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Energy Dissipation to Tungsten Surfaces upon Hot–
Atom and Eley–Rideal Recombination of H2

Oihana Galparsoro,∗,a,b,c H. Fabio Busnengo,d Alejandra Martinez,d Joseba Iñaki
Juaristi,e, f ,c Maite Alducin, f ,c and Pascal Larregaraya,b

Adiabatic and nonadiabatic quasi-classical molecular dynamics simulations are performed to in-
vestigate the role of electron–hole pair excitations in Hot–Atom and Eley–Rideal H2 recombination
mechanisms on H-covered W(100). The influence of the surface structure is analyzed by com-
paring with previous results for W(110). In the two surfaces, Hot-atom abstraction cross sections
are drastically reduced due to the efficient energy exchange with electronic excitations at low in-
cident energies and low coverage, while the effect on Eley–Rideal reactivity is negligible. As the
coverage increases, the projectile energy is more efficiently dissipated into the other adsorbates.
Consequently, the effect of electronic excitations is reduced. As a result, the reactivity and final
energy distributions of the formed H2 molecules are similar for both abstraction mechanisms.

1 Introduction

In the last decades the description of surface chemical processes
has undergone such a development that theoretical methods are
achieving the required accuracy to become a powerful tool for
industrial engineering.1 Nevertheless, many aspects within the
theoretical description and understanding of gas-surface interac-
tions still need to be improved. In particular the dynamics of
such interactions might play a crucial role in the final surface re-
activity.2,3 In this context, the validity of the commonly employed
Born–Oppenheimer approximation (BOA) is an important issue,
which is still under scrutiny. Although satisfactory agreement be-
tween electronically adiabatic simulations and experiments has
been achieved in some cases,4–9 there is experimental evidence of
relevant amount of electron–hole (e–h) pair excitations being cre-
ated when chemical compounds interact with metal surfaces.10,11

This raises the question of to what extend electronically nonadi-
abatic interactions influence gas-surface processes. Their influ-
ence might depend on the particular process under study.12 For
instance, in fast processes such as dissociative adsorption or scat-
tering, electronic excitations are in general found to negligibly
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abal 5, 20018 Donostia-San Sebastián, Spain.

affect the probabilities of the processes.13–19 In contrast, nona-
diabaticity might be crucial in order to describe final energy dis-
tributions of light scattered species20–23 as well as processes in-
volving hyperthermal diffusion of the gas compound on the sur-
face.24–27 The characteristics of the system of interest such as the
chemical species involved,25 the surface coverage,26 and the sur-
face temperature28 might also be relevant regarding the effect of
electronic excitations.

A process for which experiments have suggested influence of
electronic excitations is the hydrogen abstraction process,29 in
which an adsorbed H is extracted from the surface by reaction
with a gas H atom. It may proceed through Eley–Rideal (ER)
or Hot-Atom (HA) mechanisms. The former refers to a single
collision reactive event, and therefore it is characterized by ul-
trafast reaction times. Although this characteristic suggests low
influence of e–h pair excitations, theoretical calculations for ER
recombination on W(100) and W(110) showed that due to the
high exothermicity, a large amount of energy is released which
substantially excites electrons.22 While small influence on the re-
activity was predicted, the final energy of the formed molecules
was affected. HA recombination, on the other hand, is governed
by hyperthermal diffusion of the H atom onto the surface prior
to abstraction. Comparisons between experiments and kinetics
models30–33 have suggested abstraction to essentially proceed via
the HA process for various metals. Moreover, adiabatic molecular
dynamics simulation33–36 studies predicted higher contribution
of HA recombination comparing to ER for low incidence energies
of the gas atom and low coverages. However, all these works
neglected e–h pair excitations during the recombinative process.
Recently, nonadiabaticity was introduced in H recombination on
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W(110) and the results showed that both ER and HA mechanisms
contribute similarly to the total abstraction cross section regard-
less the incidence energy and coverage.26,27

Different ab initio theories have been developed to deal
with e–h pair excitations in molecular processes on metal sur-
faces.37–43 Among them, the local density friction approxima-
tion (LDFA)12,13,44 offers a good compromise between accuracy
of results and simplicity of implementation. This approach has
been used to study the energy dissipation in different processes
on metal surfaces such as adsorption,24,45,46 scattering,19,23,47,48

dissociation,13–17 recombination,22,26,27,49,50 and femtosecond
laser induced desorption.51–54

Making use of this methodology, we investigate here nonadia-
batic effects on both abstraction mechanisms for H2 recombina-
tion on H-covered W(100) and W(110) surfaces. The influence
of surface geometry and surface coverage is analyzed. In order
to do so, a density functional theory (DFT) based multiadsorbate
potential energy surface (PES) for H interacting with H-covered
W(100) has been constructed following the Corrugation Reduc-
ing Procedure (CRP)55–57 method. The article is structured as
follows. Methodology and details for the construction of the PES
and dynamics simulation calculations are described in Sections
2.1 and 2.2, respectively. In Sections 3.1 and 3.2, results of the
dynamics calculations are analyzed. Finally, Section 4 concludes.

