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Critical behavior of nonequilibrium continuous phase transition
in A+BC catalytic reaction system
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We study two lattice gas models for tihe- BCHAC+%BZ reaction system. Model | includes the influences
of the adsorbate diffusion and model Il includes the effect of the diffusion and position exchaBgendiC
atoms. Model | exhibits a continuous phase transition with infinitely many absorbing states from a reactive
state to a poisoned state BfandC atoms and a discontinuous transition to a poisoned stafeamid B atoms
when the fraction of in the gas phase varies. The critical exponents are estimated accurately. The simulation
results indicate clearly that the critical behavior of the continuous phase transition in model | belongs to the
directed percolatioDP) universality class. Model I, however, exhibits a continuous transition with two
absorbing states, and its critical behavior is obviously distinct from the DP universality class.
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[. INTRODUCTION through two modifiedABC lattice modelg33]. Model | in-
cludes the influences of the adsorbate diffusion but model Il
The study of the nonequilibrium continuous phase transiincludes the effect of the diffusion and position exchange of
tions (NECPT’y in many-particle systems has attracted aB and C atoms. In our investigation by means of Monte
great deal of interest over the past two decades, since thayarlo simulations, both models exhibit a continuous phase
possess wide-ranging applications in many branches of phygransition from the reactive state to the poisoned state, but
ics, chemistry, biology, and even sociolopl,2]. Compared  their critical behaviors are obviously different.
to their equilibrium counterpart, nonequilibrium phase tran-
sitions are much less understood due to the lack of a general
framework[1,2]. One of the most remarkable progress is that Il. MODEL AND ALGORITHM
the critical behaviors of the continuous phase transitions with
absorbing states in many systems have been found to belong Brosilow and Ziff (BZ) have suggested ah+BC—AC
to a few universality classes. The most robust is the directed 5B, reaction net to study the NO+CO catalytic reaction
percolation(DP) class in spite of the quite dramatic differ- System[34,35 through a simplified Langmuir-Hinshelwood
ences in the microscopic processes of various mddes4.  (LH) mechanism. The model gives rise only to the surface
An important exception of the DP class is the so-calledspeciesA,B, and C, which is called theABC model [33],
parity-conserving PC) class[8,15-2Q. On the other hand, Which was later studied by Meng, Weinberg, and Evans
recent work suggests that the conserved field should intrdMWE) [36,37.
duce another kind of critical behavi21]. The ABC model:
Recently, the influence of particle diffusion in a system on (@) Agt™* —Aqgs
the critical behavior of the NECPT has been paid much more  (b) Aqgs— Ag,
attention. Dickman has noted that the continuous phase tran-  (€) BCy+2* — Byt Cygs

sition in the contact proces€P) model including the diffu- (d) AagstCags— ACy+2%,
sion still belongs to the DP universality clai&2]. However, (€) BagstBads— Bag+2*.
a study of the pair contact process with diffusi®®CPD or The subscripty means a species in the gas phasgs

annihilation-fissionAF) process 2— @ ,2A— 3A suggests indicates the adsorption state of a species on the surface, and
that the diffusion of the particles should introduce a new kind* is the active site on the catalytic surface.
of critical behavior[23—-33. This model without diffusion This model can exhibit a continuous phase transition from
was first investigated by Jensen, and its critical behavior ofthe reaction state into one of the infinitely many absorbing
the continuous transition with infinitely many absorbing states of adsorbe@ and B with the fractiony of A species
states belongs to the DP clg4s]. varying in the gas phase. The critical behavior of the con-
For the basic CP model, there is only an absorbing staténuous transition belongs to the DP universality class when
and the diffusion of the single particle does not change thé¢he desorption of adsorbedl is neglected38,39. In these
structure of the absorbing state. However, when particle difinvestigations, the particle diffusion is neglected. Actually,
fusion is introduced in the PCP model, the number of thethe particles on the surface can diffuse rapidly in some cases
absorbing states can be changed obviously and the systemaad can take an important role in the dynamical behavior
trapped in only two absorbing states: one a vacuum state ad0—43. When the diffusion of adsorbed on the surface is
the other a single-particle state. included, it can have an important effect on the phase dia-
In the present paper, we will study the influence of par-gram[44]. On the other hand, the reversible process of rapid
ticle diffusion on the phase transition with absorbing state8C dissociation can lead to a position exchangé3aind C
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atoms at the two nearest-neighb@N) sites, which may 1.0

play an important role in the dynamical behavior although it 08

is very slow. ]
In order to investigate the effect of the particle diffusion 0.64

on the critical behavior, we study two modified models of the

ABC model. In model I, only the diffusion of particl€ is 0.4

included cooperating with thABC model reaction scheme.

