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Abstract

The influence of molecular vibrations on dissociative adsorption is studied by six-dimensional quantum dynamical
calculations. For the system H: at Pd (100), which possesses non-activated pathways, it is shown that large vibrational
effects exist and that they are not due to a strongly curved reaction path and a late dissociation-hindering minimum barrier, as
was previously assumed. Instead, they are caused by the lowering of the H-H vibrational frequency during the dissociation
and the multi-dimensionality of the potential energy surface. Still there are quantitative discrepancies between theory and

experiment identified.

1. Introduction

In recent years the dissociative adsorption and asso-
ciative desorption of hydrogen on metal surfaces has
been the subject of many experimental and theoretical
investigations (see, e.g., Refs. [1-3] and references
therein). The studies were motivated by the fact that
for these relatively simple systems the process of bond
breaking and bond making during dissociative adsorp-
tion can be analyzed in greater detail.

Breaking a molecular bond is coupled to the in-
teratomic distance and molecular vibrations. There-
fore a large number of studies have addressed the
influence of those vibrations on the dissociative ad-
sorption and associative desorption, especially in the
benchmark system H,/Cu [4-9]. In desorption stud-
ies [4,5] strong vibrational heating of the hydrogen
molecules was found, i.e., vibrational population ra-
tios were much greater than expected for thermal equi-
librium with the temperature of the substrate at which
desorption occurs. According to the principle of mi-
croscopic reversibility this implies that the probability

of dissociative adsorption should be enhanced for vi-
brationally excited molecules, which indeed has been
confirmed experimentally [6-9]. These vibrational ef-
fects were usually discussed [ 10-13] within the con-
text of potential energy surfaces (PESs) which depend
only on two coordinates, namely the center of mass
distance of the molecule from the surface, Z, and the
H-H interatomic distance, d. The motion of the two
atoms of a diatomic molecule is governed by six co-
ordinates, not just Z and d, but the dependence on the
other (neglected) four coordinates was felt to be of
minor importance. It was generally accepted that the
PES in the considered two-dimensional space (a so-
called “elbow plot”) should exhibit a strongly curved
reaction path and a so-called late barrier towards dis-
sociative adsorption, i.e. a barrier after the curved re-
gion of the PES, close to the surface, in order to ac-
count for strong vibrational effects in dissociative ad-
sorption and associative desorption.

Interestingly, strong vibrational heating was also
found for hydrogen molecules desorbing from
Pd (100) [14], although for this substrate, in contrast
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to Cu, the dissociative adsorption is non-activated
[15-17]. Nevertheless, within the spirit of the above
discussion for the Hy/Cu system, Brenig et al. [ 18,19]
reproduced the vibrational heating for H, desorption
from Pd (100) by quantum dynamical calculations
using two-dimensional model potentials with a mini-
mum barrier of 200 meV. Since this is in conflict with
the fact that the adsorption of H; is non-activated,
Darling and Holloway [20,21] questioned the validity
of this theoretical work and argued that one must take
into account a distribution of barrier heights which re-
quires higher-dimensional calculations. In their model
calculations, which were still two-dimensional, they
basically showed that it is not possible to reproduce
vibrational heating in desorption with a barrierless
two-dimensional elbow potential [20].

Recently we enhanced the computational approach
for the scattering of molecules at surfaces [19,22]
and are now able to investigate reactions of diatomic
molecules on surfaces with all six degrees of free-
dom of the molecule being treated quantum dynami-
cally [23]. Such a study was performed for the stick-
ing probability of H, at Pd (100) [23] employing a
high-dimensional PES derived from first-principles
calculations [17]. In this Letter we use the same
PES and the same six-dimensional (6-D) quantum-
dynamical method. The PES for the interaction of H
and Pd (100) possesses a non-activated pathway, but
also (in fact in majority) activated pathways [17]. It
was found that H; molecules impinging with small
energies are efficiently steered along the non-activated
pathways towards dissociative adsorption [23]. How-
ever, with increasing energy the steering effect gets
less effective and the majority of molecules proceeds
via pathways with energy barriers [23]. The steering
mechanism is operative for the translational degree
of freedom as well as for the rotations [24]. In the
meantime two predictions of the quantum dynamical
calculations for H,/Pd (100), namely the strong ro-
tational hindering of the dissociation at low kinetic
energy [23,25] and the orientation dependence of
adsorption and desorption [23], have been confirmed
experimentally [26,27].

