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Abstract. Ab initio band structure calculations within a density functional formalism were
performed to compute the binding energy curves for atomic hydrogen interacting with high-
symrmetry adsorption sites of the (111) surface of copper. For a two-layer slab of Cu atoms and
H coverage equal to 0.25, the binding energies are 2.23, 3.12 and 3.24 eV, for on top, bridge and
threefold sites, so the c_hefnisorption of Ha on Cu(1}1) is exothermic for threefold and bridge
sites, but endothermic for on top sites. Starting from the ab initio results for the H-Cu(111)
system, a LEPS potential for the interaction of Haz with the Cu(111) surface was built. In this
model potential, the most favoured approaches correspend to a Hy molecule parallel to the Cu
surface, and have activation barders of 0.6 eV, located at the corner between entrance and
exit reaction channels. The LEPS potential was used in quasiclassical trajectory calculations to
simulate the adsorption of a beam of H; molecules on Cu(111). The dynamical results show
that (a) when Hj is in its ground vibrational state, the dissociative adsorption probability, P,
increases from O to 0.90 along 2 roughly sipmoidal curve when increasing the collision kinetic
energy from 0.4 to 1.3 ¢V; (b} the vibrational energy of Ha can be as effective as the translational
one in promoting chemisorption: {c) dissociation of Hs is inhibited by rotational motion at low
J values, but enhanced by high values of j; (d) P, scales with normal component of collision
energy: (¢} no azimuthal corrugation of the surface is observed.

1. Introduction

The adsorption of molecular hydrogen cn copper surfaces has been the subject of many
experimental [1-14] and theoretical [15-25] investigations, so that the Ho—Cu surface
system has become an important model system in studies of gas—surface dynamics [26].
In particular, it has been found that the dissociative adsorption of Hz on Cu surfaces is
characterized by the presence of high activation barriers (>0.5 eV). Both translational and
vibrational energy play a role in promoting chemisorption, as shown by beam experiments
[2-7, 10] and theoretical calculations [15-25]. Some studies on the desorption of H; from
Cu surfaces have elucidated the role of the Hy rotational motion [9, 14], and the effects
of the Cu surface temperature [8, 11, 14] on the process. In this paper, we: present the
results of a study of the dynamical aspects of the dissociative adsorption of-Hz molecules
on the Cu(111) surface, using a model potential built with ab initio results obtained for the
interaction of atomic hydrogen with the copper surface. Following a preceding work {271,
where preliminary results were reported, we give here a complete, detaifed and statistically
more reliable analysis of the dynamics of chemisorption. In the next section, we briefly
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describe the ab initic band structure calculations performed in order to obtain the binding
energy curves of the H atom at the most important adsorption sites of the Cu(111) surface.
In the third section, we outline the procedure used to build up a model potential, based on
a LEPS approach, for the interaction between molecular hydrogen and the (111) surface
of copper starting from the ab initio results for the H-Cu(111) system. In the fourth
part, the details of the classical dynamical simulations of the reactive scattering of a H;
beam on Cu(111) are reported. In the last section, the results concerning the dissociative
chemisorption probability of H, on the metal surface are presented and discussed, with
particular emphasis on the influence of the translational, vibrational and rotational energy
compornents of Hy in the incident beam.

2. The H-Cu(111) interaction potential

The potential energy curve for the interaction of atomic hydrogen with the (111} surface
of copper is different for different positions of the H atom on the surface, according to the
pericdicity and the symmetry of the fce (111) surface. We represent the H-Cu mteractlon
potential with a Morse function

Vace = DHCu{l - GXP[&HCu(quc” - ZHCu)]]’z

where zyc, is the distance of H from the (x, y) plane of the Cu(111) surface, and Dyc,,
Zie, and cye, are the binding energy, the equilibrium bond distance and the range
parameter, respectively. The Morse parameters were assumed to be periodic functions
of the (x, y) coordinates of the projection of the H atom on the (111) plane, as following

