coming from a 4d level.
The experimental values of the energy onset of the
2p4d→(5d)2 transition, in the case of theL3 andL2 spectra,
and of the 2s4d→6p5d, in the case of theL1 spectrum, are
in good agreement with theoretical calculations. The com-
bined L-edge analysis was essential for an unambiguous
identification of the double-electron excitation affecting the
L1 edge. The multiedge analysis allowed reliable structural
information to be obtained also if only a narrow energy re-
gion is available. The presence of multielectron excitations
distorts the EXAFS data analysis leading to systematic errors
on the structural parameters and in an underestimation of the
coordination number. The results of the present investigation
provide a guideline for the correct structural analysis of the
EXFAS spectra above theL edges of rare-earth ions in aque-
ous solutions.
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