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Interplay between jamming and percolation upon random sequential adsorption
of competing dimers and monomers
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The competitive random coadsorption of dimers and monomers, with probabRitjesnd Py, , such as
Pp+Pu=1, respectively, is studied numerically by means of Monte Carlo simulations. Excluded volume and
nearest-neighbor infinite repulsion between unlike species is considered. The subtle interplay between com-
petitive coadsorption, jamming behavior and the emergency of percolation clusters is analyzed in detail. Taking
P\ as the single parameter of the model, five characteristic regions where the system exhibit different physical
behavior can be identified) For P,,<P,,;=0.4025(25) the standard percolation of dimers is observed; Il
Within the intervalP,,, <Py <P};;=0.4375(25) clusters of all speci@monomers, dimers, and empty sjtes
are finite(nonpercolating Ill) For P},,<P,,<P},,=0.5425(25) the percolation of homogeneous clusters of
empty sites is observed; )Within the interval Py, <Py <Py,=0.5575(25), the system behaves as in
Region II; and finally, V For Py,,<Py, one has the standard percolation of monomers.
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I. INTRODUCTION where the microscopic steps are irreversible and equilibra-
tion is not possible during the time scale of the experiment,
The study of the physical and chemical properties of adfor various examples see, e.g., R¢&-22).

sorbed monolayers is a topic that has been attracting consid- The aim of this manuscript is to study, by means of nu-
erable attention for many year$—6]. The equilibrium state merical Monte Carlo simulations, the CSA of monomers and
of such overlayers can be described by a Gibbs measuidimers. In the case treated here, the local environment of
parametrized by the coverageand the temperatur. In  each site is modified by the operation of short ratignite)
particular the critical behavior of adsorbed films has extenrepulsion between unlike species. Our study is motivated by
sively studied, see, e.g., Ref6—8]|. Another quite interest-  {he cooperative adsorption of CO ang @olecules on single
ing scenario is the irreversible adsorption of atoms and mo"crystal surfaces. Here, CO is assumed to be the monomer
ecules on solid surfaces. Here, the term irreversible actuallyince it bounds to the metal surface through the carbon atom
means that the relaxation ti_me scale_of the deposition proce%ﬁ:cupying a single site on the surface. In contrastisdhe
is much longer than the time required to form the WhOIedimer because upon adsorption it dissociates into two atoms

deposit. Under these conditions the system evolves rapidl%lockin two sites of the surfad®3,24. The CSA of CO
toward far-from equilibrium conditions and the dynamics be- nd G ?s the first step of the cataly,tic 6xidation of CO that

comes essentially dominated by geometrical exclusion ef? .
fects between particles. This kind of effects has been opleads desorbed GOIt should be mentioned that such a re-

served in numerous experiments, for a review, e.g., [@f action has been modeled by means of a dimer-monomer lat-

From the theoretical point of view, irreversible adsorptiontic® 9as reaction mod¢p5]. _
has successfully been studied assuming the sequential ad- In addition to the interest of monomer-dimer systems for
sorption of particles within a lattice gas framework, so thatthe understanding of the early stages of simple catalytic re-
the state of the sites on the lattice is assumed to changictions, the interplay between RSA and percolation is rel-
irreversibly from empty to occupied statfs0—13. In the  evant for the description of the many physical, chemical, and
simplest approach adsorption sites are chosen at rando@ven biological systems. For reviews on the theory and ap-
leading to the process known as random sequential adsorptication of percolation see, e.g., Ref26—28. Within this
tion (RSA). In a more general approach the adsorption ratesontext, the study of the percolation properties of both
depend on the environment of the adsorption site leading tdimers and monomers is another goal of the present work. It
the so called cooperative sequential adsorpti©8A), for an  is shown that the constraint of CRA causes the occurrence of
excellent review on these topics see, e.g., [RES]. If either  percolation windows that are characterized in detail.
RSA or CSA involve adsorption on single sites, the case is It should be mentioned that the understanding of the in-
termed “monomer filling.” Also, processes involving adja- terplay between RSA and percolation is also a topic of great
cent pairs of sites are referred as “dimer filling,” while ad- interest that has been addressed by various authors, see, e.g.,
sorption on larger ensembles of sites corresponds to “animdRefs.[29-37 (for a review see, also, Reff13]). However,
filling” [13]. RSA and CSA are appropriated approaches fowithin our best knowledge such interplay has not been stud-
modeling many physical, chemical, and biological processeied yet for the case of the competitive coadsorption of dimers
and monomers, as proposed in the present paper.
The manuscript is organized as follows: in Sec. Il the

