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Abstract

In order to close the nuclear fuel cycle, advanced concepts for separating out fission products
are necessary. One approach is a dispersion fuel form in which a fissile core is surrounded by
an inert matrix that captures and immobilizes the fission products from the core. If this inert
matrix can be easily separated from the fuel, via e.g. solution chemistry, the fission products can
be separated from the fissile material. We examine a surrogate dispersion fuel composition, in
which hafnia (HfO.) is a surrogate for the fissile core and alkaline earth metal oxides are used
as the inert matrix. The questions of fission products incorporation in these oxides and possible
segregation behavior at interfaces are considered. Density functional theory based calculations
of fission product elements (Xe, Sr, and Cs) in these oxides are carried out. We find smaller
incorporation energy in hafnia than in MgO for Cs and Sr, and Xe if variation of charge state is
allowed. We also find that this trend is reversed or reduced for alkaline earth metal oxides with
large cation sizes. Model interfacial calculations show strong segregation tendency from bulk MgO

to MgO-HfOs interfaces.



I. INTRODUCTION

In order to close the nuclear fuel cycle, advanced concepts for separating out fission
products are necessary. One method for doing this is a dispersion fuel form in which a fissile
core is surrounded by an inert matrix that captures and immobilizes the fission products
from the core. If this inert matrix can be easily separated from the fuel, via e.g. solution
chemistry, the fission products can be separated from the fissile core. Possible inert matrix
materials include alkaline earth metal oxides. The fissile core is composed of an actinide-
bearing material, and UQ, is an obvious choice for the core. A surrogate material, studied
due to experimental convenience, for the fissile core is HfO,. One important question in
such a dispersion fuel form is the segregation behavior between the different bulk phases
and the interface between the matrix and fuel core. In this paper, we use density functional
theory (DFT) based first-principles method to study the incorporation and segregation of a
selection of important fission products in alkaline earth metal oxides, HfO,, and the MgO-
HfO, interface. The present study deals with three fission products: Xe, Cs, and Sr, which
are all abundant in spent nuclear fuels. Sr is considered as a tracer for spent fuel dissolution®.
Both Cs and Sr are relatively hot in spent fuels so it is strongly advantageous to separate
these elements out.

The alkaline earth metal oxides considered in this work include MgO, CaQ, SrO, and BaO,
which each has the rock salt structure. HfO, exists in three forms: monoclinic, tetragonal
(> 2000 K), and cubic fluorite (CaF5) (> 2870 K), which all have the same ionic bonding
and are structurally closely related. The lower symmetry monoclinic phase is most stable,
and usually found in experimental studies. However, the cubic phase is simplest to treat
computationally and for structural models?. Since we are interested in modeling hafnia as a
surrogate material for oxide fuels such as UO,, the cubic fluorite structure for hafnia is used
in this work. We evaluate the thermodynamic enthalpies from total energy calculations;
entropy effects are ignored.

Previous theoretical work includes atomistic simulations of noble gas incorporation in
minerals using empirical potentials of the Buckingham form®. In that study, the incorpora-
tion of noble gases Ne, Ar, Kr, and Xe in a variety of minerals including MgO, CaQ, diopside,
and forsterite was studied. For MgO, a Mg lattice site was found to be more favorable than

an interstitial position for all the noble gases studied. For CaO, heavy noble gases such as Xe



also prefer to substitute on the Ca lattice site. It should be noted that in that study, defect
complexes such as Schottky defects (stoichiometric or different charged pairs of vacancies)
were not considered. However, we demonstrate in this study that defect complexes such as

Schottky defects are preferred defect sites for fission product incorporation.

II. METHODS

The DFT based plane-wave code Vienna Ab initio Simulation Package (VASP)? was
used for our calculations. The generalized gradient approximation (GGA) was used for the
exchange correlation potential, with the functional of Perdew-Wang 91 (PW-91). Projector-
augmented wave (PAW) pseudopotentials were employed. For the elements comprising the
oxide structures, the valence electron configurations in the PAW pseudopotentials are 2s22p*
for O, 3s% for Mg, 3pS4s? for Ca, 4524p55s? for Sr, 5s*5p%6s® for Ba, and 5p®5d>6s° for Hf.
For fission products, the valence electron configurations are 5s525p° for Xe, 55%5p%6s! for Cs,
and 4s5%4p®5s% for Sr. A plane wave basis set with an energy cutoff of 250 eV was used. This
cutoff was used in a previous study of MgO addimer diffusion on MgO(100) surface® and
found to be appropriate for PAW pseudopotentials.

