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Realistic kinetic Monte Carlo study of the surface phase reconstruction
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Reversible X1=1X2 reconstruction of P110 surface is studied with the help of a kinetic Monte Carlo
model. Activation energies of the allowed atomic steps are estimated using available computational and ex-
perimental data, and some discrepancies are reconciled to fit macroscopic data on surface reconstruction. Both
energies of the various atomic configurations and activation energies depend on CO coverage and are estimated
with the account of Pt-CO binding energies and repulsive interactions on adjacent sites. The model well
reproduces both scanning tunneling microscopy results obtained for a cleasuiface and available mac-
roscopic data on1=1X2 reconstruction.
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[. INTRODUCTION The simulations are commonly based on an importance-
sampling algorithm where transition probability of a single
It is well known that(110 and (100 surfaces of many atomic step depends on the respective energy gain. Applica-
transitional metals undergo reversible surface reconstructiofion of this method to surface reconstruction processes en-
which can be lifted by some adsorbates, e.g., CO or NGures rapid relaxation to an equilibrium state. Dynamics of Pt
[1-4]. The reconstruction reduces the surface energy of &datoms and surface restructuring can be modeled, however,
clean (110 surface of a face-centered culifcc) lattice of ~ more realistically with the help of kinetic Monte Carlo
such metals as Rh, Pd, Ir, Pt, Au, Ag, etc., by creating dKMC) technique where transition probabilities are calcu-
“missing row,” or 1x2, structure with the sides of the rows lated taking into account activation barriers, rather than just
forming (111) facets. Since thé€111) structure has a lower €nergies of the original and final atomic configurati¢8s].
surface free energy, the geometries exposird) facets(in- This paper presents a realistic KMC study of the
cluding also higher-order X n superstructurdsare favored 1x2=1X1 reconstruction of R110) surface. We start in
thermodynamica"y [5_7] Reconstruction into a close- Sec. Il with a brief review of recently pUbllShed data on
packed &1 configuration takes place under the action ofdynamics of adatoms and small clusters on Pt single crystal
adsorbates, such as CO. The adsorbate-induced surface phadgfaces. Notwithstanding some contradictions in published
transition(SPT) controlled by the CO coverage provides the data, we make an attempt to extract information necessary
basic mechanism of rate oscillations and pattern formation ifior KMC computations from the available data obtained for
CO+0,/Pt reaction under low pressuf4,8]. specific casessurface diffusion of adatoms and clusters, dis-
Detailed studies of nanoscopic mechanisms of adsorbat&ociation of clustejsand use them to reproduce the recon-
induced surface phase transitions, including substrate rétruction scenario in whole.
structuring and microfaceting, taking place in the course of In our study we have developed a hybrid model combin-
kinetic oscillations on R110) became possible with the de- ing @ nanoscopic mechanism of the SPT and macroscale dy-
velopment of a variety of high resolution experimental tech-namics of CO coverage on the surface. The model to be
niques, such as low energy electron diffraction, reflectiordescribed in Sec. Il is based on a KMC algorithm using
high energy electron diffraction, field ion microscopy, x-ray realistic activation barriers for adatom jumps. The barriers,
photoelectron diffraction, as well as scanning tunneling mi-as well as values of Pt-Pt and Pt-CO binding energies, have
croscopy(STM) [1,2,9-17. been extracted from the STM data and theoretical calcula-
STM studies of RiL10) surface demonstrated reversible tions. The model takes into account inhomogeneous distribu-
reconstruction of an ordered missing row2 structure into  tion of CO on the surface. Our choice of the model param-
a 1x1 configuration via a “hole eating” mechanism under eters, as well as an application of the developed model to
CO exposurd1,16]. Recent experiments have resolved dy-Simulation of the X2=1x1 transition under various ther-
namics of single Pt adatoms or clusters on the2Isurface modynamical conditions and comparison of the results with
of Pt(110 [12-15. Statistical treatment of the recorded experimental measurements, is discussed in Sec. IV.
STM images allows us to estimate activation barriers and
rates of elementary atomic jumpk8]. More data on surface
structure and dynamics are provided by quantum chemical
computations using density functional thedBFT) and em-
bedded atom method in order to predict binding energies of One can distinguish the following basic types of Pt
atoms on the surface or in the crystal b{il0—23. adatom jumpg12,15,19,22,23,32 (i) “vertical” or “hori-
Dynamical simulations of the SPT implement variouszontal” jumps(along or across thgl10] rows, respectively
modifications of the Monte CarléMC) method[24-30. and “diagonal” jump; (i) “leapfrog” (LF) mechanism

Il. REVIEW OF EXPERIMENTAL
AND THEORETICAL DATA
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(i) jumps in the (ii) leapfrog mechanism (iii) long jump (iv) exchange
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FIG. 1. Diffusion mechanisms of Pt adatoms: single jumps in the same (Ry&opping up/down to the layer above/beldwy, long
jump (iii ), and exchange mechanigim). The first three panels show atomic jumps allowed in our model. The central atom can move to any
available vacant position in the same layep to eight positionsthrough either vertical, horizontal, or diagonal jurfip An atom can also
hop to one of the closest available positions on the layer above or Hefpte four positions on each layehrough the leapfrog mechanism
(ii). The last two panels show the mechanigiiig and (iv), which are not considered in the model.

