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Abstract

The energetics and defect-ordering tendencies in solid solutions of fluorite-
structured UO, with trivalent rare earth cations (M**=Y, La) are investi-
gated computationally using a combination of ionic-pair-potential and density
functional-theory (DFT) based methods. Calculated enthalpies of formation
with respect to constituent oxides show higher energetic stability for La solid
solutions relative to Y, consistent with the differences in experimentally mea-
sured solubility limits for the two systems. Additionally, calculations per-
formed for different atomic configurations show a preference for reduced (in-
creased) oxygen vacancy coordination around La (Y) dopants. The current
results are shown to be qualitatively consistent with related calculations and
calorimetry measurements in other trivalent-doped fluorite-structured oxides,
which show a tendency for increasing stability and increasing preference for
higher oxygen coordination with increasing size of the trivalent impurity.
The implications of these results are discussed in the context of the effect
of trivalent impurities on oxygen-ion mobilities in UQO,, which are relevant
to the understanding of experimental observations concerning the effect of
trivalent fission products on oxidative corrosion rates of spent nuclear fuel.
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1. Introduction

Fluorite-structured oxide compounds can often be doped with high con-
centrations of trivalent cations. Under reducing conditions this doping leads
to the formation of charge-compensating oxygen vacancy defects. Recent
calorimetry studies on trivalent-cation doped ZrO, [1], HfO, [2], CeOs [3]
and ThO [4] provide evidence for strong defect association in such systems.
The experimental findings have been shown to be consistent with recent first
principles computational work on some of these same systems, which demon-
strate energetic binding/clustering tendencies between cations and oxygen
vacancies, to a degree that has been found to correlate strongly with ionic
radii [5, 6, 7, 8,9, 10, 11, 12]. Strong oxygen vacancy-cation association is
known to reduce the mobility of oxygen ions and therefore the ionic conduc-
tivity in aliovalently-doped fluorite-structured oxides, which can be detri-
mental for their use in fuel cell electrolyte and oxygen sensor applications
[13].

Similar effects have also been discussed in the context of the electrochem-
ical behavior of spent nuclear fuel composed of fluorite-structured UOs with
soluble trivalent fission products. Specifically, recent studies have attributed
rare earth (i.e., trivalent) fission product dopant-oxygen vacancy clusters to
the decreased rate of oxidative dissolution with increasing burnup in spent
fuel [14]. The defect clusters are believed to reduce the concentration of mo-
bile oxygen vacancies which facilitate oxidation and eventual dissolution of
the fuel, in a similar manner that rare earth doping impedes air oxidation
of the cubic fluorite structure to orthorhombic UsOg [15, 16, 17, 18]. Oxida-
tion and dissolution of nuclear fuel in aqueous environments is of particular
concern at the back end of the fuel cycle, i.e., waste disposal [19, 20].

Because of the significant changes in oxidation and corrosion behavior
of nuclear fuel associated with rare earth fission products, understanding
the thermochemical properties of these defects in UO, is of particular inter-
est. The effect of rare earth fission product doping on the oxygen chemical
potential in UOy has been studied extensively [21]. However, the under-
standing of the energetics and defect-ordering tendencies of these systems
remains less advanced compared to other fluorite-structured oxides (see Refs.
(5,6, 7, 8,9, 10, 11, 12]). Specifically, only one calorimetry study [22] and



one ionic pair-potential modeling investigation [23] have been reported to
date. The aim of the current work is to provide further insight into the
thermochemical behavior of UOy doped with trivalent cations through the
application of density-functional-theory (DFT) based calculations in which
we explore stability and defect ordering/clustering trends with respect to rel-
ative cation sizes. It is widely accepted that UO, substituted with trivalent
cations will contain oxygen vacancies or localized electron holes (i.e., U")
as charge-compensating defects. The current work focuses only on systems
with oxygen vacancies. We consider the smallest and largest trivalent rare
earth fission product cations that are soluble in UO,, namely, Y3+ (1.02 A
ionic radius with eightfold coordination) and La** (1.16 A) [24].

The remainder of the paper is organized as follows. In the next section the
details of the calculations are described, and are followed by a presentation
of the results for formation energetics and defect interactions in Section 3.
In Section 4 the results are discussed in the context of the previous models
proposed for explaining the effect of cation size on the stability and defect-
ordering behavior in aliovalently doped fluorite structures.

