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An extensive investigation of the extended x-ray-absorption fine structure (EXAFS) at the L edges of
the rare-earth atoms of aqueous ionic solutions of La3*, Ce3*, Ce**, Nd**, Pr’**, Eu’*, Dy", and
Tm3" at concentrations of 50, 100, and 200 mM, is presented. The presence of anomalous peaks, ap-
pearing in the range from 5 to 7 A "and superimposed to the main single-frequency oscillatory signal,
has been explained as due to double-electron transitions 2p4d — 5d? in the case of L, and L, edges, and
2s4d —6p5d for the L, spectra. The energy of the double-excitation absorption edge increases as the
atomic number of the element of the rare-earth series is increased and is in fair agreement with previous
theoretical bound-to-bound calculations. The intensity of the anomalous feature decreases for increasing
Z numbers, as expected from theory, but the intensity values, calculated from comparison with the main
single-electron absorption line, are lower than those calculated by other authors and the double-
excitation peak disappears in the Tm®* spectrum. A structural analysis of the EXAFS spectra was also
carried out with the twofold aim of characterizing rare-earth water solutions and quantifying the errors
introduced in the structural parameters by the mixing of single- and double-electron phenomena. The
results show the rare-earth ions are always surrounded by 12 water molecules and the rare-earth—O dis-
tance decreases with Z number, varying from 2.56 A for La’* down to 2.32 A for Tm?*. The presence
of the anomalous peaks introduces small errors in the bond-length’s determination, the effect being pro-
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portional to the magnitude of the double-excitation peak.

I. INTRODUCTION

During the last years one-electron theory, which
neglects multielectron excitations, has dominated the
field of x-ray-absorption spectroscopy. Nevertheless, the
presence of multielectron transitions has already been ob-
served in the x-ray-absorption coefficient of atoms.!™®
The intensities characteristic of such a phenomenon are
usually very low and the related anomalous features are
difficult to observe in solid samples due to the presence of
the quite structured oscillating extended x-ray-absorption
fine-structure (EXAFS) background. The intensity associ-
ated with this kind of excitations is comparable with the
amplitude of the EXAFS oscillation only in a few sys-
tems, allowing an unambiguous identification of their en-
ergy position and shape. As a consequence, multielectron
transitions have been easily identified only in a small
number of cases, mainly in disordered systems, and only
in a few crystalline samples.” 13

We already observed an anomalous feature superim-
posed to the EXAFS oscillation in some intermetallic al-
loys as LaRu,, CeFe,, and CeRu, after hydrida-
tion. #1713 The identification of the anomalous peak as a
multielec- tron excitation, was made possible by the effect
of the hydridation process which induces a large disorder
around the rare-earth atom smearing out the EXAFS os-
cillation. A little structure appears in all the hydridated
samples at the L; EXAFS spectra independent of the hy-
dridation degree. We attributed this feature to an intra-
atomic electron transition involving two electrons, 2p and
4d, giving a final state with two holes 2p4d and two parti-
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cles (5d)2.12 Recently, anomalous features in the L, EX-
AFS spectra of cerium nitrate, LaNi,, and rare-earth-
doped silica gel compounds have been detected at energy
values coinciding with previous findings.!*!> These ex-
periments clarify that the multielectron excitations ap-
pearing in rare-earth L; spectra are independent of the
atomic chemical state and have an atomic origin. The
presence of double-electron excitations at the rare-earth
L, edge is more difficult to individuate. Only few experi-
ments have been performed at the L, edge because, due
to the low L, cross section and the consequently worse
signal-to-noise ratio, the measures are more complicated
and the detection of anomalous features is even less clear.
The existence of the double-electron excitations at the L,
edge has been reported in Ref. 14 but the quite large
noise makes the result unclear.

