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Abstract 

We determine exact quantum-mechanical rates for reactive scattering of hydrogen and its isotopes at and from 
metal surfaces. To this end, we compute cumulutice reaction probabilities according to Miller, Schwartz and Tromp 
[J. Chem. Phys. 79 (1983) 48891, in the discrete r~uriable representation with absorbing boundmy conditions formulation 
of Seideman and Miller [J. Chem. Phys. 96 (1992) 44121. In particular, canonical rates for dissociative adsorption and 
associative desorption of H3 and isotopomcrs, as well as rates and diffusion coefficients for the diffusive motion of 
single hydrogen atoms on transition-metal surfaces are considered. For the adsorption/dcsorption processes we USC 
various two- and three-dimensional model potential energy surfaces, which are thought to bc typical for the 
interaction of Hz with first-row transition metals. First for uncorruguted and rigid surfaces, the dependence of the 
rates on temperature(s) and potential parameters are studied. Second, WC allow for non-rigidity of the substrate 
using the so-called surface-mass and surface-oscillator models of Luntz and Harris [Surf. Sci. 258 (1991) 3971. 
Further, we find that the inclusion of surface corrugation increases desorption rates, characterized by larger 
Arrhenius-preexponential frequencies. In our study of rates and diffusion coefficients for the hopping motion of 
atoms on metal substrates we focus on hydrogen on Ni(100). One- and two-dimensional realistic potential energy 
surfaces are used to elucidate the role of quantum effects, isotope effects, and dimensionality. We compare our 
results to simple quasi-classical and classical forms of transition-state theory and to cxpcriment. 

1. Introduction 

The interaction of hydrogen molecules and 
atoms with transition-metal surfaces is of vital 
interest from both a technological and a funda- 
mental point of view [ll. The former is motivated 
by the desire to understand the basic energetic 
and dynamic features, which underly many het- 

erogeneous catalytic reactions involving hydro- 
gen. Representative examples are the ammonia 
synthesis via Haber-Bosch, the synthesis of alco- 
hols and hydrocarbons by means of the Fischer- 
Tropsch technique, and the steam reforming of 
natural gas to form so-called syngas (a mixture of 
H, and CO). The fundamental interest comes 
from the fact that H is the simplest chemically 
reacting adsorbate [21, making it a first-class can- 
didate for the study of gas-surface scattering 

* Corresponding author. 

’ Postdoctoral Research Fellow of the Deutsche Forschungs- 

gemeinschaft. 

events. 
Due to their complexity, heterogeneously cat- 

alyzed reactions are traditionally idealized as a 
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sequence of more or less uncorrelated elementary 
steps: (1) diffusion of reactants to the surface, (2) 
adsorption of reactants, (3) diffusion of reactants 
otz the surface, (4) reaction, (5) diffusion of prod- 
ucts orz the surface, (6) desorption of products, 
and (7) diffusion of products from the surface. 
One typically treats these elementary reactions 
independently and assigns individual rate con- 
stants to each of them. Steps (21, (3) (and (.5)), 
and (6) are pecuhar to gas-surface scattering, 
and they are the elementary reactions which will 
be considered in this contribution. In fact, for 
certain metal-catalyzed exchange reactions, such 
as H, + D, --+ 2 HD, they are the only ones. 

The most complete, i.e., state-to-state descrip- 
tion of an elementary gas-surface cohision pro- 
cess is provided by the scattering or S matrix, 
whose elements {Srpn{E)J. are the probability am- 
plitudes for transitions between specific quantum 
states I n,) of reactants to specific states I np> of 
products at total energy E. In many applications, 
though, a less detailed knowledge of a reaction 
than the complete state-to-state description is 
sufficient. In heterogeneous catalysis, for exam- 
ple, the thermal rate constant, 

k(T) = [27&Q,(T)] --I 

X 
/ 

+mdE e-flEN( E), (1.1) - co 

is of great interest. Here we express this quantity 
in terms of the cumulative reaction probabili~ 
(CRP), N(E), and the reactant partition function, 
Q,(T)_ Also, p = l/k,T, with k, being Boltz- 
mann’s constant and T being the absolute tem- 
perature. Since the CRP is the same for a reac- 
tion and its inverse, Eq. (1.1) embodies the micro- 
scopic reversibility (or detailed balance) relation 
k bt .Q, = k,+_ &,. In this paper this symmetry 
property will be utihzed for the reactions dissu- 
ciative adsorption and its inverse, associative de- 
sorption. The CRP will be collectively referred to 
as the (dissociative) sticking probability. Further, 
under isothermal conditions, which are typical for 
technoIogica1 processes, k&T) and k,,,(T) de- 
pend on only one temperature, T. Under labora- 
tory conditions, however, a non-isothermal envi- 
ronment (with a gas temperature T, different 

from a surface temperature T,> may be estab- 
lished [3,4]. In this case we expect the canonical 
adsorption rate, kads, to depend on both T, and 
T, (since T, governs the velocity distribution of 
the gas molecules and 7; should have an influ- 
ence on the sticking probability). In contrast the 
(Langmuir-Hinshelwood) desorption rate, kde5, 
should be a function of T, only (if thermal equi- 
librium between substrate and adsorbed species 
can be assumed). Under experimenta conditions 
it is also possible to measure less averaged quan- 
tities than rates, for instance surface temperature 
and gas-energy-dependent sticking probabilities, 
N(E,, T,) (Ep is the normal component of the 
translational gas energy) [3,41. With the heIp of 
nozzle-beam experiments it is aIso possible to 
measure half-state-selected reaction probabilities 
N,,(Ep, TS,), by independently varying the transla- 
tional beam energy and the internal reactant 
quantum state I a,> 1351. Here, we will neither 
consider state-resolved, nor angular-resolved ob- 
servables. Rather, we will restrict ourselves to 
cumulative reaction probabilities and quantities 
derived thereof. 

Eq. (1.1) may also be used to characterize the 
kinetics of the other gas-surface process of inter- 
est in this paper, surface diffusion. Namely, the 
hopping of a single adsorbed molecule or atom 
from one stable adsorption site to another can be 
regarded as an isomerization reaction, character- 
ized by a thermal rate constant, k,;,. Closely 
related to this quantity is a diffusion coefficient, 
D, which will, via kdiff, depend on the surface 
temperature T,. In the case diffusion, the cumula- 
tive reaction probability thus has the interpreta- 
tion of a hopping probability. 

The question arises how in general the CRPs 
N(E) are computed. N(E) is defined in terms of 
a double sum over the square moduli of S-matrix 
elements, N(E) = &P&r I S,_(E) I 2. However, 
if one is interested only in the CRP and the 
thermal rate constant, then it is inefficient to 
have to compute all the state-to-state information 
(i.e., the S matrix) first and then sum to obtain 
the CRP. Miller et al. [61, using flux correlation 
analysis, were able to derive an exact and rigor- 
ous expression for N(E) which does not require 
the knowledge of individual S-matrix elements. 
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Instead, N(E) is expressed in terms of flux and 
microcanonical density operators. More recently, 
Seideman and Miller [7] introduced an effective 
implementation using a discrete variable repre- 
sentation (DVR [S]) for both the Hamiltonian 
and the flux operator, and by applying absorbing 
boundary conditions (ABC) [9] to enforce the 
outgoing wave boundary conditions. This tech- 
nique has been tested for atom-exchange reac- 
tions in the gas phase [7] and applied also to a 
gas-surface scattering [lo]. Several methodologi- 
cal improvements have been made, such as the 
implementation of an iterative method based on 
a Fourier transform of Newton polynomials [ll] 
to obtain the Green’s operator (see Section 2), or 
the evaluation of CRPs as a sum of eigenreaction 

probabilities of a certain Hermitian operator [121 
with the help of Lanczos-based techniques. All 
these techniques and their applications have 
shown that an efficient tool seems at hand which 
should make the evaluation of CRPs and quan- 
tum-mechanical rates for reactions of chemical 
relevance possible. Our emphasis in this paper 
will not be on the methodological aspects, how- 
ever. Rather, we will apply the method to com- 
pute CRPs for the gas-surface processes men- 
tioned earlier, to compute the corresponding rates 
and study in some detail the underlying physics. 

The DVR-ABC method is not the only ap- 
proach to gas-surface scattering. The computa- 
tion of dissociative sticking probabilities of Hz 
(which requires six degrees of freedom in the 
rigid surface approximation), for example has 
been accomplished with classical trajectory calcu- 
lations [13-151 for the rigid surface case and also 
for moveable ones [16]. For fully quantum-mech- 
anical investigations of the process, mostly time- 
dependent wave-packet propagation schemes 
have been employed. We mention the investiga- 
tions of Jackson et al. [14,17] (mainly on H, on 
Ni(100) and Cu(lOO)), who included up to three 
degrees of freedom quantum mechanically 
(namely r, the H-H distance; Z, the molecule- 
surface separation; and 0, the polar angle enclos- 
ing the surface normal and the molecular axis). In 
a recent mixed classical-quantum scheme the 
remaining three degrees of freedom were treated 
classically [14b]. Other examples of wave-packet 

dynamics for gas-surface processes have been 
reported by Holloway et al. [18] (two-dimensional 
model potentials, but also realistic systems like 
H,/Cu(lOO)), Nielsen et al. [191 (H,/Cu(lOO), up 
to 4D), Sheng and Zhang [ZO] (H2 on Ni(lOO), 
3D), and Hand and Harris [21], who applied their 
surface-oscillator model (in three dimensions) also 
to the dissociative sticking of hydrogen on Cu. 
With the exception of the last paper, surface 
motion has rarely been included in a fully quan- 
tum-mechanical fashion. There are a few exact 
time-independent investigations of reactive scat- 
tering of H, at solid substrates. These time-inde- 
pendent techniques should be favorable for 
“slow” processes. Sheng and Zhang applied the 
S-matrix Kohn variational principle method [22] 
to H,/Ni(lOO) (3D). We used the same technique 
and additionally the DVR-ABC method to com- 
pute sticking probabilities [lo] (H2 on model sys- 
tems and NXlOO), up to 3D). 

We are not aware of any work which used 
exact quantum mechanics to compute rates or 
other Boltzmann-averaged quantities relevant for 
dissociative adsorption or associative desorption 
for Hz/transition-metal systems. Approximate 
schemes, however, hat!e been used. As examples 
we quote the contribution of Truong et al. 1231, 
who calculated rates for the dissociative sticking 
of H, and D, on different Ni surfaces by means 
of variational transition-state theory with semi- 
classical tunneling corrections. Further, we men- 
tion the work of Harris et al. [24], or Brenig and 
Kasai [25], on surface-temperature-dependent ob- 
servables relevant for associative desorption. 

