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A study on uranium and oxygen point defects in uranium dioxide usinghiaitio plane-wave pseudopo-
tential method in the local density approximation of the density functional theoretical framework is presented.
Norm conserving pseudopotentials are used to describe oxygen and uranium atoms. The uranium pseudopo-
tential is specifically described. Its validity is ascertained thanks to a detailed structural study of uranium
dioxide and of three phases of metallic urani(fot, bcc, andx phase. The free energies of formation of both
intrinsic (Frenkel pairs and Schottky defee@nd extrinsic(single vacancies or interstitialsiefects are calcu-
lated. The obtained values form a reliable set of numerical data that are analyzed in the framework of the point
defect model which is commonly used to assess defect concentrations in uranium dioxide and their variation
with stoichiometry. From the obtained results, the ability of the point defect model to accurately reproduce
defect concentrations in uranium dioxide is discussed.
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[. INTRODUCTION In the second part we tackle the study of isolated point
defects in UQ. Interstitials and vacancies of uranium and
Uranium dioxide is a key material for nuclear industry. It oxygen are considered. The atomic configurations around the
is indeed the usual fuel for pressurized water reactors. lpoint defects are calculated using the supercell method. From
operation in power plants or in the context of direct disposathe calculated energies of the supercells we deduce the for-
of spent fuel, a clear understanding of its thermomechanicamation energies of intrinsic point defects: Frenkel pairs and
structural, and kinetical properties is very important. PointSchottky defect. The free energies of formation of the extrin-
defects are of major importance for these properties espeic point defectgsingle vacancy or interstitinbre expressed
cially under irradiation. From the theoretical point of view, as a function of the oxygen chemical potentiat outer di-
point defect formation energies have been calculated mainlgxygen pressuje The obtained values are then analyzed us-
using empirical potentiafs:® To our knowledge only onab  ing the point defect model which is of common use to assess
initio electronic structure study has been published on thaihe concentrations of defects in uranium dioxide and their
subject‘_l In that study, the linear muffin tin orbital method in variations with stoichiometry. From both the obtained results
the atomic sphere approximation LMTO-ASA was used inand recent experimental data, the ability of the point defect
the framework of density functional theory in the local den-model to accurately reproduce defect concentrations in ura-
sity approximation DFT-LDA. In the present work we study nium dioxide is discussed.
point defects in uranium dioxide in the same framework us-
ing the plane-wave pseudopotential approach. This approach. GENERATION AND VALIDATION OF THE URANIUM
is very well suited for point defect studies as it can deal with PSEUDOPOTENTIAL
inhomogeneities of atomic density such as the one intro-
duced by point defects and allows to include structural relax-
ation around defectSsUp to now it has not been applied to  Uranium pseudopotential has been generated in the DFT-
actinides compounds, for which obtaining a good pseudopokDA framework using Perdew and Zundeiunctional for
tential was a difficult prerequisite. We thus had to generate ¢he exchange-correlation term. The same functional has been
pseudopotential to describe the uranium element. used in all subsequent calculations. We employed the
In the first part of the paper the characteristics of thisTroullier-Marting method to generate the norm conserving
pseudopotential are described and its ability to reproduce thpseudopotential. The electronic configuration of atomic ura-
different phases of metallic uranium and that of L®pre- nium is 6s?6p°6d'5f37s?. The pseudopotential has been
sented. A special attention has been paid todhghase of obtained from an ionized electronic configuration:
uranium which is the stable one at ambient conditionsy U- 6s26p®6d'5f37s® with cutoff radii equal to 1.26 atomic
phase is base centered orthorhombic with two atoms per unitits (a.u), 1.52 a.u., 2.20 a.u., and 1.26 a.u. $pp, d, and
cell. One thus has the delicate task to optimize three strud-angular momentum. The pseudopotential electronic levels
tural parameters besides the equilibrium voluib&, c/a, deviate from the scalar relativistic all electron ones by less
and the internal parametsr Based on the experimental than 0.05 eV except for thes7level where the deviation is
observatiofi that they andb/a parameters do not vary with 0.3 eV. Thep component of the pseudopotential has been
pressure, the formerly published calculations optinsiznd  chosen as the local potential and a Kleinman-Bylahttem
c/a only. has been used.

A. Generation of the pseudopotential
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TABLE I. Convergence of the uranium total energy per atom as a function of the cutoff dagfgythe
fcc (28 k points, bce (70 k pointg, anda (64 k pointg phases.

E«(Ry) 120 140 160 180
E.(Ry) —103.00476 —103.01960 —103.02482 —103.02600
EbedRY) —102.99384 —103.00821 ~103.01332 —103.01451
Erce(RY) —102.98921 —103.00377 —103.00889 —103.01011
Erce— Eo(RY) 0.01555 0.01583 0.01593 0.01589
Epee— EL(RY) 0.01092 0.01139 0.01150 0.01149

All the calculations dealing with metallic uranium have C. Structural study of the U-a phase

been made with the ABINI code, that is based on pseudo- To our knowledge, no complete study of the fully relaxed

p_otentials and plane_: waves. It relies on an efficient fast FOUgtrcture of uranium phase has been carried out up to now.
rier transform algorithrit for the conversion of wave func-  rhjs is due to the relative complexity of this structure which
tions between real and reciprocal spaces, on the adaptation ta..4s four structural parameters to be describephase is

a fixed 2potentia| of the band by band conjugate gradientgs the pase centered orthorhombic type with two atoms per
method? and on a potential-based conjugate gradient algoy it cell.  Atomic positons are y—y,—1/4) and

rithm for the determination of the self-consistent poterifial. (—v.y,1/4) in units of the Bravais lattice vectors defined by

(al2,—b/2,0), (@/2p/2,0) and (0,&) in the basis of con-
ventional unit cell vectors. One thus has to deternainie/a,
c/a, andy to fully describe the unit cell.
Experimentally, at room temperature, the parameters are
In the calculations on metallic uranium, a Gaussiana=5.39a.u.b/a=2.06,c/a=1.73, andy=0.105. The equi-
smearing of 0.02 ryd has been applied for the integrations ifibrium volume isV,=138.9 .l Ref. (16).
the Brillouin zone. The convergence of total energy with the We calculated the energy-volume curve of thehase by
number ofk points in the irreducible Brillouin zonéBZ) fully relaxing the structure at constant volume for each point
has been tested for each phase. The obtained accuracy ([§9- 1. From a Birch-Murnaghan fit of this curve one gets

better than 4.10% ryd for 28 k points in the fcc phase, 70 k Vo=128.1a.u. andB,=188Gpa. These values are very
points in the bce phase and 64 k points in taghase. In  ¢lose to the one obtained with FLAPYbut are quite dif-

