
PHYSICAL REVIEW E 66, 046102 ~2002!
Monomer-dimer reaction model with nearest-neighbor interactions at finite temperatures

Vanessa S. Leite and Wagner Figueiredo*
Departamento de Fı´sica, Universidade Federal de Santa Catarina, 88040-900 Floriano´polis, SC, Brazil

~Received 03 June 2002; published 9 October 2002!

We studied a monomer-dimer catalytic surface reaction model of the type1
2 A21BA→A2B, where interac-

tions between nearest-neighbor species and the temperature of the catalyst are considered. Through Monte
Carlo simulations we determined the phase diagram of the model in the plane temperature versus partial
pressure of theBA molecules in its gaseous phase. We found that the transition between theA-poisoned state
and the active one is always continuous and the associated critical exponents are in the same universality class
of the directed percolation~DP!. On the other hand, the transition from the active state to theBA-poisoned one
changes from continuous to first order for a given temperature value. The critical exponents of the continuous
branch belong also to the DP universality class. For a small range of values of the partial pressure ofBA and
very low temperatures, we observe the formation of an inactive sublattice structure inside the active phase.

DOI: 10.1103/PhysRevE.66.046102 PACS number~s!: 05.70.Ln, 82.65.1r, 05.70.Fh
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I. INTRODUCTION

The subject of irreversible phase transitions has been u
to describe a great variety of problems in physics, chemis
and biology. However, the understanding of these phen
ena is not complete, because we do not have at our disp
a closed formalism as in the equilibrium statistical mech
ics. Aside from a few approximate analytical methods, su
as the effective mean field theories, computational tools
very often used to get information on the irreversible p
cesses. In general, these studies are performed for la
models, which are suitable to be simulated by Monte Ca
methods. The book by Marro and Dickman@1# presents some
examples of interacting particle systems on the lattice~con-
tact process, catalysis models, lattice gases! where mean field
theories and simulations are considered. An interesting c
of problems that has been studied presents the so-called
sorbing states. Once these states are reached by the s
during its time evolution, the system cannot escape th
anymore. The transition from active to absorbing states o
system is of great interest because different systems can
hibit the same universal character at the transition point.

In this work, we study a model where active and abso
ing states are present. The model consists of the cata
reaction1

2 A21BA→A2B occuring in a lattice at finite tem
peratures. We assume that nearest-neighbor adsorbed
ticles interact themselves. The interaction is considered
pulsive for particles of the same species, and attractive
distinct sorts of particles. Not considering the temperature
the substrate or the interaction energy between adsorbed
ticles, this is similar to the well known Ziff-Gulari-Barsha
~ZGB! model@2#. The ZGB model, is the simplest one us
to explain the irreversible oxidation of CO molecules on

surface (12 O21CO→CO2). In this model, the molecules o
CO and O2 are deposited onto a square lattice, according
their partial pressures in the gaseous phase. The adsor
of CO molecules requires the existence of only one vac
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site, while the adsorption of O2 molecules needs two empt
nearest-neighbor sites. Immediately after the adsorption
an O2 molecule, it dissociates and a reaction of oxidation c
take place if a CO molecule is found in the neighborhood
each one of these free O atoms. The model presents
absorbing states, one poisoned by O atoms and the o
poisoned by CO molecules. In between, an active stat
present, and the transition from the active to the O-poiso
state is continuous, where the critical exponents associ
with its transition point@3# put the ZGB model in the sam
universality class as the directed percolation~DP! @4#. On the
other hand, the transition from the active to the CO-poison
state is of the first-order type.

In order to consider more realistic models for surfa
problems in physics and chemistry, it would be interesting
include some lateral interactions between the adsorbed
cies @5–7#. Excluded-volume type interactions betwee
nearest-neighbor particles may be interpreted as being du
their finite radius, which can be smaller or larger than t
lattice parameter spacing. When the radius of an adsor
reactant is larger than the lattice spacing, the lateral inte
tions work to inhibit the adsorption of a new particle in i
neighborhood. On the other hand, when two neare
neighbor particles are highly reactive, they like to stay clo
to each other, and then an attractive interaction favors t
nearest-neighbor adsorption.