The reason why predominantly Ni and Cu 
surfaces have been considered comes from the 
fact that not only reliable ab initio data arc 
available [26,27], there is also a wealth of experi- 
mental data on these systems [28,29]. It is found 
that for instance Ni(100) - due to vanishing acti- 
vation barriers for several reaction paths - is 
highly reactive with respect to the dissociation of 
H,. In contrast, there is a barrier of several 
tenths of eV for the dissociative sticking of H, on 
Cu(lOO), making the system less reactive. Further, 
the dependence of the sticking probability of H, 
on Ni(100) is found to depend only weakly on the 
surface temperature T,. 
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A comparable amount of work has been done 
on diffusion of H and isotopes on transition-metal 
substrates. Now, if surface atom motion is ne- 
glected, a theoretical description requires only 3 
degrees of freedom. On the theory side, for in- 
stance, Zhang et al. used classical flux-flux and 
flux-position correlation functions to compute 
jump rates for the hopping motion of H on Ni(100) 
and model surfaces [30]. Again, variational transi- 
tion theory with semiclassical tunneling correc- 
tions has been applied to H and isotopes on Cu 
[31a] and different Ni surfaces [31b,32]. Other 
semiclassical approaches or approximate quan- 
tum schemes were used for similar systems by 
Doll et al. [33], Sun and Voth [34], and Whaley 
and coworkers [351. Jaquet and Miller [36] treated 
the hopping diffusion of H on W(100) fully quan- 
rum mechanically with the help of a Monte Carlo 
path integral evaluation of flux-flux correlation 
functions. The most complete exact quantum- 
mechanical investigations on H/metal diffusion 
have been provided by Metiu et al. Similar to 
Jaquet and Miller they computed diffusion (iso- 
merization) rates as well as diffusion coefficients 
as the time integrals over the Miller-Schwartz- 
Tromp flux-flux correlation functions. They did 
this for H and isotopes on Cu [37a] and Ni(100) 

[37bl. In many of the quoted calculations surface 
atom motion has been included either explicitly 
in the form of additional degrees of freedom, or 
in the context of mean-field approaches. 

Experimentally, diffusion rates, for instance 
for H and D on Ni(lOO), were determined in 
Refs. [38] and [39] for the “high-r, regime” of 
> 200 K and, recently, for the “low-T, regime” 
( < 150 K) in Refs. [40] and [41]. One finds Arrhe- 
nius behavior for the higher T,, and a significant 
levelling off of the diffusion coefficients below 
i?, = 130 K or so. This behavior has been ex- 
plained with a transition from an activated hop- 
ping process to a tunneling-dominated motion of 
hydrogen on NXlOO) [40,41]. 

More complete reviews on the theoretical work 
on adsorption, desorption and surface diffusion 
can be found elsewhere [42]. 

The paper is organized as follows. In the next 
paragraph (Section 2) we will review how to ob- 
tain CRPs via the DVR-ABC method, and how 

to proceed further to arrive at canonical rates. 
Section 3 deals with adsorption and desorption 
processes of H, and isotopomers on and from 
transition-metal substrates. To cover a great vari- 
ety of typical Hz/transitional-metal interactions, 
model potential energy surfaces will be used for 
this purpose and the potential parameters varied. 
In three subsections we will first describe the 
general form of adsorption and desorption rates 
(“Arrhenius plots”) for uncorrugated, rigid sur- 
faces, then allow for the thermal motion of the 
substrate atoms (uncorrugated, non-rigid surface 
model), and finally study the influence of sub- 
strate corrugation (corrugated, rigid surface 
model). The thermal motion of the surface atoms 
(Section 3.2) will be treated with the help of the 
surface-mass model of Harris and coworkers [4]. 
We will find only a minor influence on adsorption 
and desorption rates under isothermal conditions, 
but a pronounced effect on adsorption rates for 
non-isothermal environments. Corrugation effects 
will simply be included by modifying the model 
potential energy surfaces. We will show that 
strong surface corrugation leads to large desorp- 
tion rates, characterized by large preexponential 
frequency factors in the Arrhenius form of the 
rates. This effect is explained in similar terms as 
the enhancement of reaction rates in solution due 
to cage effects. In Section 4 we consider the 
hopping motion of isolated hydrogen atoms on 
transition metals and the rates and diffusion coef- 
ficients associated with this process. A first sub- 
section defines the relevant quantum-mechanical 
quantities and their relation to simple forms of 
transition-state theory, a second subsection gives 
results for the special case of H on Ni(100). A 
final Section 5 concludes our work. 

2. Theory 

To compute canonical rates via Eq. (l.l), we 
need to know the reactant partition functions, 
Q,(T), and the cumulative reaction probabilities, 
N(E), over which a Boltzmann average has to be 
performed. Since Q, and N(E) are system de- 
pendent, we will keep the discussion here quite 
general and define specific expressions later. 
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For the computation of N(E) we use the 
DVR-ABC formulation of Seideman and Miller 
[7] to the CRP expression of Miller et al. [6]. 
Since the method has been described on several 
occasions [7,10-121, it is sufficient to list the basic 
equation here. We start with a formally exact 
expression for N(E) 161, 

N(E) =4(2rfi)‘.Tr[F.S(E-fi) 

@6(E-/?)I, (2.1) 

which derives N(E) from fi (the Hamiltonian of 
the system), k (the flux operator), and 6tE - fii> 
(the microcanonical density operator). By ex- 
pressing the latter in terms of an outgoing wave 
Green’s ope;ator &Et), and $ as a commutator 
between N and a Heaviside step function 

Nf(sr, 42, *. . , qF)) (where f’(q) defines a divid- 
ing surface in F-dimensional configuration space 
which separates reactants from products), it can 
be shown that [7] 

N(E) =4Tr[d(E.+)*.t^,.~(E’).i,]. (2.2) 

Here, 

&(E+) =(E+ic-ti))‘, (2.3) 

and E”, and i, are absorbing potentials in the 
reactant and product regions, respectively. i = i, 
+ i, is the total absorbing potential. Eq. (2.3) 
implies that the usual convergence parameter E, 
associated with Green’s operators, has been rein- 
terpreted as a positive coordinate-dependent op- 
erator i(q). i(q) can be chosen to absorb flux 
exiting from the interaction such that no unphysi- 
cal reflection from the boundaries of a (neces- 
sarily) finite basis function space will occur. If 
one introduces a not yet specific DVR for all 
operators, Eq. (2.2) assumes the form [7] 

N(E) =4x CEl(qi)lC;,,,(E+)(‘E,(q,,): (2.4) 
i j’ 

where .s,(q,,) is the magnitude of the reactant 
absorbing potential at grid point qj = 

(q,,, q2]‘. . 9 qFi). (Similarly, for Ep(qj).) Further, 
GjjXEf) denotes the (j, j’) element of the in- 

verse of the matrix [?5,j,(E + ie(qj>) - H,,,,], with 
the Hamiltonian matrix elements H,, given by: 

(a,, is used as a short-hand notation for 81,j;8j215 
. ~3,~~;. The ?,4,: are the elements of the ki- 

netic-energy matrix, and the V(qj) give the diago- 
nal elements of the potential matrix). In the pres- 
ent paper, we will only have deal with coordinates 
q, E (0, m> or qj E (- ~0, ~1. For those we adopt 
the evenly spaced grids proposed by Colbert and 
Miller [43] and the corresponding sinc-function- 
based DVR expressions for the kinetic matrix 
elements, Eqs. (A8) and (A7) of Ref. [43]. 

Finally, for the absorbers 4qj) we choose, as 
before [7,10], the Woods-Saxon form 

2A 
E( qji) = 

1 + exP( iT(qj)/77)' 

(2.6) 

where g(qj) specifies the location of the absorb- 
ing potentials in configuration space, whereas A 
and r] determine their shape. 

Once N(E) has been specified via Eq. (2.4), 
the Boltzmann integral Eq. (1.1) can be done 
numerically. To complete the computation of 
k(T) via Eq. (l.l), the reactant partition func- 
tions Q,(T) are determined according to 

Q2,( T) = Tr[e-gAo]. (2.7) 

Here, A,, is some reference Hamiltonian which 
again depends on the particular case under con- 
sideration. 

3. Dissociative adsorption and associative 
desorption 

In this section, we define and compute canoni- 
cal rates for the adsorption and/or desorption of 
H, and isotopomers at surfaces for three differ- 
ent classes of low-dimensional model potentials. 
These three classes represent different models 
for the metal surface, namely, (1) the UI~COTYU- 
gated, rigid model, (2) the uncorrugated, non-rigid 
model, and (3) the corrugated, rigid model. The 
present section serves not only to describe some 
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general features of the canonical rates, but also 
to examine the sometimes neglected effects of 
surface corrugation and thermal surface motion 
on physically relevant observables. 

3.1. Uncorruga ted, rigid surface model 

3.1.1. Potential energy surfaces 

For the “flat”, rigid-surface model we use 
two-dimensional model potentials, as originally 
introduced by Halstead and Holloway in their 
studies of dissociative adsorption of H, [lSel. The 
two degrees of freedom considered are r E 
(0, +m) (the tiibrational coordinate) and Z E 

C-x, +m> (the scattering coordinate). The 
molecule approaches (or leaves) the surface in 
parallel orient.ation, and the four remaining de- 
grees of freedom (4, f3, X, Y - see Ref. [loll are 
kept frozen. As can be seen from Fig. la, there 
are two asymptotic channels corresponding to (1) 
free H, plus naked surface and (2) two singly 
adsorbed, non-interacting but nevertheless syn- 
chronically moving hydrogen atoms. These 
asymptotic regions are represented by one-di- 
mensional Morse curves, each one characterized 
by the three parameters C-y = 1, 2 is the channel 
index): D,,, (well depth), R,,, (equilibrium dis- 
tance - R (,, = rg and R,, = Z,,) and cry (potential 
range parameter). For simplicity we choose [18el 
for the dynamical relevant quantities D,, = D,,* 
= 4.76 eV and (Y, = cyz = 1.028 a.u.-‘. (For r(, 

and Z,, we take 1.4 a.u., though this choice has 
no influence on the dynamics results.) I.e., we 
consider classically thermoneutral reactions and 
use the same shape for both asymptotic potentials 
with parameters characteristic for free H,. In 
Section 3.3 we will slightly relax this somewhat 
unrealistic restriction. The two asymptotes are 
then smoothly connected in the quarter-circular 
interaction region 3 via a Morse curve with the 
same parameters. Finally, the template is super- 
imposed with a Gaussian form in the interaction 
region to esta‘blish a barrier towards dissociation 
of H, and recombination of two singly 
chemisorbed I-I atoms, respectively. The Gaussian 
barrier also depends on three parameters, namely 
4”, giving its location space, V,, determining the 
height, and p, a barrier-thickness parameter (see 

6 

8 

01 
0 4 8 

I- (a.u.) 