2 Theoretical methods

2.1 Potential energy surface for H+H/W(100)

The PES constructed to study H2 dissociation on W(100) in Ref.
58 has been extended in order to simulate H2 recombination on
H-covered W(100). Let us refer to the former as the H2/W(100)
PES and to the latter as the H+H/W(100) PES. For dissociative
adsorption, internuclear distances r in the range [req/2, 2req]
were considered, where req = 0.75 Å is the equilibrium internu-
clear distance of H2. However, in the case of HA and ER recom-
bination processes, the upper limit in the previous r–grid has to
be increased in order to incorporate atomic configurations at the
entrance channel (one atom far from the surface) in the interpo-
lation scheme. To compute the extra H- and H2-surface potential
energies, DFT calculations were carried out with the Vienna Ab
Initio Simulation Package (VASP),59–63 using the same 2×2 su-
percell and parameters as in the construction of the H2/W(100)
PES.58 The PW9164,65 functional was used to describe electronic
exchange and correlation. Electron-ion interactions were de-
scribed through ultrasoft pseudopotentials.66 Since the H2 ab-
straction processes occur on a non-magnetic metal surface as W,
spin-polarized DFT calculations are only required whenever the
interatomic distance is r > 1.6 Å and at least one of the atoms is
relatively far from the surface, i.e., at heights Z > 2.6 Å.

As done for the construction of the H2/W(100) PES,58

the H+H/W(100) PES was obtained by interpolating two-
dimensional (2D) DFT energy grids in the molecular center of
mass (CM) height ZCM and internuclear distance r that were cal-
culated for the following 28 different molecular configurations:

• Three configurations over top site (XCM=0, YCM=0): ϑ=0◦;
ϑ=90◦ with ϕ=0◦ and ϕ=45◦.

XCM 

YCM 

ZCM 

X 

Y 

Z 

RA	
  
RB	
  

ϕ

^ y 

^ z 

^ x 

ϑ 

r 

Fig. 1 The coordinate system used for the H2/W(100) and H+H/W(100)
PESs. H and W atoms are represented as green and gray spheres, re-
spectively. The origin of the coordinate system is placed on a W surface
atom.

• Three configurations over hollow site (XCM=a/2, YCM=a/2):
ϑ=0◦; ϑ=90◦ with ϕ=0◦ and ϕ=45◦.

• Three configurations over bridge site (XCM=a/2, YCM=0):
ϑ=0◦; ϑ=90◦ with ϕ=0◦ and ϕ=90◦.

• Seven configurations over top to hollow site (XCM=a/4,
YCM=a/4): ϑ=0◦; ϑ=45◦ with ϕ=45◦, ϕ=90◦, ϕ=135◦ and
ϕ=225◦; and ϑ=90◦ with ϕ=45◦ and ϕ=135◦.

• Seven configurations over bridge to hollow site (XCM=a/2,
YCM=a/4): ϑ=0◦; ϑ=45◦ with ϕ=0◦, ϕ=90◦, and ϕ=270◦;
and ϑ=90◦ with ϕ=0◦, ϕ=45◦, and ϕ=90◦.

• Five configurations over top to bridge site (XCM=a/4,
YCM=0): ϑ=0◦; ϑ=45◦ with ϕ=0◦ and ϕ=180◦; and ϑ=90◦

with ϕ=0◦ and ϕ=90◦.

In the above list, a molecular configuration is defined by the
molecular orientation (ϑ ,ϕ) and the position of the molecular
CM over the surface unit cell (XCM ,YCM) (see Fig. 1 for a sketch
on the coordinate system). The 2D-(ZCM ,r) grids were here ex-
tended to rmax =3.0 Å, which is the value at which the interpola-
tion function I6D (see below) is found to vanish. Next, the PES in-
terpolation was performed by means of the corrugation-reducing
procedure (CRP) method,55–57 in which the potential V 6D is de-
scribed as the sum of the atom-surface interaction V 3D and the
interpolation function I6D that represents the effective H–H inter-
action potential on the rigid surface,

V 6D(Ri,R j) = ∑
i

V 3D
i (Ri)+ I6D(Ri,R j) , (1)

where Ri is the position vector of atom i. By this method most of
the corrugation of a gas-surface PES is reduced before doing the
interpolation, and as a consequence, the accuracy of the interpo-
lation is improved.

