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Introduction

In general, scientific and technological progress has very much improved life conditions for humankind. Scientific advance and the subsequent social and economical development have succeeded in making human life longer, healthier, and significantly dignified. The current challenge is to make this development sustainable and truly global. Among many other tasks, there is a continuous need of finding alternative energy sources that are efficient, sustainable, and environment friendly. Population growth and economic activity will very probably increase the energy demand worlwide in the decades to come.

For a long time, fusion power has been a promising candidate to become a carbon-free, sustainable, long-term energy source. Fusion power is conceptually based on the generation of electricity from the heat released in nuclear fusion reactions. The most common reaction used for this purpose is the fusion of hydrogen isotopes to obtain helium and neutrons. Controlled fusion reactions under confinement conditions have been experimentally reachable for decades but the necessary up-scaling to commercially viable fusion plants is still far in the horizon.

The main reason for the persistent delay in the fusion calendar is the gigantic technical effort involved. The design, construc-tion, and operation of a fusion power plant still pose plenty of problems that require coordinated advance in many different disciplines and technologies, including materials research 1 . Nowadays, the largest and most expensive initiative to demonstrate the feasibility of fusion energy is ITER, the facility located in southern France as part of an international collaboration. ITER is a 16-billion-euros project that currently dictates most of the material specifications and loading scenarios that are considered to be relevant for fusion facilities.

In fusion reactors, one of the most challenging engineering problems is the design and maintenance of the vacuum vessel in which the plasma moves. The fusion process requires to confine the hydrogen isotopes, which act as fuel, under extreme temperature and pressure conditions in order to create a hot plasma where fusion reactions can occur. The heat and ash so produced are extracted through the divertor, which is also instrumental to protect parts of the plasma-facing walls. The enormous quantity of heat generated during the reaction makes of tungsten, a robust metal with the highest melting point, the material of choice in ITER to build many of the plasma-facing components, including the divertors.

The huge flux of hydrogen isotopes towards the plasma-facing walls can however deteriorate the W properties. Surface blistering and exfoliation, among other problems, can appear due to the trapping and diffusion of hydrogen isotopes within the material. The return of atomic and molecular hydrogen from the walls to the plasma can also perturb its ideal behavior. Therefore, for a correct functioning of the full process, it is essential to understand and accurately model the interaction of hydrogen and its isotopes
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with W. The role of the W surface as an agent that either promotes or inhibits some of the elementary reactive processes leading to adsorption, recombination, diffusion, or desorption is crucial in this respect. Current theoretical and experimental activity on this topic is therefore extensive.

The traditional surface science approach, in which reactions take place under well-controlled conditions, shows however that the interaction between hydrogen and tungsten surfaces is a complex problem. Small differences in temperature, pressure, or crystalline face of the surface can dramatically change the output of a reaction. A remarkable feature in the adsorption of H 2 on W is, for instance, the acute dependence on the crystalographic face of the surface, as proven in molecular beam experiments. For initial energies below 1 eV and normal incidence, adsorption of H 2 can be as much as a factor of two higher in W(100) than in W(110). 2 This effect is even more drastic when the incident molecule is N 2 where the difference between the sticking coefficient in W(100) and W(110) is two orders of magnitude 3,4 . The disparity can be understood from the differences in the long-distance interaction between the incident molecules and the surface, as well as from the associated phase space to access the precursor well where dynamic trapping takes place 5,6 . A similar explanation in terms of long-distance interaction and dynamic trapping can be invoked to explain the differences in the chemisorption of H 2 on W(100) and W(110), as proven by Busnengo et al. 7 .

In the particular case of H 2 on W(110), which is the one treated in this work, molecular beams experiments show that the initial sticking probability S 0 at normal incidence increases monotonically from S 0 ∼ 0.1 to S 0 ∼ 0.3 for kinetic energies of the beam below 350 meV. 2 Slightly lower values were found by Rettner et al. for incident HD molecules 8 . Anyway, the measured values of S 0 in W(110) are much smaller than those measured in the rough W(100) and W(111) surfaces.

From the theoretical point of view, Busnengo and Martínez performed classical dynamics for H 2 on W(110) and W(100) using a six-dimensional potential energy surface (PES) built from density functional theory (DFT) calculations 7 . Their results reproduce the higher reactivity of W(100) as compared with W(110), as well as the general trends of the sticking coefficient in both faces. They show that the difference in reactivity between W(100) and W(110) can be understood in terms of an indirect channel, in which dynamic trapping plays a role, that is significantly reduced in W(110). There is also a large theoretical activity on the study of hot atom and Eley-Rideal recombination processes of hydrogen and its isotopes on W surfaces [9][10][11][12][13][14][15] . Absorption and diffusion of hydrogen on W surfaces have been analyzed as well 16 .