2. Computational Methodology

The computational approach employed in this work is similar to that
applied in studies of doped ZrO, and ThO, by Bogicevic et al. [8, 9] and
Alexandrov et al. [11], respectively. The approach involves calculations of
a relatively large number of ordered defect-dopant configurations as a basis
for exploring trends in energetic stability and defect ordering. The following
subsections provide detailed descriptions of the structural enumeration tech-
niques (Sec. 2.1), the screening of the structures using ionic pair-potential
models (Sec. 2.2), and the DFT-based calculations (Sec. 2.3) implemented in
this work.

2.1. Structure Enumeration

In order to determine the most stable defect structures for fluorite-structured
UO, doped with trivalent cation (M3T) oxides, we investigate many hypo-
thetical cation vacancy arrangements. The fluorite-based cation sublattice
contains host and dopant species (i.e., Ut and M3T, respectively), and the
anion sublattice contains host and vacancy species (i.e., O?~ and Oqyqc), re-
spectively (the substitution of two U*" by M3* can be charge-compensated
by one Oyge), as illustrated in Fig. 1. We employ a structure enumeration
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Figure 1: The ideal UO5 cubic fluorite structure with two trivalent dopants on the cation
fcc sublattice and one charge-compensating oxygen vacancy on an anion simple cubic
sublattice is shown.

technique developed for cluster-expansion-based studies of alloy thermody-
namics, considering supercells consisting of up to six formula units, employ-
ing an algorithm by Hart and Forcade [25] that is implemented in the alloy
theoretic automatic toolkit (ATAT) [26, 27]. The compositions considered
are UyM5Oq; (x=1/3, six formula units: 4 U ions, 2 M ions, 11 O ions, and
1 Ogace), UsMO7 (x=1/2, four formula units: 2 U ions, 2 M ions, 7 O ions,
and 1 Oyge), and UyM40qp (x=2/3, six formula units: 2 U ions, 4 M ions,
10 O ions, and 2 Oyge). The structure enumeration yielded 117, 27, and 710
symmetry-distinct structures for x=1/3, 1/2, and 2/3, respectively.

2.2. Classical Pair Potentials

The energies of all enumerated structures were calculated using ionic pair-
potential models as a first “screening” step, with the intent of eliminating
from consideration by more computationally demanding DFT-based calcu-
lations the electrostatically-unfavorable structures for a given composition
and M3* species. The potential energy between ions i and j is expressed



mathematically as

44, —Tij ¢
E(riy) = =5 + Aexp(—=) = & (1)
¥ ij

The first term represents the coulombic interaction where ¢ is the respec-
tive ionic charge and 7;; is the distance between ions ¢ and j. The latter
two repulsive and attractive terms represent the short range Buckingham
potential, where A, p, and C' are system-dependent parameters. In addition,
polarizabilities were introduced for individual ionic species according to the
shell model as formulated by Dick and Overhauser [28]. The Buckingham
and shell model parameters used in this work are given in Refs. [29, 30, 31].
Geometry relaxations and energy minimizations were performed using the
General Utility Lattice Program [32].

2.3. First-principles Calculations

All structures for a given composition and M3* species were ranked ac-
cording to their total energy based on the ionic pair potential calculations
described in the previous section. Initially DFT calculations were performed
for the resulting six lowest-energy structures for a given composition. If
any of the five higher-energy structures were found to be lower than the
ground state predicted by the pair potential models, additional structures
were considered in an effort to ensure that the lowest-energy configuration
was identified by the DFT-based methods.

Most of the results reported below were obtained using DFT within the
formalism of the projector augmented-wave (PAW) method [33, 34] and the
Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA)
[35, 36] as implemented in the Vienna ab initio simulation package (VASP)
(37, 38]. Additionally, a Hubbard-U correction was implemented within the
formalism of Dudarev et al. [39] to account for the self-interaction error
for localized 5f electrons in uranium. The value of the parameter U,y
= U-J in the DFT+U formalism was chosen to be 4.00 eV for this study;
this value is similar to that found to give optimal results in comparisons
to spectroscopic data by Dudarev et al. (3.99 eV) [39], which has been
used extensively in the literature, and was found to provide good agreement
between calculated and measured oxidation enthalpies of UO, [40]. The PAW
potentials used in this work are U, O, Y_sv, and La in the VASP PBE library.
The PAW potentials use 14 valence electrons for U (6s*6p®5f26d'7s?), 6 for O



