
Dynamics of Nitrogen Scattering off N-covered Ag(111) 

M. Blanco-Rey,† L. Martin-Gondre,† ,‡ R. Díez Muiño,† ,‡ M. Alducin,† ,‡ and J.I.

Juaristi† ,‡ ,¶

†  Donostia International Physics Center, Paseo Manuel de Lardizabal 4, 20018 Donostia-San Sebastián, Spain

‡  Centro de Física de Materiales, Centro Mixto CSIC-UPV/EHU, Paseo Manuel de Lardizabal 5, 20018 Donostia-

San Sebastián, Spain

¶  Departamento de Física de Materiales, Facultad de Químicas UPV/EHU, Apartado 1072, 20018 Donostia-San

Sebastián, Spain

This document is the unedited Author’s version of a Submitted Work that was subsequently accepted 

for publication in The Journal of Physical Chemistry C, copyright © American Chemical Society after 

peer review. To access the final edited and published work see:

J. Phys. Chem. C, 2012, 116, pp 21903-21912

http://dx.doi.org  /10.1021/jp3074514  

http://dx.doi.org/10.1021/jz401850h


Dynamics of Nitrogen Scattering off N-covered

Ag(111)

M. Blanco-Rey,∗,† L. Martin-Gondre,†,‡ R. Díez Muiño,†,‡ M. Alducin,†,‡ and J.I.

Juaristi†,‡,¶

Donostia International Physics Center, Paseo Manuel de Lardizábal 4, 20018 Donostia-San

Sebastián, Spain, Centro de Física de Materiales, Centro Mixto CSIC-UPV/EHU, Paseo Manuel

de Lardizábal 5, 20018 Donostia-San Sebastián, Spain, and Departamento de Física de

Materiales, Facultad de Químicas UPV/EHU, Apartado 1072, 20018 Donostia-San Sebastián,

Spain

E-mail: maria_blancorey@ehu.es

Abstract

We analyze the reflection and adsorption dynamics of N atoms on a(1× 1) N-covered

Ag(111) surface, using an ab-initio three-dimensional potential energysurface (3D PES) and

classical molecular dynamics (MD) in the frozen and vibrating surface regimes. Our calcula-

tions reveal strong changes in the PES upon atomic N adsorption, which becomes much more

corrugated than that of the clean Ag(111) surface. This apparently contradicts a key exper-

imental finding made for atoms with incident average energy〈Ei〉 = 4.3 eV, namely that the

N reflection dynamics on Ag(111) at N saturation coverage are quantitatively similar to those
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of clean Ag(111). In good agreement with the experiments, we find that thestronger PES

corrugation of the N-covered Ag(111) surface does not affect theangular distribution of the

scattered N atoms with that〈Ei〉 value. However, discrepancies are found in the final-to-initial

average energy ratios,〈Ef 〉/〈Ei〉, at grazing outgoing angles. Upon examination of the adsorp-

tion trajectories, it can be inferred that gas N is likely to react with adsorbedN. MD shows

that this “pick-up” mechanism is particularly effective for slow atoms and could be behind the

experimental〈Ef 〉/〈Ei〉 values.

Keywords: Gas/surface dynamics; Adsorption; Non-adiabatic effects; Inelastic scattering;

Density functional theory; Eley-Rideal reactions

Introduction

Molecular and atomic beam scattering is an excellent tool toexplore the characteristics of the

interaction between molecular and atomic particles with metal surfaces. Properties of the reflected

particles after their interaction with the surface, such asthe scattering angle distributions, as well

as the translational energy and rovibrational state distributions, are closely related to the nature of

the interaction potential energy hypersurface. The potential energy landscape is particularly rich

and involved for the case of reactive species. In the last years, with the development of ab-initio

calculations based on density functional theory (DFT), a great accuracy in the characterization

of these systems and, correspondingly, in the gas-surface dynamics simulations has finally been

achieved.1–11

The interaction of hyperthermal Nitrogen atoms with Ag(111) constitutes a representative case

of such reactive systems that has recently attracted attention.12,13Though the N2 molecule is very

unreactive towards the Ag(111) surface,14–16when the molecular bond is broken, the resulting N

atoms interact strongly with this surface. As a result, the corresponding potential energy surface

(PES) for an N atom interacting with a clean Ag(111) surface is very corrugated.17 This is re-

flected in the measured broad angular distributions of reflected N atoms upon scattering with this
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surface.12

When an adsorbate is already present on a surface, the PES, andtherefore the gas-surface dy-

namics, are expected to be very different from those of the clean surface. For instance, it has been

observed that pre-adsorbed CO on Ru(0001) acts as a pasivator for the dissociation of impinging D2

molecules.18 DFT has proved to be a reliable tool to understand another relevant case, namely the

modification of H2 reactivity on Pd(100) by adsorbed species. For example, thepoisoning effect of

S adsorbates has been proved to occur via an enhancement of the PES corrugation, resulting in new

barriers for H-H bond breaking.19–21 The PES details also explain, beyond a mere site blocking

picture, the reduction in the dissociative adsorption of H2 on a H-covered Pd(100) surface.8,22,23

However, recent experiments carried out on the N-covered Ag(111) surface showed, for hyperther-

mal N atoms scattered off this surface, that the angular distributions and the angle resolved energy

distributions were strikingly similar to those obtained inthe bare Ag(111) surface.13 Motivated by

these unexpected results we have calculated the PES for a N atom interacting with an N-covered

