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Ultrafast electron transfer between adsorbed organic molecules and metal substrates is studied. In particular, the dynamics of the active electron in the nitroethylene anion/metal-copper surface system has been followed in real time using a wave packet propagation approach, allowing an intuitive analysis of the decay of molecule-localized electronic resonances. We find that the strong coupling with the metal substrate leads to an extremely short lifetime (∼ 1fs) of the π * molecular resonance. Comparison between the free-electron metal, Cu(100), and Cu(111) surfaces demonstrates that the electronic band structure of the substrate and the shape of the decaying molecular orbital lead to a highly marked anisotropy of the metal continuum states populated by resonant electron transfer from the adsorbate. This finding points at possible anisotropy effects in adsorbate-adsorbate interactions and it is of particular importance in molecular self assembly at metal surfaces, thus opening the way to a rational design of hybrid metal/organic interfaces with tailored electronic properties.

Introduction

Single particle experiments are not a chimera anymore and today state-ofthe-art techniques can be used for the detection, manipulation, and properties' analysis of individual quantum objects [START_REF] Wineland | Nobel lecture: Superposition, entanglement, and raising schrödinger's cat[END_REF][START_REF] Haroche | Controlling photons in a box and exploring the quantum to classical boundary (nobel lecture)[END_REF][START_REF] Weitenberg | Single-spin addressing in an atomic mott insulator[END_REF][START_REF] Sherson | Single-atom-resolved fluorescence imaging of an atomic mott insulator[END_REF][START_REF] Monroe | Scaling the ion trap quantum processor[END_REF][START_REF] Endres | Atom-by-atom assembly of defect-free one-dimensional cold atom arrays[END_REF]. Among the different techniques to study properties of a single molecule adsorbed on a substrate, Scanning Tunneling Microscopy (STM) [START_REF] Binnig | Surface studies by scanning tunneling microscopy[END_REF][START_REF] Binnig | Scanning tunneling microscopy-from birth to adolescence (nobel lecture)[END_REF] is a particular versatile method that provides an atomic-scale probe and which can be used to reveal electron densities of molecular orbitals [START_REF] Repp | Molecules on insulating films: Scanning-tunneling microscopy imaging of individual molecular orbitals[END_REF][START_REF] Gross | High-resolution molecular orbital imaging using a p-wave stm tip[END_REF], as well as to control the charge state of an adsorbate [START_REF] Repp | Chargestate-dependent Diffusion of Individual Gold Adatoms on Ionic Thin NaCl Films[END_REF][START_REF] Fatayer | Reorganization energy upon charging a single molecule on an insulator measured by atomic force microscopy[END_REF], or to visualize bond formation between atoms and organic molecules [START_REF] Repp | Imaging bond formation between a gold atom and pentacene on an insulating surface[END_REF]. Moreover, energies and lifetimes of decaying quasi-stationary electronic states of individual molecules and nanostructures adsorbed on metal surfaces can be determined with Scanning Tunneling Spectroscopy (STS) [START_REF] Ast | Sensing the quantum limit in scanning tunnelling spectroscopy[END_REF][START_REF] Vázquez De Parga | Scanning Tunneling Spectroscopy[END_REF]. This information is nicely completed by Time-Resolved Two-Photon-Photoemission (TR-2PPE) studies of the dynamics of excited states at pristine and adsorbate coated surfaces [START_REF] Ueba | Theory of two-photon photoemission spectroscopy of surfaces[END_REF][START_REF] Güdde | Femtosecond time-resolved studies of image-potential states at surfaces and interfaces of rare-gas adlayers[END_REF][START_REF] Güdde | Dynamics of electronic transfer processes at metal/insulator interfaces[END_REF][START_REF] Weinelt | Time-resolved two-photon photoemission from metal surfaces[END_REF][START_REF] Zhu | Electron transfer at molecule-metal interfaces: A two-photon photoemission study[END_REF]. It is worth mentioning that, along with STM, other proximal probe imaging techniques, such as Atomic Force Microscopy (AFM) with functionalized tips [START_REF] Ebner | Functionalization of AFM Tips and Supports for Molecular Recognition Force Spectroscopy and Recognition Imaging[END_REF], have been demonstrated to be quite efficient and several properties of individual molecules can be resolved atomically such as charge distribution [START_REF] Mohn | Imaging the charge distribution within a single molecule[END_REF], bond order [START_REF] Gross | Bond-order discrimination by atomic force microscopy[END_REF], and adsorption geometry [START_REF] Schuler | Adsorption geometry determination of single molecules by atomic force microscopy[END_REF]. Recently, a step forward in single-molecule experiments has taken place with the development of techniques in which an angstrom scale precise electron injection with an STM tip induces excitation of a single molecule. Thus, atomic scale resolved maps of vibrational excitation [START_REF] Stipe | Single-molecule vibrational spectroscopy and microscopy[END_REF][START_REF] Lauhon | Single-Molecule Chemistry and Vibrational Spectroscopy: Pyridine and Benzene on Cu(001)[END_REF][START_REF] Qiu | Vibrationally resolved fluorescence excited with submolecular precision[END_REF][START_REF] Safiei | Isomerization of an azobenzene derivative on a thin insulating layer by inelastically tunneling electrons[END_REF][START_REF] Schaffert | Imaging the dynamics of individually adsorbed molecules[END_REF], reactivity [START_REF] Repp | Imaging bond formation between a gold atom and pentacene on an insulating surface[END_REF][START_REF] Hla | Stm control of chemical reactions: Singlemolecule synthesis[END_REF][START_REF] Liljeroth | Current-induced hydrogen tautomerization and conductance switching of naphthalocyanine molecules[END_REF][START_REF] Kumagai | Quantum tunneling in real space: Tautomerization of single porphycene molecules on the (111) surface of cu, ag, and au[END_REF][START_REF] Kaiser | A single-molecule chemical reaction studied by high-resolution atomic force microscopy and scanning tunneling microscopy induced light emission[END_REF], and photon emission [START_REF] Reecht | Electroluminescence of a polythiophene molecular wire suspended between a metallic surface and the tip of a scanning tunneling microscope[END_REF][START_REF] Doppagne | Vibronic spectroscopy with submolecular resolution from stm-induced electroluminescence[END_REF][START_REF] Kroger | Fano description of singlehydrocarbon fluorescence excited by a scanning tunneling microscope[END_REF][START_REF] Doppagne | Electrofluorochromism at the single-molecule level[END_REF][START_REF] Pommier | Scanning tunneling microscope-induced excitonic luminescence of a two-dimensional semiconductor[END_REF] are obtained.