Dyeu(x, y) = Do+ D1 Pi(x, y) + Dy Pa(x, y) + D3 Py(x, y)
Zoeu(®, ) = 25+ 21 Pi(x, ) + 25 Polx, ) + 25 Pa(x, y)
apcu(x, y) = a0+ oy Pi(x, y) + o Palx, ) + a3 Pi(x, )

where for P (x,y), P2 (x,y) and P; (x, y) the following expressions were used:
Pi(x, y) = cosw; + co8 wy + cos{w, + wy)
Py(x, y) = (1 —cos e, )(1 —coswy)[1 — cos(w, + @y)]
Pi(x, y) = Palx, y) sin{w; 1+ wy)

with w, = 2xX/d, wy =2nY /d X,Y are crystallographic coordinates (X = 2x/./3 and
Y= —x/./34+y);d=255 A is the nearest-neighbour Cu—Cu distance in the primitive
cell. The values of the parameters (Do, Dy, D2, Ds), (25, 2§, 25, 23) and (wo, 21, 012, &3)
appearing in the Vy_c, potential were obtained by performing ab initio band structure
calculations on the H~Cu(111) system with the program BAND [28], which is based on a
new method for density functional calculations on periodic systems. The main features of the
method are: (a) a numerical integration scheme to evaluate all integrals in real space, which
gives high precision and rapid convergence; (b) representation of the Coulomb potential
with an expansion of the charge density in suitable function sets; (¢} numerical integration
over the BZ in k space through a quadratic tetrahedron method, which is accurate and
quickly convergent; {(d) freedom in the choice of basis functions, which allows the use
of numerical atomic orbitals (Hermann—Skillman), analytic Slater-type functions and plane
waves, in highly efficient basis sets for a rapid approach of the basis set limit. In the present
calculations, we used the Vosko—Wilk-Nusair formulas for the exchange—correlation energy,
and six & points for the on top and the threefold sites and nine & points for the bridge site in
the irreducible wedge of the first BZ. After having verified the influence of the number of
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layers in the Cu slab, we performed all calenlations using a two-layer slab, with H coverage
equal to 0.25, which ensures negligible interactions between H atoms. For the Cu atoms of
the first layer we included into a frozen core all orbitals up to 3p orbitals, whereas for the
Cu atoms of the second layer also the 3d orbitals were included into the core. The basis
set on the first-layer Cu atoms was double-zeta 3d, double-zeta 4s and a 4p polarization
function, whereas for the Cu atoms in the second layer a double-zeta 4s orbital was used.
The basis set on the H atom consisted of a double-~zeta 1s, a double-zeta 2s, a 2p and a 3d
polarization function. For all double-zeta orbitals we used a numerical atomic orbital and a
Slater-type function, except for the H 2s orbitals, for which two Slater functions were used.

Table 1. Ak initio binding energics, Dyc,, equilibrium bond distances, zf.,, vibrational
frequencies, egcy, and Morse range parameters computed from vibrational frequencies, egcy,
for atomic hydrogen interacting with high-symmetry adsorption sites of the Cu(111) surface.

Dce V) 25, A wac. em™)  ages A™Y

On top 2.25 1.53 1770 1.59
Bridge 312 1.01 1237 0.945
Threefold 3.24 0.852 . 1078 . 0.428

For the H~Cu(111) system, we considered different geometries, with the H atom moving
along the perpendicular (z axis) to the surface throngh adsorption sites of high symmetry,
that is, through the on top site, the bridge site and the threefold sites. The hollow and the
filied threefold sites, without and with a second-layer Cu atom underneath, respectively, were
considered identical, and the parameters Ds, z3 and o3 appearing in Dye,, 25, and dacy
were set equal to zero. From the ab initic potential energy curves for H interacting with
different Cu siftes, the binding energies, equilibrinm bond distances, vibration frequencies
and eye, range parameters reported in table 1 were obtained. Regarding the accuracy of
the Morse curves obtained in this way, we may make the following comments. First, the

“Jocal density approximation employed in electronic structure calculations is known to give
generally overbinding. In some cases, this overbinding is quite large such as, for instance, in
the donorfacceptor bond of CO to transition metal atoms in complexes [29] and to a Cu slab
[30]. For the case of the electron pair bonding of H atoms to metals, there are indications
that the overbinding is much less severe, again both in complexes [29] and on metals [31].
For one H-Cu({111) distance, we have explicitly verified this by including the so-called
non-local or density gradient corrections developed by Becke [32] and Perdew [33]. We
obtained a reduction of the binding energy of 20%, perfectly in line with the results of [29,
31]. We have also checked the convergence with the number of layers in the slab, and we
have found that increasing the slab thickness to three layers would increase the dissociation
energy by less than 5%. Finally, the construction of the Morse curves entails inaccuracies
of comparable magnitude, in particular, near the metal surface the Morse curves for the
bridge and hollow sites give H-Cu interactions less attractive than those prov1ded by the
corresponding ab iritio curves.

