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For finite adspecies mobility, the lattice-gas monomer-din#et B,) surface reaction model exhibits a
discontinuous transition from a stable reactive steady state to a stgiésoned steady state, as the impinge-
ment rateP, for A increases above a critical val® . The reactivgpoisoned state is metastable fét, just
above(below) P*. Increasing the surface mobility @& enhances metastability, leading to bistability in the
limit of high mobility. In the bistable region, the more stable state displaces the less stable one separated from
it by a planar interface, witlP* becoming the equistability point for the two states. This hydrodynamic regime
can be described by reaction-diffusion equatiRBE’s). However, for finite reaction rates, mixed adlayers of
A andB are formed, resulting in a coverage-dependent and tensorial nature to chemical diféwsiornin the
absence of interactions beyond site blockirigpr equal mobility of adsorbe#l andB, and finite reaction rate,
the prediction forP* from such RDE’s, incorporating the appropriate description of chemical diffusion, is
shown to coincide with that from kinetic Monte Carlo simulations for the lattice-gas model in the regime of
high mobility. Behavior for this special case is compared with that for various other prescriptions of mobility,
for both finite and infinite reaction ratelsS1063-651X98)07905-7

PACS numbsgps): 05.60+w, 05.40+j, 82.65.Jv

I. INTRODUCTION There have even been a few more comprehensive studies
examining behavior of both the reaction kinetics and steady
In most surface reactions on single crystal substrates, adtates(including the enhancement of metastability and hys-
layer ordering and mixing significantly influence both theteresi3, as well as the characteristics of chemical wave
reaction kinetics and the chemical diffusion of adspeciesropagation, in the regime of high mobilif¢—7,13. How-
across the surface. Atomistic lattice-ga&) treatments pro-  ever, there has been no previous studyfiftite reaction rate
vide the possibility to incorporate and accurately describeyf the canonical case afqual mobilityof monomers and
such effect§1], which are ignored in traditional mean-field dimers(which can hop to adjacent empty sitesr any sys-
(MF) treatmentg2]. However, most LG modeling has failed tematic examination of how the prescription of mobility af-
to recognize and incorporate the feature that rates for hogfects behavior in the hydrodynamic limit. These issues are
ping between surface sites, for at least some adsorbed reagddressed in this contribution.
tants, are typically many orders of magnitude larger than |n Sec. Il we describe the LG monomer-dimer surface
rates for all other processéadsorption, reaction, and de- reaction model, and the basic properties of the model. A
sorption [3]. Indeed, this rapid mobility is responsif-7]  reaction-diffusion equatiofRDE) formalism to describe be-
for strong hysteresis and metastability in the reaction kinethavior in the hydrodynamic limit of large monomer mobility
ics, and for the mesoscopic length scales of spatial patterg presented in Sec. lll. In Sec. IV we discuss appropriate
formation, observed in these systef2 Thus it is important  descriptions of chemical diffusion in mixed adlayers. These
to focus on the behavior of LG models in the appropriatedescriptions are incorporated into the RDE’s. An analysis of
“hydrodynamic limit” of rapid mobility of these reactants pehavior of the LG model with equal mobility of monomers
[4-7]. and dimers, and with a reaction rate of unity, is presented in
There have been numerous studies of the classigec. V. Behavior in the limit of high mobility is compared
monomer-dimer £+ B,) surface reaction model, which thus with predictions of the appropriate RDE’s. A comprehensive
provides a natural testing ground for the above issues. Earlysting and comparison of values for the equistability point,
MF studies revealed bistability between a reactive steady,=p* is given in Sec. VI for various prescriptions of
state, with low monomer coverage, and a monomer-poisoneghobility, for both finite and infinite reaction rates. Some con-
steady statd8]. MF reaction-diffusion equation studies of cluding remarks are presented in Sec. VII.
the evolution of a chemical wave separating these states al-
lows assessment of their relative stability. The initial LG
model studies focused on the casihout surface mobility ) )
of reactants, where “large” fluctuations readily produce a Il LATTICE-GAS MsgfchﬂTlEgND,:AthDREL (A+B;) SURFACE
discontinuous transition between the reactive and poisoned
stated9,10]. Subsequent studies introduced limited mobility = The monomer-dimerA+B,) lattice-gas reaction model
to examine its effect on the location of the transitjdd,12. includes the step8-10]
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A(gag+E Pa Aads, With increasing mobility ofA(ads), the lifetime of the
metastable reactive state increases and eventually diverges,
and the width of its existence rand®* —P* expands sig-
nificantly. The width of the existence rang& —Ps~ of the
" metastableA-poisoned state, also expands B, since
A(adg +B(adg ——— AB(gasg +2E, PS5~ —0. In the hydrodynamic regime,” wheitg,— o0, fluc-
tuations in nonpoisoned states are quenched, true bistability
where “gas” denotes gas phase, “ads” denotes adsorbegs achieved, and* becomes the equistability point for the
species, andE denotes an empty surface adsorption site. Tcbistable reactive and-poisoned stategt—7].
describe the model more explicitlyi(gas) adsorbs at rate Of particular relevance for this study is the observation
P, on single empty sitesB,(gas) adsorbs at ratBg on  that for P,<P*, a stable reactive state will displace the
adjacent pairs of empty sites; and adjacéy(iads) and metastable or unstable-poisoned state, separated from it by
B(ads) react to form the produétB(gas) at ratk for each an on-average planer interface. This creates a trigger or
A(ads)B(ads) pair. We also allow hopping @f(ads) and chemical wave of velocityy>0, say. ForP* <P,<Ps*,
B(ads) to any adjacent empty site with rates and hg, the stable A-poisoned state displaces metastable reactive
respectively, and “exchange diffusion” of each adjacentstate, creating a trigger wave with velocit<0 (at least
A(ads) andB(ads) at ratehp,g. We assume here thdt,  until the metastable reactive state spontaneously podisons
=hg andhy=h,g. These diffusion processes may be repre-This velocity, V, vanishes a¥,— P*, where the reactive

