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Co-operativity among defect sites in AnOs,, and An;Oy (An = U, Np or Pu)

D. A, Andersson,* 1. Lezama,* B. P. Uberuaga,! and 8. D. Conradson?
' Materiols Science and Technology Division, Los Alamos:National Laboratory, Los Alamos, NM 87545

Actinide dioxides derived from the AnQ fluorite lattice are of high technological relevance due
to their application in nuclear reaétor fuels. Oxidation of AnOs compounds enterges as a central
themme in fuel fabrication, reactor operation, long-term storage forms for both spent fuels and surplus
weapons materials, and environmental actinide migration: In this paper we usge density functional
theory calculations to study the oxidation of uraniuni, septunium and plutonhum dioxides, AnO;
{An=U, NporPu), in Oy and Oz /H,0 environments. We pay particular attention to the formation
of oxvgen ¢lusters (co-operativity) in AnO24. and how this phenemenon governs oxidation ther-
modynamics and the devélopment of ordered AngOg eoinpounds: The So-called split di-tnterstitial,
which is composed of two nearest neighbor octahedral-oxyen interstitials that are distorted in such
a way that they dislocate one regular-finorite lattice oxvgen lon to form a cluster of triangular geom-
etry, is predicted to be thefundamental building block of the mest stable ¢luster vonfigurations. We
also identify how the forination of oxygen defect clusters and the degree of oxidation in AnQOg.. are
both governed-by the character of the An-6f to excess (=2p chiarge transfer, 1.e. the charge transfer
to the O-2p orbitals of the interstitial-like {4) ions; ard the ability of the exeess O-2p orbitals to

hybridize with regular fluorite lattice ions.

I. INTRODUCTION

The technological importance of actinide dioxides,
AnCs {An == U, Np or Pu), largely originates from their
application in nuclear reactor fuels. Today many reac-
torg use UOs as the primary fuel component, while low-
burnup spent fuels contain large amounts of radicactive
materials, dn order to reduce the amount of waste re-
quiring long-term storage, there are on-going efforts to
develop fast reactors capable of utilizing a larger fraction
of the fisel for energy production. This approach calls for
complex multi-component fuels that, in addition to the
U0, matrix, contain significant amounts of fransuranic
elements {(Np, Pu, etc.). Fuel fabrication, reactor opera-
tlowand long-term storage of wagte forms require detailed
knowlsdge of the physics and chemistry of AnO, and its
oxygen rich/poor forms, AnOay,.

The-parent Huorite lattice of AnOs, compounds is rel-
atively shmple Wwith An ions ocoupying every other hole
in the cubic oxygen sublatiice,. However, upon oxida-
tioh a range of complex defect configurations ase known
to forta, For example, in addition to the UQs,, solu-
tion phase, there are 16 distinet erystallographic phasey
betweern Uy and UO;. The propertics of AnOs demon-
strate significant variability along the actinide series,
ez, while UOy easily reacts with oxygen®?, Pu0s
and later actinide oxides are less prone to oxidation®%€,
PuOsy seems to require special conditions in order to
accomodate excess oxygen®7 % These complexities are
all related to the unique behavior of the An-5f elec-
trons and the unusually high degree of covalent mix-
ing/hybridization in chemical bonds between oxygen and
actinides. The structural changes associated with oxida-
tion of AnQO», as well as the kinetic propertisg, ave im-
portant determinants for the microstructural evolution of
AnOgy,. The chemical reactivity of AnG; and AnOoq,
is a key aspect in agsessing the environmental hiazards of
nuclear waste.

U0y oxidizes spontaneously in contact with air®* and
retaing the parent fluorite structure up to the termi-
nal U400 compound, which exhibits an ordered arrange-
ment of interstitial-like oxygen long within the Huorite
latticet® . PuOs was long thought to be the highest sta-
ble gxide of plutonium,®® however Haschke et al. found
that PuCs reacts with molst air to form PuQOsgy with
z < 0.277%. Subsequent EXAFS studies by Conradson
et gl demonstrated that PuOsgy. compounds are more
accurately represented as PuOgsqp-2,(OH)y 2(H0) due
to the affinity to H,O and/or OH" species'®!®. No or-
dered PuaOs compound has been identified®. The re-
alization of hyperstoichiometric PuOy raised fundamen-
tal guestions regarding, e.g., the validity of thermody-
nangic predictions of PuQOg solubility and migration from
a puclear waste repository environment. NpOgiy, com-
pounds that are related to the NpOg fluorite lattice have
nob:been reported in the literature and the experimental
phase diagram points to a two-phase-field that involves
Nptds and NppOs below =~ 700 K% Even though
the Nplia.. fluorite phase Iz meta-stable with respect
to NpOa+Npp O:1%15 or NpOa+0,%1415  jts properties
are’ huportant for multi-component (UNpPu,. )02
materials ‘since the hyperstoichiometric fHuorite phase
should be stabilized in uramium containing solid solu-
tions (ULNp)Osys.

Theoretical studies of actinide dioxides predict oxi-
dation of UO2 to be exothermic!®2?! while oxidation
of Pu0s is predicted to be endothermicl?22:23 These
studies are complicated by the strongly correlated na-
ture of An-5f electrons, which for example cause con-
ventivnal exchange-correlation functionalg, e.g. the local
density approximation {LDA), to describe actinide diox-
ides ws ferromagnetic metaly instead anti-ferromagnetic
Muoty insulators.  There are, however, promising ap-
proviches to address this issue, such as the LDA+I
niethed ™ 22427 hebrid density functionals®®28-30 the
selt-interaction corrected methodology (SIC)® and dy-



namical mean free theory (DMFT)*!. In addition to the
delicate electronic properties of AnQOg.,, the interstitial-
like excess oxygen ions exhibit complex structural prop-
erties that include cluster formation {co-operativity) and
strong interaction with the host fuorite lattice!0-13:32-35
Existing theoretical studies all rely on simplistic struc-
ture models of AnOpy, and/or AngOg that essentially
ignore clustering effects?® %%,

The present paper is motivated by the persisting in-
complete experimental and theoretical understanding of
actinide dioxides, in particular for issues regarding oxy-
gen clustering phenomena in AnOg.,. and their relation
to thermodynamic and kinetic properties. In this paper
we investigate the oxidation of UOsz, NpOy and PuOq
by applying density functional theory (DVT) calcula-
tions to-study the structure, thermodynamic stability
and electronic characteristics of interstitial oxygen clus-
ters in AnOs. . and how these clusters may order in the
terminal AngOg compounds. The role of HoO and hy-
drolysis products (OH) in the oxidation process is also
addressed, Knowledge of the AnQOg,, and AngQg end-
mierpber compounds is the first step in understanding the
multi-component materials to be used in advanced nu-
clenr fuels,

Qur paper is organized as follows. Sec. IT describes
detailsof the theoretical methodology to be used. AR
ter this, Sec. 11T A provides a brief overview of existing
structure models for the UQs. . system and explains the
fundamental aspects of their electronic structure. Sec.
11T B presents new concepts and results for the geometry
and stability of defect clusters in AnOsy. The corre-
sponding ordering patterns in the terminal AngOg com-
pounds are explored in Sec. TIC. We also analyze the
particular features of the An-5f electronic structure that
drive clustering (co-operativity) in AnOsyn /An, Oy com-
pounds and formulate a common framework for UOq .,
NpQs. ., and PuOsyy.