In model 1l, the diffusion of particle®\, B, andC and the 024

position exchange between adsortiz@nd C atoms at two 0.0

NN sites are considered. L , ' . '
We introduce two relative probabilitiegys and peycn Of 01 02 03 04 05 06

the particle diffusion and exchange processes, respectively. y

We carry out our simulation on aXx L triangular lattice by
sequential trials of thg gdsorption-rgaction, dif‘fpsign, and ex'A, C, andB are plotted as a fraction gf Phase transitions occur at
change processes. Initial empty lattice and periodic boundaryC andy,.

conditions are used in our simulation.

At the beginning of a simulation step, a random numberThe diffusion of C atoms on the surface has an important
po between 0.0 and 1.0 is generated. A diffusion attemptinfluence on the domain interface, and therefore increases the
exchange process, or adsorption-reaction process is pespportunity ofA to be adsorbed. From the simulation results
formed, respectively, fopo<pait, Pait < po< (Pait + Pexch, OF  in Fig. 2 for pg;=0.1, it shows that the critical poiyt, shifts
P> (Pgif+ Pexcn) following (@), (b), and(c). toward a lower value but the discontinuous transition point

(a) At the beginning of the diffusion process, a site isy, changes a little. It is obvious that the reaction window
chosen randomly, and the trial continues if the site is occuincreases with the diffusion rate increasing. These simulation
pied by a corresponding particle. Then, an adjacent site igesults are well consistent with the results of previous work
selected randomly, and if the latter site is vacant, the particl§45].
jumps to it. If the diffusion succeeds, a reaction trial will It is quite difficult to directly estimate the accurate critical
follow as in item(c). valuey, and corresponding critical behaviorsyat[46] due

(b) For the exchange process, a site is chosen rarto the critical slowing down and strong finite-size effects. In
domly, and the trial continues if the site is occupiedBwr  this work, we employ the finite-size scalif§fSS method
C. Then, an adjacent site is selected randomly, and if theleveloped for the nonequilibrium continuous phase transi-
latter site is occupied by anoth& or C, the two particles tion by Aukrust, Browne, and Webmdii2,19,46 to esti-
exchange their positions. If the exchange process succeedsirate the critical poinl,, the order parameter exponeft
reaction trial will also follow as in itengc). and other correlation length exponents.

(c) The adsorption-reaction process begins with a ran- The order parameter describing the absorbing phase tran-
dom collision of a gas molecule onlax L triangular lattice.  sition is p, which is the fraction of vacant sites on the surface
The colliding molecule is chosen to be a monor®r with in the steady state; it behaves as below whésnnear to the
a given probabilityy which is the fraction ofA in the gas critical fractiony:
phase and a dimgBC) with a probability 1-y. If a mono-
mer A is chosen, a site is chosen randomly. If the site is §
occupied, the trial ends; otherwisé,adsorbs. Then the six ., **] ™\

FIG. 1. The rate oAC production and the average coverage of

NN sites are checked, and if there @atoms, the adsorbed & 287 N 3
A reacts with aC atom to formAC, which desorbs at once § oa] e N &
and leaves two vacant sites. If a dinl®€ is selected, a pair 02| ez ‘ g
of NN sites is selected randomly. If either site is occupied, = ]

BC rebounds back and the trial ends. OthervBs&dissoci-

. . 0.0 01 02 03 04 05 00 01 02 03 04 05 086
ates and adsorbs on the two sites, and then checks the eig) . (b v
NN sites of the pair. Th€ atom reacts with an adjacefAton o8
the NN site to form arAC which desorbs at once and leaves e
two vacant sites, an& reacts with anotheB atom on the % E 0.16 1 ;-_-::m
NN site to produce &, molecule which also desorbs at once & c.14 3 TS
and leaves two vacant sites. %mz g 0.8
§ 0.10 g 0041 ,
IIl. SIMULATION RESULTS Y p—
. . 0.0 01 02 03 04 05 06 0.0 01 02 03 0.4 05 086
AS pexer=0 and only particleC can diffuse, the system v @ v