By requiring that the functions Dyc,(x, ¥), 250,(x, ¥) and Srce(x, ¥) appeanng in
the Ve, potential assume in the on top, bridge and hollow sites the corresponding ab
initio values, we obtained the followmg resultss Dy = 2.91 eV, Dy = —0.218 eV,
JD2 = 000174 eV zf = 1.14 A, zf = 0130 A, z§ = —0.0263 A; oo = 1.11 A,

=0,162 A™!, @y = —0.0164 A=, This Va_cs potential leads to exothermic dlssomatlve
chem1sorpt10n of H on hollow and bridge sites, with release of energy, per H atom, equal
to 0.87 &V and 0.75 eV, respectively, whereas for the on top site the process is endothermic
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by 0.12 eV.

3. The H—Cu(111) LEPS poteniial

For the interaction of molecular hydrogen with the copper surface, we used a modified
LEPS petential [34-39], a non-pairwise potential which has correct asymptotic behaviour,
appropriately describes bond breaking and formation in chemical reactions and has, in
general, sufficient flexibility in the transition state region, so it can be modelled according
to available experimental and theoretical information.

For a diatomic molecule, AB, impinging on a solid surface, S, the LEPS potential is

Vigps = Qg+ Qhs + Qs — Whp + Tis + Thg + 2045 a5 — Japis — ThgTasV?

where Q! = Q;/(1+ A,), and J! =-J;/(1 4+ Ay); Q4 and J; are the Coulomb and exchange
integrals of the possible diatoms i = A-B, A-S, B-S, and A; are the Sato parameters,
which can be used to modify the main features (saddle points, wells, etc) of the potential,

The Coulomb and exchange integrals (;, J;) of diatom { in the LEPS potential are
related to the singlet and triplet states energies of the diatom: 'V; = (Q; + 5)/(1 + Ap)
and *V; = (Q; — J)/(1 — A;). These, in turn, are represented with Morse 'V, =
Di{1 — expley (rf — )1, and anti-Morse 3V; = D;{1 ++ exple; (*f — r;)1}2/2 potentials,
respectively, with parameters Dy, r{ and «; corresponding to binding energy, equilibrium
bond distance and range parameter of diatom i. For the H-H diatom, we used the values
Dyy =475 eV, rgy = 0.741 A and ayy = 1.97 A™!, obtained by fitting the Morse
potential to ab initio results for the ground state of H; [34]. For H-Cu(111), we used the
Vircn potential obtained with the procedure described above. To limit the computational
effort, the metal surface was assumed rigid, and no energy exchange with the incoming
molecule was possible. This approximation is partially justified by the low value (6%) of
the energy transfer between H and Cu atoms, when treated as hard spheres [40].

&iﬁ ;

34

B

H-Cu distance /bohr

I 5 3 4 5 6 7 8 9 10 11 12 13
H-H distance /bohr

Figure 1. Potential contour diagram for Hy centre of mass moving perpendicularly to the Ce
surface through a threefold site, and H-H bend stretching perpendicular to the surface; energies,
in eV, are relative to free Hp, at equilibrium bond distance; the contour interval is 0.2 eV;
Ay ==045, Agec, =+0.20.
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Figure 2. Potential contour diagram for Hy centre of mass moving perbendicula:[y to the Cu

surface through a bridge site at the centre of the unit cell, and H-H bond stretching parallel to

the surface toward on top sites through threefold sites; energies, in eV, are relative to free Ha,
at equilibrinm bond distance; the contour interval is 0.4 eV; Ay = —045, Agc, = +0.20.