Theoretical calculations based on a many-body pertur-
bation method have been performed for the LN, 5 excita-
tions of the sixth-row elements. The energy position and
cross section relative to the L main lines have been re-
ported for the whole series. Transitions 2p4d —5d? are
shown to determine the L, ; resonance, while the process
254d — 6p5d dominates at the L, edge. !>

The main goal of this work is to verify the atomic char-
acter of the detected features and to investigate its trend
in the rare-earth series. The ideal experiment would be to
study these elements in the gas phase, but, due to the low
rare-earth vapor pressure, the spectra are very noisy,
making the detection of small anomalies practically im-
possible. Some experiments in the gas phase were per-
formed indeed, by the Hasylab group!’ but only the x-
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ray-absorption near-edge structure (XANES) region was
measured. As we have pointed out before, the use of
solid compounds makes it also difficult to distinguish
anomalous structures from the single-electron EXAFS
oscillations. They have been detected in a few cases by
comparing the L, and L, spectra of rare-earth oxides. !4

These technical problems could be overcome by the use
of liquid samples. It is well known that the EXAFS spec-
trum of diluted ionic solutions is composed by a unique
oscillation frequency coming from the scattering with the
water first coordination shell.'® In this case the detection
of a small feature, superimposed to an oscillation with a
much longer period, is much more direct and the com-
parison of the L, and L; spectra would make it even
easier.

Only a few structural experiments have been per-
formed, to our knowledge, on rare-earth transition metals
in water solutions. 2! Something appears in the Ce**
and Ce**t spectra???* at about 130 KeV above the L,
edge but the authors filter the small feature out.

In the present paper, we report a systematic experi-
mental EXAFS study of the rare-earth ions in water solu-
tion. X-ray-absorption spectra at the L,, L,, and L,
edges of the rare-earth ions La’*, ce*t, ce*t, prit,
Nd**, Eu®**, Dy**, and Tm** at 50, 100, and 200 mM
have been recorded. The identification of anomalous
structures was performed by comparing the EXAFS sig-
nals of the different solutions and by comparison of L,
L,, and L, spectra of the same rare earth. We will show
that a multielectron excitation is present at the L; and
L, edges in almost all the elements of the series and that
its intensity decreases with the atomic number disappear-
ing for Tm. The L, spectra also present an anomalous
behavior but it is more difficult to isolate the anomaly
from the underlying EXAFS background.

A systematic study of the coordination of rare earths in
a water solution has also been performed. We have deter-
mined the coordination geometry finding that rare-earth
ions are always coordinated with 12 water molecules in-
dependent of the rare-earth concentration, at least in the
range of concentration studied. The interatomic dis-
tances have also been determined and they decrease, as
expected, with the rare-earth atomic number. A careful
analysis has been performed in order to quantify the pos-
sible errors introduced by the presence of the many-body
anomaly.

II. EXPERIMENTAL DETAILS

The aqueous solutions were prepared by diluting rare-
earth chlorides in de-ionized water at concentrations of
0.05, 0.1, and 0.2 M. Ce*t was diluted in a previously
acidified solution of pH=1. Tm,0; reference samples
were prepared by dispersion of the proper amount of the
pure oxides in boric acid and pressing the powder in pel-
lets.

The experiments were carried out at the Synchrotron
Radiation Source of the Daresbury Laboratory. The
storage ring was operating at 2 GeV and the average
current stored was about 200 mA. The absorption spec-
tra at the L edges of rare earths were recorded at Station
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7.1. The beamline was equipped with a Si(111) double-
crystal monochromator and 50% of harmonic rejection
achieved by slightly detuning the two crystals from the
parallel alignment. The absorption experiments were per-
formed at room temperature in the transmission mode
using mylar cells with thickness ranging from 0.5 to 4
mm. Different thicknesses were used depending on the
rare-earth element and on the edge (the L, edges were
normally measured in a cell whose thickness was twice
those used to measure the L, spectra). The incident and
transmitted intensities through the sample were recorded
by two ionization chambers filled with a mixture of He
and Ar that was optimized for each edge. Two typical
absorption spectra are shown in Fig. 1 for the L, edge of
Tm and La. One can observe how the white lines are
sharp and very intense with respect to the absorption
jump, ensuring the absence of higher harmonics, that
would artificially lower the absorption, as well as the
good energy resolution achieved, that is estimated to be
about 2 eV.

