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Multielectron excitations at the L edges of barium in aqueous solution
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An extensive investigation of the x-ray-absorption spectra abové tedges of a B& water solution is
presented. Anomalous features are clearly detected in the spectra and have been associated with the creation of
2p4d and Z4d double-core hole states for the, L,, andL, edges, respectively. A reliable determination of
the double-electron edge parameters has been obtained by performing a coimngdgd 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-strucEXAFS) signals. The simultaneous analysis of the
three edges allowed an unambiguous characterization of the multielectron transition affectlng diwss
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 nuniB&63-18206)02941-4

I. INTRODUCTION methods-*!°Less straightforward results have been obtained
in the case of thé; edges, due to the poor signal-to-noise
Recent research has revealed the presence of multieletio of the experimental spectra. The presence of an anoma-
tron excitation effects in the x-ray-absorption spectra of sevious feature associated with thep2d double-electron reso-
eral atomic and molecular syste$he relative intensity of nance was previously recognized in thg absorption spec-
these effects is normally only a few percent of the singletrum of a B&" aqueous solutioff This study is limited to
electron transition and in condensed systems their identificahe L, edge and does not provide any quantitative character-
tion is often hindered by the presence of the structured oszation of the double-excitation channel.

cillating extended x-ray-absorption fine-struct(eXAFS) The presence of multielectron transitions influences the
signal. Thus, most of the initial investigations on multielec- EXAFS structural analysis by introducing unexpected peaks
tron transitions were performed in the gaseous state. at low distance values in the Fourier transfofRT) of the

Features associated with the creation of simultanébus spectrum and modifying its intensity. As a consequence, the
andM holes have been identified in the Ri&Xe 2 Ar,¥ and  structural parameters obtained from the data analysis are af-
Kr (Ref. 5 absorption cross sections, being characterizedected by systematic errors, and this effect is more important
either as a sudden jump, or as a slope change of the atomior coordination number.In disordered systems, where
background. The occurrence of double-electron excitationsultielectron background features may be of comparable in-
in condensed systems was first observed inKSedge tensity to the weak structural oscillations, the standard back-
spectrd and the existence oKL edge features was later ground subtraction is totally inadequate. Therefore, it is cru-
found to be a characteristic of third-period atomStrong cial to develop a data analysis method which allows
KN and KM structures were identified above the B8r°  multielectron transitions to be detected and properly ac-
and Rb(Refs. 10 and 1)1K edges in the absorption spectra counted for. A new improved method, which uses a back-
of different systems. ground empirical model to properly account for double-

Recently, several investigations of the EXAFS spectra oklectron excitations, has been successfully employed in the
rare-earth-based materials have revealed the existence afalysis of different systenfs. Several other methods have
resonances above theedges?~1* These features were at- appeared in the literaturé.
tributed to the excitation of and 4d electrons in the case The aim of the present paper is to provide a deeper insight
of theL; edge, and to the excitation opZand 4d electrons into multielectron transition processes affecting the Ba
in the case of thé., andL; edges. A characterization of the edges. For this purpose we chose & Baqueous solution
energy onset of multielectron transitions was achieved byhere the EXAFS oscillations are expected to be weak, due
comparing the aqueous solution absorption spectra of th® the large structural disorder.
rare-earth series. The experimental values of the energy po- A method which uses molecular-dynami@€D) radial
sition of the double-excitation edges above theandL,  distribution functions as relevant models in the calculation of
edges, compared quite well with the theoretical values obthe EXAFS structural signal has been employed to study the
tained from calculations based on many-body perturbatiomydration shells of Br,'® Rb* ! and Sf*.° This method
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provides a reliable determination of the structural signal as- 15
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 positionL ; absorption spectra of B4 aque- 10 &
ous solutions were previously studiédand 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 combined_-edge data analysis has been carried out.
Very accurate structural results have been obtained by per- ) - , ) ‘ 0
forming a multiple-edge refinement, even though the avail- 20 30 40 50 60 70 80

able energy range for each edge is quite limited. This ap- r(A)

proach was previously employed in the study of the short-

range structure of liquid and crystalline $hThe presence FIG. 1. Ba-O (solid line and Ba-H (dashed ling pair-
of multielectron transitions involving @4d electrons has gistribution functions as derived from MD simulations for®Ban
been detected for the Ba; andL, edges. The simultaneous water (left scalé and corresponding integration numbeirght
analysis of the three edges allowed an unambiguous identscals.

