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Abstract
Lanthanum calcium oxoborate (LaCOB) is a nonlinear optical material that belongs to the
calcium-rare-earth (R) oxoborate family, with general composition Ca;,RO(BO3); (R*" = La,
Sm, Gd, Lu, Y). X-ray photoemission, photoabsorption and resonant fluorescence were
applied to study the electronic structure and surface chemistry of this material. High
resolution photoemission measurements on the valence band electronic structure and La 3d
and 4d, Ca 2p, B 1s and O 1s core lines were used to evaluate the surface and near surface
chemistry. Element specific density of unoccupied electronic states in LaCOB were probed by
x-ray absorption spectroscopy (XAS) at the La 3d (M4s-edge), La 4d (N45-edge), B 1s and O
1s (K-edges) absorption edges. Soft x-ray fluorescence was used to further examine valence
band states associated with spectral differences noted in the absorption measurements. These
results provide the first measurements of the electronic structure and surface chemistry of this

rare-earth oxoborate.



Introduction

Lanthanum calcium oxoborate (LaCOB) is a nonlinear optical (NLO) material that
belongs to the calcium-rare-earth (R) oxoborate family, with general composition
CayRO(BO3); (R* = La, Sm, Gd, Lu, Y). [1,2] The nonlinear properties of these crystals have
been measured and LaCOB is found to have potential for high-average power frequency
conversion and intra-cavity doubling. [3]

The optical properties of borate crystals appeared to be related to their molecular
structure. These crystals are constructed from a basic structure unit: (BO3)> anionic groups.
The anionic group is thought to determine the NLO coefficient of borate crystals according to
the anionic group theory [4]. If the dangling bonds of the three terminated oxygen atoms of
the (BO3)> groups are interlinked with cations, an absorption edge appearing at wavelengths
as short as 155 nm is also possible.

LaCOB crystallizes in the monoclinic biaxial crystal system belonging to the Cm
space group, and the number of unit formula is Z = 2. [5] LaCOB is isostructural to the
calcium fluoroborate Cas(BOs3)sF, which is related to the common fluoroapatite structure
Cas(PO,)sF. [6,7]

There are two types of Ca** ion that occupy distorted octahedral sites. All octahedra
share corners with BO3 triangles to form a three-dimensional network. There are two kinds of
boron site, B(1) and B(2), with threefold coordination. The planar borate unit lies
approximately parallel to the (001) plane.

The La* ions are located in the crystallographic mirror plane (Fig. 1). The
environment of La® ion is a distorted octahedron with Cs site symmetry. Four oxygen ions

are shared with the BO, groups. One should also consider the existence of a probable disorder



between calcium and lanthanum atoms in the two octahedral positions. [5]

This paper presents results from an investigation of the composition and the electronic
structure of this rare-earth calcium oxoborate. Core-level spectroscopy and results for the
occupied states in the valence band and unoccupied states in the conduction band are the first

measurements for this material.

Experimental

The LaCOB compound was prepared by classical solid-state reaction, with La,Os3,
CaCOs, and B,03 in stoichiometric proportions. The mixture was heated at 950 °C for 18 h,
cooled and ground, and then heated again at 1350 °C for 24 h. The x-ray diffraction patterns
confirmed that the compound was a single phase.

Large crystals of LaCOB, grown by the Czochralski method, were obtained through
careful alignment of the seed crystal along the preferred growth direction (the b dielectric
axis). This material melts congruently, and crystals were grown while rotating at 20 rpm with
a pull rate of 1 mm/h from a 7.62-cm diameter iridium crucible. Typical growth sizes were
2.5-3.0 cm diameter x10 cm in length. The crystals were clear, with minimal bubble core
defects perpendicular to the [010] growth direction. The location of the b dielectric axis was
determined by x-ray diffraction, and 1-mm thick samples were cut for analysis. LaCOB was
found to be transparent between 200 and 2400 nm.

X-ray photoemission spectroscopy (XPS) was performed using a focused
monochromatic Al Ka x-ray (1486.7 eV) source for excitation and a spherical section
analyzer. The instrument has a 16-element multichannel detection system. A 1 mm diameter

x-ray beam was used for analysis. The x-ray beam is incident normal to the sample and the x-



ray detector is at 45° away from the normal. The pass energy was 23.5 eV giving an overall
energy resolution of 0.3 eV. The collected data were referenced to an energy scale with
binding energies for Cu 2ps;, at 932.72+ 0.05 eV and Au 4f7;, at 84.01+ 0.05 eV. Surface
contamination was removed by sputter etching with 1 kV Ar* ions prior to compositional
analysis. Low energy electrons and argon ions were used for specimen neutralization.

