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Ab initio molecular dynamics study of hot atom dynamics after dissociative
adsorption of H, on Pd(100)
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The relaxation of hot hydrogen atoms upon the dissociative adsorption of Hy on Pd(100) was
studied by ab initio molecular dynamics simulations based on density functional theory, modeling
the full dissociative adsorption process in a consistent manner. In spite of the nonlinear dependence
of every single trajectory on the run conditions, on the average it is the energy dissipation to the
substrate that determines the mean distance of the two H atoms after adsorption which amounts to
three to four lattice units and provides an upper bound for heavier species such as oxygen.

PACS numbers: 68.43.Bc, 68.43.Mn, 82.65.4r

The dissociative adsorption of molecules on surfaces is
the first, often crucial step in reactions in heterogeneous
catalysis [1]. In a direct dissociative adsorption event, the
molecules gain kinetic energy in addition to their initial
energy when they enter the attractive adsorption well.
It takes some time before this excess kinetic energy is
dissipated to the substrate, in particular when a light
molecule such as Hy is adsorbing on a substrate consist-
ing of heavy metal atoms. The energy gain upon the
dissociative adsorption leads to the formation of “hot”
atoms, i.e., atoms with energies much larger than ther-
mal energies. These atoms can use their kinetic energy
in order to propagate along the surface. The mean free
path of these hot atoms is relevant for catalytic reactions
on surfaces since it determines whether adjacent reac-
tants can react directly after the dissociative adsorption
with another species or whether some diffusive motion is
required before any further reaction can occur.

Experimentally, the distance of Oy dissociation frag-
ments was studied on Al(111) [2] and on Pt(111) [3] in
scanning tunneling microscopy (STM) studies. In partic-
ular the experiments addressing Os/Al(111) have caused
some controversy since they found oxygen atoms with a
mean distance of 40 A [2] which seems to be much too
large to originate from a simple dissociative adsorption
mechanism. In contrast, on Pt(111) a mean oxygen dis-
tance after Oo dissociation of two Pt lattice units was
observed [3] corresponding to 5.5 A. These results have
motivated some theoretical studies addressing the relax-
ation dynamics for oxygen atoms on Al(111) [4, 5] and of
hydrogen atoms on Pd(111) [6] on parameterized poten-
tial energy surfaces partially derived from first-principles
electronic structure calculations. These simulations did
not treat the full dissociation event of two atoms mov-
ing on the surface after dissociation. Rather, they stud-
ied the relaxation dynamics of isolated adsorbate atoms
with initial conditions typical for dissociative adsorption
events. They found final mean displacements of about 10-
15 A for oxygen atoms on Al(111) [4, 5] and less than 4 A
for hydrogen atoms on Pd(111) [6]. Note that the mean
displacement of single hot atoms and the mean distance

of two fragments after dissociative adsorption are not the
same. Furthermore, kinetic Monte Carlo simulations ad-
dressing the dissociation of O on Pt(111) indicated that
the distribution of oxygen atoms after the dissociation
cannot be explained by thermal events [7].

Thus, these theoretical studies did not consider the
mutual interaction of the two dissociation fragments on
the surface. Furthermore, the substrate relaxation and
its influence on the hot atom dynamics was either en-
tirely neglected [4, 5] or treated in an approximate man-
ner [6]. This is due to the fact that the modeling of
the dissociative adsorption dynamics including substrate
relaxation requires a high-dimensional potential energy
surface (PES) whose parameterization is not trivial [8, 9].
The problem of the parameterization of the PES can be
avoided in ab initio molecular dynamics (AIMD) sim-
ulations in which the forces necessary to integrate the
equations of motion are determined “on the fly”. The
AIMD simulations require a high computational cost
so that typically only a few trajectories could be eval-
uated [10, 11]. However, due to the improvement in
computer power and the development of efficient peri-
odic electronic structure algorithms [12] based on density
functional theory (DFT) it has become possible to run
a sufficient number of AIMD trajectories in order to ob-
tain statistically significant adsorption probabilities, as
has recently been demonstrated [13].

