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Kinetic model for surface reconstruction
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A microscopic kinetic model for thee= [e.g.,hex=1Xx1 for P{100) and 1X2=1X1 for P{110]
surface reconstruction is investigated by means of the mean field approximation and Monte Carlo simulations.
It considers homogeneous phase nucleation that induces small surface phase defects. These defects can grow or
decline via phase border propagation in dependence on the chemical coverage by an ads@kateAn
asymmetry in the adsorbate surface diffusion from one surface phase to the other gives rise to two critical
coverages that determine the intervals of stability of the homogeneqisse, the dynamically stable het-
erogeneous state, and the homogeneushase. Both surfaces show a very similar qualitative behavior
regarding the phase transitions that are of second order in both cases. As a result the experimentally observed
nonlinear island growth rate and the critical coverages can be explained at a quantitative level.
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I. INTRODUCTION known experimental results such as local, global and critical
coverages as well as growth, and nucleation ratesrasuit
The phenomenon of surface reconstruction of Pt singlef the model. This is a decisive improvement compared to
crystal surfaces and the lifting of this reconstruction causegrevious models, which had to use these as parameters taken
by certain adsorbates such as CO or NO is well knpiwB]  from experiment without any further justification.
and the mechanism has been extensively investig&ted]. The paper is organized as follows. In Sec. Il, we will
For reviews see Ref§5,6]. The P{100) surface can undergo shortly discuss the most important results from experiment
a phase transition from the reconstructb@¥) phase with a and previous theoretical models regarding the surface recon-
quasihexagonal arrangement of the surface atoms to the nostruction of P{L00) and P(110) in the presence of adsorbed
reconstructed (X 1) phase. Théhex phase is more stable CO. In Sec. lll, our model is described in detail. In Secs. IV
when the surface is adsorbate-free while the presence of Cand V the results of the MF approximation and Monte Carlo
removes the reconstruction and the surface reverts to the @MC) simulations, respectively, are presented and discussed.
X 1 phase. The P110 surface shows a phase transition be-Conclusions are drawn in Sec. VI.
tween the X2 (reconstructed and the X1 (nonrecon-
structed surface phases. It turns out that the basic underlying!l- EXPERIMENTAL RESULTS AND PREVIOUS MODELS
mechanisms are very similar for both surfaf@k Therefore FOR SURFACE RECONSTRUCTION: A BRIEF
it is rather surprising that previous theoretical models treat REVIEW
the reconstruction on the @00 and P¢110) surfaces quite
separately from each other and, moreover, regard the two ]
surfaces as being limiting cases for first- and second-order On both the RL00 and the RtL10) surface the dynami-
transitions[5,7,8 in the context of surface reconstruction. cally stable coexistence of the reconstructed and nonrecon-
On the other hand, in studies on the heterogeneous catalytiéructed phases can be obsery&]. The adsorbate cover-
CO oxidation on the PL00) [9] and P¢110) [10] surfaces ade determines the stability of the individual surface phases.
using the so-called mathematical modeling based on thEor the P110) surface thex phase is stable for CO cover-
mean field MF) approximation, the equations that have beenages below the critical coverage o< ©&J ;~0.2[11].
used for the description of the two surfaces are formallyFor ®CO>®83,Cmmo.5 the 8 phase is stable. The recon-
identical. struction of the R1L.10 surface can therefore be described
In the present paper, we will show that it is possible towith two critical values of the CO coverage. For a theory of
describe correctly the reconstruction phenomena on both suthe surface reconstruction the first critical polﬂ@&crit is
faces with only one model with the same elementary promore important, because in the case of a high adsorbate cov-
cesses and only different parameter values for the individuadrage additional phenomena such as adsorbate-adsorbate in-
kinetic transitions such as diffusion coefficients, activationteractions or the coverage dependence of the individual pro-
energies, and so on. Therefore, we use the teznand S cesses determine the behavior of the open system: e.g., the
phase for the reconstructechex on P{100), 1X2 on  saturation coverage of CO on the phase is less than one
Pt(110] and nonreconstructed surface phase 1 in both  due to repulsive CO-CO interactiofg,3]. A very similar
case$ respectively. Furthermore, our model predicts thebehavior has been observed for thé1Bf) surface. Again,
two critical values determine the stability of the and 8
phase. The second critical value is almost equal to the second
*Electronic address: kuzovkov@latnet.lv one for P(110), i.e., for ®co>®£:2c%,cm~0-5 the 8 phase is

A. Critical coverages
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stable[2,3]. The first critical value®$J .;~0.05 is much increases with the local CO coverages on thphase® 3

smaller[3]. This critical value seems to depend slightly on even for values below or at the critical point and that the
the temperature but always remains small. The onset of theurface shows aritical activity for reconstruction foi® ¢
nucleation has been observed even@® .~0.01 at 387 &) .. although the a phase is stable for®{)
K [12]. For 500 K the critical coverage has been determined<@(cl<% «it- It was stated that the growth ratg apparently
to &L ¢i=0.05[3] or O ~0.08+0.05[13]. obeys a power law,<[©£3]” with an exponent obr=4.5

In the literature an additional critical covera@®cocit  +0.4 with respect to the CO coverage on thehase[15].
~0.3 for P{100 is often used in combination with the This actually means that thé phase has to be present for
above-mentioned onels3,6]. But this critical point has a Oco<O®W ., but only as microscopic nuclei that are in-
completely different physical meaning and determines th&y,ced on an atomic length scale and therefore are unimpor-
value of the total CO coverage for which the different sur-i3nt on the macroscopic length scale, which has been ob-
face phases are energetically eq_uivalent, i.e., the coverage 8krved in the experiments in Refd4,15. Independent of
the two phases on the surface is almost equal. This shoulfle interpretation of the experimental results the above-

not be confounded with the real critical values mentioneqyentioned critical activity is an attribute of the surface re-

above. construction that is typical only for certain critical phenom-
ena. Particularly, it cannot be described within the theory of
B. The heterogeneous state first-order phase transitions.

