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Abstract. The doping of Y203 by Zr0; leads to two possible sites for Zr cation substitution,
Configuration-interaction-based calculations of the cation Ly x-ray absorption edge shape of
Y203, ZrOg and ZrOz-doped Y,0s3, explicitly taking into account the exact first-neighbour
surrounding of the cation acting throngh crystal-field splitting and hopping terms, allows us to
predict 4 site selectivity for Zr in the substitution for Y atoms.

1. Introduction

Yittrium oxide is a highly refractory material the use of which is increasing in several
technological areas such as electronics and optics. Point defects in Y,0s3, such as oxygen
vacancies or cation impurities, have been studied both from a thermodynamic point of view
[1] and by experimental and theoretical approaches of the electronic structure [2—41.

In previous work [5], we have shown-on the basis of an extended x-ray absorption
fine structure (EXAFS) study that, when Y,0s is doped with ZrQ;. the Zr cations are
substituted for the Y cations. As there are (wo yitrium sites in Y505 (see section 3),
there are two possible substitution sites for Zr cations. In this paper, we focus on the
question of the equivalence of these sites or of a possible site selectivity that could not
be evidenced by EXAFS results. For this, we concentrate on the cation L, x-ray absorption
spectroscopy (XaS) edge shape in Y203, monoclinic ZrQ, and ZrO,-doped Y¥,O0s, for which
the experimental results have already been published [5]. In fact, it is known that the shape
of the 2p xAs edges depends strongly on the surrounding of the absorbing atom [6]. We
present here configuration interaction calculations of the L, xAS edge shape; indeed, even
if the electronic structure of transition-metal compounds can be in certain cases partially
described by single-particle models, in the widely accepted model for the interpretation of the
properties of transition-metal compounds, the so-called ZSA model [7], the emphasis is laid
on the relative importance of intra-cationic d—d electronic repulsion versus band-structure
quantities. So, in order to reproduce excitation spectra, it proves necessary to use multi-
electronic approaches [8] which describe the material in terms of d-electron configurations
and enable one to take into account the electronic interactions because, for instance, of
Slater integrals or Racah parameters [9]. In the literature, calculations are made on clusters
for which the surroundings of the cation are assumed to have perfect O, symmetry, i.e. to be
either perfectly octahedral or cubic. The ionic limit, assuming no charge transfer, was used
in the multiplet model of 2p xAs [10], while configuration interaction methods are used
for metal 2p or 3p x-ray photoemission spectroscopy (XPS} or XAS [11], bremsstrahlung
isochromat spectcoscopy (BIS) [12] and valence band xps [13]. However, in many cases,
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the approximation of a perfect Oy symmetry is not relevant, for instance when the cation
site is distorted with respect to this symmetry. Starting from the approach in [13], we
have developed a model to reproduce excitation spectra (metal 2p XAS and XpS, d-electron
addition or removal of spectral weights), the interest of which is that it deals with any
real surroundings, which enables us to consider low-symmetry cases, as encountered in
particular oxides such as monoclinic ZrQ,, and that the covalency of the oxide is taken into
account through the hopping terms. We present the description of the calculation method in
section 2 while section 3 is devoted to the calculated L, x-ray absorption spectra of Y503,
Zr0, and ZrO;-doped Y303, and to discussion.

2. Calculation method

‘We consider a cluster made up of a central transition-metal cation surrounded by its oxygen
first neighbours. The ions are in exact positions relative to each other. The 2p orbitals of
the oxygen atoms and the d orbitals of the cation are considered to form the configuration
basis. In the ionic picture the cation is assumed to bear its formal valence charge, leading
formally to d” configurations. The presence, in the solid, of surrounding atoms induces two
main phenomena. Firstly, the crystal field, i.e. electrostatic influence of first neighbours,
lifts the degeneracy of cation d orbitals. Secondly, charge transfer produces a configuration
interaction, leading to a mixing of &%, d"*IL, d"+*2L2,... where L denotes a hole in the
ligand band. In the case of the L, edge of the cation, even for d° compounds, this may lead
to the presence of two d electrons on the cation and therefore to d-electron interactions.
Configurations with more than two ligand holes have been neglected in our calculations.
The multi-electronic ground-state wavefunction of the cluster is therefore written

lbe) = D ail(d™i) + D bil @ Ly + Y celd LA
i j k

where i, j, k run over the Slater determinants formjng the d?, d**'L and d"*?L7
configurations, respectively.

The Hamiltonian of the system takes into account the charge transfer through hopping
terms, the crystal-field splitting and the intra-cationic electronic repulsions.

