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a b s t r a c t First-principles calculations were performed to investigate the properties of single noble gas atoms (He, Ne, Ar, Kr, Xe) in 3C–SiC. Three cases were considered: (i) a noble gas atom in a perfect crystal, (ii) in the neighborhood of a monovacancy, (iii) and of a divacancy. For each case the stable conﬁgurations were determined, as well as their formation energies. The mobility of He, Ne and Ar interstitials was studied, and the associated migration energies were calculated. Our results were discussed and compared to available experimental or theoretical works. Ó 2012 Elsevier B.V. All rights reserved.



1. Introduction Silicon carbide is a material exhibiting several outstanding properties, in particular in extreme conditions like high temperatures or high mechanical stresses [1]. As such, it is considered a promising candidate for applications in harsh environment. In nuclear context, SiC is potentially interesting as a structural material in future fusion reactors and as a fuel cladding material in next generation ﬁssion reactors. In both situations, the material can be exposed to a signiﬁcant production of helium. Other heavier noble gas (NG) such as Kr or Xe can also be introduced from nuclear transmutation and decay. All NG species have a very low solubility, and are known to precipitate and form extended defects such as bubbles or platelets in many systems [2]. Those defects can be sources of several mechanisms such as swelling, surface blistering, plane cleavage, which will irreversibly degrade the material properties. Finally, He in SiC is also an interesting system in a spatial context, since He (and Ne) can be found in SiC dust grains present in primitive meteorites [3]. Although there have been many studies dedicated on NG atoms behavior in metals [4] or in silicon [5–7], the literature is much more scarce for SiC. The pioneering works of Hojou and co-workers [8,9] and of Jung and co-workers [10–12] revealed the formation of He-ﬁlled bubbles and platelets in SiC depending on the conditions. The effect of the microstructure on these bubbles was also studied [13]. Other NG species such as Ne and Xe were shown to also lead to bubbles formation [14]. To understand this bubble formation process, it is ﬁrst necessary to gain information on several properties related to a single NG atom. For instance, the location of the interstitial NG atom in the lattice, its formation and migration energies, the interaction of this impurity with vacancies, are all ⇑ Corresponding author. E-mail address: [email protected] (L. Pizzagalli). 0022-3115/$ - see front matter Ó 2012 Elsevier B.V. All rights reserved. http://dx.doi.org/10.1016/j.jnucmat.2012.06.022



essential quantities that must be known before building larger scale models of bubble formation and evolution. For these quantities, almost all what is known is concerning helium. Experimentally, although the exact location of a He interstitial is difﬁcult to estimate [15], its migration energy was measured to be 1.5 eV at 600 K [16] and 1.14 eV for temperatures ranging from 800 K to 1050 K [17]. The detrapping of He from bubbles or small He-vacancies complexes was also investigated and activation energies ranging from 3.2 eV to 4.0 eV were proposed [16,18]. There are also a handful of dedicated numerical simulations [19–22], but yielding contradictory results. In fact, although all studies agree that the most stable location for a He interstitial is the tetrahedral site surrounded by four Si atoms, a wide range of formation energies, from 1.51 eV [19] to 3.47 eV [22], is proposed. Finally, only one work focused on the interaction of He with vacancies and the calculation of interstitial migration energy [19]. Regarding the other NG species in SiC, Bertolus investigated the stability of Kr and Xe in presence of mono and divacancies [23]. We report in this paper a comprehensive study of the properties of a single NG atom (He, Ne, Ar, Kr and Xe) in 3C–SiC, from density functional theory calculations. In particular, we determined the most stable location for an interstitial conﬁguration, and also in interaction with mono and divacancies. Finally, we also determined the migration energy of the interstitial for light NG species. 2. Methods Our calculations were done in the framework of Density Functional Theory (DFT) [24,25], using the plane wave self consistent ﬁeld PWscf code [26]. The interaction of valence electrons with the ions was described with ultrasoft pseudopotentials [27]. We used periodic boundary conditions for modelling an inﬁnite crystal, and cubic systems including 64 or 216 atoms. The Brillouin zone was sampled with a 3  3  3 grid of k-points [28] for the smallest
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Table 1 Formation energies (in eV) of different 3C–SiC self interstitials in 64 and 216 (in parentheses) atoms cells.



a



Table 2 Formation energies (in eV) of possible NG interstitial conﬁgurations in 64 and 216 (in parentheses) atoms cells.



