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The evolution of the geometric and electronic structures within the entire series of lanthanide
orthophosphate nanoparticles (~2—~5 nm) has been determined experimentally with X-ray
diffraction and near edge X-ray absorption fine structure spectroscopy. In particular, the interplay
between electronic structure, crystal morphology, and crystal phase has been systematically studied.
A missing local order in the crystal structure accompanied by multiple ion sites in the nanoparticles
was revealed to be due to the small crystal size and large surface contribution. All lanthanide ions
were found to be in “3+” configuration and accommodated in three different crystallization states:
the larger lanthanide ions (La, Ce, Pr, Nd, Sm) in the monoclinic phase, the smaller ones (Er, Tm,
Yb, Lu) in the tetragonal phase, and the intermediate lanthanide ions (Eu, Gd, Tb, Dy, Ho) in a
“mixed phase” between monoclinic and tetragonal phases. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2876360]

I. INTRODUCTION

Nanoscience holds the promise to tailor the physical,
chemical, and biological properties of matter,’ evolving from
“infinitely extended” solids toward nanometer-scale solids
consisting of a defined cluster of atoms. In semiconductors,
this evolution in size is accompanied by quantum confine-
ment of mobile charge carriers. As a consequence, the band
gap, optical properties, melting temperature, and radiative
lifetime of the lowest allowed optical transition can be varied
in semiconductors as a function of crystal size.? In wide band
gap insulators, size related changes lead to changes in the
electronic and geometric structures, i.e., the oxidation state,
the crystal phase, or unit cell distortions. Lanthanide phos-
phate nanoparticles are an interesting class of wide band gap
insulators because of their optical properties. Their colloidal
solutions emit infrared, visible, and ultraviolet light}7 and,
therefore, they can be used as components in lighting, dis-
plays, optoelectronic devices, lasers, and in long-lived dyes
for biological labeling.5 The lanthanide orthophosphates also
display very high lattice energies and high resistance against
oxidation and radiation damages, making bulk crystals of
these materials a medium feasible even for nuclear-waste
storage.8 Thus, it is essential to understand how dimension-
ality influences the properties of lanthanide orthophosphates.
Recent studies”’”'*® have provided some insights on how
crystal structure and kinetic factors determine the shape and
size of these materials. However, an important issue to be
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addressed is the question of how morphology and geometric
structure influence the electronic structure of these materials.
Most of the reported studies are focused on their optical
properties and have revealed the luminescence quantum ef-
ficiency to be very small compare to bulk materials. The
intrinsic emission of pure LaPO, nanoparticles was reported
to be ten times smaller in intensity than the microsized
particles.11 The luminescence quantum yield efficiencies of
CePO,:Tb and LaPOy:Eu colloidal solutions were reported
to be 16% and 10%, respectively,3 and for the LaPO, doped
with different lanthanides, Pr, Nd, Er, and Yb (3+) ions was
reported to be less than 15%.°

The measured decay curves of the optical transitions in
the nanoparticles showed shorter mean lifetimes (range from
1.6 up to 2.3 ms) compared to their bulk crystals.lz‘5 An
additional reported aspect is the shift toward lower energies
of the excitonic emission band in pure LaPO, nanoparticles11
and of the 5d-4f transition band in CePO4 nanoparticles'3
compared to their bulk crystals. Besides, the intensity and the
splitting of Eu optical transitions was shown to depend on
the morphology and the crystal structure of the host lattice.®
All these aspects of the optical properties address for a sys-
tematic and detailed study of the electronic structure of the
whole series of lanthanide orthophosphate nanoparticles. As
a structural probe we have used the variation of the oxygen-
lanthanide chemical bond length because it can be probed for
the entire lanthanide orthophosphate series.

