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Refraction of fast Ne atoms in the attractive well of LiF(001) surface M. Debiossac, 1 A.G. Borisov, 1 and P. Roncin Ne atoms with energies up to 3 keV are diffracted under grazing angles of incidence from a LiF(100) surface. For small momentum component of the incident beam perpendicular to the surface, we observe an increase of the elastic rainbow angle together with a broadening of the inelastic scattering profile. We interpret these two effects as the refraction of the atomic wave in the attractive part of the surface potential. Quantitative agreement between our data and full quantum scattering simulations is achieved for up to ten diffraction orders and allows us to extract a potential well depth of 10.4 meV. Our results set a benchmark for more refined surface potential models which include the weak Van der Waals region, a long-standing challenge in the study of atom-surface interactions.

Refraction is a well known phenomenon occurring when light is deflected at an interface between two transparent media of different refractive indices. In the early days of quantum mechanics, refraction of matter-wave was first observed with electrons [START_REF] Davisson | Reflection and refraction of electrons by a crystal of nickel[END_REF][START_REF] Nishikawa | Diffraction of cathode rays by calcite[END_REF] and was explained by considering the beam to be refracted by the inner potential of the material [START_REF] Yamaguti | On the Reflection of Cathode Rays by Bent Mica[END_REF]. Refraction has been also reported for neutrons [START_REF] Klein | Neutron optics[END_REF], as well as for molecular and atomic projectiles scattered from surfaces at thermal energies [START_REF] Harris | Refraction effects in atom scattering from stepped surfaces[END_REF]. In this latter case the refraction is produced by an attractive Van der Waals (VdW) part of the projectilesurface interaction potential [START_REF] Beeby | The scattering of helium atoms from surfaces[END_REF]. The physisorption region, dominated by weak VdW polarisation forces, is of paramount importance for the surface self-assembly [START_REF] Kühnle | Self-assembly of organic molecules at metal surfaces[END_REF] as well as for adhesion and cohesion of less dense systems, for example, liquid crystals, polymers and biomolecular surfaces [START_REF] Andersson | Van der Waals interactions in density functional theory[END_REF]. In this respect, collision experiments between neutral atoms and surfaces represent an ideal platform for characterization of the VdW potential [START_REF] Farias | Atomic beam diffraction from solid surfaces[END_REF].