fication of multielectron excitation affecting the, edge. A

careful analysis has been performed in order to quantify th?n Fig. 1. Thegga o(r) shows a very sharp first peak centered

effect of neglecting double-electron excitation effects on the ! . 7 . .
d d t 2.8 A. The integration over this first peak gives a coordi-

structural parameters. The results of the present investigati : ) .
P P d ation numbemMNg of about 9. This value is 0.8 lower than

represent a valid tool in the study of absorption spectrd1 X 26 i )
above theL edges of other systems. the one obtained by Spotat al?® for SP* in water. This

The paper is organized as follows. In Sec. Il the results Oﬁnding Is j_ustified.by ”“? difference of the interaction poten-
the MD computational procedure for the Baaqueous solu- tials used in the simulations. The zero values assumed by the
tion are presented. The experimental details are given in SeQBavdr) between t.he first and_ second peak indicate t_he pres-
Ill. In Sec. IV the evidence for the double-excitation chan-€1C€ Of vyell-defmed hydratlon sh'ell around the cation. The
nels in the raw data is discussed. In Sec. V the multiedg@€arest-neighbor peakin tag, (r) is situated at 3.4 Aand

data analysis method is described and the results are given i€ 'Unning integration number is about 18, which is in
Sec. VI. agreement with thé, value. Figure 2 shows the solvent-

solvent pair-distribution functions compared with the ones
obtained for the solvent alone. The most interesting features
Il. MOLECULAR-DYNAMICS are the small decrease of the height of the first peak in the
COMPUTATIONAL PROCEDURE 0o o(r) with respect to pure water, and the less shallow first
minimum, as a consequence of a slightly higher asymmetry

.Molecular-dynamics(MD).sim.ulatior)s were performed of the first peak. In theg (r) andgy 4(r) we note also a
using an isothermal-isobaric simulation algorithimThe

temperature was kept constant at 300 K by weak coupling to
an external temperature bath with a coupling constant of 0.1

g
(ON

ps. The pressure was also kept constant by coupling to a bath b3
with a coupling constant of 0.5 ps. Simulations were carried Lo}
out using a rectangular box consisting of onéB#on and %
197 water molecules subjected to periodic boundary condi- ob 0.5
tions. All the MD runs were performed using the program 0.0
packagesRoMoss72? The applied empirical force field con-

tains terms representing bond angle bending, van der Waals, = 20}
and electrostatic interactio%.The Lennard-Jones param- v%-lo i
gters used in the present study for’Bavere reported by =
Aquist?® The simple point-charge model was used for 0.0
water?* The SHAKE algorithm was used to constrain bond

lengths A dielectric permittivity,e=1, and a time step of 2 g 20
fs were used. The cutoff radius for the nonbonded interac- 1.0}
tions was 8 A. All atoms were given an initial velocity ob- 00

tained from a Maxwellian distribution at the desired initial 1

temperature. After the initial minimization of the system, the r(A)

MD simulations were performed. The first 40 ps were used

for equilibration and the following 100 ps were used for the  FIG. 2. 0-O, O-H, and H-H pair-distribution functions as de-

analysis. The trajectories were saved every 25 time steps. rived from MD simulations for B&" in water(solid line) compared
The Ba-O and Ba-H radial distribution functiogér) and  with the same obtain from MD simulations of pure watdashed

the corresponding running integration numbers are reporteihe).
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Snt" ions. In this work the possible polyhedral structures of

