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The characteristic peaks (pre-edge peaks) in the La L;-edge X-ray absorption near edge structure
(XANES) of various La complex oxides were analyzed by both experimental and theoretical ap-
proaches. The pre-edge peak areas are correlated with the bond angle analysis (BAA) parameter,
which we proposed as an indicator of the centrosymmetry or disorder of the local configuration of the
La site. The origin of the pre-edge peak and the parameterization criteria of the BAA parameter were
evaluated using theoretical calculations based on molecular orbital theory and multiple scattering
theory. The theoretical calculations showed that the origin of the pre-edge peak at the La L;-edge is
electric dipole transition from 2s to unoccupied states generated by p—d hybridization. Medium-scale
theoretical simulations of the La L;-edge XANES spectra of thousands of virtual La aqueous complex
models verified that the parameterization criteria of the BAA parameter are applicable to local
configuration analysis of La. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4919055]

I. INTRODUCTION

X-ray absorption spectroscopy (XAS) is an important tool
in science and technology and can be characterized by element
specificity and penetration power. These features have realized
alarge number of applications for the element specific analysis
of various materials, such as dopants or modifiers in dielectric
materials,'? semi-conductors,>* glasses,>™® and catalysts.” An
X-ray absorption spectrum is usually divided into two regions:
the X-ray absorption near edge structure (XANES) which con-
tains electronic and geometric information such as an oxidation
number and centrosymmetry of the X-ray absorbing atom and
the extended X-ray absorption fine structure (EXAFS) which
contains important information about the local structure, such
as the atomic distance between an X-ray absorbing atom and
adjacent atoms and the coordination number of the neighboring
atoms of the X-ray absorbing atom.

Another important feature of XAS is its applicability to
amorphous materials. Powder X-ray diffraction (XRD) is a
very useful technique that enables characterization of the geo-
metric and electronic structures of crystalline well-ordered
materials, and it is much more commonly used than XAS. In
contrast, XAS can be applied to analyze the geometrical and
chemical properties of an X-ray absorbing atom in disordered
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materials, such as glasses and catalysts. For example, Marcus
and Polman reported the difference in the local structure of Er
cations in silica and sodium silicate glasses using Er Ls-edge
EXAFS spectra.’ Antonio et al. applied EXAFS spectroscopy
to Er- and Lu-doped sodium silicate glasses® to investigate the
local environments of Er and Lu atoms. They also used the Er
and Lu L3-edge XANES spectra and their second derivatives
to obtain geometric information around the X-ray absorbing
atoms. It is noteworthy that curve fitting analysis, which is
the most common approach used for EXAFS spectra and is
based on the EXAFS equation proposed by Sayer, Stern, and
Lytle,'” is highly dependent on the initial structure model,
which is usually difficult to construct for amorphous materials.
EXAFS oscillation is the sum of discrete sine waves caused
by interference between the photoelectron wave ejected from
the X-ray absorbing atom and the potential of the neighboring
atoms, whereas an XANES spectrum is a convolution spectrum
of each XANES of every X-ray absorbing atom. Thus, we
do not need a detailed structure model before interpreting the
XANES spectrum, although the character of the local structure
should be kept in mind, such as the electronic deficiency and
local symmetry.

The relationship between XANES spectra and the geo-
metric and electronic structures of various transition metal
elements has been already investigated in detail. There are also
several research papers on the XANES spectra of a series of
lanthanide elements. For example, Mountjoy et al.® reported
the Lj-edge XANES spectra of Ce, Nd, and Eu phosphate
glasses and crystals and ascribed the presence of the small

©2015 AIP Publishing LLC
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pre-edge shoulder peaks to p—d hybridization, which depends
on the centrosymmetry, analogous to the La L-edge XANES
of La species in K,O-Si0,-La,03 glasses reported by Larson
etal.'' D’ Angelo et al.'>*° reported a series of K- and L;-edge
XANES and EXAFS analyses of various lanthanide aqueous
complexes. In particular, they used molecular dynamics to
interpret the Ln Ls-edge XANES spectra and obtained struc-
tural parameters such as the atomic distances between Ln
atoms and adjacent O or other (e.g., S of solvent molecule)
atoms with plausible solvation models. However, to the best
of our knowledge, fundamental and systematic study focusing
on the L-edge XANES spectra of one lanthanide element is
relatively rare. This might be because the Ln L-edge XANES
usually exhibits a monotonous featureless spectrum. In a pre-
vious study,’! we investigated the La L;- and L3-edge XANES
spectra of various La complex oxides and found correlations
among the small pre-edge shoulder peak area observed in the
La L;-edge XANES spectra, the full-width at half-maximum
(FWHM) of the white line in the La L3;-edge XANES spectra,
and the local structure of the La site. In addition, we also
found a structural-spectral relationship between the Ln L ;- and
L;-edge XANES spectra of Pr, Sm, Nd,?? Eu, and Gd.?* These
results suggest that empirical quantitative analysis on the Ln
L;- and L3-edge XANES spectra could be a complementary
method to conventional EXAFS curve fitting analysis.