Appropriate values of the Sato parameters, Agxy and Agc,, appearing in the Vye,
potential, were selected by examining the equipotential contour diagrams of different two-
dimensional approaches of H; to Cu(111). We found that when H; impinges on the Cu
surface with the H-H bond perpendicular to it the chemisorption is energetically much more
demanding than when the molecole is parallel to the surface (compare figure 1 to figure
2). For parallel approaches, the Ho—Cu{111) potential shows different features depending
on the values of Agy and Apge,: for positive values of Agp., a well of physisorption
appears in the entrance channel of the reaction, whereas for negative values. we observed
the presence of activation barriers of increasiitg height for decreasing values of Ay . The
same trend for the barrier height was observed for the other parameter; Agey, which,
on the other hand, influences also the location of the barrier in the reaction path: for
increasing positive values, we have barriers closer and closer to the Cu surface, which then
become late barriers. For parallel approaches, the heights of the activation barriers can be
significantly different at different adsorption sites [27]. Now. experimental measurements
generally agree that the dissociative chemisorption of H; on Cu surfaces is a highly activated
process, with activation energies in the range 0.6 &= 0.4 eV {1, 2, 5, 12, 13, 26], depending
on the Cu surface (single crystals, films, foils or powders). Recent experimental studies
of the recombinative desorption of D, from Cu(l111) [13] report an activation barrier of
0.44 eV, and molecular beam experiments [2-7, 10] have shown that both translational and
vibrational energy can promote the dissociative adsorption. We varied the Sato parameters
in order to have for the most important two-dimensional approaches some of the features
coming from experimental data. We found that for Ayy = —0.45 and Age, = +0.20,
which are the values used in our dynamical simuiations, the parallel approach with the Hy
centre of mass moving perpendicularly to the Cu surface through the bridge site, and the
H-H bond stretching parallel to the line joining adjacent on top sites through threefold sites,
has a ‘central’ barrier of 0.61 eV, as shown in the contour diagram of figure 2 (this value is
the difference between the saddle-point energy and potential energy minimum of free Hs).
The barrier is located halfway between the entrance and the exit channels, and it corresponds
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to a somewhat stretched H; molecule (rgy = 1.99 Bohr), at a distance zg¢, = 2.40 Bohr
from the surface. For the same values of Agy and Agcy, other approaches have higher
activation barriers. If one considers that the zero- point energy of free H, 1s high (0.27 eV)
if compared to the value it can have when Hj is at the transition state region, we can say
that a barrier of 0.61 eV is in good agreement with the mean experimental value. The
central position of the barrier in the most favoured two-dimensional approach should lead,
at least for that and similar approaches, to a comparable influence of the transiational and
rovibrational energies on the dissociative adsorption, as found experimentally. We will
return to this point when the dynamical results are presented and discussed. '

4. Dynamical simulations

The chemisorption dynamics of a H; beam on the Cu(111) surface was simulated by using
the above-described LEPS potential in a Monte Carlo quasiclassical trajectory treatment
[34]). The initial conditions of a trajectory of a diatomic molecule AB colliding with a rigid
surface S are completely defined when the values of the following variables are selected: (a)
collision kinetic energy of the AB centre of mass, E,,; (b) polar and azimuthal angles, ® and
&, defining the direction of incidence of AB at the surface; (c) AB vibrational and rotational
quantum numbers, v and j; (d) coordinates xo and yp of the “aiming point’, the ideal point
of impact of AB at the surface, in the absence of interaction; (e) polar and azimuthal
angles, # and g, defining the orientation of the A—B bond with respect to the direction
of incidence at the surface; () rovibrational phase, £; (g) orientation of the AB rotational
angular momentum, as defined by angle n formed with z axis. The initial distance of the
AB centre of mass from the surface was always taken equal to 10 A, so that, the interaction
energy of AB with S was negligible. The beam variables (Ey, ©, ®. v, j) defined the
‘experimental’ conditions of the simulated beam of AB molecuies, and the other variables
{xo0, Yo, &, ¢, &, 1) were treated as stochastic variabies, and their values selected according to
their distribution laws. To reduce the influence of the Monte Carlo statistical fluctuations on
the results, we used the same sequence of random numbers for different sets of trajectories,
corresponding to different sets of values of the beam vanables (Ep, @, &, v, j).

