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Scattering of H and N atoms from W(100) surface has been theoretically studied by means of classical trajectories based on an electronically adiabatic potential energy surface (PES). The PES has been constructed by interpolation of density functional theory (DFT) calculations following a corrugation reducing procedure (CRP). Van der Waals interactions are taken into account by using the vdW-DF2 exchange-correlation functional. In the dynamics a special focus is made on the influence of energy release through surface atoms motion and electrons of the metal. Most part of the H-atoms sticking is mediated through penetration into the sub-surface area where electron-hole pairs excitation plays the major role. For N-atoms the sticking is mainly due to the coupling with lattice vibrations, as expected when considering heavy atoms. Adsorption and absorption processes have been characterized for both H/W(100) and N/W(100) exhibiting di↵erences between those benchmark light and heavy atoms in interaction with metals.

I. INTRODUCTION

The scattering of atomic species on metal surfaces is of high interest in many domains of fundamental and applied science as for example heterogeneous catalysis 1-7 , plasma-wall interactions in nuclear physics [8][9][10][11] , or for the aerothermochemistry of thermal protection systems in atmospheric reentries [12][13][14][15][16][17][18][19][20][21][22][23][24][25][26][27][28][29][30] . A key question to address is the release of energy into the surface by means of coupling between the translational degrees of freedom of the atom and the surface atoms motion or the electrons of the solid [31][32][33][34][35] . H-atom sticking, after single or multiple collisions with the surface, has been shown to occur mainly through loss of energy due to electron-hole (e-h) pairs excitations 33,[36][37][38][39][40][41][42] . Because of the large mass mismatch between atoms of the metal and hydrogen, transfer of energy to the lattice vibrations is unlikely to occur. Recent experimental and theoretical works on H-atom collision with several (111) surfaces of fcc transition metals (Au, Pt, Ag, Pd, Cu, and Ni) have exhibited a universal behavior with respect to nonadiabatic adsorption processes 41 . In this work, authors have shown that energy loss is almost independent of the metal and is mainly due to electronic friction. Since no influence of metals work functions is observed, authors also conclude that no charge transfer occurs between the impinging atom and the surface upon collision for an initial energy of 1.92 eV.

In this work, simulations have been performed on the H/W(100) benchmark system leading to a further anala) cedric.crespos@u-bordeaux.fr ysis of the universal energy loss scheme proposed by Dorenkamp et al. in the context of a more open surface and a bcc metal. Moreover, the penetration of atomic hydrogen on W metal is of high interest in the context of nuclear physics [43][44][45][46][47] . As a matter of fact, the study of H scattering in tungsten has gained a lot of interest in the last decades in the context of plasma facing materials (PFMs) [43][44][45][46][47] , in which tungsten is a promising candidate. Hydrogen is known to induce blisters formation when tungsten is exposed to the high flux plasma irradiation, specially at low incident energy. 48 It is also known that blistering problem induced by H retention may cause reduction of the lifetime of the material. Consequently, a discussion of first step H absorption and scattering into the solid is proposed, pointing out the importance of electronic friction for the description of sub-surface atoms motion.

For heavier atoms, such as nitrogen, energy exchange with lattice vibration are expected to be much more ecient. Scattering dynamics simulations are here also performed for N/W(100). Again, energy dissipation channels are included in the simulations addressing the question of the competition between both e-h pairs and lattice vibration excitation upon heavy atoms sticking on a metal surface [49][50][51] . Coupling between the normal and parallel motion of the N atoms mediated through corrugation has been shown to play a role 52,53 especially at low collision energy. A special focus on this issue is made in this work, by revisiting the early work of G. Volpilhac et al. 52,53 where no energy loss channels were included in the simulations.

A new potential energy surface (PES) has been built for H/W(100) by interpolation of density func-tional theory (DFT) 54,55 calculations making use of the vdW-DF2 56 exchange correlation functional. For the N/W(100), we have used a similar PES, developed and presented elsewhere 57,58 . The choice of the functional was originally motivated by previous works suggesting that dispersion forces may play an important role in the dynamics of molecules in interaction with metal surfaces [57][58][59][60] . However, comparing the vdW-DF2 based PESs with older ones calculated at PW91 level, no significant di↵erences has been noticed for the particular cases of both N/W(100) and H/W(100). We have checked that the dynamics is almost unaltered by the choice of the functional in the energy range we consider in this work.

The paper is organized as follows: In Section II the computational details and methodology are presented. Results are discussed in Section III and a summary with the main conclusions is given in Section IV.

II. COMPUTATIONAL DETAILS

The interaction between H and N atoms with the W(100) surface has been modelled by a 3-dimensional PES which depends on X, Y , and Z coordinates referring the position of the H/N atom with respect to one surface atom at the origin of the Cartesian frame. The X and Y are along the sides of the square unit cell. In order to get a continuous 3D-PES a Corrugation reducing procedure (CRP) [61][62][63] has been used to interpolate a set of about 900 DFT single point calculations. A grid of 60 Z values above 15 sites of the surface have been sampled (see Fig. 1 

for details).

A periodic supercell approximation has been used. The metallic surface is represented by a 5-layer slab, and the calculations were performed using a 15x15x1 Monkhorst-Pack grid of k points for a (2x2) structure. We obtained a bulk lattice constant of a = 3.239 Å. After relaxation, an interlayer distance of 0.437a has been found for the two topmost layers and of 0.517a between the second and the third layer. Spin-polarized DFT calculations have been carried out within the Generalized Gradient Approximation (GGA) 64,65 making use of the vdW-DF2 56 exchangecorrelation functional. Ultrasoft pseudo-potentials [66][67][68] have been used to describe the interaction with atomic cores. All the calculations were performed with the Vienna Ab Initio Simulation Package (VASP) [69][70][71][72][73] . The 3-dimensional PES for H/W(100) has been built in the framework of this investigation, while the N/W(100) PES has been taken from the work of A. Pena-Torres et al 57 .

The dynamics simulations are based on the adiabatic 3D-PESs making use of the classical trajectories method. In order to calculate probabilities for the di↵erent exit channels such as adsorption, absorption and/or reflection, 10000 trajectories have been performed for several initial collision energies ranging from 10 meV to 5.0 eV. The initial X and Y positions of the atoms above the W(100) unit cell were randomly selected leading to uniform sampling. All trajectories have been started at Z 0 = 6.0 and Z 0 = 7.0 Å from the surface in the asymptotic region of the PES for H and N atoms, respectively. Normal and o↵-normal incidence conditions have been analyzed. An atom is considered as reflected whenever it reaches back its initial distance from the surface Z 0 with a velocity pointing towards vacuum. Absorption occurs when atoms reach the value of Z min = 3.0 Å which corresponds to a position slightly above the third layer of the slab. The atoms are also considered as absorbed if, after the maximum integration time of 2.0 ps, they remain between the top layer (Z = 0) and the third layer (Z min = 3.0 Å) with kinetic energy lower than the one required to escape from the bulk. Adsorption occurs when the atom is neither reflected nor absorbed with a kinetic energy lower than the minimum required to escape the attractive potential of the surface. The maximum integration time of 2.0 ps has been chosen such that the exit channel probabilities are all converged.

