Universiteit

4 Leiden
The Netherlands

A classical dynamics method for H-2 diffraction from metal surfaces
Diaz, C.; Busnengo, H.F.; Riviere, P.; Farias, D.; Nieto, P.; Somers, M.F.; ... ; Martin, F.

Citation

Diaz, C., Busnengo, H. F., Riviere, P., Farias, D., Nieto, P., Somers, M. F., ... Martin, F. (2005).
A classical dynamics method for H-2 diffraction from metal surfaces. Journal Of Chemical
Physics, 122(15). d0i:10.1063/1.1878613

Version: Publisher's Version
License: Licensed under Article 25fa Copyright Act/Law (Amendment Taverne)

Downloaded from: https://hdl.handle.net/1887/3192194

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:4
https://hdl.handle.net/1887/3192194

A classical dynamics method for H,
diffraction from metal surfaces

Cite as: J. Chem. Phys. 122, 154706 (2005); https://doi.org/10.1063/1.1878613
Submitted: 14 July 2004 . Accepted: 01 February 2005 . Published Online: 18 April 2005

C. Diaz, H. F. Busnengo, P. Riviére, D. Farias, P. Nieto, M. F. Somers, G. J. Kroes, A. Salin, and F. Martin

ALY
@ &

View Online Export Citation

ARTICLES YOU MAY BE INTERESTED IN

(7))
L
| .

o
—_—
((v]
c
:fU
St
Qo
L C
o

Permutation invariant polynomial neural network approach to fitting potential energy
surfaces. lll. Molecule-surface interactions

The Journal of Chemical Physics 141, 034109 (2014); https://doi.org/10.1063/1.4887363

Coverage effects in the adsorption of H» on Pd(100) studied by ab initio molecular dynamics
simulations
The Journal of Chemical Physics 135, 174707 (2011); https://doi.org/10.1063/1.3656765

Experimental evidence of dynamic trapping in the scattering of H, from Pd(110)
The Journal of Chemical Physics 125, 051101 (2006); https://doi.org/10.1063/1.2229203

Challenge us.

What are your needs for >
periodic signal detection? Q=)

N/ Zurich
Z '\ Instruments

J. Chem. Phys. 122, 154706 (2005); https://doi.org/10.1063/1.1878613 122, 154706

© 2005 American Institute of Physics.



https://images.scitation.org/redirect.spark?MID=176720&plid=1401534&setID=378408&channelID=0&CID=496958&banID=520310234&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=ed5dd4029e63a2f75704dfd96619305ac85f9c8d&location=
https://doi.org/10.1063/1.1878613
https://doi.org/10.1063/1.1878613
https://aip.scitation.org/author/D%C3%ADaz%2C+C
https://aip.scitation.org/author/Busnengo%2C+H+F
https://aip.scitation.org/author/Rivi%C3%A8re%2C+P
https://aip.scitation.org/author/Far%C3%ADas%2C+D
https://aip.scitation.org/author/Nieto%2C+P
https://aip.scitation.org/author/Somers%2C+M+F
https://aip.scitation.org/author/Kroes%2C+G+J
https://aip.scitation.org/author/Salin%2C+A
https://aip.scitation.org/author/Mart%C3%ADn%2C+F
https://doi.org/10.1063/1.1878613
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.1878613
https://aip.scitation.org/doi/10.1063/1.4887363
https://aip.scitation.org/doi/10.1063/1.4887363
https://doi.org/10.1063/1.4887363
https://aip.scitation.org/doi/10.1063/1.3656765
https://aip.scitation.org/doi/10.1063/1.3656765
https://doi.org/10.1063/1.3656765
https://aip.scitation.org/doi/10.1063/1.2229203
https://doi.org/10.1063/1.2229203

HTML AESTRACT * LINKEES

THE JOURNAL OF CHEMICAL PHYSICSL122 154706(2005

A classical dynamics method for H , diffraction from metal surfaces

C. Diaz

Departamento de Quimica, Facultad de Ciencias C-9, Universidad Auténoma de Madrid, 28049 Madrid,
Spain and Laboratoire de Physico-Chimie Moléculaire, UMR 5803 CNRS-Université Bordeaux I,

