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We study how quenched impurities affect the surface diffusion and ordering of strongly interacting
adsorbate atoms on surfaces. To this end, we carry out Monte Carlo simulations for a lattice-gas
model of O/W110), including small concentrations of immobile impurities which block their
adsorption sites. We examine the behavior of the diffusion coefficients and order parameters as a
function of coverage corresponding to various ordered phases at low temperatures. The effects of
impurities are examined under both equilibrium and nonequilibrium conditions, and the results are
compared to recent studies on a completely clean surface. We find that even minute impurity
concentrations affect the diffusion behavior considerably in equilibrium. The effects are strongest in
ordered phases and close to phase boundaries, where quenched impurities lead to a reduction of
order, which in turn leads to significant changes in the collective diffusion and phase behavior. As
the impurity concentration is increased to a level of a few percent of the total surface area, the
reduction in order becomes particularly prominent at high coverages. Further studies under
nonequilibrium conditions reveal that nonequilibrium effects are strong in the absence of impurities,
while for surfaces covered by impurities the nonequilibrium effects are relatively weake200@
American Institute of Physics[DOI: 10.1063/1.1505856

I. INTRODUCTION details of diffusion processes on solid surfaces. Due to all
these activities, it is fair to say that many of the prominent
Surfaces play a key role in various important technologi-features of surface diffusion under ideal conditions in equi-
cal applications such as the growth of semiconductor struchibrium are now well understood.
tures for electronic devices, the purification of exhaust gases The situation becomes much more complicated, how-
in the automotive industry, and the wetting of solid materialsever, when the system is no longer ideal, but contains impu-
by liquids to reduce interfacial tensidn® In many cases, rities, steps, or other defects that are typical under realistic
surface diffusion plays a prominent role and may even coneonditions? The role of impurities, in particular, can be very
stitute the rate limiting step in the process. Therefore, moreiramatic as regards the growth of surfaces or the diffusion of
and more effort has been directed toward understanding th&dparticles on surfaces. This has been observed in various
physical laws of nature that govern the diffusion of adatomsases as regards the diffusion of individahce) particles,
and more complex molecules on solid surfaces. in which case many of the generic features due to impurities
In this respect, the last few decades have been very suend defects are known reasonably wiske below. As be-
cessful. Thanks to a wide range of experimentalcomes evident in the discussion below and which is worth-
technique¥™’ such as scanning tunneling microscopy andwhile to emphasize already at this stage, the effects due to
field ion microscopy, knowledge of surface structures andmpurities and defects on theollective aspects of surface
related diffusion mechanisfis® is nowadays reasonably systemsare much more poorly understood. This is rather
good. Experimental works have been complemented by varisurprising since a number of phenomena including ordering
ous theoretical activitie§;*® which in turn have provided and collective diffusion of surface systems are governed by
plenty of insight into the understanding of the microscopicthe collective nature of many-body systems, which impuri-
ties and defects are expected to perturb. To demonstrate the

dAuthor to whom correspondence should be addressed. Electronic mair:oIe of |mpur|tles n surface_ diffusion and, 'r_] pa_rtlcular, to
lipo.Vattulainen@csc.fi. emphasize how the collective aspects of diffusion may be
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distinctly different from the better known case of single- ther as a random fietfl or site dilution®” Then it has been
particle (tracey diffusion, we therefore wish to discuss the found that the characteristic size of the doméaR{s) follows
two cases separately. a power lawR(t)~t* in time t (as in the absence of impu-

First, as far as single-particle diffusion is concerned ities), but the exponentx depends on the impurity
there is ample evidence that impurities and other defects playoncentratiori®3? which further affects the late-time behav-

a major role in related processes. For example, experimenigr of the ordering proces®.

have shown that impurities can affect surface growth by ad-  We can conclude that the effect of impurities and defects
sorbing preferentially to step edged!**®where they may on the structure and dynamics of particles on solid surfaces
block the diffusion process and lead to nonsmooth growthcan be very significant. While the case of single particles is
Certain surfactants, on the other hand, have been noticed tather well understood at the moment, the situation is much
have an opposite effect in stabilizing smooth, layer-by-layemore obscure in the case of collective processes. Clearly, this
growth!"*8 Similarly, some impurities “poison” surfaces as calls for both experimental and theoretical studies to provide
they block possible reaction sites and thus hinder the reactiopne with better insight into the nature of impurities in col-
process, while others can promote reactiths:**?Hydro-  lective surface processes.

