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We study the influence of nonequilibrium conditions on the collective diffusion of interacting
particles on vicinal surfaces. To this end, we perform Monte Carlo simulations of a lattice-gas model

of an ideal stepped surface, where adatoms have nearest-neighbor attractive or repulsive
interactions. Applying the Boltzmann—Matano method to spreading density profiles of the adatoms
allows the definition of an effective, time-dependent collective diffusion coeffidsit) for all
coveraged. In the case of diffusion across the steps and strong binding at lower step edges we
observe three stages in the behavior of the corresporlmﬁ;)ga). At early times when the adatoms

have not yet crossed the ste;ﬁﬁex’c(a) is influenced by the presence of steps only weakly. At
intermediate times, where the adatoms have crossed several steps, there are sharp peaks at coverages
#<1l/L and 6>1-1/L, wherelL is the terrace width. These peaks are due to different rates of
relaxation of the density at successive terraces. At late stages of spreading, these peaks vanish and
D;X’C(a) crosses over to its equilibrium value, where for strong step edge binding there is a
maximum atd=1/L. In the case of diffusion in direction along the steps the nonequilibrium effects

in D', ~(#) are much weaker, and are apparent only when diffusion along ledges is strongly

yy.C
suppressed or enhanced.2005 American Institute of PhysidDOI: 10.1063/1.1924695

I. INTRODUCTION and theoretically:*>*The influence of steps on surface dif-
fusion is particularly important in spreading processes,
Far from playing an inert role as mere interfaces, solidyhich occur under nonequilibrium conditions.
surfaces facilitate a variety of dynamic processes. Surface \yg have recently undertaken a project to systematically
diffusion, in particular, is one of the most important elemen-gy,qy the influence of steps and impurities on surface diffu-

tary processes, playing a crucial role in many surface_-relategiOn under equilibriuﬁ?‘zz as well as nonequilibrium
phenomena such as surface growth, chemical reactions, a%gnditionslg'ze‘zg As for nonequilibrium phenomena on

corrosion and melting. The mechanisms of surface diffusior]stepped surfaces, the previous WSrkas been based on the
and its properties in a variety of systems has, therefore, beelpangmuir gas mé)del where the only interaction between

studied extensively in the last few decades. Atomic diffusion ot . o
: . i N . adatoms is site exclusion. However, it is remarkable that de-
on ideal solid surfaces in equilibrium is now rather well

understood:® However, since most real surfaces are ideaISpit'3 it_s highly simplifigq r_1ature, even thg Langmuir gas
only on relatively short length scales, it is imperative to un—mOdeI indicates nonequilibrium to play a major role, causing

derstand the surface diffusion behavior in systems with step%_igniﬁcant deviations for the coverage dependence of collec-

. . 19
and other characteristic features such as impurities and didve diffusion. » ) ) )
locations that are an inherent property of realistic surfaces. Under conditions where direct interactions between the

For this reason, there have been immense efforts to stud@datoms cannot be neglected, thierplay between nonequi-

e.g., diffusion on vicinal surfaces both experimentdiiy? ~ librium effects, steps, and adatom interactioa®xpected to
further complicate the situation. To shed light on this issue,

we have recently studied the equilibrium case with repulsive
dauthor to whom correspondence should be addressed. Present address: y q P

Institute of Physics, Academy of Science, Czech Republic, Cukrovarnické_peareSt'neigth(NN) interactions in Refs. 20 and 21, where_
10, Praha 6, 162 53. Fax: 420-233-343-184. Electronic mail: masin@fzu.cit was shown that the coverage dependence of the collective
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physical phenomena here but only slows down diffusion.
The energyEg increases the barrier for jumps away from
step edges which act as sinks for adatoms. The activation
energy is then given b¥,=E,+Eg. Finally, the additional
activation energy for jumps along lower step ed@®sen-
hances(E,<0) or suppresse&E,>0) diffusion rates along

the steps edges. The terraces in our model are separated by
parallel steps with regular spacirlg for which we have
employed the choice=5 in most cases here.