SiTSi



SiTC



SiSih100i



SiSih110i



NG



TSi



TC



H



BC



11.69 (9.40) CTSi 9.78 (10.00)



10.16 (7.25) CTC 11.33 (6.72a)



10.65 (? SiTC ) CCh100i 6.86 (6.31)



9.16 (8.12) CCh110i 7.15 (6.63)



He



3.07 (3.04)



3.54 (3.51)



! TSi



7.42 (7.03)



Ne



7.51 (7.45)



8.58 (8.49)



! TSi



10.59 (9.95)



Ar



15.58 (15.40)



17.25 (16.86)



14.61 (13.30)



Kr Xe



20.07 (19.77) 26.71 (24.00)



21.26 (20.57) 26.33 (23.21)



! TSi 19.86 25.00



In the 216 atoms cell, CTC is not stable and evolves to a CCh111i conﬁguration.



system, whereas a single k point C was found sufﬁcient for the latter. The Perdew–Burke–Ernzerhof Generalized-Gradient Approximation (PBE-GGA) [29] was used for describing exchange and correlation, since it allows an overall better description of weak bonding than Local Density Approximation (LDA) [25]. We found that the electronic structure was accurately converged with a plane-wave cutoff energy of 30 Ry. Using these parameters, we have determined the lattice parameter a0 of 3C–SiC to be equal to 4.376 Å, close to the experimental value of 4.359 Å. To assess the validity of our computational setup, different types of SiC self interstitials, tetrahedral T, split h1 0 0i and h1 1 0i, have been ﬁrst modelled, the calculated formation energies being shown in Table 1. For Si interstitials, the most stable conﬁgurations are obtained for a carbon tetrahedral T and h1 1 0i split interstitial conﬁgurations, in agreement with the literature [30–33]. For the C interstitial, we found the lowest formation energies for h1 0 0i and h1 1 0i CC split interstitials, also in agreement with previous works [30,31,34]. The formation energies decrease (for most defects) as the supercell gets larger, due to the increase of the defect relaxation volume. Finally, in order to compute the NG atom migration in SiC, the Nudged Elastic Band technique (NEB) [35,36] has been used with three intermediate optimized images, and with the supercell of 64 atoms.



3. NG interstitials Our ﬁrst goal is to ﬁnd the most stable conﬁguration for a single NG atom in 3C–SiC bulk. We initially supposed that NG atoms prefer to be located as far away as possible from Si and C atoms, as in Si [37–39]. Thus, two high symmetry possible candidates are the tetrahedral (T) and hexagonal (H) interstitial conﬁgurations (Fig. 1). Since 3C–SiC is composed of two different species, there



Fig. 1. High symmetry NG conﬁgurations in 3C–SiC shown in the plane of the [1 1 0] zigzag chains. Si (C) atoms are shown as black (gray) circles. Si and C vacancies are represented by empty dashed line circles, whereas blue circles are used for NG atoms. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)



16.75 (15.30) 20.14 (18.49)



are two possible T sites: TSi is the case where the four 1st-neighbors of the NG atom are Si atoms, and TC where the four 1st-neighbors of the NG atom are C atoms. On the other hand, there is a single H conﬁguration, the six 1st-neighbors being three Si atoms and three C atoms, forming a stoichiometric ring around the NG atom (Fig. 1). The formation energies Ef , reported in Table 2 for these conﬁgurations, are computed according to



l  Ef ¼ ESiCþNG  n SiC  lNG 2



ð1Þ



lSiC is the chemical potential of a pair of one silicon and one carbon atoms in SiC, calculated using a bulk of n = 64 (or 216) atoms, whereas lNG is the energy of the single NG atom in the empty reference cell. Our results indicate that the TSi and TC conﬁgurations are stable for all NG atoms, i.e. the NG atom stays in its initial position after structural relaxation, as shown in Fig. 2 for the He atom. However it is not the case for the H site. The latter is found to be stable only for Kr and Xe atoms, with a signiﬁcant lattice distortion. All other atoms, i.e. He, Ne and Ar, located in a H site were unstable, and moved during relaxation towards the nearest TSi conﬁguration. The unstability could be simply explained by the presence of two types of atoms in the zinc-blende crystal, which leads to two different T conﬁgurations, TSi and TC . A NG atom initially located in a H site could relax into one of those two sites. Since two different energy gains are possible when He or Ne relax in TSi or TC , the energy curvature in H is asymmetric. The weak stability observed in bulk silicon [37] is lost and the relaxation in TSi is favored. However, for large NG atoms such as Kr and Xe, the deformation is large enough to trap the NG atom in the lattice, like for Xe in silicon [37]. We checked another possible conﬁguration, the bond centered interstitial (BC) shown in Fig. 1, characterized by the NG atom located between ﬁrst neighbors Si and C atoms. Our results indicate that this conﬁguration is stable for all species. During structural relaxation, the Si and C close to the NG atom move away from each other, forming a three-centers aligned Si–NG–C, accompanied by a lattice deformation which increases as the NG species gets larger. The distance between Si and C increases by 70% for He, and by 128% for Xe. All interstitials formation energies are reported in Table 2. In the case of He and Ne, the most stable conﬁguration is TSi . For heaviest NG atoms, such as Ar, Kr and Xe, we found that the BC conﬁguration has the lowest energy of all structures. For all species, the H and TC conﬁgurations are never the most stable. It is clear from Table 2 that results using 64 or 216 atoms supercell are qualitatively in agreement, but more accurate formation energies are expected in the case of the 216 atoms supercell, especially for large NG atoms like Kr and Xe. Both TSi and TC conﬁgurations were considered for He in previous studies using a cell of 64 atoms, by Van Ginhoven et al. [19] (1.51 and 2.71 eV respectively) and Kim et al. [20] (2.87 and 3.31 eV respectively). There is a large difference between those results, especially for the TSi conﬁguration. Our own calculations yield values in rather close agreement with formation energies
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for the other lattice atoms is overall reduced compared to tetrahedral conﬁgurations. For the bulky NG atoms, the elastic energy gain is large enough to explain why the BC conﬁguration is more stable. This is conﬁrmed by the fact that the formation energy difference between BC and other conﬁgurations increases as the NG atom gets larger. Bertolus recently performed interstitial calculations for Kr and Xe [23], and found formation energies in very close agreement to ours.



