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tween the delocalization energ1' of Np-S f electrons (Np4+ 
----; Np5+ ) and the eIlergy of these electrons occupying 
the (hybridized) 0-2p band decreases compared to ·Oz. 
Thi. effect is even stronger fo r Pu02+x aIld , in fact, the 
Pu4+ to excess oxygen charge tran,;fer may result in in­
creas ing band energy. Fig. :3 shows the change in band 
structure between U02, Np02 and PuOz. We note tha t 
the shift in the separation of the 0-2p aJld 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 oxida tion energy and as the An-5f 
states move down below the main 0 -2p band edge oxi­
dation uecOlue,; more difficult (shorter " left. " arrow and 
arrow pOinted to the right in Fig. :3). Qualitatively, upon 
oxidation the An-Sf electrons move to the top of the 
0-2p band and, consequently, their relative position is 
closely related to the oxidation thermodynamics, via the 
band eIlergy. 'Ve remark that this picture corresponds 
to maximum gain in band energy and , a.: we have seell 
in Fig. 2, the real band structure for U02+.c is some­
what more complicated but, qualitatively, he concept 
prc,.·ented above is still valid. An immediate consequence 
of t his band structure effect is tha t the eXCf\SS oxygen 
ions in PuOz+x exhibits a different valence state than 
for UOz+", . Analyses of spin densities reveal that excess 
oxyg n ions in UOz+", act as 0 2-, while the correspond­
ing sta te for PuOz+x is 0(2- 8) -, where 0 < {; < O.S and 
th exact {; value is structure dependent. (; values close 
to 0 correspond to split eli-interstitial structures and the 
higher valurs to structures based on regular octahedral 
int.crstitiais, i. e. the higher degree of hybridization for 
split di-interstitirlis facilitates higher valence but com­
pared to U02+;I; this process is s till incomplete. The 
charge-compensating plutonium iOIlS also deviate from 
the pentavalent state of U5+ ions anel exhibit a partially 
reduced valency_ All together this indicates that com­
plete charge transfer between localized Pu-Sf and exc ~I' 

0 -2p orbitals is not favourable. Here, and also in the re­
majnder of this paper , charge transfer refers to delocal­
izing one electron from the 5f orbitals and allowing it to 
participat.e in An-O bonding, which, as discussed above, 
includes both charge transfer and hybridization. T he va­
lence sta s in NpOz+;" suggest that it should be dassified 
in the same category as Pll02+x , but with smaller I) val­
U8S , which is consistent with the occupied Np-Sf states 
being situated at the top of the 0-2p band and thus in­
betw en the position of the occupied U-Sf ;'ild Pu-5f 
orbitals. The fac t that charge transfer is incomplete in 
PuOz+ x anel NpOz+ x creates a hole in the 0-2p band , 
which, from a chemical point. of view, is unfavorable and, 
as discussed in Secs. III C and III D, this has important 
consequences for the oxidation therrnodynamiC:s. 

The band structure concepts presented above will 
be used as basis for the forthcoming eliscussion of 
An02+x/ An40g struct ures and their thermodynamic 
sta bili ty. 
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FIG. 1.: (Color onliue) Id ee li zed schematics of the structure of 
thl! Iludistorted (I f, lower case letters) and split (I{', upper 
ca.~ (1 1 (· tters) di-interstitial structures . The cubes represent t.he 
simplp-cubic oxygen sublattice; for clarity, uranium ions a.re 
not. sllown. The Ii) structure has two oxygen interstitials (a 
and ") in octahedral interstitial sites in the lattice, while the 
remaining oxygen at oms remain in more or less perfect lattice 
si tes. The I{ st.ructure constitutes an equiaxed/equil a.tera1 
triangle that is situated on top of an empt.y regular fluorite 
lattice oxygen site. 
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FIG. 2: (Color online) Dellsitiy of states (DOS) and projected 
uensity of states (PDOS) for V 4 0 9 constructed from an or­
dered a.rrangement of split di-interst it ials, V4 0 g(1-lO), and 
oct alLF-dral interstitials, V 4 0g (Oct.). Notice that the V-5f- 0-
2p gnp rcmaj ns for the octahedral interstiti al structure, while 
for t h(' split di-int r~tit ia.l structure the 0-2p st ates overlap­
pinp; with V- ,Sf peak ill the octahedral structure moves down 
to ovrrlap with the main 0 -2p band. There is also u. small 
dmn.l\vard shift of some of the occupied "C-5f states. Mom· 
ovrr , the (valence-conduction) band ga.p decreases by ~ O.4G 
eV i( lf the split di-interstitial structures , as compared to oc­
t a.hedral interstitia ls. The highest occupied state is at 0 eV. 
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FIG. 3: (Color online) The band structure of U02, Np02 
and PU02. The position of the An-5f bands is shown in 
dashed lines, including both localized states and states that 
are hyhridized with the 0-2p band. The arrowti indicate the 
separation of the localized An-5f stat.es and the 0-2p baJlds. 
In particular for Np02 and PU02 this measure is qualitat.ive, 
since the An-Sf and 0-2p bands exhibit strong hybridization. 
The high st occupied state i at 0 eV. 