We have performed standard Monte Carlo simulations
with the transition dynamics algorithrifsee Ref. 28 The
saddle-point energi, has been chosen to be always larger
FIG. 1. Geometry and relevant activation barriers for the model of steppedhan the initial and final energy statBsandE;, respectively,
surfaces. In direction across the steps the energy of the saddle point [sg Esp: Esp’1+ Esp,z WhereESp,]_: 3K in the case of repulsive

increased by an Ehrlich—-Schwoebel barrier at the step dgijgdenotes an . . B . . .
additional binding energy at the lower step edge, &ds an additional InteraCtlonS’ESF)vl_o in the case of attractive interactions,

activation energy for jumps along the lower step edge. The diffusion tensoEsp,2=E2 In the case of fast diffusion along the ste{is,
for adatoms has its principal axes in thelirection across steps, and in the <<0), andEg, ;=0 otherwise.
y direction along steps.

E

B

diffusion coefficientD¢ is sensitive to the adatom interac-

tions, in particular, for diffusion across the steps. In the

present work, we extend these studies to the case of nonequit. BOLTZMANN-MATANO METHOD

librium spreading, which allows a systematic study of the

influence of large coverage gradients on a stepped surface. To determine the collective diffusion coefficieBi(6)

We discuss here the case of both repulsive and attractive NBs a function of coverag®, we use the well-established
interactions in the case of relatively strong binding at theBoltzmann—Matano (BM) method>*® This method is
step edge, where the influence of steps is significant. Wevidely used for analysis of the collective diffusion coeffi-
present results for diffusion across and along the steps andent in spreading experiments. The method is based on an
compare them systematically to corresponding equilibriumassumption that, in the long-time limit, the coverage profiles

results. 6(x,t) collapse to a single scaling funqion when scaled with
A(x/\'t). Using the transformation=x/\t we can findD(6)
Il. MODEL as a solution of the nonlinear diffusion equatiori‘as

In this work we consider a system of interacting adatoms 1/4
on a static vicinal surface. The interaction energy between Dc(6) = __<_X>
the adatoms is given by the lattice-gas Hamiltonian 2t\do/,

0
f x(9')de’. (2

0

H/kBT:Kz nin;, (1) Following our previous work® we can use Eq(2) as an

R operational definition to obtain effective, time-dependent dif-
whereK=+J/kgT is the NN interaction strength, arland  fusion coefficientsD(6) from coverage profiles scaled at
-J (J>0) are the coupling constants for repulsive and attracwell-separated, limited time intervals where the system is
tive interactions, respectively. The occupation numhbgrs still evolving towards its equilibrium state. In practice this is
=0, 1 are summed over the NN sites of a square lattice. Thidone by averaging coverage profiles from different calcula-
model has been previously studied, e.g., in Refs. 5 and 18 itions at fixed times, corresponding to 10-10 000 Monte
the case of an ideal surface, and we have previously used @arlo stepgMCS) here. We typically average the data over
for stepped surfaces in Refs. 19-22. On an ideal square 1at000 simulation runs. In all the cases studied here, the sys-
tice Eq. (1) is the lattice-gas representation of the two-tem size is chosen to large enough in the direction of spread-
dimensional(2D) Ising model, whose phase diagram is well ing such that the adatoms never reach the boundary of the
known, with a critical coupling ofK|=1.76 separating the system. For example, for spreading across the steps the sys-
low-temperature ordered and high-temperature disorderei@m contains 300 steps, and for spreading along the steps
phases:*® Here we employ a valug| < 1.76, thus we gauge L,=1500. In the direction perpendicular to spreading we use

diffusion in the disordered phase. periodic boundary conditions and system size of 140 unit
Steps on the surface are modeled by three parameters aells. There are no observable finite-size effects in our data.

addition to the terrace activation enery (see Fig. 1 In our previous work in Ref. 19, it was found that start-

There is typically an Ehrlich—-Schwoebel barrieg control-  ing from only one initial configuration of the systefwith a

ling rates over step edges, an additional binding energy at thieilly occupied terrace corresponding to the last case in Fig.
lower step edgésg, and an additional activation energy for 2), there are oscillations in the coverage profiles correspond
jumps along the steps,. ing to the periodicity of the system. To cancel out such os-

Following our previous work$>??we set the Ehrlich— cillations, in the present work we have used all the configu-
Schwoebel barrier to zero because it does not bring any nevations shown in Fig. 2 as initial configurations to obtain the
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FIG. 2. Initial configurations used in
the Monte Carlo simulations for the
case ofL=5. The resulting profiles are
calculated as averages over simulation
runs starting from these five profiles.

average profiles. This is done simply in such a way that folat high coverages. This is qualitatively similar to the corre-
each initial state, half of the system is fully covered by ada-sponding system of interacting particles on a flat surfaCe.
toms whereas the other half is empty. This also better correat this stage the adatoms diffuse within one terrace only and

sponds to the experiments where it is difficult to preciselythereforeD!, ~(6) is influenced by the presence of steps only
control the boundary of the steplike profiles. weakly.