4. NG monovacancy complex



Fig. 2. He TSi (a) and TC (b) interstitial conﬁgurations after relaxation. Si atoms are shown with yellow spheres, whereas blue spheres are used for C atoms. The size of the sphere representing the He atom (in red) is proportional to its (estimated) core radius. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)



from Kim et al. [20]. Van Ginhoven et al. used different computational parameters, with the C point only and the local density approximation. In comparison, Kim et al. performed more accurate calculations with a ﬁner 4  4  4 grid of k points and the generalized gradient approximation, pretty much the same as in our work. As a test, we have computed formation energies using C point only. We found 2.97 eV and 3.45 eV for TSi and TC respectively, then close to our well converged calculations and still in disagreement with values from Van Ginhoven et al. [19]. It is possible, although unlikely, that the disagreement could be explained by the use of LDA in their work, and GGA-PBE in ours. Nevertheless, all studies agree on the fact that the TSi conﬁguration is most stable than the TC one. A possible explanation has been proposed by Van Ginhoven et al. [19]. They suggested that the relative electronegativity of carbon versus silicon would favor excess electron density on the C atom, thus increasing the steric repulsion in the TC geometry (since the NG atom is surrounded by 4 C). It is also likely that changes in the electronic structure due to displacement of the 1st-neighbor atoms, would be energetically cheaper for Si than for C atoms. Therefore, a small NG atom like He or Ne tends to be located in TSi where interactions are weaker, and less deformations are needed. For Ar, Kr and Xe species, the BC conﬁguration is the most stable one as shown in Table 2. In such a conﬁguration it is necessary to break a bond between the C and the Si atoms, which are largely displaced from their ideal positions. Nevertheless, the deformation



Removing one atom of the 3C–SiC crystal leads to the creation of a monovacancy. Due to the binary nature of SiC, two types of monovacancy are possible: VSi or VC . These conﬁgurations were modelled and their formation energies calculated using the same expression as before. For a supercell of 64 atoms, we obtained 7.40 eV for VSi and 4.67 eV for VC (7.71 eV and 3.77 eV respectively for 216 atoms). These values are in good agreement with previous DFT works [30,40,41]. Our main goal is to determine how a NG atom interacts with one of these monovacancies, and if the latter can trap or not the impurity. This could lead to form NG monovacancy complexes (NG–V). We will start by deﬁning possible simple NG–V conﬁgurations, C which are shown in Fig. 1. Firstly, VSi S or VS : these correspond to the case where a NG atom is located at the center of the VSi or VC monovacancy, i.e. the NG atom can be considered in substitution. Secondly, VSi T or VC T: when a NG atom is located in the T site neighbor of a Si or C monovacancy. The crystalline structure of 3C–SiC implies that the T site 1st-neighbor of VSi is necessarily TSi , whereas the 2nd-neighbor T site is TC (and the opposite for VC obviously). Thus, VSi TSi 1 will be used to refer to the initial conﬁgSi C uration for a NG atom in the 1st-neighbor TSi 1 site, and V T2 for a NG atom initially located in the 2nd-neighbor TC2 site. The same notation is used to describe the NG—VC complexes. C The results of our calculations for VSi S and VS conﬁgurations are reported in Table 3. They indicate that both conﬁgurations are stable for all NG atoms, i.e. all NG atoms are found to remain at the center of VSi and VC after structural relaxation. This is in agreement with what was already found by Ginhoven et al. [19] for He (0.86 C and 1.62 eV for VSi S and VS respectively) using a crystal of 64 atoms. Nevertheless, our computed formation energies appear much larger than theirs, with energy differences of 1.14 eV for VSi S and 2.51 eV for VCS . Doing the calculations in the larger cell leads to a consequent reduction of the formation energies, but not enough important to close the gap. For the other species, we also found a formation energy reduction when using a large cell, almost constant for VC . Using now only the smaller cell, we investigated the case of a NG atom located in a T site 1st-neighbor of a monovacancy. Again, He exhibits a speciﬁc behavior, different from the other species, and is best described separately. Starting from VSi TSi 1 , the He atom migrates in direction of the monovacancy to ﬁnally reach a position located 0.88 Å away from its center. The corresponding formation energy of 1.69 eV is lower than with He in the center of the vacancy. Starting with He in second neighbor, i.e. in VSi TC2 , a Table 3 Formation energies (in eV) of different NG atoms located in VSi or VC using a crystal of 64 atoms. Results calculated using a cell of 216 atoms are given in parentheses. NG–V



