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Nonequilibrium kinetic phase transition of a monomer-dimer reaction model
with sequential dimer adsorption in two dimensions
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We study a monomer-dimer reaction model in two dimensions in which the adsorption process of a dimer on
the surface sites is separated into two sigps, B, +* —B,* , andB,* +* —2B*, where * is an empty site
as first introduced by Evans and co-workers. It is clear that the dissociation of a dimer is dependent on the
complicated configuration of the adsorbate. We show that the continuous transition from the reactive state to
the O-passivated state and the discontinuous transition to the CO-passivated state both shift toward higher
values of the fractiorp of the monomer in gas phase but the reaction window decreases compared to the
Ziff-Gulari-Barshad model. For the model studied here, the critical exponents of the continuous phase transi-
tion still exhibit a directed percolation character as expected.
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The study of the nonequilibrium phase transition in many(Q,) adsorbs onto two adjacent vacant sites and dissociates.
particles system has attracted a great deal of interest ove nearest neighbotNN) of a CO molecule and an O atom
recent years, since they possess wide-ranging applications {gacts and forms a GQhat desorbs from surface at once. In
many branches of physics, chemistry, biology, and even sawo dimensions, this model undergoes a continuous phase
ciology [1]. Compared to their equilibrium cousin, the non- transition from the active reaction steady state into a unique
equilibrium phase transition is much less understood due t@,-poisoning state. This nonequilibrium continuous phase
the lack of a general framewofK,2]. There is especially a transition has been shown to be in the same universality class
substantial evidence in favor of the hypothesis that models igs the DA 5,21,24.
one dimension with a scalar order parameter exhibiting a |n the classical ZGB model, the complex sequence of in-
continuous transition to a single absorbing state generallyermediate steps of the adsorption of the dimer is neglected
belong to the DP universality class. The directed percolatiomnd a pair of NN sites for the dimer adsorbing trial is purely
(DP) conjecture was first put forward by Grassberger andandomly selected in the simulation process. However, for an
Janssen[3,4] and later extended by Grinstein, Lai, and actual reaction on the surface, the adsorbing process of the
Browne[5] to a multicomponent model in two dimensions. dimer involves a very complicated dissociation on surface
Moreover, Jensen and Dickma6] have studied in depth [23,24], and its dissociation depends on the surrounding
two nonequilibrium systems in one dimension, which arechemical environment. Actually, Evans and co-workers
shown to have the same critical behavior as the DP univerr25 26 have first examined the influences of different disso-
sality class again even if the continuous phase transition igjation processes of the dimer on the reaction system. On the
from a reactive state into an inactive state with infinitely other hand, Moiny and co-workef87—29 have shown that
many absorbing states in these two models. The study ahe intrinsic adsorbate cluster on the heterogeneous catalytic
phase transitions for many nonequilibrium systems in oneeaction surface has an important effect on the reaction ki-
and two dimensions has shown that the critical behaviors ofietics. Therefore, it is necessary to investigate the effect of
many models belong to the DP universality class, in spite ofhe adsorbate cluster coupling with the complex process of
the quite dramatic differences in the microscopic processethe dissociation of the dimer on the phase transition of the
of various model$1,2,6-13. ZGB model. In this paper, based on the model proposed by

On the other hand, some works have shown that the adNord and Evan$25], we show that the dissociation process
ditional symmetry and the conserved field are responsible foof the dimer has a significant influence on the phase diagram
the new universality class of the critical behavior distinctof the reaction system but the critical behavior of the con-
from the DP universality8,14—19. More recently, the non- tinuous phase transition remains unchanged.
equilibrium phase transition in many systems has attracted a In the model studied here, the monomer chemisorption is
particular interesi2]. the same as the ZGB model, and the dimer adsorbing process

The nonequilibrium phase transitions occurring in the surincorporates the Langmuir-Hinshelwood mechanism in the
face reaction models have attracted a great deal of intereappearance effe¢80], i.e., B,+2*—2B*, where * means
since Ziff, Gulari, and BarshadZGB) first introduced a an empty site. However, the microscopic process is separated
monomer-dimer model to describe the oxidation of carborinto two steps[24-26: (1) B,+*—B,*; (2) Byx+*
monoxide on a catalytic surfaci20]. In their model, a —2B*. For the first step, @B, molecule adsorbs on one
monomer(CO) adsorbs onto a vacant site, while a dimervacant site. Whether the adsorbed dimer dissociates continu-

ously and how it occupies another site depend on its sur-
rounding chemical environment. Obviously, whether the NN
* Author to whom correspondence should be addressed. site is occupied or not should have different effects on the
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10! Therefore, the adsorption probability of the dimer on surface
) increases and the two critical points shift toward higher val-
f 0.8 ues ofp but the reaction window decreases.