The experimental EXAFS spectra were extracted from
the raw spectra by following standard methods.?® The
background from previous edges (up) was removed by
pre-edge polynomial fitting and the atomic absorption
coefficient (u,) was determined by a cubic spline approxi-
mation to obtain the EXAFS oscillating signal defined as
x(k)=[ulk)—ug(k)—po(k)]/puo(k), where the photo-
electron vector k is given by k =(2m /# )/ (E —E,).
The energy origin E,, corresponding to the absorption
threshold, was defined as the inflection point of the ab-
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FIG. 1. Background substracted x-ray absorption Lj; spectra
of La’* and Tm3* water solutions. Note the intensity and
sharpness of the white lines. The Tm spectrum has been shifted
by 50 eV for sake of clarity.
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sorption edge. The EXAFS signals, x(k), were Fourier
transformed by using in all the cases the same Gaussian
window with the same k limits (K ;, =2.5 A™Y, ko, =9
A™!). The modulus of the Fourier transforms (FT)
shown in the following are not corrected for the central
atom phase shifts so that the peaks are shifted with
respect to the true R values.

III. RESULTS AND DISCUSSION

A. Identification of the multielectron
excitation

The L, L,, and L; EXAFS spectra for the same rare-
earth atom at the three concentrations studied are very
similar showing that the rare-earth coordination as well
as the anomalous structures appearing in the spectra, do
not change for concentrations varying from 0.05 to 0.2
M. The L,, L,, and L, spectra of Pr>" at concentrations
of 0.05 and 0.2 M are compared in Fig. 2.

The L; EXAFS spectra of different rare-earth ionic
aqueous solutions (R =La’*, Ce3*, Pr’t, Nd**, Eu’™,
Dy>*, Tm3") are reported in Fig. 3. They are character-
ized by the same oscillating behavior which reveals the
existence of a first shell local order around the rare-earth
site. The EXAFS signal is formed by a near single-
frequency oscillation indicating that only an ordered
coordination shell is seen from the rare-earth site. A
small feature in the range from 5 to 7 A~ ! appears super-
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FIG. 2. Comparison of the L, L,, and L, EXAFS spectra of
Pr3* water solutions at 0.05 M (continuous line) and 0.2 M (dot-
ted line) concentrations. The zero of the vertical axis refers to
the L, spectrum, the other spectra are shifted upwards and
downwards for sake of clarity.
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imposed to the main oscillation. Its intensity decreases
with the rare-earth atomic number and it disappears for
the Tm spectrum that is the last of the series.

The same Tm spectrum can be used, on the basis of the
following considerations, to separate the anomalous
features appearing in the lower atomic number spectra,
from the EXAFS background. The difference we observe
among the single-frequency EXAFS signals of the
different R solutions is associated with a change of fre-
quency due both to the small change of the R-O bond
length across the series and to the different central-atom
phase shift. Therefore, considering that the differences of
central-atom phase shifts among the various element of
the R series are quite small and, as a first approximation,
nearly linear in k, we can superimpose all the spectra of
the series to the Tm spectrum through a proper k rescal-
ing:

k rescaled =f (R)-k experimental »

being f(La)=0.9268, f(Ce)=0.9321, f(Pr)=0.9333,
f(Nd)=0.9495, f(Eu)=0.9708, f(DY)=0.9876. The con-
stant values f (R) has been obtained by best fitting of the
Tm spectrum with the spectra of the other elements of
the series.

