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Theoretical investigation of charged vacancies and clusters in UXO, (X=La, Ce, Pu,
Am)

J. Bouchet and R. M. Dianzinga and G. Jomard
CEA, DES, IRESNE, DEC, SESC, LM2C, F-13108 Saint-Paul-Lez-Durance, France

We present our ab-initio study of UXO2 (X=La, Ce, Pu, Am) compounds. Depending of the ion-
ization of the associated element, trivalent or tetravalent, either uranium stays tetravalent as in UO2
either it is pentavalent to compensate the charge. We study the evolution of the lattice parameter
as a function of X centent and in the presence of oxygen vacancies. We also calculate the formation
energies of several vacancy defects and show that depending of the ionic state of X the most stable
charge state can be either positive (tetravalent: Ce, Pu) or negative (trivalent: La, Am). We also
consider the positron lifetime in the presence of these vacancies and we show that it is almost inde-
pendent of the doping element and its amount. For uranium vacancies the positron is always trapped
while for oxygen vacancies the trapping seems to depend of the surrounding cation oxidation states.
Finally we show that different defects have similar positron lifetimes, resulting in extremely difficult
defect identification with dedicated experimental studies as the positron annihilation spectroscopy.

I. INTRODUCTION

Uranium dioxide and (U, Pu)O2 mixed oxide with a
Pu content of around 10% are the most widely used fuel
material in fission reactors. During its burn-up, 2?°U fis-
sion causes introduces fission products (FP) leading to
chemical evolution and to a new complex material con-
taining up to about 10 % of plutonium and minor ac-
tinides and 10-30 % of FP depending on the initial com-
position of the fuel and its burning time. At the same
time, the fission of actinide nuclei causes the creation of
large amounts of defects (vacancies, interstitial oxygens,
bubbles, and dislocation loops), which could create local
non-stoichiometric domains in the matrix. Understand
the interplay between the FPs and the generated defects
is one of the most important challenge in nuclear indus-
try for the reactors performance and safety but also for
the long term storage of spent fuels.

Among the elements produced either by fission or neu-
tron capture, some are isovalent with uranium (as Pu
or Ce) while others are aliovalent (as most of the lan-
thanides or some actinides like Am). The substitution
of U by another cation of lower valence induces a deficit
of charge that can be compensate either by a valence
increase of uranium atom to UY* or the formation of
oxygen vacancy. The first mechanism was recently as-
sessed as the major one in stoichiometric U;_,La,O2[1]
using complementary experimental techniques, with the
conclusion that UVT is formed in quasi-equimolar propor-
tion as La!'™ and the fluorite structure is maintained de-
spite the cationic substitution. But the variations of the
oxygen content, often designated as the oxygen-to-metal
(O/M) ratio could restore the neutral charge for other
element. From a structural point of view, these (O/M)
variations can lead to structural transitions from the flu-
orite structure, which is the case for some end members
of the (U,X)O4 systems, such as PusOs, AmsOs. The
(O/M) ratio is a strong driver of nuclear fuel proper-
ties and ultimately of reactor performanceand safety. An
accurate determination of the oxygen stoichiometry of

mixed oxides UlyMyO2+x is hence crucial, along with a
detailed understanding of the nature of the charge com-
pensating defects and their effects on the local structure.

UO2 and mixed oxides have been extensively exper-
imentally studied with numerous techniques like X-ray
diffraction (XRD) for the structural parameters or X-ray
absorption spectrocopy (XAS) to explore the electronic
and local environments of the different atoms. One of
the experimental techniques permitting the investigation
of vacancy defects created by irradiation is positron an-
nihilation spectroscopy (PAS). Neutral or negative va-
cancies can trap positrons and changes the lifetime of
positrons compared to the bulk material. PAS was ap-
plied on UO3[2-4] and calculations were performed to
assist the interpretation of the results[4].

Since experimental studies are particularly technically
challenging and costly on actinide-bearing materials, the-
oretical studies are required to complement them and
give some insight on the underlying phenomena. To this
end, density functional theory (DFT) is the method of
choice, but a special treatment is required to take into
account the strong correlations between the f electrons.
Among these treatments, the DFT4U[5] method has
shown great success without an increase of the computa-
tional time.

UQO2 have been extensively studied with atomic cal-
culations as DFT+U[5-16] or empirical potentials[17—
24]. PuO;z have also been investigated with DFT+U
calculations[25] and more recently, CeO2[26] and
AmO5[27]. Several structural and defect properties of
LayO3 have been calculated[28] and do not require a
+U treatment since there is no f electron in La. Cal-
culations on mixed oxides are scarcer and have only
been performed in the past few years with DFT. This
is due to the fact that they require larger computational
resources to reproduce the chemical disorder by using
large enough supercells. Structural and electronic prop-
erties of uranium-plutonium and americium mixed ox-
ides have been studied by DET++U[29, 30], but the de-
fect properties were not investigated (except for the oxy-



gen monovacancy in (U,Am)Os). (U,Ce)Os. The cation
charge states and formation enthalpies were studied with
DFT+U in U-La and U-Ce mixed oxides but with small
supercells[31, 32].

Here we propose a comparative theoretical study of
several mixed oxides (U,X)Oy with X=La, Ce, Pu, Am,
to understand the differences and similarities of UO5
doped with trivalent and tetravalent elements in the pres-
ence of vacancies and for structural and energetic prop-
erties. First we examine the effect of the doping on the
structural parameter of the fluorite structure with and
without oxygen vacancies and we compare our results
with experimental values obtained with X-ray diffraction.
Then we calculate the formation energies of several va-
cancy defects and their associated positron lifetime.

This paper is organized as follows: in the next session
we will carefully present and discuss the different aspects
of the methodology that we use to calculate the electronic
structure of the (U,X)Os compounds, the formation en-
ergy of various vacancies and the positron lifetime as-
sociated to those point defects, then we will present the
results and discuss the differences between the considered
compounds before giving a conclusion.

