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Abstract
We review recent experimental and theoretical work aimed to understand
the reaction dynamics of hydrogen molecules at metal surfaces. Diffraction
experiments and calculations using ab initio determined six-dimensional
potential energy surfaces were carried out on several single-crystal surfaces:
NiAl(110), Pt(111), Pd(111) and Pd(110). We discuss the general trends
observed in the energy range studied (20–150 meV) when going from non-
reactive to very reactive surfaces as well as specific features of the dynamics
which can be seen in diffraction studies.
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1. Introduction

Owing to its importance in hydrogenation catalysis, the interaction of hydrogen with metal
surfaces has been extensively studied in recent years, both experimentally [1, 2] and
theoretically [3–6]. The design of better catalysts requires a detailed knowledge of the
underlying reaction mechanism, in particular that leading to dissociation of H2. Molecular
beam and associative desorption experiments have been carried out to understand the
main factors that govern H2 dissociation at the surface [7–9]. In addition, vibrationally
inelastic [10–14] and rotationally inelastic [15–17] scattering experiments have provided
useful information on how certain features of the potential energy surface (PES) control
the experimental observations. A usual limitation of these experiments is that they provide
information averaged over the whole unit cell ([2] and references therein).

A different point of view is provided by diffraction experiments. As is well known,
He-atom scattering (HAS) is a common tool to investigate surface properties [18]. In these
experiments, the positions of the different diffraction peaks provide detailed information on the
surface structure. Moreover, the relative intensities of the peaks are directly connected with the
corrugation of the particle–surface PES. Thus, H2 diffraction has been proposed some time ago
as a promising (and maybe unique) experimental technique to measure the H2–surface PES
within the unit cell [19, 20]. However, these expectations have not yet been satisfied due to
practical limitations in both theory and experiments.

The link between the experimental H2 diffraction spectra and the PES can only be
established by performing accurate dynamical calculations. In general, H2 diffraction
intensities are larger than those for He, because H2 molecules explore a more corrugated PES.
Though evaluation of realistic PESs for H2/metal surface systems is not trivial and 6D quantum
dynamical (QD) calculations are computationally demanding, an exact theoretical description
of H2 scattering from first principles (within the rigid surface model) is now possible [4, 5].
This possibility has renewed interest in H2 diffraction from the experimental side and as a
consequence, we have gained considerable insight into the H2 dissociation dynamics at metal
surfaces.

In this work we summarize H2 diffraction studies performed in recent years. The main
conclusions are the following:

(i) the diffraction patterns cannot be understood from differences in surface corrugation along
different symmetry directions;

(ii) out-of-plane diffraction is important, and its importance increases with increasing
reactivity;

(iii) the predictions of state-of-the-art 6D QD calculations within the Born–Oppenheimer
approximation are corroborated by experiment and

(iv) classical dynamics calculations using a DFT determined 6D PES can be used to predict
semi-quantitatively several experiments.

The diffraction of H2 and D2 molecular beams from surfaces is in principle very similar to
He diffraction, the two major differences being (i) the possibility of rotational-state transitions
in the case of molecular scattering and (ii) the fact that diffraction competes with the reactivity
channel. Concerning (i), rotationally inelastic diffraction (RID) peaks can be observed in the
form of additional diffraction peaks in the angular distributions. In this process, the incident
molecules convert part of their translational energy into excitation of a rotational quantum level
when colliding with the surface. The position of RID peaks within an angular distribution
can be obtained by combining the Bragg condition for surface diffraction with conservation of
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energy [21]:

� �K = �Kf − �Ki = �G
Ef − Ei = �Erot.

(1.1)

In (1.1), �Kf and �Ki are the parallel components of the outgoing and incident wavevectors,
respectively, �G is a surface reciprocal lattice vector, Ef and Ei are the final and incident
beam energies and �Erot is the rotational transition energy. For H2 (D2) this energy is
|�Erot| = 44.6 (22.2) meV for the lowest transitions (0 → 2 and 2 → 0) and |�Erot| = 74.3
(36.88) meV for the 1 → 3 and 3 → 1 transitions.