- Due to the critical slowing down and strong finite-size
© 0.6 effects, it is quite difficult to directly estimate the accurate
0.4, critical value p. and corresponding critical behaviors @t

[31]. In this work, we employ the finite-size scalif§S9
0.2 method developed for the nonequilibrium continuous phase
, transition by Aukrust, Browne, and WebmEB1] to estimate
0.0 ————~ the critical pointp., the order parameter exponeft and

0.60 0.62 0.64 0.66 0.68 0.70 other correlation length exponents.
p The order parameter describing the absorbing phase tran-

FIG. 1. The stationary state phase diagram showing three kinetic/'°N 1S P (p= 1_,<pB>’ where (pg) IS the coverage oB
areas. The rate oAB production Rag) and the average coverage at0m on surface in the steady statit behaves as follows
with A (C,) and B (Cg) species are plotted as a functionmf ~ Whenp approaches the critical probabilify :

Phase transitions occur pt andp,. s
p=(P—Pc) s (1)
dissociation of the adsorbed dimer. In order to simplify such

an effect, we assume that the adsorbed dimer dissociates aiitere 8 is the order parameter exponent, and the critical
randomly occupies a vacant NN site if there is at least ond0intp is accurately estimated by the FSS method. There is
NN vacancy around it, otherwise, it desorbs at once. In thé characteristic length scafeand a time scale that diverge
simulation process, the occupied NN site is avoided and onljt the critical point as

one of the NN vacant sites is randomly chosen for the second

atom, which is effectively taken as a self-avoiding process. Ex[p—pcl ™, 2
Therefore, the selection of a pair for the dimer adsorbing trial

is no longer purely random because the configuration of th&"

adsorbate on the catalytic surface significantly affects the .

selection. PP ", )

The simulation process for the model of Nord and Evans h . lation | h in th
[25] begins with a random collision of a gas molecule on a\(,;/irr?éfgfr((aﬁi)of a correlation length exponent in the space
L XL square lattice with.=256. The colliding molecule is L -
chosen to be a monomék) with a given probabilityp and a At criticality, various ensemble—ave_raged quantities de-

pend on the system sitethrough the ratid_/ ¢ of the system

dimer (8,) W'.th a probablhty 1—p.. If. the monomerA 'S size and the correlation length. Therefore, we can take the
chosen, the simulation steps are similar to these described Biowi :
ollowing scaling form for the order paramete(p,L) close

the classical ZGB model. If the dim&; is selected, a site 10 the critical point:

on the lattice is chosen randomly. If the site is occupied or '

the four NN sites are all occupied, the trial ends. Otherwise, ~ Blv _ 1

a vacant site in the NN sites is selected randomly and the p(p.L)er L= A[(p=po)L ], @

dimer adsorbs on the two sites. Furthermore, the adsofbing

atom reacts with an adjaceAt to form a reactive product

which desorbs at once and leaves two vacant sites. p(Pe,L)ocL Al (5)
By running static Monte Carlo simulation, we can find the

general phase diagram. The system can be characterized Bi{q the scaling function

the fractionp of the monomer in gas phase. We see from Fig.

1 that the system has three different kinetic areas: when f(x)ocx? (6)

<p., the system is passivated by the dimer atom, when

>p,(0.655+0.003) [20], the system is in the monomer- for large x. In the supercritical regionp>p.), the order

passivated state, and fer values betweerp, and p, the  parameterp(p,L) remains finite in the limitL—o, but it

system is in a reactive state. psincreases, we see that the decays faster than a power law in the subcritical regipn (

system exhibits a continuous phase transition from the<p ).

dimer-passivated state to the active state and then a discon- For the characteristic time, we can take the following

tinuous phase transition to the monomer-covered state. In thghite-size scaling form in the vicinity o, :

model studied here, with the domain formation of the ad-

sorbed species, which mainly are the dimer atoms in the 7(p,L)cL?h[(pe— p)LY%:], (7)

active reaction window, the effect of the configuration

emerges mainly along the interface of the domain and inwherez=uv /v, is the usual dynamical exponent. At we

creases the growth of the dimer domain because the adsorbadve

dimer is forced outward to choose another vacant site if the

dimer first adsorbs on a vacant site along the interface. 7(pe,L)ecL? (8)

so that, atp,
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FIG. 4. The characteristic time against the system kizmn a

FIG. 2. The log-I lot f L L with different o
e log-log plot forp(p,L) versusL wi meren 6{og-log plot. The solid line is of slope 1.73v/v,).

values ofp. The slope of the straight line that goes through the dat

gives an estimate of the B/v, . ]
ranges from 500 to 8 10*. The number of independent sur-

o viving samples varies from 500 for the system size
In order to measure the characteristic timeve calculate the  _ o' 0 55 0/ — 256

momentsr for each sample from an empty lattice until the

poisoned state is reached From Eq.(5), the data should fall on a straight line with a

slope— B/v, for p=p. on a log-log plot ofp as a function
of L. In Fig. 2, we show the log-log plot gf as a function of
L that is selected to be 8, 16, 32, 64, 128, and 256, respec-
r(p.L,s)= 2, tp(p,L,t,5)/>, p(p,L,t,s),  (9) tively. We findp,=0.634 25+ 0.000 05(near the value 0.635

t t given by Ref.[25] and the value 0.633 in Ref26]), and
Blv, =0.79+0.01 atp. from the slope of the straight line.
This value of B/v, is in excellent agreement with that