The V 3D atom-surface DFT energies were computed for the
same heights Z and surface sites, using spin polarized DFT for
Z > 2.6 Å. Moreover, the PES was extended to describe possi-
ble subsurface penetration of H down to −4 Å (Z=0 is defined
by the height of the topmost surface layer). For negative values
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of ZCM , the interpolation function I6D was assumed to be con-
stant and equal to the value of I6D at ZCM=0 Å. Therefore, the
H+H/W(100) PES does not accurately describe the H–H interac-
tion within the bulk. However, our goal was to model recombi-
nation of atoms that penetrate into the bulk and later return to
the surface where they recombine. In fact, in the quasi-classical
molecular dynamics simulations (QCT) we did not find any event
in which two atoms approach to each other inside the metal, due
to the high repulsion they experience when they are embedded in
a high electronic density environment.

Once the DFT energy data were calculated, I6D was obtained by
subtracting the atom-surface interactions V 3D from the molecule-
surface potential V 6D. Then, the continuous representation of
I6D on (XCM ,YCM ,ZCM ,r,ϑ ,ϕ) is obtained by interpolating I6D over
ZCM and r for each of the above listed molecular configurations
using 2D-cubic splines, as a first step. Next, symmetry-adapted
expansions of trigonometric functions are employed for the in-
terpolation over ϑ and ϕ on each surface site.55,57 Finally, the
interpolation over XCM and YCM is done with 2D-periodic cubic
splines. The atom-surface energies were interpolated by using a
3D-cubic spline.

The resultant H+H/W(100) PES reproduces properly the most
stable atomic adsorption site located on the bridge position with
a height Z=1.107 Å,67–72 as well as the DFT chemisorption en-
ergy of 3.09 eV. The molecular hydrogen adsorption energy of
−1.63 eV at Θ=0.5 ML compares relatively well with the recent
value of −1.78 eV calculated by Piazza et al. for the same cov-
erage, but for the reconstructed W(100) surface. The zero point
energy (ZPE) components were calculated following the X, Y, and
Z mode decomposition method73,74 for one isolated adsorbate.
The ZPEs of the modes associated to parallel movement along the
X and Y directions are 69 and 40 meV, respectively. The ZPE for
vibrational motion normal to the surface is 67 meV. These val-
ues are in good agreement with theoretical75,76 and experimen-
tal68,70,77,78 values reported previously for H/W(100).

In order to evaluate the quality of the constructed
H+H/W(100) CRP PES, additional DFT energy calculations were
performed and compared with the CRP values. Since the ER dy-
namics was previously studied by using a different H+H/W(100)
PES,58,74 we also found meaningful to compare and evaluate the
differences between our CRP PES and the one used in these ref-
erences, which is based in the flexible periodic London-Eyring-
Polanyi-Sato (FPLEPS) method.79–81 In doing such a comparison,
note that both PESs were constructed using DFT data calculated
with the same parameters. Fig. 2 shows 1D-cuts of the PESs as
a function of the projectile height Zp for a given (Xp,Yp) position
while the target is fixed at the bridge site. The agreement be-
tween the DFT data and the CRP PES is very good (discrepancies
being lower than 60 meV), while the FPLEPS is less accurate (dis-
crepancies being lower than 300 meV). The corresponding root
mean square deviations (RMSD) for the 1D cuts of the FPLEPS
and CRP PESs shown in Fig. 2 are 195 and 22 meV, respectively.
In total, we evaluated 192 spin-polarized DFT energy data that
correspond to configurations in which the target was located at
bridge, bridge to hollow, and top to bridge positions, while the
projectile approached the surface from 3.5 Å down to 0 Å over
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Fig. 2 Comparison between the CRP (black curves), the FPLEPS (green
curves), and the spin-polarized DFT calculations (red circles) in the ER
entrance channel for different (Xp,Yp) positions of the projectile: top to
bridge (0,a/4), bridge (a/2,0), hollow (a/2,a/2) and bridge to hollow
(a/2,a/4), where a = 3.17 Å is the lattice constant. The different (Xp,Yp)
positions and the coordinate system defining Zp are indicated in the top
figure.

top, bridge, hollow, top to bridge, bridge to hollow, and top to
hollow positions. The calculated DFT energies were then com-
pared with the values predicted by the FPLEPS and CRP PESs,
but considering only the energies relevant for the present work
(<5.0 eV). The corresponding RMSD are 300 meV for the FPLEPS
and 50 meV for the CRP. Similar RMSD values were obtained for
the H+H/W(110) FPLEPS (230 meV) and CRP (55 meV) PESs.73