10.0
water molecules in the hydration shell are discussed in detail.
8.0 t
IIl. EXPERIMENTAL SECTION
~ 60 - The agueous solution was prepared by solubilizing BaCl
2 in deionized water at a concentration of 0.1 M. The absorp-
e tion spectra at the. edges were recorded in transmission
40 mode using the EMBL spectrometer at HASYLABMea-
surements were performed at room temperature with a
20 F Si(111) double-crystal monochromaf8rand 50% of har-
monic reject achieved by slightly detuning the two crystals
00 . . ‘ from parallel alignment. Five spectra for each edge were
0.0 02 0.4 0.6 0.8 1.0 recorded and averaged after performing an absolute energy

cos @ calibration®® The DORIS Il storage ring was running at an
energy of 4.45 GeV with electron currents between 70 and
FIG. 3. Distribution of co8 for the water molecules in the first 40 MA. The solution was kept in a cell with a 0.8 mm Teflon
hydration shell of B&". spacer and Kapton film windows. From the width of the
peaks of the calibratdt the energy resolution of the RiL1)

i ) . monochromator could be determined experimentally as 0.7
decrease of the first peak and the shallowing of the minimumyy, 4t 5112 ev.

with respect to pure water.

~ The orientation of the water molecules with respect to the IV. OBSERVED SPECTRA

ion is described by the cosine of tieangle between the

dipole moment vector pointing from the oxygen to the ion In the standard EXAFS analysis the structural oscillation

(see inset in Fig. B The resulting distributiorisee Fig. 3  is extracted from the raw absorption spectrum subtracting a

shows a dominant peak centered at@es$ and an average Packground function modeled as a smooth polynomial

value at co8=0.6 corresponding t@=53°. These values spline. Multielectron excitations are usually associated with

account for the weaker structuring ability of Bawith re- the presence of slope changes and unexpected features in the

spect to other alkaline-earth iofsas expected due to its 21omic background. These have to be accounted for to per-

large ionic radius. form a reliable structural anaIyS|s. Aqueous s_olu_tlons of ions
The geometric properties of the hydration shell ofBa at room temperature are ideal samples to highlight multiex-

S S . citation effects. Due to the small amplitude of the oxygen
was studied in detail using a method proposed bynRas .
et al 2% for the study of the M&" hydration geometry. The and hydrogen atoms and to structural disorder, the EXAFS

" . . ._contribution to the absorption cross section is weak and is
positions of the hydration water molecules are defined using nfined to the low-energy region of the spectrum and
an _approprlate_z Ipcal coordinate system. In_ this system the 'O8ouble-electron excitation features are clearly visible in the
defines the origin, the oxygen atom of a first water moleculg g, spectra.
of the hydration shell defines the positive axis and the The absorption cross sections at the Ba L., and L,
oxygen of a second water molecule te plane. The arbi-  edge are shown in Fig. 6. The spectra are normalized to the
trary fixing of one of these molecules to define such a coorapsorption discontinuity at each edge and are offset verti-
dinate system introduces some distortions in the statistics. Igally by 0.7 units, for clarity. The zero of the energy scale
order to reduce some of these effects, each water molecule fafers to each respective threshold, defined by the first inflec-
the hydration shell was used to define the positieis. The tion point of the absorption spectra. A careful inspection of
recording of the oxygen atomic positions in the ion-centerthe magnified region of the spectra shown in the inset, re-
coordinate system over the whole simulation run providesseals the presence of anomalous features around 110 eV
the three-dimensional water distribution in the hydrationwhich are similar to the double-excitation structures ob-
shell. The projections of the distribution onto the threeserved in the absorption spectra of some rare-earth ions in
planes of this coordinate system are shown in Fig. 4 in theiqueous solution¥ 14 These features were attributed to the
form of density maps. These density maps show the exissimultaneous excitation of2and 4 electrons in the case of
ence of a high degree of order of the hydration shell watethe L, edge and to the excitation ofp2and 4 electrons in
molecules, but it is not possible to find a regular symmetry inthe case of thé, andL; edges. An unambiguous character-
the pictures. Another way to quantitatively observe this highization of these multielectron transitions has been obtained
degree of order is the use of the angular distribution functiorfrom the experimental data with use of a proper background
of the oxygen-ion-oxygen anglegsee inset in Fig. model as described in Sec. V. The modules of the Fourier
5). P(cosp) as function of cog is shown in Fig. 5. The transform(FT) of the L, L,, andL; EXAFS spectra ex-
maxima in P(cosp) indicate two favorable angles at 140° tracted with a three segmented cubic spline, performed in the
and 70°. The shape and the position of the spots in the derinterval 2.8-9.5 A! (2.7-8.5 A in the case of thd.,
sity maps resemble those obtained by Praiisil. for C2"  edge are shown in Fig. 7. Beside the structural peak at about
(Ref. 29 (for this ion a coordination number of about 9 was 2.3 A, corresponding to the first coordination shell, a further
found and the cog distribution is similar to the one ob- peak is observed at about 1.0 A, which cannot be assigned to
tained by Kowallet al*® for the nine-coordinate Nd and  any structural origin. The presence of these unexpected low-
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4 03 distance peaks is indirect evidence of the presence of multi-
electron excitations in the atomic background, as already ob-
1 02 served for several other systefits.
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In the present work a multiedge analysis has been carried
1 -01 out. The model signal associated with a setvbfdifferent
atomic edges is given by the relation:
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FIG. 4. Density maps of the projections of the oxygen atom FIG. 6. Normalized absorption spectra of’Ban water near the
positions of the nine nearest-neighbor water molecules aroufid Ba L edges. The spectra show the presence of anomalous feéifures
onto the planes of an ion-centered coordinate system, as defined fcated by dashed lines in the inselue to the p4d and 4d
the text, calculated from MD simulations. The normalized isolinesdouble-electron transitions. The zero of the energy scale refers to