B,(gag+2E — & . 2B(adg,

sented schematically as and A-poisoned states are in equistable coexistence. See
\ Refs. [5-7,13. Near the transition, one hasmkc(Lr2
A(ads+E —2 5 E+A(ads, +L3) Y4 P* —P,), wherek.=0O(1) is the overall character-
istic rate for the reactionl.,=0O(1) is the range of direct
B(ad$+E — &, B(ad§+E, spatial contact due to nearest-neighbor reaction and dimer

adsorption mechanisms, ahg~ (h,/k.)Y? is the diffusion
length (for ha=hg andh,g) [5,7]. Here, distances are mea-

has
A(ads +B(ads B(ads +A(ads . sured in units of the surface lattice constant

Thus, implicitly, in this model, there ameo interactions
between adspecies, other than exclusion of double site occulll- HYDRODYNAMIC REGIME OF THE ~ A+B, MODEL
pancy, and reaction of adjacef{ads) andB(ads). Below, In the hydrodynamic regime, whetg, and possibly also
we chooseP,+Pg=1, which sets the time scale. We shall yiher hop rates are very large, the local coveraggsand
consider f|n|§e reaction ratgsvith lf= 1), and also instanta- fg, can vary not just in time, but also spatially on a macro-
neous reaction, wher&—o. This model has the same scopic length scale controlled by the diffusivity. This spa-

Langmuir-Hinshelwood adsorption and reaction steps as Cotemporal variation is described by reaction-diffusion equa-
oxidation[2], if one makes the identificatior&—CO and  tjons of the form[7]

B, O,. Below, coveragegin monolayers, ML for A(ads)
andB(ads) will be denoted by, and g, respectively, and (9l9t) Op=Ppb—2zkfpg—V-Jp and
the total coverage by= 05+ 65. T
For finite hop rates, the surface reaction model exhibits a
discontinuous transition from stable reactivesteady state
with low 6,, for some or all P,<P*, to a stable
A-poisonedsteady state witl#,=1, for P,>P* [5,7,9-13.
The location of the transitionP,=P*, is nontrivial. A
metastable reactivetate persists for some finite rangé
<PA<P*" bounded above by an upper spinodal pdt
(the precise definition of which is uncled,14]. Of course,
the A-poisoned steady state is an absorbing state, which e
ists (with infinite lifetime) for all P,. However, it is only
stable, attracting nonpoisoned states,Rgi>P* . It appears
to be metastable(only transiently attracting nearly
A-poisoned statgedor some rangd®>” <P,<P*, and to be
unstable for lowerP, (repelling nonpoisoned statef6].
Here P5~ denotes a lower spinoddlFor completeness, we
note that there is also B-poisoned adsorbing steady state,
which is typically unstable. The only exception is for limited
mobility of the dimer species, and for a rangeR{< P**
(with P** <P*), where it becomes stable. In this case, there (‘-]A
is a continuous transition to the stable reactive statP at Js
=P**_ Although this transition has been the focus of nu-
merous studiefl], it does not significantly impact upon the is a tensor of diffusion coefficients. See Sec. IV for further
issues considered here, and is thus deemphasized. discussion.

