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The effects of adsorbate lateral interactions on the kinetics of surface diffusion and desorption are
studied by means of kinetic and thermodynamic Monte Carlo simulations. This study is motivated
by recent diffusion and desorption experiments on the NH3/Re~001! system, which show that the
activation energies of these processes decrease~in different fashions! with increasing surface
coverage, the interactions between the adsorbates are thus assumed to be repulsive. A long range
dipole–dipole-like potential is used to simulate both the diffusion and desorption processes. Most
calculations are carried out with the interaction range extending up to fourth-order neighbors.
Longer ranges are found to barely affect the kinetic behavior. On the other hand, shorter ranges of
interaction result in qualitatively and quantitatively different structural~thermodynamic phase!
behaviors and, consequently, in very different kinetics of diffusion and desorption. The model used
to calculate diffusion kinetics assumes that the activation barrier to particle diffusion depends,
simultaneously, on the local environments of both the initial and the final sites involved in the
elementary event of particle jumps. The chemical diffusion coefficient is evaluated based on
thermodynamic and kinetic Monte Carlo simulations. It is found to increase with surface coverage,
reflecting the repulsive nature of the interactions. Yet, unlike the experimental results, the increase
is nonmonotonic but rather, somewhat oscillatory—reflecting the structural phase transitions of the
adsorbed layer. The activation energy of desorption is found to decrease by about 15 kcal/mole as
the coverage increases from 0 to 1, showing steeper slopes around the coverages corresponding to
a perfectly ordered adlayer phase. These results are in satisfactory qualitative and quantitative
agreement with experiment. Finally, it is shown that the coverage dependence of the activation
barrier to diffusion can be reasonably well evaluated from equilibrium thermodynamic desorption
data. © 1996 American Institute of Physics.@S0021-9606~96!00314-X#

I. INTRODUCTION

The role of lateral interactions between neighbor adsor-
bates in affecting the kinetics of primary surface processes
has long been recognized. Adsorbate aggregation, island for-
mation, the appearance of different overlayer structures, and
phase transitions between them are among the ‘‘mesoscopic’’
manifestations of adsorbate lateral interactions. All of these
phenomena affect the local environment of the adsorbed par-
ticles and are thus expected to significantly affect the kinetics
of the various surface processes such as diffusion, desorp-
tion, adsorption, or chemical reaction.

Each of the above kinetic surface processes has been
considered in detail separately both experimentally and
theoretically.1–5 Quite often in these studies the effects of
adsorbate lateral interactions are modeled in an approximate,
mean-field-like, fashion. This approach is usually accurate
only in the limit of low coverage or weak interactions. In
case of strong interactions, the interpretation of both theoreti-
cal and experimental~e.g., TPD! results becomes problem-
atic. In TPD experiments uncertainty originates primarily
due to the compensation effect. This effect refers to the ob-
servation that the activation energy and the preexponential
factor change in the same way with coverage.6,7 Equilibrium
measurements~where both gas pressure and crystal tempera-
ture are varied! provide the best way to confront this

difficulty.8–11However, the molecular level understanding of
the results of such experiments may become ambiguous, par-
ticularly in the case of strong interactions.

These experimental difficulties inspired the development
of various theoretical approaches, including Monte Carlo
~MC! simulation schemes and a variety of mean-field ap-
proximations, all aiming to account for the role of coverage
on the rate of desorption. These calculations have revealed
that the influence of lateral adsorbate interactions are often
crucial and, moreover, that, in general, they cannot be fully
accounted for using simple coverage dependent rate
parameters.12–16

In recent years experimental studies of chemical diffu-
sion on surfaces have become more accurate and accessible
for a larger variety of molecular adsorbates, due to the intro-
duction of laser desorption and diffraction techniques.2,17–23

