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Abstract. The role of electron-hole pair excitations in the dynamics of N2 on
W(100) and W(110) is evaluated using a theoretical model that accounts for the
six-dimensionality of the problem in the whole calculation. The six-dimensional
potential energy surface is determined in each case from an extensive grid of energies
calculated with density functional theory. Dissipative effects due to electron-hole pair
excitations are introduced in the classical dynamics equations through a friction force.
Corresponding electron friction coefficients are calculated for each atom in the molecule
with density functional theory in a local density approximation. Our results show that
electronic friction plays a very minor role in the dissociative dynamics of N2 in both
Tungsten faces. Similar conclusion is reached when we calculate the energy lost by the
reflecting molecules.
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1. Introduction

State-of-the-art theoretical studies of elementary reactive processes of diatomic

molecules at metal surfaces rely on the adiabatic Born-Oppenheimer approximation.

These kind of studies are based on a full six dimensional (6D) calculation of the dynamics

of the molecules on an ab-initio potential energy surface (PES) that describes the

molecule-surface interaction and neglects energy dissipation channels. Nevertheless,

there exists experimental evidence that electronic excitations take place during the

gas/surface reaction. For instance, electron-hole pair excitations are apparent in the

detection of chemicurrents during the chemisorption of gas-phase species on thin metal

films [1, 2], as well as in the measurement of electron emission following the scattering

of molecules in highly-excited vibrational states on metal surfaces [3, 4]. In principle,

this fact puts into question the applicability of the adiabatic approach.

The contribution of electron-hole pair excitations to the dissociative adsorption has

recently been evaluated in our group for two representative system, N2/W(110) and

H2/Cu(110) [5]. This was done by keeping the full six dimensionality of the problem in

the whole calculation: the potential energy surface, the friction force, and the dynamics

ruled by these forces. The results showed that the contribution of electron excitations

is a marginal correction to the adiabatic sticking probabilities.

In this work, we apply our theoretical method to the N2/W(100) system and we

compare the new results with those obtained previously for N2/W(110). Dissociation

of low energy N2 beams on W surfaces shows a strong sensitivity to the crystal face.

While dissociation is considerable for vanishingly small beam energy on the W(100)

surface [6, 7], it is roughly two orders of magnitude smaller at T=800 K on the W(110)

surface [8]. Adiabatic dynamics calculations performed on both surfaces explained this

remarkable face-sensitivity to dissociation [10]. In the N2/W(100) case, the efficiency of

dissociation at low energies was shown to be due to dynamic trapping: when approaching

the surface, energy is transferred from translational motion to other degrees of freedom

so that the molecule cannot ”climb” back the potential slope toward vacuum. In the

case of N2/W(110), dynamic trapping plays also the leading role at such low energies,

but the low sticking coefficient is due to the low probability that molecules have to arrive

to the precursor well. At high energies (E > 400 meV) dissociation takes place quite

directly in both surfaces, since the kinetic energy allows the molecules to overcome the

potential slopes without the need of being trapped by the potential well [11, 12]. Still,

dissociation is also more effective in the W(100) surface, reflecting its sensitivity to the

crystal face.

In view of these facts, it is interesting to investigate crystal face sensitivity on the

frictional force. With this aim, we quantify in this work the effect of electronic friction

on the dissociative dynamics of N2 on W(100), and perform comparisons between the

two crystal faces.

The organization of the paper is as follows: in Section 2, we briefly describe the

model employed to calculate the dissociative sticking coefficient of N2 on W(100) and
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W(110). In Section 3 the results of the calculation are presented and comparisons

between the two faces are performed. Finally, in Section 4 the main conclusions are

summarized.

2. Theory

We perform 6D classical molecular dynamics simulations of the trajectories of N2

molecules incident on the W surfaces. To model the molecule-surface interaction, we

calculate the frozen 6D PES for the N2/W(100) and N2/W(110) systems, using density

functional theory and the general gradient approximation with the Perdew-Wang energy

functional (PW91) [13]. Details of the calculation and the set of configurations for which

the ab-initio energies are calculated can be found in [11] for the N2/W(100) system and

in [12] for the N2/W(110) system. The energy grid consists of 3624 points for N2/W(100)

and of 5610 points for N2/W(100). To perform the trajectory calculations we need to

evaluate the 6D PES at any position ri and rj of the N atoms. Interpolation is then

performed using the corrugation reducing procedure [14].