Ag(111) surface using first principles calculations, and performed classical molecular dynamics

(MD) simulations to understand these experimental observations. Since the experiments were car-

ried out at saturation coverage, we choose a model surface where all thef cc-like hollow sites of

the lattice are occupied by an adsorbed N atom, i.e. the lattice has(1×1) periodicity. However,

we note that the actual coverage under experimental conditions, which is in principle an unknown

magnitude, might be slightly lower. This seems to be a plausible scenario when additional experi-

mental results are considered that the incident N atoms might recombine with adsorbed N, leading

to the desorption of N2 molecules .13

The beam experiments that report recombinative abstraction of adsorbed species using neutral

projectiles of energies in the range≤ 10 eV have traditionally involved hydrogen or deuterium as

projectiles or adsorbed species.24–30 Other examples of gas-surface reactions have been reported

that involved atomic O projectiles and molecular adsorbatetargets on the surface, such as CO31

and O2.32 For this reason, the possibility that surface N atoms are abstracted by N projectiles in

the form of N2 constitutes an encouraging outcome of these experiments. An additional bonus of
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our analysis is the possibility to explore whether this process is conceivable for this system and, if

this were the case, to gain some information on its likelihood and main features.

The paper is organized as follows: a description of the theoretical procedure is made first that

accounts for the DFT calculation details, the PES interpolation scheme and the settings in the

MD simulations. The results section begins with an analysisof the interpolated PES topography,

followed by the scattering distributions obtained from theMD simulations. Afterwards, a thorough

analysis of reflected and adsorbed atom trajectories is madeas a function of the incident energy.

Theory

The scattering of gas N atoms on the N-covered Ag(111) surface is simulated by performing

classical molecular dynamics (MD) calculations using an accurate three-dimensional potential

energy surface (3D PES) that is calculated from first-principles. Compared with theon the fly

ab-initio molecular dynamics (AIMD) that in the last years is becomingcomputationally more

affordable,8,22,33 the methodology followed here is in principle more tedious because it requires

various steps: (i) calculation of a sufficiently dense grid of ab-initio potential energies, (ii) accu-

rate interpolation of theab initio data to assure small energy errors at each point of the incident N

trajectory, and (iii) integration of the classical equations of motion. However, it also offers a series

of advantages over the AIMD once the PES is constructed. On the one hand, the results of the

dynamics calculations can be easily combined with the detailed information of the PES properties

to single out the factors ruling the scattering process. On the other hand, it allows a large number

of trajectory calculations at almost none additional computational cost. This is a crucial point in

our case because the experimental effusive beam of Ref.13 has required an extensive amount of

calculations in order to assure a reliable statistical description of the incidence conditions and of

the final outgoing angle and energy distributions measured in the experiments (vide infra).

The details of the theoretical calculations performed at each step follow.

4



DFT calculation details

Spin-polarized DFT calculations are carried out with theVASP code34 using an energy cutoff of

348 eV in the plane-wave basis set and ultra-soft pseudopotentials35 to describe the core elec-

trons. The exchange-correlation energy is calculated withthe generalized gradient approximation

of Perdew-Wang (PW91).36 The fractional occupancies are determined through the broadening

approach of Methfessel and Paxton with N=1 andσ=0.1 eV.37 The Brillouin zone integration is

performed with a 5×5×1 Monkhorst-Pack grid of specialk points centered at theΓ-point.38 The

energy criteria for total energy self-consistency is 10−5 eV.

The (1×1) N-covered Ag(111) surface is modeled by a periodic six-layer slab (five layers of

Ag and one layer of N) with a (2×2) unit cell in the plane parallel to the surface and a supercell

vector of 24.08 Å along the surface normal direction (z-axis). The topmost layer corresponds to N

atoms adsorbed on thef cc sites of the Ag(111) surface (see Figure 1). The supercell dimensions

are chosen to guarantee negligible interactions among the gas N atoms in the neighboring cells and

between the surface and the gas N atom, when the latter is located in the middle of the vacuum. The

equilibrium surface geometry is obtained by allowing full relaxation of the three topmost layers

until the forces on the core ions are below 0.02 eV/Å. The Ag-Ag interlayer distances remain

almost unchanged with respect to the theoretical bulk valued0 =2.41 Å, as indicated in Figure 1.

The N-monolayer is 1.26 Å above the neighboring Ag layer. This distance is in accordance with the

adsorption position of a single N atom on the pristine Ag(111) surface,17 z= 1.20 Å. No relaxation

in the plane parallel to the surface is obtained in any of the layers.

Next, the DFT energy grid of the total system, i.e., the gas N and the N-covered Ag(111)

surface is calculated for 15(x,y) positions of the gas N atom, which are uniformly distributedover

the surface unit cell (crosses in Figure 2). For each(x,y) position, the height of the gas N atom

measured from the topmost Ag layer is varied fromz=−1.49 Å toz= 6 Å in intervals of 0.07 Å.

At z= 6 Å all the energy curves have steadily merged to the same asymptotic value that is taken as

the zero reference energy for the PES of the gas N atom interacting with the N-covered Ag(111)

surface. All these energies are calculated within the frozen surface approximation, that is, keeping
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the slab atoms fixed at their equilibrium positions. Therefore, as the surface N atom is kept frozen,

N2 desorption processes are unaccounted for in the present calculations. In all the calculations the

origin of heights,z= 0, is placed at the topmost Ag layer.