These methods enable careful investigation of coverage ef-
fects on diffusion rates in systems governed by strong lateral
interactions.24–28 The recent theoretical studies of diffusion
on surfaces include various lattice gas models,12,15 MC
simulations,29–33 and mean-field calculations involving dif-
ferent levels of sophistication,12,13,32 in accounting for the
structural and thermodynamic effects of adsorbate lateral in-
teractions on the chemical and tracer diffusion coefficients.
Molecular dynamics simulations34,35 have been used to treat
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the dynamical aspects of diffusion and desorption.
In view of the extensive studies mentioned earlier it is

rather surprising that only few theoretical studies have ad-
dressed the effects of neighbor adsorbates on these two, re-
lated, surface phenomena based on the same theoretical
model.12,36Moreover, in most of the MC or mean-field stud-
ies the interaction potentials between neighbor adsorbates are
treated as adjustable parameters, chosen to fit either struc-
tural or kinetic data. Only rarely in these studies a physical
~e.g., electrostatic! model is employed to derive their func-
tional form.37

In this paper we present MC simulations for a model
system, attempting to scrutinize the role of adsorbate repul-
sive interactions onboth the desorption and diffusion rates
for a specific adsorbate-surface system. The model system
attempts to explain some of the data obtained for NH3 ad-
sorbed on Re~001! utilizing optical second harmonic
generation.11,28,38 For this system, the isosteric heat of ad-
sorption, the preexponential factor in the desorption rate con-
stant and the diffusion coefficient were all determined as a
function of coverage. In our theoretical treatment of this sys-
tem we shall use a physically meaningful, long range
dipole–dipole interaction potential, to account for the repul-
sive interactions between the adsorbed ammonia molecules.
Adsorbate diffusion in this system has recently been investi-
gated theoretically with the aid of a lattice gas model involv-
ing only nearest neighbor~NN! lateral interactions.39 It is
argued later that these short range interactions are probably
insufficient to properly describe, not even qualitatively, the
entire kinetic behavior of the experimental system.

II. MODEL

A. Energetics

We model the Re~001! surface as a perfect hexagonal
lattice of adsorption sites, consistent with the assumption that
the ammonia molecules adsorb uniformly at either on-top or
threefold hollow sites. The exact position of the adsorption
site has not been determined experimentally. The simulations
were performed on two-dimensional~2D! hexagonal lattices
comprising 60360 sites, with periodic boundary conditions.
Test simulations on larger lattices~84384 sites! were per-
formed in order to asses the importance of finite size effects,
revealing that for the systems studied in this work these ef-
fects are negligible. This is consistent with the work of Sand-
hoff et al.,40 who found a lattice of 60360 sites to give most
satisfactory results for a similar system.

Experimentally, the saturation coverage in the NH3/Re
system isus50.25, indicating that the ammonia molecules
cannot occupy nearest neighbor~NN! sites due to very strong
~electrostatic and/or excluded volume! repulsive forces.11

Consequently, the distance of closest approach in our simu-
lations was set tor 052, in units of the lattice constant. Here-
after, coverages,u, will be taken relative to the saturation
coverage.

The experimental data suggest that the lateral interac-
tions between the adsorbed ammonia molecules are

repulsive.11,28,41We assume that they are pairwise additive
and model them using a dipole–dipole interaction potential
of the form:

Ui j5 HU0/r i j
3 if r i j<r *

0 if r i j.r * , ~1!

with r i j denoting the distance between sitesi and j , andr * is
a ‘‘cutoff’’ radius ~see the following!, both measured in units
of r 0. The interaction potentialU0 between two adsorbates at
distancer 0, was set to 2 kcal/mole in all the calculations
reported later. This value corresponds, for example, to the
repulsive interaction between two parallel dipoles of 2 D@the
dipole moment of ammonia on Re~001! as determined by
work function measurements41# at a distance of 3.0 Å from
each other.

The cutoff distancer * is introduced in order to keep the
calculations tractable. It is supposed to represent the distance
beyond which adsorbate–adsorbate interactions do not affect
significantly the kinetic and structural characteristics of the
adlayer. To obtain a reasonable estimate of this distance we
have considered a perfectly ordered 232 adlayer, and, using
Eq. ~1!, calculated the energy changeDE associated with
moving one of the adsorbed particles into a NN site~thus
creating an isolated defect!, as a function ofr * .

The results of this calculation are shown in Fig. 1 to-
gether with definition of the interaction ranges. Noting that
DE does not vary significantly oncer * /r 0>A7 we have set
r * /r 05A7 as the ‘‘standard’’~or ‘‘full’’ ! interaction range in
our calculations. For the sake of comparison, and for dem-
onstrating the importance of the range of interaction in mod-
eling surface kinetic phenomena we have also carried out
some calculations for a shorter cut-off distance, namely
r * /r 05A3. Note thatA7 andA3 correspond, on the triangular
lattice, to the distance between fourth-order and second-order
neighbors, respectively.