Nonadiabaticity is introduced by including electronic friction in the calculation of

the classical trajectories of the molecule. The energy loss suffered by each of the N atoms

is calculated independently. The basic quantity under study is the so-called electronic

stopping power, which is the energy lost per unit path length or, in other words, the

dissipative force experienced by the moving atom. The stopping power of slow atoms

traveling through metals (projectile velocities lower than the Fermi velocity of the metal)

has a linear dependence on velocity. This reflects the fact that in a metal there is no

minimum energy required to excite electron hole pairs. As a consequence, one can write

the dissipative force entering the equations of the dynamics as the product of a friction

coefficient η and the velocity of the atom v:

Fdiss = −ηv . (1)

Therefore, the problem to be solved is the calculation of the friction coefficient along

the trajectory for each atom in the molecule.

At low velocities an atom represents such a strong perturbation for the metal

that perturbative treatments to calculate the friction coefficient are not justified.

Alternatively, a well established approach based on density functional theory of screening

and the kinetic theory of scattering for an atom moving in an electron gas has been

successfully applied to the study of the energy loss of atoms and ions interacting with

bulk metals [15, 16, 17] and their surfaces [18]. Here we adopt this model to calculate

the friction coefficient. In the following we briefly describe the main ingredients of the

model.

For low atom velocities the physics of atom-electron gas interaction occurs via

scattering at the Fermi surface. As a consequence, the modulus of the dissipative force

on the atom can be calculated in terms of the transport cross section at the Fermi
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level [15]:

Fdiss = n0vkF σtr(kF ) , (2)

where n0 is the electron gas density, kF the Fermi momentum and σtr(kF ) the transport

cross section at the Fermi level. The product kF σtr(kF ) is the integrated scattering

rate for momentum transfer which governs the dissipative process. Therefore, one can

interpret the dissipative force described by Eq. (2) as the result of the momentum

transfer per unit time to a uniform current of independent electrons (n0v) scattered by

a fixed impurity potential. Note that, within this formalism, the friction coefficient in

Eq. (1) reads η = n0kF σtr(kF ). The transport cross-section is calculated to all orders in

the nuclear charge of the atom in terms of the scattering phase-shifts at the Fermi level

(δl(kF )):

σtr(kF ) =
4π

k2
F

∞∑

l=0

(l + 1)sin2(δl(kF )− δl+1(kF )) . (3)

In these equations the scattering potential is the screening potential induced by

the impurity in the electron-gas system. We calculate this potential using density

functional theory for an impurity embedded in an electron gas [19]. In this way, the

model includes non linear effects both in the medium response to the atomic potential

(non-linear screening) and in the calculation of the relevant cross-section for the energy

loss process. This is necessary in order to correctly represent the strong perturbation

caused by the atomic particle and it is the reason behind the success of this model to

describe the energy loss of slow atoms and ions in metals.

In order to obtain the energy lost through electron-hole pair excitations by the

molecule, we first calculate the electronic density n(ri) at each position ri along the

trajectory of the two N atoms. The surface electronic density n(ri) is calculated ab-

initio and within the same conditions as the PES. The friction coefficient at each point

of the trajectory is, subsequently, approximated by that corresponding to an electron

gas with electronic density n0 = n(ri).

In summary, the classical equations of motion for each atom of the molecule that

one has to solve read [5]

mi
d2ri

dt2
= −∇iV (ri, rj)− η(ri)

dri

dt
, (4)

where the first term in the right-hand side is the adiabatic force obtained from the 6D

PES V (ri, rj) and the second term is the dissipative force experienced by each atom

in the molecule. The results of the adiabatic calculation that we show are obtained by

neglecting the dissipative force.