gen, in turn, has been found to either promote or inhibit the  The objective of the present work is to shed some light
surface diffusion of other adparticles in various systétn&  on these issues. We examine the influence of impurities on
We can thus conclude that the role of impurities can be sigsurface diffusion and spreading of adatoms corresponding to
nificant, but depends very much on the subtle interplay beboth equilibrium and nonequilibrium conditions. To this end,
tween the underlying surface, its structure, and the adpawe study surface diffusion and ordering within the lattice-gas
ticles and impurities in question. Of course, this is obviousmodel O/W110), first through equilibrium simulations and
under atmospheric conditions, but what is rather surprising ishen by carrying out profile spreading experiments in non-
that even minute impurity levels can be significant underequilibrium together with the Boltzmann—Matano analysis.
ultrahigh-vacuum conditions. It has been noted that CO covWe examine how impurities affect the single-particle as well
erages as low as about 1D monolayers can affect the as collective diffusion properties of adatoms on a surface, the
growth of islands during homoepitaxial growth or(B11),'®  emphasis being on the case where there are many ordered
and similar effects have been suggested for Pt dimers ophases at low temperatures. As a by-product, we also exam-
P1(110-(1x2) under the influence of CO concentrations tooine how impurities affect the ordering of the system and how
low to be detected by the traditional spectroscopy metfidds. these changes couple to the diffusion behavior.

From the theoretical side, the role of impurities is not ~ We find that even minute impurity concentrations in
well understood. Analytical theories for impurity effects on equilibrium can lead to major changes in the diffusion coef-
surface diffusion of single particles are still very limited, ficients. These changes are most pronounced in ordered
although some work has been done to clarify their role in thephases and close to phase boundaries, where quenched im-
stability of surface growtR® 2’ These analytical works have purities lead to a loss of the order in the system. The changes
been complemented with various simulation studies ofn the diffusion coefficients become more prominent as the
simple model systenfs;*°an approach which has also beenimpurity concentration is increased. For impurity concentra-
used in studying impurity effects on the diffusion of taggedtions of the order of a few percent of the maximum coverage,
adatoms?132 we even find changes in the phase behavior as ordered

As discussed above, however, the implications of impu{hases at large coverages essentially disappear. Further stud-
rities for collective diffusion have received much lessies by the Boltzmann—Matano technique reveal that nonequi-
attentiof®33 although many surface processes such adbrium effects on surface diffusion are very pronounced on
spreading take place over macroscopic distances, and therglean surfaces, while on surfaces covered by impurities the
fore the role of surface defects and impurities is clearly sigfole of nonequilibrium conditions is weaker. This is essen-
nificant. Two results are known in the Specia] case oﬁla”y due to the similarity between disorder as induced either
quenched, site-blocking impurities. First, Monte Carlo simu-by nonequilibrium conditions or by the presence of impuri-
lation studies have reveaf@d® that the collective diffusion ties on the surface. We expect that our results may have
coefficientD of adsorbate particles can be significantly re-relevance to understanding some of the generic effects of
duced from its clean surface counterpart with increasing imimpurities in systems where impurities lead to a reduction of
purity concentration. Second, in the special case of a LangRrder.
muir gas,D¢ is independent of the surface coverage with a
fixed (smal) impurity concentratioi®> Aside from these ||, THEORETICAL BACKGROUND
works, the role of impurities in the collective diffusion of
strongly interacting systems in equilibrium has remained a
open question. The lattice-gas Hamiltonian employed in this work is a

The effect of impurities on surface diffusion under non- model of the O/W110) adsorption system. The Hamiltonian
equilibrium conditions is another aspect that is even less welhcludes contributions due to two-body and three-body inter-
understood, although processes such as surface growth aadtions between oxygen adatoms, and the interaction param-
surface ordering take place in nonequilibrium. Some worketers have been chodéf? such that the resulting phase dia-
has been done to clarify the role of impurities on the kineticsgram is in close agreement with the experimental
of domain growth?*3% where impurities can be regarded ei- observationd? In the present study we concentrate on the

ﬁA. Model
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coverage dependence of surface diffusion and ordering at @ollective diffusion coefficienD(6,c) as in Ref. 42. For a
temperature off=500 K to allow direct comparison to re- chosenc, we first extracted the thermodynamic factor
cent equilibrium and nonequilibrium data of this systemé&(6,c)=1/kgT 6k, which is inversely proportional to the
without impurities*'#24445At T=590 K, previous studies compressibility of the adlayek . This quantity is most eas-
for a clean system in equilibrium have shown that there is dly extracted from grand-canonical simulations, whég
continuous phase transition aroue0.36 from the low- fluctuates aroundNo), butN; is fixed. Next, we determined
coverage disorderedO) phase to th@(2X 1) phase thatis the coefficient

