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In a recent article Zhdanov studied the oscillating NB, reaction on the P100) single-crystal surfacgv.
P. Zhdanov, Phys. Rev. B9, 6292(1999]. We have scrutinized his model and found fundamental errors in
the chemical modeling, in the modeling of the surface reconstruction and in the simulation procedure itself.
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I. INTRODUCTION of 2 and 3 microscopic substeps, respectively@Hnd NH
formation. The whole reaction scheme therefore has 10 mi-
“Critical phenomena occurring in adsorbed overlayers atcroscopic elementary reaction processes in which eight ad-
conditions far from equilibrium are of high current interest. sorbate species occur. This kinetic scheme is then com-
To simulate such phenomena, one inevitably needs to enpressed to a simplistic one consisting of one reaction step
ploy a series of assumptions and simplifications, whichfrom the original schemg&NO adsorption and desorptipn
should of course reflect the main properties of a system urand one new artificial reaction st¢NO decomposition, i.e.,
der consideration. The recent paper proposed by Khrustovits transformation into a vacant lattice site because both
Veser, Mikhailov, and Imbih[1], treating the chaotic kinet- products of dissociation are immediately neglegteith NO
ics of the NO-CO reaction on @100, does not seem to as the only adsorbate species. The applied reaction scheme
satisfy the latter requirement.” With these introducing sen-thus is
tences Zhdanov began a commg2k on a surface reaction

model of the authors mentioned abold. We think that NOgast* =NOgyqs,

especially the statement that such models should “reflect the

main properties of a system under consideration” is of para- NO, g+ * — 2%,

mount importance and is violated or even completely ne-

glected in the very model proposed by Zhdanov. wherex stands for a vacant lattice site and the indiges

Zhdanov[3] claims his model to be a decisive improve- andadsmean a particle in the gas phase or adsorbed onto the
ment in the context of microscopic models for oscillating surface, respectively. This model has been justified as fol-
reactions on reconstructing surfaces which are investigateigws: (1.1) The macroscopic production rate is small for
by means of Monte CarlgMC) simulations. In his opinion N,0Q, the rate of NH formation is lower than that of N

in “all the ava.”ab-le MC models, the pure mathematical rUle.Sdesorption an(ﬂlz) the steps resumng |ni-® formation and
employed to realize the steps related to surface restructuringe desorption of Nare very fast.

are far from those prescribed by statistical mechanics.” Zh-
danov used this model in a series of studies on different
surface reactiong4—6].

In this comment we discuss his model in detail and show In the context of a microscopic model the arguments
that the definition of the model is wrong at a fundamentalgiven by Zhdanov are rather peculiar and the resulting model
level and that it contradicts important experimental resultdias nothing in common with a chemically and physically
which have been obtained in studies explicitly dealing withreasonable model for the NEH, reaction on RL00. A
surface reconstruction. In addition we give an alternativeconsequence of this model of a nonreaction is that all sys-
model which is able to explain the process of surface recontems with a dissociative adsorption should show the same
struction very easily in agreement with experimental resultshonlinear phenomena which is not true. The individual reac-

tion steps are arbitrarily ruled out because the reaction rates
of these steps are either small or large, respectively. For this
Il. CHEMISTRY OF THE NO +H, REACTION we first give a counter-example against argun{ént): Jan-
sen and Nieminef7] showed that a nonreacting adsorbate
can induce oscillations simply because of its presence on the

The kinetic scheme initially given by Zhdanov includes surface, i.e., a nonreacting species completely changes the
seven steps from which two steps are as stated not elemekinetics of their model system. Therefore, the argument that
tary steps on the microscopic length scale but are composeireaction step can be neglected because of its small macro-

scopic reaction rate does not hold. Even more peculiar is the
neglect of just this B desorption because it is rather fast.
*Corresponding author; Electronic address: kuzovkov@Iatnet.lv (1.2) In this context one has to distinguish between reactions

B. Comments

A. Selection rule
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which are fast at the macroscopic or the microscopic levelreal systems thed phase has a dense adsorbate coverage
respectively. If a reaction is fast at the macroscopic level avhereas the adsorbate coverage on dhg@hase is small.
microscopic model must be able to explain this phenomenoZhdanov draws the conclusion that the desorption rate
and the conditions under which this macroscopically fast reshould be large on the phase and very small on the
action can occur. If the reaction step is fast at the microphase. But this conclusion cannot be drawn because again
scopic level this argument is simply void. This can be clearlyother processes can be the origin for the difference in the
seen in the pioneering model by Ziff, Gulari, and Barsf@ld  coverages of the different surface structufese below, our

or the NO+ CO reaction modg]9,10] where the microscopic  alternativé. In the following analysis of the model proposed
reactions are infinitely fast. The macroscopic reaction ratepy Zhdanov we consider a system without reaction, i.e., we
remain finite and even can become very small because gfeglect the decomposition of NO and therefore concentrate
segregation of the adsorbate species or the existence of spsnly on the surface reconstruction because of the presence of
cial adsorbate structures. The reason for this is that the maen appropriate adsorbate such as NO.

