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Chapter 1 

Introduction 

There is a long standing dream in the surface-science community to develop a ma
terial science of heterogenous catalysis (catalysis by powdered solids) [1]. The moti
vation is plain and simple. Hundreds of billions of yens in world economy are being 
generated by catalytic chemistry. If it were possible to gain a detailed, atomic-level 
understanding of surface reactions, then it might be possible to design less expen
sive, more effective catalytic substrates. Thus, it can be said that, one of the most 
exciting challenges of present-day surface science is the task of developing a de
tailed picture of surface reactions. This would involve understanding the intra- and 
inter-molecular motions of the reactants, as they undergo changes at a surface, and 
understanding the related issues of energy requirements, energy flow, and energy dis
posal for these microscopic interactions. Studies directed at describing atomic and 
molecular motion, and the relation between molecular motion and energy exchange 
throughout a surface process, such as chemisorption, physisorption, or scattering, 
define the field of surface dynamics. The descriptions acquired from studies of sur
face dynamics can range from simple conceptual models, which yield insights into 
qualitative aspects of molecular interactions, to detailed theories, which can provide 
more quantitative information about the dynamical process involved. To make any 
headway in understanding such surface reactions, the most fundamental surface re
actions must be understood. One such reaction which has been, and is still being, 
extensively studied is the interaction of a diatomic molecule with a surface. 

When diatomic molecules, prepared in a certain initial quantum mechanical state, 
interact with metal surfaces, a number of processes can occur, depending on the ini
tial conditions. Some may be adsorbed as molecules, or as dissociated atoms, which 
may then be absorbed into the metal. Some may undergo dissociative scattering, 
i.e., atomic fragmentation, with the products (fragmented/dissociated atoms) going 
back to the gas phase. Some may undergo elastic scattering (diffraction). Inelastic 
scattering via excitations of the molecular internal degrees of freedom (e.g., rota
tion and/or vibration), or excitation of surface phonons and/or surface electron-hole 
pairs, may also occur. And after undergoing dissociative adsorption, the adsorbed 
particles may also diffuse, or migrate, and later recombine with other adsorbed 
atoms/molecules and desorb. In Fig. 1.1 we show a summary of the possible pro
cesses that may occur. 

In this thesis, we shall mainly discuss the dynamics involved in dissociative ad
sorption and associative desorption, which represent the initial and the final stages 
in any reaction. DISSOCIATIVE ADSORPTION is the initial process by which we can 
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Figure 1.1. A schematic diagram oC the several reactions that may occur when a diatomic molecule, prepared in a 
certain initial quantum mechanical state, interacts with a metal surface. The coordinates (X, Y, Z, B, 4» give the 
location oC the center-oC-mass, and the polar and azimuthal orientations oC the impinging diatomic molecule with 
respect to some reCerence point. (IIi,Ji,mi,m,) correspond to the initial vibrational, rotational, azimuthal, and 
spin quantum states oC the impinging diatomic molecule, respectively. 9i and e J correspond to the incidence and 
scattering angle of the diatomic molecule with respect to the surface normal, before and after a certain reaction 
occurs. The coordinates (Xj ,Yj, Zj) give the location oC the j-th contituent atom oC the diatomic molecule after 
a certain reaction, e.g., dissociative adsorption or interaction with a photon (hll) oC light, occurs. 

utilize the surface as a catalyst, or medium, and initiate the reaction of two reac
tants that may otherwise even be, normally, too stable to interact with each other. 
ASSOCIATIVE DESORPTION, on the other hand, is the means by which we could 
harvest the resulting products of the reaction from the surface. In particular, we 
concentrate on the dissociative adsorption and associative desorption dynamics of 
hydrogen at copper and palladium surfaces. 

1.1 Why Hydrogen? 

Hydrogen is probably the most important of all atoms both for its abundance in 
the universe and for its theoretical interest. It is the only stable neutral two-body 
system, and its energy levels [cm-I] can be calculated with an accuracy far higher 
than for any other element (currently of the order 10-11

). In addition, atomic hydro
gen possesses a rich spectrum of resonances ranging from the radiofrequency to the 
ultraviolet frequency and is thus a fertile ground for experimentalists. Several of its 
absorption resonances are particularly narrow and thus very suitable for metrology. 
For these reasons the hydrogen atom has always played a central role in the de vel-
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opment of modern physics since, by performing measurements of its energy level 
separations, one is able to make precise tests of current theories. (For more details 
regarding the role of hydrogen in modern physics and metrology, cf., e.g., [2].) 

Furthermore, the understanding of how hydrogen interacts with metal surfaces 
is of broad interest. From a practical (technological) point of view (cf., e.g, [3-5]), 
the interactions of hydrogen with solids are influential in a number of industrial 
processes (e.g., heterogenous catalysis, material processing (hydrogen firing), purifi
cation of hydrogen by sorption or permeation, and fabrication of electronic devices), 
and in energy and power systems (e.g., fuel cells, nuclear reactors (tritium contain
ment)). The ability of hydrogen to alter the mechanical properties of metals to the 
point of rendering them unreliable is an outstanding technological problem [6,7]. 
Interactions with certain materials lead to severe degradations in the mechanical 
(embrittlement, stress corrosion cracking), electrical, and magnetic properties of 
those materials. In the case of hydrogen-assisted cracking, in which crack initiation 
and propagation are controlled by a combination of stress and the presence of hydro
gen, there is a relationship between the requisite stress and hydrogen-concentration: 
More hydrogen can reduce the failure stress. From an environmental point of view, 
with WATER as the only EMISSION from hydrogen combustion, hydrogen is very at
tractive as an alternative POWER SOURCE of the future, with materials that readily 
adsorb hydrogen as potential fuel storage devices (cf., e.g, [8,9]). From an academic 
point of view, hydrogen is the simplest possible adsorbate. Thus, an understanding 
of how hydrogen behaves when it approaches and subsequently comes into contact 
with a solid surface should give the most fundamental view of gas-surface reaction. 

1.2 Why Dynamical Calculations? 

The main trend in the study of gas-surface reaction some 40 years ago was towards 
kinetics [10-12], i.e., the study of how external macroscopic variables (e.g., temper
ature, pressure, and relative concentrations of the reactants) influence the overall 
reaction rate. It was the kinetic behavior of reactants near solid surfaces that was 
the focus for studying the chemically active species with surfaces. It was not that 
people then were not wondering as to why some molecules will stick to some surface 
intact, some will undergo fragmentation, some never at all (cj., e.g., [13-15]). It was 
simply not possible then to compare state-resolved theoretical predictions with ki
netic data obtained by experiments because of the vast degree of averaging required 
to convert cross-sections into rate constants. However, with a number of diverse 
advances both in the experimental and theoretical fields, it is now possible to gain 
a more microscopic view of gas-surface interactions, where one can focus attention 
on the detailed atomic/molecular motions that characterize an elementary reaction, 
i. e, the dynamics of the process. With the advent of sophisticated laser preparation 
and detection schemes (e.g., laser spectroscopy), combined with ultra-high vacuum 
(UHV) technology, it is now possible to perform experiments that can measure state 
specific information of molecules. Unfortunately, even though current experimental 
methods enable the exact motion of the nuclei in a reaction to be followed [16], there 
are still some microscopic details that remain inaccessible to direct investigations 
(e.g., time-dependence of the charge state of reacting species, correlated motion of 
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a small cluster of atoms, etc.). And quantum mechanics tells us that it will always 
be impossible to follow the behavior of a molecule, as it interacts with the surface, 
without compromising the outcome. On the other hand, even though it is possible to 
write the exact Hamiltonian to describe the coupled electronic and nuclear motions 
as a reaction evolves, it is frequently impossible to find a solution, and the heart 
of the theoretical method is to make a simplified calculation, amenable to solution, 
that will contain the essential physics of the problem. Dynamical calculations, using 
as input data from both theoretical and experimental studies, can be made to model 
the experimental problem and, in a way, allow investigation of areas not accessible 
to experimentalists and other theorists. The results of these dynamical calculations 
may then be compared with the many available experimental data on this system 
(gas-surface interaction system), and provide us with a means to gauge just how 
close we are to having the important details of this system at our grasp. 

1.3 Why this Study? 

The question of which forms of energy can best promote activated processes is 
central to the field of surface reactions. One important goal of this field is then to 
determine which physical factors (e.g., degree of freedom) most affect the outcome of 
potentially reactive collisions. Such detailed, atomic-level understanding of surface 
reactions should be of great value in optimizing reaction conditions and in control
ling reaction yields. Furthermore, as mentioned earlier, it might permit the design 
of less expensive, more effective, novel catalytic substrates much needed in the in
dustry [1]. Numerous studies, both theoretical and experimental, have been done to 
understand the energetic requirements and energy disposal in elementary reactions. 
Although most of these works are concerned with gas-phase reactants [17,18], recent 
developments in theoretical and experimental techniques have made it possible to, 
also, examine the dynamics of gas-surface reactions [19,20], principally the process 
of activated dissociative chemisorption. And over the years, the chemisorption of 
hydrogen on copper surfaces has become a benchmark for the study of gas-surface 
interaction dynamics, particularly in developing a dynamical description of activated 
adsorption [10,11,21-23]. 

Experiments (cf., e.g., [10,11] and further references found therein) using seeded 
molecular-beam scattering and state-resolved time-of-flight (TOF) measurements of 
desorption, have studied the detailed dependence of the dissociation probability on 
the translational, vibrational, and rotational degrees of freedom and on surface tem
perature. From these experiments, we now know that dissociation of hydrogen on 
the low index surfaces of eu is hindered by a considerable energy barrier. This means 
that a certain amount of energy must be fed to the translational degree of freedom 
of the hydrogen molecule before dissociative adsorption on a Cu surface could occur 
(cf., [10,11] and references found therein). The dependence of the sticking proba
bility on the angle of incidence of the molecular beam has also been measured. For 
Cu surfaces, normal energy scaling is found to be a good approximation [10,24], 
suggesting that only the component of the momentum perpendicular to the sur
face is effective in promoting dissociation. This is usually interpreted as implying 
that the surface appears to be fiat to the dissociating molecule. Studies have also 
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Figure 1.2. Experimental rotational state j-dependent adsorption probabilities for D2 in the vibrational ground 
state. The curves were obtained by plugging-in experimental data of Michelsen et 41. [10,30,31) into their proposed 
functional form for the sticking coefficient, and assuming a j-independent normalization factor (A = 1) [31]. The 
gas phase rotational constant of D2 is B ::::13.8 meV. From [36]. 

shown that the vibrational energy of incoming hydrogen molecules always promotes 
dissociation on the low index surfaces of Cu. And for a fixed initial (vibrational, 
rotational, and translational) state of the impinging hydrogen molecule, increasing 
the surface temperature slightly promotes dissociation for incidence energies a little 
lower than the effective energy barrier, and slightly hinders dissociation for inci
dence energies a little higher than the effective energy barrier, without changing the 
energetic location of the inflection point of the corresponding adsorption probability 
curves [25]. Furthermore, we also know that the dissociation of hydrogen on Cu is 
an orientation-dependent process, i.e., hydrogen molecules oriented parallel to the 
Cu surface dissociate more easily compared to perpendicularly oriented ones [26,27]. 
However, it is only now that we are beginning to understand how rotational energy 
or the molecular rotational degree of freedom actually influences hydrogen dissoci
ation. 

Recently, time-of-flight (TOF) distributions for hydrogen molecules associatively 
desorbing from CU(ll1) could be determined rotationally state resolved (cf., [28-32] 
and references found therein). Earlier desorption measurements for H2 and D2 from 
Cu(llO) and CU(lll) by Kubiak et al. [28] indicate that the mean rotational energy 
in desorption associated with the detected low rotational states j of the hydrogen 
molecules is slightly less than that appropriate to the surface temperature (kBTS) 
(rotational cooling). The measured rotational state distributions appear to have 
slightly enhanced populations at low rotational state j. Schroter et al. [29] later 
observed a rather strong rotational cooling for the H2 on Pd(lOO) system. And 
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Figure 1.3. Experimental results for the rotational state i-dependent sticking probability curves for H2 on Pd(l11) 
for fixed translational energies Et. Arrows point to the corresponding minimum for each curve. The curves were 
obtained by replotting the experimental data of Gostein and Sitz (Table II of [39]). The statistical uncertainties 
for the sticking probabilities were omitted in the figure for clarity. The corresponding incidence energies Et. and 
the location of the minimum for each curve ;min, are as follows-
0: Et = 55±2 meV, ;min = 4; ~: Et = 73±3 meV, ;min = 3; 0: Et = 94±5 meV, ;min = 1. 
The gas phase rotational constant of H2 is B::::: 7.6 meV. From [40]. 

recently, Michelsen et al. [30,31] observed distributions that show a nonmonotonic 
dependence on the detected rotational state. Desorbing molecules with intermediate 
rotational states (e.g., j = 4,5,6) reach the detector faster than those that do 
not rotate at all (j = 0) or those in higher rotational states (j > 10). These 
experimental observations indicate a strong dependence on the molecular rotational 
degree of freedom. Otherwise, the rotational distributions are expected to be in 
thermal equilibrium with the substrate temperature at which desorption occurs. By 
invoking the principle of microscopic reversibility [30-34], the dissociation behavior 
of hydrogen on eu can be derived from these distributions. The nonmonotonic 
j -dependence of the TO F peaks can be related to a nonmonotonic j -dependence of 
the sticking (dissociation) coefficient [35]. At low initial rotational states j, rotation 
inhibits sticking, while at high j, rotation promotes sticking (ef., Fig. 1.2). 

With recent advances in molecular beam scattering techniques, it is now even 
possible to determine the initial rotational state of hydrogen molecules prior to be
ing adsorbed on metal surfaces [37-39]. Recently, Gostein and Sitz [39] directly 
observed, for the first· time, that the sticking (dissociation) coefficient [35] of H2 on 
Pd(111) is non-monotonically dependent on the initial rotational state of the imping
ing hydrogen molecule (Fig. 1.3), first decreasing with increasing initial rotational 
state (j = 0 ~ 3), for low j, then increasing again for higher j (j = 4,5). This 
interesting feature of the sticking coefficient of H2/Pd(111) as a function of the ini-
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Figure 1.4. Schematic diagram of how the molecular angular momentum j is spatially oriented with respect to the 
surface normal unit vector n for different A~2)(j) values. A~2)(j) < 0 corresponds to a cartwheel-like rotational 

preference, with j oriented predominantly perpendicular to n. A~2)(i) > 0 corresponds to a helicopter-liI<e 

rotational preference, with j oriented predominantly parallel to n. A~2) (i) = 0 corresponds to a spatially isotropic 
distribution of j. 

tial rotational state j of the impinging H2 resembles the sticking probability results 
inferred from rotationally state resolved time-of-flight (TOF) distribution results of 
Michelsen et al. [30] for D2 associatively desorbing from Cu(111). 

As for the orientational preference in associative desorption, Wetzig et al., [41] 
using the laser-induced fluorescence (LIF) detection technique [42-44], reported the 
first such measurement of the preferential steric orientation for D2 desorbing from 
Pd(100) by determining the quadrupole alignment factor A&2)(j). The quadrupole 

alignment factor A&2)(j), which is given by [42-45] 

A(2)( .) = (3j; - j2) 
o J "2" J ) 

(1.1 ) 

assumes values in the range [-1,3j/(j + 1)-1]. For molecules exhibiting cartwheel
like motion (Imjl ~ 0) with respect to the surface normal n, A&2)(j) < 0, while those 

exhibiting helicopter-like motion (Imjl ~ j) have A~2)(j) > 0, with perfect alignment 

given by A&2)(j) = 3j/(j + 1) -1, and as j -+ 00, A&2)(j) -+ 2. A spatially isotropic 

distribution of the angular momentum j is described by A&2)(j) = 0 (cj., Fig. 1.4). 
Wetzig et al. [41] observed that D2 desorbing in the vibrational ground state from 
Pd(100) have positive alignment (indicating a preference for helicopter-like motions) 
which vanishes for j = 7,8 (spatially isotropic distribution). They later observed 
the same qualitative features for the desorption of H2 from Pd(100) [46]. Similarly, 
for D2 desorbing in the vibrational ground state from CU(111) Wetzig et al. [47] 
measured, for all final rotational states measured (j = 1 -+ 8), a small quadrupole 
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Figure 1.5. Results of ab-initio potential energy calculations (GAUSSIAN88) [57] for H2/CU showing (a) parallel, 
and (b) perpendicular orientations of the H2 relative to the Cu surface. Contour spacing is 0.4 eV and barrier 
height in (a) is approximately 1.6 eV. 1 AU (atomic unit) :::J 0.5A. From [36]. 

aliffiment factor that is' almost compatible with a spatially isotropic distribution 
(A62)(j) ~ 0). Gulding et al. [50], using the resonance-enhanced multiphoton ion
ization (REMPI) detection technique [48,49], also measured a quadrupole alignment 
factor corresponding to a small preference for helicopter-like motion, which, in turn, 
increases with increasing j. 