VSi S



He Ne Ar Kr Xe



2.00 2.34 4.82 5.70 7.05



VCS (1.42) (2.27) (4.33) (4.87) (6.41)



4.13 4.44 6.20 7.12 8.86



(3.37) (3.73) (5.51) (6.44) (8.15)
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Fig. 3. Formation energies (in eV) of NG monovacancy complexes calculated using a 64 Si atoms cell for different NG species as a function of the (estimated) core radius r C (in Å).



slightly different ﬁnal conﬁguration is obtained after relaxation. The formation energy is very close (1.68 eV), as well as the ﬁnal distance between He and VSi , but the environments of He in both conﬁgurations are different. Therefore, around the vacancy, there are several stable locations for He with almost similar energies and short separations, which suggests an easy migration for He between all of them. Since a lower energy is obtained for He in VSi TSi 1 and VSi TC2 , than for He in the center of the vacancy, we have tested the stability of the latter by displacing an He atom initially located in the vacancy by 2% towards neighboring interstitial sites. RelaxSi C ation leads to the migration of He into VSi TSi 1 or V T2 locations. The VSi conﬁguration is then weakly stable. Considering now the S case of the carbon vacancy, we found that if the He atom is initially located in VC TC1 and VC TSi 2 conﬁgurations, a unique structure is obtained after relaxation. The He-vacancy ﬁnal distance is 1.27 Å, and the corresponding formation energy is 2.45 eV. This conﬁguration is also obtained if one starts with He 2% displaced from the center of VC , highlighting the weak stability of He in VC . The situation is more simple for the other species, with the sole exception of Ne. In fact, we found that a NG atom is stable in both VC and VSi conﬁgurations, always with a lower formation energy for the latter. This fact has also been pointed by Bertolus [23] for Kr and Xe. Fig. 3 represents the variation of formation energies for all stable complexes, as a function of the estimated radius of the NG atom. We obtained a monotonous increase for VC and VSi conﬁgurations. When the NG atom is located in T sites 1st or 2nd-neighbor of vacancies, it migrates during relaxation to ﬁnally end at the center of VC or VSi . Only for Ne and the VC TSi 2 initial conﬁguration, the migration of Ne during relaxation stopped when the distance between Ne and the vacancy center is 1.27 Å, with a formation energy of 4.01 eV. This conﬁguration appears to be very similar to the one obtained in the case of He. 5. NG divacancy complex We also investigated the interaction of NG atoms with a divacancy (VC VSi ) obtained by removing one C atom and one Si atom 1st-neighbor in the zinc-blende lattice. Formation energies of 7.52 eV and 7.54 eV were calculated for VC VSi conﬁguration using 64 and 216 atoms respectively. These results are in fair agreement with values calculated in [19,42]. In order to determine the most stable location for a NG atom into the divacancy, different initial conﬁgurations were tested. For all species, we considered three possible starting structures: two when the NG atom is located at



NG—V2



Ef



He Ne Ar Kr Xe



1.20 1.85 3.77 4.04 4.36



(1.19) (1.80) (3.85) (4.15) (4.33)



d (NG—VC )



d (NG—VSi )