In this paper, we discuss two issues for the possible
application of Ln L-edge XANES measurement to the local
structure analysis of Ln species. (1) The feasibility of the
state-of-the-art theoretical simulation codes ORCA?* based
on molecular orbital theory and FEFF>-?’ based on multiple
scattering theory to simulate the pre-edge shoulder peak in
the experimental La L;-edge XANES of reference La com-
pounds. Ground state density functional theory (DFT) and
time-dependent DFT (TD-DFT) calculations have already
been used to interpret C K-edge,”® S K-edge,” Cl K-edge,*
and Mn K-edge’' XANES spectra. However, the application
of theoretical simulations to L-edge XANES spectroscopy of
heavy elements is rare. The origin of the peak is also discussed.
(2) By medium-scale simulations of the pre-edge peak in
the La L;-edge XANES spectra for thousands of virtual La
aqueous complex models with ORCA and FEFF, we propose
and discuss the validity of parameterization criteria of the local
configuration bond angle analysis (BAA) parameter, which is
defined such that all of the independent angles consist of a La
atom and two adjacent O atoms.

Il. MATERIALS AND METHODS
A. Sample preparation of lanthanum oxides

The lanthanum complex oxides, LasPdO7, La,CuQy, La
CuSrQy4, LaFeSrOy4, LaSrAlO4, LaCo0Os3, and LaAlO3, were
prepared by solid-state reaction. LasPdO7: La,0O3 (325 mg,
1.0 mmol) and Pd(OAc), (124 mg, 0.5 mmol); La,CuOy:
La;03 (652 mg, 2.0 mmol) and Cu(OAc); (363 mg, 2.0 mmol);
LaCuSrOy4: LayO3 (322 mg, 1.0 mmol), Cu(OAc),; (362 mg,
2.0 mmol), and SrCO;3 (295 mg, 2.0 mmol); LaFeSrO4: LayO3
(325 mg, 1.0 mmol), Fe(NO3); - 9H,0 (810 mg, 2.0 mmol),
and SrCO;3 (300 mg, 2.0 mmol); LaSrAlO4: Lay,O3 (328 mg,
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1.0 mmol), SrCO;3 (310 mg, 2.0 mmol), and AI(NO); - 6H,0O
(750 mg, 2.0 mmol); LaCoOs3: LayO3 (327 mg, 1.0 mmol) and
Co(NO3), - 6H,0 (614 mg, 2.0 mmol); and LaAlO;: La,03
(325 mg, 1.0 mmol) and A1(NO3); - 6H,0 (764 mg, 2.0 mmol).
These mixtures were placed in alumina crucibles and heated
at 1423 K for 24 h. The identification was performed by
comparison of the XRD patterns of the prepared samples and
previously reported structures (Figure S1°°).

B. XAS measurements and data reduction

The La L;-edge XANES spectra of these materials were
measured at the BL5S1 hard X-ray XAFS beamline at the
Aichi Synchrotron Radiation Center®? (AichiSR; Aichi Sci-
ence and Technology Foundation, Aichi, Japan). The XANES
spectra of the powder samples were recorded in transmission
mode under ambient conditions using a Si(111) double crystal
monochromator. The photon energy was calibrated to the pre-
edge peak (4966.0 eV) observed in the Ti K-edge XANES
spectrum of Ti foil. The powder samples were mixed with an
appropriate amount of boron nitride and pressed into pellets.
The incident and transmitted X-ray fluxes were measured with
ion chambers filled with He (70%)/N, (30%) and N, (15%)/Ar
(85%). Higher harmonic X-rays were cutoff with a proper
glancing angle of Rh-coated collimating and focusing mirrors.
A typical data reduction procedure (e.g., background removal
or normalization) was carried out with Athena (version 0.9.18)
included in the Demeter package.’® Curve fitting analysis of
the La L;-edge XANES spectra was also performed with the
peak fitting function implemented in Athena and the multipeak
fitting procedure implemented in Igor Pro (version 6.35, Wave-
metrics, Lake Oswego, OR, USA).