Fig. 3 shows 2D-(b,Zp) cuts of the FPLEPS (top) and CRP (bot-
tom) PESs, along the Yp = 0 Å and Xp = 1.585 Å planes that pro-
vide useful information on the properties of both H+H/W(100)
PESs. The parameter b is defined as the impact parameter (see top
schemes in Fig. 3). The adsorbate sits on its equilibrium position,
whereas the position of the projectile varies within the Yp = 0 Å
and Xp = 1.585 Å (b,Zp)-planes depicted in Fig. 3. The two PESs
are qualitatively very similar. For instance,both PESs are attrac-
tive in the region around the unoccupied bridge sites and are less
attractive in the vicinity of the target. Also, the repulsive part of
both PESs is closely related with the position of the W nuclei and
the target atom. Still, some discrepancies are observed. On the
one hand, close to the target position, the topology of the two
PESs differs due to the lower adsorption height of the target in
the CRP PES (Zt=1.107 Å vs. Zt=1.2 Å in the FPLEPS). On the
other hand, the repulsive part around the second layer W atoms
is larger in the CRP PES than in FPLEPS (see the reduction of the
attractive green areas in the right panels of Fig. 3).

In order to account for finite coverages, the (rigid-surface) mul-
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Fig. 3 2D (b,Zp)-cuts of the FPLEPS (top) and the CRP (bottom)
H+H/W(100) PESs. The adsorbate sits on its equilibrium position and
the projectile spans the (b,Zp) plane for Xp=1.585 Å (right panels) and
Yp=0 (left panels). Full lines (dashed lines) are positive (negative) iso-
values separated by 1 eV (0.5 eV). The zero potential energy is de-
picted by a red line. Top right (left) scheme indicates the (b,Zp) plane
for Xp=1.585 Å (Yp=0) and the coordinate system used. The target is
located at bridge.

tiadsorbate potential V ({Ri}) is approximated by the following
two-H terms expansion,26,35,36,82

V ({Ri}) =
N

∑
i=1

V 3D(Ri)+
N

∑
i=1

N

∑
j>i

I6D(Ri,R j) , (2)

where N is the total number of H atoms (i.e., the projectile plus
the adsorbates). Therefore, three-H interactions are disregarded.
This approximation limits the validity of the multiadsorbate PES
to low coverage conditions, although higher coverages up to 2 ML
are thermodynamically favourable83 and therefore can be ex-
pected to be present at equilibrium conditions. In this work, we
study the 0.5 and 1.0 ML coverages depicted in Fig. 4. The same
adsorption positions as well as ZPEs as in the zero coverage limit
are found for both coverages. The reason is that the adsorbates do
not interact at internuclear distances larger than 3.0 Å, in agree-
ment with DFT calculations.

Fig. 4 shows 2D (b,Zp)-cuts along the Xp=1.585 Å, Yp=0 and
Yp = Xp − 1.585 Å planes of the H+H/W(100) PES at Θ=0.5
and 1.0 ML coverages. The comparison with Fig. 3 shows that
at Θ = 0.5 and 1.0 ML coverages, the interaction potential close
to the target is very weakly affected by the coverage. In the
Xp=1.585 Å and Yp=0 Å planes, at 0.5 (1.0) ML coverage the
interaction potential is a periodic repetition of the interaction po-
tential in the b range [-1.585 Å, 1.585 Å] ([-4.755 Å, 1.585 Å])
for one adsorbate (Fig. 4). For 1 ML coverage the attractive
potential wells are fully occupied on these planes. As a conse-
quence, the interaction potential is less attractive. We also ana-
lyze the Yp = Xp− 1.585 Å plane, which do not have any adsor-
bate filling a bridge adsorption site for 0.5 ML, while half of the

bridge sites are covered for 1 ML coverage. At 1.0 ML cover-
age, the Yp = Xp−1.585 Å plane and the parallel ones such as the
Yp =Xp−4.755 Å plane are equivalent. At 0.5 ML, half of the diag-
onal planes are equivalent to the shown Yp = Xp−1.585 Å plane,
but the other half are as the Yp = Xp−1.585 Å plane at 1 ML. The
negative values of the interaction potential are therefore reduced
as the coverage increases and the projectiles will experience in
average less attraction to the surface.
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Fig. 4 2D (b,Zp)-cuts of the multiadsorbate CRP PES for Θ= 0.5 ML (left)
and 1.0 ML (right) coverages when the adsorbates sit in their equilibrium
position and the projectile spans the indicated (b,Zp) plane. Full lines
(dashed lines) are positive (negative) potential isovalues separated by 1
eV (0.5 eV). Red lines correspond to the zero potential energy isovalue.
The coordinate system and the and corresponding plane are depicted at
the top of each 2D (b,Zp)-cut.