Electronic (ab-initio) energy calculations [36,51-61] show that the H2/Cu poten
tial energy (hyper-) surfaces (or PESs) possess a barrier to adsorption of about 1 e V 
with a substantial increase in the equilibrium H-H internuclear distance near the 
crest of the barrier, or the so-called transition state region of the potential. The ex
istence of the activation barrier is due to the interaction between H2 and the metal 
surface, and the interaction between the two contituent H atoms of H2 • The exis
tence of the barrier for adsorption of hydrogen on simple metals has been illustrated 
via model calculations on a jellium surface [51]. As a H2 approaches a metal surface, 
its molecular orbitals (leTg and leT:) begin to overlap with the wavefunction of the 
metal selectrons. The H2 molecular orbitals couple with the metal, producing H2-
metal bonding and anti-bonding states. While a bonding effect between the metal 
and H2 can be initiated by a lowering of the 1eTg orbital, an increase in the metal 
electron kinetic energy, brought about by an orthogonalization of the metal electron 
wavefunctions with the H2 orbitals (via the Pauli exclusion principle) dominates as 
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the H2 molecule first approaches the metal surface, resulting in an activation barrier. 
As the H2 comes closer to the metal surface, the 10": antibonding molecular orbital 
broadens and its energy level lowered, becoming partially occupied at intermedi
ate H2-metal surface distances. This partial occupation means that the H-H bond 
weakens and the internuclear distance increases. Meanwhile the H2-metal bonding 
continues to increase. Finally, the H2 internuclear bond breaks and the individual H 
atoms are free to bond with the metal surface. Once past the activation barrier that 
might exist, a H must bond to the surface. Hydrogen interacts with a metal surface 
in much the same way that H2 does. However, because a H has a half filled orbital, 
it can accommodate an extra electron from the metal. The energy gain from the 
coupling of the HIs-metal sp electrons results in a hydrogen bonding level typically 
6-10 eV below the Fermi level, and explains all the measured chemisorption energy 
for H on the simple metals [62]. 

Results of dissociation dynamics calculations [33,34,63-67], consistent with the 
idea of molecular bond-length stretching in the transition state, suggest that the vi
brational energy can help an incident molecule overcome the barrier to dissociation. 
On the other hand, quasi-classical and quantum mechanical calculations [33,68-74], 
most of them multi-dimensional, done to explain the role of rotational excitation on 
surface reactions have varying conclusions. Some calculations show a sticking prob
ability that is-increasing with the initial rotational state j [68,70], independent 
of j [71], decreasing with j [33,69,72] and, recently, nonmonotonically dependent 
on the initial rotational state j [73,74]. Ab-initio calculations of the PES for H2 
dissociating on Cu surfaces [57-61] also show a strong dependence on the molecu
lar orientation (cf., e.g., ab-initio PES calculation results of [57] shown in Fig. 1.5), 
and significant corrugations within the unit cell [36,57-61]. This strong corrugation, 
most believe (e.g., [41,47,50,73,75-78]), is necessary in multi-dimensional calcula
tions to understand and describe the trends found experimentally for the variation 
of the sticking probability of H2 on copper surfaces. 

Of the several factors that influence the dynamics of hydrogen-solid surface reac
tions ( e.g., relative coordinates of the reaction partners (hydrogen molecule and solid 
surface), molecular internal degrees of freedom, surface degrees of freedom (surface 
phonons and electron-hole pairs), influence of surface defects and steps), one of the 
more important factors is MOLECULAR ORIENTATION. Molecules, in general, would 
be adsorbed on surfaces with preferential orientations, and we expect that such ori
entation preferences would ultimately determine how the molecule responds to the 
orientation dependence of the interaction potential energy surface describing the re
action. This thesis is based, in part, on earlier and ongoing studies [36,40,82-90] on 
orientational effects on the activated [36,82-87] and the non-activated [40] dissocia
tion of hydrogen molecules on metal surfaces, and the reverse process of association 
and then desorption from metal surfaces [83-90]. In the following chapter, Chap
ter 2, we give a full description of the model we adopted to study the dynamics of 
hydrogen on copper and palladium surfaces. We did quantum mechanical model 
calculations using the coupled-channel method [33,64] and the concept of a local re
flection matrix [79]. Our model potential is based on qualitative features of available 
PES plots for the H2/Cu surface [36,57-61] (e.g., ab-initio PES calculation results 
of [57] shown in Fig. 1.5) and H2/Pd surface [91,92] systems. We took advantage 
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of the convenience gained in using the concept of a reaction path (cf., e.g., [64]). In 
Chapter 3, we give a discussion of our results concerning the rotational effects on the 
dissociative adsorption dynamics and inelastic scattering dynamics of hydrogen on 
a copper surface. In Chapter 4, we give a discussion of the corresponding rotational 
effects on the dynamics of the reverse process of associative desorption, where H(D) 
atoms initially adsorbed on the surface come together and desorb as H2(D2 ) from 
the surface. Our theoretical studies on the influence of molecular orientation on 
the dynamics of H2(D2) reactions with metal surfaces, viz., Cu(111) and Pd(111), 
which are examples of an activated and a non-activated system, respectively, show 
very interesting, surprising and general results. We will show that due to the inher
ent orientational dependence of hydrogen-solid surface reactions and the coupling 
between the different degrees of freedom involved, two factors, viz., Steering or the 
DYNAMICAL REORIENTATION factor and Rotational-Translational Energy Trans
fer or the ROTATIONAL ASSISTANCE via BOND-LENGTH EXTENSION factor, come 
into effect [36]. Furthermore, we will show that the Steering Effect, which is due 
to the anisotropic nature of the PES, dominates over the Energy Transfer Effect 
for low initial rotational states j. For high j, the Energy Transfer Effect, which 
arises from the strong coupling between the rotational motion and the motion along 
the reaction path, dominates. As a result of the competition between these two 
processes/factors, the dissociation probability of H2(D2 ) on Cu(111), a paradigm of 
an activated system, for example, would show a nonmonotonic dependence on the 
initial rotational state of the impinging H2(D2 ), as observed experimentally. We will. 
also show that the efficacies of these two factors are strongly dependent on the inci
dence translational energy of the impinging hydrogen molecule [85]. This prediction 
was later observed for the H2/Pd(111) system [39], an example of a non-activated 
system, which we will discuss in detail in Chapter 5. We will show that we were able 
to consistently relate the calculated adsorption results with that of the desorption 
results [85] and, for the first time, reproduce the experimentally observed initial 
cooling, then a mild heating, followed by a cooling again of the rotational temper
ature of the desorbing hydrogen molecules with respect to the surface temperature. 
Upon considering the .reverse process of associative desorption, we will show that 
due to the inherent orientational dependence of the hydrogen-solid surface reaction, 
another factor takes effect, viz., Dynamical Quantum Filtering [88-90]. And by 
taking advantage of the inherent nature of the desorption process to be orienta
tion dependent, we suggested that it might actually be possible to produce oriented 
H2(D2 ), which was up to now impossible. The process involves permeating H(D) 
atoms through the bulk of, e.g., a copper single crystal and using the Cu(111) 
surface as a dynamical quantum filter. Due to Dynamical Quantum Filtering, fast 
desorbing molecules would exhibit helicopter-like rotational preference and slow de
sorbing molecules would exhibit cartwheel-like rotational preference. By applying 
energy-resolved detection techniques [88-90], we could then select from among the 
desorbing molecules for helicopter-like rotating molecules or cartwheel-like rotating 
molecules. We will also explain the experimentally observed suprisingly low rota
tional alignment [41,46,47,50]. In Chapter 5, we will show that the experimental 
observations for the dissociative adsorption and associative desorption dynamics of 
H2 on Pd(111) could also be explained by considering the three factors mentioned 
above, indicating that Steering, Energy Transfer via Bond-Length Extension, and 
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Dynamical Quantum Filtering are general, dynamical features of orientation depen
dent reactions [40]. In Chapter 6, we give our overall conclusions and a summary of 
our work. 
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Chapter 2 

The Model System 

As mentioned in the previous chapter, one of the most exciting challenges of present
day surface science is, undoubtedly, the task of developing a detailed microscopic 
picture of dynamical processes occurring on solid surfaces. To this purpose, many 
systems have drawn considerable interest and studies, one of these being the hydro
gen on metal system, which has become one of the benchmark systems, particularly 
on the nature of the dissociative adsorption process, and the reverse process of asso
ciation and then desorption (cf., [23] and references found therein). The dynamics 
of such interactions between a molecule and a surface is dependent on the relative 
coordinates of the reaction partners (molecule and surface) and the internal degrees 
of freedom of the molecule. To this list of variables we must add the surface degrees 
of freedom (e.g., surface phonons and electron-hole pairs), and recognize the possible 
influence of surface defects and steps. It is no doubt a formidable task to obtain a 
full theoretical description which includes all degrees of freedom. A way around this 
would be for us to choose model systems for which the influence of certain degrees of 
freedom is minimized. Alternatively, we could choose to systematically investigate 
only those degrees of freedom on which we can exert considerable control. However, 
since the positions and velocities of the nuclei and the electronic state of the system 
change throughout the interaction of a molecule with a surface, it is not possible 
to follow the ongoing events continuously. At best, we can only hope to infer the 
detailed dynamics from a series of information regarding the system, before, during, 
and after the interaction. 

Many of the dynamical processes (e.g., dissociative adsorption and associative 
desorption) occurring in nature are believed to be essentially electronically adia
batic (cf., e.g,. [93]) and governed by a single Born-Oppenheimer potential energy 
(hyper-) surface (PES). Because of the smaller mass of the electrons, they may be 
considered capable of immediately reacting to the motion of the nuclei, relaxing 
virtually instantaneously, such that the force on the nuclei is that characteristic of 
the ground-state of the electron system. It is this electronic ground-state which will 
then contribute to the interaction potential of the interacting nuclei, serving as the 
potential energy function for the nuclear motion. 

In studying the interaction of a gas-phase molecule with a solid surface, it is, 
thus, standard theoretical practice to adopt the Born-Oppenheimer approximation, 
and formulate the problem in terms of the motion of some representative point or 
points over a PES. Then the problem of studying the interaction of a molecule 
with a surface reduces to-(l) obtaining the relevant PES, and (2) solving the 
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Figure 2.1. The model system showing a diatomic molecule (molecular orientation with respect to the surface 
normal given by 8, surface to center-of-mass (CM) distance ZCM, and bond-length r) approaching a flat surface 
perpendicularly. mA and mE correspond to the masses of the constituent atoms of the diatomic molecule. Note 
that there is no arimuthal dependence because normal energy scaling (a flat surface) was assumed. From [36). 

corresponding equations of motion. From the above reasoning it is obvious that, in 
order to make progress in understanding the dissociative adsorption and associative 
desorption of hydrogen molecules on or from metal surfaces, we require a good PES 
for the molecule-surface interaction. 

Following the practice mentioned above, we did dynamical calculations, using the 
model system shown in Figs. 2.1 & 2.6 (inset) for a rigid surface and a dynamic 
surface, respectively. 

2.1 Rigid Surface 

For a rigid surface, we considered the model system shown in Fig. 2.1, and studied 
the effect of rotation on the dissociative adsorption (associative desorption) process. 
Because normal energy scaling is observed for Cu(I11) (cf., e.g., [31,105]), we only 
considered the reaction of a hydrogen molecule-with a center-of-mass distance Z 
above the equilibrium position of the surface oscillator, an internuclear distance 
or bond-length r, and a molecular axis orientation () with respect to the surface 
normal-incident perpendicular to a flat metal surface. 
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Figure 2.2. Comparison of transmission coefficient T 116. incidence energy Et curves for a wide (a = 1.0 A -1) and 
a narrow (a = 6.0 A -1) cosh2(x)-type potential. Activation energy was taken to be Ea. = 0.536 eV. From [36]. 

2.1.1 The 1-Dimensional Activation Barrier 

From earlier experiments (cf., e.g., [10,11,20,24,28,30-32] and references found 
therein), using seeded molecular-beam scattering and state-resolved time-of-flight 
(TOF) measurements of desorption, done to study the detailed dependence of the 
dissociation probability on the translational, vibrational, and rotational degrees of 
freedom, and on the surface temperature, we now know that the dissociation of 
hydrogen on the low index surfaces of Cu is hindered by a considerable energy 
barrier. This suggests that we could think of the dissociation of hydrogen on the 
low index surfaces of Cu as a 1-D scattering problem, with a potential barrier of the 
form-

V(s) = ~( )' cos as 
(2.1) 

where Ea. is the activation barrier/potential barrier height (Ea. - 0.536 eV, this 
is based on parameters used by previous dynamical calculations) [33,64]' a is the 
width parameter and s is the reaction coordinate. Analytical solution [81] of the 
corresponding Schrodinger equation gives a functional form for the transmission coef
ficient T, which corresponds to the sticking/adsorption probability in the gas-surface 
interaction problem. The dependence of T on the incidence energy, Et, is shown in 
Fig. 2.2. The "S"-shaped sticking probability vs. energy curve results, obtained by 
previous dynamical calculations (e.g., [33,66,67,71,73]) and experiments (e.g., [10]) 
done to study the associative desorption/dissociative adsorption process of H2/Cu 
systems, are qualitatively reproduced here. Note that the plot can be divided into 
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Figure 2.3. Results of ab-initio potential energy calculation (GAUSSIAN88) [57] for H2/CU showing (a) parallel, 
and (b) perpendicular orientations of the H2 molecule relative to the Cu surface. Contour spacing is 0.4 e V and 
barrier height in (a) is approximately 1.6 e V. The dashed line connecting the potential minimum in (a) represents 
the reaction path. 1 AU (atomic unit) ~ 0.5A.. From [36]. 

two regions-(I) Et < Ea where the mechanism for transmission is through tunnel
ing, and (2) Et > Ea where the mechanism for transmission is through the utilization 
of the available translational/kinetiC energy to overcome the barrier. Another point 
that can be observed is that the width of the potential barrier (manipulated through 
the parameter a) determines the width of the transition region where the sticking 
probability value changes from 0 to L 

2.1.2 The Orientationally Anisotropic Potential Barrier and the 
Effective Molecular Bond-Length for a Rigid Surface 

Electron energy calculations [51-56,58,59,61], as well as experiments (e.g., [26]), 
also show that the form of relevant PESs is strongly dependent on the orientation 
of the hydrogen molecular axis with respect to the metal surface. We again show 
a typical example of this dependence in Fig. 2.3 for the case when the molecular 
axis is artificially kept parallel (8 = 1f/2, Fig. 2.3(a)), and when the molecular axis 
is artificially kept perpendicular (8 = 0, Fig. 2.3(b)) to the surface. Two things 
are immediately evident. First, there is a "well" after the potential barrier for the 
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and in this figure a = 1.0 A -1). The +8-region corresponds to the surface side. The upper figure shows how the 
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o = 7r /2 orientation, whereas, no such "well" exists for the 0 = 0 orientation. This 
means that, most likely, a molecule with a 0 = 0 orientation will not be adsorbed. 
Second, there is a distinct difference in the curvature of the reaction path (indicated 
by the dashed line in Fig. 2.3(a)) for the two orientations. Assuming that the 
curvature of the reaction path changes as the molecular orientation changes from 
o = 0 to 0 = 7r /2, then an appropriate molecular orientation dependent potential 
barrier is (cJ., Fig. 2.4) [36]-

V( 0) - Ea (1 f3 20) V, 20 [1 + tanh( as )] 
s, - 2() - cos + 1 cos 

cosh as 2 
(2.2) 

where f3 is an additional parameter that determines the degree of anisotropy of the 
activation barrier. 
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We show a typical potential in Fig. 2.4. For a molecule incident with an orientation 
parallel to the surface () = 7r /2, it encounters a cosh2( s )-type potential. On the 
other hand, a molecule with (;tn orientation perpendicular to the surface () = 0 
will encounter a rather smooth step potential with a finite, non-zero peak after 
the transition region. Thus, a molecule with a parallel orientation relative to the 
surface will most likely be adsorbed onto the surface as compared to a molecule with 
a perpendicular orientation relative to the surface. 

