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We theoretically study the competition between different energy dissipation channels in the adsorption
of N atoms on Ag(1 1 1) surfaces. The three-dimensional potential energy surface that describes the inter-
action between the N atoms and the metal surface is built from density functional theory calculations.
Classical dynamics simulations are subsequently performed to evaluate the adsorption probabilities.
The contribution of electron–hole pairs excited in the surface during the adsorption process is included
in the simulation by an electronic friction coefficient. Phonon excitations are also considered through the
Generalized Langevin Oscillator model. We show that the role of the two channels during the adsorption
dynamics is very different: phonons are responsible for determining the adsorption probability but elec-
tronic excitations are relevant at a later stage to fix the N atoms to the adsorption positions. We conclude
that a theoretical model that intrinsically combines both energy dissipation channels is necessary to
properly describe the full dynamics of the process.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Understanding the interaction of reactive thermal and hyper-
thermal gas molecules and atoms with metal surfaces has long been
a central issue of surface science. These elementary reactive pro-
cesses are dynamical in nature. Their theoretical study requires
thus a precise description of the interaction between atomic and
molecular species and the surface, as well as a proper account of
the dynamical aspects of the process. In the last decade, methodo-
logical advance and highly improved computational capabilities
have helped to provide valuable insight into these issues.
State-of-the-art theoretical calculations are based nowadays on
multidimensional potential energy surfaces (PESs) obtained from
first-principles [1]. Dynamics is subsequently introduced by classi-
cal or quantum methods. This scheme relies on the validity of the
adiabatic approximation in which the total energy of the system
is obtained at each time step as that of the ground state. By defini-
tion, dissipation of energy to electronic excitations and/or lattice
vibrations is neglected in the adiabatic approximation.

Nevertheless, there is always some degree of energy transfer
between the incident species and the metal surface. Excitation of
electron–hole pairs and energy exchange with phonons are, in gen-
eral, the most prevalent mechanisms. The question to answer is
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whether this energy transfer is relevant or not for each particular
process under scrutiny. When experimental results and adiabatic
calculations are at variance, the difference is often attributed to
the neglect of energy loss channels [2], even if the constraints im-
posed by a reduced dimensionality approximation [3] or the inher-
ent limitations of DFT [4–6] are better grounded arguments.

Concerning electronic excitations, there is ample experimental
evidence showing that they do arise in gas/surface experiments
[7–10]. Different theoretical models have been thus developed to
include this energy dissipation channel [11–15]. Among them, a
good compromise between accuracy of results and simplicity of
implementation is offered by the local density friction coefficient
approximation (LDFA) [15], as shown in Ref. [16]. Within this mod-
el, electron–hole pair excitations have been shown to be of minor
importance in the dissociation of diatomic molecules on metal sur-
faces [15], in consistency with previous more qualitative studies
[17].

Theoretical activity has been also broad [18–20] in the study of
the energy exchange between incident atoms and molecules and
the surface lattice. Semiclassical approximations, for instance, in
which the gas/surface interaction are modeled in a simplified
way have been extensively used [19,21]. This approach has proven
to be quite successful for understanding the scattering and energy
exchange of non-reactive rare gas atoms [22]. For the scattering of
reactive molecules, the model has been also applied and valuable
information has been obtained [23]. Nevertheless and for reactive
species, the complexity of the interaction prevents the use of such

http://dx.doi.org/10.1016/j.comptc.2012.03.009
mailto:ludovic_martin@ehu.es
http://dx.doi.org/10.1016/j.comptc.2012.03.009
http://www.sciencedirect.com/science/journal/2210271X
http://www.elsevier.com/locate/comptc


Fig. 1. Geometry of the Ag(1 1 1) surface unit cell. DFT energy calculations have
been performed for the 15 sites contained in the shaded area (irreducible unit cell)
and marked by a circle.
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simplified descriptions of the molecule-surface potential for quan-
titative calculations of the reactive and non-reactive rates. In these
cases, a more accurate treatment of the interaction is necessary, at
least at the level of DFT. In this respect, the Generalized Langevin
Oscillator model (GLO) [18] is a valuable tool to incorporate energy
exchange with the lattice phonons on top of a multidimensional ab
initio PES [24,25].

