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We analyze the spatiotemporal behavior in a lattice-gas model for the monomer-dimer reaction on
surfaces. This model, which mimics catalytic CO-oxidation, includes amobilemonomer adspecies
~representing CO!, an immobiledissociatively adsorbed dimer species~representing O!, and afinite
reaction rate~for CO2 production!. We characterize in detail the propagation of the chemical wave
or reaction front produced when the stable reactive steady-state of the model displaces the
metastable CO-poisoned state. In the regime of high CO-mobility, such propagation can be
described directly within a ‘‘hydrodynamic’’ reaction-diffusion equation formalism. However, we
show that the chemical diffusivity of CO is dependent on the O coverage, reflecting the percolative
nature of CO-transport through a background of immobile O. We also emphasize that gradients in
the coverage of immobile O induce a diffusive flux in the highly mobile CO. These features
significantly influence wave propagation and reaction front structure. In addition, our analysis
accounts for the feature that in this hydrodynamic regime, correlations persist in the distribution of
adsorbed immobile O, and that these influence the reaction kinetics, the steady states, and the
percolation and diffusion properties. To this end, we utilize a ‘‘hybrid’’ approach which
incorporates a mean-field reaction-diffusion treatment of adsorbed CO, coupled with a lattice-gas
treatment of adsorbed O@Tammaroet al., J. Chem. Phys.103, 10277~1995!#. © 1998 American
Institute of Physics.@S0021-9606~98!51402-X#

I. INTRODUCTION

Surface reactions on single-crystal substrates, under ul-
trahigh vacuum conditions, exhibit a rich variety of spa-
tiotemporal behavior.1 Traditionally, such behavior is de-
scribed by mean-field~MF! reaction-diffusion equations with
Fickian diffusion and coverage-independent chemical diffu-
sion coefficients,D.1 This approach ignores correlations or
ordering in the adlayer, which result primarily from interac-
tions between adspecies, but also from multisite adsorption,
desorption, and reaction processes in the case of limited ad-
species mobility. These effects clearly influence the nonlin-
ear reaction kinetics and the steady-state coverages.2 How-
ever, they also influence the chemical diffusion of adspecies,
which controls the chemical wave propagation and spatial
pattern formation in these systems. Furthermore, here we
also emphasize that the traditional MF treatments ignore the
feature that chemical diffusion occurs inmixed adlayers,
where diffusion is intrinsically coverage dependent due to
the influence of coadsorbed adspecies.

These complicating features of adlayer ordering and
fluctuations, and of mixed adlayers, can in fact be treated
within atomistic lattice-gas~LG! models.2–6 Indeed, LG
models have been applied to study a range of two-
dimensional ~2D! reaction systems. However, most such
studies havenot realistically treated surface reactions. Apart
from simplifying assumptions regarding the reaction mecha-
nism, the neglect of adspecies interactions~and thus the sim-
plistic choice of coverage-independent rates for various ad-
sorption, desorption, and reaction processes!, the crucial role

of the high mobility of some adspecies has generallynot
been appreciated or incorporated into the models. Indeed,
hop rates for the most mobile adspecies are often many or-
ders of magnitude larger thanall other rates~including that
for reaction!.7 This feature effectively eliminates the spatial
correlations due to multisite adsorption, desorption, and re-
action processes, and leads to local equilibration of such mo-
bile adspecies~so that spatial correlations are determined by
the adspecies interactions!. Clearly, high mobility also re-
sults in the mixed adlayers, mentioned above. However,
there are also more subtle effects. High mobility quenches
fluctuations that produce transitions between distinct steady
state ‘‘branches,’’ should they exist.6,8 This results in the
strong metastability and hysteresis often observed in experi-
ments, and characteristic of mean-field treatments. Finally,
we note that high mobility also determines the mesoscopic
length scale,L;(D/kc)

1/2, of the spatial patterns, and the
‘‘large’’ wave propagation velocities,V;(kcD)1/2, observed
in these systems.1 Herekc is an effective rate for the overall
reaction process, andD represents an effective diffusion co-
efficient, as above.

Our focus here is on chemical diffusion and spatiotem-
poral behavior in a simplistic LG reaction model for CO-
oxidation, with highly mobile adsorbed CO, and immobile
adsorbed O. The model supports a state of high reactivity
with low CO coverage, for lower CO partial pressures
(PCO), as well as a completely poisoned CO-covered state.
As PCO increases above a critical value,P* , the reactive
state changes from stable to metastable, and the opposite

762 J. Chem. Phys. 108 (2), 8 January 1998 0021-9606/98/108(2)/762/12/$15.00 © 1998 American Institute of Physics
 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  129.186.176.40 On: Wed, 03 Feb

2016 20:28:57



occurs for the poisoned state. Fluctuations then induce a dis-
continuous transition from the reactive state to the poisoned
state. We focus on the evolution of an interface between the
reactive state and the poisoned state. For example, when
PCO,P* , the stable reactive state displaces the metastable
poisoned state leading to chemical wave propagation. As in-
dicated above, high CO mobility quenches fluctuations, in-
creasing the lifetime of the metastable states, and thus pro-
ducing mean-field type bistability and deterministic wave
propagation. However, despite the realization of mean-field
type behavior in this regime, chemical diffusion coefficient,
DCO, of adsorbed CO isnot necessarily coverage indepen-
dent. One can only say thatDCO will be proportional to the
hop rate for adsorbed CO. In this work, we fully characterize
the nontrivial nature of chemical diffusion, and note the con-
sequences for wave propagation.

First, in Sec. II, we describe in detail the LG monomer–
dimer reaction model mimicking CO-oxidation on surfaces.
We also present simulation results for this model, focusing
on the propagation of chemical waves. Then, in Sec. III, we
provide some general remarks concerning chemical diffu-
sion. We describe effective diffusivity for finite CO-
mobility, and give an explicit prescription for diffusion co-
efficients in the ‘‘hydrodynamic’’ regime of high CO-
mobility. A direct analysis of spatiotemporal behavior in the
hydrodynamic regime is presented in Sec. IV, and results are
compared with those in Sec. II. This analysis is achieved by
implementing a recently developed ‘‘hybrid’’ treatment
which combines MF reaction-diffusion equations to describe
the highly mobile adsorbed CO, coupled with a LG treatment
of coadsorbed immobile O. In Sec. V, we discuss the limi-
tations of the model, and notes refinements needed to facili-
tate comparison with experiment. Some final remarks are
provided in Sec. VI.