through hopping up or down to the layer above or below;hopping up/down as the main mechanisms of diffusion of Pt
(i) “long jumps” along the[110] rows, i.e., adatom diffu- adatoms.

sion spanning several neighboring lattice sités; exchange ~Another kind of process involving adatom_jumps is self-
mechanism through replacing a substrate atom. These diffiliffusion of one-dimensionallD) clusters in[110] troughs
sion paths are shown in Fig. 1. Selected values of activatiofthannelsof P{110/(1x2). Three basic mechanisms of clus-
barriers for single adatom jumps on a cleafilP®) surface ter diffusion (involving usually 2—5 atomshave been de-

are summarized in Table I. The theoretical results and eXper{-(:"Cte(j in recent studigls.2,14,15,19,23,32 concerted mo-

. . ion, when all atoms of the cluster move simultaneously over
rr;]entalhdata Sl:gh(;% differ. fNevertr:EIess,( )t]he datal CIearIybridge sites; LF, when a back atom of the cluster jum)p;s up
show that simple diffusion of Pt atonfig/pe (i)] on a close- : B . . '
packed 1 surface is more rapid than that on the2 sur- diffuses along the remainder or the cluster, jumps down, and

. L connects to another end of the cluster; motion via exchange
face. A double jumptype (iii )] in channels of the 2 sur-  echanism, when the penultimate atom of the cluster is

face is c_haracteri;ed _by a higher activation barrier than th%ushed up by the last one and diffuses along the cluster like
for the single vertical jump. The exchange mechaniype i the LF case. A comparison of the values presented in Table
(iv)] has the highest barrier, since it involves activation of| with the available data on the cluster dynami28] shows
two Pt atoms. We assume that long jumps and exchanggat single adatoms are much more mobile than 1D clusters
mechanismgtypes(iii) and(iv)] can be presented as a com- in 1x2 channels. The barrier for the concerted motion of
bination of single atomic jumpftypes(i) and (ii)]. There-  clusters increases with increasing chain length from 1.55 eV
fore, we shall consider only jumps in the same layer and LHor three atoms to 2.48 eV for five atoms in the cluster. The
activation barrier of the exchange mechanism also increases
_ , - : with increasing size of the cluster from 1.30 eV for three
a Pﬁiljgillj.rfggg\./auon barriers for diffusion of single adatoms on atoms to 1.36 eV for five atoms. Diffusion of clusters via the
LF mechanism is limited by the LF events of edge atoms, but
this process is preferred to the concerted motion or exchange

A(;trl]veartg;;n mecﬂanisms. An adatlom htcr)]ppinlg lth accoLdi?g tto t‘?he LF
, mechanism moves along the cluster much faster than a
Mechanism (eV)  Reference Notes monomer in a X2 channel. The difference between the ac-
“Vertical” 0.53 [23] 1x1 surface, theory tivation barriers for the adatom migrating on a cleax1l
displacement 0.6 [1819  1x1 surface, theory  surface(0.53 eV[23]) and in[110] channels0.81 eV[12])
0.81 [12] 1x2 channels, STM  ¢an be attributed to the influence of wall atoms.
0.78 [1] Reconstruction, STM In or_der to calculate the activation parrlers,_ one n_eeds to
“Horizontal” 0.78 [1] Reconstruction, STM know, f|_rst of all, the energy of an initial atomic conflgura—
displacement s 1] Defect formation. STM tion. Th|s.energy can be evaluated by adding up Pt-Pt bind-
i ’ ing energies between the nearest neighbofily) atoms in
LF, hopping up 0.76 [22] Theory vertical and horizontal direction€E( andE,,, respectively.
0.91 [14] ST™ In the case of CO adsorption, Pt-CO binding energies
0.98 [23] Theory (EP*C9 and CO-CO repulsive interactiong¢°-“9) should
LF, hopping down 0.7 [14] ST™M also be included. The respective data are presented in Table
0.7 [23] Theory Il. The data on Pt-Pt interaction46,22,2 are in good mu-
Double jumps in tual agreement. The linear dependenceEBf“In) on the
[110] channels 0.89 [13] 1x2 surface, STM coordination number of Pt atonmsfits the theoretical values
Exchange across of CO chemisorption energyl6]. The information obtained
[110] channels 1.09 [32] Theory from time-dependent STM observations allows us to esti-

mate interactions between NN atoms. It turned out that some
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TABLE Il. Pt-Pt, Pt-CO binding energies and CO-CO interac- (a) 110
tion. A

Pt-Pt binding energies

E, (eV) E, (eV) Reference Method
-0.2 0.033 [26] Theory
—0.225 0.05 [16] Theory ) )
~0.07 [15] STM (b) V2 height matrix ):
-0.21 [22] Theory

Pt-CO chemisorption energy

EPCAn) (eV) Reference  Method

—3.84714+0.26892%,
[16] Theory
n=5,...,10
L . 110 : ap f T Ak A
CO-CO repulsive interaction i 3
N
EC9 O (ev) Reference  Method - 001 total: 2N 2 atoms
0.03 [16] Theory FIG. 2. Representation of the (P10 surface.(a) [110] section

of a roughened110 surface(b) The surface relief is characterized
by the matrix of heights of top site@nteger numbens Free top

NN interaction energies which can be extracted from theatoms marked by an asterisk are allowed to move. Reprinted from
STM statistics disagree with theoretical results. For instanceRef.[30].