(919t) Og=2PgOge—zKOpg— V- Jg. (1)

Herez is the coordination number of the lattic, g is the
local probability that any adjacent pair of sites has one speci-
fied site occupied by, and the other b (i.e., O,z is the
“coverage” of AB pair9, and ¢ is the local probability
that sites in an adjacent pair are both em@., ¢ is the
“‘coverage” of EE pairg. For a completely randomized ad-
)fayer, one ha®g= 050g, andfce=(0g)>. However, in the
presence of spatial correlations as is the case of finite mobil-
ity of B(ads), these simple relations are not satisfied, and Eq.
(1) should be regarded as the lowest order equations in an
infinite hierarchy[6]. In Eq. (1), Jx denotes the diffusive flux

of adspecieX=A or B. In general, a gradient in the cover-
age of one adspecies generates a diffusive flux in both ad-
species, so one writd4 5]

DAA DAB
DBA DBB

_ (YGA

= YGB)’ where Q:< ) 2
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g @ ! b) The profile of the chemical wave corresponds to a spe-
IR \/ cially selected trajectory of the quasiparticle which starts al-
N P o Bt most at rest aP, and ends up at rest &. If P is more(les9
SN s \ B / \/ stable tharR in the RDE's, it corresponds to the legsore)
5t / s( stable equilibrium point oF, in that a dragantidrag force,
/ PIENAN V>0 (V<0), is required to achieve the above motion. In
0 P, 1 0 o, 1 the case of equistability, which is of primary interest below,

the particle achieves this motion between the unstable equi-
FIG. 1. (@ Schematic of steady-state behavior &f (in ML) librium points without any drag force=0). We note that
versus P, in the hydrodynamic limit, and in the absence of a when D is diagonal withDy,=Dgg, and in some other
B-poisoned stateR, P, andS denote the reactivél-poisoned, and cases for instantaneous reaction, B).becomes a conven-
unstable states, respectively (s—) denotes the uppdtower) tional Newton’s equatiorisee Sec. Vl
spinodal.(b) Schematic of the evolution af, and g (in ML) for a Finally, we briefly comment on the limiting caske;—.
spatially homogeneous system in the bistable regime. Such instantaneous reaction, together with rapid mobility in
the hydrodynamic regime, means that only one type of ad-
First, we discuss the steady-state behavior and kinetics f&pecies can populate any macroscopic point in spa& In
spatially homogeneous systefids6,8). A stableA-poisoned  regions populated by(ads), the adlayer is completely ran-
steady stat¢P) exists for allP,. In a bistable regime with domized, sincehy,—. Here, the reaction rate must ap-
0=PS"<P,=<PS", there also exists a stable reactive steadyproach the B-adsorption rate, S0 zkfxg—2Pgfce
state(R) [except for limited mobility ofB(ads), where this =2Pg(6g)?, and one can seét==1— 6, in both the adsorp-
state is replaced by a statBepoisoned state foP,<P** ].  tion and reaction terms of Eql) [4]. In regions populated
In the bistable regime, there also exists an unstable steady B(ads), the reaction rate approaches fhadsorption
state or “saddle point”(S), using the terminology of non- rate, sozkfag— 2P A6g, but the adlayer is only completely
linear dynamics, which “connects” the stable states. Therandomized ifhg—o, which somewhat complicates the
upper (lower spinodals+(s—) located atP,=P*" (Po  analysis[4].
=PS~=0), which bounds the bistable regime, corresponds
to a Saddle-nodétranscritica] bifurcation. Figure ﬁa) pro- IV. CHEMICAL DIFFUSION IN MIXED ADLAYERS
vides a schematic of the steady-state behavioréfpr and OF A(ad9) AND B(ads)
Fig. 1(b) indicates schematically the dynamics of the homo-
geneous system in the bistable regimeB(ads), as wellas ~ Again we consider the hydrodynamic regime, whage
A(ads), is highly mobile, the adlayer is randomized, andand possibly also other hop rates are very large. For a reac-
both stable and unstable steady-state behavior is exactly déon rate which is comparable to or lower than the total ad-
termined from MF rate equations. For limited mobility of sorption rate(and thus fork=1), the steady states in the
B(ads), nontrivial spatial correlations persist, but one carféaction model are mixed adlayers with significant local cov-
precisely analyze the behavior of the stable reactive state b§rages of bottA(ads) andB(ads). This feature implies that
conventional simulation techniques, and that of the unstabléhe description of chemical diffusion is nontrivial, even in
state by unconventional constant-coverage ensemble simulthe absence of adspecies interactidmesyond site blocking
tion techniqueg6]. One can, however, enumerate some propertid3 @r gen-
Next, we discuss chemical wave propagation in the reeral hop rates. Below, we Iﬁtﬁ=za2hK/4 denote the single-
gime of bistability for this model. Specifically, we consider particle diffusion coefficients, foKk=A andB (wherea is
the propagation in the direction, with velocityV, of planar  the surface lattice constantNote that, due to the lack of
waves which separate tifepoisoned state on the left, from adspecies interactionE),ﬂ also corresponds to the chemical
the reactive state on the right. Such waves correspond tdiffusion coefficient for an adlayer populated by a single
solutions of the RDE’1) of the form 6,= 0,(&é=x—V1), speciesK [18]. For general mixed adlayefs the absence
0= 0g(£=Xx—V1), Opp=Oap(é=Xx—VI1), etc. Here, it is of interactions beyond site blockingone hag15] the fol-
useful to introduce a quasimechanical terminoldgly Ref.  lowing features.
[16]): X=(604,05)" denotes the “position” of a quasiparti- (@ (D);k=Djk— 8,xD¥, as both#,—0 and gg—0,
cle at “time” & D denotes its position-dependent “tensor since there is negligible interference of surface diffusion by
mass”; P=D(d/d§)X denotes its “momentum”; ande = coadsorbed species.
(— PO+ zKOpag, — 2Pglee+ zkOpap) denotes the (b) Dpg—0, asf,—0, andDg,— 0, asfz—0, since the
position-dependent “force” field in which the quasiparticle diffusive flux in adspecieX induced by a gradient in the
moves[17]. Then, the poisoned stat®) and reactive steady coadsorbed species must vanish with the coverade. of
state (R) correspond to unstable equilibrium points in the (c) If h,g is negligible compared with the diverging hop
force field, and the unstable st&t€) corresponds to a equi- rateh,, thendc—0, asé,+ 6g— 1, since the lack of vacan-

