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Atomistic lattice-gas models for surface reactions can accurately describe spatial correlations and
ordering in chemisorbed layers due to adspecies interactions or due to limited mobility of some
adspecies. The primary challenge in such modeling is to describe spatiotemporal behavior in the

physically relevant hydrodynamitregime of rapid diffusion of(at least somereactant adspecies.
For such models, we discuss the development of exact reaction-diffusion equéRDES

describing mesoscale spatial

pattern formation

in surface reactions. Formulation and

implementation of these RDEs requires detailed analysis of chemical diffusion in mixed reactant
adlayers, as well as development of novel hybrid and parallel simulation technique200®
American Institute of Physics[DOI: 10.1063/1.1450566

Local adsorption, desorption, and reaction processes oc- |. INTRODUCTION

curring in surface reactions, when combined with surface
diffusion, produce a diverse variety of spatiotemporal
pattern formation. A key feature of these systems is that
both the hysteresis often observed in the reaction kinetics,
and the characteristic length of spatial patterns on the
order of um, are controlled by the very rapid surface

Many studies of surface reactions throughout the 1980s
focused on the rich nonlinear kinetics observed under ultra-
high vacuum conditions on single crystal substrat&ab-
stantial insight into this behavior has been derived from
modeling using appropriate mean-figldlF) rate equations
together with concepts from nonlinear dynamics to describe

diffusion of at least some reactant adspecies. Many as- chemical kinetics. More recent application, primarily in the
pects of these phenomena have been successfully eluci-1990s, of photoemission electron microscopy and low-

dated via mean-field reaction-diffusion equation model-
ing, in which the effects of adlayer ordering are neglected
or treated approximately. A more fundamental approach
is presented here based on atomistic lattice-gag.G)
models. One could attempt direct simulation of atomistic
LG models, but this approach is complicated by the large
separation of time and length scale¢due to adspecies hop
rates many orders of magnitude above other rates Thus,
we have developed another more appropriate strategy to
“exactly” connect-the-length-scales from these atomistic
LG models to the mesoscale pattern formation. Specifi-
cally, we treat directly this “hydrodynamic” regime of
large hop rates utilizing special simulation models and
procedures, coupled with a correct description of chemi-
cal diffusion in mixed reactant adlayers. This leads to
development of exact reaction-diffusion equations for the
hydrodynamic regime. In this report, we pay particular
attention to recent developments in the description of
chemical diffusion, which has a complicated tensorial na-

energy electron microscopy to surface reactions has revealed
a diverse variety of spatiotemporal pattern formation and
chemical wave propagation, prompting extensive and effec-
tive application of MF reaction-diffusion equatiofiRDE)
modeling? A classic example illustrating these various con-
cepts is bistability in CO-oxidation on @1L1) for sufficiently

low temperaturesT® a reactive statéwith high oxygen and

low CO coveraggcoexists with inactive stat@vith high CO

and low oxygen coveragédor a range of CO-partial pres-
sures(bordered by saddle-node bifurcatipn&or this sys-
tem, there also exist waves of transition between the reactive
and inactive states, where the more stable state displaces the
less stable ongOther behavior observed in surface reactions
includes reactive pulses in excitable systems, and waves of
transition into unstable statés.

Even in the earliest studidsjt was recognized that
strong interactions between reacting adspecies produce or-
dering or islanding, limiting the validity of the simple MF
description of kinetics. Interactions can significantly modify
reactivity, particularly if they induce islanding with reaction
localized at island peripheries; they also produce a nontrivial

ture since the presence of one adspecies can interfere with coverage dependence to desorption rates. Limited mobility

the diffusion of coadsorbed adspecies.
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of some adspecies also inhibits randomizatibmteractions
are wealk or equilibration(more generally, thus also affect-
ing reactivity. Given this understanding of the influence of

© 2002 American Institute of Physics
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interactions on kinetics, it is common to account for thesefor the strong hysteresis observed in experiments where the
effects at least approximately in phenomenological ratd.H mechanism produces bistabilty!® Most LG models
equations. have been implemented without surface diffusion, or with
In contrast, relatively little attention has been paid to thediffusion rates on the order of other rates, and thus do not
description of surface diffusion in the RDEs beyond the de-address the relevant hydrodynamic regime. One exception is
fault Laplacian formulation, where the diffusion of each ad-where behavior with increasing hop rates is studied system-
species is treated independently with const@aissibly an-  atically and extrapolated to very large hop raté%!81°The
isotropig diffusion coefficients:® However, for “dense” inadequacies of limited mobility models are also immedi-
adlayers involving even just a single adspecies, it is wellately evident when describing chemical wave phenomena
known that interactions produce a complex coverage{see the following
dependence to chemical diffusiérithe same is true for However, LG modeling is the natural approach to pre-
mixed adlayers of relevance for reactions, but here there argsely describe surface reactions provided it includes the fol-
significant additional complications due to the interferencdowing ingredients: the appropriate LH mechanism; incorpo-
on diffusion of an adspecies by the presence of coadsorbedtion of realistic adspecies interactions in specifying rates
species. This results in a coupling between concentratiofor various atomistic processes; and effective treatment of
(i.e., coveragegradients and diffusive fluxes for distinct spe- the hydrodynamic regime of rapid diffusion. Inclusion of re-
cies, and thus produces a tensorial form of the diffusioriable adspecies interactions is becoming increasingly viable
coefficient 1 by exploiting results from electronic structure calculations
Clearly, the presence of interactions by modifying diffu- (as well as from experimentThere are several examples of
sivity will influence the structure of chemical waves or reac-such modeling®=??but here we just note some particularly
tion fronts’®!® The specific feature that attractive interac- successful modeling of scanning tunneling microscopy data
tions and associated phase separation can produce “sharfr CO-oxidation on RtL11).?? Regarding efficient treatment
interfaces in reaction frontd(somewhat akin to phase waves of rapid diffusion of some adspecies, a “hybrid” strategy
described by the Cahn—Hilliard or Allen—Cahn equatjons was introduced by Silverberg and Ben-Sh&ulyherein the
has prompted recent application of mesoscale modeling toompletely or relatively immobile adpsecies are described by
pattern formation in surface reactions. Here, one starts from full LG model, but the highly mobile “equilibrated” adspe-
master equations for various configurations probabilities, andies are described by a MF-type treatment. This approach
then reduces these to stochastic Langevin-type rate equationgs first applied to titration reactions by them and otR&rs.
subject to the key assumption of complete mixing on shortater extensive application of the hybrid approach to CO-
length scaled? This approach necessarily incorporates theoxidation reactions by our group showed that MF-type bista-
effect of interactions into the kinetics and diffusion, albeit in bility is recovered in hybrid treatmenis?4?°a feature of
a MF fashion, and thus provides the possibility to explore gorimary interest here. We also note work by Zhdanov and
variety of nanoscale pattern formatiolisHowever, it does co-workers’! and Jansen and co-work&emphasizing the
not provide an exact treatment of the effects of local orderingole of rapid diffusion, and developing procedures or algo-
due to strong short-ranged interactions. rithms for its efficient treatment. The latter group discuss
Atomistic lattice-gagLG) models do provide a formal- coarse-graining or block renormalization type approaches,
ism with which to describe precisely ordering or islanding but the applicability of these is limited to rather special cases
induced by such interactions, and to treat the nontrivial nae.g., local randomization of all adsorbaté%
ture of chemical diffusioriat least for chemisorption systems In this work, we primarily explore the basic features of
where adsorption sites are localizeHlistorically, LG mod- canonical LG models for CO-oxidation with a LH reaction
eling has been successfully applied to provide detailed inmechanism exhibiting MF bistability. Rather than fine tuning
sight into ordering and phase transitions in equilibratedhese models to incorporate interactions appropriate to spe-
adlayerst® LG models have also been applied to nonequilib-cific systems, we emphasize fundamental and generic issues.
rium surface reaction type models, in many cases inspired b@ur focus in Sec. Il is on the behavior of the LG model with
the Ziff-Gulari—-BarshadZGB) model® In equilibrium, the  finite hop rate for CO diffusion, and in particular we discuss
actual values of rates for atomistic processes are not impothe variation of behavior with increasing hop rate as one
tant, only the detailed-balance constraint relating rates foapproaches the hydrodynamic regime. As indicated previ-
forward and reverse processes. For surface reaction modelsysly, we emphasize that the primary challenge in LG mod-
one must of course incorporate the appropriate adsorptiorgling of surface reactions is the appropriate description of the
desorption, and reaction stepwhere reaction occurs be- “hydrodynamic” regime of rapid surface diffusion of some
tween adsorbed species in the Langmuir—Hinshelwaét) reactant adspecies. In Sec. lll, we develop concepts and strat-
type mechanisms of interest hg¢relowever, to correctly de- egies todirectly treat this regimé&:° Our primary specific
scribe the kinetics and fluctuations in nonequilibrium phe-goal is a “proof of principle” that exact RDEs can be ob-
nomena, LG models must also be implemented with the aptained for LG reaction models. We show this by comparing
propriate values of rates fall relevant atomistic processes results of LG models extrapolated for large hop rates with
(including diffusion which change the occupancy of sites on those obtained from our “exact” RDEs. Thus, for our simple
the lattice. Clearly, rapid diffusion causes local equilibration,models, we achieve the ultimate goal of exactly describing
which impacts reaction kinetics. At least as significant is thesptaiotemporal behavior in LG models in the hydrodynamic
more subtle feature that rapid surface diffusion is responsibleegime without approximation. To achieve this goal, it was
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necessary to characterize percolative diffusion of(&i3
through a disordered environment of coadsorbé€ddd, as
described in Sec. IV. A discussion of the rather severe sim-
plifications and limitations of our modeling, and challenges
for more realistic treatments, is presented in Sec. V. Finally,
in Sec. VI, we briefly discuss other reaction systems and the
associated analysis of chemical diffusibnewed as trans-
port with dynamic or quenched disorder depending on the
relative mobility of the coadsorbed adspegies® We also
present our general conclusions.