In the calculations, a surface oscillator was used to simulate energy exchange between the atom and vibrations of the lattice via the so-called generalized Langevin oscillator (GLO) model 34 . Individual motions of surface atoms are not treated explicitly within the GLO model, thus lattice motion e↵ects are accounted for in a very approximate way. Theoretical simulations performed by F. Nattino et al. 74 on N 2 /W(110) system, have shown that despite its simplicity, the GLO model is able to capture the physics of the problem. For instance, N 2 dissociation probability on W(110) calculated at GLO level compares well with probability evaluated through more elaborated treatment such as Ab Initio Molecular Dynamics (AIMD) method. Moreover, those two methods predict very sim-ilar energy transfer between the molecule and the lattice degrees of freedom for the case of non-reactive scattering events. Then energy dissipation to the metal mediated by e-h pairs excitations is modelled by an e↵ective friction term introduced in the classical equations of motion, and evaluated through the Local density friction approximation (LDFA) 35,51 . Previous works on H scattering on various metals have excluded any formation of a transient H specie since energy loss spectra have been shown to be mostly independent of the work function of metals 41 . Thus, electronic excitations only treated at the LDFA level are expected to quantify correctly the energy loss of the atoms in interaction with the surface electron density.

III. RESULTS AND DISCUSSION

Analysis of the PES

In order to describe the main features of the PESs for the two systems under study, i.e., H/W(100) and N/W(100), 1D cuts of the potentials for the highest symmetry surface sites as a function of altitude Z are displayed in Fig. 2.

H/W(100)

In agreement with previous experimental and theoretical works [75][76][77] , the bridge site is the most stable site for H adsorption on W(100) at Z = 1.11 Å with a 3.08 eV binding energy. The penetration of the H atom into the slab is energetically favorable through the bridge site with barriers below the asymptotic potential energy. At large distances (between 2.0 and 3.0 Å) the top site is the most attractive site. On Fig. 2, three sites of absorption have been identified and labeled as 1, 2, and 3. We have checked that each of those sites corresponds to true minima of the 3D-PES by visualizing 2D-cuts as a function of X and Y coordinates for the di↵erent Z values of the 3 sites.

N/W(100)

For N/W, the most stable site is the hollow at Z = 0.63 Å with a 6.75 eV binding energy, rather similar to that of the B2H site, in agreement with previous results reported for Volpilhac et al 52 . The absorption process is shown to be activated with a barrier height of about 2 eV on the bridge (with respect to the origin of the potential energy that is set for N far from the surface), whereas the top site remains as the most attractive site at large distances, like in the H/W case.

For both H/W and N/W a comparison with previous PESs based on PW91 functional has been made and, in contrast to what was found for N 2 , 57,78 for instance, no significant changes have been noticed by adding van der Waals contributions to the description of atom-surface interaction. This result may be due to the rather weak polarizability of the H and N atoms.

Sticking Probability

The total sticking probability S 0 , defined as S 0 = 1 P ref with P ref being the atomic reflection probability, is plotted in Fig. 3 as a function of initial collision energy (E i ). Results for both H and N + W(100) are included. A comparison is made between the sticking probabilities calculated using three models previously described: (i) the static surface approximation (Born-Oppenheimer static surface -BOSS) for which no exchange of energy is accounted for, (ii) the GLO model to allow energy dissipation to lattice vibrations and account for surface temperature (here 300K) (iii) the GLO-LDFA model in which both surface motion and e-h pairs excitations are accounted for in the simulations (GLO-LDFA). By comparing the three models, it is possible to infer which dissipation channel dominates energy transfer to the surface.

From the information contained in Fig. 3 arises that, within the BOSS model, the sticking probability of H decreases sharply when the initial collision energy increases to approximately 200 meV and then remains almost constant up to 1 eV. In the case of N/W, S 0 decreases monotonically throughout the range when energy is increased, as has been observed in earlier theoretical simulations, 52 where it has been shown that dynamic trapping governs the sticking of atoms at low energy. Within the BOSS level, only transfer of energy between the perpendicular and parallel motion of the atom can lead to trapped atoms. By increasing collision energy this transfer becomes rapidly ine cient and the sticking probability gets small. At this level of approximation, one may compare the present BOSS results with the ones obtained by Volpilhac et al 52 on a PW91 based PES, for collision energy going from 10 meV to 1 eV. In their study, absorption was supposed to occur whenever trajectories were able to reach the top surface layer located at Z = 0. Then, the calculation was stopped and those trajectories were accounted for in the sticking probability. For comparison purposes, we have performed a calculation of the sticking probability using the same criteria. An almost identical sticking curve is obtained with a sharp decrease and a plateau at about 0.5. If atoms are allowed to travel between Z = 3.0 and 0 Å in the simulations, the sticking probability is largely reduced (with a value of 0.1 for 1 eV of collision energy (see Fig. 3) and composed uniquely of long-lived species bouncing on the surface with high kinetic energy. This result shows that resurfacing 37 and sub-surface motion plays an important role in the dynamics and should be accounted for in the simulations.

Going beyond the BOSS model by including energy dissipation channels increases significantly the trapping of atoms within the energy range considered in Fig. 3 and previous studies of Volpilhac et al. 52 , i.e., 10 meV 6 E i 6 1 eV. A comparison of the GLO and GLO-LDFA curves reveals that electronic e↵ects are clearly predominant for the H/W(100) case, whereas coupling to lattice vibrations is the main channel of energy loss for N/W(100). Same conclusions have been drawn by Novko et al in their studies of H/Pd(100) and N/Ag(111) systems 79,80 . The high sticking probability (close to 1) obtained for this energy range has been observed in other theoretical simulations making use of di↵erent PES and di↵erent methodologies. Recent theoretical works 41 exhibits the same trend with a uniformly high sticking probability close to unity for H on Ni(111). A slight decrease of the probability from ⇠1 to ⇠0.6 is only observed at very high collision energy (> 3 eV).

