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The random force in molecular dynamics with electronic friction

Originally conceived to describe thermal diffusion, the Langevin equation includes both a frictional drag and a random force, the latter representing thermal uctuations rst seen as Brownian motion. The random force is crucial for the diusion problem as it explains why friction does not simply bring the system to a standstill. When using the Langevin equation to describe ballistic motion, the importance of the random force is less obvious and it is often omitted, for example in theoretical treatments of hot ions and atoms interacting with metals. Here, friction results from electronic nonadiabaticity (electronic friction) and the random force arises from thermal electron-hole pairs. We show the consequences of omitting the random force in the dynamics of H atom scattering from metals. We compare molecular dynamics simulations based on the Langevin equation to experimentally derived energy loss distributions. Despite the fact that the incidence energy is much larger than the thermal energy and the scattering time is only about 25 fs, the energy loss distribution fails to reproduce experiment if the random force is neglected. Ne-glecting the random force is an even more severe approximation than freezing the positions of the metal atoms or modelling the lattice vibrations as a generalized Langevin oscillator. This behavior can be understood by considering analytic solutions to the Ornstein-Uhlenbeck process, where a ballistic particle experiencing friction decelerates under the inuence of thermal uctuations.
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The Langevin equation originally served as an alternative to Einstein's 1 and Smoluchowski's 2 treatment of Brownian motion, the jittery backand-forth hopping rst seen under a microscope for pollen particles suspended in water that forms the physical basis for thermal diffusion. It explicitly describes time-dependent uctuations seen in experiments with a random force derived using the uctuation-dissipation theorem. [START_REF] Langevin | Sur la theorie du mouvement brownien[END_REF] The insights claried by the random force helped to establish the molecular view of matter. [START_REF] Coey | The Langevin Equation: With Applications to Stochastic Problems in Physics[END_REF] Today, the Langevin equation is the most common theoretical ansatz used to model electronically nonadiabatic eects between atoms (or molecules) and solid metals. 59 Here, nuclear motion takes the part of the Brownian pollen particle and thermally uctuating electron-hole pairs (ehp) of the metal play the role of the jiggling water molecules.

These frictional models of electronically nonadiabatic motion have broad applicability, for example, to describe the ion stopping power of metals, 1014 nonadiabatic dynamics [START_REF] Alducin | Non-adiabatic eects in elementary reaction processes at metal surfaces[END_REF]1523 like the thermalization of hot atoms [START_REF] Blanco-Rey | Electronic Friction Dominates Hydrogen Hot-Atom Relaxation on Pd(100)[END_REF] and even the mechanism of hydrogen atom adsorption to metal surfaces. [START_REF] Bünermann | Electron-hole pair excitation determines the mechanism of hydrogen atom adsorption[END_REF][START_REF] Dorenkamp | Hydrogen collisions with transition metal surfaces: Universal electronically nonadiabatic adsorption[END_REF] Furthermore, a variety of approximations to compute the electronic friction tensor have been proposed. [START_REF] Head-Gordon | Molecular dynamics with electronic frictions[END_REF][START_REF] Nieminen | Atoms Embedded in an Electron-Gas -Phase-Shifts and Cross-Sections[END_REF][START_REF] Juaristi | Role of Electron-Hole Pair Excitations in the Dissociative Adsorption of Diatomic Molecules on Metal Surfaces[END_REF]2636 Experimental tests of these models are needed to determine which are most reliable.

Inelastic H atom scattering from metal surfaces [START_REF] Bünermann | Electron-hole pair excitation determines the mechanism of hydrogen atom adsorption[END_REF][START_REF] Dorenkamp | Hydrogen collisions with transition metal surfaces: Universal electronically nonadiabatic adsorption[END_REF][START_REF] Jiang | Inelastic H and D atom scattering from Au(111) as benchmark for theory[END_REF][START_REF] Bünermann | Inelastic Scattering of H Atoms from Surfaces[END_REF] provides a direct probe of electronically nonadiabatic forces in a system that can be treated classically in full dimensions, including surface atom motion. [START_REF] Janke | An accurate full-dimensional potential[END_REF]40 Experimental and theoretical energy-loss distributions can be compared to test models of electronic friction. But, since the Langevin equation describes how a system evolves under the inuence of a frictional drag and a random force, the experimental manifestations of a model of electronic friction cannot be realized without the inuence of the random force. This poses the question: how important is the inuence of the random force?

When the Langevin equation is used to describe diusion, the random force is essential, preventing motion from eventually coming to a standstill due to friction. But to describe scattering and reactions of atoms and molecules at surfaces, its importance is not as obvious. In fact, the random force has often been ignored, [START_REF] Alducin | Non-adiabatic eects in elementary reaction processes at metal surfaces[END_REF]1523 using as justication the fact that the projectile kinetic energy 0 is much larger than thermal energy k B T . On the face of it, this assumption appears reasonable. For example, should we wish to describe ballistic motion of an H atom in collisions with a metal, there is no danger of the system coming to a standstill and the timescale of a scattering collision can be very short, possibly rendering the ehp uctuations unimportant.