roscopic reaction rate is given by the product of the micro-

scopic transition rate and the probability to find a pair of B. Modeling

reacting particles on nearest-neightddN) sites, i.e., the _

macroscopic production rate depends on the structures which 11 model has four free energetic parameters, the metal-
are built in the adsorbate layer. E.g., in the NOO reaction Metal (eww), the adsorbate-metalefy), the adsorbate-

the N atoms build a checkerboard superstrucf@r@1-13  adsorbate ,,) interaction, and the energy difference=

and the macroscopic-NN reaction (N desorption does not between a metal atom in the metastatgg &nd in the stable

occur, although the microscopic transition rate is infinite for(@) State, respectively. The valugsE/kgT=2, ey /KgT
this step. =0.5 epam/kgT=2, andepa/kgT=0 are stated as standard

values for surface reconstructi¢8]. It is important to note

that the energetic interactions on the atomic length scale are
almost unknown. In the following we use the values given
A. General remarks above as well as the assumption that in a homogeneous sur-

The coexistence of two different structures or surfaceface structure each site has 4 NN sites in the same surface

phases with different adsorbate coverages ¢aa® exhib- state. Furthermore, at the border of the surface structures we
its a certain similarity with the coexistence of individual consider 3 NN surface sites in the same surface state and one

site in the other statdinear bordey. These assumptions are
not restrictive because other conditions at the surface border
can be investigated in an analogous way. The model in Ref.

I1l. MODELING OF THE SURFACE RECONSTRUCTION

phases during a first-order phase transi(BOPT), e.g., the
melting of ice. But the conclusion that “the adsorbate-
induced reconstruction on th@00 face of Pt should be - _
described in terms of the theory of first-order phase transilo] has the following properties. _

tions” is not correct. There may be other reasons for the (- Anom?l?us_ ratio of the desorption rateghe de-
mentioned similarity(see below, our alternatiyeAll models ~ SOTPtion ratesgs with y=a, 5 on the homogeneous and

for surface reconstruction which are based on the theory of phase differ by four orders of magnitudefZy/ ko= W
FOPT’s have one decisive disadvantage: They predict & eXp(—4ean/ksT)~10"*. Therefore, thed phase is almost
complete segregation of the phases, completely independeg®mpletely covered by NO at the rates for adsorption used in
of their specific definition. The large phase islands grow athe study by Zhdanov.

the expense of the smaller ones. This has also been con- (2.2) Asymmetric adsorbate diffusion at the phase barder
firmed by Zhdanov himself. He showed in a MC stu@f  The jumps of adsorbate particles from theto the a phase
that the mean size of the islands occurring in his model fore strongly hindered and the ratio of theseDig, /D .z
surface reconstruction obeys the well-known law by Lifshitz- =W’ = exp(—2eaw/kgT)~10"2. The diffusion on the homo-
Slyoznov. In real systems this phase segregation does ngeneous structures is not affected by the applied rules.
occur as has been shown in numerous beautiful experimental (2.3 Large nucleation rate of thgg phase Let us con-
studies which have been performed mainly by the group osider the unstable state of a homogenemiygha phase com-
Ertl [14]. Two structures coexist on the surface in a dynami-pletely covered by adsorbage(e.g., NO. A local nucleation
cally stable heterogeneous state. Therefore not only the rgprocessa— B, i.e., the formation of a local phase defect, is
sults but even the definition of the model by Zhdanov di-connected with the sum of all interaction§,;=AE
rectly contradicts experimental observations. A further+8eyy—4€eay . For the nucleation of an defect in a clean
contradiction to experimental results follows from the defi-homogeneou@ phase,8— «, the difference in the energies
nition in terms of the theory of FOPT’s. The experimentally is given by&s;,=—AE+8eyy . The corresponding Boltz-
observed critical behavior of the nonlinear island growth ratenann factors areW,z=exp(—=&,z/ksT)~10 and Wy,
which has been observed by Hopkingatral.[15,16 cannot ~ =exp(—&g,/kgT)~0.1, i.e., the nucleation is defined asym-
be explained with a FOPT because it does not show such metrically and is very fast on the phase and slow on thg

critical behavior in the vicinity of the critical points. phase. The nucleation rates on both phases differ by about
On P{100) the 1x1 (B) surface structure is preferred if two orders of magnitude.
the local coverage of certain adsorbates., CO or NQ is (2.4) Asymmetric phase border propagatidn the model

larger than a certain critical coverage. Otherwisehbr(«) described by Zhdanov the nucleation and the grdivh, the
structure is preferred. This also holds for a clean surface. Iphase border propagationf— aa or af— BB for NN
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siteg are defined via the same rules. On a surface which isorption should be very fast compared to the nucleation
completely covered by an adsorbate or emﬁ%zAE process.