Calculation of the 3D adiabatic PES

Different interpolation methods have been developed in thelast years to gain energy precision in

the order of tens of meV and successfully applied to study theinteraction of diatomic molecules

and atoms with metal surfaces. The modified Shepard39 and the corrugation reduction procedure

(CRP)40 have been respectively used in Refs.4,41–45and in Refs.44,46–53to study the interaction of

H2 and N2 on various metal surfaces. Six-dimensional PESs of O2 have been interpolated with the

CRP in Refs.54 and with the neural networks method55,56 in Refs.,10,11,56,57for instance.

In the present work, the adiabatic PES is constructed by interpolating theab-initio data with

the 3D CRP.40 The idea behind this procedure consists in reducing the typically large PES corru-

gation by subtracting from it the potential energy between the gas N atom and the nearest atoms in

the surface. The resulting 3D energy surface exhibits a smoother dependence on the coordinates

(x,y,z) that facilitates the 3D interpolation within the required accuracy for treating low energy

gas-surface dynamics.

Briefly, the 3D potential energyV3D is written as

V3D(r) = I3D(r)+
nNads

∑
i=1

V1D
NNads

(|r − r i |)+
nAg

∑
i=1

V1D
NAg(|r − r i|) (1)

whereV1D
NNads

andV1D
NAg are pair potentials describing the interaction between theimpinging gas

N atom with positionr ≡ (x,y,z) and theith-slab atom located at positionr i ≡ (xi ,yi,zi). The

interactions of the gas N atom with the adsorbed N (Nads in the following) and with the Ag atoms

are so different that we have been forced to use different pair potentials in each case. In particular,

we approximate the N-Nads interaction by the DFT calculated potential of a N atom on topof

the f cc site, where Nads is located. In similar terms, the N-Ag interaction is approximated by
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the DFT potential of a N atom on top of the Ag site. The sums on the right hand side of Eq. (1)

run over all slab atoms that give a non zero contribution toV1D
NNads,NAg. In practice, we include

in the summations the atoms from the first, second and third layers that lie within a distanced <

6.0 Å from the projectile. The resulting interpolation function I3D is a smooth function that can be

easily interpolated overx, y andz through a third order 3D spline interpolation. We have checked

the accuracy of the constructed 3D PES by comparing a set of 18ab-initio values not used in the

interpolation with interpolated results (see Figure 2). The errors are small (5− 15 meV) in the

parts of the configuration space that are likely to be visitedby the simulations, e.g. at PES values

below a few eV.

Classical trajectory calculations

Using the adiabatic 3D PES, atomic dynamics simulations have been carried out at two different

levels by solving in both cases the classical equations of motion. In one case, we perform 3D dy-

namics calculations of the gas N atom in which the adiabatic and frozen surface approximations are

strictly applied. We use a conventional Monte-Carlo sampling of the position of N over the surface

and of the azimuthal incidence angle of the N beam. In the second set of simulations, we applied the

generalized Langevin oscillator model (GLO) to include nonadiabatic effects that refer to energy

exchange and dissipation between the gas atom and the lattice.58,59Following the implementation

of Ref.,60 the surface motion is represented by a 3D harmonic oscillator with mass equal to that

of the Ag atom. Coupled to it there is a second 3D oscillator (ghostoscillator) acting as a thermal

bath that keeps the surface at temperatureTs = 300 K. More precisely, theghostoscillator is sub-

ject to friction and random forces related to each other through the second fluctuation-dissipation

theorem. The friction force represents the energy dissipated from the surface to the bulk, while the

random force assures the energy flow from the bulk to the surface due to the thermal vibrations of

the lattice. Similar to Ref.,61 the frequencies associated to the surface and theghostoscillators are

represented by the surface phonon frequencies close to the edges of the Ag(111) surface Brillouin

zone, h̄ωx=h̄ωy=14 meV andh̄ωz=9 meV.62 Since we follow the formulation of Refs.59,63 for
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GLO, we take the valuēhγg = πωD/6= 10 meV for the damping matrix diagonal elements, where

ωD denotes the Debye frequency. In the GLO simulations, the initial conditions of the surface

andghostoscillators are also sampled through a conventional Monte-Carlo procedure that adjusts

the initial positions and velocities to the nominal surfacetemperature. As we are dealing with a

N-covered surface and N atoms have very different masses, wehave also applied the GLO method

takingmN as the surface atom mass (see below).

In the present work, all the trajectories start with the N atom atz=5.6 Å from the Ag topmost

layer. At this height, the potential energy is almost zero (≤ 2 meV). The outcome of each trajectory

is classified as reflection if the atom reaches the starting distancez=5.6 Å with a positivezvelocity

or as trapping, if after 15 ps the atom is not reflected. If the atoms arrive atz=-0.5 Å with a negative

velocity, it is regarded as absorbed. Absorption events arescarce, though, and typically found only

for very high incident energiesEi > 6 eV.

As discussed below, when energy dissipation into lattice vibrations is allowed, the projectile

can stabilise in the adsorption well that exists over thef cc site. To be more precise, adsorption

events are defined using this criterion: the maximum integration time (15 ps) is reached, and the

total energy of the system (incident N atom and surface) is< −kBT. We recall that the atom has

zero potential energy atz≥ 6 Å. We have checked that the adsorption results are unaffected if a

lower integration time of 10 ps is used. The typical reflection times are below 1 ps.