FIG. 1. The energy change,DE, associated with perturbing a perfect~232!
layer by moving one particle to a nearest neighbor vacant site. The pertur-
bation energy is shown as a function of the ranger * , of the repulsive
dipole–dipole potential, see Eq.~1!. For convenience the abscissa is ex-
pressed in terms of the ‘‘farthest neighbor’’ included in the range of inter-
action. In units of the lattice constantr * /r 051,A3,2,A7,... correspond here to
farthest neighbor 1,2,3,4,..., respectively~see insert!. Energy is given in
units of nearest-neighbor interaction.
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The model described was used to study, theoretically, the
kinetics of particle diffusion and desorption as a function of
coverage and temperature. The temperature range considered
was 40–240 K, which includes both the temperature range of
diffusion measurements~105–130 K! and equilibrium—
desorption experiments~160–240 K! of the NH3/Re
system.11,28 The diffusion and desorption experiments were
modeled using Monte Carlo~MC! simulations. Additional
calculations were performed based on the Bethe–Peierls ap-
proximation~BPA! for our interacting lattice gas model.

The BPA scheme has been described in detail
elsewhere12,13 and need not be repeated. Let us reiterate,
however, that the basic idea in using the BPA is to focus
attention on a finite ‘‘colony’’ of lattice sites. This colony is
treated as an open sub system, with the rest of the system
serving as a heat and matter bath. The grand-canonical par-
tition function of the colony is then calculated by summing
over the statistical weights of all possible particle configura-
tions in the colony, taking accurately into account all inter-
particle interactions within the colony. Interactions between
colony particles and the surroundings are treated in a mean-
field fashion, assigning different effective interaction poten-
tials to particles in different types of colony sites~e.g., edge
vs center sites!. Requiring that, on the average, all lattice
sites should be populated with equal probabilities one then
obtains self-consistency equations from which the effective
~colony surroundings! potentials can be evaluated. Given
these potentials one can calculate all relevant thermodynamic
properties of the system.

The accuracy of the BPA calculations increases with the
size of the colony, but so also the computational effort in-
volved. Actually, above a certain colony size the MC calcu-
lations are simpler to perform than those based on the BPA.
We found that for the shorter cutoff distance used
~r * /r 05A3! the BPA calculations were both very accurate
and very efficient, as compared to the MC calculations. They
provided no advantage over the MC calculations once the
longer cutoff distance~r * /r 05A7! was used.

B. Isosteric heat of adsorption

The adsorption-desorption experiments which motivated
the present study were performed under equilibrium
conditions.11 Namely, the adsorbed layer has been brought to
equilibrium, at different coverages and temperatures, with
the molecules at the gas phase. To ensure similar conditions
in our MC simulations we have first randomly populated the
lattice sites according to the prescribed value ofu, and then
performed particle moves, with acceptance criteria according
to the usual Metropolis scheme. To enhance the equilibration
process no restrictions were set on the range of particle dis-
placements. In fact, the simulation procedure employed is
equivalent to a sequence of particle desorption-adsorption
events weighted, as usual, by the local interaction energies in
the old and new sites.

Experimentally, the sticking coefficient of NH3 on
Re~001! is near unity and independent of coverage, implying
practically zero activation energy for adsorption.11 Conse-

quently, the activation energy for desorption is equal to the
isosteric heat of adsorption, namely,42

DH52]bm/]b. ~2!

HereDH is the adsorption enthalpy~or activation energy for
desorption!, m is the chemical potential of the system, and
b51/kT, with k denoting Boltzmann’s constant andT the
absolute temperature.

The chemical potential was calculated, as common in
canonical MC simulations, using the~Widom’s! ‘‘insertion’’
formula,43

bm5 ln u2 ln@exp~2bw!#. ~3!

Herew is the potential energy increment associated with the
insertion of a particle into a randomly chosen lattice site
~being infinite for occupied sites!.