Il. CO-POISONING TRANSITIONS, METASTABILITY,

AND FLUCTUATING CHEMICAL WAVES IN FIG. 1. Schematic of oumodified lattice-gas reaction model for CO-
LATTICE-GAS MODELS FOR CO-OXIDATION oxidation(Refs. 25 and 20 Dissociative adsorption of £gas is indicated
. . . . with impingement ratéF’o per diagonal pair of site@r Pq_ per site, since

An example of a LH reaction mechanism producing bi-ihere are two diagonal pélirs per $itSites denoted by an asterisk are re-

stability in the hydrodynamic regime is provided by CO- quired to be free of Gad9 for O,(gag adsorption according to the eight-site
oxidation on surfaces without substrate reconstruction orule(and the central two asterisk sites must also be em(gas adsorp-

F ; ; ;. tion with impingement raté o per site, CQadg desorption at rate, and
other feedback mechanlsrhsg. We now describe the Slmpll reaction of adjacent C@ds and Qads at ratek, are also indicated. Hop-

fied mOdeIIS considered in this Work'_ where @09 _and ~ ping of COads to NN empty sites occurs at rate and to next NN empty
O(ad9 reside on a common square lattice of adsorption sitessites at ratén’. Typically, we expect thah>h'>Po+ Po, (ork or d).

and coverages in monolayers are denotedéby or g,
respectively. In the following, “gas” denotes gas phase, and
“ads” denotes adsorbed phase. The LH mechanism involves

, We emphasize, however, that apart from the artificial
the following steps:

oxygen poisoning transition in the standard model, the basic
(i) adsorption of CQgag at single empty sites at rate behavior for both models is similar for smallas regards the

Pco (per sitg, and desorption at rate transition to a(nearly) CO-poisoned state for sufficiently
(i)  random hopping of C@ds to nearby empty sites high Pco/Po,, and associated chemical wave propagation
with some characteristic ratg?’ discussed in the following. In particular, this is true for the

(i)  dissociative adsorption of ffgas) with impingement somewhat artificial casel=0 where the completely CO-
rate Po, (per sitg at suitable pairs of empty sitéde-  covered surface is an inactive steady statehus, the fol-
scribed in more detail in the followingand possible lowing discussion applies for both models, unless otherwise

limited mobility of O(ads; indicated, and often gives specific results i+ 0.
(iv) reaction of adjacent pairs of G&d9 and Qads at In our analysis of LG reaction models that follows we
ratek (per paip. choose the time scale so that the impingement rates satisfy

Pcot Po,=1. We primarily consider the case=1 (but see

We do wish to emphasize that the adoption of a commomppendix A fork=c), and focus on the regime of smalll It
adsorption site for C@ds and Qads, and the neglect of s also natural to define a characteristic lenfth,c= (L2
CO(ad9-O(ad9 and CQad9g—CQlads interactions makes | 2)12 in terms of a spatial coupling rangeg, and a
these models highly idealized. These features and their effegjiffsion length,L . Here,Lg denotes the range of the “di-
on model behavior are discussed in Sec. V. rect spatial coupling” due to reaction or molecular adsorp-