For the defect-free bulk calculations, a unit cell of 8 atoms was used for alkaline earth
metal oxides, and a unit cell of 12 atoms used for HfO,. 6% Monkhorst-Pack (MP) k-point
sampling was used. For defect calculations, a 2x2x2 supercell was used with 64 atoms for
alkaline earth metal oxides and 96 atoms for HfO,. 23 MP k-point sampling was used in
these cases. An equivalent k-point sampling was also used in the interface calculations.
A force-relaxation criterion of 0.2 eV/A was used in the bulk defect calculations, yielding
energy convergence error estimated to be around 0.2 eV or less. For interface calculations, a
force-relaxation criterion of 0.05 eV /A was used. Electronic states were occupied according
to a Gaussian distribution with a smearing width of 0.05 eV.

Besides the complex defects that must be considered (e.g., Schottky defects, Frenkel
defects, and defect clusters®), one complicated issue in defect modeling in oxides is the
possibility of multiple-charge states associated with defects. There are two theoretical ap-
proaches to studying defect energetics in oxides. In the first approach, one that is typical in
DFT studies, only neutral defects energies are calculated or defects energies in various pos-

sible charge states are calculated but not compared to each other”. In the second approach,



a charge compensation model is used in which the defects are calculated in such a way that
all atoms are modeled in their most probable ionic charge states. In this latter approach,
in order to take into account the ionic nature of the material, only the core is modeled for
cations while for anions such as oxygen, an O core together with eight electrons is modeled.
For example, an oxygen vacancy is always modeled as Vg*. This approach, widely used in
empirical potential calculations, has now also been adopted in several DFT studies® !'. In
this work, we compare the results of both approaches for some typical cases. In addition,
the possible lowest energy defect charge state, beyond the charge compensation model, is
also investigated via DFT calculations for the first time. Such calculations are applicable
to point defects. In the case of paired defects, such as the Schottky defect, where charge
neutrality is maintained, such éonsiderations are not necessary.

For calculations of charged supercells. a neutralizing background charge was imposed
automatically in the VASP calculations. The formation energy of a defect in the supercell
can be expressed as,

Ef - Etot - Ebulk . =k q(EF T Ev) (1>

Fiot 1s the total energy of the supercell with defect, and Fj, is energy of the undefected
bulk system. g is the chemical potential, representing the reservoirs with which atoms are
exchanged. FEr is the Fermi level, referenced to the valence-band maximum in the bulk.
We set Er to zero, meaning that the details of the Fermi level effect not treated. F, is the
energy of the valence-band maximum in the defect state.

Our calculations are performed within periodic supercells. In the case of charged cells, the
point charge ¢ at the defect and the neutralizing jelly —¢ interact not only within the cell,
but also across different periodic replicas of the cell, similar to the infinite-range interactions
in an ionic crystal. To correct for this artifact of the periodic boundary conditions, we apply
the monopole correction of e?q?a/(Le) (o is the Madelung constant, L the lattice constant of
the cubic supercell, and € is the dielectric constant) to the charged systems which increases
the total energy for charged systems. Such a correction was originally discussed by Leslie
and Gillan'? and found to yield satisfactory results for supercell calculations of defects in

ionic crystals.



III. RESULTS
A. Fission product incorporation in bulk oxides
1. Bulk oxide properties

Bulk properties of alkaline earth metal oxides (MgO, CaO, SrO, and BaO) and hafnia
(HfO,) were calculated. In table 1, the DFT calculation results of lattice constants and
bulk moduli are listed. The fit to the Murnaghan equation of state is used to determine the
optimized DFT lattice constant and bulk modulus. The DFT results are in good agreement
with available experimental data for all the oxides considered here. The lattice constants
predicted are within 1% error of the experimental values except in the case of BaO (1.8%
error). The bulk modulus predicted are within 10% error of the experimental values. These

error levels are typical in DFT calculations.