In Fig. 4, a decomposition of the sticking probability in two mechanisms is proposed for a larger collision energy range going from 10 meV to 5 eV. In this work we will define as low energy regime all collision energies between 10 meV and 1 eV. High energy regime belongs to collision energies higher than 1 eV. The first mechanism
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FIG. 3. Sticking probabilities as a function of atomic collision energy for H/W(100) (upper panel) and N/W(100) (lower panel). A comparison is made between simulations

with no energy dissipation channels (BOSS), only phonons (GLO 300 K) and both phonons and electronic dissipation channels (GLO-LDFA 300 K).

corresponds to adsorption of the atom on the surface. The second mechanism is associated to an absorption of the atom between the first and the third layer of the slab. Atoms that reaches the third layer with velocity vector pointing towards the bulk are also counted as absorbed.

For both H,N/W(100) the sticking probability is mainly due to atoms adsorbed on the surface at the low energy regime. As expected from the analysis of the PES, H atoms are able to penetrate into the bulk and being absorbed. The absorption process is rather independent of the H collision energy and represents about 10% of probability. By increasing collision energy beyond 1 eV, the sticking probability is decreasing with adsorption probability leading to more reflections, whereas absorption is slightly increasing from 10 to 20%. The N/W(100) dynamics are much simpler since only adsorption onto the surface is observed, the adsorption probability only slightly decreasing with energy. No absorption is observed even if initial collision energy is high enough to penetrate into the bulk and overcome the 2 eV barrier observed along the bridge site. 

Insights into the Adsorption and Absorption Processes

Within the low energy regime, an analysis of the final Z distribution of the absorbed H atoms reveals three sites of absorption below the top layer (see Fig. 5 where Zdistributions are plotted for 0.3 eV and 0.8 eV of initial collision energies). A detailed analysis allow us to locate those absorption sites on bridge site for the Z = 0.40 and 2.37 Å distances, and on top-to-bridge (T2B) site for Z = 1.55 Å.

Those 3 sites of absorption are thus populated at both 0.3 and 0.8 eV, for trajectories initiated with normal incidence to the surface. The most populated site is the T2B, especially at 0.8 eV, even if it is not the site characterized by the highest binding energy (see Table 1 for a comparison of the binding energy over the 3 adsorption sites). A non negligible proportion of the adsorbed atoms scatters into the bulk, as revealed by the histograms at Z= 3.0 Å, which altitude corresponds to the lowest altitude trajectories can reach in the simulations. In Table 1, mean energy losses are compared for trajectories ending into absorption sites, with an initial total energy of 0.3 eV. The mean energy loss which corresponds to those trajectories still in scattering is rather small (0.73 eV) leading to "hot atoms" characterized by mean total energy of about -0.43 eV, that is enough to overcome all the barriers to travel through the three first layers of the slab as can be seen on Fig. 6, where the potential energy as a function of the scattering path is depicted. The high energy regime is characterized by absorbed species still scattering into the bulk and none of them remains trapped into one of the 3 absorption sites identified at lower energies.

The scattering pathway into the bulk observed in the simulations is the Bridge-T2B-Bridge, as depicted in the Fig. 6. In short, the atoms that are neither reflected nor adsorbed penetrate the surface through the Bridge site and find the absorption site 1 (Bridge-1) and then migrate to site 2 (T2B) overcoming a barrier of 0.73 eV. The site 2 is the most populated for absorption, as mentioned above. Then, the H-atoms undergoes a migration to the site 3 (Bridge-3), with an activation barrier of 0.28 eV. Sites 1, 2, 3 shown in Fig. 7 correspond to tetrahedral interstitial sites (TIS), so we have found that motion of H-atoms into the bulk occurs along a TIS TIS TIS path as exhibited in Fig. 8 where (X, Y)-positions of the atoms scattering into the bulk are plotted for di↵erent Z altitudes. As can be seen in the figure, trajectories first concentrate around the TIS-bridge site when reaching the altitude corresponding to the site 1, then atomic positions spread out from bridge to TIS-T2B at altitude belonging to site 2. Finally, atoms end on TIS-bridge po-sitions at the altitude of the site 3. Similar results have been reported by Liu et al 81 . In the present work, it was also found that atoms absorbed in any of the three sites can remain trapped. The lack of kinetic energy does not allow them to move out of their absorption site.

Interestingly, absorbed atoms are weakly bounded when compared to species adsorbed on the surface (E bind = 3.08 eV ), which makes this system a promising candidate for sub-surface recombination reactions with atoms coming from the gas phase. Results reported by Markejl et al 82 suggests there must be another recombination mechanism apart from Eley-Rideal surface recombination.

Such a mechanism is characterized by a large exothermicity (of about 4 eV), producing vibrationally hot molecules. Exothermicity of Eley-Rideal path can not explain the highly hot molecules they observe. In our work, if one consider sub-surface recombination, with most of the exothermicity transferred to vibration motion, one could expect producing molecules excited until v = 7 vibrational state. Further simulation work would be required to study in details such sub-surface reactions.

As expected, the adsorption mechanism leads to Hatoms adsorbed on bridge site, whereas hollow site characterizes the adsorption of N-atoms. Reflection is a fast process decided rather quickly in less than two rebounds (a rebound is defined here as a sign change in the Z linear momentum), whereas adsorption mechanism (with 60 rebounds in average) and absorption (90 rebounds) mechanisms are characterized by a large number of rebounds. The "hot" absorbed atoms still scattering into the bulk follow a rather direct mechanism with a relatively small number of rebounds (around 10 rebounds) explaining the weak loss of energy experienced by the atoms in the latter case. Same kind of conclusions has been drawn for the N/W(100) with a fast direct reflection mechanism and an indirect mechanism of adsorption mediated through trapping and energy dissipation (around 30 rebounds).

The distribution of minimum distance reached by the atoms being either reflected, or adsorbed are represented on Fig. 9. As previously identified for H scattering on Au 37,38 , the atomic adsorption follows a penetration/resurfacing mechanism for both H/W(100) and N/W(100). If we consider penetration to happen when the atom goes below Z = 0, roughly 60% of the H atoms adsorbed on W(100) has followed a penetration/resurfacing mechanism, against 15% for the N atoms case. In comparison, for H on Au(111) Janke et al. 38 found a penetration-resurfacing contribution of about 80% at 2.7 eV of incidence energy. At 0.8 eV, H-atoms can penetrate as deep as Z= 2 Å before resurfacing and being adsorbed on a bridge site of the surface. The loss of energy by electronic friction is enhanced by this penetration e↵ect. For N-atoms, the penetration is somehow weaker since Z= 0.5 Å is only rarely reached at low collision energies. N/W(100) PES does not allow penetration of the atoms as easily as in the H-atoms case, and loss of energy through coupling with the surface atoms motion is preventing any absorption even at energies higher than 2 eV (lowest energy barrier for absorption through the bridge site). In order to check this point, BOSS trajectories calculations have been performed for the N/W system. Within the BOSS approximation, where no energy exchange is allowed, all atoms approaching the surface at the vicinity of the bridge site with energies higher than 2 eV penetrate into the bulk reaching the Z= 3.0 Å limit. As soon as GLO model is used in the simulations no more absorption is observed for the same conditions, exhibiting the strong influence of this energy loss channel. We have checked that the Z-limit used in the dynamics (Z= 3.0 Å) is low enough not to have any influence on the adsorption probability and the resurfacing mechanism.