33405 Talence Cedex, France

H. F. Busnengo
Instituto de Fisica Rosario, CONICET and Facultad de Ciencias Exactas, Ingenieria y Agrimensura,
Universidad Nacional de Rosario, Avenida Pellegrini 250, 2000 Rosario, Argentina

P. Riviere
Departamento de Quimica, Facultad de Ciencias C-9, Universidad Autbnoma de Madrid,
28049 Madrid, Spain

D. Farias and P. Nieto
Departamento de Fisica de la Materia Condensada C-3 and Instituto Nicolas Cabrera, Universidad
Auténoma de Madrid, 28049 Madrid, Spain

M. F. Somers and G. J. Kroes
Leiden Institute of Chemistry, Gorlaeus Laboratories, Leiden University, P.O. Box 9502, 2300 RA Leiden,
The Netherlands

A. Salin
Laboratoire de Physico-Chimie Moléculaire, UMR 5803 CNRS-Université Bordeaux |, 33405 Talence
Cedex, France

F. Martin
Departamento de Quimica, Facultad de Ciencias C-9, Universidad Autbnoma de Madrid,
28049 Madrid, Spain

(Received 14 July 2004; accepted 1 February 2005; published online 18 April 2005

We present a discretization method that allows one to interpret measurements on diffraction of
diatomic molecules from solid surfaces using six-dimensi¢d) classical trajectory calculations.

It has been applied to the,DNiAI (110 and H,/Pd111) systemgwhich are models for activated

and nonactivated dissociative chemisorption, respeciiveding 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 channeZ)08& American
Institute of Physic§ DOI: 10.1063/1.1878613

I. INTRODUCTION rotationally and vibrationally inelasfit > scattering from
) ) ) ~ metal surfaces. Theoretical calculations have shown that, for
The study of the interaction of Hvith metal surfaces is  octive metal systems, the extent to which vibrationally in-
relevant in many fields of physics and chemistyMost of _elastic scattering occurs can provide qualitative information

these studies have focused on the dissociative chemisorpu% the shape of the reaction pafnSimilarly, rotationally
process. The traditional approach is either to perform “stick- ’

. . . e . inelastic scattering can provide information about the aniso-
ing” experiments in which incidence angle, impact energy, .

- tropy of the potential energy surfate.
surface temperature, etc., are variet,or to perform asso- A different point of view is provided by diffraction ex-
ciative desorption experiments on the reverse reaction with : pol VIEW IS provi yd : X

application of detailed balance to learn about the effect oferiments, in which the angular. d|str|but|ons- of reercFed
initial molecular rotatiof? and rotational alignmefft on the molecules are analyzed for quantized changeslln translational
reaction. In a more recent development, scanning tunneling\Omentum parallel to the surface. The analysis of the angu-

microscopy has also been applied to determine the most r&@" distribution can be used to obtain detailed information on
active sites(see, e.g., Refs. 14 and 15 and referencedhe molecule/surface dynamics and, therefore, on the corre-

therein. sponding potential energy surfa@@ES.?® A few experimen-
The scattering of kifrom metal surfaces has also been tal attempts along this line have been already published. For
considered. Scattering experiments have provided final staigstance, elastic and rotationally inelastic diffractions have
resolved information on vibrational excitation of,Hn been studied for K molecules incident on (IOO]),27
Cu(11]) (Refs. 16 and 17and state-to-state information con- Ag(lll),28 NiAl(110,%° Rh(110),%° Ni(110,® and Pd111)
cerning rotationally elastit® rotationally inelasti¢??® and  (Ref. 31 surfaces. For the latter three systems dissociative
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adsorption isnonactivatedand, therefore, reflection prob- derive realistic diffraction intensities for fscattering from
abilities are very smaff® (reactive metal and alloy surfaces, with the interaction de-
Classical dynamics simulations are expected to give &cribed by accurat@b initio PESs. Our interest in using

