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Beryllium will be one of the plasma-facing materials for ITER. It will have to sustain high fluxes of hydrogen isotopes and as a consequence significant amounts of tritium can be retained in the wall. For safety and operational reasons, the deuterium and tritium inventory in the vacuum vessel must be limited. As a consequence, hydrogen diffusion, trapping and solubility are of vital importance in assessing and modeling the plasma fuel retention into the wall. In order to understand these issues, point defects and the behavior of hydrogen in beryllium are investigated based on Density Functional Theory calculations. Although some data have already been acquired in the past, some of them disagree, which motivates further investigations. To do so, the formation energy and diffusion properties of point defects are investigated in the first part of this paper. In a second part, the solubility and diffusivity of hydrogen in beryllium are calculated. A diffusion coefficient is established in order to be used in Rate-Equation and Kinetic Monte-Carlo Kinetic models and to allow for comparison with experimental measurements.

Introduction

The ITER project [START_REF] Wesson | Tokamaks[END_REF][START_REF] Loarte | [END_REF][3] aims to demonstrate the technical and scientific feasibility of producing energy from nuclear fusion of deuterium and tritium. Beryllium has been chosen as the main plasma-facing material of the inner wall of ITER. However, beryllium could significantly retain hydrogen isotopes in the wall, this amount being dependent on the accumulated exposure fluence and on the surface temperature [4,5]. The administrative limit on the amount of tritium in the vacuum chamber of ITER is currently fixed to 700g. As a consequence, it is essential to remove hydrogen's isotopes from the wall, which could be achieved by baking the beryllium tiles [6][7][8][9] of the inner-wall. The temperature dependency of the hydrogen release is not only important to limit the tritium inventory in normal conditions, but also to predict the behavior of tritium in case of confinement loss. As mentioned by Oberkofler [10], although much experimental data have been acquired on hydrogen retention and its transport in beryllium, the detail of the elementary processes is still not Email address: francois.virot@irsn.fr (F. Virot) completely clear. Activation and binding energies are not directly accessible from experiment, but some of them have been provided by Density Functional Theory (DFT) calculations [11][12][13][14]. According to earlier results from Macroscopic Rate Equation (MRE) modeling acquired with the Coupled Reaction Diffusion System (CRDS) code [15,16], a good agreement was found between experiment and modeling at the price of empirical adjustment of some parameters due to an insufficient knowledge of the processes. This highlights the fact that atomic scale mechanisms are still not well understood today. In particular, point-defects could significantly affect the retention properties of hydrogen in beryllium; among them are single (V 1 ) and di-vacancies (V 2 ) and single interstitial atoms (SIA). The diffusion properties of point-defects are also of importance in order to determine their evolution in time and their significance. Part of those properties were previously investigated but some inconsistencies were found, particularly regarding the diffusion properties. Even if we consequently paid a special attention to the numerical parameters used to attain convergency in the present work, these discrepancies are mostly the results of investigating different migration paths. Among the discrepancies we noted are the diffusion of V 1 , which was found isotropic in [14] with an activation energy of 0.72 eV, while it is anisotropic in [17] with activation energies of 0.72 and 0.89 eV. The same discrepancy exists for the diffusion of a SIA which is found isotropic [17] or not [14] depending on the authors.

As a consequence, the first aim of this paper is to carefully assess the energy of formation and the diffusion properties of a single-vacancy and a self-interstitial atom in beryllium, along with the relative stability of a single versus di-vacancies. The second aim is to establish a diffusion coefficient of hydrogen in perfect beryllium; this was achieved based on the DFT calculations presented in this paper. The diffusion coefficient we obtained is further compared with previous ones from experimental measurements made on beryllium sample with purities ranging from 98.0 % to 99.8 %.

In the end, this paper is organized as follows: the computational details of the DFT calculations are given in Section 2. Section 3 deals with point defects including SIA, V 1 and V 2 . The hydrogen behavior in beryllium is investigated in Section 4 before a discussion and a conclusion are given in Section 5.