(2s?2p?), 11 for Y (4s?4p%5s?4d'), and 11 for La (5s*5p®6s25d'). We employ
a plane-wave cutoff energy of 500 eV, and the Brillouin zone is sampled
using the Monkhorst-Pack scheme with at least 4 x 4 x 4 k-point meshes.
Atomic positions were relaxed with no symmetry constraints until residual
forces were below approximately 20 meV/ A. From convergence checks with
respect to plane-wave cutoff and k-point sampling we estimate the formation
enthalpies to be converged at the level of a few tenths of a kJ/mol-cation.
The results of the first-principles calculations presented below made use of
a scalar-relativistic approximation. We also performed calculations of the
lowest energy Y and La-substituted structures for x=1/2 including spin-
orbit coupling, which was found to change the formation enthalpies by a
magnitude of less than 1 kJ/mol-cation.

The formation enthalpy for a solid solution with respect to its constituent
oxides is defined as

AHf = E[U171M10270.5x} — (1 — LE)E[UOQ] - xE[MOm], (2)

where E[U;_,M,O_¢5.] denotes the energy per cation of a solid solution
with cation dopant concentration x, E[UOs] denotes the energy per cation
of fluorite-structured UO, (calculated here using a 12-atom unit cell with
1k antiferromagnetic order), and E[MO; 5| denotes the energy per cation of
Y203 or LayO3 in the experimentally observed (i.e., room temperature) cubic
bixbyite (C-type sesquioxide) or hexagonal (A-type) structure, respectively.
Both ferromagnetic and antiferromagnetic arrangements for the uranium ion
local magnetic moments were considered within the solid solution defect
structures, and the latter was found to be lower in energy. Because there
are four uranium atoms in the structures associated with x=1/3, there are
three unique antiferromagnetic spin arrangements (i.e., up-up-down-down,
up-down-up-down, up-down-down-up). We found little difference in the cal-
culated formation enthalpies with respect to each of these magnetic configu-
rations (i.e., within 0.2 kJ/mol-cation).

In calculations that make use of the DFT+U methodology, it is well doc-
umented in the literature that one can converge to multiple metastable states
corresponding to different orbital occupancies for the localized f electrons.
Thus, a practical issue in such calculations is to ensure that the computed
energy corresponds to the true electronic ground state (or close to it) [41, 42].
Several different methods have been proposed to address this issue for UO,
(43, 44, 45, 46, 47]. In this work we employ the approach by Meredig et al.



[47], involving a gradual “ramping” up of the Hubbard-U parameter. In the
current implementation, U.y; starts at zero and is increased stepwise by 0.1
eV in order to localize the U 5f electrons. This methodology offers sufficient
computational efficiency for treating many compounds with relatively large
unit cells.

In order to be confident of the accuracy of the “U-ramping” method, we
compared results obtained by this approach with those derived by the occu-
pation matrix control (OMC) method, which has been applied to plutonium
oxides (PuO, and PuyO3) [48] and subsequently UOq [45, 46]. The OMC ap-
proach involves initializing calculations with many distinct imposed values
of the diagonal and off-diagonal occupation matrices for the U 5f electrons,
and taking the lowest of the resulting calculated energies as the ground-state.

For comparison of the “U-ramping” and OMC methods we performed
static DFT4U calculations of a simple defect-fluorite structure, namely,
ULay0Oj5, which contains a single oxygen vacancy. We used the OMC ap-
proach discussed in Ref. [45] in which a total of 61 occupation matrices were
sampled (21 diagonal, 40 off-diagonal). The ramping method gave the lowest
total energy by approximately 2.4 kJ/mol-cation compared the lowest total
energy determined using OMC. A more exhaustive sampling of matrices in
the OMC approach could potentially result in energies that are closer to (or
perhaps even lower) that resulting from the “U-ramping” approach; however,
it is encouraging that none of the energies derived from the OMC method
were significantly lower than that obtained from the ramping approach.

Separate DFT calculations using a hybrid functional [49] were imple-
mented to compare results to formation enthalpies calculated using the DFT+U
method. The hybrid functional methodology has been shown to accurately
describe lattice constants and electronic structure of UO, [50, 51, 52, 53, 54].
The “local hybrid functional for correlated electrons” (LHFCE), which is also
referred to as “exact exchange for correlated electrons” (EECE), is a hybrid
functional in which the exact exchange is applied locally within the atomic
spheres only to the correlated electrons (i.e., 5f in the current work). The
LHFCE functional is less computationally demanding compared to the full
hybrid functional, and has been shown to accurately describe lattice con-
stants, electronic structure, and defect formation energies of UOy [55, 56].