Our goal in this work is to provide additional insights on the adsorption mechanisms of H 2 on W(110) and improve the accuracy of the currently existing theoretical results. For this purpose, we use ab initio molecular dynamics (AIMD), which is an effective and adaptable method to treat the dynamics of atoms and molecules at surfaces. In AIMD, the adiabatic forces between the atoms are calculated on the fly, at every step of the numerical integration. The value of the electronic energy is obtained from DFT calculations, in which we include van der Waals (vdW) contributions to the exchange correlation term. Comparison of our results with previous theoretical work on the same system allows us to evaluate the relevance of the vdW dispersion forces in the dynamics, as well as the effect of making a full AIMD description of the problem.

The improvement in the theoretical description of the H 2 /W adsorption is an objective per se, but it will also set the ground for further analysis of other systems of interest. One of the questions that is under study in the fusion community is the modification that the presence of oxygen at the W surface introduces in processes such as adsorption, absorption, diffusion, or recombination. The results obtained in this work will serve as a reference in a future comparison between adsorption features in clean and oxidized surfaces. The methodology employed, proven successful here, can be equally applied without much additional computational effort to the case of oxidized W surfaces.

The outline of the paper is as follows. The details of the theoretical procedure and the numerical implementation are described in Sec. 2. Our results and the comparison with available experimental data are shown in Sec. 3. Our main conclusions are summarized in Sec. 4.

Theory and Methods

AIMD calculations within the Born-Oppenheimer approximation (BOA) have been performed using the Vienna Ab initio Simulation Package (VASP) 17 . A statistically significant number of trajectories has been simulated for the Perdew-Burke-Ernzerhof xc-functional (PBE) 18 and the vdW xc-functional developed by Dion et al. (vdW-DF). 19 In both cases the electron-core interaction is treated with the plane augmented wave (PAW) approximation. 20,21 AIMD calculations in VASP using the vdW-DF xcfunctional are carried using the routine written and provided by Jiri Klimeš 22 based on the Román-Pérez and Soler algorithm. 23 The energy cutoff used in all of the calculations was 250 eV. In Fig. 1 the coordinate system employed is depicted with lattice constant a = 3.17 Å when using the PBE xc-functional and a = 3.20 Å when using the vdW-DF xc-functional. To represent the W(110) surface, a 5-layer periodic slab was modeled and the interlayer distances were relaxed keeping the third layer fixed. A (2x2) cell and a mesh of 5 x 5 x 1 k-points within the Monkhorst-Pack method 24 is used in all cases. Ini-tially the W atoms are fixed to their equilibrium position but they are allowed to move as they interact with the H 2 molecule. The separation distance between the periodic slabs is approximately 18 Å after the surface relaxation. The center of mass of the H 2 molecule is located initially at 9 Å from the nearest surface atoms for every trajectory ensuring minimal interaction between the H and W atoms initially. The ZPE of the incident molecule is ignored thus all calculations are purely classical. On the plane parallel to the surface, the position of the H atoms and the polar and azimuthal angle are obtained using a conventional Monte-Carlo sampling. The energies studied are in the range 30 -300 meV, spaced approximately by 50 meV for the trajectories simulated using the PBE xc-functional and 25 meV in the case of the ones using the vdW-DF xc-functional. Normal incidence is considered in all cases and the dissociation probabilities are calculated from 400 trajectories per energy. The criteria for the dissociation of the H 2 molecule is established as a separation of r > 1.5 Å between the H atoms and dr/dt > 0. When the H 2 molecule is moving away from the surface and the distance between molecule and surface is Z > 4.5 Å, a reflection event is considered.

Diverse theoretical data about the chemisorption of H 2 on W(100) and W(110) surfaces have been obtained previously through molecular dynamics (MD) calculations. 7 The six dimensional PES employed in these calculations has been built using the corrugation reducing procedure (CRP) 25 to interpolate energy values previously calculated with DFT. The PW91 xc-functional 26 was used in the scope of the generalized gradient approximation (GGA) to get these energies. Classical (C) and quasi-classical (QC) calculations were performed within the MD approach. The initial zero point energy (ZPE) of the former is not taken into account while the quantum ZPE of H 2 in vacuum is used for the latter. In the following, MD-C and MD-QC will be employed to refer to the results of these calculations.