*Present address: Intitut fiPhysik, Johannes Gutenberg Univer- model for RSA of dimers and monomers is defined and the

sita Mainz, Staudinger Weg 7, 55099 Mainz, Germany simulation method is described. Results are presented and
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discussed in Sec. Ill, while our conclusions are stated in Sec. 6PX(L)= 0% () + AL Vrx, ®)
IV.
where 6PX(L) is the L-dependent percolation threshold,
II. THE MODEL AND THE SIMULATION METHOD HPX(OO) is theL =< percolation threshold angy is the cor-

N . ) relation length exponent. Furthermore, it is known that the
The RSA of two competitive species, namely dimers andyctuations scale 426]

monomers, is simulated on the square lattice assuming peri-

odic boundary conditions and using samples of didg32 o OPX~ L~ rx, (4)

<L =<1024), where distances are measured in lattice units

(LU). Apart from the excluded volume interaction, infinite So, determining’x with the aid of Eq.(4) it is also possible
repulsion between unlike species adsorbed on nearesis evaluate the percolation threshold in the thermodynamic
neighbor(NN) sites is also considered. In other words, ad-limit using Eq.(3).

sorption of dimers and monomers on adjacent sites is forbid- Furthermore, the probability of a particle to belong to the

den. incipient percolating clustePX(L), behaves af26]
To implement the competitive RSA, monomers are se-
lected at random with probability, , while dimers are cho- PX(L)=L"#", (5)

sen with probabilityPy . SettingPy,+ Pp=1, the model has
a single parameter, namelf,,. Furthermore, adsorption wherep is the order parameter critical exponent.
sites are also selected at random. Monomers are always ad- It should be noticed that the universality class of random
sorbed on empty sites provided the absence of dimers apercolation ind=2 dimensions is very well identified and
ready adsorbed around the four NN sites. The latter requirethe critical exponents are known exactly, namely,4/3 and
ment accounts for the infinite repulsion. After selection of ag=5/36[26]. Therefore, based on the well established con-
dimer and an empty site, one has also to select at random aept of universality that applies to second-order phase tran-
NN site of the previously selected one. If this additional sitesitions, it is expected that both percolation of monomers and
is empty the dimer is absorber provided the absence dodimers, at the percolation threshold, would belong to the
monomers already adsorbed on any of the six NN sites of thaniversality class of random percolation. Of course, the re-
selected ones. pulsive interaction between dimers and monomers that is ex-
In order to study the jamming behavior of the system eaclplicitly considered in the present paper would influence the
run is finished when further adsorption is no longer possiblelocal structure of the clusters. However, such an interaction
i.e., when the jamming coverage is reach@dbtice that the is of short range and consequently the typical length of the
coverage is measured in units of particles per unit alea. interaction range becomes negligible as compared tddihe
these cases one typically has the lattice covered by a certairerging correlation length at criticality. In this way, local
density of monomers#,) and dimers ¢2), while due to  details due to the interaction are washed out and the univer-
the infinite repulsion and the geometrical constrain betweesality class of random percolation will prevail. However, as
dimers one may also have a certain density of empty sitegnticipated in the preceding sections, the interplay between
(gé)_ jamming and percolation leads to the occurrence of nonper-
On the other hand, in order to study the percolative becolating phases. Therefore, it is still interesting to evaluate
havior of the adsorbed species, the standard HK algorithm i€ critical exponents for percolation just at the limit between
used[33]. Starting from an empty lattice the onset of a per-Phases, in order to check if the properties of the universality
colation cluster is detected upon both, monomer and dime¢lass of random percolation prevails over the constraint im-
adsorption. For this kind of study, each run ends when th@osed by the jamming process.
first percolation cluster is identified. Subsequently, the cov-
erage of the percolating species is evaluated. &-,ng (X [ll. RESULTS AND DISCUSSION
=M,D,E, for monomer, dimer, and empty sites, respec-
tively) be, such a coverage measured for iiterun. Then,
the average value is given by