Here I present AIMD simulations addressing the hot
atoms dynamics after the dissociative adsorption of Ho
on Pd(100) in which the whole dissociation process un-
til the accommodation of the hot atoms is treated in a
fully consistent manner. The periodic DFT calculations
have been performed using the Vienna ab initio simula-
tion package (VASP) [12]. The exchange-correlation ef-
fects have been described within the generalized gradient
approximation (GGA) using the Perdew-Wang (PW-91)
[14] functional. The one-electron valence states were ex-
panded in plane waves with kinetic energies up to the
cutoff energy of 200 eV, and the ionic cores were rep-
resented by ultrasoft-pseudopotentials [15]. In order to
minimize the interaction of the hot hydrogen atoms with
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FIG. 1: Calculated trajectories of hydrogen atoms upon the
dissociative adsorption on clean Pd(100) within a (6 X 6) sur-
face unit cell. The initial kinetic energy was 0.2eV. The total
run time was 2.25 ps. Two sets of trajectories with the same
initial conditions are shown. The full lines correspond to the
joint motion of the two hydrogen atoms while for the dashed
lighter lines the trajectories were computed individually after
the two hydrogen atoms reached a separation of 2.5 A. The
surface unit cell of the simulations is indicated by the dashed
blue line.

their periodic images, a large (6 x 6) surface unit cell was
chosen. Because of the large unit cell, it was sufficient
to use only the Gamma point in the k-point sampling.
The Pd(100) surface was modeled by a slab of three lay-
ers with the uppermost layer free to move while the two
bottom layers were kept fixed. Additional tests with five
layers were performed as well.

The MD simulations were performed using the Verlet
algorithm with a time step of 1 fs within the microcanoni-
cal ensemble. The trajectories were started 4 A above the
surface with a kinetic energy of typically 200 meV along
the surface normal corresponding to normal incidence.
This kinetic energy was chosen in order to obtain direct
dissociative adsorption events. For lower kinetic energies
a large fraction of the impinging molecules become dy-
namically trapped before dissociation for up to several
picoseconds [16-18] which would have made the AIMD
simulations computationally prohibitively expensive. On
the other hand, the total energy gain of the hydrogen
atoms upon entering the adsorption wells corresponding
amounts to about 1eV corresponding to the Hy adsorp-
tion energy in dissociative adsorption on Pd(100) [19] so
that the initial kinetic energy chosen in the simulations
is only a small fraction of the kinetic energy available to
the hydrogen atoms after dissociation.

The initial lateral positions and orientations of the Hy
molecule were chosen randomly. The substrate atoms
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FIG. 2: Mean lateral distance of the two hydrogen atoms upon
the Hy dissociative adsorption on Pd(100) as a function of the
run time determined by averaging over AIMD trajectories for
different computational setups (see text). The basic AIMD
results denoted by full MD were obtained by averaging over
100 trajectories whereas the other results are based on at least
75 trajectories in each case.

were initially at rest, and the molecules were initially
non-rotating and non-vibrating. This means that no
zero-point motion was considered in the initial conditions
which leads in fact to a better agreement with quantum
dynamical simulations in this system [16, 20] since the
sum of all zero-point energies stays approximately con-
stant along the reaction path. Tunneling plays only a
minor role since the tunneling paths are exponentially
suppressed compared to the classically allowed paths in
these systems [21].

A typical AIMD trajectory of the dissociative adsorp-
tion of a hydrogen molecule run for 2.5 ps is plotted in
Fig. 1. The impact points of the two hydrogen atoms
on the surface are indicated by the small filled circles
whereas the open circles denote the equilibrium positions
of the Pd atoms. The trajectory shows that the single hy-
drogen atoms visit several surface sites before they come
to rest. In this particular trajectory, the hydrogen atoms
approach each other again after an initial increase in the
interatomic distance. At a certain time, they are moving
towards adjacent adsorption sites before they separate
again. This indicates that the mutual interaction can be
important for the hot atom movement.

