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Determining the site preference of trivalent dopants in bixbyite sesquioxides
by atomic-scale simulations
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Oxides with the bixbyite structure (Ia3) have two crystallographically unique cation sites, namely (in
Wyckoff notation) 24d and 8b. Since the symmetries of these two sites are different (C, and S, respectively),
properties related to solute cations will vary depending on the site preference. Therefore, we have employed
atomic scale simulation techniques to systematically investigate the solution site preference of a range of
trivalent cations ranging from Sc** to La®* in A,05 bixbyite oxides (where A ranges from Sc to La). Results
reveal that when the solute cation is smaller than the host lattice cation, the 24d site is energetically favorable,
but when the solute cation is larger than the host lattice cation, the 8b site is preferred. We also discuss the
tendency for solute cations to cluster, as well as corroboration of this work by first principles methods.
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I. INTRODUCTION

Binary sesquioxides with the cubic bixbyite structure
have broad technological significance, from radiation toler-
ance! to diluted magnetic semiconduction.? Although the lu-
minescent properties of rare earth doped Y,O; have been
exploited for some time,? it is only recently that rare earth
doped Lu,O; has been investigated as a potential scin-
tillator.* Although the crystal structure of bixbyite
(Mn,Os5, Ia3) was essentially solved by Pauling and Shap-
pell® over 70 years ago, the complexities of the structure
have motivated still further studies.®’

Bixbyite can be thought of as an oxygen deficient fluorite
(e.g., CeO,_,), where the lattice parameter is doubled and a
quarter of the oxygen atoms are removed. Unlike fluorite,
there are two unique cation positions due to the ordered ar-
rangement of the oxygen atoms. There are 3 times as many
of the so-called 24d sites as 8b sites. These sites are conve-
niently described by considering the cation surrounded by
anions occupying six corners of a (fluorite lattice) cube, as
illustrated in Fig. 1. For the 24d site, the unoccupied posi-
tions are on opposite corners of one cube face, while for the
8b site, the unoccupied positions are diagonally opposed.
Furthermore, the 24d coordination cube is distorted, with
three distinct metal-oxygen distance pairs (conversely for the
8b site, the six metal-oxygen distances are equal). The 24d
distortion originates when the oxygen atoms beneath the un-
occupied positions (labeled 1 and 2 in Fig. 1) are displaced
toward the vacant sites, thereby increasing the O'-A-O?
angle so that it is the largest angle in the coordination cube.
O atoms labeled 3 and 4 are farthest from the A atom, while
O atoms in the same plane as the unoccupied positions (la-
beled 5 and 6 in Fig. 1) are nearest to the A atom and have
the smallest O-A-O angle.” However, the mean of the three
pairs of 24d A-O distance is practically the same as the 8b
A-O distance.®

Figure 1 also shows how the symmetries of the two lattice
cation sites differ. The 24d site is noncentrosymmetric (C,
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symmetry), while the 8b site is centrosymmetric (Sg or Cj;
symmetry). Due to these different symmetries, 24d cations
are expected to have spectroscopic properties that are distinct
from 8b cations. In the specific case of scintillators, the par-
ity selection rule forbids electronic-dipole transitions be-
tween levels of the same parity, such as transitions within the
f shell. However, this rule can be relaxed when a rare earth
ion occupies a site without inversion symmetry, which leads
to uneven crystal field components.® For example, in the spe-
cific case of Eu:Lu,03, it has been proposed that it is desir-
able to have Eu’* activator cations residing solely on 24d
sites.” In this case, f-f electric dipole transitions are forbid-
den for Eu** cations in centrosymmetric positions (e.g., S¢
symmetry, 8b site), and only magnetic dipole transitions are
possible.!%!!" However, since the parity selection rule is re-
laxed for noncentrosymmetric positions (e.g., C, symmetry,
24d site), both magnetic and electric dipole transitions are
possible. As there are fewer possible transitions from the 8b
site, slower emission and increased probability of nonradia-
tive transitions are expected.’