In the interval ®&3 <O co<O® ..\, a heterogeneous _
state exists on both surfaces. In this heterogeneous state is- D. The problem of the nucleation

lands of both thex and thep phase coexist on the surface, |t is an experimental fact that the surface reconstruction
i.e., this heterogeneous statedimamically stableln experi-  passes through a nucleation process as soon as a certain CO
ment, segregation of the individual phases has not been olgpyerage is reached, i.e., the phase is not changed at once on
served and the surface structure remains Statistica”y Urthe Who'e Surface but rather bu||ds sma” nuclei that grOW
changed with a certain mean size of the phase islands. In oyjntil the new phase is established. Because of the experimen-
opinion this fact—which has been ignored in most theoretig| results about the stability of the individual surface phases
cal studies to date—is of paramount importance and shoulghentioned above it has been assumed, though not conclu-
be a fundamental aspect of future theories. sively shown, that the nucleation has to be heterogeneous

The mean size and the shape of the islands depends on t[]fa,lq i.e., one assumes that tige phase nuclei are only
global CO coverag®co. But the global coverage has no formed if the local CO coverage in a certain surface domain
influence on the local properties of the phases. For exampl@yxceeds a threshold. In Refd.4,15 four or five CO mol-
during the CO-induceda— B phase transformation on ecuyles are assumed to be involved in a concerted nucleation
Pt(100), the local CO coverage on the phase is high, ap- step. Thea phase nucleation is then assumed to occur in
proximately ® {3~0.5, while on the remaining areas of the small surface domains where the local CO coverage drops
« phase the local CO coverage is low, typically less tharbelow a second threshold. But there are some uncertainties
04)~0.03[14,15. These local coverages are almost inde-about the validity of this assumption. On(PL0) the value of
pendent of the total CO coverag®, [14,15 and seem to the critical coverage is larged(\ .~0.2) and fluctuations
coincide with the values of the critical CO coverages, i.e.,in the local CO coverage may render possible such a con-
0~0)ande&~02). certed step. Nevertheless a kinetical or statistical model is

The large ratio of the local coverages of very much in demand to explain these critical coverages. On
08)/0W~10-20 can be taken as an attribute of thethe other hand, on P00 the value of the critical coverage
Pt(100 surface. If we assume that the same properties holéor the nucleation of theB phase is so smaII(E((Clc),vCrit
for the P{110 surface we obtain a much smaller ratio of ~0.05) and CO surface diffusion is so fast that it is almost
08)10{9~2.5. The inhomogeneous distribution of the CO impossible to find an aggregation of four or five CO mol-
molecules can be explained with the difference in the adsorpscules near one surface site. Therefore it is not clear how
tion energies for CO adsorption on the and 8 phase local fluctuations in an already low CO coverage shall show
[2,3,6). This then leads to asymmetric diffusion where thesuch a high activity. In addition, in scanning tunnel micro-
rate of the CO jumps from th@ phase to thex phase is scope studies by Rittest al. [16] and Gritschet al. [4] the
much smaller compared to the rate of the reverse jumps. Thaucleation seems to be homogeneous, because the grgwing
phase border can therefore be regarded as a sort of menslands were distributed randomly over a terrace without
brane that operates only in tiphysical directioni.e., it sup-  preferential growth from a monoatomic step that was imaged
ports diffusion from thex phase to thes phase but hinders on the initial « surface.
the reverse process.

E. First-order phase transition models

- .. (1)
C. Critical surface activity below ©co i Because of the very small value &3] ., on P{100 it

It has been shown by Hopkinsat al. [14,15 in a study  has been assumed that the surface phase transitiof 0Pt
on the island growth dynamics in adsorbate-induced surfackas to be a first-order phase transition. In the theory of first-
reconstruction that the growth rate of tfgephase strongly order phase transitions the coexistence of individual phases
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is a general phenomenon. Independent of a specific model In our opinion the consideration of energetic interactions
definition one can expect to obtain different coverages ors important for models to describe experimental results at a

different phases, and by using free parameters it is possibuantitative level. But in the context of lattice gas models for

results. This has been studied very recefifly But models adsorbate-surface interactions seems to be premature today.

for a first-order phase transition in surface reconstruction ent 'St oné should find the simplest possible model that cor-
e 1 rectly describes the essential physical properties of the sys-
counter some difficulties.

i Al model deri h . i d tems, which have been experimentally investigated. Such a
(i) All models considering a phase transition of first ordery,qe| should be available in the near future because the

lead to a segregation of the individual phases, independently, her of studies on surface reactions based on lattice gas

of their specific definition. Therefore a heterogeneous state igyqdels is strongly increasing,18—24. Then, in a second

not dynamically stable butasymptotically transforms into  siep one can gradually increase the number of elementary

two completely separated phases. This generally occurs Vigrocesses and/or free parameters of the model. Today, the

growth of large phase islands at the expense of smaller onegnsideration of energetic interactions has mainly two con-

and has been confirmed in a study by Zhdafibx]. In this  sequences.

study the mean sizR of the larger islands follows the well- (i) The computing power that is needed for the simulation

known Lifshitz-Slyozov lawR=t'3, i.e., the heterogeneous increases drastically. This limits the models to small lattices

structures shown in Ref$8,17] will not exist for longer and rather short simulation times.