A reactive process that clearly requires energy transfer to the
surface is adsorption. Atoms and molecules incident on metal sur-
faces and eventually adsorbed must make a transfer of their initial
kinetic energy to other channels. In the particular case of atoms
that become attached to a metal surface, the dissipative channels
are both electronic excitations and phonons. The theoretical study
of such processes thus necessitates the inclusion of both dissipa-
tive mechanisms in the dynamics. Only recently, a description of
the non-reactive scattering processes of atoms and molecules at
metal surfaces, using a full-dimensional ab initio PES and including
both dissipation channels, has been achieved [26]. This theoretical
model is particularly appropriate for the description of the adsorp-
tion process on metal surfaces.

In the following, we study in detail the adsorption process of N
atoms on the Ag(1 1 1) surface. Ueta et al. [27] recently measured
the energy loss of N atoms scattered from a clean Ag(1 1 1) surface.
They also analyzed the scattering of thermal and hyperthermal
Nitrogen from a surface in which N atoms are already adsorbed
[28]. For both N atoms and N2 molecules incident on the N-covered
surface, the angle-resolved intensity and final energy curves are
very similar to those from the bare surface. For further understand-
ing of these findings we think it is helpful to gain some insight
about the dynamics of the adsorption process. Furthermore, we
will investigate which is the role of the different energy dissipation
channels in the adsorption process, as well as the time-scales in
which each one of them act more efficiently. We will show that a
theoretical model that intrinsically combines both electron and
phonon excitations is necessary to properly describe the full
dynamics.
Fig. 2. Contour plot of (X, Y) 2D-cuts of the N/Ag(1 1 1) PES for Z = 1.20 Å. X and Y
coordinates are given in units of d and

ffiffiffiffiffiffiffiffi
3=2

p
d respectively (see Fig. 1). The black

thick solid line corresponds to zero potential energies. Blue thin solid (red dashed)
contour lines correspond to positive (negative) values of potential energy (eV). The
unit cell is represented by green lines. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
2. Theory

2.1. Potential energy surface

The interaction energy between the N atom and the Ag(1 1 1)
surface is obtained from density functional theory (DFT) calcula-
tions and used to build a three-dimensional (3D) potential energy
surface (PES). Details of the PES calculation can be found in Ref.
[29] and are only summarized here. The PES is constructed from
a grid of 615 DFT points, corresponding to different positions
(X, Y, Z) of the N atom in front of the Ag(1 1 1) surface (Fig. 1).
The grid is made of 41 equidistant Z points for each of the 15
(X, Y) sites considered within the unit cell. The N atom (X, Y)
positions are selected following symmetry-driven arguments.
DFT energy calculations make use of the VASP code [30]. The ex-
change–correlation energy is calculated within the generalized
gradient approximation (GGA) and using Perdew–Wang parame-
trization [31].

A five-layer slab is used to represent the Ag(1 1 1) surface. The
Ag lattice constant, obtained from a bulk calculation, is a = 4.17 Å.
A (2 � 2) cell in the plane parallel to the surface is considered,
which corresponds to an atomic coverage of 0.25. According to
our DFT calculations, geometry corrections due to surface relaxa-
tion are very minor. Due to the open-shell nature of the N atom
(1s22s22p3), spin-polarized calculations are required to describe
the interaction.

Once the grid of DFT points is built, a numerical interpolation is
performed to obtain the value of the interaction energy at any
given position of the N atom. The corrugation-reducing procedure
[32] is used for this interpolation. The accuracy of the 3D PES is
checked by comparing the interpolated values to calculated DFT
points not included in the interpolation procedure. Typical differ-
ences are found to be lower than 5 meV.