II. COMPUTATIONAL SCHEME

A. Computational parameters

Ab initio simulations were performed using the
ABINIT package[33-35] in the framework of the Pro-
jector Augmented Wave (PAW) method[36, 37] and by
means of the generalized gradient approximation (GGA)
according to the parametrization of Perdew, Burke and
Ernzerhof (PBE) for the exchange-correlation energy and
potential [38]. Results are obtained using a plane-wave
cutoff energy equal to 600 eV. According to our conver-
gence tests, this input parameter lead to a precision lower
than 1 meV per atom for energy differences. 96 atoms
supercells (2 x 2 x 2) are used. The calculations are
done on a 2 x 2 X 2 k-points mesh generated by the
Monkhorst—Pack[39] method, which is sufficient for an
energy convergence less than 0.3 meV per atom. As in
other studies on these systems[27, 29, 30] we neglect the
spin-orbit coupling (SOC). Firstly because the additional
computational time would prevent the use of supercells
sufficiently large for an accurate description of disorder
and defects and secondly because it has been shown that
SOC have a negligible impact on the ground state and
defect properties. Moreover, to simulate magnetism, we
used the longitudinal 1k AFM order which, without in-
cluding SOC, is more stable than the transverse 3k AFM
order[27, 29].

TABLE 1. U and J parameters used in the GGA+U calcula-
tions for the different cations studied here.

cation U (eV) J (eV)
La 0.0 0.0
Ce 5.0 0.0
U 4.5 0.54
Pu 4.0 0.7
Am 6.0 0.75

B. DFT+U method

In order to take into account the strong correlations be-
tween the f electrons in actinides and lanthanides cations
(Ce, La has no f electrons), a Hubbard-like term is added
by means of the DFT+U Liechtenstein scheme[40]. The
(U, J) parameters for the different cations are given in
table. I. These values are similar to previous DFT+U
calculations by Shi et al. on CeO2[26], Jomard et al.[25]
on PuO,, Dorado et al.[10] on (U,Pu)Os, Talla Noutack
et al.[27] on AmO4 and (U,Am)O05[30].

To search for the ground state with the DFT+U
method, we applied the occupation matrix control
scheme[25, 41] on the f orbitals and fully relaxed the su-
percells. Our methodology is similar to the one proposed
by Talla Noutak et al.[30] to study (U,Am)Oy mixed ox-
ides. As a starting point we used the f occupation matri-
ces orbitals and the corresponding valence states (IV+4)
of the end members UO,, CeOy, PuOy and AmOs, ex-
cept for (U,La)Oy where we used the occupation matrices
for UYV*. For the twenty first steps of the self-consistent
cycles the occupation matrices are kept fixed, then the
constraint is lifted and the system fully relaxed allowing
possible electronic charge transfers which induce changes
in the atomic valence states.

The relaxation of the positron was performed using
the TCDFT[42, 43], precisely in the Puska Seitsonen
and Nieminen parametrization[44] with the gradient cor-
rection referred as PSN+GC[4] and as implemented in
the ABINIT package[45]. The choice of the PSN+GC
scheme was made on the basis of the previous work on

UO,[4].

C. Systems and stoichiometry regimes studied

The defect calculations were performed using a su-
percell containing 96 atoms, i.e., by doubling the con-
ventional cell along the three lattice parameters, which
is a standard supercell also used in previous work on
defects[11, 26] and mixed oxides[29, 30]. Doping atoms
were distributed following the special quasirandom struc-
ture (SQS) method[46], again following previous works
on mixed oxides[29, 30].

Several vacancies defects were studied in our work: the
monovacancies Vo and Vy, divacancies 2V and 2Vy,
the 3Vp and 4V vacancies. The Vg, 2Vg, 3V and
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FIG. 1. Vacancy clusters studied in this work, bound Schot-
tky defects, 3 and 4 O vacancies. The bound Schottky defects
corresponds to one UOz vacancy and are defined by the an-
gle between the two O vacancies: BSD1 with O vacancies
along the (100) direction, BSD2 with O vacancies along the
(110) direction; and BSD3 with O vacancies along the (111)
direction.

4V correspond to (O/M) ratios of 1.969, 1.938, 1.906
and 1.875 respectively. 3V is formed by first nearest
neighbors oxygen monovacancies forming a triangle and
4V by adding an oxygen monovacancy to 3Vg form-
ing a rectangle, see Fig. 1. We also studied the bound
Schottky defects (BSD), consisting of one UOs vacancy,
with one U vacancy and two adjacent O vacancies. De-
pending of the positions of the two O in the U-centered
oxygen cage, there is three BSDs: with the two vacancies
aligned along (100), (110) and (111) directions, named
BSD1, BSD2 and BSD3, respectively, see Fig. 1. In the
case of the neutral defects, we removed certain atoms
to create vacancies. To obtain charged defects, we fur-
ther added or removed a given number of electrons in
the supercell (e.g., we removed one uranium atom and
added four electrons to obtain the V{JV_ vacancy). Es-
pecially, we considered the defect charges for which the
formal charge of uranium and oxygen ions in UOy (O~
and UTV™) is conserved since these charges were found
in previous works to be the most stable ones for Fermi
levels close to the middle of the band gap|[11, 47].

Since we are studying mixed oxides with SQS, the po-
sitions of the vacancies are no longer equivalent as they
would be in UOs. For example for a O vancancy we
should consider the 64 O positions in the 96 atoms su-
percell and compared the energies. We did not perform
all these calculations but we will discuss this effect for
the (U,La)Ogy system.

D. Formation energy of charged vacancies

The formation energy of a defect represents the varia-
tion between the total energy of the perfect crystal and

the energy of the supercell containing the defect, plus
some correction terms relative to the charge. We use the
general expression of the formation energy for a defect
Vi in the charge state ¢, Egorm(Vy), defined as[26, 48]:

Eform(v)%) = Etot(v)%)*(Etot (blﬂk)*z niﬂi)+q(ﬂe+Ehomo)+Ecorr

1

(1)
where Eio (V) is the total energy of the supercell con-
taining the charged defect V)%, and Fiot (bulk) is the total
energy of the perfect bulk supercell. n; is the number of
atoms of the ¢ type added to or removed from the bulk,
and p; is the chemical potential of the ¢ atom. p, is
the electron chemical potential which varies in the band
gap. Ehomo is the energy of the valence band in the bulk.
Eor is the correction energy due to the finite size of the
supercell containing the Madelung term AF, to correct
the interaction with periodic images[49, 50] and an align-
ment potential Av to correct the shifted band structure
between the defect and the perfect supercell:

Eeorr = AEg + qAV (2)

with
AEq = (aq®)/(2eL) (3)
Ao = (o) ~ (i) 0

« is the Madelung lattice constant which is 2.519 for
the fluorite structure[53] and € is the dielectric constant
which is 22 for UO3[54]. L is the length of the supercell
edge for the bulk. (vR4¥) and (vi¢ect) are the average
Kohn-Sham potentials for the bulk and the defected su-
percell, respectively.