1.26 1.29 0.61 0.78 0.95



0.63 0.60 1.28 1.12 0.95



the ideal position of one vacancy forming the divacancy V2S ðCÞ or V2S ðSiÞ, and the last one when the NG atom is at the center between the two vacancies V2C . After structural relaxation, we found a single one ﬁnal conﬁguration for each species. The NG atom remained in the line passing through the two vacancies forming the divacancy, but with a different position according to the species. Table 4 reports all formation energies as well as the distances between the NG atom and the two vacancies, for each species. In the case of He and Ne, we found that the NG atom is prefentially located closer to VSi , at approximately 1/3 of the initial VSi —VC distance. The energy required to insert He or Ne into the divacancy is rather small, lower than 2 eV. Contrasting results are obtained for Ar and Kr, since in that case the NG atom is found to be closer to VC , roughly at 1/3 of the VSi —VC distance. Formation energies are larger than for He and Ne, but remains much smaller than interstitial formation energies. Finally, Xe is the only species for which the NG atom is located in the center of the divacancy, the formation energy being 4.3 eV in that case. 6. Stability analysis We have investigated the interaction of NG atoms with the 3C– SiC lattice, including or not simple intrinsic point defects such as the mono and divacancy. It is interesting now to compare the formation energies of the different NG defects depending on possible conditions. We used here the 64 atoms cell data, but similar results are obtained with 216 atoms data. First we consider a non-damaged silicon carbide crystal, therefore including only a very limited amount of intrinsic defects (vacancies, interstitials) at thermodynamic equilibrium. Then we take into account the energy creation of monovacancies or divacancies for NG complexes. Fig. 4 clearly indicates that in that case, He and Ne individual atoms will be located in interstitial positions. However, this is not true anymore for the heaviest NG species like Ar, Kr, and Xe. In fact, the energy cost for a NG interstitial is so high that the formation of a NG-vacancy complexes becomes favorable, even with the extra cost of vacancies formation. For Ar and Kr, Fig. 4 suggests that it is energetically cheaper to form a V C monovacancy containing the NG atom. Such a result might be surprising since our calculations have shown that the energy required to put a NG atom in V C was always higher than in V Si , but this point is balanced by the much higher formation energy of V Si compared to V C . Finally, for Xe, we found that it is energetically favorable to form a divacancy containing the NG atom. Therefore it is highly unlikely to obtain Ar, Kr and Xe interstitials in an inﬁnite silicon carbide system at equilibrium. Considering now the case of a highly damaged silicon carbide, i.e. including a large number of vacancies resulting from implantation for instance, we can compare directly the different formation energies. All NG atoms will prefer to occupy divacancies if available. Then, the second best choice is silicon monovacancies V Si . Our results suggest that vacancies are trap for all NG species. This is in qualitative agreement with the previous work from Van Ginhoven et al. for He [19]. However, note that in our work, not all possible intrinsic defects have been investigated. For instance, it
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is known that the silicon monovacancy is metastable, and would evolve to a complex composed of a carbon vacancy and a carbon antisite [43] thanks to thermal activation. It is not clear whether the presence of NG atoms would inhibit this transformation, and makes V Si stable.



We investigated the mobility of a single NG atom in a perfect crystal, and located in a tetrahedral site. To compute migration path, as well as the associated migration energy barrier, we performed NEB calculations. We considered He, Ne and Ar species, but not Kr or Xe. The latters are unlikely to exist in tetrahedral conﬁguration as it was shown previously. The same conclusion applies for Ar, but we still consider it to get migration variation trends as a function of NG size. An initial TSi —TC path of 3 intermediate images was built for all considered NG atoms, then relaxed to determine the minimum energy migration path between TSi and TC sites. After structural relaxation, the TSi —TC mechanism was found to be stable. In Fig. 5, one can remark that the H conﬁguration is the saddle point for He and
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Ne, like in Si [37] or diamond [44]. For Ar the saddle point corresponds to the 4th image, and is not a high symmetry conﬁguration. A NG atom located in the TSi site will diffuse in a perfect SiC crystal by successive hoppings between, TSi and TC sites. The associated calculated migration energy barriers are: 1.49, 1.92 and 1.81 eV for He, Ne and Ar respectively. Our calculated value for He is somewhat larger than the experimentally determined activation energy of 1.14 eV measured by Jung [17] for 800 6 T (K) 6 1050. The difference could be explained by a ﬁnite temperature effects (lattice thermal expansion, free energy vibrational contributions) not taken into account here. However we obtained a very good agreement with other measurements [16]. Van Ginhoven et al. [19] calculated the activation energy of He interstitial migration to be 2.5 eV, for a similar TSi ! TC ! TSi path. This much higher value is related to the large energy difference between TC and TSi in their work. Although it is difﬁcult to explain such a large discrepancy, a simple argument would suggest that the migration energy is much lower than 2.5 eV. In fact, previous studies provide He interstitial migration energy of 0.71 eV in silicon [37] and 2.3 eV in diamond [44]. These values are likely to be bounds for the migration in SiC since the energy range of defects in this material is typically between those for silicon and diamond. Then, in addition to a better agreement with experiments, our computed value of 1.49 eV seems to be more sound. For the case of Ne, we found a higher migration energy of 1.92 eV. Unfortunately, to our knowledge there are no experiments or calculations to compare with. 8. Conclusion
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Electronic structure calculations were made to study the properties of NG atoms in 3C–SiC. The stability of a NG atom was investigated in the presence or not of a monovancy (or divacancy). In a perfect lattice, the most stable interstitial conﬁguration were TSi (He and Ne), and BC (Ar, Kr and Xe). We found that monovacancy VSi and VC are traps for a single NG atom, with a lower formation energy for NG—VSi . Heavier NG species prefer to occupy the vacancy, whereas He is more stable in its vicinity. NG species tend to remain into divacancies, with low formation energies. A simple analysis demonstrates that at equilibrium, Ar, Kr and Xe interstitials are unlikely to exist since it is energetically cheaper to create a mono or divacancy. This would suggest that the ejection of selfinterstitials should play a major role in the formation and evolution of bubbles ﬁlled with heavy NG species. This is in agreement with the experimental observations of a larger density of dislocation loops in the case of Xe compared to Ne [14]. Finally, we investigated the migration of He, Ne and Ar interstitials through successive hoppings between TSi and TC sites. The migration energy barriers are determined to be 1.49, 1.92 and 1.81 eV respectively. Using our computed migration and formation energies for He, it can be shown that the energy required for the dissociation of He–V or He–V2 complexes and the subsequent desorption ranges between 3.1 and 3.3 eV, in good agreement with experiments [16,18]. Note that this could be accidental since we do not consider here the inﬂuence of temperature and pressure, which should be taken into account [45]. Our calculations also hinted that the growth of He-ﬁlled bubbles is likely to happen through the migration of He interstitials. Nevertheless, it will be necessary to investigate the migration of NG-mono or divacancy complexes, for He but also for larger NG atoms, to draw more deﬁnitive conclusions.
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NG atom position (Å)



