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We present a discretization method that allows one to interpret measurements on diffraction of
diatomic molecules from solid surfaces using six-dimensionals6Dd classical trajectory calculations.
It has been applied to the D2/NiAl s110d and H2/Pds111d systemsswhich are models for activated
and nonactivated dissociative chemisorption, respectivelyd using realistic potential energy surfaces
obtained from first principles. Comparisons with experimental results and 6D quantum dynamical
calculations show that, in general, the method is able to predict the relative intensity of the most
important diffraction peaks. We therefore conclude that classical mechanics can be an efficient guide
for experimentalists in the search for the most significant diffraction channels. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1878613g

I. INTRODUCTION

The study of the interaction of H2 with metal surfaces is
relevant in many fields of physics and chemistry.1–8 Most of
these studies have focused on the dissociative chemisorption
process. The traditional approach is either to perform “stick-
ing” experiments in which incidence angle, impact energy,
surface temperature, etc., are varied,9–11 or to perform asso-
ciative desorption experiments on the reverse reaction with
application of detailed balance to learn about the effect of
initial molecular rotation12 and rotational alignment13 on the
reaction. In a more recent development, scanning tunneling
microscopy has also been applied to determine the most re-
active sites ssee, e.g., Refs. 14 and 15 and references
thereind.

The scattering of H2 from metal surfaces has also been
considered. Scattering experiments have provided final state
resolved information on vibrational excitation of H2 on
Cus111d sRefs. 16 and 17d and state-to-state information con-
cerning rotationally elastic,18 rotationally inelastic,19,20 and

rotationally and vibrationally inelastic21–23 scattering from
metal surfaces. Theoretical calculations have shown that, for
reactive metal systems, the extent to which vibrationally in-
elastic scattering occurs can provide qualitative information
on the shape of the reaction path.24 Similarly, rotationally
inelastic scattering can provide information about the aniso-
tropy of the potential energy surface.25

A different point of view is provided by diffraction ex-
periments, in which the angular distributions of reflected
molecules are analyzed for quantized changes in translational
momentum parallel to the surface. The analysis of the angu-
lar distribution can be used to obtain detailed information on
the molecule/surface dynamics and, therefore, on the corre-
sponding potential energy surfacesPESd.26 A few experimen-
tal attempts along this line have been already published. For
instance, elastic and rotationally inelastic diffractions have
been studied for H2 molecules incident on Cus001d,27

Ags111d,28 NiAl s110d,29 Rhs110d,30 Nis110d,8 and Pds111d
sRef. 31d surfaces. For the latter three systems dissociative
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adsorption isnonactivatedand, therefore, reflection prob-
abilities are very small.32

Classical dynamics simulations are expected to give a
reasonable description of the H2-surface interactions for not
too low incident energy. This was already realized in the
early 1970s through the works of Doll and co-workersssee,
e.g., Refs. 33–36 and references thereind, who showed that
adsorption, desorption, and nondiffractive scattering of H2,
HD, and D2 can be reasonably described by using classical
methods. In classical mechanics, the effect of quantization is
usually introduced by replacing the continuous distribution
by a histogram in which all values contained in a given in-
terval are associated with a single-quantum value. Such a
procedure has been successfully used in different contexts, in
particular, in the description of rotational and vibrational ex-
citations of diatomic molecules interacting with various sur-
facesssee, e.g., Refs. 37 and 38d. Comparisons with quantum
calculations obtained with the same PES have shown that
classical mechanics is able to provide accurate results for,
e.g., total and angle-resolved dissociation probabilities as
well as rotational excitation probabilities in the energy range
typical of diffraction experiments, i.e., 50–200 meV.3,37,39–41

The above methods resemble the “binning” procedures used
to determine quantum product state distributions from clas-
sical trajectory simulations in gas-phase reactive scattering
ssee, e.g., an early review by Truhlar and Muckerman42d.
Recently, Gaussian weighting has been incorporated into the
binning ssee Ref. 43 and references thereind, but this refine-
ment has not yet been considered in H2-surface scattering
problems.