E, for a dimer has been evaluated by Feibelman-&s21

eV (DFT, Ref.[22]), which is three times larger than the have been carried out on lattices consisting of 3’ and
value—0.07 eV following from the STM experiment by Lin- 2x 100* atoms.
derothet al. [15]. The authors suggest that this discrepancy

may be attributed to CO impurities in the experiment.

The presented values of the activation barriers for single ) ]
atomic jumps, as well as the binding energies, have been We_ descnb_e the adsorbate on thg_surface by mean field
adjusted to our KMC model. It should be noted, however,equat'or‘s- T_hls approach can be justified by the fact thfat CcO
that there is still a distinct lack of data on the influence ofMolecules diffuse very rapidly on the (B10) surface. It is
adjacent substrate atoms, as well as CO molecules adsorbggtimated that at low pressures there are abolit si@
at NN sites, on the mobility of single Pt adatoms. This ne-changes of an adsorbed CO molecule per adsorption event

cessitates fitting certain parameters as explained in more d&33]- The quantitative measure of CO adsorption is the CO
tail in Sec. IV. coverage, which can be also interpreted as the probability to

find a CO molecule at some surface site. The averaged mac-
roscale CO coveragég is governed by the following equa-

B. CO adsorption

l. HYBRID MODEL tion:
A. Representation of a P{110) surface dbco
Our KMC computations involve single jumps of Pt atoms gt~ KaPcol1~ fco) ~Kabco., 1)

to vacant neighboring positions. Only five kinds of paths will
be allowed: along and across thEl0] direction (called, re-

spectively, vertical and horizonjakliagonal and hopping up wherek, andky are adsorption and desorption rate constants,

! . : respectively, angcg is the CO partial pressure in the gas

o down via he LF mechanissee . . e do rotcon- | [ TS0, G e S by Co molooes

motion and concerted motion, which, however, can be ef-Can be defined b_y the t'her.modynamical probability e§timated

fected through combination of 'the allo’wed eleméntary stepsfrom macroscopic equilibrium data. The CO desorption con-

. . . . ? stantky depends exponentially on the CO chemisorption en-

The diagonal jump can be introduced instead of a d|splaceér EPLCQ

ment via an exchange mechanism. 9y '
By our definition, the(110) surface of fcc lattice consists PLCO

of 2N? nodes; each of them is marked by an integete- Kg=wvqexp—E"TkgT). )

fining the upper occupied level, as shown in Fig. 2. Only

atoms occupying free top sitege., not covered by any The Pt atoms on thé€l10 surface are characterized by dif-

neighboring atom in the higher layeare allowed to move. ferent coordination numbers varying from 5 to 11, and the

More details on computation of atomic jumps and the modelalues of EP*“qn) at different Pt atoms may be distinct.

algorithm are presented in the Appendix. The simulationsThus, Eqg.(1) can be rewritten in the following form:
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dfco(n)

gt~ KaPcd 1~ Yco(m]—kq(n) bco, ©)

where 6co(n) is the total surface coverage of CO adsorbed

on Pt atoms with the coordination numbgryco(n) is the

local fraction of CO om-coordinated Pt atoms and the de-

sorption constark, is a function ofEP*“9Yn) as in Eq.(2).

It should be noted that a more precise equation would in-

clude CO exchange between differamtoordinated sites.
However, this is irrelevant, if equilibrium CO distribution is

achieved rapidly due to high diffusivity of CO molecules on 110
the surface. We also assume that CO can desorb immediate!
when adsorption sites disappear due to reordering of the sur-

face. The CO adsorption rate in E®) depends on the local
fraction of CO onn-coordinated Pt atoms, defined as

(4)

wherex(n) is the total surface fraction af-coordinated Pt
atoms. To evaluat&(n), we consider two atomic layers of
Pt(110 shifted by half a lattice spacing in tH®01] and

[1T0] directions. Such a system consists d?atoms. At
full CO saturation, the P10 surface presents a close-
packed X1 order. The ideal X1 surface consists df? top

YeolN) = Oco(N)/X(N),

PHYSICAL REVIEW E 69, 021606 (2004

1x1 surface
d

EO i EPt—CO a1 ECO—CO

1x2 surface
(b) ©
Eg+EPC°  Eq+EP 0%
ECO—CO 44, P;CO

(a)
Ey

FIG. 3. Madification of the surface energy due to CO adsorp-
tion. The panels show relative energy levels for a cles® $surface
and different CO coveredX2 and 1xX1 states. Small double black-
white circles denote CO moleculds) The central Pt atonfO) on a
clean 1xX2 surface has the ener@y. (b) A CO molecule attached
atop this atom decreases its energy by ad@R¢f°<0. (c) Further
adsorption of CO on the lower atomic lay@ites 1—4 destabilizes
the central atom (BR"°>0 is addedl CO molecules adsorbed on
the NN sites(5 and § interact with CO attached atop the central
atom E9C°>0 is addedl (d) A CO-saturated X1 surface is
more stable than the states shown in pa@l&nd(c), since there

atoms withn=7, where each top atom can only be bondedis no CO adsorption on the—4) sites.

to one CO molecule. Then we defingn)=N,/N? with
x(7)=0.5 for the X2 surface and(7)=1 for the 1x1
structure.