For the model we are considering in this paper, where
temperature of the catalyst and the interactions between
sorbed particles are taken into account, we slightly chan
the rules of the ZGB model, concerning the mechanisms
adsorption and reaction of the species. In the first place,
the adsorption process to occur, the existence of empty s
is not sufficient. For each trial of deposition, we calculate
energy change (DE) that this process would cause in th
system. According to the above comments, we assume
the interaction energy between two identical neare
neighbor adsorbed particles are repulsive, and we assig
the value1« for this energy. Then, twoA nearest-neighbor
atoms or two nearest-neighborBA molecules have the sam
energy. On the other hand, we assigned the value2« for the
interaction energy between anA atom and aBA molecule,
©2002 The American Physical Society02-1
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when they are nearest neighbors in the square lattice.
disregarded the interaction between adsorbed species an
substrate. The substrate works only as a heat reservoir fo
system. After calculatingDE, the deposition is accepted wit
probability one ifDE<0, and with probabilitye2DE/kBT if
DE.0 ~hereT is the temperature of the substrate, which
measured in units of«/kB , wherekB is the Boltzmann con-
stant!. Besides the energetics involved in the deposition
the molecules, there is a subtle difference between the d
sition of anA2 molecule in our model and an O2 molecule in
the ZGB model, even at very high temperatures. In the Z
model, after choosing an empty site for the O2 deposition,
the other site is randomly selected among the near
neighbor sites of the chosen site. It is possible that the n
selected site is already occupied by an O or CO molec
and in this case the adsorption of the O2 molecule is forbid-
den. In our model, after we chose the first site, the sec
one is looked for only among the empty neighboring sites
the first site. Concerning the reaction process between a
of reactantsA andBA, if more than one channel of reactio
is opened after a given deposition, contrary to the usual
dom choice of ZGB model, here we attribute differe
weights to each channel according to the energy varia
that it would cause to the system. In this way, the chann
that cause the largest decrease in the energy of the syste
more probable.

With this model in mind, we performed extensive Mon
Carlo simulations, and we determined its phase diagram
the planeT versusyBA , whereyBA is the partial pressure o
the BA molecules in the gaseous mixture. We also have
culated the static critical exponents for the continuo
branches of the phase diagram, and we built hyster
curves for the first-order phase transitions. Models includ
lateral interactions between nearest-neighbor particles h
already been studied. Satulovsky and Albano@8# determined
the phase diagram for this model and for other choices of
energy couplings between the adsorbed particles. W
Satulovsky and Albano focused their attention on the ph
diagram for a variety of couplings between particles, in o
model we chose a particular set of parameters studied
these authors, and we paid special attention to the detai
the observed phase transitions. One-dimensional version
the model were previoulsy studied@9–11# where only infinite
repulsive lateral interactions between identical adsor
monomers were considered. In the absence of a symm
breaking field, these models belong to a different universa
class from directed percolation~DP!, called directed Ising
~DI! universality class. These models present two equiva
poisoned states, which mimic the degenerate ground sta
the Ising model. Monetti@12# considered the same one
dimensional model, but from a different perspective, wh
the lateral interactions were of finite magnitude. In this w
he found a reactive window for suitable values of the int
action parameter.

The remainder of this paper is organized as follows:
Sec. II, we describe the Monte Carlo simulations; in Sec.
we present the phase diagram of this model, Sec. IV cont
a detailed analysis of the phase transitions, and in the
section, we summarize the results.
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II. MONTE CARLO SIMULATIONS

We have performed simulations for this catalytic reacti
model on a square lattice with linear dimensions rang
from L58 to L5128. We started all simulations with a
empty lattice~save in the cases where we were investigat
the existence of hysteresis loops in the first-order transitio!
and used periodic boundary condictions. In all simulatio
the temperature was measured in units of«/kB .

For each value of temperature and of the deposition
of BA molecules,yBA , we generate a random number
determine what molecule we will try to deposit in the ne
step. If we chooseBA, we generate another random numb
to select an empty site for its adsorption. Then we calcu
the change in the energy (DE) of the system that the depo
sition in this selected site would cause. IfDE<0, the mol-
ecule is immediately adsorbed. In the case whereDE.0, the
adsorption is accepted with probabilitye2DE/kBT. If the cho-
sen molecule isA2, we again select at random an emp
lattice site. Then, for each one of its empty neighbors~if they
exist!, we calculate the energy change that the deposition
an A atom on it would cause to the system. We attribute
larger weight for that neighbor with smallerDE. After we
have defined the pair of nearest-neighbor sites, then we
culateDE corresponding to the deposition ofA2. Again, if
DE<0, the molecule is adsorbed, and ifDE.0, it is ad-
sorbed with probabilitye2DE/kBT.