II. LATTICE-GAS MODEL MIMICKING CO-OXIDATION
ON SURFACES

A. Description of the monomer-dimer reaction model

The lattice-gas~LG! monomer–dimer surface reaction
model, mimicking CO-oxidation, includes the following
simple steps: CO~gas! adsorbs on single empty sites at rate
pCO; O2~gas! adsorbs dissociatively on adjacent empty sites
at ratepO2

; adjacent CO~ads! and O~ads! react to form the
product CO2~gas! at ratek, leaving two empty surface sites.
In addition, CO~ads! can hop to each adjacent empty site at
rateh. These steps are summarized schematically as

CO~gas!1E→
pCO

CO~ads!, O2~gas!12E→
pO2

2O~ads!,

CO~ads!1O~ads!→
k

CO2~gas!12E,

and

CO~ads!1E→
h

E1CO~ads!.

Here ‘‘gas’’ denotes gas phase species, ‘‘ads’’ adsorbed spe-
cies,E an empty surface site, and 2E an adjacent empty pair.
The impingement rates,pCO and pO2

, for CO~gas! and

O2~gas!, respectively, are simply related to the partial pres-
sures for these species;k denotes the reaction rate for each
adjacent pair of CO~ads! and O~ads!. Henceforth, we normal-
ize the impingement rates such thatpCO1pO2

51, and we set
k51. Adspecies interactions, other than reaction of adjacent
CO~ad! and O~ad!, are ignored. The model is implemented
on a square lattice of adsorption sites.

Some previous discussion of this model can be found in
Refs. 4, 5 forh50, and Refs. 8, 9 forh.0. We are primarily
interested in the regime whereh@1, corresponding to the
typical experimental situation where the CO~ads! hop rate,h,
is many orders of magnitude larger than the other rates. With
this in mind, it is appropriate to emphasize that we have
chosenk finite here, rather than infinite~instantaneous reac-
tion!, as in several other studies.3,6,10 Choosing infinitek
does not qualitatively change the steady-state behavior or
kinetics for spatially uniform systems. However, in the
h→` limit for models with infinitek, only one reactant can
have nonzero local coverage at a macroscopic point,11 and
this produces an artificial situation with regard to chemical
diffusion and wave propagation~see Appendix A!.

B. The discontinuous CO-poisoning transition

The key feature of the monomer–dimer reaction model
of interest here is the occurrence of a discontinuous phase
transition from a stable reactive steady-state to a stable CO-
poisoned ‘‘absorbing’’ state, with increasingpCO. The loca-
tion of the transition is denoted bypCO5p* , where p*
5p* (h) depends onh. A metastable extension of the reac-
tive state also exists forp* ,pCO,ps1 , where ps1

5ps1(h) denotes an ‘‘upper spinodal.’’ Correspondingly, a
metastable CO-poisoned state exists for some rangeps2

,pCO,p* , where ps25ps2(h) denotes a ‘‘lower spin-
odal.’’ Clearly, because of its ‘‘absorbing’’ nature, the CO-
poisoned state exists as a steady-state for allpCO. It is stable
for pCO.p* , metastable forps2,pCO,p* , and unstable
pCO,ps2 .6

As could be anticipated from the general discussion in
Sec. I of the effect of diffusion on metastability,increasingh
in this monomer–dimer reaction model leads to an increase
in the lifetime of the metastable states. In fact, it also greatly
broadens their existence range.6,8,9,11 For example,in our
model with k51, the width of the existence region for the
metastable reactive state increases dramatically from 0.005,

TABLE I. Dependence of the location,p* (h), of the discontinuous poison-
ing transition on the CO~ads! hop rate,h, for the LG monomer–dimer
surface reaction model withk51.

h p*

0 0.4328
1 0.4227
4 0.4152

16 0.4070
32 0.4044
64 0.4027
` 0.397
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when h50, to 0.103, whenh→`. More specifically, one
finds that p* (0)50.432 and ps1(0)50.437,5 whereas
p* (`)'0.397 ~see below! and ps1(`)'0.500.8 One rami-
fication is that determination of the location of the poisoning
transition by monitoring the kinetics for variouspCO ~and
noting the onset of poisoning! tends to overestimatep* ,
since the system gets trapped in the metastable reactive state
for pCO slightly abovep* .11 Such corrupted estimates can be
avoided either by performing an appropriate ‘‘epidemic
analysis,’’5 or by implementing the ‘‘constant-coverage en-

semble’’ method.12 Estimates forp* vs h from the latter
approach are reported in Table I.13

C. Propagation velocity of the chemical wave

The chemical waves analyzed here are produced, for
pCO<p* (h), when the stable reactive steady-statedisplaces
the metastable or unstable CO-poisoned state, which is sepa-
rated from it by an on-average planar interface~see Fig. 1!.
This phenomena was noted in the original paper of Ziff

FIG. 1. Simulated configurations for cuts through the interface between the reactive steady-state~on the top! and the CO-poisoned state~on the bottom! at the
discontinuous transition,pCO5p* (h), for ~a! h50; ~b! h516; ~c! h5512. Mobile CO~ads! is represented byd, and immobile O~ads! by s.
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et al.3 on the monomer–dimer model with infinitek, andh
50 ~the so-called ZGB model!. It has been studied in detail
more recently for extensions of the ZGB model including
adspecies diffusion.6,10 One expects that for our model with
k51, and anyfixed h, the propagation velocity,V, vanishes
linearly with D5p* 2pCO>0,asD→0. This is due to the
disappearance of the driving force for the reactive state to
displace the CO-poisoned state on approaching the
transition.14 It is also appropriate to consider the dependence
of V on h, for fixedD. One can argue thatV should scale like
Lc /tc , wheretc51/kc5O(1) is a characteristic time for the
reaction process, andLc is an overall characteristic length.
Lc is determined by both the diffusion length,Ld;tch

1/2,
and a ‘‘direct spatial coupling’’ length,Lr5O(1), due to
reaction between distinct adspecies at neighboring sites.
~Here, all distances are measured in units of the lattice con-
stant.! Consideration of generalized spatial contact models15

for spreading or propagation due to both direct spatial cou-
pling or contact, as well as due to conventional diffusion,
suggests thatLc

2'Lr
21Ld

2.6 Together, the above observations
imply that6

V'A~B1h!1/2D, ~1!

at least for largeh, and smallD. By comparison with con-
ventional mean-field reaction-diffusion equation analyses,
whereV;(kcD)1/2D,1 one might define an effective diffu-
sion coefficient,Deff , in context of chemical waves, which
scales likeDeff;A2(B1h). See also Ref. 10 and Sec. III.

The behavior described above was indeed observed us-
ing conventional Monte Carlo simulations to determineV as
a function ofpCO<p* (h), for various choices ofh>0. The
results are shown in Fig. 2. HereV is determined from the
variation of the location of the interface defined as in Ref. 8.
Of course, various definitions of this location are possible,
but all give the sameV for steady-state propagation. Uncer-
tainties are negligible for largerV, and increase up to 10%
for smallerV. First, we note that the values of the impinge-
ment rates,pCO, where V50, coincide exactly with the

p* -values determined independently above from the
constant-coverage ensemble method. However, the most dra-
matic feature apparent in Fig. 2 is the ‘‘near-crossing’’ of
curves for differenth, which occurs atpCO5px50.397
60.002 andV5Vx'0.08. This type of behavior is certainly
consistent with Eq.~1!, which shows that the slope of such
curves must diverge, ash→`. Perhaps, most importantly,
one can conclude from Eq.~1! that the ‘‘crossing point’’
yields an estimate of

p* ~h→`!5px50.39760.002, whenk51. ~2!