In this Letter, we present molecular dynamics simulations using the Langevin equation to describe H atom scattering from room temperature metal surfaces, where the incidence energy is large and where interactions last only ≈ 25 fs. We compare these calculations to experimentally derived H atom energy loss distributions. [START_REF] Bünermann | Electron-hole pair excitation determines the mechanism of hydrogen atom adsorption[END_REF][START_REF] Dorenkamp | Hydrogen collisions with transition metal surfaces: Universal electronically nonadiabatic adsorption[END_REF] The trajectory simulations are generally in good agreement with experiment provided the random force is included. However, neglecting it produces energy loss distributions that qualitatively fail to describe the experimental ones, even for 0 k B T > 100. Only at surface temperatures below about 100 K, does the inuence of the random force diminish. This work shows that the physical mechanisms of nonadiabatic dissipation can easily be obscured by the random force.

To investigate the inuence of the random force in the Langevin equation we performed molecular dynamics (MD) simulations of H atom scattering from two metals, Au and W. We compared outcomes employing two dierent approaches: model I, [START_REF] Janke | An accurate full-dimensional potential[END_REF] where atom-surface interaction is described by a full-dimensional potential energy surface (PES) constructed by means of the Eective Medium Theory, 4042 and the surface is represented by a slab of metal atoms with periodic boundary conditions; and model II, [START_REF] Pétuya | Dynamics of H2 Eley-Rideal abstraction from W(110): Sensitivity to the representation of the molecule-surface potential[END_REF][START_REF] Galparsoro | Hydrogen abstraction from metal surfaces: when electronhole pair excitations strongly aect hot-atom recombination[END_REF] where a 3D PES produced by the Corrugation Reducing Procedure 4547 is used, and the surface is described by a generalized Langevin oscillator. 4850 In both models the nonadiabatic coupling is described by the electronic friction coecient depending on the background electron density (local density friction approximation). [START_REF] Nieminen | Atoms Embedded in an Electron-Gas -Phase-Shifts and Cross-Sections[END_REF][START_REF] Juaristi | Role of Electron-Hole Pair Excitations in the Dissociative Adsorption of Diatomic Molecules on Metal Surfaces[END_REF] In model I, the background electron density appears selfconsistently as it is necessary to calculate the energy; it depends on the positions of both projectile and surface atoms. [START_REF] Janke | An accurate full-dimensional potential[END_REF] In model II, one has to do additional ab initio calculations with the frozen surface to get the electron density as a function of a projectile position. [START_REF] Galparsoro | Hydrogen abstraction from metal surfaces: when electronhole pair excitations strongly aect hot-atom recombination[END_REF] The projectile is propagated by the Langevin equation of motion

mr = - ∂E ∂r -mη el ṙ + F L (t), (1) 
where E is the potential energy of the system, m is the mass of the projectile, η el is the electronic friction coecient dependent on the system's geometry, and F L (t) is the random force, which follows a Gaussian distribution with zero average and variance determined by the uctuation-dissipation theorem 51

⟨F L (t)F L (t ′ )⟩ = 2k B T el mη el Iδ(t -t ′ ), (2) 
where T el is the temperature of the electron bath, and I is the 3D unity matrix. For both models, trajectories were run with an incidence energy 0 = 2.76 eV and an incidence angle ϑ i = 45 ○ with respect to the surface normal. The azimuthal angles ϕ i for the gold and tungsten calculations were dened with respect to the [10 1] direction and [001] direction, respectively. Trajectories were initiated with the projectiles placed at random lateral positions 6 Å above the surface. The calculations were stopped after 1 ps or if the scattered projectile was found more than 6.05 Å above the surface.