Energy loss upon H reflection on W(100)

For several (111) fcc metal surfaces (i.e. Au, Pt, Ag, Pd, Cu, and Ni), comparison between theoretical simulations and atomic beam experiments has been performed 41 by considering energy loss spectra for Hatoms scattering back to the vacuum. In this work, Hatoms inelastic scattering has been analyzed for a high collision energy of 1.92 eV and o↵-normal incidence (initial angle of the beam with respect to the surface normal vector equal to 45 ). It was found that the average energy loss is about 0.75 eV and very similar for all metals ranging from the lightest (Ni) to the heaviest surface atoms (Au). Because the loss of energy is mainly due to electronic e↵ects (that depend only weakly on the metal under study when compared to surface motion dissipation channel, where the mass is playing a key role), there is no significant change with the nature of the metal.

For comparison, the energy loss spectra of H scattering o↵ the W(100) surface has been displayed in Fig. 10, for an initial energy of 1.92 eV and two incidence angles (normal incidence and o↵ normal incidence with a polar angle of 45 taking an average over all azimuthal angles). In the o↵-normal case the mean energy loss is 0.8 eV in close agreement with previous work 41 on other metals. The shape of the energy loss spectrum exhibits three peaks, that can be attributed to reflections at di↵erent values of Z, roughly 1.2, -0.5, and -2 Å. As expected, the highest is the penetration of the atoms (i.e. the lowest altitude), the highest is the energy loss by electronic friction since atoms then travel in regions where electronic density is high. As a consequence, the third peak between 1.0 and 1.5 eV of energy loss is attributed to the reflection at lowest altitude i.e. Z = 2 Å. A comparison between normal and o↵-normal curves tends to show that incidence barely a↵ect the energy loss. We also checked that sticking probability is weakly influenced by the incidence angle (calculations were made from normal incidence to 75 o↵-normal incidence). As a matter of fact the penetration to subsurface area is not influenced so much by the incidence angle since it often happens after long residence time at the vicinity of the surface where trapping mechanism dominates involving a significant loss of memory. The energy dissipation to the electrons of the surface follows total energy scaling (TES) process whatever if considering reflection, or sticking. FIG. 10. Total energy loss spectra (in eV) of reflected atoms for an initial collision energy of 1.92 eV. Two values of incidence angles are reported (normal incidence and o↵ normal incidence with a polar angle of 45 degrees averaged over all azimuthal angles). The distributions are normalized to the area. GLO-LDFA model.

IV. SUMMARY AND REMARKS

Scattering dynamics of H and N atoms on W(100) has been investigated by means of theoretical simulations. A special focus has been made on sticking mechanism discriminated into adsorption and absorption processes. As also demonstrated elsewhere 33,[36][37][38][39][40][41][42] , the H-atoms sticking is mediated through energy dissipation to electrons whereas coupling to lattice vibrations plays the major role for the case of N-atoms. H-atoms can penetrate the W slab through the bridge sites and either end absorbed on various sub-surface sites (bridge and T2B) between topmost and third layer, or scatter as hot atoms deeper into the bulk. The H-atoms motion between the top layer and the third layer of the slab occurs following a TIS TIS TIS path way. Part of the H-atoms adsorption mechanism follows the so-called penetration/resurfacing scheme already proposed in early works. 37 Sub-surface adsorbed H-atoms have been characterized and could potentially lead to recombination events with atoms coming from the gas phase, producing highly vibrationally excited molecules. Further theoretical works would be required to confirm this possible scenario.

Within the energy range considered in the simulations, the sticking of N-atoms is only described through the adsorption. No absorption is observed as the N/W(100) dynamics, strongly influenced by the loss of energy through lattice motion, prevents any penetration below -1.5 Å. For both H and N atoms the reflection is a direct process whereas sticking is characterized by indirect mechanisms involving many rebounds before the atoms remain thermalized on the surface. The energy loss spectra of the reflected back H-atoms has been studied, exhibiting total energy scaling behavior. The mean energy loss determined in our simulations is in close agreement with previous experimental and theoretical works on H scattering on several fcc metal (111) surfaces (Ni, Cu, Pd, Ag, Au, Pt). Therefore, our theoretical predictions for a (100) surface of a bcc metal reinforce this general feature of the electronically nonadiabatic adsorption process of atomic H on metals 37 . Further studies would be required to fully understand the features of the energy loss spectra in relation with surface structure and symmetry.

I. INTRODUCTION

The scattering of atomic species on metal surfaces is of high interest in many domains of fundamental and applied science as for example heterogeneous catalysis 1-7 , plasma-wall interactions in nuclear physics [8][9][10][11] , or for the aerothermochemistry of thermal protection systems in atmospheric reentries [12][13][14][15][16][17][18][19][20][21][22][23][24][25][26][27][28][29][30] . A key question to address is the release of energy into the surface by means of coupling between the translational degrees of freedom of the atom and the surface atoms motion or the electrons of the solid [31][32][33][34][35] . H-atom sticking, after single or multiple collisions with the surface, has been shown to occur mainly through loss of energy due to electron-hole (e-h) pairs excitations 33,[36][37][38][39][40][41][42] . Because of the large mass mismatch between atoms of the metal and hydrogen, transfer of energy to the lattice vibrations is unlikely to occur. Recent experimental and theoretical works on H-atom collision with several (111) surfaces of fcc transition metals (Au, Pt, Ag, Pd, Cu, and Ni) have exhibited a universal behavior with respect to nonadiabatic adsorption processes 41 . In this work, authors have shown that energy loss is almost independent of the metal and is mainly due to electronic friction. Since no influence of metals work functions is observed, authors also conclude that no charge transfer occurs between the impinging atom and the surface upon collision for an initial energy of 1.92 eV.

