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We study the nature of nonequilibrium effects in the collective diffusion coefficientDC(u) vs the
coverageu as extracted from Boltzmann–Matano analysis of spreading coverage profiles. We focus
on the temporal behavior of the profiles and study how the corresponding nonequilibrium effects in
DC(u) depend on the initial density gradient and the initial state from which the spreading starts. To
this end, we carry out extensive Monte Carlo simulations for a lattice-gas model of the O/W~110!
system. Studies of submonolayer spreading from an initially orderedp(231) phase atu51

2 reveal
that the spreading and diffusion rates in directions parallel and perpendicular to rows of oxygen
atoms are significantly different within the ordered phase. Aside from this effect, we find that the
degree of ordering in the initial phase has a relatively small impact on the overall behavior of
DC(u). Also, although we find that nonequilibrium effects are clearly present in submonolayer
spreading profiles,DC(u) determined from such data approaches its asymptotic equilibrium
behavior much more rapidly than in the case of full spreading. Nevertheless, in both cases there are
noticeable deviations from equilibrium results that persist even at very long times and are strongest
in ordered phases and in the vicinity of phase boundaries. These conclusions are confirmed by
complementary studies of the temporal behavior of the order parameterf~u!. Finally, we useDC(u)
and f~u! to determine the locations of phase boundaries and find such data to be clearly time
dependent during full spreading. We conclude that nonequilibrium effects seem to be an inherent
feature in profile evolution studies of surface diffusion in all cases where ordering plays a prominent
role. This warrants particular care to be taken with profile spreading experiments. ©2001
American Institute of Physics.@DOI: 10.1063/1.1355765#
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I. INTRODUCTION

The transport of adatoms and molecules on surfa
plays a major role in various physical processes such as
formation of nanostructures via self-assembly or clus
deposition, chemical reactions, and spreading of t
films.1–3 The fundamental as well as technological inter
for understanding the basic principles that govern surf
diffusion is therefore evident. This has motivated a lot
experimental and theoretical activities1–8 which have yielded
intriguing insight in the diffusion characteristics in many su
face adsorbate systems. This includes studies of the m
scopic mechanisms by which adparticles and clusters m
along the surface, and how the diffusion rates are influen
by interaction effects between adparticles. However, one
the long-standing problems in experimental studies of s
face diffusion regards a variety of experimental techniqu
whose results even for the same surface systems

a!Electronic mail: ilpo.vattulainen@csc.fi
6330021-9606/2001/114(14)/6335/8/$18.00
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strongly depend on the technique used.2,6 This is relatively
easy to understand in cases where one compares me
which probe the diffusion process strictly in equilibrium wi
other techniques that operate under far-from-equilibri
conditions. Various experimental and theoretical stud
have shown5,6,9–14 that such nonequilibrium measuremen
may yield results that are distinctly different from the equ
librium ones.

An intriguing situation arises when there are onlyslight
deviations from equilibrium, in the sense that one might e
pect the assumption of local equilibrium to be satisfied, a
the linear response theory leading to the diffusion equatio
be valid. This is typically the case in profile evolution me
surements of surface diffusion,4,15–21 where the equilibrium
theory is often used to analyze the measurements. In s
tions where there are no ordered phases present, recent
ful studies have shown21,22 that very good agreement wit
the equilibrium results can be obtained when spreading
curs in the submonolayer regime without ordering effec
5 © 2001 American Institute of Physics
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However, in the case of strong interactions leading to
dered phases, experiments clearly indicate18,20 that the diffu-
sion behavior can be affected by nonequilibrium effec
leading to diffusion coefficients that depend on the time sc
during which the spreading data are collected.