librium saddle poinfcf. Fig. 1(b), where the arrows pointin cies on the “jammed” surface precludes significant diffu-
the opposite direction of the force vectér]. Then, the sion. Whenf,+ 6g=1, one hasVé,=—Vélg, soJx=0

RDE'’s can be recast in the form of Newton’s equations,mplies thatD,=Dyg .
including an extra dragantidrag force term, forv>0 (V We now give the explicit form of the diffusion coeffi-
<0). Specifically, one has cients in some special cases. For all these, the diverging hop
rates) will be denoted byh, and we seD°=za’h/4. See the
(0l10E)P=F—=V(dld&E)X. (3)  Appendix for further discussion of these and other cases.
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(i) ha=hg=hsg=h—o. Here, each type of adspecies 1.00
diffuses independent of the other. Furthermore, due to the ors] o h=4
lack of interactions, chemical diffusion is described by '
single-particle equationgl8]. Thus one has “simple diffu- 0.50-
sion” described byD ;= 8;D°.
(i) ha=hg=h—o; hyg/h—0. Here, one can exploit V 0257
special physical and symmetry properties to analpzg 5]. 0.004
The total coverage,f= 65+ 6z, must satisfy the classic .
diffusion equation for a noninteracting single-species lattice -0.251
gas with hop rateh. Thus it follows that Dps+Dga 050

=Dpp+Dge=D". Furthermore, iDoa=D,, (6g), then by
symmetryDgg=D,_(6a), soD is determined by the single
function Dy(x). In the limit y—0+, Dg.(X)=Dyu(X) . . . .
=D9%1—x)f(x) reduces to the conventional tracer diffusion FIG_. 2 Propagation velocity (measured in Iatt_lce constants
with the same hop rate. The “correlation factof(x)<1 rating A-poisoned and reactive states. Behavior is only shown for a
reflects a tendency for backward hopping of the traceP@ToW range ofP, close toP* (whereV=0). Herek=1, hag
particle. Simulations show thaf(x)~1—0.62+0.08> =(t), and behavior is shown for various valueshgf=hg=h (indi-

for random adlayers. Sinc®ag+Dgg=D° and Dgy 2 ed.

=D, at jamming, wherey—1—X, one also ha®_,(x)
+D,(1-x)=D? indicating that D;_,(x)=D°1—x).
More generally, one can show thdt5,19

T T T T T
0.420 0.425 0.430 0.435 0.440
A

lations were performed on a 680000 site square lattice
with periodic boundary conditions. We focus on the propa-
gation of a planar interface between the reactive and
_ 0 —y1_ A-poisoned states. Specifically, a band of theoisoned
Dy0)=p,D7HpDylytx) for 0=y=1-x, state is placed across an otherwise empty latatigned the
short side. After the reaction process is initiated for some
P,<PS*, a stable or metastable reactive state is “quickly”

(i) ha=hag=h—; hg/h—0. In this case, the diffu- formed on the empty region of the lattice, and then a chemi-
sion of A(ads) is independent d#(ads), soD,,=D? and  cal wave develops associated with the contraction P,
Dag=0. It is also clear that diffusion of eacB(ads) is <P*) or expansionfor P,>P*) of the A-poisoned band
independent of otherB(ads), so one expects that immersed in the reactive state. . o
Dgg= 0,D° andDga= — 65D°. _ From analygls of such evolut|.0n, we obtain the variation