II. METHODOLOGY

The DFT calculations were performed with the Vi-
enna Ab Initio Simulation Package (VASP)?%7% ysing
the projector augmented wave {PAW) method.?%* The
rotationally invariant LDA+U functional due to Lichtén-
stein et al*! was employed to describe the exchange and
correlation effects. This method applies the local density
approximation (LDA) together with an Hubbard IF term
that Improves handling of the intraband Coulomb repul-
sion anong the 5 f electrons, Unlike conventional LDA or
GGA, the LDA+U functional captures the Mott ngulat-
ing properties of the strongly correlated U-5f, Np-5F and

proach contains two a priord unknown parameters; the
spherically averaged screened Coulomb energy, U/, and
tha-exchange energy, /. For UO,, U and J parameters
of 4.5 eV and 0.51 eV, respectively, were originally de-
rived by Dudarev et al?® and have since beeu widely

applied!® 21 Here we adopt these parameters, however
in Sec. HIC we discuss issues regarding the ability of
thig parameter set to predict oxidation thermodynamics
with high accuracy. We applied I7 = 4.0 ¢V and J = 0.7
eV for the Pu-5f orbitals, which is within the parameter
range specified in Refs, 25,26, The U and J parame-
ters for the Np-57 orbitals were set to 4.25 eV and 0.6
eV, which represent an average between the U-5f and
Pu=5§ values. This choice accounts rather accurately for
the experimental lattice parameter and bulk modulus of
Nplls (see Table I). The occupied Np-5F orbitals are
precicted to form a narrow band right at the top of the
valence O-2p band, which is similar to the band struc-
ture obtained from parameter-free hybrid functionals®,
though the latter predicts a tiny gap between the O-2p
band and the Np-5f peak. Spin-polarization was applied
for all AnOs.iy compounds and, unless otherwise stated,
antiferromagpetic spin alignment was used for all com-
pounds. This configuration was obtained as the ground-
state for UDs and PuQs,, while NpQOs preferred ferro-
magpetic ordering by 0.004 V. Since the ferromagnetic
and anti-ferromagnetic NpQOa structures are almost de-
seperabe; we do not expect the detailed magnetic struc-
ture to gignificantly influence any of the present conclo-
sions. Spin-orbit coupling was not considered, since, even
though spin-orbit coupling will change the details of the
magnetic ground-state by splitting the f orbitals, this ef-
fect s believed to have limited influence on the thermo-
dynamic and structural properties of current interest3.
The LDA+U lattice constant and bulk modulus predic-
tiong for the AnOs compounds are surmmarized in Table
I, together with experimental sstimates. The calculated
Inttive parameters agree well with experiments and, even
thowgh there are some discrepaneies for the ‘bulk modu-
fas, the calculated values are considered $o be reasonable,
particalarly inview of known uncertainties for the exper-
trnental PuOs bulk modulns®.

jee NpO» Pusq
5.448 (5.47°7) 5.398 (5.43°7) 5354 (5.3047)
Y226 {178

o {Aj
F5(GPa) 218 (2077459} 228 (2007550

TABLE LI:Calculated lattice parameters (ao) and bulk moduli
(Ba) of AnOs (An = U, Np or Pu) compounds. Experimental
referpuce valuss are shown within parenthesis.

A 2X2%2 supercell expansion of the cubic fluorite unit
coll was used to study defect properties. The volurne of
the sipercell was fixed at the caleulated volume of UOs,
Nptiz and PaDsg, respectively. All defect calculations
used 42 x 2 % 2 Monkhorst-Pack k-point mesh®? with a
Gatmsian smearing of 0.05 eV. The plane-wave cut-off was
sef b 400 eV, All internal structural parameters were re-
laxed until the total energy and the Hellmann-Feynman
forees on each ion were converged for our purpose [ < 0.02
eV/A). As discussed in Sec. [IIC, two ordered AngOq
compounds have been studied. The unit cells of these
striciures are spanned by two different sets of vectors; [1



10LI0 1 1L, 0 1] and [2 2 OL,{0 0 1},10.5 -0.5 0}, which
are defined with respect to the conventional cubic fluo-
rite unit cell. Both of these unit cells contain 26 ions at
the AnyOq composition. For the first cell we applied a
2 x 2 x 2 Monkhorst-Pack k-point mesh and for the sec-
ond cell we applied a 2 x 4 x 6 mesh. Volume relaxation
was taken into account for both cells. In order to assess
the oxidation thermodynamics in Oz and HoO chemical
environments {gaseous form is assumed throughout this
work), reference energies for these molecules must be es-
tablished. These energies were calculated by placing an
isolated molecule inside a large supercell and relaxing
the geometry. Since DFT within the LDA formulation
is known to overestimate the binding energy of many
moleculss, we have applied correction terms of 1.2 eV and
1.5 €V for Op and Ho0 molecules {measured per atom),
respectively™ % The oxidation energy of AnQyqy, s de-
fined as the energy associated with the $AnOs %Og
- %&HOZM, reaction or, when appropriate, the corre-
sponding resction that includes HzO. Recall that nega-
tive oxidation energles imply spontaneous oxidation and
positive numbers arc equivalent to instability of the hy-
perstolchiometric compounds.

Throughout this work we have calculated spin densities
and site projected spin densities to identify the effective
valence of ions, e.g. in UO; each uranium ion has s pro-
jected spin-moment of &~ 2 pp and each oxygen ion ~ 0
g, which according to Hund’s first rule should corre-
spond to U4 and O%~. A Bader charge density analyses
of UQO; reveals that the actual charge transter between
urasitim and-oxvgen ions does not represent the integer
nunibers that are expected from their formal valence®?,
which reflects that these compounds arc far from purely
ionic, having a significant covalent character®®.

III. RESULTS AND DISCUSSION

A. Existing AnOgy. structure models and analysis
of their electronic structure

1. Uranium diczide

The AnOs> fluorite lattice has large empty octahedral
sites that appear to be the natural location for excess oxy-
gen ions. However Willis et al. found that in Lo, such
interstitials tend to aggregate into clusters composed of
multiple interstitial lons interacting with regular oxygen
ions to form complex defect clusters®™ 3%, Willis et al3*
inttially proposed the so-called 2:2:2 cluster, which is cre-
ated by displacing two oxygen ions occupying nearest
neighbor octahedral interstitial sites towards cach other
along the [110] vector connecting the two sites, and at
the same time pushing the two neighboring lattice oxy-
gen ions away in the respective =[111] directions that are
perpendicular to the [110] vector, thus effectively creat-
ing two oxygen vacancies and four interstitials {see for
example Fig. 2 in Ref. 35 for details). Bevan ¢t ol 1%11

revised the U0z, structure model and suggested that
the vxeess oxygenions occupy the cube-oetahedzal holes
of the fluorite lattice. In this model each defeet cluster
containg 12 ions, of which four are ascribed as excess oxy-
e ong and the remaining eightions are displaced from
their Huorite lattice positions (see for example Fig. 2 in
Ret. 10 -for details). Analysis of UGg1, and Ug i3 saw-
ples by Murray ef al.%® showed that the former compound
wis Detter fitted with the 2:2:2 model, while the latter
comapound was better matched with the cubo-octahedral
mioelel, which was interprettéd as an indication that the
delect strueture could be a function of composition and,
possibily, saanple preparation method. EXAFS measure-
ments by Conradson et ol have further illustrated the
complexity of UOgy, by suggesting a U-O coordination
that includes 1.74 A bonds™, which are not present in
any existing structure models.

Hefs. 47,48 used model potentiale to investigate the
stability of di-interstitial clusters in UOz44 and, in con-
trast to-oxperiinents, they found the 2:2:2 cluster to be
mietastable, or even unstable. In its place they predicted
the stable di-interstitial oxygen cluster to be composed
of three oxygen lons arranged in an equiaxed or equi-
lateral triangle that is situated in a {111} plane above
an empty regular oxygen site {see Fig. 1). Andersson
et al. confirmed these conclusions using DFT calcula-
tion# and they labeled this defect as split di-interstitial,
denoted I55%. Here the T’ denotes an interstitial type
of defect, the subscript 2 denotes the number of inter-
stitisls that are involved and the superseript "X’ denotes
thelr particular geometric configuration. This notation is
used throughout this paper to designate different types
of excess oxygen defects. The split di-interstitial is cre-
ated-Bom two nearest neighbor interstitial jons {(a and b
in Fig. 1) that move towards a common regular oxygen
site, dislocating it {¢ in Fig. 1), thus creating the split
di-inferstitial and the vacant site that serves as its center
of mmss (A, B and Cin Fig. 1). Ref. 46 showed that in
the low-concentration regime the split di-interstitials are
essenitially degenerate with two isolated interstitials (75).
Undistorted di-interstitials (I3), i.c. two nearest neigh-
bor iuterstitials without the accompanying dislocation of
any regular oxygen lons, are predicted to be higher in
enerpy than split di-interstitials.