In the past, atom scattering studies of the attractive part of the surface potential have been performed studying diffraction and refraction of the projectile beams at thermal energies [START_REF] Harris | Refraction effects in atom scattering from stepped surfaces[END_REF][START_REF] Hoinkes | The physical interaction potential of gas atoms with single-crystal surfaces, determined from gas-surface diffraction experiments[END_REF][START_REF] Mantovani | Simple approach to refraction effects in atom-surface scattering[END_REF]. Recent observation of the surface diffraction of fast atoms of keV energies under grazing incidence (GIFAD or FAD) [START_REF] Schüller | Diffraction of Fast Atomic Projectiles during Grazing Scattering from a LiF(001) Surface[END_REF][START_REF] Rousseau | Quantum Scattering of Fast Atoms and Molecules on Surfaces[END_REF][START_REF] Winter | Review; Fast atom diffraction during grazing scattering from surfaces[END_REF] offered yet unexplored possibilities of the surface analysis. Grazing incidence conditions imply slow motion of the projectile perpendicular to the surface at fast motion parallel to it. GIFAD thus combines the sensitivity of thermal atoms with the geometry of reflection high energy electron diffraction, that allows one to record the full diffraction pattern at once using an imaging detector (Fig. 1). Fast atom diffraction has already proven to be sensitive to surface rumpling at the pm scale [15] and to the VdW potential [START_REF] Debiossac | Combined experimental and theoretical study of fast atom diffraction on the β2(2 × 4) reconstructed GaAs(001) surface[END_REF][START_REF] Debiossac | Helium diffraction on SiC grown graphene, qualitative and quantitative description with the hard corrugated wall model[END_REF], in particular with the observation of bound state resonances [START_REF] Debiossac | Transient Quantum Trapping of Fast Atoms at Surfaces[END_REF]. Similar to the thermal atom diffraction, most of the GIFAD studies have been performed with light (He, H, H 2 ) projectiles. The diffraction experiments with heavier Ne atoms are challenging because of enhanced inelastic scattering [START_REF] Rieder | Surface structural research with atom beam diffraction: helium versus neon[END_REF][START_REF] Al Taleb | Multiphonon excitation and quantum decoherence in neon scattering from solid surfaces[END_REF][21][START_REF] Anemone | Quantum Decoherence Behavior in Neon Scattering from Ru(0001) and Graphene/Ru(0001) Surfaces: Experiment and Comparison with Calculations[END_REF]. In this Letter we show the diffraction of fast Ne atoms on a LiF surface. We fully exploit the shorter wavelength of Ne atoms so that many diffraction peaks can be observed offering a surface probe with a resolution not reachable with light projectiles [START_REF] Rieder | Observation of Pronounced Neon Diffraction from Low-Index Metal Surfaces[END_REF]. In particular, we reveal the refraction of the matter wave at surface resulting in a shift of the elastic rainbow angle, and the broadening of the inelastic profile. Rich diffraction pattern measured in our experiments allows to gain further insights on the projectile-surface interaction from a detailed comparison with quantum simulation. Our work, provides an important basis for a characterization of the physisorption region in the regime of low energies dominated by weak VdW forces. A typical diffraction image is displayed in Fig. 1. The Ne projectiles are incident at LiF(100) surface defined by the (x, y)-plane under (small) incidence angle θ measured between the beam and the surface. The z-axis is perpendicular to the surface, and the x-axis is defined by projection of the beam at the surface plane. The bright spots located on the Laue circle of energy conservation correspond to elastic diffraction, whereas the elongated streaks are due to inelastic diffraction [START_REF] Debiossac | Image processing for grazing incidence fast atom diffraction[END_REF][START_REF] Debiossac | Elastic and inelastic diffraction of fast atoms, Debye-Waller factor, and Mössbauer-Lamb-Dicke regime[END_REF]. In Fig. 1 the rainbow angle is denoted as φ r . It corresponds to the largest angular deflection of the incident beam within the classical picture, and it can be inferred from the intense diffraction spots at large reciprocal lattice vector exchange perpendicular to the incidence direction. Fig. 1 can be understood in the axial surface channeling approximation (ASCA) [START_REF] Rousseau | Quantum Scattering of Fast Atoms and Molecules on Surfaces[END_REF][START_REF] Manson | Theory of grazing incidence diffraction of fast atoms and molecules from surfaces[END_REF][START_REF] Zugarramurdi | Transition from fast to slow atom diffraction[END_REF][START_REF] Muzas | Diffraction of H from LiF(001): From slow normal incidence to fast grazing incidence[END_REF] where the fast motion in x-direction and the slow motion in the (y, z)-plane perpendicular to the surface are decoupled. When x-direction coincides with a surface crystal axis, the elastic diffraction pattern is equivalent to that of a projectile with a wave-vector k ⊥ = k sin θ, incident at the potential V 2D (y, z). Here, k = √ 2M E is the total momentum, E is the energy of the beam, M is the projectile mass, and V 2D (y, z) given by the total projectile-surface interaction potential V (x, y, z) averaged along x.

Prior to discussion of the experimental evidence of refraction effects we find it useful to use the ASCA and to introduce simple and intuitive model as a guide to understand the main results of this work.

Consider the projectile-surface collision as a three step process (i) acceleration by an attractive VdW interaction on the ingoing path; (ii) collision with the surface leading to the deflection by the V 2D (y, z) potential; (iii) deceleration by the VdW interaction on the outgoing path. Within this scenario, the largest lateral momentum resulting from the scattering with the surface is k y = k 2 ⊥ + 2M D sin φr . Here, D accounts for the ac-celeration on the ingoing path, and φr is the "true" rainbow angle given by the fastest variation of V 2D (y, z) with y [START_REF] Schüller | Interaction potential for fast Ne atoms in front of LiF(001) surface[END_REF]. The associated maximum lateral deflection angle α, and the rainbow angle φ r "observed" in the outgoing beam are defined with sin α = k y /k, and sin φ r = k y /k ⊥ .

