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A B S T R A C T   

We analyzed the dynamics of N atom scattering from N-covered Ag(111), using the generalized Langevin 
oscillator (GLO) method and a three-dimensional neural network potential energy surface. Two values for the 
mass of the surface oscillator were considered in the GLO model to account for the energy exchange with the 
surface, i.e., that of Ag and that of N. For these mass values different trends were found for the dependence of the 
ratio of the average final divided by the average initial translational energy on the scattering angle. Using the 
nitrogen mass gives a trend closer to the experimental results for the dependence of the energy of the in-plane 
scattered atoms on the scattering angle, but worse agreement with experiment for the angular distribution of the 
in-plane scattered atoms. Two different algorithms are applied to integrate the stochastic equations of motion in 
the presence of energy dissipation. Our calculations show that a trivially extended Bulirsch-Stoer algorithm is 
more efficient than an algorithm based on a Langevin Liouville operator splitting technique, in that it yields the 
same results with a much larger time step.   

1. Introduction 

Langevin dynamics can be applied to molecule–metal surface scat
tering in the case that the coupling of the motion of the incident atom or 
molecule to that of the surface atoms is mostly mechanical [1]. A three- 
dimensional (3D) generalized Langevin equation (GLE) model was first 
proposed to account for the energy exchange between gas particles and 
surfaces [2,3]. The GLE model divides the surface atoms into two cate
gories: the primary atoms, which interact with the gas particles directly, 
and the secondary atoms, which designate other surface and bulk atoms. 

The model can be further simplified to the generalized Langevin 
oscillator (GLO) model, where the primary atoms are reduced to a sur
face oscillator (SO) and the secondary atoms are reduced to a ghost 
oscillator [4]. In the GLO model the whole potential energy surface 
(PES) oscillates with the SO and the ghost oscillator is used to describe 
the energy dissipation into the bulk. This leads to a divide-and-conquer 
approach in which the Born-Oppenheimer approximation can be used to 
compute the PES for the incident particle interacting with the ideal 
surface, to which the SO is coupled by a simple coordinate shift. Despite 
its simplicity, the GLO model can give quite reasonable results and 
reveal important details of scattering mechanisms. The GLO method has 

been applied to e.g. scattering of atoms [5–7] and molecules [4,8–12] 
from clean metal surfaces, and to atoms scattering from adsorbate 
covered surfaces [7,13–16], including the simulation of Eley-Rideal (ER) 
reactions [13–16]. 

Dohle and Saalfrank have modified the originally SO method by a 
microscopically motivated coupling term which allows to account for 
some features of the phononic density of states of the surface [17]. Only 
very recently a modified GLO model was proposed to allow modeling the 
change of the barrier height for an activated process with the displace
ment of the SO, i.e., also considering electronic coupling [18]. 

Recently, new experiments have addressed the scattering of N-atoms 
from clean [19] and N-covered [20] Ag(111) surfaces. The experiments 
used translationally broad hyperthermal beams, produced in an arc 
plasma. These beams contain N-atoms in their ground as well as excited 
electronic states, in addition to N2 molecules. In-plane scattering was 
measured. Surprisingly, the experiments showed very similar in-plane 
angular distributions of the N-atoms, and very similar ratios of the 
average final and translational energies as a function of scattering angle 
for the scattering from the clean and N-covered surfaces [20]. This is not 
easily understood, as the PESs for the atom interacting with the clean [7] 
and adsorbate covered [13] surface are rather different. Both the N + Ag 
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(111) [5–7,21,22] and the N + N/Ag(111) [13,14,23] systems have 
been studied theoretically. Of the theoretical studies on the latter sys
tem, one focused on the scattering of the atoms [13], while the two later 
studies exclusively addressed the formation of N2 molecules through the 
ER mechanism [14,23]. All studies were performed utilizing the GLO 
formalism. The study of the scattering of the atoms can in principle be 
performed with a 3D PES depending on the three coordinates of the 
projectile atom [13]; the study of the ER reaction instead requires a 6D 
PES depending on both the coordinates of the projectile and the target N- 
atoms. In the latter case a surface Ag atom needs to be selected as the SO 
[14,23], but in the former case one needs to make a choice, as both the 
mass of the adsorbate N atom and the mass of the surface Ag atom can be 
selected as the mass related to the SO [13]. 