At the second stage corresponding to intermediate times
(up to about 500 MCEBin Fig. 3(b), the adatoms start to
cross to the neighboring terraces and the role of diffusion

We consider here three typical combinations of the cou@Cross the steps increases. The concentration at lower step
pling strengthk, which can be either attractive or repulsive, €dges is significantly below its equilibrium value. Due to a
and the binding energy at the lower step efigékgT: (i) the  high concentration gradient and a low jump probability the
case where the step binding dominat@s, the case where backflow of particles from the lower step edge to the terrace
the adatom interactions dominate, afiiil) the case where with a higher coverage is almost zero. This means that the
both energies are roughly equal. The valu&kdg chosen to local balance between concentrations on the terrace and its
be small enough so that the system is always in the disoimmediate step edge is reached faster than the balance be-
dered phase. For all cases we consider separately diffusiaeen concentrations on neighboring terraces. As we can see

—

across the steps in thedirection, and along the steps in the j, Fig. 5, at low coveragedd/d(x/\t) changes discontinu-

y dilrecéiotr:. Arl]l the diffusion c?efficie_ntls I’(If]!’fe have befefn N9 ously at step positions and therefdd&, .(6) is discontinu-
malized by the isotropic single particle diffusion coefficient o\ "o ot coverages below LL/DL(6) continuously

on an ideal surface)o=Dc(6—0). grows on an interval, which corresponds to a linear region of
the coverage profiléi.e., one terrace, see Fig),5nd then
jumps down. Amplitudes of the corresponding peaks de-
crease with increasing coverage and time, and vanish at cov-
In the case of repulsive interactions it is well known thaterage 1L because above this coverage the step edge posi-
collective diffusion in equilibriunincluding the adatom mo-  tions are almost fully occupied. The same effect observed at
bility) is enhanced:"® In the present case this enhancementhigh coverages is due to the diffusion of vacancies on the
of diffusion competes with slowing down caused by theg face.
binding of adatoms at the lower step edges. Thus, while sys- A the third and final stage, which corresponds to times

tems with repulsive interactions relax relatively rapidly to larger than about 1000 MCS in Fig(c3, adatom concentra-
ig:'s“b”um’ here the presence of steps slows down this P%on at the lower step edge is almost saturated to its equilib-

In particular, the large difference between diffusion rates 4" value. In this regime the extra peaks disappear and

on terraces and across the steps brings about new behavior[i)rgfxyc(e) converges to its equilibrium counterpart, as ex-
the nonequilibrium diffusion coefficient at early stages of Pected. ]

spreading. This is most pronounced in the case of strong Based on our arguments above the existence of extra
binding at lower step edge withs/ksT=4, where we ob- Peaks inDj,(6) is an effect of the surface steps and it
serve three different stages of evolutiee Figs. 3 and)4  should be suppressed by repulsive interactions. To verify this
At the first stage corresponding to early tinésss than 100 Wwe compare in Fig. 4 results for two coupling constalits
MCS) in Fig. 3a), Dtxx,c(é’) depends only weakly o. It  =0.5 andK=1 for the case of strong step bindirtg/ksT
monotonically grows at low coverages and has a maximuns4. The transient peaks visible in Fig.a#for small cover-