are evaluated from 0.006 to 0.030 using an incremental step dtach respective threshold defined by the first inflection point of the
0.003. absorption spectrum. The spectra are offset vertically by 0.7 units.
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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 obtaine:®®> When the EXAFS technique is
used to determine the structure of disordered matendls)

must be represented by the general equétion

Fourier Trasform

X(k)=; f:gj(r)477r2ijj(k,r)sir{2kr+ o;i(k,r)]dr,
()

_ _ where g;(r) is the radial distribution function associated
FIG. 7. Magnitude of the Fourier transform of the’Baqueous  \ith the jth speciesA;(k,r) and ¢;(k,r) are the amplitude
solutionLg, L,, andL, spectra. The peaks around 1.0 A have no and phase functions, respectively, gnds the density of the
structural meaning and are due to the double-electron eXCitatiogcattering atoms. The high-distance lcontribution of k)
effects. signal is damped by the photoelectron mean free pék
through an exponential function of the type gxp/\(Kk)]
which leads to an effective upper integration limit of
5-8 Ain Eq.(3). In our calculation the mean free pattk),

where o) is the atomic cross section of thth considered
absorption channej; is a scaling factor accounting for the
actual density of the photoabsorber atowld, is the EXAFS ;¢ yell as the additional damping factor accounting for the
signal containing the structural information related toitte |\ Jnochromator resolution. is included in the amplitude
edge,S5") provides a uniform reduction of the signal and is ¢, ction Ai(k,r). ’

associated with many-body corrections to the one-electron Recentlly, it has been shown that the EXAFS data analysis
cross sectionk ) defines the relation between the theoreti- o¢ jicordered systems can benefit strongly from the use of
cal and the experimental energy scales, Aff) is the back-  air_gistribution function models obtained from diffraction
ground function, which accounts for further absorbing pro-yata or computer simulations in the calculation of the struc-
cesses. Multielectron excitation channels are accounted fq[, 4 signa!11837 |n the present investigation thg(k)

by modeling the5(E) function as the sum of a smooth poly- {heoretical signals associated with water molecules have
nomial spline plus step-shaped functions. Each function q%een calculated starting from the Ba-O and Ba-H pair-
pends on three parameters: the double-electron edge positigfkyipytion functions obtained from the MD simulations.
relative to the single-hole statkE, its width AD, and the 6 1 the low resolutiori0.05 A), the shape of the first rise
relative jumpH.” Fits of the amofE) to the raw data allow o the calculatedy(r)’s may not be accurate. The high short-
the determination of these parameters and the experlment@inge sensitivity of the EXAFS technique can be used to
characterization of the multielectron transitions channels. improve the low-distance region of the M@(r)'s by refin-

