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Monomer-dimer reaction model with nearest-neighbor interactions at finite temperatures
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We studied a monomer-dimer catalytic surface reaction model of the%w(@& BA— A,B, 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 th&A molecules in its gaseous phase. We found that the transition betwe@npibisoned state
and the active one is always continuous and the associated critical exponents are in the same universality class
of the directed percolatiofDP). On the other hand, the transition from the active state t@thgoisoned 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 pre&Aranaf
very low temperatures, we observe the formation of an inactive sublattice structure inside the active phase.
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. INTRODUCTION site, while the adsorption of Omolecules needs two empty
nearest-neighbor sites. Immediately after the adsorption of
The subject of irreversible phase transitions has been useth O, molecule, it dissociates and a reaction of oxidation can
to describe a great variety of problems in physics, chemistrytake place if a CO molecule is found in the neighborhood of
and biology. However, the understanding of these phenomeach one of these free O atoms. The model presents two
ena is not complete, because we do not have at our disposalbsorbing states, one poisoned by O atoms and the other
a closed formalism as in the equilibrium statistical mechanfoisoned by CO molecules. In between, an active state is
ics. Aside from a few approximate analytical methods, suctpresent, and the transition from the active to the O-poisoned
as the effective mean field theories, computational tools arétate is continuous, where the critical exponents associated
very often used to get information on the irreversible pro-With its transition poin{3] put the ZGB model in the same
cesses. In general, these studies are performed for lattidgiversality class as the directed percolatibi) [4]. On the
models, which are suitable to be simulated by Monte caridther hand, the.transmon from the active to the CO-poisoned
methods. The book by Marro and Dickm] presents some State is of the first-order type. o
examples of interacting particle systems on the lattomn- In orde_r to cqn3|der more_reall_st|c models_ for su_rface
tact process, catalysis models, lattice gasdgere mean field problems in physics and chemlstry, it would be interesting to
theories and simulations are considered. An interesting claslgCIUde some lateral interactions between the adsorbed spe-

. les [5—7]. Excluded-volume type interactions between
of problems that has been studied presents the so-called earest-neighbor particles may be interpreted as being due to

quring its ti luti h h ®Bir finite radius, which can be smaller or larger than the
uring its time evolution, the system cannot escape thefLice parameter spacing. When the radius of an adsorbed

anymore. The transition from active to absorbing states of gaactant is larger than the lattice spacing, the lateral interac-
system is of great interest because different systems can eysng work to inhibit the adsorption of a new particle in its

hibit the same universal character at the transition point. neighborhood. On the other hand, when two nearest-

In this work, we study a model where active and absorbygighhor particles are highly reactive, they like to stay closer

ing states are present. The model consists of the catalyligy gach other, and then an attractive interaction favors their
reactionA,+BA—A,B occuring in a lattice at finite tem-  noarest-neighbor adsorption.

peratures. We assume that nearest-neighbor adsorbed par-gq; the model we are considering in this paper, where the

ticles interact themselves. The interaction is considered rec'emperature of the catalyst and the interactions between ad-

pulsive for particles of the same species, and attractive fog,peq particles are taken into account, we slightly changed
distinct sorts of particles. Not considering the temperature of,ea ryles of the ZGB model concerning the mechanisms of

the substrate or the interaction energy between adsorbed pafgsorption and reaction of the species. In the first place, for
ticles, this is similar to the well knpwn Zlff-GuIarl-Barshad the adsorption process to occur, the existence of empty sites
(ZGB) model[2]. The ZGB model, is the simplest one used js not sufficient. For each trial of deposition, we calculate the
to explain the irreversible oxidation of CO molecules on denergy change XE) that this process would cause in the
surface ¢0,+CO—CO,). In this model, the molecules of system. According to the above comments, we assume that
CO and Q are deposited onto a square lattice, according tghe interaction energy between two identical nearest-
their partial pressures in the gaseous phase. The adsorptioeighbor adsorbed particles are repulsive, and we assigned
of CO molecules requires the existence of only one vacanthe value+ ¢ for this energy. Then, twé nearest-neighbor
atoms or two nearest-neighbB”A molecules have the same
energy. On the other hand, we assigned the valgefor the
*Email address: wagner@fisica.ufsc.br interaction energy between anatom and aBA molecule,
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when they are nearest neighbors in the square lattice. We Il. MONTE CARLO SIMULATIONS
disregarded the interaction between adsorbed species and the