Since the defects considered in our work are formed by
oxygen and uranium atoms, the chemical potentials p; in
Eq.1 correspond to the oxygen and uranium chemical po-
tentials in (U,X)Os, denoted ,ugU’X)OZ and ,u%U’X)OZ, re-
spectively. These quantities are not given by the DET+U
calculations since they depend on the stoichiometry and
the partial pressure of oxygen. In order to obtain them,
we use a method based on the study of Na-Phattalung
et al.[51] and Hong et al.[52], considering the standard
enthalpy of formation for various phases of the U-X-O
systems. For (U,X)O= Uy_,X, 024, it is defined as

U,X)0 _ . 0
AHOO = bl (1 — )t — et — 2492 (5)
where p3°" and p* are respectively the chemical
potential for one U atom and one X atom in their stan-
dard metallic state, and ,u82 is the chemical potential for
one O atom in the Oy gaseous molecule. u%ﬂ‘yxy% is a

constant defined by:



u U,X)0 U,X)0 U,X)0
0 = (1= )™ + g0 + 205709 (6)

Inserting Eq.6 into Eq.5, and introducing the relative
chemical potentials:

U,X)0 met.

Apy = i = gt (7)
U,X)0 met.

Apx = ng 0 _ Nxet (8)
U,X)0O R

Apo = g™ = g 9)

we can rewrite the enthalpy of formation of (U,X)O as:

AHINO = (1) Ay + yrux + 280 (10)

The enthalpies of formation of the mixed oxides are

close to the values for the end members. Indeed, the
difference between AH}U’X)O and AH}jO2 and AH;{O2
is given by the mixing enthalpy AHp,;[29] :

AH}U’X)O = (1—y)AH{® + yAHO? + AH i (11)

For (U,Pu)Os, the calculated value of AHyix is be-
tween 0 and -10 meV[29] while for (U,Am)O; it is be-
tween 0 and -0.4 eV. Compared to the values for the
formation energies, around 10 eV, AH;x can be ne-
glected. Moreover, the experimental values for AH ;(02

can be approximated to the value of AH}JO"‘ = —11.24
eV (AHFO? = -11.30, -10.95, -9.66 eV for X=Ce, Pu
and Am respectively[53]).
AHO by AHPO:.

Therefore, we can replace

—11.24 < Apy < 0(eV) (12)

—5.62 < Apo < 0(eV) (13)

We will consider three conditions for the chemical po-
tentials, O-poor (Auy = 0 eV, Aup=-5.62 V), O-rich
(Apy = —11.24 eV, Aup=0 eV) and the average that
should be close to the stoichiometric conditions (Auy =-
5.62 eV, Apuo=-2.81 eV)

III. RESULTS
A. Pure oxides

First we discuss our results for XOy (X= U, Ce, Pu,
Am) in the fluorite structure and the hexagonal struc-
ture for the sesquioxide LayO3. In table II we show our

TABLE II. Calculated lattice parameters and band gaps of
the fluorite structure of X0z (X= U, Ce, Pu, Am) and the
hexagonal structure of LasOs (the first and the second val-
ues correspond to a and c respectively). Previous theoretical
results and experimental data are listed for comparison.

oxide method a(A) Gap (eV)
UO2 PBE+-U 5.54 2.68
PBE+U[29] 5.54 2.50
Exp.[54, 55] 5.47 2.1
Laz O3 PBE 3.95, 6.19 3.8
PBE[56] 3.93, 6.15 3.8
Exp[57, 58] 3.94, 6.13 5.5
CeO2 PBE+U 5.50 2.6
PBE+U[26] 5.49 2.7
Exp.[59-61] 5.41 3.0
PuO, PBE+U 5.44 2.1
PBE+U[29] 5.45 2.0
Exp.[54, 62] 5.40 1.8
AmO3 PBE+U 5.43 1.1
PBE+U[27] 5.44 1.1
Exp.[63, 64] 5.37 1.3

values for the lattice parameters and the band gap ob-
tained with PBE+U with a comparison with previous
theoretical values using similar calculations scheme and
experimental data. Concerning the gap, UO; is known
to be a Mott insulator, the band gap being between U 5 f
bands, while CeO,, LasO3, PuOs and AmO4 are charge-
transfer insulators with a gap between O 2p and f states.
As expected our values are in close agreement with pre-
vious theoretical works. We slightly overestimate the lat-
tice parameters compared to experiments. These values
will be use to obtain the Vegard’s law for the (U,X)Oq
systems.

B. Electronic structure

To understand the electronic structure of the mixed ox-
ides studied here, the projected density of states (DOS)
of Up.75X0.2502 (X= Ce, Pu, La, Am) were calculated
and are presented in figure 2 with the DOS of UO; for
comparison. The top of the valence band was set as
the reference energy (0 e€V). Our result for UO; is close
to previous results[65], the gap in UO; is between U f
states. We first notice that all the oxides display an in-
sulating character and that the gap in the mixed oxides
(between 1.1 and 1.5 €V) is lower than the one found
in UO2 (2.7 €V). We also observed that the f states of
U IV+ are almost unchanged in the mixed oxides com-
pared to UQOs, regardless of the other cationic species,
with a gap between these states around 2.5 eV (blue in
fig. 2). But while the top of the valence band is always
dominated by the UVt 5f states, we observe the ap-
pearance of other states at the bottom of the conduction
band which narrow the gap. The nature of these states
depends on the oxidation state of the cation associated



U0,
— UIV+ f — OII*p

-

=] Uo075Ce02502

g — v+

g CeV" f

] EESRPV SN === A Ll

5 — =

z| Uo75Pug2s502

2

s — PuIV+ f

v

G

@) 1 +

> 1 M 1

% | UozsLag2s02

g UVt f — Lall* £ r
& |

Up.75Amg 250,

(-

Energy (eV)

FIG. 2. The projected DOS of UWV* UVt (CelVt,
PuVF, La™ Am"™™ and O™ components in UOy and
Uo.75X0.2502 (X= Ce, Pu, La, Am) and computed by
DFT+U. For better comparison the energies have been
shifted so that 0 eV corresponds to the highest occupied state.