Fig. 1. Contour diagram of the 2D model potential-energy 

surfaces used in this section (see text and references therein). 

The contours are separated by 0.2 eV, starting from the 

energy of free H,, which is set to zero. (a) Uncorrugated 

surface model with barrier parameters &J,, = rr/4. V,, = 0.50 

eV, p = 1.0. (b) Corrugated surface model with the same 

barrier parameters as in (a) and with corrugation parameters 

a= 5.0 a.u.. D, = 1.0 eV, Z, = 0.0 a.u., 01~ = ~0.5 au-’ 

(Eqs. (3.16)). 

caption to Fig. 1). By varying these parameters, 
one may cover a wide range of possible H,/tran- 
sition-metal interactions. 

3.1.2. Hamiltonians and rates 
To compute rates via Eq. (1.1) in the 2D flat, 

rigid surface model we have to define the Hamil- 
tonians g (to compute the cumulative reaction 
probabilities via Eqs. (2.2) and (2.3)) and fii,, (to 
compute the reactant partition functions Qad!, and 
Qdes, respectively). 
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Clearly, 

2 2 

fi-&& 

2 
a2 

&--s + V(r, Z), (3.1) 
t? g 

and 

Ejdrs = _ 
h2 a2 

__- 
0 2~~ ar2 

-- + lim V(l, Z), 
2Mg az2 Z-m 

(3.2a) 

Ii2 a2 

(3.2b) 

Here, kp = $m, and M, = 2m, are the uibra- 
tional and translational gas masses for H, ad- 
sorption (desorption) Cm, is the hydrogen mass). 
With the help of Eqs. (1.1) and (2.7) we thus 
obtain for the rates: 

kid&) = [2~fiQads(Tg)] -’ 

x 
/ 

+m 
dE’“’ e-/$E:“’ N(EF), 

&! 
-cc 

(3.3a) 

kdes( 7;) = [2rhQdes( T,)] - ’ 

/ 

+CC 

x dE’“’ e-l;‘sEp N( j77), 
g 

-cc 

(3.3b) 

where 

Q,&) = Q%(T,) Q:i:,“,(Tg)~ (3.4a) 

Q&T,) = QL<C:,> Qd”%), (3.4b) 

with the translational (per unit length) and vibra- 
tional partition functions Q” and Qvib given by: 

QL&( T,) = &(2774,Pg)1’2> (3.4c) 

QU7’s:,> = & (27wg/Pa)1/2> (3.4d) 

Q$‘( T,) = c e_pgF?‘, (3.4e) 

(3.4f) 

(With eeds = E,“~“(P~); F,des = F,d”“(Mg); p, G 1,’ 

k,T, (K = g, s).) 
Note that in our 2D model both rates are 

given in units of length per time, i.e. they are a 
measure for the change of molecules (atoms) per 
time, if all concentrations (of gas molecules, ad- 
sorbed atoms, and free lattice sites) are given in 
units of length-‘. Further, in this model kadh 

depends only on the gas temperature T,, whereas 
k des is a function of surface temperature lI, only, 
i.e., we assume that the free gas molecules are in 
thermal equilibrium with a bath held at T,, 
whereas the adsorbed gas atoms are thermalized 
with the surface. 

3.1.3. Results 
Before we present some results based on the 

rate expressions Eqs. (3.3), a few words about 
numerical details and the accuracy of our calcula- 
tions are in order. For the 1D bound-state calcu- 
lations necessary to evaluate the vibrational con- 
tributions to the partition functions, we used the 
sine-function-based DVR of the Hamiltonian as 
proposed in Ref. [43] with very small grid spac- 
ings and considered eigenvalues up to E = 3.33 
eV. For the 2D scattering calculations to obtain 
N(EF) we used an energy-dependent grid spac- 
ing for gas energies EFt 2 0.3 eV. (A,. = 
2~h/[n,(2m,E~‘)“2], A, = A,/2; nB, the 
number of grid points per deBroglie wavelength, 
was chosen to be 4.0 [431.) For lower gas energies, 
we did not further decrease the grid spacing to 
avoid unphysical oscillations in the low-energy 
tails of N(Ep”). Points with potential energies 
V> 1.7 eV were discarded. N(EF) was calcu- 
lated at approximately 100 energy points in the 
energy range from &ids (i.e., the lowest vibra- 
tional eigenvalue of the free molecules) to about 
1.3 eV. Further, the absorbing potentials Eq. 
(2.61, required in Eqs. (2.3) and (2.4), were cho- 
sen as before [lo], i.e., we used 1D absorbers in 
the reactant and product regions. (g(r, Z) = Z,,, 
-Z if Z>r, and g(r, Z)=rmax -r if r<Z; 

rln,, = Z,;,, = 7.5 a.u.) The Woods-Saxon param- 
eter n (Eq. (2.6)) was taken as n = 0.35 a.u. The 
second ABC parameter, A, turned out to have a 
strong influence on the (very small - in the order 
of lO_“‘) cumulative reaction probabilities at the 
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Fig. 2. Ratio of adsorption and desorption rates in the flat, 

rigid surface model (Eqs. (3.3)) as a function of gas tempera- 

ture T, for T, = 700 K. Three different barrier parameter sets 

arc used (see text). 

lowest translational energies. In obtaining low- 
temperature rates these low-energy CRPs are 
multiplied with large Boltzmann factors, making 
the rates sensitively dependent on the ABC pa- 
rameters in the low-T region. We experimented 
with fixed and energy-dependent A values, and 
obtained more stable results with the latter. 
Above T = 120 K, however, we found that the 
rates became insensitive to details of the absorb- 
ing boundary conditions. Below, only results in 
this “safe” T range will be reported. All parame- 
ters were well converged and computed quanti- 
ties should be as accurate as a few percent. 

To establish a feeling for the relation between 
adsorption and desorption rates in the flat, rigid 
surface model, in Fig. 2 we give the ratio of these 
quantities, kdes(TS>/k,,,(Tg), as a function of the 
gas temperature T, for the fixed value of T, = 700 
K and for three different model potentials. (The 
Gaussian barrier parameters were +,, = 7r/4, p = 
1.0, and V, took values of 0.15, 0.30, and 0.50 
eV.> 

As a first feature we note that for most gas 
temperatures kdes < kads; in particular, at the 
isothermal point CT, = T, = 700 K), kdes = 0.2 kads. 
Therefore, desorption should be typically much 
slower than adsorption under isothermal condi- 
tions. In fact, for the 2D model potential used 
here, after approximating the Morse potentials in 

the adsorption and desorption channels by har- 
monic oscillators with fundamental frequencies 
w$‘” and ~lfes, an analytic expression for the ratio 
k,,,(T)/k,,,(T) (which depends only on the par- 
tition functions) can be given: 

sinh( phw;fes/2) 

sinh( /3Aotd”/2) ’ 
(3.5) 

Since for our model potential M, = 4~~ and mrs 
= ozds/2, it is easy to show that in the limit 
/3 + 0 (i.e., T --+ 03) one gets limp ~ ,J k,,,(T)/ 
k.,,(T)] = 1 and, similarly, limp,,[kd,,(T)/ 
k.,,(T)] = 0 in the low-T limit. We have seen this 
behavior also numerically. For more realistic sys- 
tems, for which typically w,,,(T) < wads(T), the 
ratio in the high-T limit will typically be even 
< 1, whereas the low-T limit is unaltered. There- 
fore, one must, in order to clean the surface from 
adsorbates, establish that T, > T,. This effect, 
thermal desorption, is as a second feature also 
demonstrated in Fig. 2: only for T, -=c T, becomes 
the rate of desorption larger than the rate for 
adsorption. The third observation to make is that 
at the isothermal point at T = 700 K all three 
model potentials give the same ratio kdes/kads. 
This is because at T, = T, the ratio becomes 
independent of details of the interaction region, 
since owing to the principle of detailed balance 
the Boltzmann integrals over the CRPs are ex- 
actly the same for the forward and the backward 
reactions. 

Next, we examine the general form of the rate 
expressions and their dependence on potential 
energy parameters. We do this via Arrhenius 
plots, i.e., In k(T) versus l/T. Fig. 3a gives the 
corresponding functions for adsorption and de- 
sorption for a representative set of barrier pa- 
rameters (& = 7r/4, /3 = 1.0, V0 = 0.30 eV> in the 
temperature range from 125-1525 K. We observe 
(1) that under these isothermal conditions kdes < 
k ads for all T, (2) that at high temperatures Ink 
decreases linearly with increasing l/T, and (3) 
that there are tunneling regions in the low-T 
regimes, where In k falls off less rapidly with l/T 
- this is especially true for the adsorption pro- 
cess. The first observation has been explained in 
the last paragraph. The second observation shows 



that at high T, as expected, the reactions follow 
approximately an exponential Arrhenius rate law. 
The third observation clearly demonstrates the 
importance of quantum effects for Hz surface 
scattering. The effect of tunneling is more impor- 
tant for adsorption than for desorption, because 
the zero-point energy for desorbing reactants is in 
this model only half the value for the adsorbing 
reactants. Therefore, the recombining adsorbed 
atoms “see” a broader and higher barrier than 

the adsorbing H, molecules do, and tunneling 
becomes less pronounced. 

Quantum effects play also a less dominant role 
if the gas molecules are heavier. Fig. 3b compares 
Arrhenius plots for the adsorption of HZ, D?, 
and T,, and the same model potential as before. 
If one determines Arrhenius activation energies 
E, from the slopes of the In k curves in the 
high-T regions, one obtains E,(H,) = 310.5 meV, 
E,(D,) = 322.7 meV, and E,(T,) = 325.7 meV. 
This trend mainly reflects differences in the 

zero-point energies for the adsorbing free 
molecules, which decrease with increasing mass. 