The result of this simple analysis is shown in Fig. 3. We
can observe how the rescaled Tm spectra fairly coincide
with the EXAFS oscillations of the whole series indicat-
ing that coordination around the rare-earth ion is the
same for all the samples and that the anomalous feature
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FIG. 3. Experimental L rare-earth EXAFS spectra of La’*,
ce*t, pr’t, Nd*t, Eu®t, Dy**, and Tm?* aqueous solutions
(solid line) and Tm>* scaled spectra (see text) (dotted line). The
zero of the vertical axis refers to spectrum of Tm, the other
spectra are shifted upwards for sake of clarity.
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can be isolated in a simple way from the underl inF
EXAFS signal. The detail of the region from 5 to 7 K“ ,
in which the multielectron excitation appears, is shown in
Fig. 4. As can be observed, the anomalous feature intensi-
ty decreases as the atomic number Z increases until no
appreciable difference is observed between Dy and Tm.
The fact that the position in energy of these structures
varies as a function of the rare-earth atomic number
whereas the EXAFS remains unchanged after rescaling,
strongly suggests that they are due to many-body intra-
atomic processes.

A more accurate measure of La, restricted to the re-
gion of the multielectron excitations is shown in Fig. 5.
The La L, spectrum was recorded with a step in energy
of 0.25 eV and a fine structure is clearly observed above
the onset of the anomaly. The two first peaks above the
double-excitation edge could be related to relativistic
splitting of the 2p,4d — 5d, 5d transition, the shift in en-
ergy of about 4 eV in agreement with the calculated value
from Ref. 15. A few further structures are observed too
on the high-energy side, recalling a fine structure, i.e., re-
lated to chemical and/or structural effects. A similar
behavior is observed also in the other elements of the
series although it is more and more broadened for in-
creasing Z numbers. It is worth remarking that the
shape of the same kind of anomaly, observed in a previ-
ous work on R hydrides at the L, edge of La,'? was ap-
preciably different pointing to the presence of some
chemical and/or structural effect and the subject is a
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FIG. 4. Detail of the L; EXAFS spectra of rare-earth aque-
ous solutions (solid line) and their corresponding scaled Tm3*
spectra (dotted line) in the k ranges 5-7 A . The zero of the
vertical axis refers to the La spectrum, the other curves are
shifted downwards for sake of clarity.
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FIG. 5. Detailed measurement of the anomaly at the La L,
edge. The spectrum was taken with a step in energy AE =0.25
ev.

matter for further study.

The comparison between L, and L; spectra for the
whole series is shown in Fig. 6. The double-electron exci-
tation appears, as expected, in the L, spectra too, and the
L, and L, spectra are very similar to each other. The
Ce®* spectrum is the only exception showing a different
intensity of the anomalous peak.

In order to clarify that the anomalies observed in the
L, and L, spectra do not derive from scattering events
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FIG. 6. Comparison of the signal corresponding to the ab-
sorption at the L; (solid line) and L, (dotted line) edges of rare-
earth aqueous solutions. The zero of the vertical axis refers to
the La spectrum, the other curves are shifted downwards for
sake of clarity.
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we have also compared the L; and the L, spectra. It is
well known that the L, and L, EXAFS present the same
oscillating behavior, except for a 7 shift and the different
central-atom phase shifts related to the different kind of
core electronic transition. On the contrary, features not
associated to single-electron excitation events would not
show the same behavior. As shown in Ref. 26, the L,
spectrum cannot be reproduced from the correspondent
L, edge by a simple 7 change (the so-called “m ap-
proach”) and it is necessary to also take into account the
different central-atom phase shifts for excitations from
2p (I =1) and 2s (I =0) core levels. Adopting the approx-
imation that the difference between the L; and L,
central-atom phase shifts, i.e., A8=¢’=2(k)—¢l:1(k), is
linear in k, we can generate the L; signal from the L,
spectrum multiplying it by —1 (7 phase shift) and operat-
ing a linear k rescaling to take into account A8. The pro-
cedure is just the same as that used for the comparison
and k rescaling of the Tm L ; spectrum to fit it to the oth-
er spectra of the L, series. This time the rescaling is re-
lated to the phase shift change due to the different kind of
edge of the same material, while in the former case it was
due both to the change of bond length and phase shifts of
the different atomic species. The L; EXAFS spectra are
compared with the rescaled and inverted L, signals of the
same element in Fig. 7. A satisfactory overall agreement
is obtained for the whole L; /L, series and, at the same
time, the well observable anomaly appearing in the L,
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FIG. 7. Comparison of the signals corresponding to the ab-
sorption at the L; edge of rare-earth aqueous solutions (solid
line) and those obtained starting from the L, signal (dotted line)
using the method described in the text. The zero of the vertical
axis refers to the Tm spectra, the other curves are shifted up-
wards for sake of clarity.
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signals is still evident in the same k region confirming
that its origin is not related to single-electron scattering
events.