The standardchoice in these idealized models is for ad- tion on distinct(nearby sites, and thus is of the order of the
sorption of G(gas) onto adjacent or nearest-neightN)  gyrface lattice constans.!® The diffusion length satisfié%
empty sites'®~*9224f O(adg mobility is included, then it | _—(p/K)Y2 whereD~aZh indicates the typical value of
would involve random hopping to adjacent empty sites. Ongne dominant diffusion coefficient for the mobile species in
shortcoming of this model is an unphysical poisoning transiterms of its hop rateh. Here,K is an effective overall first-
tion to an oxygen-covered surface, for sufficiently highorder rate for the reaction. The relevant hydrodynamic re-
Po,/Pco.™” Thus, we shall also considerraodifiedmodel gime corresponds tbc~Lp=(D/K)Y%3>a. Also, if L de-
where Q(gas) adsorbs at diagonally adjacent empty sitespotes linear system size, in the following we consider only
provided the six additional neighbors are also free of‘large” linear system sizesL>L.. Appendix B briefly
O(ad9.?*#*3%see Fig. 1. This is termed the “eight-site treats the case whele<L., which is of relevance in the
rule” since an ensemble of eight sites must be free Gfd§  study of fluctuation effects in nanoscale reaction systeéms.
for adsorption to occur, and it reflects very strong NN repul-
sive Qladg—0O(ad9 interactions’* Any O(ad9 mobility must
be consistent with these interactions, s@@® hops only to Forsmall d the above-mentioned LG models with finite
adjacent empty sites with no (@9 neighbors?® In the rate,h, of CO hops to NN empty sites typicaffyexhibit a
modified model, no NN pairs of @d9 can be created, so discontinuous or first-order kinetic phase transition at some
0o=<1/2, which precludes oxygen poisoning. Pco=P*(h) between a “reactive” stable steady-stafer

A. Steady states in spatially uniform systems
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P*(h)<Pco<P+ phase. The probabilityp(R), of growth and survival of the
y, MR blob (versus shrinkage and deaihcreases witlR, and sat-
isfies P(0)=0 and P(«)=1. Define a critical radiusR
=R, so thatP(R.,)=1/23° See Fig. 2. Then, we find that

R R.~L:A"! diverges upon approaching transition, where
.MR =l f let 0<o<1 for small h, contrasting MF behavior where
T =0.183%3350f course, the divergence of the critical size pro-

duces the divergence of the lifetime of the metastable state,

FIG. 2. Schematic of the steady-state phase diagram for our lattice-gagentioned previousl% As h—o, we find thato— 0 recov-

models of CO-oxidation for finiteh showing 6o vs Pco. Solid curves : : :
indicating the stable reactiveSR) [stable inactive(Sl)] steady states for ering MF RDE results. Concepts in Sec. Il B elucidate the

Poo<P* (h) [for Po>P*(h)] are separated by a discontinuous transition !”neaning ofa, ‘_ind .Clarify. the extent of smoothing or smear-
atPeo=P* (h). Metastable reactivéMR) and inactive(MI) extensions are  ing observed in simulation ddfafor P(R) from the deter-
denoted by dashed lingshe extent of which increases dramatically with ministic step-function fornrH(R—R,.).

increasingh), and an ill-defined unstable stdte), for finite h, is denoted by ; ot . P
a dotted line. Schematics on the right-hand side indicate a blob of the stable ',:ma”y’ we note that the f!r_St order trans,2|§!§)7r’149_|454a8ppears
inactive state embedded in the metastable reactive statefgr P*, and asd increases above some critical vahiie d . e-

the associated growth probabiliB(R) vs radius,R. Also shown schemati- havior asd—d is analogous to a thermodynamic critical
cally is planar wave of propagation of the stable inactive state into thepoint with an increase in the amplitude of fluctuatighé?—**
metastable reactive state fBgo>P”. This critical point corresponds to a cusp bifurcation when

h— oo,

II’- P*I(h) II’+ Pco

Pco<P*) and an ‘“inactive” stable steady statéor P,  B. Fluctuating chemical waves in spatially
> p*),161819.28.35The reactive state has higly and lowfc, ~ Nonuniform systems

(and high CQ production, whereas the situation is reversed For small d<d, and P inside the metastable region,

for the inactive state. The reactive state has a metastablghe can construct a spatially nonuniform system with the
extension forP* <Pco<P(h), and *the inactive state has jnactive state on the left, and the reactive state on the right,
such an extension fdP _(h) <Pco<P*, whereP, andP_  say separated by an initially shaganar interface. The
correspond to an upper and lower spinodals, respectivelgtaple state always displaces the metastable state creating a
TheseP. become saddle-node bifurcations las:. See  planar trigger waveéso, e.g., the inactive state displaces the
Fig. 2. Forsmall h metastability or hysteresis about this reactive state foPco>P*, as in Fig. 2,9161819374t |east
transition is veryweakin that the width of the metastable ntil the metastable state breaks doi¥he shape of the
region (P*—~P") is negligible compared to the width of the profile of the planar trigger wave is selected exponentially

bistable region in the corresponding MF  rate guickly in time with a width scaling like_c.** The propa-
equations.’**3*We note however that the lifetime of meta- gation velocity of theplanar wave has the forfi81937

stable states still diverges approaching the transitiin,

=PcoP*(h)—0. This weak metastability is due to “large Vp~cKLc[Pco—P*(h)]=cKLcA, @
fluctuations” associated with the adsorption and reaction Pronear the transition, for some constanaind where agaiK is
cesseslntroducing significant diffusion (as in real systems) an effective overall first-order rate. Thus, a stable stationary

quenches these fluctuations, dramatically expanding thenterface is formed between the two equistable states at
range of metastability, and ultimately producing bistability p.,=P* (h). See Fig. 3.

(metastable state lifetimes become infinite), assh!’18:24 Combining expressiofil) in Sec. I A for P* (h) with
This “hydrodynamic™ regime recovers the hysteresis behavgg. (2) for V,, above yields the interesting result that
ior of experimental reaction systems. The discontinuous tran- . .

sition for finite h becomes the equistability point in the Vp=Vp +cKLc[Pco= P*(=)],
bistable system foh—.%1737 See Sec. IIB.

One significant feature suggested by our simulation re-
sults is that The implied “near-crossing” of the family of curves far,

vs Pco (for various h) at the point ¥,,Pco)
P*(h)~P*(x)+AlLc, =(Vy ,P*(=)) has in fact been observed pre’\)/iously in
or that P*(h)~P* (o) +B/hY2 as h— . simulation studiegsee Fig. 3°'%%"but was not elucidated.
This crossing often seems quite well satisfied, even for small
(1) h, providing a convenient way to estima® («) from such
The origin of this behavior might reflect shifts with increas- data®3” Given the practical relevance of the hydrodynamic
ing h in steady-state coverages due to “mixing” over alimit h—oo, this is a particularly useful feature.
greater length~L¢, or subtle changes in percolative trans- Significant fluctuations occur at the trigger wave front
port of COlad9 (see Sec. Il B3 A more detailed discussion for finite h (Fig. 3), and these produce the smearind(R)
will be presented elsewheté. mentioned in Sec. Il A® Analogous to interfaces in fluids,
Next, we briefly discuss “nucleation theory” for these the rms amplitude of these fluctuatiords,is decomposed as
first-order transition$® For P_<Pco<P. , consider a blob  ¢2=¢2+ £5.918 Here, ¢, denotes the amplitude of “intrinsic
of the stable phase of radil&embedded in the metastable fluctuations” which are large for smafl. For long times{ is

where V:; ~ —cKA is independent ofh. 3)



