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ABSTRACT: La L, and Lj-edge X-ray absorption near-edge

structure (XANES) of various La oxides were classified according
to the local configuration of La. We found a correlation between
both of the areas of the pre-edge peaks of the La L;-edge XANES
spectra and the full width at half-maximum of white line of La L;-
edge XANES spectra and the local configuration of La. Theoretical
calculation of the XANES spectra and local density of states reveals
the difference of La L; and L;-edge XANES spectra of various La
compounds is related to the p—d hybridization of the unoccupied
band and broadening of the d band of La induced by the difference
of local configuration. In addition, simplified bond angle analysis
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parameters defined by the angles of the La atom and the two adjacent oxygen atoms are correlated to the pre-edge peak intensity
of the La L;-edge XANES spectra. These results indicate that quantitative analysis of La L, and L;-edge XANES spectra could be

an indicator of the local structure of La materials.

B INTRODUCTION

Lanthanide is used in various fields such as magnetic material,
dielectric material," phosphor,” optical glass, hydrogen storage,’
or catalysts because of its characteristic property derived from
the unusual electronic configuration of 4f heavy electrons and
the large ionic radii. For example, doping of La into BaTiO; has
a strong influence on its dielectric property.*”” Yb**- and Nd**-
doped Bi,0;—B,0; glass works as low coherent wideband light
sources.” In many cases, a small amount of lanthanide
elements is added or doped into materials to develop or
improve their characteristic property. The effects of the
lanthanide additives depends on their location or electronic
state in materials, but, in general, it is not easy to observe
structural or chemical changes induced by a trace amount of
such additives or structural or chemical information on such
dopants themselves.

One of the widely used analytical techniques to clarify
structural and chemical information on such trace elements is
X-ray absorption spectroscopy (XAS). In particular, extended
X-ray absorption fine structure (EXAFS), one part of XAS, has
been already widely used in many fields including lanthanide
materials. For example, the local structure of Er cation
incorporated into glasses was studied by means of
EXAFS,'>!" and the authors estimated the disorder of oxygen
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atoms around Er, which could be related to the photo-
luminescence property. However, it is essentially difficult to
construct a reliable model of the local structure of Er based on
its EXAFS because of the disorder or amorphous nature of
glass. X-ray absorption near edge structure (XANES), the other
part of XAS, is also used to investigate coordination chemistry
of lanthanide complexes'>™'* or to determine valence states of
lanthanide compounds,'®'® but the number of XANES
applications of structural analysis is much smaller than the
number of EXAFS applications. Our previous study of some of
group V, VI, and VII metal (i.e., Nb, Mo, Ta, W, and Re) oxides
indicated that the XANES spectra are subject to local
configuration of the metals.'”'® In the present study, La L,
and Lj-edge XANES spectra of various La oxides were
measured to find a relationship between the XANES spectra
and their local structure. In addition, theoretical simulation of
La L, and L;-edge XANES spectra and local density of states
(LDOS) were performed with FEFF code'®* to clarify the
origin of the fine structure of the La L, and L;-edge absorption

edges.
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B EXPERIMENTAL SECTION

