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Charge states of point defects in uranium oxide calculated with a local hybrid functional for correlated electrons Jean-Paul Crocombette* and Doru Torumba CEA-Saclay, DEN/DMN/SRMP, F-91191, Gif/Yvette, France



Alain Chartier CEA-Saclay, DEN/DPC/SCP, F-91191, Gif/Yvette, France (Received 27 September 2010; revised manuscript received 13 December 2010; published 18 May 2011) The formation energies and charge states of point defects in uranium dioxide are calculated from first principles, using the local hybrid functional for correlated electrons, which offers a nice alternative to LDA+U calculations. The possible occurrence of multiple minima in such calculations is carefully taken into account. Point defects in UO2 are generally found to be charged with a −4 charge for uranium vacancies, −2 for oxygen interstitials, and a charge ranging from 0 to +2 for oxygen vacancies depending on the position of the Fermi level. The calculated formation energies of noninteracting oxygen Frenkel pairs and Schottky defects made of the association of charged defects are in very good agreement with experimental values. A Brouwer diagram based on a point-defect model for stoichiometry variations in UO2+x is built. It fails to predict the dominant concentration of oxygen interstitials in the overstoichiometric oxide but predicts that oxygen vacancies are in a +1 charge state in the hypostoichiometric oxide. This charge state, which differs from the one assumed in the traditional (fully ionic) picture of UO2 , is confirmed by the obtained variation of the deviation from stoichiometry with oxygen pressure, which is consistent with experiments. DOI: 10.1103/PhysRevB.83.184107



PACS number(s): 71.55.Ht, 61.72.J−



I. INTRODUCTION



Uranium oxide (UO2 )is an interesting material from a fundamental point of view, due to the complexity of its electronic structure (strong correlation between uranium f electrons creating a Mott-Hubbard insulator,1 noncollinear magnetic structure2,3 with multipolar interactions between f electrons,4 etc.) as well as a material of extreme technological importance, especially in the nuclear industry. UO2 is the usual fuel for pressurized water reactors. In operation in power plants or in the context of direct disposal of spent fuel, a clear understanding of its thermomechanical, structural, and kinetical properties is very important. Point defects are the key points for these properties, especially under irradiation as they play a major role in atomic diffusion and accommodation of the strong stoichiometry variations that exist in this material and provide insertion sites for the fission products. Quite a few theoretical studies exist on the atomic-scale modeling of point defects in UO2 . Older studies used empirical potentials5,6 while more recent ones are based on density functional theory (DFT). The oldest7–9 used the standard local density approximation (LDA) or generalized gradient approximation (GGA) of the DFT. These approximations fail to reproduce the fact that UO2 is a Mott-Hubbard insulator (with a f-f gap) because of the strong correlation between uranium f electrons. They thus predict UO2 to be metallic. Because of that, the initial DFT studies mentioned above dealt with neutral point defects only because point defects cannot be charged in a metal. Several recent works10–15 have been published in which the so-called LDA+U16,17 correction has been used. This correction is based on adding an on-site Hubbard interaction specifically for the correlated electrons. It succeeds in opening a f-f gap in UO2 . LDA+U, though very appealing, faces its own difficulties, the two major ones being, first, the choice of the value of the Hubbard U term, 1098-0121/2011/83(18)/184107(9)