3. Results

The dissociative dynamics of N2 on W(100) and on W(110) are respectively studied in

detail in [11] and [12] using the adiabatic approximation. Here we apply our theoretical

approach to analyze and compare the role of electronic friction in the reactivity of N2
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on both surfaces. Figure 1 (a) shows the friction coefficient η for the N atom inside an

electron gas as a function of the mean electron radius rs. The latter is defined from the

electron gas density n0 as rs = [3/(4πn0)]
1/3. Also in Fig. 1, we show the rs values in a

plane normal to the surface for, (b) W(100) and (c) W(110). In each case, the cutting

plane is oriented along the direction indicated by a straight line on the respective surface

unit cell. These orientations are representative of the positions of the dissociating N2 at

Z ≤ 1.5 Å (see Refs. [11, 12]). Note that comparing the depicted 2D cuts, the electron

density is more corrugated on the W(100) surface at those distances.

The dissociative sticking probabilities of N2 with and without including electronic

friction are compared in Fig. 2 for both Tungsten surfaces. Probabilities are represented

as a function of the incidence energy Ei. All the results shown in this work are calculated

for normal incidence conditions. The reactive probabilities are derived from a minimum

of 5000 trajectories using a conventional Monte Carlo sampling of all possible initial

conditions. We perform pure classical dynamics calculations of the trajectories, i.e.,

the initial zero-point energy of N2 is neglected. In general, the dissociative sticking

probability increases when electronic friction is included. Corrections are however very

minor for both surfaces and amount up to a maximum of about 10% in a large range of

energies. In any case, the inclusion of electron-hole pair excitations do not improve the

comparison between theoretical simulations and experimental data.

Under normal incidence conditions, the analysis of the adiabatic trajectories

performed in Refs. [11, 12] shows that dissociation proceeds either through a direct

or an indirect mechanism. In the former, dissociation takes place after none or a very

few number of rebounds nreb. In the latter, molecules are dynamically trapped close

to the surface, bouncing off several times before dissociating. We find that the effect

of including friction is to increase the indirect mechanism. This is observed in Fig. 3

by comparing the results obtained with and without including electronic friction. In

this figure, the direct channel corresponds to nreb <4 and the indirect one to nreb ≥4.

Whereas the direct channel remains almost unchanged, there is an increase in the

indirect one that practically coincides with that observed in the total dissociation

probability. We have verified that this observation is independent of the nreb value

chosen to distinguish between the direct and the indirect mechanisms, provided that it

is reasonable selected to define direct dissociation.

The important conclusion of our calculations is that the effect of electronic friction

in the dissociative dynamics is very minor. The reason to understand this marginal role

is the following. Despite the friction coefficients can be large, this is not enough to infer

an energy loss that will affect the dynamics in a significant way. The dissipative force is

proportional to the friction coefficient and the projectile velocity. In the region where

the electron density is high, the molecule-surface potential is highly repulsive. As a

consequence, the kinetic energy of the molecules is substantially reduced. This is what

makes the dissipative force small and what makes the energy loss a marginal effect.

The analysis of the reflected molecules can provide quantitative information on the

role of electronic friction in the interaction of low-energy molecules with metal surfaces.
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In Fig. 4, we show the energy loss distribution of the reflected molecules with an initial

incidence energy Ei = 0.75 eV (upper panel) and Ei = 1.5 eV (lower panel). In all cases,

the energy lost due to electronic friction is very small, though it might be measured with

present experimental techniques. Note, however, that phonon excitations and surface

temperature not included in present calculations will modify the spectra. The two peak

structure can be related to the distances of closest approach to the surface Zmin probed

by the reflected molecules. As a general trend, molecules contributing to the high-

energy loss peak probe distances close to the surface, where the electronic density is

high. In contrast, the low-energy peaks corresponds to molecules that are reflected at

larger distances from the surface. This can be observed in the insets of Fig. 4, which

show the Zmin distributions for the trajectories that give rise to the low-energy loss

peaks (shadow bars) and for the ones that give rise to the high-energy loss peaks (open

bars) [20]. Furthermore, another different feature between the molecules contributing

to the low- and high-energy peaks is related to the number of rebounds. Molecular

trapping is almost negligible in the reflection process at these incidence energies: most

molecules are reflected after one rebound at most. Still, there are a small number of

molecules that show 2-4 rebounds before being finally reflected. We find that only

about 0.1% of the molecules contributing to the low-energy peak show more that one

rebound. This percentage substantially increases for the molecules contributing to the

high-energy peak, in particular for those reflected from the W(100) surface [21]. The

correlation between number of rebounds and energy loss also allows to rationalize the

fact that the latter peak is at higher energies for the W(100) surface, since a larger

number of rebounds is expected to imply a longer interaction time.