The structural and background parameters are optimizefh, the peak parameters on the basis of the x-ray-absorption
by performing a comparison between g, E) theoretical  y5¢5 |nitial asymmetric peaks are obtained decomposing the

signal and the experimental spectrum. The model signal;p g(r)'s into an asymmetric peak and a long-distance tail.
amod E) is refined by minimizing a square residual function ¢ il contribution is usually calculated using E8) and
of the type: is kept fixed in the refinement. In our case the Ba-O and
N _ 5 Ba-H tail signals have been found tol be negligible and_there—
RUO=S [@exg E) = amod Ei ;N1 N2, A p)] @ fore they have not been considered. As previously
= o'i2 ! described?® the asymmetric peaks are modeled with-tke
distribution function which depends on four parameters,
where N is the number of experimental pointg;, namely the coordination numbét, the average distandg,
{\J=(\1.\p,+\p) are thep parameters to be refined, and the mean-square variatiarf and the skewnes8. These pa-
aiz is the variance associated with each experimental pointameters are optimized by fitting the EXAFS theoretical sig-
ey E). nal to the experimental data allowing the refinement of the
Use of a multiedge analysis gives rise to several advanshort-range shape of the M@(r)’s.
tages. Firstly, the number of experimental points which are Ab initio calculations of theL;, L,, and L, x-ray-
used to derive the structural information is strongly in-absorption cross section and the configurational averages
creased. Secondly, a reliable determination of the refined pawave been performed using toeixas program set® Phase
rameters can be achieved even when only a narrow energhifts and amplitudes have been calculated starting from one
range is available and the EXAFS spectra of different abof the MD configurations by using muffin-tin potential and
sorption channels are overlapped. Finally, for multielementdvanced models for the energy-dependent exchange-
systems partial contributions to the total structural signal areorrelation self-energyHedin-Lundqvist.®® The muffin tin
better defined. radii used where 1.90, 0.90, and 0.22 A for barium, oxygen,
In the standard EXAFS analysis a set of Gaussian shells isnd hydrogen atoms, respectively. Inelastic losses of the
usually employed to describe the coordination of the photophotoelectron in the final state are accounted for intrinsically
absorber atom. This method can produce significant errors ihy complex potentials. The imaginary part also includes a
the determination of the structural parameters for systemsonstant factor accounting for the core-hole widths. The only
which present anharmonic thermal vibrations or interatomiaonstructural parameters which have been minimized are
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TABLE I. L, 3N, sandL;Ny stransition intensities and excitation energies. The absorption discontinuities
H are given in the correspondirigedge jump units. The excitation energi®& 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 15.0p and og represent the cross-section strength for the double- and single-electron absorption pro-
cesses, respectively.

Edge H % AE (exp AE (theo Z+1 oplog (exp % oplog (theg %
L3Nygs 4.1 114 110 102-105 0.8 2.54
LoNgs 3.9 112 110 102-105 0.9 2.54
LiNgs 2.8 120 111 102-105 0.6 2.45