The nanoparticles of lanthanide orthophosphate series
show to adopt different crystal phases and different mor-
phologies depending on the synthetic method being used.
The reason for this is that bulk lanthanide orthophosphates
have several polymorphic forms; hexagonal, tetragonal, and
monoclinic phases. Yan et al.® have reported the fabrication
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of the whole orthophosphate series in the nanosize ranges
based on the same hydrothermal method. In the case of
larger lanthanide ions (La, Ce, and Nd), they reported the
orthophosphates to adopt the monoclinic structure and rod-
like morphologies with widths of 20—30 nm and lengths up
to 1 wm. The lanthanide ions of intermediate size (Pr—Tb)
preferred a partly hydrated hexagonal phase and highly an-
isotropic rodlike morphologies with widths of 10—100 nm
and lengths of 0.3—3 wm, while for the smaller Ln ions (Dy—
Lu, and Y), the lanthanide phosphates were obtained in the
tetragonal phase and spherelike smaller morphologies which
showed a reduced tendency to grow along a certain direction.
Based on hydrothermal method but at slightly higher tem-
perature and with different monomer sources, Zhang et al.'’®
have reported the fabrication of lanthanide orthophosphates
of slightly different phase structures and morphologies. They
fabricated the larger lanthanide ions (La—Gd) in orthophos-
phates of monoclinic structure and nanorod shapes with
width of 10—100 nm and length of 1-10 wm. The smaller
lanthanide ions (Dy-Lu and Y) were fabricated in the tetrag-
onal phase spherelike morphologies with diameter of
20—150 nm, and only the Tb ions were obtained in the hy-
drated form TbPO,-0.5H,O that adopted the hexagonal
structure and nanorod morphologies with width 20—150 nm
and length of 0.5-2 um. Lehmann et al. " have reported the
fabrication of lanthanide orthophosphate series employing
the solution-precipitation method. In contrast to the previous
results, they reported spherelike morphologies for the whole
series with diameters in the range of 2.6—7 nm. Additionally,
the orthophosphates accommodating the intermediate lan-
thanide ions (Eu—Ho) adopted a mixed phase between that of
monoclinic and tetragonal, and showed very small particle
sizes with mean particle diameter of 2.6 nm that lead to a
high surface-to-volume ratio.

In order to investigate the influence of crystal structure
and morphology in the electronic properties of the lanthanide
phosphates nanoparticles, we chose for investigation the one
synthesized by the method of Lehmann et al. ' for the reason
that these systems show a high dispersity. In this work, we
present our experimental findings on the geometric and elec-
tronic structures of these systems. We deposited monolayer
cluster films on crystalline silicon substrates and character-
ized them with scanning electron microcopy (SEM). We de-
termined with X-ray powder diffraction the geometric struc-
ture of these systems. In addition, we determined the local
electronic structure and the oxidation state of the lanthanide
ions with near-edge X-ray absorption fine structure (NEX-
AFS) at the M, s-edge of each lanthanide. Finally, chemical
bonding within the phosphate group in the nanoparticles and
its interplay with the crystal phase and crystal dimension has
been studied by oxygen K-edge NEXAFS.

Il. EXPERIMENT
A. Colloidal chemistry and synthesis

Colloidal chemistry has been used extensively to synthe-
size monodisperse soluble particles of the nanometer scale.
The working principle of this method is that in a supersatu-
rated solid solution, where the system is kinetically over-
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driven by a high monomer concentration, diffusion effects
bring about the formation of grains of a new phase.15 Further,
the temperature controlled nucleation in the presence of co-
ordinating surfactants follows controlled steady growth of
the existing nuclei.'® The surfactants passivate the particles
surface, i.e., the dangling bonds are terminated with an or-
ganic addend that reduces significantly the chemical reactiv-
ity of the clusters. Based on this method,'*? the whole series
of lanthanide orthophosphate nanoparticles has been synthe-
sized. The particles surface is coordinated by amine chains
that are responsible for their colloidal solubility and stability
with respect to agglomeration. The crystallinity of the par-
ticles is investigated using the X-ray powder diffraction tech-
nique. The size distribution and the shape of the nanopar-
ticles are examined by making use of the different methods:
dynamic light scattering, X-ray diffraction (XRD), and trans-
mission electron microscopy (TEM).