(iv) ha=h—; hg/h andh,g/h—0. HereA(ads) dif-  With P, of the interface propagation velocity, measured in
fuses rapidly through an effectively immobile background ofSurface lattice constants per unit time. This behavior is
coadsorbed(ads). Due to the lack of interactiorB,, cor- ~ Shown in Fig. 2, for various values indicated. We consider
responds to the “percolative” diffusion coefficient for a Only a narrow range dP, around the location of the discon-
single particle ofA(ads). Daa=Dperd f) decreases from tinuous transition,P,=P*, where V=0 [noting that P*

D to zero, ag increases from zero to a percolation thresh-= P* (h) varies little withh]. As expectedcf. Sec. 1), the

old, where paths of sitesot occupiedby B(ads) ceaseto  Slope Of‘ these curves mcreass—z,s_vxm;h. However, there is
span the systenD . actually depends on the full configu- also a “near-crossing feature” in that the curves tend to
ration{B} of B(ads), since spatial correlations in this distri- oughly pivot about a single poirfe,~P,=0.430+0.003
bution affect both the percolation and transport propertie@ndV=0.05=0.05. Analogous behavior has been observed
[7]. Also, due to the lack of interactions, the diffusive flux of Previously for other cases of the monomer-dimer surface re-
A(ads) induced by a gradient if is directly proportional to ~ action mode[7,13]. This feature is particularly useful as it
Ox, i.6.,Dap=0,G(6g). The equalityDps=Dag, wheng  allows ready extrapolation to asseB$(h— o) [7]: When
=0+ =1, then implies thaG(6g) =D perd fp)/(1— 6g) h—oo, V versusP, must be represented by a vertical line on
[7]. Clearly, here one haBgg=Dgs=0. the scale of this plot, located aP,= P*(h—'>oc)~PX

The case of instantaneous reaction deserves special corfi-0-430. ThusP,=0.430* 0.003 provides an estimate of the
ment. As noted in Sec. IIl, here only one adspecies can odocation of the equistability point in the hydrodynamic limit.
cupy a macroscopic poiriso only one off, and 65 can be  Finally, in Fig. 3, we show predictions from simulations with
nonzero at a single point Thus the diffusion in such a large h=>512 for the variation of the scaled velocity,
single-species region of the adlayer is triviid the absence = V/h*% over a broader range df,. This scaled velocity
of adspecies interactionsbeing described by a constant for h=512 has effectively converged to the finite value cor-
single-particle diffusion coefficierf#,5,18. responding to the hydrodynamic linrit—o.

Next, we compare these predictions from the simulations
for largeh hydrodynamic behavior with those of appropriate
reaction-diffusion equations of the form of E). First, we
note that since bot(ads) andB(ads) are highly mobile on
the time scale of adsorption and reaction, there will be no

Here, we first present results from a simulation study ofspatial correlations in the adlayer. As a result, a simple
the A+ B, model withh,=hg=h, hpyg=0, andk=1. Simu- mean-field treatment of adsorption and reaction kinetics can

where p,=x/(x+y) and p,=y/(X+Yy). (4)

V. DETAILED ANALYSIS OF THE A+B, MODEL
FOR EQUAL MOBILITY OF A(ads) AND B(ads)
AND FINITE REACTION RATE (k=1)
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FIG. 3. Scaled propagation velocity=V/h'? versus a broad FIG. 4. Coverage profiles for the stationary interface between
range of P,, for an on-average planar interface separatingA-poisoned and reactive states in the- B, model withk=1 at
A-poisoned and reactive states, in theé B, model fork=1. Simu-  equistability. Spatial coordinates are rescaled. Simulation results
lation resultgsymbols are forh,g=0, andhpy=hg=h=512. RDE  (symbolg are for h,z=0, and hy=hz=h=128. RDE results
results(curves are for mean-field kinetics, and various prescrip- (curves are for mean-field kinetics, and various prescriptions of

tions of diffusion described in the text. diffusion described in the text.
be used in the RDE’s and, in particular, one finds tRat VI. BEHAVIOR FOR OTHER CHOICES OF MOBILITY
=3. In contrast, the description of chemical diffusion for AND REACTION RATE

this choice of equal adspecies mobility is nontrivial. How-

ever, the appropriate exact prescription is provided by case |t is instructive to comparé+ B, reaction model behav-

(i) in Sec. IV. The predictions of such exact RDE'’s for the jor for the choice of parameters considered in Sec. V with

scaled velocityr versusP,, are shown in Fig. 3, and are that obtained for different prescriptions of adspecies mobility

completely consistent with predictions from the simulation(retaining a reaction rate &f=1), and with that for instan-

behavior for largeh. In particular, one obtains a precise taneous reactionk=. Here, we focus on results for the

value of P* =0.430 from these RDE's. equistability point,P,=P*, which are summarized in Table
For contrast, in Fig. 3, we have also shown the predictions,

for v versusP, of reaction-diffusion equations with exact  \We first elaborate on these results for the casdinife

mean-field treatments of kinetics, but with approximate treatreaction rate k=1.

