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Influence of double-electron transitions on the EXAFS L edges of rare-earth systems
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This work presents an x-ray-absorption study at the L edges of several rare-earth compounds. In
both Lz-edge and L3-edge spectra, anomalous features are clearly detected in the EXAFS region
and have been associated with the creation of 2s4d and 2p4d double-core hole states, respectively.
Comparison of theoretical calculations with the experiments are carried out using the results of
explicit computation of cross sections for the allowed mainline (L edge) and double-electron (LN4, s
edges) which identify the transitions expected to be observable. In addition, the excitation energies
of all of these allowed transitions are given. The inBuence of multielectron transitions on the EXAFS
data analysis is discussed for several rare-earth-based systems. An estimate of the error introduced
by neglecting the presence of double-electron transitions on coordination numbers and bond distances
is given, based on these experimental data.

I. INTRODUCTION

In recent years substantial progress has been made in
the field of x-ray-absorption spectroscopy (XAS) strongly
connected to both the advent of high intensity syn-
chrotron radiation sources and significant developments
in theoretical models. However, most of these models
have been developed in the framework of one-electron
theory which neglects multielectron excitations in which
two or more electrons may be simultaneously excited.
These many-electron processes induced by photon im-

pact epitomize the breakdown of single-electron models
providing very valuable information on electron corre-
lation and excitation dynamics. This possibility broad-
ened the range of experimental probes which could be
used to study multiple-electron excitations, as heavy-
ion—atom collisions, Auger, ' electron capture, x-ray
emission, x-ray photoemission, ' and charged-ion
spectra.

The existence of multielectron transitions was first ob-
served in ionization by electron impact experiments.
However, the first experimental evidence of multielec-
tron excitation in the x-ray-absorption spectra by pho-
ton impact were found in argon by Bonnelle and
Wuilleumier and Schnopper, and in helium by Mad-
den and Codling in the mid-1960s. Because of their
fundamental interest in developing atomic structure
models, the first multielectron investigations in the x-
ray-absorption spectra were carried out on gases such as
Ne Ar Kr and Xe, which exhibit no
extended x-ray-absorption fine structure (EXAFS) ham-

pering the weak features of the spectrum associated with
the small cross sections involved in the multielectron pro-
cess. Indeed, first detections of such processes in the ab-
sorption spectra of solid targets as transition metals
and rare-earth compounds were not reported until
the early 1980s and, even now, there is a strong contro-
versy concerning the reliability of these observations for
transition-metal compounds.

Beyond the basic atomic physics interest, the study of

multielectron excitations in XAS has received renewed
attention due to its possible impact on the extraction
of structural information from EXAFS spectra. The
identification of these features close to the absorption
edge, i.e., in the x-ray-appearance near-edge-structure
(XANES) region, is rather complicated due to the super-
position of complex electronic excitations and multiple-
scattering effects. 4 '4 However, the complexity of the x-
ray-absorption spectrum is reduced as the photoelectron
energy increases in such a way that in the EXAFS re-
gion the spectra can be interpreted with high accuracy in
terms of a single-electron theory and with a finite number
of multiple-scattering paths. The detection of features
arising from multielectron excitations in EXAFS of crys-
talline systems is made difBcult by the presence of a large
signal due to the scattering processes of the photoelectron
with neighboring atoms. Consequently, they have been
easily identified only in disordered systems in which the
intensity associated with these excitations is comparable
with the amplitude of the EXAFS oscillation.

In this way, several investigations of the x-ray-
absorption fine structure of rare-earth-based materials
have reported the existence of several anomalous peaks
far above the main white line, k = 6 A. i.4 s These
features located in the EXAFS region were attributed to
simultaneous excitation of 2s and 4d electrons in the case
of the Li edge and to the excitation of 2p and 4d electrons
in the case of the L2 and L3 edges. This identification was
made on the grounds of the excitation energy of the 4d
level in the Z + 1 approximation that leads to a discrep-
ancy of about 1 Ry with respect to the observed values.
Moreover, no criteria for the assignment of the final state
configurations involved in the process were given.