The previous example illustrates the importance of site
specific solution in bixbyite oxides, yet one of the remaining
uncertainties regarding these compounds is the site prefer-
ence and distribution of solute cations. In this paper, we
present atomistic simulation results regarding the solution
site preference of a wide range of solute cations (Sc** and
In**, Lu** to La®*) in A,05 bixbyite oxides (where A ranges
from Sc-La; Pr,03-La,O5 are not stable in the cubic struc-
ture, but are included for the establishment of compositional
trends). The aim of this study is to improve the fundamental
understanding of site specific solution behavior. With this
insight, we anticipate the development of optimized bixbyite
oxides for scintillator and other applications requiring site
specific solution. However, from a computational point of
view, there is nothing remarkable about bixbyite oxides.
Rather, the general method of establishing compositional
trends (in this case identifying the site preference of solution
cations) through the consideration of a wide range of com-
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FIG. 1. The two cation sites of cubic A,O3 bixbyite, where the
dark spheres represent A cations, the light spheres denote O and the
cubes are unoccupied oxygen positions. (a) 24d (C, symmetry). (b)
8D (S symmetry).

pounds is readily transferable to other material systems. Ad-
ditionally, this approach is most effective when used in con-
junction with experiment to compliment and guide further
investigation.

Previous work. The solution site preference of rare earth
cations in bixbyite sesquioxides has been the subject of de-
bate for some time (Table I provides a summary). A majority
of previous studies have considered rare earth solution in
Y,0;3. For example, Mandel used electron paramagetic reso-
nance (EPR) to determine that Yb** replaces Y3* on both
sites in Y,05.!2 Mitric et al. also investigated the solution of
Yb** in Y,05 via a combination of x-ray diffraction and
magnetic susceptibility studies but found a weak 24d prefer-
ential occupation.!> At low Yb** concentrations, (specifically
in Ybg g6Y;.9403), Mitric et al. found the 24d site to be oc-
cupied exclusively.!® Rodic et al. employed similar tech-
niques to determine the site occupancy of Gd**, Dy**, Ho*,
and Er** in Y,05.'* From these studies, they found that Gd**
preferentially resides on the 244 site, while Dy**, Ho**, and
Er** are randomly distributed. In a separate study, Mitric
et al. further found with similar methods that Gd** exclu-
sively resides on the 24d site in concentrations less than x
=0.41 (in Gd,Y,_,0;)."> Hintzen and van Noort concluded
from *'Eu Massbauer spectroscopy results that Eu* is ran-
domly distributed over both 24d and 8b sites in Sc,0j3,
In,05, Lu,05, Y,0;, and Gd,05.'® However, in that study,
the Mossbauer spectra could only be decomposed into two
separate Lorenztian lines (corresponding to the 24d and 8b
lattice sites) for Eu:In,O3 and Eu:Sc,05.

Eu®* doping in Y,05 and Lu,05 has received particular
attention, due to both the technological significance of these
compositions and also the inconsistency of the results. For
example, Grill and Schieber concluded from magnetic sus-
ceptibility results that Eu** ions prefer 24d sites in Y,05 and
Lu203.17 However, after a recommendation from van Vleck,
Kern and Kostelecky repeated these measurements and
found a different result at low Eu concentrations, suggesting
a random distribution of Eu* ions in Y,05.!8 A similar result
was found by Antic ef al., again using magnetic susceptibil-
ity data as well as x-ray diffraction.'® Concas et al. similarly
concluded a random distribution of Eu** ions in both bulk
and nanocrystalline Y,05, using Mossbauer spectroscopy.?’
Concas et al. also concluded that Eu** was randomly distrib-
uted in nanocrystalline Lu,05.2° A later study confirmed this
observation, but also found a 24d preference (=85% of Eu**
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TABLE 1. Summary of previous site preference results.