A contour plot of (X, Y) 2D-cuts is shown in Fig. 2 for a Z value of
1.20 Å where the deepest adsorption well is observed. This mini-
mum is obtained over the hollow fcc site with an energy of
�2.03 eV whereas this energy is of �1.92 eV over the hollow hcp
site. At this height above the surface, the presence of the Ag atoms
makes the regions around the top sites very repulsive. Therefore,
the adsorption process can only occur at the vicinity of the two hol-
low sites.
2.2. Dynamics and energy dissipation channels

The dynamic interaction between the N atoms and the Ag(1 1 1)
surface is studied by means of classical trajectory calculations. A
conventional Monte-Carlo procedure is used to sample the initial
(X, Y) values over the unit cell. Each trajectory starts at Z0 = 6.5 Å
from the surface, where the interaction energy between atom
and surface is negligible. Trajectories are propagated in time up
to tens of picoseconds. We checked that this integration time
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Fig. 3. Adsorption probability as a function of the initial kinetic energy ET
i for N

atoms impinging on Ag(1 1 1). Black circles are the results obtained with the LDFA
model, red squares with the GLO model, and blue triangles with LDFA + GLO. The
incidence angle is 40� (60�) for the filled symbols/full line (open symbols/dotted
line). Surface temperature is 500 K. The inset shows the adsorption probability as a
function of surface temperature for two incidence energies: 0.1 eV (dash-dotted
line) and 0.5 eV (dashed line) and for an incidence angle of 40�. Red squares and
blue triangles are defined as before. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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was enough to establish all the possible events (reflection and
adsorption). N atoms are considered as reflected when they reach
the initial distance Z0 with a perpendicular component of the
velocity opposite in sign to the initial one. N atoms are considered
as adsorbed on the Ag(1 1 1) whenever they are not reflected at the
end of the trajectory and attain negative values of their total en-
ergy ET. Results shown in this work are typically obtained using
5000 trajectories per incidence angle and energy.

Adsorption of the N atoms on the Ag(1 1 1) surface requires the
dissipation of its initial kinetic energy. The initial energy of the N
atoms is mostly released through two dissipation channels: elec-
tronic excitations and lattice vibrations. Both mechanisms are in-
cluded into the multidimensional classical trajectory simulations
using a combined LDFA + GLO model that is explained in the fol-
lowing. The classical equation of motion for the N atoms incident
on the surface reads:

d2ri

dt2 ¼ �
1

mi
riVðri � rsÞ �

1
mi

gðri � rsÞ
dri

dt
; ð1Þ

where mi and ri are the mass and vector position of the gas atom i
and rs refers to the surface coordinates. The first term on the right
hand side is the adiabatic force obtained from the ab initio three-
dimensional potential energy surface. The second term on the right
hand side consists of a dissipative force that accounts for electron–
hole pair excitations. The friction coefficient g is that of the same
atom i moving in an homogeneous free electron gas with electronic
density equal to that of the surface at the position at which the
atom is placed.

The surface motion is represented in terms of a three-dimen-
sional harmonic oscillator with coordinates rs. In order to consider
the coupling and energy-exchange of the surface with the bulk, an
additional three-dimensional ghost oscillator is coupled to the sur-
face oscillator. The latter is subject to friction and random forces
related to each other through the second fluctuation–dissipation
theorem. The ghost particles allow us to represent the bulk of
the solid as a thermal bath at the chosen temperature (see Refs.
[24–26] for a practical implementation).
3. Dynamical studies of the adsorption process

3.1. Adsorption probability

As mentioned above, classical trajectory calculations have been
performed for N atoms impinging on the Ag(1 1 1) surface. For all
the calculations considered in this work, no absorption process
has been observed. Only adsorption or reflection take place. In
the following, we will focus on the first of these processes.

In order to evaluate the role played by the different energy dis-
sipation channels in the adsorption mechanism, three kinds of
classical dynamics simulations have been carried out: (i) using
the LDFA model to include electronic excitations, (ii) using the
GLO model to describe the motion of surface atoms, (iii) including
both electron–hole pair excitations and lattice vibration in the
LDFA + GLO model. The adsorption probability arising from these
three simulations is plotted in Fig. 3 as a function of the incident
energy ET

i . In all cases, the adsorption probability decreases monot-
onously with increasing ET

i . At 0.1 eV, the adsorption probability is
close to unity, in conformity with the PES topology where no en-
ergy barrier is observed for the incoming atom. The N atom is then
able to approach the surface and exchange energy through elec-
tron–hole pair excitations or lattice vibrations. As the initial kinetic
energy is only 0.1 eV, a small energy loss through these energy
dissipation channels is enough to trap the atoms at the surface.
When the incident energy increases, the energy loss starts to be
uneffective to prevent the atom reflection. This leads to a decrease
of the adsorption probability.