For both molecules, after a successful deposition trial,
have to investigate the neighborhood of the adsorbed spe
to look for possible reactions. If there is no possibility
reaction, the molecule remains adsorbed in the lattice
there is only a single possible reaction channel, it occ
immediately. Finally, if more than one reaction channel
opened, we calculate the energy change that each rea
would cause in the system, and we assign a larger probab
for the choice that most decreases the energy of the sys
Then, after the choice of the reactants, the reaction oc
immediately, leaving two new empty sites in the lattice.

III. PHASE DIAGRAM

We show in Fig. 1 a typical coverage diagram obtaine
for a lattice withL5128 at high temperatures. For this pl
we haveT5104, and in this case, the probabilitye2DE/kBT

→1, that is, the probability of deposition of particles d
pends only on the presence of empty sites in the lattice. T
diagram is very similar to the one found in the work of Zif
Gulari, and Barshad@2#. However, while in our model the
transition between theA-poisoned and active states occurs
y1'0.62, in the ZGB model this transition occurs aty1
'0.39. Also, for the first-order transition between the act
andBA-poisoned states, we foundy2'0.65, while the cor-
responding value in the ZGB model isy2'0.52. Then, the
reactive window in our model at high temperatures is n
rower than in the ZGB model. The difference between th
models is related to the way we consider the process of
sorption ofA2 molecules. Our model, at high temperature
favors theA2 adsorption more than in the ZGB model. Whe
we select the first site for the deposition of the molecule
2-2
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one of its nearest-neighbor sites is empty, the deposition
ways occurs. This rule does not apply to the ZGB mod
since the choice of the second site for the deposition is m
randomly, and eventually one occupied site can be cho
forbiding the adsorption.

Figure 2 exhibits a representative coverage diagram
very low temperatures. For these temperatures, the Bo
mann’s weight,e2DE/kBT→0, always we try to deposit on

FIG. 1. Coverages of the lattice forL5128 as a function ofyBA

at temperatureT5104. Squares,nA ; triangles,nV ; circles, nBA .
The lines serve as a guide to the eyes.

FIG. 2. Coverages of the lattice forL5128 as a function ofyBA

at temperatureT51024. Squares,nA ; triangles,nV ; circles,nBA .
The lines serve as a guide to the eyes.
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molecule that increases the energy of the system. Then
these temperatures, the catalyst has a large density of e
sites for any value of the deposition rateyBA . In particular,
for large values ofyBA , we observe a chessboard formatio
one sublattice is formed by blank sites, and the other
formed predominantly byBA molecules. Then, in this rang
of values ofyBA , and at very low temperatures, the cataly
is inactive.

At intermediate temperature values, we obtained cover
diagrams like that of Fig. 3. The structure of sublattices
lost, and the reactive window appears for all values of
deposition rate ofBA molecules.

Finally, in Fig. 4 we show the complete phase diagram
the planeT versusyBA for this model. We note the existenc
of four distinct regions: anA-poisoned, aBA-poisoned, an
active, and a chessboard, which is seen in the inset of Fig
As we will see in the following section, the phase transiti
between theA-poisoned and active states is continuou
while the phase transition between the active a
BA-poisoned states is continuous at low temperatures
first order at high temperatures. Besides, the phase trans
between the active and chessboard states is of the first-o
type.

IV. PHASE TRANSITIONS

In the last section we showed the phase diagram of
model, where four distinct regions appear. In this section,
will focus our attention on the study of the phase transitio
between the different regions of the phase diagram. In
following, we will illustrate these transitions by choosin
some points of the phase diagram and considering the be
ior of the order parameter, which in our case is the fraction
empty sites, in the neighborhood of these points.

FIG. 3. Coverages of the lattice forL5128 as a function ofyBA

at temperatureT50.5. Squares,nA ; triangles,nV ; circles, nBA .
The lines serve as a guide to the eyes.
2-3
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FIG. 4. Phase diagram in th
plane T ~measured in units of
e/kB) versusyBA . At the left side
we have theA-poisoned state, a
the right side we have the
BA-poisoned state, the center o
the diagram represents the activ
states of the model, and in the in
set we display the region corre
sponding to the chessboard state
th
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Let us first consider the phase transition between
A-poisoned and active states of the system. In the Z
model, this transition is always continuous, and belongs
the DP universality class@4#. In order to study this transition
in our model, we fixed the temperature of the substrate
we swept the values of the deposition rate ofBA molecules
yBA around the transition point, for that temperature. A p
liminary analysis based on the coverage diagrams, sho
that the order parameter~density of empty sitesnV) changes
continuously through the transition.