Many of the phenomena of current interest involve initially empty electronic orbitals of the adsorbed molecules populated either by an excitation with photons or electrons (in this situation a molecular exciton can be produced), or by the direct injection of the electrons from the substrate or from an STM tip forming a molecular anion [START_REF] Schaffert | Imaging the dynamics of individually adsorbed molecules[END_REF][START_REF] Doppagne | Electrofluorochromism at the single-molecule level[END_REF][START_REF] Guo | Theory of photoinduced surface reactions of admolecules[END_REF][START_REF] Tully | Chemical dynamics at metal surfaces[END_REF][START_REF] Saalfrank | Quantum dynamical approach to ultrafast molecular desorption from surfaces[END_REF][START_REF] Rusimova | Regulating the femtosecond excited-state lifetime of a single molecule[END_REF][START_REF] Petek | Photoexcitation of adsorbates on metal surfaces: One-step or three-step[END_REF]. Creation of such an excited state can e.g. lead to photon emission (luminescence at surfaces), or can trigger nuclear dynamics leading to specific chemical reactions (surface reactivity). Other experimental techniques based on optical emission spectroscopy have been proposed to analyse the structure of molecular monolayers adsorbed on metal surfaces [START_REF] Shimizu | Rfgdoes depth profiling analysis of a monolayer of thiourea adsorbed on copper[END_REF][START_REF] Molchan | Analysis of molecular monolayers adsorbed on metal surfaces by glow discharge optical emission spectrometry[END_REF], imaging molecular adsorption and desorption dynamics on graphene [START_REF] Sano | Imaging molecular adsorption and desorption dynamics on graphene using terahertz emission spectroscopy[END_REF] or as ultra-sensitive surface spectroscopy of molecules deposited on optical nanofibers [START_REF] Stiebeiner | Ultra-sensitive fluorescence spectroscopy of isolated surface-adsorbed molecules using an optical nanofiber[END_REF]. However, for the molecules adsorbed at metal surfaces, the coupling between the adsorbate-localized electronic states and continuum of electronic states of metal, leads to the de-excitation of the molecule-localized excited state via oneelectron energy-conserving transfer from the molecular orbital into the metal (resonant electron transfer, RET), or via multi-electron relaxation [39-43, 48, 49]. Usually these processes are extremely efficient resulting in a lifetime of the excited state on the femtosecond (fs) time scale. The too short lifetime of an excited state harms the luminescence or surface reactivity which evolve at much longer characteristic times on the picosecond (ps) and even nanosecond (ns) timescales. It is then of paramount importance to understand the excited state decay, and in particular the RET as a most efficient mechanism because of its one-electron nature. This is precisely the goal of the present work: to understand the ultrafast dynamics of RET from an adsorbed molecular anion into a metal substrate. To Cu [START_REF] Kresse | Efficient iterative schemes for ab-initio totalenergy calculations using a plane-wave basis set[END_REF] Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] Nitroethyelene LUMO this end we have chosen nitroethylene interacting with a free electron metal, Cu(100), and Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surfaces, characterized by their very different electronic structure. We show that a strong coupling with the metal surface turns the molecule-localized π * orbital into a resonance with fs lifetime, and that many characteristics of the RET can be understood as resulting from the surface projected band structure. Even if this finding is inline with earlier reports for atomic adsorbates [START_REF] Lindstrom | Photoinduced electron transfer at molecule metal interfaces[END_REF][START_REF] Chulkov | Electronic excitations in metals and at metal surfaces[END_REF][START_REF] Bauer | Decay dynamics of photoexcited alkali chemisorbates: Real-time investigations in the femtosecond regime[END_REF][START_REF] Petek | Electronic relaxation of alkali metal atoms on the cu(111) surface[END_REF][START_REF] Borisov | Long-lived excited states at surfaces: Cs/Cu(111) and Cs/Cu(100) systems[END_REF][START_REF] Borisov | π resonance of chemisorbed alkali atoms on noble metals[END_REF], we demonstrate here that the decay of the moleculelocalized resonance is a much more complex process. The arrangement of the atoms within the molecule, and the electronic properties of the molecule-metal interface lead to specific decay characteristics, with pronounced anisotropy of the hot electron distribution in the metal resulting from the decay of the molecular π * resonance. Our finding is of particular relevance for such an active area of surface science as surface-supported organic networks. The strong anisotropy in the adsorbate/substrate electronic coupling is of importance for their electronic properties [START_REF] Dougherty | Local spectroscopy of image-potential-derived states: From single molecules to monolayers of benzene on cu(111)[END_REF][START_REF] Schwalb | Electron lifetime in a shockley-type metal-organic interface state[END_REF][START_REF] Kröger | Submonolayer growth of copper-phthalocyanine on ag(111)[END_REF][START_REF] Tsirkin | Inelastic decay of electrons in shockley-type metal-organic interface states[END_REF], and for their structural properties, which depend on indirect adsorbate-adsorbate interactions with the substrate [START_REF] Barth | Molecular architectonic on metal surfaces[END_REF][START_REF] Bartels | Tailoring molecular layers at metal surfaces[END_REF][START_REF] Han | Electronic substrate-mediated interactions[END_REF]. As well, results repoted here are of interest for engineering the surface electronic structure, where the electronic surface state of the substrate is confined using organic adsorbates [START_REF] Lobo-Checa | Band formation from coupled quantum dots formed by a nanoporous network on a copper surface[END_REF][START_REF] Klappenberger | Tunable quantum dot arrays formed from self-assembled metal-organic networks[END_REF][START_REF] Wyrick | Do two-dimensional "noble gas atoms" produce molecular honeycombs at a metal surface?[END_REF][START_REF] Klappenberger | Dichotomous array of chiral quantum corrals by a self-assembled nanoporous kagomé network[END_REF].

Results and Discussion

We first present the results obtained for the adsorption of nitroethylene on the Cu(100) and Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surfaces (see Figure 1). We observe two main surfacemolecule binding sites, through the vinyl and the nitro groups. In the Cu(100) surface, a direct bond is formed between the vinyl group and one Cu atom of the surface; and a second interaction is observed with the dipole localized on Vinyl group as anchoring point to metal surfaces has been previously observed in acrylamide, acrylonitrile and acrolein interacting with Cu(100) and Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surfaces [START_REF] Aguilar-Galindo | Theoretical insights into vinyl derivatives adsorption on a cu(100) surface[END_REF][START_REF] Aguilar-Galindo | Outstanding energy exchange between organic molecules and metal surfaces: Decomposition kinetics of excited vinyl derivatives driven by the interaction with a cu(111) surface[END_REF]. In these cases, molecule-metal interactions have been explained with a simple chemical picture: donation from the occupied lone pair and π orbitals of the molecule to the surface and backdonation from the surface to the π * orbital of the molecule (π-backbonding). In the nitroethylene case, we have also analyzed the charge transfer upon adsorption between the molecule and the surface. Figure 1 also shows the density difference plots (∆ρ): electron density redistribution, gain and depletion of electrons, induced by the adsorption of the molecule on the surface. From these plots a similar conclusion can be extracted: strong metal-molecule interactions are driven through the π and π * orbitals of the molecule in a cooperative donation-backdonation manner.