IV. RESULTS

A. Diffusion across steps—repulsive case



214728-4 Masin et al. J. Chem. Phys. 122, 214728 (2005)
1.1 T T T T T 0.8 T T T T T T T
L (a) P —— g ] '= ]
T e ] 07k 1 N .
09 e S P AN 100 MCS |
S e _ 3 ' N R
osk 7 T T e ~ 4 0.6f1 | PN --== 200 MCS =
e e 10 MCS T i . ! R "—— 500 MCS .
o7k /7 ---- 20 MCS \ ! [ / N —— equilibrium 0
S ---- 50 MCS oo S05H A ! N s
e ry - libri R =) [ . i
S 06 }, ,’/ ',,.‘ ~.~—\ equilibrium W H O3 i ’_, ,I' /‘,.\ \\ H v
b / . Vi R 04E feT SN ~ S
;‘O.SL‘l ! / R 5 I M AP . %
- o1 S T . s 7 1 I~ T N e e ’ “
[a] } _|: ________ \\:j [a] 0.3%!.[ ' / *
i I AN
“] E" -7 F%
N I3 e |
' 02 5'“‘ S TSSo DTN
1 0.1 .
1p ] - (b
0 | | I 1 O ( ) L I L | I L |
0.2 04 , 09 0.8 1 02 04 ., 09 0.3 1
0.4 T T T T T T T T T T
L () | L (d)
T 0.9} -
0.351 B e 1 | e
b 0.8¢ T T T T e -
0.3 s L/ e T T N
] ——— 10 MCS .
X
i 20 MCS \
<025} 1 <oel |- 50 MCS )
g = --=+ 100 MCS b
5 i 5 A --=- 1000 MCS
, 02 : %05?,-5[ {=-== 10000 MCS i
_ & R £ ks PR Ik —— equilibrium '
R oi1s ' ) ﬂvg;’-_‘i A 04:,;; ! . 1
) 800 MCS HE Tl T i
01h -~~~ 1000 MCS -] 031 ) A
: == 10000 MCS 7 i B
— equilibrium 1 02 ) &
005k 1 RN S IS e
' ol T
0 L | L | L | L | O- | | | |
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1

0

FIG. 3. Equilibrium(solid line) and time-dependent collective diffusion coefficients for a system EgttksT=4 and NN repulsiorkK=0.2 in three different
stageqsee text for detailsin the case of diffusion across the steps. Reference case of the systel=(tis presented ifd).

ages indeed disappear almost completely for stronger repuB. Diffusion across steps—attractive case

sive coupling due to enhanc.ed-dlffus@ee Fig. 4b)]. Next, we consider the case of attractive NN interactions
In the case of weak binding at the lower step edge

Ea/keT=1 shown in Fig. 6, diffusion through the step is fastm the model. In this case adatom attraction should slow

enough to suppress the transient peaks. Relaxation of ﬂ%ow_n diffusion and lead to persistent nonequilibrium efffec.ts.
system towards equilibrium is also faster. In Fig. 7 we show results for the case of strong step binding

Finally, we have also studied systems with weak stefnd Weak attraction, which is qualitatively similar to the case
binding Eg/kgT=1 and even weaker couplings such s with weak repulsive interactions. There are again three time
=0.2 and 0.5, and as expected for such systems the noneqtiggimes, but the crossover times between them are shifted to
librium effects are weak. Additionally, the approach to equi-longer times than in the repulsive cases. In the case of stron-
librium is also fast. ger attractive interaction in Fig. 8, diffusion slows down con-
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FIG. 4. Equilibrium(solid line) and time-dependent collective diffusion coefficients for a system RttiksT=4 and NN repulsive couplingg®) K=0.5 and
(b) K=1 in the case of diffusion across the steps.
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FIG. 5. Dependence of the coverage on the scaled distenteAt cover-
ages below 1l the derivativedd/d(x/vt) has a discontinuity with period-

s ° ' FIG. 6. Equilibrium (solid line) and time-dependent collective diffusion
icity L. Inset shows details of the low-coverage part of the profile.

coefficients for a system with relatively weak step bindinggfkgT=1 and
equal NN repulsiorK=1 in the case of diffusion across the steps.

siderably, in particular, at high coverages. For the strong step

binding case, there are very sharp transient pea@iﬂ(ﬂ)_ 21) and strong nonequilibrium effects appear also at high
that persist at long times. This again indicates large differcoverages in the first phase of spreading. This is caused by

ences of concentration between adjacent terraces. Peaks afe nonequilibrium distribution of adatoms between terraces
pear also in the case of weaker step binding ViifiksT  and step edges.

=1, in contrast with the repulsive case.