2.2 Dynamics simulations details

The normal incidence scattering of atomic hydrogen on H-
preadsorbed W(100) surface is investigated within the zero cov-
erage limit (single adsorbate) and at finite coverages of 0.5 and
1.0 ML. QCT calculations, which account for the adsorbates ZPE
in the initial conditions, are run on the constructed CRP PES for
an incidence energy of the projectile in the range of 0.1-5.0 eV.
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For finite coverages, a 6×6 cell with periodic boundary conditions
is used in order to model a covered infinite surface. The classical
equations of motion are integrated for one projectile and one ad-
sorbate in the zero coverage limit and for one projectile and 18
and 36 adsorbates in the Θ=0.5 and 1.0 ML coverages, respec-
tively. The impinging H atom (projectile) starts at Zp = 7.0 Å, in
the asymptotic region of the potential, while the initial positions
and velocities of the adsorbates (targets) sample the configura-
tional space associated to the ZPE as detailed in Refs. 73,74. For
finite coverage calculations, the (Xp, Yp) initial position of the pro-
jectile is randomly sampled in the covered surface irreducible unit
cell, i.e., 0 < Xp < 1.585 Å and 0 < Yp < 3.17 Å for 0.5 ML cover-
age, and 0 < Xp < 1.585 Å and 0 <Yp < 1.585 Å for 1 ML coverage.
For the zero coverage limit, we use the same sampling area of Ref.
22. The possible exit channels of the simulations are defined as
done in Refs. 84,85 for the zero coverage limit and as done in
Ref. 26 for finite coverages. In the former simulations, only ER
trajectories are analyzed. Recombination takes place whenever
both atoms reach the initial height of the projectile with a posi-
tive diatom center-of-mass momentum along the surface normal,
and with an interatomic distance r < 2.2 Å. Among them, ER
reaction occurs when the formed molecule moves definitively to-
ward the vacuum before the second rebound of the projectile. In
the finite coverage simulations, when an atom reaches the initial
height of the projectile the event is defined as abstraction if the
interatomic distance to any other atom is smaller than 2.2 Å and
as reflection otherwise. The rest of trajectories are integrated for
1 ps and classified as absorption if Zp < 0 and adsorption oth-
erwise. It has been checked that a longer integration time does
not change the results. Among the abstraction processes involv-
ing the projectile and one adsorbate, the primary HA differs from
the above defined ER in that the projectile experiences more than
one rebound before recombining with an adsorbate. When ab-
straction takes place involving two target atoms, it is classified as
a secondary HA process.86

For the zero coverage limit, 368000 trajectories have been com-
puted to ensure convergence, while 30000 (15000) trajectories
have been computed for Θ = 0.5 ML (1.0 ML) coverage. As
the multiadsorbate PES ignores any possible interaction involv-
ing three hydrogen atoms, trajectories are stopped whenever one
H atom has two neighboring H atoms closer than 1.5 Å. The cor-
responding contribution is taken as an uncertainty to any possible
outcome of scattering as done in Ref. 36.

In order to rationalize the relevance of nonadiabatic ef-
fects upon scattering, molecular dynamics simulations are per-
formed within the Born–Oppenheimer Static Surface approx-
imation (BOSS) and the local-density friction approximation
(LDFA).12,13,44 Whereas in the former energy exchange with the
surface electrons is neglected, in the latter electronic nonadia-
baticity is accounted for through a dissipative force in the clas-
sical equations of motion for the hydrogen atoms. To prevent
leakage of the ZPE, the friction acts only when the energy of the
preadsorbed atoms exceed the ZPE. On the ground that dissipa-
tion to electrons is largely dominating the relaxation of hydrogen
on metals,24,25 dissipation to surface phonons is here neglected.

3 Results: the H-H abstraction dynamics on
W(100)

3.1 Eley-Rideal dynamics in the zero coverage limit

We start this section by comparing our BOSS QCT results in the
zero coverage limit with those obtained from similar simulations
performed on a FPLEPS PES.22,73 The objective is to evaluate the
sensitivity of the ER dynamics to the PES representation. Thus,
the ER cross sections σER as a function of the incidence energy of
the projectile Ei for the FPLEPS and CRP PESs are shown in the
top panel of Fig. 5. Although some differences between both PESs
have been identified in section 2.1, these differences hardly affect
the dependence of σER on Ei. Sizable quantitative differences are
only found at high Ei. At these energies, the CRP PES predicts less
reactivity than the FPLEPS PES.
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Fig. 5 Top panel: BOSS cross sections for ER abstraction using the CRP
(blue) and FPLEPS (black) PESs. Bottom panels: (Xp,Yp) turning posi-
tions of the projectiles leading to ER recombination at Ei=0.5 eV for the
CRP and FPLEPS PESs by rebounding on the first (black) and second
(green) layer W atoms. The positions of the recombining target atoms
are indicated by red points.