Chaos, Vol. 12, No. 1, 2002 Atomistic lattice-gas models 135

CO(adg and other CQadg or O(ad9 (other than site block-
ing due to the feature that in our models, these adspecies
share a common adsorption $jtene has that'*

O i ] ) CO(ady. For our models withno interactions between
1
1

|
e

0.254

Vo . iz .o Jco=~Dco,coV fco~DcooV o,
o1s] o where Do =D co.coflcol (1— 6o). 6)
0197 ) The latter important relationship betweBro o andD ¢ co
0051 (a) actually appeared earlier in thermodynathiand kinetid’-2*

W - .
RN - )

0.00 T T T LA T 1
036 037 0.38 0.39 040 041 042 043 044

P

treatments of diffusion in noninteracting mixed overlayers,
however these treatments produced incorrect values for the
co individual coefficients(see Sec. IV and Appendix C for a
FIG. 3. (a) Propagation velocity, , of aplanar chemical wave versuBcq corrept analysbs This result exphmt!y rev'eals COUpImg of

in the standard model for CO-oxidation withk=1 andd=0 (Ref. 9. the diffusive flux for CQad9 to gradients in the concentra-

Curves forV, vs Pog and differenth values(shown display a near-crossing  tion of O(ad9, and ensures that.o—0, for a “jammed”
phenomenon discussed in the tefd) Simulated interface between the re- surface Where9¢o+ 90_>1_

active statdtop) and inactive statéottom) of the stationary chemical wave .
for d=0 andh=16 at the discontinuous transitioRco= P* (h=16) (Ref. For thestandardmodel, one haaCOg_ 4kfo.co, Where

9). A closed circle denotes G&ds and an open circle denoteg@@s. fo.co is the concentration of adjacent pairs of @@9 and
O(ads, and802= fc.e is the concentration of adjacent pairs

of empty sites. For thenodifiedmodel, one has the exact

dominated by long-wavelength fluctuatiorss,.*® These are .
y 9 g % relation

described by the stochastic Kardar—Parisi—ZhdKéZz)
equation, since the mean propagation velocity is largely in-  R-g =4k000'§g, )
dependent of the direction of propagatidrt® For KPZ evo- 2
lution, one finds a dependence of the interface velodty, Where 68&=0co/(1—6o) is the local coverage of
on front curvature, of the form 8V=V—V,~vk (where CO(ad9,* andSo, now denotes the probability of finding an
againV, is the velocity of the planar interfageHere,visa  “adsorption ensemble” of two diagonally adjacent empty
“kinetic surface tension” acting to reduce fluctuations. Thus,sites surrounded by six sites not occupied bpdd.?° The
the velocity of a curved blob of radilR satisfied® exact result forFlco2 in the modified model follows since
V(R)~V,— VIR, each @ad9 has four neighboring sites which are equally
likely to be populated by the “randomly” distributed

so V(R.)=0 for the critical radius giveR.=v/V,. (4) CO(ads. However, the other quantities cannot be simply ex-
pressed in terms of adspecies coverages due to nontrivial
spatial correlations, so E(q5) is not closed but can be
thought of as the lowest order equations in an infinite hier-
archy.

We shall consider solutions to E¢p) (and this hierar-

For consistency with the rest®.~L.A° 1 in Sec. Il A, one
has V~KL§A", where <o<1 for smallh. Thus, for finite
h, v vanishes aP-o=P* leading to “strongly fluctuating”
stationary interface¥!® Since —0 for largeh, so one ob-
tainsv~h in the hydrodynamic regime, consistent with stan-

dard results for ME RDE® chy) which correspond t@lanar wave fronts propagating in

' the x direction (so V= d/dx), and which thus have the form
Ill. DIRECT ANALYSIS OF THE HYDRODYNAMIC Oco= Oco(X—=Vpt),  Oo= Oo(X—=V,t), (8)
REGIME FOR CO-OXIDATION: HYBRID MODELS, .
PARALLEL ALGORITHMS EOR NONUNIEORM and eo.co: GO.CO(X—th) for the standard mOdel, etc. This
SYSTEMS requires both a correct treatment of the non-MF kinetics, and

) ) a precise analysis of the problem of percolative diffusion of
Our central goal is to develop procedures for direct andCO(ads) through a “quenched” disordered environment of
precise analysis of the hydrodynamic regime, where our COgqaqsorbed @d9. The latter results in a decrease to zero of
OX|dgggn models are described by exact RDEs of thebCO’CO: Deocollfo)) as fg increases to some percolation
form™ threshold. Here{#o} indicates a dependence on the actual
9l 3t 0co=P ol — Rcoz_dgco_V.Jco, distribution of Qads, rather than just om.° See Sec. IV.
Jlat 6o=2P0,S0,~ Reo, (5)  A. Analysis of non-MF kinetics and steady states
) ] o To analyzedirectly the non-MF kinetics and steady
The meaning of the different terms describing changes due t@5ia5 for h—o, we implement a “hybrid” simulation

adsorption, reaction, desorption, or diffusion will be cleary,,qe[9.24.25.29.301 o Qlads distribution is described by ap-
from the following definitionsfg=1- fco— o denotes the o riate LG model simulations. However, if C&I9 is ran-
coverage of empty siteSo, is the normalized sticking prob-  yom|y distributed on non-@ds sites due to rapid mobility
ability for O,(gas); Rco, the reaction rate; andco is the  (and no interactions it suffices to track only the number of
diffusive flux for CQad9. There is no diffusive flux term for CO(ad9, e.g., using a MF parametdi¢o. Actually, there is
O(ad9 as its mobility is negligible relative to that of a slight disconnect between this hybrid model and our LG
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Here, we just elaborate on the nature of the reactive state
in the modifiedmodel for immobile @ad9 where infinite
NN O(ad9—0O(ad9 repulsions ensuréy<<1/2 (so no oxygen
poisoning, and result in checkerboard of2Xx?2) ordering
of O(adg. See Fig. 5. Here, one might expect behavior
analogous to equilibrium systems with infinite NN repul-
models with CO hopping to NN sites at rate In the LG sions, i.e., the hard-squatkelS) model*® Indeed, just as in
model, a C@Qad9 cannot necessarily reach all noriad9  the HS model, there is symmetry-breaking transitioftom
sites by NN hopping, so different local CO coverages couldshort-range to long-rangg(2x 2) order, where populations
exist in disconnected non{&dg regions(at least for higher of the two degeneratec(2xX2) sublattices become
6o). But in practice this effect is negligible. unequaP>3**°This occurs wherd exceeds a critical value