In order to investigate the effects of molecular vi-
brations on the sticking probability we had to extend
the calculations [23] to higher energies. To describe
the dynamics of initially vibrating molecules properly
we have increased the number of vibrational eigen-

functions in the expansion of the wavefunction of the
hydrogen nuclei: in the present study up to 25200
channels per total energy are taken into account com-
pared to 21000 channels which were considered pre-
viously [23]. We will show that despite the absence
of a minimum barrier towards dissociative adsorp-
tion and a strongly curved reaction path there are still
substantial vibrational effects in the adsorption and
desorption of Hy/Pd (100). We will demonstrate that
they are caused by a strong lowering of the H-H vi-
brational frequency during the adsorption and by the
multi-dimensionality of the PES relevant to the dis-
sociation process. However, some discrepancies with
the experimental results of Refs. [14,18] remain.

2. Results and discussion

Fig. 1 shows a cut through our PES of H,/Pd (100),
where the most favorable path towards dissociative ad-
sorption is marked by the dashed line. As discussed
above, for this path there is no energy barrier hinder-
ing dissociation, i.e., the adsorption is non-activated.
The curvature of the optimum reaction pathway (see
dashed line in Fig. 1) is relatively moderate compared
to the curvature of the reaction pathways of previously
assumed or guessed PESs which had been used in ear-
lier low-dimensional studies [ 10-13,18-20]. The de-
tailed total-energy calculations [17] showed that the
PES is strongly anisotropic and corrugated so that be-
sides non-activated paths the majority of pathways to-
wards dissociative adsorption has in fact energy barri-
ers with a rather broad distribution of heights and po-
sitions. The barrier height depends on the molecular
orientation and impact site in the surface unit cell.

Fig. 2 presents results for the sticking probability as
a function of the kinetic energy of an H; beam under
normal incidence. Quantum mechanically determined
sticking probabilities for hydrogen at surfaces with
an attractive well exhibit an oscillatory structure as a
function of the incident energy [23,24,28,29], reflect-
ing the opening of new scattering channels and reso-
nances [28,29], as also observed in, e.g, LEED [30].
Such oscillations have not been observed yet. In the ex-
periments the molecular beams are not strictly mono-
energetic but have a certain energetic broadening. For
the calculations of Fig. 2 we assumed an energy width
AE;/E; = 0.2, typical for the experiments [15]. As a
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Fig. 1. Contour plot of the PES along a two-dimensional cut
through the six-dimensional coordinate space of H/Pd (100). The
inset shows the orientation of the molecular axis and the lateral
H; center-of-mass coordinates. The coordinates in the figure are
the H, center-of-mass distance from the surface Z and the H-H
interatomic distance d. The dashed line is the optimum reaction
path. Energies are in eV per H; molecule. The contour spacing is
0.1 eV.

consequence, the quantum dynamical oscillations are
smoothed out.

The solid curves correspond to 6-D calculations for
H; molecules initially in the vibrational ground and
first excited state, respectively. The »; = 0 curve shows
the characteristic initial decrease of the sticking proba-
bility with increasing energy (for E; < 0.1eV) which
is due to the decreasing importance of the steering ef-
fect with increasing energy [23]. Also for molecules
initially in the first excited vibrational state a corre-
sponding behavior is found, but for these the steer-

1.0
0.9

o o o
o N o

0.5

Sticking probability

—— 6-D calculations
———- 5-D calculations

o o oo
- N W s

1 —t

00 01 0z 03 04 05 06 07 08
Kinetic energy (eV)

o
o

Fig. 2. Sticking probability versus kinetic energy for a Hy beam
under normal incidence on a Pd (100) surface. The molecules are
initially in the rotational ground state j; = 0, and in their initial
vibrational states are »; = 0 (lower curves) and »; = | (upper
curves). The solid lines show the results of the 6-D calculations
and the dashed lines are five-dimensional calculations where the
vibrational degree of freedom is approximated by an adiabatic
treatment (see text).

ing effect is strong only for small energies (E; < 50
meV). For kinetic energies higher than ~ 50 meV
the »; = 1 molecules experience an increasing stick-
ing probability which is significantly larger than for
v; = 0 molecules.

