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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/W~110!, 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 weaker. ©2002
American Institute of Physics.@DOI: 10.1063/1.1505856#

I. INTRODUCTION

Surfaces play a key role in various important technologi-
cal applications such as the growth of semiconductor struc-
tures for electronic devices, the purification of exhaust gases
in the automotive industry, and the wetting of solid materials
by liquids to reduce interfacial tension.1–3 In many cases,
surface diffusion plays a prominent role and may even con-
stitute the rate limiting step in the process. Therefore, more
and more effort has been directed toward understanding the
physical laws of nature that govern the diffusion of adatoms
and more complex molecules on solid surfaces.

In this respect, the last few decades have been very suc-
cessful. Thanks to a wide range of experimental
techniques3–7 such as scanning tunneling microscopy and
field ion microscopy, knowledge of surface structures and
related diffusion mechanisms7–10 is nowadays reasonably
good. Experimental works have been complemented by vari-
ous theoretical activities,11–13 which in turn have provided
plenty of insight into the understanding of the microscopic

details of diffusion processes on solid surfaces. Due to all
these activities, it is fair to say that many of the prominent
features of surface diffusion under ideal conditions in equi-
librium are now well understood.

The situation becomes much more complicated, how-
ever, when the system is no longer ideal, but contains impu-
rities, steps, or other defects that are typical under realistic
conditions.4 The role of impurities, in particular, can be very
dramatic as regards the growth of surfaces or the diffusion of
adparticles on surfaces. This has been observed in various
cases as regards the diffusion of individual~tracer! particles,
in which case many of the generic features due to impurities
and defects are known reasonably well~see below!. As be-
comes evident in the discussion below and which is worth-
while to emphasize already at this stage, the effects due to
impurities and defects on thecollective aspects of surface
systemsare much more poorly understood. This is rather
surprising since a number of phenomena including ordering
and collective diffusion of surface systems are governed by
the collective nature of many-body systems, which impuri-
ties and defects are expected to perturb. To demonstrate the
role of impurities in surface diffusion and, in particular, to
emphasize how the collective aspects of diffusion may be
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distinctly different from the better known case of single-
particle ~tracer! diffusion, we therefore wish to discuss the
two cases separately.

First, as far as single-particle diffusion is concerned,
there is ample evidence that impurities and other defects play
a major role in related processes. For example, experiments
have shown that impurities can affect surface growth by ad-
sorbing preferentially to step edges,2,3,14–16where they may
block the diffusion process and lead to nonsmooth growth.
Certain surfactants, on the other hand, have been noticed to
have an opposite effect in stabilizing smooth, layer-by-layer
growth.17,18 Similarly, some impurities ‘‘poison’’ surfaces as
they block possible reaction sites and thus hinder the reaction
process, while others can promote reactions.14,15,19,20Hydro-
gen, in turn, has been found to either promote or inhibit the
surface diffusion of other adparticles in various systems.21–23

We can thus conclude that the role of impurities can be sig-
nificant, but depends very much on the subtle interplay be-
tween the underlying surface, its structure, and the adpar-
ticles and impurities in question. Of course, this is obvious
under atmospheric conditions, but what is rather surprising is
that even minute impurity levels can be significant under
ultrahigh-vacuum conditions. It has been noted that CO cov-
erages as low as about 1023 monolayers can affect the
growth of islands during homoepitaxial growth on Pt~111!,16

and similar effects have been suggested for Pt dimers on
Pt~110!-~132! under the influence of CO concentrations too
low to be detected by the traditional spectroscopy methods.24

From the theoretical side, the role of impurities is not
well understood. Analytical theories for impurity effects on
surface diffusion of single particles are still very limited,
although some work has been done to clarify their role in the
stability of surface growth.25–27These analytical works have
been complemented with various simulation studies of
simple model systems,25–30an approach which has also been
used in studying impurity effects on the diffusion of tagged
adatoms.31,32

As discussed above, however, the implications of impu-
rities for collective diffusion have received much less
attention20,33 although many surface processes such as
spreading take place over macroscopic distances, and there-
fore the role of surface defects and impurities is clearly sig-
nificant. Two results are known in the special case of
quenched, site-blocking impurities. First, Monte Carlo simu-
lation studies have revealed20,33 that the collective diffusion
coefficientDC of adsorbate particles can be significantly re-
duced from its clean surface counterpart with increasing im-
purity concentration. Second, in the special case of a Lang-
muir gas,DC is independent of the surface coverage with a
fixed ~small! impurity concentration.33 Aside from these
works, the role of impurities in the collective diffusion of
strongly interacting systems in equilibrium has remained an
open question.