As noted in Sec. |, this hybrid approach was first intro-of 6,,;,=0.300 (corresponding toP.o decreasing below
duced to treat the titration of preadsorbeta@d by expo-  0.135 in the reaction model wittk=1 andd=0°! (versus
sure to CQgas to form CO,(gas) 2% However, the benefits 6= 0.369 for the HS mod&)). Note that a-o—0, very
of this approach are even more dramatic in our analysis oflow reactive removal of single (@d9’s produces some
CO-oxidation models! Specifically, hybrid simulations im- “isolated defects” insidec(2X2) domains that cannot be
mediately reveal true bistability of the CO-oxidation modelrefilled by adsorption of gas), so that), does not ap-
in the hydrodynamic regim&;? entirely analogous to be- proachi.?® See Fig. 5. However, apart from some subtle but
havior in standard MF treatments. important technical difference@iscussed in Sec. IV the

Conventional simulations of the hybrid model allow c(2X2) order—disorder transition is analogous to that in the
complete characterization of the stable steady states, but nbtS model, and specifically in the same Ising universality
the unstable steady stafé<® In contrast, both stable and class®*°° Precise analysis of these issues exploits finite-size
unstable steady states can be immediately determined frostaling technique®-*° The nonequilibrium nature of this re-
analysis of rate equations in MF treatments. Fortunately, wactive steady state derives from the feature that oxygen ad-

FIG. 4. Steady-state phase diagrams gy, vs Pco from hybrid model
simulations(whereh— o) with k=1 for: (a) the standardmodel(Ref. 24;
(b) themodifiedmodel(Ref. 25. Behavior for variousl (shown reveals the
disappearance of bistability above a critica d,. .

can utilize a novetonstant-coveragsimulation proceduf@
to characterize unstablas well as stab)esteady state 25
In this approach, a target coveragiy of CO(ads is speci-
fied, and the adsorbing species is selected at each step to Finally, it is instructive to note that instead of exact
maintain 6&,. Then, the Rg corresponding t@co= 6, is
given by the resulting fraction adsorption attempts of CO vsanalysis of the exact master equations for these m3téts.
O,. Thus, we can obtain complete information on steadyUsually, this involves some approximate treatment of short-
states(as in the MPB.
In Fig. 4, we compare simulation results for the steadypair approximation yields an additional equation for, say, the
statef.p Vs P for both thestandardand modifiedmodels

with k=1 and immobile Qads. Apart from the unphysical

transition to an oxygen poisoning state #g,<0.378%in
the former, behavior is qualitatively similar. One finds thatmodifiedmodel, an analogous treatment provides an expres-
d.=0.142(0.052 in the standard (modified®) model.

sorbs as dimers but is removed as mononfergontrast to
the HS model which can be recast as a monomer adsorption—
desorption model with infinite NN repulsions

simulation analysis, one can also perform an approximate

range spatial correlations. For tseandardmodel, use of a
probability of Qads pairs, 6., from which other quanti-
ties in Eqg.(5) can be determineflexploiting the random
distribution of CQad9 on non-Gads siteg.®>?* For the

sion forSO2 in Eq. (5) in terms of the adspecies coveragés,
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-CO (ads)

o O (ads)

FIG. 6. Schematic indicating our parallel simulation procedure for direct
analysis of chemical wave propagation in the hydrodynamic regieés. 9

and 24. A discrete grid of macroscopic spatial poiritabeled by .i—1, i, 024

i+1,..) is introduced spanning the chemical wave front. Hybrid simulations ~ Fe==eeevaaaa -

for the local nonequilibrium state of the reacting systems are performed in 001 ‘ ‘ L L
parallel at each of these points. These simulations are suitably coupled to 6 4 2 0 2 4 6 g 10
reflect mass transport of G&d9 across the surfacdetween these points X/DO”Z

FIG. 7. Predictions for coverage profiles across a chemical wave from re-

so then all terms in Eq5) can be written in terms 0fcq finzd RDEs_ us(ijng th_et_pair z;\r:ﬁrox;mat_ionl t(jqﬁde;cribi(the reRactiol? kinetics,
. . and a precise description of the chemical diffusion of(&@f3. Results are
and 0, closing the equatiorns.

shown at equistability for thetandard(a) and modified(b) models, with
k=1, d=0, and immobile @ads.
B. Analysis of chemical wave propagation

To incorporate the above-mentioned precise reaction kiand immobile @ads. Here, we have actually used pair ap-
netics from simulation into an analysis of chemical waveproximations to the reaction kinetics, rather than simulations,
propagation, we divide space into a discrete set of macroso that a method-of-lines treatment of the associated RDEs
scopic points spanning the reaction front. We then perform ieplaces the parallel simulations. The influence on the results
parallel (i.e., simultaneously hybrid simulations at these Of various prescriptions of diffusion was also considered in
points. The individual simulations must be suitably coupledTable 1. The correct treatment of diffusion fstandardreac-
to reflect the diffusive transport of G&d9 across the sur- tion model the(right-hand columprecovers exact behavior,
face between these points. See Refs. 9, 24, and Fig. 6. TH (»)=0.397 extrapolated from simulations &s—c.>*
latter coupling is nontrivial because of the complex nature offhis should be expected since the pair approximation ad-
chemical diffusion. In principle, one should extract a valueequately describes the kinetics in this c8élt also recov-
of Dco.co (as well as the kinetigsfor each macroscopic ers the unusual shape of the stationary reaction front at
spatial point from the parallel simulations, as its value de-Pco=P*(*) [see Fig. 7a)], in contrast to the usual MF
pends on the actual distribution of{@lg in these nonequi- treatmenf For the modifiedreaction model, we do not re-
librium states. However, in practic€) o co is primarily ~ cover the exact result fdP* (=) =0.325 extrapolated from
controlled by 65, and one can exploit results for its form simulations ash—c2.3*% However, this reflects limitations
presented in Sec. IV. The above-mentioned approach ief the pair-approximation treatment of the kinetics in this
analogous to the “method of lines® commonly used for cas€’ rather than inadequacies in our treatment of diffusion.
MF RDES, except that here we just replace the MF rate equaiVe shall show in a separate pafehat an improved treat-
tions integrated at each of a discrete set of spatial points witment of kinetics with our correct treatment of diffusion does
parallel hybrid simulations. recover exact behavior.

From analysis of these PDEs we can obtain the chemical
wave propagation velocity/,(h—) vs Pco, and thus de- V- CHEMICAL DIFFUSION: PERCOLATIVE
termine P* () from the P value whereV,, vanishes. We TRANSPORT OF CO(ads)
present results fdP* (o) (Table ) and reaction front profiles In our CO-oxidation models, there are no interactions
at Pco=P* () (Fig. 7) for both models withk=1, d=0, between C@ad9g and other CQad9g or O(ad9. This implies

TABLE |. P*(«) for pair-approximation kinetics and various specifications of diffusivity.is a constant,
Dco.co=D(#6,) represents “exact” behaviaisee Sec. ¥, andDn.o#0 comes from Eq(2).