The electronic structure of anionic nitroethylene is characterized by a very high electron affinity leading to a strongly bound anion state; For the freestanding molecule in vacuum the electron affinity is E a = -108 meV, computed at the CCSD/cc-pVDZ//MP2/cc-pVDZ level of theory [67]. For typical metals the external π * orbital of the nitroethylene anion has an energy above the Fermi level of the metal and well below the vacuum level. Moreover, it falls energetically into the projected band gap of nobel metal surfaces such as Cu(100) (X-gap) and Cu(111) (L-gap), where an electron propagation inside metal in the direction perpendicular to the surface is impossible within certain energy range [START_REF] Inglesfield | Surface electronic structure[END_REF][START_REF] Ruban | Surface electronic structure and reactivity of transition and noble metals[END_REF][START_REF] Echenique | Decay of electronic excitations at metal surfaces[END_REF][START_REF] Schubert | Momentum-resolved electron dynamics of image-potential states on cu and ag surfaces[END_REF]. Thus, we considered nitroethylene absorbed on a Cu surface as a representative system to study the role of the substrate band structure in the RET decay of π * molecular resonances at metal surfaces. For the sake of comparison, we have also studied the decay of the anion localized resonance in the case of the same molecule adsorbed on a free-electron jellium metal surface [START_REF] Goodisman | Thomas-fermi-dirac-jellium model of the metal surface: Change of surface potential with charge[END_REF][START_REF] Kiejna | Stabilized jellium-simple model for simple-metal surfaces[END_REF].

The results for the energy E r , decay rate Γ r , and lifetime τ r = 1/Γ r of the molecular anion resonance associated with π * orbital of nitroethylene adsorbed Jellium Cu [START_REF] Kresse | Efficient iterative schemes for ab-initio totalenergy calculations using a plane-wave basis set[END_REF] Cu( 111) ). The optimal isovalues were chosen in each case to visualize the decay of the molecular localized resonance, and to ease the discussion of the underlying physics. The dashed line indicates the position of the surface plane of Cu atoms (orange balls).

on Cu(100), Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF], and free-electron jellium metal surfaces are summarized in Table 1. See section Methods, where we detail the procedure to extract these values. We remark at this point that for the jellium metal surface we used the potentials in the adsorption region identical to those calculated for the Cu(100) case. The only difference between the two situations is the free-electron character of the metal continuum for the jellium case. Comparison between the anion resonance characteristics obtained for the considered surfaces shows that, because of the different absorption geometries and associated changes in the chemical bonding, the negative ion resonance is less bound on the Cu(111) surface. The decay of the π * resonance population via the RET into the continuum of the electronic states of the metal is fastest for the jellium surface resulting in the shortest lifetime of the π * resonance in the three studied cases. The most stable anion is obtained for the absorption on Cu(100) surface. At this point, we conjecture that the difference in the resonance lifetimes results from the role of the projected band electronic structure of the metal, determining the decay dynamics of the molecule-localized state.

The differences in the molecular anion decay at free-electron, Cu(100), and Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] 
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a) b) inside metal.

In the case of the free-electron jellium metal surface, the outgoing electron flux in the metal bulk is oriented close to the surface normal. I.e. an electron escapes from the molecule localised orbital into the metal continuum along the surface normal which corresponds to the shortest distance separating the molecular potential well from the metal potential well. This is in sheer contrast with the results obtained for the Cu(100) and Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surfaces, where the flux of outgoing electrons inside metal appears at a finite angle with respect to the z-axis and the oscillating structure of the electron density reflects the arrangement of atomic planes inside metal. Note also that for the Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surface part of the outgoing electron flux is oriented parallel to the surface.

In order to understand the dependence of the π * resonance decay on the substrate we show in Figure 3 the energy dispersion of the electronic states relevant for RET between an adsorbed molecule and the metal. Energies of the states are shown as a function of the electron momentum parallel to the surface, k . For the 1D model potential used here [START_REF] Chulkov | Image potential states on metal surfaces: Binding energies and wavefunctions[END_REF] (see Methods), the energy dispersion of the metal states with k is given by the free electron parabola

E = E Γ + k 2 /2,
where k = k , and the energies at the Γ point, E Γ, are Table 2: Energies in electronvolts (eV) of the metal states relevant for the RET between molecular anion and the surface. The energies with respect to the vacuum level are given at the Γ point i.e. for k =0. VB stands for the valence band, and SS stands for the surface state.

X-gap

L-gap given in Table 2. The molecule-localized state is non-dispersive and appears at constant energy.
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For the Cu(100) and Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surfaces at k = 0 there is no electronic states of the metal in energy resonance with the π * orbital. Thus, the projected band gap blocks the molecule-surface RET along the surface normal. For the jellium metal the projected band gap is absent, all the states above the valence band bottom are then available for electronic transitions provided k ≤ k m . This is consistent with the shortest lifetime of the π * resonance in this case. Using the parabolic dispersion of the metal continuum states with k , k m can be obtained

from k m = 2(E r -E Γ V B ). For E Γ V B
of the model jellium metal surface we have the same value as that for Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] and Cu [START_REF] Kresse | Efficient iterative schemes for ab-initio totalenergy calculations using a plane-wave basis set[END_REF]. From the data in Table 1 and Table 2 we obtain that k m = 0.88 a.u. in this case.

According to the energy dispersion analysis in Figure 3, the decay of the π * orbital population of the nitroethylene anion adsorbed on Cu(100) and Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surfaces is only possible by RET into the substrate states propagating at some angle with respect to the surface normal, at finite k within the range

k b ≤ k ≤ k m . Here k b can be obtained from k b = 2(E r -E Γ X,b ) and k b = 2(E r -E Γ L,b
) for Cu [START_REF] Kresse | Efficient iterative schemes for ab-initio totalenergy calculations using a plane-wave basis set[END_REF] and Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surfaces respectively. From the data in Table 1 and Table 2 we obtain that the threshold for the transitions into the bulk states is at k b = 0.32(0.59) a.u., and the maximum possible momentum parallel to the surface is k m = 0.87(0.9) a.u. for Cu(100) (Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF]). For a given energy, the valence band states with higher k are less protruding from the metal surface into the vacuum, and thus are less coupled with molecular localized states. One then expects that RET from the molecule-localized resonance into the metal is dominated by the valence band states with k = 0 in the case of the jellium metal. For Cu [START_REF] Kresse | Efficient iterative schemes for ab-initio totalenergy calculations using a plane-wave basis set[END_REF] and Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] RET into the bulk is dominated by the valence band states wth k ∼ k b , resulting in a well defined polar angle between the surface normal and the outgoing electron flux. This approach explains the angle dependence of the results shown in Figure 2. The projected band gap effect was also reported for atomic adsorbates [START_REF] Chulkov | Electronic excitations in metals and at metal surfaces[END_REF]. However, our results demonstrate that RET at the molecule/metal interface is much more complex with not only polar but also with pronounced azimuthal dependence of the decay.