The adsorbate modification of activation barriers for Pt
atom jumps can be taken into account in a similar way: CO

The total CO coverage on the entire surface is defined aolecules adsorb on the sites which are adjacent to the path

11

03— ;5 fco(n). (5)

C. Transition probabilities for atomic jumps

of migrating Pt atom and increase the energy of transition
state, as shown schematically in Figa$ Since the CO mol-
ecule van der Waals diametés.2 A) is larger than the Pt
lattice constant2.78 A in the[110] direction, diffusing Pt
atoms cannot avoid interactions with CO molecules. As il-
lustrated in Fig. &), the displacements along or across

We assume the energy of a Pt surface atom to be depehl10] direction may be inhibited by two CO molecules ad-
dent on the Pt occupancy of the four adjacent sites in théorbed on the two NN sites on the layer belowarked by |
same layer and to be modified by CO adsorption. Modificaand Il in the figurg. The LF hopping can be inhibited by the
tion of the surface energy by CO is shown schematically inCO adsorption on the three adjacent sites,lll ) as shown

Fig. 3. On completely CO coveredx® patches of the sur-
face, the modified energy of a Pt atom can be expressed
the form(in accordance with Fig.)3

E=Eq+EP"®qn) + 4RO+ ECO-C9, (6)

in Fig. 4(c), whereas the atom hopping in the diagonal way
imay interact with only one CO moleculsee Fig. 4d)].
Thus, we define the increase of activation barE@rof the
vertical, horizontal, diagonal, and LF jumps on the CO cov-
ered surface, according to Figgb¥#4(d), as

where the energy of a Pt atom of a clean surface is deter (a) (b) (©) G\
mined as£,=n,E, +nyEp with n, ,ny denoting the numbers 7. LF fump down/up:  diagonal
of Pt-occupied verticdl110] and horizonta[001] positions aI | Jith Jvue&{h onte: Jump own/up: jﬁ%%f)): 4
in the same layer anl, ,E,, denoting the Pt-Pt binding en- / rwithout

ergies between the adjacent atorigi ° is the repulsive - \/\/ 110 % %
interaction energy between the central Pt at@nand CO T—>001

molecules adsorbed on the NN positions in the layer below

(1-4; ECCis the repulsive interaction engrgy between FIG. 4. Modification of the activation barriers due to CO ad-
C_O molecules attached to the Pt at¢@ and its adjacent sorption.(a) Schematic increase of the transition state ene(tgy.
sites(5,6). It should be noted, however, that the CO coveredryg yertically/horizontally hopping Pt atom may interact with two
1x2 state according to E6) and Fig. 3c) is unstable due  co molecules marked by 1, Iic) The LF hopping can be inhibited

to strong repulsive interactions between the central Pt atorpy three CO molecules attached to adjacent sites marked by 1, Il

(0) ;md CO molecules attached to tke-4) sites ERSC
>0).

Ill. (d) The diagonal jump can be inhibited by one CO molecule
(marked by J.
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E\?ert/hor+ 2ePC0 P=P1P2P3, (13
0 -CO
Ef=1{ Egiagte"" () where 6,=yco(n), the indexI runs from 0 to 6 and labels

EEF+ 3gPtCo the NN atoms with the coordination numberThese expres-
sions have been obtained for intermediate coverddes
where Ede ynoriz: Ediag: ELr are the transition state energies < fcq(n)<1].

of Pt atom on a clean P10 surface ana:"“Cis the cor- Similarly, one can derive the corrections to activation bar-
rection modeling repulsive interaction between the Pt atomiiers on a CO covered surface. The following modifications
and CO molecules adsorbed on the adjacent sites. have been included.

The rate of single atomic stepopping on the clean sur- (1) Vertical or horizontal displacement:

face is expressed in the Arrhenius form:
b: 6| 0“ EXKZSPt'CO/kBT) + [ 0|( 1— 0”)

+(1—-6)) 0, 1exp(eP CUkgT) +(1—6)(1— ).
whereAE;=E?—E, is the activation barrier dith hopping (14)
with i="vert,” “hor,” “diag,” “LF up,” or “LF down.”