found aroundé=1/2. At higher coverages there is another No 2
transition e_lroqnd%o.59 from thep(2X 1) to the p(2?<2) D= lim _ [F()—r.(0)]| ), 2)
phase, which in turn undergoes a transition to the disordered t—o 4Ngt \ [i=1

hase at#~0.78. The locations of these phase boundaries
P : P . I which describes the center-of-magésm,) motion of the

change slightly under nonequilibrium conditions, as ex- . I ) .
tracted from Boltzmann—Matano analy&fs. whole.adso.rbate gysten’_n in eqwhbrlum and is obtained from
In the present studies, the underlying Hamiltonian for acgnomcal S|mqla}t|ons_ with a fixed partlcle number. The ¢.m.
clean O/W110 system is complemented to account for thed'ﬂ.USIOn coefﬂqent IS very gseful n the frgm_ework O.f
role of impurities. To this end, we assume that a fixed frac-latt'Ce'ga_S studies, since then it prowdes us with |nfo'rmat|on
tion of all adsorption sites are occupied by impurities, WhichOf collective as yvell as single-particle mpﬂon. 'For lattice-gas
are described as randomly distributed quencfietmobile) systems, there is an exact decomposition of it as
adparticles. Interactions between impurities and the oxygen a2
adatoms are described by an infinitely repulsive, on-site Dcm(8)=—1(0)fc(0), (©)]
blocking interaction, in analogy to site dilution in lattice-gas 4
models. Any further attractive or repulsive interactions be-wherea is the average jump lengtlusually the lattice con-
tween the impurities and oxygen adatoms are not consideregtanjy and I' is the average single-particle transition
here?® The present approach should therefore be regarded aste’®°°-52The dynamical correlations between consecutive
a minimal model whose aim is to examine generic effects ot.m. displacements are characterized by the correlation factor
impurities in systems, where blocking is the main effect.  f., which for collective diffusion only rather weakly de-
The coverage of impurity atoms is defined @& pends on ordering effect8. ThusD.,~T. Since the tracer
=N, /N, whereN; is the number of impurity particles aidl  diffusion coefficientDocT",>%2 we can useD,, to infer
is the total number of adsorption sites on a surface. Similarlypproximate information of single-particle diffusion rates
we define the oxygen coverage- No/N for a system oNg  and tracer diffusion behavior.
oxygen atoms. To allow comparison of results with different  Having found the c.m. diffusion coefficient, the two

impurity concentrations, we define quantities yield the collective diffusion coefficient as
0 Dc=€éDem.- (4)

=, 1

1-c W This expression clearly shows hd arises from two com-
which describes the coverage of oxygen atoms on a surfadgeting factors. The thermodynamic factor plays the role of
wherecN sites are covered by immobile impurities. Our nu- ordering via particle number fluctuations, while the center-
merical data in this work have been averaged over 10—18f-mass diffusion coefficient is of dynamic nature and has its
different randomly chosen quenched impurity configurationsorigin in the motion of individual particles.

In our Monte Carlo(MC) simulations, we employ the
transition dynamics algorithfv** (TDA) in which the diffu-
sion events are modeled such that the thermally activate®- Nonequilibrium studies
nature of a diffusion process over an adiabatic diffusion bar- g4, nonequilibrium studies of surface diffusion and or-
rier has been accounted for. The use of the TDAis supportegering' we consider the spreading of a coverage profile
by recent molecular dynamics simulaticHs?® where it 6(x,1) in a semi-infinite system, which ranges frorm to
was found_ that thg TDA is qualitativgly consistent With | in the x direction and whose width, is typically 200~
the dynamics seen in a true microscopic model of a systemogg Jattice units in the direction. The exact system size
consisting of interacting particles. The time is defined inysed is mentioned below when relevant. Periodic boundary
terms of one Monte Carlo stepACS), during which every  congitions are employed in the direction. The coverage
particle attempts to jump once on the average. Further detail§file is initially a step function at=0 [ 4(x,0)=1—c for
and additional references of this approach can be found i andé(x,0)=0 for x>0] and includes a randomly cho-
Ref. 41. sen impurity configuration over the whole semi-infinite slab.
Thus, as the profile evolves in tinie-0 in the + x direction,
the oxygen atoms have to migrate through an environment of
immobile, site-blocking impurities.
The equilibrium studies were made in a square system of To determine the collective diffusion coefficiedt-(6),

sizeL X L with L between 30 and 120. Therefore the numberwe use the Boltzmann—Matan@M) method®3>%* (as in
of adsorption sites in this caseié=L?. Periodic boundary Ref. 44, whereD(6) can be determined from scaled den-
conditions were employed in all directions. We measured thsity profiles as

Oc

B. Equilibrium studies
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dx)
de’ )

The BM method has been applied to a number of
experiment® %' and simulation studié$*>2-%during the
last few decades.