TABLE III. Tonic radius of the cation considered in this work
cation radius(A)

Lall'+ 1.18
Cel+ 1.14
CetVH 0.97
yi+ 1.17
UVt 1.03
UVt 0.90
Pultt 1.00
PulVt  0.96
Am™  1.09

with U. For Ce and Pu, which are IV4+ as U atoms in
UOs, the band gap is formed between U f states and Ce
and Pu f states (green in fig. 2). For La and Am, which
are trivalent, the band gap is formed between U™+ and
UVt f (cyan in fig. 2) states.

C. Lattice parameter

In this section we study the evolution of the lattice
parameter of (U,X)Oz_, as a function of X contents for
the stoichiometric, x = 0 and hypostoichiometric,  # 0
cases. In our 96 atoms supercell we remove up to four
oxygen atoms corresponding to 2—z ~ 1.969, 1.938, 1.906
and 1.875 for one, two, three and four oxygen vacancies
respectively. Our results are compared to experimen-

tal data and the linear evolution of the lattice parame-
ter with respect to the composition, known as Vegard’s
law[66]. The lattice parameter will be presented as the
relative variation Aa with respect to the one in pure UO2

a(U,X)0, — AUO,

Aa(%) = (14)

aUOz

Our results are given in table IV for all the cases stud-
ied in our work.

1. ULaOz

La is trivalent, and under oxygen atmosphere forms
the sesquioxide LasOgs. In stoichiometric conditions, the
doping of UOy with La ions should induce the oxidation
of the same amount of UVt to UVT and an increase
in the cell parameter since the ionic radius of Lall* is
much larger than that of U'V* and this contribution is
not entirely compensated by the uranium oxidation (see
table III).

In our calculations we clearly observe that at the con-
centrations considered here, up to 50% of La, all the
La atoms are Lal'* with the same number of uranium
atoms being oxidized in UV™T, the rest staying U'VT,
This behaviour is similar to the one observed in a re-
cent theoretical study of (U,Am)0O3[30] and the exper-
imental conclusions of D. Prieur et al. on (U,La)Os]1].
Using X-ray absorption near edge spectroscopy (XANES)
and X-ray diffraction to assess the stoichiometry of sev-
eral (U,La)O solid solutions, they observed that UV™ is
formed in quasi-equimolar proportion as La™™* confirm-
ing the absence of oxygen vacancies. We present in Fig.
3 our results for the variation of the lattice parameter
of (U,La)O2 compared to that of UOy. As expected, we
observe an increase of the lattice parameter with the La
content.

We also compare in Fig. 3 our results with experimen-
tal data[l, 57, 68-73]. There is a strong dispersion of
the measures that can be attributed to deviations from
stoichiometric composition, either in the hypo or hyper-
stoichiometric regimes (blue[71] and green[57, 68, 73]
symbols respectively in Fig. 3). The results of D.
Prieur et al.[1] and several other studies claiming to have
achieved (O/M) ratio equals to 2.0[69, 70, 72] are in red
symbols in Fig. 3. The red dashed line is the line sepa-
rating the hypo and hyper-stoichiometric regimes as pro-
posed by D. Prieur et al.[1]. Surprisingly, the study of
Z. Talip et al.[68] (as the one of R.Venkata Krishnan et
al.[57]) where they discuss the presence of oxygen vacan-
cies in UO2 with 6, 11, 22 mol% lanthanum in relation
with an extra band in their Raman spectra at ~540 cm!,
are close to this red line and not above. This could indi-
cate a misinterpretation of the Raman spectra and diffi-
culties to measure the (O/M) ratios[1].



TABLE IV. Lattice parameter (in A) of the mixed oxides as a function of the dopant content and for several vacancies.

a(A)
U0, ULaO> UCeO2 UPuO2 UAmO3
Defect - 6.25%La 12.5%La 25%La 6.25%Ce 25%Ce 6.25%Pu 25%Pu 50%Pu 6.25%Am 25%Am
- 5.537 5.539 5.543 5.554 5.535 5.527 5.532 5.015 5.484 5.532 5.518
Vo 5.541 5.549 5.552 5.561 5.547 5.536 5.541 5.524 5.497 5.540 5.527
2Vo 5.543 5.550 5.564 5.573 5.547 5.552 5.541 5.532 5.541 5.538
3Vo 5.549 5.555 5.065 5.580 5.552 5.567 5.546 5.545 5.546 5.552
4Vo 5.558 5.559 5.572 5.588 5.561 5.577 5.555 5.554 5.554 5.555
Vy 5.529 5.035 5.541 5.520 5.512 5.520 5.500 5.472 5.518 5.506
2Vy 5.519 5.522 5.542 5.511 5.503 5.508 5.486 5.511 5.503
BSD1 5.547 5.550 5.565 5.542 5.532 5.539 5.518 5.490 5.542 5.525
BSD2 5.551 5.551 5.563 5.541 5.535 5.538 5.518 5.484 5.540 5.531
BSD3 5.548 5.549 5.566 5.539 5.529 5.535 5.517 5.490 5.539 5.532
25 = T T T T T T T structure and it is possible that this phase is present in
[ herments . 1 the experiments for 50% of La content.
~ 2'0j L e 1 K. H. Desai et al.[67] performed calculations with em-
= 15k 5 Sboercoal ! . Y | pirical potential, testing two charge compensation mech-
S | 5 Taped . i anisms for La accommodation, the incorporation of UYV+
< qoF Qe e and oxygen vacancies. They found that the volume was
§ - = H v%q . almost independent with UV*, and a strong augmenta-
& 0.5+ L. ® @3.@ . ¥ tion with the oxygen vacancies. Therefore they proposed
Q (;‘a:%%;@g: ° < 1 a mechanism consisting of an equal mix of oxygen vacan-
| | . . o ey .
ctEs;’ 0. u . IkCalcu'atw"S 7] cies and UV, Our ab-initio calculations do not support
- Bul 4Vo - . .
~ —0.5k ® v ® UV Desaictal. this solution.
1 o o | Yobewasm o] Our results for supercells with oxygen vacancies shows
1 . I . ! s L s L s a increase of the volume when the (O/M) ratio decreases.
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FIG. 3. Variation of the calculated[67] and experimental[l,
57, 68-73] lattice parameter of (U,La)O2 compared to that
of UOz. The filled circles are our results as a function of
the La content and the number of oxygen vacancies in the 96
atoms supercell (hypostoichiometric solid). The red dashed
line is supposed to correspond to stoichiometric conditions as
proposed by D. Prieur et al.[1]. The experimental data are
divided in three groups : red: stoichiometric conditions, blue:
hyperstoichiometric conditions and green: hypostoichiometric
conditions. The data of D.C Hill[69] are in red and green. Our
calculations are the filled colored circles, the black and red
squares are the calculations of K. H. Desai et al.[67] with an
empirical potential with the incorporation of UY*+ and oxygen
vacancies to compensate the charge of the La accomodation.

