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Evidence for double-electron excitations in the L;-edge x-ray absorption spectra of actinides
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A double-electron excitation in Ls-edge x-ray absorption spectra of actinides has been observed for the first
time. The investigation of this effect is presented. Actinide species in valence states IV and III were investi-
gated by using experimental data of Th**, U**, Np**, Pu®*, and Am>* hydrates. The double-electron excitation
was identified as a L3N 7 shake-up effect. Energy positions of the double-electron features were found in good
agreement with the Z+1 approximation. The LN resonance intensity corresponds with the resonance of the L
edge. This has been observed by comparing the L, L,, and Ly XANES spectra of Th**, as well as the L,
XANES spectra of Np in oxidation states IV, V, VI, and VII. Influences of the double-electron excitation on the

EXAFS signal are discussed.
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I. INTRODUCTION

The inner-shell photoexcitation of an electron is often ac-
companied by the excitation of secondary electrons with
lower binding energies. These electrons can be excited into
unoccupied states (shake up) or ejected into the continuum
(shake off). Such processes are revealed as satellite lines in
x-ray fluorescence and photoelectron spectra. X-ray absorp-
tion spectra yield directly the energy level of the multielec-
tron excitations in noble gases whose atomic absorption is
modulated by discrete resonances and slope modifications.
Multielectron resonances have been observed above the K
edge of Ne,! Xe,” Ar,? and Kr (Ref. 4) but also above their L
edges.’ In noble gases, the absorption signal is not affected
by photoelectron backscattering effects from neighbored at-
oms that cause the extended x-ray absorption fine structure
(EXAFS). To describe multielectron resonances created by
excitation energies far from the transition onset, the sudden
approximation is appropriate.® This approximation regards
the ionization process as rapid enough that the outer elec-
trons remain passive and do not rearrange themselves in
presence of an inner vacancy. If the excitation energy is close
to the second electron energy, the excited atom undergoes an
adiabatic relaxation. The primary photoelectron has in this
situation only a low kinetic energy, it leaves the atom relative
slowly and the cross section of the multielectron excitation is
reduced. The x-ray absorption process can reach the adia-
batic limit and shows therefore often only weak multielec-
tron resonances. Nevertheless, although the single-electron
EXAFS oscillation is able to cover double-electron excita-
tions, they have been also revealed in the spectra of liquids
and solids. As example, solid compounds of the third period
show KL multielectron transitions, e.g., a-Si (Ref. 7) and
salts of P, S, and C1.8 Ca®* hydrate, as example of the fourth
period, shows KM, and KM, 5 resonances.’ For fifth period,
multielectron transitions has been observed at the KN,
KM, s, and KM, 5 edges of gaseous Br, and HBr.!? In the
sixth period, e.g., for the lanthanides, the resonances are as-
sociated with LN, 5 edges.!!:!2

Up to now it has not been investigated whether the ac-
tinides, as members of the seventh period, show also multi-
electron excitations. The low vapor pressure and radio pro-
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tection aspects prevent investigations in the gas phase. In the
last decade, several EXAFS data of actinides in aqueous so-
lution have been published with the aim to reveal their near-
order structure. A part of these spectra will be reinvestigated
here with regard to multielectron features.

The paper is organized as follows. In Sec. II the experi-
mental details are described. In Sec. III A the scattering ef-
fects from the neighbors are presented. In Sec. III B the evi-
dence of the double-electron excitation is shown and their
origin is discussed. Section III C describes the fine structure
of the feature. Consequences for the EXAFS data analysis
are discussed in Sec. III D.