simulation times. (i) The second consequence is much more important. The
(i) Systems showing first-order phase transitions do noenergetic interactions on the surface are practically unknown

show any critical activities near the critical points. Thereforebecause experiments mix a lot of processes and can only

an explanation of the experimental results about the criticafjive macroscopic results. On the other hand, theoretical

surface activity in Refd[14,15 is impossible. models based oab initio methods are limited to rather small
systems that cannot cover the complex microscopic picture
F. Methodical remarks yet. Therefore today the introduction of energetic interac-

Statistical models are very popular because it is hopea’ons into lattice models leads to a large number of free pa-
that with the definition of the lattice variables and the corre- ameters, which render possible the fitting to experimental

sponding Hamiltonian of the system it is possible to Com_results but may hide the real physics and therefore may lead

pletely describe the surface reconstruction with all the indi-to a partly wrong picture.

vidual processes such as nucleation, island growth, and so
on. The decisive disadvantage of models with first order
phase transitions is that purely statistical results obtained A. General aspects

with the MF or other simple approximations are results for The basic model has been introduced and described in

the steady state, i.e., results for a system with complete seg- . . . i
regation. In this context information about phase distribuﬁgﬁgafésegqvggglfgr_ztgé V(\;Ziirlfatlitngaé (;)es;]i d%at'::g;\e%r?sthae

tions is of no use. The change from a complete statistic . )

L L i 100 and the R#110) surfaces. In this model the CO dif-
model to a model considering kinetic transitions for adsorp-futéion) 10CESS hF;s b()aen reqarded independent of the surface
tion, desorption, and diffusion, and the change of local vari- hase pHere we consider ?he closed pCC]/@G)) and CO/
ables_ In general is an importar_n improvement that rendergt(llo)' systems, i.e., we consider Pt single crystal surfaces
possible the study of the evolution of the system. with a constant CO coverage and ignore CO adsorption and

Afurther disadvantage of statistical models is that certalr%O desorption. This is feasible because the consideration of

terms get mixed: the term of a stable site in a certain stat . .

and the term of the corresponding phase, e.g.atltate and O adsorption and desorpuon_ on theand p_has_e would

the term of ana phase. In the lattice model in Ref7] a !ead to only very small quctuatl_ons and quantitative changes

lattice site can exist in a “stable’d) or a “metastable” (3) in the CO coverage but _would mtroduce.four_ additional free
noarameters. The modeling of the CO diffusion process de-

state in connection with the CO coverage on this site. But i ends on the surface phase as will be shown below. In addi-
the statistical theory the term “phase” corresponds to a spep P :

cific solution of the statistical equations with a certdiatri- gggrfhaen;n?gzlngonzsv%sV?gmﬂgggeggrz;]rf?geapgzii ngcl:Jlre-
bution of the « and B sites and an additional CO coverage. g P propag :

. model is defined kinetically instead of statistically. This

Therr;fso(;eatrf;entgtrrigse r?ticil? %r:i Sa rit:mi&:tlig dir]ci(;oon?: r:{:‘izunmarkovian-type model is completely defined via its state
ge?standin into the inter. retation %f the simulation resultsvariables and the transitions that can occur. These transitions
9 P re connected with corresponding kinetic rates that define the

becau_se the_ border_s of the phases are undefined from tﬁ%e scale. The kinetic MC computer simulations are based
statistical point of view and cannot be observed. One only

sees the borders between ‘“stable” and “metastable” do_on the pair algorithm that is explained in details in Réb].
mains. Methodically, it would be better to define a model
where the terms of ther (B) phase and of sites in the
a (B) state are identical and can be used independently of The homogeneoua and 8 surface phases correspond to
the CO coverage. the regular arrangements of the substrate atoms of the recon-

Ill. THE MODEL

B. Lattice states
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structed and nonreconstructed surface, respectively. Theery small transition rate.. The homogeneous nucleation is
phases correspond to local minima of the configuration enthe origin of a dynamically stable heterogeneous stsg¢e
ergy and therefore should be stable against certain fluctud€low. The advantage of a small nucleation rate is that we
tions (e.g., thermal oscillations The stability of the phases C€an use a heterogeneo_us state as our initi_al conditior) in qrder
depends on the adsorbate coverage. Therefore we consid@r "€dlect the nucleation process in a first approximation.
both phases as metastable. Regarding the lattice states dijie" the investigation of our model without nucleation we
kinetic model in principal is very similar to statistical models Wi réturn to this process and study its influence on the

) . S . system.
[7]. Each lattice site exists in the or 8 state, respectively. .
In addition the sites can be covered wahi.e., CO or can In our present model we assume the phase grad €