For these higher energies, the adsorption probability given by
the LDFA model is always much smaller than the ones obtained
with GLO and LDFA + GLO. Moreover, at 1.5 eV there is no adsorp-
tion within the LDFA whereas a few atoms can be still adsorbed up
to energies of 4 eV when phonon excitations are included. Conse-
quently, the adsorption probability is mainly determined by en-
ergy exchange with the lattice and electronic excitations only
represent a minor effect as it was already observed for the dissoci-
ation probability of diatomic molecules over metallic surfaces
[15,33].

The influence of parameters such as the incidence angle Hi

measured from surface normal and surface temperature TS is also
shown in Fig. 3. When Hi increases from 40� (solid lines) to 60�
(dotted lines), the adsorption probability is slightly enhanced but
the global behavior remains unchanged. This enhancement comes
from the decrease of the initial perpendicular energy that de-
creases the energy loss required to observe a trapping effect.
Notwithstanding, a detailed analysis of the full range of incidence
angle (from 0� to 80�) shows that the role of Hi for adsorption is
small.

The influence of TS is studied in the inset of Fig. 3. These curves
show a slight decrease (maximum difference is 0.1 for ET

i ¼ 0:5 eV)
of the adsorption probability with the increase of the surface tem-
perature for GLO and for LDFA + GLO as well. The kinetic energy
(kBTS) involved in surface motion for TS = 10, 1000 K is about
0.9 meV and 90 meV, respectively. Thus, even for the highest TS

considered in this work (TS = 1000 K), the initial kinetic energy of
the N atoms is always higher. Hence, the N atoms are initially
hot compared with the surface. Therefore, on average the N atoms
will transfer energy to the surface. This energy balance promotes
the trapping of atoms and enhances the adsorption probability.
When we compare the lowest and highest TS, we observe a small
temperature dependence as the trapping effect decreases when
TS increases. In the following, since neither the incidence angle
nor the surface temperature significantly impact the adsorption
probability values, the study will focus on the results obtained
for Hi = 40� and TS = 500 K.
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The initial and final (X, Y) distributions of N atoms that undergo
adsorption is presented in Fig. 4. Except for the LDFA case where
the adsorption is not possible for initial positions close to the top
sites, for the two others cases, all initial coordinates over the unit
cell can lead to adsorption at ET

i ¼ 0:1 eV. In order to understand
this result, we briefly survey the dynamics calculations without
including any of the energy dissipation channels. In that case, no
adsorption is observed after an integration time of 10 ps as no en-
ergy loss by the incoming atom is included. Nevertheless, the
reflection process is not at all a direct process since on average
the atoms are reflected after 3 ps with an average number of re-
bounds Nr = 11. This means that even if the atoms have enough en-
ergy to escape from the surface, they spend a relatively large time
bouncing at the surface. This process, often called ‘dynamic trap-
ping’ and already studied for the scattering of atoms over metallic
surfaces [34], is caused by the surface corrugation that promotes
the energy transfer from motion normal to the surface to motion
parallel to the surface and prevents a fast reflection mechanism.
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Fig. 4. Initial and final (X, Y) distribution of N atoms over the surface unit cell for an
impact energy of 0.1 eV and an incidence angle of 40�. X and Y coordinates are given
in the same units as in Fig. 2. Black spots correspond to the initial position of N
atoms that become eventually adsorbed. The distributions in red (blue) correspond
to the final atomic positions after an integration time of 10 (20) ps. The percentage
of atoms adsorbed at the fcc and hcp sites is also indicated. For clarity, all points
have been merged into one elementary cell. Surface temperature is 500 K. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
Therefore, whatever the initial position of the atoms is, when en-
ergy dissipation is included, trapping is so efficient that the
trapped atoms can explore the surface until they reach the adsorp-
tion wells. It is worth noting that trapping dynamics is efficient at
low energies. When initial kinetic energy increases, the energy
transfer to parallel motion becomes a minor effect. The energy loss
necessary for the trapping of N atoms is then basically due to the
energy transfer to phonons. The difference observed for the LDFA
calculations is due to a slower energy exchange with electron–hole
pair excitations as we will see in the next section. Indeed, among
the reflected atoms (�10% of the total number of atoms), all of
them are reflected on the repulsive part of the potential (especially
on the top repulsive wall) in a very short time (�1 ps) for which the
energy exchange through electronic excitations is not very signifi-
cant yet.