‘We analysed the behaviour of the dissociative adsorption probability P, (E.r, @, ¢, v, )
(initial sticking coefficient), that is, the probability that an incident AB molecule adsorbs
on the surface S with bond breaking, when varying the ‘experimental’ conditions. In our
treatment, P, was approximated by the ratio, N,/N, between the number of trajectories
leading to dissociation (¥,) and adsorption of the AB molecule, and the total number of
trajectories (N) computed for selected values of (£, @, &, v, f). For each set of initial
conditions, that is, for each set of values of the beam variables (E.y, @, ®,v, j), we
computed N = 2700 trajectories (& is almost one order of magnitude greater than that
used in [23]), so that, the Monte Carlo standard error, A = [P, (1 — B,)/N]Y2, was at most
0.01. A predictor—corrector method was used fo integrate the equations of motion, with a
step size of 0.07 fs, which guarantees high accuracy in the numerical integration procedure,
with conservation of the total energy of the system during the trajectory up to at least six
significant figures. ’

5. Results and discussion

In simulations of molecule—surface scattering dynamics, it is of particular interest to study
how the dissociative adsorption probability, F,, is influenced by the tranglational, vibrational
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and rotational energy components of the incident molecule.
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Figure 3. Dissociative adsorption probability against Figure 4. Dissociative adsorption probability against
H> initial collision energy, for rotational levels j =  H total energy, for the three lowest vibrational states,
0,5,10, of the two lowest vibrational states; ® = 2=0,1,2;j=0,0=0° & =0°.
0. =0

In figure 3, the dependence of P, on the H; initial collision kinetic energy, E., is shown
for different rotational levels {(f = 0, 5, 10) of the ground (v = 0) and first excited (v = 1)
vibrational state. For v = 0 and j = 0, we have found a threshold for E., at-about 0.4 eV,
which means that the chemisorption of Hy in its ground vibrational state starts at collision
energies remarkably lower than the value of the barrier (0.6 eV) given by the LEPS potential
for the most favoured approach. This fact is a clear indication that the H; molecules vse
part of the zero-point vibrational energy to cross the barrier of the transition state region,
a behaviour in agreement with the diffuse observation that the dissociative adsorption of
H, on Cu(111) is vibrationally assisted [4, 6, 10, 17]. It is a particularly difficult task to
obtain experimental data for the dissociative adsorption probability of Hs on Cu{111) at
E., values above 0.5 eV [2, 4, 5], whereas for D it is possible to reach values of E., just
above 0.8.eV [10, 12]. An alternative way to get information about adsorption dynamics is
based on the use of the detailed balance principle in studies of time of flight distributions of
molecules desorbed from the surface [14], which allow regions of higher values of E .y to
be explored, and data for quantum state specific dynamics to be obtained. Adsorption and
desorption experiments indicate that the chemisorption of D, molecules inthe v =0, j =0
state starts at about 0.35 eV of collision energy, in agreement with our results for Hy, and
reaches the saturation level at E.,; = 0.9 &V along an S-shaped curve which is steeper than
the theoretical curve obtained from our simulations. From an analysis of the two sets of
curves in figure 3 corresponding to the vibrational states v = 0 and v = I, it comes out that
the adsorption probability P, depends critically-on the vibrational energy of Hy, the v =1
curves being shifted to E., values much lower than those with ¥ = 0. The chemisorption
threshold of Hz molecules in their first excited vibrational state is at E,,; = 0.05 ¢V, and the
sticking coefficient P, increases toward the saturation value 0.9 along curves steeper than
those comesponding to v = 0, thus showing a trend similar to that observed experimentally
for D, [14]. The shift of the v =1, j = 0 curve with respect to the v =0, j = 0 curve is
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smaller for low than for high values of P,, the distance between the two curves increasing
from 0.35 eV at P, =0 to 0.60 eV at the saturation value P, = 0.9 (the energy difference
between the v = 1 and » = 0 states is 0.516 eV). '