In the theoretical study of the scattering of the atoms from N-covered 
Ag(111), where an N atom is pre-adsorbed on the fcc site of each unit 
cell, it was stated that GLO calculations were performed using both the 
mass of Ag and the mass of N as the mass of the SO, but results were only 
presented using the mass of Ag [13]. This choice was not argued in the 
paper [13]. Arguments for both choices can be made. The observation 
that the N + N/Ag(111) PES shows a far deeper well above the adsor
bate N-atom, which resides above the fcc Ag(111) site (-7.493 eV), than 
above the Ag atom in the hcp site (-2.785 eV), suggests that the inter
action will be dominated by the N-atom above the fcc-site and that the 
N-atom mass should therefore be used. (On the pristine Ag(111) surface, 
the interaction strengths of N with the fcc and hcp sites should be very 
similar). An argument in favor of using the mass of Ag for the SO is that 
the dependence of the ratio of the final and initial average translational 
energy on the scattering angle could be fitted quite well to a binary 
collision model using the mass of Ag for the target atom. Also, with a 
probability exceeding 0.35, the ER reaction is quite efficient in the N +
N/Ag(111) system [14,23]. The latter observation suggests that a large 
percentage of the collisions of the projectile atom with the adsorbate N- 
atom might result in a reactive pick-up event rather than scattering of 
the projectile atom. It is not clear whether this was known at the time the 
study of the scattering [13], which appeared earlier than the ER studies 
[14,23], were performed. 

The GLO study using the mass of Ag as that of the SO gave quite 
reasonable results for the angular distributions of the scattered atoms 
[13]. A sharp peak found experimentally at the specular angle could not 
be reproduced. The theorists attributed this discrepancy to the experi
mental beams containing N atoms in both their ground and excited 
states [13], following a similar explanation of the presence of a sharp 
specular peak superimposed on a broad background by experimentalists 
in experiments on N + Ag(111) and N + N/Ag(111) [19,20]. The ex
perimentalists based their explanation [19] on the computed potential 
energy curves of ground and excited state N atoms interacting with an 
Ag91 cluster, using the embedded cluster and multi-reference single- and 
double-excitation configuration interaction methods [24]. In one of the 
states the interaction with the Ag91 cluster was much stronger [24], 
which would be expected to lead to a broad angular distribution [19], 
while the much weaker interaction in the other state [24] could lead to a 
strongly peaked distribution near the specular angle. The dependence of 
the ratio of the final and initial average translational energy on the 
scattering angle was reproduced quite well, except at grazing scattering 
angles. 

In this paper we re-explore the GLO dynamics of N atoms scattering 
off the N-covered Ag(111) surface, based on a neural network (NN) PES 
constructed with more data points than used in the earlier study [13]. 
We present results using both the mass of N and the mass of Ag as the 
mass of the SO. The comparison of these results shows that the outcomes 
of the scattering calculations are quite sensitive to the mass used for the 
SO. The comparison of our calculations using the mass of Ag with the 
GLO results of Ref. [13] shows that the calculations are also quite sen
sitive to the details of the PES used. In addition, we test the efficiency of 
two algorithms to integrate the stochastic differential equations of mo
tion in the presence of dissipation, i.e., an “in-house modified” Bulirsch- 

Stoer (BS) algorithm [25] and the so-called “OVRVO flavor” of a recently 
suggested Langevin Liouville operator splitting technique [26]. As we 
will show, the “in-house modified” BS algorithm is by far the most 
efficient one, as it can be used with larger time steps, thereby requiring 
fewer force evaluations for the same amount of trajectory calculations. 