Regarding the final (X, Y) distributions, N adsorption occurs on
the two hollow sites, hcp and fcc (Fig. 1), in agreement with the
PES topology (Fig. 2). Nevertheless, the (X, Y) distribution is quite
different depending on the model used. At t = 10 ps, the GLO model
gives a distribution quite broad compared to the one obtained with
the LDFA model. The distribution with LDFA + GLO is narrower. At
t = 20 ps, the effect of electronic friction is clearly observed since
the final distribution of adsorbed atoms is much more localized
at the well positions. This is not observed when phonons are in-
cluded: the atoms are still present in a large region around the hol-
low sites. These results indicate that electronic excitations play a
dominat role in the accommodation of the atoms on the adsorption
wells, despite the adsorption probability is ruled by the phonon
excitations as shown in Fig. 3. It is worth noting that the adsorption
process is more probable on the fcc site (�60%) than on the hcp site
(�40%). The stronger attraction around the fcc site (Fig. 2) with a
deepest well (�2.03 eV) can account for this result.

We have performed a similar analysis of the (X, Y) distributions
for ET

i ¼ 0:5 eV and obtained conclusions alike.

3.2. Energy dissipation

A more comprehensive analysis can be done by studying the en-
ergy dissipation process for the different simulations. Fig. 5 pre-
sents the energy loss distribution DE at ET

i ¼ 0:1 eV for two
integration times (10 and 20 ps). DE is obtained as the difference
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Fig. 5. Energy loss distribution DE ¼ ET
i � ET

f
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of N adsorbed atoms obtained for an

initial kinetic energy ET
i ¼ 0:1 eV and an incidence angle of 40�. The results are

represented by black lines (LDFA), red lines (GLO) and blue lines (LDFA + GLO) using
two integration times: 10 ps (solid lines) and 20 ps (dashed lines). The distributions
are normalized to unit area. Surface temperature is 500 K. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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between the total initial ET
i and total final energy ET

f of the N atom

DE ¼ ET
i � ET

f

� �
. Note that ET

f refers to the kinetic energy EK
f of the N

atom plus the atom/surface potential energy V ET
f ¼ EK

f þ V
� �

. As

stated in Section 2.1, the minimum adsorption energy is
�2.03 eV at the fcc site. Consequently, the maximum energy loss
that can be observed for ET

i ¼ 0:1 eV is DE = 2.13 eV.
At t = 10 ps, significant differences between the three models

appear. A broad distribution is obtained within the GLO model
reflecting the fact that adsorbed atoms are dispersed around the
hollow sites as shown in Fig. 4. Moreover, the maximum of energy
that can be lost is about 1.9 eV meaning that no atoms are really
sticked at the well positions. With electron–hole pair excitations
(with and without phonons), the distribution is narrower and clo-
ser to the maximum energy loss, especially when phonons excita-
tions are included. This is linked to the final (X, Y) positions of the N
atoms. Fig. 4 shows that they are localized around the wells posi-
tion for these two models. It follows that the atoms become more
strongly adsorbed when electronic excitations are taken into ac-
count. This is an important result because even if the adsorption
probability is mainly influenced by the energy dissipation through
phonons (Fig. 3), the full dynamics and especially the final state of
adsorbed atoms shows a completely different picture when elec-
tron–hole pair excitations are taken into account.