evolves along the dynamic rules of model I, and we can

obtain Fig. 1 aspg;=0. Wheny is near to the continuous FIG. 2. The stationary coverage and production rate under dif-
transition pointy,, the adsorbed species on the surface argerent diffusion ratesta) The coverage of, (b) the coverage oA,
mainly C atoms and they can form domain structure easily(c) the coverage oB, and(d) the production rate oAC.
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FIG. 3. The log-log plot fop(y,L) vs L with different values of o .
y aspyi;=0.1. The slope of the straight line that goes through the FIG. 4. The double-logarithmic plot for the data pf~"-

data gives an estimate of5tv, . against(y/y.—1)L"*. for the two system sizegy; is the same as
that in Fig. 3.
p(y-yo)P, (1) > s
. . ,L,s) =2, tp(y,L,t,s ,L,t,9), 9
where B is the order parameter exponent and the critical 7(¥.L.s) : ply ) . ply ) ©

pointy, is accurately estimated by the FSS method. For the

second-order phase transition, there are a characterist\i/ghereT:<Ts> andp(y,L,t,9) is the order parameter defined
length scalet and a time scale which denote the correlation /- s Y

Ieng';]hb|nhspa(\jcefz?[rr11d tqu_e o:lrec_tltt)ns and they diverge in the The system first reaches a quasi steady state, stays for a
neighborhood of the critical point as reasonably long time, and finally evolves into an absorbing

o ly—y ™, (2)  state. In the simulation process, we first calculate the average
of time series of the vacancy fraction over a set of surviving
T |y =y ™, (3) independent samples which have not yet entered the absorb-

. . . ing state when the simulation ends and then measure the
wherewv, () is the correlation length exponent in the spacegtationary value of the vacancy fraction as order parameter
(time) direction. from the average of time series. The number of Monte Carlo

At criticality, various ensemble-averaged quantities desteps varies from 1000 as=8 to 3x 10* for L=128 (a
pend on the system size through the ratio of the system ponte Carlo step refers to an attempted adsorption-reaction
size and the correlation |ength/§ Therefore, we can take Step on the average at every lattice Fmérom about 5000
the following scaling form for the order paramef#y,L) in  independent simulations, we choose 500 surviving samples

the adjacence of the critical point: to calculate the order paramejewhenL=8. The number of
L) o LB (y =y L], 4 independent surviving samples varies from 500 lfer8 to
ply,L) = [(y=yoL™™] (4) 200 forL=128.
so that, aty,, From Eq.(5), the data should fall on a straight line with a
pye L) o< LBl (5) slope —_ﬁ/vl for y=y. on a log-log plot ofp as a fun_ction of
L. In Fig. 3, we show the log-log plot gf as a function oL
and the scaling function which is selected to be 8, 16, 32, 64, and 128, respectively.

F(x) o xP 6) For our system, we findy.=0.1335+0.0005 andB/v,
for largex. In the supercritical regiofy>y,), the order pa-
rameterp(y,L) remains finite in the limitL — o, but it de-
cays faster than a power law in the subcritical region
(Y<Yo)- 0.1 ettty
For the characteristic time, we can take the following

finite-size scaling form in the vicinity oy, =
7(y,L) o L[ (ye - y)LY], @
wherez=y/v, is the usual dynamical exponent. &t we N
have 100 102 10° 10t
7y L) o« L% (8) t(MCS)
We calculate the moments, for each samples which de- FIG. 5. The time dependence of the order parameter vari-

notes a simulation entering the absorbing state from the inieus sizes. at y,=0.1335. From top to bottom, the curves corre-
tial empty state; therefore, we can measure the characteristépond toL=8,16,32,64128. The slope of the straight line gives
time 7 following the equation the value ofB/1(=0.465+0.005. pg;; is the same as that in Fig. 3.
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FIG. 6. The characteristic time against the system sizein a FIG. 8. The log-log plot fop(y,L) vs L with different values of
log-log plot. The solid line is of slope 1.68vy/v,). pgif is the y aspgi;=0.1, Pexc=0.2. The slope of the straight line that goes
same as that in Fig. 3. through the data gives an estimate @/, .