C. Diffusion kinetics

We have calculated the chemical diffusion coefficientD
using the expression4,31

D5~1/4t !PC, ~4!

where t is the time, andP andC denote, respectively, the
‘‘thermodynamic factor’’ and the ‘‘time correlation func-
tion.’’ The thermodynamic factor is given by

P5]bm/] ln u5^N&/^~dN!2&, ~5!

where^N& is the average number of adsorbed particles and
^(dN)2& is the fluctuation inN.

The factorC is proportional to the time correlation func-
tion of the motion of the center of mass of the system. It is
given by4,31

C5~1/N!K U( @r i~ t !2r i~0!#U2L , ~6!

wherer i(t) is the position of particlei at time t. The sum-
mation extends over all particles.

The derivation of Eq. ~4! is discussed in detail
elsewhere.4 Qualitatively, the appearance of the thermody-
namic factor inD derives from the fact that the driving force
for particle diffusion are local density gradients. When the
thermodynamic equilibrium state itself is characterized by
large density fluctuations, this driving force decreases.

Both the thermodynamic factor and the correlation func-
tion were calculated by performing MC simulations~of dif-
ferent kinds, see the following! for systems in thermody-
namic equilibrium. The thermodynamic factor can be cal-
culated using either the first or the second equality in Eq.~5!,
namely, by calculating either]bm/] ln u or ^N&/^(dN)2&.
The first route requires the calculation ofbm as a function of
u. This can be done using the particle insertion method, as
mentioned with respect to Eq.~3!. The second route involves
grand-canonical simulations i.e., simulations at constantm,
T, andA, whereA is the total area of the lattice. We have
performed both types of calculations, finding generally ex-
cellent agreement between them~see Sec. III!.

The correlation functionC was calculated by means of
kinetic MC simulations. Basically, the procedure adopted is
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to follow many particle ‘‘trajectories’’r (t) over long periods
of time and use Eq.~6! to evaluateC. The trajectories were
simulated as sequences of particle jumps between nearest-
neighbor sites, with transition probabilities of the Arrhenius
form. More explicitly, in these simulations a particle is ran-
domly chosen and then allowed to hop into a randomly cho-
sen neighboring site. If the new site is already occupied the
move is rejected. Otherwise it is accepted, with probability
p5exp(2eb/kT), whereeb denotes the activation barrier for
diffusion. As usual, one Monte Carlo step~MCS! corre-
sponds, by definition, to one attempted move per particle~on
the average!. A connection between the MC time and real
time is established by identifying 1 MCS51/n, wheren is the
experimental frequency of attempted jumps, which is, typi-
cally, in the range 1012–1017 sec21. In general,n is taken as
the preexponential factor in the Arrhenius formula for the
hopping rate of a single~noninteracting! particle on the sur-
face. For the NH3/Re systemn'1015 sec21 at u50.5.

The activation barrier and, hence, the jump probability
from one site to another depends on the local environments
of both the initial and the final sites. Various expressions
have been suggested to model the influence of adsorbate lat-
eral interactions on the hopping rate@for a review see, e.g.,
Ref. 14~c!#. We have examined two of these models, which
we have termed ‘‘the independent saddle point~ISP!
scheme,’’31 and ‘‘the intersecting harmonic wells~IHW!
scheme.’’14~c! These models differ in their expressions for the
activation barrier. In the ISP model the barrier energy is as-
sumed to depend only on the local environment of the initial
site, i.e., on the lateral interactions of the hopping particle
prior to the jump. In the IHW modeleb depends on the local
environments of both the initial and the final sites~see the
following!.

In the ISP model the activation energy for particle jump
from site i to site j is only affected by interactions of the
hopping particles with their neighbors in the initial site.
Hence,

eb~ i→ j !5eb~ i !5eb
02V~ i !, ~7!

whereeb
0 is the activation energy for diffusion of a noninter-

acting particle. The quantityV( i ) denotes the total interac-
tion energy of the hopping particle with its neighbors, in the
initial site. That is,V( i )5SkUik . If the interactions are re-
pulsive, as we assume in Eq.~1! then, of course, they lower
the activation barrier, thus enhancing the escape rate of the
particle from sitei . As the coverage increases this ‘‘escaping
tendency’’ will increase. Yet, this effect is partially compen-
sated for by the decrease in the number of vacant neighbor-
ing sites into which the particle can jump. The actual diffu-
sion rate will depend on the balance between these
‘‘energetic’’ ~namelyeb! and ‘‘topological’’ ~site availability!
factors.12,14Note that a transition rate with activation energy
given by Eq.~7! satisfies, as it should, the principle of de-
tailed balance.