The effect of impurities on surface diffusion under non-
equilibrium conditions is another aspect that is even less well
understood, although processes such as surface growth and
surface ordering take place in nonequilibrium. Some work
has been done to clarify the role of impurities on the kinetics
of domain growth,34,35 where impurities can be regarded ei-

ther as a random field36 or site dilution.37 Then it has been
found that the characteristic size of the domainsR̄(t) follows
a power lawR̄(t);tx in time t ~as in the absence of impu-
rities!, but the exponentx depends on the impurity
concentration,38,39 which further affects the late-time behav-
ior of the ordering process.40

We can conclude that the effect of impurities and defects
on the structure and dynamics of particles on solid surfaces
can be very significant. While the case of single particles is
rather well understood at the moment, the situation is much
more obscure in the case of collective processes. Clearly, this
calls for both experimental and theoretical studies to provide
one with better insight into the nature of impurities in col-
lective surface processes.

The objective of the present work is to shed some light
on these issues. We examine the influence of impurities on
surface diffusion and spreading of adatoms corresponding to
both equilibrium and nonequilibrium conditions. To this end,
we study surface diffusion and ordering within the lattice-gas
model O/W~110!, first through equilibrium simulations and
then by carrying out profile spreading experiments in non-
equilibrium together with the Boltzmann–Matano analysis.
We examine how impurities affect the single-particle as well
as collective diffusion properties of adatoms on a surface, the
emphasis being on the case where there are many ordered
phases at low temperatures. As a by-product, we also exam-
ine how impurities affect the ordering of the system and how
these changes couple to the diffusion behavior.

We find that even minute impurity concentrations in
equilibrium can lead to major changes in the diffusion coef-
ficients. These changes are most pronounced in ordered
phases and close to phase boundaries, where quenched im-
purities lead to a loss of the order in the system. The changes
in the diffusion coefficients become more prominent as the
impurity concentration is increased. For impurity concentra-
tions of the order of a few percent of the maximum coverage,
we even find changes in the phase behavior as ordered
phases at large coverages essentially disappear. Further stud-
ies by the Boltzmann–Matano technique reveal that nonequi-
librium effects on surface diffusion are very pronounced on
clean surfaces, while on surfaces covered by impurities the
role of nonequilibrium conditions is weaker. This is essen-
tially due to the similarity between disorder as induced either
by nonequilibrium conditions or by the presence of impuri-
ties on the surface. We expect that our results may have
relevance to understanding some of the generic effects of
impurities in systems where impurities lead to a reduction of
order.

II. THEORETICAL BACKGROUND

A. Model

The lattice-gas Hamiltonian employed in this work is a
model of the O/W~110! adsorption system. The Hamiltonian
includes contributions due to two-body and three-body inter-
actions between oxygen adatoms, and the interaction param-
eters have been chosen41,42 such that the resulting phase dia-
gram is in close agreement with the experimental
observations.43 In the present study we concentrate on the
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coverage dependence of surface diffusion and ordering at a
temperature ofT5500 K to allow direct comparison to re-
cent equilibrium and nonequilibrium data of this system
without impurities.41,42,44,45At T5590 K, previous studies
for a clean system in equilibrium have shown that there is a
continuous phase transition aroundu'0.36 from the low-
coverage disordered~DO! phase to thep(231) phase that is
found aroundu51/2. At higher coverages there is another
transition aroundu'0.59 from thep(231) to thep(232)
phase, which in turn undergoes a transition to the disordered
phase atu'0.78. The locations of these phase boundaries
change slightly under nonequilibrium conditions, as ex-
tracted from Boltzmann–Matano analysis.45

In the present studies, the underlying Hamiltonian for a
clean O/W~110! system is complemented to account for the
role of impurities. To this end, we assume that a fixed frac-
tion of all adsorption sites are occupied by impurities, which
are described as randomly distributed quenched~immobile!
adparticles. Interactions between impurities and the oxygen
adatoms are described by an infinitely repulsive, on-site
blocking interaction, in analogy to site dilution in lattice-gas
models. Any further attractive or repulsive interactions be-
tween the impurities and oxygen adatoms are not considered
here.46 The present approach should therefore be regarded as
a minimal model whose aim is to examine generic effects of
impurities in systems, where blocking is the main effect.

The coverage of impurity atoms is defined asc
5NI /N, whereNI is the number of impurity particles andN
is the total number of adsorption sites on a surface. Similarly
we define the oxygen coverageu5NO/N for a system ofNO

oxygen atoms. To allow comparison of results with different
impurity concentrations, we define

uc5
u

12c
, ~1!

which describes the coverage of oxygen atoms on a surface
wherecN sites are covered by immobile impurities. Our nu-
merical data in this work have been averaged over 10–15
different randomly chosen quenched impurity configurations.

In our Monte Carlo~MC! simulations, we employ the
transition dynamics algorithm41,44 ~TDA! in which the diffu-
sion events are modeled such that the thermally activated
nature of a diffusion process over an adiabatic diffusion bar-
rier has been accounted for. The use of the TDA is supported
by recent molecular dynamics simulations,47–49 where it
was found that the TDA is qualitatively consistent with
the dynamics seen in a true microscopic model of a system
consisting of interacting particles. The time is defined in
terms of one Monte Carlo step~MCS!, during which every
particle attempts to jump once on the average. Further details
and additional references of this approach can be found in
Ref. 41.