EY and S3, while a fixed value of the monochromator in good agreement with the theoretical predictions, as listed
resolution was used during the minimization of each absorpin Table I.
tion edge. In Fig. 8 the best-fit analysis for the Ba;, L,, andL,
EXAFS spectrgleft, middle, and right panels, respectively
are presented. The first two curves from the top of each panel
VI. RESULTS AND DISCUSSION represent the Ba-O and Ba-H structural signals. The remain-
) ) ) ) der of the figure shows the total theoretical contributions
In this section the combinetl-edge data analysis of the compared with the experimental spectra and the resulting
B&’" aqueous solution is described. The main contribution tqesiduals. In Fig. 8 the dashed curves are the continuation of
the EXAFS structural Signal is related to the ﬁrst'neighborthe EXAFS Signa' associated with the previous edge_ In the
peak of the Ba-O and Ba-H radial distribution functions. Thepresent case these contributions are negligible, but for sys-
Ba-O and Ba-H first-shell peaks are described IbYike  tems with more structured signals the distortion of &)
functions with Ro=2.80 A, ¢’5=0.012 &, B,=0.62, curve due to the overlap of different absorption edges can be
No=8.7, and R,=3.46 A, 0%,=0.036 &, B,=0.60, important. The overall agreement between the experimental
Ny=18.4, respectively. These parameters have been derivegd theoretical signals is excellent anB&0.599< 10" © has
using a least-square fitting on the Mifr)’s. The x(k) sig-  peen obtained. The agreement is slightly worse for lthe
nals associated with the Ba-O and Ba-H asymmetric peakgdge, due to the larger noise of the spectrum. However, also
have been calculated for the threeedges using theNxAs  in this case the residual curve contains experimental noise,
prograni® and a fitting procedure has been applied to thepnly. Note that the structural signals are dominated by the
peak parameters in order to obtain the best fit between thga-O signals, while the Ba-H contributions are weaker and
theoretical and the experimental signals. This approach prgnainly affect the lowk region of the spectra. Nevertheless,
vides a reliable estimate of the structural contribution to theys previously observetf’ the inclusion of the hydrogen sig-
absorption cross section allowing the background parameteigg|s has been found to be essential to properly reproduce the
to be fitted and correctly determined. Least-squares fits of thexperimental spectra in the lokvregion.
three L-edge experimental cross sections have been per- As already observed in other cadés,the step-shaped
formed simultaneously using theTHEO progrant® and a
weighting value of 2.0 has been applied. For each absorption
cross section a step-shaped function has been included in the A AR DN AAARY RN LR RRRRN RN (N0 RAARN RRRAN RN
atomic background to account for thep@2s)4d double-
excitation edges. In Table | the double-electron edge experi-
mental parameters obtained from the fitting procedure are
listed: AE is the energy of the double-excitation channels
relative to the single-hole state and the intensitys mea- x
sured in the corresponding-edge jump units. The energy i
location of these features roughly corresponds to the predic-
tions of theZ+1 approximation. Applying this approxima-
tion means that we consider the Zor 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—quy transition, we have compared £ g Fit of the B&* aqueous solutiohs, L, andL , spectra
our results with the theoretical values obtained by Chaboyjeft middle, and right panel, respectivlyFrom top to bottom of
and co-worker® from many-body perturbation methods. each panel the following curves are reported: Ba-O and Ba-H theo-
According to theseab initio calculations the main double- retical signals, sum of the previous contributions compared with the
excitation channels affecting thie, ; and L, edges corre-  experimental spectrum and residuals. The dashed curves are the
spond to the p4d— (5d)? and to the 24d— 6p5d transi-  extensions of the EXAFS signals related to the previous edges. The
tions, respectively (namely L,N,s and LiNgs). The  dots are the experimental points excluded from the fitting proce-
experimental energy onset of thg N, sandL N, sedgesis  dure.
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FIG. 9. Fourier transforms of the %haqueous solutioh s, Lo, 1
and L, experimental spectradashed ling compared with the total =
theoretical signalgsolid line). The y(k) experimental signals have -
been obtained by subtracting an atomic background which includes B
the double-electron excitation edges. 0 — T TS

5240 5245 5250 5255 5260
function used in the extraction of the structural signal, ac-

counts only for the slope change and the discontinuity asso- E(eV)
ciated with the opening of the double-excitation channels.
Additional features above the multielectron excitation edges

will still remain in the_ structural_ _S|gngl as nonstructural spectrum of the B& aqueous solutiordots as sum of an arctan-
peaks. A sharp feature is clearly visible in thelBa L ,, and gent function, describing the transition into the continuum, and a
L, EXAFS spectra and residuals at about 5.4'Ain order to | grentzian function, representing the transition to the tSound