As to the reactivity channel, a quantitative measure is given by the sticking probability S
of H2. This probability might vary from zero (for non-reactive systems, like noble metals) to a
value very close to unity for highly reactive (also called non-activated) systems, like transition
metal surfaces. As a consequence, on most reactive surfaces a hydrogen overlayer can build up
quickly if the experiments are done at a surface temperature below the desorption temperature
of H2 (∼350 K) and alter the measurements. This sets an important boundary condition to the
experiments, which must be carried out at high surface temperatures, increasing the inelastic
background.

2. Experimental set-ups

H2 diffraction experiments from reactive surfaces are very demanding, because they require a
high sensitivity (to detect reflectivities that are of the order of a few per cent [22]) combined
with the possibility of recording both in-plane and out-of-plane spectra, since pronounced out-
of-plane scattering occurs for these systems [22]. For this reason, the experiments reviewed in
this work were carried out using two different apparatuses recently installed at the Universidad
Autónoma de Madrid. A schematic representation of the two set-ups is shown in figure 1. In
the first one, the detector can be rotated through 200◦ in the scattering plane (defined by the
incident beam direction and the normal to the surface) as well as ±15◦ from the scattering plane
for a fixed angle of incidence. Another advantage of this set-up is that it allows measurement
of the direct incident beam intensity, making possible very accurate determination of absolute
diffraction probabilities. On the other hand, since the detector lies very close to the sample, the
angular resolution is lower than for time-of-flight (TOF) systems, and the dynamical range is
limited to ∼3 × 10−3 of the incoming beam intensity.

The second apparatus is a high-resolution time-of-flight (TOF) spectrometer with a fixed
angle of 106.8◦ between incident and outgoing beams. Angular distributions are measured
by rotating the crystal about an axis normal to the plane of the incident and outgoing beams.
After scattering through a fixed angle of θSD = 106.8◦ with respect to the incident beam, the
particles are detected by a home-made magnetic mass spectrometer detector located at 1.6985 m
from the target surface. This allows detection of diffraction intensities as low as ∼10−4 of the
incoming beam, while the angular resolution is determined by the detector acceptance angle,
which is about 0.2◦. Scattering experiments were carried out at energies between about 20 and
150 meV.

The rotational populations of the incident H2/D2 beams in our experiment were estimated
from previous theoretical and experimental work [23]. For an incident energy Ei = 150 meV,
most H2 molecules are in the Ji = 1 state (60%) while 38% of D2 molecules are in the Ji = 2,
18% in the Ji = 1 and 16% in the Ji = 0 state. Because of the large spacing between the
vibrational levels of the H2 molecule, more than 99% of the molecules are in the vi = 0 state
for Ei � 200 meV.
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Figure 1. Molecular beam scattering apparatus recently installed at the Universidad Autónoma
de Madrid. In the time-of-flight set-up (bottom), the angle of incidence is changed during a
measurement by rotating the sample. In the one shown at the top, in contrast, the detector can
be rotated in and out of the scattering plane while keeping the angle of incidence fixed.

The single-crystal surfaces employed in the experiments were cleaned in situ in UHV by
ion sputtering and annealing. Details on Pd(111) [22], NiAl(110) [24, 25], Pt(111) [26] and
Pd(110) [27] sample preparation can be found elsewhere. A scheme of the corresponding
direct and reciprocal lattices of these surfaces is shown in figure 2.

3. Theoretical methods

In current theoretical approaches, the scattering dynamics of H2 on metal surfaces is described
in terms of a single six-dimensional molecule–surface PES obtained from state-of-the-art
electronic structure calculations [4, 5]. This means that any excitation (electronic or phononic)
of the surface is discarded. Inclusion of such inelastic effects in a quantum calculation
modelling all six degrees of freedom of H2 is at present unfeasible. In the context of
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Figure 2. Top view of the direct and reciprocal lattices of Pt(111), Pd(111), NiAl(110), and Pd(110)
indicating the basis vectors.

classical calculations, a few partial solutions have been proposed to include phonon inelastic
processes (see, e.g., [28–30]). In the case of diffraction, increased surface temperature leads
to smaller diffraction intensities, as observed experimentally, but maintaining the relative
importance of the diffraction intensities. Thus, for the sake of consistency between different
dynamical calculations, inelastic phonon effects have been neglected in all reported dynamical
calculations. The approximation of neglecting electron–hole pair excitations can be justified on
the basis of recent experimental results [26].

