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Influence of elastic properties on the strain induced by ion irradiation in crystalline materials

Cubic zirconia, an elastically anisotropic material, has been irradiated with 300 keV Cs + ions and the irradiation-induced elastic strain has been measured using X-ray diffraction (XRD). In order to highlight the influence of the elastic properties on the strain level, two different cases have been investigated: (i) {100} vs. {111}-oriented zirconia single crystals and (ii) {100} zirconia vs. {100} strontium titanate. In the former case, raw experimental results show that {100} planes deform less than {111} planes. However, with a modelling that takes into account the effect of the elastic properties, it is demonstrated that the strain due to irradiation defects only is the same for both orientations (with a maximum value of ~0.8%). Combined use of this modelling and of a dedicated computer program for fitting XRD data allowed determining both defect concentration (~1%) and relaxation volume (~0.5 atomic volume). In the latter case, it is shown that elastic properties affect the measured strain in irradiated zirconia and strontium titanate. However, a difference between the two materials remains even taking into account this effect, confirming that different compounds of a same class of materials (namely ceramic oxides) can exhibit a different response to ion irradiation.

INTRODUCTION

Ion beams are currently used in many fields of materials science and engineering. Two examples are particularly illustrative of their high usefulness: (i) ion implantation is a technique that has become an attractive way of controlled local dopant introduction in many materials, especially in semiconductors [1]; (ii) ion irradiation is used as a tool to simulate, in a controlled way, various radiation environments such as those encountered in, e.g., space [2] or nuclear power plants [3]. Consequently, a very large number of studies devoted to the behaviour of materials subjected to ion irradiation have been carried out during the last five decades (for a recent review see [START_REF]Proceedings of the 16 th Radiation Effects In Insulators Conference[END_REF]). One of the main objectives of these works lies in the understanding of damage formation during this severe out-of-equilibrium process. For this purpose, many experimental characterization techniques were implemented, the most common ones being probably Raman spectroscopy, Rutherford Backscattering Spectrometry in the channelling mode (RBS/C), transmission electron microscopy (TEM) and X-ray diffraction (XRD). Regarding this latter technique, an important parameter that can be monitored in crystalline materials is the irradiation-induced elastic strain generally associated to defect formation. The growing number of recent publications dealing with the correlation between irradiation damage and strain level demonstrates that this kind of study currently witnesses a renewed interest [see e.g. [START_REF] Turos | [END_REF][6][7][8][9][10][11].

In the two above-mentioned fields (i.e. doping of semiconductors or simulation of radiation environments), investigations usually deal with bulk crystals. However, except when very energetic ions (typically with a few MeV/nucleon) are used, only a shallow layer (namely from a few tens of nanometers to a few microns) at the specimen surface is altered by the irradiation process. It becomes thus relevant to consider the material not as a bulk but rather as a thin (irradiated) layer on a substrate, the latter being the undamaged part of the crystal. In this case, it has been demonstrated that the mechanical response of the sample can be described using a two-step model [7,12]. In the first step, irradiation defects induce in the thin layer submitted to ion irradiation a local lattice volume change characterized by an isotropic strain def (hkl)  ; in the second step, since mechanical constraints of the underlying thick substrate prevent any lateral macroscopic dimensional change, the thin irradiated layer is subjected to an in-plane biaxial compressive stress / /  which totally cancels the in-plane components of def (hkl)

 .

The development of this stress results in an additional tensile-strain contribution SR (hkl)

 in the direction normal to the surface (out-of-plane strain), due to the substrate reaction (SR) by Poisson effect. This contribution is proportional to def (hkl)

 and depends on the elastic constants of the material. Thus, the substrate reaction may vary (i) for two different materials with different elastic constants and (ii) with the crystallographic orientation for an elastically anisotropic crystal. Therefore, in order to compare the response of different materials under irradiation, it is mandatory to account for this purely mechanical contribution, since it is the total strain that is experimentally measured. A model was developed in the early 1990's by Rao et al. [12] to separate both strain contributions in ion-irradiated materials. This model has been recently renewed by the authors of the present paper, using a modelling initially developed for sputtered thin films [13], in the framework of materials for nuclear energy applications and in particular in {100}-oriented urania [14] and yttria-stabilized cubic zirconia (YSZ) [7,15] crystals. However, a detailed study that demonstrates the possible effects of the elastic properties on the irradiation-induced strain in different situations has never been presented. A few works where XRD measurements have been carried out dealt with this topic. For instance, the influence of the crystalline orientation has been tested

by Pesek [16] in Ge-implanted {001}-and {111}-oriented silicon wafers, and by Sousbie et al. [17] in H-implanted silicon crystals oriented along <001>, <100> and <111> directions. In both cases, the strain level has been found to depend on the crystalline orientation, but, although the particular mechanical situation has been precisely described (namely a thin irradiated layer attached to a thick substrate), the strain due to irradiation defects only has not been calculated.

