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Nonequilibrium kinetic phase transition of a monomer-dimer reaction model
with sequential dimer adsorption in two dimensions

Da-yin Hua and Yu-qiang Ma*
National Laboratory of Solid State Microstructures, Nanjing University, Nanjing 210093, China

~Received 5 February 2002; published 4 September 2002!

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 steps~i.e., B21* →B2* , andB2*1* →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 fractionp 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 ma
particles system has attracted a great deal of interest
recent years, since they possess wide-ranging applicatio
many branches of physics, chemistry, biology, and even
ciology @1#. Compared to their equilibrium cousin, the no
equilibrium phase transition is much less understood du
the lack of a general framework@1,2#. There is especially a
substantial evidence in favor of the hypothesis that model
one dimension with a scalar order parameter exhibitin
continuous transition to a single absorbing state gener
belong to the DP universality class. The directed percola
~DP! conjecture was first put forward by Grassberger a
Janssen@3,4# and later extended by Grinstein, Lai, an
Browne @5# to a multicomponent model in two dimension
Moreover, Jensen and Dickman@6# have studied in depth
two nonequilibrium systems in one dimension, which a
shown to have the same critical behavior as the DP uni
sality class again even if the continuous phase transitio
from a reactive state into an inactive state with infinite
many absorbing states in these two models. The stud
phase transitions for many nonequilibrium systems in o
and two dimensions has shown that the critical behavior
many models belong to the DP universality class, in spite
the quite dramatic differences in the microscopic proces
of various models@1,2,6–13#.

On the other hand, some works have shown that the
ditional symmetry and the conserved field are responsible
the new universality class of the critical behavior distin
from the DP universality@8,14–19#. More recently, the non-
equilibrium phase transition in many systems has attracte
particular interest@2#.

The nonequilibrium phase transitions occurring in the s
face reaction models have attracted a great deal of inte
since Ziff, Gulari, and Barshad~ZGB! first introduced a
monomer-dimer model to describe the oxidation of carb
monoxide on a catalytic surface@20#. In their model, a
monomer~CO! adsorbs onto a vacant site, while a dim

*Author to whom correspondence should be addressed.
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(O2) adsorbs onto two adjacent vacant sites and dissocia
A nearest neighbor~NN! of a CO molecule and an O atom
reacts and forms a CO2 that desorbs from surface at once.
two dimensions, this model undergoes a continuous ph
transition from the active reaction steady state into a uni
O2-poisoning state. This nonequilibrium continuous pha
transition has been shown to be in the same universality c
as the DP@5,21,22#.

In the classical ZGB model, the complex sequence of
termediate steps of the adsorption of the dimer is neglec
and a pair of NN sites for the dimer adsorbing trial is pure
randomly selected in the simulation process. However, for
actual reaction on the surface, the adsorbing process o
dimer involves a very complicated dissociation on surfa
@23,24#, and its dissociation depends on the surround
chemical environment. Actually, Evans and co-worke
@25,26# have first examined the influences of different diss
ciation processes of the dimer on the reaction system. On
other hand, Moiny and co-workers@27–29# have shown that
the intrinsic adsorbate cluster on the heterogeneous cata
reaction surface has an important effect on the reaction
netics. Therefore, it is necessary to investigate the effec
the adsorbate cluster coupling with the complex process
the dissociation of the dimer on the phase transition of
ZGB model. In this paper, based on the model proposed
Nord and Evans@25#, we show that the dissociation proce
of the dimer has a significant influence on the phase diag
of the reaction system but the critical behavior of the co
tinuous phase transition remains unchanged.

In the model studied here, the monomer chemisorptio
the same as the ZGB model, and the dimer adsorbing pro
incorporates the Langmuir-Hinshelwood mechanism in
appearance effect@30#, i.e., B212*→2B*, where * means
an empty site. However, the microscopic process is separ
into two steps @24–26#: ~1! B21* →B2* ; ~2! B2*1*
→2B*. For the first step, aB2 molecule adsorbs on on
vacant site. Whether the adsorbed dimer dissociates con
ously and how it occupies another site depend on its s
rounding chemical environment. Obviously, whether the N
site is occupied or not should have different effects on
©2002 The American Physical Society01-1
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dissociation of the adsorbed dimer. In order to simplify su
an effect, we assume that the adsorbed dimer dissociates
randomly occupies a vacant NN site if there is at least
NN vacancy around it, otherwise, it desorbs at once. In
simulation process, the occupied NN site is avoided and o
one of the NN vacant sites is randomly chosen for the sec
atom, which is effectively taken as a self-avoiding proce
Therefore, the selection of a pair for the dimer adsorbing t
is no longer purely random because the configuration of
adsorbate on the catalytic surface significantly affects
selection.