which is most often considered as a parameter to be fitted; and, second, the existence in LDA+U calculations of multiple minima for the calculations, a fact known by theoreticians.18,19 This is often overlooked for UO2 even if multiple minima are obtained with LDA+U in this compound.20 Strangely, all but one14 of the studies on point defects in UO2 still deal with neutral defects only. Still, it has been known for decades that point defects may be charged in semiconductors or insulators, i.e., that the formation energy of a defect bearing a charge can be lower than the one of the neutral configuration (see below for a definition of these formation energies). Moreover these charge states of point defects play an important role in several properties of the material. For instance, the evolution of stoichiometry of UO2+x in equilibrium with a given oxygen pressure is very different considering charged or neutral defects; specifically, the variation of x with oxygen pressure has a different power exponent for neutral and charged defects.21 The properties of the point defects themselves may vary greatly with their charge: The formation energies as well as the migration energies may be very different for the charged configurations compared to the neutral ones with strong consequences for diffusion properties (see, for instance, the case of SiC).22 For UO2 Nerikar et al.,14 using LDA+U, indeed predicted that point defects are charged in UO2 . In the present paper we tackle the charge states of point defects in UO2 using a recently developed alternative to LDA+U, namely, the local hybrid functional on correlated electrons. This method is based on the calculation of exact local (on site) exact exchange for the correlated orbitals only23 and on the application of a hybrid functional (with some part of DFT exchange and correlation substituted with this exact exchange) on these correlated orbitals24 (see below for a brief presentation). LHFCE is close in spirit to LDA+U but has
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the advantage of not relying on a parameter that has to be tuned. We recently showed that this method applies nicely to actinide oxides25 and in the specific case of UO2 succeeds in predicting the correct f-f gap. This method, however, faces the same multiple minima problem as LDA+U. Paying special attention to circumvent this multiple minima problem, we calculate the formation energies of oxygen vacancies and interstitials as well as uranium vacancies in their various charges states. We thus confirm that point defects are very often charged. These results are discussed through a comparison with previous studies and analyzed in the framework of the point-defect model from which we construct a Brouwer diagram21 showing the variation of the stoichiometry and the concentrations of the various defects with an external oxygen pressure. The calculated diagram is then compared to the one commonly expected and to experimental measurements in the hypostoichiometric regime. II. TECHNICALITIES A. Calculation method



The calculations were performed in the DFT framework using the projector augmented wave (PAW) method as implemented in the ABINIT26–28 code. The suitable PAW atomic data were generated using the ATOM-PAW29 tool. The cutoff energy used for all the calculations was 35 Ha, and the energy cutoff for the fine fast Fourier transform grid was set to 40 Ha. For noncorrelated electrons, the Perdew-Burke-Ernzerhof (PBE) functional30 within GGA was used. The LHFCE functional is applied to the correlated electrons (cor), in the present work the f electrons of the uranium atoms. Because LHFCE is still not widely used, we recall its principles. As suggested by Novak et al.,23 on-site Hartree-Fock exact exchange between correlated electrons is calculated. A hybrid functional for the exchange-correlation energy (in this work the PBE0 31 scheme) is applied then to these electrons24 : PBE0 [ρcor ] EXC PBE = EXC [ρcor ] +



  1 HF PBE EXC [cor ] − EXC [ρcor ] . 4



(1)



Here cor and ρcor represent the wave function and the corresponding electron density of the correlated electrons, respectively. In ABINIT’s implementation25 the Hartree-Fock (HF) exchange term is calculated inside the PAW sphere, assuming that the correlated orbitals are zero outside the spheres. This is similar to the assumptions made for the implementation of the LDA+U method in the PAW scheme.26,32 The LHFCE is thus close to the LDA+U method, as they both rely on the selection of specific correlated orbitals and on the assumption of localization of these orbitals close to the nuclei. Unlike LDA+U it does not rely on the tuning of a parameter, but involves the choice of a hybrid functional to be applied to these particular orbitals. We assumed a collinear 1-k antiferro-magnetic ordering of the uranium magnetic moments and the spin-orbit interaction was not taken into account since it has not been implemented in ABINIT with the PAW method yet, and it is commonly neglected in calculations of point defects in UO2 .