The presence of multielectron transitions in the EX-
AFS spectra influences the structural analysis by in-
troducing unphysical structures at low B values in the
Fourier transform of the EXAFS spectra and modifies
its intensity. As a consequence, the structural analysis is
contaminated resulting in a non-negligible error in both
the coordination numbers (between 5FO and 10'%%uo) and
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interatomic distances extracted.
These experimental findings led to the proposition of

several data reduction methods to identify multielectron
excitations in the EXAFS region, particularly in the case
of crystalline systems where the double-excitation fea-
tures are hidden by the XAFS structures. However,
both procedures are rather complicated and have so far
led only to the identification of the energy position of sev-
eral multielectron transitions without the determination
of their shape.

The main goal of this investigation is the identification
of multielectron excitations in the absorption spectra at
the L edges of rare-earth-based systems. The determi-
nation of their shape leads us to a deeper insight into
the nature of these transitions, whereas that of their in-
tensity determination provides a direct way to assess the
influence on the EXAFS structural analysis. We report
the experimental EXAFS spectra for several rare-earth-
doped silica gels showing double-electron features at both
the L3 and Lq edges. The atomic nature of these multi-
electron excitations has been investigated in the case of
rare-earth-doped silica glasses because the lack of long-
range crystalline order makes possible an easier identifi-
cation of the LN45 double excitation superimposed on
the EXAFS signal.

We have performed theoretical computation of cross
sections for the allowed main line (L edge) and double-
electron line (LN4 s edges) in the case of rare-earth
atoms. The calculations were carried out for all the
possible final states allowed showing which transitions
are expected to be observable. The model is briefly de-
scribed and a summary of the results is given. Finally,
the application of these calculations to the experimental
spectra is presented. The influence of the double-electron
transitions to the structural analysis is also discussed for
the case of amorphous and crystalline RM2H systems
(R=rare earth, M=transition metal).

II. EXPERIMENTAL SETUP
AND DATA ANALY'SIS

Experiments were carried out at the National Labo-
ratory for High Energy Physics (KEK). The absorption
spectra at the L edges of rare earths were recorded on
beam line 7C at the Photon Factory. The storage ring
was operated with a positron energy of 2.5 GeV and a
stored current of about 300 mA.

The beam line 7C was equipped with a Si(111) fixed-
exit-beam double-crystal monochromator which provides
also sagittal focusing of the synchrotron radiation. The
allowed energy range is between 4 and 15 keV. Due to
the energy of the storage ring, harmonic content is not
negligible and its rejection is a crucial problem for XAS
data. The beam line is equipped with a pair of quartz un-
coated mirrors to reject higher harmonics at low energy
whereas harmonic rejection at higher energy is achieved
by detuning of the two parallel and independent crystals
of the monochromator &om the Bragg angle. During
the measurements, to obtain total harmonics rejection, a
critical angle of 4.7 mrad was set when working at ener-
gies less than 7 keV whereas a detuning of the crystals

between 40% and 60'%%uo was applied at higher energies.
All the measurements were carried out at room tem-

perature in the transmission mode. Both x rays incident
on the sample and transmitted through it were monitored
with two independent ionization chambers with a N2-
Ar Bowing gas mixture optimized for each energy range.
Silica-gel samples were provided by O. Gzowski and the
details of the preparation are published elsewhere. For
the absorption measurements the gel samples were pre-
pared in a single homogeneous layer of material obtained
starting from a thick slab (1 mm) finely reduced to ob-
tain an absorption jump of around 1. The thickness and
homogeneity of the samples were tested in advance by
using a rotating anode laboratory EXAFS spectrometer.

RNi2 and their hydride derivatives were provided by
J.-Y. Lee. The preparation details and the characteriza-
tion of samples have been previously reported. ' For
the absorption experiments samples were prepared start-
ing from homogeneous-size powders spread on a kapton
tape. The thickness and homogeneity of the samples were
optimized in order to obtain the best signal to noise ra-
tio; thus two layers of powder material were used giving
a total Apz of 0.5.