:‘,iv::Jeasz\s?S’ andp(p,L.t,s) is the order parameter de- (0.80+0.01) of the DP universality clag82], in contrast to

The Monte Carlo simulations are carried out with all sitestr;gsseiig:eé (;%Sl:rztoc(j%[?"?a;]mvv? E; O'Sts Zir%g?ls)u Ofotrr':i?]
vacated, and we use periodic boundary conditions. The syscésuItS = 9 PP 9
tem is allowed to change its configuration along the dynamié i

i B/U =
rules of the model studied here. A Monte Carlo step refers to_llrl‘_l,',jg' 3, Iwel havlethI:otted%L ; v%rsgs Xh (D/F_)c
an attempted adsorption on the average at every lattice site, ) on a log-log plot. From Eqg4) and (), whenx IS
all, the data should approach a constant, while for large

The system first reaches a quasisteady state, stays for a reg- ' ! !
sonably long time, and finally evolves into an absorbing € data should fall on a line with a sloje It is shown that

state. By measuring the concentration of the dimer in thé’v'th the ChOICGSB(vL=O.79 andv, =0.73, the data for the
quasisteady state and averaging over some independe rious system sizes are well collapsed on a S|_ngle curve.
samples which have not yet entered the absorbing state, € SOI'd. line has_ a SlOp%,Sf 0.53.007, which gives the
can get the order parametgr In our simulation, to accu- asymptotic behavior fopL™ " asL—o. .

rately measure the order parameter in the steady state, W? In Fig. 4, we show the characteristic timeas a function
first calculate the average of time sequences of the ordd} L on @ log-log plot. From Eq(8), the data should fall on
parameter over a set of surviving independent trials until thé ine with the slopez=v, /v, at the critical point. Every
end of the simulations, and then measure the stationary con-

centration from the time ensemble. The number of time steps ;
Q.
107 2 = 0.14
¢ L=128
pL‘”"*
0.014
0o o nooagﬁ r r r r r .
° 1 10 100 1000 10000 100000
t(MCS)
! 0.1 1 10
) (p!p. —DLY™ FIG. 5. The time dependence of the order parameter vari-

ous sized at p,=0.634 25. From top to bottom, the curves corre-
FIG. 3. The double-logarithmic plot for the data pf?/* spond toL=16, 32, 64, and 128. The slope of the straight line
againstx=(p/p,— 1)LY*: for various system sizes. gives the value of3/v(=0.45+0.04).
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calculation result is averaged over 5000 samples, and wihe discontinuous transition points to the monomer-
obtain the slopez=1.73+0.06 at p,=0.63425.(For the passivated state both shift toward higher valuep ahd the
original ZGB model, we find the resutt=1.69+0.06) This  reaction window decreases. On the other hand, we compute
gives the value ob|=1.26+0.06 with the valuev, =0.73  the critical exponents of the continuous phase transition,
+0.04. To check our simulation results, we can also calcuwhich are g=0.592£0.007, g/v,=0.79:0.01, Bly

late the decay exponent of the order parameter at the critica+ 0.45+0.04, andz=1.73+0.06. This clearly indicates that
point. For the time dependence of the order parametein the model studied here, the continuous phase transition

p(pc.L,t) at criticality, one assumes a scaling form stil shows a DP charactef26,32. The present study
g o strongly indicates possibilities for examining the effects of
p(Pe, L t)ocL =P f(tL = vImn). (100 the complex chemical environment at surface on the non-

equilibrium phase transitions of chemical reaction systems,
and checking the validity of the DP universality class in
other multiatom reaction lattice-gas models due to differ-

the p(t) as a fu_ncti_on of t_imet, af_‘d then we gep/y ences in microscopic reaction details. We believe that further
=0.45+0.04, which is consistent with the above results. understanding will be highly desirable.

In conclusion, we have discussed the effects of the disso-
ciation process of the dimer coupling with the adsorbate This work was supported by China’s Outstanding Young
clustering on the phase transition behavior of the ZGBFoundation under Grant No. 19925415, the National Natural
model. In the Nord and Evans model, the configuration ofScience Foundation of China under Grants No. 90103035
the adsorbed species on the catalyst surface significantly aénd No. 10021001, and the Trans-Century Training Program
fects the selection of a pair for the dimer adsorbing trial. TheFoundation of the Talents by the State Education Commis-
continuous transition points to the dimer-passivated state arglon.

For L>1 andt<LVI'":, we have the relatiop(p.,L,t)
ot A/l In Fig. 5, we show the double-logarithmic plot of
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