B. New geometries and stabilities of oxygen 
clusters in An02-1:c 

1. Uranium dioxide 

Table II sumrnarizes the oxidation energies (titabilities) 
of di-interstitial defect clusters in UOZT;J', Np02+x 8.nd 
Pu02+x (for now we focus on di-iIlter::;titi als, h, and ig-
110re other da.ta. in Table II). The U0 2+:t. data is par­
tia.lly reproduced from R.ef. 46. Comparing the results 
for NpOz+:c and PU02+x with U02+x , the main con­
clusion is that the oxidation energies for NpOz+x and 
PU02+x are much less negative and, as a result , pOz 
and PU02 should be more difficult to oxidize. PuOux is 
even predicted to have positive oxida tion energy, which 
implies that PU02 should not react with 02, unless an­
other lower energy reaction path is available (discussed 
in Secs. III C and III D). The observed U02, Np02 and 
PU02 equence of increasing oxidation energies corrdates 
with the chang(~ in the position of the An-:if orbitals com­
pared to the 0-2p band between U02, KpOz and PU02. 
T he associated decreased gain in 0-2p band energy rela­
tive to the 5 f ddocalization energy explains the high ox­
idation energy for Np02+x and PU02+T' T he stability of 
split di-interstitials and regular octahedral interstitials is 
switched between Np02+x and U02+,. This trend is fur­
ther strengthened for Pu02+x, In all cases, the explicit 
disloca.tio~ of a fluorite oxygen ion in I~ to form If is 
accompanied by su bstantiallowering of the cllergy, which 
follows from the increased hybridization of excess 0-2p 
orbitals (ga.in in band energy) that is facilitated by this 
structural distortion. For 1102+x the oxidation energy of 
a single oxygen interstitial in the 2 x 2 x 2 supercell (h) is 
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lmwf than for di-interstitial clusters, which means that in 
the d ilute limit the binding energy for any di-interstitial 
clust.n is negative and they should thus dissolve. This 
energy balance is an effect of the aforementioned com­
petit ion between Coulomb repulSion among ions and hy­
bridization. In the low oxygen concentration regime the 
former contribution dominates over the latter . 