Our calculated lattice parameter for the bulk material
are close to the red line at low La content but start to
deviates from this line above 10% of La. The discrepan-
cies are small at 12.5 and 25%, around 0.2% and can be
explained by the uncertainties in the calculations and the
experiments, but at 50%, they are much larger, around
0.5%. This could be due to deviation from stoichiome-
try, oxygen vacancies increase the volume, see below. An
other possibility is that we only considered the fluorite
structure, but the end member, LasOg, has an hexagonal

This is in agreement with the experimental results and
the calculations of K. H. Desai et al.[67]. We also notice
that the increase in volume is greater when the La content
increases. We have also tested the position of the oxygen
vacancy inside the supercell for 6.25% La (2 La atoms in
the 96 atoms supercell). There is almost no difference in
terms of volume when the vacancy has two La atoms in
the first neighbors shell or only uranium atoms, +0.22%
and +0.20% respectively.

2. UC@OQ

Cerium is often used in simulation studies of plutonium
because of their similar chemical and thermodynamic be-
havior, with the advantage that Ce has no radiotoxicity
issue compared to Pu. The phase diagrams of (U,Ce)Oq
and (U,Pu)O; are also similar with an homogeneous re-
gion of the solid solution with the fluorite structure.

We present in Fig. 4 our results and experimental data
for the variation of the lattice parameter of (U,Ce)Oq
compared to that of UOs. Contrary to the doping with
La, we observe a decrease of the lattice parameter with
the Ce content. At the end of our simulations, the Ce
and U atoms are in the valence state +1V. Therefore the
volume decrease can be explained by the lower value of
the Ce!V™ ionic radius compared to the one of UTVT, see
table III. Our values for the bulk material are perfectly
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FIG. 4. Variation of the calculated and experimental[74-81]
lattice parameter of (U,Ce)O2 compared to that of UOz. The
filled circles are our results as a function of the Ce content
and the number of oxygen vacancies in the 96 atoms supercell
(hypostoichiometric solid). The theoretical and experimental
Vegard’s law are the solid and dashed black lines respectively.
The red line is a least-squares parabolic fit of their experi-
mental data proposed by D. Norris and P. Kay[82].

aligned with the theoretical Vegard’s law (a straight line
between the lattice parameter of the end members UO9
and CeQg, in black on Fig. 4). Most of the experimental
values follows also the Vegard’s law (red line in Fig. 4).
The difference between the theoretical and experimen-
tal Vegard’s law comes from the stronger overestimation
of the lattice parameter of CeOy (+0.09 A) compare to
UO, (+0.07 A), see table II. D. Norris and P. Kay[82]
performed a least-squares parabolic fit of their data (the
red line in Fig. 4 which is really close to the Vegard’s
law. They also obtained some values with an estimated
(O/M) ratio of 1.97 which in our calculations correspond
to a supercell with one oxygen vacancy. As for La we
observe an increase in volume in the hypostoichiometric
conditions and the increase is larger with the Ce con-
tent. When we remove oxygen atoms from the supercell,
the Ce atoms (two for each removed oxygen) change their
charge state from IV+ to 114 to compensate the charge.
If there is not enough Ce atoms, the U atoms take over.
The ionic radius of Ce!™™* being larger that Ce'V*, this
can explain the volume increase. This can also explain
that with higher Ce content, the increase is more impor-
tant since the ionic radius difference between Ce!''* and
Ce'VT is larger than U™+ and UTVF,

3. UPuO-

We present in Fig. 5 our results for the variation of
the lattice parameter of (U,Pu)Os compared to that of
UOs. As for (U,Ce)O4 our values follow the Vegard’s law,
in agreement with the experiments[54, 83]. We found
a smaller overestimation of PuOy volume compared to

UO5 which explains why we predict a steeper slope for
the Vegard’s law in comparison with the experimental
one. As expected our calculations are in excellent agree-
ment with similar calculations of I. Njifon et al.[29] while
they differ from the calculations performed with empiri-
cal potentials fitted on experimental data[20, 84]. As for
Ce doping, we found a volume contraction with the Pu
content which again, can be explained by the ionic radius
difference between U™VT and Pu'V*. In our simulations
and for the bulk material, Pu atoms are only found in
the IV+ charge state.

As for the two previous cases, La and Ce doping, we
found an increase of the lattice parameter when we intro-
duce oxygen vacancies in the supercell. The consequences
in (U,Pu)Oy are similar to those observed in (U,Ce)Ox.
To compensate the charge in the presence of oxygen va-
cancies, the Pu atoms change their charge state from IV+
to III4 and if they are not enough (when the number of
Pu atoms are inferior to two times the oxygen vacancies)
some U atoms becomes I114. This result in an increase of
the volume of the supercell due to the difference between
the ionic radius.

Due to its technological importance and its use
in pressurized water reactors, as MOX fuel, the ef-
fect of deviation from stoichiometry on the lattice pa-
rameter of (U,Pu)Os system has been well studied
experimentally[54, 83, 85, 86]. We plot on Fig. 5 the
model proposed by M. Kato and K. Konashi[83] for de-
viation from stoichiometry corresponding to one up to 3
vacancies in our supercell. At 25 and 50% (for the mono-
vacancy) of Pu content, our results are in good agreement
with the experimental model while for lower contents we
predict a smaller increase of the volume. Obviously, sim-
ilar agreement and discrepancies are observed with the
calculations of C Takoukam-Takoundjou et al[84] since
their potential were fitted to reproduce the experimental
data.