The methods used to describe the dynamics of the H2–surface interaction were described in
detail earlier. In particular, the PES of H2/Pd(111) [31], H2/Pt(111) [32], H2/NiAl(110) [33],
and H2/Pd(110) [34] have been determined by interpolation of ab initio DFT/GGA data
(GGA stands for generalized gradient approximation) using the corrugation reducing procedure
(CRP) [35]. The CRP has been shown to provide a precision better than 30 meV in the
dynamically relevant regions for several H2–metal systems [31, 33, 32].
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The above PESs have been used to perform 6D classical trajectory and quantum dynamics
(QD) calculations. In the classical trajectory calculations one has to integrate the Hamilton
equations using, in our case, the predictor–corrector method of Burlish and Stoer. Typically,
the total energy for each trajectory is conserved to within 0.1 meV. To calculate dissociative
adsorption probabilities, one has to compute between 5000 and 10 000 trajectories, but for
state-to-state scattering probabilities (which are in general small) these numbers oscillate
between 1 × 105 and 2 × 105 trajectories per incidence angle. The estimated statistical error
of the probabilities is of the order of 1% for dissociative adsorption and 2% for reflection
channels. In classical dynamics calculations the initial vibrational zero point energy (ZPE)
of impinging molecules must be considered with caution. In so-called quasi-classical (QC)
calculations, one makes use of a microcanonical distribution for the molecular vibrational
motion with energy (ZPE) equal to that of the quantum ground state. Such calculations produce
an artificial quenching of dynamic trapping [31]. On the other hand, the so-called classical
(C) calculations, which disregard the initial ZPE, give low (high) adsorption (reflection)
probabilities because the effect of vibrational softening, which accelerates the molecules
towards the surface, is not accounted for [31]. Thus, in general, C sticking probabilities are
lower than the QC ones. However, both QC and C calculations give very similar angular
and rotational state distributions of scattered molecules. Another possibility is to run C
calculations but adding to the PES an attractive term that accounts for the adiabatic vibration-
to-translation energy transfer that takes place when the molecules approach the surface (CZPE
calculations).

In either classical approach, the probability of a given (n, m) diffraction peak is evaluated
as the fraction of trajectories in which the molecule scatters non-reactively with a parallel
momentum change contained in the 2D Wigner–Seitz cell built around the (n, m) lattice point
in reciprocal space [36]. This method has been shown to provide diffraction peak intensities in
reasonable agreement with experiments and quantum dynamics calculations [22, 37, 36]. We
will further elaborate upon this method in section 4.4.

The quantum dynamics calculations presented in this paper have been carried out using
the time-dependent wavepacket (TDWP) method [38]. A direct discrete variable representation
(DVR) [39] is used to represent the dependence of the wavefunction on X , Y , Z and r . Fast
Fourier transformations are used to transform the wavefunction from the DVR to a direct
product finite basis representation (FBR) in momentum space, and vice versa. A non-direct
product FBR is used for the rotations, employing Gauss–Legendre and Fourier transformations
to switch between the DVR and FBR [40, 41]. The initial wavefunction is the product of
a Gaussian wavepacket in Z , a plane wave for the motion parallel to the surface and a
rovibrational wavefunction describing the (ν, Ji, m Ji ) initial state of H2. The wavefunction,
placed initially far from the surface, where the interaction with the surface is negligible, is
propagated in time using the split-operator method [42], in which the kinetic and potential
propagation part of the Hamiltonian are symmetrically split according to [43]:

exp(−iĤ�t) = exp(−iK̂�t/2) × exp(−iĤrot�t/2) × exp(−iV̂ �t)

× exp(−iĤrot�t/2) × exp(−iK̂�t/2). (3.1)

Here, V̂ is the potential describing the interaction of the H2 molecule with the surface (as
described by the PES), Ĥrot is the kinetic energy operator associated with H2 rotation, and
K̂ is the kinetic energy operator associated with the centre-of-mass motion of H2 and the H–
H relative motion. Finally, �t is the time-step used in the split-operator formalism. Optical
potentials are used to absorb the part of the wavepacket that has reacted and that has been
reflected. The reflected wavepacket is analysed using a scattering amplitude formalism [44].
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Figure 3. Experimental (symbols) and
classical calculations (solid lines) of the
sticking probability as a function of
incident beam energy for NiAl(110),
Pt(111) and Pd(111). See the text for
details.