The effect of the initial vibrational state can be quan-
tified by the vibrational efficacy

€,,=0(8) — €,=1(S)
hwyip

Hin(S) = ) (1)
where €(S) is the kinetic energy required to obtain the
sticking probability S, so that 5., (S) is the separa-
tion of the sticking curves for a certain sticking prob-
ability divided by the gas-phase vibrational quantum
hw.i, = 516 meV. In Fig. 2 we have marked S = 0.7,
which leads to a value of the vibrational efficacy of
Zvin(S = 0.7) = 0.75. This means that 75% of the
vibrational energy is effective in promoting the dis-
sociative adsorption, a value even higher than in the
H;/Cu(111) system [9].

To clarify why and how molecular vibrations affect
the sticking probability we performed calculations for
a reduced coordinate space, namely allowing only five
degrees of freedom for the two hydrogen atoms. This
reduction was achieved by keeping the molecules in
their initial vibrational state. Although the vibrational



420 A. Gross, M. Scheffler/Chemical Physics Letters 256 (1996) 417-423

06 L 1 T L LR § L T T L
04 [T - .
o2fF  TtNe 4
0.0

S o2

3

N N

g -06 |

5 -os
-1.0 o

[ —-— H, frequency .
-12 Potential \\ T ]
-14 b --e-- Adiabatic potential, v, = 0 Ny 1
_1.6 b ———- Adiabatic potential, v, = 1 Sso p
1 1 . 1 i IR S | I i
-3.0 -25 -20 -15 -1.0 -0.5 00 05 10 15 20

Gas Reaction path coordinate (A) Surface

Fig. 3. H-H vibrational frequency Aw(s), potential Vp(s) and
“vibrationally adiabatic potentials” (see Eq. (2)) along the reac-
tion path of Fig. 1. 5 = O corresponds to the point of maximum
curvature of the reaction path.

state is kept fixed, the energy of the vibration, which
is determined by the strength of the H-H interaction,
will change along the scattering pathway. As can be
seen in Fig. 2, these five-dimensional results are close
to the 6-D results. This reflects two facts. First, the
molecular vibrational state is a sufficiently good quan-
tum number and is almost conserved during the scat-
tering, i.e., the probability for transitions between dif-
ferent vibrational states during the scattering event is
rather low. Second, the curvature of the reaction path
of the H,/Pd(100) PES is not crucial for the vibra-
tional effects in this system because in the 5-D calcu-
lations no curvature is present in the Hamiltonian.
As the next step we will analyze the “vibrationally
adiabatic potentials” which are defined by
V2ia(8) = Vo(s) + [he(s) — hww] (i +3),  (2)

adia

where s is the coordinate along the reaction path (see
Fig. 1). The vibrationally adiabatic potential is the rel-
evant potential for the H; molecule moving on the PES
in a particular vibrational state taking the change of
the vibrational frequency along the path into account.
In Fig. 3 we have plotted the vibrational frequency to-
gether with the potential and the vibrational adiabatic
potentials for »; = 0 and »; = 1 along the reaction path
coordinate s of Fig. 1. At s = 0, the point of max-
imum curvature in Fig. 1, the vibrational frequency
is strongly reduced from its gas phase value of hw =
516 meV to about 150 meV. This leads to a lowering
of the vibrationally adiabatic potential by 183 meV for
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Fig. 4. Integrated barrier distribution using the potential energy W
and “vibrationally adiabatic potentials”.

v; = 0 and by 549 meV for »; = 1. Such a lowering not
only occurs for the most favorable adsorption path, but
also for other non-activated and activated pathways,
i.e., for other impact sites in the surface unit cell and
for other molecular orientations. This can be demon-
strated by the integrated barrier distribution for the
potential V, and the vibrationally adiabatic potentials