To find the critical point of this transition, we used th
same methods employed by us in a previous paper@3# to
determine the critical point of the ZGB model. We cons
ered the stationary values of the order parameter for diffe
lattice sizes in the vicinity of the critical point. The orde
parameter obeys the scaling relation

nV~D,L !}L2
b
n' f~DL

1
n'! , ~1!

whereD5yBA2y1 , y1 is the critical point for the lattice of
infinite size, and the scaling functionf (x)}xb for large val-
ues ofx. b is the order parameter critical exponent andn' is
the critical exponent associated with the spatial correla
length. At the critical point this equation can be written a

nV~0,L !}L2
b
n'. ~2!

Therefore, through log-log plots of the densitynV versusL,
we can find the critical point, which corresponds to t
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straight line behavior. For instance, Fig. 5 shows the log-
plot of nV versusL for the temperatureT51.25 and five
different values of the deposition rateyBA . From this plot,
the data points that best fit the power law of Eq.~2! corre-
spond to a critical value ofy150.012060.0002, the centra
curve in the plot of Fig. 5. From adjusting the points of th
central curve to a straight line, we find that the ratio betwe
the critical exponents is (b/n')50.8160.01. The curves as
sociated with the simulation points corresponding toyBA
50.0115 andyBA50.0125 already exhibit a concave and
convex behavior, respectively. We also can estimate the c
cal exponentsb andn' through the collapse of the data fo
all lattices. We have plotted in Fig. 6nVLb/n' versusDL1/n'

in a log-log scale. As we can see, the data for different lat
sizes collapse very well, suggesting the correctness of
scaling form of Eq.~1!. Thus, for large values of the argu
ment of the functionf (x) in Eq. ~1!, the data in Fig. 6 should
fall on a line with slopeb. The collapse of the data point
was obtained with the following values of the paramete
b50.60, n'50.74 andy150.0120. We observe that the ra
tio b/n' is the same as the one seen in Fig. 5. These crit
exponents appear to be in very close agreement with thos
the DP. The best values for the critical exponents of
directed percolation in~211! dimensions are@13# b
50.584(4) andn'50.734(4).

Further support for the idea that the transition betwe
A-poisoned and active states is in the DP universality cl
comes from the analyses of the moment ratios of the or
parameter at the critical point. As in our previous paper@3#,
2-4



rd
p

n

f
s

nt of
ed

e
rv

ng

s-

MONOMER-DIMER REACTION MODEL WITH NEAREST . . . PHYSICAL REVIEW E 66, 046102 ~2002!
we calculate some ratios between the moments of the o
parameter. For instance, we considered all moments u
fourth order, defined bymk5^nV

k &, with k51,2,3,4, and also
the second-order cumulant,Q25m22m1

2. Then, we formed
the following ratios:Q2 /m1

2, m4 /m2
2, m3 /m1

3, m3 /m1m2

andm2 /m1
2. At the critical point, these ratios are independe

FIG. 5. Stationary density of vacant sitesnV versus system size
L for yBA50.0110, 0.0115, 0.0120, 0.0125, and 0.0130~from bot-
tom to top! at temperatureT51.25. The lines serve to guide th
eyes. The critical point is determined by adjusting the central cu
to a straight line.

FIG. 6. Log-log plot ofnVLb/n' versusDL1/n' in the neighbor-
hood of the critical pointyBA50.0120 at temperatureT51.25. Up
triangles,L516, down triangles,L532, diamonds,L564.
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of the lattice size@1#. In this way, we expect that plots o
these ratios, as a function ofyBA , must intercept themselve
at the critical point for any value of the lattice sizeL.

Figures 7 and 8 depict this behavior for the ratiosm4 /m2
2

and m3 /m1m2 versusyBA for T51.25, respectively. From
these figures, we clearly see that the ratios are independe
L at yBA5y1. In Fig. 9 we summarize the results obtain

e

FIG. 7. Ratiom4 /m2
2 versusyBA at temperatureT51.25. Sys-

tem sizesL58, 16, 32, 48, 64, and 128 are in order of increasi
steepness.

FIG. 8. Ratiom3 /m1m2 versusyBA at temperatureT51.25.
System sizesL58, 16, 32, 48, 64, and 128 are in order of increa
ing steepness.
2-5
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for all the moment ratios at the critical point. By a suitab
linear extrapolation of these ratios toL→` we obtained the
values Q2 /m1

250.328, m4 /m2
251.972, m3 /m1

351.998,
m3 /m1m251.554, andm2 /m1

251.333, which are in close
agreement with those found for the ZGB model@3#, the con-
tact process@14# and also for the pair contact process@15# in
two dimensions. As we pointed out before, these results
roborate the idea that these models belong to the DP un
sality class.