II. EXPERIMENTAL DETAILS

The x-ray absorption data were collected on the Rossen-
dorf Beamline!? at the ESRF, Grenoble. The monochromator
is equipped with Si(111) double crystals. Higher harmonics
were rejected by two Pt coated mirrors and a detuned second
monochromator crystal. The spectra were collected in trans-
mission mode using argon-filled ionization chambers. Across
the absorption edge data points were taken in steps of
1.0 eV, and across the EXAFS region data points have equi-
distant k steps of 0.05 A~'. For fine structure measurements
across the double-electron feature, energy steps of 1.0 eV
were applied. The monochromator energy scale was cali-
brated according to the K edge of a Y metal foil. As reference
for the Y 1s ionization energy served the first inflection point
of the absorption edge at 17 038.0 eV. The XAFS data were
reduced as follows. First, a polynomial function, fitted to the
preedge region, was subtracted from the entire data set. The
atomic background above the absorption edge, wy(E), was
approximated by a spline function. The fine structure, y(E),
was obtained from the raw data w(E) by x(E)=[w(E)
—uo(E)]/ mo(E), converted to y(k) and weighted with &°.
Data extraction and EXAFS fits were performed using
WINXAS (Ref. 14) and EXAFSPAK (Ref. 15) software. The
EXAFS data were fit using theoretical phase and amplitude
functions calculated with the FEFF 8.2 code.'® The fine
structure of the multielectron transition was separated from
the signal by subtracting the data of EXAFS shell fit from the
experimental data.
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TABLE 1. Sample overview.

Sample Actinide Solution

Np** 0.05 M Np(IV) 0.1 M HNO,
Np>* 0.05 M Np(V) 0.1 M HNO,
Np$* 0.05 M Np(VI) 0.1 M HNO,
Np’* 0.015 M Np(VII) 2.5 M NaOH
Th** 0.05 M Th(IV) 0.5 M HCIO,
U+ 0.01 M U(IV) 0.1 M HCIO,
Pu3* 0.05 M Pu(III) 1.0 M HCIO,
Am3* 0.01 M Am(III) 1.0 M HCIO,

An overview of the samples used in this study is given in
Table 1. The preparation conditions have been described
previously.!7-1 All solutions were filled in polyethylene cu-
vettes with an optical path length of 13 mm, and encapsu-
lated in a second hot sealed polyethylene bag. The XAFS
measurements were performed at 25 °C.

III. RESULTS AND DISCUSSION
A. EXAFS background signal

Double-electron excitations are usually associated with
slope changes and anomalous structures in the atomic back-
ground of the x-ray absorption cross section. Noble gases
and monoatomic metal vapor?*?! are appropriated to inves-
tigate these effects, whereas condensed systems suffer from
the backscattering of the photoelectron wave by the coordi-
nated neighbor atoms. This backscattering phenomenon, the
x-ray absorption fine structure (EXAFS), is usually described
in a one-electron spherical wave theory.?> The backscattering
amplitude increases with the number of neighbors N;; as well
as with their atomic number Z. High N;; and Z values, such
as in metals, are related with large single-electron back-
scattering amplitudes. For several elements with higher Z
number, where the low vapor pressure does not allow mea-
surements in the gas phase, multielectron effects were re-
vealed in ionic compounds or aqueous solutions.!> Hydrates,
who are the dominating species in aqueous solution at low
pH values, are only associated with water molecules by elec-
trostatic interactions. The thermal movement of the associ-
ated ligands results partly in destructive interference effects
in the single-electron scattering amplitude. Such systems are
well suited for the study of multielectron resonances.

The actinide elements show numerous oxidation states in
particular for the elements Np to Pu, where they range from
III to VII. The electronic structure involves besides 6d states
partly filled 5f shells. The 5f states are less strictly located
than the 4f states of the lanthanides, and can therefore par-
ticipate in the chemical bond. This electronic configuration
affects the physical and chemical properties and posses a
large variation in the coordination geometry. In oxidation
state V and VI, the actinides U, Np, Pu, and Am occur
mainly as transdioxo cations, AnO,"" (n=1 and 2).?} These
transdioxo bonds are strongly covalent having the character
of a triple bond.?*
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FIG. 1. Np Ls-edge k* weighted EXAFS data (left) of Np**,
Np>*, Np®*, and Np’* and their corresponding Fourier transforms
(right). The FT is shown in the k range 3.3-13 A.