Table | the convergence with cutoff energi for each ferent from experlimgntal values’ This disprepgncy i.s
phase and the energy difference with theohase are indi- caused by the limitations of the LDA approximation which
cated. The total energy converges at 1.2 mryd B underestimates the equilibrium volume and overestimates the

— 180 ryd. However, it can be seen that differences in energbulk modulus. A calculation in the general gradient approxi-

- }ﬁwation(GGA) is currently under progress.
between the phases are converged within 0.4 mry&at 14 ohtain a very good convergence on forces and stress,

=120ryd. Moreover, we checked that the equilibrium vol-ihe tour structural parameters have been optimized in a cal-
ume (Vo) and the bulk modulusBy) of the fcc phase were  ¢yjation with a constant number of plane waves correspond-
converged at 120 ryd. Therefore, the comparison between tl’]ﬁg to a cutoff energy of about 180 ryd. The atomic volume
three phases has been mad&at 120 ryd. Calculated equi- s then found to be 127.8 a’u(corresponding tea=5.30
librium volumes and bulk moduli are given in Table Il. We a.u) and the bulk modulus is 182 GPa. The values we obtain
have verified that a FP-LMTQ@full potential linear muffin  for ¢/a (1.767 andy (0.107 are very close to the experimen-
tin orbitalg calculation gives the same results for the fcctal results and to the published calculations, while liie
phase. Moreover, these results are in very good agreemewalue (1.939 is much too small(see Table lll. This last
with the one of a LDA full potential linear augmented plane- point never came up from the previous calculations as this
wave (FLAPW) calculation'* This agreement validates our ratio was kept constant. Besides, the conclusions of the ex-
pseudopotential. Furthermore thephase is found to be the perimental study are quite vague. Indeed the variation of
stable one in agreement with experimental faste Fig. 1 b/a andy with pressure are estimated to be smaller than 2%

B. Validation of the pseudopotential on uranium phases:
bcc, fce, anda

TABLE II. Equilibrium volumes(V,, in a.u®) and bulk moduli(in GP3a for the U-fcc, U-bcc, and U
phases obtained with our plane-wave calculati@®4/) compared to FLAPW and experimental results.

fcc phase bcc phase «a phase
A Bo Vo By A By
PW (120 ryd 134.3 154 128.6 170 128.1 188
FLAPW (Ref. 14 136.5 148 127.9 176
Expt. 138.9(Ref. 16 135.5(Ref. 17
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FIG. 1. Variation of the energy of metallic uranium as a function i 7
of the atomic volume. g 1.770 | .
and 5%, respectively. Such variations are claimed to be small [ 1
and therefore negligible while th&a variation, regarded as 1.760 L ' ' L
large, is measured to be 3.4% over the same pressure range 0.85 0.95 Vo 1.05

(see Fig. 2
FIG. 2. Variation ofc/a, b/a, andy parameters as a function of
volume. The volume is normalized to calculated equilibrium vol-

umeVy.
We have tested the ability of the uranium pseudopotential °

to reproduce the bulk properties of uranium dioxide JUO ods, such as LDAU,? are needed to reproduce correctly
Uranium dioxide exhibits the fluorite structure, space groughe electronic characteristics of Y&23As we obtained a
Fmam- There is one formula per unit cell. Uranium atoms metallic state we had to use a sampling grid of the Brillouin
form a face centered cubic network, all tetrahedral sites ofone that contains markypoints. The convergence with the
which are occupied by oxygen atoms. In other words, oxyhumber ofk Dgiﬂts (generated following the Monkhorst and
gen atoms form a simple cubic network, half of the cubes®ack schemé’ is given in Table IV. Structural results are
(chosen so that they do not share any fadesve in their ~ 9iven fora 5k point grid which has 10 points in the IBZ. A
center a uranium atom. A Troullier-Martfipseudopotential Gaussian spreading of 0.02 ryd is applied. The convergence
is used to represent oxygen atoms. This pseudopotential hQ& the total energy of the ULunit cell with the energy cutoff

already been used in a former study on zirédall the is given in Table V. For a cutoff of 120 ryd, the variation of

calculations on uranium dioxide have been carried out Witfﬁ.zergy with volume is given in Fig. 3. From this curve,

the PWSCE code. We checked on some test cases that t anks to a Birch-Murnaghan fit one gets the characteristics

. . indicated in Table VI. One can see that our calculated equi-
results obtained with PWSCF and ABINIT codes are X librium unit cell parameter and bulk modulus are in very

tremely cloge to each' other. S . good agreement with the results of other LDA calculations
We obtain a metallic state for UQhile it is experimen-  pocaq on the all electron LMTO-ASA meth&3 The
tally an insulator. It is indeed known that density of states;greement between our pseudopotential calculation and the
calculations made in the local density approximation lead tqy|| electron resuits proves the validity of our pseudopotential
a metallic state for UQ*®~?*This inability of LDA to repro-  of uranium and its ability to reproduce correctly the proper-
duce the insulating nature of YQs due to an inaccurate ties of UQ, at the LDA level. Compared to experiments,
description of electronic correlations and especially of the DA results are quite correct, the unit cell parameter being
localized character of uraniumelectrons. Using GGA ap- 4% too small compared to experiments. We obtain an en-
proximation instead of LDA would not restore the insulating thalpy of formation of uranium dioxide from-uranium and
character of uranium dioxide as strictly beyond LDA meth-dioxygen of 1058 kJ/mol, which is close from the experi-

D. Structural study of uranium dioxide

TABLE IIl. Structural study of the Ua phase. Equilibrium volume®/, in a.ud), cell parametefa in a.u), internal parameteréb/a,
c/a, andy), and bulk modulugB, in GPa for the U« phases obtained with our plane wave-calculati@4/) using a constant number of
plane waves corresponding to a cutoff of about 180 ryd compared to experimental results.

Vo a b/a cla y By
PW (180 ryd 127.8 5.30 1.939 1.767 0.107 182
Expt. 138.9(Ref. 16 5.39(Ref. 16 2.06 (Ref. 19 1.73(Ref. 15 0.105(Ref. 15 135.5(Ref. 17
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TABLE IV. Convergence of the total enerdyper structural unit as a function of the numberkgioints
for UO, fluorite structure. In the first line: number kfoints in the Brillouin zone and in the irreducible part
of it (between brackels

Nb of pts B 2% (2 3% (4) 43 (10 5% (10) 6° (29
E (ryd) —107.67864 —107.32347 —107.31688 —107.32083 —107.31997 —107.32099

mental valug 1085 kJ/mol(Ref. 28]. The discrepancy be- order of 0.02 eV. The cutoff energy has been kept to 120 ryd.
tween experimental and calculated values is a bit larger thaA study of the convergence of the total energy with the size
what one usually obtains in LDAb initio calculations. It  of the k-point mesh and the Gaussian spreading lead us to
comes partly from the inadequacies of LDA in reproducingchoose a spreading width of 0.025 ryd fokgoint grid of

the electronic structure of UOUsing the LDA+U method®  the Monkhorst and Pa&ktype containing 2 points. In the
would partially fill the gap between the calculated and ex-gefect free supercell it amounts tckeoints in the IBZ. The
perimental values, the cell parameter being only 2% toQxpected imprecision due to thepoint grid is about 0.05 eV
small. However, the agreement obtained at the LDA levekor total energies. Thus the imprecision on total energies due
proves good enough to warrant the relevance of LDA studiegy the limitations in cutoff energy, supercell size angoint

of structural properties of uranium dioxide, such as the ongampling should not be larger than 0.1 eV. The imprecision

on point defects that we present in the following. on formation energies should be smaller as they involve total
energy differences.
. POINT DEFECTS IN UO , A specific cell has been built for each type of point defect.