Properties of bulk UO2 within this framework have been studied in detail in a previous paper,25 and the results are briefly recalled. It appears that LHFCE suffers from the same multiple minima problem than LDA+U.18–20,33 Indeed, many different minima can be obtained depending on the initial electronic configuration with a huge spread of the calculated bulk energies and band gap. More specifically it was found that the local minimum that is reached depends on the initial occupation of the uranium f electrons density matrix. A systematic search of the optimal initial occupations of f orbitals was performed. All repartitions of two electrons in the seven f spherical harmonics of either up or down spin (depending on the site) were tested. It was possible to determine that an initial occupation of the m = −3 and 0 spherical harmonic leads to the lowest minimum, i.e., the true ground state of UO2 . In this state, after convergence, the occupations of f orbitals are, on the whole, preserved except for some additional transfer of electrons to other f orbitals than the m = −3 and −1. Altogether the f orbitals bear 2.4 electrons. The properties of the material are nicely reproduced. Indeed, LHFCE opens an f-f gap, with a satisfactory reproduction of the unit cell parameter (0.551 nm compared to the 0.547 nm experimental value),34 bulk modulus (199 GPa compared to the 207 GPa experimental value),34 and magnetic moment (1.7 μB compared to the 1.74 μB experimental value).35 Further details including the electron density of states are available in our previous paper.25 For defect calculations we use a supercell approach. The defect-free supercell is a 2×2×2 repetition of the conventional cubic cell of UO2 , thus containing 96 atoms. Due to computational limitations we used only the  point to sample the Brillouin zone of the supercell, which corresponds to a 2×2×2 k-points sampling in the conventional cell. With such k-point sampling, the UO2 gap is found to be 2.1 eV, in perfect agreement with the experimental value.34,36 In principle, the same kind of multiple minima that appear in bulk calculations could also occur in defect calculations with supercells. However, a systematic search for the optimum density matrix of uranium f electrons similar to the one performed for the ground state is not feasible in practice. Indeed, such a search would require considering, in supercell calculations, many different initial f electron density matrices for uranium atoms, not all these matrices being necessary equal as uranium atoms may be first, second, etc., neighbors of the defect. As the calculation load would be tremendous, we chose to fix for all the uranium atoms the initial f electron density matrices equal to what they are in defect-free bulk, as determined in our previous paper on bulk properties. This density matrix was kept fixed for the first 30 iterations of the self-consistent cycle. Afterwards, the constraint was relaxed and the f electrons were set free to evolve, thus allowing charge transfer from or to the f orbitals and redistribution among them. B. Defect energetics



Single defects were introduced in the supercell: oxygen vacancy (VO ), oxygen interstitial (IO ), or uranium vacancy (VU ). Uranium interstitials were not considered. Charge states from −2 to +2 (resp. −4 to +4) were considered for oxygen (resp. uranium) defects. As usual in ab initio calculations, the additional charge is set by adding or removing electrons from
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the supercell calculations. The atomic structures were relaxed ˚ at constant volume down to forces lower than 0.02 eV/A. Such a stopping criterion corresponds to an uncertainty on the energy of each simulation box of about 2×10−3 eV. The formation energies of the defects (defined below) involving up to four boxes; the overall uncertainty on the formation energies is thus of the order of 10−2 eV. From the energies calculated for the defect-free and defect-containing boxes, one can define the formation energies of the isolated point defects as follows: E



f



(VIOO ) q



f



EV q U



= E N∓1 − E∅N ± 1/2EO2 + qεF (VIOO ) q = E RVO q + qεF , ( IO ) N −3 N E∅ − EO2 + qεF = EVN−1 − q U N = EVRq + qεF , U



III. RESULTS



(2)



(3)



f



where EXq denotes the formation energy of the defect X bearing a charge q; EXP q is the energy of the box containing the defect X, P atoms, and q additional electrons (or holes if q < 0); EO2 is the energy of an oxygen molecule (calculated in an otherwise empty supercell); E∅N is the energy of the defect-free box containing N = 96 atoms; εF is the electron chemical potential (i.e., the Fermi energy); and EXRq is the part of the formation energy that does not depend on the Fermi energy. In these definitions the oxygen molecule is used as the reference to fix the chemical potential of oxygen and uranium. We could have chosen to use different references for uranium and oxygen defects. For instance, many previous studies use the dioxygen molecule for oxygen defects and α bulk uranium for the uranium defect. We chose not to do so, first, because such a choice blurs the fact that in a compound there is indeed an uncertainty on the chemical potentials of the components; and, second, because with such multiple references, the energies of composite defects made of the association of disconnected defects are not the sum of the formation energy of their isolated components, which we consider confusing. Conversely, with the present definition, the formation energy of a Schottky defect (made of the conceptual association of three disconnected defects: two oxygen vacancies and one uranium vacancy) is the sum of the formation energy of an uranium vacancy and two times the formation energy of an oxygen vacancy. Thus the formation energy of composite defects, oxygen Frenkel pair (FP), and the Schottky defect (Sch) can be calculated as follows: f EFP (I −q −V +q ) O O O



=



EIN+1 −q O



+



EVN−1 +q O



∗



−2



f +q −2q Sch(2VO −VU )