The time evolution of¢* (X=M, D, andE) has been
followed for a large number of values of the parameRgy
and for long enough time. In all cases the systems reach a

1 jamming coverage where further adsorption is no longer pos-
HPX=N— > oP% (1) sible. In this manuscript we will focus our attention to the
R dependence of the jamming coverageRp.
; SIS J
and the corresponding fluctuations are given by Figure 1 shows plots oby,, 6, and 6 vs Py . For

Pu=0 the well known jamming coverage of isolated dimers
1 is recovered, namelyf;,=0.906. Subsequentlygy de-
067 = N 2 (7%= 07%)2, (2)  creases monotonically when increasiRg,, while 63, fol-
R lows the opposite trend. Of courséy, =1 is obtained for
whereNg is the number of runs. Typically averages are takerPy=1. It is also observed thaty,= 6} close to Py,

over 16<Nr=10% depending on the lattice size. =0.493. Also, just for this value of the parameteﬂ’é
According to the standard finite-size scaling theory of per+eaches a maximum.
colation, it is expected thdR6] According to Fig. 1, it may be expected that for smaller
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FIG. 1. Plots of the jamming coverages for monomers, dimers,
and empty site®}, , 63, and6l, respectively, vé,,, as obtained
using lattices of sidé.=512 LU. Notice that coverages are mea-
sured in units of particles per unit area. Results are averaged over
107 different samples. Full squares at the left hand sieles at
the right hand sideshow the percolation thresholds for dimers
(monomerg as obtained extrapolating finite size results to the ther-
modynamic limit. Five regiongl-V) where the system exhibits
different percolation properties are shown in the figure and dis-
cussed in the text.

(largep values ofP,, one would observe percolation clusters
of dimers(monomerg, while for Py,=0.5 the high density
of empty sites may eventually prevent percolation of these
species. In fact, Fig. 2 shows typical snapshot configurations
obtained for three different values Bf, . ForP,,;=0.20, the
percolation of dimers, which is the majority species, can
clearly observedFig. 2(a)]. Also, for P,,=0.80, the perco-
lation of monomers is observdéig. 2(b)]. Finally, for Py,
=0.50 neither monomers nor dimers can percolate, but the
percolation of empty sites is verifigérig. 2(c)].

Consequently, using Egs(3) and (4), 6p,(L) and
o (L), as well as#5(L) and o65(L), have been evalu-
ated for Py, <0.5 andPy,>0.5, respectively. AlsogE(L)
and(reE(L) have been evaluated closeRg=0.5. Figure 3
shows log-log plots o 8°* (X=M,D,E) vsL. The best fits
of the data give: 1/,=0.754, i.e.,v,=1.33 for monomers
and 1bp=0.722, i.e.,vp=1.38 for dimers, respectively. On
the other hand, foPy,=0.5 the percolation of empty sites
with 1/vg=1.03+0.03, i.e.,rg=0.975 is observed. Similar
plots performed for different values &, lead us to esti- FIG. 2. Typical snapshot configurations of jammed samples as
mate that the correlation length exponents for percolation opPtained using lattices of side=128. () Py =0.20. Full circles,
both dimers and of monomers are closevtp= v, =4/3, as ~ Sauares, and triangles correspond to monomers, dimers, and the

expected for random percolation. Furthermore, for the percgl€rcolating cluster of dimers, respectivelfo) Py=0.80. Ful
lation of empty sites one hag.=1.0. circles, squares, and triangles correspond to monomers, dimers, and

. . the percolating cluster of monomers, respectivéty. Py, = 0.50.
Using these values of the correlation length exponents ang b 9 .  Tesp &ty. Py .
ull circles, squares, and triangles correspond to monomers, dimers,

with the aid of Eq.(3) the critical thresholds for the perco- ) ) )
) ) . -+~ and th lat luster of ty sites, tively.
lation of monomers and dimers in the thermodynamic ljmit2"C e PErcoiating cluster of emply sites, respectively