Interestingly, since the π * resonance is closer to the edge of the projected band gap of Cu(100) surface (k b is smaller for Cu(100) than for Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF]) one expects the RET to be faster in this latter case. However, the WPP results

show the inverse trend. The reason for this apparent controversy consists in the contribution of the surface state continuum to the anion decay. Absent in the projected band gap of Cu(100), the surface state within the projected band gap of Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] corresponds to an electron trapped at the metal vacuum interface and moving quasi-freely parallel to the surface [START_REF] Davison | Basic Theory of Surface States[END_REF]. The wave function of the Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surface state reaches its maximum close to the surface atomic layer and exponentially decays into the metal bulk, as shown in the insert of Figure 3b. Due to the surface localization of this state, it is strongly coupled with the π * orbital of the adsorbed molecule and represents an extremely efficient decay channel of the molecule-localized resonance, also observed for atomic species [START_REF] Chulkov | Electronic excitations in metals and at metal surfaces[END_REF][START_REF] Borisov | Resonant charge transfer in ion-metal surface collisions: Effect of a projected band gap in the h --Cu(111) system[END_REF]. The corresponding panel of Figure 2 nicely illustrates the decay of the molecular localized state into the surface state continuum with an outgoing electron flux moving parallel to the surface with finite momentum k = k S ,

where k S = 2(E r -E Γ S ) = 0.563 a.u. as can be obtained using Table 1 and Table 2.

Prior to further discussion of the WPP results let us consider predictions of the perturbative Bardeen Transfer Hamiltonian Theory [START_REF] Bardeen | Tunnelling from a many-particle point of view[END_REF][START_REF] Payne | Transfer hamiltonian description of resonant tunnelling[END_REF][START_REF] Tersoff | Theory of the scanning tunneling microscope[END_REF] (see Methods), largely used in the context of electron tunneling at surfaces [START_REF] Hofer | Theories of scanning probe microscopes at the atomic scale[END_REF][START_REF] Parzefall | Optical antennas driven by quantum tunneling: a key issues review[END_REF][START_REF] Evers | Advances and challenges in single-molecule electron transport[END_REF]. The transition matrix elements, T k ,Er , describe RET between the molecule-localized state metal continuum states defined by total energy E r and electron momentum parallel to the surface k = (k x , k y ). Thus, T k ,Er 2 provides the k distribution of the hot electron injected into the metal by the decaying resonance. Following the Transfer Hamiltonian Theory, T k ,Er reflects the 2D Fourier transform, F(k x , k y , z 0 ), of the molecular orbital in the (x, y) plane parallel to the surface and located at a given z 0 with respect to the tunneling barrier. In Figure 4a we show the Fourier spectrum |F(k x , k y , z 0 )| 2 of the π * orbital of the free-standing nitroethylene molecule; z 0 is set 2 a.u. below the oxygen atom that appears closest to the surface for an adsorbed molecule. The atomic arrangement used for the molecule corresponds to the adsorption geometry obtained for the Cu [START_REF] Kresse | Efficient iterative schemes for ab-initio totalenergy calculations using a plane-wave basis set[END_REF] and Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surfaces. Along with the bright spot centered at k = 0, one observes four spots at finite k reflecting the orientation of the positive lobes of the π * orbital.

It the present WPP study a detailed analysis of the distribution of the hot electrons injected into the metal by the decaying π * resonance is performed using a "virtual detector", located in the (x, y) plane, parallel to the metal surface.

The detector is positioned at z = z d deep enough inside metal in the asymptotic region where the adsorbate induced potential is completely screened, and an outgoing electron moves under the action of the metal potential only. Typically we place the detector ∼ 30 a.u. below the outermost layer of metal atoms. The results obtained using the "virtual detector" technique are summarized in Figure 4b,c.

In Figure 4b the imaginary part of the complex number Z. Because of the projected band gap effect J z is nearly zero at x = 0, y = 0 corresponding to the decay along surface normal (the small background signal is caused by the leakage through the gap into the absorbing potential set at the boundaries of the computational mesh as explained in the Methods section). For both Cu(100) and Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surfaces, J z maximizes at finite x, y-positions corresponding to the well-defined polar angles θ with respect to the z-axis, and to the well defined azimuthal angles φ with respect to the x-axis. Thus, the outgoing electron flux is oriented along several rays originating at the molecule and directed into the metal bulk.

The highly anisotropic character of the decay can be further evidenced with the analysis of the wave function ψ r (x, y, z d ) of the π * resonance in the asymptotic region inside metal. In Figure 4c we show the real part of the resonant wave function in the (x, y)-plane of the detector, {ψ r (x, y, z d )}, and its 2D plane wave decomposition. The (k x , k y ) spectrum of the {ψ r (x, y, z d )} reveals the parallel to the surface momentum of the metal continuum states preferentially populated by the decay of the molecule-localized resonance. As follows from our results for the Cu(100) and Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surfaces, the RET is dominated by the valence band states with k slightly above the threshold value given by k b (see also Figure 3). Considering the nearly-free electron model of the metal this gives rise x + k 2 y = k S (see Figure 3). For the Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surface, in addition to the decay into the metal bulk, a decay of the molecular π * resonance into the electronic states of the 2D surface state continuum with k = k S is possible [START_REF] Chulkov | Electronic excitations in metals and at metal surfaces[END_REF][START_REF] Borisov | Long-lived excited states at surfaces: Cs/Cu(111) and Cs/Cu(100) systems[END_REF]. Because the wave function 265 of the surface state is exponentially small in the metal bulk, this decay channel does not clearly appear in the results reported in Figure 4. The decay into the 2D surface state continuum is evidenced and analysed in Figure 5 using the wave function of the π * resonance calculated with WPP in the Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surface plane. In Figure 5a we show the radial ρ component of the probability current density, J ρ (x, y, z = 0). The z-axis of the cylindrical (ρ, φ, z) coordinates passes through the center of adsorbed molecule. The WPP results evidence the electron flux leaving the molecule-localized resonance parallel to the surface in the positive direction of the x-axis. We tentatively ascribe the directionality of the decay into the surface state continuum to the shape of the wave function of the π * -orbital (see the insert). It has a structure of the mode of the cavity open from one side that determines the direction of the electron decay. Note that the molecule localized state decay into the 2D surface state continuum can not be described with the Transfer Hamiltonian Theory applicable for the electron tunneling into the bulk.