Its popularity is largely due to a fact that it allows one to
determineD - over a wide coverage range even from a single
experiment. The disadvantage is that the coverage profiles
are macroscopicusually of the order of Jum in the direc-

1 0
De(0)=5¢ Jox(a )do'. (5)

tion of spreading (Refs. 58—61 and the experiments can J—e=0 ; L
last for several hours or even das®®'Thus contamination o754 Tces) X 1 L
of the surface becomes a problem, and steps and other de- i g \‘. 5
fects play a role as well. The effects of these factors are < 0.50 - froan L n
somehow included in the diffusion coefficients found by the | FERAN 5
BM analysis, and the problem is that there is no obvious way 0.25 — ,4'," Iy L
to decompose them. 1w H }\: i
In systems with strong interactions and ordered phases, 0.00 = ' : L |: \

the nonequilibrium character of spreading becomes an im-
. . . 00 025 05 075 1.0
portant issue. The BM method is based on the assumption o
that, in the long-time limit, the coverage profilééx,t) col- ¢
lapse to a single scaling function when expressed agiG. 1. (s Equilibrium results for the average single-particle transition rate
6(x/\t). If this condition is truly satisfiedD () obtained T vs the coveragé, for a clean surfaced=0) and for two cases including
from Eq.(5) corresponds to the actual diffusion coefficient in immobile impurities €=0.01 andc=0.05). The locations of phase bound-
equilibrium. Otherwise, the effectivc( 0) in Eq. (5) is a ?:rles for an equilibrium system at=0 are shown by dashed linet)
P . . . orresponding data for the order parameter
nonequilibrium quantity and depends on a time regime cho-
sen for an analysis. For the clean QAX0 system, Refs. 44
and 45 present a detailed study of nonequilibrium effects
. . : = .
arising from the BM analysis. These data will be used as a 4= /¢2X1+ 62, . (6)
reference for the present work.
Here ¢, and ¢4, are the order parameter components of

. RESULTS the degeneratp(2x1) andp(1Xx2) phases,
L
2 i
A. Impurity effects in equilibrium h2x1= I ”2_1 nij(—1), (7)

Our first task is to identify how impurities affect the
diffusion behavior and ordering in equilibrium. The case of a _
single (trace) particle diffusing in a lattice with moving and b1x2= 5 2 nij(=1), ®)
static background has been studied analyticilf§,and it is !
known thatD approaches monotonically zero when the im-and are defined in terms of the occupation variabiggt)
mobile impurity concentration approaches the site percola=0,1 of the lattice site ati(j) in a square system of size
tion threshold of the underlying lattice. The same result must. X L. The results shown in Fig.(fh) for ¢ indeed indicate
hold for a finite concentration of tracer particles, too. Fur-that even minor impurity concentrations of the order of 1%
thermore, for collective diffusion of Langmuir gas particles it can change the ordering properties of the adlayer at large
has been shown th@ () remains constant when the im- oxygen coverages, where the density of impurities relative to
purities are immobilé® However, for strongly interacting vacant sites becomes more significant. For larger impurity
systems such as O/M10), the case is most likely very dif- concentrations, such as the-0.05 case shown in Fig.(h),
ferent. Therefore, we start by looking at the single-particlewe find that the ordering properties change dramatically. In
transition ratel’, which is the key quantity for both tracer this case the order in the(2X 1) phase has weakened, al-
and collective(c.m) diffusion (see Sec. Il B though the qualitative aspects are still similar to those on a

The results shown in Fig.(&) for I" vs 6, reveal that the clean surface. However, for thE2X 2) phase the situation
effect of impurities is almost negligible in the disorderedis much more severe. The order parameter pref@.) is
phase at small coverages, while in the ordered phases faimost symmetrical with respect t6.=1/2, which means
0.>0.36 the case is very different. Rather generally the im-that the role of three-body correlations is now weak. This in
purities enhance the jump rakewith respect to a clean sur- turn implies that thg(2x2) phase has almost disappeared.
face, except at the highest coverages studied here. We expate have not attempted a systematic finite-size scaling study
that this behavior is coupled to the changes in spatial ordeto determine whether or not true long-range order is lost at
ing due to the impurities, an idea which can be quantified byhigher 6. ; in any casel is mostly sensitive to short-range
studying the total order parameter of th€2x 1) phase: order®4%