The LHFCE calculations were performed using the all-electron full- po-
tential linearized augmented plane wave plus local orbitals basis (FP-L/APW+lo)
method as implemented in the WIEN2k code. Details of the LHFCE method
implementation in WIEN2k are discussed in Ref. [57]. The hybrid exchange-
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correlation energy functional used in this work has the form

AELEPH Y = aEYY 4+ (1 — a) EXPY + EGPF, (3)

where a BT is the HF exchange, EXP¥ and EEPF are the PBE exchange
and correlation energies, respectively, and « represents the fraction of HF
exchange that replaces the PBE exchange. The value for a used in this work
is 0.25, which is representative of the PBEOQ functional [58].

In the FP-L/APW+lo method the convergence of the basis set is con-
trolled by a cutoff parameter R,,.; K4z, where R, is the smallest atomic
sphere radius in the cell and K,,,, is the magnitude of the largest wavenum-
ber of the plane wave expansion. Additional local orbitals were added for
U 6s, 6p, 4d, 5f and for O 2s states. The R,,,; values were set to 2.3 Bohr,
1.6 Bohr, 2.26 Bohr, and 2.3 Bohr for U, O, Y, and La, respectively, and
R, i K = 8. The Brillouin zone was sampled with 32 k-points and the in-
tegrations were conducted by the tetrahedron method of Bloéchl, Jepsen, and
Andersen [33]. The spin-polarized calculations were performed with antifer-
romagnetic configurations for the structures containing uranium atoms. The

energy, charge, and force convergence criteria used for these computations
are 1 meV, 0.0001 and 26 meV /A.

3. Results

The results for all calculations presented below were computed using the
GGA+U method, unless explicitly stated otherwise. We first investigate the
energetic stability of U;_,M,Os_¢ 5, (M=Y,La) through consideration of the
formation enthalpy AH with respect to constituent oxides, as defined in Eq.
2. Results for the lowest energy structures of Y and La-substituted UO, are
shown in Fig. 2 and Table 1. The positive values of AHy for Y-containing
solid solutions indicate that phase separation is favored at low temperatures,
whereas the negative values of AH for La-containing solid solutions indicate
a compound forming tendency.

The formation enthalpy values for calculations with the hybrid functional
are consistent with the DFT+U calculations for both Y and La-substituted
systems, with respect to the order of magnitude and sign of AH;, and the
trend with substitution level, as shown in Fig. 2. A comparison of the
filled and open symbols, corresponding respectively to GGA+U and hybrid-
functional results, show agreement at the level of a few kJ/mol-cation. This



Table 1: Formation enthalpies of U;_,M;O2_¢ 5, (M=Y,La) structures are listed for
low-energy fully relaxed structures enumerated in this study. The structures listed have
formation energies within 3 kJ/mol-cation of the lowest energy structure for each trivalent
cation species at each composition considered. The fourth column lists the direction of
ordering of oxygen vacancies. The last column lists the number of trivalent cations in the
four tetrahedral nearest-neighbor positions surrounding an oxygen vacancy.

# M-Vac

x M AH; Direction Neighbors
2/3 La -1.6 (110) 2
Y 10.8 (110) 3
11.3 (211) 3
12.3 (211) 3
12.6 (211) 3
12.6 (110) 3
1/2 La -1.3 (110) 1
1.4 (110) 1
2.1 (110) 1
Y 115 (110) 3
1/3 La -52 (211) 0
Y 7.5 (211) 2
8.3 (211) 2
8.9 (211) 2
9.2 (110) 3



good level of agreement between calculated results obtained using different
codes and functionals is encouraging. Additionally, the trend that Y solid
solutions are less energetically stable than La systems, obtained with both
the DF'T+U and hybrid calculations, is consistent with experimentally mea-
sured solubility limits which are higher for the latter: 83 mol % La at 1250°C
in UOy-LayO3 versus 48 mol % Y at 2000°C in UO2-Y,03 [59, 60]; specif-
ically, the formation enthalpy is indicative of the magnitude of the excess
free energy, and more positive AHy values are expected to have have lower
solubility limits.