Results and discussion

In this section we discuss the PES topography and the resultsobtained from classical molecular

dynamics on that PES, under conditions that resemble the experimental ones. In particular, we

begin by studying the angular dependence of the reflected atoms when an incident effusive beam

of average energy〈Ei〉 = 4.3 eV is used, a setting that has been successfully applied to explain

N scattering off the clean Ag(111).61,64 Then, in order to understand the details of the effusive

beam results, we make a closer inspection of the energy dependence of monoenergetic reflected
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trajectories. Finally, the dynamics of N adsorption are studied.

PES topography

Compared with the clean Ag(111), the adsorbed N strongly enhances the attractive character of

the surface and induces further corrugation in the PES. The differences observed in the adsorption

wells are clear examples of such changes. The 3D PES for N on a clean Ag(111) surface has wells

of similar depths -2.03 eV and -1.92 eV at thef cc andhcp sites, respectively.17 In contrast, the

3D PES of a N atom on a N-covered Ag(111) surface shows a very deep narrow well (a global

minimum of -7.426 eV) at thef ccsite at a heightz= 2.40 Å, i.e. 1.14 Å above the Nadsadsorption

site, while the positions around thehcpsite remain a shallower attractive region of depth. 3 eV.

Nevertheless, there is no local minimum as such at thehcpsite itself. These features are observed

in the PES bidimensional cuts at relevantz values shown in Figure 3. The global minimum turns

rapidly into a strong repulsive region as soon as the impinging N atom moves towards lowerz

values. At heightsz= 1.60−2.00 eV very narrow concentric attractive regions can be foundin the

PES around Nads, that originate from the strong N-N interaction.

Dynamics of reflected atoms from a non-monoenergetic beam

The hyperthermal atomic beams used in the N scattering experiments are not monoenergetic.12,13

Therefore, we have performed MD simulations considering aninitial kinetic energy profile that

has a FWHM as large as 5.4 eV and average value〈Ei〉= 4.3 eV (see Figure 4 inset), which nicely

matches the experimental effusive beam energy spectrum. A total number of trajectoriesNtot =

3× 105 has been used in order to obtain converged statistical averages. In the simulations, the

incident polar angle of all incident atoms is kept fixed atΘi = 60◦, and a random azimuthal angle

Φi is chosen for each atomic trajectory. We have checked that the incidence azimuth does not

play a determinant role in the dynamics. Figure 4 shows the polar angular distribution,IR, for the

N atoms that undergo in-plane scattering (Φ f ≃ Φi) in adiabatic and GLO dynamics. Each data

point of this graph is actually contributed by the numberN of reflected atoms contained within
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an acceptance angleδ = 4◦. By doing this, the distribution is represented as if a circular atom

detector of angular apertureδ were placed at the direction defined by the pair of angles(Θ f ,Φi).

The criterion provided by this pair of angles andδ yields the conditions for an atom to undergo

in-plane scattering and to be detected at a given polar angleΘ f . Afterwards, the distributions are

normalised toNtot. Hence, we define the in-plane reflected intensities as follows:

IR(Θ f ) =
N(Θ f )

Ntot∆Θ f
(2)

where∆Θ f = 8◦ is the polar angle interval spanned by the detector aperture. As the experimental

detector aperture is slightly smaller, of 1.6◦, we have checked that the distributions are not signifi-

cantly altered by the use of tolerancesδ < 4◦, albeit a smaller signal-to-noise ratio is achieved for

δ = 4◦. Both adiabatic and GLO dynamics result in broadIR(Θ f ) curves, as shown in Figure 4,

that take their maximum values at outgoing polar anglesΘ f lying close to the specular direction,

namelyΘ f . 60◦ for the adiabatic case andΘ f & 60◦ for the GLO case.

The experimental reflected atomic distributions found by Ueta et al. are similar for the clean

and N-covered Ag(111) surfaces.12,13The distribution profiles consist of a broad background and

a sharp peak superimposed onto it at the specular direction.Energy exchange with the lattice has

a relevant role in the reflection dynamics. In fact, our GLO theoretical distribution is in good qual-

itative agreement with the experimental data, while agreement with the adiabatic one is poorer,

as observed in Figure 4. It is noteworthy that the profiles obtained from the PES of clean and

N-covered Ag(111) surfaces resemble each other, despite the PES themselves having little in com-

mon.17,64Both of them have strongly corrugated topographies, but the global minimum is 5.40 eV

deeper in the N-covered PES. The much more attractive character of the N-covered surface PES

does not seem to come through in the reflected spectrum. The broad background arises as a con-

sequence of the corrugated energy landscape, and it seems tobe quite insensitive to the particular

details of the PES, such as well depths.

Regarding the sharp experimental specular peak in the distribution, Uetaet al. have attributed it
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to scattering of excited N atoms.12,13A fraction of the N atoms in the experimental beam is known

to be out of the ground state,12 and the PES dictating the reflection of such species is expected to

be more repulsive.65 Our simulations for ground state N atoms do not yield such a sharp peak and

hence support the presence of excited atoms in the experiment.