Acknowledgments Si
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Fig. 5. Calculated energies of He, Ne and Ar atoms, from T conﬁguration to T via TC, as the function of the position of the NG atom along the migration path. Lines are guides for the eyes.



Marjorie Bertolus is gratefully acknowledged for fruitful discussions. This work was partly supported by the GNR MATINEX.



334



A. Charaf Eddin, L. Pizzagalli / Journal of Nuclear Materials 429 (2012) 329–334



References [1] W.J. Choyke, G. Pensl, Mater. Res. Soc. Bull. 22 (3) (1997) 25. [2] S.E. Donnelly, J.H. Evans (Eds.), Fundamental Aspects of Inert Gases in Solids, Plenum, 1991. [3] P.R. Heck, K.K. Marhas, P. Hoppe, R. Gallino, H. Baur, R. Wieler, Astrophys. J. 656 (2007) 1208. [4] S.E. Donnelly, Radiation Effect 90 (1985) 1. [5] G.F. Cerofolini, F. Corni, S. Frabboni, C. Nobili, G. Ottaviani, R. Tonini, Mater. Sci. Eng. Rep. 27 (2000) 1. [6] E. Oliviero, S. Peripolli, L. Amaral, P.F.P. Fichtner, M.F. Beaufort, J.F. Barbot, S. Donnelly, J. Appl. Phys. 100 (2006) 043505. [7] M.-L. David, F. Pailloux, V. Mauchamp, L. Pizzagalli, Appl. Phys. Lett. 98 (2011) 171903. [8] K. Hojou, K. Izui, J. Nucl. Mater. 160 (1988) 147. [9] K. Hojou, S. Furuno, K. Kushita, H. Otsu, Y. Furuya, K. Izui, Nucl. Instrum. Methods Phys. Res. B 116 (1996) 382. [10] J. Chen, P. Jung, H. Trinkaus, Phys. Rev. Lett. 82 (13) (1999) 2709. [11] J. Chen, P. Jung, H. Trinkaus, Phys. Rev. B 61 (19) (2000) 12923. [12] P. Jung, H. Klein, J. Chen, J. Nucl. Mater. 283–287 (2000) 806. [13] L. Vincent, T. Sauvage, G. Carlot, P. Garcia, G. Martin, M.-F. Barthe, P. Desgardin, Vacuum 83 (2009) S36. [14] C. Zhang, Y. Sun, Y. Song, T. Shibayama, Y. Jin, L. Zhou, Nucl. Instrum. Methods Phys. Res. B 256 (2007) 243. [15] W.R. Allen, J. Nucl. Mater. 210 (1994) 318. [16] E. Oliviero, A. van Veen, A. Fedorov, M.-F. Beaufort, J.-F. Barbot, Nucl. Instrum. Methods Phys. Res. B 186 (2002) 223. [17] P. Jung, J. Nucl. Mater. 191–194 (1992) 377. [18] S. Miro, J. Constantini, J. Haussy, L. Beck, S. Vaubaillon, S. Pellegrino, C. Meis, J. Grob, Y. Zhang, W. Weber, J. Nucl. Mater. 415 (2011) 5. [19] R.M.V. Ginhoven, A. Chartier, C. Meis, W.J. Weber, L.R. Corrales, J. Nucl. Mater. 348 (2006) 51. [20] J.H. Kim, Y.D. Kwon, P. Yonathan, I. Hidayat, J.G. Lee, J.-H. Choi, S.-C. Lee, J. Mater. Sci. 44 (2009) 1828. [21] A. Couet, J.-P. Crocombette, A. Chartier, J. Nucl. Mater. 404 (2010) 50. [22] W. Cheng, M.-J. Ying, F.-S. Zhang, H.-Y. Zhou, S.-F. Ren, Nucl. Instrum. Methods Phys. Res. B 269 (2011) 2067. [23] M. Bertolus, HDR Thesis, Universit de la Méditerranée, Report CEA-R-6281, ISSN 0429–3460, 2011. .