In this way, simulations for a range of ‘‘small’’h can be
reliably extrapolated to assess limiting behavior ofp* (h), in
the physically relevant regime of very largeh.

One can also extract from this simulation data estimates
for the values for the parameters,A andB, in Eq.~1!. This is
most naturally achieved by examining the quasilinear varia-
tion with h of (dV/dD)2'Deff'A2(B1h), in the regime of
large h. From this behavior using values fordV/dD at the
crossing-point for largeh, we find thatA52.260.3 and a
B-value of order unity.

Finally, we note that analogous ‘‘near-crossing’’ behav-
ior of V vs pCO curves, for varioush, was observed previ-
ously by Goodmanet al.10 for the monomer–dimer reaction
model with infinite k ~instead ofk51!, but retaining mobile
CO with hop rateh, and immobile O~see Appendix A!.

D. Structure of the chemical wave front

We now discuss in more detail the structure of the
chemical wave front. From Fig. 1, it is apparent that there are
fluctuations in the location of the interface between the reac-
tive and CO-poisoned states, and that these are particularly
dramatic for smallh. The total amplitude of these fluctua-
tions, j, is naturally decomposed into contributions due to
intrinsic fluctuations, j i , and due tolong-wavelength fluc-
tuations, j0 , wherej2'j i

21j0
2.6,16 For h50, large intrinsic

fluctuations occur whenpCO5p* @and these are the domi-
nant feature in Fig. 1~a!#, although they are significantly re-
duced whenpCO,p* . Figure 1 also indicates that increasing
h above zero, whenpCO5p* , quenches the intrinsic
fluctuations6 ~or at least they do not grow significantly, de-
pending on the precise definition of the interface location,
and of j i!. However, they are expected to increase slowly
with larger h. For example, ‘‘diffusion front’’ studies sug-
gest thatj i;h2/7, if one defines the interface as the ‘‘shore-
line’’ of the CO-covered region~see Appendix B!.

It has also been shown6,10 that the long-wavelength fluc-
tuations are described by the stochastic KPZ-equation,17 for
pCO,p* . As a result, the amplitude of these fluctuations,
measured over a locally-equilibrated section of the interface
of length L, must scale likej0'2421/2(gL/n)1/2, whereg
measures the amplitude of the shot-noise in the KPZ equa-
tion, and n denotes the kinetic surface tension at the
interface.10,17 Comparison of KPZ and mean-field reaction-
diffusion equation analyses of the evolution of curved inter-
faces indicates thatn;h, for largeh.6 This increase in the
kinetic surface tension withh quenches the long-wavelength

FIG. 2. Chemical wave propagation velocity,V, vs pCO ~below p* !, for
various h ~shown!. The dashed vertical line shows limiting behavior for
h→`.
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fluctuations. Thus, for example, one hasj0;g1/2h21/4, on
the characteristic length scale,L;Lc;h1/2, for largeh. Fi-
nally, we note that while the long-wavelength fluctuations
are not of the KPZ type precisely at the transition,6,10 it is
clear that they are still quenched with increasingh.

The key observation from the above analysis is that all
fluctuations ‘‘quickly’’ become insignificant relative to the
characteristic length scale,Lc;h1/2, with increasingh. This
is entirely consistent with the general statements in Sec. I
concerning the enhancement of metastability and the attain-
ment of ‘‘mean-field behavior,’’ with increasing surface mo-
bility ~see Refs. 6, 8, 10, 11!.

Finally, in Fig. 3, we show concentration profiles for
cuts through the ‘‘equilibrated’’ reaction front atpCO5p* ,
obtained from simulations of systems with a fixed width of
600 lattice spacings. Here,uCO anduO denote the mean cov-
erage of CO and of O, respectively, along rows of sites or-
thogonal to the direction of propagation. From these profiles,
one can clearly see the increase withh of the ‘‘characteristic

width’’ of the front ~which corresponds toLc!. The smooth
nature of the profile forh50 in Fig. 3~a!, and the primary
contribution to the width, come from the intrinsic fluctua-
tions. Also, examining the evolution of the shape of the pro-
files with increasingh @Figs. 3~a!–3~c!# one anticipates the
development of a nonanalytic form in theh→` limit. This
form is quite distinct from typical chemical wave profiles
derived from conventional reaction-diffusion equations with
constant diffusion coefficients.18 Indeed, we shall show in
Sec. IV that the unusual form in this model is associated with
the percolative nature of CO-diffusion.

III. CHEMICAL DIFFUSION

Here we first consider, in general, mixed adlayers, where
a mobile species, CO~ads!, which hops to adjacent empty
sites, coexists with an immobile species, O~ads!. In the hy-
drodynamic regime of high CO-mobility, chemical diffusion
is described in terms of the diffusive mass flux,JCO, of
CO~ads! across the surface generated by spatially nonuni-
form coverages. We emphasize that a flux,JCO, can be gen-
erated both by gradients in the CO-coverage, and in the O-
coverage, so one writes

JYCO52DCO,CO¹uCO2DCO,O¹uO ~3!

for small gradients. The coefficientsDCO,CO and DCO,O are
not generally constant and below we explicitly determine
their coverage dependence. We note that diffusion is not pos-
sible for whenuCO1uO51, then since hereDuCO52DuO, it
follows immediately thatDCO,CO and DCO,O must be equal
for such a ‘‘jammed’’ surface.

For general lattice-gas models involving surface diffu-
sion of all adspecies, a unique relationship of the form~3!
between flux and coverage gradients only exists in the hy-
drodynamic regime of high mobility. Here, the diffusion co-
efficients are determined by the partial coverages~and sub-
strate temperature!, which determine the unique locally
equilibrated steady state of the adlayer.~We do however em-
phasize that these coefficients depend on the spatial correla-
tions within this state.!19 For our model, the situation is ac-
tually more complicated since in the locally ‘‘equilibrated’’
state, the distribution of immobile O~ad! depends on the his-
tory of formation of that state, rather than just on the cover-
ages. However, some simplification occurs in our study of
steady-state chemical wave propagation, since there is in fact
a unique local reactive state for each point across the wave
front. Finally, we note that in addition to studies of the hy-
drodynamic regime, directly below we also consider the case
of finite mobilities, where there is some basis for the defini-
tion of an effective chemical diffusivity.