ments of diffusion. The “standard” treatment of diffusion, (i) ha=hg=hag=h—o. As noted in Sec. IV, and in the

where @)J,KZD%‘J,K, ignores the interference of coad- Appendix, the traditional description of diffusion applies

sorbed species on diffusion. This substantially overestimateisere, i.e.,D ;<= 8;xD°. Furthermore, the rapid diffusion of

v for P,<P*, and predicts thaP*=0.456. In a “modi- both adspecies guarantees that the adlayer is randomized, so

fied” treatment of diffusion, which accounts in an approxi- the mean-field description of kinetics applies, @t = 3.

mate way (and actually underestimaeshe influence of Analysis of the appropriate traditional RDE’s then yield$

coadsorbed species on diffusid6,7,159, we set D);x  P*=0.456.

=D%1—6;) 8,k +D%03(1— 8, ), whered' =A(B) when (i) .hA= hg=h—o and hAB/h—>O. 'Thi's is the case ana-

J=B(A). As one might expect, the corresponding predic-'yzed in Sec. IV, where mean-field kinetics applies again

tions for v versusP,, and thus forP* =0.444, are consid- PS*=3), but where diffusion is nontrivial due to the influ-
erably closer to the exact values. ence of coadsorbed species. We found fiat 0.430.

Finally, as well as considering the propagation velocity
and equistability point, one can also examine the coverage TABLE I. Location of the equistability poinP,=P* in the
profiles across the chemical wave front. Here, we considerydrodynamic limit of theA+ B, reaction model with various pre-
these profiles only foP,=P*. In Fig. 4, we compare such script‘ions of adspecies mobilityi Result.s are shown for bth finite
profiles obtained from simulations for large=128 with ~ eaction ratek=S+1 (where PST~3), and instantaneous reactidn,
those from reaction-diffusion equations with various pre- >~ (Where P*"=3). For k=, exact P* values are(a
scriptions of chemical diffusionfIn the simulations on a (2v3-2)/(2/3-1) and(b) 7.
square lattice with sites labeled by,j), we have simply

determined the average concentration of both adspecies k=1 k==
along rows,j, orthogonal to the direction of propagatian] ha=hg=hag=h—» 0.456 0.5949)
As expected, the profile shape is reproduced by RDE’s with h,=hg=h—% andh,g/h—0 0.430 0.59%)
the exact treatment of diffusion, but not by those with the h,=h,z;=h—» andhg/h—0 0.450 0.57(b)
approximate “standard” and “modified” treatments. For n,=h—co, hg— with hg/h—0 0.406 0.571)
purposes of comparison between the simulations and RDE’s, andh,g/h—0

we have shown coverages as a function of the appropriately h,=h—cw, hy=h,z=0 0.397 0.57(b)

scaled positioni/h*? or x/(D%) 2.
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(i) ha=hag=h—o, andhg/h—0. As noted in Sec. V equistability where d/dtf:=0, and present the key result
and the Appendix, here the traditional description of diffu-from such an analysig!]. At the single macroscopic point of
sion applies forA(ads), but not foB(ads). This prescription contact between th&(ads)- andB(ads)-populated regions,
of rapid mobility also ensures a randomized adlayer, andhe diffusive fluxes ofA(ads) andB(ads) (towards this
thus mean-field kinetics, arf®" = 3. Analysis of the appro- point) are, respectively4],
priate RDE’s yieldsP* =0.450.

(iv) ha=h—o, hg—o with hg/h—0, andhg/h—0. Ja=(DR)YA(Pg) Y Pa/Pg—4/3]"? and
Sincehg/h—0, A(ads) diffuses through an effectively im-
mobile background of coadsorbé{ads), so diffusion is Jg= (D) YAP) 4 (PA/Pg)3112— Pl Pg+4/3]"2
percolative. Since alstig— <, the B(ads) distribution is
randomized, so ‘“simple” random percolation applies, as for Po=P*. (6)
well as mean-field kinetics, anB%" =3. Analysis of the
appropriate RDE’s yield§20] P* = 0.406. If hg is finite or zero, then spatial correlations persist in

(v) ha=h—, hg=h,g=0. Again, diffusion ofA(ads) the B(ads)-populated region, and the above mean-field de-
is percolative. However, noB(ads) is immobile, and spa- Scription of kinetics is not valid. While one expects that these
tial correlations develop in thB(ads) distribution which af- correlations could be reasonably described even at the level
fect the kinetics, and the percolation and transport propertiegf @ pair approximation, appropriate analytic treatment of the
[7] (although we still find thaPs* ~ ) [6]. Application of a  sharp chemical wave interface is nontrivial. Nonetheless, it is
hybrid simulation procedurgs, 7] to account for such spatial clear that the above expression for the diffusive flux of
correlations at distinct macroscopic points across the chemP(ads) can be replaced exactly 8y=0.
cal wave front, or analysis of appropriate correlated RDE’s, Finally, to obtain explicit values for the equistability point
yields P* =0.397. P* from the above flux results, one imposes the condition

Continuous transitions in the value Bt between various that Ja=Js at the interface betweenA(ads)- and
of these special cases are possible. For exampléylet>  B(ads)-populated regiorisee Ref[22]). This condition en-
and retain finitehg, and seh,z=0. Then forhg increasing ~ sures the requisite balance in reactants diffusing to the inter-
from zero to infinity, P* will increase continuously from face. The following results are obtained in special cases.