Going back to Fig. 2.3, it is obvious from the PES plots that each point along 
the reaction path (corresponding to a particular value of s or Z) corresponds to a 
particular molecular bond-length r. Thus, we have r( s) or r( Z). We can immediately 
see that the bond-length r increases exponentially with s. Also, at distances Z 
sufficiently far from the surface (corresponding to a range of values of s from s = 
-00), r takes the value ra, the gas phase equilibrium internuclear distance. Upon 
reaching some distance relative to the surface Z, r begins to increase rapidly with 
s. We assumed that the bond-length has the following s-dependence-

r{s) = roV[I- exp(as)]. (2.3) 

2.1.3 The Model Hamiltonian for a Rigid Surface 

The Hamiltonian for the model system corresponding to a rigid surface described 
above (cf., Fig. 2.1) has the form-

h2 h2 h2 
H(Z,r'())=--2 8;- M81+--2L2 + V(Z,r,()), 

p. 2 2p.r 
(2.4) 

where 

M = mD + mD = 2mD, (2.5) 

mDmD 1 
JL = = -mD, 

mD+mD 2 
(2.6) 

L2 = -[~()89(sin()89) + . \()8~], 
SIn SIn 

(2.7) 

and V(Z, T, ()) is the relevant PES, which in this case is the ground state energy of 
the electron system. We took advantage of the convenience gained in using a new 
coordinate system in terms of (s,p,()) (cf., Fig. 2.5), derivable from the concept 
of a reaction path or path of least potential [57,63,64,80,93-97], which is based 
on contour plots of available PESs (e.g., Fig. 2.3). The variable s stands for the 
reaction path coordinate along the least potential on the PES. Far from the surface 
it corresponds to the Z coordinate. The reference point is the position where the 
peak of the acivation barrier is, and far from the surface s takes on negative values. 
The variable p is the reaction vibration coordinate orthogonal to s at every point on 
s. The polar angle () gives the molecular axis orientation with respect to the surface 
normal. This coordinate is normal to the plane defined by sand p. (For more 
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Figure 2.5. A typical reaction path curve Co, which corresponds to the dashed line in Fig. 2.3(a). With this curve 
Co, we can derive Cor the relation between the coordinates (Z,r) and (s,p). Far from the surface, the reaction 
path coordinate s, along Co, corresponds to the center-oC-mass coordinate Z. Near the surface, s corresponds to 
the intra-molecular distance r. The p-coordinate is always perpendicular to s, as r is perpendicular to Z. 

discussion regarding the change in coordinate system, cf., e.g., [63,64,93-97].) Due 
to the difference in time scales of molecular vibration and rotation, it is possible to 
de couple molecular vibration from rotation, as a first approximation [80]. The model 
Hamiltonian, after transformation using a mass-weighted reaction path coordinate 

19 



s, will have the form-

h? 2 h
2 

( ro )2 2 h
2 

2 ( ) H(s,p,O) = --2 8p - -2 -- 8s + 2I( )L + V s,p,O 
I' I' P - ro s 

(2.8) 

where ro is the radius of curvature of the reaction path at the curved region (cf., [64] 
for a detailed derivation). If we restrict the system to its vibrational ground state 
and convert back to non-mass-weighted coordinates, the model Hamitonian takes 
the final form-

(2.9) 

where 

(2.10) 

and V (s, 0) is the potential barrier that the representative point of the system en
counters on its way along the reaciton path. The form of the s-dependence of the 
internuclear distance r is discussed in the following sub-section. Numerical calcula
tions were done with the coupled-channel method [33,64] and using the concept of 
a local reflection matrix [79]. 

2.2 Dynamic Surface. 

For a dynamic (non-rigid) surface, we considered the model system shown in 
Fig. 2.6 (inset) and studied the effect of rotation on the dissociative adsorption pro
cess, as well as how the adsorption probability curve will change when a dynamic 
surface is considered. As mentioned earlier (§2.1), because normal energy scaling is 
observed for Cu(111) (cj., e.g., [31,105]), we only considered the reaction of a hy
drogen molecule-with a center-of-mass distance Z above the equilibrium position 
of the surface oscillator, an internuclear distance or bond-length r, and a molecular 
axis orientation 0 with respect to the surface normal-incident perpendicular to a 
flat metal surface. The motion of the surface lattice is represented by an array/set 
of locally uncoupled Einstein oscillators, each having a mass Ms (~ 63 dalton, mass 
of one eu atom), and an oscillator frequency Ws given by the surface Debye temper
ature of copper (OD ~ 315 K, roughly equivalent to the top of the surface phonon 
band). This Einstein approximation has been used extensively in surface scatter
ing [64,108-110], and is valid provided the collision energies and energy transfers 
involved are large compared to the phonon band width. Furthermore, due to the 
relatively small size of our impinging molecule (hydrogen) compared to each individ
ual surface atom, most scattering processes occur between an impinging molecule 
and a single surface atom, further justifying our choice of adopting the Einstein 
approximation. 

2.2.1 The Orientationally Anisotropic Potential Barrier and the 
Effective Molecular Bond-Length for a Dynamic Surface 

We treat the coupling between the rotational degree of freedom of the impinging . 
molecule and the vibrational degree of freedom of the surface lattice (modeled as 
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Figure 2.6. A typical reaction path curve, Co, which corresponds to the dashed line in Fig. 2.3(a) and the curve 
shown in Fig. 2.5, relative to the coordinates (Z,r). Far from the surface, the reaction path coordinate along Co 
corresponds to the center-of-mass coordinate Z. Near the surface, $ corresponds to the intra-molecular distance 
r. Ax gives the relative shift of the whole reaction path curve Co upwards (C+), or downwards (C_), as the 
surface atom vibrates about its equilibrium position, xo. (Inset) The model system showing a diatomic molecule 
(molecular orientation with respect to the surface normal given by B, center-of-mass (CM) to surface oscillator 
distance Zc M, and bond-length r) approadling a flat surface perpendicularly. mD corresponds to the mass of the 
constituent atoms of the impinging diatomic molecule (hydrogen). Note that there is no azimuthal dependence 
because normal energy scaling (a flat surface) was assumed. x gives the position of the surface oscillator of mass 
Ms relative to some fixed reference. From (82). 

independent Einstein oscillators) by attaching the orientationally anisotropic PES 
of [36] rigidly, via the center-of-mass coordinate Z, to the Einstein oscillators (taken 
as harmonic oscillators) [103,104,108-112]. Then the PES has the form-

1 2 2 
V(Z, r, O,x) = V(Z - x, r,O) + 2Mswsx , (2.11) 
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where V(Z, r, 0) is the relevant PES seen by the representative point of the system 
for a particular orientation 0 of the impinging molecule relative to the normal to 
the rigid surface. r is the internuclear distance or bond-length of the impinging 
molecule. x gives the position of the surface oscillator relative to some fixed reference 
(e[, inset, Fig. 2.6). (The difference between results obtained using a rigid surface 
and a dynamic surface is then due only to the dynamics and not to changes in the 
barrier height or shape when the oscillator is excited.) 

Again, we adopted, for convenience, a new coordinate system in terms of (s, p, 0), 
as described in §2.1.3. The variable s stands for the reaction path coordinate along 
the path of least potential on the PES. Far from the surface it corresponds to the 
Z -coordinate. The reference point is the position where the peak of the activation 
barrier is, and far from the surface, s takes on negative values. In Fig. 2.6, we show 
a typical reaction path curve for a given orientation of the impinging molecule, 
say parallel to the surface (curve Co, rigid surface). The variable p is the reaction 
vibration coordinate orthogonal to s at every point along curve Co. The polar angle, 
0, still gives the molecular axis orientation with respect to the surface normal. This 
coordinate is normal to the plane defined by s and p. 

If we restrict the surface oscillator (surface atom) to move up and down normal to 
its equilibrium position (as described above), then the corresponding reaction paths 
of the resulting PES will move up and down (curves C+ and C_, respectively, in 
Fig. 2.6) normal to the equilibrium position of the reaction path of the PES for a 
rigid surface (curve Co in Fig. 2.6). (Because we assumed a flat surface, vibrations 
along the surface plane do not influence the reaction.) We can immediately see that 
the projections of the positions of the activation barrier peaks of curves C+ and C_ 
along curve Co do not land on the same point along Co. If the variation (~x) in 
the position of the surface atoms relative to its equilibrium position (xo) is small 
enough, the coupling Eq. (2.11) results in a virtual motion of the activation barrier 
along the reaction path described by Co without a change in barrier height. We can 
then make the approximate transformation-

(Z - x, r, 0) =} (s - x, p - x, 0). (2.12) 

In carrying out the coupling described in Eq. (2.11), we considered the orient a
tionally anisotropic model PES for a rigid surface, expressed in terms of s and 0, 
given in [36]. Using the approximate transformation Eq. (2.12), we have the final 
potential given by-

V(s-x,O)= h2[~a )](1-,8cos2 0) cos as-x -

V; 20 {I + tanh[a(s - x)]} 
+ 1 cos 2 ' (2.13) 

where a is the width parameter [36]. In addition, for a rigid surface, we know that 
each point along the reaction path (of the PES) corresponds to a. particular value 
of r (the bond-length). Thus, we have r(s). Following the arguments proposed 
in [36,74], we assumed that, upon applying the approximate transformation Eq. 
(2.12), the bond-length has the following s-dependence-

r(s - x) = roJ1 - exp[a(s - x)], (2.14) 

where ro is the gas phase equilibrium internuclear distance. 
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2.2.2 The Model Hamiltonian for a Dynamic Surface 

The Hamiltonian for the model system described above has the form-

where, 

h2 h2 h2 
H(Z,r,O,x) = --8; - M8} + _-2L2 + V(Z - x,r,O) 

2/-t 2 2/-tr 

h
2 

2 1 2 2 ---8 + -Mswsx 2Ms x 2 ' 

M=mD+mD =2mD, 

mDmD 1 
/-t = = -mD, 

mD+mD 2 . 

2 [1 ( . ) 1 2] L = - -=-08e sm08e + --=--208~ , sm sm 

(2.15) 

(2.16) 

(2.17) 

(2.18) 

and V(Z, r, 0) is the relevant PES (as mentioned in §2.2.1), which in this case is 
the ground state energy of the electron system. The last two terms of the model 
Hamiltonian (Eq. (2.15)) correspond to the Hamiltonian of the surface oscillator 
with mass Ms and frequency Ws. Due to the difference in the time scales of molec
ular vibration and molecular rotation, as well as, molecular vibration and surface 
vibration, it is possible to decouple molecular vibration from the other two degrees 
of freedom, as a first approximation. After doing the approximate transforma
tion to the reaction path coordinate (Eq. (2.12)), and then restricting the system 
to its molecular-vibrational ground state, we get the following intermediate model 
Hamiltonian-

where the moment of inertia is given by-

1(s - x) = /-tr2(s - x), (2.20) 

V(s ~ x, 0) is the PES expressed in terms of reaction path coordinates (Eq. (2.13)), 
and r is the s-dependent bond-length (Eq. (2.14)). Since we restricted the sys
tem to be in its molecular-vibrational ground state, the extra terms due to the 
approximate transformation (Eq. (2.12)) are reduced to mere constants which we 
can accommodate into the potential term V (s - x, 0). We then define a new set of 
dimensionless variables (S, X)-· 

S = as, (2.21) 

X -I = i ax, (2.22) 
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where the coupling constant, is defined as

-1_ JMSWS 
, - h0:2 • 

The final dimensionless Hamiltonian is then given by-

h20:2 h2 
H(8,O,X) = -2P8~ + 21(8 _,X)L

2 + V(8 -,X,O) 

( 1 2 1 2) 
+hws -28x + -2X , 

where the relevant PES takes the final form-

V(8 -,X, 0) = h2 [ fa X)] (1 - f3 cos2 0) 
cos 0: 8:-", 

V, 2 O{1 + tanh[0:(8 -,X)]} + 1 COS 2 ' 

and the moment of inertia is given as-

(2.23) 

(2.24) 

(2.25) 

1(8 ~ ,X) = p.r2(8 -,X) = p.r~[l + exp(8 -,X)]. (2.26) 
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Chapter 3 

Rotational Effects in the 
Dissociative Adsorption and 
Inelastic Scattering Dynamics of 
D2/Cu(111) 

3.1 Rigid Surface 

3.1.1 Steering & Energy Transfer Effects 

In Fig. 3.1 we see that the general effect of putting part of the available energy 
of the incident molecule [98] into its rotational degree of freedom is to decrease the 
corresponding sticking probability So (sticking probability for initial rotational state 
j = 0). This came about as a result of the anisotropic PES reorienting (rotating) 
the molecule, steering it to different regions of the PES. Thus, there is a decrease 
in the amount of available energy to overcome the barrier to dissociation. This 
reorientation of the molecule by the anisotropic potential is called Steering Effect. 
The prominent "S" -shape of the So vs. Et curve, characteristic of activated systems, 
qualitatively agrees with initial results of Kasai and Okiji [33] for low incidence 
translational energies. There was a general increase in So as a function of Et. 

The particular form of the potential V( s, fJ) results in a selection rule where 
molecules in even (odd) initial rotational states end up in even (odd) final rotational 
states, i.e., even (odd) rotational states are coupled only to even (odd) rotational 
states. In Fig. 3.2 we show a comparison between the reflection probabilities Rjo of a 
molecule, initially in the rotational state j = 0, with different incidence energies and 
barrier widths encountered. In general, for a given width of the activation barrier 
(determined by fixing the value of ex in Eqs. (2.1) & (2.2)), molecules prepared with 
higher incidence translational energies exhibited higher probabilities of rotational 
excitations (final j states reaching higher values). This implies that, on its way 
towards the surface, the high sensitivity of the molecule to the anisotropy of the po
tential causes it to reorient (rotate) out of its initially prepared orientation, seeking 
the path of least resistance (path with the least potential, corresponding to the best 
orientation for adsorption). For a given incidence energy, molecules encountering 
a wider barrier (smaller ex) will exhibit higher probabilities of rotational excita-
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Figure 3.1. Comparison of the corresponding So 11&. Et curves for a homonnclear diatomic molecule encountering a 

cosh2 (x)-type activation/potential barrier with different widths (given by er = 2.5 A-I and er = 5.0 A-I) for the 
case when the rotational degree of freedom is not considered (0). and when it is considered (filled 0). Activation 
energy was taken to be Ea = 0.536 eVe From [36]. 

tions. This in turn implies that a wider potential is more effective in reorienting the 
molecule. 

In Fig. 3.3(a), we show how the So vs. Et curve depends on the initial rotational 
state j of impinging molecule, suppressing the Steering Effect ({3 = 0.0, Vi = 0 eV, 
no potential anisotropy) in the PES (cf., Eq. (2.2)). Only the R-T Energy Transfer 
Effect (i. e., Rotational to Translational Energy Transfer) is present through the 
coupling of the rotational motion with the motion along the reaction path. There is 
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Figure 3.2. Comparison of the corresponding Rjo VII. j curves (a)-(b) for a molecule encountering a potential 
barrier with a fixed barrier width, and with different incidence energies; (c)-(d) for a molecule encountering a 
potential barrier with different barrier widths (determined by er [A -1] and a fixed incidence energy Et. Activation 
energy was taken to be Ea = 0.536 eV. From [36]. 

a pronounced enhancement of the dissociative adsorption probability as the initial 
rotational state j increases (shown by the leftward shift of the "S"-shaped curve for 
increasing j). 

In Fig. 3.3(b), we show the effect of turning on the Steering Effect (f3 # 0.0, 
VI # 0.0, with potential anisotropy) in the PES (cf., Eq. (2.2)). We can clearly see 
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(determined by a = 4.5 A -1) is the same for the two cases. Activation energy was taken to be Eo. = 0.536 e V. 
The homoIlllclear diatomic molecule was assumed to be D2, with a gas phase rotational constant B ~ 3.8 meV. 
From [36]. . 

that the enhancement of the adsorption probability as the initial rotational state j 
increases seen before is considerably decreased. 

To get a clearer view of what the Steering Effect does, we show in Fig. 3.4(a) 
the m-resolved initial rotational state dependence of the dissociative adsorption 
probability for a constant translational energy of 0.6 eV. If we interpret m as one 
of the 2j + 1 possible Z -components of the total angular momentum j, then each 
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Figure 3.4. Sticking coefficient Sj for a homonuclear diatomic molecule as a function of its initial rotational state 
j. (a) m-resolved (b) swnmed over all m (0< = 4.5 A-I, f3 = 0.25, Ea = 0.536 eV, VI = 1.0 eV, Et = 0.60 eV). 
The homomtclear diatomic molecule was assumed to be D2 , with a gas phase rotational constant B ~ 3.8 me V. 
From [36]. 

m represents one particular orientation of the molecule. m ~ 0 corresponds to 
molecules doing cartwheel-like rotations, i.e., molecular orientation is predominantly 
perpendicular to the surface, and m ~ j corrresponds to molecules doing helicopter
like rotations, i. e., molecular orientation is predominantly parallel to the surface. 
Consider one particular initial rotational state, say j = 1, in Fig. 3.4(a). Note the 
big difference in the corresponding sticking probability for Iml = 0 (perpendicular 
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orientation) and \rn\ = j = 1 (parallel orientation). This Steering Effect would, 
however, be dominated by the R-TEnergy Transfer Effect at initial rotational states 
that are high enough. In this region (region of high initial rotational states), the 
sticking probability for different rn values (different orientations) would almost be 
the same. With high initial rotational states the surface cannot distinguish one 
orientation from the other, and rotational energy is large enough to contribute to 
the translational energy, helping the molecule overcome the activation barrier. 