To insert a vacancy one simply has to remove an atom of the
chosen type from the cell. On the other hand, a choice should
We deal in the following with point defects of UOIso-  be made to insert an interstitial. The uranium interstitial has
lated vacancies and interstitials of uranium and oxygen havgeen put in the center of an empty oxygen cube. For what
been considered. The study is restricted to neutral defectgoncerns the oxygen interstitial three distinct insertion sites
We have set aside the important question of the charge statgve been considered: the center of an empty oxygen cube
of the defects in U@which has been tackled in former stud- (position 09 and the two position§0’ and J) identified by
ies using empirical potentials® Indeed in the framework of ~ Willis 3 (using neutron diffractionas being probable posi-
electronic structure methods the charge states of the defeaisns for the oxygen interstitials. The’' @osition is half way
in an insulating material is discussed in terms of the chemifrom an octahedral sitécenter of an @ cube and from the
cal potential of the electrons, i.e., the position of the Fermiline joining two adjacent oxygen atoms. Thé @osition lies
level in the insulating gaf’ Unfortunately, our LDA model in the middle of the line joining the octahedral site and a
of uranium dioxide produces a metallic compound so it is nolsummit of the @ cube. It should be noted that for these last
possible with it to deal with any charged defect. Beyond thewo positions(O’ and d), the number ok points in the IBZ
discrepancies that may be introduced in our calculated enefaises from 6 to 10 and 20, respectively.
gies and configurations by the error made on the electronic
structure, this inability to deal with charged defects turns out
to be the main drawback of not using beyond LDA methods.
However studying neutral defects is still of great interest as The energy of the cells have been calculated at fixed
the energy differences between the different charge states efomic positions. Then, as the plane-waves method allows
the defects should be negligible compared to the differencethe calculation of forces acting on the atoms, the relaxed
between the energies of different kind of defects. atomic configurations have been calculated thanks to a con-
The supercell method has been used. It contains 24 atonjisggate gradient algorithm. The calculation was carried out
and is made of the repetition, over one of the three axes, aintil the sum of the forces moduli became smaller than 4.0
the 12 atom conventional unit cell. The unit cell parameter ofx 10”2 ryd/bohr which corresponds to 7.0~ 2 ryd/bohr
this conventional cell has been fixed to 5.24 A which is theper atom. To estimate the order of magnitude of the impre-
calculated equilibrium value for the bulk. Because of com-cision associated with these residual forces, one can associ-
puter limitations, it proved impossible to deal with a cell ate to them a temperature. Let us consider an atom of mass
containing more than 24 atoms. However, in a previousn, oscillating harmonically at the frequenay around its
study, Petitet al* showed that the size of the supercell hasequilibrium position. If the point of maximum potential en-
little influence on the calculated energies at least in the unergy (of the order of 1/2k,T) in the oscillation corresponds
relaxed configurations. The expected imprecision is of thdo a forceF one has

A. Point defects configurations

Atomic relaxation

TABLE V. Convergence of the total ener@yper structural unit as a function of energy cutiff for UO,
fluorite structure5%k points.

E. (ryd) 80 100 120 140 160 180
E (ryd) —107.09887 —107.27191 —107.31997 —107.33535 —107.34056 —107.34180
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TABLE VI. Bulk characteristics of U@ Comparison between our calculated values of the cell parameter
and bulk modulugfirst column, the experimental valugsecond colum)y and the results of other calcula-
tions made using the LMTO-ASA method, within LD#&olumns 3 and pand LDA+U (column 5.

LDA-LMTO-ASA LDA-LMTO-ASA LDA-U-LMTO-ASA

PW Expt. (Ref. 22 (Ref. 23 (Ref. 23
aA) 5.24 5.47 5.24 5.20 5.36
B (GP3 252 207 260
F=2mv/kg/Tm. (1)  quite small for uranium defectgthe unit cell parameter

variation was equal to-0.5% for the vacancy and 3.4%
Applying this relation to our case, with a typical frequency for the interstitia] and completely negligible for oxygen de-
of 10'? hz for the atomic vibration, one gets, for a force of fects.
1.7x 10 3ryd/bohr, a temperature smaller than the room
temperature for oxygen as well as for uranium atoms. The The oxygen interstitial
precis_ion on the atomic_positions is therefore_z of_the order of - gefore relaxation the lowest energy position is the central
magnitude of the amplitude of thermal oscillations around

h iibri " hich i . ~one(0°), O, and J positions being 0.6 and 7.5 eV higher in
the equiiibrium position a.t room tgmperatqre, which 1S qu!teenergy, respectively. During relaxation the interstitial intro-
sufficient. The energy gained during atomic relaxation is in

dicated in Table VII. It should be kept in mind that the sym- duced in the Oposition moves and reaches the centd)

v of th I has b itained during th lati position. In this final configuration the energy is naturally
metry ot the cell has been maintained during he relaxa Ion\'/ery close to the one of the interstitial initially introduced in
This greatly speeds up the calculation but fixes particulag, o"coner of the @cube. For what concerns the interstitial

directions of relaxations for the atoms, some of them being;n the O position, after a few relaxation steps, the energy
in fixed positions by symmetry. The small size of the super- ’ !