4. Results

4.1. Reactivity of NiAl(110), Pt(111) and Pd(111)

Figure 3 shows the dissociative sticking probability of H2 on NiAl(110), Pt(111) and Pd(111)
as a function of incident beam energy. Symbols correspond to supersonic molecular beam
experiments [45–47] and the lines are the results of classical trajectory calculations [33, 48, 49].
For the three surfaces considered, classical results reproduce well the experimental trends.
This strongly supports the use of the present theoretical approach (i.e. the Born–Oppenheimer
approximation + DFT/GGA + classical molecular dynamics) to investigate adsorption
mechanisms and their connection with experiments.

Figure 3 clearly shows an increasing reactivity when going from NiAl(110) to Pt(111) and
Pd(111). On NiAl(110) and Pt(111), dissociative adsorption is an activated process, whereas
it is non-activated on Pd(111). For H2/NiAl(110) and H2/Pt(111), the minimum activation
barrier (obtained in DFT calculations) is ∼300 and ∼50 meV, respectively. These values
determine the dissociation energy thresholds found in the classical results shown in figure 3
for these systems. An important difference between Pd(111) on the one hand, and Pt(111)
and NiAl(110) on the other, is that, in the latter cases, the probability increases monotonically
with Ei. Classical calculations show that on Pt(111) and NiAl(110) a single direct mechanism
dominates adsorption. Thus, molecules approach the surface and directly dissociate or are
scattered back to the vacuum after a single rebound on the surface [33]. For H2/Pd(111) such
a direct dissociation mechanism only dominates for energies above 100 meV. At low energies,
an indirect mechanism usually called dynamic trapping also plays an important role [34, 49].
In this case, many molecules remain trapped during a long time due to energy exchange
from perpendicular motion to rotation and parallel motion which prevents the molecules from
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Figure 4. Dynamic trapping mechanism.

escaping the surface attraction (see figure 4). As a consequence, dynamic trapping enhances
dissociative adsorption, but its role decreases when Ei increases. This produces the initial
decrease of the sticking probability as a function of Ei observed for H2/Pd(111). This subject
will be discussed in more detail in section 4.5.

4.2. Molecular hydrogen diffraction experiments

Figure 5 shows experimental diffraction spectra obtained with (a) NiAl(110), (b) Pt(111), and
(c) Pd(111). In the case of NiAl(110), the experimental data correspond to D2 molecules
impinging the surface along the [11̄0] azimuth with Ei = 100 meV and angle of incidence
θi = 32.8◦. The results for Pt(111) and Pd(111) correspond to H2 molecules impinging the
surfaces along the [101̄] azimuth with Ei = 121 meV and θi = 43.7◦ and Ei = 105 meV
and θi = 63.3◦, respectively. In all cases, both in-plane and out-of-plane diffraction spectra
are presented. For the impact energies considered in figure 5 (all around Ei ∼ 110 meV), it is
clear that the total reflectivities of the three surfaces are quite different: i.e. going from ∼1 for
NiAl(110) to ∼0.3 for Pd(111) (see experimental data of figure 3).

For NiAl(110), both first order in-plane and out-of-plane diffraction peaks are observed
as well as RID peaks corresponding to the 0 → 2 and 2 → 0 transitions. In this case, out-
of-plane peaks are less important than in-plane ones. Pt(111) has a relatively low reactivity,
which is halfway between those of Pd(111) and NiAl(110). Accordingly, a large reflectivity is
observed in experiments, as can be seen in the spectra presented in figure 5. For these incidence
conditions, in-plane peaks are not observed, whereas out-of-plane ones are clearly resolved. For
other incidence conditions, small in-plane peaks were observed, but still the general trend is
that out-of-plane diffraction is more important than in plane. The large increase of the sticking
probability when going from NiAl(110) and Pt(111) to Pd(111) entails a large decrease of the
elastic reflectivity (up to ∼0.5%), and in particular of the specular peak. A remarkable feature
of the Pd(111) spectrum is the appearance of pronounced out-of-plane diffraction, while no
diffraction peaks are observed in the scattering plane [37]. Indeed, the intensity of the (01) peak
is almost 45% of the specular one at Ei = 150 meV (shown in figure 7 below). These results
show that out-of-plane diffraction is more important than previously assumed in H2 diffraction
experiments [2]. For instance, in view of the small intensity of in-plane diffraction peaks, it was
first assumed that the corrugation of the HD/Pt(111) PES was small [50]. However, it was also
observed later that the sticking probability of H2 on Pt(111) does not satisfy normal energy
scaling, which indicates a relatively large corrugation [46]. These contradictory conclusions
were conciliated in the light of these results, which show that small in-plane diffraction peaks
cannot be considered a definite proof of small corrugation and put in evidence the need for also
measuring out-of-plane diffraction to assess the corrugation of the molecule–surface interaction
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Figure 5. In-plane (φf = 0◦, black curves) and out-of-plane (red and green curves) H2 diffraction
spectra for NiAl(110), Pt(111) and Pd(111).
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Figure 6. Closest approach distance for H2 molecules
scattered from NiAl(110), Pt(111), Pd(111) and Pd(110), for
Ei = 100 meV and normal incidence.