EXAFS signals were extracted &om the raw spectra
by using the standard techniques. The background con-
tribution from previous edges p~(E) was approximated
according to the Victoreen rules2 y~(E) = A/E +
B/E4 and subtracted from the experimental spectrum
p(E), after which, the atomiclike terin pe(E) was found
by a cubic-spline approximation and the EXAFS sig-
nal g(k) was determined as y(k) = (y, —y g —po)/yo,
where the photoelectron wave vector k is defined by
k = (2m/h ) g(E —Eo). The energy origin Eo, corre-
sponding to the continuum threshold, was defined to be
at the inflection point of the absorption edge for all the
systems studied. The EXAFS signals were Fourier trans-
formed (FT) by using in all the cases the same Gaussian

—A.kwindow, e " with A=0.05, centered at the midpoint
of the data range. Note that the phase correction was
not included in the FT; therefore the peaks positions are
shifted from their true values.

III. RESULTS AND DISCUSSION

The L3 absorption spectra of rare-earth atoms in the
different rare-earth gels (R=Nd, Pr, Eu, Gd, Dy, Er),
reported in Fig. 1, are characterized by the same oscil-
lating behavior revealing the existence of low local order
around the rare-earth site. Indeed, the EXAFS structure
is formed by a near single-&equency oscillation indicating
that only an ordered coordination shell, formed by oxy-
gen atoms, is seen &om the rare-earth site. Then, the
unique expected difFerence in the EXAFS region in go-
ing &om compound to compound is associated with the
change of &equency of the difFerent oscillations that con-
tribute to the full spectrum, reflecting the small change
of the R-0 bond length across the series. This trend
clearly appears in Fig. 1, where the extracted EXAFS
signals at the I3 edge of the rare earth for the difFer-

ent gels is reported. However, the EXAFS signals also
exhibit large difFerences in the region between 6 and 7
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FIG. 1. Comparison of the EXAFS spectra at the B L3
edge in several rare-earth-doped silica-gel compounds ( R=
Pr, Nd, Eu, Gd, Dy, and Er). The EXAFS signal has been
extracted from the raw absorption spectra following conven-
tional methods (see text).

A. i. In this region, the Pr-based gel presents a double-
peak structure and the low-energy component collapses
as Z (atomic number) increases in such a manner that
for Eu there is a single peak. However, moving &om a
Gd- to Er-based gel, the structure becomes again a dou-
ble peaked but now it seems that low-energy profile of
the feature in the case of the Pr gel has been crossed to
the high-energy region.

The fact that the energy location of these features
varies as a function of the rare earth whereas the other
EXAFS structures remain unchanged strongly suggests
that they are due to some multielectron process. There-
fore, when looking at the promotion energy for a second
electron, one finds in the Z+1 approxi. mation that the en-

ergy roughly corresponds to the excitation of a secondary
4d electron. Applying this approximation means that we

consider the 2p hole to be fully screened prior to the sec-
ond excitation taking place. Then, in the fully relaxed
state the atomic configuration would correspond to that
of the next atom in the periodic table. However, this is
a crude approximation as indicated by the disagreement
between the experimental and predicted energies (- 15%
for rare earths; see Tables I and II), and no information
about the final states involved in the multielectron tran-
sition can be inferred.

To demonstrate that this behavior is associated to
the existence of a 2p4d ~ (5d)2 transition we have ap-
plied the result of the explicit computation of the rela-
tive cross sections for bound-state double-electron LN4 5-

edge transitions. These calculations were performed by
using a many-body perturbation model that takes ex-
plicitly into account final state relaxation. Radial wave

functions were obtained, for the ground state and ex-
cited state, using a spherical model of the atom (Hartree-
Fock-Slater). If the single-photon absorption creates two
holes (double excitation), the resulting final states are
composed of the set of four-particle (two holes and two
electrons) Slater determinants allowed by the exclusion
principle. These final states are in general a set of P
multiple states separated in energy by the perturbations
introduced by the residual Coulomb interaction and the
molecular corrections to the mean potential. The result-
ing cross section for a specific state depends on both the
monopole and the dipole radial matrix elements of the
ground and excited states. Because of the large core-
hole width for a 4d electron, the multiplet splitting is
not observable at this energy; hence all of the P states
were summed for a given electron configuration.