. . bordep to be the basic reason for the temporal evolution of
b.e vacant(O)..Therefore the state of a lattice site can bethe heterogeneous state. The phase gradient as an inhomoge-
given byX* with X=0,A andy=a,f. neity increases the configurational energy of the system com-
In our MC S|mulat|0ns, we e>.<clu5|vely use the regularpared to a system with a globally homogeneous phase.
square lattice with the coordination numher4 to model  Therefore the system will try to reach such a homogeneous
the surface of the catalyst, although the reconstructed phasggface phase whose type depends on the chemical coverage.
on the real catalystshexand 1x 2) have a different geom- |n contrast to previous modelsee Ref[19] for a detailed
etry (triangular and the so-called “missing row” geomeltry discussion we assume that the coverage is only important
In our model only the different physical but not geometrical directly at the phase border, i.e., only the very local coverage
properties of the phases are considered because it is impdsas an influence on the growth and decline of the phase
sible to give docal geometric specification of the phase. Theislands. This growth and decline is modeled as a phase bor-
geometry plays only a minor role and leads only to smallder propagation. Consider two NN sites with the phase states
quantitative changes. This is knows) from experimental 4. The transitiona8B— BB (aB— aa) occurs if at least
investigations[e.g., the completely different behavior of the one (none of the two sites is covered with. The corre-
NO dissociation on R111) and RK111), although both sur-  sponding transition rate for both transitions is given\tiy.
face have almost identical geometiiie&) from an investi-  Actually, the results for the reconstruction given below are
gation of the Ziff, Gulari, BarshadZGB) model [26] by  independent of and we choose this transition rate in order
Meakin and Scalapinf27], and(c) from our own studies of to eliminate the factor in the equations. MC simulations
the present and related models that we implemented on tHeg] have shown that the maximum of the phase island
square and triangular lattid®1]. In our simulations these growth rate io z= 0.5% (0r v = 0.5%V for a+ 1) for a
lattices lead to similar results even at a quantitative |8VE|£ nucleus in a homogeneoug phase Comp|ete|y covered
The results of a model with changes in the local surfaceyith A or ana nucleus in a homogeneoysphase with no
geometry should lie in between the results as an interpolatioBhemical coverage.
of the two regular lattices. This phase border propagation differs from the previous
In addition, we set the lattice constat-1 in order to be  models where a mean chemical coverage is assumed to have
able to compare the individual processes besides leading i influence on the phase of an arbitrarily chosen mesoscopic
simpler expressions. lattice domain. This assumption has the disadvantage that a
simple and compact formulation of the elementary processes
C. Kinetic rates is not possible. In our model only th& particles(CO) di-
rectly at the phase border influence the phase state of the
gystem. This might appear to be paradoxical at first sight,

process that is connected with mass transport. This process‘?%pec'a”y in the context of the critical coverages mentioned
the formation of anv defect in an otherwise homogeneggis 2P0Ve. But we will show that this model is able to explain
phase(or vice versa This defect is a primary nucleus and the observed_ phgnomena, af‘d’ even more important is to
arises from a rare fluctuation but can grow fo a new meso<onnect the individual .experlmental f.acts. such as critical
copic phase under certain conditions, because the further dgg\llerageEZ,S] a?d thﬁ |slan? grog? k!net|.c[§.4,1ﬂf.

velopment of these nuclei strongly depends on the local !t!S @ known fact that surface diffusion is very fast com-
chemical coverage at the moment of nucleation. We modéf2red to other surface processes even at ambient tempera-
this process as a spontaneous nucleatier-(3 or B— ) tures. The surface reconstruction should be independent of
completely independent of the phase and the coverage of ittge values of the diffusion rate and only the statistics of the
nearest-neighbaNN) sites and independent of the COVerag(_}presence of CO at the phase borders should be important for

of the site itself. This is in clear contrast to previous theoretIN€ reconstruction. These statistics are not defined by the

ical models where heterogeneous nucleation is dependent &pso_lute value_ of fche diffusion rate but by its symmetry re-
the coverage been used. We will show that our homogeneo&ardmg the diffusion from one .phase to the qther. In the
nucleation process leads to primary phase defects in an otﬁlmpl'f'ed model for the oscillating C®O, react|on[19]/,
erwise homogeneous phase. These defects grow or vani¥fe defined the diffusion oA simply by the proces&*0*
depending on the local coverage. Therefore the homoge->0XAX" with rate D completely independent of the phase
neous nucleation in combination with the phase bordestatesy,x’=a,B of the involved surface sites. Note that by
propagation can appear to be heterogeneous. Because tlising the general unit,=a?D/z is the diffusion constant
nucleation is a very rare process we connect this step with for A diffusion, i.e.,D corresponds to the frequency factor of

The term metastability simply means that in addition to
the thermal oscillations there exists an additional cooperativ
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the diffusion. In the present study, we extend the modeling of
the diffusion process in agreement with experiment. It is 2 Ck=1,

known that the CO diffusion from th@ to the « phase is X
strongly hindered because of the higher adsorption energy of

CO on theB phase[14,15, i.e., the phase border corre- > C{=0,,
sponds to a sort of membraf8,29 that introduces a strong X
asymmetry into the diffusion process from one phase to the

other. This effect does not occur for diffusion on homoge- 2 CX=0
neous phases. Therefore we get four diffusion rates e x

Daa:Dpg,Dag, andDy, for the diffusion AX0X' — OXAX’
with x,x’ = a, 8. For very fast diffusion D, — ) the val-
ues ofD,, andD 44 are not so important because only the

where® ,=1-0, are the phase densities afgy+ O,=1
are the macroscopic surface coverages of sites covered with

asymmetryD ;% D 4, determines the distribution oA on A or vacant sites, respectively. We consider a closed system

the individual phases and more important also at the phasiith ©a constant(see above The |r;troduct|or_1 of two vari-
borders. This then determines the phase border propagatiodP!es ¢ and ¢ with 6=0 5 and C,=0 ¢ simplifies the
Furthermore, we will show that this asymmetry also deter-2nalysis in the framework of the MF approximation. The
mines the type of the phase transition of the surface recorfther probabilities are now given bga=0,(1-), C§
struction. In order to keep the number of free parameter as 60— @, andCg=(1—60) — O (1— ). The equation for
low as possible we s@,,=D z;=D in our simulation. For the surface phase coverages contains only the nuclegtion
the diffusion at the phase border, we Bg;=D(1+«) and ~ and the phase border propagatidrand can now easily be