Placing a circular detector with radius ρ d = 40 a.u. around the molecule allows to determine the azimuthal φ-angle dependence of the outgoing electron flux in the asymptotic region, J ρ (ρ d , φ) shown in Figure 5b. It is characterized by a prominent maximum at φ 0 with a secondary peak in the opposite φ 180 • direction. The plane wave decomposition of the resonant wave function in the surface plane (Figure 5c,d) confirms the highly directional character of the molecular anion decay into the surface state continuum, dominated by the continuum states propagating within narrow angular range around the x-axis. The populated k states perfectly reside on the k S circle. At this point it is important to stress that, as follows from the WPP results, the Cu(111) surface state continuum dominates the decay of the excited π * resonance. Qualitatively this also can be deduced from the side view of the electron density associated with the quasistationary state shown in Figure 2 for Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF].

In closing this section some remarks are in order concerning the link with previous works. The dominant role of the surface state continuum as well as the blocking effect of the projected band gap have been reported for RET involving excited states of alkali adatoms, as well as for the electron loss by negative ion projectiles interacting with Cu surfaces [START_REF] Chulkov | Electronic excitations in metals and at metal surfaces[END_REF][START_REF] Bauer | Decay dynamics of photoexcited alkali chemisorbates: Real-time investigations in the femtosecond regime[END_REF][START_REF] Petek | Electronic relaxation of alkali metal atoms on the cu(111) surface[END_REF][START_REF] Borisov | Long-lived excited states at surfaces: Cs/Cu(111) and Cs/Cu(100) systems[END_REF][START_REF] Borisov | π resonance of chemisorbed alkali atoms on noble metals[END_REF]. The high polarizability of the alkali adatoms leads to the formation of a long-lived hybridized state pointing outwards from the metal surface. This long-lived hybridized state is absent for the molecular adsorbates addressed in this work, for which we have found states with very short life-time (∼ 1 fs). Importantly, the moleculemetal interface leads to a very singular azimuthal dependence of the hot electron distribution in the metal not observed for individual atomic adsorbates on metal surfaces. We also stress here that while the method can be applied to extended orbitals, such as π * orbitals of big planar molecules, special care is needed if the molecule contains conical intersections. In this situation the approaches beyond the adiabatic approximation used here could be required.

Conclusions and Outlook

In conclusion, we study the dynamics of the excited electronic states localized on the organic molecules adsorbed on noble metal surfaces. To this end the 3D description of the system is employed. It is based on the ab initio quantum chemistry description of the molecular chemisorption region, and on the model representation of the electron-metal interaction in the asymptotic region. The WPP approach is then used to obtain the time-evolution of the wave function of the active electron involved in the energy conserving transitions between the π * molecular orbital and continuum of the propagating electronic states of the substrate. The computational strategy adopted here allowed to reveal how the adsorbate-substrate electron transfer depends on the molecular structure, and on the peculiarities of the band structure of the substrate such as the projected band gap and the surface state continuum.

While the study has been performed for the π * resonance of the nitroethylene molecular anion adsorbed on Cu(100) and Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surfaces, our results ground on robust underlying physics and are thus of general character. Indeed, the (∼1 fs) lifetime of the molecular resonance points at extremely efficient RET between the molecule-localized orbital and the electronic states of the metal continuum, inline with experimental data on adsorbed molecules [START_REF] Schaffert | Imaging the dynamics of individually adsorbed molecules[END_REF][START_REF] Petek | Photoexcitation of adsorbates on metal surfaces: One-step or three-step[END_REF][START_REF] Woodruff | Characterising Molecules and Molecular Interactions on Surfaces[END_REF].

The projected band gap, arising in the surface electronic structure, and the shape of the molecular localized excited state at the molecule/metal interface, determine the spatial anisotropy of the decay that can be understood on the basis of the perturbation theory [START_REF] Bardeen | Tunnelling from a many-particle point of view[END_REF]. In particular, the decay of the moleculelocalized quasistationary state leads to hot electrons in the substrate moving at well defined polar and azimuthal angles along several rays. This pronounced anisotropy of the momentum distribution of the hot electrons injected into the substrate by the decaying molecular π * resonance differs present results from earlier data obtained for atomic adsorbates [START_REF] Chulkov | Electronic excitations in metals and at metal surfaces[END_REF].

When present, as in the Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surface, the 2D continuum of the surfacelocalized-state dominates the π * -orbital/metal coupling and it is the preferential decay channel of the molecular resonance. Similar to the decay into the metal bulk, a high directionality in the decay of the molecule-localized state into the surface state continuum is obtained.

In a more general context, this finding points at strong anisotropy of electron scattering by metal-adsorbed molecules and might have interesting implications for many phenomena linked with molecular adsorption at surfaces. Thus, the surface electronic structure and confinement of the surface state by molecular networks [START_REF] Barth | Molecular architectonic on metal surfaces[END_REF][START_REF] Bartels | Tailoring molecular layers at metal surfaces[END_REF][START_REF] Han | Electronic substrate-mediated interactions[END_REF][START_REF] Lobo-Checa | Band formation from coupled quantum dots formed by a nanoporous network on a copper surface[END_REF][START_REF] Klappenberger | Tunable quantum dot arrays formed from self-assembled metal-organic networks[END_REF][START_REF] Wyrick | Do two-dimensional "noble gas atoms" produce molecular honeycombs at a metal surface?[END_REF][START_REF] Klappenberger | Dichotomous array of chiral quantum corrals by a self-assembled nanoporous kagomé network[END_REF][START_REF] Blowey | Alkali doping leads to charge-transfer salt formation in a two-dimensional metal-organic framework[END_REF][START_REF] Hofmann | Integer versus fractional charge transfer at metal(/insulator)/organic interfaces: Cu(/nacl)/tcne[END_REF][START_REF] Özçelik | Modeling spontaneous charge transfer at metal/organic hybrid heterostructures[END_REF][START_REF] Schlickum | Metal organic honeycomb nanomeshes with tunable cavity size[END_REF], as well as molecular layer induced states [START_REF] Dougherty | Local spectroscopy of image-potential-derived states: From single molecules to monolayers of benzene on cu(111)[END_REF][START_REF] Schwalb | Electron lifetime in a shockley-type metal-organic interface state[END_REF][START_REF] Kröger | Submonolayer growth of copper-phthalocyanine on ag(111)[END_REF][START_REF] Tsirkin | Inelastic decay of electrons in shockley-type metal-organic interface states[END_REF][START_REF] Marks | Formation of metal-organic interface states studied with 2ppe[END_REF][START_REF] Giovanelli | Interpretation of valence band photoemission spectra at organic-metal interfaces[END_REF][START_REF] Wang | Extracting molecular responses from ultrafast charge dynamics at material interfaces[END_REF][START_REF] Hollerer | Charge transfer and orbital level alignment at inorganic/organic interfaces: The role of dielectric interlayers[END_REF] might show marked anisotropy depending on the adsorption direction at the surface. When present, anisotropy of adsorbate-adsorbate interactions via the surface state continuum [START_REF] Han | Electronic substrate-mediated interactions[END_REF][START_REF] Grimley | The indirect interaction between atoms or molecules adsorbed on metals[END_REF][START_REF] Einstein | Comment on "oscillatory indirect interaction between adsorbed atoms -non-asymptotic behavior in tight-binding models at realistic parameters" by k.h. lau and w. kohn[END_REF][START_REF] Hyldgaard | Long-ranged adsorbate-adsorbate interactions mediated by a surface-state band[END_REF][START_REF] Repp | Substrate mediated long-range oscillatory interaction between adatoms: Cu /cu(111)[END_REF][START_REF] Silly | Creation of an atomic superlattice by immersing metallic adatoms in a two-dimensional electron sea[END_REF][START_REF] Yokoyama | Quantitative analysis of long-range interactions between adsorbed dipolar molecules on cu(111)[END_REF][START_REF] Wang | Supramolecular patterns controlled by electron interference and direct intermolecular interactions[END_REF] is also of importance for molecular selfassembly at surfaces. This is without mentioning an eventual possibility of using e.g. photon excitation of the ordered layer of adsorbed molecules to create well directed flow of electrons along the surface.