Finally, we studied the effects of variations in 
the potential barrier parameters 4(,, Vo, and p. 
In Fig. 3c, for example, adsorption rates for H, 
and early (c,#J” = 01, central (c$(, = r/4), and late 
(40 = rr/2) barriers [18e] are compared (j3 = 1.0 
and V,, = 0.30 eV in all cases). Due to the release 
of zero-point energy along the paths from reac- 
tants to products, the effective barriers become 
smaller the later the barrier is located, despite 
the fact that the V,, values are the same. Consc- 

quently, kads(& = 0) < kads(& = r/4) < k;,+,(&, 
= r/2) at most temperatures. We also observe a 
strong dependence of the amount of tunneling on 

4(,, characterized for instance by the crossing of 
the “central” and “early” rate curves in the tun- 
neling region. 

Besides varying the barrier location 4. at con- 
stant V,, and p, we also varied the barrier height 

V,, (V. = 0.15, 0.30, and 0.50 eV at constant do = 
57/4, /3 = 1.0) as well as the barrier-thickness pa- 
rameter p (p = 0.5, 1.0, 1.5 at constant V,, = 0.30 
eV and +(, = r/4). We find that already a moder- 
ate increase in V,, leads to a distinct decrease of 
the rates over the full T, range. This is demon- 
strated in the left half of Table I, which gives 
adsorption rates for different T, and V,,. Also a 
smaller T, range in which tunneling seems signifi- 
cant is observed. Further, the dependence of 
adsorption rates on /3 is small, except at the 
lowest temperatures, where a significant increase 
of the (tunneling) rate with decreasing barrier 
thickness becomes apparent. This is demon- 
strated in the right half of Table 1. Results for 
desorption are not given here - they reflect basi- 

cally the same trends. 
The relevance of the last paragraph lies in the 

fact that for real transition metals indeed a wide 
range of interaction parameters is realized. As an 
example WC mentioned in Section 1 the barrier 
height V,, and its dependence on the particular 
transition metal. Further, “early” barriers (from 
the point of view of dissociative adsorption) for 
example are expected if the adsorption is very 
exothermic, because then the transition state 
should be reactant-like. Therefore, if simple ar- 
guments give already an idea how the barrier 
region looks like. our analysis may be used to 
estimate the (kinetic) reactivity of certain transi- 
tion-metal surfaces. 

Table 1 
Dependence of adsorption rates (in m/s - powers of ten are given in brackets) at three different ga\ temperatures on the barrier 

parameters V,, and /3 for the central barrier case; in the left half of the table, V. is varied at fixed /3 = 1.0, whereas in the right half 

p is varied at fixed V0 = 0.30 eV 

Tg W p = 1.0 V,, = 0.30 eV 

V,, = 0.15 eV v,, = 0.30 cv V,, = 0.50 ev p = 0.5 fi = 1.0 )!L? = I.5 

165 2.27 (- 1) 4.25 C-5) 4.60 (-9) 7.56 ( - 6) 4.25 (~ 5) 2.25 C-4) 

625 7.56(+1) 6.05 (0) 1.77(-l) 7.09 (0) 6.05 (0) 1.84 (0) 

1125 2.61 (+2) 6.27 ( + 1) X.60 (0) 0.77 ( + I) 6.27 ( + I) 5.60 (+ I) 
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Fig. 3. Arrhenius plots for adsorption and desorption rates in 

the flat, rigid surface model. (a) Adsorption (solid line) and 

desorption (dashed line) rates for H,, with barrier parameters 

I#J” = a/4, L’(, = 0.30 eV, p = 1.0. (b) Isotope effects on the 

adsorption rate. The same parameters as in (a) are used, and 

the different lines refer to H, (solid), D, (dashed), and T, 

(dot-dashed). (c) Dependence of the adsorption rates for H, 

on the barrier parameter C#Q (at otherwise fixed parameters). 
Early barrier &, = 0 (dashed), central barrier c#+, = x/4 (solid) 

and late barrier C#J” = r/2 (dot-dashed). 

3.2. &corrugated, non-rigid surface model 

So far the surface temperature entered our 
analysis only in a very ad hoc fashion in the form 
of Eq. (3.3b). We now go beyond this somewhat 

phenomenological approach and introduce a mi- 
croscopic model, in which surface-temperature 
dependence is a consequence not only of the 
dependence of the partition functions and Boltz- 
mann factors on T,, but rather makes the sticking 
probability a function of T,. The so-called sur- 
face-mass model was introduced by Luntz and 
Harris [4c] as a simplified version of the higher- 
dimensional surface-oscillator model [4]. Both ap- 

proaches were used to resolve some contradictory 
opinions on the role of tunneling played by alka- 
nes during their dissociative adsorption on transi- 
tion metals. They were also applied to other 
systems [4a]. 

3.2.1. Hamiltonians, T,-dependent sticking 
probabilities, and rates 

In the surface-oscillator model, the Z compo- 
nent of the molecule’s center-of-mass motion is 
considered to be coupled to the acoustic motion 
(perpendicular to the surface) of the closest sur- 
face atom with mass M,. The latter is described 
by a single, 1D Einstein (i.e. harmonic and 
monochromatic) oscillator, such that the Hamil- 
tonian for a diatom approaching a surface in 
parallel orientation becomes [4]: 

2 2 
h2 a2 ii2 

&-hL____ 
a2 

2~~ au2 2Mp aZ2 2M, as* 

+ V( r, Z - S) + iM,wzS2. (3.6) 
Here, w, is the harmonic frequency for the vibra- 
tion of M, relative to the fixed surface, Z is the 
distance between molecule and the fixed surface, 
and S denotes the distance between M, and the 
fixed surface. Consequently, Z - S is the distance 
between the moving surface atom and the 
molecule. Note that in Eq. (3.6) the additional 
approximation has been made, that the interac- 
tion potential V depends only on Z - S (and r), 
i.e., there is no distortion of the interaction po- 
tential due to surface atom motion. With the help 
of Eq. (3.6) one can now compute half-state- 
selected sticking probabilities N,,(EF), labelled 
by a particular surface-oscillator quantum num- 
ber V. These may then be used to form an ensem- 
ble average over the oscillator states to give N(E, 
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T.) - an important quantity, as mentioned earlier. 
Since in this work we do not compute state-re- 

solved information, we used Eq. (3.6) only to 
compare to some results obtained with the sur- 
face-mass model. In the surface-mass model, 
which has its roots in classical approaches to 
atom-surface scattering [441, the Hamiltonian 
takes the form [4cl: 

2 2 h2 a2 
f&AL-_ 

2l-h h2 kg a(z-s)2 

+ qr, Z-S), (3.7a) 

where l/~~, = l/M, + l/M,. One may think of 
Eq. (3.7a) as being the limit of Eq. (3.6) as o, + 0. 
The physical assumptions underlying Eq. (3.7a) 
are that (1) the surface atom motion is of large 
amplitude and “soft”, and that (2) details of the 
surface-surface interactions do not really matter. 
In other words, the surface atom M, is consid- 
ered as a particle which moves freely with velocity 
u,. Sticking probabilities computed from Eq. (3.7a) 
are given as a function of the relative translational 

energy 

-2(EgE&$s)1’2] > (3.7b) 

rather then the total energy E. Here E, = iM,vi 
is the (normal component of the) translational 
energy of the gas molecules with mass M, (simi- 
larly for E,) and v,,, is the velocity of gas 
molecules relative to the surface mass. For the 
surface masses, we assume a 1D Boltzmann dis- 
tribution f(v,) for free particles, 

f(u,; T,, MS) = 

One may now average over all L’, to define a 
surface temperature and translational gas- 
energy-dependent sticking probability N( E,, T,), 

(3.8) 

In practice, N(E,, 7”) is evaluated by first specify- 
ing E, and T5, then scanning over u, to deter- 
mine different E,,,(v,, E,), and then using a 
third-order spline interpolant to determine 
AXE,,,) at the corresponding E,,,. (The CRPs 
computed earlier are usually given at different 
Ere, than the ones required in Eq. (3.8).) Finally, 
the integration is done numerically. Luntz and 
Harris, in their original treatment [4c], used an 
asymmetry factor for Eq. (3.8) to account for 
differences in the sticking probability due to the 
“upward” or “downward” motion of the surface 
mass Ms. We do not do so because this asymme- 
try must be already contained in NE,,,). In 
numerical simulations it also turned out that for 
all cases studied, the influence of such an asym- 
metry factor was negligible. 

Before we study some properties of N(E,, T,), 

let us derive expressions for rates within the 
surface-mass model. The kinetic equations char- 
acterizing the adsorption process of a diatomic 
A,, for example, are in the isothermal case (T, = 
T, = T): 

d[ A-S-A] 

dt 
= ~.ds[~21[~1 

= C Ckfi,ads[A21;[Sl 
f i 

f i gads 

(3.9a) 

where [A2], [S], and [A-S-A] are the concentra- 
tions of free molecule, empty adsorption sites, 
and dissociatively adsorbed molecules, respec- 
tively. As usual, one introduces state-to-state rate 
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constants k,,, sums over all initial and final quan- 
tum states i and f, and populates the initial (in 
this case only vibrational) states i of A, 
molecules, according to a Boltzmann law. The 
kfi,ads are given as an ensemble average 

kfr,a& = (“,,il>i) = tvj-el I sfi I ‘> (3.9b) 

over relative velocities times state-to-state transi- 
tion probabilities Pri (which can in turn be ex- 
pressed in terms of S-matrix elements). If we 
take the ensemble to be the canonical one, we get 

(3.9c) 

with 

Q:;= & (2v,/B)1’2. (3.9d) 

Finally, plugging Eq. (3.9~) into Eq. (3.9a) gives 

1 
kads(T) = / 

+mdE e-PEN(E). 
2&iQ:;Q,vg --m 

(3.10) 

(With E = Ere, + epds, N(E) s CfCiPfi(E), and 
QL$it given by Eq. (3.4e)J 

The derivation of rate expressions for non-iso- 
thermal environments is less straightforward be- 
cause (1) it is unclear what the ensemble average 
Eq. (3.9b) should be and (2) the occurrence of 
two different temperatures prohibits steps analo- 
gous to those leading from Eqs. (3.9a) and (3.9~) 
;o Eq. (3.10). (The latter containing only CRP, 
and no state-resolved information.) However, if 
we take (u,,, PfI > to be 

(ur,,Pf~) = ~1~ 
( [I 

+mdL)L,f( v,)Pfi (3.11) 
--m I) 

(i.e., we first canonically average over U, and then 
over u,) and restrict ourselves to temperatures, 

where only one open channel is significant (i.e., 
only one initial state summand), then we obtain 

1 1 

kads(T,7 %) = (2n-fi)2 Q6’(T,)Q~d,(T,)Q~~(T,) 

dE; e-P,E: 

X 
f 

*dE, 
e-PsJ% 

-N(E,,,). 
K 

(3.12) 
0 

(The molecular vibrational and translational par- 
tition functions are given by Eqs. (3.4~) and (3.4e); 
QB = (1/27rh)(2aM,/&)“*; Ept = E, + eyd”.) 
Similar expressions, both for the isothermal as 
well as non-isothermal cases, may be derived for 
the desorption processes. 