T he cubo-octahedron cluster (If) proposed for 
U O2+ 0; lO . ll 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 
stabili ty we have studied a single cubo-octahedral cluster 
ernbe lded in the 2 x 2 x 2 supercell and , for comparison, 
we ha.ve also studied clusters composed of two split di­
intf~ rstitials, hereby denoted split quad-interstitial (I{), 
as \\,('ll as four octahedral interstitia-Is homogeneously dis­
tri h Ited within the 2 x 2 x 2 supercell (1;[;). The geometry 
of the split quad-interstitial is dcpicted in Fig. 4 and fur­
ther discussed below. The stabilities (oxidation energies) 
of these structures are collected in Table II (labeled as 
14). The split quad-interstitial is the most stable con­
figu ra tion, followed by the cubo-octahedron cluster and 
bot h of them are more stable than the st.ructure based on 
reg ular octahedral interstitials. The key electronic struc­
tUlT difference between the split quad- and octahedral­
interstitial structures is that the form er enables efficient 
0-2p hybridization for the excess ions and thus lowers 
the bn.nd energy, in the same way as for the split di­
interstitial structures, while the latter pins the excess 0-
2p st.ates at the Fermi level and, as a result, does not al­
low t. he same lowering of the band energy. We recall that, 
com petTed to split di-interstitials, octahedral interstitial 
s trud.ures benefit from lower Coulomb repulsion among 
ione:. However, unlike the split di-interstitial/octahedral 
inters t itial balance in the low-collcen ration ra Ilge (15.'( vs. 
If ), for the intermediate oxygen concentration range the 
gain in band energy due to hybridization outweighs the 
inCf< ',ISe in Coulomb repulsion to clearly favor split quad­
int(Tst.itia ls over seperated octahedral interstitials (1{ 
vs . I~) . T he oxidation energy of split quad-interstitials 
is lower than for split di-illterstitials, which means that 
the .plit quad-interstitial is a bouud state of two split di­
int(' rAitia ls (0.37 eV per split quad-interstitial cluster). 
The high s tability 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 
resp(~('t to single interstitials in the dilu te limit is still neg­
atiw by a small amount (0.10 eV /split quad-interstitial). 
Thi. ' suggests that the split. quad-interstitial cluster may 
breFtk up in the low oxygen concentratioll regime, but 
shonJd be stable for intermediate and high oxygen con­
cent rations. The geometry of the most stable split quad­
inters ti tial configuration is such that the two split di­
int.ers titial" are a ligned along the [0.5 0 0] lat tice vector 
and TO ated 1800 with respect to each other (see Fig. 4). 
The ('ubo-octahedron structure sllares some of the elec­
tronic structure features with the split qllad-interstitials, 
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An32 06.S (h) An32 0 66 (Ig) An:J2 066 (II ) An3Z0 r,r, (I{) AnJ2Olj8(I{) An.n 0 6S (If) 

ua.. -2.45 -2.13 - 236 - 2.33 -2.42 - 2.22 

Np02 -0.15 0.16 -0.16 -017 - 0 31 -0.18 

PU02 0.79 107 0.13 0.45 007 0.04 

An:12 Ocs ( I~· ) An 4 Og(Oct.) An 409(111o) An40 9( 1l1) An4 0 9(1-1O) An.JOn(bcc:) 

U02 -2.2.5 -1.86 [- 0.05 AJ -2.05 [-0.03 AI - 2. 11 [-0.01 AJ -2.25 [- 0.02 AJ - 2.47 

Np02 N/A 0.39 (-0.37) [0.01 A] -0.18 [-0.01 AJ -0.22 [-0.01 A] -0.56 [-001 A] -0. 79 

PU02 N/ A 0.34 (-0.13) [0.03 A] 0.00 [0.02 A] 0.13 fOOl A] 0.46 [-0 .01 A] - 0. 14 

An 4 Og(bc:cr) An~09(Cubo) An02(H20)..L 
Tl 

An02(OH)..L 
'~',2 

An40S(OHh 

UOz -2 57 - 2. 13 N/A - 2.22 -196 [0.03 AJ 
NpOz -0.75 N/ A N/A -0.70 - 0.84 [0 .03 A) 
PU02 - 0.09 N/A 0.48 - 0.06 -0.71 [0 .03 A] 

TABLE II : The oxidation energ.)' for various defects in An02+x, differC'lltiy ordered An4 0 g compounds and hydrogen-containing 
An02+x/ An4 09 compounds. The ty pe of defect and defect ordering is indicated within parenthesis, e.g. Anl2 0 65 (II ) for one 
single interstitial in the 2 x 2 x 2 supercell. See t e..xt for labeling. The values within parenthesis for Pu"O!J (Oct.) and Np4 0g(Oct.) 
correspond to an octahed ral interstitia l compound that contains 02 species (sec text). All energies are in eV and measured 
p r exces: oxygen ion. For the small unit cells, the values within ora.ckets represent the change in lattice parameter (in A) 
compared AnOz (volume relaxation was not performed for the case.,; where this number is missing). N/ A desigl1ates 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. Neptuni'um and Plutonium dioxides 

According to the h and If oxidation energies in Table 
II, for Np02+x the binding energy of spit di-interstitials 
is Il .gative and , as for UOH x, this defect should thus 
be unstable for small x. For PU02+:c the binding en­
ergy is posi tive, indicat.ing a shift in the balance between 
hybridization energy and Coulomb repulsion, which sta­
bilizes clusters over isolated interstitials. Table II also 
contains the stability of split quad-interstitial clusters 
and separated octahedral iuterstitials in Np02+x and 
PU02+x. The Np02+x results confirm the trends for 
U02+x , in the sense that the split quad-interstitial is 
predicted to be the most stable state. For PUOHo: the 
structures exhibit rather similar energies. Compared to 
U02+x, the oxidation energy of spli t quad-interstitials 
remain high for both Np02+x and Pu02+x, 