In this work, simulations have been performed on the H/W(100) benchmark system leading to a further anala) cedric.crespos@u-bordeaux.fr ysis of the universal energy loss scheme proposed by Dorenkamp et al. in the context of a more open surface and a bcc metal. Moreover, the penetration of atomic hydrogen on W metal is of high interest in the context of nuclear physics [43][44][45][46][47] . As a matter of fact, the study of H scattering in tungsten has gained a lot of interest in the last decades in the context of plasma facing materials (PFMs) [43][44][45][46][47] , in which tungsten is a promising candidate. Hydrogen is known to induce blisters formation when tungsten is exposed to the high flux plasma irradiation, specially at low incident energy. 48 It is also known that blistering problem induced by H retention may cause reduction of the lifetime of the material. Consequently, a discussion of first step H absorption and scattering into the solid is proposed, pointing out the importance of electronic friction for the description of sub-surface atoms motion.

For heavier atoms, such as nitrogen, energy exchange with lattice vibration are expected to be much more ecient. Scattering dynamics simulations are here also performed for N/W(100). Again, energy dissipation channels are included in the simulations addressing the question of the competition between both e-h pairs and lattice vibration excitation upon heavy atoms sticking on a metal surface [49][50][51] . Coupling between the normal and parallel motion of the N atoms mediated through corrugation has been shown to play a role 52,53 especially at low collision energy. A special focus on this issue is made in this work, by revisiting the early work of G. Volpilhac et al. 52,53 where no energy loss channels were included in the simulations.

A new potential energy surface (PES) has been built for H/W(100) by interpolation of density func-tional theory (DFT) 54,55 calculations making use of the vdW-DF2 56 exchange correlation functional. For the N/W(100), we have used a similar PES, developed and presented elsewhere 57,58 . The choice of the functional was originally motivated by previous works suggesting that dispersion forces may play an important role in the dynamics of molecules in interaction with metal surfaces [57][58][59][60] . However, comparing the vdW-DF2 based PESs with older ones calculated at PW91 level, no significant di↵erences has been noticed for the particular cases of both N/W(100) and H/W(100). We have checked that the dynamics is almost unaltered by the choice of the functional in the energy range we consider in this work.

The paper is organized as follows: In Section II the computational details and methodology are presented. Results are discussed in Section III and a summary with the main conclusions is given in Section IV.

II. COMPUTATIONAL DETAILS

The interaction between H and N atoms with the W(100) surface has been modelled by a 3-dimensional PES which depends on X, Y , and Z coordinates referring the position of the H/N atom with respect to one surface atom at the origin of the Cartesian frame. The X and Y are along the sides of the square unit cell. In order to get a continuous 3D-PES a Corrugation reducing procedure (CRP) [61][62][63] has been used to interpolate a set of about 900 DFT single point calculations. A grid of 60 Z values above 15 sites of the surface have been sampled (see Fig. 1 

for details).

A periodic supercell approximation has been used. The metallic surface is represented by a 5-layer slab, and the calculations were performed using a 15x15x1 Monkhorst-Pack grid of k points for a (2x2) structure. We obtained a bulk lattice constant of a = 3.239 Å. After relaxation, an interlayer distance of 0.437a has been found for the two topmost layers and of 0.517a between the second and the third layer. Spin-polarized DFT calculations have been carried out within the Generalized Gradient Approximation (GGA) 64,65 making use of the vdW-DF2 56 exchangecorrelation functional. Ultrasoft pseudo-potentials [66][67][68] have been used to describe the interaction with atomic cores. All the calculations were performed with the Vienna Ab Initio Simulation Package (VASP) [69][70][71][72][73] . The 3-dimensional PES for H/W(100) has been built in the framework of this investigation, while the N/W(100) PES has been taken from the work of A. Pena-Torres et al 57 .

The dynamics simulations are based on the adiabatic 3D-PESs making use of the classical trajectories method. In order to calculate probabilities for the di↵erent exit channels such as adsorption, absorption and/or reflection, 10000 trajectories have been performed for several initial collision energies ranging from 10 meV to 5.0 eV. The initial X and Y positions of the atoms above the W(100) unit cell were randomly selected leading to uniform sampling. All trajectories have been started at Z 0 = 6.0 and Z 0 = 7.0 Å from the surface in the asymptotic region of the PES for H and N atoms, respectively. Normal and o↵-normal incidence conditions have been analyzed. An atom is considered as reflected whenever it reaches back its initial distance from the surface Z 0 with a velocity pointing towards vacuum. Absorption occurs when atoms reach the value of Z min = 3.0 Å which corresponds to a position slightly above the third layer of the slab. The atoms are also considered as absorbed if, after the maximum integration time of 2.0 ps, they remain between the top layer (Z = 0) and the third layer (Z min = 3.0 Å) with kinetic energy lower than the one required to escape from the bulk. Adsorption occurs when the atom is neither reflected nor absorbed with a kinetic energy lower than the minimum required to escape the attractive potential of the surface. The maximum integration time of 2.0 ps has been chosen such that the exit channel probabilities are all converged.

In the calculations, a surface oscillator was used to simulate energy exchange between the atom and vibrations of the lattice via the so-called generalized Langevin oscillator (GLO) model 34 . Individual motions of surface atoms are not treated explicitly within the GLO model, thus lattice motion e↵ects are accounted for in a very approximate way. Theoretical simulations performed by F. Nattino et al. 74 on N 2 /W(110) system, have shown that despite its simplicity, the GLO model is able to capture the physics of the problem. For instance, N 2 dissociation probability on W(110) calculated at GLO level compares well with probability evaluated through more elaborated treatment such as Ab Initio Molecular Dynamics (AIMD) method. Moreover, those two methods predict very sim-ilar energy transfer between the molecule and the lattice degrees of freedom for the case of non-reactive scattering events. Then energy dissipation to the metal mediated by e-h pairs excitations is modelled by an e↵ective friction term introduced in the classical equations of motion, and evaluated through the Local density friction approximation (LDFA) 35,51 . Previous works on H scattering on various metals have excluded any formation of a transient H specie since energy loss spectra have been shown to be mostly independent of the work function of metals 41 . Thus, electronic excitations only treated at the LDFA level are expected to quantify correctly the energy loss of the atoms in interaction with the surface electron density.

III. RESULTS AND DISCUSSION

Analysis of the PES

In order to describe the main features of the PESs for the two systems under study, i.e., H/W(100) and N/W(100), 1D cuts of the potentials for the highest symmetry surface sites as a function of altitude Z are displayed in Fig. 2.

H/W(100)

In agreement with previous experimental and theoretical works [75][76][77] , the bridge site is the most stable site for H adsorption on W(100) at Z = 1.11 Å with a 3.08 eV binding energy. The penetration of the H atom into the slab is energetically favorable through the bridge site with barriers below the asymptotic potential energy. At large distances (between 2.0 and 3.0 Å) the top site is the most attractive site. On Fig. 2, three sites of absorption have been identified and labeled as 1, 2, and 3. We have checked that each of those sites corresponds to true minima of the 3D-PES by visualizing 2D-cuts as a function of X and Y coordinates for the di↵erent Z values of the 3 sites.