Although the species in aqueous solution are expected to
be appropriate for investigating multielectron effects, a
closer inspection revealed limitations in presence of actinyl
ions. As an example, the k> weighted L;-edge EXAFS spec-
tra of Np in different oxidation states are shown in Fig. 1
together with their corresponding Fourier transforms. The
modulus of the Fourier transform represents the pseudoradial
distribution of the next neighbor atoms. The Fourier trans-
form is not corrected for the scattering phase shift, so that the
peaks are shifted with respect to the true distance R. Table II
summarizes the obtained coordination numbers and atomic
distances in the first coordination shells. For actinide aquo
ions in oxidation state III and IV, coordination numbers be-
tween 7 and 12 are observed.'®?~?” The Np** hydrate,
present here, is coordinated by 9 water molecules with a
Np-O distance of 2.406 A. Its single oxygen coordination
shell is related with a sinusoidal oscillation in x(k). A quan-
titative data analysis of Np>* and Np® has been published by
Reich et al.'” The coordination polyhedron of Np>* and Np%*
shows two axial arranged transoxygen atoms (O,,), com-
pleted by 4 and 5 equatorial oxygen atoms (O,), respec-
tively. With increasing central atom charge, the bond lengths
are shortened around 0.07 A. A beat node feature occurs in
the x(k) at ~7 A~! due to the superposition of axial and
equatorial scattering contributions. Structural parameters of
aqueous Np’* hydroxid has been published by Bolvin et al.?®
It has been shown that the coordination polyhedron com-
prises four covalent oxygen atoms with a Np—O distance of
1.89 A. These actinyl oxygen atoms dominate the scattering
signal. The coordination polyhedron of NpO4(OH)23_ com-

o

prises two OH™ ions with a Np—O distance of 2.32 A.
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TABLE II. EXAFS structural parameters for Np™* species.

Sample Shell R [A] N;; a2 [1072 A?] Ref.

Np** Np-O 2.406+0.002 8.9+0.22 0.68+0.02 This work

Np>* Np=0 1.822+0.003 1.9+0.2 0.23+0.03 17
Np-O 2.488+0.009 3.6+0.6 0.6+0.1

Np®* Np=0 1.754%0.003 2.0£0.1 0.15+0.03 17
Np-0O 2.414+0.006 4.6+0.6 0.56+0.09

Np’* Np=0 1.89+0.04 3.6+0.3 0.20 28

Np—OH 2.32+0.03 33+1.3 1.33

aS02=0.9, R—distance, N;—coordination number, o>—Debye-Waller factor.

It is obvious, that the scattering amplitude at higher k
range is much more pronounced in presence of actinyl oxy-
gen atoms, than in their absence. The reason is, that the
EXAFS amplitude, which is related to the next-neighbor dis-
tance with 1/R?, is stronger affected by the close located
actinyl ions than by the water molecules. In each spectrum
anomalous features are observed, indicated in Fig. 1 by an
arrow and a dotted line. The most significant feature occurs
for Np**. Weak anomalous structures can be also indicated
on the right side of the EXAFS oscillation for Np5+, on the
left side for Np®*, and on top of the oscillation maximum for
Np’*; but there appearance is less pronounced in relation to
the anomalous feature visible in the spectrum of Np**. Simi-
lar effects were observed also for other actinyl ions. There-
fore, at least under the applied conditions, actinide species
with strong covalent coordinated oxygen atoms are less ap-
propriated for the study of multielectron effects than species
with a one single hydrate coordination sphere. In order to
investigate the nature of this anomalous feature only actinide
ions in valence states III and IV were considered in this
study.