potential (see [51] and references therein). Finally, it is interesting to note that the results
presented in figure 5 suggest that the relative importance of out-of-plane diffraction increases
when the reactivity of the surface increases.

Figure 6 shows the distribution of the closest approach distance to the surface of H2

molecules scattered from NiAl(110), Pt(111), Pd(111) and Pd(110). The results correspond to
Ei = 100 meV and normal incidence, and were obtained with classical trajectory calculations.
The consequences of the different reactivities of the three surfaces on the scattering dynamics
are clear. For H2/NiAl(110), i.e. the less reactive system, the molecules are reflected far
from the surface, between Z = 2.5 and 2.8 Å. The corresponding PES presents a repulsive
behaviour in the entrance channel, and molecules impinging the surface with a perpendicular
energy of 100 meV find a slightly corrugated hard-wall-like potential in that region [52]. As a
consequence, specular reflection is dominant on this surface, and diffraction is relatively small.

For H2/Pt(111), the closest approach distance of reflected molecules is smaller than in the
case of NiAl(110) (between 2.25 and 2.5 Å) and is slightly larger than Zb ∼ 2.1 Å, which
corresponds to the minimum activation barrier for dissociation of ∼50 meV [32, 53]. Then, it
is expected that molecules reflected closer to the surface explore a more corrugated region of
the PES, and accordingly diffraction peaks become more important compared to the specular
one. This is consistent with the experimental data shown in figure 5. This effect is even clearer
in the case of Pd surfaces. For instance, for H2/Pd(111), molecules are reflected between ∼1.5
and 2 Å, where the PES corrugation is very strong. Accordingly, there is a strong suppression
of the specular channel and, therefore, diffraction becomes relatively more important.

The relative amount of in-plane and out-of-plane diffraction depends on impact energy
and incidence angle. This is the consequence of a dynamical effect associated with grazing
incidence and not of a purely static one such as surface corrugation. A model has been
proposed [54], based on the periodicity of the potential along the incidence direction. Such
periodicity implies that, along the incidence direction, any increase (decrease) of the molecule
linear momentum is compensated by a decrease (increase), while the variation of the transverse
linear momentum is cumulative [54]. The model suggests that this effect should also be
expected in the scattering of light atoms if they approach close enough to the surface. Since
out-of-plane diffraction dominates for large incidence angles, it is not surprising that the (01)
peak is comparable to the specular one in the H2/Pd(111) system. Our classical dynamics
calculations show a similar suppression of the specular peak in D2/NiAl(110) at high impact
energies.
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Figure 7. In-plane and out-of-plane H2 diffraction spectra for NiAl(110) (left) and Pd(111) (right).
Black curves, experiment; red lines, 6D quantum dynamical calculation. Theoretical calculations
have been convoluted with a Gaussian function of width σ = 0.7◦ to account for the limited
angular resolution of the measurements. Both the experimental results and the calculations have
been normalized to the height of the specular peak that arises from the quantum calculations.

4.3. Comparison with 6D quantum calculations

Figure 7 shows a comparison between experiment and 6D quantum calculations for both
Pd(111) and NiAl(110) surfaces. Figure 8 shows similar results obtained for Pt(111) and
several incident beam energies. In this case, the comparison was made after extrapolating
the experimental data measured at 463 to 0 K according to the Debye–Waller model, i.e. it
corresponds to absolute diffraction probabilities [26].