To ensure, in our MC simulations, that the transition
probabilityp does not exceed unity it is necessary to rescale
the activation barrier. Namely, we usep 5 exp(2 eb8/kT) with
eb8 5 eb 2 eb,min . Hereeb,min denotes the lowest possible acti-

vation energy, corresponding to the fastest process possible.
In our system this amounts to a particle jumping out of a site
which is fully surrounded by~repulsive! neighbors except, of
course, for the vacant site onto which the jump takes place.

As noted earlier we have carried out kinetic MC simu-
lations utilizing both the ISP and IHW models. The ISP
model is easier to implement, yet we found that in most
cases the IHW model provides better agreement with the
observed experimental results. Consequently, most of the re-
sults reported in this paper were obtained using the IHW
model.

In the IHW model each adsorption site is regarded as an
harmonic potential well.14 The intersection point of the po-
tential wells corresponding to two neighboring sitesi and j ,
is envisaged as a saddle point, see Fig. 2. The height of this
saddle point, relative to the minimum of the potential well
centered around sitei , defines the barrier energy for the par-
ticle jump from sitei to site j . The barrier heighteb( i→ j )
depends on the local environments of both the initial and the
final sites, in a fashion specified below. It is easily verified
that eb( i→ j )2eb( i→ j )5De( i→ j ) is simply the energy
difference between the bottoms of the potential wells corre-
sponding to sitesj and i . Hence the model satisfies detailed
balancing. The dependence ofDe( i→ j ) on the local environ-
ments of sitesi and j follows from the fact that

De~ i→ j !5V~ j !2V~ i !, ~8!

whereV( i ) is the quantity defined in Eq.~7!.
Explicitly, the height of the activation barrier for thei→ j
transition is given by

eb5eb
0@12De~ i→ j !/4eb

0#2. ~9!

Here, as in Eq.~7!, eb
0 is the barrier height for diffusion of an

isolated particle or, in other words, the barrier to diffusion
whenu→0. In our calculations this quantity was taken from
experiment,28 namelyeb

053.4 kcal/mole.

III. RESULTS AND DISCUSSION

A. The role of interaction range

The range of lateral interactions plays a crucial role in
determining the structure of the adsorbed layer and, hence, in
the kinetics of surface processes, especially at high cover-
ages. In Figs. 3 and 4 we demonstrate the importance of the

FIG. 2. A scheme of the intersecting harmonic well model for describing the
diffusion barrier.
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range of interaction by showing snapshots of typical equilib-
rium adlayer configurations, as obtained by MC simulations
based on Eq.~1!, for two different choices of the cutoff dis-
tancer * . Both Figs. 3 and 4 show configurations correspond-
ing to coveragesu50.25, 0.30, and 0.50, all at temperature
T5120 K. At a temperature of 240 K~the highest tempera-
ture of the equilibrium adsorption-desorption measurements!
no structure is observed. In the calculations shown in Fig. 3,
the interaction range isr * /r 05A3 ~including up to second-
order neighbors!, while in Fig. 4 the range isr * /r 05A7 ~in-
cluding up to fourth-order neighbors!. The difference be-
tween the two sets of configurations is striking. For instance,
when u50.25 the system with the shorter interaction range
organizes in a perfectly ordered 232 overlayer@Fig. 3~a!#.
This structure is no longer the one of lowest~free! energy

once the interaction range increases to include third- and
forth-order neighbor interactions, as indicated by the loss of
long range order evidenced in Fig. 4~a!.

As the coverage increases tou50.30, the added particles
in the first system adsorb randomly onto the vacant~higher
energy, ‘‘interstitial’’! sites of the 232 adlayer, without in-
ducing a transition to a fully disordered or a differently or-
dered phase, Fig. 3~b!. On the other hand, in Fig. 4~b! we
note the appearance of long rangeA33A3R30° structure,
with few isolated ‘‘hole’’ defects~which totally disappear
whenu51/3!. Then, whenu50.5 the system withr * /r 05A3
exhibits large domains of 231 order @Fig. 3~c!#, whereas
whenr * /r 05A7, the adlayer appears as a disordered ‘‘melt’’
of short, flexible and partly branched strings of adsorbates.
The latter system does not exhibit long range positional or-
der. As the snapshots reveal, all the calculations predicted

FIG. 3. Typical lattice configurations from canonical Monte Carlo simula-
tions of a system characterized by interaction ranger * /r 05A3. The cover-
ages in~a!, ~b! and ~c! are, respectively,u50.25, 0.30, and 0.5. The tem-
perature is 120 K.