A. Effective chemical diffusivity for finite mobility

From examination of exact master equations for our LG
surface reaction model with finiteh for spatially nonuniform
system, it is clear that spatial nonuniformities produce a dif-
fusive flux of CO. For a square lattice, with sites labeled
( i , j ), suppose that one has translational invariance in the
j -direction. Then let@Oi # denote the mean O-coverage in

FIG. 3. Simulated coverage profiles across the interface between the reac-
tive steady-state~on the left! and the CO-poisoned state~on the right! at the
discontinuous transition,pCO5p* (h), for ~a! h50; ~b! h516; ~c! h
5512. The positionx is given in units of lattice constants. The length,Dx,
of profile shown is chosen as the same fixed multiple ofLc}A(B1h)1/2, for
eachh-value @specifically,Dx'7A(B1h)1/2, with A52.2 andB51.8#.
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column ‘‘i , ’’ let @EiOi 11# denote the probability of an adja-
cent empty site in column ‘‘i ’’ and O-occupied site in col-
umn ‘‘i 11,’’ etc. Then the net diffusive flux of CO~ad! from
column ‘‘i ’’ to column ‘‘ i 11’’ has the form8

JCO~ i→ i 11!5h~@COiEi 11#2@EiCOi 11# !

52h~@COi 11#2@COi # !

1h~@OiCOi 11#2@COiOi 11# !. ~4!

Now, one hasaJCO( i→ i 11)→(JYCO)x , a2h→D0 ~the CO-
diffusion coefficient for vanishing coverages!, and
a21(@Ai 11#2@Ai #)→]/]x@A#, for largeh. Thus, if onene-
glects correlations in the occupancy of adjacent sites~so,
e.g.,@OiCOi 11#5@Oi #@COi 11#!, one obtains

~JYCO!x'2D0~12uO!]uCO/]x2D0uCO]uO/]x. ~5!

This expression has the qualitative form of Eq.~3! above,
although we emphasize that it is not exact due to the neglect
of spatial correlations~except whenuO→0; see Sec. III B!.

From the simulation results of Sec. II, it is also clear that
even in the absence of adspecies hopping, spatial nonunifor-
mities can be removed, e.g., leading to wave propagation.
This is a consequence of spatial coupling associated with
nearest-neighbor adsorption site requirement for O2, and the
adjacent site requirement for reaction. The indirect
adsorption-desorption~or reaction! pathway effectively pro-
duces a nondiffusive lateral flux of CO that is controlled by
adsorption and reaction rates, and the range of the spatial
coupling~here just one lattice spacing!. As also noted in Sec.
II, this phenomenon apparent in general spatial contact
models,15 where the equations governing spatiotemporal be-
havior can be rewritten in a reaction-diffusion form within
the so-called ‘‘diffusion approximation’’~which neglects
spatial correlations!. Formulations of this type for the spa-
tially inhomogeneous monomer–dimer reaction can be found
in Refs. 20, 21. These studies primarily utilize the simplest
‘‘site-approximation’’ which neglects all spatial correlations,
suitably extending this approximation to spatially inhomoge-
neous systems. Generalization to more sophisticated ‘‘dy-
namic cluster’’ approximations for spatially inhomogeneous
systems, which account for short range correlations, is
straightforward.4,20,21 However, such approximations gener-
ally cannotdescribe the nontrivial nature of chemical diffu-
sion in mixed adlayers, for realistic largeh. This is clearly
the case for the model studied here where correct description
of the percolative nature of diffusion requires a sophisticated
characterization of the connectivity of non-O~ads! regions of
the lattice~see below!.

Chemical diffusion coefficients cannot be precisely de-
fined for finite hop rates. Since there is not a complete sepa-
ration of time scales for hopping~diffusion! and other pro-
cesses, relaxation of weak perturbations of uniform states
will be dominated by nondiffusive pathways. However, it is
natural to define an effective chemical diffusivity based, e.g.,
on the type of wave propagation behavior described in Sec.
II. Since true diffusion and adsorption-desorption mecha-
nisms provideparallel pathways for spatial homogenization,

the total effective diffusivity is given by sum of contributions
from these pathways, as is already apparent in the identifica-
tion of Deff in Sec. II. However, we emphasize that the
former contribution dominates in the hydrodynamic regime,
which is relevant to realistic modeling of surface reactions.

B. Chemical diffusion in noninteracting lattice-gases

There is a special case where the analysis and properties
of chemical diffusion are particularly simple, and which is of
direct relevance to this study. This is the case of ‘‘random
diffusion’’ of a noninteracting adspecies of finite coverage or
‘‘density’’ by hopping to adjacent vacant sites, either on a
perfect lattice, or in a static disordered lattice where some
sites are ‘‘blocked.’’ Here, it is known that the associated
many-particle master equations describing diffusion reduce
to single-particle diffusion equations.22,23 An important con-
sequence is that the chemical diffusion coefficient,D, is in-
dependentof the coverage of the diffusing species. Of
course, the diffusion of a single particle and, thus, the diffu-
sion of the non-interacting lattice-gas, depends on the details
of disordered environment.

The key results relevant to our study can be extracted
from analyses of transport in lattice percolation models
where some fraction,q, of the lattice sites are ‘‘impurities’’
which block transport.24 We apply these results to analyze
transport of the highly mobile adspecies CO, where the ‘‘im-
purities’’ correspond to coadsorbed O. The basic feature of
these models is that ‘‘percolating clusters’’ of neighboring
vacant sites, which connect opposite sides of the system,
exist only whenq is belowa critical threshold,qc . Thus, for
q,qc , long-range diffusion~by hopping between adjacent
vacant sites! is possible, andD.0. For q.qc , no long-
range diffusion is possible, and thusD50. If we set D
5D0 when q50, and writeD5D0Fperc(q), then Fperc(q)
decreases from unity~whenq50! to zero~asq increases to
qc!, andFperc(q)50, for q>qc . We emphasize that the criti-
cal percolation threshold depends on spatial correlations in
the distribution of the blocked sites. However, the nature of
the nonlinear disappearance ofFperc(q);(qc2q)m upon ap-
proaching the critical threshold~from below! is described by
a universal exponentm'1.3.24 We also note that most stud-
ies of percolation focus on connectivity of the occupied
rather than the vacant sites. These are generally distinct
problems,25 one exception being the most commonly studied
‘‘ideal case’’ of randomly distributed blocked sites.