The simulation process for the model of Nord and Eva
@25# begins with a random collision of a gas molecule on
L3L square lattice withL5256. The colliding molecule is
chosen to be a monomer~A! with a given probabilityp and a
dimer (B2) with a probability 12p. If the monomerA is
chosen, the simulation steps are similar to these describe
the classical ZGB model. If the dimerB2 is selected, a site
on the lattice is chosen randomly. If the site is occupied
the four NN sites are all occupied, the trial ends. Otherw
a vacant site in the NN sites is selected randomly and
dimer adsorbs on the two sites. Furthermore, the adsorbinB
atom reacts with an adjacentA to form a reactive produc
which desorbs at once and leaves two vacant sites.

By running static Monte Carlo simulation, we can find t
general phase diagram. The system can be characterize
the fractionp of the monomer in gas phase. We see from F
1 that the system has three different kinetic areas: whep
,pc , the system is passivated by the dimer atom, whep
.p2(0.65560.003) @20#, the system is in the monome
passivated state, and forp values betweenpc and p2 the
system is in a reactive state. Asp increases, we see that th
system exhibits a continuous phase transition from
dimer-passivated state to the active state and then a dis
tinuous phase transition to the monomer-covered state. In
model studied here, with the domain formation of the a
sorbed species, which mainly are the dimer atoms in
active reaction window, the effect of the configuratio
emerges mainly along the interface of the domain and
creases the growth of the dimer domain because the adso
dimer is forced outward to choose another vacant site if
dimer first adsorbs on a vacant site along the interfa

FIG. 1. The stationary state phase diagram showing three kin
areas. The rate ofAB production (RAB) and the average coverag
with A (CA) and B (CB) species are plotted as a function ofp.
Phase transitions occur atpc andp2.
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Therefore, the adsorption probability of the dimer on surfa
increases and the two critical points shift toward higher v
ues ofp but the reaction window decreases.

Due to the critical slowing down and strong finite-siz
effects, it is quite difficult to directly estimate the accura
critical valuepc and corresponding critical behaviors atpc
@31#. In this work, we employ the finite-size scaling~FSS!
method developed for the nonequilibrium continuous ph
transition by Aukrust, Browne, and Webman@31# to estimate
the critical pointpc , the order parameter exponentb, and
other correlation length exponents.

The order parameter describing the absorbing phase t
sition is r (r512^rB&, where ^rB& is the coverage ofB
atom on surface in the steady state!; it behaves as follows
whenp approaches the critical probabilitypc :

r}~p2pc!
b
, ~1!

where b is the order parameter exponent, and the criti
point pc is accurately estimated by the FSS method. Ther
a characteristic length scalej and a time scalet that diverge
at the critical point as

j}up2pcu2y', ~2!

and

t}up2pcu2y i, ~3!

wherey'(y i) is a correlation length exponent in the spa
~time! direction.

At criticality, various ensemble-averaged quantities d
pend on the system sizeL through the ratioL/j of the system
size and the correlation length. Therefore, we can take
following scaling form for the order parameterr(p,L) close
to the critical point:

r~p,L !}L2b/y' f @~p2pc!L
1/y'#, ~4!

so that, atpc

r~pc ,L !}L2b/y', ~5!

and the scaling function

f ~x!}xb ~6!

for large x. In the supercritical region (p.pc), the order
parameterr(p,L) remains finite in the limitL→`, but it
decays faster than a power law in the subcritical regionp
,pc).

For the characteristic timet, we can take the following
finite-size scaling form in the vicinity ofpc :

t~p,L !}Lzh@~pc2p!L1/y'#, ~7!

wherez5y i /y' is the usual dynamical exponent. Atpc we
have

t~pc ,L !}Lz. ~8!

tic
1-2
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In order to measure the characteristic timet, we calculate the
momentsts for each samples from an empty lattice until the
poisoned state is reached

ts~p,L,s!5(
t

tr~p,L,t,s!/(
t

r~p,L,t,s!, ~9!

wheret5^ts&s , andr(p,L,t,s) is the order parameter de
fined above.