Sample Preparation of Lanthanum Oxides. Lanthanum
complex oxides, La,PdO,, La,CuO,, LaCuSrO,, LaFeSrO,, LaSrAlO,,
LaCoO;, and LaAlO; were prepared in solid-state reaction of vigorous
grinding of precursors followed by high-temperature calcination.
La,PdO;: La,0; (325 mg, 1.0 mmol) and Pd(OAc), (124 mg, 0.5
mmol); La,CuO,: La,0; (652 mg, 2.0 mmol) and Cu(OAc), (363
mg, 2.0 mmol); LaCuSrO,: La,0; (322 mg, 1.0 mmol), Cu(OAc),
(362 mg, 2.0 mmol), and SrCO; (295 mg, 2.0 mmol); LaFeSrO,:
La,0; (325 mg, 1.0 mmol), Fe(NO);-9H,0 (810 mg, 2.0 mmol), and
SrCO; (300 mg, 2.0 mmol); LaSrAlO,: La,0; (328 mg, 1.0 mmol),
SrCO; (310 mg, 2.0 mmol), and Al(NO);-6H,0 (750 mg, 2.0 mmol);
LaCoO;: La,0; (327 mg, 1.0 mmol) and Co(NO;),-6H,0 (614 mg,
2.0 mmol); LaAlO;: La,0; (325 mg, 1.0 mmol) and Al(NO);-6H,0
(764 mg, 2.0 mmol). These mixtures were put into Al crucible and
heated at 1423 K for 24 h. The identification was done by comparison
of the XRD patterns of the prepared samples and those of the ones
reported in literature.

XAS Measurement. La L; and L;-edge XANES spectra of these
materials were measured at the BLSS1, hard X-ray XAFS beamline, at
Aichi Synchrotron Radiation Center”' (AichiSR; Aichi Science and
Technology Foundation, Aichi, Japan). The XANES spectra of their
powder samples were recorded in transmission mode under ambient
conditions, using a Si(111) double crystal monochromator. The
photon energy was calibrated with the pre-edge peak (4966.0 eV)
observed in the Ti K-edge XANES spectrum of Ti foil. Powder
samples were mixed with an appropriate amount of boron nitride and
pressed into pellets. Incident and transmitted X-ray fluxes were
measured with ion chambers filled with He/N, (70/30%) and N,/Ar
(15/85%). Higher harmonic X-ray was cut off with proper glancing
angle of Rh-coated collimating and focusing mirrors.

Data Reduction. A typical data reduction procedure (e.g,
background removal, or normalization) was carried out with the
Athena version 0.9.18 included in the Demeter package”” Curve-
fitting analyses on the La L, and L;-edge XANES spectra were also
done with the peak-fitting function implemented into the Athena and
the multipeak fitting procedure implemented in Igor Pro version 6.32
(Wavemetrics, Lake Oswego, OR, USA).

Theoretical Calculation. For the XANES and LDOS calculations,
a structural model of each La oxides was constructed from the crystal
structure reported in published literature with ATOMS package,”
which contains all atoms within 10 A around the target X-ray
absorbing atom (La). If there were nonequivalent La sites, a structural
model for each La site was constructed. We took into account not only
electric dipole transition, but also electric quadrupole transition for the
XANES simulation using the Hedin—Lundqvist function for the fine
structure and ground state function for the background function
(default setting for XANES calculation with FEFF) with self-consistent
field (SCF) calculation and full multiple scattering (FMS). For the
LDOS calculation, the Lorentzian broadening parameter was 1.0 eV.

B RESULTS

Analysis of the Pre-Edge Peak Area of La L,-edge
XANES Spectra. Figure 1 shows the La L;-edge XANES
spectra of La,PdO,, La,CuO,, LaCuSrO,, LaFeSrO,, LaSrAlO,,
LaCoOj;, and LaAlO;, with various local configuration around
La*" cation. The absorption edge of each compound is similar
to each other, but the intensity of the characteristic pre-edge
shoulder peaks at around 6275 eV varies among the samples. In
the published literature,” the pre-edge peaks are assigned to
electronic quadrupole transitions from 2s to 5d unoccupied
states. LaAlO; and LaCoOj;, which have 12 adjacent oxygen
atoms near the La atom, show the smallest shoulder peaks.
LaSrAlO,, LaSrFeO,, and LaSrCuO,, with nine nearest oxygen
atoms, exhibit a bit more evident pre-edge peaks. Furthermore,
La,PdO, with seven-coordinated oxygen atoms and La,CuO,
bearing eight-coordinated oxygen atoms have the largest and
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Figure 1. La L,-edge XANES spectra of La,PdO,, La,CuO,,
LaCuSrO,, LaFeSrO,, LaSrAlO,, LaCoOj;, and LaAlO;.