A careful analysis of the L, spectra has been also car-
ried out since the presence of double-excitation features
cannot be excluded from the above L,-L; comparison.
We performed therefore the same analysis employed for
the L, edges on the L, spectra, i.e., we used the last ele-
ment of the series whose anomaly is so weak that it is no
longer observed, to fit the EXAFS background of the oth-
ers. The signal used in this case as reference and rescaled
to fit the others, is that of Dy instead of that of Tm. The
intensity of the anomaly is indeed lower than in the L,
series and the signal-to-noise ratio of the spectra is also
worse, the L cross section being considerably lower than
the L; one. Therefore the Dy signal was considered
more suitable than Tm showing a better signal-to-noise
ratio and the anomaly no longer being detected. We used
the same kind of linear k rescaling applied to the Tm sig-
nal but fitting La, Ce, Pr, Nd, and Eu with Dy. Very
broadened anomalous features appear in the range 5-7
A7 !in analogy with those detected in the correspondent
L; spectra of the same elements and they are shown as
shaded areas in Fig. 8 where the L-edge EXAFS spectra
of La, Ce, Pr, Nd, and Eu are compared with the k-scaled
Dy spectrum. In this case, the anomalous features seem
to be located at the oscillation minima and, due also to
the larger noise/signal ratio of the L, spectra, it is more
complicated to isolate the anomalies from the EXAFS
background. However, the shaded areas shown in Fig. 8
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FIG. 8. L, EXAFS spectra of the rare-earth aqueous solu-
tions (solid line) and their corresponding scaled Dy** spectra
(dotted line) in the k range between 5-7 A . The zero of the
vertical axis refers to the La spectrum, the other curves are
shifted downwards for sake of clarity.
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can be related to an anomalous feature since they appear
in the energy region previewed by theory'® and, as occurs
for the L, spectra, they decrease in intensity and shift to
higher energy for increasing rare-earth atomic numbers.
A similar feature has been observed in rare-earth-doped
gel materials and associated to a double electronic transi-
tion from a 2s4d — 6p 5d transition. !>

In order to assign the structures observed to a specific
many-body transition we have compared our results with
the previous cross section theoretical calculations. !> !¢
To calculate the intensity of the experimental anomalous
features relative to the main 2p — 5d bound transition, we
have applied the following procedure that is illustrated in
Fig. 9 for the Dy** L, edge. The experimental near-edge
region was deconvoluted as sum of an arctg function,
representing the transition to the continuum, with a
Lorentzian curve which represents the white line, i.e., the
transition from the 2p to the 5d bound state. The area of
the Lorentzian peak gives a measure of the transition
cross section and the intensity of the anomalous feature
could be estimated by integrating the difference between
the experimental spectrum and the Tm>* rescaled signal.
This estimation is of course qualitative, due also to the
structured nature of the double-excitation feature, and is
reported to give a qualitative comparison between experi-
ment and the theoretical calculations of the bound-state
double-electron transitions. The intensity ratios between
the main transition and the two-electron transition have
been calculated for the whole series and are reported in
Table I together with the theoretical values from Ref. 16.
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FIG. 9. Deconvolution of the L;-edge absorption spectrum
of Dy** water solution as sum of an arctg function, representing
the transition to the continuum, and a Lorentzian curve
representing the transition to the bound 5d state.
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TABLE 1. 2p4d —5d? double electron transition intensities
and excitation energies of the rare-earth series at the L; edge of
rare earths. Theoretical data have been taken from Refs. 14 and
15. R is the rare earth; o /o s(exp) is the ratio between experi-
mental cross section strengths of the double excitation and of
the white line in % calculated as described in the text;
op/0s(teo) is the ratio between theoretical values. AE is the
energy of the double excitation relative to the single-hole state.