C. Ordering of oxygen clusters in An4 0g 

1. Uranium dioxide 

Below 500-1400 K U02+~' phase separates into U02 
( 02+x) and ordered 409 (U4 0 9_y)110 The temper­
ature at which the two-phase field transforms into a solid 
solution is a strong function of compositionl. lO . 40 9 
is envisioned to be an ordered arrangement of the oxy-

FIG. 4: (Color on line) Idealized schematics of the split quad­
int Prstitiai (I4X). The eu bes represent the simple-cubic oxy­
gen slIblattice; for clarity, uranium ions are Bot shown . The 
clasllrrl lines indicate the particular· cube diagonals, along 
wh id , the interstitial and regular oxygen iOlls that belong to 
the defect cluster are displa.ced. The two split di-illterstitials 
that. lIlake up the quad-ilJterstitial arc highlighted by A and 
B, i f' pectively. The paraJlellogTam formed by the adjoining 
ba.,*, lines of the two split di-in terst itials is outlined. 

gen ddects/clusters in U0 2+y • Early neutron diffraction 
experiments indicated that Uq 0 9 should be described 
within a 4 x 4 x 4 expansion of the conventional fluo­
rite unit cell and Allen et al. 49 proposed an ordered a1-

rangr.ment of 2:2:2 clusters along the [1-1 01 la ttice vec­
tor, or equivalent directions. This model was later re­
ject('d due to incompatibilities with neutron diffraction 
data lO.21 . The most recent <\ 0 9 (U<\ Og_y) structure 
model is an intricate arrangement of the cubo-octahedron 
clnst.(~ rs within the 4 x 4 x 4 unit cell ll . 

P ruceeding from the ground-sta tE' configura.tions of the 
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FIG. 5: T (Color online) a) The hexagonal pattern of oxygen ions in a {lll} plane of the U02 fluorite lattice. b), c) and d) 
illustrate the ordering of split di-interstitials (green/light) in {Ill} planes for b) U4 0 9 (1l1), c) U4 0 0(1-10) and d) U4 0 g (bcc). 
Viewed along the {Ill} direction, the fluorit(" lattice is composed of the '- -0-0- -O-O-U-O-O-U-O-O-' sequence of uranium 
and oxygen planes. In a), b), c) and d) the red/dark '0' character symbolizes a regular oxygen plane and the green/light 
'0' character symbolizes an oxygen plane that contains excess oxyg(_·Jl 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 II, we emphasize the 
stabilizing contribution from the covalent bonding (hy­
bridiza tion) in split di-interstitial type of defects and, ad­
ditionally, the fact that distributing such defects among 
several planes (compare for example U4 0 9 (bee) and 

409 (111)) and maximizing the intra-planar separation 
of split di-illterstitials (compare for example U4 Og (bcc) 
and U4 0 9 (1-lO) ) lowers the contribution from Coulomb 
repulsion among ions. Fig. 6 demonstrates that our 
calcula tions predict a U02-U4 0 9 two-phc1sc field at low 
tempera ture, which is in agreement with experimental 
findings1,IO. This two-phase field only emerges when 
the U4 0 g (bcc) or U4 0 g (bccr) structmes are taken into 
account and this emphasizes the strong infiuellcc that 
c1ustering/co-operativity has on the U0 2+x phase di­
agram . The most negat ive U02-t:c oxidation energies 
are obtained for regular oct.ahedral interstitia-Is 8.t low 
oxyg Il coneen rat ions (large separation between illter­
stitials and small contribution from Coulomb repulsion) 
alld the U 409 (bee) /U 409 (bccr) structures (high degree 
of hybridization). For low x, minimizing Coulomb re­
pulsion among ions dominates over hybridization (octa­
hedral intersti tials, 17,";, are more stable than split di­
illterstitials, Iii), while, for increasing x, 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-inters t.itial type 
st.ructures. T he most efficient way of achieving this bal­
ance is to phase separate into U02 , or U0 2 +:r with low 
x, and the U4 0 g (bcc) / U4 0 g (bccr) structures, a r ac tion 
which simultaneously minimizes Coulomb repulsion and 
maximizes hybridization. This mechanism is the under­
lying driving force for the U O2+0:- 409 pha.c:;e separa­
tion observed in experiments. For U4 0 g (111), U4 0 g (bcc) 
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FIG . Ii (Color online) The ~tability (E) of U02-l- '" , Np02+x 
and P U021 :c , measured relative to An02 and 02 (oxidation 
ener!!..,,). The numbers repretient the most. 5table configura­
tion [or each composition. We have also indud d hydrogen­
containing compounds. Phase separation follows if the oxida­
t.iOIJ ('Ilergies exhibit negative curvature. For example this is 
evidputly the case for U021-", and since the U4 0 g compound 
ha." t ue most negative oxidation energ;y the low t.emperature 
equilibrium must involve U0 2-U4 0 9. 