E



Raw results for the formation energy of the isolated defects are gathered in Fig. 1. In this graph the formation energies of the defects are plotted as a function of the position of the Fermi level in the gap, according to Eqs. (2) and (3). It appears that uranium vacancies always have their lowest formation energy for the −4 charge state. For oxygen vacancies, the charge corresponding to the lowest formation energy is +2, +1, or 0 depending on the position of the Fermi level, while for oxygen interstitials the lowest formation energy corresponds most of the time to the doubly negative state, except when the Fermi level is very close to the valence band, where the neutral configuration is favored. The formation energies of the oxygen FPs and the Schottky defects in their various possible charge states, calculated with Eqs. (4) and (5), are indicated in Table I. For the oxygen FP, the associations of positively charged oxygen vacancies with negative interstitials have a lower energy than the association of neutral defects, the lowest formation energy being reached for doubly charged vacancy and interstitial. In the same way,
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components to build a composite point defect. Oxygen Frenkel pairs can be built as the sum of two neutral defects or as the sum of a +q vacancy and a −q interstitial. In the same way the Schottky defect can be made of the sum of three neutral vacancies or the sum of two +q oxygen vacancies and one −2q uranium vacancy. Note that the formation energies of the defects made of charged components do not depend on the position of the Fermi level as their total charge is zero.
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One can see that, as we consider charged point defects, there are different possible charge repartitions among the defect
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FIG. 1. Formation energies of the oxygen vacancy, oxygen interstitial, and uranium vacancy for various charge states as a function of the position of the Fermi level in the gap of UO2 . All results are for the di-oxygen molecule reference.
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TABLE I. Formation energies of the composite defects (eV). Comparison of various charge states of the point defects with experiments. Nerikar et al. (2009)14 Oxygen Frenkel pair Schottky defect



IO0 + VO0 4.0 VU0 + 2VO0 7.6



Exp.38



This work



IO−2 + VO+2 2.7 VU2 + 2VO+1 3.9



IO0 + VO0 6.4 VU0 + 2VO0 9.9



for Schottky defects, the association of a −4 uranium vacancy with two +2 oxygen vacancies has a much lower energy than its neutral counterpart. Our main result is thus that our calculations indicate unambiguously that point defects are charged in uranium dioxide. Both the formation energies of isolated defects and those of composite defects point to positive charges for the oxygen vacancies and negative charges for the oxygen interstitials and uranium vacancies. To go beyond this observation, we focus the discussion on two additional points: first, the comparison of our results with literature results and, second, the construction of a calculated Brouwer diagram.



IV. COMPARISON WITH PREVIOUS RESULTS



Qualitatively, the charges predicted for oxygen interstitials and uranium vacancies are coherent with the conventional wisdom. Based on an ionic picture of bonding in UO2 , one indeed expects −4 uranium vacancies and −2 oxygen interstitials. Besides, the −2 charge of the oxygen interstitial has recently been confirmed experimentally.37 The case of oxygen vacancies appears more complex and is discussed below (Sec. V B). The quantitative comparison with experimental estimates38 (deduced from diffusion measurements) is best done on composite defects in order to avoid the uncertainty on the reference state for simple defects. This comparison is done in Table I. One can note that for the association of neutral point defects, our calculated formation energies are larger than experiments. Conversely the association of charged components leads to satisfying formation energies close to or within the experimental estimates. To compare our results with



IO−1 + VO+1 5.8 VU2 + 2VO+1 7.6



IO−2 + VO+2 4.8 VU−4 + 2VO+2 5.8



3.0–4.6 6.0–7.0



those available in literature one should distinguish between neutral and charged defects. A. Neutral defects



As indicated above all but one previous numerical studies deal with neutral defects only. We therefore focus first on the formation energies of neutral defects. Once again, in order to allow the comparison, we consider the composite defects, the formation energies of which do not depend on the various possible choices for the references. The literature results we are aware of are gathered in Table II. One can first note that the results are spread within a few eV, which is a rather large scatter for such ab initio calculations of point defects. However, it appears clear that our results are larger than the majority of other results. Indeed, for the oxygen Frenkel pair, our formation energy is 6.4 eV, while the others usually lie between 2.6 eV13 and 4.0 eV.10,11 The only larger values are 5.4 eV in the work in Geng et al.12 and 6.2 eV in Dorado et al.15 In the same way our formation energy for the Schottky defect (9.9 eV) comes close only to the result of Geng et al.12 (10.6 eV), while all the others fall between 5.6 eV and 7.6 eV. Let us first note that the discrepancy between our present results and older results obtained with simple LDA or GGA (i.e., without +U correction)8,9 is not unexpected because an electronic structure very different from the present one was obtained in these calculations where UO2 was predicted to be a metal. More disturbing is the rather huge difference between our results and the results usually obtained with the LDA+U correction. We think that these differences in results lie in the existence of multiple minima in LDA+U or LHFCE calculations. This problem is completely overlooked in the literature on defects in UO2 (except in Dorado et al.15 ; see below). Nevertheless