Dco.co=Dos Dco.o=0  Dco.co=DP(6), Dco.o=0  Dco.co=D(60), Dco.o#0

Standard model 0.4401 0.4084 0.3970
Modified model 0.3175 0.3146 0.3136
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(a) y . N b '« O(ads) For low coveragesf, of blocking Qad9 sites, it is
& possible to utilize Lifshitz—Stepanova-type density expan-
‘ ) ;g:(ﬁgghl sions to determine exactly the coefficierds, in formal den-
- wri'vz -~ LATH sity expansions of the forth
Q
LY YD - O(ads)
0 Dco.co= Do(1—a100—a,05—""), 9
_ 08 ®) whereD,=a’h, anda is the surface lattice constant. Previ-
a | ously, this approach was implemented by Ereisal.>® but
S 06r ] only for a random distribution of @d9 sites, to obtaira;
8 oal ] =m—1=2.14159,2,~0.85571,.... In fact, these results do
/ < HS model | not apply to our CO-oxidation models, where even for very
o2b . ) ] low O(adg coverages, the O’s are not randomly distributed
immobile O(ads) %\ due to the dimer nature of adsorption. For arbitrarily |6y,
0.0 : : = there is a mixture of dimeré&created directly from adsorp-
0.00 0.10 020 030 0.40

0o tion) and monomergcreated from the dimers by removal

through reaction with a C@ds of one of the constituent
FIG. 8. (a) Schematic of diffusion paths for Gads through coadsorbed O(adg’s]. Thus, it is necessary to determine the influence on
¢(2x2) O(ad9 in our modifiedmodel for CO-oxidation. Closed and open transport of isolated “dimer defects,” as well as of isolated
circles represent @ds, but on differentc(2X2) sublattices. Diagonal “monomer defects,” and then to take a suitable Weighted

bonds indicates(2X 2) clusters with next NN connectivity, which are dual 60
to the diffusion paths for C@dg. CO(ad9 tends to percolate along an- average of these eﬁed&' For the standardmodel, there

tiphase boundaries for high#,. (b) Simulation results foDeocoVs 6o~ are 1.5 times the number of monomers as dimers, and one
for the modified model with immobile @d9 andk>1, where percolation  obtainsa, =2.094 81*1%° For themodifiedmodel, there are
occurs atfo=0.305. For contrast, we show behavior in the HS mddet- twice as many monomers as there @tiagona) dimers, and
responding to a reaction model with highly mobiléa@9 subject to infinite . . 11
NN O(adg—O(ad9 repulsions, where percolation occurs &= 0.368. one Obtamal_ 2'5_52 04 . .
Near percolation and specifically forfg just below
Operc: ONE expects the scaling form

that the chemical diffusion coefficierd o co, corresponds
to the single particle diffusion coefficielfin the disordered
system,>**°s0 D ¢ is independendf 6. Thus, rather
than couch the problem in terms of generic transport theorywhere >0 is a dynamic scaling exponent, which is some-
it is more natural to exploit the language and concepts fronwhat dependent on the fractal dimensiop< 2, of the dif-
the theory of(single particlg percolative transport in disor- fusion paths at the percolation threshdtdror the DeGennes
dered system¥. The most famous problem in the class is deproblem®® or any transport problem in the random percola-
Gennes’ “ant-in-the-labyrinth” problef{ corresponding to tion universality class where;=91/49=1.8958, the well-
the artificial case of randomly distributed@ls. known Alexander—Orbach conjecture states that2d:/3

If diffusion of CO(ads is dominated by random hopping =91/72=1.2639°" This doesnot exactly recover the most
to nearest-neighbdNN) empty sites, it is clear that the “dif- precise numerical estimate available @f=1.3101. In the
fusion paths” correspond to clusters of nora@9 sites with  following separately discuss behavior in the standard and
NN connectivity. Long-range diffusion, corresponding to modified models.
Dco.co>0, requires percolation of these diffusion paths.
There is a “duality” between percolation of thefdN non-
O(ads clustel diffusion paths, and percolation of clusters of For thestandardmodel, although the @dg are not ran-
O(ads sites with NN or next NN connectivity. For the latter, domly distributed, there are only short-ranged spatial corre-
O(ad9 in the same cluster can be connected by NN or diagiations. These will not affect the critical behavior near per-
onal NN sitedso in the modified model, this just reduces to colation, sod; and u will retain the above-mentioned
next NN connectivity forc(2X2) O(ad9 clusterd. In other  random percolation values. The main change is a simft
words, theonsetof percolation of the latter NM diagonal  creasg in the percolation threshold t6,,.=0.435 (Ref. 9
NN O(ads clusters coincides with theessationof percola-  from the classic random percolation value @fe~=1
tion of the[NN non-Qads clustel diffusion paths, and thus —0.5927 0.4073 for NN+ diagonal NN clusters. This shift
with the vanishing ofDCO,CO.g'lg See Fig. 8&). In general, can be estimated using readily implementaftdet approxi-
Dco,co should decrease monotonically with increasifig, mate small-cell real-space renormalization group
and vanish at the percolation thresholh= e, say. We techniques.In the analysis of Sec. I, we simply implement
divide the following discussion into two coverage regimes:a quadratic approximation foDcgco~Do(1—2.09%,
(i) behavior for low 6y, corresponding to diffusion of —a&%), wherec is chosen to recover the shifte!x;jerc.9 Of
CO(ady around “isolated obstacles;lii) critical behavior  course, this approximation does not incorporate the non-
for 0o~ Operc- trivial critical behavior withu # 1, but(more importantly it

D co,co™ ( 0perc_ 00)”: (10)

A. Standard model: Near-randomly distributed O  (ads)
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does accurately describe thg dependence dd o co0ver a
broad range obg.
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B. Modified model: ¢(2X2) ordering of O (ads)

In the modified model where the @ds exhibit c(2
X 2) ordering, it is clear that for highefg, transport will
involve percolative diffusion along the antiphase boundaries
betweenc(2x2) domains. See Fig. 8. Previously, we noted
that the percolation of(2X2) domains with next NN con-
nectivity blocks long-range diffusion of G@ds, and thus
implies thatD¢o co=0. In addition, here we observe that
percolation ofc(2x2) domains requires the occurrence of
symmetry breakingi.e., the existence of long-rangg2
X 2) order. This follows since percolation ofc§2 < 2) do-
main of one phase precludes percolation of domains of the
other phase, thus implying symmetry-breakihd®As a con-
sequence, there are two possibilitié$:c(2< 2) percolation
whereD o co—0 occursafter symmetry-breaking, s@pec
> 0qt; (i) ¢(2X2) percolation wheréD o cg—0 occurs
simultaneouslywith symmetry-breaking abt,e.= Ocic- For
(i), the correlation length is finite al,e, and random per-
colation criticality must apply. Fo(ii), the divergence of
spatial correlations abpe= it Suggests modified critical
behavior.