B. Equilibrium studies

The equilibrium studies were made in a square system of
sizeL3L with L between 30 and 120. Therefore the number
of adsorption sites in this case isN5L2. Periodic boundary
conditions were employed in all directions. We measured the

collective diffusion coefficientDC(u,c) as in Ref. 42. For a
chosen c, we first extracted the thermodynamic factor
j(u,c)51/kBTukT , which is inversely proportional to the
compressibility of the adlayer,kT . This quantity is most eas-
ily extracted from grand-canonical simulations, whereNO

fluctuates around̂NO&, butNI is fixed. Next, we determined
the coefficient

Dc.m.5 lim
t→`

1

4NOt
K U(

i 51

NO

@rW i~ t !2rW i~0!#U2L , ~2!

which describes the center-of-mass~c.m.! motion of the
whole adsorbate system in equilibrium and is obtained from
canonical simulations with a fixed particle number. The c.m.
diffusion coefficient is very useful in the framework of
lattice-gas studies, since then it provides us with information
of collective as well as single-particle motion. For lattice-gas
systems, there is an exact decomposition of it as

Dc.m.~u!5
a2

4
G~u! f C~u!, ~3!

wherea is the average jump length~usually the lattice con-
stant! and G is the average single-particle transition
rate.13,50–52The dynamical correlations between consecutive
c.m. displacements are characterized by the correlation factor
f C , which for collective diffusion only rather weakly de-
pends on ordering effects.42 ThusDc.m.;G. Since the tracer
diffusion coefficientDT}G,51,52 we can useDc.m. to infer
approximate information of single-particle diffusion rates
and tracer diffusion behavior.

Having found the c.m. diffusion coefficient, the two
quantities yield the collective diffusion coefficient as

DC5jDc.m.. ~4!

This expression clearly shows howDC arises from two com-
peting factors. The thermodynamic factor plays the role of
ordering via particle number fluctuations, while the center-
of-mass diffusion coefficient is of dynamic nature and has its
origin in the motion of individual particles.

C. Nonequilibrium studies

For nonequilibrium studies of surface diffusion and or-
dering, we consider the spreading of a coverage profile
u(x,t) in a semi-infinite system, which ranges from2` to
1` in the x direction and whose widthLy is typically 200–
1000 lattice units in they direction. The exact system size
used is mentioned below when relevant. Periodic boundary
conditions are employed in they direction. The coverage
profile is initially a step function atx50 @u(x,0)512c for
x,0 andu(x,0)50 for x.0] and includes a randomly cho-
sen impurity configuration over the whole semi-infinite slab.
Thus, as the profile evolves in timet.0 in the1x direction,
the oxygen atoms have to migrate through an environment of
immobile, site-blocking impurities.

To determine the collective diffusion coefficientDC(u),
we use the Boltzmann–Matano~BM! method5,53,54 ~as in
Ref. 44!, whereDC(u) can be determined from scaled den-
sity profiles as
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DC~u!5
1

2t S dx

du8
D U

u

E
0

u

x~u8!du8. ~5!

The BM method has been applied to a number of
experiments55–61 and simulation studies44,45,62–65during the
last few decades.

Its popularity is largely due to a fact that it allows one to
determineDC over a wide coverage range even from a single
experiment. The disadvantage is that the coverage profiles
are macroscopic~usually of the order of 1mm in the direc-
tion of spreading! ~Refs. 58–61! and the experiments can
last for several hours or even days.58,59,61Thus contamination
of the surface becomes a problem, and steps and other de-
fects play a role as well. The effects of these factors are
somehow included in the diffusion coefficients found by the
BM analysis, and the problem is that there is no obvious way
to decompose them.

In systems with strong interactions and ordered phases,
the nonequilibrium character of spreading becomes an im-
portant issue. The BM method is based on the assumption
that, in the long-time limit, the coverage profilesu(x,t) col-
lapse to a single scaling function when expressed as
u(x/At). If this condition is truly satisfied,DC(u) obtained
from Eq.~5! corresponds to the actual diffusion coefficient in
equilibrium. Otherwise, the effectiveDC(u) in Eq. ~5! is a
nonequilibrium quantity and depends on a time regime cho-
sen for an analysis. For the clean O/W~110! system, Refs. 44
and 45 present a detailed study of nonequilibrium effects
arising from the BM analysis. These data will be used as a
reference for the present work.

III. RESULTS

A. Impurity effects in equilibrium

Our first task is to identify how impurities affect the
diffusion behavior and ordering in equilibrium. The case of a
single~tracer! particle diffusing in a lattice with moving and
static background has been studied analytically,31,66 and it is
known thatDT approaches monotonically zero when the im-
mobile impurity concentration approaches the site percola-
tion threshold of the underlying lattice. The same result must
hold for a finite concentration of tracer particles, too. Fur-
thermore, for collective diffusion of Langmuir gas particles it
has been shown thatDC(u) remains constant when the im-
purities are immobile.33 However, for strongly interacting
systems such as O/W~110!, the case is most likely very dif-
ferent. Therefore, we start by looking at the single-particle
transition rateG, which is the key quantity for both tracer
and collective~c.m.! diffusion ~see Sec. II B!.