1
Py(E) = -2—~—/@(E~ Ey(0,4,X,Y))
mA
x cos#dfdgdX dY. (3)

In Eq. (3), 6 and ¢ are the polar and azimuthal ori-
entation of the molecule, and X and Y are the lateral
coordinates of the hydrogen center-of-mass. A is the
area of the surface unit cell. Each quadruple defines
a cut through the six-dimensional space (see Fig. 1
for one example), and Ej, is the minimum energy bar-
rier along such a cut. The function @ is the Heavyside
step function. The quantity P,(E), which is plotted
in Fig. 4, is the fraction of the configuration space,
for which the barrier towards dissociative adsorption
is less than E; it corresponds to the sticking prob-
ability in the classical sudden approximation, which
forms the basic approximation behind the so-called
“hole model” [31]. Actually, a comparison of Figs. 2
and 4 reveals that the hole model gives a satisfactory
description of the sticking probabilities at high kinetic
energies above 0.3 eV, whereas it is strongly at vari-
ance with full dynamical calculations at low kinetic
energies, where the steering effect is operative.

Fig. 4 demonstrates that the barrier distribution is
lowered due to the decrease of the vibrational fre-
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Fig. 5. Vibrational excitation in desorption. Boxes: experimental
results (see text) [18]. Dashed line: vibrational population in
thermal equilibrium with the surface temperature, solid line: 6-D
calculations.

quency by about 180 meV for molecules in the vibra-
tional ground state compared to the potential Vy(s)
and by a further ~400 meV for molecules in the first
excited vibrational state. Because of the lowered po-
tential the vibrationally excited molecules are acceler-
ated more strongly towards the surface, they become
so fast that the steering mechanism is suppressed. For
that reason the initial decrease of the sticking proba-
bility for »; = 1 is limited to low energies (E; < 50
meV, see Fig. 2). The difference in the barrier heights
of about 400 meV is reflected by the energetic shift
between the sticking curves for »; = 0 and »; = 1
in Fig. 2 for sticking probabilities larger than ~0.7.
Hence it is the strong decrease of the H-H vibrational
frequency during the dissociation which causes the vi-
brational effects in adsorption.

In Figs. 3 and 4 zero-point effects due to the frus-
trated rotation and translation parallel to the surface
are not taken into account since we concentrate here
on states with different vibrational quantum numbers.
The influence of frustrated rotation and translation of
the H, molecule in contact with the surface will be
discussed in a forthcoming paper [32].

According to the principle of detailed balance, the
strong enhancement of the sticking probability of vi-
brationally excited molecules implies a strong vibra-
tional heating of molecules observed in associative
desorption. Fig. 5 displays the logarithm of the pop-
ulation ratio of the vibrationally first excited and the
ground state in desorption versus the inverse surface

temperature. The theoretical values were obtained by
summing up over all final rotational states. The dashed
line results from the assumption that the H; vibrations
are in thermal equilibrium with the surface tempera-
ture. Indeed we find vibrational heating in our calcula-
tions. At 7; = 700 K the ratio is 2.5 times higher than
for thermal equilibrium. Absolute values of the vibra-
tional heating in hydrogen desorption from Pd(100)
were only measured for Dy, not for Hy. In the sys-
tem Hy/Ni(110), which has a similar sticking curve
as H,/Pd (100) [15], a vibrational heating of a factor
of two was found [33], in good agreement with our
results. The experimental results in Fig. 5 are only de-
termined within a calibration factor [18]. This means
that only the slope of the experimental data has sig-
nificance, not the absolute values. From this slope an
apparent activation energy E, = 428 + 30 meV [18]
has been deduced. Our theoretical work gives E; =
519+1 meV. Considering the scatter in the experimen-
tal data (see Fig. 5) and the fact that the theory does
not employ any empirical parameters, the comparison
of the experimentally and theoretically obtained ap-
parent barrier is satisfactory.