The relative importance of the role played by the vibrational against the translational
energy components of the incident beam in dissociative adsorption can be evidenced by a
study of the dependence of P, on the H; total energy, E;; = Eyp + Egy, as shown in
figure 4. At E;, values above 1.3 eV, the curves obfained for states v = 0, v = 1 and
v = 2 are nearly superimposed. The same is true for curves v = ¢ and v = 1 in the range
1.0 to 1.3 eV, even if the curve v = 1 is slightly higher than that for v = 0. In this range
of energies, the adsorption mechanism is almost exclusively controlled by the total energy,
independently of its partitiéning in translational and vibrational contributions, even if the
vibration seems to play a somewhat prominent role if compared to the translation. For
Eor < 1.0 eV, the v = 0 and v = 1 curves have different behaviours, because the v = 1
curve goes to zero more rapidly than the v = 0 curve, that is, in this range the vibrational
energy is significantly less important than the collisional one in promoting dissociative
chemisorption. The effectiveness of the vibrational energy can be better defined by making
use of the vibrational efficacy, s,, as given [14] by the ratio between the difference of the
E.y values corresponding to the same P, value for the vibrational states v = (¢ and v = 1,
and the difference between the energies of those two states (0.516 eV). From our data, it
comes out that s, is 0.68 at the threshold values P, = 0 (that is, vibration is less effective
than translztion in this range of collision energies), it increases to 1.0 at £, = 0.5 and rises
to 1.2 at saturation value P, = 0.9 (vibration more effective than translation). A theoretical
study {20] on the influence of the potential topologies on P, using a quantum wave packet
approach has pointed out that high efficacy of the vibrational energy in promoting adsorption
should be typical of late barrier potentials. In our case, we have found that the vibration is
effective on the whole range of E.;, and even near the thresholds it is appreciably higher
(0.68) than the value (0.20) found in [18] for a central barrier potential, but it is comparable
to the value (0.56) obtained for a late barrier. Our results are unexpected on the basis of a
classification scheme [41] which assigns to central barriers behaviours intermediate between
those of early and late barriers, and this could be in part due 1o the increased complexity of
the dynamical problem when the full dimensionality of the potential hypersurface is taken
into account, as in our calculations.

The role of the rotational energy of the incident beam can be understood by looking at
curves in figures 3 and 5. When H; is allowed to rotate in low rotational states (j < 5), we
observe a decrease of the chemisorption probability P,, followed by an increase for values
of j greater than four, that is, rotation first inhibits and then enhances dissociation. The
initial decrease of P, with increasing j at low j values is due to the strong influence of
the orientation of Hs on the potential energy surface, as shown above when describing the
features of the potential. If the molecule rotates, the probability of reaching the transition
state region in a geometry favourable to dissociation decreases, but, if the value of j is
sufficiently high, then there is a transfer of energy from rotation into translation along the
reaction path, which arises from the stretching of the bond at the transition state. So, it
comes out that at low j values a steric effect tends to inhibit dissociation, whereas at high
J values an energy effect enhancing dissociation becomes predominant, This is true for
H, molecules both in their ground and first excited vibrational states (the curve j = 5 in
figure 3 shift to the right, both for v = 0 and v = 1). The same trend has been found
in recent experimental work on the Dp—Cu(lll) system [9, 14], which has shown, on
the basis of detailed balance arguments, that the rotational excitation of D+ increages the
adsorption threshold and therefore decreases P, at low j values (j < 5), with a reversal of
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Figure 5, Dissociative adsorption probability against  Figure 6. Dissociative adsorption probability against
rotational quantum number, j, for different initial incident polar angle, @, for different initial collision
collision energies, Eqp; v =0, ©@ =0°, © = 0°. energies, Eqi;v =0, j=0, & =0° "

the trend at high j values. Theoretical calculations [23], based on a quantum mechanical
wave packet approach, with a late barrier potential (in the exit channel), a position rather
different from the central one of our most favoured approaches, have shown the same kind
of behaviour. Finally, we can observe in figure 5 that at the threshold value of the initial
collision energy (0.4 eV), the sticking probability P, increases’ monotonically with j, as
found in recent quantum dynarnical calculations [22]. Results similar to those presented here
for the influence of vibrational and rotational energies have been found in full-dimensional
quantum-classical calculations for the chemisotption of H» on Cu(110) [24] and in classical
calculations for the system Hz—Ni(001) [42].