Even if ER reactivity is weakly affected by the representation
of the PES at low Ei, some dynamical changes are still observed
in the ER abstraction process. As previously characterized in Ref.
74, ER reactive trajectories may proceed upon colliding with W
atoms located in the first and second layers. The comparative
analysis of the (Xp, Yp) turning points for the projectiles leading
to ER recombination at Ei=0.5 eV in both PESs (bottom panels
of Fig. 5) shows the contribution of projectiles bouncing off the
second layer W atoms (green points) at the expense of reaction
through collision with the first layer W atoms (black points). For
the CRP (FPLEPS) PES, the projectile goes below the target and
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catches it on its way back after colliding with a second layer W
atom in 35% (11%) of ER trajectories. This is very likely due to
the two differences identified in the static analysis of the PESs.
On the one hand, ER reaction upon collision on the two closest W
atoms to the target decreases due to the lower adsorption height
of the adsorbate in the CRP PES (Zt=1.107 Å vs. Zt=1.2 Å in the
FPLEPS). On the other hand, projectiles are more efficiently scat-
tered towards the target by the second layer W atoms due to the
larger repulsive potential around them in the CRP PES (see Fig.
3). We note in passing that the latter dynamical difference is ac-
tually responsible of the lower absorption cross sections predicted
by the CRP PES (not shown).
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Fig. 6 Final average translational 〈Etran〉, vibrational 〈Evib〉, and rotational
energies 〈Erot〉 of the ER-formed H2 molecules as a function of Ei. Re-
sults for FPLEPS (black) and CRP (blue) PESs are shown.

Fig. 6 displays the mean final translational 〈Etran〉, rota-
tional 〈Erot〉, and vibrational energies 〈Evib〉 of the ER-formed H2

molecules as a function of Ei. Although there are some small
quantitative discrepancies in the vibrational energy at high Ei,
the qualitative behavior is not affected by the PES representation.

3.2 Abstraction dynamics on H-covered W(100)
The probabilities obtained within the BOSS calculation for ad-
sorption, reflection, absorption, and abstraction are displayed in
the top panels of Fig. 7 as a function of Ei for Θ=0.5 and 1.0 ML
coverages. Many similarities with the H dynamics on H-covered
W(110)26,36 are found. The predominant outcome at low inci-
dence Ei, i.e., adsorption, highly decreases in favor of the ab-
sorption and reflection channels as Ei increases. As Θ increases,
adsorption is favored due to the more efficient energy loss to ad-
sorbates, whereas reflection of some projectiles is prevented due
to it. Absorption probabilities decrease with coverage because
the absorption path is through bridge sites, which are more pop-
ulated.

Concerning the recombination mechanisms, the bottom panels
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Fig. 7 Top panels: probabilities for adsorption (blue), absorption (purple),
reflection (orange) and abstraction (black) as a function of the projectile’s
incidence energy. Bottom panels: cross section for ER (blue), primary
HA (red), and secondary HA (green) abstraction as a function of Ei. Left
and right panels correspond to 0.5 and 1.0 ML coverages, respectively.
Uncertainties, which correspond to the contribution of stopped trajecto-
ries are represented by shaded domains.
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Fig. 8 Same as in Fig. 7 but for LDFA calculation.

of Fig. 7 display the cross sections per adsorbate for ER, primary
HA and secondary HA abstraction as a function of Ei. Within
the BOSS approximation, HA mechanism dominates abstraction
at low incidence energies and coverages, whereas as Ei and Θ in-
crease the two mechanisms compete. Secondary HA contribution
to the total cross section is small and decreases with coverage at
low Ei, while it is almost unchanged at high Ei.

The comparison with the LDFA results in Fig. 8 helps to ratio-
nalize the effect of energy dissipation to the metal electrons. For
the two coverages, accounting for e – h pair excitations increases
adsorption at the expense of reflection and abstraction (see top
panels in Fig. 8). As in the W(110) surface, the reduction ex-
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perienced by the abstraction cross section when accounting for
low energy electronic excitations is much more pronounced at the
low coverage, and mainly originates from a reduction in the HA
channels (see lower panels of Fig. 7 and 8). In this respect, we
have verified that for low coverages the primary HA mechanism
can take place via an initial collision with a second layer atom.
This contribution amounts up to a 19 % for 0.5 ML coverage.
Interestingly, inclusion of e–h pair excitations hardly affects this
contribution. The already small contribution via secondary HA
to abstraction decreases when including electronic excitations,
particularly at Θ=0.5 ML coverage, for which this contribution
almost disappears. Overall, within the LDFA, abstraction cross
sections slightly depend on coverage. At low coverage direct ER
and HA mechanisms closely compete whatever the incidence en-
ergy of the projectile. As the coverage increases, ER becomes the
dominant abstraction channel at Ei>1.0 eV.
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Fig. 9 Normalized distribution of ER (red) and primary HA abstraction
(black) times within the BOSS (top panels) and LDFA (bottom panels)
simulations at Θ=0.5 ML (left) and 1.0 ML coverages (right).

