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Abstract Spontaneous cationic Frenkel pair recombinations in lanthanum zirconate (La2Zr2O7) pyrochlore are studied with empirical potential molecular dynamics. A complex behavior is observed depending on the distance between the vacancy and the interstitial and on the nature of the cations lying in between them. While interstitials of the ﬁrst shell near a vacancy readily recombine, interstitials of the second shell never do. The third shell interstitials recombine in half the conﬁgurations, i.e. when the intermediate cation is lanthanum, leading to antisites when a zirconium defect pair is considered. The behavior is globally the same in the corresponding disordered ﬂuorite structure, but we observed that in this structure, the number of spontaneous recombinations increases with temperature.  2006 Elsevier B.V. All rights reserved. PACS: 61.82.Ms; 61.72.Ji Keywords: Pyrochlore; Molecular dynamics; Frenkel pair; Recombination



1. Introduction There has been a great deal of work on the behavior of pyrochlore oxides under irradiation in the last years, especially as some of them have been proposed as host phases for nuclear waste. From a more fundamental point of view, the members of the isostructural pyrochlore family exhibit various behavior under irradiation depending on the chemical nature of their constituents. For all these aspects, see the recent review by Ewing et al. [1]. Zirconate pyrochlore are generally highly radiation resistant, lanthanum zirconate (La2Zr2O7) being an exception. Indeed, it was found that it is possible to amorphize this material under 1.0 MeV Kr2+ [2] or 1.5 MeV Xe+ [3] ion irradiation. It then exhibits two successive phase transitions: ﬁrst, a crystalline change from pyrochlore to disordered ﬂuorite is observed, followed by an eventual amorphization for low enough temperatures. *
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Previous simulation studies that used empirical potential molecular dynamics to tackle irradiation behavior of lanthanum zirconate (see the paper by Chartier in this volume [4] as well as [5,6]) have shown that point defects are produced by displacement cascades in La2Zr2O7. The two-step phase transitions (pyrochlore to disordered ﬂuorite and then to amorphous) can be reproduced by concomitant insertion of cationic Frenkel pairs (FPs). To complement these previous studies, the present work uses the same tools to study the spontaneous recombination processes of cationic Frenkel pairs in La2Zr2O7. Such point-defect recombinations are known to be of high importance for threshold displacement energies and more generally for the behavior of materials under irradiation [7]. These calculations allow us to discuss the spontaneous recombination volume (SRV) in lanthanum pyrozirconate. 2. Technicalities To describe the bonding between atoms, we use empirical potentials of the Buckingham type. These purely ionic
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pair potentials are identical to the ones used in our previous studies on lanthanum pyrozirconate [5,6]. We consider a 704 atom simulation box. The pyrochlore structure is built by duplication in each direction of the 88 atom pyrochlore unit cell. Starting from lanthanum zirconate in the perfect pyrochlore structure, an FP is introduced by displacing a cation from its site to each of the 256 possible interstitial sites. The defective box is then relaxed, either through a direct minimization of the forces on the atoms (thanks to a fast-quenching algorithm) or through a 10 ps molecular dynamics (MD) run. These calculations are made in the NPT (constant particle number, pressure and temperature) ensemble for six diﬀerent temperatures: 100 K, 300 K, 600 K, 900 K, 1200 K and 2000 K. At the end of the simulation we noted for each interstitial site whether a recombination has taken place or not. The results are thus discussed in terms of the number of interstitial sites for which the recombination has indeed taken place. The small simulation time allows us to qualify the recombinations occurring in our calculations as spontaneous. To estimate the recombinations in the disordered ﬂuorite structure, we generated a model of disordered ﬂuorite by randomizing the occupations of the cationic sites and allowing the oxygen atoms to adapt their positions for a few ps. This procedure leads to a satisfactory disordered ﬂuorite structure in which the 8a, 8b and 48f oxygen sites