In this work, we shall also exploit another quantitative
characterization of the dependence ofD on q, which is pro-
vided by formal ‘‘density’’ expansion techniques.26 These
expansions are obtained by first developing an Ursell–Mayer
cluster expansion for~a suitable transform of! the propagator
for diffusion on a disordered lattice. Themth-order term in
this cluster expansion involves only propagators for lattices
with up to ‘‘m’’ impurities, and this determines theqm-term
in the expansionD, after appropriate ensemble average over
relative positions of such finite subsets of impurities. To
date, only the case of arandom distribution of impuritieshas
been considered, where such ensemble averages involve uni-

767M. Tammaro and J. W. Evans: Lattice-gas model for CO oxidation

J. Chem. Phys., Vol. 108, No. 2, 8 January 1998
 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  129.186.176.40 On: Wed, 03 Feb

2016 20:28:57



form sums over all relative positions of subsets ofm
impurities.26 In particular, for a square lattice, such an analy-
sis yields26

Fperc~q!512~p21!q2aq21O~q3!, ~6!

wherea'0.855 71. The quadratic approximation to Eq.~6!
reproduces simulation results with uniform accuracy, and
produces an estimate forqc of 0.4023~corresponding toD
50!, which should be compared with the exact value of
0.4073. Of course, this approximation producesm51, rather
than the correct nontrivial value, but this limitation is not
important in the context of our studies.

From the above discussion, it is clear that the introduc-
tion of spatial correlations in the~static! distribution of im-
purities does not change the linear ‘‘single impurity’’ term in
Eq. ~6!. However, the quadratic term is associated with sum
over the relative position of pairs of impurities, which must
now be weighted by the associated pair-probability distribu-
tion function ~rather than being a uniform sum!. Thusa is
modified depending on this function. It is appropriate to note
that this pair-probability distribution provides only some-
what indirect information on the percolation threshold, in
contrast to the distinct pair-connectivity function.24 Thus,
one should not expect the quadratic approximation to Eq.~6!,
with appropriately calculateda, to accurately predictqc in
general. However, our strategy will be to use a quadratic
approximation witha chosen to match independently deter-
minedqc , and this expression is expected to uniformly ap-
proximateFperc.

C. Chemical diffusion coefficients DCO,CO and DCO,O

In our monomer–dimer reaction model, the disordered
environment through which the highly mobile noninteracting
CO~ads! diffuses is provided by the immobile coadsorbed
O~ads!. Since the CO~ads! hop rate is much higher than all
other rates, this environment can be regarded as effectively
static. The chemical diffusion coefficient,DCO,CO, will de-
pend on the coverageand configuration of the coadsorbed
O~ads!, but not on uCO. Although, as noted above, the local
state depends on its history of formation, rather than just on
uO, it is instructive~but somewhat oversimplistic! to write

DCO,CO5D0Fperc~uO!, ~7!

where againD05a2h is the CO-diffusion coefficient for
vanishing coverages.

In analyzing the diffusive flux of CO~ads! induced by a
gradient in the O~ads!-coverage, a key observation is that the
many-particle master equations for the noninteracting CO
lattice-gas still reduce to single-particle equations, even for a
nonuniform disordered background. Thus, the induced flux
must be directly proportional to the coverage of CO~ads!,
and one can writeDCO,O5D0uCOG(uO). Then the condition
that DCO,CO5DCO,O for a ‘‘jammed’’ surface, where
uCO1uO51, yieldsG(x)5Fperc(x)/(12x), so

DCO,O5D0uCOFperc~uO!/~12uO!. ~8!

Below, we describe the prescription of Eq.~7! and Eq.~8! as
percolative CO-diffusion.

IV. HYBRID TREATMENT OF THE HYDRODYNAMIC
REGIME OF HIGH MOBILITY

A. The hybrid mean-field/lattice-gas formalism

In the regime of high CO mobility~i.e., very largeh!,
the adsorbed CO are locally randomized in a quasistatic dis-
ordered environment of coadsorbed O. For this reason, it is
natural to analyzedirectly this limiting behavior within a
so-called ‘‘hybrid’’ formalism.8,27 Here, the immobile
O~ads! distribution is treated within a lattice-gas~LG! frame-
work ~just as in our simulations for finiteh!, but the CO~ads!
is described by a single mean-field parameter,uCO

5uCO(x,t), representing the local CO-coverage at a macro-
scopic point,x, at time t. For a spatially uniform system,
where uCO5uCO(t), analysis of this hybrid model reveals
true bistability of reactive and CO-poisoned states over a
range ofpCO from ps250 to ps150.500.8 Such true bista-
bility is expected since increasingh enhances metastability
in the full LG model, as noted in Sec. I and II. We empha-
size, however, that this hybrid model doesnot provide an
exact analysis ofh→` limiting behavior of the full LG
model. For the latter, there are variations or fluctuations in
the CO coverage on regions which are topologically discon-
nected by ‘‘walls’’ of O~ads!. These fluctuations are not ac-
counted for in the hybrid treatment. While there is no indi-
cation that they effect the qualitative behavior of the model,
they could produce small quantitative changes.

In reality, h is finite, although typically very large. Thus
local equilibration~i.e., randomization! of CO~ads! is effi-
cient, but there can be variations of CO~and O! coverages on
a mesoscopic length scale, O(h1/2). This feature is mani-
fested in experimentally observed wave propagation and pat-
tern formation.1 To treat such phenomena within the hybrid
approach, one can simulate inparallel the state of distributed
macroscopic points with distinct local coverages, using a LG
description of O~ads!, and a MF description of CO~ads!, with
uCO now representing the local coverage. One must also suit-
ably couple the evolution at these distinct macroscopic
points ~and thus of the parallel simulations! to describe the
macroscopic diffusive mass transport of CO~ads!.8 Within
such a ‘‘hydrodynamic’’ reaction-diffusion formalism, it is
necessary toprescribethe chemical diffusivity of CO~ads!.
The simplest approximation assumes a constant diffusion co-
efficient, and a modified treatment has been considered
which accounts for the influence of coadsorbed species, but
neglects all spatial correlations, i.e., using Eq.~5! for JYCO.8

However, for the model under consideration here, the appro-
priate nontrivial prescription of percolative diffusion is given
by Eqs.~7! and ~8! in Sec. III C.

Below, we exploit this hybrid treatment of spatially in-
homogeneous systems to analyze the evolution of planar
chemical waves. Paralleling the study of Sec. II, we examine
the displacement of the reactive steady-state by the CO-
poisoned state, which occurs forpCO below anequistability
point in the bistability region. ForpCO above this equistabil-
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ity point, the displacement would be reversed for constantD,
but it is actually absent for percolative diffusion~see Sec.
IV B !. In any case, by scanningpCO across the bistability
region, one can determine the equistability point for these
two states. The equistability point corresponds to, and thus
provides a direct estimate ofp* (h→`), which was deter-
mined independently in Sec. II.8,11

B. Wave propagation with percolative diffusion:
General properties

In the h→` limit, planar chemical wave propagation in
thex-direction in our monomer–dimer reaction model is de-
scribed by equations of the form8

]/]tuCO5pCOuE24kuO,CO1]/]x@DCO,CO]/]xuCO#

1]/]x@DCO,O]/]xuO#,

and

]/]tuO52pO2
uE,E24kuO,CO. ~9!