0.397 to 0.406. On the other hand, if one takgs- and (i) ha=hg=hpg=h—co.

hg—o, with fixed ratioa=hg/h,, and setshag=0, then (i) ha=hg=h—o andh,g/h—0.

P* will increase continuously from 0.406 to 0.430, as Setting DR=Dg in Eg. (6), and requiring that,=Jg

increases from & to 1. yields a cubic equation forP*=(2v3—-2)/(2v3—1)
Next, we consider the case ofstantaneous reactigrk ~0.594.

=o. As noted above, here chemical diffusion in the hydro- (i) ha=hag=h—, andhg/h—0.
dynamic limit is artificially simple, since there is no adlayer (V) ha=h—o, hg— with hg/h—0, andh,g/h—0.
mixing, i.e., each macroscopic point is only populated by one (V) ha=h—2, hg=h,g=0.
type of adspecieqlt is also clear that behavior is indepen-  Here we setlg=0, and then solving fod,=0 yields
dent ofh,g, for finite hop rates, since adjaceAtB pairs P*=4/7~0.571.
react before exchangingAnalysis of the simplified reaction We emphasize that in the last ca@g, we are able to
kinetics for the randomized (ads)-populated region shows obtain an exact result fd?* despite the persistence of spa-
immediately thatPS* =2 (rather than; whenk=1) [4,21]. tial correlations in theB(ads)-populated region. We also
Furthermore, it is clear that the chemical wave front consistgiote that detailed simulations for this c44€] reveal a near-
of a region populated bp(ads), on the leftsay), separated crossing feature o¥ versusP, curves(for varioush), with
from a region populated bB(ads), on the right, at a single a near-crossing point &,=P,=0.574+0.003. This value
macroscopic point where bot#, and 6 vanish. of P, is consistent with the above exact valueRsf=%. Of

If both hy— andhg—, the adlayers are randomized, course, using Eq6), one could also examine the continuous
and theA(ads)- andB(ads)-populated regions are respec-decrease oP* from 0.594 to 0.571, as one decreases the
tively described by the RDE'&f. Sec. 1) [4] ratio D3/DS from unity towards zer$22]. Finally, note that

the substantially higher values &* for k=, compared

2 ~Or 2y o2 with k=1, should be expected given the higher value of
(0/&t)0A= PA(l—GA)—ZPB(l—GA) +DA((9 [/ 9x )GA PS+.

when 6,>0 and 6g=0 VII. CONCLUSIONS

® In this study, we have demonstrated that wave propaga-

tion and equistability features of the bistable monomer-dimer

(9/91) 05 =2Pg(1~ 05)*~ Pa(1~ 0s) surface reaction model witk=1 in the hydrodynamic re-

+DY(0%9x?) 65 when 65>0 and 6,=0. gime are significantly influenced by the nontrivial form of

chemical diffusion in mixed adlayers. Furthermore, different

atomistic prescriptions of adspecies mobility produce distinct

These RDE’s can be analyzed using a one-dimensiondiehavior in the hydrodynamic limit, and, in particular, dis-
guasimechanical analogy with conservative “force fields” tinct equistability points. For finite reaction rates and mixed
(cf. Sec. ll) [4]. Here, we just consider these equations atadlayers, it is only in the special and artificial case where
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rates for different adspecies to hop to vacant sites are eq“abiA_lﬁ—hAA[Ai]—(hA—hAB)([Ai]A[Bi]—[Bi]A[Ai]),
to each other, and equal to the rate for exchange diffusion, ’ (A2)
that one recovers the “conventional” diffusion.
It is appropriate to consider generalizations of the above
monomer-dimer reaction model. One such natural modificawhere A[K;]=[K;]—[K;_;], and an analogous expression

tion is to introduce nonreactive desorption of the monomeppplies ford® , ;. In the hydrodynamic limit, one makes the
species, with a ratd>0. In the LG model, the discontinuous replacements’*lA—N and aJ< |, —JX. Then, from Eq
i—21, . ’ .