the second largest pre-edge peaks among the present La
compounds. This indicates a possibility that the pre-edge peak
area could be associated with some local configuration of La.
Thus, we performed curve fitting of the XANES spectrum
with one Gaussian and one cubic function in a manner similar
to that in the published literatures™ to quantify the pre-edge
peak area of each La L;-edge XANES spectrum as an indicator
of La local configuration. A result of the curve fitting of La L;-
edge XANES spectrum of La,CuQO, is shown in Figure 2.

o
(]

e
%

N
=

Normalized Absorption (a.u.)

e
=

6250 6260 6270 6280 6290 6300
Photon Energy / eV

Figure 2. Curve-fitting of the pre-edge peak of La L;-edge XANES
spectrum of La,CuO,.

Clearly, one Gaussian and one cubic function are enough to fit
the experimental data. The L;-edge XANES spectra of the other
La compounds were also successfully fitted in the same manner.
The other curve-fitting results are provided in the Supporting
Information.

Analysis of the White Line of La L;-Edge XANES
Spectra. Figure 3 shows the La L;-edge XANES spectra of
La,PdO;, La,Cu0O,, LaCuSrO,, LaFeSrO,, LaSrAlO,, LaCoO;,
and LaAlO;. All spectra exhibit one slightly asymmetric and
strong white line at around 5490 eV. These peaks are assignable
to electric transition from 2p;, to Sd state. LaAlO; and
LaCoO3, which have 12 adjacent oxygen atoms near the La**
cation, show the narrowest white lines. LaSrAlO,, LaSrFeQO,,
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Figure 3. La L;-edge XANES spectra of La,PdO,, La,CuO,,
LaCuSrO,, LaFeSrO,, LaSrAlO,, LaCoOj;, and LaAlO;.

and LaSrCuO,, with nine nearest oxygen atoms, exhibit slightly
wider ones. Furthermore, La,PdO, with seven-coordinated
oxygen atoms and La,CuO, bearing eight-coordinated oxygen
atoms have the widest and the second widest white lines among
the present La samples. Aritani et al. reported the width of
white line of La,O; is significantly larger than that of La(OH),
and pointed out that distortion of the local structure of the
LaOg4 unit of La,O; and La(OH); could change the spectral
shapes, qualitatively.”® Similarly, the gradual change of the
width of white line of La L;-edge XANES spectra are assignable
to the difference of the local configuration of LaO, moiety.

We first calculated second derivatives of La L;-edge XANES
spectra to evaluate the d-orbital splitting depending on the local
configuration of La in the same manner as our previous
papers.'”'® However, they were too noisy to quantify the
difference of d-orbital broadening as shown in the Supporting
Information. Thus, the full width at half-maximum (fwhm) of
white line of each La L;-edge XANES spectrum was estimated
by curve analysis in a manner similar to that of the previous
paper.”” The La L;-edge XANES spectrum was fitted with one
arctangent function, which means the electric transition from
2p3/, to continuum states, and one pseudo-Voigt function
(Lorentzian/Gaussian = 1:1), which represents the transition to
the unoccupied states. Figure 4 shows an example of peak-
fitting analysis of La L;-edge XANES spectrum of La,CuO,.
The d-state broadening of the other La complex oxides were
also estimated in the same manner (see Supporting
Information) and discussed below.