N/W(100)

For N/W, the most stable site is the hollow at Z = 0.63 Å with a 6.75 eV binding energy, rather similar to that of the B2H site, in agreement with previous results reported for Volpilhac et al 52 . The absorption process is shown to be activated with a barrier height of about 2 eV on the bridge (with respect to the origin of the potential energy that is set for N far from the surface), whereas the top site remains as the most attractive site at large distances, like in the H/W case.

For both H/W and N/W a comparison with previous PESs based on PW91 functional has been made and, in contrast to what was found for N 2 , 57,78 for instance, no significant changes have been noticed by adding van der Waals contributions to the description of atom-surface interaction. This result may be due to the rather weak polarizability of the H and N atoms.

Sticking Probability

The total sticking probability S 0 , defined as S 0 = 1 P ref with P ref being the atomic reflection probability, is plotted in Fig. 3 as a function of initial collision energy (E i ). Results for both H and N + W(100) are included. A comparison is made between the sticking probabilities calculated using three models previously described: (i) the static surface approximation (Born-Oppenheimer static surface -BOSS) for which no exchange of energy is accounted for, (ii) the GLO model to allow energy dissipation to lattice vibrations and account for surface temperature (here 300K) (iii) the GLO-LDFA model in which both surface motion and e-h pairs excitations are accounted for in the simulations (GLO-LDFA). By comparing the three models, it is possible to infer which dissipation channel dominates energy transfer to the surface.

From the information contained in Fig. 3 arises that, within the BOSS model, the sticking probability of H decreases sharply when the initial collision energy increases to approximately 200 meV and then remains almost constant up to 1 eV. In the case of N/W, S 0 decreases monotonically throughout the range when energy is increased, as has been observed in earlier theoretical simulations, 52 where it has been shown that dynamic trapping governs the sticking of atoms at low energy. Within the BOSS level, only transfer of energy between the perpendicular and parallel motion of the atom can lead to trapped atoms. By increasing collision energy this transfer becomes rapidly ine cient and the sticking probability gets small. At this level of approximation, one may compare the present BOSS results with the ones obtained by Volpilhac et al 52 on a PW91 based PES, for collision energy going from 10 meV to 1 eV. In their study, absorption was supposed to occur whenever trajectories were able to reach the top surface layer located at Z = 0. Then, the calculation was stopped and those trajectories were accounted for in the sticking probability. For comparison purposes, we have performed a calculation of the sticking probability using the same criteria. An almost identical sticking curve is obtained with a sharp decrease and a plateau at about 0.5. If atoms are allowed to travel between Z = 3.0 and 0 Å in the simulations, the sticking probability is largely reduced (with a value of 0.1 for 1 eV of collision energy (see Fig. 3) and composed uniquely of long-lived species bouncing on the surface with high kinetic energy. This result shows that resurfacing 37 and sub-surface motion plays an important role in the dynamics and should be accounted for in the simulations.

Going beyond the BOSS model by including energy dissipation channels increases significantly the trapping of atoms within the energy range considered in Fig. 3 and previous studies of Volpilhac et al. 52 , i.e., 10 meV 6 E i 6 1 eV. A comparison of the GLO and GLO-LDFA curves reveals that electronic e↵ects are clearly predominant for the H/W(100) case, whereas coupling to lattice vibrations is the main channel of energy loss for N/W(100). Same conclusions have been drawn by Novko et al in their studies of H/Pd(100) and N/Ag(111) systems 79,80 . The high sticking probability (close to 1) obtained for this energy range has been observed in other theoretical simulations making use of di↵erent PES and di↵erent methodologies. Recent theoretical works 41 exhibits the same trend with a uniformly high sticking probability close to unity for H on Ni(111). A slight decrease of the probability from ⇠1 to ⇠0.6 is only observed at very high collision energy (> 3 eV).

In Fig. 4, a decomposition of the sticking probability in two mechanisms is proposed for a larger collision energy range going from 10 meV to 5 eV. In this work we will define as low energy regime all collision energies between 10 meV and 1 eV. High energy regime belongs to collision energies higher than 1 eV. The first mechanism

Sticking Probability

Collision Energy (meV) FIG. 3. Sticking probabilities as a function of atomic collision energy for H/W(100) (upper panel) and N/W(100) (lower panel). A comparison is made between simulations with no energy dissipation channels (BOSS), only phonons (GLO 300 K) and both phonons and electronic dissipation channels (GLO-LDFA 300 K).

corresponds to adsorption of the atom on the surface. The second mechanism is associated to an absorption of the atom between the first and the third layer of the slab. Atoms that reaches the third layer with velocity vector pointing towards the bulk are also counted as absorbed.

For both H,N/W(100) the sticking probability is mainly due to atoms adsorbed on the surface at the low energy regime. As expected from the analysis of the PES, H atoms are able to penetrate into the bulk and being absorbed. The absorption process is rather independent of the H collision energy and represents about 10% of probability. By increasing collision energy beyond 1 eV, the sticking probability is decreasing with adsorption probability leading to more reflections, whereas absorption is slightly increasing from 10 to 20%. The N/W(100) dynamics are much simpler since only adsorption onto the surface is observed, the adsorption probability only slightly decreasing with energy. No absorption is observed even if initial collision energy is high enough to penetrate into the bulk and overcome the 2 eV barrier observed along the bridge site. 

Insights into the Adsorption and Absorption Processes

Within the low energy regime, an analysis of the final Z distribution of the absorbed H atoms reveals three sites of absorption below the top layer (see Fig. 5 where Zdistributions are plotted for 0.3 eV and 0.8 eV of initial collision energies). A detailed analysis allow us to locate those absorption sites on bridge site for the Z = 0.40 and 2.37 Å distances, and on top-to-bridge (T2B) site for Z = 1.55 Å.

Those 3 sites of absorption are thus populated at both 0.3 and 0.8 eV, for trajectories initiated with normal incidence to the surface. The most populated site is the T2B, especially at 0.8 eV, even if it is not the site characterized by the highest binding energy (see Table 1 for a comparison of the binding energy over the 3 adsorption sites). A non negligible proportion of the adsorbed atoms scatters into the bulk, as revealed by the histograms at Z= 3.0 Å, which altitude corresponds to the lowest altitude trajectories can reach in the simulations. In Table 1, mean energy losses are compared for trajectories ending into absorption sites, with an initial total energy of 0.3 eV. The mean energy loss which corresponds to those trajectories still in scattering is rather small (0.73 eV) leading to "hot atoms" characterized by mean total energy of about -0.43 eV, that is enough to overcome all the barriers to travel through the three first layers of the slab as can be seen on Fig. 6, where the potential energy as a function of the scattering path is depicted. The high energy regime is characterized by absorbed species still scattering into the bulk and none of them remains trapped into one of the 3 absorption sites identified at lower energies.