In Fig. 3.4(b), we show the combined effect on the total sticking probability. We 
can see that there is a very slight initial decrease in the sticking probability (cf., value 
of Sj for j = 0 and j = 1) and then a gradual increase in the sticking probability 
for j > 1. 

Increasing the potential barrier range/width (through the parameter ex) changes 
the sticking probability curv~ (cf., Figs. 3.4 & 3.5). This change is particularly 
noticeable at the low initial rotational state region (j < 8), where a wider potential 
allows more time for an initially unfavorably oriented molecule to reorient to a more 
favorable one. Thus, the corresponding sticking probability increases. On the other 
hand, there is a corresponding decrease in the sticking probability for an initially 
favorably oriented molecule. The total effect is an initial decrease; and then a final 
increase in the sticking probability (cf., Fig. 3.5(b)). 

Comparing Figs. 1.2 & 3.5(b), we see that we were able to reproduce the exper
imental observation of an initial decrease and then a final increase of the sticking 
probability as a function of the initial rotational state j of D2 at a particular inci
dence translational energy Et = 0.60 eV. In order to compare Figs. 1.2 & 3.5(b), 
we can draw an imaginary vertical line parallel to the ordinate and intersecting 
the abscissa of Fig. 1.2 at 0.6 eV. This imaginary vertical line would then intersect 
the "S"-shaped curves corresponding to j = 0,5,10,14 approximately at relative 
adsorption probability values of-0.43, 0.25, 0.50, 0.89, respectively. 

Furthermore, if we imagine that the spaces between the curves corresponding to 
j = 0 and j = 5 are filled by curves corresponding to j = 1,2,3,4,5, going from left 
to right. Then the imaginary line intersects all points of each curve at the sticking 
probability corresponding to an incidence energy of 0.6 eV. Proper choice of the 
parameters for the potential width (ex), the anisotropy ({3), and the barrier heights 
(Vo and Vi) will give a more quantitative reproduction of experimental observations. 

Based on physical arguments, our previous study [36], and earlier studies on the 
subject (e.g., [10,30,73,74] and references found therein) there are two competing 
factors working for the dissociative adsorption process, viz. ,-

1. Steering or the DYNAMICAL REORIENTATION Factor, and 
2. Rotational-Translational Energy Transfer or the ROTATIONAL ASSIS

TANCE via BOND-LENGTH EXTENSION Factor 

Steering Effect pertains to reorientation of the molecule in an attempt to follow. 
the path of least resistance, i.e., to assume an orientation with the least potential, 
which is due to the strong molecular orientation dependence of the PES. We could 
also say that this pertains to the capability of the orientation-sensitive potential 
energy surface to reorient the molecule from an initially unfavorable orientation (i.e., 
perpendicular to the surface) to a favorable orientation (i. e., parallel to the surface 
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Figure 3.5. Sticking coefficient Sj of a D2 impinging a CU(l11} as a function of its initial rotational state j . (a) 
m-resolved (b) summed over all m (a = 1.5 A -1, /3 = 0.25, Ea = 0.536 eV, V1 = 1.0 eV, Et = 0.60 eV). The 
gas phase rotational constant of D2 is B ~ 3.8 meV. From [36]. ' 

(cf., Fig. 3.6), or vice-versa. The orientation of the molecule upon encountering 
the surface determines the ground state energy of the D2/Cu(111) electron system, 
which, in turn, serves as the effective/relevant PES that determines the dynamics of 
the molecule-surface reaction. From the results of ab-initio calculations in Fig. 2.3, 
we can see that there is a big difference in the PES plot for the two molecular 
orientations of H2-parallel and perpendicular to the surface. For an orientation 
parallel to the surface, the molecule will encounter an activation barrier on its way 
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Figure 3.6. A schematic diagram of the Steering or Dynamical Reorientation process. 

towards the surface, which it could overcome by having the appropriate translational 
energy. On the other hand, for an orientation perpendicular to the surface, the 
molecule will encounter a hard-wall type potential, and, thus, it might not be able 
to reach the surface at all. Two ways in which Steering Effect can reduce the 
adsorption probability are as follows-

1. by shortening the amount of time that the molecule spends in a favorable 
orientation, or 

2. by using up some of the translational energy needed to overcome the 
activation barrier to reorient a molecule approaching the surface with an 
initially unfavorable orientation to a favorable one. 

R-T (Rotational-Translational) Energy Transfer Effect pertains to the effective 
transfer of rotational energy to translational energy, which occurs due to the stretch
ing of the molecular bond-length near the surface, and leads to a decrease in the 
rotational constant. This results from the coupling of the rotational motion to the 
translational motion along the reaction path. This is easily understood if we con
sider the physical problem in terms of the concept of a reaction path (path of least 
resistancejhindrance or least potential). From the two PES plots shown in Fig. 2.3, 
we see that, depending on the orientation of the molecule relative to the surface, 
there is a big difference in the form of the reaction path. Projecting the reaction path 
to the abscissa, each point on the reaction path corresponds to a certain H-H(D
D) internuclear distance. Since the rotational constant depends on the internuclear 
distance, there is coupling between rotational motion and the motion along the re
action path. In Fig. 3.7, we see that as the molecule approaches the surface, there 
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Figure 3.7. A schematic diagram of the Rotational- Tranalational Energy Tran6Jer or the Rotational Auiatance via 
Bond-Length Ertenaion process. 

is an increase in its internuclear distance from an inital gas-phase value of ro to r( s) 
(cf., Eq. (2.3)), which leads to an increase in the moment of inertia (cl, Eq. (2.10)), 
and a decrease in the rotational energy, due to a decrease in the rotational constant 
(cl, Eq. (2.9)). Assuming that no rotational excitations occur, energy conservation 
requires that the rotational energy loss (l::1Ej in Fig. 3.7) be transferred to the in
cidence translational energy Et (Fig. 3.7), which would then aid in overcoming the 
activation barrier. 

The non-monotonic dependence of the dissociative adsorption of D2 on Cu(l11) 
on the initial rotational state j of the impinging D2, for a fixed incidence energy 
Et, is due to these two factors working for and against the dissociative adsorption 
process. For low initial rotational states j, because of the somewhat small rotational 
energy, Steering Effects are dominant. As the molecule approaches the surface, it 
is steered to different regions of the anisotropic PES. Whether or not it will reach 
a point of relatively low potential on time determines whether the molecule will 
be adsorbed or not. In terms of the molecule, the anisotropic PES will reorient 
the molecule on its way towards the surface. The length of time that it stays in a 
favorable orientation also determines whether it will be adsorbed or not. For high 
initial rotational states j, the molecule has sufficient rotational energy to assist in 
sticking, and to the surface the molecule becomes a blur. (In some sense, the surface 
cannot distinguish in which orientation the molecule is.) 

3.1.2 Incidence Energy Dependence 

We show in Fig. 3.8 the calculated sticking probability curves for the DdCu(111) 
system as a function of the initial rotational state of the impinging D2 molecule 
for various incidence translational energies Et. We can see in Fig. 3.8 that the 
location of the minimum for each sticking probability curve shifts as the incidence 
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Figure 3.8. Numerical results for the initial rotational state j-dependent sticking probability curves for D2 in the 
vibrational ground state and fixed incidence energies, Et. Arrows point to the corresponding minima for each 
curve. The gas phase rotational constant of D2 is B ~ 3.8 meV. From [85]. 
<>: Et = 0.55eV, filled <>: Et = 0.575eV, D : Et = 0.60eV, filled D : Et = 0.625eV, 
A: Et = 0.65 eV, filled A: Et = 0.675eV, 0 : Et = 0.70 eV, filled 0 : Et = 0.80eV. 

energy is varied. This could be understood as follows-When the incidence energy is 
comparable to or lower than the minimum energy barrier Vmin , Steering will not be 
sufficient to aid in dissociation. Thus, R-T energy transfer will dominate and we see 
only an increase in the sticking probability as the initial rotational state is increased 
for low incidence energies (cf., e.g., curves corresponding to 0.55 eV and 0.6 eV in 
Fig. 3.8). As the incidence energy is gradually increased, the efficacy of Steering also 
increases and we see corresponding minima appearing (cf., curves corresponding to 
0.575 '" 0.625 eV in Fig. 3.8), that shift towards higher initial rotational states. 
As the incidence energy is increased to a value that becomes comparable with the 
energy barrier maximum Vmax , the efficacy of R-T energy transfer increases and 
we see a corresponding shift in the curve minimum towards lower initial rotational 
states (cf., curves corresponding to 0.80 eV and 0.60 eV in Fig. 3.8). 

3.1. 3 Isotope Effects 

In Figs. 3.9 & 3.10 we show the corresponding Sj vs. j curves for a H2 impinging a 
Cu(111) with fixed incidence translational energies Et. We can immediately observe 
strong isotope effects when we compare our calculation results for the dissociation of 
D2/Cu(I11) (Figs. 3.5 & 3.8) with those for H2/Cu(111) (Figs. 3.9 & 3.10). For the 
same incidence energy Et, we can immediately see that the locations of the minima 
for the sticking probability curves of D2 are shifted more towards higher rotational 
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Figure 3.9. Sticking coefficient Sj as a function of the initial rotational state j of a H2 impinging a CU(l11). (a) 
m-resolved (b) summed over all m (er = 1.5 A -1, (3 = 0.25, Ea = 0.536 eV, V1 = 1.0 eV, Et = 0.60 eV). The 
gas phase rotational constant of H2 is B::::l 7.6 meV. 

states (j = 5 -+ 8) (Fig. 3.8) as compared to those of H2 (j = 4 -+ 5) (Fig. 3.10), 
with H2 exhibiting higher sticking probabilities than D2 in the high j region. Because 
D2 travels at a much lower velocity than H2 , even for the same translational energy 
Et, Steering will be more effective for D2 than for H2• Thus, we see that the sticking 
probabilty curves for D2 , when m = 0, (Fig. 3.5(a), m = 0 curve) have higher values 
as compared to the corresponding sticking probabilty curves for H2 , when m = 0, 
(Fig. 3.9(a), m = 0 curve). This implies that, for the same translational energy 

35 



1.0 

~ 
~ 0.8 rc--...... 

C 
:5 0.6 
~ e 0.4 
~ 

~ 
~ 0.2 
CJ .... ... 

rI.l o 
o '2 4 6 8 10 12 

Initial Rotational State j 
14 

Figure 3.10. Numerical results for the initial rotational state j-dependent sticking probability curves for H2 in 
the vibrational ground state and fixed incidence energies, Ee. Arrows point to the corresponding minima for each 
curve. The gas phase rotational constant of H2 is B ::::: 7.6 meV. 
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Et, the Steering Effect is more successful in reorientating an initially unfavorably 
oriented D2 than a H 2 • Since H2 travels at a much higher velocity than D 2, it will 
not have as much time as D2 to reorient to a favorable orientation and, thus, avoid 
the activation barrier. Furthermore, D2 has a smaller rotational constant than H2 

and, thus, will need higher j states before the R- T energy transfer could dominate 
and for the sticking probability curve to increase again in the higher j region. Thus, 
we observe that the minima of the sticking probability curves for D2 (Fig. 3.8) are 
shifted more towards higher j than those for H2 (Fig. 3.10). 

3.2 Dynamic Surface 

Another interesting question is the effect of surface temperature on the dissocia
tive adsorption process. Recent examinations [25,32,105,107] of the wide range of 
available experimental data for hydrogen (deuterium) on eu systems suggest that, 
in order to, consistently relate desorption measurements to direct adsorption experi
ments via the principle of detailed balance, the adsorption probabilities should show 
surface temperature dependence. Their results show (for fixed initial vibrational 
state) a sticking probability that increases with surface temperature in the low inci
dence energy region, and decreases with increasing surface temperature in the high 
incidence energy region (cf., Fig. 3.11), without a change in the energetic location 
of the inflection point of the corresponding adsorption/sticking probability curve. 
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Figure 3.11. Experimental surface temperature dependent adsorption probabilities for D2 in the vibrational ground 
state. The curves were obtained by plugging-in experimental data of Michelsen et al. [31,32] into their proposed 
functional form for the sticking coefficient, and assuming a j -independent normalization factor (A = 1) [31], with 
a surface temperature dependent transition region width [25]. From [82]. 

This surface temperature dependence of the sticking probability is another inter
esting behavior which we studied. With the aid of the model system presented 
in Fig. 2.6, we did quantum mechanical calculations using the coupled-channel 
method [64], the concept of a local reflection matrix [79], and considering the cou
pling between the rotational degree of freedom of the molecule and the vibrational 
degree of freedom of the surface lattice. Our orientationally anisotropic model po
tential is again based on qualitative features of available PES plots for H2(D2)/Cu 
surface systems (cf., e.g., [36,57-61]), with the surface atoms modeled as locally 
independent Einstein oscillators. We show that this Surface Recoil Effect (effect of 
allowing the surface atoms to move periodically about their equilibrium position) 
not only changes the effective height of the activation barrier (due to a transfer/loss 
of available energy needed to overcome the barrier to dissociation to surface vibra
tions), it also changes the effective width of the activation barrier to dissociation 
(Fig. 3.12). From §3.1 we already know that the orientational dependence of the 
reaction introduces two competing factors [31,36,73,74,106] working for the disso
ciative adsorption process, viz., energy transfer (from translation to rotation and 
vice-versa) effect and Steering Effect. The Steering Effect, which is due to the 
anisotropic nature of the PES, dominates over the energy transfer effect for low ini
tial rotational states j. For high j, the R-T Energy Transfer Effect, which arises from 
the strong coupling between the rotational motion and the (translational) motion 
along the reaction path, dominates. 

Upon considering the coupling between these three effects, viz., Steering, Energy 
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Figure 3.12. A schematic diagram showing a vibrating activation barrier, which, in effect, corresponds to either a 
narrow activation barrier, or a wide activation barrier. 

Transfer, and Surface Recoil, we observed only a very small shift in the energetic 
position of the inflection point of the adsorption curves determined by using a dy
namic surface, as compared to adsorption curves determined by using a rigid surface, 
when the impinging molecule is initially in its rotational ground state and restricted 
to be in its vibrational ground state throughout the reaction process. This differs 
with earlier studies [103,104,108] made, where the surface motion was coupled to 
the intra-molecular vibration. They all observe a considerable shift in the energetic 
location of the inflection point of the adsorption curves obtained from calculations 
using a dynamic surface as compared to those using a rigid surface. We think this 
shift in the energetic location of the inflection point of the adsorption curve might 
be due to the big difference in the time scales between the intra-molecular vibration 
and the surface lattice vibration. As a result, the impinging molecule does not feel 
any effect from the motion of the surface other than an effective increase in the 
barrier height (or a loss of available translational energy, needed to overcome the 
activation barrier, to surface motion). Furthermore, we ascribe the broadening of 
the transition region (region where the adsorption probability changes from 0 to 1) 
of the adsorption curve, with increasing surface temperature, to the narrowing of the 
effective width of the activation barrier. (Although the Surface Recoil Effect results 
in a change in the effective width of the activation barrier to dissociation, as shown 
in Fig. 3.12, only the narrowing part will qualitatively account for the experimental 
results. ) 
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Figure 3.13. Comparison between the adsorption probability curves derived from: a rigid surface and considering 
5-even rotational channels (filled 0); a dynamic surface initially in its ground state and considering 5-even 
rotational channels and 20-surface vibrational channels; a dynamic surface with I-even rotational channel and 
20-surface vibrational channels. The dynamic surface is taken to be initially in its ground state (n=O) or, in its, 
first-, second-, third-, Courth-excited states (n=1,2,3,4, respectively). (Initial rotational state j = 0 Cor all curves.) 
(Vo = 0.536 eV, l'1 = 1.0 eV, (3 = 0.25 and, in this figure, a = 1.5 A-I). From [82]. 