3.2.2. Results 
Before we compute canonical rates via Eq. 

(3.10), let us consider the surface-temperature-de- 
pendent sticking probabilities, N( E,, T,). 

In particular, we start with the M, dependence 
of these quantities at a constant surface tempera- 
ture. In Fig. 4a, we give T,-dependent sticking 
probabilities as a function of the total (transla- 
tional plus vibrational) energy of the gas 
molecules, H,, as obtained from Eq. (3.8). The 
different curves, which are compared to the rigid 
surface model, are for different surface masses 
M, entering the surface-mass Hamiltonian, Eq. 
(3.7a). We used 2D model potentials of the type 
described earlier, with @o = 7r/4, V, = 0.30 eV, 
and p = 1.0. To arrive at these curves, the inte- 
gral had been evaluated at - 2000 U, points. The 
non-interpolated N( Ere,) was computed at - 150 
energies. We were choosing a surface tempera- 
ture low enough to ensure that the observed 
effects are really due to mass differences, but at 
the same time high enough to avoid numerical 
problems associated with the integral (3.8) at low 

T,. 
We see from Fig. 4a that the cumulative reac- 

tion probability curve of the rigid surface model 
(Eq. (3.1)) is (1) shifted to higher energies and (2) 
appears to be somewhat flattened, if finite sur- 
face masses are used. The effects are the larger, 
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Fig. 4. Cumulative, surface-temperature-dependent sticking 

probabilities in the surface-mass model (Eq. (3.8)). (a) Depen- 

dence of NE?, T,) for H, on the surface mass M, at 

T, = 20 K. (b) Dependence of N(Ep, T,) for H, on the 

surface temperature T, at M, = IOmH. E, denotes the iso- 

probabilistic point. 

the smaller the ratio between adsorbing molecule 
mass and MS. In fact, except for very small MS, 
the effects are pretty small and converge rapidly 
with increasing surface mass to the rigid surface 
result. This is in qualitative agreement with, for 
example, the observation of only a weak T5 de- 
pendence of the sticking probabilities of H, on 
Ni(100) [28a]. 

Fig. 4b shows H, AXE,, T,) curves, again as a 
function of total gas energy, for different surface 
temperatures T, (T, = 100, 600, and 1100 K) and 
the same potential parameters. We choose MS = 

10 hydrogen masses, since for masses characteris- 
tic for transition metals (45-65~~~) the results 
are qualitatively the same, but less pronounced. 
Compared to the rigid surface case, which is also 
given in Fig. 4b, the following four features asso- 
ciated with the surface-mass model can be real- 
ized. (1) There is a shift of the curves relative to 
the rigid surface case to higher energies. The 
shifted curves are centered approximately around 
an energy E,. (2) For E <E,, the sticking proba- 
bilities are increased relative to the (shifted) rigid 
curve and decreased for E > E,. (3) These effects 
are the more distinct, the higher T,. (4) E, is an 
isoprobabilistic point with sticking probabilities 
independent of surface temperature. 

The shift of all N(E) curves is easily explained 
with arguments similar to the ones employed in 
connection with the MS dependence of NCE,, 
7;). Namely, also for T, -+ 0 the Boltzmann distrr- 
bution goes over into a delta function. But now, 

This asymptotic behavior is reasonable on is not approaching the rigid surface value, AYE,), 
physical grounds and emerges also from the since the reduced mass pSg is smaller than the H, 
mathematical structure of the surface-mass model molecular mass (as long as not MS - m>. The 

as follows: in the limit MS -+ 00 the Boltzmann 
distribution, Eq. (3.7c), becomes a delta function, 

(3.13a) 

and, therefore, ME,, 7’,> goes over into 

=N(E,) as MS - c=. (3.13b) 

Hence, the reaction probabilities must be the 
same for the infinite mass limit to the surface- 
mass model, Eq. (3.7a), and the rigid surface 
model, Eq. (3.1), as it should be. 



P. Saalfmtk, W. H. Miller /Surface Science 303 (1994) 206-230 219 

hence smaller energy argument in N(E) causes a 
shift of N(E) to higher energies, This observation 
has already been made by Hand and Harris [4a] 
and attributed by them to the recoil of a stiff and 
moveabIe barrier by an impinging molecute. 

Topics (2) (for the E <E, branch at least) and 
(3) were interpreted by the same authors as sur- 
face “thermally assisted tunneling” [41. Though 
the extent of tunneling, which is significant for 
the dissociation of H, on rigid metals (AYE,) is 
non-negligible even for E, < Vo), might in fact 
change due to the surface atom motion, the ob- 
served effects of non-rigidity of the substrate can 
also be explained on purely classical grounds. 
Namely, for the surface-mass model in its classi- 
cal limit the sticking coefficient below the multi- 
ple-open channel region is, at constant E,, a 
Heaviside step function in the surface atom veloc- 
ities: 

~(E~~,) =h(r:,-r,O; E,), 

and Eq. (3.8) becomes 

(3.15a) 

e-Wf~“P/2. (3.1%) 

This integral gives rise to smoothed step func- 
tions like the ones in Fig. 4b. They rise quickly 
from 0 to 1 if T, is low, and more slowly for large 
Ts. Further, if L): (the surface atom velocity, for 
which the ‘c,-independent sticking probability 
ME,,) jumps from 0 to 1) is 0, the integral Eq. 
(3.15b) is i and independent of T,. This is close 
to what one observes in Fig. 4b. The c’, = 0 condi- 
tion allows us also to compute the isoprobabilistic 
energy point E,. Namely, for I:, = 0 and a classi- 
cal treatment the relative energy Ere, must be 

equal to V,, the classical barrier height. Using 
Eq. (3.7b) together with this condition gives: 

(3.15c) 

Since (M, + MJ/M, > 1, E, is typically larger 
than the classical barrier value. This shows again 
that (and by how much) the surface-mass model 
curves are shifted to higher energies. 

The behavior indicated in Fig. 4b is not only 
important as a theoretical concept, but has exper- 
imental significance. For instance, Michelsen et 
al. [29f], who used phenomenological forms for 
the sticking probabilities of D, on Cu(lll) to 
explain certain adsorption and desorption data, 
were able to reproduce the angular dependence 
of desorbing flux only after introducing T.-depen- 
dent N(E) curves. Form and features of these 
curves were quite similar to what we described in 
connection with Fig. 4b. 

Therefore, the surface-mass model seems to 
have a reasonable physical basis and the question 
arises how it compares to its higher-dimensional 
(but not necessarily physically more motivated) 
counterpart, the surface-oscillator model. In 
Table 2 we compare sticking probabiIities at some 
selected energies as obtained with the rigid sur- 
face model, the surface-mass model, and the sur- 
face-oscillator model. For the surface-mass model 
calculations, which give reaction probabilities as a 
function of E, and T,, we took T, = 20 K, i.e. a 
very low surface temperature to make the com- 
parison meaningful. We note that the different 
non-rigid surface models agree well with each 
other, in particular at higher energies. By varying 
the surface-oscillator parameters in Eq. (3.6), we 

Table 2 

Comparison of sticking probabilities obtained with the rigid surface model (Eq. (3.1) - first row, “rigid”), the surface-mass model 
(Eqs. (3.7a) and (3.8) at T = 20 K - second row, “SM”), and the surface-oscillator model (Eq. (3.6) with ws = 30 meV - third row, 

“SO”); for the non-rigid models MS = 50~2, was taken, the barrier parameters for the 2D model potential were V. = 0.20 eV, 

p = 1.0, 4,) = IT,‘4 

EF (eV) 0.37 0.39 0.41 0.43 0.45 

Rigid 0.227 (- 2) 0.179(-l) 0.128 (0) 0.541 (0) 0.863 (0) 
SM 0.101 (- 2) 0.563 (- 2) 0.366(-l) 0.205 (0) 0.580 (0) 
SO 0.869 (- 2) 0.225 ( - 1) 0.527 ( - 1) 0.181 (0) 0.604 (0) 
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Fig. 5. Arrhenius plots for the rates of adsorption in the 

surface-mass model. Barrier parameters are 4” = r/4, V,, = 

0.30 eV, /3 = 1.0. (a) k,,,(T) (Eq. (3.10)) under isothermal 

conditions Tp= T’=T, for M,=lOm, (dotted) and M,= 
50m, (dashed), as compared to the rigid surface rate (Eq. 

(3.3a)) (solid). (b) Adsorption rates for H, under non-isother- 

mal conditions as a function of gas temperature T, (Eq. 

(3.12)). The rigid surface result (solid line) is compared to 

surface-mass rates for T, = 100 K (dot-dashed) and T, = 600 K 

(dashed). 

found for many cases only very small differences 
to the data shown here; in others, however, the 
surface-mass and surface-oscillator models were 
only in qualitative agreement with each other. 
Nevertheless, the basic trends due to surface atom 
motion should be accounted for by the surface- 
mass model. 

We now come to the computation of rates in 
the surface-mass model. In Fig. 5a we show Ar- 
rhenius plots for the dissociative adsorption of 
H, under isothermal conditions. We took poten- 
tial-energy parameters as before (4() = n-/4, VI, = 
0.30 eV, p = 1.0) and surface masses of M, = 

50m, and MS = lOmu, respectively. One imme- 
diately realizes that the inclusion of substrate 
motion leads to only very small changes in the 
rates, in particular for surface masses which are 
more typical for transition metals. The trend can 
be easily understood with reference to Fig. 4a. 

From Fig. 4b, however, one expects much 
larger effects on the rates of adsorption under 
non-isothermal conditions. In fact, we find, using 
Eq. (3.12) (Fig. 5b) a pronounced effect for 
kads(Tg, T,) if T, # T,. For very low surface tem- 
peratures (e.g., T, = 100 K), the non-rigid model 
adsorption rates are smaller than the “rigid ones” 
over the full T, range. For higher surface temper- 
atures (e.g., TS = 600 K), the low-T, regime is 
characterized by larger, and the high-Tp regime 
by lower rates than in the rigid case. Since Eq. 
(3.12) can be viewed as a Boltzmann average over 
7Ys-dependent sticking probabilites Eq. (3.8), these 
results may be easily understood with reference 
to Fig. 4b. 