Adding oxygen to UOs results in charge transfer from
the 5 orbitals of U ions to the 2p orbitals of the ex-
cess oxygen ions. The high stability of split di-interstitals
irs Uiy, can be explained by the fact that this strue-
ture allows the orbitals occupied by the transferred elec-
trofis to hybridize with the uranium orbitals and thus
imitate the uranium-oxygen interaction in the ideal fluo-
rite iattice, in particular the covalent contribution to the
nranium-oxygen bonding. This process enables the ex-
coss £3=2p orbitals to move down from the U-bf states at
the Fermi level to the main O-2p band; thus decreasing
the band energy and, unless the corresponding increase
in eldctrostatic energy among ions dominates, also the
total energy (llustrated in Fig. 2). As a comsequence,



the 0-2p-U-5f gap found in U0y (i.e. the gap between
the main 0-2p and the occupied U-5f states) diminishes
or even disappears. Oxygen lons in octahedral inter-
stitial sites are unable to interact ag efficiently as split
di-interstitials with the uranium ions and, consequently,
the excess O-2p orbitals for octahedral interstitials can-
not merge with the main O-2p band. For this resson
they do not experience the same gain in band energy
as split di-interstitinle. However, due to the larger sep-
aration of O~ and U™ /U jons, octabedral intersti-
tials are more favorable from the pergpective of Coulomb
repulsion among lons.  To summarize, the mechanism
that drives the formation of oxygen clusters in UOne,
is the ability to decrease the band energy via increased
uranium-oxygen orbital hybrydization. These features
are even more evident for 1;0g compounds than for
small clusters of point defects in UQgne Fig. 2 dlus-
trates the band structures of two UyOy compounds; one
based on octahedral interstitials and another one com-
posed of ordered split di-interstials. We pay particular
attention to the highlighted difference in the band struc-
ture position of the excess O-2p orbitals between these
two structures, Integration of the density of states from
=0 1o the Permi level measwes the band energy and
the shift of the O-2p states for the split di-interstitial
structure yields a lower energy ssnd thus constitutes a
stabilizing contribution.

Let us take a closer look at the underlying mechanisms
for the hybridization features discussed in the previous
paragraph. The projected DOS for U0y {partially illus-
trated in Fig. 3) reveals that there is a sizable U-5f/U-
Gd contribution in the main O-2p band. At the same
tirne, an electron count shows that all the U-5f elec-
trons that are expected from the formal valence of the
U i6us {two) are located in the U-5f peak above the
edge of the main O-2p band. This implies that the U-
5F/U-6d contribution in the O-2p band originates from
overlap/hybridization of nominally filled O-2p orbitals
with nominally empty U-5f/U-6d orbitals {empty means
not eccupled by electrons expected from the formal va-
fence count). By plotting the charge density that de-
rives from the hybridized main O-2p band (not shown)
we can see that the U-5f/U-6d contribution is indeed
centered aronnd wranium ions, which accentuates that
there i a real contribution from uranium orbitals in the
main O-2p band. This hybridization mechanism is also
consistent with the fact that Bader charge analysis gives
ionic charges that deviate significantly from the nom-
inal charges of Ut and 0?7 ions?l. Moreover, since
the localized magnetic moments on uranium aud oxygen
ions correspond to the formal valence oceupsation of the
5f and 2p bands, the hybridized 5f/6d/2p-states must
be occupied by spin-paired electrons to give a net zero
contribution to the magnetic moment. This type of hy-
bridization is not available for the octahedral interstitial
oxygen ons in UsOe(0Oct.), since their interaction with
the uranium ions is shielded by the cubic cage of regular
finorite oxygen ions. Iustead the nearest neighbor ura-

nium interaction for the octahedral oxygen interstitials is
suckthat their O-2p orbitals almost overlap with the U-
5F siates in the band gap, as indicated by Fig. 2. In fact
the integrated number of electrons inside the band gap
peak in U406{0et.) corresponds to the sum of the num-
ber gf U-5f electrons expected from the formal valence
of U /U /U™ ions and the number of O-2p electrons
thut helong to octahedral interstitial ions. The split di-
interstitial V00 structures, on the other hand, allow the
O-Zp orbitals of both the regular fluorite oxygen ions and
the exvess fons to overlap/hybridize with the nominally
empty U-5f/U-6d orbitals, which, as mentioned above,
facilitates for the excess 0-2p orbitals to move down from
the L5 f states at the Fermi level to the main O-2p band
(Fig. 2) and thus decrease the band energy. In agree-
metit with this picture, a plot ¢of the charge density con-
tribution fromi the upper part of the valence band clearly
reveals that there is a major contribution from the oc-
tahedral interstitial ions in UyOg{Oct.}, while the corre-
spiriding plot for the split di-interstitial ¥;0g structures
give atmore equal contribution from all oxygen ions, We
couclude that the overlap of excess O-2p orbitals with
the main O-2p band is in fact driven by the hybridization
of exgess O-2p orbitals with nominally empty U-5f/U-64
ofbitals mnade possible by the particular structural distor-
tion for split di-interstitials. Fig. 2 also reveals that the
calendations predict the band gap (valence to conduction
band} t6 detrease by =~ 0.45 eV for structures built from
split di-intérstitials, as compared o octahedral intersti-
tials; and by = 0.70 ¢V compared to UQs.-This is an in-
dieator of the changes in O-2p-U-5f/U-6d hybridization
that takes place for split di-interstitial structures. The in-
creased hybridization for the split di-interstital structure
lesds torsmaller O-O distances and also shorter separa-
tion of the charge compensating An® ions, both of which
vield a destabilizing contribution mainly due to increased
electrogtatic (Coulomb) repulsion among ions. Qualita-
tively, this implies that the defect stability in UOs ., 18 a
comipétition between hybridization {decrease of the band
energy) and Coulomb repulsion among ions. The former
favors the split di-interstital type of structiifes while the
latter favors structures based on octahedral interstitals,

2. Neptunium ond Plutonium dierides

Bund strocture calculations reveal that the 5f elec-
trong in U0, are situated = 0.6:€V above the 0-2p va-
lencs band edge, while the corresponding Np-5f states
are right at the top of the O-2p band. For PuO, the 5f
stateg overlap with the O-2p band and together they form
a mnre or less continuous band. These results are consis-
tent with calculations using the hybrid-DFT method®’.
Due o the shift in position of the occupied 5/ orbitals,
the gain in band energy coming from charge transfer
and hybridization between neptunium ions and the ex-
cessoxygen ions should be smaller than for UOs.,.. An-
other way of stating this wonld be that the difference be-



tween the delocalization energy of Np-51 electrons (Np*+
— Np°") and the energy of these electrons occupying
the (hybridized) O-2p band decreases compared to UOs.
This effect is even stronger for PuO». . and, in fact, the
Pu?™ to excess oxygen charge transfer may result in in-
creasing band energy. Fig. 3 shows the change in band
structure between UOs, NpOs and PuOz. We note that
the shift in the separation of the O-2p and An-5f bands
is a qualitative measure of the ease of oxidation; large
positive separation (arrow pointed to the right in Fig.
3) implies negative oxidation energy and as the An-5f
states move down below the main O-2p band edge oxi-
dation becomes more difficult (shorter ”left ” arrow and
arrow pointed to the right in Fig. 3). Qualitatively, upon
oxidation the An-5f electrons move to the top of the
0O-2p band and, consequently, their relative position is
closely related to the oxidation thermodynamics, via the
band energy. We remark that this picture corresponds
to maximum gain in band energy and, as we have seen
in Fig. 2, the real band structure for UO2, . is some-
what more complicated but, qualitatively, the concept
presented above is still valid. An immediate consequence
of this band structure effect is that the excess oxygen
ions in PuOs. .. exhibits a different valence state than
for UO9.,.. Analyses of spin densities reveal that excess
oxygen ions in UOz . act as O, while the correspond-
ing state for PuQOg,, is O~ where 0 < § < 0.5 and
the exact § value is structure dependent. § values close
to 0 correspond to split di-interstitial structures and the
higher values to structures based on regular octahedral
interstitials, i.e. the higher degree of hybridization for
split di-interstitials facilitates higher valence but coin-
pared to UOqy, this process is still incomplete. The
charge-compensating plutonium ious also deviate from
the pentavalent state of U°" ions and exhibit a partially
reduced valency. All together this indicates that com-
plete charge transfer between localized Pu-5f and excess
0O-2p orbitals is not favourable. Here, and also in the re-
mainder of this paper, charge transfer refers to delocal-
izing one electron from the 5 f orbitals and allowing it to
participate in An-O bonding, which, as discussed above,
includes both charge transfer and hybridization. The va-
lence states in NpOs.. . suggest that it should be classified
in the same category as PuOoy., but with smaller § val-
ues, which is consistent with the occupied Np-5f states
being situated at the top of the O-2p band and thus in-
between the position of the occupied U-5f ¢ad Pu-bf
orbitals. The fact that charge transfer is incomplete in
PuOs4, and NpOoy, creates a hole in the O-2p band,
which, from a chemical point of view, is unfavorable and,
as discussed in Secs. II1C and ITID, this has important
consequences for the oxidation thermodynamics.