4. UAmMO2

We present in Fig. 6 our results for the variation of
the lattice parameter of (U,Am)Oy compared to that of
UO,. As for La, we found the Am atoms with a valence
charge state of III+ in our calculations and en equivalent
number of uranium changing their charge state from IV+
to V4 to compensate the charge. This in agreement with
the calculations of M. Talla Noutack et al. [30] and ex-
perimental conclusions of D. Prieur et al.[87] (up to 20%
of Am content).

We observed a small deviation with the Vegard’s law,
our values are systematically larger. This was already
observed by M. Talla Noutack et al. [30], specially at
50% of Am content where the deviation culminates at
+0.36% between the theoretical volume and the Vegard’s
law value.

Contrary to the previous cases, La, Ce and Pu, for
Am, the discrepancies between our calculations and the
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experimental values are significantly larger. Experi-
mentally, a strong deviation from the Vegard’s law is
observed[89, 90], a behavior not observed for UO3 doped
with La, Ce and Pu. Several reasons can be at the ori-
gin of these discrepancies. It is well known that lattice
expansion under self-irradiation effects occur in 2! Am-
bearing oxides, so the storage period of the sample can

have some impact on the measured lattice parameter[90].
An other explanation comes from the charge accommoda-
tion mechanism. For Am content up to 20%, D. Prieur et
al.[87] using XAS and XRD found that the Am!V™ is to-
tally reduced to Am"™™* with equivalent UV*. But more
recently, F. Lebreton et al.[92] combining XRD, XANES
and Raman spectroscopy showed that for Uy s Amg 50945
the number of UVT remains below the amount required
for charge balance. They conclude that unlike lower
americium contents, this leads to an overall oxygen hy-
postoichiometry with an average (O/M) ratio of 1.92
(about 2.5 oxygen vacancies in our supercell). We con-
firm that with oxygen vacancies the lattice parameter
increases (as for La, Ce, and Pu). At 25% of Am content
we found an increase of ~ +0.50% compared to the bulk
value. This could therefore explain the difference ob-
served between the calculations of M. Talla Noutack et
al.[30] and the experimental values[91, 92], and confirmed
the deviation from the Vegard’s law due to hypostoichio-
metric conditions.

D. Formation energies of vacancies

We present here the results on the formation energies
of defects (Vo, 2V, Vy, BSD1 and BSD2) under vari-
ous charge states, considering three types of stoichiome-
try conditions. The formation energies are calculated as
a function of the Fermi energy in the range of the band
gap according to Eq. 1. Depending of the defect con-
sidered, uranium, oxygen vacancies or both (BSD) and
the dopant of UOy the excess or the lack of electron is
differently accommodate by the cation. For an oxygen va-
cancy which is an electrons donor if a tetravalent dopant
is present (Ce or Pu), it is reduced from IV+ to III+,
while if a trivalent dopant is present (La or Am) it is the
UV+ that are reduced to U'V*. Uranium vacancies are
electrons acceptors, we found that in this case and for all
the doping elements, some of the remaining uranium are
providing these electrons and therefore oxidize to V4.

Figure 7 show our results for Ug75Xg.2502 (X= Ce,
Pu, La, Am). For each defect, the most stable charge
state depends on the Fermi energy value in the band
gap and is given above or below the curves. The stoi-
chiometric conditions do not affect the relative stability
of different charge states for the same vacancy. How-
ever, the stoichiometric conditions influence the Fermi
level position and the relative stability between differ-
ent vacancies. We also calculate the formation energies
of the oxygen vacancies in pure UOq (see Fig. 8), es-
pecially the oxygen monovacancy which has been much
studied[9, 11, 47]. For the Fermi level in the middle of
the gap (Fig. 8) we find defects with the formal charge:
42 for Vo and +4 for 2V as observed in previous works.
Our result for Vg are close to those obtain by Vathonne
et al.[11], except that we observe the neutral state be-
tween the charge state +2 and -2. This could be due to
the Jahn-Teller matrices that we used in the occupation
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FIG. 7. Formation energy of charged point defects (O monovacancy Vo, in black, O divacancy 2Vo, in red, U monovacancy
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and cyan respectively) as a function of the Fermi energy under O-poor conditions (top), stoichiometric (middle) and O-rich
conditions (bottom), for UXO2 with 25% content of X and from left to right : X=La, Ce, Pu and Am.

matrix control scheme but we note that this charge state
was previously observed in the works of Crocombette et
al.[9, 47]) without these matrices.

The charge state of the oxygen vacancies strongly de-
pends of the doping element in Ug 75X(.2502, see Fig.7
. In the case of Pu, in the middle of the band gap, we
found the charge state +2 and +3 for Vo and 2V re-
spectively, close to the values obtained for UOs. For Ce,
the charge states have also positive values (0 and +1)
but with the trivalent elements, La and Am, the oxygen
vacancies have negative charge states (-2). These extra
negative charges serve to reduce UV to UV, the ioniza-
tion state of uranium in pure UQO,. This is an important
result, that can be generalized to all the defect studied
here. Vacancies in UOs doped with trivalent elements,
like La and Am have higher charge states than the ones
found in UOy doped with tetravalent elements like Ce
and Pu.

The formation energy of the oxygen di-vacancy is
more than two times the formation energy of the mono-

vacancy. This indicates that oxygen vacancies will not
bound in the system. Of course this result is only valid at
0K, the vibrational entropy contribution at higher tem-
perature could change this result. Recently some results
have been obtained on this quantity for actinides sys-
tems using either DFT[93-95] or empirical potentials[22]
showing that temperature can have a strong impact on
the actinides systems properties.