The results shown in Fig. 1~a! for G vs uc reveal that the
effect of impurities is almost negligible in the disordered
phase at small coverages, while in the ordered phases for
uc.0.36 the case is very different. Rather generally the im-
purities enhance the jump rateG with respect to a clean sur-
face, except at the highest coverages studied here. We expect
that this behavior is coupled to the changes in spatial order-
ing due to the impurities, an idea which can be quantified by
studying the total order parameter of thep(231) phase:

f[Af231
2 1u132

2 . ~6!

Heref231 andf132 are the order parameter components of
the degeneratep(231) andp(132) phases,

f231[
2

L2 (
i , j 51

L

ni j ~21! i , ~7!

f132[
2

L2 (
i , j 51

L

ni j ~21! j , ~8!

and are defined in terms of the occupation variablesni , j (t)
50,1 of the lattice site at (i , j ) in a square system of size
L3L. The results shown in Fig. 1~b! for f indeed indicate
that even minor impurity concentrations of the order of 1%
can change the ordering properties of the adlayer at large
oxygen coverages, where the density of impurities relative to
vacant sites becomes more significant. For larger impurity
concentrations, such as thec50.05 case shown in Fig. 1~b!,
we find that the ordering properties change dramatically. In
this case the order in thep(231) phase has weakened, al-
though the qualitative aspects are still similar to those on a
clean surface. However, for thep(232) phase the situation
is much more severe. The order parameter profilef(uc) is
almost symmetrical with respect touc51/2, which means
that the role of three-body correlations is now weak. This in
turn implies that thep(232) phase has almost disappeared.
We have not attempted a systematic finite-size scaling study
to determine whether or not true long-range order is lost at
higheruc ; in any case,G is mostly sensitive to short-range
order.44,45

FIG. 1. ~a! Equilibrium results for the average single-particle transition rate
G vs the coverageuc for a clean surface (c50) and for two cases including
immobile impurities (c50.01 andc50.05). The locations of phase bound-
aries for an equilibrium system atc50 are shown by dashed lines.~b!
Corresponding data for the order parameterf.
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A comparison of Figs. 1~a! and 1~b! now reveals a direct
correlation between the ordering of the system and the
single-particle diffusion rate. Forc50.01, the average jump
rateG and the order parameterf are only weakly affected by
the impurities in thep(231) phase. In thep(232) phase,
however, the reduced order leads to an increased diffusion
rate. Forc50.05, the situation is rather similar in thep(2
31) phase, whereas in thep(232) phase the effects are
much more dramatic. In addition toG being almost constant
between 0.65<uc<0.85, it has hardly any local minimum
arounduc50.75. This behavior is completely consistent with
the shape of the order parameter profile in Fig. 1~b!. We
conclude that an increasing impurity concentration leads to a
considerable weakening of short-range order within the or-
dered phases, which therefore affects the transition rates and
tracer as well as collective diffusion.

Next, we focus on the correlation factorf C for DC . In
Fig. 2~a! we show data forf C vs uc without impurities42 and
with c50.01 and 0.05. We can see that the effect of impuri-
ties is rather strong, withf C developing a broad depression at
higher coverages. In Fig. 2~b! we show the corresponding
data forDc.m.. Its behavior is very similar to that ofG at low
coverages and close to the ideal coverages of the ordered
phases, namely, 1/2 and 3/4, where the impurities increase
the diffusion rateDc.m. with respect to a clean system. Close
to phase boundaries, on the other hand, increasing the impu-
rity concentration leads to a reduction ofDc.m.. This behav-
ior of Dc.m. is due to a subtle interplay between the dynami-
cal quantitiesG and f C .

We now turn our attention to the thermodynamic factor
j, which is a global static quantity as it arises from average

particle number fluctuations in a whole system. As shown in
Fig. 3, the prominent features inj become smeared out with
increasingc. The thermodynamic factor also behaves very
differently from the c.m. diffusion rate. WhileDc.m. is en-
hanced around the ideal coverages of the ordered phases for
an increasing impurity concentration, the thermodynamic
factor behaves exactly in the opposite fashion. Also, while
increasing impurity concentration leadsDc.m. to decrease
close to the phase boundaries between the ordered phases,
the thermodynamic factor has an opposite trend. Finally, al-
thoughDc.m. is only weakly dependent on the impurity con-
centration close to the boundary between the disordered and
p(231) phases, the thermodynamic factor is strongly af-
fected by the change in the impurity concentration. We have
not attempted a systematic finite-size scaling ofj. However,
at least close to the phase boundaries of thep(231) phase
we expect the finite-size effects to be rather weak as dis-
cussed in Refs. 41 and 48.