Each hopping event on the surface occurs on the average (2) Diagonal displacement

once in a time intervat;=1/r;. The characteristic time of

the fastest step\t=1/r =1/ (AE;,) can be identified b=(1-6))+ 6 exp(e” “VkgT). (15
with the Monte Carlo stegMCS), i.e., the number of at-
tempts equal to the surface lattice dimensiomNtR This
allows us to translate MC units to real time, and probabilities I I
of MC jumps to actual reaction rates. The probability of an  p=]] g,exp 3™ UkgT)+ >,
atomic stepP; is defined as i=I i=l

ri:Vhqu_AEi/kBT), (8)

(3) Vertical jump up/down to the layer above/below (LF)

=1,j#i

I
(1-6), I1 01-)

Pi=1 /T nax=tmin/ti=exd — (AE; — AE ) /kgT]. (9) XexﬁZsP"CO/kBTH—Z
i=1

1
o 11 _(1—9,.))

j=1j#i

This means that each free atom on the surface lattice moves

on the average once via thth path with the probabilityP; I

during the physical time intervalt. xexpeP Yk T)+ [ (1-6)). (16)
We define a correction to the transition probability arising =

due to interactions with CO molecules as a multiplying fac- _ . .

tor, which is equal to 1 for the adsorbate-free configuratiorf 1€ ¢ =Yco(n) and the site numbering €1, 11, or Ill) is

(0co=0) and expli/kgT) for the CO covered stateffq proceed_ed according 1o F'gs@"“(d)- .

=1) with H modeling the modification of the energy or The final form of the transition probability reads

activation barrie(1 may be positive or negative depending AE.— AE..

on the interaction type According to the scheme shown in Pi=exy{ S L

Fig. 3, the corrections to the atomic surface energy arising kgT

due to CO adsorption on th®-6) sites are taken into ac-

count in the following way:

pb~1. (17

It should be noted that in limiting cases the transition prob-
ability has a conventional form: fa#2,=0 the value of; is

p1=(1—6p)+ 6y exd EPtCAn)/kgT], (100  defined by Eq(9). In the case of full CO saturatidine., the
unstable CO coveredX?2 state, P; includes the activation
4 barrier AE;=E?—E defined by Eqs(6) and (7).

p,= .Hl 6; exp(4ERL Tk T)
IV. SIMULATION AND DISCUSSION

4 4
+E (1-6,) H . 9]_> exp(3ERLCIKsT) A. Estimation of the model parameters
=t == Estimation of the model parameters is based on the avail-
4 4 4 able literature data adjusted when necessary to fit macro-
+2 E ((1— 0;))(1—-6;) 0 ) scopic experimental results. First, we define the parameters
=1j=i+1 k=1k#ik#] governing the CO adsorption on(Pt0). DFT calculations
4 4 and experimental studies of CO adsorption under low-
Xexp2ERCUgT)+> [ 6 TT (21— 9]_)) pressure cor_ldition516,34| have revealed selectivity of CO
=1\ j=1j#i molecules with respect to different Pt surface configurations.
4 The dependence of the binding enefg}* “Yn) on the Pt
Pt-CQ _ coordination numben can be approximated by a simple lin-
< expEnn /kBT)+i1;[1 (1=6), (1D ear form[16] shown in Table Il and Fig. 5. The average

value of EP*“qn) agrees with macroscopic data for CO de-
P3=(1— 0p050s) + 00505 eXH ECOCUkgT), (12)  sorption:Eje=—1.4 eV[33] andE{=—1.651 eV[5].

des™

021606-5



M. I. MONINE AND L. M. PISMEN PHYSICAL REVIEW E 69, 021606 (2004

Pt—-CO TABLE IV. Two sets of the model parameters used in the simu-
E [eV] . > Sets :
lations: CO chemisorption enerds/C, corrections to the surface

0 energy and activation barriers due to CO adsorptiBRLf° and
0.5 £"C0 respectively and macroscopic adsorption parametersnd
Vyq -
i,
.8 Parameter Case Value Reference
3 @ : gPECO (i) Linear (5<n=<10) [16]
! (ii) ~1.4 eV (5=n=9) [33]
2.5 @ : ERNCC (i) 0.19 eV Fit
! (i) 0.07 eV Fit
5 6 7 8 9 10 ghtco (i) 0.15 eV Fit
n (ii) 0.07 eV Fit
FIG. 5. Dependence of CO chemisorption energies on the coor- Ka ().(ii) ~ 0.47<10° mbar *s™* [4], fit
dination number of Pt atoms. The inclined lit® is a linear fit to Vd (i) 8x10'°s™! 4], fit
the data in Ref[16]; the horizontal lines(2) and (3) show the (ii) 5x10%s™t [33]
average macroscopic values BFtC° provided by Refs[4,33],
respectively.

binding energies between NN atoms in the same layer is not
. . . . sufficiently precise.
The Pt-Pt and Pt-CO interaction energies used in our com Although the basic parameters of our model are taken

; Pt-C
F ; tf\émsrés Sgé ’TaIlEJTe’ IIar}%eErest%of ?rrlz r:]e:)l;eer; pf;?;nm;ee:ss'arérom the available literature data, the model also includes
S, ' everal free parameter&f{}°°,£”"C9), which have been fit-

presented in Tables Ill and IV. Since the values of activatior® . . . L
barriers obtained by different methods can vary even for thded from the dynamical considerations. Excessive increase of