fcransition is preserved fqr_ smatl, but it disappears ad (A2), one immediately obtains the approximations
m_creases_abpve some critical vatdke[l,_23], analogous toa Daa(MF)= Dg_ (D,‘i— D?\B) 05 and Dag(MF)= (DX
critical point in equilibrated systems displaying phase sepa- o )6,, whereD®=a’h, andD%,=a’h
ration. In the hydrodynamic limit, this critical point corre- BAeI?ova e consiéer sor;e S ec/?gl res?:?i. tions of mobil-
sponds to a cusp bifurcation associated with the disappealrt- and ,setDozazh In a nur%ber OF; thesg cases. exact
ance of bistability{4,6]. The key point of relevance here is Y, and : L i . _ '
. . SR analysis is possible. A more detailed discussion of case
that the above prescriptions of chemical diffusion apply to .
; ; and casdd) will be presented elsewhere.
this more general model, and can be used to examine, e.gd., (a) Single species adlayeif only one speciek = A or B
i i i ili < . g .
ETZT ical wave propagation and equistability fox0<d. is present, then]iK_lliz—hA[Ki] is exactly satisfied, and
19l K— _pno ;
Finally, it is appropriate to note that the recent mathemati2 — D"V ¢k This result was noted by Al\<utné18].
cal statistics literatur§24] includes some rigorous analyses (b)BhA: hg=hag=h—. Here, bothJi_,;=—hA[A]
of behavior of simple reaction models in or near the hydro-and‘]i—é,i: —hA[B;] are exactly satisfied, so one hBgyk
dynamic limit. However, thus far, such analyses are re=6;xkD", as noted in the text. A _
stricted to situations where chemical diffusion is trivial. In =~ (¢) ha=hag=h—0o; hg/h—0. HereJi ;= —hA[A] is
particular, for the simplest case of monomer-dimer modestill exactly satisfied, since the diffusion of th€s is inde-
with finite k, andhy=hg=hg—, the hydrodynamic limit pendent of theB’s, and one has thab,,=D° and Dag
(which we regard as intuitiyeis treated rigorously. =0. It is also the case here that the diffusive dynamics of a
specificB on the surface is completely independent of the
otherB’s. (The fast motion of this specifiB occurs through
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APPENDIX: LATTICE-GAS MODEL ANALYSIS from the above master equations_

OF CHEMICAL DIFFUSION (d) hag=h—o; ha/h andhg/h—0 [25]. Here, the total
coveraged= 05+ 0y is invariant under diffusion. Thus one
has J=J,+Jg=0, and S0 Dpp+Dga=DagtDgg=0.
There is also a symmetry condition that iDap
=D(6a,6g), thenDgg=D(6g,6,), soD is determined by
the single functiorD(x,y). [These conditions are satisfied in

Consider a mixed adlayer on a square lattiwéh lattice
constanta), where specie# and B hop to adjacent empty
sites at ratefi, andhg, respectively, and adjaceAtandB
interchange at rate,g. Let[A;;] denote the probability that
site (i,j) is occupied byA, [A; ;E;,, ;] the probability that N
(i,j) is occupied byA and Q+]1,j) is empty, etc. Suppose the MF approximation, Wher® e(x,y) =D%.] If 6= 0,
that these probabilities depend only on the colimbut not %8 1S _constant, then it is also clear thalc=
the row| (so the latter label is dropped belpwProbability Dan_l( 0)V 0 ,_f(_)r K=A an(_j B, wher_eDam re“preients t_he
conservation implies thafA]+[B]+[E]=1, [A_4A] diffusion coeff|C|ent. for a single-particle or ant moving
+[A_1B.]+[A_(E]=[A 4], etc. The net diffusive flux on the(frozen, possibly nonrandonset of §|tes occupied by
of K=A or B from columni—1 to columni is denoted EIther A or B. Thus one haD =0 until 6 reacheos the
J}ﬂlj , so the diffusive contribution to the rate of change Ofperclolatll_ct)]lj th.resr|1'oId °ﬁ+%s'tes' agd the?g“_’D » 85
[Ki]is (d/dt)[K{]|gr=3IK 1, — I, ,. For these fluxes, one 6—1. This implies that D(x,y) + (%/’X)_ an(X ),
has ' ' rathgr than the MF approximation @"(x+y). One can

anticipate that D(X,y)=pyDas{x+y), where p,=y/(x
+vy). Note that whend=1, one obtains the result}=
I =ha((AET-[Ei 1A —D% gy, for K=A andB, directly and exactly from the
above master equations.
+hag([Ai-1Bi]—[Bi-1Ai]), (A1) (e hA=hB=hq—>00; hag/h—0.
and an analogous expression ﬂ?g 1j- In both these caséds) and(f), nontrivial correlations exist

In a mean-field approximation, where one ignores all corbetweenA and B. This results in deviations of diffusion
relations in the occupancy of adjacent sites, utilizing prob-coefficients from the above MF forms, as indicated in Sec.
ability conservation relations, these expressions reduce to lll.
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