We now come to the main issue: namely, how the impu-
rity concentration affects the collective diffusion coefficient
DC . The answer to this question lies in the discussion above,
where we noted that there is an intriguing competition be-
tweenDc.m. and j, and that their behavior is even qualita-
tively different close to phase boundaries and in ordered
phases. This implies that a change inDc.m. due to an increase
in c is to a great extent compensated by a change of opposite
direction inj. This finding is demonstrated in Fig. 4, which
shows howDC depends on the adatom and impurity concen-
tration in equilibrium. We find that the behavior ofDC for an
increasing impurity concentration is mostly affected at 0.3
<uc<0.62, that is, in thep(231) phase, where the behav-
ior of DC is highly sensitive to the concentration of impuri-
ties. In thep(232) phase, on the other hand, changes are
rather minor.

B. Impurity effects in nonequilibrium

Nonequilibrium studies of diffusion are generally rather
problematic, since the diffusion coefficients are well defined
only when the diffusion process can be described by the
linear response theory. Recent studies have indeed shown
that equilibrium definitions for diffusion coefficients do not
work in nonequilibrium cases as such.67,68 Consequently,

FIG. 2. ~a! The dynamical correlation factorf C for three values of the
impurity concentrationc in equilibrium. ~b! Corresponding data for the
coverage dependence of the center-of-mass diffusion coefficientDc.m.. The
locations of phase boundaries for a clean system in equilibrium are shown
by dashed lines.

FIG. 3. Equilibrium behavior of the thermodynamic factorj vs the coverage
uc . Again, the locations of phase boundaries shown by dashed lines
correspond to the casec50 in equilibrium.
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variousoperationalways of defining time-dependent diffu-
sion coefficients in terms of, e.g., particle displacement rates
or mass flow35,67–70have been suggested. Despite their op-
erational nature, the diffusion coefficients found in this fash-
ion are often useful since they can provide valuable informa-
tion of diffusion rates under nonequilibrium conditions.
However, one has to keep in mind that the rates extracted
from nonequilibrium studies depend on a time regime chosen
for an analysis, and the results should converge to their equi-
librium limits as the system approaches equilibrium.

In the present work, we use two operational approaches
for studying the diffusion behavior during a nonequilibrium
process, as an initially steplike adatom layer spreads in time.
First, we concentrate on the time-dependent transition rate
G(t) to which bothDC andDT are proportional in the equi-
librium limit t→`. This quantity is computed during spread-

ing as explained in Refs. 44 and 45. Second, we use the BM
analysis to determine the time dependence of the collective
diffusion coefficient, again following Refs. 44 and 45.

Nonequilibrium results for the average transition rate
G(t) are shown in Figs. 5~a! and 5~b!. For c50.01, we find
thatG(t) is essentially similar to its equilibrium value in the
disordered phase, while in thep(232) phase there are rela-
tively small, but distinct deviations from the equilibrium re-
sults. The largest deviations are found in thep(231) phase,
where the equilibrium and nonequilibrium results differ by a
factor of 2–3. Forc50.05, the behavior ofG(t) is very
similar to thec50.01 case, although the differences between
equilibrium and nonequilibrium results are now less pro-
nounced. In thep(232) phase, in particular, we find that the
nonequilibrium behavior ofG(t) is essentially similar to its
equilibrium limit. In both cases@Figs. 5~a! and 5~b!# the
results slowly converge towards the equilibrium limit, as ex-
pected.

The order parameter profiles in Figs. 6~a! and 6~b! con-
firm our expectations that the system with impurities con-
verges very slowly towards equilibrium. The slow conver-
gence as such is not surprising, since in a recent study for a
clean surface we found45 that the BM analysis gives equilib-
rium results only at very long times (t@250 000 MCS!. In
the present case forc50.01, there are pronounced deviations
from equilibrium behavior att<10 000 MCS, while at later
times aroundt550 000 MCS the order parameter profile be-
gins to find its characteristic shape. Yet quantitative devia-
tions from equilibrium remain rather large. At a larger impu-
rity concentration ofc50.05, the order parameter profile
approaches its equilibrium limit exceedingly slowly.

FIG. 4. The overall equilibrium behavior of the collective diffusion coeffi-
cientDC vs the adatom and impurity concentrations. The locations of phase
boundaries for a clean system in equilibrium are shown by dashed lines.

FIG. 5. Nonequilibrium results for the average single-particle transition rate
G(t) vs the coverageuc for two values of the impurity concentrationc at ~a!
c50.01 and~b! c50.05. Time is given in units of one Monte Carlo step.