and U4 0 g (bccr), the {lll} in-plane patterns of split di­
ink rf' t itiais are similar to the ordering of triangular oxy­
gen clllsters that W eL,) obtained by Campbell and Ellis 
fro nl LEED measurements of the surface structure in 
oxidized 0 2

52 ,53 , thus supporting the pivotal !'Ole of 
the spli t. di/quad-interstitial as the fundamental building 
blor k in U0 2+x . Some discrepancies still exist between 
the pa t terns in Fig. 5 and Refs. G2,53, above all the de­
taiktl ordering pattern in Refs. 52,53 is unclear, which, 



in our model, would translate into uncertainties rcg(\J'd­
ing the ordering of split quad-intersti tials. 

The U4 0g structures based on cubo-octahedron clus­
ters within the 2 x 2 x 2 cell are not as stable as 

"Og(bcc)/U4 0 g(bccr). The U4 0 g(Cubo) oxidation en­
ergy is -2.13 eV compared to -2. 57 eV for U4 0 9 (bccr). 
This contradicts the established experimental U 409 
structure modellO,Il , which favors an ordering pattern 
based on cubo-octahedrons, as an alternative we propose 
that the low-temperature U4 0 9 compound constitutes an 
ordered array of split quad /di- interst.itial clusters, possi­
bly arranged as in the U4 0 g(bccr) model compound. 

The experimental oxidation energy for Utl Og is::::; -l.8 
e v54, which is notably higher (les, negative) than the 
calculatE!d value of -2.57 eV for 40 g(bc "1"). This dis­
crepancy may be partially due to uncertainties ill the 
choice of the Hubbard U parameter and/ or the exchallge­
correla tion potential. Test calculations using GGA+U 
with U = 3.5 and J = 0.35 eV give an oxidation energy 
of -l.94 eV for U40 g(bccr), which agrees better with ex­
periments. The GGA+U U02 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 409 compounds 
within GGA+U are U4 0'l(Oct.) (-0.79 eV), U4 0 g (111) 
(-l.47 eV), 409 (1-10) (-l.63 eV), U40g(bcc) (-1.90 eV) 
and U4 0 g(bccr) (-1.94 eV), which is the sarne stability 
sequence as obtained for LDA+U and even the stabil­
ity differences are rather similar ( 4 Og( Oct.) deviates 
slightly from this conclusion). From this we conclude 
that even though the current LDA+U functional overes­
timates the oxidation energy of 02+,,; by 0.6-0 .7 eV, this 
shift seems to be rather constant and, most important.ly, 
t.his implies that the rela tive defect stabilities, and thus 
also the proposed ordering patterns, should be reliable. 

In U0 2 there is a single U-O distance of 2.36 A (for the 
calculated lattice con::;tant.) , but oxidation of U02 creates 
a distribution of U-O bond lengths. For U40 9(Oct .), 
the calculations prf'dict the nearest neighbor U-O bond 
length to be 2.20 A. and this is largely achieved by 
displacing the fluorite 'oxygen ions whi le the uranium 
sublattice r 'mains (~ssentiCllly intact. For the split di­
interstitial U4 0g compounds there is obviously H signif".. 
icant displacement of the oxygen sublattice, but, unlike 
the U4 0 9(Oct.) compound, there is also an accompany­
ing distortion of the ura.nium sublattice. Fig. 7 illustrates 
these properties ill terms of the uranium radial distribu­
tioll function for U40g(Oct.) and U4 0g(bccr). Similar 
arguments also hold for point defect.s based on octahedral 
interstitials and split di-interstitials. EXAFS measure­
ments by Comadson et al. have provided new infonna­
tion about the local structure in U02+x compounds32