reasonable description of the-durface interactions for not classical instead of quantum mechanics is the usual one:
too low incident energy. This was already realized in theclassical simulations are computationally cheap and it is of-
early 1970s through the works of Doll and co-workésse, ten easier to interpret and visualize the dynamics by follow-
e.g., Refs. 33-36 and references therewho showed that ing the trajectories than following the evolution of a wave
adsorption, desorption, and nondiffractive scattering of H Packet. In cases where quantum dynamical calculations are
HD, and D, can be reasonably described by using classicagXxpensive, the use of classical mechanics may allow one to
methods. In classical mechanics, the effect of quantization igxPlore many more experimental conditions, which can be
usually introduced by replacing the continuous distributionimportant to guide experimentalists and to obtain physical
by a histogram in which all values contained in a given in-INtérpretations in parallgl with experiments. This is relevant
terval are associated with a single-quantum value. Such # the context of diffraction experiments, where both energy
procedure has been successfully used in different contexts, f'd incidence angle are varied independently. Earlier quan-
particular, in the description of rotational and vibrational ex-{Um calculations have mainly focused on normal incidence.
citations of diatomic molecules interacting with various sur-HOWeVer, to be predictive for diffraction experiments, quan-

faces(see, e.g., Refs. 37 and3&omparisons with quantum tum calculations must be performed for off-normal inci-

calculations obtained with the same PES have shown th&ence. The latter calculations are still too expensive to be
classical mechanics is able to provide accurate results fo ystematically used in explorative research. In this work we

. - o ave performed a few such calculations to validate the clas-
e.g., total and angle-resolved dissociation probabilities as.
Sical approach.

well as rotational excitation probabilities in the energy range Application of the discretization method to our classical

. . . . . 37, 39-41
typical of diffraction experiments, i.e., 50200 méV. trajectory calculations will be most helpful in the search for

The abovg methods resemble the b'”f“”g procedures usesqgnificant diffraction channels. This is especially important
to determine quantum product state distributions from clas-

. . . . ) . ~~In the case of out-of-plane diffraction since, in this way, one
sical trajectory simulations in gas-phase reactive scattering, potentially avoid scanning large fractions of the total
(see, e.g., an early review by Truhlar and Muckerffian

| o | : accessible solid anglem2 To illustrate our procedure we
Recgntly, Gaussian weighting has been mcorpo'rated. into thl"?ave chosen two systems: the reactive systestPH111),
binning (see Ref. 43 and references theyebut this refine- ¢, \yhich reaction dominates over diffractive scattering and
ment has not yet been considered ip-sdirface scattering o \hich out-of-plane diffraction was recently seen to be
problems. _ _ ~much more important than in-plane diffraction at grazing
In the case of diffraction, the wave aspect of atomiCincigence® and the nonreactive system,MiAl(110), for
particles is so omnipresent that it is usually assumed that n@nich there is significant diffraction, but out-of-plane dif-
physical insight can be obtained within a “classical world.” fraction does not dominaf&.For both systems, there exist
Perhaps this is because atomic and molecular diﬁractionﬁrevious experimenta| measuremé?]féand realisticab ini-
were used in the 1920s to prove the wave nature of atomiio PES(Refs. 49 and 50which will be used here to check
and molecular motions. According to Bragg's law and apply-the validity of our discretization procedure. In both cases, the
ing the de Broglie relation between wavelength and momenPES was based on calculations using density functional
tum, diffraction is observed when the variation of the lineartheory (DFT), employing the generalized gradient approxi-
momentum parallel to the surface is restricted to well definednation (GGA).>*?In the case of B/ Pd(111), a further rig-
discrete values. In contrast, linear momentum changes comrous test will be provided by a direct comparison with re-
tinuously in a classical world. Discretization methods thatsults of a quantum dynamical calculation using the same
make classical trajectory calculations compatible withPES.
Bragg's law were first proposed by Ray and Bowman in  The paper is organized as follows. In the following sec-
1975 to study diffraction of HéRef. 44 and H, (Ref. 45 by  tion, we briefly outline the theoretical methods used in this
a “model” LiIF(001) surface. A comparison with quantum and work. In Sec. Ill, we explain in detail the method to obtain
semiclassical results showed that the method was useful @ffraction peak intensities from classical dynamics calcula-
estimate diffraction peak intensities. Similar methods werdions. In Sec. IV, classical diffraction probabilities are com-
used later by Park and Bowni&nand Sainiet al,*’ then  pared to quantum results for the, HPd(111) system. Appli-
quoted by Gerber in 198Ref. 48, and finally forgotten. No ~ cations of the classical method to the/DiAI(110 and
direct comparison with experiment was ever reported inH2/Pd111) systems are presented and compared with ex-
these works, which was due to the absence of reliabl@eriments in Sec. V. We end the paper with some conclusions
molecule-surface potentials in those days. In view of thdn Sec. VI.
above, it may well come as a surprise to many that classical
mechapics can be used to predict .intensities for _molecula]rl_ THEORETICAL METHODS
diffraction, which has always been viewed as a typical quan-
tum phenomenon. The methods used in this work have been described in
The goal of this paper is to check if a discretization detail earlie?’>3Briefly, we use the PESs of Refs. 49 and 50
procedure similar to that proposed eafféP can be used to  for H,/Pd(111) and H/NiAl (110), respectively, determined
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sponds tof,=6;. The azimuthal angle; is defined with re-
spect to the projection on the surface of the incident velocity
vector. We have considered the incidence directigil]
and[112] for H,/Pd111) and[110] for D,/NiAl(110). To
take into account the rotational excitation of thg &hd D,
beams used in the experimefts we have performed dy-
namical calculations for initial angular momenia0-3 in