The good agreement obtained for all systems suggests that quantum dynamics calculations
treating all molecular degrees of freedom can accurately predict diffraction patterns for
hydrogen scattering from reactive metal surfaces. Inclusion of all molecular degrees of freedom
is essential to account for the competition between dissociative and non-dissociative channels.
This supports the use of 6D DFT theories to properly describe the H2–surface interaction
even in regions far away from the surface. Finally, it shows that out-of-plane diffraction
measurements are crucial to test the details of the PES in a wide region of space.

4.4. Classical diffraction

It may well come as a surprise to many that classical mechanics can be used to predict intensities
for molecular diffraction, which has always been viewed as a typical quantum phenomenon.
Indeed, diffraction was used in the 1920s to prove the wave nature of atomic and molecular
motion. According to Bragg’s law, diffraction is observed when the variation of the linear
momentum parallel to the surface is restricted to well defined discrete values. In contrast,
linear momentum changes continuously in a classical world. Discretization methods that make
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Figure 8. Experimentally determined H2 diffraction probabilities (symbols) are compared with
computed diffraction probabilities (curves), for specular scattering (black colour) and several first
order out-of-plane (purple and red colour) and in-plane (light blue and pink colour) diffractive
scattering transitions. The results are for incidence along the [101̄] direction. Probabilities for
symmetry equivalent transitions were summed. Error bars represent 68% confidence intervals.
From [26].

classical trajectory calculations compatible with Bragg’s law were first proposed by Ray and
Bowman in 1975 [55, 56].

One has to look for a procedure that is compatible with Bragg’s law, i.e. that leads to a k
histogram that allows one to assign a classical trajectory with final momentum pf to one of the
diffraction peaks. From Bragg’s law, the variation of parallel momentum, h̄�K‖ = h̄(K‖

f −K‖
i ),

must coincide with one of the vectors of the reciprocal lattice (up to h̄). Since there is not
such a restriction in classical calculations, �P‖ can be any vector in the plane that defines the
surface in reciprocal space. We divide this plane into identical regions, such that each region
corresponds to the Wigner–Seitz cell around each lattice point in reciprocal space. Thus, each
cell is unambiguously associated with a lattice vector and, therefore, with a diffraction peak.
Then, one can easily assign all classical trajectories with a value of �P‖ contained in a given
Wigner–Seitz cell to the corresponding (n, m) vector of the reciprocal lattice. The diffraction
probability Pn,m is given by the number of trajectories Nn,m in which the molecule scatters non-
reactively with �P‖ in the (n, m) Wigner–Seitz cell divided by the total number of trajectories
Ntot:

Pn,m = Nn,m/Ntot. (4.1)

The calculated probabilities are assumed to be proportional to the diffraction intensities
observed experimentally.

In figure 9 we compare the results of this method with those obtained from quantum
dynamical calculations using the same PES. Our benchmark is the H2/Pd(111) system. The left
panel corresponds to normal incidence, Ei = 200 meV and Ji = 0. This is the simplest case
because, for normal incidence, all directions associated with first order diffraction peaks are
equivalent (or nearly equivalent for higher diffraction orders) and, therefore, the corresponding
peaks have the same intensity. It can be seen that classical results are close to the quantum

12
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Figure 9. Probabilities of diffraction orders for H2/Pd(111). Left: normal incidence. Right:
incidence angle of 50◦. Black columns: results of quantum calculations. Red columns: results
of the classical diffraction method applied to classical calculations that include the ZPE.

ones for all diffraction orders. The results shown on the right panel correspond to an angle of
incidence of 50◦, Ei = 150 meV and Ji = 0. Again, a remarkably good agreement is obtained.
This indicates that the molecule–surface dynamics leading to diffraction is to a large extent
classical in nature.