HereuCO, uO, anduE512uCO2uO denotes the probability
that a site is occupied by CO, O, or empty (E), respectively,
uO,CO denotes the probability of finding an adjacent O–CO
pair ~as distinct from a CO–O pair!, and uE,E denotes the
probability of an adjacent empty pair. Since the CO~ads! are
locally randomly distributed, one hasuO,CO5uO,ZuCO/uZ

anduE,E5uZ,Z(uE /uZ)2 whereZ denotes a non-O site. We
emphasize that since the O~ads!, and thus theZ’s, are not
randomly distributed, these equations are not closed, and
need to supplemented by an infinite hierarchy.8 However,
direct assessment of some of the properties of the solutions
to Eq.~9! is still possible. For a chemical wave with velocity
V in the x-direction, one hasuCO5uCO(j5x2Vt), etc., and
the above equations~and their extended hierarchy! can be
reduced to ordinary differential equations in the standard
way upon making the replacements]/]t→2V]/]j,
]/]x→]/]j.18

Consider first the case ofpCO below the equistability
point ~see Sec. IV A!, so that a planar chemical wave can be
formed in which the reactive state on the left, say, displaces
the CO-poisoned state on the right. This corresponds toV
.0. For our reaction model,uO in such a reactive state al-
ways exceeds the critical threshold,qc , for the termination
of CO-diffusion, and trivially uO50 in the CO-poisoned
state. Thus,uO will decrease from aboveqc , to belowqc ,
with increasingj. Consequently, we can assignj50 to the
point whereuO5qc , so there is no CO-diffusion forj,0.
Then, it is clear from the above equations that the profile
shape forj,0 is simply determined by the time-trace~after
the replacementt→x/V! of the coverages in a uniform sys-
tem relaxing from the state atj50 to the reactive steady-
state. Forj.0, the profile depends on the form ofDCO,CO

and DCO,O. One can show that whenV.0, the profile is
continuous, and there is no slope discontinuity atj50 since
m.1.28 However, upon approaching the equistability point,
where V→0, the profile develops adiscontinuityat j50:
coverages approach their reactive steady-state values for all

j,0, so uO→constant, strictly exceedingqc ; however,uO

decreases fromqc to zero, for increasingj>0. This behavior
is indicated schematically in Fig. 4.

For pCO just abovethe equistability point, propagation
involving displacement of the reactive steady-state by the
more stable CO-poisoned state doesnot occur in this hybrid
formalism with percolative diffusion. This is because the re-
active steady-state value ofuO exceedsqc , which precludes
diffusive coupling of the CO-poisoned state to this reactive
state.~However, aspCO approaches the upper spinodal, the
reactive steady-state value ofuO drops belowqc , and again
propagation occurs.! For completeness, in Appendix C, we
indicate corresponding behavior in the LG model forpCO

just abovep* .

C. Wave propagation with percolative diffusion:
Simulation results using the hybrid formalism

As an initial simplified treatment of wave propagation
within the hybrid formalism, we assume that the ‘‘weak’’
correlations in the distribution of adsorbed O do not affect
the percolation or transport properties for diffusing CO~ads!.
In this case, to describe chemical diffusion of CO~ads!, one
might use Eqs.~7! and ~8! with a quadratic approximation
for Fperc, where we slightly adjust the exact value fora,26 so
that we recover exactly the random percolation threshold of
qc50.4073. With this choice, we determine that the equista-
bility point for the reactive and CO-poisoned states occurs at
pCO'0.39560.001.

Next, we implement a self-consistent treatment of perco-
lation and transport within the hybrid formalism, as follows.
In the above analysis of wave propagation near the equista-
bility point, one can analyze the simulated distributions of
adsorbed O across the wave front to assess at what position
~and, thus, at what value ofuO! the non-O~ads! sites cease to
percolate. Specifically, we use small-cell real-space renor-
malization group techniques29 to estimate theshift in the per-
colation threshold from its value for a random distribution.
See Appendix D for more details. From this analysis, one
finds that the percolation threshold is shifted upward byd
'0.028 fromqc50.4073, for a random distribution, toqc

FIG. 4. Schematic of the chemical wave profile forpCO slightly belowp* .
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'0.435, as might be expected for weakly clustered
distributions.30 With this revised estimate ofqc , we appro-
priately refine our description of CO-chemical diffusion.
Specifically, we use the quadratic approximation forFperc in
terms ofuO, but with an adjusted value ofa so as to obtain
the appropriateqc50.435. We then reanalyze wave propaga-
tion and equistability. One could then continue to reassess
percolation across the wave front, revise the treatment of
CO-diffusion, reanalyze equistability, etc., until achieving
self-consistency. However, to the level of precision used
here,qc does not change significantly from the first revised
estimate of 0.435, and we obtain a final estimate ofpCO

'0.39860.001 for the position of equistability point. We
emphasize that this result is consistent with the value of
p* (h→`)50.39760.002 from Sec. II!

It is instructive to compare the above results for the eq-
uistability point in the hybrid model with those obtained
from corresponding simulations with other~imprecise! treat-
ments of diffusion. Results are shown in the right column of
Table II for standard diffusion~constantD!, for an approxi-
mate treatment based on Eq.~5! which underestimates the
influence of coadsorbed O on CO-diffusion~Modified!, for a
correct treatment ofDCO,CO ignoring the ‘‘off-diagonal’’
contribution due toDCO,O.0 ~diagonal!, and for the exact
treatment according to Sec. III C~exact!. In the latter two
cases, we report results for random percolation withqc

50.407(R), and for correlated percolation withqc50.435
(C). In addition, Table II shows corresponding results from
a ‘‘site-approximation’’ and a ‘‘pair-approximation’’ to Eq.
~9! and the associated hierarchy.8 The former ignores all spa-
tial correlations, and corresponds to a standard MF treat-
ment, whereas the latter accounts for nearest-neighbor corre-
lations. These results show that the prescription of diffusion
does significantly influence the location of the equistability
point, thus highlighting the importance of a correct treatment
of diffusion. The results also show that the pair approxima-
tion provides an adequate treatment of spatial correlations in
this hybrid model~cf. Ref. 8!.

Simulations or approximate analytic treatments of the
hybrid model can also be used to examine the variation of
propagation velocity withpCO, as well as the details of wave
front structure. Figure 5 shows results for the scaled velocity,
y5V/h1/2, obtained from simulations of the full LG model

with h5512, compared against predictions of the hybrid
model with various treatments of diffusion~and with the
identificationD05a2h, where ‘‘a’’ is the lattice constant!.
Clearly a correct description of diffusion is necessary to
quantitatively reproduce the value of the propagation veloc-
ity, as well as the equistability point. In Fig. 6~a!, we show
results for the coverage profiles across the stationary wave
front at the equistability point obtained from the correct de-

TABLE II. Estimates for the location of the equistability point,p* , of the
monomer–dimer model in the hydrodynamic regime. Results are shown for
simulations of the hybrid model~simulation! with uncertainty60.001, and
for site- and pair-approximations of the master equations for this model. We
also show the dependence of these estimates on various prescriptions of
diffusion described in the text.