For the modified model wittk=1, d=0, andimmobile
O(ads, we find that scenari@) applies with6pe,=0.305 vs
6.it=0.300% and similar behavior applies fdr=o.11%|n-
deed, the diffusion paths at the percolation threshold are
found to have the random percolation=1.89, and corre-
spondingly u=~1.3. In contrast, introducing even a small
amount of mobility of @adg (which is certainly present in
reality) closes the gap between symmetry-breaking and per-
colation producing scenaridi ).**** Our previous studies in-
corporating substantial @d9 mobility (i.e., analyzing HS
model behaviorindicate that in this casds~ 1.4 has a much
lower value. This reflects the feature that the diffusion paths;g 9. Hybrid simulations of 208200 site Gads configurationg(gray) in
are quasi-one-dimensional and nearly loopless, which in turfhe modifiedmodel for CO-oxidation wittk=1 at the percolation threshold
implies that u~d;~1.43° The same appears true in our forc(2x2) domains of Qads. This threshold corresponds to the disappear-
simulations with finite mobility shown in Fig. 9. Thus, the E‘q”ecfsi‘(’)fngq’jgsi:igﬁzm' ;hslscifli“sé‘;?];jg: flzrs(;?v‘:? ‘f"&t;‘)fiﬁf;i'b‘i’lg
universality clasg for transport ip this case is distinct fromo(ads Wh;re percolation occurs .aﬁo=0.305 (vs symmetry-breaking at
random percolation(or the ant-in-the-labyrinth problem  4,=0.300, with d;=91/48=1.89; (b) mobile (ad$ with NN hop rate of
with d¢ perhaps corresponding to the huperimetey of  unity [hopping is subject to infinite NN @dg—O(ads repulsiong where
Ising clusters at criticality. Figures 8 and 10 contrast behavPercolation and symmetry-breaking occur &g~0.37 (and Pco~0.039,
ior for immobile and mobile Cads. Despite the above-given Wit d=14-
detailed analysis of critical transpdend the discovery of a

new universality clagsfor the modified modelpg is typi-

cally quite low across the front of the chemical wave neargra_dients a_nd diffus_‘,ive _fluxes for diff(_—:'rent species. Indeed,
equistability, and it suffices to use the forBeoco typically this coupling is neglected in MF or mesoscale
~Dy(1-2.552 04,) in the calculations of Sec. IIl. modeling®'* However, there are also additional adspecies

interactions neglected in our modeling, in particular
CO(ad9—0O(ad9 repulsions’ 2 which would tend to recover
this coupling. Thus, the percolative nature of CO-diffusion in
our models with common adsorption sifesd no CQad9—
Certainly, our models for CO-oxidation are overly sim- O(ads repulsion$ will likely mimic behavior in real systems
plistic. Typically, CQadg and Qads occupy distinct ad- with distinct adsorption sites and repulsive @@9—0(ad9
sorption sites on Pt or Pd substraté=®*and in fact CQad9 interactions.
can populate more than one type of site at appreciable The presence of C@d9—O(ad9 and CQadg—CO(ads
coverage$? The feature of distinct sites for Gads and interactions[as well as @ad$—O(ad9 interactions beyond
O(ad9 would tend to reduce coupling between concentratiorstrong NN repulsionswill of course have a significant effect

V. KEY ISSUES FOR MORE REALISTIC MODELS OF
CO-OXIDATION
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on local ordering within the steady stat@s. Ref. 22, and  behavior, rather than bistable behavidrput where again
thus on the reaction kinetics. We do expect that the existencghemical diffusion in mixed adlayers of two or more reac-
of a nonequilibrium order—disorder transition in théa@9  tants controls spatiotemporal behavior. As an example, con-
overlayer will be preserved due to the strong short-rangesider the reactive removal of mixed NGQCO adlayers medi-
O(ad9—0O(ads9 repulsions. However, this transition could be ated by dissociation of N@ds into O(adg and Nad9, and
converted to first-order by the presence of @@—-0O(ad9  where the dissociation process typically requires an adjacent
repulsions, i.e., these interactions could induce “entropic deempty site!®®® Then, Gady reacts with CQad9 to form
mixing” of CO(ad$ and Qad9 into separate domait?s.Of CO,(ga9, and Nad9 recombine to form Bl(gag. A com-
course, any Cd9g—O(ad9 interactions will also directly pletely covered NG CO surface constitutes an unstable state
affect the reaction kinetics. In our modified model without as dissociation of N@ds is inhibited. If an empty patch is
such interactions, reaction is “spatially uniform”:(&9 in-  created in an otherwise NGCO covered surface, then a
terior to c(2x2) domains react at the same rate as thosé&isher—Kolmogorov-tyg& wave of reaction will expand
along the domain boundarigsince both have four NN sites from this patch into the covered surfaln the hydrody-
which can be populated by G&d9]. The presence of namic limit, the fronts of such waves achieve their selected
CO(ad$—0O(ad9 repulsions of course reduces the populationform much more slowly(as ~1/t) than trigger wave$®*®
of CO(ad$ on sites interior tac(2x 2) domains relative to  and fluctuations can play a more significant rifet is in-
those on the boundary. This effect would tend to reduce thstructive to note that for excess Cf@9 in the NO+CO
reactivity of interior Qadg. However, it is possible that adlayer covering the surface, buildup ofdds is typically
these interactions can also reduce the activation barrier famall, so all species with significant present on the surface
reaction of interior @ads, so as to roughly compensate for are highly mobile. In this situation, the local states at various
the reduced C@ds population. Since the detailed form of points across the reaction frofite., points fixed in a refer-
the activation barrier is system specific, one cannot draw angnce frame moving with the frontan be regarded as equi-
general conclusions. Indeed, for some CO-oxidation systeméprium stated(in a canonical ensemblevith fixed local cov-
reaction appears restricted to@9 domain boundarie¥  erages.
while for others it appears more spatially unifo?fn. From the above-given example, it is clear that, in gen-
Finally, we return to a more detailed discussion of theeral, a precise treatment of the hydrodynamic limit of LG
nature and treatment of chemical diffusion of @@9 in reaction models will require characterization of chemical dif-
more realistic models. First, it is appropriate to note that infusion in mixed adlayers with several highly mobile adspe-
the modified model with common adsorption sites and naies[e.g., CQads, NO(ad9, N(ad9], often in the presence
interactions{except infinite NN @Qad9g—O(ad9 repulsion, of coasdorbed relatively immobile adspecjesy., Gads].
the nature of CO-diffusion changes qualitatively if one al-For this reason, in Appendix C, we present for the first time,
lows hopping of CQad9 beyond NN. Even with just NN an overview of behavior for the simple classic problem of a
hops at ratéh, and diagonal NN hops at rat€, say, long- mixture of two types of noninteracting adspecies which hop
range diffusion no longer vanishesat any percolation to NN empty sites with generally distinct rates.
transition®’ In fact, for 6o=1/2 where one has perfec{2 In summary, in this paper, we have presented a strategy
X2)—0O(ads) ordering, it is easy to show thBicoco for development and analysis of exact RDEs associated with
=2a’h’(>0), wherea is the surface lattice constant. Thus, atomistic lattice-gas models for surface reactions in the rel-
since longer-range hops will likely occur in real systems, oneevant hydrodynamic limit. We thus providand test with
could argue that the discussions of percolative transport isimple models for CO-oxidatigrone approach for precisely
Sec. V are not so relevant. While at some level this is theonnecting-the-length-scales from a detailed atomistic de-
case, in practice, it is reasonable to expect that the rate facription of surface reactions to mesoscale pattern formation.
longer-range hops is well below that for NN hops. Thus, an
appropriate view is that the percolative transport picture
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VI GENERALIZATIONS AND CONCLUSIONS In the regime of high reaction ratk—, a special fea-