4.5. Pd(110): evidence of dynamic trapping

In this section we will discuss the results on Pd(110), which is an excellent example of a system
where diffraction data are essential to understand the H2 scattering dynamics. In effect, the
data presented in figure 10 show that the sticking coefficient of H2 is comparable on the two
surfaces. However, the corresponding diffraction spectra look very different. Figure 11 shows
an in-plane H2-diffraction spectrum recorded along the [001] azimuth of Pd(110) (red curve).
The comparison with a typical H2-diffraction spectrum in Pd(111) (shown in figure 5(c))
is surprising: whereas intense specular reflection is observed from Pd(111), diffraction is
completely suppressed from Pd(110). The same behaviour was observed at different incident
energies between 25 and 150 meV and angles of incidence (measured from the surface normal)
from 40◦ to 70◦. In all cases, out-of-plane spectra were also measured, since it is known that
this channel is important for H2 diffraction. No evidence for H2 diffraction from Pd(110) was
found. Similar results have been obtained along the [101̄] azimuth. Notice that the absence of
H2 diffraction peaks in Pd(110) cannot be attributed to inelastic processes, since H2 diffraction
is clearly observed from Pd(111) at the same surface temperature, Ts = 435 K.

To exclude a poor quality Pd(110) surface as the possible origin of this behaviour, an in-
plane HAS spectrum is shown in the same panel. The existence of several diffraction peaks
proves that we are dealing with a clean, well ordered Pd(110) surface. These results are very
surprising and demonstrate that H2 reflected peak intensities from Pd(110) are below 3 × 10−3

of the incoming beam intensity. To have access to even weaker intensities, we have performed
the same experiment with the high-sensitivity TOF machine described in section 2. The results
are presented in figure 12(a). Again, pronounced He diffraction is observed (even third order
peaks), but there is no trace of reflected peaks with D2. Notice, however, that now the difference
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Figure 10. Sticking coefficient of H2 on Pd(111)
and Pd(110). Solid lines: classical calculations [34].
Symbols: experiment [47, 57].

Figure 11. In-plane H2 (red curve) and He
(black curve, shifted upwards for clarity) angular
distributions recorded from Pd(110). The incidence
direction is along the [101̄] azimuth for Pd(111), and
along [001] for Pd(110).

in intensity between the He specular peak and the D2 background is almost three orders of
magnitude. Therefore, reflected peaks, if they exist, must have intensities below 10−4 of the
incoming D2 beam intensity. It is worth emphasizing that, using a TOF machine similar to
ours, pronounced specular and first-order D2 diffraction was observed along the same azimuth
from Rh(110) at Ts ∼ 400 K [58] and Ni(110) at Ts ∼ 700 K [59], which exhibit an even lower
reflectivity (S0 ∼ 0.9 [60]) than Pd(110).

In order to check that the beam alignment was not affected by changing from He to D2,
we have recorded an additional spectrum by cooling down the sample to 130 K in the same
run. At this temperature, the Pd(110) surface is saturated by atomic hydrogen, forming a
(2 × 1)H structure, and becomes much less reactive [61]. Figure 12(b) shows that, under these
conditions, diffraction peaks are clearly observed, in particular the specular one. Of course, this
spectrum tells us nothing about the reflection mechanisms on clean Pd(110), but proves that the
corresponding D2 experiment at 430 K is meaningful.

To understand the origin of these observations, we have carried out classical trajectory
calculations [62] using the same initial conditions as in the present experiments. We have used
the ab initio six-dimensional H2/Pd(110) PES reported in [34] for a rigid surface.
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Figure 12. (a) Angular distributions of He (black curve) and D2 (red curve) scattered from Pd(110)
at Ts = 430 K, measured with the TOF apparatus. The incidence direction is along [001].
(b) Comparison of the D2 spectrum taken at Ts = 430 K with the one measured after cooling
down the sample to Ts = 110 K with the D2 beam on (blue curve).

A relatively small difference in reactivity like the one found between H2/Pd(111) and
H2/Pd(110) can still entail different behaviours of scattered molecules. In figure 13(a),
we show the ratio of scattered molecules that have been temporarily trapped and the total
number of unreactive scattered molecules as a function of Ei (for normal incidence and
H2(ν = 0, J = 0)). For Pd(110), at low energies a large fraction of scattered molecules have
been trapped, whereas on Pd(111) scattering is essentially direct. However, this does not mean
that trapping does not take place on Pd(111). Both surfaces attract H2 molecules in the entrance
channel (i.e. above ∼2 Å) and the variation of the PES with molecular orientation and position
on the unit cell produces energy exchange between degrees of freedom that results in molecules
becoming trapped. However, the larger number of energetically (and dynamically) accessible
dissociation pathways means that on Pd(111) almost all trapped molecules dissociate, whereas
on Pd(110) trapped molecules still have a non-negligible probability to be scattered back
to vacuum, as shown schematically in figure 14. This results in very different angular
distributions of molecules scattered from Pd(111) and Pd(110) at low energies (figure 13(b)).
For H2/Pd(110) a cosine-like distribution is observed as a consequence of the memory loss of
a large fraction of scattered molecules, whereas for H2/Pd(111) the essentially direct scattering
mechanism leads to the appearance of a pronounced peak of reflected molecules in the specular
direction (θf = θi) [62, 63].