C. Theoretical calculations

Theoretical simulations of the La L;-edge XANES spectra
for various reference samples were performed with the restric-
ted open-shell configuration interaction single-excitation (RO-
CIS) method*~7 by DFT implemented in the ORCA pack-
age.’* The geometry optimization and ROCIS calculation were
performed using the B3LYP functional with Ahlrich’s polar-
ized def2-TZVP split valence basis sets*® of triple ¢ quality
for all of the atoms in combination with the auxiliary basis set
def2-TZVP/J for the resolution of identity. The DFT/ROCIS
calculations were performed with the converged restricted
Kohn—Sham wavefunctions. Scalar relativistic effects were
explicitly incorporated by the zeroth order regular approxima-
tion (ZORA) correction.*

Instead of a large cluster model of the lanthanide complex
oxides, we used virtual aqueous complex models which are
virtual minimal La aqueous complexes with the exact relative
positions of La and O atoms taken from the X-ray crystal
structure of the corresponding La complex oxide in a similar
manner to the previous literature.>> For example, an aqueous
complex model for LaCoO3s was constructed and examined
in the following procedure (Figure 1). First, we extracted the
positions of La and the adjacent 12 O atoms from the crys-
tal structure reconstructed from the XRD pattern of LaCoQO3,
which matches that of prepared LaCoQOj3. Second, two H atoms
were placed next to each O atom to terminate the O atoms and
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Crystal Structure of LaCoO;
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La(H.0)1,

La(H,0),; model optimized by MD

compensate the negative charges, and their positions were opti-
mized in the molecular dynamics framework with the universal
force field*! keeping the positions of La and O atoms fixed
using Avogadro,*” an advanced semantic chemical editor. Fi-
nally, the positions of the H atoms were optimized again under
the same condition as the DFT/ROCIS calculation described
above.

Because we are considering lanthanide elements, spin
orbit coupling (SOC) could have a significant effect on the
simulated spectra. Thus, we performed La L;-edge XANES
simulations with and without the SOC effect by turning the
“SOC” option in the ROCIS directive of ORCA on and off. We
found that the simulated spectra were almost the same for the
present La models with and without the SOC effect. Thus, the
SOC effect on the La L;-edge XANES is negligible in our case.
In addition, the effect of higher multiplicity states (“DoHigher
true” option in ROCIS directive in the input file for ORCA)
was included in the present simulations.

XANES and local density of states’ (LDOSs) calculations
of the La complex oxide cluster models were also performed
with FEFF. The cluster models were constructed from the
crystal structure with the ATOMS package,** which contains
all atoms within 10 A of the target X-ray absorbing atom (La).
If there were nonequivalent La sites in the structure, a structural
model was constructed for each different La site. We took
into account not only the electric dipole transition but also the
electric quadrupole transition for the XANES simulation using
the Hedin—Lundqvist function for the fine structure and the
ground state function for the background function with self-
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LaO,, moiety
from Crystal Structure

FIG. 1. Example of an aqueous model
complex of La(H0);, from LaCoO3.

La(H,0)12
optimized by DFT

consistent field and full multiple scattering (FMS) calculations.
For the LDOS calculation, the Lorentzian broadening param-
eter was 1.0 eV. These calculations were performed on the
supercomputer located at the Information Technology Center,
Nagoya University.

lll. RESULTS AND DISCUSSION
A. LaL1-edge XANES of La complex oxides

Figure 2 shows the La L;-edge XANES spectra of LasPd
07, La,CuQy4, LaCuSrOy4, LaFeSrOy4, LaSrAlO,4, LaCoOs, and
LaAlOs3, which are structures with La surrounded by several O
atoms with various positions relative to La. The overall struc-
tures of the L;-edge XANES spectra, such as the absorption
edge of each compound, are similar, which indicates that La in
each compound is trivalent (i.e., La**: [Xe]5d°65°6p”). How-
ever, the strength of the characteristic shoulder peak observed
at about 6275 eV varied among the samples. Larson et al.''
assumed that the origin of the shoulder peaks in the La L;-edge
XANES spectra was electric quadrupole transition from 2s to
5d unoccupied states. Because it is the La L;-edge XANES
spectrum, the origin of the transition can be an electric dipole
transition from the s to the p state or an electric quadru-
pole transition from s to d, but not a transition from s to s,
which is known as the selection rule. The spectra of LaAlO;
and LaCoOj3 (12 O atoms around each La atom) have the
smallest shoulder peaks. The spectra of LaSrAlO,, LaSrFeOy,
LaSrCuQy, and La,CuQy4 (nine O atoms around each La atom)
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(a)
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Photon Energy / eV