2. Method 

2.1. DFT calculation details 

Spin-polarized DFT calculations for a 2 × 2 surface unit cell with N 
atoms adsorbed on each fcc site, a coverage motivated by experiments, 
are carried out with the VASP code [27–30]. Parameter settings are 
similar to those in Ref. [13]. However, we found that it is challenging to 
reach self-consistency. Specifically, magnetization of the system can 
vary considerably between different electronic ground states of the full 
system when mapping the PES, which causes energy jumps and thus 
must be done with proper care. The smearing method used is the Fermi- 
Dirac method with σ = 0.2 eV. The DFT energy grid of the total system is 
calculated for 26 (x,y) positions of the gas N atom, as shown in Fig. 1, 
where x and y are the Cartesian coordinates denoting the projection of 
the incident N on the surface. For each (x,y) position, z, the distance of 
the incident N atom to the surface (which is taken to coincide with the 
topmost Ag layer) ranges from 6 Å to − 1.49 Å in intervals of 0.07 Å. 
When varying z, the Kohn-Sham wave function and the density from the 
previous VASP calculation are reused to start the calculation for the next 
z value. In this way we obtain total energy and magnetization curves 
that change smoothly with z. 

2.2. Construction of the 3D Born-Oppenheimer static surface (BOSS) PES 

We use a feed forward neural network (NN) method [31–35] to 
construct the very corrugated PES of this system. More than 20 different 
NN topologies have been tried. In all cases, NN training was limited to 
regions of the PES where the interaction energy was less than 40 eV, 
which is larger than the energy of interest to the experiments and the 
molecular dynamics calculations discussed below. Here, the zero of 
energy is defined as the energy of N atom far from the surface. The best 
fit we obtained used a NN consisting of 3 hidden layers with 10, 30, and 
30 nodes, respectively. The root mean square error (RMSE) in the PES is 
less than 3 meV in the dynamically important regions. The accuracy of 
the NN fit is further increased in the most relevant parts of the PES (i.e., 
the dynamically relevant regions) by assigning higher training weights 
for energies ≤ 20 eV in the same way as done in earlier work [32–34]. 

2.3. Classical trajectory calculations 

Two kinds of dynamics simulations have been carried out based on 
the 3D NN PES. In one case the static surface approximation is applied, 
and in the other case the GLO model is applied to include energy ex
change and dissipation between the incident gas N atom and the surface. 
The surface temperature is kept at Ts = 300 K, as used in the experiments 

Fig. 1. Configurations of the incident N atom for DFT calculations. Big spheres 
represent Ag atoms and small spheres represent N atoms. Orange points are 
additional (x,y) positions other than those in Ref. [13]. 
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[20]. The incident N-atoms are started at z = 5.6 Å. In the simulations, 
the incident polar angle of all incident atoms is kept fixed at Θi = 60◦

according to the experiments [20], but the azimuthal incidence angle Φi 
is chosen at random, as this incidence angle was not defined in the ex
periments. However, we have checked that randomly choosing or fixing 
the incidence azimuth does not affect the dynamics results discussed in 
this paper. We use a conventional Monte Carlo sampling of the initial 
position of the incident N atoms projected on the surface, and the initial 
conditions of the surface and ghost oscillators. As for N scattering from 
Ag(111) in Ref. [13], the frequencies associated with the surface and 
the ghost oscillators are taken as ℏωx = ℏωy = 14 meV and ℏωz = 9 meV, 
and the damping matrix diagonal elements are ℏγg = 10 meV. While this 
might not seem appropriate for the N-precovered surface, we note that 
other work [8,36] has found qualitative outcomes to be unchanged if the 
frequencies were changed by two orders of magnitude, and this includes 
work on the closely related N + N/W(100) system [36]. We have 
checked that changing the frequencies likewise has little effect on the 
outcomes for our system. As we are dealing with a N-covered surface and 
N and Ag atoms have very different masses, we have applied the GLO 
method by taking both mAg and mN as the mass of the SO. 

