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Former calculations showed that atomic N incident at energies of a few eV on N-covered Ag(11 1) forms
N, molecules by the Eley-Rideal (ER) mechanism, i.e. by direct pick-up of adsorbates. Here, we calculate
the azimuthal angle distributions and the rovibrational energies of those ER products. We observe a non-
trivial angle dependence that may result in very low in-plane ER yield for some given incident azimuthal
angles. We find that most of the energy released upon N—N bond formation, about 7 eV, is stored in the
rovibrational degrees of freedom independently of the incidence energy considered.
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1. Introduction

It is well established that the presence of a surface, typically
metallic, may energetically favour bond breaking or forming. The
time scales of some of those elementary processes may, however,
undermine the performance of the surface as a catalyst. For exam-
ple, a usual rate-limiting step is the blocking of surface active sites
by the reaction by-products, which is known as catalyst poison-
ing. A long-lasting efficient surface catalyst must have the ability
to replenish those active sites by recombination and subsequent
desorption of molecules [1].

The adsorbed species that acquire thermal excitation are likely
to collide and react. This molecule formation mechanism is known
as Langmuir-Hinshelwood (LH). Also important for the catalytic
properties of surfaces are the recombination mechanisms that
involve a gas-phase species (projectile) and an adsorbed species,
namely hot-atom (HA) and Eley-Rideal (ER). In an ER reaction the
adsorbate is directly picked-up by the projectile, while in the HA
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mechanism the projectile undergoes a few rebounds on the sur-
face prior to the reactive collision. Experiments on recombination
of gas-phase neutral species have traditionally involved light pro-
jectiles (H,D) [2-7], and later theoretical studies have revealed that
the number of ER events is usually much smaller than that of
HA events [8-13], with very few exceptions [14,15]. Recombina-
tion of heavier species, from O-atom beams for example, has been
mostly attributed to the LH mechanism [16-19]. Recently, how-
ever, a highly efficient ER channel for N, formation has been found
on Ag(111) for N-atom beams [20,21]. This reaction is the focus of
the present paper.

A fundamental question in the dynamics of chemical reactions
is how the total energy available in the system is shared among
the different degrees of freedom of the product. This topic is not
specific of reactions on surfaces, but it has also been studied in the
gas phase using crossed molecular beams. In this area, the mod-
els proposed to describe the energy partitioning have considered
interaction potentials as well as linear and angular momentum
conservation conditions [22,23].

In the case of reactions on surfaces, the energy partitioning
is mostly determined by the multidimensionality of the poten-
tial energy surface (PES) that describes the gas/surface interaction,
though the energy exchange with the surface is another ingredient
that needs to be considered. The molecules formed by LH recom-
bination of adsorbates typically desorb at directions close to the
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Fig. 1. Left panel: the straight dashed arrow shows the incidence direction of N(g) atoms with impact parameter b. The semi-spherical shaded region around N(a) with radius
Rs=2.2 A corresponds to the area where the 6D PES is used in the simulation. The curved solid blue arrow depicts a typical atomic trajectory that undergoes deflection by
the 3D attractive PES. Right panel: top view of the N-covered Ag(11 1) surface, with N(a) atoms occupying the fcc adsorption sites. The dashed arrows show the incident
azimuthal angles (and corresponding crystallographic directions) discussed in the main text. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