B. Experimental evidence for double-electron excitation

The L;-edge k* EXAFS spectra of different actinide hy-
drates in aqueous solution (An"*=Th*", U*, Np**, Pu**, and
Am*") are reported in Fig. 2. The signal is formed by a
single-frequency sinusoidal oscillation without beat nodes. A
difference in the amplitude and frequency among the spectra
of An** and An’* is clearly visible. This is related with the
differences in the An-O distances as described elsewhere.?’
In the k range 9.8—11.2 A~! small anomalous features appear
superimposed to the main oscillations. These features are
indicated individually by arrows. Their position appears
shifted to higher k values with increasing atomic number Z.
All features show a relative sharp maximum. Sharp, resonan-
celike absorption features appear only if the core electron
excitation is accompanied by a shake up of the second elec-
tron to a bound state. In contrast, the cross section appears
gradually increased with increasing photon energy, if both
electrons are excited to the continuum.3 Therefore, the sharp
features in Fig. 2 are originated by a shake up process.

In order to assign the experimental features to a specific
electron excitation channel, the difference between the en-
ergy of the anomalous maximum E; and the energy of the

absorption edge threshold, E,, was estimated. The energy
position of the anomalous maximum E; is taken directly
from the raw data, without fitting and subtracting the x(E)
background signal. Their energies are listed in Table III. The
L5 absorption edge energy, i.e., the ionization energy, is su-
perimposed by transitions of the 2ps,, core electron to unoc-
cupied nd states and continuum &d states. Several procedures
are in use to obtain experimental values for E, from the
absorption spectrum: (i) The threshold region can be de-
convoluted by an arctangent function describing the transi-
tion into the continuum, and at least one Lorenz function
representing the transition into the nd states.'>3!32 This data
treatment suffers from the strong correlation between the
arctangent and the Lorentz function that needs to include
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FIG. 2. Experimental k> weighted extended x-ray absorption
fine structure at the Ly edge of Th**, U**, Np**, Pu**, and Am>*
hydrate. Arrows indicate the maximum of the double-electron exci-
tation. The energy values of these features are given as Ey in Table
III.
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TABLE III. Listing of the L;-edge energy E;y, the difference between the white line energy and the
Ls-edge energie AEy; gy, and the energy of the anomalous feature, £y For comparison, the theoretical
estimated value of the L;-edge energy to produce a single inner vacancy, L3’he”, according Deslattes et al.

(Ref. 42) is listed. All values are given in eV.

zZ An"* Ey AEw; g L3theo Ef

90 Th* 16301.8 3.6 16310.3 16678.8
92 Ut 17171.8 3.7 171744 17594.7
93 Np** 17613.6 3.9 17616.9 18061.2
94 Pu’* 17057.9 4.2 18060.1 18518.6
95 Am3* 18512.7 4.4 18514.4 18995.4

some arbitrary constraints. Neglecting such constraints, the
position of the arctangent function can easily shift above the
Lorentz maximum, which may not reflect the true edge po-
sition. (ii) An analysis of the EXAFS oscillations using phase
functions from SCF codes allow to determine the origin of
the wave vector k as ionization energy E,_,.3*3* Especially
for low k range, this procedure depends on the chosen poten-
tials and can lead to energy differences >10 eV among dif-
ferent oxidation states. (iii) A common procedure is the use
of the first maximum of the derivative of the raising edge,
E . The reproducibility of this procedure is in the range of
0.3 eV, but the value is expected to be up to ~2 eV too high
in relation to the true edge energy. Because this systematic
energy shift seems to be a tolerable deviation for the purpose
of this study, the energy value of E|, is used for E,. The
estimated values of E| are given in Table III and the corre-
sponding L;-edge XANES spectra are shown in Fig. 3.