Methods

All the DFT calculations are performed with the Quantum Espresso code [18] using the Perdew, Burke, and Ernzerhof (PBE) exchange and correlation functional [19]. A full relaxation of the atomic positions was used in every case and the atoms were allowed to relax until the residual force fell below 0.003 eV/Å and the total energy below 0.001 eV. The volume of the supercell was kept constant during the optimization procedure. The vibrational properties are calculated with the Density Functional Perturbation Theory as implanted in Quantum Espresso [20]. The ZPE (zero-point energy) correction has however not been considered. It was shown to have a weak impact on the respective stability of different sites for H trapping and to induce weak corrections on the energy values in the range of 0.03 to 0.1 eV [21]. Nevertheless, ZPE is implicitly includes in the vibrational Helmoltz's free energy. We used a system size of 4 × 4 × 4 unit cells containing 128 atoms, and a 5 × 5 × 5 sampling of the Brillouin Zone (BZ). To check the stability of hydrogen (beryllium) atoms at interstitial sites, phonons calculations have been performed in a 3 × 3 × 3 (4 × 4 × 2) supercell containing 54 (64) atoms, and a 6×6×6 (5×5×9) sampling of the BZ. A cut-off in energy of 30 Ry on the wave-functions and the smearing scheme of Marzari-Vanderbilt [22] with a broaden-ing value of 0.05 Ry were used. Activation energies were determined using the Nudged Elastic Band (NEB) method [23] incorporating the Climbing Image scheme (CI-NEB) [24]. The NEB calculations were considered converged once the norm of the forces orthogonal to the path are less than 0.05 eVÅ -1 . The parameters of the unit cell (Table 1) and other methodology details can be found in [25]. 

Point defects in beryllium

Monovacancies

The formation energy of a monovacancy (∆ f E V 1 ) is a property that is very sensitive to the DFT convergence criteria used for the calculation [25]; ∆ f E V 1 is defined as:

∆ f E V 1 = E(N -1, 1V, NΩ 0 )- N -1 N E(N, 0V, NΩ 0 ) (1)
where E(N -1, 1V, NΩ 0 ) is the total energy of the defective supercell with volume NΩ 0 containing N -1 atoms and one vacancy, and E(N, 0V, NΩ 0 ) is the total energy of the non-defective supercell containing N beryllium atoms. We found ∆ f E V 1 = 0.87 eV with the DFT parameters previously given. Relaxing the volume only leads to a contraction of 0.1% of the 4×4×4 unit-cell while the energy remains the same within 0.01 eV. The diffusion of a monovacancy is calculated along paths lying in and out of the basal plane Be(0001), with corresponding activation energies

E ‡ V 1 ,in =0.66 eV and E ‡ V 1 ,out =0.83 eV.
Consequently, the diffusion of V 1 is anisotropic in beryllium even if both in and out activation energies are of similar magnitude. This result is in good agreement with the findings of Middleburgh et al. [17] (E ‡ V 1 ,in =0.72 eV and E ‡ V 1 ,out =0.89 eV); on the contrary in Ref. [14], an isotropic process is found (E ‡ V 1 ,in,out =0.72 eV). Two different experimental values are reported in the literature for hcp beryllium. Nicoud et al. [31,[START_REF] Nicoud | Contribution à l'étude des défauts créés dans le bryllium et le magnésium par irradiation à basse température[END_REF] estimated E ‡ d = 0.8 eV from resistivity recovery measurements on neutron irradiated beryllium samples with incident energy of about 1 MeV and at low temperature (220-300 K). From a general point of view, the resistivity recovery cannot discriminate between different types of defects. The Nicoud's value is derived from the assumption that only one type of defect (i.e. monovacacancy) governs the resistivity recovery in the experiment. Chabre et al. reported E ‡ d = 0.65 eV [START_REF] Chabre | [END_REF] based on NMR (nuclear magnetic resonance) analysis between 300 and 1200K. The comparison between theory and experiment is satisfactory even if no indication from experiments are available regarding to the isotropic character of the diffusion process of a vacancy.

Divacancies

Six configurations are considered for the divacancy; they are displayed in Figure 1. The formation and dissociation energies are calculated as follows:

∆ f E V 2 = E(N -2, 2V, NΩ 0 )- N -2 N E(N, 0V, NΩ 0 ) (2)
∆ dis E V 2 = 2∆ f E V 1 -∆ f E V 2 , (3) 
Equation ( 3) implies that two monovacancies are more stable than one divacancy when ∆ dis E V 2 is negative. In Table 2, all dissociation energies are negative, indicating that at low temperatures and under thermodynamic equilibrium, the divacancy dissociates into two monovacancies. Taking the volume relaxation into account does not change this result since it leads to lower the formation energy by 0.1 eV with a volume contraction of 0.4% for the configuration shown in Figure 1(a). In case of a divacancy would be created by neutron bombardment, it can be assumed that it dissociates into two single vacancies; this is the reason why we did not evaluate the activation barriers for the diffusion of a divacancy. This result seems to be qualitatively in accordance with some observations performed on irradiated samples by neutrons (>1 MeV at 77 K) or by electrons (>2-3 MeV at 20 K), which stated that presence of vacancy aggregate is unlikely noting however that their electron microscopy resolution was limited to about 15 Å [31].