substrate. The substrate works only as a heat reservoir for tqﬁodel on a square lattice with linear dimensions ranging
system. After calculatind E, the deposition is accepted with from L=8 to L=128. We started all simulations with an

i : ! it e AE/KgT i
probability one ifAE<0, and with probabilitye 5 If  empty lattice(save in the cases where we were investigating
AE>0 (hereT is the temperature of the substrate, which iSq existence of hysteresis loops in the first-order transitions

measured in units of/kg, wherekg is the Boltzmann con- 5§ ysed periodic boundary condictions. In all simulations
stan}. Besides the energetics involved in the deposition ofpq temperature was measured in units: t; .

the molecules, there is a subtle difference between the depo- o each value of temperature and of the deposition rate

sition of anA, molecule in our model and an@nolecule in ¢ BA molecules Yaa, We generate a random number to
the ZGB model, even at very high temperatures. In the ZGRyetermine what molecule we will try to deposit in the next
model, after choosing an empty site for thg @eposition,  giep |f we choos@A, we generate another random number
the other site is randomly selected among the nearesfy select an empty site for its adsorption. Then we calculate
neighbor sites of the chosen site. It is possible that the new,q change in the energ\E) of the system that the depo-
selected site is already occupied by an O or CO moleculision in this selected site would cause AE<0, the mol-
and in this case the adsorption of the @olecule is forbid- e is immediately adsorbed. In the case whee-0, the
den. In our model, after we chose the first site, the secon dsorption is accepted with probabiliey 2E/keT. If the ,cho-
one is looked for only among the empty neighboring sites ofgy mojecule isA,, we again select at random an empty
the first site. Concernlng the reaction process between a Palittice site. Then, for each one of its empty neightidrthey

of reactantsA andBA, if more than one channel of reaction gyisy \ve calculate the energy change that the deposition of
is opened after a given deposition, contrary to the usual ransy A atom on it would cause to the system. We attribute a
dom hch0|ce th ZﬁB mlodel, hde_re we hattnbute different |arger weight for that neighbor with small&rE. After we
weights to each channel according to the energy varation e gefined the pair of nearest-neighbor sites, then we cal-

that it would cause to the system. In this way, the channel§ 2t AE corresponding to the deposition 6. Again, if
that cause the largest decrease in the energy of the system &(@ _ {he molecule is adsorbed. andAE>0. it is :;1d-

more probable. ; N~ AE/KgT
. : R . sorbed with probabilitye B
With this model in mind, we performed extensive Monte For both molecules, after a successful deposition trial, we

tCr:]arlol S|m_lylat|ons, and V\;le deterr_mrzﬁd Its tphlase dlagrar? 'Rave to investigate the neighborhood of the adsorbed species
he g:ne lverTUSYBAhW €reysa 1S n€ parvl\? plresshure 0 Ito look for possible reactions. If there is no possibility of
theBA molecules in the gaseous mixture. We also have calto 5 tion, the molecule remains adsorbed in the lattice. If

gulateﬁ thef s;]atlc hcrltlcacli. exponentsd for tf;)eilcohntlnuous.[here is only a single possible reaction channel, it occurs
ranches of the phase diagram, and we bullt NySteresig, e qiately. Finally, if more than one reaction channel is
curves for the first-order phase transitions. Models mcludlngb ened, we calculate the energy change that each reaction

lateral interactions between nearest-neighbor particles ha ; ; "
' : ould cause in the system, and we assign a larger probability
already been studied. Satulovsky and Alb@8pdetermined ¢ the choice that most decreases the energy of the system.