surface normal and tend to be in low lying rovibrationally excited
states. The characterisation of these molecules can be used to map
the transition states and other PES features, as well as to make pre-
dictions on the conditions leading to dissociative adsorption, i.e.
the inverse process to associative desorption [24]. For example, it is
observed that N, desorbs from Cu(111)[25]and Ag(111)[26] car-
rying hyperthermal translational and internal energies that seem
consistent with the different activation barriers of those systems.
Upon recombination by the HA and ER mechanisms highly rovi-
brationally excited products are retrieved. The molecules formed
by these mechanisms desorb with off-normal angular distributions
and translational energies that increase for increasing incident pro-
jectile energies, E;, due to partial conservation of the momentum.
It is not easy to predict energy partitioning in HA and ER recom-
bination scenarios. The aforementioned factors, such as the PES
topography and the energy exchange with the surface, together
with the incidence conditions of the gas-phase species, make the
energy partitioning details highly dependent on the particular sys-
tem under study. For this reason, accurate ab-initio modelling and
molecular dynamics (MD) simulations are needed to understand
the wide range of behaviours described in the literature on ER and
HA processes. On Cl-covered Au(11 1), for example, highly vibra-
tionally excited HCl formation is reported by experiments due to
the attractive potential, but it has been suggested that a fraction
of the energy may be diverted into electron-hole (e-h) pair excita-
tions [10,13,27]. This dissipation channel is, indeed, highly effective
for HAs moving on the surface [28]. It isa commonly observed trend
in simulations of ER that the product shows larger rovibrational
energies for larger E; values. This has been obtained, for example,
for H, on W(100) [15], N; on W(100) [29,30] and COon Pt(111)
[31]. The ERroute for H, formation on graphene shows a much more
complex dependence with E;. Physisorbed H atoms lead to vibra-
tionally hotter molecules than chemisorbed ones, while rotational
and translational components have similar behaviours [32,33].
The focus of the present work is N, formed on N-covered
Ag(111), acase of highly efficient direct ER recombination at high
E; values. It was found in a series of molecular beam experiments
by Kleyn and co-workers on N, scattering off clean and N-covered
Ag(111) that a fraction of the detected molecules could not be
explained by reflection [20]. Instead, it was proposed that the N-
atoms present in the incident beam react with the adsorbed ones
[20,34]. By means of three-dimensional (3D) and six-dimensional
(6D) PESs constructed from ab-initio data and MD simulations, we
have shown in a previous work that an ER mechanism is at work,
with an efficiency of around 35% at the experimental range of inci-
dent atom energies, which have an average value (E;)=4.3 eV, and

high coverage, ® =1 [21]. We note that the 35% ER efficiency found
in Ref. [21] sets a lower boundary for the total N, yield in this sys-
tem. The N-atoms that do not succeed to undergo an ER reaction,
which are not considered in the simulations, may still produce N,
molecules by HA or LH at the given coverage ®=1. The aforemen-
tioned ER efficiency value is equivalent to cross-sections o >2.5 A,
larger than o =0.4 A found for the same reaction on W(100) [29].
The long-range attractive and barrierless potential experienced by
the N-atoms when approaching the surface is responsible for the
high efficiency, and a similar behaviour is expected for other sys-
tems with these PES features [21]. In fact, recent experiments by
Kleyn and co-workers for N scattering off N-covered Ru(0001)
suggest that a fast recombination channel is present [35]. On the
contrary, lower efficiencies are expected for N, formed by ER on
W(100), where an energy barrier is experienced by the appro-
aching N-atom [29,30]. Since scattered molecules usually show
lower excited internal states, the aforementioned ER and HA prod-
uct properties can be used as an additional criterion to identify the
recombined molecules.

In the present paper we characterise the rovibrational state of
N, recombined by ER on Ag(1 1 1) as a function of the incident pro-
jectile kinetic energy and explain it in terms of the recombination
pathways at the atomic scale. Furthermore, we find a non-trivial
dependence on the azimuthal angle associated with the PES topog-
raphy that can lead to higher molecule yields out of the N-atoms
scattering plane. The paper is organised as follows: first, the theo-
retical methods are described. The results and discussions section is
divided into two subsections, which deal with the angular depend-
ence and the internal energy distributions. Finally, conclusions are
drawn.

2. Methodology

We have simulated the ER recombination process by means
of classical MD using 3D and 6D PESs calculated by interpolation
of ab-initio data. The technique used here for the interpolation is
the corrugation reduction procedure (CRP) [36], which consists of
subtracting the atom-atom interaction of the potential and inter-
polating the remaining energy values in order to minimise the
numerical errors typically associated with interpolation of fast
varying data.

The densely covered surface has been modelled ab-initio by a
N-covered Ag(11 1) slab, with coverage ® =1, consisting of five Ag
layers and N-adsorbates at the fcc sitesina (2 x 2) super cell. A chal-
lenging aspect of ER reaction modelling is the large configuration
space spanned by the reactants. In the particular case of N-covered
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Fig. 2. Polar plot of the final azimuth, @, distribution of N, ER products from N(g) atoms incident at ®;=60° and random ®; values, with surface temperature T; =300K.
The distance to the plot origin indicates the desorbed N, intensity. Units are (°)~1, and the integral over 360° yields the efficiency for each E; value, i.e. the number of N;

molecules formed by ER divided by the total number of trajectories Niy;.