TABLE II. Formation energies of the composite defects formed by association of neutral point defects (eV). The results of the present work are compared to experiments and literature results. Functional This work Experiments38,48 Dorrado et al. (2010)15 Geng et al. (2008)12 Iwasawa et al. (2006)10 Gupta et al. (2007)11 Nerikar et al. (2009)14 Yu et al. (2009)13 Crocombette et al. (2000)8 Freyss et al. (2005)9



σ GGA+LHFCE σ GGA+U = 4 eV LSDA+U = 4 eV σ GGA+U = 4 eV σ GGA+U = 4 eV σ GGA+U = 4 eV σ GGA+U = 3 eV LDA GGA
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it is well known that multiple minima appear in calculations of the electronic structure with LDA+U, including the case of bulk UO2 ,20 and the same has been evidenced with LHFCE.25 Multiple minima occur when different initial occupations of the f orbitals drive the calculation to different local minima with little change on these initial occupations. Such occurrence of multiple minima is favored when f levels are degenerate, as happens in the highly symmetric bulk structure. Conversely when the f levels are strongly nondegenerate, due to large ionic distortion or breaking of symmetries, the final occupation of the f levels depends less on the initial occupation. The calculation tends naturally to fill the f levels lying lowest in energy irrespective of the initial point. Perfect fluorite structure is therefore more prone to multiple minima than strongly distorted structures. Local minima can be shifted up by as much as a few eV from the absolute minimum,20,25 therefore falling in a local minimum for the defect-free or defective boxes can induce large spurious shifts in the formations energies. If the defectfree calculation falls in a local minimum, the energy EφN [see Eqs. (2) and (3)] is too large, which shifts down the formation energy. Conversely if the calculation for the defective box ends up in a local minimum, the formation energy is shifted up. Due to our procedure, which enforces the correct density matrix of the bulk, we can reasonably assume that our calculations are well converged to the real minima for both boxes (i.e., with and without the defect). Indeed, the defect-free boxes are certainly well converged as we used as the starting density matrix, the one that has been determined to lead to the absolute minimum in this case.25 Moreover, for the boxes containing the defects it is very likely that the calculations are well converged too. Indeed, for the uranium ions far from the defects the local symmetry and crystal field are of high symmetry as in the bulk, so that our procedure leads to the correct occupation of f orbitals for these ions. Conversely very few local symmetries remain around the uranium ions close to the defects; the f levels are thus strongly nondegenerate, and the f electrons may rearrange themselves to fall in the absolute minimum as soon as the density matrix constraint is lifted. In practice few rearrangements are observed beyond partial charge transfer to f orbitals. The same is true for charged defects. The only exception is the neutral oxygen interstitial in which the m = −3 orbital of two uranium first neighbors of the interstitial are empty after convergence. We have no evidence for the reason of this specific behavior. Most previous calculations10–14 do not take into account the possible occurrence of multiple minima. It is therefore quite possible that, in these studies, the electronic structure is trapped in higher local minima. This should arise especially for the defect-free boxes where such trapping is more likely, thus naturally leading to underestimated formation energies. Conversely, calculations in which the possible occurrence of multiple minima is taken into account consistently lead to high formation energies. First, it is no surprise that our calculations are quite close to the results obtained by Dorado et al.15 Indeed, they use in their LDA+U calculation an approach very similar to ours, i.e., we control the f electron density matrices in the same way they do. Second, our results are close though not identical to the ones obtained by Geng et al.12 They use another approach to deal with the multiple minima problem based on



simultaneous minimization of ionic and electronic degrees of freedom.39 The differences between our results and theirs may also come from the fact that they use a LDA functional while we use GGA. B. Charged defects