The band structure concepts presented above will
be used as basis for the forthcoming discussion of
AnOz4,/AnyOg structures and their thermodynamic
stability.

[\ Wy m @‘.

FIG. 1: (Color online) Idealized schematics of the structure of
the undistorted (75, lower case letters) and split (I3, upper
case letters) di-interstitial structures. The cubes represent the
sitnple-cubic oxygen sublattice; for clarity, uranium ions are
not shown. The IS structure has two oxygen interstitials (a
and b) in octahedral interstitial sites in the lattice, while the
remaining oxygen atoms remain in more or less perfect lattice
sites. The I3 structure constitutes an equiaxed /equilateral
triangle that is situated on top of an empty regular fluorite
lattice oxygen site.
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FIG. 2: (Color online) Densitiy of states (DOS) and projected
density of states (PDOS) for UsO¢ constructed from an or-
dered arrangement of split di-interstitials, U4O¢(1-10), and
octahedral interstitials, UsOg(Oct.). Notice that the U-5f-O-
2p gap remains for the octahedral interstitial structure, while
for the split di-interstitial structure the O-2p states overlap-
ping with U-5f peak in the octahedral structure moves down
to overlap with the main O-2p band. Therc is also o small
downward shift of some of the occupied U-5f states. More-
over. the (valence-conduction) band gap decreases by & 0.45
eV for the split di-interstitial structures, as compared to oc-
tahodral interstitials. The highest occupied state is at 0 eV.
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FIG. 3: (Color online) The band structure of UOz, NpOa
and PuO;. The position of the An-5f bands is shown in
dashed lines, including both localized states and states that
are hybridized with the O-2p band. The arrows indicate the
separation of the localized An-5f states and the O-2p bauds.
In particular for NpOz and PuOs this measure is qualitative,
since the An-5f and O-2p bands exhibit strong hybridization.
The highest occupied state is at 0 eV.

B. New geometries and stabilities of oxygen
clusters in AnO», .

1. Uranmium diozide

Table I summarizes the oxidation energies (stabilities)
of di-interstitial defect clusters in UOs. ., NpOq,, and
PuOs., (for now we focus on di-iuterstitials, I, and ig-
nore other data in Table II}. The UO2,, data is par-
tially reproduced from Ref. 46. Comparing the results
for NpOqy and PuO,y, with UOg4,, the main con-
clusion is that the oxidation energies for NpOj., and
PuOs,, are much less negative and, as a result, NpOs
and PuO; should be more difficult to oxidize. PuQOaoy., is
even predicted to have positive oxidation energy, which
implies that PuO2 should not react with Oz, unless an-
other lower encrgy reaction path is available (discussed
in Secs. IIIC and I1ID). The observed UO,, NpO, and
Pu0O, sequence of increasing oxidation energies correlates
with the change in the position of the An-5 f orbitals com-
pared to the O-2p band between UO2, NpOs; and PuOs.
The associated decreased gain in O-2p band energy rela-
tive to the 5f delocalization energy explains the high ox-
idation energy for NpOay, and PuOsq ... The stability of
split di-interstitials and regular octahedral interstitials is
switched between NpOsy ., and UOo4,. This trend is fur-
ther strengthened for PuOs4.. In all cases, the explicit
dislocation of a fluorite oxygen ion in I§ to form I3 is
accompanied by substantial lowering of the energy, which
follows from the increased hybridization of excess O-2p
orbitals (gain in band energy) that is facilitated by this
structural distortion. For 11Qs, the oxidation energy of
a single oxygen interstitial in the 2 x 2 x 2 supercell (1) is

lower than for di-interstitial clusters, which means that in
the dilute limit the binding energy for any di-interstitial
cluster is negative and they should thus dissolve. This
energy balance is an effect of the aforementioned com-
petition between Coulomb repulsion among ions and hy-
bridization. In the low oxygen concentration regime the
former contribution dominates over the latter.

The cubo-octahedron cluster (I€) proposed for
UQs. ;1911 contains four excess oxygen ions and thus
represents a larger and more extended defect than the
di-interstitial type of clusters. In order to evaluate its
stability we have studied a single cubo-octahedral cluster
embedded in the 2 x 2 x 2 supercell and, for comparison,
we have also studied clusters composed of two split di-
interstitials, hereby denoted split quad-interstitial (I;X),
as well as four octahedral interstitials homogeneously dis-
tributed within the 2 x2 x 2 supercell (Lf). The geometry
of the split quad-interstitial is depicted in Fig. 4 and fur-
ther discussed below. The stabilities (oxidation energies)
of these structures are collected in Table 1T (labeled as
I4). The split quad-interstitial is the most stable con-
figuration, followed by the cubo-octahedron cluster and
both of them are more stable than the structure based on
regular octahedral interstitials. The key electronic struc-
ture difference between the split quad- and octahedral-
interstitial structures is that the former enables efficient
O-2p hybridization for the excess ions and thus lowers
the band energy, in the same way as for the split di-
interstitial structures, while the latter pins the excess O-
2p states at the Fermi level and, as a result, does not al-
low the same lowering of the band energy. We recall that,
compared to split di-interstitials, octahedral interstitial
structures benefit from lower Coulomb repulsion among
ious. However, unlike the split di-interstitial/octahedral
interstitial balance in the low-concentration range (I5° vs.
I3), for the intermediate oxygen concentration range the
gain in band energy due to hybridization outweighs the
increase in Coulomb repulsion to clearly favor split quad-
interstitials over seperated octahedral interstitials (I;X
vs. I7). The oxidation energy of split quad-interstitials
is lower than for split di-interstitials, which means that
the split quad-interstitial is a bound state of two split di-
interstitials (0.37 eV per split quad-interstitial cluster).
The high stability for the split quad-interstitial seems to
follow from a combination of further increased hybridiza-
tion and more efficient handling of the Coulomb contribu-
tion. The binding energy of split quad-interstitials with
respect to single interstitials in the dilute limit is still neg-
ative by a small amount (0.10 €V/split quad-interstitial).
This suggests that the split quad-interstitial cluster may
break up in the low oxygen concentration regime, but
should be stable for intermediate and high oxygen con-
centrations. The geometry of the most stable split quad-
interstitial configuration is such that the two split di-
interstitials are aligned along the [0.5 0 0] lattice vector
and rotated 180° with respect to each other (see Fig. 4).
The cubo-octahedron structure shares some of the elec-
tronic structure features with the split quad-interstitials,