A case in point is the well-established Boltzmann
Matano~BM! method,6,23,24which is commonly used4,14–22,25

to extract the collective diffusion coefficientDC(u) as a
function of coverageu from scaled coverage~density! pro-
files. We have recently shown26 through Monte Carlo simu-
lations of a lattice-gas model of O/W~110! that nonequilib-
rium effects can play a noticeable role under conditio
where there are several ordered phases present at diff
coverages. In Ref. 26, we focused on the temporal beha
of DC(u) as the system approaches equilibrium starting fr
a step function density profile at a full initial coverage
u51. We demonstrated that the effectiveDC(u) and the cor-
responding diffusion barriers obtained in this fashion dep
strongly on the time regime chosen for analysis of the d
sity profiles, and may deviate significantly from results o
tained from equilibrium simulations especially within o
dered phases and close to phase transition boundaries. T
essentially due to the interplay between spreading and ph
ordering kinetics, and is manifested in the particle num
fluctuations that differ significantly from their equilibrium
value.26

In the present work, we consider the influence of no
equilibrium effects inpartial spreading experimentswhere
the initial coverage is less than unity. In particular, we co
sider the temporal behavior of the effective collective diff
sion coefficientDC(u) within and below the idealp(231)
phase in the lattice-gas model of O/W~110!. In this case, we
apply the Boltzmann–Matano analysis to profiles extrac
from initially steplike coverage profiles at a fixed covera
of u51

2, where the degree of ordering within the initial pha
is varied to consider its influence onDC(u). The results are
then compared with the full spreading case where the in
coverageu51.26 We find that while nonequilibrium effect
are still clearly present,DC(u) as determined from the par
tial spreading case approaches its asymptotic equilibrium
havior much more rapidly than in the case of full spreadi
We also find that the spreading and diffusion rates in dir
tions parallel and perpendicular to rows of ogygen atoms
significantly different within the orderedp(231) phase.
Aside from this effect, the degree of ordering in the init
phase atu51

2 has a relatively small impact on the behavior
DC(u). These conclusions are supported by the temp
behavior of the order parameterf~u!, which is used to quan
tify deviations from equilibrium during spreading. Finall
we useDC(u) and f~u! to study the locations of phas
boundaries. We find that the phase boundaries, as determ
from these data, show clear time dependence in the cas
full spreading. At early times the effective locations of pha
boundaries deviate significantly from their equilibrium cou
terparts, while at long times the deviation becomes ne
gible. In submonolayer studies these effects are presen
considerably weaker. Based on our Boltzmann–Matano s
ies, we can conclude that nonequilibrium effects seem to
an inherent feature in all spreading studies of surface di
Downloaded 17 Feb 2010 to 192.38.67.112. Redistribution subject to AIP
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sion in ordered phases. Predicting the correct equilibri
behavior ofDC(u) therefore requires one to analyze the da
at very long times. This warrants particular care to be tak
when profile spreading experiments are being carried ou

II. MODEL AND METHOD

The lattice-gas Hamiltonian employed in this work is
model of the O/W~110! adsorption system. The interactio
parameters have been chosen27,28 such that the resulting
phase diagram shown in Fig. 1 is in close agreement with
experimental observations.29 In the present study we concen
trate on the coverage dependence ofDC at a temperature o
T5590 K to allow direct comparison to the equilibrium re
sults for DC(u),27,28 and to results obtained from
Boltzmann–Matano analysis of full spreading.26 At T
5590 K, starting from the coverageu51

2 corresponding to
the idealp(231) phase, the system undergoes a continu
phase transition aroundu'0.37 to a disordered~DO! phase
at low coverages.30 We wish to emphasize that the model h
been extensively studied, and a complete set of equilibr
data for diffusion coefficients and other relevant quantities
various temperatures can be found elsewhere.27,28

As is well known, a proper choice of the transition pro
abilities within the Monte Carlo method is important to gua
antee realistic description of surface diffusion.31–33 In par-
ticular, the thermally activated nature of surface diffusi
processes must be described in a physically sensible fash
In view of recent studies,31,33 where the behavior of surfac
diffusion coefficients was found to be sensitive to the cho
of dynamics in Monte Carlo, this issue should clearly
given more attention.