The Monte Carlo simulations are carried out with all sit
vacated, and we use periodic boundary conditions. The
tem is allowed to change its configuration along the dyna
rules of the model studied here. A Monte Carlo step refer
an attempted adsorption on the average at every lattice
The system first reaches a quasisteady state, stays for a
sonably long time, and finally evolves into an absorbi
state. By measuring the concentration of the dimer in
quasisteady state and averaging over some indepen
samples which have not yet entered the absorbing state
can get the order parameterr. In our simulation, to accu-
rately measure the order parameter in the steady state
first calculate the average of time sequences of the o
parameter over a set of surviving independent trials until
end of the simulations, and then measure the stationary
centration from the time ensemble. The number of time st

FIG. 2. The log-log plot forr(p,L) versusL with different
values ofp. The slope of the straight line that goes through the d
gives an estimate of the2b/y' .

FIG. 3. The double-logarithmic plot for the data ofrLb/y'

againstx5(p/pc21)L1/y' for various system sizes.
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ranges from 500 to 83104. The number of independent su
viving samples varies from 500 for the system sizeL
58 to 200 forL5256.

From Eq.~5!, the data should fall on a straight line with
slope2b/y' for p5pc on a log-log plot ofr as a function
of L. In Fig. 2, we show the log-log plot ofr as a function of
L that is selected to be 8, 16, 32, 64, 128, and 256, res
tively. We findpc50.634 2560.000 05~near the value 0.635
given by Ref.@25# and the value 0.633 in Ref.@26#!, and
b/y'50.7960.01 atpc from the slope of the straight line
This value of b/y' is in excellent agreement with tha
(0.8060.01) of the DP universality class@32#, in contrast to
the earlier result (0.7460.01 at pc50.38760.001) of the
classical ZGB model@5,33#. We can get further supporting
results.

In Fig. 3, we have plottedrLb/y' versus x5(p/pc
21)L1/y' on a log-log plot. From Eqs.~4! and~6!, whenx is
small, the data should approach a constant, while for largx,
the data should fall on a line with a slopeb. It is shown that
with the choicesb/y'50.79 andy'50.73, the data for the
various system sizes are well collapsed on a single cu
The solid line has a slope of 0.59260.007, which gives the
asymptotic behavior forrLb/y' asL→`.

In Fig. 4, we show the characteristic timet as a function
of L on a log-log plot. From Eq.~8!, the data should fall on
a line with the slopez5y i /y' at the critical point. Every

a

FIG. 4. The characteristic time against the system sizeL on a
log-log plot. The solid line is of slope 1.73 (5y i /y').

FIG. 5. The time dependence of the order parameterr for vari-
ous sizesL at pc50.634 25. From top to bottom, the curves corr
spond toL516, 32, 64, and 128. The slope of the straight li
gives the value ofb/y i(50.4560.04).
1-3
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calculation result is averaged over 5000 samples, and
obtain the slopez51.7360.06 at pc50.634 25. ~For the
original ZGB model, we find the resultz51.6960.06.! This
gives the value ofy i51.2660.06 with the valuey'50.73
60.04. To check our simulation results, we can also cal
late the decay exponent of the order parameter at the cri
point. For the time dependence of the order param
r(pc ,L,t) at criticality, one assumes a scaling form

r~pc ,L,t !}L2b/y' f ~ tL2y i /y'!. ~10!

For L@1 and t!Ly i /y', we have the relationr(pc ,L,t)
}t2b/y i. In Fig. 5, we show the double-logarithmic plot o
the r(t) as a function of timet, and then we getb/y i
50.4560.04, which is consistent with the above results.

In conclusion, we have discussed the effects of the dis
ciation process of the dimer coupling with the adsorb
clustering on the phase transition behavior of the ZG
model. In the Nord and Evans model, the configuration
the adsorbed species on the catalyst surface significantl
fects the selection of a pair for the dimer adsorbing trial. T
continuous transition points to the dimer-passivated state
s
e,

03610
e

-
al
er

o-
e

f
af-
e
nd

the discontinuous transition points to the monom
passivated state both shift toward higher values ofp and the
reaction window decreases. On the other hand, we com
the critical exponents of the continuous phase transiti
which are b50.59260.007, b/y'50.7960.01, b/y i
50.4560.04, andz51.7360.06. This clearly indicates tha
in the model studied here, the continuous phase transi
still shows a DP character@26,32#. The present study
strongly indicates possibilities for examining the effects
the complex chemical environment at surface on the n
equilibrium phase transitions of chemical reaction syste
and checking the validity of the DP universality class
other multiatom reaction lattice-gas models due to diff
ences in microscopic reaction details. We believe that furt
understanding will be highly desirable.
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