The scattering pathway into the bulk observed in the simulations is the Bridge-T2B-Bridge, as depicted in the Fig. 6. In short, the atoms that are neither reflected nor adsorbed penetrate the surface through the Bridge site and find the absorption site 1 (Bridge-1) and then migrate to site 2 (T2B) overcoming a barrier of 0.73 eV. The site 2 is the most populated for absorption, as mentioned above. Then, the H-atoms undergoes a migration to the site 3 (Bridge-3), with an activation barrier of 0.28 eV. Sites 1, 2, 3 shown in Fig. 7 correspond to tetrahedral interstitial sites (TIS), so we have found that motion of H-atoms into the bulk occurs along a TIS TIS TIS path as exhibited in Fig. 8 where (X, Y)-positions of the atoms scattering into the bulk are plotted for di↵erent Z altitudes. As can be seen in the figure, trajectories first concentrate around the TIS-bridge site when reaching the altitude corresponding to the site 1, then atomic positions spread out from bridge to TIS-T2B at altitude belonging to site 2. Finally, atoms end on TIS-bridge po-sitions at the altitude of the site 3. Similar results have been reported by Liu et al 81 . In the present work, it was also found that atoms absorbed in any of the three sites can remain trapped. The lack of kinetic energy does not allow them to move out of their absorption site.

Interestingly, absorbed atoms are weakly bounded when compared to species adsorbed on the surface (E bind = 3.08 eV ), which makes this system a promising candidate for sub-surface recombination reactions with atoms coming from the gas phase. Results reported by Markejl et al 82 suggests there must be another recombination mechanism apart from Eley-Rideal surface recombination.

Such a mechanism is characterized by a large exothermicity (of about 4 eV), producing vibrationally hot molecules. Exothermicity of Eley-Rideal path can not explain the highly hot molecules they observe. In our work, if one consider sub-surface recombination, with most of the exothermicity transferred to vibration motion, one could expect producing molecules excited until v = 7 vibrational state. Further simulation work would be required to study in details such sub-surface reactions.

As expected, the adsorption mechanism leads to Hatoms adsorbed on bridge site, whereas hollow site characterizes the adsorption of N-atoms. Reflection is a fast process decided rather quickly in less than two rebounds (a rebound is defined here as a sign change in the Z linear momentum), whereas adsorption mechanism (with 60 rebounds in average) and absorption (90 rebounds) mechanisms are characterized by a large number of rebounds. The "hot" absorbed atoms still scattering into the bulk follow a rather direct mechanism with a relatively small number of rebounds (around 10 rebounds) explaining the weak loss of energy experienced by the atoms in the latter case. Same kind of conclusions has been drawn for the N/W(100) with a fast direct reflection mechanism and an indirect mechanism of adsorption mediated through trapping and energy dissipation (around 30 rebounds).

The distribution of minimum distance reached by the atoms being either reflected, or adsorbed are represented on Fig. 9. As previously identified for H scattering on Au 37,38 , the atomic adsorption follows a penetration/resurfacing mechanism for both H/W(100) and N/W(100). If we consider penetration to happen when the atom goes below Z = 0, roughly 60% of the H atoms adsorbed on W(100) has followed a penetration/resurfacing mechanism, against 15% for the N atoms case. In comparison, for H on Au(111) Janke et al. 38 found a penetration-resurfacing contribution of about 80% at 2.7 eV of incidence energy. At 0.8 eV, H-atoms can penetrate as deep as Z= 2 Å before resurfacing and being adsorbed on a bridge site of the surface. The loss of energy by electronic friction is enhanced by this penetration e↵ect. For N-atoms, the penetration is somehow weaker since Z= 0.5 Å is only rarely reached at low collision energies. N/W(100) PES does not allow penetration of the atoms as easily as in the H-atoms case, and loss of energy through coupling with the surface atoms motion is preventing any absorption even at energies higher than 2 eV (lowest energy barrier for absorption through the bridge site). In order to check this point, BOSS trajectories calculations have been performed for the N/W system. Within the BOSS approximation, where no energy exchange is allowed, all atoms approaching the surface at the vicinity of the bridge site with energies higher than 2 eV penetrate into the bulk reaching the Z= 3.0 Å limit. As soon as GLO model is used in the simulations no more absorption is observed for the same conditions, exhibiting the strong influence of this energy loss channel. We have checked that the Z-limit used in the dynamics (Z= 3.0 Å) is low enough not to have any influence on the adsorption probability and the resurfacing mechanism.

Energy loss upon H reflection on W(100)

For several (111) fcc metal surfaces (i.e. Au, Pt, Ag, Pd, Cu, and Ni), comparison between theoretical simulations and atomic beam experiments has been performed 41 by considering energy loss spectra for Hatoms scattering back to the vacuum. In this work, Hatoms inelastic scattering has been analyzed for a high collision energy of 1.92 eV and o↵-normal incidence (initial angle of the beam with respect to the surface normal vector equal to 45 ). It was found that the average energy loss is about 0.75 eV and very similar for all metals ranging from the lightest (Ni) to the heaviest surface atoms (Au). Because the loss of energy is mainly due to electronic e↵ects (that depend only weakly on the metal under study when compared to surface motion dissipation channel, where the mass is playing a key role), there is no significant change with the nature of the metal.

For comparison, the energy loss spectra of H scattering o↵ the W(100) surface has been displayed in Fig. 10, for an initial energy of 1.92 eV and two incidence angles (normal incidence and o↵ normal incidence with a polar angle of 45 taking an average over all azimuthal angles). In the o↵-normal case the mean energy loss is 0.8 eV in close agreement with previous work 41 on other metals. The shape of the energy loss spectrum exhibits three peaks, that can be attributed to reflections at di↵erent values of Z, roughly 1.2, -0.5, and -2 Å. As expected, the highest is the penetration of the atoms (i.e. the lowest altitude), the highest is the energy loss by electronic friction since atoms then travel in regions where electronic density is high. As a consequence, the third peak between 1.0 and 1.5 eV of energy loss is attributed to the reflection at lowest altitude i.e. Z = 2 Å. A comparison between normal and o↵-normal curves tends to show that incidence barely a↵ect the energy loss. We also checked that sticking probability is weakly influenced by the incidence angle (calculations were made from normal incidence to 75 o↵-normal incidence). As a matter of fact the penetration to subsurface area is not influenced so much by the incidence angle since it often happens after long residence time at the vicinity of the surface where trapping mechanism dominates involving a significant loss of memory. The energy dissipation to the electrons of the surface follows total energy scaling (TES) process whatever if considering reflection, or sticking. FIG. 10. Total energy loss spectra (in eV) of reflected atoms for an initial collision energy of 1.92 eV. Two values of incidence angles are reported (normal incidence and o↵ normal incidence with a polar angle of 45 degrees averaged over all azimuthal angles). The distributions are normalized to the area. GLO-LDFA model.