L
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00 025 05 075 1.0
1 - 0,
: : FIG. 3. Equilibrium behavior of the thermodynamic facfors the coverage
6.. Again, the locations of phase boundaries shown by dashed lines
QE 1072 - e correspond to the case=0 in equilibrium.
| i particle number fluctuations in a whole system. As shown in
10° Fig. 3, the prominent features thbecome smeared out with
00 025 05 075 1.0 increasingc. The thermodynamic factor also behaves very
6, differently from the c.m. diffusion rate. Whil®,, is en-

hanced around the ideal coverages of the ordered phases for
FIG. 2. (a) The dynamical correlation factoi for three values of the ~@n increasing impurity concentration, the thermodynamic
impurity concentrationc in equilibrium. (b) Corresponding data for the factor behaves exactly in the opposite fashion. Also, while
coverage dependence of th_e center-of-mass diffusi_on cot_affib_i@,qj_ The increasing impurity concentration leadd,,, to decrease
locations of phase boundaries for a clean system in equilibrium are shown .
by dashed lines. close to the phase boundaries between the ordered phases,

the thermodynamic factor has an opposite trend. Finally, al-

thoughD. , is only weakly dependent on the impurity con-

A comparison of Figs. (B) and Xb) now reveals a direct centration close to the boundary between the disordered and
correlation between the ordering of the system and th¢y(2x 1) phases, the thermodynamic factor is strongly af-
single-particle diffusion rate. Far=0.01, the average jump fected by the change in the impurity concentration. We have
ratel” and the order parametérare only weakly affected by not attempted a systematic finite-size scaling:.dflowever,
the impurities in thep(2X 1) phase. In thg(2X2) phase, at least close to the phase boundaries ofgifix 1) phase
however, the reduced order leads to an increased diffusione expect the finite-size effects to be rather weak as dis-
rate. Forc=0.05, the situation is rather similar in the?2 cussed in Refs. 41 and 48.

X1) phase, whereas in th®(2Xx2) phase the effects are We now come to the main issue: namely, how the impu-
much more dramatic. In addition 10 being almost constant rity concentration affects the collective diffusion coefficient
between 0.65 0.=<0.85, it has hardly any local minimum D.. The answer to this question lies in the discussion above,
aroundéd.=0.75. This behavior is completely consistent with where we noted that there is an intriguing competition be-
the shape of the order parameter profile in Figp)lWe tweenD.,, and ¢, and that their behavior is even qualita-
conclude that an increasing impurity concentration leads to @vely different close to phase boundaries and in ordered
considerable weakening of short-range order within the orphases. This implies that a changebip,,, due to an increase
dered phases, which therefore affects the transition rates amgl c is to a great extent compensated by a change of opposite
tracer as well as collective diffusion. direction in & This finding is demonstrated in Fig. 4, which

Next, we focus on the correlation factég for Dc. In shows howD ¢ depends on the adatom and impurity concen-
Fig. 2@ we show data fof ¢ vs 6, without impuritie§?and  tration in equilibrium. We find that the behavior Bf; for an
with ¢=0.01 and 0.05. We can see that the effect of impuri-increasing impurity concentration is mostly affected at 0.3
ties is rather strong, withc developing a broad depression at < ¢,<0.62, that is, in the(2x 1) phase, where the behav-
higher coverages. In Fig.(® we show the corresponding ior of D¢ is highly sensitive to the concentration of impuri-
data forD , . Its behavior is very similar to that df at low  ties. In thep(2Xx2) phase, on the other hand, changes are
coverages and close to the ideal coverages of the orderedther minor.
phases, namely, 1/2 and 3/4, where the impurities increasg | ity off _ libri
the diffusion rateD . ,, with respect to a clean system. Close ~ mpurity effects in nonequilibrium
to phase boundaries, on the other hand, increasing the impu- Nonequilibrium studies of diffusion are generally rather
rity concentration leads to a reductiondf ,, . This behav-  problematic, since the diffusion coefficients are well defined
ior of D ,,. is due to a subtle interplay between the dynami-only when the diffusion process can be described by the
cal quantitied” andfc. linear response theory. Recent studies have indeed shown

We now turn our attention to the thermodynamic factorthat equilibrium definitions for diffusion coefficients do not
& which is a global static quantity as it arises from averagavork in nonequilibrium cases as sutit® Consequently,
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FIG. 4. The overall equilibrium behavior of the collective diffusion coeffi- ' -mn t=2000
cientD¢ vs the adatom and impurity concentrations. The locations of phase — ) i
boundaries for a clean system in equilibrium are shown by dashed lines. % 0.50 =
0.25 PN —
various operationalways of defining time-dependent diffu- 10 7 -
sion coefficients in terms of, e.g., particle displacement rates 0.00 = T
or mass flovi>®’~"°have been suggested. Despite their op- 00 025 05 075 10
erational nature, the diffusion coefficients found in this fash- 0