perform a reliable determination of the structural parameterssiate.
the experimental points in a range of approximately 20 eV
around these peaks have been excluded from the fitting prahis procedure are shown in Fig. 10 for the edge. The
cedure. It is not surprising that tthe, andL, EXAFS spectra energy positions of the single-hole transitions were found at
are very similar, while the_, one is different, due to the 5249, 5626, and 5999 eV, for thsg;, L,, andL cross sec-
different symmetry of the channels. In the latter case theion, respectively. From the minimization the transition into
double-electron resonance feature is located at the oscillaticthe continuum states has been found to occur 2 eV above the
minimum and its intensity is weaker as compared with thap(2s)—5d(6p) transition, for the three edges. The resolu-
affecting theL; andL, EXAFS spectra. The same trend hastion values obtained from the fitting procedure are 0.7, 0.9,
been found by Chaboy and co-work€rfrom ab initio cal-  and 2.1 eV for the_3, L,, andL; edges, respectively. These
culations. results are in excellent agreement with the value determined
Figure 9 shows the comparison of the Fourier transformgrom the calibrator; as expected the experimental resolution
of the calculated and experimental spectra in the range 3.8value increases with energy. The core-hole widith(half
9.6, 3.7-8.7, and 3.7-8.6 A for the L, L,, andL, edge, width at half maximum which optimized the agreement be-
respectively, obtained after removal of the double-excitatiortween the model and the experiment resuli&d;)=1.66,
channels. The low-distance peaks are no longer present and'd_,)=1.78, andl'(L,)=2.00 eV, which compare well with
very good agreement between the theoretical and experimesemiempirical evaluatiorfS. These values have been directly
tal curves has been obtained. The high-frequency peaks included in the calculation of the Ba-O and Ba-H EXAFS
the FT of theL, experimental signal are due to the noise oftheoretical signals. The area of the Lorentzian peak gives a
the spectrum. measure of the intensity of the main transition cross section.
For the structural analysis it is important to assess th&he intensity of the multielectron transition resonance has
intensity of the double-excitation effects with respect to thebeen estimated from the area of the peaks which are left in
EXAFS amplitude. For this purpose Chaboy andthe residual of Fig. 8. The area has been evaluated by fitting
co-worker$® computed the ratio between the double- andthe residual peaks with a Lorentzian function convoluted
single-electron line strength. An experimental estimate of thevith a Gaussian function accounting for the experimental
intensity of the main p—5d and Z— 6p bound transitions resolution as determined previously. The experimental val-
has been obtained by applying a deconvolution model to thees of the ratio between the double- and the single-electron
Ls, Ly, andL, cross sections. The threshold region of thecross section are compared with the theoretical predictions in
spectra has been deconvoluted as a sum of an arctangeérdble I. This is of course only a coarse estimate and is re-
function describing the transition into the continuum, and aported to give a qualitative idea of the agreement between
Lorentzian function representing the transition from thethe experimental results and the theoretical values. The ex-
2p(2s) to the 5d(6p) state. The two functions have been perimental intensity ratios are lower than the calculated ones
convoluted with a Gaussian function accounting for the exin agreement with the results obtained for some elements of
perimental resolution. The deconvolution process has beethe rare-earth seri¢s:'4
performed using a least-square fitting procedure on the The Ba-O and Ba-H peak parameters obtained from the
threshold region of the normalized spectra. The results ofitting procedure are listed in Table Il. After the minimiza-

FIG. 10. Deconvolution of thé ;-edge normalized absorption
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TABLE Il. Structural parameters of the Ba-O and Ba-H asym-
metric peaks obtained from the EXAFS analys$tsrepresents the
average distancer” represents the vibrational variangg,is the
asymmetry parameter, amdlis the coordination number. The stan-
dard deviations are given in parentheses.

8.5

8.0
=
Z

R (A) ? (R? B N 7.5 i
Ba-O 2.780(0.003 0.012(0.008 0.02 (0.14 7.8 (0.3 5
Ba-H  3.44(0.02  0.03(0.0) 0.65(0.15 18 (7) 90