[24] P. Hohenberg, W. Kohn, Phys. Rev. 136 (3B) (1964) B864. [25] W. Kohn, L.J. Sham, Phys. Rev. 140 (4A) (1965) A1133. [26] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli, G.L. Chiarotti, M. Cococcioni, I. Dabo, A. Dal Corso, S. de Gironcoli, S. Fabris, G. Fratesi, R. Gebauer, U. Gerstmann, C. Gougoussis, A. Kokalj, M. Lazzeri, L. Martin-Samos, N. Marzari, F. Mauri, R. Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto, C. Sbraccia, S. Scandolo, G. Sclauzero, A.P. Seitsonen, A. Smogunov, P. Umari, R.M. Wentzcovitch, J. Phys.: Condens. Matter 21 (39) (2009) 395502 (19pp) . [27] D. Vanderbilt, Phys. Rev. B 41 (11) (1990) 7892. [28] H.J. Monkhorst, J.D. Pack, Phys. Rev. B 13 (12) (1976) 5188. [29] J.P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 77 (18) (1996) 3865. [30] G. Lucas, Ph. D, Université de Poitiers, 2006. [31] J.M. Lento, L. Torpo, T.E.M. Staab, R.M. Nieminen, J. Phys.: Condens. Matter 16 (2004) 1053. [32] G. Lucas, L. Pizzagalli, Nucl. Instrum. Methods Phys. Res. B 25 (2007) 124. [33] T. Liao, G. Roma, J. Wang, Philos. Mag. 89 (26) (2009) 2271. [34] A. Gali, P. Deak, E. Rauls, N.T. Son, I.G. Ivanov, F.H.C. Carlsson, E. Janzen, W.J. Choyke, Phys. Rev. B 67 (2003) 155203. [35] H. Jónsson, G. Mills, K.W. Jacobsen, Nudged elastic band method for ﬁnding minimum energy paths of transitions, in: B.J. Berne, G. Ciccotti, D.F. Coker (Eds.), Classical and Quantum Dynamics in Condensed Phase Simulations, World Scientiﬁc, 1998, p. 385 (Chapter 16). [36] G. Henkelman, H. Jónsson, J. Chem. Phys. 113 (22) (2000) 9978. [37] A. Charaf Eddin, G. Lucas, M.F. Beaufort, L. Pizzagalli, Comput. Mater. Sci. 44 (2009) 1030. [38] M. Alatalo, M.J. Puska, R.M. Nieminem, Phys. Rev. B 46 (19) (1992) 12806. [39] S.K. Estreicher, J. Weber, A. Derecskei-Kovacs, D.S. Marynick, Phys. Rev. B 55 (8) (1997) 5037. [40] A. Zywietz, J. Furthmuller, F. Bechstedt, Phys. Rev. B 59 (1999) 15166–15180. [41] M. Salvador, J.M. Perlado, A. Mattoni, F. Bernardini, L. Colombo, J. Nucl. Mater. 329–333 (2004) 1219. [42] L. Torpo, T.E.M. Staab, R.M. Nieminen, Phys. Rev. B 65 (2002) 085202. [43] M. Bockstedte, A. Mattausch, O. Pankratov, Phys. Rev. B 68 (2003) 205201. [44] J. Goss, R. Eyre, P. Briddon, A. Mainwood, Phys. Rev. B 80 (2009) 085204. [45] A. Charaf Eddin, L. Pizzagalli, J. Phys.: Condens. Matter 24 (2012) 175006.



























des documents recommandant







[image: alt]





Migration of noble gas atoms in interaction with ... - Laurent Pizzagalli 

Aug 3, 2015 - for helium and maybe neon, but is rather unlikely for heavier noble gas species. ... Noble gas (NG) species, especially helium and argon, are.










 


[image: alt]





First-principles calculations of threading screw ... - Laurent Pizzagalli 

Jun 29, 2018 - conditions are shown to contain nitrogen atoms organized like nitrogen molecules. Finally, our ...... of empty levels, clearly identified as Ï€âˆ— molecular orbitals, deep into ..... [14] A. F. Wright and J. FurthmÃ¼ller, Appl. Phys. L










 


[image: alt]





First-principles calculations of helium and neon ... - Laurent Pizzagalli 

Apr 5, 2012 - electron shells makes the formation of chemical bonds very unlikely. ... in covalent systems like silicon. Again, most of ... simulations using the ultradense fluid model [5], are described in section 2. .... The observed differences be










 


[image: alt]





First principles determination of the Peierls stress ... - Laurent Pizzagalli 

values 2 to 3 orders of magnitude higher are associated with brittle covalent crystals. Experimentally ... domain. Similarly, in IIIâ€“V compounds with the zinc-blende structure, deformation .... The simulations have been performed in the framework o










 


[image: alt]





DFT calculation of the stability and mobility of ... - Laurent Pizzagalli 

Aug 26, 2008 - implanted ions is a complicated dynamic process, whose details re- main largely ... In the case of Ne, bonds between first-neighbors Si expand by 2.4% .... Condensed Phase Simulations, World Scientific, 1998. [18] J.M. ...