Self-Interstitial Atoms (SIAs)

Eight different self-interstitial configurations have been considerered in the present work. We labelled them the same way as Johnson and Beeler [START_REF] Johnson | Interatomic Potentials and Crystalline Defects[END_REF] (Figure 2): octahedral (O), tetrahedral (T), basal tetrahedral (BT), and basal octahedral (BO) interstitial sites, crowdions in (BC) and out (C) of the basal plane, and split dumbbells in (BS) and out (S) of the basal plane along the c axis. The interstitial formation energies are calculated as follows: Config. 

(a) (b) (c) (d) (e) (f )
∆ f E V 2 (eV) 1 ∆ dis E V 2 (eV) d(V-V) (Å) (a)
∆ f E SIA = E(N + 1, 0V, NΩ 0 ) - N + 1 N E(N, 0V, NΩ 0 ) (4) 
where E(N + 1, 0V, NΩ 0 ) is the total energy of the defective supercell with N + 1 atoms at volume NΩ 0 , and E(N, 0V, Ω 0 ) is the total energy of the non-defective supercell. The results are reported in Table 3.

Only three configurations are stable; they are O, C and BO. The formation energies of SIAs are much higher ( 4-5 eV) than the one of a monovacancy (0.87 eV). Consequently, SIA are not the dominant defect in beryllium. This result is not affected by taking the volume relaxation into account: it leads to a volume • The interstitial Be atom pushes a lattice atom into a C site.

• The Be atom in the C site moves upwards to the basal plane above where it pushes a lattice atom into the final BO site.

This last process has an energy barrier of E ‡ SIA,mix =0.29 eV with a local minimum at the C site.

The three different activation energies are not so easy to compare with the literature. Allouche [14] found similar energies (Table 4) but the mechanisms are not given. Middleburgh et al. [17] computed higher activation barriers according to different paths: through the BT site in-plane, and through the so-called NBt close to the C site for the mixed mechanism. Nevertheless, the activation barriers we calculated are among the lowest found up to now, which ensure we probably followed the minimum energy path. We can conclude that the diffusion of SIAs is dominated by an indirect mechanism that leads to very low activation barriers. Some experimental results also exist to compare with. Assuming an Arrhenius law, Dupouy [36] determined activation energies of 1.71 eV and 1.63 eV for the in and out mechanisms by means of the 7 Be radiotracer technique. Based on NMR [START_REF] Chabre | [END_REF], lower activation barriers were found, 1.35 and 1.40 eV, respectively. This is nevertheless higher than the energies we calculated. However, since SIA interact with vacancy, significant amount of SIA-vacancy recombinations are expected, leading to slowing down the global diffusion mechanism, and making the direct comparison with experiment not straightforward.

Hydrogen in non-defective beryllium

Hydrogen solubility

The positions, that hydrogen can adopt when located at interstitial sites, are the same as the SIA configurations shown in Figure 2, except the S and BS positions that can only be defined for a SIA. Geometry optimizations revealed that the T and BC sites are unstable in both cases, since the H atom moves spontaneously to the BT position. Phonon calculations displayed imaginary frequencies for the BO and C sites, meaning they are not located in a minimum in energy. In the end, only the BT and O sites are found to be stable trapping sites for hydrogen. The affinity between beryllium and hydrogen can be evaluated by the solution energy defined as follows: The solution energy we computed in the BT and O sites compare well with previous studies as shown in Table 5. The difference in energy between both BT and O sites is around 0.2 eV; it is the same as in previous works. The strongly positive value of the solution energy is indicative of a very low affinity of beryllium for hydrogen; a low solubility C s follows, according to the Sievert's law:

∆ sol E H = E (N, H) -E(N) - 1 2 E (H 2 ) (5) 
C s = C H,s exp - ∆ sol E H k b T (6) 
C H,s ∝ P H 2 where P H 2 is the pressure of the dihydrogen gas phase in equilibrium with hydrogen in bulk beryllium [START_REF] Fukai | The Metal-Hydrogen System: Basic Bulk Properties[END_REF]. The very low H solubility measured in beryllium [START_REF] Shapovalov | [END_REF][39][START_REF] Jones | Hydrogen in beryllium[END_REF] (few appm H/Be atm 1 2) is in qualitative agreement with this result.