Host lattice Activator Site preference Reference
Y,0;3 Yb Random 12
Y,0; Yb Weak 24d 13
Y,0; Gd 24d 14
Y,0; Gd 24d 15
Y,0;3 Dy, Ho, Er Random 14

Sc,03-Gd,04 Eu Random 16
Y,03, Lu,O3 Eu 24d 17
Y,0;3 Eu Random 18
Y,0;3 Eu Random 19
Y,0;3 Eu Random 20
Lu,04 Eu 24d 21
Lu,04 Eu 8b 9

on 24d sites) in bulk ceramic Lu,05.?' Finally, Zych inves-
tigated the energy transfer between Eu* ions occupying both
sites in Lu,03, as a function of Eu** concentration.”!! At low
concentrations (e.g., 0.2 mol %), Zych found the emission
spectra to be dominated by 8/ luminescence. At higher con-
centrations, the 24d luminescence intensity was found to in-
crease at the expense of the 8b, although 85 luminescence
was never completely diminished up to an Eu concentration
of 10%. That the 24d luminescence occurs at the expense of
8b suggests rather efficient 8b-24d energy transfer, and the
remaining 85 luminescence at high Eu concentrations sug-
gests either 24d-8b back transfer or isolated 8b cations. Nev-
ertheless, Zych concluded that it is impossible to completely
remove slow 8b magnetic dipole luminescence from
Eu:Lu,05.°

Although this paper only addresses the solution site pref-
erence in bulk materials, it is worth noting that the site solu-
tion preference for Eu** in nanocrystalline Lu,O; is different
than that observed from bulk ceramic Lu,05.2>%3 It has been
proposed that this difference originates from the nanophase
material trapping in a nonequilibrium structure.??

II. METHODOLOGY

Atomistic simulation calculations were carried out using a
Born-type, ionic description of the lattice?* and the Bucking-
ham potential®> to describe the short range interactions be-
tween ions, so that the lattice energy can be expressed as

1 . N\ C.
ij

i j#i 477'50"1'/‘ Tij

where g; and g; are the charges of the ions i and j, €, is the
permittivity of free space, r;; is the interionic separation, and
Ajj» pij» and C;; are the adjustable potential parameters spe-
cific to each ion pair. All parameters were previously de-
rived: O?~-0%" by Vyas et al.?® and the remainder by Levy
et al.?” (though all were derived in the same self-consistent
manner). These potentials have been used to successfully

model defect behavior in other rare earth oxide systems such
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FIG. 2. (Color) Contour plot describing the energy difference
between solute cations on 24d and 8b sites in A,O5 bixbyites,
where the host lattice cation is on the ordinate and the solute cation
is on the abscissa. Each point refers to a specific combination of
host lattice and solute cation for which a calculation was performed.

as perovskites?®2?? and garnets.>* The electronic polarizability

of oxygen is accounted for by the shell model of Dick and
Overhauser,’! where a massless shell of charge —2.04|e| is
coupled to a massive core of charge 0.04|e| by an isotropic,
harmonic force constant, k (6.3 eV/A2).

The above techniques can be used to describe forces be-
tween ions in perfect lattice structures or in a defective lat-
tice. Defect energies are calculated by partitioning the lattice
into a region I (=10 A) and region II (extending to infinity).
A defect is incorporated near the center of region I, and the
response of the ions in region I to the defect is calculated
explicitly, while the response of ions in region II is evaluated
via the Mott-Littleton approximation.?? Further information
on these methods can be found elsewhere.??
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FIG. 3. The energy difference between solute cations residing
on 24d (C, symmetry) and 8b (S symmetry) sites as a function of
the ratio of solute and host lattice cationic radius.