6260 6320

FIG. 2. La L;-edge XANES spectra of La complex oxides: (a) LasPdO7,
(b) LayCuOQy, (¢) LaCuSrOy, (d) LaFeSrOy, (e) LaSrAlOy, (f) LaCoOs3, and
(g) LaAlOs. Reprinted with permission from Asakura et al., Inorg. Chem.
53(12), 6048-6053 (2014). Copyright 2014 American Chemical Society.

have more evident shoulder peaks. Furthermore, the spectrum
of LasPdO; (seven O atoms around each La atom) has the
largest shoulder peak among the samples. The crystal structure
of each La compound is shown in Figure S2.°° In our previous
study,”! we suggested that there is a correlation between the
shoulder peak intensity in the La L;-edge XANES spectra
and the local structure of the La atoms of La complex oxides
through the primitive parameterization of the degree of local
centrosymmetry or complexity (BAA parameter), based on all
of the angles of every two adjacent O atoms to La. The BAA
parameter is defined as

>

1
BAA = ; Z |COS (gijk)

where n is the number of independent angles and 6y is the
angle formed by the central atom j (i.e., La) and two of its
adjacent atoms i and k (i.e., two O atoms).

Figure 3 shows the dependence of the pre-edge peak
area of the La L;-edge XANES spectra on the BAA param-
eter for La4PdO7, La,CuQy4, LaCuSrOy4, LaFeSrOy4, LaSrAlQy,
LaCo03, and LaAlOs. The correlation indicates the possibility
that the shoulder peak intensity at the La L;-edge could be
an indicator of the local configuration of La. This result
encouraged us to extend the well-known analysis strategy for
the pre-edge peak of the K-edge XANES spectra of 3d early
transition metals to the Ln L;-edge XANES spectra. The BAA
parameter was inspired by the discussion in metallurgy to
interpret the local structure of a metal atom in an ill-defined
model generated by molecular dynamics** and might have a
relationship with the pre-edge peak intensity induced by the
p—d hybridization. However, the parameterization criteria of
the BAA parameter appear to be too primitive to associate
it with a physical meaning. Thus, we used another approach
to validate the BAA parameter as an indicator of the local
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FIG. 3. Dependence of the pre-edge peak area of the La Lj-edge XANES
spectrum on the BAA parameter for LasPdO;, Lay;CuO4, LaCuSrOy,
LaFeSrOy, LaSrAlO4, LaCoOs3, and LaAlOs3. Reprinted with permission from
Asakura et al., Inorg. Chem. 53(12), 6048-6053 (2014). Copyright 2014
American Chemical Society.

symmetry by La L;-edge XANES simulation of medium-scale
(up to thousands of) virtual La(H,0), complex models.

Before the medium-scale simulations, we first attempted
to reproduce the pre-edge peak feature at the La L;-edge of
the reference samples with the ORCA package based on
TD-DFT/ROCIS and the FEFF package based on multiple
scattering theory.

B. DFT/ROCIS, TD-DFT, and FMS calculations
of the La Ly-edge XANES of La complex oxides

Figure 4(a) shows the experimental La L;-edge XANES
spectrum of LasPdO; and the corresponding simulated spec-
trum of the La(H,0); complex model from the DFT/ROCIS
calculation. The simulated spectrum was broadened by the
Gaussian function by 4 eV (FWHM) and shifted toward higher
energy by 19 eV. Each transition line of LaAlO3 without broad-
ening is shown in Figure S3.°° The peak positions of the
simulated spectrum at about 6275, 6284, and 6288 eV agree
reasonably well with the three peak positions of the experi-
mental spectrum at about 6273, 6284, and 6292 eV. Possible
reasons for the slight difference between the peak positions of
the simulated and experimental spectra are the transition to the
vacuum level was not included in the present conditions, the
line width broadening applied to each transition should not be
same to reproduce the experimental spectrum, and no multiple
scattering effect was considered, which can potentially change
the fine structure. The simulated La L;-edge XANES spectra
of other virtual La aqueous model complexes also reproduced
the corresponding La complex oxide spectra (Figure 4), and the
shoulder peaks of the experimental spectra are clearly repro-
duced as the lowest peaks of the simulated spectra. In addition,
TD-DFT calculations of the same models were performed with
similar parameters, and they also reproduced the main three
peaks observed from 6270 to 6300 eV (Figure S4°°).
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FIG. 4. Experimental and DFT/ROCIS simulated La Li-edge XANES spec-
tra of various La compounds and La(H,0), model complexes: (a) LasPdO,
(b) LapCuOQy, (c) LaCuSrOy, (d) LaFeSrOy, (e) LaSrAlQy, (f) LaCoOs3, and
(g) LaAlOj3 (experimental: solid line and simulated: dotted line).