For the EXAFS analysis we are interested in determin-
ing just how large the bound-state features are relative
to the EXAFS amplitude; hence we compute the ratio
of the double-electron cross section to that of the main
excitation. This is made for all the possible final states
allowed in order to show which transitions are expected
to be observable. Table I shows the result of the cal-
culations in the case of L2 3%4 5 edges for several rare
earths, R= La, Ce, Pr, Nd, Eu, Gd, Dy, and Er. More-
over, the same calculations performed in the case of an
Lq excitation, i.e., Lq&4 5 edges, are reported in Table II.
To perform the comparison between the calculated and

experimental double-electron signals we have proceeded
as follows: As our calculations directly report the ratio
between the single- and double-excitation cross sections,
we extract from the experiment the area of the main line

that corresponds to the 2p —+ 5d transition, in the case
of an L3 edge or 28 ~ 6p for an Lq edge. To do this, we

apply a deconvolution model to the experimental data
which uses an arctangent function to describe the transi-
tions into the continuum states and a Lorentzian function
to take account of the 5d(6p) states. The deconvolution
process was performed using a least squares fitting pro-
cedure to fit the normalized spectra to the expression

(2)'&i
F(E) = Bp+ BiE+

(E —Ei)'+ (2)'
1 E —(E, +b)+ —+ —arctan

2 7r

where E is the photon energy and Ez is the first accessi-
ble 5d state. I' is the core-hole lifetime for the considered
transition and b is the shift between the onset of the
continuum and bound-state transitions. Finally, Bo and
Bq are the coeKcients of a linear background while Aq

describes the intensity of the transition. Once the area
for the main transition has been determined, we gener-
ate the multielectron transition resonance by multiplying
the area by the calculated ratio between the double- and
single-electron cross sections, o &/o g, and by including
the core-hole lifetime that corresponds to the additional
4d excited electron.

Figure 2 shows the experimental EXAFS spectra at the
L~ edge of the rare earth for several R-based silica gels
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(R= Pr, Nd, Eu, Gd, Dy, and Er) in the region where the
double-excitation feature has been identified. The calcu-
lated multielectron resonances have been included above
the experimental signals. According to the ab-initio cal-
culations reported in Table I, the main double-excitation

channel corresponds to the 2p4d -+ (5d) transition, with
negligible contribution &om other channels. In particu-
lar, the cross section for the transition to a 5d6d final
state is reduced by a factor greater than 10 as compared
with that involving a 5d5d final state, as shown in Ta-

TABLE I. L2,3N4, 5-edge transition intensities and excitation energies.

Atom

Z=57

Z=58

Z=59

Z=60

Z=63

Z=64

Z=66

Z=68

Gd, Gd;
Gd, 6d:
7s, Gd:
7s, 6d:
6p, 4f:
6p, 6p ',

Gd, 5d:
Gd, 6d:
7s, Gd:
7s, 6d;
6p, 4f:
6p 6p:
5d, Gd:
Gd, 6d:
7s, 5d:
7s, 6d:
6p, 4f:
6p, 6p ',

Gd, 5d;
Gd, 6d:
7s, 5d:
7s, 6d;
6p, 4f:
6p 6p:
Gd, 5d:
5d, 6d:
7s, 5d:
7s, 6d:
6p, 4f:
6p, 6p ',