In this paper, the irradiation-induced strain has been monitored in two different cases. In the first situation, cubic zirconia has been chosen as a test-case for elastically anisotropic materials and both {100}-and {111}-oriented crystals have been subjected

to low-energy ion irradiation. Relationships that allow separating defect-related and purely-mechanical-related contributions are provided for these two crystalline orientations in any cubic crystals. In addition, using this modelling and data obtained from the fitting of the XRD curves, information on defect concentration and relaxation volume are provided. In the second case, a comparison between zirconia and strontium titanate (STO) is presented.

EXPERIMENTAL

The samples used in this study are {100} and {111}-oriented (cubic) YSZ and {100}-oriented STO single crystals, whose bulk pristine lattice parameter are 0.5145 nm and 0.3905 nm, respectively. Both YSZ and STO crystals are elastically anisotropic, with an anisotropy factor defined as an

44 11 12 C C 1/ 2(C C )   
; values of elastic stiffnesses Cij (from Refs. [18][19]) and of Can are given in Table I.

Samples have been irradiated, using the IRMA low-energy accelerator of the CSNSM (Orsay-France), at room temperature with 300 keV Cs + ions (for which the nuclear energy loss is predominant) at fluences (i.e. number of particles per unit surface) ranging from 2x10 13 cm -2 to 5x10 15 cm -2 . Irradiations were performed 7° off the normal of the crystal surface to avoid channelling phenomena, and a beam raster system was used to ensure uniform ion irradiation; besides, in order to minimize target heating, the ion current during irradiation did not exceed 0.5 µA.cm -2 . The mean projected range (i.e. the maximum of the Gaussian-type distribution) of Cs + particles has been estimated, based on dedicated SRIM calculations [START_REF] Ziegler | The Stopping and Range of Ions in Solids[END_REF], to be RP ~ 67 nm with a range straggling RP ~ 25 nm. It is finally important to mention that for each irradiation fluence, (i) {100} and {111}-oriented YSZ crystals, or (ii) {100}-oriented YSZ and STO crystals, have been simultaneously irradiated in order to avoid any discrepancy in the fluence that may lead to differences in the measured strain.

The strain has been determined from XRD measurements using two different diffractometers in order to verify the reproducibility of the obtained strain values. The two diffractometers are extensively described in [START_REF] Debelle | [END_REF] and [22]. It is worth mentioning here that both equipments deliver a monochromatic ( ). The formalism used in this paper is the one presented in Ref. [7], and is based on the work of Dederichs with regard to the treatment of diffuse X-ray scattering [23]. Since only symmetric reflections were analyzed, only the following parameters are necessary in the present study: (i) K = 2sin/ is the scattering vector;

(ii) H(hkl) refers to the reciprocal lattice vector for the symmetric (hkl) reflection;

(iii) q is defined as K-H(hkl) and represents the deviation from the reciprocal lattice vector (sometimes called reduced scattering vector); (iv) (-q/H(hkl)) is equal to the elastic strain in the direction normal to the surface of irradiated samples, . It is worth noting that in the present case, all these vectors have for sole component the normal (out-ofplane) component.

Complementary RBS/C experiments were also carried out at in random and channelling geometries by using a 4 He 2+ beam at 3.07 MeV. The energy resolution of the experimental setup was about 15 keV. The depth distribution of the disorder fraction fD, which represents the fraction of atoms that are randomly displaced from their equilibrium position, was extracted from the analysis of RBS/C spectra with Monte-Carlo simulations performed by using the McChasy computer code [START_REF] Nowicki | Nuclear Instruments and Methods in[END_REF]. (Fig. 1a) and {111} (Fig. 1b) YSZ single crystals. It is immediately observed that the shape of XRD patterns is similar for both orientations. All spectra exhibit an intense narrow peak on the high-angle side which corresponds to the unirradiated part of samples (i.e. the substrate); this finding was expected since the depth probed by X-rays in this configuration reaches ~4 µm (1/e attenuation-length criterion), which is much greater than the irradiated thickness (~150 nm). In the following, this peak will be considered as an internal strain gauge that allows quantifying the irradiation-induced elastic strain. An additional signal at low 2θ angle is recorded for irradiated crystals.