For charged defects one can compare only with the results obtained by Nerikar et al.14 Qualitative outcomes are very comparable in the sense that charged defects are quite often favored compared to neutral ones. Indeed, they found that uranium vacancies (resp. oxygen interstitial) have their lowest formation energy for the −4 state (resp. −2 state), for all values of the Fermi level, while the most favorable charge state of the oxygen vacancy gradually changes from +2 to +1 and then 0. However, some differences with our results exist in the relative stability of the various charge state: Neutral oxygen interstitial is never stable, the domain of stability of the +1 vacancy is smaller in their results than in the present work, and it is slightly shifted to the bottom of the gap. Concerning the composite defects, the two studies agree on the fact that oxygen Frenkel pairs are made of +2 vacancies and −2 interstitials. For the Schottky defect, Nerikar et al. compare the association of neutral defects to the one of −2 uranium vacancy and two +1 oxygen vacancies, which they find to be the more stable. Nevertheless our values for the formation energies are quantitatively different from theirs. Indeed, once again, our formation energies, for neutral as well as for charged defects, are larger than the ones by Nerikar (see Table I). However, as shown in Table I, the formation energies we obtain for charged defects are very close to the experimental estimates, while in Nerikar’s work, as they themselves acknowledge, “the combination of charged components yields a formation energy that is considerably lower than the experimental value.” As explained above, we think that their small energies come from an error in the energy of the defect-free ground state leading to underestimated formation energies of both neutral and charged defects. Conversely considering our values, the formation energy of neutral defects is naturally larger than experiments as the point defects are in fact charged. When this charge is taken into account the formation energies fit nicely with experiments. Finally, this would mean that the previous agreement between many previous neutral defects formation energies and experiments would be rather fortuitous. V. BROUWER DIAGRAM A. Calculated diagram within the point-defect model



The point-defect model (PDM) relates the stoichiometry variation (x in UO2+x ) with the point-defect concentrations. It also enables us to establish a relationship between oxygen partial pressure and stoichiometry variations. This model was introduced by Matzke38,40 and Lidiard.41 It is based on writing of the mass action laws for the reactions of formation of intrinsic defects. This model is based on the assumptions recalled below. The first is that only point defects are present in UO2+x , and thus they are the sole source of deviation from stoichiometry. This is a rather drastic assumption, especially
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in the overstoichiometric oxide, for which it has been known for long that oxygen interstitials form clusters of defects.42 Second, the PDM explicitly assumes that the defects are isolated and noninteracting. The configurational entropy is then simply expressed in terms of point-defect concentrations in the dilute limit. In the present work we choose for convenience to define the concentrations as the number of defects present divided by the number of formula units of the UO2 crystal [see Eq. (8)]. The version of the PDM dealing with neutral defects only has been used in many previous studies (see, for instance, Ref. 8 for a complete presentation of the open and closed regimes). We present here the version that includes the possible charge of defects. For the sake of completeness the equations below are written including the uranium interstitials. As these defects are neglected in the present study, we shall in the analysis of present results simply put the concentrations of uranium interstitials to zero, or equivalently fix an arbitrary large value to their formation energies. The basic equations of the model are based on mass conservation and charge neutrality. The first one reads as follows:   q   q    q   q 2 VU + IO = 2 IU + VO + x, (6) q



q



q



q



in which the concentrations of the various defects with their different charge states (q) are indicated by brackets and x is the deviation from stoichiometry. The charge neutrality equation is   q q DX + pv − nc = 0, (7) q q [DX ]



where is a composite notation for the concentration of defect D ( = V or I) of charge q, in site X ( = U or O); pv is the concentration of holes in the valence band, and nc is the concentration of electrons in the conduction band. In the open regime of equilibrium of UO2+x and oxygen pressure, all the concentrations in Eqs. (6) and (7) are explicit functions of the temperature (T), Fermi level (εF ), and oxygen partial pressure PO2 :  E Rq + qε  F  q V −1/2 , (8) VO = 2 × PO2 exp − O kB T  E Rq + qε  F  q I +1/2 , (9) IO = PO2 exp − O kB T  E Rq + qε  F  q V VU = PO2 exp − U , (10) kB T  E Rq + qε  F  q I IU = PO−12 exp − U kB T  q (11) or in the present work IU = 0 . A peculiarity appears in Eq. (8) for oxygen vacancies. Indeed, for this defect the factor 2 comes from the fact that there are two possible sites in each unit cell that are the two positions occupied by the oxygen atoms in the defect-free crystal. The remaining point defects have only one possible