3.2.1 Surface Recoil Effect 

In Fig. 3.13 we show a comparison between the adsorption/sticking probability 
curves for different situations. At the leftmost (filled Os), we show the adsorption 
probability curve for the case when an impinging molecule reacts with a rigid surface. 
Relative to this curve (filled Os) is a cluster of curves in the rightmost part (marked 
by filled Os, b.s, filled ~s, Os, and concentric Os). These are the resulting curves 
when an impinging molecule reacts with a dynamic surface (introducing the Surface 
Recoil Effect) with different initial surface oscillator states (given by the ns), and 
suppressing the coupling between the different rotational states of the impinging 
molecule. (This was done by choosing a single effective activation barrier height, 
which is the average of all potentials corresponding to all possible orientations.) We 
can immediately see that, regardless of the initial state of the surface oscillator, 
the energetic location of the inflection point of this cluster of adsorption curves 
(rightmost part of Fig. 3.13) does not change. Furthermore, in the low incidence 
energy region, impinging molecules hitting surface oscillators with high initial states 
have higher sticking probability as compared to those hitting surface oscillators 
with lower initial states. On the other hand, in the high incidence energy region, 
impinging molecules hitting surface oscillators with low initial states have higher 
sticking probability as compared to those hitting surface oscillators with higher 
initial states. 
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Figure 3.14. Comparison of reflection coefficient R, vs. the final surface oscillator state ni, curves with (a), (b) 
fixed initial surface oscillator state, and different incidence energies of the impinging molecule; (c), (d) fixed 
incidence energy of the impinging molecule, and different initial surface oscillator state and considering 20-surface 
vibrational channels and only I-rotational channel. (Vo = 0.536 eV, Vi = 1.0 eV, f3 = 0.25, and in this figure 
a = 1.5 A. -1). From [82]. 

In Fig. 3.14, we show the corresponding reflection coefficients for the cluster of 
adsorption curves mentioned above. For fixed initial surface oscillator states (cf., 
Figs. 3.14(a) & 3.14(b)), we see a decrease in the number of reflected molecules 
(proportional to the area under the corresponding reflection curve) as the incidence 
energy is increased. This is because the molecules gain more translational energy 
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Figure 3.15. (a),(b) Comparison between the reflection coefficient R, tl6. , final surface oscillator state n'. Curves 
derived from a dynamic surface and neglecting (0) rotation, or (filled 0) considering rotation. (Vo = 0.536 eV, 
Vi = 1.0 eV, {J = 0.25, and in this figure a = 1.5 A -1). From [82]. 

to overcome the activation barrier to dissociation. For fixed incidence energy and 
varying initial oscillator states (cf., Figs. 3.14{c) & 3.14{d)), we see that in the low 
incidence energy region, high initial surface oscillator states result in more imping
ing molecules being adsorbed. On the other hand, in the high incidence energy 
region, high initial surface oscillator states result in fewer impinging molecules be
ing adsorbed. This can be ascribed to the narrowing of the effective width of the 
activation barrier (Fig. 3.12). Because of Surface Recoil Effect, part of the available 
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Figure 3.15. (c),( d) Comparison between the reHectioncoefficient R, vs. , final rotational state of reHectedmolecules 
i'. Curves derived from (0) a rigid surface, and a (filled 0) dynamic surface. (Vo' = 0.536 eV, VI = 1.0 eV, 
f3 = 0.25, and in this figure 01 = 1.5 A-I). From [82]. 

translational energy needed to overcome the barrier to dissociation is lost to surface 
oscillator excitations, resulting in motion of the activation barrier along the reaction 
path. This (virtual) motion of the activation barrier causes its effective width to 
increase and decrease. In the low incidence energy region, where, classically, the 
molecule of the system cannot overcome the activation barrier, the narrowing of the 
activation barrier, during part of the time that the reaction takes place, increases 
the chance for the molecule of the system to tunnel through the barrier. In the 

42 



intermediately high incidence energy region (region where the difference between 
the translational energy of the impinging molecule and the activation barrier height 
is small), where, classically, the molecule of the system is sure to overcome the acti
vation barrier, the narrowing of the activation barrier, during part of the time that 
the reaction takes place, decreases the chance that there is an integral number of 
half-wavelengths of the wave (representing the impinging molecule) that is inside the 
region of influence of the activation barrier (a quantum mechanical condition for full 
transmission). And this results in a decrease in the adsorption/sticking probability. 
For even higher incidence energies, apart from a continuous lost of translational 
energy to excite the surface, the molecule of the system will not feel the motion of 
the surface. 

The adsorption curve of the impinging molecule derived from a dynamic surface 
with fixed initial rotational state (j = 0) does not show as much shift in the ener
getic location of the inflection point as compared to the adsorption curve derived 
from the same dynamic surface but, with the rotational degree of freedom of the im
pinging molecule suppressed (cf., Fig. 3.13). This indicates that the inclusion of the 
rotational degree of freedom of the impinging molecule suppresses the Surface Recoil 
Effect. This is shown in Fig. 3.15{a) (Fig. 3.15{b)) as a decrease (increase) in the 
area under the reflection curve (filled 0) (for the case when the molecular-rotational 
degree of freedom is coupled to the surface vibrational degree of freedom) compared 
to that of the reflection curve (O) (for the case when the molecular-rotational de
gree of freedom is suppressed). Eventually (cf., Figs. 3.13 and 3.15{b)), the sticking 
probability derived from a dynamic surface, with the inclusion of molecular rotation, 
approaches the adsorption curve derived from a rigid surface. This is because, apart 
from a feeding of translational energy to the surface oscillator (resulting in a virtual 
increase in activation barrier height), inclusion of molecular rotation allows for a fur
ther increase in the activation barrier height, depending on the ability of the PES to 
reorient the impinging molecule. On the other hand, the Surface Recoil Effect has 
negligible effect on the rotational excitation of the reflected molecules as shown by 
the same position of the reflection peaks along the abscissa (cf., Figs. 3.15{ c) and 
3.15{d), (O): rigid surface (filled O):dynamic surface). 

3.3 Steering, Energy Transfer, and Surface Re
coil Effects 

Based on physical arguments, our numerical results, and earlier studies on the 
subject we conclude that, to properly consider the Surface Recoil Effect, it is nec
essary to take into account the coupling between the internal rotational degree of 
freedom of the impinging molecule and the surface vibrational degree of freedom. 
This is contrary to conventional belief that, because of the time scale difference be
tween the internal rotational degree of freedom and the internal vibration degree of 
freedom of the impinging molecule, it is a good simplification to neglect the internal 
rotational degree of freedom when studying Surface Recoil Effects. 

We already know that as a molecule approaches the metal surface, it encounters a 
PES that is orientation-dependent [26,36,58,59]. In order for the molecule to disso
ciate and be adsorbed on the metal surface, it must be able to find the path of least 
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resistance (path of least potential), and have enough energy to reach the surface. 
This process depends on what the initial state of the impinging molecule is, what 
its incidence energy is, and how long it stays under the influence of the anisotropic 
PES [36]. Thus, the rotational degree of freedom plays a vital role in the dissociative 
adsorption process. In the case of rotation, there are two competing factors working 
for the dissociation process, viz., Steering and Energy Transfer Effect. The first, 
Steering Effect, pertains to the orientational dependence of the reaction. The sec
ond, Energy Transfer Effect, pertains to the effective transfer of rotational energy to 
translational energy. This results from the coupling of the rotational motion to the 
translational motion along the reaction path [36,74]. The non-monotonous behav
ior [31] of the rotational dependence of the translational dependence of dissociative 
adsorption of D2 on Cu( 111) can be ascribed to these two competing factors working 
for the dissociative adsorption process. For low initial rotational states, because of 
the somewhat small rotational energy, Steering Effect dominates. For high initial 
rotational states, because the molecule has sufficient rotational energy to assist in 
sticking, R-T Energy Transfer Effect dominates. 

(In this study, where we considered the impinging molecule to be initially in its 
rotational ground state, the Steering Effect dominates. Thus, most of the difference 
we find between results obtained by suppressing or including rotational motion can 
be ascribed to the Steering Effect.) 

The coupling of the translational degree of freedom of the impinging molecule with 
the vibrational degree of freedom of the surface introduces the Surface Recoil Effect. 
We have shown (§2.2.1) that the vibration of the surface oscillators normal to the 
surface plane causes the projections of the activation barrier peaks positions (for the 
different PES curves corresponding to different positions of the surface oscillators 
relative to a fixed reference, Fig. 2.6) to the reaction path curve for a rigid surface 
Co, to move along Co. Thus, the impinging molecule encounters an activation bar
rier that is periodically moving towards and away from it. As a result, the effective 
width of the activation barrier, which is also an important factor in considering the 
rotational degree of freedom of the impinging molecule [36], changes. Comparison 
of the surface temperature dependent sticking probability shown in Fig. 3.11 with 
results of our previous studies (cf., Fig. 3.14 of [36]) show that the widening of the 
transition region of the adsorption probability curve, as the surface temperature in
creases, can be ascribed to a narrowing of the effective activation barrier width, with 
higher surface temperatures corresponding to narrower activation barriers. In the 
low energy region, where, classically, the impinging molecule will not stick, a narrow 
activation barrier increases the chances of the impinging molecule to tunnel through 
the activation barrier. In the high energy region, where, classically, the impinging 
molecule is sure to stick, a narrowing of the activation barrier decreases the chance 
that there is an integral number of half-wavelengths (of the wave representing the 
impinging molecule) that is inside the region of influence of the activation barrier 
(a quantum mechanical condition that should be satisfied for full transmission). 

As for the big shift in the energetic location of the inflection point of the ad
sorption curve, derived from a dynamic surface compared to that derived from a 
rigid surface, observed by previous studies [103,104,108], we think this is due to 
the incompatibility between the two degrees of freedom considered, viz., internal 
vibrational degree of freedom of the impinging molecule and the vibrational degree 
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of freedom of the surface. Incompatibility in the sense that, because of the big 
difference in the time scales of the molecular vibration and the surface vibration, 
there is a continuous feeding of translational and vibrational energy to the surface 
oscillators without the impinging molecule noticing any change in the activation 
barrier other than a relative increase in the height of the activation barrier. In 
the case of a coupling between the rotational degree of freedom of the impinging 
molecule and the vibrational degree of freedom of the surface, the time scales are 
comparable. Hence, even though there is still a continuous feeding of energy to the 
surface oscillators (as can be noted by a slight shift in the resulting adsorption curve 
towards higher incidence energies, cf., Fig. 3.13), because of the comparable time 
scales, the impinging molecule notices the change in the position of the activation 
barrier. This motion of the activation barrier changes the effective width of the 
activation barrier. For surface oscillators with low initial vibrational states, and 
impinging molecules with initially unfavorable orientations, the previous gain due 
to Steering Effect, which is able to reorient the impinging molecule to a favorable 
orientation, will be lost. This is because the effective widening of the activation 
barrier provides enough time for the PES to reorient the impinging molecule to an 
unfavorable orientation. And the reverse can be said for surface oscillators with high 
initial vibrational states, and impinging molecules with initially favorable orient a
tions. For very high initial rotational states of the impinging molecule, this surface 
recoil effect is expected to be very noticeable again, such that there will again be 
a considerable shift in the adsorption curve results derived from a dynamic surface 
relative to one derived from a rigid surface. We will consider this in our succeeding 
studies. Another interesting question is-"Why normal energy scaling is obser~ed 
despite recent total energy calculations suggesting a very corrugated eu surface?" 
Recent ab-initio energy calculations [58,59] report a change in the height of the ac
tivation barrier and its position along the reaction path, depending on the surface 
sites approached by the impinging molecule. This change in height and position of 
the activation barrier along the reaction path is of the same magnitude as the change 
introduced if we consider the rotational degree of freedom of the impinging molecule 
and allow for surface motion. Thus, if we neglect the rotational degree of freedom 
of the impinging molecule, as well as the effect of surface temperature, there will be 
a considerable difference in the adsorption curves derived from a corrugated and a 
flat surface. (Similar to that observed for the effect of neglecting molecular rotation 
in considering surface vibration, as shown above.) However, with the inclusion of 
the rotational degree of freedom of the impinging molecule, the difference in the 
adsorption curves derived from a corrugated and a flat surface would again be made 
negligible. Thus, providing us with the probable answer to the above question. 

45 



46 



Chapter 4 

Rotational Effects in the 
Associative Desorption Dynamics 
of D2/Cu(111) 

4.1 Consistency between Dissociative Adsorp
tion and Associative Desorption Results 

When the adsorption probability of molecules colliding with a surface is indepen
dent of the distribution of molecular internal states, orientations, and velocities, 
equilibrium statistical mechanics predicts that the molecular quantum state distri
butions in the corresponding reverse process of desorption will be determined solely 
by the surface temperature Ts. However, this is often not the case, as we have here 
for the hydrogen on eu system. Thus it would also be interesting to study how 
the desorption probability (the probability that D atoms initially chemisorbed on 
the Cu surface come together and detach from the surface as D2 molecules) will 
behave, as such studies could elucidate the nature of those special forces and config
urations experienced by the desorption flux when we relate them to the adsorption 
probabilities. 

We did quantum mechanical calculations [33,34,36,79,82,85] of the desorption 
probability, independent of the adsorption probability results, by invoking the princi
ple of microscopic reversibility [33,34] and solving the time-independent Schrodinger 
equation for a D2 molecule moving along the reaction path, and under the influence 
of an orientationally anisotropic potential energy surface (PES) based on qualitative 
features of available PES plots for the H2 on Cu(111) surface system [36,57,58]. As 
described in Chapter 2, the dynamical variables we have considered are the transla
tional and vibrational coordinates of the desorbing molecule, which are represented 
by the reaction coordinates sand r, respectively, and the polar and azimuthal an
gular orientation of the molecule with respect to the surface, which are represented 
by () and <p, respectively. The energy barrier for a parallel-oriented D2 molecule was 
set at Vmin = YlI R: 0.5 eV, and gradually increased to a value Vmax = V.l R: 0.9 eV 
for a perpendicular-oriented molecule. The form of our orientation-dependent PES 
results in a selection rule where molecules in even (odd) initial rotational states 
will end up in even (odd) final rotational states. Furthermore, the azimuthal quan
tum numbers mj are conserved. (Please refer to Chapter 2 and [33,34,36, 79, 82] for 
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Figure 4.1. Boltzmann plot of the D2 desorption probability '/16. rotational energy Ej of the state j. The line 
TR. = Ts = 925K is plotted for reference. The <>'s correspond to experimental data [31]. The gas phase rotational 
constant of D2 is B ~ 3.8 meV. From [85]. 

more details regarding the calculation method, and the actual form of the model 
potential adopted.) We then calculated the probability DU, Ts) that the molecule 
desorbs with final rotational state j from a surface at surface temperature Ts by 
taking the Boltzmann average of the raw, numerical desorption probability results 
over the initial energy distribution at surface temperature Ts. We show in Fig. 4.1 
a Boltzmann plot of the resulting desorption probability of D2 molecules as a func
tion of the rotational energy. A Boltzmann distribution would appear as a straight 
line (cf., Fig. 4.1). However, we see that the calculated desorption probability re
sult shown in Fig. 4.1 is not represented by a single temperature, and the mean 
rotational energy is less than Ts [34]. These qualitative features are also observed 
experimentally [28,30-32]. 

In order to relate the desorption results in Fig. 4.1 to the adsorption probability 
results in Fig. 3.8, we show, in Fig. 4.2, a Boltzmann plot of our numerical results 
for the desorption probability of D2 molecules as a function of the rotational energy 
for a fixed incidence energy. Recall from the principle of microscopic reversibility, 
and the conservation of energy [33,34], that the dynamic behavior of the adsorption 
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Figure 4.2. Boltzmann plot of the D2 desorption probability f/6. rotational energy Ej of the state j (v = 0). for 
fixed translational energy Et = 0.60 eV. The line TR = Ts = 925K is plotted for reference. The gas phase 
rotational constant of D2 is B ::::: 3.8 meV. From [851. 

probability will be reflected in the distribution of molecular quantum states in de
sorption in the following manner-

D(Et,j) ex S(Et,j) exp ( - E~:T:j) , (4.1) 

where Et is the translational energy of the molecule, and j is its rotational state with 
a corresponding rotational energy Ej. The initial decrease in the sticking probability 
curve corresponding to an incidence energy of Et = 0.6 eV in Fig. 3.8 is reflected 
as a decrease in the rotational temperature in desorption (Fig. 4.2). The final 
increase in the sticking probability curve is reflected as an increase in the rotational 
temperature relative to the former decrease. Note that the increase in rotational 
temperature is not as dramatic as that expected from the corresponding sticking 
probability curve in Fig. 3.8. This is because the Boltzmann factor in Eq. (4.1) 
decreases much more rapidly compared to the increase in the sticking probability. 
If we then sum over all the incidence energies, we get the Boltzmann plot shown in 
Fig. 4.1, where the initial decrease in the rotational temperature with respect to the 
surface temperature for low rotational energies, Ej < 0.05 eV, is due to an initial 
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mean decrease in the sticking probability for low initial rotational states, and the 
mild increase in the rotational temperature for higher rotational energies, 0.05 eV 
< Ej < 0.5 eV, is due to a mean increase in the sticking probability for higher initial 
rotational states (cf., Fig. 3.8 and Fig. 4.1). The final decrease again of the rotational 
temperature can be understood by considering the result shown in Fig. 4.2 and the 
relation between the sticking probability and the desorption probability (Eq. (4.1)). 
As the rotational energy Ej appearing in the Boltzmann factor increases, the only 
relevant contributions will come from the sticking probabilities corresponding to 
those incidence energies Et ~ Vmin. In this energy region, the sticking probabilities 
are not much different from 0, even for j = 14. As a result, we will observe this final 
decrease in the rotational temperature for the desorption probability of hydrogen 
molecules in their vibrational ground state (v = 0). 