IV. SUMMARY AND REMARKS

Scattering dynamics of H and N atoms on W(100) has been investigated by means of theoretical simulations. A special focus has been made on sticking mechanism discriminated into adsorption and absorption processes. As also demonstrated elsewhere 33,[36][37][38][39][40][41][42] , H-atoms sticking is through energy dissipation to electrons whereas coupling to lattice vibrations plays the major role for the case of N-atoms. H-atoms can penetrate the W slab through the bridge sites and either end absorbed on various sub-surface sites (bridge and T2B) between topmost and third layer, or scatter as hot atoms deeper into the bulk. The H-atoms motion between the top layer and the third layer of the slab occurs following a TIS TIS TIS path way. Part of the H-atoms adsorption mechanism follows the so-called penetration/resurfacing scheme already proposed in early works. 37 Sub-surface adsorbed H-atoms have been characterized and could potentially lead to recombination events with atoms coming from the gas phase, producing highly vibrationally excited molecules. Further theoretical works would be required to confirm this possible scenario.

Within the energy range considered in the simulations, the sticking of N-atoms is only described through the adsorption. No absorption is observed as the N/W(100) dynamics, strongly influenced by the loss of energy through lattice motion, prevents any penetration below -1.5 Å. For both H and N atoms the reflection is a direct process whereas sticking is characterized by indirect mechanisms involving many rebounds before the atoms remain thermalized on the surface. The energy loss spectra of the reflected back H-atoms has been studied, exhibiting total energy scaling behavior. The mean energy loss determined in our simulations is in close agreement with previous experimental and theoretical works on H scattering on several fcc metal (111) surfaces (Ni, Cu, Pd, Ag, Au, Pt). Therefore, our theoretical predictions for a (100) surface of a bcc metal reinforce this general feature of the electronically nonadiabatic adsorption process of atomic H on metals 37 . Further studies would be required to fully understand the features of the energy loss spectra in relation with surface structure and symmetry.
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 1 FIG. 1. Top-view of the unit cell and the sites (green points) for which DFT calculations have been carried out. W atoms in the first layer are in yellow. In orange W atom belongs to the second layer. Top, Bridge, Hollow, Top-to-Bridge (T2B), Top-to-Hollow (T2H), and Bridge-to-Hollow (B2H) high symmetry sites are shown. The lattice constant is a = 3.239 Å.
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 4 FIG. 4. Decomposition of the sticking probabilities in adsorption and absorption probabilities for H/W(100) (upper panel) and N/W(100) (lower panel) within the GLO-LDFA model at 300K.
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 5 FIG. 5. Distribution of final altitudes for H-atoms absorbed into the bulk at 0.3 and 0.8 eV of collision energy. Simulations are done within the GLO-LDFA model with a surface temperature of 300K. The histogram at Z= 3.0 Å is not reflecting trajectories absorbed on a localized absorption site but rather hot atoms moving towards lower values of Z and penetrating into the bulk
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 26 FIG.6. Energetic scheme of the H-atoms in motion throughout the W(100) slab following the TIS-TIS-TIS pathway. Dashed line corresponds to the mean total energy of atoms reaching the -3.0 Å limit with a 0.3 eV of initial collision energy.
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 8 FIG. 8. X and Y distributions of atoms scattering into the bulk displayed for di↵erent values of Z that correspond to altitudes of site 1 (Z=-0.4 Å, upper panel), site 2 (Z=-1.55 Å, center panel), and site 3 (Z=-2.33 Å, lower panel).
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 9 FIG. 9. Distributions of minimum altitudes reached by Hatoms (upper panel) and N-atoms (lower panel) either reflected, or adsorbed on the surface for two di↵erent initial collision energies (Ei): 0.3 and 0.8 eV within the GLO-LDFA model at 300K.
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 1 FIG. 1. Top-view of the unit cell and the sites (green points) for which DFT calculations have been carried out. W atoms in the first layer are in yellow. In orange W atom belongs to the second layer. Top, Bridge, Hollow, Top-to-Bridge (T2B), Top-to-Hollow (T2H), and Bridge-to-Hollow (B2H) high symmetry sites are shown. The lattice constant is a = 3.239 Å.
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 2 FIG.2. 1D cuts of the potential energy surface as a function of atom/surface distance Z for several high symmetry sites. The upper panel corresponds to H/W(100) systems. 1, 2, 3 refers to absorption sites. The lower panel corresponds to N/W(100). Energies and distances are given in eV and Å, respectively.
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 4 FIG. 4. Decomposition of the sticking probabilities in adsorption and absorption probabilities for H/W(100) (upper panel) and N/W(100) (lower panel) within the GLO-LDFA model at 300K.

FIG. 5 .

 5 FIG. 5. Distribution of final altitudes for H-atoms absorbed into the bulk at 0.3 and 0.8 eV of collision energy. Simulations are done within the GLO-LDFA model with a surface temperature of 300K. The histogram at Z= 3.0 Å is not reflecting trajectories absorbed on a localized absorption site but rather hot atoms moving towards lower values of Z and penetrating into the bulk

2 FIG. 6 .FIG. 7 .

 267 FIG.6. Energetic scheme of the H-atoms in motion throughout the W(100) slab following the TIS-TIS-TIS pathway. Dashed line corresponds to the mean total energy of atoms reaching the -3.0 Å limit with a 0.3 eV of initial collision energy.
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 8 FIG. 8. X and Y distributions of atoms scattering into the bulk displayed for di↵erent values of Z that correspond to altitudes of site 1 (Z=-0.4 Å, upper panel), site 2 (Z=-1.55 Å, center panel), and site 3 (Z=-2.33 Å, lower panel).
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Highlights

• Scattering dynamics of light and heavy benchmark atoms on metal surface.

• Sticking mechanisms through various mechanisms : surface adsorption and absorption under penetration into sub-surface layers.

• Study of atom energy loss through lattice vibrations and electronhole pairs excitation of the metal.