Additionally, we verify that the average energy lost by the reflected N2 constitutes

a low percent of the initial kinetic energy. Results are represented in Fig. 5 for both

surfaces. The inset shows the average number of rebounds of the reflecting molecules

as a function of the incidence energy. We observe that the energy loss is slightly higher

when molecules are reflected from the W(100) surface. As shown in the inset, this is

again consistent with a larger number of rebounds, since the molecules stay longer in

contact with the surface and, therefore, can lose more energy.

Finally, we would like to remark that our results show the low efficiency of

electron-hole pair excitations as an energy loss channel for the reflected molecules. If

higher energy losses were measured, they should be attributed to different dissipation

mechanisms such as phonon excitations.

4. Conclusions

In summary, we have studied dissipative effects due to electron-hole pair excitations

in the dynamics of N2 interacting with W(100) and W(110). Our theoretical model

preserves the six-dimensionality of the problem in the potential energy surface and

in the calculations that incorporate electronic dissipation through a friction force.

Calculations with and without including electronic friction allows to quantify the role of
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nonadiabaticity in the dissociative dynamics of N2/W (100) and N2/W (110). Electronic

friction increases the indirect channel to dissociation and does not affect the direct one.

Nevertheless, our results show that the contribution of electron excitations is a marginal

correction and, therefore, that an adiabatic calculation is meaningful to calculate the

dissociative sticking coefficient in these two surfaces. Additionally, we have calculated

the energy loss of the reflected N2 molecules at both surfaces, and show that the energy

loss is only a few per cent of the initial energy in both cases. The low velocity of the

reacting molecules in the surface regions of high electronic density is the main reason to

explain these facts. Regarding the comparison between the two surfaces, higher energy

losses are expected for molecules reflected at the W(100) surface, due to a larger number

of trajectories that suffer rebounds in this surface before reflection, which implies a

longer interaction time.
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Figure 1. (Color online) (a) Friction coefficient η for N in an electron gas as a function
of the mean electron radius rs. (b) Values of rs for W(100) in a plane normal to the
surface along the direction represented in the unit cell with a thick line. (c) Same for
W(110).
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Figure 2. (Color online) Dissociative sticking probability S0 as a function of the
incidence energy, for N2 impinging on W(100) (left panel) and on W(110) (right panel).
Filled blue triangles (open blue circles) are the results with (without) electronic friction.
The experimental initial sticking coefficients of N2 on the W(100) surface [6, 7] and
on the W(110) surface [8, 9] are also shown for comparison in each panel. Surface
temperature is 800 K (white squares), 300 K (black diamonds), and 100 K (white
diamonds) for W(100); and 800 K (white and black squares) for W(110).
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Figure 3. (Color online) Dissociative sticking probability S0 as a function of
the incidence energy, for N2 impinging on W(100) (upper panel) and on W(110)
(lower panel). Full triangles (open circles) are the results with (without) electronic
friction. Contributions to S0 coming from the direct and the indirect channels are also
represented. Dashed and dotted curves show the results with and without including
electronic friction, respectively.
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Figure 4. (Color online) Energy loss spectra of the N2 molecules reflected from
W(110) (full black circles) and W(100) (full red triangles). The insets show the closest
approach distance distribution of those reflecting molecules that contribute to the low-
energy (shadowed bars) and high-energy (open bars) loss peaks [20]. Incidence energies
are Ei = 0.75 eV (upper panel and the two insets) and Ei = 1.5 eV (lower panel and
the two insets).
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Figure 5. (Color online) Average-energy loss of reflecting N2 molecules scattered from
W(110) (full black circles) and from W(100) (full red triangles) as a function of the
incidence energy. The average number of rebounds is represented in the inset for both
cases.