the case of H/Pd11l) and J=0-4 in the case of
D,/NiAl (110. Quantum calculations have been restricted to
the dominant);=0, 1 initial states. The initial population of
the different rotational states have been taken from
experiment®3!

FIG. 1. Definition of coordinate system. Thér plane is the surface plane
and theXZ plane coincides with the plane of incidence. Thus, in-plane
reflection corresponds t@;=0, 7 (it is calledspecularif ¢;=0 and#,=6;)

and out-of-plane reflection te; # 0.

[ll. CLASSICAL DIFFRACTION METHOD

We consider a beam of Hor D, molecules with total
mass M and initial translational energ¥;, M being the

' _ o _ mass of one of the atoms. The modulus of the associated
by interpolation ofab initio DFT/GGA data using the corru- wave vector is given by

gation reducing proceduréCRP.>* The CRP has been

shown to provide a precision better than 30 meV in the dy- | _ VAME 1)
namically relevant regions for several ,dhetal ! Ao
systemd2°**>Calculations on dissociative chemisorption of

S We write the initial and final wave vectoks andk; in terms
H, on metal surfaces, at normal and off-normal incidence, : )
SR . of components parallel and perpendicular to the surfigce:
suggest that, in principle, very accurate dynamics results can,, Y - Lo
. . ; =(Ki,k ,) andk{=(K%,k; ,). For a perfect rigid periodic sur-
be obtained on the basis of accurately fited DFT/GGA po-_* '™ . : "
) . face with lattice vectorg,; anda,, the Bragg condition for
tentials[e.g., in H,+Pt(111) (Ref. 56], although there re- diffraction i€
mains considerable uncertainty connected to which GGA is
best usede.g., in H+Ru(000)) (Ref. 57]. Also recent cal- K!'+Gum=K}, 2)

culations on diffraction of H scattering from metal and whereG..._is a vector of the reciprocal lattice afid, m) are
metal alloy surface?® likewise suggest that accurate results nm P '

can be obtained for diffraction based on accurately fittec}ge ilssboilatsd Mr:llerbmdlcgz. Theﬂ\:ecbtﬁrnm IS gtlven ?¥h
DET/GGA potentials. »m=nb;+mb,, whereb, andb, are the basis vectors of the

We have used the above PESs to perform SiX_reuprocal lattice that satisfg, -b;=27g;. At the impact en-

dimensional(6D) classical trajectory and quantum calcula- €"9'€S considered in this work, vibrational excitation is not

tions in which only the diatom degrees of freedom and nOlpossible and, therefore, variation of the internal energy of the

the vibrations of the surface are included. In classical calcu[nOIeCUIe is only possible through rotational excitations.