FIG. 4. Typical lattice configurations from canonical Monte Carlo simula-
tions of a system characterized by interaction ranger * /r 05A7. The cover-
ages in~a!, ~b! and ~c! are, respectively,u50.25, 0.30, and 0.5. The tem-
perature is 120 K.
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second-order transitions~for studies of systems exhibiting
first order transitions see, e.g., Ref. 44!.

While it is well known that the type and range of adsor-
bate lateral interactions play a prominent role in determining
the phase behavior of adsorbed overlayers,40,44 the effects of
these characteristics on the kinetics of surface processes has
hardly been investigated. We have performed MC simula-
tions using several different values ofr * /r 0 , revealing quali-
tatively and quantitatively different results for both the de-
sorption and the diffusion rates. The best~though nowhere
perfect! agreement with experiment was found for the long-
est ~‘‘full’’ ! range of the interaction potential~r * /r 05A7!.

In our kinetic and thermodynamic simulations we have
examined both the IHW and the ISP models described in
Sec. II. According to the ISP scheme, the activation energies
for desorption and diffusion are expected to show similar
dependence on coverage. This follows from the fact that the
barrier to diffusion in this model depends only on the initial
environment of the hopping particle, which is the relevant
environment affecting the rate of desorption. Our calcula-
tions show that the ISP model indeed predicts similar activa-
tion energies for diffusion and desorption. The experimental
findings show both qualitative and quantitative differences
between the coverage dependencies of the activation barriers
of these two processes. The IHW model was found to pro-
vide a reasonable explanation of this behavior and, hence, all
the ~diffusion! calculations reported below are based on this
model.

1. Diffusion

The diffusion coefficientD is a product of two factors,
the thermodynamic factorP, and the time correlation func-
tion C, both depending sensitively on the adlayer structure.
The thermodynamic factor is large whenever the fluctuations
in N are small, as is the case when the system is fully or-
dered. In Fig. 5 the thermodynamic factor, evaluated from
MC simulations, is shown as a function of the coverage, for
a system withr * /r 05A7 atT5120 K. The data points in Fig.
5 were calculated using both canonical and grand-canonical
simulations, revealing good agreement between the two ap-

proaches. This system, which has been considered in Fig. 4,
exhibits perfect long range order whenu51/3 ~A33A3! and
u52/3 ~A33A3 structure of vacancies!. Indeed, atu51/3 and
2/3 the thermodynamic factor exhibits two pronounced
maxima.

In Fig. 6 we show the results of MC simulations of the
thermodynamic factor for a system with a shorter interaction
range,r * /r 05A3. In this system long range order is estab-
lished whenu50.25,0.50,0.75. Again, as expected,P exhib-
its pronounced maxima at these values of the coverage. For
this system the thermodynamic factor was calculated using
both the Bethe–Peierls approximation scheme,~as shown in
Fig. 6! and MC simulations. The results obtained by these
two approaches are in excellent agreement with each other.

At a given coverage and temperature, whereD andP are
constants, the time correlation functionC varies linearly with
time, thereforeC/t is constant@see Eq.~4!#. We chose to
show the coverage dependence of its time derivative (C/t) as
presented in Fig. 7 for the system with the longer interaction
range atT5120 K. Here we find thatC/t obtains minima at
those coverages~of perfect long range order! where the ther-
modynamic factor is maximal. Not surprisingly, the diffusion
coefficient,D, which is a product ofP andC/t varies sen-

FIG. 5. Thermodynamic factor (P) as calculated by canonical~s! and
grand-canonical~d! Monte Carlo simulations. In these calculationsT5120
K and r * /r 05A7. The grand canonical results foru51/3 andu52/3 diverge.

FIG. 6. Thermodynamic factor (P) as calculated using the Bethe–Peierls
approximation scheme, for a system withr * /r 05A3, atT5120 K. Similar
results were obtained by MC simulations.