‘We studied the dependence of P, on the incident angle, ®, of the H; beam at the metal
surface, for different values of the initial collision energy, and the results are shown in figure
6. We can see that P, decreases rapidly for increasing values of @, and the slope is different
for different values of E.,. Now, it is convenient [2, 4] to represent the dependence of P,
on @ with the value of the exponent n in the expression relating P, at ® to its value at
0° 1 P,(©)cos{®@}/P,(0°) = cos®(@). In our case, we have found for n the values 12.2,
6.3, 4.6 and 3.6 for E,y = 0.6, 0.8, 1.0, 1.2 eV, respectively. As observed experimentally
[2, 4], the exponent » is high at low values of E.,, and decreases when E,, increases,
that is, the ratio P,{©®)/F,(0°} decreases with © more rapidly at low than at high collision
energies. In figure 7, we report P, against @ for different values of the normal component
of translational energy, E, = E., cos® ©. It is evident that for sufficiently high values of
E, (>06 eV), P, is practically independent of ©, that is, the sticking probability scales
with normal energy component, as found in molecular beam experiments [2, 4].

We have also investigated whether there is in our potential an azimuthal anisofropy of
P,. This study was done by varying the azimuthal angle, &, of approach of H; to the
Cu surface at four different values of E.,: 0.6, 0.8, 1.0, 1.2 eV. We have seen that the
curves P,/® obtained for ® = 15°, 30°, 45° are practically coincident with those found for
& = (°, the observed variations being well below the Monte Carlo standard errors.

It is interesting to analyse the translational, vibrational and rotational energy distributions
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Figure 7. Dissociative adsorption probability against
incident polar angle of Hy, ©, for different normal
collision energies, E,, =0, j =0, ®=0°
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Figure 10. Rotational energy distributions of scattered
H; molecules for different initial collision energies,
Eiv=0, j=0,8 =0° & =0° the bin width is
50 meV. :

of the scattered H, molecules to find out at what extent the energy is converted, along the
reaction path, from one degree of freedom to another. The results of this analysis are shown
in figures 8, 9 and 10, for three different values of initial collision energy: E.; = 0.5,
0.7, 0.9 eV, and for a beam normal to the suiface (€ = ¢ = 0°), with molecules in
their ground rovibrational state (v = j = 0). In the case E.y = 0.5 eV, just above the
translational threshold, 87% of molecules are scattered with increase of internal energy
at the expense of their translational energy, and 85% of them have vibrational energy
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which differs from its initial value by less than 10%. At higher incident energies, the
percentage of molecules with translational energy lower than E., decreases to 76% and
70% at Ecop = 0.7 and 0.9 eV whereas only 31% and 16% of molecules do not change their
initial vibrational state. The average final vibrational energy of scattered molecules is lower
than its initial valwe by 4, 14 and 25 meV for E;,; = 0.5, 0.7 and 0.9 eV, respectively.
Keeping in mind that in quasiclassical calculations the H, internal energy is guantized
only at the beginning of each trajectory, we can say that the vibrational temperature of
the beam remains practically constant for increasing values of E,,. Comrespondingly, the
non-adsorbed molecules, which do not rotate at the beginning of the trajectories, undergo an
increase of their average rotational energy equal to 50, 90 and 137 meV, for the considered
values of E.y, and for E.y = 0.9 eV rotational levels up to j = 10 are populfated. This
significant coupling of translational to rotational motion, which is increasingly important for
increasing values of E.;, accompanied by the absence of energy transfer to the vibrational
degree of freedom, is responsible for the fact that molecules are inelastically scattered
instead of being chemisorbed.
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Figare 11. Angular distributions of scattered H;  Figure 12, Cumulative distribution fanction of the

molecules for different initial collision energies, E.,  polar angle, ¥, defining the initial orientation of the

at incident angle ® =25°; v =0, j =0, ¢ =0° the molecular axis for adsorbed Hy molecnles, at initiat

bin width is 5°. i collision energies, E,,; =05and 0.2 eV; v =0, j =0,
' =0, =0° i B