2. Defects in bulk MgO

We examined the different approaches to describing charge states and the resulting de-
fect energies in bulk MgO. A few DFT studies have been performed previously on defect
generation and energetics in simple oxides such as MgO® 1. Six types of defects were con-
sidered in this study: magnesium and oxygen vacancies, isolated Frenkel pairs (interstitial
and vacancy pairs) of both magnesium and oxygen, isolated Schottky defects, and bound
Schottky divacancy pairs in nearest neighbor configurations. We present the DFT results
in Table 2, in three cases representing different approaches to treating charge state effects.
In the neutral case, no charge state was considered. In the charge compensation case, all
oxygen atoms were in -2 charge state, and magnesium atoms in +2 charge state. In the be-
yond charge compensation case, only the lowest energy defect charge state and its associated
defect energies are shown.

The vacancy formation energies are calculated with reference to the chemical potential
of the species (Eq. (1)). The oxygen chemical potential is the binding energy of a neutral
oxygen molecule, which has an experimental value of -2.55 eV /atom!®, plus the isolated spin-
polarized O atomic contribution'® (-1.52 eV /atom). The magnesium chemical potential is

the binding energy of magnesium metal, -1.5 eV /atom. The choice of chemical potential



affects only the absolute value of the formation energy of vacancies but not the relative
stability of such defects in different charge states. For Frenkel pair and Schottky defects,
the chemical potential does not contribute since the total number of atoms in the supercells
containing a defect is either equivalent to that in the perfect bulk supercell or only differ by
a stoichiometric MgO unit.

The charge compensation results generally improve quite a bit over the neutral results
by minimizing the formation energies of defects. For the oxygen vacancy, the neutral defect
induces an occupied gap state about 2.7 eV above the valence band maximum (compare to
DFT bandgap ~ 5.6 eV, and experimental bandgap 7.8 eV). Bader analysis?® shows that, as
a result of removing a neutral oxygen atom from the bulk, the net charge on a neighboring
Mg atom decreases from positive 2e to positive 0.46e. This is because in a formal charge
sense, the oxygen vacancy should be +2. If it is treated as neutral, there are effectively 2
extra electrons in the system, which then increase the electronic charge on the Mg atoms.
Explicit consideration of the charge state lowered the formation energy of this defect by
3.9 eV. For the isolated Schottky defect, the formation energy obtained in the charge state
calculation is 6.3 eV, in close agreement with previous DFT calculations (6.9 eV®?, 6.99
eV 5.7 eV, both with the local density approximation (LDA)). The neutral calculation
gives a much higher number, 9.6 eV. The formation energy of the Schottky defect in a bound
divacancy configuration is not affected by the charge state, and is lower than that of the
isolated Schottky defect.

For the neutral oxygen interstitial, the highest level that electrons occupy is at the va-
lence band maximum. The oxygen interstitial grabs about 1.4e from neighboring oxygen
ions, roughlly fulfilling the electron orbital requirement for a strongly ionized oxygen atom.
However, when two extra electrons were put into the supercell containing an oxygen inster-
stitial, the highest occupied electron state is a gap state, about 2.6 eV above the valence
band maximum. As a result, the formation energy of an oxygen interstitial is also higher in
the charged state than in the neutral state, leading to a slightly higher formation energy of
oxygen Frenkel pair than in the neutral calculations (see Table 2). This demonstrates that
charge compensation does not always yield a lower formation energy value. The electronic
structure may also play a role. In this particular case, there is a strong preference for the
neutral charge state rather than the double negative charge state (for the oxygen intersti-

tial). Such a preference also applies to the magnesium vacancy case. Here the formation



energy of Vf,; is about 0.5 eV higher than that of Vj‘O,g.

Finally, the largest difference due to the charge compensation model is for the magnesium
Frenkel pair, for which the formation energy reduces from 19.2 eV in the neutral calculations
to 9.8 eV, a nearly -10 eV change. This lowering is due to the energy change of magnesium
interstitial from the neutral to +2 charge state. For the neutral magnesium interstitial,
I3, the highest occupied electron state is at the bottom of the conduction band with two
electrons. For +2 charge state, [fjg, the Fermi level drops to the valence band level, so the
total energy is lowered by roughly 2E,,.