In the case of diffraction, the wave aspect of atomic
particles is so omnipresent that it is usually assumed that no
physical insight can be obtained within a “classical world.”
Perhaps this is because atomic and molecular diffractions
were used in the 1920s to prove the wave nature of atomic
and molecular motions. According to Bragg’s law and apply-
ing the de Broglie relation between wavelength and momen-
tum, 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 con-
tinuously in a classical world. Discretization methods that
make classical trajectory calculations compatible with
Bragg’s law were first proposed by Ray and Bowman in
1975 to study diffraction of HesRef. 44d and H2 sRef. 45d by
a “model” LiFs001d surface. A comparison with quantum and
semiclassical results showed that the method was useful to
estimate diffraction peak intensities. Similar methods were
used later by Park and Bowman46 and Sainiet al.,47 then
quoted by Gerber in 1987sRef. 48d, and finally forgotten. No
direct comparison with experiment was ever reported in
these works, which was due to the absence of reliable
molecule-surface potentials in those days. In view of the
above, 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 quan-
tum phenomenon.

The goal of this paper is to check if a discretization
procedure similar to that proposed earlier44,45 can be used to

derive realistic diffraction intensities for H2 scattering from
sreactived metal and alloy surfaces, with the interaction de-
scribed by accurateab initio PESs. Our interest in using
classical instead of quantum mechanics is the usual one:
classical simulations are computationally cheap and it is of-
ten easier to interpret and visualize the dynamics by follow-
ing the trajectories than following the evolution of a wave
packet. In cases where quantum dynamical calculations are
expensive, the use of classical mechanics may allow one to
explore many more experimental conditions, which can be
important to guide experimentalists and to obtain physical
interpretations in parallel with experiments. This is relevant
in the context of diffraction experiments, where both energy
and incidence angle are varied independently. Earlier quan-
tum calculations have mainly focused on normal incidence.
However, to be predictive for diffraction experiments, quan-
tum calculations must be performed for off-normal inci-
dence. The latter calculations are still too expensive to be
systematically used in explorative research. In this work we
have performed a few such calculations to validate the clas-
sical approach.

Application of the discretization method to our classical
trajectory calculations will be most helpful in the search for
significant diffraction channels. This is especially important
in the case of out-of-plane diffraction since, in this way, one
can potentially avoid scanning large fractions of the total
accessible solid angle 2p. To illustrate our procedure we
have chosen two systems: the reactive system H2/Pds111d,
for which reaction dominates over diffractive scattering and
for which out-of-plane diffraction was recently seen to be
much more important than in-plane diffraction at grazing
incidence,31 and the nonreactive system D2/NiAl s110d, for
which there is significant diffraction, but out-of-plane dif-
fraction does not dominate.29 For both systems, there exist
previous experimental measurements29,31and realisticab ini-
tio PESsRefs. 49 and 50d which will be used here to check
the validity of our discretization procedure. In both cases, the
PES was based on calculations using density functional
theory sDFTd, employing the generalized gradient approxi-
mationsGGAd.51,52 In the case of H2/Pds111d, a further rig-
orous test will be provided by a direct comparison with re-
sults of a quantum dynamical calculation using the same
PES.

The paper is organized as follows. In the following sec-
tion, we briefly outline the theoretical methods used in this
work. In Sec. III, we explain in detail the method to obtain
diffraction peak intensities from classical dynamics calcula-
tions. In Sec. IV, classical diffraction probabilities are com-
pared to quantum results for the H2/Pds111d system. Appli-
cations of the classical method to the D2/NiAl s110d and
H2/Pds111d systems are presented and compared with ex-
periments in Sec. V. We end the paper with some conclusions
in Sec. VI.

II. THEORETICAL METHODS

The methods used in this work have been described in
detail earlier.37,53Briefly, we use the PESs of Refs. 49 and 50
for H2/Pds111d and H2/NiAl s110d, respectively, determined
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by interpolation ofab initio DFT/GGA data using the corru-
gation reducing proceduresCRPd.54 The CRP has been
shown to provide a precision better than 30 meV in the dy-
namically relevant regions for several H2-metal
systems.49,50,55Calculations on dissociative chemisorption of
H2 on metal surfaces, at normal and off-normal incidence,
suggest that, in principle, very accurate dynamics results can
be obtained on the basis of accurately fitted DFT/GGA po-
tentials fe.g., in H2+Pts111d sRef. 56dg, although there re-
mains considerable uncertainty connected to which GGA is
best usedfe.g., in H2+Rus0001d sRef. 57dg. Also recent cal-
culations on diffraction of H2 scattering from metal and
metal alloy surfaces58 likewise suggest that accurate results
can be obtained for diffraction based on accurately fitted
DFT/GGA potentials.