the phase diagram for this model and for other choices of thy ., “4fter the choice of the reactants, the reaction occurs

energy couplings between the adsorbed particles. Wh"ﬁnmediatel leaving two new emptv sites in the lattice
Satulovsky and Albano focused their attention on the phase 4 g PY '

diagram for a variety of couplings between particles, in our
model we chose a particular set of parameters studied by IIl. PHASE DIAGRAM
these authors, and we paid special attention to the details of
the observed phase transitions. One-dimensional versions of We show in Fig 1 a typical coverage diagram obtained
the model were previoulsy studig@—11] where only infinite ~ for a lattice withL =128 at high temperatures. For this plot
repulsive lateral interactions between identical adsorbetve haveT=10 and in this case, the probabilig/ 2&/ksT
monomers were considered. In the absence of a symmetry 1, that is, the probability of deposition of particles de-
breaking field, these models belong to a different universalitypends only on the presence of empty sites in the lattice. This
class from directed percolatiofDP), called directed Ising diagram is very similar to the one found in the work of Ziff,
(DI) universality class. These models present two equivaler@ulari, and Barshadi2]. However, while in our model the
poisoned states, which mimic the degenerate ground state gnsition between tha-poisoned and active states occurs at
the Ising model. Monett{12] considered the same one- y;=~0.62, in the ZGB model this transition occurs ywt
dimensional model, but from a different perspective, where~0.39. Also, for the first-order transition between the active
the lateral interactions were of finite magnitude. In this way,and BA-poisoned states, we foung~0.65, while the cor-
he found a reactive window for suitable values of the inter-responding value in the ZGB model y5~0.52. Then, the
action parameter. reactive window in our model at high temperatures is nar-
The remainder of this paper is organized as follows: Inrower than in the ZGB model. The difference between these
Sec. Il, we describe the Monte Carlo simulations; in Sec. llimodels is related to the way we consider the process of ad-
we present the phase diagram of this model, Sec. IV containsorption of A, molecules. Our model, at high temperatures,
a detailed analysis of the phase transitions, and in the lagavors theA, adsorption more than in the ZGB model. When
section, we summarize the results. we select the first site for the deposition of the molecule, if

We have performed simulations for this catalytic reaction
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FIG. 1. Coverages of the lattice far=128 as a function ofga FIG. 3. Coverages of the lattice far=128 as a function ofga
at temperaturel =10%. Squaresn, ; triangles,ny ; circles, nga. at temperaturel =0.5. Squaresn,; triangles,ny ; circles, nga.
The lines serve as a guide to the eyes. The lines serve as a guide to the eyes.

one of its nearest-neighbor sites is empty, the deposition amolecule that increases the energy of the system. Then, at
ways occurs. This rule does not apply to the ZGB model{hese temperatures, the catalyst has a large density of empty
since the choice of the second site for the deposition is mad@tes for any value of the deposition ratg, . In particular,
randomly, and eventually one occupied site can be chosefr large values of/g,, we observe a chessboard formation:
forbiding the adsorption. one sublattice is formed by blank sites, and the other is
Figure 2 exhibits a representative coverage diagram dPrmed predominantly b8 A molecules. Then, in this range
very low temperatures. For these temperatures, the BoltZ2f values ofyga, and at very low temperatures, the catalyst

mann’s weighte 2F%eT—0, always we try to deposit one IS inactive. _
At intermediate temperature values, we obtained coverage

diagrams like that of Fig. 3. The structure of sublattices is
lost, and the reactive window appears for all values of the
deposition rate oBA molecules.

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

type.

1.0

coverages

IV. PHASE TRANSITIONS

In the last section we showed the phase diagram of the
model, where four distinct regions appear. In this section, we
will focus our attention on the study of the phase transitions

Yea between the different regions of the phase diagram. In the
following, we will illustrate these transitions by choosing

FIG. 2. Coverages of the lattice far=128 as a function ofg, ~ SOMe points of the phase diagram and considering the behav-
at temperaturd =10"*. Squaresn, ; triangles,ny ; circles,ng,. ior of the order parameter, which in our case is the fraction of
The lines serve as a guide to the eyes. empty sites, in the neighborhood of these points.
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Let us first consider the phase transition between thetraight line behavior. For instance, Fig. 5 shows the log-log
A-poisoned and active states of the system. In the ZGBlot of n, versusL for the temperaturdl =1.25 and five
model, this transition is always continuous, and belongs tajifferent values of the deposition ragg,. From this plot,
the DP universality clagst]. In order to study this transition the data points that best fit the power law of E2). corre-
in our model, we fixed the temperature of the substrate andpond to a critical value of,;=0.0120+0.0002, the central
we swept the values of the deposition rateBak molecules  curve in the plot of Fig. 5. From adjusting the points of this
Yga around the transition point, for that temperature. A pre-central curve to a straight line, we find that the ratio between
liminary analysis based on the coverage diagrams, showetle critical exponents isd/v, ) =0.81+0.01. The curves as-
that the order parametédensity of empty sites,) changes sociated with the simulation points corresponding i,
continuously through the transition. =0.0115 andyg,=0.0125 already exhibit a concave and a