In addition to the angular distributions, Uetaet al measure the final kinetic energy of the re-

flected N atoms.13 In the experiments, the atoms that are reflected close to the surface normal

have a final-to-initial energy ratio of〈Ef 〉/〈Ei〉 ≃ 0.60−0.70, whereas atΘ f > 70◦ it is found that

〈Ef 〉/〈Ei〉> 1, and this occurs for N scattering off both the clean and the N-covered surfaces.12,13

Indeed, the experimental〈Ef 〉/〈Ei〉 dependence withΘ f in the N-covered and clean Ag(111) sur-

faces are almost a perfect match. It has been theoretically proved that the difference between

the scattering properties at low and high kinetic energies of the N atoms is crucial to explain the

〈Ef 〉/〈Ei〉 > 1 values for scattering off a clean Ag(111) surface.61 In fact, MD simulations show

that this behaviour can be nicely explained even in the absence of energy exchange with the sur-

face, i.e. it is purely atrajectory effectand it has its origin in the non-monoenergetic character

of the incident beam, albeit quantitative agreement with the experiment is better when GLO is in-

troduced in the dynamics.61 This trajectory effect observed in the clean surface consists in atoms

with different Ei being scattered at different polar angles, regardless of the inelastic character of

the atom-surface collision.

Interestingly, the interpretation described above for theclean Ag(111) is not applicable to the

N-covered one. Figure 5 shows the final-to-initial average kinetic energy ratio values,〈Ef 〉/〈Ei〉,

obtained from our simulations. Neither the adiabatic one nor the GLO one reproduce the〈Ef 〉/〈Ei〉>

1 behaviour observed experimentally for grazing outgoing atoms. Indeed, the adiabatic MD shows

an energy ratio decrease with increasingΘ f that totally rules out the trajectory effect already ob-

served on the clean Ag(111). The experimental energy ratioscannot be explained by the energy

exchange with the surface neither: the use of GLO in the simulations results in an almost con-

stant〈Ef 〉/〈Ei〉 ≃ 0.7. It could be argued that the GLO implementation used here isnot accurate

enough, since it assumes that only atoms with the Ag atom mass, mAg, are present in the Langevin
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oscillator. Nevertheless, the substitution of the topmostatom massesmAg by smaller massesmN

would not improve the agreement with the experiment, as the energy dissipated into lattice vibra-

tions would be larger overall, due to the use of a lighter and “softer” oscillator, thus resulting in

even smaller〈Ef 〉/〈Ei〉 values.

In summary, the MD simulations shown above, featuring an effusive beam and energy dissi-

pation through lattice vibrations, reproduce nicely the experimentalIR(Θ f ) profile (except for the

excited states peak, which is beyond the scope of the presentwork). The reflected in-plane N

atom distribution seems to be rather insensitive to the PES details. Notwithstanding, the scattered

atomic energy distributions do have a non-trivial dependence on the PES details and the MD anal-

yses, which are shown in Figure 5, do not fully account for theexperimental〈Ef 〉/〈Ei〉 behaviour.

The ab-initio calculated energies and the CRP interpolation procedure used in the present work

ensure a good quality 3D PES. We will show that both the scattering angle distributions and the

〈Ef 〉/〈Ei〉 ratio are perfectly consistent with the PES characteristics. The discrepancies with the

experimental data can be explained as a different N coverage.

Trajectory analysis of monoenergetic beams I: reflection

In order to understand the simulated〈Ef 〉/〈Ei〉 ratios of Figure 5, we have performed detailed

analyses of the MD trajectories at well defined atomic kinetic energies,Ei, with Θi = 60◦ and a

randomΦi distribution. Statistical averages have been obtained over Ntot = 3×104 trajectories for

eachEi value.

The reflection dynamics of atomic N can be understood as a combination of a trajectory effect

and the energy lost by the atoms upon collision with the surface. To account for the former, we have

performed simulations under adiabatic conditions, i.e.Ef /Ei = 1. Figure 6 shows the obtained in-

plane angular distributions of reflected N atoms,IR(Θ f ;Ei), for a set ofEi values ranging from

0.3 to 10.0 eV. ForEi > 3.0 eV, broad distributions are obtained. ForEi < 3.0 eV, the distributions

consist of a broad background and a sharper peak superimposed onto it at the specularΘ f = 60◦

direction. The detailed analysis of the trajectories showsthat most slow atoms that are reflected
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in-plane interact with the repulsive regions of the PES thatlie far from the surface and are located

around Nads at heightsz≃ 2.00 Å (see Figure 3). Figure 7 shows theIR(Θ f ;Ei) distributions

resolved by depth, i.e. at a givenEi and angleΘ f , each intensity of the plot accounts for the

number of reflected atoms that reach a range ofzmin values, wherezmin represents the minimum

height reached by the incident N along its trajectory. Only two representative cases of the low and

high energy scenarios,Ei = 1.3,4.3 eV, are shown in the figure for the sake of simplicity. For both

Ei values, we observe that the distribution at the specularΘ f range is contributed mainly by N

atoms scattered from highzmin, whilst atoms from lowzmin leave the surface close to the normal.

In theEi = 1.3 eV panel, we see that scattering fromzmin> 1.60 Å values clearly dominates. Only

a few atoms are reflected fromzmin < 1.60 Å that yield broad angular distributions. This results in

the sharp peak superimposed onto a broad profile observed in theEi = 1.3 eV curve of Figure 6.

In contrast, forEi = 4.3 eV, contributions of atoms from both low and highzmin are similar in

magnitude, which results in an overall broad profile (see theEi = 4.3 eV curve of Figure 6). This

is due to the fact that faster atoms can penetrate deeper in the surface. This is, these atoms reach

lowerzmin values and can explore vaster regions of the PES, such as thehcpregion of the unit cell,

which is shallow but rapidly varying in energies. Thus, scattering off those regions will follow

highly unpredictable trajectories.