We have used the above PESs to perform six-
dimensionals6Dd classical trajectory and quantum calcula-
tions in which only the diatom degrees of freedom and not
the vibrations of the surface are included. In classical calcu-
lations, the initial vibrational zero point energysZPEd of H2

or D2 is not included. We have shown in Ref. 37 that exclu-
sion of the ZPE leads to smaller dissociation probabilities but
it barely affectssid the angular distribution of reflected mol-
ecules andsii d the variation of the dissociation probability
with incidence angle. Thus, although diffraction probabilities
might be slightly overestimated in the classical calculations,
this is not a major problem because experiment usually pro-
vides the relative intensities of the different diffraction
peaks. For H2/Pds111d, we have performed additional quan-
tum dynamics calculations using a time dependent wave
packet method.56 The method uses a discrete variable/finite
basis representation for all degrees of freedom. The initial
wave packet is propagated in time using the split-operator
method. The reflected wave packet is analyzed using a scat-
tering amplitude formalism.

We have considered H2 and D2 molecules incident upon
the Pds111d and NiAls110d surfaces with initial translation
energyEi and incidence angleui ssee Fig. 1d. The direction
of reflected molecules is defined byu f, w f. The anglesui,f

take values between 0 andp /2 and are measured with re-
spect to the surface normal, so that specular reflection corre-

sponds toui =u f. The azimuthal anglew f is defined with re-
spect to the projection on the surface of the incident velocity

vector. We have considered the incidence directionsf101̄g
and f112̄g for H2/Pds111d and f11̄0g for D2/NiAl s110d. To
take into account the rotational excitation of the H2 and D2

beams used in the experiments,29,31 we have performed dy-
namical calculations for initial angular momentaJi =0–3 in
the case of H2/Pds111d and Ji =0–4 in the case of
D2/NiAl s110d. Quantum calculations have been restricted to
the dominantJi =0,1 initial states. The initial population of
the different rotational states have been taken from
experiment.29,31

III. CLASSICAL DIFFRACTION METHOD

We consider a beam of H2 or D2 molecules with total
mass 2M and initial translational energyEi, M being the
mass of one of the atoms. The modulus of the associated
wave vector is given by

ki =
Î4MEi

"
. s1d

We write the initial and final wave vectorsk i andk f in terms
of components parallel and perpendicular to the surface:k i

=sK i
i ,ki,zd andk f =sK f

i ,kf,zd. For a perfect rigid periodic sur-
face with lattice vectorsa1 and a2, the Bragg condition for
diffraction is26

K i
i + Gnm= K f

i , s2d

whereGnm is a vector of the reciprocal lattice andsn,md are
the associated Miller indices. The vectorGnm is given by
Gnm=nb1+mb2, whereb1 andb2 are the basis vectors of the
reciprocal lattice that satisfyai ·b j =2pdi j . At the impact en-
ergies considered in this work, vibrational excitation is not
possible and, therefore, variation of the internal energy of the
molecule is only possible through rotational excitations.
Thus, combining Bragg’s law with total energy conservation
leads to

kz,f
2 = ki

2 −
4MDErot

"2 − sK i
i + Gnmd2 . 0, s3d

where

DErot = Erot
f − Erot

i =
"2ski

2 − kf
2d

4M
, s4d

with Erot
f andErot

i being the rotational energy of the scattered
and incident molecules, respectively.

Now, we have to look for a procedure that is compatible
with Bragg’s law, i.e., which leads to ak histogram that
allows one to assign a classical trajectory with final momen-
tum p f to one of the diffraction peaks given by Eq.s2d. To
better illustrate this procedure, which basically follows the
prescriptions of Ref. 45, let us consider the reciprocal lattices
of the Pds111d and NiAls110d surfaces shown in Fig. 2sex-
tension to other surfaces is straightforwardd. From Bragg’s
law, the variation of parallel momentum,"DK i="sK f

i −K i
id,

must coincide with one of the vectors of the reciprocal lattice
sup to "d. Since there is not such a restriction in classical

FIG. 1. Definition of coordinate system. TheXY plane is the surface plane
and theXZ plane coincides with the plane of incidence. Thus, in-plane
reflection corresponds tow f =0, p sit is calledspecularif w f =0 andui =u fd
and out-of-plane reflection tow f Þ0.
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calculations,DPi can be any vector in the plane that defines
the surface in reciprocal spacesi.e., any vector in Fig. 2d. We
divide this plane in 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 diffrac-
tion peakssee Fig. 2d. Then, we can easily assign all classical
trajectories with a value ofDPi contained in a given Wigner–
Seitz cell to the correspondingsn,md vector of the reciprocal
lattice. The diffraction probabilityPn,m is given by the num-
ber of trajectoriesNn,m in which the molecule scatters non-
reactively withDPi in the sn,md Wigner–Seitz cell divided
by the total number of trajectoriesNtot:

Pn,m = Nn,m/Ntot. s5d

In this work, the calculated probabilities will be assumed to
be proportional to the diffraction intensities observed experi-
mentally.