4.2 Rotational Alignment & Dynamical Quan
tum Filtering 

To demonstrate how surfaces that adsorb hydrogen could act as rotational quan
tum state filters, and cause desorbing hydrogen molecules to exhibit rotational align
ment, we again considered the reaction of a D2 molecule with a Cu(111) surface, 
and calculated for the corresponding desorption probability, as described in §4.1 
and Chapter 2. For a given total kinetic energy Etot (defined as the sum of the 
final translational energy Et and the final rotational energy Ej of the molecule 
after desorption, Etot = Et + Ej ), we calculated for the mj-resolved probability 
Djmj(Etot ) that the molecule desorbs with final rotational state (j, mj), where mole
cules with azimuthal quantum number jmj j = j have their rotational axes oriented, 
predominantly, perpendicular to the surface (helicopter-type rotation), molecules 
with mj = 0 have their rotational axes oriented, predominantly, parallel to the sur
face (cartwheel-type rotation), and molecules with 0 < jmjj < j have their rotational 
axes oriented intermediate between the two former ones. From these calculated de
sorption probabilities Djmj(Etot ), we calculated for the corresponding quadrupole 
alignment factors 

42)( .) = Emj [3m1- j(j + 1)] Djmj(Etot) 
J j(j + 1) Emj Djmj(Etot) . 

(4.2) 

The quadrupole alignment factor 42)(j) gives us an insight as to the degree of align
ment and orientation preference of the desorbing D2 molecules, and assumes values 
in the range [-1, 3j /(j + 1) - 1]. For molecules exhibiting cartwheel-type rotations 
(jmjj ~ 0) with respect to the surface normal ft, A~2)(j) < 0, while those exhibiting 
helicopter-like rotations (jmjj ~ j) have A~2)(j) > 0, with perfect alignment given 
by 42)(j) = 3j /(j + 1) - 1, and as j -+ 00, 42)(j) -+ 2. A spatially isotropic 
distribution of the angular momentum j-vector is described by 42)(j) = o. 

In Fig. 4.3 we show the calculated 42)(j) results for D2 molecules desorbing 
in the vibrational ground state (v = 0) from Cu(l11), with total kinetic energy 
Etot = 0.40 -+ 1.00 eV. We can see that for total kinetic energies lower than the 
minimum translational barrier height (Etot < Vmin = VII ~ 0.5 eV, Fig. 4.3), there is 
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Figure 4.3. Rotational alignment for 02 molecules desorbing in the state (" = 0, i, Etot) from Cu(l11) as a function 
of the final rotational state i. Total kinetic energy Etot = 0.40 -+ 0.90 e V. 

Table 4.1. The list shows the estimated maximum final rotational state imaz accessible to the desorbed 02 mol
ecules and the corresponding rotational energy Ej.,.u = Bimas(jmas + 1) for fixed final total kinetic energies 
Etot• Also shown are the corresponding estimated critical rotational states icrit. The rotational constant of 02 
in the gas phase is taken to be B ~ 3.8 meV, and Vmin = Vii ~ 0.5 eV. From [89]. 

Etot[meV] Ejm..,,[meV] imaz icrit 

100 76 4 0 
200 160 6 0 
300 274 8 0 
400 342 9 0 
500 418 10 1 
600 593 12 3 
700 692 13 6 
800 798 14 8 
900 798 14 10 
1000 921 15 10 

a general preference for cartwheel-type rotations. As E tot increases, we eventually 
see an emerging preference for helicopter-type rotations (Etot > Vmin = lil ~ 0.5 eV, 
Fig. 4.3). We can also immediately see that, for a particular total kinetic energy 
E tot , A~2)(j) is a nonmonotonic function of the detected final rotational state j. 
Furthermore, this nonmonotonic behavior is strongly dependent on the translational 
energy Et (cf., Figs. 4.4 & 4.5). These observations are quite understandable if we 
keep three things in mind. First, associative desorption is a strongly orientation 
dependent process, where molecules oriented parallel to the surface are favored to 

51 



1 

0.5 

o -! 
= 

j= 1 --0---

j= 2 -+
j= 3 -0-

j= 4 --
j= 5 -6-

j=6 ~ 
j= 7 -0--

i -0.5 ... 
~ -1 

o 0.10.20.30.40.50.60.70.80.9 
Final Translational Energy Et[ e V] 

Figure 4.4. Rotational alignment for D2 molecules desorbing in the state (v = 0, i, Et) from Cu(l11) as a function 
ofthefinal translational energy Et. Finalrotationalstatej = 1 - 7. Surface temperature Ts = 950 K. From [89]. 

perpendicular-oriented molecules. Second, when hydrogen molecules are found ad
sorbed on the surface, there is essentially no such thing as a rotational state, nor 
does an initial orientation have meaning. Third, the maximum final rotational state 
imax accessible to the desorbed molecules is limited by the available total kinetic 
energy Etot (Table 4.1). 

On the way towards the gas phase, desorbing molecules are bound to follow the 
path of least resistance (path of least potential). Since the initial rotational state 
iad of molecules about to form from adsorbed atoms may take any value, and we 
may assume that these molecules are then initially oriented parallel to the surface 
(Imiodl ~ iad), all molecules will try to desorb. However, on crossing the transition 
region towards desorption, the metal surface, via the orientation-dependent PES, 
acts as a sort of rotational quantum state filter/sieve, and filters out all rotational 
states ides greater than some critical rotational state icrit, which depends on the 
relative value of Etot with respect to Vmin' As a result, upon desorption, only those 
molecules with rotational state ides::; icrit will survive. Given Vmin and Etot , we can 
roughly estimate icrit and imax by calculating for the corresponding energies Eieri~ 
and Eimo:J:' (When [Etot - V min] > 0, EiCrit ~ [Etot - Vmin], otherwise Eicrit = O. 
Ejmo:J: ~ Etot ). For D2 , the approximate values of icrit and imax for a particular value 
of Etot are listed in Table 4.1. Furthermore, it should be noted that, since the path of 
least resistance (path of least potential) will be favored over all other possible paths, 
as ides -+ icrit, a majority of those molecules that did survive the attempt to des orb 
will exhibit helicopter-like rotations (i.e., Imide. I ~ ides). This is easily understood 
if we recall that a sufficient translational energy is required to, at least, overcome 
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Figure 4.5. Rotational alignment for D2 molecules desorbing in the state (v = 0, j, Et) from Cu(l11) as a function 
of the final translational energy Et. Final rotational state j = 8 -+ 14. Surface temperature Ts = 950 K. 
From [89].· 

the barrier minimum Vmin. Suppose a molecule that did survive the attempt to 
desorb assumes a rotational state hell ~ jerit upon desorption. With a fixed total 
energy Etot , it will only have just enough translational energy to overcome the barrier 
minimum Vmin , which requires that the desorbing molecule exhibits helicopter-like 
rotation (Imjdul ~ jdell). 

Upon desorption, we find the molecules in the state (hm mjdeJ, where Imjde.1 =:; 
jdell < jerit < jmax. The desorbed molecules then assume a final rotational state 
(j, mj) by undergoing either rotational excitations (j > hes) or de-excitations 
(j < jdell)' or by remaining in the same rotational state (j = jdell). Those that 
assume final rotational states j < jerit are more inclined to exhibit helicopter-like 
rotations, and those that assume final rotational states j > jerit are more inclined 
to exhibit cartwheel-like rotations. For a fixed total kinetic energy Etoh those that 
undergo rotational excitation do so at the expense of the translational energy Et. 
By undergoing rotational excitation upon desorption, the molecule assumes a final 
rotational state (j, mj) with j > hell > Imjdu I = Imj I and, thus, we would most 
likely find these molecules exhibiting cartwheel-like rotations. On the other hand, 
those that undergo rotational de-excitation will do so with a gain in translational en
ergy Et. By undergoing rotational de-excitation, the molecule assumes a final state 
(j, mj) with j < hell > Imjde.1 = Imjl and, since j > Imjl always, we would most 
likely find these molecules exhibiting helicopter-like rotations. Those that undergo 
neither rotational excitations nor de-excitations retain the same translational energy 
Et and, as mentioned earlier, we would most likely find these molecules exhibiting 
helicopter-like rotations, with Imil = Imide. I ~ j. 
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When the total kinetic energy E tot is small (Etot < Vmin ), jerit R: 0 ~ jmax and, 
since only those states j > jerit are accessible as final rotational states, rotational 
excitations are more likely to occur. Thus, we find the desorbed molecules exhibiting 
cartwheel-like rotations (Etot = 0.4 -+ 0.5 eV in Fig. 4.3). As the total kinetic energy 
E tot increases, jerit also increases. Now both j > jerit and j < jerit are possible 
final rotational states. When the desorbed molecules assume final rotational states 
j < jerit, we find them more inclined to do helicopter-like rotations (cf., low j 
region in Fig. 4.3, with E tot > Vmin ). As the final rotational state j increases 
U -+ jerit), 4 2)U) -+ 3j /U + 1) -1 (perfect alignment), and the rotation becomes 
more helicopter-like. And when the desorbed molecules assume final rotational 
states j > jerit, we find them more inclined to do cartwheel-like rotations (cf., high 
j region in Fig. 4.3, with E tot > Vmin ). When E tot is large enough (Etot ~ Vmin ), 

jerit -+ jmax and rotational excitations as well as de-excitations are equally possible. 
We then find the molecules exhibitin~ an almost orientationally isotropic j-vector 
distribution, i.e., 42)U) -+ 0 (cf., A~2 U = 1 -+ 14) for E tot = 1.00 eV in Fig. 4.3). 

Because the quadrupole alignment factors ~2) (j) (Eq. (4.2)) are defined for a par
ticular final rotational state j, corresponding to a particular rotational energy Ej , we 
can also define the corresponding translational energy (Et -) dependent quadrupole 
alignment factors 42)U), the results of which we show in Figs. 4.4 & 4.5. As 
expected from previous discussions, D2 molecules desorbing with translational en
ergies lower than the minimum barrier height (Et < Vmin ) have correspondingly 
low total kinetic energies Etofl and exhibit cartwheel-like rotational preference (cf., 
Et < 0.5 eV region in Fig. 4.4, and Et ~ 0.2 eV region in Fig. 4.5). As the Et in
creases, corresponding to an increase in E to!) the rotational preference becomes more 
helicopter-like (cf., 0.5 < Et < 0.6 eV region in Fig. 4.4, and 0.2 < Et < 0.5 eV 
region in Fig. 4.5). When the translational energy is sufficiently large (Et> Vmin ), 

we find the D~ molecules exhibiting an almost orientationally isotropic j-vector dis
tribution (~2)(j) -+ 0) regardless of the final rotational state (cf., ~2)(j = 1 -+ 14) 
for Et = 0.80 -+ 0.90 eV in Figs. 4.4 & 4.5). It should be noted that we also ob
tained the same general features as that presented here even for the other strongly 
orientation-dependent reactions between hydrogen molecules and other surfaces. An 
example is the desorption of D2 from a Pd-surface [41], which, although it requires 
an altogether different corresponding set of values for Vmin and Vmax [40], is also 
strongly orientation dependent. 

So far we have presented alignment factor results without considering the surface 
temperatures. In Fig. 4.6 we show the results of our calculation for A~2)(j), aver
aged over the Boltzmann distribution of total kinetic energies E tot of the desorbing 
molecules at the surface temperature Ts = 920 K, i.e., 

(4.3) 

(in which a majority of the contribution to this average will come from desorbing 
molecules with total kinetic energies that are comparable with the barrier minimum, 
i.e., E tot R: Vmin.) Upon averaging our results over the Boltzmann distribution of 
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Figure 4.6. Rotational alignment Cor ~ molecules desorbing in the state (v. = O,j) Crom Cu(111), averaged over 
the Boltzmann distribution of total kinetic energies at the surface temperature Ts = 920 K. 

total kinetic energies of the desorbing molecules at the surface temperature relevant 
to existing experiments (Ts ~ 920 K for eu [47,50]), we get an alignment' factor 
of A~2)(j,Ts) ~ 0.3 -+ 0.7 for j = 1 -+ 14, corresponding to a small preference for 
helicopter-like rotation, which qualitatively agrees with experimental results [50]. 
The small helicopter-like rotation preference is to be expected because, although 
there are many possible paths to desorption, the path of least resistance (path with 
the lowest energy requirement), corresponding to a parallel orientation (helicopter
like motion), will be strongly preferred over other paths. In terms of an mj-resolved 
desorption probability, because of the Boltzmann factor, only events corresponding 
to a particular range of EtOh wherein there is only a slight difference between the 
results for Imj I = j and mj = 0, are chosen to contribute to the desorption at 
the surface temperature Ts. However, as we have shown here, strong orientational 
preference in the desorption of hydrogen molecules should be observable with state 
(j-) and energy (Etot - or Et -) resolved mesurements. 

It would also be interesting to see how a higher-dimensional description, which 
includes surface corrugations and surface oscillations, will affect the results we have 
presented here. However, given the relatively high surface temperatures considered 
in experimental measurements [30,31,41,47,50], we expect to see only slight surface 
corrugation effects. Furthermore, as mentioned above, the desorbing molecules are 
bound to follow the path of least resistance (path with the lowest energy require
ment), and thus, we believe that a high-dimensional description will still show the 
same general features we have presented here. 

We have shown that the metal surface, via the orientation-dependent PES, can 
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Figure 4.7. Comparison between the rotational alignments of D2 (0) [88] and H2 (filled 0) desorbing in the 
state (11 = 0,;) from Cu(111), averaged over the Boltzmann distribution of total kinetic energies at the surface 
temperature Ts = 920 K. C and 0: experimental results for D2(II = O,;,Ts = 920 K) using REMPI detection 
with P and R branch. transitions, respectively [50]. Filled A: experimental results for D2(II = 0,;, Ts = 950 K) 
using LIF detection [47]. From [90]. 

act as a rotational quantum state filter, and cause desorbing hydrogen molecules to 
exhibit rotational alignment. We have also- shown that the resulting alignment of the 
desorbed molecules, as determined by the value of the quadrupole alignment factors 
42)(j), exhibits a nonmonotonic j- and Et - dependence, similar to the dependence 
of the adsorption probability of a hydrogen molecule, impinging a Cu(l11) surface, 
on its initial rotational state [30,31,36] and initial translational energy [85]. Thus, 
we could, e.g., permeate H(D) atoms through the bulk of a copper single crystal and 
use the Cu(l11) surface as a dynamical quantum filter to produce oriented H2(D2) 

molecules. As shown in Figs. 4.4 & 4.5, all we have to do is devise a means to either 
select only slow desorbing (Et ~ Vmin ) molecules or fast desorbing (Et> Vmin ) 

molecules, and get, respectively, either perpendicular-oriented or parallel-oriented 
molecules. 

4.3 Isotope Effects 

In Fig. 4.7 we show the calculated A~2) (j, Ts) results for H2 and D2 desorbing in 
the vibrational ground state (v = 0) from Cu(111), averaged over the Boltzmann 
distribution of total kinetic energies at the surface temperature Ts = 920 K. For 
reference, we have also replotted the experimental results of Zacharias' [47] and 
Auerbach's [50] group, for D2 desorbing in the vibrational ground state (v = 0) from 
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Table 4.2. The list shows the corresponding estimated critical rotational states jerih the maximum final rotational 
state jma.:r: accessible to the desorbed H2(D2). and the corresponding rotational energy Ejm"", = Bjma.:r:(jma:r: + 1) 
for fixed final total kinetic energies E tot • The rotational constant of H2(D2) in the gas phase is taken to be 
B ~ 7.6(3.8) meV. and Vmin = Vjl ~ 0.5 eV. 

Etot[meV] ~ 500 600 700 800 900 1000 

Ejm"", [meV] ~ 425 547 684 684 836 836 
jma.:r: ~ 7 8 9 9 10 10 
jerit ~ 1 2 4 6 7 8 

Ejmu [meV] ~ 418 593 692 798 798 912 
jma.:r: ~ 10 12 13 14 14 15 
jcrit ~ 1 3 6 8 10 10 

CU(111), with surface temperatures Ts = 950 & 920 K, respectively. The slightly 
lower results of Zacharias et al. [47] may, in part, be due to surface temperature Ts 
effects. Earlier studies ( [82] and references found therein) have shown that, for a 
particular initial rotational state and low collision energies, an increase in Ts results 
in an increased dissociation, which can be associated with a decrease in effective 
dissociation barrier and, in turn, a decrease in the orientational anisotropy of the 
PES. Applying the principle of microscopic reversibility [33,34], an increase in Ts 
will result in decreased alignments (Fig. 4.7). 