R op/oslexp) % op/os(teo) % AE(exp) eV AE(teo) eV

La 1.21+0.2 2.16 125£5 123
Ce 0.74+0.2 1.66 12915 122
Pr 1.1£0.2 1.40 127+5 128
Nd 0.7+0.2 1.20 135+5 134
Eu 0.5+0.2 0.80 156£5 152
Dy 0.240.2 0.56 162+5 170

The experimental energy shift of the 2p,4d —5d*
double-electron transition with respect to the main
2p —5d transition is in fair agreement with the theoreti-
cal values. It has been estimated as the difference be-
tween the energy of the anomaly maximum and the ener-
gy of the absorption threshold (E,), a quite large error is
given on the estimated values due to the structured
and/or broadened nature of the anomalous features. A
qualitative agreement is instead obtained for the transi-
tion cross sections. The experimental intensity ratios
values, o, /0, are in general lower than the calculated
ones and show a faster decrease with the atomic number
(see Table I).

Regarding the L, edges, it is more difficult to evaluate
the positions in energy of the double-electron transitions,
since they are very broadened and only a qualitative
agreement with the theoretical data can be established.
As far as the intensity ratios are concerned, the calcula-
tions reported in Ref. 15 show that they are similar to the
correspondent values for the L; spectra but, on an exper-
imental point of view, it is hard to give an estimation of
the double-excitation strength with respect to the one-
electron transition. In the case of the L edge indeed, the
one-electron excitation takes place through a 2s—6p
transition and, the 6p state extended to the continuum, it
is impossible to evaluate the transition strength as for the
bound-to-bound transition responsible for the L; white
line. We could have an idea, on a qualitative point of
view, of the experimental intensity ratio of the double-
to-single transition at the L, edge by comparing the
shaded region area shown in Fig. 8 with the L, experi-
mental cross section, taken as the absorption edge jump,
and making the same comparison for the L, edge. We
observe that the L and L; double-electron transition in-
tensities show similar values of the ratio with the
correspondent L, and L, one-electron transitions, agree-
ing in this sense with the similar o, /0 ratios obtained
by the theory.

B. Structural analysis

The modulus of the Fourier transforms (FT) of the .-
weighted experimental L, EXAFS spectra, performed in
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the k interval 2.5-9 A™! and using a Gaussian window,
are reported in Fig. 10. A main peak corresponding to
the first coordination water shell is observed, some other
smaller peaks appear at higher and lower distances. The
amplitude of these peaks, mainly that observed at low R
values, are indirect evidences of the presence of mul-
tielectron excitations as already suggested by other au-
thors.?’” The intensity of these peaks decreases indeed,
with the atomic number according to the decreasing in-
tensity of the anomalous features present in the EXAFS
signals.

The presence of the multielectron excitations makes,
therefore, the EXAFS analysis particularly delicate. The
use of model compounds is not possible for the low-Z
rare earths, since anomalous structures are present in the
models as well, distorting phases and amplitudes. Things
are easier for the R with a higher-Z number due to the
decreasing intensity of the anomalous features. Theoreti-
cal phases and amplitudes have been used therefore to
carry out the structural analysis of the spectra and a
check on their reliability was done on Tm,O;.