site per unit cell. The concentrations of electrons and holes also depend from Fermi level and temperature through basic Fermi statistics (see, for instance, Ashcroft).43 For a given temperature and oxygen pressure, there is one single value of the Fermi level that ensures the charge neutrality equation (7) with the concentrations given by Eqs. (8) to (11). The stoichiometry is deduced from Eq. (6). The obtained variation of the concentrations of defects, electrons, and holes as a function of oxygen pressure is precisely a Brouwer diagram.21 The diagram obtained for T = 1000 K is given in Fig. 2 (the qualitative picture that appears on this figure does not depend on temperature). Note that the pressure and temperature scale is very approximate because it depends strongly on entropy terms, both of the oxygen molecule and of the point defects, that are not considered in the present calculation. For low oxygen pressure, the oxide is hypostoichiometric (UO2−|x| ), the dominant defect being oxygen vacancies, which is consistent with the widely admitted picture. This part of the diagram is further analyzed in the next section. Exact stoichiometry is achieved at 10−50 atm. Perfect stoichiometry corresponds to equal concentrations of +1 oxygen vacancies and −4 uranium vacancies. In the overstoichiometric region the −4 uranium vacancies are the dominant point defects. The oxygen interstitial concentration is negligible. B. Analysis and comparisons with experiments



One finally obtains an overall picture of the accommodation of stoichiometry variations by point defects in UO2 . Understoichiometry is accommodated by oxygen vacancies, while overstoichiometry is accommodated by uranium vacancies, and perfect stoichiometry corresponds to equal concentrations of the two types of vacancies.



FIG. 2. Calculated Brouwer diagram as a function of the pressure of di-oxygen in equilibrium with UO2+x showing the concentrations of oxygen vacancies, interstitials, and uranium vacancies in their various charge states as well as the one of electrons (nc ) and holes pv and the variation of the deviation from stoichiometry (absolute value of x). The triangles are guide for the eye highlighting the 12 and 14 slopes.
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In the traditional Brouwer diagram for UO2 (see, for instance, Murch et al.),44 based on a fully ionic picture of UO2 understoichiometry is accommodated by +2 oxygen vacancies. and overstoichiometry is accommodated by −2 oxygen interstitials, while at stoichiometry the intrinsic disorder is of the oxygen Frenkel type. A strong discrepancy appears in the overstoichiometric part of the Brouwer diagram. Indeed, our diagram predicts a dominant concentration for the uranium vacancies and not oxygen insterstitials. This uranium vacancy problem has been mentioned and analyzed in previous calculations.8 It is, in fact, present for most ab initio calculations of point defects in UO2 , and its origin remains unclear. Some possible explanations have already been suggested.8 It is, for instance, possible, though unlikely in our opinion, that the formation entropy of uranium vacancies and oxygen interstitials are so different that oxygen interstitials are indeed favored by entropy factors. Moreover two possible sources of inapplicability of the point-defect model should be kept in mind. First, the oxygen clustering should play an important role in the overstoichiometric oxide. Geng et al.12 showed that oxygen clusters (especially the cuboactehdral one)45 are more stable compared to isolated interstitials. Second, the configurational entropy implicit in the point-defect model corresponds to an infinite dilution of the defects. This can be inaccurate especially for nonnegligible deviations from stoichiometry. We now come back to the analysis of the low-pressure part of the Brouwer diagram where U O2−|x| is hypostoichiometric. In this part of the Brouwer diagram, the main defects are oxygen vacancies, which is consistent with the widely admitted picture. One can further distinguish three different regimes. In the first regime, (for oxygen pressure from 10−52 atm down to 10−58 atm in Fig. 2), the charge neutrality [Eq. (7)] is ensured by equal concentrations of electrons and holes. UO2 behaves as an intrinsic semiconductor. The Fermi level lies in the middle of the band gap. The deviation from stoichiometry is then accommodated by oxygen vacancies of charge +1 (VO +1 ), which is the most stable charge state for this midgap position of the Fermi level. Noting that the concentration of VO +1 vastly supersedes the ones of other defects, Eq. (6) is simplified to   −x = VO+1 .