X-ray absorption spectroscopy (XAS) was performed at beamline 8.2 at the Stanford
Synchrotron Radiation Laboratory (SSRL) by scanning the photon energy of the incoming
monochromatic synchrotron radiation through the La 3d (M4s-edge), La 4d (N4s-edge), B 1s
and O 1s (K-edges) core-level edges while monitoring the total electron yield (TEY, surface
sensitive, 50-100A).

Soft x-ray fluorescence spectroscopy (SXRF) was performed in conjunction with XAS
analysis at beamline 8.0.1 of ALS. It is a bulk-sensitive probe due to the long mean free path
of photons in solids (0.1-1.0 um). Since core levels are involved in absorption and emission,
SXRF is both element- and angular-momentum-selective. SXRF measures the local element
specific partial density of states (DOS).

In SXRF, a valence emission spectrum results from transitions from valence band
states to the core hole produced by the incident photons. In the non-resonant energy regime,
the excitation energy is far above the core binding energy, and the absorption and emission
events are uncoupled. The fluorescence spectrum resembles emission spectra acquired using
energetic electrons and is insensitive to the incident photon’s energy. In the resonant
excitation energy regime, core electrons are excited by photons to unoccupied states just
above the Fermi level. The absorption and emission events are coupled and this coupling

manifests itself in several ways depending in part on the localization of the empty electronic



states in the material. This resonant inelastic x-ray scattering (RIXS) near threshold provides
not only band structure information, but also provides a clear elucidation of chemical effects

in the material.

Results and Discussion

Figures 2(a) and (b) present the high-resolution La 3ds/2 3, and La 4ds 3, core-level
spectra for the LaCOB crystal and La-oxide model compound, respectively. The La 3ds,, and
3ds, spin-orbit peaks are doublets that are indicative of two bonding states. Specifically, for
La 3d photoemission, the core-level final state configuration can be either 3d°4f° or 3d%4f'L
due to final state screening effects, where L indicates that there is one electron missing in the
ligand valence state, i.e. O 2p hole. The doublet structure is due to bonding and antibonding
states between the 3d%f° or 3d°4f'L configurations. [8] The small energy difference indicates
a high degree of mixing between these two states.

The La 4d photoemission also shows the manifestation of the p-f bonding-antibonding
states as indicated by the branching ratio of the 4ds, 3, spin-orbit pair. In addition, multiplet
structures due to the La 4d-4f interaction are also included in the spectrum envelope. The high
binding energy satellite at ~109 eV is ascribed to the antibonding state due to O 2p-La 5d
hybridization based on a model proposed for Ce compounds. [9]

The B 1s binding energy from the core-level spectra shown in Figure 3(a) is 193.3 eV
for the B,0s3, in agreement with the literature. [10,11] The boron in LaCOB exhibits less of a
chemical shift and has a B 1s binding energy of 191.2 eV. This can be explained by first
noting that each B atom in the LaCOB unit cell is coordinated with three O atoms forming

BOs triangles in a three-dimensional network at two sites in the LaCOB lattice. However, the



B at these sites shares oxygen with the Ca and La complexes, and the Ca-O bond is
predominantly ionic. Thus, the majority of the oxygen charge is shared not with the B, but
with the Ca.

Figure 3(b) presents the O 1s core-level spectra for the LaCOB and the model oxide
compounds. The binding energy ranges for the oxides are comparable to literature values.
[11,12] The full-width-half-maximum (FWHM) of the O 1s peak for the LaCOB is 2.2 eV,
and for the La,O3 is 2.0 eV. Oxygen is bonded to La, Ca and B in the LaCOB unit cell and
thus the larger FWHM is expected. Also, the absence of a strong chemical shift for LaCOB is
consistent with the B 1s results.

The valence band (VB) spectra for the LaCOB crystal and model compounds are
presented in Figure 4. The upper valence bands are composed primarily of B and O 2p states
that hybridize with the La 5d states. In addition, the unoccupied La 4f states that lay
approximately 2 eV above Ef, hybridize significantly with these upper valence bands. [13]
The higher binding energy La 5p, Ca 3p, O 2s and La 5s core-level peaks are also shown in
this figure. Note the multiplet splitting of the La 5s peak and the branching ratio of the La
5psi2.1/2 Spin-orbit pair for the LaCOB crystal. These core-level multiplet structures are best
understood in terms of configuration-interaction (CI) calculations including intrashell electron
correlation, charge-transfer and final-state screening. [14-16] In addition, these multiplet
structures are also strongly influenced by covalency and ligand coordination [17], specifically
the La>*Og™ groups.

XAS was used to probe the empty or unfilled electronic states and to provide
information on the local chemical environment of the atomic constituents. Specifically, the La

3d (M4s-edge), La 4d (N4s-edge), B 1s and O 1s (K-edges) absorption edges were measured.