In the experiments [20], the N-atom beam has a very broad kinetic 
energy profile with an average value 〈Ei〉 = 4.3 eV, and a FWHM as large 
as 5.4 eV, in addition to a high energy tail, which were all reproduced in 
our simulations. The total number of trajectories Ntot was 1.8 × 106 in 
our simulations using the BS algorithm and 0.9 × 106 using OVRVO, as 
required to obtain good statistics (see below for these propagation al
gorithms). The definition of in-plane scattering is the same as in Refs. 
[13] and [7], i.e. a virtual circular detector with an acceptance angle δ is 
assumed, 

δ = cos− 1(sinΘdcosΦdsinΘacosΦa + sinΘdsinΦdsinΘasinΦa + cosΘdcosΘa)

(1)  

where the subscripts d and a refer to the detector and the scattered atom, 
respectively. The two azimuthal angles are taken with reference to the 
azimuthal incidence angle and Φd = 0 for the in-plane detector. We 
checked that the number of in-plane scattered atoms is approximately 
proportional to the value of the acceptance angle δ. Considering that the 
experimental detector aperture is 1.6◦, the number of in-plane scattered 
atoms is scaled by a factor of 1.6◦/δ, which is 0.4 when δ = 4◦. 

Our criteria at the stop time of a trajectory calculation are: 1) scat
tered, if the atom reaches the starting value of z with a velocity pointing 
away from the surface; 2) absorbed, if the atom arrives at z = − 0.5 Å 
with a negative velocity in z; 3) undetermined, if the atom is not scat
tered or absorbed at the time the trajectory is stopped. 

2.4. Propagation algorithms 

Two algorithms, the Bulirsh-Stoer (BS) algorithm and the OVRVO (O 
= Ornstein − Uehlenbeck, V = deterministic velocity, and R = deter
ministic position updates) Langevin Liouville operator splitting tech
nique, are used to numerically integrate the classical equations of 
motion for the static surface approximation and the GLO model. BS is 
efficient and well established for static surface calculations. In our in- 
house implementation it has been trivially modified to include the sto
chastic force terms from the Langevin equation instead of the using the 
forces resulting from the PES only – analogous to what has been done in 
previous work with Beeman’s algorithm [37]. 

OVRVO has been constructed specifically for stochastic Langevin 
equations as employed in the GLO model. It simplifies to the conven
tional Velocity Verlet algorithm in the static surface case. OVRVO is 
based on a well-defined error control idea according to the Liouville 
operator technique [26,38,39]. This technique allows defining a 
conserved quantity to monitor and thus ensures the accuracy of the 
numerical integration [40–42]. Even if different implementations of 
time integration schemes can recover the same continuous (stochastic) 

differential equations of motion in the limit of an infinitesimally small 
time step, the dependence on the time step in practical calculations 
needs to be checked very carefully. In fact, there is still disagreement 
over the most appropriate integration algorithms and their imple
mentations [43]. Using OVRVO as a reference, we show that our in- 
house BS implementation yields accurate results for the GLO calcula
tions and is in fact more efficient than OVRVO for this system. 

3. Results and discussion 

3.1. Convergence of the OVRVO with the BS results 

To compare the performance of the OVRVO and BS methods for the 
GLO simulations, we focus on the GLO calculations using mAg as the 
mass of the SO, as also used in Ref. [13]. In Fig. 2 we show the in-plane 
angular distributions of simulations obtained with this method and SO 
mass. In the calculations the intensity of the in-plane scattered beam is 
scaled with respect to the incident beam as N(Θ) = Nip/Ntot, where Nip is 
the number of in-plane scattered trajectories and Ntot has been defined 
above. The intensity we show is the intensity per degree, which is given 
by I(Θ) = N(Θ)/2δ. The statistical error of I(Θ) is computed as σ = [N(Θ) 
(1-N(Θ))/Ntot]1/2/2δ. We can see that the intensity of OVRVO decreases 
when the time step changes from 10− 4 ps to 10− 5 ps, and it gets closer to 
the result of the BS algorithm, which were obtained with a time step of 
10− 4 ps. 

We have checked that the total scattering probability of OVRVO 
converges to the BS result with decreasing time step, as shown in 
Table 1. In particular, the scattering probability obtained with the 
OVRVO method using the smallest time step (10− 7 ps) is the same as that 
obtained with the BS algorithm using time steps that are typically three 
orders of magnitude larger. The same result is obtained if the mass of N is 
used as the mass of the SO (see Table 2). 