E. DPositrons lifetimes

We performed positron lifetime calculations for the
fully relaxed defects presented in the previous section
with the PSN 4+ GC scheme[4, 44]. The results are
presented in Table VI. For almost all types of defects,
we considered two charge states. First, we performed
positron lifetime (PLT) calculations for neutral defects.
Second, we calculated the lifetimes for vacancies in the
charge states that were determined as the most stable
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FIG. 8. Formation energy of charged O monovacancy Vo, in
black and O divacancy 2V, in red, for UO2 under stoichio-
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TABLE V. Calculated positron lifetime for the bulk of the
pure oxides.

oxide Lifetime (ps)

UO2 162
LaQO;g 174
CeO2 166
PuO, 158
AmO, 159

ones in the stoichiometric material. We would like to
emphasize a crucial difference in the procedure to obtain
the positron lifetime with the previous work of J. Wiktor
et al. on UO3[4]. In our work, first we fully relaxed the
supercell with the considered defect and let the atoms
adjust their positions and the volume accommodate the
vacancy. Then, in a second time, we put the positron in
the supercell and relaxed one again the supercell in the
presence of the positron to calculate its lifetime. In the
previous work of J. Wiktor et al.[4] the first step of our
scheme is not performed, the positron is placed directly
in the perfect structure and the supercell is relaxed in
its presence. We believe that our procedure is closer to
the positron annihilation spectroscopy, indeed the defects
are already present in the studied materials and do not
appear when the positron enter the matter. As we will
see later in this section, relaxing the supercell before the
introduction of the positron can have a strong impact on
its calculated lifetime for some defects.

The PLT for all the cases considered in our study are
given in Table V for the pure oxides and in table VI for
UXO,. Before going into the details of our results we
would like to give the main points that we have learned
from these data: (i) the positron lifetime is almost in-
dependent of the doping element (at least for the con-
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FIG. 9. Positron isodensities (30% of the maximum density)
in transparent gray, with a neutral oxygen vacancy in UQO;.
Uranium atoms are presented in blue, oxygen atoms in red.
Gray spheres represent the oxygen vacancy. (a) the atomic
positions were relaxed in the presence of the oxygen vacancy
before the introduction of the positron. (b) the atomic posi-
tions were relaxed in the presence of the oxygen vacancy after
the introduction of the positron as in Ref. [4]. Figures were
generated using the XCRYSDEN program[96, 97].
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FIG. 10. Positron lifetime for bulk and charged defects for
UOz in black open circles, UXO2, X=La, Ce, Pu and Am, in
red, blue, green and magenta respectively. The squares and
diamond are for 6.25 and 25 % of X atoms content.

centrations considered here) , meaning that the lifetime
is essentially related to the free volume available, (ii) for
uranium vacancies the positron is always trapped while
for oxygen vacancies the trapping seems to depend of the
surrounding cation oxidation states, (iii) different defects
have similar positron lifetimes, consequently the defect
identification in the positron annihilation spectroscopy
studies is extremely challenging.

The PLT of the 5 oxides that we have considered are
close to each other (see table V, especially the dioxides
with values ranging from 166 ps for CeO2 to 158 ps for
PuOg, the sesquioxide LayOs having a slightly larger
PLT at 174 ps. The PLT of bulk UOs and vacancies
and several cluster vacancies in UOy have already been
calculated by J. Wiktoret al.[4] (see the red values in ta-
ble VI) using the same implementation of TCDFT [45] as
in our work. For bulk UO5 we find a value of 162 ps, close
to the previous result of 167 ps, the slight difference be-
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TABLE VI. Positron lifetimes (in ps) calculated for fully relaxed neutral and charged defects in UXOz. For each defect, the
second line indicates the lifetime and the charge of the most stable charge state of the defect. If there is no number in the
second line, the neutral state is the most stable one. The bold numbers indicate the lifetime of the most stable state, whether
neutral or charged. For UO; the lifetime in red are the results of J. Wiktor et al.[4].

7(ps)
U02 ULa02 UCGOQ UPU.OQ UAIHOQ

Defect - 6.25%La 12.5%La 25%La  6.25%Ce 25%Ce  6.25%Pu 25%Pu  50%Pu 6.25%Am 25%Am

- 162 167 163 164 167 163 163 162 161 160 163 163

Vo 168 199 166 167 170 166 167 166 165 164 166 166

166 (I1+) 167 (1) 169 (IL) 166 (I1+) 165 (IL+)

2Vo 222 226 171 173 227 170 224 170 224 170
170 (IV+) 170 (11+) 170(I14+) 171 (I+) 170 (IV+) 170 (II1+) 169 (II+) 170 (1)

Vu 304 301 300 307 299 299 300 299 299 299 299
293 (IV-) 296 (II-) 296 (IL) 305 (I-) 290 (IV-) 289 (IV-) 290 (III-) 289 (IV-) 291 (IV-) 297 (IL)

2Vy 318 307 307 315 310 303 306 304 310 301
289 (VIIL) 307 (II) 301 (III-) 302 (V-) 295 (IV-) 291 (V-) 291 (V-) 290 (VL) 300 (VI-) 295 (IV-)

BSD1 304 304 306 317 306 306 306 304 304 308 305
301 (IL) 304 (1) 310 (IIL) 304 (IL) 304 (IL-) 300 (IL)

BSD2 313 316 312 322 316 315 316 313 310 316 314
313 (1) 308 (IL) 313 (IL) 312 (L) 312 (IL) 309 (L)

BSD3 316 321 318 326 320 318 320 316 315 320 321
314 (1I-) 310 (IIl-) 320 (II) 318 (I) 316 (I) 318 (II)

ing certainly due to the occupation matrices that we used
(obtained with the Jahn-Teller distortion). However for
the oxygen monovacancy we find a lifetime close to the
bulk value, only slightly longer (166 vs 162 ps), in stark
contrast with the previous value of 199 ps[4]. We expect
that this discrepancy comes from the relaxation scheme
that we used as mentioned previously. To understand
these differences we plot in Fig. 9 the isodensities of the
positron calculated with both schemes. If the positron
is introduced in the perfect supercell with an oxygen va-
cancy as in J. Wiktor et al., the positron is localized
inside the vacancy (see 9.b) , while if the positron is in-
troduced after the supercell relaxation its localization is
different. it is only partially localized in the oxygen va-
cancy. We clearly see in figure 9.a that the positron also
localized between the neighboring uranium atoms. The
positron lifetime being inversely proportional to its den-
sity (also to the electron one)[45], this explain the shorter
lifetime found with our scheme compared to the one used
by J. Wiktor et al.[4]. For the other defects (Vy, 2Vy
and BSDs) our results for the mixed oxides are in excel-
lent agreement with the values obtained by J. Wiktor et
al. for pure UO5. This seems to indicate that in these
cases, relaxing the supercell before the introduction of
the positron has a negligible effect.