It is interesting to note that, when electronic excitations are in-
cluded, the DE distributions can be decomposed into two compo-
nents. The first component, for smaller energy loss, corresponds
to the adsorption on the hcp site. The second component corre-
sponds to the adsorption on the fcc site, in agreement with the dif-
ference in adsorption energies for the two hollow sites. This double
peak is even more distinct when electron and phonon excitations
are combined due to a stronger stabilization of the adsorbed atoms.
At t = 20 ps, a slight increase of the energy loss is observed with the
GLO model but still no atoms appear to be really sticked after this
long integration time even if it is unlikely that they can escape the
attraction of the adsorption wells. In contrast, when electronic fric-
tion is included, the two components displayed at t = 10 ps are now
completely separated and represented by a sharp distribution.
After 20 ps, the N atoms are really adsorbed at the bottom of the
energy wells since the two peaks correspond to an energy loss of
DE ’ 2.1 eV for the fcc site and of DE ’ 2.0 eV for the hcp site in
agreement with the depth of the wells. The intensity of the peaks
shows the ratio of adsorbed atoms in each of the hollow sites, in
correspondence with the percentage given in Fig. 4.

The final position of the adsorbed atoms and the energy loss
study show that the electron–hole pair mechanism permits a more
stable adsorption of N atoms on the Ag(1 1 1) surface. But, in con-
trast, the adsorption probability is mostly determined by phonon
excitations. We unravel these effects by studying the evolution of
the total energy of N atoms ET during the dynamics, as showed
in Fig. 6. For an impact energy of 0.1 eV, the energy dissipation
as a function of time presents a very different behavior depending
on the models. With the LDFA model, ET decreases slowly and con-
tinuously to reach a full energy dissipation (��2 eV) at 14 ps. Thus,
the energy loss due to electronic excitations is effective after the
first collisions with the surface due to the value of the friction coef-
ficient g, which is higher close to the surface. On the other hand,
the energy dissipation within the GLO model goes down very rap-
idly until 3 ps and then decreases very slowly during the remaining
17 ps (from �1.45 eV to �1.69 eV). In that case, the mechanism
that controls the energy loss is linked to the efficiency of binary-
like collisions with the surface atoms. At the beginning of the
dynamics, these collisions are particularly efficient since the ki-
netic energy acquired by the incoming atom at the adsorption
wells can be quite high. After an important energy loss during
the first picoseconds, the efficiency of the collisions decreases with
the kinetic energy of the atom leading to a very long thermaliza-
tion process. In fact, the integration time used in this work
(t = 20 ps) is not long enough to reach an equilibrium Boltzmann
distribution. We have checked that a full thermalization would re-
quire an integration time of at least 50 ps. When electron and pho-
non excitations are included, the effect of these two dissipation
channels is combined into a fast energy dissipation at the begin-
ning of the dynamics and an almost complete energy dissipation
at ’12 ps. The energy dissipation is not fully achieved because
there is still energy exchange between the N atoms and the pho-
nons. Nevertheless, the effect of electronic friction in our model
limits this energy transfer leading to a roughly constant total en-
ergy ET. For ET

i ¼ 0:75 eV, the global behavior is similar except that
the energy dissipation obtained through phonon excitations is
more important during the two first picoseconds to compensate
the higher ET

i . In the LDFA model, the energy is dissipated in a con-
tinuous way. This means that longer times are required to dissipate
larger initial energies (17 ps for ET

i ¼ 0:75 eV and 14 ps for
ET

i ¼ 0:1 eV). This is the reason why we observe a strong decrease
of the adsorption probability with increasing ET

i when only elec-
tron–hole pair excitations are included (see Fig. 3).

Consequently, these results show that the relevant energy dissi-
pation channels at the beginning and at the end of the dynamics
are different. Indeed, the fast energy loss due to phonons during
the 2 or 3 first picoseconds of the dynamics will promote the trap-
ping of N atoms, preventing any reflection process. Nevertheless, as
the electronic friction acts more continously in time, the final posi-
tion of the adsorbed atoms is ruled by the latter dissipation
channel.
4. Conclusions

The influence of electron and phonon excitations for the adsorp-
tion of N on Ag(1 1 1) has been studied. The adsorption probability
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appears to be mainly determined by phonon excitations and the
inclusion of electron–hole pair excitations only represents a minor
effect. Nevertheless, the full dynamical study shows that electronic
excitations play a major role in the accommodation features of the
adsorbed atoms. In particular, the inclusion of electron–hole pair
excitations leads to a more localized adsorption. In conclusion,
even it does not clearly appear at first sight, the combination of
both electron and phonon excitations is essential to deal with
the atomic adsorption process of N on Ag(1 1 1).
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