2.1. The crystal field

Since the surroundings are exact oxygen first neighbours, it proves possible to calculate the
lifting of degeneracy of the cation d orbitals due to the surrounding charges (the so-called
crystal-field splitting). As this splitting plays an important role in our results, we recall
details of its calculation. -

We consider only the d orbitais on the cation. Each oxygen ion is assimilated to a point
bearing a formal charge of —2¢ corresponding to an ionic picture of the solid. Following
Figgis [14], an electron at point » on a cation d orbital will sustain from one of these charges,
situated at point a, a potential energy V the matrix elements of which can be written in the
spherical harmonics d basis set:

o 4 2¢*  Y™(0,, dg
{m[V]mg) = Z Z (20 + 1) I i!-ﬂ 2 )(f Rf’zr“z dr)

I=0 m=—i{

X

—

f 1756, $)Y (6, $)E™ (0, §) sin6 dB d¢).
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We note that [m) = R,z ¥.*, m ranging from 1 to 5, Ry being the unknown radial distribution
of the d orbitals and ¥J" being a d spherical harmonic. The angular integral can be expressed
with the 37 symbol. It is non-vanishing for I = 0, 2 or 4. The radial integral is formally
equal to the mean value of r* and is denoted r'.

The term corresponding to I = 0 is equal to (232/47reoa)6m1,,,,2.

The summation of this term over all neighbours of the cation in the real crystal would
result in the so-called Madelung field. It is well known that this Madelung field depends
strongly on the long-range surrcundings of the cation, which can be easily seen from the
fact that it varies with the interatomic distance as @~!. Approximating the whole Madelung
field by the first-neighbours part of it would be far too crude, but this term is diagonal and
constant over d orbitals and so produces no splitting of these orbitals. As we are interested
only in the splitting of these d orbitals, we do not take this termn (! = 0) into account.

On the contrary the remaining terms ( = 2, ! = 4), which lift the degeneracy of the d
orbitals, vary with the interatomic distance as a3 and a7, respectively. So it is valid for
these two terms to consider only the first-neighbour surroundings.

The total crystal field is then the sum over all oxygen neighbours of the [ = 2 and
I = 4 parts of the potential created by each of them. The two quantities r% and r* remain
undefined. As explained by Figgis (p 38 of [14]), they cannot be properly connected to
the actual values of the means of r* and r*. So they have been treated as parameters in
our calculation. The resulting 5 x 5 matrix is diagonalized, leading to eigenvalues and
eigenvectors of the crystal field. Should the case arise for degenerate eigenvalues, one set
of eigenvectors is arbitrarily chosen. What is obtained at the end is a set of five vectors,
- labelled from & = 1 to § = 5, with crystal-field energy A;. These vectors constitute, from
now on, the d-orbital basis set.

2.2. Total Hamiltonian

The exact positions of oxygen atoms also enable one to calculate the oxygen—cation and
_oxygen—oxygen hopping terms for each pair of atoms of the cluster. Oxygen 2p orbitals are
expressed in the usual pe, py, p, basis set. The hopping matrix elements V;; and V,p are
calculated according to Slater and Koster [15] which take into account the relative geometries
of the orbitals. The radial dependence of these tarms are calculated from Harrxson s [16]
formmiae used in the tight-binding method.

Concerning electronic interactions, the two-electron integrals Ug,s.s,s, are expressed
using Slater integrals or Racah parameters that are tabulated [3].

The total Hamiltonian of the cluster is then written out in the basis of Slater determinants:

H= Z(€d+A5)C$CEJ+Z EPC+ Cprr'[‘z (Vpn'cau-cpa‘}‘vpgc C&a’)+ Z Vpp’CP D—Cpa

p.b.o .o
§ + Ot
+ U&;E';S;S; CB4UC§30J Cazn"’ CB:G"
51.32.5}.34 )
a,0

where § runsg over the d orbitals, p runs over the oxygen 2p orbitals and o runs over the
spins up or down. CJ, and C,, are the electron creation and annihilation operators in the
oo state. The €4 and €, are the atomic energies of cation d and oxygen 2p orbitals as listed
in Harrison’s [16] solid state table.
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2.3. Spectrum calculation

The results given hereafier concern the metal 2p XAS of Y20s, ZrO; and ZrQ,-doped
Y203, whick have a formal valency of 4d% the 2p x-ray absorption spectrum is dominated
by dipole-allowed transitions to d and s final states. Owing to the larger wavefunction
overlap the d channel is much stconger than the s channel [17]. Subsequently this latter
is neglected. As far as the electronic structure is concerned, 2p XAS can be viewed as the
annihilation of a metal 2p electron and the creation of a d electron. The annihilation part of
the process is not included in our calculations. Core hole lifetime broadenings, as tabulated
in [18], have been taken into account in our calculations. The x-ray absorption spectrum is
then expressed as a summation over all final states f:

FE)=) 3 [fIC{, |8 L(E ~ Er + Ey)
f éa

L being the Lorentzian broadening and g the calculated ground state.