We hope that the results reported in this work will stimulate further experimental and theoretical studies with perspective to engineer the dynamics of excited electronic states induced at metal surfaces by adsorbed molecules and molecular networks.

Methods

Geometry and Electronic Structure

The electronic structure and geometry optimization calculations were carried out in the frame of the Density Functional Theory imposing Periodic Boundary Conditions (PBC), to describe in a correct way the metallic character of the surface, using the Vienna Ab initio Simulation Package (VASP) code [START_REF] Kresse | Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set[END_REF][START_REF] Kresse | Efficient iterative schemes for ab-initio totalenergy calculations using a plane-wave basis set[END_REF]. We choose the optPBE functional [START_REF] Dion | Van der Waals Density Functional for General Geometries[END_REF][START_REF] Román-Pérez | Efficient Implementation of a Van der Waals Density Functional: Application to Double-Wall Carbon Nanotubes[END_REF][START_REF] Klimeš | Chemical Accuracy for the Van der Waals Density Functional[END_REF][START_REF] Klimeš | Van der Waals Density Functionals Applied to Solids[END_REF], since it has been shown to provide accurate results for the interaction of organic molecules with metallic surfaces (see e.g. [START_REF] Aguilar-Galindo | Theoretical insights into vinyl derivatives adsorption on a cu(100) surface[END_REF][START_REF] Aguilar-Galindo | Outstanding energy exchange between organic molecules and metal surfaces: Decomposition kinetics of excited vinyl derivatives driven by the interaction with a cu(111) surface[END_REF][START_REF] Liu | Modeling adsorption and reactions of organic molecules at metal surfaces[END_REF][START_REF] Björk | Adsorption of Large Hydrocarbons on Coinage Metals: a Van der Waals Density Functional Study[END_REF][START_REF] Gautier | Molecular adsorption at Pt(111). How Accurate Are DFT Functionals?[END_REF]). Interactions between electrons and nuclei were described with the Projector Augmented Wave (PAW) pseudopotentials from the VASP database [START_REF] Blöchl | Projector-augmented wave method[END_REF][START_REF] Kresse | From ultrasoft pseudopotentials to the projector augmented-wave method[END_REF]. Electron density was expanded in a plane-wave basis with a cutoff kinetic energy of 500 eV. We have imposed a convergence criteria of 10 -5 eV for electronic energies in the self-consistent-field cycles, and 10 -2 eV/ Å for the forces in the degrees of freedom that we allowed to relax (x, y, z coordinates of the atoms in the molecule and z coordinate of the atoms in the outermost metal layer).

These optimizations were carried out using a super cell with 5x5 Cu atoms in each direction for the Cu(100) surface. In the case of Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] we have used an orthogonal lattice and a similar cell size is obtained with a slab with 5x6 atoms per layer. In order to properly describe the surface-molecule charge transfer upon adsorption, we have considered a slab with four atomic layers for both surfaces. Since the electron rearrangement is localized close to the surface (see [START_REF] Aguilar-Galindo | Theoretical insights into vinyl derivatives adsorption on a cu(100) surface[END_REF][START_REF] Aguilar-Galindo | Outstanding energy exchange between organic molecules and metal surfaces: Decomposition kinetics of excited vinyl derivatives driven by the interaction with a cu(111) surface[END_REF][START_REF] Aguilar-Galindo | Ultrafast dynamics of electronic resonances in molecules adsorbed on metal surfaces: a wave packet propagation approach[END_REF]), increasing the number of layers to compute the change in the potential will not affect the results.

Molecule-metal charge transfer was studied by analyzing the change in the spatial redistribution of the electronic density upon adsorption, which is defined as: ∆ρ = ρ molecule/surf ace -(ρ molecule + ρ surf ace )

where ρ molecule/surf ace is the electronic density of the whole system, and ρ molecule and ρ surf ace are the electronic densities of the molecule and surface computed keeping the adsorption geometry.

Wave Packet Propagation

The detailed description of the wave packet propagation approach (WPP) used to study the excited electron dynamics has been presented elsewhere [START_REF] Aguilar-Galindo | Ultrafast dynamics of electronic resonances in molecules adsorbed on metal surfaces: a wave packet propagation approach[END_REF]. In brief, the time-dependent Schrödinger equation for the active electron in the RET between the molecule and the surface

i∂ t Ψ( r, t) = - 1 2 ∆ + V ( r) Ψ( r, t) (2) 
is solved in real time with the wave function representation on a 3D equidistant mesh in cartesian coordinates. The initial conditions Ψ( r, t = 0) ≡ Ψ 0 ( r) are discussed below. Short-time propagation using the split-operator technique [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF]112] is employed along with the pseudospectral Fourier-grid approach [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF][START_REF] Feit | Solution of the schrödinger equation by a spectral method ii: Vibrational energy levels of triatomic molecules[END_REF][START_REF] Kosloff | Time-dependent quantum-mechanical methods for molecular dynamics[END_REF]. In the embedding region around the molecule, the 3D potential V ( r) created by the interacting molecule/metal system is obtained from ab initio quantum chemistry calculations, and it contains local and nonlocal parts. In the asymptotic region far from the molecule the potential V ( r) is solely given by the electron-metal interaction, which is represented with a 1D model potential function of the z-coordinate perpendicular to the surface [START_REF] Chulkov | Image potential states on metal surfaces: Binding energies and wavefunctions[END_REF]. Despite its simplicity this potential captures all the essential characteristics of the surface-projected band structure of the substrate, and therefore it has been widely used for the studies of the dynamics of electronic excitations in metal bulk and at surfaces providing quantitative agreement with experimental data [START_REF] Zhu | Electron transfer at molecule-metal interfaces: A two-photon photoemission study[END_REF][START_REF] Chulkov | Electronic excitations in metals and at metal surfaces[END_REF][START_REF] Tsirkin | Inelastic decay of electrons in shockley-type metal-organic interface states[END_REF][START_REF] Echenique | Decay of electronic excitations at metal surfaces[END_REF][START_REF] Echenique | Theory of inelastic lifetimes of low-energy electrons in metals[END_REF]. In order to impose the outgoing wave boundary conditions, consistent with calculation of the dynamics of decaying states, the complex absorbing potentials [START_REF] Neuhauser | The application of wave packets to reactive atom-diatom systems: A new approach[END_REF][START_REF] Kroes | Avoiding long propagation times in wave packet calculations on scattering with resonances: A hybrid approach involving the lanczos method[END_REF] (CAPs) are introduced at the boundaries of the mesh. The role of CAPs is to progressively absorb the electron wave packet arriving at the boundaries of the mesh with negligible reflections. In this situation, the time-dependent wave function in the internal (absorption free) region is equivalent to what would be obtained using infinite computational box.