We can see that within the limits of the experimental error bars, our results 
qualitatively agree with experiments, and show small preference for helicopter-like 
rotation. We got A~2)(j = 1 ~ 14, Ts = 920 K) ~ 0.3 ~ 0.7, as compared to 
experimental measurements of A~2)(j = 1 ~ 7,Ts = 950 K) ~ 0 -+ 0.1 [47] arid 
A~2)(j = 1 ~ 11, Ts = 920 K) ~ 0 ~ 0.8 [50]. We can also see that, for low 
final rotational states j, the spatial distribution of the angular momentum j-vector 
of desorbing H2 is more helicopter-like (has greater ~2) (j, Ts) values) compared to 
desorbing D2 • As j increases further, we eventually observe that the j-vector dis
tribution of desorbing H2 becomes more isotropic (has smaller ~2) (j, Ts) values) 
compared to desorbing D2 • To explain this, we recall [88,89] that-The initial ro
tational state jad of molecules about to form from adsorbed atoms may take any 
value. We may then assume/suppose that these molecules are most likely initially 
oriented parallel to the surface (Imjadl ~ jo.d)' Upon introducing a certain amount 
of energy to the system, e.g., by increasing Ts , all molecules will try to desorb, but 
not all will necessarily succeed. On their way towards the gas phase, these molecules 
have to cross a transition region where a sufficient amount of translational energy 
is necessary to, at least, overcome the barrier minimum Vmin' Thus, the metal sur
face, via the orientation-dependent PES, will act as a sort of rotational quantum 
state filter/sieve, and filters out all rotational states jdes greater than some criti
cal rotational state jcrit. As a result, only those molecules with rotational state 
ides < jcrit will survive and desorb with final rotational states j < jmax (maximum 
accessible final rotational state, vide infra). Given Vmin and Etot, we can roughly 
estimate jcrit and jmax by calculating for the corresponding energies Ejerit and Ejma:r: 

(cf·, Table 4.2-when [Etot - V min] > 0, Ejerit ~ [Etot - V min], otherwise Ejerit = O. 
Ejma.:r: ~ E tot ). For a fixed E tot , suppose a molecule did survive the attempt to 
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des orb , and had a rotational state ides ~ jcrit upon desorption. It would mean 
that the molecule had only just enough translational energy to overcome the barrier 
minimum Vmin , which requires that the molecule exhibits helicopter-like rotation 
(Imjdesl ~ jdes) upon desorption. Thus, as jdes -+ jcrit, a majority of those molecules 
that did survive the attempt to desorb will exhibit helicopter-like rotations, i.e., 
I m jdes I ~ j des· Upon desorption, we find the molecule in the state (j des, m jdes) , where 
lnijde& I <ides < jcrit < jma:c. The molecule will then assume its final rotational state 
(j, mj) by either-

1. undergoing rotational excitation (j > jdes 2:: ImjdJ = Imjl) at the ex
pense of its translational energy Et, or 

2. undergoing rotational de-excitations (j < ides;::: Imjde.1 = Imjl) with a 
gain in Et, or 

3. by remaining in the same rotational state (j = ides ~ Imjde.1 = Imj I) 
and retaining the same Et. . 

Thus, those that assume final rotational states j < jcrit are more helicopter-like (have 
greater A~2)(j) values) compared to those that assume final rotational states j > jcrit. 

Because the rotational constant of H2 is greater than that of D2, for the same total 
kinetic energy Etot, H2 has lower jcrit compared to D2 (Table 4.2). As a consequence, 
we see in Fig. 4.7 that upon averaging over the Boltzmann distribution of total 
kinetic energies at the surface temperature Ts = 920 K, the spatial distribution of 
the angular momentum j-vector of desorbing H2 is more helicopter-like (has slightly 
greater A~2)(j, Ts) values) compared to desorbing D2, for low j. And when j is 
sufficiently large (j > 9), the j-vector distribution of desorbing H2 becomes more 
isotropic (has smaller 4 2)(j, Ts) values) compared to desorbing D2 • 

Because the quadrupole alignment factors A~2)(j) (Eq. (4.2)) are defined for a par
ticular final rotational state j, corresponding to a particular rotational energy E j , we 
can also define the corresponding translational energy (Et-) dependent quadrupole 
alignment factors 4 2)(j). In Fig. 4.8 we show the calculated A~2)(j) results for 
H2(D2 ) desorbing in the state (v = O,j = 11) from Cu(l11). For reference, we have 
also replotted the experimental results of Auerbach's group [99], for D2 desorbing 
in the state (v· = O,j = 11) from Cu(111). As expected from previous discus
sions [88,89], H2(D2 ) desorbing with translational energies lower than the minimum 
barrier height (Et < Vmin) have correspondingly low total kinetic energies E tot , and 
exhibit cartwheel-like rotational preference (cf., Et < 0.3 eV region in Fig. 4.8). 
As Et increases, corresponding to an increase in E toh the rotational preference be
comes more helicopter-like (cf., 0.3 ~ Et < 0.6 eV region in Fig. 4.8). When the 
translational energy is sufficiently large (Et> Vmin ), we find the desorbing H2(D2 ) 

exhibiting an almost orientationally isotropic j-vector distribution (A~2)(j) -+ 0), 
regardless of the final rotational state [89]. And, as expected, for translational en
ergies that are comparable with the barrier minimum (i.e., Et ~ Vmin ), thej-vector 
distribution of desorbing H2 is more helicopter-like (has greater 42)(j) values) com
pared to desorbing D2 • As Et increases, the corresponding j-vector distribution of 
desorbing H2 eventually becomes more spatially isotropic (has smaller A~2)(j) val
ues) than does the corresponding j-vector distribution of desorbing D2 • It should be 
noted that we also obtained the same general features as that presented here even for 
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Figure 4.8. Comparison between the rotational alignments of D2 (~) [89] and H2 (filled~) desorbing in the state 
(" = 0,; = 11, Et) from Cu(111) as a function ofthe final translational energy Et. Filled L\: experimental results 
for 02(" = 0,; = 11) using REMPI detection [99]. From [90]. 

the desorption of H2 (D2 ) from a Pd-surface [41], which, although it requires an alto
gether different corresponding set of values for Vmin and Vma.:z; (cf., Chapter 5, [40], 
and references found therein), is also strongly orientation dependent. 

The discrepancy in magnitude between our results and that of the experimental 
measurements may, in part, be due to our flat surface model. However, considering 
the relatively high surface temperatures considered in actual experiments [47,50,99], 
we expect to see only slight corrugation effects, and a higher-dimensional description 
that takes into account all degrees .of freedom will still exhibit the qualitative features 
we have presented here. Furthermore, aside from the relatively large experimental 
error bars, background signals arising from molecules that reenter the detection vol
ume after undergoing collisions, which are unpolarized and may decrease measured 
alignments, may not have been sufficiently accounted for [50,100,101], indicating a 
need for further experimental verifications [100,101]. 
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Chapter 5 

Rotational Effects in the 
Dynamics. of Hydrogen on a Pd 
Surface 

5.1 Rotational Effects in the Dissociative Ad
sorption Dynamics 

So far, we have been considering the activated H2(D2)/Cu(111) system, which we 
can associate with an US" -shaped dissociation probability vs. translational energy 
curve. However, as expected, not all systems are activated, nor will all show this 
"S"-shaped dissociation curve. A typical example of such a (non-activated) system 
is H2(D2 )/Pd(111). In this chapter, we will consider the dissociative adsorption and 
associative desorption dynamics of H2(D2)/Pd(111), and see how the dynamics of 
such a non-activated system compares with the activated H2(D2)/Cu(111) system 
we considered earlier. 

More recent advances in molecular beam scattering techniques have made it possi
ble to determine the initial rotational state of hydrogen molecules prior to being ad
sorbed on metal surfaces [37-39]. For the H2/Pd(111) system, Gostein and Sitz [39] 
directly observed, for the first time, that the sticking (dissociation) coefficient [35] 
of H2 on Pd(111) has a nonmonotonic dependence on the initial rotational state of 
the impinging H2 (Fig. 5.1), first decreasing with increasing initial rotational state 
(j = 0 ~ 3), for low j, then increasing again for higher j (j = 4,5). This inter
esting feature of the sticking coefficient of H2/Pd(111) as a function of the initial 
rotational state j of the impinging H2 reminds us of the sticking probability results 
inferred from rotationally state-resolved time-of-flight (TOF) distribution results of 
Michelsen et al. [30] for D2 molecules associatively desorbing from Cu(111). We will 
show in this chapter that the mechanism behind the nonmonotonic j -dependence 
observed here can be understood by again taking into account the two competing 
factors working for the dissociative adsorption process, viz., Steering or the DYNAM

ICAL REORIENTATION factor, and Rotational-Translational Energy Transfer or the 
ROTATIONAL ASSISTANCE via BOND-LENGTH EXTENSION factor. These factors 
are similar to the ones observed for the hydrogen on copper system, and come about 
as a consequence of the orientational dependence of the hydrogen-surface reaction. 
Another interesting feature we can directly observe from the results of Gostein and 
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Figure 5.1. Experimental results for the i-dependent sticking probability curvesfor H2 on Pd(l11) for fixed trans
lational energies, Et. Arrows point to the corresponding minimnm for each C1lI'W. The curves were obtained 
by replotting the experimental data of Gostein and Sitz (Table n of [39]). The statistical uncertaitties for the 
sticking probabilities were omitted in the figure for clarity. The corresponding incidence energies Et, and the 
location of the minimum for each C1lI'W, imin, are as follows: 
0: Et = 55:i:2 meV, imin = 4; -0: Et = 73:i:3meV, imin = 3; 0 :Et = 94±5 meV, imin = 1. 

Sitz for the sticking coefficients of H2 /Pd(111) (Fig. 5.1) are the shifts in the stick
ing probability curve minima when the incidence energy of H2 is varied. This, in 
turn, reminds us of our prediction for the hydrogen on Cu(l11) system regarding 
the shifts in the sticking probability curve minima when the incidence energy is var
ied (§3.1.2 and [85]). This stresses the general importance of the incidence energy 
(velocity) of the impinging hydrogen molecule. Furthermore, we will also show here 
that considerable isotope effects should be observed for the j -dependence of the 
adsorption probability of hydrogen on Pd. 

To account for the nonmonotonic dependence of the sticking probability of H2 
on Pd(111) on the initial rotational state j of the impinging H2 molecule, and to 
show the significance of the incidence energy Et in accounting for this interesting 
behavior, we considered the reaction of a H2 molecule impinging a flat Pd surface 
at normal incidence [36,82,85]. We did quantum mechanical calculations of the 
sticking probability by solving the time-independent Schrodinger equation for a H2 
molecule moving under the influence of an orientation-dependent PES correspond
ing to the H2/Pd-system [91,92] using the coupled-channel method [33,34] and the 
concept of a local reflection matrix [79]. The dynamical variables we have considered 
are the center-of-mass distance of the molecule from the surface, Z, and the polar 
and azimuthal angular orientation of the molecule with respect to the surface, () 
and cp, respectively. Our orientationally anisotropic, vibrationally adiabatic, model 
potential is based on qualitative features of available PES plots for H2 /Pd-surface 
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Figure 5.2. A molecular orientation dependent activation barrier vc'"~ 11) (Ea = -0.35 eV, VI = 0.8 eV, (3 = 0.25, 
and in this figure er = 1.0 A -1). The +,,-region corresponds to the surface side. The upper figure shows how the 
activation barrier changes with the molecular orientation. Notice the corresponding attractive well for a parallel 
(11 = 1r/2) orientation. From [36]. 

system [91,92] (cf., Fig. 5.2). The energy barrier for a perpendicular-oriented H2 
molecule was set at Vmax = V.l. ~ 0.80 eV, and gradually decreased to a value 
Vmin = VII ~ -0.35 eV (an attractive potential) for a parallel-oriented molecule. 
The final sticking probability data result from a sum over all the contributions 
from all possible types of rotation (helicopter-type-with the rotational axis of the 
molecule oriented predominantly prependicular to the surface, cartwheel-type-with 
the rotational axis of the molecule oriented predominantly parallel to the surface, 
or a rotation with the rotational axis oriented intermediate between the two former 
ones). Please refer to Chapter 2 for more details regarding the calculation method, 
and the actual form of the model potential adopted. 
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Figure 5.3. Numerical results for the i-dependent sticking probability curves for H2 on Pd(1l1) in the vibrational 
ground state and fixed incidence energies, Et. Arrows point to the corresponding minimnm for each curve. 
(H2/Pd(111) : VmClz = V.1. :::: 0.80 eV, Vmin = Vu :::: -0.35 eV.) The corresponding incidence energies, Eh and 
the location of the minimnm for each curve, imin, are as follows: 
0: Et = 45 meV, imin = 3; filled 0: Et = 55 meV, imin = 3; C : Et = 65 meV, imin = 2; filled C : Et = 75 meV, 
imin = 2; t:. : Et = 85 meV, imin = 2; filled t:. : Et = 350 meV, imin = 2. 

5.1.1 Steering and Energy Transfer Effects 

In Fig. 5.3 we show the sticking probability results for H2 • Aside from the structure 
we see in the range 3 <j < 5, which we will discuss later, we can also see that there 
is a good agreement with the experimental trend in that the sticking probability 
initially decreases with increasing initial rotational state (j = 0 ~ 3), for low j, 
then increases again for higher j (j > 4). There is also a general shift of the sticking 
probability curve minimum towards lower j as the incidence energy increases. The 
discrepancy in magnitude between our results and that of the experiment is most 
likely due to our reduced dimensionality. Some sites along the Pd(111) surface have 
higher barriers to dissociation, or less attractive wells than the one we have consid
ered here, which will then reduce the dissociation. Earlier studies concerning with 
the dissociation of H2 on eu [58,59,76,113], Pd(100) [76,91,92,114]' W(100) [115], 
and Rh(100) [92,116,117] have shown the importance of surface corrugation, and 
for a perfect quantitative explanation of the process, a multi-dimensional descrip
tion is, of course, required. However, we believe that our basic picture, in which, 
qualitatively, the nonmonotonic dependence of the sticking probability on the initial 
rotational state j of the impinging hydrogen molecule, and the strong dependence 
on its incidence energy are general features of an orientation dependent reaction, 
such as the dissociative adsorption of hydrogen on metal surfaces, will not change. 
Furthermore, we obtained the same general features for the j - and Et-dependence 
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of the sticking probability of H2 using other values for VmaX' and Vmin. 

When a hydrogen molecule approaches a metal surface, it encounters an 
orientation-dependent potential energy (hyper-) surface (PES) [58-60,91,92]. In 
order for the molecule to dissociate and be adsorbed on the surface, it must be able 
to find the path of least resistance (path of least potential), and have enough en
ergy to reach the surface. This process depends on what the initial rotational- and 
vibrational-states of the impinging hydrogen molecule are, what its incidence en
ergy is, and how long it stays under the influence of the anisotropic PES [36,82,85]. 
As mentioned earlier (Chapter 3), in the case of rotation, there are two competing 
factors working for the dissociation process, viz., Steering (dynamical reorientation) 
and R-T (rotational-translational) energy transfer (via bond-length extension). The 
first, Steering, which originates from the orientational dependence of the dissociative 
adsorption process, pertains to a dynamical reorientation of the impinging molecule 
towards a more favorable orientation (a predominantly parallel orientation). How
ever, there are two ways by which Steering can reduce the adsorption probability-

1. by shortening the amount of time that the molecule spends in a favorable 
orientation, or 

2. by consuming some translational energy needed for dissociation, in an 
attempt to reorient molecules that approach the surface with an initially 
unfavorable orientation to a favorable one. 

Steering dominates when the impinging molecule does not have sufficient rotational 
energy to assist in its adsorption. The second, R-T energy transfer, which orig
inates from the strong coupling between the rotational and translational degrees
of-freedom, pertains to the effective transfer of rotational energy to translational 
energy. As the molecule approaches the surface, a considerable stretching of the 
molecular bond-length (Bond-Length Extension) occurs, which in turn increases the 
moment-of-inertia of the molecule. An increase in the moment-of-inertia leads to a 
corresponding decrease in the rotational constant and, in effect, the rotational en
ergy. Thus, because of the strong coupling between the rotational and translational 
degrees-of-freedom, if there is no change in the rotational state of the impinging 
molecule, and the conservation of energy is to be satisfied, any decrease in the ro
tational energy due to Bond-Length Extension will be efficiently transferred to the 
translational energy and assist in the dissociation. R-T energy transfer dominates 
when the impinging hydrogen molecule has sufficient rotational energy to assist in 
its adsorption. 

For low initial rotational states, because of the rather small rotational energy, 
Steering will be dominant. As the molecule approaches the surface, it is steered to 
different regions of the anisotropic PES. Whether it will reach a point of relatively 
low potential on time determines whether the molecule will be adsorbed. 