Gd, Gd:
5d, 6d:
7s, Gd:
7s, 6d:
6p, 4f:
6p, 6p ',

5d, Gd:
5d, 6d;
7s, Gd:
7s, 6d:
6p, 4f:
6p, 6p ',

Gd, Gd:
5d, 6d:
7s, Gd:
7s, 6d:
6p, 4f:
6p, 6p ',

2p, 4d

2p, 4d
2p, 4d
2p, 4d

2p, 4d

2p, 4d
2p, 4d

2p, 4d

2p, 4d
2p, 4d
2p, 4d

2p, 4d

2p, 4d
2p, 4d

2p, 4d

2p, 4d

2p, 4d

2p, 4d
2p, 4d

2p, 4d

2p, 4d
2p, 4d
2p, 4d

2p, 4d

2p, 4d

2p, 4d

2p, 4d

2p, 4d

2p, 4d

2p, 4d
2p, 4d

2p, 4d

2p, 4d

2p, 4d

2p, 4d
2p, 4d

2p, 4d

2p, 4d

2p, 4d
2p, 4d

2p, 4d

2p, 4d

2p, 4d
2p, 4d

2p, 4d
2p) 4d
2p, 4d
2p, 4d

Transition

4.867
3.600
7.851
8.010
2.778
4.544
2.940
2.614
5.620
6.502
3.652
3.710
2.402
2.091
4.570
5.281
3.373
3.348
1.991
1.700
3.779
4.359
3.125
3.028
1.191
0.968
2.264
2.597
2.498
2.248
1.549
0.985
2.440
2.440
2.525
2.287
7.473
5.847
1.440
1.643
2.022
1.689
5.576
4.279
1.090
1.241
1.768
1.407

x10 3

x1O 4

x10
x10
x10
x10
x10
x10
x10
x 10
x10
x10
x10
x1O 4

x10
x10
x10
x10
x10
x10
x10
x10
x 10
x]0 '
x10
x1O 4

x10
x10
x10
x1O '
x10
x1O 4

x10
x 10
x10
x 10
x10
x1O '
x10
x10
x10
x1O '
x1O 4

x1O '
x10
x10
x10
x1O '

9.048
9.617
9.580
9.580
8.147
9.961
8.956
9.445
9.412

10.173
8.346
9.694
9.402
9.885
9.849

10.62
8.733

10.137
9.845

10.330
10.289
11.065
9.111

10.576
11.179
11.652
11.611
12.392
10.288
11.888
12.185
12.749
12.704
13.596
10.847
13.069
12.523
12.984
12.940
13.719
11.466
13.200
13.438
13.894
13.846
14.618
12.342
14.091

o n/o s(/0)

2.16
0.16
3.49 x 10
3.55 x 10
2.78 x 10
2.65 x 10
1.66
0.15
3.18x10
3.68 x 10
2.06 x 10
2.10x 10
1.40
0.12
2.67x 10
3.08 x 10
1.97x 10
1.95x 10
1.20
0.10
2.28x 10
2.63x 10
1.89x 10
1.83x10
0.802
0.065
1.53x 10
1.75 x 10
1.68x 10
1.51x 10
0.838
0.053
1.32x 10
1.32 x 10
1.37x1O 4

1.24x 10
0.567
0.044
1.09x 10
1.25 x 10
1.54x10
1.28xlo '
0.460
0.035
0.90x 10
1.02 x 10
1.46 x 10
1.16x 10

b,(u(Z+ 1)

8.01

8.46

8.86

8.82

9.39

11.066

11.765

12.90

All lengths are in Bohr radii (0.5292 4), energies are in rydbergs (13.61 eV), and the cross section

strengths are given in units of megabarn rydbergs. The excitation energy given for each transition
Au is relative to the corresponding single-hole state 5d; 2p. o D and o.s represent the calculated

cross section strengths for the double- and single-electron absorption processes, respectively.
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FIG. 2. The dotted lines correspond to the EXAFS spec-
tra at the R Ls (left panel) and Lq edges (right panel) for the
different rare-earth-doped silica-gel compounds studied. The
EXAFS signals are plotted in a narrow k window to make ev-
ident the features identi6ed as multielectron transitions. The
solid line represents the simulation for double-electron reso-
nances of type 2p4d —+ (5d) and 2s4d —+ Gp5d for the Ls and
I ~ edges, respectively.

ble I. The same class of comparison is shown in Fig. 2 for
the case of the rare-earth L~-edge EXAPS spectra in the
same materials. In this case the intensity of the double-
electron resonance, corresponding to a 2s4d —+ 6p5d tran-
sition (see Table II), is very weak as compared with that
of the L~ EXAFS spectra. In both cases, the agreement
between the calculated energy position and intensity of
the double-electron features and the experimental ones
can be considered very good. As shown in Fig. 2, the
anomalous behavior of the EXAFS resonance centered at
k = 6.5 A is fully reproduced by taking into account
the theoretical calculation for the LN4 5-edge multielec-
tron transitions.