For the La M,s-edge shown in Figure 5(a), the 3d'%4f® _ 3d°4f' transitions dominate, but
intermediate states are also allowed under the electric dipole selection rules. [18,19] The
creation of an intermediate 3d°4f'L charge transfer state (La 3d photoemission final state) is
directly related to the Coster-Kronig transition (3d'%5p®4f° — 3d%5p®4f* - 3d'°5p°4f), which
promotes charge transfer with the ligand valence state. For mixing or hybridization to occur,
the charge transfer states should have the same symmetry as the initial state. Previous work
has shown that the intermediate states are not coupled and the hybridization strength between
the 4f and valence band is minimal. [18,19] Rather, significant O 2p-La 5d hybridization is
present based on the photoemission results.

In the case of the La N,s-edge presented in Figure 5(b), the dipole allowed transitions
are4d - 4f and 4d - 5p, with transitions to the 4f states dominant. The super Coster-Kronig
transition (4d™°5p°4fN — 4d%5p°4fN*t _ 4d'%5p°4fN*h) with 4d core-excited intermediate states
becomes weakly dipole-allowed due to spin-orbit interaction and manifests itself as pre-
threshold features. [20-22] Enhancement of these intermediate transitions has been noted
when valence electrons associated with oxygen bonding contribute, e.g. the presence of La*-
O* complexes. [23] Since the ground state of La has an unfilled 4f shell, the decay process
associated with the 4d hole provides information about the character of the 4f (and 5p) wave
functions. Unfortunately, the decay process is inherently weak and was not observed with
SXRF in this study.

Boron K-edge XAS spectrum for the LaCOB crystal is presented in Figure 6(a). The
spectral features reflect transitions to unoccupied p-like states and give a representation of the
p-like unoccupied density of states. The principal features identified in the spectrum are the

sharp peak at 192.8 eV and the broad peak centered at 201.6 eV. The sharp peak is associated



with trigonal (BO3)* anionic groups and is assigned to the transition from the B 1s core-level
up to the unoccupied B 2p, orbital. The broad feature is assigned to the transition from the B
1s core-level to the unoccupied B-O s” antibonding orbital. [24,25] The —-BOj is strongly
polarized in the lattice due to reduced negative charge around the (BOs)* anionic groups that
are interlinked with La*" and Ca?* cations.

Emission spectra excited near the B 1s threshold are presented in Figure 6(b). The
resonant enhancement of the upper shoulder in the spectrum excited at 191.92 eV is clear
evidence for the presence of the RIXS process in the threshold region. All of the emission
spectra excited at energies above about 193 eV are essentially identical and provide a reliable
measure of the p-PDOS of filled states at the boron site in LaCOB.

The O K-edge XAS spectrum for the LaCOB crystal is shown in Figure 7(a). The O
K-edge is rich in structure arising from O in the (BO3)* and La**Og"™ groups, with little
contribution from the predominantly ionic Ca-O bonds. [26] In fact, the features at 541.6 eV
and 551.5 eV closely match features in the O K-edge spectrum for H3BOs;. Resonant
enhancement is not evident in the O 1s emission spectra shown in Figure 7(b). Instead, the
emission spectra excited above the K-edge threshold may be cut-off or emission is from the

two different oxygen sites in LaCOB.

Conclusions

X-ray photoemission (XPS), photoabsorption (XAS) and fluorescence (SXF)
spectroscopy were used to examine the electronic structure of lanthanum calcium oxoborate.
XPS results for the occupied states showed a high degree of mixing between the p-f bonding-

antibonding states. The valence bands are dominated by B and O 2p states that hybridize with



the La 5d states and, La 5s and 5p multiplet splitting was evident. XAS results for the
unoccupied states show that both dipole allowed La 3d - 4f and La4d - 4f transitions, and
super-Coster-Kronig transitions are enhanced by the presence of La*-O* complexes. In
addition, charge transfer effects were observed at the B 1s threshold by resonant inelastic x-

ray scattering.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure Captions

Crystal structure of LaCOB

XPS core-level spectra for LaCOB crystal and La-oxide model compound (a)
La 3ds/232 and (b) La 4ds 3.

XPS core-level spectra for LaCOB crystal and oxide model compounds (a) B
1sand (b) O 1s.

XPS valence band spectra for the LaCOB crystal and the oxide model
compounds.

X-ray photoabsorption spectra for the LaCOB crystal and La-oxide model
compound (a) La My s-edge and (b) La N4 s-edge.

(a) B K-edge photoabsorption spectra for the LaCOB crystal and oxide model
compound and (b) near threshold fluorescence spectra for the LaCOB crystal.
(a) O K-edge photoabsorption spectra for the LaCOB crystal and oxide model

compound and (b) near threshold fluorescence spectra for the LaCOB crystal.
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