9

ion are often useful since they can provide valuable informa-
tion of diffusion rates under nonequilibrium conditions. F'G-_I% @ NO”eqlt“i”fbfiumFFeSL(’I':)S for fhf Ofdf]f Paf?meﬁﬁ(ﬂ) as in Fig. 5-k

. . uilibrium results from Fig. (b) are also shown for comparison’s sake.
However, On,e. h.as to ke'ep in mind that Fhe rate_s extracte ?)te that the nonequilibriugm results differ slightly from [t)he equilibrium
from nonequilibrium studies depend on a time regime choseBnes at small and large coverages due to a finite-size effect: The order
for an analysis, and the results should converge to their equparameter is calculated over<200 slabs in the BM simulations, while
librium limits as the system approaches equilibrium. equilibrium results correspond to a system of size60.

In the present work, we use two operational approaches

for studying the diffusion behavior during a nonequilibrium
ying g a ing as explained in Refs. 44 and 45. Second, we use the BM

process, as an initially steplike adatom layer spreads in timé" . . . .
First, we concentrate on the time-dependent transition rat nalygls to de'te'rmlne the time dgpendence of the collective
F) o wrih b andD. are proorionln e equ- A" R, sgun o hes s e
librium limit t—oco. This quantity is computed during spread- - :

- d y P gsp I'(t) are shown in Figs. ®) and §b). Forc=0.01, we find

thatI'(t) is essentially similar to its equilibrium value in the
T disordered phase, while in th€2 X< 2) phase there are rela-

: e oo i tively small, but distinct deviations from the equilibrium re-
1 -—-t=10000 | sults. The largest deviations are found in @ X 1) phase,
7 eitrium where the equilibrium and nonequilibrium results differ by a
= 107 3 £ factor of 2—3. Forc=0.05, the behavior of'(t) is very
= 3 e=001 similar to thec=0.01 case, although the differences between
] L equilibrium and nonequilibrium results are now less pro-
. - nounced. In th@(2X2) phase, in particular, we find that the
2 a) \L nonequilibrium behavior of (t) is essentially similar to its
L T T equilibrium limit. In both casegFigs. 5a) and Zb)] the
P I PR results slowly converge towards the equilibrium limit, as ex-
] --- t=2000 [ pected.
_ Totzlowe The order parameter profiles in Figgaand Gb) con-
1 — equilibrium firm our expectations that the system with impurities con-
S 10 3 2005 3 verges very slowly towards equilibrium. The slow conver-
~ o gence as such is not surprising, since in a recent study for a
. - clean surface we foufidithat the BM analysis gives equilib-
7 b) r rium results only at very long timegs 250 000 MCS. In
102 4 \| L the present case far=0.01, there are pronounced deviations
L DL B B from equilibrium behavior at<10 000 MCS, while at later
00 025 05 075 1.0 times around =50 000 MCS the order parameter profile be-
b gins to find its characteristic shape. Yet quantitative devia-

FIG. 5. Nonequilibrium results for the average single-particle transition ratetl,Ons from eqw'llbrlum remain rather Iarge. Ata Iarger Impu_
I'(t) vs the coveragé, for two values of the impurity concentratiarat (a) rity concentr_atlon OfC: 0-057 Fhe order_ parameter profile
¢=0.01 and(b) c=0.05. Time is given in units of one Monte Carlo step. approaches its equilibrium limit exceedingly slowly.
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0.12 PR WU S inversely proportional to the particle number fluctuation rate
| oo D (N3)—(No)?, which has a minimum in ordered phases and a
/ ’ maximum at continuous phase boundaries. Impurities, how-

== t=50000
U —_ .l.b . .
0.08 f — B ever, weaken the short-range order, which leads to an en-

S \ ¢=0.01 | hancement of particle number fluctuations within ordered
_ phases. Close to the boundaries of continuous phase transi-
0.04 B tions, in turn, the critical behavior of the compressibility is

- a) weakened or even wiped out by the surface impurities. Con-
0.0 — - L sequently, particle number fluctuations are reduced as well,

which eventually leads to an enhancement of the thermody-

0.12 ——— Lz(;oo S namic factor. Finally, what comes to the collective diffusion

4 --- t=10000 . coefficient as the concentration of impurities is increased, its
generic behavior depends sensitively on the relative impor-

== t=50000

_I' — equilibrium \,""' |
= 008 - t’!; tance ofD,, and &. Consequently, there are no clear rules
Q" \ ¢=005 r for saying when the c.m. diffusion coefficient or the thermo-
0.04 - L dynamic factor would predominate the behaviornf .
0.0 +———F——1——T1— IV. SUMMARY AND DISCUSSION