Through defect studies in MgO, we learned that the charge compensation model in general
yields better energetic results than the neutral calculations. However, for certain cases, point
defects can prefer a neutral charge state over a negative charge state, as exemplified by 9
and V), - In the following, we present calculation results both in the full charge compensation
model and beyond charge compensation model, in which only the neutral result is used if
it is lower in energy than the charged state. In this latter case, we are essentially assuming
that the excess charge can be transterred to surfaces or grain-boundaries but that locally,

the charge can be imbalanced.

3. Fission product incorporation energies in bulk oxides

From the defect results for MgO, it is clear that, in thermodynamic equilibrium, the
dominant defects are Schottky defects, a divacancy pair of Mg and O atoms. This is in
agreement with the conclusion from a previous DFT study'!. In the following, we examine
fission product incorporation in bulk oxides, starting with Xe in MgO. The incorporation
energy gives the energy required to incorporate a fission product atom at a pre-existing

defect site in bulk oxide. Thus, the incorporation energy is defined as,
inc
E = Etot - Ecrap site — Eﬁssion product atom (2)

where Ei is the total energy of system with fission product incorporated, Ei,,p, site is the
energy of defect system without fission product, and the energy of the fission product atom
was calculated as isolated atomic contribution in a cubic supercell with 10 A in length.

We calculated energies for Xe incorporation at oxygen and magnesium vacancy sites, the

interstitial site, and the divacancy Schottky site. The DFT results are listed in Table 3.



Both results from the charge compensation model and beyond are shown in Table 3. If not
explicitly indicated, the results are for the beyond charge compensation model. In MgO,
the incorporation energy for both Xejy,, and Xeg are higher (by about 3 eV) than that for
Xe at a divacancy Schottky site, (Xey, : Vo)?. The incorporation energy at the interstitial
site is even higher (by > 10 eV). This indicates that the most favorable configuration for Xe
incorporation in MgO is at the bound Schottky site.

In Table 3, we also show Xe incorporation energies at the bound Schottky and interstitial
sites in other alkaline earth metal oxides CaQ. SrO, and BaQO, and various defect sites in
HfO,. As in the MgO case, the interstitial sites are quite unfavorable by a large energy
difference. However, as cation size increases, the energy required to incorporate Xe in
Schottky site decreases.

In the case of HfO,, also shown in Table 3, the Xe incorporation energies at different
Hf defect sites are all similar, regardless of the local oxygen vacancy configuration: XeY, £
2.9 eV, (Xeny : Vo)?, 3.9 eV, and (Xeny : 2V5)?, 2.7 eV. On the other hand, the Xe
incorporation energies at interstitial or oxygen vacancy site are quite high. In Fig. 1, we
plot the DFT results for Xe incorporation energy as a function of cation radii in alkaline
earth metal oxides (Mg?t, 0.57 A, Ca®*, 1.0 A, Sr**, 1.18 A, Ba?*, 1.35 A), and compare
with that in HfO;. Only the Xe incorporation energies at divacancy and interstitial sites
are plotted. All substitutional incorporation energies are lower than the interstitial case,
which means it is less likely for Xe to be incorporated into an interstitial site. As seen in
Fig. 1, comparing the incorporation of Xe to the equivalent case of Xe in the divacancy site
in hafnia shows that the energy required to incorporate Xe in hafnia is 1.3 ¢V less than in
MgO. However, as cation size of the alkaline earth metal oxide increases, this trend reverses.
In fact, for all other alkaline earth metal oxides, the incorporation energy of Xe is lower than
it is for hafnia.

In Table 4, we show similar results for the incorporation of Cs and Sr in alkaline earth
metal oxides. In the case of Cs, the trends are very similar to Xe. The primary difference
is that the incorporation energies are now negative in most oxides. For Cs substitution in
alkaline earth metal oxides, take MgO as an example, there are three possible incorporation
sites: substitution on the Mg vacancy site, ('s)zq; substitution on the Schottky divacancy
site, (Csarg @ Vo): and the formation of a cluster (Csuy @ Vo @ Csayg) containing two

6

Cs atoms®. In MgO, the incorporation energy for Csy, is 2.7 eV higher than that for



(C'smg = Vo). The formation of the cluster geometry (Csarg @ Vo @ Csarg) requires a second
C'sarg, and we will consider this later (see below). In Table 4, comparison with the equivalent
case of Cs in the divacancy site in hafnia shows that the energy required to incorporate Cs
in such a site is 1.9 eV less than in MgO. However, as cation size in alkaline metal oxides
increases, the trend again reverses. The Cs incorporation energies at different Hf defect
sites in hafnia also show a clear trend with available defect site volume: C's} > 0.8 eV;
(Cspys: Vo) -1.5 eV; and (Csyy : 2Vp) T, -2.7 €V (see Table 4).