Anz2Oes (1)) AnzzOe6(19) AngeOss(I5)  AngOcs([5)  AnseOes(If)  AnasOes(I3)
U0, —2.45 —2.13 —2.36 —2.33 —2.42 —2.22
NpOs —0.15 0.16 —~0.16 —0.17 —0.31 —0.18
PuO, 0.79 1.07 0.13 0.45 0.07 0.04
AngOes(I5) AngOq(Oct.) AnaOaq(1110) AngOo(111) AngOs(1-10)  AnyOa(bcec)
UO- —2.25 —1.86 [-0.05 A] —2.05 [-0.03 A] —2.11 [-0.01 A] —2.25 [-0.02 A| 8T
NpOa» N/A 0.39 (—0.37) [0.01 A] —0.18 [-0.01 A] —0.22 [-0.01 A] —0.56 [-0.01 A] —0.79
PuO N/A 0.34 (=0.13) [0.03 A] 0.00 [0.02 A]  0.13[0.01 A] 046 [-0.01 A] 0.14
AnqOs(beer) AnsOo(Cubo) AnOz(HzO)% AnO2(OH) L AniO¢(OH)o
UO2 —2.57 —2.13 N/A —2.22 —1.96 [0.03 A]
NpO:  —0.75 N/A N/A —0.70 —0.84 [0.03 A]
PuOq —0.09 N/A 0.48 —0.06 —0.71 [0.03 A]

TABLE II: The oxidation energy for various defects in AnOaq. «, differently ordered AnsOg compounds and hydrogen-containing
AnOg;./AnsOo compounds. The type of defect and defect ordering is indicated within parenthesis, e.g. Ani2Ogs (1)) for one
single interstitial in the 2x2x 2 supercell. See text for labeling. The values within parenthesis for PuyOo(Oct.) and Np4Og(Oct.)
correspond to an octahedral interstitial compound that contains Oz species (sec text). All energies are in eV and measured
per excess oxygen ion. For the small unit cells, the values within brackets represent the change in lattice parameter (in A)
compared AnOg (volume relaxation was not performed for the cases where this number is missing). N/A designates that this

particular compound was not studied.

but, as indicated by the higher oxidation energy of the
cubo-octahedron structure, these features are not opti-
mized to the same extent for cubo-octahedrons as for
split quad-interstitials.

2. Neptunium and Plutonium diozides

According to the I; and I3 oxidation energies in Table
IT, for NpOs2,, the binding energy of spit di-interstitials
is negative and, as for UOsgy,, this defect should thus
be unstable for small . For PuO,., the binding en-
ergy is positive, indicating a shift in the balance between
hybridization energy and Coulomb repulsion, which sta-
bilizes clusters over isolated interstitials. Table IT also
contains the stability of split quad-interstitial clusters
and separated octahedral interstitials in NpQOs, ., and
PuQs+,. The NpOs., results confirm the trends for
UO2.,, in the sense that the split quad-interstitial is
predicted to be the most stable state. For PuOs. . the
structures exhibit rather similar energies. Compared to
UOs2.., the oxidation energy of split quad-interstitials
remain high for both NpOgy, and PuOoy .

C. Ordering of oxygen clusters in An,Og
1. Uranium diozide

Below 500-1400 K UOs., phase separates into UO»
(UO24.) and ordered UyOg (UgQOg_,)**°. The temper-
ature at which the two-phase field transforms into a solid
solution is a strong function of composition*!, U;0q
is envisioned to be an ordered arrangement of the oxy-

FIG. 4: (Color online) Idealized schematics of the split quad-
interstitial (). The cubes represent the simple-cubic oxy-
gen sublattice; for clarity, uranium ions are not shown. The
dashed lines indicate the particular cube diagonals, along
which the interstitial and regular oxygen ions that belong to
the defect cluster are displaced. The two split di-interstitials
that make up the quad-iuterstitial are highlighted by A and
B, respectively. The parallellogram formed by the adjoining
base lines of the two split di-interstitials is outlined.

gen defects/clusters in UOoy,,. Early neutron diffraction
experiments indicated that UjOg should be described
within a 4 x 4 x 4 expansion of the conventional fluo-
rite unit cell and Allen et al.*° proposed an ordered ar-
rangement of 2:2:2 clusters along the [1-1 0] lattice vec-
tor, or equivalent directions. This model was later re-
jected due to incompatibilities with neutron diffraction
datal®2!. The most recent UsOg (UsOq_,) structure
morlel is an intricate arrangement of the cubo-octahedron
clusters within the 4 x 4 x 4 unit cell!?.

Proceeding from the ground-state configurations of the



split di- and guad-interstitials, we investigate how these
Jnay order at the UyOq composition. Two different or-
dering patterns of split di-interstitials have been consid-
eredy split di-interstitials ordered in every fourth {111}
plane (U,04(111)) and split di-interstitials ordered along
{1-10] lattice vectors (U309(1-10)). These structures are
gpanned by 1 1 01,J0 1 1],I1 0 1] {UsOs(111)) and 2 2
01,10 0-11,10.5 0.5 0] (U406{1-10)) sets of basis vectors.
Fach unit cell contains 26 atoms and there is one split
di-interstitial per unit cell. UgOg(111) is a natural ex-
tension of the fact that split di-interstitials occupy {111}
planes and Uy05(1-10) is inspired by the U Qg structure
proposed by Allen et «ol., but instead of the 2:2:2 clus-
ter, the U04{1-10) structure uses the split di-interstitial
as the expansion unit. Viewed along the [111] direc-
tion the flusrite lattice is composed of hexagonal U and
O layers arvanged in a -0-0-U-0-0-U-0-0- sequence.
Fig. 5b shows the geometry of the {111} plane contain-
ing the split di-interstitials in U 00(111). The split di-
interstitial oxygen ions are slightly displaced out of the
{111} plane; a8 compared to the regular fluorite oxygen
iong in the same {111} plane. The charge compensating

1% jons fully occupy the next nearest neighbor uranium
plane With respect to the split di-interstitials. Ref. 50
digcusses how fluorite derived structures can be rational-
ized in terms of {111} stacking motifs and the UsOg(111)
structure obviously belongsto this ¢lass, though this par-
ticular stacking pattern has not been previously identi-
fied. Below we outhine how all the proposed 1,04 struc-
tures can in-fact be rationalized in terms of {111} stack-
ing motifs based on split di-interstitials.

The starting point for the Uy0g(1-10) structure is a
chain of split di-interstitials separated by [0.5 0 0] and
{0 -0.5 0} vectors, which vields a unit cell periodicity of
{0.5-0.5.0]. Upon geometry optimnization this structure
relaxes significantly and the [0.5 -0.5 0] ordering of tri-
angular split di-interstitial motifs transforms into a new
stacking pattern, still along [0.5 -0.5 @}, but composed
of four ipterstitial-like oxygen ions arranged in a par-
allelogram, This parallelogram is created from the split
di-interstitial by displacing one additional regular oxygen
ion from itg lattice site, which may also be interpreted as
the two excess oxygen ions dislocating two regular oxy-
gen ions, tnstead of one for the split di-interstitial, The
adioining split di-interstitials in the split quad-interstitial
cluster also creates a parallelogram (see Fig. 4), which is
equivalent to the parallelogram in the UgOo(1-10) strue-
ture.. Thus, 1406(1-10) can also be viewed as an inter-
connected ordering of split quad-interstitials along the
[1-10] lattice vector (note that the periodicity is [0.5 -0.5
0]). The UPF ions in the U;04(1-10) structure occupy
the four pearest neighber positions with respect to the
defect oxygen perallelogram. Also the UyOe(1-10) struc-
ture can be visualized within a {111} stacking model, see
Fig. 5¢. The cluster ions forin chains in the {111} planes
and, since the excess ions/defects occupy every {111}
plane instead of every fourth plane as for Uy 0O51111), the
concentration of excess ions/defects in each 1;04(1-16)

oo

{111} plane is 1/4 of the corresponding UsOg{111} {111}
coneentration. The {111} planes in Us0g(1-10) are not
stavked directly on top of each other, but instead they are
shiftedd in order to avoid overlap of the defect chains. The
{111y stacking sequence involves a periodicity of twelve
oxyiren planes. Relaxation results in small out of plane
shifts within each Ug0g(1-10) {111} plane.