The theoretical EXAFS signals have been generated
using the FEFF3.11 code?® and tested for the Tm-O pair
through the analysis of the first coordination shell of
Tm,0; oxide. The theoretical EXAFS spectrum at the
rare-earth L, edge was calculated for a cluster of eight
oxygen atoms located at 2.3 A from the R absorber atom.
The Fourier-filtered EXAFS spectra were analyzed by
least-squares minimization of the difference between ex-
perimental and theoretical data. The fit parameters,
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FIG. 10. Fourier transform modulus of the L; EXAFS spec-
tra of the rare-earth aqueous solutions. The zero of the vertical
axis refers to the La spectrum, the other curves are shifted
downwards for sake of clarity.
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TABLE II. Best-fit values obtained for coordination numbers
(N), interatomic distances (d), and Debye-Waller factors (o?),
of the first oxygen shell of Tm,0; compared with the crystallo-
graphic data. The subscript “cryst” correspond to crystallo-
graphic data taken from Refs. 29 and 30. The errors on the fit
parameters have been estimated according to Ref. 31 and are
(see also text): AN/N=10%, AR =0.01 &, Ac>=0.003 A".

n d (A) o%(A%) Neryst
Tm,0, 6 223 0.0066 6

d(cryst)
2.231

iterated until least-squares minimization was achieved,
were coordination number N, distance d, and Debye-
Waller factor o2. The errors on the fit parameters were
evaluated by changing each variable, while refining the
others, until the residual at minimum was doubled. 3!

The EXAFS of Tm,0; was Fourier transformed in the
range 2.5-9 A7! and the first shell EXAFS contribution
obtained by Fourier filtering in the range 0.85-2.5 A.
The comparison between the experimental filtered spec-
trum and best fit is reported in Fig. 11(a). The best-fit re-
sults are reported in Table II and compared with the
crystallographic data.?®3 The relative error on coordi-
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FIG. 11. k-weighted Fourier-filtered EXAFS of the first shell
(continuous line) and best fit (dotted line) of the L; edge of
Tm,0; (a), Tm** (b), and La** (c) water solution. The best fit
for La was performed on the Tm** k-rescaled signal.
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nation numbers is of about 10%. The errors on Debye-
Waller factors and bond lengths are of about 0.003 A2
and 0.01 A, respectively. The excellent agreement be-
tween the crystallographic and EXAFS data makes us
confident of the reliability of the theoretical phase shifts
and amplitudes generated by the same code for the rest of
the R series.

In order to establish the influence of the anomalous
peak on the EXAFS analysis and consequently, on the er-
ror in the structural parameters and, on the other hand to
determine the coordination sphere of water solutions of
rare-earth ions, we have performed the spectra analysis
following two different procedures. First, the experimen-
tal spectra were Fourier filtered in the range indicated by
the arrows in Fig. 10 and a best fit performed by least-
squares minimization of the difference between experi-
mental and theoretical data. The second method consists
of using the rescaled Tm3* signals, shown in Fig. 3, as
experimental EXAFS spectra of the different samples.
They were able to reproduce well the double-excitation-
free background of the other components of the series, re-
moving the anomalous features from the spectra. The
best fit was then performed as above but on signals in
which the anomaly was in some way filtered out. The
comparison with the results obtained using the former
procedure can give an idea of the errors induced by the
presence of the double-excitation features. The structural
parameters obtained in the two cases are reported in
Table III, the fit parameters were again coordination
number N, distance d, and Debye-Waller factor o2. The
errors have been estimated as mentioned above and the
values found are equal for both analysis procedures and
similar to those found for the oxide (see table). For illus-
tration, the best fits of Tm>* and La3" solutions are com-
pared with the experiment in Figs. 11(b) and 11(c), re-
spectively. The fit reported for La is that performed, fol-
lowing the second method, on the correspondent k-
rescaled Tm signal.

The coordination numbers, corresponding to the first
shell contribution of the R-O pairs, are shown to be the
same and equal to 12 for all the samples, indicating a cu-
booctahedral symmetry of the water molecules around
the R atom. The R-O bond length decreases for increas-
ing atomic numbers as expected from the decreasing ion-

TABLE III. Structural parameters obtained from the L,
EXAFS spectra of the rare-earth ions in water solution: coordi-
nation numbers (N), interatomic distances (R), and Debye-
Waller factors (o2). Subscript 1 indicates parameters obtained
by best fit of the experimental spectra including the anomaly of
the double electron excitation. Subscript 2 refers to the data ob-
tained after removing the anomalous structure (see text). The er-
rors on the fit parameters are AN/N=10%, AR =10.01 A,
Ac?=0.003 A’, for the whole set of samples.