lations, the initial vibrational zero point energ¥PE) of H, ;regléss t(;omblnlng Bragg’s law with total energy conservation
or D, is not included. We have shown in Ref. 37 that exclu-

sion of the ZPE leads to smaller dissociation probabilities but s _ .2 AMAE, i 5

it barely affects(i) the angular distribution of reflected mol- K=k = 2 (Ki+Gnm)”>0, 3
ecules andii) the variation of the dissociation probability

with incidence angle. Thus, although diffraction probabilitiesWhere

might be slightly overestimated in the classical calculations, i h2(K2 - K?)

this is not a major problem because experiment usually pro-  AE;gt= Epg = Ejo = (4)
vides the relative intensities of the different diffraction _
peaks. For H/Pd111), we have performed additional quan- with E';, andE! , being the rotational energy of the scattered
tum dynamics calculations using a time dependent wavand incident molecules, respectively.
packet method® The method uses a discrete variable/finite  Now, we have to look for a procedure that is compatible
basis representation for all degrees of freedom. The initiaWith Bragg's law, i.e., which leads to & histogram that
wave packet is propagated in time using the split-operatoallows one to assign a classical trajectory with final momen-
method. The reflected wave packet is analyzed using a scatim p; to one of the diffraction peaks given by E@). To
tering amplitude formalism. better illustrate this procedure, which basically follows the
We have considered +and D, molecules incident upon prescriptions of Ref. 45, let us consider the reciprocal lattices
the Pd111) and NiAl(110 surfaces with initial translation of the Pd111) and NiAl(110) surfaces shown in Fig. @&x-
energyE; and incidence anglé; (see Fig. 1L The direction tension to other surfaces is straightforwarBrom Bragg's
of reflected molecules is defined Wy, ¢;. The angless,;  law, the variation of parallel momentumAK'=#(K{-K}),
take values between 0 and/2 and are measured with re- must coincide with one of the vectors of the reciprocal lattice
spect to the surface normal, so that specular reflection corréup to #). Since there is not such a restriction in classical

aM
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Pd(111) AKy For example, in the F(dll_l) case, the peaks associated with
the lattice vectorg01), (10), (11), (01), (10), and (11) are
first-order diffraction peaks.

Finally, following a conventional approactsee, e.g.,
Refs. 37 and 38 we can assign a rotational quantum number
J; to diffracted molecules by evaluating the closest integer
that satisfies the well-known formula of a quantum rigid ro-
tor: J;=[-1+(1+4J%/4?)Y?]/2, whereld 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 onlJ;=+2 transi-
tions are allowed, there are no selection rules in classical
dynamics. Therefore, in counting the trajectories associated

NiAl(110) JAKy with a given rotational transition, one must assign those tra-
JRe2) TR R L) IR D) X)) jectories associated with a forbidddpvalue to the closest
- - allowed one.
it OO s The recipe used to discretize the classical angular mo-
a0l cdol oo S0l ieo Alix mentum might be less accurate than that used to discretize
i ' - ""l_ - the variations in parallel momentum due to the larger energy
e I B e O 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
[1i0] with the experimental results. It must be also taken into ac-
count when rotationally mediated selective adsorgtion
FIG. 2. Reciprocal space for the @d1) and NiAl(110 surfaces showing (RMSA) comes into play. The latter is related to the aniso-
o i e ot bt s Deahe ek show vassg by f the van der Waals atraction and, threfore t energy
2?;;15.Icl\lau$nbers withig bracl?ets indicate th.e incidence directions consit;-b),(Change f“,’m translation to rota_tlon. CO”_Sequer_‘“Y RMSA
ered in this work. 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
calculations AP' can be any vector in the plane that definesconsidered in this work.

the surface in reciprocal spatiee., any vector in Fig. 2 We

divide this plane in identical regions, such that each regioqv_ COMPARISON WITH QUANTUM DYNAMICS

corresponds to the Wigner—Seitz cell around each latticgResuLTs

point in reciprocal space. Thus, each cell is unambiguously .

associated with a lattice vector and, therefore, with a diffrac- 10 check the validity of the present method, one must

tion peak(see Fig. 2 Then, we can easily assign all classical COmpare with results obtained from quantum dynamical cal-

trajectories with a value kP! contained in a given Wigner— culations using the same PES. Our benchmark is the