RESULTS AND DISCUSSION

Strain and stress levels

This observation indicates that a tensile elastic strain developed in the irradiated layers.

Furthermore, except at the highest fluence (5x10 15 cm -2 ), this signal exhibits a fringe pattern that indicates the presence of a dilatation gradient along the direction normal to the sample surface [see e.g. [START_REF] Turos | [END_REF][6][7][8][9]12]. It is possible to retrieve the corresponding strain depth profile but this requires achieving a complete fitting of the XRD curves using the dynamical theory of X-ray diffraction [25]. Simulations of selected experimental XRD data are presented below. However, the maximum total strain exhibited by irradiated layers can be, in the present case, easily obtained directly from the position of the last fringe on the low-angle side of the diffraction curves. It is thus observed that the irradiation-induced (elastic) strain increases with the fluence. This result holds for both crystallographic orientations. At the highest fluence, Bragg diffraction (arising from the irradiated layer) is superseded by diffuse scattering. It has been demonstrated that this dramatic change can be explained considering that the irradiated layer does not anymore respond elastically to the radiation damage, the relaxation of the strained layer being driven by the development of plastic strain (i.e. formation of extended defects) [10,14,26]. Consequently, at this fluence, the elastic strain is assumed to be almost completely relaxed, and the remaining strain level is roughly deduced from the barycentre of the broad diffuse peak.

The variation with the irradiation fluence of the (maximum) total elastic strain total (hkl)  experienced by irradiated layers is displayed in Fig. 2 (open symbols). For both crystallographic orientations, the (maximum) total strain is found to increase with irradiation fluence until it is drastically relieved (this relaxation phenomenon has already been shown in an identical situation in [15]). Nevertheless, the values measured for both orientations appear to be very different. Actually, at each fluence, the strain level experienced by {111} layers is much larger than that exhibited by {100} ones. For instance, just before the onset of relaxation, the total strain reaches ~1.7% in the {111} crystal while it only amounts to ~1.25% in the {100} layer. This finding would tend to indicate that both crystalline orientations respond differently to ion irradiation. But it is worth reminding that this total strain is the sum of two contributions: the strain due to irradiation defects, def

 and the strain that arises from the substrate reaction, SR

 .

Therefore, in order to properly compare the results obtained for both crystalline orientations, it is mandatory to account for the substrate reaction. Using the model presented in the Introduction and extensively described in [7] and [12], the two strain components are linked through the following relationship:

total def SR (hkl) (hkl) (hkl) (1 )      (1) 
where SR (hkl)

 is a parameter that describes the substrate reaction and that only depends on the elastic constants of the material. Using the anisotropic elasticity calculations presented in [27], SR

 is defined as: where (hkl) is a geometric factor (equal to 0 for (100) planes and to 4/3 for (111) planes) that relies on direction cosines of the sample coordinate system with respect to the cubic coordinate system. SR (hkl)



values are reported in Table I. It can be noted that the contribution of the substrate reaction is nearly 2.5 times larger for the {111} orientation than for the {100} orientation. Using Eqs. ( 1) and ( 2), it becomes possible to separate the strain due to the formation of irradiation defects from the strain due to the substrate reaction (thus due to purely elastic effects). The variation of the former, def

 , with the irradiation fluence is displayed in Fig. 2 (full symbols) for both crystallographic orientations. It is striking to observe that at each ion fluence the strain level due to irradiation defects only is the same for both orientations, whereas it seemed that, without taking care of the substrate reaction, one orientation was more sensitive to ion irradiation than the other one. But the experimentally measured total strain is found to be larger for {111} than for {100} planes only because of the elastic anisotropy of zirconia. Indeed, the anisotropy factor of this material is negative, meaning that the {111} planes are more compliant than the {100} ones, allowing a larger strain to develop for a same mechanical solicitation. Similarly, irradiated layers experience an inplane compressive stress that depends on the orientation. Using the modelling abovedescribed, it is possible to derive the corresponding stress values [7,12]. Maximum stress levels (before the onset of relaxation) of -4.1 GPa and -2.3 GPa are found for <100> and <111> orientations, respectively. Such large values confirm that low dimensional materials can sustain high stress levels.