In the following, we will not only speak about individual
diffraction probabilities but also about diffraction orders
sboth in classical and quantum calculationsd. To define dif-
ferent diffraction orders, we build a series of concentric poly-
gons around thes00d point. For the Pds111d surface, these
polygons are hexagons, and for the NiAls110d surface, they
are rectanglesssee Fig. 2d. We will say that diffraction peaks
are of the same order when they belong to the same polygon.

For example, in the Pds111d case, the peaks associated with

the lattice vectorss01d, s1̄0d, s1̄1̄d, s01̄d, s10d, and s11d are
first-order diffraction peaks.

Finally, following a conventional approachssee, e.g.,
Refs. 37 and 38d, we can assign a rotational quantum number
Jf to diffracted molecules by evaluating the closest integer
that satisfies the well-known formula of a quantum rigid ro-
tor: Jf =f−1+s1+4J2/"2d1/2g /2, whereJ is the classical an-
gular momentum of the molecule. This is equivalent to re-
placing the classical angular momentum by a histogram
associated with the quantum values. In contrast with quan-
tum dynamics calculations for which onlyDJf = ±2 transi-
tions are allowed, there are no selection rules in classical
dynamics. Therefore, in counting the trajectories associated
with a given rotational transition, one must assign those tra-
jectories associated with a forbiddenJf value to the closest
allowed one.

The recipe used to discretize the classical angular mo-
mentum might be less accurate than that used to discretize
the variations in parallel momentum due to the larger energy
spacing involved in rotational transitions. This possible limi-
tation should be kept in mind when the intensities of calcu-
lated rotationally inelastic diffraction peaks are compared
with the experimental results. It must be also taken into ac-
count when rotationally mediated selective adsorption59

sRMSAd comes into play. The latter is related to the aniso-
tropy of the van der Waals attraction and, therefore, to energy
exchange from translation to rotation. Consequently RMSA
will only be important when rotational excitation is impor-
tant. As suggested by the experimental results shown below,
this is not the case for the systems and incidence energies
considered in this work.

IV. COMPARISON WITH QUANTUM DYNAMICS
RESULTS

To check the validity of the present method, one must
compare with results obtained from quantum dynamical cal-
culations using the same PES. Our benchmark is the
H2/Pds111d system for normal incidence,Ei =200 meV and
Ji =0. This is the simplest case because, for normal inci-
dence, all directions associated with first-order diffraction
peaks are equivalentsor nearly equivalent for higher diffrac-
tion orders, see Fig. 2d and, therefore, the corresponding
peaks have the same intensity. The results are shown in Fig.
3. It can be seen that classical results are close to the quan-
tum ones for all diffraction orders. In particular, they predict
that first-order diffraction is the most important reflection
channel followed by second-order diffraction and specular
reflection. Classical intensities are slightly higher than the
quantum ones because, as shown in previous works,37,40clas-
sical calculations overestimate the total reflectivity due to the
neglect of the ZPE. In the following section, we compare
results of this method with diffraction experiments for off-
normal incidence.

V. COMPARISON WITH EXPERIMENTAL RESULTS

The experimental results chosen for comparison with our
classical and quantum calculations have been published

FIG. 2. Reciprocal space for the Pds111d and NiAls110d surfaces showing
2D Wigner–Seitz cells around each lattice point. Numbers within parenthe-
ses indicate the corresponding Miller indices. Dashed lines show diffraction
orders. Numbers within brackets indicate the incidence directions consid-
ered in this work.
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elsewhere.29,31,58The experiments were performed with the
apparatus described in detail in Ref. 60 which has been re-
cently transferred to the Surface Science Lab at the Univer-
sidad Autónoma de Madrid from the Free University of Ber-
lin. The experimental setup allows rotations of 200° in the
scattering planesdefined by the beam direction and the nor-
mal to the surfaced as well as ±15° from the scattering plane
for a fixed angle of incidence. Measurements on NiAls110d
were performed with the crystal at 90 K, while measure-
ments on Pds111d were performed at 430 K to prevent the
buildup of an adsorbed layer of hydrogen.