All the previous analyses were made for the particu
valueT51.25. Indeed, we have performed the same kind
investigation for other temperature values along the line
transition between theA-poisoned and active states. We ha
seen that the transition line is always continuous, and
calculated critical exponents and moment ratios clearly
this transition in the same universality class of the DP.

Let us turn to the phase transition between the active
the BA-poisoned states. After doing a detailed investigat
for different temperature values along the transition line,
observed that the transition changes from continuous to
order at the temperatureT512.9. For the branch of the tran
sition line where the transition is discontinuous, the hys
eris curves exhibit a well defined loop@16,17#. For example,
we illustrate in Fig. 10 a kind of hysteresis loop observed
temperaturesT.12.9. The branches of the loop are obtain
by starting the simulations at different initial conditions. As
matter of comparison, Fig. 11 shows the same kind of plo
in Fig. 10, but forT512.9. We see that the loop disappea
at this temperature. Indeed, for all values of temperaturT
<12.9, there are no more loops, and the transition is alw
continuous. In order to study the critical behavior in th
portion of the transition line, we used the same tools e
ployed in the transition between theA-poisoned and active
states. We do not repeat all the procedures here, but we

FIG. 9. Order-parameter moment ratios at the critical point a
at temperatureT51.25. Squares,Q2 /m1

2; diamonds,m2 /m1
2; down

triangles,m3 /m1m2; up triangles,m3 /m1
3; circles,m4 /m2

2.
04610
r-
r-

r
f
f

e
t

d
n
e
st

r-

r

s

ys

-

ve

verified that the critical exponents and the moment rat
determined along this portion of the transition line show th
this line of critical points is in the same universality class
the DP.

d FIG. 10. Hysteresis curve obtained at temperatureT52000 in
the transition between the active andBA-poisoned states. The
squares represent the results found for simulations starting wit
empty lattice, and the circles for an initially half-filled lattice.

FIG. 11. Stationary density of vacant sitesnV versusyBA in the
neighborhood of the transition between the active andBA-poisoned
states, at temperatureT512.9. Hysteresis loop is not observed
this temperature. The squares represent the results found for s
lations starting with an empty lattice, and the circles for an initia
half-filled lattice.
2-6



n
lo

e
th

ll
th
wa

in-
era-
be

orp-
this

ved
la-
the

the
ure.

of

lyst

tive
nsi-
his
, and
line
al
her

the
si-
the

re-

ies

u
p

MONOMER-DIMER REACTION MODEL WITH NEAREST . . . PHYSICAL REVIEW E 66, 046102 ~2002!
Let us mention the type of results we found for the tra
sition between the active and chessboard states at very
temperatures. We have built hysteresis curves for sev
points at the transition line. Figure 12 is an example of
behavior observed at the temperatureT50.1, where a loop is
clearly identified. This kind of picture is observed for a
values of temperature at this transtion line. Therefore,
transition between the active and chessboard states is al
of the first-order type.

FIG. 12. Hysteresis curve obtained at temperatureT50.1 in the
transition between the active and the chessboard states. The sq
represent the results found for simulations starting with an em
lattice, and the circles for an initially half-filled lattice.
s
e,

m

.
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V. CONCLUSIONS

We have studied a monomer-dimer model with lateral
teractions between the adsorbed particles at finite temp
tures of the catalyst. At high temperatures the model can
seen as a variant of the ZGB model, where the dimer abs
tion process is favored. Then, at these temperatures,
model shows a smaller reactive window than that obser
in the ZGB model. Through extensive Monte Carlo simu
tions we determined the phase diagram of the model in
plane temperature versus partial pressure of theBA mol-
ecules in its gaseous phase. We found that the width of
reactive window increases as we lower the temperat
However, at very low temperatures and for a small range
values of the deposition rate ofBA molecules, we observed
the formation of a structure of sublattices where the cata
becomes inactive.

The phase diagram presents four distinct regions:A- and
BA-poisoned regions, an active and a chessboard inac
region. We have determined the nature of the phase tra
tions between the different regions of the diagram. For t
purpose, we have used hysteresis curves, moment ratios
finite size arguments. We have shown that the transition
between theA-poisoned and active states is a line of critic
points that belongs to the DP universality class. On the ot
hand, the transition line between the active andBA-poisoned
states is continuous at low temperatures and belongs to
DP universality class, too, and turns into a first-order tran
tion line at high temperatures. Finally, we have seen that
transition line that separates the active and chessboard
gions is always of the first order.
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