Dg.=D(1— k) with given in the MF approximation:
D,;—Dg, dOg N N N .
k=55 (1) g =0, @)+ V[CICL+CACh+CHCE-CAC]
af Ba

()
as a dimensionless parameter for the diffusion asymmetry. In
the physically relevaninterval x € (0,1) the jump ofA par-
ticles from thea to the B phase is preferred, although the

investigation of the intervak e (— 1,0) is also possible from Ti Y(1—26)+V[20(0+y—26¢)— 2,";1,0( 1-¢)
the mathematicapoint of view. If we assume that the differ- t
ent diffusion processes have the same frequency factors and —0(1-0)]. (4)

only different activation energies, we get
Considering an infinitely fast diffusion in the adiabatic
AE approximation we get only an algebraic equation instead of a
K :ta”"(m) ' 2 second differential equation because in the dynamical steady
state the number ok particles diffusing from thex to the 8
whereAE andkg are the difference in the activation energy Phase is equal to the numberAparticles that diffuse in the
and the Boltzmann’s constant, respectively. This renders pog€verse direction:
sible the investigation of the influence of the temperaflire D .C'CP=D. CoCh ®)
In our present simulation we use the regular square lattice ap=A~0 T E Ba 0 A:
with side lengthL =256 as a model of the catalyst surface ;¢ .o clearly be seen that in the context of the MF approxi-

and the fol!owing parameter va_lues. as standard values. Beqation no information can be obtained for diffusion jumps
cause the time scale can be arbitrarily chosen w&/set. A

on one surface phase. Introducing the varialslesnd ¢ in
fast diffusion mean® >V with the limit D—, but it has P 9 v

been showri30] that already for value¥/D~ 102 satura- Ea. (5), we get
tion phenomena occur. Therefore we can chddsel00 as (1— k) +2kO(1— )
our standard value for the diffusion rate. The weak nucle- 0= (11 1) 2k0

ation as a very rare process meayni¥<<1. In order to get

. . 73 . . . .
statistically robust results we use=10"". Smaller values The combination of the macroscopic densities for both the
lead to almost the same mean values of the results presentgase and the coverage can give information about the mean
below but give rise to much larger fluctuations. coverages on the individual surface phases, e@f

=Cx/0, is the mearA density on they phase. This leads to

1-y
1-6°

(6)

IV. MEAN FIELD ANALYSIS

A. Chemical and phase coverages ®(A5): @A% and @(Aa): O

Let C¥ be the probability to find a lattice site in staxe.
This corresponds to the macroscopic density or concentra- Without the diffusion asymmetry at the phase border (
tion. Then the following sum rules hold: =0) 0=y holds and there is no correlation between the
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phase and the chemical coverage and we @§Y=0) TABLE I. The assumed value of the criticAlcoverage® (M («)

=0,, i.e., the mean locah coverages on the individual for 400 K leads to the value of and the difference in the activation

surface phases are given by the gloBatoverage. For energyAE for both directions of thé\ diffusion between ther and .

>0 a correlation exists anega&@gﬂ) holds. B phase. This then can be used to calculate the values for a higher
temperature of 500 K via Ed?2).

B. Phase border propagation without nucleation 400 K 500 K

Let us first assume that the nucleation process has creat€’(«) K CINIOY! K AE(kJ/mol)
a heterogeneous phase distribution. We can now neglect the
nucleation ¢/=0) and investigate the stability of this hetero—%'010 0.980 0.024 0.950 15.20

geneous state. In the simplest case withO and 8= ¢, 0.030 0.936 0.055 0.878 11.35
0.050 0.890 0.080 0.813 9.44
Om—v1 2(1-0,)%16(1—6 (7)
dt [ ( a716( ) large errors we simply assume different critidatoverages

at 400 K, which are of the same order as the experimental
follows from Eq.(4). In this case one single critical density data[12—15. These are used in E(B) in order to obtain the
of A exists. For O,<Op i With ®A,crit:1_(1/\/§) value of x for 400 K, which in turn gives the difference in
~0.293 thea phase is stable, whereas 0,>0, . the 3  the activation energAE by using Eq.(2). The same equa-

phase is stable. tion is then solved folf =500 K and leads to the values of
For k#0 with y=0 in Egs.(4) and(6) this single critical  « and®§’(«) [Eq. (8)]. As can be seen in Table | our model
coverage splits up into two critical coverages predicts slightly higher values of the critical coverage for
500 K, which are in good agreement with experiment,
o 1—k whzereas the second critical value remainszalmost constant at
O (K):ﬁ 8  O%)(x)~0.48, which also agrees it} ;~0.5 ob-
K K tained from experiment. In addition, the difference in the

activation energy can be estimated to be of the order of about

and 10 kJ/mol. If we assum® {(«)=0.200 for CO/R110) the
value of « calculates tox=0.41 and results inAE
@22)(’(): 1+« ' 9) ~3 kJ/mol, i_.e.,_ both the P100) and P@ll_O) sur_face do not
2+ k+\2— K2 show a qualitative but only a quantitative difference that,

however, is not very large. The second critical value is
with the very simple relatio® (k)= 0@ (— k). The ho-  ©(x)=0.375. This is somewhat smaller than the mea-
mogeneousa phase is stable fof < (Al)(K), where ¢ sured value o@@&crn:O.S, but both experimental values for
— =0 holds. The homogeneoys phase is stable fof,  Pt110, ®84 ,;=0.2 and®& ,=0.5, are only determined
>®)(A2)(K) with = y=1. Between these critical points with with one Significant figure and the quallty of the fit can