III. RESULTS AND DISCUSSION
A. Isolated defects

The aforementioned simulation methods are especially
useful in the determination of trends from relative energies
across a broad compositional space. Here, the simulation re-
sults predicting the site preference of solute cations ranging
in size from Sc** to La’" in a series of bixbyite oxides
(Sc,05-La,05) are presented in the form of a contour map.
An advantage of this approach is that a large set of data can
be presented in a manner that readily allows for the identifi-
cation of compositional regions of interest. For example, Fig.
2 describes the energy difference between a solute cation
residing on the 8b and the 244 site (so that negative values,
represented by empty circles, correspond to an 8b preference
and positive values, solid circles, correspond to a 24d pref-
erence). It is clear from Fig. 2 that for all combinations of
solute cation and bixbyite host lattice, where the solute cat-
ion is different than the host lattice cation, there is a site
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FIG. 4. (Color) Contour plots describing the concentration of solute cations residing on 24d sites as predicted by the energies from Fig.
2 via the Boltzmann distribution of Eq. (2) at two different temperatures, where a 24d concentration of 75% is random. (a) 24d concentration

at 273 K. (b) 24d concentration at 1273 K.
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preference for the solute cation. These preferences are unsur-
prisingly small when the cation radii of the solute cation and
host lattice cation are similar.>* However, as the cationic ra-
dius difference increases, the solution site preference be-
comes more pronounced. In particular, for all cases where
the solute cation is smaller than the host lattice cation, the
24d site is preferred and when the solute cation is larger than
the host lattice cation the 8b site is preferred. This prediction
simply suggests that for scintillator compounds whose emis-
sion is dominated by f shell transitions, optimal composi-
tions have smaller activator cations than host lattice cations
(filled circles in Fig. 2). The reason for this preference is
essentially crystallographic. Recall that the six metal-oxygen
distances in the 8b site are equivalent, and that there are
three unique pairs of metal-oxygen distance for the 244 site.
Two of the metal-oxygen distances in the 24d site are less
than the analagous distance in 8b. In the case of rare earth
solute cations smaller than the host lattice cation, they are
readily accomodated in a site with shorter bonds. However,
for solute cations larger than the host lattice cation, solution
at the 244 site leads to increased strain and an increase in
solution energy.

Figure 3 shows the site preference of solute cations as a
function the ratio between solute and host lattice cations.
Interestingly, all the data from Fig. 2 collapses onto a single
smooth curve when plotted as a function of the radius ratio
and can be fit to a simple polynomial function. However, the
limiting trends for radius ratios greater and less than 1 are
much different. For example, an extrapolation of the trend
for cases where the solute cation is larger than the host lattice
cation (i.e., 8b preference), suggests a continual increase in
energy for combinations of solute and host lattice cations
with ratios larger than considered here (e.g., La:Mn,03). A
similar behavior is not observed for cases when the solute
cation is smaller than the host lattice cation (i.e., 24d prefer-
ence). In fact, the energy difference for radius ratios less than
1 saturates such that radius ratios smaller than 0.8 do not
lead to a variation in the energy difference. Therefore, in the
region where the radius ratio is less than 1, the energy dif-
ference is much less (and constant, = 0.1 eV) than when the
radius ratio is greater than 1.

In Fig. 2, no account is made for the fact that in the
bixbyite structure, there are three times as many 24d sites as
8b sites. To rectify this, Figs. 4(a) and 4(b) predict the frac-
tional occupancy of solute cations on 24d sites according to
a Boltzmann distribution of the type (assuming constant en-
tropy)

C24d e—AE/kT
= 2)

CSb + C24d E_AE/kT+ 3 ’

where Cg;, and C,4, are the concentrations of solute cations
on 8b and 24d sites, respectively, and AE is the difference in
solution energy for the solute cation between the 86 and 24d
site. The temperatures used to generate Figs. 4(a) and 4(b)
are 273 K and 1273 K, respectively. It is clear from Fig. 4,
especially at the low temperature, that the small energy dif-
ferences shown in Fig. 2 correspond to a marked preferential
occupancy (recalling that 75% occupation on 24d sites is
random). The overall site preference trend is less pronounced
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FIG. 5. A comparison of volume per molecule values for the
range of cubic RE,O3 compounds obtained by SIC-LSD (empty
squares) (Ref. 35), PAW (empty circles) (Ref. 36), pair potentials
(filled circles), and experiment (line) (Ref. 37) [except for Ho,O;
and Dy,03 (Ref. 7) and Er,O3 (Ref. 38)].

at the high temperature, with AE values corresponding to
more random occupation than at low temperatures. This ob-
servation suggests that experimental data will be strongly
influenced by the synthesis route of the samples examined.