In our Monte Carlo simulations, we employ the trans
tion dynamics algorithm26,27 where single-particle jumps ar
described by transition probabilitieswi , f from an initial state
i with energyEi to a final statef with energyEf , and pro-
ceed by two successive steps via an intermediate ‘‘sad
point’’ or transition stateI with energyEI5D1(Ei1Ef)/2
such thatwi , f5wi ,IwI , f . The rates have a Metropolis form
wi , j5min@1,exp„2(Ej2Ei)/kBT…# and the quantityD.0
characterizes the effect of the~bare! saddle point of the adia
batic substrate potential. Thus forD.0, the rates can be o
activated form also for jumps withEi>Ef . We note that a

FIG. 1. Phase diagram of the lattice-gas model of the O/W~110! system. DO
denotes the disordered phase,p(231) and p(232) denote the ordered
phases at intermediate coverages, and CXi( i 51,2,3) are the various low-
temperature coexistence phases. Configuration snapshots of ideal or
phases are also shown, the occupied and vacant adsorption sites bein
noted by filled and open circles, respectively.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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6337J. Chem. Phys., Vol. 114, No. 14, 8 April 2001 Density profile evolution in surface diffusion
few other schemes, in which the idea of thermally activa
diffusion processes has also been accounted for, have
suggested in Refs. 8 and 34. The use of TDA is furtherm
supported by recent molecular dynamics studies,31,32where it
was found that TDA is qualitatively consistent with the d
namics seen in a true microscopic model of a system c
sisting of interacting particles. The time is defined in ter
of one Monte Carlo step~MCS!, during which every particle
attempts to jump once on the average. Further details
additional references can be found in Ref. 27.

We consider the spreading of a coverage profileu(x,t)
in a semi-infinite system, which ranges from2` to 1` in
the x direction, and whose widthLy is typically 30 to 1000
lattice units in they direction. The exact system size used
mentioned below when necessary. Periodic boundary co
tions are employed in they direction. The coverage profile i
initially an ideal step function atx50 @u(x,0)5 1

2 for x,0
andu(x,0)50 for x.0#, which evolves in timet in the 1x
direction. Note that the coordinatex also acts as the dividing
line x50, which accounts for particle number conservati
via *0

1/2 x(u8) du850.
To determine the collective diffusion coefficientDC(u),

we use the Boltzmann–Matano method6,23,24 as in Ref. 26,
whereDC(u) can be determined from scaled density profi
as

DC~u!52
1

2t S dx

du8D U
u

E
0

u

x~u8! du8. ~1!

Note that the Boltzmann–Matano method is based on
assumption that, in the long-time limit, the coverage profi
u(x,t) collapse to a single scaling function when expres
as u(x/At). If this condition is truly satisfied,DC(u) ob-
tained from Eq.~1! corresponds to the actual diffusion coe
ficient in equilibrium. Otherwise, the effectiveDC(u) in Eq.
~1! is a nonequilibrium quantity and depends on a time
gime chosen for an analysis.

In equilibrium at low temperatures, the initial covera
u(x,0,0)5 1

2 is characterized by the orderedp(231) phase
that has two degenerate ground states. It is spatially an
tropic and thus there are two possible directions for spre
ing from a given ideally ordered phase. We adopt a nota
here according to which the directions perpendicular and
allel to the atomic rows of oxygen atoms are denoted byx'

andxi , respectively, as shown in Figs. 2~a! and 2~b!. In Figs.
2~a!–2~d! we show the four different initial states from
which the spreading process is let to evolve in time:

~a! Orderedp(231) phase. The phase is first equilibrat
with periodic boundary conditions and then let
spread in thex' direction.

~b! Orderedp(132) phase. The phase is first equilibrat
with periodic boundary conditions, after which sprea
ing proceeds in the direction ofxi .

~c! A mixture of equilibrated and orderedp(231) and
p(132) domains of equal size. Att50, the two
phases are separated by a sharp interface aty5Ly/2.

~d! Totally disordered initial state atu51
2. This case corre-

sponds to a situation in many experiments, where
initial steplike profile is made by depositing particles
Downloaded 17 Feb 2010 to 192.38.67.112. Redistribution subject to AIP
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a surface at a low temperature. The spreading proc
is then initiated by sudden heating to a higherT.