The above cases only apply for Cs solution in oxides. We have also carried out DFT
calculations regarding Cs,O precipitation in MgO. Specifically, three reactions were consid-

ered:

2M gO + 2C'spg + Vo — Cs20 (3)
2MgO + Csyg + (Csag - Vo) — Cs20 (4)
2MgO + (Cspg : Vo : Cspg) — Cs20 (5)

Each of the above sets of reactions (Eq. (3)-(5)) is exothermic (heat is released), with
DFT reaction enthalpies of -19.4 eV (Eq. (3)), -14.7 eV (Eq. (4)), and -12.5 eV (Eq. (5)) (If
the charge compensation model is used, the reaction enthalpies are -22.2 eV (Eq. (3)), -16.2
eV (Eq. (4)), and -12.5 eV (Eq. (5)). The differences in the calculated enthalpies reflect
the binding energies of the (Csyg @ Vo) (4.7 V) and (Csyrg 1 Vo 1 Csagg) clutster (2.2 eV)
respectively. Since the reaction enthalpies are quite large, Cs solution in MgO should then
only occur in the dilute limit. We also computed the reaction enthalpies in the last reaction
(similar to Eq. (5)) in other alkaline earth metal oxides. The calculated results are -5.2 eV
(Ca0), -3.2 eV (Sr0O), -1.5 eV (BaO). The DFT results show that the precipitation tendency
is greatly reduced in oxides with larger cation sizes.

For Sr substitution in alkaline earth metal oxides, since Sr is a +2 ion, with a charge
state equal to that of the cation in these oxides, we simply substitute Sr on cation vacancy
sites and assume this is the most favorable incorporation site. The DFT results for Sr in-
corporation energies are also listed in Table 4. From Table 4, we note an initial reduction
in Sr incorporation energies (1-2 e¢V) when the cation size increases. However, for BaO, it
increases again, indicating a non-monotonic behavior with cation radius. The Sr incorpo-

ration in hafnia is calculated to be ~ -10 eV, for both Srgs and (Srys : Vo) cases. This
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energy is 2.8 eV smaller than in MgO and is also smaller than for any of the alkaline earth
metal oxides, meaning that Sr will prefer hafnia over any of these compounds. This is in
contrast to Cs and Xe, which both prefer the larger cation radius alkaline earth oxides over

hafnia.

B. Segregation at MgO-HfO, interface

In order to understand the qualitative impact of interfaces between MgO and cubic HfO,
on fission product segregation, we use as a model structure, the structure of an MgO/cubic
71O, interface from a directionally solidified eutectic, as determined by high resolution
TEM?'. This structure aligns the [211] direction of MgO with the [100] direction of hafnia,
and the interface planes are (111) in MgO and (001) in hafnia. Similar interfacial structures

for NiO-ZrO, have been studied?*?3

. Bulk NiO has the same rock-salt structure as MgO.
The lattice constant mismatch between NiO and ZrOs is 23%, which is similar to the 21%
mismatch between MgO and HfO,. So we assume that the results on the NiO-ZrO, interface
should also apply to the MgO-HfO, interface. In Ref. 22, two types of ZrOy(100)-NiO(111)
interfaces were studied, (Zr-O,)-(Ni-O) (type I) and (Oq-Zr)-(O-Ni) (type II). It was found
that the type II structure is lower in energy. This structure is the same as that found
for the MgO-ZrO, interface in Ref. 21. In another study, Fisher and Matsubara® studied
different possible interfaces formed between NiO and ZrO, using the molecular dynamics
method with pair potentials. In their study, the ZrOs(100)-NiO(111) interface was found
to have lowest interfacial energy at 1273 K, although the detailed interfacial structure is
different as the number of oxygen atoms at the interface was allowed to vary. The interface
found has an interphase boundary of a shared oxygen plane, retaining a pseudo-crystalline
structure. However, because of the large periodicity in such a pseudo-crystalline structure,
it is computationally impractical to model or test this structure within a DFT scheme.
Instead, we choose the type II structure as our model MgO-HfO, interface structure here.
We adopted a slab model for our MgO/HfO, interface calculations. In Fig. 2a-b, the
relaxed model interface structure is shown from two perspectives: [211] and [011] directions
relative to the MgO bulk. The interface structure consists of eight layers of cubic HfO,
and 12 layers of MgQO, with surface terminations. The interface structure was constrained