For quantitative analysis of the shoulder peak simulated
with ORCA, we compared the first prominent peak area inte-
grated from 6270 to 6278 eV with the BAA parameter. The
BAA parameter has already been shown to be correlated with
the experimental shoulder peak in the La Li-edge XANES
extracted by curve fitting analysis with a cubic function as
a background and a Gaussian function (Figure 3). Figure 5
shows an almost inverse linear relationship between the lowest
energy peak area and the BAA parameter. Thus, these results
demonstrate that the DFT/ROCIS and TD-DFT calculations
with ORCA are capable of simulating the La L-edge XANES
spectra at least in the lower excited states region of various
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FIG. 5. Dependence of the peak area of the lowest energy peak of the sim-
ulated La L;-edge XANES spectrum on the BAA parameter for La aqueous
complex models of LasPdO7, LayCuO4, LaCuSrOy4, LaFeSrO4, LaSrAlOy,
LaCoO3, and LaAlOs3.

real compounds, even though the structural model used for
the DFT calculation was a very simple aqueous La complex.
To verify the correlation, we performed XANES simulations
of thousands of virtual La complex models, which will be
discussed in Sec. III D.

Figure 6 shows the simulated La L,-edge XANES spectra
of the reference compounds with the FEFF code under the
FMS framework including electric dipoles and quadrupole
transitions. All of the energies are relative to the predicted
Fermi energy for that compound. The FEFF calculations of
the La complex oxide cluster models produced La L-edge
XANES spectra comparable with the experimental spectra,
except for LaSrAlQy, including the pre-edge shoulder peaks
just above the Fermi level. The order of the spectra is the same
as in Figure 2, although spectrum (e) for LaSrAlO, is omitted
because we could not produce a plausible spectrum for this

Normalized Absorption (a.u.)

0 | | | |
-10 0 10 20 30 40
Photon Energy / eV

FIG. 6. Simulated La L;-edge XANES spectra of various La complex oxide
cluster models: (a) LayPdO7, (b) LayCuOy, (¢c) LaCuSrOy4, (d) LaFeSrOy,
(f) LaCoO3, and (g) LaAlOs.
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compound. The pre-edge peak area was also quantitatively
evaluated in the same manner as the experimental areas, that
is, curve fitting analysis with one background cubic function
and one Gaussian function for the pre-edge peak. The peak
area showed a clear correlation with the BAA parameter, in
a manner similar to the results in Figure 5 (Figure S5°°). Thus,
the FEFF code is also capable of quantitatively simulating the
La L;-edge XANES spectra. We also evaluated the contribu-
tion of the electric quadrupole transition to the pre-edge peak
and found that the increase of the pre-edge peak area by the
quadrupole transition was almost constant among the refer-
ence compounds.?! The magnetic dipole transition is another
possible origin of the pre-edge peak. However, as Brouder
discussed in his paper,* the contribution is negligible even if
the SOC effect is taken into account.