The fact that there are two possible directions for spre
ing also means that, within the ordered phase, the sprea
rate and henceDC(u) will be somewhat different in cases~a!
and ~b!. For forthcoming comparisons with submonolay
diffusion data, we therefore define the corresponding eq
librium quantities

DC,'~u!5DC~u!G'~u!/G~u!,
~2!

DC,i~u!5DC~u!G i~u!/G~u!.

This description is based on the fact that, within the lattic
gas model,DC is proportional to the average transition ra
G.27,28 ThusDC(u) in Eq. ~2! is the collective diffusion co-
efficient calculated in equilibrium, andG is the average tran
sition rate of all possible single-particle jump attempts.G'

and G i correspond to average transition rates of jump
tempts in directions perpendicular and parallel to the rows
oxygen atoms, respectively.35

III. RESULTS

A. Collective diffusion

In Figs. 3~a! and 4~a! we show the temporal behavior o
coverage profilesu(x,t) at three different time regimes dur
ing the profile evolution process. These results serve to d
onstrate how density gradients drive diffusion towards
1x direction. Then in Figs. 3~b! and 4~b! we show the
scaledcoverage profilesu(x/At) at three different time re-
gimes during the profile evolution process, taken at the sa
instances of time as in Ref. 26~10 000 to 12 000 MCS,
50 000 to 60 000 MCS, and 250 000 to 300 000 MCS!. Slight
deviations between these different curves are apparent in
insets of the figures. Figures 3~c! and 4~c! show the effective
collective diffusion coefficients as extracted from these da
together with the corresponding equilibrium results. As c
be seen from the results, even at the earliest times aro
10 000 MCS the effectiveDC(u) is relatively close to the

FIG. 2. A schematic figure on the initial coverage profiles we have use
submonolayer spreading studies:~a! fully orderedp(231) phase,~b! fully
orderedp(132) phase,~c! a mixture of thep(231) andp(132) domains
of equal size, and~d! a fully disordered system. All initial coverage profile
are foru5

1
2. In the case of~a! and~b!, we have also illustrated the direction

perpendicular (x') and parallel (xi) to the rows of oxygen atoms.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 3. ~a! Coverage profilesu(x' ,t) at T5590 K at three different times
during the partial profile evolution process starting from the ideally orde
p(231) phase.~b! Scaled coverage profilesu(x' /At) at T5590 K at three
different times during the partial profile evolution process starting from
ideally orderedp(231) phase. In the data, several profiles from the tim
regimes 10 000 to 12 000 MCS, 50 000 to 60 000 MCS, and 250 00
300 000 MCS have been collapsed to obtain the scaled curves. The
shows details of the profiles close to the phase boundary atu'0.37.~c! The
effective diffusion coefficientsDC,'(u) as extracted from the profiles in~a!.
The solid line shows the asymptotic equilibrium result.
Downloaded 17 Feb 2010 to 192.38.67.112. Redistribution subject to AIP
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FIG. 4. ~a! Coverage profilesu(xi ,t) at T5590 K at three different times
during the partial profile evolution process starting from the ideally orde
p(132) phase.~b! Scaled coverage profilesu(xi /At) at T5590 K at three
different times during the partial profile evolution process starting from
ideally orderedp(132) phase. In the data, several profiles from the tim
regimes 10 000 to 12 000 MCS, 50 000 to 60 000 MCS, and 250 000
300 000 MCS have been collapsed to obtain the scaled curves. The
shows details of the profiles close to the phase boundary atu'0.37.~c! The
effective diffusion coefficientsDC,i(u) as extracted from the profiles in~a!.
The solid line shows the asymptotic equilibrium result.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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6339J. Chem. Phys., Vol. 114, No. 14, 8 April 2001 Density profile evolution in surface diffusion
equilibrium limit, with the deviations being largest close
the ~equilibrium! phase boundary atu'0.37 and within the
orderedp(231) phase.