The analysis of the number of rebounds experienced by the reflected N allows us to gain further

insight in the low energy regime. The insets of Figure 6 show the average number of rebounds in

the in-plane reflected trajectories,〈Nr〉. A rebound in the trajectory is defined as a sign change from

negative to positive in the perpendicular component of the atomic velocity, this is,Nr indicates the

number of collisions with the surface. For mostΘ f andEi values, we find〈Nr〉 ≃ 2. An exception

occurs for the lowestEi values atΘ f < 45◦, where the N atoms leave the surface after〈Nr〉 ≃ 6

rebounds. When atoms suffer several rebounds, they are less likely to continue along the specular

trajectory and they are reflected at less predictable directions, yielding non-negligible reflected

intensities at lowΘ f angles, i.e. closer to the surface normal.

The N atoms within the effusive beam have energies that differ as much as& 3 eV from the
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average value〈Ei〉 = 4.3 eV. According to the analysis above, the most energetic atoms within

the beam will be preferentially scattered at anglesΘ f < 60◦, while the least energetic ones will

undergo nearly specular reflection. As a result, the angulardependence of the value〈Ef 〉/〈Ei〉,

shown in Figure 5 for the adiabatic case, decreases as a function of Θ f . Interestingly, this result is

in contrast with the distribution obtained for N scatteringoff clean Ag(111), where the atoms with

higherEi are reflected at largeΘ f values, while the slowest atoms yield a broad angular spectra.

For this reason, the trajectory effect suffices to explain the increase in the ratio〈Ef 〉/〈Ei〉 at large

Θ f angles of the atoms reflected off the clean Ag(111) surface,61,64but not off the N-covered case,

where, on the contrary, it predicts a decreasing behaviour.

When GLO is used in the simulations, this is, when we allow the Natoms to transfer energy

into lattice vibrations, theIR(Θ f ;Ei) distributions depend onEi essentially in the same way as

the adiabatic ones, as it can be seen by comparing Figure 8 andFigure 6. We observe that the

N atoms with lowerEi are scattered mainly at specular directions, while the atomic distributions

for faster atoms are broad. Therefore, the trajectory effect discussed above remains a significant

feature of the reflection dynamics even when energy dissipation into lattice vibrations is considered

within the simulations. The main consequence of non-adiabatic effects is found at lowEi and

Θ f < 45◦, where the observed intensities are lower than the corresponding adiabatic ones, thus

providing a better agreement with the experiments. In orderto understand this, we examine the

zmin-resolvedIR(Θ f ;Ei) curves in the GLO case forEi = 1.3,4.3 eV, which are shown in Figure 9.

The addition of the dissipation channel has a dramatic impact on the reflection dynamics of atoms

with Ei = 1.3 eV, as only a handful of them reach lowzmin regions of the surface. As we will show

in detail in the next section, the reason is that most of the atoms reaching lowzmin in the adiabatic

simulations end up adsorbed on the surface when energy dissipation is allowed. As a result, almost

every N atom is scattered off the surface at distances above 2.00 Å. Similarly to the adiabatic

calculations, these atoms are responsible for the peak at the specular outgoing angle seen in the

Ei = 1.3 eV curve of Figure 8. Energy dissipation affects theEi = 4.3 eV angular distributions

less significantly and, indeed, many similarities can be observed in the histograms of Figure 9 and
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Figure 7 for that energy.

Next, we focus on the final-to-initial energy ratio obtainedwith the GLO simulations. As dis-

cussed above, the angular distribution profiles depend strongly on theEi values, as they are broader

for largerEi. In contrast, the energy loss behaviour, which is shown in the insets of Figure 8, fol-

lows the same trend for all the studiedEi values. The atoms that scatter off atΘ f = 0 suffer a

significant energy loss, as shown by the average values〈Ef 〉/Ei ≃ 0.5, decreasing monotonically

with Θ f to average losses of 20%. This observation on the energy, combined with the behaviour of

IR as a function ofEi, allows us to understand why the〈Ef 〉/〈Ei〉 distribution in the effusive beam

simulation with GLO does not substantially vary withΘ f (see Figure 5). The slowest particles in

the beam are reflected preferentially at specular directions withΘ f ≃ 60, but the atoms outgoing at

such angles lose on average only 20% of their initial energy upon collision with the surface. In con-

trast, the fastest atoms, which are predominant at lowΘ f values, experience larger energy losses

of 50%. When adding up these two effects, the result is a nearlyconstant ratio〈Ef 〉/Ei ≃ 0.7, as

seen in the GLO curve of Figure 5.

We have previously explained the theoretical in-plane reflection spectra for a effusive beam.

Nevertheless, the in-plane spectra shown so far in the present paper account for a small fraction of

the total number of reflected atoms only. Most trajectories are subject to out-of-plane scattering and

the actual global distribution of reflected atoms is also broad overΦ f angles. In fact, the trajectory

analysis at all outgoing azimuthal directions,Φ f , reveals that the atoms with smallEi are reflected

within a cone around the specular direction. For example, for Ei = 1.3 eV, the distribution has an

approximate FWHM of 40◦ both in Θ f andΦ f . An in-plane spectrum captures a section of this

narrow cone, but cannot yield information of the otherΦ f directions. Conversely, the distributions

of faster atoms are broad inΘ f andΦ f . A simple inspection of the in-plane reflection distributions

with GLO (see Figure 8) would suggest that more atoms are reflected off the surface at, say,

Ei = 2.3 eV than atEi = 6.3 eV. However, the perspective changes when all the trajectories, and

not only the in-plane reflected ones, are considered. By doingso, we realize that most slowly

incident atoms end up being trapped by the surface. This is shown in the the sticking probability
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of the N-covered Ag(111) surface (Figure 10), which increases rapidly at lowEi.