The spectrum is not divided into L, and Ls edges, this separation being due to cation
2p spin—orbit coupling. We also neglect the interactions between the core hole and the
d electrons. Indeed for 4d transition metals the screeming of the 2p core hole is quite
effective. Moreover for d® compounds, atomic caleulations by de Groot et al [19] show
that the electron-hole interactions split the L; edge, but not the L, edge. This latter is
split only when a crystal field is applied. So the theoretical spectra that we obtain will be
compared with experimental L, edges. Of all the numerical quantities that are involved
in the Hamiltonian, only rZ and r# have been treated as variable parameters to fit the
experimental spectra. The others (Racah parameters, €4 and ¢;) were deduced from tables
for each material and kept constant.

3. Calcunlated spectra

3.1. Monoclinic zirconia

The monoclinic zirconium dioxide structure is derived from the tetragonal struciure by
rotating the ¢ axis in the vertical plane so as to form with the g axis an angle § equai to
99°15’. The cell parameters are @ = 5.169 A, b = 5.232 A and ¢ = 5.341 A. The unit
cell contains 12 atoms (four Zr and eight Q) [20]. The experimental L, edge [5] is well
reproduced by our calculations. In particular the occurrence of a peak lying between the two
main peaks is demonstrated (figure 1). The set of parameters used to fit the experimental
spectrum is reported in table 1. The structure of this specira can be explained by the
uncommon first coordination of Zr atoms. The local structure around Zr can be represented
as follows: the Zr atom is located at the centre of a cube and has seven oxygen neighbours,
three oxygen atoms (labelled Op) on the upper face of the cube and four oxygen atoms
(labelled Op) on the vertices of the lower faces of the cube, as depicted in the inset of
figure 1. On the upper face, one oxygen atom is located at a vertex, while the two others
are at the centre of the two remaining edges. In the real crystal, the O oxygen atoms are
slightly shifted from ideal positions. The Zr—Oy distances range from 2.04 to 2.26 A, the
mean Zr-Oy distance being 2.17 A. These uncommon surroundings produce on d orbitals
an uncommon crystal-field splitting; two nearly degenerate orbitals lie at lower energies,
one orbital is unaffected and two nearly degenerate orbitals lie at higher energies. This
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Figure 1. Zr L edge in monaclinic ZrQz: —, theoretical; — — —, experimental. The inset

shows the Zr coordination polyhedron in monoctinic Zr0, (idealized).

Table 1. Parameters used to fit the different L; experimental edges.

%) "

CONNG
202 0.6 17
Y203 1.0 275

division of the d orbitals into three sets creates, for the spectrum, an equivalent splitting
into three peaks.

Calculations with no charge transfer or no crystal field have been performed to highlight
their relative effects on the spectral shape. If the crystal field is turned off, a very small
splitting of the spectrum into five peaks is obtained, but the middle peak bears one half of the
total spectral weight, and the spectrum cannot be compared with the experimental specirum.
If charge transfer is turned off, i.e. if the oxide is assumed to be in the ionic configuration,
the theoretical spectrum follows directly from the diagonalization of the crystal field. In
that case it does present the three peaks of the experimental edge but the energy separation
between the peaks is reduced by a factor of roughly 40% from the complete calculation
peak. A change in the parameters 72 and r* restores the splitting between the two main
peaks, but the position of the middle peak and the weight repartition are distorted. The
structure of the spectrum can therefore be directly related to the exact crystal-field splitting.
However, we proved that the charge-transfer effect should not be neglected. So, it proves
necessary to consider both the exact crystal-field splitting and the charge transfer to account
for the metal L, edge of this compound.

3.2. Yttrium oxide

In view of tackling the substitution of Zr for Y in Y503 we have to consider, in a preliminary
study, the case of the 2p XAS of ytirium in yitrium oxide. Y,0j; crystallizes into the C-type
rare-earth sesquioxide structure closely related to the fluorite structure with a cell parameter
a =-10.604 A. The unit cell contains 80 atoms. In the fluorite lattice, each cation is
~ surrounded by eight anions located at the vertices of a cube. The C-type structure is derived
from it by removing one quarter of the anions and slightly rearranging the remaining anions.
Two different cation first-neighbour surroundings exist. For 75% of the cations (called type
I in the following), the vacancies lie at the end of a face diagonail, while for the other 25%
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(called type ID), they lie at the end of a body diagonal (see insets in figure 2). The real
positions of the atoms are slightly shifted from the cube vertices. For the Y| atoms the
distances to their first oxygen neighbours range from 2.24 to 2.33 A. For the Y| atoms the
distance is equal to 2.28 A. We therefore had to consider two different clusters, leading
to two different spectra. Type I and type I spectra look quite similar (see figure 2(a)).
They are both constituted of two peaks, the second being smaller than the first. Type 11 is
different from type I in that the splitting between the peaks is larger and in that the second
peak is less intense. It should be stressed that, in both cases, these peaks do not correspond
to a separation of the d orbitals into tp, and e, orbital sets, but to particular separations
due to the particular atomic arrangements of the oxygen atoms. To obtain the theoretical
spectrum a summation of the two spectra was made, with a ratio of 3 for type I to 1 for
type II. This total spectrum was fitted to the experimental L, edge from [5] {see figure 2,
curve (b) and (c), and table 1).