OY(k) <0 ,<0P(k) a heterogeneous state exists with hardly be discussed. There is the possibility for an improve-
ment in the values of the two critical coverages by general-

0@ (x)—0 izing the model and choosing instead of a single vaNie
6 — A A (10) different values for the transition rates for the two transitions
P 0@ (k) —0W (k) aB— BB andaB— aa. This would lead to slightly different

values for the critical coverages. To achieve this better fit
and with constanf coverages on the individual phases  one, however, requires the information on the critical cover-
dependent of the total A coverages., in this heterogeneous ages with an accuracy of at least two digits. This information
state only the phase coverages vary. Fheoverages on the is not available. This is why we have restricted our consid-

individual phases are given by the critical values eration to the basic questions Concerning the mechanism of
the reconstruction. But on the other hand our model gives the
@ﬁf):@f)(,() and @)ga):@g)(,()_ principal possibility to estimate the difference in the activa-

tion energies for the diffusion between the two surface

Very surprisingly the solution for the heterogeneous stat@hases. In experiment it should be very difficult or almost
given by Eq.(10) has the same structure as the well-knownimpossible to measure this value because this diffusion takes
Maxwell rule in the theory of first-order phase transitions,place only at the microscopi@.e., atomi¢ length scale of
i.e., our system has the properties of a system showing #e phase border. In the literature even the values determined
first-order phase transition although it actuallyes not show for diffusion on a homogeneous surface phase vary by an
a first-order phase transitiofisee Table)l order of magnitudé31] with the procedure of measurement.

The dependence or can be easily investigated. Far It would be interesting to compare our results with results of
1 we get(Al)(K)HO and@ff)(K)HO.S. This enables us @b initio calculations for this process.
to fit our model to experimental data and to estimate the
difference in the activation energy for the diffusion between
the « and thepB phase using Eq2). Because the experimen-  As shown above the heterogeneous state can be described
tal critical values for CO/RL00 have been obtained with without considering the nucleation process. The latter is only

C. Nucleation in the homogeneous phases
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necessary to create this heterogeneous state. But in the deurthermore, the effective nucleation rdteq. (12)] corre-
main of the homogeneous phases f5<0{)(x) or ®, sponds to a susceptibility that is typical for second-order
>0®@)(«) the nucleation process is important to understandhase transitions. For=0 the two critical points coincide.
the critical surface activity and to explain the experimentalln the physically irrelevant interva-1<«x<0 the phase
results for the island growth rate obtained by Hopkinsontransition is of first order. This can easily be seen from Egs.
et al. [14,15. In the following, we restrict ourselves to the (8) and(9) because now the upper critical value for the sta-
case®,< 0D (k). In this case only the trivial solutiow  bility of the a phase ®%(«), lies above the lower critical

= =0 exists fory=0. A weak nucleationy<V creates a value for the stability of thed phase,®{)(«). This then
small induced solutiorg;,q and ¢;,q. In order to obtain a leads to hystheresis phenomena in MC simulations «for
simple analytical solution we use the linearized equations<O0.

i.e., for ®,=0 the homogeneous nucleation @f defects In the interval® ,< ®&1)(K) some special properties ex-
gives rise to an induce@ phase coverage of ist. The nucleation in a homogeneouphase induces thg
defects that are necessary for the growth of ghghase. The
@n_g Y coverage of these defects is given®§®) = O o ysing/ 6ing and
g TindTy therefore
The amplification in the creation of the phase due to the 1—¢
presence oA can be expressed via thdfective nucleation 0¥ =0Q)(x) . (15
rate yqq given b 1-e{1-2[1-0(x) %}
Yeit given Dy
')’eff:@i/gd\/: OV (11) The local coverage on the (pglase increase_s. monot.onically
and reaches its maximui®;’(«) at the critical point ¢
The amplification calculates to =0). For larger coverages dynamically stable islands of both
phases exist with constant localcoverages, i.e., the condi-
1(1+(1—e){2[1- 0V (k)]>—1} tion for the phase transition & ,=0 () is that the local
Yert! y= N 1-—2(1—e0® > , (120 A coverage on thegs defects in then phase created via ho-
(1=e)[047°(1)] mogeneous nucleation reaches a threshold cove€fe
with =0 ?)(«), which is sufficient to induce the phase transition.
In the theory of phase transitions the MF approximation
e=1-0,/08 (k). (13)  generally can only give the classic power law* with x

=1 [see Eq(12)]. Fluctuations, however, give rise to devia-
This results in a singularity of the effective nucleation ratetions of this power law. This can easily be shown via simu-
for e—0. For®,=0 (¢=1) y.4/y=1 holds. In the ap- lations of the present model system.
proximation with the linearization with formallyy—0 the
local A coverage on thex phaseG)(A") is equal to the global V. SIMULATION

A coverai . Because of finite valueg>0 . . . )
9ea 3 A. Simulation without nucleation, y=0

e=1-0/00(x) (14 In general, we use the artificial heterogeneous state with
) ) _ _ an equal amount of the and 8 phase distributed randomly
should be used instead of E@.3) in the simulation. over the lattice as the initial condition and therefore can ne-