+4eym—4eam O Eg,= —AE+4€yy hold for the sums of

all interactions, respectively. Again, the rules are defined IV. SIMULATION

asymmetrically in favor of the formation of th& phase with
the corresponding Boltzmann factow, ;~10° and W,

=1, i.e., again both rates differ by about two orders of mag- 1he Simulation procedure performed by Zhdanov is as
nitude. follows. (3.1) The time is measured in so-called Monte Carlo

steps(MCS). (3.2) The processes are divided into groups on
account of their relative weights. In each group there exist
i o additional divisions with additional weight&3.3) At the end

The author wants to introduce a driving force for the of this chain the process which occurs is chosen by the

phase separation into his model. But due to the definition ogqjt;mann factor according to the Metropolis rule. Due to
the madelall of the_ above-mentioned proces_s{ésl)—(_ZA)_ this rule all processes with a Boltzmann facWir-1 are set
are partly responsible for the phase separation. This hinde W=1

an analysis of the model because in this case all processes
are in part responsible for any phenomenon which occurs.
The processeR.1) and(2.2) are combined in the author’s
model because both processes are determined by the value of A MC simulation which contains kinetic parameters is
the parametek,y . But there is no reason for this forced always connected with the corresponding master equation
combination of both processes. Moreover, it is physically notjia the constant kinetic transition rates for the elementary
reasonable. An adsorbate particle on the surface is subject fjcroscopic reaction processes. These transition rates give
different potentials on the surface. In particular there are pogn unequivocal definition of the time scale and the probabili-
tentials perpendicular to the surfa@sorption and desorp- ties for the MC simulation proceduf@9—21. This is miss-
tion) and potentials parallel to the surfa@éffusion). There-  jng in the author's model. Even worse is the use of the Me-
fore, the adsorption and desorption procégsl) and the  tropolis rule because this rule can only be applied to systems
diffusion procesg2.2) should be governed by different pa- approaching the thermodynamic equilibrium. A system
rameters. Let us elaborate a simple example to clarify thigyhich shows kinetic oscillations and chaotical behavior does
point. Consider an almost homogeneous surface structuigrtainly not belong to this class. Therefore one can only
with large terraces and only a few ideal steps. The individuahssume which portion of these kinetic phenomena originates
terraces can be regarded as different “phases.” The desorgfirectly from the use of the Metropolis rule. It is certainly an
tion is then completely independent of the phadks 1, but  arbitrary action to replace Boltzmann factorsvét= 107 with
in the diffusion from one phase to the other there exists agnhe valueW=1. And it is certainly physically wrong. The
asymmetry W’ #1, e.g., the jump one step up may be hin- guthor tends to ignore that there exist alternative methods
dered compared to a jump one step down. especially for the case where all statistical weights have an

Let us elaborate a further thought experiment for pro-ypper limit and are embedded in a kinetic environni@ai.
cesses(2.3) and (2.4). Consider a homogeneous phase

A. Algorithm of the simulation

C. Comments

B. Comments

which is free of adsc_)rbate particles._ If we now cover the V. ALTERNATIVE MODEL EOR SURFACE
surface(completely with adsorbateA via fast A adsorption RECONSTRUCTION

the @ phase gets unstable and tAephase is formed. In the . _
model introduced by Zhdanov this ne®vphase will be cre- We now shortly sketch that the phase separation can in

ated via a collapse of the phase because the difference of the simplest way be explained by assuming only the asym-
the Boltzmann factors for the nucleation and for the phasénetric adsorbate diffusion between the individual surface
border propagatiofisland growth is smallW,z/W/;~0.1.  phases as a driving force. Our idea can be analyzed very
Therefore, the nucleation and the phase border propagatigipsily in the context of the MF approximation. The results
will occur with very similar rates. This is a clear contradic- given below have been quantitatively confirmed by MC
tion to the experiment where it has been shown that th&imulations.