For high initial rotational states, the molecule has sufficient rotational energy to 
assist in dissociation. Furthermore, to the surface the molecule becomes a blur. (In 
some sense, the surface cannot distinguish in which orientation the molecule is.) 
Thus, R-T energy transfer will be dominant. 

The combined effect of these two factors leads to an initial decrease and then, 
eventually, an increase in the sticking probability as the initial rotational state of 
the impinging molecule is increased for a fixed incidence energy (ej., e.g., curve 
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Figure 5.4. Numerical results for the j -dependent sticking probability curves for D2 on Pd( 111) in the vibrational 
ground state and fixed incidence energies, Et. Arrows point to the corresponding mjnjmum for each curve. 
(D2/Pd(111) : Vmaz = VJ. ~ 0.80 eV, Vmin = Vii ~ -0.35 eV.) The corresponding incidence energies, Et. and 
the location of the minimum for each curve, jmin, are as follows: 
0: Et = 45 meV, jmin = 3; filled 0: Et = 55 meV, jmin = 5; Cl : Et = 65 meV, jmin = 5; filled Cl: Et = 75 meV, 
jmin = 4; A : Et = 85 meV, jmin = 4; filled A: Et = 350 meV, jmin = 1. 

corresponding to 55 meV in Figs. 5.1 & 5.3). Because any positive incidence en
ergy given to the impinging hydrogen molecule will be greater than the minimum 
barrier, as the incidence energy is increased, even a slight contribution from the ro
tational energy will be sufficient to assist in dissociation. Thus, the efficacy of R-T 
energy transfer increases with increasing incidence energy and we see a correspond
ing shift in the curve minimum towards lower initial rotational states (cf., curves 
corresponding to 55 meV and 75 meV in Figs. 5.1 & 5.3). 

5.1.2 Isotope Effects 

In addition, we can also observe strong isotope effects when we compare our calcu
lation results for the dissociation of H2/Pd(111) (Fig. 5.3) with those for D2/Pd(111) 
(Fig. 5.4). For the same incidence energy Eh we can immediately see that the lo
cations of the minima for the sticking probability curves of D2 are shifted more 
towards higher rotational states (j = 5 --+ 8) (Fig. 5.4) as compared to those of H2 
(j = 4 --+ 5) (Fig. 5.3), with the H2 molecules exhibiting higher sticking probabilities 
than D2 molecules in the high j region. Because a D2 molecule is much slower than 
a H2 molecule, even for the same incidence energy Eh Steering will be more effective 
with the D2 molecules than the H2 molecules. Furthermore, the D2 molecules have 
a lower rotational constant compared to H2 molecules, and we will need higher j 

66 



== 1 ~ 

~ 
Cl) 0.5 .... -< 
"; 0 
§ .... -; 
... -0.5 
& 

j=8 ~ 
j= 9 -+

j=10 -0-

j=11 -
j=12 -6-

j=13 -6-

j=14 -0-

o . 0.05 0.1 0.15 0.2 0.25 0.3 
Fin8I Translational Energy Et[ e V] 

Figw-e 5.5. Rotational alignment for D2 molecules desorbing in the state (v = O,j,Et ) from a Pd surface as a 
function of the final translational energy Et. Final rotational state j = 8 -+ 14. Surface temperature Ts = 690 K. 

states for D2 before the R-T energy transfer could dominate and for the sticking 
probability curve to increase again in the higher j region. Thus, we observe that the 
minima of the sticking probability curves for D2 molecules are shifted more towards 
higher j than those for H2 molecules. 

With regard to the structure we see in Figs. 5.3 & 5.4, because of the structure 
of the PES we have adapted, some trapping process may occur where the molecules 
cannot escape and dissociate because of too much rotation, nor can they be reflected 
back because there is not enough translational energy (rotationally mediated selec
tive adsorption). Because these resonances are quantized, the structures we see in 
Figs. 5.3 & 5.4 could occur if the total energy coincides with a resonance energy. As 
we can see, these structures disappear at high rotational states (j > 10) and high 
incidence energies (Et = 300 meV). We will present a more detailed discussion of 
these structures, and the isotope and surface temperature effects in the adsorption 
and desorption of hydrogen on palladium system in the near future. 

5.2 Rotational Effects in the Associative De
sorption Dynamics 

5.2.1 Rotational Alignment & Dynamical Quantum Filtering 

As a rotational quantum state filter, how effective is the Pd surface compared to 
the eu surface? To consider this, we again calculated for the alignment factors AMj) 
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corresponding to each final-rotational state j a D2 molecule assumes after desorbing 
from a Pd surface. (The calculation method is as described in Chapter 2 and §4.2.) 
In Fig. 5.5 we show the calculated Et-dependent alignment factor A6(j) results for 
D2 molecules desorbing in the vibrational ground state (v = 0) from a Pd surface, 
with final rotational states j = 8 --. 14. We see that unlike the desorption of D2 from 
CU(ll1) (cf., Fig. 4.5), there are no molecules doing cartwheel-like rotations. This 
is to be expected. At the final translational energies Et considered in Fig. 5.5, the 
corresponding total kinetic energies Etot are small, and the maximum final rotational 
states jmax accessible to the desorbing D2 molecules are almost the same as the final 
rotational state j the desorbing D2 molecules assume, i.e., j ~ jmax. Because 
of the considerably small barrier minimum for the D2/Pd-surface system (Vmin ~ 

-0.35 e V), the corresponding critical rotational states jcrit are approximately the 
same as the maximum final rotational state jmax accessible to the desorbing D2 
molecules, i.e., jcrit ~ jmax. From arguments presented earlier in §4.2, the desorbing 
molecules are bound to follow the path of least resistance, which corresponds to an 
orientation parallel to the surface, and, as a result, the desorbing D2 molecules 
will show a helicopter-like rotational preference. Thus, to answer the question we 
have posed earlier in this section, with low energies (Et < 0.25 eV), as a filter, Pd 
surfaces are more effective in producing helicopter-like rotating D2 molecules, and 
Cu surfaces are more effective in producing cartwheel-like rotating D2 molecules (cf., 
Fig. 4.5). 
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Chapter 6 

Summary, Conclusions, and 
Further Discussions 

This thesis was based, in part, on earlier and ongoing studies [36,40,82-89] on ori
entational effects on the activated [36,82-87] and the non-activated [40] dissociation 
of hydrogen molecules on metal surfaces, and the reverse process of association and 
then desorption from metal surfaces [83-89]. Throughout this study, we tried to an
swer the following general questions-What is the role of the molecular orientation 
on the dynamics of hydrogen-surface reactions? How can this be understood based 
on the model we have adopted? How can they be verified experimentally? How are 
they related to earlier experimental results? What further experiments do we need 
to perform? How feasible is the idea we have proposed and what immediate use do 
we have for them? 

In Chapter 2, we gave a full description of the model adopted to study the dy
namics of hydrogen on copper and palladium surfaces, and considered both a rigid 
and a dynamic surface. We did quantum mechanical model calculations using the 
coupled-channel method [33,64] and the concept of a local reflection matrix [79]. 
Our model potential is based on qualitative features of available PES plots for the 
H2/Cu surface [36,57-61] (e.g., ab-initio PES calculation results of [57] shown in 
Fig. 2.3) and H2/Pd surface [91,92] systems. We took advantage of the convenience 
gained in using the concept of a reaction path (cf., e.g., [64]). 

In Chapter 3, we gave a full discussion of our results concerning the rotational 
effects on the dissociative adsorption dynamics and inelastic scattering dynamics of 
H2(D2 ) on Cu(l11). Our theoretical studies on the influence of molecular orientation 
on the dynamics of H2(D2)/Cu(111), a paradigm of an activated system, show very 
interesting, surprising and general results. 

For a rigid surface, we [36,40] showed that due to the inherent strong orienta
tional dependence of hydrogen-solid surface reactions and the coupling between the 
different degrees of freedom involved, two competing factors working for the disso
ciative adsorption process, viz., Steering or the DYNAMICAL REORIENTATION factor 
and Rotational-Translational Energy Transfer or the ROTATIONAL ASSISTANCE via 
BOND-LENGTH EXTENSION factor, come into effect [36]. Furthermore, we showed 
that the Steering Effect, which is due to the anisotropic nature of the PES, dom
inates over the Energy Transfer Effect for low initial rotational states j. For high 
j, the Energy Transfer Effect, which arises from the strong coupling between the 
rotational motion and the motion along the reaction path, dominates. We also 
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showed that the efficacy of these two factors is strongly dependent on the incidence 
translational energy of the impinging hydrogen molecule [85]. For molecules with 
incidence translational energies that are less than the activation barrier minimum 
Vmin , corresponding to a favorable (parallel) orientation, Steering will not be suffi
cient in aiding the impinging molecule to dissociatively adsorb on the surface. Thus, 
Energy Transfer Effect will be dominant when the incidence translational energy is 
less than the activation barrier minimum. As a consequence, for a fixed incidence 
translational energy, the dissociative adsorption probability monotonically increases 
with increasing initial rotational states of the impinging molecule. As the incidence 
translational energy increases, the efficacy of Steering begins to increase and, for 
fixed incidence translational energies, we begin to observe a nonmonotonic depen
dence of the dissociative adsorption probability on the initial rotational state of the 
impinging molecule. When the incidence translational energy of the molecule is com
parable with the barrier maximum, corresponding to an unfavorable (perpendicular) 
orientation, the molecule will already be travelling at such a high speed that there 
won't be enough time for the molecule to reorient. As a result, Steering again loses 
its efficacy, and we observe a monotonic increase in the dissociative adsorption prob
ability as a function of the initial rotational state of the impinging molecule. The 
two competing factors mentioned above seem to be general features of orientation 
dependent processes, as they were later directly observed for the H2/Pd(111) sys
tem [39], which, apart from exhibiting a strong orientation dependence, is described 
by a totally different PES, as we have discussed in detail in Chapter 5. 

For a dynamic surface, where the surface lattice was modeled as independent Ein
stein oscillators, we showed that, in addition to the two factors mentioned above 
(Steering and Rotational-Translational Energy Transfer), we have the Recoil Effect. 
As a result of this Recoil Effect, the incidence translational energy dependent disso
ciative adsorption probability shows a slight increase in magnitude with increasing 
surface temperatures for low incidence translational energies (i.e., Et < Vmin ), and a 
slight decrease in magnitude with increasing surface temperatures for high incidence 
translational energies (i.e., Et > Vmin). 

In Chapter 4, we gave a corresponding full discussion concerning the rotational ef
fects on the associative desorption dynamics of H2(D2) on Cu(111). We were able to 
consistently relate the calculated adsorption results with the desorption results [85] 
and, for the first time, reproduce the experimentally observed initial cooling, then a 
mild heating, followed by a cooling again of the rotational temperature of the desorb
ing hydrogen molecules with respect to the surface temperature. We were also able to 
explain the experimentally observed suprisingly low rotational alignment [41,47,50]. 
Furthermore, we suggested another means by which we could estimate the effective 
activation barrier experimentally, i.e., by measuring the rotational alignment for 
different final total kinetic energies and determining the critical rotational states 
ierit (cf·, e.g, Table 4.1), indicated by the peaks appearing in Fig. 4.3. We also 
suggested a means by which we could produce oriented hydrogen molecules via the 
so-called Dynamical Quantum Filtering Effect [88,89], which takes advantage of the 
inherent nature of the desorption process to be orientation dependent. A compari
son of the alignment results for D2 molecules desorbing from Cu and Pd surfaces at 
low energies indicates that the Cu surface is effective for producing cartwheeling D2 
molecules, and the Pd surface is effective for producing helicoptering D2 molecules. 
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In Chapter 5, we considered the rotational effects on the dynamics of H2(D2) on 
Pd(111), an example of a non-activated system. We showed that the experimental 
observations for the dissociative adsorption and associative desorption dynamics of 
H2 on Pd(111) could also be explained by considering the three factors mentioned 
above, indicating that Steering, Energy Transfer, and Dynamical Quantum Filtering 
are general, dynamical features of orientation dependent reactions [40]. 

So what is next? Although we are able to successfully account for various experi
mental trends that have so far been made, and also suggested some new experiments 
which might further our understanding of hydrogen-solid surface interaction, our 
task is far from complete. In fact, it would not be an exaggeration to say that the 
understanding of surface dynamics is far from complete [102]. On the contrary, it 
can be said that we have just begun. So far our study concerning the hydrogen
solid surface reaction concentrated on the effects of the molecular orientation of the 
impinging and/or desorbing hydrogen molecules, and although it has so far been 
fairly accurate in explaining recent experimental observations, a fully quantitative 
agreement between current experimental results and available theoretical results 
has not yet been achieved. To do so would require an extension of the current fully 
quantum mechanical dynamical calculation to take into consideration higher dimen
sions, and eventually all the degrees of freedom of the impinging/ desorbing hydrogen 
molecules and that of the surface atoms would have to be considered. Furthermore, 
there is also a need for more ab-initio calculations that would provide further infor
mation regarding the effective multi-dimensional potential energy surface governing 
the hydrogen-solid surface reaction. We propose-

1. to consider the feasibility of extending our current fully quantum me
chanical calculation to higher dimensions; 

2. to study how the other degrees of freedom influence the hydrogen-solid 
surface reaction; 

3. to study how we could verify/utilize/further our current knowledge re
garding the hydrogen-solid surface reaction by proposing/suggesting new 
experiments and methods; 

4. to consider the efficacy of semi-empirical model potentials as compared 
to interpolation by some functional form to match results of ab-initio 
calculations. 

From these further studies-We expect to be able to extend our current fully quan
tum dynamical calculations to higher dimensions, which, eventually, would have to 
include all the 6 degrees of freedom of the impinging/ desorbing hydrogen molecule 
and surface vibrations. This achievement in itself would pave the way for a more 
thorough understanding of hydrogen-solid surface reactions, with direct quantita
tive comparison with current and future experimental results involving state-specific 
reactions becoming possible. 

However, regardless of how successful we are in including all degrees of freedom in 
our calculation, as mentioned above, from physical considerations, we could consider 
any pair, trio, or other combinations of the above mentioned degrees of freedom 
dynamically and freeze the others, in which case we expect that we will be able-

1. to clarify how the coupling between the different degrees of freedom 
influences the hydrogen-solid surface reaction; 
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2. to identify how the total energy may be effectively distributed among the 
different possible motions of the impinging/ desorbing hydrogen molecule; 

3. to identify the efficacy of introducing a limited amount of energy to any 
particular degree of freedom to promote or hinder the reaction between 
hydrogen molecules and solid surfaces; 

4. to propose (suggest) new experiments and methods to verify, utilize, 
and further our current knowledge regarding the hydrogen-solid surface 
reaction; 

5. to propose a general model potential that could be easily adapted to 
different hydrogen-solid surface systems with barrier heights that could 
be chosen to match those obtained in ab-initio calculations; 

6. to extend our current study to more catalytically interesting systems such 
as those involving alloys, and utilize our current knowledge to introduce 
novel materials and novel means of taking advantage of the inherent 
nature of the reactions we have studied, that would not only benefit us 
academically and industrially, but would also be environment friendly. 

, 
Thus, from these and further studies, we expect to be able to make significant 

contributions, not only in attaining a fundamental understanding of different surface 
reactions, but also in the technological development of novel materials, that are not 
only user-friendly, but are also environment-friendly. Recently, several researchers 
are proposing ingenious techniques [118-121] to apply combinatorial chemistry
the shotgun approach to chemical discovery, developed and applied extensively by 
the pharmaceutical industry, whereby researchers synthesize and test hundreds or 
thousands of compounds simultaneously [118, 119]-to find hot novel materials, such 
as catalysts and superconductors. Although these techniques may succeed in finding 
new materials that are more efficient than those in commercial use now, the materials 
found may not always turn out to be ideal, neither user-wise nor environment-wise. 
On the other hand, it would not be good business strategy to invest precious funds 
and not use these materials, just because they involve toxic materials. 

What would be more desirable is a systematic theoretical study of the differences 
in reactivities between different classes of molecules with a surface, and the differ
ences in reactivities between different surfaces with a class of molecules. Insights 
into the structure of surfaces combined with an understanding of the relation be
tween the surface composition and reactivity could then lead to new ideas for ideal 
novel materials design. Only then should synthesis, characterization, and test be 
performed. However, if ever we are to attain a real understanding of why there is an 
enormous difference in reactivity of different classes of molecules with a surface, and 
also a great difference in reactivity of different surfaces with a class of molecules, 
we must know the elementary steps involved in the reactions concerned, and the 
identity of the rate-limiting reaction intermediate. Only then, with this knowledge, 
can we proceed to determine the structure of this reaction complex and relate its 
reactivity to the electronic nature of the reaction complex through theory. 
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