Let us now shortly compare our model system with theglect the nucleation process. Very surprisinght least for
model systems in the field of ferromagnetism, although the;g), the simulation confirms the critical values, the validity of
corresponding parameter actually is a vector. The criticaEq. (10) as well as the values of the local coverages within
point divides the paramagnetic domaino magnetization, an error ofO(V/D). The agreement also holds for the simu-
M =0) from the ferromagnetic domaispontaneous magne- |ation with a homogeneous or 8 phase as the initial con-
tization,M :IEO) In our model there exist two critical values dition with consideration of the nuc|eatidaee be|ov)/_
with a similar character. The first or@&l)(x) divides the In Figs. 1 and 2 the homogeneoagphase with a smajB
domain of the homogeous phase @ ;=0) from the het- nucleus is chosen as the initial lattice condition for a clear
erogeneous stable stat® (#0). The second oné)Sf)(K) presentation of the results. As can be clearly seen,Ahe
separates the heterogeneous state and the homogeBeougparticles are trapped on the initial nucleus of fhghase that
phase @ ,=0). In the paramagnetic domain a weak externalin turn starts to grow to a certain size that depends on the
field creates the magnetization, and the ratio of these, thital A coverage. The locah coverages on the individual
suceptibility, diverges at the critical point. In our model the phases are independent of the tdiatoverage. Theg8 phase
nucleation as a weak internal process corresponds to the egrows until saturation is obtained, i.e., until the ratio of the
ternal field and the ratige/ v in Eq. (12) corresponds to the phase coverages corresponds to @4), because the prob-
susceptibility. ability to find A directly at the phase border does not lead to

We therefore have a system with two critical poiffisr ~ further growth of one or the other phase. It is important to
x>0) each exhibiting a phase transition of second order, i.enote that the snapshots in Fig. 2 of the lattice are taken at
the phase coverages vary continuously at the critical pointshort simulation times and do not show any segregation phe-
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1.0

0.9
0.8
0.7

0.6 -

0.5

0.4+
FIG. 1. Snapshots of the lattice during the growth of ghehase 1
for ®,=0.10 andx=0.9. The snapshots are takentatO, 100, s 1
500, 1000, 10000, and 250Q€rom lefy). The growth of theg  ©  **]
phase(black in the lower pajtbecause of trapping o4 (black in 017/
the upper pajtcontinues until the local coverag€sy” and %
are equal to the critical coverages on the corresponding phases. Fc
t>1000, theB coverage remains almost constant and the compact
B phase dissolves into smaller islands that are homogeneous at the F|G. 3. The coverage of the phase® ; (solid) and the localA
mesoscopic level. coverage on ther (dotted and 8 phase(dash-dotteflas a function

of the totalA coverage® . The lines give the results for different
nomena. For longer simulation times the compact structuregalues of the parametex for the diffusion asymmetry withx
of the individual surface phases will dissolve and cover the=0.0, 0.2, 0.4, 0.6, and 0.8 for lines 1-5, respectively. The filled
whole lattice(see Fig. 1L We here only show the compact squares and circles give the stability border of the heterogeneous

structures at the beginning of the simulation for reasons o$tate without nucleation obtained by H40) [value on thex axis]
better comparison. and the localA coverages on the individual phadeslue on they

axis|.

0.3

B. Simulation with nucleation, y#0 . . .
neous state is stable even without nucleation. These results

Now we consider the homogeneous phase nucleatiorare shown by the squares and circles for the ldcabver-

This enables us to study the system in the whole parameteiges on thes and« phase, respectively. As can be seen, the
interval of the totalA coverage®d , because in the interval of error of the MF approximation is very small. Even in do-
the former homogeneous or 8 phase the nucleation creates mains | and Il the error of Eq15) is only about 10%. One
small nuclei of theB or a phase, respectively. very interesting aspect is that the lines of {Behase cov-

In Fig. 3 the phase diagram of our model system iserage cross each other @,~0.3 with © ,~© z~0.5. This
shown. The coverage of thg@ phase®, and the localA s in excellent agreement with the experimental value of
coverages on the and 8 phase are shown as a function of @ .,~0.3 determined by Thiedt al.[3] for which the recon-
the total A coverage®,. The lines give the results for dif- structed and nonreconstructed phases are energetically
ferent values of the parameterfor the diffusion asymmetry equivalent and both phases have similar coverages. The do-
with k=0.0, 0.2, 0.4, 0.6, and 0.8 for lines 1-5, respectivelymains | and Il correspond to the domain of the homogeneous
These are obtained from individual simulation runs for totale and 8 phase, respectively, if nucleation would not be con-
A coverages in®,[0.005,0.5% with step A®,=0.005. sidered. In these domains the density of the small defect
Because the variations of the results are very small in théslands due to nucleation is small and statistical fluctuations
domain of the heterogeneous stable state, i.e., outside thkge rather large. The size of these fluctuations can be seen in
domains | and Il, we only show the lines without error bars.Fig. 4, where the effective nucleation rate is shown as a
The simulations with nucleation somewhat extend the resulfunction of the localA coverage on ther phase for different
given by Eq.(10) that only gives the phase coverages and thesalues ofx. In this case the error of the MF approximation is
interval of the totalA coverage®,, where the heteroge- quite large. This can be seen fee=0 where MF predicts
much lower values than the correct simulation results.

The results for different values of can be fitted with
¥l yer=ce®. The mean value of the constant parametés
¢=0.97+0.02. Therefore we can use=1 as an approxima-
tion. The exponents shows a distinct dependence on the
parameter and can be given by

o= 5(K)%ao+ aik,

FIG. 2. Snapshots of the lattice for globalcoveragegfrom . . .
left) ®,=0.05, 0.10, 0.15, 0.20, 0.30, and 0.40 and 0.9. The with a;=1.29+0.02 anda; =0.39+ 0.04. The simulation re-

snapshots are taken &t 1000 and clearly show that only the cov- Sults for different values ok are summarized in Fig. 5. This
erage of the3 phaseblack in the lower pajtdepends on the global renders possible a quantitative comparison with the experi-
A coverage and that the local(black in the upper parcoverages ~Mmental result§14,15 for the island growth rate of of the 1
on the individual phases remain constant. Fhislands dissolve at X1 (8) phase on R100).

longer simulation times as shown in Fig. 1, but the coverage re- (i) In Fig. 2 of Ref.[14] the island growth rate is shown as
mains almost constant. a function of the local CO coverage on thexphase. In this

011603-8



KINETIC MODEL FOR SURFACE RECONSTRUCTION PHYSICAL REVIEW &6, 011603 (2002

our model can give exponents @t4-10 [see point(b)
below]. But some remarks have to be mentioned.