By substituting H, with D,, we observed that 
the effects on sticking probabilities and rates 
became somewhat more pronounced, i.e, the in- 
clusion of substrate atom motion is more impor- 
tant if heavier gas isotopomers are considered. In 
particular, the low-E sticking probability in- 
creased more for H, than for D2 if surface mo- 
tion was included. This effect was used by Luntz 
and Harris to identify a direct, tunneling-media- 
ted dissociative adsorption mechanism for alka- 
nes on transition metals as more important than a 
precursor-mediated alternative [45]. 

3.3. Corrugated, rigid surface model 

Besides substrate atom motion, a second sur- 
face effect which is sometimes neglected is sur- 
face corrugation. Here we include corrugation 
effects for the desorption process only, since the 
barrier region and, therefore, the cumulative re- 
action probability should not strongly depend on 
surface corrugation. In fact, as long as only ad- 
sorption/desorption processes are considered and 
not their coupling to diffusive atom motion, this 
is a very reasonable approximation [lo]. However, 
the partition functions for the desorption process 
do strongly depend on corrugation. Hence, for all 
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corrugation models employed below we will use 
the same sticking probabilities as for the flat 
surface case (with the proper barrier parameters, 
of course) and obtain different desorption rates 
only via different Q,(7”). 

3.3.1. Potential energy surfaces 
To include corrugation, we still use the 2D 

model potential surfaces of previous sections, but 
allow for a periodic variation with H-H distance 
r of the desorption channel Morse parameters 

D0,7 a2, and Z, (see Section 3.1.1): 

(3.16a) 

(3.16~) 

Here, a is the lattice constant, which we will also 
refer to as the “corrugation parameter”, since for 
a + ~0 the flat surface model is gained back. The 
quantities with subscript “d” are correction terms 
which ensure that at r = 2a, 4a, 6a, etc. (i.e., at 
the chemisorption minima) for instance the Morse 
well depth is fi,,, = D,,, whereas for r = a, 3a, 
5a, etc. (i.e., at the transition states for the simul- 
taneous diffusion of two single adatoms) the cor- 
responding quantity is Do2 = Da, -D,. For real- 
istic H,/transition-metal systems Dd is in the 
order of 1 eV and below, Z, is in the order of 
- 1 au. or less, and -ad is in the order of a few 
tenth of a.u:- ’ or so. I.e., in going from one 
adsorption minimum to the next a barrier has to 
be crossed with atom-surface distances usually 
slightly increasing and the atom-surface vibra- 
tions becoming “harder”. In most of the follow- 
ing studies we choose for the diffusion parame- 
ters Dd = 1.0 eV, Z, =O.O a.u., and ad = -0.5 
a.u. - ‘. The corresponding potential energy sur- 
face is shown in Fig. lb. We will show that 
varying these parameters in reasonable intervals 
does not change the results very much. 

3.3.2. Hamiltonians and rates 
As noted earlier, we use the same sticking 

coefficients for the flat and corrugated surface 

models. Hence, the Hamiltonian 8 is the same 
as in Eq. (3.1). 

The reference Hamiltonian AFS for desorp- 
tion, however, is not any longer given by Eq. 
(3.2b). Namely, if corrugation is introduced the 
formerly free relative translation of the two ad- 
sorbed atoms becomes a hindered one. Eventu- 
ally, at low enough temperatures the adsorbed 
atoms will be trapped in the corrugation wells. In 
this case the reactant partition function QFS can 
be evaluated from a 2D bound state calculation 
with Hamiltonian 

A2 a2 A2 a2 #es= _~~ _ 
0 2pg Lb2 

(3.17) 

which is the same as the one in Eq. (3.1), except 
that in practice we now restrict the configuration 
space to the region of the first well shown in Fig. 
lb and place hard walls outside. I.e., r E (0, 2a) 
and ZE(-~0, +w). We have extensively tested 
this approximation by extending the configuration 
space and varying other computational parame- 
ters and found that, up to temperatures of about 
800 K, the partition function Qp changes by less 
than 10%. In other words, at these temperatures 
two singly adsorbed hydrogen atoms are in fact 
trapped in adjacent sites, vibrating relative to 
each other and - correlated - relative to the 
surface. 

Therefore, the rate for desorption can be writ- 
ten as 

where the tildes indicate that in contrast to Eq. 
(3.3b) the rates are now given in units of time ~ ’ 
and are derived from 2D vibrational energies 
F,de’. I.e., the rates measure now the production 
of free molecules per time, where the concentra- 
tions of adsorbed gas particles are given in units 
of particles per site. To compare to the desorp- 
tion rates for flat surfaces, which measured the 
change of molecules per length per time with 
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adsorbed species given per length, we define also 
a desorption rate kdeS according to 

(3.18b) 

Here, the partition functions are per unit 
length and, therefore, rates are given in units of 
length per time. 

3.3.3. Results 
In Fig. 6 the Arrhenius plots for desorption 

rates k,,,t7I,) (Eq. (3.18b)) in the temperature 
range from 125 to 725 K are shown. The different 
curves correspond to different corrugated surface 
models, characterized by different lattice spacings 
a. (The other corrugation parameters Dd, ad, Z, 
were chosen as described above and the Gaussian 
barrier parameters were +,, = r/4, V. = 0.50 eV, 
/3 = 1.0). A lattice parameter of a = 3.5 a.u. is 
typical for the well-well separations on a (111) 
surface of a typical transition metal with fee 
structure, a = 5 a.u. is characteristic for the (100) 
face, and a = 7.0 a.u. is representative for the 
longer basis vector of a (llO)-indexed crystal face. 
The larger a’s are just to demonstrate the transi- 
tion from the corrugated to the flat surface case. 

From Fig. 6 we note that, provided the other 
potential parameters are the same, the rate for 
desorption kdeS increases considerably with de- 
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Fig. 6. Arrhenius plots for desorption rates in the corrugated 
surface model. k&T,) (Eq. (3.18b)) is shown for different 

corrugation parameters a, and compared to the flat surface 

result Eq. (3.3b). 

Table 3 

Arrhenius parameters E;, and v,, for the rate of desorption 

kdc, (Eq. (3.18a)) in dependence of the corrugation parameter 

u; potential pararameters as described in the text; ,Iv is given 

by Eq. (3.20) and is a measure for the frequency of the 

“recombinative mode” 

3.5 533.3 I.X6 (13) 3.31 (13) 

5.0 572. I 1.01 (13) X.36 (12) 
7.0 580.3 5.YO (12) 5.56 (12) 

IO.0 583.7 3.60(12) 1.26 (12) 

15.0 5X5.7 2.19 (12) 6.29 (II) 
Cc 591.5 _ _ 

“ The 3~ value is extracted from the flat surface result Eq. 

(3.3b). 

creasing corrugation parameter a and finally ap- 
proaches the flat surface result. The latter obser- 
vation is purely a consequence of the fact that the 
partition function for the 2D oscillator divided by 
the lattice constant a, approaches the product of 
the partition functions of the 1D oscillator Eq. 
(3.4f), and the relative translational partition 
function, as given in Eq. (3.4d). Further, a tunnel- 
ing region at low (surface) temperatures and an 
Arrhenius behavior at higher T, is again ob- 
served. 

This remains also true if In ides (Eq. (3.18)) 
versus l/T, curves, which we do not show here, 
are considered. The Arrhenius expression for the 
associative desorption from a corrugated surface 
is 

(3.19) 

with v,, denoting the attempt frequency for the 
“recombinative mode” and E,, the ucticution en- 

ergy for this reaction. (E;, = V,, for a classical, 
thermoneutral process without zero-point restric- 
tions.) Table 3 gives the Arrhenius parameters E,, 
and vo, as extracted from the high-T, regime of 
Eq. (3.18). First we note that the activation ener- 
gies approach a value of E, = 586 meV, which is 
larger than the classical barrier height, V,, = 500 
meV, and smaller than the flat surface value of 
E;, = 592 meV. This reflects mainly the differ- 
ences in the zero-point energies of reactants and 
transition-state-like arrangements. Namely, be- 
cause zero-point energies for a 2D oscillator are 
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larger than for its 1D counterpart, for the highly 
corrugated surfaces the reactants “start” from 
levels with higher vibrational energy. Second, the 
attempt frequencies decrease rapidly with in- 
creasing corrugation parameters. This shows that 
the recombinative mode becomes more and more 
translational. At the same time, the perpendicu- 
lar mode does not change much. The attempt 
frequency scales roughly with the difference be- 
tween the ground-state-level energies for the 2D 
oscillator, zgdeS, and the 1D oscillator F? which 
arises from a + a, multiplied by the appropriate 
factors: 

Av = -$(“;es- eFs). (3.20) 

Av is given in Table 3 as a measure for the 
frequency of the recombinative vibration. (If the 
2D oscillator were an uncoupled, harmonic one, 
Av would be the fundamental frequency for the 
associative mode.) 

In summa~ we note that both effects, the high 
zero-point energy as well as the high attempt 
frequency (which are interconnected quantities) 
contribute to large desorption rates for the highly 
corrugated surfaces. This is quite similar to what 
is known in solution dynamics under the name 
cage effect: if the reactants are effectively trapped 
in a cage formed by solvent molecules, the rela- 
tive translation is hindered, the attempt frequen- 
cies are high, and the rate constants are large. In 
our case the corrugated surface plays the role of 
a solvent cage. The magnitude of this effect might 
be diminished if higher-dimensional models are 
employed, where trapping is expected to be less 
pronounced. 

We also varied the parameters defining the 
well in which the hydrogen atoms are trapped 
and studied their effect on the desorption rates. 
Actually, in our 2D model potential, there are 
two sets of parameters responsible for the corru- 
gation well regions, namely the “diffusion” pa- 
rameters Dd, (Ye, and Z,, and the “chemisorption 
well’ parameters Do2, LYE, and Z,. 

In varying the former parameters in large 
ranges around the reference values used above, 
we found that the effects on ides were very small, 
in particular in the high-r9 region. At T, = 145 K 

and a = 5.0 a.u., for example, ides changes from 
1.10~ lo-” to 0.94~ 10m3 sP1 (if Dd changes 
from 1.0 to 0.5 eV), or to 1.08 X 10e3 s-l (if QL~ 
changes from - 1.0 to 0.0 au-‘>, and finally to 
1.12 x lo-” s-i (if 2, changes from 0.0 to - 1.0 
a.u.>. In other words, the shape of the desorption 
well is not altered too much by varying the diffu- 
sion parameters, such that the 5 vibrational 
eigenvalues or so, which contribute significantly 
to Qp in the considered T, range, are not much 
affected. The largest effect is found for the Dd 
parameter, and, in fact, if this parameter became 
very small, the adsorbed particles were not 
trapped anymore and, therefore, the rates would 
decrease more strongly than observed here. In 
that sense, below a certain threshold, Dd can play 
a similar decisive role as the corrugation parame- 
ter a. 