Therefore, model | exhibits a continuous phase transition
with infinitely many absorbing states and the critical expo-
nents are estimated accuratel3=0.578+0.005, 8/v,
=0.81+0.01, B/y4=0.465+0.005, andz=1.68+0.03. The
simulation results indicate clearly that the continuous phase
transition in model | belongs to the DP universality clg&g|
: and the diffusion of particles does not change the critical
data should approach a constant, while for lakgéne data behavior of the continuous phase transition. This result is

should fall on a line with a slopg. It is shown that with the ; ee

) . = expected because particle diffusion in model | does not
chOIC(?sB/vlh—O.Sl ande"—O.TIS, th% data fOT thle two Sys_l'_hchange the structure of the absorbing states.
terlrjd5||;es f’] own alre we fcg §7F)SSEO 885a s'ﬂ.gﬁ curve. h € When the position exchange BfandC atoms on two NN
solid fine has a siope 01 U.o5/ox0.0Us, Which gIvVes tN€gjias and the influence of the diffusion Af B, andC atoms

i i Blv . . ]
asymptotic behavior fopL™=. asL—e. are considered, the reaction system evolves along dynamic
To check our simulation results, we can also calculate th?ule of model II. From the simulation results in Fig. 7, it is

decay exponent of the order parameter at the critical pointf

. ound that the system still exhibits a continuous phase tran-
F(_)r- thg time dependence of th-e order parampftgy, L, 1) at sition from the reactive state to the poisoned stat€ ahdB
criticality, one assumes a scaling form

atoms whermpg,—=0.2. However, there is an obvious differ-
ence between Figs. 7 and 1. In Fig. 1, the coverage ahd
p(Ye, L, 1) o LALF(tL ), (100 B atoms is near to 0.83 and 0.17 in the poisoned state, re-
spectively. But in Fig. 7, the coverage @f atom in the
For L>1 and t<L%":, we have the relatiorp(y.,L,t) poisoned state is near to 1 and the coveradg atiom is near
«t#, In Fig. 5, we show the double-logarithmic plot of the to zero. In model Il, there are only two absorbing states for
p(t) as a function of timet, and then we getB/y, the continuous phase transition. One of them is that in which
=0.465+0.005, which is consistent with the above resultsall sites are occupied bg atoms and another one is that in
Moreover, in Fig. 6, we show the characteristic timas a  Which there is only on® atom on the surface and the other
function ofL on a log-log plot. From Eq8), the data should ~sites are occupied b§ atoms. It is very interesting to inves-
fall on a line with slopez=y /v, at the critical point. Every tigate the critical behavior of the continuous phase transition
calculation result is averaged over 5000 samples, and wi& model II.
obtain the slopg=1.68+0.03 aty.=0.1335. 10

=0.81+0.01 aty, from the slope of the straight line. This
value of B/v, is in excellent agreement with that
(0.80+0.02 of the DP universality clasf47]. We can get
further supporting results for our simulation.

In Fig. 4, we have plottedL?+ versus(y/y,—1)LY": on
a log-log plot. From Eqs(4) and (6), whenx is small, the

0 i=64
o L=128

pLﬂ L

Y] — e 1 10 100

00 01 02 03 04 05 !y -HL™
y
FIG. 9. The double-logarithmic plot for the data pf#v:

FIG. 7. The stationary coverage &f C, andB and production  against(y/y.— 1)L+ for the two system sizes. The parameters are
rate of AC with pgi;=0.1 andpey.n=0.2. the same as those in Fig. 8.
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FIG. 10. The time dependence of the order paramptéor 1E-3
various sized aty,=0.059. From top to bottom, the curves corre- E
spond toL=8,16,32,64128. The slope of the straight line gives 1'0 160
the value ofB/y; (=1.03+£0.05. The parameters are the same as L
those in Fig. 8.

FIG. 12. The log-log plot fop(y,L) vs L with different values
In Fig. 8, we show the log-log plot gf as a function ot of y aspgir=0.1, Pexci=0.05. The slope of the straight line that goes
which is selected to be 8, 16, 32, 64, and 128, respectivelyhrough the data gives an estimate ¢@/v, .
For the system, we obtaiy.=0.059+0.0005 andB/v,
=1.28+0.05 aty, from the slope of the straight line. This =0.070£0.001 ang/v, =1.25+0.05 aty,=0.070 from the
value of 8/v, is obviously distinct from that0.80+0.01 of  slope of the straight line. According to the same methods in

the DP universality claspt7]. Figs. 10 and 11, we can calculaf¥ y=0.94+£0.09 andz
In Fig. 9, we have plottedL#" versus(y/y.—1)LY»1 on ~ =1.24%0.05 whery;=0.070+0.001.
a log-log plot. It is shown that with the choicghv, =1.28 In Ref.[26], Hinrichsen has shown that the critical behav-

and v, =0.80, the data for the two system sizes are wellior at the transition can be affected by unusually strong cor-
collapsed onto a single curve. The solid line has a slope ofections to scaling for the PCPD model; therefore, it be-
1.05+0.05, which gives the asymptotic behavior farf/v: comes very difficult to estimate the critical exponents of the
asL— oo, model accurately. In model IlI, there are two possible order