The absence of the specular peak for H2 and D2 diffraction from Pd(110) is reminiscent
of the selective adsorption resonance processes well known in the case of HAS (see [64] and
references therein). In the present case, the attraction felt by H2 molecules in the entrance
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(a) (b)

Figure 13. Classical trajectory calculations for H2/Pd(111) and H2/Pd(110). (a) Fraction of
reflected molecules after trapping as a function of Ei (at normal incidence) for H2/Pd(111) and
H2/Pd(110). (b) Angular distribution of scattered low energy H2 molecules (θi = 45◦ and
Ei = 50 meV).

Figure 14. Typical trajectory followed by a first
trapped and then reflected molecule.

channel is much stronger than in the case of He atoms interacting with metal surfaces (the well
depth for H2/Pd is about one order of magnitude larger than the physisorption well for He/metal
surfaces [65, 66]). Thus, for H2/Pd(110), dynamic trapping is possible and efficient for a wide
range of initial impact conditions, preventing the observation of the specular diffraction peak
in experiments.

5. Conclusion and perspectives

We have reviewed recent experimental work on diffraction of H2 at metal surfaces in
combination with theory. It has been shown that, with the help of state-of-the-art 6D quantum
and classical dynamics calculations within the Born–Oppenheimer approximation, diffraction
measurements can provide considerable insight into the H2 dissociation dynamics at these
surfaces. Contrary to earlier expectations, diffraction patterns cannot be understood only from
differences in surface corrugation along different symmetry directions. Furthermore, out-of-
plane diffraction is important, and its importance increases with increasing reactivity.

Measurements on NiAl(110) [25], Pt(111) [26], Ni(110) [59] and Cu(001) [67] have
shown that the attenuation of the H2 diffraction peaks intensity due to surface temperature is
reasonably described by a simple Debye–Waller model. This explains the excellent agreement
between theory and experiment for all the systems presented in this work even though thermal
vibrations of surface atoms (phonons) were not included in the calculations.

In spite of this progress, there are still some open questions that deserve further
investigations. A good example is provided by the rotationally inelastic diffraction (RID) peaks.
In general, both classical and quantum dynamics calculations underestimate the intensity of
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such diffraction peaks. This has been observed, e.g., in H2/NiAl(110) [68]. Whether this is
the consequence of describing rotational excitation within the rigid surface approximation or
is due to limitations in diffraction experiments is not yet clear. In this respect, the use of high-
resolution time-of-flight devices, which can unambiguously resolve RID peaks that overlap
elastic diffraction peaks, may be useful to settle this issue.

Also in connection with RID, it has been theoretically suggested [69] that the substantial
reduction in the reflection probability that is observed when the dissociative channel becomes
dominant can lead to a substantial reduction of RID, which would be the result of ‘parallel’
molecules going into the dissociation channel. This is because molecular rotation favours
dissociation, thus leading to a competition between dissociation and rotational excitation of
reflected molecules above the dissociation threshold. Measurements on rotational excitation
might thus bring indirect evidence on the dissociation dynamics. Since verification of this
prediction requires the use of molecular beams with energy well above the thresholds for
rotational excitation, the ideal systems are those with dissociation barriers of the order of
100 meV or larger.

Certainly one of the most challenging and interesting future developments could concern
the study of the reactivity of more complex systems, like the surfaces of thin films or
multicomponent alloys, with the aim of tailoring surfaces with well defined dissociation
properties. Our results also suggest that theory can provide a better understanding of detailed
processes involved in more fundamental questions, like the influence of steps, kinks and
vacancies on the H2 dissociation dynamics.
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