To find the critical point of this transition, we used the convex behavior, respectively. We also can estimate the criti-
same methods employed by us in a previous paBeto  cal exponentg and v, through the collapse of the data for
determine the critical point of the ZGB model. We consid- g|| |attices. We have plotted in Fig.6,L*": versusAL":
ered the stationary values of the order parameter for differenh a log-log scale. As we can see, the data for different lattice
lattice sizes in the vicinity of the critical point. The order sjzes collapse very well, suggesting the correctness of the

parameter obeys the scaling relation scaling form of Eq.(1). Thus, for large values of the argu-
8 1 ment of the functiorf(x) in Eq. (1), the data in Fig. 6 should
nV(A,L)xL‘Zf(ALZ), (1)  fall on a line with slopeB. The collapse of the data points

was obtained with the following values of the parameters:
whereA=yga—y;, Y, is the critical point for the lattice of 8=0.60, », =0.74 andy,=0.0120. We observe that the ra-
infinite size, and the scaling functidifx)«x” for large val-  tio g/v, is the same as the one seen in Fig. 5. These critical
ues ofx. B is the order parameter critical exponent andis  exponents appear to be in very close agreement with those of
the critical exponent associated with the spatial correlationhe DP. The best values for the critical exponents of the
length. At the critical point this equation can be written as directed percolation in(2+1) dimensions are[13] B

8 =0.584(4) andv, =0.7344).
ny(O,L)ocL ™37, 2) Further support for the idea that the transition between

A-poisoned and active states is in the DP universality class
Therefore, through log-log plots of the density versusL, = comes from the analyses of the moment ratios of the order
we can find the critical point, which corresponds to theparameter at the critical point. As in our previous paj®r
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FIG. 5. Stationary density of vacant siteg versus system size

L for yga=0.0110, 0.0115, 0.0120, 0.0125, and 0.0186m bot- FIG. 7. Ratiom, /m2 versusys, at temperaturd=1.25. Sys-

tom to top at temperaturd =1.25. The lines serve to guide the o sized =8, 16, 32, 48, 64, and 128 are in order of increasing
eyes. The critical point is determined by adjusting the central CUNV&teepness.

to a straight line.

of the lattice sizg/1]. In this way, we expect that plots of

we calculate some ratios between .the moments of the ordgfege ratios, as a function g, must intercept themselves
parameter. For instance, we considered all moments up tg ihe critical point for any value of the lattice sike

. k .
fourth order, defined byn,=(ny), with |2‘: 1,2,3,4, and also Figures 7 and 8 depict this behavior for the ratiog/m3
the second-order cumulalizp,f Mz~ My The;" we formed  and m,/m;m, versusyg, for T=1.25, respectively. From
the following ratios:Q,/mj, my/m3, mz/my, mz/mim,  these figures, we clearly see that the ratios are independent of
andm,/m?. At the critical point, these ratios are independent|_ at Yea=Y;. In Fig. 9 we summarize the results obtained
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FIG. 6. Log-log plot ofnyL#'" versusALY*: in the neighbor-
hood of the critical poinyyg,=0.0120 at temperaturé=1.25. Up
triangles,L =16, down trianglesl. =32, diamonds| =64.