The ratio of the average final divided by the initial translational 

Fig. 2. In-plane angular distribution of scattered N atom. “EXP” is the experi
mental results of Ueta et al. [20]. “NN BS Ag-mass (10-4 ps)” means the NN PES 
and the BS algorithm are used, the SO has the silver mass, and the time step is 
10-4 ps. “NN OVRVO Ag-mass (10-4 ps)” has the same meaning except that the 
OVRVO algorithm is used, and “NN OVRVO Ag-mass (10-5 ps)” has a time step 
10-5 ps. “CRP BOSS” and “CRP GLO Ag-mass” are BOSS results and GLO results 
based on a CRP PES respectively, where the silver mass is assigned to the SO in 
the GLO model [13]. 
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energy, <Ef>/<Ei>, is shown in Fig. 3. The statistical error is computed 
as σE = [Σ(RE-RM)2/Nbin(Nbin-1)]1/2, where the sum is over each bin, RE 
= Ef/<Ei>, and RM is the mean ratio of each bin. In assessing the per
formance of the two propagation methods, we again focus on our own 
GLO results obtained with the SO mass taken as that of the Ag atom. 

The observations made for the change of the OVRVO results for the 
energy ratio with the change of time step are consistent with those made 
in Fig. 2 for the angular distribution of the scattered atoms. Specifically, 
the OVRVO results obtained with the smallest time step are in much 
better agreement with the BS results. 

Fig. 3, Fig. 2, Table 1 and Table 2, imply or show that with decreasing 
time step the OVRVO results for the energy ratio, the angular distribu
tion of the in-plane scattered atoms, and the total scattering probability 
will all converge to the BS results for time step of 10− 4 ps, and that at 
similar accuracy BS is orders of magnitude more efficient than OVRVO 
for the present system. To be concise, we will therefore no longer show 
OVRVO results below. Likewise, except for the case of rebound dy
namics the BOSS results obtained with the BS method for our PES are not 
shown either because they are essentially the same as those obtained in 

Ref. [13]. 

3.2. Langevin dynamics of scattered atoms from an effusive beam 

The in-plane angular distributions and ratio of in-plane final-to- 
initial average energy are shown in Fig. 4 including the two cases of Ag- 
mass and N-mass SOs, also comparing to experiment. Theoretical cal
culations based on a ground state PES are in reasonable agreement with 
the broad part of outgoing angular distribution obtained in experiment if 
the mass of Ag is used for the SO, or if the surface is treated as static 
(Fig. 4a). The sharp peak observed in the experimental results near the 
specular angle is however not observed in the calculations. This peak 
was attributed by the experimentalists to the excited N atoms in the 

Table 1 
Calculated total scattering probability (i.e., the sum of the in-plane and the out- 
of-plane scattering probability) of incident N atoms in the effusive beam from 
the OVRVO and BS, with mAg for the SO. Note that only the initial time step is 
given for BS.  

Time step (ps) OVRVO BS 

10− 4 10− 5 10− 6 10− 7 10− 4 

Scattering probability  0.996  0.889  0.840  0.832  0.832  

Table 2 
Calculated total scattering probability of incident N atoms in the effusive beam 
from the OVRVO and BS, with mN for the SO. Note that only the initial time step 
is given for BS.  

Time step (ps) OVRVO BS 

10− 4 10− 5 10− 6 10− 7 10− 4 

Scattering probability  0.888  0.495  0.415  0.401  0.401  

Fig. 3. Ratio of in-plane final-to-initial average energy when the SO has the 
silver mass. Labels of the curves are the same as in Fig. 2. 

Fig. 4. Results when the SO has the nitrogen or silver mass. (a): In-plane 
outgoing angular distributions. (b): Ratio of final-to-initial average energy. 
Labels of the curves are the same as in Fig. 2. 
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beam for the case of scattering from the clean Ag(111) surface [19]. 
Interestingly, the specular peak stands out even more in the experiments 
on N + N/Ag(111) [20]. The appearance of the peak for the N-covered 
surface, or, more broadly speaking, the fact that the N-atom scattering 
from N/Ag(111) looks rather similar to that of N scattering from clean 
Ag(111), can be explained by the incident N-atoms cleaning the N- 
covered surface through efficient Eley-Rideal reaction [14]. This can 
result in clean Ag(111) patches. However, this does not yet explain why 
the specular peak is even stronger in N + N/Ag(111), suggesting that 
the N-covered surface looks even flatter to electronically excited N- 
atoms than the clean Ag(111) surface. But in the absence of electronic 
structure calculations on the interaction of electronically excited N- 
atoms interacting with N/Ag(111), at this point of time we are not in a 
position to speculate on the observations noted. 