Results and discussion

Fig. 2 shows the sticking probabilities of H 2 on W(110) as a function of the collision energy when using the PBE and vdW-DF xcfunctionals. For comparison purposes, MD-C and MD-QC results from Ref. 7 are displayed as well. Despite the use of different xc-functionals and methodology (MD with interpolated PES vs AIMD), the sticking probability when vdW contributions are not included are very close quantitatively and qualitatively. On the other hand, once vdW contributions are added, the sticking probability drops considerably (between 0.2-0.3) although the trend of the curve is still similar.

The latter results are closer quantitatively to what was obtained in molecular beam experiments 2 as can be seen in Fig. 3. This suggests that the inclusion of vdW contributions put us one step closer to accurately describe dissociative adsorption in this system. There are however some features absent in our calculation that may explain the still existing quantitative difference with the experimental results. First of all, we do include the motion of the W atoms in the dynamics but we do not fix any initial surface temperature, while the experimental data shown in Fig. 2 are obtained at 300K. In addition to that, we do not include the zero point energy (ZPE) of H 2 in the simulation, which may slightly increase the value of the sticking coefficient, as shown by Ref. 7 .

Other possible improvements for our calculation include quantum effects in the dynamics 27,28 and electronic non-adiabatic effects 29 . Both panels of Fig. 4 exhibit a similar character for the whole process. After approaching the surface, either the molecule bounces back quickly or finds its way to get close to the W atoms. If the latter happens, the trajectories end up in a dissociation event in most of the cases. This effectively means that dissociative adsorption is determined far away from the surface, at roughly 2-2.5 Å. Discussions about this behavior can be also found in Ref. 7 and is similar to what happens with N 2 on the same surface. 5,6 For both xc-functionals this effect looks the same, although the dissociation process is more direct for the PBE functional. However, the distance at which adsorption is effectively determined depends on the initial collision energy, as can be seen in Fig. 5. The latter point can be explained if we consider that molecules with higher initial energy can get closer to the surface as it allows them to surpass to certain extent the potential energy of the surface on the repulsive zones of the PES. Below 150 meV all molecules that reach 2.5 Å will get dissociated while for higher energies that distance is reduced to approximately 2 Å. In Figs. 2 and5 it is noticeable that the probability of sticking and the probability of H 2 molecules reaching distances close to the surface is always higher when using the PBE xc-functional than when using the vdW-DF xc-functional. Fig. 6 helps to shed some light on this behavior by representing two trajectories leading to dissociative adsorption with equal initial coordinates and collision energy of 200 meV. The main difference between both trajectories is the use of the PBE xc-functional while simulating one of them and the vdW-DF xc-functional when simulating the other. From Fig. 6 we can appreciate the stronger attractive character of the vdW-DF xc-functional at distances far away from the surface (3 -6 Å). On the other hand, at closer distances the use of this functional causes greater repulsion than when using the PBE xc-functional. This explains the decrease in probability seen in Figs. 2 and5. Fig. 6 shows only two representative trajectories. Other trajectories at different energies have been analyzed and all of them share a similar behavior. Even if the adsorption is determined far away from the surface, the subsequent dynamics of each trajectory may vary. In the case of the PBE functional, most of the dissociation takes place through a fast and direct process. In the case of the vdW functional, however, most of the molecules that are able to cross the bottleneck of 2-2.5 Å spend some time hovering and bouncing on the surface before becoming eventually dissociated. This dynamics process includes the motion of the molecules looking for a more suitable position and/or angular configuration that allow them to approach the surface and finally dissociate. The time delay in the dissociation introduced by this dynamic trapping is longer for the vdW-DF xc-functional than for the PBE functional. In average, trajectories leading to sticking experience 0.9 rebounds before dissociation when using PBE while the number of rebounds raise to 1.8 when vdW contributions are included.