The fact that both crystallographic directions exhibit a same strain level if the sole presence of irradiation defects is considered gives rise to two important comments.

First, irradiation defects must be, statistically, isotropically distributed in the crystalline lattice. This statement is consistent with the fact that defect production generated in collision cascades that develop during ion irradiation in the nuclear energy-loss regime is a stochastic process. Second, at a given ion fluence, irradiation seems to produce equal defect concentration whatever the crystallographic orientation, assuming that same defects are produced in both directions (this statement is confirmed in sect. 3.2.).

RBS/C data and the corresponding depth profiles presented in Fig. 3 for crystals irradiated to two fluences in both directions support this assertion. The disorder level (fD) measured just before the onset of relaxation, i.e. at 7.5x10 14 cm -2 , is found to be weak, which is an indication of the presence of small defects (or defect clusters), and very similar for both directions. This result is in agreement with a study conducted by Wendler et al. [28] that dealt with radiation damage along different crystallographic orientations in MgO and where it was demonstrated that the disorder level does not depend on the direction at low irradiation level. This finding supports the assumption that an equal defect concentration is present in the two different types of crystals. After strain relaxation (at 5x10 15 cm -2 for instance), the disorder level strongly increases, which is an indication of the formation of a new type of defects, presumably dislocation loops. Both decrease of elastic strain and increase of disorder fraction seem to occur at the same irradiation fluence (in complete agreement with previous studies [14,15,29]), and thus, in the present case, at the same defect concentration. This result suggests that the total strain does not trigger the relaxation, but rather that the defect density does.

After relaxation, fD is still the same for both directions, in agreement with a study carried out by Usov. et al. [30] that showed using RBS/C that the damage depth distribution is very similar in both <100> and <111> directions in YSZ, even at high disorder level (fD~0.7). Although out of the scope of the paper, it is worth mentioning that in both MgO [28] and YSZ [30] crystals, at high irradiation level, a lower disorder fraction has been observed along the <110> direction than along the two other main directions: the anisotropy of the dynamic annealing rate has been invoked to explain such a discrepancy.

Strain and damage profiles

XRD patterns corresponding to YSZ crystals exhibiting the highest elastic-strain level have been fitted following the procedure described in details elsewhere [22].

These simulations are presented in Fig. 4a for both orientations. From these simulations, the strain depth profiles have been retrieved (Fig. 4b). These strain distributions exhibit a "bell curve" shape, identical to that previously obtained for similar {100}-oriented Cs-irradiated crystals [15,25]. It is interesting to note that the shape and the spatial extent of these profiles are totally comparable for both crystallographic orientations.

From the XRD simulations, it is also possible to have access to the damage profiles (Fig. 4b), which are also found to be similar to those previously obtained for analogous Cs-irradiated crystals [25]. These damage profiles represent the depth distributions of the so-called static Debye-Waller factor, exp(-LH) [23], a parameter that is responsible for a lowering of the scattered amplitude due to the presence of atoms displaced from their regular crystallographic site. The static Debye-Waller factor is considered as a characteristic parameter of the clustering degree of point defects. In the framework of the superposition model, in which point defects are clustered together such that their displacement fields simply superimpose on each other, and assuming a large defect density (and/or a high order reflection), LH is defined as [23]:

/ / cl H hkl cl ( V ) L H c V     32 32 22 15 (3) 
where Vcl refers to the so-called relaxation volume of a cluster (expressed here in atomic volume unit, V~1.625x10 -3 nm 3 for YSZ) and ccl represents the cluster concentration. This volume change is linked to the strain through the following relation:

def cl cl V 3c V    (4) 
It is worth emphasizing that the strain component in Eq.( 4) is not the total strain, but the strain that is due to defects only, and this latter is precisely obtained via the modelling presented in this paper. Using Eqs. ( 3) and ( 4) for the highest fluence used here (which corresponds to the highest elastic strain level for which assumptions that allowed deriving Eq.(3) should hold), one obtains the following values (at the maximum of the strain and damage distributions):

(100) cl V ~0.7  , (111) cl 
V ~0.45  , (

c ~0.9% . Considering the roughness of Eq. ( 3), it is reasonable to conclude that values are similar for both orientations, confirming again that the irradiation-induced damage does not depend on the crystallographic orientation. It should also be pointed out that the values obtained for the relaxation volumes are very small, especially comparing those found in YSZ crystals irradiated with 4 MeV Au + ions at 800°C where Vrel is ~4 at equivalent ion fluence (this work is underway). This small value indicates, as also suggested by the low disorder level obtained by RBS/C, that defect clustering is not significant in the present conditions; it could also be the result of positive and negative relaxation volumes associated to different types of defects.