We consider next the relative ordering of the cation/vacancy configu-
rations giving the lowest formation enthalpies. Table 1 lists, for the most
stable configurations, the formation enthalpy and structural features includ-
ing the direction of oxygen vacancy ordering and the number of trivalent
cations (per vacancy site) that are nearest-neighbors to an oxygen vacancy
(for structures with x=2/3 that contain two oxygen vacancies, the reported
number of nearest-neighbor cations is an average over both vacancy sites).
In the fluorite lattice, each oxygen vacancy has four cation nearest neighbors,
therefore the maximum number of M3* nearest-neighbors to the vacancy site
is four. We observe that the oxygen vacancies prefer to align as either second
or sixth nearest neighbors along the (110) and (112) directions, respectively.
In the lowest-energy structures for Y-substituted systems, a higher number
of M3* neighbors around the vacancies are preferred compared to the La-
substituted systems for all compositions.

The formation enthalpies for all structures computed by the GGA+U
method in this study are shown in Fig. 3. The wide range of enthalpies for
each composition illustrates the magnitude of the dependence of the energy
on the defect configuration. Y-substituted systems for x=1/3 and 2/3 show
several nearly-degenerate low energy structures, whereas the lowest-energy
configuration for La-substituted systems shows a larger gap between the low-
est and next-lowest energy structures for all three compositions. The results
in Fig. 3 again highlight the stronger energetic preference for M3* binding
with oxygen vacancies in the Y- versus La-substituted systems.

4. Discussion

To gain additional insights into the factors governing the stability of triva-
lent impurities in UO3, we compare below the main results of the present
work with those derived in previous computational and experimental studies
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Figure 2: Formation enthalpies of U;_,M;O2_¢5, (M=Y,La) structures are shown for
the lowest-energy fully relaxed structures of all compositions enumerated in this study.

of the energetics of aliovalently-doped fluorite-structured oxide solid solu-
tions [11, 8, 3, 4]. The present results for UO, are shown to be consistent
with previously reported trends concerning the effect of cation size on the
formation energies of other trivalent-doped fluorite-structured oxide solid-
solutions. Additionally, the nature and energetics of cation-vacancy ordering
derived from the present results are analyzed, and the consequences of these
findings for oxygen-ion mobilities are discussed.

4.1. Energetic Trends with Host Cation

For a given trivalent impurity (Y3 or La3") the formation enthalpies pre-
sented above for UOs-based solid solutions are lower than those computed
in a previous DFT study of ThOs-based systems [11]. Specifically, we obtain
negative formation enthalpies for all compositions for La-substituted UOs,
whereas AH; was found to be positive for La substitutions in ThO, in previ-
ous GGA calculations [11] and calorimetry measurements [4]. Similarly, the
positive formation energies plotted in Fig. 2 for Y-doped UQO; are smaller in
magnitude than those reported previously for Y-doped ThOs [11]. Consider-
ing that the ionic radius of U*+ (1.00 A) is smaller than that of Th*+ (1.05 A),
these comparisons suggest a trend towards higher energetic stability (lower

11
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Figure 3: The formation enthalpies calculated using DFT+U for all structures computed
in this study are shown. Each structure is denoted by the number of trivalent cations in the
four tetrahedral nearest-neighbor positions surrounding an oxygen vacancy according to
the legend in the top left of the figure. Note that there are two vacancy sites for x=2/3, and
the average number of neighbors between the two sites (rounded to the nearest neighbor)
is shown.
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formation energies) with decreasing size of the 4+ host cation, for a given
M3+ impurity. This trend is also observed if the present calculated values
of AH for Y-doped UO; are compared with those derived in previous DFT
calculations for Y-doped ZrO, [8]; the latter are found to be significantly
lower in energy, consistent with the smaller ionic radius of Zr*+ (0.84 A).

The effect of the 4+ cation size is summarized for Y-doped solid solutions
in Fig. 4 (similar behavior is also found for La-doping, although fewer results
are available in the literature). The data plotted in Fig. 4 displays a clear
trend towards increasing stability (decreasing enthalpy) with decreasing ra-
dius of the 44 cation. This trend is consistent with observations derived
from calorimetry experiments by Chen and Navrotsky [3] and Aizenshtein,
Shvareva and Navrotsky [4]. In an analysis of the measured formation en-
thalpies across trivalent-doped ThO,, CeO,, ZrO, and HfO,, these authors
have argued that the enhanced stability of systems with smaller 4+ cations
is associated with a preference for reduced oxygen-ion coordination. Specif-
ically, the formation of a fluorite-structured solid solution from AO, and
M50O3 constituents necessarily leads to a decrease in the average oxygen co-
ordination surrounding the A** cation, relative to the eightfold coordination
characteristic of the pure AO, constituent. For small cations such at Zr*+
and Hf*t, which are known to prefer sevenfold coordination, this effect is
expected to be stabilizing. More generally, for a fixed trivalent impurity, the
decrease in oxygen coordination around the A** host cation resulting from
solid-solution formation is expected to be increasingly energetically favorable
with decreasing A*" ionic radius.