FIG. 6. ~a! Nonequilibrium results for the order parameterf(t) as in Fig. 5.
Equilibrium results from Fig. 1~b! are also shown for comparison’s sake.
Note that the nonequilibrium results differ slightly from the equilibrium
ones at small and large coverages due to a finite-size effect: The order
parameter is calculated over 23200 slabs in the BM simulations, while
equilibrium results correspond to a system of size 60360.
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As for collective diffusion, the results in Figs. 7~a! and
7~b! demonstrate that the nonequilibrium conditions do in-
fluence the behavior of the collective diffusion coefficient on
surfaces covered by impurities. This is not too surprising in
view of the previous results for the order parameter. How-
ever, it is interesting that the deviations are rather small.
Except for very early times, the differences are almost neg-
ligible in the casec50.05, which suggests that nonequilib-
rium effects in the c.m. motion and thermodynamic particle
number fluctuations cancel each other in this case. Forc
50.01, the deviations are more obvious and actually rather
pronounced around thep(231) phase, but still the nonequi-
librium effects are rather weak. When these results are com-
pared to those in Fig. 4, we can conclude that impurity ef-
fects onDC are most pronounced on a clean surface.

The results shown here suggest that nonequilibrium con-
ditions and quenched impurities have certain similarities as
regards their effects on surface diffusion. Most importantly,
our results support the idea that they both reduce the order-
ing of the adlayer as compared to a clean system in equilib-
rium. We think that this finding is not specific to any particu-
lar system, but rather is of generic nature, and corresponds to
a number of systems in which quenched impurities~besides
blocking adsorption sites! interact relatively weakly with the
adatoms migrating on a surface. For such systems, we expect
that the disordering of the adatom layer due to impurities or
nonequilibrium conditions leads to a number of generic ef-
fects on surface diffusion. First of all, the average transition
rate is expected to be enhanced if the presence of order tends
to slow down the mobilities of single particles. Second, the
thermodynamic factor is smeared out and reduced close to
ideal coverages of ordered phases and enhanced in the vicin-
ity of second-order phase boundaries. This is becausej is

inversely proportional to the particle number fluctuation rate
^NO

2 &2^NO&2, which has a minimum in ordered phases and a
maximum at continuous phase boundaries. Impurities, how-
ever, weaken the short-range order, which leads to an en-
hancement of particle number fluctuations within ordered
phases. Close to the boundaries of continuous phase transi-
tions, in turn, the critical behavior of the compressibility is
weakened or even wiped out by the surface impurities. Con-
sequently, particle number fluctuations are reduced as well,
which eventually leads to an enhancement of the thermody-
namic factor. Finally, what comes to the collective diffusion
coefficient as the concentration of impurities is increased, its
generic behavior depends sensitively on the relative impor-
tance ofDc.m. andj. Consequently, there are no clear rules
for saying when the c.m. diffusion coefficient or the thermo-
dynamic factor would predominate the behavior ofDC .

IV. SUMMARY AND DISCUSSION

Impurities are often undesired on surfaces of solid ma-
terials. Yet their presence is inevitable, since even under
ultrahigh-vacuum conditions there are often tiny amounts of
impurities such as hydrogen and sulfur which, among others,
can affect the shape of growing islands and the diffusion
characteristics of migrating adparticles.16,24 Impurities
should therefore be regarded as an inherent component of
any surface system. This is why both experimental and the-
oretical works are needed to clarify their role and effects on
surface processes, such as diffusion.

In this work, we have approached this issue by examin-
ing how quenched, site-blocking impurities can influence
single-particle and collective diffusion behavior at finite cov-
erages in ordered phases. To allow a thorough analysis of
impurity induced effects for both equilibrium and nonequi-
librium cases, we have complemented the equilibrium stud-
ies with profile spreading simulations in nonequilibrium. All
studies presented here have been done using a lattice-gas
model of O/W~110!, whose equilibrium properties have been
extensively characterized in the absence of impurities.

Our results show that immobile impurities can have a
major effect on the ordering of adlayers at finite coverages.
The effects are pronounced even at small amounts of impu-
rities, which reduce the short-range order of an adlayer and
may eventually even lead to a disappearance of long-range
order. The reduction in ordering leads to profound effects on
the diffusion behavior, the greatest effects being observed in
equilibrium for collective diffusion. This is due to thermody-
namic particle number fluctuations, which were found to be
very sensitive on the ordering of the system. Under nonequi-
librium conditions, we have found that the nonequilibrium
diffusion results for any impurity concentration deviate
clearly from the equilibrium results for a clean surface.
When the nonequilibrium and equilibrium results were com-
pared with a fixed impurity concentration level, however, the
deviations were found to be relatively small.

The present results give rise to some important conclu-
sions which we wish to discuss here briefly. First, the
Boltzmann–Matano technique can be applied to transient
density profiles during spreading to extract an effective,

FIG. 7. Nonequilibrium behavior of the collective diffusion coefficient
DC(t) vs the adatom and impurity concentrations with~a! c50.01 and~b!
c50.05.
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time-dependent collective diffusion coefficient. However, we
have shown that the density profiles approach their equilib-
rium behaviorveryslowly, and therefore the profiles at early
and intermediate times lead to nonequilibrium diffusion co-
efficients that may deviate strongly from their equilibrium
counterparts.44,45Therefore, even on clean surfaces, it is rela-
tively difficult to find the correct equilibrium results for dif-
fusion coefficients using the BM technique. Further prob-
lems may be faced in experiments, since it has been shown
that different experimental techniques may yield different re-
sults for the diffusion coefficients63,71 and that the nonequi-
librium nature of some experiments may play a role in these
cases. In view of the present results, this problem is further
accentuated by the presence of impurities. This should be
taken into account when the experimental results are being
used for a determination of phase boundaries and ordered
phases.