Hydrogen diffusivity: activation barrier

The stable trapping site for hydrogen in hcp beryllium is the BT position. When diffusing into the material, hydrogen is expected to jump from a BT site to another BT site. As a hydrogen can also occupy the O site, the most probable diffusion path could a priori involve jumps between BT and O sites. The minimum energy path was calculated with the NEB approach; the path we found is described thereafter. In a first step, a hydrogen atom diffuses from the BT to O site via a transition state (TS). The activation energy from BT the top of the activation barrier at the transition state was calculated at E ‡ BT →O =0.39 eV; the corresponding path length is l BT →O = c 2 /16 + a 2 /3 = 1.577Å. In a second step, the hydrogen atom follows the reverse path, from the O site to a BT site via a symmetrically equivalent TS as in the first step. The activation barrier was calculated at E ‡ O→BT =0.19 eV and the path length is obviously the same as in the first step. This result is in good agreement with previous studies in which the diffusion was found isotropic and the activation barrier was calculated at 0.38 eV in Ref. [12], and 0.40 eV in Ref. [17,21]. Only one author [14] found the diffusion anisotropic with activation barriers equal to 0.41 and 0.74 eV in // and ⊥ directions, which is probably the consequence of using a too small unit cell. From the experimental side, activation energies for diffusion were determined at 0.15 eV by Tazhibaeva et al. [START_REF] Tazhibaeva | Proc. of the 18th symposium on Fusion technology[END_REF], 0.19 eV by Jones et al. [START_REF] Jones | Hydrogen in beryllium[END_REF], 0.61 eV or 0.51 eV by Kizu et al. [START_REF] Kizu | [END_REF][START_REF] Kizu | Proceedings of 2nd International Workshop on Tritium Effects in Plasma Facing Components[END_REF] , and 0.29 eV to 0.36 eV depending on the grade of the sample by Abramov [START_REF] Abramov | [END_REF], the latter being in good agreement with the one we determined. In the following, we go further in the comparison with experimental data and establish a diffusion coefficient based on the DFT data shown above.

Hydrogen diffusivity: diffusion coefficient

The diffusion coefficient D(T ) (m 2 s -1 ) of hydrogen in a material is usually given in the form of an Arrhenius law:

D(T ) = D 0 exp -E ‡ d k B T (7) 
Following Wert and Zener [45], the diffusion coefficient can be expressed as [START_REF] Elliot | The physics and chemistry of solids[END_REF][START_REF] Zener | [END_REF]:

D = n 2d L 2 Γ BT ( 8 
)
where n is the number of nearest neighbor interstitial positions, d is the dimension of the system (d = 3 here), L the jumps length and Γ BT (s -1 ) is the jump frequency from a BT site to another one. Equation ( 8) is not valid anymore in the case of a diffusion process through a local minimum like in beryllium through the BT→O→BT path. In such a case, the diffusion coefficient can be derived following Wimmer et al. [48] and Klyukin et al. [49].

We consequently assumed an equilibrium takes place between the BT and O site before another jump occurs from the O site. This assumption leads to consider a steady state in which the forward and backward fluxes (J f d and J bd given below) between the BT and O sites are equal.

J f d = 1 A 6 2 N BT Γ BT - 6 2 N O Γ O (9) 
J bd = 1 A 6 2 N O Γ O - 6 2 N BT Γ BT (10) 
In equations ( 9) and (10), A is an arbitrary section of diffusion. Following Klyukin's development [49], and using the first Fick's law, one finally obtained an expression for the diffusion coefficient of hydrogen in beryllium:

D = 3 2 L 2 Γ BT 1 + exp -∆G BT →O k B T -1 (11) 
where L = 2l BT →O , and ∆G BT →O the Gibbs free energy difference between the BT and O sites. ∆G BT →O is further approximate as the energy difference ∆E BT →O between the BT and O sites as in [49]. A first approximation to the jump frequency Γ BT that appears in Equation (11) is given by the Wert and Zener theory [45]:

Γ BT = ν exp -E ‡ BT →O k B T (12) 
In Equation ( 12), ν (s -1 ) is the frequency of vibration of the solute species in an interstitial position, and E ‡ BT →O is the activation barrier E ‡ d of Equation (7). The frequency ν is:

ν = E ‡ d 2mλ (13) 
where, λ is the distance between two interstitial sites and m is the mass of the diffusing atom or molecule. Using λ = 2l BT →O and the deuterium mass, we obtained D 0 = 1.3×10 -6 m 2 s -1 in Equation (7), which is three orders of magnitude higher than the experimental value determined by Abramov [START_REF] Abramov | [END_REF] (Table 6). In this crude model, the vibration of the hydrogen atom is supposed independent of the beryllium network, which could explain the discrepancy with the experimental results.