0.0 025 05 075 10 Impurities are often undesired on surfaces of solid ma-

b terials. Yet their presence is inevitable, since even under
FIG. 7. Nonequilibrium behavior of the collective diffusion coefficient !Jltrah!g_h-vacuum conditions there are Ofte_n tiny amounts of
Dc(t) vs the adatom and impurity concentrations withc=0.01 andb) ~ impurities such as hydrogen and sulfur which, among others,
c=0.05. can affect the shape of growing islands and the diffusion
characteristics of migrating adpartic* Impurities
should therefore be regarded as an inherent component of

As for collective diffusion, the results in Figs(af and  any surface system. This is why both experimental and the-
7(b) demonstrate that the nonequilibrium conditions do in-oretical works are needed to clarify their role and effects on
fluence the behavior of the collective diffusion coefficient onsurface processes, such as diffusion.
surfaces covered by impurities. This is not too surprising in  In this work, we have approached this issue by examin-
view of the previous results for the order parameter. How-ing how quenched, site-blocking impurities can influence
ever, it is interesting that the deviations are rather smallsingle-particle and collective diffusion behavior at finite cov-
Except for very early times, the differences are almost negerages in ordered phases. To allow a thorough analysis of
ligible in the casec=0.05, which suggests that nonequilib- impurity induced effects for both equilibrium and nonequi-
rium effects in the c.m. motion and thermodynamic particlelibrium cases, we have complemented the equilibrium stud-
number fluctuations cancel each other in this case. d-or ies with profile spreading simulations in nonequilibrium. All
=0.01, the deviations are more obvious and actually rathestudies presented here have been done using a lattice-gas
pronounced around th®(2X 1) phase, but still the nonequi- model of O/W2110), whose equilibrium properties have been
librium effects are rather weak. When these results are conmextensively characterized in the absence of impurities.
pared to those in Fig. 4, we can conclude that impurity ef-  Our results show that immobile impurities can have a
fects onD are most pronounced on a clean surface. major effect on the ordering of adlayers at finite coverages.

The results shown here suggest that nonequilibrium conthe effects are pronounced even at small amounts of impu-
ditions and quenched impurities have certain similarities asities, which reduce the short-range order of an adlayer and
regards their effects on surface diffusion. Most importantly,may eventually even lead to a disappearance of long-range
our results support the idea that they both reduce the ordeorder. The reduction in ordering leads to profound effects on
ing of the adlayer as compared to a clean system in equilibthe diffusion behavior, the greatest effects being observed in
rium. We think that this finding is not specific to any particu- equilibrium for collective diffusion. This is due to thermody-
lar system, but rather is of generic nature, and corresponds twamic particle number fluctuations, which were found to be
a number of systems in which quenched impurifiessides very sensitive on the ordering of the system. Under nonequi-
blocking adsorption sitgsnteract relatively weakly with the librium conditions, we have found that the nonequilibrium
adatoms migrating on a surface. For such systems, we expediffusion results for any impurity concentration deviate
that the disordering of the adatom layer due to impurities orclearly from the equilibrium results for a clean surface.
nonequilibrium conditions leads to a number of generic ef-When the nonequilibrium and equilibrium results were com-
fects on surface diffusion. First of all, the average transitiorpared with a fixed impurity concentration level, however, the
rate is expected to be enhanced if the presence of order tendsviations were found to be relatively small.
to slow down the mobilities of single particles. Second, the  The present results give rise to some important conclu-
thermodynamic factor is smeared out and reduced close tsions which we wish to discuss here briefly. First, the
ideal coverages of ordered phases and enhanced in the viciBoltzmann—Matano technique can be applied to transient
ity of second-order phase boundaries. This is becguse density profiles during spreading to extract an effective,
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time-dependent collective diffusion coefficient. However, wecrometers Thus the data of Butz and Wagner are likely
have shown that the density profiles approach their equilibinfluenced by impurities and steps and, possibly, even non-
rium behaviorvery slowly, and therefore the profiles at early equilibrium conditions(see Fig. 6 in Ref. 56 This is sup-
and intermediate times lead to nonequilibrium diffusion co-ported by the observation that, if the concentration of ideal
efficients that may deviate strongly from their equilibrium guenched impurities were assumed to d»0.2, then the
counterpart§**°Therefore, even on clean surfaces, it is rela-g.51eq oxygen coverages at the positions of the peaks of

tively difficult to find the correct equilibrium results for dif- rof 55 would be 0.5 and 0.75 corresponding to the ideal
fusion coefficients using the BM technique. Further prob- )