B. Thin film preparation

The lanthanide nanocrystals were dissolved in methanol
solutions at 0.25% and 1% weight concentrations and then
spin coated on silicon wafers. The substrates of 12 mm? size
and 525 pum thickness were mirror-polished silicon single
crystals of the (100) orientation. They were of p-type (doped
with boron) with a resistivity of ~5 €} cm. Prior to the spin-
coating procedure, a surface cleaning and passivation proce-
dure was applied to the silicon wafers.

The silicon substrates were cleaned ultrasonically in ac-
etone, in isopropanol, and then in de-ionized water for
10 min, respectively. Afterward, they were chemically
etched in solution of 10% hydrofluoric acids (HF):50% eth-
anol:40% water for 10 min, a recipe given by Ref. 17. The
chemical HF etching of silicon wafers removes the surface
oxide and terminates the silicon surface with atomic hydro-
gen. The hydrogen termination retards the silicon surface
oxidation and protects the surface from chemical attack. In
order to remove the physisorbed chemicals on the surface
such as SiF,, NH,OH, HF, and other molecules, the wafers
were rinsed briefly with de-ionized water'® subsequently af-
ter the chemical etching. Ultimately, a drop of lanthanide
phosphate solution was spin coated on the cleaned and
hydrogen-passivated surface for 1 s at 1000 rpm, 11 s at
4000 rpm, and 19 s at 8000 rpm. The morphology of the thin
film was investigated by SEM which showed a uniform dis-
tribution of the nanocrystals on the silicon surface. In the
case of 0.25% concentration solutions, the surface coverage
was less than one monolayer for all the lanthanide nanopar-
ticles where the particle-packing ratio differed slightly from
one lanthanide ion to the other. In Fig. 1, we show as an
example the SEM images of the ErPO, and YbPO, nanopar-
ticles of 0.25% concentration solution.

C. X-ray spectroscopy and diffraction

X-ray spectroscopy experiments were performed at the
synchrotron radiation facilities Bessy II in Berlin and Hasy-
lab in Hamburg at the beamlines U41 PGM and BW3. The
spectroscopic investigations were performed on the Hamburg
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FIG. 1. Scanning electron micrographs: top panel of ErPO, (300 VA A\ e
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spin coated on cleaned and hydrogen passivated silicon (100) surfaces. They w ]\-\}A—'
show a uniform distribution of the nanoparticles at slightly different particle- 2'0 2'5

packing ratio for Er and Yb.

inelastic X-ray scattering system that is equipped with a
load-lock chamber, the preparation chamber and the spec-
troscopy chamber. The samples were brought into the load-
lock chamber and were pumped for few minutes at a pressure
of 1X 1077 mbar; then, they were transferred through a
transfer system into the UHV spectroscopy chamber
equipped with a hemispherical photoelectron analyzer and a
soft X-ray emission spectrometer. The synchrotron beam hit
the sample under an angle of 7° with respect to the surface
plane. The photons were linearly polarized with polarization
vector parallel to the sample surface. The resolving power
E/AE of the photon beam was 2400 at the BW3 beamline
for the oxygen K-edge and 3500 at the U41 PGM beamline
for the M, s-edges of the lanthanides. The NEXAFS spectra
were measured in the total electron yield mode by monitor-
ing the sample current and in the constant emission energy
mode by monitoring the Auger lines at a fixed energy win-
dow with the electron analyzer. The electron analyzer was
collecting the electrons from the sample at the magic angle
with respect to the linear polarization of the incident radia-
tion.

X-ray diffraction experiments were performed at B2
beamline at the Hasylab synchrotron radiation facility in
Hamburg equipped with a powder diffractometer and a im-
age plate detector." The diffraction patterns of powder nano-
particles were collected from flat-sample transmission geom-
etry with x-ray photons of energy 26.26 keV (wavelength
A=0.472 A).

15
20, deg.