0.01 0.011 0.012 0.013

tion the structural parameters have been found to be slightly
different from the MD starting values; in particular the
Opadr) andgg, (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 Perssenal® on a 0.82 M
Ba* aqueous solution. From the XRD analysis a Ba-O shell
distance of 2.82 A and a coordination number of 8.1 have
been obtained. The EXAFS data analysis was carried out
without minimizing the coordination number due to the) C
amplitude distortion associated with the opening of the mul- I e e e
tielectron excitation channels. Note that the Ba-O shell dis- 5253.5 5254 5254.5
tance obtained from the XRD investigation cannot be di- E, (eV)
rectly compared with the value in Table Il. In the present
EXAFS analysis the Ba-O first shell peak is modeled with an
asymmetric peak Wh(.EﬂE.IS the average distance and not thetion maps showing the statistical errors on the Ba-O first-shell pa-
modal value of t.he distribution. . rameters. The inner elliptically shaped curves represent the 95%
The zero positions of the theoretical energy scales Werg sqence interval.
found at 5254.%0.2, 5631.50.3, and 600%1 eV for the
Ls, L,, and L, cross section, respectively. TI®§ values .
were found to be equal to one for the three edges. A general remark should be made on the improvement of
Particular attention has to be paid to the accuracy of théhe EXAFS data analysis which is achieved by performing a
structural parameters listed in Table Il. A thorough descripmultiedge refinement. To this end we have applied a fitting
tion of a correct procedure for error evaluation is describedrocedure to the threle edges, separately. In the case of the
in Ref. 41. By neglecting systematic errors in the experimenk , 3 edges the fitted parameters obtained from the separate
tal data and in the theory, the error affecting the fitted patefinements are equal to those reported in Table Il. An in-
rameters can be estimated on the basis of statistical conceptsease of about 20% has been found for the errors associated
Standard deviations and correlated effects can be evaluatedth distances and coordination numbers. As far aslthe
by using correlation maps for each couple of parametersedge is concerned, a satisfactory determination of the struc-
Contour maps showing the correlated errors associated witlural parameters is hampered by the larger signal-to-noise
a 95% confidence interval are presented in Fig. 11, for someatio of the spectrum. Therefore, the aid of the multiedge
relevant parameters. A positive correlation has been foundnalysis was essential to perform a reliable characterization
between théE, values andRy, 03 andNo, andRg andB,,  of the double-electron excitation resonance above lthe
while there is no correlation between the other possible paedge.
rameter couples associated with the Ba-O shell. From the Finally, we discuss the implication of the double-electron
present analysis the errors affecting the Ba-H shell paramfeatures relative to the EXAFS data analysis. A fitting pro-
eters have been found to be larger, due to the strong correedure has been applied to the EXAFS spectra extracted with
lation betweeno? and Ny, and betweerR, and B,. This  a conventional three region polynomial spline function. The
effect is responsible for the large uncertainty of the Ba-Hresults are shown in Fig. 12. The agreement between experi-
coordination number. This is not surprising as the amplitudement and theory is not satisfactofig=0.549<10") and the
of the Ba-H contribution is small and the data range of theresidual curves show the presence of anomalous structures at
detectable signal is narrow. the energies of thé, N, s andL;N, 5 edges. The refined
The high sensitivity of the EXAFS technique to the low- parameters obtained from the minimization Reg=2.770 A,
distance range of thg(r) first peak is shown by the low ¢3=0.012 & B,=0.01, No=6.9, and R,=3.43 A,
errors obtained for the Ba-O peak parameters. This allowed a;=0.03 A, 8,=0.65,N,=12. By comparing these values
very accurate determination of the short-range properties ofith those in Table Il it appears that the coordination num-
the Ba-Og(r). On the contrary, the refinement of the short- bers are underestimated and the shell distances are slightly
distance shape of the Ba-H MB(r) on the basis of the lower when double-excitation effects are not included. The
EXAFS information is hampered by the low accuracy of thesame result has been obtained fof'Sand rare-earth ions in
refined structural parameters. water solutior?*314

FIG. 11. EgRg (lower panel and o3 N (upper panélcorrela-



54 MULTIELECTRON EXCITATIONS AT THEL EDGES G . .. 12 137

Al A RRARS BAAA been clearly shown. These resonances are attributed to the

Ly excitation of a secondary electron coming from c lével.
I 0.025 The experimental values of the energy onset of the
' 2p4d— (5d)? transition, in the case of tHe; andL , spectra,

and of the 24d—6p5d, in the case of thé ; spectrum, are
in good agreement with theoretical calculations. The com-
bined L-edge analysis was essential for an unambiguous

x(k)

Residual Residual Residual identification of the double-electron excitation affecting the

L, edge. The multiedge analysis allowed reliable structural

AN T N information to be obtained also if only a narrow energy re-
4 6 8 4 6 8 4 6 8 gion is available. The presence of multielectron excitations
k(A 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
rovide a guideline for the correct structural analysis of the

\EXFAS spectra above tHe edges of rare-earth ions in aque-
us solutions.

FIG. 12. Comparison of the totaledge theoretical signals with
the experimenta(k) experimental spectra extracted without the
inclusion of the double-excitation edges. The residual curves sho
the presence of features which are associated with the opening %
the double-electron excitation channels.
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