Using mN as the mass of the SO gives only about half the amount of 
scattered N atoms as obtained using mAg as the mass of the SO, which 
probably reflects more efficient trapping due to more efficient energy 
transfer in the calculations. Using mN as the mass of the SO yields much 
less in-plane scattered N-atoms than found experimentally. A possible 
reason for this is that a substantial part of the collisions with adsorbate 
N-atoms leads to the ER reaction in the experiments, thereby also 
explaining the high efficiency of this reaction observed in 6D calcula
tions [14,23]. This possibility can be checked by performing 6D GLO 
calculations treating the motion of both N-atoms explicitly. While 
Juaristi and co-workers published results of 6D calculations for the ER 
reaction, they did not publish any results of the 6D calculations for the 
scattering of the N-atoms. An alternative explanation holds that our 
scaling procedure is not appropriate for the comparison with experi
ment. Fig. 5 shows the comparison with experiment if we do not apply 
the 0.4 scaling correction to the computed data. In this case the angular 
scattering data computed with the mass of N for the SO agrees better 
with experiment than the data obtained with the mass of Ag for the SO. 
We also note that using mN or mAg as the mass of the SO, our outgoing 
angular distribution is somewhat different from that of Ref. [13]. It is not 
clear to us why the distributions are not the same if the mass of Ag is 
used for the SO in both cases (compare the light blue to the dark blue 
results in Fig. 4a). However, we note that the differences are not large, 
and that the angular distributions for in-plane scattering may rather 
sensitively depend on the details of the PESs used. 

Our N-mass SO curve of the energy ratio reproduces the trend of the 
experimental result that the final-to-initial average kinetic energy ratio 
increases with the scattering angle (Fig. 4b), except for the drop near the 
specular angle and the sharp rise at grazing angles. Our Ag-mass SO 
curve of the energy ratio does not reproduce the experimental final-to- 
initial average kinetic energy ratio as a function of scattering angle. 
This then suggests that the nitrogen mass is the more appropriate choice 
for the GLO calculations. Again there are discrepancies between our 
silver mass GLO results and those of Ref. [13]: the latter calculations 
show much smaller energy ratios than our calculations, which are in 
good agreement with experiment for small scattering angles. The 
dependence of the energy ratio on the scattering angle represents an 
even more detailed result than the in-plane angular scattering distri
bution, and this ratio would therefore be expected to depend even more 
sensitively on the PES. We therefore tentatively attribute the differences 
seen between the GLO Ag mass results in Fig. 4a and Fig. 4b to differ
ences in the details of the CRP and NN PESs used, which could well arise 
from the use of different DFT calculation settings and fitting methods. 

To explain the different trends of the energy ratio, we now plot a 
somewhat different energy ratio. Specifically, the ratio of the initial 
average energy of the atoms scattering to the final scattering angle 
divided by the average translational energy of the incident beam is 
shown in Fig. 6a as a function of the scattering angle. This is not an 
experimentally accessible quantity. Likewise, the fraction of the average 
translational energy of all incident atoms gained by the atoms scattering 
to a final scattering angle is shown as a function of that angle in Fig. 6b, 
respectively. For example, if atoms scattering to a specific angle emerge 
with an energy that is 40% of the average incidence energy of all atoms, 
this fraction is equal to − 0.6. From Fig. 6a we can see that the initial 
average energies corresponding to each outgoing angle are more like the 
BOSS curve if the mass of the SO is mAg, and it is almost flat if the mass of 
the SO is mN. This ratio is always larger than 1 for the nitrogen mass, 
which suggests that in this case the less energetic incident N-atoms 
scatter less in the plane. With increasing scattering angle, the average 
energy change goes up going from GLO using the silver mass to GLO 
using the nitrogen mass in Fig. 6b, which means less energy loss to the 
surface if the mass of the Ag is used for the SO. This results in the two 
different trends for the two cases. For the silver mass, the initial average 
energy goes down and the average energy change goes up with scat
tering angle, which trends cancel each other to give the flat energy ratio 
seen in Fig. 4b. A similar explanation of this trend, which was based on a 
somewhat different analysis, was offered in Ref. [13]. For the nitrogen 
mass, the initial average energy is flat and the average energy change 
goes up, so the final average energy ratio also goes up as shown in 
Fig. 4b. 