Our calculations show that the preferential path for the H 2 molecules to approach the W(110) surface is above the top sites. This is shown in Fig. 7. Black and red dots (for calculations using PBE and vdW-DF respectively) represent the position of the center of mass of H 2 on trajectories leading to dissociation over the 2x2 cell used in this work (gray dashed lines). Grey circles show the position of W atoms on the first layer to help with the interpretation at different distances from the surface. In each of the sub-panels the position of the black and red dots has been obtained from the step of the calculations whose Z coordinate is closer to the one displayed. Through cuts at different distances from the surface it can be observed a movement toward the top positions (on top of the center of W atoms). This trend is independent of the xc-functional employed, although it seems that the higher concentration near these spots happens around 2.1 Å when vdW-DF is used and 1.7 Å when using PBE. This general behavior is consistent with previous theoretical works 7 . Apart from the positions in the XY plane, the angular configuration also plays an important role when deciding what molecules are undergoing adsorption on the surface. Fig. 8 show the distribution per molecule of the polar angle θ at the same distances from the surface than in Fig. 7. For both xc-functionals is easy to spot the predominance of angles close to 90 • . The distribution of the azimuthal angle φ on the contrary does not present any remarkable features. It needs to be mentioned that for trajectories that spend a considerable time near the surface (most of them when using vdW-DF) the data from Figs. 7 and 8 is collected when molecules approach the surface for the first time. It seems then that molecules with axis parallel to the surface and above the top positions have the greatest chances to get closer to the surface and undergo a future dissociative adsorption.
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Conclusions

In summary, we have used AIMD to understand the dissociation dynamics of H 2 on W(110). We have shown that the inclusion of vdW effects improves the comparison of the theoretical description with available experimental information. Our analysis of the process shows that the dissociation is decided at a distance relatively far from the surface, in a way similar to what happens in the dissociation of H 2 on W(100) or in the dissociation of N 2 on W surfaces. All hydrogen molecules able to reach a given distance from the surface (≈ 2 -2.5 Å, depending on the initial kinetic energy) are eventually dissociated. When using the vdW functional, we obtain a short dynamic trapping at the surface before the dis- sociation takes place. This is a mechanism that nevertheless has no influence in the final values of the dissociation probability. The use of AIMD is an alternative to other theoretical approaches based on the construction of interpolated PESs. A weakness of AIMD is that it can be computationally expensive and therefore the number of trajectories that are launched can be significantly smaller than those launched using interpolated PESs, with the subsequent damage in statistical accuracy for low probability processes. It has other advantages, however, and one of them is that it can address more complex systems, often without much additional computational effort. In the case of hydrogen interacting with tungsten surfaces, a problem of current interest is the effect that the oxidation of the surface may have in the hydrogen adsorption process. This is of particular interest for the fusion community, but not only. The methodology used in this work can be easily extended to the case of oxidized W surfaces and the results presented here can be used as a benchmark to quantify the effect that the presence of oxygen atoms adsorbed on the surface may have in the dissociation dynamics of H 2 on these surfaces. Work along these lines is already in progress.
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 1 Fig. 1 (a) Coordinate system employed to describe the system H 2 /W(110). (b) Surface unit cell of W(110).

Fig. 2

 2 Fig. 2 Sticking probabilities for H 2 + W(110) as a function of the collision energy. Comparison between MD-C and MD-QC previous results 7 and this work.

Fig. 3

 3 Fig. 3 Sticking probabilities for H 2 + W(110) as a function of the collision energy. Comparison between initial sticking probabilities obtained in molecular beam experiments 2 and this work.

Fig. 4

 4 Fig. 4 Time evolution of the distance in the z-axis between the H 2 molecule's center of mass and the surface. Each line represents one trajectory and the premature termination of it means a dissociation event. Trajectories simulated using the PBE xc-functional are displayed in panel (a) while the vdW-DF xc-functional was employed for trajectories in panel (b).

Fig. 5

 5 Fig. 5 Probability of H 2 molecules reaching z = 2.5 Å and z = 2 Å. Black lines correspond to the use of the PBE xc-functional while red lines are obtained using the vdW-DF functional. The sticking curves from Fig. 2 and 3 are showed here as well to facilitate the comparison.

Fig. 6

 6 Fig. 6 Interaction energy between the W(110) surface and the H 2 molecule for two trajectories leading to dissociative adsorption with initial collision energy of 200meV. Both trajectories (one simulated while using the PBE xc-functional and the other using the vdW-DF xc-functional) have the same set of initial coordinates.

Fig. 7

 7 Fig.7Evolution of the molecules that eventually dissociate. Black and red dots represent the center of mass of molecules over the 2x2 cell employed (gray dashed lines). Grey circles correspond to the W atoms of the surface. Upper panel correspond to trajectories simulated using the PBE xc-functional. For the lower panels vdW-DF xc-functional has been used. The initial collision energy is 200 meV for all trajectories.

Fig. 8

 8 Fig.8Evolution of the molecules that eventually dissociate. Distribution over polar angles θ for a binning of 10 • at different distances from the surface. Upper panel correspond to trajectories simulated using the PBE xc-functional. For the lower panels vdW-DF xc-functional has been used. The initial collision energy is 200 meV for all trajectories.
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