Another example of the limitations in the picture offered bythe in-plane analyses is found in

the average number of rebounds,〈Nr〉, undergone by the reflection trajectories. The〈Nr〉 values

shown in the inset of Figure 10 include in-plane as well as out-of-plane trajectories. Due to the

energy loss channel, the slow atoms that undergo more than two rebounds do not keep enough

kinetic energy to leave the surface and end up being adsorbedin the wells of the PES. The〈Nr〉

values of the adiabatic case are also shown in the Figure 10 inset for comparison. Interestingly,

they take much higher values at lowEi if out-of-plane trajectories are included in the average. For

example, we find values as large as〈Nr〉 = 19 for Ei = 0.3 eV in Figure 10, while the maximum

value drops to〈Nr〉= 7 when only in-plane trajectories are considered (the latter value corresponds

to outgoing trajectories along the normal in the inset of Figure 6).

Trajectory analysis of monoenergetic beams II: adsorption

The careful analysis of the reflected N atoms has revealed whythe in-plane angular distributions

are rather similar upon scattering on the clean and N-covered Ag(111) but the final-to-inital energy

distributions are not. Now, the question is to understand the origin of the discrepancy between

the experimental and theoretical energy distributions at grazing outgoing angles. As discussed in

this section, the N adsorption events predicted in the GLO simulations at low incident energies

(see Figure 10) can provide a reasonable explanation. A closer inspection of the final positions

in the trajectories of these atoms shows that these end up apparently bound at positions around

the Nads site (see Figure 10 inset), at distances close to the N2 molecule bondlength, i.e. at the

deep adsorption well discussed above. The large binding energy at that site suggests, indeed, that a

molecule is being formed on the surface. However, we have checked that no molecular adsorption

well is found in the DFT-based six-dimensional PES of N2 interacting with the clean Ag(111)

surface. Hence, molecular adsorption of N2 on N-covered Ag(111) is not expected, neither, and

we infer that the N2 molecules formed on the surface will eventually desorb, although the rigid

character of the 3D atomic PES does not allow the Nads atom to shift from its surface position.
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The atomic adsorption energy at thef cc site isEads= 7.426 eV on the N-covered surface, and

2.03 eV on the clean one. The energy needed to release both projectile and surface Nads atom

can be provided by the formation of a N2 molecule, a process that typically releases 9.8 eV in

the gas phase. An excess kinetic energy hinders the efficiency of this process, as it reduces the

sticking probability (see Figure 10). This energy argumentstrongly supports the interpretation of

adsorption events in the MD runs as pick-up reactions resulting in N2 molecules. This tendency

towards adsorption on the N-covered Ag(111) is also manifested in the adiabatic calculations,

where the low energy N atoms undergo many rebounds before being reflected due to the strong

attractive character of the surface (see Figure 10 inset).

This interpretation of adsorption processes as pick-up events provides the following explana-

tion for the very subtle differences observed by Uetaet al. between the clean and the N-covered

surfaces.13 Due to the highly efficient pick-up process, it is expected that the effective surface cov-

erage probed by the N projectiles is the outcome of a highly dynamical mechanism. In principle,

one should consider the kinetics of a steady adsorption and removal of N. Since the sticking (i.e.

pick-up reaction) probability of N on the(1×1) covered surface is considerable larger than the

adsorption probability on the clean surface,17 it is very reasonable to infer that not all thef ccsites

are occupied by Nads atoms at the experimental saturation coverage conditions.Therefore, the ex-

perimental scattering properties of the sample would appear to be dominated by the clean regions,

resulting in an energy loss spectrum very similar to that observed in clean Ag(111).

There are other fine experimental details that further support surface cleaning by a pick-up

reaction. These details are to be found in the angular intensity distribution of N2 molecules scat-

tering in-plane off N-covered and clean Ag(111), shown in Ref.13 On both surfaces N2 is strongly

repelled and a sharp specular peak is observed. Whilst the amount of reflected molecules at lowΘ f

angles in the clean surface is almost negligible, a small, yet non-negligible, intensity is registered

off the N-covered surface atΘ f . 40◦. The latter molecules are attributed to the recombination

of Nads with the N atoms present in the incident molecular beam, thatis superimposed onto the

regular N2 scattering component. The presence of the two N2 components is also evidenced in
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the time-of-flight spectra, that are better explained if twogroups of molecules are considered that

leave the surface at different velocities.

Conclusions

In the present work, we have constructed an ab-initio calculated 3D PES for an N atom interact-

ing with a N-covered Ag(111) surface, and we have analyzed the scattering properties by means

of classical MD. The molecular beams experiments of hyperthermal N atoms scattering off clean

and N-covered Ag(111) surfaces performed by Uetaet al. suggest that the energy landscapes of

Ag(111) should not be significantly altered by the adsorbed Nspecies, as the in-plane scattered

atomic distributions and the final-to-initial energy ratios show similar profiles as a function of the

outgoing polar angle.13 In contrast with this interpretation, we find huge differences between this

PES and that of the clean surface that, strikingly, do not have a noticeable impact on the angular

atomic distributions. In fact, when an energy loss channel associated to lattice vibrations is intro-

duced, the quantitative agreement with the experiment is remarkable. The energy ratios are altered,

though, and are in discrepancy with the experimental ones atgrazing outgoing angles. These the-

oretical results on the N-covered Ag(111) surface can be rationalised in terms of the corrugated

topography of the PES. The analysis of the dynamics of adsorption puts forward another interpre-

tation of the experiment, namely that N2 molecules are formed by a pick-up reaction, resulting

in clean Ag regions on the surface. Albeit the constraints inthe present calculations do not allow

desorption of the molecular species, this hypothesis is supported by indirect experimental evidence

of such a reaction mechanism being active during the dosing of N atoms.