Ag(111), we need to consider the long range interaction between
the atomic N projectile, labelled N(g) in the following, and the sur-
face, as well as the motion of the adsorbed target atom, N(a), taking
place during the recombination event itself. We have accounted for
both effects by means of a convenient 6D PES constructed in two
steps, following the procedure described in Ref. [21] and sketched in
Fig. 1, which is summarised as follows: (i) For N(a)-N(g) distances
larger than Rs=2.2 A we neglect the motion of the adsorbates, so
that the N(g) atom follows the dynamics dictated by the 3D PES
that describes its interaction with the (1 x 1) N-covered Ag(111)
surface. The details on the construction and topography of this PES
can be found in Ref. [34]. (ii) For N(a)-N(g) distances smaller than R
we neglect adsorbates other than the target atom. In this region we
use the 6D PES of a N, molecule interacting with clean Ag(111)[21].
Since direct pick-up reactions are the focus of the present work, the
latter approach is well justified. In order to describe HA or LH pro-
cesses, a higher dimensional PES would be needed to account for
the motion of neighbouring adsorbed N-atoms. When integrating
the classical equations of motion for N(g), it is required that the dis-
continuity in the force at the matching region of both PESs, defined
by Rs, is as small as possible. We have verified that, using a time
step h=0.01fs, the energy loss associated with this discontinuity is
typically <2% of the E; value [21].

Even if the recombination dynamics is overall well described
within an adiabatic approach, it has been observed that the inclu-
sion of Ag lattice vibrations as an energy loss channel in the
simulations substantially improves the quantitative agreement
between experimental and theoretical angular distributions of
translational energies of the recombined molecules [21] and of
N-atoms scattered off clean Ag(111) [37,38]. The generalized
Langevin oscillator (GLO) [39-42] is used to account for lattice
motion in the present work, taking previously used lattice vibra-
tional parameters for Ag(111) [37,38,34] and keeping the surface
temperature at Ts =300 K.

The initial conditions for the N(g) trajectories are random lat-
eral coordinates (x;, y;) and height z; =6 A. The incident polar angle
is fixed at ®; =60°, as in the experiment [20], and a random distri-
bution of incident azimuthal angles, ®;, is used. For each incident
atomic energy E;, Nyq;=80, 000 trajectories are simulated. Only

those resulting in ER recombination are analysed in the present
work.

3. Results and discussion
3.1. Azimuth dependence

The azimuthal angle distributions of desorbing products are
shown in Fig. 2 for several incident N(g) energies. Despite the
random distribution of incident ®; values, a clear preference for
outgoing ®;=—-150°, —30°, 90° directions is observed for E; >2 eV.
These directions are parallel to the [1 1 2] crystallographic direction
and its two equivalent directions by the surface three-fold sym-
metry. These three directions correspond to the top-fcc-hcp-top
direction on the surface unit cell (see Fig. 1). The trajectory analy-
sis reveals that the strong N(a)-N(g) attraction is responsible for
deviating the incident projectiles on the surface plane, leading
to the strongly peaked distributions of products as a function of
@y, observed in Fig. 2. Fig. 3 shows the @y distributions of des-
orbing molecules corresponding to projectiles incident at given
®; ranges. As observed in the E;=4eV panel, the reactive atoms
incident with ®;=60415°, i.e. along the top-bridge direction of
the unit cell (parallel to the [11 0] crystallographic direction), are
strongly deviated towards the nearest N(a) adsorption fcc site,
situated at ®=90°, and the desorbed molecules leave the sur-
face with ®;~105° and very little azimuthal spread, resulting in
a narrow intensity peak. The three-fold symmetry imposes equal
behaviour for atoms incident with ®;=0+15°. For atoms inci-
dent with ®;=4+30+15°, the formed molecules show a broad
distribution centred at an azimuth angle ®¢ equal to the incident
one. Trajectories with ®; =30+ 15°, i.e. along the top-hcp-fcc-top
direction (parallel to [121]), undergo the following dynamics: the
formed molecules are further scattered by the neighbouring Ag
atom, i.e. they collide with the PES barrier at the last Ag top posi-
tion encountered along their trajectory, so that they lose “memory”
of the incident projectile trajectory and arrive at the detector with
a widely spread @y distribution. A similar behaviour is found for
atoms incident with ®; =-304+ 15°. Here, however, the final colli-
sion of the product with the Ag atom leads to a somewhat narrower
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Fig. 3. Final @y distribution of ER products for N(g) atoms incident at &; =60° and surface temperature T; =300 K resolved for four incident ®; channels, as defined in Fig. 1.
Top (bottom) panel is for E; =4(1)eV. Units are (°)~1, and the integral over 360° yields the efficiency in each channel, i.e. the number of N, molecules formed by ER divided