The significant reduction of HA recombination caused by en-
ergy dissipation to e – h pair excitations on W(100) stems, as well
as in W(110),26 from the great reduction of the relaxation time
for hot hydrogen atoms and concomitantly, the recombining hot-
species lifetime. This is illustrated in Fig. 9 where the distribu-
tion of ER and primary HA abstraction times as obtained within
the BOSS and LDFA simulations are displayed for Θ=0.5 ML (left
panels) and 1.0 ML (right panels) when Ei=0.5 eV. This time
is taken as the total time for abstraction. At Θ=0.5 ML cover-
age, when accounting for e – h pair excitations, the timescale for
both abstraction processes become similar. Concomitantly, the
distances travelled on the surface before recombination become
similar. At Θ=1.0 ML, the difference between the HA and ER
reaction timescales in the BOSS simulations (right panels in Fig.
9) is not as large as for the Θ=0.5 ML. The reason for this is
twofold. On the one hand, the projectile energy is more effi-
ciently dissipated into the other adsorbates, resulting in a short
lifetime for the hot species even when electronic excitations are
not accounted for. On the other hand, the repulsive interaction
between the projectile and adsorbates hinders the approach of
the former. As a consequence, reactivity is less influenced by the
coupling to e – h pair excitations at high coverage, as illustrated
by Fig. 7 and 8.

In the following we analyze the dependence of the different re-
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and primary HA (bottom panels) abstraction processes as a function of
Ei from BOSS (right) and LDFA (left) calculations. Different curves corre-
spond to different coverages and W crystal surfaces, indicated in the key.
Uncertainties, which correspond to the contribution of stopped trajecto-
ries (see text), are represented by shaded domains.

combination cross sections on the crystal face by comparing our
results for W(100) and W(110). Concerning the ER cross sec-
tions, they do depend only very slightly on the crystal face and
the coverage both with BOSS and LDFA models (see middle pan-
els of Fig. 10). Regarding the HA abstraction channel, within
the BOSS model, we observe a strong dependence on coverage
at low Ei in both crystal faces. However, as it is demonstrated by
the analysis performed in Fig. 10, this dependence is governed
by the adsorbate areal density and is basically independent of the
crystal face. Nevertheless, within the LDFA the dependence of the
HA cross section on the coverage is strongly reduced. The rea-
son is that the reduction of the HA cross section produced by e–h
pair excitations at low Ei is less effective when increasing the cov-
erage. All in all, within LDFA, abstraction cross sections weakly
depend on coverage and on the crystal face. In both systems, for
low energies (Ei <2.0 eV) the abstraction cross sections per adsor-
bate decreases with coverage, whereas at higher energies reactiv-
ity is independent of the coverage. As a final remark, it is worth
to mention that the low sensitivity to the crystal face when using
the CRP PES is not due to the effect of electronic excitations, since
it is also observed in the BOSS simulations. The somewhat larger
ER cross sections found in the zero coverage limit for the W(100)
surface22,74 are a consequence of the H+H/W(110) PFLEPS PES
errors. The latter causes an overestimation of about a factor two
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in the ER cross sections on this surface,73 while much smaller
differences are found between the PFLEPS and CRP PESs calcula-
tions in the case of ER recombination on W(100) (see Sec. 3.1).
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Fig. 11 Final average translational 〈Etran〉, vibrational 〈Evib〉, and rota-
tional energies 〈Erot〉 of the ER (red) and HA (black) formed molecules as
a function of the initial collision energy Ei. Results from BOSS (squares)
and LDFA (circles) simulations are shown.

Finally, we analyze the average energy distribution of the
formed molecules. The final average translational 〈Etran〉, vibra-
tional 〈Evib〉, and rotational energies 〈Erot〉 of the ER-formed and
HA-formed H2 molecules are plotted in Fig. 11, as a function of
the initial collision energy Ei at Θ=0.5 (right panels) and 1.0
ML (right panels) coverages. Some general results are obtained
that are independent of the coverage and also of the model used
(BOSS or LDFA). First, as it could be expected, the final energy
increases with Ei and ER-formed molecules carry always higher
translational, vibrational and rotational energy than HA-formed
molecules. We also observe that the increase of the 〈Etran〉 with
Ei is much more pronounced than those of 〈Evib〉 and 〈Erot〉. Con-
cerning the dependence on coverage of these, within the BOSS
approximation 〈Evib〉 and 〈Erot〉 hardly depend on Θ, whereas
〈Etran〉 decreases with Θ. Moreover, we observe that this decrease
of 〈Etran〉 with Θ is very similar for both ER and HA abstraction.
However, within LDFA 〈Etran〉 is strongly reduced. This reduction
is more important at low Θ. This makes also 〈Etran〉 independent
of the coverage. As a consequence of all this, when e – h pair ex-
citations are considered, the final energies of ER- and HA-formed
H2 molecules on W(100) are also insensitive to the coverage. This
final statement can be generalized for the two different crystal
faces. In Fig. 12 we show the average energy distributions for H2

molecules abstracted from W(100) and W(110) as a function of
Ei for all studied coverages. This figure demonstrates that the par-
tition of internal energy of H2 molecules abstracted from W(100)
and W(110) depends on Ei, but hardly does on the coverage and
crystal face within the initial conditions studied in the present
work.
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Fig. 12 Final average translational 〈Etran〉, vibrational 〈Evib〉, and rota-
tional energies 〈Erot〉 of the abstracted H2 molecules formed in W(100)
and W(110) as a function of Ei within LDFA.