. . : : remains 2.3 eV higher than the one of the central interstitial.
cell also restricts atomic relaxations. One can see in Tabl

VIl that th ined th h relaxation i I alculations in this configuration being three times longer
at the energy gained through retaxation 1S very smally, o the other oneglue to the larger number &fpoints, we
for oxygen defects. However, atomic displacements are no

2 Bhose not to proceed until complete relaxation, but the last
negligible a?j t.h(tay atr.(ta. a_bogtoo.l4_t§md O.OGbAIaround OXy9€Qaiculated configuration is quite close to the central O° po-
vacancy and intersti ig(in position see eloy FESPEC-  gition. One can therefore conclude that the stable oxygen
tively. At the opposite, energy gain is important for uranium

. 4 . interstitial position for our model is the octahedral position in
defects. Indeed neglecting this effect leads to an overestimge . .anter of the ©cube and that the other positions are
tion of the defe_ct energies of about 1 eV Wh.'Ch is by fé.‘runstable and decay to the central one. It is worth noting that
larger than the imprecision due to the calculation uncertalnf e oxygen interstitial behavior in UGs different from what
ties. Associated atomic displacements are about 0.24 aqg observed fo-quart?* and zircor?? In quartz one gets a

%12 tA for ur?nllljlm.tlrlt'erstl'.tlal and ;/acan%/l, rtesggctlvel?/. peroxide bridge and in zircon it forms a pure dumbbell.
ue to computer imitations it was not possible 1o bring vol-~ = o predicted position is in contradiction with the mea-

ume relaxation to completion. The energies are thus given Purements made by Will&. To explain this discrepancy one
constant supercell volume. Previous calculafigrarformed should first note that these measurements were made on

on the same supercell showed that the volume relaxation W& erstoichiometric oxide. Beside it is known that oxygen in-
terstitials in UQ tend to gather and form clusters of defects.

Such clusters configurations have not been considered in our
0.06 |- - calculations(see below.
= i 1 B. Formation energies of defects
Q 0.04 |- - From the calculated total energies one can deduce the
3 energies of the reactions of formation of the point defects. At
@ - 1 this point a clear distinction should be made between intrin-
T sic and extrinsic defects. Intrinsic defects are the ones that do
0.02 1 not require atoms to be brought to or taken away from the
| crystal. In the present case they are the Frenkel pairs of each
0.00 ) ] . ] . TABLE VII. Energy gained through relaxation of atomic posi-
30.0 35.0 40.0 45.0 tions around point defects in YO
Volume (A
Vo 10(0°) Vy ly
FIG. 3. Variation of the energy of uranium dioxide as a function Energy gain(eV) 0.027 0.019 1.69 0.64

of the volume of the unit cell.
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TABLE VIII. Formation energies of intrinsic point defects in uranium dioxideits eV). Our valuegfirst
column are compared to LMTO-ASA resultRef. 4 and experimental estimates.

lonic calculation Experimental
Present calc. LMTO-ASA (Ref. 3 estimateqRef. 33
Oxygen Frenkel pair 3.9 6.7 4.8 3.0-4.6
Uranium Frenkel 10.7 30.6 194 9.5
pair
Schottky defect 5.8 171 11.3 6.0-7.0

atom type, the Schottky defe¢iwo oxygen vacancies and N—1

one uranium vacangyand the complementary defect made E§=E\%l+ 2X E\N/;l—3><T><EN: (8

of three interstitials that we should name an anti-Schottky

defect. These intrinsic defects can also be described as corg! is the calculated energy of the defect free cES® is
posite as they are the results of combinations of point dethe calculated energy of the cell with the point defelt;
fects. Such a combination is needed to maintain the relativdenotes the number of atoms in the defect free(@dllin the
number of oxygen and uranium atoms. At the opposite elpresent cage The entropy of formation is the variation of
ementary defectgvacancies and interstitiglsare extrinsic  vibrational entropy between the defect free and defective
defects. For instance to create an oxygen vacancy withourystal. To obtain the exact value of this term, phonon distri-
creating at the same time another point defecanium va-  butions of the perfect and defective cells should be calcu-
cancy or oxygen interstitinlone has to remove an oxygen lated. This calculation is theoretically possible but extremely

atom from the crystal. demanding. Moreover it is known that vibrational entropy of
formation is around Ry in oxides® as in metals, which
Intrinsic defect formation energies amounts to 0.3 eV at 1000 K. It is therefore reasonable to
The equations of reaction associated with the formation oft€glect this small term. We shall, in the following, speak in
intrinsic point defects are terms of internal energy rather than free energy.
Applying the formulas given above, one obtains the val-
@—Vo+lo o0oxygen Frenkel pair, (2)  ues indicated in Table VIII for the formation energies of
intrinsic point defects in uranium dioxide. Experimental es-
@—Vy+l, uranium Frenkel pair, 3 timates of these formation energies are also given in Table
VIII. These are the mostly accepted and recommended val-
@—2Vo+Vy, Schottky defect, (4) ues of the experimental formation energ?ésThey come
mainly from measurements of self-diffusion coefficients of
F—2lo+1, anti-Schottky defect. (5 uranium and oxygen in UOand their interpretation in the

) o framework of the point defect modékee the Discussion
The last reaction can be expressed as a combination of thg.ction. One could note the good quantitative agreement

three first ones. Thermodynamic quantities associated Withetween plane wave calculated values and experimental es-
this defect can therefore be deduced from the ones calculatgghates.

for the Frenkel pairs and the Schottky defect. Following the  For comparison we also indicate in Table VIII the values
usual definition we considered that the different elementaryptained with the LMTO-ASA methddand one set of values
point defects constituting these composite defects are dissgtained with interionic empirical potentials using the Mott-
ciated. For instance, a Frenkel pair is the result of the crey jjeton methodology. These last values have been obtained
ation of a dissociated pair, the vacancy and the interstitiahy, jacksoh using inter-ionic empirical potentials which are
being not interacting with each other. _ ~ based on an ionic description of Y@with formal charges
The free energy of formation of a point defect is definedsor hoth jong and include the effect of ion polarizability

as the free energy difference between the system with angrough the implementation of a shell model. The other val-

without the defect, ues previously obtained by Catldwsing the same kind of
FF_EF_ TS ©) model are very closéwithin 1 eV) to the values of Jackson
’ given in Table VIII. They formed the first sets of calculated
whereE¢ and Sq are, respectively, the variation of internal values with which it was possible to discuss and rationalize
energy and entropy associated with the creation of the defecte point defects population in UOusing the point defect
Internal energy of formation for each defect can be easilynodel(PDM; see below Nevertheless they overestimate the
calculated from the energies of the cells: for the FrenkeEXperimental figures by a factor @xcept for the oxygen

pairs, Frenkel pair formation energyhus preventing their use for a
quantitative analysis of the point defect population in ura-
Efp =EJ *+EM1—2%EN, (7)  nium dioxide. Such an overestimation is not uncommon
X x X when interionic empirical potentials with formal ions charges
for the Schottky defect, are used to describe partially covalent oxide$he LMTO-
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ASA values are much larger than both our values and the TABLE IX. Internal energies of formation of extrinsic defects in
experimental estimates. Despite the better description dfO; reference: elements in their standard staes.
electronic structure these figures are not closer to experiment
than what one gets with empirical potentials. This is not due Vo lo Vy Iy
to the inability of LMTO methods to take into account Er (eV) 6.7 —-2.9 33 7.3
atomic relaxations. Indeed we proved that they can only shift
formation energies by about 2 eV for uranium defects. The
observed overestimation in LMTO-ASA is in fact character-finite. To discuss thermodynamical equilibrium it is neces-
istic of calculation on point defects with this method. Suchsary to consider the free energies instead of the internal en-
an effect has already been observed in metals and aifo5%. ~ ergies. This is especially true for the oxygen phase where the
Our values thus form the first set of calculated valuesentropy term, driven by pressure, is very important. As we

quantitatively in agreement with the experimental figures. Wil show different oxygen pressures lead to different forma-
tion energies and thus to different defect concentrations. A