B. Comparison with first principles methods

In order to verify the trends observed in Fig. 2, we have
performed density functional theory (DFT) calculations. We
used the VASP code®*#? with the projector augmented-wave
method*** on supercells containing 80 atoms. We used both
the PW91 and PBE generalized gradient approximation func-
tionals. We tested convergence of our results versus energy
cutoff, k-point sampling (using both gamma point and 2
X 2 X2 k-point meshes of the Monkhorst-Pack type*), and
spin polarization.

We attempted to calculate the site preference for the fol-
lowing configurations: Yb in Lu,Os3, Lu in Yb,Os, Lu in
Nd203, Nd in LU203, Scin Nd203, Nd in 80203, Y in Gd203,
and Gd in Y,05. In most cases, we were unable to obtain
convergence. This is consistent with previous DFT work on
rare earth oxides.’® In the cases where we were able to con-
verge results, we found no significant sensitivity to the en-
ergy cutoff, k-point sampling, or spin polarization (to within
about 0.05 eV).

Overall, we were unable to achieve quantitative agree-
ment with our empirical potential calculations. This is due in
part to the small energy differences of the site preference, but
also pertains to the difficulties associated with the first prin-
ciples consideration of rare earth oxides. Furthermore, there
are issues with how well DFT predicts the lattice constant of
the series of rare earth oxides. Previously, several first prin-
ciples methods have been used to calculate the lattice volume
of the cubic rare earth oxides considered here.>-¢ In fact,
Fig. 5 shows that our pair potential calculations reproduce
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the RE,O; lattice constant across the entire rare earth series
better than either the self-interaction-corrected local-spin
density (SIC-LSD), which agrees well with experiment for
large cations or projector augmented-wave methods (PAW),
which agrees well for small cations. (Here, RE denotes a rare
earth cation. Our results for Sc,03, In,O3, and Y,05 have
been omitted from Fig. 5 for the sake of comparison, al-
though these results also agree well with experimental val-
ues. We have not considered Pm,05.)

Thus, as shown in Fig. 5, electronic structure methods are
unable to even qualitatively capture trends in lattice constant
over the entire range of rare earth oxides. The importance of
this deficiency is illuminated by our finding that the energy
difference between solution on 24d and 8b sites is very sen-
sitive to lattice parameter. For the case of Sc in Nd,O;, if we
use constant volume conditions, the energy difference is
about —0.1 eV (86-24d). If we relax the volume the differ-
ence changes to 0.77 eV. Not only does the energy change
by nearly 1 eV when simply changing the lattice parameter,
but the predicted solution site also changes. As the DFT cal-
culations are unable to quantitatively reproduce the lattice
parameter of these oxides, and the site preference is so sen-
sitive to lattice parameter changes, we are not confident that
DFT will be successful predicting the correct site preference.

That said, the sensitivity of the site preference to varia-
tions in lattice parameter does lead to some interesting in-
sights into these materials. First, it suggests that perhaps ap-
plied pressure can be used to influence the site preference. To
the extent that dopants are kinetically trapped in the locations
they occupy during synthesis, different synthesis routes
might lead to different occupations. This result also suggests
that the surface strain effects in nanocrystalline bixbyite ox-
ides will likely lead to a different solution site preference
than their bulk ceramic counterparts.

C. Clustered defects

It is well established that an energy transfer takes place
from Eu’* ions in 8b sites to 24d sites in several bixbyite
compounds.”**~#? Furthermore, since this energy transfer
takes place via a superexchange process, the probability of
this type of energy transfer is a function of the distance be-
tween 8b and 24d ions.**°2 Consequently, we have con-
sidered the interaction between solute cations to ascertain
whether defect clusters are more favorable than isolated de-
fects. According to the equation of Dornauf and Heber,>?