A cubic box with n x = n y = n z = 1024 mesh points was used for all the surfaces. In the Cu(100) and jellium surfaces, points were placed with a constant separation of ∆x = ∆y = ∆z = 0.169 a.u., while for Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF], ∆x = ∆y = ∆z = 0.152 a.u. A time step (∆t) of 0.018 a.u. was employed in all the simulations, ensuring convergence of the split-operator scheme (stability was checked for ∆t=0.020 a.u.). A complex absorbing potential with a quadratic form [START_REF] Kroes | Avoiding long propagation times in wave packet calculations on scattering with resonances: A hybrid approach involving the lanczos method[END_REF] was introduced in the three directions of the box:

V abs ( r) = V abs (x) + V abs (y) + V abs (z), (3) 
where

V abs (ξ) =      -iλ -(ξ -ξ -) 2 if ξ -≤ ξ, -iλ + (ξ -ξ + ) 2 if ξ ≤ ξ + , 0 otherwise. (4) 
The following values of the parameters in the optical potential were used: strength λ -= λ + = λ = 2 • 10 -4 a.u.; size of the absorber x + = y + = x -= y -= 30 a.u., z -= 35 a.u. and z + = 20 a.u. Using the optimized geometries, the molecular part of the potential for the WPP simulations was obtained with the Abinit package [START_REF] Gonze | Recent developments in the ABINIT software package[END_REF], which also takes advantage of the periodic boundary conditions (PBC) in order to have a correct description of the metal surface. The Abinit package allows to describe the interaction between the ionic cores and electrons using the Norm-Conserving pseudopotentials [START_REF] Hamann | Optimized Norm-Conserving Vanderbilt Pseudopotentials[END_REF], which is mandatory for the WPP technique (see [START_REF] Aguilar-Galindo | Ultrafast dynamics of electronic resonances in molecules adsorbed on metal surfaces: a wave packet propagation approach[END_REF] for further details). Plane waves expanded up to a kinetic energy of 32 atomic units were used as basis set to describe the electron density. Electronic energy was converged until an energy difference of 10 -9 a.u. was reached. Γ point was used to sample the reciprocal space. Since, according to the Koopman's theorem, the LUMO state (Lowest Unoccupied Molecular Orbital) accommodates the extra electron in the molecular anion, we apply the energy correction explained in [START_REF] Aguilar-Galindo | Ultrafast dynamics of electronic resonances in molecules adsorbed on metal surfaces: a wave packet propagation approach[END_REF]. Basically, it consists in using molecular projectors to correct the energy of the relevant orbitals. The molecular affinities, computed in the gas phase and needed to determine the orbital energy correction, were obtained with the Gaussian09 [START_REF] Frisch | Gaussian 09 Revision E.01, gaussian inc[END_REF] package by performing single-point calculations at the CCSD/cc-pVTZ level of theory. The same atomic arrangement as in the adsorbed molecule was considered. In this case the molecular projector was applied to the π * molecular orbital, since we are dealing with RET from this state. We obtained a U shifting parameter of 3.527 eV for the Cu(100) and the jellium surface, since we used the adsorption geometry of the Cu(100) to build the jellium model, and 3.454 eV for the Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surface. The slightly different value in Cu [START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] arises from the small change in the orbital energy due to the different molecular geometry on this substrate. We extract the energy, E r , and width, Γ r , of the decaying states from the autocorrelation function, A(t), defined as

A(t) = Ψ * 0 ( r)Ψ( r, t)d 3 r (5) 
where Ψ * 0 ( r) stands for the complex conjugate of the initial wave function. As an initial wave function for the WPP we used the LUMO orbital of the molecule in the gas phase. The time-to-energy Fourier transform of A(t) gives the density of states projected on the initial wave function pDOS [START_REF] Chulkov | Electronic excitations in metals and at metal surfaces[END_REF]:

n(E) = Re ∞ 0 A(t) e iEt dt = k | ϕ k |Ψ 0 | 2 δ(E k -E), (6) 
where ϕ k ( r) are the eigenstates (continuum and bound) of the Hamiltonian, Ĥ = -1 2 ∆ + V ( r), of the system. The quasi-stationary molecule-localized decaying states appear as Lorentzian resonances in pDOS allowing extraction of their energy and width.

Transfer Hamiltonian Theory

Within the Transfer Hamiltonian Theory the RET rate between the moleculelocalized state and electronic continuum of the model metal surface (jellium, or 1D periodic [START_REF] Chulkov | Image potential states on metal surfaces: Binding energies and wavefunctions[END_REF]) is given by [START_REF] Bardeen | Tunnelling from a many-particle point of view[END_REF][START_REF] Payne | Transfer hamiltonian description of resonant tunnelling[END_REF][START_REF] Tersoff | Theory of the scanning tunneling microscope[END_REF] 

Γ = 2πΣ k T k ,Er 2 , (7) 
where k = (k x , k y ), and T k ,Er is the transition matrix element between the localized molecular π * orbital with wave function Φ( r) and energy E r , and the metal continuum state ψ k ,E ( r) defined by its total energy E and momentum parallel to the surface k . The on-energy-shell transitions with E r = E are considered; Thus, each element is computed as: 

T k ,
The integration runs over the surface parallel to the metal and located at any z = z 0 position within the tunneling barrier. The wave functions of the metal continuum states are given by ψ k ,Er ( r) = 1 2π e i(kxx+kyy) ψ k ,Er (z).

From Eq. 8 and Eq. 9 it follows that the k dependence of the T k ,Er reflects the 2D plane wave decomposition F(k x , k y , z 0 ) of the molecular orbital in the (x, y) plane parallel to the surface and located at z 0 .