FIG. 7. The time derivative of the correlation function (C/t) as a function
of coverage.
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sitively, seemingly erratically, withu, as shown in Fig. 8.
Notwithstanding the~considerable! computational errors, we
note thatD is not a smooth function ofu, reflecting the
transitions undergone by the adlayer between phases of dif-
ferent symmetries. Experimentally, due perhaps to kinetic ef-
fects ~activation and nucleation barriers to phase transitions,
and the appearance of defects in and between the finite size
domains of ordered structures!, the diffusion coefficient var-
ies more smoothly with coverage~see the following!.

2. Desorption

Whenever the adlayer is fully ordered any addition of
particles into vacant ‘‘interstitial’’ sites involves the creation
of high energy defects. For instance, adding particles to the
perfectly ordered~A33A3! layer of the r * /r 05A7 system,
results in the formation of several high energy NN contacts.
Particle desorption from these~‘‘defect’’ ! sites is easier than
desorption from the ordered phase and we expect a change in
the slope of the activation energy for desorption around
u51/3. Just aboveu51/3, the added particles can adsorb far
apart from each other~even when randomly distributed
among the available sites! thus avoiding repulsive interac-
tions between them. At this coverage range we expect the
desorption rate to change~decrease! rather slowly, since the
desorbing particles are those adsorbed at the interstitial sites.
The decrease of the activation energy for desorption with
coverage is due to lateral interactions between these intersti-
tial adsorbates. Eventually another ordered phase will appear
~e.g., theA33A3 structure of vacancies atu52/3! and the
activation energy will again exhibit a sharp change with cov-
erage. These qualitative trends are corroborated both experi-
mentally and theoretically, as discussed next.

B. Comparison with experiment

The coverage dependence of the activation energy for
desorption, as obtained experimentally for the NH3/Re~001!
system, is shown in Fig. 9. Also shown in Fig. 9 are the
results of our MC simulations. Both the experimental and the
theoretical results show marked changes in slope at two in-

termediate coverages. In the simulations these changes take
place atu51/3 and 2/3, consistent with the qualitative analy-
sis already mentioned. The experimental changes in slope
occur atu'0.3 and 0.75. Considering the complexity of the
system investigated and the high sensitivity of the desorption
rate to phase changes, as demonstrated in previous sections,
we regard the comparison between theory and experiment as
satisfactory. The quantitative agreement, at least with regards
to the range of variation of the activation energy is also rea-
sonable. It should be added that the uncertainties in the ex-
perimental values corresponding to the limits of low and
high coverage are considerable~62 kcal/mole!.

In Fig. 8, where we showed the calculated diffusion co-
efficient, we also show theD~u! curve obtained experimen-
tally for the NH3/Re~001! system. The simulations involve
considerable uncertainties due, mainly, to difficulties associ-
ated with the calculation of the correlation functionC. These
are reflected by the large error bars associated with the theo-
retical points in Fig. 8. The experiments also involve sizable
uncertainties~61 in ln$D%, which originates from60.2 kcal/
mole in activation energy!, associated with the interpretation
of the grating-diffusion measurements. Considering all these
provisos, the agreement between experiment and theory
shown in Fig. 8 should be regarded as reasonable.

In judging the agreement between experiment and theory
it should be noted that we have used the same model, namely
Eq. ~1!, to describe both the desorption and the diffusion
experiments. The strength of the dipole–dipole-like interac-
tion potential was chosen to fit the desorption data, but no
further adjustments were made to fit the diffusion measure-
ments.

FIG. 8. The chemical diffusion coefficientD as a function of coverage, at
T5120 K. The experimental results~Refs. 11 and 28! are shown as heavy
solid line, with the dashed lines marking the uncertainty limits. The dots are
the results of MC simulations~r * /r 05A7!.

FIG. 9. Activation energy for desorption:~a! Experimental results;~b!
Monte Carlo simulations.
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C. Theoretical analysis

We conclude the discussion by comparing our experi-
mental and theoretical results to the predictions of the theory
of diffusion developed by Reed and Ehrlich.32 According to
this theory the activation energy for diffusion can be written
as

eb5eb*1~1/P!]DH/]u, ~10!

whereeb~u! the activation energy for diffusion andeb* de-
noting the jump activation energy for an adparticle.eb* is
coverage and temperature dependent. Equation~10! relates,
therefore, a kinetic characteristic of the system,eb , to ther-
modynamic properties such as the thermodynamic factor,P,
and the heat of adsorptionDH. In principle, Eq.~10! enables
the extraction of the microscopic jump activation energy
(eb* ) from the macroscopic quantities mentioned above.