To compare directly with the full spreading data of Re
26, we show in Fig. 5 full and partial spreading data taken
two different time intervals~around 50 000 and 250 00
MCS!. Details of the data around the phase transition bou
ary are furthermore shown in the inset of Fig. 5. Within t
DO phase foru<0.15, we find that there is essentially n
difference between the different methods. For larger cov
ages the deviations between the two approaches increas
become strongest aroundu'0.37. Comparison at this poin
reveals that the partial and full spreading results forDC(u)
deviate by about 65% att550 000 MCS and by about 43%
at t5250 000 MCS. Further comparison to the equilibriu
data reveals that in the case of partial spreading at
5250 000 MCS, the deviation from true equilibrium beha
ior is about 95%, which is considerably lower than the d
viation by about 190% in the case of full spreading. Thus
can conclude that partial spreading data approach the e
librium limit much more rapidly than the full spreading dat

Next, we consider the effect of the degree of ordering
the initial u51

2 phase to the spreading profiles. To this en
let us first reconsider the results in Figs. 3~c! and 4~c!. In the
ordered phase~0.37<u<0.50!, we find that diffusion in the
xi direction is considerably faster than in the direction ofx'

@see the snapshots in Figs. 2~a! and 2~b!#. Thus the quantita-
tive behavior ofDC(u) clearly depends on the initial state
although both initial phases are actually equally ordered.

In experimental systems the initial phase is typically
‘‘spatially averaged’’ adsorbate system consisting of vario
ordered domains, or a disordered adsorbate layer after d
sition of adatoms at a low temperature. For these cases
consider two structures where the initial overlayer consist
two equal-size domains of thep(231) andp(132) phases,
or where it is completely disordered~corresponding to an

FIG. 5. Coverage dependence of the spatially averaged effective diffu
coefficientDC(u) as extracted from partial and total spreading studies
two different time scales atT5590 K. Upper and lower curves are for tim
scales oft550 000 and 250 000 MC steps, respectively. For the purpos
comparison, equilibrium data are also shown~Ref. 28!. The regime around
u50.37 is shown in more detail in the inset~as a semilog representation!.
Downloaded 17 Feb 2010 to 192.38.67.112. Redistribution subject to AIP
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infinite temperature in the lattice-gas model!. These situa-
tions are demonstrated in Figs. 2~c! and 2~d!, respectively.
The corresponding diffusion coefficients are shown in Fig
around 50 000 MCS. Perhaps surprisingly, we find that
behavior of the two submonolayer cases is very similar.
sentially there are no deviations in the disordered phase u
u50.25, and even for larger coverages the differences
relatively minor.

The present findings allow us to suggest three ma
conclusions concerning submonolayer spreading exp
ments. First, if the initial state is ordered and has vario
degenerate ground states, then diffusion~spreading! rates
along the possible directions may vary considerably. Seco
regardless of the degree of ordering in the initial state
takes only a relatively short time for the system to find
‘‘near-equilibrium’’ state in whichDC(u) behavesqualita-
tively as in equilibrium. Despite this,quantitativedeviations
from equilibrium behavior remain rather pronounced in o
dered phases and close to phase boundaries. Reachin
true long-time behavior, in which the linear response the
is valid and Eq.~1! yields the true equilibrium result, there
fore takes a very long time in environments where order
plays a significant role. Nevertheless, the main conclusio
that deviations from equilibrium behavior aremuch weaker
in submonolayer spreading when compared with full spre
ing studies, and therefore submonolayer experiments y
more reliable results.