4.2. Energetic Trends with Trivalent Cation

We consider next the trends in AH; with respect to the size of the triva-
lent cation, for a fixed 4+ cation species. In Fig. 2, UO, solid solutions
with the larger La trivalent ions are shown to be more stable energetically
(i.e., feature lower values of AHy) relative to those with the smaller Y ions.
This trend towards more positive formation energies for Y versus La triva-
lent dopants is consistent with both calorimetry and computational results
in CeOy and ThO, systems [3, 4, 11].

To explore this trend further we consider the relative energy of Ug 5Lag 50175
and Ug5Y0501.75 compounds with two different structures: (i) the most
stable Y-substituted structure with x=1/2, and (ii) the most stable La-
substituted structure with x=1/2. For structure (i) we find that the La-
containing compound has a formation enthalpy that is 4.1 kJ/mol-cation

13



lower than that for the Y-containing compound, and for structure (ii) the
formation enthalpy is lower for the La-containing compound by 12.8 kJ/mol-
cation. For both structures the La-containing compound features a lower
formation energy, by an amount that depends on the exact nature of the
cation-vacancy arrangement (for a discussion of the effect of cation and va-
cancy ordering see subsection Sec. 4.3).

It has been suggested [3, 4] that the trend towards increasing AHy with
decreasing size of the trivalent cation can be attributed to the smaller lattice
distortions that have been observed to occur when larger trivalent cations
are substituted into oxygen-vacancy charge-compensated fluorite-structured
oxide compounds. Specifically, molecular dynamics simulations of La- and Y-
substituted CeOy show much smaller changes in the nearest-neighbor cation-
cation nearest-neighbor distances for La- relative to Y-substituted structures
[61]. We find similar trends in the present work: La-U and U-U distances in
Up.sLag 50175 structures are computed to be at most 0.08 A different from
the nearest-neighbor spacing on the cation sublattice of pure UO,, while for
Uo5Y0.501.75 structures these bond-length distortions (i.e., Y-U, U-U) are as
large as 0.20 A.

4.8. Nature of Cation-Vacancy Ordering

We turn now to an analysis of the nature of the energetically-favorable
cation-vacancy ordering tendencies for the UO5-M5O3 structures considered
in this work. We consider first the lowest-energy structure of composition
UyLagO7 (x= 1/2), which is computed to have a negative formation enthalpy
in the present study, suggesting a tendency towards stable compound forma-
tion. We focus on this particular stoichiometry, as it is characteristic of
the pyrochlore structure (A;B20O7) which is found to be a thermodynami-
cally stable compound for many systems [62]. The pyrochlore structure is a
derivative of fluorite where the A and B cations are ordered along the (110)
direction, and the tetrahedrally-coordinated oxygen vacancies are surrounded
by adjacent A** cations. The configuration of the pyrochlore structure re-
quires eight formula units (4 U ions, 4 La ions, 14 O ions, and 2 Oygc), and
was therefore not considered in our structure enumerations, which consid-
ered compounds with four formula units for x=1/2. However, we performed
an additional calculation of the formation enthalpy for pyrochlore-structured
UyLayO7, obtaining a value of AHy=+5.8 kJ/mol-cation, which is roughly
7 kJ/mol-cation higher in energy than the lowest-energy configuration for
AH; identified in this work. The relatively high energy of the pyrochlore
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Figure 4: Calculated formation enthalpies for Y-substituted fluorite systems are shown.
Results for zirconia (A=Zr) and thoria (A=Th) systems were taken from Refs. [8] and
[11], respectively.

structure for this system is consistent with arguments suggested previously
based on the B3 /A*" cation size ratios required for pyrochlore stability [62].
Specifically, a characteristic of the pyrochlore structure is that the oxygen
vacancies are entirely surrounded by tetravalent cations (i.e., A%"), and the
A% cation must be sufficiently small relative to the B3+ cation such that the
oxygen coordination is not energetically too disfavorable. According to Ref.
[62], pyrochlore structures are stable if the B3" /A% radius ratio is between
1.46-1.80, where the B3* radius is for the trivalent cation with eightfold co-
ordination, and the A** radius is that for the tetravalent cation with sixfold
coordination. The ratio for UsLayO7 is 1.30, which is consistent with lack of
stability of the pyrochlore compound for this system.