Another estimate of the jump frequency can be obtained according to the Transition State Theory [48,50,[START_REF] Kehr | Theory of the diffusion of hydrogen in metals[END_REF]. It takes the form:

Γ BT = k B T h exp -∆G vib BT →T S k B T exp -E ‡ d k B T (14) 
in which h is the Planck constant, and G vib = -k B T lnZ vib is the vibrational Gibbs free energy with Z vib the vibrational partition function of the system, and ∆G vib BT →T S = G vib T S -G vib BT . The vibrational properties were determined for hydrogen's isotopes located at the BT, TS and O sites using the small displacement method as implemented in Phonopy tool [START_REF] Togo | [END_REF] within a 4×4×3 supercell.

The phonon density of states computed at the Gamma point (q(0,0,0) of the BZ) highlights a localised doubly degenerate state at high frequency (1100 cm -1 ); these states are mainly due to the deuterium vibrations in the basal plane of the beryllium network. These frequencies are well separated from the rest of the beryllium network that spans over 200-700 cm -1 . This should guarantee that these vibrational states are localized around hydrogen isotopes. We consequently chose a large enough supercell to avoid any interaction with the neighboring images. We nevertheless checked the impact of considering additional q-points on the convergence of the vibrational Helmoltz's free energy, F vib (T). Despite the computational effort, we extended the qpoint sampling in one of the direction of the BZ. F vib (T) was consequently calculated within a q-point mesh of 1 × 1 × 1, 1 × 1 × 2 and 1 × 1 × 3. The deviation we found for F vib (T) was not larger than 0.5% at 1000 K,which allowed us to conclude that phonon spectra calculated at Γ lead to almost converged Helmholtz's energies in the temperature range of interest. The thermodynamic quantities, ∆F vib BT →T S and ∆F vib BT →O are plotted in Figure 5. Within the harmonic approximation the latter corresponds to the vibrational Gibbs free energy. 11) and ( 14), and plotted in Figure 6 along with experimental results for comparison. The pre-exponential factor D 0 and the activation barrier E d of Equation ( 7) were fitted with an Arrhenius law from 300 K up to 1200 K for both models. Parameters are reported in Table 6 for H, D and T. Despite that the model based on transition state theory is more sophisticated than one based on the Wert and Zener theory, both results get same results regarding to the diffusion coefficient in the temperature range of 300-1200 K.

It is to be noted that the experimental results are very scattered over several orders of magnitude, highlighting the large uncertainty with which the diffusion coefficient has been experimentally determined. The diffusion coefficient we determined clearly appears as un upper bound of the experimental results. This could be due to the fact that, at low temperature, the diffusion of hydrogen is experimentally slowed down by the presence of defects and other impurities. This behavior was already point out in tungsten [53][54][55][56] where two different diffusion regimes were observed depending on the temperature. Such a mechanism would explain the variation of the diffusion coefficient depending on the level of impurity or defects contained in the sample despite the fact that the large experimental uncertainty is probably also the consequence of the short range of temperature over which the measurements were performed.

Conclusions

In this paper, we investigated the formation energy, the diffusion properties of point defects along with the hydrogen behavior in perfect beryllium. We first clarified some of the mechanisms that involve point defects: the diffusion of a single vacancy is anisotropic in beryllium with activation barriers of 0.66 eV and 0.83 eV in direction in and out of the basal plane, and the diffusion of a SIA is isotropic with a very low activation barrier of 0.12 eV, meaning that a SIA diffuses nearly freely in perfect beryllium. We further established that di-vacancies are unstable with regard to single vacancies, at least at low temperature. In the end, we derived a diffusion coefficient for hydrogen; the activation barrier is in good agreement with some of the previous experimental studies, while the pre-factor is several orders of magnitude above the experimental results that are themselves scattered over several orders of magnitude. Some additional works, specifically focused on the effect of impurities, will be required in order to understand the difference between the diffusion coefficient herein calculated for hydrogen in perfect beryllium and the one measured experimentally on sample of diverse purities.
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 1 Figure 1: Configurations of divacancies considered in this work
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 2 Figure 2: Eight interstitial configurations in hcp beryllium