Extrinsic defect formation energies negative internal formation energy for the oxygen interstitial
o S o . only means that, strictly speaking in terms of internal energy,
Th? d!splnct!on betweelj Intrinsic aqd extrinsic point .de'an oxygen atom has a IovF\)/er energy when it is in an intersti-
fects is visible in the equations of reaction of these two kmds[ial position in UG, than in a dioxygen molecule. At 0 K
\?Lccj'j:saiss. Thus the reaction of formation of the OXY9€Minternal and free energies are equal and the negative value of
y the oxygen interstitial energy is then related to the fact that
uranium dioxide spontaneously becomes oxidized in air at
D=Vot Oex: © temperature as low as 120 €.
It includes the state of the oxygen atom outside uranium The free energy of formation of an extrinsic defect is
dioxide. equal to
To calculate values of the formation energies of extrinsic
defects one has to define precisely the state of the atoms FF=pN=1_pN+ ) ~ENFI-ENx 4y (11
outside of the uranium dioxide. Internal energies of forma-
tion of extrinsic point defects are then defined as in the following expression.
. - _ FN andFN*1 are the free energies of the crystal with and
E/Vx|=E/Vx —EN(*+)Ey. (100  Wwithout the defect. As in the case of extrinsic defect we
( ) ( ) neglect the vibrational entropy difference between the per-

Ix ) Ix
E ) ) fect and defective crystal. The free energies are therefore
E(lvx) denotes the internal energy of formation of a vacancyapnroximated by the internal onesy is the free energy of
X the atomX outside the crystal, i.e., its chemical potential.
Specifying the value of this chemical potential comes down
to describing the external phase with which the crystal is in

equilibrium through exchanges of type atoms. The exis-

or an interstitial of thex sgeciesEN is the calculated energy
of the defect free ceIIE?v;)1 is the calculated energy of the
Ix

cell with the defect,Ey is the calculated energy of thé . 2 . i
element in the chosen reference state. tence of this equilibrium forces the chemical potentigl to

One of the commonly used conventions is to take as ref2€ €dual in both phases. On the other hand, for a given tem-

erence an isolated atom infinitely far from the crystal. We didP€ratureé and volume, the free energy of U uniquely
not choose this convention as it raises two problems. First, *€d- One then has the relation
is well known that the energy of isolated atoms is very
poorly reproduced by LDA calculations. One then introduces Myt 2u0=Fyo,~Euyo,-
an important error in the calculated formation energies which
does not come from the system under study but from thés long as UQ is the only phase under consideration, there
chosen reference. Secondly choosing isolated atoms as tiean uncertainty on the values of chemical potentials of U
reference states comes down to describe an unphysical prand O. We consider now the equilibrium between uranium
cess of creation of the point defect. Thus an oxygen atondioxide and another phase containing one of the two ele-
that enters the crystal to form an interstitiar gets out of it ments(e.g.,X), in a precisely defined state. The existence of
to form a vacancy does not come fronfor go to a phase this equilibrium ensures that the chemical potential of Xhe
made of isolated oxygen atoms. It is true that changing thepecies in the crystal is equal to what it is in the other phase.
reference state results only in a shift of the formation enerSpecifying the chemical potential of one of the elements then
gies, but, for the sake of comprehension it is better to chooskxes the chemical potential of the other component. In prac-
a reference state that corresponds to a situation that has soitigal conditions uranium dioxide is most of the time in equi-
physical meaning. librium with a dioxygen vapor. To specify the chemical po-
We chose for reference states the elements in their startential of oxygen in this vapor one should specify dioxygen
dard states, i.e., dioxygen molecule apdranium. One then partial pressure. One eventually gets a distribution of the
obtains the energies indicated in Table IX. The formationformation energies of the point defects as a function of the
energy of the oxygen interstitials is found negative. It doeschemical potential of oxygen or, equivalently, as a function
not mean that the concentration of oxygen interstitials is in-of dioxygen partial pressure. Indeed one has
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1 1 Po, The PDM_is based on the writ_ing_of _the mass action laws
Ko=5 Ko~ 5 ,uooz(T)ﬂLlen(F for the reactions of formation of intrinsic defects. The PDM
explicitly assumes that the defects are isolated and non inter-
Po acting. The configurational entropy is simply expressed in
== |Eq +kTIn(f(T))+ kTIn(—Oz) . (120  terms of concentration by counting the possible defect sites.
2 2 P Point defect concentrations are defined in a lattice model as

The chemical potential in the pressure reference stafe ( the number of defects present divided by the number of
=1 atm) is the sum of the energy, calculated with the elec@vailable sites for the defect under consideration. For the
tronic structure code and of the part of the entropy that doe€XY9en vacancy there are two possible sites in each unit cell
not depend on pressukel In (f(T)) which amounts for the which are the two positions occupied by the oxygen atoms in
rotational and vibrational entropy of the dioxygen the defect free crystal. At the opposite all other defects have
molecule®® This last term varies very rapidly with tempera- only one possible site per unit cell, the uranium site for the

ture and is by no means negligible as it amounts to 2.25 eWranium vacancy and the center of ag @be for the inter-

or 1012atm at 2000 K. Free energies of formation of the Stitials (see beforg Thus in a crystal where there are as
point defects are, therefore, for oxygen defects many oxygen vacancies as oxygen interstitials, the concen-
tration of oxygen vacancies is twice smaller than the one of

interstitials.
To analyze the results obtained with this model one
should distinguish two conceptually different regimes: the
(13 open one and the closed one, depending on whether uranium
For uranium defects oxide can or cannot exchange atoms with the exterior. In the
closed regime the numbers of atoms of each type are given
thus fixing the deviation from stoichiometry. The only phase
Eo,+KTIn((T)) under consideration is UQ,, x being either positivéover-
stoichiometry or negative(understoichiometry At the op-
o posite in the open regime uranium dioxide is in thermody-
+kTIn(—02) } (14) namical equilibrium with a reservoir with which it can
P exchange atoms. The deviation from stoichiometry is then a
The free energies of formation of the defects thus depend of¢inction of the oxygen partial pressure.
both temperature and the oxygen pressure. For a given tem-
perature there are limits on the oxygen presgoreoxygen Defect concentrations in the closed and open regimes
chemical potgntial range. One of the limits is that_ _the for- In the closed regime the equations of the PDM are
mation energies of all the defects should be positive to en-
sure stability of UQ with regard to the introduction of de-