We can calculate the decay exponent of the order paranfarameters: one is that we defined above and another one is
eter at the critical point following the method mentioned P=1-pc (p. is the fraction of particle€C on the surface in the
above. In Fig. 10, we show the double-logarithmic plot of theSteady state Compared to Fig. 8, we show the log-log plot
p(t) as a function of timet, and then we getg/y, ~ Of pasafunction ot for the two different order parameters
=1.03+0.05. Moreover, in Fig. 11, we show the characterisin Fig. 13 aty;=0.059, respectively. It is shown that, for the
tic time 7 as a function oL on a log-log plot. Every calcu-
lation result is averaged over 5000 samples, and we obtait o p=fraction of vacant site
the slopez=1.20+0.06 aty,=0.059. 107 - b : _

In order to understand the effect of the exchangB ahd ] & p=1-fraction of particle C
C atoms, we calculate the critical behavior wheg,.,
changes to 0.05. In Fig. 12, we show the double-logarithmic
plot of the p(L) as a function of sizé.. It is found thaty,

-2
1075
1000 ]
[
100+ 3
1074
] T T T T T T T T T T LA |
0 100 10 100
L L
FIG. 11. The characteristic timeagainst the system sizein a FIG. 13. The log-log plot fop(y,L) vs L for the two different
log-log plot. The solid line is of slope 1.2Gy/v,). The param-  order parameters g%;;=0.1, Pexc=0.2. The slope of the straight
eters are the same as those in Fig. 8. line that goes through the data gives the same estimatghbf ~
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two order parameters, we can obtain the same valy& of PCPD model studied intensively in the past several years
accurately in the uncertainty range. [48,49. Our simulation results in model Il do not contradict

In conclusion, we studied two modifiedBC models for  previous investigations about the DP university class and
the A+ BC—>AC+%BZ reaction system. Model | includes the PCPD mode[1-4,48,49. Although the system described in
influences of the adsorbate diffusion but model Il includesmodel Il has two absorbing states, the system only can reach
the effect of the particle diffusion and the position exchangeone of the two absorbing states because the last adsorbed
of B andC atoms. Model | exhibits a continuous transition molecule must beBC before it enters into the absorbing
with infinitely many absorbing states from a reactive state tastate. Moreover, the absorbing state is not completely frozen;
a poisoned state @ andC atoms and a discontinuous tran- only the B atom can move on the surface because of the
sition to a poisoned state &f andB atoms with the fraction exchange oB andC atoms. Therefore, the absorbing state is

of A varying in the gas phase. The critical exponents arg, ; 5 sin : P
: > ~ glet and its structure is different from the PCPD
estimated accurately8=0.578+0.005, 5/v, =0.81+0.01, model. On the other hand, in an almd@>{particle-poisoned

B/v=0.465+£0.005, anz=1.68+0.03. The simulation re- state, with the motion oB atoms and the reactioB,q.

sults indicate clearly that the continuous phase transition i . ;
the model belongs to the DP universality cl§4g] and the FBaos Bag+2* and the adsorption oBC and A, the dy-

diffusion of particles does not change the critical behavior of?@mics ofB particles is in analogy with a binary spreading
the continuous transition in model 1. process. However, a pair & particles in two NN sites does

Model 1l also exhibits a continuous transition with ab- Not exist at the surface because of the infinite reaction rate in
sorbing states. The critical exponents are estimated accti€ model and th& atoms cannot be annihilated completely
rately for peye=0.2, 8=1.05+0.03,8/v, =1.28+0.05,8/y,  into theC poisoned state; then, its dynamics is different from
=1.03+0.05, and=1.20+0.06. We also calculate the expo- the binary process in the PCPD model. A deeper investiga-
nent ratios B/v, =1.25+0.05, B/y4=0.94+£0.09, andz tion of the critical behavior in model Il is highly desirable.
=1.24+0.05 wherpg,, changes to 0.05. The numerical re-
sults show that there is no apparent change in the error range
for the exponent ratios. ACKNOWLEDGMENTS
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