Figure 3 :

 3 Figure 3: Migration energy profiles of a self-interstitial beryllium atom.The activation energy of 0.03 eV is related to migration from intermediate state to final one called mixed, involves a diffusion in and out the basal plane. This process could be divided into two steps illustrated in Figure 4:

Figure 4 :

 4 Figure 4: Schematic representation of the SIA migration according to the indirect mechanism

Figure 5 :

 5 Figure 5: Vibrational Helmholtz energies required to calculate the diffusion coefficient of deuterium

Table 1 :

 1 Calculated and experimental beryllium properties.

	Source	a (Å)	c (Å)	c/a	E coh (eV/atom) B (GPa)
	Present 2.258 3.549 1.572	3.70	121
	Exp.	2.286 1 3.584 1 1.568	3.32 2	121 3
	1 [26]				
	2 [27-29]				
	3 extrapolated at 0 K [30]		

Table 2 :

 2 Formation and dissociation energies of divacancies, and distance between monovacancies

Table 3 :

 3 Formation energies (eV) of self-interstitials in configurations shown in Figure2

	Source		O	T	S	Configurations C BO	BT	BS	BC
	Present work	5.27 1 unst. 2 unst. 4.46 4.20 unst. unst. unst.
	Ganchenkova et al.[35] 5.24 5.22 5.29 4.39 4.20 unst. 4.30 unst.
	Middleburgh et al.[17] 5.06 3 5.14	nd. 4 nd. 4.01 5.67 3 nd.	nd.
	1 Metastable state according to phonons calculations			
	2 Unst.: means that Be interstitial atom does not keep its initial position during the simulation
	3 Saddle point						
	4 nd.: not determined						
	O	T	C					
	S	BO	BT					
	BC	BS						

Table 4 :

 4 Comparison of diffusion energies at 0 K in beryllium with other works

	Diffusing Direction		E ‡ d (eV)	
	species	of diffusion Present work Allouche et al.[14] Middleburgh et al.[17]
	V 1	in-plane out-plane	0.66 0.83	0.72 0.72	0.72 0.89
	SIA	in-plane out-plane	0.12 1.08	0.12 0.97	1.72 1 0.99
		mixed	0.29	0.30	0.64 1
	1 See text for discussion			
	Initial state	Intermediate state		
	Final state			

Table 5

 5 

	: Non-defective beryllium-solution energies (eV) of hydrogen
	in BT and O positions at 0 K in comparison with earlier studies (ZPE
	effects not included)		
	Source	BT	O
	Present work 1	1.67 1.87
	Middleburgh [17] 2 1.40 1.59
	Ganchenkova [35] 3 1.58 1.79
	Zhang [21] 3	1.55 1.76
	1 ∆ dis E H 2 =4.52 eV		

2 ∆ dis E H 2 =4.6 eV 3 Value of ∆ dis E H 2 questionable 5

Table 6 :

 6 Arrhenius parameters for the diffusion coefficient of hydrogen isotopes in non-defective berylliumIsotope D 0 [m 2 s -1 ] E ‡ d [eV]

		10	-7				This work : TST model
							This work : WZ model
		10	-8				Abramov's data Abramov's data	1 2
							Jones' data	3
	)	-9 10				Kizu's data Kizu's data	4 5
	D (m 2 .s -1	10 -10				Tazhibaeva's data	6
		10 -11				
		10 -12				
		10 -13	1	1.5	2	2.5	3	3.5
						1000/T (K)
	Figure 6: Diffusion coefficient determined by experiment and in this
	work following the Wert and Zener (WZ) model and the transition
	state theory (TST) plotted in red dashed and black lines, respectively.
	1 Sample purity: 99.8% [44] , 2 sample purity: 99% [44], 3 [40], 4 [43],
	5 [42], 6 [41]				
						H	1.8×10 -6	0.38
	Equations (11) and (12)	D	1.3×10 -6	0.38
						T	1.0×10 -6	0.38
						H	1.4×10 -6	0.38
	Equations (11) and (14)	D	1.1×10 -6	0.38
						T	9.2×10 -7	0.38
	Abramov et al.[44]		D	6.7×10 -9	0.29
	Abramov et al.[44]		D	8.0×10 -9	0.36
	Jones et al.[40]		T	2.9×10 -11	0.19
	Kizu et al.[43]		H	1.3×10 -8	0.51
	Kizu et al.[42]		H	1.3×10 -7	0.61
	Tazhibaeva et al.[41]	D	9.0×10 -12	0.15