; Pt-CO i
same jumpsas shown in Table )| we have assumed the the correctionEy,~~ destabilizes top Pt atoms and leads to

transition state energies for the vertical, horizontal, and LFEhaotic migration of adatoms_on the .SUI']:?’[CG reducing ten-
jumps €%, EX,,, andE’: upidown: FESPECtivelyto be equal, dency to the X1 state formation at higlics. Extremely

i h .PE-CO o
whereasE®,_ is assumed to be slightly higher. The barriersnigh € values block adatom migration even at low CO

for the adatom diffusion obtained from STM4,15, DFT
calculations[22,23, and our fit are compared in Fig. 6,
which shows the relative energy levels. In Refs.
[14,15,22,23 the energy of the initial state of the hopping
atom is defined in such a way that it corresponds to the zerc
level. The energy of this atom on &1 patch of the surface
is about 0.2-0.3 eV14,15,23. Since we take into account
only the Pt-Pt interactions in one layer, a single atom on thef [V
1X1 surface has the ener@y=0 and the initial state of the
hopping atom shown in Fig. 6 is characterized by the energy 1]
Eyo=E,+2E,=—0.125 eV. Therefore, the activation bar- 107
rier of the atom migrating on thexXl1 surface is much higher o9
than that obtained by Kpick (ES.=0.53 eV[23]). At the 08
same time, the discrepancy in the values of activation barri- ]
ers proposed in Ref§14,15,22,23 cannot be resolved by
choosing appropriate Pt-Pt energy interactions. One can con 087
clude that defining full atomic energy through a sum of Pt-Pt 957
0.4 -

Linderoth et al. E [eV]
1.2 |- - Feibelman 1.2

KUrgick
KMC simulations

TABLE IIl. Transition state energieg?, minimum activation 037.
barrierAE,i,, and preexponent factor of the hopping ratgsised 0.2
in the simulation. 1

014 M.l Mo
Parameter Value Reference 0.0
~0.1-
. ES = Eﬁm 0.91 eV [1,14,15,22,25
Elrup=™ ELr-down Fit (see Fig. 6 FIG. 6. (Color onling Comparison of the activation barriers for
Eiag 0.92 ev single adatom jumps according to Linderath al. [14,15 (thick
AEnin 0.81 eV [14] solid line), Feibelman22] (dashed ling and Kurpick [23] (dash-
vh 10107571 [12-15 dot line). Our fit used in the KMC simulations is shown by the thin
solid line.
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FIG. 7. (a) Scheme of a monomer migrating along til0] 10 1 . . . ®| 1000
direction in a X2 channel. This atom is characterized by the high- 1.7 1.8 1.9 2.0 T [K]

est energy due to repulsive interactions with horizotalll) atoms

(E,>0). (b) The monomer displacement rate vs inverse tempera- G- 8. The boundary between preferred2 and 1x1 struc-

ture 1. The simulation results are shown by points. The solid linetUres in the pco,T) plane. The dashed line denotes the fit to mac-

shows the fit to STM observations;,.= 10" 7exp(—0.81ksT) roscopic experlmental dgta on»<_2—>1><1 transition[35]. The re-

[14]. Computation lattice: 50 atoms. sults of our KMC simulations witfEP*“C= — 1.4 eV are shown by
the open dots and those with lineBF*“9n) by the filled dots.

Computation lattice: X 507 atoms.
coverages on the surface. Therefore, the values of these cor-

rections have been chosen in such a way that the SPT i rer b lord ¢ itude. Th ivation barri
initiated at realistic CO exposure doses and relaxation to th@!ffe" Dy several orders of magnitude. The activation barriers

close-packed X1 state occurs under high CO coverages. of some CO-induced hoppings may be essentially lower than
Table IV shows two sets of the parameters adjusted whef Emin- Nevertheless, our simulations with the normalizing
the CO chemisorption energy depends linearly on Pt coordiVlue€AEmi, chosen for a clean surfa¢@.81 eV reproduces
nation numbercase(i)] and EP*CC is constantcase(ii)]. the initiation of t_he k2—>1><1_ reconstruction und_epco
Both forms of the CO chemisorption energy require fitting =0 On & correct time scale. This normalization choice means
some free parameterEZtNCOandsP"C%. The linear form of that all atomic steps with the activation barrieXE;

EPtCn) is more realistic, but the use of a constant value of = Emin 0CCUr with the same probabilify;=1. The rates of
EPtCOallows us to simplify the model by reducing the num- the CO-induced fastest steps are actually underestimated

ber of equations for CO coverage. These two cases will bd/hen the KMC algorithm defined in this way is imple-
compared in the following section. mented, but this should not affect the kinetic of reconstruc-

The efficiency of the proposed algorithm, as well as va.lion in an essential way, since the phase transition occurs on

lidity of translation to real time units, depends on the defini-& COrrect time scale. However, in low temperature simula-
tion of the normalizing valueAE,,,. The most natural 1ONns, the value oAE, should be decreased in order to
choice forAE, ., might be just the minimum activation bar- Provide an appropriate time step in integration of E3).

rier calculated for all possible configurations and hopping

Simulations of the CO-lifted reconstruction on a perfect
events. We assume that on a cleatLBd) surface A, is 1X2 surface have been carried out under the following alter-
equal toE%, . — Eo=0.81 eV[14], i.e., the activation bar-

native assumptiongi) CO chemisorption energy depends on
rier for a monomer displacement inX2 channels. Such a EP-CO

the coordination of Pt atoms according to REf6]; (ii)
monomer shown schematically in Figiay presents the most

is the average value estimated from the macroscopic
unstable configuration on a defeck2 surface and this was data, In the simulations including the linear form of
shown by STM experimen{sl4].