It is important to underline that the good agreement
obtained between the experimental and calculated sig-
nals is connected to the quality of the experimental data.
In fact, being interested in extracting from the experi-
ment the intensity of the main transition, one has to be
careful with harmonics rejection of the photon beam be-
cause its presence leads to a strong unphysical reduction
of the XAS signal. Figure 3 reports the comparison be-
tween the Nd Ls-edge spectra taken with mirrors (full
harmonics rejection) and with partial rejection obtained
by detuning the monochromator (60%). In the last case,
a high harmonics content is still present in the incident
beam yielding to a strong reduction of the main line in-

tensity. The use of this last spectrum yields a reduction
of the calculated double-electron transition of about one-

TABLE II. Iq¹,5-edge transition intensities and excitation energies.

Atom

Z=57

Z=58

Z=59

Z=60

Z=63

Z=66

Z=68

Transition

6p, 5d;
7s, 6p ',

7s, 4f;
6p, 5d;
?s, 6p ',

7s, 4f:
6p, 5d:
7s, 6p ',

7s, 4f;
6p, 5d;
7s, 6p ',

7s, 4f:
6p, 5d;
7s, 6p ',

7s, 4f:
6p, 5d:
7s, 6p ',

7s, 4f:
6p, 5d:
7s, 6p,
7s, 4f:
6p, 5d:
7s, 6p ',

?s, 4f:

2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d
2s, 4d

1.80 x 10
1.108 xlO
9.163 x10
1.558 x10
1.698 x10
1.309 x10
1.150 x10
1.532 x10
].247 x]0
1.057 x10
1.386 x10
1.156 x10
6.389 x10
1.028 x10
0.924 x10
7.332 xlO
9.941 x10
0.874 x10
4.107 x10
7.733 x10
7.505 x10
3.122 x10
6.452 x10
6.583 x10

9.133
9.861
7.975
9.041
9.673

10.471
9.481

10.114
8.636
9.924

10.557
9.017

11.253
11.881
10.206
12.259
12.765
10.765
12.602
13.217
11.443
13.517
14.119
12.2946

~o i~s(~~)
2.45
2.42 x10 '
9.34 x 10
1.79
1.94 x10
1.50 x 10
1.36
1,81 x10
1.47 x 10
1.29
1.69 x10
1,41 x10
0.847
1.363 x10
1.23xlo 4

0.893
1.21 x 10
1.09 x 10
0.593
1.12 xlo
1.08 x 10
0.476
9.835 x10
1.00 x 10

A(g(Z+ 1)

8.01

8.46

8.86

8.82

9.39

11.066

11.765

12.90

All lengths are in Bohr radii (0.5292 A) and all energies are in rydbergs (13.61 eV). The cross

section strengths are given in units of megabarns rydbergs. The excitation energy given for each

transition A~ is relative to the corresponding single-hole state; e.g. , it is above the 6p ', 2s

configuration. o~ and o g represent the calculated cross section strength for the double- and single-

electron absorption processes, respectively.
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half of the experimentally observed.
The improvement of the calculations performed as well

as the comparison method proposed has allowed us to
successfully extend the study of double-electron transi-
tions to more complicated systems such as those in which
Ce presents mixed valence behavior: Ce(NOs)4. Due to
the existence of two configurations in the initial state,

4f" and 4f"+~, the main line at the Ls edge shows a
characteristic double-peak profile. In this case, the de-
convolution procedure must be extended to include two
arctangent and two Lorentzian functions to take account
of the two final state configurations present. Hence, we
have changed the deconvolution formula of expression (1)
to

(r2) 2Ag (-', )'A2 A,F(E) = Bo + BqE + & + & + ) —+ —arctan(E-E,) +(-) (E-E,) p(-) A, +A, (2
E —(Eg + b)

r
2

Ag 1 1i(i- —+ —arctan
Ag+ Ag f2

E —(E2+ b)
)

2
(2)

where now E1 and E2 are, respectively, the first accessible
5d states in 4f"+~ and 4f" configurations and Aq and
A2 describe the relative weight of the two configurations.
The deconvolution of the L3 absorption edge of cerium
for Ce(NOs)4 is given in Fig. 4.