Intensity (arb. units.)

",
“/ .'-"'“‘:::-'-5‘-.-:::,_3 ()

2145 2150 2155
energy { eV)

Figure 2. (2) Ly edge for type I cluster (------ } and type Il clusters (— — -} in Y203. (b)
Theoretical Y Ly edge for Y304, ie. summation of type I and type II spectra with a ratio of
3 for type I to 1 for type I () Experimental Y L; edee for Y204, The insets show on the
left-hand side a type I cluster and on the right-hand side a type II cluster (idealized).

3.3. ZrO;-doped ¥, O;

As the L; edges of ZrO; and Y,0; are satisfactorily reproduced, we tackle the case of ZrO;-
doped Yz0;. This system has already been discussed in [5]. On the basis of an EXAFS
study, it was found that Zr jons are substituted for Y ions. The local symmetry around Zr,
which happens to be sixfold coordinated (it is sevenfold coordmated in ZrQ,), is the same
as around Y in Y203 However, the Zr-O distances (2.17 A) are smaller than the Y-0O
distances (2.27 A) and are very close to those of the Zr~Q distances in monoclinic ZrQa.
As EXAFS provides information only about the radial distribution of neighbours around the
absorbing atom, that study did not evidence any site selectivity of the doping.

In corder to do so, we built two clusters, centred on Zr ions, from the two possible
clusters for Y,03, assuming that, when Zr is substituted for Y, the only modification of
the first-neighbour surroundings is an isotropic reduction in the distances by a factor of
2.17/2.27. We also assumed that all the parameters that were obtained for Zr in ZrO; (the
crystal-field parameters r2 and 7% and the Racah parameters) are the same for Zr in Y;0s,
these parameters being ionic properties of Zr ions, so that no parameter fit has been made.
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Figure 3. (a) Lo edge for type [ cluster (------ } and type H clusters (- - =) in ZrQ;-doped
Y205, (b) Summation of type I and type II spectea with a ratio of 1 for type I to 3 for type IL
{c) Experimental Zr 1 edge in ZrQ;-doped Y>0s.

In figure 3, curves (a) and (c), are reported the theoretical spectra for both clusters and
the experimental Zr Lo spectrum from Thromat et al [5], respectively. The shapes of these
spectra (both theoretical and experimental) do not resemble those for Zr in monoclinic ZrO,.
On the contrary they look very close to those of pure Y.0;, indicating that the shape of the
L, edge results from the local arrangement around the cation.

Table 2. Energy separation between the peaks of La edges in ZrQ»-daped Y20s.

Energy separation (V)

Experimental Type I cluster Type II cluster
22 1.84 238

The energy separations between the peaks are denoted by Aeyp for the experimental
spectrum and by Ay and Ay for type I and type 11 clusters, respectively. Ay is found to be
closer to Aexp than is Ap (see table 2). If we assume an indifferent substitution of Zr for
Y ions, the global theoretical spectrum is obtained, as in Y>0s, by a summation of type I
and type Il spectra with a ratio of 3 to 1. This leads to a separation, close to Aj, which
does not fit Agp correctly. Different ratios have been tested, leading to different splittings.
To obtain a theoretical splitting equal to the experimental splitting, it is necessary to make
a summation with an approximate ratio of 3 for type II to 1 for type I (see figure 3, curve
(b)). We interpret this as evidence of site selectivity for Zr in Y,0s; the Zr ions are more
probably substituted for type IL Y ions than for type I Y ions. Further neutron diffraction
expeniments will allow us to check this point in the near future.

In conclusion, taking inte account the exact local order of the metal ion in a configuration
interaction calculation, we reproduced the Ly x-ray absorption edge of Zr in ZrO; and Y in
Y203. We have stressed that exact crystal-field splitting is responsible for the overall shape
of these L» edges but also that charge-transfer effects should not be neglected to account
for them. Dealing with the case of ZrOs-doped Y203, we found evidence of a possible site
selectivity for Zr in its substitution for Y atoms.
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