Relationship between the Pre-Edge Peak Area of La
L,-Edge and the White Line fwhm of La L;-Edge XANES
Spectra. A clear correlation (R* = 0.95) between the pre-edge
peak areas of La L;-edge XANES spectra and the fwhm of the
white line of L;-edge XANES of La compounds is shown in
Figure S. This phenomenon is not unexpected because the pre-
edge peak, which should be related to the mixing of p states
into d states of La, and the d-state broadening must be induced
by the change of the local configuration of La. Furthermore,
there is an interesting relationship between the local structure
and the electronic states observed by L; and L;-edge XANES
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Figure 4. Peak fitting of the white line of La L;-edge XANES spectrum
of La,CuO,.
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Figure 5. Dependence of pre-edge peak area of La L;-edge XANES
spectra on the fwhm of white line of La L;-edge of La,PdO,, La,CuO,,
LaCuSrO,, LaFeSrO,, LaSrAlO,, LaCoOs, and LaAlO.; (The number
in parentheses denotes the number of the coordinated oxygen atoms
to La.)

spectra. That is, La,PdO-, which has a relatively small number
of coordinated atoms to La, shows the largest pre-edge peak
area and the widest fwhm of the white line in its L;-edge
XANES region, and, as the number of the adjacent atoms
increases, the pre-edge peak intensity and the fwhm decrease.

Theoretical Calculation of L; and L;-Edge La XANES
Spectra and Local Density of States. The pre-edge peak of
La L;-edge XANES spectra and the difference of the fwhm of
white line of La Lj-edge XANES spectra are temporarily
interpreted into electric quadrupole transition from 2s to p—d
hybridized unoccupied states and from 2p;, to 5d states,
respectively. To clarify the origin of each feature observed at La
L, and L;-edge, theoretical calculation of L}, L;-edge XANES
spectra and LDOS at La site were performed with FEFF 9.0
code.”

Figure 6 shows the La L; and L;-edge XANES spectra and
LDOS at La site of La,CuO, calculated with FEFF 9.0. The
energy axis for both of the L; and L;-edge XANES spectra and
LDOS is a relative value against the estimated Fermi level. The
determination of the Fermi level with FEFF code is not so
accurate, so the absolute value may be a little different from the
true one, but it does not matter to discuss the origin of the pre-
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Figure 6. La L, and L;-edge XANES spectra and LDOS at La site of
La,CuO, calculated with FEFF 9.0. (The relative energy is originated
by the estimated Fermi energy.)

edge peak of the L;-edge and white line of the L;-edge. Clearly,
the strong white line of La Lj-edge is ascribed to the
unoccupied (mainly) d state. At the La L;-edge, a small but
distinct shoulder peak is observed at around 1 eV. Both of them
are consistent with the discussion above.

In the published literature,* the pre-edge peak of the L,-
edge pre-edge is assumed to be electric dipole and quadrupole
electronic transitions. However, the quadrupole transition is 2
orders of magnitude weaker than the dipole transition. As seen
in Figure 6, both the electric dipole and the quadrupole
transitions have distinct contributions, but the electric quadru-
pole transition is indeed significantly smaller than that of the
dipole transition. To evaluate the contribution of quadrupole
transition of La materials quantitatively, we also calculated the
La L,-edge XANES spectra of LaAlO; and La,PdO,,

In Figure 7, La L;-edge XANES spectra of LaAlO;, which
shows the smallest pre-edge peak, and La,PdO,, which shows
the largest pre-edge peak, calculated with only electric dipole
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Figure 7. La L;-edge XANES spectra of LaAlO; and La,PdO,
calculated with FEFF code with only electric dipole transition
(black) and with both electric dipole and quadrupole transitions (red).

transition and with both of electric dipole and quadrupole
transition are shown. The quadrupole transition has distinct but
weak contribution to the pre-edge peak in both of them. The
differential spectrum was also calculated for each spectrum, and
we found the electric quadrupole contribution in these
materials is almost the same. This means the quadrupole
transition does not depend on the local structure of La, but the
dipole transition depends on it. It is expected because the d
character of the unoccupied state is similar to each other among
the present La oxides, but p character ratio of the unoccupied
state is altered by the local configuration of La. In addition, this
indicates the pre-edge peak area extracted by curve fitting of L;-
edge XANES consists of an almost constant contribution of
quadrupole transition and varying contribution of dipole
transition affected by La surroundings.