EP*Cn), we use a preexponential factor of the CO desorp-
tion rate close to that of Reff4], v4=8%10'® s™1, since the
average value dE”"“9n) fits the macroscale CO desorption
energy value ¢ 1.651 eV) provided in this work.
Computations have been carried out according to the al- The simulation results for SPT in extended temperature
gorithm presented in Appendix. We start with a simulation ofrange are compared with the experimental {ia& in Fig. 8,
dynamics of single adatoms on a clean nonperfec2 sur-  which shows the boundary between preferretland <1
face without the adsorbate. Our numerical tests with thestructures in thepco-T plane. The experimental boundary
minimum activation barrieAE,;;,=0.81 eV show very good denotes the conditions corresponding to the completion of
agreement of the calculated monomer displacementate the 1X2—1X1 SPT. The simulations of relaxation process
with the experimental one, as shown in Figb)7 This result  were carried out for different temperatures until the station-
can serve as an evidence for the validity of the proposedry state was reached for eaghg value. The dots in Fig. 8
algorithm. mark the critic values opco and T at which the stationary
One can take note, however, of a large difference betweesurface state does not contaiix2 spots. The simulations
activation barriers for allowed steps on a clean and CO covstarted with random initial conditionétoms of the upper
ered surface. This difference can arise due to the correctiorlayer were distributed randomly and atomic quantity ratio for
ER~CC and €O for hoppings on CO covered spots of the the first two upper layers was-1/2). The two forms of
surface. In this case, the corresponding transition rates mag"~"© have been checked. Calculations with the linear de-

B. Computation results
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@ (b) ©)

o

o

Total coverages [ML]
SD o

001

=50 10060 1500 2508 2500 300D FIG. 10. (Color_ online Simulation of reve_rsible x2—1x1
t[s] —1X2 reconstruction(a) Onset of reco_nstructlor(b) Pat_ches of
the 1X1 surface.(c) The 1X2 surface with defects obtained from
FIG. 9. (Color online@ Simulated dynamics of CO adsorp- the statelb) after switching topco=0. Both the linear dependence
tion and reconstruction vs CO dosage at=298 K and EF"“An) and constanE”“°provide the same reconstruction sce-
Peo=5%10"2 torr (1), peo=1.5<10"° torr (I1). Both the linear  hario. Computation lattice: 50° atoms.
dependenc&”c9n) and constanEPC° provide similar results.

The simulations started with a perfectx2 surface. The total In both the studied cases, th&2—1Xx1 reconstruction is
surface fractions of CO, A1 and Ix2 phases are shown. At jnjtiated via defect formation followed by hole eating pro-
both pressures, reconstruction is initiated at the CO exposurgags as shown in Fig. (), leading eventually to a terraced
dose(;ZL and whend¢, reaches~0.2-0.25. Computation lattice: 1y.q structure[Fig. 10b)]. The reconstruction mechanism
250" atoms. shown in Fig. 10 is similar at ap-o andT values along both
PL.CO . simulated phase transition boundaries presented in Fig. 8.
pendence ok "(n) and the respective data from Table IV after the CO pressure has been lowered stepwise to zero,
[case(i)] show that X1 patches completely cover the sur- reyerse &1—1x2 reconstruction restores the<2 struc-
face at the conditions similar to the experimental ones. Somgre, which is now not regular, but contains a number of
discrepancy, however, arises at highlerThe simulations,  defects, as shown in Fig. ().
assuminge™"“°= —1.4 eV for Pt atoms with &n=<9 and The linear dependence &""°qn) from Ref.[18] has

the respective macroscale datey¢5x10'*s™") provided  peen derived on the base of PW91-gradient approximation
by Ref.[33], also demonstrate a good agreement with thenethod[36,37 which is known to give overestimation in

experiments in the reconstruction diagramTataried from  cO chemisorption energig88]. In this regard, our study

500 K to 620 K, as shown in Fig. 8. The values of thejth the constanE”*C° taken from Ref.[33] can be rel-

activation energy correctionsi-° and ¢”*CC used in this  evant.

case are presented in Table [¥ase(ii)]. Using a constant A recent STM study of CO adsorption on the(Ri0)
value of EP"“C can be justified by assuming that in the high surface[34] has detected anisotropic nanoscale clusters of
temperature range, random migration of CO molecules ofhe 1x1 surface phase under differep¢o varied in an ex-
the surface will eliminate the energy gain associated withremely wide range (10°—10° mbar). At low CO pressures
localization of CO molecules at the sites with lower coordi-(10-°-105 mbar) the displaced Pt atoms form a channel-
nation numbers. The experimentally detected displacemerike structure extended in tH01] direction. An increase of

of single step atoms forming holes may suggest that CQy_ to ~10 2—1 mbar smoothes edges of the 1 clusters.
molecules can also attach to the high-coordinated sites in thgigher CO pressures~10® mbar) result in a zigzag struc-
layer below 6=8,9) even at low CO coverage. This as- tyre of Pt atomic order characterized by sharp edges of the
sumption can significantly simplify the model by introducing clusters extended in tk[dTO] direction. Such a difference in

a constant average value of the CO chemisorption energgnisotropy of the X1 islands under variegeo can be at-

instead O.f a I|n_eaEPt “An). . tributed to distinct CO chemisorption energies on different