Site approx. Pair approx. Simulation

ConstantD 0.4420 0.4401 0.440
Modified 0.4249 0.4185 0.419
Diagonal (R) 0.4159 0.4062 0.406
Diagonal (C) 0.4175 0.4084 0.409
Exact (R) 0.4061 0.3945 0.395
Exact (C) 0.4078 0.3970 0.398

FIG. 5. Scaled propagation velocity,y, of the chemical wave, vspCO.
Simulation results for the monomer–dimer LG model, with largeh5512,
are compared with predictions from the hybrid treatment with various pre-
scriptions of chemical diffusion.

FIG. 6. Hybrid-model simulations for coverage profiles across the interface
between the reactive steady-state~on the left! and the CO-poisoned state~on
the right! at the equistability point~corresponding to the discontinuous tran-
sition, pCO5p* , in the LG model! for ~a! percolative diffusion of CO;~b!
standard diffusion of CO with constantD. Here we setD05D(uO50).
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scription of percolative diffusion. The shape of the profiles is
very similar to that obtained from the LG simulations for
large h shown in Fig. 3~c!. On the other hand, the shape
shown in Fig. 6~a! is quite distinct from the smooth form
obtained using a conventional description of chemical diffu-
sion with constantD, which is shown for comparison in Fig.
6~b!.

V. MODEL REFINEMENTS AND COMPARISON WITH
EXPERIMENT

We emphasize that the monomer–dimer surface reaction
model, described above, provides an idealized description of
CO-oxidation on surfaces. More realistic treatments might
include a number of additional features, listed below as~i!–
~v!, which will modify the reaction kinetics, wave propaga-
tion features, and the chemical diffusion of CO~ads!. Such
refinements would be necessary for the type of detailed or
quantitative comparison with experiment discussed at the
end of this section.

~i! Nonreactive desorption of CO~ads! occurs under typi-
cal surface reaction conditions. With any such desorp-
tion, the completely CO-covered lattice is no longer a
steady state. However, for realistically small desorp-
tion rates, the discontinuous transition persists in the
LG model with finiteh.31 Also, bistability persists in
the hydrodynamic regime, although the lower spin-
odal becomes a saddle-node bifurcation rather than a
transcritical bifurcation. We emphasize, however,
such desorption has no effect on the qualitative nature
of chemical diffusion or wave propagation.

~ii ! Reaction rate vs total adsorption rate. Often, the reac-
tion rate is substantially larger than the total adsorp-
tion rate,1 in which case there is less mixing of ad-
sorbed reactants, and the description of diffusion
becomes simpler. However, the case we consider
where these rates are roughly equal is readily realized
for higher pressures or somewhat lower temperatures.

~iii ! Nonzero mobility of adsorbed O. Certainly O~ads! is
not completely immobile under typical surface reac-
tion conditions.7 However, since the hop rate for the
CO~ads! is undoubtedly far higher than that for
O~ads!, the picture of CO~ads! diffusing in a disor-
dered quasistatic environment of coadsorbed O re-
mains valid. The chemical diffusion of CO~ads! is still
described as above, and controls spatiotemporal be-
havior. In contrast, for systems involving coadsorbed
species with comparable high mobility, the descrip-
tion of chemical diffusion is distinct and more
complicated.32

~iv! Adspecies interactions. Such interactions are invari-
ably present and are usually significant, based on ob-
served adlayer ordering and islanding. They directly
affect adsorption and desorption kinetics,1 and influ-
ence reaction kinetics through both direct and topo-
logical effects. Such interactions also produce cover-
age dependence in chemical diffusion in addition to
that described above.19

~v! Adsorbate–substrate interaction. Experimental obser-
vations of CO-oxidation generally indicate that CO
adsorption is possible on O-covered surfaces,1 con-
trasting our model. This could, for example, be due
distinct adsorption sites for CO~ads! and O~ads!. A
plausible consequence, of particular relevance for this
study, is that diffusion of CO~ads! maynot be as com-
pletely inhibited by coadsorbed O~ads! as in our treat-
ment. Finally, we note that adsorbate-induced recon-
struction of the substrate is also important in a number
of reaction systems.1 Recent studies33 indicate that the
microscopic picture can be substantially more compli-
cated than envisaged in the original MF modeling,1

which would also dramatically complicate LG model-
ing.

Next, we comment on experimental observations of
chemical wave propagation during CO-oxidation, and on the
relationship of this and other theoretical modeling to such
observations. Photoemission electron microscopy~PEEM!
studies have provided the most extensive data on chemical
wave propagation, although these have not yet provided
comprehensive data forV vs PCO in simple bistable
systems.1 As a result, even the original MF modeling of
wave propagation, motivated by these studies, was not able
to make a direct comparison with experiment.34 However,
our study suggests one requirement for quantitative analyses
of propagation velocities~from more extensive experimental
data sets!, and associated extraction of surface diffusivities.
It is that such analyses should incorporate coverage depen-
dence in chemical diffusion due to the interference of coad-
sorbed adspecies. Another message from our study is that
observation of the full chemical wave front structure can
provide insight into such nonlinearities. Unfortunately,
PEEM does not have the resolution to discern such features,
but this is possible with low energy electron microscopy,or
mirror electron microscopy.35

VI. SUMMARY

We have analyzed chemical wave propagation in a
lattice-gas monomer–dimer surface reaction model for CO-
oxidation, with finite reaction rate and with various degrees
of CO-mobility. A ‘‘near-crossing’’ feature of the propaga-
tion velocity curves versus a measure of CO-partial pressure
allows precise estimation of the position of the equistability
point for reactive and CO-poisoned in the physically relevant
limiting regime of high CO-mobility. ~This point corre-
sponds to the CO-poisoning transition in the LG model.!
This estimate is consistent with a direct treatment of wave
propagation in this limiting regime, within a ‘‘hydrody-
namic’’ reaction-diffusion formalism, using a hybrid ap-
proach of Ref. 8, only with a correct description of CO-
diffusion. Here it is necessary to account for the percolative
nature of CO chemical diffusion, and for the feature that
coverage gradients in the immobile coadsorbed O induce a
diffusive flux of CO. The traditional description of diffusion
with coverage independentD produces significant errors in
the propagation velocity and equistability point. We also find
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that the shape of the wave profile close to the CO-poisoning
transition is sensitive to the percolative nature of CO-
diffusion, and is quite distinct from predictions with
coverage-independentD.
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APPENDIX A: MONOMER–DIMER MODEL WITH
INSTANTANEOUS REACTION

Goodmanet al.10 analyzed chemical wave propagation
for the monomer–dimer reaction model withinfinite k, but
retaining mobile CO~ads! with hop rateh, and immobile
O~ads!. A ‘‘near-crossing’’ ofV vs pCO curves, for different
h, was first observed in this model. Since the location of the
CO-poisoning transition,p* (h), as well asdV/dD, in-
creaseswith h, the ‘‘crossing point’’ occurs forpCO5px

above p* (h). Just as for the casek51, one can exploit this
‘‘near-crossing’’ behavior to estimate.

p* ~h→`!5px'0.57460.004, for inifinite k. ~A1!