The split quad-intersitial clusters may also be arranged
as separate units within the fluorite lattice and, in princi-
ple, arbitrary superstructures can be created by varying
the stacking and orientation of these units. This idea is
simsilatr to the approach used for construction of an or-
dered UsOgstructure from cubo-octahedral clusters. We
have jovestigated two of the most probable configura-
tions within the 2 x 2 x 2 supercell; in the first case the
split quad-interstitials are ordered along the [111] vector
{(Us©albee)) and in the second cuse, one of these split
quad<interstitial units is rotated 90 with respect to the
othier cluster (U4Os{bcer)). Notice that the split quad-
intesstitials in UgOg{bec) and UgOg(beer) form a bec lat-
tice, hepee the bee and beer notation. Even though the
true ground-state structure of Uy Og may exhibit longer
stackiiig seguence of split quad-interstitials than allowed
witlin the 2 x 2 x 2 cell, we believe that UyOs(bec) and
UgChiibeer) serve as appropriate modeling compounds,
cagabile of eapturing the relevant physics of the UsOg su-
perstructures. Due to the specific geowetry of split quad-
interstitials, both UyOg(bee) and U Og(beer) in fact in-
volve stacking of {111} planes with an ordered arrange-
micatof split di-interstitials. In these two esses the split
di-interstitials occupy every oxygen plane and Fig. 5 il-
lugtrates the internal geometry for UsOg{bee). The split
gual-interstitials are made up of two split di-interstitials
overlapping between nearest neighbor {111} planes. For
UsOaibee) the {111} stacking periodicity involves six
oxygen planes. The {111} planes in UyOy{beer) exhibit
thesame type of in-plane pattern of split di-interstitials
as U,0g(bee), but the stacking sequence differs between
the two structures. There are rather significant out
of plane distortions for the split di-interstisials in both
Usthsibee) and UsOglbeer). Following the racipe for
L30a(bee), we have also built UsOs structure models by
inserting two cubo-octahedral elnsters separated by the
{111}vector in the 2x2x2 cell. These structuresrepresent
a stimplified version of the 4 x 4 x4 cubo-octahedron struc-
ture reported by Bevan el ol'%. As reference, we have
calenlated the stability of U 04 constructed from regular
octahedral interstitials {U;0q(0ct.)) and undistorted di-
ntersiitials (UsOs(111g)). We note thai the postulated
cubt-oetahedron UyOq model was eotistructed to exhibit
43m symmetry, as was derived from neutron diffraction
experiments on the intermediate temperature F-Us0q
stracture™. We have intentionally relaxed this require-
ment for the structures propesed in the present work.

Table 1T shows that UsOs(beer) is the most stable
Uy compound, followed by U;Og(bee). T304(1-10)
and Ui00(111), as well as any structures based on oc-
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FIG. 5: T (Color online) a) The hexagonal pattern of oxygen ions in & {111} plane of the UO; fluorite lattice. b), ¢) and d)
illustrate the ordering of split di-interstitials (green/light) in {111} planes for b) U400(111), ¢) U4O00(1-10) and d) UsOg(bec).
Viewed along the {111} direction, the fluorite lattice is composed of the *~U-O-0O-U-0-0-U-0-0-U-0O-0- sequence of uranium
and oxygen planes. In a), b), ¢) and d) the red/dark O’ character symbolizes a regular oxygen plane and the green/light
'O’ character symbolizes an oxygen plane that contains excess oxygen ions/defects. The detailed stacking sequence is further

discussed in the text.

tahedral interstitials, are considerably higher in energy.
With reference to Fig. 5 and Table 11, we emphasize the
stabilizing contribution from the covalent bonding (hy-
bridization) in split di-interstitial type of defects and, ad-
ditionally, the fact that distributing such defects among
several planes (compare for example U;Og(bcc) and
U;09(111)) and maximizing the intra-planar separation
of split di-interstitials (compare for example U;Og(becc)
and Us0g(1-10) ) lowers the contribution from Coulomb
repulsion among ions. Fig. 6 demonstrates that our
calculations predict a UO5-Uy0g two-phase field at low
temperature, which is in agreement with experimental
findings"!?. This two-phase field only emerges when
the UsOg(bce) or UsOg(beer) structures are taken into
account and this emphasizes the strong influence that
clustering/co-operativity has on the UOs., phase di-
agram. The most negative UOo., oxidation energies
are obtained for regular octahedral interstitials at low
oxygen concentrations (large separation between inter-
stitials and small contribution from Coulomb repulsion)
and the UyOg(bee)/UsOg(beer) structures (high degree
of hybridization). For lew z, minimizing Coulomb re-
pulsion among ions dominates over hybridization {(octa-
hedral interstitials, 5, are more stable than split di-
interstitials, 5¢), while, for increasing z, Coulomb re-
pulsion between defects becomes more important and, in
order to compensate, hybridization is increased by shift-
ing the defect population towards split di-interstitial type
structures. The most efficient way of achieving this bal-
ance is to phase separate into UO3, or UO»2, ., with low
z, and the UyOgq(bcc)/UysOg(beer) structures, a reaction
which simultaneously minimizes Coulomb repulsion and
maximizes hybridization. This mechanism is the under-
lying driving force for the UQO,.,-Us09 phase separa-
tion observed in experiments. For UyOg(111), Uy Og(bcc)

2.05 2.10 2.5 2.20 2.25
O/M

FIG. 6: (Color online) The stability (E) of UOz4., NpOgix
and PuOs; ., measured relative to AnOz and Oz (oxidation
energv). The numbers represent the most stable configura-
tion for each composition. We have also included hydrogen-
coutaining compounds. Phase separation follows if the oxida-
tion cuergies exhibit negative curvature. For example this is
evidently the case for UO2 . and since the UsOy compound
has thie most negative oxidation energy the low temperature
equilibrinm must involve UQ»-U 0.

and U;Oq(bccr), the {111} in-plane patterns of split di-
interstitials are similar to the ordering of triangular oxy-
gen clusters that was obtained by Campbell and Ellis
from LEED measurements of the surface structure in
oxidized UO2%%%3 thus supporting the pivotal role of
the split di/quad-interstitial as the fundamental building
block in UOs,,. Some discrepancies still exist between
the patterns in Fig. 5 and Refs. 52,53, above all the de-
tailed ordering pattern in Refs. 52,53 is unclear, which,



in our model, would translate into uncertainties regard-
ing the ordering of split quad-interstitials.

The Us0q structures based on cubo-octahedron clus-
ters within the 2 x 2 x 2 cell are not as stable as
U409(bce)/UyO0g(becr). The UyO0g(Cubo) oxidation en-
ergy is -2.13 eV compared to -2.57 eV for U;Og(bcer).
This contradicts the established experimental UyQOg
structure model'®!! | which favors an ordering pattern
based on cubo-octahedrons, as an alternative we propose
that the low-temperature U;Og9 compound constitutes an
ordered array of split quad/di-interstitial clusters, possi-
bly arranged as in the UsOq(bcer) model compound.

The experimental oxidation energy for U;Og is ~ —1.8
eV, which is notably higher (less negative) than the
calculated value of -2.57 eV for UsOg(bcer). This dis-
crepancy may be partially due to uncertainties in the
choice of the Hubbard U parameter and/or the exchange-
correlation potential. Test calculations using GGA+U
with U = 3.5 and J = 0.35 eV give an oxidation energy
of -1.94 eV for U;Og(bcer), which agrees better with ex-
periments. The GGA+U UQ; lattice parameter is over-
estimated by 0.06 A and the bulk modulus is predicted
to be 194 GPa, in good agreement with experiments (see
Table IT). The relative stabilities of UyOg compounds
within GGA+U are UsOq(Oct.) (-0.79 eV), Us04(111)
(-1.47 eV), U304(1-10) (-1.63 V), U4Og(bec) (-1.90 eV)
and UyOg(beer) (-1.94 V), which is the same stability
sequence as obtained for LDA+U and even the stabil-
ity differences are rather similar (U4Oq(Oct.) deviates
slightly from this conclusion). From this we conclude
that even though the current LDA+U functional overes-
timates the oxidation energy of UOs, .. by 0.6-0.7 ¢V, this
shift seems to be rather constant and, most importantly,
this implies that the relative defect stabilities, and thus
also the proposed ordering patterns, should be reliable.