The computed mean lateral distance of the two hydro-
gen atoms upon dissociative adsorption on Pd(100) as a
function of the run time is plotted as the full line in Fig. 2
and denoted by full MD. 100 trajectories were evaluated
for Hy impinging on the three-layer slab with the upper-
most Pd layer allowed to move. Although every single
trajectory depends sensitively on the initial conditions,
already after 50 trajectories the averaged results are con-
verged within +1 A to the results shown in Fig. 2. Per-
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FIG. 3: Calculated mean total kinetic energy of the Pd sub-
strate atoms and the impinging Hs molecule as a function
of the run time for initial kinetic energies of 200 meV and
500meV. The substrate was modeled as a three-layer slab
with the uppermost Pd layer allowed to move.

forming the AIMD simulations with a 5-layer slab does
not alter the results significantly, either, as Fig. 2 demon-
strates.

It is instructive to analyze the time evolution of the
H-H distance together with the energy distribution upon
the dissociative adsorption. In Fig. 3, the average total
kinetic energy of the Pd substrate atoms and of the hy-
drogen atoms is plotted as a function of the run time for
two initial Hy kinetic energies of 200 meV and 500 meV.
When the Hs molecule hits the surface after about 100 fs,
the molecule quickly dissociates and the hydrogen atoms
enter adjacent atomic adsorption sites where they gain
about 500 meV kinetic energy on the average. Because
of this high kinetic energy that is much higher than the
hydrogen diffusion barrier of hydrogen on Pd(100), the
“hot” hydrogen atoms can make further jumps. How-
ever, when hitting the Pd atoms they constantly transfer
energy to the substrate atoms. After about 1 ps, the hy-
drogen atoms have lost half of their kinetic energy irre-
spective of their initial kinetic energy, and the mean dis-
tance of the two hydrogen atoms starts to level off. After
2 ps, the atoms together have less than 200 meV kinetic
energy left, and their mean distance does hardly change
any more. There is a weak dependence on the initial ki-
netic energy resulting in final H-H distances of about 10 A
(Fiin = 200meV) and of about 10 A (B, = 500 meV),
respectively, which corresponds to roughly three to four
Pd lattice units. Note however, that there is a relatively
wide distribution in the H-H distances with a variance of
+5 — +6 A for the different setups.

The relatively weak dependence of the final H-H dis-
tance on the initial kinetic energy can be understood by
comparing the kinetic energy distribution in Fig. 3 for the

initial kinetic energies of 200 meV and 500 meV. First of
all, a large portion of the kinetic energy of the hot atoms
comes from the energy gain upon entering the adsorption
well which is independent of the initial kinetic energy.
Hence the additional kinetic energy does not make a big
difference. Second, molecules with a higher kinetic en-
ergy bump with a larger impact into the surface so that
a higher amount of energy is transferred to the substrate
phonons. As Fig. 3 shows, after 500fs, from the addi-
tional 300 meV in kinetic energy only about 100 meV are
left, and after 2ps the kinetic energy left is almost the
same for the two different initial energies considered.

In order to assess the role of the energy dissipation to
the surface, I have also run trajectories of Hs impinging
on the surface with the substrate atoms kept fixed so that
there is no energy transfer to the substrate. In this case,
the mean total kinetic energy of the two hydrogen atoms
stays constant at a value of about 700 meV which corre-
sponds to the initial kinetic energy of the Hs molecule
plus half the adsorption energy. As Fig. 2 indicates, for
the initial dissociation process for H-H distances up to
4 A at a run time of about 250 fs, the energy transfer to
the substrate does not play any significant role. At later
times, the energy dissipation slows down the hydrogen
atoms leading to a reduced H-H separation speed com-
pared to the hydrogen atoms not suffering any energy
dissipation. These continue to increase their distance
roughly linearly dependent on the time before it starts
to level off after about 1500fs. At long times, one would
expect an increase proportional to the square root of time
corresponding to the time dependence of the mean dis-
placement of a random walker. The oscillatory structure
in the mean distance at large time is due to the fact
that for these large distances the hydrogen atoms start
to interact with their periodic images within the 6 x 6
periodicity.