Po
Eo,+KTIn(f(T))+ kTIn( —) :

T 1
EEZVO)=EE\‘v01)—ENt— POZ

lo lo) 2

F NTL B
F(VU)=E(VU)—E iEUOZ‘"

Iy lu

F
fects. It is worth noting that for any oxygen pressure and EFPO
temperature one has [Volllol=exp — kaT | 17
F _pF F
Fep =Fv TFi, (19 e
and [vu][lu]=exp( - kBT“), (18)
F_F F
FE=F, +2Ff_. (16)
F
2 _ S
C. Concentration of the defects in the point defect model [VolTVul —ex;{ - kB_T> : (19

Presentation of the model
A supplementary equation is given by the definition of the

deviation from stoichiometry in UQ , . A counting of the
number of atoms on each site gives at first order

The point defect model(PDM) was introduced by
Matzke’**2 and Lidiard® to analyze the populations of de-
fects in UG, ,, wherex indicates the deviation from stoichi-
ometry. This model is based on the hypothesis that the de-
fects responsible for the deviation from stoichiometry in 2[Vyl+llol=2[1y]+2[Vo]+X. (20
UO,,  are isolated point defects. Even if it has been known
for long that oxygen interstitials form clusters of defects, theWith these four equations it is possible, for a given value of
PDM is commonly used to analyze the variation of the popux, to calculate the concentrations of the point defects at any
lations of point defects with stoichiometry or oxygen pres-temperature.
sure. It is therefore of great interest to introduce in it the In the open regime the concentrations of defects are ex-
values we calculated for the point defect formation energiespressed as functions of the temperature and the dioxygen
We first present the principles on which the PDM stands angbartial pressure. For instance the oxygen vacancies concen-
the associated equations. tration is
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) 1
E\'\/lO BN+ EMOZ)

kT

[Vol=exp| —

-

From Eg.(21), similar expressions can be obtained for the
other point defects using E¢L7) to Eq. (19).

EV

W) (Po,f(T) " (21)

concentration

Traditional analysis of the PDM

It is experimentally known that oxygen defects dominate
over the uranium defects in UCat any temperature and
stoichiometry. From this observation, in the framework of
the PDM, one traditionally assumes that the ouespec-

10-12
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tively undep stoichiometry is accommodated by oxygen in-
terstitials (respectively vacancigsThis leads to the follow-

ing.

FIG. 4. Traditional analysis of the point defect model. Variation
of the concentrations of point defects with the deviation from sto-
ichiometry: understoichiometric regim@n the lefy and oversto-

Understoichiometry X<<0). The dominant defect is the
oxygen vacancy:

ichiometric regime(on the righy. Full (respectively dotted and
dashedl lines indicate the concentration in oxygen interstitied-

spectively oxygen vacancy and uranium vacandye concentra-

Vol=-5. (22

Stoichiometry k=0). The intrinsic disorder is of the anion
Frenkel type:

tion of uranium interstitial is negligiblel = 1700 K; EEPO=3.O eV,
ES=6.2 eV;Egp =9.2 eV.

Understoichiometry X<<0). The dominant defect is the

oxygen vacancy. It accommodates the deviation from stoichi-

[lo]=2[vo]=v2exp( —gEﬁpo)- (23)
Overstoichiometry X>0) The overstoichiometry is accom-
modated by oxygen interstitials:

[lo]=x. (24)
One can draw some graphs to illustrate these three regimes.
We chose for the formation energies typical values of 3.0 eV
for Egp_, 6.2 €V forEg, and 9.2 eV folEg, . These values

are in the range of commonly accepted values indicated ir
Table VII1.23 3.0 eV is the first estimate made for the oxygen
Frenkel pair formation energy. The oxygen pressuréor
oxygen chemical potentiatange is limited. A first limit cor-
responds to the fact that the concentrations of all point de-
fects should be smaller than 1. Using activation energies
measurements for self-diffusion of U and O one gets 6.2 eV
for E§ and 9.2 eV foiEg,, | (see below. Choosing arbitrarily

a temperature of 1700 K one gets the variation of concentra-
tions with stoichiometry indicated in Fig. 4. The three re-
gimes are clearly visible: under stoichiometry wiHixing

the oxygen vacancy concentration, the nearly stoichiometric
regime where oxygen Frenkel pairs dominate and the ovel
stoichiometry regime withx fixing the oxygen interstitial

ometry:

X
[Vo]:_i-

Stoichiometry =0):

[lo]=[Vol=[Vul.

(25

(26)

10
2
c
Q2 10*
—
4]
s "
c 10 e
[ I Y e
e .o 1 L T
5 10° 1 F T ]
3 J
-10 L n | a
10-12 3 I-4 I-s 6 4 1By D I-4 I-s 2 I-1 0
-10 -10 -10 -10°10°10°10 10710710 10
x<0 x>0

concentration. In the open regime the oxygen partial pressure FIG. 5. Analysis of the point defect model with our calculated

is given by Eq.(21).

D. Analysis of the PDM with our calculated values

values of the intrinsic point defect formation energies. Variation of
the concentrations of point defects with the deviation from stoichi-
ometry: understoichiometric regimen the lef} and overstoichio-
metric regime(on the righj. Full (respectively dotted and dashed

We applied the PDM with the values we calculated for theline indicate the concentration in oxygen interstitigéspectively

intrinsic point defects formation energi€¥able VIII). As

oxygen vacancy and uranium vacapcyhe concentration of ura-

can be seen in Fig. 5 the three regimes are different from theium interstitial is negligible. T=1700K; EEPO=3.9 eV; ES

traditional analysis and can be characterized as follows.

=5.8eV;Egp =10.7eV.
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TABLE X. An example of the population of defects obtained with the point defect model using the
calculated energies of formation of defects= 1700 K.