Despite its simplicity, we feel that the present approach
serves its purpose well in finding generic information of
impurity-induced effects on adsorption systems. It is clear,
however, that the results presented here correspond to a spe-
cific model system based on the lattice-gas description, a fact
to be accounted for when the results are compared with other
systems. Regarding the lattice-gas approximation, it has been
demonstrated in a recent work72 that at least in the so-called
high-friction limit, the many-particle diffusion properties of
continuum adsorption systems are well approximated by the
lattice-gas picture. A more detailed comparison to any spe-
cific system would require one to address the importance of
direct attractive and repulsive interactions between impuri-
ties and adatoms. However, this may not be essential in all
cases. For strongly attractive interactions, for example, it is
likely that the impurities would act as traps~nucleation sites!
and hence form effective impurities whose size would be a
bit larger than the size of a single impurity. Then the effects
due to impurities would be largely similar to those observed
in this work. We feel that the case ofrepulsive impurity-
adatom interactions would be more interesting, since then the
local order around a given impurity could be different from
the order found elsewhere on clean parts of the surface. This
issue is interesting and worth looking at, although it is be-
yond the scope of the present work.

It is interesting to compare our results to those presented
in the classic paper by Butz and Wagner.55 In this article,
they presented and discussed experimental data for collective
diffusion in the O/W~111! system. The studies were made by
the Boltzmann–Matano analysis at temperatures around
760 °C ~in the high-temperature disordered phase!, which is
somewhat higher than the temperature used in our work.
However, since the transition from thep(231) phase to the
disordered high-temperature phase takes place around 720 K,
we can expect the results of Ref. 55 to include ordering
effects on small scales, thus allowing a qualitative compari-
son to some features of our data. Interestingly, Butz and
Wagner found a major peak ofDC(u) at u'0.4 and a minor
one atu'0.6. Although these peaks are not exactly at the
expected positions of thep(231) andp(232) phases, one
should keep in mind that the studies of Ref. 55 were made
over long times~5–45 min! and large distances~several mi-

crometers!. Thus the data of Butz and Wagner are likely
influenced by impurities and steps and, possibly, even non-
equilibrium conditions~see Fig. 6 in Ref. 55!. This is sup-
ported by the observation that, if the concentration of ideal
quenched impurities were assumed to bec50.2, then the
scaled oxygen coveragesuc at the positions of the peaks of
Ref. 55 would be 0.5 and 0.75, corresponding to the ideal
positions of thep(231) andp(232) phases. Another inter-
esting feature of the data presented in Ref. 55 is the decrease
of DC(u) at large coverages. This is in agreement with our
observation that an increasing impurity concentration leads
to a reduction ofDC at large oxygen coverages~see Fig. 4!.
Finally, Butz and Wagner observed that the effective diffu-
sion barrier of collective diffusion was roughly constant
within the coverage range 0.4<u<0.9. In a previous work,44

we found similar behavior for the O/W~110! system under
nonequilibrium conditions. Since the present study suggests
that nonequilibrium conditions and quenched impurities have
effects of the same kind on collective diffusion and ordering,
the results of the present work are consistent with the find-
ings of Ref. 55. Further experiments would be most interest-
ing to clarify these issues.

Our final point concerns the range of interactions and
how it may affect the ‘‘critical’’ impurity concentration
above which any deviations from the behavior corresponding
to a clean surface might be observed. As pointed out above,
the interaction range between impurities and adatoms in the
present model is very short. In many systems studied in ex-
periments, however, the interaction range can be much larger
due to~say! dipole–dipole interactions or due to interactions
mediated by the substrate. This may have a major effect on
how readily the role of impurities comes up. We expect that
the larger is the interaction range, the smaller is the ‘‘criti-
cal’’ impurity concentration. Therefore, although here we
have noticed major effects on diffusion and ordering for im-
purity concentrations of the order of a few percent of the
monolayer, in systems with long-range interactions such ef-
fects are likely at much smaller impurity concentrations. Re-
cent experiments and model studies report this idea
indirectly.16,24,73–76