Fig. 1. Schematic representation of FP recombinations in pyrochlore (projected on the [1 0 0] plane) for the ﬁrst three shells of interstitials. La, Zr and O atoms are in blue, green and red. Cationic vacancy and interstitials are in grey and beige, respectively (irrespective of their atomic type). The roman numbers on the interstitial denote the neighboring shell respective to the vacancy. Blue arrows indicate active recombinations, whereas red arrows indicate impossible recombinations (see text for further explanation).
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are randomly occupied, the mean coordination of the cations being 7 for both types of cations. After arbitrarily choosing one cation of each type in the structure, the same procedure of FP introduction was applied. The interstitial sites (in 32e positions) are ordered according to their distance to the vacancy. We thus distinguish the ﬁrst, second, and third shells of interstitials, respectively, situated in the perfect pyrochlore structure, ˚ , 4.68 A ˚ and 6.03 A ˚ , away from the vacancy. Speak2.70 A ing in terms of the ﬂuorite structure from which pyrochlore derives, we can generally say that the vacancy and the interstitial are situated in the center of oxygen cubes. In pyrochlore, these cubes are incomplete for interstitials and Zr vacancies. Dealing with these cubes, we note that ﬁrst and second shell interstitials, respectively, share a face and a vertex with the vacancy whereas the farther apart interstitials are disconnected from the vacancy cube. The third-shell positions can be described as situated like a knight’s movement in a chess game away from the vacancy. A perfect cubic network of oxygen is represented in Fig. 1, together with examples of the successive shells. 3. Results 3.1. Pyrochlore structure The major characteristics of the recombinations in perfect pyrochlore are common to both cations and at all temperatures. For the ﬁrst shell of interstitials (six interstitial sites lying ˚ from the vacancy, denoted I in Fig. 1), a direct 2.70 A recombination always happens, leaving the crystal defectfree at the end of the simulation. This FP conﬁguration is indeed unstable, as evidenced by the recombination with the direct minimization algorithm. For the second shell of interstitials (eight interstitial sites ˚ from the vacancy, denoted II in the ﬁgure), no lying 4.68 A recombination is ever observed. The structure remains the same throughout the simulation and no atomic displacement is observed. For a lanthanum vacancy, all eight interstitial sites are such that an oxygen atom is situated halfway from the interstitial and the vacancy, which may explain the absence of recombination. The same is true for six out of eight interstitial sites in the zirconium vacancy case. But no recombination happens, even for the two remaining interstitial sites where there is no oxygen between the vacancy and the interstitial. This intermediate oxygen site is indicated in Fig. 1 by a red ball surrounded by a black square. Whether it corresponds or not to a real oxygen atom depends on the nature of the vacancy and on the exact location of the interstitial. For the third shell of interstitials (24 interstitial sites at ˚ ), the results are more complex and quite unexpected. 6.03 A Recombinations take place for half the sites. The occurrence of the recombination does not depend on the atomic nature of the FP but on the nature of the cation that lies on the way from the interstitial to the vacancy. If this cation
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is a zirconium atom (interstitial of type IIIZr in the ﬁgure), the recombination does not occur. In contrast, when this cation is of the lanthanum type (interstitial of type IIILa in the ﬁgure), the Frenkel pair is unstable. The recombination takes place through a two-step process: the intermediate La atom leaves its site and moves to the vacancy. Simultaneously, the interstitial ﬁlls the La site. Thus, at the end of the simulation, the interstitial and the vacancy have disappeared. In this last case, the resulting defective structure depends on the nature of the FP. In the case of a lanthanum FP, there is ﬁnally no defect, because the only thing that eventually happened is that two La atoms have exchanged their positions. Conversely, when a Zr FP is introduced, the intermediate La atom ﬁlls a Zr vacancy, whereas the Zr interstitial moves to the La site. One therefore ends up with two antisites (i.e. one La–Zr exchange). We then obtain a quite complex picture of the cationic recombinations in pyrochlore: direct recombinations of the FP for the ﬁrst shell of interstitials; no recombination for the second shell; and when topologically feasible, indirect recombinations of the third-shell interstitials through the displacement of an intermediate La atom. The ﬁrst three shells amount to 18 spontaneous recombinations: 6 for the ﬁrst shell and 12 for the third one. Beyond the third shell, recombinations are very rarely observed. The number of recombinations depends on temperature (see below), but when they occur, they involve two displacements of La atoms in the same way as for the thirdshell interstitials. Beyond the common characteristics, some diﬀerences appear between La and Zr defects. First, as explained previously, La recombinations leave the crystal defectfree whereas the third-shell Zr FP recombinations create antisites. Second, another diﬀerence is that La defects do not induce any displacements of the oxygen atoms. Conversely, oxygen atoms are commonly displaced around Zr defects, especially vacancies. The most common rearrangements involve two oxygen atoms: the ﬁrst displacement is the migration of an oxygen atom away from the Zr vacancy toward a neighboring oxygen site situated close to another zirconium atom; the oxygen atom initially occupying this oxygen site simultaneously moves to ﬁll a structural vacancy (site 8a) around the same zirconium atom. Eventually, a zirconium atom (which is diﬀerent from the zirconium interstitial) ends up with seven oxygen neighbors. Since these oxygen displacements are associated with the existence of a zirconium vacancy, they are not observed when recombination takes place. To sum up the diﬀerences between La and Zr FPs, Zr FPs produce more defects than La FPs because recombining Zr FPs create antisites and non-recombining FPs displace oxygen atoms. 3.2. Disordered ﬂuorite We now brieﬂy present the results for the disordered ﬂuorite structure. Basically, the trends are the same as in



Table 1 Number of recombinations observed for La and Zr FP pairs in pyrochlore and ﬂuorite for diﬀerent temperatures Number of FP recombinations Pyrochlore



Unstable 100 K 300 K 600 K 900 K 1200 K 2000 K



Fluorite



La



Zr



La



Zr



18 18 18 18 18 21 21



18 18 18 19 19 19 22



17 20 19 20 20 20 22



17 17 18 22 21 22 24



There are 6 spontaneous recombinations for the ﬁrst shell (out of 6), no recombination for the second shell (out of 8), and at least 12 recombinations for the third shell (out of 24).