Regime X [lo] [Vol [Vul [1u]
Understoichiometry —0.02 2.210° 10 0.01 1.6x10 4 9.6x10 20
Stoichiometry 0 1.%10°° 1.5x10°° 7.4x10°7 2.1x10° %
Overstoichiometry 0.04 2%10 4 9.1x10°° 0.02 7.%10 %
There is no dominant defect. There are twice more oxygen E. Discussion
vacancies than oxygen interstitials. The perfect stoichiometry
is restored by the presence of many uranium vacancies. Condition of applicability of the PDM

Overstoichiometry X>0). The dominant defect is the  To ensure that the PDM reproduces the fact that oxygen
uranium vacancy. It accommodates the deviation from stodefects are dominant for all stoichiometries, some conditions

ichiometry: should be fulfilled by the point defect formation energies.
Indeed oxygen Frenkel pairs should be favored against other
[Vy]= f' 27) intrinsic defectguranium Frenkel pairs or Schottky defects
2 This implies
A numerical application aT=1700K is given in Table X. EEPO< EIEPU (28)

In the open regime the concentration of point defects and
the deviation from stoichiometry as a function of oxygengnd
partial pressure are indicated in Fig. 6. The oxygen pressure

(or oxygen chemical potentjatange is limited. A first limit EEP EF

- . O S
corresponds to the fact that the concentrations of all point <, (29)
defects should be smaller than 1. For 1700 K the oxygen 2 3

partial pressure should therefore range betweer?@nd

. . The first condition raises no question and is always verified.
10 %atm. Moreover for an oxygen chemical potential d y

. . The second condition is less obvious. Should the case where
smaller than—5.4 eV, it becomes thermodynamically favor-

able to dissociate UDIn a-uranium and dioxygen. This EF_PO/2> Es/3 arlse_, oxygen vacancies in the st0|ch|om_etr|c
raises the minimum of oxygen pressure t& 20~ 8atm (at oxide would be mainly due to the Schottky defects and in the
1700 K). overstoichiometry would be accommodated by uranium va-

It can be noted that for any stoichiometry the concentrac@ncies. Therefore, with such a ratio betwésn _ andEs,
tion in uranium interstitials is negligible. On the other hand,the PDM cannot be directly applied.
our values of the formation energies lead to a dominant role The previously published calculatioriempirical poten-
of the uranium vacancy for the overstoichiometric oxidetials and LMTO-ASA respect both of the above conditions
which is in contradiction with the experimental facts. The and they are coherent with the PDM analysis of the predomi-
PDM, used with the energies we calculate, do not reproduceance of oxygen defects. Unfortunately the discrepancies be-
the fact that oxygen defects are dominant for all stoichiomiween the values they predict and the experimental estimates
etry. make questionable the conclusions obtained with these val-
ues.

With our values one get&rp /2=1.95eV andEg/3

=1.97eV. It is therefore quite normal that for a stoichio-
metric compound, our values lead to the presence of the
three kinds of defect®xygen vacancies and interstitials and
uranium vacancigsin the stoichiometric oxide and to the
dominant role of uranium vacancy in the overstoichiometric
oxide.

concentration

Experimental situation

From the experimental point of view many estimates exist
' . . y for the formation energy of oxygen Frenkel pair. Values of
107 107 10™ 10'12 3.5 eV,33 3.7 eV,41 4,1 e\/,42 4.6 eV,43 and 5.8 EV(REf 44
oxygen pressure (atm.) have been proposed. The activation energies for the self-
diffusion of oxygen and uranium have been measured for
FIG. 6. Concentration of point defects in Y@nd stoichiometry ~ various stoichiometries. From the PDM equations and mak-
as a function of dioxygen partial pressure in the open regime witing the assumption that oxygen point defects are dominant,
our calculated valuesT=1700K; EEPO=3.9 eV; E5=5.8eV;  one can deduce, from the measured formation energy of the
EEPU=10.7 ev. Frenkel pair and self diffusion activation energies, estimated
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values of the formation energies of the other intrinsic defect®metry. Taking such clusters into account should lead to a
(Schottky and uranium Frenkel pgifThe values given by decrease of the formation energies of the oxygen defects and
Matzke in Ref. 33 and indicated in Table VIII have beenshould restore the fact that oxygen defects are preponderant
obtained following this reasoning. More precisely to obtainat all stoichiometries.

an estimate of the Schottky defect formation energy one

writes the activation energy for uranium self-diffusion in sto- IV. CONCLUSION

ichiometric UG as the sum of the effective formation energy A study of the point defects in UOin the DFT-LDA

of uranium vacancy and its migration energy: framework using the plane wave pseudopotential method has
Egct: EE— EEP + E\";' ) (30) been realized. As a prerequisite to this study, a pseudopoten-
- . " tial to describe the uranium element has been generated with
With figures taken from Ref. 3%, =3.0 eV,Ey =24 the Troullier-Martins method. A structural study of different
eV, E3*'=56 eV, one getsE5=6.2 eV. The relation metallic uranium phases and uranium dioxide fluorite struc-
EEPO/2< Eg/g is then fulfilled and the values from Ref. 33 ture was performed to check its validity. A particular atten-

obtained using the PDM are coherent with it. tion has been paid to the uraniuephase which is the stable

But a great uncertainty remains on the different experi-one at ambient conditions. The variation of the structural

mental values that enter E(30). For instance one can take parametersa, b/a, c/a, andy) with pressure has been con-

Foo_ act_ 5 : sidered. Variation ofy andc/a are in very good agreement
Erp,=4.6 eV (Ref. 43 andEy"=4.4 eVi® Equation(30) with experiments. Thé/a ratio, the variation of which had

then leads t&E5=6.8 eV. not been studied in previous calculations, is underestimated
One then hasEr, /2-Eg/3 which is in contradiction by 6%.

with the hypothesis under which E(0) can be used. From Tackling the study of point defects in YOwe considered

the last set of values one cannot deduce any vaIuEEor the four elementary point defects: vacancies and interstitials
In this last case the PDM cannot be applied to get coherof uranium and oxygen atoms. Their atomic configurations

ent values of the formation energies. It proves therefore unand energies have been calculated using a 24 atoms super-

able to describe properly the defects populations. The uncegell. The importance of atomic relaxations for uranium de-

tainty that remains on the experimental values of energies fdiects has been shown. The calculated values of point defects

the oxygen Frenkel pair formation and for self-diffusion ac-formation energies fit very well the experimental estimates.

tivations is such that one cannot decide whether the PDMhey constitute the first set of formation energies for the

can or cannot properly describe defects concentrations iisolated point defects in UQcoherent with experimental fig-

UO, and their variation with stoichiometry. ures. An analysis of these values in the framework of the
point defect model commonly used to analyze the population
Weakness of the PDM of defects in uranium dioxide leads to a dominating role of

The main weakness of the PDM is the central assumptioHranium vacancies in the overstoichiometric oxide in contra-
Hiction with experimental facts. An analysis of the PDM

that the point defects are isolated and do not form clusters. Khows that its applicability relies on the ratio of oxygen
's indeed known to be untrue especially for oxygen Ir]terStl_FrenkeI pair and Schottky trio formation energies. The un-

tials that form the so-called Willis clustet®.Even if this pertainty on the experimental values s such that one cannot
weakness is well known the PDM remains very popular as 'decide on the applicability of the PDM. Our calculated val-

is indeed very difficult to take into account explicitly the .
defect clusters. Indeed the calculation of the formation ener-€> indicate that one should probably go beyond a model of

- ; : : olated species to obtain a satisfactory description of the
gies of these objects lead to quite heavy calculations thd?opulation of defects in UQand the way the deviations

cannot be achieved at present with electronic structure meti—om stoichiometry are accommodated by this material
ods. Moreover, these objects are uneasy to deal with, fro chl y y i al.

the conceptual point of view, for what concerns their con-
figurational entropy for instance.