=~ exply{R, - ). o)
7o

P is the probability of transfer via superexchange, which is
governed by 7, the radiative decay time of the donor, v, the
exchange constant, R, the distance between donor and accep-
tor and Ry, the critical transfer radius, which is the distance
at which an isolated donor-acceptor pair exhibits the same
transfer rate as the radiative decay rate. Based on Eq. (3), in
bixbyite oxides, the nearest neighbor 8b-24d cations are
most likely to transfer energy since they are nearer to one
another than any other cationic combination. However, Buijs
et al. have determined that energy can transfer over more
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FIG. 6. Calculated binding energies for Eu-Eu solute cation
clusters in different configurations in A,0O5 oxides, where the con-
figuration label refers to the position of the Eu cations and the
nearest neighbor distance of the particular cluster.

than 7 A (i.e., Ry=7 A) from 8b to 24d sites in Y,0; and
Gd,05.46

Figure 6 describes the predicted cluster binding energy of
Eu’* ions in a series of A,05 compounds, where the Eu-Eu
distance is less than R, for each configuration considered. In
particular, we have calculated binding energies for the first
through fourth nearest neighbor (NN) dimer clusters of
8b-24d and first and second nearest neighbor clusters of both
8b-8b and 24d-24d. Table II describes representative interi-
onic distances for these cluster configurations in Y,03;. We
define binding energy to be the difference between the clus-
ter energy and the sum of equivalent isolated defect energies,
such that a positive value corresponds to an energetic pref-
erence for the defects to be isolated. Figure 6 shows that
when the host lattice cation is similar in size to Eu** (e.g.,
Tb**, Gd**, and Sm>*) the binding energy for all cluster con-
figurations is practically zero. This is expected since these
defects are charge neutral relative to regular lattice occupa-

TABLE II. Cluster configurations in Y,O3.

Configuration Nearest neighbor Separation
24d-8b 1 352 A
24d-8b 2 3.99 A
24d-8b 3 6.36 A
24d-8b 4 6.64 A
24d-24d 1 354 A
24d-24d 2 401 A

8b-8b 1 530 A
8b-8b 2 7.50 A
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tion, and therefore should not interact electrostatically. Con-
versely, when the size difference of the solute and host lattice
cation increases, the binding energy becomes dependent
upon cluster configuration. In fact, the binding energy is sur-
prisingly negative for certain Eu-Eu cluster configurations in
both Sc,O5 and In,O5. It is important to note that for all
cases, there are 8b-24d cluster configurations with a nearly
zero or even negative binding energy, suggesting that there is
no penalty for the inter-Eu distance to be less than R. For
the technologically significant Eu: Y,0; and Eu:Lu,05, Eu**
cations on 24d and 8b sites are not prevented from residing
near one another, thereby allowing for the efficient transfer
of energy, especially at higher concentrations of dopant.

D. Comparison to experiment

Although we are compelled to verify these predictions by
comparison to experiment, there is no single systematic
study regarding the solution site behavior for the composi-
tional space we have considered. In addition, when attempt-
ing to determine an unequivocal trend from experimental
studies, we are confronted with considerable variation in
conclusions. We are therefore unable to categorically confirm
the validity of our predictions. Nevertheless, a comparison is
illuminating.