One expects the vibrational eigenvalues to de- 
pend more strongly on the chemisorption param- 
eters. We varied I&, cyz, and Z, and observed 
(using still the same sticking probabilities as ear- 
lier - an approximation not quite as good as 
before) only a weak dependence of desorption 
rates on Z,, but a distinct change if D,, or cyz 
were varied. For instance, at T, = 295 K, the 
desorption rates drop from 2.72 X 10” to 0.18 X 

lo3 s-l (if cy2 changes from 1.028 to 0.514 au.-‘) 
and even to 0.17 s-l (if D,, changes from 4.76 to 
5.01 eV>. These potential parameters are charac- 
teristic for a distinct exothermic adsorption pro- 
cess, like II2 on Ni(100). For this system the 
chemisorption well is deep and broad (in the 2 
direction), favoring many low-lying vibrational 
levels contributing to Qfes, and thus reducing 
f des. In particular the well depth parameter plays 
an important role, mainly because the barrier 
“seen” by the associating atoms changes signifi- 
cantly. More quantitative conclusions, however, 
should only be given after recalculating the cumu- 
lative reaction probabilities, because varying the 
chemisorption parameters usually also leads to a 
distortion of the barrier region. 

4. Diffusion processes 

The last gas-surface process for which quan- 
tum-mechanical rates and related quantities are 
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computed here, is the diffusion of H atoms and 
isotopes on a Ni(100) surface. This section is 
mainly to demonstrate the performance of the 
DVR-ARC method for diffusion events. Hence, 
we will restrict ourselves to low-dimensional mod- 
els (1D and 2D) and not include substrate mobil- 
ity or multiple jumps. For a discussion of the 
problems associated with the definition of diffu- 
sion constants under these idealized conditions 
see, for instance, Refs. [30,37]. 

4.1. Hamiltonians, rates, and diffusion coefficients 

Let zE(---, +m) be the location of the 
adatom perpendicular to the surface, and x E 
c-m, t-m) and y E (-OS, +m) denote in-plane 
degrees of freedom, then the Hamiltonian for the 
motion of H on this surface is 

(4.la) 

The form of lower-dimensional (1D and 2D) 
Hamiltonians is obvious. In practice we do not 
cover infinite space, but rather enclose a certain 
volume of configuration space with imaginary ab- 
sorbing potentials. In the 1D case (the x coordi- 
nate, say), for example, one may place absorbers 
at -x,, and +x,,, and then obtain hopping 
probabilities for one-, two-, three-, . . . , N-fold 
jumps, depending on how many barriers lie in the 
[-x,,,, +x,,,] interval. 

This physical picture makes sense only if the 
reactants can be considered as localized within 
one adsorption well. Similar to the desorption of 
H, from a corrugated surface, this is true for low 
enough temperatures only. Then the reference 
Hamiltonian determining Qziff(T,> can be approx- 
imated by 

fidiff 
0 =lT, (4.lb) 

with x and y, however, being confined to the 
dimensions of one elementary cell. Hence, for a 
quadratic lattice with lattice constant a: z E ( - ~0, 
+m>, x E (-a/2, +a/2), and y E (-a/2, 
+a/2). 

Once CRPs via Eq. (4.la) and partition func- 
tions via Eq. (4.lb) have been determined, canon- 
ical rates kdiff(T), characterizing a (single) jump 
process or isomerization reaction, may be com- 
puted using Eq. (1.1): 

kdiff( q) = (2&zQ,diff) - ’ 

/ 

+m 
X dEF e-Ps”P;“I(EF)a. (4.2) 

-rr 

Here, Ept is now the total energy of the ad- 
sorbed atom and (T is a degeneracy factor count- 
ing equivalent final sites. 

Further, if the coverage of adsorbed species is 
low, and if the diffusion can be viewed as a series 
of uncorrelated hops characterized by the uni- 
molecular rate kdiff within a random-walk model, 
then diffusion coefficients D can be defined [33] 

(4.3) 

with y = 1, 2, and 3 for chain, surface, and bulk 
diffusion, respectively. (The jump length b equals 
a for single jumps on quadratic lattices.) 

As an alternative to the quantum-mechanical 
rate expressions, rates derived from transition- 
state theory [46] are frequently used for surface- 
diffusion processes [31,32]. In a simple form of 
transition-state theory, the rate for single jumps 

(in x direction, say) over a barrier of height I’,, is 

[47,481 

Y Qf Q: e_B,E, 
kdiff,TST(q,) = ~ ~ 2&P, Q,“iff ’ 

(4.4a) 

where Q,* and Q,? are the partition functions 

for the perpendicular modes at the transition 
state and E, is an activation energy including 
zero-point corrections. Eq. (4.4a) becomes for a 
1D model: 

kdiff,TST( T\) = (4.4b) 

where Q, is the reactant partition function Q,““’ 
for one dimension, resulting from the trapped 
vibration in n direction. Exactly the same expres- 
sion Eq. (4.4b) results from the form Eq. (4.2) if 
the classical limit for the hopping probability is 



taken. Namely then N(EF) = h(EF -E,) and 
the integral Eq. (4.2) can be done analytically to 
give Eq. (4.4b). As a first estimate to diffusion 
coefficients, sometimes even the high-T or classi- 
cal limit to the reactant partition functions is 
used, for which lim 
and [47,481 

r, &&?,(T,) = (2rrh&v(Ji 

lim ~~i~~,~s~~~s) = va e+svo. 
T,-+m 

(4.4c) 

Eq. (4.4~) is identical to an Arrhenius expression 
for the hopping rate, with v0 now having the 
interpretation of an attempt frequency for the 
hopping in +x direction. Of course one may also 
give an Arrhenius expression to the diffusion 
coefficient itself, i.e. 

D( rs) = D, epBsEa. (4.5) 

The simplified expression Eq. f4.4b) (in which 
quantum effects enter only via the partition func- 
tions) and Eq. (4.4~) (which is a fully classical 
expression) will be compared to the quantum 
rate, Eq. (4.2) below. 

4.2. Hydrogen on Ni(100) 

4.21. ~ote~t~a~ energy sur$ace 
For our study of hydrogen motion on Ni(iO~~ 

we use a 6D London-Eyring-Polanyi-Sato 
(LEPS) potential energy surface in the para- 
metrization we proposed earlier [lo]. This surface 
was based on ab initio as well as experimental 
data with the aim to realistically describe the 
atop approach of H, to Ni(100). We can use it 
also for diffusion processes, by “infinitely” sepa- 
rating the first hydrogen atom from the second 
one. I.e., we choose the r, 8, 4, X, Y, and Z 
degrees of freedom (see Fig. 1 of Ref. [lo]) as 
follows: r * a, 0 = 0, 4 arbitrary; X--x, Y = y, 
and Z = z + r/2 are then varied to give a 3D 
potential energy I/(x, y, z> as required for Eq. 
(4.la). To obtain a realistic potential not only for 
the atop approach of the diatom, but also for the 
diffusive motion of single atoms, two of the po- 
tential parameters listed in the appendix of Ref. 
[lo], namely aD2 (which now is - 0.1440337 in- 
stead of -0.1317716) and b,, (which now is 
0.4015248 instead of 0.3458333) had to be ad- 
justed [49]. 
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Fig. 7. Contour plot for the 2D c-b-c model potential energy 
surface for H/Ni(lOO). The contour spacing is 0.1 eV, the 
contours start from the hydrogen adsorbed in the center 
positions, which was chosen to be the energy zero. The 
rectangle shows schematically the location of the absorbing 
potentials, if single jumps are to be considered. 

Below we will work only with one- and two-di- 
mensional cuts through the surface, however. Fig. 
7 shows contours of the 2D H-surface potential 
characteristic for the hopping of H on Ni(100) 
from one center (i.e., a fourfold-hollow) position 
to a neighbouring one via a bridge position, i.e., y 
was fixed at y = a/Z = 1.24 A. This process, which 
is the most important one for the diffusion of H 
on NitlOO), will be referred to here as the cen- 
ter-bridge-center or c-b-c pathway. 

A one-dimensional model of the c-b-c iso- 
merization can be generated by constructing a 1D 
minimum energy path from the 2D c-b-c poten- 
tial. We found that this 1D potential curve, aIong 
which z changes but y = a/2, can accurately be 
parametr~ed by (apart from a constant shift): 

257-x 
V(x) = ;cos- 

a ’ 
(4.6) 

In the 1D c-b-c model, therefore, the reactant 
wells in the center sites (x = &a/2, t_3a/2, 
f 5a/2, . . . ; a = 2.48 A) are separated by barri- 
ers of height V0 at the bridge positions (x = 0, 
$a, i2a, i3a, . . ’ >, where V0 = 0.155 eV. 

4.2.2. Results 
As a first check of the DVR-ABC technique as 

applied to diffusive problems we did not start 
with H/Ni(lOO), but rather compare the method 
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with data of Haug et al. [37a] on H/&(100). As 
noted earlier, these authors employed quantum- 
mechanical flux-flux time-correlation functions. 
Using their one-dimensional “1Dxa model” we 

-20.0 

- H, quantum 
---- T. quantum 
- H. quasiclassical TST 
~ H, classical TST 
---. T. quasiclasstcal TST 

T, classical TST 

4.0 6.0 

\ Y I 

-16.0 ’ \I 
3.0 3.5 4.0 4.5 5.0 

Inverse Surface Temperature (l/Ts)/(1/10OOK) 

found reasonable agreement between this and 
the present treatment. For instance, at T, = 300 
K, Haug et al. give a diffusion coefficient derived 
from single jumps, D = 8.01 X lo-’ cm2/s, 
whereas we find D = 8.22 x lo-’ cm2/s. 

Next, the 1D c-b-c model for H/Ni(lOO) was 
considered. As noted earlier, the proper defini- 
tion of the partition functions Qfiff is a serious 
problem, except at low enough temperatures. For 
a single well of the 1D c-b-c potential Eq. (4.6), 
there are 5 highly localized states with energies 
< 0.155 eV. Above this energy, the density of 
states becomes much larger and sensitive to com- 
putational parameters and eventually a contin- 
uum of states is formed. At temperatures below 
450 K or so, however, these higher and delocal- 
ized states contribute less than 5% to Q,““‘. (This 
can be easily checked by changing the value for 
the highest energy included in the summation of 
Q:“ff.> Therefore, the particle indeed appears to 
be trapped. As in Section 3, there is also a lower 
bound to this “safe” Ts regime, due to the sensi- 
tivity of the CRPs at low T, on details of the 
absorbing potentials. Again, we give only results 
for the unproblematic i?, range from 125-450 K. 
For D and T a single well supports 6 and 8 bound 
states, respectively, and the safe T, range is ap- 
proximately the same. 