nucleation is a very rare process and that the defects once We consider a model system with no reactions and with
nucleated can grow to very large islands before they combinequal transition rate&{g)=k{)=Kges for A desorption on
with other phase islandgl7]. This is the well established both surface phases. Under this condition ghebal satura-
nucleation and growth mechanisf4]. A further point is  tion coverage of adsorbat®, ©,, is independent of the
that the rates of adsorption and nucleation in R&f.are of  distribution of the surface phasesand 3. Thelocal adsor-

the same order of magnitude and are coupled because of thate coverages on the individual phases do not only depend
definition of the model. This is a further contradiction to on the global value® , but also on the density of the (or
experiment where it has been shown that both processes arg surface phas® ;=6 (0 ,=1—-0 ;). We now define the
decoupled[18]. In the latter study the nucleation proceedsstate of one lattice site with the chemical variaide 0,A

for several minutes although the coverage has reached a coand the phase variable=«,3. X determines if the site is
stant value. Therefore a separation between these two prwacant or covered b, whereasy determines the phase the
cesses should exist due to very different rates, i.e., the adite belongs to. The probability to find a lattice site with
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phasey and covered withX is given byC% . For this model (a)
definition the following sum rules hold:
oy B adsorbate
CatCa=04,
CR+Ci=0,=9, )

Cat+Ci=0,=1-0.

The localA coverage on thgg phase can then be calculated
to O=C)/0,.

Let us first consider a constant phase distributién,
=const. In the equilibrium the number of jumps from the
to theB phase is equal to the jumps in the opposite direction,

D ,sCACE=D4,CiCA. 2

With the introduction of

Dap~Dpa 1) 3)
K= —————¢€|—4,
DaB+DBa

(b)

as a dimensionless parameter for the diffusion asymmetry,
the phase border now acts like a membrane which supports
the jumps of adsorbate particles from one phase to the other
and hinders the jumps into the opposite direction. We here
usex=0.9 for a strong asymmetry which results in a strong
membrane effect.

In Fig. 1 the solution of Eq91) and(2) is shown. It can
be clearly seen that for small values ©f, (low adsorbate
coverage and 6 (only a few smallB phase islandsthe cov-
erage of thew phase is almost equal to the global coverage
but that the coverage on th# phase is almost one order of
magnitude larger than that on tlhephase. This is in excel-
lent agreement with experimental resul23,24,15,16,1%
Therefore, in our model the membrane effect in the diffusion
at the phase border is the only driving force for phase sepa-
ration. In this context it is important to know which value of
0 corresponds to a certain constant value of the adsorbate
coveraged , because with increasing the difference in the
values for the local phase coverages decreases. This value is
determined by the two processes of defect nucleation and
island growth. In agreement with Zhdanov and previous gig. 1. phase diagram of the system on héa) and thea (b)
models[25,7] we use a local description of the transitions, phase. The solutions of Eqél) and (2) and Eqgs.(1) and (4) are
i.e., only the phase and the coverage of NN sites have to b§ven in grey and black, respectively. The axes give the total adsor-
considered and all particles on next-nearest-neighbor sites @ate coverag® , (adsorbate the phase coverage (phasg, and
at a larger distance do not have any influence. In agreemesie local adsorbate coveragés? (a) and ©( (b) (coveragy
with Zhdanov we use the presence and absence of an adsegspectively.
bate particle as the driving force for the growth and decline
of the phase islands but in contrast we assume the transitiasponding line is parallel to thé—®, plane. The physical
rates to be equal for both phases. Therefore a pair of NNhterpretation of this is the existence of a dynamically stable
sites in the phase statg3 transforms intaxa (8B) if none  heterogeneous state without segregation. In this state the two
(at least ongof the site is covered b. In equilibrium the  phases have constant but different local adsorbate coverages
number of f— aa and af— BB transitions should be given by
equal, i.e.,

1-«

2—k+2—«2

C5Ch=CaCh+C5CA+CACA. (4) 0= (5)

The solution of Eqs(1) and(4) is also shown in Fig. 1. The
two planes for the coverag@g’() intersect and the corre- and
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14k obtain the critical values 0.1004>0.02 and 0.440 ()
Of) = (6)  <0.48 which are in excellent agreement with thiecertain
2+ KktN2—«K experimental values o {)~0.05 and®(?~0.5 which are
. . , ) only given with one significant figurg23,24].
This heterogeneous state only exists in the intel®4f A detailed description of our kinetic model can be found

<0,<0%¥, ie., the system exhibits two critical values for in Refs.[20] and[21]. It is able to explain the existence and
the stability of the two phases. FO)A<®§§') (®A>®§f)) synchronization of kinetic oscillations and even shows the
only the homogeneous (3) phase exists. In the heteroge- transition into chaos via the Feigenbaum roé]. In these
neous state the coverage of the individual phases can be cgtudies it was possible to neglect the membrane effect at the

culated to phase border because it does only lead to quantitative
changes in the critical values but does not alter the oscilla-
0P —0 tions qualitatively. The influence of the homogeneous nucle-
g= —~ A (7)  ation and of the membrane effect in the adsorpbate diffusion
0P -0 has been studied in Ref7] and[28]. Additional informa-

tion, lattice snapshots, movies, and a simulation tool are
E.g., for a relatively strong asymmetry 0%<0.95 we  available onlind29].
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