F(k x , k y , z 0 ) = 1 2π dxdy e -i(kxx+kyy) Φ(x, y, z 0 ). [START_REF] Gross | High-resolution molecular orbital imaging using a p-wave stm tip[END_REF] For the fixed k = k b , introducing azimuthal angle φ (k x = k b cos(φ), k y = k b sin(φ)) leads to F(k b , φ, z 0 ) = 1 2π dxdy e -ik b [x cos(φ)+y sin(φ)] Φ(x, y, z 0 ). [START_REF] Repp | Chargestate-dependent Diffusion of Individual Gold Adatoms on Ionic Thin NaCl Films[END_REF] 
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 1 Figure 1: Optimized geometry of nitroethylene absorbed on Cu(100) and Cu(111). The atomic colour code is Cu-orange, C-grey, H-white, O-red, N-blue. All the atoms in the cell employed in the DFT simulations are shown. Change in the electronic density upon adsorption is also shown, ∆ρ (isovalue = 0.025) -green lobes show positive ∆ρ, and red lobes show negative ∆ρ. π * state of nitroethylene in the gas phase is shown for comparison (isovalue = 0.02).

Figure 2 :

 2 Figure 2: Top view of the atomistic structure of the molecule adsorbed at the surface (oxygen atoms are shown with red balls, nytrogen-blue, carbon-gray, and hydrogen-white), and the lateral view of the resonant wave function. The lateral view represents the electron density in the plane perpendicular to the surface and oriented such that it contains the arrows shown in the inserts with top view of the atomistic structure. The electron densities are calculated with wave packet propagation method for the nitroethylene molecular anion adsorbed on (i) a free electron surface -jellium model (left panel, isovalue 0.005 a.u.), (ii) a Cu(100) surface (central panel, isovalue 0.005 a.u.), and (iii) a Cu(111) surface (right panel, isovalue 0.001 a.u.). The optimal isovalues were chosen in each case to visualize the decay of the molecular localized resonance, and to ease the discussion of the underlying physics. The dashed line indicates the position of the surface plane of Cu atoms (orange balls).

  metal surfaces are emphasized with Figure 2, where we show the electron density corresponding to the wave function of the molecule-localized π * resonance, calculated with the Wave-Packet Propagation method (WPP), for the nitroethylene molecule adsorbed on these surfaces. The results are presented in the plane perpendicular to the metal surface. The orientation of the image plane with respect to the molecule is shown with arrows in the inserts. The resonant wave function contains the contribution (i) of the molecule-localized state, and (ii) of the metal continuum states populated by RET. This latter appears as an outgoing electron flux from the molecule-localized π * resonance into the substrate, and it reflects the corresponding hot electron distribution0

Figure 3 :

 3 Figure 3: Dispersion of the electronic states relevant for the decay of the nitroethylene anion adsorbed on (a) Cu(100), and (b) Cu(111) surfaces. The energy of the states is shown as a function of the electron momentum parallel to the surface k . Shaded region: metal continuum states available for RET. Black line, VB: valence band bottom. Blue line, E X/L,b : bottom of the projected band gap. Cyan lines, E X/L,t : top of the projected band gap. Symbols X/L stand for the X-gap of Cu(100) and L-gap of Cu(111). Red line, E S : surface state of Cu(111). Horizontal green line, Er: non-dispersive molecular resonance. The insert in panel (b) shows the wave function of the surface state at the Cu(111) surface, where the z-coordinate perpendicular to the surface is measured from the topmost layer of surface atoms. For further details see the main text.

  100) -3.02 → +3.08 -12 Cu(111) -5.83 → -0.69 -12 -5.33

Figure 4 :

 4 Figure 4: Analysis of the decay of the nitroethylene anion into the 3D bulk continuum of Cu(100) -top row, and Cu(111) -bottom row. Panel (a): top view of the π * orbital of the nitroethylene molecule calculated in the gas phase using the geometry corresponding to the absorption on the given surface. The interpolated image shows the absolute value of the 2D Fourier transform of the π * orbital. Panel (b): interpolated image of the Jz(x, y, z d ) -the probability current density component perpendicular to the virtual detector (x, y, z d )-plane located at 30 a.u. below the metal surface. Results are shown as function of the x-, and y-coordinates. Panel (c) left: interpolated image of the real part of the resonant wave function at the detector plane {ψr(x, y, z d )}. Panel (c) right: absolute value of the 2D Fourier transform of the {ψr(x, y, z d )} shown in panel (b). For Cu(100) and Cu(111) the resonance condition k 2 x + k 2 y = k b is shown with the dashed blue circle. For further details see the text.

Figure 5 :

 5 Figure 5: Analysis of the decay of the nitroethylene anion into the 2D surface state of Cu(111). Panel (a): interpolated image of the Jρ(x, y, z = 0) -the projection of the probability current density on the radial vector ρ of cylindrical (ρ, φ, z) coordinates. Results are shown as a function of the x-, and y-coordinates in the Cu(111) surface plane defined with (x, y, z = 0). The insert shows the top view of the π * orbital of nitroethylene calculated in the gas phase for the molecular geometry corresponding to the absorption on Cu(111) surface. Panel (b): φangle dependence of the probability current density Jρ through the circular detector of radius R d = 40 a.u.. Position of the detector is sketched by the dashed line. Panel (c): interpolated image of the real part of the resonant wave function {ψr(x, y, z = 0)} in the Cu(111) surface plane. Panel (d): absolute value of the 2D Fourier transform of the {ψr(x, y, z = Zs)}. The dashed red circle correspond to the resonance condition k 2x + k 2 y = k S (see Figure3).

  to a finite polar angle between the outgoing electron flux and the surface normal θ arccos (k b /k), where k = 2 E r -E Γ VB is the absolute value of the total momentum of the electrons with energy E( k) = E r . In qualitative agreement with the Bardeen's Transfer Hamiltonian Theory, the azimuthal φ-angle position of the bright spots on thek = k b circle is associated with the variation of 260 the |F| 2 distribution (see Figure 4a) along the k x = k b cos(φ), k y = k b sin(φ) circle in the (k x , k y )-plane.

Er = 1 2

 2 dx dy ψ k ,Er ( r) ∂ ∂z Φ( r) * -Φ( r) * ∂ ∂z ψ k ,Er ( r) .

Table 1 :

 1 Energy (Er) measured from the vacuum level, width (Γr), and lifetime (τr) of the anion π * resonance for the nitroethylene molecule adsorbed on the surfaces of different metals. polarizing the electron cloud in the surface. A similar situation can be appreciated in the Cu[START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] surface; however, in this case the metal deformation is larger with a Cu atom lift out of the surface plane. It is precisely the surface Cu atom that directly interacts with the terminal C atom of the vinyl group. The molecule also experiences different deformations at both surfaces:

		Cu(100)	Cu(111)	jellium
	E r (eV)	-1.656	-1.024	-1.421
	Γ r (eV)	0.37	0.46	0.59
	τ r (fs)	1.78	1.43	1.12
	the nitro group			

while in Cu

[START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF] 

the nitro group remains in the molecular plane, in the case of Cu(100) the oxygen atoms of this group are slightly out of the molecular plane pointing towards the metal.
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