C. Origin of the pre-edge peak at the La Li-edge
XANES of various La compounds

It is also important to clarify the origin of the shoulder
peakinthe Lal;-edge XANES spectrum. The shoulder peak in
the Ln L;-edge XANES spectrum has been already discussed
in several papers. In an XAS study of La coordination, Larson
et al.'' reported that the shoulder peak in the La L;-edge
XANES spectra of K,0-SiO,-La,03 glasses is because of the
2s to d transition, which may mean electric dipole transition
to p—d hybridized states or electric quadrupole transition to d
components. Materlik et al.*® discussed the Ce, Sm, Gd, and Er
L;-edge XANES spectra in the atomic and condensed (solid or
metallic) states and concluded that the shoulder peak is asso-
ciated with the p-projected density of conduction-band states.
Chaboy et al.*’ explained the decrease of the shoulder peak
intensity in the Ce and La L;-edge XANES spectra of CeFe,,
CeRu,, and LaRu,; after hydrogenation by p—d hybridization.
Ishimatsu et al.*® explained the disappearance of the shoulder
peak in the La L;-edge spectrum with hydrogenation of La
metal in the same way. The pre-edge peak has been already
discussed for Ln compounds with well-defined structures from
the viewpoint of the p component of the unoccupied states.
However, to the best of our knowledge, the shoulder peak
and p orbital hybridization of La have not been systematically
discussed for various coordination environments of La.

A possible way to evaluate the p component contribution
to the unoccupied state is population analysis of the virtual
orbitals of the ground-state model. For example, George et al.*’
discussed the pre-edge peak observed in the Ti K-edge XANES
spectra of TiCly, TiCpCls, and TiCp,Cl, (Cp = cyclopentadi-
enyl) by ground-state DFT calculations with the Amsterdam
density functional package from the viewpoint of 3d—4p mix-
ing and metal-ligand covalency. They found that the change
of the pre-edge peak area at the Ti K-edge can be clearly
explained by the amount of the Ti 4p component of the unoc-
cupied orbitals. We also performed single-point calculations
of the Ti complexes with the ORCA package and confirmed
that the Lowdin population analysis agrees with results of
George et al. However, this was not the case for our virtual
La aqueous complex models. In contrast to the single-point
calculation result of the tetrahedral TiCl4 complex that exhibits
a clear picture of the ligand field splitting to e and t; states, the
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ground-state calculations of the La aqueous model complexes
La(H;0),, (n = 7-12) produced complicated virtual orbitals,
which are difficult to interpret with the experimental results.
This indicates that virtual complex models and ground-state
calculations are not adequate for pre-edge peak interpretation.

As discussed in a previous paper,?! calculation of the
LDOS at the X-ray absorbing atom site with FEFF could be
another way to clarify the origin of the pre-edge peak. An
example of the LDOS at the excited La site and the corre-
sponding L;-edge XANES spectrum of LaAlO; are shown in
Figure 7. The figure shows that the two main peaks at ca. 10
and 17 eV above the Fermi energy can be explained by the
p-projected DOS of the unoccupied states, and the pre-edge
transition at about the Fermi energy consists of the unoccupied
state with p and d components. The calculated DOS of the other
reference samples can also explain the main peaks in the L;-
edge XANES spectra.

In addition, the amount of the p component in the pre-
edge peak region of the La models is correlated with the BAA
parameter, as shown in Figure 8. The FEFF results indicate
that the origin of the pre-edge peak at the La L;-edge can be
assigned to the 2s to p electric dipole transition induced by the
perturbation of the p orbitals of the adjacent O atoms of coordi-
nating ligands, as a result of a decrease of the symmetry by the
intersection between the orthogonal p orbitals and unoccupied
d orbitals. A schematic view of d orbital splitting of 7, 8, 9,
and 12 coordinated species with relatively high symmetry such
as pentagonal bipyramidal, cubic, tricapped trigonal prism is
provided in Figure $6.° However, the La Li-edge XANES
spectra of these La compounds reported in our previous paper
only exhibit very small difference and the fact indicates that
the d orbital broadening did not make a significant effect on
the pre-edge feature in the L;-edge XANES region.

D. DFT/ROCIS simulation of La L{-edge XANES
for a number of La aqueous complex models
and the relationship between the pre-edge peak
at the La L{-edge and the local structure of La

As discussed above, both the DFT/ROCIS and FMS calcu-
lations with ORCA or FEFF semi-quantitatively reproduced
the characteristic features of the experimental data of the real
La complex oxides, supporting that the BAA parameter can
be an indicator of the local configuration of the La atoms.
Unfortunately, there are two weak points: the validity of the
BAA parameter definition and the relatively small number
of reference samples. The former problem is not so easy.
For example, the perfect pentagonal bipyramid geometry of a
seven-coordinated moiety belongs to the Ds;, point group and
its electronic states can be explained in a similar way to a four-
coordinated tetrahedral group or a six-coordinated octahedral
group based on point group theory. However, the main aim of
the present analysis method is to investigate atoms in amor-
phous materials, which have irregular configurations beyond
the scope of point group theory. We then took a different
approach to the problem, where a number of virtual La(H,0),
complex models were constructed with the La atom geometri-
cally shifted from the original position. Defining the La atom of
a virtual La aqueous complex model to be located at the origin
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[(0,0,0)] in the Cartesian axis system, we virtually constructed
a0.40 A cubic grid with a 0.05 A mesh, which has 9 x 9 x 9
= 729 intersection points including the origin. Then, to con-
struct new complex models, the La atom was moved to each
intersection point without moving the other atoms. Calculation
and evaluation of the pre-edge peak in the La L;-edge XANES
spectra of these new complex models were performed in the
same manner as the previous models.