by the number of trajectories incident within a given channel ®;.

angular distribution. In summary, the aforementioned results for
®; =430+ 15° channels suggest that the N, molecules leave the
surface immediately after bond formation and they are scattered
by the repulsive regions of the 6D PES. The channeling effect along
azimuthal directions described above is more pronounced at high E;
values, since faster projectiles and products are less prone to lateral
deflection. At small E; values channeling is not so clear (see Fig. 3
for a comparison between the E;=4eV and E;=1¢eV cases), as the
@y distributions for each ®; channel become considerably wider.
Nevertheless, the previously discussed channeling effects lead
to no enhancement of the ER reactivity for particular ®; direc-
tions. In other words, despite the strong dependence of the N
distributions on ®; and @y, the number of formed molecules is
approximately the same for every ®; channel. As showninFig. 4, the
efficiency of each of the individual ®; channels considered above
resembles the efficiency integrated for ®; in the [—180°, 180°]
interval for the E; range considered here. Only the ®;=-30+15°
channel becomes less efficient than the average at large energies.
As shown by previous work, the large ER efficiency of the present
system is related to the strong attractive and barrierless character
of the N-covered Ag(111) PES [21], which deflects at long ranged
distances the trajectories of the N(g) projectiles towards the nearest
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Fig.4. Efficiency of the ER mechanism for N(g) atomsincident at ®; = 60° and surface
temperature T; =300 K resolved for several incident ®; channels as a function of E;.
Large symbols correspond to the average efficiency of all the incident trajectories.
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N(a) adsorbate. However, once the N(g)—N(a) bond is formed, the
trajectory of the products is determined by the molecule-surface
interaction, which is of a strongly repulsive character [21]. In other
words, the formed product seems to retain a large fraction of the
deflected parallel momentum of the incident N(g) atom and then
it undergoes scattering with the Ag atoms. If an Ag atom is present
in the outgoing trajectory, as it is for example the case for atoms
with ®;=430° and their symmetry equivalents, the molecule will
collide againstit and it will be likely scattered out-of-plane. For N(g)
atoms incident with ®;=0°, 60° and their symmetry equivalents,
trajectories are largely deflected before recombination, and it is
very unlikely that the formed product will leave the surface within
the scattering plane.

The vibrational frequency of the adsorbed N atoms obtained by
DFT is 39(45) meV in the direction parallel(normal) to the surface.
In the T;=300-600K range, this yields a root mean square dis-
placement of the adsorbed N-atoms <0.15 A, an order of magnitude
smaller than the N-N distances. Therefore, under increasing Ts, it
is expected that the lobes in Fig. 2 will be broadened, but they will
keep the 3-fold symmetric orientations shown there.

Summarising, the ER efficiency has a very weak angular depend-
ence on the incident azimuth, but the outgoing azimuthal angle
distributions of the formed products are strongly dependent on the
incident azimuthal angles for incident N-atom energies E; > 2 eV. As
we have shown here, most of the molecules that originate from ER
recombination tend to leave the surface at out-of-plane directions
and may not be experimentally detected. This is a point that needs
to be considered when interpreting the results of molecular beam
experiments where just in-plane scattering is analysed.