. 

l'vlost notably they predict very short oxo-type of TT-O 
bonds (l.74 Aj32. Fig. 7 compares the radial distri­
bution function, g(r), from the U4 0 9 structure models 
that are used in the prec'ent work with g(r) derived from 
EXAFS measurements32 Qualitatively, the U4 0 g (bccr) 
structure model reproduces the broad distributiOll of U-

10 

-- U02.08 

-- U02.20 

- U40 9 (Oct) 
-- U40 9 (beer) 

1.5 2.0 2.5 3.0 3.5 4.0 
R (A) 

FIG. 7: (Color online) The uranium paItial radial distribution 
functioIl, g(r), calculated from U4 0g(bccr) and 409(Oct.) 
a.nd compared to g(r) from EXAFS nlC'asur rnents on two dif­
fere'll t UOl i '" samples32 The U-O and U- labels (dotted 
vert ical lines) indicate the bond distances in U02. 

o bouds between 2.15 and 2.75 A. The short U-O (2.1-
2.2 A) distances obtained from the structure models pro­
posee! here uniquely originat.e from U5+ _0 2- 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
nat.!' from domains, interfaces or surfaces where the reg­
ular fluorite structure breaks down. 

2. Neptunium and Plutonium dioxides 

Tbe ordering patterns es tablished above for U4 0 9 

ha\T also been applied to the neptunium and pluto­
niUlll based oxides. The corresponding stabilities are 
colkcted in Table II. p4 0 g exhibits a.lmost the SClme 
seqllf'l1ce of ordered compounds as U40 9 , though over­
all 1he oxida.tion energy increases signific<llltly and the 
Np409 (Oct.) structure is even unsta.ble. However, its 
staiJility can be increased considerably (0.76 eV) by al­
lowing half of the octahedral illterstitials to form molec­
ular O2 species with regular fluorite oxygen iOIlS (fur­
ther discussed for PU409)' The relative stability of 
Np40g(bcc) and Np4 0 g(bccr) is shifted between the U 
and "\Tp based dioxides. For P4 09 the two structures are 
almos t; degenerate. As pointed out for Np02+x, the high 
oxidat ion energ-y for Np4 0g compared to U40 9 is a COIl­
s Cj Ul' tlce of the smaller gain in 0-2p band energy relative 
the An-5f delocalization energy, which in turn is due to 
the d(~creased separation of An-5f and 0-2p orbitals iII 
Np02 compared to U0 2 . III order to verifY that the de­
creased stability of Np40g is principally a band structure 
effed and not due to the smaller volume of Np02 com-
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energy (-0.12 e V)5 These observations motivate us to 
::;tudy oxidation thermodynamics based on absorption of 
OH- or H20 in the An02 lattice. This was achieved by 
inserting hydrogen atoms into the 2 x 2 x 2 superceU that 
contains a single oxygen interstitial. The hydrogen at.oms 
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 bu t the distance to the octahedral oxygen ion 
i::; "horter than to the regular fluorite ion. In the case 
of H20 the two hydrogen atoms form an approximately 
1800 angle with the interst.itial oxygen ion. Using sim­
ilar procedures as for the 2 x 2 x 2 cell we have also 
studied An40S( OHh \vithin the same cell as was used 
for Ail40g(1l1). The oxidation energies are summarized 
in Table II and they are also illustrated in Fig. 6. For 
PU02+," the presence of OH- species lowers the oxida­
tion energy significantly, in particular for PU40s(OHh, 
so that oxidation of PU02 becomes an exothermic reac­
tion. T he difference in oxidation energy between the OH­
point defect in the 2 x 2 x 2 supercell and Pu40s(OHh 
incli ates that there is a tendency to phase separate into 
PU02 and Pu40s(OHh domains. lVleasured against oxi­
dation based on OH- species, absorption of H20 species 
is less likely to occur; as an example the oxidation energy 
of Pu02(H20)~ is 0.48 eV. Our results suggest that ox­
idat.ion of PU02 requires the presence of H20 and its 
radiolysis products in order to take place at any signifi­
cant rate. This would explain why Gouder et al. 56 failed 
to oxidize PU02 using pure oxygen as oxidation agent , 
while Haschke et al. observed oxidation in moist air. The 
lattice constant of PU40s(OHh exhibits a small expan­
sion, which agrees with the experimental observation by 
Has hke et al.7 In this context we observe that U40 g(l-
10) and Np40g(I-1O) both contract by 0.01-0.02 A, which 
again emphasizes the distinctive properties of PU021 'c ' 