Figure 8 shows a relationship between the pre-edge peak area
of La Lj-edge XANES and p state contribution to the
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Figure 8. Dependence of pre-edge peak area of La L;-edge XANES
spectra on the p character ratio of LDOS around Fermi energy of La
L;-edge of La,PdO; La,CuO,, LaCuSrO, LaFeSrO,, LaCoOs, and
LaAlO;.

unoccupied band. This correlation (R* = 0.87) also
quantitatively demonstrates the pre-edge peak of L;-edge
XANES spectra is a probe for the p character of the unoccupied
state, which is strongly related to the local configuration of La.
For example, Roe et al. and Westre et al. have already reported
similar analysis of the pre-edge peak of Fe K-edge XANES
spectra of various Fe complexes, which are ascribed to the p—d
hybridization of the unoccupied orbital in the final state. Roe et
al”® used extended-Hiickel calculation to evaluate the Fe 4p
character in the final state to understand the difference of the
pre-edge peak area of Fe K-edge XANES spectra and found a
clear correlation between the pre-edge peak area and the 4p
contribution ratio. Westre et al.”® performed molecular orbital
calculation of various Fe model molecules based on density
functional theory in a similar manner, evaluated the
contribution of each orbital by Mulliken population analysis,
and clarified the relationships among the local symmetry, 4p
character of the unoccupied orbitals, and the pre-edge peak
structure of Fe K-edge XANES spectra. Yamazoe et al.*® also
reported a clear correlation among the energy gap of d orbital
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splitting, the mixing ratio of 6p orbitals into Sd orbitals, and its
local symmetry of various W model molecules.

Attempt of Parameterization of La Local Configu-
ration and Its Relation to the XANES Spectra. In our
previous paper'”'® on the XANES spectra and the local
structure of some of group V, VI, and VII metal (i.e, Nb, Mo,
Ta, W, and Re) oxides, theoretical simulation of the electronic
structure of minimal molecular models such as MO,"” or
MO"~ (M stands for Nb, Mo, Ta, W, or Re, and n and m stand
for appropriate numbers of additional electrons) indicated that
change of the atomic distance between the X-ray absorbing
atom (M) and adjacent oxygen atoms had little influence on
the pre-edge peak intensity, but angular change of O—M—-0O
strongly affected the pre-edge peak intensity. The centrosym-
metry of the M cation strongly affects their XANES spectra. In
the group V, VI, and VII elements, there are only four-, five-,
and six-coordinated units such as lowly centrosymmetric
tetrahedral WO, unit of highly centrosymmetric octahedral
WOy unit, for example.

On the other hand, in the case of elements with very large
ionic radii such as La, its oxides could be accompanied by 7 to
12 coordinated oxygen atoms. The centrosymmetry of La
coordination sphere might be considered to be high with 12-
coordinated atoms and low with seven-coordinated ones. In
addition, atomic distance between La and coordinated atoms
could also vary from about 2.0 to about 3.5 A. As discussed on
lanthanide-doped glass in the introduction, it is not easy to
determine the local configuration of lanthanide atoms in
amorphous materials with EXAFS spectroscopy. Thus, we tried
to parametrize the local configuration of La and investigate the
relationship between it and the corresponding XANES
spectrum.

In the field of metallurgy, the degree of distortion or defect of
the microstructure of every metal atom in bulk metal could be
evaluated on various criteria in the terms of molecular
dynamics®® (MD). For example, the centrosymmetry parameter
(CSP) is proposed by Kelchner et al.*" to evaluate the defect or
dislocation of metal. Ackland et al. used bond angle analysis
(BAA) to identify the local coordination, distinguishing face-
centered cubic, hexagonal close-packed, body-centered cubic,
and other structures of each metal atom simulated by MD and
so forth.*> We applied the CSP and simplified BAA methods to
parametrize the local configuration of the La center and found
that a simplified BAA analysis could be used to produce well-
correlated parameters to the characteristic features of the
XANES spectra in the following procedure. Simplified BAA
parameter is defined in the following equation, where n and Oy
denote the number of independent angles and the angle formed
by the central atom j and two of its adjacent atoms i and k,
respectively. If there are unidentical sites of La, the BAA
parameter is calculated as an average value of each BAA
parameter on each site.