One could consider numerous other surface reactionsire emerges due to both rapid reaction and rapid diffusion of
where the LH mechanisms produce excitable, unstable, etadCO(ad9: at each macroscopic spatial point, just one species



Chaos, Vol. 12, No. 1, 2002 Atomistic lattice-gas models 141

(CO or O can have a nonzero coveragé!®3"Thus, the APPENDIX C: CHEMICAL DIFFUSION IN MIXED
reactive state ha®,>0 and 6-.o=0. The chemical wave ADLAYERS
separating reactive and inactive states has a singular form:

diffusion is not relevant in the reactive state, and is trivial in - L
the inactive statwhere only noninteracting C@ds is adlayers for determining pattern formation in surface reac-

present The latter feature facilitates exact analysis of equi-tions’ there has been surprisingly little analysis of these prob-
stability to obtain P* () =4/7=0.57273770 (¢f. P_=0 lems. Some general discussion is provided in Refs. 47 and

P, =2/3) for both standard and modified models with 74. However, the_re is not even availat_)le a comprehensive

—o. and exact analysis of the simple classic problem of mixed
adlayers with two noninteracting adspecies, denoted A and
B, which hop to adjacent empty sites with rates and hg

APPENDIX B: BISTABILITY AND EQUISTABILITY IN (per direction, respectively. Here the adlayer is randomly

SMALL SYSTEMS (L<L() mixed. Reference 47 gives only a simple approximate analy-
sis, and Ref. 74 gives only a parti@xac} analysis, prompt-

It has been claimed that bistability disappears for LGjng our more complete analysis of this probl&hin the

models of CO-oxidation in sufficiently small systems basedypoye, A could be C@ds, and B could be Cads (for CO-

on explicit calculations showing that the steady stdé®  oxidation or NO(adg (for the NO+CO reactiop, etc. By

increases monotonically witR¢o (rather than displaying a symmetry, knowledge ob 5 andD g for all h/hg deter-

bistable loop.” However, it follows as a general result from mines the behavior dDgs andDigg .

the theory of finite-state Markov proces&ethat for any From general considerations of transport thééry,gra-

finite system(no matter how large the true steady state is gjents in the coverages induce diffusive fluxds,and Jg,

unique, so no bistable loops can ever appear! Instead of cofyr species A and B, respectively. Arranging coverages and

sideringfco vs Pco, the appropriate criterion for bistability fxes into two-component vectors, and J, then these are
comes from considering the probability distribution for vari- (g|ated by 10,37.47.74

ous populations of adsorbed species. If this distribution is

bimodal (with the two peaks corresponding to reactive and J=-—D-V@ for small Vé. (C1
inactive “states”), then the system can be characterized as o )
bistable. In fact, we do find bimodal distributions even for | "€ 2<2 diffusion tensorD, has component®) .z with «,
very small systemgunder suitable conditions of smal, ~B=Aor B. D is not diagonal, i.e., a gradient in the concen-
etc). Results will be reported elsewhere. We note that thdration of one species induces a flux in the othemdf=0,
unique true steady state actually corresponds to the systefP"esponding to the case of CO-oxidation, tgr-0 since
spending some fraction of time in each of the reactive and®8a=DPss=0. In the following, we list some general prop-
inactive “states.” (In assessing the true steady state, onee'ties of theD, in certain extreme coverage regimiés:

must average behavior over sufficiently long times so thgj) D.s—D,b.s, as bothd,—0 and 6,—0 (where
system can make very many transitions between these reac- D,=a’h,),

tive and inactive statgsThe fraction of time spent in each (ji) Dy,—Dy(6g), asfs—0, andDgg—Dy(6,), as b

Despite the importance of chemical diffusion in mixed

state varies smoothly witlP-o explaining the monotonic -0,
variation of fco. (i) Dpg—0, asfp—0, andDga—0, asfg—0,

One other general issue related to these probability disGy) D,,=Dsg and Dga=Dgg, When 6=6,+ 6g=1
tributions for small systems with. <L is that here one (jamming.

naturally determines equistability of the reactive and inactive
“states” as corresponding to equal populations or weights ofCondition(i) reflects independent diffusion of the two adspe-
the two peak$® How does this criterion compare with equi- cies when coverages for both are low. (i), generalized
stability determined for the same model from stationarity oftracer diffusion coefficientd),,, appear corresponding to a
chemical waves in a system withe>>L-? We claim that the single species diffusing through a “bath” of the other species
two criteria will in general differ. which generally has a different hop rafe’® Condition iii )
Consider the standard model for CO-oxidation with bothindicates that the flux for speciesinduced by a gradient in
adspecies highly mobile, i.e., the hop rate fda@, as well  the coverage of the other species must vanish,asO0; (iv)
as CQady, is large relative to other raté5.(This regime follows since diffusion cannot occur whet 1. It should be
may be unrealistic, but it is instructiyeWe know that the noted that the cade, = hg is exactly solvable in terms of the
equistability point determined from chemical wave analysistracer diffusion coefficient for a noninteracting single-species
in a large system with > L . dependsn the detailed speci- lattice gag103":76
fication of adspecies mobilitye.g., different results are ob- A procedure for comprehensive and exact analysis of
tained for different ratios of hop rates for CO ani®How-  such diffusion follows from the statistical mechanical theory
ever, in a small system with<L., the adlayer is randomly for transport processes, where diffusion tensors are calcu-
mixed, so one can write down exact MF master equations folated in terms of mobility and compressibility tensors. See
the probability distribution which are independent of theRefs. 74 and 75 for details. Here, we focusdg, .”° Figure
specification of mobility. Thus, the determination of equista-10 shows thaD 5, naturally decreases with increasing cov-
bility based on the population distribution must alsoili#e-  eragefg of sites “blocking” A diffusion. In general, behav-
pendentof the detailed specification of mobility. ior is described by a family of curves, labeled By . The
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FIG. 10. Results for the diffusion coefficier),,, Vs g for a random

binary mixture of A and B particles on a square lattice, where hopping tozget

NN empty sites occurs at rate, for A, and hg for B (Ref. 75. For each
choice ofhg/h,, Daa_curves are shown fof,= % %, and O+ (for which

g ranges from 0 tc;, %, and 1, respectively, noting théj + 6g<1). Exact
results are available fdng/hy=1 (Refs. 8, 10, and 76 and behavior for
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