The exact value is actuallyp* (h→`)54/7'0.5714.36 This
result agrees with the prediction of Ref. 11 thatp* should
increase withh from p* (0)50.526 to a value strictly below
2/3, and contrasts earlier claims.37

Note that wave propagation forpCO.p* ~up to ps1!
corresponds to displacement of the stable CO-poisoned state
by the metastable reactive state, and thus only occurs until
the latter poisons. Wave propagation is not well-defined for
pCO.ps1 . For k5`, V vs pCO curves must be extended
into this ‘‘metastable propagation’’ regime abovep* in or-
der to reach the ‘‘crossing point.’’ This is not even possible
for small h,9/4, whereps1,px , but it is readily achieved
in practice for largerh whereps1.px , due to strong meta-
stability.

APPENDIX B: FLUCTUATIONS AT THE CHEMICAL
WAVE FRONT

As noted in Sec. III C, the fluctuations in the location of
the interface include both intrinsic and long-wavelength con-
tributions. Precise definition of the former is generally
vague. ForpCO,p* , where the long-wavelength fluctuations
are of the KPZ-type, the amplitude,j i , of the intrinsic fluc-
tuations can in principle be extracted from the total ampli-
tude,j, for a system of widthL, from the asymptotic slope
of j2/L'j i

2/L1g/(24v) vs 1/L.16 On the other hand, in the
regime of largeh of interest here, the intrinsic fluctuations
dominate on the characteristic length scaleL;h1/2 ~recalling
that v;h!. Some insight into the behavior ofj i in this re-
gime comes from the analysis of ‘‘diffusion fronts’’ in non-
reactive systems.38 Here it has been shown that the amplitude
of fluctuations at the diffusion front~defined as the ‘‘sea-
shore’’ of the diffusing species! scales like (du/dx)24/7,

wheredu/dx denotes the concentration gradient at the front.
For our system, this gradient scales likeh21/2, which sug-
gests thatj i;h2/7. As an aside, we note that Goodman
et al.10 used the term ‘‘intrinsic width’’ in their study, which
corresponded to our characteristic length,Lc;h1/2, rather
than toj i;h2/7.

APPENDIX C: WAVE PROPAGATION ABOVE THE
POISONING TRANSITION

We consider the LG monomer–dimer reaction model
with k51 and finiteh, and forpCO slightly above the poi-
soning transition in the rangep* ,pCO,ps1 . Here the re-
active steady-state is metastable, and since the value ofuO in
this state exceedsqc , diffusive coupling of the CO-poisoned
state to the metastable reactive state is inhibited. On the other
hand, direct spatial coupling between these states always ex-
ists due to reaction of neighboring CO and O adspecies.
Thus, the CO-poisoned state does displace the metastable
reactive state, creating a chemical wave, at least until the
latter spontaneously poisons. In fact, extensive ‘‘local diffu-
sion’’ of CO~ads! generally occurs from the CO-poisoned
state into the ‘‘frontier’’ of the reactive state, and thus we
find that the interface propagation velocity and structure at
first vary conventionally with increasingh. However, for
large enoughh, the inhibited diffusive coupling must control
behavior as discussed in Sec. IV B. A detailed analysis will
be reported elsewhere.

We have noted in Sec. II A that spatially inhomogeneous
versions of ‘‘dynamic cluster’’ approximations to the master
equations do incorporate the direct spatial coupling due to
reaction.20,21 Thus, they do predict chemical wave propaga-
tion both above and below the equistability point, which cor-
responds to the discontinuous poisoning transition. However,
clearly such approximations cannot describe the complicated
local diffusion of CO~ads! mentioned above, as this requires
a precise characterization of the connectivity of non-O~ads!
or Z-sites at the frontier of the reactive state.

APPENDIX D: REAL-SPACE RG ANALYSIS OF
PERCOLATION

Consider lattice-gas systems with a continuous family of
states in which each site is designated by either O orZ, and
where these states are uniquely labeled by the coverage of

TABLE III. Estimates of thresholds,qc , for percolation of non-O~ads! or
Z-sites, obtained using various RG prescriptions, and from more ‘‘exact’’
procedures. Results are shown for randomly distributed O~ads! ~random
percolation!, for RSA of O2~gas! dimers, and for the hybrid model scanning
states across the reaction front near the equistability point. In the latter two
cases, we show the estimated shift,d, in qc due to correlations, and refine
the RG estimates ofqc usingqc(revised)'0.40731d.

Random
O~ads!

RSA of
O2~gas!

Hybrid
model

RZ(b53)5uZ 0.3807 0.420 (d50.039) 0.425 (d50.044)
RZ(b53)51/2 0.4407 0.466 (d50.025) 0.469 (d50.028)
RZ(b52)5RZ(b53) 0.379 0.400 (d50.021) 0.422 (d50.043)
Exact 0.4073 0.434 (d50.027) •••
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Z-sites,uz , or of O-sites,uO512uz . Real-space renormal-
ization group~RG! techniques can be applied as follows to
assess whether theZ-sites percolate.29 One determines the
probability,Rz , thatb3b site cells to span the cell horizon-
tally ~say!, as a function of the correspondinguz . Standard
criteria considered here for the threshold,uO512uz5qc ,
above which theZ-sites cease to percolate includeRz(b
53)5uz ; Rz(b53)51/2; or Rz(b52)5Rz(b53). Table
III shows the results forqc applying these criteria for ran-
domly distributed O~ads!, for irreversible random sequential
adsorption~RSA! of O2~gas! dimers on adjacent sites of a
square lattice,25 and for the O~ads! distribution in states scan-
ning the reaction front near equistability in the hybrid treat-
ment of the monomer–dimer reaction model. Using RSA as
a benchmark, it appears that estimates for correlated O~ads!
distributions of theshift, d, in qc from its value for random
percolation are more accurate than direct estimates of the
actual value ofqc . Thus we refine direct estimates ofqc

using qc ~random percolation! 1d50.40731d. Further-
more, the criteriaRz51/2 appears to provide the most reli-
able estimate ofd for RSA. Also it was recently shown to be
most appropriate for random percolation,39 and thus is used
for our analysis in Sec. IV of the hybrid model.
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