We then obtain sin α = sin φ r sin θ = sin φr sin

θ 1 + D E sin 2 θ . (1) 
It follows from Eq. ( 1) that for the incidence conditions such that the energy of the motion perpendicular to the surface in the (y, z)-plane, E ⊥ = k 2 ⊥ /2M = E sin 2 θ, becomes comparable with the depth of the attractive potential well D, the refraction effects strongly alter observed rainbow and maximum lateral deflection angles. If the energy of the beam E is fixed, decreasing the incidence angle θ leads to α that tends to a constant non-zero value. This is in sheer contrast with α = 0 (specular reflection) limit that would be expected in the absence of the projectile attraction to the surface. Similarly, if the incidence angle θ is constant, decreasing the beam energy E leads to increasing deflection α, whereas it would be constant without VdW attraction.

We first demonstrate the refractive effects by analyzing the elastic intensity from the diffraction of fast Ne atoms on LiF(100), and we show that the experimental observations are inline with predictions of the simple model outlined above. Fig. 2a displays the diffraction chart obtained by varying the incidence angle θ, for a fixed energy E of the incident beam. Here the radius of the Laue circle is proportional to the incidence angle θ while the angular distance ∆α = G y /k between diffraction orders stays constant. The reciprocal lattice vector of the LiF(100) surface is given by G y = 2 √ 2 π/a where a = 4.03 Å is the LiF lattice constant. The intensity of the diffraction orders oscillate with k ⊥ , reflecting the interference of trajectories from the top and bottom of the corrugation function. The general shape made of maxima aligned along nested V structures come from the modulation of the intensity due to supernumerary rainbows. The outermost structure corresponds to the classical rainbow angle [START_REF] Schüller | Supernumerary Rainbows in the Angular Distribution of Scattered Projectiles for Grazing Collisions of Fast Atoms with a LiF(001) Surface[END_REF] measured here as φ r = 31 • in good agreement with earlier results [START_REF] Gravielle | Fast atom diffraction for grazing scattering of Ne atoms from LiF(001) surfaces[END_REF]. At lowest incidence angles θ (lowest k ⊥ ) the α(θ)-dependence of the maximum deflection angle and thus of the rainbow angle departs from linear inline with an effect of refraction described by Eq. (1). Fig. 2c shows the diffraction chart obtained for different experimental conditions. Now, the incidence angle θ is fixed while the total energy E is varied. In this situation, the difference in Bragg angles separating adjacent diffraction orders changes as ∆α = G y / √ 2M E (see white dotted lines in Fig. 2c). The maximum deflection angle α as well as the rainbow angle φ r is constant for the energies above 1.5 keV [START_REF] Gravielle | Fast atom diffraction for grazing scattering of Ne atoms from LiF(001) surfaces[END_REF]. At smaller energies α and so φ r increases with decreasing E. This effect might be interpreted as owing to the larger "effective" surface corrugation [START_REF] Schüller | Interaction potential for fast Ne atoms in front of LiF(001) surface[END_REF]. However, such an explanation does not hold here as follows from the calculated atom-surface interaction potential. Instead, the observed trends stem from the refraction of Ne atoms in the attractive VdW potential. This conclusion is supported by the comparison between the measured projectile energy dependence of the rainbow structure in the experimental diffraction chart, and α(E)-dependence calculated with Eq. (1).

In order to get further insights into the Ne interaction with LiF(001) surface we have performed the dynamical diffraction theory study within the ASCA approximation. The wave function of Ne projectiles is sought in the form Ψ(y, z) = j ψ j (z)e ijGy (2π/G y ) leading to the set of the close-coupling equations [START_REF] Manson | Theoretical Aspects of Atom-Surface Scattering[END_REF] for diffraction orders j

- 1 2M ∂ 2 ∂z 2 -(jG y ) 2 ψ j + W j ψ = E ⊥ ψ j (z). (2) 
Solution of Eq. ( 2) allows extraction of the scattering matrix [33] and thus of the intensities of the diffracted beams. The coupling matrix W j is given by

W j (z) = L/2 -L/2 dx L/2 -L/2 dy V (x, y, z) e i( -j)Gy L . (3) 
The Ne-surface interaction potential is expressed as a sum of the binary interaction potentials between the projectile and Li + and F -ion sites of the LiF lattice.