1
BAA = — lcos(6. )]
" Z COS( 1]k)

First, the Cartesian coordinates of the nearest adjacent
oxygen atoms into the La located at the origin (0, 0, 0) are
extracted from the crystal structure within 3.3 A from La center.
Second, the absolute values of cosine of every angle formed by
La and two adjacent oxygen atoms are summed up and
averaged by the number of independent angles. For example,
the simplified BAA parameters of six-coordinated regular
octahedron, eight-coordinated cube, and 12-coordinated
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icosahedron are 0.2, 0.429, and 0.455, respectively. Thus, the
simplified BAA parameter increases as the coordination number
increases at least in the range from 6 to 12.

The dependence of pre-edge peak area of La L;-edge XANES
spectra on the BAA parameters of La oxides is summarized in
Figure 9. The pre-edge peak areas of L;-edge XANES spectra
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Figure 9. Dependence of pre-edge peak area of La L;-edge XANES
spectra on the BAA parameters of La,PdO,, La,CuO, LaCuSrO,,
LaFeSrO,, LaSrAlO,, LaCoO; and LaAlO,. (The number in
parentheses denotes the number of the coordinated oxygen atoms
to La.)

have a significant correlation (R* = 0.79) to the BAA
parameters. This indicates the BAA parameter, which could
be calculated from an arbitrary model, even an amorphous one,
could be an indicator of the coordination number, or at least
and indicator of the local configuration of La in the range from
7 to 12 of its coordination number. As mentioned above, the
BAA parameter of the regular octahedron is 0.2, and it seems to
be difficult to extend this simplified bond angle analysis into six-
coordinated La materials.

This relationship also indicates that a combination of XANES
measurement and MD simulation could open a way for
structural analysis of amorphous materials. For example, one
can simulate the distribution of a trace amount lanthanide
atoms in a glass system with some MD code, but simulation of
the XANES spectra of lanthanide atoms in such a system is
generally very time-consuming because there are enormous
numbers of lanthanide atoms in different local environments.
The BAA parameters could be calculated easily from the
simulated atomic distribution with MD simulation. If the
calculated BAA parameters of considerable systems are
significantly different from each other, it would be worth
measuring their XANES spectra for semiquantitative analysis of
lanthanide local configuration.

H CONCLUSION

La L;-edge and Lj-edge XANES spectra of various La
compounds are summarized and found to have a good
correlation with the La local structure. These results indicate
that quantitative analysis on the L; and L;-edge XANES spectra
might give a piece of information on the local configuration of
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trace lanthanide elements in optical glasses, catalysts, magnetic
materials, and so on. This methodology might also give some
insight into thermal vibration of lanthanides element in
lanthanide complex materials such as skutterudites, for example.
Theoretical simulation of La L; and L;-edge XANES spectra
and LDOS at La site of various La compounds supported the
relationship between the local structure of La and its XANES
spectrum. We also proposed primitive parameterization of the
distortion of local structure of La. It is very primitive and
empirical; it could not be directly linked to physical meanings at
present, but it could be used to forecast whether XANES
spectra could evaluate the local structure of the La elements of
the target materials in the combination of XANES study and
MD simulation or not. Further analysis on other lanthanides
and real glass samples will be reported in near future.

B ASSOCIATED CONTENT

© Supporting Information

Curve-fitting analysis of La L;-edge and La Lj-edge XANES
spectra, second derivatives of La Lj-edge XANES spectra,
differential spectra of calculated La L,-edge XANES spectra.
This material is available free of charge via the Internet at
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