B. Time evolution of order parameter

Previously, we have seen how nonequilibrium effects
manifested in the collective diffusion coefficient during th
profile evolution process. To quantify the deviation fro
equilibrium during this process, we have additionally cons
ered the time evolution of ordering within thep(231) phase
in terms of the quantities

on
t

of

FIG. 6. Coverage dependence of the spatially averaged collective diffu
coefficientDC(u) as extracted from partial spreading using the two differe
initial states in Figs. 2~c! and 2~d!. The temperature regime considered
T5590 K. Equilibrium data~Ref. 28! is shown with a solid line. The regime
aroundu50.37 is shown in more detail in the inset~as a semilog represen
tation!.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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f231~ t ![
2

L2 (
i , j 51

L

ni , j~ t !~21! i ,

~3!

f132~ t ![
2

L2 (
i , j 51

L

ni , j~ t !~21! j ,

which define the order parameter components of the de
eratep(231) andp(132) phases in a square system of s
L3L, whereni , j (t)50,1 is the occupation variable of th
lattice site at (i , j ) at time t. Since the two phases are ene
getically equivalent in the present system, we define the t
order parameter as

f~ t ![Af231
2 ~ t !1f132

2 ~ t ! ~4!

to quantify approach towards equilibrium. Equation~4! can
also be used to determine the order parameter in equilibri
In the profile spreading simulations, the time-dependent
der parameterf(t) has been averaged over successive st
of size 23Ly to determine its coverage dependence.

Results shown in Fig. 7~a! are in full agreement with

FIG. 7. Coverage dependence of the order parameterf(t) at T5590 K at
three different time scales during profile spreading simulations.~a! Results
for submonolayer spreading along thexi direction.~b! Results for spreading
of a full monolayer. In both cases, equilibrium results have been given
comparison. Here, the spreading simulations have been made witLy

5200, while equilibrium data corresponds to a system of size 60360.
Downloaded 17 Feb 2010 to 192.38.67.112. Redistribution subject to AIP
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previous studies ofDC(u). We find that in submonolaye
spreading, the order parameterf(t) approaches its equilib
rium counterpart at long times, the deviation being larg
close tou'0.3. Therefore it is obvious that none of the co
erage profiles in Figs. 3 and 4 are in the linear respo
regime of local equilibrium. The ordering process drives t
system towards equilibrium and leads to the temporal dep
dence ofDC(u) shown in Figs. 3~c! and 4~c!.

In the case of full spreading, we again find thatf(t)
approaches the equilibrium behavior at long times as sho
in Fig. 7~b!. In this case, deviations from equilibrium beha
ior are considerably stronger than in submonolayer spre
ing, being especially large within the ordered phases at
termediate coverages 0.20<u<0.80. This is consistent with
the fact thatDC(u) in Fig. 5 for monolayer spreading dev
ates much more from the equilibrium diffusion data th
DC(u) in the case of submonolayer spreading.

Let us now briefly discuss the temporal behavior off(t)
in the context of ordering kinetics, a topic which has r
ceived plenty of attention in recent years.36 A typical ex-
ample of an ordering experiment is a sudden tempera
quench from a completely disordered adlayer to conditio
that are characterized by an ordered equilibrium phase. T
the system goes through an ordering process where the~av-
erage! characteristic domain sizeR̄(t) increases in timet as
R̄(t);tx, and the idea is then to determine the exponenx
which depends on certain conservation laws. We have fo
above~see Fig. 7! that the order parameter increases in tim
as expected for a system that tends towards equilibrium
long times. This is in agreement with theoretical predictio
and experimental observations thatR̄(t) ~that is proportional
to the order parameter! increases in time during a nonequ
librium ordering process. However, we feel that our resu
are not sufficient to make a quantitative prediction forx. This
is due to time averaging in obtaining the order parame
profiles, which was necessary to get reasonable statis
from the spreading data.

Finally, we note that additional studies for the total e
ergy of the systemE(u,t) are in full agreement withf(t).
We find thatE(u,t) approaches the asymptotic equilibriu
behavior in the course of time, although deviations dur
the time scales considered are still rather significant.