Seitz cell to the correspondirig, m) vector of the reciprocal Hz/Pd111) system for normal incidencé;=200 meV and

lattice. The diffraction probability?,, is given by the num- %=0- This is the simplest case because, for normal inci-

ber of trajectoriesN,, , in which the molecule scatters non- dence, all dlre_ctlons associated _Wlth flrst-or_der dlf_fractlon

reactively with AP! in the (n,m) Wigner—Seitz cell divided peaks are equwalel_(mr nearly equivalent for higher dlffra_c-

by the total number of trajectorid$q: tion orders, see Fig.)2and, 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-

Pn.m= Npm/Niot- (50  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
In this work, the calculated probabilities will be assumed to y P

. . L - “reflection. Classical intensities are slightly higher than the
be proportional to the diffraction intensities observed experi gty Mg

mentally.

In the following, we will not only speak about individual
diffraction probabilities but also about diffraction orders
(both in classical and quantum calculatipngo define dif-
ferent diffraction orders, we build a series of concentric poly-
gons around th€00) point. For the P@L11) surface, these
polygons are hexagons, and for the NI&lO) surface, they
are rectanglessee Fig. 2 We will say that diffraction peaks The experimental results chosen for comparison with our
are of the same order when they belong to the same polygonlassical and quantum calculations have been published

FreEs) WS O 1253) IO A 125

‘quantum ones because, as shown in previous woikgas-
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
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FIG. 3. Probabilities of diffraction orders for JAPd111) under normal 91 =343 q)f 0
incidence conditions. Black columns: results of quantum calculations. Green & E, = 157 meV
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.

/o)

ity (

(O_E)O—ﬂ
L (00)

elsewheré®*+*8The 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 Autonoma de Madrid from the Free University of Ber-
lin. The experimental setup allows rotations of 200° in the
scattering planédefined by the beam direction and the nor-
mal to the surfaceas well as £15° from the scattering plane 8
for a fixed angle of incidence. Measurements on AD)
were performed with the crystal at 90 K, while measure-
ments on PAL11) 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/DiAl (110
and H/Pd111) systems. For a meaningful comparison with
theory, the experimental background has been substracted i
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in the present theoretical calculations: phonon inelastic scat
tering and desorbed hydrogen in the UHV chamber. Their
effect is negligible in the NiAIL10) case due to its nonreac-
tive character and the low surface temperature used in the
experiment?,but it is more important for Rd11). Since the
experimental spectra are reported in arbitrary units, they
have been normalized to the theory as indicated in each fig=G. 4. (Color onling Diffraction spectra for B/NiAl(110 at different
ure. In addition, the calculated diffraction peaks have beefcidence conditions. Black curves: in-plane diffraction. Green curves: out-
luted 'th, G . f ti f widtht t of-plane diffraction. Full lines: experimental resulta/o upper panels, Ref.
convo u.e. with a aussian ync 1on of wi 0 accoun 29; lower panel, Ref. 58 Dashed lines: results of the classical diffraction
for the limited angular resolution of the detector. method. Theoretical peaks have been convoluted with a Gaussian function
We will begin our discussion with the JDNIiAl (110 of width 0=0.7° to account for the limited angular resolution of the experi-

case. The first two specta and b, measured by Fariaet ment. Experimental results have been normalized to the intensity of the

| 29 h . | diff . f,1 h f | largest first-order rotationally elastic diffraction peak wif> 6. Numbers
ak., S OW_ In-plane _' raction, which, aF_’art r.om SPecUlar yithin brackets indicate the incidence plang. is the reflection angle re-
reflection, is the dominant process for this activated systenterred to the incidence plane and is relateddt@nd ¢; (see Fig. 1 by the
The third spectrum(c) (Ref. 58 also shows out-of-plane equation: sing=sinésin¢ (for each experimental spectrung; remains
diffraction. It can be seen that all diffraction peaks are more*ostant RID peaks are denoted by their Miller indicés,m) and the

’ . . . . rotational transitionJ; — J;.