. . . . ositions of thep(2x 1) andp(2X 2) phases. Another inter-
lems may be faced in experiments, since it has been Sho\'J(:eg'sting feature of the data presented in Ref. 55 is the decrease

that different experimental techniques may vyield different re- L .
sults for the diffusion coefficientd’* and that the nonequi- of Dc(0) at large coverages. This s in agreement with our

librium nature of some experiments may play a role in thesé)bservatmn that an increasing impurity concentration leads

cases. In view of the present results, this problem is furthel® @ reduction oD¢ at large oxygen coveragésee Fig. 4.

accentuated by the presence of impurities. This should bEinally, Butz and Wagner observed that the effective diffu-
taken into account when the experimental results are beingion barrier of collective diffusion was roughly constant
used for a determination of phase boundaries and orderetithin the coverage range 6s49=<0.9. In a previous work!
phases. we found similar behavior for the O/M¥10) system under

Despite its simplicity, we feel that the present approachnonequilibrium conditions. Since the present study suggests
serves its purpose well in finding generic information of that nonequilibrium conditions and quenched impurities have
impurity-induced effects on adsorption systems. It is cleargffects of the same kind on collective diffusion and ordering,
however, that the results presented here correspond to a sphe results of the present work are consistent with the find-
cific model system based on the lattice-gas description, a faggs of Ref. 55. Further experiments would be most interest-
to be accounted for when the results are compared with othgkg to clarify these issues.

systems. Regarding the lattice-gas approximation, it has been oy final point concerns the range of interactions and
demonstrated in a recent wdfkthat at least in the so-called how it may affect the “critical” impurity concentration

high_—friction limit, the many-particle diffusion properties of above which any deviations from the behavior corresponding

. ) . _ fo a clean surface might be observed. As pointed out above,
lattice-gas picture. A more detailed comparison to any spe-

o : . tpe interaction range between impurities and adatoms in the
cific system would require one to address the importance o . L
.present model is very short. In many systems studied in ex-

direct attractive and repulsive interactions between impurit . :
ties and adatoms. However, this may not be essential in aferiments, however, the interaction range can be much larger

cases. For strongly attractive interactions, for example, it idue to(say dipole—dipole interactions or due to interactions
likely that the impurities would act as trapsucleation sitgs ~ Mmediated by the substrate. This may have a major effect on
and hence form effective impurities whose size would be 40w readily the role of impurities comes up. We expect that
bit larger than the size of a single impurity. Then the effectsthe larger is the interaction range, the smaller is the “criti-
due to impurities would be largely similar to those observedcal” impurity concentration. Therefore, although here we
in this work. We feel that the case o&pulsiveimpurity-  have noticed major effects on diffusion and ordering for im-
adatom interactions would be more interesting, since then thpurity concentrations of the order of a few percent of the
local order around a given impurity could be different from monolayer, in systems with long-range interactions such ef-
the order found elsewhere on clean parts of the surface. Thigcts are likely at much smaller impurity concentrations. Re-
issue is interesting and worth looking at, although it is be-cent experiments and model studies report this idea
yond the scope of the present work. indirectly16:2473-76

Itis interesting to compare our results to those presented e close this work by a brief note about actual condi-
in the classic paper by Butz and Wagfein this article,  tions where surfaces are usually studied. Surfaces are typi-
they presented and discussed experimental data for collectivgyy nothing but ideal. They contain various kinds of defects
diffusion in the O/W111) system. The studies were made by 504 contaminants that change the characteristics of surfaces
the Boltzmann—Matano analysis at temperatures aroung,q .onsequently their diffusion properties. Yet most theoret-

760 °C (in th? high-temperature disordered phaymlch IS" ical and numerical approaches done by far have focused on
somewhat higher than the temperature used in our work.

However, since the transition from tig2x 1) phase to the understanding the case of an ideal surface. However, we are
disordered high-temperature phase takes place around 720 ROW .at a St"."ge Yvhere many of the prominent features of
we can expect the results of Ref. 55 to include orderingd'ﬁus'on on idealized surfaces are well understood. Conse-
effects on small scales, thus allowing a qualitative compariduently, it would be worthwhile to direct more and more
son to some features of our data. Interestingly, Butz an@ffort to examine the properties of surfaces under more real-
Wagner found a major peak &f(6) at ~0.4 and a minor istic conditions. The case where the role of impurities and
one at¢~0.6. Although these peaks are not exactly at theother surface active particles is accounted for is one, but not
expected positions of the(2x 1) andp(2x2) phases, one the only one, of the many situations. Further problems re-
should keep in mind that the studies of Ref. 55 were madénain, and we are looking forward to future work that ad-
over long timeq45-45 min and large distanceseveral mi-  dresses these complicated issues.
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