C. Phase boundaries

We next discuss one aspect that is of general interes
studies of adsorption systems, namely the locations of ph
boundaries between different phases. In the case
Boltzmann–Matano experiments, they can be determi
from the minima ofDC(u) provided that thermodynamic
particle number fluctuations dominate the behavior of coll
tive diffusion. To be more precise, the collective diffusio
coefficient can be defined via the Green–Kubo equation37

DC~u!5
1

kBTukT
Dcm, ~5!

whereDcm is the dynamic factor that describes the motion
the center-of-mass of the system.28,37 Our main interest in
Eq. ~5! concerns the compressibilitykT , which is related to

r
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particle number fluctuations in a probe area, and which
expected to have a maximum at a~second-order! phase tran-
sition boundary. Thus, if the behavior ofDC is dominated by
particle number fluctuations, then theminima of DC provide
information of phase boundaries.38 In previous studies, we
have shown that this situation is indeed realized in
present model system atT5590 K.28

Using this approach, results in Figs. 3~c! and 4~c! reveal
that if one analyzes the Boltzmann–Matano data forfull
spreadingat too early times, then the estimated locations
phase boundaries can deviate significantly from the ac
equilibrium values. In the case of partial spreading, howev
the effective phase boundaries are surprisingly close to t
equilibrium limits. To confirm these conclusions, we al
analyzed the time-dependent phase boundaries by cons
ing the response of the order parameter, namely the qua

C~ t,T,u![US ]f~ t,T,u!

]u D
T
U, ~6!

whose maxima characterize the locations of phase bou
aries.

In the case of partial spreading, results in Fig. 8~a! show
that the shape ofC(t,T,u) as well as its maxima depen
very slightly on the time scale under consideration. The n
equilibrium effects are not really significant, since the effe
tive locations of phase boundaries are approximately cor
even though they have been determined from nonequilibr
spreading profiles. The situation is very different in fu
spreading, where we also analyzed the coverage reg
0<u<1

2. In this case, results in Fig. 8~b! indicate that the
maxima of C(t,T,u) depend strongly on the time regim
considered. The maxima are now aroundu'0.30 at t
510 000 MCS, aroundu'0.32 at t550 000 MCS, and
around u'0.36 at t5250 000 MCS, thus approaching th
equilibrium valueu'0.37 at long times.

We conclude that the Boltzmann–Matano approach
provide biased information of the locations of phase bou
aries if one analyzes data at too early times. This is part
larly true in full spreading, where the coverage profile go
through various ordered phases whose ordering processe
interfered by the ongoing mass flow. Only at long time
when the local density gradients become small and lo
equilibrium is established, the effective phase bounda
converge to their equilibrium limits. Evidently, since in su
monolayer spreading there is only one~dis!ordering process
that involves a smaller density gradient than in spreading
a full monolayer, the equilibration time is significantly sho
ened. Nevertheless, these observations, again, warrant
ticular care to be taken when profile spreading experime
are being carried out.

IV. SUMMARY AND DISCUSSION

The profile evolution technique has been shown over
last 30 years to be an important experimental method for
study of surface diffusion. Together with the Boltzmann
Matano analysis, it enables one to determine the cove
dependence of the collective diffusion coefficientDC(u)
over the whole coverage range even from a single exp
Downloaded 17 Feb 2010 to 192.38.67.112. Redistribution subject to AIP
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ment. This property is a great advantage in experime
work and has attracted plenty of activities in recent yea
However, the problem is that the Boltzmann–Matano ana
sis can be applied to any profile to obtainDC(u), and the
equilibrium results are found only in the limit where sca
invariance holds true, namely at long times when cover
profiles u(x,t) collapse to a single scaling function whe
expressed asu(x/At). Recent experimental measur
ments18,20 for u(x/At) have indeed shown that th
asymptotic long-time region is very difficult to achieve, an
the observed deviations from scale invariance18,20 are a clear
evidence of the nonequilibrium character of profile evo
tion. The obvious question that then arises is how clos
related is the effectiveDC(u) to its equilibrium counterpart.