The energy for the electron shell, which is related with the
shake-up transition Eg, was estimated by the difference of the
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FIG. 3. L; near-edge structures of the An™* hydrates, aligned
according E-E;, where E is the photon energy and E,, is taken
from the first derivative of the spectrum. Ey,; is the white line
maximum.

maximum of the double-electron excitation E, and E . Due
to the edgelike structure of the shake-up effect, as discussed
later in Sec. III C, Eg needs a correction for the energy dif-
ference between the white line maximum Ey,; and E;,. This
energy difference, AEy; _, . is included in the estimation ac-
cording E;=E;~E;,—AEy; 4. AEy;_;, of the double-
electron excitation is assumed to be similar to the L; edge.
The values of AEy,;_,, at the L; edges are given in Table III
and the resulting E, is given in Table IV. In order to assign
the shake-up process to the experimental value Eg, a com-
parison with the electron energies in presence of the 2ps),
core-hole is required. The relaxation of an atom due to core-
hole creation is usually described in the frame of the Z+1
approximation. Although SCF models are able to provide
reasonable energy corrections, the previously described
double excitations are already in good agreement with the
Z+1 model.?>3¢ Tabulated bonding energies of shells close
to the ionization limit are rather scarce for actinides. The
energies for this study were taken from Porter and
Freedman,?” without a correction for the chemical shift. Evi-
dence was found between Eg and the Z+1 4fs5, and 4f;)
energy level. The related Z+ 1 energies are listed in Table I'V.
The comparison allows us to assign the spectral feature to an
excitation of a core 2p5,, electron accompanied by the auto-
ionization of a 4f electron. This process creates a
[2p324fs2/4f712] double hole configuration, or, in the edge
terminology, a L3N 7 resonance. The shake up of one of the
14 4f electrons to the lowest unoccupied MO results in a
feature strong enough to be detectable. Double excitation
effects from other energy levels were not observed in the
spectra. Equivalent LN transitions were observed for Pb

TABLE IV. Values of the for the double excitation onset ener-
gies Eg of Th**, U*, Np*, Pu**, and Am*" hydrate at the
Lj-absorption edge and the related Z+1 4f energies taken from
Porter and Freedman (Ref. 37). All values are given in eV.

Z+1
Z An"* Eg N (4f5p0) N7 (4f71)
90 Th* 373.4 366 355
92 U+ 4192 414 403
93 Np** 4437 436 424
94 Pu* 456.5 461 446
95 Am3* 478.3 484 470
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FIG. 4. Experimental energy for the shake-up feature (square
dots) in comparison with the Z+1 45, and 4f;, energy (dotted
line). The error bars represent absolute errors, while the relative
errors are in the dimension of the data points.

(Ref. 38) and Hg vapor samples,® where the 4f shell is
already completely occupied. There, the double-electron ex-
citations affect only the background slope. In contrast to
these spectra, the LN transitions in actinides are sharp.
Figure 4 shows the experimental energy for the shake-up
feature in comparison with the Z+1 4f5,, and 4f5/, energies.
For Pa, Z=91, no experimental value is available. The only
reported spectrum does not reach the energy predicted for the
shake-up effect.** The experimental and theoretical values
show the same slope except for an energy shift between An**
and An**. This effect indicates that the shake-up feature may
undergo a shift in the range of ~5-8 eV. This value is
higher as the chemical shift observed between An** and
An?* at the x-ray L, absorption edge which is in the order of
~2 eV. A similar effect was observed between the K and KL
edges of the third period atoms® where the chemical shift of
the KL edge is significant larger than that at the K edge.

C. Fine structure

The fine structure of the double-electron excitation was
investigated using the Th*" hydrate. Th** has been chosen
because it exists exclusively in a single oxidation state. Fig-
ure 5 shows the k* weighted extended x-ray absorption fine
structure at the L, L,, and Ly edges. A dotted line indicates
the onsets of the double-electron excitation. The EXAFS os-
cillations show a 7 phase shift between the L,; and L,
edges. Due to this 7 shift, the EXAFS signal and the double-
electron excitation superimpose in a different manner. At the
L, 5 edges, the double-electron feature is located at an oscil-
lation maximum and at the L; edge at a minimum. The
double-electron features were separated from the spectra by
subtracting the corresponding EXAFS fit curve (fit param-
eters are given in Table V). In Fig. 6 the cross sections of the
absorption edges and the double-electron features are com-
pared. The L, ; edges comprises an intense well-pronounced
resonance, whereas the L; edge shows no clear resonance
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Ne

k(A

FIG. 5. Experimental k> weighted extended x-ray absorption
fine structure at the L, L,, and Ly edge of Th** hydrate. The dotted
line indicates the maxima of double-electron excitations. The
double-electron features, separated from their corresponding EX-
AFS signal, are shown in Fig. 6.