First, we predict Yb>* to reside preferentially on the 24d
site of Y,05 (80.0% and 89.5% 24d occupation at 1273 K
and 273 K, respectively). Mandel concluded from EPR re-
sults that Yb** occurs on both the 24d and 8b site!> while
Mitric et al. found Yb** to reside preferentially on the 24d
site,!® in concert with our results (see Fig. 2). We predict a
very slight preference for Ho** and Er** to occupy 244 sites
(75.3% and 76.4% for Ho and 76.7% and 82.5% for Er at
1273 and 273 K, respectively) and a similarly slight prefer-
ence for Dy** to occupy 8b sites (74.0% and 70.1% 24d
occupation at 1273 and 273 K, respectively). Rodic et al.
found Dy?**, Ho**, and Er** to be distributed randomly in
Y,05, and Gd** to prefer 24d sites.'* Our results agree rea-
sonably with Rodic et al., except for Gd**, which we predict
to reside preferentially on 8b sites. The Mdssbauer spectros-
copy results of Hintzen and van Noort find Eu** cations ran-
domly distributed in Sc,03, In,O3, Lu,O3, Y,05, and
Gd,05.'% Over that same compositional range, our predic-
tions differ, especially for the smaller host lattice cations
where we predict near exclusive 8b occupation. Finally, for
Eu®* in Lu,0; and Y,0;, we have several experimental stud-
ies available for comparison. First, our results are at odds
with those of Grill and Schieber for Eu occupation in Y,Oj5.
We predict that Eu** prefers the 8b site (67.2% and 33.6%
24d occupation at 1273 K and 273 K, respectively). Grill
and Schreiber concluded a 24d preference.!” Kern and Kos-
telecky repeated the Grill and Schieber experiment and
found that Eu®* is randomly distributed over 24d and 8b
sites, which is closer to our prediction, especially at higher
temperatures. Antic et al.'” and Concas et al.?° also found a
random distribution of Eu** in Y,05.

Finally, Zych found Eu** emission luminescence in Lu,O5
dominated by 8b sites at low concentrations,” which is en-
couraging given that our calculations pertain to the dilute
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limit of solute cations and predict an 8b preference (57.1%
and 44.0% 24d occupation at 1273 and 273 K, respectively).
Moreover, Zych observed an increase of 24d luminescence
intensity with increasing Eu concentration. This suggests that
at low concentrations, 8b sites are preferentially occupied,
but remain isolated. At higher concentrations, more Eu** ions
reside on 24d sites and are therefore available for energy
transfer from the already occupied 8b sites. This observation
suggests that there is no energy penalty for Eu** cations to
reside at adjacent 8b and 24d sites, which is in accordance
with the near zero binding energies for 24d-8b Eu clusters in
Lu,0j5 described by Fig. 6. Also, Zych decisively proposed
that it is impossible to entirely remove 86 emission. This is
likely the case for Eu:Lu,03, but our results predict that
there are certain combinations of host lattice (including solid
solutions) and solute cation that would minimize 85 emis-
sion, e.g., Eu:Sc,0;.

That our results are not completely verified by experimen-
tal studies is not entirely discouraging. Figure 4 clearly indi-
cates that temperature strongly influences the distribution of
solute cations. Most experimental studies have been per-
formed on material systems where the cationic radius of the
solute cation is similar to host lattice cation, which is also
where we predict the distribution to be nearest to random.
Furthermore, it is quite possible that higher temperature sol-
ute distributions have been effectively frozen in, thereby
leading to measurements of less pronounced site preference
measurements than predicted here. However, our results are
less effective in the prediction of quantitative values and
more useful when employed to highlight regions of compo-
sitional interest based upon relative energies. In particular,
the site preference predictions made here may aid in the
identification of new candidate compositions or solid solu-
tions that create a balance between various materials proper-
ties.

IV. CONCLUSION

Atomistic simulation techniques have been used to inves-
tigate the solution behavior of trivalent cations in a range of
bixbyite oxides. Our results predict that when the solute cat-
ion is smaller than the host lattice cation, the solute cation
prefers to reside on the 24d site, though when the solute
cation is larger, there is a preference for the 8b site. As the
size mismatch increases, the specific preference also in-
creases, except when the solute cation is much smaller than
the host lattice cation (e.g., Fyue/ Thost=0.8) and the site
preference is constant. Additionally, we have considered the
potential for solute cations to cluster. For Eu** solution in
A,Og3, there is always a 24d-8b cluster configuration which
has a near zero or negative binding energy. Consequently,
Eu®* cations can be near enough to one another to allow
energy transfer. Finally, we have compared our results to
existing experimental studies. The aim of this work is to
stimulate further studies, both theoretical and experimental,
in an effort to engineer compositions that exhibit precise site
solution distributions.
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