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 thancidence energies are smaller, especially for the first case
cases shown in panel®), (b), and (c), respectively. This shown in the figure(74 me\). At an incidence energy of
agreement is worse than in Fig. 3, most likely because th&4 meV, the diffraction peak appearing at 42° is the super-

0
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3.0 i : (b)], the same structures are visible, but now elastic peaks are
[101] (00) (a) well separated from inelastic peaks. Figuie)4shows that
0. = 63.3° classical calculations predict the existence of both in-plane
] . .
E = 105 meV 6,=0° and out-of-plane peaks. The latter are mainly due to elastic
' : diffraction along the(1,1), (1,0), and(1,1) directions, in

(01) good agreement with the measurements. These peaks, how-
¢f=15° ever, are overestimated by the classical theory, especially for

;4 . the (10) 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 7{11 elastic and 66 inelasjicwhile only six
of them are observed in the experiment. The situation is
similar for out-of-plane diffraction.
We move now to the EfPd111) system. As mentioned
= 0 in the Introduction, this is a reactive system and, therefore,
20} 6=633 di L . )
T E = 105 meV | I iffraction mt_ensme_s are roughly one or(jer of magnltude
i o= smaller than in B/NiAl (110). A particularly interesting fea-
ture of H,/Pd111) concerns the recent observation that, for
(10) large incidence angles, most diffraction appears
out-o1‘-plane‘°§1 This is apparent from Figs.(& and 5b),
which show spectra recently measured at an impact energy
of 105 meV3*®! The dominant out-of-plane diffraction at
large incidence angles can be explained on the basis of argu-
ments that are specific to grazing incidefic8 and bears no
relation to the details of the PES. Interestingly, very recent
experiment® show that out-of-plane diffraction can also be
1.2 . dominant for more general incidence conditidng., non-
[101] grazing incidence, Fig.(6)]. In agreement with experiment,
0 = 50° classical calculations predict the existence of a single domi-
nant out-of-plane diffraction peak: th@®1) peak for inci-
E, = 150 meV | plane di peak: th@D) p

dence along theﬁlog direction and thg(10) one for inci-

dence along thé¢112] direction. As in the B/NiAl (110
case, out-of-plane peaks are overestimated by the classical
calculations. This is not the case for quantum calculations.
Figure 5c) shows a comparison between the present results,
obtained from both classical and quantum calculations, and
experimental data obtained at 150 meéThe agreement be-
Yy . . tween quantum results and the experimental spectra is excel-
45 50 60 lent. This suggests that the PES used for the present calcula-
ef (deg-) tions is adequate for describing diffraction at collision
energies close to 100—150 meV. Thus, the discrepancy be-
FIG. 5. (Color onling Diffraction spectra for H/Pd111) at different inci-  tween the experimental and the classical intensities for the
dence (_:ondlt_lons. Bla_ck c.urves: _m-plane diffraction. Green curves: OUt,'Of'Out-Of-plane peak can only be attributed to limitations of
plane diffraction. Full lines: experimental result&o upper panels, Ref. 31; . . L .
lower panel, Ref. 58 Dashed lines: results of the classical diffraction classical mechanics. However, it is important to stress again
method. Thick full lines: results of the quantum calculations. Theoreticalthat for all other peaks not seen in the experiments, classical
peaks have been convoluted with a Gaussian function of wigth.7° to calculations predict a very low intensity in excellent agree-

account for the limited angular resolution of the experiment. Experimental - .
and classical results have been normalized to the intensity of the specul!lwrﬁ'ent with quantum calculations. For example, among the 33

peak obtained in the quantum calculations. Numbers within brackets indiP€aks(5 elastic and 28 inelastithat are aHOV_Ved in plane fOI’_
cate the incidence plane. The angigis defined as in Fig. 4. E; =150 and#,=50°, only the specular one is clearly seen in

the experiment and the theory. Classical and quantum calcu-

position of the first-order elastic diffraction petdd) and the ~ ations shown in Fig. 5 predict the existence of the low in-

J=0—2 RID peak(00),_.,. This peak was assigned in Ref. tensity peakg8,3) and (8,4), but these peaks are not ob-
29 as(01). Similarly, the present results allow one to inter- Served due to experimental noise.

pret the origin of the two shoulders superimposed on the

dominant specular peaknl), ., for the structure on the VI CONCLUSIONS

right of the specular peak an@1),_,+(00),_, for the We have presented a 6D classical method to describe
structure on the left. At higher impact energiesee panel diffraction of diatomic molecules from metal surfaces using
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