(L—=) have been evaluated. The obtained results are showaiready known percolation threshold of classic percolation
in Fig. 1. At the right hand side of Fig. 1, where monomers isgiven by P-=0.59274®(5) [34]. However, when the
the majority species, one observes that the threshold faroadsorption with dimers is considered, the critical threshold
Pu=1is close to(i,f’,l(PM =1)=0.593 in agreement with the monotonically decreases and closePip,=0.56 one has the
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FIG. 3. Log-log plots ofaai(L) (with X=M, D, andE) vsL, FIG. 4. Plots of the percolation probabili¢P of monomers vs
measured in LU. The lines show the best fits of the data. Results arL., measured in LU obtained for different values oP,, as
averaged over Fodifferent samples. indicated in the figures. The lines are drawn to guide the eyes.

intersection with the jamming curve, name#, = 65, . No-
tice that forPy,<P,;» monomers do not percolate anymore.
Considering percolation of dimers, left hand side of Fig. o findings for both, dimers and monomers, are consistent
1, one observes a qualitatively similar behavior. In fact, for i the valueB/ v=5/48=0.104, corresponding to the uni-
Py=0 the valueds(Py=0)=0.562, corresponding to the yersality class of standard percolatif26]. So, based on the
percolation threshold for adsorption of isolated dimers is rexyajyation of the exponents and 8/v it is concluded that
covered[13]. Also, 6y, decreases monotonically whé is  clusters of both, dimers and monomers, even at the limit of
increased up to the intersection with the jamming curve tha{he perco|ati0n window given ble and PMZ! respective|y,
occurs close tdy;=0.40, such as foP\>Py; the perco-  pelong to the universality class of standard percolation.
lation of dimers is no longer observed. The analysis of the behavior of the empty sites within the
The observation of a window along tft, axis such as window allow us to detect their percolation close Ry,
for Py;<Py=Ppy2 neither monomers nor dimers can per- =0 5[see, e.g., Fig. @)]. The evaluation of the exponents
colate, is physically plausible in light of the results shown inysing the plotsr6f andPE vs L, as shown in Figs. 3 and 5,
Fig. 1. In fact, abovePy,; the percolation of dimers would regpectively, gives
require a dimer density higher than that allowed by the dy-
namic competition with monomers and consequently perco-
lation is no longer possible. A similar argument can be drawn
close toP,,, for monomer’s percolation. The occurrence of a
nonpercolation window for dimers and monomers nicely

B! vy=0.132£0.020, PBp/rp=0.136+0.020. (6)

1/ve=1.026+0.030, PBg/vg=0.007-0.010. (7)

]."""'I ¥ LONRE B SN R |

emerges due to the interplay between dynamically competi- [ @emme@rmain i === S=-g
tive coadsorption of different species and the coverage con- L .
strains imposed by the percolation process. o Empty

In order to locate more accurately the window, the perco-
lation probabilitiegPP), of both dimers and monomers, have
been recorded for different values Bf;, and the lattice size.
As shown in Fig. 4, for the case of monomers one has that
PP" increaseqdecreaseasfor Py,>0.560 (P,,<0.555) an
observation that lead us to estimdg,=0.5575-0.0025.
Similarly, for the case of dimer@ot shown here for the sake
of spacg it is found that PP tends to decreag@ncreasg for
Py <0.405 (P,>0.400) ad.—<. So, our estimation of the
lower limit of the window isP,;;=0.4025+0.0025.

The probability of a particle to belong to the incipient
percolating cluster of the same specid® (L) (X
=D,M,E), has also been evaluated and analyzed. Figure 5
shows log-log plots oP. (L) vs L. From the slopes of these

0.3

® Dimers
< Monomers

10°

L

FIG. 5. Log-log plots ofP..(L) vsL, measured in LU. The lines

plots, as well as a set of similar ones not shown here for thehow the best fits of the data corresponding to empty sites, dimers,

sake of space, the following values are obtained:

061106-4
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1

+0.0025. So, within the intervaP},, <Py <P}, (Region

III), only homogeneous percolating clusters of empty sites
are observed, such &=d=2 andvg=1. In this Region
one has thaPy~Pp~0.5, so both species have almost the
same probability of becomming selected during each adsorp-
tion trial. Howewer, this window is not symmetric around