In this case, the existence of two difFerent double-
electron resonances can be expected in the EXAFS spec-
tra separated by 0.66 Ry (9 eV), corresponding to the
double main line shift, and with a relative intensity that
reproduces the weight of each configuration in the ini-
tial state. Figure 5 shows the EXAFS spectra at the L3
and Lz edges of cerium in the case of the Ce(NOs)4 sys-
tem. We have included the result of the calculations for
the 2p4d ~ (5d)2 and 2s4d ~ 6p5d transitions (Tables I

and II) obtained by applying the deconvolution process
according to Eq. (2).

The energy location of the resultant transitions
matches the only region of both the L3 and L1 EX-
AFS spectra where the application of the "m approach" ~6

shows a strong disagreement. This simple method of
comparison between L3 and L1 spectra considers the ex-
istence of a vr shift between the L3 and the L1 EXAFS
phases. Within its intrinsic limits (accurate discussion
is given in Ref. 56) this approximation leads to a qual-
itative correspondence between maxima and minima of
the L3 and L1 EXAFS signals. Prom Fig. 5 it is inferred
that only after the subtraction of the double-excitation
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FIG. 3. Comparison between the normalized absorption
spectra at the Nd L3 edge for Nd-doped silica gel, recorded
at Photon Factory Beamline 7C using a double mirror system
to achieve a full harmonic rejection (solid line) or by simply
detuning (60'%) the cyrstals of the monochromator (dotted
line).
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FIG. 4. Deconvolution of the Ce L3-edge absorption spec-
trum in the mixed valence system Ce(NOs)4. Due to the
existence of two configurations in the initial state, 4f and

4f +, the white line at the Ls edge shows a characteristic
double-peak profile, shifted by 0.66 Ry (9 eV). The deconvo-
lution has been performed including two arctangent and two
Lorentzian functions according to expression (2) in the text.
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the same comparison is shown for the Fourier transforms of
the EXAFS spectra.

resonances does one obtain a better correspondence be-
tween the EXAFS oscillations at the two edges obtained
by applying the vr approach. These experimental results
reveal the line shape of the double excitation to be, within
the experimental resolution, a single peak indicating that
the bound to bound transitions are the dominant process.
The presence of competing shakeout transitions is with-
out doubt, but experiments report that their intensity is
negligible at the energy ranges involved in our investiga-
tion. In particular the presence of shake-oK transitions
would be evidencied by slope changes of the absorption
spectra, which have not been observed in the present
investigation. The same result has been found, to our
knowledge, in all the works made up on the L edges of
rare earths being in good agreement with theoretical
calculations.

Finally we discuss the implications of the double-
electron features relative to the EXAFS data analysis in
both crystalline and amorphous rare-earth systems. Fig-
ure 6 reports the La L3-edge EXAFS spectrum of the
LaNi2 hydride derivative. After the hydrogen absorp-
tion this system loses long-range crystalline order but, as
shown in Fig. 6, a well-defined local order remains around
the rare-earth site. The EXAFS spectrum is character-
ized by the existence of a strong resonance located at 5.8
A. that we ascribe to the existence of a 2p4d + (5d)
double-electron transition. %'hen proceeding to the con-
ventional data analysis by performing the Fourier trans-
form of the spectrum we obtain a very broad peak at low
R that makes it impossible to extract any structural in-
formation. However, if we subtract the calculated multi-
electron resonance the Fourier transform obtained yields

well-defined peaks each one corresponding to the difer-
ent coordination shells around the La site. This is shown
in Fig. 6 where Fourier transforms were performed in the
range 1.8—7 A ~ on the k-weighted EXAFS spectra by
imposing a Gaussian window centered at the midpoint
of the data range. We have to underline that attempts
to fit the backtransformed signal to the expected La-Ni
scattering paths were unsuccessful prior to subtraction
of the double-excitation feature because the signal was
strongly distorted.