We close this work by a brief note about actual condi-
tions where surfaces are usually studied. Surfaces are typi-
cally nothing but ideal. They contain various kinds of defects
and contaminants that change the characteristics of surfaces
and consequently their diffusion properties. Yet most theoret-
ical and numerical approaches done by far have focused on
understanding the case of an ideal surface. However, we are
now at a stage where many of the prominent features of
diffusion on idealized surfaces are well understood. Conse-
quently, it would be worthwhile to direct more and more
effort to examine the properties of surfaces under more real-
istic conditions. The case where the role of impurities and
other surface active particles is accounted for is one, but not
the only one, of the many situations. Further problems re-
main, and we are looking forward to future work that ad-
dresses these complicated issues.
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30L. Gómez and J. Ferro´n, Phys. Rev. B64, 033409~2001!.
31J. W. Haus and K. W. Kehr, Phys. Rep.150, 263 ~1987!.
32S. M. Lee, Y. H. Lee, and N. Kim, Surf. Sci.470, 89 ~2000!.
33C. H. Mak, H. C. Andersen, and S. M. George, J. Chem. Phys.88, 4052

~1988!.
34Kinetics of Ordering and Growth at Surfaces, edited by M. G. Lagally

~Plenum, New York, 1990!.
35M. C. Tringides, inThe Chemical Physics of Solid Surfaces and Hetero-

geneous Catalysis: Phase Transitions and Restructuring of Metal Sur-
faces, edited by D. A. King and D. P. Woodruff~Elsevier, Amsterdam,
1994!, Vol. 7, Chap. 6.

36M. Grant and J. D. Gunton, Phys. Rev. B29, 1521~1984!.
37D. Chowdhury, M. Grant, and J. D. Gunton, Phys. Rev. B35, 6792~1987!.
38J.-K. Zuo, G.-C. Wang, and T.-M. Lu, Phys. Rev. Lett.60, 1053~1988!.
39J.-K. Zuo, G.-C. Wang, and T.-M. Lu, Phys. Rev. B40, 524 ~1989!.
40D. J. Srolovitz and G. N. Hassold, Phys. Rev. B35, 6902~1987!.
41I. Vattulainen, J. Merikoski, T. Ala-Nissila, and S. C. Ying, Phys. Rev. B

57, 1896~1998!.
42I. Vattulainen, S. C. Ying, T. Ala-Nissila, and J. Merikoski, Phys. Rev. B

59, 7697~1999!.

43G.-C. Wang, T.-M. Lu, and M. G. Lagally, J. Chem. Phys.69, 479~1978!;
C. R. Brundle and J. Q. Broughton, inThe Chemical Physics of Solid
Surfaces and Heterogeneous Catalysis: Chemisorption Systems, edited by
D. A. King and D. P. Woodruff~Elsevier, Amsterdam, 1990!, Vol. 3A,
Chap. 3; K. E. Johnson, R. J. Wilson, and S. Chiang, Phys. Rev. Lett.71,
1055 ~1993!.

44P. Nikunen, I. Vattulainen, and T. Ala-Nissila, Surf. Sci.447, L162 ~2000!.
45P. Nikunen, I. Vattulainen, and T. Ala-Nissila, J. Chem. Phys.114, 6335

~2001!.
46Including further repulsive or attractive impurity-oxygen interactions into

the model would be straightforward, but not justified. First, we wish to
study generic features of impurities in surface systems rather than focus
on any impurity in particular. Second, even if some particular atom such
as sulfur were chosen to act as an impurity, we lack any knowledge of its
interactions with oxygen on W~110!. Finding such information would re-
quire very careful experiments or first-principles calculations, which under
present circumstances are not available.

47I. Vattulainen, S. C. Ying, T. Ala-Nissila, and J. Merikoski, J. Chem. Phys.
111, 11232~1999!.

48I. Vattulainen, J. Merikoski, T. Ala-Nissila, and S. C. Ying, Phys. Rev.
Lett. 80, 5456~1998!.

49I. Vattulainen, J. Merikoski, S. C. Ying, and T. Ala-Nissila, Europhys. Lett.
51, 361 ~2000!.

50D. A. Reed and G. Ehrlich, Surf. Sci.102, 588 ~1981!.
51T. Hjelt, I. Vattulainen, J. Merikoski, T. Ala-Nissila, and S. C. Ying, Surf.

Sci. 380, L501 ~1997!.
52T. Hjelt, I. Vattulainen, J. Merikoski, T. Ala-Nissila, and S. C. Ying, Surf.

Sci. 402–404, 253 ~1998!.
53C. Matano, Jpn. J. Phys.8, 109 ~1933!.
54J. Crank,The Mathematics of Diffusion~Oxford University Press, Oxford,

1995!.
55R. Butz and H. Wagner, Surf. Sci.63, 448 ~1977!.
56E. Suliga and M. Henzler, J. Phys. C16, 1543~1983!.
57A. G. Naumovets, M. V. Paliy, and Yu. S. Vedula, Phys. Rev. Lett.71, 105

~1993!.
58A. T. Loburets, A. G. Naumovets, N. B. Senenko, and Yu. S. Vedula, Z.

Phys. Chem.~Münich! 202, 75 ~1997!.
59A. T. Loburets, A. G. Naumovets, and Yu. S. Vedula, Surf. Sci.399, 297

~1998!.
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