Experimentally it is impossible to conduct both
adsorption-desorption and diffusion measurements at the
same temperature range. Yet, in Ref. 45 it was shown that
when the thermodynamic properties appearing in Eq.~10!
are taken from desorption experiments~and extrapolated to
the relevant temperature range! this formula accounts reason-
ably well for the measured diffusion coefficients. We have
carried out a similar analysis based on our MC simulations.
The results are summarized in Fig. 10. Three of the curves in
this figure show the activation energy for diffusion, evaluated
using Eq. 10, with the relevant thermodynamic quantities
derived from independent equilibrium-thermodynamic
measurements.11 The jump activation energy was taken as
independent of temperature and coverage, thus enables the
demonstration of these dependencies as the difference be-
tween the experimental result~curve 3 in Fig. 10! and the
calculated one~curve 4 in Fig. 10!. The last curve is obtained
when we use our equilibrium MC simulations to evaluate the
second term on the right-hand side of Eq.~10!. Again, con-
sidering the complex phase behavior of the simulated system

we regard the agreement between the kinetically computed
diffusion coefficient and the one derived ‘‘thermodynami-
cally’’ based on Eq.~10! as satisfactory.

IV. CONCLUDING REMARKS

We have demonstrated that the dependencies on cover-
age of the activation energies corresponding to two very dif-
ferent surface processes—desorption and diffusion—can be
explained using one rather simple theoretical model. The ba-
sic assumption of the model is that the lateral interactions
between the adsorbed particles are repulsive and can be mod-
eled using a dipole–dipole-like interaction potential, with a
rather long range of interaction.

We found that a kinetic model to diffusion in which the
activation barrier depends on lateral interactions of the hop-
ping particles in both the initial and final sites provides better
agreement with experiment, as compared to a model in
which the hopping rate depends only on the local environ-
ment of the initial site. The coverage dependencies of the
activation energy for desorption, the thermodynamic factor,
and the correlation function were all found to depend criti-
cally on the range of interaction. We found that a reasonable
fit to the experimental data is obtained by setting the repul-
sion between nearest neighbors at 2 kcal/mole. This value is
5.7 times larger than the repulsion between two ammonia
dipoles at the minimum separation@assumed to be dictated
by a ~232! structure#.41 This discrepancy has not been ana-
lyzed within the framework of this work.

However, in an independent theoretical study the struc-
ture and interaction of ammonia on Pt~111! has been
investigated.46 In this study, LDA theory was employed to
calculate the interaction of NH3 molecules with a slab of 91
Pt atoms in three layers. Due to the exceptionally large size
of the slab used in this computation, lateral interactions
could be calculated as a function of separation distance be-
tween neighbor ammonia molecules. The repulsion between
neighbors up to the fifth-order was found to decrease almost
perfectly as 1/r 3, with the interaction energy of 0.086 eV~2.0
kcal/mole! at a distance of 5.48 Å. This is the distance be-
tween two ammonia molecules adsorbed at a structure of
232 on the Pt~111! surface. Although in our system the
metal surface is Re~001!, the distance of closest approach of
the ammonia molecules in a 232 structure is identical to that
on Pt~111!. In addition, work function of ammonia on
Pt~111! was measured to be 2.1 eV at saturation coverage
also identical to that measured on Re~001!. This similarity in
the behavior of ammonia on Pt~111! and on Re~001! implies
that the calculations described above for Pt~111! may be
valid for Re~001! as well.
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FIG. 10. Coverage dependence of the activation energy for diffusion, cal-
culated according to Eq.~10!, using thermodynamic data. Curve 1: Isos-
teric heat of adsorption measurements, at 190 K. Curve 2: Isosteric heat of
adsorption measurements, at 160 K. Curve 3: Best fit to experimental diffu-
sion data in the temperature rangeT5110–135 K. Curve 4: Monte Carlo
simulations atT5120 K.
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