R La Ce Pr Nd Eu Dy Tm

N 12 12 12 12 12 12 12
R, (A) 258 255 254 249 241 237 232
R, (A) 256 253 252 248 241

o? (A) 0.008 0.0087 0.0065 0.0067 0.0075 0.0077 0.0075
o2 (A% 0.0087 0.0084 0.0082 0.0082 0.0074
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ic radius. A small difference of interatomic distances is
observed for La, Ce, and Pr for the two different methods
and can be directly related to the presence of the anomaly
that is more important, as we know, for the low-Z num-
ber R atoms.

We would also like to mention that Ce** water solu-
tions have been measured as well but a similar kind of
analysis is not possible for this system. It is well known
indeed that the XANES spectrum of Ce** is character-
ized by a double peak originated by the existence of two
excitation channels coming from the two ground-state
electronic configurations (f° and £1).3%3? It has been sug-
gested that these two channels are extended to the
EXAFS region in such a way that two different EXAFS
contributions, coming from the two configurations,
would be mixed in the overall spectrum.?* Our data
show that the amplitude of the EXAFS spectra is much
lower than those observed either for Ce3" and for the rest
of the series suggesting a possible out-of-phase superposi-
tion of different contributions. A detailed analysis of the
Ce*" spectrum and its possible deconvolution in two
different channels is the object of a future work and is a
little outside of the aim of this paper. Nevertheless, we
would like to show that an anomalous structure has been
observed also in the L, and L, spectra of Ce** located at
the same energy as in the Ce®' spectra. The Ce** L,
and L, EXAFS spectra are compared with the L, spec-
trum of Ce3" in Fig. 12. The presence of the anomaly
demonstrates again that its presence is independent of the
R chemical state being a consequence of a multielectron

x(k)

1IIALIAIAJJJIALLA

k (A1)

FIG. 12. Comparison of the L,, L; EXAFS spectra of Ce**
water solution (curves b and ¢) with the L; EXAFS spectrum of
Ce** (curve a). The origin of the vertical axis refers to curve b,
curves a and c are shifted downwards and upwards for sake of
clarity.
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excitation phenomenon. It is worthwhile to note that in
this case the anomalous structure is formed by two
different peaks which indicate that the two different
channels are operating also for the double-electron excita-
tion, 3433

IV. CONCLUSIONS

An extensive x-ray-absorption investigation is present-
ed on R water solutions with the aim to characterize the
double-electron excitation phenomenon appearing in the
EXAFS spectra at the R L edges and to study its evolu-
tion through the R series. This study, together with pre-
vious works on some different systems, corroborate the
presence of multielectron excitations for these atomic
species. We show that the position in energy of the anom-
alous structures is in agreement with theoretical calcula-
tions for the simultaneous transition 2p,4d — 5d, 5d in the
case of the L, and L, spectra and 2s,4d — 6p,5d for the
L, spectra. The intensity of the transition decreases with
the rare-earth atomic number, as expected from theory,
but the values deduced from the comparison with the
main excitation feature are lower than those calculated in
Ref. 15 and the anomalous feature is practically absent in
the Tm>" spectrum. The origin of these structures is
demonstrated to be atomic but a fine structure is ob-
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served above the onset energy of the double-electron exci-
tation channel. It could depend on the chemical state of
the rare-earth atom suggesting a possible coexistence of
atomic and chemical and/or structural effects.

A structural analysis is also reported showing that ion-
ic solutions of rare earths are coordinated by 12 water
molecules in a cubooctahedral symmetry, in contrast
with previous structural studies of concentrated R>* wa-
ter solutions. '#72° The presence of the multielectron ex-
citations can distort the EXAFS data analysis leading to
errors in the interatomic distances of the order of 0.02 A,
this effect being more important for the low-Z rare-earth
elements due to the higher intensity of the anomalous
structure.
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