FIG. 8. Ratioms/m;m, versusyga at temperaturel =1.25.
System sizes =8, 16, 32, 48, 64, and 128 are in order of increas-
ing steepness.
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FIG. 9. Order-parameter moment ratios at the critical point and |G, 10. Hysteresis curve obtained at temperafie2000 in
at temperaturd = 1.25. Squarest/ml, dlamondsmzlml, down  the transition between the active amA-poisoned states. The
triangles,mz/m;m,; up trianglesmg/m3; circles, m,/m3. squares represent the results found for simulations starting with an

. . ) ] empty lattice, and the circles for an initially half-filled lattice.
for all the moment ratios at the critical point. By a suitable

linear extrapolation of these ratios lte— we obtained the verified that the critical exponents and the moment ratios
values Qzlml 0.328, m4/m2 1.972, m3/mf 1.998, determined along this portion of the transition line show that
ms/m;m,=1.554, aﬂdmz/ml 1.333, which are in close this line of critical points is in the same universality class of
agreement with those found for the ZGB mof@), the con-  the DP.
tact proces$14] and also for the pair contact procg4s] in

. ; . 0.50
two dimensions. As we pointed out before, these results cor ' ' ' ' ' '
roborate the idea that these models belong to the DP univer  o0.45 | 4
sality class.

All the previous analyses were made for the particular
valueT=1.25. Indeed, we have performed the same kind of 0.35
investigation for other temperature values along the line of
transition between tha-poisoned and active states. We have 0.30 |- .
seen that the transition line is always continuous, and the
calculated critical exponents and moment ratios clearly put
this transition in the same universality class of the DP. e 020} _

Let us turn to the phase transition between the active anc
the BA-poisoned states. After doing a detailed investigation
for different temperature values along the transition line, we 0.10
observed that the transition changes from continuous to firs
order at the temperatufe=12.9. For the branch of the tran- 0.05 | s,
sition line where the transition is discontinuous, the hyster-
eris curves exhibit a well defined lo¢fh6,17). For example,
we illustrate in Fig. 10 a kind of hysteresis loop observed for  -0.05 1 1 1 1 1 1
temperature3 >12.9. The branches of the loop are obtained 0.6650 0.6655 0.6660 0.6665 0.6670 0.6675
by starting the simulations at different initial conditions. As a
matter of comparison, Fig. 11 shows the same kind of plot as y
in Fig. 10, but forT=12.9. We see that the loop disappears BA

at this temperature. Indeed, for all values of temperalure  FiG. 11. Stationary density of vacant siteg versusyg, in the
<12.9, there are no more loops, and the transition is alwaygeighborhood of the transition between the active BAdpoisoned
continuous. In order to study the critical behavior in thisstates, at temperatufe=12.9. Hysteresis loop is not observed at
portion of the transition line, we used the same tools emshis temperature. The squares represent the results found for simu-
ployed in the transition between thepoisoned and active lations starting with an empty lattice, and the circles for an initially
states. We do not repeat all the procedures here, but we hawelf-filled lattice.

0.40 |- .

0.25 |- .

046102-6



MONOMER-DIMER REACTION MODEL WITH NEARES . ..

0.62

0.60 |- -

0.58 |- -

0.56 |- -

0.54 |- -

0.52 |- -

0.50 |- -

0.48 L L L
0.74 0.76 0.78 0.80

yBA

0.82

FIG. 12. Hysteresis curve obtained at temperaiured.1 in the
transition between the active and the chessboard states. The squ

represent the results found for simulations starting with an empty

lattice, and the circles for an initially half-filled lattice.

Let us mention the type of results we found for the tran-
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V. CONCLUSIONS

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

The phase diagram presents four distinct regidnsand
BA-poisoned regions, an active and a chessboard inactive
region. We have determined the nature of the phase transi-
tions between the different regions of the diagram. For this
purpose, we have used hysteresis curves, moment ratios, and
finite size arguments. We have shown that the transition line
etween théA-poisoned and active states is a line of critical
points that belongs to the DP universality class. On the other
hand, the transition line between the active &#poisoned
states is continuous at low temperatures and belongs to the
DP universality class, too, and turns into a first-order transi-

sition between the active ar_1d chessboard states at very onlv n line at high temperatures. Finally, we have seen that the
temperatures. We have built hysteresis curves for sever

points at the transition line. Figure 12 is an example of the ansition line that separates the active and chessboard re-

behavior observed at the temperatlire0.1, where a loop is gions is always of the first order.
clearly identified. This kind of picture is observed for all

values of temperature at this transtion line. Therefore, the
transition between the active and chessboard states is always This work was supported by the Brazilian agencies
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