0.9

08 Pw=1/2, but instead one ha®},,—1/2>P},—1/2, re-
& flecting the fact that monomers can be adsorbed straighfor-
0.7- o—e P, =0.430 i wardly on empty sites while dimers require two nearest-
wa P =0.435 neighbor empty sites for adsorption. The competition
— P, =0.440 | between species witRy~Pp and the opperation of repul-
0.6 &P =0.445 . sion between unlike species favors the formation of islands
o—o P,=0.450 | of both dimers and monomers. These islands are surrounded
by empty sites forming clusters such as one of them perco-
050005 0015 0035 0035 lates. It is interesting to remark that percolation of empty
L sites is observed in spite of their low densitg-E&0.43 for

Pu=0.493, see Fig.)las compared to the percolation den-
FIG. 6. Plots of the percolation probabili’P) vs 1L, mea-  sity for random percolation given b-=0.592 74@(5)
sured in LU 1, obtained for different values d?,, as indicated in [34]. Even for such a low density, the fact tHag =2 points
the figures. The lines are drawn to guide the eyes and the data wegg)t that percolation clusters of empty sites are above the
obtained close t&y; . percolation threshold.

These exponents are consistent with the formation of homo-
geneous clusters of fractal dimensibnr=d— g/v=d=2.
So, percolation clusters of empty sites are compact objects in Based on a numerical study of the competitive coadsorp-
agreement with the fact that such clusters are measuraibn of dimers and monomers on the square lattice it is con-
above the percolation threshold. On the other hand, clusterduded the the system exhibits a subtle interplay between
of both dimers and monomers, at the percolation thresholdamming and percolation. For low values B, [i.e., Py,
are fractal self-similar objects of dimensiddb.=d—8/v  <P,,;=0.4025(25)] only the percolation of dimers takes
=1.89. place. Incipient percolation clusters of dimers belongs to the
Performing an even deeper analysis of behavior of emptyiniversality class of standard percolation as follows from the
sites within the windowP),; <Py <P\, it is found that evaluated critical exponents through a finite size scaling
empty sites percolate close to the center of the window whilereatment of the numerical data. WhBg, is increased up to
approaching the limits of the window only finitaonperco- P}, =0.4375(25) one observes finitao-percolation clus-
lating) clusters of all specieglimers, monomers, and empty terg of all species, including empty sites. This behavior is
siteg are found. So, it is concluded that there are two addigue to the constraint imposed by the competitive coadsorp-
tional critical points Py, and Py,, respectively such as tion on the density of dimers, that lies below the threshold
Pu1i<P}.<Pl,<Pwm.. Therefore, five different Regions, necessary for the onset of percolation clusters. Subsequently,
each of them exhibiting a characteristic percolative behaviora window (P},,<Py<P},=0.5425) is identified, such as

IV. CONCLUSIONS

can clearly be identified as followsee Fig. 1 empty sites is the dominant species. Consequently, the per-
Region | For Py, <P),; one observes standard percola- colation of homogeneous clusters of empty sites is observed.
tion of dimers. Due to a further increase &fy, until Py,,=0.5575(25), the

Region Il Within the intervalPy,, <Py <P}y, clusters of competition between species does not allow the development
all species(monomers, dimers, and empty sjtege finite  of any percolation cluster. Finally, fd?y,>P,,, the perco-

(nonpercolating lation of monomers is observed, and such clusters belong to
Region Il For P},; <Py <P}y, the percolation of homo- the universality class of standard percolation.

geneous clusters of empty sites is observed. Finally, we would like to remark the rich physical behav-
Region IV Within the intervalP},, <Py <Py, the sys- ior emerging from the subtle interplay between competing

tem behaves as in Region |I. processes in the case of random sequential adsorption of un-

Region V For Py,,<P,,, one has the standard percola- like species, as studied in this paper.
tion of monomers.

In order to locate more accurately bd#j,, and Py, the
percolation probability of empty sites has been evaluated for
different values oy, and using lattices of various sizes. As  This work was supported by UNLP, CONICET, and
shown in Fig. 6, the lower threshold for percolation of empty ANPCyT (Argenting. The authors acknowledge the kind
sites is estimated to bRy, =0.4375+ 0.0025. Also, the up- hospitality of Professor K. Binder at the University of Mainz
per threshold can be evaluated drawing a similar fign#  (Germany. F.R. acknowledges the support of ClEcia. Bs.
shown here for the sake of claritgiving P},=0.5425 As.), Argentina.
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