3.2. Rovibrational states

A fundamental question in recombination reactions, not just on
surfaces but also in the gas phase, is how the available energy in the
system is partitioned among the degrees of freedom. In our case,
the total energy to be shared is Eqr = E; + W, where W is the energy
released by N, formation on the surface, which amounts to 7.8 eV.
This value is an estimate obtained from the calculated gas-phase N,
molecule bond energy, which is 9.8 eV, minus the calculated N(a)
adsorption energy on clean Ag(11 1) at the fcc site, which is 2.01 eV
[38]. Etor is consistent with the N-covered Ag(111) 3D PES used
here, which has a global minimum of 7.43 eV at the configuration
that corresponds to N, formation on the surface [34]. This confirms
that the neighbouring adsorbed N-atoms can be neglected to a good
approximation when modelling the dynamics of N, formation by
ER and its desorption.

The average translational and rovibrational energies, (Er) and
(Erv), respectively, as well as the total product energy of the
formed molecules, E, = (E7) + (E;v), are compared to the total avail-
able energy, Eror, in Fig. 5. Those energies have been calculated in the
GLO (with surface temperature set to Ts =300 K) and the adiabatic
cases as averages of the energies of the molecules formed in the
simulations for each E; value. After molecule formation the energy
conservation condition imposes that Eror = Ep + (Egrp), where Egy is
the energy transferred into lattice motion, which is a quantity avail-
able from the GLO simulations. (Eg;) lies between 6 and 15% of the
available Ey in the studied E; range, as shown in Fig. 5. This value is
smaller than the 17-24% energy transfer to the surface calculated
for N, formed on W(100)atE; =1-2.6 eV with Ty =300-1500 K [30].

Most of the available energy for low E; values is accounted for by
the rovibrational excitation of the product. (Er,) changes slightly as
a function of E;, and takes values 6.5-7 eV over the E; range studied
here. Thus, we find that there is little transfer of the N, formation
energy into product translational energy. The fraction of energy
assigned to translational motion increases almost linearly with E;
as expected for ER, but our results contrast with the findings for ER
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Fig. 5. Partition of the energy of the system among the available degrees of freedom
after product formation as a function of the incident atom energy, E;. Open and filled
symbols correspond to the energies obtained in the adiabatic and GLO approaches,
respectively, computed as average values of the products for each E;. The surface
temperature in the GLO cases is T; =300K. Blue triangles are Ep, red squares are
(Er), green circles are (E,,) and crosses are (Eq,) (see the main text for details). Note
that in the adiabatic calculation E, is equal to the total available energy, Eio; =E; + W,
when no surface temperature is considered. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

recombination of other systems. For example,inH, on W(100)[15]
and N, on W(100) [30], an increase of (E.) with E; is noticeable.
Furthermore, for H, and HD molecules formed on Cu(1 1 1), there is
a clear conversion of the energy released in the exothermic recom-
bination into translational energy during product formation, as
translational energies ~1.3 eV have been calculated for projectiles
impinging at 0.07 eV [9] in agreement with experiments [3,43]. A
similar behaviour is reported for HCl formed on Au(111)[4,27,13],
and H, and HD on Ni(100) [11].

For N, formed on Ag(11 1) at the surface temperature used in
the present calculations, Ts = 300 K, the comparison of the GLO and
adiabatic results shown in Fig. 5 shows that the effect of lattice
vibrations is manifested only in the translational motion, i.e. the
energy exchange with the surface does not affect the amount of
rovibrational energy acquired by the product molecule.

In an attempt to understand the almost constant depend-
ence of the rovibrational energy with E;, the rovibrational term is
decomposed into classical rotational ((Ero;)) and vibrational ({(E,;))
energies in the left panel of Fig. 6. We observe that, while the former
contribution increases with E;, the latter decreases at a rate similar
to that at which (E,) increases. The behaviour of each contribution
can be explained in terms of the two types of atomic mechanisms
for ER recombination found previously for this system [21], which
are summarised next: (i) N(g) atoms impinging with large impact
parameter values, b (see Fig. 1), may react with the N(a) atom
by abstracting it due to the barrierless N(g)-N(a) strong interac-
tion. (ii) On the other hand, for small b values N(g) may enter the
strongly repulsive region, force N(a) to move out of its stable posi-
tion and pull it alongside when it bounces off the surface. These
two mechanisms have been labelled as (i) abstraction and (ii) colli-
sion, respectively, and result in a double-peaked distribution of the
b values of the reactive N(g) atoms, as shown in the inset of Fig. 6.
These distributions have a feature that is important to our discus-
sion, namely that the collision mechanism is less efficient at high E;.
At these energies, the projectile recoils with a large velocity and it
is thus unable to drag the adsorbate along. However, in the energy
range considered here the other mechanism is not much affected
because the energy component normal to the surface, E; cos 2 ©;, is
much smaller than the PES attractive well depth (7.4 eV).