Nevertheless we saw that the uncertainty on the experi- The authors thank S. Bernard, N. Richard, and GaHe
mental values are such that one cannot decide whether ther their discussions on uranium metallic phases. The point
PDM can be applied or not. However, the values we calcudefect study has gained a lot from many discussions with Y.
late tend to indicate that one has to explicitly consider theLimoge and J. L. Bocquet. We thank S. Baroni as well as P.
defects clustergespecially the one formed by oxygen inter- Giannozzi for fruitful discussions. One of {k.T.N.) per-
stitials) to be able to construct a model that can satisfactorilyformed a part of this work during her postdoctoral work in
describe the populations of defects as a function of stoichiCECAM under the supervision of S. Baroni.

ACKNOWLEDGMENTS

*Email address: jpcrocombette@cea.fr Faraday Trans. 83, 1171(1987.
1C. R. A. Catlow, Proc. R. Soc. London, Ser3&3 533(1977. 4T, Petit, C. Lemaignan, F. Jollet, B. Bigot, and A. Pasturel, Philos.
2R. A. Jackson, A. D. Murray, J. H. Harding, and C. R. A. Catlow, Mag. B 77, 779(1998.

Philos. Mag. A53, 27 (1986. 5See, for instance, Peter E. Bid, E. Smargiassi, R. Car, D. B.

3R. A. Jackson, C. R. A. Catlow, and A. D. Murray, J. Chem. Soc., Laks, W. Andreoni, and S. T. Pantelides, Phys. Rev. Léit.

104107-11



J. P. CROCOMBETTE, F. JOLLET, T. N. LE, AND T. PETIT PHYSICAL REVIEW @&} 104107

2435(1993; W. Frank, U. Breier, C. Elsser, and M. Hanle, 243. C. Boettger and A. K. Ray, Int. J. Quantum Chesf, 824

ibid. 77, 518 (1996; A. De Vita, M. J. Gillan, J. S. Lin, M. C. (2000.

Payne, I. Stich, and L. J. Clarkibid. 68, 3319(1992; A. Satta, 2%V, I. Anisimov, J. Zaanen, and O. K. Andersen, Phys. Rev4B

F. Willaime, and S. de Gironcoli, Phys. Rev. B/, 11 184 943(1991).

(1998. i 26F Jollet, T. Petit, S. Gota, N. Thromat, M. Gautier-Soyer, and A.
63. Akella, S. Weir, J. M. Wills, and P. 8erlind, J. Phys.: Con- Pasturel, J. Phys.: Condens. Mat€e9393(1997).
, dens. Matte, L549 (1997). 27H. J. Monkhorst and J. D. Pack, Phys. Revi® 5188(1976.
J. P. Perdew and A. Zunger, Phys Re2B 5048(1981) 28'_. R. Morss, J. Less-Common M&3, 301 (1983

8N. Troullier and J. L. Martins, Phys. Rev. &3, 1993(1991).
9L. Kleinman and D. M. Bylander, Phys. Rev. Le#8 1425

1°T(I1198A2I;‘5INIT de i act of the Univefsit %9B. T. M. Willis, Proc. Br. Ceram. Sodl, 9 (1964.
€ code 1s a common project of the LNIVESIE a1y ) ih0e G, Roma, and S. Baroni, Proceedings of the 4th Bra-

Catholique de Louvain, Corning Incorporated, and other con- .~ . .
tributors. (URL http://www.pcpm.ucl.ac.be/ABINIT zilian Symposium on Glasses and Related Materials, Ouro Preto,

115, Goedecker, SIAM J. Sci. ComputUSA) 1, 1605(1997). “ Bresil, 1999[J. Non-Cryst. Solidsto be published.
2m. c. Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. D. J.-P. Crocombette, Phys. Chem. Min27, 138 (1999.

29D, B. Laks, C. G. Van de Walle, G. F. Neumark, P. E.@&lb and
S. T. Pantelides, Phys. Rev.45, 10 965(1992.

Joannopoulos, Rev. Mod. Phyé4, 1045 (1992 33Hj. Matzke, J. Chem. Soc., Faraday Tran88® 1121(1987.

1 eV : ' . 34 - )
13%. Gonze, Phys. Rev. B4, 4383(1996. T. Beuerle, R. Pawellek, C. Elsser, and M. Hanle, J. Phys.:
14M. D. Jones, J. C. Boettger, R. C. Albers, and D. J. Singh, Phys, Condens. Mattes, 1957(1991).

Rev. B61, 4644 (2000. %5p, Braun, M. Fanle, M. van Schilfgaarde, and O. Jepsen, Phys.
153, Donohue,The Structure of the Elementsviley, New York, Rev. B44, 845(1991).

1974. 36M. Sinder, D. Fuks, and J. Pelleg, Phys. Re\s® 2775(1994).
16C. S. Baretiet al, Phys. Rev129, 625 (1963. 37p. Perio, Bull. Soc. Chim. Fr. , 25@953.
7C. Yoo, H. Cynn, and P. Sterlind, Phys. Rev. B57, 10359  38F. A. Kroger, The Chemistry of Imperfect CrystalNorth-

(1998. Holland, Amsterdam, 1973Vol. 1, p. 238.

183 -P. Crocombette and D. Ghaleb, J. Nucl. Ma2&7, 282(1998. 39Hj. Matzke, Canadian Report AECL-2585, 196 published
9a. J. Arko, D. D. Koelling, A. M. Boring, W. P. Ellis, and L. E. 40A. B. Lidiard, J. Nucl. Mater19, 106 (1966.

Cox, J. Less-Common Mel.22 95 (1986. 41T, G. Stratton and H. Tuller, J. Chem. Soc., Faraday Trargs, 2
20p_J. Kelly and M. S. S. Brooks, J. Chem. Soc., Faraday Trans. 2 1143(1987.
83, 1189(1987). 42G. E. Murch and C. R. A. Catlow, J. Chem. Soc., Faraday Trans.
21G. L. Goodman, J. Alloys Compd.81, 33 (1992. 2 83, 1157(1987.
22T, Petit, B. Morel, C. Lemaignan, A. Pasturel, and B. Bigot, Phi- 43K, Clausen, W. Hayes, J. E. Macdonald, R. Osborn, and M. T.
los. Mag. B73, 893(1996. Hutchings, Phys. Rev. Leth2, 1238(1984).
233, L. Dudarev, D. Nguyen Mahn, and A. P. Sutton, Philos. Mag. B*R. Tetot and P. Gerdanian, J. Phys. Chem. Sel&j4131(1985.
75, 613(1997). 4A. C. S. Sabioni, J. Nucl. Mate57, 180 (1998.

104107-12