FIG. 2. X-ray powder diffraction patterns of lanthanide phosphate nanopar-
ticles. Broad diffraction peaks indicate the small crystal size of 2—5 nm.
La—Sm crystals are in monoclinic phase, Er—Lu crystals are in tetragonal
phase, and Eu-Ho crystals are in mixed phase between monoclinic and
tetragonal phase and are even smaller in size as seen from the peak width.

lll. RESULTS AND DISCUSSION
A. Long-range order in the crystallites

The crystal structure of lanthanide orthophosphate nano-
particles has been identified by X-ray powder diffraction
analysis. In Fig. 2, we show their diffractograms. All diffrac-
tion patterns are characterized by considerably broad reflec-
tion peaks owing to the small crystallite size of the nanopar-
ticles. In the case of intermediate lanthanide ions (Eu, Gd,
Tb, Dy, Ho), the diffraction patterns are extremely broad,
indicating a smaller crystallite size. The analysis of the dif-
fraction patterns was done by full-profile Rietveld
refinements® that revealed the structures to be isotropic with
no preferred direction. The mean particle size was roughly
determined from the broadening of the reflection peaks using
the Sherrer formula.?'** The calculated diffraction patterns
of the nanoparticles using the Rietveld structural refinement
showed that the larger lanthanide ions (La, Ce, Pr, Nd, Sm)
adopted the same monoclinic phase of monazite as their re-
spective bulk crystals and the smaller ones (Er, Tm, Yb)
adopted the same tetragonal structure of xenotime as their
respective bulk crystals. In Fig. 3, we have shown the crys-
tallographic calculations compared with the measured dif-
fraction patterns for LaPO, and LuPO, nanoparticles. An
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FIG. 3. Measured and calculated powder diffraction patterns for LaPO, and
LuPO, nanoparticles. Crystallographic calculations were based on the
monazite and xenotime structures (Ref. 23) for LaPO, and LuPO,, respec-
tively. Experimental data (circles) and calculated profiles (solid line through
the circles) are presented together with the calculated Bragg positions (ver-
tical ticks). The difference curve between the measured and calculated pro-
files is presented as a solid line below.

exception are the lanthanide nanoparticles from the middle
of the series (Eu, Gd, Tb, Dy, Ho). In accordance with the
previously reported results," these nanoparticles do not
show the crystal phase of the respective bulks. Their diffrac-
tograms exhibit a crystal phase that is neither monoclinic nor
tetragonal, but a “mixed phase” of monoclinic and tetrago-
nal. In addition, our measurements revealed a slight phase
transition from monoclinic to tetragonal, where Eu showed a
crystal phase more similar to monoclinic and Ho showed a
crystal phase more similar to tetragonal.

At large scattering angles (above 20°), the diffraction
patterns of the intermediate lanthanides are characterized by
very broad peaks due to diffraction from atomic planes at
small interatomic distances of 1.5-2 A. The blurred diffrac-
tion patterns are a fingerprint for a missing short-range order
of the atomic arrangements in these nanoparticles.

Inquiring into the reasons of the blurred patterns, we
analyzed the morphologies and sizes of the nanoparticles.
Highly resolved TEM images and particle-mean size calcu-
lations from the diffraction peak broadening revealed the
very small particles of spherical shapes. In Fig. 4, high-
resolution TEM images of PrPO, and YbPO, nanoparticles
are shown. The particle size within the lanthanide series ex-
hibited the same trend as the crystal phase. The larger lan-
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FIG. 4. High-resolution transmission electron micrographs: top panel of
PrPO, (22 %X 22 nm?), bottom panel of YbPO, (38 X 38 nm?) colloidal solu-
tions. The inset shows an individual YbPO, nanoparticle. The particles have
spherelike morphology and sizes of 3—5 nm.