the perfect pyrochlore but things are less systematic. Namely we observe • a direct recombination for ﬁrst shell interstitials, • uncommon recombinations for second-shell interstitials (see Table 1), • about 50% of recombinations for third-shell interstitials, and • very rare recombinations for interstitials at larger distances from vacancies. As in the perfect pyrochlore, the occurrence of the recombination for the third-shell interstitials does not seem to depend on the nature of the Frenkel pair. The intermediate La atom condition that was strictly obeyed in pyrochlore is blurred, but only a minority of the recombinations (about 25%) involves an intermediate Zr atom. Oxygen displacements are more frequent in pyrochlore and take place for both La or Zr FPs even though they remain more common for zirconium defects. Globally speaking, more recombinations take place in the disordered ﬂuorite than in the pyrochlore (see Table 1). 3.3. Variation with temperature For the pyrochlore structure, the number of recombinations is nearly constant with temperature. However, a very slight increase is observed around 1200 K for La atoms and 600 K for Zr atoms. For disordered ﬂuorite, higher temperatures clearly favor the recombinations. Indeed it can be seen in Table 1 that the number of recombinations increases regularly with temperature. This is especially true for Zr FPs recombinations. 4. Analysis The basic picture of spontaneous recombinations is based on the assumption that there exists a threshold distance called recombination radius. This radius deﬁnes a sphere, the so-called SRV, centered on each vacancy. When an interstitial moves inside this sphere, the pair
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becomes unstable and spontaneous recombination takes place; otherwise, the movements of the two defects are assumed to be independent and diﬀusive. MD calculations have proven the situation to be more complex especially in alloys or compounds. For instance, Klinovitch et al. [8] and Sayed et al. [9] showed that recombinations in silicon and other semiconductors are highly non-isotropic so that the SRV is not spherical and that recombinations may involve sequences of replacements. Caro and Pedraza [10] also found that spontaneous recombinations in NiAl create antisites. However, to our knowledge, the situation in La2Zr2O7 has never been observed in other compounds. It is indeed quite complex: ﬁrst-shell interstitial do recombine promptly with their vacancies and second shell do not, but third-shell interstitials recombine only partly with their vacancies. These partial recombinations make it quite diﬃcult to properly deﬁne a recombination distance. It ˚ (third shell), but then one should could be set to 6.03 A keep in mind that only half of the pair conﬁgurations leads to a recombination at this distance. It could also be set to ˚ (ﬁrst shell), which is the distance at which the pair 2.70 A becomes unstable for all its possible conﬁgurations. It seems also speciﬁc to lanthanum zirconate that the occurrence of the recombination depends on the nature of the intermediate cations and not on that of the FP. This indicates that the La atoms have a much higher tendency to leave their original site than the Zr atoms. This eﬀect is coherent with the lower-threshold energies values [5] found for La atoms (58 eV) compared with Zr atoms (68 eV), even if the diﬀerence observed in threshold energies was not large enough to predict such a strong eﬀect. This of course leads to homoatomic recombinations for La atoms



27



as opposed to antisite creation by Zr recombinations. Such a diﬀerence is in agreement with what we observed in displacement cascade calculations for the same material [5]. Indeed, it was obtained that at the end of the cascade, more La atoms than Zr are involved in replacements, whereas more Zr atoms than La end up in antisite positions. This is quite coherent with our results, as we ﬁnd that La FP recombinations produce replacements whereas Zr FP recombination form antisites. Finally, we ﬁnd that more and more spontaneous recombinations become active at higher temperature especially for ﬂuorite. Such an enhancement with temperature has already been observed (see for instance Gao et al. [11] for a study on SiC). References [1] R.C. Ewing, W.J. Weberand, J. Lian, J. Appl. Phys. 95 (2004) 5949. [2] G.R. Lumpkin, K. Whittle, S. Rios, K.L. Smithand, N.J. Zaluzec, J. Phys.: Condens. Mat. 16 (2004) 8557. [3] J. Lian, Z. Zu, K.V.G. Kutty, J. Chen, L.M. Wangand, R. Ewing, Phys. Rev. B 66 (2002) 054108. [4] A. Chartier, J.-P. Crocombette, C. Meis, W.J. Weberand, L.R. Corrales. in REI 2005, Santa Fe, NM, 2005. [5] A. Chartier, C. Meis, J.P. Crocombette, L.R. Corralesand, W.J. Weber, Phys. Rev. B 67 (2003) 174102. [6] A. Chartier, C. Meis, J.-P. Crocombette, W.J. Weberand, L.R. Corrales, Phys. Rev. Lett. 94 (2005) 025505. [7] E. Kotomin, V. Kuzovkov, Rep. Prog. Phys. 55 (1992) 2079. [8] B.V. Klimovich, V.V. Nelaev, Phys. Chem. Mater. Treat. 25 (1991) 109. [9] M. Sayed, J.H. Jeﬀerson, A.B. Walkerand, A.G. Cullis, Nucl. Instr. and Meth. B 102 (1995) 232. [10] J.A. Caro, D.F. Pedraza, Nucl. Instr. and Meth. B 59–60 (1991) 880. [11] F. Gao, W.J. Weber, J. Appl. Phys. 94 (2003) 4348.
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