In the present work, we have addressed this question
considered the influence of nonequilibrium effects in the c
lective diffusion coefficient determined from coverage pr
files during spreading. We have found thatDC(u) is clearly
time dependent and approaches its equilibrium limit only
very long times. The nonequilibrium effects are strong
within ordered phases and close to phase boundaries, w

FIG. 8. Results for the response functionC(t,T,u) at 0<u<
1
2. The results

correspond to order parameter profiles shown in Fig. 7, thus in~a! we
consider submonolayer spreading, and in~b! we show results for the spread
ing of a full monolayer. In both cases, equilibrium results have been gi
for comparison.
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in disordered phases their role is essentially negligible. Th
effects are most easily faced in full spreading experiments
the coverage profile starts fromu51 and goes through vari
ous ordered phases, while in submonolayer experiments
role of nonequilibrium is not as pronounced. This finding
well characterized by the locations of phase boundaries
strongly deviate from their equilibrium limits in the case
full spreading, and also by the diffusion barriers that a
distinctly different from their equilibrium values.26

The present results highlight the important role of no
equilibrium effects played in profile evolution experimen
and in some other techniques such as laser-induced the
desorption, which are based on creating a large density
dient and following the subsequent mass flow due to
diffusion process. The role of nonequilibrium effects is p
ticularly important within ordered phases and close to ph
boundaries, where deviations from equilibrium behavior
most pronounced. However, we note that nonequilibrium
fects are just one of the problems associated with interpre
the diffusion data. Namely, profile evolution experiments
usually made over macroscopic distances, which implies
the effects due to impurities and surface defects canno
entirely eliminated. Work to address the significance of th
effects remains to be done.

ACKNOWLEDGMENTS

We wish to thank A. G. Naumovets, O. Trushin, and
Chvoj for useful discussions and comments. This work h
in part, been supported by the Academy of Finland throu
its Center of Excellence Program and by a grant from
European Union~I.V.!.

1Surface Diffusion: Atomistic and Collective Processes, edited by M. C.
Tringides~Plenum, New York, 1997!.

2J. V. Barth, Surf. Sci. Rep.40, 75 ~2000!.
3P. Jensen, Rev. Mod. Phys.71, 1695~1999!.
4A. G. Naumovets and Yu. S. Vedula, Surf. Sci. Rep.4, 365 ~1985!.
5M. C. Tringides, inThe Chemical Physics of Solid Surfaces and Hete
geneous Catalysis: Phase Transitions and Adsorbate Restructurin
Metal Surfaces, edited by D. A. King and D. P. Woodruff~Elsevier, Am-
sterdam, 1994!, Vol. 7, Chap. 6.

6R. Gomer, Rep. Prog. Phys.53, 917 ~1990!.
7T. Ala-Nissila and S. C. Ying, Prog. Surf. Sci.39, 227 ~1992!.
8A. Danani, R. Ferrando, E. Scalas, and M. Torri, Int. J. Mod. Phys. B11,
2217 ~1997!.

9M. C. Tringides, P. K. Wu, and M. G. Lagally, Phys. Rev. Lett.59, 315
~1987!; P. K. Wu, M. C. Tringides, and M. G. Lagally, Phys. Rev. B39,
7595 ~1987!.

10M. C. Tringides and R. Gomer, Surf. Sci.265, 283 ~1992!.
11J. Haas, K. R. Roos, A. Jesina, and M. C. Tringides, Surf. Sci.307-309,

465 ~1994!.
Downloaded 17 Feb 2010 to 192.38.67.112. Redistribution subject to AIP
se
as

he

at

e

-
,

al
a-
e
-
e
e
f-
g

e
at
be
e

.
s,
h
e

-
of

12I. Vattulainen, J. Merikoski, T. Ala-Nissila, and S. C. Ying, Surf. Sci. Le
366, L697 ~1996!.

13Z. Chvoj, J. Phys.: Condens. Matter12, 2135~2000!.
14M. A. Załuska-Kotur, S. Krukowski, Z. Romanowski, and Ł. A. Tursk

Surf. Sci.457, 357 ~2000!.
15R. Butz and H. Wagner, Surf. Sci.63, 448 ~1977!.
16E. Suliga and M. Henzler, J. Phys. C16, 1543~1983!.
17A. G. Naumovets, M. V. Paliy, and Yu. S. Vedula, Phys. Rev. Lett.71,

105 ~1993!.
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