In Fig. 8a we give the natural logarithm of the 
lD, single-jump diffusion coefficients D (Eq. 
(4.3a) with jump length b = a = 2.48 A> for 
H/Ni(lOO), D/Ni(lOO), and T/Ni(lOO) as a func- 
tion of reciprocal temperature. We note that for 
all temperatures D(H) > D(D) > D(T), since the 

Fig. 8. Arrhenius plots for diffusion coeffcients D(T,) for 

hydrogen on NKlOO). (a) Quantum-mechanical single-jump 
diffusion coefficients (from rate Eq. (4.2)) for H (solid), D 

(dashed), and T (dot-dashed) in the 1D c-b-c model. (b) 
Comparison between single-jump diffusion coefficients, as 
obtained with the quantum rates Eq. (4.2) (very thick lines). 

the quasi-classical TST rates Eq. (4.4b) (thick lines), and the 

classical TST rates Eq. (4.4~) (thin lines). The full lines are for 

H, the dot-dashed ones are for T. In all cases the ID c-b-c 
model is employed. (c) Comparison between quantum theory 

and experiment for H and D. For the theory curve, ID c-h-c 
and 2D c-h-c models have been used. 
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zero-point energies of the lighter atoms are higher 
and also tunneling is more favored. Tunneling 
effects decrease with increasing isotope mass, as 
can be seen from the slope of the curves. Again 
there is an Arrhenius region at higher surface 
temperatures. 

Fig. 8b shows once more the quantum-mecha- 
nical diffusion coefficients D for H and T. Addi- 
tionally, for each isotope two curves are given 
which correspond to the Ds obtained from the 
quasi-classical and classical transition-state the- 
ory (TST) rate expressions (4.4b) and (4.4~). First 
we mention that the TST diffusion coefficients 
are lower than the quantum-mechanically derived 
quantities. This is due to the absence of tunneling 
in Eqs. (4.4). Therefore, one often corrects ex- 
pressions like (4.4a) with a tunneling factor. Sec- 
ond, the quasi-classical and classical TST results 
approach each other at higher i?, because the 
classical partition function then approaches the 
quantum-mechanical one. Third, at higher Ts the 
TST coefficients become also similar to the fully 
quantum results, since tunneling corrections are 
less pronounced for higher 7;, Finally, the TST 
approximations are better for the heavier isotope 
then for the lighter one. 

(quantum) to give hE, = 5.3 meV (HI, AE, = 2.7 
meV (D), and AE, = 1.9 meV (T). Similar obser- 
vations made for v0 lead to the conclusions that 
for this system and in the high-& region (1) 
zero-point effects are slightly more important than 
tunneling corrections, and that (2) quantum ef- 
fects rapidly decrease with adatom mass. 

Finally, Fig. SC compares computed quantum- 
mechanical diffusion coefficients for H and D on 
Ni~l~~O) in the temperature range from 200-280 
K with the experimental data of Kefs. [38] and 
[39]. We observe a rough agreement. Arrhenius 
prefactors D, and activation energies E, (Eq. 
(4.5)) are for hydrogen: D, (theory, ID) = 4.8 X 
lo-” cm2/s; E, (fheopy, 1D) = 141.8 meV. The 
experimental values for D, in this high-r, region 
are scattered over a range of more than three 
orders of magnitude: D,, (experiment) = 1.1 X 
10WMh cm*/s [41] to D,, (experiment) = 4.5 X lo-’ 
cm”/s [39], whereas the experimental E, values 
lie al1 between 139 1401 and 173 meV 1391. For 
deuterium in the high-T, region we get: D,, (the- 
ory, lD> = 3.9 X lo-” cm2/s, D,, (e;ryeriment) = 2 
x lo-’ [41] to 8.5 x lo-” cm*/s [3X]; E, (theory, 
1D) = 148.2, E, (experiment) = 156 [41] to 217 
meV (401. 

ff we determine Arrhenius parameters v. and The observation that in the 1D c-b-c model 
E, to the quantum (Eq. (4.2)) and quasi-classical diffusion coefficients are too high is attributed to 
(Eq. (4.4b)) rate expressions, and compare it to the fact that in reality the adatoms do not move 
the fully classical treatment Eq. (4.4c), the role of along the minimum energy path only, but also 
tunneling versus zero-point corrections can be populate less favorable reaction paths. This ef- 
studied separately. (Of course this is oniy true in fects is demonstrated also in Fig. SC which addi- 
1D - in higher dimensions recrossing effects and tionally gives the single-jump diffusion coeffi- 
less predictable zero-point corrections will com- cients for the 2D c-b-c model, with the potential 
plicate the analysis.) For instance, for the activa- energy surface shown in Fig. 7. Now, however, 
tion energies E, we find: E, (quantum) = 141.8 the diffusion coefficients for the high-?, region 
meV, EL, (quasi-classical) = 147.1 meV for H; E, are too low (compared to Refs. [38,39] at Ieast) 
(qi~a~tz~~z) = 148.2 meV, E, (q~~si_cZa~~ic~~) = and it is to be expected that inchrsion of the third 
150.9 meV for D; E, (q~u~t~rn) = 149.3 meV, E, dimension will make things even worse. For the 
(quasi-cEu.ssicul) = 151.2 meV for T. Of course the Arrhenius parameters extracted from the quan- 
purely classical value is E, = V. = 155.0 meV. tum model we now obtain: II,, (theory, 2D) = 5.1 
Both zero-point and tunneling corrections tend to x lo-” cm2/s, E, (theory, 2D) = 187.8 meV for 
decrease this classica value. The zero-point (plus H, and D,, (theory, 2D) = 3.4 x lo-” cm2/s, E, 

partition function) corrections are, as can be seen (theory, 2D) = 177.4 meV for D. The inclusion of 
from the E, (quasi-cZus~i~a~) data, in the order of the following effects, which have been shown to 
4-8 meV, where the lower value is for TV and the contribute to higher diffusion coefficients, are 
larger is for H. The role of tunneling is estimated expected to bring our results in better agreement 
via computing A E, = E, (quasi-classical) - E, with experiment: (1) increased tunneling of ad- 
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sorbates due to substrate atom motion [31-371 
and (2) contributions from multiple jumps [30,37]. 

The importance of tunneling manifests pre- 
dominantly in the low-T’ region. We observed the 
mentioned levelling off of the In D curves at very 
low T,, as reported in Refs. [40] and [41]. In H on 
Ni(100) in the 1D c-b-c model, for example, this 
behavior becomes distinctly apparent only below 
T, = 100 K, i.e. outside the l/r,-range shown in 
Fig. 8a. In the 2D c-b-c model the tunneling 
regime starts at T, = 125 K. As in the experiments 
[40,41], the low-T, region is observed to be char- 
acterized by much smaller Arrhenius parameters 
D, and E,. For H in the 2D c-b-c model, for 
example, D, in our calculations drops by ca. four 
orders of magnitude, and E, by a factor of almost 
three. (Again, due to the uncertainty of our low-T, 
results, we do not make more quantitative state- 
ments here, and also do not reproduce our low-r, 
curves.> According to experiments performed in 
Ref. [40b], D, decreases by a factor of close to 
1000 and E, by a factor of 2.9. 

Therefore, in summary, our theoretical diffu- 
sion coefficients for the high-ir, regions agree in 
absolute values better with Refs. [38,39]. How- 
ever, the basic trends in going to lower T,, as 
reported in Refs. [40,41], are also well repro- 
duced. 

5. Conclusions 

The present work may be summarized as fol- 
lows. The DVR-ABC method, which circumvents 
the need to determine state-to-state information 
to compute cumulative reaction probabilities, and, 
therefore, promises to make systems of chemical 
relevance quantum-mechanically tractable, has 
been applied to determine rates for gas-surface 
reactions. In particular, we studied the typical 
gas-surface processes (1) dissociative adsorption 
of diatoms, (2) recombinative desorption of di- 
atoms, and (3) surface diffusion of single adatoms. 
All three steps are for the first time treated fully 
quantum mechanically and within the same 
methodological framework. For (1) and (2) three 
different surface models have been employed: (a> 
the uncorrugated, rigid surface model, (b) the 

uncorrugated, non-rigid surface model, and (c) 
the corrugated rigid surface model. We find that 
for H, and isotopomers interacting with model 
transition-metal surfaces, the inclusion of sub- 
strate motion has only a weak influence on 
canonical rates under isothermal conditions, but 
may have (for the adsorption process) a more 
distinct effect if surface and gas temperatures are 
not the same. Corrugation tends to enhance dc- 
sorption rates due to the trapping of the reac- 
tants and, therefore, increasing the prefactor to 
the integral in Eq. (1.1). This is a similar effect as 
the cage effect known from dynamics in solution. 
Surface diffusion has been studied for the system 
H and isotopes on Ni(lOO) using low-dimensional 
models. Zero-point corrections as well as tunnel- 
ing corrections turn out to be important for H, 
but less pronounced for heavier isotopes. (This is 
also true for the adsorption/desorption reac- 
tions.) Both quantum effects can separately be 
studied by comparing the quantum results to 
quasi-classical and classical forms of transition- 
state theory. The agreement between theory and 
experiment is fair, better agreement is expected if 
substrate motion is included. 

Our analysis mainly suffers from the use of 
only low-dimensional models. However, the 
DVR-ABC technique should open the way to a 
more realistic treatment, and in fact our ongoing 
work is devoted to include additional degrees of 
freedom. Further, surface atom motion seems to 
be important under certain circumstances even 
for hydrogen interacting with transition metals. 
Simple models, like the surface-mass treatment 
of Luntz and Harris, are promising. Finally, 
though cumulative reaction probabilities are im- 
portant quantities in particular for the field of 
heterogeneous catalysis, laboratory experiments 
more and more reveal half-state-selected infor- 
mation for gas-surface events. Again, one would 
like to avoid to have to compute the full state-to- 
state probabilities. Efficient time-independent 
methods to compute half-state-selected data di- 
rectly, which use the same methodological ingre- 
dients as the ones employed here, have been 
proposed and applied to gas-phase dynamics 
[50,11]. The use of these methods for gas-surface 
studies is another route of our ongoing research. 
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