xperimentally, U40 9 contracts by 0.03 A, measured as 
an average for the 4 x 4 x 4 unit cell 10 . T he 1'ea.'3OI1 for 
PU40s(OHh being the most stable oxidation product of 
P U02 lies in the change of the band structure iIlduced 
by hydrogen. Fig. 8 illustrates how the orbitals of the 
OH- spe ies are situat.ed about 0.50 eV below the main 
0 -2p hand, which implies that the electron transferred 
from plutonium to the OH- species moves down from 
the hybrydiz.eel 0-2p- Pu-5f band to the OH band and 
this results in a gain in the band energy, much like the 
process for split di-interstitials in UU2+x . Also, the elec­
tron donated by hydrogen means that only one plutonium 
electron needs t.o be transferred to achieve a filled 0-2p 
orbitals. In this context we recall that, due to the overlap 
of the Pu-5f orbitals with the 0-2p band, charge transfer 
to the excess 0-2p orbitals in PU02+x is incomplete and 
oxidation is unfavorable. The negative oxidation energies 
of PU40s(OHh and Pu02(OHh /32 are consistent with 
the oxidation energy of -0.12 eV predicted by Neck et al. 
for hydrous PU02. Our experience from U4 0 9 indicate 
that we slightly overestimate the stability of oxidation 
products and , consequently, we expect the oxidation en-

1Il 
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- Tot. PU 40 9(Oct.) 
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·20 +------+------+------tl~~--+-----_+_---'" 
·8 ·6 -4 ·2 o 

E reV] 

12 

FIG . R: (Color online) Densitiy of sta.tes (DOS) a.nd projected 
densi ty of states (PDOS) for PU1 0g with octahedral intersti­
tials (P IL10,, (Oct.» and Pu1 0 s(OHh. For the PU4 0g(Oct .) 
st ruct ure we observe the 0-2p hole states at the top of the 
valf'[]('c band. By introd ueing certaiu distortions to the oc­
talwdra.l PU 4 0g structure, the 0-2p hole states ma.y sepa­
ratE' from the valence band alld occupy position in the band 
gap, which is a process that lowers the energy. The unoccu­
pied 0 -2p states at the top of the valence band disappear for 
PU'I 0 , (OHh and instead the OH- band appears below the 
mai n 0-2p band The highest occupied state is at 0 e\!. 

ergy of PU408(OHh to increase (become les. negative), 
however even if the upper limit of t.he error for U4 0g 
is applied as correction (0.7 eV) the oxidation energy of 
PU4()il(OH)2 stays (slightly) negative. 

E ven though the U02(OH)3\i and U40s(OHh com­
pounds have negative oxidation energies, both are less 
st'tblc tllan the corresponding pure oxides and thus they 
rekH.<';c any absorbed hydrogen, which agrees with estab­
lislwd oxidation thermodynamics of U024 . U4 0t!(OHh 
exhil.its a similar OH- baJld below the main 0-2p band 
as P n"Os(OHh. The fact that O2 -,£ does not attract 
hydrogen means that the cont.ri bution from decreased 
band ~ nergy due to 0 -2p hybridization is more impor­
tallt. otice that U4 0s(OHh is indeed more stable than 
the C"Og(Oct.) structure, for which hybridization effects 
are small compared to the most stable U40 9 compounds . 
Thn Np40S(OH h compound is slightly more stable than 
Np4 0q(Gcc). In qua.litative agreement with this obser­
vatioll , Neck et al. es timated the oxidation energy of 
hydrous Np02 to be negat.ive, anel thus somewhat lower 
thall for anhydrous N p0 2 5 . 

IV. CONCLUSIONS 

The excess oxygen ions in hyperstoichiornetric actinide 
diOxides, An02+x (An = U, Np or Pu), tend to form 
clu.tcrs of interstitial oxygen ions and, usi.ng density 
fun ctional theory calculations, we have established the 
so-call 1 split eli-interstitial, illustrated in Fig. 1, as 
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