C. Diffusion along steps—repulsive case D. Diffusion along steps—attractive case

Based on our previous wofk,we expect that for the In the case of attractive interactions we have studied
case of spreading profiles in tlyadirection along the ledges, systems with several different parameters corresponding to
nonequilibrium effects should be weak and relaxation tothe previous cases, i.e., with strong and weaker binding at
equilibrium fast. We find this to be the case for the presenthe lower step edg&g/kgT=4 and 1, and attractive cou-
system as well, for both strong and weak step bindingolings K=-0.2, —-0.5, and —-1. Again, in all these cases non-
Eg/ksT=4 and 1, respectively, and repulsive couplirgs equilibrium effects are found to be weak. However, the in-
=0.2, 0.5, and 1. The only case where we can see stronfiuence of fast or slow diffusiofE, # 0) along ledges is here
nonequilibrium effects are systems with fast or slow diffu- more important than in the case of repulsive interactises
sion along ledges, in other words in the cases wiigre 0. Fig. 10. When diffusion along ledges is SIO\D,;yVC(H) de-
Examples of such systems with a repulsive interacon creases also at low coverages and a peak appears close to
=0.5 are presented in Fig(& in the case of slow diffusion #=1/L (compare with the case of repulsive interaction
along the ledges$E,/kgT=2) and in Fig. 9b) in the case of where a similar peak appears in the case of fast diffusion
fast diffusion along the ledge&,/kgT=-2). In the former along ledges For fast diffusion along Iedge@tyy'c(e) is
caseDtyy,C( 0) is influenced only at low coverages and relax- simply a decreasing function of coverage and below its equi-
ation is fast. In the case of fast diffusion along ledges a localibrium values up to about 10 000 MCS. This is consistent
maximum appears at low coveragésr discussion see Ref. with Ref. 32 where it was shown for attractive interactions

(b) A
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FIG. 7. Equilibrium(solid line) and time-dependent collective diffusion coefficients for a system BgitksT=4 and NN attractive couplingg) K=-0.2 and
(b) K=-0.5 in the case of diffusion across the steps.
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FIG. 8. Equilibrium (solid line) and time-dependent collective diffusion
coefficients for a system with attractive NN coupliig--1, with (a) strong
step bindingEg/ksT=4, and(b) comparable step bindingg/ksT=1 in the
case of diffusion across the steps.

FIG. 9. Equilibrium (solid line) and time-dependent collective diffusion
coefficients for a system with repulsive couplikg=0.5, and strong step
binding Eg/kgT=4 in the case of diffusion along the steps.(& E,/kgT
=2 (slow diffusion along the stepand in(b) E,/kgT=-2 (fast diffusion
along the steps

that diffusion at low coverages is slower than diffusion in

equilibrium in the presence of large concentration gradlentsélges belowd=1/L and aboved=1-1/L. This behavior is

suppressedhighlighted by repulsive (attractive interac-
tions.

The present work is a contribution to an effort where our " the case of diffusion along the steps there are no
purpose is to fill the gap between experimental studies oftrong nonequilibrium effects except in the case of systems
surface diffusion and related, commonly idealized theoreticaWith fast or slow diffusion along ledges. In such cases, the
descriptions: there is a concern that theoretical models an@fluence is greatest at low coverages. In particular, we find
often too simplified to correctly describe actual nonideal systhat for slow diffusion along ledges the time-dependent
tems with steps, vacancies, impurities, and related imperfeqyt c(6) at a low coverage is larger than its equilibrium value
I“O’?S- Hence, in thﬁ p_rise(rjlt work,_ we ha_ve ehmpIO)r/]ed thl%yy,c(e), while in the case of fast diffusiorD‘yy’C(a) is
attice-gas approach with adatoms Interacting throug repuémaller than its equilibrium counterpart. This behavior is due

sive or attractive NN forces in a model of vicinal surfaces to - S
analyze surface diffusion far from equilibrium. Using Monte to the nonequilibrium distribution of adatoms between ter-

Carlo simulations of spreading steplike density profiles comfaces and step edge positions in the initial phase of spread-
bined with the Boltzmann—-Matano analysis, we have ob4ing. Finally, we note that although the present work consid-
served strong nonequilibrium effects at the early stages ofrs NN interactions only, we expect many of the observed
spreading. We have found strong binding at a lower stegeatures to apply to real systems, too, as long as either attrac-

edge to act as a barrier for diffusion of adatoms from eachye or repulsive short-range interactions dominate. For more

terrace_ to its n_elghbor!ng ter_rgqes. In the case of large COn(:'omplicated cases characterized by a manifold of competing
centration gradient&s in the initial phase of spreadinghe

process of equilibration within terraces is relatively fast putnteractions, it would be of great interest to study the influ-
equilibration between neighboring terraces is slow. Thisence of steps on adsorbate systems such as the(Q/QV
gives rise to sharp peaks in the time-dependent collectiveystem considered elsewhéPeZ®***Work in this direction
diffusion coefficient in direction across the steps for cover-is in progress.

V. SUMMARY AND DISCUSSION
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