In UQ, there is a single U-O distance of 2.36 A (for the
calculated lattice constant), but oxidation of UQ; creates
a distribution of U-O bond lengths. For UsO¢(Oct.),
the calculations predict the nearest neighbor U-O bond
length to be 2.20 A and this is largely achieved by
displacing the fluorite oxygen ions while the uraniunm
sublattice remains essentially intact. For the split di-
interstitial UsOg compounds there is obviously a signif-
icant displacement of the oxygen sublattice, but, unlike
the UsOg(Oct.) compound, there is also an accompany-
ing distortion of the uranium sublattice. Fig. 7 illustrates
these properties in terms of the uranium radial distribu-
tion function for UsO04(Oct.) and UgOg(beer). Similar
arguments also hold for point defects based on octahedral
interstitials and split di-interstitials. EXAFS measure-
ments by Conradson et al. have provided new informa-
tion about the local structure in UOgy. cornp(>11nd532.
Most notably they predict very short oxo-type of U-O
bonds (1.74 A)32. Fig. 7 compares the radial distri-
bution function, g(r), from the U;Oqg structure models
that are used in the present work with g(r) derived from
EXATFS measurements2. Qualitatively, the UsQg(bcer)
structure model reproduces the broad distribution of U-
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FIG. 7: (Color online) The uranium partial radial distribution
function, g(r), calculated from UsOg(bcer) and UsOo(Oct.)
and compared to g(r) from EXAFS measurements on two dif-
ferent UO24. samples®®. The U-O and U-U labels (dotted
vertical lines) indicate the bond distances in UOa.

O bonds between 2.15 and 2.75 A. The short U-O (2.1-
2.2 A) distances obtained froin the structure models pro-
posed here uniquely originate from U®*-O% distances.
The oxo-bonds at 1.7-1.8 A in the EXAFS data are not
present in any of the calculated distribution functions,
which suggests that the oxo-type of bonds should origi-
nate from domains, interfaces or surfaces where the reg-
ular fluorite structure breaks down.

2. Neptunium and Plutonium diozides

The ordering patterns established above for UgOq
have also been applied to the neptunium and pluto-
niwin based oxides. The corresponding stabilities are
collected in Table II. NpyOg exhibits almost the same
sequence of ordered compounds as UyQg, though over-
all the oxidation energy increases significantly and the
Np4Og(Oct.) structure is even unstable. However, its
stability can be increased considerably (0.76 eV) by al-
lowing half of the octaliedral interstitials to form molec-
ular Oy species with regular fluorite oxygen ions (fur-
ther discussed for PuyOg). The relative stability of
Np4Og(bee) and NpsOg(beer) is shifted between the U
and Np based dioxides. For Np;Og the two structures are
almost degenerate. As pointed out for NpOs, ., the high
oxication energy for NpsOg compared to UyOyg is a con-
sequence of the smaller gain in O-2p band energy relative
the An-5f delocalization energy, which in turn is due to
the cecreased separation of An-5f and O-2p orbitals in
NpOs compared to UO,. In order to verify that the de-
creased stability of NpyOyg is principally a band structure
effect and not due to the smaller volume of NpOsy com-



pared to UOs, we calculated the NpOs oxidation ther-
modynamics at the UOs lattice constant without finding
any significant changes. The charge transfer in NpQauss
benefits from high degree of hybridization to a larger ex-
tent than for UOq,,, which is the reason why NpOuay
ane NpgOg exhibit an even stronger preference for split
di-interstitial type of structures than UOgz., compounds.
NpOs., reveals a similar two-phase Held-as Uz, (see
Fig. -6} the increased negative curvature of the stability
suggests that the disordering temperature may be even
higher than for UOg4,.. Though, in this context we re-
call that according to the experimental phase diagram
NpOa..p is unstable or possibly meta-stable-with respect
to NpOs+NpaOst415 or NpOo+0,5115 According to
Ref. 15 the NpoOs oxidasion energy is -0.15 eV, which,
in relation to our calculated data, implies thut NpyOg
could exist as a stable compound. However, from U,0q
we also know that the LDAU calculations tend to over-
estimate the stability of oxidation products. If this over-
egtimation is of the same order of magnitude for NpyOg
as for Uy0s {0.6-0.7 eV), the stability of NpyOy iz al-
most identical to Np2Os. In both cases the oxidation
energy-is-close to 0 eV, implying that disassociation into
NpQOa+0; should take place already at immoderate tem-
peratures and for small changes in the oxvgen chemical
potential. These conclusions qualitatively agree with the
experimental analyses by Neck af ¢l.® and they are also
consistent with the difficulty of preparing NpOa by di-
rect oxidasion of NpOx!™. Moreover, since the oxidation
energies of Nps Qg and Np;Os are not very different, the
fluorite based NpOa... phase can probably be stabilized
by the addition of uranium.

Table II demonstrates that the properties of the PuyOg
compounds are quite different from the corresponding
uranium and neptunium compounds. PugQg{1-10) is the
structure of highest energy (this structure is low in en-
erav for UsOg and NpyOg) and PuyOs(111) is one of the
most stable structures (this structare is high in energy for
UiUg and NpyOg). PuyOsibee) is the most gtable com-
pound. There is also an octahedral interstitial structure
that is almost as stable as PusOg{bec), but this PugOg
structure includes an Oy molecular species that is cre-
sted from an octahedral interstitial oxygen ion and one
of'its nearest neighbor regular fluorite oxygen ion. The
0-0 bond distance for this molecular species is 1.43 A.
In our calculations, the Oz species constitute half of the
interstitinls and the other half acts as regular octahedral
interstitials. There is minimal charge transfer from pluto-
nium ions to the Os species, which makes it an uncharged
molecule rather than an OF or O3~ ion. The formation
of Os species lowers the energy by 0.46 eV comipured to
regular octehedral interstitials. The oxidation energy for
PuyOg is just below zero and PuOy should conseguently
be rather difficult to oxidize. This seems to correlate
with its unigue structural properties. We have already
concluded that the instability of PuOgy . follows from the
fact that in PuQOs the 5 orbitals completely overlap with
the O-2p band, implying that the Pu-5f to excess O-2p
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chavpe transter does not result in any significant gain in
harl energy, even if maxinmm hybridization is assumed.
Consequently, charge transfer must be muore difficult and
thix explains why the excess oxvgen ions arc nof able
to stiract two full clectrons frem the plutonium ions,
or more precisely attain the 0% valence state (see Sec.
IITAY, Analogous arguments partially hold for NpOagay,
but gince the Np-5f states are situated at the top of the
O-2p band charge transfer is still easier than for PuOgy,.
The incomplete charge transfer in PuQOs, {and NpOayy)
cresbesa hole tn the O-2p band (see Fig. 8), which from
a chemical polnt of view is unfavorable: The formation
of (v species within the lattice in part removes the O-2p
holeand separates the remaining states from the valence
bansd; thusexplaining the increased stability for this com-
ponitict. The most stable PuyOg(bee) compound exhibits
a high degree of hybridization and thus also yields high
plutanivm to excess oxygen charge transfer {i.e. valence
states of Put and O%7). There are still O-2p hole states
for PuyOslbee) but they are located within the band gap.
A% the same time the repulsive Coulomb contribution is
more efficiently handled for PusOg{bce) than for, e.g.,
Pug0e{1-10). Our calculations show that the relative
stabilities of PuQOa., structures are correlated with the
ability to separate the O-2p hole states from the valence
band and move them inte either the band gap or the
comchiction band. This conclusion is similar to the ob-
servation that the energy of PusOg{Oct.) decreases by
displacing the octahedral interstitial from its high sym-
metry position made by Prodan et al.??.