Figure 1 shows results using model I. The energy loss distribution constructed from the MD trajectories (•) that scatter into angles that match the angular acceptance of the experiment successfully reproduces an experimentally obtained energy loss distribution (○). The scattered H atoms exhibit a mean energy loss of approximately 1 eV and appear in a distribution with a remarkably broad width of 2.5 eV due to energy exchange with ehp and phonons. When T el is set to 0 K, the MD simulations (◾) fail spectacularly. Note that setting T el = 0 K is equivalent to neglecting the random force. Using model I with T el = 300 K (•) good agreement with experiment (○) is found. By setting T el = 0 K, the random force is deactivated and theory (◾) deviates from experiment. For all three curves, 0 = 2.76 eV, phonon temperature is 300 K, ϑ i = 45 ○ and ϑ s = 45 ○ with respect to the surface normal while ϕ i = 0 ○ with respect to the [10 1] direction. Experimental results are taken from. [START_REF] Bünermann | Electron-hole pair excitation determines the mechanism of hydrogen atom adsorption[END_REF] We show the inuence of the random force on the energy loss distribution in Figure 2. Here, MD trajectories are generated as in Fig. 1 using a PES with moving Au atoms (•), but T el is varied between 300 and 0 K. As T el decreases, peaks appear in the energy loss distribution. Analysis of trajectories reveals that these peaks correspond to "bounces", i. e., to interactions involving dierent number of collisions between H and Au atoms. The energy loss increases approximately linearly with each additional collision, reecting the increased interaction time. Also shown in Fig. 2 are two MD calculations employing a frozen surface (○) with T el = 0 K and 300 K. For T el = 0 K, peaks are even sharper than for the moving surface MD simulations at T el = 0 K, the dierence reecting kinetic energy exchange between H and Au atoms. In contrast, at T el = 300 K it is hard to distinguish the energy loss distribution obtained when using a static surface approximation from that obtained when Au atoms are allowed to move. Incidence conditions are the same as in Fig. 1; but here, trajectories at all scattering angles are used.

Fig. 2 also shows that the mean energy loss does not depend on the electronic temperature and is equal to 1.1 eV. The random force does not aect the sticking probability as well.

We next investigate the sensitivity of the energy loss distribution to the choice of the dynamical model. Figs. 3a and3b show the results of MD simulations for H scattering from W(110) computed with models I and II. In Fig. 3a, where T el = 0 K, the two energy loss distributions are clearly distinguishable from one another. This is, however, not the case when T el = 300 K (Fig. 3b). Despite the moderate temperature and high H atom incidence energy, it is clear that the broadening eects of the random force on the energy loss distribution smear out the dierences in the scattering dynamics resulting from the two models.

It is noteworthy that similar eects were observed in studying adiabatic dynamics of Ar and Xe at metal surfaces, [START_REF] Tully | Dynamics of gassurface interactions: 3D generalized Langevin model applied to fcc and bcc surfaces[END_REF] where friction and uctuating (random) force were due to the thermal bath of phonons. Here, the calculated properties (sticking coecients etc.) were not sensitive to the details of atom-surface interaction or changes in the phonon spectral density.

The sensitivity of the energy loss distribution to the identity of the metal is also interesting.

To study this we compared MD scattering results from two metals. Figs. 3c and3d show comparisons of H scattering from fcc Au(111) (○) and bcc W(110)(•), both using model I. Remarkably, the energy distributions associated with these two metals can only be distinguished at low electronic temperature.

To better understand the surprisingly strong inuence of the random force on the width of energy loss distributions, consider a closely related problem that has an analytical solution: the one-dimensional motion of an ensemble of particles of mass m with incidence energy 0 subjected to friction with characteristic deceleration time τ experiencing a random force at temperature T . This motion is described by the one-dimensional version of Eq. ( 1), where the conservative force (the 1st term in the r.h.s.) is omitted. The random force distribution is Gaussian with the second moment dened by Eq. ( 2) and the friction coecient η el = τ -1 is constant. This is known as the Ornstein-Uhlenbeck (OU) process [START_REF] Uhlenbeck | On the theory of the Brownian motion[END_REF] and we can use it to describe a scattering trajectory that has not reached equilibrium.

The ensemble's initial velocity distribution is δ(vv 0 ); thereafter it is normal, with the timedependent expectation v(t) and standard deviation σ v (t) given by [START_REF] Van Kampen | Stochastic Processes in Physics and Chemistry[END_REF][START_REF] Riskin | The Fokker-Planck Equation[END_REF] 

v(t) = v 0 e -t τ , σ v (t) = k B T m ξ(t), (3) 
where v 0 = 2 0 m is the initial speed of a particle and ξ(t) = 1-e -2t τ . Since the energy of the particle = mv 2 2 is non-negative, its probabiltiy density function

P ( ) = 1 2πσ 2 v ⎡ ⎢ ⎢ ⎢ ⎢ ⎣ e - √ 2m -v 2 2σ 2 v + e - √ 2m +v 2 2σ 2 v ⎤ ⎥ ⎥ ⎥ ⎥ ⎦ (4) 
has the form of a folded normal distribution [START_REF] Leone | The Folded Normal Distribution[END_REF] with the mean energy

¯ = m 2 ⎡ ⎢ ⎢ ⎢ ⎢ ⎣ σ v 2 π e - v2 2σ 2 v + v erf ⎛ ⎝ v 2σ 2 v ⎞ ⎠ ⎤ ⎥ ⎥ ⎥ ⎥ ⎦ 2 (5) 
and the energy standard deviation