Beyond mechanical effects

The model has also been applied to compare the response of YSZ and STO crystals submitted to ion irradiation. Samples have the same crystallographic orientation (namely {100}), but different elastic properties (see Table I). In particular, the substrate reaction factor is equal to ~0.49 for YSZ while it is ~0.68 for STO. Both sets of samples were simultaneously irradiated at two fluences, 2x10 13 cm -2 and 4x10 13 cm -2 . The corresponding XRD patterns (not shown here) exhibit similar features as those previously presented in Fig. 1. Thus, both types of crystals developed a tensile strain profile after irradiation. The total strain (open symbols) and the strain due to defects only (full symbols) experienced by the irradiated layers are plotted as a function of the fluence in Fig. 5. It is readily observed that the total strain level in irradiated STO is much higher than that in YSZ. After accounting for the purely mechanical contribution, the difference in the strain only due to irradiation defects is reduced, pointing out the relevancy to use the presented modelling. However, a difference remains between the two materials. More precisely, the strain in YSZ is lower than that measured in STO.

Furthermore, with a twice higher fluence (from 2x10 13 to 4x10 13 cm -2 ), the strain barely increased in YSZ while it doubled in STO. Therefore, STO appears to be clearly much more sensitive to irradiation than YSZ. This statement is not surprising and confirms previous studies that showed, using RBS/C measurements, that STO is easily amorphized upon ion irradiation [31][32], whereas YSZ is able to accommodate high damage levels [29][30][31][32][33]. In the particular case of oxides, the differences observed in the behaviour upon low-energy ion irradiation process may be rationalized using different criterions such as the topological disorder, the iono-covalency of the bonds or the recrystallization rates of each oxide. Besides, it has been recently demonstrated that these characteristics trigger the short-range recombination/re-organization rate, thus the (dynamic) annealing rate of point defects created within collision cascades [34], and this rate really seems to be the key factor that pilots the response of oxides to irradiation.

CONCLUSION

The influence of the elastic properties on the response, in terms of elastic strain, of crystalline materials under ion irradiation has been tested, using XRD, in two different cases. First, the strain level has been measured as a function of the ion fluence in {100} and {111} cubic zirconia (YSZ) crystals subjected to 300 keV Cs + ion irradiation. Results demonstrate that it is mandatory to take into account, via the use of the elastic constants, the macroscopic mechanical behaviour of the material subjected to ion irradiation to properly monitor its response. With this appropriate modelling, it is shown that YSZ crystals exhibit the same strain level in the two orientations, and the maximum elastic strain is found to be ~0.8% before the onset of relaxation. Using this modelling and owing to the use of a dedicated XRD-pattern simulation computer-code, defect concentrations and defect relaxation volumes have been evaluated (~1% and ~0.5, respectively). Second, a comparison of the irradiation-induced strain in YSZ and STO has been carried out and it led to the conclusion that, though mandatory, accounting for the elastic properties of the materials is not sufficient to fully explain the difference between the two materials.

The behaviour of point defects upon irradiation seems to be a key point in the final (macroscopic) response of irradiated materials. Since XRD, through the measurement of elastic strain, is a precise probe of point defects, the methodology presented in this paper constitutes a relevant tool to get insight on the behaviour of materials in the first stage of the disordering process that takes place upon ion irradiation. It is noteworthy that this methodology can be applied to a wide range of materials for different applications, including semiconductors submitted to ion implantation for doping or irradiated metals and ceramics for nuclear applications. 
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Table I :

 I Elastic stiffnesses Cij (expressed in GPa) for YSZ and STO crystals, from Refs.[18] and[19] respectively and corresponding anisotropy Can and substrate-reaction

		SR (hkl)	factors.				
				C11	C12	C44	Can		SR (100)	/ SR (111) 
		YSZ	397.6	97.1	58.4	-91.85	0.49 /1.15
		STO	317.5	102.5	123.5	16	0.65 / 0.54
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