(@) This nonlinear fit torgoc[G)(Chg")]” in Refs.[14,15 or
to yeﬁ/yoc[(aff)]V in the present study is certainly feasible
but as has been shown above the study of the dependence on
e is the more correct approach than of the dependence on the
local CO(A) coverage.

(b) In the nonlinear fit procedure the largest values of the
growth rate (4 or yq/y) dominate the value of the expo-
nentv. This is the basic reason for the apparent temperature
. : dependence of the growth rate in Ref$4,15 where the

0.00 0.05 0.10 015 020 0.25 0.30 exponentv has been determined to 3.9, 4.7, 5.4, and 5.8 at
e, 380 K, 390 K, 400 K, and 410 K, respectively, because for
the higher temperature values larger local CO coverages and

FIG. 4. Effective nucleation ratg.;/y as a function of the local larger island growth rates have been used in the fit proce-
A coverage qn thex phase for.different values of the parameter dure. These exponents are combined 4.5+ 0.4 because
for the diffusion asymmetry wittk=0.0, 0.2, 0.4, 0.6, and 0.8 for e temperature dependence was deemed not to be significant
lines 1-5, respectively. The error bars give the mean square dev'?l\'/ithin experimental error.
tion. The solid line on the right give the result of the MF approxi- (¢) The fit to a nonlinear function in the local CO cover-
mation fork=0. . .

age as well as the mathematical modeling for the macro-
copic kinetics using this nonlinear function can be per-
ormed. But themicroscopicinterpretation that 4-5 CO
molecules are necessary in a concerted reaction step to in-
yce thehex—1X1 transition and therefore the conclusion

Yl ¥

figure the island growth rate has been measured up to
maximum local CO coverage 6{S?,.=0.03 and increases

nonlinearly in very good agreement with Fig. 4 in our
present paper. Comparing these two figures we assume th . L . .

the critical CO coverage in the experiments by Hopkinebn that themlcroscop[0|sland growth is also a strongly nonlin-
al. [14,15, which have been performed at temperaturesear phenomenon is not acceptable.
around 400 K should be slightly larger than the maximum of

the local CO coverage determined in the experiment

h h _ VI. CONCLUSIONS
g:c?,)é)rit>®g:(§,)r?ﬁax_ 0.03.

(||) In the intel’pretation of the experimental results the Our mode| iS ab'e to exp|ain the most important phenom_
growth rate has been fitted as a very nonlinear function of th@na such as the island growth rate and the existence of criti-
local A coverage on thaexphase. The nonlinear fit gives an cal adsorbate coverages that have been observed in experi-
exponential dependence as a result and it was stated that thgents investigating the reconstruction of th&1Pf) and
growth rater; apparently obeys a power |a%°‘[@(chc?>°]v Pt(110 single crystal surfaces. The basic mechanism is iden-
with an exponent ofv=4.5=0.4 with respect to the CO tical on both surfaces, but a relatively small quantitative dif-
coverage on thdex phase[15]. This is possible and has ference in the activation energy of the adsorbate surface dif-
been used in subsequent pap88—35 as a parameter in fusion for jumps from one surface phase to the other leads to
the so-called mathematical modeling based on the MF apa very different behavior.
proximation. As has been shown in our previous st[@B8] Homogeneous surface phase nucleation creates small

phase defects due to thermal fluctuations in otherwise homo-
geneous surface phases of the reconstructgdof nonre-
cf constructed B) surface, respectively. These defects can
0.8 - 0.0 ’-.lf grow or decline in dependence of the very local adsorbate
0.2 ..!l coverage, i.e., only the presence or absence of adsorbate par-
‘,l‘“’ ticles directly at the phase border determines the evolution of

1.0

the individual surface phase islands. In this context, it is
important to note that both processes the nucleation and the
e=1-8,/0,"(x) phas_e borde_r propagation shdjwe_ar kin_etics_ on the miqro-
521.2940.39 scopic (atomig length scale, which give rise to nonlinear
phenomena in the macroscopic island growth rate. The ho-
mogeneous nucleation in combination with the island growth
via phase border propagation is the basic underlying mecha-
, nism of surface reconstruction. The difference in the adsorp-
0.6 0.8 1.0 tion energy on ther and 8 surface phase leads to an asym-
] metry in the adsorbate diffusion. The adsorbate particles are
trapped on theg phase, i.e., jumps from the to the« phase
FIG. 5. The ratioy/ v (reciprocal of the effective nucleation are hindered compared to jumps in the reverse direction. This
rate as a function of°. leads to two critical adsorbate coverag®§’ and®?) that

€
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determine the stability of the individual phases. F@p ~ of « is the reason for different quantitative behavior of the
<@ the a phase and fo®,>0( the B is stable. A surface reconstruction on(®00) and P(110.

dynamically stable heterogeneous state existsﬂ‘ﬁ'rk A
<@ . In this interval the local adsorbate coverages are ACKNOWLEDGMENTS
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