to the lattice constants of bulk MgO in appropriate directions and cubic HfO, layers were
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strained accordingly in interfacial dimensions. After the interface model was constructed,
full relaxations of atomic positions were carried out. During the relaxations, the top five
HfO, layers were fixed to mimic the bulk HfO, structure.

Segregation studies were performed on the resulting relaxed interface structure. Each
fission product and its associated defect structure were incorporated in the MgO side of the
interface, and the total energy of the structure after relaxation was obtained. Sensitivity
tests on the bulk-like region in the 3rd or 4th layer from the interface reveal a difference
in total energies less than 0.05 eV. We thus choose the bulk location as the Mg site in the
4th layer from interface (3rd layer from bottom MgO surface). For the interface region,
in the case of fission product substitution in the divacancy Schottky site, there are three
possible locations of the oxygen vacancy site (see Fig. 2a, labeled as a, b, ¢). In this case,
three sets of interface calculations were carried out and the total energy of each structure
after relaxation was obtained. The energy difference of the fission product substitution at
the interface versus within the MgO bulk-like region defines the segregation enthalpy at
interface.

The results for segregation enthalpies for Xe, Cs, and Sr are summarized in Table 5. For
Xe substitution at a divacancy Schottky site, the segregation enthalpy to the interface ranges
from -1.8 — -3.0 eV. For Cs, substitution at the divacancy Schottky site has an interfacial
segregation enthalpy of -2.4 — -3.3 eV. Finally, for Sr, simple substitution for a Mg cation

has an interfacial segregation enthalpy of -1.0 eV.

IV. SUMMARY

DFT calculations of fission product (Xe, Cs, and Sr) incorporation into alkaline earth
metal oxides (MgO, CaO, SrO, and BaO) and hafnia, as well as possible segregation behavior
at a model MgO-HfO, interface, were carried out. From studying defects in MgO, we found
that the charge compensation model in general yields better energetic results than neutral
calculations. However, in certain cases, an approach beyond the charge compensation model
needs to be considered to account for electronic structure effects. We also found that the
fission product incorporation energy is smaller in hafnia than in MgO for Cs and Sr, and
Xe if a variation of charge state is allowed. This trend in incorporation energy is reversed

or reduced for alkaline earth metal oxides with larger cation sizes. Calculations of the
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segregation enthalpy at a model MgO-HfO, interface revealed strong segregation tendencies

from MgO bulk to MgO-HfO, interfaces for all three dopant elements considered.
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TABLE I: Lattice constants and bulk moduli, computed from DFT calculations and available

experimental data.

Property Calculated Experimental
MgO
lattice constant (A) 4.24 4835
bulk modulus (Mbar)  1.51 155
CaO
" lattice constant (A) 4.82 4.8113
bulk modulus (Mbar) 1.06 1o7he
SrO
lattice constant (A) 5.20 5.16%
bulk modulus (Mbar) 0.85 0.9116
BaO
lattice constant (A) 5.61 5.511°
bulk modulus (Mbar)  0.70 %

cubic HfO»
lattice constant (A) 5.07 5.0813

bulk modulus (Mbar) 2.54 -
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TABLE II: Formation energies and corresponding charge states of defects in MgO: magnesium and
oxygen vacancies (Mg-Vac and O-Vac), magnesium and oxygen Frenkel pairs (Mg-FP and O-FP),
isolated Schottky defect (iso-S), and Schottky defect in divacancy configuration (divac-S). Three
different sets of results are given: neutral, charge compensation, and beyond charge compensation

cases.