Figures 4 and 5 show a comparison between “classical”
and experimental diffraction spectra for the D2/NiAl s110d
and H2/Pds111d systems. For a meaningful comparison with
theory, the experimental background has been substracted in
all cases. This background is due to two factors not included
in the present theoretical calculations: phonon inelastic scat-
tering and desorbed hydrogen in the UHV chamber. Their
effect is negligible in the NiAls110d case due to its nonreac-
tive character and the low surface temperature used in the
experiments,8 but it is more important for Pds111d. Since the
experimental spectra are reported in arbitrary units, they
have been normalized to the theory as indicated in each fig-
ure. In addition, the calculated diffraction peaks have been
convoluted with a Gaussian function of widths to account
for the limited angular resolution of the detector.

We will begin our discussion with the D2/NiAl s110d
case. The first two spectrasa and bd, measured by Faríaset
al.,29 show in-plane diffraction, which, apart from specular
reflection, is the dominant process for this activated system.
The third spectrumscd sRef. 58d also shows out-of-plane
diffraction. It can be seen that all diffraction peaks are more
or less reproduced by the classical calculations, including
their relative intensities. This is not the case for the specular
peak that is underestimated by 54%, 40%, and 24% for the
cases shown in panelssad, sbd, and scd, respectively. This
agreement is worse than in Fig. 3, most likely because the

incidence energies are smaller, especially for the first case
shown in the figures74 meVd. At an incidence energy of
74 meV, the diffraction peak appearing at 42° is the super-

FIG. 3. Probabilities of diffraction orders for H2/Pds111d under normal
incidence conditions. Black columns: results of quantum calculations. Green
columns: results of the classical diffraction method. The relevant Wigner–
Seitz cells associated with zeroth-, first-, and second-order diffraction peaks
are shown for the sake of clarity.

FIG. 4. sColor onlined Diffraction spectra for D2/NiAl s110d at different
incidence conditions. Black curves: in-plane diffraction. Green curves: out-
of-plane diffraction. Full lines: experimental resultsstwo upper panels, Ref.
29; lower panel, Ref. 58d. Dashed lines: results of the classical diffraction
method. Theoretical peaks have been convoluted with a Gaussian function
of width s=0.7° to account for the limited angular resolution of the experi-
ment. Experimental results have been normalized to the intensity of the
largest first-order rotationally elastic diffraction peak withu f .ui. Numbers
within brackets indicate the incidence plane.f f is the reflection angle re-
ferred to the incidence plane and is related tou f andw f ssee Fig. 1d by the
equation: sinf f =sinu fsinw f sfor each experimental spectrum,f f remains
constantd. RID peaks are denoted by their Miller indicessn,md and the
rotational transitionJi →Jf.
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position of the first-order elastic diffraction peaks01d and the
J=0→2 RID peaks00d0→2. This peak was assigned in Ref.
29 ass01d. Similarly, the present results allow one to inter-
pret the origin of the two shoulders superimposed on the
dominant specular peak:s01d2→0 for the structure on the

right of the specular peak ands01̄d0→2+s00d2→0 for the
structure on the left. At higher impact energiesfsee panel

sbdg, the same structures are visible, but now elastic peaks are
well separated from inelastic peaks. Figure 4scd shows that
classical calculations predict the existence of both in-plane
and out-of-plane peaks. The latter are mainly due to elastic

diffraction along thes1̄, 1̄d, s1̄,0d, and s1̄,1d directions, in
good agreement with the measurements. These peaks, how-
ever, are overestimated by the classical theory, especially for

the s1̄0d transition. It is worth noticing that peaks allowed by
Bragg’s law butnot observed in the experiment are not ob-
tained in the classical calculations either. For instance, in the
last spectrum shown in Fig. 4, the number of allowed in-
plane peaks is 77s11 elastic and 66 inelasticd, while only six
of them are observed in the experiment. The situation is
similar for out-of-plane diffraction.