The same class of analysis has been performed in the
case of crystalline systems. Figure 7 reports the Ce
Lt3 edge EXAFS spectra of CeFe2 and CeFe2H3 f5 pre-
viously published. The decrease of the fine structure
after hydridation reveals the presence of a strong fea-
ture at about 6 A. ~ in the hydride derivative that has
been already ascribed to the existence of a 2p4d m (Gd)2
transition. In the case of crystalline CeFe2 no clear ev-
idence of such transition can be inferred &om the spec-
trum because, if present, it is hidden by the strong EX-
AFS oscillations. However, it is possible to note that
there is a discontinuity of the normal oscillating behavior
of the EXAFS signal just centered at the same position
where the double-electron transition occurs in the case
of the hydride. This trend is associated with the fact
that the double-electron resonance is located in one re-
gion where the EXAFS structure becomes negative. In
fact, as shown in Fig. 7, if we subtract the I3&4 5 reso-
nance taken directly &om the hydride EXAFS spectrum,
a "normal" oscillating trend for CeFe2 EXAPS is recov-
ered.

Once the double-electron excitation has been isolated
it is possible to estimate how it modifies the conven-
tional EXAFS data analysis. To this end, we have per-
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FIG. 8. Comparison between the experimental (dotted
line) and calculated (solid line) EXAFS signals at the cerium
L3 in the case of CeFe2 (left panel). In the right panel the
same comparison is shown but when the double-electron tran-
sition has been subtracted. The experimental spectra were
bach-Fourier-transformed in the range 1.2—3.8 A.. The calcu-
lated signals correspond to the single-scattering contribution
of 12 Fe atoms located at a distance of 3.03 L away from the
absorber Ce. The parameters used for the theoretical simula-
tion are just the same in the two cases; only the coordination
number has been allowed to vary.

formed a Fourier transform in the range 2.5—10.4 A ~ on
a k-weighted EXAFS spectrum for both cases, i.e., with
and without the 2p4d ~ (5d)2 resonance. The result,
showa in Fig. 7, indicates the presence of one unphys-
ical structure at low B overlapping the first-shell con-
tribution which disappears when the double excitation
has been removed &om the experimental spectrum, and
at the same time, the height of the Fourier transform
peaks is modified. This last effect clearly underlines the
strong in6uence of multielectron excitations on structural
analysis and, in particular, the effect on coordination
number extraction. We have estimated it in the case of
CeFe2 by performing a theoretical simulation of the EX-
AFS spectrum using theoretical signals generated using
the FEFF31 code, to compare the experimental EXAFS
spectrum to that where the double-electron feature has
been previously removed. The theoretical EXAFS sig-
nal at the Ce L3 edge was calculated for 12 Fe atoms
located at 3.03 A from the absorber Ce atom. The ex-
perimental spectra were back-Fourier-transformed in the
range 1.2—3.8 A. During the fit process the only parame-
ters allowed to vary were the energy reference Eo and the
Debye-Wailer factor. Best fits are shown in Fig. 8 where
all the parameters used are the same for the two spec-
tra. In the case of the original spectrum the coordination
number is found to be lower by a 9% than the crystal-
lographic one (12) meaning that the quality of the fit
is clearly reduced as compared to the double-excitation
subtracted spectrum.

IV. SUMMARY AND CONCLUSIONS

A systematic x-ray-absorption investigation was car-
ried out in several rare-earth systems to verify the pres-
ence of double-electron resonances on the EXAFS spectra
at the L edges of the rare earth. In all the systems inves-
tigated anomalous features, contributing in the EXAFS
spectra far beyond the absorption edge, have been de-
tected. These resonances are ascribed to the excitation
of a secondary electron coming &ora a 4d level for both
the L3 and L1 edges.

We have applied the result of the explicit computa-
tion of the relative cross sections for bound-state double-
electron LN4 5-edge transitions. These calculations were
performed by using a many-body perturbation model
that takes explicitly iato account final state relaxation.
It leads to the identification of all the allowed final states
involved in the multielectron process, showing for the first
time which transitions are expected to be observable.

Applying a deconvolution process to the experimental
absorption spectra it is possible to extract the intensity
of these multielectron features. The comparison between
the calculated and observed resonances is quite straight-
forward. The inBuence of raultielectron transitions on
the EXAFS data analysis is shown to lead to a correc-
tion of about 10'%%uo on coordination numbers in the case
of crystalline systems with no significant modification of
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the interatomic distances. On the other hand, in the case
of amorphous samples, the EXAFS signal is strongly dis-
torted and it is not possible to extract any reliable struc-
tural information at all without previous subtraction of
the multielectron resonances.
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