Mg-Vac O-Vac Mg-FP O-FP iso-S divac-S

Neutral
charge state 0 0 0 0 0 0
formation energies (eV) 8.4 7.8 19.2 128 96 3.8

Charge compensation
charge state -2 +2 0 0 0 0
formation energies (eV) 8.9 3.9 9.8 132 6.3 3.8

Beyond charge compensation

charge state 0 +2 - - - 0
formation energies (eV) 8.4 3.9 - - - 3.8




TABLE III: Xenon incorporation energies in bulk oxides. Sites include cation and anion monova-
cancies (MgO and HfO, only), interstitials, nearest-neighbor Schottky pairs in MgO, CaO, SrO,
and BaO (Xecation : Vo) and nearest-neighbor divacancies and Schottky trivacancies in hafnia
(Xenys : Vo, Xegy : 2Vp). Results from beyond charge compensation model are given. Results
from the charge compensation model (where charge states differ in calculations) are in parentheses.

All divacancy results are indicated in bold.

Oxide  Defect  Incorporation energy (eV) Charge state

MgO Xenrg: Vo 5.2 0
Xemyg 8.1 (12.4) 0 (-2)
Xeo 8.3 +2
Ixe 18.7 0
CaO  Xecq: Vo 2.1 0
Ixe 12.1 0
SrO Xegr: Vo 1.3 0
Ixe 9.5 0
BaO Xepg,: Vo 0.8 0
Ixe 6.7 0
HfOs> Xepys:Vo 3.9 (5.4) 0 (-2)
Xegy:2Vo 2.7 0
Xenyy 2.9 (9.1) 0 (-4)
Xeo 11.0 +2
Ixe 16.5 0
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TABLE IV: Cs and Sr incorporation energies in bulk oxides: nearest-neighbor Schottky pair in
MgO, CaO, SrO, and BaO (C'scution : Vo), divacancy and trivacancy in hafnia (C's (or Sr)py : Vo,
Csmys: 2Vp), and cation vacancies (C's (or S7)cation). Results from the charge compensation model
(where charge states differ in calculations) are in parentheses. Divacancy results of Cs incorporation
are indicated in bold. In some cases, although the charge states of fission product defects in the
two models are the same, the incorporation energy may be different, since the reference defect is

in a different charge state.

Oxide Cs defects Incorp. energy (eV) Charge state Sr defects Incorp. energy (eV) Charge state

MgO  Csurg: Vo 0.4 +1 Srasg 7.2 (1.7 0 (0)
Csirg 3.1 (4.0) 0 (-1)
Ca0  Csca: Vo 5.3 44 Srea -9.2 (-9.5) 0 (0)
St0  Cssr: Vo -2.8 +1 Srsr 9.2 (-9.4) 0 (0)
BaO Cspa: Vo -2.8 +1 SrBa B3 (-89 0 (0)
HfO; Csps:Vo  -1.5 (-1.5) 0 (-1) Srig -10.1 (-10.3) 0 (-2)
Csuy : 2Vo 2.7 +1 Sras: Vo 9.7 0
Cspy 0.8 (0.7) 0 (-3)

TABLE V: DFT segregation enthalpies for Xe, Cs, and Sr at model MgO-HfO5 interface.

Oxygen vacancy site Hyeg. (€V)
(Xeng: Vo)° a 3.0
b -1.9
¢ 1.8
(Csmg: Vo)™ a 33
b -3.0
¢ 2.4
511 - 1.0
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FIG. 1: Xe incorporation energies in MgO, CaQO, SrO, and BaO as a function of cation radii.
Filled circles are energies for Xe incorporation into Schottky defect sites and filled squares are
in interstitial sites. Corresponding results in hafnia are the solid (divacancy site) and dotted
(interstitial site) lines. For hafnia, the lines are plotted merely as guides for the eye. There are no

alkaline earth cations in hafnia; hence, there is no dependences on cation radius.

FIG. 2: (color online) MgO-HfOs interface model. (a)-(b) final relaxed interface structure, viewed
from (a) the [211] direction, (b) the [011] direction, with respect to the MgO side of the interface.
In the figure, red spheres are oxygen, green are Mg, and light-blue are Hf. For the interface region,
in the case of fission product substitution in the divacancy Schottky site, three possible locations
of the oxygen vacancy site are labeled as a, b, ¢ (in Fig. 2(a) only). The corresponding cation

substitution position for the fission product atom is marked by the small dark-blue sphere.
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