Figure 9 shows the simulated results of a number of virtual
La(H,0), (n =7,8,9,10,12) complex models and the refer-
ence models already shown in Figure 5. Even though the
parameterization criteria for the BAA parameter are still un-
clear from the viewpoint of the physical description, the result
shows a correlation between the pre-edge peak area and the

0.8 —

La4PdO7%
0.7

0.6 — La,CuO,

0.5— LaCuSrO‘&

04

0.3 él_s
LaAlO,
o2k 1,
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Pre-edge peak area of La L,-edge XANES (a.u.)

FIG. 8. Dependence of the pre-edge peak area in the La Lj-edge XANES
spectrum on the p character ratio of the LDOS around the Fermi energy for
the La Ls-edge of LagPdO7, La;CuOy4, LaCuSrOy4, LaFeSrO4, LaCoO3, and
LaAlOs. Reprinted with permission from Asakura ez al., Inorg. Chem. 53(12),
6048-6053 (2014). Copyright 2014 American Chemical Society.
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BAA parameter for the La complex models. It is noteworthy
that the La(H,0); models exhibit the widest distribution in
Figure 9. This may indicate that for La(H,O);, the p contribu-
tion of La to the excited states can be easily changed by pertur-
bation of the adjacent atoms. This is also important because
most of the lanthanide trace elements in glasses are coordinated
to 68 adjacent atoms, and Figure 9 indicates the possibility of
distinguishing small structural changes in lanthanide dopants
based on the pre-edge peak analysis at the La L;-edge. In
addition, we also performed theoretical simulation of the La
L;-edge XANES spectrum of La(H,0), (Figure S7°°). In con-
trary to our expectation, the La(H,0O)s model exhibits the larger
pre-edge peak than La(H,0), (n = 7,8,9,10,12). We believe
the discussion on the spectra of La compounds with >7 adja-
cent oxygen atoms is fine. Further study on the pre-edge peak of
La L;-edge XANES of La(H;0),, (m = 5,6,7) is undergoing.

IV. CONCLUSION

This results of this study revealed that (1) DFT/ROCIS,
TD-DFT, and FMS calculations can reproduce the dominant
peaks of the La L;-edge XANES of various La complex oxides
using simple La aqueous complex models or La oxide cluster
models. This means that these procedures are able to simulate
the La L;-edge XANES spectra of La compounds with any
structure at least in the absorption edge region. (2) The origin of
the characteristic shoulder peak is the electric dipole transition
from 2s to hybridized states with p components. This has
already been discussed in previous studies, but an interesting
point is that the shoulder peak caused by the p component
contribution to unoccupied states can be an indicator of the
geometric structure of La. Thus, the well-known pre-edge peak
analysis of the K-edge XANES of 3d early transition metals,
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which is explained by the difference of the local structure of
3d metals, can also be applied to the shoulder peak in the L;-
edge XANES spectra of La. Unfortunately, it is still difficult
to directly link the BAA parameter to physical properties.
However, the present discussion with medium-scale theoret-
ical simulations demonstrated that the BAA parameter can be
an indicator of the local structure.

The present results might provide a way to analyze the
local structure of each Ln element by L-edge XAS. We have
already found a similar relationship to the relationship observed
for La compounds between the XANES spectra and the local
structure of other Ln elements, such as Pr, Nd, Sm, Gd, and Eu,
which could be explained using the same strategy. In addition,
the XANES analysis might give insight into a geometrical
approach to investigate amorphous structures in combination
with molecular dynamics, Monte Carlo simulations, and exper-
imental data, such as pair distribution functions based on hard
X-ray or neutron diffraction.
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NOMENCLATURE

XAS X-ray absorption spectroscopy
EXAFS = extended X-ray absorption fine structure
XANES = X-ray absorption near edge structure
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