 


[image: alt]





Helium implanted gallium nitride evidence of gas ... - Laurent Pizzagalli 

ties are observed in this deep region. B. HRTEM observation of the rod-shaped ..... might be able to trap the mobile He. V. CONCLUSION. The damage structure ...










 


[image: alt]





Philosophical Magazine - Laurent Pizzagalli 

Jan 1, 2008 - One of us (LP) thanks the Poitou-Charentes region and the. University of Iceland Research Fund for financial support during his stay in.










 


[image: alt]





Cr interfaces - Laurent Pizzagalli 

first Cr monolayer couples antiferromagnetically to the Fe magnetization ... ing gradient magnetometer (AGM) in magnetic fields up to 9. kOe. ... 2), we find Î¼Cr. 0.










 


[image: alt]





Author's checklist - Laurent Pizzagalli 

In the following section, the methodology is explained. .... surprising considering the so different backgrounds of the two methods used, the same trend is.










 


[image: alt]





Gentle quantitative measurement of helium ... - Laurent Pizzagalli 

May 27, 2015 - Contents lists available at ScienceDirect. Micron ... E-mail address: [email protected] (M.-L. David). bottom-up (Godinho et al., ...










 


[image: alt]





Investigation of the interaction between ... - Laurent Pizzagalli 

questions, by computing the interaction between H or H2, and a screw dislocation in silicon. ... a periodic boundary condition is applied for modelling an infinite straight ... dislocation line) of the system used in the calculations. The screw.










 


[image: alt]





CHEMISTRY ATOMS FIRST BURDGE OVERBY PDF 

AInternational Online Book chemistry atoms first burdge overbyPDF this Our ... So depending on what exactly you are searching, you will be able to choose ...










 


[image: alt]





europhysics letters - Laurent Pizzagalli 

Oct 12, 2005 - (C is unstable in that case), while it greatly lowers the core energy for diamond and 2s and 2p orbitals. Comparison between first-principles and.










 


[image: alt]





Si(001 ... - Laurent Pizzagalli 

Nov 22, 2002 - Its thermal stability, large band gap, high electron mobility and high ... performed a comparative analysis of possible core structures for the misfit .... can be expressed within the elasticity theory, following, e.g., Bonnet (Bonnet 










 


[image: alt]





Surface Reconstruction - Laurent Pizzagalli 

Feb 3, 1997 - lenge silicon in high temperature, high speed, high power, and high .... we look at the more detailed 200 3 200 Ã… topograph showing best the ...










 


[image: alt]





Lithiation of Silicon Nanoclusters - Laurent Pizzagalli 

May 16, 2017 - performance in terms of energy density and cycle life, a tremendous ... replacement of graphite by other anode materials [1â€“5]. Among these ...










 


[image: alt]





Determination of activation parameters for ... - Laurent Pizzagalli 

Aug 12, 2008 - molecular dynamics simulations using an embedded atom method EAM potential are used ... a dramatic effect on the behavior of devices.1 Therefore, a ..... Electron. 3, 295 1978. 34 M. J. Mills and P. Stadelmann, Philos. Mag.










 


[image: alt]





First principles simulations 

Jul 3, 2018 - Hydrogen atom ... He atom: already the limit of direct TDSE simulation. HeåŽŸå� ... Difficult to treat ionization process ã‚¤ã‚ªãƒ³åŒ–é�Žç¨‹ã�®è¨˜è¿°ã�Œå›°é›£.










 


[image: alt]





and W( 110) - Laurent Pizzagalli 

Abstract. We have investigated the stability of several magnetic configurations of Fe adatoms deposited on W(001) and W(110) surfaces. We used a tight binding ...










 


[image: alt]





Author's personal copy - Laurent Pizzagalli 

Nov 24, 2015 - Below BDT instead, fracture occurs by the propagation of cracks [2]. However, this general picture is appropriate for bulk materials, since it has ...










 


[image: alt]





using standard syste - Laurent Pizzagalli 

Theoretical study of the â€ž3 2â€¦ reconstruction of -SiCâ€ž001â€¦ .... 2. The value of Si for bulk silicon was calculated with an energy cutoff of 40 Ry and 32 special k.










 


[image: alt]





Philosophical Magazine Letters - Laurent Pizzagalli 

... and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf. This article maybe used for research, teaching and private study purposes. .... have been recently investigated by means of first principles and atomistic.










 


[image: alt]





Theoretical study of the recombination of Frenkel ... - Laurent Pizzagalli 

Feb 9, 2007 - electrical properties, and even amorphization in the case of large doses ... and interstitials from the Frenkel pairs formed in irradiated materials.










 


[image: alt]





First Agreement of Principles Governing the Normalization of 

Apr 19, 2013 - The Community/Association shall have a representative role to the ... Appellate Court, composed both by administrative staff and judges will sit ...










 














×
Report First principles calculation of noble gas atoms ... - Laurent Pizzagalli





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