thanide ions (La, Ce, Pr, Nd, Sm) and the smaller ones (Er,
Tm, Yb, Lu) showed to have a particle size of ~3—5 nm
diameter. The intermediate lanthanide ions (Eu, Gd, Tb, Dy,
Ho) showed very small particle sizes of about ~2 nm, which
is accompanied with a high surface contribution in these par-
ticles. This trend of the crystal-phase and the crystal-size
evolution through the lanthanide series was reported in Ref.
14 to be closely related to the decreasing effective cation
radii with increasing the atomic number, known as “lan-
thanide contraction.” For a detailed discussion, we are con-
sidering here the crystallographic studies of lanthanide ortho-
phosphate bulk crystals.23 Ni et al. have shown that distinct
similarities exist between the monoclinic and tetragonal
structures. Both atomic arrangements are based on [001]
chains of intervening phosphate tetrahedra and lanthanide
(Ln) polyhedra. As the structure “transforms” from mono-
clinic to tetragonal, the lanthanide polyhedron transforms
from LnOy to LnOyg. Projected along the [001] direction, the
tetrahedra-polyhedra chains exist in the (100) planes, with
two planes per unit cell in both structures. In the monoclinic
phase, the planes are offset by 2.2 A along [010] relative to
those in the tetragonal phase, in order to accommodate the
larger lanthanide atoms. The shift of the planes in the mono-
clinic phase allows the Ln atom to bond to an additional
oxygen atom to complete the LnPOg polyhedron. Addition-
ally, Ni et al. showed that the unit cell of TbPO, tetragonal is
larger than that of GdPO, monoclinic, despite the fact that
Tb is smaller than Gd. This fact demonstrates that the void
space in the tetragonal phase is larger compared to that in the
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monoclinic phase, thus, creating an energetically unfavorable
situation. Thus, as the intermediate lanthanide particles have
a very small size of =<3 nm, which corresponds to a surface
to volume contribution of ~70%, a rearrangement of the
atomic positions occurs so that the total energy of the system
is minimized. Furthermore, because the lattice energies of
the monoclinic and tetragonal phases close to the phase tran-
sition point are very similar, the atoms may occupy surface
sites which are in between the monoclinic and tetragonal
phases. This leads to a missing short-range order of the
atomic arrangements that is fingerprinted in the very broad
diffraction peaks. In the last section, we will discuss further
the influence of the geometric structure and the mixed phase
in the electronic structure of the lanthanide orthophosphate
nanoparticles.

B. Local structural geometry of the crystallites
1. 4f occupancy of the lanthanide ions

M, s-edge x-ray absorption spectroscopy applied on lan-
thanide ions is reported to be a useful method for studying
the ground state 4f electron occupancy and 4f hybridization
state, thus, revealing the (mean) valence state of the lan-
thanide ion.”* Therefore, we have measured the M, s-edge
absorption spectra of lanthanide ions by monitoring the lan-
thanide MNN Auger lines in a fixed energy window. The
results are shown in Fig. 5. The absorption spectra originate
from the 3d'%4f"—3d°4f™*! lanthanide transitions. Due to
sufficiently deep 3d shell, the spin-orbit interaction of the
3d° hole in the final state is much larger than the 34°4f™!
exchange interaction. Thus, the final states are split into two
group of lines: 3ds,,(Ms) and 3d3,,(M,). The 4f electrons in
the lanthanides are highly localized (lanthanide contraction)
and are shielded from the interatomic interactions by the
filled 55 and 5p outer electronic shells. In the presence of the
core hole potential, the 4f orbitals become stronger localized
through the centrifugal barrier. As a consequence, the contri-
bution from the higher empty nf states (n=5) in the absorp-
tion spectra is suppressed, while the contribution from the
higher np empty states is weak due to the low density of
these states below the conduction band.? Thus, the
M, s-edge absorption spectra are due to 3d'%4f"— 3d%4f"*!
electronic transitions. Each individual M, and M5 absorption
line shows a considerable multiplet structure. This fine struc-
ture is governed by the Coulomb and exchange interaction
between the 3d° core hole and the 4f electrons (which is
strong due to the strong 4f shell localization) and the spin-
orbit coupling of the core hole and 4f electrons (j-j cou-
pling), i.e., the fine structure is due to the intermediate cou-
pling of the 3d” hole and 4f electrons in the lanthanide ions.
The fine structure depends on the number of electrons in the
4f shell because the spin-orbit interaction between the 4f
electrons and the exchange interaction between the 3d hole
and 4f electrons will vary as a function of the number of
electrons in the 4f shell. This will lead to a different fine
structure and different intensity ratios between the multiplets.
Thus, the fine structure pattern of the M, s-edge absorption
spectra is a trace of the electronic configuration of the 4f
subshell and it reveals the (mean) valence state of the lan-
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FIG. 5. (Color online) M, s-edge NEXAFS spectra of lanthanide ions mea-
sured by monitoring MNN Auger lines. Comparison of the characteristic
multiplet structure of the spectra to the calculated one by Thole et al. (Ref.
25) reveal that all rare earth ions are in a triply ionized ground state.