It is still to be proved by direct means whether surface N pick-up events are readily taking

place. Despite the measurements and the simulations with a 3D PES point clearly towards a gas-

surface reaction, a higher dimensional model would be needed to unequivocally account for the

“pick up” phenomenon. This would be an unusual N2 formation mechanism by molecular beams

experiments. Typically, molecule formation by abstraction of adsorbed atoms using atomic beams
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involves hydrogen species, as reported for example in Refs.25–29 In this respect, details such as

the Eley-Rideal or hot-atom nature of the N2 pick-up process remain also a matter of study, both

experimentally and theoretically. Another point that would require future analysis is the N2 re-

combination kinetics. Since the large sticking probabilities at low incident energies suggest that

N2 formation is a highly efficient mechanism, it might non trivially affect the equilibrium N cov-

erage under experimental conditions.
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Figure 1: Sphere model of the N-covered Ag(111) surface. Small turquoise spheres represent N
atoms and large spheres represent Ag atoms. The origin ofz coordinates is placed at the topmost
Ag layer (white spheres). The maximum N coverage is considered in this work, that consists of a
N atom at eachf cc site of the surface (on top of the third Ag layer positions) and thus results in a
(1×1) lateral periodicity with lattice parametera0 = 2.95 Å. The(1×1) unit cell is depicted by a
dashed line.

x

y

z

a0=2.95Å

z= 1.26Å

z= 0.0 Å

z=-2.44Å

z=-4.82Å

24



Figure 2: Quality tests of the CRP interpolated PES. In the insets, the small black crosses indicate
the(x,y) coordinates used to construct the PES (there are 15 symmetryinequivalent points), and the
large symbols label a few relevant coordinates out of the 18(x,y) points used to test the PES. The
curves on the top and bottom panels show the potential energies as a function of heightz for the test
coordinates in thehcpand f cc regions of the(1×1) cell, respectively. The values obtained from
CRP interpolation are represented by lines and the symbols correspond to the energies obtained
directly from DFT.
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Figure 3: Bidimensional contour maps that result from cutting the interpolated 3D PES in the
(1×1) unit cell (see Figure 1) at different heightszof the gas N atom. The valuez= 2.40 Å is the
distance at which the global minimum at thef cc hollow is found. The minimum valuez= 1.26 Å
coincides with the height of the adsorbed N (f cchollow). The intermediatezvalues show the rapid
evolution of the 3D PES from very attractive (dark blue) to strongly repulsive (yellow) as the gas N
approaches the adsorbed N atom. The zero potential energy (PE) value is marked by a thick black
line. Dashed white (thin black) contour lines indicate negative (positive) PE values separated in
intervals of 0.5 eV (2.0 eV).
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Figure 4: Polar angle distribution of in-plane reflected N atoms from a effusive beam scattered
off N-covered Ag(111). The inset shows the kinetic energy distribution of the incident beam. The
theoretical GLO (squares) and adiabatic (circles) curves are shown. For comparison purposes,
the experimental data (large triangles) have been normalised to yield an area under the curve that
matches either the area under the GLO curve (empty triangles) or the adiabatic one (filled trian-
gles).
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Figure 5: Ratio of in-plane final-to-initial average energy of the reflected N atoms of Figure 4.
Symbols are as in Figure 4.
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Figure 6: Polar angle distribution of in-plane reflected mono-energetic N atoms under adiabatic
conditions for individual incident energiesEi. Top and bottom panels show high and low energy
regimes, respectively. The insets show the average number of rebounds〈Nr〉 undergone by the
atoms upon in-plane reflection.
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Figure 7: The individual curves shown in Figure 6 forEi = 4.3 (top panel) and 1.3 eV (bottom
panel) are split here into the contributions from trajectories at fourzmin intervals, wherezmin is the
minimum reached height by the N atom upon reflection.
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Figure 8: Polar angle distribution of in-plane reflected mono-energetic N atoms using GLO, for
individual incident energiesEi. Top and bottom panels show high and low energy regimes, respec-
tively. The inset shows the corresponding average energy lost by the N atoms.
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Figure 9: As in Figure 7, theEi = 4.3,1.3 eV curves from Figure 8 are resolved into contributions
from fourzmin intervals.
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Figure 10: Main graph: sticking probability of N atoms atΘi = 60◦ as a function of the incident
kinetic energy,Ei. This plot accounts for all reflected N atoms, not just the in-plane ones. Top
inset: initial (grey) and final (black)(x,y) coordinates in the(1×1) unit cell of the N atoms that
possess initialEi = 4.3 eV and end up adsorbed on the surface. Only 5000 trajectories are depicted
in this inset. Bottom inset: average number of rebounds undergone by the reflected N atoms using
GLO (squares) and adiabatic (circles) dynamics.
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