The positions and velocities of the hydrogen atoms at
the configuration when their distance reached 2.5 A in
the full MD simulations were used as the initial condi-
tions for AIMD runs of isolated hydrogen atoms. Tech-
nically, when the distance became larger than 2.5 A, one
of the two hydrogen atoms was omitted from the simu-
lations which were then continued. Afterwards, the dis-
tance of the two hydrogen as a function of time between
the trajectories of the isolated atoms was determined. Its
mean value is plotted as the dash-dotted line in Fig. 2.
Comparing this curve with the full MD results allows
to estimate the effect of the mutual interaction between
the two hydrogen atoms on their dynamics. In fact, sin-
gle AIMD runs were obtained in which the two hydrogen
atoms moved for a certain time in a concerted fashion lit-
erally following each other. In Fig. 1, the trajectories of
the two isolated hydrogen atoms are included as dashed
lines. It is obvious that the isolated atoms follow totally
different trajectories compared to the results including
both hydrogen atoms in the same run. This emphasizes



again the high sensitivity of the trajectories on the con-
ditions of the simulations. The propagation dynamics
is nonlinear resulting in chaotic trajectories. However,
on the average the mean distance of the isolated atoms
hardly differs from those of the full MD simulations. This
means that the effect of the mutual interactions between
the hydrogen atoms “averages out”, as far as their mean
distance is concerned.

Furthermore, AIMD simulations with Dy at an initial
kinetic energy of 200 meV were carried out. Note that in
classical mechanics, isotopes follow exactly the same tra-
jectories as a function of the kinetic energy if all masses
are scaled in the same way [20]. The mean distance of
the deuterium atoms plotted in Fig. 2 seems to be smaller
than the results for Hy. However, if the time axis for the
D results is rescaled by a factor of 1/4/2 according to
the mass difference between H and D, the results for Do
are only slightly below the corresponding results for Hs.
This can be understood considering the fact that due to
the larger mass of deuterium there is a stronger energy
transfer to the substrate, i.e., a stronger dissipation which
leads to a slightly reduced D-D distance on the average.

It may well be that the surface rearrangement upon
the dissociative adsorption and the substrate relaxation
due to the presence of the hydrogen atoms has an influ-
ence on the dynamics of the hot atoms. Therefore I have
run additional trajectories with the substrate kept fixed
but in which the velocities of the hydrogen atom were
rescaled every 50fs in such a way that the mean total
kinetic energy of the hydrogen atom as a function of the
run time resembled the one of the full dynamical sim-
ulations. This corresponds to including an appropriate
friction term while keeping the substrate fixed. Again,
the resulting mean H-H distance is very similar to the
full dynamical results (see Fig. 2) indicating that on the
average the recoil and relaxation of the substrate atoms
does not modify the dissociation dynamics.

Finally, T have also considered the mean displacement
of the single hydrogen atoms and the Hy center of mass
from their impact point on the surface. And again, ex-
cept for the simulations with the substrate kept fixed and
no energy dissipations, all other results look rather simi-
lar. The mean displacement of the single hydrogen atoms
is about 7 A (note that there is a difference between the
displacement of the single hydrogen atoms and the H-H
distance), whereas the Hy center of mass also does not
stay fixed but is replaced by about 5A on the average.
This confirms the conclusion of this work that the dis-
tance of three to four lattice units that hot hydrogen
atoms travel on Pd(100) after dissociative adsorption is
on the average mainly determined by the energy dissi-

pation to the substrate whereas the mutual interaction
or surface relaxation effects play only a minor role. For
heavier species such as oxygen atoms that dissipate their
energy more quickly to the substrate, the separations de-
termined in this study should provide an upper bound
for the distance they travel after dissociative adsorption
provided the corresponding potential energy surface is
similar.
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