The lack of the drop of the N-mass curve in Fig. 4b may be correlated 
with the absence of the sharp peak seen in the experimental outgoing 
angular distribution (Fig. 4a). The sharp rise at grazing outgoing angles 
in the experimental data was attributed to a capture mechanism of low 
energy N atoms on bare Ag(111) by Ueta et al. [19]. Calculations based 
on the CRP PES point out that this phenomenon can be reproduced by 
the BOSS simulation for the bare Ag(111) surface, which suggests that 
this may also be an effect that is not related to any energy dissipation 
channel [7]. However, on N-covered Ag(111) neither the BOSS nor the 
GLO calculations yield such a sharp rise. An enhanced reactivity leading 
to N2 formation may contribute to this sharp rise. As shown in the 
simulations with a 6D PES, N atoms with smaller incident energies have 
higher N2 recombination efficiency [14], and for a special range of 
incident azimuthal angle those with larger incident energies have lower 
N2 recombination efficiency [23]. Considering the high efficiency of N2 
formation and low sticking probability of high-energy incident N atoms, 
another possibility is that the sharp rise comes from the clean part of the 
surface [6,14,44]. 

Fig. 5. Unscaled data of in-plane outgoing angular distributions. “EXP” is the 
experimental results [20]. 
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3.3. Dynamics of scattered atoms from a monoenergetic beam – Number 
of rebounds 

The presence of high corrugation combined with very deep wells in 
the PES implies facile interchange between parallel and normal mo
mentum and out-of-plane motion. As a consequence, transient trapping 
is expected, which can be visualized by considering multiple hops in the 
scattering, especially at beam energies below the well depth. This is 
confirmed when plotting the average number of rebounds in the tra
jectories as a function of outgoing angle for the atoms that scatter in 
plane. Here the number of rebounds is the number of sign changes in a 

trajectory of the perpendicular momentum from negative to positive, as 
in Ref. [13]. The number of rebounds corresponds to the count of this 
sign change. For monoenergetic beams this number of rebounds changes 
rapidly with beam energy [13]. Therefore we calculate the average 
number of rebounds for the same eight incidence energies as used in 
Ref. [13] (see the insets of Figs. 6 and 10 of this reference) to analyze the 
rebound dynamics of the in-plane scattered atoms. In each case the total 
number of trajectories is 105. 

For the seven higher incident energies, i.e., 1.3, 2.3, 3.3, 4.3, 5.3, 6.3, 
and 10.0 eV, average numbers of rebounds were obtained that were very 
similar to those of Ref. [13], and therefore we do not show and discuss 
these results here. However, a difference appears in the average number 
of rebounds for the lowest energy of 0.3 eV, as can be seen in Fig. 7. Near 
the surface normal it is about 20 for the BOSS/NN case, while it is only 7 
for the BOSS/CRP case in Ref. [13]. The fact that a substantial difference 
is only found at the lowest incidence energy, where details of the PESs 
used should matter most, suggests that also this discrepancy is most 
likely due to the PESs differing in details as a result of the different DFT 
calculation settings and fitting methods used. In our GLO calculations, 
using mAg as the mass of the SO gave a similar number of rebounds as the 
BOSS case in the forward scattering region, and an even larger number 
of rebounds in the backward scattering region. When using mN as the 
mass of the SO the number of rebounds of the in-plane scattered atoms 
decreased dramatically to less than 2. Again, this suggests a more effi
cient energy transfer, especially for very small incident energies. 