In fact, an analysis of the measured sticking proba-
bility of H,/Pd(100) [15] makes it plausible that the
apparent activation energy should be close to the gas-
phase frequency of Hj. If we restrict ourselves for the
sake of clarity to the two coordinates Z and d, then
according to the principle of detailed balance the vi-
brational population ratio in desorption is given by

P [e E/MTS(E 1 =1)dE ex [ =Tsiv
Py~ [eEOTS(E, 3 =0)dE * \ kT, )’
(4)

where S(E,v;) is the sticking probability for initial
vibrational state »; and kinetic energy E. Now an
analysis of Eq. (4) yields that a strong lowering of
the apparent activation energy from the gas-phase
vibrational energy can only be caused by a ratio
S(E,v; =1)/S(E, v; = 0) which decreases exponen-
tially with increasing kinetic energy. This would only
be the case if S(E,»; =0) increased exponentially
with increasing energy, which requires the assumption
of a minimum barrier towards dissociative adsorption,
as was done in the calculations of Refs. [18,19].
However, the sticking in the system H,/Pd (100) is
non-activated and initially decreases with increas-
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ing kinetic energy [15]. Such a sticking probability
should not cause a lowering of the apparent activa-
tion energy for vibrational excitation in desorption, as
reproduced by our calculations. Either the principle
of detailed balance is not directly applicable for the
adsorption/desorption of Hy/ Pd(100), which seems
to be improbable from the experience of hydrogen-
on-metal systems [3], or there is an inconsistency
between the adsorption and desorption experiments.

We further note that the apparent activation energy
in our calculations depends on the rotational states of
the molecules. If one considers, e.g., only jr = 4 rota-
tional states, where ji is the final rotational quantum
number, for the vibrational excitation in desorption,
then the theoretical activation energy drops to E, =
487 £ 2 meV. This is due to the fact that the stick-
ing probability for molecules in the vibrational ground
state becomes small (less than 0.1) for j; > 4 [25],
while for vibrationally excited molecules the sticking
probability is almost independent of the initial rota-
tional state. Also the absolute value of the vibrational
heating depends sensitively on the rotational quantum
number; for jr = 4 the vibrational heating rises to a
factor of 3.6.

For D,/Pd (100) a vibrational overpopulation in
desorption of ¥ = 1 by a factor of nine was found [ 14],
which is much higher than our result for H,/Pd (100).
Note that the interaction of D, with Pd (100) is given
by exactly the same PES as for Hy. At present, full
quantum dynamical calculations for D, are not feasi-
ble because the number of relevant, energetically ac-
cessible channels is significantly higher than for H;
due to the larger mass and the therefore smaller ener-
getic level spacings. We do not expect, however, that
the calculations for D, would yield a vibrational heat-
ing of a factor of nine. Again analyzing Eq. (4), for
such a large vibrational heating the sticking probabil-
ity for »; = O states of D, must be below 0.1 for all
energies, much lower than for Hy, but already the hole
model, that does not take into account the steering ef-
fect, yields higher values (see Fig. 4).

The reason for this discrepancy may lie in the
determination of the PES. On the other hand, if all
the experimental results were correct, the application
of the principle of detailed balance for the adsorp-
tion/desorption of hydrogen/Pd (100) would yield a
large isotope effect, which, for example, has not been
found for hydrogen on Pd (111) [26]. It may also be

that our understanding of the adsorption/desorption
dynamics is still incomplete.

3. Conclusions

In conclusion, we reported a six-dimensional quan-
tum dynamical study of dissociative adsorption on and
associative desorption from H,/Pd (100). We have
shown that large vibrational effects in dissociative ad-
sorption and associative desorption of H,/Pd (100)
exist. They are not due to a strongly curved reaction
path and a late minimum barrier to adsorption, as was
previously assumed, but they are caused by the strong
lowering of the H-H vibrational frequency during the
adsorption and the multi-dimensionality of the rele-
vant phase space with its broad distribution of bar-
rier heights. Quantitative differences between experi-
ment and theory and inconsistencies between adsorp-
tion and desorption experiments are identified which
deserve further clarification.
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