thanide ion. We have compared the fine structure of our lan-
thanide X-ray absorption spectra with the one reported by
Thole et al.” They had performed Cowan’s atomic multiplet
Hartree—Fock calculations with relativistic corrections® in
the intermediate coupling, i.e., including all the states of the
4f" configuration for the ground state and 3d°4f™*! final
state, for all the lanthanide ions and for all ionization states
known in the solid state. The comparisons show that all lan-
thanide ions in the orthophosphate nanoparticles are in the
triply ionized ground state, establishing a 4f occupancy in
the ground state of 4f° for La until 4f'3 for Yb. In Figs. 6 and
7, we have simulated the same calculations performed by
Thole et al. for cerium and thulium ions. The calculated
spectra are compared with our measured NEXAFS curves. In
the case of cerium, an electronic ground state configuration
of 4f! is revealed, while for thulium ions an electronic
ground state configuration of 412 is revealed. In both cases,
theoretical results state a valence of III of cerium and thu-
lium ions in the orthophosphate nanoparticles.

Because our M, s NEXAFS spectra were recorded in the
electron yield mode that allows observation of surface in-
duced valence changes due to its moderate surface sensitiv-
ity, we state no surface induced valence changes in the nano-
particles due to their small crystal size.
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FIG. 6. (Color online) Experimental and theoretical spectra of cerium
M, s-edge NEXAFS. Top panel: experimental NEXAFS curve. Bottom pan-
els: atomic Hartree—Fock calculated spectra for ground state configuration
4f! and 4f°, respectively.

The total integrated intensity of the M, and M5 absorp-
tion lines decreases going from light lanthanides toward the
heavier ones because the summed cross section of the two
spin-orbit absorption bands is proportional to the number of
valence holes”’ and this number reduces going from lighter
to the heavier lanthanides. However, the branching ratio of
the two spin-orbit split lines I(Ms)/I(M4)+I(Ms) it is not
given by its statistical value 6/4+6=0.4. There are two ef-
fects that cause the change in the branching ratio.”® The first
effect, is the presence of spin-orbit coupling in the initial
state (due to the strong 4f localization), that splits the 4f
valence electrons into bands of different values of the total
atomic angular momentum quantum number J (j-j coupling
limit), and further the J selection rules set preferences on the
transitions to the two different manifolds. For this reason,
Yb** absorption spectrum shows only one line, which is due
to the fact that the only empty hole in the ground state is in
the 2F7,2 state so that only the 3ds,, —4f5, transition is al-
lowed. The second effect is the presence of the 3d hole-4f
electron electrostatic interactions (L-S coupling) in the final
state that couple the core hole to the valence holes differently

J. Chem. Phys. 128, 134706 (2008)
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FIG. 7. (Color online) Experimental and theoretical spectra of thulium
M, s-edge NEXAFS. Top panel: experimental NEXAFS curve. Bottom pan-
els: atomic Hartree—Fock calculated spectra for ground state configuration
4f1% and 43, respectively.

for the two manifolds.”® (In the L-S coupling limit, the spin
selection rule will play a role in the transitions to the two
different manifolds.)

Apart of the different branching ratio between the M,
and M 5 absorption lines, also a lifetime broadening of the M,
absorption line in comparison to the M5 line is present,
which is due to the Coster—Kronig decay. The M, XAS line
is considered to be a superposition of the 3ds, —4f transi-
tions and of the weak and continuous XAS due to the 3ds),
— to conduction band excitations, and the two processes are
coupled each other by the Coster—Kronig transitions. The
asymmetrical shape of the M, absorption line is due to the
Fano resonance.”