4. Conclusions 

We constructed a 3D NN PES for N atom scattering from a N-covered 
Ag(111) surface with more data points than used in Ref. [13]. Classical 
trajectory calculations using the BOSS and the GLO models were used to 
analyze the scattering properties. Two algorithms to integrate the 
equations of motion, i.e. the BS and OVRVO methods, were applied and 
compared with previous results based on a CRP PES and Beeman’s al
gorithm in Ref. [13]. For the two algorithms used in the present paper 
we found that OVRVO results converge to the BS results with decreasing 
time step, and that accurate results can be obtained with the BS algo
rithm at orders of magnitude smaller computational cost than with 
OVRVO. 

Fig. 6. (a): Ratio of the initial average energy of the atoms scattering in-plane 
to the indicated angle divided by the average energy of all incident atoms, and 
(b): fraction of the average incident energy of all atoms gained by the atoms 
scattering in-plane to the indicated outgoing angle. Labels of the curves are the 
same as in Fig. 2. 

Fig. 7. Average number of rebounds for 0.3 eV monoenergetic beam.  
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We found that our BOSS results are the same as those obtained in a 
previous computational study [13], except the average number of re
bounds of in-plane scattered atoms of a monoenergetic beam with a very 
low incident energy (0.3 eV), which number was much larger in our 
calculations. We attribute this to the sensitivity of the scattering 
behavior at low incident energy to the details of the PES. 

Our GLO results are different from Ref. [13] using either the silver 
mass or the nitrogen mass as the mass of the SO. For the outgoing 
angular distribution, the silver mass is large enough to be close to the 
BOSS result. However, we obtained different ratios of final-to-initial 
average energy for the two values of the SO mass. The difference ari
ses from the combining effect of initial translational energy and energy 
loss on the scattering angle. From our results it is not yet clear which 
mass is best used for the SO in 3D calculations on scattering of N from N- 
covered Ag(111). Using the nitrogen mass for the SO leads to more 
efficient energy transfer to the surface and leads to better agreement 
with the experiments for the energy of the scattered atoms as a function 
of scattering angle. However, scaled angular distributions of in-plane 
scattered atoms computed with the Ag mass as the mass of the SO are 
in better agreement with the experimental results, perhaps because 
atoms scattering from the adsorbate atoms lead to ER reaction. For more 
definite conclusions calculations of these two observables will have to be 
performed that include at least the adsorbed nitrogen atoms explicitly in 
the dynamics, and compared to the results of the present 3D 
calculations. 
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of diatom formation through Eley-Rideal abstraction, J. Phys. Chem. C. 121 (2017) 
19849–19858, https://doi.org/10.1021/acs.jpcc.7b06529. 

[17] M. Dohle, P. Saalfrank, Surface oscillator models for dissociative sticking of 
molecular hydrogen at non-rigid surfaces, Surf. Sci. 373 (1997) 95–108, https:// 
doi.org/10.1016/S0039-6028(96)01143-0. 

[18] X. Zhou, B. Jiang, A modified generalized Langevin oscillator model for activated 
gas-surface reactions, J. Chem. Phys. 150 (2019), 024704, https://doi.org/ 
10.1063/1.5078541. 

[19] H. Ueta, M.A. Gleeson, A.W. Kleyn, Scattering of Hyperthermal Nitrogen Atoms 
from the Ag(111) Surface, J. Phys. Chem. A. 113 (2009) 15092–15099, https://doi. 
org/10.1021/jp905167p. 

[20] H. Ueta, M.A. Gleeson, A.W. Kleyn, The interaction of hyperthermal nitrogen with 
N-covered Ag(111), J. Chem. Phys. 135 (2011), 074702, https://doi.org/10.1063/ 
1.3615520. 

[21] D. Novko, M. Blanco-Rey, M. Alducin, J.I. Juaristi, Surface electron density models 
for accurate ab initio molecular dynamics with electronic friction, Phys. Rev. B. 93 
(2016), 245435, https://doi.org/10.1103/PhysRevB.93.245435. 
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