In our case, the “collision” mechanism results in a high vibra-
tional excitation of the incipient molecule, as it allows for short
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distribution of the reactive incident atoms for E; =2, 4eV.

N(g)-N(a) distances, while the “abstraction” mechanism gives rise
to molecules that in average are characterised by lower vibrational
energies. This is precisely what we observe in the right panel of
Fig. 6, where the classical vibrational energy distributions in the
low (“collision”) and high (“abstraction”) b regimes are plotted
for two representative E;. The dip in the double peaked b value
distributions can be used to define an impact parameter by that
distinguishes between these two regimes. The bg value is different
for each E;, due to the stronger deflection from their incident trajec-
tories experienced by the less energetic projectiles, as discussed in
[21]. The deflection effect is observed in the inset of Fig. 6 as a shift
in the distribution toward larger b values for smaller E;. In particu-
lar, the impact parameters used in Fig. 6 to distinguish between the
two regimes are by =1.5 A for E;=4.0 eV and by =1.7 A for E;=2.0eV.
The decrease of (E,;;) as E; increases can be explained as follows.
More molecules with high vibrational excitation will be formed
at lower E; because the “collision” mechanism is more impor-
tant in this energy range. As E; increases, however, “abstraction”
becomes the dominant ER recombination mechanism and there-
fore, the vibrational energy of the formed molecules decreases. In
HCl recombination on Au(11 1) it has also been reported that the
short b mechanism yields a narrow distribution of (E,;,) peaked at
high energy values, whilst for the long b mechanism, which involves
H-Au interaction, the distribution is broader [13].

The dependence of (E;¢) with E; (see Fig. 6) can be explained in
similar terms. The “abstraction” mechanism is driven by the long
range character of the attractive potential and is the most efficient
pathway for fast projectiles. It is expected that molecules formed
by faster projectiles and high b values will have large torques, in
agreement with the obtained increasing (Eo) at higher E;.

4. Conclusions

In summary, we have characterised the N, molecules result-
ing from Eley-Rideal (ER) recombination of gas-phase N atoms
with the N-adsorbates of a N-covered (1 x 1) Ag(111) surface,
with incident polar angle ®;=60° in the incident kinetic energy
range E; =0.3-7 eV. For arandom distribution of incident azimuthal
angles, ®;, we find that the formed N, molecules leave the surface
at preferred outgoing ®; azimuthal angles for E;>2eV. A closer

inspection of the ®{®;) dependence shows that most products
desorb at directions out of the scattering plane. Therefore, when
performing molecular beam experiments, a very low ER yield might
be observed if the detector is placed at an in-plane geometry. There
are two factors that contribute to this pronounced azimuthal effect:
(i) the long range attractive PES experienced by the atoms, which
deflects projectiles towards the N adsorption site and (ii) the repul-
sive character of the interaction between N, molecules and Ag
atoms, which favours scattering of the nascent product. Interest-
ingly, despite the strong azimuth dependence of the trajectories of
projectiles and products, there is little variation in the efficiency of
the reaction with ®;.

The energy partitioning among the degrees of freedom of the
formed N, molecules has been also characterised as a function of
E;. We observe the main features of ER products, namely: (i) highly
rovibrationally excited products and (ii) average translational ener-
gies, (Er), that increase with E;. We find that most of the energy
resulting from N—N bond formation and N—Ag bond breaking is
retained by the product as rovibrational energy, in contrast with
findings for other systems. Dissipation of energy into lattice vibra-
tions accounts for <20% of the total available energy. The inclusion
of this energy dissipation channel does not alter the internal prod-
uct energies, but it does reduce their translational energy.
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