2. Lanthanide—oxygen covalency within the series

In the following section, we will discuss the unoccupied
valence electronic structure of the nanoparticles and examine
its interplay with the particle’s crystal size and crystal phase.
For this purpose, the oxygen K-edge NEXAFS of all lan-
thanide nanoparticles is investigated, which is sensitive to
the geometrical arrangement in the vicinity of the oxygen
atom, and it gives information on the chemical bonding and
the effective charge density around the oxygen atom. The
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FIG. 8. (Color online) Oxygen K-edge NEXAFS spectra of lanthanide phos-
phate nanoparticles. Peaks A and B are due to Ln—O covalent bonding. The
difference in their spectral shapes across the series is due to different geo-
metric structures, coordination numbers, and particle morphologies. Peak B
shifts toward higher energies and strengthens across the series indicating
stronger covalency.

oxygen K-edge NEXAFS spectra of the whole lanthanide
phosphate series (with exception of Ho) are shown in Fig. 8.
The spectra are corrected for the background signal by sub-
tracting the clean silicon substrate spectrum. NEXAFS signal
correction in the case of EuPO, sample is shown in Fig. 9.
After background subtraction, all the spectra are normalized
to the intensity at about 40 eV above the absorption edge.
The spectra consist of several peaks: the strong and broad
peak located at 538 eV denoted as A, followed by the weak
feature as B, and the very broad shape resonance peak as C.

In order to discuss the origin of the different spectral
features, we need to inquire into the band structure of lan-
thanide phosphates. In both monoclinic and tetragonal struc-
tures, the oxygen ions coordinate to two lanthanide ions and
one phosphor ion. The oxygen-phosphor bonding is reported
to be strongly covalent in the PO, units and their conduction
band consists of broad O 2p projected density of states hy-
bridized with P-3p projected density of states.’*

In the case of the lanthanides, the 4f orbitals are strongly
localized inside the atom and surrounded by the filled 5s and
Sp orbitals that have larger radial extension. As a conse-
quence, the 4f orbitals do not take part in the bonding. Thus,
the lowest unoccupied density of states in the lanthanide ions
consist of 5d character with 65 and 6p contribution.”® Hence,
the strong broad peak A can be assigned to transitions from

Geometric and electronic structure of rare earth orthophosphate nanopatrticles
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FIG. 9. O K-edge NEXAFS spectra of Si substrate—the solid line, EuPO,
nanoparticles on the Si substrate—the dashed circle line, and the EuPO,
nanoparticles subtracted the Si substrate signal—the dotted line.

O 1s to empty O 2p projected density of states hybridized
with Ln 5d and P 3p projected density of states. Based on
molecular-orbital theory, Grioni et al* and de Groot et al.**
calculated the O 2p orbitals to be spread over a high energy
range above the Fermi level (up to 20 eV) in the transition
metal oxides. They concluded that the pre-edge absorption
peak is due to the hybridization of the antibonding 2p orbit-
als with metal 3d orbitals, and the absorption features located
5-10 eV above the oxygen threshold have 2p character hy-
bridized with metal 4s and 4p orbitals. Proceeding under this
assumption, we attribute the next peak B to the hybridization
of O 2p density of states with the upper-lying unoccupied
density of states of Ln and P. In the case of lanthanide ions,
the next upper-lying unoccupied density of states are 6s and
6p states.” Thus, the spectral feature B in the NEXAFS
spectra is due to O 1s to 2p projected density of states hy-
bridized with the Ln 6s and 6p and P 3p density of states.
The same conclusions on the oxygen peak assignment
were reached by Wu er al. based on ab initio one-electron
full multiple-scattering (MS) calculations, i.e., considering
the scattering of the outgoing photoelectron wave from the
charge density close to the photoabsorber oxygen ion. They
have performed calculations of the O K-edge NEXAFS spec-
tra of Ba,TiO, (Ref. 35) that has monoclinic symmetry and
of rutile TiO, (Ref. 36) crystal that has a tetragonal symme-
try. In the following, we would like to discuss the spectral
shape variation of peaks A and B within the lanthanide se-
ries. The spectral shape difference of peak A in the mono-
clinic and tetragonal nanoparticles can be attributed to their
different crystal structures™* and coordination numbers. Bear-
ing in mind the geometric structure discussion of the previ-
ous section, in the monoclinic structure, one lanthanide ion is
coordinated to nine oxygen ions, while in the tetragonal
structure, it is coordinated to eight ions. Due to the less regu-
lar LnOg polyhedra, the oxygen atoms accommodate in four
different sites and show nine unique Ln—O atomic distances
in the monoclinic structure compared to only one oxygen site
and four unique Ln-O atomic distances in the tetragonal
structure. Exact assignment of each subfeature would require
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detailed band structure calculations and is out of the scope of
this paper.