We move now to the H2/Pds111d system. As mentioned
in the Introduction, this is a reactive system and, therefore,
diffraction intensities are roughly one order of magnitude
smaller than in D2/NiAl s110d. A particularly interesting fea-
ture of H2/Pds111d concerns the recent observation that, for
large incidence angles, most diffraction appears
out-of-plane.31 This is apparent from Figs. 5sad and 5sbd,
which show spectra recently measured at an impact energy
of 105 meV.31,61 The dominant out-of-plane diffraction at
large incidence angles can be explained on the basis of argu-
ments that are specific to grazing incidence31,56 and bears no
relation to the details of the PES. Interestingly, very recent
experiments58 show that out-of-plane diffraction can also be
dominant for more general incidence conditionsfi.e., non-
grazing incidence, Fig. 5scdg. In agreement with experiment,
classical calculations predict the existence of a single domi-
nant out-of-plane diffraction peak: thes01d peak for inci-

dence along thef101̄g direction and thes1̄0d one for inci-

dence along thef112̄g direction. As in the D2/NiAl s110d
case, out-of-plane peaks are overestimated by the classical
calculations. This is not the case for quantum calculations.
Figure 5scd shows a comparison between the present results,
obtained from both classical and quantum calculations, and
experimental data obtained at 150 meV.58 The agreement be-
tween quantum results and the experimental spectra is excel-
lent. This suggests that the PES used for the present calcula-
tions is adequate for describing diffraction at collision
energies close to 100–150 meV. Thus, the discrepancy be-
tween the experimental and the classical intensities for the
out-of-plane peak can only be attributed to limitations of
classical mechanics. However, it is important to stress again
that for all other peaks not seen in the experiments, classical
calculations predict a very low intensity in excellent agree-
ment with quantum calculations. For example, among the 33
peakss5 elastic and 28 inelasticd that are allowed in plane for
Ei =150 andui =50°, only the specular one is clearly seen in
the experiment and the theory. Classical and quantum calcu-
lations shown in Fig. 5 predict the existence of the low in-

tensity peakss8̄, 3̄d and s8̄, 4̄d, but these peaks are not ob-
served due to experimental noise.

VI. CONCLUSIONS

We have presented a 6D classical method to describe
diffraction of diatomic molecules from metal surfaces using

FIG. 5. sColor onlined Diffraction spectra for H2/Pds111d at different inci-
dence conditions. Black curves: in-plane diffraction. Green curves: out-of-
plane diffraction. Full lines: experimental resultsstwo upper panels, Ref. 31;
lower panel, Ref. 58d. Dashed lines: results of the classical diffraction
method. Thick full lines: results of the quantum calculations. Theoretical
peaks have been convoluted with a Gaussian function of widths=0.7° to
account for the limited angular resolution of the experiment. Experimental
and classical results have been normalized to the intensity of the specular
peak obtained in the quantum calculations. Numbers within brackets indi-
cate the incidence plane. The anglef f is defined as in Fig. 4.
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ab initio potential energy surfaces. The method consists in
discretizing the variation of the parallel linear momentum by
defining 2D Wigner–Seitz cells around each lattice point in
reciprocal space. We have applied this procedure to investi-
gate diffraction in the nonreactive D2/NiAl s110d and reac-
tive H2/Pds111d systems. Comparisons with experimental
results and 6D quantum dynamical calculations for impact
energies between 70 meV and 150 meV show that, apart
from the dominant specular peak, the method is able to pre-
dict the relative intensity of the most important in-plane
peaks, as well as which out-of-plane peaks have large inten-
sity. At 200 meV, the agreement between classical and quan-
tum calculations is good even for the specular peak. The
absence of many peaks allowed by Bragg’s law but not seen
in the spectra is exclusively due to the molecule-surface dy-
namics, which is reasonably described by classical mechan-
ics. Although the present method cannot compete in accuracy
with fully quantum mechanical calculations, it has the advan-
tage that it is computationally much cheaper. Thus, it can be
used to make reliable predictions about which diffraction
peaks should make an important contribution to the diffrac-
tion spectrum in those cases where the 6D potential energy
surface is known accurately. This can be very helpful to
guide experimentalists and to interpret the results of their
measurements almost instantaneously.

The most significant advantage of the present method
compared with other methods is that it takes into account the
full dimensionality of the problem and makes use of realistic
PESs obtained fromab initio calculations. This is in contrast
with current applications of, e.g., the eikonal approach,26

which require a particular form of the PESssuch as the phe-
nomenological hard corrugated walld and are carried out in
3D to avoid the complexity introduced by the internal mo-
lecular degrees of freedom. Finally, the reasonable agree-
ment between classical diffraction intensities and those ob-
tained from quantum calculations or the experiment indicate
that the molecule-surface dynamics leading to diffraction is
to a large extent classical in nature.
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