V (r) = -C/z 3 + Rs V s (R s -r) , (4) 
where r = (x, y, z), and the sum runs over the s = Li, F lattice sites located at R s . The attractive van der Waals interaction between the projectile and the surface can be accounted for with binary interaction potentials (see below). We found however that the description of the experiment can be improved if we explicitly include the planar attractive potential term -C/z 3 with z = 0 set at the plane of surface F -ions. We account for the rumpling of -0.05 Å [15] in position of surface Li atoms with respect to the LiF(001) surface plane. The binary interaction potentials V a (R a -r) are defined in screened coulombic form, as used by Ziegler-Biersack-Littmark [START_REF] Ziegler | The stopping and range of ions in solids[END_REF] which has proven its efficiency in reproducing the GIFAD data for various systems.

V s (R s -r) = n=1,2 a n,s e -γn,s|Rs-r| , (5) 
Representation given by Eq.5 also allows analytical closed-form expression for the coupling matrix so that the diffraction chart can be calculated in seconds allowing on-the-fly optimisation of the potential. We start with parametrization of the binary potentials deduced in [START_REF] Miraglia | Reexamination of the interaction of atoms with a LiF(001) surface[END_REF] from the density functional theory DFT calculations of the Ne / LiF(001) interaction. The potential parameters are then adjusted using minimization of the least squares deviation between calculated and measured intensity of the j = 0, ±1, ... ± 9 diffraction orders for the energy of the motion perpendicular to the surface, E ⊥ , between 20 and 150 meV.

The comparison between experimental data and dynamical diffraction theory calculations is shown in Fig. 3. We obtain an excellent agreement over ten diffraction orders in the complete energy range. At low energy, the theory indicates narrow peaks associated with bound state resonances. Here the large mass of neon is clearly a handicap, not only the density of bound states is much larger but the coupling between multiple diffraction peaks is obviously more complex (resonances are observed for only j = 0 and j = ±1 for helium below 25 meV [START_REF] Debiossac | Transient Quantum Trapping of Fast Atoms at Surfaces[END_REF]) weakening the contrast.

The planar potential V (z) deduced from our calculations [START_REF]All values are given in atomic units (a1[END_REF] is shown in Fig. 2b. It is characterized by a D = 10.4 meV attractive potential well, in good agreement with thermal atom diffraction data [START_REF] Boato | A study of the (001) LiF surface at 80 K by means of diffractive scattering of He and Ne atoms at thermal energies[END_REF][START_REF] Vidali | Potentials for physical adsorption[END_REF]. With our parametrization [START_REF]All values are given in atomic units (a1[END_REF], the attractive well is obtained owing to both C/z 3 term and the attractive part of the binary interaction potentials. To further test the robust character of our surface potential model, we performed the potential optimisation while imposing C = 0. In this situation the atom-surface attraction is entirely defined by the attractive parts of the binary interactions. From the best fit to the experimental diffraction data we obtained D = 9.9 meV, very close to D = 10.4 meV reported above (Fig. 2b).

Another evidence for refraction of Ne atoms is provided by the analysis of the inelastic polar scattering profile. It is obtained from the experimental data by subtracting the sharp peaks of the elastic contribution on the Laue circle [START_REF] Debiossac | Image processing for grazing incidence fast atom diffraction[END_REF] (see e.g. Fig. 1). The inset in Fig. 4 shows that the resulting intensity distribution over polar exit angles P (θ out ) is well fitted by a log-normal profile [START_REF] Debiossac | Image processing for grazing incidence fast atom diffraction[END_REF][START_REF] Debiossac | Elastic and inelastic diffraction of fast atoms, Debye-Waller factor, and Mössbauer-Lamb-Dicke regime[END_REF] allowing to define its width σ θ . Fig. 4 shows a clear increase of σ θ with decreasing E ⊥ . This is despite the Ne atoms interact less strongly with the surface.