To gain insight into the nature of the preferred interactions between the
trivalent dopants and charge-compensating oxygen vacancies in UO9-M5O3
solid solutions, we plot in Fig. 5 formation enthalpies for three structures
featuring different number of trivalent-cation/oxygen-vacancy nearest neigh-
bors, for both M=La and Y. The three structures considered have the same
vacancy ordering pattern (i.e., (110)) and one, two or three M3'-vacancy
neighbors. The configurations chosen are 1) the lowest-energy Y-substituted
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structure (three M3*-Oyqe neighbors), 2) the lowest-energy La substituted
structure (one M3*-Oqqc neighbor), and 3) a structure with two M3T-vacancy
neighbors that is within 4 kJ/mol-cation of the lowest energy structure for
both La and Y-substituted systems. The results in Fig. 5 demonstrate that
Y and La dopants display qualitatively different preferences; the formation
enthalpies for Y- and La- substituted structures increase and decrease, re-
spectively, with respect to the number of M3*-vacancy neighbors.

The different signs of the slopes in Fig. 5 for the Y- and La- substituted
structures can be understood qualitatively based on the the size of the triva-
lent cations. Specifically, as discussed in Sec. 4.1, we expect that the the
larger La cations would prefer higher oxygen ion coordination relative to Y
cations. This trend is consistent with the results in Fig. 3, which show that
the lowest energy structure for La-containing solid solutions generally feature
fewer neighbors with oxygen vacancies compared to Y-containing structures.
This trend is also consistent with the simulation results from Refs. [7, 63],
which show that fluorite systems doped with larger trivalent dopant cations
prefer to have the oxygen vacancies at distances from the trivalent impu-
rity that are farther from the nearest-neighbor coordination shell, in part
due to relaxation effects that outweigh the coulombic attraction between the
effectively positively charged oxygen vacancy and negatively charged M3+
cation.

For Y- and La- containing solid solutions, the results in Fig. 5 suggest
a significant energetic preference for M3T-oxygen vacancy and U*t-oxygen
vacancy clustering, respectively. In both cases, these clustering tendencies
would be expected to lower oxygen-ion mobility, as discussed previously in
the context of ionic conductivity in fluorite-structured solid electrolytes [13].
The current results thus support the suggestion from Ref. [14] that the effect
of increased burnup (leading to higher concentrations of soluble trivalent
fission products) on oxidative corrosion rates in spent nuclear fuel can be
attributed to lower oxygen mobility due to defect association.

5. Conclusions

In this study DFT-based computational methods were employed to study
formation energetics and defect-ordering tendencies in UO, compounds sub-
stituted with Y and La cations, which are common soluble fission products
in nuclear fuel. We consider substitutional configurations that are charge-
compensated with oxygen vacancies, finding that phase separation is energet-
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Figure 5: The formation enthalpies for selected structures containing, one, two, and three
trivalent cation nearest neighbors to an oxygen vacancy are shown for Y and La-substituted
systems at x=1/2.

ically favored for all compositions considered for Y-substituted UO,, whereas
compound formation is favored for La-substituted UO,. The calculations are
thus characterized by a trend towards increasing energetic stability of solid
solutions with the larger La impurity relative to the smaller Y impurity.
This trend is consistent with previous computational and calorimetric stud-
ies [3, 4, 11] for fluorite-structured solid solutions based on CeO4 and ThOs.
We observe in general that oxygen vacancies prefer to align as either
second or sixth nearest neighbors on the oxygen sublattice along the (110)
and (112) directions, respectively, suggesting that the energetically preferred
defect-ordering configurations are characterized by a repulsive interaction
between nearest-neighbor oxygen vacancies. In the Y-substituted systems,
structures with an enhanced number of vacancies around the Y3 ions are
found to be favored energetically, while the opposite is found for La-substituted
systems. The pronounced energetic preferences for dopant-vacancy or host-
cation-vacancy clustering are expected to have an important effect on oxygen-
ion mobilities and therefore the oxidative corrosion rates in spent nuclear fuel.
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