structure. The double-electron transition reproduce these
spectral features: the L,Ng; and L3N, show a significant
resonance, which is absent in the L;Ng 7 transition. It is ob-
vious, that the transition matrix element has the same char-
acter for the corresponding L and LN edges. The white line
intensity relation of L:LN is ~10* for all three edges. The
full width of half maximum of L, and L; white lines are 10.3
and 8.9 eV, respectively. A fit of the white line at the L,Ng 5
and the L3;Ng; double-electron excitation with an Lorentz
function reveals line widths of 13.4 and 13.3 eV. It indicates
that the double-electron excitation line width is affected from
both, the core-hole live time of the L and the N states. The
LN 7 transition is too noisy for quantitative analysis.

Similar differences in the resonance intensity as at L,
and the L; edges were observed in the XANES spectra of
actinides in different oxidation states. Figure 1 has been
shown different Np Ls;-edge EXAFS spectra. There, the
Np**, spectrum shows a well-pronounced double-electron
resonance, whereas the spectra of Np>*, Np®", and Np’*
show less intense features. The intensity relation of these
L3N 7 features corresponds well with the resonance intensity
of the L;-edge XANES spectra, shown in Fig. 7.

TABLE V. EXAFS structural parameters for Th** species.

Edge Shell R [A] N; o2 [1072 A?]
L Th-O  2.449+0.007  9.1x0.8 0.65+0.04
L, Th-O  2.447+0.004  9.7+0.7 0.640.03
Ly Th-O  2.442+0.004  9.8+0.7 0.68+0.03
5,°=0.9
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FIG. 6. Comparison of the L,, L,, and L; edge of Th** hydrate
(left side) and the corresponding double-electron features (right
side), separated from their EXAFS signals shown in Fig. 5.

D. Consequences for EXAFS data analysis

The double-excitation affects the EXAFS signal and can
influence the data analysis. An excitation of a second elec-
tron reduces the transition probability in the main scattering
path and opens a new one. This may affect especially the
integral scattering amplitude for £= E}. Therefore, the coor-
dination numbers N;;, extracted from the amplitude function,
is expected to be influenced. In contrast, there is no correla-
tion of the double-electron excitation to the origin of the
wave vector E,_,. Therefore, the influence on R, which is
extracted from the phase function, is not expected to be sig-
nificant. A second effect may occur in the data extraction
process. The atomic background signal uq(E) is usually ap-
proximated by a spline function that equilibrates the EXAFS
oscillations. This estimation might be affected either if the

PHYSICAL REVIEW B 75, 035120 (2007)
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FIG. 7. Np L;-edge XANES of Np*, Np>*, Np®, and Np’*
(same samples as shown in Fig. 1).

EXAFS oscillation is very weak in comparison to the
double-electron feature or if the multielectron resonance is in
coincidence with a maximum of the EXAFS oscillation. For
example, the L; edge EXAFS spectrum of Th** hydrate rep-
resents such a superposition of the L;Ng; double-electron
excitation with an EXAFS oscillation maximum. It is well
known, that deviations between u(E) and the spline func-
tion lead to artificial peaks at R<1.2 A. There exist at least
two concepts to avoid this problem. One possibility is, to
subtract the double-electron excitation as a step function. Ap-
plications are given for the L; spectra of lanthanides.*' A
second solution is to suppress the artificial peak at R
<1.2 A within the spline optimization. Such a procedure is
available in most of the recent EXAFS programs, e.g., Ref.
14.
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