The angular distributions of the scattered H, molecules are shown in figure 11 for
_different values of E.y, at incident angle & = 25°. It comes out that, at Ey = 0.6 eV,
the angular distribution is symmetric with respect to the incident angle & = 25° (53% of
molecules are scattered at angles greater than 25°), that is, the scattering is nearly at specular
angle. This feature, together with negligible changes in vibrational energy, is an indication
that these molecules do not sample the dissociative part of the interaction potential, where
the H-H bond.is stretched. When E.y is increased to 0.8 and 1.0 eV, the distribution
curves are more asymmetric, and the scattering becomes progressively supraspecular, with
a percentage of molecules scattered at polar angles greater than 25° equal to 64% and 76%,
respectively. :
- Finally, in figure 12, we have drawn the cumulative distribution function (cos #) of the
polar angle, #, defining the orientation of the molecular axis with respect to the incident
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direction of the beam, for adsorbed H; molecules, at E,,; = 0.5 and 0.9 eV. For the whole set
of trajectories [eading to adsorption or scattering, the cos ¥ function is uniformly distributed
in the range —1 to +1, but it may be immediately observed that, at E,; = 0.3 eV, the
fraction of chemisorbed molecules with H-H bond axis initially oriented at ¢ < 50° (or
equivalently, & > 130°) is rather low, that is, about 5%. If one considers that, for this value
of Ep, the rotational excitation of the backscattered molecules is negligible, it is possible
to say that the fact that chemisorption is preferentially observed for initial orientations of the
molecular axis parallel to the Cu surface is due to the larger potential barriers encountered
by Hj in perpendicular rather than in parallel approaches (compare figure 1 to figure 2).
‘When E,; is increased well above its threshold value, this orientation effect on the sticking
probability gradually disappears (see figure 12, curve at E ., = 0.9 V), because the excess
of wranslational energy is used in overcoming the adscrption barrier even if the molecular
bond orientation is not favourable.

To determine the possible consequences on dynamical results due to the introduction
of non-local corrections in our band structure calculations, we performed a few simulations
with values of the H-Cu(111) binding energies 20% lower than those in table 1 (20% is the
estimated H—Cu overbinding due to the absence of non-local corrections). Using the same
values of the Sato parameters as used throughout afl calculations (Agy = —0.45, Agey =
+0.20}, we found that a beamn with @ = ¢ = (° and v = j = @ has an £, threshold
located at 1.0 eV, that is, at a value remarkably higher than that of curve v = 0 of figure
3. For higher values of Aypy, the E., threshold decreases, and it is located at 0.2 eV for
Agg = —0.20. In any case, the trend of P, against E., is simiiar to that of curve v =0
in figure 3, obtained using the ab iritio values of Dy, without non-local corrections.

It is worthwhile to make a comment on the rigid-surface constraint. Recent theoretical
investigations [25], based on joint use of classical mechanics and wave packet methods, have
shown that the average energy transferred from H; to surface phonons is typically 7-8%
of the impact energy, a value comparable to 6% given by the hard-sphere approximation.
Moreover, it is generally accepted [14] that the adsorption of Hy on the Cu surface occurs
in a single collision, and this should greatly reduce the consequences of the rigid-surface
approximation on the chemisorption probability.

6. Conclusions

A LEPS potential for Hy interacting with the Cuf111) surface was built starting from
ab initip density functional results for atomic hydrogen adsorbed on the Cu surface, and
used in quasiclassical trajectory simulations. We investigated the influence of the different
components of the total energy of H; on the dissociative adsorption probability, and we
found that both the ccllisional and vibrational energies can be effective in promoting
dissociative chemisorption. For high values of Hy total energy, translation and vibration
play an almost equivalent role, even if vibration appears to be a little more effective than
is translation in promoting dissociative adsorption. For low values of Hp total energy, the
role of the translational component is prevalent with respect to the vibrational one. The
rotational motion of Hy has two effects on chemisorption, a steric effect at low j values
which inhibits the dissociation of the H-H bond, and an energy effect at high j values
which enhances it. The dependence of P, on the angle of incidence of the hydrogen beam
at the Cu surface follows the normal energy scaling only for higher initial collision energies.
No azimuthal corrugation of the potential used in our calculations is observed.
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