4 Conclusions
We have theoretically investigated hydrogen abstraction on a
W(100) surface at finite coverages (Θ=0.5 and 1.0 ML). In or-
der to rationalize the effect of electron-hole (e–h) pair excita-
tions, molecular dynamics simulations are performed within the
Born–Oppenheimer Static Surface approximation (BOSS) and the
local-density friction approximation (LDFA). Within the BOSS ap-
proximation, the Hot-Atom (HA) process dominates abstraction
of H2 at low coverage (Θ = 0.5 ML) and low collision energy
(Ei<2.0 eV). With increasing surface coverage (Θ = 1.0 ML), HA
versus Eley–Rideal (ER) balance changes to make ER the domi-
nant mechanism. Moreover, the total abstraction time decreases
and both primary HA and ER processes take place in a similar
timescale at high coverages. ER and HA recombination processes
produce vibrationally and rotationally hot molecules, however ER
leads to the more excited ones. The average energy partition
between rotation and vibration is weakly affected by coverage
changes. Conversely, the mean final translational energies de-
crease when surface coverage increases because of scattering off
other adsorbates before recombination.

The effect of e – h pair excitations is to enhance adsorption
at the expense of absorption, reflection and abstraction, but the
qualitative evolution of the three former channels with Ei hardly
changes. In contrast, abstraction is drastically reduced at low Ei

and low coverage. The HA recombination mechanism, which is
supposed to dominate recombination at low coverage and low
Ei, is shown to be significantly affected by the electronic excita-
tions, since they greatly reduce the relaxation time and travelled
length of hot hydrogen on the W(100) surface. As a result, the HA
mechanism is considerably diminished in favor of H adsorption
for these incidence conditions. Thus, the evolution of the abstrac-
tion channel with Ei changes at Θ=0.5 ML coverage. As a matter
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of fact, within LDFA both ER and HA mechanisms compete what-
ever the coverage, but as the coverage increases ER becomes the
dominant abstraction channel. Within LDFA, the average energy
partition between translation, rotation, and vibration is weakly
affected by coverage changes.

The comparison of LDFA calculations of H abstraction from
W(100) and W(110) surfaces shows low sensitivity on the crys-
tal face, both the reactivity and final energy distributions of the
formed molecules are similar. Moreover, within LDFA, ER and
primary HA dynamics share many similarities at all initial condi-
tions studied here. Both abstraction processes take place on the
same timescale and the travelled length by the projectiles before
recombination are similar, thus highlighting the arbitrary charac-
ter of their separation. Primary recombination on W(100) and
W(110) might be considered as a unique reactive process.
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19 I. Lončarić, G. Füchsel, J. I. Juaristi and P. Saalfrank, Phys.
Rev. Lett., 2017, 119, 146101.

20 M. Pavanello, D. J. Auerbach, A. M. Wodtke, M. Blanco-Rey,
M. Alducin and G.-J. Kroes, J. Phys. Chem. Lett., 2013, 4,
3735–3740.

21 O. Bünermann, H. Jiang, Y. Dorenkamp, A. Kandratsenka,
S. M. Janke, D. J. Auerbach and A. M. Wodtke, Science, 2015,
350, 1346–1349.

22 O. Galparsoro, R. Pétuya, J. I. Juaristi, C. Crespos, M. Alducin
and P. Larrégaray, J. Phys. Chem. C, 2015, 119, 15434–15442.

23 G.-J. Kroes, J. I. Juaristi and M. Alducin, J. Phys. Chem. C,
2017, 121, 13617–13633.

24 M. Blanco-Rey, J. I. Juaristi, R. Díez Muiño, H. F. Busnengo,
G. J. Kroes and M. Alducin, Phys. Rev. Lett., 2014, 112,
103203.

25 D. Novko, M. Blanco-Rey, J. I. Juaristi and M. Alducin, Phys.
Rev. B, 2015, 92, 201411.

26 O. Galparsoro, R. Pétuya, F. Busnengo, J. I. Juaristi, C. Cres-
pos, M. Alducin and P. Larrégaray, Phys. Chem. Chem. Phys.,
2016, 18, 31378.

27 O. Galparsoro, H. F. Busnengo, J. I. Juaristi, C. Crespos, M. Al-
ducin and P. Larregaray, J. Chem. Phys., 2017, 147, 121103.
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