Following Aschroft,43 the relationship between the concentration of electrons and the Fermi level is    εF − εG , (13) nc = Nc (T )Pv (T ) exp − kB T where the factor Nc (T ) [resp. Pv (T )] is an integral depending on the conduction (resp. valence) density of states of the material as defined in Ashcroft43 and εG is the gap UO2 . In this regime Eq. (12) is unchanged, but the charge neutrality equation is now reduced to  +1  (14) VO = nc . Using Eq. (13), the εF term in Eq. (8) can then be expressed as a function of nc . Together with Eq. (14), one ends up with    2 nc VO+1 = VO+1 = x 2  εG − E R+1   VO −1/2 PO2 . = 2 Nc (T )Pv (T ) exp − kB T (15) One finally obtains x ∝ (pO2 )−1/4 . Therefore the slope of log(x) as a function of log[P(O2)] decreases from −1/2 to −1/4, as can be observed in Fig. 2. Note that in this extrinsic regime this slope is directly related to the charge of the defect. A doubly charged oxygen vacancy (VO+2 ) would have led to a −1/6 slope instead of −1/4. The third and last regime is reached when the pressure decreases further (below 10−64 atm in Fig. 3). The Fermi level is then so much shifted that the dominant charge state becomes the neutral vacancy (VO 0 ) at the expense of the charged state VO +1 . The deviation from stoichiometry x is again independent from the neutrality equation. The slope of the variation of the



(12)



One observes a −1/2 slope for the variation of log(x) as a function of log(pO2 ) (reported on the Fig. 2 as a triangle). This slopes derives directly from Eq. (8). Note that whatever the charge of the vacancy, the slope would always be −1/2 in this intrinsic regime. For decreasing oxygen pressure the concentration of oxygen vacancies rises continuously up to a point (about P = 10−58 atm in Fig. 2) where the concentration of +1 oxygen vacancies becomes nonnegligible compared to the ones of electrons and holes. The second regime is then triggered. UO2 starts to behave like an extrinsic semiconductor, except that the (autodoping) is due to the self-defects (specifically the +1 oxygen vacancies). The concentration of positively charged oxygen vacancies is compensated by conduction electrons. This results in a continuous shift of the Fermi level from the midgap toward the conduction band.



FIG. 3. Experimental measurements at various temperatures of the deviation from stoichiometry x of UO2−x in the hypostochiometric region as a function of the pressure of di-oxygen (in atm), reported from Baichi et al.46 The experimental measurements have been fitted with a third-order polynomial (dots). The two triangles and the upper and lower lines are guide for the eyes highlighting the 12 and 14 y slopes.



184107-7



CROCOMBETTE, TORUMBA, AND CHARTIER



PHYSICAL REVIEW B 83, 184107 (2011)



concentration of VO +1 and nc remains −1/4, but the one of x (and VO 0 ) increases back from −1/4 to −1/2. Quite remarkably, the first two regimes identified above can be clearly related to the experimental measurements of the variation of stoichiometry with oxygen pressure as recently assessed by Baichi et al.46 We have plotted in Fig. 3 the experimental measurements. Those experimental data have been fitted using an arbitrary chosen third-order polynomial, and the slopes have been reported as triangles. One can clearly see in Fig. 3 that the slope of log(x) as a function of log(pO2 ) starts at −1/2 for low oxygen pressure and smoothly increases toward −1/4 when decreasing the oxygen pressure, whatever the temperature considered. The experimental variation of x as a function of the oxygen pressure pO2 (reported in Fig. 2) is therefore similar to the one calculated (reported on Fig. 3). This confirms our prediction that the deviation from stoichiometry in hypostoichiometric UO2 is accommodated by oxygen vacancies of charge +1. It is worth stressing that the present result, consistent with experiments, invalidates the conventional Brouwer diagram of UO2 in its hypostoichiometric part, which, assuming a fully ionic picture of the bonding in UO2 , considers a +2 charge for oxygen vacancies and therefore predicts a −1/6 slope for the extrinsic regime. Finally, the third regime of the Brouwer diagram in which the neutral oxygen vacancy becomes the main defect at very low pressure (i.e., at very high hypostoichiometry) does not appear in experiments. Indeed, such huge understoichiome-



tries are not reached in reality as a biphasic domain of the phase diagram appears instead, with a coexistence of uranium metal and UO2−x .47



*
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VI. CONCLUSION
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