σ = mσ 2 v 2 + mv 2 2 -µ 2 . (6) 
Substituting the mean velocity v(t) and the variance σ 2 v (t) for the OU process from Eq. (3) into Eqs. ( 4) and ( 6) with using the denition of the cosine hyperbolic function, we derive the time-dependent energy distribution

P ( , t) = e - + 0 e -2t τ k B T ξ(t) π k B T ξ(t) cosh 2e -t τ √ 0 k B T ξ(t) . (7) 
and the corresponding standard deviation

σ (t) = k B T ξ(t) √ 2 1 + 4 0 k B T 1 -ξ(t) ξ(t) . (8) 
Figure 4a shows energy distributions from Eq. ( 7) for the one-dimensional OU process at 0 = 2.76 eV and T = 300 K. Figure 4b shows the time-dependent width of the energy distribution Eq. ( 6) for four choices of 0 and at T = 300 K. At t = 0 the energy distribution is a delta-function. At intermediate time, σ (t) overshoots k B T reaching a maximum given by

σ (t max ) = 2k B T 2 0 4 0 -k B T , (9) 
where

t max = τ 2 ln 4 0 -k B T 2 0 -k B T , (10) 
before eventually falling back to the equilibrium value k B T √ 2 in the limit of innite time. Under the conditions of Figure 4a, t max = 0.35τ , but σ (t) is much larger than k B T already at t = 0.1τ and remains quite broad until nearly completely decelerated.

A naive view of Eq. ( 2) might suggest that because the distribution of random forces scales as √ k B T , the width of the energy distribution scales similarly. However, when the random force introduces a thermally distributed change in velocity δv, the resulting change in energy scales as (v 0 + δv) 2 -v 2 0 = 2v 0 δv + δv 2 . The term 2v 0 δv contributes to the energy distribu- tion width in proportion to the hyperthermal velocity v 0 . Eq. (9) shows this; σ (t max ) scales as √ 0 k B T for 0 ≫ k B T . Furthermore, Eq. ( 10) shows that the thermal overshoot in the width of the energy distribution is absent only when 0 < k B T 2 (see also Fig. 4b). Clearly, for the OU process one cannot justify ignoring the inuence of the random force with an argument that 0 is much larger than k B T . It is not then surprising that this argument is also incorrect when computing nonadiabatic MD trajectories in many dimensions.

The observations arising from our analysis of the H atom energy loss distributions and of the OU process suggest that neglecting the random force for ballistic motion is generally unwise when considering the scattering properties more detailed than the mean energy loss or sticking probability. The results of this work also serve a warning. The generally good agreement seen between H atom scattering experiments and MD simulations with electronic friction is due largely to broadening eects introduced by the random force. To experimentally distinguish dierent theories of nonadiabatic dynamics, experiments at low surface temperature are needed. This could put new demands on theory, as quantum dynamics may be important at low temperature.
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Figure 1 :

 1 Figure 1: H atom inelastic scattering from Au(111): Comparing theory and experiment.Using model I with T el = 300 K (•) good agreement with experiment (○) is found. By setting T el = 0 K, the random force is deactivated and theory (◾) deviates from experiment. For all three curves, 0 = 2.76 eV, phonon temperature is 300 K, ϑ i = 45 ○ and ϑ s = 45 ○ with respect to the surface normal while ϕ i = 0 ○ with respect to the [10 1] direction. Experimental results are taken from.[START_REF] Bünermann | Electron-hole pair excitation determines the mechanism of hydrogen atom adsorption[END_REF] 

Figure 2 :

 2 Figure2: Electronic temperature determines the shape of the energy loss distribution. Energy loss distributions are shown for scattered H atoms from a moving Au(111) surface with a phonon temperature of 300 K (•) and with a static lattice approximation (○) at various electronic temperatures T el . Incidence conditions are the same as in Fig.1; but here, trajectories at all scattering angles are used.

Figure 3 :

 3 Figure 3:The obscuring inuence of the random force at modest temperature: angleintegrated energy loss distributions for scattered H atoms from W(110) using model I (•) and II (×) at (a) T el = 0 K and (b) T el = 300 K; in the insets the energy loss spectra for H scattering from W(110) (•) and Au(111) (○) are compared at (c) T el = 0 K and (d) T el = 300 K using model I. The phonon temperature in all cases is 300 K.

Figure 4 :

 4 Figure 4: Time-dependent energy distribution of the Ornstein-Uhlenbeck process. (a) A particle with incidence energy 0 = 2.76 eV decelerates under a frictional drag subject to thermal uctuations at T = 300 K. Energy distributions are shown at various times, in units of τ , the characteristic time for deceleration. (b) width of the distribution is shown for various choices of incidence energy 0 .
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