In overall, the doping of UOy with the four elements
and up to 25% amount considered in our work has a
marginal impact on the positron lifetime. This can be
clearly seen on Fig. 10 where we plot the positron life-
time for bulk UO; and mixed oxides and for the most
stable charge state of the defects. It is only dependant of
the type of defect present in the supercell. We also ob-
serve that the positron lifetime with one and two oxygen

gioig'st
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FIG. 11. Positron isodensities (70% of the maximum density)
in transparent gray, with a two oxygen vacancies in UO2 for
(a) the neutral charge state and (b) the formal charge state
+IV. Uranium IIT14+ and IV+ atoms are presented in yellow
and blue respectively, oxygen atoms in red. Gray spheres

represent the oxygen vacancies. Figures were generated using
the XCRYSDEN program[96, 97].

vacancies are really close to the bulk value. For 2V the
neutral charge state has in some cases a larger value (for
UO,, and the mixed oxides with 6.25 % atoms content,
see table VI), around 225 ps. If we plot the positron iso-
densities for one of these cases, see Fig.11.a, we observe
that the positron is well localized between the two oxygen
vacancies. But in the stable charge state, see Fig.11.b,
the positron is between the adjacent uranium atoms and
the positron lifetime is therefore close to the value for
the bulk material where it is delocalized in the entire
supercell. It seems that the trapping of the positron in
the volume created by the oxygen vacancies is related to
the presence of Ut For 6.25 X atoms % there is not



FIG. 12. Positron isodensities (30% of the maximum density)
in transparent gray in Ug.75Lag.2502 for an uranium vacancy
in the charge state I- (a) and the bound Schottky defect BSD1
in the charge state III- (b). Uranium IV+ and V+ atoms are
presented in blue and yellow respectively, oxygen atoms in
red, La III+ in green. Gray spheres represent the oxygen
and the uranium vacancies. Figures were generated using the
XCRYSDEN program[96, 97].

enough UVt (X=La, Am) or X!V* to accommodate the
4 extra electrons provide by the two oxygen vacancies, so
two U+ are reduced to UM (compared to four in pure
UO02).

For uranium vacancies and BSDs the lifetime is much
larger than for the bulk material. As shown in Fig. 12
the positron is localized inside the uranium vacancy and
the oxygen vacancies seems to have a negligible effect on
the density and the lifetime. Indeed the lifetime for the
BSDs are only slightly larger (~ 3%) than the one found
for the uranium vacancies. This is in agreement with the
conclusions of J. Wiktor et al. for UOg[4]. We also re-
mark that the lifetimes of the negative defects are always
shorter than for the neutral ones. This is due to a higher
electronic density in the negatively charged defects. Ura-
nium vacancies and BSDs have almost the same positron
lifetime but while the uranium vacancies are always neg-
atively charged, the BSDs are sometimes neutral, for ex-
ample for mixed oxides with Pu. This could be used
to distinguish between both type of defects with PAS in
temperature since the trapping coefficient of negative va-
cancies decreases with temperature while it is constant
for neutral defects[98]. In addition, since the dopant does
not influence the lifetime, at least of the MOXs studied
here, if PAS measurements on these systems find differ-
ent lifetime values this will indicate that different type of
defects are trapping the positron.

PAS measurements have been performed on UO3[2, 4]
and UO5 with 0.2% plutonium weight content[3]. These
studies found a short lifetime and long lifetime compo-
nent around 170 and 310 ps that changes only slightly as
a function of measurement temperature. The long life-
time component is thought to correspond to neutral and
negative vacancies with similar PLT. When compared to
our calculations this seems to indicate the presence of
BSDs and uranium vacancies in the sample, as already
mentioned in J. Wiktor et al.[4].
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TABLE VII. Positron lifetimes calculated for fully relaxed
neutral defects in UPuAmO; (25%Pu, 3%Am). The first
number is for the neutral defect, the second one, if present,
for the most stable charge state.

Defect T (ps)
- 162

Vo 165
Vo (Am) 165
Vu 300
Vu (Am) 209
BSD1 304
BSD2 312
BSD3 315

To go further, we performed calculations on a mixed
oxide with U, Pu and Am. We add an Am atom on a
(U,Pu)O2 with a 25% Pu content. This corresponds to
3.125% of Am and 71.875% of U. The value of the volume
for this compound is shown on Fig.5. It is aligned with
the values of the (U,Pu)Og3 system. Concerning the va-
lence charge states, the Am atom is III4+ and one U atom
becomes V+ to compensate. In terms of ionic radius, see
table III, this combination is close to the replacement of
one U+ by one Pu'V*, in other words PuO; and AmO,
have similar equilibrium volumes. We do not observe a
new effect resulting of the presence of both Pu and Am
in U02

We also calculated the positron lifetime for this com-
pound. It is similar to the values calculated without Am,
see Table VII. We also test the position of the oxygen
and uranium vacancy, with and without an Am in the
first neighbors shell. The positron lifetime is not affected
by the position of the vacancy.

IV. CONCLUSIONS

We performed a comparative study of 4 mixed oxides,
UO; doped with La, Ce, Pu and Am. Concerning the
lattice parameter’s evolution with the doping content, we
show that (U,Am)O3 seems to deviate from the stoichio-
metric conditions in the experiments contrary to mixed
oxides with La, Ce and Pu which follow the Vegard’s law.
We also show that the charge state of the point defects
in mixed oxides are related to the valence of the doping
element. For trivalent element the charge state of the
defect is lower (negative) than if the doping element is
tetravalent. This is related to the fact that with triva-
lent doping the charge transfer reaction UV to IV* (the
valence state in UO») is favored with a negatively charge
defect.

Our PLT calculations show that the doping element
has almost no influence on the lifetime. We also hope that
our these calculations will stimulate further experimental
investigation like PAS to confirm that the same defects
are present in different mixed oxides.
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