The simulations for room temperature cond|t|on_s reloro'configurations of island boundaries. At low CO pressures,
duce very well the 2—1x1 reconstruction dynaggcs ob- co adsorption on low-coordinated Pt atoms is favorable, but
served in the STM experimerii84]. At pco=1.5x<10"" torr an increase opcg causes CO molecules to adsorb also on

— -9 i i i

andpco=>5x10"" torr, the reconstruction beglnsgét realistic o coordinated Pt atoms leading to the formation of kinks
values of the CO exposure dos@boutpcoXtx10°10ITs 'y ndaries of islands. One can also sugges&RiztCon
~2L), as shown in Fig. 9. Both the linear and constanty_.oordinated atoms ofL11) facets differs fromEPCY9)

Pt-CO : i ; ;
E provide the similar dynam_lcal behawor._ In calcula- on the(100) surface section and, thus, the anisotropy can be
tions forT=298 K, the normalization valu&E, is chosen o hiaved.

asAE,,<<0.81 eV, since the time interval corresponding to
1 MCS is too large[At=1/r(0.81)=998.33 at T
=298 K and cannot be used in integration of the mean field
part of the model. Therefore, we reduss& ,,;, to 0.6 eV in We present a kinetic MC model which takes into account
order to provide a normal time ste@\{=0.28 s). Further realistic Pt-Pt interactions between the surface atoms and ac-
decrease does not affect significantly the simulation resultgjvation barriers for hopping of single Pt atoms both for a
but steeply increases the computation time. clean and CO covered surface. Since the diffusion rate of CO

V. CONCLUSIONS
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molecules on the surface is much higher than displacement
rates of single Pt adatoms, the CO adsorption qal®} is
described in a mean field approximation. A nonuniform CO
distribution on different surface configurations is taken into
account. For this purpose, we combine a system of equations
of a Langmuir-Hinshelwood type describing the total surface
fraction of CO adsorbed on Pt sites with specific coordina-
tion numbers. Distinct CO coverages are achieved due to
different CO desorption energies on Pt atoms with different ' X

coordination numbers. The simulated reversible reconstruc- ; ' '

tion process induced by CO adsorption occurs on a realistic before jump: -1 1

time scale at the experimental conditions. The computation after jump: 1 -1

lattice represents a 3D relief of(RL0) surface. In the case of

CO adsorption, the SPT mostly involves an atomic transport FIG. 11. Change of the atomic layer tagat two lattice nodes
between several atomic laye(sp to foup. The simulated associated with one jump.

CO-lifted reconstruction from a clean<® surface to a X1 o .

state, as well as the reverse SPT without CO, does not causg'on N th_e same layer, in the_ layer "’!t?ove or belqw, as
significant increase of roughening on the surface. One capi'oWn in Fig. 1. Each of 16 possible positions shown in Fig.
expect, however, that an inclusion of oxygen adsorption in- Nas o be checked. An accepted atomic position should be
the CO/P{110 system will cause kinetic instabilities which propped up by fqur corner ato_ms of the '°W.ef layer. Perlod|c
will result in development of roughening and faceting boundary cond|t|9ns.are applied at the lattice boundaries.
[9,10,39 characterized by much larger height dispersion of (3) The coprdlnau_on numberg of the chosen atom, NN
top Pt atoms. In this case, it would be more convenient t§l0ms: and sites adjacent to edth path are determined.

combine the KMC algorithm with only one equation for the The energy of the current positioR, and the activation bar-

CO coverage including the average value of CO chemisorpfiers for each possible jumpE?, are evaluated by Eqé6)

tion energy. Applicability of this approach has also been@d (7), where CO coverages on sites with differentre
proved in the present work. The model for faceting in the cotaken from the previous time step. The set of transition prob-
oxidation reaction will be presented in a forthcoming paper.gb'“g'le;) P for all possible jumps is computed according to
q. (17).
(4) A random numbemR uniformly distributed between
zero and unity is drawn, and a new paosition is chosen ran-

This research was supported by the German-Israeli Scdomly among the available vacant sites wRh>R. If P,
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ence Foundation. <R for eachith path, no jump is executed and the calcula-
tion returns to step 1.
APPENDIX (5) After a new position is selected, the atom is removed
_ ) from the old position, i.e., the layer tag of the respective site
Computation algorithm is reduced by two; the layer tag of the new site is increased

In this Appendix, the computation loop for one MCS is by two (see Fig. 1}, and the computation returns to step 1.
presented. The KMC algorithm shifts the atoms between lat- This procedure is repeated\N2 times. Following this,

tice nodes according to the following rules. time is incremented byt specified for the MF part of the
(1) A random free(not covered by any atom in the higher model. The numerical data are collecteqn), fractions of
layen atom is selected on the lattice. the surface phaseg,y,; and 6;«,. CO coverage¥.q(n)

(2) For the chosen free atom, possible jump positions arsvith n=5-10 for the next time step are calculated according
determined. Any atom can jump only to a free adjacent poto Eq. (3) with updatedx(n).
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