The spectral feature B becomes more intense and locates
at relatively higher energies going from LaPO, nanoparticles
of the monoclinic phase toward the LuPO, nanoparticles.
These facts reveal that the hybridization of O 2p unoccupied
density of states with Ln 6s and 6p unoccupied density of
states is stronger in the tetragonal phase, thus, displaying
stronger covalency between oxygen and lanthanide atoms in
the tetragonal phase. Indeed, covalency reduces the number
of filled states with O 2p character so that the strength of the
oxygen K-edge signal in the NEXAFS spectra is related to
the degree of covalency. This conclusion is in agreement
with the crystallographic data™ stating that the interatomic
distance between lanthanide and oxygen atoms decreases go-
ing from monoclinic to tetragonal phase.

Finally, we want to discuss the width evolution of the
spectral features A and B across the series. It can be seen
from Fig. 8 that the spectral shapes of features A and B
broaden at the intermediate lanthanide ions. For explaining
this behavior, we recall here the discussion about the par-
ticles size and their short-range order of the previous section.
We mentioned that the particles of the monoclinic and tetrag-
onal phase exhibit a mean-crystal size of 3—5 nm, with a
surface to bulk contribution of ~50%. This causes a degree
of disorder in the nanoparticle structure and respectively in
the oxygen and lanthanide sites that results in broadening of
the spectral shapes. The lanthanide nanoparticles from the
middle of the series crystallize in even smaller size
(~2 nm) and have a more distorted geometry that results in
the mixed phase of these nanoparticles. This increases the
degree of disorder and, consequently, the number of oxygen
and lanthanide sites in the nanoparticles and therefore the
spectral shape of features A and B broadens further.

IV. CONCLUSIONS

The evolution and interplay of the geometrical and elec-
tronic structures of lanthanide orthophosphate nanoparticles
have been determined across the lanthanide series. The larger
(La, Ce, Pr, Nd, Sm) and smaller (Er, Tm, Yb, Lu) lanthanide
ions crystallize in the monoclinic and tetragonal phases, re-
spectively, as their bulk crystals and exhibit particle sizes of
~3—~35 nm. The intermediate lanthanide ions (Eu, Gd, Tb,
Dy, Ho) show a very small particle size of ~2 nm and crys-
tallize in a mixed phase between monoclinic and tetragonal
phases, induced by their large surface contribution and their
ionic radii. The M, s-edge NEXAFS measurements estab-
lished that all the lanthanide ions in the lanthanide phosphate
nanocrystals are in a “3+” configuration state. From the oxy-
gen K-edge NEXAFS, we accessed the covalent bond in-
volving the phosphate oxygen atoms toward the lanthanide
ions. We tracked this covalency as a function of lanthanide
ion, its coordination number to oxygen, and site symmetry.
We showed that there is a stronger covalency between oxy-
gen and lanthanide ions in the tetragonal phase compared to
the monoclinic phase. The increased surface contribution and
the missing of short-range order in the intermediate lan-

J. Chem. Phys. 128, 134706 (2008)

thanide nanoparticles was accompanied by broad spectral
shapes in oxygen K-edge NEXAFS and concomitant mul-
tiple oxygen and lanthanide sites.
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