.. Hydrogen affinity of AnO:: ., and AnsOo

The PuO, oxidation thermodynamics presented in
the previous section partially contradict the findings by
Hasehke et al™®, who claimed to be able to oxidize
Pitla, . up to x==0.27. On the other hand our results
support failures to produce bulk PuOs. . from PuOs by
using pure oxygen as oxidation agent™. The fact that
Hugehke et ol used molst air as oxidation agent and
the fact that Conradson et al'® found PuOoy, to read-
ily incorporate HyO or its radiolysis products (e.g. OH")
in the laftice point to the critical role of these species
in the oxidation process. Neck et al” further empha-
sizeel the importance of HoO by, based on analogies to
Ui e, estimating anbydrous PuQaq.., to be unstable,
which disagrees with the oxidation mechanism proposed
by Haschke ¢f al ™8 Their estimated PuyOq oxidation
energy of 0,13 eV® is higher than the present calculations
{-01.14 ¢V}, though from UyOg we know that the LDA+U
caleiilations have a tendency to predict too negative oxi-
dation energies. Assuming the PuyOg error to be similar
to Liilds, e.g. 0.6-0.7 eV, we predict even more positive
oxiclation energies than Neck et al®, thus emphasizing
the endothenmic character of this reaction. On the other
hamid Neck et al. predicted hydrous PusOg (PuyOg as-
socinted with H20O) to have slightly negative oxidation



energy (-0.12 eV)®. These observations motivate us to
study oxidation thermodynamics based on absorption of
OH or H,0O in the AnO; lattice. This was achieved by
inserting hydrogen atoms into the 2 % 2 x 2 supercell that
contains a single oxygen interstitial. The hydrogen atoms
prefer to bind to the oxygen ion in the octahedral inter-
stitial position and align themselves in (111) directions,
which means that they are situated in-between two oxy-
gen ions but the distance to the octahedral oxygen ion
is shorter than to the regular fluorite ion. In the case
of HoO the two hydrogen atoms form an approximately
180° angle with the interstitial oxygen ion. Using sim-
ilar procedures as for the 2 x 2 x 2 cell we have also
studied AnyOg(OH), within the same cell as was used
for AnsOg(111). The oxidation energies are summarized
in Table II and they are also illustrated in Fig. 6. For
PuQOgq..,. the presence of OH™ species lowers the oxida-
tion energy significantly, in particular for PusOg(OH)s,
so that oxidation of PuQO, becomes an exothermic reac-
tion. The difference in oxidation energy between the OH
point defect in the 2 x 2 x 2 supercell and PuyOg(OH)»
indicates that there is a tendency to phase separate into
PuOz and PuyOg(OH)s domains. Measured against oxi-
dation based on OH™ species, absorption of HoO species
is less likely to occur; as an example the oxidation energ

of Pu()g(HgO)% is 0.48 ¢V. Our results suggest that ox-
idation of PuQOs requires the presence of HoO and its
radiolysis products in order to take place at any signifi-
cant rate. This would explain why Gouder et al. failed
to oxidize PuO, using pure oxygen as oxidation agent,
while Haschke et al. observed oxidation in moist air. The
lattice constant of PusOg(OH), exhibits a small expan-
sion, which agrees with the experimental observation by
Haschke et al.”. In this context we observe that UyOg(1-
10) and Np3Og(1-10) both contract by 0.01-0.02 A, which
again emphasizes the distinctive properties of PuOaqy ...
Experimentally, U4Og contracts by 0.03 A, measured as
an average for the 4 x 4 x 4 unit cell*®. The reason for
PuyOg(OH)s being the most stable oxidation product of
PuO; lies in the change of the band structure induced
by hydrogen. Fig. 8 illustrates how the orbitals of the
OH- species are situated about 0.50 eV below the main
0-2p band, which implies that the electron transferred
from plutonium to the OH™ species moves down from
the hybrydized O-2p-Pu-5f band to the OH band and
this results in a gain in the band encrgy, much like the
process for split di-interstitials in UOq4,. Also, the elec-
tron donated by hydrogen means that only one plutonium
electron needs to be transferred to achieve a filled O-2p
orbitals. In this context we recall that, due to the overlap
of the Pu-5f orbitals with the O-2p band, charge transfer
to the excess O-2p orbitals in PuOs,., is incomplete and
oxidation is unfavorable. The negative oxidation energies
of PusOg(OH)z and PuO2(OH), /35 are consistent with
the oxidation energy of -0.12 eV predicted by Neck et al.
for hydrous PuOs. Our experience from U Oq indicate
that we slightly overestimate the stability of oxidation
products and, consequently, we expect the oxidation en-
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FIG. 8: (Color online) Densitiy of states (DOS) and projected
density of states (PDOS) for PusOs with octahedral intersti-
tials (PusOa(Oct.)) and PusOs(OH)2. For the PusOo(Oct.)
structure we observe the O-2p hole states at the top of the
valence band. By introducing certain distortions to the oc-
tahedral PusOg structure, the O-2p hole states may sepa-
rate from the valence band and occupy position in the band
gap, which is a process that lowers the energy. The unoccu-
pied O-2p states at the top of the valence band disappear for
Puy0=(OH)> and instead the OH™ band appears below the
main O-2p band. The highest occupied state is at 0 eV.

ergy of PuyOg(OH)2 to increase (become less negative),
however even if the upper limit of the error for UsOq
is applied as correction (0.7 V) the oxidation energy of
PuyOg(OH)s stays (slightly) negative.

Even though the UOg(OH)i and U;05(OH), com-
pounds have negative oxidation energies, both are less
stable than the corresponding pure oxides and thus they
release any absorbed hydrogen, which agrees with estab-
lished oxidation thermodynamics of UOy%. U408(OH),
exhibits a similar OH™ band below the main O-2p band
as 'nyOs(OH)2. The fact that UOq. . does not attract
hydrogen means that the contribution from decreased
band energy due to O-2p hybridization is more impor-
tant. Notice that U;0g(OH)z is indeed more stable than
the U;09(Oct.) structure, for which hybridization effects
are small compared to the most stable UyO9 compounds.
The NpyOg(OH)o compound is slightly more stable than
NpsOg(bee). In qualitative agreement with this obser-
vation, Neck et al. estimated the oxidation energy of
hydrous NpOz to be negative, and thus somewhat lower
than for anhydrous NpO,®.

IV. CONCLUSIONS

The excess oxygen ions in hyperstoichiometric actinide
dioxides, AnOs., (An = U, Np or Pu), tend to form
clusters of interstitial oxygen ions and, using density
functional theory calculations, we have established the
so-called split di-interstitial, illustrated in Fig. 1, as



the tundamental building block of these defect clusters.
The most stable configuration constitutes two split di-
interstitials that are rotated 180° with respect to each
other, ag illustrated in Fig. 4. Our calculations demon-
srrate that the stability of these clusters ix an effect of the
increased hybridization between actinide ions and excess
oxygen fons that is enabled by their particular geome-
try, This hybridization competes with Coulomb repuslsion
among the An®* ions and among the 02 ions, which is a
contribution that favors structures based on regular octia-
hedral interstitials, and the emergence of the UO,-+11;0q
two-phase field is 2 manifestation of optimizing this bal-
ance. Moreover, we predict a new ground-state structure
for Uy Og that is based on a superstructure of split quad-
interstitials, which, alternatively, can be visualized as a
stacking of {111} planes that contain an ordered arrange-
ment of split di-interstitials,

Knowledge about the clustering patterns of excess oxy-
gen tong in-AnDaoy, I8 prevequisite for accurately assess-
ing, e.g., thermodynamic propérties and the insights ac-
quired from the present density functional theory calcu-
lationg thus allow us to model the oxidation thermody-
namies of U0,, NpOq and Pu0s within fluorite derived
structures. U0, exhibits strongly negative oxidation en-
ergy and reacts readily with oxygen, while NpOyg is signif-
feantly harder to oxidize and PuO, is predicted to have
positive, or just slightly negative, oxidation energy. The
degree of AnO, oxidation is a function of the position
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of the An-5F electrons relative the O-2p band. If these
states are situated above the O-2p band, oxidation eas-
ily oeeurs {10;), while the overlap of An-5f and O-2p
states in PuOs surpresses oxidation. Hydrolysis products
are able to-offset this effect and turn oxidation of PuO,
into an exothermic process, whichi is a very important ob-
servation.since it explains Tocent uncertainties regarding
the stability of PuOs oxidation products. Both NpOagy,
and PuOs,. have a high affinity for hydrogen, especially
compared to UOgs,. Following the trends for the posi-
tiow of the 5f electrons along thé actinide series we expect
that actinide dioxides to the left of UO, (Pa0s) should
oxidize-easily, while actinide oxides to the right of PuOs,
should be very hard to oxidize.
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