This apparent contradiction can be understood from a simple scattering model outlined at the beginning. For simplicity we consider only the scattering in the specular plane (x, z). In grazing incidence geometry the distance of closest approach to the surface is given by E ⊥ + D and amounts to few Å. It is much larger than the amplitude of thermal motion of surface atoms σ. A perturbative approach then predicts a log-normal scattering profile with a relative angular width σ θ / θ ∝ Γσ [START_REF] Debiossac | Elastic and inelastic diffraction of fast atoms, Debye-Waller factor, and Mössbauer-Lamb-Dicke regime[END_REF][START_REF] Manson | Theory of grazing incidence diffraction of fast atoms and molecules from surfaces[END_REF] the logarithmic derivative of the interaction potential between the Ne atom and the surface evaluated at the turning point of the trajectory. The "effective" polar scattering angle θ and the "observed" polar scattering angle θ are related as θ2 = θ 2 + D/E so that for the small angular broadenings we obtain 1 + D/E ⊥ d θ = dθ. We assume that the proportionality approximately holds for finite σ θ and σ θ . While σ θ is fixed by the scattering conditions in the vicinity of the surface, the observed polar angle width σ θ increases with decreasing E ⊥ . The exact proportionality factor between σ θ and Γ adjusted at E ⊥ = 120 meV and the model displayed in Fig. 4, and reproduces the drastic increase observed at low energy.

In conclusion, we reported well resolved elastic diffraction of neon atoms from LiF(001) surface. Combined with fast algorithm of the dynamical diffraction theory, the large number of diffraction orders observed experimentally with these heavy projectiles allows a refinement of the model projectile-surface interaction potential. The quantitative agreement reached between the theory and experiment is remarkable and its sensitivity to the potential parameters yields a robust estimate of the depth of the attractive van der Waals potential well. Our work also sheds light on the analogies between the geometrical optics and projectile scattering at surfaces, where the refraction of atomic beams manifests itself via the significant increase of the elastic azimuthal rainbow angle as well as via the drastic increase of the polar inelastic scattering profile. Even in the absence of observation of bound states resonances, the accurate determination of the diffracted intensities at grazing incidence conditions is a powerful strategy to measure the van der Waals forces needed to refine ab initio theoretical descriptions. In this energy range, neon atoms offer an increased sensitivity owing to their shorter wavelength and even inelastic effects contribute to an accurate self-consistent determination of attractive forces.
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FIG. 1 :

 1 FIG.1: a) Diffraction pattern in the (ky, kz) plane recorded for 500 eV Ne atoms scattered off LiF(100) along the 110 direction. The Laue circle is shown with a dashed white line and corresponds to an incidence angle θ = 0.42 • . φr indicates the classical rainbow angle. b) Projected experimental intensity along the Laue circle (blue circles). The red line corresponds to a fit of the diffracted intensity using a Lorentzian line-shape for each peak (green line).

FIG. 2

 2 FIG. 2: a) Experimental diffraction chart for 500 eV Ne atoms scattered off LiF(100) surface along the 110 direction. The incidence angle θ is varied between 0.27 • and 0.95 • . The intensity of the diffraction orders is shown as function of the lateral deflection angle, α, and k ⊥ the momentum component of the incident beam perpendicular to the surface. b) Theoretical planar potential V (z) as a function of the distance z from the LiF surface. The blue (red) line corresponds to the calculation with (without) planar attractive term. D indicates the potential well depth. c) Same as a), but for the fixed incidence angle θ = 0.42 • and total kinetic energy E varied in 0.3 -3 keV range. The intensity of the diffraction orders is shown as function of the lateral deflection angle α and beam energy E. The white dotted lines follows the position of the diffraction orders. The blue dashed line in panels a) and c) indicates the position of the rainbow angle calculated from Eq. (1) using D = 10 meV.

FIG. 3 :

 3 FIG.3: Rocking curves for Ne atoms scattered along the 110 direction. The intensity of the j th diffracted beam is shown as function of the energy of the motion in the (y, z)-plane, E ⊥ . For the degenerate ±j diffraction orders, the summed intensity is shown. Blue triangles (red circles): diffracted intensities measured during a scan of the projectile energy (incidence angle), black line: theoretical results. The very narrow peaks calculated at low energies reveal the bound state resonances.

  . Here Γ is The width σ θ of the polar inelastic scattering profile. Dots (line) show the experimental (model) results as a function of the energy of the motion in the (y, z)-plane, E ⊥ . The inelastic profile is obtained from experimental data by subtracting the elastic contribution. σ θ is extracted from the inelastic profile using a log-normal fit as shown in the insert.
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